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Abstract

The dissertation presents a study of hadron production in the NA61/SHINE large acceptance
spectrometer at CERN SPS. The differential cross sections were obtained for the production
of negatively charged pions, neutral Kaons, and Lambdas from the proton-Carbon interactions
at 31 GeV/c. Methods of particle yields extraction from proton Carbon interactions were
developed. An analysis chain of global correction method (h- method) was established for the
thin carbon target and as well for T2K replica target and compared to the results obtained with
full particle identification. The h- method permits to cover larger phase space region not
otherwise accessible. In addition, a full chain of V° analysis was prepared to obtain neutral
Kaon and Lambda results in polar angle and momentum variables (p, 0). Results on the
differential production cross sections and mean multiplicities in production processes for
negatively charged pions (in three sets of variables: (p, 0), (xf, pr), (y, pr)), neutral Kaons (in
(p, ©) and (y,pr)), and Lambdas (in (p, 8)) from proton Carbon interactions at 31 GeV/c in
tabularized forms were obtained. In addition, an inclusive cross section for neutral Kaon
production corrected to the whole phase space region was obtained:

o(K%) = 28.58 + 1.85 (stat) £1.72 (sys) mb

The final results obtained in this dissertation are crucial for the T2K long baseline
neutrino experiment and also of value for future neutrino oscillation experiments, which will
use conventional neutrino beams, and for existing and future cosmic-ray physics experiments.
These are pioneer measurements in this energy region, which is the region of the overlap of
low and high energy Monte Carlo Models. No other data are available at this energy and for
this system. For lower interaction energies, proton Carbon interactions were studied by the
HARP experiment and in the past by bubble chamber and single-arm spectrometer
experiments. A scan with a few different proton energies was done by the MIPP experiment
but only partial and preliminary results have been published.

The importance of the presented results was shown by the T2K collaboration. Namely, these
results decreased significantly systematic error on the far-to-near ratio, which is important in
the determination of the oscillation parameters. These results are also of interest on their own
right as pioneer measurements in this energy region.
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Chapter 1 Introduction

1.1 Motivation

Accelerator long baseline oscillation neutrino experiments are challenged to lower their
systematic uncertainties to be able to obtain high precision nutrino oscillation parameters. The
main task is to minimize systematic error connected with a poor knowledge of hadron
production cross sections. This thesis is devoted to the analyses of data collected by
NAG61/SHINE experiment, which were collected to reduce these uncertainties. As discussed in
many articles on future neutrino projects, such measurements are also valuable for optimizing
the design of the neutrino factory. The knowledge of hadron production cross sections is also
important in other fields of physics. These are the key ingredients in the simulations and
modelling of hadron interactions, hadron detectors, and cosmic ray cascades. The developed
methods are valid for ongoing and future p-A and A-A experiments, which are focused on the
study of the onset of deconfinement and search for the critical point of the strongly interacting
matter.

1.2 Layout of the thesis

Theoretical introduction is contained in chapters from 2 to 5. Chapter 2 presents basic
information about theory and modeling of hadronic interactions. In addition, in this chapter
existing hadronic interaction data are discussed. Chapter 3 provides information about theory
of neutrino oscillations, current knowledge of oscillation parameters, and principles of
oscillation parameters determination in long baseline neutrino oscillation experiments. In
chapter 4 production of conventional neutrino beams is discussed. Chapter 5 presents the
main background sources for measurements of neutrino interactions via two main detection
techniques, namely Water Cherenkov and LAr based techniques. Detection based on the use
of Liquid scintillator is not discussed in this thesis. The LAr method is used in the ICARUS
detector. The author of thesis made simulation studies of the ICARUS T600 detector response
and took part in the neutral pion analysis, which ended with the publication in the Acta
Phys.Polon. B. In chapter 6, the NA61/SHINE experiment and its main goals are presented.
The detection technique and main detectors are described in details. The knowledge of the
detector and its components, operation conditions, and computer systems used for monitoring
and data aquisition was crucial for author while supervising the detector work during data
taking periods in 2007, 2009, 2010, and 2011. Moreover, in chapter 6 a new forward time-of-
flight detector is discussed. Light guides for this detector were made in the National Centre
for Nuclear Research and the author of this thesis took part in the preparation and polishing of
these parts. In addition, the information on trigger, data acquisition, reconstruction chain, and
normalization of the particle yields is described. Subchapter 6.6 describes modeling of the
detector response. The studies of the geometrical acceptance and reconstruction efficiency are
presented in subchapter 6.7. The extraction of the negatively charged pion yields based on the
global correction method (h- method) is presented in chapter 7. The pion results were
published in the Phys. Rev. C. The second analysis, which used invariant mass distribution
studies to extract K’s and A hadrons, is discussed in chapter 8. Chapter 9 contains comparison
of obtained results with Monte Carlo models. Chapter 10 summarizes the results.
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The author of this thesis performed the following analyses:

Preparation and development of the c++/fortran programs used in the analyses
Preparation of the neutral pion simulations (FLUKA) in the ICARUS T600 detector
Simulation of the ICARUS T600 detector response and studies of the electromagnetic
showers induced by electrons and photons

Analyses of the data collected in the ICARUS T600 detector during surface test run
Validation of the official NA61/SHINE Monte Carlo chain

Evaluation of the event and track cuts, finalized by the list of NA61/SHINE official
2007 cuts

Studies of the negatively charge pion production (p+C at 31GeV/c) from the primary
vertex based on the global correction method (h- method) made in three different sets
of variables: (momentum, polar angle), (transverse momentum, rapidity), (transverse
momentum, Feynman x)

Analyses of the neutral strange hadrons (KOS and A) production (p+C at 31 GeV/c) in
two sets of variables: (momentum, polar angle), (transverse momentum, rapidity)
Preparation of the Monte Carlo model prediction based on the existing root trees from
CORSIKA simulator.

1.3 List of talks, poster presentations, and publications

Publications:

1.

2.

Further Information Requested in the proposal Review Process CERN-SPSC-2007-
019, June 2007. (N. Abgrall et al.)

Report from the NA61/SHINE pilot run performed in October 2007. Addendum-3 to
the proposal P330. By NA61 Collaboration (N. Abgrall et al.). CERN-SPSC-2007-
033, CERN-SPSC-P-330, Nov 2007. 17pp.

Report from the NA61/SHINE experiment at the CERN SPS. By NA61/SHINE
Collaboration (N. Abgrall et al.). CERN-OPEN-2008-012, CERN-ANNUAL-
REPORT-2007, Apr 2008. 18pp.

Calibration and analysis of the 2007 data. By NA61 Collaboration (N. Abgrall et al.).
CERN-SPSC-2008-018, CERN-SPSC-SR-033, Jul 2008. 43pp.)

Energy reconstruction of electromagnetic showers from pi0 decays with the ICARUS
T600 Liquid Argon TPC. By ICARUS Collaboration (A. Ankowski et al.). Dec 2008.
24pp. Published in Acta Phys.Polon.B41:103-125,2010. e-Print: arXiv:0812.2373
[hep-ex].

Pion Production Measurement in NA61/SHINE Experiment for High Precision
Neutrino Oscillation Experiments. (T. J. Palczewski for the NA61/SHINE
collaboration). Published in PoS EPS- HEP2009:412, 2009. e-Print: arXiv:0911.2800
[hep-ex].

Particle production cross-sections by 30 GeV protons on Carbon at the NA61/SHINE
experiment (T. J. P alczewski, M. Z. Posiadata for the NA61/SHINE Collaboration).
Prepared for The XXIV International Conference on Neutrino Physics and
Astrophysics (Neutrino2010), Athens, Greece. Will be published in Nuclear Physics B
— Proceedings Supplements (NUPHBP).

Measurements of Cross Sections and Charged Pion Spectra in Proton—Carbon
Interactions at 31 GeV/c. By NA61/SHINE Collaboration (N. Abgrall et. al.). CERN-
PH-EP-2011-005. e-Print: arXiv:1102.0983 [hep-ex] Published in Phys. Rev. C
84:034604, 2011.

Pion production measurement in NA61/SHINE experiment (T. J. Palczewski for the
NAG61/SHINE collaboration). 2011. 3pp. Prepared for 11th International Workshop



10.

11.

12.

13

14.
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on Meson Production, Properties and Interaction (MESON 2010), Cracow, Poland,
10-15 Jun 2010. Published in Int.J.Mod.Phys.A26:754-756, 2011.

Underground operation of the ICARUS T600 LAr-TPC: first results. C. Rubbia et al.
Jun 2011. 14pp. Published in JINST 6:P07011,2011. e-Print: arXiv:1106.0975 [hep-
ex]

A Search for the analogue to Cherenkov radiation by high energy neutrinos at
superluminal speeds in ICARUS. By ICARUS Collaboration. Oct 2011. 8pp. e-Print:
arXiv:1110.3763 [hep-ex].

Measurement of Production Properties of Positively Charged Kaons in Proton-Carbon
Interactions at 31 GeV/c. By The NA61/SHINE Collaboration. Dec 2011. 10pp. e-
Print: arXiv:1112.0150 [hep-ex]. Submitted to Phys. Rev. C.

. Hadron Production Measurement in the NA61/SHINE Experiment at the CERN SPS

for Neutrino and Cosmic Ray Experiments (T. J. Palczewski for the NA61/SHINE
collaboration), prepared for the 19th Particles and Nuclei International Conference
(PANIC11), Cambridge, USA. American Institute of Physics I Conference
Proceedings 1441. 468-470, 2012.

Measurements of hadron production from p+C interactions at 31 GeV/c from
NAG61/SHINE at the CERN SPS (T. J. Palczewski for the NAG61/SHINE
collaboration). Prepared for 12th International Workshop on Meson Production,
Properties and Interaction (MESON 2012), Cracow, Poland. Will be published in
Int.J.Mod.Phys.

Talks and posters:

1.

2.

10.

11.

Tomasz Palczewski. Symposium of the Soltan Institute for Nuclear Research, 2010,
Warsaw, Poland (talk)

Tomasz Palczewski. International Workshop on Meson Production, Properties and
Interaction, MESON 2010, Cracow, Poland (talk)

Tomasz Palczewski. Particles and Nuclei International Conference, PANIC11, 2011,
Cambridge MA, USA (talk)

Tomasz Palczewski. International Euro-physics Conference, EPS-HEP 2009, Cracow,
Poland (poster)

Tomasz Palczewski, Nicolas Abgral, Sebastien Murphy, Magdalena Posiadala.
European Strategy for Future Neutrino Physics, 2009, CERN, Switzerland (poster)
Tomasz Palczewski, Magdalena Posiadala. International Conference on Neutrino
Physics and Astrophysics (NEUTRINO 2010), 2010, Athens, Greece (poster)

Tomasz Palczewski. INSS 2010, Yokohama-Tokai, Japan (poster)

Antoni Aduszkiewicz, Tomasz Palczewski. Quark Matter Conference, 2011,
Annecy, France (poster).

Tomasz Palczewski. International Workshop on Meson Production, Properties and
Interaction, MESON 2012, Cracow, Poland (poster).

Tomasz Palczewski, International Conference on Neutrino Physics and Astrophysics
(NEUTRINO 2012), 2012, Kyoto, Japan (poster).

Tomasz Palczewski, The 1% symposium of the National Centre for Nuclear Resarch,
2012, Warsaw, Poland (2 posters)
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Chapter 2 Hadronic interactions

2.1 Theory and modelling of hadronic interactions

The formalism of hadronic interactions is mainly based on the Quantum Chrono-Dynamic
(QCD) theory. Unfortunately, due to the large coupling constant of this theory, direct
calculations of numerous processes are not possible, i.e. of the quark-quark interaction at low
momentum transfer. One can divide hadronic interaction phenomenology into two parts - a
part connected with high momentum transfer and small impact parameter (,,hard*) and a part
connected with low momentum transfer and large impact parameter (,,soft”). Whether the
particles originate from the hard or soft part, can be seen by inspecting transverse momentum
spectra (Figure 1). On the other hand, the Q’* value also distinguishes between these two
regimes. Tzhe exact value where transition appears is not known. Presumably, it is between 1
to 10 GeV~.

dn/dp,
A

h

Hard

Soft

Py
Figure 1. Transverse momentum distribution separating the soft and hard
scattering. Own elaboration.

The hard part can be well described by perturbative QCD that is valid only if strong
coupling constant is smaller than one. Up to now, no universally accepted theoretical model
of the soft hadronic interaction part exists, mainly due to the fact that there is no complete
picture of processes involved in hadronic interactions. A good understanding of hadronic
interactions at low momentum transfer is of key importance to build and tune hadronic
interaction models, which are a main component of neutrino flux and cosmic ray simulation
models. The existing data, which are described in the chapter 2.3, do not cover important
collision types and interaction energies. Moreover, a phase space region covered by many
experiments is not sufficiently wide. This negatively influances a reliability of predictions in
unmeasured kinematic regions. Regardless of the above, many models have been built, which
describe the data well in particular kinematic regions.

In QCD the fundamental particles (quarks) interact via exchange of gluons. The
gluons are eight color charged field quanta. The quarks are constituents of bound systems
without net color charge. These systems are called hadrons. Forces between hadrons can be
considered as residual color interactions in analogy to electron scattering (photon exchange)
in Quantum Electro-Dynamics (QED). A simple picture of hadron hadron scattering is shown
in Figure 2.
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Figure 2. Simple picture of hadron hadron scattering [140].

The extension of virtual particle exchange theory, originally proposed by Yukawa in 1935
[183], was proposed by Tulio Regge in 1957. In this theory instead of virtual particles, the
reggeon trajectories, which are representing particular quantum numbers, are exchanged [83].
This approach is commonly used in present theoretical models of soft hadronic interactions.
These days, some semi-phenomenological models exist that quite well describe the main
properties of the soft diffractive processes. These models are inspired by 1/N QCD expansion
and take into account commonly accepted theoretical principles like duality, unitarity, Regge
behavior, and parton structure [34]. Simulations of particle production in hadronic interaction
can be divided into theoretical models, phenomenological models, or combined theoretical
and parametrization approaches (semi-phenomenological models).

In addition, simulation models can be further divided into a few groups depending on
different energy regions where those models are valid [126]:

2.1.1 Low energy region models

Up to about 4 GeV in c.m.s it is possible to calculate all exclusive channels through

known hadronic resonances [116]. Above about 4 GeV the number of exclusive channels

is getting too large and this approach becomes impractical. Some theoretical models valid
at low energies (<10GeV) are based on the intranuclear cascade, such as Bertini Cascade

model [64, 63], its extended version MICRES [10], and the Binary Cascade [98].

e Bertini intranuclear cascade model generates the final state for hadronic inelastic
scattering by simulating the intra-nuclear cascade (INC). Serber first proposed the
intra-nuclear cascade model in 1947 [163]. It was based on the fact that in particle-
nuclear collisions the deBroglie wave-length of the incident particle is comparable to
or shorter than the average intra-nucleon distance. Therefore, it is justified to describe
the interactions in terms of particle-particle collisions. In Bertini model, incident
hadrons collide with protons and neutrons in the target nucleus and produce
secondaries, which in turn collide with other nucleons. The target nucleus is treated as
an average nuclear medium to which excitons are added after each collision [178].
Bertini model is a solution to Boltzman equation on average. In this model scattering
matrix is not calculated. This model is valid when AB/v << tc << At, where AB is the
deBroglie wavelength of the nucleons, v is the average relative nucleon-nucleon
velocity, and At is the time interval between collisions. Bertini model breaks down at
energies below 100-200 MeV and also at energies higher than 5-10 GeV.

e MICRES is the result of an attempt to improve Bertini INC model. The positive
features of Bertini model are combined with the calculation of all resonances
contributing more than 2% to the total cross-section in hadron-nucleus collsions. The
nucleus evaporation is included in this code. An excited compound nucleus is formed
from which, particles are emitted until evaporation is no longer energetically possible.
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The calculation is based on a theory proposed by Weisskopf [182] and on a Monte
Carlo code written by Dostrovsky [90, 91].

¢ Binary cascade is an INC model propagating primary and secondary particles in the
nucleus. Interactions are between primary or secondary particle and an individual
nucleon of the nucleus [177]. In this approach, a 3-dimentional model of the nucleus is
constructed. It uses optical potentials to describe the time evolution of particles
passing through the nuclear medium.

2.1.2 Intermediate energy region models

Data analysis in this region (10 Gev /¢ < p,, <100 Gev /c ) showed that the total cross
section is saturated by binary processes that are shown in Figure 3.

Tesonance Tesonance P! low
_]et
resonance A
¢

Figure 3. Characterlstlc bmary processes in the intermediate energy
region. (a) and (b) two body particle production diagrams, (c) and (d)
quasi-two-body particle production diagrams. The figure is taken from
[126].

This allows making successful description of the experimental data in this range by Regge
phenomenology based models. Flexibility of this approach makes it possible to obtain very
good description of data, but on the other hand makes predictive power of unmeasured
systems limited. In this energy range, one needs to mention the following models: Fritiof [36,
142], Quark Gluon String Model (QGSM) [123], dual parton model [71].

String models are based on the assumption that in the interaction between partons strings are
created.

The Fritiof model assumes that all hadron-hadron interactions are binary reactions like:

hl +h2 - h’1 +h’2,

where h’1 and h’2 are excited states of the hadrons with continuous mass spectra [167]. This
is presented in Figure 4.

_/i_/éj
& T T

Figure 4. Double diffraction (left) and single diffraction
reactions (right) considered in the Fritiof model [167].

If one of the hadrons after interaction remains in the ground state for example:
hl + h2—->hl +h’2
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this type of reaction is called “’single diffraction dissociation”. If none of the hadrons remains
in the ground state the reaction is called “double diffraction dissociation”. The excited
hadrons are considered as QCD-strings and the string fragmentation model is applied for a
simulation of their decays. Hadronization models that are commonly used are: Lound string
model, cluster model, and combination models.

Regge behavior and the parton structure of hadrons provide the basis for the dual parton
model. This model has been extensively studied and developed over the past fifteen years.
DPM and QGSM are closely related. They are based on the large-N expansion of non-
perturbative QCD and on Gribov’s Reggeon calculus [50].

2.1.3 High and super high-energy region models

High and super high-energy models (p,p > 100 GeV/c) are not relevant to this thesis and
will not be discussed.

2.1.4 Different classification of hadronic models

It is also possible to classify models according to different mechanisms of hadron production
they propose [70]:

¢ The recombination models — Additive Quark Model (AQM) [65],
Valon model [121].
The perturbative QCD models based on Low and Noussinov ideas [132, 143, 113].
String models — for example the Lund fragmentation model [35].
Models based on the 1/N expansion in Dual Topological Unitarization (DTU) — the
dual parton model [72].
The Massive Quark Model (MQM) introduced by Preparata [170].

2.1.5. Main components of the hadronic event generators

A schematic view of the main components of hadronic model inventory is presented in Figure
5. Nowadays, most of these components (data-, parameter-, theory-driven) are included in
hadronic event generators. Most often used hadronic event generators are FLUKA [175],
GEANT3 [176], GEANT4 [179], and MARS [180].
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Figure 5. Schematic view of the main components of hadronic model
inventory. Own elaboration.

Some parameterization models of hadron production that are based mainly on
parameterization and extrapolation of existing data (not “theory driven”) are presented in
subchapter 2.4.

Almost all hadronic interaction models are based on the detailed description of proton-proton
(pp) collisions and then extended to the other systems. The hadron-nucleus (hA) interactions
can be understood in terms of many uncorrelated hadron-nucleon (hN) collisions. Such an
approach is used in the wounded nucleon model. This simple approach is not sufficient to
fully understand hadron-nucleus collisions.

Due to theoretical problems with description of the ,soft“ part of hadronic
interactions, a study of the single particle inclusive cross sections in pp and pA interactions is
crucial.

2.2 Cross-sections

In the hadronic interaction field, experiments study total or topological cross-sections. A
topological cross-section refers to the production of a particular final state configuration or a
particular process. The most commonly used topological cross-sections are:
e Elastic — projectile and target particles are emitted without change of their c.m.s
energies and quantum numbers but in different directions.
¢ Inelastic — projectile and/or target particles are emitted with different momentum
and/or quantum numbers.
¢ Quasi-elastic — a subset of inelastic cross-section without emission of new particles.
An exemplary process of this type is target dissociation eg. (proton deuterium —
proton proton neutron)
® Production — at least one new particle is produced (production = inelastic — quasi-
elastic). This part can be further subdivided into: diffractive and non-diffractive
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= In diffractive process target does not change its nature. In this process no
quantum numbers are exchanged between the projectile and target system.

2.3 Existing hadronic interaction data

Before the nineties, a majority of the existing data concerning h-h and h-A were collected by
bubble chambers or single-arm spectrometers. These detection techniques have specific
limitations. In bubble chamber, separation between pions, kaons, and protons above a few
hundred MeV/c is not possible. Furthermore, the number of events that can be collected and
analyzed is limited. Single-arm spectrometers have small kinematic acceptance region but
they can collect large number of events. Apart from bubble chamber and single-arm
spectrometer experiments, some data collected in colliding beam were used in this field, for
example the data on the rapidity distributions in the central region collected by UAS
experiment at the CERN super anti-proton proton collider [45]. Former experiments have
explored only small fraction of the phase space and without sufficient precision needed these
days. Recently, data have been collected by large acceptance multi-component spectrometers
like HARP [74, 75], MIPP E907 [145], NA49 [17], and NA61/SHINE [39, 40]. HARP and
NA49 experiments have finished data taking. MIPP and NA61/SHINE are at the halfway
point of their operation.

The existing data were collected using incident proton beam with the momentum from
10 GeV/c to 450 GeV/c interacting with different target materials like beryllium, aluminum,
copper, and lead. A compilation of p+Be and p+C target data in momentum and polar angle
variables is shown in Figure 6. The box histograms show the importance of phase space
regions for cosmic ray simulations. SPY/NAS56 (NAS52), MIPP E907, and NA61/SHINE data
are not shown in this figure.
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Figure 6. Compilation of p+Be (left) and p+C (right) target data in momentum and
polar angle variables. The pictures are taken from [136] (left), [137] (right). More
information in Table 2.

The compiled data were taken by:
¢ Single-arm spectrometer experiments at CERN, at Fermilab, at the Brookhaven
Alternating Gradient Synchrotron (AGS), and at the Zero Gradient Synchrotron
(ZGS) at the Argonne National Laboratory.
® NA49 and HARP large acceptance spectrometers at CERN.
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In the bubble chambers liquid serves a double purpose. It forms target and detector
medium. Bubble chambers were invented by Glasser who earned the Nobel Prize in 1960 for
the invention of this detection technique. The improvements of this technique by Alvarez
were also awarded the Nobel Prize in 1967. The functionality of the bubble chamber is based
on the principle that a pressurized liquid heated to boiling point and suddenly expanded will
begin to boil where charged particles pass through it. After the expansion, pictures are taken
from three stereo angles. The three projections enable to produce a reconstruction of the
geometry of the charged particle tracks in each event. Above a few hundred of MeV/c, the
identification of secondary charged particle is not possible, protons appear the same as pions
and kaons. The other limitation is the number of events that can be collected and analyzed.
These limitations play an important role and lead to huge restrictions in usefulness of bubble
chamber data. Bubble chambers allow to measure negatively charged mesons and pions,
providing that other particle contamination is taken into account, up to a few tens of GeV.
Bubble chambers also allow measuring the cross section of some neutral particles using
secondary vertex resulting from the decay of those particles. A limitation to this approach is
the restricted possibility to distinguish distance between primary and secondary vertex. In
hydrogen chambers, it is almost not possible to measure photons due to a large radiation
length.

Single-arm spectrometer detectors are placed along the single trajectory in some
distance from the target. In this setting, the acceptance region is only a small fraction of
available phase-space region. The momentum of secondary particle is selected by
spectrometer magnet. The measurements are done as a function of the laboratory angle and
momentum. To convert data collected by this kind of experiments into other variables, model
corrections must be done. This introduces uncertainty, which due to the lack of clear
description of soft hadronic interaction, can be large. In this type of experiments, counting of
incoming protons was very often problematic, which influanced the precision of
normalization. Typically, uncertainty connected with normalization ranged from about 10% to
25% [128].

The colliding beam experiments made another contribution to the hadronic
interactions field. Those experiments studied almost exclusively » - » or » - 7 collisions. Due
to the fact that those experiments were operated in c.m.s their acceptance for forward going
particles is limited. The UAS experiment in CERN had important contribution to this field.
The main components of the UAS detector were two large stream chambers placed about 5
cm above and below the collision point. The trigger was provided by signal from two
scintillation hodoscopes placed at the end of chambers. Among others, multiplicity
distributions of charged particles produced in single-diffractive 7 - » collisions at c.m.s
energies of 200 and 900 GeV were measured. These data were used to examine and tune
different Monte Carlo models like Dual Parton, the Fritiof, and the Pythia models [37].

In the last group of experiments, large acceptance spectrometers were used to study
hadronic interactions. Representatives of this group are NA49, HARP, MIPP E907, and
NAG61/SHINE experiments. The NA49 collected data mainly in heavy-ion collisions at 158
GeV/A but they also collected proton-proton, proton-lead, and proton-carbon data. The HARP
was the first experiment purposely constructed to study hadron interactions needed to
understand predictions of atmospheric neutrino fluxes and possible solutions for neutrino
factory designs. The HARP collected data using proton and pion beams interacting with
different nuclear targets in the energy range from 3 to 15 GeV. HARP results were used by
the K2K [26] and MiniBooNE [20] in the neutrino flux calculations. Double differential
production cross-sections of pions from p+C collisions at 12 GeV/c as a function of
momentum (p) in different polar angle slices (0) as measured by the HARP are shown in
Figure 7. The HARP did not have full phase space acceptance therefore parameterization was
used in unmeasured regions.
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The MIPP E907 experiment at Fermilab was constructed to study hadron interactions
for the use of neutrino experiments such as NOVA [27] and MINOS [138]. Preliminary results
for 120 GeV and 60 GeV proton interactions with different nuclear targets were published in
2008 [145]. The most up to date results on pion, kaon, and proton cross sections from
interactions of proton with different nuclear targets at 60 GeV were presented in the PhD
thesis written in 2009 [112].
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Figure 7. Double differential production cross-sections of pions from p+C

collisions at 12 GeV/c as a function of momentum (p) in different polar angle

slices (0) as measured by HARP. Solid lines show Sanford-Wang parameterization

[77].

As one can see from this short overview up to now region between 24 to 60 GeV was
not covered by measurements. Information about published p + A data is gathered in Table 1
and in Table 2 for the low-energy region and high-energy region, respectively.

The region between 24 to 60 GeV is important for a better understanding of neutrino
flux and cosmic ray simulations. The T2K experiment produces neutrino beam using proton
carbon interactions at 31 GeV/c. The closest available data from proton Carbon interactions
are from the HARP experiment. With closer energy to T2K needs, experiment in CERN were
performed but with different nuclear targets (Be, B4C, Al, Cu, Pb, and others) and with
limited acceptance to angles from 17 to 127 mrad and momenta from 4 to 18 GeV/c [94].

11

Experiment or | p beam Target t/Aint (%) Secondary coverage
reference (GeV/c) material
(beam)

Baker (AGS) 10, 20, 30 Be, Al Unknown 1<p<17GeVle,
0=4.75,9,13, 20

HARP (PS) 3,5,8, 12, Be, C, 2,5, 100 0.75 <p<6.5GeV/c,
15 Al, Cu, 30<6 <210 mrad
Sn, Ta, and

Pb, N, 0.1<p<0.8GeV/c,
O,H,D 350 < 6 <2150 mrad

Marmer (ANL) | 12.3 Be, Cu 10 p =0.5, 0.8, 1.0 GeV/c, § = 0o, 5o, 10°

Cho 12.4 Be 49,123 2<p<6GeVic,
(ANL) 0'<H<12

Lundy (ANL) |12.4 Be 25,50,100 |1<p<12GeV/c,
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2’<0<16
Asbury (ANL) | 12.5 Be 49,12.3 p=3,4,50=12,15
Abbot (AGS) 14.6 Be, Al, 1-2 0<p<8GeVle,
Cu, Au 0 = 50, 140, 240, 340, 440
Allaby 19.2 Be, Al, 1-2 p=6,7,10, 12, 14 GeV/c,
(PS) Cu, Pb, 0 =12.5, 20, 30, 40, 50, 60, 70 mrad
B4C
Eichten (PS) 24 Be, B4C, | 1-2 4<p<18GeVlc,
Al, Cu, 17 <0 < 127 mrad
Pb

Table 1. Compilation of the p + A hadron production data. The low-energy region.

Experiment or | p beam Target t/Aint (%) | Secondary coverage
reference (GeV/c) material
(beam)
MIPP E907 60, 120 C 0.9-3.5 |[cos0[0.79,0.99]
(Fermilab)
NA49 (SPS) 158 C 1.5 0.05<pr< 1.8 GeV/c, 0.1 <xp< 0.5
Baker (FNAL) | 200, 300 Be 50 0 = ~3 mrad,
60 < p <370 GeV/c
Baker (FNAL) | 400 Be 75 0 = 3.6 mrad,
23 <p< 197 GeV/c
Barton (FNAL) | 100 C, Al, 1.6 -5.6 0.3 <xF<0.88,
Cu, Ag, 0.18 <pT <0.5GeV/c
Pb
Atherton (SPS) | 400 Be 10, 25,75, | xF =0.15, 0.30, 0.50, 0.75, pT =0, 0.3,
125 0.5 GeV/c
NA56/SPY 450 Be 25,50,75 | xF=0.016, 0.022, 0.033, 0.044, 0.067,
(SPS) 0.089, 0.15, 0.30,
pT=0, 75, 150, 225, 375, 450, 600
MeV/c

Table 2. Compilation of the p + A hadron production data. The high-energy

region.

2.4 Parameterizations of hadron production data

A few attempts were made to parameterize hadron production data and to provide
approximated information in unmeasured regions. Basic information about some of these
parameterization models are presented below:

e Malensek parameterization [133]

The parameterization of the Atherton data with included extrapolation for
different beam energies. The production cross-section in this model is

parameterized by this formula:
&N _ _ a4 (156777
dpadQ =Kp(1— x¢) 1+ p2/m?)*
with separate parameters sets A, B, m, D for pions, kaons, and protons. In this
approach, scaling to different nuclear targets is done using Eichten data and

scaling to different target lengths is done by the simple absorption model.
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e BMPT parameterization [67]
The extension of Malensek parameterization that fits not only the Artherton
data but also the NA56/SPY data. It takes into account evaluation of <pr> with
xp found by NA56/SPY [31]. Invariant cross-section in this method is
parameterized by this formula:

3

(E x pr) = A(l—x)*(1+ Bx)x;" (1+d (x, ) py +b (x,) pr)e o
where xg is the ratio of the particle’s energy to its maximum possible energy in
the central mass frame. Functions control the scale breaking of pr. Separate
parameters were fitted to positively and negatively charged pions and kaons.
Scaling to other nuclear targets is done using Barton scaling equation [54]

d’c
E ﬁ =0 OAa
D
In this parameterization, an improved absorption model was used for scaling to
different target lengths.
¢ Sanford-Wang parameterization [173]
Production cross-section is parameterized by this formula:

N _, 51— p/ )ex[—CpD—Fe( —Gp,cos’ )]
dde_ p PPy p Pf P Do

where py is the proton momentum, p is the pion or kaon momentum, 0 is the
pion or kaon production angle. Parameters from A to H were fitted to
experimental data separately for positively and negatively charged pions and
kaons. Parameterization is valid only for thin target. Wang published variation
of this parameterization valid for high energies [174].

e CKP parameterization [81]
Production cross-section is parameterized by this formula:

d’c
— A 2 _ —(p—a)b+cO)
dpda P (py—p)e

This approach is valid for thin target. It was motivated by cosmic ray data.
Therefore, the effective exponential dependence is present in this approach.

To minimize model uncertainty of T2K neutrino beam predictions, the NA61/SHINE
made dedicated measurements using thin carbon target and T2K replica target. The
NAG61/SHINE program and results on negatively charged pion and neutrally charged kaon
meson and lambda hyperon production from proton at thin carbon target interactions at
31GeV/c are discussed in this thesis.
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Chapter 3 Neutrino oscillations

3.1 Formalism of the neutrino oscillations

In 1930 Wolfgang Pauli wrote his famous letter to “Dear Radioactive Ladies and Gentlemen”.
In this letter he proposed the existence of light neutral particle with spin 2 to explain a
continuous energy spectrum of electrons produced in beta decay [96]. This new particle was
needed to save conservation of energy and angular momentum in radioactive decays. In 1934,
Enrico Fermi published theory in which he took into consideration Pauli’s postulate [148]. He
formulated a dynamical theory of weak particle interactions, in which this new extremely
light particle plays a crucial role. Enrico Fermi proposed “neutrino”, means a little neutral
one, as the name for Pauli’s postulated particle. Fermi’s framework laid foundations for the
Glashow-Weinberg-Salam (GWS) model of electroweak interactions. It was first formulated
by Weinberg in 1967 and independently by Salam in 1968. Nowadays, the GSW model
together with the model of strong interactions constitute the basis of the Standard Model of
particle physics [84], in which processes in terms of gauge interactions between quarks,
charged leptons, and neutrinos are portrayed. In the Standard Model, neutrino is massless and
bounded by lepton number and flavor lepton number conservations. It means that the total
number of leptons in any reaction and also number of leptons of a given flavor has to stay
constant. To sum up, the Standard Model describes neutrinos as massless, left-handed, flavor-
conserving particles. However, the recent data from atmospheric and solar neutrino
experiments [99, 32, 79, 115, 1, 28, 24] are interpreted in terms of neutrino oscillations. It
implies that not all neutrinos are massless. Besides that, direct measurements of neutrino mass
have been performed by precise measurement of decay kinematics and by cosmological data,
which provide stronger constraints on the total neutrino mass than particle physics
experiments [95]. The best upper limits at present on the mass of the three neutrino species
are summarized in the Table 3.

Neutrino type Mass Limit Experiment type / Confidence Level
Ve <2eV Tritium beta decay / 95

Vy <190 keV pion decay / 90

V. < 18.2 MeV tau decay / 95

Total neutrino mass <0.28 eV Cosmology / 95

Table 3. Upper limits on neutrino mass from direct measurements [110].

Neutrino oscillations were proposed in 1950s by Bruno Pontecorvo in analogy with kaon
oscillations [152]. The modern theory evolved from this concept and was formulated in
1970s, among others, by Pontecorvo and Bilenky [66]. Neutrino oscillations, a quantum
mechanical phenomenon, explain experimental results from atmospheric and solar neutrino
experiments by allowing neutrino flavor transitions. Oscillations occur because it is assumed
that physically interacting flavor eigenstates (Ve, Vy, V1) are combinations of mass eigenstates
(V1, V2, v3). Mass eigenstates describe evolution in time and space. While these states
propagate through space with different velocities as they have different masses, the change of
neutrino flavors takes place. This change has periodical character.

The unitary transformation relating the flavor and mass eigenstates can be written as:

‘Va> :ZUm‘ Vi>
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The U is a lepton mixing matrix, also referred to as Pontecorvo—Maki—Nakagawa—Sakata
matrix (PMNS matrix) or sometimes simply the MNS matrix. In the tree neutrino case mixing
matrix is described by 3 x 3 unitary matrix:

—is
i1 Ci3%12 S1€ 1
_ +id +id i
U=|—C,38, = 85€125£ CrCio —81351255€ C355 | X e
. +o . +id i3
873512 T 81C1023€ $23C10 781381 023€ €133 e

where cjj=cos 0;; and s;;=sin 0, d is Dirac phase and o, B are Majorana phases. These phases
are zero if CP symmetry is not violated. If one assumes that neutrinos are Dirac particles then
Majorana phases are equal to zero and one can disregard the right hand side matrix.

Now, mixing matrix can be split into three matrices, which describes mixing between specific
mass eigenstates:

1 0 O ¢y 0 se®lc, s, O
U=|0 c¢,; 5y 0 1 0O |-s, ¢, O
0 -5, cul—s.e’ 0 ¢ 0 0 1

The left hand side matrix corresponds to the atmospheric sector (sector 23). Experiments
studying atmospheric neutrinos and long baseline accelerator neutrino experiments contribute
to the results on oscillation angle 0,3 and Amy3. This sector was so far explored by the water
Cherenkov detectors — IMB [104], and Kamiokande, and Super-Kamiokande [102]; and by
tracking detectors — Frejus [87], NUSEX [19], MACRO [33], and Soudan-2 [160], and by
long-baseline accelerator experiments — K2K [26], MINOS [138], and OPERA [18]. Right
hand side matrix is related to solar sector (sector 12). The 0}, and Am,, were studied so far by
solar neutrino experiments by chloraine and gallium radiochemical detectors — Homestake
[79], SAGE [3], GALLEX [115], GNO [29]; and water cherenkow detectors using light water
and heavy water — Kamiokande [118], Super-Kamiokande [120], SNO [22]; and liquid
scintilator detector — Borexino [43]; and long baseline reactor experiments — KamLLAND [93].
The middle matrix (sector 13) is not well explored so far. Nowadays, search for the precise
determination of the oscillation angle 6,3 is ongoing. Dirac phase is also unknown. If it is
different from zero, CP symmetry violation in lepton sector will occur. The strongest limits,
before publication of Daya Bay results, to 0,3 came from the CHOQOZ reactor experiment.
Sector 13 is now explored by long baseline accelerator experiments — T2K [122], NOVA (in
preparation) [30]; and reactor experiments — Daya Bay [114], Double CHOOZ [42], RENO
[25]. This thesis was prepared before reactor experiments have measured osicillation angle
013, therefore these results will not be discussed in detail. The current best-fit values are

summarized below:

sin > 99,, = 0.318 *001e

sin ? 9,3 = 0.50 007

sin > 9913 =0.092 £ 0.016 (845 is non-zero with a significance of 5.2 standard deviations)
0<o0<2x

AM 2| = (2.40 7012y x 10 eV 2

Am? =(7.59 735 x 10 eV ?
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where AM is equal Ams; (assuming normal hierarchy) or Am;3 (assuming inverted hierarchy)
and Am is equal Amy;

In vacuum, the propagation of neutrino flavor eigenstates is described by:
3

‘Va(t)> = Ze Uy, Vi>
i=1

It shows that a neutrino produced with one specific flavor eigenstate after some time becomes
a superposition of all possible flavor states. In proper conditions, a neutrino produced at the
origin in the flavor eigenstate |, ) oscillates into different flavor eigenstate |v,). The

probability for such a neutrino oscillation in vacuum can be described by the following
formula (in natural units):

2

2 # —im }L /2E
Py, = vslra o) = ‘Z UL U o™ _
i

* * . 2 AmiL
Sp — 42 R(U LU p U, Uy, sin > (=)
i>j
+22, 3 U4 U, ,Uj ) sin( — )

i>j

where

2 _ 2 2
Amy=m; —m;

is the difference of two squared masses, L is the oscillation distance, and E the neutrino
energy.

The main term that is responsible for oscillation is often written as (with ¢ and r
restored) [119]:

AméL 267 Am;(eVz)L(km)
E(GeV)

The oscillation probabilities depend on the L/E, differences of squared masses, and elements
of the mixing matrix (three mixing angles and Dirac phase).

~
=~

In some experiments, only two neutrino types participate in the mixing. This simplifies
presented picture to mixing matrix that depends only on the single oscillation-mixing angle:

cos@ sind

—sin@ cosé

Let us consider neutrino oscillations of two flavors (ve, Vy,). In this case equations for
oscillation probabilities are described by:
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,[ 1.267 Am°L

_ .2 .
P, —>v,)=1-sin"28sin B

P, —-v,)=1-PW, —>v,)

Oscillation angle (») and difference of squared masses (a»*) control the strength of
oscillations and oscillation periodicity, respectively. Two other parameters, distance L and
neutrino energy E, are associated with a specific experimental situation.

Small value of 013 allows in first approximation to study oscillations associated with sector
12 and sector 23 separately, as two flavor transitions. For sector 23, after neglecting
contribution related with Am: oscillation, probabilities can be expressed by these formulas:

)
1.267Am?,
E

. . . 5 1.267Am;,L
P(vﬂ %ve): sin’ 2%, sin® ¥, sz(%

P(v, —v,)=1-sin’2, cos" 8, sin’( L)—P(vﬂ —v,)

1.267Am;,L
E
1.267Am;,L

)

P(v, —v,)=sin’28, cos’ &, sin’(

P(v, —»v,)=1-sin’28,sin’( )

These oscillation probabilities reduce to two flavors formulas if ;3. We have the same
situation in the sector 12. To conclude, the two-flavor approximation describes well situation

in the sector 23 (atmospheric mixing v,—V; when V. is neglected) and as well in the sector 12
(solar sector Ve—Vy)



18

| Study of particle production in hadron-nucleus interactions for neutrino experime

3.2 Current knowledge of oscillation parameters

Neutrino oscillation parameters were explored by several experiments, which can be
categorized into four types according to the neutrino sources: solar, atmospheric, reactor, and
accelerator neutrino experiments. In this subchapter, brief overview of these four types of
experiments and current knowledge of oscillation parameters obtained by them are presented.
The current limits on oscillation parameters from experimental data are shown in Figure 8.
The recent results on 03, namely results from the T2K, Daya Bay, RENO, and Double
CHOQZ are not included. As it was mentioned, this thesis was prepared before non-zero
results on osicillation angle 6,3 were published. Therefore, detailed discussion of these results
will not be presented.

10°
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Figure 8. Current limits on oscillation parameters from existing
experimental data [110]. Upper-middle part shows allowed region for
atmospheric sector. Middle part shows allowed region for solar region.
LSND and MiniBoone (which excludes LSND interpretation of electron
neutrino appearance effect) results are placed in upper-part.
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Main experiments contributing to Fig. 8 are discussed in the following subchapters. The
LSND effect that is excluded by MiniBoone results (in neutrino mode) will not be discussed
in this thesis.

3.2.1 Atmospheric neutrino experiments

As it was mentioned before, the Kamiokande, IMB, Super-Kamiokande, Frejus, NUSEX,
MACRO, and Soudan-2 experiments provided the main contribution to the constraints on the
atmospheric neutrino mixing parameters.

Cosmic ray interactions with air nuclei in the Earth’s atmosphere lead to the production of
hadrons, leptons, and neutrinos. Neutrinos are produced in the atmosphere mainly from the
pion and muon decays. When the primary particles, mainly protons, interact with
atmosphere’s gasses, mainly pions and some kaons are produced. Then pions decay to
neutrinos and muons that also decay, among others, to neutrinos:

Tt ut v,

ur—e+v, +v,

T U+,

H —e +v,+v,

In these decays, muon neutrinos and electron neutrinos are produced. Produced neutrinos
have wide energy spectrum from ~100 MeV up to TeV range with a peak at ~ 1 GeV. If we
take into consideration that not all pions and muons decay before reaching Earth’s surface and
also the fact that not only pions lead via decays to neutrinos production, one can find the
flavor ratio

R=,+V,)I(v,+7,)

that should be equal ~2.1 [103]. As an example the different flavor ratio calculations at the
Super-Kamiokande are shown in Figure 9.
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Figure 9. Three different calculations of flavor ratios at the Super-Kamiokande
[103].

Starting from 1960s, several experiments, among others the Kamiokande and IMB, have
obtained lower fluxes of muon neutrinos than expected. This deficit was called atmospheric
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neutrino anomaly. This anomaly was confirmed and explained by Super-Kamiokande
Collaboration in 1998 [46]. The atmospheric neutrino oscillation phenomenon was proposed
as an explanation. The Super-Kamikande detection technique and background sources for
measurement of neutrino interaction are discussed in detail in chapter 5.1.1. The Super-
Kamiokande measured the zenith angle distribution of the muon and electron-like events. The
reconstructed number of upward going muon neutrinos was found to be smaller than what
was expected by predictions in the absence of neutrino oscillations. Therefore it affects flavor
ratio. The observed angular asymmetry of atmospheric muon neutrinos is well described with
the two-flavor oscillations. The measured asymmetry was also confirmed by the MACRO and
Soudan-2 experiments. The ratio of data to Monte Carlo predictions without neutrino
oscillations as a function of the neutrino flight length (L) over the neutrino energy (E) is
shown in Figure 10. The shape of this distribution favours neutrino oscillation as a
description of this phenomenon and disfavors different models like neutrino decay [51] and
decoherence [131] as they do not reproduce the shape in whole L/E region.
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Figure 10. Ratio of data to the Monte Carlo predictions without neutrino
oscillations as a function of neutrino flight length (L) over neutrino energy
(E) as obtained by Super-Kamiokande [46].

"y

3.2.2 Accelerator neutrino experiments

As it was mentioned before, the K2K, MINOS, and OPERA experiments plays the main role
in this field.

To study v. = V. oscillations, accelerator based neutrino oscillation experiments were
designed. Principles of long baseline neutrino experiment measurements are discussed in
chapter 3.3. The KEK to Kamioka (K2K) and Main Injector Neutrino Oscillation Search
(MINOS) experiments are both neutrino oscillation experiments, which were studying muon
neutrino disappearance in accelerator-produced muon neutrino beams. In both experiments,
near detectors were used to study unoscillated neutrino beam spectrum and composition.
After the distance of 250 km in the K2K and 735 km in the MINOS, interactions of neutrinos
were registered in far detectors. The distance of far detectors and average beam energy (~1.4
GeV in the K2K and ~4 GeV in the MINOS) were chosen to be with L/E in a first oscillation
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maximum of atmospheric neutrinos. The results of the MINOS experiment, which are
considered the most precise measurement in this field, are shown in Figure 11 together with
the K2K and Super-Kamiokande results.
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Figure 11. Contours of the two-flavor oscillation fit to the data from MINOS,
Super-Kamiokande, and K2K [12].

The Oscillation Project with Emulsion-Tracking Apparatus (OPERA) experiment is aiming at
the first direct detection of neutrino oscillations in appearance mode. The OPERA detector is
placed in the CNGS 730 km away from the neutrino source. The analysis of a sub-sample of
the data taken in the 2008-2009 runs was completed. In this sample the first v; CC candidate
was found with a background expectation 0.018+£0.007 (syst). The probability to observe one
event due to a background fluctuation is 1.8%, which corresponds to 2.36 ¢ [18]. The analysis
of the 2008 and 2009 full sample will be completed soon.

The second subject covered by long baseline neutrino oscillation experiments is the
study of the last unknown oscillation angle 0,3 via v, = V. appearance approach. The long-
baseline experiments did not found oscillations in this mode before June 2012. Therefore,
they set limits on 0;3. However, the best constraint was set by the reactor experiment, which
will be discussed in chapter 3.2.4. Recently, the T2K experiment has shown that the
oscillation angle 0,5 is different from zero with 3.2 ©.

3.2.3 Solar neutrino experiments

The main contribution to the constraints on the solar neutrino mixing parameters was
provided by the Homestake, SAGE, GALLEX, Kamiokande, Super-Kamiokande, and
Sudbury Neutrino Observatory experiments.

The nuclear processes that power the Sun produce only electron neutrinos. Therefore,
solar neutrino experiments are sensitive to V¢ — Vx oscillation. The main neutrino producing
reactions in the proton — proton chain are listed in the Table 4.
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Reaction Label Flux (cm™s™)
p+p— H+e +v. Pp 5.95* 10"
p+e +p—>’H+v, Pep 1.4 *10°
‘He+p—‘H+e" +V, Hep 9.3 * 10°

"Be +e — 'Li + V. 'Be 4.77 * 10°

B —"Be+e +V, *B 5.05 * 10°

Table 4. Main neutrino producing reactions in the proton - proton chain [108].

Most of the neutrinos produced in the Sun come from pp reaction but their energy is very low,
which makes them hard to detect. The easiest neutrinos to detect come from °B reactions.
They have maximum energy of approximately 15 MeV. Neutrinos are also produced in the
secondary cycle of solar energy generation (CNO cycle). The neutrino energy spectrum from
all nuclear fusion processes as predicted by the Solar Standard Model (SSM) is shown in
Figure 12.
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Figure 12. Solar neutrino spectra predicted by the SSM. The neutrino fluxes
at one astronomical unit from continuum sources are given in units of
cm-2 s-1 MeV-1, and the line fluxes are given in cm-2 s-1. The figure is
taken from [61].

For over forty years, solar neutrino experiments have observed significantly lower electron
neutrino fluxes than expected from neutrino production calculations. This discrepancy was
known as Solar Neutrino Problem. It was for the first time observed by the Ray Davis's
Homestake Experiment in the late 1960s. The detector was based on a concept first proposed
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by Bruno Pontecorvo at Chalk River in 1946. The detection is based on the fact that neutrinos
interacting with chlorine can produce an isotope of argon through the inverse beta reaction, Vv,
+7'Cl - ¢ + ?"Ar, with an energy threshold of 0.814 MeV. Those argon atoms need to be
extracted before they decay back to chlorine. The chlorine experiment took data until 1995
[79]. The final result for the neutrino capture rate was 2.56 * 0.16 (statistical) = 0.16
(systematic) #1070 per target atom s! (Solar Neutrino Unit = SNU), while the rates predicted
with SSM, depending on the opacity and equation of states used, were within the range of
{5.8, 9.3} * SNU [61]. Clearly, the rate observed by the Homestake experiment is much
lower than that predicted. The distance between the Sun and the Earth is ~1.5 * 10® km. If the
Mikheyev-Smirnov-Wolfenstein (MSW) effect is taken into account, Solar Neutrino Problem
can be explained by the neutrino oscillations. The MSW effect is defined as the shift of
neutrinos’ effective mass eigenvalues as they travel through matter [139]. In the 2001, the
Sudbury Neutrino Observatory (SNO) experiment provided a clear evidence of electron
neutrino flavor change. If neutrino oscillations are assumed, the Homestake experiment
results can be transformed to the constrains on the oscillation parameters. The allowed region
of Am? and tan®@ is obtained from the comparison of the predicted and measured neutrino
fluxes. The obtained constraints are presented in Figure 13.
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Figure 13. Mixing plane constraints obtained by the Homestake chlorine
experiment [61]. The inside of the covariance regions is allowed at the 95%
CL. tan20 < 1 correspond to the normal hierarchy, tan20 > 1 corresponds to
the inverted hierarchy.

Two other radiochemical experiments, the SAGE at the Baksan laboratory [1] in
Russia and the GALEX/GNO at the Gran Sasso laboratory [28] in Italy, which were using
gallium as a detector medium also observed a solar neutrino rate that was lower than
predicted. The gallium detector detection technique is based on the reaction v, + ''Ga — ¢ +
"IGe with the energy threshold of 0.233MeV. This technique allows detecting neutrinos from
pp, ‘Be, ®B, and pep reactions. The final GALEX/GNO result on the neutrino rate is 70.8
4.5 (statistical) + 3.8 (systematic) SNU [2], while SSM predicted rates are within {125, 134}
* SNU. The constraints obtained from the GALEX/GNO and SAGE experiments on the
oscillation parameters are shown in Figure 14.
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Figure 14. Mixing plane constraints obtained by GALLEX/GNO and SAGE
gallium experiments [61]. The inside of the covariance regions is allowed
at the 95% CL. tanZ0 < 1 correspond to the normal hierarchy, tanZ0 > 1

corresponds to the inverted hierarchy.

Other experimental technique was used in the Kamiokande and Super-Kamiokande
detectors located in Kamioka mine in Japan [101]. These experiments measured solar
neutrino flux in the higher energy region using water as a detector medium. This detection
system allows determining not only energy of the particle but also its direction. Solar neutrino
can interact in the detector via neutrino-electron scattering (ES) reaction, Ve + € — Ve + €,
and Cherenkov light emitted by recoil electron can be detected. The direction of recoil
electron is correlated with direction of incident neutrino. The Super-Kamiokande obtained ES
neutrino rate, 2.35 + 0.02 (statistical) = 0.08 (systematic) * 10° cm™? s, which was also
smaller than SMM predicted rate. The obtained constraints from the Super-Kamiokande
experiment on the oscillation parameters are shown in the Figure 15.
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Figure 15. Mixing plane constraints obtained by Super-Kamikande
experiment [61]. The inside of the covariance regions is allowed at the 95%
CL. tan?0 < 1 correspond to the normal hierarchy, tan?0 > 1 corresponds to

the inverted hierarchy.
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The same tendency was observed in all experiments presented above. The observed
rate was smaller than the predicted one. The ratios of observed and expected rates for
different experiments are presented in the Table 5.

Experiment Observed/expected rate
Homestake 0.27+0.04
GALLEX 0.56+0.07
SAGE 0.53+0.08
SuperKamiokande 0.39+0.06

Table 5. Ratios of observed to expected rates obtained by different solar neutrino
experiments, typical SSM model used for expected rates calculations [150].

The explanation of these discrepancies was proposed by the SNO experiment. The experiment
is located 2 km underground in the INCO’s Creighton mine in Ontario, Canada. The detector
is a 1000-ton heavy water Cerenkov detector. The heavy water is in an acrylic vessel (12 m
diameter and 5 cm thickness) viewed by 9456 PMTs. The use of heavy water allows the flux
of all three neutrino types to be measured. The SNO experiment sees solar neutrinos via three
reactions:

CC:v,+'H >p+p+e”
NC:v +'H ->p+n+v,
ES:v +te —v +e

where * = ¢ 4.7 CC means Charge Current reaction, NC means Neutral Current reaction, ES
means Elastic Scattering on electrons reaction. The results from SNO phase II, in which NaCl
was dissolved in the heavy water to enhance the sensitivity to NC reactions through higher
neutron capture efficiency, are presented in Figure 16.
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Figure 16. SNO results after Phase II. Combined flux of vy and vy versus ve.
Black dot indicates the best fit point. The total 8B solar neutrino flux
predicted by the SSM is shown as dashed lines. The narrow band parallel to
the SNO ES result corresponds to the Super-Kamiokande result [100]. The
figure is taken from|[21].

The combined vy ¢ flux versus Ve flux is shown. The results are as follows [21]:
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@, =1.68+0.06700 x10°cm s
D, = 494102170 x10°cm s~
®, =2.35+£022+0.15%x10°cm>s”"

The P~ flux agreed with SNN expectations while ®c and Prswere smaller than
expected. Clearly, a deficit in electron neutrino flux is observed. Presented results can be
used to determine oscillation angle via determination of average survival probability
(?c /®4 ). The Deficit in electron neutrino flux and observed non-zero value of combined

vy flux are interpreted as a result of the MSW-enhanced oscillation inside the Sun.
Results from all three phases, in phase III an array of proportional counters was deployed in
the heavy water, showing the two-flavor oscillation contour are presented in the Figure 17.
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Figure 17. Two-flavor neutrino oscillation analysis contour obtained from
the combined the SNO data of all three phases [23].

SNO data cannot distinguish between the upper and bottom region. The combination of the
SNO results with the results of the other solar neutrino experiments eliminates the bottom
region and higher values of Am?; in the upper region. The other constrains for the allowed
region come from the reactor neutrino experiments.

3.2.4 Reactor neutrino experiments

One type of the reactor neutrino experiments is a long baseline (L ~ 100 km) experiment. The
interpretation of solar neutrino observations implies that oscillation of electron antineutrinos
should appear after the distance larger than a hundred kilometers (CPT invariance assumed).
The Kamioka Liquid Scintillator Anti-Neutrino Detector (KamLand) in Japan is an example
of the long baseline reactor experiment [92]. The antineutrinos coming from nuclear reactors
in the region (53 power plants in Japan and Korea) have energy, of the order of a few MeV,
similar to the energy of the solar neutrinos. The detection technique is based on the inverse
beta decay process:

V,+p—oe +n

The KamLAND detector is a spherical plastic balloon filled with oil mixed with liquid
scintillator and surrounded by photomultiplier tubes. It consists of about a kiloton of
scintillator allowing for low energy detection thresholds of a few MeV. An effective
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background rejection allowed the threshold for observing a neutrino to reach 1.8 MeV in the
last phase of the experiment. The KamLAND was the first experiment that observed reactor
neutrino oscillation. A global fit to both the solar and KamLLAND data strongly constrains the
oscillation parameters (Figure 18).
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Figure 18. Two-flavor neutrino oscillation analysis contour using both solar
neutrino and KamLAND results [23].

The second type of the reactor experiments is a short baseline experiment (L ~ 1 km)
that looks for suppression of anti electron neutrinos. The atmospheric neutrino results and
solar neutrino results imply oscillation of the ve — vx type at the Am’ region. No evidence
of such an oscillation has been found before June 2012. In the region of Am? > 3*10-3eV? an
upper limit was found to be equal sin®20 < 0.1 at 90% CL [41, 88] by the CHOOZ
collaboration. The CHOOZ experiment is based on the liquid scintillator technique. The
observed ratio of measured v. versus the expected ones in the CHOOZ experiment was equal
to 1.01 = 2.8% (stat) + 2.7% (sys). The CHOOZ null oscillation result was combined with
other atmospheric and long baseline accelerator experiments. As a result, the upper limit on
0.3 was found. The search was continued by the Double-Chooz experiment [42]. The recent
results from the Double-Chooz, Daya Bay, and Reno experiments have shown that oscillation
angle 0,3 is none-zero with 3.1 ¢, 5.2 G, 4.9 G, respectively.
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3.3 Principles of the long baseline oscillation neutrino experiment measurements
The long baseline neutrino oscillation experiments are based on the basic idea to sample

unoscillated neutrino beam close to the production point and at a few hundred kilometers
when oscillations are apparent. This basic idea is shown by simple graph in Figure 19.
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Figure 19. Schematic view of the idea of the long baseline neutrino oscillation
experiment. Own elaboration.

The distance from the near to the far detector (L) is chosen accordingly to maximize
oscillation probability. The second parameter, which can be used, is a neutrino energy (E). To
be able to measure neutrino oscillations in long baseline experiment one needs to tune L/E
ratio to maximize oscillation probability for a neutrino scale which is going to be studied
(Am?). For example, to study neutrino oscillations from solar neutrino scale (Am* ~10* eV?)
with neutrino beam with maximum energy ~1 GeV, baseline would need to be of order of the
Earth’s diameter. To study atmospheric neutrino scale (Am* ~2.5 * 10~ eV?) with the same
neutrino beam baseline of a few hundreds of km need to be used. For example for MINOS
baseline is equal to 735 km, therefore for Am’® equal to 2.5 * 107 eV? oscillation maximum is
achieved by neutrinos with energy equal to ~ 1.5 GeV. In the T2K experiment, the baseline is
equal to 295 km, therefore in order to reach the oscillation maximum neutrinos need to have
0.7 GeV.

The parameters of the five main long baseline neutrino oscillation experiments are presented
in Table 6.

Experiment | Data taking period Neutrino Baseline
energy peak

K2K 1999 - 2004 1.4 GeV 250 km

MINOS 2005 - 2011 3 GeV 735 km

OPERA 2008 — 17 GeV 735 km

T2K 2010 — March 2011 (interrupted due to 0.7 GeV 259 km
earthquake); restart in January 2012 —

NOvVA 2013 — (construction will be complete in 1.8 GeV 810 km
January 2014) - first run will last 6 years

Table 6. Parameters of the five main long baseline neutrino oscillation
experiments.
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The conventional neutrino beam production is described in chapter 4.

In the long baseline neutrino oscillation experiments, neutrinos are measured in near

and far positions. There are two approaches used in the construction of detectors:

e near and far detectors are functionally identical e.g the MINOS experiment

¢ near and far detectors are different e.g the T2K experiment.
The first approach leads to a significant cancelation of systematic errors. In the second
approach more precise measurement can be done due to possibility of using a set of different
sub-detectors.

Even in the absence of oscillations, near and far detector neutrino spectra are
different. However, in this case the difference is well understood. The near detector sees beam
in a different way (relatively wide range of decay angles) than the far detector (only small
range of angles). If a neutrino source would be point like and isotropic, the far-to-near ratio
would be energy independent and given by the solid angle. In the real life this is not the case,
the far-to-near ratio is complicated and depends on the neutrino energy. The discussion about
knowledge of the far-to-near ratio is presented in chapter 5.2. The oscillation parameters can
be probed by comparison of information measured in the far detector and information
transformed from the near to far detector without oscillations.

This approach can be summarized as follows:

qDFar (EV )without oscillations o= R (EV )Withaut oscillations qDNear (EV) * o

q)Far (EV )wiz‘hout oscillations o

where is an expected number of events in the far detector

R ( E )without oscillations
without oscillations (flux * cross section), and 14 18 a far-to-near ratio,

Near *
and N (E v) o 18 a number of events measured in the near detector;
then oscillation parameters can be found from comparison of number of events registered in
the far detector and number of events expected in the far detector without

Far * Far without oscillations
oscillations: O (E v )*olP (E y ) o
@Far (EV) %k O_

where is a number of events registered in the far detector.

This approach is valid for all oscillation analyses: disappearance and appearance
approaches. From this ratio one can find information about |Am?| by looking at the position of
the minimum and about sin*26 by looking at the depth of the minimum (see Figure 20).
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Figure 20. Possible evaluation of oscillation parameters from comparison
of measured information in far detector and extrapolated information
measured in near detector to far detector without oscillations. Ratio equal
to one means no oscillations. Own elaboration based on the picture from
[105], points and oscillation fit from the real experiment - MINOS.

Main uncertainties in the long baseline neutrino oscillation experiments come from:
e poor knowledge of hadron production in target (mainly pion and kaon multiplicities),
cross sections modeling,
proton beam,
beam direction,
target and focusing system alignment.

Near and far detector specific systematic error sources are also important but as it was
mentioned, some cancelations can occur especially when near and far detectors are
functionally identical. The point connected with hadron production in the target is the most
important and has the largest contribution to the systematic error. This subject is discussed in
chapter 5.2.
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Chapter 4 Neutrino beams

In this chapter conventional neutrino beams are discussed. The future neutrino facilities like
the Neutrino Factories [62] and Beta-beams [62, 172] are not the subject of this thesis and
will not be discussed.

4.1 Conventional neutrino beams

Nowadays, accelerator experiments probe neutrino oscillation parameters by two types of
approaches:
e Disappearance experiment — the search of muon neutrinos disappearance in muon
neutrino beam.
e Appearance experiment — the search of other flavor neutrinos appearance in muon
neutrino beam.
In both approaches, a precise knowledge of the muon neutrino beam is essential to minimize
systematic uncertainties and obtain the assumed precision.

Conventional muon neutrino beams are produced using interactions of high energy
protons on the nuclear targets. The idea of an accelerator neutrino beam was proposed
independently by Schwartz [162] and Pontecorvo [153]. The first neutrino beam was used in
experiment by Lederman, Schwartz, Steinberger and collaborators [86]. A schematic view of
the first accelerator neutrino experiment is shown in Figure 21.
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Figure 21. Schematic view of the first accelerator neutrino experiment [86].

The concept of operation of neutrino beams is based on interactions of protons with nuclear
target from which secondary hadrons are produced that decay and as a consequence produce
neutrinos. The decays of pions and kaons, which are listed below [110], mainly contribute to
the production of conventional muon neutrino beams.

z* - w'v,(v,) with Branching Ratio (BR) = 99.9877 %
7t - e'v.(v.) with BR =0.0123 %

K* - uv,(v,) with BR=63.55 %
K* > z'*v.(v.,) withBR=5.07 %
K* - u*v,(v,) withBR=3.35%
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To achieve a huge precision in new long baseline oscillation neutrino experiments also neutral
kaons and charged muons need to be taken into consideration. The leptonic decay channels of
neutral kaons are listed below

K" > z*e™ (v.) with BR 40.55 %
K} »z°u™,(V,) with BR 27.04 %

and muon decay
u*t = etv, (v)Hv,(v,) with BR = 100 %
The muon decays lead to rise of electron (anti-) neutrinos and muon (anti-) neutrinos what is

rather unwanted background. The schematic view of the conventional neutrino beam
production is presented in Figure 22.

beam dump

14

N

Figure 22. Schematic view of the conventional neutrino beam production. Own
elaboration.

The manipulation of the secondary hadrons is in general made by magnetic horn(horns) that
is(are) focusing positives (negatives) and defocusing negatives (positives). Therefore muon
(anti-) neutrino flux is enhanced while muon antineutrino (neutrino) background is reduced.
The first neutrino experiments were working in the “bare target beam” mode. It means that
there were not any collimations of the secondaries emanating from the target. Simon van der
Meer developed the idea of the “magnetic horn” in 1961 [168]. This focusing device was
invented to collect the secondary pions and kaons from the target and directing them toward
the downstream experiments, thereby increasing the neutrino flux. From 1961 horn systems
were developed and various geometries were investigated: conical horns [169], parabolic
horns [69], ellipsoidal lenses [57, 89], magnetic fingers [146]. The basis of magnetic horn lays
in production of toroidal magnetic field whose gvxB force provides focusing force for
particles of one sign and defocusing force for the other sign (see Figure 23). The toroidal
magnetic field is produced between two axially symmetric conductors with a current sheet
running down the inner conductor and returning on the outer conductor. The magnetic field of
the horn varies inversely with radius B = pol/2znr (I is the horn current, r is radius). This results
in a change in angle of

Ag=BX _ HIx
p 2xrp

, where x is the path length , I is the horn current, p is the particle momentum.
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Figure 23. Focusing and defocusing of particles in magnetic horn. Toroidal
magnetic field is produced between two axially-symmetric conductors with
a a current sheet running down the inner conductor and returning on the
outer conductor. The picture is taken from [169].

Horns must stand magnetic forces, thermal load from the pulsed current, and beam energy
deposition in the horn conductors. The other possibility to focus neutrino beam is to use a so
called Quadropole-focused beams which are relatively less expensive than horn systems but
also less efficient. A single quadropole magnet produces an effect of focusing lens in one
plane and defocusing in the other. Therefore, system of quadropoles is used (pairs or triplets).
These systems focus both signs of secondaries. In experiments in which only one neutrino
species is desired, sign selection of secondaries is done by dipole. Another option for focusing
system is plasma lens based on the idea to place a cylindrical insulating vessel around the
beam axis downstream of the target. In this device, the toroidal magnetic field is produced,
similar to this produced in magnetis horn. One more option is to use DC-operated lenses like
Magnetic Spokes [127] or Solenoid lens [56].

Nowadays, secondaries are focused by focusing system that is in general made from the set
of two or more magnetic horns (in the T2K there is a set of three magnetic horns, the MINOS
has two horns but in the MiniBoone there is only one horn). Palmer found that a set of horns
allows refocusing particle trajectories improperly focused by the first focusing element [146].
First time this system was used at the CERN PS neutrino beam [47] and after that almost
every Wide-Band Beam experiment has been using this type of system. Two horns focusing
system is shown in Figure 24.

o = underfocused
= Hom 2 only

{.'—"_ q = — —=Hom I only

T -l d

Homn 1
Horn 2
Figure 24. Two horns focusing system. Second horn, placed further from
target than the first, improves the collection efficiency of particles over or
unfocused by the first one [9].

The standard horn-focused beam produces a wide range of neutrino energies corresponding to
a variety of particle trajectories passing through the magnetic horn (Figure 25).
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Figure 25. Neutrino spectrum from the standard two horn system beam at
the NuMI at FNAL. The components of the spectrum correspond to the
different particle trajectories. The possible trajectories are presented in
Figure 23. The picture is taken from [149].

The focused secondaries are directed towards a decay volume (also called a decay
pipe). The decay volume must be designed to minimize subsequent muon decays which
implies larger unwanted ve contamination. Often, the decay volume is filled with helium gas
to minimize multiple Coulomb scattering and reduce absorption. At the end of the decay pipe,
a beam dump is located, which is absorbing hadrons that reached this point. In the T2K, the
beam dump is made of graphite blocks cooled with water in aluminum pipes. In the
MiniBoone, beam dump is made of steel. Apart from neutrinos, high energy muons can pass
the beam dump. Therefore, in some cases muon monitors used to monitor the beam direction
are located after the dump.

The energy of emitted neutrinos is related to the energy of secondaries which is shown
in Figure 26 (for pion decay). In on-axis experiments, average neutrino energy is linearly
related to the energy of secondaries. This relation is not as strong in off-axis experiments and
the dependence is flatter.
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Figure 26. Neutrino energy as a function of energy of decaying pions [135].
The angle 0 is an angle between pion direction and neutrino direction (in
radians).

In off-axis experiments, change of the off-axis angle influences also the neutrino energy
spectrum what is shown in Figure 27.

5 =
: ~—— 6=0.03
E_ =12 GeV

Relative Neutrino Flux

E . (GeV)
Figure 27. Neutrino fluxes integrated over all pion energies (simulations
for proton energy of 12 GeV) [135]. The angle 0 is an angle between pion
direction and neutrino direction (in radians).

The off-axis setup allows generating a narrowband neutrino spectrum using a broadband
secondary beam. This idea was first proposed by the BNL experiment E889 [58] and
nowadays is used in the long baseline neutrino oscillation experiment T2K (will be used in
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the NOVA as well). The farther one goes from the beam axis, the narrower neutrino beam one
gets but the flux also became smaller. This two effects need to be taken into consideration
when off-axis neutrino beam is designed.

Other options to produce a narrowband neutrino beam are:

e Dichromatic beam [130]

The first beam of this type was used in the Fermilab, a schematic view is
shown in Figure 28. In this approach, the dipole magnets were used to defocus
wrong-sign secondaries while quadroploes were used to focus right-sign
secondries as they head into the decay tunnel. The momentum of secondary
beam is fixed but presence of pions and kaons leads to two possible values of
the neutrino energy. Off-angle decays of pions and kaons lead to the change in
neutrino energy.
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Figure 28. Schematic view of the first di-chromatic neutrino beam
at Fermilab [52].

¢ Horn beam with plug [147]

This approach uses a Tungsten block (beam “plug”) at the end of the target to
eliminate those particles, which travels, through the field free area of horns.
This cuts off the largest range of neutrinos energies (different components of
the neutrino spectrum are shown in Figure 25). The horn beam with plug
system was developed in a series of experiments at the BNL. The system of
two beam plugs and collimator was developed. Such a setup has the effect of
eliminating those particles that do not cross the beam center line. As a
consequence, only the smallest momenta are not cut out. The similar setup was
made at the Fermilab.

e Horn beam with dipole [9]

In this setup a dipole magnet placed between the two horns increases
momentum and sign selection efficiency. In this approach, a dump for the
primary beam must be placed in the target hall. This is a huge challenge for
high-intensity neutrino beams.

Different sources of uncertainties for conventional neutrino beams are discussed in chapter
52.
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Chapter 5 Main background sources for long baseline neutrino
oscillation experiments

5.1 Background sources for measurement of neutrino interaction

The detection technique used implies which background sources need to be considered.
Mainly three detection techniques are considered in future neutrino oscillation experiments:
e Water Cherenkov detectors
¢ Liquid scintillator detectors
e Liquid Argon Time Projection Chamber (LArTPC) detection technology
e Sandwitch-like detectors (combining different types of detection technologies, e.g.
MINOS)

In the T2K experiment main measurements will be done in the far detector — huge water
Cherenkov Super-Kamiokande (SK) detector. Second very promising technique is detection
in LArTPC, which is used in the ICARUS detector. In this chapter detection techniques and
background processes for measurement of neutrino interaction in the SK and ICARUS
detectors are discussed. This thesis is not covering detection technique based on the Liquid
scintillator. The sandwitch-like detectors are also not discussed in this thesis.

Neutrino interactions with matter are well described by the Standard Model. Neutrinos are
electrically neutral leptons therefore they interact only weakly with other particles. One can

+
distinguish two types of interactions: charge current exchange (when W bosons are
exchanged) and neutral current exchange (when Z°is exchanged). Depending on the detection
technique used different neutrino interactions can be explored.

5.1.1 Water Cherenkov

The basis of detection is based on the fact that the relativistic charged products of neutrino
interactions produce Cherenkov light. This light can be detected by photomultipliers (PMTs).

The Super-Kamiokande is a 50 kiloton ring-imaging water Cherenkov detector
located underground in the Kamioka-mine, Hida-city, Gifu, Japan. The location 1 km
underground (2700 m of water equivalent) provides very good shielding from cosmic ray
particles except from highest energy muons (minimum of 1.3 TeV is needed for penetration).
The wall of the cave is covered by polyurethane material, which blocks radon emanating from
the rock. The layout of the detector is presented in Figure 29.

Figure 29. Schematic view of the Super-Kamiokande detector [144].
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The detector is a cylindrical, vertically oriented, stainless steel tank of 39.3 m in diameter and
41.4 m in height, containing 50 kilotons of water. The water tank is made of stainless steel. It
is divided into an outer part and an inner part. The 11146 20-inch photomultipliers (PMTs) in
the inner detector and 1885 8-inch PMTs in the outer detector are used for the light detection.
Selected parameters of the Super-Kamiokande detector are presented in Table 7.

Tank Dimensions 39.3 m in diameter 41.4 m in height
Volume 50 kton
Thickness 2.6 m (7.2 Radiation Length (R.L) and 4.3 Nuclear
interaction Length (N.L) on top and bottom
Outer part 2.75m (7.6 R.L. and 4.6 N.L.) on barrel
Volume 32 kton
Num. of PMT | 302 (top), 308 (bottom) and 1275 (barrel)
Dimensions 33.8 m in diameter 36.2 m in height
Inner part Volume 18 kton
Num. of PMT | 1748 (top and bottom) and 7650 (barrel)
S Thickness 2m (5.5 R.L. and 3.3 N.L.) from the inner wall
Fiducial area
Volume 22 kton

Table 7. Selected parameters of the Super-Kamiokande detector [144].

In this type of detector, muon neutrino and electron neutrino charged current interactions can
be distinguished through capability of discrimination between electron and muon specific
light patterns detected by the set of photomultipliers. Typical muon like and electron like
rings detected by the Super-Kamiokande are presented in Figure 30. The shape of a ring
identifies a particle. Two classes of particles can be recognized in the Super-Kamiokande: e-
like particles — electrons and gamma rays, and p-like particles — muons and charged pions.

Figure 30. Typical electron like (left) and muon like (right) rings registered
by the Super Kamiokande detector [48].
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The neutrino elastic NC scattering (NCE) interaction, which can be written by equation:

V+N > V+N

(where N is a nucleon),

is usually undetectable in water Cherenkov detectors (outgoing protons do not have a
sufficient amount of momentum to be visible and neutrons are undetectable).

In case of the long baseline neutrino oscillation experiment like T2K, two processes are
important, as they constitute signal in electron neutrino appearance and muon neutrino
disappearance approaches.

These are:

e FElectron neutrino charge current quasi-elastic interaction (CCQE) which leads to
production of a single electron that tags electron neutrino interaction in Super-
Kamiokande:

V,+n—>e +p

e Muon neutrino charge current quasi-elastic interaction (CCQE) which leads to
production of a single muon that tags muon neutrino interaction in Super-
Kamiokande:

V,tn—>u +p

For neutrino energies from 1 GeV up to a few GeV the neutrino scattering off nucleons
with production of resonances (RES) becomes important:

NC:v+N = v+r" = v+ N'+meson(s)
CC:v+N = l+r" = [+ N'+meson(s)

where N is a nucleon, I a lepton and r* is a resonance.

e Coherent scattering off whole nuclei (COH) is a situation in which neutrino interacts
with a target nucleus as a whole leaving the nucleus in the initial ground state. It
usually results in production of a forward-going lepton and meson (most likely pion).
Both RES and COH processes are important as they are a source of pions, that
constitute one of the main backgrounds to oscillation signal in water Cherenkov
detectors.

e Deep inelastic scattering (DIS) interactions dominates for neutrino energies higher
than several GeV.

The main source of background for the electron neutrino appearance in water
Cherenkov detectors is muon neutrino neutral current scattering with neutral pion production.
This interaction looks like this:

V,+N >V, + N+’ +nx7x’

where n >= 0.

A 7' in 98.8% of cases quickly decays into two gammas and these in turn initiate
electromagnetic cascades. Similar cascade is produced when electron is passing through
detector medium. When two gamma showers overlap or one is not detected this can lead to
misidentification of NC 7° production as a CCQE event. If 7" decayed via the Dalitz decay to
photon and electron-positron pair this also can lead to similar topology as for the charge
current electron nutrino interaction.
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The main source of background of the muon neutrino disappearance in water
Cherenkov detectors is muon neutral current scattering with positive pion production. This
interaction looks like:

N
V,+p—oV,+tn+x

This is a specific background source for water Cherenkov detector because in this detection
technique it is very hard to distinguish between muons and pions (p-like particles).

5.1.2 Liquid Argon

The ICARUS is the only large Liquid Argon (LAr) Time Projection Chamber (TPC) detector
working at present located underground in Gran Sasso, Italy. The LAr TPC concept was
proposed by C. Rubia in 1977 [156]. The T600 ICARUS detector is composed of two
identical modules with a common cathode placed in the middle. The electric field shaping
system, LAr purity monitors, and PMTs are enclosed in each module. LAr temperature is
stabilized by external thermal insulation and Liquid Nitrogen circuit. The LAr purification
system is used to achieve required purity which is controlled by monitors. Dimensions of each
module are 3.6 m (width), 3.9 m (height) and 19.9 m (length). Three parallel planes (two
Induction and one Collection plane) of anod wires are placed along the longest sidewalls of
each module. Wires are oriented at 60° with respect to each other. Total number of wires is
53248 in each module. The volume of LAr in the detector is 760 tons. The LAr TPC provides
calorimetric measurement of particle energy together with three-dimensional track
reconstruction from the electrons drifting along electric field lines in sufficiently pure LAr. A
schematic view of working principle of detection is shown in Figure 31.
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Figure 31. Principle of detection in the ICARUS T600 Lar TPC [158].

In order to distinguish V. charge current from the vy neutral current interaction good
separation between electrons and pions is needed. To check the potentiality of the LAr
technique in respect to distinguish between photon-induced showers from ° decay and the
electron showers from electron neutrino interactions simulations using the NUX-FLUKA
chain were done. Apart from that, real data from the surface test run were studied. The
measured distribution of the two photon invariant mass from real data is shown in Figure 32.
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reconstructed two photon invariant mass and the real 7’ mass were chosen.
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Figure 32. Two photon invariant mass spectrum from muon neutrino NC
events. One pion events (left - a), all pion events (right - b). Pions from
primary and secondary verteces are included. The emision of 5 1(547)
mesons was found and its masses were properly reconstructed. The picture
is taken from [157].

The position of the peak in reconstructed two photon invariant mass spectrum was found to be
consistent with 7° mass. The width of the peak is similar to the one obtained for the real data
(measurement based on the 212 selected events from the surface test run) [157]. The tails of
the invariant mass distribution come from n’s emitted from secondary vertices (A or K meson
decays) close to the primary one. If distance between primary and secondary vertex is smaller
than 1 cm that allows distinguishing between them due to good special resolution what is not
the case in water or sandwich-like detectors.

In the LAr TPC detector an NC v, event with 7’ production can be misidentified with CC
V. interaction if one from the following situations occurs:

¢ One of the photons has too small energy (E<20 MeV) and therefore is lost in the
background. The calculation based on the decay kinematics showed that percentage of
such events never exceeds 2.5%.

e The two photons overlap. Only for ° energy up to about 1 GeV the angle between two
showers is sufficiently large to indentify two showers. However, for the more
energetic pion decays it is possible to use dE/dx method to distinguish between the
beginning of the electron track and beginning of the lepton pair from the conversion of
photon [165].

¢ One photon is lost due to either Dalitz decay or photon conversion near the neutrino
interaction vertex. This contribution was estimated to be at the level of one per mil.

The author made simulations, scanning, and analysis of electromagnetic showers indicated by
electrons and photons (using the NUX-FLUKA) from which energy resolution of showers
was obtained. The author was also involved in scanning of real events from the 2001 Pavia
surface test run.
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5.2 Systematic errors related to knowledge of conventional neutrino beam
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production.

In the analysis technique used in long baseline neutrino oscillation experiments, neutrino
oscillation parameters are probed by comparing interaction rates at far detectors with
predictions with and without oscillations. The extrapolation of measurements in near detectors
is done by so-called far-to-near ratio, which strongly depends on the knowledge of the

primary hadron production in the target. Far-to-near ratios (in V. and v, case) predicted by
JNUBEAM simulations (used in the T2K experiment) and their ratios are presented in Figure

33.
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Figure 33. Top panels: Far-to-near ratios predicted by JNUBEAM simulations
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The far-to-near ratios have non-trivial dependence on neutrino energy, especially in low
energy region below 1GeV/c, which is very important for the T2K experiment. This feature
will not be as important for the new planned NOVA experiment because it will have neutrino
energy peak at 1.8 GeV/c. From the bottom panels of the Figure 33 it clearly visible that even
for the NOVA experiment it will not be possible to reach precision of the far-to-near ratio
knowledge at the level of a few percents without independent measurements of the pion and
kaon production (which will lead to accurate far-to-near ratio estimation). For example, T2K
measurements are strongly correlated with the far-to-near ratio knowledge. From the Monte
Carlo studies, it was shown that the far-to-near ratio needs to be known at the level of around
3% [122] to reach the assumed precision.

The precision of far-to-near ratio estimation is the most important source of systematic
uncertainty connected with knowledge of conventional neutrino beam production.

The conventional neutrino beams are produced in such a way that not only one type of
neutrinos is produced. The contamination of unwanted neutrino species in produced neutrino
beam is also one of the sources of the systematic error. Nowadays, very precise and stable
focusing systems are used what allows minimizing unwanted background. In the T2K
experiment detailed studies of neutrino parent decays were done. The v, v, and V, fluxes are

7.0%, ~1.1%, and ~0.17% of the y flux respectively.
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Chapter 6 NA61/SHINE experiment

6.1 Main goals of the NA61/SHINE experiment

The NAG61/SHINE (Super proton synchrotron Heavy lon and Neutrino Experiment)
experiment is a large acceptance hadron spectrometer, which was designed to study three
different physics fields [39, 40, 5, 6]:

6.1.1 Study of the onset of deconfinment and search for critical point of strongly
interacting matter.

Results from the CERN SPS scan program on the energy dependence of hadron production in
central Pb+Pb collisions at various energies from 20A to 158 A GeV show some hints for the
evidence of the existence of a transition to a new form of strongly interacting matter (Quark
Gluon Plasma (QGP)). At the top SPS [117, 155, 134, 60] and RHIC [44, 49, 11, 13] energies
created at the early stage of central Pb+Pb (Au+Au) collisions, matter is in the state of QGP.
For the central Pb+Pb (Au+Au) measurements, a few anomalies were found in distributions
of energy dependence of hadron production in relation to p+p data, what is shown in Figure
34.
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Figure 34. Energy dependence of hadron production properties in central Pb+Pb
(Au+Au) collisions (closed symbols) and p+p interactions (open symbols). Mean
pion multiplicity per wounded nucleon (left top panel), the relative strangeness
production (bottom panel), the inverse slope parameter of mr spectra of K- mesons
(right top panel). The pictures are taken from [39].
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The models without assumed deconfinement phase transition (HGM [80], RQMD [164],
UrQMD [55], and HSD [73]) failed to describe central Pb+Pb (Au+Au) data. Models
reproduce anomalies when the 1st order phase transition at low SPS energies is introduced
(SMES [106] and hydro [109, 107]). The results on energy dependence of hadron production
from the central Pb+Pb (Au+Au) collisions are shown in Figure 35.
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Figure 35. Energy dependence of hadron production properties in central Pb+Pb
(Au+Au) collisions with model comparison. Mean pion multiplicity per wounded
nucleon (top left panel), the relative strangeness production (bottom panel), the
inverse slope parameter of mr spectra of K- mesons (top right panel). The pictures
are taken from [39].

There are ongoing attempts to model-dependent extrapolation of proton-nucleus to explain
nucleus-nucleus collisions [82]. The set of detailed p+A data is very important to model
properly this extrapolation. In these studies one need to take into account that qualitative
statements on similarities or differences between p+A and A+A collisions can be done only if
all kinematic effects are taken into account. Recent string-hadronic models [164, 55, 73]
considered all these effects and are able to parameterize reasonably well p+p and p+A data.
Nevertheless, A+A data are not modeled properly in these models.

The existence and exact location of the critical point of strongly interacting matter can
be searched by measurements of hadron production with different energies and system sizes.
Critical point, if exists, should appears as a maximum of fluctuations of the scaled variance of
the produced particle multiplicity distribution [39]. From the lattice QCD, which can be
performed at chemical potential (Ug) equals zero, a rapid crossover from the hadron gas to the
QGP at the temperature (T) in the range between 170 — 190 MeV [124, 125] is suggested. The
hypothetical phase diagram of strongly interacting matter in the (T, ug) plane is shown in
Figure 36. In this figure, also available (NA49, STAR) and future data (NA61/SHINE) that
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can be used to probe interesting region are shown. The temperature and chemical potential are
not directly measurable. However, T and s coordinates of the chemical freeze-out have one-
to-one correspondence with energy (E) and system size (A) of the collisions [59]. This fact
allows searching for critical point of strongly interacting matter via systematic E-A scan.
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Figure 36. Hypothetical phase diagram of strongly interacting matter in the
(T, us) plane (left panel). Solid symbols show the chemical freeze-out
points extracted from the analyses of hadron yields in central Pb+Pb
(Au+Au) collisions at different energies. Gray band shows the region, which
will by covered by NA61/SHINE measurements compiled with existing
NA49 and STAR data. The NA61/SHINE ion program and existing data from
NA49 and STAR (right panel). The area of the boxes is proportional to the
number of registered central collisions, which is typically 2*10¢ for the
SHINE ion program. The pictures are taken from [15].

The measurements of hadron production in p+p, p+A, and A+A collisions are necessary to
achieve further progress in understanding of physics in this field.

6.1.2 Measurements done for neutrino physics.

The main contributors to the T2K neutrino flux are pions and kaons, which through their
decays produce neutrinos. Up to now, no direct measurements of pion and kaon production in
proton carbon interactions at 31 GeV/c (the T2K setup) exist. The closest available data from
proton Carbon interactions are from the HARP experiment at 12 GeV and from the NA49
from 158 GeV (in both cases pion yield only). The MIPP E907 also published some
preliminary results from proton Carbon interactions at 60 GeV.

Several opportunities like the COMPASS at CERN, MIPP at Fermilab, and
NAG61/SHINE have been studied to find the most promising option to measure the pion and
kaon yields for the T2K. Finally, after detailed Monte Carlo studies it was shown that upgrade
of the NA49 detector has the acceptance and the particle identification capabilities needed for
this measurement therefore the NA61/SHINE was chosen. Momentum versus polar angle
distributions of pions and kaons that are producing neutrinos seen in far detector of the T2K
are shown in Figure 37. The full pion and kaon phase space need to cover by measurements
to avoid extrapolation and in consequence model dependent uncertainties.
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Figure 37. Momentum versus polar angle distributions of positively charged
pions (left) and kaons (right) that are producing neutrinos seen in far detector of
T2K. JNUBEAM simulations [8].

Without measurement of the NA61/SHINE systematic uncertainties on the neutrino flux
predictions and the far-to-near ratio were estimated by comparing the results from different
hadronization models (GCALOR [184], GFLUKA [68], and GHEISHA [97]). Discrepancies
between different predictions are huge e.g. differences in the absolute neutrino fluxes can
reach up to a factor 2. It proved that discrepancies between these models would strongly
influence the precision of the neutrino cross-section measurements. This lack of knowledge
also influence near-to-far ratio what was shown in Figure 33. To fulfill the T2K designated
precision error on far-to-near ration cannot be larger than 3%. Precise direct measurements of
pion and kaon yields from proton Carbon interactions at 31 GeV/c are crucial for the T2K.
Measurements were done in two configurations: with thin (2 cm) carbon target and with T2K
replica target (90 cm). First configuration is important for measuring the primary particle
production without distortions due to reinteractions in the target. Neutrino parents are not only
produced in the primary proton interactions in the T2K target. This indirect contribution will
be studied using measurement done in second configuration. In it is shown that not only pions
and kaons are important for the knowledge of neutrino flux in the T2K. It is of importance to
measure as well neutral strange hadrons (K’s, A) because these particles contribute directly or
via decays to the neutrino production in the T2K.
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Figure 38. vu (left) and ve (right) energy spectrum at far detector of T2K.
Different contributions of parents are shown. JNUBEAM simulations [4].
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6.1.3 Measurements done for cosmic ray physics.

Dedicated runs collected for the Pierre Auger and KASCADE experiments. It has
been shown that not only high energy range is important for predictions of extensive air
shower characteristics [39]. The hadron production in the energy range up to a few hundred
GeV is also very important in particular to minimize large uncertainties connected with
measurements of shower particles at large lateral distances from the shower core.

6.2 Detector description

The NA61/SHINE detector at CERN is a large acceptance hadron spectrometer for the studies
described in Chapter 6.1 by collisions of various beam particles (p, T, Be, Ar, Xe, Au, Pb)
with a variety of fixed targets (C, Be, Ca, La, Au, Pb). The detector is located in the North
Area site at the H2 beam line of the Super Proton Synchrotron (SPS). The sketch of the
CERN’s accelerator complex is shown in Figure 39. The relevant part to the NA61/SHINE of
the complex is shown in Figure 40.
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Figure 39. CERN’s accelerator complex [181].
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Figure 40. Relevant to the NA61/SHINE part of the CERN’s accelerator
complex [181].

As it was mentioned, beam particles interacting with NA61/SHINE targets are from the H2
beam line. At the beginning, protons are obtained by removing electrons from hydrogen
atoms. They are accelerated in the LINAC2 and injected to the PS Booster (PSB). Then to the
Proton Synchrotron (PS) where they are accelerated to 14 GeV/c and after that to the SPS
where they are further accelerated to 400 GeV/c. These protons are extracted to the H2 beam
line. Secondary beam particles (hadrons, electrons, muons) of energies from 10 to 360 GeV/c
are produced by interactions of primary beam protons with the T2 target located at the
beginning of the H2 beam line. The momentum and intensity of the secondary beam is
controlled by the set of collimators. Bending magnets (BENDs), correction dipoles (TRIMs),
and quadrupoles (QUADs) are used to focus the beam. Further beam detectors and counters in
from of the NA61/SHINE detector are discussed in Chapter 6.3.2 Trigger).

The NAG61/SHINE inherited its main detector components from the NA49 experiment.
Four large Time Projection Chambers (TPCs), one small TPC for the low emission angle
particles (GAP TPC), and two time-of-flight detectors (TOFs) are former NA49 detectors,
which are used in the NA61/SHINE experiment. Large TPCs and new, specially designed for
the T2K needs, TOF are the main components of the NA61/SHINE experiment. New to the
NA49 is also Particle Spectator Detector (PSD), which is important for the centrality
determination in nucleus-nucleus collisions. The detector layout is presented in Figure 41.
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Figure 41. Layout of the NA61/SHINE detector.
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6.2.1 Time Projection Chambers (TPCs)

The NA61/SHINE TPCs are multi-wire proportional chambers with the readout pads filled
with gas compositions of Ar and CO,. They allow obtaining track reconstruction in three
dimensions.

TPC operation basic principles are broadly discussed in the literature [161, 129, 111]. When
charged particles fly through the sensitive volume of the detector they lose kinetic energy by
excitation of bound electrons and ionization. This can leads to electron-ion pair production.
Free electrons, that are at the beginning located along the trajectory of the charged particle,
drift in the homogeneous electric field towards the read-out chamber. The schematic view of
this process is presented in Figure 42.
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Figure 42. Layout of the Time Projection Chamber readout with schematic
view of charged particle traverses through the sensitive volume of the
detector [17].
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First of all, electrons that are arriving at the readout plane have to pass the gating grid, which
is open during the readout time. During this time gating grid is at the same potential as the
drift field at that point what allows to electrons drift through. A cathode plane follows the
gating grid. It is is at 0 V, thus it separates the drift volume from the amplification region. In
amplification region electrons are accelerated in the electric field of the sense wire plane
producing an avalanche (multiplication by a factor of 10%). The wires absorb electrons. The
much heavier charged ions crate voltage pulse on the readout pads before they drift towards
the cathode plane. At that time the gating grid is closed what prevents ions from drifting in the
detector volume and also prevents electrons from entering the readout chamber.

The two small TPCs (VTPC-1 and VTPC-2) are placed inside super-conducting dipole
magnets what allows determining momentum using track curvature (maximum combined
bending power of 9 Tm over 7 m length). The track momentum can be determine using
following equation:

plGeV /c]=0.3-qle]- B[T]- R[m] ;
cos A

where p is particle momentum, q is particle charge, B is the magnetic field, R is the radius of
curvature of the track, and A is the angle between the track and the bending plane. Depending
on the phase space region a resolution of o(p)/p® = (0.3-7.0) * 10™* (GeV/c)™" is reached. The
maximum possible magnetic field is 1.5 T in the VITX1 and 1.1 T in the VTX2 magnet. The
two large TPCs (MTPC-L and MTPC-R) are used only for the ionization energy loss
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measurements. Information from the smallest TPC (GTPC) placed between VTPCs along the
beam line was not used in analyses performed on the 2007 pilot run data. GTPC detector was
used to extend geometrical acceptance of particles emitted at small polar angles. Information
from this detector will be used in analyses of the 2009 data.

The dimensions and gas compositions of the NA61/SHINE TPCs are presented in Table 8.

VTPC-1/2 MTPC-L/R GTPC
Width [m] 2 3.9 0.384
Length [m] 2.5 3.9 0.196
Height [m] 0.98 1.8 0.590
Gas Ar/CO, (90/10) | Ar/CO,(95/5) Ar/CO, (90/10)
Drift Voltage [kV] 13 19 11
Drift Velocity [cm/pum] 1.4 2.3 ~1.2
Number of Pads 27648 63360 672
Pad dimensions [mm] 3.5 *16/28 3.6/5.5 *40 4*28

Table 8. Technical parameters of the NA61/SHINE TPCs.

Each pad in the TPC readout:
e corresponds to x-z coordinate pair,
¢ has assigned a sector number, pad-row number, and pad number.

VTPC-1/2 and MTPCs readout pads are assembled respectively in 6 and 25 sectors each.
There are 62 sectors in total as shown in Figure 43.
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Figure 43. Sectors of the NA61/SHINE TPCs [171].
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Ssector rows near the beam line in MTPCs (21-25 for MTPC-L, and 1-5 for MTPC-R) are the
sectors where pads being narrower — high resolution sectors. The other sectors in MTPCs
have standard resolution. Pads locations were optimize to maximize track reconstruction.
Each pad is tilted with respect to the beam line to agree with the average track angles at the
given Xx-z position.



52 | Study of particle production in hadron-nucleus interactions for neutrino experiments

6.2.2 Time Of Flight detectors (TOFs)

In the NA61/SHINE experiment TPCs are complemented by the setup of Time Of Flight
detectors (TOFs). The TOF operation principle is very simple. The time of flight of the
particle is reproduced from the start signal that is given by the one of the trigger detectors (S1
scintillator counter, detectors used in trigger logic are discussed in chapter 6.3.2 Trigger) and
from the stop signal that comes from the readout of the TOF after the particle hits scintillator
bar. The TOF-F is made of 64 scintillator bars with photomultipliers (PMTs) readout at both
ends. The TOF-F has a time measurement resolution of ~115 ps (while TOF-L and TOF-R
have resolution of 60 ps). This detector was installed in 2007 in order to extend the particle
identification acceptance to low momenta (p<4 GeV/c). The measurement of the time is done

as follows:
to+t

up down
st ) 0
where ts; is the start signal from S1 counter, t,, and tgown are the signals from the top and
bottom of the scintillator bar, ty is a calibration constant individual for each channel.

t=t

6.2.3 Particle Spectator Detector (PSD)

The whole NA61/SHINE detector is completed with the Particle Spectator Detector (PSD)
that is a new type of the zero degree calorimeter. The PSD will be used for the centrality
determination in nucleus-nucleus collisions. Information from this detector was not used in
analyses of data from 2007 pilot run. More information about the PSD can be found in [159].

6.3 Trigger and data acquisition

6.3.1 Beam Position Detectors (BPDs)

Three two-plane multiwire proportional chambers, which are called the Beam Position
Detectors (BPDs), were used to measure the trajectory of the beam particles. These counters
were providing a resolution of about 200 um in two orthogonal directions. The beam spot and
divergence obtained from the BPD measurements are presented in Figure 44.
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Figure 44. Left: The beam spot as measured by BPD-3 after the vi cut
described in the text. Right: The beam divergence in x and y. The pictures
are taken from [7].
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6.3.2 Trigger

The trigger and beam detectors used in the NA61/SHINE experiment during 2007 pilot run
are presented in Figure 45.
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Figure 45. Trigger and beam detectors used in the NA61/SHINE experiment
during 2007 pilot run [166]. C - Cherenkov detectros, S - Scintilator
detectors, V - Veto counters.

Two Cherenkov counters, CEDAR (C1) and threshold counter (C2), identify protons from the
secondary hadron beam. C1 was used to identify protons (pressure was set to 3.3 bar) and C2
operated at the pressure lower than proton threshold (1.65 bar). C2 worked in anti-coincident
mode in trigger logic. The fraction of protons in the secondary hadron beam was about 14%.
Two scintillator (S1, S2) and two veto (VO, V1) counters provide the beam definition and
timing. The S1 counter was also used to provide the start signal for the TOF detectors. The
purity of identification of beam protons based on the selection made by Cherenkov counters
was of about 99%. Purity studies were done by bending the beam into the TPCs with the full
magnetic field and using dE/dx identification method.

During 2007 pilot run beam protons were selected by the coincidence S1- §2- V0- V1. C1- C2.
The beam momentum, presented in Figure 46, was measured in dedicated run by bending the
incoming particles into TPCs with the full magnetic field.
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Figure 46. Beam momentum distribution measured by the reconstruction
of beam particles in the TPCs with the full magnetic field. Only statistical
errors are shown. The picture is taken from [7].

The mean value of 30.75 GeV/c was obtained. This agrees with the set value of 30.92 GeV/c
within the available precision of setting the magnet currents in the H2 beam line.

Interactions in the target were selected by anti-coincidence of the incoming beam
protons with S4 scintillator counter placed on the beam trajectory between VTPC-1 and
VTPC-2. Therefore, the interaction trigger is a minimum bias trigger based on the
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disappearance of the incident proton.

During 2007 pilot run 667 k events were recorded with the thin carbon target, 46 k
events with the thin carbon target removed, 80 k events for calibration purposes, and 230 k
events with the T2K replica target.

6.4 Normalization of particle yields.

The main motivation and goal of the analysis of the data collected during 2007 pilot run is to
present results in terms of mean multiplicities and inclusive particle cross sections in proton
Carbon interactions. In this chapter two approaches of the normalization procedure developed
by the NA49 Collaboration are discussed. First approach, further called the NAG61
normalization, was used to normalize h- results to T production cross sections and to meant 7T
multiplicity in all production p+C interactions. The second approach, further called the NA49
normalization, was used to normalize KOS and A results. It was shown that these two
normalization approaches lead to the same results [16].

6.4.1 NA61 normalization

This approach has been used for the determination of the inclusive production of charged
pions in proton proton and proton Carbon collisions at 158 GeV/c beam momentum registered
by NA49 [17]. In this approach the particle cross sections are evaluated from the data. Then,
additional corrections are applied to correct for all experimental biases. The differential
inclusive cross section for a particle type o is calculated as:
do, Oy 1 An, € An}
dp 1-e\N' Ap N* Ap
where:
e pis momentum of a o particle at the proton Carbon interaction point (Ap is
momentum bin width).
e N'and N® are the number of events after event and cuts for the target in and target out
configurations, respectively.
® AnIOc and AnROc are numbers of corrected o particles in given cell for the target in and
target out configurations, respectively.
® Opuig=298.1+1.9£7.3 mb is the trigger cross section.
e £=0.118+0.001 is the ratio of the interaction probabilities for removed and inserted
target operation.
This normalization was used in h- analysis to obtain negatively charged pion results (o = 7).
In this procedure normalization factors are evaluated from the analyses of the trigger data.
The normalization to mean o particle multiplicity in production interactions is
calculated using this formula:
dn” 1 do

prod
prod dp
where Oproa = 229.3 £ 1.9 £ 9.0 mb is the production cross section which is determined from
the inelastic cross section (by subtracting the cross section of quasi-elastic p+C interactions at
31 GeV/c which was calculated accordingly to the Glauber model). The inelastic cross section
was evaluated from the trigger cross section using Geant4 simulations (two corrections were
applied — subtraction of part connected with coherent elastic scattering and addition of the lost
inelastic events due to fake signals in S4 by charged particles produced in interaction).

The same approach was used in other variables sets. Details on the normalization
procedure can be found in [7].

dp o©O
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6.4.2 NA49 normalization

This approach is based on the event cuts, for example cut on the vertex z position, which are
performed in such a way that in consequence the elastic events are rejected. However,
performing of that kind of cuts rejects as well a small fraction of inelastic events. This is taken
into account by the Monte Carlo correction. In this approach, vertex z distributions are used to
normalize target out data. The normalization factor is obtained by the comparison of vertex
distributions far from the target where we are certain that all of them are non-target
interactions. From the ration of events in this region normalization factor was estimated.
The normalization to mean o particle multiplicity in production interactions is calculated as:
a

dn” _ ;(An; —cAn®)

dp N, Ap
where:

® pis momentum of a o particle at the proton Carbon interaction point (Ap is
momentum bin width).

e An'yand An®; are numbers of corrected o particles in given cell for the target in and
target out configurations, respectively.

® cis a target out normalization factor.

* Ni. 1s number of inelastic events after event cuts. This number is evaluated from the
number of events accepted after event cuts by addition of contribution of rejected
inelastic events which was calculated from the Monte Carlo studies.

The normalization to the differential inclusive cross section for a particle type o is calculated
as:

do, - dn”
dp prod dp
where Gproa=229.3 £ 1.9 £ 9.0 mb is the production cross section.

inel

This approach was used in the normalization of K% and A results.

6.5 Reconstruction chain

The track reconstruction procedure of the NA61/SHINE is based on the approach developed
by the NA49 experiment [17]. The track reconstruction chain is schematically presented in
Figure 47. The reconstruction process starts from the MINICLIENTS that:

e extract scaler data from the beam counters,

e reconstruct beam track using BPD information,

e calculate velocities in TPCs, and reconstruct charge clusters
After that, the cluster reconstruction in TPCs is done. Then, whole chain of tracking is
performed to find out tracks in a particular detectors (local). After that, local tracks are
matched and global tracks are formed. The momentum of the global track is calculated from
the curvature in the magnetic field by the momentum-reconstruction module.
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Figure 47. Schematic view of the reconstruction chain used in NA61/SHINE
experiment. The picture is taken from [166].
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6.5.1 Track reconstruction in Thin target case

In the thin target (2C) case, the main vertex is evaluated. During 2007 pilot run the 2C target
was installed at z=-580 cm. The BPD vertex had a fixed z position equals to the nominal
target position. x and y positions were obtained from the extrapolation of the beam track to
the z-position of the target. Fitted Vertex was evaluated using x and y positions of the BPD
vertex and information from the fit on the closest approach of all global tracks. In 2007
reconstruction chain Main Vertex was corresponding to the BPD vertex. In case BPD vertex
was not found fitted vertex was used. If non of vertices were found nominal (x,y,z) position of
the target was used. The tracking of the global track is done using extrapolation of local tracks
to the target plane. Straight tracks are reconstructed in MTPCs. MTPC tracks are extrapolated
to VTPCs. Track found in VTPCs which were not extrapolated from MTPCs are matched and
fitted. After that, for the refitted global tracks momentum is determined. Track segments are
matched using one of the merging clients (DOMERGE, REFORM). Information from the
tracking procedure is stored in two data structures: rtrack (in which information without the
assumption about primary vertex is stored), track (information obtained with assumption that
track comes from the primary vertex).

6.5.2 Track reconstruction in T2K replica target case

In the 90 cm long T2K target replica case, it is almost impossible to evaluate main vertex of
the interaction. In this case analyses are made on rtracks that are obtained at the local tracking
level. The problem of the main vertex determination is not important because these data were
collected to study not only primary vertex interactions but all the possible parents of the
neutrinos emitted from the target. That is why backward propagated tracks to the target
surface are reconstructed.

6.5.3 Reconstruction of V° candidates

At the end of the reconstruction chain search for V° candidates is done. V% are pairs of
charged tracks originated from the same point that can be interpreted as daughters of the
weakly decaying particles. The reconstruction is done by two clients: vOfind and vOfit. First
one loops over all positively charge tracks and looks for the negatively charged tracks that
match. These two tracks need to fulfill certain conditions:
e Tracks need to have sufficient number of points inside TPCs (=10 for VTPC-1 and
220 for VTPC-2) .
e Distance of closest approach (DCA) between those tracks need to be sufficiently
small (DCA-x and DCA-y <1 cm).
e Separation of the tracks at the target plane in x and a y direction is demanded (<
0.75 cm).
e V' candidate needs to be close enough to the target (in x and y < 25 cm)
® Angle between the normal to the decay plane and the vector that is perpendicular to
the V particle’s momentum has to be in certain range( [0.2, 2.9] rad).
After that, the second client using nine parameter Levenburgh-Marquardt procedure fits V°
candidates. Those parameters are coordinates of the decay vertex and momenta components
of the daughter particles. At the information about decay vertex,V's momentum, and tracks is
stored.
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6.6 Modelling of the detector response

The Monte Carlo chain used for the modeling of the detector response was based on the
simulation chain developed by the NA49 Collaboration. As primary event generator VENUS
4.12 model was used. The GEANT 3.21 was used for the propagation of particles through the
detector. Simulation of the detector response was made using dedicated packages. Then
Monte Carlo events were reconstructed using exactly the same reconstruction chain as used
for the real data. At the end simulated particles were matched with reconstructed tracks.
Validation of the Monte Carlo chain used was based on the comparison of distribution of
several reconstructed variables with the measured ones in the real data. The comparison was
done using three sample of tracks: all, tracks with q*ps>0 so called Right Side Tracks (RST),
and tracks with q*px<0 so called Wrong Side Tracks (WST). RST and WST are separate
subsamples of the all tracks sample. An example of negatively charged RST and WST is
shown in Figure 48 and Figure 49, respectively.

% =0

x<0:

.\

Figure 48. Example of negatively charged RST (px<0 and q<0). Main vertex is
shown by red dot. Top view (x, z plane).

w=0

x <0

Figure 49. Example of negatively charged WST (px>0 and q<0). Main vertex is
shown by red dot. Top view (x, z plane).

The data and MC distributions were compared for the following variables:
Momentum and polar angle with respect to the beam direction
Number of measured points in all TPCs (NPoint)

Number of measured points in VTPCs

Number of potential points in all TPCs (NMaxPoint)

Ratio of measured to potential points

Impact parameters
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e The distance in x and y directions between extrapolation of the track to the
target plane and position of the main vertex (Bx and By, respectively)

e Azimuthal angle
e Feynman x (xf =2 p/ s, where pL and Js are given in the nucleon-nucleon c.m.s)

e Transverse momentum pr
e Rapidity of the particles assuming pion mass in the c.m.s (y*(7))

The studies of the negatively charged RSTs and WSTs were performed in order to validate
possibility to use both samples in the analyses in order to minimize statistical errors. WSTs
were not used before in the NA49 analyses because detector was designed to maximize RSTs
reconstruction. The minimization of the statistical error was therefore the key issue.

The studies of the positively charged tracks reconstructed to primary vertex were performed
to assess the full picture.

The momentum distributions for different types of negatively charged tracks are shown in
Figure 50.

Negatively charged tracks

F -MC normalized to data
-Data

Entries

0 2 4 6 8 10
p [GeV/c]
Negatively charged RST Negatively charged WST

n 7]
O o 20000— _ :
E i -MC normalized to data B I MC normalized to data
= c -Data
5 -Data @ 1500

1000

500

0 2 4 6 8 10 s 10
p [GeV/c] p[GeVic]

Figure 50. Momentum distributions for different types of negatively charged
reconstructed tracks. The MC normalized to data.

The Monte Carlo distributions are normalized to data. Very good agreement between data and
MC was found. The shapes of MC distributions differ insignificantly.

The polar angle distributions for different types of negatively charged tracks are shown in
Figure 51. The full set of studied distributions is shown in appendix.
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Figure 51. Polar angle distributions for different types of negatively charged
reconstructed tracks. The MC normalized to data.

Larger discrepancies (than for momentum distributions) between data and MC predictions of
polar angle distributions were observed. Shapes of data distributions are steeper. These
differences do not disqualify the use of the MC predictions in the analyses. In analyses made
in momentum and polar angle variables to avoid model dependent corrections incorporating
differences in shapes of those distributions small bin size is used. A similar approach is used

in the analyses made in different sets of variables (xf, pr or y, pr).

The two-dimensional distributions of polar angle versus momentum of real data and Monte
Carlo (not normalized) for different types of negatively charged tracks are shown in Figure
52 and in Figure 53, respectively.
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Figure 52. Two-dimensional distributions of polar angle versus momentum for

different types of negatively charged tracks. Real data - reconstructed tracks.

Negatively charged tracks

6 [mrad]
S
g

- o e o it i | 0
4 6 8 10 12 14 16 18 20
p [GeV/c]

Negatively charged WST

B [mrad]

B [mrad]

2 4 6 8 1012 14 16 18 20 °
p [GeV/c]

5 6 51012141618 20
p [GeV/c]
Figure 53. Two-dimensional distributions of polar angle versus momentum for

different types of negatively charged tracks. Monte Carlo - reconstructed tracks.
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The good agreement between data and MC was observed (for all sets of distributions — for
additional information see appendix). In addition from these distributions one can find other
information:
e Slightly different phase space regions are covered by negatively and positively
charged tracks.

o Positively charged tracks cover larger region in momentum, mainly due to
larger contribution of Kaons and protons than in negatively charged particles
case (only small contribution of K- and anti protons).

o RSTs and WSTs also are covering not exactly the same phase space regions.
This fact is important when making comparisons of these subsamples.

The distributions of number of measured points in all TPCs for different types of negatively
charged tracks are presented in Figure 54.
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Figure 54. Number of measured points in all TPCs for different types of negatively
charged reconstructed tracks. The MC normalized to data.

In the MC, distribution are narrower at the places of the edges of TPCs. Apart from the region
of the VTPC2 and part of the MTPC (NPoint larger than 72 and smaller than ~140), where
small discrepancies were observed, good agreement between data and MC was found.
Dedicated studies of number of measured points in sum of VTPCs were performed to
establish requirement on this variable needed for the good determination of the momentum
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from the curvature of the tracks. These studies will not be discussed in details in this thesis.
As an outcome, we found that at least 12 measure points is needed for a precise momentum
determination. On the other hand minimum number of measured points for the momentum
determination is 5 in one of VTPCs .

The distributions of number of potential points (NMaxPoint) in all TPCs for different types of
negatively charged tracks are presented in Figure 55.
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Figure 55. Number of potential points in all TPCs for different types of negatively
charged reconstructed tracks. The MC normalized to data.

The distributions of number of measured to potential points ratios in all TPCs for different
types of tracks are presented in appendix. For these distributions reasonable agreement
between real data and MC predictions was found. This information was used in analyses to
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reject double counting of split tracks. If the number of measured points is consistent with the
number of potential points there is no anxiety that the track was divided into parts and only
one part has been reconstructed.

The distributions of the bx impact parameter for different types of negatively charged tracks
are presented in Figure 56.
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Figure 56. bx impact parameter distributions for different types of negatively
charged reconstructed tracks. The MC normalized to data.

Impact parameters distributions should be centered around zero. Small shift with respect to
the center position (zero) of the peaks in data and MC was observed. MC did not reflect the
same tendency of the shift. In addition, MC distributions were narrower than distributions of
real data. This lead us to the use of very lose cuts on these variables in the analyses based on
the primary tracks sample. Such approach leads to the larger contribution of the non primary
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tracks and influence systematic error connected with this fact. Studies of the impact
parameters were performed. Among others we studied behavior of these distribution in
different polar angle intervals. As an example distributions of bx impact parameter versus
polar angle for different types of negatively charged tracks are shown in Figure 57 and in
Figure 58 for real data and MC, respectively
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Figure 57. Two-dimensional distributions of bx impact parameter versus polar
angle for different types of negatively charged tracks. Real data - reconstructed

tracks.
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Figure 58. Two-dimensional distributions of bx impact parameter versus polar
angle for different types of negatively charged tracks. Monte Carlo - reconstructed

tracks.

The reasonable agreement between by impact parameter in polar angle slices for real data and
MC predictions was observed. However, small shifts, which were in different directions, of
the positions of the peaks were found. Not all details of bx impact parameter distributions
were reproduced by Monte Carlo predictions. In particular, in the region below 100 mrad
disagreement was larger.

The azimuthal angle distributions for the different types of negatively charged tracks are
presented in Figure 59.
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Figure 59. Azimuthal angle distributions for the different types of negatively
charged reconstructed tracks. The MC normalized to data.

Apart from the regions populated by tracks from the edges of the TPCs, reasonable agreement
between real data and MC predictions was observed (notice vertical axis log scale). In our
detector possibility of observing tracks in different azimuthal angles for different polar angle
slices is different. For a large polar angle values, available region of azimuthal angle in
geometrical acceptance is getting smaller what is shown in two-dimensional plots of polar
angle versus azimuthal angle for different types of negatively charged tracks - see Figure 60
for real data and Figure 61 for MC (not normalized)).
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Figure 60. Two-dimensional plots of polar angle versus azimuthal angle for
different types of negatively charged tracks. Real data - reconstructed tracks.
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Figure 61. Two-dimensional plots of polar angle versus azimuthal angle for
different types of negatively charged tracks. Monte Carlo - reconstructed tracks.

These studies shown that in analyses different azimuthal angle cuts need to be done in
different polar angle slices. In h- analysis, which is based on the negatively charged tracks
sample, only regions connected with the edges of the TPCs were rejected by azimuthal angle
cuts because besides these regions very good agreement between data and MC was found.
Azimuthal angle distributions for the polar angles smaller than 60 mrad were free from
differences, therefore, cuts in this region were not used.

The transverse momentum, Feynman x, and two-dimensional pictures of transverse
momentum versus Feynman x are presented in Appendix I. The good agreement between data
and Monte Carlo prediction in those variables was observed.

Presented studies laid the groundwork for the designation of cuts used in the analyses. Author
of this thesis and two other PhD students [154, 141] played the crucial role in determination
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of the list of basic cuts approved by the NA61 Collaboration as a official cuts for the 2007
data analyses. In these studies we checked influence of different cuts made on the presented
above variables. Also the order of appearance of cuts was studied in details.

In addition, presented studies showed that analyses can be conducted using all tracks
while appropriate cleaning cuts are applied. It was very important because of the need to
maximize the available data statistics to obtain results with high precision. Therefore, all
presented analyses in this thesis were made on the whole sample of tracks.

6.7 Reconstruction efficiency and geometrical acceptance of the detector

6.7.1 Geometrical acceptance

Geometrical acceptance studies were performed on the flat phase space simulations. The
primary generator was switched off. Particles were generated evenly in each cell in
which analyses were performed by simple root macros. Then, such files were passed to
the geant3.21, which did propagation of the particles through the detector. Analyses
were performed in the three sets of variables: (polar angle, momentum), (rapidity,
transverse momentum), and (Feynman x, transverse momentum). The Geant3.21 as a
input requires text file which is in the format shown below:

Number_of tracks Event_Number
Particle_Id px py pz

Therefore, after generation of the flat phase space information in variables used in the
analyses one had to convert that information to the geant input format. These
conversions were done using formulas listed below:
¢ In momentum and polar angle variables:
= px =psind cosp
= py=psin0O sin@

= pz=pcosH

¢ Inrapidity and transverse momentum variables:
" pX=PprCOSY
" py=prsing

" DPz=.m’+p;sinhy
= where m is a mass of the particle
¢ In Feynman x and transverse momentum variables:
"  pX=PpTCOSQ
" py=prsing
- _ \/ 2 2 2
PZ= ¥ (Pyous + B\ Prows +P7r+m™)

s

ey

=  where p =
ZCMS

In geant3.21 only energy loss of particles was switched on. Other physics cards were
switched off. The physics cards used in these studies are listed in appendix.

In this chapter geometrical acceptance of the NA61/SHIEN detector in respect to
the TPCs track analyses is presented. The studies were performed in all sets of variables,
however, we will discuss here only momentum and polar angle set.
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The two-dimensional plot of the geometrical acceptance in momentum and polar angle
variables in respect to the h- analysis (based on the TPCs tracks) is shown in Figure 62.
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Figure 62. Geometrical acceptance plot in momentum and polar angle
variables in respect to the h- analysis.

The decreasing of the acceptance for the larger polar angle values is connected with the
geometry of the detector and azimuthal angle cuts used in h- analysis. The azimuthal
angle cuts in this approach were only rejecting edges of the distributions. Therefore,
presented picture can be treated as approximation of the geometrical acceptance of the
TPCs. In this picture, azimuthal angle cuts affects only sharpness of the transitions
between different regions of acceptance. At low polar angle values and larger momenta
drop of acceptance was observed which is connected with the gap between TPCs. In
future analyses based on the 2009 data this region will be covered because from 2009
small TPC called GAP-TPC was used and information from it was reconstructed in the
reconstruction chain. In 2007 data information from GAP-TPC was not available.

However, from the T2K point of view, the most important phase space region is fully
covered by the TPCs geometrical acceptance. The geometrical acceptance of the tracks
reaching TOF detectors is significantly smaller what can be seen in the two-dimensional
distributions of polar angle versus momentum of TPCs+TOFs tracks reconstructed to the
primary vertex for real data (for positively charged tracks see Figure 63, for different types of
tracks see appendix). The TOF information is needed for the positively charged pion
identification.
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Positively charged tracks
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Figure 63. Two-dimensional distributions of polar angle versus momentum of
TPCs+TOFs positively charged tracks reconstructed to the primary vertex. Real

For the polar angles larger than 250, only the WSTs are registered. The presented two-
dimensional momentum versus polar angle plots show advantage of the global correction
analysis, which is not using TOF detectors. In this case results can be obtained in larger phase

region.

6.7.2 Reconstruction efficiency

The reconstruction efficiency was studied for different types of track topologies (All, RSTs,
WSTs), tracks with different charge (positively and negatively charged tracks separately),
tracks registered in different TPCs (only VTPC1, VTPC1+VTPC2, All TPCs). In addition, we

studies reconstruction efficiency for different types of particles: primary T's, Ts, protons,

secondary €'s, €s.

¢ Different track topologies.

The studies of the reconstruction efficiency of all tracks reconstructed
to the primary vertex, and subsamples of those tracks - RSTs, and
WSTs shown that different track topologies are reconstructed in the
same way with the same efficiency. The efficiencies were at the level
of ~98-99% in a wide range of phase space besides small momentum
region (below 400 MeV/c)

The efficiencies for these types of tracks are at the same level as for the
negatively charged tracks samples and/or positively charged track
samples which will be discussed in details in this chapter.
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e Tracks registered in different TPCs.
= We found that efficiencies for different detectors are almost at the same
level and consistent with efficiencies computed for different track
topologies. The small drop (less than 3%) of the efficiency of tracks
registered in VIPC1+VTPC2 at a few GeV/c momentum region
compared to VTPC1 and all TPCs efficiencies was found.

e Tracks with different charge
= The maps of reconstruction efficiencies in momentum and polar angle

variables were computed for positively and negatively charged tracks
reconstructed to the primary vertex (see Figure 64, Figure 65)
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Figure 64. Reconstruction efficiency as a function of momentum and polar
angle of the negatively charged tracks reconstructed to the primary
vertex.
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Figure 65. Reconstruction efficiency of the positively charged tracks
reconstructed to the primary vertex.

The drop of the reconstruction efficiencies at the low polar angle values and larger momenta
is connected with the gap in the acceptance. These regions are not fully covered by the
detector, therefore, there were rejected in the analyses. In the [0, 20] mrad polar angle
interval, the full geometrical acceptance of NA61/SHINE detector is up to 7.2 GeV/c. Apart
from these regions, reconstruction efficiency for both negatively and positively charged tracks
is flat in a whole momentum and polar angle phase space. It amount to ~98-99% besides very
low momentum region where we found drop to ~60% at ~100MeV/c. Therefore, the analyses
start at the 200MeV/c in momentum because below this value momentum determination of
the tracks at our detector is almost impossible.

The one-dimensional pictures of the reconstruction efficiencies versus momentum of
negatively and positively charged tracks are presented in Figure 66.
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Figure 66. Reconstruction efficiencies versus momentum of negatively (left) and
positively (right) charged tracks.

¢ Reconstruction efficiencies of different types of particles:
* primary TU's, s, and protons,
* secondary e's and es (also from the decays of the short live particles
eg. ° decays).
¢ The maps of reconstruction efficiencies for different types of particles computed in
momentum and polar angle variables are shown in Figure 67.
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Figure 67. Two dimensional maps of reconstruction efficiencies in polar angle and
momentum variables for different types of particles.

The primary tracks have the same reconstruction efficiencies which are at the level
of ~98-99% besides very low momentum region. No differences between
negatively charged pions, positively charged pions, and protons were found.
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The tested secondary particles i.e. electrons and positrons have the same reconstruction
efficiencies (~92-95%) which are, however, at a lower level than the efficiencies of the
primary particles (~98-99). The one-dimensional pictures of the reconstruction efficiencies
versus momentum of secondary electrons and positrons are presented in Figure 68.
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Figure 68. One-dimensional pictures of the reconstruction efficiencies versus
momentum of primary positively charged pions, negatively charged pions, protons,
secondary electrons, and positrons.

These drops in efficiencies can be explained by the fact that along the electron and
positron track due to Bremsstrahlung phenomenon photons are produced what affects the
smoothness of the track. Additional track cuts, which are used in primary vertex analysis,
slightly improve reconstruction efficiencies of electrons and positrons (to the level of 94-
98%) mainly for the fact that longer tracks are selected and the larger emphasis is put to
reconstruct whole trace of the track.

These studies lead to the conclusion that the track reconstruction efficiency does not strongly
depend on the tracks topologies, and charge of the particles. It is flat in the momentum and
polar angle variables and in a wide phase space region is equal to ~98-99% for primary vertex
tracks and ~92-95% for secondary vertex tracks which could be badly reconstructed as

primary.

The reconstruction efficiency studies were also made in different types of variables: rapidity
and transverse momentum, and Feynman x and transverse momentum. These studies had
similar outcome and will not be discussed in this thesis.
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Chapter 7 Study of negatively charged hadron production from the
primary vertex (h- method)

7.1 Analysis method

The analysis of negatively charged pions is based on theoretical and experimental premises
stating that the production of negative particles at low energies results mainly in negative pion
mesons with small admixture of electrons, negative kaons, and almost negligible fraction of
antiprotons (see Figure 69).
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Figure 69. Measured dE/dx as a function of momentum for negatively charged
particles reconstructed to the primary vertex with Bethe-Bloch curves superimposed
(left). Zoomed region, distribution normalized by the number of tracks (right). The
green lines show basic cuts used to estimate number of electrons (right). The thin
Carbon target.

The number of e- and e+ of momenta larger than 200 MeV is almost the same in our data
[150]. It confirms the origin of electrons from the dilepton pairs - either from internal (meson
Dalitz decays) or the external conversion. The main role is played by .° _, 5, decay (BR =
98.823 + 0.034 %) and subsequently y conversions. From the basic calculations, if we took
into account that the mean free path for photons is equal to the 9/7 of Xo for electrons because
the photons loose their energy only via pair production, we can estimate relative number of
electrons produced from this process. The radiation length of graphite is equal to 42.7 g/cm?,
density of the graphite thin target is equal to 1.84 g/cm’. Therefore, the mean free path A is
equal to 29,8 cm. The probability of the e e pair production in ° _, 5, decay for 1 cm
distance can be expressed by this formula: P =2 ( 1 —exp(-1/A))

where 2 comes from the fact that two photons can convert. In conclusion, the e” e pair
production occurs for 6.8% of n’s. The next sources of the electrons are m° Dalitz decays
(7" = e*e"y), M decays, and p decays. The branching ratio of the 7° Dalitz decay is equal to
1.174 £ 0.035 %.

The contribution from M and p decays is small relatively to the sources discussed above
because at our energy production of these mesons is rare. If we neglect this admixture, the e
e pair production occurs for 8% of 7°s. The number of T can be estimated from the equation:
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1/2 (< ©> + <n>) motivated by isospin symmetry. In VENUS simulation the mean number
of m"is ~1.2 times mean number of . Consequently, the number e- should be equal to about
8.8% of the number of negatively charged pions.

The basic dE/dx cuts (see Figure 69) allow estimating number of electrons in the real
data. The used procedure as an outcome gives not the exact number of electrons because in
this approach in the region where electron and pion’s Bethe Bloch curves crosses all particles
are counted as electrons. From this procedure number of e- candidates was estimated to be
about 10% of the other negatively charged particles. This result is consistent with the
analytical estimation and with Monte Carlo predictions.

If we took into account admixture of electrons, negative kaons, antiprotons, and decay
products the preliminary information on the differential cross sections for the pions
production from the proton Carbon interactions can be obtained even before the detailed
identification studies. This approach is valid in the wide phase space region. The negatively
charged pion analysis in the thin target case is based on selection of negatively charged tracks
fitted to the primary vertex. In the T2K replica target case analysis is based on selection of
backward propagated tracks (in NA61/SHINE nomenclature so called rtracks) to surface of
the target. The electron contribution in this case is larger (see Figure 70). Therefore, this
method will have larger model dependent uncertainty in the low momentum region.
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Figure 70. Measured dE/dx as a function of momentum for negatively charged
particles reconstructed to the primary vertex. Normalized by the number of
tracks. The T2K replica target.

In the MC case we are able to recognize the true origin of the track (primary or
secondary) and its true momentum (p), emission angle (0). We are also able to calculate for
each particle its Feynman x (xf), rapidity (y), transverse momentum (pr). It permits to find the
ratio between initial number of primary particles of a given type and the number of tracks
reconstructed as a "primary" in a given (p, 0), (xf, pr), (y, pr) cells. It also permits to find the
ratio between number of backward propagated pions and the number of all backward
propagated tracks what is important in the T2K replica target case. Monte Carlo chain
(VENUS, Gheisha, Geant3) is used to find information on geometric acceptance and
reconstruction efficiency, measurement smearing, decays, and non-pion admixture. In 2C
target case it is also used to predict correction for decays. Using MC correction factor
corrected negative pions spectrum is obtained. The method applied does not use the
information on particle identification. With the use of dE/dx analysis and TOF information, it
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is possible to verify the achieved results. Thus, it is possible to put corrections into MC
models and then verify achieved results and in this iterative manner, to gain a better
understanding of the physics of investigated process. Monte Carlo simulations are used to
correct the acquired data both for physical and detector effects. In pion analyses detector
effects are dominant. In pion analysis case physics effects do not play crucial role (in a wide
range of phase space correction for the physics effects is at the level of a few percents).

7.1.1 The thin carbon target analysis

The analysis in thin carbon target case is carried out as follows:

1. Negatively charged tracks reconstructed to the primary vertex are selected from
data and then quality cuts are applied.

2. Monte Carlo method is used to model the proton carbon interaction and then
simulated tracks are led through the detector using Geant3 code.

3. Correction factors can be estimated for example in (p, 0) variables (the same
approach can be done in (xf, pr) and (y, pr)):
C(p; 8)pion = Nsp(p; 0)/Nr(p; 6)
where: Nsp - simulated negative primary pion tracks,
and Nr - all negative tracks after quality cuts (the same as used for real data) reconstructed to
the primary vertex.
Correction factor error calculation is done taking into account correlated part of correction
nominator and denominator, in this case binomial distribution is used, and uncorrelated part,
when standard error calculation is used. Split into these two parts must be done because in the
reconstructed to the primary vertex tracks sample we have not only primary tracks - we have
also non-primary tracks badly reconstructed to the main vertex (mainly electrons).

4. Finally, the correction factor estimated with MC is used to acquire corrected spectra
of negative pions.

Overall, in this method, the correction factor is estimated by analysis of MC events
reconstructed in the same manner as the real data. As a result of such analysis, one factor
correcting for all effects is obtained. Different corrections were studied separately and
inaccuracies connected with them were taken into account in the systematic error studies.

7.1.2 The T2K replica target analysis

In the T2K replica target data case analysis is carried out as follows:

1. tracks backward propagated to the replica target are selected from data and then
quality cuts are applied.

2. Correction factors for pion analysis is estimated (in p 6 case):

C(p; 8)pion = Nsp/Nr
where: Nsp - simulated negative pion tracks which are coming out from the replica target (p,
0),
and Nr - all negative tracks backward extrapolated to the replica target (p, 0)

3. This approach can not be used in some phase space regions where contribution of
the other negative particles is large. In the T2K replica target especially contribution of
electrons at low momentum region is huge. Such a phase space regions are determined using
dE/dx information and was not taken into account for further analysis.

4. Using correction factor corrected spectra of backward propagated pions are
obtained.

Such an approach can be done for different parts of the target separately. Six different
slices of the target were selected (five slices in z and upstream face of the target) based on the
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mc simulation studies made by T2K Collaboration.
In this case correction factors are calculated using this equation:
C(p; 9; z)pion = Nspz/Nrz
where: Nspz - simulated negative pion tracks which are coming out from the replica target (p,
0, z), and Nrz - all negative rtracks backward extrapolated to the replica target (p, 0, z).
In the T2K replica case only analysis in (p, 0, z) variables was performed.

7.2 Selection of events and tracks

7.2.1 Event cuts

Analysis is done on the data collected in 2007 run. For an event selection, cut based on Beam
Position Detector (BPD) information was used which was cleaning BPD outliers and ensured
a well-defined beam track. Information from BPD detectors before and after event cuts for
thin target data is presented in Figure 71. BPD cuts are based on the selection of events with
signals in each plane of all three BPD detectors together with correctly reconstructed beam
tracks that have measured points on both planes of BPD-3.
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Figure 71. BPD Information before and after event cuts. Black line - All
collected events. Blue line - events after BPD Cut I. Pink line - after all event
cuts (BPD Cuts I+II).

7.2.2 Track cuts

In thin carbon target data analysis after event cuts based on the information from BPDs, to
select clean sample of tracks the following track cuts were applied:

First of all, we selected negatively charged tracks from the main vertex.

In standard cuts case five additional cuts were applied to obtain clean tracks sample:

First, cut for the number of points measured in time projection chambers VTPC1 and
VTPC2 was applied to ensure appropriate measurement of momentum, which is estimated in
those detectors based on the analysis of the curvature of tracks (NPoint VTPC1+VTPC2>=
12). It means that at least twelve measured points in sum of vertex time projection chambers
are needed. No constrains are put on number of points in separate VTPCs. It means that we
can have for example at least 12 points in VTPCI or at least 12 points in VTPC2 and such a
track will fulfill this cut.
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Another cut involved the number of measured points in a track, which was set as
higher than 30. This cut was used for selection of well-defined tracks placed mostly within the
geometric acceptance of the detector.

Very loose cut for impact parameter was also applied (Ibxl and Ibyl <= 4.0).

Fourth, cut on the ratio between number of fitted points and number of potential points
was applied (point ratio> 0:5). This cut was used to exclude double matching of parts of the
tracks.

Last, cuts on azimuthal angle (phi) in polar angle slices (8) were used. In case of h-
analyses in (Xg, pr ) and (y, pr ) the same cuts were applied. It was checked that after phi cuts
in O slices phi distributions in pr slices are reproduced well by Monte Carlo. In this case there
was no need to change phi cuts in (Xg, pr ) and (y, pr ) h- analyses. Standard h- phi in 0 slices
cuts are based on the comparison of data and Monte Carlo. Very good agreement was found
for O smaller than 60 mrad. In this region no phi cuts were applied. In 8 region between [60,
1801, [180, 300], and [300, 420] mrad respectively 40, 30, and 20 degree phi cut were applied.
Such a cuts were chosen after detailed Monte Carlo studies. Impact of change of values of
cuts was studied and implemented in systematic error studies.

7.2.3 Effects of the quality cuts on the number of events and tracks

Analyses were made on two samples of events, which were differently reconstructed.
Two reconstruction chains were used: one based on the REFORM client, second one based on
the DOMERGE client. Data reconstructed with reform are tagged as 07N production and data
reconstructed with DOMERGE are tagged as 07M production. Analyses on two productions
were done to estimate systematic error connected with reconstruction chain used.

The effects of the quality cuts on the number of events and tracks are summarized in Table 9
and in Table 10.

Event Cuts Number of events Number of events
07N production 07M production
Before cuts 671824 671917
BPD Cut 1 565576 (~84% of events) | 565662 (~84% of events)
BPD Cut I+II 521238 (~78% of events) | 521315 (~78% of events)

Table 9. Effects of the quality cuts on the number of events. Thin carbon data.

In Monte Carlo chain BPDs are not included. Simulations are done in this way that they lead
to properly generated events — primary protons always interact with the nuclear target.

Number of | Number of | Number of | Number of
tracks  data | tracks MC | tracks data | tracks MC
07N 07N 07M 07M
production production production production

Number of tracks | 1204556 15803501 1224970 16064440

after event cuts

Number of 437688 5583682 446282 5684842

negatively charged | ~36% of all | ~35% of all ~36% of all ~35% of all
tracks after event
cuts

Number of track 380051 4884612 388021 4972927
with minimum ~31% of all ~31% of all ~32% of all ~31% of all
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number ~87% of neg | ~87% of neg | ~87% of neg | ~87% of neg
of the found points

in the VTPC1+2 of

12

Number of tracks 279254 3667069 282373 3685214
with number ~23% of all | ~23% of all ~23 of all ~23% of all
of measured points | ~64% of neg | ~66% of neg | ~63% of neg | ~65% of neg
larger than 30:

Number of tracks 269208 3573108 270803 3582881
after cut on ~22% of all | ~23% of all ~22% of all ~22% of all
impact  parameter | ~61% of neg | ~64% of neg | ~61% of neg | ~63% of neg
IBxl < 4.0 and Byl

<4.0

Number of tracks | 268191 3573103 258173 3450036
after cut on the | ~22% ofall | ~23% of all ~21% of all ~21% of all
point ratio ~61% of neg | ~64% of all ~58% of neg | ~61% of neg
Number of tracks | 198568 2513868 189556 2760210
after phi cuts in 0 | ~16% of all | ~19% of all ~15% of all ~17% of all
slices ~45% of neg | ~45% of neg | ~42% of neg | ~48% of neg

Table 10. Effects of the quality cuts on the number of tracks. The thin carbon data
and MC.

The T2K replica target analysis was based on the provisionally reconstructed data. Therefore
this analysis should be treated as an example that such approach has the ability to obtain
negatively charged pion yields. In this case no systematic error studies were done. To select
clean sample of events besides BPD Cut additional wave form analyzer cut was used. The
effects of the event cuts on the number of events are summarized in Table 11.

Number of events % of all events
Wave form analyzer cut 131677 ~ 56
BPD Cut 1 108901 ~ 46
BPD Cut 2 109402 ~46

Table 11. Effects of the quality cuts on the number of events. The T2K replica
target data.

Track selection in T2K replica target case was different than in thin carbon target case. Only
basic cuts were done: cut on number of point registered in VTPC1 plus VTPC2 and number
of measured points in all TPCs. Programs developed by author of this thesis were passed to
ETH Zurich group and will be further expand within NA61 and T2K collaborations. The
effects of track cuts on the number of tracks are summarized in Table 12.

Number of tracks % of all tracks
Negatively charged tracks 115813 ~ 40
Measured points in 110487 ~ 38
VTPC1+VTPC2 cut
Measured points in TPCs 81830 ~ 28
cut

Table 12. Effects of the quality cuts on the number of tracks. The T2K replica
target data.
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7.3 Data after event and track cuts

Studies of available statistics of uncorrected thin carbon data allowed to determine bin sizes in
different variables in such a way that:
e T2K needs were fulfill (momentum and polar angle variables)
o Full T2K phase space region should be covered
0o Momentum region between 0.5-2.5 GeV/c is most important
o Small polar angle values (0-60 mrad) should be precisely scanned
e Forward-backward asymmetry of pC interaction was precisely sampled (Feynman x
and transverse momentum variables and rapidity and transverse momentum variables)
o In sampling of negative xf values main limitation is detector acceptance

For the T2K replica target, bining was chosen to obtain reasonable statistics in not to large

bins.

7.3.1 Thin carbon data

7.3.1.1 Uncorrected data in momentum and polar angle variables

The uncorrected data after event and track cuts (presented in chapter 7.2) in momentum and
polar angle variables are presented in Figure 72. In addition two-dimensional map of selected
bining with information about statistical errors is shown.
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Figure 72. Uncorrected negatively charged tracks reconstructed to the
primary vertex in momentum and polar angle variables after event and
track cuts used in h- analysis (left). The relative statistical error in selected
binning (right).
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7.3.1.2 Uncorrected data in Feynman x and transverse momentum variables

The uncorrected data after event and track cuts (presented in chapter 7.2) in Feynman x and
transverse momentum variables are presented in Figure 73. In addition two-dimensional map
of selected bining with information about statistical errors is shown.
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Figure 73. Uncorrected negatively charged tracks reconstructed to the
primary vertex in Feynman x and transverse momentum variables after
event and track cuts used in h- analysis (left). The relative statistical error
in selected binning (right).

7.3.1.3 Uncorrected data in rapidity and transverse momentum variables

The uncorrected data after event and track cuts (presented in chapter 7.2) in rapidity in c.m.s
assuming pion mass and transverse momentum variables are presented in Figure 74. In
addition two-dimensional map of selected bining with information about statistical errors is
shown.
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Figure 74. Uncorrected negatively charged tracks reconstructed to the
primary vertex in rapidity and transverse momentum variables after event
and track cuts used in h- analysis (left). The relative statistical error in
selected binning (right).
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7.3.2 T2K replica target

The uncorrected data after event and track cuts (presented in chapter 7.2) in momentum
and polar angle variables for different parts of T2K replica target are presented in Figure 75.
Studies were performed in the six parts of the target along the z axis. As a last part upstream
face of the target was selected. The selection of these target parts has been imposed by the
T2K collaborations, preceded by detailed Monte Carlo simulations.
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Figure 75. Two-dimensional momentum versus polar angle plots of uncorrected
backward propagated tracks to the taget surface for different parts of T2K replica
target after all cuts.
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7.4 Correction factors and corrected data

The correction factors were calculated accordingly to the formulas presented in chapter 7.1.
The corrected data presented in this chapter are not normalized. Detector effects (like
geometrical acceptance, reconstruction efficiency) and model corrections (i.e. in the thin
carbon target case electron contamination, pion decays, and correction for other primary
particles) were included. In thin carbon case as a outcome we have information about primary
pions produced in proton Carbon interactions. In T2K replica target case, corrections lead to
information about all pions (primary and secondary) leaving the target.

7.4.1 Thin carbon data

7.4.1.1 Correction factors in momentum and polar angle variables

The two-dimensional efficiency (¢™') plot in momentum and polar angle variables is shown in
Figure 76.
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Figure 76. Two-dimensional efficiency (ch plot in momentum and polar angle
variables (left). Projections in two first polar angle slices - [0,20] and [20, 40] mrad
(right). Bins where corrections were larger than three are not shown and also were
rejected from tha analysis.

Apart from the low momentum and polar angle region, corrections are smaller than one in
almost whole phase space region. The large correction region is connected with the electron
contamination. Bins were this contribution was too large (correction>3) were rejected from
further analysis. Different parts of correction were studied separately. The main contribution
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to the total correction apart from the electron contamination (which is only important at low
momenta) came from geometrical acceptance of the detector (an example is shown in Figure
77).
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Figure 77. Efficiency factor in [140, 180] mrad polar angle interval. Part of the
correction connected with the geometrical acceptance is shown by red dots.

7.4.1.2 Corrected data in momentum and polar angle variables

The two-dimensional picture of corrected data without normalization in momentum and polar
angle variables is shown in Figure 79.
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Figure 78. Two-dimensional picture of corrected data (without
normalization) in momentum and polar angle variables.

Regions were statistical error was larger than 20% were rejected from the further
analysis.
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7.4.1.3 Correction factors in Feynman x and transverse momentum variables

The two-dimensional efficiency ™ plot in Feynman x and transverse momentum variables
is shown in Figure 79.
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Figure 79. Two-dimensional efficiency (c'l) plot in Feynman x and
transverse momentum variables.

7.4.1.4 Corrected data in Feynman x and transverse momentum variables

The two-dimensional picture of corrected data without normalization in Feynman x and
transverse momentum variables is shown in Figure 80.
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Figure 80. Two-dimensional picture of corrected data (without
normalization) in Feynman x and transverse momentum variables.

Using available 2007 statistics we were able to obtain results up to 0.6 xf. The region of small
values of Feynman x and transverse momentum has been extensively studied. The region of
large transverse momentum values (>1.2 GeV/c) is very weakly populated and hence large
statistical errors in this region appear. Regions were statistical error was larger than 20%
were rejected from the further analysis.
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7.4.1.5 Correction factors in rapidity and transverse momentum variables

The two-dimensional efficiency (c) plot in rapidity and transverse momentum variables is
shown in Figure 81.
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Figure 81. Two-dimensional efficiency (c!) plotin rapidity in c.m.s
assuming pion mass and transverse momentum variables.

Regions were correction factor was larger than three were rejected from further analysis.

7.4.1.6 Corrected data in rapidity and transverse momentum variables

The two-dimensional picture of corrected data without normalization in rapidity in c.m.s
assuming pion mass and transverse momentum variables is shown in Figure 82.
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Figure 82. Two-dimensional picture of corrected data (without
normalization) in rapidity in c.m.s assuming pion mass and transverse
momentum variables.
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7.4.2 T2K replica target

7.4.2.1 Correction factors
The efficiencies (¢™") for each part of the T2K replica target are presented in Figure 83.
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Figure 83. Two-dimensional momentum versus polar angle plots of efficiency (c¢™) for
different parts of the T2K replica target.

For the T2K replica target, contribution of electrons and non-primary hadrons is very large (as
compared with thin carbon target) especially at the low momentum and polar angle region.
This leads to strongly model dependent corrections. Therefore, this part is excluded from the
analysis. In future this can be cured by use of the combined method of h- with dEdx which

allows to reject electron contamination by energy loss studies.
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7.4.2.2 Corrected data

The corrected data plots for each part of the T2K replica target are presented in Figure 84
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Figure 84. Two-dimensional momentum versus polar angle plots of corrected data
for different parts of the T2K replica target.

Studies of the T2K replica target have shown that the h- method has the ability to be used for
the particle yields extraction in this case. However, at the low momentum and polar angle
region due to a large electron contamination this method should be combined with dEdx
studies to get rid of strongly model dependent corrections. Developed programs were
transferred to the NA61/SHINE Collaboration. Results from presented studies have been
shown at the closed SPSC meeting. They constituted a major contribution to show that the
NAG61/SHINE collaboration developed methods of particle yields extraction from the T2K
replica target what had a significant impact to obtain the approval of next data taking periods
for this purpose.
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7.5 Estimation of systematic errors

The studies of the systematic errors on the negatively charged pion spectra included among
others contributions from the:

e Checks of the stability of the result while varying the track cuts
= following track selection criteria were varied:
¢ minimum number of points measured on the track,
e azimuthal angle cuts
® impact parameter cuts.

e Checks of the stability of the results based on the different track topologies (RST and
WST subsamples)
e Checks of the stability of the results obtained with the different reconstruction chains
= Different clients which were merging tracks were used (DOMERGE
and REFORM)
¢ Uncertainty connected with reconstruction efficiency
= This part is included in the comparison of the RST and WST
subsamples. Dedicated studies have shown that this uncertainty is small
(less than ~2 %). Therefore, in final systematic error this part was not
separated from the uncertainty connected with different track
topologies.
¢ Uncertainty connected with geometrical acceptance
= This part is included as well in the uncertainty connected with the
different track topologies. Furthermore, uncertainty connected with
geometrical acceptance is the main contribution to this uncertainty.
e Uncertainty connected with the model dependent correction for the secondary
interactions contribution.
= We assigned an uncertainty of 30% of the correction.
e Uncertainty connected with the model dependent correction for the weak decays of the
strange particles.
= The systematic error due to the admixture of pions from the decays of
strange particles reconstructed to the primary vertex depends on the
knowledge of the production of strange particles. The estimate of this
error was based on:
= comparison of the number of A decays reconstructed in the data and in
the NA61/SHINE Official Monte Carlo
= comparison of the strange particles yields in differen Monte Carlo
generators
e for example the K—/m— ratio in p+C interactions at 31 GeV/c
from Fluka2009, Urgmd1.3.1 and GiBUU1.3.0 is 3.73%, 3.67%
and 3.35%, respectively; these values can be compared with
4.06% from the Venus generator which was used in the
NAG61/SHINE official MC.
= We assigned an uncertainty of 30% of the correction.
e Uncertainty connected with the model dependent correction for the electrons
reconstructed to the primary vertex
= We assigned an uncertainty of 20% of the correction.
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The relative contribution of accepted primary K™ and anti protons to accepted primary
negatively charged pions is presented in Figure 85, Figure 86, and Figure 87 for momentum
and polar angle, Feynman x and transverse momentum, and rapidity and transverse
momentum, respectively.
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Figure 85. Relative contribution of accepted primary K- and anti protons to
accepted primary negatively charged pions in momentum and polar angle
variables (left). Projections in [240, 300] mrad region (upper right), and in [100,
140] mrad region (bottom right).
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Figure 86. Relative contribution of accepted primary K- and anti protons
to accepted primary negatively charged pions in Feynman x and
transverse momentum variables.
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Figure 87. Relative contribution of accepted primary K- and anti protons
to accepted primary negatively charged pions in rapidity and transverse
momentum variables.

The negatively charged Kaons and anti-protons are just a small admixture for negatively
charged pions. In momentum and polar angle variables these admixture contributes mainly in
larger momenta and larger polar angles. Apart form this region it is at the level of a few
percents (< 5-10%).

After transformation to Feynman x and transverse momentum variables, mainly region
of large transverse momentum is populated. We also observed two bins with large
contribution at smaller transverse momentum for negative values of Feynman x. In these two
bins number of negatively charged Kaons and anti-protons is larger than number of negatively
charge pions. This appeared because two-dimensional plot for Kaons and anti protons in these
variables is much wider than for pions what is shown in Figure 88. Apart from the discussed
regions, the contribution of negatively charged Kaons is at the level of a few percents (<4-
7%).
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Figure 88. Feynman x versus transverse momentum distributions for simulated

negatively charged pions (left) and negatively charged Kaons and anti-protons

(right).

After transmission to rapidity and transverse momentum variables, besides very high
transverse momentum region (>1.2 GeV/c), the contribution of negatively charged Kaons and
anti-protons is at the level of a few percents (<5-10 %).

The relative contribution of accepted electrons and non-primary negatively charged hadrons
to accepted primary negatively charged pions (based on the official NA61/SHINE MC) is
presented in Figure 89, Figure 90, Figure 91 for momentum and polar angle, Feynman x and
transverse momentum, and rapidity and transverse momentum, respectively.
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Figure 89. Relative contribution of accepted electrons and non-primary negatively
charged hadrons to accepted primary negatively charged pions in momentum and
polar angle variables. ). Projections in [240, 300] mrad region (upper right), and in
[100, 140] mrad region (bottom right).

Except for low momentum region (<2 GeV/c) the contribution from electrons and non-
primary negatively charged hadrons is small and dose not depend on the polar angle and
momentum. Hill which starts from 2GeV/c and goes down to the smallest values of
momentum is connected with electron contamination. In the h- analysis, non-primary tracks
are corrected via model correction. Therefore, we excluded region where relative contribution
of electrons and non-primary hadrons affects significantly value of systematic error connected
with this part (>20%). Typical value of non-primary relative contribution outside the low
momentum region is at the level of 5-10%.
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Figure 90. Relative contribution of accepted electrons and non-primary
negatively charged hadrons to accepted primary negatively charged pions
in Feynman x and transverse momentum variables.

After transformation to the Feynman x and transverse momentum variables. The contribution
from electrons and non-primary negatively charged hadrons was found to be larger at low
transverse momentum values. In this set of variables, this contribution is spread more evenly
in the phase space. Excluding the low transverse momentum region, the relative contribution
is at the level of 5 — 10%.
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Figure 91. Relative contribution of accepted electrons and non-primary
negatively charged hadrons to accepted primary negatively charged pions
in rapidity and transverse momentum variables.

In rapidity and transverse momentum variables, we have mainly low transverse momentum
region planted by the electrons and non-primary negatively charged hadrons. Outside this
region the typical value of the relative contribution is at the level of 5-10 %.

The systematic error studies were performed in all sets of variables. As an example obtained
systematic errors in momentum and polar angle are presented in chapter 7.5.1. The systematic
error in other variables will not be discussed in details in this thesis.
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7.5.1 Systematic errors in momentum and polar angle variables

The systematic errors connected with the main contributions from the ones described in the
beginning of the chapter 7.5 for different polar angle slices are presented in Figure 92.
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Figure 92. Estimated systematic errors in different polar angle intervals.
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The main contributor to the systematic error is uncertainty connected with the strange
particle decays and electron contamination (Feeddown and e- cont). The analyses of the
neutral strange particle production (K% and A which are discussed in this thesis) will allow
reducing uncertainty connected with the first part. Uncertainty connected with electron
contamination can be strongly reduced by the carry out analysis within electron cutoff based
on the dEdx information. In future, after additional upgrades and corrections of the Monte
Carlo chain, and work on the better understanding of some track topologies (dedicated studies
of WSTs), and use of the information from the GAP-TPC most likely it will be possible to
reduce systematic errors to the level of 3-4%. At this moment, our results have also large
statistical errors but these will be reduced at least by factor of ~3 while recently collected data
will be used.



100 | Study of particle production in hadron-nucleus interactions for neutrino experiments

7.6 Final results

The statistical errors on the negatively charged pion spectra include contributions from
the finite statistics of data and from the Monte Carlo statistics (used for the correction factor
evaluation), which was about 10 times larger than the data statistics. The total statistical errors
are dominated by the statistical uncertainty of the data. It does not include the overall
uncertainty due to the normalization procedure, namely 2.5% and 2.3% for the normalization
to the inclusive cross section and mean pion multiplicity in production events, respectively.

The systematic errors on the negatively charged pion spectra were estimated by
varying track cuts, by checking of the consistency of the results based on the different track
topologies and results obtained with the different reconstruction chains. The dominant
contribution to the systematic error came from the uncertainty in the correction for the
secondary interactions and for weak decays of the strange particles.

In this chapter final results on the negatively charged pion production from the p+C
(thin target) at 31 GeV/c normalized to differential production cross sections are presented.
The final results normalized to mean mulplicity in production processes are compared to
Monte Carlo models in chapter 9. The normalization was done accordingly to chapter 6.4.1.

7.6.1 Final results in momentum and polar angle variables

7.6.1.1 Results in momentum and polar angle variables

The differential cross section for negatively charged pion production in proton Carbon
interactions at 31GeV/c in different polar angle slices are presented in Figure 93. The
final results in tabularized form are presented in appendix.
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Figure 93. Differential cross section for negatively charged pion production in
proton Carbon interactions at 31GeV/c in different polar angle slices. Only
statistical errors are shown. Error connected with normalization is not shown

(2.5%).
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7.6.1.2 Comparison of results obtained in different approaches (h- versus dEdx approach
and dEdx combined with TOF approach)

The final results were compared to the results obtained by the dEdx method [154] (in
low momentum region <2 GeV/c) and results obtained by the combined dEdx+TOF
method [141]. The reasonable agreement between different results was found. Apart
from the beginning of the distributions (<0.2 GeV/c), the dEdx and h- results are within
the statistical errors. The number of tracks reaching the TOF detector is significantly smaller
than number of tracks in the h- analysis, especially in the low momentum region (below 5
GeV/c). In this region, some deviations between the dEdx+TOF and h- results were found.

As an example, ratios between different results in two randomly selected polar
angle intervals are presented in Figure 94, Figure 95.
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Figure 94. Comparison of h- results with dE/dx and dE/dx + TOF results in
[40, 60] mrad polar angle interval. (top) All results imposed. (bottom)
Ratios of dE/dx to h- (pink points) and dE/dx+TOF to h- (black points).
Lines - linear fits.
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Figure 95. Comparison of h- results with dE/dx and dE/dx + TOF results in
[60, 100] mrad polar angle interval. (top) All results imposed. (bottom)
Ratios of dE/dx to h- (pink points) and dE/dx+TOF to h- (black points).
Lines - linear fits.
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7.6.1.3 Comparison of final results with the Sanford-Wang parameterization.

The final ©t- results (combined results from all methods) were compared with Sanford-Wang
parameterization (SW), which was discussed in chapter 2.4. Figure 96 shows final results with
SW parameterization, with three different sets of parameters, superimposed. One of them is
parameterization obtained from the fits to the compilation of p Be data at 6.4, 12.3, 17.5
GeV/c [78]. The second set of curves shows HARP SW parameterization obtained from the
fits to - results from p C interactions at 12 GeV/c [76]. The last set of curves shows our SW

parameterization fit to final 7t- results. Our fitting is done separately in each polar angle
interval.
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Figure 96. Final - results (combined results from all methods) compared with
Sanford-Wang parameterization. Data errors show sum of statistical and
systematical errors in quadrature. The red curve shows SW parameterization
fitted to our results. The blue curve shows SW parameterization obtained from

the fits to the compilation of p Be data at 6.4, 12.3, 17.5 GeV/c. The red dashed
lines show HARP SW parametrization.

The SW HARP parameterization and parameterization obtained from the fits to the
compilation of the p Be data do not reproduce our results. Parameters of these SW
parameterizations were obtained for the lower energy of incoming proton. The simple
momentum scaling is not working correctly in this case. In addition in parameterization based
on the p Be data no nuclear scaling was applied. However, the shape of distributions can be

very well reproduced by the SW parameterization (see red solid curves) but using different set
of parameters.
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7.6.2 Final results in Feynman x and transverse momentum variables

The double differential production cross sections for negatively charged pion production
in proton Carbon interactions at 31 GeV/c for different values of Feynman x are shown
in Figure 97.
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Figure 97. Double differential production cross sections for negativaely charged
pion production in proton Carbon interactions at 31 GeV/c for different values of
Feynman X. The curves are shown to guide the eye.

The double differential production cross sections for negatively charged pion production
in the proton Carbon interaction at 31 GeV/c for different values of transverse
momentum are shown in Figure 98.
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Figure 98. Double differential production cross sections for negatively charged
pion production in the proton Carbon interaction at 31 GeV/c for different values
of transverse momentum. Only statistical errors are shown. The curves are shown to
guide the eye.
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7.6.3 Final results in rapidity and transverse momentum variables

7.6.3.1 Results in rapidity and transverse momentum

The double differential production cross sections for negatively charged pion production
in the proton Carbon interaction at 31 GeV/c for different values of transverse
momentum are shown in Figure 99.
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Figure 99. Double differential production cross sections for negatively
charged pion production in the proton Carbon interaction at 31 GeV/c for
different values of transverse momentum. The curves are shown to guide the eye.

The differential cross section do/dy is shown in Figure 100.
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Figure 100. Differential cross section do/dy in full acceptance region (0 <
pr <1 GeV/e).
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7.6.3.2 Comparison of obtained result with different analysis as a cross check of the
analysis chain.

The rapidity spectra of 7t- for O < pr < 1 GeV/c are shown in Figure 101.
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Figure 101. Rapidity spectra of n- for 0 < pT <1 GeV/c. Red squares -
Results obtained by Author of this thesis, Blue triangles - Results from
another independent analysis [14].

The reasonable agreement between results obtained in two different analysis’ approaches was
found. Another analysis was carried out using different event and track cuts and only on the
RST sample. In this approach, quality cuts were selected to maximize reconstruction
efficiency of the RSTs. Therefore, small differences between these two results are perfectly
understandable. Moreover, these differences can be used as a one of the possible measure of
systematic bias.

The rapidity spectra from p+C interactions at 31 GeV and central Pb+Pb collisions at
30AGeV are compared in Figure 102.
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Figure 102. Rapidity spectra from p+C interactions at 31 GeV and central Pb+Pb
collisions at 30AGeV. The Pb+Pb results normalized with number of wounded nucleons.
Picture is taken from [15].

Due to the projectile-target asymmetry of the initial state the p+C rapidity spectrum is shifted
towards target rapidity with respect to Pb+Pb. The mean pion multiplicity in the forward
hemisphere was found to be proportional to the mean number of wounded nucleons of the
projectile nucleus.
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Chapter 8 Study of neutral hadron production

8.1 Introduction

In this chapter analyses of K’ and A particles produced in proton Carbon interaction at 31
GeV/c are presented. Data from 2007 pilot run, reconstructed using reconstruction chain with
REFORM client and without GTPC, are used. K° production is important for accurate
calculation of the v, and v, flux from Ky — 7 e v. decays. While not focused, the Kr do
contaminate most beam lines. Kaon production is also important because koan decays lead to
secondary pion production. Therefore, K° production plays important role in the neutrino
beam simulations.
Following equations can approximate the Kaon production:

e N(K%) =N(K’)=(NK"+ NK) /2

e N(K%)=N(K’)=1/4 (NK* + 3 NK")
The first one motivated by the isospin symmetry. The second one is motivated by the quark-
counting arguments, valid only for the pp interactions in the fragmentation region. Provided
that the precise K results were available, the estimation of K™ would be possible with the use
of those formulas and measured K’ data. This would create a possibility to cross-check
results on positively charged Kaon production. Moreover, very precise measurements of K,
K, and KOS would deliver information needed to validate and distinguish between presented
formulas.

8.1.1 K° properties and decay modes

K’ is a meson that consists of d and 5 quarks. z consists of 7 and s quarks. Neutral Kaon has
two weak eigenstates — short live KOS and long live KOL:

0 1 0 70
K2) = (k)[R

1 —
K1) = ()[R
Neutral Kaon mass is equal to 497.614 % 0.024 MeV/c*. K’ decay modes are presented in
Table 13.

Decay modes | Fraction I /T
Hadronic modes
T T (69.20 £ 0.05) %
nn (30.69 £ 0.05) %
v’ (3.5°00)-10 7
Modes with photons or ;; pairs
Ty (1.79 £0.05) - 107
Twe e (4.69+£0.3) - 10”
™Yy (49+1.8)-10°
vy (2.63+0.17) - 10°
Semileptonic modes
Ty (7.04 £0.08) - 10
CP violating (CP) and AS = 1 weak neutral current (S1) modes
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370 CP <1.2-107 CL=90%
o S1  <3.2-107 CL=90%
E'e- S1  <9-10°  CL=90%
et e- S1  (3.0"%) 107
ot S1 (2973 .10~

Table 13. KO decay modes [110].

The most often appearing decay of K’ leads to production of two charged pions with opposite
signs (1" and ).

The most important K’ decay modes in terms of neutrino beam production are presented in
Table 14. Hadronic modes, including CPV modes, and semileptonic modes with photons,
modes with photons or lepton anti lepton pairs are not presented. Information about all decay
modes can be found in [110].

Decay modes ‘ Fraction I'; /I
Semileptonic modes

z*e™, called K, (40.55 £ 0.12) %

2y, called g °, (27.04 +0.07) %

(T patom) v (1.05+0.11) - 10”7

2'zemy (5.20£0.11) - 10”

Tre™vee (1.26 £0.04) - 10”

Table 14. K% semileptonic decay modes [110].

8.1.2 A properties and decay modes

A is a hiperon that consists of u, d, and s quarks. It has mass equal to 1115.683 £ 0.006
MeV/c?. A decay modes are presented in Table 15.

Decay modes Fraction I3 /T
P (63.9%0.5) %

N 1’ (35.8£0.5) %

Ny (1.75+0.15) - 10~
Pmy 84+1.4)-10"
Pe v, (8.32+0.14) - 10™
Pu . (1.57£0.35) - 10

Table 15. A decay modes. Information in table is taken from [110].

The most often appearing decay of A leads to production of negatively charged pion and
proton.

8.2 Analysis method

The most frequent decay of K leads to the production of two charged pions (see Table 13).
The most probable decay of A leads to the proton and positively charged pion production.
These channels can be easily studied in TPC detectors placed in magnetic field or other
detectors that allow particle identification. Even without particle identification, it is possible
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to obtain information about K’ and A if a detector allows determining charge of tracks and
their momenta. In such analyses, no detailed particle identification is needed. Information
about KOS and A is obtained from the studies of invariant mass distributions under KOS or A
hypothesis. The invariant mass of the decaying particle is described by this equation:

2
1 _
m;, :C_2 (ZElj - Zpi

where E; are decay products’ energies and p are their momentum vectors. If K hypothesis is

2
2
c

studied, positively charged track is assumed to be a " and negative one to be a . In A
hypothesis, positive one is assumed to be a proton and negative one to be a 7. To reduce
background, set of event and track cuts is done, which is described in chapter 8.3. After that,
information about number of KOS or As is found from the fitting procedure, which fits sum of
Lorentzian function (assumption: shape of the signal is reproduced by this function) and
polynomial function. In the standard approach, 4™ order polynomial is used. Influence of the
different shape of the background function was studied. Lorentzian function is described by
this formula:

Lr

2

, (1Y
_ ~F
(x—x,) +(2 J

where parameter A controls peak’s height, F is a full width at half maximum (FWHM), x, is a
mean value (in this case, expected KOS or A mass).

Lorentzian function(x) = A

Information about number of KOS or As in selected invariant mass region is obtained from the
integral from the signal function (background is subtracted using fitted background function).
Integral is calculated in a region from x-(3/2)*F to x+(3/2)*F. Those K’ or As that are
outside of this region are not counted. The same approach is used for real data and for
reconstructed Monte Carlo tracks. This leads to a small model dependent correction because it
is assumed that the same percent of signal is lost in real data and Monte Carlo while integral
is calculated. This effect was estimated to be negligible as compared to systematic errors from
different sources that are discussed in chapter 8.6. After estimation of number of KOS or As,
Monte Carlo correction is calculated. It takes into account correction for branching ratio for
studied type of decay, geometrical acceptance, and reconstruction efficiency. In respect to A
hyperon, it also includes corrections for X°, which decays into A y (BR=100%). This
correction is small because X’ is only a small admixture (~2%) to the A production. The MC
correction is calculated using the following formula (in each cell of studied variables):

N , reconstructed
C _ Kg(orA)

N

K2 or A)szmulateaf

where N reconstructed is a number of reconstructed particles (K% or A) from exactly the
same fitting procedure as for real data and N simulated is a number of generated primary
particles (K% or A). The error of correction was calculated using binomial distribution:

c = c1-0)
eror AN simulated

K2 (orA)
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At the end, corrected data are normalized using the NA49 normalization approach to
production cross-sections or to mean multiplicity in all production proton Carbon interactions.
The normalization procedure is described in chapter 6.4.2

8.3 Selection of events and tracks

Apart from event cuts presented in chapter 7.2, a set of additional event cuts was used. Three
cuts listed below were applied:
e Fitted vertex existence cut. In some cases interaction point is not determined by
reconstruction software.
e Fitted vertex iflag cut. There is a small contribution of events with determined
interaction point but with feeble fit (Chi square/NDF is significantly larger or smaller
than 1.0).
e Fitted vertex z coordinate cut. Interactions which took place outside the target (z
coordinate outside region between -575 and -585) are rejected

The effects of the additional event cuts on the number of events are summarized in Table 16.

Event Cuts DATA 07N MC 07N
Number of events Number of events
(VO candidates) (VO candidates)

Before additional cuts 521238 4981232

(For Data case = after BPD | (156084) (1843262)

Cut I & II and wrong run

cut, For MC)

After fitted vertex & fitted | 309121 4321644

vertex iflag cuts (151787) (1822898)

After all cuts 276481 4026511
(148467 ) (1782264)

Table 16. VO event cuts.

To purify the sample additional track cuts were applied:

e Invariant mass window cut. The analysis is made in the specific invariant mass
window cut. The selected window should be the nearest possible to the peak but also
should have some information outside the peak for the background fit procedure. The
selection of the invariant mass window can influence the final results because
description of the background is not precisely known. Therefore, fitting of the
background function in a very narrow window can differ from the fit in wide window.
This effect was checked and added to the systematic error studies.

= For standard cuts wide window was used —[0.3, 0.7] GeV/c? (see
Figure 103).

sssssss

...... H b\«“‘\\
H . . . h
0.3 s T

e 0.7 o.= ey

p o = 0.7 [
v 7T [Gev et min( ) [Geire® ]

Figure 103. n+ - invariant mass distribution of K% candidates after event
cuts. Invariant mass window cut is shown by blue lines. Real data (left). MC
(right).
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A:
= For standard cuts, wide window was used - [1.09, 1.16] GeV/c? (see
Figure 104).
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Figure 104. ©- p invariant mass distribution for A candidates after event
cuts. Blue lines show invariant mass window cut. Real data (left). MC
(right).

e Cut on the angle between V° candidate and its decays products’ momenta in the c.m.s.
The distribution of this angle, further called €, must be isotropic in the rest frame.
According to the foregoing, distribution of cosine of this angle should be flat. A bad
reconstruction can influence this distribution. Therefore cut is applied to cut off
regions where cosine of € is not within flat region.

0 KOS:
= For standard cuts, cut for cosine of € is used that selects region between
—[-0.95, 0.8] (see Figure 105).
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Figure 105. Cosine of € angle for the K% case. Blue lines represent
cut edges. Real data (left). MC (right).
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= cosine of € in region between [-0.8, 0.8] was selected (see Figure 106)
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Figure 106. Cosine of € angle for the A case. Blue lines represent

cut edges. Real data (left). MC (right).
Cut on the distance between the fitted vertex z coordinate and V° vertex z coordinate
(dz). This cut is used to reject possible situation where primary vertex tracks were
wrongly reconstructed as a V tracks. Distance of 3 cm is used as a standard value in
KOS and in A case as well. Distance distribution in KOS case is shown in Figure 107.
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dz de

Figure 107. Distance between the fitted vertex z coordinate and V0 vertex z
coordinate in K% case (left). Zoomed region of small dz values, blue line
shows cut value (right).

Cut on the Armenteros-Podolanski plot. Using two-dimensional plot of the
Armenteros transverse momentum pTARM and longitudinal momentum asymmetry o of
A decay products is possible to distinguish between different types of A particles
what is shown in theoretical Figure 108.

Py [GeVe]

1 L | L 1 1 | |
-1 -08 406 04 -0.2 a 0.2 0.4 0.6 [R:) 1

Figure 108. Theoretical picture of two-dimensional plot of the
Armenteros transverse momentum pr2RMand longitudinal
momentum asymmetry o of VO decay products. The picture is taken
from [151].
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The Armenteros transverse momentum is defined as:
ARM

P = p*sin ™
It is a absolute value of one daughter particle’s momentum component transverse to
the direction of motion of the V’. The longitudinal momentum asymmetry is defined
as follows:

_PL-D
pL+ DL
The graphical interpretation of the Armenteros transverse momentum, p'r, and p{ is
shown in the Figure 109.

Figure 109. Graphical interpretation of the Armenteros transverse
momentum, p+L, and p-L. The picture is taken from [151].

o K'%:
The Armenteros-Podolanski plots before and after all cuts are presented in Figure
110.
The standard cut is defined as follows:
Exclude regions: 1) pr** < 0.05
2) pr™M<0.12 && o> 0.5
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alpha alpha
Figure 110. Armenteros-Podolanski plots before and after all cuts for
KO case.

o A:
The Armenterose-Podolanski plots after all cuts is presented in Figure 111.
The standard cut is defined as follows:
Excluded regions: 1) pTARM <0.031 pTARM >0.11
2) < 0.45
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Figure 111. Armenteros-Podolanski plot after all cuts for A case.
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8.4 Binning and uncorrected data

Studies of available statistics of uncorrected thin carbon data allowed to determine bin sizes in
different variables in such a way that:
e For K%and A, in momentum and polar angle variables
= To be able to compare with results on the positively charged kaon
production.
= the same polar angle intervals were chosen
= As small momentum bins as possible were chosen to be less model
dependent and to be able to compare in details shapes of obtained
distributions with MC predictions.
= Variable bin size was used.
e For K% in rapidity and transverse momentum variables
= To be able to have a direct comparison with results obtained in [85].

8.4.1 K% binning

The K’ candidate’s momentum and polar angle distribution with imposed binning is shown
in Figure 112. Bins colored in black were similar to the bins used in positively charged kaon
studies. Larger bins colored in red were used only in total production cross-section studies.
These bins were more exposed to the model dependent corrections because in that cases
shapes of Monte Carlo distributions used for the correction calculations could affect final
results.
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Figure 112. K% candidate’s momentum and polar angle distribution with
superimposed binning.

The 7+ 7t- invariant mass distributions in selected p, 0 bins are presented in Figure 113.
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Figure 113. n+7n- invariant mass distributions for K% candidates in selected p, 0 bins.
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The number of Kaons found in selected momentum and polar angle cells are presented in

Table 17.

Blow Onigh Plow Phigh Nrec ANrec

[mrad] [GeV/c]

020 0472 51 7

20 140 0424 183 13
2432 186 13
3.24.0 181 13
4.04.8 137 12
485.6 142 12
5.67.2 182 13
7.2 8.8 75 9
8.810.8 108 10
10.8 20.0 130 11

140 240 0424 112 10
2440 262 16
4.05.6 138 12
5.6 10.8 78 9

240 420 0.45.6 132 11

Table 17. Number of Kaons found from the fitting procedure in selected

momentum and polar angle cells.

8.4.2 A binning

The A candidate’s momentum and polar angle distribution with imposed binning is shown in

Figure 114.
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Figure 114. A candidate’s momentum and polar angle distribution with
superimposed binning .

The 7- p invariant mass distributions in selected p, 0 bins are presented in Figure 115.
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The number of A found in selected momentum and polar angle cells are presented in Table

18.

Olow Ohigh Plow Phigh Nrec ANrec

[mrad] [GeV/c]

20140 0424 53 8
245.6 562 26
567.2 248 16
7.210.8 468 22
10.8 20.0 347 19

140 240 0424 51 10
245.6 400 21
5.6 10.8 85 10

240420 0.45.6 224 17

Table 18. Number of A found from the fitting procedure in selected momentum

and polar angle cells.
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Figure 115. ©t- p invariant mass distributions in selected p, 0 bins.
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8.5 Correction factors

In this chapter correction factors calculated are presented. To calculate correction,
information about reconstructed particles (K% or A) and information about simulated particles
of each type are needed. Information about reconstructed particles is obtained in the same
way as for the real data. The momentum versus polar angle distribution of simulated K is
presented in Figure 116.
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Figure 116. Momentum versus polar angle distribution of simulated KO.
Information from the VENUS generator.

The momentum versus polar angle distribution of simulated A is presented in Figure 117.
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Figure 117. Momentum versus polar angle distribution of simulated A.

Information from the VENUS generator.

The 7+ 7- invariant mass distributions in selected p, 6 bins from reconstructed Monte
Carlo data are presented in Figure 118.
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Figure 118. n+ ©- invariant mass distributions in selected p,

0 bins. Reconstructed Monte Carlo data.
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The Kaon corrections evaluated from the Monte Carlo in momentum and polar angle
variables are presented in Table 19.

Blow Onigh | Plow Phigh | Nsim ANsim | Nrec ANrec MC MC
[mrad] | [GeV/c] correction | correction
error
020 0472 10908 | 104 1067 33 0.0979 0.0028
20140 [0424 58087 | 241 2417 49 0.0416 0.0008
2432 32905 | 181 2472 50 0.0751 0.0014
3.24.0 31544 | 178 2624 51 0.0831 0.0015
4.04.8 28274 | 168 2574 50 0.0910 0.0017
4.85.6 24330 | 156 2241 47 0.0921 0.0018
5672 36936 | 192 3345 58 0.0905 0.0014
7.28.8 24172 | 155 2325 48 0.0962 0.0018
8.8 10.8 18054 | 134 1726 41 0.0956 0.0021
10.820.0 | 16742 | 129 1521 39 0.0909 0.0022
140240 | 0424 69280 | 263 1359 37 0.0196 0.0005
2440 31443 | 177 2548 50 0.0810 0.0015
4.05.6 10373 | 102 1417 38 0.1366 0.0033
5.6 10.8 4250 65 661 26 0.1557 0.0056
240420 |0.45.6 119075 | 345 2209 57 0.0185 0.0004

Table 19. Kaon correction factors evaluated from the Monte Carlo in momentum
and polar angle variables.

The 7- p invariant mass distributions in selected p, 0 bins for reconstructed Monte Carlo
data are presented in Figure 119.
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Figure 119. The n- p invariant mass distributions in selected p, 6 bins. Reconstructed Monte Carlo information.
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The A corrections evaluated from the Monte Carlo in momentum and polar angle
variables are presented in Table 20.

Olow Ohigh | Plow Phigh | Nsim ANsim | Nrec ANrec MC MC
[mrad] | [GeV/c] correction | correction
error
20140 | 0424 38316 | 196 1557 43 0.041 0.001
2456 62777 | 250 7081 90 0.113 0.001
5.6 7.2 30357 | 174 3896 64 0.128 0.002
7.210.8 | 79015 | 281 9122 95 0.115 0.001
10.820.0 | 121755 | 349 10883 | 102 0.089 0.001
140240 | 0.4 2.4 61866 | 249 2377 52 0.038 0.001
2456 58957 | 243 6929 84 0.117 0.001
5.610.8 | 15894 | 126 2595 51 0.163 0.003
240420 | 0.45.6 173157 | 416 7216 85 0.0417 0.0004

Table 20. A correction factors evaluated from the Monte Carlo in momentum and
polar angle variables.

8.6 Estimation of systematic errors

Presented below, possible sources of systematic errors were studied:
¢ uncertainty connected with track cuts
e uncertainty connected with background fit function used in fitting procedure of
invariant mass spectra.
o Besides standard 4™ order polynomial three different functions were used:

= 3" order polynomial
= 6" order chebyshev polynomial
= argus function, which is described:

+ st {1-(2) Toul {-(2))

where m, p, ¢ are parameters of the function.
Influence of different background function was checked on the all versions of
cuts. The examples of different two background fits for K’ all candidates after
standard cuts are presented in Figure 120. For the final systematic errors,
studies were performed in each cell of momentum and polar angle.
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Figure 120. Examples of different background fit for KOS case and standard cuts.

In K% case, Argus function and 3 order polynomial have problems with reproduction of low
values invariant mass distribution behavior (<0.4 GeV/cz). While narrower window is used
([0.4, 0.6]) all fitting procedures lead to the similar results (differ from standard result less
than ~5%). Region of small values of invariant mass is not important in these studies.
However, the 6™ order chebyshev polynomial very well reflects behavior in this region.

e uncertainty connected with geometrical acceptance, reconstruction efficiency,
different reconstruction algorithms of track merging.

Systematic error connected with those sources was evaluated from the systematic errors
calculated for the h- analysis. In this approach, assumption that V° tracks have the same
reconstruction efficiency and geometrical acceptance as 7 is done. Furthermore, assumption
that there is no difference between m, ®', and proton tracks is made. In h- analysis,
geometrical acceptance studies were done on the flat phase space simulation.

Estimated errors are presented in Table 21.
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Polar angle interval Systematic error [%]
[0, 20] mrad ~3.6
[20, 140] mrad ~4.73
[140, 240] mrad ~3.1
[240, 420] mrad ~4.5

Table 21. Systematic error connected with geometrical acceptance, reconstruction
efficiency, and different reconstruction algorithms of track merging in V0 analyses.

In inclusive cross section for K’ production additional systematic error needs to be estimated
because in this approach partially model dependent correction is used in regions where gaps
in geometrical acceptance appear. These errors weas estimated using information from
different Monte Carlo models.

First of all numbers of simulated K’ in the region where acceptance gap appears (<300
MeV/c and below 10 mrad && >7.6 GeV/c and for polar angle > 420 mrad) was calculated
for different MC models. These numbers differed up to 30%. In VENUS this number was
equal to ~29% of all KOS.

At the end, final result was calculated using to corrections number of simulated particles from
VENUS in acceptance plus number of simulated particles outside the acceptance and
plus/minus 30% of these particles. These results were compared and model dependent
systematic error was estimated.

8.7 Final results

Normalization was done accordingly to procedure described in chapter 6.4.2. Empty target
subtraction had a very small influence in case of A analyses. Number of events, accepted
after cuts, is presented in  Table 22.

Event Cuts Target IN Target OUT
All 671824 23933
Wrong run cut 671303 23933

BPD Cut I 565510 10436

BPD Cut 11 521238 9239

Fitted vertex existence and | 309121 1882

iflag cut

Fitted vertex z position cut | 276481 27

Table 22. Number of events after event cuts in Target IN and Target OUT case.

After all track cuts, there is no V° candidates left in KOS and A analyses. In this case, empty
target subtraction changed only number of events taken to the normalization procedure.
Number of events accepted after all cuts was equal to Ntarget IN — ¢ * Ntarget Out = 276481
—c * 27 = 276481 — 2.198%27 = 276421. In to Out ratio factor was obtained from the
comparison of the vertex z distributions of in and out target setups. It was equal to 2.198 +-
0.027. Correction for inelastic events cut off was calculated using Monte Carlo simulations.
The numbers of Monte Carlo events before and after event cuts are presented in Table 16.
The correction for inelastic events was equal to 0.808. At the end, number of events taken to
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normalization was equal to 276421/0.808 = 342105. The cross section for production
processes is equal to Oproa= 229.3 £1.9 £ 9.0 mb.

The overall normalization uncertainty (~3%) is not propagated in the analyses.

The mean multiplicity in production processes and inclusive cross section for K'g
production were obtained. These result were evaluated from the results obtained in
momentum and polar angle variables. Regions outside the geometrical acceptance were
corrected accordingly to VENUS simulations. Therefore, additional systematic error was
quoted.

The final results with systematic errors are presented below:
e The K’ mean multiplicity in production processes is equal to:
o <NK%>= 0.125 £ 0.007 (stat) + 0.007 (sys)
e The inclusive cross section for K’ production is equal to:
o oK' =28.58 + 1.85 (stat) + 1.72 (sys) [mb]

The K’ mean multiplicity in production processes from proton Carbon interactions was
compared with compilation of total integrated K'% yields from proton proton interaction
experiments [38]. To be able to compare these results, our result was scaled by the mean
number of collisions (<v>) in proton Carbon interactions. We assumed that <v> is equlat to
1.6 £ 0.8. In different models these number differs from ~1.5 to ~1.7 (see Figure 121).

—= 1.8

~

1 L 1 |

1.4 \ \ X \ \ \
1 2 3 a 5 6

model
Figure 121. Mean number of collisions for different nuclear density
parametrizations (1-Woods-Saxon, 2 - Gaussian, 3 - Fourier-Bessel, 4 - Sum of
Gaussians, 5 - Fourier-Bessel unfolded, 6 - Sum of Gaussians unfolded). Picture is

taken from [53].

The comparison of our data with compilation of existing results is shown in Figure 122.
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Figure 122. Total integrated K% yields as a function of ./;. Open black points taken
from [38]. The (K* + K)/2 from NA49 - full circle. The (K* + K)/2 from ISR
extr./UAS5 - triangles. Result from this thesis not scaled by mean number of
collisions - red open star. Result from this thesis after scaling by mean number of
collisions equal to 1.6 - red full star. The dashed line is shown to guide the eye.

The reasonable agreement between obtained result and other results was found. The
systematic error connected with a possible change of the mean number of collisions value is
not shown in this figure.
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The K production cross sections and mean multiplicity distributions from production
interactions were obtained. The production cross sections in polar angle slices are shown in
Figure 123.
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Figure 123. K% production cross sections in two polar angle intervals: [20, 140]
mrad (left) and [140, 240] mrad (right). Only statistical errors are shown. Error
connected with normalization was not propagated.

The final K results with systematic errors are presented in Appendix.
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The A production cross sections and mean multiplicity distributions from production
interactions were also obtained. The production cross sections in polar angle slices are shown
in Figure 124.
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Figure 124. A production cross sections in two polar angle intervals: [20, 140] mrad
(left), [140, 240] mrad (right). Only statistical errors are shown. Error connected
with normalization was not propagated.
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Chapter 9 Comparison of results with Monte Carlo models

9.1 Monte Carlo models used for comparison

9.1.1 VENUS

The VENUS (Very ENergetic NUclear Scattering) is used in the official NA61/SHINE Monte
Carlo chain as a particles generator. The VENUS generator is based on the Gribbov-Regge
theory. In this theory the concept of Reggeon or Pomeron exchange is used which can be
linked to special Quantum Chromo Dynamics diagrams [10].

9.1.2 UrQMD

The UrQMD (Ultra-relativistic Quantum Molecular Dynamics) is a model based on the phase
space description of the interaction with the transport theory [10]. In this model full
relativistic calculation of the reaction is performed in four dimensions. The excitation,
coalescence, and resonance decay or string fragmentation are used to parametrized particle
production. The propagation of particles is calculated numerically. Cross sections are
interpreted geometrically — interaction appears if two particles come close enough to each
other. Cross sections are given as an input in tabulated or parameterized form from
experimental measurements. As an input also two-body potentials and decay widths are given.

9.1.3 FLUKA

The Fluka is also microscopic model [175]. It is based on the resonance production and decay
below a few GeV, and on the DPM model above in case of hadron-nucleon interactions. In
hadron-nucleus interaction also two models are used: the PEANUT package (based on the
Intra-Nuclear Cascade and preequilibrium stage) at low moment 3-5 GeV/c and the Gribov-
Glauber multiple collision mechanism at high energies. After that, equilibrium, evaporation,
fission, Fermi break-up, and gamma deescitation are taken into account.
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9.2 Predictions for negatively charged pion production in proton Carbon
interactions
9.2.1 7 results in momentum and polar angle
The final 7t results (results from h- combined with results from dE/dx analysis) in momentum

and polar angle variables normalized to mean particle multiplicity in production processes are
shown in Figure 125 with predictions from Monte Carlo models.
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Figure 125. Final 7 results (results from h- combined with results from dE/dx
analysis) in momentum and polar angle variables normalized to mean particle
multiplicity in production processes. Monte Carlo model predictions are
superimposed. Only statistical errors are shown. Error connected with
normalization (2.5%) is not shown.

The discrepancies between data and UrQMD prediction at low polar angle intervals were
observed. This was reported to the authors of the UrQMD. As a result, new patched version of
the UrQMD was released in which these problematic regions were corrected. The best
agreement with Fluka 2008 predictions was found. Nonetheless, the Fluka authors also used
these results to tune their model.
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9.2.2 1 results in Feynman x and transverse momentum
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In this subchapter the final @ results in Feynman x and transverse momentum variables
normalized to mean particle multiplicity in production processes are shown with predictions

from Monte Carlo models.

The dzn/dxfde versus X¢ distributions for different pr intervals are shown in Figure 126. The

Fluka 2008, Venus, and UrQMD predictions are superimposed.
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Figure 126. d2n/dxdpr versus x¢ distributions for different pr intervals. The Fluka
2008 (blue), UrQMD (pink), and Venus (black) predictions are superimposed.

The best agreement with Fluka 2008 predictions was found. Mainly in the region of negative
values of Feynman x some discrepancies are visible. In this region, UrQMD predictions
reflect the data well. However, in the first pr interval UrQMD predictions are inconsistent
with the data at small values of x;. In other pr intervals, UrQMD predictions are almost
always above the data for larger values of x.
The dzn/dxfde versus pr distributions for different xp intervals are shown in Figure 127.
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Figure 127. d?n/dxdpr versus pr distributions for different Xr intervals. The Fluka
2008 (blue), UrQMD (pink), and Venus (black) predictions are superimposed.

The reasonable agreement with Venus predictions was found.
For the larger values of xf (>0.2):
e inthe low prregion (<0.6 GeV/c) VENUS predictions are always above the data,

¢ inthe high prregion (>0.6 GeV/c) the Fluka 2008 and UrQMD predictions are
above the data.

The models reflect the behavior of the data for dzn/dxfde versus X¢ and dznldxfde versus
pr distributions. The shapes of the distribution are similar. However, observed differences in
some specific region are larger than 30%. This shows that our results are important to
understand and tune Monte Carlo predictions.
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9.3 Predictions for neutral strange hadron production

interactions

9.3.1 K% in momentum and polar angle variables

in proton Carbon

The K results in momentum and polar angle variables normalized to mean particle
multiplicity in production processes are shown in Figure 128 with predictions from Monte

Carlo models.
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Figure 128. K% mean particle multiplicity in production processes in polar angle
intervals: [20, 140] mrad (left), [140, 240] mrad (right). Monte Carlo model
predictions are superimposed. Only statistical errors are shown.

The reasonable agreement between data and Monte Carlo predictions was observed.
However, the experimental points are mostly above FLUKA predictions.

9.3.2 K° / 7 ratios versus momentum in selected polar angle intervals

In the production point the number of K is the same as the number of K’ .Thereofre, the
KO results could be easily transformed to the K’ results.
The K° / 7 ratios versus momentum in selected polar angle intervals are show in Figure

129.



K"/ ratio

Study of particle production in hadron-nucleus interactions for neutrino experiments

0.7

0.6

0.5

0.4

ﬁ\!,l{llllllllllllll{l\II|IIII|II|I

0 [20,140] mrad
—&— DATA
— Fluka 2011

PR S S AN SN SR N SN SR SRS S S |

2 4 6 8 10
p [GeV/c]

K"/ ratio

1.2 | 0 [140,240] mrad
r —&— DATA
1 N — Fluka 2011

0.8 —

0.6 —

0.4 —

0.2_— -
Oflllllllllllllllllll
0 2 -+ 6 8 10

p [GeV/c]

Figure 129. K%/ n- ratios versus momentum in two polar angle intervals. Left [20,
140] mrad, right [140, 240] mrad. The vertical error bars on the data points show
the total (stat. and syst.) uncertainty. Monte Carlo models are superimposed.

The ratio of KO’s to pion’s provides information on strangeness suppression factor since it is a
ratio of d5 tod u quark system.

9.3.3 K% / K" ratios versus momentum in selected polar angle intervals

The K% / K* ratios in selected polar angle intervals are shown in Figure 130. For the ratios
calculations the K+ results obtained by NA61/SHINE using dE/dx+TOF analyses were used.
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The reasonable agreement between ratios and Monte Carlo predictions was observed. Lack of
the dEd/dx+TOF data in the low momentum region unables to distinguish between UrQMD
and other Models.

9.3.4 A results in momentum and polar angle variables

The A results in momentum and polar angle variables normalized to mean particle
multiplicity in production processes are shown in Figure 131 with prediction from Monte
Carlo models.
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Figure 131. A mean particle multiplicity in production processes in polar angle
intervals: [20, 140] mrad (left), [140, 240] mrad (right). Monte Carlo model
predictions are superimposed. Only statistical errors are shown. Error connected
with normalization (~3%) is not shown.

The Fluka and VENUS models do not reproduce our results. The reasonable agreement in
case of UrQMD predictions was found.
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Chapter 10 Summary and conclusions

The thesis presents differential cross sections important for the neutrino beam flux
predictions in T2K experiment. Moreover, presented results are of high importance for the
cosmic ray simulations and for hadronic interaction simulations. The developed methods are
valid for ongoing and future hadron production experiments.

The main results are differential production cross sections and mean multiplicities in
production processes for negatively charged pions, neutral Kaons, and Lambdas obtained in
p+C interactions at 31 GeV/c measured within NA61/SHINE experiment. In addition, the
inclusive cross section for Kaon production corrected to the whole phase space region was
obtained.

The negatively charged pion analysis was based on the global correction method (h-
method), which allows obtaining results in a wide phase space region. The final results were
compared to dE/dx results at low momenta and dE/dx+TOF results in a wider range.

The Kos and A analyses were based on the invariant mass distribution studies.

The presented 7t- from (thin carbon target), KOS, and A results were fully corrected for
the detector and other model dependent effects. The different sources of the systematic
uncertainties were studied. The obtained KOS will allow minimizing one of the main
systematic errors of the h- method — uncertainty connected with the neutral strange particle
decays.

The negatively charged pion yields extraction method for the T2K replica target was
developed and preliminary results were obtained, and presented at the closed SPCS meeting.

The presented results were used by T2K Collaboration to minimize systematic error
connected with a poor knowledge of the neutrino beam. The UrQMD and Fluka authors also
used these results to tune their models. The obtained K’ and 7 results give a hint about
strangeness suppression factor (A). The T results in Feynman x and rapidity variables are
important for the future analyses of the onset of deconfinement and search for critical point of
strongly interacting matter.

All developed computer codes were transferred to the NA61/SHINE Collaboration.
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Appendix

Appendix I

The physics cards used in geometrical acceptance studies were as follows (in brackets
additional information about cards is added):

pcay 0 (Decay in flight, O — off, 1- on with generation of secondaries, 2 — on without
generation of secondaries)

ANNI 0 (Positron annihilation, O — off, 1 — on with generation of photons, 2 — on without
generation of photons)

BREM 0 (Bremsstrahlung, O — off, 1 —on with generation of photon, 2 — on without generation of
photon)

coMp 0 (Compton scattering, O — off, 1- on with generation of e-, 2 — on without generation
of e-)

HADR 0 (Hadronic interactions, 0 — off, 1 — on with generation of secondaries, 2 — on
without generation of secondaries)

MUNU 0 (Muon-nucleus interactions, 0 — off, 1- on with generation of secondaries, 2 — on
without generation of secondaries)

pATR 0 (Pair production, O — off, 1 — on with generation of e+/e-, 2 — on without generation
of e+/e-)

pFIs 0 (Nuclear fission induced by a photon, 0 — off, 1 — on with generation of secondaries,
2 — on without generation of secondaries)

paoT 0 (Photoelectric effect, O — off, 1 — on with generation of the electron, 2 — on without
generation of the electron)

rRavL 0 (Rayleigh effect, 0 — off, 1 — on)

ross 1 (Continuous energy loss, 0 — off, 1 — on with generation of d-rays above cut and
restricted Landau fluctuations below cut, 2 — on without generation of §-rays and with full

Landau fluctuations, 3 — same as 1, 4 — on without fluctuations, values from the table are
used)

DRAY 0 (d-ray production, O — off, 1 — on with generation of e-, 2 — on without generation of

e-)

MuLs 0 (Multiple scattering, O — off, 1 — on based on the Moliere theory, 2 — same as 1, 3 —
on based on the Rossi formula)

CUTE -1. -1. -1. (sets standard values for the cuts)
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Appendix 1T

The final n- and nt+ differential cross sections in polar angle intervals with systematic

errors. The presented results were obtained by combining results from all three
methods (h-, dE/dx, and dE/dx+TOF).

Table I: The Na61/SHINE results for the differential 7+ and 7~ pro-
duction cross section in the laboratory system, do™ fdp, for p+C inter-
actions at 31 GeV /e, Each row refers to a different (prow < p < pup,
P = 6 << By ) bin, where p and & are the pion momentum and polar
angle in the laboratory frame, respectively. The central value as well
as the statistical (A .a) and systematic (Age.) errors are given. The
overall uncertainty (2.5%) due to the normalization procedure is not

included.
T+ x
Ao Eup Plow Pup j‘% Batas -ﬁaya Piow Pup j‘% Asrar -ﬁayr
(mrad) |({GeV/c) (mb/{GeV /c)) (GeV/c) (mb/[GeV fc])

o 20 0.2 0.3 U7 0025 0012 || 0.2 0.3 D081 0.023 0.017
0.3 0.4) 0.151 0037 0020 || 0.3 04| 0133 0.033 0.023
0.4 0.5 0,178 0044 0021 0.4 0.5] 0207 0.042 0028
0.5 0.6 0,228 0057 0025 || 0.5 0.6| 0.282 0.050 0.034
0.6 0.7] 0,419 0066 0044 06 0.7 0309 0.062 0.036
0.7 0.8 0454 D069 0046 || 0.7 08| 0324 0.058 0.036
0.8 0.9 045 0079 0046 || OB 0.9 0220 0.054 0.024
0.% 1.0) 0.537 0088 0058 || 09 10| 0.338 0.054 0.03%
1.0 1.2] 0309 0.045 0.047
1.2 1.6] 0,636 0057 0045 1.2 1.4] 0.512 0.04% 0.053
L& 20| 0,816 0069 0053 1.4 16| 0516 0.048 0.054
20 24| 0752 0060 0049 1.6 1.8| 0.405 0.047 0.049
2.4 28| DB 0070 0052 1.8 2.0| 0.655 0.048 0.06G1
28 32| 0825 0068 0050 | 20 22| 0.519 0.049 0.04%
3.2 3.4 0900 007TF 0056 || 2.2 2.4 D581 0.048 0.052
3.6 4.0) 0.T15 0085 0048 || 2.4 2.6| 0.639 0.053 0.055
4.0 4.4] 080 0.10 0.05 26 2.8] 0.543 0.051 0.047
44 48| DLTEE 0079 0045 || 2B 3.2| 0584 0.032 0.052
4.8 5.2 0975 0083 0057 || 3.2 3.6| 0.593 0.034 0.047
5.2 5.4] 116 0.10 0.07 36 4.0 D662 0.038 0.047
G.6 6.0 0,862 0091 0049 4.0 4.4] 0655 0.038 0.041
G0 6.4) 105 0.10 0.06 4.4 4.8] D604 0.03% 0.036
6.8 0817 0.096 0047 4.8 5.2] 0604 0.040 0.033
G.8 T.2( L1568 0.0%9 0065 || 5.2 56| 0577 0.042 0.029
7.6 108 015 0.06 546 6.0 0558 0.044 0027
6.0 6.4] 0408 0.047 0.022
G4 6.8] 0A4ATT 0.040 0.021
6.8 7.2] 0.541 0.051 0.024
7.2 7.6| 0.402 0046 0.021
20 40( 0.2 0.3 0210 004 0027 || 0.2 0.3 0.183 0.034 0.036
0.3 0.4) 0,427 0058 0041 0.3 0.4] 0337 0.051 0.051
0.4 0.5) 0,674 0082 0054 0.4 0.5 D621 0.072 0080
0.5 0.6) 0867 008 0069 || 05 0.6( 02901 0.08% 0098
06 0.7 1.12 011 0.08 06 07| 0.761 0.085 0.080
0.7 0.8 1.14 011 0.07 0.7 0.8] 1.02 0.09 0.10
0.8 09 132 012 0.08 08 0.9 1.07 0.09 0.10
0% 1.0] 1.34 0.13 0.08 0.9 1.0] 0936 0.002 0.08%
1.0 1.2] 1.35 0.o07 013
1.2 1.6] .97 0.09 0.15 1.2 1.4] 145 0.08 0.14
L& 2.0 210 0.10 0.14 1.4 16| 1.45 0.08 0.14
a0 24 219 011 0.14 1.6 1.8 167 0.08 0.15
24 28| 222 015 0.14 1.8 20| 1.53 0.08 013
28 32| 252 0.15 0.16 20 23] 148 0.08 013
3.2 3.46] 260 0.15 0.16 22 24| 155 0.08 013
3.6 4.0] 2.81 0.15 017 24 26| L.72 0.08 0.14
40 4.4] 266 0.15 0.16 26 28] 1.60 0.08 0.13
44 48| 286 016 017 28 3.2] 1.0 0,06 0.16
48 52| 277 016 0.16 32 36| 178 0,06 0.14
ontinued on next page




150 | Study of particle production in hadron-nucleus interactions for neutrino experiments

B E‘u;ﬂ Blow Pup %I‘- L Auya |[Prow Pup j‘%' Aprar L. Y-
{mrad) | {ZeV/c) (mb/{GaV /e}) (CeV /) [mb/(CeV [c))

5.2 546 294 0.15 0.18 346 4.0] 165 0.06G 0.12
G.6 6.0 245 0.14 012 4.0 4.4 1.68 o.or 0.11
6.0 64| 270 0.15 013 4.4 4.8] 1.683 0.071 0099
6.4 68| 227 0.14 011 4.8 52| L66T 0.0GE 0086
6.8 T.2( 248 0.15 0.12 52 G.6| 1463 0067 0.076
7.2 TG 2,06 0.13 0.10 LG 6.0 LBET 0070 0.081
7.6 B0 1.90 0.13 0.09 G0 6.4 1284 0067 0.05%
B0 B4 170 012 0.08 G4 G.E| 1.423 00638 0.063
8.4 BE| 156 0.11 007 6.8 7.2] 1209 0063 0,050
88 9.2 1.51 0.11 007 7.2 7.6] 1.132 0,044 0.048
02 046 1.34 011 007 76 BO| 1027 0060 0.042
0.6 10.0( 1.04 012 0.05 B0 B.4| 0987 0.05% 0,040
1000 1008( 1.055 0072 0051 B4 B.E| 0ETZ 0056 0.035
1008 11.6( 0959 0063 0047 || 8.8 92| 0749 0.052 0,030
116 124 075 0055 0037 || 9.2 06| 0688 0.050 0028
12,4 132 D632 0053 0031 Q6 10.0] 0667 0.04% 0.027
13.2 14.0( 0588 0050 0030 ||10.0 10.8| O5R6 0.032 0.023
14.00 14.8( 0384 0043 0019 ||10.8 11.6| 0427 0.02% 0.017
14.8 15.6( 0.295 0035 0015 ||11.6 12.4| 0O.3BD 0.027 0.015
156 164 0275 0035 0014 |[12.4 13.2] 0.301 0.025 0.011
16.4 17.21 0217 0032 Q011 {132 14.0] 0248 0.023 0009
172 180( 0,159 0028 0008 |[14.0 14.8( 0164 0.01% 0006
18.00 18.8( 0,191 0035 0010 ||14.8 15.6| 0140 0.018 0.005
188 19.6( 0168 0034 0009 ||15.6 16.4| 0109 0016 0.004

40 GO | 0.2 0.3 0344 0056 0040 || 0.2 0.3] 0.301 0.051 0.074
0.3 0.4 0763 0.087 0062 || 0.3 0.d]| 0616 0.073 0091

0.9 1.0] 2.60 0.13 0.12 0.9 1.0| 2.07 0.13 0.21

14| 296 033 024 L2 1.4 237 0.10 0.24

2

4 1 4

6 1E] 384 026 030 1.6 1.8] 250 011 0.25
W& 20 397 0.34 0.28 1.8 20| 279 011 0.2G
2.0 22| 385 0.34 0.25 20 22| 248 013 0.27
22 24| 384 0.34 0.25 22 24] 295 012 0.23
2.4 26| 3.60 0.34 0.24 24 26| 2.86 0.13 0.24
26 2E| AT 0.34 0.24 26 28] 3.06 0.14 0.24
28 30| 418 0.35 0.2y 28 3.0| 288 013 021
3.0 32 491 0.37 0.31 30 3.2 283 013 0.24
3.2 34| 428 0.35 027 32 3.4) 200 013 0.22
3.4 3.6 404 0.34 0.26 34 3.6] 287 0.13 0.21
3.6 38| 465 036 0.29 36 3.8) 273 0.13 0.19
38 4.0 395 0.33 0.25 38 40| 264 013 0.18
4.0 42| 3.92 0.34 0.25 4.0 4.2] 284 013 0.18
4.2 44| 3.96 0.34 021 4.2 4.4] 239 01z 0.15
4.4 4.6 4.16 0.35 022 4.4 4.6] 236 012 0.14
46 4.8 3.35 031 0.17 4.6 4.8( 2.43 0.12 0.14
4.8 50| 3.84 0.33 0.20 4.8 5.0f 1.91 0.10 0.11
G0 52| 3.83 0.33 0.20 50O 5.2 220 011 0.13
5.2 54| 3.63 0.22 0.19 5.2 LG 208 0.o08 0.12
5.6 6.0 264 0.21 0.14 546 6.0] 18D oo 0.10
G0 G4 304 0.21 0.16 6.0 6.4] 1568 N 0.087
G.4 6.8 2346 0.20 0.13 6.4 G.8| L5TE 0064 0.087
‘ontinued on next page
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I'+ x

Ao Bup Plow Pup j‘% Datan Baya |[Plow Pup j‘% Hsrar Aag
{mrad) [({GaV/c) (mb/{GeV /c)) (GeV/e) (mh/(GeV /)

6.8 T2 227 013 012 6.8 7.2 1.264 0.058 D069
7.2 T4 218 013 012 7.2 T.6( 1180 0055  0.064
7.6 B0l L.LT4 011 0.09 7.6 B.O| 1038 0053 0.056
B0 84| 154 011 0.08 B0 Bd| 0928 0049  0.050
B4 8E| 148 011 0.08 B4 B.E| 0804 0ME 0.7
BE 92 134 010 007 BB 0.2 0.681 02 0036
0.2 06 1180  0.087 0065 || 9.2 06| D654 0.041 0.035
O.6 10,0 0.995 0.090 0055 || 9.6 10.0| 0.57%  0.038  0.031
10.0 10.8| 0,870  0.057  0.048 ||10.0 10.8| D.481 0.024 0.025
108 11.6| 0.657 0.052 0036 ||10.8 1L.6| 0368 0022  0.019
116 12.4) 0562 0046 0031 {116 12.4( 0253 0019 0013
124 13.2) 0.414 0038 0023 ||12.4 132 0248 Q018 0013
13.2 14.0| 0260 0.032 0015 ||13.2 14.0| 0.14T7  0.014 0.008
14.0 148 0,230 0.031 0013 ||14.0 14.8[ 0.120  0.013  0.006
148 156 0,168  0.027 0009 ||14.8 15.6| 0079  0.011 0.004
156 164 0,123 0.024 0007 [|15.6 16.4| 00598 00093 0.0032
16.4 17.2) 0090  0.039 0005

G0 10| 0.2 0.3 125 011 0.13 0.2 03| 1.28 0.10 0.22
0.3 04| 258 0.8 020 0.3 0.4 223 0.15 0.31
0.4 05 3.98 0.23 026 0.4 0.5 3.23 0.20 0.38
0.5 06| 448 023 027 0.5 06| 3.90 0.20 0.43
0.6 0.7 .86 026 034 06 07| 502 0.3 0.50
0.7 0.8 620 028 036 0.7 0.8| 545 0.3 0.52
0.8 049 7.81 0.32 047 0.8 09| 574 0.24 0.52
0.% 1.0 B.68  0.34 0.52 0.9 10| 649 0.29 0.50
L0 1.2| 6.90 0.21 0.58
1.2 14| 942 0591 0.91 1.2 14| 7.50 0.22 0.62
1.4 16| 116 1.1 L5 1.4 16| 5.00 0.25 0.63
L& 1.8 126 1.1 L& 1.6 18| 840 0.26 0.61
L& 20 1241 0.79 085 1.8 20| 878 0.26 0.61
20 22| 1068 0.5 073 20 22| 840 0.24 0.55
22 24| 1295 0.B1 096 22 24| 924 0.25 0.58
24 26| 11.76 0.58 085 24 16| 84l 0.24 0.51
26 28 1025 073 062 26 28| B 0. 0.49
28 3.0 1043 05T 061 28 3.0 805 0.23 047
3.0 3.2 1088 0.5& 061 30 3.2 7.21 0.23 047

4.0 4.2 8.01 045 044 4.0 4.2| 580 0.20 0.35
4.2 44| 790 046 043 4.2 44| 532 0.20 0.32

4.6 4.8 637 042 035 4.6 4.8| 4.68 0.18 027
4.8 50| 6.64 043 037 4.8 5.0| 4.35 0.18 0.26
G0 52 560 033 031 L0 52| 392 LIN K 023
5.2 56| 553 029 031 52 L6| 367 011 0.2
hg 60 514 027 020 G G.0| 3.24 0.11 0.19
G.0 6.4 4.17  0.24 0.23 6.0 6.4 261 0.10 0.15
G.4 6.8 400 0.24 0.22 6.4 68| 218 0.09 0.12
GE T2 300 021 017 68 7.2| 195 0.08 011
7.2 T6 300 021 017 72 7.6 1.735 00OvE 0098
76 BOl 246 016 014 TG B.O[ 1.531 0.074 0086
B0 B4l 206 017 012 B0 Bd| Ll10D 0063 0.062
B4 BEl 155 015 009 &4 B.B| 1052 0062  0.059
BE 92 128 0.14 0.o7 &8 D.2| 0785 0.054 0.045
02 9.6 098 012 006 02 o6 0.716 0051 0.040
06 100 1.o4 012 006 0.6 10,0 0.584 07T 0.033
100 10.8| 0878  0.081 0,052 ||10.0 10.8| 0490 0030 0027
108 11.6| 0.505 0.063 0030 ||10.8 1L.6| 0.312  0.024 0017
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Ao Eu;p Plow Pup j‘%‘* Agran -ﬁwa Plow Pup j‘%f Asrar -ﬂ-ap
(mrad) | (GeV/c) (mb/{GeV fc)) (GeV/c) (mb/[GeV /c])
116 124 0270  0.054 0016 |[11.6 12.4) 0.194 0.020 0.011
124 13.2| 0271 0048 0016 ||12.4 13.2| 0121 0.016 0.007
13.2 14.0( 0.005 0.014 0.005
100 140 0.2 0.3 227 0.28 0.22 02 0.3 196 0.21 0.29
0.3 04| 3.72 0.34 0.25 03 04| 347 0.26 0.44
0.4 0.5 5.95 0.37 0.35 0.4 05| 4.92 0.29 0.50
0.5 06| 7.18 0.38 0.40 0.5 0.6 6.04 0.30 0.56
06 0.7 B.99 0.41 0.48 06 07| 818 0.34 0.G8
0.7 08| 1002  0.45 0.54 0.7 08 800 0.34 0.61
0.8 09 1005 0.49 0.63 08 0.9 928 0.37 0.67
0% 1.0 11.73 047 068 09 Lo 9.67 0.38 0.67

1.0 12| 132 049 L1 1.0 1.2| 10.68 027 0.68
1.2 14| 130 049 Lo 1.2 1.4 1050 026 0.69
1.4 16| 144 1.0 11 1.4 16| 10.52 0.935 0.58
16 18 142 1.2 Lo 1.6 18| 10.62 027 0.56

1.3 20/ 1233 091 0.78 1.8 20 10.83 027 0.53
20 22| 127 088 0.7V 2.0 22| 996 0.26 0.47
22 24| 1274 08T 076 22 24| 9.74 0.2 0.43
24 26 1202 08T 071 24 26| 932 0.23 0.40
26 28| 0T2 054 0.57 26 28| 846 0.22 0.35
28 3.0/ 9.21 0.55  0.54 28 3.0| 787 0.22 0.32
3.0 32| 926  0.54 0.55 30 3.2 7.30 0.23 0.40
32 34| B4 049 047 32 34| 618 0.21 0.31
34 316/ 773 049 045 34 36| 6.02 0.21 0.31
a6 38 677 043 040 3.6 38| L.00 0.19 0.246
38 40| 546 038 032 38 4.0) 474 0.18 0.24
4.0 42| 547 041 0.32 4.0 4.2| 427 0.18 0.22
4.2 44| 535 040 031 4.2 4.4 3.56 0.17 0.19
44 46] 388 034 0.23 44 46| 330 0.16 0.17
46 48 387 035 023 16 48| 313 0.15 0.15
4.8 50| 3.81 0.35 022 4.8 GO 265 0.14 0.13
50 52| 332 032 020 5.0 52| 246 0.13 0.12
52 56 254 019 015 5.2 5.6 2.05 0.09 0.10
A6 600 264 019 016 5.6 6.0 1645 0077 0.081
G0 64| 183 017 011 6.0 64| 1321 0068 0.065
G4 68 115 014 0.07 6.4 6.8 1051 0062 00563
6.8 T2 1.4 014 0.07 6.8 7.2 0746 0052 0.03T
7.2 T6| 086 012 005 7.2 7.6 05093 0048 0029
7.6 B0l 063 011 0.04 7.6 B.O[ 0472 0042 0023
B0 B4 0533 0.099 0033 || 8.0 Bd4) 0369 0038  0.018
B4 8B 0390 012 002 B4 BE| 0218 0029 0011
BB 02 0188 0029  0.009
0.2 06 0205 0029 0.010
140 180 0.2 03] 3.56 035 020 0.2 03] 3.02 0.30 0.41
0.3 04| 6.05 039 037 0.3 04) 4.51 0.34 0.50
0.4 05 B57 042 045 0.4 05| 650 0.37 0.58
0.5 0.6 891 042 045 05 06| 7.2 0.39 0.62
06 0.7 11.31 045 055 0.6 0.7| 958 0.42 .65
0.7 0.E| 13.37 051 064 0.7 0.8 10.04 0.44 0.67
0.8 09 139 052 072 0.8 0.9 1120 045 0.63
0.9 1.0 13.34 050 069 0.9 1.0 10.82 043 0.59
L0 1.2 122 1.0 Lo 1.0 1.2{ 1195 029 0.63

1.2 1.4 123 1.2 Lo 1.2 14| 1244 0.43 0.60
L4 1.6 14.0 1.2 0.9 L4 L&[ 124%  0.31 0.55
L& 1.8 118 1.2 0.9 16 1.8 1104 0.28 0.42
1.3 20 121 1.1 0.8 18 20 1L.27 0.28 0.40
20 22| 127 1.1 0.8 20 22| 989 0.27 0.34

23 24| 954 0.98 0.59 22 24| 525 0.25 0.29

24 26| 7.6 0.79 0.48 24 26| TAG 0.24 0.25

26 28| BAT 0.92 0.52 26 28| 6.62 0.22 0.21
‘ontinued on next page
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g —
Blow Bup [Plow Pup | 22 Apat Daye [|Prow pup | 2 Mgt Aags
(mrad) | (GeV/c) (mb/{GeV /)] (GeV/e) (mb/[GeV /c])

x

28 30 580 077 038 2B 30| 5T 0.20 0.18
3.0 32 6 078 D38 30 3.2 524 0.19 0.24
3.2 34| 3T 063 024 3.2 34| 4.48 0.18 0.20
3.4 3.6 4.31 0.66 028 3.4 3.6 380 0.16 0.7
16 18 358 062 023 36 38| 3 0.15 0.15
3.8 4.0 305 057 019 3B 40| 302 0.15 0.14
4.0 42 332 060 021 4.0 4.2 240 0.13 0.10
4.2 44| 337 062 022 42 4.4 220 0.13 0.10
dd 46 1.28 041 0.08 4.4 4.6) 1.092 0.12 0.08
4.6 4.8 205 049 013 4.6 4.8| 1.58 0.11 0.07
4.8 50 1.34 041 0.09 4.8 5.0| 1.50 0.10 0.06
5.0 52 120 039 008 50 52| 1.141 0093 0050
5.6] 116 018 008 52 L& 0748 0DUDS1 0.033
60| DLEZ 016 005 5G G0 D661 0049 o028
6.0 6.4 0407 Q03T 0017
6.4 G| 0314 0.035  0.013
6.8 7.2 0283 0031 0.012

7.2 7.6 0223 0030 0009
180 40| 0.2 03] .73 038 048 0.2 0.3 5El 0.31 0.71
0.3 04| 1066 043 058 0.3 04| 93 0.4 1.0
0.4 0.5 1558 050 075 0.4 05| 131 0.4 1.2
0.5 06 17.33 052 O77 0.5 06| 157 0.5 1.2
0.6 0.7 20003 054 084 06 07| 17.7 0.5 1.2
0.7 0.E| 2101 061 0.59 0.7 08| 188 0.5 1.1
0.8 09 224 0.7 L0 0.8 0.9 19.0 0.5 1.1
0.9 10| 221 0.6 L0 0.9 10| 20.0 0.5 1.1
1.0 12| 23.0 1.G L7 1.0 1.2| 19.3 0.4 1.1
1.2 14| 218 1.5 K] 1.2 1.4| 1817 0.35 0.97
1.4 1.6] 185 1.3 1.3 1.4 L& 16.74 0.34 0.74
L& 1.8 158 1.3 1.1 1.6 L8| 1435 032 0,60
1.8 2.0 15.2 1.2 L0 1.8 20| 1250 0.29 0.50
20 22| 125 1.1 0.8 20 22| 1046 027 0.42
22 24| 116 1.1 0.8 22 24| 929 0.26 0.35
24 26/ 748 086 040 24 26| TED 0.23 0.29
26 2B 762 0BG 049 26 DE| 663 0.21 0.24

2.8 3.0 6.51 0.81 0.44 2.8 3.0| 563 0.20 0.21
3.0 3.2| 5.89 0.75 0.39 3.0 3.2| 4.30 0.20 0.22
3.2 34| 383 0.63 0.24 3.2 34| 347 0.18 0.7

16 318 354 062 025 36 38| 236 0.15 012
38 4.0 291 056 019 38 4.0 103 0.14 0.10
4.0 4.2 231 0.52 015 4.0 4.2| 1.49 0.12 0.08
4.2 44| 1.4 046 012 4.2 4.4 149 0.12 0.07
dd 46 1.28 041 0.09 4.4 46| 1.26 0.11 0.07
46 48 1.T2 045 011 16 48| 1.04 0.10 0.05
4.8 L0| 0B 0002 0044
50 52| 0583 0076 0032
52 LG D471 0.047  0.025
506 GO0 D275 Q03T 0017
6.0 6.4 0181 0.033  0.010

240 300| 0.2 0.3 8.49  0.44 0.54 0.2 0.3 7.36 0.37 0.87
0.3 04| 13898 053 066 0.3 04| 124 0.4 1.2

0.4 05 1780 053 078 0.4 05| 158 0.5 1.4
0.5 0.6 2021 061 0.54 0.5 0G| 17T 0.5 1.3
0.6 0.7 21.75  0.64 0.54 06 07| 19.7 0.6 1.2
0.7 0.8 2260 071 0.4l 0.7 08| 194 0.6 1.1
0.8 09 2228 0.7 096 0.8 0.9 108 0.6 1.1
0.9 1.0] 225 1.1 LIR!] 0.9 10| 184 1.1 0.9
L0 1.2] 17.1 1.5 L5 1.0 12| 17.00  0.40 0.04
1.2 14| 16.0 1.5 1.3 1.2 1.4 1482 0.37 0.77
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Tl‘ Ed

o Eu;p Plow Pup %’% Aata Mays ||Plow Pup %’% Mrar TR
{mrad) |{GeV/e) (mb/(GaV /c)) (GeV /) (mb/(GeV /c))
1.4 14| 140 1.3 1.1 1.4 16| 12.04 0.35 056
1.6 1.8] 133 1.1 1.0 1.6 1.8] 1020 031 0.51
1.8 20 1.7 1.4 1.0 1.8 2.0 832 0.28 0.41
20 22| 628 0.25 0.31

29 24| 532 022 0.20

2.4 26| 3.96 0.19 0.15

26 28] 315 0.17 0.12

28 3.0] 243 0.16 0.10

30 32 202 0.14 0.12

3.2 34| 142 0.12 0.09

34 3.6) 0.963 0095 0.057

36 3.8) 100 0.10 0,06

38 40| 0731 0.085 0.044

4.0 4.2| 0.484 0.070 0.031

1.2 4.4 0.368 0060 0.023

Jo0 360| 0.2 0.3 1016 069 0.52 0.2 03] 820 0.56 0.08
0.3 04] 1546 0.70 0.70 0.3 04] 13.6 0.6 1.4
0.4 0.5 1885 071 0.E3 04 05 166 0.6 L5
0.5 0.6]) 2144 073 0BT 0.5 06| 188 0.6 1.5
0.6 07| 21.50  0.73 0.52 0.6 07| 2000 0.7 1.5
0.7 08| 21.32 0.8l 0.79 0.7 08| 20.0 0.7 1.4
0.8 0.9 2047 079 0.74 08 09 172 0.6 1.2
0% 1.0] 1918 0O.78 0.73 0.9 1.0] 16.6 0.6 1.1
1.0 1.2| 14.02 0.41 0.89

1.2 1.4] 11.09 0.40 0.72

1.4 1.6| 7.80 0.34 0.49

1.6 1.8| 653 0.31 0.39

1.8 2.0 425 0.24 0.24

20 2.2 343 022 021

22 24| 281 0.19 0.17

24 2G| 181 0.15 0.11

26 28] 131 013 0.08

28 3.0] 106 0.2 0,06

3.0 3.2( 0.68 0.10 0.05

3.2 34| 0512 0.093 0.036

360 420) 0.2 0.3) 1181 0.BD 0.4l 0.2 03] 105 o.r 1.2
0.3 0.4) 183 1.0 1.3 0.3 04| 141 0.8 1.5
0.4 0.5 1946 0.9 L4 0.4 05] 16.9 0.8 1.G
0.5 0.6 180 LI ] 1.2 0.5 06| 180 0.8 1.6
06 0.7 192 0.8 1.3 06 07| 166 0T 1.4
0.7 0.8 181 0.9 1.2 0.7 08| 15T 0.7 1.3
0.8 0.9 167 0.8 1.2 0.8 09] 148 0.7 1.2
0.% 1.0] 151 0.8 1.1 09 1.0 1197 0.58 0.92
1.0 1.2| 1107 0.39 0.84

1.2 14| 7.7 0.36 0,60

1.4 16| 522 0.26 0.30

1.6 1.8] 4.30 024 0.33

1.8 20| 271 0.19 0.22

20 2.2( 1.80 0.16 0.13

22 24) 138 014 0.10

2.4 2G| 095 0.11 0.07

2.6 28| 082 0.11 0,06

2.8 3.0] 0636 0.096 0.04%
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Appendix III

The final K’ production cross sections in polar angle intervals with systematic errors.

Oiow  Onigh | Plow Phign | d0°5/dp  Ayar  Auat Ay A,
(mrad) (GeV/c) (mb/GeV/c) [%]  (mb/GeV/e)  [%]
0 20 0.4 7.2 0.066 0.010 15.4 0.004 7.0
20 140 0.4 24 1.371 0.284 20.7 0.101

24 3.2 2017 0.208 14.8 0.149

32 4.0 1.748 0.196 11.2 0.129

4.0 48 1.256 0.165 13.1 0.003

4.8 5.6 1.293 0.153 118 0.005 T4

5.6 7.2 0.899 0.101 11.3 0.066

7.2 88 0,303 0.071 182 0.029

88 10.8 0.416 0.054 13 0.031

10.8 20.0 0.101 0.015 152 0.007
140 240 0.4 24 1.734 0.27 15.6 0.117

24 4.0 1.36 0.111 8.2 0.002 6.7

4.0 5.6 0,446 0.045 102 0.03

5.6 10.8 0.076 0,01 13.7 0.005
240 420 0.4 5.6 0.815 0.227 279 0.061 75

Table I: The NAG1/SHINE preliminary results for the differential K2 production cross section in the laboratory system, do fdp
for p+C interactions at 31 GeV/c. Each row refers to a different (piow < p < Pup, Olow < 8 < 8up) bin, where p and @ are the
kaon momentum and polar angle in the laboratory frame. The central value as well as the statistical (As¢:) and systematic
(A.ys) errors of the cross section are given. The overall uncertainty due to the normalization procedure is not included.



