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1. Introduction

What are the most basic constituents of matter? What interactions determine their

behaviour? How are complex structures built up from them? These are some of the

fundamental questions, which are pursued by high-energy particle physics (among

the physical disciplines). The answers to these questions require meticulous work, in

the course of which the theoretical and experimental researches interact with each

other. Among the experimental work are the verifications of theoretical predictions

and the supply of new facts, which can provide the necessary substrate for the

refinement of existing theoretical models, and for the development of new ones.

The theory of strong interaction, quantum chromodynamics (QCD), describes

the interactions of the elementary quark and gluon particles (constituents of hadrons

and mesons) with each other. The theory itself was born due to high-energy experi-

mental findings. Later, however, it also inspired the performance of several measure-

ments. For interactions involving large momentum transfer QCD can be computed

using perturbative approaches. In such interactions numerous predictions of QCD

has been tested experimentally; all of these tests found good agreement between the

expected and the finally measured results. Nevertheless, the perturbative approach

cannot be used to solve the equations of QCD for interactions with small momentum

transfer. For the description of the experimental results in such momentum domain

various phenomenological models exist. These models use various assumptions for

the fragmentation of the initial parton and for the hadronisation of the fragments

to describe the observations. Thus, experimental results in the region of small mo-

mentum transfer are of primary importance for the refinement of phenomenological

descriptions.

The experimental data of the new particle accelerator of CERN, the Large

Hadron Collider (LHC), inaugurated in December 2009, provided the possibility to

perform such low-pT measurements at collision energies never achieved previously

in laboratory.
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2. Developed Experimental Tools

Long before the actual start of the LHC I started to work as a member of the

CMS Collaboration on the measurement methods of low-pT observables, such as

the transverse momentum and angular distribution of unidentified hadrons. The

work was not limited to the development of the analysis methods, but it also in-

cluded the creation of the necessary tools themselves. In the end two measurement

methods have been developed: the so-called pixel counting and the minimum bias

tracking. I developed the first method in collaboration with Gábor Veres (ELTE

TTK, Department of Atomic Physics), and the second one with Ferenc Siklér (MTA

KFKI RMKI). With the help of the tools developed for the minimum bias tracking,

I also prepared an analysis method for the measurement of the spectra of weakly

decaying strange particles. In this work I was collaborating with four researchers of

the University of Colorado Boulder: Kevin Stenson, Keith Ulmer, Brian Drell and

Luiggi Eduardo. These preparation were followed by the actual measurements and

the publication of the results. In the following I will briefly introduce the methods

and the results of these measurements.

Pixel counting In order to better understand the measurement methods it is

important to have a basic knowledge about the instrument of the measurements,

the CMS detector. CMS is a huge cylindrical apparatus with a mass of 12 500 t, a

diameter of 15 m, and a length of 21.5 m. I only used a small (compared to the full

volume) central part of the detector for my measurements: the so-called tracking

detector, which is capable of registering the trajectories of charged particles. (Here

and in the following I disregard the detectors used for event selection.) The tracking

detector is composed of distinct layers. In the centre region of the detector, these

layers are cylinders with different radii and with the beamline as axis. Close to the

ends of the detector, the layers are discs placed at various distances from the centre

of the detector perpendicular to the beamline. Each layer is composed of small

semiconductor silicon cells, which have different geometrical proportions. The cells

of the layers closest to the interaction point have a volume of 100× 150× 300 µm3,
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out of which 100 × 150 µm2 is the surface parallel to the beamline; these cells are

called pixels. The cells of the outer layers are larger, their surface parallel to the

beam line is typically 100 µm × 15 cm; these are called strips. The neighbouring

pixels or strips, which reach the read-out threshold are merged into higher level

objects, so-called clusters. The trajectories of charged particles are bent by the

homogeneous magnetic field of 3.8 T.

The pixel counting method measures the density of charged hadrons produced

in the collision (so-called primar hadrons) as a function of the production angle

based on the occupancy of the various pixel-cylinder layers. In the ideal situation

there would be a one-to-one correspondence between a pixel cluster and a primary

hadron. However, this is not the case: clusters can also be produced by non-primary

particles, and even a primary particle can leave multiple or zero clusters. Clusters

are produced due to the daughters of neutral particles (typically K0
s → π+π−,

Λ → pπ−, Λ̄ → p̄π+), particles created in the interactions with the material of the

detector, and so-called delta-ray electrons. Zero or multiple clusters can be pro-

duced by low-pT particles, which do not reach the pixel layers, or which traverse

the layers multiple times on the course of their propagation in the magnetic field.

However, such background can be largely suppressed by using the position of the in-

teraction point (vertex). The lengths of clusters along the beamline are proportional

to | sinh(η)|, where the η pseudorapidity is computed from the relative position of

the cluster and the vertex: η = − ln(tg(θ/2)), and θ is the polar angle measured

from the beamline. This proportionality only holds for primary particles, thus a

large part of the background can be rejected by imposing it.

I prepared this analysis method before the arrival of collision [1, 2, 3, 4, 5],

and later I applied it on the 0.9, 2.36, and 7 TeV collision data [6, 7, 8, 9, 10, 11, 12].

I also applied the method in heavy-ion collisions. We are preparing the publication

now, but I already presented the results on a conference [13, 14].

Minimum bias tracking The method described above is not suitable for the mea-

surement of transverse momentum (pT). That requires the (partial) reconstruction

of trajectories of particles. The primary goal of the track reconstruction software of

CMS was the reconstruction of high-pT (several GeV/c) muons. Thus, the recon-
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struction capability of low-pT (few hundred MeV/c) particles was not required from

the algorithm. The practical minimum pT of the reconstruction was ∼ 900 GeV/c.

However, the most probable pT of particles produced in the collision is much lower

than that, for pions (as it turned out from the measurement) it is around 250 MeV/c

for 7 TeV proton-proton collisions. Thus, the algorithms were needed to be improved

for the measurements of inclusive hadron spectra, which fundamental improvements

were made by Ferenc Sikler [15].

My contribution to the development was related to the actual usage of the al-

ready existing tools, to the optimization of the steps of track reconstruction. In order

to have optimal tracking perfomance (high efficiency, small reconstruction proba-

bility for “ghost” tracks) we start with building pixel triplets taking into account

the position of the primary interaction point. These triplets are then propagated

through the tracking detector. This step already finds most of the primary particles.

This step is followed by an “opened” reconstruction step, where the primary vertex

origin of the particles is no longer required. In this step mostly secondary particles

are reconstructed. Finally, a step consists of builiding pixel pairs follows, which is

the last step of the track reconstruction process. We developed this method of track

reconstruction before the arrival of collision data (as in the case of pixel counting)

[2, 3, 4, 5, 16]. The method was used for several CMS publications [8, 9, 17, 18].

Spectra of strange particles The weakly decaying strange particles (K0
s , Λ) can

be identified based on their decay topology [19] due their relatively large lifetime

(cτ = 2.68 and 7.89 cm, respectively). The main decay channels used for the

identification are the same as the ones mentioned during the discussion of the pixel

counting method: K0
s → π+π−, Λ→ pπ−, and Λ̄→ p̄π+. I rejected a large part of

the combinatorial combinations of opposite charged track-pairs by imposing simple

geometrical conditions. Among such criteria are the smallest distance between the

two daughter-candidates and the impact parameter of the mother [20]. After I

developed the method, I applied it on collision data to measure the pseudorapidity

and transverse momentum distributions [12, 18, 21, 22].



Thesis points

1. The development and the defense within the CMS Collaboration of the so-

called pixel counting analysis method, which is capable of measuring the an-

gular distribution of charged particles [1, 2, 3, 4, 5]. I applied the method both

in proton-proton and lead-lead collisions [6, 7, 8, 9, 10, 11, 12, 13, 14].

2. Contribution to the development of the so-called minimum bias tracking [15].

My contribution was related to the optimization of the order of the steps

of track reconstruction. This tool makes the measurement of the angular and

transverse momentum distributions of charged hadrons possible [2, 3, 4, 5, 16].

3. The measurement of the angular distribution of charged hadrons in 0.9 and

2.36 TeV centre-of-mass energy proton-proton collisions with the pixel count-

ing method. These measurements together with earlier results made the de-

termination of energy dependence of hadron density possible [6, 8, 10, 11, 12].

4. The measurement of the angular distribution of charged hadrons in 7 TeV

centre-of-mass energy proton-proton collisions with the pixel counting method.

The measurement also made it possible to determine the energy dependence

of hadron density over a larger energy domain [7, 9, 12].

5. The development and the defense within the CMS Collaboration of an analysis

method for the measurement of the spectra of strange particles (K0
s , Λ, and

Λ̄) [20].

6. The measurement of rapidity densities of weakly decaying strange particles in

0.9 and 7 TeV centre-of-mass energy proton-proton collisions [12, 18, 21, 22].

7. The measurement of transverse momentum distributions of weakly decaying

strange particles in 0.9 and 7 TeV centre-of-mass proton-proton collisions [12,

18, 21, 22].
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3. Results

I determined the spectra of unidentified hadrons and the spectra of strange particles

for so-called non-single-diffractive collisions.

The measured pseudorapidity densities of charged hadrons for the three colli-

sion energies are the following: 3.48 ± 0.02 (stat.) ± 0.13 (syst.) (0.9 TeV), 4.47 ±
0.04 (stat.)± 0.16 (syst.) (2.36 TeV), and 5.78± 0.01 (stat.)± 0.23 (syst.) (7 TeV)

[8, 9]. The result at 0.9 TeV is in good agreement with the measurement of UA5

performed at the same energy but in pp̄ collisions. This is in accordance with our ex-

pectation that it is not only the cross section of inclusive hadron production, which

is in agreement in pp and pp̄ collisions at such a high energy, but also the hadron

density in the domain of |η| < 2.5. The hadron density in case of the higher en-

ergy data are much larger than the expectations based on event generators pythia

and phojet (6–30%, depending on the parameters of the models). The observed

increase of hadron density as a function of collision energy is larger than the pre-

dictions of the most popular models (Fig. 1). The pseudorapidity dependence of

hadron density in the experimentally accessible |η| < 2.5 region is weak, it is below

10% (Fig. 1).

For strange particles, the difference between the pythia-based expectations

and the measurements is getting larger as the collision energy and the mass of the

particle increases [18] (Fig. 2). In case of K0
s the deviation is compatible with the one

seen for unidentified hadron, but for Λ the deviations are even larger. A curiosity of

the measured rapidity distributions is that the flat behaviour for central rapidities

only holds for |y| < 1.2, but then the distributions start to decrease. This decrease

can only be reproduced by certain sets of input parameters with the pythia event

generator. The measured transverse momentum distributions can be well described

by the so-called Tsallis distribution, which combines the low-pT Boltzmann and

the high-pT power-law behaviour. The ratio of the measured transverse momentum

spectra of K0
s and Λ is independent of collision energy within the uncertainties of

the measurements (Fig. 2).
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Figure 1: Left: Pseudorapidity densities of charged hadrons at η ≈ 0 in pp and pp̄
collisions as a function of collision energy [9]. The upper curve and the filled symbols
are for so-called non-single-diffractive (NSD) collisions, while the lower curve and
the open symbols are for inelastic collisions. The other curves show various model
predictions [23, 24, 25]. The error bars represent the systematic uncertainties. Right:
Measured dNch/dη distribution for NSD collisions in 0.9, 2.36, and 7 TeV proton-
proton collisions [9]. Our results (black dots) are in good agreement with those of
UA5 (squares) and ALICE (triangles). The error band represents the systematic
uncertainties of the CMS measurement.
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Figure 2: Left: Measured pseudorapidity distributions of K0
s in 0.9 and 7 TeV NSD

collisions [18]. The results are compared to three different pythia parameterisations
[26, 27]. Right: The ratio of the transverse momentum distributions of K0

s and Λ in
NSD collisions at 0.9 and 7 TeV collision energies [18].
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(conference talk), Magfizikus Találkozó 2009, September 3-4, 2009, Jávorkút,
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