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Abstract

The eTe™ pairs (dileptons) produced in collisions of atomic nuclei are excellent probes that carry the infor-
mation from hot and dense nuclear matter created during collision. This is possible because, unlike hadron
probes, they do not interact strongly and leave the nuclear matter almost undisturbed. Experimental stud-
ies of the dilepton production in heavy-ion collisions at energies of a few GeV per nucleon are conducted by
the HADES collaboration at the SIS-18 synchrotron in GSI research center in Darmstadt, Germany. For
the interpretation of dilepton spectra measured in heavy ion collisions, HADES also studies the production
of dileptons in the elementary proton-proton, neutron-proton and pion-proton collisions. The latter are es-
pecially important for understanding the production of dileptons in the Dalitz decays of baryon resonances.

This work presents the analysis of data collected with the HADES spectrometer for the dilepton production
in 77 p collisions at a pion beam momentum of 0.685 GeV/c. The measurements were performed with a
polyethylene target and, additionally, with a carbon target to determine the contribution to the dilepton
production from the beam scattering on carbon in polyethylene. The main aim of the work was to deter-
mine the size of the dilepton production signal due to emission of the virtual bremsstrahlung photons in the
elementary reaction 7" p — 7 p y*(v* — ete”). We searched for the signal from this process through
the analysis of three exclusive channels: 7 p ee™, mete” X, p eTe” X, and one inclusive channel:
eTe” X. To estimate the production of dileptons from various possible processes, we performed Monte
Carlo simulations based on theoretical models of these processes. The virtual photon bremsstrahlung was
simulated using theoretical description based on the soft-photon approximation. In turns, the dilepton
production in 7% and A(1232) Dalitz decays were simulated based on the partial wave analysis of one-
and two-pion production data from pion-nucleon scattering and photo-production experiments.

The experimental e™e™ invariant mass spectra are reasonably well described by the simulations. In the
range below the ¥ mass, these spectra are dominated by the 7% Dalitz decay. Various experimental dis-
tributions of the differential cross sections determined for this process are in a good agreement with the
simulations based on the partial wave analysis. We find that in the exclusive 77ete™X and p ete™ X
channels, the distributions of the eTe™ invariant mass in the range above the 7° mass are dominated by
the contribution from the bremsstrahlung emission. This contribution is roughly two times larger for the
7~ C collisions than for the m™p collisions. According to the performed simulations, the contribution from
the A resonance Dalitz decay is about two orders of magnitude smaller than that from the bremsstrahlung.

We used a clean signal for the bremsstrahlung emission process, observed in the exclusive 7~ eTe™ X anal-
ysis, to determine the cross-section for this process in the collisions of the 7~ beam with a polyethylene
target. The value of the cross-section determined within the HADES acceptance and for the e™e™ invariant
mass larger than 0.14 GeV/c? is (5.87 £ 0.9444; & 0.705y5) X 10~% mb. This value, extrapolated to the
full solid angle and the entire range of the ee¢™ invariant mass using simulations based on the soft-photon
approximation model, gives the total cross-section of (2.58 £ 0.4444: £ 0.3145) X 1072 mb. We also
determined the 7~ p bremsstrahlung cross section by subtracting the carbon contribution in the missing
mass spectra for the three exclusive channels measured with the polyethylene target. The mean value of
the obtained cross-sections, extrapolated to the full solid angle and the entire range of the e*e™ invariant
mass is (4.68 £ 14444 I 0.564,s) X 102 mb. To our knowledge, this is the first cross section data
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for the virtual bremsstrahlung emission in the collision of charged pions with protons.

The thesis is organized in the following way:

Chapter 1 presents the motivation of studies of the dilepton production in heavy-ion collisions and the
state of research of the dilepton production in the elementary nucleon-nucleon and pion-nucleon collisions.
It also provides the basics of the theoretical description of the bremsstrahlung emission process based on
the soft-photon approximation.

The accelerator complex in GSI research center, the pion beam-line and details of the HADES detection
system are described in Chapter 2.

Algorithms developed by the HADES collaboration for track and momentum reconstruction as well as for
identification of charged particles are presented in Chapter 3. Particular attention is paid to the methods
of electron identification using the HADES RICH detector.

Chapter 4 presents Monte Carlo simulations of various processes contributing to the production of dileptons
in the studied reaction channels.

The analysis of the collected experimental data, carried out to extract the signal from the production of
dileptons and, in particular, from the pion-proton bremsstrahlung, is presented in Chapter 5.

Interpretation of the obtained data by comparing them with results of simulations based on theoretical
models of investigated processes is given in Chapter 6. The estimation of the total cross section for the
bremsstrahlung process is also presented.

The summary of the work and the main conclusions drawn from the conducted research are given in
Chapter 7.




Streszczenie

Pary ete™ (dileptony) produkowane w zderzeniach jader atomowych sa doskonatymi prébnikami niosacymi
informacje z goracej i gestej materii jadrowej wytwarzanej w zderzeniach. Jest to mozliwe dzigki temu, ze
w przeciwienstwie do hadronéw, nie oddziatuja silnie i moga opusci¢ materie jadrows prawie niezaktécone.
Badania eksperymentalne produkcji dileptonéw w zderzeniach ciezkich jonéw przy energiach rzedu kilku
GeV na nukleon sg prowadzone przez zespét HADES na synchrotronie SIS-18 w osrodku badawczym GSI
w Darmstadt w Niemczech. Dla interpretacji widm dileptonéw otrzymywanych dla zderzen ciezkich jonow,
HADES bada réwniez produkcje dileptonéw w elementarnych zderzeniach proton-proton, neutron-proton
i pion-proton. Te ostatnie sg szczegdlnie wazne dla poznania produkcji dileptonéw w rozpadach Dalitza
rezonanow barionowych.

Niniejsza rozprawa przedstawia analize danych zebranych za pomoca spektrometru HADES dla produkcji
dileptonéw w zderzeniach 7~ p przy pedzie wiazki pionéw 0.685 GeV/c. Pomiary przeprowadzono z tar-
czg polietylenows i dodatkowo z tarcza weglowa dla okreslenia przyczynku do produkcji dileptonéw od
rozpraszania na weglu w tarczy polietylenowej. Glownym celem pracy byto okreslenie wielkosci sygnatu
od produkcji dileptonéw poprzez emisje wirtualnych fotonéw promieniowania hamowania w elementarnej
reakcji 7™ p — 7 p v (v — ete). Sygnal od tego procesu byt poszukiwany poprzez analize trzech
kanatéw ekskluzywnych: m~p eTe™, mete” X, p ete” X, oraz jednego kanalu inkluzywnego: ete™ X.
Aby oszacowaé wktad w produkcje dileptonéw od réznych mozliwych proceséw, przeprowadzono symulacje
oparte na modelach teoretycznych tych proceséw. Emisja wirtualnych fotonéw promieniowania hamowania
byta symulowana przy uzyciu modelu teoretycznego opartego na tzw. przyblizeniu migkkich fotonéw (ang.
soft-photon approximation (SPA)). Z kolei produkcje dileptonéw w rozpadach Dalitza mezonéw 7° i bari-
onéw A(1232) symulowano wykorzystujac wyniki analizy fal czastkowych danych dla produkeji jednego i
dwoéch pionéw w rozpraszaniu pion-nukleon i w procesie fotoprodukeji.

Eksperymentalne widma masy niezmienniczej par ete™ sg dobrze opisywane przez symulacje. W zakre-
sie ponizej masy 7 widma te sg zdominowane przez rozpad Dalitza 7. Wyznaczone réine rozklady
rézniczkowych przekrojow czynnych dla tego procesu sa w dobrej zgodnosci z symulacjami opartymi na
analizie fal czgstkowych. Stwierdzamy, ze w ekskluzywnych kanatach m~eTe” X i p eTe” X rozklady
masy niezmiennej ete” w zakresie powyzej masy 7 sg zdominowane przez przyczynek od procesu emisji
promieniowania hamowania. Przyczynek ten jest okoto dwa razy wigkszy dla zderzen m~ C niz dla zderzen
7~ p. Zgodnie z przeprowadzonymi symulacjami, wklad od rozpadu Dalitza rezonansu A jest o okoto dwa
rzedy wielko$ci mniejszy niz ten od promieniowania hamowania.

Czysty sygnal od procesu emisji promieniowania hamowania zaobserwowany w ekskluzywnym kanale
analizy m-eTe” X zostal wykorzystany do wyznaczenia przekroju czynnego dla tego procesu w
zderzeniach wiazki piondéw z tarcza polietylenowa. Otrzymana wartos¢ odpowiadajaca akceptancji
spektrometru HADES i wartoéciom masy niezmienniczej par eTe™ powyzej 0.14 GeV/c? wynosi
(5.87 £ 0.9454: £ 0.705,) X 1075 mb. Warto$é ta, ekstrapolowana do pelnego kata brylowego i
pelnego zakresu masy niezmiennej przy uzyciu symulacji opartych na modelu SPA, daje catkowity przekroj
czynny (2.58 + 04444 £ 0.3lg,) X 1072 mb. Wyznaczyliémy réwniez przekrdj czynny na emisje
promieniowania hamowania w zderzeniach 7~ p, odejmujac udzial wegla w widmach masy brakujacej dla
trzech ekskluzywnych kanatéw analizy zmierzonych z tarcza polietylenowa. Srednia z otrzymanych wartosci
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przekroju czynnego, ekstrapolowana do petnego kata brylowego i pelnego zakresu masy niezmiennej e*e™
wynosi (4.68 £ 1.4444¢ £ 0.564,5) X 1073 mb. Wedlug naszej wiedzy sa to pierwsze dane dla catkowitego
przekroju czynnego dla emisji wirtualnych fotonéw promieniowania hamowania w zderzeniu natadowanych
pionéw z protonami.

Uktad pracy jest nastepujacy:

W Rozdziale 1 przedstawiono motywacje badan produkeji dileptonéw w zderzeniach jader atomowych oraz
stan badan produkcji dileptonéw w zderzeniach nukleon-nukleon i pion-nukleon. Podane sg w nim takze
podstawy opisu teoretycznego procesu emisji promieniowania hamowania oparte na przyblizeniu migkkich
fotonow.

Kompleks akceleratorow w osrodku badawczym GSI, linia wigzki pionéw oraz szczegodly uktadu detek-
cyjnego HADES zostaly opisane w Rozdziale 2.

Algorytmy do rekonstrukcji toréw i pedéw czastek oraz identyfikacji czastek natadowanych, opracowane
przez zespot HADES, przedstawiono w Rozdziale 3. Szczegdlng uwage poswiecono metodom identyfikacji
elektronéw z wykorzystaniem detektora HADES RICH.

W Rozdziale 4 przedstawiono symulacje Monte Carlo réznych procesow wnoszacych wktad do produkcji
dileptonéw w badanych kanatach reakcji.

Analize zebranych danych eksperymentalnych, przeprowadzong w celu wydobycia sygnatu produkcji dilep-
tonéw, a w szczegdlnosdei sygnatu od promieniowania hamowania, przedstawiono w Rozdziale 5.

W Rozdziale 6 podano interpretacje uzyskanych danych poprzez poréwnanie ich z wynikami symulacji
opartych na modelach teoretycznych badanych proceséw. Przedstawiono rowniez oszacowanie catkowitego
przekroju czynnego dla procesu emisji promieniowania hamowania.

Podsumowanie pracy i gtéwne wnioski wyciagniete z przeprowadzonych badan podane sa w Rozdziale 7.
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Chapterl

Introduction

”In the beginning the Universe was created.
This has made a lot of people very angry and
has been widely regarded as a bad move.”

Douglas Adams
The Hitchhiker’s Guide to the Galaxy

This chapter presents the motivation behind the performed studies of the dilepton production in 7~ p colli-
sions. They are related to the main goal of the HADES experiment, which is to learn about the properties
of hot and dense nuclear matter created in heavy-ion collisions by measuring dileptons produced during the
collisions. This goal is discussed in the first section of the present chapter. To understand the spectra of
dileptons registered in the nucleus-nucleus collisions, it is important to measure the corresponding spectra
in the elementary nucleon-nucleon and pion-nucleon collisions. In Section 2, results of measurements of
dilepton production in N — N collisions are presented. One of the main sources of dileptons are Dalitz
decays of baryon resonances. Measurements of these decays can be used to determine the baryon transition
form-factors in the time-like region, as discussed in Section 3. Analysis of the production of dileptons in
7~ p collisions performed in the frame of this thesis, has led to the conclusion that a significant contribution
to the dilepton production comes from the virtual bremsstrahlung. In Section 4, the current state of the
experimental research on the production of bremsstrahlung in collisions of charged pions with protons is
presented and in Section 5, the basic theoretical description of the bremsstrahlung emission used in this
work is discussed.

1.1 Dilepton production in heavy-ion collisions

Studies of properties of nuclear matter at various densities and temperatures are one of the central issues
of nuclear physics. Understanding these properties is important for the theoretical description of the
transition from the strong-interaction matter consisting of quarks and gluons to hadrons, that occurred
in the early phase of the Big Bang. Studies of the dense nuclear matter are also important for the
description of neutron stars and of the binary neutron star mergers observed with gravitational waves
and light [1]. Another interesting goal of this research is to test the predictions of the theory of strong
interaction - quantum chromodynamics (QCD) concerning the transition between “confined phase” of
nuclear matter and quark-gluon plasma. This transition is associated with the phenomenon of the chiral
symmetry restoration.

The basic experimental method of studying the properties of nuclear matter is the collision of heavy ions on
particle accelerators. By choosing different energies and collision systems, different states of matter, that
appear for a short time during the collision, can be investigated. A phase diagram of strong interaction
matter is typically presented on a plane defined by temperature (7') and baryochemical potential (),
as shown in Fig. 1.1. In the early universe, the strong-interaction matter consisting of quarks and gluons
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occurred at very high temperatures (7' > 150 MeV) and zero baryochemical potential. The highest energy
experiments conducted at RHIC and LHC try to recreate these conditions to observe the transition between
hadronic matter and quark-gluon plasma.

At lower energies of 1-2 AGeV accessible in experiments with the HADES spectrometer at the GSI- SIS-18
accelerator, a baryon density 3-4 times greater than normal nuclear density and temperatures of the order
of order 100 MeV may be reached in a fireball with a mean lifespan of 10 fm/c for heavy-ion collisions. At
these temperatures and densities, the conditions for the chiral-symmetry restoration and deconfinement
of hadrons are not yet accessible. However, they may be sufficient for a partial restoration of the chiral
symmetry which may manifest in a substantial modification of the masses and decay width of hadrons
embedded in the hot and dense nuclear medium.
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Figure 1.1.: The phase diagram of strongly interacting matter on a plane defined by temperature 7" and
baryochemical potential pp. Dark blue and violet line represent, respectively, chemical, and
thermal freeze-out calculated within the framework of a statistical model. The chemical freeze-
out points are determined from a thermal model analysis of heavy-ion collision data at SIS,
AGS, SPS and RHIC energies. The hatched area represents the region of deconfinement.

At energies of a few GeV per nucleon, heavy-ion collision can be separated into three stages. At the
beginning of a collision, ions have normal matter properties. When they meet, hard scattering of nucleons
with high energy transfer occurs resulting in an increase of the density and temperature of the system,
with a formation of a fireball. At SIS-18 energies, fireball exists for 10-20 fm/c [2], while it expands and
cools down. Finally, the system reaches chemical and thermal equilibrium, indicating that the heavy-ion
collision has come to an end. The electromagnetic radiation, including real and virtual photons, represents
an excellent probe for investigations of heavy-ion collisions as it is emitted during the whole time evolution
of the collision carrying information about hot and compressed nuclear matter created in the collision.
Besides, unlike hadron probes, the electromagnetic radiation does not interact strongly and, therefore,
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leaves the nuclear matter almost undisturbed. Virtual photons decaying into a pair of leptons (dilepton)
have an extra observable in terms of their invariant-mass, in contrary to real photons, which are massless.

Nuclear matter studies with the use of dileptons have been conducted in experiments at various energy
scales. The dilepton spectroscopy was initiated in the mid-1980s at CERN on the SPS accelerator at
energies 40-158 GeV /nucleon by experiments Na34-HELIOS and Na38, and was then continued by CERES
and other experiments. Dilepton production research have been also conducted at ultra-relativistic energies
available at the collider RHIC by the experiment PHENIX and STAR and at LHC by experiments CMS,
ATLAS and ALICE.

First measurements of the dilepton production at lower energies, in the order of 1.0 GeV /nucleon, were
performed using the Dilepton Spectrometer (DLS) which was built and was operational during the late
1980s and early 1990s at the Bevatron/Bevalac accelerator at Lawrence Berkeley Laboratory (LBL). It was
a two arm dipole spectrometer capable of measuring electron—positron pairs [3,4].

A schematic drawing of the DLS setup is shown in Fig. 1.2. Each of the two identical DLS arms consisted
of a large-aperture dipole magnet, three drift chambers, two segmented 1-atm gas Cherenkov counters and
two scintillation hodoscope. The detection efficiency for electrons was 95% and the rejection factor of pions
was about 10°.

DiLepton Spectrometer

Scirkillator

Berenkoy
Detectors

Beam " e

Figure 1.2.: Schematic view of DLS experimental setup.

The DLS collaboration measured the dilepton invariant mass spectra for p + p and p + d collisions [5]
with beam energies from 1.04 GeV to 4.88 GeV, as well as in collisions of heavier nuclei such as C+C at
1.04 AGeV and Ca+Caat 1 and 2 AGeV [5,6]. Fig. 1.3 shows invariant mass spectra of e™e™ pairs measured
in C+C and Ca+Ca collisions at 1.0 AGeV. In the invariant mass range from about 0.2 to 0.6 GeV/c?
the experimental data points were strongly underestimated by available theoretical calculations based on
transport models for example the Hadron String Dynamics (HSD) model [7]. This discrepancy has been
called the DLS puzzle.

Solving the DLS puzzle had become one of the main research goals of the new experiment HADES at
SIS-18 accelerator in GSI Darmstadt, Germany, which was designed to study the production of dileptons
in a similar energy range as DLS, but with higher data rates and improved mass resolution. Measurements
performed by HADES in C+C collisions at 1 AGeV [8] turned out to be consistent with the corresponding
data from DLS and thus confirmed the correctness of these data. Further studies of the dilepton production
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Figure 1.3.: Dilepton invariant mass spectra for Ca+Ca and C+C at 1.04 AGeV compared with the sum
of all contributions included in the Hadron String Dynamics (HSD) transport code.

in p — p and d — p collisions at 1.25 GeV /nucleon performed at HADES showed that the dilepton pair
spectra measured in C+C collisions can be explained by superposition of elementary p 4+ p and n + p
collisions [9]. More details on this topic are given in the next section.

HADES also measured the dilepton production in collisions of the medium-heavy Ar+KCI systems at
1.756 AGeV [9,10] and of the heavy Au+Au systems at 1.23 AGeV [11]. In these collisions a systematic
excess of the dilepton emission, compared to the expectations based on the superposition of spectra for
clementary N — N collisions, was observed [12,13].

This excess originates mainly from the hot and dense hadronic medium (fireball) created during collision [1].
It shows a near-exponential dependence on the dilepton invariant mass. From this dependence, an average
temperature of the radiation from fireball formed in the Au+4Au collisions of T' = 71.8 4+ 2.1 MeV is
deduced. According to calculations using the transport models, the estimated nuclear matter densities
reached in the collisions are of up to three times the normal nuclear matter density. As pointed out in
Ref. [1], these properties are similar to ones expected to occur in the final state of a neutron star merger.
This demonstrates the importance of studying the dense and hot nuclear matter produced in heavy ion
collisions for the understanding of astrophysical phenomena.

In the energy range explored by HADES | the main dilepton sources can be divided into the following
categories:
1. The Dalitz decay of mesons:

o ™ — ~ete” — with branching ratio 1.2 %,
« 7 — 7 eTe” — with branching ratio 7.0 x 1073 %,
e w — 7 ete” — with branching ratio 8.0 x 1074,
2. The Dalitz decay of baryonic resonances:
« A — N ete™ — with branching ratio 4.2 x 1072,
« N(1535), N(1520),..... — Nete.
3. The vector meson decays:

« p — eTe” — with branching ratio 4.44 x 1077,

« w — eTe” — with branching ratio 7.07 x 107°,
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« ¢ — ete” — with branching ratio 3.09 x 107
4. Nucleon-nucleon and pion-nucleon bremsstrahlung: N N — N Nete ", 7N — 7 NeTe .

To investigate the above dilepton sources, HADES performed measurements of the dilepton production in
the elementary proton-proton, neutron-proton and pion-proton collisions. Results of the first two measure-
ments are presented briefly in the next subsection. In turns, the production of dileptons in pion-proton
collisions is the subject of the current work with particular emphasis on the virtual photon bremsstrahlung.

1.2 Studies of dilepton production in nucleon-nucleon collision

Production of e*e™ pairs in p+ p and p+ d collisions for beam kinetic energies in the range 1.0-4.9 GeV /c
was studied by the DLS collaboration [14]. They investigated the ratio of dilepton yield in p+d interaction
to p + p interaction. This ratio is sensitive to the contribution to the dilepton production from decays of
hadrons (e.g. Dalitz decays of A resonances and 70 mesons) and from the virtual bremsstrahlung. If the
dileptons were produced predominately by the decays of hadrons, then the pd/pp ration should be around
2-4, as the hadron production in p —n collisions is typically factor 3 times higher than in p — p collision. In
turns, in the case of bremsstrahlung this ratio would have a value around 10, since the p—n bremsstrahlung
is expected to be an order of magnitude higher than the p — p one [15]. For the beam kinetic energy at
1.0 GeV and the e™e™ invariant mass lager than 0.15 GeV /c?, the pd/pp ratio is around 10 (see Fig. 1.4),
which the authors of the publication [14] interpret as an effect resulting from the bremsstrahlung emission
in the p — n collisions.

15 —

[ T © m > 0.15 GeV/c?

10 — O m < 0.10 GeV/c?

dielectron yield ratio pd/pp

S p-w
_11111%11}1 11|]111111| llll 1]

0 1 2 3 4 S 6

beam kinetic energy (GeV)

Figure 1.4.: Ratio of dilepton yield in p — d and p — p collisions as a function of the beam kinetic energy,
for eTe™ invariant mass range 0.05 < m < 0.10 GeV/c? (squares) and m > 0.15 GeV/c?
(diamonds). Kinematic thresholds for the production of 77 and p, w mesons are indicated with
arrows. Figure is taken from Ref. [14].

The first measurement of the p p — p p eTe™ channel at an energy below the pion production threshold
was performed at the superconducting-cyclotron AGOR of the Kernfysisch Versneller Instituut (KVI) in
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Groningen [16]. All final state particles were measured in coincidence and a total of 600 events were col-
lected. Obtained differential cross sections are compared to predictions of the low energy calculation model
(LET) [17] and a fully relativistic microscopic model [18]. The LET calculation provides better description
of the experimental data than the microscopic model.

Production of e*e™ pairs in p — p and d — p collisions was also studied at HADES [19-22]. The pp
measurements were performed at a beam kinetic energy of 1.25, 2.2 and 3.5 GeV and the dp data were
taken at a deuteron beam energy of 1.25 GeV per nucleon. The d — p experiment was used to investigate
quasi-free n — p reaction. In this experiment, a deuteron beam was scattered on liquid hydrogen target
and the spectator proton from the deuteron projectile was registered by the Forward Wall consisting of
320 plastic scintillators arranged in a matrix, placed 7 meters downstream of the target and covering the
forward region of 0.5°-7°.

Fig. 1.5 presents distributions of the ete™ invariant mass measured in the p — p and n — p reactions. The
spectrum for n — p reaction shows much higher dilepton yield than the one for the p — p reaction. At
invariant masses below the ¥ mass, the yield can be understood by larger (factor 2) cross section for 7°
production in n — p collisions and the 7° Dalitz decay. At higher invariant masses the difference between
the two spectra is larger and more difficult to understand.

However, as pointed out in Ref. [9], by superposition of the dilepton spectra measured by HADES in
elementary the p — p and n — p collisions, the excess in the dilepton spectra measured in C+C collisions
can be explained. In this way, the "DLS puzzle” is solved. However, the puzzle has shifted to understanding
the increased production of dileptons in neutron-proton collisions.

In 2010, Shyam and Mosel [23] presented results of theoretical description of the dilepton production in
n — p and p — p collisions measured at HADES. Their calculation was based on the One-Boson Exchange
model [24] which was extended by inclusion of the electromagnetic form factors in the nucleon diagrams
using the Vector Dominance Model (VDM) [25]. In the case of p + p reaction, their calculation including
the 7% Dalitz decay, the A Dalitz decay and the nucleon-nucleon bremsstrahlung describe the HADES
data very well (see Fig. 1.5, upper panel). The introduction of the electromagnetic form-factors at the
nucleon vertices does not have a significant impact on the results. A different situation is in the case of the
np — npete reaction. Without inclusion of the electromagnetic form-factors at the pion and nucleon
vertices, the HADES data points are strongly underestimated at higher e™e™ invariant masses (see Fig. 1.5,
lower panel). As shown in the corresponding figure in Ref. [23], taking into account the electromagnetic form
factors allows for a proper description of the invariant mass distribution also at higher invariant mass values.

Theoretical calculations to explain the invariant mass spectra measured at HADES were also carried out
by Bashkanov and Clement [26]. In the calculations they took into account various contributions to the
dilepton production including Dalitz decays of 7° and 1 mesons as well as baryon resonances, predomi-
nately A, virtual bremsstrahlung emission and leptonic vector meson decay: p — e*e”. The p mesons
are formed due to the final state interaction between two pions originating from decays of a pair of A
resonances excited in the n — p collisions:

np - AN = npatanT = npp’ — npete

Taking the p meson decay into account allows for the explanation of the dilepton surplus observed at high
invariant masses in the n — p collisions. In Fig. 1.6, the HADES data for the invariant mass distributions
of eTe™ pairs measured in p — p scattering and quasi-free n — p scattering are compared to the results of
theoretical calculations of Bashkanov and Clement [26]. Both, p — p and n — p data are well described by
the calculations.
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Figure 1.5.: Invariant mass distribution of e™e™ pairs produced in p p — p p eTe™ reaction (upper panel)
and np — n pete reaction (lower panel) at beam kinetic energy of 1.25 GeV. Results of
theoretical calculations of Shyam and Mosel [23] are shown with various lines. The ¥ Dalitz
decay contributions are shown with dotted lines. The Delta isobar and N — N bremsstrahlung
contributions are shown with dashed lines and dashed-dotted lines, respectively, and their
coherent sum is represented by solid lines. Figure is taken from Ref. [23].
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Figure 1.6.: Invariant mass distributions of e*e™ pairs produced in N — N collisions at 1.25 GeV beam
kinetic energy. Left panel: HADES data for p — p collisions (red open circles) with two leading
contributions: 7° Dalitz (black line) and A Dalitz decay including form factor (red solid line)
and the point-like form factor (red dot-dashed line). Right panel: HADES data for n — p
collisions (blue open circles) with ¥ Dalitz decay and n — p bremsstrahlung (black line), A
Dalitz decay (red line), n Dalitz decay (green line). The dotted curve represents the sum of
these processes. The dashed cyan curve represents the contribution from p decay (p — ete™)
and the thick solid curve the total sum.

1.3 Electromagnetic form factors

A significant contribution to the production of dileptons comes from the Dalitz decay of baryons. The
baryon Dalitz decay B — N ~v*(y* — eTe™) is an electromagnetic transition that is sensitive to the
electromagnetic structure of the involved baryons.

T F@
timelike not accesible spacelike
ete” - AB e"A—e’B
(annihilation) (e~ scattering)

A—-ete B

(Dalitz decay)

} E i .
—(my +mg)? —(myg—mg)? 0 Q% = —¢*

Figure 1.7.: A schematic dependence of the electromagnetic form-factor in function of Q2 (= - ¢?) for the
space-like and time-like regions.

This structure is encoded in a function called electromagnetic Transition Form-Factor (eF'TT) which de-
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pends on the four-momentum squared ¢? of the virtual photon v*. The electromagnetic form factors are
analytical functions of ¢2 and for a consistent understanding of the baryon electromagnetic structure, ex-
perimental information on them is required both in the space-like region (q2 < 0) and in the time-like
region (¢? > 0). The dependence of the form-factor on ¢? is illustrated in Fig. 1.7.

The baryon form-factors have been extensively studied in recent years by the CLAS collaboration at JLAB
using electrons scattered on a proton target [27]. The corresponding process of the baryon resonance ex-
citation through the exchange of a virtual photon is shown in Fig. 1.8, left panel. The four-momentum
squared of the exchanged virtual photon (¢?) has in this case negative value. Thus, the CLAS measure-
ments provide access to the baryon form-factors in the space-like region, as schematically marked in Fig.
1.7.

Space-Like electromagnetic form factors Time-Like electromagnetic form factors

e CLAS

Figure 1.8.: Graph corresponding to excitation of baryon resonance N* in e p collision (left panel) and
to formation of N* resonance in ™ p collision with subsequent Dalitz decay to mete™ final
state (right panel).

In the time-like region corresponding to positive value of ¢2, there exist very scarce data from the annihila-
tion reaction: eTe~ — B N [28]. In this reaction, the form-factors can be studied for the four-momentum
squared higher than the sum of baryon masses squared: (mp + my)? (see Fig. 1.7.)

R

P, ®,0

N €

Figure 1.9.: Coupling of virtual photon to baryon via intermediate vector mesons, that have the same
quantum numbers as the photon.

Measurements of the Dalitz decay of baryon resonances provide access to baryon electromagnetic form-
factors in the time-like region but in the range of small ¢? values below the square of the mass difference
(mp — mx)? According to the Vector Dominance Model (VDM) [29], the coupling between photon and
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baryon is significantly influenced by vector mesons (p, w, ¢) as illustrated in Fig. 1.9. VDM was used for
description of eFTT in Dalitz decays of neutral mesons [30]. In Dalitz decays of baryon resonances, the
influence of the vector mesons on the photon-baryon coupling may be very important due to the proximity
of ¢% values to the vector meson masses.

HADES measurements of dilepton production in proton-proton collisions at kinetic energy 1.25 GeV were
used to study the Dalitz decay A(1232) — p ete™. In Fig. 1.10, ratio of experimental dilepton yield
from the to the A Dalitz decay to results of simulations assuming a point-like electromagnetic vertex is
presented [31]. A slight increase of the data is observed with increasing invariant mass squared of e*e™
pair. This increase agrees with predictions of the covariant quark model of Ramahlo and Pena including
the baryon electromagnetic form-factor [32] represented by blue line in Fig. 1.10. Contribution from the
coupling of the virtual photon to pion cloud coupling (red dashed line) and to the quark core (black dashed
line) is also indicated in the figure.
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Figure 1.10.: Ratio of the measured dilepton yield from the A(1232) — p e*e™ decay to the model of
point-like particle (QED) as a function of eTe™ invariant mass, compared to the Ramahlo
and Pena (RP) full model (blue) and assuming dominance of the photon-quark core (black
dashed) and photon-pion-cloud contributions (red dashed). Figure is adopted from Ref. [31].

The electromagnetic form-factors of baryons were also studied by HADES in 77 p collisions. The formation
of baryon resonances with masses in the region of the N(1520) resonance in the 7~ p collision with subse-
quent Dalitz decay to n e™e™ final state, illustrated in Fig. 1.8, right panel, was analyzed in Ref. [33]. A
publication on the electromagnetic structure of these resonances is in preparation.

21



1.4 Experimental studies of pion-nucleon bremsstrahlung

Dilepton production measurements using a low energy pion beam and a proton target were carried out in
several experiments in which the pions were either captured at rest [34-36] or collided with protons at mo-
mentum of 300 MeV /c [37]. The measured reactions were 7™ p — na'(yete ™ )and7m p — ny*(ete).
The studies were focused on the energy and angular distributions of the produced dileptons as well as on the
electromagnetic form factor of the 7°. To our knowledge, no measurements of the virtual bremsstrahlung
production in pion-nucleon scattering have been performed so far. However, measurements of the produc-
tion of real bremsstrahlung photons were carried out in several experiments.

The first, high statistics measurements of real bremsstrahlung production in pion-proton collisions,
p — wpyand mp — 7 p 7, were performed at the Lawrence Berkeley Laboratory (LBL)
184 in. cyclotron [Leu,1976, Nef1978]. Pions were produced in the external proton beam of the cyclotron.
Data were taken for three different kinetic energies: 269, 298 and 324 MeV of 7~ and m" beam. The pion
beam was scattered on a liquid hydrogen target. The outgoing protons, pions and photons were registered
in coincidence in a detection system presented schematically in Fig. 1.11. In the experiment, five-fold

» Beam

chambers II

Proton range
telescope

\,
Proton
chambers Pion
!,iquid Hz chambers 1 72D 18 magnet
s :: FHE3014-15 (vertical bend)
\ Scale
= Qi 05m
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Gy

"”'”'-V.H hodoscope

Figure 1.11.: Detection system used for registration of protons, pions and photons originating from pion-
proton collisions. G1 through G19 are lead-glass counters applied for the registration of
photons. Charged pions are registered in magnetic spectrometer equipped with a set of wire
spark chambers (pion chambers) and with scintillation’s counters (pion counters). The proton
detector consisted of three wire spark chambers and a range telescope comprising scintillation
counters and cooper absorbers. Figure is taken from Ref. [38].
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differential cross sections d°o /d§2,dS2,dE, as a function of the photon energy were determined. A char-
acteristic feature of these cross sections is a monotonic decrease with increasing photon energy, which is
consistent with the soft-photon approximation (SPA) calculation by Liou and Nutt [39] (see also Chapter
1.5). An example the differential cross-section dependence on the photon energy compared with the SPA
calculations is presented in Fig. 1.12. The five-fold differential cross-sections for the m™p — 77 p

4 T T T T T T T
3l T py
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—t— G
2 ’ .

T'pY
324 MeV
G13

O 1 1 1 i
20 40 60 80
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Figure 1.12.: Differential cross-section as a function of photon energy measured at two photon angles with
two photon counters (G1 and G2) for the pion beam kinetic energy of 324 MeV. The solid
line represents the SPA calculations by Liou and Nutt [39]. Figure is adopted from Ref. [38].

reaction were also measured by the Omicron collaboration using 300 GeV/c pion beam available at the
CERN synchro-cyclotron [40] and for the 77p — 71 p 7 reaction were measured at SIN (at present Paul
Scherrer Institut) at pion energy of 299 MeV [41].

An interesting result obtained in the measurements at SIN was the determination of the magnetic dipole
moment of the AT1(1232) resonance. At energies near the A(1232) resonance, the bremsstrahlung pho-
tons are emitted not only by the pion or proton, but also by the AT (see Fig. 1.13). This last contribution
depends on the magnetic moment of the A(1232). The method of determining the A resonance magnetic
moment was proposed by Kondratyuk and Ponomarev [42]. The magnetic dipole moment values of the
ATT(1232) presented by the Particle Data Group [43] are based on the 71p scattering data of SIN and

LBL experiments.
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Figure 1.13.: Feynman diagram for the process 7tp — ATt — ATty — 7Fp~. Figure is taken
from Ref. [38].

1.5 Theoretical description of bremsstrahlung emission in hadron-hadron collisions

1.5.1 Soft-photon approximation

One of the important steps in the development of the theoretical description of the bremsstrahlung emission
process was the derivation of the soft-photon theorem. This was done in 1958 by Low [44], who used the
expansion of cross-section in power of the photon energy k:

o = % + o9 + o1k + ... (1.5.1)
where,
o1 = ]g%(k o), (1.5.2)
.0
oy = Illg%%(k )z (1.5.3)
82
o = ,l%@(k 0)a;s (1.5.4)

Here x; are various kinematic variables. They are held constant in carrying out the partial differentiation.
The expansion coefficients are independent of k. The soft-photon theorem states that o_; and oo are
independent of the off-mass-shell effects and they can be evaluated from the knowledge of the two-body
elastic scattering amplitude.

According to Ref. [39], the soft-photon approximation (SPA) for the bremsstrahlung cross-section is defined
as:

ospA — U_Z(k) + 0'0(]{3). (155)

The dependence of ogp4 on k has the form of a hyperbola. Fig. 1.14 shows the differential cross-sections
for the pion-proton bremsstrahlung (75p — 75p 7) measured at Lawrence Berkeley Laboratory [39,45].
The dependence of the cross-sections on the photon energy is well described by the hyperbolic shape pre-
dicted by the SPA.
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Figure 1.14.: The 7 p v cross-sections, d5cr/dw7rdw7dk:, in the laboratory system, where incident-pion
energy is 298 MeV, the pion scattering angle is fixed at 50.5° and the gamma quantum
scattering angle is: a) 7, 6,= - 120° b) 7, 0,= 120° ¢) 7t 6,=- 120° d) 7", 6, = 120°.
The solid curves represent the results of the soft-photon approximation given by eq. 1.5.5.

1.5.2 Dilepton production via virtual bremsstrahlung

In the soft-photon approximation, emission of bremsstrahlung occurs only from the external lines in the
corresponding Feynman diagrams [46] as shown in Fig. 1.15. The radiation from the strongly interacting
blob is negligible, till the energy of the photon is less than the inverse of the collision time related to
the strong interaction 7 ~ 1-2 fm/c which means £, < 100-200 MeV [47]. The main advantage of the
soft-photon approximation, while estimating cross-section, is that the electromagnetic and strong interac-
tion elements of the scattering matrix are separated. Besides, the strong interaction matrix is taken on
energy shell. In the invariant cross-section for the emission of a real photon with four-momentum ¢*, the
electromagnetic and strong interaction effects are represented by two separate factors [48]:

d*o” «Q do
_ = Ex.d. — 1.5.
W Pgdr ~ In? (% J.ex J€A)dx (1.5.6)
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Figure 1.15.: Dilepton  production via  virtual bremsstrahlung in scattering of particles
a + b — ¢ + d + IT+ 1. The shaded region indicates a strong interac-
tion.

where €) is emitted photon polarization, do/dz is the strong interaction cross-section for the reaction

a+b— c+d, and

P Dy P vl
JH = Q=% — Qp—— + Qo— + Qu—L, (1.5.7)
Da-q DPv-q Pe-q Pa-q

where ()’s and p’s are charge and four momentum of particles.

For virtual photons, leading to the emission of dileptons, the real photon cross-section can be extrapo-
lated from ¢? = 0 to ¢> = M, where M is the invariant mass of the e*e™ pair. According to Riickl [46]
the result is:

dbg®te” a 1, &7

Wdp R AR g v (153)

where P’y and p_ refers to three momentum of leptons, By = (p2 + 122 is energy of lepton, M? =
(p4 + p_)? is squared invariant mass of dilepton, w is energy of emitted photon and « is fine structure
constant. The above formula was studied in detail by Schafer et al. [49], Gale and Kapusta [48] and Wolf
et al. [50], who generalized the formalism with additional phase-space correction.

1.5.3 Cross-section for the production of dileptons

In this work, for the simulation of dilepton production via virtual bremsstrahlung, we use the expression
proposed in Ref. [50]. This expression contains a correction of the phase-space volume accessable for the
colliding particles in their final state due to the emission of the virtual photon. It has the form:

—_—

d40‘e+e* _ Oé_2 0(8) RQ(SQ) (1 5 9)
dyd?*p,dM 673 ME? Ra(s)’ o
2
R(s) = \/1—M, S3= 5+ M?— 2E\/5, (1.5.10)
— _ 2
o(s) =2 (1 + o) o(s), (1.5.11)

2
2my
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where m; and msy are masses of colliding particles, M is the invariant mass, F is the energy, p; is the
transverse momentum, y is the rapidity of dilepton pairs and o(s) is elastic cross-section of respective
reaction channel. For our calculations, the above equation is reduced from fourfold to threefold differential
equation as derived in Appendix A and is stated as:

d3o _ a? o(s) Ra(sz) (15.12)
dydp?dM 672 ME? Ry(s)’ o
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Chapter2

HADES spectrometer at GSI

"Science is the attempt to discover, by means
of observation, and reasoning based upon it,
first, particular facts about the world, and
then laws connecting facts with one another
and (in fortunate cases) making it possible to
predict future occurrences.”

Bertrand Russell

The experimental studies presented in this thesis were performed at the GSI research center using a pion
beam and the HADES spectrometer. In Sections 2.1, 2.2 the accelerator complex in GSI, and the produc-
tion and properties of the pion beam are described. In Section 2.3, the details of the HADES detection
system are provided.

2.1 GSI accelerator complex

The accelerator facility in GSI Helmholtz Institute for Heavy Ion Research in Darmstadt, Germany [51],
was designed to provide ion beams of all natural chemical elements, from hydrogen to uranium. The
key components of this facility (Fig. 2.1) are ion sources, UNIversal Linear ACcelerator (UNILAC) and
heavy-ion synchrotron SIS-18 (Schwer-Ionen Synchrotron). The ion sources are used to generate beams
of ions with various intensities and ionization levels. The beams accelerated in UNILAC to maximum
energy 11.5 MeV /u are delivered to the experimental setups in the low energy experimental area. They
can be also transferred to SIS-18 for further acceleration to higher energies. SIS-18 has a circumference
of 216 meters and consists of 24 dipole magnets, 12 triplet lenses, 12 sextupole lenses and 2 accelerating
cavities. The maximum magnetic rigidity of SIS-18 magnets is 18 Tm. SIS-18 provides proton beam
with maximum energy of 4.5 GeV and intensity 2.8 x 10*3/s. For heavy ions the achievable energies
per nucleon and intensities are smaller and e.g. for U™", the maximum energy is 1.0 GeV/u and in-
tensity is 10 ions/s. The beam extracted from SIS-18 is transferred to one of the external experiments,
e.g. HADES. It is also used to produce secondary beams of pions as well as rare isotopes in collisions
with external targets. The interesting rare isotopes are separated from other collision products in the frag-
ment separator (FRS) and can be stored in the Experimental Storage Ring (ESR) for further investigations.
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Figure 2.1.: Schematic view of the GSI accelerator complex. Ion sources, linear accelerator UNILAC,
low energy experimental area, SIS-18, and the high energy experimental zone with various
experiments, including the HADES spectrometer, are shown from left to right.

2.2 Production of secondary pion beam

The secondary m~ beam used in the present experiment was produced with the use of 2 AGeV nitrogen
(Y4N) beam from SIS-18, with an intensity of 0.8 - 1.0 x 10! ions / spill, hitting a 10 cm thick production
target made of beryllium (YBe). The produced pions were collected and transported to the HADES target
in a dedicated beam line, hereinafter referred to as a pion beam line, shown schematically in Fig. 2.2. The
pion beam line is 33 m long and consists of nine quadrupole magnets (Q1-Q9) and two dipole magnets (D1
and D2). Besides, it also contains a tracking system called CERBEROS [53] comprising two 0.3 mm thick
double-sided silicon strip detectors (Detl and Det2) that cover a 10x 10 cm? area and are divided into 128
horizontal and vertical strips. The detectors are placed in two dispersive planes of the pion beam line as
shown in Fig. 2.2. The combination of the measured hit position (X, Y') from both silicon planes allows to
reconstruct the pion momentum as discussed below in the second part of this section. The transmission of
the pion beam line is highest for the pion momentum equal to a central momentum pg set in the beam line
and it equals to about 56% with respect to the entrance solid angle [54]. The transmission decreases as the
pion momentum deviates from the central momentum and it reaches zero for momenta of py £ 6%.The
transmission is approximately described by a Gaussian distribution with a variance of dp/pg = 1.5%.

The dependence of the pion rate at the HADES target on the central momentum pg set in the pion beam
line was investigated in a previous study for a primary carbon (}?C) beam as well as proton beam from
SIS-18 [55]. For the energy of the 2C beam equal to 2 AGeV, the largest pion rate was observed for
po = 1GeV/c and decreased by a factor of 2 in the range py = 0.7 GeV/c and 1.5 GeV/c (see Fig. 2.3).
Due to the same energy per nucleon of the primary "N beam used in the present measurements and a
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Figure 2.2.: Schematic top view of the pion beam line between the production target and the HADES
target. The pions (dashed line) are guided by quadrupole (Q1-Q9) and dipole (D1 and D2)

magnets.

similar value of the atomic number of the beam, one can expect a similar intensity distribution as in the
cited measurements with the '2C beam.

The present measurements were performed for 4 different central momenta of the pion beam: 0.656,
0.685, 0.748 and 0.800 GeV /c (see Section 5.1). The intensity of pions at the HADES target was around
2 x 10° per spill (1 second spills at three seconds long synchrotron cycles).

2.2.1 Determination of pion momentum

The pion track coordinates (X% Ydetl = Xdet2 anq Y 2) measured in the two silicon strip detectors are
related to five parameters describing the pion track position, inclination and momentum at the production
target, namely:

1. xg - the coordinate along the horizontal axis,

2. By - the angle in the horizontal plane, defined as tanfy = % = g—:,
3. Yo - the coordinate along the vertical axis,
4. ¢g - the angle in the vertical plane, defined as tangpy = Z—Z = g—i’,

5.0 = p;_é?o is the momentum offset with respect to the momentum pq of particles on the optical axis.

This relation was determined in the beam transport calculation [53]:

Xl — Thetl g TH gy 4 TN gy 4+ T 5 4 TO  wgd + TR 05 + T . god + ToEH

.62,

X2 =TI g 4 TER Gy + TEZ gy + TS+ T wod + TR 000 + THEE . b0 + T2 . 82,

ydetl = Tdetl gy + Tetl L yo + TEN L g + T 1§ + T yod + T . g8 + Teetl | 62

Yaer2 = T2 Gy + T gy + T2 do + TS .6 + Tist?  yod + TSd? . dod + Tisa? . 6%,
(2.2.1)

where T;; and Tj;;, are the first and second order beam transport coeflicients, respectively, calculated based
on the known beam line optics.
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Figure 2.3.: The intensity of pions for carbon and proton primary beams at various energies as a function
of the central beam momentum set in the pion beam line. Fits to the data shown by a solid
line are described in Ref. [55].

The above 4 equations contain 5 variables and their solution is possible only with the imposition of
an additional constraint. As this constraint, g = 0 was set, which is justified by the weak depen-
dence of the determined momentum on zy. Solving the above system of equations makes it possible
to determine the pion momentum. Obtained resolution of the pion momentum determination is about
0.3%, [53].

Components of the pion momentum vector at the HADES target are calculated using the following formulae:

p= pspec(l + 5)7

by = ptan(0g)
) V14 tan?(0g) + tan?(¢x)’
. ptan(éx) (2.2.2)
Y V14 tan?(0g) + tan?(¢x)’
p
Pz

N V14 tan?(0g) + tan?(¢x)’
where the pion track inclinations 0, ¢y at the HADES target are:

" =T 0y + T yo + Th . o + Th .6 + Thy . 000 + THy . yod + Tihg . d0d + Tis . 62
(2.2.3)
These components are used when calculating the kinematics of the 7~ p collisions in individual events.
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2.2.2 Beam Contamination

The negative pion beam is partly contaminated with electrons, muons and negatively charged kaons. Elec-

O — ~ ete™, branching ratio = 1.2%)
+
e

trons are mainly produced in the Dalitz decay of neutral pions (7
and in the conversion of gamma quanta near the production target (eTe™ pair production), where the
gamma quanta come from the neutral pion decay (7° — ~ 7y, branching ratio = 98.8%). The electron
contamination of the pion beam at the HADES target was determined to be about 10% for the beam
momentum of 0.7 GeV/c.

The muon contamination is caused by an in-flight decay of pions (7~ — p~ v, branching ratio =
99.99%, ¢t = 7.8 m). The simulated p/7 ratio at the HADES target for the pion beam momentum of
0.7GeV/c is 0.65%. The contamination of the pion beam with electrons and muons does not affect the
current experiment due to the low probability of their interaction with the target (the electromagnetic
interaction, not the strong interaction as in the case of pions).

The negatively charged kaons are produced in associated strangeness creation process N N — N N Kt K,
with a threshold kinetic energy of 2.5 GeV. The number of kaons reaching the target is significantly sup-
pressed as most of the kaons decay before reaching the HADES target due to their small decay lengths
(cT=5.25m at 0.7 GeV/c).

2.3 HADES Spectrometer
2.3.1 Overview :

The High Acceptance Di-Electron Spectrometer (HADES), shown in Fig. 2.4, is a magnetic spectrometer
operating since 2002 at the SIS-18 synchrotron in GSI Helmholtz Institute for Heavy lIon Research in
Darmstadt, Germany [56]. It is used to study both hadron and rare dilepton production in collisions of
pion, proton and heavy-ion beams with proton as well as nuclear targets in the beam energy range reaching
up to 4.5 GeV for a proton beam and 1.5 GeV /nucleon for a heavy-ion beam.

The HADES spectrometer is built out of 6 identical sectors, which cover polar angles between 18" to 85°.
The whole spectrometer is rotationally symmetric around the beam axis. The hadron-blind Ring Image
CHerenkov (RICH) detector is the HADES innermost detector. It is the main component of HADES used
for identification of electrons and positrons. The magnetic field created by the coils of a superconducting
magnet and a set of four Multi-wire Drift Chambers (MDCs), two chambers in front of and the other two
behind the field, are used for the momentum reconstruction of charged particles. The META detector
(Multiplicity and Electron Trigger Array) is positioned on the spectrometer’s outermost shell. It is used
for triggering and particle identification. It consists of two time-of-flight detector systems (RPC and TOF)
and an electromagnetic shower detector (Pre-Shower). For triggering purposes and to provide a reference
time for time-of-flight measurements, the Start detector located in the target region, is used.

All of the different detector components of HADES are discussed in detail in the following sections.

The main advantages of the HADES spectrometer are:

1. large geometrical acceptance for detecting dielectron pairs, high detection efficiency €pqir ~ 40% for
pairs with large opening angle (e.g from w — eTe™) and & 10% for close pairs with small opening
angle (e.g from 70 — v ete™),

2. high purity of electron and positron identification,

3. high mass resolution, AM;,,, / Min, of 2% in the light vector meson mass region,

4. high rate capability, up to 10% interactions per second.
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Figure 2.4.: The HADES detector (left panel), and its cross section view (right panel).

2.3.2 Target

Target holder fube — \___ \

Target —_ Target — ’

RICH flange

Figure 2.5.: Arrangement of the polyethylene target (left panel) and the carbon target (right panel) in the
HADES vacuum pipe.

In the present experiment, a polyethylene (CoHy), target was used to study the reactions induced by 7~ p
collisions. Additionally, a carbon target was applied to measure the background related to the interaction
of the pion beam with carbon nuclei in polyethylene. The polyethylene target was cylindrical in shape,
46 mm in length and 12 mm in diameter. The carbon target consisted of seven identical cylinders of the
same diameter and occupying the same length along the beam direction as the polyethylene target, (see
Fig 2.5).
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Figure 2.6.: Top view of five and four diamond sensor plates with fourfold segmentation on the diamond
support Printed Circuit Boards (PCBs) (left panel). The nine diamond sensor plates are
mounted on two printed circuit boards of the Start detector (right panel).

2.3.3 Start detector

The Start detector is used to determine the beam profile and generate fast timing signals for trigger pur-
poses, as well as to measure time-of-flight of particles. The detector was created specifically for the pion
beam experiment in order to achieve excellent timing precision.

A mono-crystalline Chemical Vapor Deposition (CVD) diamond semiconductor [57,58] has been developed
for the 2nd generation of the detector. The Start detector, shown in Fig 2.6, is made up of nine diamond
sensors, each 4.3 X 4.3 mm? wide and 300 pm thick, with signal /noise ratio of 30 and a time resolution of
about 90 ps. Start detector was located 17 em upstream from the target center. The detection efficiency
of diamond sensors was found to be more than 95% [58].

2.3.4 Magnet
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Figure 2.7.: Photography of the magnet during the mounting (left) and a drawing of a cross-section of one
vacuum chamber with coil (right).
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The magnetic field in the HADES spectrometer is produced by six superconducting coils arranged symmet-
rically around the beam direction (see Fig. 2.7, left panel) [51]. Each coil is housed in a vacuum chamber
made of aluminum (see Fig. 2.7, right panel). The chambers are fixed at both ends on circular supporting
structures. The materials used to build the magnet were chosen to minimize the creation of secondary
particles. The weight of the magnet is 3.5 tones.

The coils produce magnetic field of a toroidal shape. The field is strongly inhomogeneous both in the polar
and azimuthal angles. For the maximum current in the coils of 3566 A, it reaches 3.77 T in the coil and
0.8 T between the coils. The field map was measured using Hall probes and it is used in the reconstruction
of particle momenta.

2.3.5 Mini Drift Chambers

In the HADES spectrometer, the deflection of particle trajectories in the toroidal magnetic field of the
superconducting magnet is measured by a set of 24 Mini Drift Chambers (MDCs). The MDCs have trape-
zoidal shape and are arranged in 6 sectors defined by the coils of the magnet. In each sector, two drift
chambers (MDC I, IT) [59] are placed in front of the magnetic field and another two (MDC III, IV) behind
the field (Fig. 2.8). The MDCs are arranged in relation to the magnet in such a way that the non-parallel
sides of the trapezoidal chamber frames stay in the shadow of the magnet coils when viewed from the
target point. To cover the same solid angle, the active area of the MDCs in one sector increases with the
distance from the target and it ranges from 0.35 m? for MDC I to 3.2 m? for MDC IV. The MDC system
covers polar angles in the range from 18° to 85°.

Each MDC contains six layers of sense (anode) wires interleaved with potential wires, oriented at different

MDCHI MDCIV

‘. '
._,/J: MDCI MDCII

Figure 2.8.: Left: Arrangement of the HADES MDCs and the coils of the superconducting magnet. Right:
Schematic view of a section of one sector including the RICH detector, four MDCs and coil of
the superconducting magnet.

angles from the inner to the outer layer: +40°, -20°, 0°, 0°, +20°, +40° (see Fig. 2.9 left panel) to get
high spatial resolution in the polar direction (the direction of particle trajectory deflection in the magnetic
field) which is important for achieving high momentum resolution. The sense wire layers are separated by
cathode wire layers. Cathode wires in all layers are set at an angle of 90°. The basic unit of the MDCs — a
drift cell, comprising a single sense wire and the neighboring potential wires and cathode wires, is presented
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Figure 2.9.: Left: Schematic view of six anode wire layers in one MDC with indicated orientations of wires.
The wire inclination angle is determined with respect to the x-axis of the indicated coordinate
system. Right: A scheme of a single drift cell displaying the location of various wires. A charge
particle track’s minimum distance from the sense wire is also specified.

in the right panel of Fig. 2.9. The size of the cell increases from 5 x5 mm? in MDC I to 14x10 mm? in
MDC IV to achieve a similar cell occupancy. The sense wires are at 0 V potential and the cathode wires at
-2 kV. The entire HADES MDC system contains 27000 drift cells. The chambers MDC LII are filled with
Ar:COgq (70:30) gas mixture and in MDC III, IV mixture of Ar and C4Hjo (84:16) is used. In the past,
the Ar:C4Hjp mixture was also used in MDC I, II, however, due appearance of aging effects (deposits on
wires, typically polymers), isobutene (C4H;g) was replaced by carbon dioxide (COs3) as the latter does not
lead to polymer formation and is therefore more favorable in terms of drift chamber aging. The MDCs are
equipped with preamplifier /shaper /discriminator cards as well as Time-to-Digital Converters (TDCs) that
register the moments of time in which the rising and falling edges of the MDC pulses cross the discriminator
threshold. The drift time of electrons in the cell is determined as a difference between the leading edge of
the MDC pulse and a pulse from a reference detector e.g. the Start detector. The particle track distance
from the sense wire is calculated from the drift time and the distance-drift time relation determined using
Garfield simulation [60]. In turns, the time difference between the leading and trailing edge of the MDC
pulse, referred to as time-over-threshold, is related to the energy loss of the particle in the drift cell and
thus is used for particle identification. Track distances to anode wires in the drift cells through which the
particle has passed, are used for the track reconstruction described in Section. 3.1.

2.3.6 Ring Imaging Cherenkov detector

The main purpose of the HADES RICH detector is to identify electrons and positrons in the huge back-
ground of charged hadrons — mainly protons, pions and kaons. As a radiator for the RICH, C4F1y gas at
atmospheric pressure was chosen. The radiator has a refraction index of n = 1.00151 and the correspond-
ing threshold velocity of charged particles to produce Cherenkov photons is # = 0.9985. The threshold
momentum for electrons, pions and protons is 9.3 MeV /c, 2.55 GeV/c and 17.1 GeV /c, respectively. At the
energies of the SIS-18 beams, only electrons produced in the interactions in the HADES target have suf-
ficient velocity to radiate Cherenkov photons. Thus, the RICH remains completely insensitive to hadrons
(it is “hadron-blind”).

The RICH is composed of two distinct gas chambers (see Fig. 2.10). The first one, surrounding the target
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Figure 2.10.: The RICH detector cross section. The trajectory of the electron released from the target
(marked in red) traveling through the radiator gas results in the emission of Cherenkov
photons (blue cone), which are reflected further from the mirror and focused in the shape of
a ring on the surface of the photo detector. The enlarged region at the right side displays
the CaFy window and a scheme of the Multi Wire Proportional Chamber with CSI-coated
photo-cathode pads.

area, is filled with C4F;¢ gas radiator. Cherenkov photons emitted in this region by an electron/positron
are reflected by an aluminized carbon spherical mirror and pass through CaFs crystalline window to the
second chamber containing a photon detector based on Multi Wire Proportional Chambers (MWPCs).
The second chamber is filled with methane, which is used as a working gas for the MWPCs. The photon
detector consists of six independent segments, each covering an azimuthal angle interval of 60° and con-
taining one MWPC. A scheme of the MWPC is shown on the right-hand side of Fig. 2.10. The MWPC
consists of a grid of anode wires at a voltage of 2500 V resulting in a gas gain of 10°, placed between two
cathode planes. One plane consists of cathode wires and the other contains an array of 4712 pads. The
pads are coated with Csl which acts as a photon-electron converter. Photoelectron extracted from Csl pad
by Cherenkov photon is multiplied in the strong electric field near the anode wire. Each pad is connected
to individual readout electronics channel that allows to register the pulses caused by the movement of
electrons and positive ions produced near the anode. Cherenkov photons produced by electrons/positrons
in the radiator gas form a ring image on the photon detector surface with an almost constant radius (/3.8
pads). Identification of electrons/positrons relies on the recognition of images of rings registered by the
photon detector (see Section 3.4).

The main difficulty in the analysis of the RICH data results from a small number of registered photoelec-
trons. Electron passing through the HADES RICH radiator produces on the average 110 photons. Their
wavelength spectrum lies mainly in the ultraviolet region. However, due to limited transmission coefficient
in the C4F ¢ gas radiator, the CaFy window and in methane, as well as due to limited quantum efficiency of
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the CsI photo-cathode (see Fig. 2.11), number of registered photoelectrons is an order of magnitude smaller.
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Figure 2.11.: Transmission of Cherenkov photons in 5 mm thick CaFs window and quartz (for comparision),
in the 400 mm layer of CoF1g and CHy gas as well as the quantum efficiency of the extraction
of photoelectrons from the Csl pad plane coating.

2.3.7 META detector

For particle identification and triggering, the Multiplicity Electron Trigger Array (META) system is used.
It comprises of two sets of time-of-flight detectors. One set is based on Resistive Plate Chambers (RPCs)
and the other referred to as TOF detector, on plastic scintillator arrays. Besides, META includes an elec-
tromagnetic cascade detector (Pre-Shower). META system is positioned behind the outer MDCs.

TOF detector

The scintillation TOF detector covers the full range of azimuthal angles and the upper polar angles
45° < 6 < 85° of the HADES acceptance (Fig. 2.12, left panel). It is divided into six sectors, follow-
ing a hexagonal geometry of the entire spectrometer. Each sector consists of eight modules and each
module contains eight plastic scintillator rods readout from both ends by photomultiplier tubes (PMTs).
The TOF detector provides the information about the time-of-flight of charged particles with a resolution
of 150 ps [61], the hit location along the rod (), with resolution g, ~ 25 mm, and the energy loss in the
rod that can be used for the particle identification [62].

Resistive Plate Chambers

In 2008 Resistive Plate Chambers (RPCs) replaced the low granularity detector TOFINO, made of scintil-
lators. In each of the six HADES sectors, one RPC covering polar angles 18° — 45 is used. The RPC has
a trapezoidal shape and it contains two layers of individually shielded RPC counters. The counters have a
strip-like shape and, in each of the two layers, are arranged in three columns and 31 rows, as shown in left
panel of Fig. 2.13. A single counter consists of 3 aluminium electrodes interlaced with 2 glass electrodes
(see right panel of Fig. 2.13). All the electrodes are 2 mm thick. The electrodes are separated by gaps
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Figure 2.12.: Six sectors of the TOF detector (left panel) and a sketch of one TOF sector consisting of 8
modules each containing 8 scintillator rods (right panel).

defined by 270 pum diameter PEEK fibers. The gaps are filled with CoHoF4:SFg (90:10) gas mixture. A
high voltage of 5600 V is applied to the central aluminium electrode and the outer electrodes are grounded.
This leads to the creation of a high electric filed in the gas. Charged particle passing through the counter
ionizes the gas mixture in the gaps, leading to a discharge. The discharge is quenched due to the voltage
drop on the glass electrodes. The discharge generates a fast electric pulse on the central electrode and its
time of appearance as well as the charge are registered by the readout electronics. The HADES RPCs have
a detection efficiency of about 95% and a high time resolution of about 70 ps (o) [63-66].

Figure 2.13.: Arrangement of RPC cells in one layer (left panel) and cell structure with indicated: 1) Al
electrodes, 2) glass electrodes, 3) plastic pressure plate, 4) kapton insulation, 5) Al shielding
(right panel). Presented picture is adapted from Ref. [66].
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Pre-Shower detector

The Pre-Shower electromagnetic cascade detector is the outermost HADES spectrometer detector [67]. As
separation between electrons and hadrons are difficult at lower angles and higher momenta, Pre-Shower
detector is used to identify electrons and positrons for low polar angles (f < 45°). The Pre-Shower con-
sists of six identical sectors and every sector module has three trapezoidal multi-wire chambers (called pre-,
postl-, and post2-chamber) separated by two lead converter plates each with a thickness of 2 X radiation
lengths (=2 X 0.56 cm). One chamber consists of an anode plane placed between two cathode planes (see
Fig. 2.14, right panel). The anode plane contains a mesh of anode wires interleaved by field wires. One
of the two cathode planes in each chamber is divided into 32 X 32 pads with individual readout, (see Fig.
2.14, left panel). The chambers are filled with a gas mixture of argon (30%) and isobutane (70%) with a
small admixture of heptane as a quenching gas. Charged particles passing through the chamber ionizes the
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Figure 2.14.: Scheme of pad plane in one sector of Pre-Shower detector (left panel). The cathodes are set
up in 32 rows, with 32 pads on one side and 20 pads on the other. The Pre-Shower detector
(right panel) is made up of three gas chambers (pre-, postl-, and post2-chamber) separated
by lead converters.

gas mixture and the ionization electrons are multiplied in avalanches occurring in the strong electric field
near the anode wires. Positive ions produced in the avalanche drift towards the cathodes inducing electric
pulses on the cathode pads. Electrons passing through the Pre-Shower detector produce electromagnetic
shower in the lead absorber (see Fig. 2.14, right panel). This causes much higher ionization in the detector
than in the case of charged hadrons, which leave single ionization traces and do not produce electromag-
netic showers. Therefore, the amplitude of signals registered on the cathode pads is, on average, higher
for electrons than for hadrons and this is the basis for distinguishing between electrons and hadrons in the
Pre-Shower detector. Recently, this detector was replaced with a lead glass calorimeter, which is capable
to register photons and thus allows the full reconstruction of neutral particle decays (e.g. 7°, 1) [68].
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2.3.8 Data acquisition and trigger system

Data acquisition of HADES is based on Trigger Read-out Boards (TRBs) developed at GSI-Darmstadt
[69,70]. The main components of the TRB are Field-Programmable Gate Arrays (FPGAs) that can be
programmed, among others as Time-to-Digital Converters (TDCs). The TRB also includes connectors for
attaching add-on boards containing e.g. Analog-to-Digital Converters (ADCs) as well as optical links for
data transmission, using TRBnet protocol.

For the event selection, HADES uses a two-level trigger system. The first level trigger (LVL1) is based on
charged particle multiplicity in the META detector and the second level trigger (LVL2) requires a lepton
candidate in the RICH detector, (see Fig. 2.15). In the present experiment, the interaction rate of the
pion beam with the target was moderate and only the first level trigger based on a coincidence between a
signal from the Start detector and a multiplicity of at least two hits in the META detector was used. This
trigger is selective enough to reduce the data stream to a level allowing to write to the data storage.

LVL1 Trigger
1:10

LT

tof
LVL1 Trigger [B:

1:4-40 @ * ;
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unit (MU)

Figure 2.15.: General scheme of the HADES trigger system containing two levels: LVL1 and LVL2.
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Chapter3

Momentum reconstruction and parti-
cle identification

....... I am inclined to think that scientific
discovery is impossible without faith in ideas
which are of a purely speculative kind, and
sometimes even quite hazy ....... 7

Karl Raimund Popper

In this chapter, algorithms developed by the HADES collaboration for track and momentum reconstruction
in the MDCs as well as for recognition of electrons / positrons in the RICH are presented. Also applied
methods for identification of charged particles based on the time-of-flight information and on the energy
losses are described.

3.1 Track Reconstruction

At HADES, the momentum of charged particles is determined, thanks to the magnetic field produced by the
toroidal superconducting magnet. Deflection of particle trajectories in the magnetic field is measured with
two pairs of Mini Drift Chambers (MDCs). One pair (MDC-I,II) is placed before the magnetic field and
the other pair (MDC-IILIV) after the field (see Section 2.3.5). During the track reconstruction, particle
trajectories in each of the pairs are approximated with straight lines. The procedure of reconstructing
tracks in the MDCs begins with reconstruction of straight track segments in MDC-LII. It consists of two
main steps: track finding and track fitting. The track finding in MDC-LII is done by projecting their hit
information on a virtual plane between MDC-I and MDC-II (see Fig. 3.1).

The projection is done individually for all fired drift cells. For each cell, a plane containing the emission

vertex in the target, parallel to the anode wire and spaced from the wire by a distance equal to the drift
path (7) is determined. Due to the left-right ambiguity of the track position with respect to the anode
wire, two such planes can be found. They are presented in Fig. 3.2 as planes TA1B; and TA3B5. The
intersection of these two planes with the projection plane defines two straight lines A1B; and A;Bs in Fig.
3.2.
In the next step, overlap of such lines corresponding to all fired drift cells in MDC-I and MDC-II is
determined. An example of such overlap is shown in Fig. 3.3 (left panel), for an event with four tracks.
The projection plane is divided into 2-dimensional array and for each element of array number of projection
lines crossing this element is histogrammed, Fig. 3.3 (right panel). Local maxima in the array correspond
to track candidates. In the second stage of the track reconstruction in MDC-LII, a straight line fitting to
the track candidate is performed and the x? criterion is used to select satisfactory fits.
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Figure 3.1.: Schematic layout of the four MDCs, each represented by only one of the six layers, and position
of two projection planes, one between MDC-I and MDC-II and the other between MDC-III
and MDC-IV. Also shown is kick plane between MDC-II and MDC-III.
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T
Emission vertex
Figure 3.2.: Hit in one MDC drift cell represented by a cylinder with a radius equal to the track distance

from the anode wire and ambiguity of the track candidate intersection with the projection
plane represented by two straight lines A1-B1 and A2-B2.

Each track reconstructed in MDC-LII is extended to the so-called kick plane, located between MDC-II
and MDC-III and determined by simulations described in Ref [56]. The kick plane is also used for fast
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Figure 3.3.: Left: Projection of drift cells on x — y detector coordinate space for an event with four tracks.
Right: 2-dimensional histogram with a peak at the location where the drift cell projections
have maximum overlap. In this example, the z axis indicates the peak height, corresponding
here to a track totalling 12 hit layers in the inner drift chambers.

determination of particle momentum using procedure described in the next section. The crossing point
of the MDC-L]II track with the kick plane is then used for reconstructing corresponding straight track
segments in MDC-IILIV. The reconstruction is performed following the same algorithm as for MDC-L,IT
but using different projection plane which is between MDC-III and MDC-IV and as a reference point the
MDC-LII track crossing with the kick plane is used.

3.2 Momentum determination

The momenta of charged particles are determined based on the deflection of their trajectories in the
magnetic field of the superconducting toroidal magnet. The change of three-momentum vector of particle
moving in magnetic field B can be calculated using the formula:

L2

Aﬁ:ﬁout - ]7171 - _Q/ é X d[_:, (3.2.1)

L1

where pj,, and Py, Tepresent incoming and outgoing particle momentum vectors, respectively, ¢ is a particle
charge and dL is an element of particle trajectory. The integration is performed along the particle’s
trajectory in the magnetic field. On the other hand, length of the vector Ap can be calculated from the
deflection angle Af between the incoming and outgoing momentum vector:

| Ap'| = 2p sin(A6/2). (3.2.2)
Particle momentum can be calculated combining Eqs. 3.2.1 and 3.2.2:
L2 5 2
_ lg le B x dL|
2 sin(A0/2)

(3.2.3)
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From the above equation it follows that the momentum of charged particle can be determined based on the
integral of the magnetic field along the particle’s trajectory and the angle of deflection of the trajectory in
the magnetic field. The HADES collaboration uses three different methods of the momentum determination
which differ in precision and computing time: the kick plane, the spline and the Runge-Kutta method.
For fast estimation of particle momentum, HADES uses the so called kick plane method. This method
assumes that the momentum change of particle takes place at one point which is the intersection of linear
track segment registered in MDC-I, II with the virtual kick plane, defined in Sec. 3.1. In this method
the numerator of Eq. 3.2.3 is expanded in terms of sin(Af/2), and the lowest three terms are taken into
account. The particle momentum is then calculated as :

Po .
S 2 AO/2 24
P = S sin(A0)2) + p1 + 2pe sin(A0)2), (3.2.4)

with the coefficients pg, p1 and ps stored in a tabular form as a function of the azimuthal and polar angles.
The spline method of the momentum reconstruction uses a cubic spline for interpolation between straight
track segments reconstructed before the magnetic field with MDC I and MDC II and after the field with
MDC IIT and MDC IV. The field between MDC IT and MDC III is integrated using 50 equally spaced
points along the trajectory, see Fig. 3.4. The details of this method are given in Ref. [71]. Higher precision
of momentum reconstruction is achieved by solving the equations of particle motion in the magnetic field,
which is known in the form of a field map. Finding a solution of the equations of motion is done using the
Runge-Kutta 4™ order method. Initial input parameters for solving the equations of motion are provided
by the spline method and the equations are solved recursively.

x2+y? [cm]
2
’\I | T

- MDC |

II| | | III|III|I | | 1 1
ql[l 0 20 40 60 80 100 120 140

z [om]

Figure 3.4.: Particle track as modelled by a cubic spline in the plane defined by the particle momentum
vector at the target and the beam axis. The 50 points (only 15 are shown here for clarity) run
from MDC II up to MDC III.
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3.3 Hadron identification

The HADES spectrometer allows for the identification of charged particles in a wide momentum range.
Hadrons are identified by combining the momentum, energy-loss and time of flight information from dedi-
cated detector systems. Time-of-flight is measured between Start and TOF /RPC detector signals. Velocity
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Figure 3.5.: Momentum dependence of the specific energy loss dE/dx in HADES Multiwire Drift Chambers
(left panel), and of particle velocity 3 (v/c) determined based on the time-of-flight measurement
(right panel).

of particle is determined by the time-of-flight measurement as follows:

At = tror/rPc) — t(Start), (3.3.1)

S

v
= — = . .2
b ¢  Atxc (332)

where s represents path-length between Start detector and TOF/RPC detector calculated from track re-
construction. Fig. 3.5, right panel shows correlation of particle velocity and momentum times charge
obtained in the experiment. Clear separation of proton and charged pions is visible.

Apart from the time-of-flight determination, measurement of energy losses in the layers of the MDCs is
also used to identify charged particles. This is done by registration of the time-over-threshold (ToT) of the
MDC pulses, which is correlated with the energy loss. Fig. 3.5, left panel shows the mean energy loss in
MDCs as a function of the particle momentum. A good separation of protons and pions is visible. In the
present data analysis, identification cuts were applied on the energy loss as well as the velocity, and the
final identification spectra are shown in Chapter 5.6.3.

3.4 Lepton identification

The identification of leptons by means of a HADES spectrometer is mainly based on the observation of
rings in the RICH detector. Two different algorithms were developed for finding the Cherenkov rings in the
RICH: the pattern matrix (PM) algorithm and the backtracking (BT) algorithm. Due to limited efficiency
of these algorithms for the ring finding, we combine them in our data analysis to reach higher efficiency.
The two algorithms and the way of combining them are presented in the following subsections.
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3.4.1 Pattern matrix algorithm

The pattern matrix (PM) algorithm was developed for standard offline selection of lepton production
events. This procedure does not use the information about tracks reconstructed in the tracking system.
The algorithm assumes a fixed radius of rings produced by leptons in the RICH. This assumption is well
justified by the fact that velocities of registered leptons are close to the velocity of light and the Cherenkov
angle is almost constant. This algorithm is based on overlapping (super-positioning) of 11x11 pads pattern
matrix with fired pads on the pad plane.

-46|-40(-25| 1 | 22| 27| 22| 1 |-25|-40 (-46
-40|-15| 27| 50| 47| 41| 47| 50| 27|-15(-40
-25] 27| 44| 12| -9 |16 -9 | 12| 44] 27|-25

22| 47| 9 |-33]-36|-36 (-36|-33| -9 [ 47| 22
27) 41]-15(-35]-36 |-36 -36 |-35|-15 | 41| 27
22| 47| 9 |-33|-36|-36 (-36|-33| -9 | 47| 22

-25| 27| 44| 12 -9 |-15] -9 | 12| 44| 27(-25
-401-15| 27| 50| 47| 41 47( 50| 27]-15]-40
-46|-401(-25| 1 | 22| 27| 22| 1 |-25|-40 (-46

Figure 3.6.: Pattern matrix for the ring recognition (left) and the ring shape formed by the positive weights
in the matrix (right).

The pattern matrix defines a mask with positive weights forming a circle as shown in Fig. 3.6. Every
matrix cell corresponds to an individual pad on the RICH pad-plane. For a given position of the mask
with respect to the pad plane, charge for fired pads is multiplied by the corresponding weights on the mask.
The sum of all obtained values is used to characterize the quality of the ring identification and is called
the pattern matrix quality (PM quality). This procedure is repeated for all pads in order to find local
maxima of the PM quality which are qualified to be ring candidates. Minimum distance between two rings
should be more than or equal to 4 pads. Detail description of the pattern matrix (PM) algorithm is given
in Ref. [56]. This algorithm is also known as 'ring-finder’ method (RF).

3.4.2 Backtracking technique

At low opening angles in the e™e™ pair, the efficiency of pattern matrix algorithm is degraded, because
two Cherenkov rings start to overlap and only one ring is identified. In order to improve the efficiency of
lepton identification, another algorithm called backtracking method was developed. In the first step of this
algorithm, potential lepton candidates are selected based on combining the information from TOF measured
in the RPC and the TOF system and the energy loss measured in the MDCs. For each reconstructed track
pre-selected as lepton it is checked whether this track intersects the RICH mirror. If this is the case, the
expected ring image in the RICH pad plane is determined. The ring image is also referred to as region of
interest. The ring position, radius and width is calculated from the known track vertex position as well as
the polar angle and the azimuthal angle, using a parametrization obtained in simulations of the Cherenkov
photons propagation in the RICH detector. In the next step of the backtracking algorithm, fired pads
matching the area of interest are selected. In the RICH detector, Cherenkov photons are often registered
not by individual pads, but several adjacent pads grouped into clusters. In each cluster, pads corresponding
to local maxima are selected. A 2D Gaussian function is used to fit the obtained two-dimensional charge
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distribution, which allows to get more accurate center of maximum, (see Fig. 3.7). Ring with at least one
such maximum is accepted as a lepton candidate. The detailed description of the backtracking algorithm
is given in Refs. [72,73].

Figure 3.7.: An example from simulation with two partly overlapping rings. Regions of interest are shown
in blue and yellow. Fired pads are shown in red and centers of maxima are marked by black
CTosses.

A spatial similarity in polar (f) and azimuthal (¢) angle is explored to find electron tracks by creating all
possible correlations between the track directions observed by the RICH detector and the MDC’s tracking
system. Figure 3.8 shows A¢ and A differences in the azimuthal and the polar angle, respectively,
registered in the RICH and MDC systems, plotted in function of particle momentum. Factor sin(#) in the
case of the azimuthal angles difference is employed for maintaining the same solid angle. Cone structure
of distributions in Fig. 3.8 results from the multiple scattering in low momentum region.
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Figure 3.8.: Spatial correlation for polar and azimuthal angles between RICH hits and inner MDC'’s sectors.

Due to low particle multiplicity in the measurement, full correlation of Af and A¢ angles are taken into
consideration and such correlation are calculated separately for each sector of the spectrometer.

48

350

300

250

200

150

100

50



The distribution of the product of momentum and electric charge sign (polarity) of electrons and positrons
identified in the experiment with the PM and BT algorithms are shown in Fig. 3.9. The number of identi-
fied electrons is larger than the number of positrons and this is related to the different deflection of these
particles in the magnetic field of the HADES magnet, which affects the momentum acceptance. Positrons
experience lack of acceptance towards the forward angle in the direction of the beam axis while electrons
bend in the opposite outward direction. Figure 3.9 also shows that the efficiency of lepton identification
using the BT algorithm is about a factor 2 higher than for the PM algorithm.
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Figure 3.9.: Distribution of the product of momentum and polarity for leptons reconstructed with the
pattern matrix (black) and backtracking (red) algorithms.

3.4.3 Efficiency of lepton identification with backtracking and pattern matrix technique

In order to improve the efficiency of lepton identification with the RICH detector, the two ring finding
methods - the pattern matrix algorithm (PM) and the backtracking (BT) are both applied and the data
sets corresponding to leptons identified with any of these algorithms are used. This is illustrated in Fig.
3.10 for the case of identifying single electrons. As shown in the figure, the set of identified electrons con-
sists of three disjoint sets grouping electrons identified exclusively with the PM and BT as well as electrons
identified with the both methods (PM A BT).

In the data analysis the combination of PM and BT methods was applied to the identification of e™e™
pairs. In this case the set of identified pairs can be divided into 3 X 3 separate subsets as shown in Fig.
3.11. We represent the number of counts in each subset by an element of 3 X 3 matrix A;;, were 7 and
j represent rows and columns. Electrons (positrons) identified exclusively by the BT method correspond
to index i(j) = 1. Analogically, index i(j) = 3 represents identification by the PM method. In turns,
electrons (positrons) identified by both methods correspond to i(j) = 2.
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Figure 3.10.: Graphical illustration of a set of all produced electrons (green line) and subsets of electrons
identified with the pattern matrix algorithm (red line) and the backtracking algorithm (blue
line). The same methodology is applied to et identification.
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Figure 3.11.: Graphical presentation of a set of all identified e* — e~ pairs. Subsets corresponding to
electrons identified with PM and BT method are represented by horizontally oriented rect-
angular areas limited by red and violet line, respectively. Subsets corresponding to positrons
identified with PM and BT method are represented by vertically oriented rectangular areas
limited by red and violet line, respectively.

The numbers of identified dileptons represented by different A;; elements were determined from finally
reconstructed 7°p — eTe” X events with the eTe~ opening angle larger than 9° and the eTe™ invari-
ant mass spectra within 7° region (M;,,(eTe™) < 140 MeV/c?). The number of dileptons identified
exclusively with the BT method (A1 + A1z + Aoy + Asg) is equal to 17345 and with the PM method
(Agg + Agg + Ago + Ass) equals 7209. The combination of both methods (D A;;) provides 20279 dilepton
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events. By using both identification methods the number of identified dileptons is 17% higher than for the
BT method alone.
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Chapter4

Monte Carlo simulations

"We learnt a lot in the last 25 — 35 years. Its
quite amusing when you look back how much
we did not know. But its even more amusing
to consider how much we do not know yet !”

David Gross

To compare experimental distributions with theoretical cross-sections, it is necessary to take into account
the acceptance and efficiency of the HADES detection system. This is done by performing Monte Carlo
simulations of the conducted measurements.

Besides simulation of the studied bremsstrahlung process in 7~ p collisions (7"p — 7 p ete™) dominant
background processes were also simulated including:

1.7 p — 7 p7(yete) (n° Dalitz decay),

2. mp — w AT (pete™) (AT Dalitz decay),

3. mp — nn(yete) (n Dalitz decay),

4. m"p — N(1520) — nete (N(1520) Dalitz decay).

The processes 1 and 2 make the main contribution to the background in the exclusive measurements of the
bremsstrahlung process. In the inclusive measurements, processes 3 and 4 additionally contribute to the
background. The simulations of the bremsstrahlung process and the background reactions are discussed in
Sections 4.1 and 4.2, respectively.

For the carbon target, only the bremsstrahlung process was simulated. This was done by assuming the
quasi-free interaction of beam pions with protons in carbon nucleus, as described in details in Section 4.3.

The procedure of comparing simulation results with experimental data is described in Section 4.4.

4.1 Simulation of 7~ p bremsstrahlung

4.1.1 Simulation procedure and tools

In the simulation of the bremsstrahlung process the PLUTO event generator [75,76] was used to generate
T p — w peTe events distributed over the available four-body phase space. Each event was assigned a
weight wgpa equal to the differential cross-section calculated according to the soft-photon approximation
(SPA) given by Eq. 1.5.12. The cross-section of the SPA model depends only on the kinematic variables
describing the dilepton pair i.e. invariant mass M, transverse momentum p; and rapidity y. It does not
describe the distributions of hadrons present in the final state i.e. 7~ and p in the studied process. There-
fore, additional weights wg,, equal to the differential cross section do/dS) for the elastic 7~ p scattering
are used. The implementation of these weights allows us to describe the experimental angular distributions
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of pions and protons, as presented in Chapter 6. In this way, each PLUTO-generated event is assigned
the product of two weights: wgpa X wWgpg. Verification of the calculated values of the bremsstrahlung
weights wgpa, by comparing them with published results as well as with the predictions of the GiBUU
model, is discussed in the next subsection, and in the following subsection, a parametrization of the 7™ p
differential cross sections used for calculating the weights w4, is presented.

4.1.2 Cross check of bremsstrahlung calculation

In order to verify if Eq. 1.5.12 is properly implemented in the simulation software, results of simulations
of the ™ p bremsstrahlung process were compared with corresponding results obtained using the GiIBUU
transport code simulation [77], which contains the same SPA model for the description of bremsstrahlung
as we use. This transport code is not used in the present analysis of experimental data because it does
not provide the kinematically complete information for the exclusive bremsstrahlung process. It provides
only the kinematic observables for the et e~ pair. To make the aforementioned comparison, we generated
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Figure 4.1.: Distributions in 3D space spanned by M, p; and vy, containing SPA weights (upper-left panel),
number of generated events (lower-left panel), and ratio of the two distributions (upper-right
panel) corresponding to the SPA differential cross-section. A projection of cross-section on the
ete™ invariant mass axis is shown in lower-right panel.

T p — 7 pete events at pion beam momentum 0.685 GeV /c using PLUTO and we calculated corre-
sponding weights using Eq. 1.5.12 with the 7 p total elastic cross-section 18.3 mb taken from the SAID
database [78]. These weights are calculated in function of three kinematic variables: invariant mass (M),

53



transverse momentum (p;) and rapidity (y) of the ete™ pair, and are histogrammed in a 3D histogram
(see upper left corner of Fig. 4.1). Another 3D histogram is used to store the number of events (see lower
left corner of Fig. 4.1).
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Figure 4.2.: Cross-section for m~p bremsstrahlung at 0.685 GeV/c pion beam momentum calculated in
function of e*e” invariant mass using Eq. 1.5.12 (blue line) and GiBUU (black line).
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Figure 4.3.: Cross-section for p — n bremsstrahlung at kinetic energy 1 GeV of proton beam calculated in
function of eTe™ invariant mass using Eq. 1.5.12 (red line) and digitized points (black dots)
extracted from Ref. [50].
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Finally, the 3D histogram with weights is divided by the histogram with the number of events and the
obtained distribution represents the differential cross section for the bremsstrahlung as a function of the
kinematic variables M, p; and y (see upper right corner of Fig. 4.1). Projections of this 3-D distribution
can be used to determine 2-D or 1-D distributions of the cross-sections. For example, Fig. 4.1, lower right
corner, shows a distribution of the cross-section as a function of the e*e™ invariant mass. In Fig. 4.2 this
distribution is compared with the result obtained from the GiBUU transport code. A good agreement be-
tween the distributions is observed except for the range of highest invariant masses (M +.— > 0.3 GeéV/c?)
were the current bremsstrahlung prediction exceeds the GiIBUU calculation.

For an independent check of our prediction, the calculation of the proton-neutron bremsstrahlung was
performed and compared with corresponding e™e™ invariant mass distribution calculated according the
SPA formalism given in [50]. The present calculation of the p — n bremsstrahlung was done at a kinetic
energy of the proton beam at 1 GeV and for the elastic p — n cross-section of 18 mb taken from [48]. We
got a good agreement with results published in [50], as shown in Fig. 4.3.

4.1.3 Angular modeling

For the simulations of the bremsstrahlung process, a parametrization of the differential cross-section for
the ™~ p scattering was taken from Ref. [79]. This parametrization is based on the best fit to elastic 7~ p
data at the center of mass energy 1496 MeV, equivalent to the pion beam momentum 679 MeV /c, with the

5" order series expansion of the Legendre polynomials:

do
7 - ; A, P, (cosb). (4.1.1)

The numerical values of coefficients A,, are given in Table. 4.1.

Energy (CM) AQ Al A2 A3 A4 A5

1.496 GeV 1.52 £ 0.06 | 2.23 £ 0.15 | 2.42 £ 0.21 | 0.41 £ 0.24 | 0.07 = 0.19 | 0.20 £ 0.15

Table 4.1.: Legendre polynomial coefficients in cross-section expansion: do/dQ? = > A, P, (cost).
The cross-section is calculated in units [mb/sr].

The HADES detection system has a limited angular acceptance and, therefore, the measured yields depend
not only on the luminosity and the total cross-section of studied process, but also on angular distributions
of the reaction products. In Fig. 4.4, angular distributions of pions and protons obtained in the simulation
of the bremsstrahlung events generated with PLUTO over the available phase space are compared to ones
obtained by ascribing to each event a weight equal to the differential m~ p cross-section. The distributions
for the two cases - the phase space distribution and the elastic-like events - are normalized to the same total
number of events. The difference between phase space (red) and elastic-like (blue) angular distribution for
the both hadrons can be seen within the HADES acceptance (18° to 85°).

The simulated bremsstrahlung events are further passed through the full analysis and reconstruction chain
as developed for experimental hits. Figure 4.5, left panel presents the e*e™ invariant mass distribution for
events with registered 7~eTe™ tracks, assuming the phase space distribution and elastic-like distribution of
the produced particles. The observed ratio of the number of phase space and elastic-like events is about 3.
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Figure 4.4.: Angular distributions for pions (left panel) and protons (right panel) obtained in simulation of
bremsstrahlung events assuming phase space distribution (red line) and elastic-like distribution
(blue line) of the reaction products. Green line with arrows defines the HADES acceptance
region.
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Figure 4.5.: Left panel: yields for registered 7~ e*e™ events in function of e*e™ invariant mass for uniform

phase space distribution (red line) and elastic-like (blue line) of the final state particles in
T p — 7 pete reaction. Right panel: ratio of registered yields for phase space and
elastic-like distributions in case of registered 7~ e*e™ events (red points) and p eTe™ events
(blue points).

The dependence of this ratio is shown as a function of the e™e™ invariant mass in the right panel of Fig.
4.5. For events with registered p e™e™ tracks this ratio is close to 1.
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4.2 Background channels

This section is divided into two parts: the first describes simulations of the 7 and the A Dalitz decay
contributing to the experimental background in the exclusive measurements, and the second one the sim-
ulation of the 7 and N(1520) Dalitz decay included, in addition, in the description of background in the
inclusive channel.

421 7 p — 7 pr’(yete)and mp — 7 AT (pefe)

For the simulation of 7¥ Dalitz decay, we used PLUTO to generate 7 p — 7 p 7 events. Each
event was assigned a weight equal to the corresponding differential cross-section. The cross-section value
was taken from the partial wave analysis (PWA) of one- and two-pion production data from pion-nucleon
scattering and photo-production experiments [80]. The PWA was based on the approach developed by
Bonn-Gatchina group [82,83]. In the analyzed data for the two pion production, listed in Table 4.2, the
HADES data for 7™p — 7 p7n’and 7 p — 7 n 7 were included. These data were collected in
the same measurement as the current data for the e*e™ pair production, only using different triggering
conditions. In the present simulations, the neutral pions (%) generated using PLUTO, with the weights
obtained from the PWA, were subsequently subject to the Dalitz decay in vy e*e™ channel.

The PWA was also used in the simulation of the 7~p — 7~ AT reaction channel, providing the cor-
responding differential cross-sections. The AT Dalitz decay in p e"e~ was modeled using the PLUTO
generator.
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Reaction Observable W (GeV) | Experiment
vp — 7070 p DCS, Tot 1.2-1.9 MAMI
yp = 77 p E 12-19 MAMI
yp — ™ a%p DCS, Tot 1.4-238 | CB-ELSA
vyp — 7 a%p P, H 1.45-1.65 | CB-ELSA
vyp — 7 a’p T, P, P, 1.45-2.38 | CB-ELSA

yp = ™ ap | P, P PS(4D) | 1.45-18 | CB-ELSA

yp = ©°7%p | Py, Py, P (4D) | 1.45-1.8 | CB-ELSA

7 p — 10 7a%n DCS 1.29 - 1.55 | Crystall Ball
TTp — Tt TN DCS 1.45 - 1.55 HADES
T p = 1ap DCS 1.45 - 1.55 HADES

Table 4.2.: Two-pion production data used in the PWA: reactions, observables, energy ranges and ex-
periments. In the list of observables, DCS stands for differential cross-section, Tot for total
cross-section and the other symbols corresponding to different polarization observables are ex-
plained in [84].

422 mp — N(1520) — nete and7mp — nn(yete)

In the inclusive analysis of the bremsstrahlung process, besides the above discussed contributions to the
background from the Dalitz decay of 7° and A™, additional contributions originate from the excitation of
intermediate N (1520) resonance decaying to n e™e™ final state, as well as from the intermediate n 1) pair
with subsequent 7 Dalitz decay to 7y e*e™. The simulations of the latter two processes were performed by
F. Scozzi for the 7™ p — eTe” X measurement at HADES and details of this simulations are presented
in his Ph.D thesis, Ref. [33]. Results of this simulations are adopted in the present studies.
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4.3 Bremsstrahlung in 7~ C collisions

4.3.1 Interaction of 7~ with proton in carbon nucleus
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=
M

I
pr |

- Proton target
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Figure 4.6.: The probability density as a function of /s for the reaction on a free proton (black) and a
bound proton (red) using the participant-spectator model. According to the measurements,
the incident pion beam dispersion was taken into consideration in both circumstances, the
figure is adopted from [33].

For the description of the bremsstrahlung process in 7~ C collisions we used a simplified model assuming
that the process occurs in the quasi-free interaction of the pion with a proton in carbon nucleus. Further-
more, we assume that the proton moves in the carbon nucleus reference frame with the Fermi momentum
(pr). On its mass-shell, the rest of the carbon nucleus is considered as ' B, retaining its initial momentum
(pr). As a result, in the laboratory frame, the participant proton is off-shell, with a total energy [,
and a mass Mg related by:

Misc = Epere + \/(]\41113)2 + (pr)?, (4.3.1)

Ezart = (Mpm"t)Z + (pF)Qa (4.3.2)

where Misc and My, are the 2C and ''B masses, respectively. The three components of the Fermi
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momentum of the participant proton are sampled in the PLUTO event generator for each event. Using
Eq. 4.3.2, one can calculate total center-of-mass energy for the reaction of pion with participant proton:

V Sﬂfpa’rt = \/(Eﬂ' + Epart)2 - (p_;r + p}‘)Q (433)

In the simulation of the quasi-free bremsstrahlung process 7™ p — 7 p ete” we use the SPA weights
calculated in the same way as for the bremsstrahlung on the free proton. For all background processes,
events for carbon target were not simulated. Only a pre-scaling of m~ p interaction was used and is de-
scribed in the next section 4.3.2.

4.3.2 Scaling m N cross section to carbon

In the collision of pion with carbon nucleus, the production of bremsstrahlung may arise as a result of
quasi-free scattering on a proton as well as on a neutron:

TTp— mpete,

Tn — mnete.

Both processes contribute to the studied exclusive 7-eTe~ X and the inclusive e"e~ X channel. In the
SPA model, the bremsstrahlung cross-section is proportional to the elastic scattering cross-section for
the colliding particles. According to the SAID database [78], the cross-section for the elastic scattering of
negatively charged pions on a proton and on a neutron target at ppeam = 0.69 GeV/cis o, = 18.13mb
and 0,.—, = 9.77 mb, respectively. We calculate the cross-section for the quasi-elastic scattering of pions
with one of nucleons in a carbon nucleus using the formula:

0(C) = [(W1 X 05p) + (W X 0)] x A2, (4.3.4)
where W7 and W5 are weights calculated as:

w=—"2r (4.3.5)

g

Wy = h : (4.3.6)

T n
O-w*p + Or—n

and A is the mass number of carbon nucleus (12). The factor A?/3 represents the number of nucleons in
carbon which are ”seen” by the pion beam and take part in the 7~ N quasi-free scattering. The ratio of the
quasi-elastic cross-section on carbon calculated using Eq. 4.3.4 and the elastic 7~ p cross-section is equal
to 4.4. We take this factor as the ratio of the bremsstrahlung cross-section on carbon and on proton:

Obrem (77-70)

— 4.4 (4.3.7)
O-brem(ﬂ-_p)

The corresponding ratio of the bremsstrahlung cross-section on polyethylene and on proton target is:

Ubrem<7r_(02H4)n) o O-brem(ﬂ-_p) + %O-brem<7r_0)

Obrem (71'7]9) B Obrem (Wip)

= 3.2. (4.3.8)

Figure 4.7 presents the e™ e~ invariant mass spectrum obtained in the simulation of bremsstrahlung process
in m~p and 7 C collisions. The bremsstrahlung cross-section for carbon target was scaled by the factor
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Figure 4.7.: ete™ invariant mass distribution obtained in the simulation of bremsstrahlung process for
collisions of 0 685 GeV/c pion beam with proton target (blue histogram) and with carbon
target (red histogram).

4.4 with respect to the ™~ p bremsstrahlung cross-section.

In the case of the exclusive p eTe” X and m~p eTe™ analyses, only collisions of pions with protons in a
carbon nucleus contribute to the observed yield. The cross-section for the quasi-elastic m~ scattering on
one of the protons in the carbon target contains only the first expression from Eq. 4.3.4 and, as a result,
it amounts to:

O'(C) = (Wl X O'(ﬂ.—p)) X A2/3. (439)
The ratio of the bremsstrahlung cross-section on carbon and on proton is in this case:

Torem(T_C) - _ 3.4. (4.3.10)
Obrem (W_p)

For the determination of cross-sections for the background processes in the 7~ C interaction we used the

corresponding cross-sections obtained in the simulations of the m™p collisions and we multiplied them by

the factor Z2/3, where Z is the atomic number of a carbon (Z = 6). This factor we took from Ref. [33],

where it was obtained from an analysis of inclusive eTe™ spectra in collisions of pions with polyethylene

and carbon target:

IxC _ 33, (4.3.11)
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4.4 Comparison of data to models

For the comparison of experimental yield with theoretical cross-section, the standard relation was used:
N = ND n or A €, (441)

where NV is the number of registered events, Ny is the number of beam particles, n is the target areal density,
or is the total cross section for the studied process, A and € is the detector acceptance and efficiency,
respectively. The product of the number of beam particles and the target areal density (/Ng mn) is the
integrated luminosity in the conducted measurements. It was determined by the simultaneous measurement
of the elastic w~p angular distributions and normalizing them to the corresponding differential cross-
sections taken from the literature, as described in Chapter 5.4. The acceptance of the HADES detection
system was determined in Monte Carlo simulations of the studied process, using events generated by the
PLUTO generator. For each generated event 7, a weight w; was assigned equal to the differential cross
section for the studied process in the corresponding phase-space coordinate. The acceptance was calculated
as:

A::%%ﬁﬁ, (4.4.2)
47 Wy

where the sum in the numerator runs over all the events that are within the angular acceptance of HADES
and the sum in the denominator runs over all generated events and corresponds to the full solid angle
(47). Thus, the acceptance A is equal to the integral of the differential cross section within the angular
acceptance of HADES divided by the total cross section (integral in the range of 47). The detection
efficiency was calculated as:

e = =2 (4.4.3)

where the sum in the numerator runs over all events that are within the angular acceptance and are
registered by the HADES detectors, while the sum in the denominator is the sum of weights of events
within the HADES acceptance and is identical to the numerator of equation 4.4.2.

In the present work, the experimental yields are mainly presented as a function of selected kinematic
variables e.g. the invariant mass of the e™e™ pair. In this case, the experimental yield AN in a range AX
of kinematic variable X can be written as:

AN 1 AW
ﬁ = N()?’LO'TAEW E, (4.4.4)

where AW is equal to the sum of weights of registered events with X lying in the range AX and W is
equal to the numerator of Eq. 4.4.3. In the measurement with the polyethylene target, the areal density
of hydrogen atoms n? is two times higher than the density of carbon atoms (1/2 n?). The measured yields
for the studied process originating from the interaction of the pion beam with protons in hydrogen atoms
and with carbon nuclei are equal to:

ANP 1 AWwWP
AX = No n? ol AP € e AV;/( , (4.4.5)
and
AN® 1 1 AWC
AX = NO 5 nP qu AC EC W F, (446)
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where the superscripts p and C' refer to the scattering on proton and carbon, respectively. After

adding the equations 4.4.5 and 4.4.6, we get the expression for the yields on the polyethylene target
NFE (= NP 4+ N¢).

ANPE 1 AWP 1 1 AW€
_ P p p - - CC
Ax = Nontlop A g e 5 0n P A o Ax )

(4.4.7)

In Chapter 6, the experimental distributions AN /AX are compared with the predictions of theoretical
models. For this comparison, the experimental distributions are divided by the number of beam particles
Ny and the areal density of the target n. For the scattering on protons in the polyethylene target we take n
as equal to the areal density of protons in the target (n = n”) and for the scattering on the carbon target
we take the areal density of the carbon target (n = no). However, for the scattering on the polyethylene
target we take m as equal to the areal density of protons in this target (n = nP). This corresponds to
dividing both sides of Eq. 4.4.7 by the factor Ny n? leading to:

ANFE 1 1 AW?P

1 ¢ 0 c 1 AWCY
AX Nont lor A 3 Ay T34

© W ax

(4.4.8)

In Chapter 6, normalized in this way distributions are compared to the theoretical cross-sections determined
within the HADES acceptance. In the case of the scattering on the polyethylene target, the experimental
distributions correspond to the left side of Eq. 4.4.8 and the theoretical cross sections are calculated
according to the expression on the right side of the equation. This expression contains theoretical values
of the total cross section for the studied process as well as the acceptances, efficiencies and distributions of
kinematical variable X (AW /W AX) determined in the simulations taking into account the distributions
of the theoretical cross sections over the phase space.

Theoretical values of the total cross section for the bremsstrahlung process 7 p — 7 p ete” and for
the studied background reactions are collected in Table 4.3. The corresponding total cross sections for
the scattering on carbon nuclei were calculated using the scaling factors discussed in the previous section.
In the simulations of the bremsstrahlung process, the acceptance and efficiency for the 7w~ p collisions and
7~ C collisions are determined independently. In the latter case, the Fermi momentum of protons in carbon
nucleus is taken into account. Simulations of the background processes were performed only for the case of
7~ p scattering, providing the determination of the acceptance and the efficiency. For the 7~ C scattering,
the same acceptance and efficiency values were used as for the 7~ p scattering.
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Reaction Branching ratio | Cross-section | Model

TTp — 7 pete - 0.028 mb SPA

T p = prn 7 70 — yete 3.69 mb PWA
(1.174 x 1072)

T p — 7 At At — pet e 0.57 mb PWA
(4.2 x 1079)

7~ p — N(1520) — nete” 30.1 mb VDM

T p — nn n — vye e 0.63 mb PWA
(6.9 x 1072)

Table 4.3.: Cross-sections of 7~ p simulated reaction channels obtained from various model predictions.
VDM stands for the Vector Dominance Model in which the ete™ contribution comes from the
off-shell p production (for more details see Ref. [33]).
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Chapterb

Reconstruction of signals

....... a knowledge of the effects is what leads
to an investigation and discovery of causes”

Galileo Galilei

The aim of this analysis is to extract bremsstrahlung process in the ™ p collisions, within the kinematically
complete final states reconstruction and as a unique contribution, not as a background process, as it was in
the case of the proton-proton [85] or neutron-proton measurements [86,87]. For this purpose, a good un-
derstanding of contributing processes, where resonances are produced, is mandatory. The identification of
resonance contributions in the case of ™ p collisions was completed in the two-pion analysis [80], where the
hadronic two-pion final states were extracted and described with the partial wave analysis. In the present
chapter, all dedicated data analysis steps taken to reconstruct 7w~ p bremsstrahlung signal are described.

5.1 Pion beam

The present experiment was performed in August 2014 with a total of two weeks of m~ beam collisions
measured with the HADES spectrometer. The aim of the experiment was to study the production of
pion pairs as well as electron-positron pairs in 7~ p collisions, in the second resonance region [80]. The
measurements were performed by using polyethylene ((CoHy),) target. In order to subtract the carbon
contribution in the collected data, additional measurements with pure carbon (C) target were conducted
as well. The experimental data were collected at four beam momenta to give four energy points for the
partial wave analysis (PWA) study of hadronic channels. The beam momenta measured with CERBEROS
system (see Chapter 2.2) and corresponding number of collected events in the measurements with (CoHy),
and C target are given in Table 5.1.

The pion beam momentum distributions are presented in Fig. 5.1. The widths of these distributions
correspond to a momentum resolution of dPpeam /Poeam =~ 1.7%. The central beam momenta determined
from the CERBEROS measurements were based on the position of neutron peak in the 77~ missing
mass spectra, as described in Ref. [80]. The obtained beam momenta are 0.6501 £ 0.002 GeV /¢, 0.6853 £
0.0025 GeV/c, 0.7332 £ 0.003 GeV /c, and 0.786 £ 0.0035 GeV /c, respectively. These values are lower by
0.005 — 0.015 GeV/c as compared to the nominal beam momentum values.

To search for the bremsstrahlung signal in the collected data, only events for beam momentum of ppegm =
0.685 GeV /c were selected as statistics for the data taken at the remaining three beam momentum settings
is much lower. This is why the pion beam momentum in the further part of the analysis is quoted to be

equal to 0.685 GeV/c.
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Target Dpam momentum | Total number

[GeV /c] of Events
0.656 42.4M

Polyethylene ((CoHy),,) 0.690 774.7TM
0.748 76.5M

0.800 52.4M

0.656 41.9M

Carbon (C) 0.690 115.7M
0.748 42.2M

0.800 41.2M

Table 5.1.: Pion beam momenta and total number of collected events in measurements with (CoHy),, and

C targets.
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Figure 5.1.: Distribution of the pion beam momentum measured with the CERBEROS system. The dis-
tributions have been normalized to the same area. The arrows represent the corrected values
of the beam momenta as described in the text.
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5.2 Analysis Flow

The HADES data analysis is carried out using the HYDRA (Hades sYstem for Data Reduction and
Analysis) framework [89], which is written in C++ with small admixture of FORTRAN, and is based on
the ROOT package [90].

Experiment Simulation

l

Detector simulation
(GEANT)

A

Calibrated detector data
and track candidates
(DST, Data Summary Tape)

'

Event hypothesis, PID cuts,
kinematical variables
(PAT, Post-DST Analysis Tool)

'

Precise event selection, signal
and background determination
(FAT, Final Analysis Tool)

'

Final results

Figure 5.2.: The diagram of the experimental data and Monte Carlo simulation analysis workflow.

A flow diagram for simulation and experimental data analysis is shown in Figure 5.2. The investiga-
tion techniques include raw data processing, calibration, track reconstruction, particle identification, and
reaction channel selection. In addition to the procedure used for the analysis of experimental data, the sim-
ulation procedure includes a detailed modelling of detector response and trigger conditions using HGEANT
framework. The HGEANT [91] is a simulation package for HADES written in FORTRAN and built upon
the GEANT [92] program from CERN.

At the time of experiment, the HADES data acquisition system writes HLD (Hades List Data) files with
information accepted by the trigger conditions. They include raw data acquired from various detectors
read-out electronics: ADC or TDC values, as well as hardware addresses that allow a single module of the
appropriate detector to be identified. As a next step of the analysis, essentially after the calibration of
the detectors, the data relevant for physics analysis are written to the DST (Data Summary Tape) files.
They contain, among others, physical properties like identified hits in RICH, MDCs and TOF/RPC with
corresponding parameters like hit coordinates, energy loss, time of flight values, and also reconstructed
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tracks in the MDCs as well as reconstructed momentum vectors of charged tracks. Creation of DST files
is a standard part of the analysis for both experimental and simulation data.

The input for the Monte Carlo simulation is computed with the PLUTO [75,76] and GiBUU [77] event
generators. Then the GEANT package [93] is used for simulating particle interactions with the detector

material. The remaining part of the analysis chain is the same as in the experimental case, including all
selection criteria.

PAT (PostDST Analysis Tool) framework takes DST files as input. In this step, particle identification
(PID) is performed and events of interest are selected based on the track multiplicity and PID information.

FAT (Final Analysis Tool) provides the final stage in the analysis chain by extracting physical observables
such as invariant mass, total energy, angular distributions, missing mass etc.

5.3 Carbon subtraction from 7= (CyHy),

To study the 7~ p collisions, in measurement with the (CoHy), target, the 7~ C contribution has to be
subtracted. This was done based on the observation of quasi-elastic scattering of pions on protons in car-
bon nuclei. The ™~ p events were first pre-selected using a cut on coplanar pion and proton reconstructed
tracks (£5°) and a tanf, — x tant, > 1 selection (see Fig. 5.3, left panel). The 7~ p missing mass spectra
obtained after these selection cuts for measurements with (CoHy),, and C target are shown in Fig. 5.3,
right panel. The distribution for the (CoHy), target (black histogram in Fig. 5.3, right panel) shows a
prominent peak around zero missing mass corresponding to the 7~ p elastic scattering.
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Figure 5.3.: Left panel presents cuts selecting pion-proton quasi-elastic scattering, where red vertical
dashed lines show the condition of coplanarity (45°) and horizontal dotted line shows
tand - x tanf, > 1 selection window. Right panel presents 7~ p missing mass squared for
(CoHy),, target (black histogram) and C target (red histogram) for pion beam momentum of
0.685 GeV /c. Blue hatched area presents the m~p contribution, obtained as a subtraction of

carbon contribution from polyethylene target. Simulation of 7~ p elastic scattering is shown
as a magenta histogram.

The tail at negative values of missing mass occurs due to the quasi-free elastic scattering of pions on a
bound proton in carbon nucleus. The contribution is shifted towards negative values due to the binding
energy of the protons in carbon and is very broad due to the Fermi momentum distribution. The fraction
of T~p events measured with the carbon target (red histogram) was scaled to match the negative tail of
the missing mass squared distribution for the polyethylene target. The corresponding scaling factor was
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then used in analyses of various 7~ p inelastic channels for subtracting carbon contribution measured with
the carbon target from data registered with the polyethylene target (for details see Ref. [80]). For the elas-
tic ™~ p scattering, the subtraction of the carbon contribution results in a 7~ p missing mass distribution
presented with blue hatched histogram in Fig. 5.3, right panel. This distribution is very well reproduced
by Monte Carlo simulations of m~p elastic scattering.

5.4 Normalization of cross-sections

The 7~ p elastic scattering was measured in the pion beam experimental run to serve as an absolute nor-
malization to the cross-sections. Acceptance corrections for the measured elastic counts were determined
based on simulations. Elastic 77 p events were generated using the PLUTO event generator [94] with an
angular parametrization taken from Ref. [79]. The simulation reproduces the shape of angular distribution
of the experimentally registered elastic yields. The acceptance was calculated as the ratio of reconstructed
to simulated Monte Carlo events as a function of scattering angle in the center-of-mass frame [95]. After
applying the acceptance correction, the angular distribution of the elastic scattering was normalized to the
world data (averaged data points) in the Gfiw range of 59.5° — 110.5° (Ref. [80]). Figure 5.4 shows the
angular distribution of the elastic events measured for the central pion beam momentum of 0.685 GeV/c,
together with the world data selected for a pion beam momentum window dp = £10MeV/c around the
central momentum. The angular distribution of HADES data are in agreement with the distribution of
the world data. Figure 5.4 shows also angular distributions of the SAID solution [78] which is about 10%
lower than the HADES data. The systematic error of the normalization is dominated by the errors of the
world data and is equal to 4 %.

L = HADES data

o world data
— SAID WI08

do/dQ [mb/sr]

L ot -0 K

| ! | N | N | N | ! ;
o 60 70 80 90 100 110
07" [deg]

Figure 5.4.: Angular distribution of 7~ p elastic-scattering cross-section at 0.685 GeV/c, including the
HADES data, the world data and SAID solution WIO0S.

5.5 Combinatorial background

An important step in the present data analysis is determination of the combinatorial background in the
measurement of dileptons. The combinatorial background is formed in two different scenarios:
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a) The uncorrelated background (Fig. 5.5, left) is due to the combination of electrons and positrons
coming from decay of different particles. The lack of a specific kinematical correlation between the leptons
characterizes this kind of background. Dilepton pairs may be produced either directly from a virtual photon
at the electromagnetic vertex or by converting real photons in detector material;

b) The correlated background (Fig. 5.5, right) is due to the decay of a single particle into 27 or into
v et e (e.g. ™ — 7y which has branching ratio ~ 99% or m° — 7 €™ e~ which has branching ratio ~
1.2%) and the subsequent conversion of one or two 7.

Because electrons and positrons are always emitted in pairs, no difference between them is anticipated

in complete phase space, e.g. without taking into account detector acceptance and efficiency. Therefore,
the contribution of lepton pairs with the same sign can be used to estimate the combinatorial background.

signal pair!

correlated CB!

Figure 5.5.: Uncorrelated (left) and correlated (right) combinatorial background.

In analysis of high statistics data for eTe™ dilepton production measured at HADES, the combinatorial
background is typically estimated by the geometrical mean of ete™ (N ) and e"e~ (IN__) the like-sign

pairs, [96-99]:
N =2 x /N, N__. (5.5.1)

To determine the e™e™ signal, combinatorial background is subtracted from the total number of recon-
structed etTe:

NJ9 = NTot - NCB. (5.5.2)

In the present analysis, due to low statistics of collected e™e™ events, one or both numbers of like-sign pairs
( Nyt or N__ ) may be zero and the geometrical mean leads to an underestimation of the combinatorial
background. Therefore, the geometrical mean is replaced by the arithmetic mean which is justified by the
following consideration:

\/N++N,, = {N,, :N+++€} = N_%_++€N++ (553)
By using Maclaurin’s series expansion,
1 e Nif +N__
VN N__~ N, x(1+ §N++) =1 : . (5.5.4)
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5.6 Selection Cuts

In this section, cuts applied for the identification of final state particles are described. There are three
basic groups of such cuts, one is applied to the RICH detector signals, second to the opening angle between
reconstructed tracks and the third one to the TOF information used for particle identification.

5.6.1 Cuts on RICH detector data

For the lepton signal identification in the RICH detector, two alternative approaches, the backtracking
(BT) and the pattern matrix (PM) are used (see Section 3.4). Figure 5.6 presents distributions of ring
candidate characteristics with selection cuts applied. The backtracking approach is based on the matching
a reconstructed track with ring candidates in the RICH. The idea of BT is to accept any signature of a
ring. Therefore, a track correlated with a ring pattern containing at least one (or more) local maximum
in the distribution of the fired pads is considered as a lepton track candidate (see Fig. 5.6, left panel). In
the case of the PM algorithm, at least four pads must contribute to the accepted ring candidate (Fig. 5.6,
right panel). Both approaches are based on the minimum bias cuts.
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Figure 5.6.: Left: distribution of number of local maxima attributed to a ring candidate in the backtracking
approach. Right: number of pads contributing to a ring candidate in the pattern matrix
approach. In both cases, the accepted candidates are marked in red on histograms.

5.6.2 Close-neighbour track and opening angle cut

The main source of background in the measurement of dileptons is due to the photon conversion in the
target and RICH radiator. The e*e™ pairs created in such a conversion have, in most cases, low opening
angle, and one of tracks holds low momentum. Particles with low momenta are in most cases extracted
in the magnetic field out of the spectrometer. Therefore, only their inner track fragments, reconstructed
with the inner MDC I and II chambers, remain. In order to tackle with such a contamination, every track
identified in the RICH as a lepton candidate is tested with respect to the presence of another track (so
called close-neighbour track), within a given opening angle. Figure 5.7, left presents the distributions of
the opening angle between a lepton track candidate and its close-neighbour track. Negative values in the
figure are assigned to close-neighbour tracks reconstructed only within the inner MDC. In the analysis,
only fully reconstructed tracks (with positive values in histogram) are considered and are suppressed by
the minimum opening angle condition, which is at 4°. In Fig. 5.7, right, a distribution of the opening
angle between two fully reconstructed lepton tracks is shown. Effect of the close neighbour cut (>4°) is
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Figure 5.7.: Left panel: distribution of opening angle between electron/positron track candidate and the
close neighbour track. Neighbour tracks reconstructed only in the inner MDCs are attributed
with a negative values of the opening angle and the cut suppressing pairs is set to opening
angle > 4°(red shaded area for this angular range represents the accepted tracks). Right panel:
opening angle distribution for two fully reconstructed lepton tracks. For the eTe™ pairs, two
cuts of the opening angles were investigated : >4°(red hatched) and >9°(green hatched). In
the analysis, the later cut was used as described in text.
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Figure 5.8.: ete™ opening angle distribution from Monte Carlo simulation of photon conversion at 7~ beam
momentum of 0.685 GeV/c, where photons are produced by the Dalitz decay of 70 produced

in reaction 7~ p — n 7.

shown with red region. For the further suppression of the contribution from the conversion in the measured
dilepton pairs, a requirement on the minimum opening angle of 9°was introduced and is shown with green
area in Fig. 5.7, right. The justification of this requirement comes from simulations of the conversion of
gamma quanta originating from the 7~ p — n 7’ — n et e~ reaction channel, presented in Ref. [33].
As one can see in Fig. 5.8, the opening angle distribution for e*e™ tracks produced in the conversion
process is dominated by angles smaller than 9°.
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5.6.3 Particle identification
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Figure 5.9.: 8 (v/c) of €T or e versus momentum X charge with the cuts applied to the velocity (red
horizontal line) and the momentum (orange vertical lines).

The TOF information from the META detector system is used to improve the identification of leptons done
with the RICH detector and to identify pions and protons. Figure 5.9 presents velocity versus momentum
distribution for tracks identified as electrons/positrons in the RICH detector. In order to separate leptons
from pions and protons, the selection cut § > 0.8 was applied. In addition, due to difficulties in the
reconstruction of lepton tracks with very low momenta, a cut on the momentum (p) > 100 MeV /c was
introduced. For the identification of pions and protons, particle mass was calculated based on the velocity
measured with the META system and the momentum reconstructed with the MDCs:

m = 4/p? (% - 1). (5.6.1)

In Fig. 5.10, presenting particle mass vs momentum X charge, pions and protons are clearly separated
from each other.
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Figure 5.10.: Particle mass versus momentum times charge.

5.7 Inclusive and exclusive channels

The objective of the analysis is to extract the bremsstrahlung process occurring, when a charged particle
under acceleration radiates a virtual photon which subsequently decays into a dilepton pair. The idea is
to tackle the problem within the inclusive and exclusive channels which are possible to be reconstructed.
In this thesis, the inclusive ete™ X channel and the exclusive p 7~ eTe™ channel are investigated. The
exclusive channel is investigated using three different analysis procedures. They are listed in Fig. 5.11.

In the inclusive dilepton channel analysis only e™e™ in the final state is identified and remaining reaction
products are unmeasured. As this analysis takes into account only two particles in the final state, therefore,
it is also called the two-prong hypothesis. This analysis includes all possible channels contributing to the
eTe™ final state in the respective energy regime.

In the exclusive analysis three different (complementary) groups of registered events were analysed:

(1) registered three tracks with identified 7-e*e~ and the remaining 4" particle (proton) is identified by
the missing mass technique.

(2) registered three tracks with identified p e*e™ and the remaining 4'" particle (77) is identified by the
missing mass technique.

(3) registered four tracks with all final state particle (p 7~ete™) identified in the detection system.

In the listed above exclusive analysis channels, 1 and 2 are referred to as the three-prong hypotheses, while
the 37 case is called the four-prong hypothesis. In the following chapters, the analyses of the 2-, 3- and
4-prong hypotheses is described in details.
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Figure 5.11.: Analyzed inclusive and exclusive channels. The measured particles are denoted in black,
whereas missing (unmeasured) particles are marked in blue.

5.7.1 Four particle (p 7~ e*e™) analysis

In the first step of the 4-prong analysis (p, 7, e™ and e~ tracks measured and identified), the missing
mass squared of the p m~ete™ system is determined. Figure 5.12 (left panel) shows the (p 7~ e e7)
missing mass squared distribution for the (CoHy), target, combinatorial background and the signal ob-
tained after the CB subtraction. The prominent peak located around the value 0, represents either no
particle remained as unmeasured or one undetected gamma photon M;,,(v) = 0. In the right panel of
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Figure 5.12.: Four-particle missing mass squared distributions, M2, .(p 7~ eTe™). Left panel: all eTe~
events (black squares), combinatorial background (green triangles), and signal extracted after
CB subtraction (red full dots) for measurements with polyethylene target. Right panel: signal
extracted from two different targets, (CoHy),, (red full dots) and C (magenta open dots). The
distributions are normalized to the bin width equal to 0.002 (GeV /c?)2.

Fig. 5.12, the missing mass squared spectrum obtained with the polyethylene target is compared to the
corresponding distribution for the carbon target. In later case no peak at zero mass is visible. In order
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Figure 5.13.: 7~ p missing mass distributions. Legend as in Fig. 5.12. For all e*e™ pairs, an opening angle
> 9°cut was applied and distributions are normalized to the bin width of the size equal to
0.027 GeV/c?.
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Figure 5.14.: p = missing mass distribution for measurements with polyethylene target after subtracting
the carbon contribution. The parameters of the gaussian fit shown with the red curve are
presented in the legend box.

to check possible contribution of the 7% Dalitz decay in the analyzed events, a missing mass spectrum of
the 7~ p system was determined and is shown in Fig. 5.13. The peak in the data taken with the (CoHy),
target is clearly seen at the 7¥ invariant mass.

The peak in the missing mass spectrum for the polyethylene target after subtraction of the carbon contri-
bution was fitted with a Gauss function, as shown in Fig. 5.14, resulting in the maximum value at 0.140 =+
0.004 GeV/c* which is consistent with the 7 mass (0.135 GeV/c?). One can conclude that the 7° Dalitz
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decay dominates the analyzed exclusive channel.
Figure 5.15 presents the e*e™ invariant mass distributions. Due to the 7° Dalitz decay contribution, the
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Figure 5.15.: ¢te™ invariant mass distribution. The legend is the same as in Fig. 5.13. The spectra are
normalized to the variable bin width size.

distribution is dominated by values smaller than the 7° mass.

In the exclusive channel analysis, the statistics of reconstructed p 7~ ete™ is very low as presented in Table
5.2. For the measurements with the (CoHy), target and the e™e™ pairs identified in the RICH using the
backtracking algorithm, the number of reconstructed events is only 261. By including the pattern matrix
algorithm for the dilepton identification, this number increases to 307. Figure 5.16 presents missing mass
squared distribution M2, (7~ p eTe™) above ¥ mass region, where the number of reconstructed events
is only 9. Due to the small statistics and dominating role of the 7° Dalitz decay in the pair production,
the exclusive 4-prong channel is not well suited to search for bremsstrahlung events. Substantially higher
statistics was collected for the 3-prong events (7~ ete™ and p eTe™) and, therefore, these events were used

for the search of bremsstrahlung signal. Their analysis is presented in the following sections.
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Figure 5.16.: p 7~ e e~ missing mass squared distribution for M;,,(e*e™) > 0.14 GeV/c? in measurements
with polyethylene target.
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(CoHy)p Carbon
Type Signal | CB | Signal | CB
BT method 261 28 146 21
BT || PM method | 307 37 172 20

Table 5.2.: Statistics of reconstructed 4-prong events (7~ p e e”) in measurements with (CoHy),, and C
targets. The signal is obtained after the combinatorial background subtraction. The first row in
table corresponds to the number of events with dileptons reconstructed in the RICH by means
of the backtracking (BT) algorithm and in the case of the second row the pattern matrix (PM)
algorithm was used in addition to the backtracking as described in Chapter 3.4.3.

Even though the 4-prong analysis is not very suitable for the study of the bremsstrahlung process, it
was used for a consistency check with the previous HADES analysis of the 7~ p — 7~ p 7 channels

(Ref. [80]). This check is presented in Chapter 6.
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5.7.2 Three particle 77eTe™ and p ete™ analysis

Within the present studies, two types of 3-prong analysis were conducted: one with reconstructed 7~ e*e™
tracks and the other with p ete™ tracks. The remaining particle was identified by using the missing
mass technique. Figure 5.17 shows the 7~ et e~ missing mass (left panel) and eTe™ invariant mass
distributions (right panel) obtained in the measurements with the polyethylene target. The eTe™ invariant
mass distribution is dominated by data contributing below 7° mass. This suggests that the reconstructed
events are dominated by the 7° Dalitz decay. This could explain the shift of the peak visible in the missing
mass spectrum towards values above the proton mass (in the case of bremsstrahlung channel, the expected
peak position is located at the proton mass).
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Figure 5.17.: 7~ e™ ¢~ missing mass distribution (left panel) and e™e™ invariant mass (right panel) in mea-
surements with (CoHy),, target; black squares represent all events, green triangles - CBqyyithm,
and red dots - signal obtained after the CB subtraction.

In figure 5.18, the missing mass (left panel) and invariant mass distribution (right panel) obtained in mea-
surements with polyethylene and carbon target, respectively, are compared. The striking difference, as
compared to the four-particle analysis (see Figs. 5.13, 5.12), is the increasing contribution from events
measured with the carbon target.

In order to eliminate the 7 Dalitz decay, the invariant mass cut: M;,, (eTe™) > 0.14 GeV/c* was
applied. With this selection, the 7~ e* e~ missing mass distributions for polyethylene and carbon target
are compared in Fig. 5.19, left panel. Both distributions contain a clear peak located around the nu-
cleon mass. The increased carbon contribution makes it difficult to extract a statistically significant 7~ p
bremsstrahlung signal in the missing mass spectrum obtained by subtracting the carbon contribution from
the polyethylene target spectrum, presented in Fig. 5.19, right panel.

Table 5.3 provides statistics for the three-particle identification (7~, et e7), for both targets, (CoHy),,
and C. The first row presents the statistics of events with dileptons reconstructed only by the backtracking
(BT) algorithm. In the measurement with (CoHy), target, the number of events are almost three times
higher than in the case of 4-prong analysis (see Table 5.2). However the carbon contribution is relatively
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Figure 5.18.: The contribution from the measurement with polyethylene target (red full dots) and car-
bon target (magenta open dots) in 7~ et e~ missing mass spectrum (left panel) and ete™
invariant mass spectrum (right panel).
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Figure 5.19.: 7~ et e~ missing mass distribution, after applying the cut M;,,(eTe™) > 0.14 GeV/c?, for
measurement with polyethylene target and carbon target - left panel: red and magenta dots,
respectively, and after subtracting carbon contribution from polyethylene - right panel.

large and it amounts to about 50% of the (C2H4)n signal. The second row provides the statistics of events se-
lected with the cut on the invariant mass, M;,,(eTe™) > 0.14 GeV/c?. Unfortunately the number of events
collected with (CoHy),, target is not far above the carbon contribution and, therefore, a search of a statis-
tically significant signal of the bremsstrahlung process is very difficult, as it will be presented in Chapter 6.
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(CoHy)p Carbon
Type Signal | CB | Signal | CB
BT method 706 | 131 | 387 | 111
BT method 57 12 35 9
Mpp(eTe™) > 0.140 GeV/c?

Table 5.3.: Statistics of reconstructed 3-prong events (71—, e, €7) in measurements with (CoHy),, and C
targets. The signal is obtained after the combinatorial background subtraction. The first row in
table corresponds to the number of events with dileptons reconstructed in the RICH by means
of the backtracking (BT) algorithm and in the case of the second row the cut on invariant mass
Mip,(e™ e7) > 0.14 GeV/c? was used in addition.

Another possibility to reconstruct the 4-prong final state is to identify three particles in the final state:
pet e, with 7~ left as unmeasured particle. However, as it will be demonstrated, the HADES spectrom-
eter acceptance for protons is lower than the acceptance for pions. In figure 5.20, similarly to contributions
presented in Fig. 5.17, there is p ™ e~ missing mass squared (left panel) and e*e™ invariant mass (right
panel) presented. The missing mass squared distribution shows a maximum at around zero, and has a long
tail towards negative values. Due to its limited width the peak at zero squared mass is consistent with
70 signal expected at 0.018 (GeV/c?)2. The distribution of the e*e™ invariant mass drops rapidly with
increase in mass and its shape is similar to one obtained in the 7~e™e™ analysis.

:'._'1())':103 --------- ------------- ----------- -------------- ::.105% ................................................... ............. ............

I R A X Tosl

. [ e Signal ++i | @ %  cSiond

% ot CB L SV IR WSS T S R -

s S N
Y EETUUURUOR SONUROUN SRS B _ : E

-0.2 0 02 04 0 0.1 0.2 03 0.4 05 0.6
2 + A" 2 12
M (P e'e) [ GeV/c® ] M

e'e’) [ GeV/c? |

inv(

Figure 5.20.: Distribution of p e™ e~ missing mass squared (left panel), and e™e™ invariant mass (right
panel) for the three-particle hypothesis. The description of contributions is as in Fig. 5.17.

Figure 5.21 shows the distributions from measurements with the polyethylene (red dots) and the carbon
(violet open dots) target, after subtracting combinatorial background. The negative tail visible in the
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p ete” missing mass squared distribution for the (CoHy), target is consistent with one for the carbon
target, therefore, it can be explained as a result of the carbon contribution in the (CyHy), target. This
tail may originate from the smearing of the momenta of the measured particles due to the presence of the
Fermi-motion of nucleons inside the carbon nucleus.
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Figure 5.21.: p et e~ missing mass squared (left panel) and e*e™ invariant mass (right panel) for the

measurements with polyethylene (red full dots) and carbon (magenta open dots) target.
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Figure 5.22.: p ete™ missing mass squared distribution for (CoHy), (red dots) and C (magenta dots)

target - left panel and p eTe” missing mass squared distribution after subtraction of the

carbon contribution from the polyethylene target - right panel. Both are plotted for invariant

mass above the 7 mass region and are normalized to the bin width.

The missing mass squared distribution after applying the cut on the eTe™ invariant mass: M;,,(eTe™) >
0.14 GeV/ ¢? is shown in Fig. 5.22. In the left panel, the p e*e™ missing mass squared distribution for
polyethylene and carbon target, is presented. In the right panel, the 7~ p interaction is obtained after
subtraction of the carbon contribution from the polyethylene target distribution. For the bremsstrahlung
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process (T~ p — p7 ete), a peak at the position of pion mass is expected in the distribution, however,
no statistically significant peak is visible.

Both m~eTe™ and p eTe™ hypotheses show the evidence of the p 7~ e™ e~ final state selection, however,
missing mass is well identified when hypothesis contains negative pion as a measured particle (7~ ete™
hypothesis).

Table 5.3 provides statistics for the three-particle identification (p et €7), for both targets (CoHy), and
C, and for the region above M;,,(e7e™) > 0.14 GeV/c?. The combinatorial background (CB) is included.
The statistics of events is slightly higher than in the case of the 7~ e e~ identification (see Table 5.3).

(CoHy)y, Carbon
Type Signal | CB | Signal | CB
BT method 907 | 256 | 538 | 169
BT method 70 36 49 13
Mi,,(eTe™) > 0.140 GeV /c?

Table 5.4.: Statistics of reconstructed 3-prong events (p et e”) in measurements with (CoHy), and C
targets. The signal is obtained after the combinatorial background subtraction. The first row
in table corresponds to the number of events with dileptons reconstructed in the RICH by means
of the backtracking (BT) algorithm and in the case of the second row the cut on invariant mass
Mpp(e™ €7) > 0.14 GeV/c? was used in addition to the BT algorithm.
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5.7.3 Two-prong e*e™ analysis
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Figure 5.23.: Inclusive ete™ spectra: missing mass (left panel) and invariant mass (right panel) for mea-
surement with polyethylene target. Black squares represent all eTe™ events (total), green
triangles — the combinatorial background, and red dots represent e*e™ pairs remaining after
the CB subtraction (signal).

The investigation of dielectron production was also carried out by the identification of the e™e™ pairs in the
final state which is symbolically indicated as e™e~ X channel, where X can be one or more unidentified
particles. The eTe™ missing mass spectrum for the measurements with the polyethylene target presented
in Fig. 5.23, left panel shows a two peak structure with one peak at the nucleon mass and the other peak at
about 1.2 GeV/ ¢2. Figure 5.23 (right panel) shows the e*e™ invariant mass distribution with a dominating
contribution from 7° Dalitz decay (see results of the Monte Carlo simulation presented in Chapter 6) in
the range below the 7 mass. At higher masses the distribution is almost flat.

The peak visible at the nucleon mass in the missing mass spectrum for the polyethylene target, is
not visible in the carbon target (see Fig. 5.24 - left panel). In turns, the eTe™ invariant mass spectra for
two targets are very similar in shape as shown in Fig. 5.24 - right panel.

In the eTe missing mass spectrum (Fig. 5.25, left panel), where the cut: M;,,(eTe™) > 0.14 GeV/c? is
applied, a prominent peak around a neutron mass is clearly reconstructed. The production mechanisms
contributing to the n eTe™ final state are tightly related to the channels identified in the two-pion hadronic
analysis, (see Ref. [80]). The dominant process is the Dalitz decay of N(1520) — N eTe™ with an in-
termediate p meson coupling to the resonance and to the virtual photon (see Ref. [33]), which provides a
good explanation for data obtained from the inclusive analysis (see Chapter 6).

The bremsstrahlung contribution can be identified only with the help of Monte Carlo simulations, as it
will be discussed in the next chapter. Figure 5.25, right panel, shows that the carbon contribution in the
measurement with polyethylene target is significant and due to statistics cannot be subtracted but rather
included into the model descriptions.

84



pnl r (\,‘_,1065_ .......... ‘ .................................................... . ............
S 0 Targets;*% """"""" S fa | Targets
q) - N M . . M .
S | : : § : § § : O g, 5 e (CH
~$°25:_ """ ‘(C2H4)n¢ """ ¢ """"""" f’émsz_c.)...o..;....l ................................... (24)n .....
= 02f G T P> °C
s R 5 : Y 5 5 =~ I a : :
S OE e Ky z [
S 0145 RN P L JOUPPTE SO PO NP O P 104 Eﬁ) --------- § L ST AR feeeeenes FEPRR
- S R (:)'5 2 Io e -
5 TS VN T _4).54? _______________ B ; | ©O0 0! o
: oo | . i
o Lo : ERRRREEN I SRS NN SRS N O
005",5. ------------ 5 I : <'|>
r : : : : : @) : r :
e® - : : : :
0|T.i.|.|.|.ﬂ‘|e||.|....| Ll | Ll | L1y | ,?, | | L PR | PN NN TN S TN T AN TN TN T S A TN W M
07 08 09 1 1.1 12 13 14 0 0.1 0.2 0.3 0.4 0.5 0.6
M,ss(€7€) [ GeV/c? ] M. (e*e) [ GeV/c?]

Figure 5.24.: Comparison of e™e™ missing mass spectra (left panel) and e*e™ invariant mass spectra (right
panel) determined in measurements with polyethylene target (red full dots) and carbon target
(magenta open dots). Normalization to the bin width has been applied. In the right panel,
vertical black dashed line is the upper kinematical limit of 7% Dalitz decay contribution.
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Figure 5.25.: e*e™ missing mass distributions after the cut M;,,(e*e™) > 0.14 GeV/c? for polyethylene
target (left panel) and for comparison of polyethylene and carbon events (right panel). Left
panel: all ee™ events (black squares, total), combinatorial background (green triangles)
and signal (red full dots) are presented. Right panel: red full dots and magenta open dots
represent measurements with polyethylene and carbon target, respectively. Normalization to
the bin width has been applied.

Table 5.5 provides statistics for the e™e~ X events for both targets. The total counts for polyethylene and
carbon target equal to 16880 and 9566, respectively, are about 20 times higher than the corresponding
statistics for the 7~e*e™ 3-prong events (see Table 5.3). For invariant masses higher than M;,,(e™ ¢7) >
0.14 GeV/c?, the number of events for polyethylene and carbon target is 2416 and 1377, respectively, and
is about 40 times higher than in the 3-prong analysis.
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(CoHy)y, Carbon
Type Signal | CB | Signal | CB
BT method 16880 | 3360 | 9566 | 2053
BT 2416 | 484 | 1377 | 222
Mpp(eTe™) > 0.14 GeV /c?

Table 5.5.: Statistics of reconstructed 2-prong events (e e™) in measurements with (CoHy),, and C targets.
The signal is obtained after the combinatorial background subtraction. The first row in table
corresponds to the number of events with dileptons reconstructed in the RICH by means of
the backtracking (BT) algorithm and in the case of the second row the cut on invariant mass:
Mip,(eT e7) > 0.14 GeV/c? was used in addition to the BT algorithm.

5.8 Polyethylene to carbon ratio

In order to verify the deduced scaling factors of cross-sections for m~ p collisions to the case of m~C
collisions, presented in Chapter 4.3.2, we determined experimental ratio of dilepton events measured with
the polyethylene and carbon target. This ratio is presented in Fig. 5.26 for the four considered hypotheses
and no restriction on the ee™ invariant mass. Since the analyzed events originate predominately from
the 7° Dalitz decay, the carbon to proton scaling factor is 7 = o (C)/0o(p) = 3.3 (see Chapter 4.3.2).
Taking into account that the polyethylene target contains twice as many hydrogen atoms as carbon atoms,
the ratio of the ete™ yield with polyethylene and carbon target is calculated as:

o(PE)  20(p) + o(C) 2+ 71
a(C) o(C) N r

= 1.61. (5.8.1)

The obtained value of the polyethylene to carbon ratio, indicated with red dashed line in Fig. 5.26, is in
agreement with the experimental results.

The ratio of the reconstructed ete™ events with (C2H4)n and carbon target but for the eTe™ invari-
ant mass above the 7° mass region is presented in Fig. 5.27 for three different hypotheses. The ratio
was not calculated for the 7~ p e*e™ hypothesis as no events were registered with the carbon target. For
the exclusive ete™ production in the invariant mass range above the 7% mass, we expect the dominant
contribution from the bremsstrahlung process. According to the calculations presented in Chapter 4, the
carbon to proton scaling factor for the 7~"eTe™ and eTe™ hypothesis is 4.4 and for the p eTe™ hypothesis
is 3.4. Taking these factors into account, the polyethylene to carbon ratio is calculated using the formula:

o(C) (€ xAC)
o(PE) _ 20(p) (@ x A) + o(C) (“x A% _ 2+ 54 @xan (5.8.2)
o(0) o(C) (€ x AC) o(C) (CxAC) "

o(p) (PxAP)
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Figure 5.26.: Ratio of the reconstructed dilepton events for (CoHy),, and C target, for four different hy-
potheses (blue points) compared to result based on the proton to carbon scaling factor (red
dashed line).
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Figure 5.27.: Ratio of the reconstructed dilepton events above 7% mass region for (CoHy),, and C target, for

three different hypotheses. The values obtained from the experimental data and simulations
are presented with blue and orange points, respectively.

where (¢ x AP) and (e¢ x AY) are the product of detection efficiency and acceptance for the proton
and carbon target, respectively. The acceptance and efficiency values were determined in the simulations
of the bremsstrahlung process and are given in Table 5.6. The ratios obtained from Eq. 5.8.2 agree well
with experimental values as shown in Fig. 5.27.
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Reaction channel
(Acceptance A x Efficiency €)

Hypotheses | ©~ p 7 12¢C Ratio: ”:10
et e” 6.89 % 5.25 % 0.76 4= 0.06
7 ete |098% 0.83 % 0.85 £ 0.21
pete |391% 3.02 % 0.68 4= 0.10

Table 5.6.: Acceptance times efficiency determined in simulations of ete™ bremsstrahlung events for 7~
beam interacting with proton (2"¢ column) and carbon target (3"¢ column) for three studied
hypothesis. The last (4th) column contains the ratio of the corresponding products together
with statistical uncertainty resulting from limited numbers of simulated events.
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Chapter6

Data versus simulations

Precision and exactness are not intellectual
values in themselves, and we should never try
to be more precise or exact than is demanded
by the problem in hand.

Karl Raimund Popper

The aim of this chapter is to interpret the obtained data by comparing them with predictions of theoretical
models. The procedure takes into account the acceptance and efficiency of the HADES detection system
determined by the Monte Carlo simulations. Section 6.1 presents the simulation results for the processes
giving dominant contributions to the studied exclusive channels. Section 6.2 gives an interpretation of the
experimental spectra for the e™e~ X inclusive channel, and the next three sections, 6.3, 6.4 and 6.5, present
interpretation of obtained spectra for the exclusive channels, 7" p ete™, 7~ eTe™ and p eTe™, respectively.
The estimation of the total cross section for the bremsstrahlung process in presented in Section 6.6.

6.1 Simulationsof 7 p — 7 pete  and 7w p — 7T pyete

The following three intermediate states and decay processes were taken into account in the Monte Carlo
simulations of the 7~p — p m~eTe™ () reaction channel:

(@ pr= 7 (yete),
(b) 7= A* (pete),
(c) Bremsstrahlung process: 7~ pe™ e.

The results of measurements of the two-pion production (a) performed at HADES are presented in detail
in [80]. The obtained data was described by means of the partial wave analysis. The obtained parametriza-
tion of the data is used in the present work in the event generator to model p 7~ 7" reaction with included
79 Dalitz decay. Also, the A7 resonance contribution is obtained from partial wave analysis which is used
to model the reaction 7= AT (p et e7) (b). The interesting channel of bremsstrahlung process (c) is
modeled with the soft-photon approximation, as described in Chapter 1.5.3. In all (a)-(c) cases, the final
state events were generated within the PLUTO event generator [75,76], and were multiplied by the weights
calculated from the appropriate model.

Figure 6.1 presents differential cross-section as a function of e*e™ invariant mass for 7% Dalitz decay and
AT Dalitz decay derived from the partial wave solution [100]. Also, the cross-section for bremsstrahlung
process calculated by using the soft-photon approximation is presented.

One can see in Figure 6.1 that the A" Dalitz decay contribution is lower than the bremsstrahlung soft-
photon approximation by about two order of magnitude. Besides, the extraction of the bremsstrahlung
signal in the range of invariant mass below 7’ mass is difficult, as the obtained cross section for the 7°
channel is higher by roughly an order of magnitude than the bremsstrahlung cross section. Therefore,
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Figure 6.1.: 7~ p reaction at Ppeam = 0.685 GeV /c: differential cross-section as a function of eTe™ invariant
mass for 7 Dalitz decay (blue histogram), AT Dalitz decay (red histogram) and the soft-
photon approximation of bremsstrahlung process (magenta histogram).

in order to address the p 7~ et e~ final state free from the 7 Dalitz decay contribution, one has to
constraint it to the invariant mass above the ¥ mass (M, (eTe™) > 0.14 GeV/c?). However, the
Min,(ete™) < 0.14 GeV/ ¢? region and the reconstruction of 7% Dalitz decay signal is a very important
reference channel which helps to demonstrate that the reconstruction of dielectron pairs as well as hadronic
tracks (p, 7 here) is under control from the point of view of the HADES spectrometer modelling. For
this, the present data on the ete™ production in the invariant mass range below the 7% mass is compared
with the results of the partial wave analysis of the p 7~ 7" final state with included Dalitz decay of 7°
(see Section 6.3). Analogous procedure was successfully applied in the analysis of the AT Dalitz decay, in
the reaction p p — p AT(p eTe™) [86]. There was first demonstrated that the 7% meson contribution,
obtained within the partial wave analysis of the one-pion final state, can be well described also in the
dielectron channel, with the 7° Dalitz decay. The verification of various projections, including angular
distributions, is of utmost importance, due to the finite spectrometer acceptance.

6.2 Inclusive 7~ p — et e~ X channel

In analysis of the e e~ X inclusive channel, the interesting outgoing particles are e™ and e~, and all other
particles are not reconstructed.

Figure 6.2 presents the eTe™ missing mass spectrum obtained with (CyHy), target after applying
Min,(eTe™) > 0.14 GeV/c® cut. The peak at the neutron mass is well explained by the results of
simulations including the excitation of the N(1520) and its decays in n eTe™ channel. At higher missing
mass values, the production of i meson in the process 7~p — n 1 with the subsequent 1 meson Dalitz
decay (v eTe™) contributes. Details of the excitation and decay of the N(1520) resonance as well as the
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Figure 6.2.: eTe™ missing mass (M,y:s5) spectra after applying the cut My, (eTe™) > 0.14 GeV/c2. Data
(black dots) are compared with full simulation results (black histogram) which contain n e e~
resonance channel (red histogram), and 7 Dalitz decay (yellow histogram). Blue dotted line
defines cut M,,;ss(eTe”) > 1.2 GeV/ ¢? used for selection of bremsstrahlung events.
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Figure 6.3.: eTe™ missing mass (M,piss) spectra after applying the cut My, (eTe™) > 0.14 GéV/c2. Data
(black dots) are compared with full simulation results (black histogram) which contain n e e~
resonance channel (red histogram), n Dalitz decay (yellow histogram) and bremsstrahlung
contribution (7~ p — magenta, and 7~ C — blue histogram). Bremsstrahlung simulations are
presented without scaling factor (left panel) and with the scaling factor — 4.05 (right panel).

n(v eTe™) Dalitz decay were taken from Ref. [33]. The data points above 1.2 GeV /c? are underestimated by
the n Dalitz decay process. Events corresponding to M,;ss(eTe™) > 1.2 GeV/ ¢? are possible candidates
for bremsstrahlung process. The contribution of bremsstrahlung is described by the 7™p — 7 p eTe™
process occurring in 7~ p and 7~ C collisions using the soft-photon approximation (see chapter 4). However,
it overshoots the data significantly, (see Fig. 6.3, left panel). After scaling down the bremsstrahlung contri-
bution by the factor 4.05, which is the same as the one applied in the case of the exclusive 7~ee™ channel
(see Sec. 6.4), the experimental data points are well described by the simulations (see Fig. 6.3, right panel).

Figure 6.4 presents invariant mass spectra Mim,(e“'e_) for the missing mass cut Mmiss(eJre_) > 1.2
GeV/c? (black dots), for the measurements with (CoHy),, target (left panel), C target (middle panel), and
after subtraction of carbon contribution (right panel). Inclusive 7° yield is a total sum of three dominant
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Reaction Cross-section
7 p — nmn 9.0 mb
7 p — na’xl 2.0 mb
T p = pr 7 3.9 mb
Total 15.0 mb

Table 6.1.: Dominant 7 production channels in the 7~ p collisions together with corresponding total cross-
section values, taken from Ref. [33].

contributions of processes specified in Table 6.1. Simulations including these processes reproduce well the
experimental data points in the invariant mass range below the 7° mass. At higher invariant masses, the
contribution from bremsstrahlung scaled by the factor 4.05 together with the ) Dalitz decay contribution
describe the data points well.

oL : == Data (e+ &3 X) PR R P
SSILR 3§ . T s Lo S
o [} €Li - npaiz | [ : : : o [ : : : :
°.4 9 = = psrom-Can PR T — ARRE S S
ol : ++ 7 126 Brem-Calii : : : :
£ 1 T
30 t—.- ---------------------------------------------
< _
©
(OR[N : s e e ety > LA
ge]
0 0.1 0.3 03 20.4 0 0.1 0.% 03 20.4 0 0.1 0.2+ 03 8.4
M, (e'e) [ GeV/c”] M. (e'e) [ GeV/cT] M. (e"e) [ GeV/c"]

Figure 6.4.: ete™ invariant mass distribution with the missing mass cut Mmiss(e+e_) > 1.2 Ge\//c2 for
7~ (CyHy), (left panel), 7= C (middle panel) and 7~ p (right panel) reactions. Data denoted
by black points are compared with full simulation results (black histogram) which contain 7°

(green), bremsstrahlung contribution, (7~ p, magenta and 7~ C, blue) and 71 Dalitz decay
(yellow).
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6.3 Exclusive 7~ p 7°(y eTe™) channel

The analysis of the 7% Dalitz decay is used to demonstrate that the reconstruction of dielectron pairs is
under control from the point of view of the HADES spectrometer modelling. For this, the experimental
data for the 7~p — 7 p 7(y ete™) channel are compared to simulation results based on the partial
wave analysis of the two pion production channel (7~p — 7 p 7¥) [80] supplemented by the 7% Dalitz
decay.

6.3.1 Missing mass distributions

The ™ — 7 et e~ Dalitz decay is the dominant contribution in the measured spectrum of dielectrons. It
can be identified in a complete kinematical reconstruction of the final state 7~ p v ™ e, where the four
final state charged particles are measured. To extract the signal for the 7° Dalitz decay, a cut on the two
particle missing mass: M,,;ss(7"p) > 0 GeV/c2 and on the invariant mass: M;,,(eTe™) < 0.14 GreV/c2
was applied. Figure 6.5 presents a correlation of two-particle missing mass M,,;5s(7~p) versus four-particle
missing mass in the measurement with the (CyHy),, target, clearly indicating the area with the 7m0 Dalitz
decay contribution.
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Figure 6.5.: M5s(m7p) vs M2, (7~ p et e™) for (CoHy),, target.

m

Fig. 6.6 shows M,,;ss(7m p) and M2, (7 p eTe™) distributions after subtracting the carbon contribution

m
from (CoHy), target. The partial wave analysis of the two pion production channel with included 79 Dalitz

decay overshoots the data but the widths of missing mass distributions are reproduced well.
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M2, . (m~pete™) (right panel) for the 7~ p — 7 p 7 e e~ reaction channel. Data is

miss
presented with black squares and red histogram shows the simulation of 7° Dalitz decay.
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the m™p and 7 C bremsstrahlung contributions, respectively. The vertical red dashed lines

indicate the region selected for calculating the 7~ p bremsstrahlung cross-section.

Figure 6.7.: Four-particle missing mass squared M?>

2 (m~p eTe”) distributions for proton, obtained after subtracting
contribution of carbon from polyethylene data and simulation for 7°p — 7 p ete” bremsstrahlung

Fig. 6.7, shows the comparison of M?

channel. Data and simulation both are plotted above the 7° mass region.
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6.3.2 eTe~ distributions

Figure 6.8 presents experimental distributions of the e™e™ invariant mass (M;,,(eTe™)), rapidity (y), and
transverse-momentum (pr) compared with the simulations of the 7% Dalitz decay. The experimental data
points are well reproduced by the simulations.
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Figure 6.8.: Distribution of eTe™ invariant mass (a), rapidity (b) and transverse momentum (c) for the
T p — T p eTe reaction channel, obtained after subtracting carbon contribution from
(C2H4)n data. Data is presented with black dots and simulation results with red histogram.

6.3.3 Angular distributions

0

In this section, experimental angular distributions for the three final state particles: p 7~ 7" are compared

with the simulations based on the partial wave analysis solution. This comparison is important in view of
the finite acceptance and efficiency of the HADES detection system in the measurements of charged hadron
tracks but also of dileptons originating from the 7% Dalitz decay. The angular distributions are studied in
three different reference frames: center-of-mass (CM) system, the Gottfried-Jackson (GJ) frame, and the
helicity (H) frame.

Center-of-mass system

In the center-of-mass (CM) system the total momentum is zero and projectile and target particles have equal
momenta oriented in opposite directions. Figure 6.9 presents cos §“M distribution for the reconstructed
p, 7, and 7° from (CoHy), and C target. The 7 momentum was determined as the missing momentum
of the p ™~ system. The experimental cross-sections for carbon are much smaller as compared to the
(CQH4>n. Therefore we conclude, that the dominant contribution to the cross-section measured with the
(CoHy), target originates from the pion interaction with protons in (CoHy),. Also for this reason the
angular distributions measured with (CyHy),, are well described by the simulation of the 7~ p — 7~ p 7°
with included 7° Dalitz decay.

Figure 6.10 presents cos M distribution for the reconstructed p, 7, and 7°, after subtracting carbon
contribution from (CoHy), target. For the most forward and backward angles the data is overestimated
by the simulation, however at the intermediate angles the agreement with the simulation is much better.
It is remarkable that all of the studied angular distributions are approximately symmetric with respect to
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90°and are strongly peaked in forward and backward direction. The underlying reaction mechanism was

studied within meson exchange models including excitation of intermediate resonances in Ref. [80].
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Figure 6.9.: Angular distribution for protons (a), 7~

(CoHy), (black dots) and C (brown histogram bars) target. The data points are compared
with the PWA simulation results for the 7~p — 7~ p 7 channel, represented by red band.
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Figure 6.10.: Angular distribution for protons (a), 7~ (b) and 7° (c) in CM frame after subtracting carbon
contribution from (CoHy),, target. The data points are compared with the PWA simulation
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Gottfried-Jackson frame

The rest frame of two out of three particles in the final state is the Gottfried-Jackson (GJ) frame. The
GJ angle is defined in this frame as angle between one of the two particles in the rest frame and the beam
particle (here pion) boosted to the rest frame. In this way, the two-body scattering, e.g. 7~ p interaction,
with a particle exchanged between them during the time of interaction can be studied using the associated
distribution. For example, for the rest frame defined by the final state p ™~ pair, the GJ angle between
the incoming pion projectile and the proton in the rest frame is represented by Hi _ . For the three particle
final state, three combinations of the two-particle rest frames are possible and for each rest frame two
different GJ angles can be determined. Together, this gives six different GJ angles.

Figure 6.11 presents distributions of six GJ angles for the 7~p — 7 p 7. Each row corresponds to
-3 -3
. ™ T w:m HADES . . oo
e i Dia wpompadyete) v ™
ptarget S E 0 . E
£ 7 PWA model o4f
.. / E 004 [] + 0. ; _+_ Prarget
) 0.075 Lo 0.03F . _|,_
OK, 7 002E s _?“‘—+— : 002; +
- o el YeE -
p ™—p il beam % 00‘; +—Y_ 0_045 p T+ o™ -
T Fe Rans! : ——4- — P
o OF 0 f -
E beam
-001 j ~001
-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1
"""""""""""""""""""""""""""""" cos(e)pﬂ_p cos;(e)“'ﬂ_p O
. P o _ x10° i 710"’
| L v P m
/ Plrget = f 004f p
b <= E F target
« — @ oo oy 003 i
"& ) S o0k 4 L == 0.02f —+ ++ +
T 9 -0 ™ beam ; 00'5 —— + — 001:_ e + L 0
T F o o = e i i e = -0
0.u<E —o.o*i ™ bean
-1 -08 06 04 02 0 02 04 06 08 1 -1 -08 -06 04 02 0 02 04 06 08 1
cos(8)™, . cos(®)™,
- " - fm'“ " _10"
* - E
e 005 v T m
Prarget = 004f 004
—~ r | E .
P 4/— % 0.03F (T 003F + | ptarget
SRR +4 S
5 002F ~F 4 _+_
P - ~ £ F . -
p Gﬁ\, T beam 5 oo = +—¢—~ g 00ff ++ e / L
Y —— o | opet o p
) 0‘.: ~0,0‘,: i ™ beam
T -08 -06 -04 02 0 02 04 O.Gp 08 1 -1 -08 -06 -04 -02 0 02 04 O.GU_O.E 1
cos( o0 cos(6) om0

Figure 6.11.: Differential cross-sections for 7~ p — 7~ p w° (v et €7) channel in function of the GJ
angles in the p 7~ 70 state. The GJ angles are defined in the text. Data points (black dots)
are compared with PWA solution represented by green band, where thickness of the band
defines statistical error [88].

one rest frame and two columns represent two respective angles in that frame. Two distributions in each
row — the left and right one — are mirror reflections of each other, since the sum of the corresponding GJ
angles equals 180°. Angular distributions in the GJ frame are well suited for the study of the production
mechanism proceeding via two particle intermediate state. According to the PWA of the 7™ p — 7 p m°
reaction [80], the dominant contribution to the 7~ 7° pair production comes from the excitation of the
intermediate A(1232) resonance decaying into a pion-nucleon and from the production of the intermediate
p meson decaying into two pions. The presented angular distributions of the data agree well with the
simulation based on the PWA solution.
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Helicity frame

The helicity (H) frame is also the rest frame of two out of the three particles in the final state but the
helicity angle is defined between one of the rest frame particles and the third particle in the final state,
boosted in this rest frame. For example, for the rest frame defined by the final state p 7~ pair, the helicity
angle between the outgoing 7% and the 7~ in the rest frame is represented by 9:0_“7. For the three par-
ticle final state, three different two particle rest frames are possible and for each rest frame two different
helicity angles can be determined. Together, this gives six different helicity angles. Figure 6.12 presents
distributions of the six helicity angles for the 7~ p 7¥ final state. Each row corresponds to one rest frame

and two columns represent to two respective angles in that frame.
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Figure 6.12.: Differential cross-sections for 7= p — 7 p 7 (7 " e7) channel in function of the H
angles in the p 7~7Y state. The H angles are defined in the text. Data points (black dots)
are compared with PWA solution represented by blue band, where thickness of the band
defines statistical error [88].

Two distributions in each row — the left and right one — are mirror reflections of each other, since the
sum of the corresponding H angles equals 180°. The angular distribution in a helicity reference frame is
strongly related to the excitation of resonances decaying into two out of the three final state particles.
For example, the two final state pions originating from the decay of intermediate p meson have a high
relative momentum due to their large invariant mass, and in the pion-nucleon helicity frame the respective
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enhancement is expected at large opening angle between the two pions (or small opening angle between the
proton and pion). Indeed, such enhancement is visible in the (9;:;”0 distribution corrected for the HADES
acceptance, presented in Ref. [80]. Summarizing, all presented mass, rapidity, transverse-momentum and
angular distributions were compared with the PWA model and are well described by this model.

6.4 Exclusive meTe™ channel

In the exclusive 7~ ete™ analysis, proton is an unmeasured particle in the final state. The missing proton
in this scenario can come not only from the bremsstrahlung channel but also from the AT Dalitz decay
channel (At — pete™), due to the same final state. The A* 7~ contribution was determined by the
PWA solution and was modelled in the Monte Carlo simulation.
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Figure 6.13.: 7~ et e~ missing mass distribution in measurement with (CoHy), target after applying
Mi(eTe™) > 0.14 Ge\//c2 cut. The magenta and blue histograms represent the 7w~ p
and 7~ C bremsstrahlung contributions, respectively. The sum of these two contributions are
shown as black histogram. In the right panel, the simulated contributions are scaled down by
a factor 4.05 compared to the left panel.

To suppress the background originating from the 7% Dalitz decay, the et e~ invariant mass values above the
70 mass are selected. Figure 6.13 presents the 7~ e e~ missing mass (M,iss) spectrum for the measure-
ment on (CoHy),, target, with the prominent peak at the proton mass. Histograms represent contributions
from the Monte Carlo simulations of the bremsstrahlung process for 7~ p collisions (magenta histogram)
and 7~ C collisions (blue histogram). The A Dalitz decay contribution is about /& 70 times smaller than
the bremsstrahlung contribution and, therefore, not shown in the figure. The bremsstrahlung prediction
overestimates the data (see Fig. 6.13, left panel). In order to explain the experimental data, a downscale
factor for the bremsstrahlung simulation is introduced. This scaling factor is determined by minimizing
the X2 value calculated between the data points and the total bremsstrahlung simulation, presented in Fig.
6.13 (right panel). The obtained value of the downscale factor amounts to 4.05. After downscaling, the

total bremsstrahlung simulation provides good description of data as shown in right panel of Fig. 6.13.
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The data points in Fig. 6.13 are fitted using the Gaussian distribution and the obtained mean and stan-
dard deviation value is 0.951 4 0.007 GeV/c? and 0.033 £ 0.005 GeV/c?, respectively. Similarly, fitting
the Gaussian distribution to the simulation (black histogram), results in the mean value 0.952 £+ 0.001
GeV/c? and standard deviation 0.027 4= 0.0005 GeV/c?. The experimental and simulated distributions are
consistent in terms of the peak position and the width.
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Figure 6.14.: 7~ e™ e~ missing mass distribution in measurement with C target (left panel) and in measure-
ment with (CoHy), after subtracting the carbon contribution (right panel). The magenta and
blue histograms represent the 7~ p and 7w~ C bremsstrahlung simulations, respectively. The
simulations are presented with included scaling down factor — 4.05. The vertical red dashed
lines indicate the region selected for calculating the 7~ p bremsstrahlung cross-section.

The missing mass spectra in measurement with the C target and with the (CoHy),, target after subtracting
the carbon contribution are presented in Fig. 6.14. Data points for the carbon target are biased by the
large statistical uncertainties. Therefore, the obtained spectra for polyethylene target after subtraction the
carbon contribution contain also high uncertainties and no statistically significant signal indicating for the
7~ p bremsstrahlung is visible.

The eTe™ invariant mass distribution for the (CoHy), target, for the C target, and for the (CoHy),
target after subtracting the carbon contribution, are shown in Fig. 6.15. Black data points are com-
pared with the sum of simulations (black histogram) including 7~ p bremsstrahlung (magenta hatched
histogram), 7~ C bremsstrahlung (blue hatched histogram), ¥ Dalitz decay (green hatched histogram)
and A Dalitz decay (yellow hatched histogram). The simulations of the bremsstrahlung are pre-scaled
by the factor of 4.05. For (CyHy), and C targets, the simulations overestimate the data in the invariant
mass region below 7° mass almost by a factor of 2. The possible explanation for this discrepancy is that
the simulation of 7° production on carbon is based on very simple model using a scaling factor of 7%/3 as
described in the Chapter 4.3.2. This model does not take into account, e.g. the secondary interactions of
particles produced in the m~ collisions with proton in carbon nucleus with the remaining nucleons in the
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Figure 6.16.: The transverse momentum (left panel) and rapidity (right panel) distribution for the missing
proton for (CoHy), target. Data points (dark blue dots) are compared with the sum of
simulations (black histogram) including 7~ p bremsstrahlung (magenta hatched histogram)
and 7~ C bremsstrahlung (blue hatched histogram).

nucleus.
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For the study of the bremsstrahlung process, various distributions of experimental differential cross-sections
for the (CoHy),, target are compared to the SPA simulations. They are presented in Fig. 6.16 as a function
of the proton transverse momentum pp (left panel) and the proton rapidity y (right panel). Proton is meant
here to be reconstructed as the 7~ e™ e~ missing mass. In Fig. 6.17, cross-sections as a function of the
cosine of the proton (left panel) and 7~ (right panel) polar angle in the center-of-mass frame is presented.
Figures 6.16 and 6.17 are prepared after applying the invariant mass cut: M;,,(eTe™) > 0.14 GeV/c?.
In the figures, the Monte Carlo simulation of the bremsstrahlung was scaled down by the factor 4.05, as
discussed above in this chapter. The presented experimental distributions are well described by the simu-
lations, except the low pr region.

6.5 Exclusive p e™ e~ channel

Another hypothesis which allows for the reconstruction of the four particles in the final state, is three
particle hypothesis: p et e, where the missing pion is identified using the missing mass technique. The
analysis is complementary to 7~ e e~ where the missing particle was a proton, however, as it is shown
in Chapter 5, the pion acceptance surpasses the proton acceptance. Protons are mostly produced at small
polar angles with respect to the beam, where the HADES spectrometer lacks the acceptance at 6 < 18°.
Distributions of the eTe™ invariant mass M;,,(eTe™) are shown in Fig. 6.18. The distributions represent
7~ interaction with different targets, i.e. (CoHy), (left panel), C (middle panel) and p (right panel). For
the 7~ p process, the data points are reasonably well described by the total simulation including 7° Dalitz
decay and 7~ p bremsstrahlung process. The simulations also include A Dalitz decay process but this
contribution is negligibly small. The total simulation for the 7~ interacting with (CyHy),, and C target
overestimates the data points in the invariant mass range from about 0.1 to 0.3 GeV /c%.
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Figure 6.19.: The transverse momentum (left panel) and rapidity (right panel) distribution for the missing
pion for (CyHy),, target. Data points (dark blue dots) are compared with the sum of simu-
lations (black line) including 7~ p bremsstrahlung (magenta hatched histogram) and 7~ C
bremsstrahlung (blue hatched histogram).

For the study of the bremsstrahlung process, various distributions of experimental differential cross-sections
for the (CoHy),, target are compared to the SPA simulations. They are presented in Fig. 6.19 as a function
of the pion transverse momentum pr (left panel) and the pion rapidity y (right panel). Pion is meant here
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Figure 6.21.: The missing mass squared M2, (p ete™) distribution for the (CoHy), target (left panel)
and after subtracting carbon contribution from (CoHy),, data (right panel) for eTe™ invariant
mass above the ¥ mass range. Data points (dark blue dots) are compared with the sum of
simulations (black histogram) including 7~ p bremsstrahlung (magenta histogram) and 7~ C
bremsstrahlung (blue histogram). The vertical red dashed lines indicate the region selected

for calculating the m~ p bremsstrahlung cross-section.

to be reconstructed as the p et e~ missing particle. In Fig.6.20, differential cross-sections as a function
of the cosine of the pion polar angle and the proton polar angle in the center-of-mass frame are presented.
Figure 6.19 and 6.20 are prepared after applying the invariant mass cut: Minv(e+6_) > 0.14 GeV/ c?. In
the figures, the Monte Carlo simulation of the bremsstrahlung overestimates the presented experimental
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distributions in some ranges of the kinematical variables.

The missing mass squared appears to need additional smearing with respect to Fermi-momentum (pp)
(Fig. 6.21, left panel), where the impact of the Fermi-momentum is already predicted for pion interaction
with the bound protons in carbon atom. Data (dark blue dots) are compared to a black histogram that
represents the sum of the 7~ p (magenta) and 7~ C (blue) bremsstrahlung processes. The peak predicted by
the simulations at the missing mass squared corresponding to the pion mass exceeds by far the experimental
data points. In the right panel of the same figure, data is plotted after subtracting carbon contribution
from (CoHy),, target and compared with the proton bremsstrahlung simulation. Also in the case of proton
target the simulation exceeds the data points at the missing mass value corresponding to the pion mass.
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6.6 Extraction of cross-sections

This section is dedicated to the estimation of the total cross-section for the 7% production in the
7 p — pm w reaction as well as for the bremsstrahlung process on the (CoHy), target. As described
in Chapter 5.3, the measured yields are transformed to cross-sections by applying relative normalization to
the elastic pion-proton scattering data taken from the literature. This corresponds to division of the mea-
sured yield N by the integrated luminosity L, which was calculated as the product of the number of beam
pions and the areal density of protons in the polyethylene target. In order to correct these cross-sections
for the limited detector acceptance A and efficiency € they are divided by the acceptance and efficiency
values. Thus the total cross-section is calculated as:
N 1

oror = I Ae
The detector acceptance A is determined in simulations as a ratio of the sum of weights of events with
the tracks passing through the active part of the HADES spectrometer to the sum of weights of all events

(6.6.1)

generated in the full solid angle (see Chapter 4.4). The detection efficiency € is determined as a ratio of
the sum of weights of the reconstructed events to the sum of weights of all events generated within the
HADES acceptance.

6.6.1 Estimation of systematic uncertainties

Source of uncertainty Error estimate [%)
Normalization 4
Hadron identification 2
ete” identification 10
Combinatorial background subtraction )
Total 12

Table 6.2.: Systematic uncertainties for the dilepton analysis of 7~ beam experiment. The total uncertainty
is calculated by adding the individual contributions in quadrature.

The main contributions to systematic error of the measured cross-sections are collected in Table 6.2. The
error of the normalization to the elastic scattering is 4% (see Chapter 5.6.3). The uncertainty due to ap-
plying the p and 7~ identification cuts (see Chapter 5.6.3) is estimated to be equal to 2%. The uncertainty
of the dilepton identification (see Chapter 5.6.3) dominated by backtracking algorithm due efficiency of
RICH detector is equal to 10% (Ref. [33]). The systematic error of the combinatorial background (CB)
subtraction is estimated by taking the difference between the CB calculated using the geometric and arith-
metic mean which is divided by the respective signal. This error is of about 3% — 5%.
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6.6.2 Determination of 7" p — 7 p 7w cross-section

Reaction T pTw

HADES acceptance | ( 2.34 & 0.265; = 0.285,5 ) X 1072 mb
cross-section

Acceptance (A) 1.66 %
Efficiency (€) 4.45 %
47 total 3.20 & 035510 = 0.38,y, mb

cross-section

Table 6.3.: Extracted cross section of the m° production for the 7= p 7" final state: 1% and last row
present the value within the HADES acceptance, and the value extrapolated to the full solid
angle, respectively, while the second and third row give the acceptance and efficiency used for
the extrapolation.

In order to determine the 7~ p 7° reaction cross-section, the number of events from the 7~ p missing mass
spectrum (see Fig. 5.13) is divided by the integrated luminosity. Additionally, to account for the Dalitz
decay for m° meson registered in the experiment, the obtained cross-section is divided by the branching
ratio for the m° Dalitz decay (v eT e, BR = 0.0117 £ 0.0003). The resulting 7 p 79 reaction cross-
section in the HADES acceptance is (2.34 & 0.2654; £ 0.284,5) X 102 mb. The indicated systematic
error contains contributions given in Table 6.2 with the exception of the uncertainty of the ete™ identifi-
cation. This uncertainty is taken into account while correcting the cross-section for the limited detection
efficiency. The 7~ p 7° total cross-section for the full solid angle is calculated by taking into account
the limited detection efficiency and the acceptance of HADES obtained in the simulations based on the
PWA and given in Table 6.3. It amounts to 3.20 & 0.3544; &= 0.384,, mb and agrees with the value
3.54 £ 0.0144 *+ (40.23,—0.21),, mb, obtained in the recent HADES publication on two pion channel
analysis [80]. The agreement between the present result for the total cross-section obtained in the analysis
of the dilepton channel (7~p 7y eTe™) and the cited result for the hadronic final state (7% 77) indicates
that the reconstruction of dileptons in the present analysis is well under control.

6.6.3 Bremsstrahlung cross-section with polyethylene target

In this thesis, the first attempt to evaluate the total cross section for the virtual bremsstrahlung emission in
the collision of 7~ beam with polyethylene target is made. For the cross-section evaluation we take exclu-
sive 3-prong (7~ eTe™) and inclusive 2-prong (e*e™) hypotheses in consideration. The 4-prong hypothesis
(m~p ete™) is not used for the estimation because the corresponding signal in the four particle missing
mass spectrum (see Fig. 5.16) is not statistically significant. In turns, the 3-prong (p e™e™) hypothesis is
not used because the three particle missing mass spectrum in measurement with polyethylene target (see
Fig. 6.21) is not understood in terms of the performed simulations.
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In the case of m~eTe™ hypothesis, the bremsstrahlung cross-section within the HADES acceptance, for
Mip(eTe™) > 0.14 Ge\//c27 was calculated as integral of entries in the 7~ e e~ missing mass spectrum
shown in Fig. 6.13, right panel. The obtained value of the cross-section is (5.87 4= 0.94 4144 == 0.70,,) X 1076
mb. After correcting this result for the HADES acceptance and detection efficiency, the 47 bremsstrahlung
cross-section amounts to (6.76 & 1.11g4 £ 0.815,) X 10~% mb. This value is further extrapolated to
the entire range of e*e™ invariant mass by taking into account the acceptance and efficiency corrections
calculated based on the SPA model. Resulting total cross-section for the virtual photon bremsstrahlung in
collisions of the 0.685GeV/c 7~ beam with (CoHy),, target is (2.58 £ 0.44g0 £ 0.315) X 1072 mb.
The obtained values of the cross-section along with the detector efficiency and acceptance are collected in
Table 6.4. To estimate the total cross-section for the m~ p bremsstrahlung process, the above result for the
(CoHy), target was divided by the factor 3.2, resulting from Eq. 4.3.8 in Chapter 4, The resulting value of
the total cross section for the 7~ p bremsstrahlung is (8.1 £ 1.444: £ 0.975,,) X 1073 mb. To the best of
our knowledge, this is the first cross section data for the virtual bremsstrahlung emission in the collisions
of charged pions with nucleons. The obtained value of the total cross-section is about 4 times smaller than
the prediction of the soft-photon approximation (SPA) model, which is 28 x 1072 mb. The observed
discrepancy between the current cross section and the prediction of the SPA model can be understood in
the light of theoretical estimations presented by Eggers et al. in Ref. [101]. The authors show, that the
assumption of the SPA model, that the electromagnetic and strong processes factorize, is not fulfilled even
for small dilepton invariant masses in the range from 10 to 300 MeV. Based on a derived formula for the
dilepton cross section in pion-pion collisions, which does not rely on such factorization, they show, that
the SPA overestimates the dilepton cross sections by factors 2-8.

Reaction 7~ pet e (mete” X hypothesis)
HADES acceptance (5.87 £ 0.9454¢ £ 0.705y5 ) X 107% mb
My, > 0.14 GeV/c?
Conditions M;n, > 0.14 GeV/c? Full M;,,, range
Acceptance (A) 2.711 % 0.75 %
Efficiency (¢) 32.03 % 3.03 %
47 total (6.76 & 11140 & 0.814,5 )X10™* mb | ( 2.58 & 0.444,; £ 0314, )x107% mb
cross-section

Table 6.4.: Estimated bremsstrahlung cross-section for polyethylene target within HADES acceptance and
Mins(eTe™) > 0.14 GeV/c? (2" row), extrapolated to full solid angle (last row, middle
column) and further extrapolated to the entire range of M;,,(eTe™) (last row, right column).
Acceptance (A) and efficiency (€) values from the Monte Carlo simulations are also presented.

In the case of eTe™ X inclusive hypothesis, the bremsstrahlung cross-section within the HADES acceptance
and for M,,;ss > 1.2 GeV/ ¢? was calculated as an integral of experimental entries in the et e~ missing mass
spectrum shown in Fig. 6.2, right panel, reduced by the corresponding contribution from the simulations
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of the 1 Dalitz decay. The resulting value of the cross-section is (1.82 £ 0.2244; % 0.18,,) X 1072 mb.
This value is extrapolated to the entire range of ete™ invariant mass by taking into account the acceptance
and efficiency corrections calculated based on the SPA model. The resulting total 47 bremsstrahlung cross-
section in collisions of the 7~ beam with (CoHy),, target is (3.43 £ 0.4254 £ 0.344,5) X 1072 mb. The
obtained values of cross-section along with detector efficiency and acceptance are collected in Table 6.5.
The results for the bremsstrahlung cross-section in 7~ (CyHy),, collisions presented above for the exclusive
(m~ete” X) analysis and the inclusive (ete™ X)) analysis are consistent within the indicated experimental
uncertainties.

Inclusive hypothesis ete” X
o[ mb]
within HADES acceptance (1.82 £ 0.22444¢ £ 0.1845 ) X 107° mb

Mipy > 0.14 GeV/c? and M55 > 1.2 GeV/c?

A X € 0.053 %
o [mb |
47 acceptance (3.43 &£ 0.4244q¢ £ 0.344ys ) X 1072 mb

full M;,, and M,,;ss range

Table 6.5.: Inclusive bremsstrahlung cross-section for polyethylene target within HADES acceptance,
Mopiss > 1.2 GeV/c? and My, > 0.14 GeV/c? (Q”d row), product of acceptance (A)
and efficiency (€) (third row) and the cross-section corrected for the acceptance and efficiency,
extrapolated to the entire range of M;,,(eTe™) (last row).
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6.6.4 Estimation m~p — 7 p ete” bremsstrahlung cross-section

In this thesis, the total cross section for the 7~ p virtual bremsstrahlung is also determined in an alternative
way by subtracting contribution of carbon in polyethylene spectra. The bremsstrahlung cross-section
within the HADES acceptance for My,,(eTe™) > 0.14 GeV/ ¢? was calculated independently for the three
exclusive channels: 7~ ete™ X, p eTe” X and 7 p ete™ using the missing mass spectra presented in
Figs. 6.14, 6.21, and 6.7, respectively. For each spectrum, the cross-section was calculated as integral of
entries in the missing mass range containing the simulated bremsstrahlung signal. The limits of integration
are indicated with vertical red lines in the mentioned figures. The obtained cross sections together with
statistical uncertainties are given in the second row of Table 6.6. These cross-section values were then
corrected for the acceptance and efficiency of the detection system given, respectively, in the third and
fourth rows of Table 6.6. The resulting bremsstrahlung cross sections in the full angular range, but still
for the ete™ invariant mass greater than 0.14 GeV/c?, are given in the fifth row of Table 6.6. Finally,
these cross-sections were extrapolated to the full range of the e™e™ invariant mass using the corresponding
correction for the acceptance and efficiency obtained from the simulations (based on the SPA model). The
values of the product of acceptance and efficiency are given in the sixth row of Table 6.6. The resulting
values of the total cross section for the bremsstrahlung process are given in the last (the seventh) row of
Table 6.6. The weighted mean of these values, with the weights equal to the reciprocals squares of the
corresponding uncertainties, is taken as the final result for the total bremsstrahlung cross-section. Its value
and the corresponding statistical and systematic uncertainty is ( 4.68 £ 1.4444 £ 0.564 ) X 1073 mb.

In the case of the inclusive e e~ X hypothesis, the bremsstrahlung cross-section within the HADES accep-
tance and M;,, > 0.14 GeV/c? was calculated as integral of entries in the e™e™ missing mass spectrum
(Fig. 6.4, right panel) over the missing mass values larger than 1.2 GeV/ ¢, Obtained value was then
reduced by the contribution from the 1 Dalitz decay obtained in the simulations. The result, given in
the second row of Table 6.7, is extrapolated to the entire range of eTe™ invariant mass and by taking
into account the acceptance and efficiency corrections calculated based on the SPA model. Resulting total
bremsstrahlung cross-section in 7~ p collisions is ( 1.28 £ 0.8444 £ 0.134,) X 1072 mb. The obtained
value of cross-section along with detector efficiency and acceptance are collected in Table. 6.7. This value
has a large statistical uncertainty. It is consistent with the mean value of the cross-sections obtained from
the exclusive analyses.

The total cross-sections for the virtual bremsstrahlung emission in collisions of pion beam with polyethylene
as well as with proton target were obtained by the extrapolation to the full solid angle of the corresponding
cross-sections measured within the HADES acceptance. For the extrapolation, the simulations based of
the SPA model were used. The systematic uncertainty of this extrapolation is not known since the un-
certainties of the theoretical predictions of the SPA model are unknown. Therefore, for comparison of the
experimental cross-sections with predictions of various theoretical models of the bremsstrahlung emission,
one should rather take the cross sections determined within the HADES acceptance and the predictions of
theoretical models convoluted with the HADES acceptance.
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Exclusive hypothesis

T ete” X

pete X

T pete

o[ mb ]
within HADES acceptance
and M;,, > 0.14 GeV/c?

(2.19 £1.69 ) x107°

(2.61 £1.20 ) x107°

(6.64 £2.71) x1077

Acceptance (A)

9.29 %

9.29 %

1.19 %

Efficiency (€)

27.93 %

26.03 %

23.97 %

o[ mb]
47 acceptance
and M;,, > 0.14 GeV/c?

(2.88 £2.22) x1074

(9.80 4 4.96 ) x107°

(2.3240.95) x1074

AXxe
full M;,,, mass

2.28 X102 %

7.25 X102 %

8.57 X103 %

o[ mb]
full M, range

(9.61 + 7.42) x1073

(3.60 +1.65) x1073

(7.75 +3.16 ) x1073

Table 6.6.: Bremsstrahlung cross-section for proton target within HADES acceptance and
Mp,(eTe™) > 0.14 GeV/c? (2" row), corrected for detector acceptance and efficiency (5™
row) and extrapolated to the entire range of M,,(eTe™) (last row). Acceptance (A) and

efficiency (€) values from Monte Carlo simulations are also presented.
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Inclusive hypothesis ete” X
o [mb |
within HADES acceptance (7.40 £4.90) x 107°

My, >0.14 GeV/c? and M55 >1.2 GeV/c?

A x e 583 x 1072 %
o[ mb |
41 acceptance (128 +0.84) x 1072

full M;,,,, and M,,;ss range

Table 6.7.: Inclusive bremsstrahlung cross-section for proton target within HADES acceptance,
Myiss > 1.2 GeV/c? and M;,, > 0.14 GeV/c? (2" row), product of acceptance (A) and
efficiency (€) (third row) and the cross-section corrected for the acceptance and efficiency, ex-
trapolated to the entire range of My, (e*e™) (last row).
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Chapter7

Summary and conclusions

"Science never solves a problem without
creating ten more.”

George Bernard Shaw

This work presents the analysis of data collected with the HADES spectrometer for the dilepton production
in 77 p collisions at a pion beam momentum of 0.685 GeV/c. The measurements were performed with a
polyethylene target and with a carbon target. The latter was used to determine the contribution to the
dilepton production from the beam scattering on carbon in polyethylene target. The main aim of the work
was to determine the contribution to the production of dileptons from the virtual bremsstrahlung emission
in the elementary reaction 7~ p — 7 p e"e”. We searched for the signal from this process through the
analysis of three exclusive channels: 7 pete™, 1 eTe” X, p ete™ X, and one inclusive channel: eTe™ X.
To estimate contributions to the production of dileptons from various possible processes, we performed
Monte Carlo simulations based on theoretical models of these processes.

In the investigated analyses channels, the distributions of the ete™ invariant mass are dominated by the 7°
Dalitz decay. The production of 7° mesons in the 77p — 77~ p channel, also registered in the present
experiment, was the subject of a separate analysis. Obtained differential cross-section distributions were
described using partial wave analysis [80]. We analyzed the 7~ p — 77 p (7 eTe™) process including the
79 Dalitz decay to demonstrate that the reconstruction of dielectron pairs is under control from the point of
view of the HADES spectrometer modelling. The differential cross-sections were determined as function of
various kinematical variables such as invariant mass, transverse momentum, rapidity or scattering angles of
eTe™ pair in various reference frames. The experimental distributions of the cross-sections are reasonably
well reproduced by the simulation based on the partial-wave analysis.

One of the main conclusions of the present work is that in the collisions of the pion beam with polyethylene
and carbon target, a significant contribution to the dilepton production comes from the bremsstrahlung
emission process. In the eTe™ invariant mass range below the 7° mass, the 7% Dalitz decay dominates the
dilepton production. However, in the exclusive 7~ e*e™ and p eTe™ channels, the distributions of the e™e™
invariant mass in the range above the 7° mass are dominated by the contribution from the bremsstrahlung
emission. This contribution is roughly two times larger for the 7w~ C collisions than for the 7~ p collisions.
According to the performed simulations, the contributions from the A resonance Dalitz decay is about
two orders of magnitude smaller than that from the bremsstrahlung. In the inclusive e™e™ X analysis,
significant contributions to the dilepton production come also from the 1 Dalitz decay and the N(1520)
Dalitz decay. In this case, the bremsstrahlung emission is a dominating process for high e*e™ missing
masses, in the range above around 1.2 GeV /c?.

For the identification of the bremsstrahlung emission in the 7~ p collisions leading to the 7~ p eTe™ final
state, the missing mass technique was used. To get rid of the background coming from the 7° Dalitz decay,
only events with the ete™ invariant mass above the 7% mass were selected. In the missing mass spectrum
of the m~eTe™ system measured for the polyethylene target, a clear peak at the position of the proton mass
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is observed. It is well described by the simulation as a sum of the contributions coming from the quasi-free
collisions of pions with protons inside carbon nucleus and in collision with proton in hydrogen atom. On
the other hand, the missing mass spectrum for the the p ee™ contains a signal which is much lower than
the simulation result. Besides, the experimental spectrum contains a tail appearing at negative values of
the missing mass squared, which is not described by the simulations. We suppose that these effects may
be due the rescattering and absorption of protons in the carbon nucleus, which were not included in the
simulation. However, these effects are not observed in the case of the 7~ e*e™ missing mass spectra which
is only understandable if the rescattering of pions is much weaker than that of protons. Verification of this
hypothesis requires further theoretical research.

We used a clean signal for the bremsstrahlung emission process, observed in the exclusive m7eTe™ X
analysis, to determine the cross-section for this process in the collisions of the 7~ beam with polyethylene
target. Obtained value of the cross-section determined within the HADES acceptance and for the ete™
invariant mass larger than 0.14 Ge\//c2 is (5.87 £ 0.9444 £ 0.705ys ) X 107% mb. This value, extrapolated
to the full solid angle and the entire range of the e*e™ invariant mass using simulations based on the SPA
model, gives the total cross-section of (2.58 £ 04444 £ 03145 )X 1072 mb.

The indicated uncertainties do not take into account the systematic error related to the extrapolation of the
measured cross-section to the full solid angle. This extrapolation depends on the applied theoretical model
describing the bremsstrahlung emission process. Therefore, for the verification of theoretical predictions,
one should rather use the experimental values of the cross-section obtained within the HADES acceptance
and convolute the theoretical calculations with this acceptance.

To estimate the total cross-section for the bremsstrahlung process on a proton target, the above result
for the polyethylene target was divided by the factor 3.2, resulting from a simple model of scaling the
pion-proton bremsstrahlung cross section to the pion-carbon cross section. Obtained value of the total
cross section for the 77 p bremsstrahlung is (8.1 £ 1.444 £ 09745 )X 1072 mb.

We also determined the 7w~ p bremsstrahlung cross section in a different way, namely by subtracting the car-
bon contributions in the missing mass spectra for the three exclusive channels measured with the polyethy-
lene target. Obtained values of the cross-section, extrapolated to the full solid angle and the entire range of
invariant mass, are consistent with each other and their mean value is (4.68 £ 1.4444 3 0.564ys )X 1073
mb. Within the range of given uncertainties, this value is consistent with the result obtained by scaling
the cross section for polyethylene target. To the best of our knowledge, these are the first cross section
data for the virtual bremsstrahlung emission in the collisions of charged pions with nucleons.

The obtained experimental data for the virtual bremsstrahlung emission are based on low statistics of
events and do not allow for a precise study of various distributions of differential cross section. Therefore,
for the study of the 7~ p bremsstrahlung it is important to perform measurements with higher statistics.
In such measurements, the use of a liquid hydrogen target instead of a polyethylene target should be
considered to avoid the background from the collisions with carbon atoms contained in polyethylene. From
the point of view of the theoretical description of the virtual bremsstrahlung emission, it is interesting to
calculate the total cross section for this process, avoiding the approximations used in the SPA model, and
to compare it with the experimental values obtained in the present work.

"However far modern science and technics
have fallen short of their inherent
possibilities, they have taught mankind at
least one lesson: Nothing is impossible.”

LEWIS MUMFORD
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AppendixA

Transforming expression for

bremsstrahlung cross-section from four-
fold to threefold differential form

The expression for differential cross-section for bremsstrahlung process in the soft-photon approximation
derived in [50] and discussed in Chapter 1.5.3 is:

d'Oepe a? o(s) Ry(s2)

dyd?p,dM ~— 673 ME? Ry(s)’ (A.0.1)
where
and

o) = e ), (A.0.3)

2
2mji
The kinematic variables in above equations are explained in Chapter 1.5.3.

Using the identity dy = %= from [43] (PDG, Kinematics) the left hand side of Eq. A.0.1 can be written

E
as:
Lo _ pp dovee_ pp do (A0.4)
dyd?p,dM dp.d?pd M dP*pd M
Using another identity from PDG [43]:
d®p
N do pydpy dy, (A.0.5)
the right hand side of Eq. A.0.4 is:
d* d*
Jo A (A.0.6)
BBpdM  dopidpdyd M
and the Eq. A.0.1 can be written as:
d'o a? o(s) Rals:) (A.0.7)

dppdpydydM — 673 ME? Ro(s)
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After integrating this equation over the full azimuthal angle (¢) and using the identity dp? = 2p; dpy,

we get finally:

Ao

—

o? o(s) Ry(s2) (A.0.8)

dydp?dM — 672 ME? Ry(s)

"Thus, it is suggested that among all
proposed theories there must be some basic
variables which will bring them all together”

Author
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