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Lo giorno se n’andava, e l’aere bruno

toglieva li animai che sono in terra

da le fatiche loro; e io sol uno

m’apparecchiava a sostener la guerra

s̀ı del cammino e s̀ı de la pietate,

che ritrarrà la mente che non erra.

O muse, o alto ingegno, or m’aiutate;

o mente che scrivesti ciò ch’io vidi,

qui si parrà la tua nobilitate.

(Dante Alighieri -

La Divina Commedia

Inferno II, 1-9.)





Zusammenfassung

Das Studium der seltsamen Materie verspricht Antworten auf viele ungelöste

und fundamentale Probleme. In dieser Dissertation werden verschiedene Pro-

duktionsmechanismen für seltsame Materie untersucht, welche derzeit an der

GSI und in Zukunft am FAIR-Projekt erforscht werden können. Dabei wird

speziell die Rolle des Λ Hyperon und seines geladenen Zerfallskanals (Λ → pπ−)

untersucht.

Der erste Teil der Arbeit behandelt die Vermessung der pp → pK+Λ-

Reaktion mittels des HADES-Experiments. Im zweiten Teil der Arbeit wird die

p̄p → Λ̄Λ-Reaktion untersucht, welche für das zukünftige PANDA-Experiment

relevant ist. Anhand dieser Reaktion werden zwei verschiedene Tracking-Optionen

für das PANDA-Spektrometer verglichen.

In dieser Arbeit wird gezeigt, dass man mit Hilfe des HADES-Spektrometers

Λ-Teilchen, welche in elementaren Reaktionen erzeugt wurden, rekonstruieren

kann. Der durchgeführte Vergleich zwischen zwei verschiedenen Tracking-Op-

tionen für das PANDA-Spektrometer weist darauf hin, daß weitere Optimie-

rungen und Tests durchgeführt werden müssen, um eine bestmögliche Detek-

toroption zu finden. Der Hauptaugenmerk der Arbeit liegt auf dem Studium

der Λ-Hyperon-Rekonstruktion in den beiden genannten Experimenten.





Abstract

Strangeness physics studies can address many unsolved fundamental questions.

In this thesis different strangeness production scenarios offered by the GSI and

the future FAIR facilities were explored. In particular the study of the Λ hy-

peron and its charged decay channel (Λ → pπ−) were subject of this work.

In the first part of this thesis, the pp → pK+Λ reaction was investigated

within the HADES experiment. The second part of this work is dedicated to

p̄p→ ΛΛ̄ interaction, considered as a benchmark channel for the future PANDA

experiment. This reaction is well suited to compare two different tracking op-

tions for the PANDA spectrometer.

In this work, it is demonstrated that with the HADES spectrometer it is

possible to reconstruct Λ particles produced in elementary reactions. The per-

formed comparison of different tracking options for the PANDA spectrometer

point out that further optimizations and tests are needed before a choice of

the best detector option can be made. The results of Λ hyperon reconstruction

within both experiments, and of the performed studies are here presented as

main purpose of this work.
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Chapter 1

Introduction

To understand some of the major features of our universe and the nature of

matter, a series of fundamental discoveries lead to important milestones. The

first step was the discovery of the substructure of atoms, composed by electrons

and a nucleus, which consists of protons and neutrons. The subsequent discovery

of the nucleon substructure, consisting of quarks, lead to a new scenario of

hadrons formed by different quark combinations.

In the ’70s a model to describe the particles and their interaction was devel-

oped, the so-called Standard Model. The particles are classified in two groups:

fermions and bosons. The fermions are particles with half-integral spin (1
2
~),

and they obey to Fermi-Dirac statistics. Particles which have integral spin (1~)

obey to Bose-Einstein statistics, and are called bosons. According to the Stan-

dard Model, all matter is built from a small number of fundamental spin 1
2

particles, the fermions, six quarks and six leptons, (see table 1.1), and of spin

1 bosons, acting as mediator of the forces.

Leptons are fermions which have no strong interaction. They carry inte-

gral electric charge. The negative charged leptons are called “electrons” e,

“muons” µ, and “tau” τ . The neutral leptons are indicated with ν, and are

called neutrinos. Each “flavour” of neutrino is paired with each “flavour” of

charged lepton, as indicated by the subscript (νe, νµ, ντ ).

The quarks carry fractional charges, +2
3
|e| or −1

3
|e|, and they are grouped
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into pairs differing by one unit of electric charge. The quark type (flavour) is

indicated as: u for “up”, d for “down”, c for “charm”, s for “strange”, t for

“top”, and b for “bottom”.

Particle Flavour Q/e

e µ τ -1

leptons
νe νµ ντ 0

u c t +2
3

quarks
d s b -1

3

Table 1.1: The fundamental fermions [1].

Fermions such as neutrons or protons, made up of three quarks, are called

baryons; bosons consisting of a quark and an antiquark are called mesons.

Four fundamental interactions, or fields (see table 1.2), are governing the

various aspects of physics.

The strong interaction, described by the Quantum ChromoDynamics (QCD)

theory, is responsible for binding the quarks in particles. The interquark force

is mediated by a massless particle, the gluon.

The electromagnetic interaction, described by Quantum ElectroDynamics (QED)

theory, binds together atoms and molecules, and it also governs the chemistry

and the solid state physics. A photon exchange is mediating the electromagnetic

interaction.

The weak interaction characterises slow processes, as the nuclear β-decay. These

interactions are mediated by the W± and Z0 bosons, which have masses around

100 times the proton one. The weak and the electromagnetic interactions can

be unified into a common framework described by the electro-weak theory.

Moreover, there is one force which is not included in the Standard Model: the

gravitational interaction. The gravitational interaction is acting between all

types of particles. On the scale of the universe this is the dominant force, but
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is the weakest on the scale of fundamental interactions. A spin 2 boson, the

graviton, is the mediator of the gravitational force.

To indicate the relative magnitudes of the four types of interaction, the com-

parative strengths of the fields is indicated in table 1.2.

Interaction Mediator Spin/parity Strength

strong gluon g 1− 1

electromagnetic photon γ 1− 10−2

weak W±, Z0 1−, 1+ 10−7

gravity graviton G 2+ 10−39

Table 1.2: The fundamental interactions [1].

This thesis evolves in the contest of stange quark studies. These quarks are

called “strange”, because it turned out that they are constituents of the so-called

“strange particles” discovered in cosmic rays showers (long before quark were

postulated). Their behaviour was strange in the sense that they were produced

with a strong interaction cross section, and therefore would be expected to

decay on a strong interaction timescale (10−23s); instead they decayed extremely

slowly, by weak interaction. The solution was found introducing a new quantum

number, the strangeness S, conserved in strong interactions (for this reason

they are always produced in pairs with S = +1 and S = -1, called associated

production), but violated in weak decay (∆S = ±1) into non-strange particles.

Hyperons are baryons which contain strange quarks. The study of the

hyperon ground state, the Λ particle (uds), can be used as base for further

investigation on hyperon excited states. This thesis is mainly focused on the

detection of Λ. A selection of topics directly related to the strange quark studies

are shortly reviewed from a theoretical point view in Chapter 2.

A Λ hyperon decays weakly mainly in pπ− (BR ≈ 63.90%) and in nπ0 (BR

≈ 35.8%). The investigated decay channel is characterised by two charged
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particles p and π−, because the chosen channel has a higher production rate.

One important facility at relativistic energies is the GSI facility at Darm-

stadt. At this facility it is possible to study hadron collisions in the energy

range of few GeV per nucleon.

The HADES experiment is running at GSI, and is dedicated to the study of

hadron properties inside the nuclear medium, i.e. investigations on light vector

mesons via their leptonic decays in elementary as well as heavy ion collisions up

to few AGeV. However, also hadronic final states can be reconstructed, taking

the advantages of its large geometrical acceptance and its good momentum

resolution. In this work, the HADES spectrometer, described in Chapter 3, was

characterised for Λ reconstruction in proton-proton elementary reactions at 2.2

GeV of beam kinetic energy.

For a better comprehension of data reconstruction, the Chapter 4 is devoted to

the retracking of particles inside the spectrometer.

An overview of the HADES production run, subject of investigation of this

thesis, and of the analysis methods, paying particular attention to the pp →
pK+Λ, is presented in Chapter 5 together with the obtained results. The Λ

reconstruction is a first step in order to reconstruct higher hyperon states, and

to study their timelike form factors in electromagnetic decays.

The FAIR facility will be an upgrade of the present GSI facility, and in

particular will allow to study antiproton-proton collisions at the HESR (High

Energy Storage Ring) in a range between 1 GeV and 15 GeV as momentum of

the incoming antiproton. One of the foreseen option for the new facility will be

the PANDA experiment, which will also have a part dedicated to hyperon inves-

tigations. The use of antiproton beams will give the opportunity to the PANDA

experiment to address double hyperon production studies. The PANDA detec-

tor, presented in Chapter 6, will be calibrated also for the reconstruction of ΛΛ̄

states.

In this work, the benchmark channel p̄p → ΛΛ̄ was investigated in order to

check two different tracking options for the spectrometer (Straw Tube Tracker

and Time Projection Chamber), and to develope an algorithm for Λ and Λ̄
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reconstruction. The results of the investigations are described in Chapter 7.

In Chapter 8 the conclusions on the studies on the Λ hyperon reconstruction

via its charged decay channel (pπ−) in both the present HADES experiment and

the future PANDA spectrometer which can be performed at GSI are drawn.



6 1. Introduction



7

Chapter 2

Theoretical Overview on

Strangeness and Λ Hyperon

Production

Starting from the hyperon discovery, strangeness production opened new fields

in modern physics. A new quantum number, the strangeness S, was defined, a

new flavour symmetry group, SU(3), was introduced in order to describe the

new discoveries, and new conservation laws were elaborated. The introduction

of a new quark type, the so called “strange” quark (s), allowed to test and to

evolve the quark sector of the standard model.

The first experiments [2, 3, 4, 5, 6] were performed with cloud and bubble

chambers, but also now with the modern detectors this field is still develop-

ing. Inclusive and exclusive measurements on hyperons were performed. In

general the exclusive measurements, in which all the final products are detected

and their tracks reconstructed, are affected by low statistical accuracy. The

inclusive measurements, in which only some of the outgoing produced parti-

cles are reconstructed, offer an improvement from the statistical point of view

[7]. Both unpolarised and polarised beams and targets were used during the

research programs, in order to extract informations about quark structure and

polarization.
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The GSI facility at Darmstadt has the capability to keep on with the studies

in the field of strangeness production in elementary collisions (pp and p̄p), with

the HADES spectrometer, and in the future, with the PANDA spectrometer,

which will be part of the new FAIR facility.

In this chapter a brief overview on the Λ hyperon production mechanisms

will be given.

2.1 Cross Section Measurements

In the year 1947, Rochester and Butler [2] found in cloud-chamber photographs

the signature of new neutral particles. Among all the particles photographed in

cosmic ray showers under lead, there were two photographs containing forked

tracks of a very striking character. On the basis of their analysis they concluded

that one of the forked tracks, shown in fig. 2.1 (tracks a and b), represents the

decay, in the gas of the chamber, of a new type of uncharged “elementary”

particle into lighter charged particles. The other photograph, shown in fig.

2.2 (tracks a and b), represents similarly the transformation of a new type of

charged particle into two light particles, one of which is charged and the other

uncharged. Each pair of tracks is created in the same point and cannot be due

to a collision, but must be due to some type of decay [2].

These new particles were produced in a strong process (large production

cross section), but they were surprisingly long-lived on the time scale of strong

interactions, despite being massive enough to decay into lighter objects without

violating the conservation of charge and baryon number [8]. Their long decay

time, in the order of 10−10 s, is typical of the weak interaction, while a strong

decay, such as ∆ → Nπ, happens on a time scale of 10−23 s. This strange be-

haviour was taken as a manifestation of a new additive quantum number which

was called “strangeness” S. Within the quark model this can be interpreted as

existance of a new quark flavour, the strange quark s. Another peculiarity of

those particles was also noticed: in elementary collisions like pp the strangeness

were always produced with particles which have opposite S sign; this effect is
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Figure 2.1: Stereoscopic photographs showing an unusual fork (a b) in the gas.

The direction of the magnetic field is such that a positive particle coming down-

wards is deviated in an anticlockwise direction. It represents the transformation

of new type of uncharged elementary particle into lighter charged particles [2].

Figure 2.2: Stereoscopic photographs showing an unusual fork (a b) in the

gas. The direction of the magnetic field is such that a positive particle coming

downwards is deviated in a clockwise direction. It represent the decay of a new

charged particle into two lighter ones, one charged and the other uncharged [2].
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called “associated production”. Thus strangeness is conserved in strong inter-

actions.

In fig. 2.3 a bubble chamber photograph of the Λ hyperon production and

decay is shown. The interaction, in the point A, of a K− with the liquid hydro-

gen of the bubble chamber is shown, thus according to strangeness conservation

in strong interactions K−p→ Λπ0. The π0 undergoes Dalitz decay according to

the mode π0 → γe+e−; the e+ and e− trajectories are indicated by the dashed

lines. The Λ particle travels few centimeters (from point A to point B), and

then decays weakly (point B), violating the strangeness conservation: Λ → pπ−.

This picture is a good example of conservation and violation of strangeness in

strong and weak interactions, respectively.

Figure 2.3: In this photograph, an incident K− meson comes to rest at the

point A and interacts with a proton in the liquid hydrogen of the bubble chamber

(K−p → Λπ0). The π0 decays Dalitz into γe+e− (point A), while the produced

Λ decays weakly at the point B into pπ− [1].
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Further researches on associated strangeness production were performed in

order to find and study hyperon reactions, and to determine their total cross

sections. These experiments were made in bubble chambers filled with liquid

hydrogen. A disadvantage of the bubble chamber experiments is the low statis-

tical accuracy [7]. Due to the low rate of collected data, it was not possible to

make any statements about hyperon resonances or interaction between hyperons

and nucleons. It was anyway possible to extract cross sections and differential

observables, collected in [9].

In more recent times, experiments were performed at COSY in Jülich and at

SATURNE II in Saclay. They were dedicated to the deep study of the hyperon

polarization. In those experiments polarised/unpolarised beams/targets were

used in order to accomplish their physics program. The COSY-11 experiment

[10], at Jülich, studied the reactions pp → pK+Λ and pp → pK+Σ0, using

a protom beam and a hydrogen cluster target. The cross section of the two

reactions was measured for excess energies (ǫ =
√
S−(mK+mY +mp), where S is

the energy in the center of mass system, andmY is the mass of the hyperon) from

14 to 60 MeV. The reactions pp→ pK+Λ and pp→ pK+Σ0 at threshold are also

subject of study of the COSY-TOF collaboration [11]. Using polarised beams,

values for the Λ polarization, analyzing power and spin transfer coefficient were

extracted. The DISTO spectrometer [12], at Saclay, was specifically designed

to study the associated hyperon production in pp → pK+Λ and pp → pK+Σ0

near threshold. A liquid hydrogen target and a polarised beam were used in

order to study the hyperon properties. Part of their results is presented in sec.

2.4.

All those studies allowed the compilation of the cross sections for the pro-

cesses involving hyperons.

2.2 Strange Quark Physics

The definition of a new quantum number, the strangeness S, to explain the

behaviour of hyperons, and the subsequent introduction of the “quark model”
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changed the physics scenario. In table 2.1 the quark quantum numbers inside

the quark model are presented.

Flavour B J I I3 S Q/e

u 1
3

1
2

1
2

+1
2

0 +2
3

d 1
3

1
2

1
2

-1
2

0 -1
3

s 1
3

1
2

0 0 -1 -1
3

Table 2.1: Quark quantum numbers. B is the baryon number, J is the total

angular momentum, I and I3 are the isospin and its third component, S is the

strangeness, and Q/e is the charge. Antiquarks ū, d̄ and s̄ have the sign of B,

I3, S and Q/e reversed [1].

The symmetry group SU(3) was proposed to describe the properties of the

three quark flavours. Thus when taking the strange quark into consideration,

we address the strange-baryon (hyperon) sector. To understand the observed

baryon spectrum one must consider the symmetry of the wave functions. The

total baryon wave function

Ψ = ψ(space)ϕ(flavour)χ(spin)ξ(colour) (2.1)

must be antisymmetric, since hyperons are fermions. The SU(3)c colour-singlet

wave function ξ is antisymmetric under exchange of any two quark colours, and

this ensures that Ψ is antisymmetric provided that ψ(space)ϕ(flavour)χ(spin)

is symmetric. If we only consider the ground state baryons, the relative angular

momentum between any pair of quark is zero. Therefore, in this case ψ(space)

is symmetric. As a consequence, we only allow for symmetric combinations in

the product of the SU(3) flavour (u,d,s) and the SU(2) spin multiplets. The

flavour SU(3) wave functions can be decomposed as

3 ⊗ 3 ⊗ 3 = 10S ⊕ 8MS
⊕ 8MA

⊕ 1A (2.2)
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and the SU(2) wave functions as

2 ⊗ 2 ⊗ 2 = 4S ⊕ 2MS
⊕ 2MA

. (2.3)

The subscript S and A tell us whether the wave function is symmetric or an-

tisymmetric with respect to the interchange of any two quarks. The mixed-

symmetry states, MS and MA, represent wave functions that are symmetric or

antisymmetric with respect to interchange of the first two quarks. As discussed

above, only the symmetric combinations are allowed when forming the product

between the SU(3) flavour multiplets of eq. 2.2 and the SU(2) spin multiplets

of eq. 2.3. The only symmetric combinations are (10,4) and (8,2), where the

indices refer to the SU(3) and SU(2) dimensionalities. These states belong to a

56 representation of SU(6). Hence, a decuplet with JP = (3/2)+ and an octet

with JP = (1/2)+ are predicted [13].

The relation between electric charge Q, third component of isospin I3 and

baryon number B can be compactly expressed as

Q

|e| = I3 +
B

2
(2.4)

so that the nucleon isospin doublet with B = 1 and I3 = ±1
2

has Q/|e| = 0

or 1. The formula can be extended to include strange particles with quantum

number S as follows:
Q

|e| = I3 +
B + S

2
= I3 +

Y

2
(2.5)

where the quantity Y = B + S is called hypercharge [1].

The multiplets can be graphically represented by plotting the ground state

baryons using the hypercharge Y , and the third component of the isospin I3, as

coordinate axes (fig. 2.4).

In table 2.2 the strange spin-1/2 baryons (hyperons) are listed together with

some of their properties. With the exception of Σ0 which decays electromag-

netically to Λγ, all the hyperons decay via the weak interaction. This is the

reason for the relatively long lifetime (cτ) of the hyperons. The cτ value gives

the mean flight path lenght of a particle before decaying, when multiplied by
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Figure 2.4: Baryonic decuplet (left) and octet (right).

Hyperon Quarks Mass [MeV/c2] cτ [cm]

Λ uds 1115.68 7.89

Σ+ uus 1189.37 2.404

Σ0 uds 1192.64 2.22 × 10−9

Σ− dds 1197.45 4.434

Ξ0 uss 1314.83 8.71

Ξ− dss 1321.31 4.91

Table 2.2: Properties of the spin-1/2 strangeness hyperons.

the relativistic βγ value of the particle, where β = p

E
and γ = E

m
. This is

an experimental advantage since the decay vertex will be in most cases well

separated from the production point [13].

It is also possible to calculate the magnetic moment (µs) of the strange

quark. If the quarks behave as pointlike Dirac particles, each one will have a
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magnetic moment as below:

~µi =

(

ei

2mi

)

~σi (2.6)

where ei, mi and σi are the charge, mass and spin. From the symmetry prop-

erties of the three-quark wave function in baryons, the magnetic moments can

be computed as vector sums of the moments of the constituent quarks. The

magnetic moment of the proton can be expressed as:

µp =
2

3
(2µu − µd) +

1

3
µd =

4

3
µu −

1

3
µd. (2.7)

The result for the neutron is the same but with the labels u and d interchanged.

For the Λ hyperon, which is a uds combination with isospin I = 0, the pair u

and d must be in a I = 0 (i.e. antisymmetric) isospin state. So they must also

be in an antisymmetric spin state (J = 0). Hence the u and d in the Λ make

no contribution to the magnetic moment, and

µΛ = µs = −0.61
e

2mp

. (2.8)

The hadrons consist of elementary quarks, called “valence quarks”, sur-

rounded by a gluon cloud and virtual quark-antiquark pairs. By interpreting

the quarks as the only hadron fundamental elements, thus including the pres-

ence of the gluon cloud and the virtual quark-antiquark pairs, these are called

“constituent quarks” [14]. By using the constituent quark model, it is possible

to extract the masses of the constituent quarks. Using the relation 2.6 it is

now possible to calculate the constituent mass of the strange quark ms. The

obtained result is ms ≈ 0.51 GeV.

2.3 Electromagnetic Form Factors

Scattering processes are a powerful tools to investigate the internal structure of

hadrons. The scattering of electrons on hadrons gave the access to the internal

electric structure of hadrons. The electromagnetic interaction can be considered

as an exchange of virtual photons, according to quantum field theory. The
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differential cross section for elastic scattering of spin-1/2 particles is given by

the Rosenbluth formula [15]:
(

dσ

dΩ

)

=

(

dσ

dΩ

)

Mott

·
[

G2
E(q2) + τG2

M(q2)

1 + τ
+ 2τG2

M (q2) tan2 ϑ

2

]

(2.9)

where
(

dσ
dΩ

)

Mott
is the Mott differential cross section for pointlike particles,

G2
E(q2) and G2

M(q2) are the electric and magnetic form factors, q2 = (∆Ee)
2 −

(∆pe)
2 is the squared 4-momentum transferred by a virtual photon, ϑ is the

scattering angle, and τ is defined as:

τ =
q2

4M2c2
. (2.10)

The electric and magnetic form factors are giving an exhaustive characterization

of the spatial distribution of charge and magnetic moment for an extended

object. They are introduced in order to describe the electromagnetic structure

of spin-1/2 particles.

In elastic scattering processes, in which there is only a 3-momentum transfer,

the value of q2 is negative. Such a momentum transfer is said to be “space-like”.

In annihilation processes, as e+e− → pp̄, only energy is transferred, and thus the

value of q2 is positive. In this scenario the photons are said to be “time-like”.

In fig. 2.5 diagrams of e− − p scattering (left) and e+e− annihilation (right)

processes are shown. If the energy transfer is 0 ≤ q2 ≤ 2m2
particle, it not enough

to generate two particle in the final state, and thus this region is not accessible

by annihilation processes.

The Vector Meson Dominance (VMD) model [16, 17] can be used to describe

the time-like photons. The neutral short-lived vector mesons have spin 1 and

negative parity JP = 1−, the same quantum numbers as those of the photon.

We can take into account the vector mesons ρ0 (mρ = 775.5 MeV/c2 [18]), ω (mω

= 782.6 MeV/c2 [18]), and ϕ (mϕ = 1019.5 MeV/c2 [18]). A virtual photon can

interact with a hadron of interest not only directly but also after a transition

to a virtual vector meson state [19]. This mechanism is well suited to describe

the behaviour of time-like photons when q2 approaches the squared mass of

the vector meson (for example q2 ≈ m2
ρ). In this scenario, the virtual meson

becomes real and then decays.
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p

Figure 2.5: Feynman diagrams for scattering and annihilation processes. The

e−p scattering (left) happens in the space-like region (only momentum transfer).

The e+e− → pp̄ annihilation (right) happens in the time-like region (only energy

transfer).

We can consider now the electromagnetic radiative decay

A→ B + γ. (2.11)

If the decay of eq. 2.11 is allowed, it should also be possible a process in which

γ becomes virtual and then turns into a lepton pair:

A→ B + γ∗ → B + l+ + l−. (2.12)

This effect is called internal conversion. Dalitz decay of this kind are described

by a specific form factor called “transition form factor”. The probability of

formation of a lepton pair with an effective mass ml+l− in a conversion decay,

as eq. 2.12, is proportional to the probability of emitting a virtual γ quantum

with time-like 4-momentum q2 = m2
l+l− = (El+ + El−)2 − (pl+ + pl−)2 [19].

Examples of conversion decays can be the decays of the hyperon excited

states, as Λ(1520), Σ0, and Ξ0. An example of the conversion decay of the

Λ(1520) → Λe+e− is presented in fig. 2.6. The HADES and the PANDA ex-

periments can really contribute in these studies since they have the capabilities

to reconstruct hyperon final states, and the possibility to collect a big amount
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e+

e−

γ

Λ

Λ(1520)

F (q²)
Λ(1520)Λ

Figure 2.6: Diagram for the conversion decay Λ(1520) → Λe+e−. The

transition form factor modifies the leptonic pair effective mass spectrum:

[dΓ/dq2]Λ(1520)→Λe+e− = [dΓ/dq2]pointlike · |FΛ(1520)Λ(q2)|2.

of data for those production channels. The HADES experiment can address

these studies deeply investigating the hyperon excited states in reactions like

Λ(1520) → Λe+e−, in which the excited state decays into a Λ plus a lepton pair.

Similar studies can be accomplished with the PANDA detector in interactions

like p̄p→ Σ0Σ̄0 in double hyperon production.

2.4 Self Analysing Properties of Λ

The Λ particle is the lightest hyperon state. A Λ consists of u, d and s quarks.

A study of Λ properties is of particular interest for strangeness and spin physics,

and can be achieved by means of pp collisions or p̄p annihilations.

The parity of the Λ particle can be extracted in reactions like pp→ pK+Λ.

The parity of the ΛK pair relative to the nucleon can be measured, and it

is found to be odd [1]. A kaon is a meson which consist of a quark and an

antiquark. Quark and antiquark have opposite parity, thus the resulting parity

of the kaon is odd. The parity of the Λ hyperon is therefore even.

As already stated, the Λ decays weakly. The parity violation in the weak

decay introduces an asymmetry in the distribution of the decay particles with

respect to the direction of the initial hyperon spin vector. This is quantified

by the asymmetry parameter α, which is a measure of the probability for the
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decay baryon to be emitted parallel to the spin direction of the decaying hy-

peron. This allows for a measurement of the hyperon polarisation as well as spin

correlations between antihyperon-hyperon pairs. Within the constituent quark

model, protons, Λ and Σ0 have a di-quark (ud)-quark (u) structure. One may

therefore view the di-quarks as spectators in the reactions. If so, the observables

should reflect more directly the dynamics of the underlying ūu → s̄s process.

This is particularly true for the spin observables since, within this model, the

spin of the Λ is carried by the strange quark [13].

In table 2.3 the Λ properties and decays are shown [18]. The charged decay

Hyperon Quarks Mass [MeV/c2] cτ [cm] Decays BR [%] αΛ

pπ− 63.9 0.642

Λ uds 1115.68 7.89
nπ0 35.8 0.65

Table 2.3: Λ properties and decay modes.

channel is the easiest to access experimentally, since it involves the reconstruc-

tion of a decay with two emerging charged particles, typically displaced several

centimeters away from the target. Since the parity is violated, the distribution

of the decay proton (I(ϑ∗)) for a Λ with polarisation PΛ has the form

I(ϑ∗) =
1

4π
(1 + αΛPΛ cosϑ∗) (2.13)

where ϑ∗ is the proton emission angle with respect to the spin direction of the

Λ and αΛ is the decay asymmetry parameter [13].

The Λ polarisation is measured from the asymmetry of its parity violating

decay, and can be extracted from the angular distribution of the decay proton,

since the proton is preferentially emitted in the direction of the Λ spin. With

an unpolarised beam, parity conservation in the hadronic processes restricts the

Λ polarisation to be non-zero only in the transverse direction with respect to

the production plane.

The variables pT and xF also play a role in the study of Λ polarisation. In

the center of mass frame, pT indicates the transverse momentum of the Λ with
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respect to the projectile direction. The Feynman’s x (xF ) is defined as:

xF =
pz

pz max

≈ E + pz

(E + pz)max

(pT ≪ |pz|) (2.14)

where pz is the longitudinal momentum of the Λ with respect to the direction

of the interaction (in this case indicated by the z axis), and pz max is the Λ

maximum longitudinal momentum allowed. In the center of mass the xF can

be reformulated as:

xF ≈ 2pz CM√
s

(2.15)

where
√
s is the total energy in the center of mass. The formula 2.15 is valid

only if
√
s ≫ MΛ. The value of xF varies between -1 and +1, and depending

on the sign it is possible to define two different regions. If xF is positive, we

are in the socalled “current fragmentation region”, the Λ was produced directly

from the interaction between the beam and the target. If xF is negative, one

talks about “target fragmentation region”, the Λ comes from the hadronization

of nucleon fragments which did not take part in the interaction.

From the data collected, in both exclusive and inclusive measurements by

the previous polarisation experiments breefly described in sec. 2.1, one can

observe mainly in collisions like pp→ pK+Λ that:

• produced Λs are polarised along the direction normal to the Λ-proton

production plane. This direction is defined by

~n =
~pbeam × ~pΛ

|~pbeam × ~pΛ|
(2.16)

where ~pbeam and ~pΛ are the momenta of the beam and of the produced Λ;

• Λ particles are produced with negative polarisation;

• the polarisation increases linearly with the transverse momentum (pT ) of

the Λ up to about 1 GeV/c, and remains constant above (see fig. 2.7);

• the polarisation increases linearly with Feynman variable xF for pT less

than 1 GeV, and is independent of xF above (see fig. 2.7);
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Figure 2.7: Measured DNN values in function of transverse momentum trans-

fer (a) and xF (b) for the exclusive ~pp→ pK+~Λ [12].

• for beam momenta from 12 up to 2000 GeV/c, the polarisation is almost

energy independent;

• the polarisation is weakly dependent on the target type and decreases

with increasing atomic weight A.

The description of these results can be found in [7].

With polarised beams other quantities, such as the analysing power and the

spin transfer coefficient, can be investigated. The analysing power AΛ
y reflects

how the Λ production cross section depends on the spin direction of the beam;

it is the ratio of the left right asymmetry and the beam polarisation. The

depolarisation or spin transfer coefficient DNN measures the transfer of polar-

isation from the beam to the produced Λ. DNN = 0 indicates that the spin

of the Λ is independent of the initial proton polarisation, while DNN = +1 or

-1 means maximum polarisation transfer. Negative values indicate a spin flip.
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The spin transfer coefficient can be expressed as a difference of the measured

Λ polarisation with beam spin up PΛ↑ and down PΛ↓ [7]. Since studies with a

beam polarisation are not subject of this thesis, they will not be discussed here.

Detailed informations can be found in [7, 20].

2.5 Hyperon Excited States

In scattering processes the energy of the ingoing and outgoing particles is strictly

connected. In deep inelastic scattering processes, the investigation of the scat-

tered electron energy, in electron proton collisions, pointed out that there are

events in which the transferred energy is higher than what expected consider-

ing only particle recoil. Those events correspond to inelastic reactions. The

spectrum of the differential cross section d2σ
dΩdE′

shows the elastic peak and be-

sides a certain number of peaks associated to inelastic excitations of the proton.

These peaks correspond to the excited states of the nucleon and they are called

“resonances”.

In a similar way, also the ground state hyperons have their excited states.

The strange hyperon excited states are summarised in table 2.4 together with

the resonances of the singlet, octet and decuplet states. In this table J is

the total angular momentum (l + s), P the parity, and S is the spin of the

states. The mass of the states is also indicated. Some of those states are

predicted by the theory, but so far no experimental evidence was found, or the

experimental results are far from the theoretical predictions [22]. Some of them

need more confirmations. This is due in part to the low statistic collected.

Further measurement could clarify this scenario. In fig. 2.8 the masses of the Λ

and Σ hyperons states in function of JP (here indicated as Jπ) are presented.

For each column, the theory predictions (left) from the relativistic quark model

[22] are compared with the experimental data (right).

Moreover, the structure of the excited state of the Λ hyperon Λ(1405), is

still matter of controversity. The fact that the first excited state of the Λ

has JP = (1/2)−, and that is below the K̄N threshold, is interpreted as an
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Figure 2.8: Λ-resonance spectrum in function of total angular momentum

and parity. For each JP value of each column, on the left side is plotted the

expected hyperon mass, calculated by the theory model [22]. On the right side,

the experimental value, with errors, taken from [18] of the hyperon masses so

far identified is displayed [22].

unambiguous argument in favour of the Λ(1405) being a three-quark state.

There are, however, also strong arguments speaking in favour of a dynamical

generation of the Λ(1405) as a quasi-bound K̄N state.

2.6 Double Hyperon Production in p̄p Reac-

tions

The study of double hyperon production can provide more informations on

strangeness creation mechanism and CP -violation in the strangeness sector.

The reaction p̄p → ΛΛ̄ is the only hyperon reaction for which there are
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high quality data on spin observables, provided by the PS185 collaboration

[23, 24, 25, 26, 27] at LEAR.

Due to the kinematics of this reaction, there are only two independent mo-

mentum vectors, the beam momentum (~ki), and the scattered momentum (~kf).

These two vectors define the scattering plane and also its normal (~n = ~ki ×~kf ).

One can define the handedness of the coordinate system, shown in fig. 2.9, as

a right-handed system {m̂, n̂, l̂} according to

m̂ = n̂× l̂,

n̂ =
~ki×~kf

|~ki×~kf |
,

l̂ = k̂.

(2.17)

Figure 2.9: Coordinate system used for the p̄p→ ΛΛ̄ reaction [13].

Some transformations are of particular interest in order to study physics

processes. The “parity” operation is a spatial inversion of coordinates (x, y, z

→ −x, −y, −z) produced by the parity operator P , where

Pψ(r) = ψ(−r). (2.18)

P is a unitary operator (P 2 = 1), with eigenvalue ±1. The parity is conserved

in strong interactions, while it is violated in the weak ones. The helicity is

defined as h = s·p
|s||p|

, the scalar product of spin (s) and momentum (p) of a

particle. Studies on neutrino (ν) helicity, only left-handed ν and right-handed
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ν̄ were observed, have shown that P is violated in weak interactions.

The “charge conjugation” reverses the sign of the charge and magnetic moment

of a particle: it implies the interchange of particle and antiparticle. Only neutral

bosons that are their own antiparticles can be eigenstates of the charge conju-

gation operator (C). For example, the charged pions are not C eigenstates,

since

C|π+〉 → |π−〉 6= ±|π+〉, (2.19)

but for the neutral pion we have

C|π0〉 = η|π0〉 (2.20)

where η = ±1, and thus η2 = 1. The study of the π0 decay (2γ), knowing that

Cγ = −1, allows to calculate the C-parity of the π0 (Cπ0 = +1).

The observation of neutral kaons decay have led to fundamental discoveries

in particle physics. It was found that the K0 decay, as well as the K̄0 decay,

occurs with two different lifetimes:

τ(K0
1 → 2π) = 0.9 · 10−10s

τ(K0
2 → 3π) = 0.5 · 10−7s.

(2.21)

The K0 seems to be two different particles when studying its weak decay. To

interprete these results, it was therefore proposed that the K0 and K̄0 are

nothing but two different admixtures of the K0
S and K0

L, the particles associated

with the short- and long-lived 2π and 3π decay modes, and defined as

|K0
1〉 =

√

1
2

(

|K0〉 − |K̄0〉
)

|K0
2〉 =

√

1
2

(

|K0〉 + |K̄0〉
)

.
(2.22)

One can then define the CP eigenstates as

CP |K0
1〉 = +1 · |K0

1 〉

CP |K0
2〉 = −1 · |K0

2〉.
(2.23)
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Several meter far from the production point of K0
1 and K0

2 , only the long living

K0
2 should survive. Thus, it should be possible to observe only the 3π decay

mode. Experimental data have shown that both 2π and 3π decay modes are

observed, and therefore K0
1 and K0

2 are admixture of two different eigenstates:

KL = 1√
1+|ε|2

(K2 + εK1)

Ks = 1√
1+|ε|2

(K1 − εK2).
(2.24)

This discovery is considered as a proof of the CP violation in weak decays.

The magnitude of the polarisation of the Λ̄ and the Λ must be the same if

CP -invariance is conserved, since it requires the asymmetry parameters to be

the opposite, αΛ̄ = −αΛ. Consequently one can define a parameter A as:

A =
αΛ̄ + αΛ

αΛ̄ − αΛ

, (2.25)

that should be zero if CP is conserved. The averaged value of A from the

PS185 data is 0.006 ± 0.014 [28]. A possible observation of CP violation in the

hyperon decay would be a significant discovery since it would be the first time

that such an effect would be seen for strange baryons.

The study of another variable can be extremely important, in order to un-

derstand in which state are the strange sea quark. The “Singlet Fraction” FS is

a measure of the spin alignment in the final state, and has the value of unity if

the ΛΛ̄ pair is in a pure singlet state (antiparallel spins), zero if it is in a pure

triplet state (parallel spins), and 0.25 for a statistical mixture of the two. From

the PS185 data [29, 30] the ΛΛ̄ pair is practically always produced with parallel

spin, i.e. the s̄s quark pair is practically always created with their spins parallel

[13].

The future PANDA experiment will open an unexplored window in antihyperon-

hyperon production allowing for production of Ȳ Y -pairs (where Y indicates a

hyperon) of a mass up to 5.5 GeV/c2.

In the following chapters, the reconstruction of the Λ particle, the hyperon

ground state, will be presented in the scenario of the HADES and the PANDA

experiments. These two experiments are complementary to each other. In the
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first part, the HADES experiment will be presented. It has the capability to

investigate the semi-leptonic decay of hyperon excited states in order to define

branching ratios and timelike form factors of electromagnetic decays. The sec-

ond part of this thesis will present the future PANDA spectrometer scenario.

The reconstruction of Λ and Λ̄ particles is delivering important informations on

different tracking system comparison, and is showing the status of the recon-

struction of the double hyperon states.
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JP S Octet members Singlets

1/2+ 1/2 N(939) Λ(1116) Σ(1193) Ξ(1318)

1/2+ 1/2 N(1440) Λ(1600) Σ(1660) Ξ(?)

1/2− 1/2 N(1535) Λ(1670) Σ(1620) Ξ(?) Λ(1405)

3/2− 1/2 N(1520) Λ(1690) Σ(1670) Ξ(1820) Λ(1520)

1/2− 3/2 N(1650) Λ(1800) Σ(1750) Ξ(?)

3/2− 3/2 N(1700) Λ(?) Σ(?) Ξ(?)

5/2− 3/2 N(1675) Λ(1830) Σ(1775) Ξ(?)

1/2+ 1/2 N(1710) Λ(1810) Σ(1880) Ξ(?) Λ(?)

3/2+ 1/2 N(1720) Λ(1890) Σ(?) Ξ(?)

5/2+ 1/2 N(1680) Λ(1820) Σ(1915) Ξ(2030)

7/2− 1/2 N(2190) Λ(?) Σ(?) Ξ(?) Λ(2100)

9/2− 3/2 N(2250) Λ(?) Σ(?) Ξ(?)

9/2+ 1/2 N(2220) Λ(2350) Σ(?) Ξ(?)

Decuplet members

3/2+ 3/2 ∆(1232) Σ(1385) Ξ(1530) Ω(1672)

3/2+ 3/2 ∆(1600) Σ(?) Ξ(?) Ω(?)

1/2− 1/2 ∆(1620) Σ(?) Ξ(?) Ω(?)

3/2− 1/2 ∆(1700) Σ(?) Ξ(?) Ω(?)

5/2+ 3/2 ∆(1905) Σ(?) Ξ(?) Ω(?)

7/2+ 3/2 ∆(1950) Σ(2030) Ξ(?) Ω(?)

11/2+ 3/2 ∆(2420) Σ(?) Ξ(?) Ω(?)

Table 2.4: Excited states of the singlet, octet and decuplet states [21].
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Chapter 3

The HADES Spectrometer

The HADES (High Acceptance DiElectron Spectrometer) experiment is an ex-

ternal fixed target experiment installed at the heavy ion synchrotron (SIS) at

GSI Darmstadt.

The main goal of HADES is to measure and reconstruct, with an accuracy

of ∆p

p
≃ 1% as particle momentum resolution [31], the leptonic decays of light

vector mesons produced in elementary (p, π) and heavy ion induced reactions

(eg. C, Au)[31]. The pion and the proton beams have kinetic energies up to

some GeV, and the heavy ion beams can reach energies of few AGeV. Different

targets for elementary reaction, such as Hydrogen, and for heavy ion collisions,

like nuclei of C or Au, are also used. At reaction rates of 106 Hz, obtained using

primary beam rates up to 108 particles/s and 1% interaction lenght targets (as

for example the proton target), the light vector mesons are investigated via

their dileptonic (e+ e− pair) decays, which have a branching ratio in the order

of 10−5.

The HADES spectrometer, shown in fig. 3.1, 3.2 and 3.3, consists of several

different specialized particle detectors in order to fulfill the requested goals. The

spectrometer, characterized by a six-fold geometry, covers the 45% of the solid

angle, including almost the full azimuthal acceptance and the polar acceptance

between 15◦ and 85◦. After the Start-Veto detector (sec. 3.2) and the target

(sec. 3.1), as shown in fig. 3.1, moving on the downstream direction the detector
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Figure 3.1: Exploded view of the HADES spectrometer.

Figure 3.2: Section of the assembled HADES spectrometer.

consists of a Ring Imaging Cherenkov (RICH) (sec. 3.3), completely hadron

blind in this energy range, and which provides the lepton identification. The

momentum reconstruction is assured by the presence of a toroidal magnetic
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Figure 3.3: Section of the assembled HADES spectrometer. An event simula-

tion is displayed.

field, produced by a superconducting magnet (sec. 3.5), sandwiched by four

sets of Mini Drift Chambers (MDC) (sec. 3.4), two before and two after the

magnet, that will provide the particle tracking. The outermost component of the

spectrometer is the Multiplicity Electron Trigger Array (META), which provides

particle discrimination; it consists of a Time-of-Flight wall (TOF/TOFino) (sec.

3.6) and a Pre-Shower detector (sec. 3.7) covering the full azimuthal acceptance

and the polar region from 18◦ to 45◦ respectively, as shown in fig. 3.3.

Although the design of HADES is optimized for dilepton spectroscopy, hadron

final states can be also reconstructed, using the advantages of the large geomet-

rical acceptance and the good momentum resolution of the spectrometer.

The HADES spectrometer will be presented in more details in the following
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sections.

3.1 Beams and Targets

The accomplishment of the HADES physics program requires the use of different

beams and targets. The beam is obtained selecting an appropriate source and

accelerating it to a defined energy value via the accelerator setup. The fixed

target can be either structured in thin foils, for heavy ion collisions, or a liquid,

for elementary reactions.

In the heavy ion experiments we have used foils as target. A single graphite

foil, 5 mm thick, 2.15 g/cm3 dense with an interaction lenght of 5% was used,

for example, in November 2002 for the C+C runs at 1-2 AGeV. Instead, a set

of two graphite foils, 3 mm thick and placed 1 cm before and 1 cm after the

nominal target position, thus reducing the secondary interactions, was exploited

in November 2002 and August 2004 for a C+C run and September 2005 for the

Ar+KCl run.

For elementary interactions, a liquid hydrogen (LH2) target was used. The

liquid hydrogen is contained inside a cylindrical vessel, 5 cm long and with a

diameter of 2.50 cm, completely made of Mylar foils. The choice of Mylar was

based on different factors. It provides low interaction probabilities due to its low

Z. The interaction probability with the beam is of the order of ≈ 0.07% while

the probability of interaction with the LH2 is around 1%. Moreover, the Mylar

can offer the thermal isolation needed to operate the target at a temperature

of 20 K at atmospheric pressure.

3.2 START and VETO

In the heavy ion experiments, in order to select reactions which occurred inside

the target, START and VETO detectors [32] are placed 75 cm upstream and

downstream the target position. The START and VETO detectors, shown in

fig. 3.4 - 3.5, are made of CVD diamonds (Chemical Vapor Deposition) 100
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µm thick of hexagonal shape divided into eight strips. The dimension of each

strip increases as far as one moves to the peripheral area of the beam, in order

to keep the count rate constant on each strip. These two detectors are build to

handle a particle rate of around 108 particles/s, and can give a time resolution

up to 90 ps.

Figure 3.4: Scheme and position

of the Start and Veto detectors with

respect to the target.

Figure 3.5: View of the Start/Veto

detector. It is possible to notice the

segmentation into stripes.

The START and the VETO are operating in anti-coincidence mode with a

1:3 ratio: if a particle is detected in one of the START strips and no particle is

found in the three associated VETO strips, then the reaction is triggered. The

efficiency of this detector is quite high, 96.5%, for heavy ion beams. Unfortu-

nately, it is much lower for light particle beams due to Z2 dependence of the

energy loss of the incident particle. For this reason, the START and VETO

detectors were not used in the proton beam runs that took place in January

2004, analysed in this thesis, in May 2006 and in April 2007.

3.3 RICH

The Ring Imaging Cherenkov detector (RICH) is the innermost detector and it

surrounds the target in the downstream hemisphere. It covers the full azimuthal

angle and the polar angle between 18◦ and 85◦. It is devoted to the lepton

identification at collision rates of 106 interactions/s. In fig. 3.6 a scheme of the
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Figure 3.6: Drawing and principle of the HADES RICH detector.

RICH detector is presented.

When a charged particle passes through a medium with refraction index n,

and its velocity β is higher than the speed of light in that medium (c/n), then

Cherenkov light is emitted under an angle ϑc given by:

ϑc = arccos
1

βn
(3.1)

where β is the velocity of the particle. Therefore particles which have β ≥ c
n

can

be detected. It is also possible to define a threshold for the relativistic factor γ:
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γthr =
1

√

1 − β2
thr

=
1

√

1 − ( 1
n
)2
. (3.2)

C4F10 is the radiator gas of the RICH [33] and it has a refraction index of

n = 1.00151, which corresponds to a thershold of γthr ≈ 18.22; it offers low

energy loss combined with high photon transmittivity in the Vacuum Ultra

Violet (VUV) wavelenght region. The minimum particle energies needed to

produce Cherenkov light are Ep
thr ≃ 17.8 GeV, Eπ

thr ≃ 2.6 GeV and Ee
thr ≃ 9.3

MeV. At the SIS energy of 2 AGeV for heavy ions, only electrons are above

γthr. As a result, the RICH of HADES is a hadron blind detector.

Asymptotic electrons and positrons have a β value close to 1, and the light

is produced at an angle of ϑc = 3.15◦. The produced Cherenkov light cone

is reflected by a spherical mirror to a photon detector. To prevent conversion

and multiple scattering a maximization of the radiation lenght is needed. The

constituent mirror material is carbon fiber [34], which ensures 1% of radiation

lenght, guaranteeing an overall reflectivity larger than 85% in the Vacuum Ultra

Violet (VUV) wavelenght region; the interesting wavelenght region for HADES

is 145 < λ < 210 nm. The photon detector consists of Multi Wire Proportional

Chambers (MWPC) with a CsI photochatode and is filled with CH4 gas. When

a Cherenkov photon reaches the photocathode, electrons are emitted by photo-

electric effect and are amplified by a factor 105. The photocathode is segmented

into pads of different dimension on the y axis, from 7.1 × 6.6 mm to 4.6 × 6.6

mm, in order to keep the size of the rings approximately constant and to correct

eccentricity effects. In this way it was possible to establish a ring radius of 4

pads corresponding to a projected ring radius of 2.5 cm [35]. A window of 64

CaF4 hexagonal crystals, 5 mm thick and with a diameter of 1.5 m, separates

the radiator gas from the photon detector. This window provides an average

transmission of 70% [33].
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3.4 Mini Drift Chambers

The Mini Drift Chambers (MDC) have the task to provide the tracking of

charged particles and the determination of the momentum, depending upon

their deflection inside the magnetic field. HADES is provided with four MDC

modules, two before and two after the superconducting magnet (fig. 3.7) in

order to determine the direction of the particles before and after the deflection.

Figure 3.7: 3-Dimensional

schematic view of the position of

the four MDC modules. The insti-

tutions where the chambers have

been produced are also indicated.

Figure 3.8: Orientation scheme of

the different cell layers of a MDC

module. The layers are oriented

with ±0◦, ±20◦ and ±40◦ with re-

spect to the normal on the symmetry

axis of the module.

When a charged particle crosses MDC cells, it ionizes the gas and produces

an avalanche. Then, the charge produced in the primary and in the secondary

ionization is collected by the sensitive wire, in a time that is proportional to the

distance between the track and the wire.

The MDC are placed from 50 cm up to 160 cm downstream the target posi-

tion, and they cover the polar region between 18◦ and 85◦ and the full azimuthal

angle. The modules are organized into four sets of six identical chambers, fol-

lowing the six-fold structure of the spectrometer, for a total of 24 chambers.
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Each module consists of six layers of drift cells, numbered in the order of in-

creasing polar angle from 1 to 6, with wires oriented of ±0◦, ±20◦ and ±40◦, as

shown in fig. 3.8. For every drift cell, Al cathode wires, 80µm thick, and two Al

field wires, 100µm thick, are delimiting a gold-tungsten sense wire, 20µm thick

[36, 37]. To keep the granularity constant and, therefore, the double hit resolu-

tion in the 4 detector planes, the size of the cells varies going in the downstream

direction from 5 mm × 5 mm in the first plane up to 10 mm × 14 mm in the

last one. The chambers are filled with a Helium-Isobutane mixture in a ratio of

60:40.

The obtained resolution of 35-50 µm in the polar direction and 85-125 µm

in the azimuthal direction [37, 38] allows to reach the required momentum

resolution of 1%.

3.5 Magnet

The superconducting magnet ILSE (Iron-Less Superconducting Electron mag-

net) enables the momentum measurements bending the charged particles tracks.

It consists of six superconducting coils, responsible for the HADES six sectors

geometry, surrounding the beam axis and producing a toroidal field, see fig 3.9.

The magnetic field can reach a maximum intensity of 3.7 T, but in the HADES

acceptance region it reaches only the value of 0.7 T. As a first approximation,

the toroidal field deflects the particles only in the polar direction ϑ. This re-

sults in a particle momentum kick of the order of pT = 50 MeV/c at large polar

angles and pT = 100 MeV/c at small polar angles [39].

3.6 Time-Of-Flight Detector

The Time-Of-Flight (TOF) detector [40] provides fast determination of the

charged particle multiplicity of the events, thus providing a first level trigger

decision (see sec. 3.9). This detector also determines the impact position of

each hitting particle for tracking purposes, and the time-of-flight informations
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Figure 3.9: Scheme of the HADES ILSE magnet. It is possible to notice

the position of the superconducting coils that gives to HADES the six sector

structure.

in order to identify each particle. Assuming a given path lenght (around 2 m),

it should be possible to determine the velocity β of particles, and the energy

loss can be extracted.

Figure 3.10: The TOF detector.
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The TOF detector, shown in fig. 3.10 covers the polar angular region be-

tween 44◦ and 88◦, and it consists of eight modules of eight rods each per sector.

The rod material is BC408, which provides a scintillation efficiency ≈ 104 pho-

tons/MeV, a refraction index n = 1.6, a decay time of 2.1 ns and a group velocity

of the light travelling inside the scintillator bars of ≃ 16 cm/ns. Light guides

connect then both ends of the scintillation rods to photomultipliers, where the

light is collected. The collected signal gives information about the time-of-flight

of the particle in the scintillator.

The TOF time resolution is about 150 ps, which corresponds to a spacial

resolution of ∼ 2.4 cm, and the total efficiency has been measured to be ǫ ≈ 0.96.

This allows to distingush electrons from protons up to momenta of 3 GeV/c

and electrons from pions up to 0.5 GeV/c.

The polar angular region between 18◦ and 50◦ is covered by the TOFino

detector, see fig. 3.11 (left). The TOFino has to accomplish the same task of

the TOF, but it has some limitations due to its design. Its spacial resolution and

multi-hit capabilities are limited due to the fact that this detector is constituted

by only four scintillator rods per sector and the rods are readout only at one

end. This detector can be useful for low multiplicity experiments like p+p or

C+C, but its occupancy is too high in Au+Au experiments. The replacement

of the TOFino with a RPC detector is foreseen in the future, see sec. 3.8.

3.7 Pre-Shower Detector

The Pre-Shower detector, shown in fig. 3.11, is placed immediately after the

TOFino detector, and covers the polar angular region between 18◦ and 45◦.

Electrons and positrons passing throught the matter lose energy mainly by

bremsstrahlung, and if the energy of the photons emitted during this process

is higher than 1.022 MeV/c they can generate high energy e+e− pairs. This

process then results in a cascade of electrons, positrons and photons, until

the energy of the electrons drops below the energy needed to emit a photon

with 1.022 MeV/c. Since the photon emission probability in a bremsstrahlung
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Figure 3.11: Pre-Shower and TOFino detectors. On the left side the

Pre-Shower and the TOFino paddles are shown. On the right side the layers

that compose the Pre-Shower detector are drawn.

process is proportional to the inverse mass squared 1/m2, particles heavier than

electrons do not produce an electromagnetic shower. This property is used in

order to distinguish between electrons and pions [41, 42]. The name Pre-Shower

arises from the fact that, due to the dimensions of the detector, the complete

shower is not observed but only its first spacial part is detectable.

The Pre-Shower detector is made of six modules following the general sym-

metry of the setup. Each module consists of two layers of lead converter, 1 cm

thick (i.e. 2 radiation lenght), sandwiched by three planes of Multi Wire Pro-

portional Chambers (MWPC), as shown in fig. 3.11 (right). A charged par-

ticle passing through a MWPC ionizes the Ar-Isobutane gas, and the charge

is then collected at the anode wire. The MWPC gas chambers operate in a

self-quenching streamer mode [43, 44], such that the collected charge is only

connected to the number of incident particles, that are inducing approximately

the same amount of charge in the detector, and does not depend on the de-
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posited energy.

To clearly discriminate between electrons and pions, the readout signals are

used to find a local maximum in the charge distribution and then an integration

over 3 × 3 pads around the maximum is performed. The last step is to com-

pare the ratio of the integrated charges per layer against momentum-dependent

thresholds.

3.8 Resistive Plate Chambers Detector

A resistive plate chamber (RPC) detector [45] will replace the TOFino detector.

The RPC will cover the polar angle region between 13◦ and 45◦ and will provide

a higher granularity, required in heavy systems experiments.

A RPC is a gaseous parallel-plate detector that combines the time resolution

typical of a scintillation counter with the spacial resolution of the wire chambers.

This detector consists of a pair of insulator plates separated by spacers. The

external surface of the plates is coated with layers of graphite paint, a high

resistivity material, connected to high voltage supply in the order of 7 kV.

Placing strips on the plates in a two-dimensional grid will allow a position

sensitive readout.

When a charged particle passes through the gas gap, it will produce a local

avalanche discharge. The avalanche is localized and quenched by the fact that

the local voltage breaks down due to the high resistivity of the plates coating.

The development of the avalanche is fast and tests on the RPC prototype have

obtained a time resolution of 75 ps [45, 46].

3.9 The Data Acquisition

The data acquisition (DAQ) of HADES has to handle with reaction rates up to

106 Hz. To enrich the data sample with rare decays of light vector mesons into

dilepton pairs, the HADES main goal, a sophysticated real time and multi-level

trigger system is mandatory.
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The HADES trigger system is structured into several levels and implemented

in different hardware modules, as shown in fig. 3.12. The trigger system is

exstensively described in [47, 48, 49].

Figure 3.12: Trigger system of the HADES experiment.

The implemented DAQ architecture employs two pipes. The first one is

used to store the digitized data after a positive LVL1 trigger decision. The

first level trigger (LVL1) is a multiplicity trigger that compares the number of

hits in TOF and TOFino to given settings and together with an anticoinci-

dence START/VETO signal, it provides a centrality selection on the occurred

reaction. The LVL1 trigger decision is delivered in around 100-200 ns. The

second pipe stores the data after a positive LVL2 trigger for the readout. The
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second level trigger (LVL2) is correlating angular informations obtained from

TOF and Pre-Shower detectors with the angular informations coming from the

RICH, sectorwise.

The stored data are then transferred to the common event builder, which is

responsible for the final assembling of the events.

Higher level trigger (LVL3) can significantly reduce the load on the DAQ

and the offline analysis. The actual efforts are going forward to a correlation

between the LVL2 trigger and the tracking informations. A third level trigger

can result really helpful when trying to measure heavier system, such as Au+Au.
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Chapter 4

The HADES Tracking and

Alignment

High momentum resolution as well as high position resolution are mandatory

to perform the HADES physics program [31].

During the pp collision run, that took place in January 2004, the HADES

detector was equipped with an almost complete tracking system: four MDC

chambers in four sectors (0,1,3,4) and three chambers in the other two sectors

(2,5). The HADES physics program requires a fine and precise MDC calibration

and detector alignment. Moreover, an appropriate tracking algorithm has to

be developed in order to provide track finding, track fitting and momentum

reconstruction.

A full characterization of the tracking system, and a subsequent improve-

ment of the alignment of the chambers was performed via the study of pp elastic

scattering events [50].

In this chapter the alignment strategy (sec. 4.1) and the retracking routines

(sec. 4.2) will be presented.
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4.1 Alignment

The track finding and the track fitting procedures require accurate geometrical

positions of detectors and detector parts (like chamber, layer, wire positions,

etc.). The MDC chambers deliver, in the chamber coordinate frame, informa-

tions about the position and the direction of the particles that cross them. The

chamber coordinate frame is defined by the middle plane of each chamber (xy

plane) and its central point (origin). Many reasons for misplacements of the

different HADES components from their ideal positions exist; the main task of

the alignment is to identify possible shifts and rotations of detector components

and to correct for them.

The alignment procedure is based on photometric measurements and cosmic-

ray data for the inner chambers, and on straight tracks reconstruction in runs

without magnetic field for the outher ones [51].

Photometry is a photo-camera based method to survey objects in three

dimensions. For this purpose an 8 Mega pixel mirror reflex camera with a

special 20 mm USM wide angle lens was used to take high-resolution pictures of

large areas from short distances [52]. The software PhotoModeler 5.0 was used

for the analysis of these pictures.

As a first step, a special array of dots, whose positions are fixed and known,

was photographed from all sides for camera calibration purposes. The used

markers are 2-3 cm long and they were glued directly to the detectors. The

software can extract the marker pattern and fit it, and then calculates the

center of gravity in sub-pixel precision.

This method was used for the inner chambers for the January 2004 pp run.

First, the photos were taken for the MDC II chambers and the magnet support

structure and then the same procedure was applied to MDC I chambers. The

two obtained projections were merged and a maximum mean deviation from

the technical drawings was found to be around 0.38 mm. In fig. 4.1 the two

projections of MDC I and II are shown.

For the experiment, the MDC I chambers were moved toward their nominal

position forcing new calculations to define a proper alignment with respect to
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Figure 4.1: Optical survey data (blue points) for MDC I and II. The local

chamber coordinate systems are plotted in red-green-blue for the x, y and z

axes. The red points mark the physical center points of the chambers on the

aluminium frame, the green points the physical centers on the middle plane as

used for the hits [50].

MDC II. This was done with measurements of cosmic-rays, mainly high-energy

muons. The data were taken with a mean rate of about 80 Hz, with an opposite

TOF/TOFino trigger. Starting from the optical survey alignment, the position

and the orientation of the MDC I is modified until the distances between the

measured points and the projected ones from MDC II is minimized.

The alignment of the outer chambers was done using straight tracks from

no magnetic field runs, since no photometric measurement was done for the

January 2004 pp run. Since the inner chambers were appropriately aligned

with the previous measurements, the procedure consists in projecting the hits

of the inner chambers towards the outer ones. Shifting and rotating each outer

chamber, the minimum displacement between the projected points and the real

hits in the MDC III and MDC IV is investigated.



48 4. The HADES Tracking and Alignment

4.2 Tracking

The momentum of a charged particle which crosses the HADES spectrometer

can be reconstructed by measuring its trajectory inside the magnetic field region.

With this task, several algorithms are used: the so called “Kickplane”,

“Spline” and “Runge-Kutta” algorithms. The first algorithm is a low reso-

lution tracking which combines the informations coming from the inner MDC

chambers and the META. The other two algorithms use the full tracking setup

to perform high resolution momentum reconstruction.

The tracking procedure consists mainly of three steps: track finding, track

fitting and momentum reconstruction. The track finder finds the initial position

of the track using only geometrical considerations. The track fitter improves the

parameters extracted by the track finder by changing the track orientation in

space, so that the measured and the calculated drift times fit to each other. The

relation between drift time and position is taken from GARFIELD simulations

[52]. During this procedure, several filters can be applied in order to establish

if the found track candidate is fake.

The HADES experiment uses the sector coordinate system; in this system

every point is rotated with respect to the LAB coordinate system by an angle

n ∗ 60◦, where n stands for the sector number (from 0 to 5), and so the ϕ angle

ranges between 60◦ and 120◦. A track is parametrized with four variables in

the sector coordinate system: ϑ, ϕ, ρ and Z. In the used notation, ϑ and ϕ are

the polar and the azimuthal angles respectively, ρ is the distance between the

z axis and the closest point of the track to this axis, and Z is the z coordinate

of that point.

4.2.1 Track finding

The informations delivered by the MDCs are the hardware addresses of the

fired wires, wich are converted via lookup tables into wire numbers. A fired

wire is a wire which presents a signal above threshold. Taking all the possible

combinations of fired wires per chamber can already lead to a very high number
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of tracklets, and for this reason one needs a filtering mechanism.

The presence of six planes of sense wires per MDC chamber allows to re-

construct track pieces (segments) separately for each MDC. This kind of track

finding is called “chamber mode”. In first approximation the magnetic field in-

side the chambers is neglected, and this allows to assume a straight track model

before and after the magnetic field with respect to the beam direction. In this

way it is possible to combine the information from MDC I - MDC II and MDC

III - MDC IV sets at the same time; this is called “combined mode”. Under

this assumption, the idea is to project the images of each wire into a virtual

plane, see fig. 4.2 [52].

Figure 4.2: Projection of fired wires into the plane for the combined mode of

cluster finding. This projection is done with respect to the target nominal posi-

tion for the MDC I and MDC II, and the cross point is projected into the kick-

plane. The projection of the fired wires of MDC III and MDC IV is performed

with respect to the projected point of the inner chambers into the kickplane.
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The position of the projection plane is chosen depending on the cluster find-

ing mode under investigation. In the “chamber mode” this plane is selected

in the middle of each MDC, while in the “combined mode” it is selected be-

tween the two corresponding MDCs. The “mixed mode”, instead, combine the

informations of all the four MDC chambers, projecting them into one plane.

The projection plane allows to search for the intersection region of the pro-

jected wires, as shown in fig. 4.3. The bins corresponding to the projection

Figure 4.3: Two dimensional (left) and three dimensional (right) views of the

projected wires in “mixed mode”.

of the wire in the projection plane are increased by 1 for each layer. Looking

at the 3-dimensional plot of fig. 4.3 (right) one can distinguish peaks in the

intersection regions. One can consider the set of neighboring bins with a value

more or equal to the defined value of Hmin, which is called the level of the track

finder. To set a value for Hmin one has to take into account the occupancy

and the efficiency of MDC, and the minimum number of fired wires for track

reconstruction. The minimum number of fired wires is set to 4 and so one can
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search peaks of height 8 at least.

By assigning to each bin i the weight wi = Hi −Hmin + 1, it is possible to

define the position of the cluster using the following formulas:

x̄ =
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i=1wi
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i=1wi
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2

)2

(4.1)

where sx and sy are the bin sizes along the x and y axis respectively. By knowing

the position of the projection plane one can calculate the z coordinate of the

cluster. In first approximation the position of the cluster is assumed to be a

point along the particle trajectory.

4.2.2 Track fitting

The number of wires contributing to a cluster and the position of the cluster

are known from the track finding routines. With this informations and taking

the center of the target as a second point, it is possible to reconstruct a straight

line. The minimum distance between the fired wire and the simulated track,

characterized by similar parameters is calculated. The drift time of the sim-

ulated track is known. The measured drift times will be defined with respect

to the fastest particle arrival time. For this reason one has to add an offset

parameter, indicated as tshift, to the drift time calculations. This parameter is

calculated in the minimization process by forcing the minimization function to

be centered at zero. Electronic noise can anyway generate a systematic offset

in time.



52 4. The HADES Tracking and Alignment

The task of the track fitting procedure is the minimization of the function:

χ2 =
∑ (ti + tshift − Ti)

2

(∆Ti)2
wi (4.2)

where ti is the calculated drift time, depending on the distance from the wire

and impact angle to the cell of the reconstructed segment; Ti is the measured

drift time after the offset subtraction and wi is a weight function. The choice

of the weight function is extensively described in [52]. The minimization of

the function 4.2 starts with the parameter sets coming from the track finding

procedure. Several iterations are performed. Every three iterations the new

weights values are calculated. This process is necessary in order to filter out

fake wires where the signal is induced by other tracks or noisy electronics. At

the end of the process, the last iteration is performed for the remaining wires

with all the weights set to 1.

Equation 4.2 can be rewritten, taking into account the intersection points

of the track with the corresponding planes (x1, y1, x2 and y2), as:

χ2 =
∑

(

Ti − fi(x1, y1, x2, y2, tshift)
)2

(∆Ti)2
wi. (4.3)

The minimization can be done with the gradient downhill method. This method

increments all the parameters simultaneously with relative magnitudes so that

in the parameter space the travel direction is along the gradient of the mini-

mization function. Once defined the gradient vector of the equation 4.3 as:

∇χ2 =
∑ ∂χ2

∂xk

nk, (4.4)

where nk is the versor of the xk coordinate axis, and indicated an iteration step

as ∆R, the minimization starts changing all the parameters simultaneously

according to:

~xk+1 = ~xk −
∇χ2

|∇χ2|∆R1. (4.5)

The χ2 is calculated for every set of new parameters until the function starts

to rise. For the calculation and approximation details one has to refer to [52].
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4.2.3 Matching

The next step is to combine the informations coming from the different detectors

of the HADES spectrometer. The task of the matching algorithm is to determine

which of the reconstructed hits from different detector systems correspond the

same track. The idea is to correlate the track candidates with the META and

the RICH detectors.

For the physics analysis subject of this thesis, we are interested in those

tracks that have a hit in the META detector and a hit in at least one of the

outer MDC chamber, so only this case will be discussed in this section.

One can construct a straight line in the space using the informations coming

from the reconstructed outer MDC segments. One can extend this straight line

in order to find an intersection point with a module of the META detector.

The META detector is composed by the TOF and the TOFino walls and the

Pre-Shower detector. It is possible to define quality parameters for this two

kind of detectors:

qMETA =

√

(

xMETA − xInt − xshift

σx

)2

+

(

yMETA − yInt − yshift

σy

)2

(4.6)

where xMETA and yMETA are the coordinates of the reconstructed META hits

(TOF or Pre-Shower), xInt and yInt are the intersection points of the outer MDC

segments with the META modules, σx and σy are the hit position resolution

values of the META detectors and xshift and yshift are introduced to center

to zero the distributions of the quality parameters. The “matched” object is

created if the quality parameters are smaller than some pre-defined values of

those parameters (quality cuts). If there is no match with the META detector,

the object is anyhow created with a flag value -1. In order not to lose statistics

a broad window selection was used for those cuts.

At this stage it is possible to create fake combinations that should be re-

moved in further steps. Fake combinations can arise from the fact that one

track candidate can match with several META hits, defining the “meta fakes”

candidates. Another reason can be that one inner segment matches with two

outer ones, or one outer segment is matched with several inner segments: these



54 4. The HADES Tracking and Alignment

fakes are called “track fakes”. The detector overlap of the TOF and the Pre-

Shower detectors can lead to double counting of META hits. In this scenario,

two matching objects are created because one track match is correlated to the

TOF and the other one to the Pre-Shower. An overlap checking algorithm ex-

cludes one of these two candidates: the Shower/TOFino correlated object are

discarded, since they have a worse time resolution.

One has to notice that in the sectors with only one outer MDC chamber

the situation is a bit different. In fact, the outer segment reconstruction can

be misleading, and thus the angular information. However, the hit position,

the intersection of the segment with the middle plane of the chamber, is still

reasonable. To define the direction of the segment between the outer MDC

and the META two points are needed. The first point is the hit position in

the MDC chamber, and the second point is the point in the so called kickplane

(this plane will be explained in sec. 4.2.4) can be used. Then the procedure is

the one already explained.

As final step, it is possible to define matching quality parameters of inner

segments with outer ones as:

q =

√

√

√

√

(

xin − xout

)2

σ2
xin

+ σ2
xout

+

(

yin − yout

)2

σ2
yin

+ σ2
yout

(4.7)

where xin, yin, xout and yout are the intersection points of inner and outer seg-

ments with the kick plane and σxin
, σyin

, σxout
and σyout

are the errors of the

intersection points.

4.2.4 Kickplane

As explained before, in a first approximation, the track segments before and

after the magnetic field can be assumed as straight lines. When a charged

particle crosses a uniform magnetic field region, the Lorentz force bends the

particle from its original trajectory without changing its kinetic energy. The

bending angle depends on the particle momentum. The task of the tracking

algorithms is the momentum reconstruction.
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The main idea of this method is to assume that the trajectory deviation in

the field region happens abruptly on a well defined surface, a virtual deviation

plane called “kick plane” (or kick surface) [53], and the particle momentum

is deflected in the transversal direction PT (momentum “kick”). In fig. 4.4 a

scheme of the kick plane as well as the used parameters are shown.

Figure 4.4: Scheme of the kick plane and its parameters.

By projecting a reconstructed track segment in the inner MDC into the kick

plane, it is possible to define its projected position upon the kick surface. By

knowing the magnetic field intensity in each point of the space, it is possible

to evaluate the value of PT . The angular deviations are calculated from the hit

positions in the META detectors.

In a first approximation, knowing the momentum kick PT (or Pkick) and the

deviation angle ∆ϑ, the momentum P of a particle of charge Z can be calculated

by the formula:

P

Z
=
PT

(

ϑ, ϕ
)

2 sin ∆ϑ
2

. (4.8)

Taking into account the integral path of the particle inside the magnetic
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field region, which is proportional to the momentum kick PT = 2P sin ∆ϑ
2

, and

the effect on low momenta, a better approximation for the momentum is given

by the formula [50]:

P

Z
=
A
(

ϑ, ϕ
)

2 sin ∆ϑ
2

+B
(

ϑ, ϕ
)

· 2 sin
∆ϑ

2
+ C

(

ϑ, ϕ
)

. (4.9)

This momentum reconstruction model depends mainly on the position res-

olution of the META detector system, around 2-3 cm, that is not comparable

with the hundreds of µm resolution of the MDC chambers.

The kick plane is anyway used for tracking in 3 MDC sectors. In fact, after

the magnetic field only one hit position is not enough to define the particle

trajectory, so the additional point is given by the hit projection into the kick

plane.

4.2.5 Spline

Another way to determine the particle momentum is to solve the field equations.

In order to solve them, the initial particle trajectory and the momentum have

to be known quantities. The “kickplane” method provides a low precision initial

momentum that serves as input to this method.

The Spline algorithm is a high resolution tracking method, and its trajec-

tory reconstruction is based on interpolation of the MDC hit points by spline

functions.

In the laboratory system of the HADES experiment, the equation of motion

of a particle inside the magnetic field can be written as:

d2x

dt2
= ẍ =

1

m

(

ẏBz − żBy

)

d2y

dt2
= ÿ =

1

m

(

żBx − ẋBz

)

d2z

dt2
= z̈ =

1

m

(

ẋBy − ẏBx

)

(4.10)

where m is the mass of the particle and B is the magnetic field.
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The particle momentum then is:

P = m

√

(

dx

dt

)2

+

(

dy

dt

)2

+

(

dz

dt

)2

= mż

√

1 +

(

dx

dz

)2

+

(

dy

dz

)2

. (4.11)

If we use the relation ẏ = dy

dt
= dy

dz
dz
dt

= dy

dz
ż, then we have dy

dz
= ẏ

ż
and dx

dz
= ẋ

ż
,

and:

ÿ =
d2y

dt2
=

d

dt

(

dy

dz

dz

dt

)

=
d2y

dz2
ż2 +

dy

dz
z̈, (4.12)

and we obtain
d2y

dz2
=

1

ż3

(

ÿż − z̈ẏ
)

. (4.13)

By substituting in 4.13 the expression for ÿ and z̈ from 4.10, we have:

d2y

dz2
=
ż2Bx − ẋżBz − ẋẏBy + ẏ2Bx

ż3m
. (4.14)

So the field equation in the YZ and XZ planes can be expressed as follows:

P
d2y

dz2
= k(z)

(

Bx

[

1 +

(

dy

dz

)2]

−By

dx

dz

dy

dz
− Bz

dx

dz

)

P
d2x

dz2
= k(z)

(

Bx

dy

dz

dx

dz
− By

[

1 +

(

dx

dz

)2]

+Bz

dy

dz

)

(4.15)

where k(z) = P
mż

. These are expressions for momentum times the second deriva-

tives.

By assuming a cubic spline model in the field region and a quadratic one

outside the field, the particle trajectory can be described by two spline fits, one

for the x and the other for the y coordinate. By dividing the particle trajectory

into several steps (usually 50 steps are considered), it is possible to calculate the

right part of the equations 4.15 for each step of the discretization. Integrating

the solution twice, we obtain a good representation of the trajectories along the

Xi/P and Yi/P axis.

The solutions of the equations 4.15 divided by the momentum are:

Y equationi = A1 + A2(zi − z0) + Yi/P

Xequationi = B1 +B2(zi − z0) +Xi/P.
(4.16)
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To reconstruct the particle momentum, the idea is to minimize the distance

F between the calculated solution on the equation 4.15 and the performed spline

fit. The function to minimize is the following:

(Xsplinei −Xequationi)
2 + (Y splinei − Y equationi)

2 (4.17)

where Xsplinei and Y splinei are the points taken from the first spline fit.

The spline method is based on approximations and interpolations of particle

trajectories, so the physical interaction of the particle inside the magnetic field

is not taken fully into account.

4.2.6 Runge-Kutta

The Runge-Kutta algorithm is used to improve the high resolution tracking.

According to the equation of motion, the particle trajectories are adjusted by a

minimization procedure.

As explained in sec. 4.2.5, the action of the Lorentz force on a moving

charged particle is described by the equation of motion:

d2~x

ds2
=
kq

P
· d~x
ds

× ~B(~x(s)) (4.18)

where s is the path lenght, k is βγ, q is the charge of the particle in units of e,

P is the absolute value of the momentum, and ~B is the intensity of the static

magnetic field.

A track is completely determined by five values called track parameters,

which in the HADES case are the emission angles ϑ and ϕ, the positions ρ and

z, and the momentum. A track model is a set of cross positions in each detector

surface for a track defined by certain track parameters [50]. By convention the

track parameters are indicated with p, and the track model with f(p). The

track model f(p) relates the impact points on specific chambers to some initial

parameters p.

The track parameters p are evaluated by the Runge-Kutta algorithm by

minimizing the function:

Q(p) = (m− f(p))TW (m− f(p)) (4.19)
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where m is a vector which consists of measured hits in the MDC chambers, f(p)

are the intersection points of the model with the corresponding chambers, and

W is the weight matrix.

In our case it was assumed that the errors are uncorrelated with respect to

different track parameters, so the weight matrix W has a diagonal form of the

kind Wij = δij/σ
2
j . The σj are the errors propagated by the track fitting.

The fourth order Runge-Kutta method of Nystrom was used with the pur-

pose of a proper tracking of particles inside an inhomogeneous magnetic field,

as the one of the HADES spectrometer. This method solves the equation of

motion in a recursive way, i.e. at each iteration the parameters are recalculated

and used as input for the next iteration. The new track parameter values are

found with a χ2 smaller than in the previous step.

The minimization procedure is based on least squares fitting, which means

to solve the obtained linear equations by setting to zero the partial derivates of

the minimization function with respect to the parameters. The minimization

procedure is explained in detail in [50].
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Chapter 5

Physics Performance Studies of

HADES

In the January of the year 2004, the HADES experiment had stored about 320

million events of proton-proton collisions at 2.2 GeV beam kinetic energy.

This part of the thesis is dedicated to the investigation of the reaction pp→
pK+Λ. The results on Λ production and its decay in the charged channel

Λ → pπ− will be reported in sec. 5.8.

Before presenting the channel study results, a general overview of the simu-

lation package and of the implemented detector configuration will be given (sec.

5.1).

5.1 Software Framework

Tha HADES framework components, used for the study of the pp → pK+Λ

channel, are here discussed.

The offline software is written in C++ and it has an object oriented (OO)

approach. It is developed with the help of other external packages, like GEANT

[54] and ROOT [55].

The HADES software framework has to provide mainly 4 applications: event

generation, simulation, reconstruction and final analysis.
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The simulations are an important part of the experimental program. In

order to deeply understand the properties of the experimental setup, such kind

of studies are required. The simulated data can be used as input for the same

analysis performed for the experimental data, in order to reproduce the same

kind of results using exactly the same procedures.

5.1.1 Event Generation

The event generation is a Monte-Carlo procedure which simulates the reaction

channels of interest, and in general the physical reactions that can occur in

nuclear collisions.

The Pluto++ software [56, 57], written entirely in C++, was used for the

proton experiments. The code includes a framework for stand-alone simulations,

and it is provided with a database of elementary particles and their properties,

as well as support for additional user data. It is possible to define cross sections,

branching ratios and decay modes. The delivered output contains momentum

vectors, production vertices, particle identities and mother reactions in order to

fully reconstruct the story of any particle.

It is possible to set single reactions or full cocktails, and to implement models

of resonance production, hadronic and electromagnetic decays, angular distri-

butions and all the other parameters motivated by the HADES physics.

5.1.2 Detector Simulation

The HADES spectrometer responses are simulated by HGEANT, a package

based on the CERN software GEANT 3.21 [54].

The generated particles are propagated through the different volumes of the

detector. It is possible to enable or disable all the different subdetectors. A

detector is made by sensitive and passive volumes. When a particle is propa-

gated through a detector, all the possible physics processes (multiple scattering,

energy loss, pair creation, etc.) are taken into account. If the generated par-

ticle crosses a sensitive volume and deposit enough energy, a hit is produced.
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All the obtained hits are then digitized and stored into hit collections, to be

used for the event reconstruction. The simulation of an event ends when all the

particles are tracked through the detector, and the simulation run ends when

all the required events are processed.

The HADES spectrometer is described according to the technical drawings.

This allows to simulate most of the possible sources of the background and fake

hits (secondaries, particle interaction with the support frames, etc.), and to

obtain a realistic detector acceptance.

For the pp simulations of January 2004 the same setup of the experimental

data, presented in sec. 5.2, was used.

The hit digitization is a process used to convert the hit positions into the

observables obtained in the experimental runs. It consists of several algorithms

which simulate the electronic response of each detector component, by taking

into account resolution smearing, electronic noise, and most of the effects which

play a role in the analog to digital conversion procedure. The digitizer output

has the same structure of the experimental data, in order to get results which

can be compared directly to the real data.

5.1.3 Event Reconstruction

The event reconstruction is a crucial part of the HADES software. The main

task of this process is to apply several algorithms in order to transform the data,

acquired by digital modules, into a physical information that can be used for

the physical analysis.

The reconstruction process happens in steps, i.e. each algorithm reads the

output of the previous one. In this way, it is possible to define several “data

levels”.

Inside an event, the compact raw data are read by unpackers, which expand

them into a complex data structure that is a logical representation of the whole

spectrometer. This is the raw data level; the data coming from the simulations

are alredy delivered at the raw level. The raw data are then converted into

physical numbers by means of several calibration steps (cal level); here the
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data are represented as a collection of hits. Hit positions from the MDCs are

merged in order to form segments, and the TOFino and the Pre-Shower are

merged together to form an unique object, which provides the time-of-flight

from the TOFino and the position and charge from the Pre-Shower. All the

hit informations coming from different subdetector compete in the creation of

an unique object called track. The track is the basis of the physical analysis.

From this point, the particle identification can be performed.

5.2 Detector Setup of the January 2004 Pro-

duction Run

During the January 2004 a proton beam with a kinetic energy of 2.2 GeV was

used, and an intensity of about 107 particles per second was obtained.

The START detector was missing, as already explained in sec. 3.2.

MDC. 22 drift chamber modules out of a total of 24 were installed and

operational. Few wire layers were not used, due to troubles with large currents

in some MDC modules; those layers were switched off, in particular: 2 layers

in MDC I sector 0, 1 layer in MDC I sector 2 and MDC III sector 2. The lack

of those layers in partecipation with some broken motherboards reduced the

momentum resolution of those sectors.

5.3 First Level Trigger

The main task of the January 2004 production run was the collection of data

with pp elastic scattering and the η decay channels.

The first level trigger is based on the hit multiplicity inside the detectors. A

discriminator threshold decides about the minimum trigger multiplicity, giving a

signal only if the final sum is above a threshold level, tuned experimentally after

few quick iterations of data acquisition and online analysis [50]. The required

multiplicity has to be built-up within 40-80 ns, that is the lenght of the used
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signals. Very slow particles, like protons or secondaries, do not contribute to

the multiplicity count if they arrive too late.

The multiplicity signal does not correspond exactly to the particle multi-

plicity in the META detectors, which can be affected by electronic noise from

single photomultipliers.

Many different selections were taken into account, in order to accomplish to

the proposed goals. In conclusion, the official first level trigger used for January

2004 acquisition was based on:

• at least multiplicity four in the META detectors;

• at least multiplicity two in TOFino detectors;

• a condition on opposite META sectors hit in the same event.

This special trigger is called M4smart. Those conditions are optimized for the

reconstruction of events characterized by the presence of a η particle decays,

such as η → π+π−π0 or η → e+e−γ.

5.4 Second Level Trigger

The positive first level trigger data are sent to the matching unit board, which

decides to accept or reject the event. This decision is taken by two independent

systems: the downscaling box and the second level trigger itself.

The 2nd level trigger decision is based on the presence of lepton pairs in the

event.

However, we want to acquire also events which contains hadrons in the

final state, and not only lepton pairs. To store all the first level trigger events

without any scaling does not correspond to experimental needs, due to storage

reasons and to the fact that the data will be dominated by hadronic reactions.

To select and scale down the events in a statistical way, without taking into

account if they have a leptonic content, in order to be able to perform hadronic

analysis and evaluate normalization factors, a downscaling box was used. Those
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events are called downscaled events. It is then possible to define a downscaling

factor, which is the number of events that are discarded between two accepted

events. This procedure allows to select the dilepton content in the data stream,

therefore reducing interesting events.

5.5 Data Set of the January 2004 Production

Run

The first part of the data acquisition was devoted to alignment (cosmic ray data

and runs without magnetic field) and detector checkout.

The second part was dedicated to the real production runs, mainly with the

M4smart first level trigger, optimized for the η meson reconstruction.

About 310 million events were analysed, with different trigger decisions. The

number of triggered events with the trigger types “M4smart” (multiplicity ≥ 4

in META, multiplicity ≥ 2 in TOFino, and opposite META sectors), “M2opp”

(2 META hits and opposite sectors) for elastic scattering data, “M1” and “M2”

(multiplicity 1 or 2 in the META), “Clock” (pulser runs), and “SMASH” (trig-

gered by a hodoscope detector placed at ϑ ∼ 10◦ as reference point for elastic

scattering) are shown in fig. 5.1 [50].

During the data acquisition, several downscaling factor were used. The

number of events with the respective downscaling factor is shown in fig. 5.2

[50]. In this plot, the contribution of all the M4smart events (all) is separated

from the contribution of the second level triggered ones (trigger). Those events

which were not selected by the downscaling box but had a positive second level

trigger decision are marked as downscaling factor “zero”.

By multipling the number of downscaled events by the corresponding down-

scaling factor, the total equivalent number of events that passed the first level

trigger M4smart selection is 512 million, with an average downscaling factor

of 2.2. The total number of second level triggered events is 39 million.
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Figure 5.1: Number of collected events per different first level trigger selections.

Figure 5.2: Number of events according to different downscaling factors for

the M4smart first level trigger (blue) and for the second level triggered events

(violet). Events triggered by the second level trigger but not by the downscaling

box are represented by downscaling equal to zero.
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5.6 Start Time Reconstruction

Since in the January 2004 production run the START detector was not present

(see sec. 5.2), the TOF and TOFino detectors cannot measure the time-of-

flight of the particles, but they can only deliver time differences with respect

to the particle which triggered the data acquisition. To perform the start time

reconstruction an appropriate algorithm was used; a detailed description of this

algorithm can be found in [50].

In principle, the measurement at the same time of the momentum and of

the β of the particles can be good tools for particle identification, but this is

not possible, once the start time, and thus β, is not known. From the trajectory

deviation inside the magnetic field, it is possible to select the negative charged

tracks. Those tracks are considered negative pions as far as they are not corre-

lated to a ring in the RICH detector, which would identify them as electrons.

If we have events with only positive particles, this method cannot be used.

Once known the time-of-flight (tof0) of the particle that has started the data

acquisition, and the experimental time (t) measured by the TOF/TOFino, it is

possible to define the time-of-flight (tof) of the particle as:

tof = t+ tof0. (5.1)

We can take into account two particles in the same event: by indicating with

tof1 and tof2 the time-of-flight of the first and the second particle respectively,

using the eq. 5.1, one can calculate their time difference as:

tof1 = tof2 + t1 − t2 (5.2)

Under the assumption that we know the track lenght l, the mass m and the

momentum p of a particle, we can define its theoretical time-of-flight as:

tof =
l

c

1

β
=
l

c

√

p2 +m2

p
(5.3)

where c is the speed of light. This means that, by identifying a particle, it is

possible to calculate its theoretical time-of-flight and from this to extract the
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tof of all the other particles inside the same event. The negative particles (pions

or electrons) are used for this procedure.

By knowing the theoretical and the experimental values of the time-of-flight,

ttheo and texp respectively, the corrected time-of-flight can be then calculated in

the following way:

tof0 = ttheo − texp. (5.4)

Once known tof0, it is possible to reconstruct the time-of-flight of all the other

particles of the reaction.

In the case of correlated RICH rings, the negative particle is considered an

electron, and the procedure for the start time reconstruction is the same.

In the January 2004 production run the time measurement was started by

the particle which produced the first signal onto the first level trigger system.

5.7 Fake Track Removal

The list of reconstructed tracks can contain fake tracks, due to the broad match-

ing windows that the HADES experiment is using for the data handling. Fake

tracks can be created by wrong matching of inner and outer segments and

META hits.

It can happen that the same track candidate is matched with two META

hits, as shown in fig. 5.3 (up). The intersection point of the outer track segment

with the meta detector is shown with a red crossing, while the two META hits

are shown with blue and green circles. We have two fully reconstructed tracks

(IS1OS1M1 and IS1OS1M2) instead of one. In this case, the track which has

the minimum matching quality parameter (see 4.2.3) is marked as a “good”

one, while the other is marked as a “meta fake”.

A similar selection occurs if two different track candidates are correlated

with the same META hit, as shown in fig. 5.3 (down). The track with the

minimum value of the matching quality parameter is marked as a “good” one,

while the other is marked as a “meta fake”.
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Figure 5.3: Strategy for removing of the fake META candidates when (a) one

track candidate is matched with two different META hits, and (b) two track

candidates are matched with the same META hit [52].

Moreover, also “track fakes” can be created. They are coming from mis-

matching of the inner and the outer segments. The selection procedure is mostly

the same already presented, the candidate with better quality parameters is

marked as a “good” one, while the other is marked as “track fake”. A scheme

of the possible scenarios is shown in fig. 5.4. There can be situations where

two outer segments are matched with an inner one (up), two outer segments

with a different polarity are matched with an inner one (middle), and two inner

segments are matched with one outer segment (down).

5.8 Analysis of the pp→ pK+
Λ Channel

One of the main subject of this thesis was the Λ particle reconstruction inside the

reaction pp→ pK+Λ. Since the design of the HADES spectrometer is optimized

for dilepton spectroscopy, we wanted to investigate the feasibility of hadronic

final states reconstruction for hyperons. The Λ particles were reconstructed via

the charged decay channel Λ → pπ− (BR = 63.9% ± 0.5% [18]). The data

collected during the January 2004 production run with beam kinetic energy
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Figure 5.4: Strategy for removing the fake track candidates when (a) one inner

segment is matched with two outer ones, (b) like in case (a), but the tracks have

different polarities, and (c) two inner segments are matched with one outer

segment [52].

of 2.2 GeV were analysed. In this analysis only the Runge-Kutta tracking

algorithm was used for angle and momentum reconstruction, because of its

improved performance with respect to the Spline algorithm.

In the following sections an introduction to the simulated events will be

given (sec. 5.8.1), and the physical analysis will be explained in details (sec.

5.8.2).

5.8.1 Simulations

In order to deeply understand the reconstruction properties of the HADES

spectrometer, and to reproduce the same kind of results obtained by the real

data analysis, a set of simulations was performed.

Since the strangeness production was not included in the official “cocktail”

simulations, a set of single channel reactions were produced. With the Pluto++
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routines 3 million events for the reaction pp→ pK+Λ were generated. In order

to be able to handle with more statistics, the branching ratio of the Λ decaying in

pπ− was set manually to 100%. Moreover, the Λs were produced isotropically in

the center of mass frame of the reaction. Their decay products were also sorted

isotropically in the Λ rest frame, neglecting at the first order any effect of the

Λ spin on the direction of the emitted particles.
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Figure 5.5: Generated momentum (left) and polar angle (right) distributions

of particles concurring to the reaction pp → pK+Λ (Λ → pπ−). The spectator

p is indicated in dark blue, the K+ in light green, the π− in red, and the decay

p in light blue.

The generated momentum and polar angle distributions for all the particles

concurring to the reaction under study are shown in fig. 5.5 (left and right

side respectively). In these plots, the spectator p, the K+, the π−, and the

decay p are indicated. From the analysis of these plots, it is clear that the

heaviest particles are emitted at more forward angles, while the K+ and the

π− are more distributed along the whole spectrometer. One can also notice

that the momentum of the π− is much lower if compared to the one of the

other particles. Those two points are extremely important for the HADES
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spectrometer, because it is affected by the following acceptance limitations on

the polar angle (ϑ) and on the momentum (p):

• 18◦ < ϑ < 85◦;

• p > 100 MeV/c.

Those two conditions are already reducing the number of events that we are

able to detect and reconstruct.

5.8.2 Λ Reconstruction Strategy

In this section the Λ reconstruction strategy, for both simulated and real data,

in the reaction pp → pK+Λ will be explained. The measured cross section for

this reaction at beam kinetic energy (Tbeam) = 2.021 GeV was found to be 18

± 5 µbarns [20]. As main background source we can misidentify kaons with π+

and so the main background channel pp→ ppπ+π− with a cross section of 2510

± 140 µbarns [58] was taken into account.

To reconstruct the Λ particle, in principle, we only need to combine the

candidate p and π−, but a huge background arising from other reactions in

competition with the Λ production was found. Of course the best scenario

would be to consider the complete reaction pp → pK+Λ, but the acceptance

limitations of the HADES spectrometer (presented in sec. 5.8.1) dramatically

reduce the Λ signal. So, the best solution is to search for three particles in the

final state, and to use missing mass strategy. Two of them are the Λ decay

products, plus the spectator proton or the K+. To investigate the signal to

background ratio between these two options, the set of produced simulations

was used, see sec. 5.8.1. Purely geometrical acceptance investigations were

performed, and the results of these studies is presented in table 5.1. On the

left and right sides of the table the missing particle is indicated, and in the two

columns in the middle the percentage of reconstructed events for all the possible

detection combination is presented, for the signal channel and the background

under investigation, respectively. For example, if we want to have all the four

particles of the final state inside our acceptance, only the 0.5% of the generated
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Missing particle pp→ pK+Λ pp→ p1p2π
+π− Missing particle

none 0.5% 10.6% none

p 6.2% 17.3% p1

K+ 3.1% 20.4% π+

p (decay) 9.9% 17.2% p2

π− (decay) 1.1% 20.2% π−

Table 5.1: Geometrical acceptance results for the Λ production and the back-

ground channel pp→ ppπ+π−. The percentage of reconstructed events is shown

for each possible combination.

channel events can be reconstructed, while for the background reaction the

10.6% of the generated events is inside the HADES acceptance. If we have a

missing spectator proton, instead, the 6.2% and the 17.3% of the signal and

background events respectively is inside the detector acceptance, and so on.

If the decay proton is missing, it is possible to obtain the better signal to

background ratio. Since our intent is to reconstruct the decay proton, the better

signal to background ratio is obtained when the spectator proton is missing.

We have two more criteria to characterize the signal events. They can be

characterized by the presence of a K+ in the final state, and of a displaced

vertex, with respect to the considered background events. In fig. 5.6 and fig.

5.7 a scheme of the two reactions is presented: the channel subject of these

studies and the background reaction respectively.

The track candidate list calculated by the Runge-Kutta tracking algorithm

(see sec. 4.2.6) was used. For every track candidate the following checks were

performed:

• Runge-Kutta reconstruction of the track;

• momentum not higher than 3.5 GeV/c (to remove unphysical tracks);
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Figure 5.6: Scheme of the reaction

pp→ pK+Λ with Λ → pπ−.
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Figure 5.7: Scheme of the reaction

pp→ ppπ+π−.

• χ2 of the Runge-Kutta fit: χ2 > 0;

• existence of a correlated hit with the META detector;

• no RICH ring correlations (only leptons should produce rings);

• applied start time reconstruction, see sec. 5.6;

• β of the track reconstructed on the base of the start time reconstruction.

The influence of every check on the number of reconstructed Λ was carefully

investigated for both simulation and real data samples.

The particle identification (PID) was studied, first in the simulation envi-

ronment and then in the real data. The hadron PID was done by a correlated

measurement of momentum (p) and velocity (β) of the particles. In order to

use this kind of algorithm we need a correct time-of-flight reconstruction. The

identification is performed by graphical cuts on the two dimensional distribu-

tions of p and β. The selection is quite broad in order to not lose efficiency at

this stage of the analysis. In fig. 5.8 and fig. 5.9 the β vs momentum (p) is

presented. For the negative particles (fig. 5.9) the graphical cut is done in the

momentum times polarity versus β plane, while for the positive particles the

applied cut is in the β times polarity versus momentum plane (fig. 5.8); this

is done in order to have a clear distribution of the positive and the negative

particles. The p and the K+ cuts are here marked. It is possible to notice the

presence of π+ coming from secondary interactions. In these plots the line at
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β = 1 is constituted by identified tracks, which have β ≡ 1 due to the start

time algorithm assumption.
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Figure 5.8: Distribution of β

times polarity versus momentum of

the simulated positive particles. The

PID cut for protons (black) and

kaons (red) is displayed.

β
0 0.2 0.4 0.6 0.8 1 1.2

q
*p

 [
e*

M
eV

/c
]

-2500

-2000

-1500

-1000

-500

0

0

200

400

600

800

1000

1200

1400

1600

Figure 5.9: Distribution of mo-

mentum times polarity versus β

of the simulated negative particles.

The PID cut for π− is displayed.

One should apply the same considerations done for the simulations to the

real data distributions, shown in fig. 5.10 and in fig. 5.11 from 10 analysed

DST files out of 960.

In these plots the kaon region is not clearly defined, due to the huge amount

of background. The kaon production cross section is much lower than the cross

section of the competing processes.

The presented PID, in addition with a cut on negative particles with mo-

mentum higher than 500 MeV, coming from considerations on the simulation

distributions, was used to distinguish between protons, kaons and π−.

At this stage, also a track cleaning procedure was performed, in order to dis-

card “double tracks”. The “double tracks” can be considered as fakes, and they

can be identified as two main cases: 1) two different tracks are reconstructed

but they have exactly the same momentum; 2) two tracks are reconstructed out

of one single track, one with a META correlation with the TOF wall while the

other with the Pre-Shower detector. An algorithm is checking if one of these

two situations is present. In both cases the one which has a better quality pa-
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Figure 5.10: Distribution of β

times polarity versus momentum of

the positive particles from the real

data. The PID cut for protons

(black) and kaons (red) is displayed.
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Figure 5.11: Distribution of mo-

mentum times polarity versus β of

the negative particles from the real

data. The PID cut for π− is dis-

played.

rameter is considered as “good”, while the other is marked as “fake track” and

is discarded.

The invariant mass of the Λ can be calculated in the following way:

M2
Λ = (P +Π−)2 = (EP +EΠ−)2− [(pxP +pxΠ−)2+(pyP +pyΠ−)2+(pzP +pzΠ−)2]

(5.5)

where P and Π− are the four-vectors of the proton and the π−, respectively,

produced by the Λ decay. The plot of the invariant mass spectrum of all the

possible p-π− combinations indicates that the Λ particle is almost completely

hidden by a huge background, as shown in fig. 5.12.

Already by requiring the presence of a K+ in the event, the situation is much

better. The Λ invariant mass distribution, obtained by requiring the presence

of a K+ is shown in fig. 5.13. Now it is possible to see a Λ peak exactly in the

position where it should be, but the signal to background ratio is still small.

The lines are showing the region where the number of Λs was calculated (∼3σ).

To understand clearly the number of reconstructed Λ, several fits of the

peak and the background were performed. The used fit functions are a gaussian
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Figure 5.12: Invariant mass distribution of all the p-π− combinations, from

the real data, after the PID selection. The region where the Λ mass should be

is marked with a circle.

distribution for the peak region, and different distributions for the background:

• polinomial of the 5th order plus gaussian (pol5+gaus);

• polinomial of the 4th order plus gaussian (pol4+gaus);

• polinomial of the 3rd order plus gaussian (pol3+gaus);

• polinomial of the 2nd order plus gaussian (pol2+gaus);

• landau plus gaussian (landau+gaus).

The limits of the fitted region were changed for every fit, in order to have a

better χ̃2 = χ2

ndof
value, where ndof is the number of the degrees of freedom, of

the performed fit (always lower than 2). The statistical error on the number of

reconstructed Λ is calculated in the following way:

σΛ =
√
nevents + nback (5.6)
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Figure 5.13: Invariant mass distribution of all the p-π− combinations, from

the real data, by requiring a K+ in the event. The presented fit was obtained

with a polinomial function of the 5th order for the background, plus a gaussian

function for the signal. The lines are showing the region where the number of

Λs was calculated (∼3σ).

where nevents are all the counts within ∼3σ with respect to the Λ peak, and nback

are the background counts in the same area, because the peak distribution is

obtained subtracting from the complete fit function the background distribution.

The numbers of reconstructed Λ are presented in table 5.2 for each used fit

function, together with the average values.

The number of reconstructed Λs is then calculated with the normal standard

deviation using the following formulas:

n̄Λ =
1

N

∑

i

ni
Λ

σn̄Λ
=

√

1
∑

i wi

(5.7)

where n̄Λ is the average number of Λs with its error σn̄Λ
, N is the number
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Fit Function nΛ σΛ nback Peak [MeV/c2] σpeak [MeV/c2]

pol5+gaus 4125 436 87914 1113.67 2.35

pol4+gaus 3938 465 88079 1113.55 2.30

pol3+gaus 4419 464 87760 1113.42 2.42

pol2+gaus 4406 465 87767 1113.43 2.42

landau+gaus 4305 465 87835 1113.46 2.39

average 4239 205 87871 1113.51 2.38

Table 5.2: Number of reconstructed Λ, background combinations, Λ peak posi-

tion and σ for the different performed fits. NOTE: the σΛ in the “average” row

is calculated with the formula 5.7.

of measurements with the value ni
Λ respectively, and wi = 1/σi

Λ where σi
Λ is

the error of each measurement. The σΛ average value was calculated with the

formula 5.7. The systematic error was estimated as:

σsyst =

√

1

N − 1

∑

i

(

n̄Λ − ni
Λ

)2
. (5.8)

The systematic error was estimated only taking into account the different parametriza-

tions used in the fitting procedure. In order to extract the total Λ yield, one has

to take into account also other sources of error, which in the performed analysis

can arise from the PID cut used, and can be estimated in the order of 8%.

It was possible to reconstruct 4239 ± 205 (stat) ± 205 (syst) ± 340 (syst)

Λ from p-π− combinations with an invariant mass of 1113.51 MeV/c2 and a

resolution of σ = 2.38 MeV/c2. The systematic error on the invariant mass is

significatively smaller than the resolution of the peak and for this reason it is

not indicated. The value of the signal to background ratio is 0.0482 ± 0.0023.

The error ε on the signal to background ratio was calculated as:

ε =

√

(

1

B
σn̄Λ

)2

+

(

n̄Λ

B2
δB

)2

(5.9)
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where B indicates the number of counts in the background, and δB is its sta-

tistical error.

The decision to not detect the spectator proton turned out to be a powerful

tool to be used for event discrimination via a missing mass spectrum. The initial

state of the reaction is defined by the four-momentum of the projectile plus the

four-momentum of the target (Eini = Eproj + mtarget, ~pini = ~pproj). Momenta

for the outgoing particles ~pout are provided by the tracking system, while the

energy is calculated by Eout =
√

p2
out +m2, where the mass m is the value

assumed from the particle identification. The missing mass can be calculated

in the following way:

M2 =

(

Eini −
∑

i

E i
out

)2

−
(

~pini −
∑

i

~p i
out

)2

(5.10)

where the sum is extended to all the detected particles in the final state (K+, p

and π−).

The spectator proton missing mass, with the relative fit and the 3σ cut

(indicated by the bars), is presented in fig. 5.14. Looking over this spectrum,

a peak corresponding to the missing proton mass value can be seen. The peak

and the background were fitted with a 3rd order polinomial function for the

background plus a gaussian for the peak: the position of the peak was found to

be at 938.42 MeV/c2 (while the PDG [18] value is 938.27 MeV/c2) with a σpeak

of 16.43 MeV/c2; 14442 proton candidates were found. It was decided to reject

all the events outside 3σ from the peak position.

This solution allows a clear identification of the Λ invariant mass peak, see

fig. 5.15. The calculation of the number of reconstructed Λs was performed with

different fit functions to determine the background, while the peak was fitted

with a gaussian function, exactly in the same way as previously explained. The

background fit functions are the same used in the previous scenario.

The obtained numbers of reconstructed Λs are presented in the table 5.3 for

each used fit function.

To estimate the systematic error the procedure is the same described above.

Other sources of error can be the PID cut used (≈ 8%), and can arise from the
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Figure 5.14: K+pπ− missing mass distribution after the identification of the

decay p and π− and the K+ from the real data. The presented fit was obtained

with a polinomial function of the 3th order for the background plus a gaussian

function for the peak. The lines are showing the region where the cut on the

spectator proton missing mass is applied (∼3σ).

spectator proton missing mass cut, which can be estimated in the order of 7%.

With the p missing mass cut it was possible to reconstruct 4097 ± 64 (stat)

± 115 (syst) ± 328 (syst) ± 287 (syst) Λs from p-π− combinations, with an

invariant mass of 1113.74 MeV/c2 and a resolution of σ = 2.72 MeV/c2. The

systematic error on the invariant mass is significatively smaller than the reso-

lution of the peak and for this reason it is not indicated. The obtained results

with the p missing mass cut are comparable with the one obtained requiring the

presence of a K+ in the events; in this way it is demonstrated that with the last

applied cut it is possible to reduce the background coming from wrong combina-

tions, but the number of reconstructed Λs within the calculated errors remains

the same. The value of the signal to background ratio is now 0.606 ± 0.012. By
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Figure 5.15: Invariant mass distribution of the p-π− combinations after the

cut on the spectator p missing mass from the real data. The presented fit was

obtained with a polinomial function of the 5th order for the background plus

a gaussian function for the peak. The lines are showing the region where the

number of Λs was calculated (∼3σ).

using this cut the background is strongly reduced, and the signal to background

ratio is increased quite a lot, although the peak resolution is a bit worse.

The study of the simulated data allows to compare the results obtained

from the analysis of the real data. From the 3 million simulated events, it

was found that 25320 were inside the HADES acceptance. At the end of the

analysis procedure described, it was possible to reconstruct 8303 ± 55 signal

events and 1527 ± 39 background combinations. The reconstructed invariant

mass is 1114.55 MeV/c2 with a resolution of 2.47 MeV/c2. The reconstruction

efficiency was found to be 32.82%. The comparison between real and simulated

data shows a good agreement in the invariant mass and resolution values of the

Λ particle.
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Fit Function nΛ σΛ nback Peak [MeV/c2] σpeak [MeV/c2]

pol5+gaus 4107 143 6749 1113.74 2.74

pol4+gaus 4197 142 6685 1113.73 2.76

pol3+gaus 4189 143 6691 1113.73 2.76

pol2+gaus 4078 143 6775 1113.71 2.71

landau+gaus 3913 143 6884 1113.77 2.65

average 4097 64 6757 1113.74 2.72

Table 5.3: Number of reconstructed Λs, background combinations, Λ peak po-

sition and σ for the different performed fits. NOTE: the σΛ in the “average”

row is calculated with the formula 5.7.

In order to understand if the number of reconstructed Λ is similar to the

expected one, a comparison with the reconstructed η [50] was investigated. The

reaction pp→ ppη (σ ≈ 73 µbarns) and the η decay into π+π−π0 (BR ≈ 0.226

and σ ≈ 16.6 µbarns) were subject of the comparison. About 22000 ηs were

reconstructed from the real data. As already stated before, the calculated cross

section value for the reaction pp→ pK+Λ is in the order of 18 µbarns at a Tbeam

of 2.021 GeV [20]. From the simulated data, the total η efficiency including the

HADES acceptance is in the order of 0.68%, and for the Λ is in the order of

0.28%. One should expect about 6300 Λs, thus between the reconstructed data

and the expected values there is a factor 0.35 of discrepancy. Probably the

simulations do not have under control all the experimental inefficiency, which

need to be carefully evaluated. Also the used angular distribution need to be

checked. The Λ direction was sorted isotropically in the center of mass frame.

As stated in sec. 5.8.1, the products of the Λ decay were sorted isotropically in

the Λ rest frame, thus neglecting at the first order any effect of the Λ spin on

the direction of the emitted particles, on the base of the eq. 2.13. More realistic

angular distribution have to be implemented inside the event generator, in order
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to understand the observed discrepancy between expected and reconstructed Λs.

The reaction pp→ pK+Λ requires the reconstruction of a secondary vertex and

the tracking of secondary particles, which play a crucial role in the real data

analysis.

In an Armenteros plot, the tranverse momentum of the decay products in the

Λ rest frame is plotted as a function of the asymmetry α, where α = pL+−pL−

pL++pL−

and pL+(−) is the longitudinal momentum of the positive (negative) particle

produced in the decay, with respect to the Λ frame, see fig. 5.16.

Figure 5.16: Scheme of the variables involved in the Armenteros plot. The

variables are calculated in the rest frame of the Λ.

In fig. 5.17 and fig. 5.18 the Armenteros plots obtained from the simulations

and from the real data analysis, respectively, are presented. These plots are

shown to demonstrate that the obtained peak consists of real Λ particles. The

Λ kinematic peculiarities are reflected in a parabola shaped structure. In the

real data, the parabola structure is visible and it is in good agreement with

the simulations. On the right side of those plot it is evident the acceptance

limitation of the HADES spectrometer.

To obtain a better confirmation of the origin of the peak in the invariant

mass spectrum, the Λ proper lifetime has to be investigated. The Λ invariant

mass should be fitted for different slices of the distance between the primary

vertex, the vertex where the Λ particle is created, and the secondary vertex,

where the Λ decays; this distance is called “vertex joiner”.

To reconstruct the Λ proper lifetime means to know extremely well all the
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Figure 5.17: Armenteros plot

from the simulated data.
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Figure 5.18: Armenteros plot

from the real data.

properties of the spectrometer, as well as its acceptance. Since acceptance

studies still need to be performed, one can demonstrate that in principle we are

able to reconstruct the Λ lifetime, by comparing the vertex joiner distribution

of the simulated and the real data. In fact, in the simulations the correct

value of cτ is used; after the simulation and the reconstruction steps we will

have a certain distribution which is derived directly from the correct one. If

this simulated distribution is similar to the one obtained from the real data, it

means that it is just a question of applying the proper corrections, in order to

have the correct lifetime distribution.
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Figure 5.19: Vertex joiner distri-

bution from the simulated data.
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Figure 5.20: Vertex joiner distri-

bution from the real data.

In fig. 5.19 and fig. 5.20 the vertex joiner distributions from the simulated

and the real data respectively are presented. In fig. 5.21, instead, the ratio
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Figure 5.21: Ratio between the vertex joiner distribution of the real and the

simulated data. The distributions are normalized to the total number of entries.

between these two distributions is shown. The distributions are normalized to

the total number of entries. If the real data are in good agreement with the

simulated one, the points on the fig. 5.21 should lay on a horizontal line. If the

vertex joiner value is higher than 4 cm, the ratio almost lays on a horizontal

line within the errors. This is not the case if the distance between primary

and secondary vertices is lower than 4 cm, and it is an indication that the

reconstruction has to be improved and that it is necessary to understand more

deeply the experimental apparatus and the tracking routines, but it can also be

that we have many fake events at short vertex joiner values.

The vertex joiner distribution is based on the reconstruction of primary

and secondary vertices. The investigation of the resolution of the primary and

the secondary vertices can be really helpful in order to understand the found

reconstruction problems. The vertex residual obtained with the formula:

res = xi
gen − xi

reco (5.11)
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where i stands for the three coordinate axes (x, y and z), and xi
gen and xi

reco

are the simulated and the reconstructed positions of the vertices along the co-

ordinate axes. For each axis the primary vertex residual values are shown in

fig. 5.22, from left to right x, y and z are plotted; the secondary vertex residual

values are presented in fig. 5.23. To evaluate the behavior of the distributions,

a simple gaussian function was used to fit the peaks. The position and the σ
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Figure 5.22: Position residual of the primary vertices along the x, y and z

coordinates for the simulated data.
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Figure 5.23: Position residual of the secondary vertices along the x, y and z

coordinates for the simulated data.

of the peak are presented in table 5.4.

By investigating the residual of the z coordinate of the secondary vertices in

function of the generated z position, shown in fig. 5.24, it is possible to notice
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Coordinate Mean [mm] σ [mm]

xprim 0.09 2.27

yprim 0.21 1.79

zprim -0.45 5.04

xsec 0.02 2.86

ysec 1.13 3.27

zsec 8.51 1.78

Table 5.4: Position resolution of the primary (prim) and secondary (sec)

vertices along the x, y and z axes for the simulated data.

the presence of some systematic effect that deteriorates the residual. More

studies are needed in order to understand the reason of this systematic effect.
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Figure 5.24: Position residual of the secondary vertices along z axis in function

of the generated z position for the simulated data.
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It is not a goal of this thesis to define properly the vertex reconstruction

resolution, but it is clear that they contribute on the determination of the

vertex joiner. Moreover, the residual along the z axis of the secondary vertices

has almost 2 cm of indetermination; this can lead to some wrong results if

this scenario will not be properly investigated. More in general, routines for

secondary vertex fitting are needed in order to reconstruct within a certain

precision particles (hyperons in the case of this thesis) decaying in a certain

distance from the target region.

Although these problems, it was demonstrated that the reconstruction of the

Λ hyperons created in elementary reactions is possible within the HADES spec-

trometer. From the experimental data collected in pp interaction at 2.2 GeV

of beam kinetic energy by the HADES experiment, it is possible to reconstruct

the Λ particle. The Λ invariant mass peak and resolution are reasonably com-

parable with the value stated in [18] within the calculated errors. The values

obtained by the analysis of the simulated data, in which the proper distribution

are given as input, and the real data are similar. This demonstrate, therefore,

that in principle it is possible to reconstruct with the proper accuracy the Λ

hyperon. Acceptance corrections and kinematic refit can improve the quality of

the data.
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Chapter 6

The PANDA Spectrometer

The PANDA experiment (antiProton ANnihilations at DArmstadt) [59, 60],

which is part of the future FAIR facility (Facility for Antiproton and Ion Re-

search (see fig. 6.1), at Darmstadt (Germany), will investigate reactions of

antiprotons with hydrogen and nuclear targets.

The PANDA collaboration [59, 60] proposes to build a state-of-the-art uni-

versal detector for strong interaction studies at the high-energy storage ring

HESR. The detector is designed to take advantage of the extraordinary physics

potential which will be available utilizing high intensity, phase space cooled

antiproton beams.

The collaboration is planning to use the antiproton beams, provided by

the new FAIR facility, fig. 6.1, in a momentum range from 1.5 GeV/c to 15

GeV/c to address fundamental questions of QCD. The fundamental building

blocks of QCD are the quarks, which interact with each other by exchanging

gluons. When the distance between the quarks becomes comparable to the

size of the nucleon, the force among them becomes so strong that they can-

not be further separated, in contrast to the electromagnetic and gravitational

forces which fall off with increasing distance. This unusal behavior is related

to the self-interaction of gluons: gluons do not only interact with quarks but

also with each other, leading to the formation of gluonic flux tubes connect-

ing the quarks. As a consequence, quarks have never been observed as free
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Figure 6.1: View of the present GSI facility and the future FAIR complex

(red).

particles and are confined within hadrons, complex particles made of 3 quarks

(baryons) or a quark-antiquark pair (mesons). Baryons and mesons are the rel-

evant degrees of freedom in our environment. An important consequence of the

gluon self-interaction and a strong proof of our understanding of hadronic mat-

ter is the prediction of hadronic systems consisting only of gluons (glueballs) or

bound systems of quark-antiquark pairs and gluons (hybrids) with both normal

and exotic quantum numbers. As illustrated in fig. 6.2, the physics program,

which can be developed using the HESR storage ring, offers a broad range of

investigation that extend from the study of QCD to the test of fundamental

symmetries.

In antiproton-proton annihilations, particles with gluonic degrees of freedom
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Figure 6.2: Mass range of hadrons accessible at the HESR with antiproton

beams.

as well as particle-antiparticle pairs are copiously produced, allowing spectro-

scopic studies with unprecedented statistics and precision. The following physics

program is foreseen:

• Charmonium (cc̄) spectroscopy.

• Firm estabilishment of the QCD-predicted gluonic excitations in the char-

monium mass range (3-5GeV/c2).

• Search for modifications of meson properties in the nuclear medium.

• Precision γ-ray spectroscopy of single and double hypernuclei.

• Extraction of generalized parton distributions from pp̄ annihilations.

• D meson decay spectroscopy.

• Search for CP violation in the charm and strangeness sector (D meson

decays, ΛΛ̄ system).
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The physics program, as described, poses significant challenges for the PANDA

detector. The tasks are summarized for individual detectors:

• Full angular coverage and good angular resolution for both charged and

neutral particles.

• Particle identification for many kinds of particles (γ-rays, e, µ, kaons,

protons and pions).

• High resolution for a wide range of energies (up to 15 GeV).

• High rate compatibility expecially for the close-to-target and forward de-

tectors.

PANDA is an internal fixed target experiment. The detector consists of

two spectrometers. A target spectrometer (TS) surrounds the interaction re-

gion and a forward spectrometer (FS) provides angular coverage for the most

forward angles. The basic concept of the target spectrometer is a shell-like ar-

rangement of various detector system surrounding the interaction point, inside

the field of a large solenoid. The forward spectrometer will cover the gap in

detector acceptance in the forward region, with a second dipole magnet. The

spectrometer apparatus is shown in fig. 6.3, fig. 6.4, and fig. 6.5.

The target spectrometer (TS) is an azimuthally symmetric system of detec-

tors mostly contained inside the superconducting solenoid. This part includes

also the muon counters outside the magnet return yoke and the forward end

cap which may be situated just behind the magnet. This part of PANDA spec-

trometer will detect all particles emitted with laboratory angles greater than

5◦ and 10◦, in vertical and horizontal planes respectively, and lower than 170◦.

No particle detection is foreseen in very backward region of 170-180 degrees.

Close to the interaction point there will be a silicon Micro-Vertex Detector

(MVD), sec. 6.3. A second tracking detector will consist of double layers of

Straw Tubes Tracker (STT), sec. 6.4.2. Another possibility is to use a Time

Projection Chamber (TPC), sec. 6.4.1, instead of STT. Particle identification
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Figure 6.4: Side view of the PANDA detector.

with a Ring-Imaging Cherenkov (RICH) counter and with the detection of in-

ternally reflected Cherenkov light (DIRC), sec. 6.6, mainly for pions and kaons.

The forward region, between ±5◦ and ±10◦ in vertical and horizontal planes

respectively, will be covered by two sets of Mini Drift Chambers (MDC), sec.
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Figure 6.5: 3-dimensional view of the PANDA detector.

6.5, and another Cherenkov detector, either aerogel RICH or a flat DIRC, sec.

6.11. The inner detectors are surrounded by an Electromagnetic Calorimeter

(EMC), sec. 6.7. It is also planned the use of a Time-Of-Flight (TOF) detector,

sec. 6.12, for identification of the particles with momenta lower then 5 GeV/c.

Outside of the solenoid, sec. 6.8, scintillating bars or mini drift tubes for Muon

identification (MUO), sec. 6.9, will be mounted. For the more forward directed

particles, emitted with laboratory angles lower than 5◦ and 10◦ in vertical and

horizontal planes respectively, tracking and possibly a time of flight start signal

will be obtained using the MVD and MDCs.

The current design of the forward spectrometer (FS) includes a 1 m gap

dipole and tracking detectors like MDC and straw tube trackers. Photons will

be detected by a shashlyk-tipe Electromagnetic Calorimeter consisting of lead-

scintillators sandwiches (FSC), sec. 6.13. Particle identification via a Ring-

Imaging Cherenkov detector (RICH), sec. 6.11, and Time-Of-Flight counters
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is foreseen. Other neutrals and charged particles with momenta close to the

beam momentum will be detected in the hadron calorimeter and muon counters

(MUO).

Both parts, the target spectrometer (TS) and the forward spectrometer (FS),

will allow the detection, identification and energy/momentum reconstruction for

both charged and neutral particles for a wide range of energies.

6.1 Beam System

The Panda experiment is planning the usage of the double syncrotron ring

SIS100/SIS300 that will be build as main accelerator of the FAIR facility. As

injectors to the main accelerator, the Universal linear accelerator (Unilac), the

heavy ion syncrotron (SIS18) and the experimental cooler/storage ring (ESR),

which are part of the existing GSI facility, will be used. The SIS100/SIS300

will have a circumference of 1100 m and a bending power of 100 and 300 Tm,

respectively.

PANDA will use high energy protons (Ep = 29 GeV) to produce secondary

antiproton beams [61]. The obtained antiprotons will be stocastically cooled

in a collector and a cooler ring (CR) and accumulated in a recycling storage

ring (RESR) before the injection into the high energy storage ring (HESR). The

design of the HESR will be optimized to hold 1011 antiprotons with momenta

between 1.5 and 15 GeV/c and an antiproton consumption rate of about 107 per

second. The foreseen operational modes are two: high precision mode (L = 1031

cm2s−1 with δp/p < 10−5) and high luminosity mode (L = 2·1032 cm2s−1 with

δp/p < 10−4). To prevent from the beam heating, due to interactions with the

target and intra beam scattering, different cooling options are foreseen. In the

high luminosity run, the beam will be cooled down using a stochastic cooling

system present in the HESR ring, while, in the high precision operation, an

electron cooling up to 8 MeV/c will also be involved.
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6.2 Target

With respect to the different experiments, the proton target (H) should consume

only little space around the interaction zone. It should be homogeneous and

spatially confined, optimally also providing a primary vertex point independent

of the vertex detector, and should not deteriorate the high vacuum around the

storage ring. In many fields of the experiment a density of up to 4 × 1015

atoms/cm2 is required. It is obvious that a single systen cannot fulfill all those

wishes simultaneously. Thus different target techniques have to be pursued.

To accomplish the huge physics program of PANDA, the usage of different

targets is foreseen. The collaboration plans to take the advantage of pellet,

cluster-jet, 3He and nuclear targets. For the hypernuclei program, a system of

two contiguus targets is under study.

The most suitable target for the reaction p̄p→ ΛΛ̄ is the pellet target.

6.2.1 Pellet Target

The antiproton-proton experiments require a high density hydrogen target. The

use of frozen droplets of hydrogen, so called pellets, fully operational at the

CESIUS/WASA facility is foreseen [60, 62]. An effective target thickness of

3.8·1015 atoms/cm2 to achieve the designed luminosity of 2·1032cm−2s−1 is re-

quired. Moreover, the target point should be small enough to allow a clear

distinction between primary and secondary vertices with very high precision.

This target consists of a stream of frozen hydrogen micro-sphere, so called

pellets, traversing the antiproton beam perpendicularly. The pellet production

can be divided into three stages. A two-stage cryogenic cold head cool down

liquified hydrogen gas to its triple point. The liquid hydrogen is then injected

into a low-pressure helium environment in form of a thin jet via a glass nozzle

and broken up by means of acoustic excitations into uniform droplets. These

droplets are injected into vacuum through a narrow capillary while they are

cooling further down due to evaporation and freeze to form so called pellets.

Then, skimming off the fraction with too high angular deviation, a collimated



6.3. Micro Vertex Detector 99

beam of pellet is formed. Pellets of approximately 25 µm in diameter can

be formed and the primary interaction vertex can be defined to that order of

magnitude. In fig.6.6 a sketch of the pellet target is displayed.

Figure 6.6: Sketch of the pellet target of PANDA.

6.3 Micro Vertex Detector

The Micro Vertex Detector (MVD) is the most inner detector. It should allow

a good identification of secondary decays of particles in displaced vertices. The
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PANDA spectrometer should have the capability to reconstruct short living

particles with a path lenght of few hundred µm, like charmed mesons, as well

as the long decay lenghts of strange hadrons, around few cm. We expect to

handle with a maximum of 16 charged particles per event with broad momenta

between few hundred MeV/c and some GeV/c.

Two parameters have to be kept under control:

• detector thickness, in order to reduce the multiple scattering and the

conversion thus to have a better vertex reconstruction;

• radiation hardness of sensors and readout electronics, since we expect that

the neutron flux will be considerable.

This detector can also offer particle identification via the energy loss for mo-

menta below 700 MeV/c.

Figure 6.7: MVD design for PANDA in the simulation environment. Actual

design: 4 barrel and 6 disk layers.

The MVD are composed by a barrel section with 4 layers: 2 layers of pixels

and 2 layers of strips detectors, for the 2 innermost and 2 outermost part re-
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spectively [60]. The suggested size is 50 × 300 µm2 and the barrels should fill

the region between 1 and 7 cm far from the interaction point. In the forward

direction 6 disk structure, formed by 2 of pixels, 2 of hybrid pixel plus strips

and 2 of strips layers, is foreseen. The pixel sizes should be of 100 × 150 µm2

and they should lay between 7 and 20 cm downstream. The nominal resolution

of this detector is sufficient to allow spatial single-track resolution of σD = 50

µm in transverse and σz = 85 µm in longitudinal directions [60]. The current

setup is shown in fig.6.7.

6.4 Central Tracking

The region between r = 15 cm and r = 42 cm will be dedicated to the main

tracking system of the TS. Along the z direction, the detector will extend ≈ 50

cm upstream and ≈ 100 cm downstream the target. The main requests for this

detector are [60]:

• high spatial resolution, σrϕ ∼ 150 µm and σz ∼ 1 mm;

• high momentum resolution, δp/p ∼ 1%;

• minimal detector material, X0 ∼ 1%;

• high rate capability.

Due to the beam characteristics, this detector should operate in a continuous

mode. Two different setups are currently under study: the TPC (Time Projec-

tion Chamber) and the STT (Straw Tube Tracker), seen as a fall-back solution.

6.4.1 Time Projection Chamber

The time projection chamber (TPC) [63] consists of a large gas filled cylindrical

volume. A charged particle traversing the gas volume can undergo ionization.

The created electrons and ions are then separated by an electrical field along the

cylinder axis; the primary electrons drift to the readout anode, at the upstream
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end cap of the cylinder, fig. 6.8. In order to leave the space for the pellet target

pipe, the cylindrical gas volume is cut into two half cylinder along the beam

direction, leading to an acceptance reduction of the order of 10%.

Figure 6.8: Schematic view of the GEM based TPC.

This detector has the advantage that the multiple scattering is highly re-

duced, but the drift time makes it an intrinsically slow detector. Taking into

account the annihilation rate, the PANDA TPC has to operate in a continuous

mode, for the first time for this kind of detector. For this reason, the used gas

should provide high electron drift velocity, low electron diffusion, high ion mo-

bility, low density and high radiation lenght X0. The preferred solution would

be a mixture of Ne (low multiple scattering and space charge effects) and CO2,

with a small admixture of CH4 as quencher. The TPC will measure the pro-

jections of the tracks onto the end plane; the third coordinate of the tracks is

given by drift time measurements.

The avalanche amplification will be provided by a Gas Electron Multiplier

(GEM) detector. It is a micropattern gas detector successfully employed at the

COMPASS experiment [64]. The GEM should be composed by 3 amplification

layers, each one consisting of a thin polymer foil (50 µm Kapton) metal-clad

(5 µm Cu) on both sides. The polymer foil is perforated by a large numbers

of holes (104/cm2) with a double conical cross section, better seen in fig. 6.9,
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with an inner diameter of 50 µm and the outer one of 70 µm, at a hole pitch of

140 µm, fig. 6.10. The required granularity leads to a foreseen pad size of 2×2

mm2. The TPC should also offer the possibility to have particle identification

Figure 6.9: Electric field intensity

in GEM holes [64].

Figure 6.10: Electron microscope

photograph of a GEM foil.

information via dE/dx measurements. A clear distinction between pions, kaons

and protons can be obtained for particle momenta up to 1 GeV/c.

6.4.2 Straw Tube Tracker

The straw tubes are gas filled cylindrical tubes, with a conductive inner layer

acting as a cathode (negative potential) and a sense wire on the cylinder axis

(positive potential). When a particle pass through a tube, it ionizes and the

ionization products, electrons and ions, are then collected at the sensible wire,

while the ions are collected at the cathode. When the electrons are close enough

to the wire, they undergo to an avalache process that leads to an amplification

of the signal. It was was shown that an Ar/CO2 (90% - 10%) mixture, with

the CO2 used as quencher, seems to be the best solution for the detector. The

cathode material is under investigation, but the best solution would be the

use of Kapton XC (Kapton loaded with Carbon) with an aluminium coating.

Although Mylar has better properties, the Kapton XC can be metallized or

laminated to avoid the problem of cross-talk.

This detector offers a robust electrostatic configuration, allowing the sup-
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pression of the signal cross-talk, minimal dead zones at the tube ends (∼1%),

high spatial resolution (σrϕ < 150 µm, a radiation lenght of X/X0 ∼ 0.05% per

tube and high rate capability.

The complete detector will consist of 11 or 15 double-layers drift tubes 150

cm long, for a total number of ∼ 10000 tubes. The occupancy in the region

closer to the target will be higher and therefore the straw diameter will vary

from 4 mm for the innermost tubes, to 6 mm for the central ones and to 8 mm

for the outmost layers. In fig 6.11 the STT detector with 11 double-layers is

shown.

Figure 6.11: View of STT with 11 double layers.

For the reconstruction of the z coordinate, 2 different setups are currently

under study. The first solution is to have the first and the last double-layer

parallel with respect to the beam direction and the other double-layer arranged

with a skewed angle of 2-3◦. This setup is already in use by other experiments,

WASA and FINUDA [65, 66], and can reach a resolution of σz ∼ 1 mm. On

the other hand this geometry is quite complicated, expecially related to the TS

layers, and can lead to some structural and construction problem. The second
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option is the charge division technique [67] reading the straws at their both

ends. This method allow a spatial resolution between 7 and 15 mm, about

2-3 times worse than the setup with the skewed tubes, but it is possible to

gain a self-supporting structure with a lower amount of material, closed packed

cylindrical layers and a better acceptance.

6.5 Forward Tracking

The Central Tracking system does not fully cover the particles emitted at polar

angles below 22◦. This region will be covered by a set of 2 planar octagonal

or cylindrical shape drift chambers, DC1 and DC2, placed 1.4 m and 2.0 m

downstream. Other 6 sets of rectangular shape drift chambers will be placed in

the forward spectrometer, 2 before the dipole (DC3 and DC4), 2 inside (DC5

and DC6) and 2 after (DC7 and DC8). This set of rectangular drift chambers

should cover the region of ±10◦ horizzontally and ±5◦ vertically of the forward

spectrometer. The thickness of a 6 plane detection chamber is in the order of

0.17% of radiation lenght. We expect a momentum resolution δp/p between

0.15% at 1 GeV/c and 0.57% at 10 GeV/c.

Two setups are currently under investigation: chambers with cathode wires

and chambers with cathode foils. For the chambers with cathode wires, the use

of aluminium cathode <50 µm and gold-plated tungsten wires with a diameter

of 110 µm is foreseen. The dimension of the drift cells will be 1 × 1 cm2,

fig. 6.12. The set of DC1 or DC2 will be made up by 8 planes of drift chambers

with wires oriented at 0◦, ±45◦ and 90◦, fig. 6.13. The DC3-DC8 will be formed

by 6 planes and the orientation of the wires will be 0◦, ±30◦ fig. 6.14. These

chambers should operate at +1550 V. The gas mixture will be different for the

chambers in the TS and in the FS: Ar/ethane (90:10) and Ar/CO2, respectively,

will be used.

The cathode foil type will have the setup shown in fig. 6.15. Each chamber

(DC1 and DC2) will consist of 2 boxes located left and right of the beam

pipe. Every box will have 6 drift cell layers arranged in coordinate doublets
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Figure 6.12: Scheme of quadratic drift cell, cathode wire type.

Figure 6.13: Pack of the 8 detec-

tion planes of DC1-DC2 and wire

orientation.

Figure 6.14: Pack of the 6 detec-

tion planes of DC3-DC8 and wire

orientation.

(xx′,uu′,vv′). The wires of the x plane are vertical and their orientation for the

u and v planes will be ±30◦-35◦ with respect to the vertical direction; the x′,

u′ and v′ planes are shifted with respect to their partners by half of cell size, in

order to resolve the left-right ambiguities (fig.6.16). The potential wire and the

cathode foils are at negative HV. The use of Ar/CO2 (90:10) with the addition

of CF4 if foreseen.

Possible options are the use of three GEM planes instead of DC1 and DC2

and the substitution of the two DC planes inside the dipole with two straw tube
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Figure 6.15: Scheme of quadratic

drift cell, cathode foil type.

Figure 6.16: Wire arrangement

for the cathode foil type design.

tracker planes.

6.6 DIRC

The Detection of Internally Reflected Cherenkov light detector (DIRC) [68, 69,

70] can perform particle identification for momenta up to several GeV/c. It is

made by a long, thin and flat quartz radiator bars with a rectangular shape; the

quartz was chosen for his high refraction index (n1 = 1.47) to favour the internal

reflection of photons. The radiation hardness of the quartz bar is sufficient both

for gammas and slow neutrons and their cross section will be in the order of

17 × 30 mm2. A particle crossing a quartz bar will radiate Cherenkov photons,

that will be internally reflected to a common readout. One side of the bars

will be connected the readout system (1.2 m far from the bar end) and on the

other end of the bars a mirror will be placed. The Cherenkov angle is conserved

during the transport. In fig. 6.17 the imaging principle of the DIRC is shown.

In the BABAR solution [68, 69, 70], the photons are then proximity focused

by expanding through a stand-off region filled with ultra-purified water (n2 ∼
1.34). These photons are collected by a huge array of photomultiplier tubes

with a required timing resolution in the order of 100 ps.

The angular range covered will be between 22◦ and 140◦.
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Figure 6.17: Imaging principle of the DIRC.

6.7 Electromagnetic Calorimeter

The physics program of PANDA requires the reconstruction over the full solid

angle of electromagnetic showers with high energy, position and timing resolu-

tion for photons of energies between few tens of MeV and several GeV. To obtain

this goal, an highly granular electromagnetic calorimeter (EMC) is foreseen and

it will be formed by a scintillator barrel closed by two anular end caps. The

energy of the particles, that are passing through a scintillator crystal, excites

the crystal and the deexcitation results in emittance of light.

The barrel calorimeter, fig. 6.18, consists of an array of 20 cm long crystals

pointing towards to the target. It will have an inner radius of 57 cm and it

will cover the solid angle from 22◦ and 140◦. The total number of crystals is

11360 and the total lenght will be of 2490 mm. The scintillator material that

seems to accomplish the experiment needs is lead tungstate, PbWO or PWO.

The PWO is a very compact and radiation hard material. Unfortunately the

luminescence yield has to be highly improved to be able to detect photons

of below 20 MeV. The luminescence yield can be improved if the crystals are

operating at a temperature of -20◦ and for this reason the use of carbon alveols

pack, fig. 6.19, of 40 crystal is foreseen. The position resolution achieved is lower

than 2 mm, better than 10% of the crystal diameter. Since inside a magnetic

field the light readout with photomultiplier tubes presents high difficulties, the

solution with silicon avalanche photodiodes seems to be an interesting option.
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The PWO, combined with an Avalanche Photo Diodes (APD) readout, allows

a time resolution of ≈ 1 ns. The APDs will not cover the full crystal surface

(1 cm2 APD on a 2×2 cm2 surface), but this will be compensated by their high

quantum efficiency, in the order of 70-80%.

The upstream end cap will cover the solid angle between 147.5◦ and 172.5◦

in the circular band between 100 and 350 mm, fig. 6.20. The number of crystals

is around 816. The upstream end cap will be composed by 6864 crystals in a

circular band between 215 and 993 mm, covering the acceptance from 5◦ to 22◦,

fig. 6.21.

Figure 6.18: Possible design of the

barrel emc of the target spectrome-

ter.

Figure 6.19: Scheme of an alveole

pack for the barrel emc.

Figure 6.20: Geometry of the

crystal elements in one quarter of

the upstream end cap.

Figure 6.21: Geometry of the

crystal elements in one quarter of

the downstream end cap.
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6.8 Magnet System

The magnetic field is used to track charged particles passing through the spec-

trometer. Charged particles passing through a magnetic field are curled with

different radii, depending on their momentum. The magnet system consists

of a 2T solenoid and a 2Tm dipole in the target and forward spectrometer

respectively, fig. 6.22.

The superconducting solenoid is co-axial with the incident anti-proton beam.

The field omogeneity required by the tracking detectors is in the order of 1%.

The minimum coil radius has to be 1010 mm and the average current density

50 A/m2. The gradients of the field are in the order of 50 G/cm, but in 1 cm

the relative field changes by only dB/B = 0.3%. The z-position of the end cap

of the yoke is determined by minimizing the axial forces on the coils.

The superconducting dipole is placed downstream the solenoid and its field

is planned to be along the y-direction (vertical axis). The superposition of the

solenoid and the dipole fringe fields, in the space between the two magnets,

creates a non-uniform and asymmetric field in a region devoted to the forward

going particle tracking. Moreover the antiproton beam is deflected by the dipole

field and for this reason several possible setup variations are currently under

investigation. This deflection can be compensated by the introduction of two

additional dipoles.

The effects on the acceptance for all the considered configurations will be

intensively investigated in the Monte Carlo simulations.

6.9 Muon Detector

Only muons can traverse the magnet and the iron yoke materials, since they do

not interact strongly as the hadrons and, due to their higher masses with respect

to the electron one, they lose almost no energy in bremsstrahlung processes.

For this reason, the muon detectors will be placed outside the iron joke of the

target spectrometer and also in between the hadronic calorimeter in the forward

region, so it should be possible to have a very good muon identification. A
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Figure 6.22: View of the superconducting solenoid and the superconducting

dipole option for the PANDA magnet.

possible layout of the PANDA muon stations is given in fig. 6.23. Muons can

be generated by pions and kaons decays, J/ψ decays, Drell-Yan processes, etc...

Their energy range is supposed to be very huge, from some hundred MeV up

to several GeV.

Different detector options are now under investigation: scintillation coun-

ters and mini-drift tubes detectors (MDT). The plastic scintillator counters will

be 10 cm wide, 1 cm thick and 2m long bars, readed out on both sides by

photomultipliers. The MDT are a development of the Iarocci Tubes [71] but

uses the proportional operation mode, like in the COMPASS experiment [64].

The second coordinate will be obtained by reading out the induced signal on

external sample of electrodes (strips or pad). The muon system has to cover

the full polar angle up to 60◦ and the full azimuthal angle. The muon stations

will surround the target spectrometer and will be placed at different distances

downstream from the target in the forward spectrometer region. The readout
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can be performed in three modes: a simple yes/no (y/n) readout of the scintil-

lator or of the MDT wires, drift time measurements and strip/pad readout of

the induced charge.

In the Appendix B a better description of the MDT option will be given.

Figure 6.23: Layout of the PANDA muon stations, indicated by deep blue

lines. It is possible to notice the different muon stations inside the segmented

magnet.

6.10 Forward Spectrometer

The forward spectrometer, fig. 6.24, will cover the solid angle from 0◦ to 5◦

in the vertical and to 10◦ in the horizontal direction. The tracking of the

charged particles will be operated by a set of multiwire drift chambers (MDC)

already presented in sec. 6.5. The deflection of charged particles inside the

magnetic field will allow their momenta reconstruction up to 8 GeV/c. Their
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identification will be performed by a time-of-flight detector (TOF) and by a

forward Cherenkov detector. At the downstream of the spectrometer, a hadronic

and electromagnetic calorimeter are foreseen together with a muon wall.

Figure 6.24: Schematic view of the PANDA Forward Spectrometer detector.

6.11 Forward Cherenkov Detectors

When a charged particle is passing through a medium, with a refractive in-

dex n, with a velocity β > 1/n, it emits Cherenkov light at an angle ΘC =

arccos(1/nβ). Based on this principle, and to obtain a good π/K separation,

a RICH Cherenkov detector is foreseen for the identification of particles with

momenta between 0.5 and 8 GeV/c. Different radiators are now under study:

aerogel, perfluorhexane (C6F14) and quartz. There is also the possibility to

combine two detectors together one in front and one behind the dipole magnet,

for example an aerogel RICH with a disk DIRC or a proximity imaging RICH.
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6.12 Forward Time-Of-Flight Wall

About 7 m downstream from the interaction region, a time-of-flight wall (TOF)

5.6 m wide and 1.4 m high will complete the particle identification system,

fig. 6.25. This detector is optimized for particles with momenta below 4-5

GeV/c. Taking advantage from the planned time resolution of σ = 50 ps and the

momentum resolution of σp = 0.005 GeV/c, it will be possible to discriminate

pion and kaons up to 2.8 GeV/c and kaons and protons up to 4.7 GeV/c. The

TOF wall will consist of vertical scintillating rods, 5 cm wide in the most central

region and 10 cm wide in the most peripheral ones, read out by photomultiplier

tubes on both ends. To obtain a better particle identification also for higher

momenta the TOF will be probably combined with the RICH detector.

Figure 6.25: View of the Time-Of-Flight wall. The vertical scintillating rods

are read out by photomultiplier tubes on both ends.
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6.13 Forward Electromagnetic Calorimeter

The forward electromagnetic calorimeter will be used for photon and electron

detection with high efficiency and resolution. A Shashlyk-type calorimeter [72] is

the preferred option for PANDA. It consist of 378 layers of lead and scintillators

sandwiched together subsequently, fig. 6.26. The readout will be performed by

wave lenght shifting (WLS) fibers passing through holes in the scintillator and

lead layers. It will be located 7 m downstream of the target and his dimension

will be 122 cm and 247 cm in the vertical and horizontal direction, for a total

depth of ≈ 70 cm (20 X0).

Figure 6.26: Scheme of a Shashlyk module of the forward electromagnetic

calorimeter.

6.14 Forward Hadronic Calorimeter

The mid-rapidity probing calorimeter (MIRAC) from the WA80 experiment [73],

fig. 6.27, will be dedicated for the neutron, antineutron andKL detection. It will

be placed 8 m downstream the target and it will consist of an electromagnetic

and a hadronic part.

The electromagnetic part contains 27 layers of lead plates sandwiched be-
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tween aluminium sheets and interlaced with scintillator plates, for a total lenght

of 22 cm and 15.6 X0. The hadronic section is composed by stainless steel plates

and scintillator layers, with a total lenght of 1.4 m and 6 radiation lenght. Only

the hadronic part is planned to be used, since the electromagnetic section is

affected by a poor energy resolution. The scintillator plates are read out from

both sides through wave lenght shifters (WLS). The sensible area of the detector

will be 180 cm and 440 cm in the vertical and horizontal direction respectively,

with a central opening of 30 cm × 20 cm left for the beam pipe.

After the hadronic calorimeter, a muon detector plane will be placed.

Figure 6.27: Picture of the forward part of the MIRAC module [73].
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6.15 Data Acquisition and Trigger

The data acquisition (DAQ), fig. 6.28, is crucial for PANDA. The continuous

data taking, foreseen to address all the physics topics, forces the electronics to

be extremely fast in order to offer a high flexibility and selectivity.

The typical event size is in the range of 4 to 8 kB, leading to a raw data rates

of 40 GB/s. GEANT4 simulations shown that the data rate strongly depends

on the choice of the central tracker. The TPC solution data rate is larger by a

factor 3 compared to the STT one.

The full data acquisition process can be divided into consecutive steps. In

every step is extremely important to have a very precise time distribution. The

idea is to provide a stable clock to all readout systems with a jitter in the order

of 25 ps.

The trigger system will be integrated in the event handling to provide some

order magnitude reduction from the raw data. As soon as a particle leaves a

hit in a detector, the signal is collected at the front-end modules. The cluster-

ization of hits is performed in most detectors. The first reduction step in any

detector readout is the noise reduction and the zero suppression. The informa-

tions coming from the front-end will be stored, then, in concentrators/buffers

waiting for subsequent decisions.

The second reduction step is based on the signal time from the data, after

performing a first pattern recognition step. For this part, the huge use of

compute nodes is foreseen. The compute nodes based on field programmable

gate arrays (FPGA) or digital signal processors (DSP) will split the pattern

recognition in a huge number of simpler algorithms, in order to have the fastest

data analysis. With a latency of 1 ms and the usage of 1000 nodes, the event

rate will be reduced to 1 MHz. The data, then, will be transferred to an

event selector farm that will proceed with a higher event discrimination. It

will be possible, during this step, to search for physical signatures, with simple

or more complex algorithms. For example it should be possible to look for D

mesons triggering on the presence of a secondary vertex, as well for Λs and

other hyperons. Other options can be PID (particle identification) tag or EMC
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correlations. The aim of this trigger level is to have selection masks for different

selection criteria.

Figure 6.28: Scheme of the PANDA DAQ system.
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Chapter 7

Physics Performance Studies of

PANDA

To demonstrate that the proposed PANDA detector will be able to fulfill the

physics requirements, Monte Carlo simulations have been performed. Due to low

signal cross sections, the offline analysis has to be focused on high background

rejection power. A deep check of the experimental apparatus and a test of the

different tracking options is also needed. A possible solution for these studies

is to take into account the known benchmark channel p̄p→ ΛΛ̄, subject of this

thesis.

At this stage, the detector design is still not fixed and different options are

still under investigation. Without an exact knowledge of the detector energy

and spatial resolution, it was not possible to include the proper kinematic fitting

routines in the study of all the benchmark channels.

Before presenting the benchmark channel study results, a general overview

of the simulation package and of the implemented detector configuration will

be given.



120 7. Physics Performance Studies of PANDA

7.1 Software Framework

The PANDA framework components, used for the study of the benchmark chan-

nels, are here discussed.

Two different software frameworks are nowadays available: the “old frame-

work” and the “new framework”. The old framework uses the BABAR frame-

work environment, and it is still used for the so called “fast simulations”. The

“new framework”, on which the future PANDA analysis will be performed,

is based on ROOT [55]. The results accomplished for this thesis and for the

PANDA Technical Progress Report were obtained with the “old framework”.

The offline software is written in C++ and it has an object oriented (OO)

approach. It is developed with the help of other external packages like GEANT

[74], ROOT [55], Perl, CVS and part of the offline code from other experiments

is planned to be incorporated.

The PANDA software framework has to provide mainly 4 applications: event

generation, simulation, reconstruction and final analysis.

A better and more exhaustive description of the framework is given in the

PANDA Technical Progress Report [60].

7.1.1 Event Generators

The framework offers the possibility to take advantage from four different event

generators. The Single event generator is used to have events with only one

particle. The PANDA event generator is suitable to generate individual decay

chains. The Dual Parton Model (DPM) generator is used for background studies

of the p̄p annihilations. The Ultra-relativistic Quantum Molecular Dinamic

model (UrQMD) is used to evaluate the background for the p̄A annihilations.

It was part of this thesis to implement inside the PANDA framework a dedicated

Drell-Yan generator, provided by prof. A. Bianconi, from the Universitá degli

Studi di Brescia.
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7.1.1.1 The Single Event Generator

The Single event generator is already implemented in the Monte-Carlo detector

simulation package. The Single event generator allows to generate one single

particle at a certain angle and momentum per event. This generator is useful for

performance investigations of single detector parts or to test the global response

of the whole detector.

7.1.1.2 The PANDA Event Generator

The Monte-Carlo based PANDA event generator allows to simulate n body

final states as well as resonances and let them decay into various particles. This

generator creates particles isotropically in the phase space with arbitrary partial

waves.

It is written entirely in C++ and based on the ROOT class libraries. If

needed, new type of particles can be defined and additional decay channels can

be implemented. The beam momentum as well as the primary vertex position

and smearing can be set manually.

During the period of this thesis, the generator was modified in a way that

the generated particles can decay in an anisotropic way. For example the Λ

particle is decaying according to the formula

dN

dΩ
∝ (1 + PΛξcosϑ

∗) (7.1)

where PΛ is the Λ polarization, ξ is the asymmetry coefficient and ϑ∗ is the angle

between the Λ and the decay products direction. During the generation chain,

the generator checks if the mother of the generated particle is “Polarizable”,

with the function Polarization, and, in positive case, the accessible phase space

changes accordingly to the “Asymmetry” value, DecayAsymmetry function,

and normalized to the value (1 + abs(PΛξ)). So the phase space has not anymore

a flat distribution. Some tests were performed and the results are presented in

the section 7.2.3. The opportunity to generate this kind of asymmetry was then

extended to the following particles, their antiparticles and their decay modes:
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Λ and Σ+. This procedure can be extended to the other particles that are

decaying with asymmetry.

7.1.1.3 The Dual Parton Model Event Generator

The Dual Parton Model (DPM) [75] event generator is a synthesis of the Regge

theory, topological expansion of QCD in term of 1/Nf or 1/Nc, and the par-

ton model. It uses parametrizations of the main processes that can occur in

baryon-antibaryon interactions to predict different multi-particle final states.

The parameters are tuned to reproduce with high fidelity the cross sections of

the known processes in the PANDA energy range.

The bases of this theory are the constituent quarks and strings. An inter-

mediate unstable state, quark-gluon string or color tube, is created and it is

let decay to stable particles. The mesons are quark-antiquark systems coupled

together by color forces; the vortex lines of the field are concentrated in a small

space region forming a string-like configuration [60]. The baryons consist of 3

quarks coupled together by 2 different string configurations: the triangle and

the Mercedes star.

7.1.1.4 The Ultra − relativistic Quantum Molecular Dynamic Event

Generator

The Ultra-relativistic Quantum Molecular Dynamic (UrQMD) event generator

[76, 77] was originally proposed as nucleus-nucleus interaction model, based on

a phase space description of the nuclear reactions. At low and intermediate

energies (
√
s < 5 GeV) the phenomenology of hadron interactions is described

in terms of interactions between known hadrons and their resonances. The

excitation of color strings and their fragmentation into hadrons, instead, is

assumed at higher energies (
√
s > 5 GeV).

The model is based on the covariant propagation of all hadrons considered on

the (quasi-)particle level on classical trajectories, in combination with stochastic

binary scattering, color string formation and resonance decays.
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7.1.1.5 The Drell − Y an AB Event Generator

The Drell-Yan AB (DY AB4) [78] event generator was written with Drell-Yan

(DY) pairs study purposes. The lepton pairs are generated taking into account

the different variables which can affect the lepton distribution in such processes.

This generator together with the results of the first test performed is explained

in Appendix A.

7.1.2 Detector Simulation

The PANDA simulation is based on the GEANT4 [74] package, completely

written in C++ language. The setup parameters are read from an ASCII file

and the detector is created consequently. Then the generated particles are

propagated through the different volumes of the detector. It is possible to

enable or disable all the different subdetectors. A detector is made by sensitive

and dead volumes. When a particle is propagated through a detector, all the

possible physics processes (multiple scattering, energy loss, pair creation, etc.)

are taken into account. If the generated particle crosses a sensible volume and

deposit enough energy, a hit is produced. All the obtained hits are then stored

into hit collections, to be used for the event reconstruction. The simulation of

an event ends when all the particles are tracked through the detector, and the

simulation run ends when all the required events are processed. The output is

then stored in a ROOT tree.

7.1.3 Event Reconstruction

The reconstruction routines read the informations about the setup and about

the hits from the simulation output file. The hits are smeared with the expected

detector response, since a proper digitization is not yet implemented. The

informations about a detector and its expected resolution are read from an

ASCII file.
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7.1.3.1 Photon Reconstruction

The reconstruction of photons is based on the EMC detector components. If a

photon hits the EMC it produces an electromagnetic shower which is usually

extended to several crystals. This area of contiguous EMC modules is called

cluster.

The particle energy deposit (PED) algorithm, developed by the Crystal

Barrel experiment [79], is the base of the photon reconstruction code. It searches

for a local maximum inside the cluster in order to determine the four-vector of

the initial photons. Detailed informations can be found in [60].

7.1.3.2 Charged Particles Reconstruction

In the PANDA TS the track reconstruction is based on the informations com-

ing from the tracking devices: MDV, STT or TPC and MDC. Their setup is

described in the chapter 6.

The tracking process consists in two stages, track finding and track fitting.

The used track finding model assigns the hits to the tracks using the Monte-

Carlo truth information, resulting in an efficiency of 100%. To have something

more realistic, 5% of the STT hits are randomly rejected and the hit rejection

for the TPC is in the order of 98% due to technical problem, see sec.7.1.5.4.

This is just a temporary solution, since a track finding based on the Kalman

algorithm [80] is already under development.

When a particle crosses a magnetic field, it is bended from its original trajec-

tory. The bending angle depends on the particle momentum and, reconstructing

the bending angle of a particle, its momentum can be extracted. In the simula-

tion environment the magnetic field in the TS is assumed to be constant. Under

this assumption a particle trajectory is developed along a cylindrical helix with

constant radius along the z axis. The helicoidal motion is described with the
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following formulas:

x = (D0 + qR)(− sin(ϕ) + sin(ϕ0))

y = (D0 + qR)(cos(ϕ) − cos(ϕ0))

z = Z0 − qR(ϕ− ϕ0) cot(ϑ)

(7.2)

where ϕ0 and ϕ are the initial and the final azimuthal angle of the helix

track, ϑ is the polar angle, R is the helix radius, D0 is the distance of the

closest approach of the helix to the beam axis, and Z0 is the z coordinate of the

helix at the closest point of approach to the beam axis. These five parameters

are used to estimate the χ2 between the hit position and the fitted helix. The

distance of the closest approach between the hit and the helix is normalized by

the corrispondent sub-detector resolution in order to get a correct χ2 value. The

multiple scattering in the MVD is taken into account by reducing the weight

of the measured point by adding to the measurement precision a momentum

and polar angle dependent contribution [60]. The energy loss in the detector

elements is not taken into account at all.

To be able to run the TPC simulations in the given computing framework

only 2% of the hits of each track have been used for the track-fit [60].

In the future this track finder will be replaced by a realistic one, probably

based on the Kalman filtering routines [80].

7.1.3.3 Particle Identification

Mainly the Ring Imaging Cherenkov counters, the DIRC and the muon detector

are responsable for the particle identification (PID). Protons and kaons are

positively identified by the Cherenkov counters, while they can identify pions

only in a restricted range. All charged particles which penetrate the iron yoke

and hit the muon detector are treated as muons. There are five allowed PID

assignment to particles: e, µ, π, K, p. To the particles that are not entering

in the PID detectors the allowed PID assignment (e, µ, π,K, p) are considered

equally probable.
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The PID can also be based on the information about particle velocity pro-

vided by the Time-Of-Flight stop counters.

The particle identification via energy loss, expecially at low momenta, can

be a powerfull tool provided by the TPC tracker.

7.1.4 Analysis Tools

The analysis programming code is based on the concept used by the BaBar

experiment. For each event the reconstructed particle candidates are stored in

correspondent particle lists. Selector applications with the possibility to access

all the relevant informations of the candidates lists for the identification of com-

plete decay chains can be developed. The particle candidates can be combined

together to identify mother particles and to calculate secondary vertices via

vertex refitting routines. The I/O control as well as the setting of the selection

parameters are specified by tcl-scripts, so, modifing the parameters, the code

does not change and the recompilation is not required.

7.1.5 Simulated Detector Setup

Monte-Carlo simulations are required to demonstrate if the proposed detector

setups can fulfill the discussed physics cases. The detector setup implemented

in the simulation is based on the conceptual design presented in the Chap-

ter 6. The simulated spectrometer setup is not completely in agreement with

the description given in Chapter 6, because the mechanical design of the dif-

ferent sub-detectors is in progress and modifications as well as improvements

are regularly necessary. These studies are concentrated on the most favorite

designs.

A brief description of the simulated detector design will follow.

7.1.5.1 Beam Pipe and Target

The beam pipe, the target pipe and the pellet target implemented into the

simulation are used. The material used for the pellet target and the pipes con-
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struction is an aluminium-berillium alloy (30% of alumimium). The minimum

wall thickness of the pipe is 200 µm for a tube diameter of 2 cm. Both the pipes

are divided into several different cones with a radius variation between 0.95 and

2.5 cm.

7.1.5.2 MVD

The version of the MVD used in the simuation is a bit different from the one

discussed in the section 6.3. It consists of five barrel layers of silicon pixel

sensors, with a size of 50 × 300 µm2, and of five forward disks, with a size of

100 × 150 µm2. All the support structures and the readout components are not

included in the simulation.

7.1.5.3 STT

The STT version implemented in the simulation is in agreement with the de-

scription given in sec. 6.4.2. The STT version with 11 double layers of straws,

arranged at skewed angles ranging from 2◦ to 3◦, is used. The gas used to fill

the straws is an Ar/CO2 (90% - 10%) mixture.

7.1.5.4 TPC

The TPC setup implemented in the simulation is exaclty the one described

in the sec. 6.4.1. The possible resolution potential of this detector will not

be shown, since only the 2% of the hits of each track have been used for the

track-fit to be able to run the TPC inside the computing framework [60].

7.1.5.5 MDC

The implemented setup is the one described in [60]. To obtain a proper re-

construction of charged particles in the forward direction below 22◦, two drift

chambers are placed within the target spectrometer at 1.4 m and 2.0 m down-

stream from the target. The chambers are filled with an Ar/CO2 (90% - 10%)
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mixture and the detector planes are grouped in four pairs with the same wire

orientation.

7.1.5.6 DIRC and RICH

The DIRC and the RICH detector can provide particle identification of charged

particles in a momentum range between 0.5 GeV/c and 3 GeV/c.

The DIRC is placed directly before the EMC barrel and covers the polar

angular rage between 20◦ and 140◦. The implemented setup is described in the

sec. 6.6.

The RICH is placed in front of the EMC forward wall with a circular hole

of 5◦. The radiator material is per-fluoric hexane (C6F14).

7.1.5.7 EMC

For the EMC detector of the target spectrometer two different materials were

implemented in the simulation, PWO and BGO. The EMC design consists of

three different detector parts, the barrel with a cilindrical geometry, the forward

wall and the endcaps with a planar geometry. The position of the target pipe

is also taken into account in the barrel by removing four crystals in the first

forward and in the first backward ring respectively and thus creating two holes.

The crystal dimensions and positions and the detector polar angular range are

described in sec. 6.7. Instead of what is reported in sec. 6.7, for the barrel

part of the EMC the so-called pointing geometry towards the target location

was used.

The simulations performed to investigate the p̄p → ΛΛ̄ benchmark channel

were done with the BGO material, although no EMC information were used in

the analysis of the data.

7.1.5.8 Magnet and Yoke

The dimensions and the materials used are described in [60]. An idealized

solenoid field of 2.0 T along the beam direction was used. This field starts at

0.6 m upstream and ends at 2.0 m downstream the target point.
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7.1.5.9 Muon counters

For the muon identification between 5◦ and 80◦ plastic scintillator counters are

used. They are placed directly behind the iron yoke of the solenoid of the target

spectrometer.

During the thesis work, it was also possible to implement the first version of

the muon detector based on an evolution of Iarocci tubes. A better description

will be given in Appendix B. This muon detector version was not used for the

study on the p̄p→ ΛΛ̄ benchmark channel.

7.1.6 Forward Spectrometer

The forward spectrometer will not be discussed here, since it was not used in the

p̄p → ΛΛ̄ simulations. An exhaustive description of the forward spectrometer

is given in [60].

7.2 Analysis of the p̄p→ ΛΛ̄ Benchmark Chan-

nel

The channel p̄p→ ΛΛ̄ was intensively investigated by the experiment PS185 [23,

24, 25, 26, 27] and can offer a good comparison for the PANDA collaboration. In

particular, it is important to compare the behaviour of the two tracking options:

the straw tube tracker (STT) and the time projection chamber (TPC), shown

in fig. 6.11 and fig. 6.8 respectively.

As main advantages, a STT can offer a robust mechanical stability, a high

tracking efficiency due to minimal dead zones of the tubes and especially a high

rate capability. The main disadvantage of STT is the amount of dead material

that can cause additional multiple scattering. The TPC tracker can offer high

granularity and better particle identification at low momenta in a continuous

operation mode. On the other hand a TPC tracker is a slower detector, with

respect to a STT, due to the long drift time needed; expecially at high rates

the task is to reconstruct events in the presence of strong pileup.
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The results of this comparison will be discussed in the following sections.

7.2.1 Introduction

The reaction p̄p → ΛΛ̄ was simulated at beam momenta of 4.0, 6.0, and 7.7

GeV/c. Here the analysis of the events produced at beam momentum of 4.0

GeV/c is presented, since the obtained results at the other beam momenta are

quite similar. Events were also simulated with a beam momentum of 2.0 GeV/c,

but the reconstruction quality for low momentum particles was not optimal and

it was very difficult to recognize the Λ signal.

Two setup scenarios were investigated: one setup used the straw tube track-

ers (STT) and the other one used the time projection chamber (TPC). These

simulations were done without using the TOF in the target spectrometer and

TOF and RICH in the forward spectrometer, not fully implemented at this

stage, with the consequence that particle identification for certain momentum

and angular ranges was not possible, see 7.1.6. A total of 10000 events were

generated. For simplicity and in order to fully cover the detector acceptance,

the Λ and the Λ̄ particles were generated isotropically in the CM frame, without

any decay asymmetry. In a further step, also the Λ asymmetric decay was taken

into account. The results of this study are presented in sec. 7.2.3.

The decays Λ → pπ− and Λ̄ → p̄π+, with a branching ratio of 63.9% ±
0.5% [18], were studied. Possible background arises from wrong particle ID

assumption of p− π+ and p̄− π− respectively. The PID information was used

for proton and pion identification.

At the considered beam momenta, Λ and Λ̄ are emitted in the laboratory

frame at angles between 0 and 35 degrees for the lowest beam momentum (4.0

GeV/c) up to 55◦ at the higher momenta (7.7 GeV/c).

7.2.2 Simulation Analysis

To reconstruct the Λ and the Λ̄ hyperons, their decay products were taken into

account: p, π−, p̄ and π+.
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To understand in which region of the spectrometer these particles are pro-

duced, it is important to check their angular distributions. The angular dis-

tributions for all the particles are shown in fig. 7.1 for the STT detector and

in fig. 7.2 for the TPC. The leakage at ≃ 22◦ in this spectrum is due to the

dead zone where there is the passage from the central tracking options to the

MDC tracking system. The fact that the pions have lower momenta allow the

STT tracker to restore the leakage at ≃ 22◦. In the TPC option the leakage

at ≃ 22◦ is not present since this tracker provides more hit points and it is

possible to reconstruct properly the tracks. The peak seen at 0◦, and 180◦ in

the π− distributions are coming from badly reconstructed tracklets and they

have to be considered as belonging to fake tracks. The small peak around 90◦

in the π− and the π+ distributions obtained with the STT tracker is still part of

the angular distribution of those particles: this shows a limitation of the STT

detector at angles higher than 60◦.

The single track reconstruction efficiency (ǫ = reconstructed
generated

) was estimated: in

fig. 7.3 and fig. 7.4 the reconstruction efficiencies in function of the polar angle,

for STT and TPC respectively, are presented. In these preliminary studies it is

evident a cut at around 150◦, that identifies the spectrometer limit at backward

angles. Tracks reconstructed at higher angles are fakes. Where the value of ǫ

is higher than 1, it means that to a generated track correspond two or more

reconstructed tracks. This problem is more evident at small angles, where the

beam pipe should be placed, particles can undergo multiple scattering and the

tracking routines are reconstructing more tracks.

The single particle efficiency as a function of the momentum was also in-

vestigated. The results are presented in fig. 7.5 and in fig. 7.6 for STT and

TPC, respectively. It is clear that our reconstruction software has still problems

in reconstructing particles with momenta lower that 150-200 MeV/c for both

tracking setups.

It is possible to notice that the single track efficiency, within its errors, is

fully compatible with the value ǫ = 1, as we expected.

Combining together the candidate particle lists it was possible to reconstruct
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Figure 7.1: p, p̄, π+ and π− polar angular distributions reconstructed with the

STT tracker.

the Λ(Λ̄) particles. A set of cuts have been applied in order to save the higher

number of events and to cut the tail of the distributions. The following cuts

have been applied for the selection of Λ − Λ̄ events:

• χ2 of the refitted decay vertex < 5.0 (∼5% event reduction)

• Λ Λ̄ decay vertex Z coordinate between -2.0 mm and 350.0 mm (∼5%

event reduction)

• Angle between Λ Λ̄ momentum and the direction of the vector between

primary and secondary vertex < 1 degree (∼5% event reduction)

• Λ Λ̄ mass -0.003 GeV/c2 < mass peak < +0.003 GeV/c2 (∼1%

event reduction).
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Figure 7.2: p, p̄, π+ and π− polar angular distributions reconstructed with the

TPC tracker.

In fig. 7.7 the χ2 distribution of the refitted decay vertices is shown together

with its selection cut respectively for the STT and the TPC tracking options.

In fig. 7.8 the angle between Λ(Λ̄) momentum and the direction of the vector

between primary and secondary vertex is shown together with its selection cut,

for both the central tracking detectors.

More cuts could be introduced on the distance of minimum approach be-

tween the Λ and the Λ̄ tracks. These distributions, shown for STT and TPC

respectively in fig. 7.9, need more dedicated studies related to the presence of

Λ and Λ̄ together in each event.

The Λ invariant mass distribution for the beam momentum of 4.0 GeV/c,

reconstructed from 10000 generated events, is presented in fig. 7.10 with the

STT setup, and in fig. 7.11 with the TPC setup.

Currently with the STT setup, the reconstruction efficiency is of the order
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Figure 7.3: Reconstruction efficiency for p, p̄, π+ and π− in function of the

polar angle for the STT tracker.

of 25%, which is due to a loss of low momentum pions in the reconstruction

procedure. Clearly, further optimizations need to be done; the reconstruction

efficiency of Λ̄ is lower by 10% as compared to Λ reconstruction. This effect is

not present when using the TPC. In this case the overall reconstruction efficiency

reaches 35%. The mass resolution values are 0.71±0.02 MeV/c2 for STT and

1.10±0.02 MeV/c2 for TPC trackers, independent of the beam momentum. The

tracking options are actually under study to get a better improvement also for

the mass resolution.

Looking at the Λ momentum and pT distributions, shown in fig. 7.12 and

fig. 7.13 for STT and TPC respectively, it is clear that the TPC setup allows

tracking even for the slowest tracks. In fact it is possible to reconstruct Λ with

a momentum between 1 and 4 GeV/c using the STT setup, while the TPC can



7.2. Analysis of the p̄p→ ΛΛ̄ Benchmark Channel 135

Figure 7.4: Reconstruction efficiency for p, p̄, π+ and π− in function of the

polar angle for the TPC tracker.

reconstruct them starting from 0.5 GeV/c.

These peculiarities are also visible in an Armenteros plot. In this plot, the

transverse momentum of the decay products in the Λ rest frame is plotted as a

function of the asymmetry α, where α = pL+−pL−

pL++pL−

and pL+(−) is the longitudinal

momentum of the positive (negative) particle produced in the decay, see fig.

7.14. In fig. 7.15 and fig. 7.16 the Armenteros plots obtained for both setups

are shown.

Since the proton (antiproton) is carrying most of the Λ momentum, a clear

separation between Λ (positive side) and Λ̄ (negative side) is obtained. The

Λ (Λ̄) particles should be properly reconstructed when they lay inside a half

ellipse structure.

The Λ and Λ̄ azimuthal angular distributions are shown in fig. 7.17 and fig.
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Figure 7.5: Reconstruction efficiency of p, p̄, π+ and π− in function of the

momentum for the STT tracker.

7.18 for the STT and TPC option, respectively. They present the same leakage

at around 22◦ as previously discussed; this means that we have still to improve

this angular region.

For the ΛΛ̄ pair reconstruction with the STT setup it is possible to reach an

efficiency of 6%. Using the TPC setup, instead, the reached efficiency is around

25%. The efficiency clearly needs to be improved for both the tracking options.

Also the missing momentum, energy and mass distributions were investigated.

The results are shown in tab. 7.1. Although the TPC option offers a better

Λ-Λ̄ pair reconstruction, the STT has a better resolution. This is due to the

specific detector simulation, discussed in sec. 7.1.5.4, and clearly indicates that

the TPC option needs more tuning of its parameters.

Analysis performed with different beam momenta (6.0 and 7.7 GeV/c) give



7.2. Analysis of the p̄p→ ΛΛ̄ Benchmark Channel 137

Figure 7.6: Reconstruction efficiency of p, p̄, π+ and π− in function of the

momentum for the TPC tracker.

Figure 7.7: Position of the applied cut in the χ2 distribution with the STT

(left) and the TPC (right) tracking options.
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Figure 7.8: Position of the applied cut in the angle between the Λ direction

(vector between the primary and the secondary vertex) and the Λ momentum

with the STT (left) and the TPC (right) tracking options.

Figure 7.9: Minimum distance between the reconstructed Λ and Λ̄ tracks with

the STT (left) and the TPC (right) tracking options.

comparable results with the one shown here for the beam momentum of 4 GeV/c.

7.2.3 Λ Λ̄ Polarization Analysis

For preliminary tests, also the Λ(Λ̄) polarization was introduced in the event

generation. Its implementation was already discussed in the sec. 7.1.1.2.
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Figure 7.10: Λ invariant mass

spectrum at the beam momentum

4GeV/c2 using STT. Mass resolu-

tion: 0.71±0.02 MeV/c2.

Figure 7.11: Λ invariant mass

spectrum at the beam momentum

4GeV/c2 using TPC. Mass resolu-

tion: 1.10±0.02 MeV/c2.

Figure 7.12: Total (p) and trans-

verse (pT ) momentum distributions

of Λ and Λ̄ reconstructed with the

STT.

Figure 7.13: Total (p) and trans-

verse (pT ) momentum distributions

of Λ and Λ̄ reconstructed with the

TPC.
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Figure 7.14: Sketch of the variables involved in the Armenteros plot.

Figure 7.15: Armenteros plot ob-

tained with the STT option.

Figure 7.16: Armenteros plot ob-

tained with the TPC option.

The hyperons are decaying according to the formula:

dN

dΩ
∝ (1 + PHyξcosϑ

∗) (7.3)

where PHy is the hyperon polarization, ξ is the asymmetry coefficient and ϑ∗ is

the angle between the hyperon and the decay products direction. In the case of

the Λ particle, the value of the asymmetry coefficient is 0.642 ± 0.013, see [18].

In fig. 7.19 it is shown the coordinate system commonly used to describe

the spin observables for p̄p → ΛΛ̄, as explained in sec. 2.6. In this picture

it is assumed that the Λ (Λ̄) is coming directly from the p (p̄) in the primary

reaction. The spin axis is perpendicular to the p-Λ (p̄-Λ̄) plane, for more details

see [81].

Two scenarios were investigated, in order to check both extreme conditions
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Figure 7.17: Λ and Λ̄ polar an-

gular distributions obtained with the

STT option.

Figure 7.18: Λ and Λ̄ polar an-

gular distributions obtained with the

TPC option.

Figure 7.19: Coordinate system commonly used to describe the spin observ-

ables for p̄p→ ΛΛ̄ [13].

that can occur, PHyξ = 0% and PHyξ = 100%. The simulations were performed

only with the STT tracking option. The asymmetry coefficient value was tuned

in order to get both these options. In fig. 7.20 and fig. 7.21 the angular

distributions for Λ and Λ̄ reconstruction with PHyξ = 0% and PHyξ = 100%,
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STT mean± σ TPC mean± σ

Missing Energy [MeV] 19.98±0.88 39.54±0.88

Missing Mass [MeV/c2] 46.43±2.12 80.48±2.95

Missing Transverse

Momentum [MeV/c] 9.26±0.33 13.70±0.20

Missing Longitudinal

Momentum [MeV/c] 20.28±0.79 35.25±1.05

Table 7.1: Resolution of missing energy, missing mass and missing momentum

for Λ Λ̄ pairs at a beam momentum of 4.0 GeV/c. The mean value ± the sigma

of the gaussian distribution obtained is presented.

respectively, are shown. Although when a PHyξ value of 100% is used, the

reconstructed distribution is closer to the generated one, at that moment it was

not possible to properly reconstruct these asymmetries. A reason can be the

low ΛΛ̄ pair reconstruction efficiency that we have. Further optimizations of the

tracking as well as acceptance corrections are crucial for complete asymmetry

reconstruction studies.
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Figure 7.20: Generated and reconstructed Λ (left) and Λ̄ (right) angular dis-

tribution of the decay products with PΛ(Λ̄)ξ = 0%. The generated distribution is

shown in red and the reconstructed in blue.

Figure 7.21: Generated and reconstructed Λ (left) and Λ̄ (right) angular dis-

tribution of the decay products with PΛ(Λ̄)ξ = 100%. The generated distribution

is shown in red and the reconstructed in blue.
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Chapter 8

Conclusions

Strangeness physics studies results, based on hyperon analysis, delivered im-

portant informations and even now they can address unsolved fundamental

questions. The experiments which are taking place and will take place at GSI

facility seem to be a good choice for this kind of physics.

The study of the Λ hyperon can provide a lot of informations about strange

quarks and the Standard Model. The Λ polarisation is of primary interest in this

scenario. The analyzing power and the spin transfer coefficient are important as

well, in order to confirm the results obtained in the previous years. Moreover,

these results can form the basis for further developments of the strangeness

physics. Not all the excited states of the hyperons are well known, and some of

them are still matter of controversy. The timelike form factors as well as certain

decay chains have to be deeply studied and understood. At the moment, the

informations on the double hyperon production do not have the proper accuracy,

and high quality data are existing only for the ΛΛ̄ production.

One of the main purpose of the HADES experiment is to investigate elec-

tromagnetic properties of hadrons. In this scenario, the study of the Λ hyperon

fits perfectly. Many of the excited hyperon states are decaying into ΛX, and

so the first step to accomplish is to study the reconstruction of the hyperon

ground-state. Although the spectrometer of HADES is optimized for dilepton

reconstruction, it is also possible to reconstruct hadronic final states, taking
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advantage from the high momentum resolution provided by the detector. The

reconstruction of the Λ properties is of primary interest, and can lead to two

main goals. The first one is to understand deeply the behavior of the spec-

trometer, and the correction for the acceptance that has to be applied to the

acquired data. The second point is that the Λ production channel can also

be interpreted as a reference for other performed studies. If it is possible to

reconstruct the asymmetries observed in the Λ production, for example, then

asymmetries rising from other production channels can be recalculated as well.

One of the main goal of this thesis was to demonstrate the possibility of the

Λ hyperon reconstruction in the HADES environment. The analyzed data were

collected during the first high resolution production run of the spectrometer.

For this reason it was important to demonstrate the “quality” of the experi-

ment. During this work it was possible to understand the performances of the

apparatus, and identify the best Λ detection strategy. The so far developed

selections allowed to clearly reconstruct the Λ invariant mass spectrum. The

position of the Λ invariant mass peak and its resolution for the simulated and the

real data are in good agreement. This clearly demonstrates that the performed

analysis can properly reconstruct the Λ hyperon from the real data collected

by HADES. The agreement between real and simulated data also shows that

the knowledge of the experimental apparatus is at a good level for what con-

cern to the momentum reconstruction of the involved particles. The study of

the simulations allowed to determine the reconstruction efficiency to be around

32.82%. The number of reconstructed Λ differs from the expected number by

a factor 0.35. This has to be carefully investigated in the simulation environ-

ment. It is possible in fact that not all the experimental inefficiencies are under

control. One has to remark also that the model used to generate the simulation

events can be optimized for what pertain to angular distributions. The isotropic

production of Λ and the isotropic distribution of its decay products can give a

good approximation of the reaction under study, but they are not describing

in a realistic way the physical processes which are involved. A better study

of the angular distribution is mandatory in order to understand the observed
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discrepancy. Moreover, further optimizations of this analysis, like acceptance

corrections in order to extract the proper lifetime of the Λ, are anyway needed.

During this work it was also possible to identify some limitations of the

experimental apparatus and of the offline framework. The reconstruction of

the time-of-flight is based on negative tracks, but we have to keep always in

mind that in the reaction pp → pK+Λ the negative particle is coming from

a secondary vertex. This means that the assumed path lenght used for the

analysis can be quite different from the real one, and this can play a role in the

β recalculation. Moreover, the secondary vertex resolution is not the optimal

one, but it is crucial in order to reduce the signal to background ratio of our

data sample. A proper routine for the secondary vertex identification could be

developed together with a dedicated tracking algorithm, in order to increase

the resolution and the detection efficiency. The trigger algorithm used during

the data acquisition was optimised for the η meson reconstruction, and some

strong conditions on the reaction kinematic were applied: this can also reduce

the collected Λ data sample.

The presence of the hole at most forward angles (between 0◦ and 18◦)

strongly affect the acceptance. With the help of the simulation, it is clear

that the π− and the K+ are distributed on a wide polar range covering the full

HADES acceptance. Unfortunately, the proton of the Λ decay and the spec-

tator proton are emitted at most forward angles, mostly from 0◦ to 30◦. This

causes a high loss of proton coming from the reaction under investigation, thus

strongly affecting the HADES acceptance for the pp → pK+Λ reaction, and

making reliable the reconstruction of the complete interaction only in very few

cases. The presence of a TOF-Wall at forward angles in principle can improve

the situation, by increasing the angular acceptance of the spectrometer. One of

the most important aspects is the possibility to perform the tracking routines

also for those particles flying in the most forward angles. In this way, the num-

ber of candidate protons should increase, and thus the number of the possible

combinations, but the probability of pp → pK+Λ events reconstruction should

also be higher and increase the statistic sample. Simulation studies are neces-
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sary in order to understand the possibility to track particles at most forward

angles with the installation of a TOF-Wall to cover this region.

Another part of this work was the optimization of the PANDA spectrometer,

and the comparison of two different tracking systems. The PANDA collabora-

tion proposes the study of the p̄p→ ΛΛ̄ channel in simulation as a benchmark.

The goal is to take advantage from this channel for the calibration of the spec-

trometer and the choice of different detector solutions currently under study.

Beside that, the physics program offered by the ΛΛ̄ pair production is of pri-

mary interest for the collaboration. Apart the extraction of the polarisation

observables, the idea is to move further to higher antihyperon-hyperon state

production. The main difference of this spectrometer with respect to HADES

is that it will be optimized also for secondary track reconstruction. This could

improve the results obtained by previous experiments and give the possibility

to increase the statistic sample. For this reason the choice of a proper tracking

system is crucial for the experiment. These studies pointed out that the TPC

tracking solution could be the prefered one, in the case the offline software can

really reduce the track pileup, which comes from peculiar characteristics of the

TPC detector. The STT tracker option seems to be more stable and to en-

sure a proper data handling. However, one has to know that the probability

of multiple scattering increases in this scenario. In the simulation environment

these two tracking options were deeply checked with the help of the reaction

p̄p → ΛΛ̄, and compared. The feeling is that the TPC detector is really a

powerful detector, but it still needs some optimizations.

The simulation studies also have shown some limitations in the reconstruc-

tion software. Some of them were already solved during this period, while some

other need more dedicated studies.

In the p̄p→ ΛΛ̄ scenario, since no real data are available from PANDA, the

idea is to develop an offline analysis that is able to remove the highest part of the

background at really early stages. This is done in order to collect more statistics

on the events under study, and to limit the dimension of the needed storage disk

space. During this work many tests were performed in order to recognize the
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reconstruction capabilities of the spectrometer, and how far one can go in the

observable extraction. Studies on the Λ weak decay and polarisation were also

started, but at the time of the publication of the Technical Progress Report the

software status, which is reflected into this work, still needed optimization.

So, it is possible to state that the GSI facility can play a role in the hyperon

physics, now with the results obtained by the HADES spectrometer and in

future with the PANDA detector. The investigations on the Λ hyperon and the

hyperon excited states can lead to very interesting results, and many possibilities

are disclosing for further analysis.
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Appendix A

The Drell − Y an AB Event

Generator

Part of the work of this thesis was the implementation of a Drell-Yan event

generator in the so called “old framework” of PANDA. After the implementa-

tion, preliminary tests were performed in order to check the integrity of the

simulation code. A description of the generator, and of the performed tests is

given in this appendix.

A.1 The Drell − Y an Event Generator

The Drell-Yan AB (DY AB4) [78] event generator, written for the PANDA col-

laboration by Prof. A. Bianconi, Universitá degli Studi di Brescia, Italy, is

suitable for Drell-Yan (DY) pairs study. The Drell-Yan process is a process

in which two quarks, one coming from the beam particle and the other from

the target particle, interacts and annihilate together to form a virtual photon;

the virtual photon, then, creates a lepton pair (electrons or muons). The code

generates DY muon pairs in p̄ and π− interactions with unpolarized and po-

larized nuclear targets. The Drell-Yan production cross section is taken from

experimental data [82, 83]. The events are sorted by a flat distribution of the

variables x1, x2, PT , ϑ, ϕ and ϕS and then accepted or rejected on the base of
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a cross section with form:

dσ

dx1dx2dPTdΩ
=
K

S
· S(x1, x2) · S ′(PT ) ·A(ϑ, ϕ, ϕS) (A.1)

where x1 and x2 are the projection of quark momentum (pq) of the beam

and of the target respectively on the momentum of the parent hadron (ph),

PT is the transverse momentum of one hadron with respect to the other in the

hadron center of mass frame, influencing the phase space distribution [84]; ϑ,

ϕ and ϕS are the angular distribution in the Collins-Soper frame (the virtual

photon rest frame) shown in fig. A.1; S is the center of mass squared energy;

A is the Collins-Soper frame angular asymmetry of the form 1+....., where the

corrections to “1” are within 10% [78]. In this version of the generator only

Figure A.1: Virtual photon rest frame, so-called Collins-Soper frame.

contribution of the kind sin(ϕ + ϕS) are considered and did not include other

effects like the Sivers effect (sin(ϕ − ϕS)), that will be implemented in future

releases. The description of this model is exstensively explained in the references

[82, 83].

As output, the code reports µ+ and µ− energy, theta and phi variables,

stored in the file event.dat. The obtained output has to be run through a ROOT

macro, that creates an output readable by the PANDA simulation software. The

conversion macro was also subject of this thesis.

This generator is already in use by the COMPASS [64] experiment for their
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future π− beam measurements.

A.2 Preliminary Tests

An event generation with the p̄ beam at a momentum of 15 GeV/c was per-

formed in order to test the output of the generator. The results are shown in

fig. A.2 and A.3.

Figure A.2: Momentum, theta and phi distributions for the generated µ+ (up)

and µ− (down) for a p̄ beam momentum of 15 GeV/c.

In fig. A.2 the momentum, theta and phi distributions for the generated µ+

and µ− for a beam momentum of 15 GeV/c are shown. It is possible to notice

the broad momentum range of the produced muon, from few MeV/c up to 15

GeV/c. In fig. A.3 the ϑµ+ in function of ϑµ− and ϑµ+ − ϑµ− in function of ϑµ+
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Figure A.3: ϑµ+ in function of ϑµ− (up) and ϑµ+ − ϑµ− in function of ϑµ+

(down) distributions at different muon energy cuts for the generated µ+ and µ−

for a p̄ beam momentum of 15 GeV/c.

distributions at different muon energy cuts, 1 and 3 GeV, are shown. It is clear

that the muons are boosted in the forward direction as soon as their momentum

increases and for this reason very efficient muon stations in the FS are required.

In the ϑµ+ − ϑµ− in function of ϑµ+ distribution, instead, the ϑµ+ − ϑµ− should

lay on an ideal line around the 0 value. This does not happen expecially at low

ϑ values, so it indicates that there is still room for optimization in the generator.
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Appendix B

The New Muon Detector Design

Part of the work of this thesis was the first implementation of a muon detec-

tor design based on plastic Iarocci tubes in the so called “old framework” of

PANDA. A preliminary test of the implemented design was performed using

single muons events generated in the whole solid angle. The muon detector

design and the performed test are here presented.

B.1 The Muon Detector

During the period of this thesis it was also implemented a new version of the

muon detector, with respect to the one used for the simulation of the p̄p→ ΛΛ̄

benchmark channel.

It was decided to implement the first version of the mini drift tubes (MDT)

option, based on an evolution of the plastic Iarocci tubes [71]. The MDT

have the same basic geometry of the Iarocci tubes but they operate in drift

mode instead of streamer, and they replace the plastic cathode with a metallic

one. This muon detector option combines Iarocci tubes (MDT) and plastic

scintillator strips (PSS) for a better muon tracking.

A drift cell is 10 mm wide and 10 mm depth with a variable lenght depending

on its position inside the PANDA setup. The lenght of the tubes is designed to

be 350 cm in the barrel side, 276.1 cm and 350 cm for the barrel endcap, from
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0 to 139.5 cm and at 265 cm downstream respectively. The barrel endcap has

two different tube lenghts to fully cover the forward direction of the TS in a

rectangular shape; a hole is left for the forward region of the spectrometer (from

0◦ to ±5◦ and ±10◦ in vertical and horizontal planes respectively). Another

muon plane is placed 580 cm downstream with the same concept of the endcap

region, in order to fully cover the region behind the dipole. The lenght of the

tubes here varies from 4.2 m to 6 m. The last muon detector plane is placed at

the very end of the hadronic calorimeter (990 cm downstream) and the lenght

of the tubes is 200 cm covering the remaining area.

The MDT are formed by modules of 8 drift cells and filled with a mixture

of CF4:CH4 (90:10). Every drift cell is delimitated by an aluminum profile of

0.44 mm, and in the middle of the cell stays the anode wire, composed by 50 µm

gold plated tungsten. The stainless steel cover on the top is not used, in order

to use the induced charge on the strip detector to read the second coordinate of

the hits. Every module is then packed into a Noryl plastic rectangular envelope,

here simulated as Mylar, 0.8 ∼ 1.0 mm thick. This geometry is presented in fig.

B.1 and it was already succesfully used by the COMPASS experiment [64].

Figure B.1: Geometry of the COMPASS [64] and PANDA mini drift tubes

(MDT).

The PSS strips, fig. B.2, are placed on the top of the tubes, with a perpen-

dicular orientation with respect to the MDT direction. The sensitive part of the

strip is made by Copper, 0.05 mm thick, and it is placed directly on the Mylar
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covering the Iarocci tubes. A 2 mm layer of Fiberglass G10, used as insulating

material, is placed over the Copper layer. Then another layer of Copper of 0.05

mm is placed on the Fiberglass, grounded in order to allow the detection of the

induced signal. Every PSS is 1 cm wide and 2.1 mm thick; their lenght depends

on the position inside the PANDA spectrometer and it follows the MDT design.

Figure B.2: Geometry of the PANDA plastic scintillator strips (PSS).

The foreseen number of MDT and PSS units is summarized in the table B.1.

Position MDT Units PSS Units

Barrel 1344 2800

End Cap 296 1304

Dipole 408 1632

Hadronic Calorimeter 412 230

Total 2460 5966

Table B.1: Units of MDT and PSS foreseen for one layer setup of the muon

detector option.

The Geant4 design of the detector is presented in fig. B.3 with two orienta-

tions, to make the muon station design more clear. The MDT and the PSS are

indicated in red and green respectively; the beam goes from right to left.
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Figure B.3: Muon detector design in GEANT4; in red the MDT are shown

and the green indicates the PSS. The beam direction is indicated by the dashed

lines.

To check the Geant4 simulation a set of 10000 single muons, isotropically

produced, were propagated in the spectrometer. In fig. B.4 the x, y and z

coordinate distributions of every hits in the detector are shown.

This part of the work was supported by the University of Torino. Many

thanks go to Stefano Mangosio, which I worked with on the muon stations

setup implementation, Prof. M.P. Bussa and Prof. M. Maggiora.
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Figure B.4: Simulation of single muon events; when a muon crosses the sen-

sible part of the detector it leaves a hit. The x, y and z coordinates of every hit

are displayed.
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che l’universo a Dio fa simigliante.

Qui veggion l’alte creature l’orma

de l’etterno valore, il qual è fine
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