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Abstract

The work was carried out in the framework of the KLOE colladt@n studying the
decays of thes meson produced in the BBNE accelerator in the collisions of electron
and positron.

The main aim of this thesis was investigation of the influeocthe merging and
splitting of clusters in decays with the high multiplicity @ quanta, which are at most
biased by these effects. For this aim we implemented thegidimetry and realistic
material composition of the barrel electromagnetic cateter in FLUKA package. The
prepared Monte Carlo based simulation program permitshee®ae a fast generation of
the detector response separately for each interestedoreadthe program was used to
study the reconstruction efficiency with the KLOE clustgralgorithm as a function of
the photocathode quantum efficiency.

It was also used to investigate merging and splitting proib@s as a function of
the quantum efficiency. The conducted studies indicatedttigaincrease of quantum
efficiency does not improve significantly the identificatminclusters. The influence of
these effects was estimated fpmeson decays intor3 and K,;,,, meson into 2°.






"The next question was - what makes plan-
ets go around the sun? At the time of Ke-
pler some people answered this problem by
saying that there were angels behind them
beating their wings and pushing the planets
around an orbit. As you will see, the answer
is not very far from the truth. The only dif-
ference is that the angels sit in a different di-
rection and their wings push inward.”

Richard Feynman (1918 - 1988),
Character of Physical Law
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1 Introduction

Nowadays, elementary particles and interactions among tre described in the
framework of the Quantum Mechanics and Standard Model.sTddhese theories and
of fundamental symmetries like C, P, T and their combinatiare therefore crucially
important for understanding the phenomena in the world ofigdes [1]. Experiments
aiming at the determination of the patrticle properties aratch for processes beyond the
applicability of the domain of the Standard Model are condddn many particle physics
laboratories.

Such studies are carried out also in the Laboratori Nazi@idtrascati (LNF) by
means of the electron-positron collider DAE and the KLOE detector setup. The KLOE
group has taken data at the colliding electron-positromteresf-mass energy correspond-
ing to the¢p meson mass. The main objectives of the KLOE experimentarpro are:
investigations of the decays of kaons produced in pairs ftmrdecays of the meson,
the radiative decays of themeson, the rare branching ratios of ¢heeson and the light
mesons particle properties. One of the interesting exafopldhe pseudoscalar mesons
decay is the G-symmetry violating — 7%+~ process whose branching ratio cannot be
described neither in the framework of the Chiral Pertudoafiheory nor by the Vector
Meson Dominance Model.

At present KLOE detector is being upgrated in order to imprthe possibility of
the reconstruction of the decays of thg mesons. In particular in order to investigate a
CP-violatingKKg — 37° decay [2].

Then — 7%y andKg — 37" are examples of highly interested channels which
are however very challenging to study experimentally duthéolarge number of the
quanta in the final state. This fact is caused by difficultiethe rejection of background
channels due to merging and splitting of clusters [3]. Faneple, for the first mentioned
reaction a background channebjis— 37° with two merged clusters leading to the same
topology as in the case of the— 7%yy — 4+. And in the case of th&(s — 37° the
background constituesids — 27° reaction with two splitted clusters.

In this diploma thesis we investigate the influence of thegimgrand splitting of
clusters on decays with the high multiplicity efquanta, which are at most biased by
these effects. For this aim we implemented the full geomatiy realistic material com-
position of the barrel electromagnetic calorimeter intdJKA package. The prepared
Monte Carlo based simulation program permits to achievetegeneration of the detec-
tor response separately for each interested reaction.

In chapter 2 we will describe the BBNE collider and the KLOE detector.

Chapter 3 comprises description of the vertex generated tssimulate the kine-



matics of physical decays, and the description of the pBysiadels used by the FLUKA
Monte-Carlo program for the generation of nuclear, hadramd electromagnetic reac-
tions. This chapter includes also description of impleragon of materials composition
and geometry of the barrel calorimeter in the FLUKA MontelGar

Chapter 4 presents a calibration of the DIGICLU program dsethe reconstruc-
tion of the photomultiplier response and for the clusteogegtion. This chapter includes:
i) preparation of the data sample fete~ — ¢ — 1y — 3 reaction, ii) estimation of
the attenuation length for scintillating fibers, iii) catittion of ionization deposits and im-
plementation of the threshold formula to the source code.

In chapter 5 we describe effects of merging of clusters)fes 37° as a background
for then — 7%y~ channel and splitting of clusters fég¢s — 27° as a background for
K5 — 37 reaction. Further on reconstruction efficiency with the KL Glustering algo-
rithm as a function of the photocathode quantum efficiengyesented. Finally, merging
and splitting probabilities as a function of the quantuncedficy are studied.

Chapter 6 summarises the whole thesis and brings the camtéusnd remarks.

This thesis is supplemented with appendics where sectiaegepts a kinematic fit
procedure and section B generally describes Monte Carladdist In appendix C energy
distribution for~ is presented. Section D presents a time distribution f@isiand multi-
gamma hits. The sections E and F contain an estimation obpility for multi-gamma
hits at a single calorimeter module and example of the eesainstruction for the process
ete” — ¢ — ny — 31’y — 7, respectively. The G section comprises a description
of the energy deposition in the barrel calorimeter as a fanaif azimuthal angle and the
last section presents definition of the used coordinatesyst



2 KLOE2 at DA ®NE experimental facility

The KLOE (Klong Experiment) detector is installed at the interaction poinht o
the electron and positron beams of the ®E (Double Annular ¢-factory for Nice
Experiments) collider operating in the Laboratori Nazion@aFrascati (LNF).

It has been designed with the primary goal to measure the GRtian param-
eter R(%) [4] with a sensitivity of one part in ten thousand by using thouble ratio
method [5].

This detector was fully constructed by the end of the yeaB812p and since then
it was taking data for seven years. The experimental progvasicompleted with in-
tegrated luminosity of 2.5 fii obtained predominantly with the center-of-mass energy
equal to the mass of themeson (/s ~ M, = 1019.456:0.020 MeV [6]).

Table 1: Main decays of the meson [59].

| Decay | BR(%) |
o — KTK~ 49.1
¢ — KsKj, 33.8
¢ — prlntr7r— | 15.6
o — ny 1.26

The cross section for the production of theector meson is large and amounts to
olete” — ¢) =3.1ub.

The ¢ meson decays predominantly into pairs of neutral or chakgeds
(see Table 1).

2.1 DA®NE collider

DA®NE at Frascati consists of two intersecting crossing acatederings, one for
positrons and one for electrons. The main®ME parameters are presented in Table 2,
and scheme of the facility is shown in Fig. 1.

Table 2: The main characteristics of the DNE collider [7].

| Parameter | Value |
Energy [GeV] 0.51
Trajectory length [m] 97.69
RF frequency [MHZz] 368.26
Bunch length [cm] 1-3
Number of colliding bunches 111
Emittanceg, [mm-mrad] 0.34




Positrons and electrons are accelerated in the LINIAG gar Accelerator) which
delivers electron or positron beams in the energy range 6o 725 MeV with inten-
sities varying from10'° particle per pulse down to a single-electron [7]. This 60eret
long accelerator is the heart of the DAE injection system. It is an S-band machine
(2.865 GHz) which delivers 10 ns pulses at a repetition r&e0oHz. Electrons, after
acceleration to final energy in the LINAC, are accumulateti@oled in the accumulator
and transferred to a single bunch into ring. Positrons redirst accelerating of electrons
to about 250 MeV to target in the LINAC, where positrons areated. Afterwards the
positrons follow the same accelerator elements as elecffign Positrons and electrons
after acceleration and accumulation process run aroundastorage rings and hit in the
collision points. This facility is called a FrascdatiFactory complex because it was able
to produce about 3.3 bilions @fmesons during the years from 2000 to 2005. The KLOE
experiment was located in one of the two collision points AGDIE collider, whereas
the second collision point was alternatively occupied by tther experiments: DEAR
[8] and FINUDA [9].

At present a new e~ interaction region is being constructed [10] in order to in-
crease the collider luminosity up to an order of magnitudenf1G?cm-—!s—2
to~ 10*3cm 1s2[3].

LINAC ? &—‘)

~ {Accumulator

[oo" \3‘
(
10 m }\a
W “,‘..oj

Figure 1: Scheme of the BBNE collider. The figure is adapted from [1].

At the interaction point (IP) the beam pipe has the shape phare which is made
of a beryllium-aluminium alloy with 10 cm diameter and pfh thickness. The beryl-
lium, having a low atomic number, has been used to minimieertteraction of particles
produced at the interaction point with the beam pipe mdtg@ja
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2.2 KLOE detector

The KLOE detector, which is shown schematically in Fig. 2swlasigned for the
study of CP violation in the neutral-kaon system. It corssadttwo main elements: i)
an electromagnetic calorimeter (EmC) [11] for the detectd~y quanta, charged pions
and K;, mesons and ii) a large drift chamber (DC) [12] for the measam of charged
particles trajectories [13]. The drift chamber and the caleter are inserted in the field
of the superconducting coil which produces a magnetic fielcdltel to the beam axis
[11]. The field intensity is equal to 0.52 T [6].

SC.

7
G047

NG NS Y/A/%
ég“f/%- 7 N\ /@k\;&\\s /.
e 2 13%) 78

6 m

%

Figure 2: The KLOE detector. For the description see text.
The figure is adapted from [3].

The radius of the active part of the KLOE detector is two neet&his size enables
to register about 40% decays of neutral long-lived kaons [d]the near future KLOE
will be upgraded by inner tracker and tagger in order to improve its tracking
capabilities [3].

2.2.1 Drift Chamber

The KLOE Drift Chamber (DC) [12] consists of 12582 drift @e(Px2, 3x3cm?)
arranged in 58 cylindrical layers surrounding the beam.pifee diameter and length of
the DC is equal to 4 m and 3.3 m, respectively [14]. It is filleth®0% helium and 10%
isobutane gas mixture, giving a radiation length (gas + syiegjual to 900 m. Charged
particles traveling through the drift chamber are ionizgag medium and then electrons
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created along the patrticle trajectory drift to the wireshwpbsitive voltage. A multipli-
cation mechanism causes detectable signal at the wire’$l¢ndhe DC measures the
K, s charged vertex with- 1 mm accuracy. It provides fractional momentum resolution
of %” ~ 0.5% for low momentum tracks. It is transparenttdown to 20 MeV and limits

to acceptable levels th€® regeneration and® multiple scattering.

Figure 3: Photo of the KLOE drift chamber. The figure is addftem [15].

The hit position resolution is 150m in the central part of the cell, increasing close
to the wire and towards the cell boundary. The spatial ré®woiun the "¢ coordinate”
(azimuthal angle) is well below 200m. The hit identification efficiency is larger than
99%, whereas the efficiency for associating an existingdirdck amounts to about
97% [14].

2.2.2 Electromagnetic Calorimeter

The KLOE calorimeter is made of the lead layers with aboutrif2 thickness
(200 layers per 1 module) which are filled with scintillatifigers of 1 mm diameter.
The whole electromagnetic calorimeter (EmC) consists idehmain parts: barrel and
two endcaps. Barrel (Fig. 4) is composed of 24 modules wéapezoid shape of 23 cm
thickness aligned with the beams and surrounding the divéfrioer detector. Endcaps are
situated over the magnet pole pieces (see Fig. 2) and heattgttlose the calorimeter
with 98% of 4r [1]. Each of the two endcaps calorimeters consists of 32catmodules
with length ranging from 0.7 to 3.9 meters. The endcap madaie bent and their cross-
section with plane parallel to the beam axis is rectangultr thickness of 23 cm [16].

The volume of the calorimeter consists of 50% fiber, 40% laadl E0% of glue.
The measured performances for this detector are: full effey for quanta from 20 to

500 MeV (4] (1) ~ L ema() ~ 2T oft) ~ A
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Figure 4: Photo of the KLOE calorimeter. One sees 24 moduiéseobarrel and the
inner plane of the endcap. The figure is adapted from [15].

2.2.3 Upgrade of the KLOE detector

At present the KLOE detector is being upgrated in view of tbes experimental
program which will extend the studies to the more precisesmesment of théds mesons
and the production of meson in the fusion [3]. For this aim a vertex detector and the
~v-tagger [17] are being built [26].

Vertex Detector

In the KLOE detector the first hit was measured by drift chamndiea radius of
28 cm from the interaction point (IP) [3]. Therefore in ordeimprove the resolution of
the determination of th&'s andK';, decay near the interaction point a new vertex detector
Is constructed [17]. This detector consists of five concetayers of cylindrical triple-
GEM (C-GEM), completely realized with very thin polyimideils [20-22,18,19]. The
scheme of the vertex detector is presented in Fig. 5.

70 cm

e+

Figure 5: Schematic view of the vertex detector. The figuedepted from [3].
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It will be made of light materials in order to minimizeabsorbtion. The resolution
on r-p surface is expected to be around 208 and on z coordinate about 50 [23].

vy tagger
The main task of this detector is the detectionetfand e~ from ~~ reactions

emitted at small angle [23,43] with the widest possible gpeanges.~~ tagger will
provide information on the angle and the energy of the saaitelectrons and positrons
[24] and hence it will permit to study the production of mesan v~ fusion via the
reaction:

efe” —wefe 'y —efe” + X, (1)

where X is some arbitrary final state allowed by conservatiaws. The tagger consists
of microstrip silicon detector and plastic scintillatordoscope.

New QCAL

The upgrade of QCAL detector (Fig. 6) [25] was needed, bex#us interaction
region was modified and in the present scheme the angle betwadieding beams has
been increased from 8 to 18 degrees, which practically éeslthe possibility to use the
existing QCAL calorimeter [26]. The schematic view of uppart of the previous QCAL
detector is presented in Fig. 6.

Pb layers (1.9 mm)

Scintillator tiles {1 mm)
and WLS fibers

Figure 6: Schematic view of the QCAL detector. The figure izgdd from [25].

The upgraded detector, with improved position resolutwaifi,allow to extend the
search fork';, — 27° events also in case when three photons are reconstructeslimiC

14



and one photon in QCALT, thus strongly reducing the coroector acceptance [26] and
the contamination fronk’;, — 37° when some photons hit the detector.
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3 Simulation tools

In this chapter we will describe tools used for simulatiohsignals in the EmC.
To compute the physical response of the barrel calorimetesipplied the following pro-
grams: i) VERTEX GENERATOR which simulates kinematics dof ffhysical reactions
i) FLUKA package which reproduces particle interactiompgagation and a realistic
light output in the scintillating fibers, and iii) DIGICLU oenstruction program which
simulates the response of photomultipliers and reconstreigergy and time for parti-
cles hitting the calorimeter. FLUKA package is mostly usedidéw energy physic, like:
hadronic interactions, medical science, neutrino bearalsition or in dosimetry science.
Using FLUKA we can achieve accurate description of the pig/grocesses in the KLOE
detector.

3.1 Vertex generator

In order to enable a fast simulations of the meson decay®iKKHOE detector we
have prepared a "vertex generator” for simulations of thal itate momenta of the decay
products. This program is compatible with FLUKA Monte Carlo and simumels decays
of ¢ meson to channels with, " and kaons. It is based on the CERN library procedure
GENBOD which generates four-momentum vectors of partitidbe final state which
are homogenously distributed in the phase space [27]. ®blgpermits to calculate four-
momenta of final state particles in the rest frame of the dagagbject. Additionally we
implemented an angular distributiohig%%) for v quanta from the radiativeé meson
decay ¢ is a vector meson with spin = 1). At present, for the purposthisfwork the
generator can simulate six below listed reactions:

l.etem - ¢ —ny— 3y,

2. ete™ — ¢ — 0y — 310y — T,
3. ete” = ¢ —n'y— 3y,

4. ete” — ¢ — 'y — 370y — T,
5. ete” — ¢ — KgKp

6. efe” — ¢ — w0y — 3.

It is however constructed in a way which enables an easy mmgheation of any further
process.

1In our group this generator is called jjpluto.
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3.2 FLUKA - a multi-particle Monte Carlo transport code

This section is based on the informations given in refereiiz®,32]. FLUKA is
a multipurpose transport Monte Carlo code, able to treatdmatladron, hadron-nucleus,
neutrino, electromagnetic, apdnteractions up to 10000 TeV [28]. Also the transport of
the charged particles is well recreated (handled in magfietd too). This Monte Carlo
is based, as far as possible, on orginal and well tested stopic models. Due to this
"microscopic” approach to hadronic interaction modellimgch step is self-consistent
and has well confirmed physical bases [28]. FLUKA can be usedalistic simulations
involving following physical effects:

Hadron inelastic nuclear interactions - are based on resonance production and
decay below a few GeV, and above on the Dual Parton model. FA.d&nh also simu-
late photo-nuclear interactions (described by Vector Md3ominance, Delta Resonance,
Quasi-Deuteron and Giant Dipole Resonance models) [29].

Elastic Scattering - this process is accomplished with tabulated nucleoneuscl
cross sections. Tabulated are also phase shift data forgsaion and for kaon-proton
scattering [29]. To this Monte Carlo also parametrised emcinucleon cross-sections
were implemented.

Nucleus-Nucleus interactions- are treated through interfaces to external event
generators. From 0.1 to 5 GeV per nucleon a modified RQMD isl,ustereas for
higher energies DPMJET generator is applied [30].

Transport of charged hadrons and muons- a code can handle electron backscat-
tering and energy deposition in thin layers even in the few &eergy range. The energy
loss is simulated with Bethe-Bloch theory with account fpinseffects and ionisation
fluctuations [29].

Low-energy neutrons- for neutrons with energy lower than 20 MeV, FLUKA uses
neutron cross-section library, containing more than 14f@mint materials. The trans-
port of these particles is realised by simulation of the déad multigroup transport with
photon and fission neutron generation [29]. Detailed kirntersaf elastic scattering on
hydrogen nuclei is implemented too.

Electrons - FLUKA uses an original transport algorithm for chargedtigées, in-
cluding a complete multiple Coulomb scattering treatmewing the correct lateral dis-
placement even near boundary. The Landau-PomeranchuttaMigppression effect and
the Ter-Mikaelyan polarisation effect in the soft part of hremsstrahlung spectrum are
also implemented. Electrons are propagated taking intouat@ positron annihilation in
flight and Moller scattering effects.

Photons - to reproduce photons physics the following effects werpl@mented
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to this Monte Carlo: pair production with actual angulartdisition of electrons and
positrons, Rayleight scattering, photon polarisatioaaffphoto-hadron production, Comp-
ton effect with account for atomic bonds through use of istetaHartree-Fock form fac-
tors.

Optical photons - generation and transport is based on Cherenkov, Sctidiland
Transition Radiation.

Neutrinos and muons- FLUKA package includes also cosmic ray physics [31]
and can simulate muons and neutrinos interactions. Thlddased for basic research
and applied studies in space and atmospheric flight dosiraett radiation damage [31].
Interactions are implemented independly of tracking ptoces [29]. By default they are
tracked without interactions [29].

3.3 Implementation of the calorimeter material composition in FLUKA

The Monte Carlo code FLUKA is used to determine the positiiome and energy
of the ionization deposits in the fibers caused by particlésb the calorimeter. We
used the FLUKA "lattice” tool to design the fiber structuretbé calorimeter module
[32]. In the base module the calorimeter is simulated inibgtee Fig. 7), both under the
geometrical point of view and with respect to the used mailteri

LEAD
base module

Q

GLUE FIBERS
replicas
200 layers

Figure 7: Details of the implementation of the calorimegsdrs [33].

The calorimeter is built out of lead, plexi and glue [34] whiire composed as follows:
e lead compound is made of Pb (95%) and Bi (5%),

¢ the scintillating fibers are made of Polystyreng i),

18



e the glue is a mixture of the epoxy resifiH,0, p = 1.14 g/cni) and hardener
(p = 0.95 g/cm) constituting 72% and 28% of the mixture, respectively.

The hardener has been simulated as a mixture of severaliaigighich composition is
given in Table 3.

Table 3: Composition of the hardener mixture [34].

| Compound formula | fraction |
Polyoxypropylediamine C;H,O3 | 90%
Triethanolamine CeH1505 7%
Aminoethylpiperazine | Cs¢H5N3 | 1.5%
Diethylenediamine CyHioN; | 1.5%

The module consists of two types of scintillating fibers: tEray” and "Pol.hi.tech”.
The first are implemented until a depth of 12 cm and the remgipart of the module is
built with "Pol.hi.tech” fibers [34]. A proper attenuatioeright parameter for fibers mate-
rial in order to calculate a light intensity at each side @timodule was taken into account.
The attenuation function of fibers was described with thievahg formula [34]:

B:A-e_*il%—(l—A)-e_%, 2

where y is distance between the place of deposited energyhanphotocathode. The
attenuation factor B is the ratio between detected and gaeelight signal which changes
as a function of the distance (on y axis) from the generatmntpo the photocatode. The
value of the parameters for "Kuraray” and "Pol.hi.tech” ah®wn in Table 4.

However, it is worth mentioning that, as we will show in thexnehapters the data
can be also well described using this formula but with onlg erponential function.

Table 4: Fibers parameters.

| | A [ Xxcm]| A cm]
Kuraray 0.35| 50 430
Pol.hi.tech| 0.35| 50 330

The energy deposits are computed by FLUKA [35] taking intocamt the Birks
effect [36] (see equation 3), that is the saturation of thktloutput (L) of a scintillating
material when the energy release is high [35]. For high diexssdf energy deposition, due
to the quenching interactions between the excited molsaileng the path of incident
particles, the light output is not changing linearly witle ttnergy deposition but instead
it can be described as [37-40]:
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dL k- 4E
= L (3)

dx [1+01~%+02'(%)2]’
This law describes the light output of (organic) scintibiet [40,39]. The "k” constant
depends on the particle type, and is in the order of 0.01g\MaV !, and the parameters
c1 ande, are equal to [33,41,42]:

e = 0.013cn? Mev!,
s = 9.6x107%cm® MeV—2.

3.4 Implementation of the whole geometry of the barrel caloimeter in FLUKA

FLUKA simulation package is mostly used in low energy phygsior example
in: medical science, dose evaluation, neutriono beam sithoul and for simulations of
the low energy hadronic interactions. Therefore, the @moygrs especially suited for
simulations of the response of the KLOE electromagnetioraakter, because at KLOE
experiment we deal with particles in the rather low energngeaup to 1 GeV.

The main idea for implementation of the geometry of the KLOd#edtor with
FLUKA was proposed by Giuseppe Battistoni [44]. It was fiesilized for one calorime-
ter module with rectangular shapevith accurate description of materials. The base cell
with dimensions of 52 cnx 1.2 mmx 430 cm consists of the lead block filled with 385
scintillating fibers and glue cylinders. This cell was repted 199 times (using FLUKA
lattice tool) to build 200 layers forming the calorimeterauote (see left panel in Fig. 8).

Ouir first step in the way to implement the whole barrel of eteoagnetic calorime-
ter into FLUKA was the extension of the rectangular modulehi® realistic trapezoid
shape. This was achieved by declaration of a new base cdlstmy of a scintillating
fiber and glue cylinder both inserted into a small block ofile@he length of the cell is
equal to the length of the module (4.3 m) and its cross sectomesponds to the square of
1.2 mm, where the fiber diameter is equal to 1 mm and width ofthe cylinder equals
to 0.1 mm. Then this new base cell was replicated about 4@@stio build two triangu-
lar sections on the left and right side of the module. A congplésualisation of the new
trapezoid geometdyis shown in Fig. 8. In order to raise our confidence to the fiondig
of the programs we have simulated energy deposits in a statpeimeter module for the
reaction:ete™ — ¢ — ny — 37% — 7.

2Implementation to FLUKA package was done by: G. Battist&iDi Micco, A. Ferrari, A. Passeri
and V. Patera.

3Visualization is based on the FLUKA sources and preparatusiFLAIR (FLUKA advanced visual-
ization geometry tool) [45].
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Figure 8: Cross section of the EmC module with rectangulalr teappezoid geometry.

Visualization by the FLAIR program [45] using as an input aetry setup files of
FLUKA.

0 10 20

The results of these simulations for 20000 events are shoWwigi 9.

A trapezoid structure which was built with a realistic lighttput from the scintil-
lating fibers can be easily recognized. One can also seesleipected the most energy
deposits are observed in the bottom part of the module.

25

20

Z [cm]

-5
-10 0 10 20 30 40 50 60

X [cm]

Figure 9: Distribution of energy deposits in scintillatifigers of a single unit of the
electromagnetic calorimeter.

As a next step, it would be natural to replicate 23 times thiindd geometry for one
module and to build a full barrel of the electromagnetic dateter. This task was unfor-
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tunatelly impossible to realize with present version of KA [32] because this version
doesn’t permit to replicate the region which had been rafid before. It is due to the
fact that the lattice replication on the second and highezléeis not implemented yet.
This is the reason why geometry was built in another, unfatelly much more compli-
cated way.

The barrel was first defined as 24 empty volumes (containgrgne of these vol-
umes we implemented the base cell which described one ldyead, fibers and glue.
This cell was replicated 199 times in this volume, to builceatangular section part of
the main trapezoid module (on the top in Fig.“1@nd these base cell was replicated 200
times in each of the remaining 23 modules. Next in the first moave filled the full
structure of lead, fibers and glue cylinder in the two trigngteas. These two regions
were then replicated at the corresponding positions ingheaming modules [46].

Fig. 10 shows a visualisation of the whole barrel calorimgeEometry made with
FLAIR [45]. The left panel of the next figure presents detafishe edge area, between
base module on the top and the first replicated area on thiesitgof it.

KLOE2 Barrel Calorimeter

-150

Z [om]

-200

=250

-300

=350

-400

-450
=200 -150 =100 =50 o 50 100 150 200 250

X [om]
Figure 10: Visualization of the 24 trapezoid modules of tlzerél calorimeter with
FLAIR.

In the right panel of Fig. 11 the energy deposits in sciritilig fibers for this area are
presented foete™ — ¢ — 1y — 37%y — 7+ reaction with statistics of 1000 events.

4FLUKA 2006 for GNU linux operating system.
5The same idea was used to build a single module with rectanghépe.
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Figure 11: Details of the implementation on the edge of twalubes.
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Figure 12: Energy depositions in fibers in the KLOE barrebdateter.

Using this geometry we are able to study in details energpsiepalso at the edges
of the modules of the calorimeter, where there are smalkasgthout fibers [47,48].

Finally in Fig. 12, as an example of the proper implementatibthe geometry we
show energy deposits in scintillating fibers in the wholea&lazalorimeter.

3.5 Simulations of the photomultipliers response

After simulation of energy deposits in scintillating fibexsth FLUKA program
we calculated amplitude of signals in photomultipliersngsDIGICLU program. This
program also enables to reconstruct the time, position aedyg for all readout segments
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(cells) of each calorimeter module [11]. Each module isdbd into 60 cells which are
situated in 5 layers and 12 columns (see Fig. 13). Each cedlid out on both sides by
photomultiplers. This segmentation provides the deteation of the position of energy
deposits in the calorimeter. Altogether, the barrel caleter consists of 1440 cells, which
are read out by photomultiplayers on two sides (referredsteide A and side B in the
following).

000/ 0o/0o/eo/ee/ee oo
10000 0o e eeeee
il0/0 0 oo e oo e eee
200oeeeeeeoeee
100/ 0/0o/e/e/oe e e

Figure 13: Schematic view of the readout cells structurehenane side of the barrel
module. Filled circles represent photomultipliers.

For each cell two time signalB#, T'? (digitized by the Time to Digital Converter
(TDC)) and two amplitude signalS“4, S (measured by Analog to Digital Converter
(ADC)) are recorded. The arrival timeand positions of the impact point along the
fiber direction (the zero being taken at the fiber center) isutated with the aid of times
measured at two ends as:

1 L
t(ns) = i(tAthB—tOA—t(?)—%, (4)
s(em) = g(tA B A By (5)

with ¢48 = ¢+b. 748 wherec*? are the TDC calibration constant§;” denotes overall
time offsets, L stands for length of the cell (cm) and v is tgbtlvelocity in fibers (cm/ns).
The energy signal is calculated according to the formula:
A,B A,B
EMP(MeV) = 5 =5 K, (6)
Smi
where.sS, ; are the zero-offsets of the amplitude scéflg;,; corresponds to the response
for the minimum ionizing particle crossing the calorimetenter and K factor gives the
energy scale in MeV, and it is obtained from signals of plsievith known energy.

The total energy deposited in a cell is calculated as the rakaalues determined
at both ends for each cell [11]. The energy read-out has heenated by including both
the generation of photoelectrons with the Poisson didiohuand the threshold on the
constant fraction discriminator.
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3.6 Description of the KLOE clustering algorithm

As we presented in the previous section the DIGICLU progranmukates pho-
tomultipliers response and reconstructs energy depassitipn and time for particles
passing through each cell. These values are used to reeograaps of cells (clusters)
belonging to particles entering the calorimeter. For timsaclustering algorithm is used
[11]. Ideally, to each particle it should assign exactly chester but in practice it is not
always the case. After the recognision of clusters the progreconstructs the spatial
coordinates and time of each shower with high accuracy,ewtrreconstruct the decay
vertex of theK;, [49]. In particular the algorithm is based on the followirigss. First for
each cell the position and energy of the shower is recorntstludlext preclusters are built
by connecting the neighboring cells in time and space inraimeecreate a full shower
[11]. Cells are taken into account in searching of prechsstaly if times and energy
signals are available on both sides, otherwise these cetl®i most cases are added to
the already recognized clusters [6]. Subsequently, pstsisi are splitted if the spread of
the time of the assigned cells is larger than 2.5 ns. On ther didind cells are merged in
one cluster if a distance between them and the center of gdoduster is less than 20 cm.
After this check the groups of cells are defined as clustelishwbosition and time are
computed as energy-weighted averages of the contribugitg) c
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4 Adjustment of the detector properties in simulations

In order to simulate a realistic response of photomultiplige have adjusted pa-
rameters used in the programme by comparing the output aflatians to results from
the experimental sample of events identifiedas ny — 3+ process.

4.1 Preparation of the data sample{te™ — ¢ — ny — 37)

At a first stage, an experimental data sample ford¢he — ¢ — 3+ reaction
has been extracted [50] applying the kinematic fit procedoithe 3~ events with the
following conditions:

3
ZEi = E¢,
=1
3
Zp%‘ = D¢,
i=1

T
ti—— — 0,
C

(7)

where, cis the light velocity, denotes the time of each reconstructed cluster astdnds
for the distance from the vertex collision point to the chustentroid positionE,; andp,
denote the total energy and momentum ofdéhmeson, respectively. The first and second
condition results from energy and momentum conservatit@srurhe third requirement
ensures that we take events which orginate only from thésamil point.

As a next step, the distributions of the square of the inmhnaass for pairs of the
~ quanta forete= — ¢ — 3~ process have been constructed. The results are shown in
the left panel of Fig. 14. The numbers were assigned toytheanta such that they are
ordered according to the increasing energy:< E, < FE3. Thus~s is the photon with
the highest energy and with the lowest. The right panel presents results of sinnuhat
for the following reactions:

l.eftem - —ny— 3y,
2. ete™ — ¢ — 7%y — 3y,
3. ete” = ¢ — 3y .

The blue bevel line and the vertical band at theass squared denote signals from the
first reaction.
The channel where meson decays ta"~ is described by the red line with value of
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Figure 14: The distribution of the square of the invarianssir~ pairs from
ete” — ¢ — 3v reaction from the experiment (left panel [50]) and from the
simulation (right panel).

m?v,7, equal to 0.018 Ge¥ And finally the green "triangular” region orginates from
reactions where meson decays directly toy3juanta.

For the further analysis we took all events from the verticand which are posi-
tioned below the red bevel line (see left panel in Fig. 14).[50

4.2 Determination of the simulation parameters

In this section we describe determination of the attenndeoagth for the scin-
tillating fibers, determination of the threshold functi@md calibration of the ionization
deposits in the electromagnetic calorimeter.

4.2.1 Estimation of the attenuation length of the scirttitig fibers

The first step for estimation of the attenuation length wassilection of events
corresponding to the — 7y — vy reaction and identification of monoenergetic
from the¢ — 7y radiative decay. In the next step we simulated the totalggngeposited
in cells of a given plane as a function of Z coordinate [51].

We used the following selection cuts:

1. Monochromatic photons (361 E, < 365 MeV) from¢ meson decay ,
2. | Z;econstructed_ Zﬁ/generated| <20cm .
The first condition guarantees that we take only events witjuanta fromy me-
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son decay directly. The second condition guarantees thaakesonly events where the
distance between position wheyeguanta hit the module in simulation and reconstructed
position of the cluster must be less than 20 cm.

The results for 5 layers are shown in Fig. 15. One can see igtabdtion of the average
energy depositions in cells are not uniform, and thereforée studies of the attenuation
length it is mandatory to divide the experimental data byMloate Carlo distributions.
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Figure 15: Simulation of the total energy deposits in cadisdach of the 5 calorime-
ter layers for they quanta from thep — 7~ decay. Courtasy of E. Czerwihski and
B. Di Micco [54].

In case of the first layer, which is the nearest one with regpdbe collision point,
the shape of the energy distribution is mostly related (thwle angular distributions of
the~ quanta from the — 7y, — 17273 decay, (ii) with the changes of the solid angle
distribution along the module, and (iii) with the changelad tnput angle into calorimeter
surface. The angular distributions for these particlepageented in Fig. 16.

The angular distribution for quanta from the> — 7y decay is described with the
formula: ”CTOS%’
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Figure 16: Simulated angular distributions for photonsrfi@action:
ete” — ¢ — ny — 3.

Interestingly, Fig. 16 indicates that alsagquanta from subsequentmeson decay
have still small contribution in the form of ctis

The decrease along the module of the solid angle as seentimmtéeraction point
is shown in Fig. 17.

The variation of the solid angle decrease the events popualaiwards the edges.
The third effect which play a role in this context is the angtavhich particle hits the
detector surface and hence the angle of the shower propagaée Fig. 18).
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Figure 17: The solid angle distribution as a function of tieahce from the center of the
module.
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Figure 18: Schematic view of the particle tracks for twoeléint entering examples.

Due to this fact in the first layer the energy deposited by srevn the middle of
the module is lower than on the sides. Therefore, in subsedagers relatively larger
fraction of the energy of the shower will be deposited in thedie of the module and less
on its sides. Hence, the shapes of distributions observeirl5 is determined by three
discussed effects: angular distributiomofiuanta, changes of the solid angle, and vari-
ation of the fractional length of the showers in the layera asction of the impact angle.
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Figure 19: The energy distributions as seen at one side ofmibdule: Monte Carlo
(left column) and experimental data (right column). Thevesrare described in the text.
Courtasy of Eryk Czerwifski and B. Di Micco [54].
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In order to achieve a uniform, energy deposition along thelufea simulated
energy deposit distributions (Fig. 15) were fit with secondeo polynominal functions
which were then used to normalize the experimental spenttda the check also sim-
ulated spectra were normalized in the same way. Fig. 19 mies® energy of signals
registered at one side of the module as a function of therdistbetween the edge of the
module and the hit position. In order to establish a valuéheflight attenuation length
(\) we fit to the spectra from Fig. 19 (right column) an exporeritinction:

E(y)=a-e*, (8)

with o and A being a free parameters [54]. The result of the fit is shownaak dlue,
continuous line in Fig. 19 (right column). The weighted aggs of attenuation length
determined at both sides (A and B) amounts to-622m and 40%#9 cm, for 1,2,3 layers
and for 4,5 layers, respectively. The result is shown as adashed curve in Fig. 19
(right).

As a next step the determined attenuation length were ussinaate the light
output at the edges of the module with the DIGICLU program.e Tésult is shown
in Fig. 19 (left). These studies were made to check if reduttisn simulations are in
agreement with results which were achieved from the experiad data sample. The
code of the lines is the same as in the right panel. The siediltd experimental spectra
are in very good agreement except a region below 50 cm andead@¥ cm. This is
due to the fact that this part of the barrel is situated bettiedendcap modules. And in
the simulations presented in this thesis only a barrel datieocalorimeter is taken into
account. Furthermore we tested also a fit with a function with attenuations lengths
[34]:

E(2) —ar-€ M taye e, 9

The result is presented in Fig. 19 where left column indgagsults from simulations
and right column shows experimental data. As one can seepbetiented fits describe
the data well.

4.2.2 Parametrization of the energy threshold function

In the experiment the signals which amplitude is lower thgjivan threshold are
not read by the TDC board and information about their timesnissing. In order to
account for this effect in simulations the threshold cunaswletermined using the ratio
between the number of cells with time information over allscas a function of the cell
energy. This ratio is shown in Fig. 20.
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Figure 20: Ratio of number of cells with both time and enerngyal to total number of
cells with an energy signal. Courtasy of E. Czerwihski an®BMicco [54].

One can see that the distribution is not a step-like funchonrather a smooth
increase of the ratio in the range from 0 to 2 MeV is observdua: §hape of this increase
can be described by the Fermi-Dirac distribution [55752,

E—pn 1

f(B) = (1+e o)™, (10)

with free parameterg ando. A fit for the range of energy near the threshold resulted in
the following values:

o = 0.2644 £ 0.0068 MeV ,
i = 0.5648 £ 0.0087 MeV .

4.2.3 Calibration of the ionization deposits

The next step in the tuning of the simulation program is thgistchent of the
absolute scale of the energetic response of the calorintaiethis purpose we compared
results of simulations with experimental distribution akegy deposits in the calorimeter
module. The results for five layers are shown in Fig. 21 (leftimn).
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Figure 21: Comparision of energy deposits in 5 layers asriohted from simulation
(black line) and experiment (red line). The presented teswfore (left column) and
after (right column) calibration. Courtasy of E. Czervkihand B. Di Micco [54].
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One sees that the energy deposits reconstructed for seduéatents are much
smaller then for the experimental data. In order to correi discrepancy, the simu-
lated values of energy deposits were multiplied by the facft®.74. The shape of the
corrected spectra is in a very good agreement with expetahdistributions for each
layer (Fig. 21 right).

Next, correction was needed because the clustering digoribt always is able to
reconstruct the entire energy deposited in the clusterat’sTiwhy sum of energy deposits
which were simulated is greater than sum of energy in recoctstd clusters. For this
case a linearity correction was needed and it was obtain#drequiring straight line
with slope 1 (blue line in Fig. 22).
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Figure 22: Calibration of the simulated and reconstructest@y. Courtasy of
E. Czerwihski and B. Di Micco [54].

The red curve represents the situation before calibrastopé parameter is not
equal 1) and blue after. Applying the corrections descrilbetthis section we achieved
very good agreement between data and simulations of enesgpmnse of the calorimeter
when using FLUKA and DIGICLU procedures [54].
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5 Estimations of background due to the merging and splittingof photon clusters

The main motivation of this work is the estimation of mergargl splitting effects
for reactions like e.gy — 37° or K — 27° which may constitue background in studies
of then — 7%y and Ks — 37° reactions, respectively. In Table 5 we present a Branch-
ing Ratios (BR) for the main investigated reactions andtiertiackground channels.

Table 5: Branching Ratios for examples of studied reactasthe background
decays [59].

| Main Decay| BR (%) | Background Channgl BR (%) | Effect |
n — woyy (4.4+1.6)-107 n — 3° (32.51+ 0.28) | merging
Kg — 3" <1.2:107° Kg — 279 (30.69+ 0.05) | splitting
K; — 27 | (8.694 0.04)-1072 K — 3m° (19.56+ 0.14) | merging

In this Table one can see that all the background reactiovs maich bigger BR
(many orders of magnitude) than the investigated chaniiblstefore, even small merg-
ing and splitting effects may obscure considerably obsemvaf signals fromy — 70+,
Kg — 37% or K;, — 27° decays.

5.1 Merging of clusters fromn — 37° as a background for then — 7%y~ channel

The example of the merging effect, inducing a wrong clusteinting, comes from
analysis of the) — 7%y~ events [6]. The Branching Ratio (BR) for— 37 is by several
orders of magnitude more frequent than- 7°~~ (see Table 5).
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Figure 23: Invariant mass of four photons for the- 7’y events and for the — 37°
background with two merged clusters [6].
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In Fig. 23 a consequence of the merging of clusters is preddot the case when
67 quanta from 3" decay were reconstructed as 4 clusters. In this case thiotppof
n — 3m° becomes equal to that of the— 7%y~ reaction. And as a result on/dnvariant
mass distribution one can see a big peak from backgroundheharactly at the mass of
then meson [3].

The next very interesting example of reactions for whichbpgms with merging
of clusters is significant and which can be studied with thé&EL.calorimeter [11] is CP
violating decayk; — 27°. An example of such event is presented in Fig. 24.
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Figure 24: A CP-violatingg — K¢K, event. Theks decays intor™ 7~ very close to the
interaction point. Thek; decays intar’z° further away resulting in four photons which
are detected by the calorimeter [11].

The K5 meson decays intot 7~ near the collission point. Th&; meson decays
into 7°7° and then these pions decaying through electromagneti@aatien to 4/ quanta.
Those four photons are detected by the EmC. Thys— 37° — 6+ with two merged
clusters may obscure a signal from thig — 27 reaction.
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Implementation of the full barrel geometry into the FLUKAogram allowed us to
study the effect of merging and splitting quantitativelywddhereafter we will present the
results for the reconstruction of clusters from the- 37° and Kg — 27° in view of
the merging and splitting which estimation is crucial foe $tudy of they — 7%y~ and
K¢ — 37° decays.
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active cells distribution

Figure 25: Distribution of the number of active cells forectan:
ete” — ¢ — ny — 3w’y — 7~. Statistics is equal to 10 000 events.

The Fig. 25 shows a distribution of the total number of cellsch given signal.
Whereas distribution of the total number of preclusters tiedtotal number of recon-
structed clusters are presented in the next Figure.

The reconstruction possibilities of the clustering altfori are presented in Fig. 26.

One can see that the most probably the clustering algorigleonstructs 5 or 6 clus-
ters even though 7 photons had hit the detector.

The frequencies of reconstructed clusters are present&abie 6. One can see that the
topology of this channel could be interpreted both with quanta (15.13%) as well as
with 6 photons (23.26%). In the first case this channel coattstitute a background for

n — w%yy reaction (merging effect).
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Figure 26: Distributions of the reconstructed pre-clusi@geft) and total reconstructed
clusters (right), for reactiore*e~ — ¢ — ny — 37%y — 7. Statistics is equal to
10 000 events.

Table 6: Efficiency of the reconstructed pre-clusters anodtels for
efe” — ¢ — ny — 37y — Ty channel. Statistics equal to 10 000 events.

Number of reconstructed Frequency for| Frequency for
preclusters and clusters preclusters (%) clusters (%)
1 0.12 0.12

2 1.11 1.02

3 5.99 5.50

4 16.22 15.13

5 23.70 23.23

6 23.09 23.26

7 16.60 17.27

8 8.25 9.35

9 3.59 3.71

10 1.06 0.97

11 0.22 0.36

12 0.27 0.05

13 0.00 0.03

5.2 Splitting of clusters for Ky — 27° as a background for K — 37°

Splitting is related with the features of the EmC detectat ath reconstruction
possibilities of the KLOE clustering algorithm which notalys correctly reconstructs
positions and energies of particles interacting with detematerial and may assign more
then one cluster to signals induced by a single patrticle.

Fig. 27 shows that data withhyGguanta in the final state gives in most cases much
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lower x? when fit under the hypothesis of2then for the 3° hypothesis whereas for a
real 6y events originating from th&'s — 37° decay one expectg;, to be small andi3 .
to be large as it is seen in the sample of the M¢ — 37° data (Fig. 27).

| %2 Data )
,_.zn ) o MC KS —> 37[0

Figure 27: Disribution of the? variable determined undér® and27° hypotheses of the
MC K — 37 signal and of the data [3].

Therefore, theks — 27° — 4+ decay with two splitted clusters gives the same
event topology as expected for the, — 37° — 6+ reaction.

We investigated* e~ — ¢ — K Kg — K 27° — K 4~ reaction with condition
that all four~ quanta hit the barrel calorimeter. We performed approxonathat Kg
meson decays exactly in the collision point. However, wegssp that this approximation
hasn’t significant influence on the results because a disthetween collision point and
hit position at calorimeter surface is at least 2 meters. Y&egnt the distribution of the
active cells in Fig. 28.

We also investigated the distribution of pre-clusters aludters for this channel
(Fig. 29). One can see that in 18.08% a clustering algoritboomstructed 6 quanta.
Therefore for this case the topology of investigated chbwith 6 reconstructed photons
(two splitted clusters) is the same as fgy K> 37 reaction and it constitute a background
for this decay. The fractions of numbers of reconstructedters are presented in the
Tab. 7.

One can see that correct reconstruction of four clusterstitates only about 26%
of total number of events. Both merging and splitting efecbuld be reduced by the
better shower shape reconstruction induced by a finer raagranularity.
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Figure 28: Distribution of the number of active cells for
ete” — ¢ — K Kg — K 2r° — K4~ reaction. Statistics is equal to 10000 events.
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Figure 29: Distributions of the number of reconstructed @uessters (left panel) and total
number of reconstructed clusters (right panel), for
efe” — ¢ — K Kg — K 27° — K4~ reaction. Statistics is equal to 10000 events.

But also the identification of particles based on the showaps analysis would
greatly take advantage of an increase in the calorimetaugiiy [3].
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Table 7: Efficiency of the reconstructed pre-clusters anodtels for
ete”™ — ¢ — K Kg — K 2r° — K4~ channel.

Number of reconstructed Frequency for| Frequency for
preclusters and clusters preclusters (%) clusters (%)
1 0.26 0.26

2 1.70 1.72

3 10.47 9.38

4 26.97 25.59

5 35.23 39.05

6 18.94 18.08

7 5.42 4.84

8 0.94 0.86

9 0.06 0.21

10 0.01 0.01

5.3 Reconstruction efficiency with the KLOE clustering algoithm

In order to estimate the reconstruction efficiency of thespn¢ KLOE clustering
algorithm we investigated detector response for twquanta with momentum of 500
MeV/c. The response was generated as a function of the destaetween the quanta.
Subsequently we have reconstructed a total number of cbustéch were recognized by
clustering algorithm. The two investigated situationssirewn in Fig. 30 and in Fig. 31.
In the first case the distance between photons on x axis is hdrtha distance on y axis
was varried between 0 and 200 cm.

X axis 4

50cm|

25em|
second gamma

X axis 4

50 cm

25 cmA%

T
200 cm

Figure 30: Hit positions ofy quanta

for AX=0cm.

If the reconstruction efficiency of the KLOE algorithm was0%0, this algorithm
would always reconstruct two clusters which we interpretvas photons which hit the

module.

second gamma

% 15cm

first gamma

Y axis

Figure 31: Hit positions of quanta

200 cm Ocm

for AY =200 cm.
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Figure 32: The efficiency of the two Figure 33: The efficiency of the two
clusters reconstruction as a function otlusters reconstruction as function of the
the distance along y axis provided thatistance between photons along the x
x coordinate for both photons was theaxis.

same.

But results of simulations show (see Fig. 33 and Fig. 32) thebnstruction effi-
ciency is changing as a function of distance between thes@anticles.

As expected the reconstruction efficiency is increasing witreasing distance be-
tween twoy quanta. This result shows that the biggest problem withnstroction is in
the case when particles hit with the small difference in ticeordinate.

5.4 Reconstruction efficiency as a function of the photocatide quantum efficiency

We have performed investigations of the influence of the turarefficiency of the
photocatode on the merging and splitting effects. We cduwig our simulations using a
vertex generator for reactionste~ — ¢ — ny — 3y andete™ — ¢ — 7'y — 3.
Then we simulated the calorimeter response using FLUKA raimog reconstructed PM
response by means of the DIGICLU procedure and finally rdcocted clusters by means
of the present KLOE clusterisation algorithm. The studiesented in this section were
performed for one module only. The efficiency is defined byfthlewing formula:

_ N(> Icluster)
‘T TNG hat) (11)

where: N is the total number of events with a condition in p#resis. This condition
assures that we take events for which the module was hit l®aat bney.
The results of simulations for the single calorimeter medare shown in Fig. 34.
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Figure 34: Reconstruction efficiency as a function of thegynand quantum efficiency.
Courtasy of E. Czerwinski [51].

We have studied [54] the reconstruction efficiency as a fanabf the energy in
the cluster for five values of the quantum efficiency as dediatside the Figure. QE =
1 represents results for a present quantum efficiency ofopmatipliers used at KLOE,
amounting to 23% [51,60]. Remaining values of QE indicatéactors by which the
efficiency was increased in our investigations. From thésdies one can see that as
expected with the increasing value of the quantum efficigiocyphotomultipliers the
efficiency of reconstruction is increasing too.

5.5 Merging and splitting probabilities as a function of thequantum efficiency

Subsequently, we determinated the influence of value oftlhetym efficiency on
the magnitude of the merging and splitting effects. Theltesaf these simulations are
shown in Fig. 35.

The merging probability was defined according to the follagviormula:

N(1 cluster and> 2 hits)

merg. probability= N(> 1 cluster and> 2 hits) (12)
and the splitting probability was defined as:
< :
split. probability— N(> 2 clusters and 1 hijs (13)

N(> 1 cluster and 1 hits
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Figure 35: Merging and splitting studies with single EmC mied Rmsmax is a value of
the width (RMS) of the time distribution of the cells aboveigithe clustering algorithm
tries to break a cluster [54]. At present KLOE algorithm thi@ue is equal to 2.5 ns.
Courtasy of E. Czerwinski [51].

Fig. 35 shows that the splitting probability increase witlereasing of the quan-

tum efficiency of photomultipliers [54] but one can see thargmg effect is much less
sensitive to the changing of the quantum efficiency.
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6 Conclusions

We have built a full simulation of the Barrel Calorimeter betKLOE detector
with FLUKA Monte Carlo package. This implementation of theoghetry was used for
simulations of the physical energy response of the calaam&he Monte Carlo cooper-
ates with vertex generator which reproduces kinematicsephysical reactions.

We estimated influence of merging and splitting of clusterséconstruction possi-
bilities of the particles on the whole barrel calorimetethvd present clustering algorithm.
In particular we estimated these effects as a function ofjtlentum efficiency of photo-
multipliers [54]. As a results we found that increase of thamfum efficiency does not
improve significantly the cluster reconstruction in viewnoérging and splitting effects.

The prepared program with geometry of the 24 modules of tineebealorimeter
enables fast simulations of a choosen reaction channekbailddtes studies of the detec-
tor response to different reactions separately.

This geometry may be used to test response of photomuispligh higher granu-
larity of cells, especially for testing performances of theltianode photomultiplier.

Implemented geometry of the barrel calorimeter in FLUKAroghuces the merging
and the splitting effects, and permits also to study theieffy of clusterisation algorithm
at the edges of the modules in the barrel calorimeter. ThHessefull options come out
from the fact that the smallest parts of detector (the fibarscwre) were realistically
implemented in FLUKA Monte Carlo.

We investigated a shapes of peaks for time distribution cdmstruction of clus-
ters, the shapes are changing as a function of distance @ept®tons. This information
could be very useful for the upgrade of the clustering athami[61].

We estimated also the influence of merging and splitting o$telrs forete™ —
¢ — K Kg — K 2n° — K;4v andete™ — ¢ — ny — 37%y — 7~ reactions. The
studies were made determining the response of the wholellwaiorimeter with DIGI-
CLU program.

Finally, it is worth mentioning that our study encouragee dluthors of the FLUKA
to upgrade the program and in the near future a new versianiferg to replicate the
cells more than once will be available.
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A Kinematic fit procedure

The kinematic fit procedure is used to correct measured fjiesnt; (x;...x;...x,,)
in case of redundancy in the measured set of variables. I casssr; is normal dis-
tributed around:"“¢ with standard deviatios;.

o(x;)) = —— Z(xl —z)? (14)
(15)

wherez is a average of the all;walues. Variables:™“¢ could be constrained by some
physical law (in our investigations by energy and momentamservation) in this case
they must satisfy k equations, which can in general be writighe form:

Fi(zire, 2™y =0 j=1,..k (16)

g eeey n

The main purpose of using fit procedure is to find a new appration ;) of 2/ value
by minimizing the quantity:

X2 _ Z (SL‘Z ;Zﬂi) (17)

and imposing the (16) constraints pn This purpose can be achieved using langrangian
multipliers method, that consists of minimizing the quinti

2 _ (i — pi)?
X _ZT+Z)\ij(M17---7ﬂn) (18)
i v j
related with the variableg; and\; [6]. To minimize ay? value an iterative procedure is
needed to be used.
The detailed description of the’ distribution can be found e.g. in [56].

B Monte Carlo Methods

Monte Carlo simulations are methods of solving numericalggsnents with the
aid of adequate constructed statistical computationsy ane frequently used in exper-
imental and theoretical physic [57]. Although computer meyrand processor perfor-
mance have increased dramatically over the last two decadas/ physical problems are
too complicated to be solved without approximations of thegics processes, quite apart
from the approximations inherent in any numerical methder&fore, most calculations
done in computational physics involve some degree of appration [58].

Solving a physical problem often requires to solve an omgioa partial differential
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equation. This is the case in for example classical mechaelectrodynamics, quantum
mechanics and fluid dynamics. On the other hand in statigtigssics we must calculate
sums or integrals over large numbers of degrees of freedom.

Whatever type of problem we try to solve, it is only in very feases that analyti-
cal solutions are possible. In most cases we thereforetriesnoumerical calculations to
obtain useful results [58].

These methods are used in physic for the last sixty years [57]

C Energy distributions for ~ quanta

We have investigatédhe distribution of the energy and the position of thguanta
on the bottom surface of a single calorimeter module. Weoperéd simulations for
reactionsete™ — ¢ — 7y — 3y andete” — ¢ — ny — 37% — 7y. The resultis
presented in Fig. 36 in upper and lower panel, respectivelthe left column in Fig. 36,
one can see hit distributions for particles entering the uadin the right panels in this
figure the sharp signals orginate from a monenergetjopanta fromp meson decay with
energy equal to 363 MeV. In the case of the~ — ¢ — ny — 37%y — T reaction we
observe more events at the lower energy range. These sajgaiate fronty quanta from
7Y meson decays. As a further example in Fig. 37 we present espeagtra separately
for the radiative photon and for the photon from ¢hand pion decays.

In the left panel the monoenergetic signal for photon fismeson decay is shown.
The middle panel presents energy distribution for photoosfthen meson decay and
the third panel presents the energy distributiomfauanta fromr mesons decays.

5We used the BXDRAW subroutine in this investigations [32].
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D Time distribution for single and multi-gamma hits

In this appendix we investigated distributions of the surd difference of times
of light signals from the sides of the module. Our studiesaskimat distributions are
changing as a function of the distance betweeguanta hitting the module. This infor-
mation could be used to improve efficiency of the KLOE clusigalgorithm in the near
future [61]. In Fig. 38 result for the situation where opguanta hit in the middle of the
calorimeter module is presented. One can see only one pebbtio difference and sum
of time of signals from sides A and B.
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Figure 38: Distribution of sum and difference of time for onguanta.l’y and7's denote
the time where a signal from scintillating fibers comes infzhatomultipliers on side A
and side B, respectively.

For the twoy quanta which hit the surfatat the same x but different y the result is dif-
ferent (see Fig. 39). One can see that distribution of diffee of times for signals from
side A and B consists of three separated peaks and the digtritof the sum of times
from sides A and B shows two maxima.

"Two studing cases of hit positions of photons entering thericaeter surface are presented in Fig. 30
and Fig. 31. Positions of quanta are marked as black circles.
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different y.

Next we investigated the situation where distance on x agd&éen twoy quanta
is equal to 15 cm. In this case we observe only one maximumeirdistribution of the
sum and two maxima in the distribution of the difference ofds (Fig. 40).
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Figure 40: Distribution of sum and difference of time for twdnitting the module with a
distance of 15 cm along the x axis.

In the following we present an example of results of cellrilisitions simulated
for several distances on x axis between places where phbibtise module and for
several angle between a surface and a photon direction.€Boés of the sum of energy
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deposited in cells for side A and B we present using a displaygrani. Fig. 41 presents
a photomultipliers energetic response for grguanta which hit the middle of the module
at an angle of 90 degrees.
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2 4 6 8 10 12 2 4 6 8 10 12

COLUMNS COLUMNS

Figure 41: Distribution of cells for one Figure 42: Distribution of cells for two

~ quantum hitting with 90 degrees in they quanta hitting with 90 degrees with a

middle of the module. distance on y axis equal to 200 cm and
with the same coordinate on x axis.

Comparing this result with the case (see Fig. 42) whereytwoanta hit the module
at a distance on y axis equal to 200 cm but with the same x quateliwe can see that it
is not possible to distinguish these two situations due éddlot that the second case can
be interpreted for example as one particle which hit the retut with higher energy.
However, we can easily identify two particle events whenssagtice on the x axis between
hit positions is larger than 15 cm (see also Fig. 33). In Fpadlistribution for the case
when the distance between two photons was equal to 25 cmgsiiesl.

We simulated also a situation where photon hit the modulk thie angle equal to
30 degrees (see Fig. 43) with respect to the surface. Oneeeatws cells on the right
side on this plot which aren’t connected to the main cludteis worth to mention that
such distributions may be interpreted as two hits.

8This program written in a Fortran code [54] is based on the BERary tool [62].

52



LAYERS
LAYERS

L L L L
2 4 6 8 10 12 > 4 6 8 10 12

COLUMNS COLUMNS

Figure 43: The distribution of cells for Figure 44: The distribution of cells for

one~y quantum hitting the module with two ~ quanta hitting the module with
the angle equal to 30 degrees with reas cm distance along x axis.
spect to the surface.

E Estimation of probability for multi-gamma hits at a single calorimeter module

Using FLUKA Monte Carlo with vertex generator we were ablestimate a proba-
bility on the multi-gamma hits at calorimeter module orging from then meson decays.
We estimated a multiplicity of the quanta on one module of the KLOE calorimeter. By
multiplicity we define the number of quanta hitting one module (Fig. 45). If it is equal
to zero, it signifies that our tested module did not seemaiifit is equal to one than the
module registered one gamma quantum. Due to the axial symfeK LOE this result
is valid for all detection modules. Thus, we see that for¢he ny — 3~ reaction only
for 0.6% of the total number of events the Guanta hit one module and in the rest 99.4%
only one~ is registered by one module. However, for the reaction ny — 7y where
n meson decays intor8 the situation changes drastically and already in 6.3% dhsges
is two or morey quanta hitting the module.

In the situation where more than one photon hit the caloemm@itodule it is possi-
ble that merging effect will appear for some distances behwt positions of particles
on the surface. The estimations of the order of multiplietiect was shown in Fig. 33
and Fig. 32. In the following we will describe the distrilariof the distance between
the~ quanta in the case when twohits the module. This result is relevant in view of
the reconstruction possibilities of the clustering algor (see Fig. 33 and Fig. 32). The
result for they — 37 is shown in Fig. 46. The corresponding reactions are writtsiae
the figures. And the result for thg — 37° is shown in Fig. 47.
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Figure 45: The multiplicity of they quanta on a single calorimeter module. For reactions
described in the figure.

The distribution determined for th¢ is not very intuitive. The maximum at 1.7 m
is due to the fact that the pions from thedecay are very fast and bothquanta from
one pion can hit one module. The pion decays immediatelydanidlget and the distance
between the twa quanta from its decay at the calorimeter surface is indeed
around 1.7 m.

We did also one more check by decreasing in the simulatianahss of the pion
to 10 MeV. In such a case these "pions” are much faster andatharatory angle be-
tween gamma quanta is decreasing significantly, and thandistbetween them in the
calorimeter is as expected to be much smaller. The resutti@&stmulation is shown in
Fig. 48.
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depicted in the figures assuming that the "pion” mass is epuHd MeV.
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F Example of the event reconstruction forete™ — ¢ — ny — 37%y — 7+ reaction

The capabilites of the prepared program to reproduce a neeagid splitting effects
in light output from scintilating fibers are ilustrated irgF49.
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Figure 49: Splitting of energy deposits in the barrel cataier.

One can see seven significant energy deposits belonginghotdmns from the
efe” — ¢ — ny — 3%y — 7~ reaction, and also some small deposits of energy
which don’t orginate directly from photons are well seen.e ®plitted energy deposits
may cause reconstruction of the false clusters. On the b#uaal two very close tracks
of photons (near z = -250 cm) may be reconstructed as one thetgster since the
distance between particles is only about 4 cm, leading witrge probability to false
reconstruction (see Fig. 49). After simulating the energgponse of the scintillating
fibers, on 24 modules with FLUKA, we extended appropriately DIGICLU program
in order to perform reconstruction of signals from photatipliers on the whole barrel
calorimeter.
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Figure 50: Reconstruction of clusters for reactierie™ — ¢ — ny — 37% — 7.
Statistics is equal to 1000 events.

Fig. 50 presents distribution of reconstructed clusteithetarrel part of the calorime-
ter for the 100¢:*e~ — ¢ — ny — 37%y — 7 events simulated with vertex generator

and FLUKA program. One can see that the clusters aren’t stnated on the edges of
modules.

G Energy deposition as a function of azimuthal angle

We studied energy deposits in scintillating fibers as a foncbf the azimuthal
angle ofy quanta producted in the interaction region. The resultsHerupper part of
barrel calorimeter is shown in Fig. 51.

One can see that at the edges of the module a maximum of thgyedeposits
appears. To some extent it may be explained by the fact thifteoedges the value of the
solid angle for the samg angle interval is larger than in the middle (see Fig. 52).

In the simulations we did not include fibers which were neardtige since in a real
detector the trapezoid shape of the module was acomplishedtbng some parts from
rectangular piece [11] and hence the scintillating fibethatsides were broken.
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Figure 51: Energy deposits on the upper half of the barrertakter as a function of

cylindrical angle.
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Figure 52: Schematic view of theangle distribution.
In Fig. 53 one can see that for value of an angle around 0.1pa#itles didn’t deposited

energy. This is because this position is exactly betweerdge of the first and second
trapezoid modules.
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Figure 53: Energy deposits on the barrel calorimeter astiomof the cylindrical angle
in the range from 0 to 22.5 degree.

H Definition of the coordinate system

The coordinate systems which were used in simulations anersin Fig. 54. The
blue axis denote the frame which was used for simulations ®itUKA and with the
VERTEX GENERATOR. The red coordinate system which is the esa@® coordinate
frame of the KLOE detector has been used in simulations dftefization effects and
simulations of the photomultipliers response with DIGICLThroughout this thesis we
plot all figures using the coordinate frame of the FLUKA.

9Digiclu frame is called the reconstruction geometry system
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Figure 54: The coordinate systems used in simulations.
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The world is given to me only once, not one
existing and one perceived. Subject and ob-
ject are only one. The barrier between them
cannot be said to have broken down as a re-
sult of recent experience in the physical sci-
ences, for this barrier does not exist.

Erwin Schrodinger (1887 - 1961)

Education is what remains after one has for-
gotten everything he learned in school.

Albert Einstein (1879 - 1955)
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