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Chapter 1

Introduction

One of the successes of the high energy physics in the lasttagnwas the de-
velopment of the Standard Model which has explained many ecés observed in
particle experiments. On the other hand this model has too mg parameters and
therefore it is believed that there is a new physics beyonddlStandard Model. It
Is expected that experiments at the Large Hadron Collider at ERN will discover
the remaining piece of the Standard Model, the Higgs boson dnat they will
have capabilities to discover new phenomena.

To improve the accuracy of the LHC discoveries the worldwideagticle physics
community has proposed the construction of the Internaticad Linear Collider
(ILC) where beams of electrons and positrons will collide. his collider will be-
come the main device for particle physics in the after-LHC pied. The collider
and detector concepts have been summarized in the Referemesign Report
published in 2007. To reach expected detector performan@alorimeter systems
with high precision have been proposed with the goal to recstnuct particles and
jets in hadronic calorimeters by the method called particleow. This method
requires unprecedented granularity of calorimetres to hawa possibility to distin-
guish particle tracks in hadronic showers.

The collaboration CALICE is a group of institutions from 17 cantries working
together to develop high performance electromagnetic an@dironic calorimeters.
Prague group has been participated in the prototype constation of both de-
vices since 2001. One of the technical solutions of the hadio calorimeter is
the scintillator analog hadronic calorimeter which uses gshotodetectors recently
developed Silicon Photomultiplierss (SiPM). A physical gtotype of the calorime-
ter has been assembled at DESY and tested with various beantsGERN?! and
FNAL?2.

To reach expected physics features of this prototype a preei calibration
method is necessary. In this thesis | present the muon caldiron method which

LConseil Erogenne pour la Recherche Nuckaire
2Fermi National Accelerator Laboratory (Fermilab)
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| have developed and which is a modi cation of the method prévusly applied in
the calorimeter data analysis. The results were obtain durg my visit in DESY,
where | joined the group FLC.

After a brief introduction to the ILC, the hadronic calorimeter is described in
chapter 4. The principle of the calibration is presented inf@apter 6. The method
which enables to estimate the temperature and voltage dep#ance of deposited
energy is explained in chapter 7. The modi cation of the tradc nding algorithm
for the muons is presented in chapter 8.

3Forschung mit Lepton Collidern (Research with Lepton Colliders)
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Chapter 2

International Linear Collider (ILC)

The ILC is large international project the goal of which is toimprove precision
of measurements already done at LEP, SLC and Tevatron. Sehig for Higgs
boson to complete particle gallery of Standard Model is thera of Linear Hadronic
Collider (LHC) at CERN.
At ILC the beam of positrons and electrons will be collided. e advantage
of a linear collider is the possibility to forget about the poblem of synchrotron
radiation which is proportional to E4=mg, whereE is the energy of particle and
My is the rest mass of particle. Due tong in denominator, it is not possible to use
light leptons for high energy collisions in circular accelators. The advantage of
lepton-lepton interaction is a purity of interactions and letter knowledge of the
initial condition in comparison of hadronic collider. Onlywith a few modi cations,
it should be possible to use e interactions for measuring of selectron mass or
e and inteF;actions. The ba%c parameter of the ILC, the central mss system
(cms) energy s have to reach’ s = 500 GeV. It has to be possible to go with
cms up to 1 TeV. The cms energy of LHC is for comparison 14 TeV. Thetal
luminosity of the ILC have to reach the value of 500 fb'. The luminosity of 1000
fo ! should be collected during the operation setup at 500 GeV. Thannel for
ILC should be 31 km long. The ILC complex's schematic pictures shown in
Figure 2.1.

The main physical elds where could the ILC improve our knovddge are:

Higgs physics
gauge boson coupling coe cients
top quark physics

supersymmetry and other alternative scenarios

{31



~31 Km
Not to Scale

—/e* DR ~6.7 Km

e* Extraction
& e~ Injection

Service Tunnel
Service Tunnel

30m Radius
e- Linac
Beamline
Undulator
e* Linac
Beamline
30m Radius

Keep-alive or
Stand Alone
et Source
e- Source

~1.33 Km
11.3 Km
~1.33 Km

11.3 Km + ~1.25 Km

6-2007
8747A6

Figure 2.1: Schematic basic plan of the ILC complex. [4]

2.1 Higgs physics

Many analyses devoted to the Higgs physics have been perfochweith full sim-
ulation of detector. The cms energy is adjusted t0 s = 250 GeV and 500 GeV
with luminosity of 250 and 500 fb*.

The mass of the Higgs boson was assumed torhg = 120 GeV. The production
of the Higgs boson is e.g. in the processe ! ZH. From the subsequent decay,
whichisZH ! e'e X or ZH ! * X the recoil massm,.coi Ccan be deter-
mined (X are Higgs decay products). The distributions of the recoil nss for the
decayZ! e'e andZ! * are shown in the Figure 2.2 [2]. The purity of
muon decay channel oZ decay in comparison with the electron decay channel is
evident. Larger uncertainty of the energy measurement is ected by the brehm-
strahlung and larger background is e ected by Bhabha scatteng(e*e ! €‘e ).
The uncertainty of the energy measurement for muon decay ahzel is basically
caused by an uncertainty of momentum measurement.

The uncertainty of my is in the best measurement 70 MeV. The precision ofy
isin the case oZ ! e*e worse by factor two in comparison withz ! *

The study of branching fractions can be regarded as the maimqgram of the
ILC. The prove of Higgs boson existence via the Higgs mass detaration is the
near future task of the LHC. The main reason for Higgs branchingactions study
is the possibility to observe the dependence of a Higgs coumgliconstant on the
mass of Higgs boson.
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Figure 2.2: Distribution of the recoil mass for the decag ! *
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Chapter

International Large Detector (ILD)

The ILD is one of the concepts described in the Reference DpsiReport [1].

The main processes are decays of intermediate bosors:! qgq and W !

qd- The precision of di-jet mass detection ,,=my has to be comparable to
z=mz =My 3 4%. The jet energy resolution is requested to be
e=E 30%= E(GeV) what is the needed precision for jets of energies around
100 GeV.

The ILD concept is only one of three still existed detector ewepts: Silicon
Detector (SiD), 4th concept and ILD. There existed also Gladd Large Detector
concept which was merged with ILD.

The components of ILD going from the interaction point are:

Multi-layer vertex detector with an aim of high point resolution and minimal
material thickness.

Strip and pixel detectorsto bridge the gap between the vertex detector and
time-projection chamber and to measure low angle tracks. €l are also
betweenTime Projection Chamberand Electromagnetic Calorimeter

Time Projection Chamberfor 3-dimensional track resolution with possibil-
ity to provide also dE=dx particle identi cation.

Electromagnetic Calorimeter (ECAL)with Si-W or scintilator-tungsten sam-
pling technology. The transverse cell size is 1 x 1 énwhat is in the same
order as the Molere radius of tungsten.

Hadronic Calorimeter (HCAL) with highly scintilator tiles of tile size 3 3

cn?.

Due to the particle ow method to calorimetry, the segmentation is the
main characteristics, which is needed to be as ne as it can béor this

reason, there is also propose to construct HCAL with the cellzg of 1 x
1 cn?. The only possibility to construct a calorimeter with such ane
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granularity is to use gas chambers with ne copper pad readbouThe signal
is then only binary information about deposited energy undeor above the
threshold value. So we can distinguish two types of hadrongalorimeters
for ILD: Analog hadronic calorimeter (AHCAL) and the Digital hadronic
calorimeter (DHCAL).

Other detectors to cover almost full 4 angle to measure luminosity and
monitor the quality of beam.

Superconducting coilaround the whole calorimeter to create an axial mag-
netic eld of 3.5 Tesla.

Tail catcher and muon tracker (TCMT). The TCMT is a sampling calorime-
ter. The material of absorber is an iron and scintillator el@ments are not
square cells but 5 x 100 cm strips with a central wavelength ifing bers.
The readout of TCMT is the same as in the case of AHCAL or ECAL.

Data acquisition (DAQ) without an external trigger.

The whole detector will be mounted on movable platform to us&ush-pull”
mechanism. All detector concepts use thearticle ow algorithm except the 4th

6990 —

1
6622

Figure 3.1: Model of ILD with with cut between the beam line orthe left side

2]

concept. Therefore it is suitable brie y to describe this ajorithm.
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3.1 Particle Flow

The main goal of this algorithm is to distinguish separate coponents of jets and
to use for every recognized particle the most convenient pasf calorimeter. We
can distinguish four basic types of particles of jets with amverage percentage
after interaction?:

62 % of charged particles, mainly hadrons
27 % of photons

10 % neutral, long lived hadrons

1.5 % neutrinos

The momentum of charged particles are measured IRPC, energy of photons
measured in theECAL and of neutral hadrons in theHCAL. To distinguish
neutral particles and charged patrticles, it is also necesgao have a possibility
to separate particles in calorimeters. Such a separation iies unprecedented
segmentation of cells. For an jet energy measurement red@n e, We can write

2

2 —_ 2 2 2 .
jet — + + h°+ conf »

; (3.1)

where |, refers to the energy measurement resolution of charged pales, of
photons and o of neutral hadrons. The confusion term ¢onfusion  @ccounts for
mis-identi cation of a shower (or part of a shower) due eitheto ine ciency of
the algorithm or due to physical limitation (truly overlapping showers). If there
would be no canusion in particle identi cation, the energyesolution would be

(E)=E 0:2= E(GeV). The algorithm is implemented as &C + + code called
PandoraPFA. It is possible to use it in framework of toolkitMarlin? More about
Particle Flow is presented in [6]. Schematic picture of padle ow approach is
shown in Figure 3.2.

Linformations got from measurement of jets fragmentation onLEP ([8] & [9])
2About used software, which include alsoMarlin processors, is devoted chapter 5.
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Figure 3.2: Schematic picture of particle separation in thparticle ow approach.
From left to the right. The momentum of electrons is measureth the tracker,

their identi cation in ECAL. The energy measurement and the denti cation of

photon is performed in ECAL. The muon energy is measured in th&acker
and the identi cation is performed mainly by HCAL and TCMT. The energy
of charged hadrons is measured in the tracker and the identation is performed
by HCAL. The energy of neutral hadrons is determined in the HCAL.7]
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Chapter I

CALICE AHCAL

The CALICE (Calorimeter for the Linear Collider Experiment) collaboration was
created to coordinate series of R&D activities for detectosystem for the ILC.
The main task of R&D is the veri cation of the particle ow algorithm. The
calorimeter prototypes have been constructed and their germance tested in
years 2006 and 2007 at CERN and in 2008 and 2009 at FNAL.

4.1 Description of the AHCAL

The Analog Hadronic Calorimeter (AHCAL) was built with the goal to separate
neutral hadrons from charged hadrons, leptons and also ploois. Such a detec-
tors should have high granularity both in longitudinal and tansversal direction.
The AHCAL is built as a sampling calorimeter with a scintillator-steel sandwich
structure. The size of one layer is 90 90 cn?. The number of layers in the
AHCAL is 38. The absorber (steel) is 2 cm thick and the active laygorganic
scintillator) is 0.5 cm thick. An active layer consists from derent square cells.
The size of cells are 3 3¢cn?, 6 6cn? and 12 12 cn?. The cells of size 3 3
cm? are only in the inner part of the rst 30 layers. The cells of gie 6 6 cn?
are in the outer part of these layers and make the inner part dhe last 8 layers.
The cells of size 12 12 cnt are around all layers. The rst 30 layers are called
ne and the last 8 layers are calledourse The number of cells is summarized
in Table 4.1. The schematic picture of cells in a ne and coueslayer is shown in

type of Iayer\ # modules #cells per module #cells

ne 30 216 6480
course 8 141 1128
course+ ne 38 - 7608

Table 4.1: Number of cells in di erent types of layers.

{10



Figure 4.1.

132 |25, |37~ |49~ 61/
y ~ ! 4 ) 13, |25~ |37~ |49, |61
79779779 779 79 V2979 9l V79| 779
R R C e R At RaC Re A A s e ks 79// U BT o A Y G P e Yl 79

g i O o P O 7 L PR T A A DA AT AT AT A A
7 . , .

6% %0 % e Ve[ TP T [ 79, /61 | "6 e 6 2 P [ Y| 79

13- 1g/ 25/ B e B R B e - B B B 1D 37/ 7@/ /55 /

1,7 | 7ee| 58] oshp 55| 755 1/ Vool Yool Vol Vool Vool Vool Yol ool Vool Vool Y| DD
/ P By

49 "%l V4o % F;, z )/ 49 "Vio|"Vao| Fio| Vol V| Fio| Vol Vao| Vo as| Hio 79/
1/' 13/231%325/435*‘: 43 1/ Vool Vao Faa| Yl V| Vaa| Yaol Vsl Vs o] Fan 43
" 371 Y% bbb 9/ 37195 %% 31/373?/3?43/3749/3?5%751/3357/37?%779/

; et y

1, %% % bk ST Ty, [l %ol fala 9 v ) 31

25)%5q V552" 20 79/ 25|95 Yo 56| Vool Vool Vol Yool ool Vool Vel o 79/
1 |2 %l 19 1, [l S ViVl g Vi Vil Vi g 7 19

18949451444 KRR A A

y 19 |31~ |43~ |55 |67~ ¥ 19, |31 43 |55 |67

| T R T A T R T :Lx 71157 71 P A

Figure 4.1: The schematic picture of AHCAL ne module (left) andcourse module
(right). The number written in every cell are the coordinats y/x in centimeters.

The zero point of the coordinate system is in the bottom leftarner of layer. The
coordinates for the cells are given by the coordinates of tlh@ttom left corner of

the cell.

Wavelength-shifter bers (WLS) for transfer of photons neato the photode-
tector are inserted in scintillator cells. The Silicon Phaimultipliers (SiPM) are
used as photodetectors. All of cells in any layer are mounted & metal casette.

As an absorber is used 16 mm steel S235. If we consider also atta$iousing
as an absorber (with thickness of 4 mm), the total absorber itkness is 2 cm.
The total depth of calorimeter is 115 cm, whatis% o or 44 X,, where g is
the interaction length and X is the radiation length.

Each casette is equipped with ve temperature sensors. Theogitions of the
temperature sensors in the rst two layers are along a diagahline from the right
bottom to the left top. The positions in the other layers are fom the middle
bottom to the middle top. Using only ve temperature sensors er layer has a
consequence that the temperatures for the cells have to bemuuted.

4.2 Silicon Photomultiplier (SiPM)

Detection of light produced by de-excitation of ionized mairial is made by the
very new device called Silicon Photomultiplier (SiPM). TheSiPMs were devel-
oped, manufactured and also tested in Russia in cooperatiai three groups,
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PULSAR, MEPHI and ITEP. Only the AHCAL and TCMT is equipped with
SiPM photodetector.

The SiPM is a silicon-based avalanche photodetector (APD) xelates with
series of photodiodes. The number of photodiodes in one SiRdML156. Together
they create the square of a side with length 34 pixels. The sibf the area created
by photodiodes is 11  1:1 mn?. An example of the SiPM is shown in Figure 4.2.
Each photodiode operates ag™ p n n™* junction in Geiger mode (Fig.

Figure 4.2: A Silicon Photomultiplier (SiPM).

4.3). A reversed voltage (yias) is applied to this p-n junction, which creates an
electric eld. The photons interact with silicon predominaitly in the p™ layer
where they produce the electron-hole pairs. Free electroasft to the p n region
with the highest value of the electrical eld, where they hag su cient velocity of
10’ cm/s for creating the second electron-hole pairs. The resig an avalanche of
electron-hole pairs creation. The minimal applied bias vialge, which is needed
to create an avalanche in the single pixel is called the bredbwn voltage Uyg.
After creating an avalanche inp n junction, electrons are drifted through the
depletion region into then** part. The photodiode can produce about 10 1(°
electrons from a single photon collision. The breakdown tagje of the SiPM is
about 25 10° Vcm 1. Bias voltagesUyi.s are between 25 75 V which gives the
depletion region of 1 3 m. The quenching resistors are attached parallel to the
photodetectors to quench an avalanche. They have also thedsibnal function
as electrical decouplers of pixels from each others. Theentpixel crosstalk have
to be reduced also with specially designed boundaries foduetion of inter-pixel
currents in the silicon itself. Since these boundaries aranm of the SiPM surface,

{12
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Figure 4.3: Schematic picture of the SiPMs photodiode workg principle.

they reduce the sensitive area of SiPMs. The material of thaugnching resistor
is a polysilicon and the resistivity is in the rangedR =0:5 5 M. Itis connected
in series with a photodiode. The capacitance of each pixelirsabout C = 50 fF.
Therefore the time for one pixel to recover from discharge is approximately
equal to

=R C 25 250ns (4.2)

The time dependence of the signal of one SiPM pixel is shownFkigure 4.4.

A photodetector performance is in uenced by amptical crosstalk The prob-
ability of creation of a photon from an electron is 10 °. This number is not
negligible due to high production of electrons in avalanch@0® 10° electrons).
The number of created electrons is sometimes callg@in. Consequently this
photon can produce another avalanche in another SiPM pixeProbability to re
another pixel by an optical crosstalk depends on the numbef ged pixels. The
optical crosstalk then disturb the Poissonian distribution of the number of red
pixels.

The noise of the SiPM created by electronics is negligible aomparison with
classical APDs due to high gain. The classical APD have the gaifithe order 1.
The electronics noise is smaller than 10 % of the signal fromeo red pixel. The
dominating source of noise is so-callaethrk noise which is caused by free charge
carriers created by thermal movement. The dark noise of theF8vi decreases with
decreasing temperature. The dark noise can a ect only the tbetion of signal
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Figure 4.4: The sketch of signal shape of one SiPM pixel. [16]

created by photons with number of 1®in normal room temperatures. The dark
noise depends linearly on bias voltag€yas.
For the signal A of the SiPM holds

A N Qpi; N =0;1;:::;1156 (4.2)

whereN is a number of red pixels andQx is a charge collected by the single
pixel. Since the SiPM operates in the Geiger mode, the SiPMxails is a binary-
like system. As you can see from Figure 4.5, it is possible totailm the charge
of single pixel collisionQix from the distance of neighbouring peaks. The charge
Quix obtained in single pixel electron-hole creation is mainlyrpportional to the
overvoltage U = Upas Uy With relation Qpix = U C.

The overvoltage is temperature depend via temperature depeence of break-
down voltage U(T) = Upas Upg(T). It is possible to diminish the temperature
dependence of overvoltage by increasing the value of a owdtage. The reason
for temperature dependence of breakdown voltage is the stealmean free path
of electrons in the SiPM. With increasing temperature the lakdown voltage
increases too. The high spread of breakdown voltage has asoasequence high
spread of overvoltage. Therefore it is need to have an indiial power supply of
the SiPM.

Tests of SiPMs showed that the detection e ciency of the schilator light
Is in uenced by di erent independent parts and is approximéely equal to 16 %.
This number is a product of the quantum e ciency guant = 80 %, geometrical
e ciency caused by the shape and the distance of WLS from theiPM surface

{14
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Figure 4.5: The single pixel peak distribution. [16]

geo = 20 % and the Geiger e ciency de ned as a probability of creaibn an
avalanche from the electron-positron pair which is close tQ.ig = 100 %[11].

Nonlinearity e ects of the SiPM, saturation e ects

The disadvantage of SiPMs is the nonlinearity of the energy @asurement which
is caused by the saturation e ect. This e ect is more visiblefor the higher
number of red pixels. The saturation curves for every SiPM ware measured
in ITEP. The measurement of the saturation curves can be ohtzed also by
light-emitting diodes (LEDs) from the testbeam runs. The istallation of SiPMs
into the calorimeter caused change of scale of the saturaticurves. The rescale
factor was found as 3, what is the ratio between the number of red pixel from
ITEP measurement and from the testbeam measurement. The dirence between
the measurement done by ITEP and in the testbeam is shown ingtire 4.6.

Application of rescaling parameter is one method, how to ndhe true nonlin-
earity behaviour. The other possibility is to apply any funtion on the testbeam
measurement of SiPM response. One can simply connect measupoints by a
line or t them with an analytical formula. From an obtained dependencéd (Ai,)
of SiPMs responsé\x on an input light signal A;,, we can calculate any input
signal by applying a functionf (Api).

{15
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Figure 4.6: Saturation curves obtained from the measurentewith LEDs as a
part of the testbeam runs (left) and from the ITEP measuremen(right). [13]

4.3 The Readout chain

The readout system developed for the AHCAL has the same architace as for
the ECAL. The advantage of using the same readout both for ECALral AHCAL

is the possibility of using the same data acquisition systeimecause of the same
number of readout channels. The schematic picture of the r@aut chain is shown
in Figure 4.7. The readout starts with the signal from the SiRIs, which is
ampli ed and shaped in the ASIC chip, digitized and read in CALICE readout
board.

r_lj 6 Mezzanine
Modul
B Yl proaned VMEB4 Crate
-1+ Board
N e AsiC [TV e
| 18
! [ ] 2l / I5Ems
? = | |ASIC ADC |8
| L] . Z
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iPMs (in Tiles) z Analogue L =
SiPMs (in Tiles = PC
| ) ¢ M : S22, | giemond |y
P 12chn=-
ASIC Clock & ADC |1 D_ Jpcy
— Control
Base Board [ CRC /—\

Figure 4.7: Schematic picture of the readout chain. [5]

L Application Speci ¢ Integrated Circuits
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4.3.1 The signal processing - ASIC chips

The ASIC chips are basicaly the devices for ampli cation of th SiPM signal
before the signal is digitized. It was built in LAL%. The technology used for
AHCAL is the same as for ECAL prototype. The consequence of usiniget same
ASIC chips technology is the possibility to use the same dataguisition (DAQ)
for both ECAL and HCAL. The disadvantage of an ampli cation with ASIC chips
is the loss of the shape information.

The absorbed energyE from ionisation of cells has to be proportional to
the number of red pixels, which has to be proportional to thecreated charge
Qs = dtis(t), whereis is the current pulse of SiPM. The output of the ASIC
chip as an ampli er is a voltage, which has to be also propodnal to the created
charge. If there would be no changing of the shape of signaldamparison with
the deposited energy, the peak position of the signal woule Iproportional to the
deposited energy. The method of determination of depositezhergy by nding
peak position of signal is calleghulse height analysis

The ampli ed pulse is shaped by a CR-R€ shaper. The pulse shape length
has to be in agreement with the signal rate in the detector. Twlarge pulse lead
to pile-up of successive pulses. After shaping the signal isl¢h at its maximum
amplitude. Such a signal is than multiplexed by an 18-chanhenultiplexer and
sent to the Analog-Digital converter (ADC), where the analogignal is converted
to the bit-pattern for subsequent digital storage and proasing. The unit adc
count corresponds to an input signal 7&muV. The signal processing in ASIC
chip is depicted in Figure 4.8. The ASIC chips are operating itwo di erent
modes, the physics mode and the calibration mode. The shagitime is in physics
mode 150 ns and in calibration mode 40 ns. An amplitude of thegsial in the
calibration mode is approximately 10 times higher then in pfsics mode. The
reason for higher ampli cation in calibration mode is the ned to resolve single
pixel spectra used for the SiPM calibration by LEDs (Fig.4.p

2Laboratoire de I'Acel'erateur Lin'eaire
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Figure 4.8: The signal processing in the ASIC. (a) an input gigl, (b) ampli ed
and shaped and held (c). [16]
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Chapter 5

Software for the AHCAL analysis

The MonteCarlo simulation packageGEANT4 developed at CERN, is used for
AHCAL simulations. It is implemented in the packageMokka with the real de-
scription of the detector parameters. The arrangement of thCALICE testbeam
Is also included inMokka. The Mokka package was developed by the ILC com-
munity.

The important step in simulation is the digitization. It includes some detector
e ects obtained from experimental data, which can not be siolated like satura-
tion of SiPM or electronics noise. There exist a lot of modefsr simulation of
real behaviour of high energetic particles in any environmewhich are a good
approximation of reality only in limited range of physical @rameters.

The binary data from CALICE testbeams are converted to thd.CIO (Lin-
ear Collider Input Output) format les. It is a common format for the data
reconstruction (cell response equalitization, SiPM nonrearity correction, tem-
perature correction) of all detectors for ILC. It provides loth C** and Java
implementations. The formatLCIO is also used for the Monte Carlo digitization.

The program Marlin (Modular Analysis and Reconstruction for Linear Col-
lider) was developed to steer all of tasks for data reconstructioméanalysis code
based on LCIO. The input and output parameters for every taslkre steered by
the processors. The processors have possibility to be deypsld, changed and
chained. The chain of processors is easilly steered by thettele called the
steering le.

The nal analysis of data with possibility of creation plotsis done in a data
analysis frameworkROOT.
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Figure 5.1: Schematic picture of the software algorithm.
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Chapter 6

Calibration procedure

Calorimeter consists of about 8000 cells. These cells sltblidive equal response to
energy deposition of particles. Due to strong dependencearfy other calorime-
ter analyse results on calibration, there is need for permant critical view on
calibration process.

The calibration procedure in physics mode is done by normadition of the sig-
nal recorded inadc countsto the energy deposited by a particle in the well known
physical process. The particle, which was used for the calbion was muon as
a minimum ionizing particle (MIP). The muons have small engyy deposition by
ionization in comparison with the initial energy and well decribed deposition of
energy in calorimeter (only the ionization of environment iad knocking out the
delta electrons).

The SiPMs were adjusted to have the mean red pixels per MIP ggoximately
equal to 15. This number is also calletightyield (LY) .

The calibration runs were obtained from the CERN 2007 runs. ie energy of
muons was 80 GeV.

The calibration procedure can be done also by LEDs during ran It gives fast
information about the SiPM response.

The schematic picture of the testbeam setup for CERN 2007 is@wvn in Figure
6.1. In the following text is described the testbeam setup f&ERN 2007 period.
The trigger systemis built to make a decision about presence of a particle
passing through the detector . A trigger is provided by coindence of scintilator
plates. The size of scintilator plates is 1010 cn?, 20 20 cn¥ and 100 100 cn#.
The Cherenkov counteris a long tube lled with a helium gas. It is used
for a discrimination of electrons from pions. The emitted ¢jht from particles
transversed through the gas is detected and multiplied biyhotomultiplier Tube.
Drift chambers are used to nd the position of transversed particle. A strog
electrical eld causes a drift of free electrons created byhé ionisation of gas.
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Electrons are collected on the sides of the drift chamber. €htime of the drift to
the sides is proportional to the position of the particle.

Figure 6.1: The testbeam setup for CERN 2007 runs. Sc meansnstiator
counter which serves as trigger, DC means drift chamber ses/for reconstruction
of the incoming patrticle position. Cherenkov detector seeg for the particle
identi cation.

Distribution of the cell responseAypy of muons for all of cells measured in
adc counts is shown in Figure 6.2. The spread &fypy is too large so the cell
equalitization factor has to be measured for every cell. Theell response or the
cell equalization factorAypy is the most probable value (MPV) of deposited
energy of muons passing through the cell. The unit of the erggr deposition after
the calibration is the multiplicity of obtained Ay p . The energy is then written
in so-calledMIP units.

Various muon calibration methods have been already appligdr the muon
runs. The emergency of calibration problem for the cells viita low statistics
demands another method which could solve this problem. We Ve developed
and applied the another calibration method to data which islao suitabe for the
cells with a small statistics.

Energy of high energetic muon is mainly deposited in a cell bgnization,
which is well described by a probability formula of energy g®sition in the
material of length x, invented by L.N. Landau [19].

o5 )= Y, 6.1)

where (x) is for of relativistic muons equal to

Z
Z is an e ective proton number of a material. The function ( ) is expressed as
Z. ..
1 K+il
()= =— du expulnu+ u] (6.3)
2 K il
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Figure 6.2: Distribution of cell equalization factors extacted as the MPV of
energy deposited by 80 GeV muons in each cell. (Data from CER207 run).

whereK is any positive constant.
For Full Width at Half Maximum (FVHM) holds FWHM 4:02 . The last
parameter can be written as

. — 1 ; 2
(;)==(C hi) In W 1+ Cg (6.4)
where Cg is Euler constant andW,, is maximal transfered energy in a single
collision.

Only a Landau function I(x; ) is not su cient to describe measured energy
distribution because the energy is smeared by electronicis@. This smearing is
approximately described by a Gaussian distributiomg( ). Since the deposition of
energy in the cell and electronics smearing are independaw can compute the

nal distribution like a convolution:
Z

(I a()= d°(C 999" (6.5)

Ideally one would have to include also the Poissonian stdiis introduced by the

SiPM response, but this would complicate the t and make it cosiderably slower.
We assume instead that the Gaussian function will absorb alghe Poissonian
uctuations. This assumption is checked in Figure 6.7. Theeaason for using

1The Landau distribution is included in the analysis packageROOT in a class TMath .
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smaller number of parameters is also the correlation of pareters (Fig. 6.3).

The parameters which we get from tting process are

correlation: 0.855172

w

o

o
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=
o
o

S |anday [@DC counNts]
N
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Figure 6.3: Correlation between sigma of the Landau functio jangay @nd Aypy .

the mean of the Landau distribution (Landau mean)
the sigma of the Landau distribution (Landau sigma)
the sigma of the Gauss distribution (Gauss sigma)

The mean of the Gaussian distribution is xed at the zero vale. We are mostly
interested in the most probable value (MPV) of deposited engy or the highest
value of the distribution function (6.5), which we have to cmpute numericaly.
The mean of deposited energy is a more realistic value but wancsee in the muon
energy spectrum a remaining contribution of pedestal evenaround zero. Ideally
only true muon energy depositions should be lled in the engy distribution
histogram. In this way no exccess at zero is expected. The emedistribution
histogram with excess on zero is shown in Figure 6.5 (left).hbse events are due
to ine ciency of the track nder in identigying which calori meter cell is traversed
by the muon track in each event, i.e. inclined tracks traveescells in two adjacent
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towers in the calorimeter geometry. More details on the tr&c nding algorithm
are given in chapter 8. If there would be no electronics smaay, the pedestal

6()__m§mmmmmmmNmmmmmm§ 4444444444444444444444444444444444444444444 Bmmmmmmmmmmmmm;4ooo
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Figure 6.4. The comparison between the distributions of depited energy of
muons and of pedestal (blue color).

would have the delta-like function distribution. The mean wlue of this function

would de ne the zero point or value of zero deposition of engy. This zero value
is obtained by so-called \on the y" method, where the randonevents are taken
between triggered good events (in our case the muon event$hen the mean of
pedestal events is computed from N pedestal events, whichassumed to be the
zero point. The number of random events N is the steering pareeter of a Marlin

processor (see chapter 5). A representative histogram withe mean of pedestal
events at zero is shown in Figure 6.4.

6.1 Likelihood t

The method previously used for estimation of tting parameers was the tradi-
tional 2 method. We have developed a modi ed method based on tmeaximum
likelihood t .
Let us quickly to describe both methods.

2 tting method:
Let us assume, that we have set of values X (equidistant bin$ leistogram), for
which we measure any other set Y. Let us also assume, that we dany functional
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expression for image of set X to Y:
yi=f(xi)xi2 X yi2Y (6.6)

P
Notice, that here the number of entries of histogram is ,,, yi. Lets have

function of parameters , ¥ = f ( jX), where¥ is so called estimator of Y. For
nding the best estimator ¥ of Y we minimize the \distance" of \vectors" Y and

X
ky ¥k¥= 2= (yi f(jx)? yi2Y x2X (6.7)
If we know also the sigma of;, i, which is assumed to be gaussian for su ciently
high value ofy;, we can weight the distance by % 2

o X i fF(ix)?
2

(6.8)

likelihood tting method:
Let's assume, that X is measurement set of random variable xttv probability
function f ( jx). Notice, that here the number of entries in our histograms ithe
number of x;; x; 2 X. The estimation of parameters is based on maximizing
probability L( ) to get set X:
Y
L( )= f(ixi) (6.9)

Xi2X

There is a very ne but crucial di erence between these two nteods. The
tting process of 2 method includes also zero bins of histogram of the deposited
energy. The consequence is that the t gives unreliable rdssifor cells with low
statistics. On the other hand, the likelihood method can be @ently used for
cells with low statistics (Figure 6.5).

6.2 Fast Fourier transformation (FFT)

The tting process of 2 method is based directly on equation (6.5), where the
integral was evaluated by discretization

Z, W
o I [ T (T S QR B [+ (R (6.10)

1 i= N
where %! O,N!1 andg(N 9! 0. Some good cells have very low
values of the Landau sigma as it is shown in Figure 6.3. The tdfsis very narrow
Landau function in the tted convolution function. The same problem is also
emerging in the case of a small sigma of a Gaussian function.
1

 90)! do0)= d®C 9% (6.11)

1
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Figure 6.5: Deposited energy of muons with high (left) and o (right) statistics,

tted with a function de ned as a convolution of the Gaussianand the Landau
function (used likelihood method). The excess of distribidn in zero is visible in
the left histogram.

or
1)y () jandau ! O (6.12)

Therefore the tting function evaluated according to (6.10 is sometimes not
appropriate as it is visible in Figure 6.6. We have solved thidisadvantage by
applying the discrete Fourier transformation on our data ¢e One important

feature of Fourier transformation is

F () =const (6.13)

With the help of this equation we have solved a problem of a sthdandau or a
Gaussian sigma parameters.

The problem of tting the histogram of deposited energy by man events
is shown in Figure 6.6, where on the right side is the tted hisgram using
the method based on (6.10) and 2 method and on the right side is the tted
histogram using the FFT and also likelihood method.

For tting our data sets we have used the analysis frameworROOT, specially
the library RooFit. For computation of FFT we have used the libraryFFTW3.

6.3 Results of muon calibration

For calibration procedure we use muon runs from CERN 2007 ryoeriod with run
numbers from 330254 to 330258. All of this runs are merged ineorun because
of the same voltage settings and approximately same tempauree. These set of
runs were also used for? method ts. It gives us a possibility to compare both
procedures.
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Figure 6.6: Deposited energy of muons for the low statistiadsed with a convolu-
tion function (6.5) created by method which is based on the eqtion (6.10) and
by 2 t method (left) and with a convolution function created by FFT method
and by likelihood t method (right). The both histograms have the same binning.
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Figure 6.7: The correlation between RMS of pedestal distuition from pedestal
part of runs RM S eqesta @and the sigma of the Gaussian part of a tting function
caus de ned by (6.5). The values are expressed as multiples of MIP
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Before the comparision of both methods we have to check thensequence of
avoiding the Poissonian statistics of the SiPM response. khe introduction of
this chapter the assumption has been made that the Gaussiamttion would in-
corporate also the Poissonian smearing coming from the SiFMrinsic response.
If this is true the resulting value of the Gaussian sigma is pected to be larger
than the true pedestal width, but still correlated to it. This is consistent with
Figure 6.7.

The correlation of results of both methods can be charactead by the shift

de ned as
Aa Ab_

A, + Ab1

where Ay is the position of most probable value of method(b).
Histogram on the right side of Figure 6.8 is the distribution bthe MPV shift

de ned like Pjeiinood: 2. The mean of the distribution is 0.03. The correlation of

MPVs per cell of the likelihood method and the 2 method is shown on the left

side in Figure 6.8. The correlation factor is 0.994. We can mduded, that 2

and likelihood tting methods are very good correlated but they are biaseda
each other.

Pap = 2 (6.14)
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Figure 6.8: Correlation of MPV per cell of the likelihood médtod and the 2
method (left). Distribution of shift Pjyejinood: 2, de ned by (6.14) (right).

Which one is less biased in the evaluation of MPV? It is posséto answer
that question because MPV is a quantity, which one can roughhet from a data
set without knowledge of physically derived distribution.Finding the MPV from
data set was done by smoothing the histogram of deposited egye with running
average Such a peak nding is not precise, but we can expect that it isot biased.
This method is called further asrough method The distributions of quantities
P 2.0ugh @Nd Plielinood:rough  fOr €very cell is shown in Figure 6.9. The summary of
results is written in Table 6.1. It is obvious, that likelihcod method is negligible
biased in comparison with ? method.
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Figure 6.9: The distribution of shift Pjielinood:rough (I€ft) and P 2.jieiinood  (right)
de ned by (6.14) for every cell.

shift | mean rms
Plikelihood: 2 0.029 0.018
I:)Iikelihood;rough 0.001 0.017
P 2;rough -0.028 0.025

Table 6.1: The comparison of 2, likelihood and rough methods using the equation
(6.14).

To quantify the stability of tting process we have used sepately ve runs
with numbers 330254-330258. We have changed the range of ndabinning of
a data set. We have computed\py for every combination of used ranges and
binnings. For every cell we have computed the med#\ypy i from all Aypy for
xed range (binning). The value, which we have computed is

Avev h Aupvi.
Avpyv + PAypy i’

D(Awpv) =2 (6.15)

The results are shown in Figure 6.10. The stability is mainlgisturbed by chang-
ing of range where the deviation oAypy is in about 1.5%. Better results for
stability of the likelihood t are obtained for smaller binning.
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Figure 6.10: The RMS of distribution of quantity D(Aypyv ) de ned by (6.15)

for changing a binning (left) and range (right). The quantiy Rng is the positive

number for the range de nition < min; A yvpvy RnNg >. The range is obtained
iteratively. From the rst titis found roughly the Apypy . Than there is adjusted
the range as< min; A ypy RnNg >. The value of binningRbn means, how many
bins are added together.

6.3.1 Summary of results

We have developed a new method for tting the deposited energpf muons. The
problem of small entries of some cells (Fig. 6.5) has beenvea by application of
the likelihood tting method. The problem of evaluation of mnvolution function
(6.5) (Fig. 6.6) has been solved by application of the FFT. Tda results of the
modi ed tting method are biased with the results of the defailt tting method
(Fig. 6.8). The validation of the modied tting algorithm i s made by the
comparision of obtainedAypy with the rough method results (Tab. 6.1). The
study of tting stability (Fig. 6.10) shows the stability of tin about 1.5 % by
changing of the range of t.
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Chapter ;

Temperature and voltage dependence of
deposited energy

Since the SiPM is sensitive to changes of temperatufeand bias voltageV, the
dependence of the cell response dnand V has to be determined and used as a
correction in the data analysis. These dependences have meetermined from
all CERN 2007 runs and also from FNAL 2008 runs. Used muons from N
2007 runs have energy of 80 GeV, muons from FNAL 2008 runs haverggeof 32
GeV. To check the voltage dependence of SiPM, there are foudwes of voltages
setting per cell, both for CERN 2007 and FNAL 2008 runs. The infmation
about the energy of the beam is accessible from so-callecc#l@nic logbook (elog
book). The information of bias voltages and temperatures we recorded in the
slow control every 10 minutes. Spread of voltage for one rusnegligible, maximal
deviation from mean voltage is 20 mV. We have used only muon rsinvhere the
beam is perpendicular to layers of the calorimeter.

For nding temperature and voltage dependences, we could nmerge CERN
2007 and FNAL 2008 runs straightforward due to di erent energs of beams.

7.1 Temperature and voltage slopes

The temperature and voltage dependence of the most probabtdue Aypy (T; V)
of deposited energy in muon runs has been parametrized as

dA dA
i (T Vo) (T To)+ =1

Avpv (T;V) = Ampv (To; Vo) + (To; Vo)(V Vo);
(7.1)
where we have ignore higher order terms. The mixed teryt (V. Vo)(T
To) was also neglected because the low statistics of the measuent gives a
big uncertainty of the tted parameter Pyt. The quantities dAd%(T;V) and

O'Ad%(T; V) are assumed to be constant. The reason is following. The aliyde
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of the signal Aypy is assumed to be proportional to the charge created in the
SiPM
Q = NQpiX = I\ICpix (Ubias Ubd): (7.2)

All of quantities are described in section 4.2. An applied biagltage is in this
chapter signed asv instead of Uyjss. It holds for the temperature and voltage
slopes

dAvpv . dUpg dAmpyv _ _ dUyg

dT (T:V) dT dUy N Cpix dT (7.3)
dAupv . _
qv (T;V)  NCypi (7.4)

The dependence ofJ,q on the temperature for MPPC$ in [14] shows a linear
trend for the temperature dependence dfi,q with dUp=dT =56 0:1 mV/K.

The slopes have been determined for the CERN 2007 and FNAL 200fs.
The method which was used previously was based on the two ipé&dent linear
ts of the slopes. The rst linear t was applied for the determination of the tem-
perature slopes. The voltage slopes were consequently deieed with applied
temperature corrections.

We have tried to modify the method to increase the stability bslopes deter-
mination. Both methods exploit the observation of collineaty of temperature
slopes at the di erent voltages.

A combined t of the two data sets has been performed to extra@ common
slope on a larger temperature range, though allowing for thevo data sets
to have a common o set due to the di erence in muon energy at & two
testbeams.

The linear t of CERN 2007, FNAL 2008 and merged linear t is showm
in Figure 7.1. The method of merging data sets improved the aistics.
Unfortunately there were some cells where the assumption biet same tem-
perature slopes for the CERN 2007 and FNAL 2008 runs was not flled.

The second modi cation also exploit the assumption of the sae temper-
ature slopes for the various voltages. It consists of the algation of a
planar t on Aypv (T;V), what means using the other voltage settings of
the SiPMs. From such a planar t we could also nd the voltage épendence
of Aupv (T; V). The picture of planar t of Aypyv (T;V) and a projection
of this plot for the nominal voltage is shown in Figure 7.2.

The same method of merging CERN 2007 and FNAL 2008 data can be disdso
for planar method. The consistency of the t of both data setgan be calculating
the ratio Ampv (th ;Wi)CERN =Avpv (th ;H\/i)FNAL . HerehT'i andhvi are the
means of all temperature and voltage values. The ratio shautorrespond to the

IMulti-Pixel Photon Counter.
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Figure 7.1: Linear t of temperature slopes for CERN 2007, FNAL2008 runs
and merged linear t described in text.

ratio of the mean energy losses of muons in both run perioddn& the energy of
muons in CERN 2007 runs (80 GeV) is bigger than in FNAL 2008 runs235eV),
the ratio has to be bigger than one. It is clear that this distibution correspond
to the expected ones.

The distributions of Avpyv (th ;H\/i)FNAL Avpyv (th ;H\/i)CERN and
Avpv (hTI ;H\/i)CERN =Avpv (hTI ;hVi)FNAL are shown in Figure 7.3.

7.2 Results of temperature and voltage slopes

7.2.1 Temperature slopes for individual cells

The correlation of the slopes obtained by old (line) and new ethod (planar)
for the CERN 2007 runs is shown in Figure 7.4. The correlatiofactor is not
satisfactory, what can be caused by the uncertainty of therle t parameters.

The quality of the line and planar method can be estimated byhie comparison
of the distribution of j gope=Slopg, where gqpe is the slope uncertainty obtained
from t. The distribution of j gepe=slopg is shown in Figure 7.5 and 7.6 for the
CERN 2007 and FNAL 2008 runs. It is obvious that a slope for the ahar t
method gives signi cantly smaller uncertainties. The unagainty of the slopes for
FNAL 2008 runs is better, but not so signi cantly as for CERN 20@ runs.
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Temperature slope from planar fit
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Right: The dependence oAypy On temperature at the nominal voltage. The
line represents the result of the planar t.
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7.2.2 Temperature and voltage characteristic for all cells

The temperature and voltage characteristic of cells whictsinot depend on the
SiPM itself can be written as

_ 1 dAMPV K. = 1 dAMPV
Mypyi dT V' mAypyi  dV

K (7.5)

These quantities are assumed to be the same for all of cells.can be derrived
using equation (7.2):
1 dAMpV _ 1
Awey 4V TV Uy
1 dAmpy _ dUy 1 dAwpy _ dUy 1
Awpy dT — dT Appy dUpy  dT V Uy

(7.6)

(7.7)
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As it has been already mentioned in the beginning of the seatio/.1 the de-
pendence ofUy,y on the temperature for MPPCs in [14] shows a linear trend:
dUpg=dT =56 0:1 mV/K. If the dierence V Uy is high enough, we can
assumeK 1 to be constant. The value oKy can be also assumed to be constant
because of the range of applied voltage (Figure 7.2).

The advantage of estimation oK + andK y is that we can nd the temperature
and voltage slopes for all cells only from the knowledge Kfr and Ky, .

Distributions of K+ and K\, for CERN 2007 and FNAL 2008 runs are shown
in Figures 7.7, 7.8 and 7.9. Distributions oKt or Ky are not symmetrical and
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Figure 7.7: Distribution of K1 for the CERN 2007 runs obtained by the line t
(left) and planar t (right).

5 ; ” ‘ RMS _ 0.01512 - i ”| o, RMS _ 0.01529
) il ol N
£ b | w 1l g |
% 15: qw n w % 15F II] %\ ’n |
H* s H* I
10 A Mm uuuu [ | 1OHM}W‘[ M“/\ UHWW
SEI R 5110 |
006 005 -004 Q93 002 -001 0 006 -0.05 004 Q98 002 -001 O
<AMPV>* dT <] <AMP\/>* dT <]

Figure 7.8: Distribution of K for the FNAL 2008 runs obtained by the line t
(left) and planar t (right).

they have tails at bigger values ofK j. Such a behaviour is understandable when
we check one characteristic temperature or voltage slopé.was found that some
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MPV

of cells have jump in value oAy py for higher temperatures. It is illustrated for
one cell in Figure 7.10.

Figure 7.10: The temperature dependence @fypy for one selected cell with
unexpected behaviour.

Since there have been previously determined the mean of tke and Ky, we
can make an comparison of obtained results. The comparisohkor and K, for
various methods is shown in Table 7.1.

There is visible di erent mean value ofK+ for CERN 2007 and FNAL 2008
runs. Such a dierence can be explained by di erent nominal alue of beam
energies.
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method, run period [ 100 hKri [% K '] 100 RMSk, [% K '] | # entries(Kt > 0:08)

line, CERN2007 -3.7 1.7 6473
line, FNAL2008 -3.0 - 6024
planar, CERN 2007 -3.8 1.1 6219
planar, FNAL 2008 -3.0 - 6042
line merged -3.6 1.6 6378
planar merged -3.7 1.1 7031
previous, CERN 2007 -3.7 1.1 -

Table 7.1: Results forK 1, de ned by (7.5), comparison with previous results

method, run period | 100 hKyi [%/100mV] 100 RMSk, [%/100mV]

planar, CERN 2007 5.8 0.9
planar, FNAL 2008 5.2 4.1
previous, CERN 2007 5.6 0.8

Table 7.2: Results forKy, de ned by (7.5), comparison with previous results

7.2.3 Summary of results

We have tried to nd the best method for the temperature and vtiage corrections
estimations. The constrain on the minimum value -8 % and on ¢hmaximum value
0 % of temperature slopes has been applied . The cut on the nmmin value of
slope is given because of the unexpected jumpAfpy for higher temperatures
(Fig. 7.10). The method with the maximum number of tted celk was the plane
t method with common t of CERN 2007 and FNAL 2008 data sets. On he
other side, this method has the worst relative uncertainty fot. The reason is
the discrepancy between the slopes for CERN 2007 and FNAL 200&tal sets for
some cells. The method with the smallest uncertainty of thelape is the planar
method. The mean relative uncertainty for the CERN 2007 runshown in Figure
7.5 is more than 4 times smaller for the planar method. The ilmnpvement of tin
term of relative uncertainty of slope is visible also for th&NAL 2008 runs (Fig.
7.6).

The problem of tting temperature and voltage slopes for intvidual cells leads
to nd the mean of K+ and Ky, which is the characteristic quantity of SiPMs as
it is shown at the beginning of this section. The spread ¢ and Ky, is visible
worse for the FNAL 2008 runs (Fig. 7.7 - 7.9) . It correspond to #ghworse relative
uncertainty of slopes for the FNAL 2008 runs in comparison witlCERN 2007
runs.

The results of K+ and Ky for all of used methods are in Tables 7.1 and 7.2.
The results for all modi ed methods correspond to the resustof previous (default)
methods within the error.
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Chapter

Track nding

The reconstruction of muon track in the HCAL requires a dedicad algorithm to
identify the calorimeter cells hit by a muon. In the absencef@ magnetic eld the
muon trajectory lives straight tracks into the calorimeterand a relatively simple
algorithm can be used to nd the tower of cells penetrated byazh particle.
On the other hand muons trajectories can be slightly tilted vth respect to the
calorimeter geometry and cross the boundary between two teve at some depth
in the calorimeter itself. In addition, the reconstructionof muons traversing very
close to the tile edge can be a ected by mis-alignment of calmeter layers, dead
areas between calorimeter cells or shared energy depositietween tiles. These
e ects slightly complicate the algorithm of track nding if one wants to avoid to
ine ciencies which lead to a distortion of the muon energy sectrum, as discussed
for Figure 6.5. In the following it will be described how the dfault track nder
has been improved in order to minimize this type of ine cieng. Results presented
below were obtained by analyzing of the calibration run 3362 from the testbeam
period CERN 2007.

Before applying the track nding algorithm it has to be estinated the rough
position of the most probable value of deposited energy by s MIP o,qn per
every cell. To reduce the pedestal in uence, it has to be apptl a cut on the
minimal value of deposited energy. Then for the track ndingwe used only
hits with the deposited energy above :6 MIP q4n. The information about
MIP ougn for every cell is used as an input of the track nder's Marlin pocessor.
The distribution of muon deposited energyA for a selected cell is shown in Figure
8.1. The energy deposition of hits without an application dfack nding is shown
with a blue line and with an application of track nding is shavn with a black
line. The problem of an in uence of pedestal events is visilon the right side. In
the following steps we used for the term hit only the hits ab@the Q5 MIP (ugn
cut.

The default track nding algorithm is simple but su ciently e ective algo-
rithm to nd muon tracks. First step is to build from any hit called \seed hit" a
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Figure 8.1: Left: The comparison between the distribution fodeposited energy
of all hits in a tile (blue line) and of the hits selected as muwohits after applying
the muon track nder. Right: The detail of the distribution of deposited energy
of hits without track nding algorithm.

tower with the width of the corresponding cell size throughlblayers. This tower
is perpendicular to the layers. The \seed hit" has to be fromhe ne modules.
If the number of hits in tower is above de ned xed number we hee found the
track. All of cells, which are in the tower are also assumed taelthe track hits.

The disadvantage of such a procedure is, that it is only pob& to nd per-
pendicular tracks to layers. It can happen that a bulk of hitsare in the neighbour
cells due to non perpendicular track, but the number of hitsni tower is above a
threshold. Then there are lled in tower also pedestal hitsThe second disadvan-
tage is the constrain on the angle of tracks.

We have tried to solve both of disadvantages with the modi dion of the track
nding algorithm. The used algorithm is commonly called thefollow your nose
(FYN) algorithm. The algorithm correspond to the name. We start fsm the rst
layer with the hit and continue in the subsequent layers seehing for the hits in
the nearest cells. The algorithm is also modi ed for the assption of the small
angles.

8.0.4 The algorithm of track nding

The algorithm of the default method

An assumption for the default method is that the muon track is tsictly perpen-
dicular to the layers or more precisely, that all of hits of oa track are projected
to the same point. So the algorithm of the default track ndirg can be described
in the following steps:

1. Take the rst hit from all of the recorded hits of one muon egnt. We call
this hit \seed hit".
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5.

. All hits, with x,y coordinates corresponding to the coordiates of the \seed

hit" within plus-minus half of the cell size are consideredsatrack hits.

If the track have less tharN+ hits, whereNt is a xed parameter, the track
Is excluded from assumption.

Subsequently also hits with deposited energy belows0 MIP (o4, having
X,y coordinates as the seed hit, are assumed as the track hits

Check, if there are also another muon tracks in the same ate

The algorithm of the modi ed track nding method

We have generalized the track nding algorithm to take in acount also muon
tracks with not perpendicular tracks to the layers.

All hits are ordered by the layer number.

1.

Take the \seed hit" from recorded hits. The \seed hit" is nav any recorded
hit with the smallest layer number.

Check for the second hit. The second hit is searched in thearest sub-
sequent layer in cells with the same coordinates within plusinus the cell
size.

From x,y coordinates of the \seed hit" and the last alreadyound hit, we
compute the extrapolated position of the hit in a nearest siggquent layer.
If the extrapolated coordinates correspond to the next hit whin the cell
size, the next hit is taken as a track hit. This step is repeatkuntil the last
layer is reached.

The \seed hit" and the last hit de ne the track. We take alsoin account
the hits with coordinates corresponding to the track coordiates within the

half of the cell size.

This procedure is used only if the following procedure is nauccessful: If
there is no hit in a layer, check for the rst layer with the layer number
higher and lower, where it can be found any track hit. If the cardinates of
track hits with lower and higher layer numbers are the same,ll the layer

without hit with the hit of x,y coordinates as coordinates ofalready found
track hits. Such a procedure is e cient only for small angle®f tracks.

5. Check, if there are also another muon tracks in the same ate

8.1 E ciency of the track nding

This section is devoted to the study of the e ciency of the & MIP o qn CUL.
From extrapolated nal t function de ned by (6.5) we can compute so-called
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MIP detection ine ciency , which is equal to ;~d (I g)()=,d ({0 9)/(),

where K 1 and cut is in our case equal @ MIP qgn. The distribution of
MIP detection ine ciencies for every cell is shown in Figure8.2. An ine ciency
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Figure 8.2: MIP detection ine ciency OO'SM'P”“"“ d({ 9)()= OK 'd (I g().

of nding track can be evaluated as a probability to have the amber of hits of
a track smaller than a threshold for the minimal number of hig per track. If
the maximal number of entries per track idN, threshold for the minimal number
of hits per track N1, MIP detection ine ciency | same for all cells, then the
probability to have number of hits per track less than seleetd minimal number
of hits per track S can be computed as

I\X 1
S= N IN @ D (8.1)

. |
i=0

From Figure 8.2 we can determine the mean of the MIP detectiome ciency
| =0:035. The assumption of the same ine ciency for all cells is ngrecise but
su cient for rough estimation of the quantity S. Then for N =38 and Nt = 16
we haveS 10 24, which is really low. The ine ciency S = 1% is reached only
with the minimal number of hits per track Nt = 34. The number Nt = 16 was
used in the default track nding algorithm. The conclusion s, that the threshold
for the minimal number of hits per track equal toNt = 16 is su ciently low.
Also we can see, that the number of hits per track should be suiently high to
nd the track.

We have also analyzed the distribution of the number of hitser track. For
this purpose we have calculated two di erent quantities.
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The rst quantity, called e ciencyl is de ned as the ratio of the number of hits
per track and the number of used layers.
The second quantity, callede ciency2 is de ned as the ratio of the number of
hits per track and the number of layers between the rst and tk last hit layer.
The distribution of e ciencyl and e ciency2 is shown in Figure 8.1.

There is a signi cant di erence between the distribution ofe ciencyl and
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Figure 8.3: The distribution of a ratio of number of found his per track and
number of used layers for track nding callece ciencyl (left). The distribution
of a ratio of number of found hits per track and number of layasr between the
rst and the last hit of track called e ciency2 (right).

e ciency2. The distribution of e ciencyl has surprisingly high contribution for
low values ofe ciencyl with respect to the expectation that muons penetrate
all layers. It means, that some tracks end before reachingdaHhast layer. The
problem can be also caused by improper adjustment of50 MIP cut.

8.2 Comparison of modied and default track
nding

The reason for the modi cation of the track nding algorithm for calibration
process was a contribution of pedestal events which in ueadhe adjustment of
the range of t of cell response. The distribution of the engy deposition for all
cells for the modi ed and the default track nding method is $iown in Figure 8.4.
It is clear that the modi ed track nding algorithm can suppr ess the contribution
of pedestal.

As it was previously mentioned, the modi ed track nding is male without
any constrain on the track angles. The track angle is de ned as an angle
between the beam line direction and the direction of the tr&c The distribution
of tangent of the track angle is shown in Figure 8.5. The distribution of number

{45



12000 F /A\ 12000 /A\

10000 |- 10000

%000k |\ g B

28000 .2 8000

e b g m

£6000 | / \ 26000 / \

4000 F \ 4000 ||/ \

2000 2000
F AW } M
r J C e
ol o e ‘

0 1000 2000 3001 0 1000 2000 3000
A [adc counts] A [adc counts]

Figure 8.4: Comparison of muon energy depositignin in all cells for the modi ed
(left) and default (right) track nding algorithm.

of transversed muon tracks per cells for the rstne layer (left) and the last
courselayer (right) is shown in Figure 8.6.

We can see, that there are also muon tracks with an anglenot equal to the
zero in the calibration run where the beam line was perpendi@ar to the layers.
From the distribution of number of muon tracks per cell we casee the su ciently
homogenous distribution of the beam pro le. There is also thdierence 10°
in the number of tracks in the rst and the last layer. It is visible from the
distribution of tan , that the reason for the di erence could be non perpendicula
muon tracks.

The distribution of number of tracks per cell for both track nding algorithms
is shown in Figure 8.7. A horizontal lines in the correlatiomplot are understand-
able. The reason for them is the algorithm of the default metid, where we have
the same number of tracks in all cells, which are on the line geendicular to
layer.

The correlation between the most probable value&ypy of t function 6.5
for data obtained from the distribution of the deposited engy of muons per cell
for the modi ed and default track nding algorithm is shown in Figure 8.8 on the
left side. The distribution of the shift de ned as

) A ifi A
shift =2 MPV (modified ) MPYV (default ) ; (8.2)
AnmPV (modified ) T AMPV (default )

is shown on the right side.Aypy (modified: (default j) IS the most probable value of t
for the modi ed (default) track nding algorithm. We can seethat both methods
are su ciently correlated without a bias of the most probabk value.

The di erence between both methods is visible in the distribtion of the rela-
tive uncertainties ypv =Awpv , Where ypy is the error of Aypy from t. The
distributions of ypyv =Aupv for both methods are shown in Figure 8.9.
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Figure 8.9: The distribution of relative uncertainty of MPV ypyv =MPV obtained
from t for the default track nding (left) and modied track nding (right)
algorithm.

The modi ed track nding algorithm provides slightly more stable determi-
nation of a MPV from t function.

8.3 Angular dependence of muons in pion runs

The pion runs are the most important runs for the veri cation of the AHCAL
performance. As it is known, the charged pions decay mainly tmuons in the
process ! + . Therefore we can nd in the pion runs also muons. We are
able to select the muon tracks from the pion runs with an addinal constrains.

Selection of muons from pion runs was made with the help of additional in-
formations from ECAL and TCMT. To select only muons from the AHCAL we
have done several cuts on energy and number of hits in ECAL andCMT.

The cut on the minimal number of hits per a muon evenhave the same meaning
as for the muon beams. It is done to be sure, that we have su a number of
hits per track.

The cut on the maximal number of hits per a muon evenis obvious. We want
to exclude pions which are showering mainly in the AHCAL.

The cut on maximum deposited energys done as an additional cut for the ex-
clusion of pions.

All runs, which we have used are from the CERN 2007 testbeam pmat. The
angle of the run is de ned as an angle between the beam diremtiand the direc-
tion of line perpendicular to the layers. We have used only @ runs at 0, 10, 20
and 30 degrees with su cient contamination of muons. . The teperature and
voltage corrections with default values for slopes are alsacluded. The energy
of pion beams were in the range from 6 GeV to 180 GeV.
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The rotation angle is de ned as angle between the beam line & direction
perpendicular to layers. We expect that the length of trackn active layer x
where is angle de ned above, ful | the relation

X = cos( ): (8.3)

We can also expect for the deposited energy of muons in angle

E = : 8.4
cos( ) (8.4)
The dependence of deposited energy of muons in the pion rumsangle is
shown in Figure 8.10. The deposited energy has been obtaireesia MPV of the
energy distribution. The depicted plot shows that the new @ck nding is also
applicable on the muon events with arbitrary angles.
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Figure 8.10: Angular dependence of deposited energy of muamgion runs for

the energy of beam 60 GeV and layer 3 (left) and for all of eneeg of pions,
where the deposited energy of muons have been calculated asum of energies
from all of HCAL layers for every event (right).

8.3.1 Summary of results

We have modi ed the default track nding algorithm. The main reason for the
modi cation was the distortion of the energy distribution d muons per cell by
the pedestal events distribution. The subtraction of exceson zero is visible from
Figure 8.4.

The possibility of nding the tracks without any constrain on angle of track
has been developed. The angular distribution of events fane calibration run is

shown in Figure 8.5.
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The relative uncertainty of Aypy has been slightly diminished (Fig. 8.9).

The possibility of using the modi ed track nding algorithm also for beams,
where the beam direction is not perpendicular to the layerss described in section
8.3. The muons selected from the pion runs in di erent anglesf beam direction

have been used. The angular dependence of deposited enefgywons is shown
in Figure 8.10.
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Chapter

Summary

In this thesis we have present results of our calibration mievds for the AHCAL,
which includes the t of the distribution of the muon deposied energy, depen-
dence of the cell response on the temperature and voltage ahe track nding
algorithm.

For the purpose of nding the most probable value (MPV) of enagy deposited
by muons, we have developed a program for tting the distribtion of deposited
energy for all cells of the AHCAL. The two modi cations have beerapplied.
The likelihood tting method instead the ? tting method and the use of the
Fast Fourier Transformation for evaluation of the convoluibn tting function. It
allowed us to use also the cells with very low statistics. Whecomparing both
methods, we have found a bias of MPVs. We have tried to nd, whitmethod
is biased to the real MPV. From comparison of MPVs determined bymoothing
histograms, we have found possible bias of the? method and no bias of the
likelihood method.

For the purpose of nding the temperature and voltage deperahce of MPV,
we have also modi ed the default method. We have estimated ¢htemperature
dependence of the SiPMs by including the voltage settings elient to the nominal
voltage settings. We could than make a planar t instead of th line t and also
simultaneously estimate the voltage dependence of the SiBMThe results for
the temperature and voltage characteristics of the SiPMs ege with the previous
results.

The track nding algorithm was modi ed with the possibility to nd muons,
which are not perpendicular to the calorimeter layers. It &wed us to use the
modi ed track nding processor for the selection of muons ipion runs where the
beam line is not perpendicular to the layers. The=dcos dependence was observed.
We have also studied the e ciency of the track nding. The mea ratio between
the number of found hits and the number of layers is about 0.98nd the ratio
between the number of found hits and the number of layers beden the rst and
the last hit is close to the 1.
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The obtained calibration constants with the corrections orthe temperature
and voltage are stored in the database of the FLC working grpwand are available
for further analyses.
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