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Abstract 

A corn parison of the CD F (Collider Detectar at Fermilab) central calarimeter electron 

response between 1991 test beam electran data and the CDF full detector simulation, 

using six variables that are used to identify elect.rons in CD!", is performed. Possible 

pararneters that could be used ta tune the simulation are also pointed out . 
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Résumé 

Une étude de la réponse aux électrons du calorimètre central du CDF est effectuée. 

Elle consiste en une comparaison des réponses obtenues d'une part en 1991 à P aide 

du faisceau d'électrons d'essai, et d'autre part grâce à une simula.tion de l' en­

semble du détecteur, basée sur l'utilisation de six variables confirmant la présence 

d'électrons à l'intérieur du COF. Enfin, un choix de paramètres devant permettre 

certains ajustements à la simulation est présenté . 

III 



• 

• 

• 

Acknow ledgements 

1 thank my supervisor Ken Ragan for giving me this project, for his guidance, patience 

and inspirational comments every time we had a discussion. l would also like to thank 

Klaus Strahl for the timely help he provided me over the last few months which proved 

crucial to the complet ion of this project. Special thanks to Yunling Ye who helped 

me sort out many a conceptual problem. 

1 am grateful to Dan Crane, Doug Benjamin and Brian Harral for helping me 

understand the CDF test beam. 

Before 1 forget, thanks a lot you guys (Yunling, Niranjan, François, Graham, 

Alain, and David) for making our office a real fun place to work, not forgetting ail 

my othcr friends outside work, especially Georgia, for their encouragement . 

Lastly 1 thank my parents, brothers and sister back home and my relatives here 

in Montréal for their support during the course of this project . 

iv 



• 
Contents 

Abstract .. 
Il 

Résumé ... 
III 

Acknowledgernents 
IV 

1 Introduction 1 
1.1 Introduction. 1 
1.2 Physics at CDF . . 2 
1.3 The CD F detector :1 • 1.3.1 Tracking .. 4 

1.3.2 Calorimetry 5 
1.3.3 Muon detection 7 

2 The CDF Central Calorimeter and Electrons 8 
2.1 Calorimetry in High Energy Physics. . . . . . 8 

2.1.1 Sampling calorimeters ......... 8 
2.1.2 Electromagnetic and hadronic showers 9 

2.2 The CDF central calorimeter ....... li 
2.3 Electrons in the CDF central calorimeter ... 14 

3 Test Bearn for CDF Central Calorimeter Modules 18 
3.1 Test beams as a calibration tool ... 18 
3.2 The geometry of the CDF test beam 19 

4 Elements of the CDF Monte Carlo 25 
4.1 The CDF Monte Carlo ....... 25 
4.2 Energy deposition and related variables . 26 • 4.3 The CES X2 

•••••••••••••••• 28 

v 



• 

• 

• 

CONTENTS 

4.3.1 

4.3.2 
4.3.3 

The CES geometry . . . . . . . 

Simulation of the CES response 

The definition of the CES X2 •• 

VI 

28 

29 
31 

:> Comparison of Test Bearn and Monte Carlo Electron Response 32 

5.1 Test beam electron data . . . . . . . . . . . . . . . . . . . . . . . 32 

5.2 Monte Carlo reprod uction of test beam data . . . . . . . . . . . . 36 

5.3 Test beam vs Monte Carlo compari!lOn on the basis of 6 variables 37 

,5.4 An attempt to tune the Monte Carlo . . . . . . . . . . . . . . . . 46 

6 Conclusion 49 



• 

• 

• 

List of Figures 

1.1 The CDF detector. ............. . ·1 

2.1 The CDF central, endwall and plug calorimelers. 

2.2 The light gathering system for the eleetromagnetie and hadrolllic \('11-

tral calorimeters. . . . . . . . . . . . . . . . . . t:1 

2.3 Strip chamber position measurement resolution. 1,1 
2.4 Standard CDF cuis used for electron identification. 16 

2.5 Electrons, muons and charged pions in the CDF central calorimeter. t 7 

3.1 Th~ Meson Test Bearn line. ....................... 20 
3.2 The last single wire drift ehamber before the COF test beam rcgiol\ 22 

3.3 The COF test beam region. . .. " ... " ..... 2:! 

4.1 The l/sin() widening of the showers .. :w 

5.1 Muon energy 10ss in the central ealorimeter. 

5.2 Momentum and extrapolated hit position for test bearn and MOl1i(~ 

5.3 
5.4 
5.5 
5.6 
5.7 
5.8 

5.9 

Carlo eleetrons. . ........................... . 
Comparison between test bearn and Monte Carlo for E'CIIA/Ecf;M. 

Comparison between test bearn and Monte Carlo for LSII n. 

Comparison between test bearn and Monte Carlo for ~z. 

Comparison between test bearn and Monte Carlo for ~x. 

Comparison between test bearn and Monte Carlo for X~. 

Comparison between test bearn and Monte Carlo for X!. 
An attempt to tune the Monte Carlo for::::: 50 CeV /e eledrons shot 

towards approximately the center of tower 4. . . . . . . . . . . . . .. 48 

VII 



• 
List of Tables 

1.1 Summary of the CDF calorimetcr properties. 6 

2.1 Coordinatcs of the CEM towers ...... 16 

.5.1 Pcrcentagc of muons surviving the cuts .. 34 

.5.2 Percentage of pions surviving the cuts. 34 
5.3 Fraction of pions in the test beam samples after the cuts. 35 
,1).4 Momenlum and CES hit positions for the test beam files used. 37 

• 

• 
V 111 



• 

• 

• 

Chapter 1 

Introduction 

1.1 Introduction 

High energy physics deals with the study of the basic const it \I('llts of 11\,11.\,(') ,1IId 

the nat ure of interactions bctwecn them. In order to be able to look closPly ,II. ~lIch 

small-scale systems we ncccl sonle kind of "microscope". The "Illirro~cop(:" th.LI. 

experimentalists in the field use, is nothing cIse but beam:" of high ('!I('rp;y pclrl.lCl(·~ 

High encrgies are important for t \\'0 reasons: 

First, in order to localize the investigations ta the very small :"caks of dis­

tance associated with the clemcntary constituPIJ!,s, one l'equin's l.vliat.io!l 

of the srnallest possible wavelength and 50, highest possible ('JI(·rgy. 

Second, manyof the fundamental constituents have high masses and w(' 

must provide high enough energies for their cl'eation and study. 

Very high energy collisions occur nat urally in cosmic ray interactions Tlu'Y PIO­

vide useful information but can not compdre with systp.ll1atic exrerirn(~nt,üion dt 

accelerator laboratories. 

When particle-l in a high·encrgy beam meets particle-~ in a staf.iuJlary trlfgpI, 

their relative momentum k and their total energy Ecm in tlw Cf~nt('!'-of'IIlitss flétrII!' 

are 

Ecrn = lm? + m~ + 2Etm2::::= 2/,-,') tn';,! 

1 
k::::= 2Ecm (1.]) 

assuming that El » ml ,m2' So, in order to get high Ecm with a hx(~d tdrgel., Wf! n(!ed 

both high beam energy Et and substantial target mass rfl2' However, EcTl'l incrr-(J.,<,(!:-; 

only as the square root of Et. 
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On the other hanà, if particle-l in one beam meets particle-2 in another beam 

moving in the opposite dir~ction, the available energy becomes 

Ecm = Jm~ + m~ + 2ElE2 + 2PlP2 ~ J4ElE2 ( 1.2) 

where Pl' P2, El, E2 are the t wo beam moment a and energies and k ~ ~ Ecm as before. 

The particle masses can now be very low. But, most important, Ecm rises linearly 

with the bcam energies, assuming both are increased together. 

One of the most active accelerator laboratories today is Fermilab at Batavia near 

Chicago. Thcrc, both fixed target and collider experiments are carried out. 

In the collider mode the acceleration ring (the Tevatron) w1lides 900 CeV protons 

with 900 CeV anti-protons, providing a center-of-mass energy .;s = 1.8 TeV, the 

highest energy available in the field today. The first detector built for the Tevatron 

collider is CDF (Collider Detector at Fermilab) which is located at the BO interaction 

region of the Tevatron ring. 

1.2 Physics at CDF 

A broad range of physics prospects is available at CDF: heavy quark production and 

decay, W and Z physics, QCD and jet physics, and searches for exotic particles. 

In the Standard Model the top quark (t) is predicted to be the weak isospin partner 

of the bottom quark (b). Its existence is implied by the absence of flavor-changing 

neutral currents in b decays [1] and the forward-backward asyrnmetry in ée- -4 bb 
interactions [2). At the Tevatron, the dominant production mechanism is expected 

to be PP -+ tlX, where X is anything. An important goal for CDF would be to find 

the top quark. For the moment CDF has set the lower limit for the top quark mass 

to be 91 CeV /c2 at a 95% confidence level (3]. 

There are many B - B pairs produced in the Tevatron collider, and so CDF is able 

to explore B-physics too. Measurements of the BO BO mixing parameter X have been 

done with CDF [4). The phenomenon of mixing, in which a neutral meson transforms 

into its antiparticle via flavor-changing weak interactions, provides constraints on 

the elements of the Cabbibo-Kobayashi-Maskawa matrix. Full reconstruction of B 

mesons through decay chains like B* -4 J /1/JI<*, J /'Ij; -+ JL+ JL- have also been done 

at COF' and the obtained data samples have been used to measure B-meson cross 

sections, from which the b-quark cross section has been extracted [5). 

The masses mw and mz of the vector bosons are fundamental parameters in the 

standard electroweak model. Together they determine the weak mixing angle through 
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its definition, sin2BW == 1 - m~",/m~ which can be compared to determinations made 

using other methods, thus testing the consistency of the mode\. The n" mass is 

measured using both electron and muon decays of the ur (W -+ l'lI, IlII) [6], and the 

Z mass using the Z --. e+ e-, ,,+ 1'- data li). 
QCD can be tested with jets and isolated prompt photons that are pl'odll<'{>d al 

the BD interaction point, in contrast to photons produced by decays of hadrons. '1'0 

test QCD with jets, th~ inclusive jet cross section (pp -+ j + X, where j stands for 

jet and X for anything) is compared to QCD predictions [8]. Additional information 

about QCD and limits on quark compositeness can be obtained from two jet angular 

distributions (pp ...... jj + X) and their comparison to QCD predictions [9]. The cross 

section for the production of prompt photons can also be comparcd to QCD [10]. So 

far, measurements of jets at CDF agree with QCD, whereas meaSUfcrnents of isoJat<,d 

prompt photons do not agree with QCD calculations at low momentum. 

Apart from the above, searches for W' and Z', excited st.ates of the chargt~d 

and neutral vector bosons W and Z respectively (11), for squarks and gluinos, the 

supersymmetric (SUSY) partners of quarks and gluinos respcctivcly [12], for a light 

Higgs boson (mH < 1 CeV /c2) (13), as weIl as for heavy stable charged particles [14} 

are done at CDF, 

1.3 The CDF detector 

The CDF detector (f:ee Fig, 1.1) is a general purpose magnetic detedor with charged 

particle tracking and momentum determination, fine-grained eledromagnctic and 

hadronic calorimetry, and electron and muon identification. For a detailed description 

of the detector refer to [15], Here we briefly outline its main features. 

The CDF coordinate system defines the positive z axis along the direction travcled 

by the protons. The y axis is vertically upward and the x axis is radially outward 

from the center of the Tevatron ring. The CDF detector is forward-backward sym­

metric. The angles (} and 4> are the usual polar and azimuthal angles. Pscudorapidity, 

7J = -ln tan(O/2), is a polar angle variable widely used al CDF1 • The variable r is 

the perpendicular distance to the beam (r = JXbVF + ybDF)' Wc oCten use the 

"transverse" energy, ET == E . 3mB, and the "transverse" momentum, PT == p' sinO, 

lWhenever a coordinate z,y,z,tI>,(J or 11 is used as the COF detector coordwllte, the notatIOn 
will be ZCDF, YCDF, ZCDF, t/>CDF. OCDF or 11CDF, wlth ZCDF = YCDf' = ZCDF = 0 at the mtersec­
tion point between the nominal beam line and the plane where the deledor 15 forward-baC'kward 
symmetric. 
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Figure 1.1: A side view of one half of the CD F detector as i t was configured for the 
1988- '89 run. A new vertex time projection tracking system (VTX) has replaced 
the VTPC (vertex time projection chamber), a silicon vertex detector has been in­
stalled between the beam pipe and the VTX, and new muon chambers have been 
implemented for the 1992- '93 run. The detector is symmetric about the TfCDF = 0 
plane. 

where E is the energy measured in the calorimeter and p is the momentum of the 

track. 

1.3.1 'Iracking 

Immediately outside of the beryllium beam pipe, a silicon vertex detector (SVX), 

made of 4 layers of silicon crystals at distances of minimum approach r = 3.0,4.3,5.7, 

and 7.9 cm and having 46080 channels in total, covers the region IZCDFI < 26 cm 

(l'lCDFI < 1.9 for layer 4). The primary function of the SVX is to find secondary 

vertices, needed for B meson reconstruction and also for top decays. The SVX has 

a vertex/impact parameter resolution of :::::: lOJ-lm, weIl suited to identify secondary 

vertices of relatively long lived particles (e.g. B mesons). 

Outside of the SVX barrels, a system of twenty-eight time projection vertex drift 

chambers (the VTX) are used to provide tracking information for ITfCDFI $ 3.5, giving 
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good coverage of the long interaction region (0': ~ 35 cm). The VTX chambers 

contain 8412 sense wires for measurement of track coordinates projt'dl'd onto the 

r - z plane and there is also a rnueh poorer mcasurement in 4> to proviclt' stereo 

information. The primary function of the VTX is to locate the event vertex along 

the beam axis. The resolution of this measurement is ~ 1 - 2 mm, clepf'nding on the 

track multiplicity. Another function of the VTX is to provide information USt'cl in the 

identification of photon conversions. 

At larger radii, the central tracking chamber (CTC) provides chargcd particle 

tracking for l'1CDFI $ 1.1, above PT ~ 300 MeV Je. Traek curvature is measnrcd in 

a uniform 1.4 T solenoidal magnetic field coaxial with the beam axis. The CTC is a 

large cylindrical drift chamber with an outer radius of 1.4 m and contains 84 laycrs of 

!>ense wires grouped into 9 ·'superlayers". Five of these superlayers consist of 12 axial 

sense wire layers; the other four superlayers consist of six layers of sense wires tiltcd by 

±3° relative to the bearn directi"n. The track measurernent provides a rnomcntulll 

resolution of r.m.s(PT)Jp} $ 0.002 (GeV JC)-l for isolated charged tracks, where 

r.m.s(PT) stands for the root mean square of the PT distribution. The resolution can 

be :mproved to r.m.s(PT)Jpt =5 0.0011 (GeV Jc)-t by constraining traek trajectories 

to pass through the beam position . 

1.3.2 Calorimetry 

One of the basic inputs to the CDF triggers is based on the energy sum in the 

calorirneter. In high energy proton-antiproton collisions most of the energy deposited 

in the calorimeters is due to clusters I)f hadrons traveling in a relatively small solid 

angle (jets), or due to electrons that deposit their energy in a much smaller solid angle 

than the jets. A projective tower geometry was chosen for ail calorimeters in order 

t<J contain a jet or an electron within the same towers from the start to the (~nd of its 

traveling in the calorimeter. This way the electrons deposit thcir cnergy in a much 

sm aller nurnber of towers than the jets, and it is easy for the trigger to distinguish 

between a jet and an electron. 

Each tower has an electromagnetic (EM) calorimeter cell in front of a correspond­

ing hadronic one (HAD). This enables a detailed comparison of electromagnetic and 

hadronic energy on a tower-by-tower basis. The division between EM and HAD Sf!C­

tions helps in distinguishing between electromagnetic showers (e*, "y) and hadronic 

showers, because incident electrons or photons will deposit almost ail of their cncrgy 

in the EM part of the calorimeter, whcreas hadrons will deposit a large portion of 
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1 System 1 71CDF range 1 Energy resolution (f7(E)/ E) 1 Thickness 1 

CEM 1711<1.1 13.5%/vE œ 2% 18Xo 
PEM 1.1 < 1711 < 2.4 28%/VE œ 2% 18 - 21Xo 
FEM 2.4 < 1711 < 4.2 25%/VE œ 2% 25Xo 
CHA 1711 < 1.3 75%/VE œ 3% 4.5..\1 
PHA 1.3 < 1711 < 2.4 90%/VE œ 4% 5.7..\1 
FHA 2.4 < 1111 < 4.2 130%/VE œ 4% 7.7..\1 

Table 1.1: Summary of the COF calorimeter properties. The symbol œ means that 
the two terms should be added in quadrature (energy is in CeV). 

their energy in the HAO part of the calorimeter behind the corresponding EM section. 

The COF calorimeters are divided into three regions of pseudorapidity: central 

(l11cDFI ~ 1.1), plug (1.1 ~ :l1cDFI ~ 2.4), and for ward (2.4 :5 l11cDFI :5 4.2). 

The dimensions of the towers are ~11 x ûtjJ :::::: 0.1 x 150 in the central region and 

Û" x ûtjJ :::::: 0.1 x 50 in the plug and forward regions. 

The EM calorimeter cells are constructed from active :-;ampling layers sandwiched 

bctween lead radiator plates. The active layers are scintillators in the central region 

(CEM calorimeter) and gas proportional chambers in the plug (PEM calorimeter) and 

the forward (FEM calorimeter) regions. In the CEM calorimeter a set of proportional 

strip chambers is located at a depth of ::::: 6 radiation lengths, corresponding to the 

depth of maximum energy deposition in an electromagnetic shower. These central 

strip chambers (CES) have wire and strip readout providing independent reconstruc­

tion of showers in the z and <1> views, measure the lateral shape and position of EM 

showers and are used for electron and photon identification. The electromagnetic 

showers are located with a precision of :::::: ±2 mm depending OT} the shower energy. 

The hadron calorimeter cens also use scintillator as the active medium in the cen­

t.ral (CHA calorimeter) and the end-wall (WHA calorimeter) regions (l1]CDFI :5 1.3). 

The active medium is gas proportional chambers for the plug (PHA) and the for ward 

(FHA) hadronic calorimeters. In both cases the active layers are sandwiched between 

iron absorbers. The CHA/WHA photomultiplier tubes (PMTs) are instrumented 

with TOCs that provide timing information used to reject out-of-time backgrounds, 

snch as cosmic rays or particles from the original Fermilab accelerator, that is now 

lIsed as an injector for the Tevatron and which passes over the COF detector. In 

Table 1.1, the 1] coverage, the energy resolution and the depth in radiation (Xo) or 
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interaction lengths (.\1) for the El\1/HAD calorimeters are summarized. The radiation 

length is the distance an electron has to travel on average bcfoœ it is left with 11c of 

its initial energy due to bremsstrahlung, and the interaction length dlaracteriz«'s tht' 

inelastic production of secondary hadrons. 

1.3.3 Muon detection 

The region of the outermost part of the central calorimeter with IrlCDFI ~ O.<l3 i.('. 

56° ~ (JCDF $ 124°, is instrumented with four layers of drift chambers for muon 

detection (the CMU detector). The central calorimeter (CE:M + CHA) has a thick­

ness of R: 5 interaction lengths Pd. So, muons of momenta bt'low approximately 

1.6 GeV le stop in the calorimeter without reaching the CMU whereas the CMU is 

maximally efficient for muon moment a above approximately 3 GcV le. Muon id('ntifi­

cation is done by mat::hing a track segment in the CMU with a CTC track. Tl\{' root 

me an square (r.m.s) position resolution along the sense wires is 1.2 mm (llsing charge 

division information), and the r.m.s resolution in the drift direction (<p) is 250 Iml. 

In both the forward and backward regions, between 3° and 16° relative to tht' l}('am 

axis, there is a muon spectrometer (FMU) consisting of magnetized steel toroids with 

drift-chamber planes and trigger scintillation counters. The position resolution is 1 :10 

pm. 

After 60 cm of steel outside the CMU, four layers of chambers arc locatc'd; the 

central muon upgrade (CMP) detector. The 60 cm of steel incrcase the nurnber of 

interaction lengths to R: 8.5, between the beam collision point and the CMP chambers. 

This reduces the rate of non-interacting primary hadrons ("punch-throughs") by a 

factor of 20. The position resolution of the CMP is :::::: 295 Jlm and the angular 

resolution (in 4» is R: 4.6 rnrad. 

Additional muon coverage for 0.62 $ l71cDFI $ 1.0 is provided by the central muon 

extension (CMX) ddector. It consists of four layers of drift chambers located after 

approximately 4..\1 of absorber. The CMX drifts cells a.re similar tü the CMP oues 

and the position and angular resolutions are the same . 
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Chapter 2 

The CD F Central Calorimeter 
and Electrons 

2.1 Calorimetry in lIigh Energy Physics 

A calorimeter is a block of matter that intercepts a particle and causes it to inter­

act and deposit most of its energy within the calorimeter volume by a cascade (or 

"shower") of lower and lower energy particles. The energy deposited is detected in 

the form of scintillator light, ionization charge or similar, produced by the secondary 

particles in the shower. The energy detected is, if the system is carefully designed, 

proportional to the energy of the incident particle. Calorimeters are used in high 

energy physics to measure energy, position, direction and sometimes the nature of 

incident particles (e.g distinguish between an electron and a charged pion). 

2.1.1 Sampling calorimeters 

"f,ampling" calorimeLers are devices where the functions of energy degradation and 

energy measurement are separated in alternating layers of passive and active material. 

This is done so as to avoid using only active materials, which are usually of low atomic 

number (Z) or expensive materials. By introducing the high Z passive materials we 

cause the shower to develop faster and so we can reduce the volume of the calorimeter. 

Of course the combined use of passive and active materials means that we are not 

mcasuring ail the energy deposited in the calorimeter (both in the passive and the 

active parts), but only the energy deposited in the active parts. So we have "sampling 

fluctuations"[16] which are mainly caused because there are statistical fluctuations on 

the number of secondary particles, N, going through the active layers. These sampling 

fluctuations have a fractional resolution u(E)/ E that scales as l/VN '" liVE. Note 

8 



• 

• 

• 

Chapter 2: The CDF Central Calorimeter and Electrons 9 

also that fluctuations would be present even in a calorimeter made up by pure a(,tiv(> 

material, because every material is sensitive to the cascade particles above somc cut­

off energy, so there is always sorne energy that is going to be missing ("intrinsic" 

fluctuations). Intrinsic fluctuations scale as CJ(E)/E - l/VE. 
Other effects that cause fluctuations are Landau fluctuations of the elH'r~y dt·­

posited in the active layers (a significant amount of energy, well above the average 

value, can be lost by a particle in a single collision), "path-length" fluctuations, fluc­

tuations due to energy leakage out of the calorimeter, etc. 

2.1.2 Electromagnetic and hadronic showers 

When a high-energy electron/photon enters a thick absorber it crcates an clcctro­

magnetic shower by brt!msstrahlungjpair production. The multiplication pro(css of 

the shower goes on until the shower partic1es reach a threshold energy; from then 

on no new particles are created and the existing ones lose their energy graduiI.lly by 

collision-ionization los ses (electrons) or by Compton scattering and the photoclcctric 

effect (photons). 

It is convenient to measure the thickness of the material where the clcctrolllélgm·tic 

cascade develops, in units of the radiation length Xo. This is the distane<' an e1edron 

has to travel on average before being left with l/e of its initial energy. The thn'shold 

energy where collision losses become as important as losses due to bremsstrahhlllg i~ 

called the critical energy Ec. The average lateral dcflcction of clcclrons of cllcrgy Er 
a{ter traveling {or one radiation length is the 'Molière Radius' RM • Hadiation length. 

critical energy and Molière radius, for a malerial with atomic weight A and at.omic 

number Z, can be parametrized as follows (ref. [16] for Ec and RM • ref. [I7] for Xo): 

X 716.4 A 
o ~ Z(Z + 1) In(287jv'z) 

Ec ~ 550 [MeV] 
Z 
A 9 

RM ~ 7- [-] 
Z cm2 

(2.1 ) 

where the above formulas are accu rate to better than 10% for Ee and RM for rnat(!rials 

with 13 $ Z ::; 92, and to better than 2.5% for Xo for ail clements exccpt heliurn, 

where the result is ~ 5% low. Notice that if we want to convert Xo or RM to distance, 

we have to divide by the density of the medium . 

--------- -- --
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As concerns the longitudinal development of the shower, the deposited energy can 

be parametrized as follows, with a and bas parameters ([18],[19]): 

dE baH 
E ta -bt 

dt= 0r(a+l) e (2.2) 

where t is the number of radiation lengths traversed from the shower origin and Eo 
is the total particle energy. 

The calorimeter length needed to contain 98% of the incident energy is L(98%) 

([18]) : 

L(98%) ~ tma.r + 4'\all 

tma.r[Xol = ajb 

'\att[Xo] ~ 3.4 ± 0.5 (2.3) 

where '\aU characterizes the slow exponential decay of the shower after the shower 

maximum, and tma.r is the depth at which the maximum of the shower occurs. 

As concerns the laterai development of the shower (mainly due to multiple scat­

tering and the bremsstrahlung emission angle), 95% of the total energy of the shower 

is contained in a cylinder having radius R(95%)[16) . 

A 9 
R(95%) ~ 2RM ~ 14 Z [cm 2 ] (2.4) 

U nlike the electromagnetic showers, hadronic showers are composed of both an 

electromagnetic part (mainly due to 1I'°'S created in one of the first interactions of the 

hadron in the calorimeter) and a hadronic part. In general these energy depositions 

are converted to electric signaIs with different efficiencies. This is because a significant 

part of the low energy hadronic component is invisible (going ta excite or to break-up 

nuclei of the traversed medium). The ratio of the conversion efficiencies is called the 

intrinsic el h ratio. In most cases the ej h ratio is usua.lly greater than unit y (typical 

values are el h :::::: 1.4 for most materialst, which is also the case for the CDF central 

calorimeter). The ej h ratio increases as the energy of the incoming hadron increases, 

because the electromagnetic portion of the shower is greater than at lower energies 

(the fraction of the 1I'°'S in a hadronic shower is 1(11'°) ~ 0.11nE(GeV) [18]). 

The length scale appropriate for hadronic cascades is the nuclear interaction Iength 

(or absmption Iength) given by ([18]): 

,\[ ~ 35Aî [~] 
cm 

(2.5) 

1 With the exception of Uranium-238 which boosts the hadronic component to achieve elh :::::: 1 
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Quantities describing the longitudinal and the laterai development of hadronic show­

ers, similar to the ones used for electromagnetic showers, can al50 be defined ([18]). 

2.2 The CDF central calorimeter 

The CDF central calorimeter is a sampling calorimeter divided into two regions, 

electromagnetic (CEM) [201 and hadronic (CHA) [21]. The passive medium in tht.' 

electromagnetic part is lead, whereas in the hadronic part it is iron. TIl(' at·tive 

medium is in both cases scintillator. The electromagnctic part is located in front of 

the hadronic one, since the radiation length (Xo) is much shortcr than the inter,\.('­

tion length ()./) and 50 electrons and photons prod uce electromagnctic showers lIluch 

earlier than hadrons in the calorimeter. The depth of the electromagnet.ic part is 

18Xo so as to contain most of the electromagnetic shower (see cq. :LJ), and t.he depth 

of the hadronic part is 4.7).1 for the same reason. Note that t.he cncrgy rcsolutlOll 

of the EM calorimeters is atfected significantly by the cncrgy lost due to inadequatl' 

containment of the showers in the calorimeter volume, sinee the intrinsic resolutioll of 

such calorimeters is small; thus the 18Xo of the CEM depth. On the oth('r hall(l Hw 

measurement of the jet energy need not be that precise as that of electrous. Aisu siz{> 

considerations of the hadronic calorirneters along with hadronic shower cont .• unnwllt 

experiments for iron calorimeters, show that ~ 5)./ are sufficient for the CHA. 

The central calorirneter provides full</> coverage and, in order to make lIlechallical 

construction easier and to be able to roughly locate incoming particles, it is divided 

into 48 wedges, each covering tJ.</>CDF = 15°. The wedges are grouped into 4 arches. 

Two arches (12 wedges each) cover the positive lIcDf' (ZCDF > 0) region and two 

arches cover the negative 7JCDf' (ZCDf' < 0) region for I11CDf' 1 < l.1. Each wedg(' il] 

divided into a number of towersj the size of each tower is t:1TJCDF x t:1</>CDF ~ 0.1 x 150
• 

An electromagnetic shower is mostly contained within one tower (recall the 'MoJi('re 

Radius' RM and eq. 2.4. For the CEM, RM = 3 .. 53 cm). The towers have a projedive 

geometry pointing to the interaction region, so as to contain a jet Iflside th(! salit(' 

towers from the start to the end of its showering inside the central calorirrl(~ter. Each 

wedge contains 10 towers for the CEM part of the calorirnctcr. Due to this projective 

geometry the CHA has only 8 towers per wedge and so the region bf!hind the CEM 

towers at 11IcDFI ::::: 1 is also covered by the "wall" hadronic ca)orirneter (WHA). The 

CHA and WHA combined cover the region I7JCDf' 1 < 1.3 (see Fig. 2.1). Notice that 

the CEM towers connect smoothly to the PEM (plug electromagnetic calorirncter) 
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1 

Figure 2.1: Quadrant of the calorirneter where A, B, C show central, end wall and 
plug rcspectively. Towers are numbered frorn 0 (at (JCDF = 90°) to 11 (last tower of 
cndwall modules). Hadronic towers 6, 7 and 8 are shared between central and end wall 
calorirncter. 

towers and so there is no need for a "wall" electromagnetic calorirneter. 

The light from the scintillator layers is collected in a different manner in CEM 

than in CHA (see Fig. 2.2). In the CEM, there is one wavelength shifter (WLS) sheet 

at each q,-side of the tower, collecting the light from ail the 31 scintillator layers in 

a CEM tower. In the CHA, there are two WLS strips collecting light from the long 

q,-sidcs of each of the 32 scintillator layers in a CHA tower. In both cases the (WLS) 

shcets (for CEM) or strips (for CHA) pass the light, through light guide strips, to the 

photomultiplier tubes (PMTs). There are two PMTs per CEM tower and two more 

for cach CHA tower, at opposite sides in 4>. 
Each q,-side of a wedge is covered by :::::: 4.76 mm of steel skin and between the 

wedges there are q, gaps of size ~ 6.4 mm. Steel skins and gaps represent 4.8% of the 

azimuth. In order to avoid having photons or electrons traverse the <p gaps and escape 

dctection, there are crack detectors in the <p boundaries consisting of a preradiator 

( 9 radiation length thick uranium bars which forces the incoming particles to shower) 

and a crack proportional chamber which detects particles going through the cracks. 

The information frorn the crack detectors is used for veto purposes. Note that by 

wedge design (due to the steel skins and the q,-gaps) an electromagnetic shower does 

not have significant energy deposition to the wedges neighbouring the hit wedge. 
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Figure 2.2: The light gathering systeru for the CEM (a) and the CHA (b). The local 
wedge coordinate system is also shown in (a). 

- At a depth of ~ 5Xo from the face of the CEM towers (a liUle more than 6Xo 

from the interaction point including the detector and solenoid coil materictl up 1,0 

the CEM face2
), strip chambers (CES) are located. Their location is choSCIl so as 

to correspond to the maximum of the electromagnetic ShOWCIS (see eq. 2.:1). The 

strip chambers determine the position and the transverse devclopment of the showers 

by measuring the deposition of charge on orthogonal strips and wires. Thus, both 

cP (using the wires) and z coordinates (using the strips) of the showers are obtained. 

The electromagnetic showers are located with a precision of ~ ±2 mm (al, .50 Ge V) 

depending non-linearly on the shower energy (see Fig. 2.3). 

The energy resolution for the electromagnetic and the hadronic component of the 

central calorimeter are: 

CT(E) :::::: 13.5% œ 2% 
E .JE (CEM) 

CT( E) :::::: 75.0% œ 3% 
E JE (CHA) (2.6) 

where E is the energy measured in the calorimeter in CeV, and the symbol œ means 

that the two terms should be added in quadrature. The poorer rCl'iolution of the 

hadronic part is due to the different natures of the clectromagnetic and hadronic 

showers (recall end of section 2.1.2). 

2 About 85 % of thlS extra lXo lS at the solenold COlI. 
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Figure 2.3: Strip chamber position measurement resolution near OCDF = 900
• Strip 

view (squares) measurement scales as 1/ si nO away from OCDF = 90°. 

2.3 Electrons in the CDF central calorimeter 

In the central calornneter, electrons are identified by reqUlring that there be an elec­

trornagnctic cluster in the CEM and an associated track in the CTC. The cluster 

must hdve a shower profile in agreement with 1985 test beam results for electrons, 

both ln the calorimeter and the strip chambers (CES). In addition the track must 

match the cluster in momentum (an electron will deposit <t11 of its energy inside the 

calorimeter, most in CEM and sometimes a small fraction in the CHA) and position 

(i.e the eTC track must point to the electromagnetic cluster). 

An e1ectromagnetic cluster is usually defined as a cluster of energy located at a 

tower with energy greater than 3 CeV ("seed" tower). If adjacent towers have energy 

greatcr than 0.1 CeV they are considered as part of the electromagnetic cluster. Be­

cause electromagnetic showers have very small energy leakage across the ~ boundaries, 

the size of such a showcr extends to no more than 3 Tl -adjacent towers. 

The variables used to parametrize an electromagnetic shower and used for a more 

detailed selection are: 

• ECIIA/ ECEM, where ECHA is the energy measured in CHA and ECEM the energy 

measured in the CEM. The usual convention for the ECEM energy is to count the 

cnergy in the 3 Tl-adjacent. CEM towers that contain the electromagnetic shower, and 

for the ECIIA energy to count the enel'gy in the 3 CHA towers behind these 3 CEM 
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towers . 

• LSHR, that parametrizes the lateral shower profile of the ellergy spn>ad of tht' 

cluster. The energies of the towers adjacent to the seed towl'rs are compan>d tn 

expectations based on 1985 test beam results for electrons. Til{' ad u<\l dt'finition for 

LSHR is: 

( ') ... ) _./ 

where the sum is over towers in the cluster adjacent to t.he seed t.o\\'er, M k Îs the 

measured energy in the adjacent tower, Pk is the cxpect.ed cnergy in t.he ,uljan'lIt. 

tower as estimated from 1985 test beam measurements, ECEM is ti1(' electrolllitgl\t>tl(' 

energy in the cluster, and 6.Pk is an estimate of the error in Pk; th<, fir::;t tt'rm in t.ilt· 

denominator cornes from the resolution of the CEM. 

• X; and X!, which characterize the fit of the transverse profiles of t.he clust.N in 

the z and 4> directions, to a parametrization of the profiles obtaincd from 198:' tpst. 

beam electrons[22]. 

• El P, where E is the energy measured in the calorimctcr (CEM + CIIA) and P 

is the momentum as measured in the CTC tracking cham ber. 

• 6.z and 6x, which are defined as follows: 

~z = ZeES - ZCTC 

~X = XCES - XCTC (2.8) 

where ZeES and XeES are the z and x location of the elcctromagnetic showPr accordi/lg 

to the strip chambers, and ZCTC and XCTC are the cxtrapolatcd pOl>ition of the <'Ied,roll 

to the radius of the strip chambers, using the corresponding eTC track. The Z iLlld 

x coordinates here are the local wedge coordinates (sec Fig. 22(a)). Th<' local Z-ilXIS 

is identical to the CDF z-axis (pointing towards the direction of twa.rn protons), tlH' 

local x-axis is in the direction of the azimulhal (i.e 4» t.angt'nt al tilt' 1.owpr f·f'n1.(·r, 

pointing towards the lower 4> values, and the local y-axis i~ pcrpf'ndiclliar tn t.h(· fa((' 

of the wedge pointing outwards, such that the local coordma.tc :"y!>tNTl is right halldpd. 

So, in local coordmates, x = 0 is at the towcr center and y = 0 on HIC' froul ftiu' of 

the CES. The coordinates of the CEM towers arc given in tablt> 2 1. 

An application of electron identification u~ing cut!l on the vallle~ of the ithOVt~ 

variables is demonstrated in Fig. 2.4 [23]. Scbcrnatic vicws of an e!(·Ltron, a muon 

and a charged pion in the central calorimeter arc given in Fig. 2 .. 5 [24J. 
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Tower Zman (cm) Zmaz (cm) 7]msn 7]maz 

0 4.22 24.16 0.023 0.131 
1 24.16 48.32 0.131 0.260 
2 48.32 72.48 0.260 0.384 
3 72.48 96.64 0.384 0.503 
4 96.64 120.80 0.503 0.616 
5 120.80 144.96 0.616 0.723 
6 144.96 169.12 0.723 0.823 
7 169.12 193.28 0.823 0.916 
8 193.28 217.44 0.916 1.004 
9 217.44 245.96 1.004 1.100 

Table 2.1: Horizontal (z) coordinates of the CEM towers. The vertical (tP) coordinates 
run from n x 150 to (n + 1) x 15°, where n = 0,1, ... ,23 is the wedge number . 
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Figure 2.4: Standard CDF cuts used for electron identification: E / P < 1.5, 
ECIIA/ ECEM < 0.05, LSHR < 0.2, I~zl < 1.5 cm, I~xl < 3 cm, X~ < 10 and 
\~ < 10 [23] . 
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Figure 2.5: Schematic views of an electron, a muon and a charged pion ln the CDF 
central calorimeter . 
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Test Bearn for CDF Central 
CaloriIlleter Modules 

3.1 Test beams as a calibration tool 

As we said in the previous chapter, the CEM and CHA modules (wedges) are instru­

mented with a pair of phototubes for each tower. These phototubes read the signal 

caused by the shower developed in the calorimeter. By knowing the signais of the 

phototubes, we can deduce the energy of the particle that er!tered the calorimeter . 

ln physics runs the front-end electronic scanners read out the charge integrating 

channels for the central calorimeter. For each channel the signal is digitized, then a 

pcdestal is subtracted and the result (if it is above sorne digital threshold) is stored. 

When the time cornes to use these values (to do physics analysis) we con vert the stored 

values (counts) into energy (Ge V) by multiplying them by the appropriate calibration 

constants which correct for channel-to-channel variations. The calibration constants 

and information relative to them are saved in a calibration data base. 

ln order to determine the calibration constants we need a number of calibration 

systems. The calibration systems used for the CDF central calorimeter are described 

in detail elsewhere [25]. Very briefly we can say that the response of the central 

calorimeter wedges was first measured with the use of a 6OCo source system that was 

later replaced by a 13
7Cs source drive system (radioactive sources calibration). These 

two nysterns were used for primary calibration along with the response of the wedges 

to electrons and pions in a test beam. During physics runs the calibration obtained 

with the use of the above systems is supplemented by a fast calibration based on a 

LED flasher system and a Xenon flasher system, so as to car:y on a daily calibration. 

The importance of the test beam is not limited to the determination of the cal-

18 



• 

• 

• 

Chapter 3: Test Bearn (or CDF Central Calori1lleter ~\Iodules Hl 

ibration constants only. The nominal response o( electrons as concerns the lateral 

shower profiles in the CES and in the calorimeter was parametrized using 1985 test 

beam results (recall the X2 and LSHR variables in section 2.3). Th(' response maps 

(or the central calorimeter towers (response vs. distance (rom tower ('pnter) and the 

parametrizations of the electromagnetic and hadronic showers are also obtailled based 

on 1985 test beam results and are used (or the simulation of the delect.or rt'sponse 

(see eq. 2.2 for example). 

3.2 The geometry of the CDF test beam 

III order to study aspects of the central calorimeter response tike the ones Jlwnt.ioncd 

above, two extra central calorimeter modules (wedges) were constructed for CDF and 

were placed along the Meson Test (MT) beam line (see Fig. 3.1). The two wcdg<.'s 

of the test beam are stacked together and they pivot about a point (\<j\livalent tu 

the ZCDF = 0 interaction point at BO. Thus the wedges OloV(' in an arc and the 

test beam ex~eriment is able to simulate the projective geornetry of CDF. The way 

the wedges nJove allows scans in both 1] and <P directions. In front of the wedg('s 

there is an aluminum plate that simulates the number of radiation Icngths a particl(~ 

goes through while traveling from the interaction point to the (ace of the ('entrai 

calorimeter at COF (i.e it simulates the beam pipe, the SVX, the VTX, the eTC, 
and the solenoidal coil). The aluminum plate moves with the wcdges, alld so tlw 

radiation lengths an incoming particle goes through chang(~ from tOWN to towcr in 

exactly the same manner as happens in the CDF detector at BO. In the 1991 test. 

beam the CPR (Central Preradiator) modules were located on the wedgc in cxactly 

the same manner as they are in COF. The CPRs are strip chamhers used to deted 

photons converted in the solenoidal coil (~ O.85Xo thick) and arc 10('aü'd on the 

wedges, just in front o( the CEM towers. 

As shown in Fig. 3.1, the MT beam line has several focusing and dcfoclIsing 

quadrupole magnets to guide the beam clown the line, several targeb that allow the 

production of beams in different momentum ranges, two sets of momentum sdc('ting 

dipole magnets, a threshold Cerenkov counler to tag elcctrons (a synchrotron radia­

tion counter, SRO, is also used to tag electrons), scintillation counters to monitor the 

beam intensity, proportional wire chambers (PWC) to monitor the hearn profiles, a 

single wire drift chamber (SWOC) system to measure the trajectory and morncnturn 

of the particles directed onto the CDF test beam area, scintillators that are located 
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after the last SWDC and are used to trigger on an incoming charged beam particle, 

and two muon scintillators located behind the wedges (one just aCter them and one 

after ~ 1 m of steel). 

Of particular interest to us are the following instruments and clements: (a) The 

MT5E dipole magnet string which is the last before the beam reaches the wedges. It 

gives an approximate bend of 28 milliradians to the incoming beam. (b) The SWDCs 

used for the momentum measurement are MT4SWDC (located about 30 meters up­

stream of the bend string), MT5SWDCl (located immediately bcfore the bend string), 

MT5SWDC2 (located immediately after the bend string) and MT6SWDC-2 (located 

about 40 meters downstream of the bend string) [26]. (c) The scintillators located 

after the last SWDC (MT6SWDC-2), which are used to trigger an event. An event 

is discarded if it does not cause these scintillators to fire. The size and the location 

of the scintillators are such as to tell us that a particle which caused them to fire, 

will pass over t he pivot point within a distance of ~ 2.5 cm. (d) The Cercnkov 

threshold counter (MT4CC) which discriminates electrons from muons and pions up 

to momentum ~ 25 CeV Je. (e) The scintillator MT6SCMU which is located behind 

the wedges and behind ~ 1 m of steel, used to tag muons (for morncnta above ::::i 25 

GeV le almost aU the muons are able to reach this scintillator) . 

There are two eoordinate systems used in the test beam: the local wedge system 

(see end of section 2.3 and Fig 2.2(a», and the beam coordinate system which de­

scribes the position of the beam while traveling towards the wedges after the MT5E 

dipole magnet string. This is a modification of the "spectrometcr coordinate system" 

used for the momentum determination of the beam particles [27]. Wc define the bcam 

coordinate system with the horizontal z-axis to go through the centers of the last two 

SWDCs, the y-axis to be vertically upwards, and the x-axis to be orthogonal to the 

other axes making the system right-handed (see Fig. 3.2). 

Each SWDC consists of four cells (see Fig. 3.2). Each cell is 2 . .J4 cm thick and 

contains an anode wire sandwiched between two cathode planes. In each cham ber two 

sense wires are horizontal (x-direction) and two are vertical (y·direction). Each pair 

is displaced symmetrically 20.3 mm from the SWDC center to resolve the right·left 

arnbiguity. The vertical pair (used for the horizontal x-position measurement) is doser 

to the wedges. The horizontal pair (used for the vertical y-position measurement) is 

placed up!>tream. 

In order to have an idea where a beam partide is going to hit the wedge, we use the 

position information obtained by the SWDCs, make the appropriate extrapolation 
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Figure 3.2: The last SWDC before the CDF test beam region (MT6SWDC-2 in Fig. 
3.1). The beam coordinate system is also shown, having its origin on the face of this 
SWDC. 

of the particle track to the face of th~ wedges and obtain the position wh€re the 

incoming beam particle is expected to hit the wedge, in local wedge coordinates . 

This is important in order to form parameters like the Â,z: and Âz used for electron 

identification (see section 2.3). 

The arca of the CDF test beam wedges is shown in Fig. 3.3. Having this figure 

in mind, we note the following: 

A point on the wedge with wedge coordinate ZCES (horizontal), has beam coordi­

nates x' and z': 

X' = RcES . sinOH,ta + (ZCES - zolJ) . coSOH,ta 

z' = zpp + RCES . COSOH,ta - (ZCES - Zof!) . sinOH,to. 

In order for this point to be on the particle trajectory, we must also have: 

x' = Xo + (Z' - =0) . tanOH, and therefore, 

(3.1 ) 

1'0 + (zpp - =0 + RCES . cOsOHlta) . tanOH - RCES' SznOHlta 
zeES = Zo!! + (32) 

C080H,la(1 + tan(}H,ta . lanOH) . 

A point on the wedge with wedge coordinate XCES (vertical), has beam coordinates 

y' and z': 

, • , 1 

Y = -RCES . sznOVlta - XCES . cos(}Vlta 

Z' = Zpp + RCES . cosO~'ta - XCES . sm(}~,ta (3.3) 
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Figure 3.3: The COF test beam region. (a) For wedge moving horizontally (x), and 
(b) for wedge moving vertically (y). 

In order for this point to be on the particle trajectory, we must also have: 

y' = Yo + (z' - zo) . tanOy, and therefore, 

yo + (zpp - Zo + RCES . cosO~.ca) . tanOv + RCES • sinO~.ca 
XCES = , ( , ) cosOV.ca -1 + tanOv.ca . tanOy 

(3.4) 

where: 

(a) OH.Ca is the horizontal stand position of the wedges (OH.la = 0 when an in· 

coming particle with the nominal bend of 28.04 mrad is directed towards the towcr 

o edge of the wedge), and OY,/a is the vertical stand position of the wcdges, with 

O~.ca = OV,ta ± 7.50 
(- for the lower wedge and + for the upper wedgc, bccause 

OV.ta = 0 corresponds to the middle of the gap between the two wedges). Note here 

that, by definition, the horizontal position of the CES signal is negative, as if the 

wedges were in the z < 0 side in the COF detector, 

(b) OH and Ov are the horizontal and vertical angles respectively, that the incom­

ing particle forms with the line going through the centers of the last two SWOCs 
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(MT6SWDC2 and MT5SWDC2), 

(c) Xo and Yo are the horizontal and the vertical positions of the incoming particle 

as they are measured at the last SWDC (MT6SWDC2), 

(cl) RCES is the distance between the pivot point and the CES plane inside the 

wcdges (RCES = 184.15 cm), 

(e) Zol! is the distance between the 0 = 900 plane at CDF and the highest (J edge 

of tower 0 (zoJJ == 4.22 cm as seen in table 2.1), and 

(f) Zpp - Zo is the distance between the pivot point and the MT6SWDC2 wire 

position that measures the horizontal (xo) or the vertical (yo) coordinate. For the 

horizontal measurement: Zpp - Zo = (329.83 + 3.81) cm, and for the vertical measure­

ment: Zpp - Zo = (329.83 + 3.81 + 5.08) cm, where 329.83 cm is the distance between 

the pivot point and the face of MT6SWDC2 and the numbers 3.81 cm (= 1.5 in) and 

5.08 cm (= 2 in) are related to the way the wires are placed inside the SWDCs (see 

Fig. 3.2) . 
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Elements of the CDF Monte Carlo 

4.1 The CDF Monte Carlo 

It is very useful for the understanding of the behaviour of the detector to have a 

software package that simulates the processes involved while particles are traveling 

through the detector material and the response of the detector components to tht"sc 

processes. Because many of these processes are of a statistical nature, the t('chniqucs 

used unavoidably make use of random numbers and are thus called Monte Carlo 

techniques. 

There are two types of Monte Carlo packages at CDF: (a) The eV('nt gencrators, 

like ISAJET, PYTHIA and HERWIG, needed to simulate the procc!:tscs involvcd from 

the proton-antiproton collision to the creation of the event particles, and (b) the 

detector simulators, namely QFL and CDFSIM, that simulate the COI" detector and 

its response to the particles created by an event generator. QFL uses parametrized 

responses rather than a first principle approach; CDFSIM is doser to a first principl(~ 

apprQach, with the exception of the handling of showers in the calorimcters where 

the energy deposition is done by using equations that involve paramcters dctermincd 

at 1985 test beam studies, and is thus more time consuming (e.g. sec eq. 2.2). 

We are interested in investigating CDFSIM performance by doing a cornparison 

between Monte Carlo and 1991 test beam data and we th us concentrate on describing 

the CDFSIM approach to the CDF detedor simulation. Note also hcrc that mueh 

of the parametrization for the "imulation has been done with 1985 test bcam rcsults, 

and so the comparison belween recent (1991) test beam data and the simulation is 

not redundant. 

The procedure for simulating an event at CDF is as follows [28]: 

(a) A list of the particles produced at the primary event vertex (using one of the 

25 
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event generators) is read in. 

(b) Each particle, one at a time, is traced through the simulatecl detector regions. 

Each region has its own characteristics (material type, shape and extent in space, the 

type of data it generates, locations of various read-out channels, etc.). As the parti­

cie traverses each deteclor region, it undergoes multiple Coulomb scattering, dE/dx 

cnergy loss. decays, hadronic interactions, etc. and as it travels through sensitive 

detector regions (i.e tracking detectors or calorimeters) it generates information (hits 

on wires / silicon wafers, or energy deposition). The particle is traced until it stops 

by decaying, converting, showering in the calorimeter, or exiting the detector region. 

If a particle decays, the decay products are added to the particle list and are treated 

as every other particle. 

(c) ACter ail the particles have been treated in this way, the "data" that each particle 

created are reformed into detector-oriented banks as if they had been real COF data. 

4.2 Energy deposition and related variables 

Every partic1e that is taken out of the particle list in order to be stepped through the 

detector, is assigned a number of radiation lengths (if it is a "'( or e±) or a number of 

interaction lengths (if it is a hadron), at which the particle will inteiact (convert or 

shower). The particle is also assigned a path length in cm before it will decay (if this 

is desired and allowed). These numbers are extracted from exponential probability 

distributions. 

Next the particle is stepped through the different detector elements. After each 

step, the number of radiation/interaction lengths the particle has traversed so far is 

calculated, and the number of radiation/interaction lengths left until it will interact 

is updated. 

If the particle is ionizing, it suifers dE/dx in each of these steps. If the current 

detedor is a calorimeter, then the energy lost (dE) is deposited in the tower the 

particle hit (for energy deposition in calorimeters, see below). This process of step­

ping, dE/dx and energy deposition continues until the particle either: (i) has kinetic 

energy less than 10 MeV and 50 deposits it all and ceases to exist, (ii) showers (see 

next paragraph), (iii) decays, or (iv) leaves the CDF volume. 

Depending on the partic1e type the shower is considered to be electromagnetic or 

hadronic. In order to make the simulation of showers fast, the centroid of the shower 

is considered as a neutral particle traveling in the same direction as the particle 
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immediately before showering. This neutrai partide is now stepped through the 

different detector regions exactly as if it was a regular particle. The number of 

radiation and interaction lengths traversed sinee showering are llpdat.cd aft.er ca("h 

step and the shower development is parametrized in terms of these two quantitics. 

The energy deposited within each step is calculated according to the longitudi­

nal shower development formulas given in [18}, where the parameters are detcrmined 

through comparison with 1985 test beam data (see for examplceq. 2.2 and [19}). 'l'hl' 

energy lost is stored in two parts: electromagnetic and hadronic energy loss (elcctro­

magnetie showers have no hadronie energy eomponent, whereas hadronic showcrs 

have an eleetromagnetie eomponent too). 

The hadron shower simulation treats the shower as the sum of two compollellts: 

a "charged 11"" shower with a scaie of interaction lengths (hadronic component), and 

a "11"0" shower with a seale of radiation lengths (electromagnetic component). The 

electromagnetic fraction of hadronic showers is determined by using 1985 test beam 

data ([19], [29]). The eleetromagnetic contribution to a shower is 100 % for electro­

magnetie showers and 40 % for hadronie showers. The response of the calorirneter to 

the hadronic part of a shower is 40 % of its response to the electrornagnetic showers 

[29]. 
If the current detector is a calorimeter, then the energy lost by the shower is 

deposited in the hit tower and the 8 (or 24, depending on the transverse shower 

size in comparison with the calorimeter tower size) neighbouring calorimeter tow(~rs. 

If the particle is a minimum ionizing particle, the energy is deposited in the hit 

tower onIy. The Iateral shower development, as a function of the g/cm2 of matcrial 

traversed sinee the shower started, is calculated at every stepl. The encrgy deposited 

is used to ealculate an equivalent number of minimum ionizing particles (N), and ,fN 
fluctuations to that number give statistical fluctuations to the encrgy dcposited in 

the calorimeter. 

The energy sharing between the neighbouring towers is donc by intcgrating the 

transverse shower profile at the eurrent depth over the areas of the 9 or 25 calorirnctcr 

towers, to find the fractions of deposited energy that go into each towcr (note that 

the SUffi of the fractions is not usually one, due to losses in cracks or dead detector 

areas). A gaussian lateral energy distribution for electromagnetic showers, and an 

exponential distribution for hadronie showers is assumed. 

IThe parameterization follows the work of Abshue et al, Nucl Instrum Methods A 16467-77, 
with sorne simphfying assumptions 
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The energy deposited in a tower is then split between the two phototubes, in the 

central calorimeter. A two component exponential splitting function, with attenua­

tion lengths of 100 cm (long) and 15 cm (short), is used for the CEM detector. 85 % 
of the energy is assumed to be attenuated with the long component. For the CHA 

detector a single component exponential with a 100 cm attenuation length is used to 

split the energy between the two phototubes. The energy is assumed to be deposited 

at the location of the shower centroid (or the position of the particle if it is minimum 

ionizing). The phototube pulse heights are independently fluctuated to produce a 

position resolutiQn of 4 cm, for the CEM, or 5 cm for the CHA. 

The process of stepping, energy loss, energy sharing and depositing in the calorime­

ters continues until the particle runs out of energy (less than 10 MeV), or exits the 

calorimeter. 

Dy having simulated the energy deposition of the particle we can calculate quan­

tities like EcHA / ECEM and LSHR described in section 3.3. 

4.3 The CES X2 

As aIready said, every central calorimeter wedge has a strip chamber (CES) embedded 

in its electromagnetic compartment, at a depth of ::::: 5Xo (::::: 6Xo, including the 

material between the interaction point and the front plate of the central calorimeter2). 

4.3.1 The CES geometry 

The strip chamber uses the "local" coordinate system of the wedge (see end of sec­

tion 2.3 and Fig. 2.2{a)). Strips (the cathodes) and wires (the anodes) are placed 

perpendicular to each other in order to determine the z and x (or 4» position of the 

shower, respectively. In the case of a shower, its transverse spread is also determined 

through strip and wire information. 

Strips are parallel to the local x-axis, with 6.0 cm ~ IZeEsl ~ 239.4 cm 3. There 

are 128 strips per wedge, each of width ~ 0.159 cm. The distance between the 

midpoints of two consecutive strips is::::: 1.67 cm for strips in towers 0 to 4, and 

~ 2.01 cm for strips in towers 5 to 9. Wires are parallel to the z-axis. The spacing 

bctwecn the wires i5 ~ 1.45 cm and is su ch that 32 of them cover the wedge in the 

4> direction (from XCES = -22.5 cm to +22.5 cm). The CES is split in z into two 

2About 85 % of this extra 1.\'0 is at the solenoid coi!. 
3The local z, y and: coordmales will be called ZCES,YCES and ZCES from here on 
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pieces (6.0 < IZCESI < 121 cm and 121 < \ZCES\ < 239.4 cm), with ~12 wires in t>ach 

segment for a total of 64 wires per wedge. 

Notice that the ()CDF = 900 crack and the construction of the wedge modul<,s cln 

not allow coverage at smaller \=\. 

4.3.2 Simulation of the CES response 

Given the location of a particle or shower that traverses the strip chélllllwr, a lis! 

of the stripsjwires that may have energy deposition is obtained. ln Ul!' case of il 

minimum ionizing particle, only 1 channel is assumed to be hit; for a show('r, W(' 

assume 9 channels (or 18 jf we look at the wire channels and the partic\c is c1os(' 1.0 

the boundary of the two CES segments at \ZCES\ = 121 cm). 

Next the sigma of the lateral energy deposition for the particlp is oblaillt'd. Tills 

sigma is small if the particle is minimum ionizing, and eqllal to th(' showN tl·,\.nsvef!:>(· 

sigma if we deal with a shower. Actually in the CDFSIM MOllte Carlo the t.rdIlS­

verse development of the shower is parametrized as two gaussians; d "HiUfOW" alld ,l 

"wide" component, where the narrow component carries 60 % of the ('nprgy and ha.s 

O'na .... ow = (0.62 ± 0.09) cm, whcreas the wide componcl\t. has a"J\d~ = 2.tl ('Ill " • 

The fractional energy sharing between the strips5 is obl.aincd by calruldtillg 1.1\1' 

fraction of the energy that should be deposited on each strip. This is donc by int.l·grat.­

ing the transverse profile of the shower over the surface coven'd by the 9 pn~vlOllsly 

selected strips, hy making use of the a's of the tra.nsver~e profil(~ and the ~('{)m('try of 

the strips. 

For electromagnetic show ers the response of the strip chambers is non-lillf'ar with 

respect to the incident energy (Elne), and the cnergy rcsponse is a function of .'HUOi>; 

the energy deposition (Ed~p) is obtained by correcting the incident cIwrgy for these 

factors (these dependencies were determined from 198.5 test beam data). 

Next a resolution O'E is assigned to this energy (adEdep = 017 + O.50/1~'",r, 
where Elne is in GeV). Fluctuations on the deposited ellcrgy are tdke-11 into au 011 III 

by extracting a new Edep value, E~ep. from a gaussian witl! d (entrai valu(' of l~d"TI and 

a sigma of UE. This depo~ited energy is shared among t.he strip (hanrlC'ls by WillIg 

4 Both these sigmas are given here for the !.hower at the df'pth of the CES 
sIn the rest of thls sectIon we use the word "~tnps" for convenll'llCf', but HI/' analYHIH Iii th,· 11<11111: 

for the wlfe channels. 
6The shower goes through more material (and 50 Il contaws more partlcles at showl'r IrIIt.xunllrn) 

and the shower partlcJes travel a longer path ln the CES chamber and cause more IOnizatlon. wllf!n 
they travel at higher Iz 1 values (see Fig 4 1) 
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Figure 4.1: a) The l/sin6 widening of showers in the strip view. b) The origin of the 
asymmetry in the :,trip profile is schematically ilIustrated. 

the sharing fractions calculated previously (so El = JI • E~e", where El and J, are the 

energy and the sharing fraction corresponding to the iC
" strip). 

The effective number of minimum ionizing particle equivalents (MIPEs) for each 

strip is calculated next (NI = EI/ EMIPE for the i C
" channel, with EMIPE to be 0.156 

GeV from Monte Carlo calculations done for 50 GeV incident electrons). Channel 

fluctuations, in order to simulate the shape fluctuation of the shower, are calculated 

by extracting a new N" N:, from a gaussian with sigma equal to ..[N;. The energy for 

each strip channel is then modified so as to be E; = N: • EMIPE. The total deposited 

energy is calculated again by using the new E: values (ECoCClI = E, E:), and is then 

normalized to the E~e" value previously calculated 50 as to give a normalization factor 

(Fnorm = Ede,,/ E;oCCl/)' Fnorm is then used to modify once again the energy deposited 

on each strip (E:' = E: * Fnorm). 

Because the test beam data show that the responses of the strips and the wires 

agree at the 5 - 10 % level, the strip responses are renormalized to the wire responses 

with a 90 % correlation and the strip energy is corrected for this factor. Thus we 

h t th t' . Elmal - E" (" E" /" E" ) D h F. ave lor e s nps. ",lIrap. - I,.crlp,. '--a I,Uilre. L..i 1"Crlp, * r correl, W ere correl 
is a factor extracted from a gaussian with central value 1.0 and sigma equal to 0.1. 

Th d 't d th 'th • • Elmal - E" e energy epOSJ e on e 2 WJfe JS ',U/lre. - ',Uilre,' 

Finally the energies deposited to each strip channel are converted into ADC counts, 

by using a gain of 700 ADC counts per GeV of deposited energy, and the results are 

stored into "banks" with the same structure as the real data banks. 
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4.3.3 The deftnition of the CES X2 

The CES x2 is a pseudo-x2 used to evaluate the agreement between a given CES 

cluster and a standard electromagnetic shower transverse profile obtain<,d with tht' 

help of 1985 50 GeV jc test beam electron data. 

Given a CES cluster, a standard electromagnetic shower transverse profile is pro­

duced: At first the central shower position (xo) is round, by starting with the position 

of the highest energy channel and fitting the measured energies of the CES channels 

to the energies expected to appear on these channels, according to 1985 test beam 

electron data. After the central position of the shower is found, the profiles for trans­

verse deposition of energy ohtained from 1985 test beam elcctron data are \lscd to 

calculate a "standard" transverse profile for a CES shower with central position Io 

[22]. Note that the shape of the 1985 test heam profiles was round to he indcJ>t'ndent 

of the electron energy. The standard profiles provide us with the fractional {~lIergy 

deposited in a channel a distance x from the shower center. 

Then the CES X2 in either the strip or the wire view, is given by [22]: 

2 1 7~1 [YI - y(xlW 
X = - L- 2 

4 .=1 (1 • 
(".1 ) 

where i is the CES strip or wire channel index and we can use 7 or Il channds for 

the comparison, YI is the measured profile normalized to unit y, y( XI) is the standard 

normalized 1985 test heam electron profile obtained from the fitted central showcr 

position, and u? is the estimated variance for the i 'h channel of the standard profile: 

(4.2) 

where 

(1~o 1 = (0.096)2y(X I ) + (0.026)2 . (4.3) 

is the variance of channel i in the normalized profile determincd from 10 GeV Je test. 

beam (1985) electrons. The scaling with energy for (1~ was determined from the 

measured CES response vs. energy in 1985 test heam data. 

A smaU CES X2 therefore indicates that the current CES cluster has a shape 

consistent with the shape expected frorn ineoming e% h. Cuts on the CES X2 arc 

widely used to select eledrons in our data samples (sec section 2.3) . 
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Comparison of Test Bearn and 
Monte Carlo Electron Response 

5.1 Test beam electron data 

The electron samples used in this analysis come from files of about 1000 particles shot 

towards the center of the lower wedge towersj mostly tower 4 data were used. The 

incoming beam is not a "pure" onej it is a mixture of electrons, pions and muons. 

When the incoming beam is an "electron" beam, we know that most, but not aIl, of 

the beam particles are electrons. Thus we have to find a way to reject the incoming 

muons and pions in order to compare the response of the calorimeter to test beam 

electrons with its rf"~lJonse to simulated electrons. The cuts used to select the electron 

samples are: 

(a) A cut to reject minimum ionizing particles (muons and punch through pions) 

as weIl as sorne of the showering pions: 

ECEM > 0.6 Panc (5.1) 

where ECEM is the energy in the 3 '1-adjacent CEM towers that contain the electro­

magnetic shower and P.nc is the momentum of the incoming particle. This is a strict 

eut for muon rejection, sinee muons are minimum ionizing particles and the proba­

bility to deposit a relatively large amount of epergy (due to Landau fluctuations) in 

the CEM is very smallj most of the muons deposit less than 1.5 GeV in the CEM. 

Wc can predict the response of the central calorimeter to muons, by calculating their 

encrgy 1088 based on Landau 's theory. The calculated energy loss of muons of two 

different energies, in the cent.ral calorimeter, is shown in Fig. 5.1. In table 5.1, the 

percentage of muons that survive the ECEM > 0.6 Panc eut, is shown. 

32 
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Figure 5.1: Muon energy 10ss in the central ealorimeter (center of tower 4) and 
ECEM/ Pme distributions for 10 GeV Je (a) and for 25 GeV /e (b) muons (based on 
Landau 's theory). 

By keeping events with ECEM > 0.6 Pme we also reject puneh-through as weil 

as showering pions. We know that electrons should deposit almost ail of thcir t'uergy 

in the electromagnetic part of the calorimeterj pions deposit energy prirnarily in the 

hadronic part of the calorirneter. Thus, by keeping events with a significant amount 

of energy in the CEM we reject most of the pions, but since the CHA is behind the 

CEM, it is always possible to have sorne pions that "pre-shower" and so deposit a 

signifieant amount of energy in the electromagnetic part of the ealorimeter. In table 

5.2, the percentage of pions that survive the ECEM > 0.6 P.nc eut, is shown. 

In order to make the rejection of muons more reliable, we eould have used the 

scintillator MT6SCMU which is placed behind the wedges with ~ 1 m of steel between 

the wedges and the scintillator (a particle must traverse:::::: 10 interaction lengths of 

material to reaeh this scintillator). But sinee the above cut is so efficient on removing 

the muons, we do not use il. In order to select electronti we could have also used the 

Cerenkov counter information. For particles up to :::::: 25 CeV le, the differcnce in Hl(! 

responses due to electrons and muons or pions is quite clearj only e1cctrons travcl 

{aster than the speed of light in the gas of the Cerenkov eounter. As the bcam energy 

inereases the Cerenkov becomes sensitive to muons and pions and so at ,1)0 GeV Je 
the Cerenkov eounter is already useless. Note nevertheless that sinee the Cerenkov 

information ean be appIied with sorne degree of confidence only in the 10 GeV Je and 
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Initial momentum, Plne (GeV fe) % of muons surviving the ECEM > 0.6Pmc cut 
10 0.0768 ± 0.0028 
25 0.0326 ± 0.0018 
.50 0.0131 ± 0.0012 
100 0.0062 ± 0.0008 

Table 5.1: Percent age of muons surviving the ECEM > 0.6P",c cut (calculated using 
the Bethe-Bloch formula and Landau's theory for the energy loss). 

Initial momentum, Pane (CeV fe) % of pions surviving the ECEM > 0.6Pïne cut 
9.76 ± 0.22 3.98 ± 0.12 
26.18 ± 0.33 4.05 ± 0.12 
48.21 ± 0.78 4.65 ± 0.12 
101.3 ± 2.6 4.42 ± 0.12 

Table 5.2: Percentage of pions surviving the ECEM > 0.6Pmc eut (calculated with the 
CDF simulation, see sections 4.1 and 4.2) . 

25 CcV je particles, but not for higher momentum, we ehoose not to use the Cerenkov 

information, but rather use uniform selection ~riteria for all the data samples. Notice 

that the single cut already applied is quite efficient for our analysis. 

(b) A eut to prevent events with more than one in-time particle (i.e events with 

substantially more energy than the momentum measurement indicates we should 

expect): 

ECEM + ECHA < 1.3 Pme (5.2) 

Events with ECEM + ECHA < 1.3 Pane occur at the < 1 % level. 

(c) Spurious signaIs eoming {rom a "hot" strip channel in the CES chambers that 

fired frequently in the absence of a partic1e, are exc1uded by rejecting signaIs with: 

-72 cm < ZeES < -71.8 cm (5.3) 

Events with no information on the momentum measurement (Pme) or the stand 

position (OH.ta and OV'ta) of the test beam wedges are also rejected, sinee this infor­

mation is either used in other cuts, or it is essential to calculate sorne of the variables 

to be compared. 
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Momentum (GeV Ic) J~n J:n N:7,·TB N,n+olll,T8 
'A'I 

1[8 

9.76 ±0.22 0.252 ± 0.013 0.986 ± 0.001 546 562 0.020 ± 0.010 
26.18 ± 0.33 0.397 ± 0.014 0.966 ± 0,002 531 55; 0.022 ± 0.016 
48.21 ± 0.78 0.373 ± 0.013 0.930 ± 0.003 534 602 0,077 ± 0.031 
101.3 ± 2.6 0.254 ± 0.012 0.820 ± 0.004 482 591 < O,0615\1]!)O%C L 

Table 5.3: Fraction of pions in the test beam samples after the cuts (/;B). 

(d) And, finally, a eut to keep eleetrons in a specifie XCES and ZeES rcgion 50 as to 

have an electron sample with a uniform or linear distribution of the incident particle 

positions, as these are measured at the SWDCs and extrapolated to the face of tilt' 

CES. This eut is applied in order to simplify the generation of Monte Carlo samplcs 

that look Iike the test bearn eleetron samples. 

Having selected our data samples by applying the cuts mentioned above, we can 

calculate the percent age of pions that are left in our final samples assuming that tilt' 

muon contamination is negligible (sec table 5.1). Let N'[B and N!B be the number of 

electrons and pions respectively in our final test beam sample, and I;n and I!n be the 

fraction of electrons and pions respectively that have ECHA/ ECEM < 0.055, wherc 

ECHA is the energy in the 3 CHA towers behind the 3 CEM towers that contain the 

electromagnetic shower. We choose that value as the boundary for the "in" and "out" 

regions, 50 as to have reasonable "in" and "out" samples in our test bcam data. 

We can determine N'[B and N'[B by solving the two equations: 

f. ,nNTB + J,nNTB = N,n,TB 
e e Ir Ir 411 

N TB + NTB = NIn,TB + Nout,TB 
e 11 411 <lI/ 

(5.4 ) 

U).,)) 

where N~~"TB (N:~t,TB) is obtained by counting the number of events that lie below 

(above) ECHA/ ECEM = 0.055 in the test beam sample in question after ail the cuts 

are applied. 

Then the fraction of pions in our test beam data sample, f[B, will be: 

N TB 1 NIn ,l'B 
TB 11 (J'ft ail ) l" = NIn,TB + Nout,TB = f'n _ Jin' e - NIn,TB + Nout,TB 

4/1 a/l e Ir <l/l <l/l 

(5.6) 

where j;n and I!n are calculated from Monte Carlo pure elcetron and pion samples 

independently after the application of cuts (a) and (b). The results of slJch caleu­

lations for data samples of approximately 10, 25, 50 and 100 CeV je electrons shot 

towards the center of tower 4 are given in table ,5.3. 
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5.2 Monte Carlo reproduction of test beam data 

We used a single particle event generator to generate the electron samples, and the 

CD FSIM full detector simulation 1 to simulate the detector and its response to the 

single particles traversing the central calorimeter. 

For every test beam file with particles in a certain momentum region directed 

towards a specifie tower, an electron Monte Carlo sample is generated with the same 

spread in momentum and incident CES positions. The momentum of the generated 

particles is spread as a gaussian with width and central values determined from these 

test beam data. 

45 46 47 48 49 50 51 

Momentum of the Incommg portlcle (GeV/c) 

t~l'" 1 !~,"'I~I""I,'"I"" 
-, -0 ~ 0 O~ , 5 2 

X •• t,apoIClld ta Ihl CCS (C m) 

i~ [", 1"" iJJJJIJJ4,...1 
-109 -1\la5 -108 -1075 -107 -1065 -106 -1055 -105 -'045 -,04 

Z .lI\rapolaltd to Ihl CES (C m ) 

Figure 5.2: Momentum and extrapolated hit position for test beam and Monte Carlo 
electrons. Test beam (points with error bars) and Monte Carlo (histograms) electrons 
with momentum ~ 48 GeV je shot towards approximately the center of tower 4 are 
used for these figures. 

Fig. 5.2 shows the momentum and the spread of the incident CES positions for a 

test beam file of electrons with momentum ~ 48 GeV je shot towards approximately 

lCDFSIM is described in chapter 4 (sections 4.1 and 4.2). 
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Inset in Fig. 5.3 - 5.8 Pme (GeV le) ZeES (cm) XCES (c.rn) toW('f # 
(a) 9.76 ± 0.22 -108.3 to -10·t6 -0.08 to 2.9 -1 center 
(b) 26.18 ± 0.33 -10i.9 to -104.5 -0.2 to 2.5 .. ct'ntl'r 
(c) 48.21 ± 0.78 -107.8 to -104.6 -004 to 204 4 Cl'nlt'r 
(d) 53.69 ± 0.78 -36.1 to -33.4 -0.6 to 1.8 1 cent.l'r 
(e) 53.72 ± 0.78 -108.0 to -104.7 -0.4 to 2.0 4 center 
(f) 48.26 ± 0.79 -156.6 to -152.1 -0.2 to 2.5 6 centl'r 
(g) 100.9 ± 2.6 -97.2 to -93.7 0.2 to 2.6 3 and 4 
(h) 100.9 ± 2.9 -102.2 to -99.0 0.2 to 2.4 .. dose to 3 
(i) 101.3 ± 2.6 -111.7 to -105.5 0.2 to 2.1 4 center 

Table 5.4: Mornenturn, ZCES and XCES for the test beam files used in Fig. 5.3 to 5.8. 

the center of tower 4, and the same quantities for the eorresponding Monte Carlo 

sample. 

5.3 Test beam vs Monte Carlo comparison on the 
basis of 6 variables 

As explained in section 2.3, electrons in CDF ean be identified by using a numbcr of 

designated variables. Six of these variables are used to test the quality of the CDF 

central ealorirneter simulation2: ECHAjEcEM, LSHR, Âz, ÂX, X~ and X~ J. 

Electrons of approximately 10, 25 and 50 CeV je shot towards approximately 

the center of tower 4 (see table 2.1 and rows (a), (b) and (e) in table 5.4 for the 

eoordinates4), are used for the test beam vs Monte Carlo cornparison of the above 

mentioned variables (see insets (a), (b) and (e) in Fig. 5.3 . 5.8). 

Next we compare the same variables for::::::: 50 CeV je electrons shot towards ap­

proximately the eenters of towers 1,4 and 6 (see table 2.1 and rows (d), (e) and (f) 

in table 5.4 for the eoordinates). The cornparison is demonslrated in insets (d), (e) 

and (f) in Fig. 5.3 - 5.8. 

Lastly we compare the sarne variables for ~ 100 GeV electrons shot towards 

2Note that here we choose to use basically only one cut (ECEM > 0 6Pmc),lK) as to proceed IR 

a bias-free comparison between the test beam and the Monte Carlo 
3For the definitlon of the X2s see section 4 3.3. For a defimtion of the other variables sce section 

2.3 
4The % coordinates are negative for the test beam data, since the test beam wedgcs are dcfined 

to be "% < 0" wedges . 
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different z regions of tower 4 (see table 2.1 and rows (g), (h) and (i) in table 5.4 for 

the coordinates). The comparison is demonstrated in insets (g), (h) and (i) in Fig. 

5.3 - 5.8. 

We observe the following from Figures 5.3 - 5.8: 

• ECHA./ ECEM is in good agreement between the test beam and the Monte Carlo. 

We observe that the ECHA/ ECEM distributions shift towards higher values as the 

cnergy Încreases {or both test beam and Monte Carlo electrons (see Fig. 5.3 (a), 

(h), (c) and (i) ); this is due to the fact that the longitudinal dimension of the 

showers increases as the energy of the incoming particle increases (see eq. 2.2). The 

ECHA./ ECEM decreases as the tower number increases sinee the electron has to go 

through sorne extra rnaterial to reach the CHA face (see Fig. 5.3 (d), (e) and (f) ), 

whereas it increases slightly as we approach the center of the tower (see Fig. 5.3 (g), 

(h) and (i) ) . 

• LSHR for Monte Carlo events is always more negative than the LSHR for test 

beam electrons. This is due to the fact that there is very little or no energy deposition 

in the neighbouring towers for the Monte Carlo electrons if they were shot towards 

the center of the towers. Recalling eq. 2.7 we can see that the absence of such energy 

deposition causes LSHR to be always negative. This is not the case for the test beam 

electrons that deposit approximately l % of their energy in the neighbouring towers. 

This discrepancy may indicate that the showers in the simulation are not wide enough. 

Note also that LSHn is narrower for the Monte Carlo eledrons shot towards the tower 

centers. This is also due to the absence of substantial energy deposition in adjacent 

towers in the Monte Carlo; this in turn leads to a narrower LSHR distribution, because 

only fluctuations of the expected energy give rise to the LSHR width (see eq. 2.7). 

From Fig. 5.4 (d), (e) and (f) we see that the LSHR distribution becornes wider as 

the tower number increases for Monte Carlo events, which is due to the presence of 

sorne energy in the neighbouring towers as the seed tower number increases, because 

the cross sectionll. of the towers decrease since the towers have the same ,., size. 

From Fig. 5.4 (g), (h) and (i) we see that the LSHR distribution for Monte Carlo 

events moves closer to the test beam values as the electrons approach the edges of 

the towers. This shift is due to the fact that there is significant energy deposited 

in the neighbouring towers in this case, and it indicates that the shower width in 

the simulation is enough to deposit energy in the neighbouring towers only if the 

IIThe LSHR distnbution for electrons in tower 4 but close to the tower 3 boundary (see Fig. 5.4 
(h) ), is wider for Monte Carlo, sinee a significant fraction of these events have not enough energy 
deposition to the neighbouring towers, and 50 the more negatlve peak appears too. 
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Figure 5.3: ECHA / ECEM for test beam (points with error bars) and Monte Carlo 
(histograms) events. (a), (b) and (e) for ~ 10, ~ 2.5, and ~ 50 CeV le electrons shot 
towards approximately the center of tower 4; (d), (e) and (f) for::::: 50 CcV je clectrons 
shot towards approximately the centers of tower 1, 4 and 6 rcspectively; (g), (h) and 
(i) for ~ 100 GeV je electrons shot towards the crack region between towers 3 and 4, 
in tower 4 but close to the tower 3 boundary and approximately towards the center 
of tower 4. (For details see table .5.4). 
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particles are sufficiently close to the edges of the towers. This observation strengthens 

the hypothesis that the showers in the simulation art" narrower than the test bcam 

showers . 

• Az and Ax are Gaussians with the width decreasing as the energy increases for 

bath the test beam and the Monte Carlo events. In a simple modcl wc l'xpect the 

sigmas of the Az distributions ta be6 : 

( A) '""" 2 + 2 + 2 (1 uZ TB"'" UCES U Utral'olahon (1m"lhpl~ .. catt"rong 

U(~Z)MC ~ J(J~ES + (J~ulhPl~ .. catterong 

(5.7) 

(5.S) 

where "TB" stands for test beam, "MC" for Monte Carlo and the c1ertrapolahon is the 

uncertainty on calculations like those in section 3.2. Note that there is no uncertainty 

on t.he predicted hit position for the Monte Carlo events, since we know exactly where 

the partic1es are directed originally 7 • The sigma of the test beam data approaches thc 

sigma of the Monte Carlo as the energy increasesj from almost oOllble at 10 CeV jc 
it becomes very similar at 50 CeV le (see Fig. 5.5 and 5.6 (a), (b) and (c) ). Notc 

that the multiple seattering is different for the test beam sctup and the CDF detedor 

since the same amount of radiation lengths is spread in different ways betwecll the test 

beam and CDF along the trajectory of the particle. This difference may be the callSl' 

why the test beam ~z and ~x distributions are mueh wider for 10 GeV je electrons, 

whereas as the energy inereases and the multiple seattering deviates the incoming 

particle less, the differenees in sigmas become smaller. Note also that c1CES "'" i 
and O'mulhple.ocaUerang - ~ [17], where E is the energy and P the momentum of the 

electron. So as the energy increases we expect the multiple seattering contribution ta 

these sigmas to be mueh less than the CES resolution and since the CES resolution 

improves as the energy increases (see Fig. 2.2), we expect the sigmas of the Az and 

~x distributions to decrease as the energy inereases. This appears ta he the case, 

with the exception of the test beam Az for ~ 100 GeV le electrons shot towards 

approximately the center of tower 4 (see Fig. 5.5 and 5.6 (a), (b), (c) and (i) ). The 

tact that the test beam and Monte Carlo sigmas come very close to each other as the 

energy inereases may imply that O"extrapolahon is small. 

The widths of the ~z distributions for both the test bcam and the Monte Carlo 

events increase with the tower number (see Fig. 5.5 (d), (e) and (f) ), which can 

6Similar formulas for the Az distributions can be written. 
7We do not use the CTC to do the extrapolation of the electron tracks to the CES, sinœ the 

magnetic field is switched off in the simulation, 50 as to match the test beam conditions, wc makc 
a straight line extrapolation. 
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be explained sinee the showers become more and more asymmetric as we move away 

from the 0 = 90° plane because the more distant parts of the showers go through 

more materia) and they thus generate more ionization in the CES chambers (see Fig. 

4.1 [22]). This asymmetry should not affect the x-direction measurement sinee the 

particles go through more or l~ss the same x region. While this is the case for the 

test beam data, the Monte Carlo events give Llx distributions that become slightly 

wider as the tower number increases (see Fig. 5.6 (d), (e) and (f) ). 

It should be pointed out that the means of the gaussians do not agree for test 

beam and Monte Carlo eventsj this is due ta a common offset in the test beam setup. 

We compare Llz and Llx by adjusting the test beam mean ta the Monte Carlo roean . 

• X~ and X! have a lack of events with low X2s and an exeess for high X2s for the 

Monte Carlo electrons for momenta other than 10 GeV le. This shift increases with 

the energy (sec Fig. 5.1 and 5.8 (a), (b), (c) and (i) ) and the tower number (see fig 

5.7 and 5.8 (d), (e) and (f) ), whereas it has a weaker dependence on the distance 

from the tower center (see Fig. 5.1 and 5.8 (g), (h) and (i) ). Note that the agreement 

between test beam and Monte Carlo is best for ~ 10 CeV je where most of CDF data 

is. This cou Id indieate that the parametrization of the shower profiles was done with 

low energy and smalt TJ test beam data (see eq. 4.2). Note nevertheless that the X2 

cuts used to select eledrons are X2 ~ 10 to 12, and so the !>election of electrons is not 

really atfected by this discrepaney for towers 0 ta 4 and energy less than 50 GeV le. 

5.4 An attempt to tune the Monte Carlo 

It is apparent from the above comparison that the Monte Carlo reproduees the 

EcHAI ECEM' Âz and Âx variables quite weil, it roughly reproduces the X~ and 

X! variables for electrons up to 50 GeV Ic shot towards towers 0 ta 4 8, but it fails 

completely to reproduee the LSHR variable. Since the highest discrepancies oceur in 

the LSHR variable, which is not reproduced by the Monte Carlo for electrons shot 

lowards the center or close ta the z boundaries of the towers, we look at this variable 

first. 

The fact that LSHR is Dot reproduced by the Monte Carlo in any of the cases 

examined indicates that the showers in the simulation are narrower than in the test 

beam data. As already said (section 4.3.2), in the CDFSIM Monte Carlo the trans­

verse development of the shower is parametrized as two gaussiaDSj a "narrow" and a 

8Discrepancies are significant at higher energies and tower numbers . 
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"wide" component, where the narrow component carries 60 % of the energy and has 

O"nQrroUl = (0.62 ± 0.09) cm, whereas the wide component has l7w .de = 2.21 cm 9. 

We tried to increase the widths of the wide and the narrow component of the 

showers, so as to have energy deposition in the neighbouring towers. For widths a 

factor of ~ 2.2 larger than the ones currently used, the mean values of the LSUR 

distributions agree. However, by making the showers wider, the agreement of the 

X2 distributions becomes worse; the shape for the Monte Carlo data becomes very 

different. On the other hand the X2 distributions can be made to give good agreement 

between test beam and Monte Carlo electrons if we make the showers a bit narrower; 

this can be done with sigmas ~ 0.9 times the ones curreotly used in the simulation. 

By feeding the narrow component of the showers with higher energy fractions, 

while having the sigma of the wide componcnt of the showcrs about a. factor of 2 to 

3 times larger than those currently used, wc lead the Monte Carlo X2 distributions 

towards lower values without destroying the agreement of the mean of the LSlln 

distributions for 50 GeV le electrons shot towards the center of tower 4 (see Fig. 5.9). 

It appears that the X2 distributions and the LSHR distributions cannot be opti­

mized simultaneously using only the parameters discussed abovc. This means that 

there are other parameters that should be changed in order to have ail of the vari­

ables to come to a good agreement between the test beam and the Monte Carlo. The 

tuning of the Monte Carlo is thus not straightforward and is currcnUy under study . 

9Both these sigmas are given here for the shower at the depth of the CES. 
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Conclusion 

A comparison of the CDF central calorimeter electron response between the 1991 test 

beam data and the CDF full detector simulation based on six variables llscd for dec­

tron identification was done. The comparison shows that the simulation reproduccs 

the variables EcHAI ECEM' ~z and ~x quite well for all energies and towers. Vari­

ables X~ and X~ are roughly reproduced for electrons up to 50 CeV le shot towards 

towers 0 through 4 1. It fails however to reproduce the variable LSHR (describing 

the lateral spread of the shower from the primary hit towcr to neighbouring towcrs), 

because of the lack of energy deposited in those neighbouring towers. This problüm 

seems to disappear if the energy deposited in the towers neighbollring the hit tower 

is - 1 % of the total energy. 

The discrepancies betwccn test beam and simulation can be reduced by varying 

sorne parameters in the CDF simulation. Although this has been demonstrated (see 

section 5.4 and Fig. 5.9), variations of one parameter affect more than one variable. 

This tuning is Dot straightforward and is currently under study . 
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