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ABSTRACT

Presented here are several studies involving the energy measurement of particles
using calorimeters. The first study involves the effects of radiation damage on the
response of a prototype calorimeter for the Compact Muon Solenoid experiment. We
found that the effects of radiation damage on the calorimeter’s response are dose
dependent and that most of the damage will occur in the first vear of running at the
Large Hadron Collider. Another study involved the assessment of the Energy Flow
Method. an algorithm which combines the information from the calorimeter system
is combined with that from the tracking system in an attmpt to improve the energy
resolution for jet measurements. Using the Energy Flow Method. an improvement of
~ 30% is found. but this impovement decreases at high energies where the hadronic
calorimeter resolution dominates the quality of the jet energy measurements.

Finally. we developed a new method to calibrate a longitudinally segmented
calorimeter. This method eliminates problems with the traditional method used for
the calorimeters at the Collider Detector at Fermilab. We applied this new method
in the search for hadronic decays of the 11" and Z bosons in a sample of dijet data
taken during Tevatron Run IC. A signal of 9873%=3950(sys) 1130 events was found
when the new calibration method was used. This corresponds to a cross section

alpp - W, Z) - B(W.Z — jets) = 35.6 £ 14.2(sys)=4.1(stat) nb.

vi
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CHAPTER 1
INTRODUCTION

Particle physics involves the study of the most fundamental constituents of matter
and the interactions between them. A brief review of the Standard Model of particles
and interactions is given in Chapter 2. Experimentalists in particle physics use huge
particle accelerators to speed particles up to very high energies (Te\'!') and then force
them to collide. Using large particle detectors. they then measure various properties
of the resulting particle debris. Chapter 3 describes the particle accelerator and one
of the particle detectors (Collider Detector at Fermilab) used at the Fermi National
Accelerator Laboratory (Fermilab).

The particle detectors used at particle accelerators aré multipurpose detectors with
many thousands of electronic channels. [n this thesis. we concentrate on one subsys-
tem of such multipurpose detectors. namely the calorimeters. Calorimeters measure
the energy of charged and neutral particles. The basic workings of calorimeters are
described in Chapter 4. Several studies involving calorimeters were performed. Two
of these studies were independent. self-contained analyses. and the third study led di-
rectly to an analysis of a sample of data taken with the Collider Detector at Fermilab
(CDF).

The first self-contained analysis involved a study of radiation damage in a proto-
type built for the Very Forward Calorimeter of the Compact Muon Solenoid (CMS)
detector at the future proton-proton collider. the Large Hadron Collider (LHC). [n
this study. the prototype was irradiated with particles of the tvpe respounsible for very
large radiation doses which are expected to accumulate in the forward calorimeters

during proton-proton collisions at the LHC. After the irradiation. the performance

'1 TeV=10"eV: 1 eV = 10719 joule



of the calorimeter was tested and a model was developed to describe the effects of
radiation damage. This work is described in detail in Section 4.7 and Appendix A.

The second study involved the evaluation of an algorithm used to define the energy
of a jet. sprays of particles resulting from the breakup of a hadron (such as a proton).
Claims have recently been made in the literature that the use of this algorithm along
with a highly segmented calorimeter would result in fantastic improvements in the
energy measurements of jets. We have performed simulations which show that the
improvement is of the order of 30%. but that segmentation does not play a role in
the improvement. At higher jet energies. the improvement provided by the algorithm
decreases. and the energy resolution of the calorimeter for hadrons becomes the dom-
inant factor in the energy measurement of jets. This work is described in detail in
Section 6.4 and Appendix C.

The study which led to an analvsis of CDF data involved the calibration of a
calorimeter which is segmented into two parts along the direction of incoming parti-
cles. an electromagnetic section and a hadronic section (segmentation is discussed in
Section 4.4). When a calorimeter is segmented in this way and when it is noncompen-
sating (the signal resulting from a 50 GeV\ charged pion is smaller than that from a 50
GeV electron: see Section 4.6.4). calibrating the detector is nontrivial. We developed
a new method to calibrate such a calorimeter. and this method eliminates problerns
with previously used methods. This study is described in detail in Chapter 5 and
Appendix B. We applied this new method to a sample of data taken with the CDF
detector, namely a sample of ~3 million events with two jets in the event. In this
sample of data. we looked for two-jet decays of the 11" and Z bosons (mediators of
the weak force: see Chapter 2) in the dijet invariant mass spectrum. Using this data
sample. events of this type cannot be found on an event-by-event basis. since thev
produce a signal in the detector (two jets) very similar to that produced by the large

background from parton-parton scattering. These events can be found. however, in a

I



statistical manner since the background (parton-parton scattering) is a smooth func-
tion of the dijet invariant mass. When the new calibration method for the calorimeter
was used. 9873 £ 3950(sys)+1130(stat) two-jet decavs of the 1" and Z were found.
This analysis is described in detail in Chapter 7. This signal is an important check
of the calibration of the jet energy at CDF. The uncertainty on the jet energy is

important for many measurements at CDF, e.g.. the top quark mass measurement.



CHAPTER 2
THE STANDARD MODEL

It should be possible to expluin the laws of physics to a barmaid. ™ -Albert
Einstein

2.1 Introduction

The currently accepted theory of the fundamental constituents of matter and
how thev interact is called the Standard Model of Particles and Interactions. In the
Standard Model, there are four forces. the electromagnetic force. the strong force. the
weak force. and gravity.! The fundamental particles are divided into three categories.
leptons. quarks. and gauge bosons. Leptons feel only the electromagnetic, weak and
gravitational forces. Quarks feel all forces. Gauge bosons carry the forces and are
referred to as mediators of the forces.

There are six leptons. The electron (e), muon (x) and tau (7) are leptons which
carry electric charge of -1. The electron (v.). muon (v,) and tau (v,) neutrinos have
zero electric charge. The most recent experimental evidence suggests that the mass
of neutrinos, while small. is not zero.

There are six types of quarks. up (), down (d). charm (¢), strange (s). bottom
(b). and top (t). They each carry [1/3] electric charge. They also carry a color charge
(the charge of the strong interaction) of red, green or blue.

The gauge bosons are the carriers of the four forces. The electromagnetic force
is mediated by the massless photon. the strong force by the massless gluon. and the
weak force by the massive 11" and Z° particles.

Leptons and quarks are fermions since they carry half integer spin and obey Fermi-

Dirac statistics. Gauge bosons are called bosons because they have integral spin and

!Gravity has not been successfully incorporated into the Standard Model.



obey Bose-Einstein statistics.

Each fermion in the standard model has an antiparticle which is identical to its
particle in terms of mass and spin. but has opposite values for other properties such
as electric charge or color.

The Standard Model uses gauge theories to mathematically describe how forces
interact with fundamental particles. Gauge theories are quantum field theories in
which an invariance principle requires the existence of interactions among the par-
ticles. The gauge theory of electromagnetism. which uses the U(1) group. is called
Quantum Electrodynamics (QED). The gange theory for the strong force. which uses
the SU(3) group. is called Quantum Chromodynamics (QCD) and is modeled after
QED. The weak interaction uses the SU(2) group. The gauge theories of the electro-
magnetic and weak forces have been unitied (U(1)® SU(2)) into a single gauge theory

called the Electroweak theory.

2.1.1 Quantum Electrodynamics

Quantum Electrodynamics connects quantum mechanics to the classical principles
of electricity and magnetism. In QED. the force between two charged particles results
from the exchange of a field quantum, the photon.

The strength of the electromagnetic interaction is given by the electromagnetic
coupling constant «, given by

_ ¢ (2.1

a = E <. )

where e is the electromagnetic charge and « is the fine structure contant. QED
processes are calculated using a perturbative expansion in . The lowest order process
(terms in the perturbation expansion which are linear in ), called a tree level process,

is simple to calculate, but higher-order processes (terms in the perturbation expansion

that are quadratic or higher in «) involve divergent (i.e., infinite) momentum integrals.



A redefinition or renormalization of the electric charge as
2
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where @ is square root of the momentum transfer and M/ is mass removes these
infinities. The Q2 dependence of the strength of the interaction means that at higher
energy scales. the strength of the electromagnetic interaction increases. The value
of the fine structure constant is often quoted as 1/137. but this is only the value at
atomic energy scales. At energy scales equivalent to the mass energy of the Z gauge
boson. the value of a is 1/128. This is termed the “running” of the coupling constant
and is physically interpreted as a screening of the electric charge by virtual e e ™ pairs

in the vacuum.

2.1.2  Quantum Chromodynarmics

QCD is the formal theory of the strong interaction between quarks which is based
on the SU(3) syvmmetry group. There are 8§ massless gauge bosons. called gluons.
which result from imposing local gauge invariance. Gluons carry a quanturmn called
color charge or simply color. Only quarks and gluons have color charge. so the strong
force acts only on them. Quarks carry a color charge (red. green. or blue) and
antiquarks carry a correspending anticolor charge (antired, antigreen. antibive). They
are held together by the exchange of gluons, which carry one color charge and one
anticolor charge. QCD is a gauge invariant field theory. just like QED, but unlike
QED, it is non-Abelian. meaning the generators of the SU(3) group do not commute.
This physically means that the gluons carry color charge and can interact with other
gluons. This is in sharp contrast to QED (the U(1) group is abelian). where the
photon is electrically neutral and does not interact with itself. only with particles
which carry electric charge. This has interesting consequences which are discussed in

further detail in Section 6.1.



2.1.3 Electroweak

The electromagnetic and weak interactions were unified in the 1960s by Glashow.
Salam and Weinberg into a single gauge theory called the Electroweak theory. The
SU(2) x U(l) gauge theory formulated by Glashow involved four massless vector
bosons, two of which are charged. but no massless. charged field-mediating particles
had ever been observed. In 1967. Salam and Weinberg applied the Higgs mechanism
to Glashow's theory. which through spontaneous symmetrv-breaking gives three of
the four gauge bosons mass. The masses of the electroweak gauge bosons. the 1=
and Z° were predicted by the theory and were discovered in 1983 at the CERN pp
collider. The Higgs mechanism requires the presence of one more boson. the Higgs
boson. The mass of the Higgs boson is a free parameter and can only be determined
experimentally. The Higgs boson still eludes experimentalists and is one of the most

important outstanding issues in particle phyvsics today.
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CHAPTER 3
EXPERIMENTAL APPARATUS

We briefly describe the particle accelerator and the particle detector used to take
the data used in the analysis described in Chapter 7. These data were taken dur-
ing a period of accelerator operation coined “Run [” which lasted from 1985-1996.
Currently, "Run II" is underway in which manyv improvements were made both to
the accelerator and the detector. One of the detector improvements is discussed in

Sections 3.1 and 5.2.

3.1 The Particle Accelerator

The particle accelerator which provided the proton-antiproton collisions for the
analysis described in Chapter 7 is located at Fermi National Accelerator Laboratory
in Batavia. [llinois. The accelerator complex. which consists of several different accel-
erators connected in sequence, is shown in Figure 3.1. For protons. the acceleration
sequence is: (1) Cockcroft-Walton, (2) Linac. (3) Booster. (4) Main Ring. (5) Teva-
tron. For antiprotons. the sequence is: (1) Debuncher. (2) Accumulator, (3) Main
Ring. (4) Tevatron.

At the end of the accelerator chain. protons and antiprotons are moving at almost
the speed of light in a circular orbit inside a stainless steel pipe at vacuum. Here, we
briefly follow (in Section 3.1.1) the chain of acceleration for protons and antiprotons

(in Section 3.1.2). Details of the acceleration process can be found in [2].

3.1.1 Protons

The chain of proton acceleration goes as follows:

e Hot hydrogen gas (from an ordinary bottle of hydrogen gas) is passed through

a device which extracts negative hydrogen ions and accelerates them to 18 kel
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Figure 3.1: The Fermilab accelerator complex. From [1'.

T

e The hydrogen ions are injected into a Cockcroft-Walton clectrostatic accel-

erator. where a potential difference accelerates the negative ions to 750 ke\’.

e The ions are transported to a 145 meter long linear accelerator (Linac). The
Linac accelerates the ions via 12 radio frequency (RF) cavities to an energy of

401.5 MeV".

e The hydrogen ions are injected into the next accelerating stage. the Booster.
via charge ezchange injection. Both the ion beam and the beam of already
circulating protons in the Booster are passed through a dogley (two adjacent
dipole magnets of opposite polarity) in order to merge the ion beam with the
proton beam. The combined beam is then sent through a carbon foil which
strips most H~ ions of their two electrons. The beam is sent through another

dogleg which steers any remaining H™ ions into a beam dump and restores

9



the path of the protons in the Booster. The Booster is a proton svnchrotron
with a radius of 75.5 meters. The protons in the Booster are kept in a stable
circular orbit using 96 combined-function dipole/quadrupole magnets. After
~ 3-10" protons are transferred from the Linac to the Booster. 17 RF cavities
are used to accelerate the protons. In the Booster, protons collect in buckets.
stable acceleration regions, and form bunches of protons. After about 20.000
revolutions around the Booster ring. the proton bunches have been accelerated

to 8 GeVl".

e The Main Ring. a proton synchrotron with a 1 kilometer radius. is the next
accelerating stage. [t consists of 18 RF cavities. 774 dipole magnets and 240
quadrupole magnets. When enough antiprotons have been stored in the Accu-
mulator (see Section 3.1.2). fifteen proton bunches are taken from the Booster.
injected into the Main Ring, accelerated to 150 GeV and coalesced into a single

bunch consisting of ~ 13- 10!% protous.

o The single coalesced proton bunch is finally injected into the Tevatron, which
sits in the same tunnel 65 cm below the Main Ring. The Tevatron uses 774
dipole and 216 quadrupole magnets to keep the protons (and antiprotons. see
Section 3.1.2) in a stable circular orbit. Unlike the magnets in the accelerators
up to this point, the Tevatron magnets are superconducting magnets, cooled
with liquid helium. Six bunches of protons are injected into the Tevatron as
described above and (after six bunches of antiprotons have also been injected)

accelerated to their final energyv of 900 GeV.

The entire process described above takes about 1 minute.
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3.1.2 Antiprotons

Antiprotons are not present in ordinary matter. We cannot take a bottle of anti-
hydrogen gas. strip the anti-electrons off the anti-hvdrogen atoms in the gas and find
ourselves with antiprotons. In the elements around us, there are simply no sources of
antimatter. So. we have to make antiprotons and then accelerate them. This process

is much slower than collecting and accelerating protons.

e Antiprotons are made by extracting protons with an energy of 120 Ge\" from
the Main Ring and directing them at a Nickel target. In the nuclear reactions
that take place when the protouns hit the target. a spray of secondary particles.
including antiprotons. are produced. About | antiproton is produced for every
10® protons that hit the target. Antiprotons are focused into a beam using a
cylindrical lithium lens. A pulsed magnet is then used to deflect negatively

charged 8 Ge\’ particles into a transport line to the Debuncher.

e The Debuncher does exacly what its name implies. Since the antiprotons were
created with bunches of protons. they too arrive in the Debuncher with a narrow
spread in time. i.e., bunched. The Debuncher increases the time spread. [t also

uses stochastic cooling to decrease the phase space of the beam.

e The antiprotons are then transferred to the Accumulator. a storage ring which
stores antiprotons until enough have been collected to inject into the Main Ring.
As antiprotons are accumulated (a process known as “stacking”). stochastic
cooling is used to decrease the ermittance of the beam. Antiprotons are accu-

mulated at a rate of about 5-10'° antiprotons per hour.

e After about 8 hours, the “stack™ of antiprotons is sufficiently large to be reverse
injected into the Main Ring for acceleration. After six bunches of protons

have already been injected into the Tevatron, a portion of the antiproton stack
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from the Accumulator is injected into the Main Ring. As with protons, the
antiprotons are accelerated to 150 GeV\' and coalesced into a single bunch. A

typical bunch consists of 3.5 -10*® antiprotons.

e One by one, six antiproton bunches are injected into the Tevatron moving in
the opposite direction relative to the protons. This process uses about half of

the antiproton stack in the Accumulator.

3.1.3  Collisions

Once all six proton and six antiproton bunches are countercirculating in the Teva-
tron. they are accelerated to 900 GeV'. Both the proton and antiprotons circulate in
the same beampipe and their orbits are spatially separated by ~3-6 mm. When the
beam energies reach 900 GeV', special quadrupole magnets installed in the CDF (see
Section 3.2) and DO experimental halls are used to force the two beams to “vollide™
at the center of the detectors. Collisions occur every 3.5us. The collisions do not
occur at the same point in space from collision to collision. Rather. the luminous
region is a gaussian distribution about the nominal interaction point with a width of
30 cm in the londitudinal direction (along the beam axis) and 35um in the transverse
direction (perpendicular to the beam axis). Tvpically there is only ~1 interaction per
bunch crossing. i.e.. every time a proton and antiproton bunch are forced to collide
by the special quadrupole magnets, only one proton from the proton bunch and one
antiproton from the antiproton bunch actually experience a strong interaction with
each other.

A given six proton and antiproton bunches continue cycling in the Tevatron for
8-18 hours (called a store). The instantaneous luminosity, defined as

— .’\"p .'\I'-p-B f 0

L 5
BY fon

12



where .V, and N are the number of protons and antiprotons per bunch respectively.
B is the number of bunches of each type. fy is the revolution frequency of the bunches.
and ¢? is the cross-sectional area of a bunch. decreases exponentially during the store.
During a store, the accelerator chain below the Tevatron remains active, so that after
the beamn from a given store is dumped. fresh bunches are ready to be injected into

the Tevatron.

3.2  The Particle Detector

One of the two particle detectors used to observe the proton-antiproton collisions
at Fermilab is called the Collider Detector at Fermilab (CDF). It is a multipurpose
detector that weighs 5.000 tons and is approximately a 10 meter high. 27 meter long
cvlinder. When an inelastic interaction between a proton and antiproton takes place.
the proton and antiproton are broken up. and different kinds of particles emerge from
the interaction point. The CDF detector cyvlindrically surrounds the bearmline. so
that particles emerging from the interaction point with some momentum component
perpendicular to the beamline will encounter the CDF detector and produce signals
in its various subsystems. These signals are electronically measured and used to
reconstruct (uantities such as the energy. momentum. identity and trajectory of the
particles.

The CDF detector is cylindrically symmetric about the beamline and forward-
backward symmetric about the interaction point. The coordinate system used by
CDF is centered on the nominal interaction point. The positive z-axis points along
the beamline in the direction of the protons (east. towards Chicago). the positive
y-axis points vertically upwards (towards the sky), and the positive r-axis points
radially outwards in the horizontal plane of the Tevatron. The polar angle (8) is

measured with respect to the positive z-axis. Typically, locations of particles in the
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detector are identified by the Lorentz-invariant quantity pseudorapidity. 7. defined as
n = —log(tan(8/2)) (3.2)

and by the azimuthal angle (o) which is measured counterclockwise from the positive
r-axis. A three-dimensional view of the CDF detector is shown in Figure 3.2. A view

of one quadrant of the detector is shown in Figure 3.3. The detector’s subsystems

can be classified into three main categories:
o Tracking svstem.
o Calorimeters.
e \Muon detectors.

Here. we briefly describe these detector svstems as they existed in Run [ A more
complete description of the CDF detector can be found in {3\, The detector was
modified for Run I which is currently underway. The modifications to the Plug

calorimeter are discussed in some detail Section 5.1.

3.2.1 The Tracking Syvstem

The tracking system is composed of three different detectors. Surrounding the
beampipe is a silicon strip detector. the SV'X (Silicon Vertex Detector). Surrounding
the SV'X is a time projection chamber called the VTX (Vertex Tracking Chamber).
and surrounding the VTX is a gas drift chamber. the CTC (Central Tracking Cham-
ber). The silicon detector provides the most precise tracking information. the time
projection detector provides information about the z position of an event's interac-
tion point, and the gas drift chamber is used to reconstruct three-dimensional tracks
from particles traversing the detector. All of these detectors are surrounded by a

superconducing solenoid which provides an axial magnetic field of 1.41 Tesla. From
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Figure 3.2: A three-dimensional view of the CDF detector. From {1

the curvature of charged particle tracks in the tracking volume. the momentum of the

particles can be measured. The momentum p is given by
p=qBp (3.3)

where ¢ 1s the charge of the particle. B is the magnetic fieid strength. and p is the

radius of curvature of the particle’s trajectory.

3.2.1.1 Silicon Vertex Detector (SVX)

The Silicon Vertex Detector used by CDF during its first running period (Run
1A). was the first silicon vertex detector ever used at a hadron collider. A detailed
description of the detector’s construction and performance can be found in [4].

The detector consists of two cylindrical barrels (side-by-side along =) which coax-

ially surround the beampipe. A three-dimensional view of one of the barrels is shown
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Figure 3.3: A view of one quadrant of the CDF detector showing the various detector
components and the CDF coordinate system. From [1].

in Figure 3.4. Each barrel is 25.5 cm long (along z) with a 2.15 cm separation be-
tween the two barrels at = = 0. making the total active length of the detector 31 cm.
Since the interaction region has a spread of o ~ 30 cm about z = 0. the SVX track
acceptance is only ~60%. The pseudorapidity coverage is [n| < 1.9.

Each barrel is divided into 12 azimuthal sections (wedges) each subtending 30°.
Each wedge consists of four layers of silicon strip detector modules (ladders) with the
innermost layer at a radius of 2.86 cm and the outermost layer at a radius of 7.87
cm. The ladders (see Figure 3.3) consist of three 8.5 cm long single-sided silicon strip
detectors with readout strips running parallel to the beam. On the inner three layers
of ladders. the readout strips have a pitch of 60 pum whereas the outermost layver’s
ladders have strips of 55 pum pitch.

The detector has a total of 96 ladders and a total of 46,080 channels. Only channels
which register a hit are read out. For a typical event, about 5% of the total SVX

channels are read out. The readout time for the SVX detector is one of the longest
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Figure 3.4: A three-dimensional view of an SVX barrel. From {1].

readout times in the CDF detector. typically 2 ms. The SVX provides precise r-o
information for the reconstruction of charged particle tracks. The single hit resolution
per layer is about 13um with a 96% hit efficiency per laver. The resolution allows
the measurement of the secondary vertex of B hadrons which travel distances of

c7 ~300-400 pum before decaying.

3.2.1.2  Vertex Tracking Chamber (VTX)

The Vertex Tracking Chamber is a gas drift chamber of the TPC (time projection
chamber) type which surrounds the SVX. It provides precise tracking information in
the r — z plane. This enables the determination of the location along the beamline of
the primary pp interaction. Also. if there is more than one interaction in the same

bunch crossing, the VTN can identify multiple primary vertices and associate a track
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Figure 3.5: SVX ladder. From [1].

to its correct vertex along the beamline.

The VTN consists of 28 separate TPC modules stacked end-to-end along the beam
direction. Each module is divided into two 15 cm long drift regions. At the end of
the drift regions, proportional chambers are arranged in octants. Each octant has
alternating sense wires and field shaping wires strung perpendicular to the radial
direction. The detector is 2.8 m long in = with an inner radius of 8 cm and an
outer radius of 22 cm. [t covers a pseudorapidity range of |n| < 3.5. The tracking
chambers use a 50%-50% mixture of ethane and argon gas. When charged particles
pass through the gas, they ionize the gas, and the freed electrons drift (with a velocity
of 46p.m/ns) in the axial direction to the sense wires. The voltage drop on the wire is
read out and amplified. The position of the wire provides radial information about the

particles traversing the detector and the drift time provides longitudinal information,
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so that the track position in the r-z plane can be determined. Using this information
from multiple tracks. the primary vertex is located. The location of the primary
pp interaction vertex is determined with 1 mm uncertainty in z. A cartoon of a

charged particle passing through the VTX is shown in Figure 3.6

sense

wires particle
d /\4 track

\ T
21

Figure 3.6: When a charged particle passes through the VTX, the gas is ionized. The freed
electrons drift to the sense wires shown. From yl}

3.2.1.3 Central Tracking Chamber (CTC)

The Central Tracking Chamber is a large cvlindrical drift chamber that surrounds
the VTN It is 3.2 m long (along =) and has an inner radius of 0.3 m and an outer
radius of 1.38 m. It provides full 3-D track reconstruction in the pseudorapidity range
[n] < 1.1.

The CTC consists of 84 lavers of 40 um gold-plated tungsten wires running the
length of the chamber. They are grouped into nine “super-lavers.” There are five azrial
superlayers in which the wires run parallel to the beam and four stereo superlayers in
which the wires are offset by £3° from the beamline. In the axial superlayers, there
are 12 wires per layer whereas in the stereo superlayers there are 6 wires per layer.
Combining tracking information provided by the axial superlavers. which measure

tracks in the -z plane, and the stereo superlavers. which measure tracks in the r-¢
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plane. gives full 3-D track reconstruction. A schematic drawing of a CTC endplate is

shown in Figure 3.7. 5

> 55400 mm [.D

A

2760.00 mm 0.D

tigure 3.7: CTC endplate. From [1].

Positioned about the sense wires are high voltage field wires which establish a
1350 V/cm electric field. The ionization medium is a mixture of 49.6% Argon, 49.6%
Ethane, and 0.8% Ethanol. The maximum drift time of the ionization electrons is
800 ns, much shorter than the 3.5 us between bunch crossings. Because of the crossed
electric and magnetic fields inside the chamber. the ionization electrons drift to the
sense wires with a Lorentz angle of 45° with respect to the electric field. To account

for this angle, the lavers of wires are tilted 45° relative to the radial direction. A track
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is reconstructed by fitting a helix to the hits in the CTC. The transverse momentum

resolution of the CTC is
*\;pr— =0.002 pr(Ge\ /o). (3.4)

By combining the tracking information from the CTC with that from the SVX.

the transverse momentum resolution can be improved to

2PT _ 0,001 pr(Ge\/c). (35)

3.2.2  Calorimeters

After passing through the tracking system. particles emerging from the interaction
point enter the calorimeters. The CDF Calorimeter system is separated into three
main detector regions according to their pseudorapidity coverage: the Central. Wall

and Plug calorimeters.

3.2.2.1 Central and Wall Calorimeters

The Central calorimeter is a sampling calorimeter. It is longitudinally segmented
into an electromagnetic section (CEM) and a hadronic section (CHA). The electro-
magnetic section consists of alternating layers of 3.175 mm thick Pb ahsorber plates
and 5 mm thick SCSN-38 polystyrene scintillator plates, and the hadronic section
consists of alternating layers of 2.5 cm thick steel absorber plates and 1.0 cm thick
PMMA (polymethylmethacrylate) scintillator plates. The electromagnetic section is
~17.\y (~ 1A¢) in length, and the hadronic section is ~4.7 g in length. Both sections
are divided into 24, 15° wedges in ¢. A diagram of one ¢ wedge is shown in Figure 3.8.
Each wedge is divided into 10 projective towers in 7, each tower subtending 0.11 units
of 7. There are two wavelength shifting waveguides per tower, one on each side in

azimuth. Connected to the each waveguide is a photomultiplier tube (PMT).
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Figure 3.8: A 15° ¢ wedge of the Central calorimeter. From [1].

The Central calorimeter extends 2.5 m parallel to the beamline on either side of
z = 0 and covers a psendorapidity range of [5| <1.1. The distance from the interaction
point to the inner radius of the calorimeter is ~ 173 cm.

As described in Sections 4.5 and 4.6, when a particle hits the calorimeter. it pro-
duces a shower. When a charged particle from the shower passes through a scintillat-
ing plate, it brings a scintillating molecule into an excited state. When the molecule
relaxes back to its original state, it isotropically emits light, usually in the ultraviolet

range. Some of the light emitted is then trapped in the scintillating plate and is in-
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ternally reflected to the edge of the plate. The two wavelength shifting waveguides at
the edges of the plates in ¢. absorb the ultraviolet light and reemitgreen light. Some
of the green light then travels radially outward toward the end of the waveguide to a
PMT.

The Wall calorimeter covers an awkward geometrical region (see Figure 3.3) be-
tween the Central calorimeter and the Plug calorimeter. It consists of 5.1 cm thick
steel absorber plates alternated with 1.0 cmn thick PMMA scintillator plates. and

covers a region in pseudorapidity from ~ 0.66 < || <~ 1.1.

3.2.2.2  Plug Calorimeter

The Plug calorimeter uses gas proportional tube arravs instead of plastic scintil-
lating plates as its active medium. In the electromagnetic section, the 34 layers of
proportional tubes are interleaved with 2.7 mm thick lavers of Pb. In the hadronic
section, 20 lavers of proportional tubes are interleaved with 5.1 cm thick steel ab-
sorber plates. The segmentation for the electromagnetic and hadronic sections is the
same, namely 0.09 in n and 3° in o.

Charge produced by ionizing particles traversing the gos in the proportional tubes
is internally amplified. The extent of this amplification, which directly affects the
reconstructed energy of shower particles. is quite sensitive to the temperature and
pressure of the gas. For this reason. gaseous calorimeters require a substantial amount
of monitoring. In addition. gaseous calorimeters have a very small sampling fraction
and no saturation effects [3]. This gives rise to the “Texas tower” effect. single towers
with signals orders of magnitude larger than those in neighboring towers. For these
reasons, the Plug calorimeter was replaced by a scintillator based calorimeter in Run

[1. The new calorimeter is described in detail in Chapter 5.
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3.2.3  Muon Detector

Whereas all other particles (except neutrinos) shower and are thus completely
absorbed in the calorimeter. muons generally do not shower in the calorimeter. To first
order. theyv are simply minimum ionizing in the calorimeter. Any particles detected
radially beyond the calorimeters then. can be assumed to be muons. There are three
components of the muon system at CDF (see Figure 3.3): the Central Muon Chambers
(CMU). the Central Muon Upgrade (CMP). and the Central Muon Extension (CMX).

All three components consist of single-wire. rectangular drift tubes.

3.2.3.1 Central Muon Chambers (CMU)

The CMU is located radially outside the Central Hadron Calorimeter at a distance
of 3.47 m from the beamline and covering a pseudorapidity range of |nj < 0.6. It is
segmented into 24. 12.6° wedges in 0. Since there are 2.4° gaps between the wedges.
the CMU coverage in ¢ is ouly 83%. Each CMU wedge contains three towers with
each tower containing four radial layers of four drift tubes. The layers are offset from
one another by ~ 2 mm to remove ambiguity of which side the particle passed the

wires in 0. The position resolution of the CMU is 250 ym in 0 and 1.2 mm in =.

3.2.3.2 Ceptral Muon Upgrade (CMP)

The Central Hadron Calorimeter is too short to fully longitudinally contain high
energy hadron showers. When the muon system consisted of only the CMU, the tails
of high energy hadron showers would often leak out the back of the CHA and produce
a signal in the CMU, thus faking a muon. In order to avoid such signals. another
0.6 mm of steel (2.4 Ag) was added at the back of the CHA. Behind the added steel.
four more lavers of drift chambers were added and named the Central Muon Upgrade
(CMP). The CMP fills in the gaps between wedges in ¢ in the CMU. At the inner

and outer surfaces of the CMP. there are scintillator planes (CSP) used to provide

24



timing information.

3.2.3.3 Central Muon Extension (CMX)

At the time the CMP was added, another muon system, the Central Muon Exten-
sion (CMX) was added in order to extend the muon system'’s coverage in pseudorapity
in the 0.6< [n] <1.0 range. Just as in the CMP. the inner and outer surfaces of the

CMNX have scintillator planes. known as the CSX.



CHAPTER 4
CALORIMETRY

The subdetector system which is crucial to the analysis discussed in Chapter 7 is
the calorimeter. Here, we give a brief summary of the basics of calorimetry. For a

complete discussion. the reader is referred to Reference [6].

4.1 What calorimeters measure
[n a typical multicomponent detector such as that described in Section 3.2. calorime-
ters are located just outside the tracking svstem and are simply a large chunk of dense
material. When particles emerging from the interaction point hit the material. thev
are completely absorbed (and. except for muons and neutrinos. are thus destroved
for further measurement purposes). In the absorption process. certain materials in
the calorimeter produce a signal that can be measured. From the signals that result.
the energy of the particles can be deduced. While this is the main purpose calorime-
ters serve. through segmentation. theyv also often are used to distinguish e’s, ~'s and
7%'s from charged hadrons and to measure the position and angular distributions of

particles. particularly jets.

4.2 Parts of a calorimeter

Calorimeters consist of three main parts. the active material. the passive material
(or absorber), and the readout.

When a charged particle passes through the active material. it generates a signal.
Materials that have been used as active material in multipurpose detectors at accel-
erators include scintillating plastic. quartz, liquid argon. fancy crystals, and various
types of gas mixtures. When a charged particle passes through scintillating material.

molecules in the material are brought into an excited state. When they relax back
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to their ground state, they emit light. usually in the blue or ultraviolet range. This
light is collected and measured. When quartz is used as an active material. a signal is
generated due to the Cerenkov mechanism. namely light is produced when a particle
travels through a medium faster than the speed of light in that medium. When gas
or noble liquids (Ar. Kr. Xe) are used as the active medium. ionization is the means
through which a signal is produced. When a charged particle passes through the
medium. the medium is ionized and the ionization charges are collected or induce a
signal in an electrode placed in the medium.

The passive material is usually a dense material which causes a particle to shower
and eventually completelv absorbs the particle. Popular choices for the absorber
material include Pb. steel (Fe). *¥U. and fancy crystals such as thallium-doped cesium
lodide or lead tungstate (PbWO,).

The readout consists of the system which transports the signals produced inside
the active material to a more convenient location outside of the material where other
instruments and electronics that can measure and process the signal are located.
Waveguides or wavelength shifting material and PMTs are often used to transport
and measure the signal. respectively, in light based calorimeters. In ionization based

calorimeters. electrodes are used to collect charge.

4.3 Types of calorimeters
There are two main types of calorimeters: sampling and homogeneous. In a sam-
pling calorimeter, the active medium is a different material than the passive medium
and is somehow interspersed within the absorber. Since a signal is produced only in
the active medium. the calorimeter “samples™ the energy deposition of the incoming
particle’s shower. One type of sampling calorimeter consists of alternating planes of
absorber and active medium, such as scintillating plates or liquid argon alternated

with plates of vour favorite absorber (steel or Pb, for example). In other designs,
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interleaved throughout the absorber structure are scintillating or quartz fibers.

In a homogeneous calorimeter. the active and passive media are one and the same
material. Crystals and lead/glass are the most common materials used in a homo-
geneous calorimeter in large hvbrid detectors at high energy particle accelerators. In
cosmic ray experiments. the air of the atmosphere. the water of oceans, or the ice of
the Antarctic act as a homogeneous calorimeter. both producing a measurable signal

and absorbing the cosmic rays.

4.4 Segmentation

Calorimeters are often “segmented” into lateral sections and longitudinal sections.
Segmentation simply means that the signal from a particular physical region of the
calorimeter is read out separately from other physical regions. Lateral segmentation
usually refers to the segmentation of the caloriineter into towers of n and 0. Tvpically.
the tower structure is projective. meaning the cross sectional area of the tower gets
larger as a function of the distance from the interaction point. Lateral segmentation
gives a means of measuring the production angle of the particles detected and resolv-
ing showers from several particles traversing the same physical area. The precision
with which the production angle of particles can be measured depends not only on the
granularity of the lateral segimentation but the physical size of the showers induced by
the particles in the calorimeter. Typical lateral segmentation involves towers with a
size of ~0.1 units of n and ~15° of ©. This results in several hundred (>3500) separate
towers of lateral segmentation.

Longitudinal segmentation refers to segmentation along the direction travelled by
particles from the interaction point. There are many fewer longitudinal segmentations
than lateral ones. Very often. in fact. there are only two longitudinal segments,
referred to as the “electromagnetic” and “hadronic” sections. The electromagnetic

section’s main purpose is to measure the energy of electrons and photons. Since



electrons and photons are absorbed in a relatively small amount of material (see
Section 4.5.1). the electromagnetic section is placed in front of (as seen by particles
emerging from the interaction point) the hadronic section. The hadronic section
combined with the electromagnetic section measures the energy of charged hadrons
which require more material to deposit their energy.

Electrons and photons deposit their energy in a different way than charged hadrons.
The calorimeter properties needed to optimize the resolution of a calorimeter are dif-
ferent (in fact. they are completely opposite) for electrons and charged hadrons [7].
For this reason. the electromagnetic and hadronic sections are usually built with dif-
ferent compositions. If the composition of the electromagnetic section is chosen for
optimal electromagnetic energy resolution. then since the signals from the electro-
magnetic section are used in combination with those from the hadronic section to
measure the energy of a charged hadron. the energy resolution for charged hadrons
suffers (charged hadrons would be measured better with a calorimeter with no electro-
magnetic section in front of it). Thus. longitudinal segmentation allows for excellent
energy resolution for one type of particle but rather poor energy resolution for the
other type of particle.

Longitudinal segmentation also allows for particle identification. Since electrons
(and ~s) deposit most of their energy in the electromagnetic section. whereas charged
hadrons deposit energy in both sections, electrons (and ~s) can be discriminated from
charged hadrons by cutting on the ratio of signal in the hadronic section with the
signal in the electromagnetic section.

While longitudinal segmentation allows particle identification and the optimiza-
tion of resolution for one tvpe of particle, it introduces significant complications in

the calibration of the calorimeter. These complications are discussed in Chapter 5.



4.5 Electromagnetic (em) showers

When an electron interacts with matter. it luses energy via ionization or Brems-
strahlung radiation. Photons interact via the photoelectric effect. Compton scatter-
ing or pair production. An electron (or photon) that hits a block of matter with
enough energy (>100 MeV') will start a process known as a cascade or shower. It
usually uses soap and shampoo and sometimes likes to take a bath instead!. In
this process. the electron radiates Bremsstrahlung photons. Those photons in turn
interact via one of their interaction processes (photoelectric effect. Compton scatter-
ing or pair production). Photons with enough energy (5-10 MeV) will produce an
energetic electron-positron pair. The resulting electron and positron can also emit
Bremsstrahlung photons which with enough energy can create other electron-positron
pairs and so on. Thus. the number of particles interacting inside the material as a
function of depth increases. At some point {called the shower maximum) inside the
material. electrons produced by the shower process no longer have enough energy to
emit Bremsstrahlung radiation. and they simply deposit their energy in the material
by ionizing it. At lower energies. photons too will interact via Compton scattering
or the photoelectric effect. thus not multiplying the number of shower particles inter-
acting. In this way, beyond the shower maximum. the number of particles decreases.

[t should be noted that all of the kinetic energy of the incoming electron (or
photon) is eventually deposited in the material in the form of ionization charge which
can be measured or by exciting atoms or molecules which upon returning to the

ground state emit light that can be measured.

'This often proves difficult to measure.
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4.5.1 Physical size of em showers

The radiation length. Xj. is defined as the distance over which a high-energy (> 1
GeV') electron or positron loses. on average. 1 — e~! of its energy to Bremsstrahlung
radiation. This variable is used to describe the longitudinal dimension of an electro-
magnetic shower in a material independent way. The radiation lengths of Pb and
Fe are 0.56 ¢m and 1.76 cm. respectively. The radiation length of water is 36.1 cm.
Thus, an electron loses the same fraction of its energy in 0.56 cm of Pb. 1.76 ¢m of

Fe. or 36.1 cm of water.

The depth (in units of \y) of the shower maximum depends logarithmically on
the energy of the incoming electron. The lateral development of an electromagnetic

shower is independent of the energy of the incoming particle.

4.5.2  Resolution of em showers

Energy which is deposited in the active portion of the calorimeter is turned into a
signal. but energy which is deposited in the passive layers (in sampling calorimeters)
does not result in a signal. The Huctuations in the amount of energy which is deposited
in the active material of the calorimeter (and thus fluctuations in the signal) are
called sarnpling fluctuations In sampling calorimeters, sampling fluctuations usually
dominate the energy resolution for em showers. Sampling fluctuations follow Poisson
statistics. Thus. if a particle of energy E produces n photoelectrons on average, the
event-to-event fluctuations on that number are \/n. The relative precision with which
the calorimeter can measure energy (i.e., the relative width of the signal distribution)
is then og/E = \/n/n = 1/\/n. If a calorimeter is linear, then a particle with energy
zE will produce rn photoelectrons when absorbed by the calorimeter. The relative
precision of the energy measurement is then \/zn/rn = \/r/x - 1/\/n. a factor \/r/r

better than for a particle of energy E. For linear calorimeters this leads to the form
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often quoted as the energy resolution of a calorimeter
oe/E =a/VE (4.1)

where a is a parameter characterizing the calorimeter quality and E is given in GeV".
The larger the sampling fraction. which is defined as the energyv deposited by a mini-
mum ionizing particle (mip) in the active calorimeter lavers. measured relative to the
total energy deposited by such particles in the calorimeter. the better the energy res-
olution for em shower detection®. In homogeneous calorimeters. the sampling fraction
is 100%. so there are no sampling fluctuations. For this reason. homogenous calorime-
ters have the best resolution for electromagnetic showers. The energy resolution of

these calorimeters is limited by factors such as light collection etliciency.

4.6 Hadronic showers

When a high energy charged hadron hits a block of matter. the shower that de-
velops is more complicated than the electromagnetic shower described in Section 4.5.
While the basic idea is the same. the number of particles interacting in the material
increases up to a certain depth in the calorimeter and then decreases after that point.
the number of different processes that may contribute to this phenomenon is much
larger. The incoming hadron can interact strongly with the nuclei of the absorber
material and protons and neutrons can be released from the nuclei. Also when the
incoming particle interacts with a nucleus, the particle can change its identity and
produce additional mesons or barvons. Some of these hadrons are neutral and decay

electromagnetically as is discussed in Section 4.6.3.

*Sampling frequency also plays a role in the energy resolution of a calorimeter for em shower

detection (6].



4.6.1 Physical size of hadron showers

Hadron showers are spatially larger than electromagnetic showers. both longitu-
dinally and laterally. Hadron showers are characterized by the nuclear interaction
length. \g which is defined as the average distance a high energy hadron must travel
inside a material before a nuclear interaction occurs. The probability a hadron will

not undergo a nuclear interaction after travelling a distance = inside a material is
P=e %, (4.2)

Unlike electrons, hadrons can penetrate a material quite deeply before starting a
shower. Thus. the fuctuations in the longitudinal energy deposit profile are large.
As with electromagnetic showers. the average longitudinal development of a hadron
shower depends logarithmically on the energy of the incoming particle. Unlike elec-
tromagnetic showers, however. the transverse dimensions of hadron showers become
srnaller with increasing energy of the incoming particle. This is due to the increase
in the electromagnetic component of a hadron shower as the energy of the incoming

particle increases (see Section 1.6.3).

4.6.2 Invisible energy

One of the biggest differences between electromagnetic and hadronic showers is
the phenomenon of invisible energy. energy which is deposited in the calorimeter but
which does not result in a measurable signal. Since nuclei have large binding energies.
it takes a considerable amount of energy to break up a nucleus. The energy used to do
so does not result in a measurable signal. The fluctuations in the amount of invisible
energy from event to event are large, on average 40% of the non-em component. Thus,
the best energy resolution that can be attained for hadronic showers is intrinsically

worse than that for electromagnetic showers.
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4.6.3 Electromagnetic component of hadron showers

Another difference between electromagnetic and hadronic showers that worsens
the hadronic energy resolution in many calorimeters (noncompensating ones) is the
fact that there is an electromagnetic component of hadronic showers. When a charged
hadron interacts with an absorber nucleus. a variety of processes can turn the incom-
ing hadron into a different hadron. or can turn the incoming hadron into many new
hadrons. Some of these hadrons (on average 1/3 of them) are neutral (mostly =%
and ns) and decay electromagnetically into photons. These photons produce electro-
magnetic showers. We will refer to the portion of a hadron shower which ends up as
neutral mesons and thus as electromagnetic showers in this way as the electromagnetic
(em) component or 70 component of the shower. We will refer to the other portion of
the shower as the hadronic cormponent or non-em component of the hadron shower.

The fraction of the incoming hadron’s energy which ends up as the electromag-
netic component varies greatly from one event to the next. Also, on average. the
electromagnetic component increases as the energy of the incoming hadron increases.

The two points have important consequences for the resolution and response (defined
{

in Section 4.6.4). respectively of a calorimeter.

4.6.4 Compensation and noncompensation (e/h)

In most calorimeters, the amount of signal produced by a 50 Ge\" charged hadron
is smaller than the amount of signal produced by a 50 Ge\" electron or photon. This
is due to the invisible energy phenomenon discussed in Section 4.6.2. In a hadron
shower, some energy from the incoming hadron is used to break up absorber nuclei
which in general does not produce a signal.

The response of a calorimeter to a certain type of particle is defined as the average
calorimeter signal divided by the incoming energv of the particle that caused the

signal. The response for a type of particle, X' is denoted simply as .\. The response
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of a calorimeter to electrons and pions. for instance. is e and 7.

The extent to which the calorimeter signals from electrons and charged hadrons of
the same energy differ in a calorimeter is given by a quantity known as the e/h value.
the response of the calorimeter to electrons divided by the response of the calorimeter

to the hadronic component of hadron showers. A. The quantity A is given by
h=fe-rel+ fo-p+ fo-n+ fige inv (4.3)

where fio1. fp. fa. fine 1s the fraction of non-em shower energy carried by relativistic
charged pions. spallation protons. evaporation neutrons. and invisible energy (used
to release protons and neutrons from absorber nuclei). and rel. p. n and ine are the
calorimeter’s responses to relativistic charged pions. spallation protons. evaporation
neutrons. and invisible energy. respectively. The quantity ine is. by definition. zero.

In noncompensating calorimeters. e/h # 1. [n most calorimeters. the response
of the calorimeter to electromagnetic energy deposition is larger than the response
to hadronic energy deposition. e/h > 1. In some calorimeters. the signal resulting
from an electron and charged hadron of the same energy is on average the same.
i.e.. e/h = 1. These calorimeters are referred to as cornpensating calorimeters. In
these calorimeters, either the signal produced by the electromagnetic component of
hadron showers is suppressed to some extent or the signal produced by the hadronic
component of hadron showers is enhanced to some extent so that the response of the

calorimeter to both tvpes of energy deposit is equalized.

4.6.5 Consequences of noncompensation

The fluctuations from event to event in the electromagnetic component of hadron
showers are large and not of a Gaussian nature. If the calorimeter response to these
two types of energy deposit are different (as in noncompensating calorimeters), then

these fluctuations usually dominate the energy resolution. In compensating calorime-
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ters. the response to the two types of particles is the same. Then. the fluctuations in
the electromagnetic component of hadron showers do not affect the energy resolution.
Hence. the calorimeters with the best hadronic energy resolution are compensating
ones.

Since the electromagnetic component of hadronic showers increases on average
with the energy of the incoming charged hadron. the respounse of a noncompensating
calorimeter increases as a function of energy. Thus. if the response in a noncomn-
pensating calorimeter to a 50 Ge\’ charged pion is 50 photoelectrons per GeV', the
response to a 100 GeV’ charged pion will not be 30 photoelectrons per GeV. but rather
something like 70 photoelectrons per Ge\'. [n compensating calorimeters. however,
the average increase in the electromagnetic compounent of hadron showers has no ef-
fect on the response and compensating calorimeter have a linear response for hadron

shower detection.

1.7 Radiation Damage Issues

4.7.1 Radiation damage studies for the CMS very forward calorimeter

At the future Large Hadron Collider (LHC). an unprecedented luminosity and
center of mass energy will (hopefully) be reached. This collider will slam protons
with protons at /s ~ 14 Te\" and an integrated luminosity of ~ 1000 fb~" over 10
vears. Detectors at this collider will have to withstand enormous amounts of radiation.
In the forward region ( > 3) especially, the dose delivered to the detectors will be
extremely large. ~1-10 MGy in 10 years of running.’

It is imperative, then. that the detectors built at this collider are extremely radia-

tion hard. The CMS experiment (Compact Muon Solenoid) has chosen a very forward

calorimeter composed of quartz fibers as the active material. Here we summarize the

31 Gray = 1 J kg™! = 100 rad = 6.24 -10'* MeV kg™!
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results of a dedicated study of the effects of radiation damage on calorimeter perfor-
mance in which a prototype of the verv forward calorimeter was irradiated (at CERN)
with the types of particles responsible for most of the radiation doses at the LHC.
Details of this study, which were published in (8] can be found in Appendix A.

The detector used in this study consisted of thin (0.60 mm diameter) quartz fibers
embedded in a copper matrix. The fibers were oriented along the direction travelled by
the incoming particles. The showering particles generated Cerenkov light in the fibers.
and photons emitted within the numerical aperture of the fibers were captured and
transported through internal reflection to the fiber ends. There theyv were converted
into photoelectrons in the photocathode of a PMT. and the digitized output of the
PMTs comprised the calorimeter signals. The calorimeter was 33.75 cm in depth
(22.6 .Xy) and was comprised of 12 towers. The fibers were read out at one end and
made reflective by aluminum deposition at the other end. More details about this

calorimeter can be found in [9].

4.7.2  Radiation exposure

The radiation experienced by detectors operating at 3 < |n| < 5 at the LHC
comes primarily from the pp collisions as opposed to beam-gas interactions. The
most abundant particles emerging from the interactions are low energyv (1 Ge\’) pions.
neutral and charged. Radiation damage in the calorimeter results mostly from the
electromagnetic showers induced by photons (decay products of neutral pions), since
photons deposit their energy in a limited depth in the calorimeter. To mimick this
situation, the prototype calorimeter module was exposed to an intense beam of 0.5
GeV electrons, produced by the Linear Injector for LEP (LIL) at CERN. The beam
intensity during this exposure was typcially a few time 10'! electrons per second. This
beam was steered perpendicular to the mirrored fiber surface (see Figure 4.1). Over

~ 3 days, a total of 1.45 - 10'® electrons with an energy of 0.5 GeV each were sent
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into an area of a few cm®. The calorimeter became quite radioactive in this process.
requiring ~3 days to cool down before it could be transported to the testbeam area
(H4 beamline at CERN).

to PMT’s

I

y
x T
z LoD .
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Figure 4.1: Orientation of the quartz fiber calorimeter prototype during testbeam studies
of the effects of radiation damage. The tower numbering scheme used for these studies is
shown. The direction of the beam used to irradiate the module (LIL Beam) and the direction
of the beam used to assess the effects of irradiation on the calorimeter’s performance (H4
Beam) are shown.

4.7.3 Data Analysis

The effects of the calorimeter's performance were measured using a beam of 150
GeV electrons at the CERN H4 beamline sent into the detector sideways, i.e., perpen-
dicular to the fiber plane (see Figure 4.1). The calorimeter response was measured
as a function of z, the distance between the impact point of the particles and the
aluminized front face of the detector. An example of the results of such a z-scan is
shown in Figure 4.2a, where the average signal recorded in Tower 5 is plotted as a
function of z. In Figure 4.2b, this data is divided into events in which the electrons
entered the detector at y = 0 — 5 mm or y = 20 — 25 mm. Before the irradiation,
the signals recorded in scans of this type were practically independent of z. After the

irradiation, however, a clear reduction in the signals was observed. This is indicated
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by a change in the shape of the z-scan data, namely a kink at a depth z = 15-20 cm.
This agrees with Monte Carlo simulations of the dose absorbed by the calorimeter

from the LIL beam which showed that the radiation effects were limited to the area

2 < 20 cm.

5co

400 1

300

Calonmeter signal (a.u.)
[ d
[=]
(o]
.

100 [

a)

o All data tower 3

386

300 1.

260 | -~

220

—— ¥ 20-5mm.

. y=20-25mm sugnal = 303 « [ 75,

signal =229 - 2932

0 180
25 30 135 [+ 5

Depth in calorimeter, z {cm)

10 15 20 25 30

Figure 4.2: The average signal in Tower 5 recorded in z-scans with clectrons entering the
detector in the regions y = 0 — 5 mm and y = 20 — 25 mm, respectively.

4.7.4 A model that reproduces data

We used a Monte Carlo simulation based on a simple model in an attempt to
reproduce the experimental z-scans. In this model, the local loss in light transmission
is parameterized as

1 1
) o

where [(z) is the attenuation length at a depth z

+aeD(2)' ™" (4.4)

inside the calorimeter after the
detector has received a radiation dose D(z), and iy represents the attenuation length
in the absence of radiation. The radiation sensitivity of the detector is measured by
the value of the parameter ap. A small value of ag corresponds to a small radiation

sensitivity (i.e., a large radiation hardness).
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With this model. simulated response curves (:-scans) were obtained as follows.
The Cerenkov light produced at a certain depth z and trapped inside the fibers was
split into two components, with equal fractions going to the right (+3, straight to the
PMT) and to the left (—2, to the aluminized front end of the fibers). The photons
in both components were tracked in steps of 0.3 cm on their way through the fiber.
In every step. the light intensity was diminished by a factor exp[~0.5/[(2’)], with the
local attenuation length [(z’) at depth 2’ expressed in cm. Light traveling to the left
(—2, see Figure 4.1) was assumed to undergo an intensity loss of 20% upon reflection
off the mirrored fiber end. The value of {; was taken as 20 m. Both numbers were
based on results of measurements with an unirradiated module of exactly the same
composition [9]. In this way, the fraction of the Cerenkov light trapped in the fibers
that reached the PMT was calculated. By repeating the described procedure for
a large number of points at different depths (=), the simulated response curve was
obtained.

In order to reproduce the experimental data, we found that the attenuation length
had a power-law dependence on the dose levels. In radiation hardness studies of plastic
scintillating fibers, the attenuation length was found to be a linear function of the
received dose (Eq. 4.4 with n = 0). In the quartz fibers used in this study, however,
it turned out that a power-law dependence more accurately described the data.

Figure 4.3 shows the results of the simulations described above when a value of
n =0 is used. The simulated curves exhibit the same characteristic features as the
experimental data: a more or less flat response for z-values larger than 20 cm, where
the radiation effects become negligibly small and a more or less logarithmic decline of
the response for light produced in the affected region of the calorimeter (z < 20 c¢m).
From the observed z-dependence in the first 10 cm in the figure, one would conclude
that oy amounts to (3 — 4) - 10~* Mrad ~'em~!. However, for such a value of ag, the

kink separating the z range of flat response and the = range affected by the radiation
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dose appears to be located deeper inside the detector than the simulations lead us to

believe (: = 20 cm experimentally, vs. = = 10 cm in the simulations).
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Figure 4.3: Simulated response curves based on Equation 4.4 and the dose profile D(z)
accumulated in the y interval 0-5 mm for n = 0 and different values of the parameter a. For
comparison, the experimental z-response curve for y = 0 — 5 min, conveniently normalized,
is shown as well. See text for details.

When we repeated this analysis (with n = 0) for other regions in which z-scans
had been performed (i.e., for different y-slices, where the induced doses were much
smaller), we found that considerably larger values of ap were needed to describe the
measured response curves. And, as before. the simulations (with n = 0) were only
capable of reproducing the z dependence in the first part of the detector, whereas
the experimental effects of the induced radiation extended much deeper inside the
calorimeter.

This led us to believe that in order to adequately describe the experimental data
for quartz fibers, 1/A(z) is not a linear function of dose, but a function of some power

of the dose. Figure 4.4 shows the results of simulations performed with various values
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of ag and n. In these simulations, the value of n determines the location in depth of
the kink. The value of oy detemines the slope of the region in front of the kink in
. The best reproduction of the experimental position of the kink (at z ~20 cm) was

found for n = 0.7, and the corresponding optimum value of aq was 0.010.
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Figure 4.4: Simulated response curves based on Equation 4.4 and the dose profile D(z)
accumulated in the y interval 0-5 mm for different values of the parameters n and a. For
comparison, the experimentally measured curve is shown as well. See text for details.

The fact that 1/A(z) is a function of some power of the dose means that relatively
small doses of radiation cause relatively large effects of induced light attenuation.
At doses of a few megarads, the radiation hardness is not much better than that of

the best plastic scintillators {10}, but at much higher doses the radiation hardness is

considerably better.
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CHAPTER 5
CALIBRATING LONGITUDINALLY SEGMENTED CALORIMETERS

Calibrating a calorimeter is a trickv business. In this chapter, some of the sub-

tleties of calorimeter calibration are addressed.

5.1 CDF Plug Upgrade Calorimeter

The analysis discussed in the next section was carried out with testbeam data
from the new endplug calorimeter of the Collider Detector at Fermilab (CDF). This
calorimeter system was modified as part of the upgrade program in preparation for
Run [I at the Tevatron. [t covers the pseudorapidity range from 1.1 - 3.6 and re-
places the original gas-based calorimeter. The new detector consists of a 0.75.\;,, deep
electromagnetic (EM) section and a 7.4\, deep hadronic (HAD) section. The elec-
tromagnetic section has a lead/scintillator sandwich structure, with 1.5 mm thick lead
plates alternated by 4.0 mm thick plastic scintillator plates. In the hadronic section.
6.0 mm thick scintillator plates are sandwiched between 50.8 mun thick iron absorber
plates. The signals are read out by means of wavelength shifting optical fibers. which
are embedded in the scintillator plates. The electromagnetic and hadronic sections
are both noncompensating devices with e/h values of 1.43 and 1.36. respectively.

More details about this device are given in Reference [11].

5.2 CDF Plug Upgrade testbeam analysis
Finding the correct energy scale of a calorimeter which is divided into an electro-
magnetic and a hadronic section is not trivial [12]. The energy scale is the constant
which converts the signal from the calorimeter to units of energy. If a calorimeter is
longitudinally divided into two sections with different material compositions. then an

energy scale is needed for each section separately.
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The energy scale of a calorimeter is (at least initially) determined from a test-
beam of particles of the type that the calorimeter will measure with a well defined
energy. Such a beam is sent into the calorimeter, and the ratio of the signal from the
calorimeter (ADC counts) with the energy of the incoming particles (GeV') is defined
as the energy scale. In most longitudinally segmented calorimeter systems, deter-
mining the energy scale of the electromagnetic section is straightforward since the
electromagnetic section is deep enough to fully contain the shower from an incoming
electron. A testbeam of electrons is sent into the electromagnetic section and the ratio
of the signal from the electromagnetic section (ADC counts) with the energy of the
incoming electrons (Ge\') is defined as the energy scale for that section. Determining
the energy scale of the hadronic section. however. is tricky. [n most calorimeter sys-
tems with two longitudinal segments. hadrons deposit their energy in both segments.
We have studied three methods to determine the energy scale of the hadronic sec-
tion using experimental data taken with a special module of the CDF Plug Upgrade
Calorimeter that was built for testbeam purposes. This module consists of four 15°
sections which are replicas of the actual Plug Upgrade calorimeter (see Figure 5.1).
One of these four wedges was built without an EM compartment. The results of this
study were published in Nuclear Instruments and Methods in Physics Research. Here.

we summarize the most important results and refer to Appendix B for details.

5.2.1 The calibration methods

5.2.1.1 Electromagnetic section energy scale

Although we discuss three different methods of determining the energy scale of
the hadronic section, we only used one method to determine the energy scale of
the electromagnetic section. The energy scale of the electromagnetic section, A,
was determined with beams of electrons (ranging from 8-180 GeV) sent into the

electromagnetic section. Figure 3.2 shows the value of 4 as a function of the electron
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Figure 5.1: The Plug Upgrade testbeam module consisted of four 15° sections, each with
20 towers. Wedge 3 was built without an EM section.
beam energy. The value of A is constant within experimental uncertainties over this

energy range. The weighted average was found to be A = 128.1 counts/GeV.

3.2.1.2 Hadronic section energy scale—Method I

In this method, a beam of pions with a well defined energy is sent into the elec-
tromagaetic section of the calorimeter (with, of course, the hadronic section directly
behind it). Pions which pass through the electromagnetic section without undergoing
a nuclear interaction (“penetrating pions”) are selected. For only those penetrating
pions, the ratio of the signal from the hadronic section (ADC counts) with the energy
of the incoming pions (GeV) is defined as the energy scale of the hadronic section. Pi-
ons with energies ranging from 8-160 GeV were used to find the value of the hadronic
section energy scale By with this method. Figure 5.3 shows the value of B; as a func-
tion of the energy deposited in the hadronic calorimeter section by the penetrating
pions. Note the logarithmic scale of the horizontal axis. Unlike A, the value of By is

clearly energy-dependent. This is the method CDF has traditionally used to calibrate
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Figure 5.2: The energy scale for the EM calorimeter section. A. as a function of energy.

the hadronic calorimeter section.

5.2.1.3 Hadronic section energy scale—Method II

In this method. the calibration constants of both calorimeter sections are estab-
lished with the same type of particles. The underlying philosophy of this method
is that the relationship between deposited energy and resulting calorimeter signal
should be established in the same way for all segments of the calorimeter system. In
our case, we used a beam of high-energy electrons. sent directly into the hadronic
calorimeter section, to test the merits of this method. In practice this method is
usually impossible to implement in an experiment. since the HAD section is shielded

from the particle source (i.e., the interaction region) by the EM section. However,
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Figure 5.3: The energy scale of the hadronic section. B;. found using Method [ as a function
of the energy deposited in the hadronic section of the calorimeter by penetrating pions.

in our testbeam setup we could study this method thanks to the fact that part of
the tested calorimeter was not equipped with an EM section. Electrons with energies
ranging from 11-177 GeV\" were used to find the value of the hadronic section energy
scale By;. which is shown as a function of the electron energy in Figure 5.4. By is

constant, 173.5 counts/GeV’, for a wide range of electron energies.

5.2.1.4 Hadronic section energy scale—\lethod III

In this method. which to our knowledge has not yet been applied in any other
experiment, pions with a well-defined energy are used to intercalibrate the EM and

HAD calorimeter sections. The calibration constant for the EM section is. as usual.
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Figure 5.4: The energy scale of the hadronic section. By;. found using Method II as a
function of the energy of the incoming electrons.

determined with electrons of known energy, while the calibration constant for the
HAD section is chosen such that the average energy reconstructed for penetrating
pions is equal to that for nonpenetrating pions.

The underlying philosophy of this method is to avoid any dependence of the
reconstructed (hadronic) energy on the starting point of the showers. As we will see
later, such a dependence is an inevitable consequence of the application of Method
I. Unlike Method II. this method has the advantage that it can be implemented in
practice and that it can be applied in situ using reconstructed tracks of isolated
particles produced in the interactions studied by the experiment.

In order to avoid the effects of shower leakage, we used several low energy (<20
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Ge\") pion runs to find the value of the hadronic section energy scale By, using this

method. We found an average value B;;; =186.5 counts/GeV'.

5.2.2 Experimental consequences of each method

The reconstructed energy is defined as

EM signal (ADC cts) + HAD signal (ADC cts)

Erecon = 1 (51)

Brrrann

where A is the energy scale of the electromagnetic section and By denotes the
energy scale of the hadronic section according to Method LIL or IIL.

I[f we chose Method [ to set the energy scale of the HAD section. we would need
to specifyv the energy at which the calibration constant B; was determined. since this
value is energy dependent. Depending on the energy. the value of B; may change by
as much as 10%. The other two methods are based on energy-independent calibra-
tion constants. In practice, we used a value By = 151.4 cts/GeV for our studies of
the implications of Method I. i.e.. the value obtained for the 56 Ge\" point and an
approximate average of all the values obtained over the energy range we studied.

For each method. we (1) compared the reconstructed energy of penetrating pions
(late showering pions) with the reconstructed energy of nonpenetrating pions (early
showering pions) and (2) plotted the ratio of the reconstructed energy with the beam

energy as a function of the beam energy.

5.2.2.1 Dependence on the starting point of the showers
We studied the implications of the various calibration methods with events col-
lected in the 8.6 GeV pion beam. We split these events into two samples. based on
the starting point of the showers: The penetrating and the nonpenetrating events.
Figure 5.5 shows the reconstructed energy distributions for these two event sam-

ples, obtained on the basis of Method I, using B; = 151.4 cts/GeV. The mean values
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of these two distributions differ by 15%. From these results. we conclude that using
Method I to set the energy scale of the hadronic section of the calorimeter introduces
a dependence of the reconstructed energy on the starting point of the pion shower.
This is. in fact, a logical and inevitable consequence of using this method with a
noncompensating calorimeter. [f penetrating pions are used to set the energy scale
for the hadronic section. then it is only for this particular sample of pions that the
energy will be reconstructed correctly. The value of B; found using Method I gives
a larger weight to the signal in the hadronic section. Pions which begin showering in
the electromagnetic section do not fully benefit from this “boosting™ of the hadronic
section’s signal and will therefore have a reconstructed energy which is smaller than
that of penetrating pions.

Figure 5.6 shows the signal distributions for the same event samples. but this
time Method [II has been used to calculate the reconstructed energy (Byr; = 186.5
counts/GeV'). In this case. the mean values of the reconstructed energies of the pene-
trating and the nonpenetrating pions were found to be equal within the experimental

uncertainties (a small fraction of 1%).

5.2.2.2 Signal nonlinearity

For hadron showers. the average energy fraction carried by 7% and other parti-
cles developing electromagnetic showers (e.g.. ns) increases as a function of energy
(13. 14]. This causes an intrinsic signal nonlinearity for hadrons in all noncom-
pensating calorimeters. This intrinsic nonlinearity appears when the pion energy is
reconstructed using the calibration constant By, for the signals from the hadronic
calorimeter section. If Method I is used to reconstruct the energy of pions, then one
sees a larger nonlinearity than if Method II or III is used. This can be understood
from the fact that as the energy of the pion shower increases, more and more energy

is deposited in the hadronic section of the calorimeter. In Method I, the signal from
(=]
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Figure 5.53: The reconstructed energy of penetrating (top) and nonpenetrating (bottom)
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the hadronic section of the calorimeter is "boosted” with respect to the signal from
the electromagnetic section of the calorimeter.

Figure 5.7 shows the ratio of the reconstructed energy and the deposited energy
as a function of the latter for all three different calibration methods. Each data point
represents the mean value of the distribution of Eecon (Equation 3.1). where all pions,
penetrating and nonpenetrating, have been taken into account. Each data set was fit

with the function
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The quantity k,/k,. which is a measure of the signal nonlinearity, is ~40% larger

when Method [ is used as compared to Method III.
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Figure 5.7: The ratio of the reconstructed energy and the deposited energy as a function
of the energy deposited by pions showering in the CDF Plug Upgrade calorimeter. Results
are given for the three calibration methods discussed in the text. The curves through the

points are fits to the fuction in Equation 5.2.

5.2.3 Final energy reconstruction

As can be seen from Figure 5.7, the value of the reconstructed energy does not
equal the value of the deposited energy (i.e., (Erecon)/Edeposii- regardless of which
method is used to set the energy scales of the hadronic section. In order to arrive at the
correct value of the energy deposited by a pion in the calorimeter, one must multiply
the reconstructed energy, found according to Equation 5.1, by an energv-dependent

correction factor. which is simply the inverse of the curves shown in Figure 5.7. The

details of this procedure are given in Appendix B.
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5.2.4 Consequences for Jets

The consequences discussed in the previous section also have ramifications for the
energy measurement of jets. In order to determine the effects of the three methods
on the response of the calorimeter to jets, we used a Monte Carlo program previously
developed as a part of calorimeter studies for the LHC [15]. In this approach. a jet is
treated as a collection of particles. each with varying energy and charge. The energy

of each jet particle is selected randomly according to a fragmentation function

D(z) = (a+ 1)(1 - 2)Y/:z (3.3)

where D(z) is the probability that a jet fragment will end up with a fraction z of the
jet energy, and o Is a parameter. Fragmentation functions measured by CDF favor
a value of & =6. which we therefore used in these simulations. The charge of each
fragment was chosen randomly so that 33% of the time it was a neutral pion and 67%
of the time a charged pion. For a jet of energy Ej, we randomly pulled n particles
from the function in Equation 5.3 such that £, = 3"!_1 E, where E, is the energy of
each jet fragment. For each jet fragment with energy E,. we randomly pulled an em
and had signal. 5™ and 5", from the em and had sienal distributions for a testbeam
run of electrons (if the fragment was neutral) or pions (if the fragment was charged)
whose beam energy was close to the jet fragment energy. For instance. for a 10 GeV
neutral jet fragment. a signal s™ and 5" was pulled from the em and had section
signal distributions for an 8 GeV’ testbeam run of electrons. The jet fragment was
then attributed an em and had signal of St™ = (10/8)s*™ and SM¢ = (10/8)shed
respectively. For a 10 GeV\ charged fragment, the same procedure would be followed.
but the signals would be pulled from a pion run rather than an electron run. This

process was repeated for each of the n jet fragments that made up the jet of energy
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Ej... The energy the calorimeter would have reconstructed for this jet then is simply

n gem Sh.a.d
E-reecun — 1] + 13 . 5-4
jet Z A Bim (5-4)

i=1
The value of A is 128 cts/GeV'. and the value of B depends on the method used (I.
I1. or III).

Figure 5.8 shows the calorimeter’s response to jets in the energy range from 25-200
Ge\ using the three different calibration methods as a function of the jet energy. For
each point. 10.000 jets were generated and the calorimeter’s response to each jet was
calculated as described above. As was the case for single pions. the slope of the curve
for Method I1I is somewhat smaller than the slope of the curve for Method I. This
illustrates that the nonlinearity effects described in Section 5.2.2.2 for single pions

propagate into the energy measurement of jets.

2.2.5 Conclusions

We have compared three different methods of setting the hadronic section energy
scale of a longitudinally segmented calorimeter. The merits of these methods have
been studied with testbeam data from the CDF Plug Upgrade calorimeter. It turns
out that one of the methods (the standard method used by CDF) introduces a num-
ber of undesirable side effects, such as an increased hadronic signal nonlinearity and
a dependence of the reconstructed energy on the starting point of the hadron show-
ers. These problems are a direct consequence of the noncompensating nature of the

calorimeters. They can be avoided when a different calibration method is used.

3.3 CDF Central calorimeter studies

The same problems encountered when calibrating the Plug Upgrade calorimeter

are also present for the Central CDF calorimeter. We have used Run I minimum
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Figure 5.8: The jet energy response of the Plug Upgrade Calorimeter as found using the
Monte Carlo program described in the text. The slope of the line fitting the respouse is
larger when Method [ is used than when Method IIT is used.

bias data to reproduce a testbeam environment in order to compare the effects of
calibration Methods [ and III in the Central calorimeter.

Ideally. one would use a clean testbeam of pions with well-defined momenta to
determine the hadronic energy scale. The Central calorimeters were placed in a
testbeam in 1985 and 1990. but data from these tests are no longer available or
relevant. In the absence of testbeam data, one may use in situ data. We have used
minimum bias data from Run [ taken in 1994-95 to manufacture a “beam” of pions
with well-defined momenta in order to study the effects of the calibration method in

the Central calorimeter.



3.3.1 Run I minimum bias data

Particles’ momenta are precisely measured by the tracking chamber inside the
calorimeters, and one can assume that ~90% of the tracks seen in minimum bias
data are pions. In order to select a sample of particles that would be suitable for our

purpose. we made the following requirements.

e The sum of the total transverse energy _ ET must be smaller than the center

of mass energy of the ppcollision. /5 = 1800 Ge\".
e The z-position of the primarv vertex must be within -{0 cm of z = 0.

o The missing energyv. £,. must be less than 20 GeV. This ensures rejection of
events in which a cosmic ray passed through the detector at the same time as

the pp collision.

For events which passed these cuts. tracks were selected using standard CDF
tracking routines. TRKSEL and TRKSUN. These routines require hits to be present
in two axial superlayers and one stereo superlayver of the CTC. A total of 17.960.043
tracks were recorded. Each of these tracks was extrapolated to the calorimeter. We
" call the tower that the track extrapolates to the “target” tower.

[n order to choose high quality tracks. we applied the following track requirements:
o |dp] < 0.5 cm,

o |zy — zvtr| <5 cm.

e p, > 0.3 GeV/c,

where dy is the impact parameter of the track. 3y is the value of closest approach to
the beam axis. and z,,, is the : position of the primary vertex.
With these requirements. we can be reasonably sure that the reconstructed track

indeed corresponds to a charged particle. After the above requirements were applied,
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7,350,255 tracks remained. We also eliminated tracks for which the energy deposited
in the target electromagnetic tower plus the energy in the hadronic tower directly be-
hind it was less than 10 MeV\". This cut was meant to eliminate particles which did not
escape the magnetic field and therefore did not deposit their energy in the calorimeter.
[t was also meant to cut particles which hit in the crack between calorimeter towers.
We also cut tracks for which the energy in the target electromagnetic or hadronic
tower was greater than 199 GeV'.

Since we only wanted to study the Central calorimeter (not the Wall or Plug
calorimeters). we required the track to hit the calorimeter within the eta range:
inl <0.66. In order to further emulate the testbeam environment. we selected tracks
which were isolated. i.e.. particles for which no other tracks extrapolated to the 24
towers surrounding the target tower. When checking for tracks extrapolated to the
surrounding 24 towers. we did not apply the above cuts or requirements. Finally, we
selected tracks which hit the inner 36% of the target tower face area. It has been
shown that there is little lateral leakage outside the target tower if the track hits the
tower in the inner 36% of the tower face area [16].

[n summary. we applied the following requirements to tracks:
o |dy] <0.5cm,

o |2y — zvtr] <5 cm,

pe > 0.3 Gel'/e,

Efarset 4+ ELAT0% 5 (.01 Ge\',

em

Eqrse, < 499 GeV,

em

require track to hit calorimeter in eta range, n| < 0.66.

require no other track to hit calorimeter in 24 towers surrounding target tower,
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e require track to hit inner 36% of tower face area.

With all of the above cuts and requirements, we were left with 409.634 “golden”™

tracks. We define the energy measured by the calorimeter as

9 9
Ecal = Z Eem, + Z E‘hadl (
1=1

=1

(S]]
O
N’

where E,,, is the energy in the ith electomagnetic calorimeter tower and Epg.y is
the energy in the ith hadronic calorimeter tower. The sum is over the 9 tower grid
centered on the target tower. Figure 5.9 shows the quantity (E/p) as a function of

the momentum p for our golden track sample.
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Figure 5.9: Ratio of the particle energy reconstructed by the calorimeter, E.s. and the
particle momentum measured with the tracking system. p as a function of p for isolated
tracks hitting the Central calorimeter in the inner 36% of the target tower face. See text
for details.



5.3.2 Background correction
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Figure 5.10: The quantity 9/8 - (Eneutrat/p) is plotted vs the momentum. Epoyerq is the
total energy in the 8 electromagnetic towers surrounding the target tower for tracks which
penetrate the electromagnetic section without interacting. This quantity is an estimate for
the average energy deposited in the calorimeter by neutral particles accompanying charged
particles that produce golden tracks.

By using the isolation requirement as described above, one hopes to choose only
particles which are not accompanied by other particles hitting the target tower or
the 24 calorimeter towers surrounding the target tower. With the tracking system,
however, it is only possible to identify charged particles. If a neutral particle were to
accompany the particle producing the golden track (as in the case of a p= decaying to
a charged pion and a neutral pion) and hit the same calorimeter tower as the charged
particle, there would be no sign of the accompanying particle in the tracking system.

but the energy measured by the calorimeter would be larger than that produced by
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the charged particle alone. In order to reproduce the testbeam environment, this
neutral background must be accounted for.

We estimated this background in the following way. Out of the tracks remaining
after applying all of the cuts and requirements described above. we selected tracks
which deposited energy like a mip particle in the electromagnetic section. i.e.. they
penetrated the em section without undergoing a nuclear interaction. From these
particles. there is no lateral leakage into the surrounding electromagnetic towers.
The energy in the 8 surrounding electomagnetic towers then must be a result of
accompanying neutral particles. We used this energy to estimate the average energy
deposited in each electromagnetic calorimeter tower for all of our golden tracks.

We selected particles that deposited energy in the electromagnetic section like a
mip as follows (see Figure 5.12). We defined a mip-like track as one in which the
energy in the target electromagnetic tower was between 0.2 and 0.5 GeV and the
energy in the 9 hadronic towers behind the target electromagnetic tower was greater
than 1.0 GeV'. We call these particles “penetrating” particles since they penetrate the
electromagnetic section without strongly interacting.

Figure 5.10 shows, for penetrating particles. the mean energy in the 3 towers
surrounding the target tower multiplied by 9/8 (since our energy definition includes
a 9 electromagnetic tower sum) and divided by the momentum of the golden track.

as a function of this momentum. In other words, we have plotted the quantity

(Eneueral/p) = Z Eem, * 9/8 /p (56)

=1

where E,pn,, is the energy in the ith electromagnetic calorimeter tower and the sum is

over the § electromagnetic towers surrounding the target tower.

Since we would like to measure the energy deposited in the calorimeter by only
the golden charged track, we subtract E, .ro from E.y not only for penetrating

particles but for all particles in our golden track sample. We define this quantity as
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the corrected energv. E..,,:

S]]
~1
N

Ecorr = Lcal — Eneutral- (

Ecorr/p is shown as a function of p in Figure 5.11. For momenta larger than | GeV\'/c,
this ratio amounts to ~ 0.8 almost independent of energy. Note that this correction
for energy carried by neutral particles accompanying our gold tracks has eliminated

the energy dependence observed before this correction was applied (Figure 3.9).
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Figure 5.11: (E.,r/p) vs p for isolated tracks hitting the Central calorimeter in the inner
36% of the target tower face. E.or, is defined as Eeqt — Enewtrar- See text for details.
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3.3.3 Comparison of calibration methods

We will now discuss the consequences of calibration methods I and III introduced

in Section 5.2 when applied to the CDF Central calorimeter.

5.3.3.1 Method I
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Figure 5.12: The energy in the target tower of the electromagnetic section (top) and the
energy in the 9 hadronic towers behind the target tower (bottom). Shown are particles with
momenta between 5 and 15 GeV/c. Penetrating particles are defined as those for which the
energy in the target electromagnetic tower is between 0.2-0.5 GeV and the energy in the 9
hadronic towers is greater than 1.0 GeV. Nonpenetrating particles are those for which the
energy in the target electromagnetic tower is greater than 0.7 GeV.

Figure 5.12 shows the energy in the target tower of the electromagnetic section

and the energy in the 9 hadronic towers behind the target electromagnetic tower for
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particles with 5 < p < 15 GeV'/c. On the basis of these plots. we divided the sample
of particles into “penetrating” and “nonpenetrating” particles.

We defined “penetrating™ particles as described in Section 5.3.2, namely particles
for which the energy in the target electromagnetic tower. Er9¢! is between 0.2 and
0.5 GeV" and the energy in the 9 hadronic towers behind the target electromagnetic
tower. Z?:i E'had, is greater than 1.0 GeV'. Figure 3.12 shows the distribution of energy
in the target electromagnetic tower and in the 9 hadronic towers behind the target
electromagnetic tower. Nonpenetrating particles are defined as particles which do not
penetrate the electromagnetic section without interacting. They begin showering in
the electromagnetic section. If a particle deposited more than 0.7 GeV in the target
electromagnetic tower. then we called it a nonpenetrating particle.

Figure 5.13 shows distributions of the quantity E.,../p vs p for penetrating and
nonpenetrating pions separately. E,../p is ~12% larger for penetrating pions than
for the nonpenetrating ones. This is due to the fact that the energy scale of the
hadronic section of the Central calorimeter was determined using Method [. Pions
register a smaller signal in a noncompensating calorimeter than electrons of the same
energy. Since pions were used to calibrate the hadronic section but not the electro-
magnetic section, the signal that nonpenetrating pions leave in the electromagnetic
section is not sufficientaly boosted. Thus the reconstructed energy of nonpenetrating
pions is. on average, too small. It is important to note that most hadrons hitting
the calorimeter wzll interact in the electromagnetic section. Most hadrons do not
miraculously know to wait until they hit the hadronic section of the calorimeter to
begin depositing significant amounts of their energy.

It should also be noted from Figure 5.13 that the value of E/p for penetrating
pions is not 1. The energy scale of the hadronic section of the Central calorimeter
was determined with 57.1 GeV penetrating pions [16]. For these 57.1 GeV pions, E/p

was defined to be 1. For lower energy pions with momenta between 5 and 10 GeV'/c.
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the value of E/p is smaller than 1. This indicates a nonlinearity of the calorimeter’s
response which is due to the noncompensating nature of the hadronic section of
the calorimeter. The same effect was observed in the Plug Upgrade Calorimeter
(see Figure 5.7).The magnitude of the nonlinearity of the hadronic section of the
Central calorimeter is in agreement with what we would expect based on the material

composition of the device [17].
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Figure 5.13: E..,/p for penetrating and nonpenetrating pions when Method I is used.
Shown are particles with momenta between 5 and 15 GeV/c. The means of the distributions
differ by ~12%. Note that most tracks are in the nonpenetrating category.



5.3.4  Method [II

In order to establish Method III in the Central calorimeter. we need to determine
a multiplicative factor. k that must be applied to the signals from the hadronic
section in order equalize E4/p for penetrating and nonpenetrating pions. We have
determined this factor. and it is shown in Figure 5.14 as a function of p of the golden
track. Given our limited statistics. we do not see a significant p dependence of the k

value. The value is & = 0.81+0.04.
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Figure 5.14: The factor. (k). that the hadronic section energy must be multiplied by in
order to equalize F,.,/p for penetrating and nonpenetrating pions. (k) is constant over p.

When this factor is applied to the hadronic section energy, the quantity E./p —
Eeutrat/p s equal within the uncertainties for penetrating and nonpenetrating pions.

This is shown in Figure 5.15. By using Method III, the dependence of the recon-
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structed hadron energy on the starting point of the hadron shower is eliminated, as

we saw earlier for the Plug Upgrade Calorimeter (see Figure 5.6).
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Figure 5.15: E.,r/p for penetrating and nonperetrating pions when Method IIT is used.
The plot only includes particles with momenta between 5 and 15 GeV'/c. The means of the
distributions are not significantly different given the statistical uncertainties.

5.4 Conclusions
We have presented two methods of determining the energy scale of the hadronic
section of the Central calorimeter. We studied these two methods previously with
Plug Upgrade testbeam data, and found that Method I introduces undesireable effects
such as the dependence of the reconstructed energy of a hadron on the starting point

of the hadron shower. Ve found the same effects in the Central calorimeter when
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this calibration method was used. In particular. the reconstructed energy of hadrons
with 5 < p < 15 GeV/c which begin showering in the electromagnetic section of the
calorimeter is systematically underestimated. Such particles carry most of the energy

of jets at CDF. Using calibration Method III avoids this effect.
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CHAPTER 6
JETS

"d scientific truth does not triumph by convincing its opponents and mak-
ing them see the light. but rather because its opponents eventually die and
a new generation grows up that is familiar with it.” -Max Planck

6.1 Strong coupling constant
The fact that QCD is nonabelian and interactions between its gauge bosons are
possible leads to two unique effects. As in QED. the coupling constant changes with
the @* (momentum transfer) of the interaction. The QCD coupling constant. c,(Q?).

is given to order O(a?) by

”. 127

a,(Q°) = _ (6.1)

3-2 £

(33 = 2n4) In v

with
. ” -12=

Ao, = pt e 6.2
beo =109 (i g 02

where Q? is the momentum transfer (i.e.. the energy of the probe) and n, is the
number of quark flavors (assumed to be six). Here. we see the difference between QED
and QCD. In QED, as a bare electric charge is probed at higher and higher energies
-corresponding to shorter and shorter distances - the strength of the electromagnetic
coupling increases. but in QCD, «a, decreases with increasing Q°. At sufficiently high
values of %, a, becomes arbitrarily small. i.e., inside the proton, quarks are unbound.
This is known as asymptotic freedom of the strong interaction.

The decrease of , with increasing @* (small distance scale) implies an increase of
a, with decreasing Q* (large distance scale). This leads to the concept of color con-
finement, namely that quarks cannot exist as free particles. As two quarks are pulled

apart, the potential energy between them becomes large enough that it becomes
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energetically favorable to create a quark-antiquark pair from the vacuum. thus creat-
ing two separate hadrons. This process is known as fragrnentation or hadronization.
While confinement is still an experimental fact rather than a theoretical prediction.

it is widely accepted since no free quarks or gluons have been observed in nature.

6.2 Hadronization

For Q* > \gcp. the values of a, are small. so that perturbation theory can
be applied. For Q? of order .\?¢?. a, is large. and perturbation theory cannot be
applied. Thus. semi-empirical models of hadronization have been developed. Here.
we briefly describe the model known as the string model.

When a quark and antiquark are pulled apart. the color fieid between them is
referred to as a “color string™ or “color tube.” The potential between the quark
and antiquark contains a term linear in the distance. r. separating the quark and

antiquark.,
V"= kr. (6.3)

Thus as the qq are separated. the potential energy between them rises linearly with
r. At some separation (~ 1 fm), it takes less energyv to create a ¢q¢ pair from the

vacuum and have two shorter strings than to continue the separation.

6.3 What is a jet?

The fragmentation process happens on the time scale of 10* seconds. Thus,
quarks and gluons produced in high energy collisions hadronize immediately before
travelling any significant distance away from the interaction point(i.e.. before encoun-
tering the detector). They show up in the detector as a “sprav” of hadrons which
roughly follow the original direction of the quark or gluon. This collection of parti-

cles is called a jet. Thus, for an experimentalist. a jet can be thought of as simply
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a collimated collection of charged and neutral hadrons emerging from the interaction
point. Quark jets were first observed in eTe~ collisions by the Mark-I Collaboration
at SLAC in 1975 [18]. Gluon jets were first observed in 1979 by experiments at the
e”e” collider PETRA at DESY (19]. The UA2 Collaboration at CERN observed the
first jets at a pp collider in 1982 [20].

The process of quarks hadronizing into mesons and barvons which can be measured

in a detector is typically described by a fragmentation function parametrized as follows
(6.4)

where D(z) is the probability that a jet fragment will end up with a fraction = of the

original parton energy and n and .V are constants.

6.4 Measuring jets in high energy collisions

Usually. a jet is defined as the collection of particles that fall within a cone with
opening angle R emerging from the interaction vertex. Typcial values of R. when
expressed in terms of an interval in n. o space (R = /An? + Mo?). range from 0.3-
0.7. If the chosen R value is large, the cone may be contaminated with particles that
have nothing to do with the fragmenting object. If R is small. some jet fragmeunts
may be located outside the cone. Fluctuations in the jet energy contained within the
jet-defining cone form an irreducible component of the energy resolution of the jet
detector.

High resolution hadron calorimetry will become increasingly important in the
measurements of jets as the energy frontier is pushed to higher values of \/s. Since
high energy jets are more collimated than low energy jets, the limitations imposed by
jet-defining algorithins decrease with increasing energy.

With current calorimeter technology, the requirements for high resolution hadron

calorimetry, however, are exactly opposite of those needed for high resolution elec-
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tromagnetic calorimetry [6] (energy measurement of electrons and photons). The
ZEUS Collaboration currently operates the highest-resolution hadron calorimeter in
the world {21], but pays a price for that with a marginal electromagnetic energy resolu-
tion: o/E = 18%/VE. Calorimeters being built for the LHC experiments emphasize
excellent electromagnetic energy resolution. at the expense of hadronic resolution.
One solution which is being considered in the context of a possible (but unlikely)
future linear e”e™ collider. is a method called the Energy Flow Method (EFM). In
this method. information from the calorimeter system is combined with that from
an upstream tracker system. The momenta of the charged jet fragments. measured
with high precision by the magnetic tracking system. serve as a first-order estimate
of the jet energy. The calorimeter signals are used to obtain second-order corrections
to that energy, caused by the neutral jet component (~s. A% and neutrons). With
methods of this type. several LEP experiments improved the resolution of jets from
Z-decay from ~ 12% to ~9%. We have studied the merits of this method using the
same testbeam data and a simulation very similar to that described in Section 5.2.4.
Using the method described in Section 5.2.4. we first built “libraries™ of jet signal
distributions. Sj; (equivalent to £75°" in Equation 5.4). for jets of a variety of en-
ergies, ranging from 30-1000 GeV'. For a given jet of a certain fixed energy. e.g.. 100
GeV', the experimental pion signal distributions were used (again in the same way)
to determine the “measured” calorimeter energy for individual charged jet fragments.
Echarged- The neutral jet component of the 100 GeV jet, E,eyra. was found by sub-
tracting Echargeq from the average value of the S, distribution for 100 Ge\’ jets, i.e.,
Ereutral = (Sjet) — Echarged- The energy found with the EFM for this particular jet
was calculated as
m
Egpy = Z E: + Eqeutral (65)
i=1

where E,(i = 1,2,...m) represent the ezact energies of the chosen charged jet frag-
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ments.

The relative effect of the EFM on the jet energy resolution was determined by
comparing the fractional widths of the Sj. and Eggm distributions. The improve-
ment of the jet energy resolution found this way is shown in Figure 6.1. Details of
this study are described in a paper that was recently accepted for publication in Nu-
clear Instruments and Methods in Physics Research [22]. A preprint of this paper is
contained in Appendix C.
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Figure 6.1: Relative improvement of the jet resolution by using the Energy Flow Method.
as a function of the jet energy. Results of Monte Carlo simulations with different parametere
choices The black diamonds were obtained using testbeam data from the CDF Plug Upgrade
calorimeter. See text for details.

6.4.1 Conclusions

The experimental data and the results of simulations both show that the EF)M
offers an improvement in the jet energy resolution of ~30%. Poor calorimeter systems

benefit more than good calorimeter systems, and a strong magnetic field also helps.
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[t is also important to note that the EFM does not work as well at high energies as
at low energies. At high energies. the hadronic calorimeter resolution is dominated
by fluctuations that result from the different calorimeter response to em and non-em

energy deposit. These fluctuations are not addressed, nor cured by the EFM.



CHAPTER 7
SEARCH FOR TWO-JET DECAY OF THE I¥" AND Z BOSONS AT THE
FERMILAB TEVATRON

7.1 Introduction

The 11" and Z bosons have been extensively studied at CDF through their leptonic
decay modes. 11" — ev. uv and Z — ee. uu. Such decays produce a clean and easily
recognizable signature in the detectors. The hadronic decay of the 11" and Z. however.
has been observed at CDF in only two very specific cases. The hadronic decay of the
I has been identified in top quark samples [23]. and the specific decay channel.
Z — bb. has been observed in high Pr muon data samples [24]. It would be useful to
extend these studies and identify V17/Z hadronic decays in a more general way. namely
in a sample of dijet events. While it is not possible to identify hadronic decays of 1's
and Zs from such an event sarnple on an event-by-event basis. it should be statistically
possible to identify these decays since the QCD background is intrinsically a smooth
function of the dijet invariant mass. I[dentifving a 117/Z mass peak above the QCD
background would serve several purposes.

First, such a peak would provide an important handle for understanding the jet
energy scale. The jet energy scale has been determined in the past (for the top mass
measurement, for example) by using samples of events in which a jet appears with a
prompt photon or a Z and performing a “jet-photon balancing™ or “Z-jet balancing”
procedure [25, 26, 27]. Identifying the 1V/Z peak in the dijet invariant mass spectrum
would provide a very clean method of directly determining the jet energy scale, since
the 11" and Z masses are known to great precision. Furthermore. an ability to identify
Wsand Zsin the jet-jet invariant mass spectrum would truly indicate the ability to do

“jet mass spectroscopy” at hadron colliders. This could provide a means for looking
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for new particles which decay hadronically or which decay into I¥'s and Zs (e.g.. the
Higgs boson. if my > 2my-). Since the branching ratio for hadronic decay of the
intermediate vector bosons is much larger than for leptonic decay. there is also a
better chance of identifving a rare process involving these massive particles through
hadronic decay channels as opposed to leptonic ones.

During Tevatron Run IC. a low-threshold dijet trigger was used to record 1.9 pb~!
of data. Approximately 3 million two-jet events were recorded in which the Ep of
each jet was greater than 12 Ge\'. These data were previously used to search for
hadronic 117/Z decays in the jet-jet invariant mass distribution as described in [28].
Here. we review relevant background information and repeat the analysis using a new

absolute jet energy scale correction.

7.2 UA2 Result

The UA2 experiment reported a peak in the dijet invariant mass spectrum. above
the smooth QCD background [29]. The location of the peak corresponded nicely with
the 11" and Z masses.

The 4.7 £ 0.2 pb~! sample of data used in the analysis was collected with a two-
level central dijet trigger. At the first trigger level. energy was summed over 90° in
0. Two such sums at opposite azimuth, each with Er > 17 GeV’ (for the “low mass
trigger™) or Er > 13 Ge\’ (for the “very low mass trigger”) and in coincidence with a
beam-beam interaction (determined by TOF detectors) were required. At the second
trigger level. jet £ was determined with a rectangular window of size A x Ao = 70°
x 75°. Two such jets at opposite azimuth (within 30°) and with E7 > 13 GeV’ (for the
“low mass trigger”) or Er > 10 GeV (for the “very low mass trigger”) were required.

No track reconstruction was performed, and only calorimeter information was
readout in order to keep the readout time and event size small. With the “low

mass trigger” and “very low mass trigger,” 4.66 pb~! and 0.58 pb~! were collected,
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respectively. A jet algorithm using a cone size of 0.8 was applied to all events passing
the Level 2 trigger. and the jets in each event were ordered according to decreasing
ET.

The following offline requirements were applied to events passing the Level 2
trigger:

e -200 mm< : <200 mm where z is the longitudinal event vertex position. The

event vertex was determined by the TOF detector.
e [cosf| s < 0.6 where 6, are the polar angles of jet I and 2.

e £ < 20 GeV where E} is the Er of the third jet. This requirement rejects

events with more than 2 jets.

o fl. < 80% or fl., < 80% where f..2 are the electromagnetic energy fractions of

the leading two jets. This requirement rejects Z — ee events.

e f12 > 20% in order to reject events in which the jets might not be completely

longitudinally contained in the calorimeter. The UA2 calorimeter had a depth

Of ~ 6.5/\0.
e m,, > 10 GeV/¢? where m,, is the invariant mass of the two leading jets.

After all cuts are applied, there were 3.6 -10% and 1.4 -10° events remaining for

the “low mass™ and “very low mass” triggers. respectively. A function of the form

m=e . g=dm . g=rm (7.1)

was used to fit the dijet invariant mass spectrum in the range 48 < m,, < 300
GeV/c. The fit quality was x* = 163 for 124 degrees of freedom. The fit quality
was improved significantly, x*> = 97.5 for 109 degrees of freedom (d.o.f.), when the

range 70 < mjj < 100 GeV/c? was excluded from the fit (see Figure 7.1a). When the
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spectrum was fit with the background function (7.1) and a signal function consisting
of two Gaussian distributions with the 17" mass, the mass resolution and the signal
size V as free parameters, then x? = 114 for 121 d.o.f. The signal consisted of 5618 +
1334 events with a statistical significance of 4.2 o. The background-subtracted signal
is shown in Figure 7.1b along with the overall signal fit and the contributions from

the W and Z separately.
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Figure 7.1: The signal W, Z — jets seen by UA2. The signal shown consists of 56181334

events.

7.3 CDF Data

The dijet cross section is very large at low dijet masses. At the end of Run IC,
half of the CTC was turned off due to a broken wire. Since tracking readout tends
to be the prohibitively slow factor in taking data at high rates, and since calorimeter
information, not tracking, is the crucial information for this analysis, a low threshold
unprescaled dijet trigger was ideal for this running period.

The low threshold dijet trigger used in this analysis consisted of the following.
At the first trigger level, at least one CEM tower and at least one CHA tower (inde-

pendently) with E7 > 4 GeV were required. At the second trigger level, a primitive

78



clustering algorithm was applied. A cluster required a seed tower with Er > 3 GeV'.
All adjacent towers with ET > 1 GeV were included in the cluster. Two central jets
with E7 > 12 GeV were required. At the third and final trigger level, a more ex-
tensive clustering algorithm was used and the Level 2 requirements were re-required.
A total of 1.9 pb~! was taken with this trigger. This is a much larger data sample
than the entire Run [ JET_20 sample (£/prescale= (19.1/500)pb~! for Run [A and
(84.1/1000)pb~! for Run IB).

7.4 Signal Expectations
CDF has measured the production cross section of 1V and Z bosons times the
leptonic branching ratios. According to [30].
g-B(W —ev) =249£0.12 ub (v.2)
og-B(Z—-171")=0.231 £0.012 nb
at /s = 1800 GeV. The leptonic branching ratios of the vector bosons are well
determined:
B(W —ev) =10.68 £0.12% (7.3)
B(Z — [717) = 3.3658 + 0.0023%
Thus. the production cross sections for 11" and Z bosons at /s =1800 Ge\" are 23.1
nb and 6.86 nb. respectively. Given the well-measured hadronic branching ratios
B(IW" — jets) = 67.96 £ 0.35% (7.4)
B(Z — jets) =69.91 = 0.06%,

the cross section times hadronic branching ratios are

o B(WV — jets) = 15.84 £ 1.15nb (7.5)

o - B(Z — jets) = 1.8 £ 0.36nb.

79



With no kinematical cuts and 1.9 pb~!, we expect 30096+2185 I}” events and 9120+684
Z events.

The trigger requires that the two highest E7 jets be central jets, i.e., [g ] < 1.1.
Also, since many 11’s and Zs produced in pp collisions at /s =1800 GeV are produced
at rest or nearly at rest. we required (offline) that cos ® < —0.4($P > 113°) where ¢ is
the angle between the two leading jets in E7. In order to measure the effects of these
two kinematical cuts, we generated 10.000 W™ and 10.000 Z events using PYTHIA.

We forced the bosons to decay to two quarks and imposed the requirements
o Ima <Ll

o cosb < -0.14

on the generated values of > and & (no detector simulation was used). We found
the efficiency to be 17.1% for 11" events and 18.4% for Z events.

Since we are interested in events with only two jets. we also require (offline) £} <
10 GeV'. where E3. is the transverse energy of the jet with the third highest raw (no
Jjet corrections) Ep. We assume this requirement is independent of the requirements
on |2 < 1.1 and cos ® < —0.4. According to CDF’s measurement [31]. the cross
section for '+ > 1 jets where the jet has energy greater than 15 GeV corrected Er
(~ 10 GeV nncorrected or raw Er) is 2.6£0.6 nb. The efficiency of the cut on E}
then is 844% for 11's . According to [32], the cross section for Z + 1 jet is 1.29+0.21
nb. The efficiency for Zs of the cut on E3 then is 73+5%.

Assuming the requirements on [, 2] < 1.1 and cos® < —0.4 are independent
of the requirement on E3, then the event selection efficiencies for 11’s and Zs are
14.4=0.7% and 13.4+0.9%, respectively. A summary of event selection efficiencies
(i.e., acceptances) is given in Table 7.1.

Using the combined efficiency quoted in the last column of Table 7.1, we expect

a total of 4333+378 1I” events and 12224123 Z events when all three requirements
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Table 7.1: Summary of efficiencies.

Imal < 1.1 | E3 <10 GeV' | Combined

cos® < -0.4
1% 17.1% 84£4% 14.4%£0.7%
z|  18.4% T3ES% | 13.4£09%

(Imal < L.1. cos® < —0.4. E3 < 10 GeV') are applied. We look for the two signals
as an excess of events. including both 11" and Z events (5336398 events). above the

smooth QCD dijet background.

7.5 Central Calorimeter .Jet Corrections

In Run [. CDF established a routine, known as JTC96. that performed “standard™
Jet corrections. The corrections included (1) a relative correction. f..;. which corrected
for the n response of the calorimeter relative to the central region (2) an absolute
energy scale correction. fus. (3) an underlying event correction U'E, and (4) an out-

of-cone correction. OC. These corrections were applied as follows:
Pr(R) = Pr*(R) - fru(R) - fars(R) + UE(R) ~ OC(R) (7.6)

where R is the jet cone size. A summary of these corrections is given in [27]. The par-
ticular correction we are concerned with is fgs, the absolute energy scale correction.
The method used to establish this correction in Run [ is described in [33]. In short,
the QFL calorimeter simulation was “tuned” to reproduce certain calorimeter signal

distributions from testbeam and in situ data [34]. Jets were generated with SETPRT
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(using ISAJET routines) and sent through QFL. The absolute jet correction was

Pparton
favs(R) = ( =L (7.7)

Pyt
where PP*™°" is the true generated parton energy and PI' is the estimate (from
QFL) of what the measured energy would have been had the jet actually deposited
its energy in the calorimeter. The absolute correction is given as a function of the

Aol was defined as the sum of all daughter particles (from the

cone size R because PF
original parton) that fell into a jet of cone size R. This process was repeated for 60
bins from 0-600 Ge\'/c PX*. For each bin. the mean of the PP*™" distribution was
plotted as a function of the mean of the P distribution. The resulting curve was
parametrized. and the parameterization was used in JTC96.

In these simulations. the hadronic energy scale was set according to what is re-
ferred to as ~Method I" in [36]. However. in [35] and {36]. another method of setting
the energy scale of the hadronic section of the calorimeters (“Method III") was pre-
sented. We have used this new energy scale to establish a new absolute jet energy
scale correction. Here. we describe the procedure we used to establish this new cor-
rection. Our method is based on the calorimeter signals recorded for particles with
well determined four vectors (from Run IB minimum bias data). We used these sig-
nals to reconstruct the signals of simulated jets. Calibration constants are chosen so
as to avoid biases based on starting points of showers, the underlying philosophy of
Method III.

Jets were generated according to the method described in [36]. With this method,
a jet is treated as a collection of particles. each with varying energy and charge. For

a jet of energy Ej,, we used the fragmentation function
D(z) =(a+1)(1 -2)%/z (v.8)
where D(z) is the probability that a jet fragment will receive a fraction z of the
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parton’s momentum and « is a parameter (we used a = 6) to randomly select n jet
fragments with energy E; = Eje - = such that Ej,, = > '—[ E,. The charge of each

fragment was chosen randomly so that 33% of the time it is a neutral pion and 67%

of the time a charged pion.
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Figure 7.2: Central calorimeter signal distributions obtained using isolated tracks from Run
IB minimum bias data. Signal distributions are shown separately for the electromagnetic
and hadronic sections for tracks with momenta in the 0-1 GeV/c range and 1-2 GeV/c
range. See text for details.

Figures 7.2, 7.3, and 7.4 show calorimeter signal distributions obtained from iso-
(=] (]

lated hadrons in Run IB minimum bias data. Signal distributions from the electro-
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magnetic and hadronic sections are shown separately for hadrons with varving mo-
menta (measured by the tracking system). The following requirements were applied

to tracks in order to make the plots.

e |dy] < 0.5 cm, |7y — zvtx] < 5 cm. p, > 0.3 GeV/c. These requirements were
applied in order to choose high-quality tracks. With these requirements, we
can be reasonably sure that the reconstructed track corresponds to a charged

particle.

o E.% < 499 GeV. This requirement eliminated tracks for which the energy
in the target (the calorimeter tower the track extrapolated to) em or hadronic

tower was greater than 499 GeV'.

e Tracks were required to hit the calorimeter in the eta range. (1] < 0.66 since we

are only interested in tracks which hit the Central calorimeter.

e We required that no other track hit the calorimeter in the 24 towers surrounding

the target tower in order to select isolated tracks.

For each charged jet fragment. an electromagnetic e®™ and hadronic "*? signal was
randomly pulled from these distributions according to the jet fragment’s energy. For
evample. for a 1.8 GeV\ charged jet fragment, an electromagnetic and hadronic signal
was randomly pulled from the distributions with measured hadron momenta p = 1 -2
Ge\'/c. The jet fragment was then attributed an electromagnetic and hadronic signal
of Ef™ = (1.8/1.5)e*™ and E¢ = (1.8/1.5)e™, respectively. Compared to charged
jet fragments, the calorimeter energy measurement of neutral fragments (x°’s and
v's) is quite precise. We therefore use the energy of neutral fragments exactly as they
come from the fragmentation function.

This process was repeated for each of the n jet fragments that made up the jet of

energy Eje. The energy the calorimeter would have reconstructed for this jet, Erecon
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then is simply
n

Egen = (Y Em+ Btk (7.9)

jet
=1

where & is the factor used to recalibrate the hadronic energy scale according to
“Method IIL." The jet signal distributions that result from these simulations are
shown in Figure 7.5. A plot of the jet response (jet = (Ef;*")/Eje) vs Eje for
Method L. jet;. and Method III, jety; is shown in Figure 7.6.

The new absolute jet energy correction is then

ES™ = EB= | /jetyy (7.10)

Jet Jet

where £553% = E,,,, + k- Epoq and k = 0.81.

jet

7.6 Initial search procedure

Figure 7.7 shows the jet-jet invariant inass spectrum in the energy range from
30-100 GeV'/c*. For masses greater than 50 Gel'/c?. the distribution is. in first
approximation. reasonably exponential. We studied how well the distribution is de-
scribed by an exponential function by determining the quality of an exponential fit
involving four points at low mass (M,. M. Mp+2. M,.3) and 21 points ranging from
M, +23 GeV/c? to M, + 42 GeV/2. The v? values of these fits (for 23 degrees of
freedom) are plotted as a function of A, in Figure 7.8.

The onset of the trigger inefficiency manifests itself as a sudden increase in the
X* value for M, < 535 GeV'/¢?. The increase in x? values in the range 60 < M, < 80
GeV'/c? correlates with an excess of events that is observed in this mass range when
fits with M, = 56,357,358 (which have a very good x?) are considered. The excess
above the exponential background is shown in Figure 7.9a for the fit with M, = 57
GeV'/c?. There seems to be a peak that contains a total of ~ 8,000 events, centered

around mj, = 67 GeV'/c%.
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When the jet corrections described in Section 7.5 were applied and the above
analysis was repeated, the excess of events above the exponential background shifted
to higher mass values and increased to ~ 12,000 events. The results are shown in
Figure 7.9b. The excess was fit with the sum of two Gaussian distributions. with
excellent results. The difference between the two means and the ratio of the widths
of the two gaussians were fixed in the fit to 10.8 Ge\/c? and 1. respectively. All
other parameters in the fit were left free. The dotted curves in Figure 7.9b represent
the two Gaussians. and the solid curve is the sum of the two. The y* value of this
fit is 19.2 for 22 degrees of freedom. The two Gaussians are centered around 78.0
and 88.8 Ge\'/c?. respectively. According to the fit. the peak consists of 9000 £ 1500
hadronically decaying 117s and 3300 £ 1500 Z's. This puts the production ratio
o(pp = Z) - B(Z — jets)/o(pp — W) - B(Il" — jets) to a value somewhere between
0.2 and 0.5. This ratio is. in first approximation. independent of instrumental effects
such as trigger efficiencies. detector acceptance. etc.. It is. within experimental errors.

in agreement with the expected value of 0.307 (Equation 7.6).

7.7 Correcting for trigger inefficiencies
In CDF note 4191, the authors measured the trigger efficiency of the DIJET_12
trigger using single jet trigger efficiencies. Their results suggested that the trigger
was not fully efficient below a dijet mass value of ~ 130 GeV'/¢?. We have used an
alternative method to measure the trigger efficiency. The steps involved in extracting

a trigger efficiency curve and a signal from the raw data are as follows:

e In the region of the dijet mass spectrum where only background events (dijets
from QCD processes) are expected to be found, we fit the dijet mass spectrum

with the functional form used by UA2, namely

mee Ime=rm*, (7.11)
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where m(= m,,) is the dijet invariant mass and a. 3. and 7 are free parameters.
This fit was performed in the region m,, = 125 — 300 GeV'/c* and is shown in

Figure 7.10 for the raw dijet mass spectrum (i.e., no jet corrections).

The fit to the background region was extrapolated to dijet mass values below
the starting point of the background fit. i.e.. below m,; = 125 GeV'/c*. In the
region above and below the expected signal region (m,, = 60 — 80 Ge\'/c" for
the raw dijet mass spectrum) the original data was divided by the extrapolation
of the background fit in order to find a trigger efficiency curve. Such a curve is

shown in Figure 7.11.

The trigger efficiency curve was fit on the left and right side of the expected
[olw] - l»]

signal region with two different functions.

Eff,, = pi + (p2tanh ps(r - py)) (7.12)

Effm” = (Pl + 'cll'CtﬂIlpg(.L‘ - p3))p4 (713)

where py. ps. p3. py are free parameters in the fit. These fits to the trigger effi-
ctency above and below the expected signal region were used to find the trigger

efficiency in the expected signal region.

We divided the original data in the signal region by a fit to the trigger efficiency
curve to find the dijet mass spectrum. corrected for trigger inefficiencies. This

results in a “trigger corrected” dijet mass spectrum.

Finally, we subtracted the original background fit (extrapolated to values of
dijet mass in the expected signal region) from the trigger corrected dijet mass
spectrum. Figure 7.12 shows a typical result of this procedure for the raw data
(no jet energy corrections). We counted the number of events in the expected

signal region.

87



Then we repeated this entire procedure for the dijet mass spectrum in which jet
energies were obtained as described in Section 7.5 (~Method III spectrum™). A tyvpical

result of this procedure is shown in Figure 7.13.

7.8 Results

7.8.1 Signal Properties

Tables 7.2. 7.3. 7.4, 7.5. 7.6 list the results of many different fits. In these fits.
o different fit methods (*. Likelihood) were used to fit the background region

e different numbers of points on the left and right sides of the expected signal

region were used to fit the trigger efficiency curves

o different functional forms (arctan and tanh) were used to fit the trigger efficiency

curve

Results are shown for the raw dijet mass spectrum (Table 7.2) and the dijet mass
spectrum in which jet energies were corrected with the procedure described in Sec-
tion 7.5 (Tables 7.3, 7.4. 7.5, 7.6). Entries listed in the tables correspond to fits of
the trigger efficiency curve in which the reduced y* values were less than 1.1.

For the raw dijet mass spectrum, 43 fits had reduced x? values less than 1.1. The
mean value of the number of events in the signal region for these 43 fits is 3668 events
and o,ms = 1297 events. For the “Method III spectrum,” 112 fits resulted in reduced
x?* values less than 1.1. The mean value of the number of signal events for these 112
fits is 9873 events. This corresponds to a signal to background ratio of ~ 1/69 when
integrating the extrapolation of the background fit to the dijet mass spectrum from
m;; = 72 — 98 Ge\'/c®. For the 112 fits to the “\ethod III spectrum,” g, = 3950

events. We interpret the o,,, as the systematic error on the number of I{" and Z

events observed due to the uncertainty of the trigger efficiency.

83



Table 7.2: Fits to the trigger efficiency curve derived from a x?2 and likelihood fit to the
background region (m,; = 125 -300 GeV/c*) of the raw dijet mass spectrum (no jet energy
corrections). Functions involving arctan and tanh (see Equations 7.13. 7.12) are used to fit
the trigger efficiency curve. and different numbers of points on the left and right sides of
the signal region are included in the fit (to the trigger efficiency curve). All entries in the
table correspond to fits (to the trigger efficiency curve) which had reduced x* values less
than L.1.

ackground Fit Trigger ht function = _pts ieit F pts right Signal Error on signal
likelthood atan g 9 SOSTAR $32.996
likelthaod atan 3 L] 6521.34 633.951
l;kelyhood atan 19 3 4131451 631.061
lgkzl{hood atan 10 1 4391.938 631 179
likelihood atan 10 T 47745 630.995
Likefihoud atan 10 2] 4931.24 631 216
likelihood tann 9 J IS T 63 UlT
likelihood tanh 15 20 1741.98 625.339
likeithaod tanh 10 20 2417 39 627 028
likelthuad tanh 3 W 3305.22 $23 515
likelthood tanh 3 20 319477 623.331
likelihood tanh T 20 2263 5 526.799
likelihood tanh 6 20 247355 627135
likelihoud tanh 5 20 2295 02 826914
likelihood tanh 4 20 2441.02 627170
likelihood tanh 9 5 4077 62 620 329
likeiihood tanh 15 b} 1622.04 625,598
likelihood tanh Ls ) 1300.65 625 989
Lixelthoud canh 0 hd 2025 45 627 904
I atan 9 v 6508 63 Tan 4l
\: atan b 3 5691.03 T8 691
T atan 15 20 3931 99 T43.963
% atan 10 20 Jode.2r 742439
\_: atan T 20 790 %9 740 435
L: atan S 20 1394 73 T46.757T
X atan 4 0 21302 T41.347
L atan 13 5 3879 78 TH3.922
L atan 15 3} 1302 T43.003
\,: atan ts L] 3520.1% T3 346
1 atan i 15 T 3337 54 T13.057
("_ atan 15 6 3632 41 TH3 326
\: atan 0 v 1313 9% T4 346 t
v atan 10 ‘ 243 61 T4t 57 |
L atan 13] b 4332.04 744 745
\: tanh 3 3 4050.43 T44.315
X tanh ] 20 3033 17 T42 61
X tanh 9 20 362%.71 T43.367
x_: tanh 3 20 3642.4 743 594
t: tanh T 20 3635.76 T43.649
A tanh [ 20 3441.73 T43.2%1
x: tanh 5 0 4438.35 T35 Ona
t: tanh 1 20 467545 T45.445
L&l tanh 9 5 4434.23 T44 908 _J

As a check of our method. we repeated the procedure described above with the
raw dijet mass spectrum but used a different expected signal region. m;, = 90 — 110
GeV'/c?, when fitting the trigger efficiency curve, i.e., we looked for a signal in a
dijet mass region where we would not expect to find one. The results are shown in
Tables 7.7 and 7.8. Fifty-seven fits to the trigger efficiency curve resulted in reduced
x° values less than 1.1. The mean value of the number of signal events is 43 events and
Orms = 274 events. Thus, in a region where no signal is expected. a result consistent

with zero signal events is found.
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Table 7.3: Fits to the trigger efficiency curve derived from a likelihood fit to the background
region (m;; = 125 — 300 GeV/c?) of the dijet mass spectrum in which jet energies were
corrected using the method described in Section 7.5. A function involving arctan (see
Equation 7.13) is used to fit the trigger efficiency curve. and different numbers of points on
the left and right sides of the signal region are included in the fit (to the trigger efficiency
curve). All entries in the table correspond to fits (to the trigger efficiency curve) which had

reduced x> values less than 1.1.

[ Background Fit [rigeer Ot tunction Z pty left | #F pts right Sienal T Error on signal
B ] DELR

l hikelihood™ atan 9 132197 S5,
likelihood atan 3 L} 125383 ORI
liketihood atan 3 5 1659.04 107219
ltkelihood atan Y 20 2509.41 1073.04
likelihood atan 3 20 2010 0» 1072.43
likelithood atan T 20 1989. 36 10725
likelihood atan 3 20 24T 0L 107344
likelihood atan S 20 58581.56 1079 45
tikehihoad atan 4 20 2634 04 108413
likelihood atan R 15 6857 28 107y 2
likelihood atan 5 15 6207.08 1078.9
likelihood atan v 13 512722 1073 sl
liketihood atan 5 L5 6250.52 1079 15
likelihvod atan s 15 2315 63 1033.83
likelihood atan { 15 11087 1 1037 T2
liketihood atan 9 1o 119626 1087 77
likelihood atan 4 10 11577 4 10872
likelihood atan > 10 119174 1UNT 6%
likelihood atan [ 10 11741 38 1047 54
iikelihood atan b 0] 12562 1039 44
likelthood atan 4 10 14150.7 1092.26
Likelihood atan R -~ 12466 3 104N 54
ligelthood atan 9 T 12341 1 luay
hikelihood atan 9 [ 12399 5 1088 15
likeithood atan 5 9 121592 1UNS 44
Likelihood atan S L) 13900.3 {091 16
hkelihood atan 3 T 120x4 LURR T8
Likelihood atan 5 5 “07h 6T | 1082 66

7.8.2  Cross section and comparison with Standard Model

The number of events found with the ~Method III spectrum™ has been converted
to a cross section by correcting for event selection efficiencies (i.e.. acceptances). In
Section 7.4, the efficiencies of kinematic cuts are discussed in detail. The last column
of Table 7.1 lists the combined efficiencies of all kinematic cuts, 14.4% and 13.4%
for 1" and Z events respectively. Using the exected cross secion ratio of I¥'s and
Zs, (a(W)/o(W,Z) and o(Z)/c (W', Z)), a combined IV, Z efficiency of 14.2+1.2%.
The corrected cross section is o - B(I,Z — jets) = 36.6 £ 14.6(sys) £4.2(stat) nb,
approximately 1.1 s.d. larger than the Standard Model prediction of o - B(W.Z —
Jets) = 20 nb (Equation 7.6).

UA2 also quoted a cross section larger than the Standard Model prediction [29].
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Table 7.4: Fits to the trigger efficiency curve derived from a likelihood fit to the back-
ground region (m,, = 125 ~ 300 GeV/c?) of the dijet mass spectrum in which jet energies
were corrected using the method described in Section 7.5. A function involving tanh (see
Equation 7.12) is used to fit the trigger efficiency curve. and different numbers of points on
the left and right sides of the signal region are included in the fit (to the trigger efficiency
curve). All entries in the table correspond to fits (to the trigger efficiency curve) which had
reduced x? values less than 1.1.

Bacxground Fit | Trigger ht function = pts Jeit Z pts right Signal 1 Error on signal
TikelThood tanh 9 k) TTVITs 103752
likelihood tanh L) 8 12586 1088.83
liketihoad tanh 5 5 2040 938 1073.74
likelihood tanh Y 20 4757 04 1076.79
likelihood tanh 2 20 484624 1077.12
likelthood tanh v 20 4444.05 1076.36
likelihood tanh 5 20 5645.28 1079.52
likelihood tanh 5 20 9930. 74 LOAS AY
likelihood tanh ) 20 12709 5 1090 31
tikelihood tanh 9 15 7559 5 041 .07
likelihood tanh 3 s 7454.0% 1030.99
tikelihood tanh T 1S T465.21 1081 Ot
likehihood tanh 5 i5 T363.64 1081.73
likelthood tanh 5 15 11460 6 1O87T 92
likelihood tarh 4 15 13364 3 1091 95
hikelthood tanh 9 10 116473 1037 36
Lkelihood tanh 3 ] 113017 1046 99
likelihood tanh T 10 113242 1087 14 1
likeithaod tanh L3 10 11633.3 1047 38
Likelihood tanh 5 10 13397.7 1091.53
tikelihood tanh L] 10 157903 1094.77
likelthaod tanh 9 4 12544 1084 43
hikelihood tanh w 124279 1088.57
likelihoud tanh 9 [ 11997 4 10aT 44
axelthood tanh 5 ) 13452 1 1090 38
itkelihood tanh 5 4 14805 1092 34
likelihood tanh 5 e 13337 2 10Ul .45
Likelihood ! tanh % H 9166 22 1084 45

The ratio

o-B(W.Z - qq)

R= _ (7.14)
: (=) TZ=w
O'B(” —)EI/)' W’FU'B(Z_)ee) ['(Z—ee)

1s expected to be unity in the Standard Model. The values of the ratios of the partial

decay widths into quarks and leptons are

LW —>q@) _ . - .
—_ AV _4 1
TOF Sep) 0% (7.15)
[(Z = qq) _ 4,

[(Z—ee) ~—

UA2 quoted a value R = 1.71 £ 0.45. We find R = 1.74 £ 0.72.

91



Table 7.3: Fits to the trigger efficiency curve derived from a ¥ fit to the background region
(1n;; = 125 — 300 GeV/c?) of the dijet mass spectvrum in which jet energies were corrected
using the method described in Section 7.5. A function involving arctan (see Equation 7.13)
is used to fit the trigger efficiency curve, and different numbers of points on the left and
right sides of the signal region are included in the fit (to the trigger efficiency curve). All
entries in the table correspond to fits (to the trigger efficiency curve) which had reduced x?
values less than 1.1.

Background bit  Tngger bt tunction ;& pts (elt #£ pts rignt Signal Frror on signal
v atan 9 9 125725 112319
v atan 3 £} 13174.¢ 112447
? atan 5 s 1529 41 1107.32
v atan Y 20 2410.51 1107.39
- atan 3 20 2006 31 1106 .95
v atan T 20 2055.1 1107 13
v atan 6 20 2578.97 110815
o atan 5 20 5256.58 11442
\f atan 4 20 9123.13 119,40
N atan 9 s 6879 33 1114.32
N atan 4 L5 5281 08 111352
v atan b 15 6220.95 3.6
¢ atan 6 1s 6394 & 11139
- atan % 13 3195 U5 111398
v atan 4 135 11573 3 1123 66
‘3 atan 9 10 121806 1122.58
' atan - 10 118l T 1122.05
v atan T 10 ;1T L2248
v atan 5 0 LioeT 4 [SRAN
v atan 3 1o 12999 § 112466
% atan 4 10 11669.5 1127.63
\: atan 9 s 13331 9 112439
v atan 9 T 13401 o 1124.52
W atan 9 6 12965.3 11239
g—' atan 5 9 12572 1124.02
v atan 5 Y 14330.5 1126.66
% atan 3 T 12679 3 11242
\ atan 5 5 3275.99 1117 54

7.9 Conclusions

A signal o - B(W.Z — jets) is observed in the dijet mnss spectrum from a Run
IC data sample taken with a low-threshold dijet trigger. The signal is observed at
an invariant mass consistent with the " and Z masses. The measured cross section,
o-B(W.Z - jets) = 35.6£14.2(sys) +4.1(stat) nb is consistent, within experimental
errors with the Standard Model prediction. The systematic error is dominated by the
uncertainty of the trigger efficiency. Hints of a double-peak structure are observed.
The peaks are separated by ~ 10 GeV, the mass difference between the IV and Z, and
the ratio of events in the peaks is consistent with the Standard Model prediction of

o-B(Z — jets)/o-B(W — jets). These results are obtained only after jet corrections
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Table 7.6: Fits to the trigger efficiency curve derived from a x? fit to the background region
(m;, = 125 —~ 300 GeV/c?) of the dijet mass spectrum in which jet energies were corrected
using the method described in Section 7.5. A function involving tanh (see Equation 7.12) is
used to fit the trigger efliciency curve, and different numbers of points on the left and right
sides of the signal region are included in the fit (to the trigger efficiency curve). All entries
in the table correspond to fits (to the trigger efficiency curve) which had reduced x* values
less than 1.1.

Background Fit Trigger 2t tunction & pts lert £ pts rient Signal trror on signal !
x° tanh 9 9 12153 1es
X3 tanh 3 3 13579 2 1124.33
= tanh s 5 214715 1108.52
22 tanh 9 20 1991 86 1111 66
v tanh 3 20 s162.2% 11204
G tanh T 20 528257 12
v tanh s 20 597313 111347
2 tanh 5 20 10393 5 112097
L tanh 3 20 132468 112573
G tanh 9 15 7841.56 1116 01
O tanh 3 s TTAT AT 1115.95
v tanh T 15 TS 21 1115 96
L % tanh 6 15 31739 1116 v2
- tanh 5 15 120115 12317
% tanh 3 15 14416 11273
'S taah 9 10 11999 5 1 3y
G tanh “ i) 11353 e
\- tanh T 10 11939 6 112229
% tanh I I 10 12000 5 1122 49
v tanh 5 10 11389 T 1126 82
W tanh 4 10 163545 1130.2
% tanh 9 s 13753.7 1125 12
Wz tanh 0 T 137h4L 1125 11
« tanh o 5 124749 112313
x> tanh 5 3 13944.5 112617
G tanh 5 5 15303 2 IRELAT
W tanh 5 7 147052 123
2 tanh 5 6 9540 26 1119 59

based on a new calorimeter calibration procedure are applied to jet energies in the
dijet sample.

This signal could be an important reference signal to calibrate the jet energy scale
since the 11" and Z masses are known to great precision. Uncertainties on the jet

energy scale currently limit the top mass measurement.
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Table 7.7: Fits to the trigger efficiency curve derived from a likelihood fit to the background
region (mj, = 125-1300 GeV/c?) of the raw dijet mass spectrum (no jet energy corrections).
Functions involving arctan and tanh (see Equations 7.13. 7.12) are used to fit the trigzer
efficiency curve in a region where no signal is expected. m,; = 90 — 110 GeV/c".
Different numbers of points on the left and right sides of the signal region are included in
the fit (to the trigger efficiency curve). All entries in the table correspond to fits (to the

trigger efficiency curve) which had reduced y? values less than 1.1. The mean value of the
number of events for all fits is consistent with zero.

Fit =z Trigger At Tunction . & pte Teft | & pts rignt Signal F.eror on signal
Ttkeithood™ atan 2 3 -G 98T 5703
likelihood atan ] s -459 413 25C 335
liketihood atan T 5 -50.0344 251.386
likelihvod atan 6 5 -83.0342 231.742
likeithood atan 5 4 -243.135 250 984
likelthood tanh . g 304182 23323
likelihood tanh 5 5 -93.7266 p
likelihood tanh T 15 395.179
likelthood tanh [:] 15 343.41
likelihood tanh 5 15 01 196
likelthood tanh 4 15 179 62
likelthood tanh T 10 137 666
likelihood tanh [ 10 37.1245
likelihood tanh 5 10 38 1792
likelihood tanh 10 5 -215.5148
likelihood tanh 9 S -130 357
likelthoad tanh 6 3 -5.7439
likelthood tanh 10 4 -290.173
likelihaood tanh 5 9 333.727
likelthood *anh 5 E 139.605
likeithood tanh 5 7 155.789
Likelihood tanh 5 4 -58 3821
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Figure 7.3: Signal distributions for the central electromagnetic calorimeter and the central

haaromc calonmeter Distributions were obtained from xsolated tracks in Run [B minimum
bias data and are shown for hadrons with p =2 -3 GeV/c and p = 3 — 4 GeV/c. See text

for details.
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Figure 7.4: Central electromagnetic and hadronic calorimeter signal distributions obtained
from isolated tracks in Run IB minimum bias data with p =4 -5 GeV and p > 5 GeV/c.
See text for details.
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tions are shown for jet energies ranging from 10-60 GeV.
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data with the function arctan. See text for details.
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Table 7.8: Fits to the trigger efficiency curve derived from a x? fit to the background region
(m;; = 125 — 300 GeV/c") of the raw dijet mass spectrum (no jet energy corrections).
Functions involving arctan and tanh (see Equations 7.13, 7.12) are used to fit the trigger
efficiency curve in a region where no signal is expected. m,, = 90 - 110 GeV/c*.
Different numbers of points on the left and right sides of the signal region are included in
the fit (to the trigger efficiency curve). All entries in the table correspond to fits (to the
trigger efficiency curve) which had reduced y* values less than 1.1. The mean value of the
number of events for all fits is consistent with zero.

o= Trigger Rt Tunction T & nts eft # pts night | Signal | Frror on signal
S atan 3 3 166,302 160 3492
v atan T 7 39,2971 261.6259
2 atan 5 5 131 208 261 9403
G atan 9 15 190 vl 262 2001
v atan 3 & 3.02246 261 4254
v atan T 13 121.096 PINRIRY)
WV atan 5 15 26.3574 261 575
lf atan s 15 209.351 262 269
" atan 4 15 208 201 262 264
- atan T 10 -34.120% 261 349
X2 atan 6 10 -110.9018 261.057
v atac 5 10 203,183 26225
\f atan ! 5 <386 437 260 013
x> atan T 5 -234.126 260 595
v atan 5 5 -287 256 260 393
A atan [ 5 151 565 262 057
2 atan 5 9 2150.695 262 43
- atan 3 5 219 406 252.309
2 atsn 5 4 20 9641 261 566
X2 tanh 5 D 261.733 262.475
X2 tanh 10 15 -360.405 26011
X tanh " | &3 S2TH. 14 260. 32
% tash 5 15 714.364 264.151
%2 tanh K 15 652.139 263.945
X tanh s 10 452167 259.763
x3 tanh T 10 -167.373 260.845
> tanh ) 10 -215.233 260.663
xf tanh 5 ) 140.462 262.011
x2 tanh 3 5 -634.431 259.075
x3 tanh T 5 408.654 263.036
v tanh 4 5 363.624 262.383
x> tanh 1 5 237.83 262.384
X2 tanh 5 9 457 34 263.214
,\f tanh 5 3 144.266 262.025
123 tanh 5 4 109 115 261 9
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CHAPTER 8
SUMMARY AND CONCLUSIONS

In this thesis, several studies involving the energy measurement of particles us-
ing calorimeters are presented. In Section 4.7. a study of the effects of radiation
damage on the response of a prototype for the Compact Muon Solenoid (CMS) very
forward calorimeter is described. We found that the effects of radiation damage on
the calorimeter’s response are dose dependent and that most of the damage will oc-
cur in the first vear of running at the Large Hadron Collider (LHC). Based on our
simulations. after 10 yvears of running. the energy resolution for 50 Ge\’ photons will
be degraded by 10% in the region of the detector that receives the most radiation.

In Section 6.4. an evaluation of the performance of an algorithm called the Energy
Flow Method (EFM) is described. In this method. the information from the calorime-
ter system is combined with that from a high-resolution charged-particle tracker in an
attempt to improve the energy resolution for jet measurements. We found that the
Energy Flow Method provides at best a 30% improvement in energy resolution for the
energy measurement of jets. The improvement decreases at high energies where the
hadronic calorimeter resolution dominates the quality of the jet energy measurements

Both studies described above have been published (or accepted for publication)
the the scientific literature. Reprints of these papers can be found in Appendices A
and C. [ played a crucial role in both studies.

The main emphasis of this thesis is on a study described in Chapters 5 and 7.
In Chapter 5, a study of three calibration methods for a longitudinally segmented
calorimeter was presented. Testbeam data from the Collider Detector at Fermilab
(CDF) Plug Upgrade calorimeter were used to study and evaluate the three methods.
One method turned out to be particularly advantageous. This method has not tra-

ditionally been used for the CDF calorimeters. This work is described in more detail
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in Appendix B. which is a reprint of a journal publication I wrote on this topic. This
new method was applied to the Central CDF calorimeter in a search for hadronic
decays of the W and Z bosons in the dijet mass spectrum (Chapter 7). A signal of
9873+3950(sys) £1130 events was found when the new calibration method was used.
This corresponds to a cross section g - B(.Z — jets) = 35.6 £ 14.2(sys)£4.1(stat)
nb. This result is 1.1 standard deviations larger than the Standard Model prediction.
The large systematic uncertainty comes from the lack of precision with which the
trigger efficiency is known.

The signal W. Z — jets serves as a one-of-a-kind check on the jet energy scale.
Since the 1™ and Z bosons have precisely known masses. the signal serves as a refer-
ence calibration signal for the energy measurement of jets in the same way that the
signal Z — e”e” serves as a reference calibration signal for the energy measurement
of electrons. The uncertainty of the jet energy scale is one of the most important
sources of systematic uncertainty in determining the mass of the top quark or of any
other new particle (e.g.. the Higgs boson) in the 10*'~!* e\’ range.

The Fermilab Tevatron is currently running with proton-antiproton collisions at
Vs =1.96 GeV. With a well-designed trigger. a search for the hadronic decay of the
" and Z bosons in the dijet mass spectrum could be performed in which the trigger is
fully efficient at lew dijet mass values. This would reduce the large systematic error
present in this study. Such a signal could. as mentioned above. serve as a unique
check of the jet energy scale. If the quantity o(pp - W, Z) - B(IV,Z — jets) was

measured with greater precision, it could also provide a check of the Standard Model.
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APPENDIX A
INTERCALIBRATION OF THE LONGITUDINAL SEGMENTS OF A
CALORIMETER SYSTEM (REPRINTED WITH PERMISSION FROM
NUCLEAR INSTRUMENTS AND METHODS, A487 (2002) 381)
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pseudorapidities .5 = 3-6, these radiation levels
reach a domain that has remuined an uncharted
territory in particle physics experiments up to now:
1-10 MGy is expected to be accumulated during
10 years of LHC vperation at design luminosity in
this regon.

Obviously. the design of detectors to be in-
stalled in this region is first and foremost guided by
the necessity to survive in these harsh conditions.
The CMS expenment (1] has chosen a calorimeter
bused on guarte tfibers as active matenal for the
high-» regons. High-punty quartz is known to be
radiation-hard [2].

ln previous publications. we hase shown that
this type of culorimeter. although primanly chosen
because of 1ts expected capability to operuate under
these dithicult circumstances, pussesses some very
specttic properties that are extremely valuable for
calorimetry at high-g, where the particle density is
very high in pp expenments: ultrafust signals and
very marrow lateral shower profiles. These prop-
erties are a direct conseguence of the tact that the
signads i this calorimeter consist of Cerenkov
light. pnmanly produced by the electrons ard
positrons from x’-induced clectromagnetic shower
components {3.4].

In this puper, we repurt the results of a dedi-
cated study of the radiation etfects, in which we
focused our attention primanly onr the conse-
quences of degraded optical quality tor relevant
calorimetric properties such as the calorimeter re-
sponse lo showering particles of a given cnergy
and the energy resolution with which such parti-
cles can be detected by this calurimeter. For these
reasons, we irradiated an entire calorimeter mod-
ule with particles of the type responsible for most
of the absorbed radiation doses at LHC.

The paper is organized as follows. In Section 2,
the calorimeter used in this study, the irradiation
to which 1t was subjected. and the measurements
carried out to assess the effects of this radistion are
described. In Section 3, we present the expen-
mental calofmeter data and the radistion dose
profiles. These data are interpreted in the context
of a simple model that describes the effects of in-
creased light attenuation in the quartz fibers in
terms of a purameter (1) that was first introduced
in radiation hardness studies of scintillator-basced

particle detectors. In Section 4. a Monte Carlo
study is described that simulates the experimen-
tally observed effects and predicts their impact on
the calorimeter performance during LHC opera-
tion. Conclusions are given in Section 3.

2. Fxperimental setup
2.1, The detector

The calorimeter used for the studies descnbed
in this paper consisted of thin quitrtz iben em-
bedded in a copper matrix. The tibers were on-
ented along the direction traveled by the incoming
particles. The showenng particles generated Cer-
enkov light in the fibers. Photons emutted within
the numencad aperture of the fibers were captured
and transported through internal reflection to the
fiber ends. where they were converted into photo-
clectrons i the plotocathode of” a photomultiplier
tube (PMT). The digitized ourput of these PMTs
comprised the calonmeter sigrals.

The quartz tibers consisted of a 0.30 mm di-
ameter core surrounded by 0.015 mm thick clad-
ding. The fibers were arranped in o hewgonal
structure, cack fiber equidistant (2.3 mm) trom its

2.3 mm
< -

Cu obsorver piate =

L : ] ',‘ qu.r&i’r-bcu
s Ts - ,”é
10]6]51(4 ‘,' °
/”/’/2 R I

Reod-oul towers

Fie 1. The tower structure of the calonmeter. The inact shows
the positiomung of the quarte fibers.
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six nearest neighbors. The Bbers were embedded in
2.0 mm thick grooved copper plates. They occu-
pied 1.8%5 of the detector volume (1.5%4 when ex-
cluding the cladding). The calorimeter contained
i total ~6000 quartz fibers. which were grouped
to form towers. Each tower measured 32.9 «
34 mm® and contained 398 fibers. The fibers ex-
tending out the back ol cach tower were bunched
toyether. machined. polished and coupled through
a hexagonal air light guide to a Philips XP2020
PMT.

The effective rudiation kength () of this de-
tector was 149 cm, its nuclear interaction length
(2ae) 13.3 cm and uts Moliere radius (py) 133 cm.
The calonmeter measured 33.75 ¢m in depth (2.17
sy OF 22.6X,) and was comprised of 12 towers
(Fig. 1) The tibers were cead out at vne end. and
were made retlecuve by sluminum deposition at
the other end.

The culonmeter was equipped with two ditler-
eat types of tiber. The only difference between
these tibers concerned the cludding. The central
tower (#3) contaned tibers of which the cladding
consssted ot Huormnated silica. The other towers
contained tibers of which the quartz core was
surrounded by hard-polymer cladding. In tlus
paper. we linut ourselves to the study of radiation
effects on the tibers with the fluorinated quartz
cladding.

More details about this calorimeter, and the
reasons for the design choices, are given in [3].

2.2 Test beam setup

The measurements were performed in the HY
beam line of the Super Proton Synchrotron at
CERN. The detector was mounted on a platform
that could be moved vertically and Laterully with
respect to the beam, so that the beam could be
steered into any desired impact point on the cul-
orimeter.

Upstream of the calorimeter. a trigger counter
telescope was installed. It consisted of 3 scintilla.
tion counters of ditferent sizes (from 2 « 2 mm* to
5 « 5 cm’). which allowed a choice of the beam
spot size for the revorded events. Two dnit
chambers with r.v readout made it possible to
determine the impact point of individual particles
with a precision of =0.2 mm. Downstream of the
calorimneter. two Large sainstillation counters were
installed for muon identitication.

The beam used for the tests deseribed in ths
paper was a polurity and momentum  sclected
weondary beam produced by 430 GeV protons
mncident on & target located ahout 330 m upstream
of the calonmeter. Fur the tests described m this
paper. we used these protons primanly to produce
beams of electrons with energies of 86 or 150 GeV.

The crucial measurements for this particular
study were performed wath the detector rotated by
90° with respect to the normal operating position
i CMS. In this setup. the detector signals could be
measured as a tunction ot the depth (2) at which

to PMTS
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Fig. 2. Orwentatiun of the quarte fiber calonmeter duning the testbeam studics of the etfects of raduton damage. The tower numbenng
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the Cerenkov light was generated. The beam par-
tickes traveled in the -x direction (see Fig. 2).

During the measurements, the beam pasticle
rates were such that tvpically a few thousand
events per spill were recorded. The spills Lasted 2.6
s and were repeated every 14 s. The widths of the
collimators in the beum line were chosen such that
the contnbution of the momentum uncertainty
of the beam particles was neghgible. ~ 0.5%0/
v E (GeVe

2.3 Readowt and calibration of the detector

The culorimeter signals  were  transported
through 80 m long RG-38 cables to the counting
roonm. The signals were fed mto anafog-to-digital
converters (ADCs) with a dynamic range of 13 bits
and a least count corresponding to 30 {C, which
were operated at a gite width of 60 ns.

All individual cells of the calonimeter were cal-
ibrated with 80 GeV electrons incident on the oell
wenter, Lo traveling in the -2 direetion (see Fig. 2).
The PMT gins were chosen in such a way that the
average signal for 80 GeV electrons entenng the
center of 4 calonimeter cell corresponded to about
500 ADC counts above the pedestal value in this
cell. Since practically all the shower energy was
deposited in one calodmeter cell, the PMT gun
corresponded thus to ~-0.3 pCiGeV (or 6 ADC
counts per GeV).

The stability of the calibration was checked
several times dunng the test perods tiypically
every 2 days) by sending an 80 GeV electron beum
into the center ol each and every calurimeter cell
and measuring the signal distribution. The mean
values of these distributions were reproduced to
better than X', in these measurements, for all
channels.

2.4. The exposure to radiation at LIL

The radiation expericneed by @lorimeters op-
erating at 3 < In| < § at the LHC ongirates pn-
murily from the pp collisions themselves (as
oppused to beam-gas interactions or losses thut
occur while filling the accelerator rings). The most
abundant particles emerying from these interuc-
tions are soft (order | GeV) pions, both neutral
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and charged vnes. produced in the frugmentation
of numerous quarks, diquarks and gluons that
participate at the constituent level in the collision
processes.

Since the entire energy of electromagnetic (em)
showers is deposited in 4 region of limited depth.
most of the effects of radiation damage on the
alorimeter performance are the result of the pro-
duction of em showers in the calonimeter itsell,
through the v+ decay of x%s. This process is re-
sponsible for the rudiation doses received in the
“hottest™ regons of the experiment. located some
3.3 radiation lengths inside the calonmeters that
are installed near the beam pipe {1].

To mimic this situation in our radiation hard-
ness studies, the calonmeter described above was
exposed to an intense beam of U.5 GeV electrons.
produced by the hincar injector for LEP (LIL). The
beant intensity dunng this exposure was typically a
lew times 10*! electrons per second.

This beum was steered perpendicular w the
mirrored fiber surface (e, in the -2 direction)
nto the central regon of Tower 3 fwev Fig. 2). [n
an exposure that lasted about 3 days. 1 total of
145 < 10** clectrons with an encrgy of 0.3 GeV
cach were sent mnto an area of a few em’. The
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Fig 3. Distnbution of beam partcles scxumutsted 0 Tower §
dunng the exposure of the ojommeter at UL In otal
1.5 « W' ekectrons of 1.3 GeY were used for this purpome. The
oumbeny are 4 measure for the partade duxes i small
(25 « 23 mm®y dosumeters mounted on the calonmeter sur-
face. They are expreascd 1 umits of megarads.
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distribution of the impact points of the beam
electrons in Tower 5 is indicated in Fig. 3. which
shows the readings of an array of small (2.5 «
2.5 mm?®) dosimeters mounted on the calonmeter’s
front face.

The calorimeter became quite radioactive in this
process. The dominunt radivactive nuclide was
*Cu. resulting from the reaction *Cuiy. m™Cu,
initiated by s with energies of around 10 MceV
(giunt-resonance production). which are abundantly
generated in em shower development. The half-life
of this nuchide is [2.7 h and therefore the module
had to cool down for about three days betore wt
could be transported back to the H4 beam, where
the tests to assess the etfects of the radiaton were
perfonmed.

3. Data snalysis
3 1. Duse profiles

The three-dimensional dose protiles induced in
the calormeter module were determined with the
help of EGS4 Monte Carlo simulations ot the
development of 0.5 GeV electron showers in cop-
per [3] 1t was recently shown that such simulations
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give a good description of the relevant dose pro-
tiles (6]. The calorimeter module wits described asa
massive block of copper. subdivided nto cells with
dimensions ot 5 < 5 « 5 mm’. The EGS4 progrum
simulated ¢m shower development in this structure
and yielded the energy deposited in ¢ach and every
one of these cells. From this, the dose (in Jiky)
could be determined in o strughttornward way.

Some results of these simulations are shown in
Figs. 4 and 3. These results concern longitudinal
and lateral dose profiles induced by 145 « {0
zlectrons of 0.5 GeV spread out over the tront face
of Towzr 3 as indicated in Fig. 3

In Fig. 4. the radiation dose induced by these
particles is gven as a functon of the depth (2)
inside the culorimeter, for the central axis (c =
v =) and for a line located 2 cm above this aus
tx =0 v 2em, see Fig. 21 The maximium dose
is reached at a depth of about 3 cm on the central
axis and amounts to ~6 MGy (600 Mrady. The
tigure also shows that the calcubated Jose at e

culorimeter’s front fiuce (2 - ) s exeellent
agreement wath the mewsured dosuneter value (193
Mrad).

The wnduced doses at v = 2 ¢m are smaller than
those on the central detector axis. Also. the max-

. Z83cm
- l~l0mi
« teliem
L

-1 L] T 2 3
Height in calonmeter, y (cm)

Fig. 3. The radanon dose inducd 1 a bhoch of copper by
1.35 5 10 elactrons of 0.5 GeV distnbuted as 0 the expen-
mental exposune of the calonmeter module (see Fig. 3. Shown
are the lateral distnibutions of the rudistion Jose. at three dif-
ferent depths imude the block: §, 10 and 15 cm. Rosults of EGS3$
umulations.
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imum oceurs at 4 larger Jdepth (6 cm versus 3 ¢m).
This 13 a consequence of the Lateral broadening of
the protile as the showers develop in depth. The
latter feature s ilusteated in Fig. 3, which shows
the lateral dose protiles at three ditferent depths: 3.
10 and 135 cm.

The longitudinal dose protiles showe i Fig. 4
are a reasonable approximation ot those that may
be expevted arter v years of LHC operation at
desigr: luminosity tor the nf — 4 - 3 regon of the
CMS experiment (et Fig. 1),

3.2 Experimental detector duta

After the calorimeter module was exposed to
the 0.5 GeV LIL beam. 1t was moved to the H4
beam, where the effects on its performance were
measured using a beam of 130 GeV electrons. This
beam entered the detector sideways. Le. perpen-
dicular to the direction of the quartz fibers (Fig. 2).
The calorimeter response was measured as a
function of =, the distance between the impact
paint of the particles and the aluminized front fuce
of the detector.

This z-scun wus performed in steps of | cm, with
the beam particles entering the detector at y = 0,
probiny the central region of the calorimeter, and
at y = 1.5 am. probing the boundary urea between
the central and top rows of towers. The beam spot
was about 2 x 2 ¢m® in these measurements. Using
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the information from the upstream beam cham-
bery. the events could be subdivided into smualler
1.2 bins.

The 130 GeV clectron showers deposited their
energy pamanly in Towers 6. 3 and 4 in these
measurements. These towers probed the shower
regions from 5.5-9.2 v, (Tower 6), 92-129 Y.
t{Tower 3) and [29-16.6 X, (Tower 4), respec-
tively. as shown n Fig. 6.

An exampie of the results of these measure-
mients is shown in Fig. 7, where the average signal
recorded in Tower 3 1s plotted as a tuncuon of
for events in which the electrons entered the de-
tector at p — 6 3 mm (the open squares n Fig.
7(b1 and v = 20 -25 mm (the tull dots in Fig. 7(by.
respectively,

Before the irradiation, the signals recorded in
scans ot this tyvpe were practically independent ot
2 In a similar measurement made with a 1.5 m
deep module. we observed that the signals varied
by less than % over the entire depth. We con-
cluded from this result that the attenuation length
was larger than 20 m. at least for the Cerenkov
light detected by a PMT with a glass window (3),
as used in the present experiment.

However, in the measurements made after the
described irradiation at LIL a clear reduction in
the signals was observed. Thus reduction manitests
itself in the shape of the z-distribution of the cl-
onimeter respoase. This distribution exhibits
kink in the region = = 15-20 em.
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Fig. 4 shows that the radiation etfects induced
by the LIL beam were essentially limited to the
area z < 20 cm. The z-scans with 150 GeV elec-
trons revealed a clear s-dependence of the Tower-3
response for =< 20 cm. This dependence was
stronger in the central region (v = 0 S mm) than in
the region locuted 20-23 nun above the center.
which had received considerably less radiation.

In order to quantify this etfect, we made a linear
fit of the Tower-5 response, R<. in the region
2 = =15 un. of the type

Ro=p-p-= (1
The experimental dats were subdivided into »-
slices = of 5 mm, ranging from y = —10 mm to

¥ =25 mm. For each slice, the expenimental =-
distribution was fitted to Eq. (1). The value of
pr/pr. the normalized slope of the distnbution in
the region = < 15 cm, is shown as a tunction of y in
Fig. 8(a).

YA yalice 18 detined as 3 collection of events in whach the
H3 beam partwhs enterad the clonmetr in the regon
~l0mm <y ~Smm -3mum<y<lmm o, 2 deter-
guned by the upstrcam dnfit chumbers.
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The same figure also shows the integrated ra-
dianon dose in these y-slices, determuned from the
EGS4 simulations of the dose protiles. There s a
clear correlation between the normalized slope of
the rsponse distnbution and the radiation dose
decumulated in the corresponding arca. This
cleurly suggests that the observed change in the
response distribution is a direct consequence of the
induced rudiation. However, 1t should also be
pointed out that there s no ovne-to-one corre-
spoadenue between the induced dose levels (Fig
8(b)) and the value of p»/py (Fig. 8(a)). If induced
radiation is indeed responsible for the change in
the slope of the fiber’s response curve, then rela-
tively small doses (e.g.. as induced in the regmon
¥ > L3 an) sean to have a disproportionately
large effect. We will come back to this phenome-
non in Section 3.3.

3.3. Simulutions
331 A simple model

We have simulated the effects of the induced
radiation on the measured experimental distribu-
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tions ot the calonmeter response m the context ol
4 simple model that was earlicr develuped 1o study
radiation effects on the pertormance of scintillatoe-
based tiber detectors {7.8). In this moded the locul
loss in light transmission s parametenizad a»

Iiz;

t9

2D(=).

-

v

where /(2 is the attenuanon length at a depth =
imside the calonmeter after the detector has re-
ceived a radiation duse Dis;; /, represents the at-
tenuation length in the absence of radiation. The
radiation sensitivity of the detevtor is measured
by the value of the purameter 1. A small vidue of’
z corresponds to a small radiation  sensitivity
(i.e.. a large radiation hardness). In radiation
damage studies of plaste scintillators, 2 wis typi-
cally found to be of the order of a few times 107}
Mrad™ em- (S}

Eq. (2} neglects the wavelength dependence of
radiation damage phenomena. It is well known
that the attenuation length of guartz fibers de-
pends on the wavelength of the light traveling
through them and so docs the deterioration of the
transparency resulting {rom ionidng radiation.
The shorter the wavelength, the more sensitive the
fibers are.

thesurin ot wl ! Nucl lnstr wul Meth wt Phys Rex B 187 (2002 66-7Y
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However, in this study our primary interest is
the extent to which the sigrafs from this calea-
meter are affkected by the radiation. Theretore, our
goal is to establish & value of 1 that applies to the
Cerenkov light that is generated n our fibers and
transformed in the PMTs mnto electnic signals. A
vanety of factors such as the spectrum of the
Cerenkov light. the waselength dependent trans-
mission through the glass window of the PMTs
and the wavelength dependent quantum efficiency
of these PMTs are thus muplicitly folded into the
vilue of x obunned in this study. Because of this,
the semsitivity of our studies s hmited to the
wavelength interval from 400 to 600 nm.

Eq. (2) also assumes that the value of 1 s in-
dependent of the applied radiation dose. In the
aadiation hardnoss studies of plastic santillators.
for which this model was developed. this turned
out to be a reasorable asumpuon. However. as
will be shown in the following, it 15 an oversim-
plitication which s zot valid for the etfects induced
by tonuang raduttion in the type of quartz fibers
that are the subject of our stwdy.

Usine Eq. (21 the attenuation leneth ot the
quarts tibers can be caleuliated at any point inside
the srrudiated calorimeter vnce the value of 2 has
been otablished. By chovsing a value tor 2 as a
starting point, one may cilculate the values of the
attenuaton lepgth /23 and. from these. the z-dis-
tnbution of the calonmeter response to clectron
showers. By companng these response curves to
the expenmentally measured ones, the value of 2
may be determined empincally. This is the method
we have used in practice.

The simulated response curves were obtained as
follows. The Cerenkov light produced at a certain
depth = and trapped inside the tibers was split into
two components. with equal fractions going to the
right ¢ -2, straight to the PMT) and to the left ( - 2,
to the aluminized front end of the fibers). The
photons in both components were tracked in sicps
of .5 cm on their way through the tiber. In every
step, the light intensity was diminished by a tactor
exp{-0.5,/i'). with the local attenuation length
/() at depth 7 expressed in cm.

Light traveling to the left (-3, see Fig. 2) was
assumed to undergo an intensity loss ot 20°% upon
reflection off the mirrored tiber end. The value of
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lo was wtken as 20 m. Both sssumptions were
based on extensive z-scans with an unirradiated
module of exactly the sume composiion (3]

In this way. the fraction of the Cerenkov Light
trapped in the tibers that reached the PMT was
calculiated. By repeating the Jeseribed provedure
for 4 large number of points at different Jepths (=),
the simulated response curve was obtained.

Exampies of sumulated respontse curves ob-
tained in this way are shown in Fig, 9. These
curves were obtained on the basis of the dose
prodile Diz) (and its consequences for the light
attenuation charucteristics of the fibers according
to Eq. (2)) accumulated in the p interval -5 mm,
averaged over the tull x-width of Tower 3 (see Fig.
3). This was done to simulate the experimental
conditions ol the z-scan that was carried vut along
the central axis of the calorimeter. The simulated
cunves shown in Fig. 9 were obtained with z values
ranging from 3 x {0~ to 5% 10~ Mrad ™' em~".
For companson, the cxperimental :-response
curve for y = 0-5 mm, obtained from the Tower-3
calonimeter signals. is shown in the same figure.

The vertical scale of Fig. 9 has no absolute
meaning. For the experimental dat, the response
was normalized to | for the region deep inside the
calorimeter that was unaffected by radiation. For
the simulated curves, the vertical scale denotes the
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probabtlity that light generated and trapped in the
libers at a certain depth = reaches the fight detec-
tor.

The simulated curves exiubit the same charac-
teristic features as the experimental data: a mere
or less flat response for z-values larger than 20 cm.
where the raduttion effects become negligibly smail
and a more or less logarithmic decline of the re-
sponsc tor light produced in the atfected region off
the culorimeter (= < 20 an). Howeser. the kink
separating these two sections ol the response curve
appears to be located deeper inside the detevtor
than the stimulations lead us to beleve (= <= 20 em
expenmmentally, versus - = [0 em in the simula-
tions).

n the context ol this model. ore would con-
cude trom the obsenved z-dependence m the
it 1) cm that 2 amounts ta i34 . 10 ¢
Mrad ' m . However, when we repeated this
analysis for other rewions in which z-scans had
been pertormed (e tor different v-slices, where
the mduced doses were much smaller). we tound
that considerably lusger 1 values were needed o
descnbe the measured response curves. For ex-
ample. i the y-slice around v = 2 cm. where the
dos¢ did not exceed 10 Mrad. z necded to be -
creased by an order of magnitude in order to et
a reasonable description of the experimental re-
sponse curve. And, as betore. the simulations were
only capable of reproducing the s-dependence in
the first part of the detector, whereas the expen-
mental cffects of the induced radiation extended
much deeper inside.

The parameter x 1s thus clearly dose dependent:
relatively small doses of radiatior cause relatively
large effects of induced light attenuation. At doses
of a few megarads, the radiation hardness is not
much better than that of the best plastic scinulla-
tors 8], but at much higher doses the radiation
hardness is considerably better. This dose depen-
denge also explains some of the other experimental
phenomena observed in this study. in particular:

o The absence of one-to-one correspondence be-
tween the measured slopes popy (Fige S(a))
and the calculated radiation doses in the various
v-sfices (Fig. ${b)1. Small doses produce a rela-
tively larpe slope.
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® The fact that the kink in the experimental z-scan
13 located deeper inside the calonimeter than in
the simulated response functions (Fig. 9). The
Latter were calculated on the basis of a tixed va-
lue of" 2 and thus tended to underestimate the
relatively strong atienuation effects caused by
the relatively small doses in the tuls of the
LIL-induced clectron showers.

These effects suggest that & more detailed simuta-
tion of the experimental data. on the basis of a
model in which the dose dependence of 7 s ngo-
rously implemented. mught improve the agreement
with the experimental results.

3.3.2. Dose dependent modifications

Our experimental observations summuarized at
the end of the previous subsection gqualitatively
confirm the results of several otker groups who
have reported that the radiation-induced defects in
glasses are well deseribed by a power-law depen-
dence on the dose tevels (9], In order to test the
validity ot such a dose dependence in more uan-
ttative detail tor cur culonmeter. we repeated the
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simulations of the tiber response curve described
in the previous subsection with a dose dependent
2 value as follows:
D) = z,D7"

-

(3;

This is equivulent to replacing the expression used
to culculate tke local light attenuation length /=)
(Eq. (20 by

! ! ‘.
F.:-} - E L,Dt-’ .

We varied both the values of %, and # in order
to obtain the best agreement with the expenmental
Jata. Some results of these simulanons are shown
in Fig 10. together with the experimental response
cune obtaned trom the Tower-3 signals in the =-
scun along the central axs of the wrradiited calo-
nmeter ti.c., the O-3 nin y-shice). Since we are only
interested in the vlape of the response cunve, the
data are plotted on a logarithmic verucal scale, the
absolute value of which has been chosen arbi-
trandy, us i Fig. 9.

[t we compare these results with those from Fig.
9, which were obtained with a constant value of 2.
we s a spectacular improvement i the repro-
duction ot the experimental data. In particular, the
kink m the response cune 15 tow shitted buck
inside the calorimeter. in excellent agreement with
the experimental obsenvations. This reflects the
fact that relatively small doses. such a3 those tound
bevond the shower muximum, still cause @ no-
ticeuble increase in the light attenuation.

Not surprisingly. t turns out that the precise
location of this kink ts very sensitive to the choice
of the purameter n. For a given choiwe of a, the
value of 2 cun always be chosen such that
the slope of the expenimental response curve in the
affected region is well reproduced. However, the
size of this region, i.¢. the depth at which the kink
18 located, depends on 2. For example, forn = 0.5,
the kink is located at = x> 13 cm, while fura = 0.82
the kink is barely noticeabie. which reflects the tact
that even the extremely small doses deposited near
the very end of the module contnibute sigmiticantly
to the light atteruation. The best reproduction of
the position of the kink (at = = 19 cm) was tound
for n = 0.7, and the corresponding optimum value
of 2, was 0.010. The simulated response curve for

id;
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2 = 0.010D0-%7, Le. the curve obtained for an in-
duced light attenuation described by

11
—_— = 0.010D{=" . i3
I(:' ln D( : S

is represented by the open circles in Fig. 0. It is
remarkable that a direct measurement of the dose
dependence of the uptical transpurency of the tibers
yielded a very similar result in the wavelength re-
gion » ~ 430 nm. where our PMTs reached their
maximum sersitivity [10].

4. Coasequences for operation at the LHC

In this section, we describe how the observed
radiation damage effects will atfect the perfor-
mance of the quartz tiber calorimeter in the LHC
er.

Once the relavonstup between the radiation
dose and the resulting induced light attenuation
has been established. the local attenuaton length
of the fibers can be calculated for any pont nside
the calorimeter, on the busis of the locally accu-
mulated radiation dose (Eq. (51). These doses have
been calculated i great detail tor the CMS ex-
permment [1].

For example. Fig. [1 shows the dose protiles at
at =3, 4 and 3. as a function of depth inside
the quartz tiber calonmeter. accumulated during
10 years of LHC operation. We assumed a total
integrated luminosity of [ 2dr = 1000 tb"' for
these calculations.

As a typical object of interest tn this kinematic
region, we consider a4 100 GeV #°. which shows up
as two 30 GeV photon showers in the HF culo-
rimeter. We have studied the calorimeter response
and the emergy resolution tor such showers, at
inj =< and 3, as a function of time, assuming a
constant luminosity.

The photon showers were simulated with EGSS.
First. the response cunve of the fibers was calcu-
lated us lollows. On the basis of the applicable
dose profile (see Fig. 11) znd the dose dependent
z values. the depth dependent attenuation length
(=} was denved, using Eq. (5). Then, the response
cune R{z) was calculated in the same way as for
the z-scans (see Section 3.3.2, Fig. 10), except that
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in this case most of the Cerenkov light was gs-
sumed to be trapped it one direction ( - 2, see Fig.
21 and traveled directly to the PMTs. In other
words, backward enutted Cerenkov light retlected
aganst upstream mirrors was given @ smaller
weght than in the cuse ot the z-scans. Direct and
retlected light were assumed to account for R0,
4nd 20r'5 of the signals, respectively, in accordance
with nrwsurements pertormed on a ditferent pro-
totype calorimeter ol the same compuosition [3].

In the EGSY4 simulations of the 3 GeV v
shower development. encrpy deposited at a depth ¢
inside the calorimeter was weighted by a fuctor
R(z). to account for the effects of light attenuation
resulting trom induced radiation. The calonmeter
was considered @ massive block of copper e thes-
simulations. so that varations in the absorbed
(weighted) cocrgy were uniguely caused by the
effects studied here (and not by the effects of
sampling fluctuations and other factors determin-
ing the signals of real calorimetens).

Some results of this study are shown in Fig. 2.
In Fig. 12(a). the average calonmeter signal from
30 GeV vs is shown as a function of time (ie.,
integrated radiation dose), for photons entering
the quartz tiber calonmeter at g = 4 and 5. re-
spectively. Fig. 12(b) shows the elfects of the ac-
cumulating dose on the widths of these sigral
distributions. The horizontl axis is plotted on a
scale linear in N7, where V stands for the number
of years of LHC operation. As may be expected.
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the results seale with M7 which is indicarad by the
fuct that the data points are well desenbad by
stradght lines w this liguree.

Over the liteime of the expenment. the calo-
nmelter response 10 30 GeY s may be expected to
decrease by about 33 at g = 3 and by about 1572
4t 7 = 4, as a result of increased Light attenuation
in the quartz tibers caused by exposure to ionizang
radiation. This rudiation will also increase the
eneryy resolution, by inducing an extra term which
i Brst approximation s independert of eneryy.
This term amounts to 1(#5 for 7 = 5 and 3.5% for
¢ — 4. after 10 years of LHC operativn. and adds
in quadrature to the resolution of the unirradiated
instrument.

It 1s important to realize that about half of the
mentioned effects ocvurs during the first year of
operation, one-quarter even oceurs during the first
month. This is a direct consequence of the dose
dependence of the mdittion hurdness purameter 2.
The relatively small integrated doses received in
the first year have a disproportivnately Lirge effect
on the calorimeter performunce.

In the simulations described in this section, we
have assumed that the effects observed in our ir-
radiation studies of the calorimeter prototype are

the only ones to play a role. However, in practice
there will also be other effects that contribute to
radiation damage and its consequences for the
CMS measurements. We mention two such effects:

e We have wsumed that only the em showers
generated by s and other electromagnetically
Jdecayving particles generated in the LHC 1n-
teructions contribute to the radiation damage
prutiles. In practice also charged hadrons con-
tnbute. Since the enengy curried by these purti-
cles is typically depusited in an arca that is
much lsrger thun that in which em showers de-
posit their energy. the dose levels in the hadronic
calorimeter section are correspondingly smaller.
However, light generated in the em calorimeter
section will also have to traverse this hadronic
section before it reaches the PMTs and some
additional absorption will inevitably occur.

We have ignored recovery efficts in the irradi-
ated fibers or at least the recovery that oceurs
on a time-scale longer than a few days. Recovery
from irradiation is a complicated process. details
of which depend on the type and duration of the
irradiation. The effects are also strongly wave-
length dependent.
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These effects work in opposite directions. By
leaving out the irradiation of the hadronic calo-
rimeter section, our simulations wuferestimate the
total impact of the irrudiation in the LHC envi-
ronment, while by ignoring recovery effects we
have vrerestimated the consequences of radiation.
A detailed study of effects such as those mentioned
above might lead o some corrections of our re-
sults (as sununarized in Fig. 12), but would not
change the essence of our conclusions.

5. Conchusions

In this study. we have tried to quantity the of-
fects of the very large radiation doses that are
expected to be accumulated in the forward (HE)
calorimeters of the CMS experiment. The womsng
radiation increases the light attenuation wn the
quartz tibers. The more the radiation recoived, the
shorter the attenuation length becomes. As a ne-
sult, the calorimeter response decreases over time.
and the energy resolution deteniorates. The Latter
effect is the result of event-to-event Huctuations in
the depth profile of the energy deposited by the
showenng particles. We have measured that the
signal reduction for 30 GeV v showers amounts to
--35%. in the “kottest”™ arca. 7 — 5. The energy
resolution for such photons was found to increase
by ~10%s in this region, vver the lifetime of the
experiment.

Most of the mdiation dumage effects occur
dunng the first year of operation. This is a con-
sequence of the dose dependent charactenistics of
the radiation damage in this type of detector.
Therefore, the best way to deal with these effects in
practice is to curefully monitor the calonmeter
performance during operation and apply appro-
priate corrections to the experimental data.

The radiation damage process causing the
mentioned effects is distinctly ditferent from that in
plastic sanuilatars. The radisuon hardness pa-
rameter 2, which is more or less constant for the
latter, was found to depend strongly on the radi-
ation dose levels in the quartz tibers used in this
study. This effect is studied in more detail e.g. asa
functivn of the wavelength of the Cerenkov light.
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in a future publication. in which also a variety of
candidate fibers for the CMS detector are com-
pared in terms of their radiation hardness char-
acteristics.
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L. Introduction

The culibruuen of calorimeters s a cruaal
ingredient in the commissioning of detectors ia
modern particle physics experiments. The calibra-
uon constants, which define the relauonship

between the calonmeter signals and the encrgy off

the particles thut produced these signals, are
tpically detennined by exposing (some fraction

oty the calonmeter modules to particle beams of

known compuosition and energy.

When the calonmeter is longitudinaily sepmen-
ted. ¢.g.. tn two sections. this procedure is subject
to complications. which are the subject of the
present study. The complications encountered
when partick showers develop across the bound-
aries between calonmeter modules derive from two
tactons:

. Noacompensation, i.e. the calorimeter responds
differenty to electromugnetic and nonelectro-
magnetic eneryy deposit (¢, h#1).

2. The calonmeter e ponse. which we define as
the average signal divided by the deposited
shower encrgy. varies with the shower age, ie.
with the depth tnside the absorber. This is a
consequence of the fact that the <ampling
fraction for ditYerent types of shower particles
may be sery different and the fact that the
composition ot the shower changes consider-
ably as it develops [1]. This etfect plays a role in
Al types of showers.

The present study was carried out with testbeam
data from the new endplug calorimeter of the
Collider Detector at Fermilib (CDF). This ciloni-
meter system was recently modified as part of the
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upgriade program in prepanation for Tevatron
Collider Run 1. and 1t was therefors appropnate
to evaluate the calibrativn procedures. In doing so.
we ok advantige of msighty guned during
previous studics that were camried out i the
context of the SSC LHC detector R&D (2

This paper 15 organwzed as follows. In Section 2.
the different caltbration methods we have studicd
are described in some detail. In Section 3. the
detector and the testheam data that were used to
mvestigate the ments of these methods  are
desenibed. The different procedures that were usal
to set the energy scale of tie calorimeter sections
are described 1n Section 4. Experimental conse-
quences of the different calibration methods are
discussed in Section 5. The expenmentally observed
hadronic response nonhineinues may be used to
determine the degree of noncompensation of the
cajonmeter and its components. This is the topic of
Section 6. in which these ¢4 values are also
compured 6 thowe of calorumeters with a simifar
structure. Conclusions are given in Section 7.

2. The calibration methods

In this section, we discuss three methods to
calibrate a longitudinally subdivided calorimeter
system. Euach method s based on a certain
philosophy. which we will mention. as well as the
resulting problems.

21 Method 1

In this method. which is the basis for calibrat-
ing several calorimeter systems, the longitudinal
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segments are individually calibrated. For the
towers of the EM section, electrons with precisely
known energies are used, while the HAD section is
calibrated with hadrons that penetrate the EM
section without underpoing a strong interaction’.

The philosophy behind this method is to
establish the calibration constants for each section
with the type of particles that are in pracuce
producing the signals in that section: electrons for
the EM compartment, hadrons tor the hadronie
compartment. [n this way. one hope to climinate
the problems arising from the fact thut the
atlonmeter response to these particles is different
in noncompensating calorimeters. In most calon-
meters, the response to hadrons is smaller than
that to clectrons of the sume enerey (e > 1),
Therefore. if’ electrons were sent into the hadronic
section of a caionmeter calibrated in this was. therr
eneryy would be measured, on average, too high.

This calibratton method works tine tor the
hadrons that penetrate the EM secuon without
interacting. However, this sample usually represent
only a small fraction of all hadrons. Most hadrons
undergo their fist auclear interaction in the EM
calonimeter section. They deposit part of their
cnergy in the EM section and the remainder in the
HAD section. For these events. this calibrution
method does not produce correct results.

2.2 Method 1T

In this method. the calibration constants of both
calorimeter secuons are established with the same
type of particles. The underlying philasophy of
this method is that the relationship between
deposited energy and resulting calorimeter signal
should be established in the same way for all
segments of the caloaimeter system. This principle
is applied in a variety of experiments. In practice,
one wes muons (31 radioactive sources [{] or
discharging capacitors (in the case of liquid-argon
calonmeters) for this purpose.

[n our case. we used a beam of high-energy
electrons, sent directly into the hadronic calon-

' We will refer to such partckes ia the following s penefrusing
pons. Nonpenetraliag mons st owenng o the ekectro-
magaeie sectioa of the calenmeter
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meter section. to test the merits of this method.
This has the advantage that the method used to set
the eneryy scale for the EM section is essentially
copied for the HAD section. In practice, this
method s wsually impossible to implement in an
experiment. since the HAD section is shielded
from the particle source fie. the interaction
region) by the EM section. However. in our
testbeam setup we could study this method thanks
to the fact that part of the tested calonmeter was
not equipped with an EM sceuon.

23 Method I

In this method. which to our knowledige has not
set been applied in 2ny experiment. pronas with 4
well-detined energy are used to intercalibrate the
EM and HAD ctloaumeter sections. The calibea-
tion constant for the EM sectuon is. as usual.
determuned with electrons of known enerpy. while
the calibration constant for the HAD sxtion is
chosen such that the average eneryy reconstructed
tor penetrating pions is ¢equal to that for non-
penetrang prons.

The underiying philosophy of this method is to
avoid any dependence of the reconstructed tha-
dronic) energy on the swrting pomnt of the
showers. As we will see later. such a4 dependence.
and the assoctated tngger buases. are an inevitable
censeyuence of the applicaton of Method |
Unlike Method Il this method has the advantage
that it can be implemented in practice and that it
can be applied tn st using reconstructed tracks ot
solated  particles produced in the interactions
studied by the experiment.

3. Experimental data
J.1. The CDF Pluy Upyrude calorimeter

The CDF Plug Upgrade calorimeter is a1 new
detector that has recently been installed for
Tevatron Run (1. [t covers the pscudorapidity
range from 1.1 to 3.6 and replaces the odginal gas-
based calorimeter. The new detector consists of a
0.754 Jdeep EM sectivn and a 7.4/, deep HAD
section tat # = 237 The EM section has a lead,
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scintiliator sandwich structure, with 4.3 mm thick
lead plates alternated by 4.0 mm  thick plastic
santdiator plates. In the HAD section. 64 mm
thick scintillator plates are sandwiched between
308 mm thick iron absorber plates. The signals
are read out by means of wavelength shifting
vpticit! tibers, which are embedded in the scintil-
lator plites. More details about this device are
given in Ref. [3].

n this study we have used expenmental datas
taken with a special module that was built for
waibeam purposes. This moddute consists of four
157 sections which are replicas of the actual Plug
Upgrace calorimeter (see Fig. |). One of these four
wedges was built without an EM compartment. [t
is this feature that made it possible to study
calibration Method 11

3.2, Testbeum setup

The calorimeter module described in the pre-
vious subsection was tested in the MT6 beamline
at Fermilab. it was exposed to beams of electrons,
pions and muons with energies mnging from § to
170 GeV. The momenta of the beam particles were
determined cvent-by<event by means of Single
Wire Drift Chambers located upstream and down-

130

M. dbrow et al ! Nuclear [nsiruments and Metholds m Physics Researih 4 437 (2U02. 131 - 395

stream of the last dipole magnet, ~ 30 m upstream
of the test calonmeter. The relaiive preasion of
this momentwn incasurement (Ap/p) varied be-
tween 1.8% at 5 GeV/cand 1.1% at 130 GeV;c.

Several auxiliary detectors in the beamline were
used (o ensure clean event samples. These included

A Preshower Detector. consisting of @ LY thick
fead plate followed by a plastic scintillutor ule.
This device was veny effective in rejecting
electron contamination from pion beams. which
was essentild at low energies,

Muon counters located dowmtreun ot the lest
mudue, behind i of steel absorber These
detectors were crucial for removing muon
contamnauon from clectron andd pron beams,
and were also used o ensure pure muon esent
sampics.

A reto caunter was used to chimmate events m
which the beam particle had started to shower
upstream of the calonmeter. This detector was
also used to idenufy and reject events in which
more than one beum purtcle entered  the
cafonmeter smultancousiy, 1e within the ume
rsolution of the detector.

More detiuls about the churacteristios of these
and other beamline ¢lements and about the qualty
of the MT6 parucic beams are ziven in Ret” {6].

3.3, Dutu ucquisition

The calorimeter data were read out with a
custom  Jesigned  front-end  clevironics  system
described in Ref. {7]. The ADCs bad a full range
ol 730 pC and a sensitivaty of | 1.4 {C,'count. They
were operated at a gate wiith of 22 ps. The
particle signals were determined by subtracting
“in-spill” pedestals from the raw numbens of ADC
counts. Pedestal tluctuations were typically of the
order of a2 few ADC counts (40 {C).

J.4. Guin equalization

When a shower develops 1 this calorimeter.
the total signal conaists typically of” a large con-
tnbution from the tower in which the particle
entered the detector. plus significant contnbutions
from a numbxr of neighbonng towers. The relauve
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contributivns from these netghbors depend on the
energy, the impact point and the type of beam
particle. In order to determine the total signal. itis
crucial that the gains of all the towers contributing
to the signal be equal

When clectrons were steered into the center of a
calofimeter tower. they deposited typicaily more
than 902, of their enerey in that tower. Electrons
would therefore be well suited to equalize the gains
of the EM culonmeter towers. However, dunng
the beam tests only a limited number of towers
were exposed to clectron beams. Not all calori-
meter towers could theretore be calibrated this
wiay.

The only type of particles that were sent into
cach and every tower of the alonmeter were
muons. Since these muons deposit an equal
amount of energy N every tower fafter aking mto
account the eflects comung from dilferences in
path length). they can be used to equalize the gains
of the towers. We fit the signal distnbutions (in
ADC counts) front muons in cach EM and euch
HAD calonmeter tower with a4 Landau function
and determined the most probabhle signal value for
cach distribution. All PMT zains were normalized
to thuse of Wedge 1. Tower 8 (see Fig. 1. This wis
done separately for the EM and the HAD towers.
The most probable value of the signal distrtbution
from EM tower ¢ wis multiplied by a “tower gain
constant tg,” so that all EM towers responded to
muons like the EM section of the reference tower.
The same procedure was followed for the towers
from the hudronic caluorimetes section. which thas
all responded to muons in the same way as the
HAD section of Wedge 1. Tower 8.

We verified the validity of this procedure for
those towers that had been exposed to clectrons.
Fig. 2 shows the tg, values found with muons
plotted versus the tg, values tound with clectrons.
for all EM calonmeter towers that had been
expesed to both types of particles. Because of the
strong correlation  between these two sets of
constants, we conclude that the gain constants
found with muons (which deposit typically only
0.3 GeV in the EM calorimeter towers) are also
valid for the signabs trom showering electrouns.
whose energy deposit is typically two orders of
magnitude larger. Throughout the remainder of
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this analysis. we have applied the tg, values found
with muons to equitlize the gins of the calonmeter
towers, both in the EM and the HAD section.

4. Determination of the cnergy scales
4.1. The eneryy scule of the EM section

We determined the encrgy scale of the EM
calorimeter section, A, as

( § tem, - ped™ ess 5
E.

where em,. ped™ and (g™ are the measured signal,
the pedestal and the tower gain constant for tower
i of the EM calorimeter section. respectisely, and
Ec is the energy of the clectron beam. Electrons
with eneries ranging from § to 180 GeV were
used tor this purpose, and we summed the signals
over a2 3 x 5 matnx of calonmeter towers sur-
rounding the tower hit by the beam particles.
Fig. 3 shows the value of A as a function of the
clectron beam encrgy. The error bars in this figure,
as well as in the figures showing the hadrome
«tlibration constants, are dominated by the etlect
of a systematic uncerwinty in the gains of the

A ]
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PMTs during the beam tests, which was estimated
at i%. Other sources of uncertainty include
statistical errors and errony denving from the gain
equalization procedure (see Section 3.4, Fig. ).
However, since all neighboring towers combined
generate typically only ~ 10™) of the signals from
electron showers, the effect of the latter source of
uncertainty 1> negligibly small. Our results show
that the value of .1 1 constant within the
expenmental uncertantics, over 3 wide range of
clectron energies. The weighted average was tound
to ber 4 = 1281 +0.5¢ts ' GeV (47D = T80 =
0.03 MeV per ADC counn.

4.2, The eneryy scule of the HAD section

421 Method 1

In this method. we used pions sent into the EM
section of the calonmeter as the basis for
determining the energy scale of the HAD section.
The purticle beams were steered into the cenwer of
Tower 8. Wedge | (point P in Fig. 1). and only
pions which penctruted the EM section without
underpoing a nuclear reaction (ie.. without start-
ing a shower) were selected for this purpose. The
energy saile of the HAD secton. By, was then
defined as
_ {Tthud, - pedMypgid

(Ex - Ecm - Eiuk_\t

where had,. ped™! and g™ are the measured
signal, the pedestal and the tower gain constant for
tower { of the HAD calorimeter section. respec-
uvely. E¢ is the energy carned by the pions, while
Eem and £, denote the energy deposited by the
mip-like pion in the EM calonmeter section and

By (2)
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the energy leaking vut the back of the calorimeter,
respectively. The latter term is energy dependent.

We obtained E, from the signals produced by
the penctrating pions in the EM calorimeter
section. The average values are listed in Table 1
for the svarious pion runs that were used in this
context. These covered an energy range from 8 to
170 GeV. The alorimeter module is about 84
deep at Tower 8. This is not deep enough to fully
contan the high-cnergs pion showers. [n order
estimate the energy leaking out from the back of
the calorimeter, we used experimental data taken
by the WAL Collaboration at CERN {§]. They
measured the average energy fraction deposited by
showenng pions 10 cach of 14 consecutive tron
plastic-scintillator sezments. for pions with ¢ner-
wies ranging from 10 to 137 GeV. On the busis of
these dutu, we asumated the | Fiay - values histed
in Table 1.

The fast column of Table 1 lists the resulting
values of the calibration constant for the hadromc
caiorimeter section. 8.

Fig. 4 shows the value of’ 8y obtained in this way
as a function of the enerzy deposited 1in the
hadronic calonmeter secuon by the pencirating
pions. Note the loganthmce scale of the honzoniat
axis. The value of By increases with energy, which
means that the (hadronic section of the) calon-
meter s wtnnsically noalinear for pion detection.
This nonlineanty amounts to ~ 1075 when com-
parinyg the lowest and highest pion enzrgies used
for our tests.

Method 1T

In this method, we used electrons which were
directly  sent into the HAD section of the
calonimeter 1o establish the energy scale for this
section. Wedge 3 of the calonmeter testbeam
module was built without an EM scction, and
thus made it possible to use this calibration
method. The electron beams were steered into
the center of Tower 8, Wedge 3 (point P: in
Fig. ). The energy scale of the HAD section
determined with this method. By, was then found
as

¢ ¥ had, ~ ped™ g™
By = E
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Table !

The average erergy depamted in the EM calonmeter secthion, the average energy eaking out the back of the calonmeter and the average
encrgy depumited 12 the Sadrook caluameter wrtion are intad for peaetraning prons of ditferent enerpes. All crerpies are given in s
of GeV. TXe resulting valte of the cahbratica constant ‘oe the hadroen: calonmeler sctioe. 8;. o sted s the last columa

Pion envrgy Em “ Baax CE « - Eea’ 81 153, Ge V)
e 03-01 0 $3=0} 1441
12.2 03+01 0 119=01 145§
xT ni-01 nd-o01 IR A 1473
&y nlent 1h-ul 649 -03 151 4
X3 D301 RAEUR wl-0v i%6.1
Y 03-0.1 i02-29 1603 - 20 133.3
o — found  with  Method I+ By = 1735 a5 GeV
| ? 1Byt - 376 ADC cts: GeV,
s . . . 423 Method 11
£ | TTTTTT TTTTTTTT === As in Method 1L pons sent mto (poat P, of)
3 ! the EM calonmeter section were used to determine
'5 or " 5 the encrey scule of the hadrome calonmeter
< T « : section. However, this ume the cahibraton con-
= L<ob = ] ! stant. By, was chosen such that the cnerpy
P B ’ recomstructed for penetrauing proas would be
1 'J’L'_J equatl to the enerey reconstructad tor nonpenctrat-
oy | ing pions. [n order to avoid the etfects ot shower
£ {1} 30 .o X1

Encrgy (CGeV)
Fig 4 Theenerey wale fof the luadroan Saicruneler wotwn, 8,
L 3 fusction of eaergy. fur the three Qbbration methods e
0 s analy s The gaes through (e expenmental ponts see
drawz to gade the ove. Ser tear for detatla

where had,, ped™ and (22 are the measured
signal. the pedestal and the tower gin constant tor
tower i of the HAD calorimeter section.
respectively. and £, is the energy of the electron
beam.

Electrons with energies ranging from {1 to
177 GeV were used to determine the value of 8y,
which s shown as a function of the electron
eaergy in Fig. 4. The value of” 8 was found to
be constant within expenmental crrors (= 24)
for a wide range ol energies. This reflects the
intrinsic lincarity of the HAD section for clectro-
magnetic shower detection. The averaye value was
found to be significantly higher than the values
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leakhage, which would pnmanly atfect the results
for the penctrating prons and thus bias the results.
we only used low-energy (<20 GeV) pion runs to
find the value of By, which needed to satsfy the
conditton

< N thad, - ped™ga )

xn —
113 1,‘-1 = b
= E';;;nm
_ o Maem, - ped™ g™ - (had, - pedPuie
= T ,

-

The average value for which this condition was
fulfilled was found 1o be: By = 186.5 cts/GeV
(Bji = 3.36 ADC ¢t5;GeV). This result is also
included in Fig 4.

4.3. Reconstructed eneryy for hadrons und jets

Having discussed the various methods 10 set the
energy scale of the hadronic calonmeter section,
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we can now define the recoastructed energy for a
given hadron or jet as
En = Z (em, - ped™ ™

A

(had, - ped™ g™
Binan

where all symbols have the same meamng as
befora. If we chose Method 1 to set the energy scale
of the HAD section, we would need to speafy the
energy at which the calibration constnt By was
determined. since this value o energy dependent.
Depending on the energy. the value of 8; may
change by as much as 10°% (sce Table 1. Fig ).
The other two methods are based on energy-
independent calibration constants. [n practice, we
used a value By = 1314 ¢ts ' GeV lor vur studies of
the implicaions of Method I ie the value
obtained for the 56 GeV point and an approx-
imate average of alf the values obtained over the
eneryy range we studied.

(5

5. Experimental comequences of (mis)kealibration

In order to evaluate the ments of the different
calibration methods, we concentrated on two
aspucts:

L. Biuses bused un the starting pomnt of the showers.
[n expennments with highly selective triggens
such batses are an undedrable feature. Many
variables that tnavolve the reconstructed hadro-
nic energy (¢, the total transverse energy or
the missing transverse energy) exhibit a steeply
falling distribution. If one triggers on the value
of such a vanable, most of the selected events
are thus located near the trigger threshold.
Biases of the ty pe mentioned here would lead to
event samples that are predominanily popu-
lated by events that were actually below the
trigger threshold. but which have a ropology
that bnngs them above that threshold. As
examples of such topologies we mention events
with pions that start to shower deep tn the
detector. or jets in which an 2nomalously large
energy fraction is carried by ;s from 1" decay.
If the energy of such events were systematically
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overestimated at the tngger level, then the
collected event samples would be biased.

2. Hudronic signaf nonfinearity. This is an undesir-
able feature for any detector. since it may adso
lead 10 systematic energy mismeasurement for
wertain categories of events. Hadronic signal
nonlineanty means. for example. that the
calorimeter signal from a jet contiining one
30 GeV pioa is systematically larger than that
of a jet in winch the 8 GeV is shared by several
lower<enerey pions. In practice, the ditference
between these topologies s not alwiays evident
from the expernimental data. And at the tngger
level, such effects may cause the same kind of
hidses as discussed aborve.

{t turned out that the calonmeter perfonmance in
this respect iy quite senstne to the choice of the
cahibrution methed.

X1 Single hadrons

J.1.1. Dependence on the starting point of the
showers

We studied the implications of the vunous
calibrauon methods with events collected in the
8.6 GeV pron beam. We split these events into two
samples. based on the starung point of the
showers: The penctrating and the nonpenetraling
events.

Fig. $ shows the reconstructed encrgy distabu-
tions for these two eveat samples. obtaaad on the
bisis of Mcthod [, using By == 1314 ¢ts, GeV. The
mean values of these two distributions differ by
[3%. Had we used a smaller value tor By, e.g..
[ cts/GeV as suggested by Table (. then the
difference between these two mean values would
have been even lurger.

Fig. 6 shows the signal distnibutions for the
same event samples, but this tme Method HI has
been wsed to calculate the reconstructed eneryy
(B = I1R6.5 cts; GeV). In this case. the mean
vilues of the reconstructed energics ol the
penetrating and the ponpenctrating pions were
found to be equal within the expenmental
uncertainties (@ smail fraction of 1%). When
Method I was used. the meun values dilfered by
~ 5,
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Method [1 does ot produce the same results as
Method 11, because the EM and HAD sections of
the Plug Upgrade calorimeter have a differemt
composition. which tramslates into ditTerent ¢/A
and e;mip ranos. Therefore. even though the
energy scale off both sections is determined with
the same particles (electrons in this case). the
response to other particles thadrons. muons) of the
two calorimeter sections may be ditferent. And this
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n9

results, among other things, in different response
functions for penetrating and nonpenetraung
pions. It the EM and HAD calorimeter sections
had exactly the same structure and composition.
then Methods {1 and I would be completely
equvalent und should lead to the sume resuits.

The rosults described above clearly demonstrate
that usming Mcethod | to set the energy scale of
the HAD section introduces a dependence of the
reconstructed pion energy on the starting point of
the shower As a matter of fact. the main
motivation to develop Method HE was to elmunate
this effect.

3.1.2. Signul nonlincarity

For hadron showers. the average energy truction
carried by 2%s and other particles developing
electromagnetic showers (e.g, ') mereases as 4
funcuon of energy [1.9] This causes an intrinsc
signal nonlincarity for hadrons in aff noncompen-
sating calonmeters. Ths  tatrinsic  nonlinearity
appears when the pion energy s reconstructed
usiny the calibrution constant By for the signais
tfrom the hadronic calonmeter section.

Thus 15 shown in Fig. 7. where the rato of the
reconstructed energy and the deposited energy 1s

1 l[ ]
i {o Mt |
| Meted I
o Method 11’ e
(33 -
i P
¢ P //(
-— ; P .
A / '
A Qn
s ] ¢
: . .
B3y v’ et
” N e
. -
(% B
-
03
s 10 ) {1 )] )

Deponited encryy (GeV)

Fig. 7. The rato of the recoestricted crergy aad the depomited
energy o3 4 fusctiva uf the eneryy depositald by pums sbuwensey
w2 the CDF Plug Upgrade calonmeter. Rouits are given Soe the
three caltbratbon methods discinsd ant the tevt. The e
through the pointts are 23 to the tuscuoa wt Ey (73
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plotted as a function of the energy deposited by
ptons showering i the calorimeter. For a linear
calonimeter, this ratio would have to be energy
independent. The deposited energy is Epeum —
Eicy. where Eu is the average eneryy that all
pions (penctrating and nonpenetrating) leak out
the back of the calorimeter. This leakage encrey
was esumated on the basis of the WAL data {§], in
the scune way as was done tor penetrating pions in
Section 4.2.1.

[nn the following. we will quantify the hadronic
sgnal nonlinearity (AR) as the refative change
in the calonmeter response between 10 and
100 GeV:

R(1e3)

 — [,
R(10) )

AR l
where Ri100) is the calonmeter response (i.c. the
average signal per GeV, in arburary units) tor
100 GeV pions and R(10) the response to [0 GeV
pwns. Based on this defimuon, the intrinsic
noalineanty of the COF Plug Uperade cdorimeter
wis found to be 7.8%

if we wed the calibrution constints from
Method [ to reconstruct the pron energy. then a
lurger ponlincuity was observed: 11L1%6 over
the energy ranpe trom [0 o 100 GeV. Ths
can be understood from the fact that as the enerey
of the pion shower increases. more and more
energy s deposited in the hadronic secuon of
the calorimeter. In Method I, the signals from
this calonmeter section are “boosted™ with
respect 1o the wgnabs from the EM culonmeter
section.

Fig. 7 shows the ratio of the recomstructed
eneryy and the deposited energy as a function o
the latter for all three diflerent calibrauon
methods. Each data point represents the mean
value of the distribution of Exuc (EqQ. (5)). where
all pions, penetrating and nonpenctrating, have
been taken into account. Each data set was fit with
the tunction

s N -
\EMW, = ("

kl - k: In E\kw-ll‘

dopuonit

Table 2 lists the values of the parameters &; and
&k for the different calibration methods, as well as
kafky. which is a measure of the signal nonlinear-
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Table 2

Values of or parameters &) and &, Ttom the 3t of the
apenmentil data to Ey. +7) which dostbes the kadrogic sgnal
noghacanty. for cach of the three alibratios methods
dawnbal n the text

Cabbeation k. ks k»/ky

Method | DI 083 DRSS
Methad {1 03 ou3l 0.0426
Meshod [ 0."2 [T ] Q.U3IKY

ity. The table shows that this nonhinearity s ~ 39,
larger when Method T 5 wed as compared to
Method L

3.2 Cunsequences for jets

In many modern particle physics expenments,
the detection of jets and a proper mesuremernt off
their energies 15 of pamary concern. Therefore, we
abo studied the effects of the ditferent calonumeter
calibration methods on the response o jels.
Unfortunately. nature does not provide test beams
with jets of precisely known energies and. there-
fore, we had to rely on Monte Carlo simulations
for this purpose.

We used a Monte Carlo umulanon program
thut was previously deseloped s part of calon-
meter R&D studies tn the context of the SSC LHC
{10]. The intent was Lo simulate the response of the
crlonmeter to jets naking maximum  use of
expenments! calorimeter signal distributicas to
individual particles of known cnergy. In this
approaci. i jet is treated as a collection of varying
number of particles, each with a varving energy
and a varying charge. The energy of cach jet
particle is sclected randomly according to a
fragmentation function

(l-:F

Dy = (x+ 1) (%)
which well describes a variety of experimental dala
sets [11]. Here, D(2) denotes the probabiiity that a
Jet fragment will end up with a fraction = of the jet
energy, and 1 is a parameter. Fragmentation
functions measured in the CDF energy runge
tavor a value 2 = 6, which we therefore used in our
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stmulations. The charge of euch jet fragment was
chosen randomly so that 4 of the time the fragment
was 4 2° and & of the time it was a charged pion.
For a jet of eneryy Ee, we randomly pulled n
partictes from the distribution described by frug-
mentation function (8) such that £, =¥, E.
where E, indicates the energy of the ith fragment.
For cach jet fragment. we used the measured signal
distnbution for testbeam prons or electrons of the
nearest eneryy in order o determine what the
calonmeter signal would have been had that
fragment actually deposited its energy £, in the
calonmeter

For cach jet fragment with ¢nergy £, we
runcdomly pulled an EM agnal, 5™, and a HAD
stgnal, 54, from the corresponding signal dis-
tributions for a testheam run of electrons Gt the
fragment was neutral) or prons (if the frugment
was charged) whose energy was closest to the
encrey carried by the jet fragment. For instance.
tor 4 10 GeV charged jet fragment. we used the
expenmental signal distributions tor an 8.6 GeV
pon testbewm run for that purpose. This jet
fragment was then attnbuted an EM ugnal 57 -
(10,860 ™ and a HAD >ignal S} = (10/8.6)s™*,
respectively. For a [0 GeV neutral fragment. the
same procedure would be followed. but the signals
would be leken from an electron run rather than
plon run.

This process was repeated for each of the n
fragments that made up the jet of encrey £,. The
energy the calorimeter would have revonstructed
for this paruculir jet ther o simply

|

4

=%

R Yo

9
i

Em L]
' By

where the definition of the calibration constants A
and B is the same as before.

Fig. 8 shows the response of the calvrimeter to
jets as a function ot encegy tor the three different
calibration inethods discussed in the tet. For cach
point. 10000 jets were generated and the calon-
meter signal was caleulated as described above.
The points in Fig. 8 represent the average values of
the 10000 signals accumulated this way, normal-
1zed to the jet energy.
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The nonlinearity tor jets ts clearly smaller than

fur single prons (c.f. Fig. 70 Ths s due to two
tactons:
1. Part of the jet signal. on averape one-thurd,
comes from photons which deselop  electro-
magnetic showers. The calonmeler is hacar for
that component of the jet signal. The non-
lincarity atfects only the remaimayg poruon of
the jet frugments.

. The nonlineanty is not deternuned by the jet
energy 1self, but by the arerage energy of the jet
Jragmenss. Since the multiplicity increases with
eneriey. s average eneryy of the fragments
nses much more slowly than the jet energy
iself.

[a spite of tha, Fig. 8 exubits characternstics
that are very similar to those observed for single
pions. In particular. the slope of the curve for
Method 111 is somewhat smaller than the slope of
the curve for Method . This indicates that the
nonlinearity eflects described in Section 5.1.2 for
single plons propagate into the energy measure-
ments of jets.

The trigger biases discussed in Section 3.1} for
single prons also have certain conseguences for
jets. These are spelled out in the next subsection.

3.2, The final eneryy reconstruction

As can be seen from Fig. 7. the value of the
reconstructed energy does not equal the value of
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the depusited energy, regardiess of which method
is used 10 set the energy scules. In order 1o arrive at
the correct value of the eaergy deposited by a pion
in the calorimeter. one must multiply the recon-
structed energy. found according to Eq. (5), by an
ener2) -dependent correction factor, which is sim-
ply the inverse of the curves shown in Fig. 7.

Since the correction factor is energy dependent,
the final pion energy must be reconstructed in an
Heratve way:

Egoi ~p: =p:In £ Egon? tm

with £ = {Eniq.. The calculiion converges
very rapwdly and typically no more than theee
erations are needed.

If this procedure s applied to a sample of pions
which includes pencetrating and non-penctrating
pons i the same ralio as in the sample that was
used to make Fig. 7 and the correction tucton
derived from that samplel. then this procedure
stelds the correct energy tor all three calibration
methods. [f. on the other hand. the procedure 1s
applied to 4 sample which indudes penctratng
and non-penetrating pons in a differens rano, then
it resulls ondy in the correct eneruy values when the
calonmeter calibration was carried out on the
basis ol Method (11

This s tlustrated in Table 3 for the most
extreme Cuase, 1€ separate samples of penctruung
and nonpenetrating events. The table shows that

Method I leads to a systematic undesestimation ot

the energy of nonpenctrating pions, whereas the
enerey of penctrating Mons 1s systematically over-
estimated. by as much as 10% at low energies.
This effect s abo important for the caergy
reconstruction of jets. A jet is essentially a
collection of ¢'s (from r decay) and hadrons,
mostly pions. Most of the jet fragments are very
sofl. with energies well befow 10 GeV, ie. in the
encrgy range where the etfects ol systematic energy
mismeasurement 4s a result of muscalibration are
largest. Because of the effect discussed above, jets
tn which a large fraction of the energy is carried by
hadronic tragments will, on average, be recon-
structed with a systematically lower energy than
jets in which most of the energy is carried by ;'s.
Soft. carly showering hadrons are of less conse-
quence for the total energy reconstruction of the
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Taie 3

The final encrgy of prums showenng in the CDF Plug Uperade
calonmeter, caiculated on the bases i Eq i1 Rauis are
gen for ail prons combinad and four subsamples of mons that
started to shower 13 the EM or HAD scetom of the calunmeter

8.6 Ge¥ 1 bom 122 GeV © beam

Deponsted emvrgy 3.6 122
tGeV)

Epaas  Muthand 1

All pons Io-01 123-01
Panetsunne 93-0l t32-0!
Nonpenetrating 320! e~y
e Muthod 11

Al prons RH-01 123+01
Peactruting NG -0 126-01
Nunpenetraiizag wEend 122-01
Evuu  Metbond 111

All mons se-0l 12301
Perctranne NT-ol 12501
Nospenetraine 86 -0l 123204

latter type of jets. This probiem would be avoided
if Method 1T was used w intercalibrate the EM
and HAD calorimeter sections.,

6. Determination of the calurimeter's ¢/A value

All noncompensating cilorimeters are intrinsi-
cally nonlinear for hadron encrey measurements.
This is a consequence of the fact that the average
fraction of the encrgy carrend by =%y produced 1n
the shower development. fo,, increnes with
cniergy. This energy dependence is well desenbed

by
FEN
fm=1-(g)

where £y 1s the average energy needed for the
production of one pion. and & is related o the
average multiphicity per nuclear reaction. Expen-
mental daw indicate that £, = 0.7 and 1.3 GeV
tor iron and lead, respectively, while & = 0.82 gives
a good description for both elements (9]

If e and & represent the calonmeter responses
to clectromagnetic showers and to the nonelec-
tromagnetic component of hadron  showers.

(1)
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respectively, then the response to 4 pion shower, =,
can be written as

T=Jemt = [ = [l (12

so that the 2/ signal ratio becomes

L3 B

. h
=t =1 ‘f.-ml: (13

Therefore, it the calorimeter is linear tor the
detection of clectromagnetic showers, it can only
be lincar for prons iU, ¢ = 1, b of the calonmeter
1s compensating.

Knowtng the ¢4 value ot the calonmeter. the
pion nonhneanty can be calculated i a strarght-
forward way. [n this context. we define the
nonlinearity through the response rato ot 00
and 10 GeV pons. Fig. ¥ shows the relanonship
between this ratio and the ¢ & value for ampling
crlonmetens based on tron or lead as absorber
matenal. For example. an tron calonmeter with
eh = 1.6 will exlubit a nonlincanty of 0%
tresponse 100 10 GeVv = 1.10).

We can use the imnasured hadronie nonlinearnty
to ostimate the e/ values of the CDF calori-
meters. We have tried to do this separately tor the
(lead. scinudlatory EM and (iron saintilatony HAD
sections. The nonlinearity of the hadronic com-
partment lollows from the energy dependence ol
the culibration constant By, which was obtained
for showers that deposited their entire energy in
this compartment. It was fouad to be 7.6 1.3%
(sce Table L. Fig. 41 Fig. 9 indicutes that the latter
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Fig 9. The rato of the calonmeler raponses to 10 asd

10 GeV pioas. s a tunction of the ¢, & value {12]. Expenmental

dals are given lor the sron-bausad HAD wation ) and the lead-

based EM section (b of the CDF Plug Upgrade caloameter.
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value corresponds to ¢ '#t = 1.4 +0.08, for the Fe/
scintillator hadronic calodmeter section.

In Section 3.1.2, we showed that the mtrinsic
nonlinearity for the entire calonimeter ti.e., EM ~
HAD sections) was (ound to be 7.3+1.1%. On
averuge, the energy fraction deposited by the
showering hadrons in the electromagnetic Pb.
santillator  section  varied  between  ~ 3005, at
10 GeV and ~30P5 at 100 GeV. From tlhs, one
can ostimate the nonlinearity  for an  entire
calorimeter with the sume Pb saintitlator structure
as this EM section to be 8.3+4.0" o This translates
nto an e it value of 1,43 =027 (see Fig. 9).

Tradittonally, the ¢/t value 1s determined trom
the energy dependence of measured ez stznal
ratos. We have also used this method as an
independent way W chieck our results. The e, =
stenal ratios for the iron sannllator calonmeter
can be direetly derived by companng the values 8y
and By (see Section 4.2). As a matter of fact. the
ruio By By is by defimtion the ¢ = signal catio of
the hadronic calonmeter section.

Fig. 10 shows this rauo as a funcuon of energy.
The curves in this ligure represent the expected
energy dependence of the e/x signal rato, tor
ditferent chotces of the e value. These curves are
the gruphical equivalent of Egs.tth and (13).
From this study. we found the best agreement with
the experimental results for e/h = 136, with a
standard deviation of 0.03. Since thus expenmental
result is based on more aspects of the experimential
data, it is somewhat more precise than the value
denived from the hadronic signal nonlinearity
alone. However. both results are within expen-
mental uncertainues equel. [n the following, we
will use the more precise value derived from
the energy dependence of the e/ signal ratios
for the tron. scintilator section of the calorimeter.

We may compare the e/f vialues of the CDF
Plug Upgrade calorimeter with those of other
culorimeters that have the sume structure. This s
done in Fig. 11, which shows the ¢’k value of
severul Fe santillator (Fig. [la) and Pb.santilla-
tor (Fig. 1ib) structures as a function of the
sampling fraction.? On the bottom axis, this

*The eih values doplayed i this hgure come {tom Rets
(138,13
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sampling fraction is expressed as the volume ratio
of’ the passive and active calorimeter components,
R;. In both cases. the ¢/h ratio clearly decreases
with the sampling fraction (i.c.. with increasing
R4). and in the case of Pb:santiliator calorimeters,
compemation has even been achieved. for a
sampling fraction ifor mips) of ~3.5% (R, ~4.5)
[14].

The R, values ol the CDF Plug Uperade
calorimeter are 1,13 for the clectromagnetic lead
scintiflator section and 8.47 for the hadronic iron-
scintillator section. The e 4 values of 1,43 +0.27
(Pbr and 1.36 +0.0% (Fe) dre in good agreement
with the experimental trend apparent from Fig. 1]
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The Central CDF calorimeters. although com-
posed of the same structure as the Plug Upgrade.
have very ditferent sampling fructions. with R,
values of 0.6 (EM. Pb) and 2.5 (HAD. Fe)
respectively. Their efr values. expected on the
basis of the experimental trend, are indicated by
dotted hines in Fig. 1. They are considerably more
noncompensating than the Plug Upgrade cdon-
meter. Therefore, the consequences of using
calibraton Method [ should be expected to be
correspondingly larger tn these Central calon-

7. Conclusions

In this paper. we compare three Jditferent
methods of setung the hadromie energy scale of 2
longitudinally segmented calonmeter. The merits
of these methods have been studied with testbesm
data from the CDF Plug Upgrade calonmeter It
turns out that one of the tcommonly used)
calibration  methods  introduces 1 aumber  of
undesirable side effects. such ay an ncreased
hadronic signal noalincanty and tagger biitses
resulting from the fact that the reconstructed
energy depends on the staruing point of the
hadron showers. These problems are o dirxct
consequence of the noncompensating nature of

- sampling tractiua for mups (76
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the cilonimeters. They can be avoided when a
ditferent culibrution method is used.

We used the results of this study to determine
the e/t values of the calonmeter and its xeyments.
These turned out to be 1.43~0.27 for the EM
sectton and 136 =005 for the HAD sction.
respectively. We companed these values with those
of ather Pb saintillator and Fe scintillator calon-
meters and found that they were in good agree-
ment with the values expected on the basis of the
sampling lruction.
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On the energy measurement of hadron jets
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Alstract

The elenmeniary cugatituents of hadomse matfer (uarks. asii-quarks, Cuonst mamied twemciyes expertmanialy
the form of rb of parinls. We masssbgale e preaswon with bk the energy ol these Uagmesizaz oonus qan be
meusered. e relutne aeportsmae of the mslrumentsl meascremest provoiun aznd of U jet alzunom b tocaed. We
also esaluate U “enerey Row  metiod 1 ebuh Uie cfurmalon Jnum a casrsal-parice tracker 1s commbimad agh ot

from 4 ivmuneler @ order o Empruse e xt energy raclulwen

02 Pusasiad by Ebevxer Saemce BV
PACS 02 M Ly, MMV

Kevmanidy, Caloeoctey, Fluctuatons beos, Eccruy dos

1. latroduction

Matter as we know it consists of keptons and
quarks. Whereas the propertxes of keptons such as
cloctrons or Muons Can wwally be measurai with a
very high degree of precision, the same is not true
for quarks. Quarks are “locked up” inside mesons
or (anti-)baryvons and any artempt to isolate them
creates more such particles. In high-cnergy scatter-
ing experiments atmed it studving their propertics.
quarks diquarks or anti-quarks fragment into fery
ol hadrons.

The precision with which the propenies of the
fragmenuing object can be measured depemdis on
two fectors: The jet-defining alzorithm and the

*Cocrespanding authur. Tel. «~ 1.800-742.3709; fax -1
BET32.1388
E-mand wddvess: wigansa ttwecu (R. Wignzas).

detector quality. Usually. a et 15 defined as the
collection of partcies that fall within a cone with
opcnag angle R cmermng trom the isteraction
vertex. Typical values of R, when exprevsed in
Wy of an omnenal 4.9 space
IR = \/Ap® - Ad). range from 03 to 0.7. If the
chasen R wvalue is large. the cone may be
coataminated with partcies tkat have aothing to
do with the fragmenzing object. of R is small. some
jet fragments may be located outside the cone.
Fluctuations in the jet energy contaned within the
Jet-defining cone form an ireducible component of
the jet cacrgy resolution.

At energics below 100 GeV, the contnibutions of
thig irreducible component are substanual and
practical experiments they are the main facior
limiting the jet cacrey resolution. Howeser, at
higher eperwes. jets become more and more
collimated and the effects of the jet algombhm oa

DLOAYGOLT2 S « see frome master & 2002 Published by Elsevier Saence B.Y.
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the energy resolution dimenish correspondingdy. In
Scction 2 of this paper. we investigate the epergy
dependence of these effects.

Onc of the problems in desigming calonmezer
systems for modern expermneents is the fact that the
requirements fur execlical caergy resolution for
single hadrons and jets are onthogonal to those for
hizh-resoiution clectromaegnetic (em) vaionmetry
{1]. High-resoluzon hudronic shower measure-
ments require compessating calonmeters. And
compensation (Le cqual calonmetsr response o
the em and aon-em components of hadroa
stowers, ¢t = 1.0) is only achicvad in sempling
calonimerers with a very small sampling fruction,
ez, 13% 1 lead plastc-scinnllator structuzes. On
the other hand, high-resolution em shower detec-
uon ryuirss an nsirument wilh g larve sempling
fraction. c.z.. IWU%, 1 enstals or > e in
detectors such s the NASS LKr calonmeter 2]

2 onder o solve this dilemma. 1t bas becn
proposad that one could signiteuatly unprose the
performaace of a poor-resolution dadroni calor-
meter ssstem by combuniny 1 tnformation Wit
that of un upitream tracker syseem. In this
approach. somctumes referred 0 a5 the Eneruy
Flow Method. the momenia of the charged )t
fragments mewsusad with hegh prevision by the
tracker serve us a first-oeder esumte of the jet
enerzy. Scoond-order corrections, intended  to
account tor the ecstral jet component, are dersved
from the cilonmcter signals. Of coursc. the
contributions of showerieg charped parecles to
the otlorimeter signals bave to be discounted
propezly for this mcthod to work. Mcthods of
this type have been sucvessfully used 1o imprave
the revoluton of jets from Z-decay at LEP [3]. In
Scction 3 of this paper. we investimie the
prospects of such methods at bigher encruies.
Concluding remarks are g@ven i Scction 4.

2 Effects of the jet algorithun

We have studied the effect of 2 jet-defining
alzonthm on the energy resolution for fragment-
g quarks with 2 Moawr Carlo program that
we devcioped for this purpose. This Moate
Carlo progrum is bused on a highly simplificd
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reproientation of the physicy processes taking
plice 1n practice. However, it does conuun the
essential clements necessury to evaluate the cnersy
depedence of  the  contnbutions  of  the
Jet algonthm to the resolution. In our program.
the fragmentation process s governed by 4
fragmentation fuection
(-2

Doz) =1 ~ |} e (h
w whahl Dot denotes the probadility that o jet
fragment carnes a [raction 2 of the energy of the
fragmeaniinz object [4). The parameter 2 can be
chosen as destred. It has deen demonsuatad tat a
fuaction of this 1y pe 2ves 4 reasonable desenptioa
of the fragmentation procssses measured at LEP
and at the Tesatron, for paremcter salues 1= 3
ard &, respecasely {3].

In our Muonte Carlo program. ket fragments are
goncratad with cacrgies tF,, wita the values of =
chisen from 2 dutridution representay Bgodli
Euch frazment s assigned 3 guass a3 charee and
1 ransvarse momettam p . Ten pereznt of the
parteks are asiemed 0 be kaons and npinet
perceat poas. One-third of the particks are
clectrically acutral, the rot ate chargad. The
ransverse momentum 0 chasen from an exponen-
wally fallng distnbunon with 4 mean value of
03 GeV e If the chosen parameters vwid an
uapaysical result. e.g.. if the chosen mass s larger
than the fragment's cncres zEx. or ¥ the
trapsversc momentum s larzer than the total
eomentum \;'(:E,:d" -nr, the fragment is dis-
cardad und 4 new vae 8 selactad. The sekeetion of
Jet fragments is continued unul the jet energy =
eweeded. Iz that case. the energy of the last
fragment is reduced s0 that the total enetey of all
fragments combinad equals the jet cacegy.

We ased this program to generate jots with fixed
encrinies, ranging from 10 ta 1000 GeV. For cach
cnergy. 10000 jets were yenerated for two different
values of the fraymentation function parameter:
=3 and 2 =6. Fisl. we show some gencral
resufts that give an impression of the chamcter-
isucs of the generated jets. Fig. 1 shows the encryy
distribution for the particics that constitute a
10U GeV pet. fragmenting according 1o 2=3 or
x=6. Iz Fix 2 the disuibution of the jet
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respoctivedy.

fragment multiplicity is given for 100 GeV ety and
the average meultipliaity is shown as a tuncuon of
the jet encrey i Fig. 3.

In spue of the tirge numbers of partcles
coastituting the s, oaly relatively few particles
contsibuste substantially to the total energy.
This s also shown in Fiz 3. Foi ciample, in
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Jetenergy (GeV)
Fig 1 The averups fragsent multploty ang the asefaue
au=ber of tragmants et o mimeully eenke W acSwnt ot
YO of the NS CRef3Y 1s 3 NI of the £t enerry, fOf 130
ditferzap v alues of ‘he (DURRALCOO WD LoD Pulaletsr 1

2=} piothe [0 mustl enenverse partxles carry
W™ of the total jet eneray. For 2 = 6 jeis, that
takes 13 paracles on average. Thes 15 true at all
cnergici. whach is o course a dirert conscyuence of
the very concept of a fragmentauon function that
depends only on =

We defined the cone parameter R that formed
the baus of the apphed jet alponizhm as

R= V"(Am’ —(Agr [al}

where A@ 2nd An denole the spread around the
pominal direction of the fragment:ng obpxcet in
the azimuthal and polar angles, respectively. The
fute of a jet fraygment was dacded on the basis of
the mtio of us transverse and loagitudinal
momenta, p. ;. If

arctan{p _ /pg) > R/2

then the fragment fell outside the cone. utherwise
i was constdered to contnbute  the measured
Jet charactenstis (cnergy. momentum. compost-
uon). We thus implicitly ignored the etfects of
an eventuzl mageetic ficld, which has the tendency
0 sweep solt chareed particiess out of the
cone. Therefore, the results 1o be presented arc
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somcwhat oo opumeic. especially for low jet
encrpies. At the high epcr@es which are the focus
ot our study. jet fragments that are susceptible to the
sweeping cffects of 2 magnetic bedd ceprosent only a
ssnall fraction of the totul jet encryy. The dflets of a
magretic eld are discussed in more detad] in the
coatext of the Erncryey Flow Mcthad, in Sevtion 3.3,

Fie. $ shows the average f{racton of the jet
cneryy that wis found to be contiined in a jet-
detiniag cooe. as a funcuoa of the jet encrry. We
usad two different cone swes R =03 and C.5,
respectively. We aibvwo wsed two fragmentation
functions which diTesed 1n the saluc for the
patimeters 2. as before: 2 = 3 acd 2 = 6 The error
bars on the daw puints in Fig 4 mdicite the
spread 1o the jet contaiament reselung from thas
depree of fremdom.

Thaowe data show what for jets of ahout 20 GeV,
on average sume M)¥a of twe coeryesy way carricd by
fragmeats that trasella? outside the conc. How-
cver. as the jet caergy increases. the containment
rapidly tmproves. For escreies abose 100 Geb',
typially kss thag 0%, of the encruy s unac-
counted for whea the chosen jet algorithms are
applicd.
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Fig 3 The averape finon of the ot energy coatuned m the
xt-defnmnz cone 4 a function of the xt energy. Rewadis are
gien far cones with R = (.3 umi R~ 5 The crrur bun
indicate the sprend in (5 resukts cawsed by the chace ot the
value of the (ragmentatiug funchon paraneter 3.
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The encergy resolution cuused by fuctugnvns
1n the energy curned by parncies wravelling autside
the cone 1s shown wn Fiz 3. For jet cnesgics
of 43 GeV, as found w the decay of Z' bosons
produced at the ¢™¢~ collder LEP. the coatnbu-
ton to the cacres resolution from jet algonithms
sch a3 thowe Jdiscussed here amounts o « 1P
Therefore, there was no compelling reason
o mswall detectors mecasunng hadrons with a
precision better than thut in the LEP experimeznts.
Howeser. as the encryy increases. the sitwanon
chappes. The jets become more and more colli-
matad and, as a resuit. Huctuatioans in the cnergy
contuned mside the jet-defiming cone are reduced.
For jets of 300 GeV and higher. the conuibution
of the xt algorithm to the jt eneryy resolution
15 of the order of 1%. smaller than the instru-
mental cnergy  resolution  schieved  with any
hadron calorimeter that has ever been tented.
Therefore, a high-resolution hadron calonimeter
wauld tn practice make a cructal dilterence for the
precision with which highenery jets can be
mmeasured.
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This is iBustrated in Fig. 6. which shows the
contribution from the “irreduecible™ fuctuations
for 1 cone with R = 0.3 ai a function of the jet
coergy. which s plottad here on a scale lincar in
E-*? {thc sobd cune). For compurison. the
measured hadronic energy resolutions are given
for two expentments at the futere LHC at CERN
(ATLAS [6] acd CMS {7 and for the SPACAL
calonimezer {8, which currentdy holds the world
record 1n terms of hadronie encrey resodution. The
latter caloameter would represent a signaicant
advanuage compared to the LHC ones) for the
detxction of xts with encrgies above 1W) GeV, but
at lower eneraies the uality of the measurements
15 domunatad by the jet algonthm,

It should be emphasized that in this analysis we
have deliberately wnored the etfeets of panilss
that do aot beloeg 1o the fragmenting object but
miznalc o the jet-detinmg cone. OF couric. thoe
clfecss tead to enend e imporame of the
coetnbut:ons of the jet algonthm to the ket encrgs
rewlution. They asc extremely dependeatt on the
type of experiment (¢c-¢~ or pp colhiders. hixed
tarect sxpenimantst aad also on facton suck as the
tumnosazy 2ad the kmemate region woder atudy.
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These undertying erens effects are largest in the
high-# cccions of high-luminosity pp collider
experniments, such as those planned for the future
LHC at CERN, where cvery interesting event :s
accompxuticd by ~ 23 ather events taking pluice i
the same bunch crossing On the other hand.
high-cnerey e¢“e¢” colleders disturbances of thes
type are axt very important. The conclusions
derned from Fig 6 are thus prioxanly valid for the
lazter type of experniments.

3. The encrgy flow method
3.1 The busic 1dez

[n the previous sevtion, we Bave shown dhat as
the high-cacrgy frontier of parucle phesaes s
paabed o Bigher and higher values. high-resolu-
uoa messurements of frugmenunyg hadronic con-
SUYERS stch as gquarks anu-Jqaarks. diquasks and
2laons beromes increasingly possible. siree the
boutazions imposed by et-definag afzontams
beeome ks of un wssue. Therefore. the mtniaswe
gudlities of the matrumens with whwet the jet
cnergics are berng measured become the determn-
iy factor in thes raspest.

The technigues that aave been used until pow w
calorimetry make high-resolution em and hadroe
shower detaction mutually exclusdve propositions
{i}. High-reolugon hadzonic shower mcasure-
mcats requtre compensating  calofimeters. And
compenxition (ie. equal calorimeter respoase (o
the em 2:nd non-em components of hadroe
showers. ¢/h = 1.0) is only achieved 1n ampling
calonmeters with 2 very small sampling fraction.
¢.2.. 2.3% in lead: plasnc-scintllator structuges. On
the other hand. high-resofution em shower detee-
uon reguires an instrument with a very Barge
sampling fraction. The ZEUS Coikboration
which currently operates the highestrevolution
hadron calorimeter in the world {9]. pavs a price
for that i the form of a rather mediocre
porfornunce for em shower detccton: o/E =
187/ E. Calormeters such as the ones that will
be uscd 3 the LHC cxperiments emphkasize
excedlent electromagnetic resolution. at the expense
of hadronw resolunon. as is tustraiad m Fig. 6.
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In future cxpenments. ¢.g.. at a proposed knear
c-c~ collider in the 6.5-1 TeV range. which was
recently definad a3 the most desirabke future
machine for partcle physics rescarch [10]. one will
wiant 1o be abke 1o mcasurc off coanstuuents of
matter with resofutions at the 1% level. The
question &5 how that can be achieved.

Onc of thc solutions pursucd in this context
involves the socalled Eneryy Flow Method (EFM).
in wheenn the mformation from the calorimeter
syitem 18 combined with that from aa upsweam
tracher system. The momenta of the charged jet
frugments. measured with high prevision by the
nuZnetic tracking system. senve as 2 fest-order
esumatc of ke jet energy. The calorimeter siznais
are used to obtiin secaond-oeder corrections 2o that
cnergy. usad by the neutral jet component s,
K"s and nacutroas). With methods of this 1ype.
several LEP etpenments improved the resolutaa
of xts from Z-decay from ~ 120 w0 ~9% We
aase studied the menits of sueeh methods. und i
partcular the energy dependence of these ments,
with the same Monte Carto program that was gsed
toinsestpate the contrbuions of et algonthms to
the ot cacrys resolunon (Scction 2).

32 No aulvrimeter
The Encrgy Flow Method expluits the fact that

the charzed tragmen:si of s can be measured
much more procsscely with a tracker thas with 2

Table t

calonmeter. However. the calonmeter information
is sl peeded 0 account for the contnbutions of
neutral particles. mainly s from £ decay, but also
K% and ccutroes. In the absence of calorimeter
wnformation, based on tracker mformation alonc.
the jet resolution would be determined by the
fluctuatons 1 the fraction of the total jet caetyry
that is carried by the charged fragments. Table |
ltsts these fluctuations for jet energics ranging from
10 GeVio 1 TeV, for umulated jets with 2 = 3 and
2 = 6, respectively.

The average cneryy carricd by the chargmd jet
frayments i o‘ of the )t cnerzy. Howeser, the
cvent-to-csent  Hucivatoes aze large. the dem
amounts o 30% of the average vaiue for 2 = 3
ket oand 3% for z = 6, calependent of the fer
exeryy. Onc may wonder why thoe Luctuatons
do not deeome smaler ot higher cazzgien. wisen
the fuc? that the awnber of jet fragments nCrcases.
The rmison for this s that the absened increase
@ muitiphkaty 25 uniguely caused by the addinon
of more auft particles. The bulk of the jet eacrey
18 nvanaply carned by a smail aumber of the
most cnergetie pastseles (of. Fig. 3). This means
that the fraction of the jet eacres carnied by
chargad mirtiiles s strongly depeadent on the
cxtent 0 whick those partciey partweepate
the “lasding™ componcent of the jet. Thercforc.
the esent-to-evant tlectuations in this fraction
are Large and do moz agmficantly improve with
cnery.

The weal socruy amed by the Shargad fiagoamis o€ ets and the ducttaziions .8 this eneniy e Ea) 378 bated 100 £t cncrpies
rangiay trocs 10 1000 GeV Rewults are gien Lo teo ditferant valizes of the frapmentutioe fusction paramefer @
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As an aside, we mention that the same thus
necessanly applics for the event-to-event fluctua-
tions in the fraction of dectromagnetically inter-
acung particles (mainly r”s). These Huctuanoas
arc responstble for the poor jet eecrgy reselution
of pon-compensating calorimeters. especially at
hizh cnergy [1] since the response of such
calorimeters iy usualiy consideradly larger for em
showers than for pon-cm ones.

In the absence of a clorimeter. oac should
therefore not expect o be able 0 measure jet
encryy resolutions better than 23-30%4 o the basis
of tracker :mnformation alone. vt uny energy. And
since the contnbutions of showersny charged
partxles to the culonmetar sugnals hase to be
discounted proper!y for the EFM to wark. the
Guality of the calorimeter wformation is in
pracuee mpociant.

3.3 Maupenic /'g.(d effects

The proconeats of this method ckum that the
K2y to s success m 2 Liacas-Colhder expeniment
Is determuned by the grunuleriy of the Jdetector. A
high granulaziuy would muke 1w possibic
recogmize and climunate a2ll contnbutioas of the
charzed particles to the overali calonmeter signal.
The remaimng calonmetsr signal couwld thea be
attnbuted 10 the neutral jet componeats [i ]

SMACAL R TV

[rergy: 8 03 Gov

Howevez. the question arises whether the jer
fragments. by the time they reach the froat face of
the calonmeter. are sufficienty separated from
cach other in order to individually recognize their
sbowers. The Literal development of the showers ts
governad by the Molicre radius () for the
Itagmeents that develop cm showers and by the
nuclear witcraction lenath {4a) for the fraygmicats
that Jevelop hadronx showers. If there 13 sig-
ntficant ovardap between the showers uutated by
the vadous fet {ragments. then cven the fnest
detector granclarity would not make it poastdle 10
dientangie tac different shower profiles.

The problem oac faces may be iilustrated with
Fue. 7. which shows an ecvent display of the
SPACAL valonmeter {12]. A dum of prons was
sent oato a thn target placed 1.3 moepstream of
the calontmeter. latzzacuag pioes were seiocted
and the rcaction products were revordad in the
calonmezer. SPACAL wai 1 fineyrained calori-
meter. the etfevtive fadias of cach readout cell was
0.1, (2.0pyg:. Readout cells of hadron wilori-
pters used 11 Most expenments are typxcaily
20-30) umes larger. Tie figure shows seserul
sdivdual reaction products that can be cheasly
destingensicd. However. there ts also considerable
overlap detween the showers mitiuted by thoe
parucles. Muaking the grunclany smaller would
o0l help to resolse the enerzy deposit pattern.

scale (cm?

0 0 40

&0 §0 {04

Fig. Y. A SPACAL evenr displiy of the mwctan procucts from 2 pron iMeration .0 43 upstress Lafoet. The samders deaute the

cuergy (18 Geb') doposxa in the iadvatud wloameter celhs (12).
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since the cell size is such that even clkectromagnetic
showers usually ended up sharing thewr cnergy
amony scveral oclls 1n thes detector.

The qusstion whether or not the jet {ragments
are suwiliciendy separated s maialy determined by
two factors:

(1) The distance berween tae wlorimeter’s front
face and the baam line. where the fragmenta-
uon taxes place. and

12) The streagth of the magnetic ficld that is used
1o separate the charged jet fragments rom
cach other.

In additon, the jet eneryy and the tape of xt
{tragmenting quark, dguark or guon) muy play 4
cole. We invest:gated this tsue for the proposed
TESLA exponiment [13], which s cquipeed with a
4 T magneue Geld. while the caloneter front face
1s located at g Jdistance of .63 m from the beum
line.

Accordizg to Fig. ). a parncle produced in the
fraemeatauon of a 100 GeV guark carnies typi-
cally 3 GeV 191° 5 of the energy s carnied by the v

most cnergetic partclesi. I this partcle i clew-
tnically charmed. it will destate from a strasght path
by 19 cm before reaching the TESLA calorimetss,
as a result of this magnetic ficdd. Thatis 3 times as
much 1s the greruge deviation from the jeg aus
resulnng trom the intrinsic transvierse momentum
of the yt fmgment

For the softer jot fragments. ke effect of the
magnetuc fickl, compared 1o tiat of the wntnesic
2. messases further. For example. o 3 GeV.e n~
trasciling :n 3 plane perpendiculur o the mameuc
icid will desiate by 65um from ni onginad
derection apon amval at the calonmeter’s front
face. 4 umes as much as the effect of the intnnsic
p_.oAxd plons with a momentum <2 GeV e wili
rot reach the calorimeter at afl,

Al exampic of an svent wnn which the LEFM
aueht work as anticipated s showa i Frg. 3. Thies
1s an cuent with 4 kadine = meson. The chargad
fragmesls are bent away by the magnene feld. 1o
sucht an extzat that thar showers do not witertere
with the imost encrzetxd poton oaes. Tie aincles
mdicate tac charactenst.e size of the snowess

100 v — —— T 0 ————— —
L T4 4 th
r "
50 F 10 too ;
I - )
E i e
c 0 P N ,f',"‘\'\_t o 1 47 g IX;
= "o N - 1
5 - R 8.6 GeV ™ 0 8\.\_ -
o L " : o8 jet aus
:5- L t a8 -~
= 0k -10 ..__/ 4
L 15
-0 . -0 : : .
-1C0 -50 0 50 -20 -10 0 H 20

¢ direction (cm)

Fig. 4 Frugmennaoon of 2 16 GeV quark et with 2 leading = in the calorimerer of the TESLA expenimens. The crcles adicate the
characienstic bueral dirensans of the shoners denvelepid by the fragmxents. and the aumbers reprecat the enerzes ot the fragmenis,
18 GeV. The poms (DD} cxemespuneds to the Erevran of the (imenting quirk. See tex Sor more detads
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munated by the jet fragments. ic. py for em
showers, A, for hadrone ones. We have assumed
4 calormmeter with the highest possible density, 1.c.
with the smailest possible values of pyg and 4, |
aed 10 om, respectively. The showers {rom ha-
dronic fragments are indicatad by open circles. the
clectromagneinc ones are represented by the
shudad ancles. The encrgies of the fragments (in
GV are indicated in the figure. Only particles
airryiag more than | GeV are shown i thes
Jdisplay. which covverns a jet at g = 0 (perpendi-
cular to the beam line). Quarks traselling wn other
directions will desciop pts Guat are somewhat
broader in the 7 direction. Fig 8b shows a close-
up of the central 40 « 40 cm® area surroundiey the
(0.U) potnt. which represents the jet axis.

Howesver, the problems wita thus metiod anse
for jets with encrucuc churqed et fragmacnts.
Compared 1o soft charged frugments, the ctfect
of the magnetic tiehd on these particles 18 smuall
and. thcrefore. thes center the caloameter 1a the
idfe regon where alvo the (s from) 2% depoait
most of ther encroy . Tac most encrgetic particle 1a
our 100 GeV quark jer casres. on dverage.
29 GeV. It at is charged. it rcackes the caloame-
ter's front face at a4 distanwe of 6 em from s
smight-hne-extrepoiated ony:nal momentum sez-
tor. The distance between the impact point and the
Jet axis i, on average. 7om,

F12. 9 shows 4 cxampicy of events which pose
scrious probiems for the EFM. In all cases. one or
severul energetic em showers fall within the region
covered by showers generated by clectrically
charged jet fragments. One might argue that the
longnudinal shower development of these o
types of jet fragments is very Jifferent and that onc
could use this information to disentangle the
energy deposut profiks. However, it is mportant
10 keep in mind that hadron showers typicatly
deposit one third to one half of their epergy m the
fiest nuclear interaction Sength, whech constitutes
usually the electromagrners: caloameter section of
the detector. [t s, therefore, very likely that it is
impossibie 10 disentangle the detector hit patterns
for cvents of this type into contributions from the
charged jet fragments and from the other compo-
nents. It should be emphasized that the depicted
events were not spociaily selected to illustraze this

151

115

point, 70%, of all high-energy jet cvents resemble
thase shown in Fig. 9. which were taken from the
sample of the first 10 cvents goneruted 11 our
Moate Carlo simulations.

3.4 Impurtunce of the culoruneter qualizy

For resons doeribed i the peevious subses-
non. the calonimeer system nceds other qualities
bovides a high granulanty. In parucular, it needs a
aued hadron cacryy revolet:on a order 10 measure
st enenmies with good precision. Tais reselution
will determune how well one can determine the
coetntbution of the previsely metsured churged jet
fragmeats 10 the fond calonmetsr signal aad.
theretore. the pracssion of the ncutrul encrey
obtateed aftar subtructing this contz:bution.

341 Munse Curle sinodations

Iz ordar to quanufy the apove statements. we
have studied thc ments of the EFM for a
calonmeter sy stem with a4 hadronie eneryy resolu-
woa a £ = 70% v E =3 and an e ’h valuc of
1.3, These puramcters are typical for the cilon-
mcers that were usad tn the LEP axpenimaznts. The
Jet resolution that could be expected on the bass
of the Enerzv Flow Method appled to such a
calosumeter system was evaleated in the followiag
Wy,

We disungussh three types of jet fragments:

(3) Parneles that develop em showers in the
calorimeter (maialy vs from 2° decay)

(b} Soft hadroas that do not intesfere with the
calonmetric jet measurements as a result of
the magnetic fickd. This field cither prevents
them trom rcaching the calonmeter at all or
bemds them to such an extent weat they ead up
outside the jet-defining cone.

(<)} Hadroas that do conuibute to the calon-
metrke jet signals.

If the jet consisted only of particles ol types (a)
and (b). then the EFM would be a perfect taol
determine its energy. [t would be no problem at all
to get sub-1"h cncrgv tesolutions for jets with
enermes in excass of 100 GeV. However, the
coatnibutions of these particles to a realistic jet
resolution may, for all practical purposss. be
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detals

considered  negligrble. This resolution will be
completely Jdetermined by the particles of type (¢}
and, more in particular. by the fluctuations in the
sienals they generate in the calarimeter. Therefore,
in our Monte Carlo simulations. we determined
the “EEFM™ signal for a given jet by smearing the
cnergies from the fragments of type (¢) with the
hadronie calonmeter msolution and adding o
these the exact energies of the particles of type {a)
and (b).

Jet fragments were sebected as before according
10 2 fragmentation {unction of type (l). The
distinction between hadrans of types {b) and (¢)
was made o the bass of the momentum of the

partickew. Usually, we considered hadrons with
momenta < | GeV/¢ particles of type (b) and the
rest particles of type (). but we also vaned this
threshold to study i1s effect. For cach hadroe of
type (¢). we drew a random entry (E,) trom &
Gaussian distribution with a central valuc gven by
the frugment’s energy (£.) and a width given by
the resolucon function. e.g.. @ =27 GeV for a
10 GeV hadronic fragment. Then. the cortnbution
of this frugment to the calorimeter signal was
deternminad taking iat account the effect of the
e/h valee. The em shower fraction was taken 1o be
Sow = | = E;"'* and the sigmal was caleulated as
S, = Eoilfg = = fu)r e} {1} Tac total "EFM™
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signal was found by summiay oser all fragreents.
as foflow s

S = N EL-E -

i~

13)

Examples of the resulung stenal dstnbations ace
shown @ Fig. 0. For 2 = 6 |eis, the rawolution wis
found to be 93" at UG GeV and 6.6% at
360 GeV. Compurad to the resolution that may
be expexted (rom the calanmeter system aloze. this
represents 3 rehative wmprosemen: of 237 and
19%5. respectively.

We hase studied the cffects of the EFM over a
wids range of coergies. We also vaned the
parametcr that defines the jet tipe (2). a3 well as
the momentum threshold for the distinction
between hadroas of types ¢b) and (<) ipa:). The
results are summanzed in Figs. 1] and 12,

Fig. 11 shows the calonmetric jet resolution of
the generic LEP detextoce (the dasbed line). as well
as the jct rosoluzion one might expect when
applving the EFM to jets mecasured with this
detectar, assuming the momenta of the churgad jot
fragment are precisely known. The results are
shown as a function of the jot cacrgy. At low
cnergies. the EFM is seen to improve tac jet
resolution by ~ 337, As the encruy increases. the
relative mmprovement slowly devreasas, w ~ 18%%
at 16GO GeV. The main reason for this is the fct
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that the jets become increasingly collimated at
hegher encrges. the stow hadronic fragments that
are swept away by the magnetic field represent o
decreasing {raction of the jet energy. This may
also be ulustrazed by thc fuct that the relative
resolution mmprovement achicved with the EFM
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acreasad with the momenuum threshold .. and
with the valuc of 1 12 = 6 je1s conzaia mare sott
parixcics than 2 =3 oncs). The error bars
Fig 1] indicate the ofTeot of the choiee of the 2
parameter on the tesuits. and py. was 1 GeVica
those :muistions.

Fi2. 12 shows how the umprovemeet of the
energy resolution that can be achicvad with 2
tracher that measurcs the momeata of the charged
et fragmenzs depends on the various puarameters
uscd in the simulations. This improvement clearly
benefits from a stroager magnetic fickd, which is
cyuivalent o a2 lurger walue of py. (Fig 12u).
The berefits of the EFM also have a tendency o
Jdecrease whea a betier calonmeter system & used.
We concluded this from simulations. in which we
replaced the calonmeter by onc with a hadronic
reolution of 439/ E =30 and e/h= L3
On the other hand. thcy increasc whea a more
mnferior calonmeter system & used. We checked
that by simulating a calonimeter with 2 hadroaic
rsolution of 10U, E - 8% and e/ =20
These tendencies can be understood by considering
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the extremic cases: For a perfet calofimetes.
there is notiunyg left for a rackzr to unprove upon.
whtle for no ¢alomumeter at ali, the tracker sl
@ves a 30%, resolution tor the jets (Section 3.2).
However, as can be seen from Fig. 125, for the
three systems we simulated the difTesences are
relatively amall.

342 Expermmental duta

In order not 10 rely exclusiveiv on Monte Carlo
symulations. we also analyzed some testbeam data
taken with the CDF Plug Upgrade calonmeter
[14]. This calonmeter consists of two sections.
which we will label EM and HAD. We used these
datz to build “tibranies”™ of jet siymal distributsons
for jets of a variety of enerey. raagns from 30—
1000 GeV. This was doac as tollows [13].

Jet fragments were aclected as before according
1 3 fragmentation fupction of type (1) with 2 = 6,
which = tavored by the CDF daw. For cach jet
fragment. we used the measured signal distnbution
for testheam pions or electrons of the nearest
eneryy in order to determine what the culorumeter
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sigr! would have been had that fragment actuaily
depositad its cnergy in the calorimeter.

For cuch jet fragment { with encrey £, we
randomly pulled an EM signal, *, asd a HAD
signal. ™ from the corresponding signal dis-
tributions for a testbcum run of dlectrons (if the
fragment was ceutral) or pions (if the fragment
wai chargai) whose eneryy was closest o the
cneregy camricd by the jet fragment. For stance.
for 2 10 GeV charged et fragment, we usad the
experimental signaid distributions for az 3.6 GeV
piva tostbeam run for that purpose. This jet
fragment was then atinbuted an EM sbonal ™ =
(108617 and a HAD siynal $™¢ = ({0 8.0p™,
rospectancly. For a 10 GeV oneutsal fragment, the
same procedure wouid be tollowed, but the signals
would be ken from an cleviron run rather thas o
pion run. Charged badsons with energies below
2 GeV wer: assemad not o reach thc calorimeter
and. therefore. they did not conintbute to the
calorinweter signals.

The desenbed process was repeated for cach
of the n fragments that made up the jet of
encrgy £.. The cncrgy the calonimeter would
kave recomstructed for thisy particuler gt then s
simply

R

Sa=Y 12—~

A B | t4)

where 4 and B denote the calibratzon constants
used 1o consert the signals tzom the EM and HAD
calorimeter sections nto energics. Such S slgnal
libruries were penerated for ezch of the chosen jet
cnergies.

For 1 @ven jet of a certun fixed encrgy. e,
168 GeV, the experimental pton segnal distribu-
tlons were wsed o determine the cualorimeter
sienaly S and Sk {in the EM and HAD
sections) for individua! charged jet fragments [,
following the sume procadure. These siynals wese
also converted 1nto encrey units using the cakbra-
tuon constants A and B. The total calorimeter
signal from tiic m charged components of 1 given
100 GeV jet was thus found as

r Al
oI Y S
B = 1= g

and the calorimcter synal (or rather its energy
cquivalent) representing the ncutrzl jxt compo-
nents of our 100 GeV jet (£,,,) was found by
subtracting E ... from the asernge value of the
S distribution for 100 GeV jges. Finally. the
energy found with the EFM for this particular jet
was cakulated as

Egen = S E - E .. )

=i

whore £, 1= 1.2, ....m) represent the exans ea-
ermes of the chosea cfurged jet fragments iclading
the soft oncs swept away by the mugrete deld,

The refative offect of the EFM on the jot encrey
rooletn was Jeiermmiad by comgainng  the
fractional widths of the S, and Egpy distithunions.
The improvement of the jet encrgy resoluton foend
thus was s includad i g 125, The datd azrec well
wizh the resuits of our samudations foe o celonmeter
systen with the properties of the CDY one.

Bota our simulations aad the experimental dows
ihow that the EFM decs offer a beacficial effect.
Howeser, thus effect should pot be exaggerated.
The improsament 1w the cnergy resolution o
upically 30%,. Poor calonmeter systems benefit
awore than good calorimeter systems. and a straag
magnctic ficld also helps It s mportaat o adic
that the EFM does not work as well at high
cuernes as ai low cacrgies. Taerefore. the %
mproverzat m the muss resoluton abtaned for
hadronically devzying Z°: at LEP is probubly an
upper limit for what may be expacted from thes
te- fitique at a high-energy Lincar-Collider expen-
ment. At high eneroies. the hadronic calonmeter
resolution is dominated by Huctuatsoas that result
from the difTerent calorimeter response to em and
non-cm cnergy Jeposit. These luctuations are got
addressed. nor cured by the EFM.

For comparison, we show in Fig. Il the j
resofution measurcd with the SPACAL alon-
mxter {K]. Thanks to the compensating character of
this device, the jo2 resolution scabes very weil with
E-V'2, This feature. combined with the dsminishing
resolution mprosement achicved with the EFM at
higly encrgics. is responsible for the much better
performance that may be expected in the high-
cnergy revion.
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4. Concimions

In this paper. we huve studied some of the
factors that lkmut the precision with which the
eneray of fragmenting quarks may be measured.
We found that at energies below ~ 100 GeV, a
dorunating roke is played by the algorithm that s
usad to identify the components of the frngment-
g quirk (the jet algorithm). However, at higher
cnerges. the jets ere increasinagdy collimatad and
the prevision with which the quark’s propetues
oy be messured 18 increasingly dominatad by the
qualty of the expennmental cquipment.

We have shown that the so-called Encrgy Fluw
Method. in which the momenta of the charged
fragments form the basis of the xt cnergy
measurement, provides a modest improvemment of
the resaiution that can be ohtamed with stapd-
alone calorimeter systems. Tae relative umprose-
meat 15 about 30% for jets from Jdecayving W.Z
bosons and decreases at higher cnergiss. Clums
that much hetter rosaults may be achieved for
Rughly granular calonmeter sysiems. i whoeh the
showers gencratexd by the individual jet fragments
may be recognized and separated from cach other
are unsubstuntiated. We have showa that for most
of the showers ia pracucal detectors. the overlap
between the shower profiles rather than the
detector granulanty s the fuctor that limis the
beneiits of this method.

A better soluton for high-precision measure-
ments of frugmenting Yuarks is a high-resolution
cilorimeter system. Traditional compeasating ca-
lorimeters, which alfow for high-resolution jet
mcasurements, are kmrtad in their clectromagnetic
resolution. An optimal solution might be a8 dual-
readout calorimeter {16} in which the em shawer
fraction ts mcasurcd cvent-by-cvent and which
does not require the small sampling fraction
acaded for compensating devices.
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