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The proposed International Linear Collider (ILC) requires a datedath superior
jet energy resolution of 30%E or better near the Z-pole region (91GeV). The
Calorimeter for the Linear Collider Collaboration (CALICE)dsveloping and testing
prototype detectors with this goal in mind. One major limitation daatier resolution is
the size of the hadron calorimeter contained within a magneiticT®o compensate for
“thin” calorimeters that cannot contain the highest energy g@rshowers, the Tail
Catcher/Muon Tracker (TCMT) has been designed to include calocngtctions and
higher granularity than existing muon tracking systems. The ppeotesign also
provided an opportunity to simulate the impact of a magnetic coil orgyemesolution
and to study the use of silicon photomultipliers (SiPMs) in particle detectors

This analysis shows that a TCMT six interaction lengths deepiognieakage
and improves energy resolution when added to the CALICE electrmtiagand
hadronic calorimeters. The effect of the TCMT both with and withoabihis more
significant as energy increases. The addition of all sixtegers of the TCMT to a 3.5
interaction length thick calorimeter improves pion resolution by 9a8%0 GeV and

10.8% at 80 GeV. For a 5.5 interaction length thick calorimeteersysypical of those



under consideration for ILC detectors, the addition of TCMT lagétes a coil of 1.8
interaction lengths improves energy resolution of 20 GeV pions bwardddor 80 GeV

pions by 2%.
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CHAPTER 1

INTRODUCTION

High-energy physics involves the basic building blocks of the wsgvand the
forces by which they interact. Our collective understandingefparticles of matter and
the fundamental forces is referred to as the Standard ModeldSbdAyticle physics. The
particles of matter are either quarks or leptons. The quarks are tometder in groups
of three to form composite particles called baryons such agdblenp and neutrons that
make up the nuclei of atoms, or into pairs to form mesons, such asagpidnsaons.
Leptons, unlike quarks do not bind together. The leptons include eleatranss, taus
and the neutrinos.

Quarks and leptons occur in three families. Each family has & doablet with
a +2/3 charged quark and a -1/3 charged quark and a lepton doublet Witharged
member like the electron and a neutral member called a neufieo property that
distinguishes one quark from its doublet partner is called its flavor.

The first family has the lowest overall mass and is tleeethe most stable of
particles. The up (u) and down (d) quarks form the quark doublet iirgshé&amnily. The
proton is a composite of uud quarks and the neutron a composite of udd quarks. The

electron and the electron neutrino form the lepton doublet of thddrsly. The other
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two families are more massive and unstable and ultimately detaynembers of the
first family.

The second family consists of the charm (c) quark, with a +2/3el{hke the u
quark), the strange (s) quark, with a -1/3 charge (like the k)gubae muon (with a -1
electric charge like the electron) and the muon neutrino. The tmmtlyfaonsists of the
top quark (t), the bottom quark (b), the tau lepton and the tau neutrino.

For each quark and lepton there is an anti-particle with thee saass but
opposite properties. Anti-particles are usually named simply bingutnti-“ before the
species name, like anti-quark, or anti-up. The anti-electron is also caltesitran.

Each particle interacts with others through the exchange of faoging
particles that are associated with each of the fundamentastorhe charged particles
interact via the electromagnetic force through the exchange adrhofhe charges are
either positive, + , or negative, - , with opposite charges béiregtive and like charges
being repulsive. The weak nuclear force is carried B\WW and Z gauge bosons. The
W" and W change the flavor of the interacting particles as well as momentum.

Quarks possess an attribute called “color” that charactermesttong force.
Color is akin to electric charge except that there are ttulees instead of the two kinds
of electric charge: positive and negative. Where positive and negdéiglic charges
form electrically neutral systems when paired, colored pestiédbrm color neutral
composites when in groups of two or three. The term color arisesdnahogy with
optics where three primary colors, red, green and blue, form the coldralne

combination white. Anti-quarks posses a similar color triplet tttenacombined is also



3
color neutral. A quark possessing a color can also pair up wahtaquark with its anti-
color also forming a color neutral combination called a meson asithe pion or kaon.
The strong force is carried by gluons which is a mixed stat®lor and anti-color. The
strong force binds quarks into baryons or mesons. Fig 1.1 [1] graplsaafijarizes the

particles of the standard model.

Elementary
Particles

emguic|t *
:'E up charm top E
g, .d s|b 1 g t
B down | strangel battom | g
0 Ve lVul V2
e !;l. @
= electron§ muon tau 0
E e neutringd neutring i neutring E
aMel|lu|T S
| glectron§ muon tau

I Il 1]
Three Families of Matter

Figure 1.1: Particles of the standard model.

Two of the main goals of particle physics are to discovethall fundamental
particles and to unify the fundamental forces. The electromagfewtie and weak

nuclear force have been successfully unified as the electroingadaction with the
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photon, W, W, and 2 bosons as the carries of the interaction. The photon is massless
and therefore gives the electromagnetic interaction infiaitge. The other gauge bosons
are massive and it is this mass that limits the rangeamskes the apparent weakness of
the interaction. The acquiring of mass by the electroweak dangpns is referred to as
spontaneous symmetry breaking and is believed to be caused byr dietdhealled the
Higgs field. Interactions with the Higgs field give gauge bosons @ossibly other
particles the fundamental property of mass [2]. The quantum ofitgs Held is called

the Higgs boson. The quest to discover the Higgs boson and study itsipsopastbeen

a major driver in the design of machines and experiments in the field.

To study these subatomic particles, high-energy machinded calarticle
accelerators are used to accelerate beams of protons ooredeghd their anti-particles,
common, stable particles that make up ordinary matter, to very heglgies. Beams can
be directed to a fixed target, to form a beam of secondatigzlpg, like neutrinos, or for
testing purposes, or are made to collide with a second beam ricaweliopposite
directions. Large detectors use a variety of different techniguesidy the products of
these collisions, some of which may be exotic new particles.

To further our understanding of the SM and the Higgs boson and to explore
beyond the standard model, larger, more powerful and more precise maahenes
required. Currently, the Tevatron at Fermi National Accelellzaboratory (Fermilab) in
Batavia, lllinois, and the Large Hadron Collider (LHC) at thedpean Organization for
Nuclear Research (CERN) in Geneva, Switzerland, are thepuoagtrful accelerators in

the world. The Tevatron collides protons with anti-protons. The LHIides protons
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with protons. Since both machines use protons or anti-protons, which are made of
quarks, the left over partons not involved in the hard collisions alssteegn the
detectors. Partons can be quarks or gluons. The LHC also hasahigjbn rate which
creates “noisy” events. An additional disadvantage at the LHRatsthe initial state is
poorly defined. The collision could be between quarks, between quarks and gluons,
between gluons.

A linear electron collider has been proposed as the next genecallider
beyond the LHC. The linear collider would use electrons and awctr@hs or positrons
(Fig 1.2), both, to the best of our knowledge, structureless parfigje3hough the
International Linear Collider (ILC) would operate at lower gies than the LHC it
would be capable of comparable performance because the eleamtrr®ositrons are
fundamental particles and all of their energy would be convertéaeineaction to new
states of matter. The LHC, in contrast, uses protons, which, beingosde particles
bestow only approximately 10% of their energy to interacting constituitise ILC the
initial state would also be clearly defined: a collision betweerelectron and positron.
The rate is designed to be lower and the final states do not hamartepartons. High
precision physics is therefore possible. Fig 1.3 compares seduéatents in an LHC
detector and in an ILC detector. [4] Both events contain a Higgs basdhe ILHC
example on the left, the only part of the signal due to the Hgygse two small jets of
particles (in red and pointed to by black arrows in the figure)rabieis “noise” due to
other particles in the event and remnant partons. In the ILC egatma quark jets are

easy to separate and measure and two other tracks are due to Z boson decays into leptons.



Positron source Detectors Electron source
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Main Linac Damping Rings Main Linac

Figure 1.2: International Linear Collider (ILC) diagram.

S -

| Higas , the rest is "noi

Figure 1.3: Comparison of LHC and ILC events in simulated detectors.
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General purpose collider detectors have a nested design with bemuh
different components each with a specialized function. They typiballe a cylindrical
structure surrounding the interaction point. Closest to the beam pipe where thencollis
occurs is the tracker which measures the trajectory and mometcimarged particles.
An electromagnetic coil surrounding the tracker generates a tafekl in the tracker
that bends the path of charged patrticles. The direction of thie determines the sign of
the particle charge and the magnitude of the curve helps detertmengoatticle
momentum. Outside of the tracker (and typically outside of the) aoé the
electromagnetic and hadronic calorimeters (which measurengrgye of the product
particles of the particle collision) which, in turn, are surroundedhbmyuon tracking
system at the largest distance from the interaction regions.

The designs for the ILC detectors feature calorimeters inieecoil so that
momentum information can be extracted from tracks inside tloeirogter. Ideally, for
optimal tracking and energy resolution, the calorimeter and cmildvbe as large as
possible. However, cost and engineering considerations put strong grhctits on the
size of the hadronic calorimeter. Practical calorimetegstian enough such that some
particle energy, the tail of the energy distribution, escapestitat. The SID calorimeter
design has a combined calorimeter thickness ok $5%. In comparison, the more
traditional designs of the CDF and DO detectors at Fermilak balorimeters in the
range of 7 to 10 thick [6]. A way to compensate for this is to add “tail-catghin
calorimetric capabilities to the standard muon tracking systencehe tail catcher/muon

tracker.
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The Calorimeter for the Linear Collider (CALICE) [7] cditration has
developed a prototype detector for the ILC featuring three componamts,
electromagnetic calorimeter (ECAL), a hadron calorimefdCAL), and a Tail
Catcher/Muon Tracker (TCMT) to study new technologies and techniguesred to
optimize the performance of detectors for the linear collitlee. Northern lllinois Center
for Accelerator and Detector Development (NICADD), with suppartmfrDeutsches
Elektronen-Synchrotron (DESY) and Fermilab, is responsible fopritetype CALICE
TCMT.

Particles entering the calorimeters interact with absoneterial and generate
showers of secondary particles. These secondary particles ggnals in the active
layers and produce their own secondary particles in the absorbemagmetude of the
signal in all the active layers is combined and used to recohshe original particle’s
energy. As the shower penetrates deeper in the calorimeter systenetgysi®available
to generate secondary particles and eventually the showargelyl absorbed in the
detector.

Like the calorimeters, the TCMT consists of alternatingeia of absorber and
active layers. In the case of the TCMT the absorbers areastéghe active layers are
extruded plastic scintillator with wavelength shifting fibersediing light generated by
the passage of charged particles to silicon photomultipliePM)5iMost of the particle
energy is absorbed by the ECAL and HCAL subsystems; howeveajl'adt shower
particles and muons can make it into the TCMT. There they interdcstrips of plastic

scintillator producing photons of light. In each strip, the photons arectedl by an
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optical fiber that directs the light to a SiPM, a small detheesize of a pencil eraser that
converts that light into an electrical signal that can beidegltand fed into a computer.
The SiPMs, due to their small size, low power requirements amdimity to magnetic
fields, can replace much larger photomultiplier tubes that have bseth in other
detectors [8]. These are novel devices and prior to the CALICHt effot tested in a
large scale calorimeter prototype. The energy measured iacthve TCMT layers can
then be added to the energy measured in the HCAL to find thiel@artotal energy.
Muons have a lower energy loss rate and tend to pass all the way through the wakrime
and into the TCMT. The muon tracking data is collected in the TCWI @n be
combined with data from the HCAL and ECAL in the complete analysis of the event.

The first of the active TCMT layers was produced in 2005 anedest the
electron test beam at DESY in Hamburg Germany. The sayee \eas tested at the
Meson Test Beam Facility at Fermilab in February 2006. Throud@fif, a calibration
system was developed and sixteen layers were assembled,aedtcalibrated. Data was
taken with the full TCMT at the CERN test beam in the summer and fall of 2006.

This dissertation discusses the design and calibration of the TCMT and sioélysi
test beam data to study the effects of various configuratiorieeof CMT on single
particle energy resolution. The analysis of TCMT test bearm dahecessary to help
evaluate new detector designs that are needed to develop an thforopesal for the
future ILC detector. New technology used in the TCMT suclha$StPMs and extruded

scintillator also have applications in other branches of science and medicine.



CHAPTER 2

CALORIMETRY

Large detectors for particle colliders have a number of conmp®eptimized for
specific tasks that together enable the collection of dataedetdreconstruct particle
interactions or “events”. A tracker placed close to the bpg® and therefore close to
the interaction point tracks the path of charged particles emgefigpm the interaction.
The magnetic field generated by a magnetic coil bends the ptbharged particles.
Tracing the direction of the curve in the track allows one to mhé&terthe charge of the
particle, and the degree of curvature determines the momentthne pfrticle. Outside
the tracker is the calorimeter.

Calorimeters, which typically include electromagneticCME) and hadronic
calorimeters (HCAL), measure the total energy of thegbest produced in the reaction.
Nearly all of the particle energy is absorbed in the caloemdhcoming particles
interact with matter in a variety of ways and most of threeehanisms create secondary
particles which are often of high enough energy to producertepiaticles of lower and
lower energy until they reach a low energy cut off. This testicascade is called a
“shower.”

A sampling calorimeter consists of layers of absorber mhtréh as steel that

separate active layers of detector such as scintillatoractimee layer is connected to a
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photo-detector such as a photo-multiplier tube or the SiPM used @AIDKCE hadronic
calorimeter and TCMT. As the particle passes through the abdayees, eventually all
of the particle’s energy is absorbed and the particle is “stippethe detector. A
detector that absorbs all the particles in a shower is called hermetic.

An ECAL is designed to measure and contain showers edtiay particles that
interact electromagnetically such as photons and electrongyyHonss by photons at low
energy is due mostly to ionization with some Compton scatteriaglelgh scattering,
and photo nuclear absorption. At high energy it is due to mostly toppadluction in
which the photon interacts with a nucleus to form an electron — positiroizpargy loss
by electrons at low energy is also due to ionization and at higigye by bremsstrahlung
[9]. The amount of matter traversed by a particle before ictiatpis given in radiation
lengths, %, with units g/ch. An ECAL is typically designed to have a thickness of
about 24 radiation lengths, which fully contains the electromageetigponent of a
shower.

A HCAL is designed to measure the hadronic component of a jdtokkm are
particles which interact strongly with the nuclei of atoms he &bsorber. Hadrons
include baryons, like protons and neutrons, and mesons, like pions. The cledgeth
are detected in the tracker and leave energy in the ECAlekhsas the HCAL but the
uncharged hadrons like neutral pions, neutrons and neutral kaons arelyiiie@dcted
in the HCAL. The thickness of a hadronic calorimeter can bedstatterms of nuclear

interaction lengths\in. The nuclear interaction length is the average distance a high-
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energy hadron must travel inside a medium before nuclear intgramticurs [10]. A
typical hadronic calorimeter is five or more interaction lengths in depth.

No calorimeter is perfectly hermetic, so some shower enkais out. The
design of detectors requires engineering tradeoffs thampt to achieve a balance
between performance and cost. To improve performance it igablesito place the
calorimeter inside the unsampled material of the magnetic ldowever this would
result in a large, expensive magnet. Alternately the trackystem and the coil could be
entirely inside the calorimeter which results in poorer peréorce as the material in the
coil absorbs some of the shower energy and increases calorocostalue to size. As a
result there are cost and performance tradeoffs between tiierpasd size of the coil
and calorimeter.

Outside of the calorimeter and coil, a muon system tracks muongstaall of
which penetrate the calorimeter. Muons are very similar tdrefexexcept that they are
200 times more massive. This greater mass leads to a lnamhesy rate that is much
lower than electrons. lonization is, therefore, the primary mismauons to lose energy
if their energy is less than 50 GeV. The muon tracking dallacted can be combined
with data from the inner tracker and the calorimeter to complete the arailgsi®vent.

The Silicon Detector for the ILC (SiD) [11] design proposal sstgyea
calorimeter around 5.5 interaction lengths thick. Monte Carlo sirongghow that this
is too thin to contain many showers so further sampling beyondthis mecessary to

achieve good particle energy resolution. A logical step would beddtb sampling
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capabilities to the muon system which is placed outside the cos. i$hone of the
primary motivations for a TCMT.

Considering the CALICE prototype detector, the TCMT completesahgling
of particle showers and is also the muon tracking system. hi&kéHCAL, the TCMT
consists of layers of steel absorber that separate actees|af extruded plastic
scintillator with wavelength shifting fibers directing theet#ed light to SiPMs. Most of
the particles are absorbed by the ECAL and HCAL subsystems:tdiligparticles and
muons that make it into the TCMT interact with strips of plastiatillator producing a
small amount of light. The energy measured in the TCMT laggarghen be added to the
energy measured in the ECAL and HCAL to estimate the total particlgyener

An important figure of merit of a detector is energyoheon, Ees the relative
precision of the energy measurement:

Eres = 6/Etotal
where Eya is the mean response of the calorimeter @nithe standard deviation of the
response. The resolution is due to a combination of several effecth wan be

parameterized in the following way:

where N is a “noise” term due mostly to electronics, S istachastic” term due to
statistics-related shower fluctuations, photoelectron (PE}ttati dead material in front

of the calorimeter, and sampling fluctuations [12], and C is a “cotistarm due to
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detector non-uniformity, calibration uncertainty and leakage. Thénastic and noise
terms are uncorrelated [13].

Partons (quarks or gluons) emanating from an interaction typicadigifest
themselves as “jets” of particles primarily composed of meaodsother hadrons. The

energy of the jet is assigned to the parton. Jet energy resolution is apprd>asiate

E

where E is the energy of the dijet system. This is also equivalerthé dijet mass
resolution:

o(M) o«

M Ej;

An expected Higgs production channel at the ILC would&e® Z* > ZH. The
Z (as well as the H) can decay into a lepton / anti-leptonoparquark / anti-quark pair.
The quark / anti-quark pair is detected as jets. W and Z bosestediby other processes
can also decay into jet & qq — 2 jets and W — qq — 2 jets). Since W and Z
bosons are similar in mass the ILC detector must have suffjeeahergy resolution to
readily distinguish between W and Z decays. This can be der#if ~ I,,; ~ 2 GeV,
the natural decay width for the Z and W decays. For the W boson débagt mass of
~80GeV the required dijet mass resolution is approximately 0.G#7a ket in the 100

GeV range:
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o(M) 2GeV 0.027 — a a
M~ 80GeV JE; V100 GeV'

This leads to am = 0.027+/100 = 0.27. For a 200 GeV jetr = 0.38. A reasonable

target is:

E)
==~ 30%//E(GeV).

This resolution goal is a factor of two better than existingroakters which have a
value of a between 60% and 80%. Fig. 2.1 [14] shows the relative improvement in
separation of Z and W patrticle di-jet masses for 60% and &3&ution. At 30%, the
case with superior resolution, it is easier to separate Z apdrii¢le decays which have
energies of 91 GeV and 80 GeV respectively.

In an attempt to improve calorimeter resolution, PartictevFAlgorithms (PFA)
have been proposed. In a jet, approximately 60% of the eneigyclsarged hadrons,
30% in photons and 10% in neutral hadrons. In the past, all the jet eressggeasured
simply with calorimetry with approximately 70% of the energgasured in the HCAL
which has the poorest resolution. With PFA algorithms the entirectdetes used to
measure jet energy by reconstructing all visible particteshe event with each
component (tracker, ECAL, and HCAL) used to measure what it can measure best.

The tracker, with traditionally excellent momentum resolutionised to measure
the energy of charged patrticles. The ECAL is used to medsienergy of photons. The

HCAL is used for measuring the energy of only neutral hadrongnptement PFA the
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showers in the HCAL from charged particles have to be idehtéred subtracted from
the total leaving only the showers from neutrals measured in tid¢ Hdlgh granularity
is required to give the HCAL the ability to identify individual particle ksac

Confusion on hits assignment stems from three main sources. Thes fire
failure to resolve photons in the ECAL if the photon shower can notpgagaged from an
additional track. The second comes from the failure to resolve heatteons because
those hits are incorrectly assigned to the shower of a chaegidn. The third comes
from the incorrect assignment of hits in the fragment of a shower of a dHaadeon to a
neutral hadron. High granularity in both the ECAL and HCAL is necessarygoduice
these effects. A TCMT will also permit full sampling of the neutral hadrons.

PFA requires extensive offline analysis and the algorithmsnadevelopment.
The offline algorithm must be integrated into the detectogdestandora PFA, currently
one of the most advanced algorithms, can achiele< 3.8% for jets of 40 — 400 GeV

[15] meeting the 30% goal.
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Figure 2.1: Relative improvement in separation of Z and W di-jasses for jet
resolution of 60% (top) and 30% (bottom).



CHAPTER 3

THE TAIL CATCHER/ MUON TRACKER

3.1 Introduction

The CALICE collaboration has developed a prototype detectorthiorILC
featuring three components, an electromagnetic calorimet&ALJE a hadron
calorimeter (HCAL), and a Tail Catcher/Muon Tracker (TCMB) shown in Fig. 3.1.
The beam arrives from the lower left corner of the figur&isty the small square ECAL
with the black forward surface and silver/gray sides. The ECAhsures the energy of
particles that interact electromagnetically. Behind the E@Athe cubic meter HCAL
covered with black cables in the photo. The HCAL measures the eviepgyticles that
interact via the strong force. Behind the HCAL in the upper cgaterof the photo is the
TCMT in blue with an orange frame. Data acquisition readoutrelgics are contained
in the silver/white equipment racks in the lower center part of the photograph.

The CALICE Tail Catcher/Muon Tracker serves as a prototjyfe muon
detector using SiPMs and offers an opportunity to study and cdorelgakage in the
case of thin hadronic calorimetry. These studies require tesh lu@ta to study the

hadronic shower structure and validate available simulations, undesstdradidress the
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impact of a magnetic coil between the HCAL and TCMihderstand the TCMT in tt

PFA framework, and achieve good muon identificatigtin acceptable fake rat

Figure3.1: CALICEdetectors at CERN test beam 2006

3.2 Design Motivations

The TCMT must be of sufficie depth to contain hadronic showers and vali
Monte Calos for PFA studiesGEANT4 smulations using the SiD ECAL arHCAL
design were used to select some of the design ptea including the thickness an

width of the strips, number of active layers, ahd thickness of the active layeThe
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eight 1.9 cm absorber plates in the thin section were selectssl ¢tose to the 1.6cm
thicknesses of the HCAL absorbers and to yield an additional nuctegaction length

of depth to the calorimeter system.

3.3 Mechanical Structure/Absorber

As shown in Fig. 3.2, the TCMT has two sections, a “fine” sectidh eight
layers of 1.9 cm thick steel absorber selected to be as cltise same thickness as the
HCAL with available materials and a “coarse” section witthelayers of 10.2 cm thick
steel. The mechanical structure and absorber stack were endi@el assembled by the
Fermi National Accelerator Laboratory Particle Physiogdion. The TCMT mechanical
structure has a length (along the beam) of 142 cm, a height aini08nd a weight of

approximately 10 tons. It has a total nuclear interaction length of 5.5

Bes,

£ 4

Figure 3.2: TCMT absorber structure showing fine and coarse sections.
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3.4 Active Layers

The scintillator forming the active medium between the absoolkses are
assembled inside 16 “cassettes” or modules. Each cassette hoesési@8d scintillator
strips that are 5 mm thick and 5 cm wide, and therefore the T®ddes 320 strips.
Fig. 3.3 shows the TCMT complement of scintillator segmenty dftal machining.
These segments were manufactured at the Fermilab/NICADDdex facility with an
original width of 10 cm, a length of 110 cm, and with two 2 mm doueed holes or
channels running the length of the plate. The channels were 2.5 credobnside. In the
next step, a groove approximately 1 m long was cut down the céréach segment so
that about 5 cm remained between the end of the groove and thefetgescintillator.
The groove was filled with a reflective white epoxy made &RD332 epoxy and
Jeffamine. This separation groove made the two parts sepapéitally isolated, 5cm
wide strips. The ends of each segment were removed leaving bbrdg element. Each

segment was therefore two strips glued together.
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!
:

Figure 3.3: Extruded scintillator segments.

Before installation in the cassettes all the scintillator tested in a light tight box
with a fiber 110 cm long, a photo-multiplier tube (PMT) and a sigiealerated by a
Strontium-90 radiation source. As noted earlier the strips were pddogairs from a
segment of scintillator. To select the best segments (strip paifsiytier processing five
main criteria were used to ensure reasonable uniformity of resgonsll strips. The
first criteria required that the average of five measungrpeints on the strip (at 90, 80,
50, 20, and 10 cm from the edge nearest the PMT sensor) be great®&0%aof a
reference cell measurement. The second criteria requiredhthattio of the average
response of the two strips of the segment be within +/- 2 sifrttee mean for the batch
of strips. The third criteria required that the ratio of the mmeasents at the 20 and 80
cm points be within +/- 2 sigma of the mean of the batch of sffips.fourth criteria

required that the ratio of the 10 cm to 90 cm measurements be with2 sigma of the
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mean of the batch of strips. The fifth criteria required thatratio of the 10 cm to 20 cm
measurements be within +/- 2 sigma of the mean of the batthims. Using the above
criteria 227 out of 288 segments manufactured were considered acceptable.

Light can leak out surfaces of the scintillator leading to a pgoak To improve
the signal response two techniques were used to reflect ligktibhi@ the scintillator.
First, the outer edges of the segments were painted witteatiree white paint, EJ-510
from Eljen Technology. Second, the top and bottom surfaces were cowérec
reflective material. For most of the strips two layersTgivek, a white, reflective
insulator, were used on the top and bottom layers.

The farther light has to travel through the scintillator beforeaches the photo-
sensor the weaker the signal. This effect is called attenuat@iimPary measurements
using the radiation source gave attenuations on the order of 20-25%h&amar end of
the strip to the far end. Using VM-2000, a more reflective méatidvasm Tyvek, covering
part of the strip farthest from the sensor the attenuation caadbeed to around 10%.
As these measurements were performed in conditions somewhegrdifi®m the actual
installation of the strips in the cassette at the test bdway,should be taken only as a
relative indication that attenuation can be compensated for by adjuke reflective
material along the length of the strip. Only enough VM-2000 nadteras available to
apply the technique to five of the cassettes. For these cas86tta®s of VM-2000 was
added to the bottom of the strip farthest from the sensor and 20 ®W-@000 was

added to the top of the strip. (These were cassettes 1 to femhsimlayers 1, 2, 3, 5, and
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7). Measurements of attenuation from test beam data indicatedesag@ attenuation
around 10% over the length of the strip [16].

As shown in Fig. 3.4, strips were installed in each 1 m x 1 settasand covered
with either Tyvek or VM2000 used as reflective materials toemse light yield. The
cassettes were installed in the absorber stack in an albgyxayi orientation. Readout is
through a 1.5 mm diameter green wavelength shifting (WLS) fib#r avipolished and
aluminized end. The fiber is inserted down the middle of each tytisalated strip in a
channel located 2.5 cm from each strip edge. The fiber directfigtiteto a SiPM
supplied by the Moscow Engineering and Physics Institute (MERHGEollaboration
with the Pulsar Enterprise for light detection, see Fig. 3.B.filder is necessary to shift
the blue light of scintillator down to a wavelength in the greeh gfathe spectrum to
which the SiPM is more sensitive. The TCMT is equipped witlséimee electronics used
to read out the CALICE HCAL from DESY. The data acquisitioAQ@) was provided

by Imperial College [17].
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Figure 3.5: SiPM on holder.

The DAQ includes custom Linux software developed by the CALICE
collaboration running on a PC controlling a VME DAQ board. The DAQdoannects
to a base board which has up to six amplifiers. Each amplifier hatsab®els that can be
set into one of two modes by software selecting from a setsidtors and capacitors.
The two modes determine how the input pulse is shaped before beingedidpti the

analog to digital converter. One mode, called "physics mode,"ausé®tched pulse of
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around 180 ns with low gain and wide dynamic range and is for takipgjcghdata
during beam runs. The other mode, called "calibration mode," uses targhalse of
around 40 ns with higher gain and is used for the LED calibrati@suements when
the high gain is needed to determine the single photo-electronaspacthe gain and
light yield measurements. Calibration mode has a shorted dymamge and is more
sensitive to noise and is therefore inappropriate for taking phgiaies The gain ratio
between the two modes varies between chips. The chips are in twatpoubne with
the ratio around seven and the other with the ratio around 13.

The DAQ system includes a VME crate with slots for CALIREadout Card
(CRC). Each CRC supports eight front ends; each front end can cdanea base
boards. Each base board has six amplifier/ADC chips which, in turn 18aslgannels. A
total of two front ends, four base boards, 24 chips and 432 channels aveddee the
TCMT. Only 320 channels are required.

Each strip has a light emitting diode (LED) for calibration puego3he LED is
controlled by a LED driver circuit installed in a casspteel opposite the SiPM sensors.
The LED driver allows for the setting of LED amplitude by thé@system. The LED
has three main functions. The first is to enable gain calibration of each chEm&lDC
is placed in calibration mode and the amplitude of the LED igetd detect the photo-
electron spectra of the channel. Separation of the individual photoselgiaks gives
the gain of the channel in ADC counts per photo-electron.

The second function of the LED is to enable calculation of the bativeen

calibration and physics modes of the ADC channel by measuringesipense of the
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channel to the same, high LED amplitude, but in both modes. The third matiorfuoic
the LED driver is to study the stability of the system byqukcally taking LED data at
fixed LED amplitude in physics mode.

Each TCMT cassette has a 20 channel LED driver board. Evergdesettes are
connected to a custom fanout board (a total of four needed for the EGiM&) each
with an independent power supply. For the October 2006 data taking rufanthe
boards were produced in two different configurations that requirdliglidifferent LED
amplitude settings. Details of the results of the LED -calimafunctions will be

discussed in a separate chapter.

3.5 TCMT with CALICE Calorimeters at the CERN Test Beam

The TCMT is designed to be used in conjunction with the CALICRE and

HCAL and other detectors for particle ID and triggering. The ECAL design has

30 active layers of silicon diode pad detectors with ~10,000 channels

- 30 x 30 cm area incident to beam

tungsten absorbers with thickness from 1.4 mm to 4.2 mm

total thickness 24 ¥(radiation lengths)

The HCAL design has:
- 38 active layers each with 3 cm, 6 cm and 12 cm square cells
- 38 absorbers with 1.6 cm thick stainless steel plates

- total thickness of 4)5(interaction lengths)
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This dissertation focuses on data taken in October 2006. At thatthenECAL
and HCAL were not completely instrumented and instead had the fofow
configurations
ECAL:
- in each plane six out of nine sensor pads in place, the 30 squaréuwith asit of
nine
- sensor pads in a 3x3 configuration. The lowest row of three padsowasstalled
in 2006 resulting in a 30 x 20 cm functional surface incident to the beam

HCAL:

30 out of 38 absorbers in place

Layers 1-17 - all instrumented

Layers 19-29 - every other layer instrumented

a total of 23 layers x 216 channels/layer = 4968 channels
During the 2006 run period, the TCMT was fully instrumented with saip$ SiPMs.
Two layers did not have a functional LED which prevented some dadibrdata from
being collected for the associated strips. Fig. 3.6 shows the TEdronics and
cabling from the 2007 run period.

Figure 3.7 shows how the sections of the ECAL, HCAL and TCMTaaenged,
their relative position, and thickness in nuclear interactiontthendrig 3.8 [18] shows the
location and spacing of the HCAL active and absorber laygys 38 shows the TCMT

active and absorber layers.
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Figure 3.6: TCMT fully instrumented at CERN test beam 2007.

ECAL HCAL TCMT
1A 4.5\ 10 A

Figure 3.7: Diagram of the CALICE detector in October 2006 shgwmain sections.
Red, brown and orange are the SiW ECAL segments. Dark green reprinmeeRICAL
forward section with 17 fully instrumented layers. Light gregmesents the HCAL rear
section with six active layers placed after every other absoBbue/green represents the
last two absorbers of HCAL. Light blue represents the eight TG&§&rs with thin
absorber. Dark blue represents the eight TCMT layers with thick absorber.
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Figure 3.8 Diagram of CALICE HCAL during the October 2006 RE run perioc
showing the order of absorber (gray) andve layers (yellow).

Figure 3.9 Diagram of CALICE TCMT showing the order of a@ilayers (gray) an
absorber layers (blue) of two different thicknes

This analysis compares 0 different hardware configurations. Sevent
configurations are simply extensions of the caletien by adding zero to 16 layers of
TCMT to theECAL and HCALcalorimeters, more tersely:

ECAL + HCAL + n layers of TCMT where n=0 to 1
Thirteen additioal configurations simulate the impact (n 1.8 A magnetic coil witt
additional sampling layers before and after theutated coils

ECAL + HCAL + n layers of TCMT + 1 X coil gap + remaining layers of TCN
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where n = 0 to 6. In the following text and plots the index “n’hmtwo expressions are
taken to be equal. For the coil simulations the sampling weighe(tkescribed later) of
the first active layer was re-calculated to compensatthél .8 absorber corresponding
to the coll.

Table 3.1 shows the specific allocation of the TCMT layers inaghaysis. The
second column indicates how many forward layers of the TCMTduledato the ECAL
and HCAL to form the 13 different calorimeter configurations usestudy the effect of
varying the HCAL depth. To study the improvements in energy resolutue to the
addition of a tail catcher outside a coil, columns three to five ghewway in which
TCMT layers are used as passive coil material or as active layers fagdasampling.
(The four additional configurations corresponding to adding TCMT la3&r3, 0-14, O-
15, and 0-16 are omitted from the table).

For example, Configuration 3 has two TCMT layers added to theiroaler,
nine skipped layers to emulate the coil and five layers for possawipling (note that
the first TCMT layer is numbered 0). This can be seen graphioaFig. 3.10 where the

sections are highlighted in red, gray and blue respectively.
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Table 3.1. TCMT Layers Used for Analysis

Parameters for “with coil” study
# TCMT layers,
Configuration n, added to it . # TCMT layers,
nu?nber HCAL (thickness .CO'I First layer # of m, for postYCOiI
. thickness| TCMT for post .
n2) (A) coil sampling sampling
(thickness i)

1 0 (4.54) 1.78 10 6 (3.74)

2 1(4.79) 1.59 10 6 (3.74)

3 2 (4.90) 2.08 11 5(3.12)

4 3 (5.02) 1.96 11 5(3.12)

5 4 (5.14) 1.83 11 5(3.12)

6 5 (5.25) 1.71 11 5(3.12)

7 6 (5.37) 1.59 11 5(3.12)

8 7 (5.49) 2.08 12 4 (2.49)

9 8 (5.60) 1.96 12 4 (2.49)

10 9 (5.72) 1.83 12 4 (2.49)

11 10 (6.34) 1.83 13 3(1.87)

12 11 (6.96) 1.83 14 2 (1.25)

13 12 (7.59) 1.83 15 1 (0.62)

Figure 3.10: Diagram of TCMT for example Configuration 3. The frova layers
(highlighted in red) are treated as additional layers of tkeon& calorimeter. The next
nine layers (highlighted in gray) are omitted from the amalys simulate a coil of
approximately 1.8 interaction lengths. The final five layers of f@GMT (highlighted in
blue) are treated as post coil sampling.



CHAPTER 4

CALICE INSTALLATION AT THE CERN TEST BEAM

In August 2006 the TCMT was installed with the ECAL and HC#Lthe H6
beam line at the SPS north area at CERN, Fig.4.1 [19]. Thesstiefocused on the
October 2006 data, details of the October configuration will be disgulssre. The
CALICE installation at the CERN test beam includes the ECAL [20], HCAL, [2AMT
and numerous other detectors to trigger and identify and track parfsde Fig. 4.2
[22]).

The CERN complex contains many accelerators some aasifmposters for the
next higher energy machine. The chain leading to the H6 beanmthgles a linear
accelerator, a booster, the proton synchrotron (PS), and the super protbroson
(SPS).

The primary beam from the SPS is a proton beam of up to 400 GeVWeaheis
directed on a fixed target producing a beam of secondary partithe beam that
reached the CALICE detector contains a mix of protons, electromss gind muons.
Tuning magnets, collimators and absorbers were selected and adijostethe control
room to determine beam momentum, particle species and electrgechiidne beam
cannot be completely pure but additional detectors such as Cherenkotordeteca

muon veto counter can be used to identify events with or without the desired particle.
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Figure 4.1: Diagram of CERN accelerator complex.

AHCAL

Cherenkov
Detector

Beam

Scintillators Muon Trigger

Figure 4.2: Block diagram of CALICE detectors at CERN 2006 lestm with an
example schematic hadron shower in the HCAL extending into TCMT.
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Table 4.1 [23] describes the pion runs taken, their energies, pokard
approximate number of events. Electron runs were also taken but kotreres do not
penetrate to the TCMT they are not considered in the followiatysis. Approximately
9.5M muon events were also collected. Although, a beam run had a domirtai¢ pa
species, contamination was present. For example, a 20 GeV neggativeun can be
contaminated by approximately 19% non-pion events. Muon counters and Cherenkov

detectors are used to eliminate contamination

Table 4.1 Calibrated Run List for Pions

Beam T T
Momentum (kEvents) (kEvents)
(GeV)
6 450 1400
8 1300
10 700 1800
12 1200
15 700 1600
18 1300
20 800 1500
30 800
40 800
50 1300
80 1300

The Cherenkov detector uses the Cherenkov effect in which chargedepart
with a speed exceeding the speed of light in the material prddiide Thus each
medium has a velocity threshold, below which a particle willpnotluce any Cherenkov

light. If the medium is a gas, the pressure can be adjustdthtme the density and thus



36
the speed of light, and so the threshold velocity. Two different spefcpesticle with the
same momentum but with different mass will have different websc One will emit
light, the second will not. Through this technique the velocity and, therdfe mass or
species of the particle can be selected. In the case of ERN @onfiguration, the
Cherenkov detector was filled with helium gas and used to selegedaetpions and
electrons when the beam energy was less than 40 GeV. her legergies it was filled
with nitrogen gas and used to select between protons and pions. Thenefficanged
from 90% at the optimal setting to 30% [24]. Fig. 4.3 [25] shows an geamsponse of
the Cherenkov detector as a function of pressure, in bars, during@a\B@ion beam.
The number of proton events per spill is plotted. The line at 0.15 bar tedlitiae
selected pressure to detect protons for 80 GeV runs. The useGii¢henkov detector to
purify the event sample is discussed in Chapter 7.

Triggering for each event was accomplished with four scintifatounters
constructed with a strip of plastic scintillating material categ to a photomultiplier
tube. The counters give an analog signal that was later difitidee event trigger
required a coincidence of two out of three scintillation counters, BxIx{00 mm), Sc2

(30x30 mm) or Sc3 (100x100 mm) as labeled in the block diagram. Thex @gnter

Sc4 (200x200 mm) in anti-coincidence with Scl and Sc3 was also used to veto beam halo

offline. The analog output of the scintillation counters can be usech asdication of

multi-particle events offline.
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| Proton threshold at 80 GeV beam energy |
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Figure 4.3: Example response of the Cherenkov detector as a funcpoesetire in an
80 GeV pion beam. (Pressure is given in bars. Cherenkov ON evergspoomd to the
number of protons detected.)

To monitor the beam, identify the beam impact point on the ECAL, and
reconstruct tracks three x/y pairs of delay wire chambers@pPWere used. They are
designated DC1, DC2, and DC3. The DWCs are filled with a gasaihaes with the
passage of a charged particle. The chamber has anode and eatksd® high voltage.
Electrons liberated due to ionization drift with a known velocity toahede wires and
register a signal in the cathode wires. The timing betweerevbat trigger and the
registration of the signal can be used to calculate the locatidheoparticle in the

chamber. The DWCs are similar to multi-wire proportional chamigglWPC) except
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that in the WMPCs the signal is read out through the anode wpagalSresolution was
on the order of 200m [26].

A 1 m x 1 m scintillator counter located behind the TMCT, designistel,was
used to identify muons. Most non-muons will have been absorbed in the >#arnuc
interaction lengths of the ECAL, HCAL and TCMT. Any positivgral in Mcl is most
likely a muon. This can be used for triggering on muons for muon dadibrar offline
processing to veto muons from pion runs. Fig. 4.4 [27] indicates gpdetails between

detectors.
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Figure 4.4: Detailed spacing diagram of CALICE detectors. All dimensiens anm.
(Not to scale.)

Data from each run was recorded in a series of data bl&sioing up to 200k
events each. Each run was stored as a series of data reofiglmations. Every ten
minutes a 500 event pedestal configuration was taken to monitor pestabiaty. The
pedestal configuration was followed by a 500 event LED caldratonfiguration used

to monitor the gain of the sensors. Details of the pedestal abdchlbration data are
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discussed in Chapter 5. The other configurations contain beam édgparticle events.
Each event record contains data organized by VME crate, slot nufrdogrend, chip
and channel. The 320 TCMT data channels were contained in two front emis sibt

of the HCAL VME crate.



CHAPTER 5

CALIBRATION AND STABILITY

5.1 Introduction

The calibration of the TCMT channels was accomplished witk[R2 &ystem and
with muon runs. The device stability was monitored using pedestalanchanter-spill
pedestal configurations. In this chapter the gain, light yield, Mi®rmtion values and

pedestal stability are discussed.

5.2 SiPM Gain Determination

As described in the chapter on the construction of the TCMT, eaphhas an
ultraviolet LED at the end opposite the sensor. The DAQ contrtiiedrightness of the
LED by controlling the current supplied to the LED through a LE®ed board. One 20
channel driver board was installed in each cassette. A fanout hgaplied power and
control signals to four LED driver boards. The amplifier catibramode was selected to
achieve a high gain and a LED brightness was selected tmabenlough to generate a
signal in which single photoelectron peaks could be discerned inpiwra The

separation of peaks is the gain of the channel in ADC counts.
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The original design of the LED system included a computentraibed
“trimDAC,” a circuit to set an analog output from a computer seppdigital input, to
finely control the current and therefore brightness of each.LHis system did not
function correctly so the brightness level had to be selectetabgnd error. Because of
this many channels had LED brightness that were either too high or too low teeabqui
necessary photoelectron peaks.

A higher amplitude LED setting was used for mode-to-mode interatibn
measurements and long term stability studies. This level adddbe set by trial and
error and had to be bright enough to yield a good signal in physicsbubdet so bright
as to saturation ADC while in calibration mode setting. Thidredlon mode to physics
mode ratio is in the range of 7 to 13 depending on the individual analdggital
conversion integrated circuit chip and production run.

Figure 5.1 shows a typical photoelectron spectrum for one strigh@amel) of
the TCMT. An automated peak finding algorithm located peaks isghetrum, and the
first two were subsequently fit with Gaussians. The first iflabte peak is usually the
pedestal for that channel. This is confirmed by comparing to dedip&destal runs. The
pedestal is the output of channel when no signal is applied. The gdquksst is usually a
Poisson distribution but due to large statistics a Gaussianaftceptably accurate. Each
channel has a unigue pedestal. The second peak is due to single photioatitun. The
separation of the peaks equals the gain in ADC counts for thatutartichannel.
Approximately 50% of the strip spectra could be fit through this automateddaehin

additional 10% were recovered with manual intervention. Four ¢tassdid not have
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functioning LED systems. The other strips that could not be fit retiee not have
functional SiPMs, did not have functioning LEDs or the LED were operaat a

brightness that was too high to generate a spectrum with discernable peaks.
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Figure 5.1: Typical photoelectron spectrum.

Figure 5.2 shows the distribution of gains for the 188 strip subdetdbll be fit.
Data is from LED calibration tests taken during the commissiopérgpd. The average
gain is approximately 276 ADC counts per photon with an RMS of 79.pkaks can be
seen in this histogram. This is due to the fact that two diftdsatches of SiPM were

used. Cassettes 1 to 8 (layers 1 to 8) used one batch with ageagain of 336 and a
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standard deviation of 61. Cassettes 9 to 16 (layers 9 to 16) useckrardifibatch of

SiPMs and have an average gain of 227 and a standard deviation of 56.
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Figure 5.2: Distribution of gains.
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The commissioning of the TCMT occurred in four phases. FiesSiPM sensor
output was integrated with the CALICE DAQ system at DESY in October of 200%5. Nex
a prototype cassette with a separate DAQ was installée iRegrmilab Meson Test Beam
Facility (MTBF) in February of 2006. This demonstrated the basictionality of the
cassette in a test beam environment. Third, as the LED drivedsbbacame available

they were installed in the cassettes and used to confirm dbhtstrip was functional,
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determine the general light level needed for maximum calibratgmal, and determine
the light level needed to obtain photo-electron spectra required for calibration.

The fourth phase occurred in two steps. SiPMs for eight of thads®ttes were
available for an August 2006 run period at the H6 beam line at CERNhdDthis run
period the TCMT with half of the needed cassettes was intelgvath the ECAL and
HCAL. Photo-electron spectra were collected to measure theofapproximately one
half of the channels/strips. Beam dump muon runs were collectedasuraethe MIP
calibration values to be described in the next section.

A further eight cassettes were completed and installechéoOttober 2006 run
period. Additional, photo-electron spectra and MIP calibration runs w@tected as
well as intercalibration data. The intercalibration runs wefkesrt at the same LED

illumination amplitude in both the physics mode and calibration mode.

5.3 MIP Calibration

The TCMT channels were calibrated using muon runs. The beam chwops
used are approximately minimum ionizing particles (MIPs). ® kM an ionizing particle
with an energy loss rate at a minimum. A MIP generates the sasponse throughout
the entire detector. Any difference in the readout for a givep/diannel is due to
properties of that strip/channel. A beam run using MIPs is used ¢ondeé relative

calibration factors in terms of ADC counts for all the channalguré 5.3 shows the
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energy spectrum of an example strip taken during a muon calibration run. Tihieetps
response in ADC channels at this peak is the calibration value for the channel.

Muons calibration events were selected with a software tiiggatgorithm. A
good hit is defined as being a signal if it is at leastfrdm the pedestal. A muon is
selected if five out of six of the nearest strips in neighbocagsettes also have good
hits. Whenever possible, three strips in front and three strips behind were tekted [28

Figure 5.4 is a histogram of MIP calibration values in ADC chkbnfor all 320
strips. The mean is 228.9 with an RMS of 134.2. The eight strips irethebin are due
to dead SiPMs. When analyzing pion or electron beam runs, the r&wcAlnt value is
then divided by the MIP calibration value for each channel to getrtbagy in terms of

MIPs.
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Figure 5.3: Example of MIP spectrum with Gaussian fit.
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Figure 5.4: MIP calibration values.

5.4 Light Yield Determination

46

The gain in ADC counts and the MIP calibration values can be ussdcidate

the light yield in terms of photo-electrons per minimum ionigagicle (PE/MIP). The

calibration mode to physics mode intercalibration factor is r@gaired. The light yield

can be calculated by the following equation:

LY.= x MF

Gain

where Gain is the gain in ADC counts in calibration mode, MF is the cadibrat

xMIP

physics mode factor, and MIP equals the ADC counts per MIP. For exaimplayer 1,

strip 3:
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_ II;P.E. < 778 2465ADC.
197ADC.

=97PE/M..P.

The LED system did not provide good gain data for many of the clsarinel
order to calculate the light yield the gain, intercalibrationciaend MIP calibration
value must be measured. All three of these values were onlgldedior 135 channels,

as shown in Fig 5.5. The mean light yield is 5.83 PE/MIP with an RMS of 1.69 PE/MIP.

Light Yield light yield
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Figure 5.5: Calculated light yield for 135 TCMT strips.

To calculate the working light yield for all channels, the ayergain of the

available strips was used and the average intercalibraticor faictvailable strips was
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used to fill in most of the remaining strips. If the strip hagti@ response from the MIP
calibration value it was taken to be dead and assigned a ligtitofigero. Fig. 5.6 is a
histogram of the light yields actually used for the 313 functistrgds. These values are

used only for the saturation correction as described in Chapter 6.
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Figure 5.6: Effective light yield for working strips.

5.5 Pedestal Stability

Five hundred pedestal events were taken every ten minutes deamgruns. The
stability of the pedestals can be analyzed by looking at thedestal configurations

between different runs. Figure 5.7 shows the percent change in tistgiedé one layer
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between different runs taken over a 24 hour period. In the plot threegeebhseuns are
compared to the initial run. Between runs, the pedestals aree stablwithin
approximately one percent. Fig. 5.8 shows the RMS change in pedmstéd éor each
layer between the four runs. The RMS change is the root meare sjube 20 channels

of the layer.

Percent Change

e
o o o

=Y
12

o
HH‘IIII‘HH|HH I

| | 1 | 1 | 1 | 1 | 1 I 1 I | | | 1
1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19
Strip

o

Figure 5.7: Percent change in pedestals of one layer betweetiffetent runs. (Circles:
Run300631-Run300613, Squares: Run300643-Run300613, Triangles: Run300652-
Run300613.)
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Figure 5.8: RMS change in pedestals (in ADC counts) for egehn tetween four runs.
(Run300631-Run300613, Squares: Run300643-Run300613, Triangles: Run300652-
Run300613.)
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5.6 Temperature Effects and Preliminary Sampling Weights

Calibration steps are necessary to determine the correcttdMIP conversion,
calculate a light yield, and monitor stability over time. Tightiyield in turn is necessary
for calculations correcting SiPM saturation effects to be described ine€ltagthe LED
calibration system was not as effective as it could have Ibatedid allow for accurate
determination of gains in ADC counts for slightly more than halhefstrips. The main
reason the pedestal may drift would be due to SiPM temperature édependrhe
stability of the pedestals over time, however, indicates thatethpdrature effects are
small and have been neglected for the remainder of the analgsmerature change
through each run is on the order 6€1In the HCAL, this typically translates to a 3.5%
change in SiPM response [29]. Temperature monitoring and corrdotidghe TCMT
was not available in the run period but the response can be expettedn the same
order as the HCAL. Though this analysis would be enhanced bydth&goa of the
temperature data, the use of a least squares fit to detetmirsarmpling weights, to be
described in Chapter 7, ameliorates the lack of temperaturaadtdly equalize the
response of the individual strips due to temperature variations across the TCMT.

Intercalibration factors or weights need to be determinedk®itdo account the
response of different components of the CALICE calorimeter system.datbemeter is
hermetic, all of the energy of the event will be contained butetiexgy distribution
between each of the components will be different from event to evaatsignals in the

detector components will, however, be correlated.
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Fig. 5.9 shows the correlation between the ECAL + HCAL ®@®taht energy and
the TCMT total event energy. Events in which all of the eventggnercontained in the
ECAL and HCAL fall along the x axis and events in which ladl €nergy is contained in
the TCMT fall along the y axis. Ignoring resolution effects and punchdghtaghe sum of
the two components (treating ECAL and HCAL as one component and th& a€khe
second) must be equal and fall along a line. Statistical variftoom event to event
causes the data to spread out but a line can be drawn to edhieaterrelation. The
slope of the line can be used as a rough intercalibration fagbcompensates for the
different response of the two detector components. In this casfeecan be estimated
at 0.9. This number then becomes an approximate weight to scale NhE ré§ponse to
equalize the calorimeter response. Once a weight can be astigeadh section the
combined energy response of the three detectors can be determicedstReted

energy can then be reported in weighted MIPS.
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Figure 5.9: Correlation plot used to determine the intercalibratbmstant with a hand-
drawn line estimating the correlation.



CHAPTER 6

STEPS TOWARD A CLEAN SAMPLE

6.1 Introduction

This analysis uses pion beam runs. Electron runs were alsodakeg the test
beam but most of the electron energy is absorbed in the ECAL @Ad..HAIl the beam
runs have a mixture of particles including pions, electrons and muarms\penetrate
the entire detector system. To remove non-pion events from theiarsdysral separate
requirements or “cuts” are used to prepare the analysis saiff@edata was analyzed
with a saturation correction applied to correct for the non-lineaener of silicon

photomultipliers.

6.2 Signal Threshold Cut

A signal threshold was applied to remove noise generated byiRisSThe
threshold was determined using separate muon calibration runs. A Orduminonizing

particle (MIP) threshold was applied on each hit to reject noise.
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6.3 Cuts Based on In-Beam Counters

Figure 6.1 shows the total energy spectrum with no cuts appliedumhe a 20
GeV negative pion run, the sample is contaminated by double pastielgs at high
energy and muons and electrons at low energy. There is a detitdale peak below
200 ADC counts due to these other particle species. The peak gilcatly the mean of

the distribution to the low side and results in a high RMS.
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Figure 6.1: Energy spectrum for ECAL+HCAL+TCMT detector with no cuts.
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Electrons are vetoed with the Cherenkov detector. Table 6.1 [30$ ¢nee
efficiency of the Cherenkov detector as a function of pressuge6F shows the energy

spectrum with the Cherenkov veto cut applied to remove electrons inGe¥0pion

sample. The lower peak is greatly reduced.

Table 6.1 Cherenkov Electron Efficiency

energy| pressurge detection efficiengy
15 Ge\f 1.35 bal 99%
20 Ge\{0.76 bal 95%
30 Ge\0.338 bar 75%
40 GeM0.190 bar 35%
| Cuts: Cherenkov | ecalhcaltcmt2 total
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Figure 6.2: Energy spectrum for ECAL+HCAL+TCMT detectorhwitherenkov detector
cut to remove electrons.
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Multi-particles are detected by observing the amplitude otldtkcated 20 cm x
20 cm veto scintillator located in front of the calorimeters.4=8Jin Chapter 4 shows the
location of the scintillators in the beam line. Most events aremted by a single
particle. Some events may contain more than one particle. Thes¢és eneed to be
rejected from the analysis because the additional partidaklwdeposit excess energy in
the detector. Fig 6.3 is the output of the veto counter. By inspectidre afistribution
there is a pedestal at approximately 1400 ADC counts and apbHR at 3000 ADC
counts. A double particle event would have a peak at twice the sepayatd600 ADC
counts. A small shoulder at this point can be seen in the figureeshiold of 3800 ADC
counts, half-way between the main peak and shoulder was selectechdwer multi-
particles. This is also consistent with other CALICE analgfiierts [31]. The effect of

including multi-particle veto can be seen in Fig. 6.4.
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Figure 6.3: Veto counter amplitude.
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Figure 6.4: Energy spectrum for total detector with electron rantti-particle cuts
applied.

Muons that penetrate the detector are detected by a 1 m scihtilator counter
behind the TCMT. Fig. 6.5 shows the energy distribution when the doubiegaeto,
electron and muon cuts are applied. There is a small but gtilfisant tail under 200

ADC counts, presumably due to cut inefficiencies.
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Figure 6.5: Energy spectrum of total detector with muon veto refeand multi-particle
cuts applied.

6.4 Energy to Hit Ratio Cut

Not all muons are vetoed by the 1m x 1m scintillator behind ®MT. An
additional technique to indentify muons was developed by examining rtbsgye
deposition of beam dump muons. For muons, the ratio of event energy to nurhiter of
should be close to one MIP per hit because beam dump muons are mim@Mzing
particles. Fig. 6.6 plots the event energy to hit ratio for theetltetectors: ECAL,
HCAL, and TCMT. The histogram represents the subset of event$ wiggered the

muon detector behind the TCMT. The ECAL and HCAL histograms have tvks.pEae
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low ratio peaks are due to events in which the particle missegletty or only grazed
some of the layers the ECAL because of the ECAL smalldacuarea. As the plots
demonstrate, a muon can be selected by event energy to dstfaatiall three detectors.
The actual threshold is specific to each detector and is sklegteaspection from the
plots in Fig. 6.6. The ratios used are:

ECAL: >1 MIP/hit,
HCAL: >2.5 MIP/hit,
TCMT: >2.5 MIP/hit.
Studies with Monte Carlo muon simulation were also performed andegudts were
consistent with the above thresholds.

Of the 5000 events in the muon sample, 2538 were tagged as muons by the muon
counter behind the TCMT. These were used to test the efficiency of thg émérgratio
cut. Table 6.2 gives the efficiency of the ratio cut deteatmgns for events tagged by
the muon counter for individual sub-detector (ECAL, HCAL and TCMT) andttie
complete CALICE detector system such that all three subtdeteimultaneously detect
a muon. Fig. 6.7 shows the event total energy spectrum with albppteed. Note the

low tail is nearly gone.
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Figure 6.6: Energy to hit ratios from muon run in ECAL, HCAL andMIC (Continued
on following page)
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Figure 6.6: (Continued)
Table 6.2 Ratio Cut Efficiency
Detector Muons Tagged Detected by Rati&fficiency
Cut
ECAL 2538 2520 99%
HCAL 2538 2415 95%
TCMT 2538 2434 96%
Complete Detector 2538 2305 91%
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Figure 6.7: Energy spectrum with energy to hit ratio, muon ve¢atreh and double
particle cuts applied.

Table 6.3 shows a breakdown of event types for a typical 20 GeViveegan
run. Of the events, 17.7% are contamination from multi-particles, muondslactrons
detected by the in-beam vetoes. Another one percent are muoriedejsitng the ratio
cut derived from tagged muon profiles in muon runs. The remaining 81% evenised

for analysis.



Table 6.3. Breakdown of Event Types

%

type of event events
multi-particles 9.5
electrons 5.6
muons(detected in 1m x 1m counter) 2.6
Probable untagged muon events 1.2
Analyzed events 81.1
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CHAPTER 7

DETERMINATION OF SAMPLING WEIGHTS

As discussed in Chapter 5 sampling weights need to be detertoinake into
account the response of different components of the CALICE calerragstem. If the
calorimeter is hermetic, all of the energy of the event bel contained but the energy
distribution between each of the components will be different from dvesent. The
method of using the slope of the inter-correlation plot as describ€tapter 5 requires
some estimation and therefore is approximate. An alternative, pnecese and rigorous
method uses a least squares minimization technique to compute the weights.

The least squares method would require a minimization of the quantity:

N n

SJZT(EO— lelAiLij) 2 (7.1)

where n is the number of sections which could be individual layegsooips of layers,
the A is the weight of the section, and j runs over all events, N, apdte the signals
in the individual layers. &s the beam energy.

There are three distinct sections of the ECAL, two distiactiens of the HCAL
and two distinct sections of the TCMT with each characterizeditberent absorber

thicknesses. Five to eight weights were used depending on the comdigwsaéd to
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evaluate the performance of the TCMT. As an example, foraimadter which only
includes three sections of the ECAL, corresponding to the three ab8udieesses, and
two sections of the HCAL, five weights are required. The fiesttien of the HCAL
includes the 18 fully instrumented layers. The second section corresfride 12
absorber layers in which every other layer was instrumentedieggibed in Chapters 9
and 10, 30 different configurations were studied based on the TCMT lasgnisA set of
weights for each configuration had to be generated. Configuratiomkich no magnetic
coil was simulated had five to seven weights: five when only th&lLE&hd HCAL are
used, six when the TCMT layers with thin absorber are added aml wéea both thin
and thick TCMT absorber sections are added.

For configurations in which a simulated coil was used, the layfetise TCMT
included for post-coil sampling were treated as an additionabsegith its own weight.
In the configurations with simulated colil six to eight weightsevcalculated: six when
no layers of the TCMT were added to the HCAL and some of the #is&rber layers
were used for post-coil sampling; seven when some of the tHiiTTI&yers were added
to the ECAL and HCAL and some thick layers were used for poktsaaipling and
eight when both thick and thin layers of the TCMT were added to tiAd_EBGd HCAL
and some thick layers used for post-coil sampling. All weightingpea®rmed after the
cuts described in Chapter 6 were applied.

The L;, from Equation 7.1 can be put into matrix form:

Ly - Lin
X=1: :
Lni =+ Lpn
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and the method of least squares minimization can then be used tazaisnor each

weight:
s 0
d4;
by applying:
Ch Xnm = Bn

where: n and m are the number of sectiopsis@ vector containing the weights aig,
equals the vector containing the energy collected by the calorimetiens& he matrix C

can then be determined by invertiigand multiplying byB:

Ch= an-l Bn

When using all layers of the TCMT for the analysis of eneegplution, two sections of
the TCMT are used corresponding to the layers with fine and cabssebers. In this
case there are seven sections to the detector system and therefore ggwsn we

The implementation used to determine the weight based on the incidemt bea
energy is:

N
C; = Z EoB;X;}!
Jj=1

where: G= weight for section i, N = number of sectiong=he incidenenergy (20 for
20 GeV),B; is the mean energy per event colleatedection i MIPs, and(,-i'l is the

inverted matrix wher&j is event energy in section i times event energy in@e¢tiThe
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weights are effectively conversion factors of GeV/MIP. The uaody is a function of
the uncertainty in the beam energy which is on the order of 2%hanthtertainty in the
mean MIPs per event which depends on the number of samples usecahcthation,
which in this case is 5000 samples. The uncertainties add in quadaatui@e in the
range of one to two percent.

Table 7.1 shows the weights derived from a 20 GeV negative pion rumefdi7t
configurations in which successively more TCMT layers aree@dd the calorimeter
system. Configuration 1 has no TCMT layers and Configuration 17 lhasssettes
added. Columns ECALL, ECAL2, and ECALS3 represent the weights fahtbe ECAL
sections differing by absorber thickness. HCAL 1 representsirgiel7 layers of the
HCAL in which an active layer was placed between each absd#@&L 2 represents
the section of the HCAL in which active layers were instalbetiveen every other
absorber. The TCMT column labeled “Thin” represents the weighh®eight TCMT
layers with a 1.9 cm absorber behind it. The TCMT “Thick” column asgmts the
weight for the eight TCMT layers with a 10.2 cm absorber. TBALEsections do not
vary much between configurations. This is because most of the piohshpasgh the
ECAL with little interaction. Fluctuations in energy depositioe aot seen until a
particle creates showers in the HCAL or TCMT. The great@station between
configurations is seen in the thick TCMT section weights. Thiexgected as the
absorber thickness varies greatly in this region relative to other regions.

Table 7.2 shows that weights used for studies with a coil sietulay skipping

layers. The TCMT post-coil column holds the weights of the TCMEkthayers that
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follow the simulated coil. The TCMT Thick XCAL column contains aighé for an
active layer with a thick absorber layer if that layebesng added to the calorimeter

system.



Table 7.1: Intercalibration Weights with Layers of the TCMT AddetthéoCalorimeter System Derived from a 20 GeV
Negative Pion Sample.

no TCMT| TCMT| TCMT
coil Thin Thick | post-
ECAL | ECAL | ECAL | HCAL | HCAL

Config.| 1 2 3 1 2 XCAL | XCAL | coil

1 0.0087| 0.0092 0.0135 0.0341 0.0871 0.0000 0.0000 -
2 0.0086| 0.0092 0.0133 0.0339 0.0606 0.1737 0.0000 -
3 0.0086| 0.0092 0.0133 0.0339 0.06p4 0.1178 0.0000 -
4 0.0086| 0.0092 0.01383 0.0339 0.0660 0.0879 0.0000 -
5 0.0085| 0.0092 0.0133 0.0338 0.0643 0.07Y71 0.0000 -
6 0.0085| 0.0092 0.0133 0.0337 0.0640 0.0677 0.0000 -
7 0.0085| 0.0092 0.0133 0.0337 0.0688 0.0615 0.0000 -
8 0.0085| 0.0092 0.01383 0.0336 0.0689 0.0%67 0.0000 -
9 0.0085| 0.0092 0.0133 0.0336 0.0688 0.0%31 0.0000 -
10 0.0085| 0.0092 0.0133 0.0335 0.0641 0.0453 0.0926 -
11 0.0084| 0.0092 0.0133 0.0334 0.06839 0.0418 0.0984 -
12 0.0084| 0.0092 0.0133 0.0333 0.06837 0.0402 0.0988 -
13 0.0084| 0.0092 0.0133 0.0333 0.06835 0.0396 0.0968 -
14 0.0084| 0.0092 0.0133 0.0333 0.0635 0.08391 0.0955 -
15 0.0084| 0.0092 0.0133 0.0332 0.06833 0.0390 0.0944 -
16 0.0084| 0.0091 0.0133 0.0332 0.06833 0.0388 0.0942 -
17 0.0084| 0.0091 0.0132 0.0332 0.06832 0.0387 0.0940 -
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Table 7.2: Intercalibration Weights with Layers of the TCMT Addethe Calorimeter System and Used to

Simulate a Magnetic Coil and for Post-coil Sampling from a 20 Ge\atWegPion Sample.

coil TCMT TCMT TCMT
Thin Thick post-

Config. | ECAL1| ECAL2| ECAL 3| HCAL1 HCAL2 XCAL XCAL coil

1 0.0085 | 0.0091 | 0.0132] 0.0335 0.0821 0.0000 0.0000 0.2084
2 0.0085 | 0.0091 | 0.0131] 0.0334 0.0671 0.15%3 0.0000 0.1839
3 0.0084 | 0.0091 | 0.0131] 0.0334 0.0642 0.1075 0.0000 0.2581
4 0.0084 | 0.0091 | 0.0131] 0.0334 0.0632 0.0801 0.0000 0.2474
5 0.0084 | 0.0091 | 0.0131] 0.0334 0.0626 0.0707 0.0000 0.2396
6 0.0084 | 0.0091 | 0.0131] 0.0333 0.0624 0.0623 0.0000 0.2300
7 0.0084 | 0.0091 | 0.0131] 0.0333 0.06283 0.0566 0.0000 0.2233
8 0.0084 | 0.0091 | 0.0131] 0.0332 0.0626 0.0533 0.0000 0.2805
9 0.0084 | 0.0091 | 0.0131] 0.0332 0.0625 0.0500 0.0000 0.2737
10 0.0084 | 0.0091 | 0.0131] 0.0332 0.0629 0.0429 0.0835 0.2618
11 0.0084 | 0.0091 | 0.0132] 0.0331 0.0626 0.0409 0.0918 0.3411
12 0.0084 | 0.0091 | 0.0132] 0.0331 0.0628 0.0396 0.0955 0.4174
13 0.0084 | 0.0091 | 0.0132] 0.0334 0.0629 0.0397 0.0956 0.6190

0L



CHAPTER 8

DETERMINATION OF THE SIPM SATURATION CORRECTION

The SiPM used in the TCMT is a multi-pixel avalanche photodiodeatipg in
Geiger mode. An example of the design is shown in Fig. 8.1[32]. Fig 8.%38]
photograph of a SiPM and Fig. 8.3[34] is an enlargement showing the indipictatsd.
Each pixel is sensitive to a single photon. The SiPM output isuheof the outputs of
individual pixels. The ideal SiPM would be linear so that N photonkhitilN pixels
creating a signal N times that of a single photon. A reBMSihowever, has a finite
number of pixels (in the case of the TCMT each SiPM has 115Gpmadl behaves non-
linearly. If two or more photons hit the same pixel, for examifile, output will be
equivalent to that of one photon. There is also a recovery timevarad tens of
nanoseconds in which a pixel cannot re-fire. Any other photons hittingixbeduring
that time will have no effect. An algorithm that correfts these effects must be
developed to compensate for saturation in beam run data.

Figure 8.4 shows the response curve of a typical SiPM (devicbarudd799)
from data taken at the Institute for Theoretical and Experirhdtgsics, Moscow
(ITEP) (black squares). In comparison, the expected responsediétiee was linear is
also plotted (blue triangles). Table 8.1 shows the response nuryeri¢ed twenty rows

correspond to twenty levels of illumination. The “lllumination Levadlumn is the light
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level used to illuminate the SiPM. The second column, “Pixels Aetiva gives the
number of pixels activated at that illumination level; this is a measured valu&RPikbés
Expected” column gives the number of fired pixels expected iflévece was linear. The
pixel response of 14.02 for a relative illumination level of 0.95 is aseithe pixel/MIP
value for the device. The “Correction Factor” column is the ratiothef “Pixels
Expected” to “Pixels Activated” columns. The difference betwtdw actual pixels fired
to pixels expected can be up to three times when the devicktyisaturated. However,
up to an illumination level of 5.09 or approximately 86 pixels actiyateel device is

close to linear with correction factors to within one percent.

Depletio@
Region
2 um

“bias

Figure 8.1: Diagram of silicon photomultiplier (SiPM) structure.
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Figure 8.2: Photo of SiPM. (Gray center of photo-detector is approxiniatety square).

Figure 8.3: Detail of SiPM pixel structure. (Each pixel is approxiip&eum square).
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Figure 8.4: Measured response of a typical SiPM (black) and expbeesponse if the
device were linear (blue).

A response function can be approximated as:

Npixels = Niot [1 — €Xp(- Ne/ Neot )]-

In general, and more practically, an algorithm that uses linear intequotath be used:

(Praw—Pn) (5n+1_5n))

Peorrecteda = Praw(Sn + —
Ppny1—Pn

where R, is the number of pixels before correctiogyB:eqiS the number of pixels after
correction, R is the number of expected pixels in the lowest point in the intgrpol
interval, R.1 is the number of pixels at the highest point of the interpolation intervel, S
the calculated scaling factor the lowest point in the interpolatiterval, and Qi is the

calculated scaling factor at the highest point in the interpolation interval.
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Table 8.1. Response of a Sample SiPM

lllumination
Level Pixels Activated Pixels Expected Correction Factor
0.00 0.00 0.00 0.00
0.43 6.32 6.35 1.00
0.70 10.09 10.33 1.02
0.95 14.02 14.02 1.00
1.42 21.23 20.96 0.99
2.31 34.34 34.10 0.99
3.77 55.91 55.65 1.00
5.90 86.03 87.08 1.01
9.32 132.57 137.56 1.04
13.77 190.24 203.25 1.07
26.07 326.98 384.79 1.18
41.95 470.14 619.18 1.32
60.43 603.65 891.95 1.48
85.34 743.15 1259.62 1.69
108.07 840.86 1595.11 1.90
132.35 924.66 1953.49 2.11
156.51 990.63 2310.09 2.33
175.63 1033.31 2592.30 2.51
200.52 1079.14 2959.68 2.74
223.93 1115.01 3305.21 2.96

Each SiPM has its own set of 20 scaling factors calculabed the raw pixel and
relative illumination levels as measured at ITEP. Every hid usehis analysis is stored
in terms of MIPs (see Chapter 5). To convert from MIPs to pawls the following
formula is used: By = LyieistHmip, where Rawis the signal in uncorrected pixels fireqiek
is the light yield in photo-electrons per MIP (PE/MIP), anglpHs the hit signal in MIPs.
In the linear range the number of pixels fired is equal to the number of photowmesectr

As can be seen in Table 8.1 the example SiPM is lineaitbonv2% up to 86

pixels. All SiPMs show similar behavior. Throughout this rangedivice can be treated
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as linear. The interpolation scaling factors were generated the ratio of expected to
measured pixels fired. The “Pixels Expected” column was dérivem a linearity
constant calculated from the ratio of the pixels fired to reatlumination level of the
first non-zero measurement point. The first measurement point reenessarily the best
point to derive the linearity constant. Other alternatives would heke an average of
the points in the linear range, to calculate the slope of the poittie linear range, or to
take the maximum ratio found in the linear range and to use agealue of one for all
points below the maximum in the linear range.

Several methods for deriving the linearization factor were etedudMethod 1
used the first non-zero measurement point to derive the scaling factor foriteeseneés.
This method can be seen in column 4 of Table 8.1. Table 8.2 is a comparitoeeof
alternative methods. Column 1 is the number of raw pixels fired. Colu@vethod 2)
uses a linearity constant calculated from a fit of point twougin five. Column 3
(Method 3) uses the highest linearity constant calculated frarfitst seven points.
Column 4 (Method 4) uses the same constant as column three butdbbrttes lower
points to 1.00. Methods 3 and 4 are the most different in the linear range.

To determine which of these methods is more satisfactory atiteation weights
were calculated for each and the final energy resolution and itinezfr the full
calorimeter compared.

Figure 8.5 plots the energy resolution of the complete calorirastarfunction of
beam energy. Details on the determination of response are giv€haipter 9. Both

methods have been plotted but they are within one percent and cannot be seen as separate
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Table 8.2: Alternative Methods of Calculating Interpolated Scaling Factor

Method 2 Method 3 Method 4

Raw Pixels [Use linearity [Use linearity |Use linearity

Fired constant from |constant from [constant from
fit of first 4 maximum ratigmaximum ratio
points and use 1.00 f

all lower points

0.00 1.00 1.02 1.00

6.32 1.00 1.02 1.00

10.09 1.02 1.04 1.00

14.02 0.99 1.01 1.00

21.23 0.99 1.00 1.00

34.34 0.99 1.01 1.01

55.91 0.99 1.01 1.01

86.03 1.00 1.03 1.03

132.57 1.03 1.05 1.05

190.24 1.06 1.08 1.08

326.98 1.17 1.19 1.19

470.14 1.31 1.33 1.33

603.65 1.47 1.50 1.50

743.15 1.69 1.72 1.72

840.86 1.89 1.92 1.92

024.66 2.10 2.14 2.14

990.63 2.32 2.36 2.36

1033.31 2.50 2.54 2.54

1079.14 2.73 2.78 2.78

1115.01 2.95 3.00 3.00
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points. Fig. 8.6 is a plot of the linearity of response and also sthawvshe methods are
nearly indistinguishable. Since neither method can be shown to improvestiation
the fourth method has been chosen for all further analysis becasetdlpolation

values are the same throughout the linear range.
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Figure 8.5: Plot of energy resolution to compare Method 3 and Method thdor
calculation of interpolation scaling factors.

Although important for very energetic hits, on an event by event lihe
saturation correction is not large. Fig. 8.7 is a plot of the hit energy spectrum for a 20
GeV pion run. All hits are less than 20 MIPs, and 88% of the hits ¢y less than
five MIPs. From Chapter 5, the average light yield is approxind.6 photons/MIP.
Multiplying the MIPs by the light yield gives a maximum of 1RE or pixels. These few
very high MIP hits are only corrected by approximately 5%. 8i8 shows a comparison

of the event energy spectrum for a 20 GeV pion sample containingtéhenergy of all
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the TCMT strips in the event. The uncorrected event energy iglatt red, the

corrected is plotted in blue. There are only modest adjustments to the total evgyt ener
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Figure 8.6: Plot of linearity to compare Method 3 and Method 4 focdhmuilation of
interpolation scaling factors.

°°

Figure 8.9 shows the uncorrected average response of 320 stripsTiGNte
There are 16 peaks each about six strips wide. These areisttips center of the
cassettes where the beam is concentrated. Only theselcsinips would have a
significant contribution to the corrected energy. The other offecestrips have an
average response of 2 MIPS. Unless the uncorrected responser ig &S the
correction algorithm will not change the value significantly. (Nttere are a few strips
with zero response. These strips are inactive usually dudataitg SiPM sensor.) Fig.

8.10 shows the uncorrected maximum response for the 320 strips.
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Fig 8.7: Hit energy spectrum for a 20 GeV pion run.
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Figure 8.8: Corrected versus uncorrected event energy.
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Figure 8.9: Average response of all strips for a 20 GeV pion run.
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Figure 8.10: Maximum response of all strips for a 20 GeV pion run.
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Figure 8.11 shows the increase in MIPs due to the saturationtmorréar hits.

The number of hits outside of the linear range is 1582. With the nuohltéts in this
sample equal to 59389 only 2.7% of the hits are corrected. For 10 Ge¥ R% of the
hits were outside of the linear range and for 80 GeV pions 5.8% outséle of the

range. The increase in average event energy can be seen in Fig. 8.12.
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Figure 8.11: Increase in energy in MIPS due to saturation atmmealgorithm for
individual hits.

Figure 8.13 shows the corrected to uncorrected ratio for everst itotale TCMT.
The mean of 1.013 indicates a very small contribution to the total yertkrg to

saturation correction.
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Figure 8.12: Increase in energy in MIPS due to saturation comeaigorithm for event
totals.
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Figure 8.13: Ratio of saturation corrected to uncorrected event total energ@sIT.
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Figure 8.14 shows the ratio of saturation corrected energy toreoted energy
for the event totals in the TCMT for a range of beam energles.cdrrection algorithm
changes the energy by less than 3% over the beam energied.stldidigher the beam
energy the more energy is deposited in the TCMT and the mordicaghithe effect.
Even at 80 GeV, the maximum tested in the 2006 run, the effacdtisver 2%. Most
hits are of low energy so the correction does not contribute much tot#heorrected
event energy. Therefore the precise algorithm for saturatioratiom has little impact

on the overall performance.
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Figure 8.14: Ratio of event energy with and without saturation camneas a function of
beam energy.



CHAPTER 9
RESOLUTION AND LINEARITY AS A FUNCTION OF CALORIMETER

THICKNESS

9.1 Resolution as a Function of Calorimeter Thickness

A primary goal of the TCMT is the improvement of the full d&te energy
resolution. The energy resolution is typically taken to be thaweei of a Gaussian fit to
an energy distribution divided by the fit mean of the total energy.

res = 6/Etotal.
In this study the mean and RMS are used in order to properly evaluate the tails
res = RMS/Bgtal
Studies of the mean energy and energy resolution were pedasna function of the
number of TCMT layers used. Trailing layers were removed toystnd effect on
containment.

Figure 9.1 compares a 20 GeV negative pion energy spectrum GANOEE
detector without the TCMT (0 TCMT layers used, i.e. use only thBALEand HCAL)
compared to the spectrum with the TCMT (16 TCMT layers usedhwhithe complete

TCMT). The spectrum in Fig. 9.1 has been corrected for saturationaantthe full set of

gualityand background requirements described in Chapter 6. In addition the weights
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Figure 9.1: Comparison of the energy spectrum with and without full TCMT.

have been determined for each configuration as described in Chaptdre7w¢ights
were calculated after saturation correction). The low eneigyctmsisting of genuine
pion events that are not fully contained in the calorimetersgisfisiantly reduced with
the addition of the full TCMT. Configurations using the partial TCN&ve low energy
tails intermediate between these two extremes. The meas islgiitating a higher total
energy collected and the variance decreases both correspondingnipramement in
energy resolution.

For this analysis the energy resolution is quantified with theienatthe ratio of
the root-mean-squared (RMS) to the mean energy. The RMSallypgives a larger
resolution than obtained from the variance of a Gaussian fit, and ioytidefis larger

than that using the RMS-90 statistic. RMS-90 is the root-meamestjakeviation from
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the mean in the smallest energy range containing 90% of th@sewgowever, it is
necessary to use the RMS/mean ratio to include the low ema&itgygf non-Gaussian
energy distributions which arise due to energy leakage in coafigas that do not use
the full TCMT. The energy resolution of the full detector foRG GeV negative pion
sample is found to be 0.157+/-0.002. In comparison, the energy resolutinhated
using RMS-90 is 0.120 +/-0.002.

Figure 9.2 shows the energy resolution as a function of the numbeeraiction

lengths for 20 GeV pions. The energy resolution is calculated as:

oe= RMS/Enean

The first point has no additional TCMT layers while the final pamcbrporates all

sixteen layers. The energy resolution of the ECAL and HCAL aisrapproximately

26%. The resolution improves to 17% when using 2.5 interactions lengtalevan

layers of the TCMT. The outermost five layers have diminishing impact.

9.2 Separation of Stochastic and Constant Components of Resolution

As described in Chapter 3 the energy resolution is traditionally givariLasction

of three terms:
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Figure 9.2: Energy resolution as a function of interaction lengths used in the. TCMT

where N is the noise term due mostly to electronic noise and legser effect at higher
energies; S is the stochastic term due to statisticeedeldluctuations, shower
fluctuations, PE statistics, dead material in front of calaemeand sampling
fluctuations; and C is the constant term due to detector non-uniformity anctahbr
uncertainty. The variance is taken to be the square of the RMf& @nergy spectra at
the respective beam energies. The variance can be written as:
0% (E) = N? + S?E + C?E*?

Plotted in this way a fit can be made to find the constants: N, S, and C.

Figure 9.3 is a plot of the energy resolution as a function ofygrier pions and

inclusion of all 16 TCMT layers. Uncertainties in the data points are on the értir. o
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Figure 9.3: Energy resolution of the full calorimeter respaseegative pions as a
function of energy fit with a second-degree polynomial.

The curve represents the results of a second-degree polynomMlisitsmall.
The final measurement is not included as the fit fails with rg hWegh chi-squared if
included. This effect was noted previously [35][36]. S is 0.573 +/- 0.03&asd).087

+/- 0.016.

9.3 Linearity

In Chapter 8, the linearity was used to assist with the evaluafigaturation

correction algorithms. The residual is computed as:

Residual = 100 * (Egeqm — Ereconstructea)/Epeam
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where: EeconstructedS the reconstructed energy ang kis the beam energy of a pion run.
The weights used at all energies were determined from a 2(p®a\sample. Figure 9.4
shows the linearity deviates by approximately 3% or lesls thi¢ response fixed to 20

GeV for the 20 GeV pion sample.
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Figure 9.4: Linearity

9.4 Leakage

The TCMT can be used to measure the leakage from the calorigystem.
Using the October 2006 data the calorimeter system is definedbetothe

ECAL + HCAL + first seven layers of the TCMT for a tothlckness of 5.44 interaction
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lengths (close to the design thickness of the ECAL+HCAL of 5.5aatien lengths in
the 2007 runs). The remaining nine layers of the TCMT are usedctdatal the leakage.
The fractional RMS is the RMS of the distribution of the everrgy of the calorimeter
system divided by the selected beam energy in GeV. The leakage is edl@sat

Levent= (Etotal — Ecatorimted / Ecotar
where Lleent= leakage for the event drimter= €nergy measured by the ECAL, HCAL
and any layers of the TCMT used to supplement the HCAL, agag=Eenergy measured
by the total detector including the additional layers of theMTCnot included in
Ecaorimies fOr every event. The mean and RMS of all events are reportédble 9.1 as

"leakage."” In summary the leakage is approximately 3% ando8%0 and 80 GeV

pions.

Table 9.1: Leakage Measurements

10 GeV 80 GeV
Fractional RMS 0.203+/-0.002 0.118 +/-0.001
Leakage (mean) 0.032 +/-0.082 0.076 +/-0.001
Leakage RMS 0.082 +/-0.001 0.117 +/-0.001
Fraction of events with| 0.030 +/-0.000 0.061 +/-0.001
leakage >= 10%




CHAPTER 10

COIL STUDIES

TCMT data, taken in October 2006, was used to study the impaehengy
resolution of deepened calorimetry and calorimetric sampling afteagnetic coil. Most
ILC detector designs include a calorimeter inside a magoeiievith a depth of around
five interaction lengths. By adding forward layers of the TCiTthe relatively thin
hadronic calorimeter showers could be contained and the energyticsanproved. A
final ILC configuration would typically include a magnetic coil @fpproximately two
interaction lengths thick between the calorimeter and subsequeuntrnestation. No coil
was included in the CALICE prototype but the material of a cail be simulated with
forward absorber layers of the TCMT simply by removing these layarsdralysis.

Sampling fractions are calculated using the least squareshizaion technique
described in Chapter 7 as shown in Table 7.4. The HCAL is taken tatdeath of 3.5
interaction lengths. The last two absorber layers of the H@a&te not instrumented
during the October run and are treated as leading absorberflaydrs additional layers
in this study.

Table 10.1 describes the configuration of the TCMT layers usetieincail
simulations. It is an abridged form of Table 3.1. The first columrcatds the number of

TCMT layers added to the ECAL and HCAL to extend the caldemirward of the
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simulated coil. In terms of the TCMT layer number, the firsuowol also identifies the
first layer of the forward edge of the simulated magnetic ddie second column
identifies the first layer of the TCMT after the simuthtil. The third column indicates
the total number of TCMT layers remaining to simulate the post-coil caloyimet

The left panel of Fig. 10.1 shows an 80 GeV pion beam energy apefdr the
ECAL and HCAL with no layers of the TCMT added to the calorimeter systée right
panel of Fig. 10.1 shows the energy spectrum for a simulated coédrataly after the
HCAL followed by sampling with the remaining layers of the TCMT. §l¢onfiguration
corresponds to the first row of Table 10.1.) The left side tagdsiced by the post coill

sampling leading to improved energy resolution.

10.1. TCMT Layers Used for Coil Simulation Analysis

Layers of TCMT | End of TCMT Layers
added to Simulated Used for TCMT
calorimeter coilffirst layer | used behind coil
10
10
11
11
11
11
11
12
12
12
10 13
11 14
12 15
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| Without Post-Coil Sampling Entries 8427

With Post-Coil Sampling Entries 6427

Mean  74.85
RMS  9.576
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Figure 10.1: Energy spectra with zero layers of TCMT addeteaalorimeter system

(left) and with simulated coil and subsequent post-coil samplingt)rigr an 80 GeV
pion run.

Figure 10.2 plots the energy resolution of a 20 GeV negative pioplesdon a
calorimeter system incorporating the ECAL, the HCAL, and tist firfforward layers of
the TCMT (red or upper symbols) and the resolution for a systeluading the ECAL,
the HCAL, n forward layers of TCMT, a 2.&oil gap, and the remaining layers of the
TCMT (blue or lower symbols.) The energy resolution corresponds tootitaneans-
square of the energy distribution, illustrated with Fig. 10.1, dividedhey average
energy. The upper curve (red) shows that extension of the calerifnem 4.5 to 7
interaction lengths dramatically improves resolution from 25.5% ta4.7The leftmost

upper (red) point corresponds to no calorimeter extension and the leftmost lower (blue)
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Figure 10.2: Comparison of the energy resolution of a 20 GeV negativegigle with
a simulated coil with (blue or lower points) and without (red or uppents) final TCMT
layers after coill.

point to a coil immediately after the HCAL followed by additibeampling. Note the
sampling improves resolution from 25.5% to 22.5%.

As shown in Fig. 10.2, at a depth of 5.5 a typical calorimeter depth for
proposed ILC detectors, the additional sampling layers improve enesgiution for a
20 GeV pion by 2% which corresponds to a relative improvement of 11%ighteost
points in Fig. 10.2 correspond to an HCAL extended by the full lengtneof CMT and
a coil with little or no additional sampling. The data indicaté thiaa coil beyond seven
interaction lengths the post-coil sampling provides negligible impnewt for a 20 GeV

pion.
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Figure 10.3 shows the performance of the simulated coil and TGMtEms for

10, 20, 40, and 80 GeV beam energies as a function of calorimetér (depde the
simulated coil.) Subsequent sampling after the simulated coihdsided. The 4.5
interaction length thickness is the configuration in which the sitedl coil begins
immediately after the HCAL and no additional layers of the TCM& added to the
ECAL and HCAL before the coil. The 4.95 interaction length caldemmcludes two
TCMT layers added to the calorimeter. The 5.5 interaction hepgint uses seven
TCMT layers added to the calorimeter and is the configuratioestios the SID detector
design. The 6.9 interaction length configuration uses eleven TCMTslageled to the
calorimeter and only two layers for post coil sampling. The wéisol improvement

increases with energy for all coil radii.

Energy Resolution as a Function of Calorimeter Thickness
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Figure 10.3: Resolution as a function of inner calorimeter depth itieeddeimulated coll
and with subsequent sampling. Points are for 10 GeV (top), 20 GeVe¥0aad 80
GeV (bottom) pions.
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Figure 10.4 shows the energy resolution as a function of beam enbegguiives
illustrate the resolution for different locations of the simulateitl As noted earlier the

resolution improves with beam energy. Moreover, as expected, therftine coil from
the interaction region (or the deeper the inner calorimetry), eetagrthe improvement

in energy resolution.

| Energy Resolution as a Function of Energy |
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10 20 30 40 50 60 70 80
Beam Energy

Figure 10.4: Resolution as a function of beam energy for fowsrdiit coil depths with
subsequent sampling (Solid squares (top)s4.50pen circles=4.95 Solid
triangles=5.54, Solid circles (bottom)=6.9)

Figure 10.5 compares the energy resolution of a thigk calorimeter with and
without a coil plus post-coil sampling. The absolute resolution imprbyet% at all
energies. Figure 10.6 shows the relative improvement of the enesglution as a

function of energy when a calorimeter is extended by a coil and subsequent sampling
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layers. In this example the coil is at a depth of)5.8t 20 GeV the TCMT improves

resolution by 6%.

| Energy Resolution as a Function of Energy |
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Figure 10.5: Energy resolution versus energy for a &aorimeter system without a coil
(solid squares) and followed by a simulated coil and post-coil sampling (opegi¢s).



99

Improvement in Energy Resolution with Coil at 5.54
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Figure 10.6: Relative change in resolution with and without coil andegubst
sampling.



CHAPTER 11

CONCLUSIONS

The proposed ILC requires a detector with superior jet energjuties of
30%NE or better near the Z-pole region (91GeV). To achieve this gazbtypes for a
high granularity detector designed to use Particle Flow Algos have been developed
by the CALICE consortium. One major limitation on detector rggm is the depth of
the hadron calorimeter contained within a magnetic coil. The H@#dkness in ILC
detector designs are approximately 5.5 nuclear interactiothkemy depth. This is too
thin to contain the most energetic showers and late showering pomre®nipensate for
this deficiency, the CALICE Tail Catcher/Muon Tracker hashbaesigned to extend the
calorimetry as well as function as a muon tracking system.pfoimtype design also
provided an opportunity to simulate the impact on energy resolution afjaetic coil in
various configurations and to study the use of silicon photomultipEP\s) in particle
detectors.

This analysis shows that the TCMT contains leakage and improvagye
resolution. The effect of the TCMT both with and without a coil @ensignificant as
energy increases. Inclusion of all sixteen layers of the TGdhe 3.3 thick CALICE
calorimeter in the October 2006 test beam configuration improves esmution by

9.3% at 20 GeV, a relative improvement of 37%, and 10.8% at 80 GeV,taerela
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improvement of 55%. For calorimeter system depths that are umagideration for ILC
detectors the addition of TCMT layers after a coil of ZLignproves energy resolution.
For a coll situated outside a 5.%alorimeter system, a typical configuration for proposed
ILC detectors, a TCMT would improve the absolute energy resoluti@® @eV pions
by 1%, a relative improvement of 6% and for 80 GeV pions by 2%, aiveela

improvement of 10%.
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