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ABSTRACT
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CASTOR is a sampling electromagnetic/hadronic calorimeter, to be installed as a
sub- detector of the CM S Experiment at the LHC. It is positioned in the very forward region,
14.38 m away from the interaction point and covering the pseudo rapidity range
5.15<h <6.6. In order to test the final design of the CASTOR calorimeter, last prototype
of the CASTOR was tested at CERN/SPS H2 beam line in 2008. The energy linearity and
resolution as well as the spatial resolution of the prototype for the electromagnetic and
hadronic showers were studied with electrons, pions and muons during the test beam. In this
thesis, energy scan was studied using E =10,20,50,120,150,200 GeV electrons. Also
Radiation Damage Monitoring (Raddam) system of HF calorimeter was studied using data
which was taken in 2008-2009.
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Oz
YUK SEK LiSANS

2008 CM S-CASTOR KALORIMETRESININ DORDUNCU PROTOTIP
HUZME TESTIi ANALiZi VE CMS-HF KALORIMETRESINDEK i HF
FIBERLERININRADDAM SIiSTEMIi iLE MONIiTORU

Dilber UZUN
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Damsman: Dog. Dr. isa DUMANOGLU
Yil: 2010, Sayfa 66
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Prof. Dr. Gulsen ONENGUT
Yrd. Dog. Dr. Mehmet TEKDAL

CMS deneyinin bir alt dedektorti olan CASTOR, elektromanyetik ve hadronik
bdlumlere sahip bir drnekleme kalorimetresidir. Etkilesme noktasindan 14,38 m uzaga
yerlestirilecek olan CASTOR'un pseudorapidite bolgesi 5.15<h <6.6 araligim
kapsamaktadir. CASTOR kalorimetresi icin en son dizayn edilen prototip 1V, kuvartz
ve tungsten plakalardan olusup testleri CERN/SPS H2 hiizme test aaninda 2008
yilinda yapilmistir.Bu prototip farkli enerjilerdeki mion, pion ve elektronlarla test
edilmistir. Bu c¢aligmada bu prototipin, E =10,20,50,120,150,200 GeV enerjilere
sahip elektronlar kullamlarak, kalorimetrenin  ¢ozinurligi ve dogrusallig:
arastirllmigtir. Bu calismalara ek olarak, HF kalorimetresinde, 2008-2009 yilinda
alinan verileri kullanarak HF kalorimetresindeki fiberlerin. radyasyon hasar
belirleme sistemi Uzerine yapilan analiz sonuglari sunulmustur.

Anahtar Kelimeler: BHC, CMS, CASTOR, HF, Raddam.
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1. INTRODUCTION Dilber UZUN

1. INTRODUCTION

Particle physics is a branch of physics that studies the elementary constituents
of matter and radiation, and the interactions between them. It is also called high
energy physics, because many elementary particles do not occur under normal
circumstances in nature, but can be created and detected during energetic collisions
of other particles, as is done in particle accelerators. Research in this area has
produced along list of particles. Thisis alist of different types of particles found or
believed to exist in the whole of the universe. For individual lists of the different
particles, see the individual pages given below. Elementary particles are particles
with no measurable internal structure; that is, they are not composed of other
particles. They are the fundamental objects of quantum field theory. Many families
and sub-families of elementary particles exist. Elementary particles are classified
according to their spin. Fermions have half-integer spin while bosons have integer
spin. All the particles of the Standard Model have been observed, with the
exception of the Higgs boson. (CMS Physics TDR, 2006)

1.1. The Standard M odd

The current state of the classification of elementary particles is the Standard
Model. The Standard Model of particle physics is a theory of three of the four
known fundamental interactions and the elementary particles that take part in these
interactions. These particles make up all visible matter in the universe. Every high
energy physics experiment carried out since the mid-20™ century has eventually
yielded findings consistent with the Standard Model. Still, the Standard Model falls
short of being a complete theory of fundamental interactions because it does not
include gravitation, dark matter, or dark energy. It is not quite a complete
description of leptons either, because it does not describe nonzero neutrino masses,
although simple natural extensions do. The four known fundamental interaction are
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electromagnetism, strong interaction, weak interaction and gravitation. (CMS
Physics TDR, 2006)

1.1.1. Fundamental Forces and Interactions

1.1.1.1. Electromagnetic Interaction

Electromagnetism is the physics of the electromagnetic field, a field that
exerts a force on particles with the property of electric charge and is reciprocally
affected by the presence and motion of such particles. A changing magnetic field
produces an electric field. Similarly, a changing electric field generates a magnetic
field. The magnetic field is produced by the motion of electric charges, electric
current. The magnetic field causes the magnetic force associated with magnets. The
theoretical implications of electromagnetism led to the development of special
relativity by Albert Einstein in 1905; and from this it was shown that magnetic
fields and electric fields are convertible with relative motion as a four vector and
this led to their unification as electromagnetism. (CMS Physics TDR, 2006)

1.1.1.2. Strong Interaction

In particle physics, the strong interaction holds quarks and gluons together to
form protons, neutrons and other particles. The strong interaction is one of the four
fundamental interactions, along with gravitation, the electromagnetic force and the
weak interaction. The strong interaction is also the force that binds protons and
neutrons together. In this context it is called the nuclear force, and it is the residue
strong interaction between the quarks that make up the protons and neutrons. The
strong force is thought to be mediated by gluons, acting upon quarks, anti-quarks,
and the gluons themselves. (CMS Physics TDR, 2006)
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1.1.1.3. Weak Interaction

The weak interaction is one of the four fundamental interaction of nature. In
the Standard Model of particle physics, it is due to the exchange of the heavy W
and Z bosons. Its most familiar effect is beta decay and the associated radioactivity.
The word weak derives from the fact that the typical field strength is 10™* the
strength of the electromagnetic force and some 10™*2 that of the strong force, when
forces are compared between particles interacting in more than one way. (CMS
Physics TDR, 2006)

1.1.1.4. Gravitational Interaction

Gravitation is a natural phenomenon by which objects with mass attract one
another. In everyday life, gravitation is most commonly thought of as the agency
which lends weight to objects with mass. Gravitation causes dispersed matter to
coalesce, thus accounting for the existence of the Earth, the Sun, and most of the
macroscopic objects in the universe. It is responsible for keeping the Earth and the
other planets in their orbits around the Sun; for keeping the Moon in its orbit
around the Earth; for the formation of tides; for convection, by which fluid flow
occurs under the influence of a density gradient and gravity; for heating the
interiors of forming stars and planets to very high temperatures; and for various
other phenomena observed on Earth. Modern physics describes gravitation using
the general theory of relativity, in which gravitation is a consequence of the
curvature of space-time which governs the motion of inertial objects. The simpler
Newton’s law of universal gravitation provides an accurate approximation for most
calculations.(CMS Physics TDR, 2006).
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1.1.2. Fermions, Quarks, Leptons and Bosons

Fermions have half-integer spin; for all known elementary fermions this is %%.
Fermions are particles which obey Fermi-Dirac dtatistics; they are named after
Enrico Fermi. Each known fermion has its own distinct antiparticle.

Fermions are the basic building blocks of all matter. They are classified according
to whether they interact via the color force or not. In the Standard Model, there are
12 types of elementary fermions: six quarks and six leptons.

Quarks are the fundamental constituents of hadrons and interact via the weak
and electromagnetic interaction in addition to strong interaction. Quarks are the
only known carriers of fractional charge, but because they combine in groups of
three (baryons) or with their antiparticle (mesons), only integer charge is observed
in nature. Their respective antiparticles are the anti- quarks which are identical
except for the fact that they carry the opposite electric charge (for example the up
quark carries charge +% , while the up anti-quark carries charge -%s), color charge,
and baryon number. There are six flavors of quarks; the three positively charged
quarks are called up-type quarks and the three negatively charged quarks are called
down-type quarks. For details you can see the table 1.1.



1. INTRODUCTION Dilber UZUN

Table 1.1. Quarks

Name Symbol Antiparticle Charge e Mass (MeV/gZ)
up u u +% 1.5-3.3
down d d - 3.5-6.0
charm c C +% 1,160-1,340
strange S < A 70-130
top t t +% 169,100-173,300

bottom b b A 4,130-4,370

Leptons do not interact via the strong interaction. Their respective
antiparticles are the anti-leptons which are identical except for the fact that carry
the opposite electric charge and lepton number (Table 1.2.). While the antiparticle
of the electron is the anti-electron, it is nearly always called positron for historical
reasons. There are six leptons in total; the three charged leptons are called electron-
like leptons, while the neutral leptons are called neutrinos.
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Table 1.2. Leptons

Name Symbol Antiparticle Chargee Mass (MeV/c?)
Electron e e’ -1 0.511

Electron neutrino | ve Ne 0 <22eV/c
Muon s it -1 105.7

Muon neutrino | v, Nm 0 <0.170

Tauon T T -1 1777

Tauon neutrino | v, N 0 <155

Bosons have integer spin. The fundamental forces of nature are mediated by
gauge bosons, and mass is hypothesized to be created by the Higgs boson.
According to the Standard Model the elementary bosons are shown in Table 1.3.
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Table 1.3. Bosons.

N Symboal Antiparticl Ch (e | Spi Mass | nteraction
ame mbol ntiparticle arge (e in )
(GeV/c?) mediated

Photon y Sdf 0 1 0 Electromagnetism
W boson W W' -1 1 80.4 Weak interaction
Z boson Z Saf 0 1 91.2 Weak interaction
Gluon g Sdf 0 1 0 Strong interaction
Higgs 0

H Sef? 0 0 > 112 None
boson
Graviton G Saf 0 2 0 Gravitation

The Standard Model makes several predictions about the universe, many of
which seem to be true according to various experiments. But there are other aspects
of the model that remain unproven. One of those is a theoretical particle called the
Higgs boson particle (shown in Table 1.3.). (CM S Physics TDR, 2006)

1.1.3. The Higgs Boson

The Higgs boson is a massive scalar elementary particle predicted to exist by
the Standard Model in particle physics. (CMS Physics Note, 2006) At present there
are no known fundamental scalar particles in nature. The Higgs boson is the only
Standard Model particle that has not yet been observed. Experimental detection of
the Higgs boson would help explain the origin of mass in the universe. More
specifically, the Higgs boson would explain the difference between the massless
photon, which mediates electromagnetism, and the massive W and Z bosons, which
mediate the weak force. Assuming that the Higgs boson exists, it is expected to be
discovered at the Large Hadron Collider. Moreover, the Minimal Supersymmetric
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Standard Model (MSSM) predicts several Higgs bosons. (P.W. Anderson, 1963)
The Higgs mechanism, which gives mass to vector bosons, was theorized in 1964
by Francois Englert and Robert Brout; (Comptes Rendus Physique, 2007) in
October of the same year by Peter Higgs, working from the ideas of Philip
Anderson (P.W. Anderson, 1963) and independently by Geraid Gurainik, C.R.
Hagen, and Tom Kibble (P.W. Higgs, Phys. Rev. Lett, 1964), who worked out the
results by the spring of 1963. (D’ Enterria, 2007)

1.1.4. Composite Particles

1.1.4.1. Hadrons

Hadrons are defined as strongly interacting composite particles. Hadrons are
either;
-Composite fermions, in which case they are called baryons.
-Composite bosons, in which case they are called mesons.
Baryons; are the family of composite particles made of three quarks, as opposed to
the mesons which are the family of composite particles made of one quark and one

anti-quark. Both baryons and mesons are part of the larger particle family
comprising all particles made of quarks-the hadrons. The term baryon is derived
from the Greek, meaning “heavy”, because a the time of their naming it was
believed that baryons were characterized by having greater masses than other
particles.Since baryons are composed of quarks, they participate in the strong
interaction. Leptons, are not composed of quarks and as such do not participate in
the strong interaction. The most well known baryons are the protons and neutrons
which make up most of the mass of the visible matter in the universe, whereas
electrons are leptons. For example, Protons, composed of two up and one down
quark (uud) and neutrons, composed of two down and one up quark (ddu). Also
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each baryon has a corresponding antiparticle, the antiproton, is made of two up and
one down anti-quarks. (CMS Physics TDR, 2006).

1.1.4.2. Mesons

In particle physics, mesons are subatomic particles composed of one quark
and one anti-quark. The main difference between mesons and baryons is that
mesons are bosons while baryons are fermions that is mesons have integer spin
while baryons have half- integer spin meaning that the Pauli exclusion principle
does not apply to mesons. Since mesons are composed of quarks, they participate in
both the weak and strong interactions. Mesons with net electric charge also
participate in the electromagnetic interaction. They are classified according to their
quark content, total angular momentum, parity, and various other properties such as
C-parity and G-parity. While no meson is stable, those of lower mass are
nonetheless more stable than the most massive mesons, and are easier to observe
and study in particle accelerators or in cosmic ray experiments. (CMS Physics
TDR, 2006).

1.2. Large Hadron Collider

The Large Hadron Collider (LHC) is the world’'s largest and highest-energy

particle accelerator, intended to collide opposing particle beams, of either protons
at an energy of 7 TeV per particle and luminosities up to 1034 cm %1 (Pb-Pb

collisions have 1312 GeV and luminosities up to 1027 cm_zs_l). The Large Hadron
Collider was built by the European Organization for Nuclear Research (CERN)
with the intention of testing various predictions of high-energy physics, including
the existence of the hypothesized Higgs boson and of the large family of new
particles predicted by supersymmetry. The Large Hadron Collider (LHC) is being
built in the circular LEP tunnel with 27 km in circumference (shown Figure 1.1.).
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The tunnel is buried around 50 to 175 m. underground.

Large Hadron Collider at CERN
Copamivriorcs 35 7 ki (18 O mdes
Prioton Gaaes e

Figure 1.1. Large Hadron Collider at CERN

The beam moves around the LHC ring inside a continuous vacuum chamber
which passes through a large number of magnets. 1232 dipole magnets bend the
beam around the 27 km. ring. The momentum of the beam is very high and these
magnets have to produce a very strong magnetic field. To reach the high magnetic
field required, high currents are needed. The cables of the magnets are of a very
special design and conduct current without resistance in their superconducting
state. The beams will be stored at high energy for 10 to 20 hours. In 10 hours the
particles make four hundred million revolutions around the machine.

Although the Standard Model (SM) of particle physics has so far been tested
to exquisite precision, it is considered to be an effective theory up to TeV scale.
The goal of High Energy Physics is to answer these questions. what are the
fundamental constituents of matter and what are the fundamental forces controlling
the behavior of matter? In order to answer these questions, we need to identify the
intrinsic features and characteristics of particles at the basic level. For this, we
need to employ well-defined devices to prove physical models. The LHC at CERN
isthe largest accelerator in the world where different detectors will operate.

10
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Six detectors have been constructed at the LHC, located underground in large
caverns excavated at the LHC's intersection points. Two of them, the ATLAS
experiment will be used to look for signs of new physics, including the origins of
mass and extra dimensions, and the Compact Muon Solenoid (CMS) will, like
ATLAS, hunt for the Higgs boson and look for clues to the nature of dark matter,
A Large lon Collider Experiment (ALICE) will study a “liquid” form of matter
called quark-gluon plasmathat existed shortly after the Big Bang, and while LHCb
will search to answer although equal amounts of matter and antimatter were
created in the Bing Bang why we only see a universe which consists of only
matter. ALICE and LHCb have more specific roles and the last two TOTEM and
LHCf are smaller than others and are for very specialized research. (CMS Physics
TDR, 2006)

1.3. Compact Muon Solenoid

CMS (Compact Muon Solenoid) is one of the detectors which will be
operating a the LHC. CMS is designed as a general-purpose detector to
investigate a wide range of physics. The CMS detector is built around a
huge solenoid magnet. This takes the form of a cylindrical coil of
superconducting cable that generates a magnetic field of 4 Teslas, about
100 000 times that of the earth. It contains sub-systems which are designed
to measure the energy and momentum of photons, electrons, muons, and
other product of the collisions. The main goals of the experiment are; to explore
physics a the TeV scale, to discover the Higgs boson, to look for evidence of
physics beyond the standard model, such as super symmetry, or extra dimensions, to
study aspects of heavy ion collisions and to study Quantum Chromo Dynamics
(QCD) in extreme conditions of temperature and density produced in Pb-Pb
collisions. An overall picture of the CMS can be seen in Figure 1.2.

11
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Figure 1.2. The CMS detector (The CMS Collaboration, 2008)

The CMS detector consists of a silicon tracker, an electromagnetic
calorimeter, and a hadron calorimeter, surrounded by a high field superconducting
solenoid, muon detectors, as well as forward sampling calorimeters, it covers most
of the 4z solid angle and a wide pseudo rapidity range. The CASTOR (Centauro
and Strange Object Research) calorimeter is one of the forward detectors of CMS
which is dedicated to the search of Centauro-type events in heavy-ion
collisions, related to previous exotic cosmic ray phenomena which have been
studied in many experiments. (CMS Physics TDR, 2006)

1.3.1. The Tracker

Immediately around the interaction point the inner tracker serves to identify
the tracks of individual particles and match them to the vertices from which they
originated. The curvature of charged particle tracks in the magnetic field allows their
charge and momentum to be measured. The CMS silicon tracker consist of 13 layers
in the central region and 14 layers in the end caps. The innermost three layers consist
of 100 x 150 um pixels, 66 million in total. The next four layers (up to 55 cm radius)

12
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consist of 10 cm x 180 um silicon strips, followed by the remaining six layers of 25
cm %180 um strips, out to aradius of 1.1 m. There are 9.6 million strip channelsin
total. During full luminosity collisions the occupancy of the pixel layers per event is
expected to be 0.1%, and 1-2% in the strip layers. Figure 1.3. shows the CMS
tracking system. (CMS Physics TDR, 2006)

A1 n: &' hd A" &4V KT A @9 1 | 12 (A (K8 e
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Fig.1.3. CMS Tracker System

1.3.2. Electromagnetic Calorimeters

Electromagnetic calorimeters are specifically designed to measure the energy
of particles that interact primarily via the electromagnetic interaction. With its
over 80,000 scintillation lead tungsten PbWO, (PWO) crystals the CMS
electromagnetic calorimeter (ECAL) will be the largest one ever constructed. It
was designed to work in the demanding LHC environment and give a resolution
of a 0.5% for photon energies above 50 GeV/c. Of particular interest are electrons
and photons, because of their use in finding the Higgs boson and other new
physics. Lead tungsten crystal is made primarily of metal and is heavier than
stainless steel, but with a touch of oxygen in this crystalline form it is highly
transparent and “scintillates” when electrons and photons pass through it. This
means it produces light in proportion to the particle’s energy. These high-density
crystals produce light in fast, short, well-defined photon bursts that allow for a

13
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precise, fast and fairly compact detector. The layout of the CMS ECAL is shown
in Figure 1.4. (CMS Physics TDR, 2006)

Preshower

Figure1.4. CMSECAL.

1.3.3. Hadronic Calorimeter

The Hadronic Calorimeter (HCAL), plays an essential role in the
identification and measurement of quarks, gluons, and neutrinos by measuring the
energy and direction of jets and of missing transverse energy flow in events.
Missing energy forms a crucial signature of new particles, like the super
symmetric partners of quarks and gluons. For good missing energy resolution, a

hermetic calorimetry coverage of eta=5 is required.

The HCAL also aids in the identification of electrons, photons and muons in

conjunction with the tracker, electromagnetic calorimeter, and muon systems.

The barrel, or central detector, is a cylindrical structure which surrounds the
collision region and measures the energy of quarks and jets emerging at large
angles relative to the beam direction. The end cap calorimeters look like end-plugs

and enclose the ends of the barrel region.

14
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To accomplish this feat, the HCAL is organized into barrel (HB and HO),
end cap (HE) and forward (HF) sections. There are 36 barrel “wedges’, each
weighing 26 tones.

These form the last layer of detector inside the magnet coil whilst a few
additional layers, the outer barrel (HO) ,which covers the region -1.26< || <1.26,
sit outside the coil, ensuring no energy leaks out the back of the HB undetected,
the HCAL end caps (HE) cover the pseudo rapidity range 1.3< |5| <3.0 and HB
covers the range -1.4< || <1.4. Lastly, the two hadronic forward calorimeters HF
is located at 3.0< |5| <5.0. (CMS Physics TDR, 2007).

1.3.4. The M agnet

The CMS magnet is the central device around which the experiment is built,
with a4 Tesla magnetic field is 100, 000 times stronger than the Earth’s. Itsjob is
to bend the paths of particles emerging from high-energy collisions in the LHC.
The more momentum a particle has the less its path is curved by the magnetic
field, so tracing its path gives a measure of momentum. CMS began with the aim
of having the strongest magnet possible because a higher strength field bends
paths more and, combined with high-precision position measurements in the
tracker and muon detectors, this allows accurate measurement of the momentum
of even high-energy particles. (CMS Physics TDR, 2007)

1.3.5. TheMuon System

As the name “Compact Muon Solenoid” suggests, detecting muons is one of
CMS's most important tasks. Muons are charged particles that are just like
electrons and positrons, but are 200 times heavier. We expect them to be produced
in the decay of a number of potential new particles; for instance, one of the
clearest “signatures’ of the Higgs Boson is its decay into four muons. Because

15
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muons can penetrate several meters of iron without interaction, unlike most
particles they are not stopped by any of CMS's calorimeters. Therefore, chambers
to detect muons are placed at the very edge of the experiment where they are the
only particles likely to register a signal. (CMS Physics TDR, 2007)

1.4. CM S Forward Detectors

There are three forward detectors, HF, CASTOR and ZDC, in CMS
experiment. They are very important detectors due to their pseudo rapidity ranges,
which shown in Figure 1.5. With their inclusion CM S become almost fully hermetic
detector.

Cukurova University High Energy group has made very important
contributions to HF and CASTOR from their construction to installation to the LHC
beam line. This study is part of this contribution.

Forward detectors of CMS cover a wide range of physics subjects,
including very low-xg QCD, underlying event and multiple interactions
characteristics, g-mediated processes, shower development at the energy scale of
primary cosmic ray interactions with the atmosphere, diffraction in the presence
of a hard scale and even Higgs discovery in central exclusive production. (CMS
Physics TDR, 2007)

16
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Figure 1.5. Pseudorapidity-azimuth coverage of the full CMS detector (CASTOR
EDR, 2007 ).

1.4.1. TheHadron Forward Calorimeter of the CM S experiment at the LHC

The forward caorimeters in the Compact Muon Solenoid (CMS) experiment at
the Large Hadron Collider (LHC) cover a large pseudo rapidity range, 3 <z < 5, and
thus significantly improve jet detection and the missing transverse energy resolution
which are essential in top quark production studies, Standard Model Higgs, and all
SUSY particle searches. Higgs boson production through weak boson fusion as a
potential Higgs discovery channel requires identification of high energy quark jets by
the forward calorimeters. This channel is largely characterized by two energetic
forward tagging jets (<p>) =1 TeV with atypical transverse momentum of m,/2 .The
largest suppression againgt background is achieved by the efficient identification of these
tagging jets by two forward calorimeters.

The forward caorimeter will experience unprecedented particle fluxes. On
average, 76 GeV per proton-proton interaction is deposted into the two forward
caorimeters, compared to only 100 GeV for the res of the detector. At #=5 and
integrated luminosity of 5 x 10° pb™ (~10 year of LHC operation), the HF will
experience ~1 Grad. This hogile environment presents a condderable challenge to
calorimetry, and the design of the HF calorimeter was first and foremost guided by the
necessity to survive in these harsh conditions. Successful operation critically depends on

17
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the radiation hardness of the active material. This was the principal reason why quartz
fibers were chosen as the active medium. The signal is generated when charged shower
particles has energy above the Cerenkov threshold (E > 190 KeV for eectrons), the
calorimeter mostly sensitive to the electromagnetic component of showers. Fibers are
inserted in these grooves. The detector is functionally subdivided into two longitudinal
segments. Half of the fibers run over the full depth of the absorber (165 cm = 10 4, while
the other half dtartsa adepth of 22 cm from the front of the detector. These two sets of
fibers are read out separately. This arrangement makes it possible to distinguish showers
generated by electrons and photons, which depost a large fraction of their energy in the
first 22 cm, from those generated by hadrons, which produce nearly equal signals in both
calorimeter segments on average. The long fiber section is referred as L (measuring the
total signal), and the short fiber section as S (measuring the energy deposition after 22 cm
of ged).

The forward calorimeter is essentially a cylindrical stedl structure with an outer
radius of 130.0 cm. The front face of the calorimeter is located & 11.2 m from the
interaction point. The hole for the beam pipe is cylindrical, with radius 12.5 cm from the
center of the beam line. This structure is azimuthally subdivided into 20° modular wedges.
Thirty-six such wedges (18 on either side of the interaction point) make up the HF
calorimeters Thefibersrun parallel to the beam line, and are bundled to form 0.175%0.175
in Ay x Ag towers . The detector is housed in a hermetic radiation shielding which
consgsof layersof 40 cmthick stedl, 40 cm of concrete, and 5 cm of polyethylene. The
inner part of HF will experience radiation doses close to 100 Mrad/year, and large neutron
fluxes leading to activation of the absorber material, reaching several mSv/h in the region
closest to the beam line after 60 days of running a 10* cmi s* luminosity and one day of
cooling down. The HF calorimeter coversalarge pseudo rapidity region (3 <# < 5), and
isessential for large number of physics channels with missing transverse energy.

The active elements of HF (quartz fibers) are sufficiently radiation-hard to
survive these levels of radiation with limited deterioration. A 10-cmithick lead plate,

located in front of HF during operations around the detector, reduces personal exposure to
radiation from the absorber.

18
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Maintenance of read-out boxes will be performed with the help of semi-
automatic extractor tools. HF is equipped with radiation monitors located & the periphery
of the detector, and with a system (Raddam) to measure the transmission properties of a
few reference quartz fibers embedded in the absorber, as a function of integrated
luminosity. The recovery is maximum at 450 nm which isalso the maximum of PMT

HF efficiency.

Table 1.4. The tower sizes, number of fibers, bundle sizes and the percentage of
photocathode area utilized are listed below for each tower.(CMS NOTE,

2006).

Ring | rinfoue(mm) | Dh Df Nrib Abundie Apundid
No (deree) (MM? | Aphotocathode
1 |(1162-1300) | 0111 |10 594 551 1.14

o | (9751162) 10975 |10 696 652 1.33

3 |(@18975) o375 |10 491 469 0.96

4 | (686-818) 0175 |10 346 324 0.66

5 | (576-686) |0175 |10 242 231 0.47

6 |(483576) |0175 |10 171 167 0.34

7 (406-483) | 0175 |10 120 120 0.25

8 (340-406) | 0175 |10 85 83 0.18

9 (286-340) | 0175 |10 59 63 0.13
10 |(240-286) |0175 |10 41 46 0.94
11 | (201-240) | 0175 |10 30 35 0.71
12 |(169-201) |0175 |20 42 52 0.11
13 | (125-169) | 0300 |20 45 50 0.10
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Figure 1.6. Wedge near the beam pipe (a), long and short fibers sapareted by 5 mm (b) ,
(CMSNOTE, 2006)

The transverse segmentation (Figure 1.6.) is 0.175 x 0.175 in Ay X A¢ with the
exception of two towers (12 and 13) a the tip of the wedge near the beam pipe (a). An
expanded view of tower 13 shows the radioactive source tube in the center of the tower.
Long and short fibers alternate and are separated by 5 mm (b). (CMSNOTE, 2006).

1.4.2. CASTOR Forward Detector of CM S Experiment

CASTOR calorimeter has an electromagnetic (EM) and hadronic (HAD) parts
and segmented as 16-fold azimuthally symmetric structure around the beam pipe. It
is aso longitudinally segmented into 14 sections, 2 for the EM and remaining are
for the HAD parts. Figure 1.7. shows the schematic design drawing of the
calorimeter. The calorimeter is constructed in layers of tungsten (W) plates as

20



1. INTRODUCTION Dilber UZUN

absorber and fused silica quartz (Q) plates as active medium. The signal is the
Cherenkov light produced by the passage of the charged particles in the shower
through the quartz medium. These W/Q-layers are inclined at 45 ° from the beam
direction, in order to maximize the Cherenkov light output. The refraction index of
quartz is n =1.46-1.55 for wavelengths | = 200-600 nm. The corresponding
Cherenkov threshold velocity isb. =1/n = 0.65-0.69, for b; ~1 the angle of emission
is gc =acos(1/n b) = 46°-50° . The calorimeter has 16 x 14 subdivisions (224
channels in total) and the light produced in each one is collected and focused by
air-core light guides onto the corresponding PMTSs.

Figure 1.7. Schematic design of the full CASTOR calorimeter simulated with
MC.(CASTOR EDR, 2007)

The calorimeter will be situated at 14,385 m from the interaction point,
subtending the pseudo rapidity range 5.3 < 5 < 6.6 . The calorimeter is divided
into an electromagnetic and a hadronic section, Figure 1.8. The electromagnetic
section has 2 x 16 channels and depth 2 x 10=20 radiation lengths, Xo, or 0.77
interaction lengths /,. Each channel (readout unit,RU) consist of 5 tungsten and 5
quartz plates of thickness 5 mm and 2 mm, respectively. The hadronic section has 12
x 16 channels and depth 12 x 0.77 4, . Each RU consists of 5 tungsten and 5 quartz
plates of thickness 10 mm and 4 mm, respectively. The calorimeter has total depth
10/, .
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Figure 1.8. Schematic longitudinal view of the CASTOR Calorimeter design (see
CASTOR EDR, 2007).

The calorimeter will be positioned at 14.385 m from the interaction point. As
we mentioned above, covering the pseudo rapidity range of 5.1 < < 6.6, the #-
range covered will be 53 < || < 6.46 for the electromagnetic section with
99% containment and 5.25 < |y| < 6.31 for the hadronic section with 95%
containment.The later » range provides complete overlap with the HF calorimeter. (
CASTOR EDR, 2007)

1.4.3. ZDC Forward Detector of CM S Experiment

The Zero Degree Calorimeter (ZDC) is a sub-system of the CMS Forward
HCAL. The Zero Degree Calorimeter will be downstream of the first beam dipole
magnets at the straight section and between the two beam pipes at ~140 m on each
side of the interaction vertex. The ZDC are able to measure the energy of forward
neutrons and photons since these are not deflected by the bending magnets. The
ZDCs will improve the collision centrality determination while CASTOR, covering
5.3< #<6.7, sudies charged particles and electromagnetic energy fluctuations and
gluon saturation/colour-glass-condensate phenomena at very low x, 10°< x < 107,
(CASTOR EDR, 2007).
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1.4.4. Forward Physicsin CMS

The LHC will be the first accelerator to effectively probe the very high energy
cosmic ray domain, close to the end of the cosmic ray spectrum. Both experimental
data and model predictions indicate that the forward rapidity region (~ 5< #<7) is
the most favorable place for the production of low-x QCD, ultra-high-energy
cosmic-rays, Higgs production and electro-weak measurement. The physics
program for CASTOR and HF as part of CMS now goes beyond the study of cosmic
ray phenomena and will be used in both pp and HI physics in general. It will provide

information on the following topics:

e QCD Oriented Physics

e Low-Xx QCD physics; Parton Saturation
e Diffractive QCD

e Hadronization

e Higgs physics

e BSM physics

In general, the addition of CASTOR to the CMS experiment results in a
substantial enhancement of its physics potential, as several important observations
in p-p, p-Pb and Pb-Pb interactions would either be impossible or seriously
diminished without CASTOR. Originally designed as a calorimeter dedicated to the
search of exotic events in heavy ion collisions, CASTOR has a rather broad physics
program, associated with the very forward rapidity region. It will contribute
mainly to the QCD studies, such as diffractive, low-x physics and multi-
Parton interactions, offering the ability to tet the non perturbative region of

QCD at Bjorken-x of the order of 10_6—10_7, as well as to Quark-Gluon Plasma
and cosmic-ray physics topics as well as HF. Of special interest are also specific
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discovery physics topics associated with Higgs, BSM sudies and strangelets.
(CASTOR EDR, 2007).

1.4.4.1. QCD Oriented Physics

The study of the fundamental theory of the strong interaction — Quantum
Chromo dynamics (QCD) — in extreme conditions of temperature, density and
Parton momentum fraction (low-x) has attracted an increasing experimental and
theoretical interest during the last 20 years. Indeed, QCD is not only a quantum
field theory with an extremely rich dynamical content such as asymptotic freedom,
infrared slavery, nontrivial vacuum topology, strong CP violation problem, Ua (1)
axial-vector anomaly, color superconductivity pp collisions, multiple interactions
can occur between the partons of the colliding beam protons, hence we can
distinguish between a “hard scattering” component, i.e. the two outgoing hard
jets and the so called "underlying event" which consists of the beam-beam
remnants plus initial and final-state radiation. Multiple Parton scattering
contributes to the "underlying event", adding an uncertainty in the
interpretation of certain hadronic final states which could be produced either by
new physics (Higgs or SUSY) or via multiple Parton interactions. Energy-flow
measurements as well as trigger on the deposited energy in CASTOR will serve as
a tool for the better understanding of the dynamics of multiple interactions
and the structure of the underlying event, further helping to tune existing MC QCD
generators. (CASTOR EDR, 2007).

1.4.4.2. Low-x Physics, Parton Saturation

The idea of saturation of parton densities in small x physics is introduced. The
most compelling indirect evidence of saturation comes from the phenomenological
success of some models containing saturation ideas when confronted to HERA
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data. The most commonly used is the GBW model. At LHC energies, the gluon
density will be so large that non-linear (gluon-gluon fusion) effects will become
important, saturation the growth of the Parton densities the transition to the
regime of saturated PDFs is expected for small x values (x < 10™). Processes
such as jets and Drell Yan (DY) production, in the region #=5-6 will allow to
access low-x region (xgy ~10°). The measurement of forward jets (pp—j X) or

Drell-Yan pairs (pp—>l+l - X) within CASTOR's and HF' s eta coverage offers the
possibility to study the proton Parton Distribution Functions (PDFs) of the proton at

very small parton momentum fractions (x~10'6). (Heavy lon Physics TDR, 2007).

1.4.4.3. Diffractive QCD

Diffraction, traditionally thought of as soft process, can occur with a hard scale
(W, dijets, heavy flavors) as has been experimentally observed at UA8, HERA and
Tevatron. In the presence of a hard scale, diffractive processes can be described in
perturbative QCD (pQCD) and their cross sections can be factorized into that one of
the hard scaiter and a diffractive particle distribution function (dPDF). Single
diffractive W production, (pp—pX), where X includes a W, is an example for
diffraction with a hard scale at the LHC and is in particular sensitive to the quark
component of the proton dPDF in an as-of-yet unmeasured region. In the absence of
event pile-up, a selection is possible based on the requirement that there be no
activity above noise level inthe CMS forward calorimeters CASTOR and HF.
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Figure 1.9. Rapidity gaps for diffractive scattering (D’Enterria, 2007)

1.4.4.4. Hadronization

The Centauro fireball finally can decay into non-strange baryons and
strangelet(s) having very high strangeness. The strangelet temperature is expected
to be lower than that estimated for Centauro fireball. The independent
hadronization (IH) model of Field is the simplest such model to implement. In this
picture, a new quark-antiquark pair can be created in the color field of the parent
quark go . Then the quark anti-quark pair can turn into a meson with a longitudinal
momentum fraction described by a phenomenological function, with the remainder
of the longitudinal momentum carried by the quark . . This process is repeated by
the creation of a gz02. A host of mesons are thus produced, and decayed to the
quasi-stable 7, K.....mesons according to their experimental properties. The final
residual quark g, will have very little energy, and can be discarded without
significantly affecting jet physics. (Gladysz-Dziadus, 2001)

1.4.4.5. Higgs Physics

The primary focus of proton-proton collisions at the LHC is to search for the
Higgs boson and for physics beyond the standard model, such as super symmetric

partners to the currently known particles. Because of the very high luminosities
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required to reveal rare phenomena, the CASTOR and HF calorimeter will not be
particularly useful in this specific study. However, it can be used to provide
important practical and fundamental contributions to the proton-proton program.
Because of the fast response and relatively large deposited energy, CASTOR and
HF may be useful as a luminosity monitor in the early stages of LHC machine
development. (D’ Enterria, 2007).
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2. MATERIAL AND METHOD

2.1. The HF Online Radiation Damage M onitoring (Raddam) System

As explained in section 1.4.1 HF detector will be subject to tremendous amount
of radiation. Due that that it is very important to know how the fibers are effected from
the radiation. Turkish High Energy group with collaboration with lowa HEP group
proposed to install a system to monitor online radiation damage of HF fibers. These
system will be explained in detail in below section.

The system is based upon the idea that the ratio of the pulses which come from
the first reflection point (which is not effected much by radiation) and from the light
reflected at the end of the HF fiber which will be effected by the radiation. Measuring
congtantly the ratio of those two signals, one can monitor the radiation damage on the
fibers.

It is important to know the effect of radiation. In the following section the test
results of radiation damage on fiber will be explained. These studies also carried out by
our group with collaboration with other Turkish ingtitutes and university of lowa group.

2.1.1. Radiation Damage of Fibers

These test were done using radiation test facilities at CERN. At this facility it is
possible to send electrons or protons to fibers and measure the how optica
transmittance of the fiber under the test changes due to absorbed dose.

According to results of these tests, when HF quartz fibers were irradiated, they
exhibit a damage increasing with dose. The light absorption is very high below 380
nm, quite low near 450 nm, comparably high at 600 nm and negligible above 750
nm. When radiation is stopped the fiber startsto recover. Then transmitted signal sartsto
increase (Dumanoglu et a., 2002 and Cankogak et al., 2007). The two effects

28



2.MATERIAL AND METHOD Dilber UZUN

(radiation damage during the beam and recovery after radiation stops) can be
parameterized (see the cited papers for detail). According the light attenuation A(l ,D) in
thefibre at the dose D iswell represented by the following function:

A(l ,D)= a(l )[D/Ds]b") (2.1)
a and b parameters for qgq and gp fibers are determined by fitting the ratios as a
function of wavelength and dose.
I(1,D)/1(1,0) =exp[- (L/4.343)a(l )(D/D.)""] (2.2)

Choosing a scale factor Ds= 100 Mrad, and L being expressed in meters, a is the
attenuation at 100 Mrad, in dB/m. The results for qq and gp fibers are shown in
Figures 2.1 and 2.2.
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Figure 2.1. Radiation damage in quartz fibers which are irradiated by protons
(Cankocak et al., CMS note, 2007).

The fiber radiation damage induced by protons exhibits the same well-known
behavior as with electrons (compare the Figure 2.1. and 2.2), high light attenuation
below 380 nm and in the band 550-680 nm. Moderate attenuation in the band 400-
520 nm and practically no attenuation below 700 nm were observed. The damage
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varies exponentially with dose; fast in the first hours and slow after.

Figure 2.2. Radiation damage in quartz fibers which are irradiated by electrons
(Dumanoglu et a., 2002).

2.1.2. Monitoring the Radiation Damage of Fibers

“CMSHF is an iron-fiber calorimeter whose working principle depends on
Cerenkov mechanism. The produced Cerenkov light is detected by PMTs whose sensitive
rangeis inthe 400-500 nmregion. The knowledge of the evolution of light transmission
in fibers during the working period dueto irradiation and after a bresk in data taking due
to recovery effect is important for the calibration of the detector. In order to monitor the
radiation damage, the Raddam system is congtructed using 56 HF fibers in different
wedges.

The light is injected through a thin fiber which is glued side by side inside a
capillary tube to the another fiber whose carry the reflected signal to the PMT. At
the opposite side of the capillary the 2.5 m long Raddam fiber is placed (see Figure
2.3.). Raddam fiber has same length as other regular HF fibers. A blue light (~440
nm) which is shifted from a pulsed nitrogen laser (337 nm) light is used since blue
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corresponds to the PMT’s most sensitive wavelength region. Reflection occur at the
two ends (which are polished to get good reflection) of the Raddam fiber. S is first
reflection at the entrance and is aimost independent of dose, while S is second
reflection at the far end of the fiber. There is 25 ns time separation between S; and S
since S; travel 5m fiber length till it comes to front end where first reflection occurs.
Amplitude of S; depends on the transparency of the Raddam fiber, which isrelated to
radiation damage, and recovery of it. Then the ratio R=5/S, gives measure of the

transparency of the fiber.
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Figure 2.3. Raddam System.
The Raddam fiber is coupled with a small gap to the fiber, which carries the

incoming laser light, and the fiber, which carries the reflected lights to the PMT,

inside acapillary (Fig. 2.4.).
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Fig 2.4. Fiber coupling in capillary.

Seven Raddam fibers were installed in each wedge, and there are totally 56
sample fibers in the entire system which will provide radiation damage information
(see Figure 2.5.). Each fiber is readout by a PMT which also serves as a read out
element of that particular tower.
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Figure 2.5. HF Raddam fibers installation.

We introduced the system in this section, results of the test of the system will
be givenin analysis chapter.
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2.2.Beam Test of CASTOR Prototype |V

The beam test of prototype IV was performed in the H2 line at CERN Super
Proton Synchrotron (SPS) during the two weeks in July-Aug 2008. Before the
beam test the prototype was constructed at CERN and | took part during this

construction. In the following part the details of the construction are given.

The production of CASTOR prototype IV consists of cutting, lapping and
polishing steps of the quartz and tungsten plates. All operation was performed on
the machines located in the CMS-ECAL Crystal Laboratory. For electromagnetic
(EM) and hadronic (HAD) sections, with atotal of 28 readout —units (RUs) (Figure
2.6.) were constructed with successive layers of tungsten (W) plates as absorber
and fused silica quartz (Q) plates as active medium. The CASTOR Calorimeter has
224 (16x14) subdivision in total. The Cerenkov light produced by the passage of
relativistic particles through the quartz medium, is collected in sections of 5 W Q
layers along the length of the calorimeter and focused by air-core light guides onto
the PMTs. (CASTOR EDR, 2007)

Figure 2.6. Assembly of light guides onto W/Q sampling units of prototype V.
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2.2.1. Tungsten-Quartz Plates

The calorimeter is constructed from layers of tungsten, containing 97% W,

1.3% Fe and 1.7% Ni, the density is 18.5 +0.2 g/cm3 . For the electromagnetic
section, the W-plates have a thickness of 5 mm and the Q-plates 2 mm. For the
hadronic, the W- and Q-plates have larger thicknesses of 10 mm and 4mm,
respectively. The WQ-plates are inclined 45° with respect to the direction of the
impinging particles, in order to maximize the Cerenkov light output in the quartz.
Each individual layer of W/Q-plates is called a sampling unit (SU). Figure 2.7.
shows one example to tungsten plates, and Figure 2.8. shows one example of
guartz plates. (CASTOR EDR, 2007)

"
L

——

Figure 2.7. Example of atungsten plate used for the assembly of prototype V.

Figure 2.8. Example of a quartz plate used for the assembly of prototype V.
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2.2.2. Air-core Light Guides

The Cerenkov light emitted by the quartz plates is collected and transmitted
to light-reading devices through air-core light-guides. The efficiency of light
transmission and its dependence on the light-source position are crucial parameters,
which characterize the light guide and significantly affect the performance of
the calorimeter. Figure 2.9. shows HAD light guides. HAD and EM light guides
differ from each other. The light guide on the EM section is shorter than the HAD
one in length. (CASTOR EDR, 2007)

Figure 2.9. Air-core light guide designed for prototype IV and reflecting foil
covering inside.

2.2.3. Readout Units (Photomultipliers) and Bases

The air core light guides transmit the Cherenkov light to the light-reading
devices. For the light collectiontwo different types of PMTswere used. One of
them is the Hamamatsu R5380Q and while another one is a radiation-hard
multi-mesh FEU-187 from RIE St. Petersburg, with cathode area ~2 cn?. (Figure
2.10.). (CASTOR EDR, 2007)
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Figure 2.10. CASTOR PMTs on top of the light guides and bases used in the
2008 beam tests.

After completion the detector was taken to the H2 beam line of the SPS at
CERN for the beam test. Detail of the setup and results are given in the analysis
chapter.
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3. ANALYSISAND RESULTS

In this section, the analysis results of online Raddam monitoring system of HF and
analysis results of beam test of CASTOR will be presented. Before this beam test, there
were several beam tests which aimed to sudy the performance of the three prototypes (1,
Il and 111) of CASTOR calorimeter (CASTOR EDR, 2007) . All tests were conducted at
the H2 CERN/SPS beam line using different types of particles with different energies. In
this study the analysis results mainly focus on the energy response of EM section of the
CASTOR prototype | V.

3.1. The HF Radiation Damage Online M onitoring (Raddam) System

3.1.1. Data Taking (2008-2009)

In 2008-2009, a test was performed with cosmic rays involving almost all of
the sub-detectors of CMS which were working properly. During this global data
taking activities Forward Hadron Calorimeter system recorded data during orbit gap
sending laser pulses. This was the first opportunity to check the HF Raddam system
in CM S global running conditions.

At the same time, regular local maintenance runs were taken daily using laser
signals. This data is also used to analyze the Raddam system. In this work the
comparison between the global and local data collected at HF Raddam system is
presented.
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3.1.2. Local Runswith Time Information (HCAL Timing)

There are two methods of raddam analysis by using time information and
without time information. Timing, signal events are expected to occur within a
known , fixed narrow phase window with respect to the LHC clock. This is used to
reject background events that are “out-of-time” and for monitoring the phase
stability of the readout. Precise time reconstruction of signals is achieved largely
because each event appears as a pulse that stretches over several time sample
intervals (a time sample is 25 ns, the interval between bunch crossings). This pulse
shape is determined by characteristics of the sub-detector; which include time
constants associated with the scintillator material, with the photo-detector, and with
the readout electronics. The electronics introduce an additional complication as the
scintillation pulse is not sampled, but rather integrated over each time sample.

The amount of time it takes the laser to fire fluctuates from pulse to pulse; this is
known as “laser jitter”. Using a Time-to-Digital-Converter (TDC), we measure the
time the signal was sent to fire the laser (the “trigger”) and the time the laser actually
fired (the “opt sync” signal, created using a PIN diode located near the laser’s
aperture). (Particle Data Group). The effect of this jitter is shown in Figure 3.1.
which shows the difference in time between the opt sync and trigger signals for
multiple laser pulses. In the local run with timing information (TDC) one knows the
two main time slice where the Raddam signal appears in the ADC content of time
slices T(i) and TS(i+1). The plot of T(i)/TYi+ 1) versus the event time presents a
plateau where the laser jitter is lower than 10 ns giving the stable ratio of Raddam
signal,

R=SUS2= T()/T(i+1). (3.1)
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Fig 3.1. Time Digital Converter TDC information for alocal run.

3.1.2.1. HF Pulse Shape from Laser Response

An ultraviolet (UV) nitrogen laser provides light with a wavelength of 337 nm
that excites the HCAL's scintillators, thus emulating a hadron’s traversal. The laser
calibration system distributes the light to various HCAL readouts using a collection
of fiber optic cables. The light is directed into multiple regions of the detector with a
selection device; individual elements of the detector cannot be singly addressed
given the substantial amount of channels involved. The laser pulse has a known time
structure and its intensity is varied via filters. These two features combine to provide
a versatile calibration and monitoring system. To maximize the amount of light
transmitted, the placement of all optical components must be accurate to 10 pm.
Because small vibrations or tensions in the table are detrimental, the laser calibration
system is constructed on an optical breadboard. The breadboard dampens vibrations
and prevents warping under heavy mechanical loads.

The laser emits pulses where the pulse-to-pulse energy variations are specified
to be 4% and the beam-spot size is originally 8x8 mm? . In order to control the
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intensity of the pulse, the laser beam is incident upon two continuously varying
neutral density (ND) filter wheels. The filter wheels contain an ND coating, which
attenuates the light passing through it. For a single wheel, the attenuation across the
beam-spot is not uniform due to the large beam-spot size. This becomes more
significant since the beam-spot shifts slightly from pulse to pulse. Therefore, two
filter wheels — facing in opposite directions are used; when rotated in anti-
correlation, the beam-spot is uniformly attenuated. Each filter wheel is controlled by
arotary stepping motor and is specified to be linear in optical density as the wheel is
changed by equal angles:. logiy [§9%], where S (S) is the optical density at an
arbitrary (reference) position. The level of attenuation increases with the rotational

angle.

Subsequently, the beam passes through a focusing lens with a focal length of
20 cm. This focuses the beam-spot down to several hundred micrometers in diameter
to better match the size of the quartz fibers that ultimately route the light to the
HCAL. The beam is then incident upon the first of two beam samplers, each picking
off 5% of the incoming pulse energy. The beam samplers are held by mirror gimbals,
which allow the angle of incidence to be controlled. Two samplers are used in order
to obtain various laser beams with diverse intensities; hence, the laser light is
sampled regardless of attenuation setting. The first sampler reflect two beams to a
second sampler and transmits one beam to the fiber harness. The fiber harness,
controlled with a linear stepping motor, is moved such that the beam enters one of
the thirty possible quartz fibers held within (these fibers ultimately route the light to
the HCAL scintillator tiles). Each reflected beam incident upon the second sampler
creates two additional reflected beams and one transmitted beam. These
reflected/transmitted beams are fed into quartz fibers that route the light to Pin
diodes. The Pin diodes allow us to measure the intensity of the light independent of
the HCAL detector-via an oscilloscope or data acquisition system. The signal
produced by a UV flash in the scintillator is similar to the signal induced by a
traversing particle; therefore, can be mimic the time-of-flight of a particle from the
interaction point by controlling the lengths of the fibers entering each tile. This
arrangement allows the timing of all HCAL channels to be synchronized/monitored
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and allows for a performance check of the entire optical route from scintillator to
electronics. Moreover, it provides an important technique to check for defective
channels and to track possible degradation of signal amplification due to the

component aging, temperature dependence, and radiation damage.

The laser delivers 10 pulses per second. More than 90% of the charge is within
a single LHC bunch crossing (25 ns). Signal is mainly 90% in 25 ns. This
corresponds to one time slice when the peak of the signal is centered in this time
slice. (CMS Physics TDR, 2007).

With my present methods of analysis using the laser data is shown Figure 3.2.
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Figure 3.2. HF Laser Pulse Shapes for one channel.

3.1.2.2. Ratio of Raddam Channel in Local Runs

Until first pp collisions from LHC are recorded, cosmic-ray events were the
most powerful source of data for CMS. With cosmic-ray muons, one can calibrate
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and test Hadron Calorimeter (HCAL) components, thus improving our
understanding of the detector. The purpose of SATOCRICH project (Special
Assignment to Observe Cosmic Rays in CMS HCAL) wasto collect and analyze the
first sample of cosmic-ray events for CMS HCAL. Two reflected Raddam signals
separated by 25 ns are read out coming in two adjacent time slices (TS) when the
laser timing and the read out electronics are well matched. The transparency of one
fiber is obtained from the ratio of ADC counts (or fC) in these two adjacent TS. The
Raddam system is based on the continuous measurement of the ratios of these 2
signals (S/S?) for example see in Figure 3.14. Since the end of the HF Raddam
fiber is closer to the interaction point, the signal reflected from the end of it (2)
decreases with the radiation.

The pulse shape of Raddam fiber signal in ADC counts can be seen in
Figure 3.3. Since we don't know exactly the charge distributions in each TS due to
the laser jitter and imperfections in timing, we obtained the ratio of the first reflection
(S1) over the second reflection (S2), histogramming the ratios as a function of phase
that is defined as time difference between TTC and Laser trigger (we refer it as a
time information later in this text) in Figure 3.4. Then the plateau part of this ratio
(S1/2) wasfitted to a horizontal line as can be seen in the Figure 3.4,
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Figure 3.3 Pulse shape from HFP for one Raddam channel.
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Figure 3.4. Ratio of the two signals within 25 ns using time information.

Frequently the signal is contained in two time slices. But in the local runs there
are alot of events, which are out of the two time slices due to laser jitter as seen in
the Figure 3.4. During this analysis this ratio is separated into three regions (see
Figure 3.5). For each run we select events which is in the second region which
means that signal is completely with in two time slices and check whether for all
other channels signal is in two time slices. And we see that in all channels signal
contained in two time slices. In addition, we excluded all events if 90% of the signal

is not contained in two time slices according to equation (3.1).

[TS(-D+ TS+ 2)[T()+TS(i+1)]<0.10  (3.2)
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Figure 3.5. Ratio of the two signals divided into three regions for the local run .

After we selected events, which are in the second region, we compare the ratio
of the two signals in two different ways. with and without using the time
information. If we use the time information we get better results as can be seen from
Figure 3.6. Also event selection described above gives almost the same results. This
event selection method was applied to al HF Raddam channels.
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Figure 3.6. Top plot on the left shows the ratio using time information and top-right
the ratio without it but both are without any event selection. Bottom left
shows the ratio with time information and with event selection while in
bottom right only event selection is applied.

3.1.3. Global RunsWithout Time Information

The LHC frequency of 40.08 MHz corresponds to a 24.95 ns period. One LHC
orbit consists of 3564 periods. They are often called “bunches’ although some of
them do not contain protons. The proton bunches are grouped in 39 trains, 72
bunches each. The structure of gaps between them can be used for the absolute
synchronization. The main gap has a length of 3 ps (119 missing bunches.

At the LHC start the machine will operate with proton bunches 75 ns apart. This
operation condition is well suited to establish the trigger and readout
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synchronization.

At LHC, the laser pulses are injected during 3.17 us gaps foreseen
every 88.924 ps in the LHC beam structure. Running the laser source at 10 Hz
means injecting laser pulses in 0.1% of the available gaps. ). (CMS Physics TDR,
2007).

Global Raddam runs, which were taken without the time information, were
investigated using “Landau-Moyal” method. We applied event selection which is
explained in previous part to this data to exclude problematic events due laser jitter

or some electronic noise.

During the LHC shutdown CMS experiment was taking events using cosmic
rays. During orbit gap also Raddam runs were taken. This kind of runs were referred
as global runs and during this run timing information is not available due to the
HCAL electronic structure.

The distribution of R = TS (i) / TS (i+1) isfitted to Landau-Moyal type and
this fit gives the most probable value for the ratio R. In Figure 3.7. on the left plot
signal distribution is shown as a function of the time slices for one event and for one
channel while on the right plot, ratios are given for al events and for all runs and
also Landau-Moyal fit is shown in the same plot. This result is obtained without
using the time information but using the event selection.
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Figure 3.7. HF Raddam pulse shape which is taken during the orbit gap is shown on
the left plot, the ratios of two time slices with fit to the Landau —Moyal
is shown on the right plot.

3.1.4. Comparison of theresultsof Local and Global runsfor all channels

In this section, comparison of analysis results of Local and Global runs will be
given. After applying all event selection criteria, acceptable ratios were obtained as is
shown in the Figure 3.8.
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Figure 3.8. Ratio Stability for one channel
About 90% of Raddam signals work properly with the Landau method in the
abort gap. Results are shown for 40 runs and 56 Raddam channels with phase method

in Figure 3.9. with Landau method in Figure 3.10. As can be seen the difference
between the two methods (Phase and Landau) is less than % 0.1.
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Figure 3.9. Ratios with time information.

ratio of the Raddam fibers ratio (Landau fit) rtio of the Radam fibers ratio (Landau fiy
it Entries 1692
& Mean 0.9962
600 - RMS 0.02164
C %2 | ndf 216/ 20
500 — Prob 0
E Constant 712.6 + 25.1
400 — Mean 0.999 = 0.000
[ Sigma  0.00823= 0.00019
300
200—
100
o e Hiy piaai b iy PSS S = S
0.9 0.95 1 1.05 1.1

Figure 3.10. Ratios without time information.
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3.2. Beam Test 2008 of CASTOR Prototype-1V

The beam test of final prototype was performed in the H2 line at CERN Super
Proton Synchrotron (SPS). Electron, hadron, and muon beams of several energies
were used. The energy responses (linearity and resolution) of the electromagnetic
and hadronic sections were obtained through energy scans with: 10-200 GeV
electrons, 20-350 GeV pions as well as 50-150 GeV muons. A schematic
description of the H2 beam line of the SPS a CERN is shown in Figure 3.11.
Information from wire chambers which are located at upstream of the prototype 1V

was used for finding the precise location of particles where they hit the calorimeter.

The prototype 1V consisted of a full-length octant, containing the
electromagnetic (EM) and hadronic (HAD) sections, with a total of 28 readout-
units (RUs) is shown in Figure 3.12.
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Figure 3.11. Schematic figure of the H2 beam line of the SPS &t CERN (CASTOR
EDR.).
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SALEVE

Figure 3.12. Schematic drawing of the 28 readout units (RUs) of CASTOR prototype
V.

The CASTOR calorimeter has two semi-octants which is constructed at 45°
which is the optimum angle for collection of Cerenkov light as shown Figure 3.13.
Each semi-octant consist of electromagnetic and hadronic parts.
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Figure 3.13. Production of the front face of the EM (black lines) and HAD (red
lines) sections onto a45° vertical plane (Aslanoglu et al., 2008).

51



3. ANALYSISAND RESULTS Dilber UZUN

3.2.1. Electron Beam

Electron beams of energy 10-200 GeV were used to test the energy linearity
and resolution of the EM section of the prototype. For all studies, a central point in
the calorimeter was selected applying a1 cm x 1 cm cut on the spatial profile of the

beam as measured by the upstream wire chambers (Fig. 3.14.).
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Figure 3.14. Beam profile projected onto the front face of the calorimeter using
the hits distribution from the WC-D, before (left) and after (right)
a spatial cut (Aslanoglu et al., 2008).
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3.2.2. Energy Scan With Electrons

Electron beams of energies 10-200 GeV were used to sudy the energy

response linearity and resolution. These runs are shown in Table 3.1.

Table 3.1. Electron signals from test beam 2008 in the CASTOR.

Run number Energy (GeV) Table X TableY
48514 10 -20 -3
48582 20 -20 -3
48593 50 -20 -3
48649 120 -20 -3
48650 150 -20 -3
48655 200 -20 -3

Scintillator-wire chamber hits are shown in Figure 3.15. for one of the
electron runs which contain around few thousands events. WCA is not used for
analysis since it was not working properly during test beam. Also there are some
missing events in WCD data. Although WCA is the closest wire chamber to

prototype, chamber E and D were used since WCA was not functioning.
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WC information for one run

Figure 3.15. Wire chamber information for electron signal, (run number, 48514) .

To be able to select single hits scintillator cuts were applied during analysis of
the tet beam data. The trigger counters are polystyrene scintillators of 1 cm
thickness, therefore electrons and pions behave as Minimum lonizing Particles
(MIP). The peak position and width of an MIP was fitted by a Gaussian distribution
and only events with ADC counts within 3 sigma were selected as single particle

events as shown in Figure 3.16.
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Figure 3.16. ADC distribution of scintillator counters SC1, SC2 and SCA4.

There are muon counter to veto the muons contamination in the beam as can
be seen from Figure 3.12. In Figure 3.17 ADC distribution of this counter is shown.
Second bump corresponds to muons. A Gaussian was fitted to this bump and all
signal within 3 sigma considered as muons and rejected.

55



3. ANALYSISAND RESULTS Dilber UZUN

| mv.VMBadc | htemp
Entries 67558
10° E Mean  -5.186
= RMS 43.96
10°

10°

10°

0 50 100 150 200 250 300 350
mv.VMBadc

Figure 3.17. ADC distribution of muon veto counter for 120 GeV electron run.

After applying above cuts the remaining events were plotted as a histogram as
is shown in Fugure 3.18. Horizontal axis is ADC counts for each event while the
vertical axis is number of events at this count. This corresponds to the energy
distribution since ADC count is a linear function of energy. This energy distribution
is fitted using a Gaussian function. The mean of each energy distribution was plotted
as a function of beam energy and fitted using parameterization given by equation
3.2.

Average signal amplitude in ADC count = a+ bxE (3.3)

where the energy E is in GeV.
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Figure 3.18. Total energy distribution for various electron energies.
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Figure 3.19. Energy linearity of CASTOR Prototype 1V.
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As can be seen from the Figure 3.19. calorimeter response is linear as a

function of increasing beam energy.

3.2.3. Energy Resolution

The relative energy resolution of the calorimeter had been studied by plotting
the normalized width of the Gaussian signal amplitudes, o/E, with respect to the
incident beam electron energy, E(GeV) and fitting the data points with the two
functional forms (Aslanoglou et al., 2008):

=p,+ (34)

i

S
E

pZ
+ —= 35

S P
2 AL
E Po W/E

Figures 3.20. and 3.21. show the measured energy resolution for the Hamamatsu
PMTs. The measured stochastic term is 68-85 %, whereas the constant term is
around 3-7%.
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Figure 3.20. Energy resolution of prototype 1V, the data points are fitted the equation
(3.3.) with two parameters.
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Figure 3.21. Energy resolution of prototype IV. The data points are fitted with
equation (3.4.) using three parameters.

Figure 3.21. shows the plot of the relative resolution as a function of E™V2 . It

was found that the constant term p, was close to zero for all sectors. The measured

stochastic term p; was in the range 24%-82%.
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4. DISCUSSION AND CONCLUSION

The HF and CASTOR forward calorimeters will significantly enhance the
pseudo rapidity range of the CMS experiment, providing useful energy
measurements in the very forward region. With a broad physics program, both for
proton-proton and lead-lead collisions, CASTOR and HF will contribute mainly to
the study of exotic events in heavy-ions, low-x QCD and diffractive physics.

The analysis was performed using the CMSSW framework, as well as a
stand-alone HCAL library. All Raddam data (global and local), which were taken
during 2008-2009, were analyzed. In principle, we have two main raddam signals
from the raddam system (shown in Figure 2.3.). Theratio R= S /S isrelated to the
fiber transparency. But in the local and global runs there are a lot of events, which
are not in the two time slices due to laser jitter as seen in the Figure 3.4. During this
analysis, this ratio is separated into three regions (see Figure 3.5). For each run we
selected events which is in the second region, which means that signal is completely
within two time slices and check whether for all the other channels signal is in two
time slices. As can be seen from in Figure 3.6. in the signal was contained in two

time slices in all channels after event selection method was applied.

Two different methods (with and without time information) give results
which are in agreement. This can be seen from Figures 3.9. and 3.10. The obtained
values are in agreement with a spread lower than ~%1 after applying the cuts
explained in previous sections. This results show that we can obtains the ratios even
if we do not have the time information.

The test beam results for CASTOR, which is presented in this thesis, focus
on the EM section of the prototype, and include studies for the energy
response. It is shown that the prototype exhibits good energy linearity, while the
energy resolution is characterized by a stochastic term of (68-85)%, p;, due to
intrinsic shower photon statistics, and a constant term (4-6)%, po, related to
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imperfections of the calorimeter. The results are summarized in Table 4.1. For
relatively high energies, above 200 GeV, the energy resolution of the calorimeter
was found to be less than 8%.

Table 4.1. Energy resolution fit parameters.

Fit formula | p, p1 p2 x2/ndf
(3.3) 0.047 + 0.002 | 0.32 + 0.01 - 7.65/4
(3.4) 0.064 + 0.002 | 0.45 +0.034 | ~0.28+0.73 | 3.188/3

For the analysis, a spatial cut on the profile was applied, using the ADC
information of the downstream wire chambers, as well as cuts in the hadronic
channels of the prototype, which made possible the study of the pion contamination
of the beam. It was found that considerable amount of muon contaminates the
electron beam. After the cut on the beam profile, the electron peaks were found to be
significantly improved and well fitted by Gaussian distributions. For the summation
of the energy in multiple channels of the prototype, the inter-calibration constants
were used. They were calculated from the muon peaks, which were clearly separated
from the pedestal.

Finally, we can say, according to results of the analysiss CASTOR
calorimeter was working properly.
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