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Abstract

CMS is a general purpose detector designédconstructed for use in the Large
Hadron Collider (LHC) at CERN. One of the primaaés of the LHC, and by extension
of CMS is to search for the Higgs boson at the $eale. The CMS electromagnetic
calorimeter (ECAL), composed of lead-tungstate tedgs was built for maximum
effectiveness of energy measurements in ordercibtéde the search for a low mass
Higgs in the decay channel Hyg In 2007, one of the ECAL endcaps was tested at
CERN'’s H4 test beam facility. Data collected durihg test beam period were analyzed
to examine the linearity of the calorimeter resgorinergy resolution is also studied to

examine uniformity of the detector.
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Section 1. Introduction

Section 1.1. The Standard Model

The Standard Model of Particle Physic22]1s the current framework for
understanding matter and its interactions. In ta@&ard Model, the constituents of all
matter are particles with half-integer spinfemmions The fermions can be divided into
leptons of integer electric charge (e.g. the etegtmuon, tau, and their corresponding
neutrinos, plus the antiparticle of each) and thetionally charged quarks (and
antiquarks). While leptons may exist independeaotlgach other, quarks and antiquarks
can exist only in bound states of net integer obhaBgates consisting of a pair of valence
guarks (or more accurately, a quark-antiquark @ag)known amesonswhile those
consisting of a triad of valence quarks are classidsbaryons the most common of
which are the proton and neutron. Collectively, tiesons and baryons make up the
group of particles known dsadrons

The Standard Model describes interacti@ta/ben particles as being mediated by
the exchange of charge carryibgsonswhich, by definition, carry integer spin. (Note
that the term “charge” is used very loosely herm @oes not necessarily refer to electric
charge. The gluons, for example, are electricadiytral, but carry color “charge”.) These
force mediators include photons (which mediatedileetromagnetic force), gluons
(which mediate the strong force between hadroms) tlae Z and W bosons (which
mediate the weak force that governs most nucleéaraations).

Experimentally and theoretically, the StamtiModel has been a tremendous

success. It successfully unites the electromagaetioveak forces and has been verified



experimentally via measurements of the quark aptbileinteractions to be internally
consistent [3]. However, there are indications,tbaspite its successes at currently
accessible energy levels, the Standard Model Isestt an incomplete theory.

Certain aesthetic and practical questisagased concerning the effectiveness of
the Standard Model, especially at high energiesH8} example, at high energy scales,
the Standard Model requires very precise cancefiatof parameters to preserve the
physical behavior of electroweak interactions. Altgh not formally impossible, these
are somewhat contrived. In addition, the particksses predicted by the Standard Model
and verified by experiment are inexplicably small-waih smaller than the energy level at
which the theory remains valid. Although irrelevanhturrent energy levels, gravity
becomes important at the Planck scale and is unated for by the Standard Model.
Neither is the strong force united with the elesteak force at higher energies, a
necessity for any Grand Unifying Theory (GUT). Ripathe Standard Model contains an
unnaturally high number of free parameters, remdgetiie theory somewhat inelegant.

The one particle predicted by the Standldodel that remains unobserved and
whose discovery, or lack thereof, will either fuatlvalidate or deliver a fatal blow to the
Standard Model is thdiggs bosona scalar boson predicted by the correspondingdig
mechanism that is introduced to explain symmeteaking, allowing particles to acquire
mass without violating gauge invariance [3].

Although the Higgs boson has never beeerves, and its mass is not predicted by
the Standard Model (and is therefore unknown), erptal results have placed

constraints on the mass of the particle. Assumogew physics exists below the Planck



scale, the Higgs mass should fall between 114 88d3keV/é (95% confidence) [4].
Even if the Standard Model is only valid up to e/ range, the Higgs mass should not
exceed ~700 GeV/43]. In other words, if the Higgs exists, collidexperiments at the
TeV scale will find it. This is a driving motivatiobehind the nearly completed Large

Hadron Collider (LHC) located at CERN, near Gené&aitzerland.

Section 1.2. The Large Hadron Collider and CMS

The LHC is a proton-proton collider desidrier the express purpose of discovering
the Higgs boson, as well as any new physics thgtappear at the TeV scale [5]. For
economic reasons, the collider is being construicteélde previously existing LEP tunnel
at CERN. The dimensions of this tunnel, as wethasmaximum field of the bending
magnets, determine the upper limit of the centemasgs energy. With these constraints,
the LHC will be able to achieve C.O.M. energiesipfto 14 TeV, an unprecedented
energy level for collider experiments.

The high energy scale of the LHC, more taarrder of magnitude larger than the
upper limit of the Higgs mass, is necessary dubd@artonic nature of hadronic
scattering, in which only a fraction of the oridiemergy is represented in the collision
[3]. In addition to high energy, the LHC will rumery high luminosity (18 cm?.s%)
[CMS TDR] in order to enhance the probability okehving rare phenomena. These
parameters are sufficient to achieve the goalk@tHC experimental program,
including (but not limited to) the Higgs searchveal as the search for physics beyond

the Standard Model at the TeV scale.
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Figure 1.1. A transverse slice of the Compact Muon Solenoid detector reveals its various
subsystems. Note the trajectories of the different particle types shown, in particular at which point
they are absorbed by the detector. [7]

Several detectors are being built in catina with the LHC, among them the
Compact Muon Solenoid (CMS) [6]. CMS is a largegyahpurpose detector, currently
being installed at Point 5 on the LHC beam lingrr@essy, France. When completed,
the entire detector will weigh approximately 12,560s and measure 21.6 meters in
length, with a diameter of 15 meters.

The core of the CMS design is a 4T supetaoting solenoid magnet, chosen to
facilitate momentum resolution (in particular themmentum of centrally produced
muons) within the compact confines of the very @ethstector. Several of CMS’s

subsystems reside within the bore of the magnéighAly segmented silicon inner
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tracking system surrounds the beam line in ordeet¢onstruct the tracks and determine
the momenta of incoming particles. Surroundingttaeker in subsequent layers are the
two calorimeters, a lead-tungstate (Pb)W@ystal electromagnetic calorimeter (ECAL)
to yield measurements of the energy and positianaafming electrons (and positrons)
and photons, and a sampling hadron calorimeter (@& measure jets of hadronic
matter and to provide information about transversergy, in particular missing
transverse energy (MET). Outside the magnet, adalysuon detection system
consisting of four “stations” is integrated witretreturn yoke. A Very Forward
Calorimeter is placed outside the muon detectoent@nce the hermiticity required for
accurate measurements of MET [3].

In general, the roughly cylindrical shape&MS leads to a natural structural design
scheme consisting of a barrel-like central regttwpped” by end caps on each side. In
the case of the calorimeters, the notational comwenms to denote the portion of the
calorimeter by a two letter abbreviation, in whtble first letter represents the calorimeter
(H for the hadronic calorimeter and E for its elentagnetic counterpart) and the second
represents the specific region (barrel or end c&us)example, the central region of the
HCAL is denoted HB, while the forward region of tBEAL is labeled EE.

The coordinate conventions used in the @ &eriment [6] place the origin at the
nominal interaction point inside the detector. Fraxis points along the beam line, with
they-axis oriented upward and tlkeaxis pointing radially inward toward the center of
the LHC ring. Because a Cartesian coordinate sysert the most convenient to

describe the geometry of the experiment, CMS useedified spherical coordinate



system. The azimuthal andlas measured in threy plane (i.e. the cylindrical cross
section of the detector) with= 0 corresponding to theaxis. The polar anglg is
measured from theaxis, but the more convenient quantity is the gseapidityh,
defined as = -In tan@/2). Thus, angular positions in CMS are commonlegiin terms
of h andf.

The CMS experiment is truly a global endeainvolving approximately 2000
scientists from 37 different countries [8]. Thericiite nature of the detector requires a
high level of cooperation and specialization, vdifierent research groups involved in a
number of varying projects, from hardware constaucto software development to the
testing of components prior to installation.

In order to take full advantage of the LHB€am, it is important to understand the
CMS detector and its subsystems prior to the fodiration of the collider. Testbeams can
provide valuable data, allowing parts of the detettt be studied under controlled
conditions, prior to installation.

The emphasis of this paper is the perfooeari the CMS electromagnetic
calorimeter endcaps (EE) as determined by datatdkeng the 2007 testbeam run at
CERN'’s H4 facility. Because important Higgs dechgias involve electromagnetic
objects, it is important to verify the accuracy gmdcision of energy measurements made

by the ECAL. Analysis of data from the test bealovalfor both to be studied.



Section 2. Calorimetry

Section 2.1. Calorimeters

Calorimeterg[9] are instruments used to detect particles aadsure their energy.

In principle, a calorimeter consists of an activedmm through which a particle passes
and interacts, depositing a portion of its energit does so. The interaction excites the
calorimeter medium, converting the particle’s eyargo a measurable physical quantity,
such as light, heat, or electrical impulse, etasThanalogous to the thermal excitation,
or heating up, of molecules as thermal energy aimted to them, hence the name.

The excitation of the calorimeter materesdults in a signal, proportional to energy,
that can be recorded by a system of electronics. dignal may be acoustical, electrical,
or even thermal, but it is most commonly opticalthe form of scintillation. The raw
data are interpreted and used to reconstruct phgsients, such as those that result from
particle collisions. As many interesting and exgiggticles, including the Higgs, decay
less than 18° seconds after a collision, well before they hét tretector, accurate
reconstruction of their subsequent decay prodsaggiticularly important to characterize
the states.

Particles may interact with a calorimeter the electromagnetic force or via the
strong force, depending on the type of particlé.cAlorimeters are subject to both
interactions. However, while some detectors combhedunctions of hadronic and
electromagnetic calorimetry [9], individual instrants are often optimized for one case
or the other. CMS employs separate calorimetersedoh function, so this paper will

treat the two cases separately, with an emphasteatromagnetic calorimetry.



Section 2.2. Particle showers
Section 2.2.1 Electromagnetic showers

The interaction of a particle with an aetsalorimeter medium may occur via a
number of different mechanisms [9], depending ot Itlee type of particle and its
energy. For example, electrons and photons interathe electromagnetic force. This
can be manifest by the ionization of the calorimataterial (through the photoelectric
effect, the Coulomb interaction, or by Compton &eatg at high energies), or similarly
by the non-ionizing excitation of the constituetdras, resulting in scintillation. Charged
particle energy loss can also occur via Cherenkdiation or by nuclear reactions
induced by the EM interaction.

At energies higher than 100 MeV (and calyaat the energies characteristic of the
LHC), the dominant EM energy loss mechanisms aetr@n-positron pair production
for photons and bremsstrahlung for electrons amsitions [9]. The two effects actually
occur in tandem, as the bremsstrahlung with engreater than 12, will themselves
produce & pairs. These particles will then in turn lose gyeria bremsstrahlung, and
SO on, in a particle multiplication process knowgrslaowering

Particle showers are, in a way, the funddgaieentity measured by the calorimeter.
Based on their size and orientation, the positimhangle of incidence of the initial
particle can be determined, and to the extentthieae is no leakage (i.e. that the shower
is contained within the calorimeter), the sum epaigthe shower also represents the
energy of the incident particle. It is thereforesidable that the calorimeter design

optimize shower resolution and confinement.



Section 2.2.2 Measuring particle showers

The size of an electromagnetic showergsl§iZ-dependent. Two identical
particles of the same energy, approaching at thne angle will generate two different
showers in two different calorimeter media. Forfammnity, it is convenient to work with
units that describe transverse and longitudinahenaevelopment relative to the
corresponding material.

The longitudinal development of an electagmetic shower is defined in terms of
theradiation length(Xo), which is defined as “the mean distance over twihidigh-
energy electron loses all but 1/e of its initiakagy by bremsstrahlung” [10]. This is an
appropriate scale length for pair production ad,vesl the average distance that a high-
energy photon will travel before converting intoedactron-positron pair is equal to 9/7
Xo [9].

The lateral development of particle shovadss scales proportional to the radiation
length, as well as inversely proportional to tiiéical energy(E.), at which an electron’s
energy loss due to radiation equals its ionizalbes, and no further particle
multiplication occurs [9]. The radiation length riiplied by the ratio of the so-called
scale energyE,) to the critical energy defined above definesNtadiere radius(Ry),
which is the natural unit of transverse shower tgaent [10]. In summary,

Rv = Xo (BEJE) (Eq. 2.1)

where

Ee= |22 @ » 21 MeV (Eq. 2.2)
a



For comparison, the radiation lengths aradide radii of various materials

10

commonly used in crystal calorimeters are summdrizd able 2.1. Note the relatively

small dimensions of PbWQthe active material of the CMS ECAL.

Material Xo (cm) | Ry (cm)
Lead tungstate (PbWD 0.89 2.19
Bismuth germanate (BGQ) 1.12 2.33
Cesium lodide (Csl) 1.85 3.50
Barium fluoride (Bak) 2.06 3.39
Cerium fluoride (Cef) 1.68 2.63

Table 2.1. Radiation length and Moliere radii of various crystal calorimeter materials [5]

Section 2.2.3. Hadronic showers

Hadronic particles passing through a caleter also interact with the active
medium. Because of their higher masses, hadrorexrggnact as minimally ionizing
particles until a strong interaction occurs, raaglin cascading showers, similar to those
described above. Because hadrons interact vianbregsforce, the mechanisms and
dimensions of their showers differ from the electagnetic case, but the principle is the
same. There are, however, some important diffesetic affect the relative
performance of hadronic calorimeters.

First, some nuclear reactions result inltheration of nucleons (protons and
neutrons) from an atomic nucleus. The nuclear bménergy (i.e. the energy necessary
to release the nucleon) is not manifest in thetlerenergy of the cascading particles.
Some of the energy may be recovered through neaapture, but as much as 40% of

the initial hadron’s energy may be lost. This imstimes referred to asvisible energy
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[9]. Large fluctuations in the fraction of the 1aitenergy represented by invisible energy

tend to degrade the energy resolution of hadrooricaéters.

Section 2.2.4. Compensation

Recall that, to the degree that an elecuigimetic shower is contained, its energy is
representative of the incident particle energy.aBese this is not necessarily the case with
a hadronic shower, this leads to a disparity iomaleter response between EM and
hadronic events of equal energy. (Note that somigces produced in the hadronic
cascade process interact exclusively through thddté, so even hadronic showers will
have an EM component [9].) When these responsasaecial, problems in energy
measurements arise, including but not limited tma-Gaussian signal distribution for
monoenergetic hadrons, non-linear calorimeter nesponot to mention simply
additional terms contributing to the energy resoluf9]. It is therefore beneficial to
compensate for invisible energy.

Compensation can only be achievedsaraplingcalorimeter, one which makes use
of layers of different materials, usually as actiwedium sandwiched between layers of a
passive absorber. In such calorimeters, only ditnaof the energy is actually deposited
in the active medium and consequently detected.cl@imeter can be designed in such
a way that a relatively large fraction of the hadccenergy (compared with the EM
component) is absorbed by the active medium, tlyemebmalizing the two response
signals (the hadronic and the EM responses). liicpéar, hydrogen has been found to be

an excellent absorber of neutrons (which only adevia the strong force). A sampling
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calorimeter composed of a hydrogenous active medamvery effectively boost the
hadronic response, relative to the EM responseicied the negative effects listed
previously.

In addition to the benefit of compensatisampling calorimeters also have the cost-
effective advantage of being able to be very compphe to high-density absorbers.
Even at high energies, almost complete shower oonent (99% level) can be obtained
with only 1 meter of uranium or 2 meters of leatraras absorbers [9]. Also, as the
particle energy increases, the fluctuations dusatopling become less important as
systematic effects begin to dominate. (See Seétidn

However, despite these advantages, homogsralorimeters still achieve the best
energy resolution for electromagnetic showers. TS ECAL is a homogenous
detector composed of material with a small radratength, allowing for relative

compactness along with optimal energy resoluti8ee(Section 3.)

Section 2.3. Energy resolution
Accurate energy measurements are supramplyrtant to any interpretation of
data. It is therefore of equal importance to unieid and optimize energy resolution.
There are several factors that contributia¢owidth of the signal energy distribution.
Among these include fluctuations in shower confieamirregularities in the
calorimeter, electronic noise, etc. For homogenagoutillating crystal calorimeter, such
as the CMS ECAL, the energy resolution as a funaticE can be parameterized as

follows [11,12,5]:
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= RA=-Ac (Eq. 2.3)

In this representatioa,is the stochastic term, due primarily to the stetal
dependence of shower detection [9]. In the CMS ECQAe& chief contributions to the
stochastic term come from fluctuations in showerficement and from photostatistics
[5]. The second terrhis a measure of the noise. Electronic noise aledijpienergy both
contribute to this term [5], which can be measuw#tl pedestal runs [12, see also
Section 5.3]. The constant temderives from a number of factors relating to thestals,
including instabilities in the calibration and nanHormities as well as fluctuations in
longitudinal shower confinement [11]. Note from foem of Eq. 2.3 that resolution
improves with increasing energy, as can also be seEigure 2.1.

The energy resolution represents a meaduhe precision with which a
calorimeter can determine the energy of an incorpargjcle. Therefore, concerted
efforts are made to characterize the energy rasalaurves for various detectors, to

determine the values af b, andc above, and to improving resolution wherever pdssib

Figure. 2.1. Energy resolution curves from testbeam analyses of the CMS EB. [6]
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Section 3. The CMS Electromagnetic Calorimeter
Section 3.1. Overview of the CMS ECAL

The CMS ECAL [5] is a hermetic, homogeneouystal calorimeter designed
primarily for optimized energy resolution in theteletion of photons, electrons, and
positrons. Information from the ECAL will be venpportant to the search for the Higgs,
as it will provide accurate energy measurementdegftromagnetic particles resulting
from Higgs decay chains, including HZz® and H WW. In particular, the CMS
ECAL is designed to achieve sufficient resolutiorobserve the less common, but more
distinct low-mass H ggdecay signature [3]. In general, the best enezgglution can be
obtained with a homogeneous, scintillating crystdbrimeter [9,5], hence the overall

design choice for the CMS ECAL.

Section 3.2. ECAL structure and design

Like most of CMS, the ECAL is structuratlivided into two basic regions,
corresponding roughly to its cylindrical geometfe central “barrel” region (EB) is
6.09 meters long, covering the pseudorapidity rdmjge 1.48 [5]. The EB is divided into
two half-cylinders, each consisting of 18 sections, known as supermodules. Each
supermodule contains 1700 crystals arranged iraaiguojective form, with each crystal
pointing roughly 3° off-axis in both andf to minimize loss of particles through the
cracks between crystals [13, 5].

The EB is “topped” on each side by endd&jts), extending from the end of the

barrel toh 3.0 [5]. Each endcap is divided into halves, oeéd’ (so named for their
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distinctive shape), each of which holds 3662 citgqte3]. The EE crystals are grouped in
modules known as supercrystals (SCs), most of wtnctiain 25 individual crystals
grouped in a 5x5 array. (Certain SCs on the engeameters and others toward the
inner annuli have fewer.) Just as in the EB, EEtedg are also arranged in a quasi-
projective geometry, pointing slightly off-axis t@nimize information loss [13]. Each
endcap is complemented by a pre-shower detect@istorg of lead converters followed
by silicon detector tiles [5]. The purpose of te-phower detector is to distinguish
between photons and neutral pions, thus enhanei@glb EE resolution [5,13].

The four Dees that make up the EE regiemambered 1-4. Each is labeled
according to its position relative to the CMS iaieton point (IP) and the LHC center
[14]. Dees 1 and 2 are located down the LHC beaa) helative to the IP, or according
to CMS coordinates, at positizehence they are labeled as EE+. Conversely, becaus
Dees 3 and 4 are locatedzat O, they are labeled EE-. Within each endcapsithe that
is placed radially inward, in relation to the LHi@g, is labeled as the “Near” Dee, and its

partner on the outside of the ring is known as'Ha” Dee. Therefore, all

Figure 3.1. A schematic view of the CMS ECAL [13]
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Dee| Label
1 | EE+F
2 | EE+N
3 | EE-N
4 | EE-F

Table 3.1. Labeling scheme for the four EE Dees [14]

four Dees are identified with a labeling scheme thdicates their position along the
beam line as well as relative to the LHC itselfe$é labels are summarized in Table 3.1.
The CMS ECAL will be required to functioman extremely harsh environment,
more so than any similar detector ever construdibd.compact design of CMS requires
a strong magnetic field (4 T), and the energy amdainosity of the LHC will result in a
large number of events occurring very rapidly (oP%yns between bunch crossings). In
addition, radiation levels at CMS will be high—dretorder of kGy/yr—particularly in
the forward regions of the detector. These extreomglitions require the ECAL to be
fast, highly granulated, and radiation hard, plgeiecessary constraints on both the

scintillating material and the read-out electronj6$

Section 3.3. Lead tungstate crystals

The active medium in the CMS ECAL is a eolion of nearly 76,000 lead tungstate
(PbWQ) crystals, arranged to provide hermetic coverdage.radiation length and
Moliere radius of lead tungstate are small (0.8%rwm 2.19 cm, respectively [5], see
Table 2.1), allowing for a compact design with hgganularity. Unlike most tungstate
crystals, PbW@Qis a fast scintillator (mean decay time ~10 ns), tduge complicated
thermal quenching of the scintillation mechanisi [B addition, the scintillated light

spectrum peaks in the blue (around 440 nm), sigpgfphotodetection [5,13]. Lead



17
tungstate is intrinsically radiation hard, and léadgstate crystals are currently relatively
easy to produce, as productiawilities already exist, and raw materials aralilga
available [5].

The use of lead tungstate does, howevesgnt certain drawbacks that have needed
to be addressed. In particular, the quenching gsotieat allows for such rapid
scintillation also decreases the light yield sigpaiftly (to about 50 photons/MeV [13]).
Furthermore, the light yield is temperature depahdiecreasing by about 2% per degree
Celsius at room temperature (18° C). This credteslemand for rigid temperature
control at CMS (in order to maintain consistenayl aequires photodetectors to have
their own internal gain (in order to achieve suéfic photostatistics) [5, 13]. Fortunately,
progress in crystal growth technology and the dgwalent of appropriate photodetectors
have done much to overcome the disadvantage olidginvyield in the crystals [5].

Despite the lead tungstate crystals’ natesilience to radiation, non-optimized
crystals can be damaged by large doses. Resedodhéneffects of radiation on the

ECAL crystals has shown that although neither thetilation mechanism nor the

Figure 3.2. A single PbWO, crystal with photodetectors and a key for size comparison. [15]
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uniformity of light yield is adversely affected (mided the damage is not excessive),
irradiation can cause the formation of color centaside the crystals, resulting in a loss
of transparency, and hence a decrease of lighd.yl¢lis effect stabilizes at a level that is
dependent on dose rate, but at the doses expddtesll2HC any damage recovery will
take on the order of hours. Studies have showrthleadlamage mechanism is not the
result of impurities in the crystal material, battrer of defects in the structure. To
minimize negative effects from radiation damagee ¢es been taken to improve the
crystal production procedure [5].

It is important that the crystals respondarmly with shower position. It has been
found that the high index of refraction of PbW@.3 atl = 500 nm [5]), as well as the
tapered shape required by the off-pointing geometg cause non-uniform light yield
response. This effect is related to the transparehthe crystals and can be reduced by
depolishing one of the crystal faces to reduceratereflection [5].

The ECAL crystals are manufactured at Rus®ogoroditsk Techno-Chemical
Plant (BTCP) and at China’s Shanghai Institute efatnics (SIC) [16]. Crystals from
both facilities meet the same specifications f& msthe ECAL, differing somewhat in
production technique and in the orientation ofdhgstals’ optical axes. Because of these
subtle differences, many studies of the ECAL speadlfy make note the type of crystal

used in the analysis.

Section 3.4. Photodetectors

The extreme environment of CMS and the UHGts the number of candidates
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for the photodetectors used to detect the crystatiation. Any photodetector used in
the ECAL must not have its performance affecte€M8&’s strong solenoidal magnetic
field and must also be able to withstand large slag@adiation, especially in the forward
region of the calorimeter. In addition, the photed&r must have internal gain to
compensate for the low light yield of the lead tstade crystals [5].

Current technology does not support a sisgimmercially available photodetector
that meets all these criteria. However, it has lwegarmined that the radiation levels in
the central region of the calorimeter (the EB) Wallow enough to justify the use of
silicon avalanche photodiodes (APDs), which arg fasmpact, and have been optimized
for the detection of lead tungstate scintillatibnaddition, APDs are insensitive to
magnetic fields, regardless of orientation [5].

In the regions of the ECAL closer to therbdme, the higher levels of radiation
would cause unacceptable levels of leakage cuimdghe APDs. Therefore, another
photodetector must be chosen for use in the endEzgpsomic and performance
considerations led to the decision to employ vacpuototriodes (VPTSs) as the
photodetectors in the forward region of the ECAtedfically in the EE region. [5]

The VPT essentially consists of a vacuube twith three electrodes used to amplify
and detect the signal. (See Fig. 3.3.) Photons #mdube through a radiation hard
faceplate and strike a semitransparent photocaghibeeating electrons through the
photoelectric effect. A significant fraction of thberated electrons pass through a fine
mesh anode, held at a large bias voltage (typid#lB0 V) and strike the dynode, which

is held at a lower potential (typically 800 V). Uponpact on the dynode, a greater
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number of secondary electrons are freed. The secpmrikectrons are accelerated through
the potential difference back to the anode, whemayhof them are captured. (It should
be noted that the VPT gain is not dependent orelderode bias voltage. The values
given are those used by convention.) The VPT sgyaid processed by analog-to-digital

converters (ADCs), which yield a digital readoudttban be used in analysis [13, 11].

Figure 3.3. Schematic of a VPT (not to scale) [17, modified]

VPTs were chosen as the photodetectoh®EE because of their ability to
withstand the high levels of radiation that will peesent at the LHC. An important
concern is whether their gain will be affected bg strong magnetic field in CMS. The
variation in VPT gain is supposedly adequately satahe field orientations in which
the VPT will be placed [5]. Further studies to maceurately characterize the field

dependence of VPT gain are currently being conduatehe University of Virginia [18].
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Section 4. The 2007 H4 Test Beam
Section 4.1. Overview

In 2007, the EE-F Dee (Dee 4) was fittethy2i0 standard size (5x5) supercrystals,
along with the necessary auxiliary units (e.g. caplelectronics, etc.) in order to be
tested at CERN'’s H4 test beam facility. By subjagportions of the ECAL to a series of
controlled test beams with varying parameters, sap@rtant to the characterization of
the crystal responses can be collected and analyzegcent years, portions of the EB
have been studied using test beam data [11,12§€Tt@sts began on the partially

constructed endcaps in the summer of 2007.

Figure 4.1. The partially completed Dee 4 with 20 mounted SCs prior to testing at H4 [19].

Section 4.2. The H4 facility
The H4 beam line [20] is a secondary beam Heriving from CERN’s proton

accelerator, SPS. A primary proton beam is extdatten SPS and diverted toward the
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SPS North Areas in Prevessin, France, where filisisto three beams. One of those
beams is directed toward the T2 target, which tesalsecondary beams that are shared
between H4 and its sister facility, H2. These sdaoybeams can be composed of
electrons, muons, or various hadrons (e.g. piohsgcessary, a 400 GeV beam of
primary protons can also be made available. FoR@®¥ studies on the EE, the H4 beam
was composed of secondary electrons.

The beam (i.e. the secondary H4 beam)igeguand steered by a collection of
“bend” dipole magnets. H4 users may also fine thneesteering by the use of “trim”
correction dipole magnets. A set of three collimatan also be adjusted to alter the
beam intensity or momentum spread.

Experimental operations are headquarteréteaH4 counting house, an indoor
bunker from which the test beam can be monitoredcamtrolled remotely. For instance,
the settings that correspond to a particular seeafm parameters (e.g. momentum,

intensity, etc.) are stored in a number of beaasfiwhich are loaded through the CESAR

Figure 4.2. The H4 beam line Figure 4.3. The counting house at H4 is where the test
[21] beam operations are remotely controlled.
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interface used at H4 [22]. Once the beam file lresbdoaded, certain parameters (such
as the width of the collimator opening and the Bteering of the beam) can be adjusted
at the user’s discretion. From the counting honsepnly can the beam be controlled,
but the auxiliary devices, including the hodoscofse® Fig 4.5), are powered,

monitored, and controlled.

Section 4.3. Experimental setup and procedure

In order to allow for the testing of all®06rystals, the Dee was placed sideways (i.e.
flat-side down) in the path of the beam on a rotathechanical table. For the most part,
the table could be controlled from the countingdeat H4, allowing the Dee to be
moved at any point during the testing period. (Ehegas a time in which the remote
control of the vertical motion of the table was fsictional, so access had to be granted
and the table moved manually.) In order to simuflagequasi-projective geometry of the

CMS, the table was fitted with a special “extenfilame” on which the Dee rested. This

Figure 4.4. Dee 4 mounted on a special extender frame placed on a rotating table at H4. The
table, which was controlled from the counting house, moved the Dee to various positions,
allowing different EE crystals to be illuminated by the beam.
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Figure 4.5. A schematic of the elements in place along the H4 beam line (not to scale) [21]. Note
that neither the lead-glass calorimeter (EMC), the scintillator (S0), nor the wire chamber (WCM)
were used or even connected during the actual 2007 test beam period.

in turn caused a large amount of torque on theingtaable. To remedy the situation, a
two-ton steel counter weight was placed on thetfobithe table to balance the weight of
the Dee [23].

A number of auxiliary devices were placézhg the beam line, as illustrated
schematically in Figure 4.5 [21]. Two sets of ~1wide scintillator fingers (SF) are
used for fast beam centering, trigger counters taothe beam intensity by tracking the
number of events in each spill, and a veto coumntestions to filter out interactions
upstream along the beam line. In addition, fourdsedpes (two vertical and two
horizontal) monitor the beam position, providingiaportant measurement of the
particle trajectory for each event. (See Secti@n)5.

Figure 4.6 illustrates the arrangemenhef300 crystals that were mounted on Dee

4 for the test beam, as seen from the point of wéthe interaction point. Because the
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Fig. 4.6. Table of individual Xtal numbering at H4, incorporating both Russian (blue) and Chinese
(red) crystals [24]. The coordinate system of both H4 (white) and CMS (gray) are also shown.
Note that information about Xtal 281 is not currently available.

Fig. 4.7. SC numbering scheme. The boxes representing SCs are colored according to the type
of crystals contained, with blue representing Russian SCs, red representing Chinese SCs, and
purple representing those with both Russian and Chinese crystals. See Figure 4.6 for information
about individual crystals.
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Dee was placed on its side, the H4 coordinatesotiocarrespond with the accepted CMS
coordinate system as discussed in Section 1.2roMa@nd column numbering used at
H4 is shown in Figure 4.6, along with tkandy crystal indicesl¥ andlY, respectively)
according to CMS conventions (shown in gray). Tingescrystals are numbered
according to tower ID, as shown in Figure 4.7.

During the test beam period, the crystasenrradiated in a series of runs with
beams of various momenta, ranging from 15 GeV23® GeV/c [25]. The experimental
program involved illuminating each crystal one Imgdas well as the cracks in between
crystals) for intercalibration; energy scans of tiplé SCs at 30, 50, 90, 120, and 150
GeV, respectively; scans at the more extreme erlevgys of 15 GeV and 230 GeV;
studies in which the beam intensity was varieddjysting the collimators; and several
irradiation studies, in which crystals were exposethtense beams for long durations to
examine the effects of heavy radiation on the etgsind on the VPTs.

Data are collected in a series of beans, consisting of multiplepills. At normal
intensity, each spill contains between 2000 andd@¥@ntseach of which represents a
single particle incident on the detector. For eadnt, the scintillation from each of the
500 crystals is detected by the VPTs, whose electr@sponse is digitized and recorded
by the electronics. Therefore, the data for eag@memclude measurements from each
individual crystal, plus other relevant informatifsam the beam file, hodoscopes, etc. (A
typical beam run contains data for roughly 60,6®@Q0,000 events.) These data are
stored in CERN’s magnetic tape storage facility aray be accessed for analysis at any

later time.
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Section 5. Data Analysis

Section 5.1. Motivation

Data from the 2007 H4 test beam are usetidoacterize the EE response to
particles of known energy. The analyses presergegirhfocus primarily on the accuracy
and precision of energy measurements made by tidé_[EGdcaps. In particular, the
linearity of the calorimeter response and the umity of energy measurements will be
discussed.

As mentioned is Section 2, it is importdrat the response signal of a calorimeter be
proportional to the energy of the incoming partigsulting in a linear response vs.
energy curve. Because the test beam is composedmajenergetic particles of known
momentum (to within 0.09% [26]), it provides a gamaportunity to test the linearity of
the detector by comparing the mean energy respafrisgam runs of varying energy
against the nominal energy given by the beam pasase

For uniform precision, it is also desiratilat energy measurements be independent
of the path of the incoming particle. The rang@adsible particle trajectories after a
collision in CMS is continuous, not discrete, whidleans that particles will strike the
calorimeter at all locations on the crystals’ facBse CMS ECAL is highly granulated,
and while the slightly off-axis orientation of theystals prevents particle loss in the
cracks between crystals, it has not been determitedher a particle’s proximity to the
crystal interface adversely affects energy resofutihe analyses discussed in this paper

treat this question, as well as examining the lityas mentioned previously.
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Section 5.2. Methods of analysis
Section 5.2.1. Energy distributions

In principle, the mean value and spreadn&rgy measurements can be obtained by
plotting the detector response distribution foetdf events in a single run. Each test
beam run may contain as many as 60,000 to 100\)i and in most cases, a single
run will contain data from multiple beam positioAstun must therefore be filtered
during analysis to include only events of intefgst those from a single beam position).
Ideally, beam particle energies, and (hopefullyektension the ECAL energy
measurements would be distributed normally. In sachse, the energy histogram could
be fit to a Gaussian, and the mean vahand resolutiors/E can be obtained directly
from the fit parameters.

In practice, the analysis is complicatedh®sy/fact that the single crystal energy

response distribution is very non-Gaussian. (Sge3-1.) The beam width at H4 is not

Figure 5.1. Energy response distribution of a single crystal with a 150GeV beam centered on it.
Note the asymmetric low-energy tail, which is largely a result of non-confinement of the shower.
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sufficiently narrow to insure total shower confinemh by a single crystal. Even in runs in
which the beam is well centered on the face omdividual crystal, many events strike
the crystal near its edge, or even strike neiglmgoerystals, so that a significant portion
of the energy is deposited outside the area ofyaisalBecause the Moliere radius in
PbWGQ, is comparable to the transverse dimensions oEherystals, leakage will
inevitably occur in degrees, based on the locadtomhich the particle strikes the crystal.
Variance in the relative fraction of energy logtuks in an asymmetric energy
distribution.

To characterize shower leakage and cryssglonse, it is necessary to be able to
measure the point at which the particle strikesctlystal face, or the eveimpact
positionxy [11]. This is not information that is directly akable from the H4 data, but it
can be calculated from the hodoscope data. Foreaatt, the hodoscopes record xhe
position at which the particle passes through. Trifrmation is reconstructed to yield
an average positiox, and trajectory slopmy, allowing a linear trajectory to be defined:

M2 = [Mhx(z-2z0) + %] |+ [Mhy(z-2) +yn] (Eq.5.1)
The distance from the hodoscopes to the crysta (ae- z) is not well known, which
makes a precise calculation of the impact positiibiicult. Furthermore, the hodoscope
position §, y),occurs at the midpoint between the hodoscopes,hwkidifferent for the
x and they planes [27]Rough estimates place the distance at approximatdlyneters,
good to within about 50 centimeters. In practidee beam at H4 is very straight,
rendering the value ah, trivial. Consequently the impact position is deterenalmost

entirely by the hodoscope position measurementand the precise value & € z) is



30
unimportant.

For a well centered beam, an impact positiose to zero indicates that the particle
entered the EE crystals near the center of anishai crystal face. The position of the
beam relative to the crystals (and hence the irg&pon of the value of,) may change
between beam runs, but within the analysis of glsirun, it is an effective measure of
the distance of particle entry from the centergdge, as the case may be) of the nominal

crystal in beam.

Section 5.2.2. Methods of correcting for showek#ege

Electrons and photons in actual physienerat CMS are reconstructed using
clustering algorithms that track the energy respsrg multiple crystals that neighbor a
relatively high-response “seed” [28]. Thus, the ftonfinement of the shower is not only
accounted for, but exploited. In the test beamyamslthe issue of non-confinement must
also be addressed, in particular for studies el $0 characterize individual crystal
responses (e.g. intercalibration).

The simplest way to deal with intercryséalkage in most cases is to expand the
region of analysis from a single crystal to an Nx@trix of crystals (where N is an odd
integer). Currently the convention is to use N b, it can be shown that a larger matrix
(N =5 or even N = 7) may be desirable for studned involve many particles incident
on the detector near the crystal interfaces. Wreamgumultiple crystals for an analysis,
the energy measurement is given by the sum ofrieegg response of each crystal within

the specified matrix. Because the light yield &f thystals and the energy response of the
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VPTs vary unit by unit, the response of each chamuest be appropriately calibrated for

accuracy. Thus, the energy measurement becomes

N
E= &R (Eq. 5.3)

i=1

whereR is the response of th# channel, and; is the corresponding calibration
coefficient. These constants have been calculateddarly all of the 500 crystals
mounted on Dee 4 at the time of the 2007 H4 test@9]. In the case that a calibration
constant in not known, the default value s 1.000.

When attention to individual crystals ided, summing the energy in an NxN
matrix may not be a viable option. In such cases,method of accounting for shower
leakage is to filter events by impact position. il@in Fig. 5.2 the region in bo#y and
Yp for which the energy response curve is more @ flas. This roughly corresponds to
the physical center of the crystal, far enough ftomedge that the majority of the
shower energy is deposited in the crystal in beyrfiltering out events for which the

impact position is outside this “flat zone,” thevi@nergy tail in the energy distribution is

Figure 5.2 . Scatter plot of normalized energy response (fy) vs. impact position (x, and y;). Note
that the dramatic decrease of the channel response gives an approximate location of the edge of
the crystal.
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Figure 5.3. Energy response distributions before (left) and after (right) filtering outside the “flat
zone”

Figure 5.4. Scatter plot of normalized energy response (fy) vs. impact position (x, and y,) after
applying a basic filter. Compare with Fig. 5.2.

reduced, and the histogram becomes much closeGauasian. (See Fig. 5.3.) This
allows for a reasonable measurement of boéimds. [30]

Another, more sophisticated method [11pimes fitting the response curves to
polynomial functions and using that fit to boost #nergy of the outlying events, thus
yielding an effectively flat response curve acritesentire crystal. Because the response
VS. impact position curves should, in principlesyerystal-by-crystal only by a
coordinate shift and a multiplicative constantfgénce in individual calibration), a

single reference crystal can be chosen for eacim lee@rgy. The response of that crystal
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is fit to a 4" order polynomial, which is then applied to all@thelevant crystals at that
same energy, allowing for the previously mentiooedrdinate shift and correcting for
calibration.

If the reference crystal is centered wabpect to the beam (ixg, = 0 corresponds
to the center of the crystal face) a simple, ykdative correction can be made by
subtracting the, dependence from the fit and leaving the constamnt intact.
Specifically, define a%order polynomial

f(X) = po + pax + P + pax + pax* = po + g(¥) (Eq. 5.4)
so thatg(x) represents the-dependent terms of the polynomial, whas the constant
term. As it relates to this study, represents the energy response of the crystahfor
event at the crystal center, or near the flat regioFigure 5.2. While this does not
necessarily represent the full energy of the intigiarticle (as some leakage is always
inevitable), it serves as a benchmark energy tha ifact, proportional to the original

energy. Note that beyond minimal shower leakaderargy losses are contained in the

Figure 5.5. The response vs. impact position data can be fit to 4" order polynomials (left), which
can be used to correct the data, yielding effectively flat response curves (right) within the fit range
(shown in red).
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x-dependent terms of the polynomial, givendfy). To correct the response of an event
with calculated impact positiat, the impact position dependent losgés) are
subtracted from the energy response:

Ecorrected= E — gXo) = E —f(Xo) + po (Eq. 5.5)
wheref(xy) is the value of the polynomial fit at the impacint of the event, and is the

measured energy response.

Section 5.2.3 Practical considerations

At this point, a few practical considerasaare in order. First, the majority of
calculated impact points fall within a circle ofiras ~15 mm. Outside this range, the
statistics are very low. In order to obtain a gfibdf the data, it is necessary to restrict
the range of the fit to values for which there gomed statistics. In practice, this range is
about Xy| (ol) <15 %= 2 mm.

Also, there are some events in which onta@hodoscope fails. The default

Figure 5.6. Events for which hodoscope measurements fail appear as low energy events at the
origin, skewing the data and the subsequent polynomial fit
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measurements for hodoscope position and slopeosinadentically zero, which in turn
yields a calculated impact position identically abto zero. If these events are not
filtered out, they appear as an abnormal colleabiblow energy points at the origin,
skewing the polynomial fit. (See Fig. 5.6.)

Finally, the discussion in Section 5.2.2ald with a simplified, one dimensional
case for which the beam is nearly perfectly cedterethe crystal. In most cases, the
maximum crystal response actually occurs at somezeoo value oky,. Fluctuations in
this value require a coordinate shift that is gliggimore complicated. Furthermore, the
impact position is a two-dimensional quantity, &nel crystal response depends on both
coordinates. Because the constant tegiwill be similar for bothf(x,) andf(yy),
correcting the response for variationsgrandy, independently and averaging the results
gives a rough approximation. More precise correstimay require a more complicated
two dimensional fif(x,, y,), subtracting both the, and y dependent terms, analogous to

the discussion above.

Section 5.3.4 Comparison of correction methods

Using polynomial fits to correct the datarsus the simpler method of filtering out
events near the crystal’'s edge) allows for theyaimabf a greater number of events per
run, thus improving the statistics. In additiorg #o-called flat zone in the response curve
is somewhat ill-defined and not truly flat. Coriiegtthe data not only creates a more
constant response curve, but it also eliminatesideel for a somewhat arbitrary filter.

The purpose of either filtering or corragtithe data is to reduce the systematic
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effects that contribute to the asymmetric low-egdegl in the energy response
distribution, so that the distribution is as cltgé&aussian as possible. Combining a
polynomial fit correction with an impact positioittér sharpens the peak of the
distribution and reduces the asymmetric tail betian either method alone. This is
particularly true for relatively wide filters thatlow events across nearly the entire face
of the crystal §|, | < 10 mm). For tighter filters, the events allowiecbugh fall
mostly on the more constant portion of the uncdeecesponse curve, so that data
correction has less of an effect.

Recall that in describing both these mesh@acluding the superposition of the

two), it is assumed that attention must be paiddovidual crystal responses. For

Figure 5.7. Energy response distribution from a 120 GeV beam run focused on Xtal 148. The
uncorrected, single crystal distribution (dark gray) is very asymmetric. Correcting the data (red)
leads to a somewhat narrower peak, but summing the energy over a 3x3 crystal matrix centered
on Xtal 148 improves the shape of the distribution substantially more. Even when the detector
response is determined over a larger crystal matrix, a low-energy tail still exists, possibly due to
fluctuations in longitudinal shower containment. For this reason, a Gaussian fit to the distribution
is eschewed in favor of the Crystal Ball fit (Section 5.2.5), which accounts for the asymmetric tail.



37
applications that focus on the performance of #tecor at large (i.e. those that involve
response to an entire shower, regardless of whdtats it scintillates), the process of
summing the total calibrated crystal response §&). for a matrix centered on the
nominal crystal in beam remains the method of addoth for its simplicity and its
effectiveness. (See Fig. 5.7.) All results discdgeseSection 6 of this paper were

obtained by using NxN crystal matrices of varyimes.

Section 5.2.5. The Crystal Ball fit

Even with corrective measures, the energlyidution is still somewhat skewed in
most cases, preventing a good Gaussian fit adnessanhge of all energies. The fit can be
improved by restricting the range. In the past)ys®s have been done by fitting the data

to a Gaussian, from 1$Hbelow the mean to the “extreme right” [11] of thistogram.

(Becauses is defined by the fit parameters, this must béerative process.) Now the

Figure 5.8. Energy distribution histogram fit to the Crystal Ball function
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convention is to fit the data to the Crystal Balh¢tion, a piecewise-defined,
differentiable function consisting of a Gaussiattwva low value tail in the form of a

power series [31].

The Crystal Ball function [32] is definedhictionally as follows:

Cyem? .
F()= Nxe'? < o™X o
- S (EqQ. 5.6.a)
f(x)= NxA xB 2277 for LX) sy
S
where
AO 1 xe_}éaz
] (Eq. 5.6.b)
Bo 1 |a|
a|

Notice that the function has five fit paters, namely the normalization amplitude
N; the mean (or more accurately, the valug af the Gaussian peai) the width of the
distributions; a parametea, which gives the number of standard deviationswehe
mean at which the low-energy tail begins; and ttliein. Naturally, the values ahand
s are of particular interest, as these fit paransetepresent the mean value of the energy
response (in ADC counts) and the width of the digiespectively. These quantities form

the basis of the analyses that follow.

Section 5.3 General study (Xtal 248)

Data from an energy scan on Xtal 248, #der crystal of the Russian SC 10
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Figure 5.10. The total response of nine crystals, with Xtal 248 in the center, form the basis of the
energy measurements in this general study.

(following the convention explained in Section 4\8¥re used to study the calorimeter
response at varying beam momenta. The scan cooéisiss at 15, 30, 50, 90, 120, 150,
and 230 GeV, respectively, with the beam well cett@n the nominal crystal in beam
[33]. The runs were filtered to include only evefaiswhich the beam was focused on
Xtal 248, and the energy distributions for eachadetvents were fit to the Crystal Ball
function.

To study the linearity of the detector @sge with beam momentum, the mean
valuemfrom the Gaussian portion of each Crystal Baliffiplotted versus the nominal
beam energy. The error in each case is given bijttimg errors, plus systematic error
terms (added in quadrature) to account for vamatia the fit that depend on the fit range
and for uncertainty in the beam momentum.

The energy resolution is given by the widthhe signak (also obtained from the
Gaussian portion of the Crystal Ball fit), divideg the peak valum,with the uncertainty
in beam momentum (as well as synchrotron radiadftects at higher energies)

subtracted in quadrature [26]. The resolution Bmteenergy measurement is plotted
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against the nominal beam energy, and these dafa sreéhe functional parameterization

discussed in Section 2:

2 2
iE:\/ S +¢? (Eq. 5.7)

JE

ml s

The noise ternm in the resolution parameterization can actuallyreasured from the
pedestal runs. The data quality monitoring (DQMjtplfrom the 2007 H4 test beam
period show that the average spread (RMS) in atramnpcrystal’s pedestal response is
2.01 £ 0.065 ADC counts. (See Figure 5.9.) To meathe total noise, the noise per
crystal must be added in quadrature for each driysthe analysis matrix (assuming no
correlated noise). For an NxN matrix, the total su@ad noise becomes N- (2.01 £ 0.065)

ADC counts.

Figure 5.9. Histogram of the pedestal RMS in a typical pedestal run (Run #18871). The mean
value gives an approximate measurement of noise per crystal. [34]

To constraim to the measured values, a penalty term is addéee s of the
resolution fit ifn wanders from its initial value, given by the pademeasurements.
Specifically, if the functional form of the energgsolution as shown in Eq. 5.7 is

denoted a§E; s, n, ), and the data point corresponding tAedsolution measurement is
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denoted as (with corresponding erra;), then the measure of the fit is given by:

.. (f(Eisng-d)° (m p)

C:
: S s ?

| n

(Eq. 5.8)

so that for every standard deviation thaftaries from the pedestal measured noise, the
effectivec? is increased by 1.

For each of these general studies, theadranalysis consists of an N = 3 crystal
matrix with Xtal 248 (then nominal crystal in beaas)the matrix center (see Figure

5.10). Both the linearity and energy resolutiorutessare discussed in Section 6.

Section 5.4. Center vs. crack studies (Xtal 294)

In all H4 test beam runs, many eventsdalbr near the cracks at the intercrystal
interface, which may affect energy measurementsrder to determine the effect of
event impact position on the detector performaheam runs from an energy scan on the
SCs 11 and 1#were examined [35]. Specifically, runs were sel@atewhich the beam
was centered on the Chinese Xtal 294, about midyeethe SC and on its extreme right

edge (as viewed from the H4 beam line, with the @eés side). (See Figures 5.11 and

Figure 5.11. The crystals of interest in the Figure 5.12. Events that strike the
resolution studies. The beam was focused on Xtal detector near the center of Xtal 294
294, but events that strike near the interface with (light gray box) are classified as

Xtal 314 were also analyzed. “center” events, while those that strike

near the crack (dark gray box) are
classified as “crack” events.
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was centered on the Chinese Xtal 294, about midygathe SC and on its extreme right
edge (as viewed from the H4 beam line, with the @eés side). (See Figures 5.11 and
5.12.) The cracks between adjacent SCs are aba# & wide as those between crystals
interior to the SC, thus amplifying any adverseetf§ on the energy resolution.

The selected energy scan consisted of beamgeng in energy from 30 GeV to 150
GeV, each scanning the same crystals. For eachyyereents were filtered by impact
position, separating events whose impact positidicates striking the crystal near the
center of an individual crystal from those thaiksticloser to the crack. (See Figure 5.12.)
Specifically, two regions, each 1 &in area, were defined by} Xcentel, Vo- Yeente] 5
mm andXp - Xeracds Wo- Yeentel 5 MM, respectively, wher&:fnies Yeente) IS the location
of the center of the crystal, argackis the location of the crack between two columins o
crystals. Events that fall within the first regiare identified as “center events” and those

that fall within the second are identified as “d&a&awents.”

Figure 5.13. Overlaying scatter plots of crystal response vs. impact position give the location of
intercrystal cracks in impact position space
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To determine the location of EE crystalgmpact position space, scatter plots of
two separate crystals responses wijtbhan be overlaid, as in Fig. 5.13. The normalized
energy response of the nominal crystal in beaml| 2Q4) is plotted in black, while the
response of the adjacent crystal (Xtal 314) istptbin red. Events that strike close to the
center of the “black” crystal will naturally yiel higher response in the crystal in beam
and a proportionally lower response in its neighbtowever, as the events approach the
crack, the response of the “red” crystal increakesto leakage, in turn reducing the
response of the crystal in beam. The valug,®r which the two responses intersect
gives the location of the crack between the cooedmg crystalsx, ~ 15). The location
of the crystal center ir, can be extrapolated from the location of the csamk each of
its four sides.

Three sizes of crystal matrix are usedhendenter-crack analyses; N =3, N =5, and

N =7, each with Xtal 294 as the center crystaklaswvn in Figure 5.14. Once the events

Figure 5.14. Areas of analysis for the center-crack studies. In order to examine the effects of
incomplete shower confinement, the detector response was summed over crystal matrices of size
N = 3 (bounded by blue), N =5 (red), and N = 7 (green).
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are filtered and grouped, the total energy respdistabutions over the analysis matrix
for each set of events are fit to the Crystal Bailction as discussed in Section 5.2. The
data then undergo the same analysis as discuss@dysly for the general studies on
Xtal 248. Comparison of the energy measurementldtr center and crack events may
give insight as to whether the detector performasedfected by the impact position of

incoming particles. The results of this study aseulssed in Section 6.
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Section 6. Results

Section 6.1. Linearity results
Section 6.1.1. Supercrystal 10 (Xtal 248)

The total calibrated detector response areasents over a 3x3 crystal matrix
centered on Xtal 248 (as discussed in Sectionae8plotted against the nominal beam
energy in Figure 6.1 and fit to a straight liner Rdinear detector, the slope of this line
(p1) would give the scaling factor used to convert fiGeV to ADC counts, (and visa
versa for the inverse of the slope). The inter¢pgtrepresents the detector response as
the beam energy approaches zero (i.e. the noiseiéitions in the EE crystals). Values of
po much larger than the measured noise would indivadinearities in the detectdn
this case, the conversion is measured to be 1 GEVADC counts, and the intercept is
reasonably close to zero.

However, the data show clear evidence afinear behavior, especially at high

energies. The large value of per degree of freedom indicates that the dagofirly to

Figure 6.1a. Linearity results for the Russian Fig 6.1b. Residuals of the detector response
Xtal 248. Note the high value of ¢? per degree data to the linear fit. The drastic drop off at
of freedom. high energy indicates nonlinearities in the

detector.
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a linear function (Fig. 6.1a.). Furthermore, th&ideaals show a drastic drop-off in
relative energy response for beam energies of h8®380 GeV--nearly 2% (from < 0.5%
below 120 GeV) at the highest energy. (See Fid.p.1

The detector nonlinearities may be represehy additional terms in the fit
function. When the data in Figure 6.1 are fit tihied order polynomial (rather than a
linear function), as in Figure 6.2, the fit imprevsignificantly (reducing the? per
degree of freedom by nearly a factor of 3). Nos® dhat the residuals of the third order
fit are more evenly distributed, falling within @bof zero (Fig. 6.2b). The first order
term still gives an approximate conversion facidrile the additional terms provide

some measure of the degree of nonlinearity present.

Figure 6.2a. The detector response Fig. 6.2b. The residuals of the third order fit fall
measurements fit much better to a third order within 0.5% and are evenly distributed about
polynomial. The higher order terms give an zero.

indication of the degree on nonlinearity in the

detector.

Section 6.1.2. Supercrystals 11 and 15 (Xtal 294)
The energy measurements of SCs 11 andsibiseussed in Section 5.4, show

similar nonlinear effects in both the crack andteeregions. Figure 6.3 shows a side-by-
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Figure 6.3. The detector response linearity plots for center and crack events from Xtal 294.

Figure 6.4. Residual plots for center and crack events. These plots represent the relative
deviation from the linear fit to the center events data. The fall-off with increasing energy is present
in both sets of events, but the response in crack events is offset from the center data by > 1.0%,

with the discrepancy decreasing as the energy increases.
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side comparison of the detector response vs. beangplots for the center and crack
sets of events, with results from the three NxNstalymatrices overlaid. In all analyzed
data sets, the linear term (i.e. the GeV to ADCnt@onversion) is roughly 17.
Furthermore, for a given matrix size N, the lines|ams agree to within 0.25. The residual
plots in Figure 6.4 indicate that while the geng@attern of nonlinearity in the crack
events is similar to that of the center eventsditector response is as much as 2% lower
in some cases.

Note that the slope of the line tends twease with the size of the analysis matrix.
This is a result of proportionately greater showa@rtainment in a larger crystal matrix. If
a shower is completely contained in an NxN mattig, response of any additional
channels would contribute negligibly to the totaéryy, leaving the linear response
unchanged. Even if the expectation value of thee@ non-zero, the additional
contribution should be the same for all beam emsrgffecting only the intercept, not the
slope of the response.

If, on the other hand, the shower is nbyfconfined, the additional contribution to
the total energy measurement from an additionalilasrof crystals will scale linearly
with beam energy. The difference between the Nxélthe (N+2)x(N+2) measurements
as a function of beam energy is the differencéénsiopes of the two corresponding
response curves. The slope of the N =5 term ista®¥% greater than that of the N =3
curve in the center and crack studies. Howeverlitlear terms do not vary appreciably
between the N =5 and the N = 7 analyses, indigahat acceptable confinement for

these type studies is reached with a 5x5 cryst#lixna
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Section 6.1.3. Comparison with previous results

The general pattern of nonlinear behawee@nsin this study is roughly corroborated
by the results of previous studies, notably Phdigboch’s preliminary analysis of H4
data in November 2007 and “La Sapienza’s” lineaaitglysis of the EB crystals from H2
testbeam data [26, 36].

Consider the plot of reconstructed beamgnever nominal beam energy shown in
Figure 6.5. As discussed before, the relative gnexgponse of the detector tends to fall
of with increasing energy, dropping by nearly 29230 GeV. Figure 6.6 shows the same
plot from P. Bloch’s analysis. Note that from 1568\Gto 230 GeV, the ratio of detector
response to beam energy falls from about 0.9979840 This is quite similar to Figure

6.5.
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Figure 6.5. The ratio of reconstructed energy of Figure 6.6. Philippe Bloch’s measurement of

the detector response to the nominal beam E/Epeam. Note that the trend at E > 50 GeV is
energy. Note that, except for some anomalous  similar, and that the fall off from 150 to 230 GeV
behavior at 120 GeV, the ratio steadily occurs at roughly the same rate. [26]

decreases at E > 50 GeV.

It is worth noting that Bloch’s results dot demonstrate the rise in energy from 15
to 50 GeV. However, testbeam studies on the bparion of the ECAL show for the

relative energy response in EB crystals to increaebeam energy from 10 GeV up to
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50 GeV. (See Figure 6.7.) It is not obvious thastheffects are at all related, but they are

worth examining.

Figure 6.7. Testbeam data from the EB region shows a general upward trend of the E/Epean ratio
at E < 50 GeV. Here, E25 refers to the total detector energy response in a 5x5 matrix of 25
crystals. [36]

Section 6.2. Energy resolution results
Section 6.2.1. Resolution in SC 10 (Xtal 248)

When the resolution of the energy measunesnfieom SC 10 are fit to the standard

Figure 6.8. The resolution curve for the Xtal 248 general study.
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parameterization (Eq. 5.7), as discussed in Seétibnthe result is as shown is Figure
6.8. As expected, the resolution increases withdng@nergy, asymptotically approaching
a constant value, which depends mostly on thetstreiof the crystals, as well as
fluctuations in longitudinal shower confinement [1#rom the data, it appears that this
high-energy limit is around 0.5%, consistent witittbdesign specifications [5] and

previous analyses of H4 data [26, 37].

Section 6.2.2. Resolution in SCs 11 and 15 (Xt4) 29

Figure 6.9 shows the resolution vs. energyes for the six sets of events from the
center-crack study of SCs 11 and 15, grouped byatposition (i.e. near the center of
the crystal or near the crack between the adjoiBi@g) and by the size N of the crystal

matrix used to make the initial energy measuremét®w energies, the increased

Figure 6.9. Energy resolution curves for sets of events grouped by impact position (center events
represented by solid lines and markers and crack events by dashed lines and open markers) and
by analysis matrix size (blue: N=3; red: N=5; green: N=7).
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noise resulting from using a larger crystal matkegrades the energy resolution
significantly. This effect naturally becomes lessmpinent as the beam energy increases
and the constant terodominates.

Within each matrix size grouping, the nelatoetween the “crack” and “center”
resolution curves are similar. In each case, ieappthat the energy resolution of events
located near the cracks between the adjacent Stegiaded somewhat relative to
similar events that strike the detector face niearcenter of an individual crystal,
resulting in a “shifted” resolution curve. To unsi@and this effect it is helpful to examine
the terms that contribute to the resolution indinaltly.

With the noise constrained, as discuss&ekution 5.3, the variable parameters that
contribute to the resolution become the stochastios and the constant teroa These
fit parameters, as determined by fitting the datkigure 6.9 to Eq. 5.7 for each size

matrix at both the crystal center and the crack sammarized in Table 6.1. The terms

N| Event | Stochastic| Error Noise | Error | Constant| Error c2
Grouping | term (s) ins |term(n)| inn term (c) inc

Center 0.05401 | 0.0035| 0.3599 | 0.01038 0.004605| 3.56E-4({10.9
Center 0.05878 | 0.0062| 0.6003 |0.01616| 0.004226| 6.07E-4| 3.9
Center 0.07770 |0.00232 0.8349 | 0.01508 1.221E-6|0.00244/21.1
Crack 0.08302 | 0.00619 0.3565 |0.01058 0.001107|0.00359 6.8
Crack 0.07879 | 0.00319 0.6067 | 0.01566| 9.024E-7|0.00202{14.2]
Crack 0.07356 | 0.00466| 0.8669 | 0.02153 3.986E-6| 0.00156/31.1
3| General | 0.08271 [0.00173 0.3737 |0.00961] 1.014E-6|0.00117|20.7

N | o w | N o W

Table 6.1. Fit parameters, fitting the resolution calculations to the parameterization shown in (Eq.
5.7). In each case, the noise was constrained based on pedestal summaries as discussed in
Section 5.3.
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for the center vs. crack study are plotted togeith&igures 6.10 and 6.11.

Unfortunately, some of these fits are gpier, especially for N = 7. This results in
rather large errors in the fit parameters, espigdiat the constant term. However, certain
trends are visible. For the most part, the siziefcrystal matrix does not seem to
largely affect the stochastic and constant ternigast not significantly enough to
account for the generally degrading resolution wittreasing N, as shown in Figure 6.9.
(This must be attributed to an increasea iwith N.)

The constant term for the crack eventslsutated to be close to zero, with error
bars on the order of f0Clearly,c = 0 is non-physical, as there must be some asyiopto
resolution limit. Furthermore, the high degree n€ertainty makes drawing conclusions
from the data very difficult indeed. However, thia¢ constant term is natorsefor the

crack data is encouraging and may be an indicatigood uniformity in the ECAL

Constant Terms

0.006

vod I S

0.003 -

0.002 - T * Center
° 0.001 | ¢ } + Crack

0 T <

-0.001 - I

-0.002 1 1 |

-0.003

1 3 5 7 9
Matrix Size N

Figure 6.10. The constant terms for the crack and center events, overlaid on each other by
analysis matrix size N. There is a larger degree of uncertainty in the constant terms, making it
difficult to draw conclusions, but ¢ does not appear to be higher in the cracks.
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Stochastic Terms
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Figure 6.11. The stochastic terms for the crack and center events, overlaid on each other by
analysis matrix size N. Note that the stochastic terms for the crack events are a factor of ~1.5
larger than for the center events for N = 3 and N = 5. The terms at N = 7 do not follow this trend.

endcaps.

The stochastic terms, on the other hareare precisely measured and seem to
demonstrate a discrepancy between crack and aardgats. For N = 3 and N = 5, the
terms from crack data are roughly 1.5 times aslagthe term for a similar
measurement from center data. This is consistahttive general trend seen in Figure 6.7
that the resolution tends to degrade somewhaiemrihck (for a given matrix size), and
that this effect is most pronounced at low energh¢dN = 7, the stochastic term for the
crack data is actually lower than for the centewiever, the relatively large value of
for the N = 7 fits (see Table 6.1) indicates tih&t tonfidence in these points is not high.

Of course, these data are not sufficiefitet@ntirely conclusive. However, they do
present evidence that if the energy resolutioregraided for events that strike the

detector near the intercrystal cracks, the largestributor will be statistical effects
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associated with the sampling, or stochastic tertherresolution. Additional studies will

be necessary to further verify these conclusions.

Section 6.2.3. Comparison with previous results

In November 2007 and January 2008, resgegtiPhilippe Bloch and Stephanie
Beauceron independently presented the resulteoféhergy resolution studies from the
2007 H4 data [26, 37]. Their methods were simiathbse discussed herein, differing
primarily in the measurement of the noise term.tiB8loch and Beauceron fixed the
noise ternb, based on measurements made previously by Jed3&ay

The value of the stochastic terms in PpéijBloch’s study of energy resolution in
SIC (Chinese) crystals varied from 1.697 218 0.9127) % to 6.17 (+ 0.6951) %,
averaging about 4.0%. The average value of thetaonterm was 0.49%, varying from
0.3679 (x 0.05001) % to as high as 0.7186 (+ 0.020& The values for the BTCP
Russian) crystals were similar, wih~ 4.7% and ~0.43%.These values appear to have
been found using a 3x3 analysis matrix.

Stephanie Beauceron finds similar valu@sgusoth 3x3 and 5x5 crystal matrices.
With data from more than 50 sets of events, Beauncinds an average stochastic term
of a = 0.04957 for N = 3 and = 0.05353 for N = 5, with RMS values of ~0.01 in each
case. For the constant term, she finds a mean vhlue 0.004069 for N = 3 and =
0.00442 for N = 5, with RMS values of 9.436 “*1and 9.773- 106, respectively. In the
summary of Beauceron'’s results, no distinction &lmbetween Russian and Chinese

crystals.
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The values of the fit parameters obtainetthenboth the general resolution study of
Xtal 248 and the center events study of Xtal 284jiacussed in this paper, vary slightly
from those found by Bloch and Beauceron. (Becaodeown previous study has
examined the detector performance for events gpaltyfin the cracks, the crack events
study may not be comparable.) In each case, tltbastic terms tended to be higher, and
the constant terms tended to be lower. This diserepcan be partially explained by the
differences in fitting methods. Additional studesg necessary to fully compare the

different methods, as very few data sets were ustte analyses discussed in this paper.
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Section 7. Concluding Remarks

The search for new physics at the Largeréta@ollider represents the frontier of
the field of elementary particle physics. The disates made at CMS and the other
experiments associated with the LHC will largelpssé the future development of
particle theory and experiment. It is thereforesasial that every aspect of these
detectors and the related analyses be studiedcamihszed.

This paper has discussed a study of tHenmeance of the endcaps of the CMS
electromagnetic calorimeter in making energy messents, specifically regarding the
linear relationship between a particle’s energy dneddetector response and also
regarding the consistency with which those energgsurements may be resolved. The
data used in this analysis were obtained durin@@®¥ test beam at H4, in which Dee 4
of the ECAL endcaps was subjected to a serieseafrein beams at varying momenta (or
equivalently, energy), prior to installation on CMS

The results of this study indicate thateddtively low energiesH < 120 GeV), the
response of the EE crystal channels is approximétedar (to within roughly 0.5%). At
higher energies, nonlinear effect begin to becoraeermrmportant. An obvious hypothesis
as to the source of the detector nonlinearitie¢sasat high energies, longitudinal leakage
of the particle shower becomes an important efféotvever, other phenomena existing
at high energies (e.g. increased pion contaminpti@y also play a role. Monte Carlo
simulations may be enlightening in regard to therse of the nonlinear behavior.

An examination of the energy resolutionvesrfrom these data seems to indicate a

slight degrading of the resolution for events ttake the detector near the edge of a
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supercrystal. The terms that contribute to thegnessolutiors/E are determined from
fit parameters that are highly correlated, whictkesait difficult to isolate the primal
cause, but it is hypothesized that the stochastisampling terns, which is related
largely to statistical fluctuations is affected thest by the relative position at which the
particle strikes the crystals. However, we do finel spread in resolution as
measurements approach their high energy asympitoiido be < 1%, indicating
exceptional uniformity of the CMS ECAL endcap.

In addition to examining the performanceha endcap, certain analysis methods
and their effectiveness have also been discussgghirticular, several different methods
of either accounting for or correcting for leakagpeelectromagnetic showers cross crystal
boundaries were compared. In analyses for whigmtdin to an individual crystal is not
important, using an NxN crystal matrix centeredtmanominal crystal in beam is the
most common, and probably the most effective. ingiple, this matrix can be nearly
any size, but as N increases so does the noiseldition, large crystal matrices can be
very cumbersome to work with. The current convemnisoto use a 3x3 crystal matrix,
although when studying events that strike the Bivéen crystals, a larger matrix may
be desirable.

Finally, it should be noted that these Esidre not comprehensive. The two studies
were conducted using data from a single locatiotherdetector each. (The general study
focused on Xtal 248, and the center-crack studieXtal 294 and the crack between it
and Xtal 314.) Although the number of events inheam was high, each study consisted

of between five and seven energy measurementsaper the limited data make it
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difficult to draw global conclusions about the perhance of the CMS ECAL endcaps.
(This problem will be overcome and our understagaihthe detector will greatly
increase withn situstudies using LHC data.)

However, these results do provide a brefraiew of issues that may be important
for energy measurements in the EE, in particulamptbssible degradation of energy
resolution for “crack events.” Further studies tingtude data at the same beam energies,

but different crystal locations would be worthwhaled may provide additional insight.
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Appendix A. Data and Calculations

The translation from an asymmetric histogta numeric energy measurements is
not difficult, but neither is it trivial. Systematias well as statistical, errors must be
accounted for, and in the case of energy resolutieasurements, these errors must be
propagated through multiple calculations. Furtheemeffects that contribute to the
width of the histogram (e.g. uncertainty in nomihahm momentum and synchrotron
radiation effects [26]) must be removed from theotetion measurement. As these
effects’ contributions are measured as percentaigtbe nominal beam energy
(momentum), it is necessary to convert these téomdimensional consistency.

In each measurement, the nominal deteespanse is given by the mean vatue
(parameter p of the Gaussian portion of the Crystal Ball funotisee Section 5.2.5).
The width of the Gaussian(p,) is also used for the width of the detector resgon
distribution in the calculation of energy resolutidcach of these two fit parameters is
subject to the range over which the distributiofitjsas a long, low-valued tail can bias
the fit. Because the fit tends to converge better a longer range, the distributions
which yielded the data used in this study areviéraa range of 2,,ssfrom each side of
the distribution peals gausdS found by initially fitting the distribution to &aussian [37].

The total uncertainty in the measuremeftaands is the sum in quadrature of the
fit error (calculated by the fitting algorithm) atite systematic error associated with the
variance based on the fit range. The systematic erestimated as the absolute value of
the difference between the measurement when thanife covers 2Q,,ss0n either side

of the peak value and the measurement when thainfife is reduced tG4aussOn either
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side of the peak. The raw data (including the estih uncertainty) for each of the

detector response histograms used in these stdiessimmarized in Tables A.1-A.3.

Raw Data from Xtal 248

E m [ma (g)s | (mwa S Dsiit DsSsys | DSiotal
(GeV) | (ADC cts) (ADC cty

15 | 255.49|0.085570 0.314| 0.325| 9.19299| 0.066877| 0.22800.2376
30 | 509.434| 0.108842 0.730| 0.738| 10.2560( 0.0829419 0.4716| 0.4788
50 | 850.222 0.165105 0.821| 0.837| 11.8696| 0.117349| 0.47410.4884
90 | 1526.52/ 0.266161 1.07 | 1.10| 14.6909| 0.174755| 0.36810.4075
120 | 2041.5Q 0.319105/ 1.03| 1.08| 15.6797| 0.204814| 0.45820.5019
150 | 2525.58 0.400000 1.22 | 1.28| 18.5846| 0.250000| 0.584%0.6357
230 | 3831.31 0.609966| 1.60 | 1.71| 26.2814| 0.378609| 0.81500.8987

Table A.1. Raw data from general study on Xtal 248 (see Section 5.3), as taken from the Crystal
Ball fits to the detector response histograms. Note that the total uncertainty in a measurement is
the sum in quadrature of the corresponding fit and systematic errors listed in the table.

Raw Data from Xtal 294: Center Studies

Matrix Size | E m m D) | s Ds
N (GeV) | (ADC cts) (ADC ctg
3 30 | 517.932 0.217673| 0.168 0.275| 8.56803| 0.171977
3 50 | 863.947| 0.259080| 0.239 0.352| 10.0014| 0.200545
3 90 | 1546.16| 0.366186| 0.92] 0.99 12.6112| 0.275442
3 120 | 2056.74f 0.497111| 0.88 1.0| 14.5518| 0.351354
3 150 | 2549.44 0.535703| 0.30, 0.61 18.1170| 0.388127

* *kkk * *% * *%k% * *% * *% *kkkkkkhhkhhhhkik

(63}

30 | 529.919 0.260203| 0.434 0.506 | 12.4237| 0.207080
5 50 | 884.773 0.292611| 0.336¢ 0.446| 13.4146| 0.234133
5 90 | 1583.27| 0.367489| 0.83] 0.91] 15.7789| 0.292486
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Raw Data from Xtal 294: Center Studies (cont.)
Matrix Size E m (8137 e)s | Da L3 Ds

N (GeV) | (ADC cts) (ADC cty

5 120 | 2104.94] 0.486484| 0.72| 0.87] 17.8624| 0.364763
5 150 | 2610.66| 0.525882| 0.16| 0.55 20.3004| 0.390728
7 30 | 533.452| 0.323777| 0.170 0.366 | 16.6887| 0.249658
7 50 | 889.955| 0.367308| 0.509 0.628 | 17.8025| 0.298418
7 90 | 1592.67| 0.390811| 0.70{ 0.80 19.8338| 0.318071
7 120 | 2117.20| 0.490942| 0.17| 0.52 21.4222| 0.379187
7 150 | 2626.45 0.611174| 0.54| 0.82 23.0300| 0.454901

Table A.2. Raw data from study of Xtal 248 center events (see Section 5.4), as taken from the
Crystal Ball fits to the detector response histograms. Because the variance of s with different fit

ranges is consistent with the uncertainty in s from the fitting errors, the systematic error in s is
ignored in this data set.

Raw Data from Xtal 294: Crack Studies

Matrix Size E m D Dy | D s Ds
N (GeV) | (ADC cts) (ADC cty
3 30 | 507.372| 0.657165| 1.828 1.943| 10.5517| 0.479142
3 50 | 849.967| 1.25124 | 0.289 1.284| 11.0192| 0.816868
3 90 | 1524.00, 1.70850 | 0.46| 1.77| 13.4267| 1.08049
3 120 | 2027.71 1.99223 | 0.13| 2.00] 16.3578| 1.27190
3 150 | 2514.57] 4.39256 | 0.00| 4.39| 21.0957| 2.76689

*kkkkkkk * *% * *%k%k * *% * *% * *kkkkhkkhkk

30 | 521.614| 0.625351| 0.186 0.652 | 14.2150| 0.487155
50 | 873.092| 0.998511| 0.720 1.231| 14.1119| 0.716213
90 | 1567.50| 1.47521 | 0.44f 1.54] 15.5081| 0.999344
120 | 2083.17| 2.05811 | 0.40| 2.10] 20.1398| 1.37140
150 | 2586.27| 6.96061 | 2.66| 7.45| 23.2943| 4.29423

ool | o1 | oo
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Raw Data from Xtal 294: Crack Studies(cont.)

Matrix Size E m (B39 Dvgys | DPaa s Ds
N (GeV) | (ADC cts) (ADC ct9

7 30 | 525.117| 0.738111| 0.276¢ 0.788 | 18.0102| 0.577541
7 50 | 877.965| 1.09026 | 0.120 1.097 | 17.7586| 0.803922
7 90 | 1576.82] 1.97451 | 2.41| 3.12| 21.0274| 1.34810
7
7

120 | 2096.91 2.53716 | 1.77| 3.09] 24.0661| 1.66852
150 | 2604.54] 3.35203 | 0.62| 3.41] 26.4564| 2.27752

Table A.3. Raw data from study of Xtal 248 crack events (see Section 5.4), as taken from the
Crystal Ball fits to the detector response histograms. As with the center events, the systematic
error in s is neglected here.

In the linearity plots of Section 6.1, thetector respongg as recorded in these
tables, is plotted against the corresponding nohni@am energy, given in the column
labeledE (GeV). The error bars at each data point areostiet corresponding value of
Dmya @s recorded in the data tables. For the residatd (Figures 6.1b, 6.2b, and 6.4),
the error is estimated Wymy, divided by the value of the fit at each data point

The calculation of energy resolution is goite simple. Nominally, the resolution is
just the width of the signal, divided by the value at the peaR.(In terms of energy, the
resolution is given, in principle kg/E. Subtracting the uncertainty in beam energy and
syncrotron radiation effects in quadrature [26, 37¢ energy resolution for a distribution

at nominal beam enerdgy is given by:

2 2 2
R _ \/Si - sbeam_ S synchr

/7?

(Eq. A.1)

wheres; andm refer to the measurements corresponding to a gimengyg; for a given

data set.
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Philippe Bloch [26] gives the uncertaintythe beam energy to be 0.09% of the
beam energy. The same source estimates syncraul@tion effects to be 0.05% of the
beam energy at 150 GeV and 0.2% at 230 GeV. Wébelmumbers, the resolution can

be calculated as:

R - JsZ- (0.000E, ¥

m

(Eq. A.2.a)

for energies below 150 GeV, and

R - JsZ- (0.000F, }- &.,E ¥
/7?

(Eq. A.2.b)

whereasynchis the coefficient (0.0005 or 0.002) given above.

For dimensional consistency, the valuel; are converted from GeV to ADC
counts. As seen from the linearity plots, the cosom is approximately 17 ADC counts
per GeV. Given an uncertainty in the conversiondiaof + 0.5 ADC counts, this relative
error does not affect the resolution measuremepreagably.

The chief factors that contribute to theotation erroDR, are the uncertainty in the

measurements ohands. If (Eq. A.1) is written:

2 2 2 2
\/s -a (S beam+s synch) _ Sl/z

m m

R= (Eq. A.3)

wherea is the conversion factor from GeV to ADC counkrt the relative uncertainty

in Ris given as

2
+

_ s
R - Sl/2

2
b (Eq. A.4)
m
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Resolving the first term in (Eq. A.4):

D(S") _ 1/ DS_D{s” - a6 S Syl
S:I'/2 2 S 2 52' az(SZ ) iyncl")

beam

(Eg. A.5)

When expanded term by term, the uncertainty imtireerator becomes

05 = (D5} 5 i 5 2] 42}

= \/{25 (D5} +s 2un 5 2e){2a( 2} (Eq. A.6)

(sbzeam +s 2syncl‘){ a( Da} i

{s(ps}’

where the approximation can be justified by insgrgample values from Tables A.1-A.3

=2s(Ds) |1+ »% (D)

into (Eg. A.6). Combining these results, we find

oR*_s(bs)”, om’
R S m
(Eq. A.7)
2 2
_ s(bs) , bm
52 - a2 (5 bzeam+s iync?—) m
which can be simplified to
2 2 2
R _D | D (Eq. A.8)
R S m

The energy resolution calculations for eafcthe distributions used in these studies

are summarized in Tables A.4-A.6.
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Resolution Calculations for General Study: Xtal 248
E m D@m s Ds R DR
(GeV) (ADC cts) (ADC ct§ (10%)
15 255.49 0.325 9.19299 0.237¢ 0.035971 | 9.31
30 509.434 0.738 10.2560 0.4788 0.020112 | 9.42
50 850.222 0.837 11.8696 0.4884 0.013932 | 5.77
90 1526.52 1.10 14.6909 0.407% 0.009581 | 2.72
120 2041.50 1.08 15.6797 0.5019 0.007628 | 2.53
150 2525.58 1.28 18.5846 0.6357 0.007222 | 2.91
230 3831.31 1.71 26.2814 0.8987 0.006188 | 7.54

Table A.4. Resolution calculations and relevant measurements for the general study on Xtal 248.

Resolution Calculations for Center Studies: Xtal 29
Matrix Size | E m m»m s Ds R DR
N (GeV) | (ADC cts) (ADC cts (10%
3 30 | 517.932| 0.27% 8.56803| 0.171974 0.0165192 |3.33
3 50 | 863.947| 0.352 10.0014| 0.200545 0.01154269|2.35
3 90 | 1546.16| 0.99] 12.6112 0.2754420.00810799|1.86
3 120 | 2056.74| 1.0| 14.5518 0.3513540.00701897|1.81
3 150 | 2549.44| 0.61] 18.1170 0.3881270.00703170|1.63
5 30 | 529.919| 0.506 12.4237| 0.20708Q 0.0234279 |3.92
5 50 | 884.773| 0.446 13.4146| 0.234133 0.0151359 |2.66
5 90 | 1583.27| 0.91] 15.7789 0.2924860.00992641|1.90
5 120 | 2104.94| 0.87| 17.8624 0.3647630.00843912|1.80
5 150 | 2610.66| 0.55] 20.3004 0.3907280.00770793|1.59
7 30 | 533.452| 0.170 16.6887| 0.249658 0.0312719 |4.69
7 50 | 889.955| 0.509 17.8025| 0.29841§ 0.0199844 |3.37
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Resolution Calculations for Center Studies: Xtal 29cont.)
Matrix Size | E m mm s Ds R DR
N (GeV) | (ADC cts) (ADC ctg (10%)
7 90 | 1592.67| 0.70 19.8338| 0.318071 0.0124215 |2.03
7 120 | 2117.20| 0.17 21.4222| 0.379187 0.0100790 |1.84
7 150 | 2626.45| 0.54 23.0300| 0.454901 0.00870832|1.80

Table A.5. Resolution calculations and relevant measurements for the center events study.

Resolution Calculations for Crack Studies: Xtal 294
Matrix Size | E m m s Ds R DR
N (GeV) | (ADC cts) (ADC cts (10%)
3 30 | 507.372| 1.943 10.5517| 0.479142 0.0207772 |9.49
3 50 | 849.967| 1.284 11.0192| 0.81686§ 0.0129331 |9.64
3 90 | 1524.00| 1.77] 13.426y 1.0804P 0.00876399|7.14
3 120 | 2027.71| 2.00| 16.3578 1.2719D 0.00801646|6.33
3 150 | 2514.57| 4.39] 21.095F 2.7668P 0.00832455|11.1
5 30 | 521.614| 0.652 14.2150| 0.487153 0.0272371 |9.35
5 50 | 873.092| 1.231 14.1119| 0.716213 0.0161384 |8.22
5 90 | 1567.50| 1.54| 15.5081L 0.9993440.00985281|6.42
5 120 | 2083.17| 2.10] 20.1398 1.3714p 0.00962593|6.63
5 150 | 2586.27| 7.45] 23.2943 4.29428 0.00894713|16.7
7 30 | 525.117| 0.788 18.0102| 0.577541 0.0342858 |11.0
7 50 | 877.965| 1.097 17.7586| 0.803922 0.0202072 |9.17
7 90 | 1576.82| 3.12| 21.0274 1.3481p 0.133052 |8.58
7 120 | 2096.91| 3.09] 24.066]1 1.6685p 0.0114417 |7.99
7 150 | 2604.54| 3.41] 26.4564 2.2775P 0.0101050 |8.78

Table A.6. Resolution calculations and relevant measurements for the crack events study
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