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Abstract 

        CMS is a general purpose detector designed and constructed for use in the Large 

Hadron Collider (LHC) at CERN. One of the primary goals of the LHC, and by extension 

of CMS is to search for the Higgs boson at the TeV scale. The CMS electromagnetic 

calorimeter (ECAL), composed of lead-tungstate crystals, was built for maximum 

effectiveness of energy measurements in order to facilitate the search for a low mass 

Higgs in the decay channel H� gg. In 2007, one of the ECAL endcaps was tested at 

CERN’s H4 test beam facility. Data collected during the test beam period were analyzed  

to examine the linearity of the calorimeter response. Energy 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 Physics [1, 2] is the current framework for 

understanding matter and its interactions. In the Standard Model, the constituents of all 

matter are particles with half-integer spin, or fermions. The fermions can be divided into 

leptons of integer electric charge (e.g. the electron, muon, tau, and their corresponding 

neutrinos, plus the antiparticle of each) and the fractionally charged quarks (and 

antiquarks). While leptons may exist independently of each other, quarks and antiquarks 

can exist only in bound states of net integer charge. States consisting of a pair of valence 

quarks (or more accurately, a quark-antiquark pair) are known as mesons, while those 

consisting of a triad of valence quarks are classified as baryons, the most common of 

which are the proton and neutron. Collectively, the mesons and baryons make up the 

group of particles known as hadrons.  

        The Standard Model describes interactions between particles as being mediated by 

the exchange of charge carrying bosons which, by definition, carry integer spin. (Note 

that the term “charge” is used very loosely here and does not necessarily refer to electric 

charge. The gluons, for example, are electrically neutral, but carry color “charge”.) These 

force mediators include photons (which mediate the electromagnetic force), gluons 

(which mediate the strong force between hadrons), and the Z and W bosons (which 

mediate the weak force that governs most nuclear interactions). 

        Experimentally and theoretically, the Standard Model has been a tremendous 

success. It successfully unites the electromagnetic and weak forces and has been verified  
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experimentally via measurements of the quark and lepton interactions to be internally 

consistent [3]. However, there are indications that, despite its successes at currently 

accessible energy levels, the Standard Model is, at best, an incomplete theory. 

        Certain aesthetic and practical questions are raised concerning the effectiveness of 

the Standard Model, especially at high energies [3]. For example, at high energy scales, 

the Standard Model requires very precise cancellations of parameters to preserve the 

physical behavior of electroweak interactions. Although not formally impossible, these 

are somewhat contrived. In addition, the particle masses predicted by the Standard Model 

and verified by experiment are inexplicably small—much smaller than the energy level at 

which the theory remains valid. Although irrelevant at current energy levels, gravity 

becomes important at the Planck scale and is unaccounted for by the Standard Model. 

Neither is the strong force united with the electroweak force at higher energies, a 

necessity for any Grand Unifying Theory (GUT). Finally, the Standard Model contains an 

unnaturally high number of free parameters, rendering the theory somewhat inelegant. 

        The one particle predicted by the Standard Model that remains unobserved and 

whose discovery, or lack thereof, will either further validate or deliver a fatal blow to the 

Standard Model is the Higgs boson, a scalar boson predicted by the corresponding Higgs 

mechanism that is introduced to explain symmetry breaking, allowing particles to acquire 

mass without violating gauge invariance [3]. 

        Although the Higgs boson has never been observed, and its mass is not predicted by 

the Standard Model (and is therefore unknown), experimental results have placed 

constraints on the mass of the particle. Assuming no new physics exists below the Planck  
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scale, the Higgs mass should fall between 114 and 193 GeV/c2 (95% confidence) [4]. 

Even if the Standard Model is only valid up to the TeV range, the Higgs mass should not 

exceed ~700 GeV/c2 [3]. In other words, if the Higgs exists, collider experiments at the 

TeV scale will find it. This is a driving motivation behind the nearly completed Large 

Hadron Collider (LHC) located at CERN, near Geneva, Switzerland. 

 

Section 1.2. The Large Hadron Collider and CMS 

        The LHC is a proton-proton collider designed for the express purpose of discovering 

the Higgs boson, as well as any new physics that may appear at the TeV scale [5]. For 

economic reasons, the collider is being constructed in the previously existing LEP tunnel 

at CERN. The dimensions of this tunnel, as well as the maximum field of the bending 

magnets, determine the upper limit of the center-of-mass energy. With these constraints, 

the LHC will be able to achieve C.O.M. energies of up to 14 TeV, an unprecedented 

energy level for collider experiments. 

        The high energy scale of the LHC, more than an order of magnitude larger than the 

upper limit of the Higgs mass, is necessary due to the partonic nature of hadronic 

scattering, in which only a fraction of the original energy is represented in the collision 

[3]. In addition to high energy, the LHC will run at very high luminosity (1034 cm-2·s-1) 

[CMS TDR] in order to enhance the probability of observing rare phenomena. These 

parameters are sufficient to achieve the goals of the LHC experimental program, 

including (but not limited to) the Higgs search, as well as the search for physics beyond 

the Standard Model at the TeV scale. 



  

 4 

 

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 connection with the LHC, among them the 

Compact Muon Solenoid (CMS) [6]. CMS is a large general purpose detector, currently 

being installed at Point 5 on the LHC beam line, near Cessy, France. When completed,  

the entire detector will weigh approximately 12,500 tons and measure 21.6 meters in 

length, with a diameter of 15 meters. 

        The core of the CMS design is a 4T superconducting solenoid magnet, chosen to 

facilitate momentum resolution (in particular the momentum of centrally produced 

muons) within the compact confines of the very dense detector. Several of CMS’s 

subsystems reside within the bore of the magnet. A highly segmented silicon inner  
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tracking system surrounds the beam line in order to reconstruct the tracks and determine 

the momenta of incoming particles. Surrounding the tracker in subsequent layers are the 

two calorimeters, a lead-tungstate (PbWO4) crystal electromagnetic calorimeter (ECAL) 

to yield measurements of the energy and position of incoming electrons (and positrons) 

and photons, and a sampling hadron calorimeter (HCAL) to measure jets of hadronic 

matter and to provide information about transverse energy, in particular missing 

transverse energy (MET). Outside the magnet, a layered muon detection system 

consisting of four “stations” is integrated with the return yoke. A Very Forward 

Calorimeter is placed outside the muon detectors to enhance the hermiticity required for 

accurate measurements of MET [3]. 

        In general, the roughly cylindrical shape of CMS leads to a natural structural design 

scheme consisting of a barrel-like central region, “topped” by end caps on each side. In 

the case of the calorimeters, the notational convention is to denote the portion of the 

calorimeter by a two letter abbreviation, in which the first letter represents the calorimeter 

(H for the hadronic calorimeter and E for its electromagnetic counterpart) and the second 

represents the specific region (barrel or end caps). For example, the central region of the 

HCAL is denoted HB, while the forward region of the ECAL is labeled EE. 

        The coordinate conventions used in the CMS experiment [6] place the origin at the 

nominal interaction point inside the detector. The z-axis points along the beam line, with 

the y-axis oriented upward and the x-axis pointing radially inward toward the center of 

the LHC ring. Because a Cartesian coordinate system is not the most convenient to 

describe the geometry of the experiment, CMS uses a modified spherical coordinate  
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system. The azimuthal angle f  is measured in the x-y plane (i.e. the cylindrical cross 

section of the detector) with f = 0 corresponding to the x-axis. The polar angle q is 

measured from the z-axis, but the more convenient quantity is the pseudorapidity h, 

defined as h = -ln tan(q/2). Thus, angular positions in CMS are commonly given in terms 

of h and f . 

        The CMS experiment is truly a global endeavor, involving approximately 2000 

scientists from 37 different countries [8]. The intricate nature of the detector requires a 

high level of cooperation and specialization, with different research groups involved in a 

number of varying projects, from hardware construction to software development to the 

testing of components prior to installation. 

        In order to take full advantage of the LHC beam, it is important to understand the 

CMS detector and its subsystems prior to the full operation of the collider. Testbeams can 

provide valuable data, allowing parts of the detector to be studied under controlled 

conditions, prior to installation. 

        The emphasis of this paper is the performance of the CMS electromagnetic 

calorimeter endcaps (EE) as determined by data taken during the 2007 testbeam run at 

CERN’s H4 facility. Because important Higgs decay chains involve electromagnetic 

objects, it is important to verify the accuracy and precision of energy measurements made 

by the ECAL. Analysis of data from the test beam allow for both to be studied. 
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Section 2. Calorimetry 

Section 2.1. Calorimeters 

        Calorimeters [9] are instruments used to detect particles and measure their energy. 

In principle, a calorimeter consists of an active medium through which a particle passes 

and interacts, depositing a portion of its energy as it does so. The interaction excites the 

calorimeter medium, converting the particle’s energy into a measurable physical quantity, 

such as light, heat, or electrical impulse, etc. This is analogous to the thermal excitation, 

or heating up, of molecules as thermal energy is imparted to them, hence the name. 

        The excitation of the calorimeter material results in a signal, proportional to energy, 

that can be recorded by a system of electronics. This signal may be acoustical, electrical, 

or even thermal, but it is most commonly optical, in the form of scintillation. The raw 

data are interpreted and used to reconstruct physics events, such as those that result from 

particle collisions. As many interesting and exotic particles, including the Higgs, decay 

less than 10-23 seconds after a collision, well before they hit the detector, accurate 

reconstruction of their subsequent decay products is particularly important to characterize 

the states. 

        Particles may interact with a calorimeter via the electromagnetic force or via the 

strong force, depending on the type of particle. All calorimeters are subject to both 

interactions. However, while some detectors combine the functions of hadronic and 

electromagnetic calorimetry [9], individual instruments are often optimized for one case 

or the other. CMS employs separate calorimeters for each function, so this paper will 

treat the two cases separately, with an emphasis on electromagnetic calorimetry. 
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Section 2.2. Particle showers 

Section 2.2.1 Electromagnetic showers 

        The interaction of a particle with an active calorimeter medium may occur via a 

number of different mechanisms [9], depending on both the type of particle and its 

energy. For example, electrons and photons interact via the electromagnetic force. This 

can be manifest by the ionization of the calorimeter material (through the photoelectric 

effect, the Coulomb interaction, or by Compton scattering at high energies), or similarly 

by the non-ionizing excitation of the constituent atoms, resulting in scintillation. Charged 

particle energy loss can also occur via Cherenkov radiation or by nuclear reactions 

induced by the EM interaction. 

        At energies higher than 100 MeV (and certainly at the energies characteristic of the 

LHC), the dominant EM energy loss mechanisms are electron-positron pair production 

for photons and bremsstrahlung for electrons and positrons [9]. The two effects actually 

occur in tandem, as the bremsstrahlung with energy greater than 2me will themselves 

produce e+e- pairs. These particles will then in turn lose energy via bremsstrahlung, and 

so on, in a particle multiplication process known as showering. 

        Particle showers are, in a way, the fundamental entity measured by the calorimeter. 

Based on their size and orientation, the position and angle of incidence of the initial 

particle can be determined, and to the extent that there is no leakage (i.e. that the shower 

is contained within the calorimeter), the sum energy of the shower also represents the 

energy of the incident particle. It is therefore desirable that the calorimeter design 

optimize shower resolution and confinement. 
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Section 2.2.2 Measuring particle showers 

        The size of an electromagnetic shower is highly Z-dependent. Two identical 

particles of the same energy, approaching at the same angle will generate two different 

showers in two different calorimeter media. For uniformity, it is convenient to work with 

units that describe transverse and longitudinal shower development relative to the 

corresponding material. 

        The longitudinal development of an electromagnetic shower is defined in terms of 

the radiation length (X0), which is defined as “the mean distance over which a high-

energy electron loses all but 1/e of its initial energy by bremsstrahlung” [10]. This is an 

appropriate scale length for pair production as well, as the average distance that a high-

energy photon will travel before converting into an electron-positron pair is equal to 9/7 

X0 [9]. 

        The lateral development of particle showers also scales proportional to the radiation 

length, as well as inversely proportional to the critical energy (Ec), at which an electron’s 

energy loss due to radiation equals its ionization loss, and no further particle 

multiplication occurs [9]. The radiation length multiplied by the ratio of the so-called 

scale energy (Es) to the critical energy defined above defines the Moliere radius (RM), 

which is the natural unit of transverse shower development [10]. In summary, 

    RM = X0 (Es/Ec)    (Eq. 2.1) 

where 

   24
21 MeVs eE m c

p
a

×= »     (Eq. 2.2) 
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        For comparison, the radiation lengths and Moliere radii of various materials 

commonly used in crystal calorimeters are summarized in Table 2.1. Note the relatively 

small dimensions of PbWO4, the active material of the CMS ECAL. 

 

Material X0 (cm) RM (cm) 
Lead tungstate (PbWO4) 0.89 2.19 
Bismuth germanate (BGO) 1.12 2.33 
Cesium Iodide (CsI) 1.85 3.50 
Barium fluoride (BaF2) 2.06 3.39 
Cerium fluoride (CeF3) 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 calorimeter also interact with the active 

medium. Because of their higher masses, hadrons generally act as minimally ionizing 

particles until a strong interaction occurs, resulting in cascading showers, similar to those 

described above. Because hadrons interact via the strong force, the mechanisms and 

dimensions of their showers differ from the electromagnetic case, but the principle is the 

same. There are, however, some important differences that affect the relative 

performance of hadronic calorimeters. 

        First, some nuclear reactions result in the liberation of nucleons (protons and 

neutrons) from an atomic nucleus. The nuclear binding energy (i.e. the energy necessary 

to release the nucleon) is not manifest in the kinetic energy of the cascading particles. 

Some of the energy may be recovered through neutron capture, but as much as 40% of 

the initial hadron’s energy may be lost. This is sometimes referred to as invisible energy  
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[9]. Large fluctuations in the fraction of the initial energy represented by invisible energy 

tend to degrade the energy resolution of hadron calorimeters. 

 

Section 2.2.4. Compensation 

        Recall that, to the degree that an electromagnetic shower is contained, its energy is 

representative of the incident particle energy. Because this is not necessarily the case with 

a hadronic shower, this leads to a disparity in calorimeter response between EM and 

hadronic events of equal energy. (Note that some particles produced in the hadronic 

cascade process interact exclusively through the EM force, so even hadronic showers will 

have an EM component [9].) When these responses are unequal, problems in energy 

measurements arise, including but not limited to a non-Gaussian signal distribution for 

monoenergetic hadrons, non-linear calorimeter response, not to mention simply 

additional terms contributing to the energy resolution [9]. It is therefore beneficial to 

compensate for invisible energy. 

        Compensation can only be achieved in a sampling calorimeter, one which makes use 

of layers of different materials, usually as active medium sandwiched between layers of a 

passive absorber. In such calorimeters, only a fraction of the energy is actually deposited 

in the active medium and consequently detected. The calorimeter can be designed in such 

a way that a relatively large fraction of the hadronic energy (compared with the EM 

component) is absorbed by the active medium, thereby normalizing the two response 

signals (the hadronic and the EM responses). In particular, hydrogen has been found to be 

an excellent absorber of neutrons (which only interact via the strong force). A sampling  
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calorimeter composed of a hydrogenous active medium can very effectively boost the 

hadronic response, relative to the EM response, reducing the negative effects listed 

previously. 

        In addition to the benefit of compensation, sampling calorimeters also have the cost-

effective advantage of being able to be very compact, due to high-density absorbers. 

Even at high energies, almost complete shower containment (99% level) can be obtained 

with only 1 meter of uranium or 2 meters of lead acting as absorbers [9]. Also, as the 

particle energy increases, the fluctuations due to sampling become less important as 

systematic effects begin to dominate. (See Section 2.3.)  

        However, despite these advantages, homogeneous calorimeters still achieve the best 

energy resolution for electromagnetic showers. The CMS ECAL is a homogenous 

detector composed of material with a small radiation length, allowing for relative 

compactness along with optimal energy resolution. (See Section 3.) 

 

Section 2.3. Energy resolution 

        Accurate energy measurements are supremely important to any interpretation of 

data. It is therefore of equal importance to understand and optimize energy resolution. 

       There are several factors that contribute to the width of the signal energy distribution. 

Among these include fluctuations in shower confinement, irregularities in the 

calorimeter, electronic noise, etc. For homogeneous scintillating crystal calorimeter, such 

as the CMS ECAL, the energy resolution as a function of E can be parameterized as 

follows [11,12,5]: 
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( )E a b

c
E EE

s
= Å Å      (Eq. 2.3) 

        In this representation, a is the stochastic term, due primarily to the statistical 

dependence of shower detection [9]. In the CMS ECAL, the chief contributions to the 

stochastic term come from fluctuations in shower confinement and from photostatistics 

[5]. The second term b is a measure of the noise. Electronic noise and pileup energy both 

contribute to this term [5], which can be measured with pedestal runs [12, see also 

Section 5.3].  The constant term c derives from a number of factors relating to the crystals, 

including instabilities in the calibration and non-uniformities as well as fluctuations in 

longitudinal shower confinement [11]. Note from the form of Eq. 2.3 that resolution 

improves with increasing energy, as can also be seen in Figure 2.1. 

        The energy resolution represents a measure of the precision with which a 

calorimeter can determine the energy of an incoming particle. Therefore, concerted 

efforts are made to characterize the energy resolution curves for various detectors, to 

determine the values of a, b, and c above, and to improving resolution wherever possible.  

 

 
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, homogeneous crystal calorimeter designed 

primarily for optimized energy resolution in the detection of photons, electrons, and 

positrons. Information from the ECAL will be very important to the search for the Higgs, 

as it will provide accurate energy measurements of electromagnetic particles resulting 

from Higgs decay chains, including H� ZZ(*) and H� WW(*). In particular, the CMS 

ECAL is designed to achieve sufficient resolution to observe the less common, but more 

distinct low-mass H� gg decay signature [3]. In general, the best energy resolution can be 

obtained with a homogeneous, scintillating crystal calorimeter [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 structurally divided into two basic regions, 

corresponding roughly to its cylindrical geometry. The central “barrel” region (EB) is 

6.09 meters long, covering the pseudorapidity range |h| < 1.48 [5]. The EB is divided into 

two half-cylinders, each consisting of 18 sections in f , known as supermodules. Each 

supermodule contains 1700 crystals arranged in a quasi-projective form, with each crystal 

pointing roughly 3° off-axis in both h and f  to minimize loss of particles through the 

cracks between crystals [13, 5]. 

        The EB is “topped” on each side by endcaps (EE), extending from the end of the 

barrel to h �  3.0 [5]. Each endcap is divided into halves, or “Dees” (so named for their  
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distinctive shape), each of which holds 3662 crystals [13]. The EE crystals are grouped in 

modules known as supercrystals (SCs), most of which contain 25 individual crystals 

grouped in a 5x5 array. (Certain SCs on the endcap perimeters and others toward the 

inner annuli have fewer.) Just as in the EB, EE crystals are also arranged in a quasi-

projective geometry, pointing slightly off-axis to minimize information loss [13]. Each 

endcap is complemented by a pre-shower detector consisting of lead converters followed 

by silicon detector tiles [5]. The purpose of the pre-shower detector is to distinguish 

between photons and neutral pions, thus enhancing overall EE resolution [5,13]. 

        The four Dees that make up the EE region are numbered 1-4. Each is labeled 

according to its position relative to the CMS interaction point (IP) and the LHC center 

[14]. Dees 1 and 2 are located down the LHC beam line, relative to the IP, or according 

to CMS coordinates, at positive z, hence they are labeled as EE+. Conversely, because 

Dees 3 and 4 are located at z < 0, they are labeled EE-. Within each endcap, the side that 

is placed radially inward, in relation to the LHC ring, is labeled as the “Near” Dee, and its 

partner on the outside of the ring is known as the “Far” Dee. Therefore, all  

 

Figure 3.1.  A schematic view of the CMS ECAL [13] 



  

 16 

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 that indicates their position along the  

beam line as well as relative to the LHC itself. These labels are summarized in Table 3.1. 

        The CMS ECAL will be required to function in an extremely harsh environment, 

more so than any similar detector ever constructed. The compact design of CMS requires 

a strong magnetic field (4 T), and the energy and luminosity of the LHC will result in a 

large number of events occurring very rapidly (only 25 ns between bunch crossings). In 

addition, radiation levels at CMS will be high—on the order of kGy/yr—particularly in 

the forward regions of the detector. These extreme conditions require the ECAL to be 

fast, highly granulated, and radiation hard, placing necessary constraints on both the 

scintillating material and the read-out electronics. [5] 

 

Section 3.3. Lead tungstate crystals 

        The active medium in the CMS ECAL is a collection of nearly 76,000 lead tungstate 

(PbWO4) crystals, arranged to provide hermetic coverage. The radiation length and 

Moliere radius of lead tungstate are small (0.89 cm and 2.19 cm, respectively [5], see 

Table 2.1), allowing for a compact design with high granularity. Unlike most tungstate 

crystals, PbWO4 is a fast scintillator (mean decay time ~10 ns), due to a complicated 

thermal quenching of the scintillation mechanism [5]. In addition, the scintillated light 

spectrum peaks in the blue (around 440 nm), simplifying photodetection [5,13]. Lead  
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tungstate is intrinsically radiation hard, and lead tungstate crystals are currently relatively 

easy to produce, as production facilities already exist, and raw materials are readily 

available [5]. 

        The use of lead tungstate does, however, present certain drawbacks that have needed 

to be addressed. In particular, the quenching process that allows for such rapid 

scintillation also decreases the light yield significantly (to about 50 photons/MeV [13]). 

Furthermore, the light yield is temperature dependent, decreasing by about 2% per degree 

Celsius at room temperature (18° C). This creates the demand for rigid temperature 

control at CMS (in order to maintain consistency) and requires photodetectors to have 

their own internal gain (in order to achieve sufficient photostatistics) [5, 13]. Fortunately, 

progress in crystal growth technology and the development of appropriate photodetectors 

have done much to overcome the disadvantage of low light yield in the crystals [5]. 

        Despite the lead tungstate crystals’ natural resilience to radiation, non-optimized 

crystals can be damaged by large doses. Research into the effects of radiation on the 

ECAL crystals has shown that although neither the scintillation mechanism nor the 

 

Figure 3.2.  A single PbWO4 crystal with photodetectors and a key for size comparison. [15] 



  

 18 

uniformity of light yield is adversely affected (provided the damage is not excessive),  

irradiation can cause the formation of color centers inside the crystals, resulting in a loss 

of transparency, and hence a decrease of light yield. This effect stabilizes at a level that is 

dependent on dose rate, but at the doses expected at the LHC any damage recovery will 

take on the order of hours. Studies have shown that the damage mechanism is not the 

result of impurities in the crystal material, but rather of defects in the structure. To 

minimize negative effects from radiation damage, care has been taken to improve the 

crystal production procedure [5]. 

        It is important that the crystals respond uniformly with shower position. It has been 

found that the high index of refraction of PbWO4 (2.3 at l  = 500 nm [5]), as well as the 

tapered shape required by the off-pointing geometry, can cause non-uniform light yield 

response. This effect is related to the transparency of the crystals and can be reduced by 

depolishing one of the crystal faces to reduce internal reflection [5]. 

        The ECAL crystals are manufactured at Russia’s Bogoroditsk Techno-Chemical 

Plant (BTCP) and at China’s Shanghai Institute of Ceramics (SIC) [16]. Crystals from 

both facilities meet the same specifications for use in the ECAL, differing somewhat in 

production technique and in the orientation of the crystals’ optical axes. Because of these 

subtle differences, many studies of the ECAL specifically make note the type of crystal 

used in the analysis. 

 

Section 3.4. Photodetectors 

        The extreme environment of CMS and the LHC limits the number of candidates  
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for the photodetectors used to detect the crystal scintillation. Any photodetector used in 

the ECAL must not have its performance affected by CMS’s strong solenoidal magnetic 

field and must also be able to withstand large doses of radiation, especially in the forward 

region of the calorimeter. In addition, the photodetector must have internal gain to 

compensate for the low light yield of the lead tungstate crystals [5]. 

        Current technology does not support a single commercially available photodetector 

that meets all these criteria. However, it has been determined that the radiation levels in 

the central region of the calorimeter (the EB) will be low enough to justify the use of 

silicon avalanche photodiodes (APDs), which are fast, compact, and have been optimized 

for the detection of lead tungstate scintillation. In addition, APDs are insensitive to 

magnetic fields, regardless of orientation [5]. 

       In the regions of the ECAL closer to the beam line, the higher levels of radiation 

would cause unacceptable levels of leakage current in the APDs. Therefore, another 

photodetector must be chosen for use in the endcaps. Economic and performance 

considerations led to the decision to employ vacuum phototriodes (VPTs) as the 

photodetectors in the forward region of the ECAL, specifically in the EE region. [5] 

        The VPT essentially consists of a vacuum tube with three electrodes used to amplify 

and detect the signal. (See Fig. 3.3.) Photons enter the tube through a radiation hard 

faceplate and strike a semitransparent photocathode, liberating electrons through the 

photoelectric effect. A significant fraction of the liberated electrons pass through a fine 

mesh anode, held at a large bias voltage (typically 1000 V) and strike the dynode, which 

is held at a lower potential (typically 800 V). Upon impact on the dynode, a greater  
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number of secondary electrons are freed. The secondary electrons are accelerated through 

the potential difference back to the anode, where many of them are captured. (It should 

be noted that the VPT gain is not dependent on the electrode bias voltage. The values 

given are those used by convention.) The VPT signals are processed by analog-to-digital 

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

 

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

 

        VPTs were chosen as the photodetector for the EE because of their ability to 

withstand the high levels of radiation that will be present at the LHC. An important 

concern is whether their gain will be affected by the strong magnetic field in CMS. The 

variation in VPT gain is supposedly adequately small at the field orientations in which 

the VPT will be placed [5]. Further studies to more accurately characterize the field 

dependence of VPT gain are currently being conducted at the 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 fitted with 20 standard size (5x5) supercrystals, 

along with the necessary auxiliary units (e.g. cooling, electronics, etc.) in order to be 

tested at CERN’s H4 test beam facility. By subjecting portions of the ECAL to a series of 

controlled test beams with varying parameters, data important to the characterization of 

the crystal responses can be collected and analyzed. In recent years, portions of the EB 

have been studied using test beam data [11,12]. These tests 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 line, deriving from CERN’s proton 

accelerator, SPS. A primary proton beam is extracted from SPS and diverted toward the  
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SPS North Areas in Prevessin, France, where it is split into three beams. One of those 

beams is directed toward the T2 target, which results in secondary beams that are shared 

between H4 and its sister facility, H2. These secondary beams can be composed of 

electrons, muons, or various hadrons (e.g. pions). If necessary, a 400 GeV beam of 

primary protons can also be made available. For the 2007 studies on the EE, the H4 beam 

was composed of secondary electrons. 

        The beam (i.e. the secondary H4 beam) is guided and steered by a collection of 

“bend” dipole magnets. H4 users may also fine tune the steering by the use of “trim” 

correction dipole magnets. A set of three collimators can also be adjusted to alter the 

beam intensity or momentum spread.  

        Experimental operations are headquartered at the H4 counting house, an indoor 

bunker from which the test beam can be monitored and controlled remotely. For instance, 

the settings that correspond to a particular set of beam parameters (e.g. momentum, 

intensity, etc.) are stored in a number of beam files, which are loaded through the CESAR  

       
Figure 4.2.  The H4 beam line 

[21]  
Figure 4.3.  The counting house at H4 is where the test 

beam operations are remotely controlled.
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interface used at H4 [22]. Once the beam file has been loaded, certain parameters (such 

as the width of the collimator opening and the fine steering of the beam) can be adjusted 

at the user’s discretion. From the counting house, not only can the beam be controlled, 

but the auxiliary devices, including the hodoscopes (see Fig 4.5), are powered, 

monitored, and controlled. 

 

Section 4.3. Experimental setup and procedure 

        In order to allow for the testing of all 500 crystals, the Dee was placed sideways (i.e. 

flat-side down) in the path of the beam on a rotating mechanical table. For the most part, 

the table could be controlled from the counting house at H4, allowing the Dee to be 

moved at any point during the testing period. (There was a time in which the remote 

control of the vertical motion of the table was not functional, so access had to be granted 

and the table moved manually.) In order to simulate the quasi-projective geometry of the 

CMS, the table was fitted with a special “extender frame” 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 the rotating table. To remedy the situation, a   

two-ton steel counter weight was placed on the front of the table to balance the weight of 

the Dee [23]. 

        A number of auxiliary devices were placed along the beam line, as illustrated 

schematically in Figure 4.5 [21]. Two sets of ~1 cm wide scintillator fingers (SF) are 

used for fast beam centering, trigger counters monitor the beam intensity by tracking the 

number of events in each spill, and a veto counter functions to filter out interactions 

upstream along the beam line. In addition, four hodoscopes (two vertical and two 

horizontal) monitor the beam position, providing an important measurement of the 

particle trajectory for each event. (See Section 5.2.) 

        Figure 4.6 illustrates the arrangement of the 500 crystals that were mounted on Dee 

4 for the test beam, as seen from the point of view of the 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 coordinates do not correspond with the accepted CMS 

coordinate system as discussed in Section 1.2. The row and column numbering used at 

H4 is shown in Figure 4.6, along with the x and y crystal indices (IX and IY, respectively) 

according to CMS conventions (shown in gray). The supercrystals are numbered  

according to tower ID, as shown in Figure 4.7. 

        During the test beam period, the crystals were irradiated in a series of runs with 

beams of various momenta, ranging from 15 GeV/c to 230 GeV/c [25]. The experimental 

program involved illuminating each crystal one by one (as well as the cracks in between 

crystals) for intercalibration; energy scans of multiple SCs at 30, 50, 90, 120, and 150 

GeV, respectively; scans at the more extreme energy levels of 15 GeV and 230 GeV; 

studies in which the beam intensity was varied by adjusting the collimators; and several 

irradiation studies, in which crystals were exposed to intense beams for long durations to 

examine the effects of heavy radiation on the crystals and on the VPTs.  

        Data are collected in a series of beam runs, consisting of multiple spills. At normal 

intensity, each spill contains between 2000 and 3000 events, each of which represents a 

single particle incident on the detector. For each event, the scintillation from each of the 

500 crystals is detected by the VPTs, whose electronic response is digitized and recorded 

by the electronics. Therefore, the data for each event include measurements from each 

individual crystal, plus other relevant information from the beam file, hodoscopes, etc. (A 

typical beam run contains data for roughly 60,000 to 100,000 events.) These data are 

stored in CERN’s magnetic tape storage facility and may 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 used to characterize the EE response to 

particles of known energy. The analyses presented herein focus primarily on the accuracy 

and precision of energy measurements made by the ECAL endcaps. In particular, the 

linearity of the calorimeter response and the uniformity of energy measurements will be 

discussed. 

        As mentioned is Section 2, it is important that the response signal of a calorimeter be 

proportional to the energy of the incoming particle resulting in a linear response vs. 

energy curve. Because the test beam is composed of monoenergetic particles of known 

momentum (to within 0.09% [26]), it provides a good opportunity to test the linearity of 

the detector by comparing the mean energy response of beam runs of varying energy 

against the nominal energy given by the beam parameters. 

        For uniform precision, it is also desirable that energy measurements be independent 

of the path of the incoming particle. The range of possible particle trajectories after a 

collision in CMS is continuous, not discrete, which means that particles will strike the 

calorimeter at all locations on the crystals’ faces. The CMS ECAL is highly granulated, 

and while the slightly off-axis orientation of the crystals prevents particle loss in the 

cracks between crystals, it has not been determined whether a particle’s proximity to the 

crystal interface adversely affects energy resolution. The analyses discussed in this paper 

treat this question, as well as examining the linearity as mentioned previously. 
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Section 5.2. Methods of analysis 

Section 5.2.1. Energy distributions 

        In principle, the mean value and spread of energy measurements can be obtained by 

plotting the detector response distribution for a set of events in a single run. Each test 

beam run may contain as many as 60,000 to 100,000 events, and in most cases,  a single 

run will contain data from multiple beam positions. A run must therefore be filtered 

during analysis to include only events of interest (i.e. those from a single beam position). 

Ideally, beam particle energies, and (hopefully) by extension the ECAL energy 

measurements would be distributed normally. In such a case, the energy histogram could 

be fit to a Gaussian, and the mean value m and resolution s/E can be obtained directly 

from the fit parameters. 

        In practice, the analysis is complicated by the fact that the single crystal energy 

response distribution is very non-Gaussian. (See Fig. 5.1.) 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. 



  

 29 

sufficiently narrow to insure total shower confinement by a single crystal. Even in runs in 

which the beam is well centered on the face on an individual crystal, many events strike 

the crystal near its edge, or even strike neighboring crystals, so that a significant portion 

of the energy is deposited outside the area of analysis. Because the Moliere radius in 

PbWO4 is comparable to the transverse dimensions of the EE crystals, leakage will 

inevitably occur in degrees, based on the location at which the particle strikes the crystal. 

Variance in the relative fraction of energy lost results in an asymmetric energy 

distribution. 

        To characterize shower leakage and crystal response, it is necessary to be able to 

measure the point at which the particle strikes the crystal face, or the event impact 

position xb [11]. This is not information that is directly available from the H4 data, but it 

can be calculated from the hodoscope data. For each event, the hodoscopes record the x-y 

position at which the particle passes through. This information is reconstructed to yield 

an average position xh and trajectory slope mh, allowing a linear trajectory to be defined: 

  r(z) = [mh,x·(z - zh) + xh] i  +  [mh,y·(z - zh) + yh] j          (Eq. 5.1)�

The distance from the hodoscopes to the crystal face (z – zh) is not well known, which 

makes a precise calculation of the impact position difficult. Furthermore, the hodoscope 

position (x, y)h occurs at the midpoint between the hodoscopes, which is different for the 

x and the y planes [27]. Rough estimates place the distance at approximately 3.4 meters, 

good to within about 50 centimeters. In practice, the beam at H4 is very straight, 

rendering the value of mh trivial. Consequently the impact position is determine almost 

entirely by the hodoscope position measurements xh, and the precise value of (z – zh)  is  
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unimportant. 

        For a well centered beam, an impact position close to zero indicates that the particle 

entered the EE crystals near the center of an individual crystal face. The position of the  

beam relative to the crystals (and hence the interpretation of the value of xb) may change 

between beam runs, but within the analysis of a single run, it is an effective measure of 

the distance of particle entry from the center (or edge, as the case may be) of the nominal 

crystal in beam. 

 

Section 5.2.2. Methods of correcting for shower leakage  

         Electrons and photons in actual physics events at CMS are reconstructed using 

clustering algorithms that track the energy responses of multiple crystals that neighbor a 

relatively high-response “seed” [28]. Thus, the non-confinement of the shower is not only 

accounted for, but exploited. In the test beam analysis, the issue of non-confinement must 

also be addressed, in particular for studies that seek to characterize individual crystal 

responses (e.g. intercalibration). 

        The simplest way to deal with intercrystal leakage in most cases is to expand the 

region of analysis from a single crystal to an NxN matrix of crystals (where N is an odd  

integer). Currently the convention is to use N = 3, but it can be shown that a larger matrix 

(N = 5 or even N = 7) may be desirable for studies that involve many particles incident 

on the detector near the crystal interfaces. When using multiple crystals for an analysis, 

the energy measurement is given by the sum of the energy response of each crystal within 

the specified matrix. Because the light yield of the crystals and the energy response of the  



  

 31 

VPTs vary unit by unit, the response of each channel must be appropriately calibrated for 

accuracy. Thus, the energy measurement becomes 

    
1

N

i i

i

E c R×

=

= �      (Eq. 5.3) 

where Ri is the response of the i th channel, and ci is the corresponding calibration 

coefficient. These constants have been calculated for nearly all of the 500 crystals 

mounted on Dee 4 at the time of the 2007 H4 test beam [29]. In the case that a calibration 

constant in not known, the default value is c = 1.000. 

        When attention to individual crystals is needed, summing the energy in an NxN 

matrix may not be a viable option. In such cases, one method of accounting for shower 

leakage is to filter events by impact position. Notice in Fig. 5.2 the region in both xb and 

yb for which the energy response curve is more or less flat. This roughly corresponds to 

the physical center of the crystal, far enough from the edge that the majority of the 

shower energy is deposited in the crystal in beam. By filtering out events for which the 

impact position is outside this “flat zone,” the low-energy tail in the energy distribution is  

 

 

Figure 5.2 . Scatter plot of normalized energy response (f0) vs. impact position (xb and yb). 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 (f0) vs. impact position (xb and yb) after 
applying a basic filter. Compare with Fig. 5.2. 
 
 
reduced, and the histogram becomes much closer to a Gaussian. (See Fig. 5.3.) This 

allows for a reasonable measurement of both m and s . [30] 

        Another, more sophisticated method [11] involves fitting the response curves to 

polynomial functions and using that fit to boost the energy of the outlying events, thus 

yielding an effectively flat response curve across the entire crystal. Because the response 

vs. impact position curves should, in principle, vary crystal-by-crystal only by a 

coordinate shift and a multiplicative constant (difference in individual calibration), a 

single reference crystal can be chosen for each beam energy. The response of that crystal  
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is fit to a 4th order polynomial, which is then applied to all other relevant crystals at that 

same energy, allowing for the previously mentioned coordinate shift and correcting for 

calibration.  

        If the reference crystal is centered with respect to the beam (i.e. xb = 0 corresponds 

to the center of the crystal face) a simple, yet effective correction can be made by 

subtracting the xb dependence from the fit and leaving the constant term intact. 

Specifically, define a 4th order polynomial 

  f(x) = p0 + p1x + p2x
2 + p3x

3 + p4x
4 = p0 + g(x)  (Eq. 5.4) 

so that g(x) represents the x-dependent terms of the polynomial, with p0 as the constant 

term. As it relates to this study, p0 represents the energy response of the crystal for an 

event at the crystal center, or near the flat region in Figure 5.2. While this does not 

necessarily represent the full energy of the incident particle (as some leakage is always 

inevitable), it serves as a benchmark energy that is, in fact, proportional to the original 

energy. Note that beyond minimal shower leakage, all energy losses are contained in the 

 

 
 
Figure 5.5.  The response vs. impact position data can be fit to 4th 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, given by g(x). To correct the response of an event  

with calculated impact position xb, the impact position dependent losses g(xb) are 

subtracted from the energy response: 

  Ecorrected = E – g(xb) = E – f(xb) + p0    (Eq. 5.5) 

where f(xb) is the value of the polynomial fit at the impact point of the event, and E is the 

measured energy response. 

 

Section 5.2.3 Practical considerations 

        At this point, a few practical considerations are in order. First, the majority of  

calculated impact points fall within a circle of radius ~15 mm. Outside this range, the 

statistics are very low. In order to obtain a good fit of the data, it is necessary to restrict 

the range of the fit to values for which there are good statistics. In practice, this range is 

about |xb| (|yb|) < 15 ± 2 mm. 

        Also, there are some events in which one of the 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 slope are both identically zero, which in turn 

yields a calculated impact position identically equal to zero. If these events are not 

filtered out, they appear as an abnormal collection of low energy points at the origin, 

skewing the polynomial fit. (See Fig. 5.6.) 

        Finally, the discussion in Section 5.2.2. deals with a simplified, one dimensional 

case for which the beam is nearly perfectly centered on the crystal. In most cases, the 

maximum crystal response actually occurs at some non-zero value of xb. Fluctuations in 

this value require a coordinate shift that is slightly more complicated. Furthermore, the 

impact position is a two-dimensional quantity, and the crystal response depends on both 

coordinates. Because the constant term p0 will be similar for both f(xb) and f(yb),  

correcting the response for variations in xb and yb independently and averaging the results 

gives a rough approximation. More precise corrections may require a more complicated 

two dimensional fit f(xb, yb), subtracting both the xb and yb dependent terms, analogous to 

the discussion above.  

 

Section 5.3.4 Comparison of correction methods 

        Using polynomial fits to correct the data (versus the simpler method of filtering out 

events near the crystal’s edge) allows for the analysis of a greater number of events per 

run, thus improving the statistics. In addition, the so-called flat zone in the response curve 

is somewhat ill-defined and not truly flat. Correcting the data not only creates a more 

constant response curve, but it also eliminates the need for a somewhat arbitrary filter.  

        The purpose of either filtering or correcting the data is to reduce the systematic  
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effects that contribute to the asymmetric low-energy tail in the energy response 

distribution, so that the distribution is as close to Gaussian as possible. Combining a 

polynomial fit correction with an impact position filter sharpens the peak of the 

distribution and reduces the asymmetric tail better than either method alone. This is 

particularly true for relatively wide filters that allow events across nearly the entire face 

of the crystal (|xb|, |yb| < 10 mm). For tighter filters, the events allowed through fall 

mostly on the more constant portion of the uncorrected response curve, so that data 

correction has less of an effect. 

        Recall that in describing both these methods (including the superposition of the 

two), it is assumed that attention must be paid to individual 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. 
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applications that focus on the performance of the detector at large (i.e. those that involve  

response to an entire shower, regardless of which crystals it scintillates), the process of 

summing the total calibrated crystal response (Eq. 5.8) for a matrix centered on the 

nominal crystal in beam remains the method of choice, both for its simplicity and its 

effectiveness. (See Fig. 5.7.) All results discussed in Section 6 of this paper were 

obtained by using NxN crystal matrices of varying sizes.  

 

Section 5.2.5. The Crystal Ball fit 

       Even with corrective measures, the energy distribution is still somewhat skewed in  

most cases, preventing a good Gaussian fit across the range of all energies. The fit can be 

improved by restricting the range. In the past, analyses have been done by fitting the data 

to a Gaussian, from 1.5 s  below the mean to the “extreme right” [11] of the histogram. 

(Because s  is defined by the fit parameters, this must be an iterative 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 Ball function, a piecewise-defined,  

differentiable function consisting of a Gaussian with a low value tail in the form of a 

power series [31]. 

        The Crystal Ball function [32] is defined functionally as follows: 
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    (Eq. 5.6.b) 

        Notice that the function has five fit parameters, namely the normalization amplitude 

N; the mean (or more accurately, the value of x at the Gaussian peak) m; the width of the 

distribution s ; a parameter a, which gives the number of standard deviations below the 

mean at which the low-energy tail begins; and the order n. Naturally, the values of m and 

s  are of particular interest, as these fit parameters represent the mean value of the energy 

response (in ADC counts) and the width of the signal, respectively. 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, the center 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 4.3), were used to study the calorimeter 

response at varying beam momenta. The scan consists of runs at 15, 30, 50, 90, 120, 150, 

and 230 GeV, respectively, with the beam well centered on the nominal crystal in beam 

[33]. The runs were filtered to include only events for which the beam was focused on 

Xtal 248, and the energy distributions for each set of events were fit to the Crystal Ball 

function.  

        To study the linearity of the detector response with beam momentum, the mean 

value m from the Gaussian portion of each Crystal Ball fit is plotted versus the nominal 

beam energy. The error in each case is given by the fitting errors, plus systematic error 

terms (added in quadrature) to account for variations in the fit that depend on the fit range 

and for uncertainty in the beam momentum. 

        The energy resolution is given by the width of the signal s  (also obtained from the 

Gaussian portion of the Crystal Ball fit), divided by the peak value m, with the uncertainty 

in beam momentum (as well as synchrotron radiation effects at higher energies) 

subtracted in quadrature [26]. The resolution for each energy measurement is plotted  
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against the nominal beam energy, and these data are fit to the functional parameterization 

discussed in Section 2: 
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   (Eq. 5.7) 

The noise term n in the resolution parameterization can actually be measured from the 

pedestal runs. The data quality monitoring (DQM) plots from the 2007 H4 test beam 

period show that the average spread (RMS) in an arbitrary crystal’s pedestal response is 

2.01 ± 0.065 ADC counts. (See Figure 5.9.) To measure the total noise n, the noise per 

crystal must be added in quadrature for each crystal in the analysis matrix (assuming no 

correlated noise). For an NxN matrix, the total measured 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 constrain n to the measured values, a penalty term is added to the c2 of the 

resolution fit if n wanders from its initial value, given by the pedestal measurements. 

Specifically, if the functional form of the energy resolution as shown in Eq. 5.7 is 

denoted as f(E; s, n, c), and the data point corresponding the ith resolution measurement is  
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denoted as di (with corresponding error s i), then the measure of the fit is given by: 
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so that for every standard deviation that n varies from the pedestal measured noise, the 

effective c2 is increased by 1.  

        For each of these general studies, the area of analysis consists of an N = 3 crystal 

matrix with Xtal 248 (then nominal crystal in beam) as the matrix center (see Figure 

5.10). Both the linearity and energy resolution results are discussed in Section 6. 

 

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

        In all H4 test beam runs, many events fall on or near the cracks at the intercrystal 

interface, which may affect energy measurements. In order to determine the effect of 

event impact position on the detector performance, beam runs from an energy scan on the 

SCs 11 and 15 were examined [35]. Specifically, runs were selected in which the beam 

was centered on the Chinese Xtal 294, about midway up the SC and on its extreme right 

edge (as viewed from the H4 beam line, with the Dee on its side). (See Figures 5.11 and  

              
Figure 5.11.  The crystals of interest in the 
resolution studies. The beam was focused on Xtal 
294, but events that strike near the interface with 
Xtal 314 were also analyzed. 
 
 

Figure 5.12. Events that strike the 
detector near the center of Xtal 294 
(light gray box) are classified as 
“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 midway up the SC and on its extreme right 

edge (as viewed from the H4 beam line, with the Dee on its side). (See Figures 5.11 and  

5.12.) The cracks between adjacent SCs are about twice as wide as those between crystals 

interior to the SC, thus amplifying any adverse effects on the energy resolution. 

        The selected energy scan consisted of beams ranging in energy from 30 GeV to 150 

GeV, each scanning the same crystals. For each energy, events were filtered by impact 

position, separating events whose impact position indicates striking the crystal near the 

center of an individual crystal from those that strike closer to the crack. (See Figure 5.12.) 

Specifically, two regions, each 1 cm2 in area, were defined by |xb - xcenter|, |yb - ycenter| �  5 

mm and |xb - xcrack|, |yb - ycenter| �  5 mm, respectively, where (xcenter, ycenter) is the location 

of the center of the crystal, and xcrack is the location of the crack between two columns of 

crystals. Events that fall within the first region are identified as “center events” and those 

that fall within the second are identified as “crack events.” 

 

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 crystals in impact position space, scatter plots of 

two separate crystals responses with xb can be overlaid, as in Fig. 5.13. The normalized  

energy response of the nominal crystal in beam (Xtal 294) is plotted in black, while the 

response of the adjacent crystal (Xtal 314) is plotted in red. Events that strike close to the 

center of the “black” crystal will naturally yield a higher response in the crystal in beam 

and a proportionally lower response in its neighbor. However, as the events approach the 

crack, the response of the “red” crystal increases due to leakage, in turn reducing the 

response of the crystal in beam. The value of xb for which the two responses intersect 

gives the location of the crack between the corresponding crystals (xb ~ 15). The location 

of the crystal center in xb can be extrapolated from the location of the cracks on each of 

its four sides. 

        Three sizes of crystal matrix are used in the center-crack analyses; N = 3, N = 5, and 

N = 7, each with Xtal 294 as the center crystal, as shown 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 response distributions over the analysis matrix 

for each set of events are fit to the Crystal Ball function as discussed in Section 5.2. The 

data then undergo the same analysis as discussed previously for the general studies on 

Xtal 248. Comparison of the energy measurements for both center and crack events may 

give insight as to whether the detector performance is affected by the impact position of 

incoming particles. The results of this study are discussed 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 measurements over a 3x3 crystal matrix 

centered on Xtal 248 (as discussed in Section 5.3) are plotted against the nominal beam 

energy in Figure 6.1 and fit to a straight line. For a linear detector, the slope of this line 

(p1) would give the scaling factor used to convert from GeV to ADC counts, (and visa 

versa for the inverse of the slope). The intercept (p0) represents the detector response as 

the beam energy approaches zero (i.e. the noise fluctuations in the EE crystals). Values of 

p0 much larger than the measured noise would indicate nonlinearities in the detector. In 

this case, the conversion is measured to be 1 GeV ~ 17 ADC counts, and the intercept is 

reasonably close to zero. 

        However, the data show clear evidence of nonlinear behavior, especially at high 

energies. The large value of c2 per degree of freedom indicates that the data fit poorly to 

     
 
Figure 6.1a. Linearity results for the Russian 
Xtal 248. Note the high value of c2 per degree 
of freedom.  
 

 
Fig 6.1b.  Residuals of the detector response 
data to the linear fit. The drastic drop off at 
high energy indicates nonlinearities in the 
detector. 
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a linear function (Fig. 6.1a.). Furthermore, the residuals show a drastic drop-off in  

relative energy response for beam energies of 150 and 230 GeV--nearly 2% (from < 0.5% 

below 120 GeV) at the highest energy. (See Fig. 6.1b.) 

        The detector nonlinearities may be represented by additional terms in the fit 

function. When the data in Figure 6.1 are fit to a third order polynomial (rather than a 

linear function), as in Figure 6.2, the fit improves significantly (reducing the c2 per 

degree of freedom by nearly a factor of 3). Note also that the residuals of the third order 

fit are more evenly distributed, falling within 0.5% of zero (Fig. 6.2b). The first order 

term still gives an approximate conversion factor, while the additional terms provide 

some measure of the degree of nonlinearity present. 

           
 
Figure 6.2a. The detector response 
measurements fit much better to a third order 
polynomial. The higher order terms give an 
indication of the degree on nonlinearity in the 
detector.  

 
Fig. 6.2b. The residuals of the third order fit fall 
within 0.5% and are evenly distributed about 
zero.  
 

 
 
Section 6.1.2. Supercrystals 11 and 15 (Xtal 294) 

        The energy measurements of SCs 11 and 15, as discussed in Section 5.4, show 

similar nonlinear effects in both the crack and center regions. 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. beam energy plots for the center and crack 

sets of events, with results from the three NxN crystal matrices overlaid. In all analyzed 

data sets, the linear term (i.e. the GeV to ADC count conversion) is roughly 17. 

Furthermore, for a given matrix size N, the linear terms agree to within 0.25. The residual 

plots in Figure 6.4 indicate that while the general pattern of nonlinearity in the crack 

events is similar to that of the center events, the detector response is as much as 2% lower 

in some cases.  

        Note that the slope of the line tends to increase with the size of the analysis matrix. 

This is a result of proportionately greater shower containment in a larger crystal matrix. If 

a shower is completely contained in an NxN matrix, the response of any additional 

channels would contribute negligibly to the total energy, leaving the linear response 

unchanged. Even if the expectation value of the noise is non-zero, the additional 

contribution should be the same for all beam energies, affecting only the intercept, not the 

slope of the response.        

        If, on the other hand, the shower is not fully confined, the additional contribution to 

the total energy measurement from an additional annulus of crystals will scale linearly 

with beam energy. The difference between the NxN and the (N+2)x(N+2) measurements 

as a function of beam energy is the difference in the slopes of the two corresponding 

response curves. The slope of the N = 5 term is about 3% greater than that of the N = 3 

curve in the center and crack studies. However, the linear terms do not vary appreciably 

between the N = 5 and the N = 7 analyses, indicating that acceptable confinement for 

these type studies is reached with a 5x5 crystal matrix. 
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Section 6.1.3. Comparison with previous results 

        The general pattern of nonlinear behavior seen in this study is roughly corroborated 

by the results of previous studies, notably Philippe Bloch’s preliminary analysis of H4 

data in November 2007 and “La Sapienza’s” linearity analysis of the EB crystals from H2 

testbeam data [26, 36]. 

       Consider the plot of reconstructed beam energy over nominal beam energy shown in 

Figure 6.5. As discussed before, the relative energy response of the detector tends to fall 

of with increasing energy, dropping by nearly 2% at 230 GeV. Figure 6.6 shows the same 

plot from P. Bloch’s analysis. Note that from 150 GeV to 230 GeV, the ratio of detector 

response to beam energy falls from about 0.997 to 0.984. This is quite similar to Figure 

6.5.  

  
 
Figure 6.5. The ratio of reconstructed energy of 
the detector response to the nominal beam 
energy. Note that, except for some anomalous 
behavior at 120 GeV, the ratio steadily 
decreases at E > 50 GeV.  

Figure 6.6. Philippe Bloch’s measurement of 
E/Ebeam. Note that the trend at E > 50 GeV is 
similar, and that the fall off from 150 to 230 GeV 
occurs at roughly the same rate. [26]

 

        It is worth noting that Bloch’s results do not demonstrate the rise in energy from 15 

to 50 GeV. However, testbeam studies on the barrel portion of the ECAL show for the 

relative energy response in EB crystals to increase with beam energy from 10 GeV up to  
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50 GeV. (See Figure 6.7.) It is not obvious that these effects 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/Ebeam 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 measurements from 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 Section 5.4, the result is as shown is Figure 

6.8. As expected, the resolution increases with higher energy, asymptotically approaching 

a constant value, which depends mostly on the structure of the crystals, as well as 

fluctuations in longitudinal shower confinement [11]. From the data, it appears that this 

high-energy limit is around 0.5%, consistent with both design specifications [5] and 

previous analyses of H4 data [26, 37].         

 

Section 6.2.2. Resolution in SCs 11 and 15 (Xtal 294) 

        Figure 6.9 shows the resolution vs. energy curves for the six sets of events from the 

center-crack study of SCs 11 and 15, grouped by impact position (i.e. near the center of 

the crystal or near the crack between the adjoining SCs) and by the size N of the crystal 

matrix used to make the initial energy measurements. At low 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 matrix degrades the energy resolution 

significantly. This effect naturally becomes less prominent as the beam energy increases 

and the constant term c dominates.  

        Within each matrix size grouping, the relation between the “crack” and “center” 

resolution curves are similar. In each case, it appears that the energy resolution of events 

located near the cracks between the adjacent SCs is degraded somewhat relative to 

similar events that strike the detector face near the center of an individual crystal, 

resulting in a “shifted” resolution curve. To understand this effect it is helpful to examine 

the terms that contribute to the resolution individually. 

        With the noise constrained, as discussed in Section 5.3, the variable parameters that 

contribute to the resolution become the stochastic term s and the constant term c. These 

fit parameters, as determined by fitting the data in Figure 6.9 to Eq. 5.7 for each size 

matrix at both the crystal center and the crack, are summarized in Table 6.1. The terms  

 

N Event 
Grouping  

Stochastic 
term (s) 

Error 
in s 

Noise 
term (n) 

Error 
in n 

Constant 
term (c) 

Error 
in c 

cccc2222    

3 Center 0.05401 0.0035 0.3599 0.01038 0.004605 3.56E-4 10.9 

5 Center 0.05878 0.0062 0.6003 0.01616 0.004226 6.07E-4 3.9 

7 Center 0.07770 0.00232 0.8349 0.01508 1.221E-6 0.00244 21.1 

3 Crack 0.08302 0.00619 0.3565 0.01058 0.001107 0.00359 6.8 

5 Crack 0.07879 0.00319 0.6067 0.01566 9.024E-7 0.00202 14.2 

7 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 

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. 



  

53 

for the center vs. crack study are plotted together in Figures 6.10 and 6.11. 

        Unfortunately, some of these fits are quite poor, especially for N = 7. This results in 

rather large errors in the fit parameters, especially for the constant term. However, certain 

trends are visible. For the most part, the size of the crystal matrix does not seem to 

largely affect the stochastic and constant terms, at least not significantly enough to 

account for the generally degrading resolution with increasing N, as shown in Figure 6.9. 

(This must be attributed to an increase in n with N.) 

        The constant term for the crack events is calculated to be close to zero, with error 

bars on the order of 10-3. Clearly, c = 0 is non-physical, as there must be some asymptotic 

resolution limit. Furthermore, the high degree of uncertainty makes drawing conclusions 

from the data very difficult indeed. However, that the constant term is not worse for the 

crack data is encouraging and may be an indication of good uniformity in the ECAL  
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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 c 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 hand, are more precisely measured and seem to 

demonstrate a discrepancy between crack and center events. For N = 3 and N = 5, the s 

terms from crack data are roughly 1.5 times as large as the term for a similar 

measurement from center data. This is consistent with the general trend seen in Figure 6.7 

that the resolution tends to degrade somewhat in the crack (for a given matrix size), and 

that this effect is most pronounced at low energies. At N = 7, the stochastic term for the 

crack data is actually lower than for the center. However, the relatively large value of c2 

for the N = 7 fits (see Table 6.1) indicates that the confidence in these points is not high. 

        Of course, these data are not sufficient to be entirely conclusive. However, they  do 

present evidence that if the energy resolution is degraded for events that strike the 

detector near the intercrystal cracks, the largest contributor will be statistical effects  
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associated with the sampling, or stochastic term in the resolution. Additional studies will 

be necessary to further verify these conclusions. 

 

Section 6.2.3. Comparison with previous results 

        In November 2007 and January 2008, respectively, Philippe Bloch and Stephanie 

Beauceron independently presented the results of their energy resolution studies from the 

2007 H4 data [26, 37]. Their methods were similar to those discussed herein, differing 

primarily in the measurement of the noise term. (Both Bloch and Beauceron fixed the 

noise term b, based on measurements made previously by Jean Fay [38].)  

        The value of the stochastic terms in Philippe Bloch’s study of energy resolution in 

SIC (Chinese) crystals varied from 1.697 · 10-8 (± 0.9127) % to 6.17 (± 0.6951) %, 

averaging about 4.0%. The average value of the constant term was 0.49%, varying from 

0.3679 (± 0.05001) % to as high as 0.7186 (± 0.02057) %. The values for the BTCP 

Russian) crystals were similar, with a ~ 4.7% and c ~ 0.43%. These values appear to have  

been found using a 3x3 analysis matrix. 

        Stephanie Beauceron finds similar values using both 3x3 and 5x5 crystal matrices. 

With data from more than 50 sets of events, Beauceron finds an average stochastic term 

of a = 0.04957 for N = 3 and a = 0.05353 for N = 5, with RMS values of ~0.01 in each 

case. For the constant term, she finds a mean value of c = 0.004069 for N = 3 and c = 

0.00442 for N = 5, with RMS values of 9.436 · 10-4 and 9.773· 10-4, respectively. In the 

summary of Beauceron’s results, no distinction is made between Russian and Chinese 

crystals.  
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       The values of the fit parameters obtained in the both the general resolution study of 

Xtal 248 and the center events study of Xtal 294, as discussed in this paper, vary slightly 

from those found by Bloch and Beauceron. (Because no known previous study has 

examined the detector performance for events specifically in the cracks, the crack events 

study may not be comparable.) In each case, the stochastic terms tended to be higher, and 

the constant terms tended to be lower. This discrepancy can be partially explained by the 

differences in fitting methods. Additional studies are necessary to fully compare the 

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

        The search for new physics at the Large Hadron Collider represents the frontier of 

the field of elementary particle physics. The discoveries made at CMS and the other 

experiments associated with the LHC will largely shape the future development of 

particle theory and experiment. It is therefore essential that every aspect of these 

detectors and the related analyses be studied and scrutinized.  

        This paper has discussed a study of the performance of the endcaps of the CMS 

electromagnetic calorimeter in making energy measurements, specifically regarding the 

linear relationship between a particle’s energy and the detector response and also 

regarding the consistency with which those energy measurements may be resolved. The 

data used in this analysis were obtained during the 2007 test beam at H4, in which Dee 4 

of the ECAL endcaps was subjected to a series of electron beams at varying momenta (or 

equivalently, energy), prior to installation on CMS. 

        The results of this study indicate that at relatively low energies (E < 120 GeV), the 

response of the EE crystal channels is approximately linear (to within roughly 0.5%). At 

higher energies, nonlinear effect begin to become more important. An obvious hypothesis 

as to the source of the detector nonlinearities is that at high energies, longitudinal leakage 

of the particle shower becomes an important effect. However, other phenomena existing 

at high energies (e.g. increased pion contamination) may also play a role. Monte Carlo 

simulations may be enlightening in regard to the source of the nonlinear behavior.  

        An examination of the energy resolution curves from these data seems to indicate a 

slight degrading of the resolution for events that strike the detector near the edge of a  
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supercrystal. The terms that contribute to the energy resolution s /E are determined from 

fit parameters that are highly correlated, which makes it difficult to isolate the primal 

cause, but it is hypothesized that the stochastic, or sampling term s, which is related 

largely to statistical fluctuations is affected the most by the relative position at which the 

particle strikes the crystals. However, we do find the spread in resolution as 

measurements approach their high energy asymptotic limit to be < 1%, indicating 

exceptional uniformity of the CMS ECAL endcap.  

        In addition to examining the performance of the endcap, certain analysis methods 

and their effectiveness have also been discussed. In particular, several different methods 

of either accounting for or correcting for leakage as electromagnetic showers cross crystal 

boundaries were compared. In analyses for which attention to an individual crystal is not 

important, using an NxN crystal matrix centered on the nominal crystal in beam is the 

most common, and probably the most effective. In principle, this matrix can be nearly 

any size, but as N increases so does the noise. In addition, large crystal matrices can be 

very cumbersome to work with. The current convention is to use a 3x3 crystal matrix, 

although when studying events that strike the EE between crystals, a larger matrix may 

be desirable. 

        Finally, it should be noted that these studies are not comprehensive. The two studies 

were conducted using data from a single location on the detector each. (The general study 

focused on Xtal 248, and the center-crack studies on Xtal 294 and the crack between it 

and Xtal 314.) Although the number of events in each run was high, each study consisted 

of between five and seven energy measurements per case. The limited data make it  
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difficult to draw global conclusions about the performance of the CMS ECAL endcaps. 

(This problem will be overcome and our understanding of the detector will greatly 

increase with in situ studies using LHC data.) 

        However, these results do provide a brief overview of issues that may be important 

for energy measurements in the EE, in particular the possible degradation of energy 

resolution for “crack events.” Further studies that include data at the same beam energies, 

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

        The translation from an asymmetric histogram to numeric energy measurements is 

not difficult, but neither is it trivial. Systematic, as well as statistical, errors must be 

accounted for, and in the case of energy resolution measurements, these errors must be 

propagated through multiple calculations. Furthermore, effects that contribute to the 

width of the histogram (e.g. uncertainty in nominal beam momentum and synchrotron 

radiation effects [26]) must be removed from the resolution measurement. As these 

effects’ contributions are measured as percentages of the nominal beam energy 

(momentum),  it is necessary to convert these terms for dimensional consistency. 

        In each measurement, the nominal detector response is given by the mean value m 

(parameter p1) of the Gaussian portion of the Crystal Ball function (see Section 5.2.5). 

The width of the Gaussian s  (p2) is also used for the width of the detector response 

distribution in the calculation of energy resolution. Each of these two fit parameters is 

subject to the range over which the distribution is fit, as a long, low-valued tail can bias 

the fit. Because the fit tends to converge better over a longer range, the distributions 

which yielded the data used in this study are fit over a range of 20sgauss from each side of 

the distribution peak, sgauss is found by initially fitting the distribution to a Gaussian [37]. 

        The total uncertainty in the measurements of m and s  is the sum in quadrature of the 

fit error (calculated by the fitting algorithm) and the systematic error associated with the 

variance based on the fit range. The systematic error is estimated as the absolute value of 

the difference between the measurement when the fit range covers 20s gauss on either side 

of the peak value and the measurement when that fit range is reduced to 4sgauss on either  
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side of the peak. The raw data (including the estimated uncertainty) for each of the 

detector response histograms  used in these studies are summarized in Tables A.1-A.3.  

 

Raw Data from Xtal 248 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDmfit     DmDmDmDmsys    DmDmDmDmtotal    ssss    
(ADC cts)    

DsDsDsDsfit     DsDsDsDssys    DsDsDsDstotal    

15 255.49 0.085570 0.314 0.325 9.19299 0.066877 0.2280 0.2376 

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 0.4741 0.4884 

90 1526.52 0.266161 1.07 1.10 14.6909 0.174755 0.3681 0.4075 

120 2041.50 0.319105 1.03 1.08 15.6797 0.204814 0.4582 0.5019 

150 2525.58 0.400000 1.22 1.28 18.5846 0.250000 0.5845 0.6357 

230 3831.31 0.609966 1.60 1.71 26.2814 0.378609 0.8150 0.8987 

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 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDmfit     DmDmDmDmsys    DmDmDmDmtotal    ssss    
(ADC cts)    

DsDsDsDs    

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 2056.74 0.497111 0.88 1.0 14.5518 0.351354 

3 150 2549.44 0.535703 0.30 0.61 18.1170 0.388127 

*************************************************** **************** 

5 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 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDmfit     DmDmDmDmsys    DmDmDmDmtotal    ssss    
(ADC cts)    

DsDsDsDs    

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 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDmfit     DmDmDmDmsys    DmDmDmDmtotal    ssss    
(ADC cts)    

DsDsDsDs    

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 

*************************************************** ********* 

5 30 521.614 0.625351 0.186 0.652 14.2150 0.487155 

5 50 873.092 0.998511 0.720 1.231 14.1119 0.716213 

5 90 1567.50 1.47521 0.44 1.54 15.5081 0.999344 

5 120 2083.17 2.05811 0.40 2.10 20.1398 1.37140 

5 150 2586.27 6.96061 2.66 7.45 23.2943 4.29423 
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Raw Data from Xtal 294: Crack Studies(cont.) 

Matrix Size 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDmfit     DmDmDmDmsys    DmDmDmDmtotal    ssss    
(ADC cts)    

DsDsDsDs    

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 

7 120 2096.91 2.53716 1.77 3.09 24.0661 1.66852 

7 150 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, the detector response m, as recorded in these 

tables, is plotted against the corresponding nominal beam energy, given in the column 

labeled E (GeV). The error bars at each data point are set to the corresponding value of 

Dmtotal as recorded in the data tables. For the residual plots (Figures 6.1b, 6.2b, and 6.4), 

the error is estimated by Dmtotal divided by the value of the fit at each data point.  

        The calculation of energy resolution is not quite simple. Nominally, the resolution is 

just the width of the signal s , divided by the value at the peak (m). In terms of energy, the 

resolution is given, in principle by s /E. Subtracting the uncertainty in beam energy and 

syncrotron radiation effects in quadrature [26, 37], the energy resolution for a distribution 

at nominal beam energy Ei is given by: 

    
2 2 2

i beam synchr

i
i

R
s s s

m

- -
=    (Eq. A.1) 

where s i and mi refer to the measurements corresponding to a given energy Ei for a given 

data set. 
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        Philippe Bloch [26] gives the uncertainty in the beam energy to be 0.09% of the 

beam energy. The same source estimates syncrotron radiation effects to be 0.05% of the 

beam energy at 150 GeV and 0.2% at 230 GeV. With these numbers, the resolution can 

be calculated as: 

   
2 2(0.0009 )i i

i
i

E
R

s

m

-
=     (Eq. A.2.a) 

for energies below 150 GeV, and  

  
2 2 2(0.0009 ) ( )i i synch i

i
i

E E
R

s a

m

- -
=    (Eq. A.2.b) 

where asynch is the coefficient (0.0005 or 0.002) given above. 

        For dimensional consistency, the values of Ei are converted from GeV to ADC 

counts. As seen from the linearity plots, the conversion is approximately 17 ADC counts 

per GeV. Given an uncertainty in the conversion factor of ± 0.5 ADC counts, this relative 

error does not affect the resolution measurement appreciably. 

        The chief factors that contribute to the resolution error DR, are the uncertainty in the 

measurements of m and s . If (Eq. A.1) is written: 

   
2 2 2 2 1/ 2( )beam synchra S

R
s s s

m m

- +
= =   (Eq. A.3) 

where a is the conversion factor from GeV to ADC counts, then the relative uncertainty 

in R is given as 
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    (Eq. A.4) 
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Resolving the first term in (Eq. A.4): 
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  (Eq. A.5) 

When expanded term by term, the uncertainty in the numerator becomes 
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 (Eq. A.6)  

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

into (Eq. A.6). Combining these results, we find  
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  (Eq. A.7) 

which can be simplified to  

   
22 2

R
R

s m
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    (Eq. A.8) 

        The energy resolution calculations for each of the 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  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDm    ssss    
(ADC cts)    

DsDsDsDs    R DDDDR 
(10-4) 

15 255.49 0.325 9.19299 0.2376 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 0.4075 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 294 

Matrix Size 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDm    ssss    
(ADC cts)    

DsDsDsDs    R DDDDR 
(10-4)    

3 30 517.932 0.275 8.56803 0.171977 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 0.275442 0.00810799 1.86 

3 120 2056.74 1.0 14.5518 0.351354 0.00701897 1.81 

3 150 2549.44 0.61 18.1170 0.388127 0.00703170 1.63 

*************************************************** **************** 

5 30 529.919 0.506 12.4237 0.207080 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 0.292486 0.00992641 1.90 

5 120 2104.94 0.87 17.8624 0.364763 0.00843912 1.80 

5 150 2610.66 0.55 20.3004 0.390728 0.00770793 1.59 

*************************************************** *********  

7 30 533.452 0.170 16.6887 0.249658 0.0312719 4.69 

7 50 889.955 0.509 17.8025 0.298418 0.0199844 3.37 
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Resolution Calculations for Center Studies: Xtal 294 (cont.) 

Matrix Size 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDm    ssss    
(ADC cts)    

DsDsDsDs    R DDDDR 
(10-4)    

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 
N 

E  
(GeV) 

mmmm 
(ADC cts) 

DmDmDmDm    ssss    
(ADC cts)    

DsDsDsDs    R DDDDR 
(10-4)    

3 30 507.372 1.943 10.5517 0.479142 0.0207772 9.49 

3 50 849.967 1.284 11.0192 0.816868 0.0129331 9.64 

3 90 1524.00 1.77 13.4267 1.08049 0.00876399 7.14 

3 120 2027.71 2.00 16.3578 1.27190 0.00801646 6.33 

3 150 2514.57 4.39 21.0957 2.76689 0.00832455 11.1 

*************************************************** **************** 

5 30 521.614 0.652 14.2150 0.487155 0.0272371 9.35 

5 50 873.092 1.231 14.1119 0.716213 0.0161384 8.22 

5 90 1567.50 1.54 15.5081 0.999344 0.00985281 6.42 

5 120 2083.17 2.10 20.1398 1.37140 0.00962593 6.63 

5 150 2586.27 7.45 23.2943 4.29423 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 1.34810 0.133052 8.58 

7 120 2096.91 3.09 24.0661 1.66852 0.0114417 7.99 

7 150 2604.54 3.41 26.4564 2.27752 0.0101050 8.78 

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