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Abstract

The Positron Electron Balloon Spectrometer (PEBS) is an instrument designed to measure
the �ux of cosmic ray electrons and positrons up to the energy of 2 TeV. It comprises several
independent detectors for energy, momentum and charge determination of incident particles,
allowing it to identify positrons from a large proton background. In this work a prototype
of the electromagnetic calorimeter (ECAL) is calibrated and its performance is assessed in
terms of linearity and resolution of energy measurement.

A muon tracking algorithm is developed and applied to calibrate the ECAL using data from
the 2012 test-beam at CERN. The sampling ECAL has a novel dual (MPPC and MAPD)
silicon photomultiplier (SiPM) readout system providing it with a large range of measurable
energies. The ECAL's response is equalized for both of the SiPM readouts and the quality
of the calibration is evaluated using electron and positron beam data in the energy range of
0.5-176.6 GeV. A new embedded wavelength shifting �ber (WLS) technology that reduces
light attenuation is also assessed. Procedures for measuring the initial particle energy are
established by utilizing the longitudinal pro�le of electromagnetic showers.

The results are promising, showing excellent linearity for the MPPC below 2.5 GeV and a
good linearity for the MAPD (<1.5%) in the energy range available at the test-beam. The
resolution of the MPPC is adequate but it degrades at higher energies for the MAPD. The
variation in response along the WLS �ber was found to be large and a revision of the gluing
technique may be required. Strong evidence of ampli�er non-linearity was found in the
analysis and it is believed that the resolution of both SiPMs can be signi�cantly improved
once the ampli�er calibration is available.
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Chapter 1

Introduction

The study of cosmic ray �uxes and their ratios is necessary for understanding the acceleration
mechanisms of the cosmic ray particles. In turn, these mechanisms may provide knowledge
about exotic astrophysical objects and interactions of elementary particles. In recent years
there has been a lot of interest in the �ux of cosmic ray positrons. First sparked by PAMELA
measuring an anomalous abundance above 10 GeV, which does not agree with the secondary
production of positrons as predicted by conventional galactic propagation models, and now
con�rmed with an increased precision by AMS02. However, there is tension between the
AMS02 positron �ux and the total electron-positron spectrum measured by Fermi/HESS.
A measurement of the positron �ux is a challenging task because it is di�cult to separate
positrons from the dominant background of protons. One of the techniques used to identify
particle type is based upon the way particles deposit energy in matter, which can be done
with an electromagnetic calorimeter (ECAL). The goal of this thesis is to calibrate the
ECAL of Positron Electron Balloon Spectrometer (PEBS) so that the deposited energy can
be measured with high accuracy and precision.

1.1 Cosmic rays

Cosmic rays are high energy particles propagating through the Universe. Thus the Sun's
magnetic �eld shields the Earth from low energy cosmic rays originating from outside of
the Solar system. These low energy cosmic rays e�ectively bounce o� the heliosphere and
most are unable to reach Earth. Since our Sun is not able to produce a signi�cant �ux of
particles with energies above a few GeV, cosmic rays with higher energies must be of galactic
or intergalactic origin. It is these particles that serve as a probe for very high energy physics.

Cosmic rays are primarily protons (≈ 85%) and α-particles (≈ 12%). The remainder
consists of heavier charged nuclei. Electrons and positrons constitute only a tiny fraction of
the total �ux, making them more di�cult to measure due to limited statistics [1]. Whereas
electrons are easily distinguished from protons by their charge, and thus particle identi�cation
is not an issue, identifying positrons is a challenge. The main problem is that, as shown in
Figure 1.1, there are 102 − 104 more protons than positrons in the energy range shown and
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CHAPTER 1. INTRODUCTION

PEBS must measure at even higher energies. As a result, proton rejection (probability of
misidentifying a proton as a positron) for the whole instrument has to be of the order of
10−6.

Figure 1.1: The cosmic ray spectrum as compiled by the PAMELA collaboration from several
publications [2]. Here (SAA) and (Flare) stand for South Atlantic Anomaly and measurement
during a Solar �are. The proton spectrum is color coded to give information about its time
dependence, purple is July 2006 and red is December 2009. It is evident that the proton
to positron ratio increases at higher energies increasing the demand on high quality proton
rejection.

1.1.1 Acceleration

To date there exist many proposed acceleration mechanisms for cosmic rays and which mech-
anism is used often depends on the energy of the particles. One of the most favored mecha-
nisms is 1st order Fermi, which utilizes the shock waves generated in a supernova explosion
to accelerate the particles. The key concept is that when a particle interacts with the shock
front it interacts with the whole shock wave giving it an e�ective mass mwave = ∞. In a
supernova explosion, shown in Figure 1.2, typically two shock waves are generated, the inner
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CHAPTER 1. INTRODUCTION

wave traveling faster than the outer so that v2 >> v1. This allows the particle to bounce
between the two waves and gain more energy from the inner wave than it loses to the outer
wave. Using non-relativistic mechanics the energy gain per cycle can be approximated as:

∆E

E
≈ 2

∆v

v
(1.1)

Since ∆v << v it is favorable that this process is linear in velocity (thus called 1st order
Fermi). Another attractive result of this model is that it produces a power law spectrum
because at each bounce the particle has a chance to di�use through the shock front and thus
stop the acceleration mechanism. Particle energies up to about 100 TeV can be explained
by this process.

v2

v1

Supernova remnant

particle bounces and 
eventually escapes

v

Figure 1.2: Schematic drawing of the 1st order Fermi acceleration mechanism in a supernova
explosion. The inner shock wave (red) travels at a faster velocity than the outer shock wave
(blue). The result is that a particle (green) gains more energy when scattering o� the inner
shock wave than it loses when scattering o� the outer shock wave. At each scattering there
is a probability that the particle escapes. This results in a power spectrum.

1.1.2 Propagation

Cosmic rays (CR) are divided into two categories � primary and secondary. Primary cosmic
rays are accelerated at an astrophysical source while secondary cosmic rays are produced
when primary rays interact with the interstellar medium (ISM). Charged cosmic rays are
a�ected by the galactic and inter-galactic magnetic �elds which cause their trajectories to be
bent at high energies and completely randomized at low energies (since the Larmor radius
increases with energy). In most cases it is not possible to trace charged cosmic rays back to
the object where they were accelerated unless this object is very close or their energy is very
high.
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CHAPTER 1. INTRODUCTION

There exist many models of CR propagation and their parameters are often constrained
by the measured spectra of CR nuclei. An example is the carbon to boron ratio. Boron
produced in fusion processes, such as the pp cycle, is destroyed almost immediately, thus
there are no primary boron nuclei. Instead, it is produced by spallation of a carbon nucleus
when it collides with the ISM. Electrons and especially positrons have a signi�cant secondary
component which is created during proton collisions with the ISM and when photons undergo
pair production [1]. Recent measurements of the positron fraction de�ned as e+/(e− + e+),
see Figure 1.5, show an increase above 10 GeV which cannot be modeled by secondary
production.

The most popular way of studying the models is with the help of simulations done
by a code called GALPROP. This is a software that takes into account numerous factors
such as: transport of particles, ISM hydrogen distribution, ISM radiation �eld, spallation,
particle decay, re-acceleration by 2nd order Fermi mechanism and many more. It can also be
used to model additional sources of primary particles such as pulsars or even Dark Matter
annihilation [3].

1.2 Dark Matter

Dark matter (DM) was �rst invented as a concept to resolve con�icts between observation
and theory in astrophysics. Today the evidence for DM is much more diverse, ranging from
rotation curves, to gravitational lensing and to structure formation on cosmological scales.
However, its properties as a particle remain unknown, although some constraints have been
provided by experiments on Earth and in space.

1.2.1 Evidence

Rotation curves. Dark Matter was invented to explain the shape of rotation curves in
the Coma cluster. Based on the emitted light, there seems to be too little mass to keep
the galaxies together. If additional mass is added, so that the regular sphere of baryons is
inside a much larger sphere of DM, the shape the gravitational potential changes so that
M(R) ∝ R for large radii. This leads to a constant rotational velocity which agrees with
measurements.

Gravitational lensing. Einstein's general theory of relativity (GR) predicts that mass
bends space-time and this causes light to travel on apparently curved paths. With the
GR framework one can calculate how heavy an object must be, and how its mass must be
distributed to act as a gravitational lens. One of the most famous gravitational lenses is
the Bullet cluster shown in Figure 1.3, which is a collision between two galaxy clusters. In
this case the reconstructed gravitational potential does not coincide with the signal from
the x-ray emitting gas. This can be explained by Dark Matter generating the gravitational
potential but being collisionless and thus una�ected by the merging of galaxies.

4



CHAPTER 1. INTRODUCTION

Figure 1.3: The Bullet cluster is a collision of two galaxy clusters. The green lines are the
mass isodensity contours as derived from gravitational lensing. This represents the Dark
Matter. The red and blue is x-ray emitting gas at di�erent temperatures. The fact that the
gas is not centered at the peaks of mass density supports the hypothesis that the isodensity
contours are mainly caused by DM which acts as a collisionless gravitational �uid. Taken
from [4].

Structure formation. Another argument in favor of the existence of DM is the shape of
the cosmic microwave background (CMB) power spectrum. The power spectrum is almost
isotropic with small temperature �uctuations of the order of 10−4 K, it is these �uctuations
that provide information about the structure formation in the Universe. They provide a
snapshot of the structure of the Universe just after recombination � the moment when
photons decoupled from the opaque plasma of baryonic matter. A Universe consisting of
only baryonic matter cannot reproduce the power spectrum because baryons couple with
photons which causes a dampening of structure formation on small scales by the process of
di�usion. Dark matter, on the other hand, does not interact with photons and is able to
form potential wells that cause structure to form on small scales at early times [4].

1.2.2 Dark matter as a particle

A DM candidate is the lightest stable Super Symmetric (SUSY) particle. SUSY models
predict the conservation of a quantum number called R-parity de�ned as R = (−1)3(B−L)+2S

where B is the baryon number, L is the lepton number and S is the spin of the particle. This
puts certain constraints on the type of interactions that are allowed between normal matter
and SUSY particles. In particular, it means that the number of SUSY particles created or
annihilated must be a multiple of 2. It is thus impossible for the lightest SUSY particle to
decay to normal matter, which in turn implies that it must be stable [5].
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The type of process that is to be looked for in cosmic rays by PEBS is χ̄+χ→ f̄+f where
χ is the lightest stable SUSY particle and f is a fermion. Since the process is reversible and
collider experiments have not been able to produce any DM so far, the mass of χ must be
too high for the current accelerators. Therefore, after the annihilation of 2 SUSY particles
the energy given to the fermions should also be high.

Galactic propagation models predict a hard positron spectrum, decreasing quickly with
energy. Therefore, a su�cient amount of SUSY annihilation should lead to a sudden increase
in positron production. However, according to most SUSY models the production of hadrons
should also increase resulting in more anti-protons. This is not the case as PAMELA results
show a �ux consistent with secondary anti-proton production (no SUSY annihilation) as
seen in Figure 1.4. This sets strong constraints on the type of decay channels preferred by
SUSY annihilation.

kineticsenergys[GeV]

zhhT h hT LhT

Hp
p

z6hT

z5hT

z4hT

z3hT

BESS LTTT CY8 Asaoka et al8P

BESS h999 CY8 Asaoka et al8P

BESSzpolar LTT4 CK8 Abe et al8P

CAPRICE h994 CM8 Boezio et al8P

CAPRICE h998 CM8 Boezio et al8P

HEATzpbar LTTT CA8 S8 Beach et al8P

PAMELA

Figure 1.4: Taken from [6]. The antiproton to proton ratio as measured by PAMELA in
2010 [6] and other experiments [7�11]. The dashed lines show the calculated limits for the
leaky box model [12]. The dotted lines show limits on the plain di�usion model [13]. The
solid line is the plain di�usion model [14]. The data �ts the models within the uncertainties.
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1.3 Possible interpretations of latest data

There are three main explanations for the latest measurements of the positron fraction shown
in Figure 1.5.

1) The rise in the positron fraction is indeed due to a primary positron production but the
positrons could be produced by a nearby pulsar (e.g. Geminga). Since positrons in the
energy range of interest (< 2 TeV) have a small Larmor radius, their paths are randomized
by the galactic magnetic �eld and it is impossible to trace their original source. The latest
AMS02 measurement shows that there is no anisotropy in the positron �ux [15] but this does
not exclude pulsars.

2) The increase in the �ux with energy is due to the annihilation of DM particles.

3) There is a possibility that the instrument performance is not well understood and that
the rejection factor is signi�cantly di�erent from what is claimed. The rise in the positron
fraction could be reproduced if such an error was made. Although the new AMS02 results
strengthen the con�dence in the rise of the positron fraction, as shown in Figure 1.5, they
are in tension with the positron fraction as measured by Fermi. There is also signi�cant
tension with the Fermi/HESS total electron spectrum measurements needed as input when
simulating cosmic ray propagation.

1 10 210

AMS-02

-1
10

PAMELA

Fermi

Figure 1.5: Taken from [15]. The most recent data on the positron fraction de�ned as
e+/(e− + e+). Data comes from PAMELA [16, 17], FermiLAT [18] and AMS02 [15] experi-
ments. It is seen that the three experiments are in agreement with each other.
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To date neither the total electron nor the proton spectra have been released by AMS02
but they are necessary to be able to calculate the expected positron �ux from conventional
(only secondary production), pulsar and DM scenarios. Thus the electron and proton data
combined from previous experiments have to be used. This is done in [19]. Figure 1.6 shows
the GALPROP �ts to the AMS02 data (other experiments are shown for reference) for the
pulsar scenario for two cases, namely, with and without Fermi/HESS data. In both cases
the solar modulation parameters have been extracted from the PAMELA proton �ux prior
to the �tting.
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Figure 1.6: The left panel shows the GALPROP pulsar scenario �t to the AMS02 positron
fraction when Fermi/HESS electron spectrum data is included. The right panel shows the
same �t but without Fermi/HESS. The agreement between positron data and pulsar scenario
is better in the right panel. The �gures are made by [19] with positron data from - AMS
[20], HEAT94+95 [21], HEAT00 [22], PAMELA [16], AMS02 [15]; and electron data from -
PAMELA [23], ATIC [24], HESS [25, 26], FermiLAT [27].
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Due to the high precision of the AMS02 data, one can see that the �t is not as good
when including the Fermi/HESS data, especially at high energies. The deviation at lower
energies can be explained by the fact that the solar modulation for AMS02 is di�erent. One
would need the full AMS02 electron spectrum to con�rm this but it has not been released
yet. Thus one can say that generally the pulsar model describes the data quite well.

Fits for the scenario of DM annihilation to µ+µ− (which then decay to positrons) are
shown in Figure 1.7. The �ts are bad, whether the Fermi/HESS total electron �ux is included
or not. Another SUSY allowed annihilation is to τ+τ−. These �ts are shown in Figure 1.8
and one can see that despite some problems at higher energies the �t without Fermi/HESS
seems to be quite good.
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Figure 1.7: The left panel shows the µ+µ− DM scenario, including the Fermi/HESS electron
spectrum (not shown). The right panel is the same but without Fermi/HESS data. In both
cases the �ts are bad. Taken from [19].
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Figure 1.8: The left panel shows the τ+τ− DM scenario, including the Fermi/HESS electron
spectrum (not shown). The right panel is the same but without Fermi/HESS data. The
right �t better describes the data. Taken from [19].
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The problem with the τ+τ− annihilation channel is that it is strongly constrained by the
Fermi γ observations of the Galactic center. In Figure 1.9 the 95% con�dence region for
DM mass and annihilation cross section is shown and it does not contain the τ+τ− scenario,
although the µ+µ− is still possible. As mentioned earlier, any DM annihilation to hadrons
is also suppressed by the fact that no rise in the p̄/p ratio is seen by PAMELA as shown in
Figure 1.4.
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Figure 1.9: The mass and cross section plots for (left) µ+µ− and (right) τ+τ− annihilation
channels. Here I-a is data including Fermi/HESS and II-a is data excluding Fermi/HESS.
The circles are 1σ and 2σ con�dence regions for DM cross section and mass as required by
the earlier shown �ts. The solid line is 95% con�dence region for the Galactic center [28]
annihilation and the dashed line is for annihilation in dwarf galaxies [29]. Taken from [19].

Summing up all of the above considerations, it can be said that the DM scenario does not
�t as well as the pulsar one, although it cannot be fully excluded with the present data. It is
also clear that there is signi�cant tension between the latest experiments. A new experiment,
such as PEBS, could shed some light on these unresolved issues.

1.4 PEBS objective

The primary aim of the PEBS experiment is to measure the positron fraction in a large
range of energies from 0.5 GeV to 2 TeV. It will also measure the proton and anti-proton
�uxes as well as �uxes of isotopes. The instrument is designed to be �own on a stratospheric
balloon, rather than a satellite. Not only does this decrease the cost of the experiment
but it also allows modi�cations to the instrument since it can be �own several times. The
disadvantage is that the exposure time is of the order of weeks rather than years. Long
duration �ights usually take place at very high or very low latitudes, this means that PEBS
will cover a di�erent area of the sky as compared to AMS02 which has an inclined orbit
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centered at the equator. The geometric acceptance of PEBS is estimated to be 1200 cm2sr
with charge determination and 6000 cm2sr without. The large geometric acceptance without
charge determination is su�cient for measuring the total e−+ e+ �ux up to the desired TeV
energies without the bene�t of a permanent orbit. This compares to AMS02 having 4500
cm2sr [30] (varies with particle energy and type) and PAMELA having 21.5 cm2sr [31].

1.5 Thesis objective

The goal of this work is to create a framework based on ROOT libraries that can be used to
calibrate the electromagnetic calorimeter of the PEBS experiment. Data from a test-beam in
2012 is used as input. The calibration involves understanding the homogeneity of response,
how the read out current corresponds to the deposited energy and �nally how the deposited
energy corresponds to the initial energy of a particle. The PEBS ECAL has a novel readout
system consisting of two di�erent types of optical detectors that operate in di�erent energy
ranges. It also uses a new embedded wavelength shifting (WLS) �ber technology to reduce
light attenuation. The performance of both of the detectors and the viability WLS �ber
readout is investigated in this work.

An overview of the calibration procedure is shown in Figure 1.10, where prerequisites
for each step are summarized. All of the necessary concepts and the procedure itself are
described in great detail in the coming chapters. In Chapter 4 pedestal subtraction is per-
formed and with the help of a muon tracking algorithm the ECAL is equalized so that
a normalized response is measured independent of the location of the muon track. After
the equalization procedure is completed and ADC values have been converted to MIP, in
Chapter 5 positron and electron beams at di�erent energies are used to create an algorithm
for reconstructing the initial energy of a particle. This is done by using the longitudinal
pro�le of the electromagnetic cascades they produce. Finally, the reconstructed energy in
MIP is converted to absolute energy in GeV, thus a MIP to GeV conversion coe�cient is
derived.

The quality of the procedure is evaluated by studying the general shape of the longitudinal
pro�le �ts as well as the linearity and the resolution of energy measurement.
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Beam/filtering//and/
pedestal/subtraction

Muon/tracking

Measuring/tilt/of/ECAL
Choosing/ADC/threshold
for/tracking

ADC/to/MIP/conversion
for/MPPC

LED/attenuation/study

ADC/to/MIP/conversion
for/MAPD/from/tracking

ADC/to/MIP/conversion
for/MAPD/from/LED

Comparing/methods

Positron/electron/selection

Energy/reconstruction/
by/longitudinal/fits

MIP/to/GeV/conversion
and/linearity

Resolution

Perliminary/muon/tracking

Figure 1.10: A schematic view of the steps required to calibrate the PEBS calorimeter. Some
steps have more than one prerequisite. Arrows represent data �ow in the ROOT framework
developed for calibration of this calorimeter. Each step is described in great detail in the
coming chapters and this �gure is only meant as an overview.
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Chapter 2

Particle interactions

Calorimeters measure the energy of an incoming particle by stopping it and measuring the
energy deposited by the resulting secondary particles. The size of the calorimeter required
to fully contain the showering particles depends on particle type and energy. The di�erence
between hadronic and electromagnetic interactions is discussed here.

2.1 Electrons, positrons and photons

At energies higher than a critical energy Ec = 7.4 MeV (for lead) the dominant process
of energy loss for electrons and positrons (positrons will be referred to as electrons for the
rest of this chapter) is Bremsstrahlung. The Bremsstrahlung photons then undergo pair-
production, producing additional electrons, since this process has the highest cross section
at these energies. Altogether, this forms an electro-magnetic shower consisting of electrons
and photons.

One can build a simpli�ed model of an electromagnetic shower by assuming that the
radiation lengths (a property of the material de�ned as the average distance required for
the energy of the primary particle to be reduced by a factor of 1/e) for Bremsstrahlung and
pair-production are the same and that the energy is divided evenly among all particles. This
means that after t radiation lengths the energy of an individual shower particle is given by:

E(t) = E0 · 2−t (2.1)

This shower development for an incident electron with energy E0 is shown in Figure 2.1. An
electromagnetic shower keeps growing until the energy of the individual particles falls below
Ec. At this point the shower has reached its maximum. In this simple model it is given by:

tmax = log2(E0/Ec) (2.2)

Since the shower maximum is proportional to the logarithm of the incident energy, the
calorimeter depth required to contain the shower is not proportional to the incident energy
but increases as its logarithm. Thus, electromagnetic showers are rather easy to contain.
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0 1 2 3 t [X0]

Figure 2.1: A simpli�ed model of an electromagnetic shower caused by an electron with
incident energy E0. Straight lines are electrons or positrons. Wiggly lines are photons. t
is the number of radiation lengths. Notice how the number of particles doubles after each
radiation length and the energy of the individual particles halves (in reality it is reduced by
a factor of 1/e).

At energies above Ec electrons mainly lose their energy due to Bremsstrahlung but this
energy goes into making more particles and is not deposited right away. What is detected
by the calorimeter is the energy deposited due to ionization, which according to Figure 2.2
increases logarithmically with the electron energy. This means that during shower growth,
the deposited energy is proportional to the number of electrons and not to the energy of
electrons.
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Figure 2.2: Energy lost by electrons per radiation length in copper. Bremsstrahlung losses
are linear with particle energy, while ionization losses are logarithmic. Only ionization losses
are directly detected by the calorimeter. Taken from [32].
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Below Ec electrons lose their energy mainly due to ionization and excitation of atoms.
In the simplest model this energy loss can be described by the following formula:

dE

dx
= − E

X0

(2.3)

Where x is the distance traveled and X0 is the radiation length. This means that for
energies below Ec most electrons will be stopped by a layer of material just one X0 thick.
However, the photons travel longer distance because their interaction length (an analogy to
radiation length) is longer than the electron's radiation length. To prevent shower leakage
there must be of the order of 7-9X0 after the shower maximum tmax [33].

The model presented above is simplistic and it is mainly used to gain intuition about
how an electromagnetic shower develops. According to PDG [32], a more sophisticated
description of the average longitudinal energy deposition is based on the EGS4 simulations
and is given as:

dE

dt
= E0b

(bt)a−1e−bt

Γ(a)
(2.4)

Where a and b are model parameters, t is the number of radiation lengths and Γ is the
Euler's Γ function. This formula assumes incident electron and photon energies to be larger
than 1 GeV and the shower depth deeper than 2X0. The shower maximum tmax can be
calculated using the following formula:

tmax = ln
E0

Ec

+ C =
a− 1

b
(2.5)

where Ec is the critical energy and C = −0.5 for an electron-induced shower or C = +0.5
for a photon-induced shower.

Formula 2.4 is a good description of the longitudinal pro�le of an electromagnetic shower.
In order to describe the transverse pro�le, the Molière radius RM is used. Typically, 90% of
the energy is deposited within RM of shower's center . This leads to electromagnetic showers
being very narrow and easily con�ned in the transverse direction [32].

2.2 Hadrons

While electromagnetic showers are described by the radiation length X0, hadronic showers
propagate according to the nuclear interaction length λI >> X0. For a balloon borne
experiment, due to constraints on weight and size, it is impossible to build a calorimeter
large enough to fully contain hadronic showers. Another consequence is that the chance of a
hadronic shower starting in the last layer is almost the same as in the �rst layer, meanwhile
most electromagnetic showers start in the �rst three radiation lengths.

Although hadrons also create showers their structure is much di�erent as the interactions
are often mediated by the strong force which leads to more possible combinations of �nal
states thus making the shape irregular (unlike electromagnetic showers) and usually much
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larger in the transverse direction. Additionally, hadronic showers may contain large elec-
tromagnetic components. Typically a third of the pions produced in inelastic collisions are
π0 but this does not occur in every shower. The π0 decays immediately into two photons
and initiates an electromagnetic shower. It is more di�cult to describe the longitudinal
development of hadronic showers accurately.

Hadronic showers also include "invisible" particles, such as neutrons (no primary ioniza-
tion interaction) and neutrinos. Furthermore, some collisions break nuclear bonds and the
energy used to do this is not detected. Another source of "invisible" energy are short range
nuclear fragments that are completely stopped in the absorber and do not make it to the
detector part of the sampling calorimeter. The result is that, due to the limited size of the
PEBS calorimeter, for a given incident energy most protons deposit a lot less energy than
electrons or photons. Proton showers have a lot more leakage.
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Chapter 3

PEBS instrument overview

The PEBS instrument, shown in Figure 3.1 is a combination of many subdetector systems
each providing an independent method of particle identi�cation based on the measurement
of energy or rigidity (momentum per charge). It is this independent approach that grants
PEBS a powerful proton rejection at high electron e�ciency.

2.
5 

m

1 m 1 m

Figure 3.1: A schematic view of the whole PEBS instrument [5]. At this moment the nominal
size of the instrument is 2.5 m in height and 1 m2 base area. The size may vary depending
on which magnet is chosen for the �ight con�guration.

The particles enter from the top, where they cross the time of �ight (TOF) detector that
serves as a readout trigger. They then travel through the tracker where they are bent by the
magnet. The tracker works together with the transition radiation (TRD) detector to allow
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a longer lever arm for trajectory reconstruction. Inside the TRD the particles emit a certain
amount of radiation, depending on their boost factor. Until this point the initial energy of the
particles is almost una�ected - the particles do not undergo showers. Finally they enter the
ECAL, where depending on the particle type and incident energy, they deposit some or all of
their energy. Unlike conventional scintillator detectors, PEBS uses Silicon Photomultipliers
instead of classical photomultipliers (PMTs). This provides several advantages discussed
below.

3.1 Silicon Photomultipliers (SiPMs)

SiPMs ful�ll the same function as classical PMTs, converting scintillation light into electrical
signal. However, they are made of a pixel matrix where each pixel is an avalanche photodiode
operated in Geiger mode. Even a single photon hitting the matrix is able to cause an
avalanche, leading to a detectable electric signal. The signal strength is directly proportional
to the number of photons at low light levels but this changes for more intense light. Several
photons hitting the same pixel simultaneously do not produce a stronger signal since the
pixel is already �red. It is thus preferable for an SiPM to have very many pixels. Once
most pixels are hit, the signal strength does not increase linearly, and in case of a very large
number of photons, not at all. This is called saturation. For a given number photons incident
on the SiPM matrix surface the generated signal follows a binomial distribution.

Although all PEBS detectors use SiPMs, the ones relevant to this thesis are those used
in the ECAL. These are the MPPC (Hamamatsu) having 3200 pixels on a 2 mm2 matrix
and MAPD (Zekotek) with 135000 pixels on a 9 mm2 matrix. Due to the smaller size of
pixels, and thus smaller capacitance, the gain of the MAPD is 9 times smaller than that
of the MPPC when the same over-voltage is applied. However the MAPD has more noise
when operating at the over-voltage of MPPC (noise increases with over-voltage). To make
full use of the MAPD's larger area it is placed a few millimeters away from the WLS �ber,
see Section 3.5, which decreases the number of photons per mm2 thus raising the saturation
threshold (de�ned as the onset of saturation) without loss of information. The saturation
threshold of the MPPC has been found from previous studies to be around 2.5 GeV but the
threshold for MAPD has not been measured. Its lower limit can be approximated as:

EMAPD =
AMAPD
AMPPC

× GMPPC
GMAPD

× EMPPC = 105 GeV (3.1)

where E, A and G are the saturation threshold, illuminated area and gain of the corre-
sponding detectors. However, this calculation does not take into account the geometrical
broadening of an electromagnetic shower with the increase of energy. Thus the actual sat-
uration threshold for the MAPD is of the order of several hundred GeV. This con�guration
allows the ECAL to be sensitive to a very large range of energies. As mentioned earlier the
energy range of interest is 0.5 GeV − 2 TeV.
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Besides being sensitive to single photons, the SiPMs have several other advantages over
classical PMTs:

- insensitivity to magnetic �elds necessary for the PEBS tracker
- lower power consumption which is important for a balloon borne experiment
- small size

The main disadvantage for PEBS is that SiPMs are temperature dependent. An increase
in temperature reduces the resistance by increasing the number of electrons in the conducting
band of the material. A reduced resistance results in a smaller voltage drop and thus requires
a higher applied voltage to achieve the same breakdown conditions necessary for an avalanche.

Other disadvantages include noise from capacitance which sets limitations on how fast
SiPMs can be read out and large dark count (noise) which mimics single photons. The dark
count is large because the device is always operated above breakdown and this induces a
spontaneous breakdown in single pixels (usually occurs in one pixel at a time).

3.2 Time of �ight (TOF)

The TOF consists of a plane of plastic scintillators on the top and the bottom of the tracker.
Not only does the TOF system provide the trigger for data acquisition but it also provides
a veto for particles entering the instrument from the bottom. However, it cannot be used
to distinguish protons from electrons at energies higher than a few GeV because it measures
the time taken to travel between the two detector planes which is directly proportional to
the velocity β. In turn, β depends on the energy E and mass m of the incident particle as:

β =
√

1−m2/E2 (3.2)

This means that at energies above a few GeV, due to the �nite timing resolution of
the TOF, it is insensitive to the small changes in β caused by the mass di�erence between
electrons and protons. Nevertheless, in combination with the tracker, the TOF can be used
to identify isotopes.

3.3 Tracker

The purpose of the tracker is to measure the momentum to charge ratio of an incoming
particle. This must be done in the presence of a homogeneous magnetic �eld which causes
the incoming particles to travel in a helix instead of a straight line. This �eld is provided by
a superconducting magnet. The helix has a radius of curvature R and a pitch angle λ which
are related to the momentum p and charge q through the magnetic �eld strength B by:

p

[GeV]
cosλ = 0.3q

B

[T]

R

[m]
(3.3)

19



CHAPTER 3. PEBS INSTRUMENT OVERVIEW

Here λ is actually measured by the TRD (described below). It is worth noting that
most particles do not undergo showers in the tracker because the scintillating �bers are so
thin and unlike the ECAL there is no absorber material. The main particle interaction
with the tracker planes is ionization. Secondary tracks caused by high energy delta rays
and Bremsstrahlung are discarded. One of the main challenges is to distinguish the low
ionization signal from the background noise of the SiPMs, this can be done using a complex
algorithm as described in [34].

3.4 Transition radiation detector (TRD)

When a charged particle crosses the boundary between two media with di�erent refractive
indices it emits a certain amount of so called transition radiation. This is due to the di�erence
in the structure of the electric �elds formed in the two media. The change in the �eld causes
radiation to be emitted. In a simpli�ed model the intensity of transition radiation I is
proportional to the boost factor γ. It then follows that electrons are expected to emit 2000
times more transition radiation than protons. Highly relativistic particles emit x-ray photons
at each interface between the two media in a cone with a half angle 1/γ. The probability
of photon emission at each interface is ∼α (the �ne structure constant), which means very
many interfaces are necessary.

The TRD to be used for PEBS consists of a �eece made of polypropylene-polyethylene
�bers of 10 µm thickness. The radiation is emitted at the �ber-air interfaces. It is then
detected by an array of straw tubes located directly under the �eece. Each tube is �lled
with Xe/CO2 mixture and a thin tungsten wire operated at high voltage. These tubes also
detect ionization losses and provide a measurement of the pitch angle λ in Formula 3.4. The
whole TRD consists of eight layers of �eece followed by a straw tube array. Such a layer is
shown in Figure 3.2.

20 mm

86
8 

m
m

72 μm

Figure 3.2: A schematic view of a TRD layer [34].
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3.5 Sampling ECAL

The ECAL consists of 16 absorber layers interleaved with 16 detector layers. Such a su-
perlayer is shown in Figure 3.3. Consequent superlayers are placed so that their strips are
perpendicular, this allows 3D shower reconstruction. Each detector layer is split into 24
scintillator strips (384×16×4 mm) made of polyvinyltoluene. Each strip has a groove with
an embedded wavelength shifting (WLS) �ber. This �ber increases light transmission e�-
ciency across the strip and allows for a more uniform detector response. According to [5] the
WLS �ber increases the attenuation length from 100 mm to approximately 800 mm. This is
critical as each strip is 384 mm long. The absorber is a sandwich of 0.5 mm Al, 4 mm Pb
and 0.5 mm Al. Not only does the Al make the Pb mechanically rigid but it also makes it
suitable for handling.

The relevant materials and the properties for one layer of the ECAL are listed in Table
3.1. The total radiation length X0, for a layer is given by the sum of the radiation lengths
of its components. Thus each layer is 0.73 X0 and the whole ECAL is 11.75 X0. Although
this is too short for shower containment and will result in signi�cant leakage of >38% at
energies above 180 GeV (see Section 5.3.3), it has been chosen to reduce weight and cost of
this prototype.

The Molière radius for the whole ECAL, RMtot, can be calculated using the following
formula:

RMtot = 1/
∑ wj

RMj

= 18.55 g cm−2 (3.4)

where RMj is the Molière radius of the jth element and wj is the element's fraction by weight.
Converting the above result to length units results in a Molière radius of 35.4 mm which
is approximately 2 strips of the PEBS ECAL. The Molière radius can be related to the
compound critical energy Ec of the ECAL by:

RMtot = X0Es/Ec (3.5)

where Es = 21.2 MeV is the scale energy [32]. For positrons this gives Ec = 8.09 MeV and
when combined with Formula 2.5 the shower maximum can be contained for positrons with
energies up to 1.6 TeV.

Material Thickness [cm] X0 [cm] RM [g cm−2] Density [g cm−3]

Al 0.10 8.90 11.93 2.70
Pb 0.40 0.56 18.18 11.4

Polyvinyltoluene 0.40 42.5 9.89 1.03
Air 0.082 36.62 8.83 -

Table 3.1: A summary of relevant materials and their properties used in each layer of the
ECAL [35]. X0 is the radiation length and RM is the Molière radius. This information is
used for calculating the radiation length and the Molière radius.
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Figure 3.3: An engineering drawing of an ECAL superlayer viewed from the bottom for
clarity. The particles enter the calorimeter from the absorber side which is not visible behind
the detector layer in this �gure.

Each scintillator strip is read out on both sides. On one side there is the MPPC and on
the other the MAPD. They are described in Section 3.1. The MPPC has a better signal-to-
noise ratio at lower energies but begins to saturate above 2.5 GeV. Also, unlike the MAPD,
the MPPC has been made temperature independent by adding a thermistor to the bias
control circuit. For a single event, it is rather di�cult to combine the information from the
MPPC and MAPD to reconstruct the energy in a reliable way. Instead, based on the results
of Sections 5.4.1 and 5.5, the MPPC shall be used for energies between 0.5 and 2.5 GeV
with a possible extension up to 20 GeV if saturation can be compensated (a further study
is necessary). In Section 5.4.2 the MAPD not found to saturate at energies up to 180 GeV
(the maximum available energy at the test-beam) and it is to be used for all energies above
the energy range of the MPPC.
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To account for the temperature dependence of the MAPD and to double check that the
MPPC is truly temperature independent, the calorimeter has a light monitoring system.
The system comprises two LEDs, which are temperature dependent, and two PIN diodes.
In contrast to the LEDs the PIN diodes are temperature independent. In normal operation
mode every 10 minutes or 20000 events (whichever comes �rst) a series of LED signals on
the MPPC side is injected. It is then transported to the PIN diode and the WLS �bers
by a plastic rod. The signal is then detected by the MPPCs and the MAPDs. The ratio
between the PIN diode and the SiPM signal should be constant if the SiPM is temperature
independent.

For an ideal calorimeter the energy resolution depends on energy as σ(E) ∝
√
E. It

depends only on the statistical �uctuations in the ionization. The PEBS calorimeter is
not ideal, the SiPM response depends on the number of generated photons and worsens with
increasing energy due to saturation e�ects. There may be other manufacturing imperfections
causing the resolution to degrade, such as the glue used for attaching the WLS �ber, light
collection di�culties when particles enter at one of the ends of a strip, ampli�er non-linearity,
etc. Generally the relative resolution of the calorimeter may be described as:

σ

E
= a⊕ b√

E
⊕ c

E
(3.6)

where the ⊕ operator represents addition in quadrature. Here parameter a is a constant term
which represents the quality of ECAL calibration and degree of homogeneity. Parameter b is
a statistical term which corresponds to Poissonian �uctuations of photon production in the
scintillators. Parameter c is a noise and pedestal term � it limits the ECAL performance
at low energies [33]. In Section 5.5 the MPPC resolution is found to be:

6.1%⊕ 17%√
E
⊕ 15%

E
(3.7)

In order to �t a function to the MAPD resolution an additional term proportional to E had
to be introduced as the resolution was found to degrade at higher energies. The MAPD
resolution is given by:

6.2%⊕ 20%√
E
⊕ 0.065%× E (3.8)

The ECAL presented in this work is a prototype developed and constructed by a collab-
oration between ETH, EPFL and RWTH Aachen. The full design should have 20 layers and
a larger area, which will increase the geometric acceptance and improve shower containment.
Thus the ECAL is not optimized for resolution but rather for a large acceptance because the
main limitation in TeV scale measurements is the particle �ux.
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Chapter 4

ECAL calibrations

Before the calorimeter can be used to measure energies it must be calibrated. What a
calorimeter actually measures is charge, which is then converted to a voltage, which in turn
is converted to a digital signal by an analogue-to-digital converter (ADC). The ADC output
must be related to a physical quantity, in this case the most probable energy deposited by
a minimum ionizing particle (MIP). Not only is the conversion factor from ADC to MIP
unique for each strip of the ECAL (due to varying gain and detector e�ciency) it also varies
along the strip because photons get attenuated in the WLS �ber. ECAL equalization is the
process of making sure that the same MIP signal is measured when a particle goes through
di�erent parts of the ECAL (see Section 4.3) and it is the �nal goal of this chapter.

To obtain the data needed for the calibration, the ECAL was taken to two test-beam
facilities at CERN. The Proton Synchrotron (PS) where protons are incident on a �xed target
to produce beams of electrons, positrons, and muons. The particle momentum is selected
by a magnetic spectrometer, which results in some beam contamination of the incorrect
particle type (e.g. positrons contaminated by protons). The Super Proton Synchrotron
(SPS) is similar to PS but two targets were used for energies between 20 and 100 GeV.
During the test-beam campaign PS was used for 0.5-10 GeV and SPS for 20-180 GeV.

4.1 Pedestal subtraction

During normal ECAL operation some events are recorded without any particles passing
through the detector to be able to record the pedestal. The pedestal is the ADC value
corresponding to the absence of signal. This value is not set to zero because one must be
able to measure negative noise �uctuations, although negative output values are not possible.
It also o�ers diagnostic possibilities such as making sure that the polarity is correct (wrong
polarity would result in particles having energies smaller than the pedestal value). The
pedestal must be subtracted from each event before any analysis can be done. Its value is
unique for each channel and, as shown later, varies with time.
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4.1.1 Beam �ltering

During the test beam particle events are sometimes confused as pedestal events. There are
two cases:

Case 1) Particle events are labeled as pedestals due to a lag in the particle type �ag in the
data acquisition system. Thus the �rst events of the next type have the wrong label.
Case 2) By coincidence, pedestals occur at the time of a spill. A spill is when particles
are directed from the main accelerator to the beam-pipe of the experiment. It lasts a few
seconds and occurs periodically.

Case 1 is synchronous with the trigger, so the full energy of the particle is recorded. If the
particle does not shower this typically corresponds to 1 MIP (∼ 20 ADC for MPPC). Case 2
is asynchronous with the beam particles because a random trigger is used for pedestals. This
means that only a part of the deposited energy is recorded by the data acquisition (∼ 5 ADC
for MPPC). It is also possible that LED events (used for temperature calibration) are tagged
as pedestal events. These typically have very high ADC values.

To reduce the number of misidenti�ed pedestal events it is possible to make use of the
periodicity of the accelerator. If the time when the next spill should occur is known it is
possible to veto all pedestal events within a certain window of that time. So when a certain
number of particles ("bunch size") passes through the detector in less than a certain time
("bunch time") then this is recognized as a spill and thus any pedestal occurring a multiple
number of "spill periods" later within a certain asymmetric window is discarded. The reason
for an asymmetric window is that a spill has a certain duration and the time of arrival of
the last particle bunch of that spill is the time from which a multiple number of "spill
periods" is counted. Thus the "lower window" is larger than the "upper window" by a time
corresponding roughly to the duration of the spill. These variables are summarized in Table
4.1.

Accelerator bunch size bunch time [s] spill period [s] lower window [s] upper window [s]

SPS 5 0.05 46.8 10.0 2.0
PS muons 10 0.005 43.2 2.5 2.0
PS other 10 0.01 45.7 2.5 2.0

Table 4.1: A summary of the variables used for pedestal beam �ltering. Bunch size is the
number of particles passing through the detector within a certain bunch time. Spill period is
the accelerator periodicity. Lower window and upper window de�ne the time interval when
pedestal events are discarded.

The procedure described above does not help against confusing LED events with pedestal
events (Case 1). In order to reduce the LED contamination it is possible to set a threshold
for all MPPC channels. Thus, if a pedestal event has an ADC value higher than the threshold
(490 ADC) in at least 1 of the 384 channels then this pedestal is discarded for all 800 channels.

26



CHAPTER 4. ECAL CALIBRATIONS

This works quite well since the highest MPPC pedestal ADC is 480 and a random �uctuation
to 490 corresponds to approximately 10 standard deviations of a Gaussian.

The results after applying the periodicity and the threshold �ltering are shown in Figure
4.1. It is worth noting that 2 of the pedestals are still contaminated. A sophisticated pedestal
�tting technique described in Section 4.1.2 resolves this problem.
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Figure 4.1: Individual event pedestals for all 384 MPPC channels are shown for each step of
the beam �ltering procedure. The data corresponds to 3 muon runs at PS. Pedestals that
are not discarded by beam periodicity are cleaned up by setting a upper threshold. Here
pedestals can only take integer values, thus they appear as lines. In the upper left and upper
right �gures pedestals appear as boxes due to the zoom scale.
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4.1.2 Pedestal �tting

The remaining contamination of the pedestals can be modeled as minimum ionizing parti-
cles (MIPs) since any showering particle can be easily excluded based on its high energy
deposition. In a thin layer of material (sampling ECAL scintillator) a MIP deposits energy
according to the Landau distribution. Due to the resolution of the detector, this Landau
distribution is smeared with a Gaussian. The result is a convolution between Gaussian and
Landau distributions (LanGaus). Thus one must �t a regular Gaussian distribution corre-
sponding to the pedestal plus a LanGaus convolution corresponding to the contaminating
MIPs. Note that the asynchronous nature of Case 2, causes a degradation of the Landau
signal. To accommodate this would require a detailed Monte Carlo study which is beyond
the scope of this work.

A preliminary single Gaussian �t is done before performing the �nal LanGaus �t to
eliminate most of the Case 1 contamination. It also provides starting values as well as
parameter limits, greatly increasing the stability of the �ts which can be an issue because
the LanGaus convolution plus a Gaussian is a function of 7 parameters. The convolution is
performed approximately; it is summed only to 4 sigma (CSigma parameter). The �tting is
done by χ2 minimization and if the number of degrees of freedom is 0 then a single Gaussian
�t is performed instead. This occurs whenever there are 7 or fewer bins. The results of the
�ts for MPPCs are shown in Figure 4.2. As can be seen, the most troublesome part of the
contamination comes from Case 2.

ped_hist_conv
Entries 964
Mean 368]6
RMS 2]594

LWndf2χ 12]26WLW12
CWidth y]1319±y]4714
CMP y]4±371
CArea 27]6±2yy]1
CSigma y]332±1]y16
GNorm 12]5±258]7
GMean y]1±367]6
GSigma y]y57±1]173

pedestalWvalueW[ADC]
36y 365 37y 375 38y 385 39y 395

ev
en

ts

y

5y

1yy

15y

2yy

25y

ped_hist_conv
Entries 964
Mean 368]6
RMS 2]594

LWndf2χ 12]26WLW12
CWidth y]1319±y]4714
CMP y]4±371
CArea 27]6±2yy]1
CSigma y]332±1]y16
GNorm 12]5±258]7
GMean y]1±367]6
GSigma y]y57±1]173

PedestalWLanGausConvWlayerW1yWstripW12
ped_hist_conv

Entries 756
Mean 421]3
RMS 1]131

LWndf2χ y]1321WLW2
CWidth y]1y36±y]2123
CMP y]2±422]9
CArea 25]yy±92]64
CSigma 2]y817±y]3588
GNorm 17]y±333]4
GMean y]1±421
GSigma y]y436±y]8y23

pedestalWvalueW[ADC]
41y 415 42y 425 43y 435 44y

ev
en

ts

y

5y

1yy

15y

2yy

25y

3yy

ped_hist_conv
Entries 756
Mean 421]3
RMS 1]131

LWndf2χ y]1321WLW2
CWidth y]1y36±y]2123
CMP y]2±422]9
CArea 25]yy±92]64
CSigma 2]y817±y]3588
GNorm 17]y±333]4
GMean y]1±421
GSigma y]y436±y]8y23

PedestalWLanGausConvWlayerW7WstripW12

Figure 4.2: Two examples of LanGaus convolution �ts for the MPPC. CWidth, CMP (most
probable value), CArea and CSigma are parameters of the Landau-Gaussian convolution
(black). GNorm, GMean and GSigma are parameters of a regular Gaussian distribution
(blue). The total distribution is shown in red. The �nal pedestal value is GMean, corre-
sponding to the mean of the Gaussian which is not convolved. Note that CMP is close but
not exactly the peak of the LanGaus distribution due to the way the Landau distribution is
implemented in ROOT.
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Performing the convolution is very CPU intensive, it is thus useful to look for an approx-
imate method. The approximate method involves �tting a double Gaussian distribution.
LanGaus �ts are later used for deriving the attenuations lengths of strips and deriving the
ADC to MIP conversion coe�cients Section 4.3.2 (here precision is crucial). The double
Gaussian �t is used in all other cases. An example of the double Gaussian �t is shown in
Figure 4.3. One can see that it is accurate to ± 0.1 ADC when the GMean from the LanGaus
�t is taken as the pedestal's true value. The χ2/ ndf ratio is generally lower for the LanGaus
�t. This supports the hypothesis that the distortion of the pedestal is due to MIPs that
deposit energy as the Landau-Gaussian convolution.
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Figure 4.3: Two examples of a double Gaussian �t for the MPPC. Total distribution in
red. The Gaussian with the lowest mean is taken as the true pedestal. In this case this
corresponds to Mean1 parameter.

LanGaus convolution �ts are done for the MPPCs only, since the gain of the MAPDs is
so low that MIPs produce a very small signal resulting in a too small number of bins (thus
0 degrees of freedom). Therefore, a single Gaussian �t, such as the one shown in Figure 4.4
is done for the MAPDs.
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Figure 4.4: An example of a single Gaussian �t used for all of the MAPDs. It can be seen
that there is little or no asymmetry in the pedestal distribution. The mean of the Gaussian
is used as the true pedestal value.

4.1.3 Pedestal width

During muon tracking, see Section 4.2, it is important to distinguish the low amplitude MIP
signal from pedestal �uctuations. Thus a threshold must be set for the MPPC. In order to
have a better understanding of this threshold and the general quality of the LanGaus �ts
the variation in the width of pedestals is investigated.

The pedestal width for MPPC corresponds to the GSigma as shown in Figure 4.2 and for
MAPD to Sigma as shown in Figure 4.4. Figure 4.5 shows the distribution of the pedestal
RMS in the beginning and the end of the PS test beam which corresponds to a time di�erence
of approximately 5.5 days. When comparing the upper and lower panels it can be seen that
the distribution is stable.

From Figure 4.5 it seems that the pedestal RMS distribution consists of 2 distributions.
The rightmost peak corresponds to MPPCs located in layers 9-16. There is no reason why
pedestals in the deeper layers should be more contaminated than in the �rst layers because
run 183 corresponds to a beam of muons, which do not shower. In fact, run 268 corresponds
to 3 GeV/c electrons which always shower in the �rst layers but the right panel shows no
signi�cant di�erence between run 183 and run 268.

The MAPD shows similar behavior but it seems that some of the lower MAPD channels
are also a�ected. Generally the MAPD has a 0.1 ADC larger width, which could be due to
the fact that only a single Gaussian was used for the �tting.
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Figure 4.5: whole �gure: The time interval between top and bottom panels is approximately
5.5 days. Here "other channels" correspond to the 32 PIN diode channels. Run 183 is muons
and run 268 is 3 GeV/c electrons. left panel : The distribution of pedestal RMS values. right
panel : The pedestal RMS as a function of channel number. It seems that certain groups of
channels with channel number higher than 200 (for MPPC) or higher than 550 (for MAPD)
have a larger RMS. This cannot be explained by pedestal contamination and could be due
to the electronics.

To further investigate the structure in the higher channels, pedestals during an LED
calibration run (with no particle spills) were taken. Here the only possible contamination of
pedestals is their confusion with LED events or chance coincidence with cosmic ray muons.
Since the �ux of cosmic ray muons is very small, a single Gaussian was �tted to both the
MPPC and the MAPD. The resulting pedestal RMS distribution is shown in Figure 4.6.
The spikes in the higher channels have not disappeared but the MPPC peak has shifted to
the right by 0.15 ADC and now almost coincides with the MAPD peak. This strengthens
the hypothesis that these structures are not caused by particle contamination and could be
an intrinsic property of those particular channels. Another important point is that since
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the MPPC pedestal RMS is larger for the single Gaussian �t than the LanGaus �t, the
Landau-Gaussian convolution must be arti�cially causing the pedestal to look narrower. In
turn this implies that the pedestal value derived from the �t is underestimated.
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Figure 4.6: whole �gure: Here "other channels" correspond to the 32 PIN diode channels.
left panel : The distribution of pedestal RMS values for data without accelerator spills. The
MPPC pedestal RMS has increased by 0.15 ADC. right panel : The pedestal RMS as a
function of channel number. The spikes in higher channels have not disappeared. There are
no particle events during this run so the spikes are not due to pedestal contamination.

4.1.4 Pedestal mean

Unfortunately it is not possible to record the pedestal for each channel during a run with
no particles and then use this value for test-beam runs. The mean of the pedestal for a
given channel changes quickly with time, so the only way to subtract pedestals accurately
is to measure them several times during a run. The right panel of Figure 4.7 shows how
the pedestal changes between two consecutive runs while the left panel shows the pedestal
change when comparing PS to SPS. This is an expected e�ect because 1 V corresponds to
4096 ADC and thus 1 ADC is 0.24 mV. This is a very small potential di�erence and changes
in the grounding scheme can easily cause greater di�erences than 1 ADC count. It is also
apparent that the pedestals are typically grouped in groups of 12 or 24, which corresponds
to the periodicity of ampli�er connections.
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Figure 4.7: left panel: Pedestal di�erence between PS and SPS. The di�erence is very large
and the grouping of pedestals into groups of 12 and 24 is visible. right panel: Pedestal
di�erence between two consecutive runs at PS. This large di�erence makes it necessary to
measure pedestals several times per run.

4.2 Muon tracking

It is necessary to accurately reconstruct the tracks of incident muons in order to be able to
equalize the ECAL. This is possible because the strips of the adjacent layers of the ECAL
are perpendicular to each other. Since each layer contains 24 strips, each strip can be split
into 24 segments, which allows 16√

12
= 4.6 mm tracking precision (follows from the uniform

distribution). As a result there are 16 × 24 × 24 = 9216 (layers×strips×segments) possible
locations in the ECAL. In Section 4.3.2 an MPPC and an MAPD ADC to MIP conversion
coe�cient is found for each location.

4.2.1 Center of gravity

First, a suitable MPPC pedestal threshold is set and all channels having lower ADC values
are set to zero. The pedestal threshold used is 0.5×CMP where CMP is the most probable
energy deposition by a MIP. CMP is unique for each strip and is derived in Section 4.2.4.
The following tracking criteria are applied before the center of gravity (COG) is calculated:

1) No more than 2 hits are allowed per layer.
2) If a layer has 2 hits then they must be adjacent.
3) At most 4 layers with no hits are allowed unless the �rst hit strip is strip 24. Strip 24 is
at the edge of the ECAL and particles entering the ECAL at the edge will leave the ECAL
due to the tilt. Set -2 �ag for layers with no hits.
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Then the COG is found for each layer and used for track reconstruction as described below.

4.2.2 Non-tilted tracking

To �nd the muon track in the even layers with 4.7 mm precision the following procedure is
used:

1) Scan all layers and �nd the most left and most right strips hit. If they are greater than 1
strip apart (e.g. strip 1 and strip 3) then discard the event. Thus muons are required to be
parallel to the beam.
2) Find the number of times the left and the right strips were hit.
3) At the point of transition from left to right choose left or right depending on the number
of hits. If number of hits is the same, choose randomly.
4) If both of the adjacent layers to the layer in question have no hit then coordinate cannot
be found. Set coordinate to -2 as a �ag.

The procedure is summarized in Figure 4.8 and its result is shown in Figure 4.9.

xxx
xxxx R
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xxxx
xxx

x

xxxx? xx?

Figure 4.8: Three examples of non-tilted tracking. Red squares are hit strips, the "X" are
reconstructed coordinates of odd layers, "?" represents cases when coordinates cannot be
determined.
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Figure 4.9: Tracking for the odd layers of the ECAL where the non-tilted algorithm has been
applied. All of the muon scans are included so the resulting distribution is not the beam
pro�le. It can be seen that the muon distribution is stable throughout the ECAL layers (no
shift of the peak). The location for events without hits in these layers is set to -2 as a �ag.

4.2.3 Tilted tracking

During all of the relevant runs in the test beam, the odd layers of the ECAL were tilted by
an angle θ with the hope to achieve 16

7
√

12
= 0.67 mm tracking precision in the even layers

(where �rst layers is layer 1). The intended ECAL setup is shown in Figure 4.10 as seen
from the top. It was however impossible to set the angle very accurately due to mechanical
constraints. As a result the 0.67 mm precision is unachievable but the tilt angle θ must still
be accounted for.
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Figure 4.10: A schematic view of the intended ECAL tilt where θ is the tilt angle. The strips
in the odd layers (black and red) are tilted and numbered. The strips in the even layers are
perpendicular to the odd ones. Purple are the coordinates along the even layer strips. Green
and blue are two example muons with their reconstructed coordinates using Formula 4.1.

If the real setup had corresponded to the intended one in Figure 4.10 then the location
of the particle in the even layers would be given by the following formula:

xeven = 16× e_strip+

(
even

2
− odd− 1

2

)
× 16

7
(4.1)

where even is the number of the even layer, odd is the number of the �rst odd layer where
the interacting particle has gone to a neighboring strip and e_strip is the entrance strip.
The factor of 16 corresponds to the strip width in mm and the factor of 7 corresponds to
the number of intervals between all odd layers. The intended tilt angle θ is:

θ = arctan
16

7× 20
= 6.52◦ (4.2)

where factor 20 corresponds to the distance in mm between two consecutive odd layers.
It is important to check if the intended tilt angle corresponds to the actual tilt of the

ECAL because this angle was di�cult to measure accurately during the test beam. In order
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to do this the angular distribution of tracks was measured for the even layers. The angles
were found by �tting a straight line to the COG in each even layer.

In order to �nd the tilt of the ECAL from the measured angular distribution a toy Monte
Carlo was used. The starting point of a track was drawn from a uniform distribution ranging
from 0 to 16 (corresponding to strip width). Then the angle of the track was drawn from a
Gaussian where the mean corresponds to the tilt of the ECAL and the sigma to the angular
distribution of particles in the beam of the accelerator. The resulting tracks were quantized
so that the values were rounded to the nearest strip center e.g. 15 mm rounded to 8 mm and
19 mm rounded to 24 mm. The quantized tracks were then �tted with a straight line. This
was repeated several times until the toy MC parameters were correctly tuned to reproduce
the measured angular distribution. The tuning was based on reproducing two criteria:

1) the ratio of the total number of events and events having 0◦ angle
2) the ratio between 0◦ and 10.2◦ angles

The results are shown in Figure 4.11 giving a tilt of 6.07◦. The continuous part of
the measured distribution is generated by events depositing energy in 2 adjacent strips. It
consists of only a small fraction of events and is not taken into account in the toy MC.
Angles 0◦ and 10.2◦ do not have any signi�cant continuous component, thus the toy MC
should produce quite accurate results when these angles are used for the tuning.
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Figure 4.11: The measured angular distribution for the even layers and the tuned toy MC
result. The continuous component corresponds to particles depositing energy in adjacent
strips which, for simplicity, is not modeled in the toy MC. The "angle" corresponds to the
tilt of the ECAL and "sigma" to the angular distribution of particles in the beam.

Unfortunately the measured tilt of 6.07◦ (error is < 0.01◦ since the resulting distribution
is very sensitive to the angle) does not correspond to the intended tilt of 6.52◦ as derived in
Formula 4.2. As a consequence the correct position of the track in the even layers is given
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by:

xeven = 16× e_strip+

(
even

2
− odd− 1

2

)
× 20 tan 6.07◦ (4.3)

the resulting muon tracks are shown in Figure 4.12. Events where |e_strip − odd| > 1
have been discarded since they are not parallel to the beam. Events that do not go to
a neighboring strip because the tilt angle is not as intended are given a �xed coordinate
between the smallest value of Formula 4.3 and the start of the entrance strip. This produces
arti�cial gaps in the track distribution.
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Figure 4.12: Tracking for the even layers of the ECAL where the tilted algorithm has been
applied. All of the muon scans are included so the resulting distribution is not the beam
pro�le. It can be seen that the muon distribution shifts throughout the layers which is due
to the tilt of the ECAL. The arti�cial gaps are due to the tilt angle not being set as intended.
The location for events without hits in these layers is set to -2 as a �ag.

4.2.4 Choosing the ADC threshold

It is necessary to set a noise threshold for each MPPC channel. Several di�erent approaches
are studied here. What they have in common is that the threshold is chosen so that the
maximum possible number of muons survives the tracking criteria. The approaches are then
assessed according to the number of surviving events and the distribution of missing hits
throughout the ECAL. Events are allowed to have 4 layers with no hits. It is expected that
the distribution of missing hits as a function of layer number is �at.

Constant threshold for all channels. The highest selection e�ciency was achieved by
setting a constant threshold of 13 ADC for all channels. The selected and rejected events are
shown in Table 4.2. It can be seen that the selection e�ciency is rather low when compared
to the other approaches. Furthermore, the left panel of Figure 4.13 shows that earlier layers
have more events with no hits than deeper layers. Therefore this approach is not favorable.
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Approach Threshold e�ciency [%] selected too many hits no hits not adjacent not parallel

Constant 13 ADC 39.7 217470 57437 172384 87256 13077
Pedestal RMS 13× RMS 45.1 246865 56341 149969 79537 14912

CMP 0.5× CMP 46.9 256908 55168 146650 73564 15334

Table 4.2: The three approaches of selecting the ADC threshold for the muon tracking are
summarized. "Too many hits" = more than 2 hits in a layer. "No hits" = more than 4 layers
with no hits. "Not adjacent" = a layer with 2 hits that are not adjacent. "Not parallel" =
the reconstructed track is not parallel to the beam.
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Figure 4.13: The distribution of the missing hits in layers as a function of layer number after
all of the tracking selection criteria have been applied. Events interacting in strip 24 (edge
of ECAL) have been excluded. Di�erent threshold settings are considered. The only method
resulting in a �at distribution is the CMP.

Proportional to pedestal RMS. It is possible to use the information about the width
of the pedestals obtained in Section 4.1.3. A unique threshold of 13×RMS was set for each
channel, which resulted (see Table 4.2) is a much higher selection e�ciency than the constant
approach. However, such a threshold is statistically too high since 13 sigma �uctuations
cannot be caused by random noise. Additionally, the missing hits distribution (see Figure
4.13 is not �at, which implies that the gain of the MPPC is not proportional to the pedestal
RMS. This approach is disfavored.

Proportional to Convoluted Most Probable value (CMP). Using the MPPC
pedestal RMS as a unique proportionality constant for each channel does not yield a suf-
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�ciently �at "missing hits" distribution. A better approach is to perform a preliminary
tracking with a lower 9 × Pedestal RMS threshold (chosen by inspection to be as low as
possible and have 20% selection e�ciency). Although the selection e�ciency is low the
method is good because it only cuts a small part of the MIP energy distribution. After the
preliminary tracking selection has been made (thus all contaminating events are discarded)
each MPPC channel is �tted with a Landau-Gaussian convolution. The �t is made several
times, increasing the threshold by steps of 1 ADC until there is no contamination from the
pedestal. The peak of the �tted distribution, shown in Figure 4.14, is then used as a unique
proportionality constant for each MPPC channel. As seen in Table 4.2, this results in a high
selection e�ciency and Figure 4.13 shows that the "missing hits" distribution becomes �at.
Based on these considerations this approach is chosen for the muon tracking.

Note that the high χ2 in Figure 4.14 is due to the fact that a Landau-Gaussian convolu-
tion does not take into account additional smearing of the energy distribution due to light
attenuation along the WLS �ber. This important e�ect is discussed in Section 4.3.
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Figure 4.14: whole �gure: The energy deposited by muons is �tted with a Landau-Gaussian
convolution. The peak is used as a unique proportionality constant for each channel. Note
that the CMP parameter in the statistics box does not correspond to the exact position of
the peak due to the implementation of the Landau distribution in ROOT. left panel: Typical
example of a channel with low gain. right panel: Typical example of a channel with high
gain.

4.3 ECAL equalization

ECAL equalization is the process of making the response of the ECAL independent of po-
sition. This means that one must measure the same energy for a muon passing through
the center of the ECAL as for a muon passing through the edge. The �rst inhomogeneity
of the ECAL is that the gain of all MPPCs and the MAPDs is di�erent, so they must be
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normalized to the MIP signal. The second comes from the fact that as light travels along the
WLS �ber, shown in Figure 4.15, towards the MPPC or the MAPD some of this light is lost,
and thus the attenuation of each strip must be found. The third is due to light lost in the
interface between the scintillator and the WLS �ber due to gluing imperfections. The last
signi�cant inhomogeneity occurs at the edges of each strip as it becomes di�cult to collect
light into the WLS �ber.
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384 mm

16 mm

360 mm

24 mm

Figure 4.15: An illustration of the e�ect of WLS �ber attenuation. Here a muon interacts
in the segment with a cross which leads to a lot more light arriving at the MPPC than the
MAPD because of the di�erence in distance. This e�ect also leads to two muons interacting
on either sides of a strip, depositing di�erent energies in the same detector.

All of these inhomogeneities are closely studied in this section. This is done by two
approaches di�ering in how the MAPD ADC to MIP conversion coe�cients are found. The
�rst uses muon tracking to derive both the MPPC and the MAPD coe�cients for each
segment (24 segments) of each strip. The second method uses MPPC coe�cients derived
from muon tracking together with the information from the two LED signals in each layer,
needed for �nding the ratio of the gains between MPPC and MAPD and the attenuation
length of the WLS �ber, to �nd the MAPD coe�cients.

4.3.1 LED

One can use the LED system to �nd the ratio between the gains of the MPPC and the
MAPD as well as the attenuation length of each strip. Once such a procedure is done it is
still necessary to calibrate the MPPC to the absolute MIP signal. The setup is shown in
Figure 4.16.
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Figure 4.16: A schematic view of the setup used for �nding the gain ratio between MPPC
and MAPD, and the attenuation length of each strip. Since the plastic rod is perpendicular
to the �ber it is assumed that 50% of the light from the LED travels towards the MPPC
and towards the MAPD.

An assumption that one makes is that the LED light traveling along the plastic rod
spreads equally to the MPPC side and the MAPD side. The result is that if the light is
coming from the MPPC side then to get to the MAPD it will be attenuated due to the
additional distance of 384 mm and vice versa for the MAPD. This leads to the system 4.5
with two equations and two unknowns (gain ratio and attenuation length). Let L1 be the
intrinsic strength of the MPPC LED and L2 of the MAPD LED. Let S1MPPC, S1MAPD and
S2MPPC, S2MAPD be the signal measured by MPPC and MAPD when MPPC LED or MAPD
LED is active. Let GMPPC and GMAPD be the gains of the MPPC and the MAPD respectively.
Let A be the relative attenuation, common for MPPC and MAPD, and R be their gain ratio.
This leads to the following system of equations:

S1MPPC = GMPPCLMPPC

S1MAPD = A×GMAPDLMPPC
S2MPPC = A×GMPPCLMAPD
S2MAPD = GMAPDLMAPD

(4.4)

this can be simpli�ed to yield:{
S1 = S1MPPC

S1MAPD
= GMPPC

A×GMAPD = R
A

S2 = S2MPPC

S2MAPD
= A×GMPPC

GMAPD
= R× A

(4.5)

The solution for R is given in Formula 4.6 and the solution for A in Formula 4.7.

A =

√
S2

S1

(4.6)
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R =
√
S1 × S2 (4.7)

Following this procedure the gain ratio and the attenuation of each strip is found. To
minimize the error due to the poor discretization of the MAPD (low gain), the runs with
the highest LED emission settings were used. The resulting attenuation lengths in mm are
shown in Figure 4.17. The results are in good agreement with expectations, since previous
tests show that the attenuation length for the WLS �ber is around 1000 mm [36]. A possible
reason why a few strips have much shorter attenuation lengths is that some of the WLS �bers
might have been damaged. The larger attenuation lengths are more di�cult to explain but
may be due to systematic e�ects introduced by the low gain of the MAPD. It has been
seen that for lower LED emission settings the RMS and the mean of the attenuation length
increase.

It must be pointed out that although the attenuation lengths and gain ratios derived
from this procedure can be used to equalize the response within a single strip, they cannot
be used to equalize the response between two neighboring strips. In fact, the attenuation
lengths derived here do not take into account light losses that vary from segment to segment
of a strip. It is thus necessary to use muon tracking to derive an ADC to MIP conversion
coe�cient for every segment of every strip as done in Section 4.3.2.
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Figure 4.17: The attenuation length for every strip of the ECAL. The data set with the
highest LED emission was used. The mean corresponds well to the expected 1000 mm
attenuation length for the WLS �ber.
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4.3.2 MIP calibration from muon tracking

The data from muon tracking in Section 4.2 is used to �nd the ADC to MIP conversion
coe�cients for every segment of every strip of the ECAL (a total of 9216 coe�cients). For
every segment only events with a signal above the threshold found in Section 4.2.4 are
considered. For the MPPC, in order to avoid the Landau tail, only events in the lower 85%
quantile are considered. The number of remaining events varies from as few as 10 (at the
edge of the ECAL) to as many as 1000 (at the center of the ECAL). Therefore, it is not
possible to make a Landau-Gaussian convolution �t as it would often be inaccurate and
unstable. The approach taken here is to use the mean. The results are shown in the left
panel of Figure 4.18 where they are compared to the attenuation length derived from the
LED method.

A similar procedure is followed for the MAPD but it is the ratio of the means µMAPD/µMPPC
which is found and only the upper 25% quantile of the MAPD events are used. The reason
for using the ratio is that the light losses upon entrance into the WLS �ber cancel out so,
theoretically, this should give a better agreement with the attenuation lengths measured by
the LED. Also, the discretization of the MAPD signal is very poor at low energies and using
the ratio remedies this problem. The drawback is that this makes the MAPD calibration
a�ected stronger by the ampli�er non-linearity (see Section 5.2) as it includes both the non-
linearity of the MPPC and the MAPD ampli�ers. The results are shown in the right panel
of Figure 4.18.
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Figure 4.18: whole �gure: Extraction of ADC to MIP conversion coe�cients by using muon
tracking. The errors are the standard error of the mean for each data point. The two data
points on either edge are always excluded due to poor light collection. left panel: Two
examples of ADC to MIP conversion coe�cients for the MPPC. The red and the blue lines
are, respectively, an exponential �t and an exponential �t with the slope set by the LED
attenuation length. The slope is the inverse of the attenuation length. right panel: Two
examples of the ratio between ADC to MPPC and MAPD MIP conversion coe�cients. Half
the slope is the inverse of the attenuation length.

From Figure 4.18 it can be seen that the agreement between the attenuation lengths
derived by the LED method and the attenuation lengths derived from muon tracking is
often poor. For example, the bottom left panel shows an attenuation of 828 mm according
to the LED and 1948 mm according to the muon tracking. A possible explanation for this
discrepancy is the dip seen in the right part of the �gure. This dip could be caused by damage
or gluing imperfection of the WLS �ber. This impedes light capture from the scintillator
into the WLS �ber and results in a �t with a smaller slope. Figure 4.19 shows a �t only to
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the left side of the strip which results in a good agreement with the LED attenuation length.
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Figure 4.19: The red line is a �t to a portion of the ADC to MIP conversion coe�cients
for the MPPC as derived from muon tracking. The resulting attenuation length is 917 mm.
The blue line is a �t to all of the data points with �xed slope corresponding to the LED
attenuation length of 828 mm. This supports the hypothesis that the WLS �ber may be
damaged (or badly glued) around the middle of the strip, which is further supported by the
fact that the last two data points make a signi�cant jump upwards signaling that there is
less damage in that region of the �ber.

The µMAPD/µMPPC ratio in the bottom right panel of Figure 4.18 results in an attenuation
length of 1048 mm which is acceptable, however the upper right panel shows an attenuation
length of 3037 mm which is very far from the expected value of 1000 mm. The main di�erence
between the upper right and the lower right panels is that strip 13 is exactly at the center
of the ECAL, whereas strip 10 is 2 strips away.

How the position of a strip a�ects the attenuation length is investigated in Figure 4.20
where the left panel shows the correlation between the MPPC and LED attenuation lengths
and the right panel shows the correlation between MAPD and LED attenuation lengths.
From the upper panel it can be seen that when all of the strips in the ECAL are considered
then the MAPD has a much larger spread in the attenuation length. However, when only
the 4 central strips (strips 11-14) are used then the attenuation length derived from the
MAPD seems to have less scatter and a much higher correlation coe�cient (de�ned as
cov(x, y)/σxσy). There are a few outsider values but the core of the distribution is much
denser than in the MPPC case. This suggests that the attenuation lengths derived from the
MAPD are sensitive to statistics and that only the central strips have enough statistics to
give results in agreement with the LED.
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Figure 4.20: left panel: Correlation plots for the MPPC tracking versus the LED. No cor-
relation is seen in both plots and both plots show large scatter, although the scatter of the
central strips is less (better statistics). right panel: Correlation plots for the MAPD/MPPC
ratio derived attenuation lengths versus the LED. For all strips the scatter is very large and
the mean increases. However, the central strips produce a distribution with a core denser
than the distribution produced by the MPPC. This suggests that the MAPD/MPPC ratio
cancels the light loss upon entrance into the WLS �ber which results in an attenuation length
closer to the LED method. MAPDs broken at PS have been excluded, see Section 5.3.3.

The analysis presented here shows a signi�cant discrepancy between the attenuation
lengths derived from muon tracking and those derived using the LED setup. It is clear that
the LED method does not take into account light capture from the scintillator into the WLS
�ber and signi�cant variation in capture e�ciency is seen from the muon tracking method.
This variation could be caused by gluing imperfections or �ber damage so a revision of the
�ber gluing technique is advised. On the other hand, the muon tracking is more complex
and thus is more likely to su�er from statistical and systematic errors, especially due to
ampli�er non-linearity and the absence of temperature calibration of the MAPD. In order to
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be able to decide which of the methods to use, one must look at the total deposited energy
correlation between MPPC and MAPD.

4.3.3 Correlations

All of the correlation plots shown in this section are produced using positron runs. The
positrons cannot be tracked like muons since they shower almost immediately. Therefore,
another method is required to decide which ADC to MIP conversion coe�cient must be
applied in each layer. First the segments of the strip hit are determined by the strips hit
in the previous layer (which are perpendicular). If no strips are hit, then the layer after is
used. After the elements are determined the average ADC to MIP conversion coe�cient is
found by weighing these elements with their ADC values. The procedure is repeated 5 times
for accuracy using the converted MIP values as input. Unlike the muon tracking where only
the MPPC is used, this procedure is done separately for the MPPC and the MAPD.

The quality of the derived ADC to MIP conversion coe�cients is evaluated by making
a correlation plot between the total energy deposited as measured by the MPPC and the
MAPD. For low energies, where the MPPC does not saturate, the energy (in MIP) measured
should be the same. The left panel of Figure 4.21 uses MAPD ADC to MIP conversion
coe�cients derived from muon tracking in Section 4.3.2 and the right panel uses MAPD
ADC to MIP conversion coe�cients derived from the LED signals in Section 4.3.1. Note
that in both cases the MPPC coe�cients are derived from muon tracking.

In both the muon tracking and the LED cases there is a di�erent slope in the 2.5 GeV
run which is �xed by applying a simple temperature correction. This is done by measuring
the ratio between the most probable value of the LED signal (during a particular run)
as measured by the MPPC and the MAPD, and normalizing it to the ratio measured for
another run. As stated earlier, the MAPD is temperature dependent while the MPPC is
not, so the measured LED ratio will change with temperature (and thus from one test-beam
run to another). The temperature corrected correlation plots are shown in the lower panel
of Figure 4.21. Now the 2.5 GeV run has the same slope as all other energies. At 10 GeV
the slope increases, which can be explained by MPPC saturation.

There is signi�cantly less scatter, quanti�ed by the χ2, in the muon tracking approach.
Additionally, the MAPD has a better energy measurement resolution (not shown) for this
approach. Thus the ADC to MIP conversion coe�cients as derived from muon tracking
alone are more accurate.
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Figure 4.21: whole �gure: Correlation plots for the total deposited energy in the whole ECAL
as measured by the MPPC and the MAPD in the units of MIP. Here 4 test-beam runs with
positrons at energies 0.5, 2.5, 5 and 10 GeV are shown. During the �tting Poisson errors
were assumed. left panel: The ADC to MIP conversion coe�cients used are derived from the
muon tracking in Section 4.3.2. right panel: The MPPC ADC to MIP conversion coe�cients
are derived from muon tracking but the MAPD coe�cients are derived from LED method in
Section 4.3.1. bottom panel: The temperature dependence of the MAPD has been corrected
by normalizing the MAPD/MPPC LED signal ratio to the 2.5 GeV run. The muon tracking
results in a signi�cantly lower χ2 and thus less scatter.

For high energies making MPPC to MAPD correlation plots is meaningless because the
MPPC saturates. To get an understanding of the high energy behavior the MAPD ADC to
MIP correlation is plotted for the muon tracking and the LED method in Figure 4.22. It
can be seen that the LED method has slightly more scatter. No anomalies can be seen.
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Figure 4.22: whole �gure: Correlation plots between the total deposited energy as measured
in ADC and in MIP for the MAPD. Here 176.6 GeV positrons were used. There are no
anomalies and the amount of scatter is less for muon tracking (smaller χ2). left panel: ADC
to MIP conversion coe�cients are derived from muon tracking. right panel: The MPPC ADC
to MIP conversion coe�cients are derived from muon tracking but the MAPD coe�cients
are derived from LED method.

4.4 Other calibration methods

Several other methods of equalizing the ECAL and inter-calibrating the MPPC and MAPD
signals are possible. The simplest has already been discussed in Section 4.3.1 and involves the
LED signal. It has however been shown that it results in more scatter in the MPPC MIP to
MAPD MIP correlation plot shown in Figure 4.21. This could be because the LED signal was
not strong enough which resulted in poor discretization of the MAPD signal. Unfortunately
during this work it was not possible to retake the LED calibration data because one of the
readout boards was broken. It has recently been �xed and could in the future provide an
alternative method of relating the MAPD signal to the MPPC. The MPPC MIP to ADC
conversion coe�cient would still come from muon tracking to ensure sensitivity to WLS �ber
and gluing imperfections. The bene�t of this method is that it does not su�er from the poor
statistics of muon tracking when only the upper 25% quantile is taken for the MAPD.

During the test-beam the ECAL was scanned in the horizontal and vertical directions
with a beam of high energy (20-100 GeV) positrons. This data could be used, similar to the
LED, to inter-calibrate the MPPC and MAPD signals. The procedure consists of two steps.
The �rst is to take only low energy deposits (below saturation) in the MPPC and correlate
them to the MAPD. The second step is to inter-calibrate all strips within the same layer.
This can be done by taking the beam pro�le in each layer at each horizontal beam position
and over-laying these pro�les, shifting them to have the same peak. For a homogeneous
calorimeter all the pro�les should be the same so a multiplicative factor can be derived for
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each strip which corresponds to its deviation from the average gain in a layer. The second
step can actually be done after deriving the ADC to MIP conversion coe�cients for the
MAPD from muon tracking. It has not been investigated but it could improve the quality
of the ADC to MIP conversion coe�cients derived in this work from muon tracking alone.
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Chapter 5

ECAL energy measurement

The ECAL can be used to measure the energy of incoming particles in several ways. The
most straight forward is to measure the total deposited energy. However, this method only
works if the particle can be completely stopped in the ECAL which usually requires a very
large instrument. In this chapter the longitudinal pro�le (see Section 2.1) of an EM shower
is exploited to measure the incident energy of a particle. This method is more robust against
shower leakage and can be used for particles with much higher incident energies. At the end
of this chapter a MIP to GeV conversion coe�cient is found for the MPPC and the MAPD in
order to convert the reconstructed energy (from longitudinal pro�le) to the incident energy
of an electron/positron.

The performance of MPPC (which saturates at high energies) and MAPD (noisy at low
energies) is studied here. This is done by considering the linearity and resolution as a function
of energy. At this moment, due to di�erent systematic e�ects which are beyond the scope
of this work, it is not possible to use information from both of the detectors to measure the
energy of the incident particle. Instead, one must decide which detector is to be used in
which energy range. This is explored in this chapter.

5.1 Selecting positrons

The test-beam is not always pure and is often contaminated by protons, pions, kaons, muons
and other particles. The reason is that the original beam consists of only protons which
are then �red onto a �xed target. The collision produces many secondary particles that go
through a magnetic spectrometer which selects the correct particle momentum. Sometimes
a particle of an unwanted type is selected. It is important to have a clean sample of positrons
to not bias the MIP to GeV conversion coe�cient and to measure the resolution of the ECAL
accurately.

The total energy deposited in the ECAL can be e�ciently used to purify the beam. The
distribution of the total energy deposited by electrons (and positrons) is a Gaussian which
becomes distorted when signi�cant shower leakage occurs. This Gaussian can be used to
reject of most of the contaminating particles by selecting particles only within ±4σ of the
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mean of the Gaussian. It is a valid procedure because most hadrons do not shower and thus
deposit signi�cantly less energy.
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Figure 5.1: whole �gure: Total energy deposited by a 148 GeV positron beam at SPS. Red
are the events located ±4σ inside of the Gaussian �tted to the electron peak. left panel:

No Cherenkov selection criteria. right panel: After applying both threshold Cherenkov and
CEDAR6 selection criteria the resulting electron peak becomes sharper. In this case the
resolution of the reconstructed incident energy (by making a longitudinal �t) improves by
0.7% (absolute scale).

The result of the selection is shown in the left panel of Figure 5.1 where the �lled red part
of the histogram corresponds to the selected electrons. Another powerful way of selecting
electrons is using the Cherenkov detectors present in the beam-line of PS and SPS. Although
this results in the removal of many electrons it makes the electron sample much purer which
can be seen in the Gaussian peak becoming more pronounced as shown in the right panel of
Figure 5.1.

Threshold Cherenkov. There were two threshold Cherenkov detectors at PS and one
at SPS. The detectors are �lled with a gas and any particle traveling at a velocity faster than
a certain threshold (speed of light in the medium which is a function of the gas pressure) emits
detectable Cherenkov radiation (photons). Some runs at PS have di�erent gas pressures in
the detectors so that more types of particles can be identi�ed (e.g. muons). Figure 5.2
shows the distribution of photon energies as measured by a Cherenkov threshold detector
at PS and SPS. The pedestal is clearly identi�ed as a Gaussian centered around zero. The
reason for the peak at high ADC values is that the detector saturates. Once events that
do not produce Cherenkov radiation are rejected the resolution of the energy measurement
improves. Threshold Cherenkov cuts are summarized in Table 5.1. Note that for 20 GeV
positrons no threshold Cherenkov cut can be set because the pressure was too low thus
resulting in insu�cient Cherenkov light.
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Figure 5.2: Typical cuts for threshold Cherenkov at PS and SPS. Cuts were chosen by
inspection to give the best energy measurement resolution. At SPS the Cherenkov signal
is mixed with the pedestal. In fact, the pedestal is not stable which causes it to consist of
several Gaussians around 0 (shown in red and purple). To avoid the purple pedestal the cut
must be set quite high. The distribution on the far right, seen in both plots, is caused by
saturation.

Cherenkov Di�erential Counters with Achromatic Ring Focus (CEDAR). Not
only does it detect light from particles traveling faster than the speed of light in the medium,
it also takes into account the Cherenkov angle. In the energy range 40-80 GeV it is set to
detect positrons, meanwhile in the range 100-180 GeV it is set to detect protons. The
CEDAR can detect using 6,7 or 8 PMTs in coincidence, in all further analysis only CEDAR6
is used because it has a much higher e�ciency.

Accelerator Energy [GeV] Threshold Cherenkov Logical CEDAR6

PS 0.5-10 >500 - -
SPS 20 - - -
SPS 40 - - >1000
SPS 60 >200 and >1000
SPS 80 >500 or >1000
SPS 100 >400 - -
SPS 120-180 >500 and <1000

Table 5.1: The Cherenkov cuts used for selecting positrons at di�erent energies. There were
2 threshold Cherenkov detectors at PS thus events ful�lling the cut in at least one detector
were accepted. Note that at high energies CEDAR6 was set to detect protons and thus an
anti-coincidence cut is used. Sometimes the Cherenkov detectors could not be used due to
limitations on pressure.
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5.2 Ampli�er non-linearity

It is known from measurements [37] that the ampli�ers of the ECAL are non-linear at all
energies. The ampli�er con�guration is described in Table 5.2. It can be deduced that
strips 1-12 in layers 1,3,5,7 are connected to the same ampli�er, thus their non-linearity is
correlated. It is also known from previous measurements that the non-linearity of layers 9-16
is more severe. This causes problems when trying to perform longitudinal pro�le �ts for high
energies since the peak of the shower moves into the severely non-linear layers.

A problem caused by the ampli�er non-linearity which is di�cult to spot and analyze is
that it a�ects low energies as well. This means that the ADC to MIP conversion coe�cients
which have been derived are a�ected. Therefore, new coe�cients must be derived once the
correction for ampli�er non-linearity is available. This will improve the results shown in the
coming sections.

Detector Layer Strips Ampli�er uplink number

MPPC 1,3,5,7 1-12 ; 12-24 50 ; 51
MPPC 2,4,6,8 1-12 ; 12-24 52 ; 53
MPPC 9,11,13,15 1-12 ; 12-24 54 ; 55
MPPC 10,12,14,16 1-12 ; 12-24 56 ; 57
MAPD 1,3,5,7 1-12 ; 12-24 101 ; 100
MAPD 2,4,6,8 1-12 ; 12-24 103 ; 102
MAPD 9,11,13,15 1-12 ; 12-24 105 ; 104
MAPD 10,12,14,16 1-12 ; 12-24 107 ; 106

Table 5.2: A summary of the ampli�er setup. Each ampli�er is connected to 48 detectors.
The reason for using di�erent ampli�ers for layer 1 and layer 2 is that they are mechanically
orthogonal to each other. It is known that the ampli�er non-linearity is more severe for
layers 9-16.

5.3 Longitudinal shower development

After the positron selection, Formula 2.4 is �tted for each event, where t is rescaled to be the
layer number. The errors are a sum of statistical Poisson errors and the systematic errors on
the ADC to MIP conversion coe�cients. After performing the �t, events with χ2/ndf > 6
or b < 0.05 are rejected. The reason for setting such a high χ2/ndf threshold is that the
magnitude of ampli�er non-linearity is unknown so it is not possible to add as a systematic
error.

For the MPPC and the MAPD layer 1 and layer 1,2 are excluded from the longitudinal
�t respectively. This is because Formula 2.4 is not a good description of the beginning of a
shower. However for energies 0.5-1.0 GeV layer 1 is used for the MPPC because the shower
maximum occurs in the �rst layers and the �t parameters are not well constrained if layer
1 is not used. More layers are excluded in the case of the MAPD because the �rst layers
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typically have a very low energy deposit which is problematic for the low gain of the MAPD.
The last layer (16) is always excluded because its energy deposition is too low. Showering
particles do not have the chance to back-scatter from a deeper layer when passing through
the last layer, thus a systematically weaker signal is measured. A future improvement would
be to derive a correction factor for the last layer as a function of energy. Although excluding
the last layer signi�cantly degrades the resolution it has to be done to avoid biasing the
energy measurement.

5.3.1 MPPC low energies

To investigate the quality of the longitudinal �ts the average energy deposited in each layer
is plotted. The resulting �ts for low energies where the MPPC is expected to behave linearly
(no saturation) are shown in Figure 5.3 (upper panel) as well as the energy distributions of
individual events (lower panel). As can be seen the longitudinal shape of the shower is well
described by Formula 2.4. The minor �uctuations of the data points are most likely due to
systematic errors in the ADC to MIP conversion coe�cients derived in Section 4.3.2. A �rst
sign of ampli�er non-linearity is visible in the �uctuations becoming greater at 2 GeV, which
cannot be explained by systematic errors in the conversion coe�cients as such errors would
produce a constant ratio between the layers. There seems to be a systematic shift between
layers 8 and 9, which supports the ampli�er non-linearity hypothesis because it is known
that the ampli�er non-linearity is more severe for layers 9-16. This is investigated further
by looking at the higher energies.
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Figure 5.3: whole �gure: Longitudinal �ts to the average energy deposited per layer as well as
their corresponding energy distributions for energies at which the MPPC does not saturate.
upper panel: The �ts match the data quite well and only small �uctuations can be seen
although at 2 GeV the �uctuations become larger which could be a �rst sign of ampli�er
non-linearity. The errors of each data point are predominantly the systematic errors of ADC
to MIP conversion coe�cients. lower panel: The distributions of the reconstructed energy
(E0 parameter). Although expected to be Gaussian, these clearly have much larger tails. A
second Gaussian was �tted to account for the tails but there is signi�cant strain between the
data and the double Gaussian model.

A single Gaussian cannot describe the energy distributions shown in the bottom panel
of Figure 5.3. Instead, a double Gaussian had to be used, where one distribution is narrow
and contains approximately 90% of the events. The second Gaussian was included to better
describe the tails, which consist of two types of events. The �rst type are events that have
a poorly constrained E0 parameter because they shower early in the ECAL, thus 0.5 GeV
has a large high energy tail. The second type are events a�ected by ampli�er non-linearity,
these are distributed symmetrically in the tails around the mean. This however does not
mean that there are 3 discrete outcomes as can be seen from the χ2 distributions shown in
Figure 5.4, which consist of only one distribution. Instead, the degree of distortion to an
event's energy due to ampli�er non-linearity and poor E0 constraint is continuous. So the
double Gaussian is only an approximate model for a Gaussian with extra large asymmetric
tails and not something that follows from a physical principle.
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Figure 5.4: The χ2 distribution of the longitudinal pro�le �ts for 0.5 and 2 GeV. It can be
seen that �tting a χ2 probability density function does not describe the data. The 0.5 and 2.0
GeV plots should have χ2 distributions with 12 and 11 degrees of freedom respectively. The
χ2 is much higher than the degrees of freedom so the errors are underestimated (ampli�er
non-linearity errors not considered). Each plot contains only one distribution, thus there is
no indication of several discrete outcomes.

5.3.2 MPPC high energies

At high energies the MPPC performs signi�cantly worse as it begins to saturate which
causes a �attening of the longitudinal pro�le resulting in the reconstructed energy becoming
systematically too small. MPPC saturation and linearity of energy measurement is further
explored in Section 5.4.1. However, saturation is not the only e�ect that degrades the MPPC
performance at higher energies, as seen from the top panel of Figure 5.5, not only do the
�uctuations in the average longitudinal pro�le increase but they also become impossible
to predict and the patterns at lower energies do not correspond to the patterns at higher
energies. Energy dependent �uctuations are a consequence of ampli�er non-linearity. It is
worth noting that at 10 GeV, when the MPPC saturation is not yet severe, the �uctuations
occur predominantly in layers 9-16. This is as expected, since the ampli�er non-linearity is
worse for those layers.
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Figure 5.5: whole �gure: Longitudinal �ts to the average energy deposited per layer as well
as their corresponding energy distributions for energies at which the MPPC saturates. upper
panel: The agreement between the �ts and the data is signi�cantly worse than for lower
energies which is partly due to MPPC saturation and to more severe ampli�er non-linearity
in the deeper layers of the ECAL. The errors of each data point are predominantly the
systematic errors of ADC to MIP conversion coe�cients. lower panel: The distributions of
the reconstructed energy (E0 parameter). In contrast to low energies the tails are symmetric.

The high energy distributions can be described by the double Gaussian model to an
acceptable level. The tails become symmetric, which is as expected since there is no problem
with constraining the �t parameters when the shower maximum occurs in the center of the
calorimeter.

The general quality of longitudinal �ts at all energies for the MPPC is quite good and
most of the distortions can be attributed to the lack of ampli�er calibration. It follows
that the MPPC ADC to MIP conversion coe�cients derived earlier are good. There are
no distortions in the reconstructed energy distributions and although they contain long tails
these tails are not believed to be caused by systematic errors in the ADC to MIP coe�cients.

5.3.3 MAPD

During the assembly of the ECAL the MAPDs were thermally mismanaged which caused
some of them to break. The SPS data contains fewer broken MAPDs because it was taken
�rst. However, some MAPDs seem to have recovered at PS without human intervention.
The broken MAPDs are summarized in Table 5.3. Unfortunately this information was not
available prior to this analysis. A consequence of the broken MAPD channels is that certain
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layers will have too little deposited energy. Furthermore, the MAPDs working at SPS and
broken at PS have not received an ADC to MIP conversion coe�cient. To remedy this
problem such MAPDs receive an average ADC to MIP coe�cient for each of the 24 segments
of the strip. The averaging is done over the channels connected to the same ampli�er in a
particular layer (thus 12 values). The results of this procedure are shown in Figure 5.6
where the performance of layer 13 is shown before and after including the averaged MAPDs.
Before the averaged MAPDs are included the total deposited energy is distributed as two
Gaussians. Thus there are many events where a large fraction of the energy was not detected
due to the exclusion of the MAPD in strip 6 (which is broken at PS).

Layer Strips broken at SPS Strips broken at PS

2 19 -
3 1,2,3 1,2,3
4 4 -
6 7 7,12,23
7 2 -
9 16 16
10 - 3
11 - 12
12 - 5
13 - 6
14 - 23
15 - 2,23
16 4 2

Total 9 15

Table 5.3: Locations of all broken (no signal) MAPDs at PS and SPS. It can be seen that
layers 6 and 11 at PS have broken MAPDs at the center and thus these layers must be
excluded from the longitudinal �ts. SPS test-beam was done �rst, so it seems that some
MAPDs recovered without any human intervention.
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Figure 5.6: upper panel: The total energy deposited in layer 13 is split into two distribution
where the left peak corresponds to events having signi�cant interactions in strip 6 which broke
at PS. lower panel: The total energy deposited in layer 13 improves signi�cantly when the
averaging is done and calibration coe�cients for strip 6 are derived. An improvement in the
longitudinal pro�le can also be seen. The total number of events passing the cuts described
in Section 5.3 increases as seen from the energy distributions.

As can be seen from Figure 5.6 the longitudinal pro�le improves when the MAPDs that
did not get a calibration coe�cient get the average coe�cient of the layer. Although this
procedure improves the �nal resolution of energy measurement, it is systematically �awed.
MAPDs connected to the same ampli�er can have a 40% variation in response; the average is
insensitive to this variation. The variation of light collection e�ciency from the scintillator
into the WLS �ber is also neglected. Despite its drawbacks, this approach is the best way
of calibrating the MAPDs that broke at PS without turning to the alternative method of
position scans described in Section 4.4.

The MAPD performs well when the shower maximum occurs in the �rst 8 layers, as shown
in Figure 5.7. For the PS test-beam (5 and 10 GeV) layers 6 and 11 have been excluded from
the �ts because they have broken MAPDs in the center of the beam, which results in very
low energy deposits. As the energy increases, the high energy tail of the energy distribution
becomes larger than the low energy tail. The increase is mainly caused by events with poorly
constrained �ts where the relative error in the E0 parameter is >20%. This occurs because
there are fewer layers after the shower maximum that can be used to constrain the �t.
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Figure 5.7: whole �gure: MAPD performance when the shower maximum occurs in the �rst
8 layers of the ECAL. upper panel: Longitudinal pro�le �ts showing layers 6 and 11 having
very low energy deposits at low energies but behaving as expected at energies above 20
GeV. The errors of each data point are predominantly the systematic errors of ADC to MIP
conversion coe�cients. lower panel: Reconstructed energy distributions show a larger high
energy tail at energies above 20 GeV.

When comparing 20 GeV energy distribution for the MAPD to the MPPC, the high en-
ergy tail is larger for the MAPD. This is probably due to the larger systematic errors in the
ADC to MIP conversion coe�cients for the MAPD, which in turn is attributed to poorer
statistics during the muon tracking since only the upper 25% quantile was selected. Fur-
thermore, the MAPD coe�cients are found from the ratio of µMAPD/µMPPC energy deposits,
which increases the systematic error of the MAPD because the error of the MPPC is also
included.

At high energies the MAPD performance, shown in Figure 5.8, degrades. Not only does
the high energy tail become bigger but the low energy tail also increases. This is attributed to
both, worse constraints on E0 due to fewer layers after the shower maximum and to ampli�er
non-linearity. The e�ects of ampli�er non-linearity become especially severe at 176.6 GeV
where layer 8 has a smaller energy deposit than layer 7, although at lower energies the deposit
is always higher. Signi�cant shower leakage is also noticeable and it can be calculated that
for 176.6 GeV positrons 38% of the shower is not contained.
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Figure 5.8: whole �gure: MAPD performance at high energies (>100 GeV). upper panel:

Longitudinal pro�le �ts showing the even-odd �uctuation pattern corresponding to the am-
pli�er setup in the �rst 8 layers. The errors of each data point are predominantly the
systematic errors of ADC to MIP conversion coe�cients. lower panel: Reconstructed energy
distribution shows an increase of both the lower and the higher energy tails as the beam
energy increases.

At this moment it is di�cult to judge the quality of the ADC to MIP conversion for
the MAPD for several reasons. First, there are several broken MAPDs, some of which are
located in the center of the beam causing a smaller energy deposit for some of the layers.
Second, there are several MAPDs that had to be calibrated using averaged ADC to MIP
coe�cients: this introduces additional systematic errors. Third, the MAPD is more sensitive
to ampli�er non-linearity because it also depends on the ampli�er non-linearity of the MPPC
at low energies, since it was the µMAPD/µMPPC ratio which was used for deriving the ADC
to MIP conversion coe�cients. Finally, the ampli�er non-linearity is known to be worse for
layers 9-16 and it is in those layers that the shower maximum occurs when using the MAPD
at energies above 20 GeV.

5.4 Linearity of energy measurement

In order to be able to measure the energy of a particle on the absolute scale a function con-
verting MIP to GeV must be derived both for MPPC and MAPD. This is possible because
the beam momentum, and thus the energy, of the positrons is known. To do this, distri-
butions like the ones shown in the bottom panel of Figure 5.3 are generated for each beam
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energy, the weighted means of the two Gaussians are plotted and a linear �t is performed.

5.4.1 MPPC linearity

As mentioned earlier, the MPPC is expected to saturate at energies above 2.5 GeV. The
linearity study here is done for energies 0.5-40 GeV. The results are shown in Figure 5.9 where
linear �ts have been done separately for the weighted mean, Mean1 and Mean2 parameters
of the reconstructed energy distribution. Saturation e�ects can already be seen at 3 GeV
but at lower energies the linearity is very good. The only problem is the non-zero intersect
"p0" which can be explained by a constant noise threshold of 7 ADCs in the MPPC for each
strip. 7 ADCs is approximately 0.2-0.5 MIPs but since the threshold is set for every strip
it can easily accumulate up to several MIPs. The result is that the energy is systematically
underestimated. Reducing this threshold results in more noise, thus a degradation of the
resolution and a lower quality longitudinal pro�le �t at low energies. The "weighted mean"
has the intersect closest to zero, which makes it more favorable to be used.
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Figure 5.9: whole �gure: MPPC linearity plots used for converting reconstructed incident
particle energy in MIP to GeV. The errors for each data point come from the double Gaus-
sian �ts. left panel: The �t is performed for energies 0.5-5 GeV and �rst saturation e�ects
are clearly visible at 10 GeV and the χ2/ndf ratio suggests a poor quality of the �t. Higher
energies are shown for interest. right panel: The �t is performed for 0.5-2.5 GeV and sig-
ni�cantly smaller saturation e�ects are seen at 3 GeV but MPPC behavior is linear in the
�tted energy range. This �t is used to derive the MIP to GeV conversion coe�cients.

Since saturation occurs after 2.5 GeV only energies 0.5-2.5 GeV can be used to derive the
MPPC MIP to GeV coe�cient. The "Weighted mean" and "Mean2" both have good χ2/ndf
ratios, but relatively few events are located in the second Gaussian so the �t of the "Weighted
mean" is chosen to derive the MIP to GeV conversion coe�cient of 87.15 MIP GeV−1. The
formula to convert from MIP to GeV is:
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E [GeV] =
E0 [MIP]− p0

p1
=
E0 + 4.883

87.15
= 1.147× 10−2E0 + 0.056 (5.1)

Figure 5.10 shows the relative residual when Formula 5.1 is subtracted from the measured
energies. Up to 5 GeV the linearity is within 5% and up to 20 GeV within 13%. If one could
compensate for the saturation of the MPPC it could be used to measure energies up to 5 or
even up to 20 GeV but this is beyond the scope of this work.
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Figure 5.10: Relative residual when Formula 5.1 is subtracted from the measured data.
MPPC shows good linearity consistent with 0% within 0.5-2.5 GeV. The errors are the
relative errors of the measured mean.

5.4.2 MAPD linearity

As explained in Section 3.1, the MAPD is expected to have a very high saturation threshold
of the order of several hundred GeV but its performance at low energies is expected to be
not as good as that of the MPPC. Therefore, the linearity study is done for energies 2-176.6
GeV. The results are shown in Figure 5.11. Only data taken at approximately the same
temperature was used for �tting.
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Figure 5.11: left panel: MAPD linearity plot used for converting reconstructed incident
particle energy in MIP to GeV. The errors for each data point are taken from the double
Gaussian �t of the reconstructed energy distribution. Only the region where data was taken
at roughly the same temperature (purple) is used for �tting. The green regions represent
data at di�erent temperatures. The 176.6 GeV data point is not used in the �t but the �t is
extrapolated to check the linearity. right panel: The relative residual of MAPD where the
measured value has been divided by the value given by the �t. The errors are the relative
errors of the measured mean.

The low energy data, 2-10 GeV, was taken at PS in a di�erent temperature environment.
All other data was taken at approximately the same temperature except for 119 GeV and 148
GeV. There the temperature is lower by 1◦C. In a preliminary (without ampli�er calibration)
study done at ETH [38], it was found that the MAPD temperature coe�cient k is Gaussian
distributed with a mean of −0.08072 K−1 and a sigma of 0.0131 K−1. A 1◦C reduction of
temperature would result in an increase in deposited energy of:

E = E0e
−k∆T = E0e

0.08072×1 = 1.0814E0 (5.2)

which is consistent with the relative residual shown in Figure 5.11. The 176.6 GeV data was
taken at roughly the same temperature as 20-100 GeV and when the �tted line is extrapolated
the linearity is within 1.5%. Once the temperature calibration is available one can use the
residual for a more accurate statement or use the χ2/ndf to decide how well the data is
described by a straight line.

Since the weighted mean gave the best linear �t for the MPPC it should also be used
for the MAPD. The only remaining problem is the "p0" intersect corresponding to 1 GeV of
extra energy. At this moment it is not possible to say whether this is due to the ampli�er
non-linearity, ADC to MIP conversion coe�cients (a�ected by ampli�er non-linearity) or the
lack of temperature calibration.
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5.5 Resolution

The resolution is de�ned as the relative error in the energy measurement. As mentioned
earlier, the measured energy distribution for particles of a known beam momentum cannot
be modeled by a single Gaussian. In this section the double Gaussian approach is investigated
further by considering the resolution of each Gaussian as well as their combined weighted
resolution. There are two ways of de�ning the resolution of the ECAL. The �rst is to use
the weighted sigma of the two Gaussians, the resulting sigma does not correspond to the
typical de�nition of 68% but still provides a quantitative statement about the performance.
The second approach is to use both of the sigmas separately. Both approaches are shown
for the MPPC and the MAPD in Figure 5.12.

It can be seen that for the MPPC the weighted resolution is always close to "Sigma1",
which is the resolution of the dominant Gaussian. For the MPPC the ratio of Gaussian
peak heights typically varies between 0.05 and 0.15, which means that most particles are
identi�ed with the better "Sigma1" resolution. This is not the case for the MAPD � for
higher energies the di�erence between the weighted resolution and the "Sigma1" resolution
increases. Furthermore, as seen from the energy distributions in Section 5.3.3, the ratio
between the peak heights is larger (0.1-0.25) than for the MPPC resulting in more particles
being identi�ed with the worse "Sigma2" resolution.

p7[GeV/c]
0 5 10 15 20 25 30 35 40

R
es

ol
ut

io
n

0.05

0.1

0.15

0.2

0.25

0.3

/7ndf2χ 9.3897/74

a 0.001912±0.05128

b 0.007724±0.1422
c 0.01202±0.1748

/7ndf2χ 9.3897/74

a 0.001912±0.05128

b 0.007724±0.1422
c 0.01202±0.1748

/7ndf2χ 6.6577/74
a 0.00708±0.112
b 0.01647±0.3088
c 38.71±3.825eD05

/7ndf2χ 6.6577/74
a 0.00708±0.112
b 0.01647±0.3088
c 38.71±3.825eD05

/7ndf2χ 2.1327/74
a 0.003995±0.0609
b 0.01695±0.1719
c 0.03896±0.1502

/7ndf2χ 2.1327/74
a 0.003995±0.0609
b 0.01695±0.1719
c 0.03896±0.1502

MPPC7resolution

Weighted7resolution

Sigma71

Sigma72

p7[GeV/c]
0 20 40 60 80 100 120 140 160 180

R
es

ol
ut

io
n

0.05

0.1

0.15

0.2

0.25

0.3

/7ndf2χ 19.937/73
a 0.002543±0.04087
b 0.01321±0.215
c 661.3±0.0007602
d 1.462eD05±0.0004315

/7ndf2χ 19.937/73
a 0.002543±0.04087
b 0.01321±0.215
c 661.3±0.0007602
d 1.462eD05±0.0004315

/7ndf2χ 14.137/73
a 0.006458±0.08331
b 0.04062±0.3963
c 76.13±0.001313
d 3.148eD05±0.001168

/7ndf2χ 14.137/73
a 0.006458±0.08331
b 0.04062±0.3963
c 76.13±0.001313
d 3.148eD05±0.001168

/7ndf2χ 1.8667/73
a 0.003862±0.0618
b 0.04014±0.1966
c 154.2±0.0008069
d 2.184eD05±0.0006521

/7ndf2χ 1.8667/73
a 0.003862±0.0618
b 0.04014±0.1966
c 154.2±0.0008069
d 2.184eD05±0.0006521

MAPD7resolution

Weighted7resolution

Sigma71

Sigma72

Figure 5.12: Resolution plots for MPPC and MAPD �tting Formula 5.3. The 0.5 and 40 GeV
data points have been excluded from the MPPC �t. The 2-10 and 176.6 GeV data points
have been excluded from the MAPD �t. The reason for excluding the PS data for MAPD is
that layers 6 and 11 had to be excluded from the longitudinal pro�le �ts thus reducing the
resolution. The errors on the data points are taken from the energy distribution �ts shown
in Section 5.3.
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To further understand how the resolution varies with energy, �ts were performed for the
MPPC and the MAPD (shown in Figure 5.12). The �tted function is:

Resolution = a⊕ b√
E
⊕ c

E
⊕ d× E (5.3)

with the parameters explained in Section 3.5 and an additional parameter d introduced to
model the degradation of MAPD resolution with increasing energy. Both the MPPC and the
MAPD "Weighted resolution" �ts have very good χ2/ndf ratios, so Formula 5.3 is a good
description of the resolution. The "Weighted resolution" is considered as the true resolution
and the parameters for each detector are summarized in Table 5.4.

Detector a [%] b [%] c [%] d [%]

MPPC 6.1 17 15 -
MAPD 6.2 20 0 0.065

Table 5.4: A summary of the resolution parameters of Formula 5.3 for the MPPC and the
MAPD. The values are taken from the �ts shown in Figure 5.12 and converted to percentages.
For the MAPD the parameter c has been assumed to be zero because its error is larger than
its value.

There are two features in the MAPD resolution plot that require special attention. The
�rst is that for energies 2-10 GeV layers 6 and 11 could not be used for the longitudinal pro�le
�ts due to broken MAPDs. Thus the resolution at those energies is arti�cially reduced. The
second feature is a sudden improvement in resolution at 176.6 GeV, which cannot be modeled
by Formula 5.3. It may be that at very high energies the ampli�er enters a linear regime
and the resolution improves.

Note that for the whole analysis the last layer of the ECAL was not used. The resolution
can be improved signi�cantly by �nding a compensation factor for the lack of back-scattering
electrons in layer 16, which can be done with Monte Carlo simulation. A more detailed study
of the pro�les in the �rst 2 layers may also make those layers usable for the longitudinal �t,
which could improve the resolution especially for low energies. A further improvement of the
MAPD resolution is expected when a temperature calibration is applied since, as discussed in
Section 5.4.2, its temperature coe�cient is Gaussian distributed. This implies that individual
MAPDs are a�ected di�erently thus introducing an extra degree of inhomogeneity.
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Conclusion

Test-beam data from 2012 has been used to assess the novel technologies of dual SiPM
and WLS �ber readout of the PEBS ECAL. Very good linearity is found for low energies
where the MPPC is used. There is indication that the MAPD linearity is also good but a
temperature correction must be applied to its signal before a �nal statement can be made.
Current results show that electron energies can be measured accurately in the energy range
of 0.5-2.5 GeV with the MPPC and 2-180 GeV with the MAPD. As seen from the linearity
residual plot, the saturation of the MPPC is rather low at 5 and even 20 GeV so its energy
range can be signi�cantly expanded but a future study is needed for this.

A detailed study of the attenuation in the WLS �ber has been carried out. The atten-
uation lengths derived from muon tracking do not agree with those derived from the LED
method. It leads to the conclusion that there are large variations in the loss of light upon
entrance into the WLS �ber, which is most likely caused by gluing imperfections or localized
�ber damage. The gluing technique should be revised when building the next prototype.

Two of the major problems discovered in this analysis are the magnitude of the ampli�er
non-linearity and a signi�cant number of broken MAPDs. These two factors are believed
to be responsible for the degradation of resolution at high energies. Performance at low
energies is quite good, with the MPPC resolution of 6.1%⊕ 17%/

√
E ⊕ 15%/E, where E is

measured in GeV, and there is reason to believe that the constant term can be reduced when
the ampli�er calibration is available as its absence becomes �rst visible at 2 GeV. At this
moment the resolution is worse than 5.5% (constant at energies >100 GeV) of PAMELA [39]
and 1.4%⊕ 10.4%/

√
E of AMS02 [40]. Despite this drawback the PEBS ECAL has several

advantages over the two experiments including low power consumption, light weight, low
cost and scalability to m2 area.

The calibration procedure seems to work well at least for the MPPC. The goal of this
thesis, to develop a framework that would allow to easily recalibrate the whole instrument,
has been achieved. Once temperature and ampli�er calibrations are available the quality of
the MAPD calibration will be properly assessed. In case it is still inadequate due to broken
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MAPDs, one can use position beam scans to correlate the MAPD to MPPC together with
the MPPC calibration derived in this work. Finally, the ECAL would be used for proton
rejection but this is a goal of a future study.

Although the MAPD does not show a good performance in terms of the resolution, it
seems to have a very high saturation threshold which will allow the PEBS ECAL to access
TeV scale energies. In fact, at such high energies measurements are typically limited by
the particle �ux rather than the resolution. Thus the performance is su�cient for a future
balloon �ight. The ECAL presented here is a "light" version, an upgrade in terms of size
would have the potential to measure the positron and electron �uxes at TeV scale energies
and shed some light onto the anomalous rise in the positron fraction. This could provide a
better understanding of cosmic ray propagation or even of Dark Matter as a particle.
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