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The most exciting phrase to hear in science,
the one that heralds the most discoveries, is not “Eureka!”
but “That’s funny...”
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SOMMARIO

Gli esperimenti agli acceleratori di particelle contribuiscono da sempre
al progresso della conoscenza in fisica delle alte energie. Nei moderni
esperimenti la spettroscopia ad alta precisione dei jet ha assunto un
ruolo fondamentale e la realizzazione di calorimetri, i.e. rivelatori che
misurano l'energia delle particelle mediante assorbimento, ad alta
risoluzione in energia, & diventata cruciale.

I calorimetri sono strumenti molto complessi e la loro performance
e limitata da alcuni fattori intrinseci, specialmente nel caso dei calori-
metri adronici. In questultimi le reazioni nucleari indotte dagli adroni
causano l’emissione di nucleoni a spese dell’energia depositata dalle
particelle dello sciame. L'energia utilizzata per liberare i nucleoni non
produce un segnale misurabile (invisible energy phenomenon). Inoltre
la produzione di mesoni neutri 71, che decadono elettromagnetica-
mente, da origine ad una componente elettromagnetica (electromagnetic
fraction f,,,) che varia molto da evento a evento. Questi due aspetti
rendono il calorimetro adronico non lineare e vari metodi sono stati
sviluppati per eliminarne gli effetti. Uno di questi ¢ il metodo a doppia
lettura (Dual-REAdout Method), attraverso il quale & possibile misurare
la f.m evento per evento e quindi eliminare le relative fluttuazioni.
Inoltre, attraverso questa tecnica e possibile misurare anche il con-
tributo dei neutroni al segnale evento per evento, e quindi stimare
I'energia invisibile.

Il metodo a doppia lettura puo essere applicato sia a calorimetri
a campionamento che omogenei, e si basa sulla misura simultanea
della luce di scintillazione e della radiazione Cherenkov, prodotte nei
processi di sviluppo dello sciame. Poiche la luce Cherenkov viene
prodotta solo da particelle relativistiche, mentre la scintillazione &
prodotta da tutte le particelle ionizzanti, la frazione elettromagnetica
viene stimata comparando i contributi dei due segnali.

Nel caso di un calorimetro a campionamento vengono utilizzati due
mezzi attivi, uno sensibile a tutte le particelle ionizzanti, e uno che
genera radiazione Cherenkov.

Nel caso invece di un calorimetro omogeneo, e.g. cristallo scintil-
lante, il mezzo deve produrre entrambi i tipi di radiazione e le due
componenti devono venire separate off-line per poter applicare la tec-
nica a doppia lettura. Per dividere i due contributi vengono sfruttate le
differenze nella direzionalita, nella struttura temporale e nello spettro
ottico.

Nella mia tesi, dopo aver discusso gli aspetti fondamentali della
calorimetria, descrivo la tecnica a doppia lettura in modo approfondito,

vii



e discuto I'analisi a cui ho lavorato nell’ambito della collaborazione
DREAM.

In particolare, nel mio lavoro di tesi presento 1’analisi sistematica
di otto cristalli di PbWOQy, eseguita per determinarne le caratteristiche
in termini di emissione di luce Cherenkov e di attenuazione della
luce lungo il cristallo. Discuto poi i risultati ottenuti con un prototipo
ibrido, costituito da una matrice di cristalli e da un calorimetro a fibre.

Infine descrivo lo studio sulla polarizzazione della luce Cherenkov
in cristalli di BSO. La polarizzazione della luce Cherenkov puo in-
fatti essere sfruttata come ulteriore strumento di separazione della
radiazione Cherenkov dalla scintillazione.
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INTRODUCTION

Experiments at proton and electron colliders contribute to the know-
ledge at high energy physics since a long time. Colliding-beam ma-
chines play a very important role, since they are characterized by a
large energy available in the center-of-mass system for creation of
new states. The detector systems in these experiments have to record
position and momentum of particles and the need of precise timing,
good spatial and energy resolution leads to different design of detector
systems and to develop new methods to improve their precision.

Energy measurement by total absorption methods allows to evaluate
the energy and the position coordinates of particles from high energy
interactions. These kind of detectors are called calorimeters. In the
absorption process, the particles interact with the dense material of
the calorimeter and generate a cascade, depositing their energy.

The calorimetric information contributes also to particle identifi-
cation (electrons, gammas, muons, jets). Since electrons have an im-
portant role in pointing to new physics and the energy resolution of
calorimeters improves with energy, this type of device will be more
and more important as the collision energy increases. The identifica-
tion of hadrons and jets is even more important because the branching
ratios involved are greater than the leptonic ones. Moreover, since the
calorimeter signals can be fast (up to 100 ns), these instruments are
widely used also as part of the triggering system.

On the other hand calorimeters show limiting factors, especially the
hadronic ones. In showers developed by hadrons, strong interaction
contributes to the production of hadrons, most of which are pions, and
to the occurrence of nuclear reactions. In the latter processes, neutrons
and protons are released from atomic nuclei and to do this binding
energy must be provided. The energy used for this purpose does
not contribute to the calorimeter signal (the so called invisible energy
phenomenon). Furthermore in the hadronic processes neutral pions,
produced by the strong interaction, decay in two photons, which start
electromagnetic showers. The fraction of shower energy carried by
the electromagnetic component increases on average with the shower
energy and fluctuates strongly from event to event. These variations
contribute considerably to the hadronic energy resolution and are
added to other fluctuations that affect the precision of electromagnetic
and hadronic calorimetric measurements, such as signal quantum
fluctuations, sampling fluctuations for non-homogeneous calorimeters,
shower leakage fluctuations and others.
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The effects of both the electromagnetic fraction f,,, of the hadronic
shower and the invisible energy make the calorimeter non-linear for
hadronic detection. Instead, in the case of electromagnetic calorimeters,
the processes through which energy is deposited produce phenomena
that always generate a signal proportional to the deposited energy.

To cope with these limiting factors some methods were designed in
the last years and in my thesis I will discuss the Dual-Readout Method,
a technique to measure the electromagnetic fraction f,,, event by event,
in order to eliminate the relative fluctuations, which affect the hadronic
energy resolution. This method consists in using two different active
media, one sensitive to all ionizing particles, e.g. a scintillating material,
and one which generates Cherenkov light produced by the shower
particles, or only one material that produces both kinds of light, as a
scintillating crystal.

The Cherenkov light is due almost exclusively to the electromagnetic
shower component. Indeed, electrons and positrons are relativistic
down to keV while spallation protons, which dominate the non-em
component of the hadronic shower, are typically non-relativistic. The
scintillation signal is generated by both relativistic and non-relativistic
particles: a comparison of scintillation and Cherenkov signal thus
allows to estimate the electromagnetic shower fraction event by event.

The first detector which demonstrated the feasibility of this tech-
nique was a calorimeter called Dual-REAdout Method (DREAM), based
on a copper absorber structure and equipped with two types of optical
fibers, which generate the scintillation and the Cherenkov light sepa-
rately. The choice of a fiber calorimeter was done for the possibility to
measure the relative contribution of the scintillator and the Cherenkov
signals independently, without any contamination.

However, because of the sampling fluctuations and the poor Cheren-
kov light yield, energy resolution was limited. In order to overcome
this problem the DREAM collaboration started using crystals for dual-
readout purposes in the last years. Indeed some crystals, as bismuth
germanate (BGO) and lead-tungstate (PbWO,) ones, are characterized
by a relevant amount of Cherenkov light and can be exploited as
media for an homogeneous calorimeter, not affected obviously by
sampling fluctuations and whose signals are a mixture of scintillation
and Cherenkov light.

A systematic study was carried out on BGO, on PbWO, with different
Mo dopant concentrations and on bismuth silicate (BSO) crystals in
order to have good Cherenkov vs. Scintillation separation, response
uniformity and high light yield.

In my thesis I discuss the dual-readout calorimetry with crystals
and I introduce the analysis that I have done within the Pavia group of
the DREAM Collaboration on data taken during test-beams at the SPS
proton synchrotron of CERN last year. In particular I have followed
systematic studies on eight lead-tungstate crystals, doped with 0.3%
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Molybdenum, in order to compare crystals response. I have studied
the scintillation and Cherenkov light produced event by event as a
function of the angle of rotation of the crystal with respect to the
beam direction. This angular scan was done in order to exploit the
isotropic emission of the scintillation light and the directionality of
the Cherenkov light for separating the two contributions. The latter
is indeed emitted at a characteristic angle by the relativistic shower
particles that traverse the detector and is characterized by a peak near
the angle at which it is most efficiently detected.

To best separate the two components, the integration of signal is
done over the entire duration for the scintillation light, while it is done
over a small time interval for the Cherenkov light, which is prompt
and not characterized by a decay constant as the scintillation light.

Moreover optical transmission filters, a UV filter for Cherenkov
readout and a yellow filter for scintillation readout, are used to re-
duce the contamination of scintillation in the Cherenkov signal and
to exploit the different time structure in order to separate the two
components.

The systematic study of signal attenuation and light yield was
carried out to estimate the signal loss and also to discard the crystal
with the worst characteristics, in order to make a seven crystal matrix
for further tests.

Hereafter I have analyzed data relative to the mentioned PbWO,
matrix, which forms the electromagnetic section of an hybrid calori-
meter, in which the DREAM fiber prototype constitutes the hadronic
section. These two calorimeters are characterized by different ¢/x ratio,
i.e. the ratio of the em to non-em responses, and their informations
can be combined only because they both exploited the dual-readout
technique. Indeed measuring the f.,, event by event makes possible to
correlate the two sections informations.

Besides this analysis, I participated in the studies on the polariza-
tion of Cherenkov light at different stages of the developing electron
shower: since the Cherenkov light is polarized, while scintillation light
is not, this aspect can be exploited as a tool to separate scintillation
and Cherenkov components, by installing a polarizer filter with the
transmission axes favorable to the Cherenkov light polarization. In
these conditions, the Cherenkov light polarization was studied as a
function of the shower development by putting lead slices of increas-
ing thickness upstream the crystal and as a function of angle, in order
to see that Cherenkov light is greatly suppressed when the filter is
unfavorable, while the scintillation light does not change in both cases.

In addition to others methods as directionality, spectral characteris-
tics, and time structure, polarization provides a fourth tool in order
to distinguish scintillation and Cherenkov light. All this features, ex-
cept the Cherenkov directionality, could be exploit in 4n calorimeters
designed for a colliding beam experiment: different filters used to
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read out the crystals from the upstream and downstream ends are
very promising in this context, especially if the time structure of these
signals is measured as well. Installing polarization filters with the
transmission axes orientated perpendicular to each other on the up-
stream and downstream readout channels might provide additional
separation power in such a geometry.
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2.1 INTRODUCTION TO CALORIMETRY

In nuclear and particle physics the measurement of particles properties
is performed by many devices: one of them is the calorimeter, typically
a block of dense matter, in which the detection of particles is done
through total absorption.

There are different types of calorimeters but all of them have a
common feature: the measurement process through which the parti-
cle properties are estimated is destructive. Indeed, after the passage
through the calorimeter, particles are no longer available for additional
measures by other devices. There is one exception to this rule and
concerns the minimum ionizing particles, such as muons, which may
penetrate a substantial amount of matter represented by a calorimeter
losing energy only by ionization and excitation, and for this reason
they could be merely identified.

The term calorimetry finds its origin in thermodynamics and con-
cerns the fact that in the absorption process almost all the particle’s
energy is eventually converted into heat. However the amount of
energy involved in this process is very different from the thermo-
dynamic one. In modern accelerator experiments the most energetic
particles are measured in units of TeV (1 TeV = 10'2¢V = 1000 GeV),
while 1 calorie is equivalent to about 10”7 TeV. Therefore, the rise in
temperature in the calorimeter is negligible and complicated methods
are required to determine the particle properties.

The advent of scintillation counters opened the way to calorimetric
particle detection, since in these detectors the fluorescence light pro-
duced by ionizing particles is related to the deposited particle’s energy.
The invention of the photomultiplier tube (PMT), which converts light
into electric signals, allowed to use this phenomenon for quantitative
measurements of particle properties. At that time standard scintilla-
tors were anthracene and thallium doped sodium iodide crystals but
with the development of semiconductor detectors, which provided an
improvement in energy resolution, semiconductor counters became
the instruments of choice in nuclear y-ray spectroscopy. In Figure 2.1.1
the difference between the two types of detector response is clearly
visible.

Calorimetry started to play an important role in particle physics’s
experiments when shower counters were used in fixed-target experi-
ments to get informations about photons produced by 71° decays. Since
photons could not be tracked in magnetic field and bubble chambers
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Figure 2.1.1: Nuclear y-ray spectrum of decaying uranium nuclei, measured with
a bismuth germanium oxide scintillation counter (upper curve) and
with a high-purity germanium crystal (lower curve). Courtesy of G.
Roubaud, CERN.

were poor efficient, Nal(T1) scintillators were introduced to settle this
problem: photons were measured with 100% efficiency and the 7
reconstruction could be achieved with high efficiency too, since it was
possible to reach sub-1% resolutions. This result generated a growing
interest in crystal calorimetry for particle physics experiments and
new types of crystals were developed to meet specific needs of expe-
riments, as for example signal speed and radiation hardness. In the
1960 the lead-glass detector became popular for its signal speed: this
high density material did not scintillate but it was characterized by
the instantaneous Cherenkov emission.

Calorimeters can be divided into two different types: homogeneous
calorimeters, like the shower counters mentioned above, and sam-
pling calorimeters. In the former, the entire volume is sensitive to
the particles and may contribute to the signal. The material of the
detector must have both the function of absorbing the particles and of
generating the signals and so it usually needs to have a high density.
In the latter, these functions are performed by different materials, usu-
ally called the passive and active medium, respectively. The passive
medium has to be a high-density material, such as iron, copper, lead
or uranium, while the active medium has to generate the signals. In
sampling calorimeters, typically a few percent of the energy in the
shower is actually sampled and so the energy resolution that is ob-
tained is significantly worse than the one which can be achieved with
a homogeneous calorimeter. However, since they are also substantially
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cheaper, the development of sampling calorimeters is driven by the
request for very large detector systems.

As the energy limits were pushed further by new generations of
particle accelerators, calorimeters became fundamental within particle
physics experiments. In fact, one of the most important feature of a
calorimeter is the energy resolution dependence on the particle energy:

o(E) 1

5 ﬁ (2.1)
The precision of the information provided by calorimeters improves
with increasing energy, while for example the precision of momentum
measurement by magnetic deflection decreases with it, due to the
lower bending radius. The energy dependence of calorimeter resolu-
tion is due to the statistical nature of the physics processes involved
in the generation of the calorimeter signals.

Combining the calorimetric information with tracking data, it is
possible to identify some particles, e.g. electrons, and this is a very
important feature at new colliders, since for example electrons have
an important role in signaling new physics. Moreover, in experiments
with 4n detectors at colliding-beam machines, the measurement of jets
and missing energy (energy flow) turns out to be crucial since, when
observed in combination with lepton production, it is a signature for
interesting physics. In this context, since the calorimeter signals can
be fast (up to 100 ns), these instruments offer also the possibility of
event selection (“triggering”).

Calorimeters do not need magnetic field for energy measurement.
They are sensitive to both neutral and charged particles and the possi-
bility of high segmentation allows to perform precise measurement of
the direction of incoming particles.

In the last 20 years, all new accelerator facilities for experimental
particle physics have been colliding-beam machines (such as LEP and
the LHC at CERN or the Tevatron at Fermilab, etc.). At these facilities
experiments consist of 4m detectors, i.e. detectors which have to cover
as large solid angle around the interaction point as possible. This
feature is called hermeticity and usually holds an important role in
design criteria. Obviously, given the space requirements of the beam-
pipe and of the signal cables, a complete coverage of the interaction
vertex is not possible, but in modern experiments calorimeters with
hermeticity f almost 90% are normally achieved.

Finally, it is necessary to mention that calorimetry is a widespread
technique also in non accelerator-based experiments, especially those
ones designed to study neutrino oscillations, cosmic rays and rare
phenomena as proton decay or double-beta decay, which require a very
large target mass to be detected. For example, the Super Kamiokande
neutrino observatory consists of 50000 tons of ultra-pure water.
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2.2 DETECTION MECHANISMS

The signal generation in a calorimeter is in general due to scintilla-
tion, Cherenkov radiation or ionization process. In this section these
mechanisms are summarized.

Generally the passage of charged particles through matter causes
them to lose energy by electromagnetic interaction with the Coulomb
fields of the charged constituents of the medium. This energy may
ionize or excite the atoms or molecules of the traversed medium, as
discussed below.

2.2.1 Scintillation

Scintillation is a process associated with the excitation of the medium
by particles passing through it. The excited atoms or molecules return
to the ground state, emitting one or more photons. The decay time
depends on many factors, such as the excitation energy and the num-
ber of available decay channels and therefore depends strictly on the
scintillator material.

Scintillator materials exhibit the property known as luminescence:
when exposed to certain form of energy, such as radiation or heat, they
absorb and re-emit the energy in the form of visible light. If the re-
emission occurs within 1072 — 10~%s the process is called fluorescence.
There are many materials which scintillate: inorganic crystals, organic
compound or gases. Scintillating crystals such as Nal(Tl) and BGO
have decay times of several hundred of ns while complex organic
scintillators, such as the plastic polystyrene, are characterized by
decay times of tens of ns.

The scintillation process was the first to be used for the production
of calorimetric signals and nowadays, many experiments exploit calo-
rimeters in which the signals are generated through the scintillation
light.

As mentioned before, the PhotoMultiplier Tube (PMT) plays a very
important role in this type of calorimeters since it converts the scin-
tillation light into electric signals, through a low-noise amplification.
PMTs have to be optically coupled to the scintillator, and this is often
done through a light guide which allows to adapt the end face of the
scintillator to the PMT window. Since emission spectrum of a scintil-
lator often peaks at UV wavelength, wavelength shifters are used to
match the spectral sensitivity of the photomultiplier, which is charac-
terized by a maximum in the visible range. These devices absorb the
scintillation light and re-emit it at a longer wavelength. Wavelength
shifter plates are often exploited in experiments: for example, light
produced in scintillator plates of a sampling calorimeter is wavelength
shifted and at the same time redirected towards the backside of the
calorimeter, where the PMTs are located.
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Finally it is important to mention the development of plastic optical
fibers, which had highly influenced the design of scintillator calorime-
ters. The increasing use of scintillating fibers in calorimetry is indeed
due to the following reason: fibers may be both the source of the light
(generated isotropically) and the medium through which the light is
guided to the readout. The major advantages offer by optical fibers
are:

* very high sampling frequency (good energy resolution) if they
are used as the active medium in a sampling calorimeter;

* high signal speed;

¢ good position resolution thanks to the arbitrary granularity
allowed by the calorimeter structure;

* the possibility of an almost hermetic calorimeter structure;

* high light yield and excellent cost/performance ratio.

2.2.2  Cherenkov radiation

Cherenkov radiation occurs when a charged particle travels faster than
light in a medium:

c 1
v>ﬁorﬁ>g (2.2)

Cherenkov radiation is emitted because the charged particle polarizes
the atoms along its path so that they become electric dipoles: the
time variation of the dipole field leads to emission of electromagnetic
radiation. The coherent wavefront is conical in shape and is emitted at
a characteristic angle with respect to the direction of the particle:

cosfc = ,3171 (2.3)
At threshold, i.e. B = 1/n, Cherenkov radiation is emitted in the
forward direction. The spectrum exhibits a 1/ A2 dependence and,
therefore, the visible part of Cherenkov light is seen as blue light. The
contribution of Cherenkov radiation to the energy loss is very small
compared to that from ionization and excitation, even for minimum-
ionizing particles (MIP).

Since the Cherenkov process is sensitive to the particle velocity,
it can be exploited for particle identification, in combination with a
momentum measurement done with a magnetic spectrometer. For
this reason, many devices have been developed for particle identifica-
tion (threshold Cherenkov counters, differential Cherenkov counters,
RICH). Besides, as Cherenkov light is emitted instantaneously, a Che-
renkov detector will be chosen in experiments which require high
signal speed.
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All transparent materials are candidates for Cherenkov radiators, in
particular many scintillators and light guides.

2.2.3 lonization

The energy loss mechanisms through ionization depend on the nature
and the mass of the particle and therefore the discussion is carried out
for electrons/positrons and heavy particles (muons, pions, protons,
o-particles) separately.

In the case of heavy particles, inelastic collisions with the atomic
electrons of the material are almost solely responsible for the energy
loss. The amount transferred in each collision is generally a very
small fraction of the total kinetic energy of the particle, however, in
normally dense matter, the number of collisions per unit path length
is so large that a substantial cumulative energy loss is observed even
in relatively thin layers of material. Elastic scattering from nuclei also
occurs frequently although not as often as electron collisions. In this
case, very little energy is transferred since mass of nuclei of most
materials are usually large compared to the incident particle.

Inelastic collisions are statistical in nature and, because their number
per macroscopic path length is generally large, the fluctuations in the
total energy loss are small and therefore an average energy loss per
unit path length, the stopping power dE/dx, can be used. This quantity
was first calculated by Bohr using classical arguments but the correct
quantum mechanical calculation was performed by Bethe, Bloch and
other authors. In the calculation is assumed that the incident particle
remains undeviated from its original path because of its much larger
mass and that the electron is free and at rest.

The energy transfer, parametrized in term of momentum transfer is
equal to:

2 2.2
- G = 2Natmp S 1 () a2 e

This equation is known as the Bethe-Bloch formula and it is the
fundamental expression used for energy loss calculations [32]. It is
expressed in MeV g~ 'cm?. Wi,y is the maximum energy transferred
in a single collision, which is produced by a knock-on collision (8-rays),
I is the mean excitation potential and & is the density correction due
to the electric field of the particle which tends to polarize the atom
along its path, shielding the particle charge. The minimum value of
dE/dx is almost the same for all particles of the same charge, and a
particle at this status is known as Minimum Ionizing Particle (MIP). The
stopping power as function of energy is shown for different particles
in Figure 2.2.1.

Like heavy charged particles, electrons and positrons also undergo a
collision energy loss when passing through matter. However, because
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Figure 2.2.1: The stopping power as a function of momentum for different particles.
[33]

of their small mass, an additional energy loss mechanism comes into
play: the emission of electromagnetic radiation arising from scattering
in the electric field of a nucleus, called bremsstrahlung radiation.

The Bethe-Bloch formula for heavy particles has to be modified
because now the collision process is between identical particles: in
the case of electrons the calculation must take into account the indis-
tinguishability and the assumption that the incident particle is not
deflected is no more valid.

It becomes:

—dE Z1 (142
< T )ion = ZnNarfmeczpzﬁ [ln (2(1(/11%62))2) + F(1) — (5]
(2.5)
where T is the kinetic energy of particle in units of m,c* and F(7) is a
function which is different for electrons and positrons and depends
on 3 [32].
Regarding the energy loss by radiation, it becomes comparable to
the ionization loss at the critical energy €., which depends on the
Z-value of the material:

dE dE 1
(dx>rad B <dx>ion forE TS ? (26)

At energies below ~ 100 GeV, electrons and positrons are the only
particles for which radiation contributes substantially to the energy
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loss of the particle. The emission probability in fact varies as the
inverse square of the particle mass:

€2 2
Orad & 7? = < > (2.7)

mc2
For example, radiation loss for muons (m = 106 MeV) is about 40000
times smaller than that for electrons.
Bremsstrahlung emission depends on the strength of the electric
field felt by the electron, as shown by the following term:

dE Z? 183
- = 4aN, = 2>’ EIn—— .8
< dx)md : aAZT’e nZ1/3 (2 )

Therefore the amount of screening from the atomic electrons surroun-
ding the nucleus plays an important role.

A wide variety of particle detectors exploits these processes as the
source of signal. The media used in ionizing detectors are often noble
liquids/gases as argon, xenon and krypton, since they do not capture
loose electrons, having all electronic shell of their atoms filled.

In the 1970’s, calorimeters based on noble liquids as active media
began to be used in particle physics experiments: liquid argon was
preferred because is cheap, abundantly available and high purity
levels are easily achieved. Nowadays, other noble liquids as xenon
and krypton are used in experiments requiring high-Z absorbers as
photon detectors. Unlike scintillation crystals, noble liquids are very
radiation hard, i.e. resistant to ionizing radiation. This property is
exploited, for example, in the ATLAS experiment with the lead /LAr
sampling calorimeter for the electromagnetic shower detection.

Also gaseous media can be exploited for ionizing calorimeters.
While in the case of liquid media there is no amplification process,
in gaseous media the electrons produced in the ionization process
may undergo considerable multiplication before being collected. As
the electrons are accelerated by the electric field, they acquire enough
energy to ionize in turn other atoms and thus generate an avalanche.
These devices, such as wire chambers, can be used in calorimeter
systems to provide the experimental signals, and are the best choice in
terms of costs if large surface areas have to be covered. Nevertheless
wire chambers are thin absorbers and therefore the distribution of the
energy deposited in them is of the Landau type. They thus have poor
energy resolution and they cannot be used as calorimeters, if high
energy resolution is required.

Finally, solid state devices, based on semiconductor materials such
as silicium, germanium and gallium arsenide, can also be used for
particle detection. The very little energy required for the production of
one electron-hole pair makes them excellent as high-resolution particle
track detectors. In fact the energy for electron-hole pair production is
typically one order of magnitude less than in gases, and two orders less
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than the energy required to produce one photoelectron in scintillation
counters. Since the fluctuations in the number of primary charge
carriers are one of the limiting factors for energy resolution in several
types of detectors, these devices are very good candidates in many
applications. These detectors are also studied as active material in
sampling calorimeters, given also their fast response time. Thanks to
their high density and compact structure semiconductor crystals may
be much faster than other ionizing detectors.

2.2.4 Photon interactions

Processes which play a role in electromagnetic shower development
are well understood: electrons and positrons lose energy by ionization
and by radiation. The first process dominates at low energy while the
second one at high energy, and the description of these mechanisms
was given in the previous section.

Photons interact either through photoelectric effect, Compton scat-
tering or pair production.

The photoelectric effect dominates at low energies in high-Z ma-
terials and in this process an atom absorbs a photon and emits an
electron. The atom returns to the ground state through the emission
of Auger electrons or X-rays. The photoelectric cross section depends
strongly on the available number of electrons, and thus on the Z value
of the absorber material:

75
Op.e. X ) (2.9)

v
In the Compton process, a photon is scattered by an atomic electron.
Obviously, electrons are bound in matter, but if the photon energy
is high with respect to the electron binding energy, the electron can
be considered free. Since at least 40% of the total shower energy is
deposited through Compton and photoelectric electrons, in the absorp-
tion process of multi GeV e™, e, 7y, the fine details of a calorimeter can
be understood studying processes in the range between few hundred

keV and few MeV.

The cross section for Compton scattering was one of the first pro-
cess calculated using Quantum Electrodynamics and is known as the
Klein—Nishina formula. It is a function of the scattering angle 1 and
of the electron energy { (see Figure 2.2.2):

dr re (14 cos®0) {1 7%(1 — cosh)? }
dQ 2 [1+47(1 - cosh)]? (1+cos?0) [1 4 (1 — cos)]
(2.10)
The cross section for Compton scattering depends linearly on the Z
value of the absorber material than the cross section for photoelectric
effect:

13
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Figure 2.2.2: The cross section for Compton scattering as a function of the scattering
angle of the photon (a), and the angular distribution of the Compton
recoil electrons (b), for incident photons of different energies. [33]

atomic

UCompton = ZUE‘ (2‘11)

ompton

However, as for the photoelectric effect, the cross section for Compton
scattering decreases with increasing photon energy: o o< 1/E.

If the energy of the photon is at least two times larger than the
mass of an electron, it can be converted in an electron and positron
pair. This process can occur only in the field of a charge particle,
otherwise energy and momentum cannot be conserved. Electrons
and positrons produce bremsstrahlung radiation as well as ionization
along their paths. The electron is eventually absorbed by an ion, while
the positron annihilates with an electron. During the annihilation,
two new photons are produced: if this happens when the positron is
at rest, each photon has an energy equal to 511 keV, one half of its
mass. Usually, more than 99% of the photon conversions into pairs are
caused by nuclear electromagnetic fields but, for low-Z elements and
at high energies, also pair production in the atomic electrons fields
contributes significantly to the total cross section. The pair production
cross section gradually increases both with Z and E, reaching an
asymptotic value near 1 GeV.

In Figure 2.2.3 the energy domains of these processes as a function
of the Z value of the absorbing material are shown. The relative
importance of the processes through which photons interact depends
strongly on the photon energy and on the electron density (« Z) of
the medium. This is well illustrated in Figure 2.2.4, which shows the
cross sections for these three processes as a function of energy in
carbon (Z = 6, Figure 2.2.4.a), iron (Z = 26, Figure 2.2.4.b) and uranium
(Z = 92, Figure 2.2.4.c). Pair production is the most likely process to
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Figure 2.2.3: The energy domains in which photoelectric effect, Compton scattering
and pair production are the most likely processes to occur, as a function
of the Z value of the absorber material. [41]

occur at high energies, since its cross section increases with energy.
Photoelectric process dominates at low energy for high-Z materials
while Compton scattering dominates in the low-energy regime for
low-Z materials.

Regarding the angular distribution, pair production is characterized
by an highly directional distribution, while photoelectrons and Comp-
ton electrons are isotropically distributed with respect to the direction
of the initial v.

Photons interact with matter in a completely different way with
respect to charged particles. The latter lose energy in a continuous
stream of events, ionizing atoms and molecules. For example, conside-
ring a multi-GeV electron which traverses one cm of lead, it typically
radiates thousands of photons, whom may have energies in excess of
1 GeV, but most of them are very soft, with energies in the eV-keV—
MeV range. On the other hand, a multi-GeV photon may penetrate the
same thickness of lead without interacts. And, if interacts, may change
its identity. In this case, the concept of the mean free path 2, i.e. the
mean distance traveled by the particle without suffering an interaction,
is used. The probability that a particle interacts, after traveling the
distance x is:

Pp(x)=1—¢"2 (2.12)

Therefore the probability that the mentioned photon interacts (converts
into an e*e” pair) in one cm of lead (A = 7.2 mm) is about 75%. This
concept has no meaning for electrons, for which the average energy
loss can be computed (it is about 83% of electron’s energy in this case)
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Figure 2.2.4: Cross sections for the processes through which the particles composing
electromagnetic showers lose their energy, in various absorber materials.
On the left the cross sections for pair production, Compton scattering
and photoelectric effect in carbon (a), iron (b) and uranium (c) are
shown. On the right, the fractional energy losses by radiation and
ionization are given as a function of the electron energy in carbon (d),
iron (e) and uranium (f).[41]

[32]. This issue will be treated later, introducing the radiation length
of materials.

2.3 THE PHYSICS OF SHOWER DEVELOPMENT

Even if calorimeters are intended to measure energy deposits at the
level of 10° eV and up, their performance is in practice determined
by what happens at the MeV, keV and eV levels. Each particle which
interacts in the calorimeter starts a shower, whose characteristics de-
pends on the type and the energy of the primary particle. In particular,
showers originated by hadrons and by photon/electron are extremely
different and they need to be treated separately.

In the next section the shower development characteristics, the ef-
fects of the electromagnetic and strong interactions, and the differences
between electromagnetic and hadronic showers are discussed.
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2.3.1 Electromagnetic Showers

One of the most relevant results of the combined effect of pair pro-
duction by high energy photons and bremsstrahlung emission by
electrons is the formation of electron-photon showers. A high energy
photon converts in matter into an electron and positron pair which
then emit energetic bremsstrahlung photons. These in turn convert
in ete™ pairs and so on: the result is a cascade of photons, electrons
and positrons. This process continues until the energy of electrons
and positrons drops below the critical energy: at this point, called the
shower maximum, the eTe™ pairs will lose their energy preferentially
via atomic collisions rather than bremsstrahlung emission, thus halting
the development of the shower.

The development of a cascade is a statistical process and depends
strongly on the material, therefore it is convenient to describe its
characteristics through quantities which do not depend on Z. The
radiation length describes the longitudinal shower development while
the Moliere radius is the variable used for the lateral shower develop-
ment.

The radiation length is defined as the distance over which the
electron energy is reduced by a factor 1/e due to radiation loss only:

dE E _x
PR = — = E = E e Xo 2.1
< dx ) rad Xo ° ( 3)
7164 A _
= 2 (2.14)

Z(Z +1)1n(287/\Z) g

This parameter has different meaning for electrons and photons: when
high-energy electrons encounter material, they start to radiate imme-
diately while high-energy photons may or may not convert in the same
amount of material. Figure 2.3.1 shows the distributions of the energy
deposited by 10 GeV electrons and 10 GeV photons on 5 Xy thick slab
of lead. Photons-induced showers deposit their energy deeper inside
the absorbing structure and are characterized by a greater spread in
the energy loss.

The differences between electron-induced and photon-induced sho-
wers have consequences for calorimeter detection of these particles.
Indeed, since the performance of electromagnetic calorimeters is al-
most always determined with beams of electrons, the results may not
be valid for ys.

The Moliere radius is defined as:

X
oM = 21.2€—0 MeV (2.15)
c

This quantity is frequently used to describe the lateral development of
the shower and depends, as given in the relation above, on the critical
energy and on the radiation length.
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Figure 2.3.1: Distribution of the energy fraction deposited in the first 5 ra-
diation lengths by 10 GeV electrons and gammas showering in
lead. Results of EGS4 calculations [42].

The Moliere radius scales with Z~! while the radiation length scales
with Z~2. Therefore p) is much less material dependent than Xy. For
example, copper and lead have almost the same value for pp; while
their radiation length differ by a factor 3.

A simple model of the shower development assumes Xy = Apgir,
and considers only bremsstrahlung and pair production (symmetric).
Following these assumptions, an electron or a photon with initial
energy Eo produces N = 2! particles after t radiation lengths, and the
average energy of particles at step t is equal to E(t) « %

The number of shower particles produced in this multiplication pro-
cess reaches a maximum at a certain depth in the absorber (the shower
maximum) and gradually decreases beyond that depth. The number of
shower particles is correlated to the energy deposited and the shower
profile as a function of depth is shown in Figure 2.3.2. The depth of
the shower maximum increases logarithmically with the energy of the
incoming electron and, because of the particle multiplication, the total
amount of material needed to contain em showers is relatively small.
For example, when 100 GeV electrons enter lead, 9o% of their energy
is deposited in only 4 kg of material.

Assuming that the particle multiplication phase of the shower stops
at the critical energy, the following relations apply:

E
E(tmax) = 270 =E, (2.16)
In(Ey/E
bnay = (11(”)12C) (2-17)
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Figure 2.3.2: The energy deposited as a function of depth for 1, 10, 100 GeV electrons
in a block of copper. In order to compare the energy deposit profiles,
the integrals of these curves have been normalized to the same value.
The vertical scale gives the energy deposit per cm of copper as a
percentage of the energy of the showering particle. Results of EGS4
calculations [33]

Nyax = % (2.18)
c

This is a simple model which gives only a rough qualitative picture
of the shower. Monte Carlo simulations allows to make more precise
calculation.

It is important to note that most of the energy is deposited by
very soft particles, with energy below 1 MeV, as Figure 2.3.3 shows.
Accordingly, Compton scattering and photoelectric processes are the
most abundant mechanisms, while the pair production occurs only
in the early stages of the shower development. As a consequence
electrons, which are produced in all the three photon interaction
processes, are more abundantly than positrons, except in the very
early stages where pair production is dominant.

Usually positrons deposit one quarter of the total em shower energy,
while the rest is deposited by electrons. On average, positrons are
more energetic respect to electrons and deposit their energy around
the shower axis.

The average energy of the shower particles depends on the depth
inside the detector: deeper the shower develops, softer is the spectrum.
As a consequence, the relative importance of the three different pho-
ton interactions changes. In high-Z absorber materials, for example,
the photoelectric effect becomes gradually dominant as the shower
develops.
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Figure 2.3.3: The composition of em showers. Shown are the percentages
of the energy of 10 GeV electromagnetic showers deposited
through shower particles with energies below 1 MeV (the dashed
curve), below 4 MeV (the dash-dotted curved) or above 20 MeV
(the solid curve), as a function of the Z of the absorber material.
Results of EGS4 simulations [41].

2.3.2  Electromagnetic shower profiles and shower containment

As discussed previously, the shower development depends strongly
on the Z of the absorber material. Therefore, the longitudinal and
transversal profiles of a shower can be described in term of this
parameter and of the initial energy of the showering particle as well.

Not surprisingly, as Z increases, the shower maximum shifts to
greater depth and the shower profiles decay more slowly beyond the
shower maximum. As a result of these effects, a larger number of
radiation lengths is needed to contain a given em shower in lead than
in aluminum ( as shown in Figure 2.3.4). Even if their longitudinal
profiles look very similar, they do not scale perfectly with X,. This
is due to the fact that the particle multiplication continues down to
lower energies in high-Z material and decreases more slowly beyond
the shower maximum. On the other hand, the multiplication phase
continues longer as higher is the initial energy of the showering
particle (see Figure 2.3.5).
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Figure 2.3.4: Energy deposited as a function of depth, for 10 GeV electron sho-
wers developing in aluminum, iron and lead, showing approxi-
mate scaling of the longitudinal shower profile, when expressed
in units of radiation length, X°. Results of EGS4 calculations

[41].

Electron-induced and photon-induced showers are slightly different.
Figure 2.3.5 shows that it is necessary about one additional radiation
length to contain a y-induced showers with respect to a electron-
induced one of the same energy. For examples, a 20 GeV photon
travels, on average, 2 X, before converting into e*e~ pair of 10 GeV
each. This effect does not affect much the shower containment: it takes
only an extra 1.3 Xp to contain twice as much energy, implying a
logarithmic energy dependence of the longitudinal shower profiles, as
comes out in Figure 2.3.2.

The lateral spread is mostly due to multiple scattering, for which
electrons and positrons move away from the shower axis, and to
isotropic processes as Compton scattering and photoelectric effect.
Bremsstrahlung photons which are emitted by electrons that travel
at a considerable angle with respect to the shower axis, may also
contribute to lateral spread. Multiple scattering dominates in the
late stages of the shower development, while the other mentioned
processes prevail in the early stages of the shower development, par-
ticularly in high-Z materials. Figure 2.3.6 shows the results of EGS4
Monte Carlo simulations for the radial energy deposited profile in
different absorber materials. It appears that the Z dependence is less
pronounced compared to the longitudinal case.

The deviations from scaling observed in these figures are caused
by phenomena which happen below the critical energy, i.e. Compton
scattering and photoelectron production through which at least 40%
of the shower energy is deposited. These processes are not properly
described by the scaling variables X and pg since these variables are
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Figure 2.3.5: Average energy fraction contained in a block of matter with
infinite transverse dimensions, as a function of the thickness
of this absorber. Shown are results for showers induced by
electrons of various energies in a copper absorber (a) and results
for 100 GeV electron showers in different absorber materials (b).
The lower figure also shows the results for 100 GeV y showers
in 23811, Results of EGSy4 calculations [41].

defined for the asymptotic energy regime (>1 GeV). Another feature of
these particles is that they deposit energy isotropically, as it is visible
in Figure 2.3.7. This feature has an important consequence: the active
layer in a sampling calorimeter can be oriented as desired, without
any implications for the calorimetric performance. Sandwich type ca-
lorimeters, i.e. sampling calorimeters composed of alternating layers
of absorber and active material oriented perpendicular with respect
to the beam line, are not the only possible geometry for sampling
calorimeters. On the contrary other orientations may be better in term
of hermeticity, granularity, etc. The range of 1 MeV electrons, typical
particles involved in Compton scattering, is about 1 mm in typical
absorber materials, such as iron and lead. This value sets the scale for
useful distance between active layers in a sampling em calorimeter.

2.3.3 Hadronic showers

In the case of hadronic showers, strong interactions between the
shower particles and the nuclei of the absorbing medium play also
an important role. The variety of processes which may occur is larger



2.3 THE PHYSICS OF SHOWER DEVELOPMENT 23

1
g o Al
¢ s Cu
o .
;|10 . s Pb 7
S N
? 1
- R ]
Z f,
—_ [
. ..
<o "
5 t1F B2y 4
o, 2,
o%
=1 aﬁ!'-
R% ERole,
c Aaftugc.
o 2,%0880,
50%e
=l GAAQ uogga...
= & Co%e
2 oot F anaﬂ/\ Oo!,gs.!-_
= a Ouog
g N\“,,
4] n“ab 1
0.01 — — ‘
0 1 2 3 4 5

Distance from shower axis (pM)

Figure 2.3.6: Radial profiles of energy deposited for 10 GeV electrons shower-
ing in aluminum, copper and lead. Results of EGS4 calculations

[41].

ANGULAR DISTRIBUTION PARTICLES CONTRIBUTING TO EM CALORIMETER SIGNAL

B 1GeV e” ENTERING 3° WITH FIBER AXIS
1 mm ROUND FIBERS

1 I 1 1 L 1

1
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 08 1
cos 0,

1 L

Number of shower particles (arb. units)

Figure 2.3.7: Angular distribution of the shower particles (electrons and
positrons) through which the energy of a 1 GeV electron is
absorbed in a lead-based calorimeter. Results of EGS4 Monte
Carlo simulations. From [6].
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and so the discussion of the hadronic showers is more complex than
the one of electromagnetic showers.

In the case of a charged hadron, the medium will be ionized in a
continuous stream of events. At some depth the hadron encounters an
atomic nucleus with which it interacts strongly. In nuclear reactions
hadrons change their identity and the reaction products could be tens
of hadrons. The struck nucleus changes too, loosing nucleons and,
being left in an excite state, will decay by emitting several y-rays.

Many of the neutral hadrons produced in an hadronic cascade decay
through electromagnetic interaction: 71%s and 7’s decay in 2 y’s, which
in turn develop em showers. Other neutral hadrons do not ionize the
medium: the only type of interaction that they may undergo is the
nuclear one. In particular, in hadronic shower development neutrons
are abundantly produced. They lose energy in very different way with
respect to those of charged hadrons, and this is an important aspect
to consider in order to understand hadronic calorimetry. Indeed, in
order to release neutrons and protons from atomic nuclei, the binding
energy has to be provided. The energy used for this purpose does not
contribute to the calorimeter signal, and so it is called invisible energy.

As for em showers, secondary particles may in turn ionize the
medium and/or undergo nuclear reactions and so on, producing an
hadronic shower. In the early stages of the shower the multiplication
process increases the number of particles until the shower maximum is
reached, i.e. where further multiplication is balanced by the absorption
of shower particles. Beyond this maximum, the energy deposit by the
shower particles gradually decreases.

Despite these similarities with the em showers, there are important
differences between the two types of shower. First of all the scale of
the hadron shower development is larger than the em one. The scale
variable which describes the hadronic shower profiles is the nuclear
interaction length (A;y;): the average distance an hadron travels before
inducing a nuclear interaction. It is defined as for the mean free path
of high-energy photons. The probability that a particle traverses a
distance z in the medium without interacting with a nucleus is:

P = e(fz//\int) (2'19)

where A;,;; is inversely proportional to the total cross section for nuclear
interactions:

A
NaAint
The size of projectiles and the size of target determine this cross
section. Since both depend on the A value, it follows that A;,; scales
with A~1/3 when expressed in units of ¢/cm? [41]. Hadronic shower
profiles, on average, look like the em ones even if the scale factor is

Orot = (2.20)
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much larger. For example, for copper Xj is equal to 1.4 cm while A;
is equal to 15 cm.

In the following sections the different components of an hadronic
showers and their properties are discussed.

2.3.3.1 The electromagnetic component

The fraction of the hadronic shower which propagates electromagneti-
cally fluctuates strongly event by event and it is called the electroma-
gnetic fraction, fe,.

On average, 90% of the hadronic shower particles are pions and
one third of them are 7t’s. Neutral pions decay to two photons with
a branching ratio of about 100% and may be produced by shower
particles until these are sufficiently energetic. Moreover, since the 7t’s
production is an irreversible process, the f,,, gradually increases with
energy.

A simple model to estimate the average electromagnetic fraction
assumes that all available shower energy is used to produce mesons,
and one third of the mesons produced in nuclear reactions consists of
neutral pions. After n generation of the shower development f,, is:

1

fem =1—(1— g)" (2.21)

The non-electromagnetic content of the shower decreases as (1 — 1/3)"
and after each interaction, (1 —1/3) of the remaining energy is available
for the next generation of collisions. The number of generation 7 is
a function of the energy E of the particle that initiates the shower. If
the total number of mesons produced is assumed to be proportional
to E and to the multiplicity <m>, i.e. the average number of mesons
produced per interaction, the f.,, scales according to the Equation 2.21.

This simple model does not take into account that other particles
are produced in an hadronic shower, not only charged and neutral
pions. Then the factor 1/3 in Equation 2.21 should be considered an
upper limit, and will be called f,o. Moreover <m> depends on the
energy E: in particular, the average number of mesons produced in a
reaction increases logarithmically with the energy. Finally, this model
neglects the energy loss by ionization and nuclear excitation of the
calorimeter media, which depends on Z-value of the material, and the
conservation of the baryon number.

A more precise model has been studied by Gabriel et al. [26]. The
resulting expression for the electromagnetic fraction is

£\ k-1
fem =1— (EO> (2.22)

where Ej is a scale factor, which corresponds to the average energy
needed for the production of one pion, and the exponent (k-1) is
related to <m> and f,, through the relation below:
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1—fpo=<m SED 5 =1+ m (2.23)

The exponent k defines the energy dependence of the em shower frac-

tion, since it is determined by two parameters: the average fraction of

7° production per nuclear interaction f,0, and the average multiplicity
per nuclear interaction, <m>.

Gabriel and his collaborators have studied these relations and their

parameters using simulated data on hadronic shower development in

different absorber materials and they arrived to several conclusions:
* Ej depends on the Z of the traverse medium;

¢ the f.; in proton-induced showers is much smaller than for
pion-induced showers of the same energy.

This last phenomenon has a simple explanation. In pion-induced
showers there is no requirement of the baryon number conservation,
which limits the 7rp production in proton-induced shower. Therefore
pion-induced showers contain a larger em component.

The Z dependence instead lies in the ionizing mechanism of the
medium by charged hadrons since the amount of energy lost in this
way depends strongly on Z. As the energy loss per hadron increases,
the number of hadrons produced in the shower development de-
creases. So Eg increases and the number n and the em shower fraction
fem decrease. These predictions were supported experimentally by the
SPACAL [8] and the QFCAL Collaboration [13], whom have attempted
to measure the electromagnetic fraction of the hadronic showers de-
veloping in their detectors. For example, in Figure 2.3.8 are shown
the results obtained by the SPACAL Collaboration. The curves in this
figure correspond to calculations based on Equation 2.22, using a value
Eo = 1.3 GeV, recommended by Gabriel et al. for lead, the absorber
material of the SPACAL detector. The parameter k was varied in these
calculations and the three curves represent results for k = 0.80, 0.82
and 0.84, respectively. The experimental data favor k = 0.82.

2.3.3.2 The nuclear sector

Typical shower particles in hadron showers are 50-100 MeV spallation
protons, 3 MeV evaporation neutrons and charged pions.

Charged hadrons, before interacting with a nucleus, ionize the
medium and may lose a significant amount of energy, especially if
they are soft hadrons produced in the cascade.

Pions may interact with a nucleus too, but since they are only 2/3
the size of protons, they have a smaller probability of encountering
a nucleus and so they travel typically 25-50% more distance before a
nuclear interaction can occur.

On the average, the 80% of the energy of the non-em component is
available for exciting and dissociate the medium nuclei.
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Figure 2.3.8: The average em shower fraction in pion-induced showers mea-
sured in the SPACAL lead/fiber calorimeter. The curves rep-
resent predictions based on Equation 2.22. Experimental data
from [8].

The process more likely to occur is spallation. This reaction can be
described as a two-step process: the incoming high energy hadron
strikes the nucleus generating a fast intranuclear cascade, and then the
excited nucleus decays by emitting nucleons or nucleon aggregates.
The de-excitation of the nucleus is called the evaporation stage. The
emission of nuclei continues until the excitation energy is smaller then
the binding energy of the nucleon. The remaining energy, typically few
MeV, is released as y-rays. Taking into account a given nucleus, struck
by an hadron of a certain energy, the variety of possible spallation
reactions is huge.

The nuclear binding energy which is provided by shower particles
to release nucleons in the spallation process, does not produce any
calorimeter signal, and so it is called invisible energy. Since the va-
riety of processes which may occur is very large, the invisible energy
fluctuates strongly event by event and it is one of the factors which
limit the energy resolution of an hadronic calorimeter. Anyway it is
possible to exploit the correlation between the binding energy loss
and the kinetic energy carried by the nucleons in order to estimate the
invisible energy, as will be discussed later.

In the Table 2.3.1 both the energy deposited and the composition
of the non-em component of an hadronic shower in lead and iron are
reported.

The discrepancy between the number of protons and neutrons
released is due to several factors. Protons are emitted mostly by the
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| Lead | Tron |

Ionization by pions 19% | 21%
Ionization by protons 37% 53%
Total ionization 56% 74%
Nuclear binding energy loss 32% | 16%
Target recoil 2% 5%
Total invisible energy 34% | 21%
Kinetic energy evaporation neutrons | 10% 5%
Number of charged pions 0.77 1.4
Number of protons 3.5 8
Number of cascade neutrons 5.4
Number of evaporation neutrons 31.5

Total number of neutrons 36.9 10
Neutrons/protons 10.5/1 | 1.3/1

Table 2.3.1: The energy deposit and the composition of the non-em compo-
nent of hadronic showers in lead and iron is reported. The listed
numbers of particles are per GeV of non-em energy [41].

nucleus in the cascade-step while in the evaporation process almost all
nucleons emitted are neutrons. This is in particular true for lead, which
is characterized by a Coulomb barrier for protons equals to 12 MeV.
Since in the evaporation stage nucleons are released with a kinetic
energy of few MeV, it is difficult to find charged particles coming out
from the nucleus. Concerning the nuclear binding energy loss, the
great difference between the two materials is due to the fact that iron
is the most stable nucleus in nature and it is thus characterized by a
very high binding energy.

The neutron/proton asymmetry is greater in lead than in iron, and
this is due to the higher Coulomb barrier in lead, and to the different
proton/neutron ratio in the nuclei. Indeed in lead (Z/A=82/108), 39%
of the energy carried by spallation nucleons is brought by protons,
while in iron (Z/A=26/56) this fraction amounts to 46% [41]. Since
the kinetic energy of escaping protons is lost by ionization, a larger
fraction of the energy is contained in the lead nuclei and will be later
released in the form of evaporation neutrons.

Table 2.3.1 also contains other features:

¢ charged pions have a minor role with respect to protons in the
absorption process;
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Figure 2.3.9: A proton-nucleus interaction in a nuclear emulsion stack. Pho-
tograph courtesy CERN.

* soft spallation protons have a major role in the absorption pro-
cess, since about 40% of the non-em energy is deposited through
them;

¢ the fraction of invisible energy is very large;

* a significant part of the hadronic shower energy is carried by a
large number of soft neutrons.

Finally, it is important to point out that there is another contribution to
the invisible energy: the kinetic recoil energy of the struck nucleus in
the spallation process. Indeed, as it is shown in Figure 2.3.9, spallation
protons and neutrons are likely to be emitted along the direction of the
projectiles and thus the nucleus recoils. This recoil energy is usually
too small to generate a signal, and so it contributes to the invisible
energy.

2.3.4 Hadronic shower profiles

As mentioned before, the longitudinal profile of an hadronic shower
is very similar to the one of an em shower, except for the scale: the
hadronic showers develop deeper in the absorber medium since the
nuclear interaction length is larger than the radiation length, up to
a factor of 30 in high-Z materials, as is shown in Figure 2.3.10. The
difference in the scaling variables allows to distinguish between the
two type of showers easily. For example, a pre-shower detector, i.e. a
slice of lead followed by a sheet of plastic scintillator positioned in
front of the calorimeter, can be used to do this task. Pions release only
a very small fraction of their energy in it while electrons will start a
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Figure 2.3.10: Ratio of the nuclear interaction length A;,;; and of the radiation
length X as a function of Z [33].

shower: the two energy distribution will be thus very different (see
Figure 2.3.11).

The depth of an hadron calorimeter needed to contain the shower
increases logarithmically with the shower energy, as for em showers.
But, since the scale of the two types of showers is different, the contain-
ment of an hadronic shower will require more material with respect
to the containment of an em shower of the same energy (at least for
materials with Z>10).

An hadronic shower is also broader: the lateral profile shows in
general a narrow core, which corresponds to the em component,
surrounded by a large halo, as is visible in Figure 2.3.12. Since the
electromagnetic fraction of the shower increases with energy, high-
energy showers develop more close to the shower axis than low-energy
ones and will be contained laterally in a smaller cone. The non-em
component of the shower is instead responsible for the halo, which
decays exponentially with the distance from the shower axis.

The ZEUS collaboration has measured the lateral profiles at different
depths in their uranium/plastic-scintillator calorimeter, with a 100
GeV pions beam [10]. Their results are shown in Figure 2.3.13: in
the early stages of the shower development the em shower core is
prominent while beyond 4.5 A;y; it is completely disappeared.

The shower profiles shown until now were averaged over a large
number of showers. But the hadronic shower profiles are very different
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Figure 2.3.13: Lateral profiles for pion-induced showers, measured at diffe-
rent depths, with the ZEUS calorimeter. Data from [10].

from each other and this is primarily due to the 7%-induced showers.
The production of energetic 71's may indeed occurs in different re-
gions of the absorbing volume and so the energy deposit profiles will
differ considerably from the average. Some examples are shown in
Figure 2.3.14: the energy is deposited through one or several 71’s in the
second or third generation of the shower development. The profiles
shown in Figure 2.3.14 are not exceptional in hadronic shower deve-
lopment, since 7¥s deposit their energy in a smaller volume than other
shower particles. These profiles reflect the event by event fluctuations
in the energy carried by 7% and in the position in which they deposit
energy. Figure 2.3.15 shows instead six examples of electromagnetic
shower profiles. As it is clearly visible, they are very similar to each
other, unlike pions ones.

The typical particles in hadron showers are 50-100 MeV spallation
protons and 3 MeV neutrons. The proton range at these energies is
about 1 cm, while 3 MeV evaporation neutron range is typically longer,
since neutrons may travel several centimeters between two interactions.
Indeed, neutrons deposit their energy only through nuclear interac-
tions. They can undergo elastic and inelastic scattering with the nuclei,
or be captured. The last process may occur when neutrons have lost
almost all their kinetic energy, i.e. when neutrons are thermalized.

The measurement of their kinetic energy can be fundamental in the
case of sampling calorimeters. By choosing proper active and passive
materials, the contribution of neutrons to the calorimeter signals can
be large, and its measurement allows to estimate the invisible energy,
as will be discussed later.
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Evaporation neutrons dominate the tail of the longitudinal and
lateral shower profiles because of their long mean free path. Calorime-
ters which exploit neutron signals have thus to integrate over a large
volume and also a long time.

2.4 THE CALORIMETER RESPONSE FUNCTION

As can be derived from previous discussion, the physics of shower
development is complex. Accordingly, calorimeters, especially the
hadronic ones, are non-trivial instruments. In this section the energy
response of calorimeters, fluctuations and instrumental aspects will be
discussed, in order to have a better comprehension of these devices.

The calorimeter response is defined as the average calorimeter signal
divided by the energy of the particle that generates it.

A calorimeter is linear when its response is constant as a function of
energy. The units through which the calorimeter response is expressed
are the number of photoelectrons per GeV, picoCoulomb per MeV or
similar, depending on the calorimeter system.

The calorimeter response to different types of particles is often com-
pared, and mips (minimum ionizing particle) represent the “benchmark
particles”. The response of a calorimeter to a particle X is thus ex-
pressed as the ratio X/mip, i.e. the calorimeter response to particle X
over the calorimeter response to mip.
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Figure 2.3.15: Longitudinal profiles for 4 different showers induced by 170
GeV electrons in a lead /iron/plastic-scintillator sandwich calo-
rimeter: the absorber structure consists of 40 lead plates (3.1
mm thick), followed by 20 iron plates (2.5 cm thick). Data from

[29]

The response to mips cannot be measured directly since they are
hypothetic particles. Charged particles can be considered mips when
their stopping power reaches its minimum value but as soon as they
lose energy again, they cease to be mips. The particles which can be
considered mips are muons, even if at relativistic energies their energy
loss is greater than the minimum value.

One way to determine the experimental calorimeter response to
mips is to measure the signals produced by muons at different energies
and then extrapolate the mip part of the signals.

The best way to evaluate the calorimeter response is to plot it versus
energy (as in Figure 2.4.1). Indeed, this method is highly sensitive
to small non-linearities. Electromagnetic calorimeters are in general
linear, since all the energy deposited by em showers generates signals.

Deviations from linearity may be observed, and are usually an
indication of instrumental problems. Indeed these deviations can be
due for example to:

e saturation effects in PMTs, which can be solved lowering the
PMT gain (as Figure 2.4.1 shows);
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after (b) precautions were taken against PMT saturation effects.
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* saturation in gaseous detectors operating in “digital” mode,
which are characterized by a response depending on the particle
density;

¢ shower leakage;
e recombination of ions and electrons in the medium.

This effects cause the calorimeter response to decrease with energy.

On the contrary, signal non linearity is a very common feature for
hadron calorimeters, given the energy dependent em shower fraction
and the invisible energy phenomenon.

In non-em shower component the energy is carried by mesons,
spallation protons, evaporation neutrons, recoil target nuclei, nuclear
vs and it is lost in release nuclei. The response of calorimeter to this
non-em component is indicated as /, while the response to the em
component is called e.

The calorimeter response to the hadronic component of a shower
can be expressed as:

h= frg«rel + fpuep+ fuen+ fino«inv (2.24)

where f,,; is the fraction carried by relativistic charged pions, f, is
the fraction carried by spallation protons, f, is the fraction carried
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by evaporation neutrons and fi,, is the fraction due to the invisible
energy. rel, p, n, inv are the calorimeter responses for the mentioned
components. Normalizing all of them to the one for mips, and knowing
that inv = o0, one obtains:

e e/mip
W frersrel/mip+ fpop/mip + fun/mip

In Table 2.3.1 the indicative values for the fraction of all the non-em
components are reported.

Charged pions behave like mips at low energies, well below 1 GeV.
As their energy increases, nuclear reactions start play an important
role and 7% are produced widely.

Since 71's generate em showers, the response to pions gradually
becomes similar to the one for em showers, as the energy increases.

The ¢/n value cannot be directly measured. One method to indirectly
measure the ¢/n ratio, knowing the electromagnetic fraction f,, is
given below:

(2.25)

T = femse~+ (1 — fom)h (2.26)
n/ezfem+[1_fem]-h/e (2'27)
which leads to
o
/n—l_fem =0 (2.28)

This relation is depicted in Figure 2.4.2 for a number of ¢/i values.
To derive this relationship, the ratio ¢/~ has to be measured and the
energy dependence of the f,,, has to be known (see Equation 2.22).
The figure clearly shows that the ¢/ signal ratio approaches 1, in the
limit of high energies, despite the ¢/ value.

The signal non-linearity is determined by the ¢/ value. Assuming
that the calorimeter is linear for em shower detection, from Equa-
tion 2.27 follows that the ratio of pion responses at energies E; and E,
is related to ¢/:

m(E1) _ fen(Er) +[1— fem(E1)] (e/l) 7" (2.29)
M(E2) ~ fonlE2) + (1~ fon(E2)] (e/R) ! =
If ¢/n =1, this ratio is equal to 1 too, and the calorimeter is thus
linear. The same situation holds for jets. Jets consist of collection of
particles, resulting from quark fragmentation or hard gluons produced
in the collisions. The four-vector of a jet reflects the four-vector of the
fragmenting (di)quark. Its measurement is thus more important than
the measurement of all individual hadrons.
The shower generated by a jet, contains an em component as the
hadronic showers do. The only difference is that jets usually contain
already a number of 7s before entering the calorimeter and so they
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Figure 2.4.2: The e/n signal ratios as a function of energy, for different values
of e/h.[41]

have an “intrinsic” electromagnetic component. Besides, the average
fem of jet shower may be different from that of an individual hadron
shower. The reason lies in the fragmentation process. In the case of a
diquark fragmentation, the leading particle is a baryon while in the
case of a quark fragmentation, the leading particle is a meson. Since
the conservation of the baryonic number, heavy quarks (c, b) may
likely to produce light quarks (u, d) than neutral pions. Anyhow, the
calorimeter response for jets is smaller than that for electrons, photons
and muons and it is energy dependent.

2.4.1  Homogeneous calorimeters

In this type of calorimeters, all the volume is sensitive to the particles
and may contribute to the production of the signal.

Homogeneous calorimeters are intrinsically linear for em showers,
except for saturation and instrumental effects as discussed below. They
are thus characterized by

e/mip =1 (2.30)

because of similarities between the energy deposit mechanisms of
muons and electrons. As a consequence, if the calorimeter is calibrated
with electrons, i.e. the relation between the calorimeter signal and the
deposited energy is found with electron of known energy, the calibra-
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tion constant can be exploit to determine also the energy deposited by
muons.

Obviously, the calibration constant cannot be used for hadrons and
jets, since they lose energy in a wide variety of processes and not all
the energy deposited generates a measurable signal (invisible energy
phenomenon). Homogeneous calorimeters are thus all characterized
by ¢/n > 1 and therefore they are non-compensating devices (see
Section 2.4.3).

For this reason, these calorimeters are never used as hadronic de-
vices since there are no possible methods in order to make them
compensating. On the contrary, homogeneous calorimeters can be
exploited as the em section of a calorimeter. In this case, the hadronic
performance of the combined system is anyway affected by the fact
that the em section is highly non compensating. As a consequence, in
this case it is not worth to build a very good hadronic section.

2.4.2  Sampling calorimeters

Sampling calorimeters are made of two different materials, one which
has the function of absorbing particles energy, and one which genera-
tes the calorimeter signal.

One important parameter which characterizes these devices is the
sampling fraction. It is defined as the energy deposited by minimum
ionizing particles (mip) in the active calorimeter layers, with respect to
the total energy deposited by such particles in the whole calorimeter.

2.4.2.1  The sampling calorimeters response to electrons and photons

In sampling calorimeters the ¢/mip value is generally far from one, and
depends strongly on the Z-value of both the absorber and the active
material. The larger is the difference between the Z of the two media,
the smaller is the response to em showers. This effect has been under
study for many years, and it has become known as the transition effect.

The reason why the response to em showers is suppressed in sam-
pling calorimeters is due to how low-energy ys and electrons (< 1
MeV) interact with matter. Their range is much shorter than the typi-
cal thickness of the absorber layers. Therefore the sampling of these
electrons is very inefficient, since only those who interact near the
boundary between the passive and the active media, will enter the
active material and therefore contribute to the signals. In high-Z ma-
terials, these soft electrons are produced through the photoelectric
effect, whose cross section has a Z°> dependence. The most part of the
soft photons thus interact only in the absorber and this causes the low
e/ mi 4 value.

As the energy resolution, also the em sampling fraction is heavily
affected by phenomena which occur at energies 10* smaller than the
incident particle ones. This effect causes also a dependence of the
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GeV electrons in various sampling calorimeter configurations.
All calorimeters consist of 1 Xy thick absorber layers, interleaved
with 2.5 mm thick PMMA or LAr layers. Results from EGS4
Monte Carlo simulations [39].

sampling fraction from the age of the shower, i.e. the depth, as it is
visible in Figure 2.4.3. Soft ys are absorbed by Compton scattering
and photoelectric effect especially in the last stages of the shower
development, and the deviations from ¢/mip = 1 is due to them. This
feature has important consequences for the calibration of longitudi-
nally segmented sampling calorimeters. The calibration constants, i.e.
the coefficients which relate signals to energy deposits, have to be
different for the different sections.

However, if the sampling frequency is increased, i.e. the layers are
made thinner, the sampling fraction increases as well since the to-
tal boundary surface increases. This effect was studied with EGS4
simulations, as the other mentioned effects. The results are shown
in Figure 2.4.4, for uranium calorimeters with PMMA (Polymethyl-
methacrylate) or LAr readout.

2.4.2.2  The sampling calorimeter response to hadrons

Most of the sampling hadron calorimeters are intrinsically non-linear.
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Figure 2.4.4: The e/mip ratio as a function of the thickness of the absorber
layers, for uranium/PMMA and uranium/LAr calorimeters.
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from EGS4 Monte Carlo simulations [39].

The ¢/n value may assume a wide variety of values. Some sampling
calorimeters have ¢/ values near 1 and are called compensating calo-
rimeters (Section 2.4.3). Those calorimeters have a lot of advantages,
one of these is the hadronic signal linearity, at least for energies > 5
GeV.

Most of the sampling calorimeters used in practice are under com-
pensating, i.e. ¢/n > 1, but there are examples also of overcompensating
calorimeters, i.e. ¢/ < 1. Three examples are shown in Figure 2.4.5.
The compensation issue will be discussed later.

In Equation 2.25 the dependence of the ¢/ ratio on the different
calorimeter responses is shown. In the case of sampling calorimeters:

e rel/mip is approximately 1 since relativistic charged pions resem-
ble mips in their ionization losses;

* 1/mip decreases as the energy decreases, since low-energy protons
are inefficiently sampled. As in the case of soft electrons, this
contribution may increase if the thickness of the absorber layers
is reduced, or if the thickness of the active layers is increased.

* n/mip depends strongly on the A value of the absorber material.
The main process through which the evaporation neutrons lose
energy is the elastic scattering: the smaller is A, the larger is
the kinetic energy transferred to the absorber nuclei. Neutrons
may be sampled in an efficient way only if they transfer their
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Figure 2.4.5: The response to pions as a function of energy for three calori-
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1, [9]), the HELIOS calorimeter (e/h = 1, [27]) and the WA~8
calorimeter (e/h < 1, [11, 12]). All data are normalized to the
results for 10 GeV.

kinetic energy to the nuclei. Adding hydrogen to a calorimeter
structure, neutrons are quickly thermalized and lose most of
their energy in the collisions. As a result, 7/mip depends on the
fraction of hydrogen contained in the calorimeter and has a wide
range of values. Typically it is much larger than 1 in calorimeters
which exploit neutron signals, even in the presence of saturation
effects.

As just mentioned, saturation effects in the active medium may affect
largely the hadronic response. This effects are due to signals produced
by densely ionizing particles, as the spallation protons, and are often
present in active media such as plastic scintillators and liquid argon.

Since the hadronic showers are broad and nuclear gammas con-
tribute after 1 us to the signals, the hadronic response depends on po-
sition and time. All particles which characterize the hadronic showers
have a typical three-dimensional energy deposition profile. Neutrons
propagate isotropically and they constitute the lateral and longitudinal
tails of the shower. An example of the longitudinal distributions of var-
ious nuclides is shown in Figure 2.4.6. The em component represents
instead the shower core.

This spatial dependence has to be taken into account when cali-
bration constants are used in order to estimate the amount of energy
deposited in the calorimeter. Indeed, if the calorimeter response to
neutrons is very different from that to particles used to set the energy
scale, the energy deposited by them may be mismeasured conside-
rably. The same thing occurs when the energy contained in the em
core is estimated. Since the calibration constants are chosen in order
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[31].

to reproduce the correct hadron energy for the entire shower, the
energy represented by the calorimeter signals from the area near to
the shower axis may be wrongly determined.

In particle physics experiments, the energy of the primary particle or
of the jet is estimated by collecting signals from the central area of the
calorimeter. Therefore the signals produced by neutron capture in the
lateral tails are frequently cut. Moreover, since the signal integration is
typically done over 100 ns, signals generated by nuclear ys, which are
emitted after neutron capture, are cut away because they cover time
intervals of about 1 ps. These signals usually cannot be considered, as
can be inferred by Figure 2.4.7. In this figure the results relative to the
ZEUS experiment are reported.

As the gate width for the signal integration is increased, a larger
amount of noise is also recorded, in such a way that hadron energy
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resolution gets worse. Besides, also the em energy resolution deterio-
rates, as it is visible in figure Figure 2.4.7.b.

2.4.3 Compensation

The need for compensation comes from the different calorimeter re-
sponses to the em and the non-em component of an hadronic showers.
The energy shared between these two parts of an hadronic shower
varies from event to event, and it is energy dependent. The energy
resolution is thus deteriorated by such effects, as will be discussed in
the next section.

Only sampling calorimeters may be compensating and some me-
thods for achieving compensation are discussed below. They are based
on the enhancement of the response to the non-em showers.

For a long time it was believed that the use of uranium absorber
could be the key ingredient for compensation, by exploiting the nu-
clear fission. However its use is neither essential nor sufficient. A
more powerful way to increase the non-em response is by use active
materials containing hydrogen, as it is clearly shown in Figure 2.4.8.

The neutrons produced during hadronic cascade undergo elastic
scattering with nuclei and transfer a fraction of their kinetic energy to
them:

2A

felastic = m (2.31)

where A is the atomic number of the target nucleus. If a neutron
scatters with an hydrogen nucleus, it gives half of its kinetic energy to
the proton, which densely ionizes the medium and contributes to the
calorimeter signal.

The relative contribution of neutrons to hadronic response can be
tuned to the value needed for achieving compensation. This has been
demonstrated experimentally for plastic-scintillator structures with Pb
or 28U as absorber material.

All compensating calorimeters rely on the contribution of neutrons
to the hadronic signals. Indeed, by properly amplifying the neutron
signals, one compensate for the invisible energy losses. This is due to
the fact that the kinetic energy of the evaporation neutrons is related
to the nuclear binding energy loss, as is shown in Figure 2.4.9.

In order to achieve compensation, a crucial role is also played by the
sampling fraction, as shows in Figure 2.4.10. The "/mip ratio could reach
very high values, specially if the sampling fraction is very small. A
compensating calorimeter must thus have a precisely tuned sampling
fraction, for amplify the neutron signals by the proper factor.

To summarize, a compensating calorimeter has to be a sampling
device and the active material has to contain hydrogen and to be
sensitive to the signals produced by recoil protons.
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In intrinsically non-compensating devices, an alternative approach,
called off-line compensation, can be applied. As the term suggests, the
compensation is done off-line and through the determination of the
two components event by event. It can be carried out exploiting the
different spatial development of the em and non-em showers, or mea-
suring the em fraction f,,, event by event. The latter method can be
achieved by comparing, for example, the scintillation and the Cheren-
kov light produced in scintillator-based calorimeters. Only relativistic
particles radiate Cherenkov light: in an hadronic showers, the em
component consists of relativistic particles (electrons and positrons)
down to few hundred keV, while in the non-em component the energy
is mostly deposited by non relativistic particles, i.e. spallation protons
and neutrons. Therefore, only the em component of the hadronic sho-
wers radiates Cherenkov light, and comparing the Cherenkov signal
with the scintillation one, which is generated by all the showering
particles, the f.,;, can be estimated.

Calorimeters based on the detection of the Cherenkov light are
extremely non-compensating devices and may be used only for the
reasons just mentioned. They are fast devices since the emission of
Cherenkov light is an instantaneous process (the time constant is typ-
ically equal to 5-10 ns). This feature allows to separate two events
very closely spaced in time. Besides, only the em core of hadronic sho-
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wers is detected. Therefore, the volume necessary to contain hadronic
showers is smaller, both longitudinally and laterally. Hadron showers
look thus very narrow and this is important since the shower overlap
when particle densities are very high may be reduced. Because of
these properties, calorimeters which exploit the Cherenkov light may
be used in future experiments.

2.5 FLUCTUATIONS

Calorimeters are instruments aimed to the energy measurement of
particles in high-energy physics. Therefore the most important cha-
racteristic of a calorimeter is its energy resolution. Energy resolution
determines the precision with which the energy of a particle can be
measured and is estimated experimentally through the calibration of
the calorimeter. A variety of fluctuations affect the energy resolution
and they will be discussed below.

Since calorimeters are based on physical processes that are statistical
in nature, signal quantum fluctuations affect the precision of calori-
meters, as well as other effects, such as shower leakage, sampling
fluctuations, etc.

Fluctuations, aside from those caused by shower leakage and instru-
mental effects, follow Poisson statistics. Therefore they contribute to
the energy resolution with a term:

IE _ aL (2.32)
E VE '
where energy is expressed in GeV.

Usually several sources of fluctuations contribute to the energy re-
solution of a calorimeter but often one source dominates the others,
as sampling fluctuations in sampling calorimeters for example. Typ-
ically, they have different energy dependence and are uncorrelated.
Therefore these fluctuations have to be added in quadrature:

0e = \/(1)2 + (02)2 + (03)? (233)

where 07, 03, 03 are the standard deviations of the fluctuations caused
by source 1, 2, 3 respectively. If some sources of fluctuations are
correlated, they have to be combined accordingly.

2.5.1  Signal quantum fluctuations

The precision of calorimetric measurements is determined and limited
by fluctuations. Since the statistical nature of processes on which
calorimeters are based, signal quantum fluctuations may affect the
energy resolution.

Among the calorimeters which are dominated by signal quantum
fluctuations, there are the quartz fiber calorimeters. In these devices,
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Figure 2.5.1: The energy resolution for electron detection with the QFCAL
prototype detector, as a function of energy. Results are given
for measurements in which photomultiplier tubes with a glass
window were used and for measurements in which the same
type of PMTs were equipped with a quartz window [13].

given the very small light yield, such as 1 photoelectron per GeV, large
signal quantum fluctuations deteriorate the energy resolution and
make negligible other sources of fluctuations. The cause for this large
fluctuations is the following: only a small fraction of the scintillation
light and the Cherenkov light generated in the quartz fibers is trapped
and transported to the PMT. Besides, using PMTs with glass window,
the probability that a Cherenkov photon reaches the photocathode is
limited. The quantum efficiency can be improved if PMTs are equipped
with quartz windows, as shown in Figure 2.5.1.

2.5.2  Sampling fluctuations

These fluctuations are determined both by the sampling fraction, i.e.
the energy deposited by minimum ionizing particles in the active
calorimeter layers, measured relative to the total energy deposited by
such particles in the calorimeter, and the sampling frequency, i.e. the
thickness of the layers for a given sampling fraction.

The nature of these fluctuations is statistical too, since they arise
from fluctuations in the number of shower particles which contribute
to the signal.

In electromagnetic calorimeters with non-gaseous media, the expres-
sion below well describes these fluctuations:

g —
7 = 27%\/d/ foamp - E 12

(2.34)
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Figure 2.5.2: The electromagnetic energy resolution as a function of the pa-
rameter (d/ fsamp)’l/ 2. See text for details. [38]

where d is the thickness of the active sampling layer (e.g. the diameter
of a fiber or the thickness of a scintillator plate or a liquid-argon gap,
in mm) and fsump is the sampling fraction for mips (see Figure 2.5.2).

The thickness of the absorber material determines the number of
Compton electrons and photoelectrons contributing to the signals.
The smaller is its thickness, the larger are the soft electrons sampled.
The thickness of the active material determines instead the size of
fluctuations in the contributions from individual shower particles.
Indeed, in detectors with very large sampling fraction, electrons may
also be generated in the active layers.

Increasing both these quantities, particles are sampled more effi-
ciently and energy resolution improves.

Figure 2.5.3.a shows examples of energy resolution as a function of
fsamp, in several plastic-scintillator calorimeters. Figure 2.5.3.b shows
results relative to scintillating-fiber calorimeters: as the diameter of the
fibers decreases, the energy resolution improves since the sampling
frequency increases.

The energy resolution of fiber calorimeters is better that the one for
scintillator-plates calorimeters, for a given sampling fraction. Indeed,
in the former there is a larger number of active layers in a given
volume and so the amount of boundary surfaces between active and
passive layers is greater. As a consequence, a large number of soft
electrons may contribute to the calorimeter signals.

Until now only soft electrons produced through Compton scatte-
ring and photoelectric effect have been discussed. Regarding the em
showers, there also the fast eTe™ pairs created in the conversion of
high-energy vs. These particles may contribute to the signal in several
consecutive active layers. However, in dense active materials, the range
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Figure 2.5.3: The em energy resolution as a function of the sampling fraction
for various representative plastic scintillator plate calorimeters
(a) and for scintillating-fiber calorimeters (b). From [38] .

of these particles is very small and typically there is no correlation
between signals in neighbouring active layers, as had been thought at
the beginning [36].

2.5.3 Shower Leakage

Calorimeters have become fundamental devices in particle physics
experiments and at colliding-beam machines have to be designed as
4m detectors.

As a consequence, it is very important to know the degree of the
shower containment with the most accurate precision. First, in order
to limit shower leakage fluctuations, and second, in order to avoid the
escape of particles, which may disturb the performance of the detec-
tors located downstream the calorimeter, such as the muon counters.
Shower leakage depends on the energy and on the type of showering
particles. Electrons of a given energy are better contained than protons
of the same energy, and the latter are better contained than pions, on
average.

The fluctuations in the shower leakage do not have statistical nature
and can be classified in:
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Figure 2.5.4: A comparison of the effects caused by different types of shower
leakage. Shown are the induced energy resolutions resulting
from albedo, longitudinal and lateral leakage as a function of
the average energy fraction carried by particles escaping from
the detector. The longitudinal and lateral leakage data concern
10 GeV s, the albedo data are for y-induced showers of different
energies. Results from EGS4 Monte Carlo calculations [41].

* longitudinal leakage. Shower particles escape the detector co-
ming out from the rear end of the calorimeter.

* lateral leakage. Shower particles escape through the lateral sides
of the calorimeter. Since the energy of a particle is determined
integrating the signal over a volume surrounding the shower axis,
lateral losses are typically larger than the longitudinal ones. So
the effects of lateral leakage usually dominate the performance
of a calorimeter.

e albedo. Particles are backscattered from the front face of the
calorimeter. This effect is the only one which is by definition
unavoidable but is also the smaller one, except at low energies.

A comparison of these three effects is shown in Figure 2.5.4, from
which is also clear that longitudinal leakage fluctuations most affect
the energy resolution. The reason for that resides in the different
number of shower particles responsible for the leakage. Longitudinal
fluctuations are driven by fluctuations in the starting point of the
shower, i.e. by the behavior of a single particle. Lateral fluctuations
are essentially due to a large number of particles, and therefore these
fluctuations are smaller (see Figure 2.5.5).

Shower leakage through the front face of the calorimeter are relevant
only at low-energies. Indeed, the backscattered particles have to be
very soft in order to subtend such large angles. Albedo may cause more
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Figure 2.5.5: The effects of longitudinal and lateral shower leakage on the
energy resolution, as measured for 15 GeV electrons (a) and
pions (b) by the CHARM Collaboration in a low-Z calorimeter

[5, 2].

serious problems in the upstream detectors, since albedo particles may
produce signals and damage the tracking detectors.

2.5.4 Instrumental Effects

The calorimeter performance is also affected by instrumental effects
such as the electronic noise, the light attenuation, channeling effects
and the structural differences in sampling fraction.

The electronic noise contributes to the signals. Its contribution to
the energy resolution scales with E~! and is completely uncorrelated
to the other sources of fluctuations. For example, in scintillator-based
calorimeters, a source of noise is given by the electronic modules (e.g.
Analog to Digital Converter (ADC)) which digitize and analyze the
PMT signals. The electronic module, in absence of the PMT signal,
accumulates a certain amount of charge which results in a “pedestal”.
Obviously these pedestals have to be subtracted from the raw signals
in order to get the real calorimeter signals. Pedestals fluctuate as well,
and their fluctuations may be reduced by increasing the PMT gain:
in this way signal amplitudes increase and may be best resolve with
respect to the electronic noise.

Light detectors are also affected by light attenuation, which induces
a position dependence in the calorimeter response. One simple method
to limit the effects of light attenuation and to correct the residual
effects is to use a two-sided readout. Many experiments such as ZEUS,
HELIOS and KLOE exploit this technique in their calorimeters.
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Figure 2.5.6: Lateral cross section of SPACAL (a). The SPACAL signal as a
function of the y-coordinate of the impact point (b). Data for 8o
GeV electrons. From [7].

Fiber-calorimeters are moreover affected by channeling effects, i.e.
particles which enter the calorimeter exactly at the position of a fiber
generate anomalous signals. This effect can be avoided if fibers are
oriented at angles different from o° with respect to the direction of
the incident particles. Another consequence of this phenomena is
the position dependence of the signal, as it is visible in Figure 2.5.6.
Indeed, depending on the impact point of the particle, the part of the
shower sampled may be very large (impact point in the fiber plane)
or very small (impact point between two fiber planes). As before, this
effect disappears when the detector is slightly tilted. Besides, using
fibers with a small radius, this effect is considerably smaller.

Many other instrumental effects exist and may affect the energy
resolution of the calorimeters but their discussion is beyond the aim
of my thesis.

In practice the resolution of a given calorimeter is affected by dif-
ferent types of fluctuations, each with its own characteristic energy
dependence. In Figure 2.5.7 the em energy resolution for the various
contributions is shown. For energies below 10 GeV, electronic noise
is the dominant contribution, between 10 and 100 GeV stochastic
fluctuation dominates, while for energies greater than 100 GeV energy-
independent source of fluctuations dominate (such as the impact-point
dependent response).

2.5.5 Fluctuations in hadronic showers

The same source of fluctuations also characterized the hadronic energy
resolution.

Sampling fluctuations are larger for hadronic showers because the
number of different particles which contributes to the generation of
the signal is smaller. Indeed the spallation protons, which are the
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Figure 2.5.7: The em energy resolution and the several contribution to it, for
the ATLAS EM calorimeter [33].

leading hadronic particles in the energy deposition processes, may
traverse several active layers.

However, one of the dominant source of fluctuations is the invisible
energy, which tends to dominate the performance of an hadronic
calorimeter. The fraction of the invisible energy fluctuates strongly
event by event but it can be eliminated, or at least reduced, if the
active and the passive materials are chosen properly, as discussed in
Section 2.4.3.

Another source of fluctuations is the em shower fraction f,,. In
pion showers there is an asymmetry between the probability of a
large fraction of energy carried in the em shower component and the
probability of a similar fraction carried by the hadronic component.
Indeed 7¥s production may occur in the first generation as well as in
the next ones, and the conversion of them in electromagnetic showers
is irreversible. This asymmetry is clearly visible in Figure 2.5.8.

In the case of proton showers, fluctuations in the f,,, are smaller. The
conservation of the baryon number limits the production of leading
7% and thus the em component of the shower is smaller, in compari-
son with pion showers. The energy resolution is thus better for proton
showers, as Figure 2.5.8 shows. The signal distributions represented in
this figure have been recorded by the CMS Quartz-Fiber calorimeter.
The rms width is about 20% smaller in the proton distribution.

In non-compensating calorimeters, the non-Poissonian fluctuations
of the f,;, usually dominate the hadronic performance. Their contri-
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Figure 2.5.8: Signal distributions for 300 GeV pions (a) and protons (b) de-
tected with a quartz-fiber calorimeter. The curve represents the
result of a Gaussian fit to the proton distribution [14].

butions depend on energy and fluctuate event by event. Due to their
dependence on the energy, the f.,, fluctuations do not contribute with
a constant term, but with an energy dependent term, which has to be
added in quadrature with the other contributing terms as below:

0] a
VE = o CE_O'28 (235)

E VE
The first term in the second member is the stochastic term. The
parameter c is determined by the ¢/r value (o<c<1).

2.5.6  The shape of the response function

Not all types of fluctuations give rise to response variations that are
symmetric around the average value.

For example, the fluctuations in the f,,;, may be asymmetric, as
described before for pion showers.

In the case of shower leakage, low-energy tails in the signal distri-
butions occur. These tails are due to escaping particles, which lose
only a little fraction of the energy in the calorimeter. In scintillating
calorimeters read out at the rear end by silicon diodes, or PMTs,
the longitudinal leakage can provoke large signals, and in this case
high-energy tails in the signal distribution occur.

Signal quanta fluctuations are instead characterized by Gaussian
response function if the number of quanta released by the showering
particles is high, as follows from the central limit theorem. In the case
of a very small number of signal quanta, for example when the light
yield is very low, the response function is a Poisson distribution. This
effect has been observed in quartz-fiber calorimeters.
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2.5.7 Choosing the calorimeter system

In the previous sections many different types of calorimeters have been
described. The choice of the technology and of the detector parameters
depends on many factors, such as the physics that one wants to study,
the radiation levels, the costs and others.

If one wants a calorimeter with a high performance in detecting em
showers, an inevitable consequence will be the poor performance for
hadron detection. Indeed, as mentioned before, high electromagnetic
energy resolution means high e/h value, and so poor hadronic energy
resolution. Several projects aim to find a reasonable compromise in
order to have a calorimeter with good performance for both em and
hadron detection, and one of them will be discussed in detail in the
next chapter.

The calorimeter system is often chosen after that prototypes have
been tested in particle beams. Obviously, the results obtained at test-
beams have to be interpreted with caution. Indeed the signal inte-
gration can be done over the entire volume and/or over a long time,
while in real experiments this is not possible.

In a real experiment the presence of inert materials, such as cables,
support structures and electronics, between the interaction vertex and
the calorimeter will affect particles and will certainly deteriorates the
energy resolution of the device. Moreover one has only the calorimeter
signal while at test-beams the nature and the energy of the particle
entering the calorimeter is well known. In many calorimeters, the total
signal depends strongly on the type of particle, i.e. electrons and pions
of the same energy cause quite different signals. Therefore, when a
collection of different particles enter the calorimeters, all the weighting
schemes devised for the detection of individual particles of known
type and energy, become useless.

Also the choice of the readout and the segmentation of the system
is crucial and one has to consider the experimental conditions in order
to decide the optimal solution.

Finally, if one wants to improve the calorimeter’s energy resolution,
one has to work on the fluctuations that dominate. For example, the
light yield of quartz-fiber detectors is typically very small and the
signal quantum fluctuations are the major contribution to the energy
resolution. Increasing the sampling frequency, in order to reduce the
sampling fluctuations, do not improve the precision of the device. The
only possibility is to increase the light yield, choosing for example
PMTs with the high quantum efficiency in the UV range.
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In modern experiments the measurement of jets is one of the most
important challenges. At high energies jets are characterized by a
rather collimated bunch of particles: hadrons, photons (mainly from
n% decay) and also leptons (from fragmenting b or ¢ quarks). A
calorimeter system must thus have signal speed and good energy
resolution.

High-resolution hadron calorimetry is very relevant for a future
high-energy linear e*ecollider in order to distinguish, for exam-
ple, the W* and Z° bosons decay in jets. At such linear collider
this task will be more difficult than it was at LEP since there will
be no kinematic constrains. Indeed electron and positron beam will
emit bremsstrahlung radiation when they pass by each other, i.e.
“beamsstrahlung”, and thus the center-of-momentum energy cannot
be known. On the other hand the uncertainties due to jet algorithm
and the contributions of underlying events to the signals will be very
small, because of its clean leptonic environment.

As results from Monte Carlo simulations, a jets energy resolution
of about 30%/+/E is required for distinguishing W* and Z° bosons
decays in jets, and this resolution can be reached with compensating
calorimeters, as the SPACAL [7] and ZEUS [30] calorimeters.

However, compensating calorimeters had some drawbacks. Indeed,
compensation requires large integration volume and time since it relies
on neutron detection, and this is often not possible in a real experiment.
For example, SPACAL reached an hadronic resolution of ¢/E ~ 30%//E
with 13 tons and 8o ns. Moreover, compensating calorimeters have
a modest electromagnetic energy resolution because of the small
sampling fraction, necessary in order to achieve compensation.

As discussed in chapter 2, high-resolution electromagnetic and
high-resolution hadronic calorimetry are mutually exclusive: good jet
resolution involves poor em resolution and vice versa. Besides, it is
not possible yet to achieve in hadron calorimetry the same level of
precision of em calorimeters because of hadron-specific fluctuations,
i.e. em shower fraction and invisible energy fluctuations. Indeed the
theoretical achievable limit for hadronic calorimeters is ¢/E ~ 15%//E,
in lead absorber (the limit value depends on the not perfect correlation
between the number of neutrons produced and the invisible energy).

Until now, there are two major R&D (Research & Development)
projects which aim to improve the hadronic energy resolution, the
Particle Flow Algorithm (PFA) and the Dual-REAdout Method (DREAM).
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The Particle Flow Algorithm is based on the combined use of a preci-
sion tracker and a calorimeter with high granularity. The idea is that
the charged jet fragments are measured with the tracker, while neutral
particles are measured with the calorimeter. Such methods have been
used in the reconstruction of di-jets from Z° decay within the TESLA
detector at DESY, resulting in a final mass resolution of better than
3 GeV [34]. The imaging detector capability, along with the use of
the particle flow algorithm, allows the reconstruction of almost all
individual particles in an event. Nevertheless the calorimeter measures
also the charged particles and so a double counting problem arises.
To solve this problem, it is necessary to de-convolute contributions
to the calorimeter signal from showering charged particles. The de-
convolution is based on a Monte Carlo simulation, which is far from
perfect.

A finer granularity does not solve the shower overlap problem
and the only way to prove the merits of this method is by means of
prototypes studied at testbeams. The CALICE Collaboration [3] has
built several detectors which exploit different technology, in order to
test this method.

The other approach, called the Dual-readout Method, exploits the
simultaneous readout of two type of light, the scintillation and the
Cherenkov radiation. The Cherenkov light in hadronic showers is
produced almost only by the em shower component. Indeed, the
non-em component of an hadronic shower is mostly constituted by
spallation protons and neutrons, which are not relativistic and thus
do not produce Cherenkov light. Therefore, by comparing the amount
of Cherenkov and scintillation light produced by an hadronic shower
in this type of calorimeter, one can determine the em shower fraction
and the neutron fraction event by event, as will be discussed in the
next sections. Fluctuations in the f,,, and in the neutron fraction bring
to hadronic non-linearity, non-Gaussian response function and poor
energy resolution. The dual-readout technique allows to measure the
fem and the neutron fraction event by event, eliminating thus the
relative fluctuations.

The DREAM Collaboration had studied first, by testing a fiber calo-
rimeter, how to eliminate the main contributions to hadronic energy
fluctuations, i.e. the em shower fraction f.,, and the invisible energy
fluctuations. After the excellent results obtained with this detector,
which had established the validity of the concept of the dual-readout
technique, other effects such as the sampling fluctuations and the
signal quantum statistics started to be studied. In this context, a wide
study of crystal calorimeters was carried out, in order to develop an
high-performance em calorimeter using the same readout scheme.
Besides, the DREAM Collaboration had studied the performance of
an hybrid calorimeter, constituted by the fiber calorimeter and by the
crystal em section, by applying the dual-readout technique to both



3.1 THE DREAM DETECTOR

detectors. Without using the dual-readout method, the e/h mismatch
would spoil the hadronic resolution because the e/h of a crystal calori-
meter is typically ~ 2. The application of the dual-readout principles
in such a calorimeter may work only if one can detect simultaneously
scintillation and Cherenkov signals also in the em section. With this
hybrid calorimeter an excellent hadronic and electromagnetic energy
resolution may thus be reached. This issue will be discussed in depth
later.

In the next section I will discuss the fiber detector which exploits
this technique.

3.1 THE DREAM DETECTOR

The first detector which demonstrated the feasibility of the dual-
readout technique was a 10 Aj,; calorimeter based on a copper ab-
sorber structure and equipped with plastic-scintillator and Cherenkov
fibers, which generate the scintillation and the Cherenkov light sepa-
rately. The choice of a fiber calorimeter was done for the possibility to
measure the relative contribution of the scintillator and the Cherenkov
signals independently, without any contamination.

The ratio of the quartz and scintillator signals turns out to be related
to the em fraction of the shower energy, and its measurement event-
by-event allows to eliminate the relative fluctuations. This device and
the collaboration that operates it is known as DREAM (Dual-REAdout
Method). Some results are described below [15].

The basic element of this detector is an extruded copper rod, 2 m
long and 4x4 mm? in cross section. The rod is hollow and in the central
hole, with a diameter of 2.5 mm, seven optical fibers are inserted. Three
of them are plastic scintillating fibers, the other four are Cherenkov
ones. Two different Cherenkov fibers are used: in the central region
of the detector high-purity quartz fibers are exploited while in the
peripheral regions acrylic plastic ones were used for cost reasons. All
fibers have an outer diameter of 0.8 mm and a length of 2.5 m. The fiber
pattern is the same for all rods, and it is shown in Figure 3.1.1. The
DREAM detector consists of 5580 rods, 5130 of these equipped with
fibers, the others are used as fillers on the periphery of the detectors.

Fibers are grouped to form 19 readout towers: each tower consists
of 270 rods and has an hexagonal shape, as it is visible in Figure 3.1.2.
At the rear end of the calorimeters, fibers in each tower are split into
two bunches: one bunch of scintillating fibers and one of Cherenkov
tibers, adding up to 38 bunches in total.

Each hexagonal cell is readout by 2 PMTs (10-stage, Hamamatsu
R-580), one for each type of light. A yellow filter is installed between
scintillating fibers and the PMTs. The yellow filter predominantly re-
moves the blue part of the spectrum, increasing the attenuation length
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Figure 3.1.1: The basic building block of the DREAM detector. Seven optical
fibers (four Cherenkov and three scintillating fibers) are inserted
in the copper rod hole, as shown. See text for details. [15]

Figure 3.1.2: The DREAM detector. Shown are the fiber bunches exiting from
the downstream end of the detector (a), and an image of the
front face while the fibers were illuminated with a bright lamp
from the rear (b). The hexagonal readout structure is clearly
visible. [15]
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of the scintillating fibers substantially. In the case of the Cherenkov
fibers, light attenuation is very low.

The effective radiation length (X,) of the calorimeter is 20.1 mm,
the Moliere radius (pps) is 20.4 mm and the nuclear interaction length
(Aint) 200 mm.

The DREAM detector was tested at the CERN Super Proton Syncrotron
(sps) with pions and simulated “jets” (obtained with pion beam hitting
a 10 cm polyethylene target upstream the detector). The calibration of
the 19 towers was done with 40 GeV electrons, with the detector tilted
of 2° with respect to the beam direction in order to avoid channeling
effects. Indeed, as we will see, this type of calorimeter does not need
to be calibrated with hadrons.

3.1.1 Electron detection with the DREAM calorimeter

The DREAM detector was designed for hadron calorimetry. However,
it is interesting to analyze the performances in term of electromagnetic
shower detection [17].

Sampling inefficiencies, light attenuation and signal non-uniformity
have relevant consequences for the electromagnetic energy resolution.
The effects of sampling inefficiencies, which result in sampling non-
uniformity, depend on the angle between the shower axis and the
fiber direction. Light attenuation in the fibers and the signal non-
uniformity near the boundaries between towers and over the entire
surface of the hexagonal readout tower cause also signal non-linearity.
These effects may be caused by variation in fiber quality and/or in the
quantum efficiency of the PMT’s photocathode. The light attenuation
was stronger in the scintillation fibers and so non-linearity is more
prominent in the scintillation signals. These effects lead to a deviation
from the E~1/2 scaling and to the presence of a constant term, which
becomes dominant at higher energies.

The electromagnetic performance of the DREAM detector is very
sensitive to the angle of incidence of the particles relative to the fiber
direction, due to channeling effect. The latter is considerably smaller
for the Cherenkov signals.

Figure 3.1.3 shows the em energy resolution of the DREAM calori-
meter for the two readout media. The angle 6 and ¢ are the angles of
incidence of the beam particles with respect to the fibers in the vertical
plane and the horizontal plane respectively. This comparison shows
that the stochastic term for the quartz readout is larger than that for
the scintillation fibers.

The performance is very poor for electromagnetic detection and this
is due to the poor light yield of quartz fibers (8 p.e. per GeV) and
of plastic fibers (18 p.e. per GeV). On the other hand the deviation
from E~1/2 scaling is somewhat smaller for signals measured with
the Cherenkov fibers, since non-uniformities are larger in the case of
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Figure 3.1.3: The em energy resolution as a function of energy, measured

with the scintillating (squares) and Cherenkov fibers (circles),

for electrons entering the calorimeter in the tilted position (¢ =
3°,0 = 2°).

scintillation light. However they are very small and the response to
electrons results reasonably uniform.

In Figure 3.1.4 the response of the DREAM calorimeter to electrons
in the range 8-200 GeV, for both the scintillation and the Cherenkov
signals is shown. The data are normalized to the response for 40 GeV
electrons, obtained in the calibration runs. This response was ~ 1%
smaller than that in the energy scans. The statistical errors are smaller
than the size of the symbols. Systematic errors, dominated by gain
instabilities, are at the 1—2% level.

The Cherenkov response is nearly constant while the scintillation
one exhibits a large non-linearity, since it is highly affected by non-
uniformities.

Indeed, the response at 8 GeV is ~ 12% smaller than that at 200 GeV.

In order to limit the contribution of the signal quantum fluctuations
to the energy resolution as much as possible, the light yield of both
types of fibers has to be as large as possible. It was estimated that the
light yield has to be larger than 40 p.e. per GeV deposited energy in
order to limit the effects of signal quantum fluctuations on the energy
resolution to 15%/+/E [4]. This requirement is especially important
for Cherenkov signals, since the Cherenkov light is emitted only by
the em component of the shower. So the Cherenkov light yield should
be about 8o p.e. per GeV. In order to increase the light yield of the
Cherenkov and scintillation fibers, a number of parameters can be
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Figure 3.1.4: The response for electrons entering the DREAM calorimeter
oriented in the tilted position (¢ = 3° 6 = 2°) as a function
of energy. Results for the scintillating fibers (squares) and the
Cherenkov fibers (circles) are shown separately [17]

changed, such as the numerical aperture of fibers, the Cherenkov light
yield, the quantum efficiency, etc.

3.1.2  Hadronic and jet detection with the DREAM calorimeter

The DREAM detector was tested with pions and simulated jets with
energies ranging from 20 to 300 GeV [16].

The signal distributions for 100 GeV pions is shown in Figure 3.1.5,
for both scintillation and Cherenkov light. The distributions are both
asymmetric and broad, reflecting the characteristics of the f,, fluctu-
ations in a non-compensating calorimeter. Another consequence of
the under compensating nature of this calorimeter, i.e. e/h = 1.3 for
copper/scintillator and e/h = 4.7 for copper/Cherenkov fibers, is that
the mean values of pion signals are considerably smaller than those
for electrons of the same energy, which are used to set the scale.

The energy resolution for single-pion shower is shown in Fig-
ure 3.1.6. It is well described by a linear sum of a E~'/2 scaling term
and a constant term.

The calorimeter is also non-linear for both pion and jet detection as
shown in Figure 3.1.7: the scintillation response increases by ~ 20%
over the energy scan performed.

In Figure 3.1.8 a scatter plot of the Cherenkov signals versus the
scintillation ones for 100 GeV negative pions is shown. Each dot
represents an event. The Q/S ratio is represented by a straight line
in this plot. The fact that the Q/S ratio is smaller than 1.0 indicates
that a significant fraction, typically ~ 25% of the scintillator signal
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Figure 3.1.5: Signal distributions for 100 GeV 71~ recorded by the scintillating
(a) and Cherenkov (b) fibers of the DREAM calorimeter, oriented
in the untitled position. The signals are set at the electromagnetic
scale. [16]

from the pions showering in this detector is caused by non-relativistic
particles, predominantly protons released from nuclei in spallation
processes, or recoiling from elastic neutron scattering in the plastic
fibers. The signals were corrected for the effect of shower leakage,
which is estimated by studying the radial shower profiles event-by-
event [16].

Exploiting the knowledge of the ratio of the Cherenkov (Q) to
scintillation (S) signal, the value of the f., could be obtained event-by-
event. Indeed, the hadronic calorimeter response can be expressed in
terms of the f,, as follows:

1
R(fem) :fem+m(1—fem) (3.1)
Defined in this way, R=1 for em showers. Therefore the above men-
tioned ratio becomes:

Q  fon+021(1— fom)
S fon+077(1 = fom)

by use Equation 3.1 for copper/Cherenkov fibers (e/h = 4.7) and
copper/scintillator (e/h = 1.3) structures. The merits of this method
are shown in Figure 3.1.9 and Figure 3.1.10. Figure 3.1.9 shows the
results for 200 GeV jets.

(3-2)



3.1 THE DREAM DETECTOR

Energy (GeV)
30 8 T T T T T T LI I
% —=— Scintillator
~-a-- Cherenkov
ol ]
_ 86%
st -.__G/E— VE + ]O%..

%
*

Energy resolution (%)
&

10} .
c/E:‘\‘?——E%H%

5L i

0 I

0.25 0.20 0.15 0.10 0.05 0

—1NE

Figure 3.1.6: The energy resolution of the DREAM detector for the scintil-
lator and Cherenkov signals from single-pion showers, as a
function of the pion energy. The lines represent the results of
least-squares fits to the experimental data. [16]

|| S R S RN S N
>
[P]
@)
= 0.9¢ 1
< T A a 4
E A
R a
& 0819% . = o ’ ‘
S a
< A o
g 0.7k o o jets (uncorrected) | -
5 a 7 (uncorrected)
175) —— calibration (e")

0.6 - : - : : :

0 50 100 150 200 250 300

Energy (GeV)

Figure 3.1.7: The scintillator response of the DREAM calorimeter to single
pions and “jets” as a function of the beam energy. [16]

65



66

THE DUAL-READOUT METHOD

T

140

120

o =
g 8
R

Cerenkov signal
s 2

b
=]
T

Leakage
corrected

v Lo o 1o o b ow o by o by o by gl

Q/S = 1

Q/IS=0.5

= —

20

40 60

100 120

Scintillator signal

140

Figure 3.1.8: Cherenkov signals versus scintillator signals for 100 GeV nega-
tive pions in the DREAM calorimeter. These plots were derived
from the raw data after applying corrections for shower leakage.
See text for details. [16]

160 E- [Entries 13507 Uncorrected
1205 Mean 133.1
= |RMS  18.6
80E
a0F
> o : :
L 300E :
(D = Entries 13507
— E |x*/ndf 292/158
8 200 Mean  190.1
o = |Sigma 9.69
= 100
o i Q/S method
A of—— - ‘ ‘
6005_ Entries 13507
£ [x/ndf 9565
400 |Mean 202.5
E- [Sigma 4,29
£ +S
200 Q+S method
1 E
1]= ! L L !
0 50 100 150 200

Cerenkov signal (GeV)

250

Figure 3.1.9: Cherenkov signal distributions for high-multiplicity “jets” in
DREAM, before and after corrections on the basis of the Q/S
ratio. In the bottom plot the knowledge of the beam energy is
used and the effect of shower leakage is eliminated. [16]



3.1 THE DREAM DETECTOR

2500+ Entrics 78198
E | Mean 66.1
2000F “l]] RMS 12.4
> 1500 \
L =
O 1000 _ "
= - 4
a 500 JJ \\
m - - |
Y= = (a)
§ 0._ l;.j,l.l.\...ﬂkt"m_L,li..l‘.
: £ = 035 <Ten <040
a‘j 3002 ' [ """ 0.80< fem<0.85
£ E
g 200F
z “VE
100E- f
= (b) f Fagd N %
0 ALl N SN FNUHSINSN ISP -
0 20 40 60 80 100 120 140

Cerenkov signal (GeV)

Figure 3.1.10: Cherenkov signal distribution for 100 GeV negative pions (a)
and distributions for subsamples of events selected on the basis
of the measured f.;; value, using the Q/S method (b). [16]

The Cherenkov signal distribution becomes narrower, Gaussian
and thus symmetric after the Q/S correction. After this correction
the resolution for these jets was improved from 14% to 5%, in the
Cherenkov channel. The energy resolution is thus largely improved
by exploiting the knowledge of the Q/S ratio, since its measurement
provides directly the value of f.,, for each individual event.

Figure 3.1.10 shows instead how subsamples of events selected on
the basis of the f,,, value probes different regions of the Cherenkov
signal distribution. The mean value of them increases with the f,,, and
the relative distributions are clearly more symmetric than the overall
one.

After the Q/S correction, the calorimeter linearity improves consi-
derably, as it is visible in Figure 3.1.11. This procedure led to hadronic
energies that are correct within a few percent, in an instrument cali-
brated with electrons.

Because of the relatively small detector size (1200 kg), these results
are dominated by fluctuations in lateral leakage. Moreover the poor
light yield of both fibers gives rise to signal quantum fluctuations
which give a large contribution to the energy resolution. By increasing
the dimensions of the detector and by improving the light yield, its
performance should improve.

However, Figure 3.1.9 and Figure 3.1.11 show that the dual-readout
technique solves the problems associated with non-compensating

67



68

THE DUAL-READOUT METHOD

? . ol
1| SR NN SEPE S SRV + 3%
2 o . 2 %
= " .
a ]
@ 0.9+ 1
—
i
= .
o 0.8f a il
= i
g o Jets (raw data)
~ n s Jets (after Q/S)
3 0.7 Pions (l‘u\\Qdul;n T
)] * Pions (after Q/S)
——— Calibration (")
0.6 - . , ‘ -
0 50 100 150 200 250 300

Energy (GeV)

Figure 3.1.11: The calorimeter response to both single pions and high-
multiplicity jets, before and after corrections made on the
basis of the measured Q/S signal ratio. [16]

calorimeters, such as signal non-linearity and non Gaussian response
function and offers a powerful method to improve hadron calorimeter
performance.

Based on the mentioned results, obtained in the past seven years, a
new fiber prototype has been constructed and tested in summer 2011.
A number of changes have been made concerning the fiber type and
arrangement in the absorber structure improving both the light yield
and the sampling fraction.

3.1.3 Measurement of the neutron fraction

In the previous chapter we have discussed in depth the effects due to
invisible energy. Once that the f,, fluctuations are eliminated through
the Dual-Readout Method, and a detector sufficiently large in order
to contain all the shower particles is built, nuclear breakup effects
become dominant. Measuring the signal contributions from neutrons
event by event is another aim of the DREAM Collaboration [20].

An estimation of the neutron contribution can be obtained by mea-
suring the time structure of the scintillation signals event-by-event.
Indeed neutrons appear as a tail with a characteristic decay constant,
which depends on the mean free path of neutrons in the calorimeter
(~ 20 ns in the fiber calorimeter). This tail is absent in the Cheren-
kov signals, which is clearly insensitive to neutrons, and also in the
scintillation signals generated by em showers (see Figure 3.1.12.a).

One would expect an anti-correlation between the neutron fraction
(estimated by integrating the tail over the proper time interval) and the
Q/S ratio of the DREAM detector. Indeed, the larger is the em fraction,
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related to the Q/S ratio, the smaller is the non-em component of the
shower, and thus the neutron fraction. This anti-correlation is visible in
Figure 3.1.12.b, which thus shows that the long tail mentioned above
represents the neutrons produced in the shower development.

Due to the fact that the em fraction and the invisible energy fluc-
tuations are the main contributions to hadronic energy resolution,
a measurement of these two quantities could bring to a very good
hadronic energy resolution.

From the above results it looks like dual-readout detectors are
optimal candidates for high-quality hadron calorimetry for all types
of particles. We must also emphasize that the calibration of an hadron
calorimeter is not an easy task. One of the benefits of dual-readout
calorimeters is that these detectors can be calibrated just with electrons
while, generally, an hadron calorimeter needs to be calibrated with
hadrons and in the case of a segmented em/hadron calorimeter this is
almost an impossible procedure [28].

3.2 DUAL-READOUT WITH CRYSTALS

The Dual-readout method can in principle be applied also to ho-
mogeneous calorimeters, as long as the signal is a mixture of both
Cherenkov and scintillation light.

Apart from the shower leakage fluctuations, the energy resolution of
the DREAM detector is also affected by fluctuations in the Cherenkov
light yield, which contribute more than 35%/+/E to the measured
hadronic energy resolution. Moreover, sampling fluctuations were
measured to contribute ~ 20%/+/E to the electromagnetic resolution,
while were estimated to contribute twice as much for the hadronic
resolution [4].
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Certain dense high-Z crystals, such as BiyGe3O12 (BGO), BigSizO1
(BSO) and PbWO,, produce a relevant amount of Cherenkov light. In
particular lead-tungstate crystals are characterized by a Cherenkov
light yield of 50-60 photoelectrons per GeV. This means that fluctu-
ations in the light yield give a smaller contribution to the hadronic
energy resolution (~ 13%/+E) [23].

High-density scintillating crystals have been always the detectors of
choice in experiments which require high-resolution measurements of
electrons and photons. However, the application of the dual-readout
principles in such a calorimeter may work only if one can detect
simultaneously scintillation and Cherenkov signals also in the em
section.

In order to apply the dual-readout method the scintillation and
Cherenkov light produced in these crystals need to be separated and
the calorimeter performance will depend on the precision with which
the relative contributions of these two signals can be determined.

The scintillation and the Cherenkov light can be separated by ex-
ploiting their different characteristics (summarized in Table 3.2.1):

* Differences in the time structure: Cherenkov light is prompt while
the scintillation process is characterized by one or more time
constants, which determine the pulse shape. By integrating the
signal in different gates, it is possible to distinguish the two
contributions.

* Differences in the spectral properties: Cherenkov light exhibits a
A~2 spectrum while the scintillation spectrum is characteristic
for the crystal under study. This difference can be exploited by
using proper optical filters located between the crystal and the
readout.

* Differences in directionality: Cherenkov light is emitted at a charac-
teristic angle, while the scintillation light is emitted isotropically.

e Polarization of the Cherenkov light: the Cherenkov light can be
separated from the scintillation one also by means of polarization

filters.
Cherenkov light Scintillation light
Time structure Prompt Exponential decay
Light spectrum 1/A? Characteristic peaks
Directionality | Cone: cosf, = 1/pn Isotropic
Polarization Polarized Unpolarized

Table 3.2.1: Different properties of Cherenkov and Scintillation light.
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Therefore, a “perfect” crystal for dual-readout application should have
a scintillation decay time of tenth of ns and a scintillation spectrum
which peaks far from the bulk of Cherenkov radiation.

Concerning the polarization of the Cherenkov light, I have studied
its characteristics at different stages of the electron shower develop-
ment, by installing a polarizer filter with the transmission axes fa-
vorable to the Cherenkov light polarization. Indeed, the Cherenkov
light is emitted by a medium that is traversed by a relativistic char-
ged particles. The medium’s atoms are excited and polarized in this
process. They emit coherent radiation at a characteristic angle 6¢c with
respect to the particle track. The polarization vector of this radiation
is oriented perpendicular to the direction in which the photons travel,
i.e. perpendicular to a cone whose central axis is the particle track.
This analysis will be discussed in details in chapter 4.

It is important to note that the difference in directionality between
the two type of light cannot be exploited in a realistic 4n experiment.
Indeed crystals has to be oriented at a definite angle, i.e. the Cherenkov
angle, with respect to the direction of the incoming particles in order
to observe the mentioned asymmetry. Moreover, in the late stages of a
shower, particles are mostly emitted isotropically. These aspects are
illustrated by Figure 3.2.1. In this plot the anisotropy in the angular
dependence of the signals is shown by the (R-L)/(R+L) ratio, which
represents the asymmetry of the Cherenkov light emission: the circles
represent the asymmetry as measured in the normal configuration, i.e.
with beam particles showering in the crystal. The triangles represent
the asymmetry as measured in the configuration called “late”, i.e.
beam particles start showering in the block of lead located upstream
the crystal. As it clearly visible, the asymmetry decreases in the late
stages of the shower development.

3.2.1 Experimental setup and analysis methods

Many studies on the mentioned differences between the two types of
light have been carried out in testbeams performed at the CERN sps
with electron and pion beams. The DREAM Collaboration have tested
PbWOy crystals doped with different ions, BSO and BGO crystals, and
the same analysis described below has been done for all of them. Since
I have analyzed mostly data on lead-tungstate crystals, I will discuss
the analysis on the experimental results obtained with this type of
crystal.

The experimental setup is shown in Figure 3.2.2. The light generated
by particles which traversing the crystal is readout by two PMTs,
located at the opposite ends. The crystal is mounted on a platform
which can rotate around its vertical axis and the particle beam hits
the crystal in its center. The two signals are measured for different
orientations of the crystal with respect to the beam, i.e. as a function
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Figure 3.2.1: The response asymmetry measured for 10 GeV electrons show-
ering in a 2.5 Xy thick PbWO, crystal, as a function of the
orientation of the crystal. Results are shown for the early and
the late components of the showers. The latter measurements

were obtained by placing 4 cm of lead upstream of the crystal
[18].

of the angle 6 (see Figure 3.2.2), in order to study the difference in
directionality.

Cherenkov light has a maximum in one of the two PMTs when the
crystal is oriented at the “Cherenkov” angle, i.e. § = 30° for Right
PMT or 6 = —30° for Left PMT. The opposite angle is called the “anti-
Cherenkov” angle. In Figure 3.2.3 the average time structure of the
Cherenkov signals at these angles is shown. Clearly, the amplitude
of the signal at the Cherenkov angle is larger than that at the anti-
Cherenkov angle. In this figure it is also shown the result of subtracting
the signal observed at 8 = 30° and 6 = —30°. The resulting pulse
(inverted) represents the calorimeter response function to the (prompt)
Cherenkov component alone.

A very useful figure of merit for checking the separation power
between the two types of light is the Cherenkov/scintillation ratio
(C/S) as a function of the rotation angle, as shown in Figure 3.2.4.
This ratio is strongly dependent on the angle of incidence and reaches
a maximum near 0 = 27°, i.e. precisely where one would expect
the Cherenkov signal to reach a maximum since Cherenkov light is
emitted at an angle of 63° by ultra-relativistic particles traversing this
crystal (the index of refraction of lead-tungstate crystal is n = 2.2).

It is important to note that in Figure 3.2.4.a there is a small bump
near the anti-Cherenkov angle, which is absent in Figure 3.2.4.b. This
bump is the result of Cherenkov light that was reflected from the side
where the yellow filter was mounted, and detected at the opposite
side (UV side). Since it arrives somewhat later at the PMT, this effect
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stals (undoped). The signals were obtained either by integrating
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is not visible in Figure 3.2.4.b, where a very narrow gate was used to
select the Cherenkov signal.

Another way to show the anisotropy in the angular dependence of
the signals is through the (R-L)/(R+L) ratio, where R and L are the
average signals from the Right (Cherenkov) and Left (Scintillation)
PMTs, respectively.

The response uniformity along the crystal is studied by means of
a longitudinal scan: the beam particles hit the crystal at different
distances from PMTs and the light attenuation along the crystal is
investigated.

One of the reasons why we started studying crystals as dual-readout
calorimeters was the very low Cherenkov light yield of quartz/clear
fibers in the DREAM module. Therefore, it is very important to deter-
mine the Cherenkov light yield of the crystals under tests.

Figure 3.2.5 illustrates the method through which the energy re-
solution, as a function of the energy deposited, is estimated. It is
assumed that, for a given amount of energy deposited in the crystal,
the fluctuations in the number of scintillation photons are negligi-
ble compared to those in the number of Cherenkov photons. If this
assumption is not correct, thus the Cherenkov light yield obtained
in this way is a lower limit. By integrating the scintillation signals
over the entire time structure the energy deposited is estimated. For
the analysis, data obtained with 50 GeV electrons with the crystal
oriented at the Cherenkov angle are used since, in this configuration,
Cherenkov photons reach a maximum. The relation between the ADC
counts and the amount of energy deposited is given by a Monte Carlo
simulation. Figure 3.2.5.a shows the event-by-event distribution of the
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Figure 3.2.5: The scintillator signal distribution for 50 GeV electrons traver-
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Cherenkov signal distribution as a function of the amount of
energy deposited in the crystal, as derived from the scintillator
signal (b). The PbWO, crystal was doped with 0.3% Mo [23].
See the text for more details.

energy loss by the showering electrons. This distribution is subdivided
in bins and for each of them the signal distribution of the Cherenkov
light is measured. The fractional width of this distribution, 05/ Cyean,
is plotted in Figure 3.2.5.b as a function of the average scintillation
signal in the given bin. It is visible that this fractional width scales
perfectly as E~1/2. This means that the energy resolution is completely
determined by stochastic processes. In this case, only fluctuations in
the Cherenkov light yield play a role and so the Cherenkov light yield
can be estimated. In the case of PbWO, crystals doped with 0.3% Mo
the light yield is 55 p.e. per GeV deposited energy.

3.2.2  Experimental results with PbWOy crystals

The separation of the calorimeter signals into Cherenkov and scintilla-
tion components works best if the contributions of both components
are of the same order of magnitude. Most of the crystals have a very
large scintillation light yield and are not suitable for dual-readout
purposes since the Cherenkov component is too small. Lead-tungstate
crystals proved to be the best choice, since the scintillation light yield
is smaller than other crystals. Indeed the Cherenkov light contributes
up to 15% to the signals, at room temperature.

Unfortunately, lead-tungstate crystals show some disadvantages.
The scintillation light is predominantly blue and thus separating the
two types of light by means of optical filters is not optimal in order to
distinguish the two light components since their spectral region are
too close. Moreover the decay of the PhWO; scintillation light is very
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fast (7 < 10ns) and it is thus hard to distinguish the two components
by exploiting the different time structure. Both problems can be solved
by doping lead-tungstate crystals with small percentages of impurities.
Indeed, impurities shift the peak of the scintillation light to longer
wavelengths and increase the scintillation decay time.

The DREAM Collaboration tested first PbWO, doped with praseo-
dymium (Pr), with three concentration levels (0.5%, 1%, 1.5%). These
crystals had a length of 20 cm, a cross-section of 2.0x2.0 cm?. The
scintillation process was unacceptably slow (scintillation components
in the ys range) and made this dopant not suitable for dual-readout
calorimetry.

Then, PbWOy crystals with different Molybdenum concentration
levels (from 0.1% to 5%) have been tested and they resulted to be
promising [23].

An UV filter was positioned between the crystal and the PMT from
which the Cherenkov signal was measured while the scintillation
side was equipped with a yellow filter. In this way the different time
structure of the two components can be exploited to separate them.
Three types of UV filters were also tested in order to choose the one
which optimizes the figures of merit described above.

In Figure 3.2.6 the emission spectra and the absorption coefficient
as a function of wavelength are shown. As the Mo concentration
increases, scintillation emission and the self-absorption cutoff shift to
longer wavelengths. In Figure 3.2.6.b the cutoff wavelengths of the
three UV filters are also indicated: 390 nm, 400 nm and 410 nm for
UG11, U330 and UGs, respectively.

The strength, the purity and the attenuation of the Cherenkov
light resulted to depend on the narrow bandwidth between the self-
absorption edge and the cutoff of the transmission filter. In particular
a measurement of the attenuation of the two light components showed
that the scintillation was almost independent on the impact point,
while the signals on the UV-filter side decreased with the distance (see
Figure 3.2.7).

In Figure 3.2.7.a the results of a position scan are shown. 50 GeV
electron beam was moved in steps of 2 cm along the longitudinal axis
of the crystal, doped with 0.3% Mo in this case. The light is attenuated
by only 10% in the case of the U330 and UGs filter, as it is visible in
Figure 3.2.7.b. On the other hand, the UGa11 filter transmitted about
an order of magnitude less light than the U330 and UGs filters since
it has a self-absorption cutoff very close to the UV absorption edge
(see Figure 3.2.6.b). Concerning the effects of Mo concentration, as the
Mo concentration decreases, the effect of light attenuation decreases
since the self-absorption edge is lower (Figure 3.2.8.b).

In order to decide which UV filter and Mo concentration had to be
used, the analysis of the C/S ratio and Cherenkov light yield was also
carried out.
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Figure 3.2.6: Normalized emission spectra for PbWO; crystals doped with
different fractions of molybdenum, measured with radio lumi-
nescence (a). The absorption coefficient as a function of wave-
length, for PbBWO; crystals doped with different fractions of
molybdenum (b). The cutoff wavelengths of the three UV trans-
mission filters are also indicated [23].

In Figure 3.2.8.a the asymmetry response as a function of the Mo
concentration is shown, for the three different UV filters. As the
Mo concentration increases, the C/S ratio increases too, since the
scintillation emission starts at longer wavelength and there is less
contamination.

Concerning the light yield, the results obtained for different filters
and Mo concentrations are summarized in Table 3.2.2. In order to
estimate the light yield the method discussed in Section 3.2.1 was
exploited. The light yield and the attenuation performances disfavored
the UGa1 filter, while the U330 and UG5 filters gave comparable results.
High concentrations of Molybdenum gave the worst results in almost
any respects while 0.1%-1% concentrations seemed to be suitable
for dual-readout technique purposes. In particular lead-tungstate
crystals doped with 0.3% Mo have revealed optimal, both for spectral
separation and temporal response.

It is important to point out that the above results were obtained
by testing only one crystal for each value of Mo concentration. In
order to prove the accuracy of these results it is necessary to repeat
the measurements on many identical crystals. In this context, I have
carried out within the Pavia DREAM group a systematic analysis of
eight lead-tungstate crystals doped with 0.3% Mo concentration. After
the analysis of their response, seven of these crystals were arranged
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Figure 3.2.7: The position dependence of the Cherenkov signal (Right PMT)
for different filters used and with Mo concentration of 0.3%(a).
The relative change in the R signal over a distance of 10 cm,
for different filters used to enhance the relative Cherenkov
contribution to the R signal (b). [23]
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of 10 cm (b), as a function of the molybdenum concentration in
the PbWOy crystal [23].
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‘ UG11 ‘ Us3zo ‘ UGs ‘

0.1% Mo | 4.6 62.1

0.2% Mo 57.7

03% Mo | 5.9 55.3 | 64.9
1% Mo 58.3
5% Mo 38.3

Table 3.2.2: Cherenkov light yield measured for lead-tungstate crystals doped
with different fractions of molybdenum and for different filters,
with 50 GeV electrons traversing the crystal at 30°. The results
are given in p.e. per GeV [23].
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Figure 3.2.9: The time structure of a typical shower signal measured in the
BGO crystal equipped with a yellow filter (a), and with a UV
filter (b). These signals were measured with a sampling oscillo-
scope, which took a sample every 2 ns in this case. [18]

as a matrix and tested in detail. In ??, both the systematic study of the
eight crystals and the preliminary analysis of the PbWO,4 matrix are
discussed.

3.2.3 Experimental results with BGO crystals

A totally different type of crystal, bismuth germanate (BGO) was
also tested by the DREAM Collaboration. This crystal is very bright
and so the Cherenkov light contributes considerably less (1%) than
in lead-tungstate crystals. However, the separation of the two light
components is made easier since the scintillation light is characterized
by a longer time constant with respect to PbWQO;, crystals. An UV
filter is positioned between the crystal and the PMT from which the
Cherenkov signal is measured while the other side is equipped with a
yellow filter, as before.

The time structure of the two signals is shown in Figure 3.2.9. In
the UV filter side it is visible the sharp peak due to the Cherenkov
light and a long tail due to scintillation one. This tail has the same
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Figure 3.2.10: The UV BGO signals were used to measure the relative contri-
butions of scintillation light (gate 2) and Cherenkov light (gate
1) [33]. See text for details.

characteristic time structure as the pure scintillation signals (yellow
filter side). Therefore the signals transmitted through the UV filter
contain event-by-event information about both the Cherenkov and
the scintillation contributions. This feature allows to exploit only
one readout channel, making easier to use this technique in a real
experiment, where a two-sided readout would be very difficult to
put into practice. A single-side analysis with BGO crystals has been
carried out, as it is shown in Figure 3.2.10. The two contributions can
be disentangled by integrating on two different time intervals, i.e. gate
1 for the Cherenkov signal and gate 2 for the scintillation one. As it
is visible in Figure 3.2.10, there is some contamination of scintillation
light in the signals from gate 1. By exploiting the knowledge of the
scintillation pulse shape (see Figure 3.2.9.a), the scintillation tail can
be fitted and thus the contamination can be estimated event-by-event.

This method has been tested in several measurements in which the
DREAM fiber calorimeter was preceded by 100 BGO crystals, as it is
described below.

3.2.4 Combined calorimetry

The DREAM Collaboration has tested an hybrid calorimeter consti-
tuted by 100 BGO crystals (the em section) and the DREAM fiber
prototype (the hadronic section). The hadronic showers are not con-
tained in the em section, because of its small dimension, and large
signals may be generated only by 7% produced in the early stages of
the hadronic shower development. Therefore, large Cherenkov and
scintillation signals will be generated also in DREAM. It is thus rea-
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Figure 3.2.11: The Cherenkov /scintillation signal ratio of the DREAM calori-
meter, for 200 GeV 7' starting a shower in the BGO crystal, as

a function of the Cherenkov/ scintillation signal ratio of the
BGO signal [33].

sonable to expect a correlation between the C/S ratios in both sections
of the calorimeter system, as Figure 3.2.11 shows.

The C/S ratio is a measure for the em fraction f,,, for both the BGO
matrix and the DREAM module. Even if the e/h values of the two
sections are different and the energy sharing between these sections
varies event by event, a simultaneous measurement of the Cherenkov
and Scintillation light in both sections allows to measure the em
fraction event-by-event.

This is illustrated in Figure 3.2.12, which shows the total distribution
of the Cherenkov signal (Figure 3.2.12 (top)) and the distributions for
subsets of events selected on the basis of the C/S ratio in this detector
combination (Figure 3.2.12 (bottom)). The total distribution is broad
and asymmetric, reflecting the characteristics of the em shower fraction
fluctuations. The subsets of events are instead narrower and Gaussian,
as was observed in the fiber calorimeter in stand-alone mode.

These results were obtained even if the crucial properties of the
BGO matrix were far from ideal. Poor light collection, due to the
inadequacies of the readout, and response non-uniformity due to the
characteristics of the BGO crystals used, limited the improvement of
the energy resolution and do not allow to reconstruct completely the
energy of the showering hadrons.

The same configuration have been tested in summer 2011 with a
small lead-tungstate matrix as the em section. Preliminary results of
this new hybrid calorimeter prototype will be shown in ??.
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Figure 3.2.12: The Cherenkov signal distribution for 200 GeV “jet” events
detected in the BGO+fiber calorimeter system (top) together
with the distributions for subsets of events selected on the basis
of the ratio of the total Cherenkov and scintillation signals in
this detector combination (bottom).[33]



DATA ANALYSIS ON LEAD-TUNGSTATE
CRYSTALS AND POLARIZATION MEASUREMENTS

During my thesis work I participated in the DREAM research program
and in particular I contributed to both the data taking at testbeams
and to the data analysis. I focused on the crystals study and the results
that I have obtained are summarized in the following.

4.1 SYSTEMATIC ANALYSIS OF EIGHT LEAD-TUNGSTATE CRYSTALS
DOPED WITH 0.3% MOLYBDENUM

As mentioned before, the properties of the PhWOQO, crystals doped
with different Molybdenum concentrations were studied by testing
only one crystal for each value of Mo concentration [23]. In order
to prove the accuracy of the obtained results, the same measures on
many identical crystals had to be repeated.

In this context, eight PbWO, crystals, doped with 0.3% Mo, were
tested in the H8 beam line [1] at the CERN SPs in july 2010. Crystals
were wrapped with mylar in order to avoid photon contamination
from outside and contain photons produced inside. These crystals
were exposed to 180 GeV 1~ beam and the signals generated inside
them were unraveled into the scintillation and the Cherenkov com-
ponents, by exploiting the time structure and the spectral properties.
The experimental setup, the analysis method and the results achieved
are described below.

4.1.1  Detectors and experimental setup

The crystal under study was inserted in a box, which had appropriate
supports to hold a PMT at both sides of the crystal. The two PMTs
read out the light produced by particles traversing the crystal. In
Figure 4.1.1 the crystal box and the experimental setup are shown.
Each crystal had a length of 20 cm and a cross section of 3.0x3.0 cm?.

For the scintillation readout a yellow filter (known as GG495), which
transmitted only light with wavelength longer than the cutoff value
(495 nm), was used. For the Cherenkov readout an UV filter (U330)
was chosen, in order to increase the relative fraction of Cherenkov
light transmitted. These filters, 3 mm thick and made of glass, were
coupled to the crystal and to the PMT by means of elastocil (silicone)
“cookies” (n=1.403), which reduced the light trapping effect caused by
the large refractive index of lead-tungstate (n=2.19).
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o
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-

Figure 4.1.1: a) The lead-tungstate crystal optically coupled with PMTs (see
text for details). b) the experimental setup in which the beam
tests of the crystals were performed.

’ PMT ‘ filter ‘ light detected | downstream | upstream
R | UV (U330) C 6 = 30° 6 = —30°
L | Y (GG495) S 6 = —30° 8 = 30°

Table 4.1.1: The experimental configuration and the readout channel for
Cherenkov and scintillator light.

The crystal box was mounted on a platform that could rotate around
a vertical axis. The crystal was oriented in the horizontal plane and
the rotation axis went through its geometrical center, on which the
particle beam was steered. The angle 6 (see Figure 4.1.1) represents
the angle between the crystal axis and a plane perpendicular to the
beam line. The angle increases when the crystal was rotated such that
the crystal axis L-R approached the direction of the traveling beam
particles. The crystal orientation shown in Figure 4.1.1 corresponds to
f = —30°. In many measurements, 6 was chosen to be +30°, since in
that case the fraction of the total generated Cherenkov light that was
detected in PMT R, as well as the relative Cherenkov content of the
signals from this PMT, was maximized. Table 4.1.1 summarizes the
experimental configurations.

In order to trigger the data acquisition system, two small scintillation
counters (TC) were positioned upstream the crystal. These trigger
counters were 2.5 mm thick and the area of overlap was 4x4 cm?. The
signals from these devices were put in coincidence, providing the
trigger.

The beam profile in x and y coordinates could be reconstructed by
a small Delay Wire Chamber (DWC) which was installed upstream of
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the trigger counters, as Figure 4.1.1 illustrates. The DWC works like
a Multi Wire Proportional Chamber: a particle passing through the
chamber ionizes the gas and creates free electrons and ions. The high
voltage between anode and cathodes then accelerates the electrons
towards the 20 ym anode wires, where avalanche multiplication takes
place. Like most Multi Wire Proportional Chambers, the DWC is
composed of a sandwich of two cathode planes surrounding a central
anode wire-plane. The position information is taken from the cathode
and data are acquired by a Time to Digital Converter (TDC). This
system made possible to determine the location of the impact point
of the beam particles with a precision of typically 200 yum. In order to
calibrate a DWC, three series of data acquisitions are taken with the
TDC by using a dedicating pulse generator: the chamber is excited
at —30 mm, in the center and at +30 mm. In this way three reference
points are obtained and the slopes and the offsets of their linear fit
are estimated. By means of the relation: Xposition = At * Slopeporizontal +
Of fsetnorizontar the timing information of the TDC is converted in mm
(for the x coordinate). A similar relation is applied to obtain the y
coordinate.

About 25 m downstream of the crystal, after the beam dump (about
20 interaction lengths), a 50x50 cm? scintillator paddle was used as
a muon counter. The DREAM fiber module was placed immediately
after the crystal and, in this study, its information were exploited only
to recognize and eliminate beam impurities.

The average time structure of the Cherenkov and the scintillation
signals was recorded for each run and 15 mm thick low-loss cables
were used to transport the crystal signals to the counting room in
order to limit distortion of the signal time structure. The same type
of cables, shorter than the crystal signal ones, were used for trigger
counters, which generate the gate and trigger the data acquisition.

A single VME crate hosted all the needed readout and control
boards. The time structure of the signals was recorded by means of a
Tektronix TDS 7254B digital oscilloscope, which provided a sampling
capability of 5 GSample/s, at an analog bandwidth of 2.5 GHz, over 4
input channels. For this study, only two channels were used, in order
to sample the signals from PMT R and L. The crystal signals were
sampled every 2.0 ns, over a total time interval of 1064 ns (532 data
points).

Beam particles were provided to the experiment during a spill of
9.6 s, with a repetition period of 48 s, given the bunch structure of the
SPS cycle. This feature allowed to take data efficiently, thanks also to
the optimization of the CPU utilization.
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Figure 4.1.2: The average time structure of the scintillation signal from PMT
equipped with the yellow filter, with the crystal oriented at
+30°.

4.1.2  Experimental data and analysis method

In order to separate the two different types of light generated in the
crystal, the average time structure of the scintillation and the Cheren-
kov light were estimated for each run and are shown in Figure 4.1.2
and Figure 4.1.3 respectively. The Cherenkov signal is clearly prompt
while the scintillation one is characterized by a decay constant, as
expected.
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Figure 4.1.3: The average time structure of the Cherenkov signal from PMT
equipped with the UV filter, with the crystal oriented at +30°.
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Figure 4.1.4: The C/S ratio as a function of the angle 6 for all the crystals
tested.

A study of the crystals response as a function of the angle 6 was
carried out. The angular scan was performed with a 180 GeV 7~ beam.
The angle 0 between the crystal axis and the plane perpendicular
to the beam line ranged from -30° to +30°. At each angle 30000-
50000 events were collected. In addition, 3000-5000 randomly triggered
events provided the pedestal information, which allowed to eliminate,
off-line, the baseline. The Cherenkov and the scintillation average
signals were integrated event-by-event in order to get the Cherenkov
and scintillation ADC equivalent distribution for each event sample.
The Cherenkov signal C was integrated only over a small time interval
(25 ns) around the peak, while the scintillation signal S was integrated
over the entire time structure. The ratio of these values (C/S) is shown
in Figure 4.1.4 for all the crystals tested, as a function of 0. The ratio
peaks near 27°, i.e. 90° — 8¢ where 6c is the Cherenkov angle (about
63° for lead-tungstate). At the “anti-Cherenkov” angle, the ratio is
twice smaller than that at the Cherenkov angle, and this is valid for
all the tested crystals.

In order to evaluate the separation capability of the two different
light components we used the following variable:

(C/S)ay
(C/S)—30° (41)

estimated for each crystals, where (C/S)y represents the C/S value
at the 6 angle. In Table 4.1.2 the results that I have obtained are
summarized.

Comparing the C/S values with the one obtained last year with
a similar crystal [23], [T = 2.4, it is possible to notice that there is
poor agreement between the two results. In order to investigate the

1=
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Lcrystal | T1 | A | Clight yield (@) |

1 1.59 | 0.16 1.05
2 1.96 | 0.15 1.12
3 1.89 | 0.14 1.00
4 1.70 | 0.14 0.97
5 1.77 | 0.17 0.89
6 1.54 | 0.18 1.10
8 1.87 | 0.15 0.96
9 1.55 | 0.18 1.08

Table 4.1.2: The II ratio, the signal loss in 10 cm (A) of crystal and the
Cherenkov light yield values for all the eight crystals tested. See
text for details.

source of the mentioned disagreement, I analyzed the reproducibility
measurements performed. Indeed, removing and putting the crystals
in the box is a delicate operation because of the optical coupling
between the crystal and the two PMTs. During this procedure, cookies
may move or air bubbles may form between the cookie and the crystal
and/or PMT contact surface. In order to understand how much these
problems can affect measurements, the same crystal was tested many
times, removing and replacing it each time between a measurement
and the next one. It turned out that putting and taking-off the crystal
introduced differences, between two measurements, within 5% in the
case of scintillation and within 15% in the case of Cherenkov light.
The conclusion is that small variations of the optical coupling can
affect heavily the results, and it is thus necessary to pay attention
when crystals are positioned in the box. These results present also
variations from one crystal to another at the level of 20% in the case of
the Cherenkov light. Crystallographic measurements will be carried
out towards the end of 2011 in order to determine possible differences
between the crystals in a more absolute way.

After the angular scan, a longitudinal scan was performed for all the
tested crystals. The crystal box, oriented at 30° was moved along the
longitudinal axis and the results of this position scan are shown in Fig-
ure 4.1.5 and Figure 4.1.6. In the regions near both PMTs, signals were
anomalously large, since some particles may hit directly the PMTs,
and were discarded for the analysis. The scintillation attenuation was
almost negligible, while the Cherenkov light was affected by strong
attenuation. This is due to the narrow gap between the self-absorption
cutoff and the UV absorption edge of the PbWO; crystal 0.3% Mo
doped (see Section 3.2.2).

In order to evaluate the light attenuation A, I estimated the Cheren-
kov signal loss in 10 cm as:
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Figure 4.1.5: The integral of the Cherenkov signal as a function of the impact
point of the beam, for all the crystals tested.
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Figure 4.1.6: The integral of the scintillation signal as a function of the impact
point of the beam, for all the crystals tested.
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1(127) — 1(117)
1(127) (42)

where I(x) is the integral of the Cherenkov signal with the crystal
at the x position (mm). The results are reported in Table 4.1.2. Each
length is scaled by a factor cosf in order to eliminate the path length
dependence of the signals. Also for the light attenuation, there is poor
agreement with the results discussed in the paper [23]: A=10%. As
before, the optical coupling played a role and could partially justify
the difference between the two results.

Finally, I have estimated the fractional width of the distribution of
the Cherenkov signal ;s / Cpean for each crystal using the method
discussed in Section 3.2.1: we divided the scintillation distribution in
N bins and we look at the Cherenkov distributions in the event sample
contained in each bin. By fitting these distributions, the 05/ Cpean is
determined for each event sample, i.e. for each energy interval. Indeed,
the scintillation signal integrated charge is used as a measure of the
energy deposited in the crystal.

For the analysis, I have used data acquired with the crystal oriented
at 6 = 30° since in this configuration we have the maximum detection
efficiency for the Cherenkov light.

The fractional width distribution for the crystal 2 is shown in Fig-
ure 4.1.7 as a function of the average energy deposited. Data were
fitted with the following equation:

A(%) =

Urms

— ot P (4-3)
Po pl\/g 4.3

Only statistical errors have been considered and were estimated by
combining in quadrature the statistical errors of yys and Cpeqn. It
turned out that the fractional width distribution scales quite well with
S~1/2,i.e. E71/2. At high energies side leakage fluctuations strongly
contribute to the energy resolution and hence deviations from the
S~1/2 gcaling were observed.

Once the relationship between the energy released E and the scintil-
lation signal S is estimated by means of a Monte Carlo (MC) simulation,
the number of photoelectrons per GeV, i.e. the light yield, can be esti-
mated from the parameter p;. We have neglected fluctuations in the
scintillation light yield, and since also other fluctuations may con-
tribute as well, the assumption that all fluctuations are due to light
yield leads to a lower limit.

In Table 4.1.2 the Cherenkov light yield value (in arbitrary units) for
each crystals is reported. An absolute value has not been estimated yet.
However, the aim of this analysis was to make a relative comparison
of the crystal response and I focused mostly on the I ratio and the
signal loss.

We have discarded the crystal with the worst characteristics in order
to assemble a seven crystals matrix for further tests. It constitutes

Cmean
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Figure 4.1.7: The fractional width distribution of the Cherenkov signal, i.e.
Grms / Cmean, as a function of energy (a.u.) for crystal 2.

Figure 4.1.8: The PbWO, Mo doped crystals matrix. In the right photo, the
position of each crystal, as seen by the beam, is shown.
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Figure 4.2.1: The matrix box. Each crystal is readout by two PMTs, and is
wrapped with mylar (1 mm).

the electromagnetic section of a combined calorimeter. Crystal 6 was
the one with the lower I1I ratio and the higher signal loss and so we
had decided to discard it. Crystal 2 was instead characterized by the
higher IT ratio and it was thus placed in the center of the matrix, as it
is shown in Figure 4.1.8.

This crystal matrix has been tested in October 2010 and in July 2011,
as the em section of a combined calorimeter. The data analysis turned
out to be very difficult due to the poor conditions of the electron beam
(fundamental for the calibration procedure). The results achieved and
the analysis methods are discussed in the next section, mainly based
on the 2010 campaign.

4.2 THE ANALYSIS OF THE LEAD-TUNGSTATE CRYSTALS MATRIX

Each crystal in the matrix (see Figure 4.2.1) was readout at both sides
with PMTs. A yellow and a UV filters were installed in order to
separate the scintillation and the Cherenkov components by spectral
properties. Time characteristics of the two components were exploited
for this task, and the time structure of each signal was sampled with
the CAEN V1742 board based on the Domino Ring Sampler (DRS) chip.
This chip was characterized by high sampling frequency, which was
crucial in separating the Cherenkov from the scintillation contribution.
The quality of the sampled signal waveform are shown in Figure 4.2.3.

Data have been taken at the H8 sPs testbeam at CERN with pion
and electron beams of different energies, and the calibration has been
made with 8o GeV electrons. The matrix and the DREAM detector
were placed on a platform which could move both horizontally and
vertically, to allow for position scan. The crystal matrix was put in
front of the DREAM fiber module as it is visible in Figure 4.2.2. The
experimental setup is described in Section 4.1.1. For all the following
measurement the crystal matrix is positioned with the crystal long axis
parallel to the beam line. Moreover UV filter is positioned downstream
while yellow filter upstream.
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Figure 4.2.2: A picture of the experimental area as seen from the beam, in
which the DREAM detector, the crystal matrix and the two
DWC chambers are visible.

The DWC information was crucial in the off-line analysis due to
the poor quality of the electron beam. The coordinates of the moving
platform corresponding to the center of each crystal were found using
a 71~ beam, which was more collimated than the electron one. During
this procedure, the gains of all PMTs were also equalized, in order to
have signals of almost the same amplitude, in the same experimental
conditions.

In this section I discuss the analysis that I have carried out within
the Pavia DREAM group on the crystal matrix.

4.2.1  Calibration of the crystal matrix

The calibration procedure was performed steering 8o GeV electrons
in the center of each crystal longitudinally (6 = 90°). This was easily
feasible since the crystal matrix was mounted on a platform which
could move vertically and horizontally. For each crystal, 25000 events
were recorded. In addiction, 2500 randomly triggered events provided
the pedestal information.

The average time structure of both the Scintillation and Cherenkov
signals are shown in Figure 4.2.3. The Cherenkov signals were inte-
grated over 100 ns around the peak, while the scintillation signals were
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Figure 4.2.3: The average time structure for the scintillation (yellow filter)
and the Cherenkov (UV filter) light, for the central crystal.

integrated over the entire time structure. The integration of the pulse
shape was done event-by-event in order to get the ADC equivalent
distributions (see Figure 4.2.7).

As it is shown in Figure 4.2.4, the electron beam was very broad and
had a larger cross section than the trigger counters (at each electron
energy). Each crystals in the matrix has a section of 3.0x3.0 cm?, a cut
on both x and y coordinates was needed in order to select events for
which the particles enter the crystal in a small region located around
its geometrical center. The intervals [3,13] for x (mm) and [-4,4] for y
(mm) were chosen in order to select events with a significant amount
of energy deposited in the central crystal. The selection criteria is
based on the scatter plot representing the scintillation ADC counts of
the central crystal versus x and y coordinates (see Figure 4.2.5).

In order to obtain a conversion factor between the ADC counts
and the energy deposited in the matrix, two MC simulations have
been carried out. It turned out that the total mean energy released by
80 GeV electrons in one crystal is 82% (65.7 GeV), while the energy
released in the whole matrix is 93% (74.2 GeV). In Figure 4.2.6 the
simulated matrix is shown: the seven lead-tungstate crystals have
1 mm air gap between each others (instead of mylar as in reality).
The simulation has been done with the GEANT4 platform, for 8o
GeV electrons and only the scintillation process was considered. The
simulated beam spot has dimensions given by the cut applied to
DWC coordinates. On the basis of the MC simulation results, the
calibration coefficients were estimated for the scintillation signals,
using the relation: Eg p = ks * Syean-

In order to estimate the total matrix response and its energy resolu-
tion, I have analyzed the calibration runs, i.e. the data taking when
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Figure 4.2.4: The beam profile for 8o GeV electrons, as obtained from the
DWC.
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Figure 4.2.5: The scatter plot of the x and y coordinates as a function of the
scintillation ADC count in crystal 2. Each events is represented
by a dot (8o GeV electrons in the center of crystal 2). The solid
lines represent the chosen cuts on coordinates: [3, 13] for x(mm)
and [-4, 4] for y (mm).

Figure 4.2.6: The front and side view of the GEANT4 simulated matrix. Each
Crystal is surrounded by 1 mm air, in order to simulate the
mylar wrapping.
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Figure 4.2.7: The equivalent ADC distribution of each crystal for the scintilla-
tion signal, fitted with a Gaussian after the cut on coordinates.

the beam was steered in the center of each crystal. The response of
each crystal is fitted with a Gaussian and the equalization coefficients
with respect to the crystal 2 were estimated, for both Cherenkov and
scintillation signals, by comparing the mean of the distributions shown
in Figure 4.2.7.

Then, I have obtained the total scintillation and Cherenkov signals
by adding the signals from each crystal, for both scintillation and
Cherenkov signal components. Thus, by applying the calibration coef-
ficients to both scintillation and Cherenkov signals, I have obtained the
energy deposited distribution for each beam energy (see Figure 4.2.8
and Figure 4.2.9 respectively).

4.2.2  The energy scan with electron beam

Once that the calibration constants have been estimated, I have ana-
lyzed data relative to the energy scan. Electrons beams of 30, 60, 8o,
100 and 150 GeV were steered on the central crystal longitudinally
(the matrix oriented at 8 = 90°). For each energy, 25000 events were
recorded.

In a first phase we analyzed the central crystal alone and derived
its electromagnetic resolution. We have then considered the matrix as
a whole and studied its response.
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a Gaussian.
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Figure 4.2.10: The equivalent ADC distributions, for each electron beam
energy in the scan for the scintillation signal in crystal 2, fitted
with a Gaussian (black line).

4.2.2.1  The central crystal response

In Figure 4.2.10 and Figure 4.2.11 the equivalent ADC distributions,
after proper cuts and calibrations, of both scintillation and Cherenkov
signals in crystal 2 (central), for each energy of the electron beams, are
shown. The low energy events and pedestals are not displayed.

I have estimated the energy resolution ¢;,s/E, where 0, is given
by the Gaussian fit of the distributions while E is the beam energy,
of the crystal 2 as a function of energy. The results are shown in
Figure 4.2.12.a in the case of scintillation signals. I have fitted data
with the relation ¢/E = p1/ VE + po. As it is visible from the plot,
the constant term is almost zero while the stochastic term is about
12%/+/E. The latter is due to fluctuations in the number of photoelec-
trons per unit of deposited energy, to fluctuations in shower leakage
and to fluctuations in longitudinal shower development (which may
affect the signal because of light attenuation effects).

In the case of the Cherenkov light, the energy resolution for cen-
tral crystal is 27%/+/E, with the constant term is about zero (see
Figure 4.2.12.b). The resolution is expressed in a.u./GeV because the
calibration coefficient was not determined in the case of the Cheren-
kov signal. The stochastic term is greater than the one for scintillation
signal, as it is expected by looking at the ADC distributions (Fig-
ure 4.2.11) which are broader. In this case, fluctuations relative to the
light yield are greater and contributes more to the Cherenkov energy
resolution. The stochastic term is also due to the shower leakage
and to absorption effects. Therefore, it is not possible to estimate the
Cherenkov light yield from this term. However, the event-by-event
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Figure 4.2.11: The equivalent ADC distributions, for each electron beam
energy in the scan for the Cherenkov signal in crystal 2, fitted
with a Gaussian (black line).
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Figure 4.2.13: The crystal matrix response linearity for the scintillation (top)
and the Cherenkov (bottom) light, as a function of the energy.

distribution of the Cherenkov /scintillation signal ratio provides more
information in this respect, since it is less sensitive to the fluctuations
that are unrelated to the light yield, such as the shower leakage fluctu-
ations [21]. By fitting the C/S distribution with a Gaussian, turns out
that the relative width of the distribution is o/mean ~ 6%. Since the
width of the distribution is inversely proportional to the Cherenkov
light yield, the latter is at least 50 p.e. per GeV.

4.2.2.2  The crystal matrix response

In order to assess the crystal matrix response I added the signals from
each crystal, for both scintillation and Cherenkov signal components.

In Figure 4.2.13 the response linearity of the crystal matrix for
scintillation and Cherenkov light is shown, fitted with the linear
relation f(E) = p1E + po. The constant term in both the plots is less
than 1, since the matrix does not fully contain the electromagnetic
showers (containment at 93% level, from MC simulation). In the case of
the scintillation light p; is close to zero and has a negative value since
the PMT which detects the scintillation signals is located upstream the
crystal: as the beam energy increases, the shower develops further with
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Figure 4.2.14: The pulse shapes of Cherenkov signals event-by-event, for each
electron energy of the scan.
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Figure 4.2.15: The energy resolution of the crystal matrix for the Cherenkov
and the scintillation signals, as a function of E~1/2.

respect to the upstream PMT and absorption effects come into play.
Besides these effects, at 150 GeV saturations effects due to the high
voltage of the PMTs become relevant and contribute to the p; negative
value. For the Cherenkov light the constant term is close to zero too,
and it is positive since the PMT which detects the Cherenkov light
is located downstream: as the energy increases, the shower develops
deeper and may releases energy directly in the photomultiplier. In
Figure 4.2.14 it is clearly visible the saturation of the Cherenkov signals,
when 150 GeV electrons hit the crystal.

For this analysis, we have decided to use the scintillation calibration
constant also for the Cherenkov signals.

The crystal matrix energy resolution for scintillation and Cherenkov
light turns out to be ¢ /E = 13.7%/+E and ¢/E = 12%/E + 3.8%
respectively, as it is shown in Figure 4.2.15. The constant term in the
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Figure 4.2.16: The total C/S distribution for all electrons beam energy in the
scan, for the crystal matrix. The distribution are fitted with a
Gaussian.

Cherenkov light resolution is due to saturation effects, as discussed
before. The stochastic term for the scintillation light is worse with the
respect to the single crystal one probably due to some miscalibration
effect which is under investigation.

Since the estimation of the electromagnetic fraction is made by the
knowledge of the C/S ratio event-by-event, I have estimated the C/S
width, i.e. the oy,s of the C/S distribution, and the C/S response
linearity of the crystal matrix, for different electron beam energy. The
C/S distributions event-by-event for each electron energy in the scan
is shown in Figure 4.2.16 while the C/S response linearity and the
C/S width are reported in Figure 4.2.17. The response linearity results
very stable as the energy increases, and the C/S 0, turns out to be
4.60/0.

Further improvements to these results may be done, for example,
by determining more precise equalization coefficients minimizing
the width of the sum of the towers. The equalization issue could be
investigated also by a Monte Carlo simulation. In this context I have
made a GEANT4 simulation of the scintillation and the Cherenkov
processes in a lead-tungstate crystal. The optical processes simulation
is not trivial and I have to investigate still many aspects, such as the
simulation of cookies, optical filters, and mylar wrapping. However,
I have obtained angular scan results qualitatively in agreement with
physical predictions and I would like to simulate the entire crystal
matrix, after that most of the problems with the optical processes will
be solved. In this way, it would be possible to estimate correctly the
equalization coefficients.
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Figure 4.2.17: The linearity response of the C/S ratio, for the crystal matrix,
as a function of energy (top). The energy resolution of the C/S
ratio, for the crystal matrix, as a function of E -1/2,

4.2.3 The pion signals

Electrons are fundamental for the calorimeter calibration. Once it is
done, we started a test program based on pion beams. As for electrons,
we studied the response of both the central crystal and of the whole
matrix. For the pion beam we mainly concentrated on the use of the
C/S signal to study combined performances with the DREAM fiber
module.

In Figure 4.2.18 the pion beam profile as obtained from the DWC
and the applied cuts are shown. Also in this case, I have chosen the
cuts on the coordinates as described in Section 4.2.1. The scintillation
signal distribution of the central crystal is shown in Figure 4.2.19. It
is obtained by integrating the average signal shape over the entire
time structure as discussed before. The distribution is very different
from the electrons one, since a large fraction of pions traverses the
crystal without starting a shower. These events populate the large mip
peak. The interaction length of lead-tungstate crystal is 18 cm. This
value concerns protons, and the value for pions is typically 50% larger.
Therefore an interaction length of 27 cm for pions would imply that
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Figure 4.2.18: The 180 GeV pion beam profile. Events in the intervals [-5, 5]
for x, and [-1, 15] for y (mm) are selected for the analysis.

about 48% of these particles traverse the 20 cm long crystal without
undergoing a nuclear interaction. This is close to the observed fraction
of events in the mip peak (the event sample consists of 300000 events
in total).

As shown in Figure 4.2.19, I have selected for the analysis only
pions which interact in the crystal and deposit a significant amount
of energy in it. Concerning the Cherenkov signals, only the pedestal
events were cut (see Figure 4.2.20).

The scintillation and Cherenkov signals of DREAM (fiber module)
central tower are shown in Figure 4.2.21. They have been obtained
after the event selection discussed above.

As discussed in Section 3.2.4, if the C/S ratio is known event-
by-event, the hadronic energy resolution can be improved, and the
calorimeter response becomes Gaussian. In the case of an hybrid calo-
rimeter, this is true if the C/S ratio of the two sections are correlated.
In order to show the merits of the dual readout methods and the men-
tioned correlation, I have applied the knowledge of the C/S ratio of
the crystal matrix to the scintillation signals in DREAM, as described
below.

The distribution of the Cherenkov/scintillation signal ratio for the
selected pions events, in the central crystal, is shown in Figure 4.2.22.
I have selected two regions, one with the C/S ratio ranging from 0.3
to 0.4 and the second for C/S greater than 0.8. For the selected sub-
samples, I have obtained the plot of the distribution of the scintillation
signal measured in the central tower of DREAM (see Figure 4.2.23).
The two distributions are narrower and more symmetric than the
scintillation ADC distribution shown in Figure 4.2.21 (bottom plot).
Indeed, since the C/S ratio is related to the f., as C/S value increases,
the average value of the subsample distribution increases. Therefore
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Figure 4.2.19: The equivalent ADC scintillation distribution for the central
crystal. Only pions which have started a shower in the lead-
tungstate crystal and have deposited a significant amount of
energy are selected (highlighted region).
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Figure 4.2.20: The equivalent ADC distribution of the Cherenkov signal in
the central crystal. Events in the shaded area were selected for
the analysis.
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Figure 4.2.21: The ADC distributions of the Cherenkov (top) and the scintil-
lation signal (bottom) of the central DREAM tower, after cut
on events, based on the crystal Cherenkov and scintillation
signals.

the event selection on the basis of the C/S ratio in the crystal is a good
measure of fep,.

If we consider signals in the whole lead-tungstate matrix, the di-
stribution of the Cherenkov /scintillation signal ratio for the selected
pions events is shown in Figure 4.2.24. The distribution peaks at 1
since we have chosen the same calibration constants for the two types
of signals. As before, I have selected two regions, one with the C/S
ratio ranging from 1 and 1.6 and the second with C/S greater than 3.5.
Hence, I have done the plot of the distribution of the total scintillation
signal measured in DREAM for the mentioned subsets of events (see
Figure 4.2.25).

The signal distribution for the events with a large C/S value is nar-
rower and peaks at a larger value than the distribution for the events
with a smaller C/S signal ratio. This is reasonable since the fractional
width of the signal distributions observed in DREAM decreases as the
events become more “electromagnetic”. Comparing each distribution
with the total energy distribution of the scintillation in DREAM (Fig-
ure 4.2.26), we note that the distribution of the sample with C/S5>3.5is
narrower and thus the hadronic resolution improves if the knowledge
of the C/S ratio is exploited. These results are worse than the ones
obtained with only the DREAM central tower, and this can find an
explanation in the difficulties encountered in the DREAM calibration.
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Figure 4.2.23: The equivalent ADC distribution for the scintillation signal of
the DREAM central tower, for two subsets of events selected
on the basis of the C/S ratio in the central crystal of the lead-
tungstate matrix.
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Figure 4.2.24: Distribution of the total Cherenkov/scintillation signal ratio
(calibrated) for 180 GeV 71~ that start a shower in the central
core of the matrix. Two event samples (highlighted area), which
cover different C/S values, are taken for further analysis. See
text for details.

Since the poor quality of the beam, many events contribute to pedestal
distributions, which are not easy to fit and subtract from the raw data.

However, this preliminary analysis demonstrates that it is possible
to apply the dual-readout technique to an hybrid detector. Due to
the poor beam conditions and the small dimensions of the crystal
matrix, it was not possible to assess quantitatively the improvements
in hadronic energy resolution and calorimeter response function. In-
deed the cuts on coordinates strongly reduce the statistics and the
calibration procedure is difficult because the beam spot was very large
and the electromagnetic showers used to calibrate crystal signals were
not fully contained in them.

The lead-tungstate matrix has been tested as the em section of a
combined calorimeter also in July 2011, with higher statistics. The
quality of the electron beam was improved and, by exploiting a second
DWC, a pre shower detector and a veto counter, which triggers the
DAQ system only for events passing through a circle of 2 cm diameter,
more information is available on the beam. Moreover both sides of the
crystal matrix have been equipped with UV filters, in order to apply
the single-side analysis and to compare the two signals. This allows to
correct and thus eliminate off-line the Cherenkov absorption effects.
The analysis of these data will be done in autumn 2011, and more
promising results could come out.
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Figure 4.2.26: The total energy deposited (scintillation signal) in the DREAM
detector.
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4.3 THE ANALYSIS OF POLARIZATION MEASUREMENTS ON A BSO
CRYSTAL

In the previous sections we have seen that lead-tungstate crystals are
characterized by a high Cherenkov light yield but they are affected
by strong self-absorption in the UV range, which may be a problem
in calorimeters where showers starting point fluctuates over distance
of 20 cm. The DREAM Collaboration has also studied other types of
crystals, in order to find the most suitable crystal for application in
dual-readout calorimetry.

Studies with BGO crystals have shown that the Cherenkov radiation
represents only a small fraction, i.e. 1%, of the light output. However,
it is possible to separate the two types of light by means of optical
filters in a quite efficient way [22] since the long tail of the scintillation
signal.

Given these results, a systematic study of the properties of BSO was
carried out [24], since this crystal has the same structure of BGO but
the optical characteristics are even more suitable for dual-readout
technique. It turned out from tests that BSO had a two or three times
larger light yield, and the purity of the Cherenkov signals obtained
with an UV filter was better than in BGO. Light attenuation resulted to
be approximately the same in both crystals, and smaller than in lead-
tungstate ones. Besides, also with BSO crystal it is possible to carry
out a single-side analysis (see Section 3.2.3), since the scintillation has
a long decay constant. For these reasons, BSO crystals may be good
candidates in a combined dual-readout calorimeter.

Apart from directionality, time structure and spectral properties of
the signals, there is another feature that can be used to separate the
scintillation and the Cherenkov light in homogeneous media, namely
the fact that the latter is polarized. The Cherenkov light is emitted by a
medium that is traversed by relativistic charged particles. The medium
atoms are excited and polarized in this process. They emit coherent
radiation at a characteristic angle 0 with respect to the particle track.
The polarization vector of this radiation is oriented perpendicular to
the direction in which the photons travel, i.e. perpendicular to a cone
whose central axis is the particle track, as shown in Figure 4.3.1.

In the case of relativistic particles which traverse the BSO crystal
at 6 = 30° (see Figure 4.1.1), the Cherenkov light emitted in the
horizontal plane travels approximately perpendicular to the end face
of the crystal, where the PMT is located, since in BSO 0c ~ 60°. Light
traveling at an angle ¢ with this plane may also be detected by the
PMT. The critical angle, i.e. the angle at which total internal reflection
occurs, is about 43°. However, since photons have to traverse three
cookies and 2 filters, the optical one and the polarizer, the critical
angle is smaller, ~ 30°. When ¢ # 0 the polarization vector has also
a component in the vertical plane (P,). But, even when ¢ is close to



4.3 THE ANALYSIS OF POLARIZATION MEASUREMENTS ON A BSO CRYSTAL

Polarization

. . vector
Polarization / \
vector ‘

f: % - e
‘:’ /\ I >\\_

\
- |
Y

P SRR R— Y

\ ESLA J
\ 7 : . ;u‘
/\\ 3 ,/

# ~— N

Y

pho!S e

Particle

Figure 4.3.1: Polarization of Cherenkov light emitted when a charged par-
ticle traverses a medium with refractive index n at a speed
greater than c/n. The light is emitted in a cone with angle
0c = arccos(pn)~! (a) and is polarized with the polarization
vector oriented perpendicular to this cone (b).

the critical angle, the vertical component is less than a half as large
as the horizontal one (Py) [25]. Therefore a polarization filter will be
favorable if the transmission axis is in the horizontal plane.

In 2011 the DREAM Collaboration decided to investigate this cha-
racteristic for Cherenkov /scintillation separation.

4.3.1  Study of the Cherenkov light polarization

For this study we used a BSO crystal, with a length of 18 cm and a
cross section of 2.0x2.0 cm?. The traverse dimension corresponds to
1.74 Xo. The experimental setup is shown in Figure 4.3.2.

An UV filter (U330) is used in the Cherenkov readout side while
a yellow filter (GG495) is used in the scintillation readout side. In
addition to the optical filters, both sides of the crystal were equipped
with polarization filters, which were cut in order to cover the entire
crystal end faces. Thin elastocil cookies provided the optical coupling
between the crystal, the optical filter, the polarizer and the PMT, to
each other.

A series of angular scan were carried out in order to study the
Cherenkov light polarization as a function of the angle 6. When the
angle 0 is negative the side equipped with the UV is downstream and
it is therefore optimal for the Cherenkov detection.

The measurements were performed with 180 GeV 7~ beam, which
contained about 30% of muons. The angle 6 between the crystal axis
and the plane perpendicular to the beam line (Figure 4.1.1) ranged
from -67.5° to +50°. At each angle 40000-50000 events were collected. In
addiction, 4000-5000 randomly triggered events provided the pedestal
information. The angular scan was performed for three different setup,
as summarized in Table 4.3.1. The polarization filter is said to be
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Figure 4.3.2: The experimental setup for the angular scan measurements. See
text for details.

S (GG495 side) C (U330 side)
SETUP o no polarizer no polarizer
SETUP 1 | polarizer favorable polarizer favorable
SETUP 2 | polarizer unfavorable | polarizer unfavorable

Table 4.3.1: The three different setup for the angular scan. See text for details.
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Figure 4.3.3: The beam profile, obtained from the DWC (Delay Wire Cham-
ber) information. The pink region represents the events selected
for the analysis. See text for details.

favorable when the transmission axis is parallel to the polarization
direction of the Cherenkov photons, i.e. in the horizontal plane. The
polarization filter is said to be unfavorable when the transmission axis is
perpendicular to the polarization direction of the Cherenkov photons,
i.e. in the vertical plane.

In the off-line analysis, I have exploited the beam chamber (DWC)
information to select events which enter the crystal in a small region
located around its geometrical center. In Figure 4.3.3 the beam pro-
file obtained from the DWC data is shown, as well as the selected
coordinates [-5,25] in x and [9,18] in y (mm).

The Cherenkov and the scintillation signals were acquired event-by-
event by means of a digital oscilloscope. As in the previous analysis,
the average time structure of Cherenkov signals was integrated for
each event over a small time interval (~ 80 ns) while the scintillation
average time structure was integrated over the entire pulse shape.

Once the baseline subtraction is performed by exploiting the pedestal
information, I have removed saturated events and “zeros”. Saturated
events were due to signals which deposited a great amount of energy
in the crystal, generating a signal which exceeds the range of the
readout system, while zeros were events which deposited very little
amount of energy in it, mainly not interacting pions.

In Figure 4.3.4 the angular dependence of the polarization effects
are shown. In these plots the C and S values are the mean values of
the respective ADC equivalent distributions, estimated by fitting the
distributions with a Landau. The error bars are very small thanks to
the high statistics. An example of the ADC equivalent distribution
and of its Landau fit is shown in Figure 4.3.5. The Cherenkov signals
are considerably larger for § < 0° than for 8 > 0°, since the maximum
detection efficiency for the Cherenkov light is for 6 ~ 90°-6.. This
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Figure 4.3.4: The C/S (top) and the scintillation light (bottom) as a function
of the angle 6, for the three different setup. In the case of setup
2 the angular scan has been done only between -67.5° and 35°.
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Figure 4.3.5: The ADC distribution of scintillation light (180 GeV negative
pions), fitted with a Landau.

effect is more pronounced for measurements in the setup 1, when the
polarization filter is favorable. Indeed by means of polarization filter
the separation power of the C/S signals increases of about 30%. On
the other hand, the Cherenkov light is strongly reduced when the
polarizer is unfavorable, which confirms the assumption made before
on the Cherenkov polarization vector are correct. In Figure 4.3.4 it is
also visible a small bump at the “anti-Cherenkov angle”. This bump is
due to the Cherenkov light which makes a roundtrip in the crystal and
is detected from the Cherenkov PMT. The origin has been established
from the fact that this signal was delayed by a few ns with respect to
the signal observed at the Cherenkov angle.

The orientation of the polarization filter has no effect on the scin-
tillation signals, as it is clearly visible in Figure 4.3.4 (bottom). The
increasing of the scintillation light at large angles is due to its cos 160
dependence on the path length of the beam particles through the
crystal.

Since the pion beam was not pure, as said, due to muon contamina-
tion, I have discriminated muon and pion event samples, by using the
DREAM information. In the case of pions, a large amount of energy is
deposited in the DREAM detector while muons behave as mips, and
so they are represented by a mip peak at low energy in the total ADC
distribution of the scintillation signal in DREAM, as it is visible in
Figure 4.3.6.

In Figure 4.3.7 the scintillation light S, the Cherenkov light C and
the C/S ratio for pions and muons, in the setup 1 configuration, are
shown.
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Figure 4.3.6: The DREAM scintillation total distribution for a 180 pions beam,
contaminated with muons. The two different energy deposition
distribution are clearly visible.

4.3.2  Study of the longitudinal polarization profile of em showers

Besides the study of the Cherenkov light polarization as a function of
angle, it may be interesting to investigate the longitudinal polarization
profile of an electromagnetic shower.

As discussed in Section 2.3.2, the longitudinal development of a
shower scales approximately with the radiation length X of the ma-
terial. The mean longitudinal profile of the energy deposition in an
electromagnetic cascade is reasonably well described by a gamma
distribution [35]:

dE (bt)a—1e0t

dat % T(a)
where Ej is the initial energy of the shower and ¢ is the shower depth
in units of radiation length. The b parameter depends upon both the
Z-value of the material and the incident energy, while a describes
the shape of the shower. The shower maximum ¢,,,, occurs at depth
(a—1)/b.

Since the scintillation light produced in the crystal is a measure of
the energy deposited in it, the em shower profile can be measured by
placing lead plates of increasing thickness (from 0.5 cm to 12 cm) in
front of the crystal, as shown in Figure 4.3.8.

Measurements were performed with 80 GeV electron beam, hitting
the center of a 20 cm long BSO crystal, with a cross section of 2.0x2.0
cm?. 10000-20000 events were recorded for each Pb thickness, and 1000-
2000 randomly triggered events provided the pedestal information. At
both sides of the crystals polarization filters are placed, as described in
the previous section. Measurements were performed with the crystal
oriented at the Cherenkov angle, i.e. 30°, as well as the lead plates.
Because of the poor beam condition, only 4000-8000 events were

(4.4)
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order to eliminate the path length dependence.
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Figure 4.3.8: The experimental setup for longitudinal shower profile mea-
surement.

used for the analysis, after the cut on coordinates based on DWC
information.

In Figure 4.3.9 the results for the setup 1 (polarizer favorable) are
shown. The error bars are given by oy,s/ V/N, where 0,5 is the root
mean square of the equivalent ADC distributions of the Cherenkov
and the scintillation signals fitted with a Landau, while N is the
number of events. An example of such a fit is shown in Figure 4.3.5. In
order to show the radiation length dependence of the shower profile,
the thickness of the BSO crystal and of the lead plates are converted
to radiation lengths (BSO: Xy = 1.15cm lead: Xy = 0.56 cm). I have
divided each scintillation signal by a factor 0.86 (cos 30°), in order to
eliminate the path length dependence.

The obtained electromagnetic shower profiles shown in Figure 4.3.9
are fitted with Equation 4.4. The profile obtained with the scintillation
data, i.e. the energy deposited, is quite well represented by the gamma
distribution. On the other hand, in the case of the Cherenkov light, the
curve behavior shows some discrepancies. Indeed in the first stages
Cherenkov signals rise faster since they are proportional to the number
of relativistic particles, while the scintillation light rises more slowly
since the shower has not developed yet. On the other hand, in the late
stages the Cherenkov signals decrease quickly since more and more
particles fall below the Cherenkov production threshold and loose
directionality, therefore is more poorly sampled.

These measurements were carried out also with the polarizer un-
favorable for the Cherenkov side. In order to see the polarizer effect,
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Figure 4.3.9: The longitudinal profile of the scintillation and Cherenkov light
as a function of the radiation length. Polarization filter favorable.

the C/S ratio as a function of Xy are shown for both configurations
(Figure 4.3.10). As it is visible, polarization in the early stages (< 7Xj)
of the shower is preserved, and the effect of the polarizer is relatively
large. Indeed when the filter is favorable the C/S ratio is high while
when the filter is unfavorable the Cherenkov light is strongly sup-
pressed. After the shower maximum polarization has not a unique
orientation, indeed after 15 Xy the orientation of the polarizer has no
meaning for the Cherenkov light: the C/S ratio is roughly the same
for both configurations. This effect is shown also in Figure 4.3.11: after
the maximum the two Cherenkov light profiles decay roughly the
same, since in the late stages of the shower development particles are
emitted mostly isotropically.

This aspect of Cherenkov radiation may be useful in different ap-
plications in calorimetry. In particular it might provide additional
separation power in crystals which exploit the dual-readout technique.
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Figure 4.3.10: The C/S ratio as a function of the radiation length for polarizer
favorable (a) and polarizer unfavorable (b).
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CONCLUSIONS

In the last quarter century, calorimeters have become very relevant in
high-energies experiments. However, factors related to the detection of
physical process hamper the exploitation of the full potential of these
devices. Concerning the hadronic showers, the energy sharing between
the em (the electromagnetic fraction, f,;;) and the non-em component
fluctuates strongly and in a non-Gaussian manner event by event, and
it causes limitations to the hadronic detection performances. Besides,
when nuclear interactions take place in the calorimeter, a fraction of the
shower energy is used to unbind nucleons, and thus does not generate
any detectable signals. All these problems give rise to non-linearity,
non-Gaussian response functions, poor energy resolutions, etc. which
prevent further improvement in the calorimeters performance.

Hadronic Monte Carlo shower simulations are not yet perfect, and
in the past 30 years, progress have been achieved mainly through
dedicated R&D projects. The Dual-readout Method (DREAM) allows
to measure the electromagnetic shower fraction and the neutron frac-
tion event by event, eliminating the relative fluctuations and making
possible to reach the ultimate limit for the hadronic energy resolution.
Until now, the DREAM Collaboration has designed and tested different
prototypes, in order to test the validity of the principles on which
improvement of the hadronic calorimeter performance is based.

In this thesis the application of the dual-readout methods to scintil-
lation crystals is discussed in detail. In particular I have participated in
the test of eight lead-tungstate crystal doped with 0.3% Molybdenum.
The systematic analysis of the crystals points out that all of them have
a good Cherenkov/scintillation separation. Besides, it turns out that
this type of crystal is characterized by a Cherenkov light yield of at
least 50 p.e. per GeV, which makes it suitable for the dual-readout
method. On the other hand, Cherenkov light attenuation of even 18%
in 10 cm has been observed, due to the small effective bandwidth
for the Cherenkov signal. This aspect may be a problem in calorime-
ters where showers starting point fluctuates over distance of 20 cm.
However, the reproducibility measurements have shown that changing
accidentally the optical coupling affects the crystal response also at
15% level. Crystallographic measurements will be carried out towards
the end of 2011 in order to determine possible differences between the
crystals and check the results that we have achieved.

The preliminary results on an hybrid prototype, made of a lead-
tungstate crystal matrix and the DREAM fiber prototype, show that
the application of the dual-readout at both sections leads to Gaussian
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hadronic response and improvement in the hadronic energy resolution.
It turns out that the C/S ratio of the crystal matrix is a good measure
of the f.y, as in the case of the DREAM module in stand-alone mode.
In particular the DREAM scintillation distributions for subsamples
selected on the basis of the crystal matrix C/S are more Gaussian
and narrower with respect to the total distribution. Concerning the
electromagnetic response, the energy resolution of the central crystal
turned out to be 12%/+/E, with electrons shower containment at 82%
level. Moreover, the crystal response is linear for both scintillation and
Cherenkov light. Due to the not perfect calibration, caused by the poor
beam condition, the energy resolution of the crystal matrix has been
wrongly estimated. However a high performance of the crystal matrix
in electromagnetic detection is expected, once that shower leakage are
eliminated and the calibration is done properly.

The analysis done on the lead-tungstate matrix exploited both spec-
tral and time structure differences between the Cherenkov and the
scintillation light. The polarization of the Cherenkov light may provide
a further tool in order to separate the Cherenkov and the scintillation
light in crystals which make use of the dual-readout technique. Indeed
the separation power of the C/S light increases of about 30%.

From these analysis turns out that a high hadronic energy resolution
will be easily reached, once that the shower leakage fluctuations and
instrumental effects will be eliminated or at least reduced.

In the next years, the DREAM Collaboration plans to construct
a new fiber detector, large enough to contain high-energy hadronic
showers at the 99% level and with several modifications addressing
the weak points of the original detector. Moreover a crystal matrix,
sufficiently large to serve as the electromagnetic section of a combined
calorimeter, in which the fiber detector constitutes the hadronic section,
will be constructed. This two detectors will be tested individually and
in combination in high-energy beams of electrons and hadrons.

The dual-readout technique has already shown that it is suitable for
high-quality calorimetry for all types of particles, with an instrument
calibrated with electrons. The dual-readout calorimetry could thus
meet the performance requirements of future experiments, such as
the International Linear Collider (ILC) or the Compact Linear Collider
(CLIC).
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