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Chapter 1  Introduction

CHAPTER 1
INTRODUCTION

Ring Imaging Cerenkov, abbreviated RICH, detectors are powerful tools for the identification of relativis-
tic and ultrarelativistic particles. The idea to use the Cerenkov effect in combination with imaging was
invented in 1960 by A. Roberts and a first working detector was developed by J. Seguinot and T. Ypsi-
lantis in 1977. Today they are used in a wide range of physics applications from middle energy physics
to high energy nuclear and high energy physics, as well as astrophysics.

Starting in the 1980s, the first experiment to work with a RICH was E605 at Fermilab, followed by the
Q-RICH at CERN, considered the first large RICH detector. This first generation was followed up by the
second generation ones including DELPHI, SLD and CERES. Today the third generation is beginning to
operate with BaBar, HERA-B, HADES and HERMES and the fourth generation with ALICE and LHCb
will soon be constructed.

This work is concerned with the problems of developing and optimizing strategies for RICH detectors
to identify particles from raw data. It deals with general methods and optimization in chapters three
and six as well as with two different implementations for specific experiments. Chapter four describes
the design and development of algorithms for the CERES experiment, a high energy nuclear physics
experiment at the SpS. Chapter five contains a method to optimize the particle identification algorithms
of the HERMES experiment, a medium energy particle physics experiment at HERA.

According to the partial review character of this work, chapter two is an introduction into RICH
detector basics, and an index and an exhaustive bibliography are included as well.

Although RICH detectors have more purposes than just particle identification, as will be described in
chapter two, this work concentrates on this application. It also deals with the problem from a point of
view of a perfect detector in many sections, ignoring problems originating for example from misalignment.
Common methods to deal with such problems will be referenced in chapter three, but not treated in detail.
Data read out and hardware issues are not treated within this work.

(o)



CHAPTER 2
RICH DETECTORS

2.1 Cerenkov Effect

When a charged particle traverses matter, it loses energy through the excitation of bound electrons,
ionizations and other processes, depending on the material. The particle’s energy loss for electronic
excitations and ionizations is described by the Bethe-Bloch relation. If the particle’s speed exceeds the

speed of light in this medium, that is
c

v > — (2.1)
n,
where ¢ is the speed of light in vacuum, n is the refractive index of the traversed material and v is

the speed of the particle, it is possible for the particle to radiate electromagnetic waves, the Cerenkov
radiation. The medium in which a particle radiates is called radiator. This Cerenkov effect can already be
derived on a classical basis, as shown in [89]. However, the amount of energy radiated diverges if treated
purely with classical physics. A quantum mechanical treatment ensures convergence; the effect is hence
only semiclassical. It is not necessarily limited to relativistic particles, since media are available which
have an index of refraction to reduce the speed of light to the order of several centimeters per second. In
the semi-acoustics case, a particle moving faster than the speed of sound in a medium develops a Mach
cone. An analogous effect occurs for Cerenkov radiation: It is emitted like a shock wave along a cone
behind the particle, called the Cerenkov cone. The wave vector k& and the particle’s direction enclose an
angle 0~ with

cosbfpx = (2.2)

1
nf
v
B=- (2.3)

is the Einstein beta [89]. Since photons are directed along the wave vector l;:', they are emitted from the
particle’s trajectory under the Cerenkov angle 0. This behavior is another way to see why the Cerenkov
effect only sets in above a threshold defined by (2.1). Below it, there is no coherent radiation, 6 is not
well defined, no cone is created. Since 3 is bound to be smaller than one', there is an asymptotic angle
0 4, given by

where

1
cosf o = — (2.4)
n
From (2.2) the threshold for a particle to radiate can be calculated:
1 -
Ve = —F— (2.5)
o
where v, is the Einstein gamma
1
= 2.6
— 26)

1 All charged particles known up to now have mass.
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Chapter 2 RICH Detectors

at the threshold. Using (2.4) and (2.5), the asymptotic and threshold behavior can be set in relation and
yield

1
sin® 0 4 = —- (2.7)
th
The spectrum of the Cerenkov radiation during emittance is given by
d®Npy, aZ? .,
- — i 9 X 2.
dE'dx  he € (28)

per unit of energy and distance, where « is the fine structure constant, % = h/27 is Planck’s constant
and Z is the charge of the particle [30].

The wavelength observed is strongly dependent on the opaqueness of the medium for certain wave-
lengths. The integral average yield of photons Npp when traversing a medium of length L is given
by

Npy, = NoLZ?%sin? 5, (2.9)
Ny is a constant describing the number of radiated photons observed after unit length from a radiating
unit charge. This includes medium effects like absorption. It can be calculated as

_ '
No =3 / TraydE (2.10)
0

where Tz is the transmission of the medium for a photon of energy E’. The number of photons from
the Cerenkov effect obey Poissonian statistics [49]. The probability to observe N photons is

N e~ Npn
Important relations are
m = 21/1—n200520@ (2.12)
c
p = —— (2.13)

/1 —n?cos? 6
1 2.2
0 = cos! (— - e > (2.14)

n p?

where p is the momentum of a radiating particle and m is its mass. This results in that knowing the
momentum of the particle and the Cerenkov angle identifies the particle up to its charge. The threshold
momentum

Deh = YepBpme (2.15)
mc

= — 2.16

— (2.16)

is important as well. The resolution with which two particle types can be separated by a detection system
at a given common momentum p is measured in standard deviations of the single photon resolution. The
single photon resolution describes how well the emission angle from a given track can be measured, and
is denoted by o,. The resolution R is then defined by

0,5 — By
R = % (2.17)
v
/ 2 2
1+ (mlc) 1+ (’I’VLQC)
- 1 e A S AR S S A (2.18)
Oy n n



2.2 Threshold Cerenkov Detectors

where my and mq are the masses of the different particle types. Equation (2.17) gives theoretical limits
attainable for the identification probability, if it can be described as a Gaussian in the Cerenkov angle
with half width ¢,. Another theoretical limit is the maximum separation momentum given by

2 2
m2 — ml
max — 2.1
P Sy (2.19)

where n, gives the number of standard deviations ., by which the species 1 and 2 should be separated.
ks is the RICH detector constant defined as

oytanfs
Npp,

By choosing the requested number of standard deviations, the theoretical limit for the maximum separa-
tion momentum is given. Note that this is an implicit equation since 0 itself depends on the momentum.
A good approximation is however achieved for 0 = 0 4.

kp= (2.20)

2.2 Threshold Cerenkov Detectors

The simplest way to utilize the Cerenkov effect is to make use of its threshold behavior (2.1). Particles
can be identified by whether they are supposed to radiate or not if their speed or momentum is known.
Each species starts to radiate above a threshold given by (2.16). Since (2.16) depends on the mass, and
species can be ordered by their mass, a separation band can be defined as

Ap = pF) (m2) —piy) (1) (2.21)
= /75, — 1(m2 —mi) (2.22)

1
= o)y (m2 =) (2.23)

where mg and my are the masses of the heavier and lighter particle respectively. Within this separation
band all species with mass m smaller or equal than m; can be separated from all species with mass
m greater or equal than mg. If electrons are not separated by other detectors (for example transition
radiation detectors (TRD) or electromagnetic calorimeters [30]) the lower mass is the electron mass
and the heavier commonly the charged pions’ mass or in some cases the muon mass. If leptons can be
separated, pions and a heavier hadron can be distinguished in the momentum range Ap. Although limited
by equation (2.23), threshold Cerenkov detectors have been used widely, since they provide a relatively
easy way of particle identification. Especially if using a stack of detectors with different radiators, particle
identification can be provided over a larger band with more than just two species. In some cases only
one or two species are of interest. In this case, a threshold Cerenkov detector can be quite useful. If
only electrons shall be detected, it is easy to build a hadron-blind detector using a threshold counter. A
detector is hadron blind if it only responds to non-hadronic particles?. By choosing a high enough 7,,,
that is, a radiator with low n, a threshold can be imposed that is high enough that due to their low mass
only electrons can radiate within the observable momenta.

The Cerenkov radiation is detected by a photo sensitive array, like photomultipliers or photocathodes.
This results in a modification of the number of photons, which are observed by modification of equation
(2.10) to be

Ny = hﬁ / QorTrudE' (2.24)
C
0

2 This is a little exaggerated. Since the mass is the important feature of the detector, it is also blind for heavier leptonic

flavors.



Chapter 2 RICH Detectors

where Qg is the quantum efficiency of the detector for a photon of energy E’.

Threshold Cerenkov detectors are still widely used. Some newer experiments for neutrino and high
energy astrophysics and astronomy use or plan to use this concept [183]. A reason for this is that water
can be used as a radiator, making the detector cheap and safe and allowing the necessary large active
detector volume or use under dangerous conditions like in balloons [110, 146].

Cerenkov light emission is also an effect used to measure high energetic, several GeV to more than
PeV, cosmic particles. The methods used are neither of the threshold type nor of the RICH type described
below, but depend on the Cerenkov light emitted by the shower of charged particles generated by cosmic
rays. The largest project of this kind is the Auger project using 1500 identical Cerenkov light detectors
[26]. It is important to notice that these other options exist [183].

2.3 Ring Imaging Cerenkov Detectors

To extend the possibilities of the RICH detector as a Particle IDentification, abbreviated PID, detector,
it is natural to use the second observable the Cerenkov effect provides: The Cerenkov angle given by
equation (2.2). If an arbitrarily precise identification system would be available, PID would be possible
for all momenta above the threshold momentum (2.16), limited only by Poissonian statistics and by the
Rayleigh scattering of the photons in the radiator resulting in a Gaussian spread in 0.

Two main detector concepts are currently widely used to extract the angular information: The
proximity-focused ring imaging technique and the mirror-focused ring imaging technique.

Both principles aim at transforming the Cerenkov cone into a geometrical two-dimensional shape
which allows the extraction of . Originally the shape was a ring, hence the name of the detectors, and
the radius was uniquely mapped to the Cerenkov angle. Current detectors do not necessarily use rings;
ellipses or conic sections are also in use. Rings are most common.

Both concepts use a photon detector to record the Cerenkov photons.

2.3.1 Proximity-Focused RICH

The main problem of extracting 6~ is that the radiation is a continuous process: While the particle
traverses the radiator, it radiates. Hence the Cerenkov cone illuminates a disc with a size only limited
by the radiator length L. The idea of the proximity focusing RICH is to reduce this disc to a ring by
shortening the radiator. Equivalently, the radiator can be so large that the particle to be observed decays
or stops at a distance small compared to L and far away from the photon detector. In these cases, only a
ring is detected, as illustrated in figure 2.1. A particle radiates along its trajectory under the Cerenkov
angle 6 in the radiator. The resulting Cerenkov cone becomes a ring with a finite width w outside the
radiator and is detected by the photon detector.

If the radiator’s length is L and the distance between the end of the radiator and the photon detector
is d, then the radius r at the center of the ring will be

r= (d—i— é) sin 0 (2.25)

and its width will be

w= Lsinfs (2.26)
independent of the distance d. Since Cerenkov radiation is a continuous process, the photons will be
spread uniformly over the ring.

The Cerenkov angle can be extracted by measuring the ring width and/or its radius. Usually it is
easier to measure the ring radius with satisfactory precision, since the ring width is subject to scattering
of photons, refraction and other medium effects. Additionally, the number of photons may be small,
between one and ten, making a measurement of the width complicated, especially if the resolution is bad.

10



2.3 Ring Imaging Cerenkov Detectors
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2.1. Simple model of a proximity-focused RICH

An important property of proximity-focused RICH detectors is that if particles do not move perpen-
dicular to the photon detector, the rings become conical sections [29]. The incident angle can then only
be reconstructed by analysis of the properties of the section.

It is important to notice that for a track impacting the radiator under a finite dip angle, the ring is
deformed towards an ellipse and the number of photons produced cannot be described by (2.24) anymore.
An additional factor of 1/cosf@p has to be included, where 6p is the dip angle [46]. The reason for this
is that the traversed radiator length becomes longer by this factor.

2.3.2 Mirror-Focused RICH

It is often not possible to place the photon detector in the particle’s trajectory. This might be because
of heavy radiation or to reduce the radiation length. There might not be enough space to have a large
enough distance to produce rings that are resolvable according to equation (2.25). If there is a high
probability of particles incident under an angle, a proximity-focused design may also be not desirable.
This is for example the case in forward spectrometers. In this case the radiator and photon detector
would have to be build curved, which is not always feasible or possible. Another problem is that in
order to have rings of acceptable widths the radiator must be short, but must provide a high photon
statistics. If a material with these properties and the required index of refraction can not be found, a
proximity-focused detector is ruled out.

In theses cases an alternative design can be used, the mirror-focused RICH. In this case a spherical
mirror is placed inside or in front of the radiator. Because of the optical properties of a spherical mirror,
the Cerenkov cone is projected upon a ring on the focal surface. This focal surface is a concentric sphere
with half the radius of the mirror itself. A photon detector mounted on it will find these rings. Note that
the definition of the focal sphere is only valid, if the optical system of the RICH can be approximated by
Gaussian optics. This is true for nearly all of the current RICH detectors, so it will be assumed further
on. The principle of operation is displayed in figure 2.2. A particle on its trajectory emits a Cerenkov
cone, which is reflected by the mirror and detected by the photon detector. Because of the spherical

11



Chapter 2 RICH Detectors

Photon Detector

Trajectory rr')
in radiator

tirror

2.2.  The operation principle of a mirror-focused RICH

surface of the mirror, the cone is focused on a ring.

Usually the photon detector surface cannot be curved because of technical reasons. Even if it would
be curved, chromatic effects would not allow an optimal position for each possible photon energy. If the
bending radius of the mirror is large enough, the focal sphere can be well approximated by a plane. A
large mirror with large radius aids in remaining within the limits of the Gaussian optics, which requires
that the differences in incident angle for two rays is not too different, and guarantee focusing and prevent
astigmatisms [197].

For a given focal length f of the mirror, the radius of a ring r on the focal surface can be calculated
as [121]

1 1

r=7 Vo

assuming that the origin of the track is in the center of the mirror and the mirror is aligned with the
beam axis.

The mirrors used are often only a segment of a sphere, large enough to reflect the Cerenkov cones.
However, in most cases the mirror does not provide an acceptance large enough to reflect the complete
cone of any particle, and some cones might be missed completely or partially. This introduces a mirror
cutoff resulting in incomplete rings in the detector, a problem which has to be dealt with eventually, if
the acceptance of the experiment plus the size of the largest cone is not smaller than that of the mirror.
An example of this problem will be reviewed in chapter four.

A further modification of equation (2.24) is necessary to include the mirror:

(2.27)

(8%
No = — / QoeTraMyrdE’ (2.28)

in which My g describes the mirror’s reflectivity for a photon with energy E’.

Remaining in the focal plane is not necessary in principal, but moving out of it results in rings with
a larger width. Since the resolution is finite this does not affect the purpose of the RICH, if the effect is
below the single photon resolution limit.

12



2.4 Use of Cerenkov detectors

2.3.3 Figure Of Merit

As a figure of merit for the performance of a RICH? detector the number of photons per unit length and
unit charge particle is widely accepted, which is obtained for an asymptotic particle by

dNpp,

- = Nosin? 6 45 (2.29)

0p=0 ¢, Z=1

from equation (2.9) [71]. An asymptotic particle is defined as a particle having infinite momentum.
Within the context of PID, an asymptotic particle is also a particle which has a momentum large enough
that the generated ring cannot be distinguished within the resolution from the ring of a particle with
infinite momentum.

2.4 Use of Cerenkov detectors

This section describes the purposes for which Cerenkov detectors are used.

Particle detection. The first thing a Cerenkov detector does is to detect the presence of a charged
particle satisfying (2.1). This basically simple problem can be quite challenging at high multiplicities,
since charged particles crossing the photon detector give rise to a signal. This problem is especially
important to proximity-focusing RICH detectors, where all tracks cross the photon detector.

Particle identification. The primary task Cerenkov detectors where invented for was to identify
relativistic and ultrarelativistic charged particles. This task is performed either by detection and iden-
tification of particles or by identifying particles found by other components of an experiment. Particle
identification is the main subject of this work and will be discussed in great detail in the following.

Particle species filter. Cerenkov detectors can be used to filter particle species. This concept was
already introduced as hadron blindness: It can be implemented either by the use of an appropriately
chosen threshold or by restricting to rings with a specified size, mostly asymptotic rings. These are
rings which cannot be distinguished, within the resolution, from a ring generated by a cone emitted
under the asymptotic angle. In combination with other detectors, the particle species to be filtered can
be a priori any, but common are two options: Hadron blindness by choosing a very large threshold or
pion identification by using other detectors like TRDs, electronic calorimeters or muon hodoscopes to
previously filter out light leptons [30].

Threshold dependent tracking. RICH detectors are commonly not used for tracking due to the
fact that the resolution cannot be made good enough because of scattering effects. In some cases it
is interesting or necessary to use them for this purpose nevertheless. This especially applies if there is
a large amount of background particles. These can be removed from tracking by requiring a signal in
the RICH. One option is to use the RICH as a trigger for tracking. A particle is then tracked if it has
been found by the ring it produced. Using more than one RICH, the tracking can principally be done
using the RICHes. In the latter case, it is commonly assumed that the track of interest originates from
some interaction point, and then two RICH detectors deliver with two rings two points in space which
together with the vertex are enough to find the full track. The additional use of a magnetic field between
both RICH detectors or between the interaction point and the target makes a momentum determination
possible. This has, for example, been realized by the CERES experiment.

Measurement of particle speed. The relevant variable on which the Cerenkov angle depends is
0, the speed of the particle. To measure it by measuring the angle is therefore quite interesting. This is
especially true in comparison with conventional time of flight (TOF) detectors, because RICH detectors
can be built in a much more compact way than those [70]. This concept was demonstrated with the
Heavy Ion RICH (HIRICH) at the Gesellschaft fiir Schwerionenforschung, GSI. It has been shown that a
RICH can determine the speed of a particle as well as a TOF detector while being much smaller [70].

3 If it is not explicitly noted, RICH stands from here on for both proximity- and mirror-focused RICH detectors.

13



Chapter 2 RICH Detectors

Measurement of particle momentum. As already mentioned, it is feasible to measure particle
momentum with a RICH detector. In this case a magnetic field is used, just as in conventional tracking
detectors. A mathematical derivation of such an approach for the HERA-B experiment described in the
next section is demonstrated in [55].

Another approach requiring high photon statistics makes use of the momentum dependence of the
multiple scattering of the particle in the radiator. Like the Cerenkov effect, multiple scattering is a
medium effect that influences charged particles traversing matter [89]. It is an elastic scattering process
that changes the direction of the particle. This directional change is Gaussian distributed in three
dimensions and the root mean square is given by

13.6 MeV T x
Opys=———27,/— 1+ 0.0381In — .
MS Bep ”Xo ( +0.038 nXO> (2.30)

where z is the distance covered in the radiator and X is the radiation length of the radiator [30]. p
must be measured in MeV/c. Such a scattering smears out the ring, having a larger width and a non-
homogenous illumination as a consequence. If multiple scattering is the dominant part of all scattering
this is called multiple scattering dominance (MSD) and the width of the ring can be used to determine the
momentum. This is for example considered by the AQUA experiment [18]. The mathematical derivations
can be found in detail in [195].

2.5 Overview of RICH Detectors in Experiments

This section gives an overview of existing, planned, or proposed experiments using RICH detectors. Since
RICH detectors are quite common today even for small experiments, it would be beyond the scope of this
work to mention all of them. Most of the larger ones will be covered nevertheless?, giving an interesting
spectrum of physics studied with the RICH technology.

The detectors have been separated into two groups: analog and digital detectors. Defined here as
analog are those RICH detectors which are able to resolve the number of photons incident in one cell of
spatial resolution for one track, while digital ones are not able to do so. A cell of spatial resolution is the
area of the photon detector, where two different photon impact points cannot anymore be distinguished.
A pixel is defined by the minimum spatial cell area of resolution. Usually a pixel corresponds to a single
photon detection unit, like a single photo-multiplier tube, and is the same for all events, but not necessary
of the same size and shape at all positions. In some cases the signal of a photon covers multiple pixels.

There is no principal hardware difference between both groups, although some hardware parts are
more common for a detector in one of the groups. Besides the different photon detection systems, the
way the signals are processed by the electronics is important. A detection system with more than two
output states, on and off, is considered analog. Without going into detail on the hardware, typical
realizations of the detection systems are given below. A more detailed overview of current technology
and developments is given in [166].

2.5.1 Analog Detectors

Typical readout techniques for analog detectors are photocathodes. They use a photo conversion gas
to generate electrons from photons, which can then be measured, like, for example, Tetrakis- diMethy-
lAminoEthylen (TMAE) or solids like C'sI. This is somewhat similar to a multi-wire proportional chamber
(MWPC) and is also referred to as a MWPC readout. The readout itself can be done either by an ar-
ray of photo cathodes, called a pad readout, or by a time-projection technique, called TPC readout. Pad
readouts are faster than the TPC version due to the smaller drift space, but need more readout modules.
There are several other possibilities and improvements [166].

4 Some of the not mentioned RICH experiments are E605 at Fermilab being the first experiment with an operating
RICH, UA2 at CERN [101, 187] and SNO [180].
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2.5 Overview of RICH Detectors in Experiments

An advantage of analog readout for proximity-focused detectors is the possibility to distinguish be-
tween a photon hit and a hit by a charged particle, which crosses the detector [50].

ALICE, A Large Ion Collision Experiment, is an approved experiment at the Large Hadron Collider
(LHC) at the european nuclear research center (CERN) in Geneva, and is planned to start operation in
2005/6. It is a heavy ion collision experiment and will have the highest center of mass energy, resulting
with 2.4A TeV lead on lead to about 1 PeV. The physics under investigation is QCD under extreme
conditions and Quark Gluon Plasma (QGP). ALICE will have a proximity-focused RICH detector [47]
to identify hadrons between 1 and 5 GeV [51,60]. A very high occupancy of the photon detector of
estimated 12% hit pixels in full central collisions is expected, being a very high value [119], but typical
for heavy ion collisions [7]. The readout will be a pad readout with a solid photocathode and the radiator
will be liquid CgFi4 [50]. The PID will be performed trackwise with an indirect raytracing algorithm, an
approach described in the next chapter. The necessary tracking information will be delivered by a TPC.

BRAHMS is an experiment at the Relativistic Heavy Ion Collider (RHIC) at the Brookhaven Na-
tional Laboratory (BNL) in Brookhaven. It is a two arm spectrometer to measure QCD under extreme
conditions in gold on gold collisions at 1004 GeV. One arm will measure particles at large angles while
the other is positioned in forward direction. The particle identification in the forward arm consists of a
TOF, a threshold Cerenkov, and a RICH detector to identify particles in the range from 2 to 25 GeV/c
momentum. The RICH works with four photomultipliers with 100 pixels each. The radiator is gaseous
perfluorbutane, CyFg. Using a TPC and drift chambers, the PID can rely on the tracking information.
The optics is designed to have as few distortions as possible. The RICH will be used for PID up to 9
GeV/c [48].

CAPRICE, Cosmic AntiParticle Ring Imaging Cerenkov Experiment, is a balloon mounted experi-
ment to investigate the cosmic particle flux. It uses a magnetic spectrometer for momentum determination
and a proximity focusing RICH detector for PID. The radiator used is solid NaF, the readout is a MWPC
readout 29,101,183, 187].

CDF II. A considered part of the upgrade of the CDF experiment at the Tevatron collider at the
Fermi National Laboratory (Fermilab) at Chicago for the second run of the Tevatron after 1999 was
a RICH detector. It would have been used for PID. Technical problems made it difficult to design an
appropriate detector, since its thickness would have been limited to 5 to 13 cm. A possible design would
have used liquid LiFy as radiator and a sprayed C'sI pad readout. This would have been a proximity-
focused RICH detector [64]. The CDF II experiment researches QCD in pp-collisions at 2 TeV center of
mass energy.

CERES/NA45 [7,8,101], CErenkov Ring Electron Spectrometer, is an experiment at the Super
proton Synchrotron (SpS) at CERN. It is a heavy-ion fixed-target experiment, using a gold target in
a proton, sulfur or lead beam with up to 1604 GeV/c. It investigates QCD under extreme conditions
with electronic probes. It uses two independent RICH detectors mounted behind each other with a pad
readout with 50000 pads each. It will be described in more detail in chapter four.

CLEO III is an upgrade of CLEO II at the Cornell Electron Storage Ring (CESR) at the Cornell
University. It studies the C'P-violation in the b-system, being a so-called beauty farm. The center of mass
(cms) energy is chosen such as to be at the Y (45) resonance, to use the b-decay modes of this particle.
As part of the upgrade a RICH detector for PID was added. The radiator is solid LiF, the readout is
based on a MWPC with gaseous Triethylamine (TEA) as photo conversion medium. The RICH is built
proximity focusing [22,23,144].

COMPASS /N A58 is a multi-purpose experiment under construction and will use both the p-beam
and the p-beam at the SpS at CERN. It uses a fixed polarized hydrogen or deuterium target. To use
them as a solid state target, they are used in form of N Hs and ®LiD. The physics will be nucleon spin
physics and hadron spectroscopy. When all stages will be completed it will consist of two spectrometers
mounted in a line. The first part of the spectrometer will have a large angular acceptance while the
second part is limited to smaller angles. Both will be equipped with RICH detectors, the wide angle
version to be finished 2000. The radiator will be C4Fg and it will have MWPC readout. It will be used
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for m-K separation up to 60 GeV/c [32].

DELPHI is located at the Large Electron Positron collider, LEP, at CERN. The physics investigated
in the eTe -collisions at up to 209 GeV cms energy are electroweak physics and QCD, ranging from
Z9-physics to the determination of the Cabbibo-Kobayashi-Maskawa (CKM) matrix and higgs search.

The experiment is equipped with three RICH detectors. One is a barrel around the interaction point
using a MWPC readout and gaseous C5Fo and liquid CgF}4 as radiators. This RICH is called BRICH.
The two end cap RICH detectors, called FRICH, are also using a MWPC readout and have similar
technical specifications. Their radiators are gaseous CyFig and liquid CgFi4. All three operate with
proximity focusing for the liquid radiators and with mirror focusing for the gaseous radiators.

The reconstruction uses tracking data from the DELPHI TPC and the drift chambers [10,31,63,101,
187].

HADES [196], High Acceptance DiElectron Spectrometer, is an experiment studying QCD under
extreme conditions. It is located at the SchwerlonenSynchrotron (SIS) at the GSI. Its main topics in
this field are dileptons from p and w decays in nuclear and hadronic matter [68]. It is a fixed-target
experiment using the heavy ion beam with (1 —2) A GeV/c. To measure the expected changes in the
mass and widths of these mesons, it is designed for a high mass resolution Am/m below 1%. Since the
desired processes have a rate of 107¢ per event it is also optimized for high counting rates and good
background rejection. Part of this is the hadron-blind RICH detector, working with a C4Fy¢ radiator
and a MWPC readout with C'sI as photo conversion medium. The RICH is also part of the second level
trigger, using a ring search implemented in hardware. The algorithm is a pattern recognition method, as
described in chapter three [108].

JETSET [130] is an experiment at the low energy anti proton ring, LEAR, at CERN. It uses a fixed
internal gas target for pp collisions to study the properties of the pp — ¢ (1020) ¢ (1020) — 2K +2K~
chain. It uses a solid fused silica, i.e. quartz, radiator in a proximity-focusing RICH to identify the Kaons
and reduce the background by a factor of 10°. The readout is MWPC based with small pixel size to allow
fast operation to achieve high statistics.

LHCDb is an approved collider experiment at the LHC at CERN. It is a forward spectrometer, designed
for beauty physics. It will have two RICH detectors measuring in different momentum ranges. RICH 1
will have an aerogel and a CyFg radiator and will operate between 1 and 60 GeV/c. The second RICH
detector will cover a smaller acceptance with a C'Fy radiator and measures up to 150 GeV/c. They have
different designs because at smaller forward angles the expected event tracks will have a higher momenta
[66,67].

Omega RICH. The Q-RICH [122] at CERN was used by several experiments [101], WA69, WAS82,
WARS9 [121,122] and WA94 [1], in different fields of physics research, like photoproduction, hadroproduc-
tion and heavy ion and hyperon physics. It was used to identify pions, kaons and protons between 12
and 100 GeV/c. The radiator used was nitrogen or a nitrogen/freon mixture and the readout utilizes a
TPC.

SLD [101,187] at SLAC has studied Z° physics. The RICH® detector of the experiment is designed
similar to the DELPHI RICH detectors, using two radiators but a TPC for readout. It is used to identify
hadrons from 1 to 30 GeV/c.

Super-Kamiokande [167,187] in Japan is the successor of the Kamiokande experiment. The physics
under examination are atmospheric neutrinos, neutrino astrophysics and proton decay. The detector
is one large proximity focusing RICH detector with a liquid water radiator. With 22500 tons active
detection medium it is the largest existing RICH detector. The water is also the medium for search for
proton decays. In this case the proximity focusing is achieved by the fact that the mean path of the
particles is small compared to the detector. The readout consists of 11146 photomultiplier tubes having
a diameter of 50 cm.

The detector is large enough to allow for an angular resolution. This is necessary since it is expected

5 The name used for the RICH is CRID, Cerenkov Ring Imaging Detector
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that the neutrino flux exhibits an angular variation. At the same time it is possibly the upper limit
for the size of RICH detectors with separated radiator and readout, since for even larger radiators the
absorption of the Cerenkov photons would be prohibitive. To use larger volumes requires an integrated
readout as e.g. for the Cerenkov threshold counter of the Antarctic Muon And Neutrino Detection Array,
AMANDA [183]. However, the reconstruction gets more complicated in such a case.

To allow shielding and separation of incoming and outgoing particles, the RICH itself is surrounded
by water with a second outward directed photo-multiplier tube matrix with 20 cm photomultiplier tubes.
The surrounding water is used as the radiator for this second matrix.

The used photo-multiplier tubes have a good time resolution and together with the size of the detector
allow the separation of single photons through analog detection. A second benefit of the size is the
possibility of vertex reconstruction by a time-of-flight measurement for the photons. These vertices are
then connected to rings, which are found by a spatial Hough transformation. This transformation is
described in chapter three. After PID and measurement of the Cerenkov angle by counting the number
of photons, the momentum can be determined by equation (2.13). The PID is performed utilizing the fact
that of the two observed species, muons and electrons, the electrons have badly distorted rings while the
muons have well defined rings. The muons are the signal particles for which the momentum measurements
are performed [167].

2.5.2 Digital Detectors

Digital detectors commonly use Photo-Multiplier Tube (PMT) readout. In this case each pixel of the
detector measures only the presence or absence of at least one photon hit per event.

AQUA is a proposed experiment for neutrino astrophysics and astronomy and proton decay research.
First studies regarding the technical principles have been completed [18]. As for Super-Kamiokande a
single RICH detector would be used for PID, vertex reconstruction and momentum measurement. The
latter would be achieved by measuring the changes in the single photon resolution by multiple scattering.
Water would be the radiator and active medium. The readout would consist of PMTs.

BaBar [5,40,144] is a collider experiment to examine the C'P violation in the b sector of the standard
model. This experiment, also investigating b-, c-, 7- and 2vy-physics, is located at the Stanford Linear
Accelerator Center (SLAC) at the PEP IT B-factory. This collider operates asymmetrically with an e~e™
beam on the T (45) resonance.

The RICH detector DIRC [46,111], Detection of Internally Reflected Cerenkov Light, has an unusual
geometry. The Cerenkov light produced during an event is guided by light-guides outside of the detector
and registered by a PMT matrix at the endcaps. This matrix consists of about 11000 PMTs. Because
of the geometry, no rings are produced, but two conical sections[192]. The radiator used is solid quartz.
The DIRC is used for separation of pions and kaons between 0.7 GeV/c and 4 GeV/c and operates since
October 1999.

Gran Sasso. The principle of measuring momenta by multiple scattering is used for a proposed long
baseline RICH experiment in Gran Sasso using neutrinos produced by CERN in a distance of 731 km
[195]. In this case a mirror-focused system would be used. The unified radiator and active medium should
consist of 108 tons of water. The readout is designed to use photomultipliers.

HERA-B [102, 105, 144] studies b-physics [182]. It operates on the 920 GeV/c proton beam of the
Hadronen Elektronen Ring Anlage (HERA) accelerator at the Deutsches Elektronen SYnchrotron (DESY)
in Hamburg. The fixed target consisting of copper wires is positioned in the beam halo. The radiator is
C4F1g, the readout consists of a PMT matrix built from PMTs of two different sizes. The area of the first
type is four times as large as that of the second type. The first type is used at the edge of the matrix,
while the second one makes up the center of the detection area. The PMTs are using multi-cathodes.

Remarkable is the fact that the Cerenkov light is reflected by two mirrors, first by a spherical one and
then by a planar one. The detection plane hence faces the direction of the beam. The reason for this
is two-fold: First to reduce radiation damage for the readout because of the high frequency of collisions
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and high multiplicity of fast charged particles, and second to reduce background of the readout to an
acceptable level. The RICH system was originally only intended to separate pions and kaons from 5
GeV/c to 50 GeV/c. Currently it is also used for momentum measurement, since the tracking system has
turned out to be too sensitive against radiation damage and undergoes replacement [57].

HERMES, HERa MEasurement of Spin, is an experiment investigating nucleon spin physics and
nuclear physics. It uses the 27.56 GeV /c electron/positron beam of the HERA accelerator at DESY with
an internal gas target. The experiment is separated in a top and a bottom half, both having a RICH
detector of identical design. The detectors are dual-radiator RICHes, i.e. they use the same mirror and
readout for two radiators. These radiators are gaseous CyFjg and an amorphous silica-aerogel. It is the
first RICH that uses aerogel as a radiator material. The readout consists of 1934 PMTs each. More
details about this experiment will be given in chapter five.

IMB [183,187] in Ohio, U.S.A., is an experiment to study the existence of proton decay and neutrino
physics, the latter especially from atmospheric pion decays. Its RICH detector uses water as a radiator,
which is at the same time the active medium of the experiment. The readout consists of PMTs.

Kamiokande [183,187] in Japan was an experiment to study atmospheric and cosmic neutrinos and
general neutrino astrophysics. The radiator was 4500 t of water and the readout used about 1000 PMTs.
This experiment has been replaced by Super-Kamiokande.

NA35. The NA35 experiment at the CERN SpS investigates QCD under extreme conditions in
nucleus-nucleus collisions up to 2004 GeV/c [28]. The RICH detector is built proximity focusing using a
liquid CgF4 radiator. The readout is a two step design. In a first step the photo conversion gas TMAE
produces an electron avalanche which then produces light. This light is then measured in a second step
by a charged-coupled device (CCD) camera. The RICH is used for particle identification from 1.2 to 3.8
GeV/c. The streamer chamber of the experiment provides the tracks used for PID [27].

PHENIX [19] is an experiment at RHIC. The main task is the study of QCD in extreme conditions,
mainly of the quark gluon plasma. Dileptons are one of the main signals in this context, and nearly
hadron-blind RICH detectors will be used to identify them. The radiators could be either ethane or COx,
having as a consequence different degrees of hadron blindness. The readout is a PMT matrix of 5120
PMTs.

SELEX/E781 is an experiment on charm physics at Fermilab. For particle identification up to 320
GeV/c it uses a RICH detector with a readout consisting of 2848 PMTs. The experiment achieves an
efficiency of 90% over the whole momentum range of interest [62].

SPHINX [103] studies diffractive production processes and searches for pentaquarks, color neural
configurations of five quarks, gqqqq. It is located at the Serpukhov accelerator. The RICH detector uses
as radiator SFg and the readout consists of photo tubes.

SQUASH, Strangelet, QUark and Antinuclei Search at High Sensitivity [127], is a proposed experi-
ment at the CERN SpS. The main topic is the search for exotic particles like strangelets or free quarks
produced in heavy ion collisions with a 1604 GeV/c lead beam. A magnetic separator would exclude par-
ticles with charges of e or higher so only quarks or stranglets would enter a RICH detector which should
be used to identify these particles. A gaseous CyFig radiator would be used with a PMT readout. To
deal with acceptance effects, a flat mirror on the beam side wall would be added to reflect Cerenkov light
which would be absorbed otherwise. The reflected part of the cone generates a part of the ring which
has inverse curvature as the rest of the ring, but is connected continuously to the rest of the ring.
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CHAPTER 3
PARTICLE IDENTIFICATION
ALGORITHMS AND OPTIMIZATIONS

This chapter presents the main principles for algorithms for particle identification with RICH detectors.
Each RICH detector and sometimes different physics topics to be studied with the same RICH detector
require different approaches, therefore it is not possible here to describe each algorithm in a general
way in detail. However, the main thoughts and foundations are presented. In the second part of this
chapter possible optimizations to cope with specific problems will be discussed. Examples for CERES
and HERMES of how such algorithms and their optimizations are structured in detail will be covered in
chapter four and five. The judgement of the performance of an algorithm is crucial and the last section
of this chapter will be devoted to the question of how to qualify and quantify the performance of an
algorithm.

3.1 Observables

It is important to consider which are the observables accessible by a RICH detector. RICH detectors, in
principle, produce a geometric two-dimensional output, the response of the photon detector plane. This
output is a lattice, not necessarily a regular one, where each lattice node has an amplitude. The other
information is the output range of these nodes. This lattice constitutes the detector information. To gain
information about the type of the particles measured, it is necessary to transform this lattice.

But already at this point a general subdivision of the approaches must be made. This splitting is
created because a varying amount of additional information from other detector parts is available. There
may be no other information, if the RICH detector is the only detector, or up to complete tracks with
momentum information and perhaps partial PID information.

This divides the RICH reconstruction methods already into two categories, the track-dependent and
track-independent algorithms.

Track-dependent algorithms use external tracking information to generate predictors e.g. for the
estimated centers of rings or focal points of conic sections. Then the local information of the lattice is
processed. Because these predictors are known, a natural cutoff of the lattice is given by the asymptotic
radius.

Track-independent algorithms have to survey the complete lattice to find geometric structures of the
expected shape. Recognized shapes are then identified with particles and the properties of these shapes
are used for particle identification.

In both cases the properties of the geometric objects are used for particle identification. Three
properties are available from these objects. The first is the number of photon hits registered, the second
one is a property, e.g. the radius of a ring, which can be mapped uniquely to the Cerenkov angle 0.
In principal an angle is found for each photon hit. These are the first two observables which can be
found. However, because of (2.9) both are basically equivalent. Nevertheless each one is important on
its own. While the Cerenkov angle is used to identify the particle, the number of registered photons is
used to separate a true signal from background. The latter part is commonly performed by requiring a
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minimum number of registered photon hits, the background threshold Npr. This value might depend on
various quantities like Cerenkov angle, momentum, spatial position etc. or it might be a constant. This
effectively makes use of the RICH detector as a threshold Cerenkov detector. The third observable is the
degree to which the geometric object agrees with the expected shape. In the case of a ring this would
be e.g. how uniformly the photons are spread about the circumference. This does not directly provide
information about the particle type, but it can be important to eliminate incorrect identifications. If for
example noise is generated as a single large noise cluster, this might lead to a misidentification. The reason
for this is that if the cluster lies on the expected circumference of a ring, it provides enough hits at the
appropriate Cerenkov angle. Problems of this kind can be treated by using geometrical information. This
is equivalent to requiring a uniform distribution of Cerenkov photons in the azimuthal emission angle.
For convenience this information will be called "ringness”, although there might be various degrees of
extraction, the geometric shape may not be a ring, or the usefulness may be limited by the Poissonian
statistics of the emission.

The extraction of these three types of information is the first of two parts of the PID process. The
second part is to map these observables on the particle type of a track. A strict separation of these two
parts is generally not the case, but they are in principle separated. In the simplest case the second part
can be completed by measuring the momentum and applying equation (2.12). This yields directly the
mass of the particle. Equally simple in hadron-blind detectors is the restriction to a specific range of
observables, commonly to asymptotic values of 8. It is then sufficient for the PID to find an asymptotic
ring. In such cases the measured number of photons N and the ringness r,.,, are used to validate the PID.

Other methods rely on testing all possible particle hypotheses against the lattice to select the hy-
pothesis which yields the best result. A particle or mass hypothesis in this sense uses a given track with
momentum p and assumes that it would be of type t with mass m. From this the expected Cerenkov
angle 0%P can be calculated by equation (2.14) and the expected number of photons Npp, by (2.9). By
comparing with the measured values, a likelihood for this hypothesis can be defined. By repeating this
for all possible particle types, and comparing the likelihoods, the most probable particle type can be
found. The details of the definition of an appropriate likelihood can be quite different for different appli-
cations and possibly depend on information like momentum or spatial position. A simple version can be
constructed by
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where o, is the single photon resolution of the photon detector and (f=) is the average measured Cerenkov
angle. The latter one enters this function as a Gaussian. The reason for this is that for the true particle
type, the photons will be distributed about the true Cerenkov angle as a Gaussian, since effects like
Rayleigh scattering impose a Gaussian variation in the polar angle. Rayleigh scattering is the coherent
scattering of a photon by a whole atom. Because this process is elastic, the probability of detection is
not changed as long as the photon remains within the acceptance. The probability of scattering scales
with Z%, the atomic number of the radiator. Hence radiators with low Zp are preferable [197].

Note that this likelihood is not normalized, since it is no probability. Note also that this is a single track
likelihood, i.e. it ignores any other tracks in the same event. An event likelihood can be constructed to
simplest order by a product of all track likelihoods. Maximization of the likelihood corresponds to finding
the true particle type. Hypotheses which predict no radiation will be assigned a sub-threshold value for
the likelihood. If this is the highest likelihood, the particle will be assumed as not radiating. If two or
more possible hypotheses are below threshold, and these are the highest likelihoods, no identification is
possible. If any two highest likelihoods have the same value, no identification is possible as well.

From these likelihoods it is possible to derive a value to describe the confidence in the result by taking
the ratio of the highest and the second highest likelihood. This value can be shown to be the best possible
cut parameter to achieve optimum efficiency in finding particles of species ¢t in a sample at the same level
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of not misidentifying other particles as being of type t. The possibilities of a likelihood-based analysis and
the last assertion are treated in more detail in [37,87,165]. Some examples of application can be found
in [5,49,96,118,121].

In the following two sections some methods to either extract the observables and/or identify the
particles in more detail will be discussed. The next section will deal with track-dependent methods while
the one after this will deal with track-independent methods.

3.2 Track-Dependent Algorithms

If track information is available, there are two possibilities to treat an event. The first one is to use only
the information local to the track, that is to investigate only an area in which the Cerenkov photons
could have been emitted by a single track and to ignore the rest of the data. The second approach does
also make use of nearby or all tracks and tries to find a configuration of particle types which results in
optimal agreement with the measured data.

In the following it is assumed that if tracks are available, the momentum is available as well.

3.2.1 Direct Raytracing

A relatively straight forward method is Direct RayTracing (DRT). This method uses Monte Carlo methods
to generate the expected measurement for a given set of tracks and particle hypotheses and then compares
it to a given measurement. To speed up the process, the Monte Carlo can be coarse, as long as the
uncertainties remain of the order of the pixel resolution.

Each track is treated separately. For a given track a large number of Cerenkov photons is generated
with emission vertices distributed regularly in azimuthal angle and along the trajectory in the radiator.
The number of photons has to be larger than the expected photon yield by more than an order of
magnitude. Each single photon is then tracked to the photon detector and its impact position is mapped
on a pixel. The tracking is dependent on the geometry of the detector. An example for the mathematical
methods can be found in [49]. As a result of the large number it is possible to find a true hit probability
PF for each single pixel 4 of the detector to register k£ photons. A likelihood can then be defined by

(= > I (g: 5kNin> (3.2)
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where the sum is over all pixels and N; is the number of photons registered in the pixel. Oy, is the
Kronecker é-function. It is 1 for £ = N; and 0 else. Instead of oo an appropriate cutoff is selected
in practice. This likelihood can be calculated for each particle hypothesis by reiterating the procedure
for each hypothesis. If a hypothesis is below threshold, no photons are generated, but the likelihood
is calculated anyway to find the sub-threshold likelihood. As described above, the comparison of the
likelihoods delivers the particle type.

3.2.2 Indirect Raytracing

An inversion of the DRT is the Indirect RayTracing (IRT). For each photon hit which could have been
emitted by the track, i.e. which is inside the maximum radius of the ring® for the lightest particle under
consideration, plus some additional width due to resolution and scattering, the Cerenkov angle is calcu-
lated. This determination is done for each possible mass hypothesis for each track. The determination
is performed by back-tracking from the position of the pixel to an estimated vertex on the particle’s tra-
jectory. The estimate is typically the middle of the trajectory inside the radiator, because there is no

6 Although the presented methods would also work with conic sections etc., from now on the geometric object will be

denoted as a ring.
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possibility to determine the true emission point, and using the middle any effect of this approximation on
the Cerenkov angle should vanish on average. An artifact is that the distribution of the angle becomes
wider. If absorption is significant, the emission point may be nearer to the end of the radiator; this can
be calculated and taken into account to find the true average emission point [47]. The back-tracking it-
self depends on the geometry of the detector. Examples can be found in [49,66,157]. A likelihood can
then be normally constructed by

(= H exp NM (3.3)

all hit pixels ¢

for each mass hypothesis. Additionally windows can be imposed around %P to measure the number of
photons and to use this information for rejection of background. Alternatively the sum of the contributions
can be used, or by taking the logarithm of (3.3) the quadratic average angle
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can be determined. In the latter case the smallest value of —In ¢ delivers the particle type.

3.2.3 Reconfiguration

A method to extend IRT and DRT to include event information is the reconfiguration or maximization
of likelihoods. This method assigns in a first stage each particle an estimated type, either by assigning
each track simply the most common type or by IRT, DRT or other methods. Then the particle type for
each track is varied and the variations are kept, if they increase the event likelihood [2,66,67] which can
be determined in the simplest case by multiplying all individual likelihoods. This process is iterated until
a maximum has been found. Random variations can be included to avoid local extrema.

A possible modification to improve the behavior for multiple overlapping rings is to assign the hits
to specific rings or split them after each step between rings in the neighborhood to recalculate the
likelihoods. The splitting can be an equal splitting or a more sophisticated method. Such an approach is
also necessary if the initial particle estimation and the one used in each iteration is the same, otherwise
the likelihood will not change. Commonly this approach is used in high multiplicity environments, and
the initial method is to assign each track the most common particle type. The true configuration is then
searched, for example by variation and calculation of (3.3).

3.2.4 Yield Determination

A straightforward method to identify the particle type is the yield determination [44,49]. The principle
is to calculate for each mass hypothesis the appropriate Cerenkov angle and then count the number
of photons found inside a ring of a width determined by the geometry and resolution of the photon
detector to find a large enough fraction of the photons. The mass hypothesis yielding the number of
photons nearest to the number expected by (2.9) will be chosen. Alternatively a likelihood can again be
determined by (2.11). The resolution is limited by the fact that the expected number of photons must
be different by at least one. This gives a resolution in the Cerenkov angle of
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where 6 is the expected angle for one particle type and 9'(3 is the hypothesis for the particle type next to
it in mass. It is assumed that 6 is small, as it is normally the case for a RICH used in particle physics’.
This gives for values of 5 near the asymptotic value a resolution of
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where Z2 of the particle to be identified is given by physics under investigation, L is fixed by the available
space and n by the chosen radiator, only Ny is left to increase the angular resolution. Additionally, Npy,
is not a fixed number. The possibility for statistical fluctuations of the order of 1 is given by
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For the average number Npy, this results in
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which is a function that slowly decreases with Npp. For a given value of Afx this fluctuation limits
the maximum available efficiency. Therefore, a high yield of photons is essentially for this method.
Furthermore the use of this method can be complicated by acceptance effects, e.g. due to the finite size
of a mirror, and other effects that make the yield strongly position dependent, e.g. a different track
length in the radiator.

3.2.5 Pattern Comparison

Another simple method is pattern comparison [49,108]. The method relies on a database of expected hit
patterns, which have been generated by Monte Carlo and describes for a given set of particle parameters,
like momentum and spatial position, the expected probabilities for a pixel to give a signal. Since no
continuous database can be generated, the pattern is binned in the parameters. For each particle and
each mass hypothesis the actual measured pixel pattern is compared with the one expected in this
bin. The particle type that provides the highest agreement with the expected pattern is chosen. This
method is in principle a static version of DRT, resulting in a more coarse examination. However, if the
expected particle types are asymptotic, like in a hadron-blind RICH detector, and the detector provides
translational invariance, the database can be small and the comparison is fast, providing the possibility
to use the RICH as a trigger detector [108].

3.2.6 Two-dimensional PID

The methods presented thus far do not incorporate the ringness as defined in the beginning of this
chapter, but only the number of photons and the Cerenkov angle 0. The azimuthal angle ¢ is not used.
By using optical methods, deploying the method of Lagrange multipliers, it is possible to include this
information and model the complete trajectory of each photon, which imposes additional constraints on
a hit to belong to a given track. This is effectively an inclusion of the requirement that the found ring is
indeed a ring. A detailed treatment of this method with respect to the DELPHI experiment is given by
[131] and shows that this would work in principle.

7 This is not true for some of the larger astrophysical RIC etectors
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