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Introduction

• The analysis of most High Energy Physics experiments requires a 
knowledge of the 4-momenta, (p, E) of the secondary particles

• 3-momenta, p, are usually obtained by measuring the deflection of 
the trajectory of each of the particles in a magnetic field

• Mass, energy or velocity, is needed to determine the fourth 
component of the 4-momentum, E, and fix a value for the mass M

• Since M uniquely (for particles) identifies the internal quantum 
numbers, this measurement is generally referred to as "particle 
identification"
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Introduction

• The purpose of particle detectors 
• The ideal particle detector in HEP
• Basic particle detection techniques
• Typical particle detector in HEP
• Particle signatures
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What do we want to measure in HEP?

Of ALL particles produced in an interaction:
• Direction
• Energy
• Charge
• Particle identity
• Lifetime

….

p

p

4



The ideal detector
An apparatus that provides (for all types of particles):
• good particle identification
• precise measurement of energy/momentum
• precise measurement of trajectory (direction/origin) 
• coverage of the full (4p) angular region
In addition (in some cases) it should be able to:
• take data at a high rate 
• cope with a high particle densities
• survive high radiation doses
• survive 10+ years of operation (with little/no intervention)
A real detector will always be a compromise between the 
various requirements, existing technology and the availability 
of money, space, time etc… 
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Detecting particles

•Every effect of particles or 
radiation can be used as a 
working principle for a particle 
detector.

Claus Grupen
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Particle detection techniques: the physics

Detect/measure properties of particles through their  interaction with matter: 
• Ionisation of atomic electrons
• Bremsstrahlung and photon conversions
• Inelastic nuclear interactions
• Cherenkov or transition radiation
• Emission of scintillation or fluorescence light

How can we “visualise” these processes?
• Photographic techniques
• By collection of induced charge (from ionisation)
• By detection of photons
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Basic detection techniques: Photographic techniques
Charged particles ionise atoms along 
their trajectory.

(I) Ions act as seeds for: 

• condensation in super saturated gas (Wilson chamber)

• bubble-formation in super-heated liquid

• electrical discharge or plasma formation

All of these provide a visible trajectory that can be 
recorded photographically  

(II) Ionisation can also be made visible 
chemically (photographic material) 

• Photographic emulsion targets 8



Basic detection techniques: Electrical

V
-

+ +++

- - -

Particle causes ionisation in a material.  

Charge is separated/collected by an electric field.

Requirement on material:

• no/few free charge carriers (non-conducting)

• mechanism for transport of charge

Silicon strip detectors, CCDs, ..

Using a semi-conducting material:  Mostly in the 
form of a reverse-biased pn-junction diode.

We can also electrically collect the charge produced by the ionisation

Proportional chambers, Drift chambers, ..

Insulating gas/liquid between anode and 
cathode (transport through drift). Sometimes 
combined with very low conductivity solids.
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Basic detection techniques: Photo-detection

Semi-conductor devices: 

Photo-diodes or CCD’s

Photo-Multiplier Tube (PMT): 

Electrons from photo-electric effect

“Electron multiplier” provides charge cascade

Very sensitive, but also bulky and expensive.

Charged particles can produce photons via scintillation, Cherenkov or 
transition-radiation etc. To detect these: 

Hamamatsu
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Muon detectors

Collision point

Tracking detector(s)
(charged particle trajectory) Calorimeters(Energy)

Solenoid magnet

Vertex detector(s)

Low density detectors

High density detectors

Global detector layout:
• barrel-shape surrounding  beam-pipe  
• 2 cone- or wheel-shaped end-caps 
Nearly 4p coverage and good accessibility!
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Particle signatures (first glance)

Electrons: 

• leave a bent track (with a magnetic field)

• stopped in first layer of calorimeter 

(Calorimeter and tracking information)

Photons: 

• no track

• stopped in first layer calorimeter

(Only calorimeter information!)

First layer of calorimeter: “Electro-magnetic calorimeter”
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Particle signatures (first glance)

Charged hadrons: 

• leave a  bent track 

• stopped deep in calorimeter 

(Calorimeter and tracking information)

Neutral hadrons: 

• no track

• stopped deep in calorimeter

(Only calorimeter information!)

Second (+) layers of calorimeter: “Hadron calorimeter”
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Particle signatures (first glance)

Muons: 

• leave a bent track

• not stopped in calorimeter 

• track in muon detectors

(Calorimeter, tracking and muon-detector information)
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Introduction to Particle Identification

• The identification of stable particles is achieved either by analyzing 
the way they interact, or by determining their mass.

• The difference in interaction is primarily used for lepton and photon 
identification.

• In order to unambiguously identify hadrons, their charge and mass 
has to be determined, which is achieved by simultaneous 
measurements of momentum and velocity.
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Traditional detector setup

K7-p7p0 (21%). The charged parent (kaon) decays into a
neutral daughter (not detected) and a charged daughter with
the same sign. Therefore, the kaon identification process reduces
to the finding of kinks in the tracking system. The kinematics of
this kink topology allows to separate kaon decays from the main
source of background kinks coming from charged pion decays [3].

1.1.2. Calorimeters
Calorimeters detect neutral particles, measure the energy of

particles, and determine whether they have electromagnetic or
hadronic interactions. EM and hadron calorimetry at the LHC is
described in detail in Refs. [4,5]. PID in a calorimeter is a
destructive measurement. All particles except muons and neu-
trinos deposit all their energy in the calorimeter system by
production of electromagnetic or hadronic showers. The relative
resolution with which the deposited energy is measured is
usually parametrized as
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The first term takes into account the stochastic fluctuations and
limits the low energy performance. The second term is due to
electronic noise. The third, constant term takes into account
detector uniformities and errors in the calibration. This term
limits the calorimeter performance at high energies. Fig. 2 shows
a comparison of the relative resolutions for the EM and hadronic
calorimeters of the different LHC experiments.

Calorimeters may be broadly classified into one of two types:
sampling calorimeters and homogeneous calorimeters. Sampling
calorimeters consist of layers of a dense passive absorber material
interleaved with active detector layers. In homogeneous calori-
meters on the other hand the absorber also acts as the detection
medium.

Photons, electrons and positrons deposit all their energy in
the EM calorimeter. Their showers are indistinguishable, but
an electron1 can be identified by the existence of a track in
the tracking system that is associated to the shower. In this case
the energy deposit must match the momentum measured in the
tracking system. Hadrons on the other hand deposit most of their

energy in the hadronic calorimeter (part of it is also deposited in
the EM calorimeter). However, the individual members of the
families of charged and neutral hadrons cannot be distinguished
in a calorimeter.

1.1.3. Muon system
Muon systems at the LHC are described in detail in Ref. [6]. The

muon differs from the electron only by its mass, which is around a
factor 200 larger. As a consequence, the critical energy Ec (the
energy for which in a given material the rates of energy loss
through ionization and bremsstrahlung are equal) is much larger
for muons: it is around 400 GeV for muons on copper, while for
electrons on copper2 it is only around 20 MeV. As a consequence,
muons do not in general produce electromagnetic showers and
can thus be identified easily by their presence in the outermost
detectors, as all other charged particles are absorbed in the
calorimeter system.

1.1.4. Other particles
Neutrinos do not in general interact in a particle detector of

the sort shown in Fig. 1, and therefore escape undetected.
However, their presence can often be inferred by the momentum
imbalance of the visible particles. In electron–positron colliders it
is usually possible to reconstruct the neutrino momentum in all
three dimensions and its energy.

Quark flavor tagging identifies the flavor of the quark that is
the origin of a jet. The most important example is B-tagging, the
identification of beauty quarks. Hadrons containing beauty quarks
can be identified because they have sufficient lifetime to travel a
small distance before decaying. The observation of a secondary
vertex a small distance away from the collision point indicates
their presence. For this the information of a high-precision
tracking system around the collision point is used. Such vertex
tracking detectors are described in detail in Ref. [7]. Also Tau
leptons, with a mean lifetime of 0.29 ps, fly a small distance
(about 0.5 mm) before decaying. Again, this is typically seen as a
secondary vertex, but without the observation of a jet.

K0
S , L and L particles are collectively known as V0 particles,

due to their characteristic decay vertex, where an unobserved
neutral strange particle decays into two observed charged daugh-
ter particles: e.g. K0

S-pþ p% and L-pp% . V0 particles can be
identified from the kinematics of their positively and negatively
charged decay products (see Fig. 3) [8].

1.2. PID by mass determination

The three most important charged hadrons (pions, kaons and
protons) and their antiparticles have identical interactions in an
experimental setup as the one shown in Fig. 1 (charge deposit in
the tracking system and hadronic shower in the calorimeter).
Moreover, they are all effectively stable. However, their identifi-
cation can be crucial, in particular for the study of hadronic
decays. The possible improvement in the signal-to-background
ratio when using PID is demonstrated in Fig. 4, using the example
of the f-KþK% decay.

In B physics, the study of hadrons containing the beauty quark,
different decay modes usually exist, and their individual proper-
ties can only be studied with an efficient hadron identification,

innermost layer  outermost layer

photons

muontracking

K

calorimetercalorimetersystem
electromagnetichadronic

system

muons

electrons

protons

pions

neutrons

Kaons

0
L

C. Lippmann − 2003

Fig. 1. Components of a ‘‘traditional’’ particle physics experiment. Each particle
type has its own signature in the detector. For example, if a particle is detected
only in the electromagnetic calorimeter, it is fairly certain that it is a photon.

1 The term ‘‘electron’’ can sometimes refer to both ‘‘electron’’ and ‘‘positron’’
in this article. The usage should be clear from the context. The same is true for the
muon and its anti-particle.

2 For electrons an approximation for the critical energy is given by
Ec ¼ 800=ðZþ1:2ÞMeV, where Z is the charge number of the material.

C. Lippmann / Nuclear Instruments and Methods in Physics Research A 666 (2012) 148–172150
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Tracking system

• The tracking system determines whether the particles are charged.
• In conjunction with a magnetic field, it measures the sign of the 

charge and the momentum of the particle.
• Photons may convert into an electron–positron pair and can in that 

case be detected in the tracking system.
• Charged kaon decays may be detected in a high-resolution tracking 

system through their characteristic ‘‘kink’’ topology: e.g.              
(64%) and                     (21%). The charged parent (kaon) decays into a 
neutral daughter (not detected) and a charged daughter with the 
same sign. Therefore, the kaon identification process reduces to the 
finding of kinks in the tracking system.
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1. Introduction

In addition to tracking and calorimetry, Particle IDentification
(PID) is a crucial aspect of most particle physics experiments. The
identification of stable particles is achieved either by analyzing
the way they interact, or by determining their mass. The differ-
ence in interaction is primarily used for lepton and photon
identification. A ‘‘traditional’’ particle physics experiment already
incorporates this method in its conceptual design, as it is
discussed in Section 1.1. In order to unambiguously identify
hadrons, their charge and mass has to be determined, which is
achieved by simultaneous measurements of momentum and
velocity. This method is discussed in Section 1.2.

The four large experiments at the CERN Large Hadron Collider
(LHC) [1] and their PID strategies are introduced briefly in Section
2. Three methods to determine the mass of a charged particle and
examples of their implementation at the LHC experiments are
discussed in Section 3 (ionization), Section 4 (time-of-flight)
and Section 5 (Cherenkov radiation imaging). A fourth important
method, the detection of transition radiation, is not discussed,
since it is the topic of a separate paper in this issue [2]. In Section
6 finally the AMS 02 experiment is briefly described as an
example for the usage of PID techniques from accelerator-based
particle physics experiments in space.

1.1. PID by difference in interaction

In a ‘‘traditional’’ particle physics experiment particles are
identified (electrons and muons, their antiparticles and photons),
or at least assigned to families (charged or neutral hadrons), by
the characteristic signatures they leave in the detector. The
experiment is divided into a few main components, as shown
in Fig. 1, where each component tests for a specific set of particle
properties. These components are stacked in layers and the
particles go through the layers sequentially from the collision
point outwards: first a tracking system, then an electromagnetic
(EM) and a hadronic calorimeter and a muon system. All layers
are embedded in a magnetic field in order to bend the tracks of
charged particles for momentum and charge sign determination.

1.1.1. Tracking system
The tracking system determines whether the particles are

charged. In conjunction with a magnetic field, it measures the
sign of the charge and the momentum of the particle. Photons
may convert into an electron–positron pair and can in that case be
detected in the tracking system. Moreover, charged kaon decays
may be detected in a high-resolution tracking system through
their characteristic ‘‘kink’’ topology: e.g. K7-m7nm (64%) and

C. Lippmann / Nuclear Instruments and Methods in Physics Research A 666 (2012) 148–172 149

K7-p7p0 (21%). The charged parent (kaon) decays into a
neutral daughter (not detected) and a charged daughter with
the same sign. Therefore, the kaon identification process reduces
to the finding of kinks in the tracking system. The kinematics of
this kink topology allows to separate kaon decays from the main
source of background kinks coming from charged pion decays [3].

1.1.2. Calorimeters
Calorimeters detect neutral particles, measure the energy of

particles, and determine whether they have electromagnetic or
hadronic interactions. EM and hadron calorimetry at the LHC is
described in detail in Refs. [4,5]. PID in a calorimeter is a
destructive measurement. All particles except muons and neu-
trinos deposit all their energy in the calorimeter system by
production of electromagnetic or hadronic showers. The relative
resolution with which the deposited energy is measured is
usually parametrized as

sE

E

! "2
¼

affiffiffi
E
p
$ %2

þ
b
E

$ %2

þc2: ð1Þ

The first term takes into account the stochastic fluctuations and
limits the low energy performance. The second term is due to
electronic noise. The third, constant term takes into account
detector uniformities and errors in the calibration. This term
limits the calorimeter performance at high energies. Fig. 2 shows
a comparison of the relative resolutions for the EM and hadronic
calorimeters of the different LHC experiments.

Calorimeters may be broadly classified into one of two types:
sampling calorimeters and homogeneous calorimeters. Sampling
calorimeters consist of layers of a dense passive absorber material
interleaved with active detector layers. In homogeneous calori-
meters on the other hand the absorber also acts as the detection
medium.

Photons, electrons and positrons deposit all their energy in
the EM calorimeter. Their showers are indistinguishable, but
an electron1 can be identified by the existence of a track in
the tracking system that is associated to the shower. In this case
the energy deposit must match the momentum measured in the
tracking system. Hadrons on the other hand deposit most of their

energy in the hadronic calorimeter (part of it is also deposited in
the EM calorimeter). However, the individual members of the
families of charged and neutral hadrons cannot be distinguished
in a calorimeter.

1.1.3. Muon system
Muon systems at the LHC are described in detail in Ref. [6]. The

muon differs from the electron only by its mass, which is around a
factor 200 larger. As a consequence, the critical energy Ec (the
energy for which in a given material the rates of energy loss
through ionization and bremsstrahlung are equal) is much larger
for muons: it is around 400 GeV for muons on copper, while for
electrons on copper2 it is only around 20 MeV. As a consequence,
muons do not in general produce electromagnetic showers and
can thus be identified easily by their presence in the outermost
detectors, as all other charged particles are absorbed in the
calorimeter system.

1.1.4. Other particles
Neutrinos do not in general interact in a particle detector of

the sort shown in Fig. 1, and therefore escape undetected.
However, their presence can often be inferred by the momentum
imbalance of the visible particles. In electron–positron colliders it
is usually possible to reconstruct the neutrino momentum in all
three dimensions and its energy.

Quark flavor tagging identifies the flavor of the quark that is
the origin of a jet. The most important example is B-tagging, the
identification of beauty quarks. Hadrons containing beauty quarks
can be identified because they have sufficient lifetime to travel a
small distance before decaying. The observation of a secondary
vertex a small distance away from the collision point indicates
their presence. For this the information of a high-precision
tracking system around the collision point is used. Such vertex
tracking detectors are described in detail in Ref. [7]. Also Tau
leptons, with a mean lifetime of 0.29 ps, fly a small distance
(about 0.5 mm) before decaying. Again, this is typically seen as a
secondary vertex, but without the observation of a jet.

K0
S , L and L particles are collectively known as V0 particles,

due to their characteristic decay vertex, where an unobserved
neutral strange particle decays into two observed charged daugh-
ter particles: e.g. K0

S-pþ p% and L-pp% . V0 particles can be
identified from the kinematics of their positively and negatively
charged decay products (see Fig. 3) [8].

1.2. PID by mass determination

The three most important charged hadrons (pions, kaons and
protons) and their antiparticles have identical interactions in an
experimental setup as the one shown in Fig. 1 (charge deposit in
the tracking system and hadronic shower in the calorimeter).
Moreover, they are all effectively stable. However, their identifi-
cation can be crucial, in particular for the study of hadronic
decays. The possible improvement in the signal-to-background
ratio when using PID is demonstrated in Fig. 4, using the example
of the f-KþK% decay.

In B physics, the study of hadrons containing the beauty quark,
different decay modes usually exist, and their individual proper-
ties can only be studied with an efficient hadron identification,

innermost layer  outermost layer

photons

muontracking

K

calorimetercalorimetersystem
electromagnetichadronic

system

muons

electrons

protons

pions

neutrons

Kaons

0
L

C. Lippmann − 2003

Fig. 1. Components of a ‘‘traditional’’ particle physics experiment. Each particle
type has its own signature in the detector. For example, if a particle is detected
only in the electromagnetic calorimeter, it is fairly certain that it is a photon.

1 The term ‘‘electron’’ can sometimes refer to both ‘‘electron’’ and ‘‘positron’’
in this article. The usage should be clear from the context. The same is true for the
muon and its anti-particle.

2 For electrons an approximation for the critical energy is given by
Ec ¼ 800=ðZþ1:2ÞMeV, where Z is the charge number of the material.
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Calorimeters

• Calorimeters detect neutral particles, measure the energy of 
particles, and determine whether they have electromagnetic or 
hadronic interactions.
• PID in a calorimeter is a destructive measurement.
• All particles except muons and neutrinos deposit all their energy in 

the calorimeter system by production of electromagnetic or hadronic 
showers.

18

Calorimeters

Sampling Calorimeters Homogeneous Calorimeters

Consist of layers of a dense passive 
absorber material interleaved with 
active detector layers

The absorber also acts as the 
detection medium



Calorimeters

• Photons, electrons and positrons deposit all their energy in the EM 
calorimeter. 
• Their showers are indistinguishable, but an electron (and positron) 

can be identified by the existence of a track in the tracking system 
that is associated to the shower. (The energy deposit must match the 
momentum measured in the tracking system.)
• Hadrons on the other hand deposit most of their energy in the 

hadronic calorimeter (part of it is also deposited in the EM 
calorimeter).
• However, the individual members of the families of charged and 

neutral hadrons cannot be distinguished in a calorimeter.
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Muon detection system

• The muon differs from the electron only by its mass; around a factor 
200 larger.
• The critical energy Ec (the energy for which in a given material the 

rates of energy loss through ionization and bremsstrahlung are equal) 
is much larger for muons: it is around 400 GeV for muons on copper, 
while for electrons on copper it is only around 20 MeV.
• Therefore, muons do not in general produce electromagnetic 

showers and can thus be identified easily by their presence in the 
outermost detectors, as all other charged particles are absorbed in 
the calorimeter system.
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Neutrinos do not in general interact in a particle detector as shown before, and
therefore escape undetected. However, their presence can often be inferred by the
momentum imbalance of the visible particles. In electron–positron colliders it is
usually possible to reconstruct the neutrino momentum in all three dimensions and its
energy.



PID by mass determination

• The three most important charged hadrons (pions, kaons and 
protons) and their antiparticles have identical interactions in an 
experimental setup as shown before (charge deposit in the tracking 
system and hadronic shower in the calorimeter).
• Mass determination is needed.
• PID is equally important in heavy-ion physics.
• To identify any stable charged particle, including charged hadrons, it 

is necessary to determine its charge ze and its mass m.
• The charge sign is obtained from the curvature of the particle’s track.
• Since the mass cannot be measured directly, it has to be deduced 

from other variables.

21



Determination of mass

• The variables are in general momentum p and the velocity β = v/c, 
where one exploits the basic relationship

p = 𝛾mv
=> m = p/ c β𝛾

Here c is the speed of light in vacuum and 𝛾 = (1 – β2)-1/2 is the 
relativistic Lorentz factor
• The resolution in the mass determination is

• Since in most cases 𝛾>>1, the mass resolution is determined mainly 
by the accuracy of the velocity measurement, rather than the 
momentum determination.
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which improves the signal-to-background ratio (most tracks are
pions from many sources).

PID is equally important in heavy-ion physics. An example is
the measurement of open charm (and open beauty), which allows
to investigate the mechanisms for the production, propagation
and hadronization of heavy quarks in the hot and dense medium
produced in the collision of heavy ions. The most promising
channel is D0-K!pþ . It requires a very efficient PID, due to the
small signal-to-background ratio.

In order to identify any stable charged particle, including
charged hadrons, it is necessary to determine its charge ze and
its mass m. The charge sign is obtained from the curvature of
the particle’s track. Since the mass cannot be measured directly, it
has to be deduced from other variables. These are in general the
momentum p and the velocity b¼ v=c, where one exploits the
basic relationship

p¼ gmv-m¼
p

cbg : ð2Þ

Here c is the speed of light in vacuum and g¼ ð1!b2Þ!1=2 is the
relativistic Lorentz factor. The resolution in the mass determina-
tion is

dm
m

! "2

¼
dp
p

! "2

þ g2 db
b

! "2

: ð3Þ

Since in most cases gb1, the mass resolution is determined
mainly by the accuracy of the velocity measurement, rather than
the momentum determination.

The momentum is obtained by measuring the curvature of the
track in the magnetic field. The particle velocity is obtained by
means of one of the following methods:

1. measurement of the energy deposit by ionization,
2. time-of-flight (TOF) measurements,
3. detection of Cherenkov radiation or
4. detection of transition radiation.

Each of these methods provide PID not only for charged hadrons,
but also for charged leptons. The small obstacle of muons and pions
not being well separated due to mm & mp can luckily be circumna-
vigated, since muons can be easily identified by other means.

The use of these methods is restricted to certain momentum
ranges. For a given momentum range, the separation power can be
used to quantify the usability of a technique. It defines the
significance of the detector response R. If RA and RB are the mean
values of such a quantity measured for particles of type A and B,
respectively, and /s A,BS is the average of the standard deviations
of the measured distributions, then the separation power ns is
given by

ns ¼
RA!RB

/s A,BS
: ð4Þ

A summary of the momentum coverage and required detector
lengths using the example of K=p separation with the require-
ment ns Z3 is given in Fig. 5.

Naturally, when choosing a PID technique, also other features
have to be considered besides the separation power. In practice,
these often include luminosity and event rates, size and space
requirements, accessibility, multiple scattering in the used mate-
rials, compatibility with other detector subsystems and geome-
trical coverage.

Fig. 3. Armenteros–Podolanski plot from the ALICE experiment using data fromffiffi
s
p
¼ 900 GeV proton collisions. The different V0 particles can be separated using

the kinematics of their decay products. The orientation of the decay is described
with respect to the momentum vector of the V0. p7

L are the longitudinal momenta
of the positively and negatively charged decay products with respect to the V0

particle’s direction. qT represents the transverse component of the momentum of
the positive decay product.
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Fig. 2. Comparison of the relative energy resolutions (as given by Eq. (1)) of the different EM calorimeters (left image) and hadronic calorimeters (right image) at the LHC
experiments. The values of the parameters a, b and c were in all cases determined by fits to the data from beam tests and are given in the descriptions of the different
experiments in Sections 2.1–2.3. In case of the ATLAS and CMS hadronic calorimeters the resolutions of the whole systems combining EM and hadronic calorimeters are shown.
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Momentum and mass determination

• The momentum is obtained by measuring the curvature of the track 
in the magnetic field. 
• The particle velocity is obtained by means of one of the following 

methods:
1. Measurement of the energy deposit by ionization 
2. Time-of-flight (TOF) measurements
3. Detection of Cherenkov radiation
4. Detection of transition radiation

• Each of these methods provide PID not only for charged hadrons, but 
also for charged leptons. The small obstacle of muons and pions not 
being well separated due to mμ ≈ mπ can luckily be handled, since 
muons can easily be identified by other means.
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Energy loss (dE/dx)

• In the non-relativistic region (β𝛾 <4) the 
rate of energy loss falls to a minimum as 
1/β2.
• Above β𝛾 ≃ 4 the rate of energy loss rises 

again as loq(β𝛾): this is the so-called 
relativistic rise
• At β𝛾 of a few hundred the rate of energy 

loss saturates (the “Fermi plateau”)
• In solids and liquids the plateau is only a 

few percent above the minimum 
• In high-Z noble gases at atmospheric 

pressure it reaches 50-70%. 
• An accurate measurement of the energy 

loss in the relativistic rise region provides a 
measurement of β𝛾, and hence of M.
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devices. Finally, in an appendix we discuss some particular practical OCR Output
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Cherenkov Radiation

• If a charged particle moves through a medium faster than the phase 
velocity of light in that medium, it will emit radiation at an angle 
determined by its velocity and the refractive index of the medium.
• Either the presence/absence of this radiation (in threshold 

Cherenkov counters), or a direct measurement of the Cherenkov 
angle (Differential or Ring-Image Cherenkov counters) can be used to 
give information on the particle velocity.
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• Cherenkov emission is a weak effect and 
causes no significant energy loss (<1%)

• It takes place only if the track L of the 
particle in the radiating medium is 
longer than the wavelength λ of the 
radiated photons. 

• Typically O(1-2 keV / cm) or O(100-200) 
visible photons / cm

Cherenkov radiation glowing 
in the core of a reactor



Transition Radiation

•When a highly relativistic particle (β𝛾 ≳ 500) crosses the 
boundary between two dielectric media, X-ray photons are 
emitted. 

• The energy of these photons is a function of β𝛾. Hence by 
measuring the transition radiation the mass of the particle 
may be obtained.
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Selection of different methods

• The use of these methods is restricted to certain momentum ranges. 
For a given momentum range, the separation power can be used to 
quantify the usability of a technique. 
• It defines the significance of the detector response R. If RA and RB are 

the mean values of such a quantity measured for particles of type A 
and B, respectively, and <𝝈A,B>is the average of the standard 
deviations of the measured distributions, then the separation power 
n𝝈 is given by

• Other criteria are: Luminosity and event rates, size and space 
requirements, accessibility, multiple scattering in the used materials, 
compatibility with other detector subsystems and geometrical 
coverage.
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which improves the signal-to-background ratio (most tracks are
pions from many sources).

PID is equally important in heavy-ion physics. An example is
the measurement of open charm (and open beauty), which allows
to investigate the mechanisms for the production, propagation
and hadronization of heavy quarks in the hot and dense medium
produced in the collision of heavy ions. The most promising
channel is D0-K!pþ . It requires a very efficient PID, due to the
small signal-to-background ratio.

In order to identify any stable charged particle, including
charged hadrons, it is necessary to determine its charge ze and
its mass m. The charge sign is obtained from the curvature of
the particle’s track. Since the mass cannot be measured directly, it
has to be deduced from other variables. These are in general the
momentum p and the velocity b¼ v=c, where one exploits the
basic relationship

p¼ gmv-m¼
p

cbg : ð2Þ

Here c is the speed of light in vacuum and g¼ ð1!b2Þ!1=2 is the
relativistic Lorentz factor. The resolution in the mass determina-
tion is

dm
m

! "2

¼
dp
p

! "2

þ g2 db
b

! "2

: ð3Þ

Since in most cases gb1, the mass resolution is determined
mainly by the accuracy of the velocity measurement, rather than
the momentum determination.

The momentum is obtained by measuring the curvature of the
track in the magnetic field. The particle velocity is obtained by
means of one of the following methods:

1. measurement of the energy deposit by ionization,
2. time-of-flight (TOF) measurements,
3. detection of Cherenkov radiation or
4. detection of transition radiation.

Each of these methods provide PID not only for charged hadrons,
but also for charged leptons. The small obstacle of muons and pions
not being well separated due to mm & mp can luckily be circumna-
vigated, since muons can be easily identified by other means.

The use of these methods is restricted to certain momentum
ranges. For a given momentum range, the separation power can be
used to quantify the usability of a technique. It defines the
significance of the detector response R. If RA and RB are the mean
values of such a quantity measured for particles of type A and B,
respectively, and /s A,BS is the average of the standard deviations
of the measured distributions, then the separation power ns is
given by

ns ¼
RA!RB

/s A,BS
: ð4Þ

A summary of the momentum coverage and required detector
lengths using the example of K=p separation with the require-
ment ns Z3 is given in Fig. 5.

Naturally, when choosing a PID technique, also other features
have to be considered besides the separation power. In practice,
these often include luminosity and event rates, size and space
requirements, accessibility, multiple scattering in the used mate-
rials, compatibility with other detector subsystems and geome-
trical coverage.

Fig. 3. Armenteros–Podolanski plot from the ALICE experiment using data fromffiffi
s
p
¼ 900 GeV proton collisions. The different V0 particles can be separated using

the kinematics of their decay products. The orientation of the decay is described
with respect to the momentum vector of the V0. p7

L are the longitudinal momenta
of the positively and negatively charged decay products with respect to the V0

particle’s direction. qT represents the transverse component of the momentum of
the positive decay product.
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Fig. 2. Comparison of the relative energy resolutions (as given by Eq. (1)) of the different EM calorimeters (left image) and hadronic calorimeters (right image) at the LHC
experiments. The values of the parameters a, b and c were in all cases determined by fits to the data from beam tests and are given in the descriptions of the different
experiments in Sections 2.1–2.3. In case of the ATLAS and CMS hadronic calorimeters the resolutions of the whole systems combining EM and hadronic calorimeters are shown.
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A Toroidal Large AparatuS (ATLAS)

29

possible Higgs particle signatures. In summary, these are the
requirements:

1. Large acceptance in pseudo-rapidity3 and almost full coverage
in azimuthal angle (the angle around the beam direction).

2. Good identification capabilities for isolated high transverse
momentum4 photons and electrons.

3. Good muon ID and momentum resolution over a wide range of
momenta and angles. At highest momenta (1 TeV) a transverse
momentum resolution spT

=pT of the order 10% is required.

To maximize the integrated luminosity for the rare processes
that are the main interest of the experiments, proton bunches will
be brought to collision every 25 ns. Strong focusing of the beams
helps to increase the luminosity to 1034 cm!2 s!1. The conse-
quences are a large number of overlapping events per proton
bunch crossing and extreme particle rates. For the experiments
these pose major challenges.

2.1.2. Setup
The setup of ATLAS and CMS is in general quite similar,

following the ‘‘traditional’’ setup as described in Section 1.1.
However, in the implementation of some of the components
quite different choices were made. The main similarities and
some differences can be seen in Table 1. Schematic images of the
two detectors are shown in Figs. 6 and 7.

2.1.3. Tracking and muon systems
As the innermost component, the tracking systems of ATLAS

and CMS are embedded in solenoidal magnetic fields of 2 and 4 T,
respectively. In both cases the tracking systems consist of silicon
pixel and strip detectors. ATLAS includes also a Transition Radia-
tion Tracker (TRT) based on straw tubes, which provides also
electron ID [2].

The global detector dimensions are defined by the large muon
spectrometers, which are designed to measure muon momenta
with extremely high accuracy [6]. While the muon system of
ATLAS is designed to work independently of the inner detector, in
CMS the information from the tracking system is in general
combined with that from the muon system.

The ATLAS muon system uses eight instrumented air-core
toroid coils, providing a magnetic field mostly orthogonal to
the muon trajectories, while minimizing the degradation of

Table 1
Overview on the technologies chosen for the ATLAS and CMS tracking systems, EM and hadronic calorimeters and muon systems. Their acceptances in pseudo-rapidity Z
are given as well. Abbreviations are explained in the text.

Detector
component

Technology Z-coverage

ATLAS CMS ATLAS CMS

Tracking Si pixel detector (3 layers) jZjo2:5
Si strip detector
SCT (4 layers) (10 layers)
TRT (straw tubes) –

EM Cal Sampling (Pb/LAr) Homogeneous (PbWO4 crystals) jZjo3:2 jZjo3:0
H Cal Sampling (barrel: iron/

scint. end-caps: Cu/LAr)
Sampling (brass/scint.) jZjo3:2 jZjo3:0

Muon (tracking) CSC (inner plane) CSC 2o jZjo2:7 0:9o jZjo2:4
MDT DT jZjo2:7 (2.0 for inner plane) jZjo1:2

Muon (trigger) Bakelite RPC jZjo1:05 jZjo1:6
TGC – 1:05o jZjo2:7 –

Fig. 6. Perspective view of the ATLAS detector [10]. The dimensions are 25 m in height and 44 m in length, the overall weight of the detector is approximately 7000 t.

3 The pseudo-rapidity is defined as Z¼!ln½tanðY=2Þ&, where Y is the polar
angle between the charged particle direction and the beam axis.

4 The transverse component of the momentum is the one in the plane that is
perpendicular to the beam direction.
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Compact Muon Solenoid (CMS)

resolution due to multiple scattering [10]. For high-precision
tracking, the magnets are instrumented with Monitored Drift
Tubes (MDT) and, at large pseudo-rapidities, Cathode Strip
Chambers (CSC). By measuring muon tracks with a resolution
r50 mm, a standalone transverse momentum resolution
sðpT Þ=pT # 3% is achieved for pT ¼ 100 GeV=c, while at
pT ¼ 1 TeV=c it is around 10%. Only below 200 GeV/c the
combination of the information from the muon and tracking
systems helps, keeping the resolution below 4%. As a separate
trigger system and for second coordinate measurement, Resistive
Plate Chambers (RPCs) are installed in the barrel, while Thin Gap
Chambers (TGCs) are placed in the end-caps, where particle rates
are higher.

The CMS design relies on the high bending power (12 Tm) and
momentum resolution of the tracking system, and uses an iron
yoke to increase its magnetic field [11]. With the field parallel to
the LHC beam axis, the muon tracks are bent in the transverse
plane. The iron yoke is instrumented with aluminum Drift Tubes
(DT) in the barrel and CSCs in the end-cap region. Due to the iron
yoke, the momentum resolution of the CMS muon system is
dominated by the multiple scattering. As a consequence, the
requirements on spatial resolution are somewhat looser
ð % 70 mmÞ than in ATLAS. The standalone muon momentum
resolution is sðpT Þ=pT ¼ 9% for pT r200 GeV=c and 15 to 40% at
pT ¼ 1 TeV=c, depending on jZj. Including the tracking system
improves the result by an order of magnitude for low momenta.
At 1 TeV the contribution of both measurements together yield a
momentum resolution of about 5%. The DT and CSC subsystems
can each trigger on muons with large transverse momentum.
However, for the full LHC luminosity, faster trigger chambers are
needed to associate the detected muons to the right crossing of
proton bunches in the LHC. RPCs are used throughout the whole
CMS muon system for that purpose.

2.1.4. Particle identification
Electrons, hadrons and neutral particles are identified in the

calorimeter systems, while muons are identified in the large
muon systems. The designs of the EM calorimeters and muon

systems have been guided by the benchmark processes of Higgs
boson decays into two photons or into leptons.

The ATLAS EM calorimeter is of sampling type and consists of
liquid argon (LAr) as detection medium and lead (Pb) absorber
plates operated in a cryostat at 87 K. The calorimeter depth varies
from 22 to 38X0, depending on the pseudo-rapidity range. In
beam tests [10] the relative energy resolution after subtraction of

the noise term was found to be ðsE=EÞ2 ¼ ð0:1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðGeVÞ

p
Þ2þ

0:0072. The CMS EM calorimeter on the other hand is a homo-
geneous calorimeter made from lead tungstate ðPbWO4Þ crystals
with a length that corresponds to around 25 X0. The relative

energy resolution was measured in beam tests5 as ðsE=EÞ2 ¼
ð0:028=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðGeVÞ

p
Þ2þð0:125=EðGeVÞÞ2þ0:0032.

The ATLAS hadronic calorimeter is made from a barrel and two
end-cap modules. The barrel part is made from steel and plastic
scintillator tiles. The end-caps are made from copper plates and
use LAr as active medium. In beam tests of the combined EM and
hadronic calorimeter systems the relative energy resolution [10]

for pions was found to be ðsE=EÞ2 ¼ ð0:52=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
Þ2þð0:016=

EðGeVÞÞ2þ0:032 in the barrel6 and ðsE=EÞ2 # ð0:84=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
Þ2 in

the end-caps. The CMS hadronic calorimeter is made from brass
and plastic scintillator tiles. The resulting energy resolution [12]
for the combined system of EM and hadronic calorimeters and for

pions is ðsE=EÞ2 ¼ ð1:12=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
Þ2þ0:0362.

The silicon detectors of the ATLAS and CMS tracking systems
offer the possibility of hadron ID at low momenta (a few hundred
MeV/c) via ionization measurements. For electron ID at momenta
up to 25 GeV/c ATLAS also takes into account the information
from the TRT, namely large energy deposits by electrons due to
transition radiation (for details see Ref. [2]).

Fig. 7. Perspective view of the CMS detector [11]. The dimensions are 14.6 m in height and 21.6 m in length. The overall weight is approximately 12 500 t.

5 The measurement was done for electrons, requiring their impact point to lie
in the center of the 3'3 crystals used to evaluate the energy deposit. Without this
requirement the relative resolution is slightly worse but still meeting the design
goal of better than 0.5% for E4100 GeV [11].

6 For the barrel hadron calorimeter standalone the relative energy resolution
for pions is ðsE=EÞ2 ¼ ð0:564=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
Þ2þ0:0552.
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Requirements of ATLAS and CMS

The ATLAS and CMS detectors have been optimized to cover the whole 
spectrum of possible Higgs particle signatures. In summary, these are 
the requirements:
• Large acceptance in pseudo-rapidity and almost full coverage in 

azimuthal angle (the angle around the beam direction).
• Good identification capabilities for isolated high transverse 

momentum photons and electrons.
• Good muon ID and momentum resolution over a wide range of 

momenta and angles. At highest momenta (1 TeV) a transverse 
momentum resolution 𝝈pT /pT of the order 10% is required.
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LHCb

their energies and positions. The EM calorimeter is a rectangular
wall constructed out of lead plates and scintillator tiles. The
total thickness corresponds to 25 X0. In a beam test it was found

that the relative energy resolution follows ðs E=EÞ2 ¼ ð0:094=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
Þ2þð0:145=EðGeVÞÞ2þ0:00832. The hadronic calorimeter

consists of iron and scintillator tiles with a relative energy

resolution of ðs E=EÞ2 ¼ ð0:69=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
Þ2þ0:092, measured with a

prototype in a beam test. Finally, the muon system is designed to
provide a fast trigger on high momentum muons as well as offline
muon identification for the reconstruction of muonic final states
and beauty flavor tagging. It consists of five stations (M1–M5)
equipped mainly with Multi Wire Proportional Chambers
(MWPCs). For the innermost region of station M1, which has
the highest occupancy, Gas Electron Multipliers (GEMs) [19] are
used. For a muon PID efficiency of 90% the misidentification rate
is only about 1.5%.

3. Ionization measurements

Ionization of matter by charged particles is the primary
mechanism underlying most detector technologies. The charac-
teristics of this process, along with the momentum measurement,
can be used to identify particles.

3.1. Energy loss and ionization

When a fast charged particle passes through matter, it under-
goes a series of inelastic Coulomb collisions with the atomic
electrons of the material. As a result, the atoms end up in excited
or ionized states, while the particle loses small fractions of its
kinetic energy. The average energy loss per unit path length
/dE=dxS is transformed into the average number of electron/ion
pairs (or electron/hole pairs for semiconductors) /NIS that are
produced along the length x along the particle’s trajectory [20]:

x
dE
dx

" #
¼/NISW ð5Þ

where W is the average energy spent for the creation of one
electron/ion (electron/hole) pair. W exceeds the ionization energy
EI (or the band gap energy Eg for a solid) of the material, because
some fraction of the energy loss is dissipated by excitation, which

does not produce free charge carriers. Typical values of W lie
around 30 eV for gases, being constant for incident particles with
relativistic velocities ðb % 1Þ, but increasing for low velocities. For
semiconductors the W values are roughly proportional to the
band gap energy:

W ¼ 2:8Egþ0:6 eV ð6Þ

and are much lower than for gases [21]: e.g. on average 3.6 eV in
silicon and 2.85 eV in germanium. Consequently, the ionization yield
in semiconductor detectors is much larger than in gaseous devices.

The interactions of the charged particle with the atomic
electrons can be modeled in terms of two components: primary
and secondary interactions. In primary interactions direct pro-
cesses between the charged particle and atomic electrons lead to
excitation or ionization of atoms, while secondary processes
involve subsequent interactions. The primary interactions can be
characterized by the Rutherford cross-section (with the energy
dependence ds=dEpE& 2) for energies above the highest atomic
binding energy, where the atomic structure can be ignored. In this
case the particle undergoes elastic scattering on the atomic
electrons as if they were free. According to the steeply falling
Rutherford spectrum most of the primary electrons emitted in
such collisions have low energy. However, a significant probability
for producing primary electrons with energies up to the kinematic
limit for the energy transfer Emax exists. Emax is given by

Emax ¼
2b2g2mec2

1þx2þ2gx
ð7Þ

where me is the electron mass, x¼me=m and m is the mass of the
incident particle. In such collisions, characterized by a very small
impact parameter, the energy transferred to the electron will be
larger than EI (or Eg) and the resulting d-rays or knock-on electrons
produce additional ionization in secondary interactions. d-Rays
can even leave the sensitive volume of the detector, but a
magnetic field may force them to curl up close to the primary
charged particle’s track. In this case they will contribute to a
measurement of the deposited energy.

In collisions with large impact parameter the atomic electrons
receive much less energy, which is used for excitation without the
creation of free charges. However, in gases tertiary ionization by
collisions of an atom in an excited state with other atoms may be
important (Penning ionization) [22].

Fig. 9. Schematic view of the LHCb detector [18].
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Requirements of LHCb

LHCb is dedicated to heavy flavor physics. One particular aim is to look
at evidence of new physics in CP violation and rare decays of beauty
and charm hadrons. The level of CP violation in the SM cannot explain
the absence of antimatter in our universe. A new source of CP violation
is needed to understand this matter-antimatter asymmetry, implying
new physics.

• geometrical acceptance in one forward region (1.9 < 𝜂 < 4.9); 
• good hadron ID;
• good momentum and vertex resolutions and
• an efficient and flexible trigger system.
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A Large Ion Collider Experiment (ALICE)

calorimetry coverage as possible within the constraints of the
existing ALICE detector systems. The EMCAL is a sampling calori-
meter made from lead absorber plates and scintillators and is
positioned opposite in azimuth to the PHOS, covering 1071 in
azimuthal angle and jZjr0:7 in pseudo-rapidity. The relative
energy resolution of the EMCAL was measured in a test beam and

can be parameterized as ðsE=EÞ2 ¼ ð0:113=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðGeVÞ

p
Þ2 þ 0:01682.

The goal of the ALICE muon spectrometer is to study vector
mesons containing heavy quarks, such as J=C, C0 and members of
the U family via the muonic channel. The muon spectrometer
covers only the limited pseudo-rapidity interval 2:5rZr4.
Closest to the interaction region there is a front absorber to
remove hadrons and photons emerging from the collision. Five
pairs of high-granularity detector planes form the tracking system
within the field of a large dipole magnet. Beyond the magnet is a
muon filter (a 120 cm thick iron wall), followed by two pairs of
trigger chamber planes (RPCs).

2.3. LHCb

LHCb [18] is dedicated to heavy flavor physics. One particular
aim is to look at evidence of new physics in CP violation and rare
decays of beauty and charm hadrons. The level of CP violation in
the SM cannot explain the absence of antimatter in our universe.
A new source of CP violation is needed to understand this
matter–antimatter asymmetry, implying new physics. Particles
associated with new physics could manifest themselves indirectly
in beauty or charm meson decays and produce contributions that
change the expectations of CP violation phases. They may also
generate decay modes forbidden in the SM.

2.3.1. Requirements
A large bb production cross-section of the order % 500 mb is

expected for p–p collisions at
ffiffi
s
p
¼ 14 TeV. At high energies, the

bb pairs are predominantly produced in a forward or backward
cone. Separating pions from kaons in selected B hadron decays is
fundamental to the physics goals of LHCb. A good example is the
channel B0

S-D8
S K 7 , which has to be separated from the back-

ground from B0
S-D&S p þ , which is about 15 times more abundant.

Moreover, other final states containing electrons, muons and

neutral particles (photons, neutral pions and Z’ s) have to be
distinguishable. The requirements for the LHCb detector can be
summarized in this way:

1. geometrical acceptance in one forward region ð1:9oZo4:9Þ;
2. good hadron ID;
3. good momentum and vertex resolutions and
4. an efficient and flexible trigger system.

In order to maximize the probability of a single interaction per
beam crossing, the luminosity in the LHCb interaction region may
be limited to 2–5 ' 1032 cm s1. In these conditions, one year of
LHCb running ð % 107 sÞ corresponds to 2 fb & 1 of integrated
luminosity and about 1012bb pairs produced in the region
covered by the spectrometer.

2.3.2. Setup
Unlike ATLAS and CMS, LHCb does not have a cylindrical

geometry. Rather, it is laid out horizontally along the beam line,
as shown in Fig. 9. The tracking system consists of the VErtex
LOcator (VELO) and four planar tracking stations: the Tracker
Turicensis (TT) upstream of the 4 Tm dipole magnet, and stations
T1–T3 downstream of the magnet. VELO and TT use silicon strip
detectors. In T1–T3, silicon strips are used in the region close to the
beam pipe, whereas strawtubes are employed in the outer regions.
The VELO makes possible a reconstruction of primary vertices with
10 mm ð60 mmÞ precision in the transverse (longitudinal) direction.
In this way the displaced secondary vertices, which are a dis-
tinctive feature of beauty and charm hadron decays, may be
identified. The overall performance of the tracking system enables
the reconstruction of the invariant mass of beauty mesons with
resolution sm ( 15220 MeV=c2, depending on the channel.

2.3.3. Particle identification
LHCb in general looks like a slice out of a ‘‘traditional’’

experiment as described in Section 1.1, apart from the two RICH
detectors providing hadron ID. The RICH detectors are described
in more detail in Section 5.4. An EM calorimeter and a hadron
calorimeter provide the identification of electrons, hadrons and
neutral particles (photons and p0) as well as the measurement of
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Fig. 8. Perspective view of the ALICE detector [13]. The dimensions are 16 m in height and 26 m in length. The overall weight is approximately 10 000 t.
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ALICE Experiment

35

Central Detectors:
Inner Tracking System
Time Projection Chamber
Time-of-Flight
Transition Radiation Detector
Spectrometers:
High Momentum PID (RICH)
Photon Multiplicity
Forward Multiplicity
Muon Spectrometer
Calorimeters:
EM Calorimeter
Photon Spectrometer (PHOS)
Zero Degree Calorimeter

Trigger:
Trigger Detectors
pp High-Level-Trigger



Requirements of ALICE

The requirements for the ALICE experiment:
• reliable operation in an environment of very large charged track 

multiplicities;
• precision tracking capabilities at very low momenta (100 MeV/c), but 

also up to 100 GeV/c;
• low material budget;
• low magnetic field (0.2 ≤ B ≤ 0.5 T) in order to be able to track low 

momentum particles;
• good hadron ID for momenta up to a few GeV/c and electron ID up to 

10 GeV/c in the central barrel;
• good muon ID (in the forward region).
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ALICE PID Detectors

37

Central PID Detectors:

Inner Tracking System
Time Projection Chamber
Transition Radiation Detector
Time-of-Flight
High Momentum PID (RICH)

v ALICE has a unique capability on the particle identification 



Particle identification techniques

• Particle identification by global signatures
• Muon detection
• dE/dx
• Time-of-Flight detectors
• Cherenkov detectors
• Transition radiation detectors

38



Particle identification from global signatures (recap.)
Electrons & photons:

• track if electron

• shallow E.M.-shower

Charged/neutral hadrons:

• track if charged track 

• deep hadronic shower

At low E similar to e/g!

Muons:

• track in inner tracking detectors

• not stopped in calorimeter 

(only energy deposition from ionisation)

• track in muon detectors
39



Maccabee & Papworth 1969

In tracking detectors we can measure the ionisation 
energy loss dE/dx by ionisation.

Bethe-Bloch equation:

( )
ú
û

ù
ê
ë

é
--÷÷

ø

ö
çç
è

æ
=-

2
)(2ln  1 2

dx
d 2

0

2
e

22

2
2

2
e

22

A
bdbbg

b
ap

I
cm

A
Zz

cm
cNE !

PDG 2001

Particle identification from dE/dx

Energy loss spectrum  depends on bg:

For different particle masses the spectra are 
shifted along p.

Exception: Electrons have Bremsstrahlung.

Thus a simultaneous measurement of dE/dx
and p provides information on the mass!

p=mbg
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The ALICE TPC

41

TPC main features: 
v ~92 m3 active volume with         
gas mixture: Ne-CO2 (90-10)*

v Low drift diffusion 
v Maximum drift time 94 µs
v 72 (=18x2x2) MWPCs with pad 
readout                                   

v Excellent performance on 
momentum reconstruction and 
dE/dx 
v High readout rate capability: 
1 kHz pp collisions
200 Hz central Pb-Pb collisions**

TPC: main tracking device in ALICE

* Was Ne-CO2-N2 before 2011
** Requires hígh level data compression



v In total 557,568 pads
v 3 different pad segments:

63 rows with 4 x 7.5 mm2 (IROCs)
64 rows with 6 x 10 mm2 (inner OROCs)
32 rows with 6 x 15 mm2 (outer OROCs)

TPC Readout Chamber

42

Wire arrangement in readout chambers

86
 cm

114 cm

46
 cm

28
 cm

50 cm

ALICE TPC end plate



v Up to 159 samples in Ne-CO2 gas mixture: σdE/dx ≈ 5%

v Very large dynamic range
(up to 26x min. ionizing) 
allows to identify light nuclei
and separate them by
their charge

v PID can be extended
to higher momenta on
the relativistic rise

dE/dx measurement in TPC

43

Separation of p to K, p becomes constant at large p



ALICE upgrade after LS2
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Physics program in RUN3
• Detailed characterization of QGP at the highest LHC 

energies
• Main physics topics:

• Heavy flavors
• Low-mass and low-pt di-leptons
• Quarkonia (J/ψ, ψ’,Υ)
• Jet quenching and fragmentation

Upgrade strategy
• Operate ALICE at high rate, record all MB events

• goal: 50 kHz in Pb-Pb

• Significant detector upgrades:
• Inner Tracking System (ITS)

• improved vertexing and standalone tracking
• increased readout speed and rate capability

• Muon Forward Tracker
• Electronics, Trigger, Readout systems 
• TPC with continuous readout.

• high rate capability
• preserve PID and tracking performance
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GAS:
~90 m3

Ne-CO2 (90-10) in RUN1
vdrift = 2.73 cm/μs (@ 400 V/cm)
Maximum drift time: ~92 μs

2 x 18 
Inner Read Out Chambers

2 x 18 
Outer Read Out Chambers 

557568 pads

4 x 7.5 mm2 (IROC)
6 x 10 mm2 (OROC)
6 x 15 mm2 (OROC)

ALICE TPC

• Designed for charged-particle tracking and dE/dx measurement in Pb-Pb collisions with dNch/dη=8000, 
σ(dE/dx)/(dE/dx)<10%

• Employs gating grid to block backdrifting ions
• Rate limitations: < 3.5 kHz (in p-p), ~500 Hz (in Pb-Pb)

OROC

IROC

Drift field: 400 V/cm

5 m

5 m



GEM (Gas Electron Multiplier)
F. Sauli (1996)
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Future Challenges in Tracking and Trigger Concepts Jens Wiechula 8

GEM detectors
Working Principle

http://gdd.web.cern.ch/GDD/

70
μm

14
0μ
m

 Gas Electron Multiplier: micro-pattern gas detector
 Holes act as multiplication channels

 Up to ΔU≈500V 

 Fields up to ~100kV/cm

 Intrinsic ion blocking

-

+

Low field: 400 V/cm

High field: 4 kV/cm

ΔU

• Thin polyimide foil (Kapton®) ~50 μm
• Cu-clad on both sides ~5 μm
• Photolithography: ~104 holes/cm2

Typical GEM geometry:
• Inner/Outer hole diameter: 50/70 μm
• Pitch: 140 μm

• Ehole up to 100 kV/cm 
with 
ΔVGEM = 500 V

• Ehole >> Eabove
most of the ions are 
collected on the top 
side of GEM

• Ebelow > Eabove
electron extraction is 
improved



Baseline solution: 4GEM setup

• Baseline solution performance:
• IBF = 0.6 %
• σE/E < 12 % for 5.9 keV (55Fe)
• Sufficient margin for a fine tuning of 

voltages (e.g. for stability).
• R&D continues:
• Different aspect ratios
• Different GEM geometries
• Gap distances

• Alternative R&D
• COBRA GEMs
• 2GEM + Micromegas
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A"Large"Ion"Collider"Experiment"

IBF and Energy Resolution�
•  Systematic studies for 4 GEM 

–  different foil configurations, VGEM, transfer field ET 

•  IBF optimized setting = high ET1 & ET2, and low ET3, 
VGEM1<VGEM2<VGEM3<VGEM4 

–  0.6-0.8% IBF and  
σ(5.9keV)=11-12% 

���

4 GEM 
S-LP-LP-S�

ET1 = 2000 V/cm
ET2 = 3000 V/cm
ET3 = 1000 V/cm
EIND = 4000 V/cm

ΔVGEM1

44 The ALICE Collaboration

confirmed by the pulseheight data of a single-wire proportional counter used as reference (left panel).
The wire counter data is used to correct the gain variations of the GEM detector. In Fig. 5.3 the corrected
GEM gain is shown for a period of about 21 hours, just after the gain was increased. Within this time
the corrected gain remains very stable, within 0.45 %, as indicated by the fit of the right panel of the
figure. Thus, no settling time is observed after changing the operating conditions. It should be noted that
a humidity level of about 180 ppm of water was maintained for the entire period.

5.1.3 Results of ion backflow measurements

Baseline solution

A suitable working point in terms of ion backflow and local energy resolution was found by utilizing a
quadruple GEM system in which the foils in layer 1 and 4 have a standard hole pitch (Standard, 140 µm),
whereas the foils in layer 2 and 3 have a hole pitch that is two times larger (Large Pitch, 280 µm). This
arrangement, denoted S-LP-LP-S, allows to block ions efficiently by employing asymmetric transfer
fields and foils with low optical transparency. An increasing sequence of gas gains down the GEM stack
helps reducing the ion backflow since ions created in the inner two layers are blocked more efficiently.
On the other hand, the efficiency for electron transmission, in particular in the first two layers, is also
affected by this configuration. Therefore, a combined optimization with respect to both ion backflow and
energy resolution is mandatory.
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Figure 5.4: Correlation between ion backflow and energy resolution at 5.9 keV in a quadruple S-LP-LP-S GEM in Ne-CO2-N2
(90-10-5) for various settings of DUGEM2. The voltage on GEM 1 increases for a given setting between 225 and
315 V from left to right. The voltages on GEM 3 and GEM 4 are adjusted to achieve a total effective gain of 2000,
while keeping their ratio fixed. The transfer and induction fields are 4, 2, 0.1 and 4 kV/cm, respectively.

In Fig. 5.4 the ion backflow and energy resolution at 5.9 keV obtained with a S-LP-LP-S arrangement are
summarised for various voltage settings, illustrating the competing mechanisms of electron transmission
and ion blocking. The results are obtained in a Ne-CO2-N2 (90-10-5) gas mixture for different com-
binations of DUGEM1 and DUGEM2, and at different ratios DUGEM3/DUGEM4 . Clearly the ion backflow
improves for lower gains at GEM 1 and GEM 2, while the energy resolution deteriorates accordingly.
Typical values of ion backflow around 0.7 % at energy resolutions of ⇠12 % are reached. This per-
formance fulfills the requirements for maximum allowable space-charge distortions and proper dE/dx

ΔVG1>ΔVG2~ΔVG3<<ΔVG4 

G = 2000

Harald&Appelshäuser,&RD51&Collabora6on&Mee6ng,&CERN,&June&18,&2014& 12&

TDR&baseline&solu6on:&4IGEM&stack&&Preparations for GEM4 Gas-Studies Conclusion

The Large Pitch GEM

MB, Julia Bloemer, Korbinian Eckstein, Andreas Hönle — Ion Back-Flow measurements at TUM 20/22
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Time-of-Flight (TOF)

22
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12 1
cp
cm

c
L

c
Lttt +==D=-
b

Combined measurement of Dt and p provides information on the mass!  

• Only works in non-relativistic regime, b<1!  (up to a few GeV/c)

For best mass determination we need:

• good time resolution (e.g. using scintillator detectors, multigap RPC etc.)

• long path length L

t1: usually taken to be the collision time (from combined timing measurements)

t2: detector typically installed after tracking detectors and before calorimeters.      
(longest possible L)   

t1 t2

v=bc
L
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β = v/c = L/tc

explained by baseline fluctuations in the electronics due to large
hit densities in single channels. These fluctuations can in the
future be minimized using the signal tail cancellation and base-
line correction features available in the TPC front-end electronics.
In the course of the year 2011, higher luminosities will be reached
and space charge effects and gating efficiency will have to be
accurately evaluated to avoid negative effects on the tracking and
ionization sampling.

3.8. Silicon detectors at LHC

At the LHC, the signal amplitude information of the silicon
strip (ALICE, ATLAS and CMS) and drift (ALICE) detectors of the
tracking systems make possible hadron ID via ionization mea-
surements. However, since in solid media due to a stronger
density effect the Fermi plateau is only slightly above the
minimum, good p=Kðp=KÞ separation is achievable only up to
450 MeV/c (up to 1 GeV/c). Again, the energy loss is estimated as a
truncated mean in order to minimize the influence of Landau
fluctuations. In ALICE, the resolution of the measurement in two
layers each of silicon strip and drift detectors is about 11%. In the
CMS tracking system, the signal amplitudes from ten layers of
silicon strip detectors may be used, but a resolution was not
known to the author at the time of writing this review.

3.9. Developments for future TPCs

A TPC at a future linear collider will very likely be read out by
micro-pattern devices like GEMs [19] or MicroMegas [34]. Their
advantages are the high rate capability and a low ion feedback.
Large TPC protopypes with different readout options were built
tested [35]. The conventional readout of the micro-pattern device,
with mm-sized cathode pads, may actually be replaced by a
digital device with pixel sizes of the order 55 mm. A family of ASIC
chips is particularly suited for this purpose: MEDIPIX [36] and its
successor TIMEPIX [37], which records also the time. This kind of
setup has been shown to detect tracks of minimum ionizing
charged particles (MIPs) with excellent single-electron efficiency
and unprecedented spatial resolution. In this way, the cluster
counting method may be used to assess the energy deposit
through ionization: rather than measuring the deposited charge,
the number of primary collision clusters are counted. This avoids
the problems related to the fluctuation of the energy transfer in

single collisions (see Sections 3.3 and 3.4) and should provide the
ultimate resolution of # 2% [38]. Concerning the implementation
in a large detector like a TPC, the challenges will include equip-
ping a large active area with the pixelized readout and handling
huge amounts of readout channels.

4. Time-of-flight

Time-of-flight (TOF) measurements yield the velocity of
a charged particle by measuring the particle flight time t over
a given distance along the track trajectory L. The particle
velocity b ¼ v=c ¼ L=tc depends on its mass m and momentum p
through

b ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mc
p

" #2

þ1

s : ð12Þ

Thus, one can calculate the mass m from measurements of L, t
and p:

m ¼
p
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2t2

L2
& 1

r
: ð13Þ

4.1. Time resolution and separation power

If two particles with masses mA and mB, respectively, carry the
same momentum, their flight time difference can be calculated as

jtA& tBj ¼
L
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
mAc

p

" #2
s

&
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with pbmc the approximation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðmc=pÞ2
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' 1þðmcÞ2=2p2 can

be used, and with Eq. (4) the separation power becomes
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Here sTOF is the resolution of the TOF measurement. Misidenti-
fication of particles occurs at higher momenta, where the time
difference jtA& tBj becomes comparable to sTOF . Assuming a time
resolution of 100 ps (60 ps) and requiring a separation of nsTOF

¼ 3,
the upper limits for the momentum are 2.1 GeV/c (2.7 GeV/c) for
K=p separation and 3.5 GeV/c (4.5 GeV/c) for K/p separation
(see Fig. 15). A lower momentum threshold is defined by the
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explained by baseline fluctuations in the electronics due to large
hit densities in single channels. These fluctuations can in the
future be minimized using the signal tail cancellation and base-
line correction features available in the TPC front-end electronics.
In the course of the year 2011, higher luminosities will be reached
and space charge effects and gating efficiency will have to be
accurately evaluated to avoid negative effects on the tracking and
ionization sampling.

3.8. Silicon detectors at LHC

At the LHC, the signal amplitude information of the silicon
strip (ALICE, ATLAS and CMS) and drift (ALICE) detectors of the
tracking systems make possible hadron ID via ionization mea-
surements. However, since in solid media due to a stronger
density effect the Fermi plateau is only slightly above the
minimum, good p=Kðp=KÞ separation is achievable only up to
450 MeV/c (up to 1 GeV/c). Again, the energy loss is estimated as a
truncated mean in order to minimize the influence of Landau
fluctuations. In ALICE, the resolution of the measurement in two
layers each of silicon strip and drift detectors is about 11%. In the
CMS tracking system, the signal amplitudes from ten layers of
silicon strip detectors may be used, but a resolution was not
known to the author at the time of writing this review.

3.9. Developments for future TPCs

A TPC at a future linear collider will very likely be read out by
micro-pattern devices like GEMs [19] or MicroMegas [34]. Their
advantages are the high rate capability and a low ion feedback.
Large TPC protopypes with different readout options were built
tested [35]. The conventional readout of the micro-pattern device,
with mm-sized cathode pads, may actually be replaced by a
digital device with pixel sizes of the order 55 mm. A family of ASIC
chips is particularly suited for this purpose: MEDIPIX [36] and its
successor TIMEPIX [37], which records also the time. This kind of
setup has been shown to detect tracks of minimum ionizing
charged particles (MIPs) with excellent single-electron efficiency
and unprecedented spatial resolution. In this way, the cluster
counting method may be used to assess the energy deposit
through ionization: rather than measuring the deposited charge,
the number of primary collision clusters are counted. This avoids
the problems related to the fluctuation of the energy transfer in

single collisions (see Sections 3.3 and 3.4) and should provide the
ultimate resolution of # 2% [38]. Concerning the implementation
in a large detector like a TPC, the challenges will include equip-
ping a large active area with the pixelized readout and handling
huge amounts of readout channels.

4. Time-of-flight

Time-of-flight (TOF) measurements yield the velocity of
a charged particle by measuring the particle flight time t over
a given distance along the track trajectory L. The particle
velocity b ¼ v=c ¼ L=tc depends on its mass m and momentum p
through

b ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Thus, one can calculate the mass m from measurements of L, t
and p:
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4.1. Time resolution and separation power

If two particles with masses mA and mB, respectively, carry the
same momentum, their flight time difference can be calculated as
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with pbmc the approximation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðmc=pÞ2

q
' 1þðmcÞ2=2p2 can

be used, and with Eq. (4) the separation power becomes
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Here sTOF is the resolution of the TOF measurement. Misidenti-
fication of particles occurs at higher momenta, where the time
difference jtA& tBj becomes comparable to sTOF . Assuming a time
resolution of 100 ps (60 ps) and requiring a separation of nsTOF

¼ 3,
the upper limits for the momentum are 2.1 GeV/c (2.7 GeV/c) for
K=p separation and 3.5 GeV/c (4.5 GeV/c) for K/p separation
(see Fig. 15). A lower momentum threshold is defined by the

momentum (GeV/c)
0 1 2 3 4 5 6

TO
F

σ
se

pa
ra

tio
n 

po
w

er
 n

0

0.5
1

1.5
2

2.5

3
3.5

4

4.5
5

πK/

K/p

/eπ

L=3.5m

Fig. 15. Particle separation with TOF measurements for three different system
time resolutions (sTOF ¼ 60, 80 and 100 ps) and for a track length L¼ 3.5 m.
Infinitely good precisions on momentum and track length measurements are
assumed.

Kaon theor.
 - (dE/dx)

meas.
(dE/dx)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

co
un

ts

1

10

210

310  < 700 MeV
T

650 MeV < p

sum
kaon
pion
electron
proton

Fig. 14. Distribution of the difference between the measured ionization signals
and the one expected for kaons for a momentum slice of 50 MeV/c width. The lines
are fits, indicating that a sum of four Gaussians represents well the data. The peak
centered at zero reflects the abundance of kaons, the other peaks represent other
particle species.

C. Lippmann / Nuclear Instruments and Methods in Physics Research A 666 (2012) 148–172 161



Time resolution and separation power

If two particles with masses mA and mB, respectively, carry the same 
momentum, their flight time difference can be calculated as

with p≫mc the approximation 
can be used, and the separation power becomes

Here 𝝈TOF is the resolution of the TOF measurement. Misidentification 
of particles occurs at higher momenta, where the time difference              
|tA-tB| becomes comparable to 𝝈TOF . 
Example: Assuming a time resolution of 100 ps (60 ps) and requiring a 
separation of n𝝈TOF = 3, the upper limits for the momentum are          
2.1 GeV/c (2.7 GeV/c) for K/π separation and 3.5 GeV/c (4.5 GeV/c) for 
K/p separation.
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explained by baseline fluctuations in the electronics due to large
hit densities in single channels. These fluctuations can in the
future be minimized using the signal tail cancellation and base-
line correction features available in the TPC front-end electronics.
In the course of the year 2011, higher luminosities will be reached
and space charge effects and gating efficiency will have to be
accurately evaluated to avoid negative effects on the tracking and
ionization sampling.

3.8. Silicon detectors at LHC

At the LHC, the signal amplitude information of the silicon
strip (ALICE, ATLAS and CMS) and drift (ALICE) detectors of the
tracking systems make possible hadron ID via ionization mea-
surements. However, since in solid media due to a stronger
density effect the Fermi plateau is only slightly above the
minimum, good p=Kðp=KÞ separation is achievable only up to
450 MeV/c (up to 1 GeV/c). Again, the energy loss is estimated as a
truncated mean in order to minimize the influence of Landau
fluctuations. In ALICE, the resolution of the measurement in two
layers each of silicon strip and drift detectors is about 11%. In the
CMS tracking system, the signal amplitudes from ten layers of
silicon strip detectors may be used, but a resolution was not
known to the author at the time of writing this review.

3.9. Developments for future TPCs

A TPC at a future linear collider will very likely be read out by
micro-pattern devices like GEMs [19] or MicroMegas [34]. Their
advantages are the high rate capability and a low ion feedback.
Large TPC protopypes with different readout options were built
tested [35]. The conventional readout of the micro-pattern device,
with mm-sized cathode pads, may actually be replaced by a
digital device with pixel sizes of the order 55 mm. A family of ASIC
chips is particularly suited for this purpose: MEDIPIX [36] and its
successor TIMEPIX [37], which records also the time. This kind of
setup has been shown to detect tracks of minimum ionizing
charged particles (MIPs) with excellent single-electron efficiency
and unprecedented spatial resolution. In this way, the cluster
counting method may be used to assess the energy deposit
through ionization: rather than measuring the deposited charge,
the number of primary collision clusters are counted. This avoids
the problems related to the fluctuation of the energy transfer in

single collisions (see Sections 3.3 and 3.4) and should provide the
ultimate resolution of # 2% [38]. Concerning the implementation
in a large detector like a TPC, the challenges will include equip-
ping a large active area with the pixelized readout and handling
huge amounts of readout channels.

4. Time-of-flight

Time-of-flight (TOF) measurements yield the velocity of
a charged particle by measuring the particle flight time t over
a given distance along the track trajectory L. The particle
velocity b ¼ v=c ¼ L=tc depends on its mass m and momentum p
through

b ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Thus, one can calculate the mass m from measurements of L, t
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4.1. Time resolution and separation power

If two particles with masses mA and mB, respectively, carry the
same momentum, their flight time difference can be calculated as
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with pbmc the approximation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðmc=pÞ2

q
' 1þðmcÞ2=2p2 can

be used, and with Eq. (4) the separation power becomes
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Here sTOF is the resolution of the TOF measurement. Misidenti-
fication of particles occurs at higher momenta, where the time
difference jtA& tBj becomes comparable to sTOF . Assuming a time
resolution of 100 ps (60 ps) and requiring a separation of nsTOF

¼ 3,
the upper limits for the momentum are 2.1 GeV/c (2.7 GeV/c) for
K=p separation and 3.5 GeV/c (4.5 GeV/c) for K/p separation
(see Fig. 15). A lower momentum threshold is defined by the
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Fig. 15. Particle separation with TOF measurements for three different system
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explained by baseline fluctuations in the electronics due to large
hit densities in single channels. These fluctuations can in the
future be minimized using the signal tail cancellation and base-
line correction features available in the TPC front-end electronics.
In the course of the year 2011, higher luminosities will be reached
and space charge effects and gating efficiency will have to be
accurately evaluated to avoid negative effects on the tracking and
ionization sampling.

3.8. Silicon detectors at LHC

At the LHC, the signal amplitude information of the silicon
strip (ALICE, ATLAS and CMS) and drift (ALICE) detectors of the
tracking systems make possible hadron ID via ionization mea-
surements. However, since in solid media due to a stronger
density effect the Fermi plateau is only slightly above the
minimum, good p=Kðp=KÞ separation is achievable only up to
450 MeV/c (up to 1 GeV/c). Again, the energy loss is estimated as a
truncated mean in order to minimize the influence of Landau
fluctuations. In ALICE, the resolution of the measurement in two
layers each of silicon strip and drift detectors is about 11%. In the
CMS tracking system, the signal amplitudes from ten layers of
silicon strip detectors may be used, but a resolution was not
known to the author at the time of writing this review.

3.9. Developments for future TPCs

A TPC at a future linear collider will very likely be read out by
micro-pattern devices like GEMs [19] or MicroMegas [34]. Their
advantages are the high rate capability and a low ion feedback.
Large TPC protopypes with different readout options were built
tested [35]. The conventional readout of the micro-pattern device,
with mm-sized cathode pads, may actually be replaced by a
digital device with pixel sizes of the order 55 mm. A family of ASIC
chips is particularly suited for this purpose: MEDIPIX [36] and its
successor TIMEPIX [37], which records also the time. This kind of
setup has been shown to detect tracks of minimum ionizing
charged particles (MIPs) with excellent single-electron efficiency
and unprecedented spatial resolution. In this way, the cluster
counting method may be used to assess the energy deposit
through ionization: rather than measuring the deposited charge,
the number of primary collision clusters are counted. This avoids
the problems related to the fluctuation of the energy transfer in

single collisions (see Sections 3.3 and 3.4) and should provide the
ultimate resolution of # 2% [38]. Concerning the implementation
in a large detector like a TPC, the challenges will include equip-
ping a large active area with the pixelized readout and handling
huge amounts of readout channels.

4. Time-of-flight

Time-of-flight (TOF) measurements yield the velocity of
a charged particle by measuring the particle flight time t over
a given distance along the track trajectory L. The particle
velocity b ¼ v=c ¼ L=tc depends on its mass m and momentum p
through

b ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Thus, one can calculate the mass m from measurements of L, t
and p:
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4.1. Time resolution and separation power

If two particles with masses mA and mB, respectively, carry the
same momentum, their flight time difference can be calculated as
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with pbmc the approximation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðmc=pÞ2

q
' 1þðmcÞ2=2p2 can

be used, and with Eq. (4) the separation power becomes

nsTOF
¼
jtA& tBj
sTOF

¼
Lc

2p2sTOF
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Here sTOF is the resolution of the TOF measurement. Misidenti-
fication of particles occurs at higher momenta, where the time
difference jtA& tBj becomes comparable to sTOF . Assuming a time
resolution of 100 ps (60 ps) and requiring a separation of nsTOF

¼ 3,
the upper limits for the momentum are 2.1 GeV/c (2.7 GeV/c) for
K=p separation and 3.5 GeV/c (4.5 GeV/c) for K/p separation
(see Fig. 15). A lower momentum threshold is defined by the
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Fig. 15. Particle separation with TOF measurements for three different system
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explained by baseline fluctuations in the electronics due to large
hit densities in single channels. These fluctuations can in the
future be minimized using the signal tail cancellation and base-
line correction features available in the TPC front-end electronics.
In the course of the year 2011, higher luminosities will be reached
and space charge effects and gating efficiency will have to be
accurately evaluated to avoid negative effects on the tracking and
ionization sampling.

3.8. Silicon detectors at LHC

At the LHC, the signal amplitude information of the silicon
strip (ALICE, ATLAS and CMS) and drift (ALICE) detectors of the
tracking systems make possible hadron ID via ionization mea-
surements. However, since in solid media due to a stronger
density effect the Fermi plateau is only slightly above the
minimum, good p=Kðp=KÞ separation is achievable only up to
450 MeV/c (up to 1 GeV/c). Again, the energy loss is estimated as a
truncated mean in order to minimize the influence of Landau
fluctuations. In ALICE, the resolution of the measurement in two
layers each of silicon strip and drift detectors is about 11%. In the
CMS tracking system, the signal amplitudes from ten layers of
silicon strip detectors may be used, but a resolution was not
known to the author at the time of writing this review.

3.9. Developments for future TPCs

A TPC at a future linear collider will very likely be read out by
micro-pattern devices like GEMs [19] or MicroMegas [34]. Their
advantages are the high rate capability and a low ion feedback.
Large TPC protopypes with different readout options were built
tested [35]. The conventional readout of the micro-pattern device,
with mm-sized cathode pads, may actually be replaced by a
digital device with pixel sizes of the order 55 mm. A family of ASIC
chips is particularly suited for this purpose: MEDIPIX [36] and its
successor TIMEPIX [37], which records also the time. This kind of
setup has been shown to detect tracks of minimum ionizing
charged particles (MIPs) with excellent single-electron efficiency
and unprecedented spatial resolution. In this way, the cluster
counting method may be used to assess the energy deposit
through ionization: rather than measuring the deposited charge,
the number of primary collision clusters are counted. This avoids
the problems related to the fluctuation of the energy transfer in

single collisions (see Sections 3.3 and 3.4) and should provide the
ultimate resolution of # 2% [38]. Concerning the implementation
in a large detector like a TPC, the challenges will include equip-
ping a large active area with the pixelized readout and handling
huge amounts of readout channels.

4. Time-of-flight

Time-of-flight (TOF) measurements yield the velocity of
a charged particle by measuring the particle flight time t over
a given distance along the track trajectory L. The particle
velocity b ¼ v=c ¼ L=tc depends on its mass m and momentum p
through

b ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Thus, one can calculate the mass m from measurements of L, t
and p:
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4.1. Time resolution and separation power

If two particles with masses mA and mB, respectively, carry the
same momentum, their flight time difference can be calculated as
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with pbmc the approximation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðmc=pÞ2

q
' 1þðmcÞ2=2p2 can

be used, and with Eq. (4) the separation power becomes

nsTOF
¼
jtA& tBj
sTOF

¼
Lc

2p2sTOF
jm2

A& m2
Bj: ð15Þ

Here sTOF is the resolution of the TOF measurement. Misidenti-
fication of particles occurs at higher momenta, where the time
difference jtA& tBj becomes comparable to sTOF . Assuming a time
resolution of 100 ps (60 ps) and requiring a separation of nsTOF

¼ 3,
the upper limits for the momentum are 2.1 GeV/c (2.7 GeV/c) for
K=p separation and 3.5 GeV/c (4.5 GeV/c) for K/p separation
(see Fig. 15). A lower momentum threshold is defined by the
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Fig. 15. Particle separation with TOF measurements for three different system
time resolutions (sTOF ¼ 60, 80 and 100 ps) and for a track length L¼ 3.5 m.
Infinitely good precisions on momentum and track length measurements are
assumed.
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which improves the signal-to-background ratio (most tracks are
pions from many sources).

PID is equally important in heavy-ion physics. An example is
the measurement of open charm (and open beauty), which allows
to investigate the mechanisms for the production, propagation
and hadronization of heavy quarks in the hot and dense medium
produced in the collision of heavy ions. The most promising
channel is D0-K!pþ . It requires a very efficient PID, due to the
small signal-to-background ratio.

In order to identify any stable charged particle, including
charged hadrons, it is necessary to determine its charge ze and
its mass m. The charge sign is obtained from the curvature of
the particle’s track. Since the mass cannot be measured directly, it
has to be deduced from other variables. These are in general the
momentum p and the velocity b¼ v=c, where one exploits the
basic relationship

p¼ gmv-m¼
p

cbg : ð2Þ

Here c is the speed of light in vacuum and g¼ ð1!b2Þ!1=2 is the
relativistic Lorentz factor. The resolution in the mass determina-
tion is

dm
m

! "2

¼
dp
p

! "2

þ g2 db
b

! "2

: ð3Þ

Since in most cases gb1, the mass resolution is determined
mainly by the accuracy of the velocity measurement, rather than
the momentum determination.

The momentum is obtained by measuring the curvature of the
track in the magnetic field. The particle velocity is obtained by
means of one of the following methods:

1. measurement of the energy deposit by ionization,
2. time-of-flight (TOF) measurements,
3. detection of Cherenkov radiation or
4. detection of transition radiation.

Each of these methods provide PID not only for charged hadrons,
but also for charged leptons. The small obstacle of muons and pions
not being well separated due to mm & mp can luckily be circumna-
vigated, since muons can be easily identified by other means.

The use of these methods is restricted to certain momentum
ranges. For a given momentum range, the separation power can be
used to quantify the usability of a technique. It defines the
significance of the detector response R. If RA and RB are the mean
values of such a quantity measured for particles of type A and B,
respectively, and /s A,BS is the average of the standard deviations
of the measured distributions, then the separation power ns is
given by

ns ¼
RA!RB

/s A,BS
: ð4Þ

A summary of the momentum coverage and required detector
lengths using the example of K=p separation with the require-
ment ns Z3 is given in Fig. 5.

Naturally, when choosing a PID technique, also other features
have to be considered besides the separation power. In practice,
these often include luminosity and event rates, size and space
requirements, accessibility, multiple scattering in the used mate-
rials, compatibility with other detector subsystems and geome-
trical coverage.

Fig. 3. Armenteros–Podolanski plot from the ALICE experiment using data fromffiffi
s
p
¼ 900 GeV proton collisions. The different V0 particles can be separated using

the kinematics of their decay products. The orientation of the decay is described
with respect to the momentum vector of the V0. p7

L are the longitudinal momenta
of the positively and negatively charged decay products with respect to the V0

particle’s direction. qT represents the transverse component of the momentum of
the positive decay product.
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Fig. 2. Comparison of the relative energy resolutions (as given by Eq. (1)) of the different EM calorimeters (left image) and hadronic calorimeters (right image) at the LHC
experiments. The values of the parameters a, b and c were in all cases determined by fits to the data from beam tests and are given in the descriptions of the different
experiments in Sections 2.1–2.3. In case of the ATLAS and CMS hadronic calorimeters the resolutions of the whole systems combining EM and hadronic calorimeters are shown.
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NA49 Time-of-flight detector  

NA-49:  fixed target experiment for 
heavy ion collisions

This allows for long path length: 

L» 15m!

In addition big scintillator rods have 
excellent time resolution: 

s (Dt) » 60 ps!

TOF chambers: layers of horizontal 
and vertical scintillator rods 
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Both bthr and qc (combined with 
p) can be used for particle ID.

n values can be chosen to get 
particle ID in a particular range of 
momenta!

Cherenkov radiation:

Photo emission by a charged particle travelling in a 
dielectric medium with a velocity greater than the 
velocity of light in that medium:
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Huygens wavelets emitted all along the particles 
trajectory form a single wave front under an 
angle qc w.r.t. the particle direction:
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Cherenkov radiation
• The Cherenkov radiation propagates with a characteristic angle with respect to 

the particle track 𝚯C , that depends on the particle velocity:

• n is the refractive index of the material and n = n(E); E: photon energy
• Since |cos(𝚯C)|≤ 1, Cherenkov radiation is only emitted above a threshold 

velocity βt = 1/n and 𝛾t = 1/ (1- βt
2)1/2

• Cherenkov detectors contain two main elements: a radiator through which 
charged particles pass (a transparent dielectric medium) and a photon detector
• The number of photoelectrons detected in a given device

• L: the path length of the particles through the radiator; ze: the particle charge 
and N0 : the quality factor or figure of merit.
• As Cherenkov radiation is a weak source of photons, the light transmission, collection 

and detection must be as efficient as possible. These parameters are contained in N0, 
as well as the photon collection and detection efficiencies of the photon detector. 
Typical values of N0 are between 30 and 180 cm-1 52

TOF measurements with charged particles can also be carried
out using Micro-Channel Plate (MCP) Photo Multiplier Tubes
(PMTs, see Fig. 21)), which allow time measurements with a
few ps precision. The MCP-PMT actually detects Cherenkov
photons emitted in the entrance window of the PMT (for details
on Cherenkov radiation see Section 5) [69]. Time resolutions of
s t1 ! 6 ps (with an intrinsic resolution of the detector of
s Intr o5 psÞ were observed in test beams [70,71]. At this scale,
the resolution of the measurement of the event start time s t0

becomes dominant and must be minimized as well. It remains to
be shown that this technology can be implemented on large
surfaces at an affordable price and can thus compete with MRPCs.

5. Cherenkov imaging

In 1958 P.A. Cherenkov, I.Y. Tamm and I.M. Frank were awarded
with the Nobel Prize in physics for the discovery and interpretation
of the Cherenkov effect. Cherenkov radiation is a shock wave
resulting from a charged particle moving through a material faster
than the velocity of light in the material. The Cherenkov radiation
propagates with a characteristic angle with respect to the particle
track YC , that depends on the particle velocity:

cosðYCÞ ¼
1
bn

ð20Þ

where n is the refractive index of the material. In general, the
refractive index varies with the photon energy: n¼ nðEÞ (chromatic
dispersion). Since jcosðYCÞjr1, Cherenkov radiation is only
emitted above a threshold velocity bt ¼ 1=n and gt ¼ 1= ð1%b2

t Þ
1=2.

In general, Cherenkov detectors contain two main elements: a
radiator through which charged particles pass (a transparent dielec-
tric medium) and a photon detector. The number of photoelectrons
(Np.e.) detected in a given device can be approximated as [23]

Np:e: !N0z2Lsin2ðYCÞ ð21Þ

where L is the path length of the particles through the radiator, ze is
the particle charge and N0 is a quantity called the quality factor or
figure of merit. As Cherenkov radiation is a weak source of photons,
the light transmission, collection and detection must be as efficient
as possible. These parameters are contained in N0, as well as the
photon collection and detection efficiencies of the photon detector.
Typical values of N0 are between 30 and 180 cm%1. Three different
types of Cherenkov counters can be distinguished:

1. Threshold counters measure the intensity of the Cherenkov
radiation and are used to detect particles with velocities
exceeding the threshold bt . A rough estimate of the particle’s
velocity above the threshold is given by the pulse height
measured in the photon detector.

2. Differential counters focus only Cherenkov photons with a
certain emission angle onto the detector and in this way
detect particles in a narrow interval of velocities.

3. Imaging Cherenkov detectors make maximum use of the avail-
able information (Cherenkov angle and number of photons)
and can be divided in two main categories: RICH (Ring Imaging
CHerenkov) and DIRC (Detection of Internally Reflected
Cherenkov light) devices.

In this paper the focus lies on RICH devices, since the detectors
used at the LHC experiments and discussed here all fall into this
category.

5.1. Cherenkov ring imaging

RICH detectors resolve the ring shaped image of the focused
Cherenkov radiation. From the knowledge of the particle momen-
tum p and Cherenkov angle YC a determination of the mass of the
charged particle is possible. Combining Eqs. (12) and (20) yields

m¼
p
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2cos2ðYCÞ%1

q
: ð22Þ

In a RICH device, the Cherenkov radiation is emitted in the
radiator and collected by a photon detector, usually after being
transmitted by optical means. The first RICH was developed by
Roberts [72]. The particular design was limited by small angular
acceptance and surface area and by low quantum and single
electron counting efficiencies. These problems were overcome by
Seguinot et al. [73]: A wire chamber was converted into an
efficient single photon detector by adding a photosensitive
molecule into the gas mixture and replacing one of the cathode
planes by a wire mesh and a UV transparent window.

5.1.1. Radiator
A RICH detector is designed to measure velocities in a specified

momentum range by using a Cherenkov radiator with refractive
index n chosen such that the Cherenkov angle varies with
velocity, from threshold to the highest anticipated momentum.
The thickness L of the radiator is adjusted in order to assure a
sufficient number of photoelectrons for the given momentum
range (see Eq. (21)). Two common RICH designs can be distin-
guished, according to the value of n:

1. If a dense medium (large n) is used, only a thin radiator layer
ð & 1 cmÞ is required to emit a sufficient number of Cherenkov
photons. The photon detector is located some distance away
behind the radiator (expansion gap, usually about 5–10 cm),
allowing the light cone to expand and form the characteristic
ring-shaped image. A detector designed in such a way is called
proximity-focusing (i.e. the focusing is achieved by limiting the
emission region of the radiation). An example is shown
in Fig. 22.

2. If a gaseous medium ðn! 1Þ is used, particles have to pass a
thicker layer ð\50 cmÞ in order to emit a sufficient number of
Cherenkov photons. In general, fluorocarbon gases are chosen
because they have a low chromatic dispersion (i.e. n does not
depend strongly on the photon energy). The light is focused by
spherical or parabolic mirrors onto the photon detectors
where ring-shaped images are formed. An example is shown
in Fig. 24.

5.1.2. Optics
The quality of the optics of a RICH system influences the

precision in the Cherenkov angle measurement and the figure of
merit N0. Mirrors should have high reflectivity to avoid photon

Fig. 21. Schematic drawing of a TOF counter based on a MCP-PMT [70]. The MCP-
PMT actually detects Cherenkov photons emitted in the quartz glass entrance
window and has a very good time resolution.
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TOF measurements with charged particles can also be carried
out using Micro-Channel Plate (MCP) Photo Multiplier Tubes
(PMTs, see Fig. 21)), which allow time measurements with a
few ps precision. The MCP-PMT actually detects Cherenkov
photons emitted in the entrance window of the PMT (for details
on Cherenkov radiation see Section 5) [69]. Time resolutions of
s t1 ! 6 ps (with an intrinsic resolution of the detector of
s Intr o5 psÞ were observed in test beams [70,71]. At this scale,
the resolution of the measurement of the event start time s t0

becomes dominant and must be minimized as well. It remains to
be shown that this technology can be implemented on large
surfaces at an affordable price and can thus compete with MRPCs.

5. Cherenkov imaging

In 1958 P.A. Cherenkov, I.Y. Tamm and I.M. Frank were awarded
with the Nobel Prize in physics for the discovery and interpretation
of the Cherenkov effect. Cherenkov radiation is a shock wave
resulting from a charged particle moving through a material faster
than the velocity of light in the material. The Cherenkov radiation
propagates with a characteristic angle with respect to the particle
track YC , that depends on the particle velocity:

cosðYCÞ ¼
1
bn

ð20Þ

where n is the refractive index of the material. In general, the
refractive index varies with the photon energy: n¼ nðEÞ (chromatic
dispersion). Since jcosðYCÞjr1, Cherenkov radiation is only
emitted above a threshold velocity bt ¼ 1=n and gt ¼ 1= ð1%b2

t Þ
1=2.

In general, Cherenkov detectors contain two main elements: a
radiator through which charged particles pass (a transparent dielec-
tric medium) and a photon detector. The number of photoelectrons
(Np.e.) detected in a given device can be approximated as [23]

Np:e: !N0z2Lsin2ðYCÞ ð21Þ

where L is the path length of the particles through the radiator, ze is
the particle charge and N0 is a quantity called the quality factor or
figure of merit. As Cherenkov radiation is a weak source of photons,
the light transmission, collection and detection must be as efficient
as possible. These parameters are contained in N0, as well as the
photon collection and detection efficiencies of the photon detector.
Typical values of N0 are between 30 and 180 cm%1. Three different
types of Cherenkov counters can be distinguished:

1. Threshold counters measure the intensity of the Cherenkov
radiation and are used to detect particles with velocities
exceeding the threshold bt . A rough estimate of the particle’s
velocity above the threshold is given by the pulse height
measured in the photon detector.

2. Differential counters focus only Cherenkov photons with a
certain emission angle onto the detector and in this way
detect particles in a narrow interval of velocities.

3. Imaging Cherenkov detectors make maximum use of the avail-
able information (Cherenkov angle and number of photons)
and can be divided in two main categories: RICH (Ring Imaging
CHerenkov) and DIRC (Detection of Internally Reflected
Cherenkov light) devices.

In this paper the focus lies on RICH devices, since the detectors
used at the LHC experiments and discussed here all fall into this
category.

5.1. Cherenkov ring imaging

RICH detectors resolve the ring shaped image of the focused
Cherenkov radiation. From the knowledge of the particle momen-
tum p and Cherenkov angle YC a determination of the mass of the
charged particle is possible. Combining Eqs. (12) and (20) yields

m¼
p
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2cos2ðYCÞ%1
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In a RICH device, the Cherenkov radiation is emitted in the
radiator and collected by a photon detector, usually after being
transmitted by optical means. The first RICH was developed by
Roberts [72]. The particular design was limited by small angular
acceptance and surface area and by low quantum and single
electron counting efficiencies. These problems were overcome by
Seguinot et al. [73]: A wire chamber was converted into an
efficient single photon detector by adding a photosensitive
molecule into the gas mixture and replacing one of the cathode
planes by a wire mesh and a UV transparent window.

5.1.1. Radiator
A RICH detector is designed to measure velocities in a specified

momentum range by using a Cherenkov radiator with refractive
index n chosen such that the Cherenkov angle varies with
velocity, from threshold to the highest anticipated momentum.
The thickness L of the radiator is adjusted in order to assure a
sufficient number of photoelectrons for the given momentum
range (see Eq. (21)). Two common RICH designs can be distin-
guished, according to the value of n:

1. If a dense medium (large n) is used, only a thin radiator layer
ð & 1 cmÞ is required to emit a sufficient number of Cherenkov
photons. The photon detector is located some distance away
behind the radiator (expansion gap, usually about 5–10 cm),
allowing the light cone to expand and form the characteristic
ring-shaped image. A detector designed in such a way is called
proximity-focusing (i.e. the focusing is achieved by limiting the
emission region of the radiation). An example is shown
in Fig. 22.

2. If a gaseous medium ðn! 1Þ is used, particles have to pass a
thicker layer ð\50 cmÞ in order to emit a sufficient number of
Cherenkov photons. In general, fluorocarbon gases are chosen
because they have a low chromatic dispersion (i.e. n does not
depend strongly on the photon energy). The light is focused by
spherical or parabolic mirrors onto the photon detectors
where ring-shaped images are formed. An example is shown
in Fig. 24.

5.1.2. Optics
The quality of the optics of a RICH system influences the

precision in the Cherenkov angle measurement and the figure of
merit N0. Mirrors should have high reflectivity to avoid photon

Fig. 21. Schematic drawing of a TOF counter based on a MCP-PMT [70]. The MCP-
PMT actually detects Cherenkov photons emitted in the quartz glass entrance
window and has a very good time resolution.
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Cherenkov radiators

Silica Aerogel

Material n-1 βc θc photons/cm
solid natrium 3.22 0.24 76.3 462
Lead sulfite 2.91 0.26 75.2 457
Diamond 1.42 0.41 65.6 406
Zinc sulfite 1.37 0.42 65 402
silver chloride 1.07 0.48 61.1 376
Flint glass 0.92 0.52 58.6 357
Lead crystal 0.67 0.6 53.2 314
Plexiglass 0.48 0.66 47.5 261
Water 0.33 0.75 41.2 213
Aerogel 0.075 0.93 21.5 66
Pentan 1.70E-03 0.9983 6.7 7
Air 2.90E-03 0.9997 1.38 0.3
He 3.30E-05 0.999971 0.46 0.03
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Types of Cherenkov counters

• Threshold counters measure the intensity of the Cherenkov radiation 
and are used to detect particles with velocities exceeding the 
threshold βt. A rough estimate of the particle’s velocity above the 
threshold is given by the pulse height measured in the photon 
detector.
• Differential counters focus only Cherenkov photons with a certain 

emission angle onto the detector and in this way detect particles in a 
narrow interval of velocities
• Imaging Cherenkov detectors make maximum use of the available 

information (Cherenkov angle and number of photons) and can be 
divided in two main categories: RICH (Ring Imaging CHerenkov) and 
DIRC (Detection of Internally Reflected Cherenkov light) devices
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Cherenkov photon emission
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• Note the wavelength dependence ~ 1/λ2

• The index of refraction n is a function of photon energy E=hν,  as is the 
sensitivity of the transducer used to detect the light.

• Therefore to get the number of photon we must integrate over the sensitivity 
range:

• The number of Cherenkov photons produced by unit path length by a 
charged particle of charge z is

d 2N
dx

= dλ
350nm

550nm

∫ dN
dλdx

= 475z2 sinθc photons/cm



Transition radiation
• Transition radiation occurs if a relativistic particle (large γ) passes the boundary 

between two media with different refraction indices (n1≠n2) [predicted by 
Ginzburg and Frank 1946; experimental confirmation 70ies]

• Effect can be explained by 
re-arrangement of electric 
field

• A charged particle 
approaching a boundary 
creates a dipole with its 
mirror charge

The time-dependent dipole field causes the
emission of electromagnetic radiation
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Useful documentation

General:
• Christian Lippmann: Nuclear Instruments and Methods in Physics Research A 666 (2012) 148–172.

• Joost Vossebeld: Post-graduate lecture series, University of Liverpool.
• Konrad Kleinknecht: Detectors for Particle Radiation, 2nd ed.
• T Ferbel (ed.) “Experimental Techniques in High Energy Physics”, Frontiers in Physics. 
• D. Bortoletto: Detectors for Particle Physics, Interaction with Matter, Purdue University.

Gaseous tracking detectors:
• F Sauli: http://documents.cern.ch/archive/cernrep/1977/77-09/Chapter01.pdf
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Assignment

• All students may send me at least one question on the 
presentation/topic by mail to saikat.ino@gmail.com by tomorrow      
2 p.m.

• I will try to answer and compile it and send to all students.

• If you have any comment/feedback, please write to me.
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Thank you
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