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9.1 Introduction

« In addition to tracking and calorimetry, detectors for particle identification
are crucial elements in many particle physics experiments

» Stable particles are identified by: A N
tracking electromagnetic hadronic muon
system  calorimeter calorimeter  system

(i) Their type of interaction with matter

(e, v, u, hadrons) L]
y _ _ electrons
(i) By measuring their mass -
(mass -> particle) UOnS
« The second method is most relevant r;’éﬁ?
to separate hadrons (n, K, p, ...) plons
neoutrons
(their type of interaction is the same, L

no discrimination power)

« The measurement of the mass requires the measurement of either the velocity 3
(or Lorentz factor y) in addition to the momentum measurement

p=ympc




The measurement of velocity requires a second measurement, a second independent
detector signature

» Various possibilities exist to identify/ separate charged hadrons (see also Section 2):

(i) Direct measurement of 3 (or vy): Time of flight: At~ 1/B
Cherenkov angle: cos O =1/fn
Transition radiation: ~v (y>100)
y 2
(i) Energy loss (Bethe-Bloch) dE ~ < In(a37)
de (32

* Neutral hadrons are more difficult to separate;
stable are: n (- calorimeter)

V, decays -> reconstruct from decay kinematics

Long-lived neutral strange hadrons:
(invariant mass)

- The challenge is =*, K*, p separation



The mass m can be reconstructed from the momentum and 3 measurement:

m=_P_

CBy

The uncertainty is given by:

BRGEG]

Since in most cases y >> 1, the mass resolution is determined by the accuracy of
the velocity measurement
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Armenteros plot from the ALICE experiment using data from Vs = 900 GeV
pp collisions. The different V,, particles can be separated using the kinematic
properties of their decay products.

p_* : Longitudinal momenta of the positively and negatively charged decay
product in the direction of flight of the V, (momentum vector)
gr: Transverse component of the momentum of the positive decay product



Demonstration of the power of Particle Identification

Example 1: ¢ > K* K- decays
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Search for ¢ > K* K- decays in the LHCb experiment
Left: Invariant mass of all pairs of tracks, without particle ID
Right: Invariant mass of all pairs of identified charged kaons using a Cherenkov detector

The inclusive decay ¢ - K* K- only becomes visible after particle (kaon)
identification



Example 2: Measurement of rare B decays, e.g.: B,® > n*
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Reconstructed two-particle masses (Monte Carlo simulation, LHCb experiment)
Left: Without particle ID, assuming pion hypotheses
Right: With particle ID, using p / K/ p separation in a Ring Image Cherenkov Counter (RICH)

Rare decays become accessible after particle identification (w, K, p separation)



9.2 Time-of-flight measurement

of a particle through a Time-of-flight (TOF) counter
(or the time difference between two detectors with a good time resolution)

Traditionally: Plastic Scintillator + PMTs

Typical resolution: ~100 ps #/K separation

up to ~1.5 GeV.

To go beyond that: one needs faster detectors:

- Use Cherenkov light (prompt) instead of

scintillations

- Use fast gas detectors
e.g. Resistive Plate Chambers (RPC)

multichannel

A

analyzer

time

Scintillator |

/

amcl/e//

Basic idea: measure the time difference between the interaction and the passage

-7

Scintillator I

PMT
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Calculation of time differences / required time resolutions

Distinguishing particles with ToF: Particle 1 :  velocity v1, B1; mass m1, energy E
[particles have same momentum p] Particle2 : velocity vo, B2; mass me, energy E>
Distance L :  distance between ToF counters
1 1 L 1
At=L[(——-—)==2(—-—
v (2] & [31 62

L ‘ ‘
=2 (Ey — Er) = s (\/'pzc2 + mict — \/pzc:2 + m%c‘l)

Relativistic particles, £ ~ pc > m;c*
L m? et mgc4
At ~ — |(pe+ —2 ¢+ _ 5 m
= e+ B — e 525 orL—2m
Le Requiring At = 40t K/mt separation possible
At = 57 (m] —m3) uptop =1 GeVif ot~ 200 ps ...
Cherenkov counter, RPC : ot = 40 ps ...
Example' Scintillator counter : Ot~ 80 ps ...

Pion/Kaon separation ... 9
m-c

[k ~ 500 MeV,; mr ~ 140 MeV] > At —— (5007 — 140%) MeV?/c*
2 (1000)2 MeV?/c2

Assume:

p=1GeV, L=2m... ~800ps




Separation power (in standard deviations) of Time-of-Flight
measurements

n

For two particles with masses m, and m,
with the same momentum p, the
separation power in numbers of
GaussianStandard deviations is

-
T I T T T

W
T T T T T

Separation (standard deviation)

t —t Lc o Liidi.
R e L o
TOF o 2 2 L i\
TOF P OtoF
e/ T~ ]
O L i B B G DX ey, i e o et
0 1 2 3 4 5 6
- separation power above 3c in the Momentum (GeV/c)
low momentum range,
e.g. n/K separation with > 3¢ for Particle separation with TOF measurements for three
p<1.6 GeV (2.3 GeV) for a :fg;g:;s%ztstf?eﬂgti roefol:tiz?:)s (o70F =50, 100, 150 ps)
time resolution of 100 ps (50 ps) [no uncertainties on p and L assumed]




Calculation of mass resolution

Use: B=1L/T
_ 2\—1
1 7_2 [C: 1]
2 _ 2 .2
(3 ()
" ptr? 2 2 2
5(m? T2 p° 0L o 5 7:m =k
> 0(m”) =2pdp ﬁ_l -|-2T5'FL2 T3P
| | | ]
m2/p2 use *
—om22 4 9207 920l
P T L
2 2 21"
> o(m?) =2 |m* (22) + B () 4+ Bt (F)
p T L
Usually: Uncertainty in time
5L _dp T > o(m?) = 2E? or measurement dominates ...
T <5 <7 } r



Resistive Plate Chambers (RPC)

For large systems the coverage with scintillators and photon readout is expensive

Resistive Plate Chambers provide an efficient and “cheaper” alternative

(Relatively simple construction, good time resolution)

Layout:

- Planar geometry, parallel plates
with high resistivity form electrodes
(glass, bakelite)

- Very High voltage, thin gap of
typically a few mm, filled with gas
-> high gas gain

- lonisation + very high voltage
- avalanche or streamer mode

(due to high resistivity, large signals
or discharges are restricted to a
well-localized area)

___—~ Aluminum

] x pickup strips
; [Foaii / Insulator
T—'—uf_f ; Graphite

i st Bakelite Gl 2S5 2 mm
E } Gas B\ 2mm
a0 T Bakelite. 2 £ ] 2 mm
— =————1 Graphite
\
\ Insulator
1 mmT—_‘_- Foam & y pickup strips
L Spacers
Aluminum

Schematic layout of a resistive plate chamber



Layout (cont.): Aluminum
A

- Planar geometry, parallel plates - X pickup strips
with high resistivity form electrodes o= Foam /Insulator
(glass, bakelite) T_T_ == Graphite

. _ SHE Y Bakelite oiarrat a9
- Very High voltage, thin gap of . 'G e mm
typically a few mm, filled with gas. . (T2 By, Zom
- high gas gain T Bakelite \ 2 mm _
=N Graphite
| : .

- lonisation + very high voltage i mmt \ in;ilill?ltlzlstrips

—> avalanche or streamer mode ] Foam -

cm A OTe
(due to high resistivity, large signals — SPdLC_IB
or discharges are restricted to a e Aluminum

well-localized area)
- Strips in orthogonal directions give spatial information (position measurement)

- Accurate time measurement with resolutions of [~50 ns over large areas possible
up to charged particle rates of a few kHz/cm?

- Rate limitations due to large charges (distortion of the electric field,
and local drop of the electric field in the gas gap = hit spot of the detector becomes
insensitive to further traversing particles; rest of the detector still 0.k.)



On the Rate Limitation of RPCs:
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C. Lippmann, PhD thesis, Frankfurt

lonisation of a charged particle
Drift inside the electric field, avalanche process

Electrons reach anode faster than positive ions
Charges on electrodes distort the field, field strength drops

below the critical value needed for avalanche creation
- dead time, due to high resistivity

O O T o
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 RPCs can be operated in Avalanche or Streamer mode

- Avalanche mode: normal Townsend avalanche

multiplication

- Large number of charge carriers influences
the electric field in the gap and thereby the
own amplification

- Higher initial electric fields ( ~40 kV/cm)
-> higher gas gain
-> larger photon contributions

- Streamer can be formed, conductive channel
between the two electrodes
- Streamer mode: large current signals,

no amplifying electronics needed

Typical charges: a few nC, high efficiency,
time resolutions of a few ns,

++++++ +++++++F A+

P | 6

I e e
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C. Lippmann, PhD thesis, Frankfurt

a) Avalanche in very high fields,

b) Photon contributions from excited
gas atoms

c) Streamer / spark formation,
local discharge of electrodes

d) Heavily distorted field configuration
—> local insensitivity

however: larger dead time / rate limitation at a few 100 Hz/cm?



Multi-Gap Resistive Plate Chambers

. particle
_ P|ck-up_‘ electrode *
Main advantages: | / —JL
Increase of efficiency o A

~8KV | -

= B

5
6k ]| |""-'glass plates
- Stack oflequally spacec! resistive :z: ./ : D0 b
plates with voltage applied to E

O kv

external surfaces

. . " carbon layer
-> avalanche signals in each gap

v "Pick-up electrode

I\/Iylér

- Internal plates are electrically floating

- Electrodes on external surfaces
(resistive plates are transparent to induced signals)



Applications of RPCs

Resistive Plate Chambers are heavily
used in LHC experiments

(i) ATLAS and CMS:
Fast Muon Trigger Chambers

(i) ALICE:
Time-of-Flight System

Particle ID in high multiplicity
environment requires ...

ToF system with high granularity and
coverage of the full ALICE barrel

Resistive plate chambers
/l

MDT chambers

Barrel toroid
- Coils

Calorimeters

£A

Pb+Pb Event

[Simulation]



ATLAS RPC Fast Muon Trigger system

Resistive plate chambers
MDT chambers A

/l . Barrel toroid

Ground Plane Guard Strip Signal Strip (X)

2 4

| = I |
— % :

\
2mmI Gas Gap 2mm Bakelite  Signal Strip (Y)




ALICE (Detector for Heavy lon Collisions at the LHC)

MUON
ABSORBER

SOLENOID
L3 MAGNET

TRACKING
CHAMBER

MUON
EILTER

EMCAL

TRIGGER
CHAMBERS

ZDC

~116 m from |.P.

TOF || PHos || TPc || 1ITS | |DIPOLE MAGNET |

Some focus on Particle Identification (TPC (dE/dx), RPC-based TOF system
and a Transition Radiation Detector)



ALICE RPC-based Time-of-Flight system

! Cross Section
20° i of the ALICE detector

ToF f o

TRD

ToF array arranged as
parrel with radius 3.7 m
[Divided into 18 sectors]

- Large L, good expected separation




ALICE RPC-based Time-of-Flight system

130 mm l -

le—active area 70 mm —-4\

ALICE MRPC [T EEREERCErTT
[Time-of-Flight System]

T
each stack with 5 gaps
[i.e. 10 gaps in total]

honeycomb panel
250 micron gaps separated Flat cable connector (10 mm thick)
L : Differential signal sent from _ _
by Standard ﬂSh'ng |IneS strip to interface card PCB with cathode
pickup pads

Resistive plates
from soda lime glass

external glass plates

0.55 mm thick
ﬁ internal glass plates

e (0.4 mm thick)

[commercially available]

400 micron internal glass
550 micron external glass

= / PCB with
anode pickup pads

Mylar film
(250 micron thick)

Area: 160 m2
Channels: 160 k [size: 2.5 x 3.5 cm?]

5 gas gaps
of 250 micron

PCB with cathode

M5 nylon screw to hold pickup pads
fishing-line spacer
Honeycomb panel
\ (10 mm thick)

connection to bring cathode signal silicon sealing compound
to central read-out PCB




Performance of the ALICE RPC-based Time-of-Flight system

TOF PID - pp @ 7 TeV

o 3:_ 21 May 2010

‘JJL]t_IJlJLJll. : 7- :.':"':J_;.IIJLJ_LI Lo L
02 - -3 -2 -1 0 1 2 3 B 5

p x charge (GeV/c)

Velocity B = v/c, as measured with the ALICE TOF detector as a function of the particle
momentum p multiplied with the sign of the electric charge for a data sample taken at
Vs =7 TeV pp collisions (from C. Lippmann, arXiv:1101.3276).

Why are there no data for |q| < 0.3 GeV ??



Performance of the ALICE RPC-based Time-of-Flight system

1.00<p <1.10 GeV/c -- positive
IR
= ALICE Performance Y
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Overlap between &, K and p for a selected Measured time resolution of the ALICE ToF
momentum range of 1.0 < p;< 1.1 GeV system (from data 2010)

in the ALICE experiment
(from C. Lippmann, arXiv:1101.3276).



9.3 Particle Identification via lonization measurement (dE/dx)
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9.3 Particle Identification via lonization measurement (dE/dx)

Basic idea: the universal (Bethe-Bloch) energy loss curve (dE/dx vs. By)
splits into mass-dependent bands, if plotted as function of the
particle momentum [see Chapter 2, these lectures]
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- The combined measurement of p and ionization (<dE/dx>) provides
particle identification



Overlap of curves leads to “blind spots” for certain particle-ID combinations
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momentum (GeV/c)

dE dE
» The separation power can be defined as: <d_x> —<d—x>
(Depends on the achievable resolution on n. = A B

oe / <dE/dx>) ® (cea+oeg)/2
« To improve the resolution, multiple measurements
of the specific energy loss are performed
- Landau / Gauss fit

Typical values: o / <dE/dx> ~3-5%



Overlap of curves leads to “blind spots” for certain particle-ID combinations

T T LU I
C. Lippmann - 2010

N
s
o

N W A GO N 0 ©

4
(X

-
w

ionization signal (a.u.)
o (V]

separation power n

-k
=Y

-y
]

—

-

T LI I _]
C. Lippmann - 2010 ]

Go/E=5% —

OL TTTT

momentum (GeV/c)

- O

Major conclusions:

*Hadron identification works well in the low momentum region
*Problem in region of minimum ionization (By = 3.5)

*Moderate identification capabilities in region of relativistic rise

10
momentum (GeV/c)



Example: Particle identification using dE/dx measurements

Measured quantities: particle momentum p (magnetic field)
deposited energy in a detector dE/dx

The measured values in detectors show statistical fluctuations, described by
Landau / Gauss distributions, depending on the absorber thickness

300llllllllllpllllllll'l

!

Example: distribution of the
measured energy loss of

a beam of pions and
protons with a momentum
of 600 MeV in a 3 mm thick
silicon detector

(from Ref. [3])

—\E-ﬂost probable <‘AE>

A A

200

ll'l'lilll!ll

100

note: pions close to mip,
larger signals for 600 MeV

_ > w1 0V U0 T8 O T 0 OO protons due to 1/p2
AE Signalhohe in willkiirlichen Einheiten

AN T B BN O S A AT |

Anzahl der Ereignisse

» Problem for particle identification: large overlap between the © and p distribution,
in particular due to the asymmetric Landau distribution (large tails)

» Bethe-Bloch formula describes <dE/dx>; multiple repeated measurements can
be used to get a better estimate of the mean dE/dx value



Multiple, repeated, measurements of dE/dx (samplings) in consecutive detector
layers - effect of Landau tail can be reduced

Example: 100 measurements in gas detectors - mean value can be reconstructed
with a relative uncertainty of o(dE/dx) / (dE/dx) ~2%

03 l | I I |

K T 1ecm Ar-CH,
(80:20)
p=50 GeV/c

Likelihood ratio methods can be used to exploit
full information;

T

o
I

Use Landau probability distributions and calculate
likelihood for different particle hypotheses

Wahrscheinlichkeit P;

Energieverlust ~dE  [KeV]

Energy loss distributions for
pions and kaons with p = 50 GeV
in 1 cm (argon/methane = 80/20) gas



Example: Five dE/dx measurements in an argon/methane gas detector,
particle momentum 50 GeV

Calculate probabilities for the pion and kaon hypotheses

12345
=1 T 1
Pion hypothesis: H () . oI s BN et e N
- | p=50 GeVic
ol
p-values in example: ;E
(0.031, 0.236, 0.192, 0.108, 0.047) 2
fa
Kaon hypothesis: P, = pri’(xi) §
p-values in example: °
(0124, 0061, 0025, 0013, 0006) Energieverlust -dE [KeV]
- _ P Example for /K separation using five dE/dx
Probability for pion: p _ ' measurements and Landau probability
P+ P distributions;

_ The probabilities for the two hypotheses are
for example considered here: P = 0.998 indicated (from Ref. [3])



Particle Identification performance of the ALICE TPC
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Particle Identification performance of the ALICE TPC

- A plot from heavy ion collision data-
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Combined ALICE Particle Identification performance

0.2 g4 06 03 1
Mmass (TOF) (GeVicy) 1.2

p+p at\'s = 900 GeV (2009 data)

ALICE Performance 12/10/2010




9.4 Particle Identification via Cherenkov Radiation
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Cherenkov radiation:

Reminder:

Polarization effect ...
Cherenkov photons emitted if v > ¢/n ...

Cherenkov angle:
cos .= ni //
/ / wavefront
/n-t ’ /// /
fast particize / <Jg
A
\
Simple \\\\

Geometric derivation:

AR =Bo-t \\\‘
AC =c/n-t

cos B =AC/ a3 = c/n-t/(Bc-1)
= 1/n[3

0 5 BT

A: v<c/n

Induced dipoles symmetrically arranged
around particle path; no net dipole moment;
no Cherenkov radiation

B: v>c¢/n

Symmetry is broken as particle faster the
electromagnetic waves; non-vanishing
dipole moment; radiation of Cherenkov photons



R
n-p

o = 0 =1

Dependence of the Cherenkov angle on f8:  |.,q0 =

: 1
o —<pB<l
% n
’g max 1 B j— 1
0. =arccos— =

n

|
07 08
Geschwindigkeit B=v/c

Application for Particle Identification

(i) Threshold counters: measure the intensity of Cherenkov radiation and discriminate light
particles that emit radiation from heavier ones that don’t

(i) Differential Cherenkov counter: focus only Cherenkov photons with a certain emission angle
onto the detector = detect particles in a narrow 3 interval

(iii) Imaging Cherenkov counters: Measurement of the Cherenkov angle - [ (particle velocity)
In conjunction with add. measurements of p > particle mass



Light output:

*As already discussed in Chapter 2, the energy loss of charged particles due to
Cherenkov radiation is much smaller than the ionization energy loss

-% ~0.01-0.02MeV/g-cm™  (gases)

CH

*The number of radiated photons is given by (see Jackson, Classical Electrodynamics):

Ay
d—N = 2noz? j 1- 1 @
dX 7\'1 n2B2 7\‘2

*For A, =400 nm and A, = 700 nm and for z = 1, one obtains (see Grupen):
(dispersion neglected, i.e. n(A) =const)

aN = 4905sin> GC[cm_l]
dx

*Realistic case: An additional efficiency factor ¢, which takes into account losses in the
photon collection and detection efficiencies of the photon detector;
Typical values: ¢4 =0.10-0.40



(400-700 nm)

Photonen /cm

kOO;lllllulu 130ITIIII|IIIIIII
" Brechungsindex n=20 .
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The number of photons produced by Cherenkov light emission per cm in liquids and solid state
materials (left) and per m in gases (right) as a function of the particle velocity B (from Ref. [3])



Experimental requirements for Cherenkov detectors:

« Radiator chosen such that the Cherenkov angle
varies with velocity, from threshold to the highest .

anticipated momentum; 3 sof
The thickness L of the radiator has to be chosen ;; 2
such that a sufficient number of photons is radiated - |

in the particle momentum / 3 range of interest

L ik
05 2 07 08
Geschwindigkeit B=v/c

« High quality light collecting system
(light guides, mirrors)
Focusing system for (Ring) Imaging Cherenkov
counters

« High quality photon detection system

Typically a low number of photons is converted in photocathodes (Csl, bialkali)



(i) Threshold Cherenkov counters:

Main application: - fixed target experiments
- Separate particles based on whether they emit Cherenkov
radiation of not

Threshold detection:
Observation of Cherenkov radiation > B > Binr

Cq Co

M K p

[momentum p] N No > N

Choose n+, n2 in such a way that for:

Nz Br, Bk > 1/nz and Bp < 1/n2
n . B> 1/ny and Bk, Bp < 1/ny

Light in C1 and Cz2 - identified pion
Light in C2 and not in C+ -> identified kaon
Light neither in C and Cz - identified proton



(i) Differential Cherenkov counter (an example)

Main application: - fixed target experiments
- testbeams, particle separation

Differential Cherenkov detectors:

Selection of narrow velocity interval Radiator Al-Mirror
for actual measurement ... —i \ \ N

particle track

Threshold velocity:
[cosB = 1] 1
,8111:111 TF
, Y Cherenkov angle limited ™ air light
RBAE)(;::L:“E] velocity: by total reflection Sﬁiége
sinfy =1/n
EO8 Drsne = 1 — sin® 6, = | 2 (75 l
1
ﬁmax = 5 1
" ~— PMT
Example:
Diamond, n =2.42 > Bmin = 0.413, Bmax = 0.454, . o
i.e. velocity window of AR =0.04 ... Working principle of a



(i) Ring Imaging Cherenkov counter (an example)

Main application: Collider experiments (DELPHI, LHCb, ....)

Ring Imaging Cherenkov Counter

Optics such that photons emitted
under certain angle form ring ...

Focal length of spherical mirror: f = Rg/2 ...
Cherenkov light emitted under angle: 6¢ ...

Radius of Cherenkov ring: r = f-8c = Rs/2-0¢ ...

1
ncos(2r/Ry)

> —

Determination of B fromr ...

Photon detection:
Photomultiplier, MWPC
Parallel plate avalanche counter ...

Gas detectors filled with photosensitive gas ...
[e.g. vapor addition or TMAE (CsH12N2)]

Particle 1

Typical:

Rp = Rs/2

Interaction
point
Particle 2
Detector
surface Ro

Spherical mirror
with radius Rs

Working principle of a
Ring Imaging Cherenkov Counter (RICH)



Ring Imaging Cherenkov Counters can be used at colliders
They allow to extend the particle ID to a much higher momentum range
- 10<p <100 GeV

The particle mass can be reconstructed from the measured Cherenkov angle:

m = E\/n2 cos®(0.) -1
c

Two-particle separation: two particles with the same momentum p and masses m, and m,;
measured Cherenkov angles 6, and 6,

The resolution of the angle measurement determines the mass separation power

Oc1—0c,
n —-ci”Yc

Ooc < >
G
C

For B =1 the separation power can be approximated by [Particle Data Book]:

2 2
ncec ~ 5 > |m1 — My |
2p <09C> n--1



Example: The LHCb Ring Imaging Cherenkov detector

Muon Detector
Bending Plane

Shicld Magnet ECAL HCAL
RICH?2
Tracker
g —
RICH1 1 \iﬁ”'f:—
Vertex \
Detector
112 %
T8
TO
T10 T11
M1 M2
2
i M3 o, W
£ M5
& | | | | | | | | | | | | | | | | | | | |
0 5 10 15 2 [m] 2

Two RICH detectors

Goal: n/K separation in the momentum range 2 < p < 100 GeV



Example: The LHCb Ring Imaging Cherenkov detector




Example: The LHCb Ring Imaging Cherenkov detector

Features:

Photon detectors are placed outside of the
acceptance (250 mrad) of the LHCb detector

(limit degradation of the momentum resolution
of the tracking system)

A set of spherical and flat mirrors projects the
Cherenkov light onto the detector plane

(carbon fibre material, to minimize material of mirrors
in acceptance)

Radiator: gas radiator C,F ,;

Additional aerogel radiator in RICH-1

—> the three radiators cover the targeted
momentum range

Photon detector: (large area 4 m2, high
granularity 2.5 x 2.5 mm?2, fast readout)
- Hybrid Photon detectors

Quartz window with bialkali photocathode,
20 kV acceleration + silicon pixel detector

Photon
Detectors

Magnetic
Shield q
. 25& e
Aerogel Pt j - fﬂ[:i:-::z:ical
CyF /
A 4710 / Beam pipe
. 1'||
veo — \ > Track
exit window \
| ¥ ~_Carbon Fiber
Exit Window
Plane
Mirror

Schematic layout of the LHCb
RICH-1 detector and Hybrid photon detector

Sl plxel array

A VACUUM \
YA A .’
7 = Photocothode Wy
Y . {=20a¥) I *.‘-___/‘:
= iy -

. hataslect EF
w| Electrodes -
A L N
Photon | I y)_,’_
-t
M, Solder A
! bump Bino
Y
A bonds elacironi
] I
ical

window



momentum (GeV/c)

Cherenkov angles as a function of momentum for different

particles for the three LHCb radiators

RICH1 RICH2
Silica aerogel |  C4Fo CF,4
Momentum range [GeV/c] <10 | 10<p <60 | 16 < p <100
Angular acceptance [mrad] vertical +25 to £250 +15 to =100
horizontal +25 to £300 +15to0 £120
Radiator length [cm] 5 95 180
Refractive index n 1.03 (1.037) 1.0014 1.0005
Maximum Cherenkov angle [mrad] 242 (268) 53 32
Expected photon yield at 3 =~ 1 6.7 0.3 21.9
oo, [mrad] expected 2.6 1.57 0.67
measured ~7.5 2.18 0.91
Some parameters of the LHCb RICH detectors
— B T I l_
® 250 e —
= L
E K n=1.03 -
o L L |
@ 200 —
150 - K -
100 P -
B n=1.0014
50 |— BTSRRI =]
: ’ s e __,’..‘.'::----'--.:"‘_-..'.-L""I-Fl-l"\-l'u-—-l-;
N LY n=1.0005 -
1 10 107




Simulated LHCb event in the RICH-1 detector
(The two photon detector planes are shown in the upper and lower halves)



separation power n

T T ||||r'_|l|||||l| IIIIIIIIIIIIIIIIIIIIIII_

H ¥ C. Lippmann = 2010

.
g
.....
.
-
_________
---------

100
momentum (GeV/c)

Particle separation power achievable in the LHCb
RICH detectors
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LHCb published performance plot of the RICH detectors



9.5 Particle Identification via Transition Radiation

\ Fibres or foils
[ - |

Transition radiation

TR
e increases

\signal

® Anode
wire (HV+)

Cathode (HV-)

Noble
Gas

Charged particle



Transition Radiation:

Transition radiation occurs if a relativist particle (large y) passes the
boundary between two media with different refraction indices ...

[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies] transition
radiation
Effect can be explained by N+ St 2

rearrangement of electric field ...

> ( >

2]
4
o T | N\)’
(@]
g
c 400F & Rearrangement of electric field
Z e yields transition radiation
200F .
Energy loss distribution for 15 GeV
0 1 | pions and electrons ina TRD ...

2 6 10 14
Energy deposit [keV]



Detection principle of Transition Radiation:

Detection Principle:
[Electron-ID]

‘ TR
s i sl il

\

Radiator foils

Detector Signal:
d-electron

dE/dx

— o —

Yy-Absorption

‘-"-\-._17.

dE/dx

[Transition Radiation]
ANAL NN /\/\

Electron

=

>

Drift time



ALICE Transition Radiation detector:

N

MUON
ABSORBER

SOLENOID
L3 MAGNET

TRACKING
CHAMBER

MUON
FILTER

TOF

. PHOS | |

1Pe

ITS

| | DIPOLE MAGNET

TRIGGER
CHAMBERS

ZDC

~116 m from |.P.

B

Csi

ToF

TRD

|
T




ALICE Transition Radiation detector:

cathode pads p;un electron
§§ _ W/ amplification
AN RN region
anode
WIZ
cathode
wires
drift
I‘egion ‘-'I'llilillIIf'l'llIiT'llIll'TlllFl'l_
120 o e, dE/dx+TR B
Ty i o e, dE/dx :
. E 100
primary ||||| = I
clusters [ ‘5-,
@ 80
entrance = i
window™, 8 i
S 60[
X i Q. i
Radiator @ i
LZ v g 40f
/ @ -
pion TR photon electron 2 20:_
TranSItlonRadlatlonl_—l_R] Oh M TS AT BN A AT AT A

0 0.5 1 1.5 2 2.5 3

for charged Particles with y > 1000 Drift time [us]



Combining Tracking with particle ID:  ATLAS TRT

E e/rseparation via transition radiation: polymer (PP) fibres/foils interleaved with DTs

\ Fibres or foils

A |

Transition radiation

Cathode (HV-)
increases
signal

Anode
wire (HV+)

Noble
Gas

Charged particle

Electrons radiate - higher signal
Particle Identification by counting
the number of high-threshold hits

Radiator

Total: 370000 straws

Barrel (Jn| < 0.7): 36 r-¢
measurements / track
Resolution ~130 um / straw

"‘-_‘ 18 end-cap wheels (|n| <
Straws 22.5): 40 or less z-¢ points

Barrel TRT Module

he ATLS Inn Tramg ystem




ATLAS Transition Radiation Tracker (TRT):

« Straw tube tracker
» Inter-space filled with foam
» Different thresholds in readout:
high threshold hits = higher probability
for transition radiation
« Main purpose: Tracking + improved electron ID




Performance of the ATLAS TRT:

E 0.3: T T \\\\II‘ T T T T TTTT T T T T1T7TT T T \II\Hl T I: 3 - Il Ill ; : ; Illlll : : : Illlll -

2 r ] = 0.25 - =

8 025+ ATLAS + 3 3 § |  ATLAS Preliminary t J&& i

Q L - - -

& - s=0.9 TeV o % . B umlh 'J“FJ%-—- B

-g- 0.2F v @ @ 1S g 0.2r *  Electron candidates fg‘? I .

S 2 TRT end-caps gﬂ! ] o - G ; : ! .

2 - " . o - o eneric tracks 5 .

P 0455 e Data 2009 o ] % 0.15— © Electrons (MC) SN

=2 015 ata — i " ; lectron A
S 7TE L vonte Carb $ . £ f Generictracks (MC) ;1 from Conversions

) ol t e < o01F 1 =

2 0.1 ] 2 E

T - ] B " ’ ]

C & ] L Mainly Pions K ]

0.055 ogosesseseesseventto’ i - 0.05F gaaaaaaaaadgh---—---~ ’ -

C y factor - B TRT endcap 1

0_ 1 1 \\\\II‘ 1 1 I\\IHl 1 1 \I\\II‘ 1 1 \||\H| | 1 |_ O_Jll 1 1 lJIIlJJ 1 L JlllJII L 1 J!IlJlJ 1 ]

I LS Lo 10° yfactr 107 1o
1 10 1 10 i _ 10 1 10
Pion momentum [GeV] Electron momentum [GeV] Pion momentum (GeV) Electron momentum (GeV)

Electrons clearly visible in first LHC data (2009)

: : , ... confirmed later by reconstructed electron
(Larger fraction of high-threshold hits)

candidates from conversions
(good agreement between data and Monte Carlo
simulation)



Summary on Particle Identification

/K Separation
[Comparison of different PID methods

RICH Cherenkov

>
< Threshold Cherenkov Counter N
< Time-of-Flight N “« DISC N
;dE/dxs < Multiple dE/dx N < Transition Radiation N
i i j i i i
0.1 1 10 102 10° 10*

Momentum p [GeV]
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