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Foreword - Reference material

= |mpossible to cover all the aspects of particle
detection!

= This lecture is focused on high energy particle
detectors

= Many excellent courses and textbooks are available.
These lectures are mainly based on:

= L. Serin (LAL) Lectures given at the TransEuropean HEP School
2008 (thanks Laurent!)

= F. Sauli IEEE NSS/MIC Norfolk 2002

= C.Joram, L Ropelewski Lectures at the CERN Academic Training
Program 2004/2005 (many slides borrowed from this series)
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e Reference books

= C. Grupen, Particle Detectors, Cambridge University
Press, 1996

= K. Kleinknecht, Detectors for particle radiation , 2nd
edition, Cambridge Univ. Press, 1998

= W. Blum, L. Rolandi, Particle Detection with Drift
Chambers, Springer, 1994

= F. Sauli Principles of operation of multiwire proportional
and drift chambers CERN 77-09
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Q‘M Outline

= |ntroduction and examples

= Time of flight

= Charged particle interaction with matter
= |Jonization measurement

= Cherenkov detectors

= Transition radiation
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Definitions

Suppose the detector response to a particle | |§ F ﬁpt} | }
And it is different from f(j,p) [ nﬂr‘.} B |
i is your signal and j the background o Jj“ b j‘ 1\] |
Then your detector is capable of PID - t,l" lw 1
You can place a cut on F < Fcut i f Hf J‘U

Define an efficiency €(i) = Int (-inf, Fcut)f(i,p)/tot *

A misidentification rate misid(j->i)= Int (-inf,
Fcut)f(j,p)/tot

A rejection factor R=g(i)/misid(j->1)
A separation or resolving power S= (<f(i,p)>-<f(j,p)>)/o
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Basis of particle detectors

Particle interaction in r
matter cathode .' E i
g | :
iy 5
e N
L) |I m‘ji !
\3\0 ' ‘\\'f .I
P ¥ anod;\ $/
,.

Detector is set up in order and tC_) IOF_OdUCG an _
to collect the “message” left | [ €/€ctric signal which is
recorded

by the particle ...

¥ /D Signal is processed to obtain information
| about the particle: position, time,

momentum, energy, mass ...
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Gas detectors: steps

lonization
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QM Detection methods and problems

The pristine physics response is altered by thresholds,
noise, non-linearity, pile-up, digitization etc

The devil is in the details !

All these interesting effects enter into the efficiencies,
misid etc

We can take them into account with :

= Detailed MC (understand the physics of your
detector!)

= Beam tests
= Control samples
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A slice of CMS
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T Bavrnay, CERN, Felwicmey 2004
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Cross section of a modern HEP exp
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QM Typical problems in particle identification

K-pion : time of flight, ionization, Cherenkov
electron-pion : E/p, shower shape

Muon-pion: penetration through dense and thick

materials

It is usual to combine different detectors to achieve
a better separation

This has also the advantage that purity and
efficiency can be measured with the data

FAPPS11,
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PID example : DELPHI charmless B decay

A ‘charmless’ B decay: B — K™
— L —
b —>Kr displaced
\L K secondary
vertex =
K N\ B-meson

TE+2xn
in final state
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Examples

= Reduction in background using identification
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Time of flight (ToF)

-y .[, —_— I. L
!‘_ = — — 1'8 e
H L ,BC‘ Ic
|—| H Combine TOF with momentum measurement
V\V Vv I
_ |.:~3r2
start stop p=myfy —» my= pv—j—l

Typical resolution 0(100) ps
Advantage of ToF: simple, optimum at very
low momenta

Complementary to other techniques 5, = 300 ps
= /K separation

up to 1 GeV/c

time -of ~-flight difference A t[ns]
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Example ToF and lonization: NA61

Log scale
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NA49 combined particle ID:

TOF + dE/dx (TPC)
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Interaction of charged particles

= For a charged particle traversing a layer of material, three
processes can occur

= |onization of atoms
= Cherenkov radiation

= Transition radiation
Consider a particle of mass m , velocity v

V,mg emitting a photon (w,k) in a material of

J—

refractive index n and dielectric constant
heo. Tk €E=€,TIE,
L
/ —
2 n=%Re;
w=vkcosO, hw<ym,c Energy momentum conservation
2 2
WP = kc Dispersion relation
€
\/EX cos0,=1 © angle between the photon and the incoming particle
C
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_ . Allison, Wright 1983
Interaction of charged particles

g4 — YV
Ve—=cos 0.=1
C
1 - S =
Im £
) Eai
regime: optical | absorptive X-ray e
effect:  Cherenkov| jonisation | yransition radiation
radiation
Below the excitation energies ~eV ~ke\yy Above 5keV, real photons are
of the material € is real and > 1. emitted if there are
Real Cherenkov photons for discontinuities in the material
- C => transition radiation
v / From 2 eV to 5 keV, € is a complex
€

number, virtual photons are exchanged,

L o 18
lonization and excitation
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Understanding Bethe Bloch

= Consider a single collision with one electron

2
b
e F.=2% At=22 Ap,=F.At
b 1%
i - l 2 2 4 2 2 2
zc @ » (Ap.) 277" 2rem,c7z” 1
P e——7D— AE,= == : 2
2m, b v'm, b B
2
e
re=—j5—=2.8fm
m, C
The number of collisions is given by N £N
the electron density in the medium eOCA AP

To get the total energy loss we need to integrate this expression

for all impact parameter b, or equivalently for all energy loss from
the ionization potential to the maximum kinetic energy transfer to

I
 the electron E_max



b

Maximal energy transfer

s _ 2m c*py? ~ 2m,p* E,p,m,
ki

C1+2ym,/m, +(m, /m, > mZ+m?+2m,E/c? | Q

A few remarks :

1) It mylarge enough and low energy > 2m_c?p%y~,
for a 1 GeV muon, Em==100 MeV

2) For heavy relativistic particles, - E3/(E+{myc)42m_), can transfer the total energy
only in extrerme relativistic case.

3) Special case of electron, can not make approximation: EM=x= E — m_c?

FAPPS11,
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H. Bethe Ann. D Phys. 5 (1930) 325
nergy loss for heavy particles : Bethe-Bloch

Average energy loss for a particle of charge z in a
material of atomic number A/Z

2 2
dE _ 2 2221 1, 2m,.c y’p’ ki 5§ C
—=—4mpN,r,m,c z-——[=In > —B ———]
dx 3 2 I 2 7
22li:1|||||||
N_A Avogadro number “ f
18
. . — ; ICRU AT (1984) ]
r_e classical electron radius e ‘h’ e peats) E
_ _ _ Fup * Barkas & Berger 1964 g
| mean excitation potential AN
O density effect correction

8 L i paal s b i Sl i b i i i
o1 20 30 40 50 B0 VD 80 00 100
Z

C/Z shell correction

Precise at the % level

FAPPS11,
October 2011 Marco Zito 22



- Energy loss for heavy particle: Bethe-Bloch

Average energy loss per unit length dx of a particle of charge z in a material of
atomic number A/Z, in low energy approximation

2, .2
VB ganm,e 22 (10 2R

p dx A B° I

& ,C
F-3-2)

- Independent of incoming particle mass

- proportional to Z/A of the absorber material and z2

- in low energy domain, decreases as 1/p2 (p -9°) “slower particle loose more

energy “

- reach a minimum around v = 3-4, called Minimum lonizing Particles or mips
quite similar for all elements ~2 MeV/{gfcm?)

- Above minimum, relativistic rise as 2In(y)

- & term important at high energy : comes from polarization of the atoms along

incoming particle >screening effect of the field, decreases loss at high energy

- G term important at low energy to take into account effects which appear

when [ of the particle ~  of bound electrons.
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Energy loss: examples

dE/dx vs momentum
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A few illustrative numbers

Energy loss of a 10 GeV muon in 1cm of plastic scintillator (p =1) or a gas chamber
(p =0.001) ?

Muons can be considered as a mip with 2 MeV/{g/cm?=)
=2 MeV in 1 cm scintillator

-2 kel in 1cm of gas
To stop a 450 GeY muon beam, will need 900 m of concrete (density 2.5) |

How many meters of air io stop an o pariicle of 2 MeV ?

Particle with very low  (below the minimum ionization)
dE/dx around 700 MeV /ig/cm?) and g =1g/ = 0.7 MeVicm
Can stop a a in 2-3 cm of air

MIP: Minimum lonizing Particle
Length unit: dx = p (g/cm**3) ds (cm) in g/cm**2 because energy loss per
area density is almost independent of the material

FAPPS11,
October 2011 Marco Zito
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Energy loss

Bethe Bloch describes the average
energy loss. For a thin absorber the

The energy loss is larger at small 3
(energy), i.e end of the path in matter

energy loss has a very asymmetric Bragg peak

(long tail) shape, described by a
Straggling function

Not used in High Energy physics but
basis of medical application,

Adn (MeV gt cm®)
0150 10 150 2.00 2,50 hadronthel’apy
I T T T T I 1 T T T I T T T T I T T T T I
Lof o~ cll,-r'\,_ 500 MeV plon in silicon ]
: i E40 pm (149 mgem®) T
a5k ci A ——— 320 um (4T mglemd) ] A
[ ! || AL ———- 180 pum [37.4 rn;g."cma:l 1
= | LN o a0um (18T mglem®) ] = 12 = g
“"D_E_ | LR ! - .y elecirons (2 VIEY ) iy o lboaee {200 vley
:3 i | Al J el 1111
" 5 ! Il-lr— -t . :_
L I A Y u 4 =
naf D SN . = 5l
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i | { Ao Kitm lnss rateg" ] g 6l H'"““--...'ll___ :
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Figure 27.7: Strageling functions in silicon for 500 MeV pions, normalizsd to unity
at the most probable value 6:.":. The width w13 the fll width at bhalf macomom. DE pth in water ['I:m}

NB: the mean value is not so useful to
characterize this distribution in this case
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Allison Cobb 1980

T E L

ggling functions in thin absorbers

00 o) * | For thin absorbers, the
i 1*% atomic structure plays a
| [ | -
] h‘“‘h‘i"iiﬁﬂs.“ role a_nd the struggling
i ~==={ function can be computed
‘o 0z e oe a1+ (but no analytical form)
E (ke
- h:- I el
200 |- f.f’ :;“'C};:_}&%
Bl R,
100 = .-'f l:- g x'.“-ﬁ-.[l:: . K"‘-H.H"-\.:‘:‘:\.
;."II ; ll-.-__-"rl \:‘-\:-:‘-\. q-
"rlll-"r-.' I 1 = -:__J
o 1 Z Y ek 51
Eaei For thick absorbers, due to

Fig. 1.201n, k. dEMx-diziributbons caloulated with the PAT

ralaes ol sample lengeh 03ems B 15 e koo §h@ Cc@Ntral limit theorem,
the straggling function
approaches a Gaussian
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lonization loss muons 150 MeV

= 0.97 cm Argon T2K TPC, dashed PAI model

| charge per column muons | chargecolumnmu
Entries 13584
800 Mean 1.084e+04
RMS 7066
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Gaseous detector

Number of electron/ion pair produced in a gas by ionization of charged particle :

M. = N{primary) + N(secondary). Generally NiSecondary) ~2 or 3 N(primary)

60
50 | v :E_ ]
. W (eV) Frimary ionization Total ionization
Fi ! BF,
- \ =~ Example : dE/dx in Ar = 1.519 MeV/(g.cm?)
. » f,,;--';?m,_ density : 1.396g/
20 | S5 @ N, = AE/W = 1.519 105*1.396 103/ 26
10 g . N = 80 pairs /cm
Fa > 2
H '-.F. T
0 =L About 10 times smaller than electronics noise in
o 1Q 20 S0 40 50

charge preamp | = Needs amplification of signal

N e~ atm™ )

= w > jonization potential | (15.6 eV for Argon) because include inner shell mechanism ==
+ fraction of energy dissipated by excitation and secondary ionization. ..



PID with ionization measurements

Simultaneous measurement of p and dE/dx defines mass ny,
dE | 3 3 ) . . -
—oc —In| 8y hence the particle identity

dx )5,2
e . . . .
EOi ‘\ pion/kaon separation requires resolution 5%
el i Several overlap : ambiguity need to be resolved
25 | " using another detector
228 !— |
'|
: f
ki
1.75 E\
1.5 -5, ==
350 = =
3 |E
095
o5 | 1 | il
10 1 10 12°
FA . o (GaVie)
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PID with ionization measurements

®» |onization measurements are available in most HEP
experiments because they are related to tracking
detectors

= Many samples along a track, usually 10-100 range

= However each measurement is sampled from a
broad distribution with large tails

= How can we turn many low-quality measurements
into a precision identification ?

3

A% (eWium)
Figure 27.7: Strageling functions in silicon for 500 MeV pions, normalized to wnity
at the most probable value 8p/=. The width w is the Rl width at half maimum,
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iw An example: PID with the T2K TPC

FAPPS11,
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Principle of the TPC

Time Projection Chamber

V

detector

3D detector!!
FAPPS11. Charged Particle 2 coordinates on read out

October 2011 Marco Zit 33
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TPC Parameters

Drift: 90 cm

E drift 200 V/cm — cathode ~ 20 kV
BO0.2T

Gas: Ar-CF4(3%)-isobutane(2%)
Drift velocity ~7cm/us

Transverse diffusion 240 um/sqrt(cm)
MM gain ~ 1000

Pad size 9.7x6.7 mm

N channels 120 k

Required resolutions

o(p)/p < 10 % at 1 GeV/c

o(dE/dx) <~ 10%

FAPPS11,
October 2011 Marco Zito

v bea
irection
/ _ /1

" THREE TPC MODULES WITH TWO FGD
UNITS FOR THE ND280 EXPERIMENT

| Front end

cathode HV

o
-1" -
\_\ f“"i::\.\‘ ’
- P L 1 cards
\\
.|
Central cathode
e
Central il

o4



TPC signals

E

| ¥WaneFamn jor all single hit event | e=———|||
: Mo W2
] 17—
180 55Fe event
%‘IH
13m0
100
M0 ns
kine i
N N N
o0 (1] EL] ]
Tiew Saca

On each pad: sample the signal for %m
the whole drift time. In our case 4 ..
every 30 ns for 15 ps (511 samples) |
Determine the drift coordinate from
the signal peak

F 1

1 tirme Him = 50 ns (20 3Bz sanopling freq )

e
Cy
3
3

On the readout plane: determine the
position of the track from the height of et

the signals on two adjacent pads

Simple minded: do barycenter R HE
More sophisticated: find fitting gaussmn_‘_;g:;'f: St et B A
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Neutrino interaction with the TPC

TPC1  TPCZ2 TPC3

1| m=l
e
C

" ™
n e

B —

FGD1 FGD2 ECAL
sand muon + DIS candidate




Truncated mean method

For each track we have 72 ionization samples

Classify them in increasing order

Keep only the lower 70%

Compute the mean C_ of the remaining samples

Charge per column

'Ii'ﬂ_ 17 Mean THLE
TR

100

Bl.'l_

B0

00—

20|

S0 500 1000 1500 2000 230  a000 a0 440a

£/ Charge (ADC)

October 2011

70% of the samples

Resolution vs Cluster fraction
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Cluster fraction '
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Truncated mean distribution

» P =130 MeVi/c, 3 different particles (e, u, =) selected using the

Time Of Fligth
CT for electrons CT for muons CT for pions
resolution=5.6% resolution=6.7% resolution=6.9%

| Deposiisd snergy for slecirons [ | Dapouited snergy for muons | | Dapouited snergy for plons |
. T
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[ T e - 1o
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» Taking all the calibration factors into account we define a pull
variable in the different particle hypothesis to perform the PID

) |-I'.I':CI -CE{‘I'}(E:E [, 7T K)
Ei\5 i 3 3 2 3 p: ;
or(i) i
3_(u) without calibration -{ - &_(u) with calibration Pull muon hypothesis
v - : Lo For different particles coming from
£soof 2 sof- | I s Il Simulated v interactions in the FGD
of | e o e
C | piene
" woof = S — v
d f e
m{rf— 'IIHIf— k
n:|||||||||||L. T i e 1-}:|||||||_|lll| [P T P P
- -8 -6 -4 -2 0 2 4 i} g 1 -10 -8 -6 -4 -2 @& & 4 a 10
%W A e a0 et b
# Before calibration: Mean=0.48+£0.01 Sigma=1.03+0.01 p(MeV/e)

@ After calibration: Mean= 0.01+0.01 Sigma=1.01+0.01
Fo
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i Dependences on the number of samples

and on the sample length

+ Dependence of CT
and ¢ on the number
of samples

» Resolution from
7% (72 samples)
to 12% (24
samples)

CT vs Sample Length

-
-

CT vs N samples

[ e
— e W T

8

CT/CT(T2)

1 £l 40 By B Ti
N samples

~ s agle
D jog| * MUON
E, . pion
ST Exp MC
o T
L L
1.04— .
102:— i -.“.___,1--...._...
£ {
PP B RPN PR B PR B B
0.98 1 408 14 418 12 128 13

F/
October 2011

Sample Length (cm)
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o /o (72)

o_vs N samples

Resolution vs N samples

0 = &0 gn m
N samples

Resolution (%)

) E] a0 &ip B T
N samples

with TPC at different angles with

I » Dependence studied taking data
respect to the beam

*» CT 6% larger if SL changed

from 0.97 cm — 1.3 cm
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TPC beam tests

s After the construction all the TPCs underwent beam tests in the M11 area
at TRIUMF

# The beam provided u, e, m with momenta up to 400 MeV/c

+ A Time Of Flight system provided the PID independentely from the TPC
+ We used these data to test and validate the PID methods

Run:3301 Event:83

L=l

le]-—

ﬂl:H]E— a1
=
: L]

-Ell]_—

Gas system

-‘m_—

FAPPS
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#» (Good agreement data/MC

» MC slightly overestimate the electrons
energy lost — we took this effect into
account in our PID parameterization

@ u resolution better than 8% for all p

# e/u separation larger than 5c
if p>200 MeV/c

Energy loss vs P

?— & Electrons
E & Muons
g ﬂg_l : :I:::smunlmn
s oot
= Eo
w4
(5] Y
L = .
a "
S [ %
2 ot lwa e i s
w E R -.-'“._""'l‘—]l W x
1=
B T T T T T T RS- YT
FA P (MeVic)
October 2011 Marco Zito
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Misidentification rate

» We used TPC beam test to measure the misidentification
probability
» Monochromatic beam of u, e and n
» Possibility of selecting a clean sample of muons using TOF

CT distribution for muons selected with TOF %
Enmries  ZAUAF

Meam 2366

ams 2926 Very low misidentification
probability:
« (0.1£0.02)% for —1{5E(e){2

« (0.4+£0.04)% for -2<06_(e)<2
E

Entries/(50 ADC)

1=

2000 2500 000 3500 4000 490 5000 S500 G000 G500 J000

CTE — 15 Charge (ADC)

» But beam was up to 370 MeV — we need to study the
misidentification probability at larger momenta

FAPPS11,
October 2011 Marco Zito
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il PID tests with cosmics

#» Contemporary measurement of
momentum and energy loss in cosmics

We developed a method to equalize the
gain of the 72 MicroMegas improving the

deposited energy resolution

» Important to check our parameterization
for muons and electrons (up to 1 GeV)

» This parameterization is fundamental to
measure the v_ component in the beam

CTvsP
S 2eE
R )
T\i_‘:u.-rl.ﬂi_—i; o ¥ e ST
0
g 1_5;_-—
S .
& r e
el Ll
c E
w = == Exp Muons
u_El'l: * Meas Mucns
E o Exp Electrons
qu'r.. | i ol il il il = MeasElectrons
1] 200 400 &S00 BOD 1000 1200 1400 1600 18500
p {WeVic)
FAPPS11,
October 2011 Marco Zito

Negative tracks: many electrons (enris vamss

anergy loas (kel/cm)
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Positive tracks: many muons
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PID tests with beam related events

C, vs p negative Entries 110352

_ . 'E' 4 _:_ .!.__ :_ ] o [ exp muons .
#+ Negative tracks: mainly 3 35 g L e orotons |
muons, few electrons % . T e @Xp pions — 10?
+ Positive tracks: protons, ?25 '
pions, some positrons - ]
+ 7.8% deposited energy 150% R ————— s e R
resolution for MIPs — 1
reached the required 05
performances .I 1 |5|:||ﬂl 1 |I|L_n|:H£.| |1|5|ﬂ{|: 1 |éu|m:|.| |E:5|u[|}| Iﬁu:]él:éslﬂﬁl |.;m0 1
«* 7 ndi 63,88 [ 28 - - z p (MeVic
- Prob 4.844e-05 _E _:; ..-'_'EI - . ___ ::E :I':;'::"E 1.10}
s B ol £ [ pedonallll
EIID;— E A
& 160
g:uuz— g 25 7]
W q20E [
'E mnz— i — 10
B0 positrons .
w;— 1.5 ]

_lillﬁ- l:l-lﬂ 1 I1-2I 3 4I B 5 1-IE 2 28 A4 i
Energy Loss (keViem) 0.5
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_ 1

Muon misidentification probability

Pull electron hypothesis vs P

» To go to higher energy we can 10
. i
use through going muons at oF
ND280 JE
- . - — 2: l_ -
» Select them by requiring: T ot
# Only one track per TPC SIES,
. 4
» Negative charge £
» Compatible withau in TPC3 = .
10 1200 1400 1600 1800 2000 ©
P (MeV/c)
Momenta N ev N ey N tot Mis prob (%) Mis prob (Y4) : o
(M el r.-'r.'__l 1 <dple) <2 | |0ple) =<2 l = ti,l;'[l‘:] < 2 dgle) =<2 Flrst bln In_t
200 = = BN A T 1966 .15 += .00 a6 =018 —=- agreemen
500 < p < 1000 9 25 3767 | 0241008 | 0.66+0.13 with TPC
1000 < < 1500 11 i 3235 0.34 +0.10 1.95 +0.25 beam test
1500 < p < 2000 a7 125 2413 1.12 £ 0.22 5.30 £ 047
2000 = p o= 3500 99 425 3an2 2.05 +0.30 12.62 +£0.61
3600 < p o< HOO0 it 220 0955 T7.12 +0.56 2304 + 1.55

» Thanks to the TPC PID we can keep the muon misidentification

FA  probability below 1%
October 2011 Marco Zito 46



gm Usual jargon to be avoided

dE/dx = ionization measurement : we are not
measuring average energy loss but the most
probable value

Bethe-Bloch : this refers to the average energy loss,
the most probable value vs p follows a different
functional law (usually no a priori analytic form)

Landau distribution, Landau tails —» straggling
function. The Landau distribution is not a good
parameterization for the most common straggling

47

functions in gas detectors Probability distribution of
. Energy loss A
f’ ?‘K\
dik , . Mean
| “ described by
= -'"—'—'—3’\ Beth -Bloch
FAPPS11, l ™ o

October 2011 Marco Zito



|dentification with ionization measurements

= Peculiar detector response

= But many measurements

= Can be combined for a powerful PID
= With features to be well understood

FAPPS11,
October 2011
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Figure 27.7: Strageling functions in silicon for 500 MeV pions, normalized to wnity
at the most probable value 8p/=. The width w is the Rl width at half maimum,

Marco —.wu



*m Cherenkov radiation

FAPPS11,
October 2011 Marco Zito
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_ . Allison, Wright 1983
Interaction of charged particles

g4 — YV
Ve—=cos 0.=1
C
1 - S =
Im £
) Eai
regime: optical | absorptive X-ray e
effect:  Cherenkov| jonisation | yransition radiation
radiation
Below the excitation energies ~eV ~ke\yy Above 5keV, real photons are
of the material € is real and > 1. emitted if there are
Real Cherenkov photons for discontinuities in the material
> C => transition radiation
v / From 2 eV to 5 keV, € is a complex
€

number, virtual photons are exchanged,

L o 50
lonization and excitation



Cherenkov radiation

Cerenkov radiation is emitted when a charged particle
passes through a dielectric medium with a velocity >
threshold speed (speed of light in the medium)

FAPPS11,
October 2011 Marco Zito
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Cherenkov radiation

Cherenkov radiation is emitted when a charged particle passes through a dielectric
medium with velocity B>1/n

- i~ T rnr

with n=n(i) =1

1
— G- ~0 Cherenkov B Opay =arccos—

B B =—
LC threshold "

Number of emitted photons per unit length and
unit wavelength interval

5 5 g 5 - dN/dA
d°N 2mz a , 1 l 2T z°a 2
= S =——sin
dxﬂff'].- AE | I,BL HE | f]-..r_ C
d°N 1 .. ¢ _he d°N
«— with A=—=— = const.
dxdA  3° v E dxdE

‘saturated’ angle (B=1)

A
dN/dE

»E



Cherenkov radiation

medium  n Busx (deg) Npu(eV ecm’) B Energy loss by Cherenkov radialic:r/
air™® 1.000283 1.36 0.208 small compared to ionization (=0.1%)
isobutane® 1.00127 2.89 0.541 B Cherenkov effect is a very weak light
water 133 412 160.8 source

quartz 1.46 46.7 196.4 = need highly sensitive photodetectors
*NTP

E;
Number of detected photo electrons N, = Lsin” HTE IEﬂ{E}I [5:(E)dE
ic 3 .
E, i

e _.s
v

1 -1
Ny =370-eV" -cm ™ (&ppq )AE

AE = E, - E; Is the width of the sensitive range of the photodetector (photomultiplier,
photosensitive gas detector_..)

Ny is also called figure of merit { ~ performance of the photodetector)

Example: for a detector with {Em,ﬂ;}-ﬁf =02-1eVV L=1lem

and a Cherenkov angle of & =30°

one expects N, =18 photo electrons




Threshold Cherenkov detectors

E Threshold Cherenkov detectors particle radiator medium
1 1 .
N, =1- =1——-(1+m‘/p‘)
P ﬂzﬁz n2
11 [ T T T T T
1.0} R
Ex. : -~ 09 7 -~
xample: study of an 5 /S B - n=1.03
< 08 / kaon
Aerogel threshold = o7f / -
=] . .
detector for the g6t/ S e
5 = o s
BELLE experimentat & qgs5¢ / - =102
KEK (Japan) =2 04} ~
| '
D.Bjr.l ,,,,,,,
Goal: n/K separation s 0.2f
= 0.1 ; ; P n=1.01
D':I L | L L :‘r 5 al L L
0 1 2 < 5

Commonly used also on beam line instrumentation

FAPPS11,
October 2011

Marco Zito
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Ring Imaging Cherenkov detectors (RICH)

RICH detectors determine 6 by intersecting the Cherenkov cone

with a photosensitive plane

—» requires large area photosensitive detectors, e.q.
« wire chambers with photosensitive detector gas
« PMT arrays

DELPHI
g 70
& n=128
ﬂ CeF e liquid g
- K : K
o 7
.1 1]
E &
0 —
i -
L]
é' » K/'p
F -]
-]
¢ II
p [GeVi]

A A A VA S | e \J e

171Ul WV IV

£

(J. Saguinct, T. Ypsilantis,
MIM 142 {1977) 377)

v
7

(1 (1 E)
8- = arccos| — |=arccos —-— |
Iy 7 u_!
( B 5
1 p"+m™ |
= arccos| —-—— |
n p |
b
1 o
CD":-IE"'C:_ — —ﬁ=t3115-ﬂ"5|
ng
Detect v,, photons (photoelectrons) —
pe.
Th Ce . 8
oy —L — minimize T
| 3 =
| Npe. — maximize N, ,



detector
window

RICH performance

¥ b
v :

_—
,/ !

Determination of ©_requires :

*Good resolution on the detected photon
*Thin radiator (or focusing system)
*Accuracy on track direction and momentum

window
radiator

- 1 1 dn
oo = Ty = —
f  ntan@ ntan & dE

OF

FAPPS11,
October 2011 Marco Zito
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RICH detector :

| 2 radiators but one photon detector for

Delphi at LEP

n/K/p identification 0.7-45 GeV

particle

Cherenkoy

DELPHI particle 1D

dEdux/dEdux{mip)

g peeees®
B = B dn =)

o

&
L

=
e
I
T
il
-

Cerankov angle [rad]

o
3

i

O

7

4

L

L

=
L F
5

p [GeV]

Photon detector based on TMAE (220nm)
added to drift gas of a MWPC
Drift over 1.5 m =>slow response
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Babar: Detector for Internally Reflection Cerenkov

Standaff Box
10752 PMTs in water

Magnetic

Basic principle of the DIRC s TG ~PMT + Base
- P 11,000
support tube for 12 barbox Air I
containing 12 fused silica b Gk .
ﬂ h__ - r, < *
" I ! "
L-Light %
o TT.25 mrm Ar Catcher » 4
" (35.00 rmm rag)

Track
Tragachary

. Y by i
i | -Mirror W :
4 | r . - -
Cuarnzs, Bars b i, oy
= i iy
)
. 5 m

Photan Path

L
PMT Mang—" % |

Water

|
e 4
f,z—Sianl:I off Bow (SOB)—

-9 M~ -10mm
, 117 m

4 ¥ 1.225 m Bars

Quartz use to produce cerenkov light
and transport light up to PMT

ans European School of HEP 21



LHCDb

Two detectors (HPD) and three radiators :
aerogel (2-10 GeV), C,F,, (10-60),CF,(16-100)

RICH-1 Top View RICH-2

Tracking Photon
chamber Gas (C4F10) \ detectors (HPD)— 7\
Sl ""Mirmr 300 mrad
i e (R =200 cm)
‘y|LAerogel ¥ LN
n= %3} 120 mrad ="
T Window *
| e beam pipe L
-‘\\ Mirrors <
Cenire-of-curvalure i

{ 200 mrad tlt)

Photodetectors (HPD)

0] ] 2 A
FAPPS11,
October 2011 Marco Zito
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Super Kamiokande

50 kton

S
T —
ter
A - -
iy, oo i
G 23
a1
il e '_ ik ez
. X i
-_ _____ -l
vim
- =
il 4
- '-‘-'. ()
v * ——
L f
S L i e
FPERKEAMICHAMNDE T RS AT RERTAMGH LH AR T O TN il

39.3m
Inner detector

11146 of 20” PMT

FAPPS11,
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eInteraction vertex from timing

eParticle direction from ring
shape

eEnergy from measured pulse
in the PMTs

eParticle
pattern

identification from

FAPPS11,
October 2011

Principle of identification

'0000‘.'..

"1 L
(LR % '....

CHERENKOV EFFECT a000

M TYYY S L L
00 000000 0D
80000000 0

Sl

P=vlc nfwater)- 133
cos 8= 1/Pn
p=1  0=42degrees

Marco Zito
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Neutrino events in SK

Atmospheric muon (FC) Atmospheric electron

FAPPS11,
October 2011 Marco Zito
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Transition radiation

Transition Radiation was predicted by Ginzburg and Franck in 1946 TR is also called

TR is electromagnetic radiation emitted when a charged particle sub-threshold
traverses a medium with a discontinuous refractive index, e.g. Cherenkov radiation
the boundaries between vacuum and a dielectric layer. 54 .

medium |vacunm Eﬂ\
\ ==

electron

A (too) simple picture

g<1l

regime: optical Horay L
A correct relativistic treatment shows that. .. effect Cherenkov

(5. Garibian, Sov. Phys. JETPES (1958) 1079) radiation

absorptive

ionisation

transition radiation

« Radiated energy per medium/vacuum boundary

W:%&;ﬁmp}; only high energetic e* emit TR of detectable intensity.

- particle 1D

(N.& [ plasma

&

| fiew, = 20eV (plastic radiators)
\ &m, | frequency | '



+ Number of emitted photons / boundary is small

Transition radiation

W 1 Y

1 Y e —
PR 137

- Need many transitions — build a stack of many thin foils with gas gaps

Emission spectrum of TR = f(material, ) sl Simulated emission Spe:ﬁm'm i
wp of a CH; foil stack -
Typical energy: fio ~ %ﬁ @, v ol ]
- |
— photons in the keV range "B
Ly
o} d
X-rays are emitted with a sharp ak -
maximum at small angles & « 1/y af -
— TR stay close to track R E R N

Particle must traverse a minimum distance, the so-called formation zone Z;, in order to

efficiently emit TR. 2
M)

z:fdepends on the material {m},]; TR frequency (®) and on .

E{;—r"m‘r) ~ mm, EfrCHE,J ~ 20 um -2 important consequences for design of TR radiator.

&= @, | @



alternating arrangement of
radiators stacks and detectors
— minimizes reabsorption

Transition radiation

TR Radiators: \/

stacks of thin foils made out of CH, (polyethylene), C;H,0, (Mylar)
hydrocarbon foam and fiber maternials
Low Z material preferred to keep re-absorption small («<Z3)

RDRDRDRD -V -

T

RSN U B P
QRa R EQ—

BEAM
B TR X-ray detectors: :
= ANODES
* Detector should be sensitive for 3 < E, = 30 keV. FELD
i WIRES
* Mainly used: Gas detectors: MWPC, l
drift chamber, straw tubes. .. mﬁ
» Detector gas: Cpnoto effect © Z°
L | - £ = dE/dx TR (10 keV)
— gas with high Z required, e.g. Xenon (Z=54) 2 2 t
e s - iRl ( ) 3 ~200 e +500 e
L i
- - . & = w o Discrimination
* Infrinsic problem: detector "sees s = /\ S —
TR and dE/dx !




ATLAS TRT

|
The ATLAS Transition Radiation Tracker (TRT) /

Brrel Slllecn Sirp

photo of an
endcap TRT
sector.

om

Straw tubes (d = 4mm) based
tracking chamber with TR
capability for electron identification.

Active gas is Xe/CO,/0O, (70/27/3)
operated at ~2x10? gas gain
drift time ~ 40ns ( fastl)

Radiators
« Barrel: Propylen fibers
« Endcap: Propylen foils
d=15 pum with 200 pm spacing.

Counting rate ~ 6-18 MHz at LHC
design luminosity 10* cm~s-1



ALICE TRD

FAPPS11,
October 2011

Drift chamber with Xe/COZ (85 15)

CR oo P & F‘m
luuarﬂ;::-Iiﬂlc:aticm
region
| Bmm
drift region
‘[' ¥ 30 mm
zmez- 1110 e
sSustars | [T C
L L
o rearvoes }{ --"I
| > Radiator
= ' fibers
f
pion TR photon  slsctron
Marco Zito
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ALICE TRD performance
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FAPPS11,

October 2011 Marco Zito

fibres-17pm A MO

8 LO
m L-QX

S
L13)
o
5
Q
=
2
P
o
L
te il

90% @ olf, “arg,, )
ﬁiﬁ}'E:E I 0 me;ﬁoc( E

1 15 2
Momsntum (GeV/ic)

68



PID summary

= Muons: low energy deposition in calorimeter. High
penetration

= Electrons: Shower in calorimeter. E/p

= e/u/n/K/p lonization, ToF, Cherenkov, Transition

Radiation

TR 1 , e identification
TOF 11 1 — 1
dE/dx mm—  —— /K separation

RICH s i
10 10° 10¢ 10° 10° 104
p [GeVic]
FAPPS11,

October 2011 Marco Zito 69



aounts
2000

Energy loss: straggling functions

4 cm Ar-CH4 (95-5)
5 bars

N = 460 i.p. 1

PARTICLE IDENTIFICATION
Requires statistical analysis of hundreds of samples

4000
FWHM~25010p. |
Counts 15 GeVic
6000 ‘ lect
000 | ‘ ] protons electrons
-\.“'\«.‘1 \x\_"\‘_‘-‘-— A000 T
g V—rt—_— —‘x,; ,
A00 s, 1000
“xx N (i.p.)
N\ 2000 |
For a Gaussian distribution: oy~ 21 i.p.
FWHM ~ 50 i.p.
0 — — .
0 R00 1000
N (i.p)
I. Lehraus et al, Phys. Scripta 23(1981)727
October 2011 Marco Zito
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