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Particle Identification

Particle Identification

Particle identification is an important aspect of high
energy physics experiments.

Some physical guantities are only accessible with
sophisticated particle identification (B-physics, CP
violation, rare exclusive decays).

One wants to discriminate: n/K, K/p, eln, y/=0 ....

The applicable methods depend strongly on the
interesting energy domain.

Depending on the physics case either g,, or g,

has to be optimized:

_ njtag s
Efficiency: o= NI /Ny B \

.. . ) —t
Misidentification: éxy = Nx)/( ag/Ny >
Exy

Rejection: Ry = &xx/€xy

The performance of a detector can be expressed in

: Q-Q
terms of the resolving power Dy, =——2>
7Q
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Specific energy loss

Particle ID using the specific energy loss dE/dx

P=mAy Simultaneous measurement of p and
de 1 2 2 dE/dx defines mass m, hence the
nls%?)
particle identity

161 /
/ }\A
H / n/K separation (2c)

T requires a dE/dx
1t resolution of < 5%
K
Average energy loss
for e,u,n,K,p in 80/20
Ar/CH, (NTP)

12

m

dE/dx

p (J.N. Marx, Physics today,
Oct.78)

1 |
01 10 100 A

p(GeV/c)

8

But: Large fluctuations + Landau tails !
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Y Specific energy loss (backup)

Improve dE/dx resolution and fight Landau tails

« Chose gas with high specific ionization
» Devide detector length L in N gaps of thickness T.
« Sample dE/dx N times

Events (B.Adevaetal, NIMA 290 (1990) 115) Events
a0 T T a0

. T 1 T T T

1 que It L 4wires b) ]

| L: most likely a) { 2 l' ]
60 - l L energy loss 7

A: average 20 | 90<8<100 deg 1

[ energy loss i 4 wires averaged 1

40 90<®<100 deg A 15:— y

| TS ]
20 [- -

Cut

l Pulse 5 F b

height i Pulse height ]

0 ) 1 AN s " ]

0 200 400 800 [mV] 00 200 400 600 [mV]

(M. Aderholz, NIM A 118 (1974), 419)
T T MR AR A T T T 7 v T

Don’t cut the track into too
many slices !

There is an optimum for
each total detector length L.

I W W T |

A 1 1 L2 )} l 1 |
110 20 50 100 200 500 1000
N

 calculate truncated mean, i.e. ignore samples with (e.g.
40%) highest values

» Also pressure increase can improve resolution, but
reduced rel. rise due to density effect !
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@ Specific energy loss

S

Example ALPEPH TPC
Gas: Ar/CH, 90/10

Neamples = 338, wire spacing 4 mm

dE/dx resolution: 4.5% for Bhabhas, 5% for m.i.p.’s

ALEPH

oL

1onization
N

I +
IIIIIIIIIIIIIII
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L |
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10 log scale !
momentum (GeV)
g
=
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0 T T [ r r Tt r [ r r Tt [ T T 11
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momentum (GeV) linear scale !
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y Specific energy loss

dE/dx can also be used in
Silicon detectors

Example DELPHI microvertex detector (3 x 300 um Silicon)
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Time of flight

Particle ID using Time Of Flight (TOF)

bt

v vV

start stop

Combine TOF with momentum measurement (P =m,5y)
2.2
m= pw/%—l Mass resolution 97— @ﬂ,Z(EJr%j
L m p t L

TOF difference of 2 particles at a given momentum

L1 1L 22,2 22, 2|  LC( 2 2
At_c(ﬁl ,BZJ_C(\/lﬂrhc/p \/1+mzc/p)~2p2(mL m,

10¢

i Atfor L =1 m path length

c; = 300 ps
n/K separation up to
1 GeV/c

— e\ s

time -of-flight difference A t[ns]

I
1 1 llll.lll

0.1
0.1 1 10

momentum p [GeV/c]

CERN Summer Student Lectures 2001 o
Particle Detectors Christian Joram V/7




()Y Time of flight

S

Example: CERN NA49 Heavy lon experiment

Na 49 experimental setup (part)

SPS beam Pb 160 Gevy

VTX-1
dp/p <0.5%

VTX-2
dp/p <0.3%

TOF-TR

I TOF-GL (0.62m2)
- grid scintillator systen

TOF-TL (1.1m2)
lle scintillator system

Small, but thick scint.

8x3.3x2.3cm
Long scint. (48 or 130 cm),

read out on both sides

TOF requires fast detectors (plastic scintillator, gaseous
detectors), approporiate signal processing (constant fraction
discrimination, corrections + continuous stability monitoring.
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S

Time of flight

System

resolution of
the tile stack
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1.04
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Interaction of charged particles

Remember energy loss due to ionisation...

There are other ways of v, m
energy loss ! 0
hw, hk
» A photon in a medium has to follow
the dispersion relation
a):27zv:27z%:k% wz—kiczzO £=n°

8/\

Ree \
1

Ime chematically !

regime: optical | absorptive X-ray ©

effect: Cherenkov | jonisation

.y transition radiation
radiation

» For soft collisions + energy and momentum
conservation — real photons:

_ - 0 1 1
w=V-K=v-kcosd — cosfd=—-= =
VK ng ,8\/2
— Emission of Cherenkov photons if #>1/n
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Cherenkov detectors

Cherenkov radiation

Cherenkov radiation is emitted when a charged particle
passes a dielectric medium with velocity

1 L
B2 P =— n:refractive index
n

with n=n(1) >1

Bie == —> 6c~0  threshold

n
1
Omax =&CCOS— ‘saturated’ angle (B=1)

dN/dA
Number of emitted photons per unit
length and unit wavelength interval
A

sSn“0c  dN/dE

d°N  277%a 1 217°a .
- 1— -

2 2
IN 1 with p= 62" dN
dxdl 42 v E dxdE
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j Cherenkov detectors
medium n Omax (B=1) Npn (V' cm™)
ar 1.000283 1.36 0.208
Isobutane 1.00127 2.89 0.941
water 1.33 41.2 160.8
quartz 1.46 46.7 196.4

Energy loss by Cherenkov radiation small compared to
ionization (~1%)

Number of detected photo electrons

E2
. o
Npe = Lsnzﬁ% Eng(E)li‘[gi (E)dE
1

Ng =370-eV - em {gioq JAE

AE = E, - E; is the width of the sensitive window of the
photodetector (photomultiplier, photosensitive gas detector...)

Example: for a detector with (&t )AE=0.2-1eV  L=1cm
and a Cherenkov angle of 6c =30
one expects Ny, =18 photo electrons
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Cherenkov detectors

Particle ID with Cherenkov detectors

Detectors can exploit ...

N(B): threshold detector (do not measure 0)
® 0O(p): differential and

Ring Imaging Cherenkov detectors “RICH”

Threshold Cherenkov detectors

principle
1 H . .
N~1- 2 2 radiator medium mirror

1 :
= 1_? : (1+ m2/ p2) particle
PM
Example: 11y —
study of an ég T T T T T T T T
Aerogel =5 9 _
toshold & 08 Preon L0
; 0.71
detectorfor @ ot /
> o -
the BELLE 2 o5/ | o
experiment at .2 0.4r/
. N
KEK (Japan) . 0.37/ _________
s Oizj’, ——— =1.01
Goal: n/K . 0.1} | n=1.
separation 0.0, 5 . " : .

Praon [GEVIC]
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Cherenkov detectors

n=1.028 Barrel ACC =103 TOFITSC
E0mod.
G0mod. | '
L n=1.020 n=1.015 I||' n=1.0140 _
\\ ' 240mad. zinnmn:l. , 3;%{11, ¢
i i |
—— ,"E:"-.. I A L e Endcap ACC
1 L Ty e i, T
: T o o : n=1.030

3" FM-PMT
2.5" FM-PMT
iﬂ

Aluminum containar
Finameash FiAT /0. 3mm thick]

The Belle Detector
edited by S. Mori
KEK Progress Report 2000-4.

AEE

3000
5 b)
>%'3.5 GeV/c p

2000}
1500}
1000}

500t

0 200 400 o600 800 J000

ADC ch

CERN Summer Student Lectures 2001 .
Particle Detectors Christian Joram V/14




Cherenkov detectors /r
@]

Ring Imaging Cherenkov detectors (RICH)

(J. Seguinot, T. Ypsilantis, NIM 142 (1977) 377)

RICH detectors determine 6. by

intersecting the Cherenkov cone Q_g::_'_ -
with a photosensitive plane N ‘;r{- ‘;,:;s-

— requires large area photosensitive detectors, e.g. "‘-’4
» wire chambers with photosensitive detector gas
« PMT arrays

1 \/ p +m?
0c =arcco§ — | = arcco — arcco
ng
g T(X);:—'—f __________________ :_“M_,_ phirnc
I n=1.28
s W CoF s liquid 1
g" mg_-"‘" .-"/ ...... K
= WELK [ m/Klp Kip DELPHI
o W0F 4 R p
100E
— 0 : .
08
g :g E n=1.0018
w > F C.F,,gas
S w0k 5F12 9
O30 E ‘
®U 0 3 n/h ﬂ/K/p F K/p
10 - / ’
0 L N
1 10
p [GeVi]
-~ =tan@- Oy
o — minimize o
0 0
L. Op ~ ..
Detect N photons (p.e.) > oy N > maximize N,
p.e. €.
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Cherenkov detectors

Principle of operation of a RICH detectors

DELPHI RICH

2 radiators
+ 1 photodetector

CoFy, (40cm, gas) .y i/ _'?J"-""
C,F,, (50 cm, gas) Lo

spherical mirror

Photodetector
TMAE-based

/ CFiq (L em, liquid) oo,

Two particles from a hadronic jet (Z-decay) in the DELPHI gas
and liquid radiator + hypothesis for m and K

100

GAS RADIATOR

80F
60;
wof
20:—

0 sin(¢) [mrad]

of
20fF
40}

-60F
b -7
80r g) - K
-1 I U AAPAPIS USRI ETEPUPE SPU BN B AV
0360 80 “60 40 20 0 20 40 60 80 10
0 cos(¢) [mrad]

A RICH with two
radiators to
cover a large
momentum
range. n/K/p
separation

0.7 - 45 GeV/c:
DELPHI and
SLD

o0
(=]
(=]

. LIQUID

0. sin(¢o) [mrad]
g.88

(=]
T

1 PR

U TP R |

RADIATOR

8 M EPENSN U S
0—%00-600-400-200 0 200 400 600 800

0 cos(¢) [mrad]
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Cherenkov detectors /rvw

Performance of DELPHI RICH (barrel) in hadronic Z
decays

0.8

e Cherenkov (rad)
G) Cherenkav (rad)

fo=g
<
|

DELPHI

DELPHL

‘ | 1994 ST
0.708081 2 3 4 5 6 78 I 4 5 678091 2 4
l:)(GeV/C) P(cev/c)
Q Q B Q B
c c = c =
.0 .0 - .0 =
2 Q2 B o B
{505 |- 1505 [ 505 |-
i M =~
B B (o]
07\\‘ | | \\HH‘ | | 07\\ | \\HH‘ O H‘ \\HH‘ 2
1 10 Pcevie 1 10 Poevie) 1 10 Peevie) )
ntagged asn Ktagged as n p tagged as &t g
[
> 1 = 1 = 1 2
Q B Q B Q B ©
c |- c |- c = =t
Q2 L Q0 L 0 5 )
. . S f g
50.5 |- i50.5 | 505 [~ =
- - i =
- 5 - g
07 .= oT\l | | \\HH‘ | 07\\‘ LI L] é
1 10 Pieevre) 1 10 Picevic) 1 10 Picevic) A
© tagged as K K tagged as K p tagged as K T
%)
> 1 > 1 > 1 S
Q B Q B Q B <
c = c = c - (&)
Q2 - Q0 - Q0 = n
i50.5 |- i50.5 |- {505 |- g
O:H-L-._rv-—\uun OfTwT"IJ;u—‘—WfJ\\_L'—" — 07\\ Ll L1
1 10 Picevie) 1 10 Picevie) 1 10 Pisevie)
mtagged as p Ktagged as p p tagged as p
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Cherenkov detectors

Photo detectors for RICH counters

- Gas based detectors
Admix photosensitive agent (TEA, TMAE) to detector gas
example DELPHI:

TPC like detector (CH, + C,Hz + TMAE)

-54 kW
. — | X-y projection

lllllll

N ese ‘—> - .
> z from drift time
MWPC
guartz box
\Y4
C cone
Drawbacks:

- slow response because of long drift times (many us)
- A(TMAE) = 220 nm => only sensitive to UV light

example ALICE: A MWPC with Csl deposited cathode pads

Printed Circuid Board (PCB)

cadhode pads (8x8mm 2),
_____________________________ / Csl deposited
% A T TT T LTTITI I TPPPPP oo sense wires, 4 mm spacing

EEEEEEEEEEEEEEEEEEEEEEEER llcathodemeg]
]\mmm

EEEEEEEN sssmssmnxnnnmnnnn Y Collection mesh
X quartz window (2mm)

radiator (C4F,,)

Fast response (<100 ns), but still only sensitive to UV light
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@ Cherenkov detectors

%y - b L — ,,;v-:" e 4 ’ ‘
The mirror cage of the DELPHI Barrel RICH (288 parabolic mirrors)
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y Cherenkov detectors

o “Marriage” of mirror cage nd central detector part
of the DELPHI Barrel RICH.
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Y Cherenkov detectors

- Vacuum based detectors
Photomultiplier tubes, Hybrid Photo Diodes.
example HERMES (DESY)

3870 PMTs, Philips
XP1911/UV, @ 3/4”
+ light funnels

3D view of one
half detector

Double radiator
C,Fo 0as
Aerogel

J\\I\‘\\\\\\

oo g ¥gasring” | Online Event Display

BOTTOM RICH

G, ~ 8 mrad
N, (aerogel) =8
Np.e. (C4Fq) =12
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Y Cherenkov detectors (backup)

. Col I,
The DIRC of BaBar " Adam ot al, SLAC-PUB. 8345
(asymmetric B-factory at SLAC)
Detector for Inernally Relfected Cherenkov light

Support tube for 12 barboxes

Bucking containing 12 fused silica bars
coil S

Standoff Box
10752 PMTs in water

Magnetic
Shield

Support tube (Al)

Quartz Barbox

Compensating coil
‘exploded’
view of the 1N

Dl R C . Standoff box
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@ Cherenkov detectors (backup)

S

Basic principle of the DIRC

Air

17.25 mm Ar
(35.00 mm rad)

Bar Box
Track /_
Trajectony

Wedge
Mirror "‘\ / !
Vaud AP 5

-
,..l"
[- - T -
Quartz®, Bars S, _

/ I

5m I L

I_n n.I

4 x 1.225 m Bars

glued end-to-end
Transport of C-light by internal reflection in quartz bar.
Detection by PMT array. Stand off tank filled with water for
ref. index matching.

¢ Ngyar, = 1.47,

& O, =43° 6max =47°
¢ T=999%/m

¢ R=99.96 %

¢ ~200-400 bounces

¢ loss ~10-20% = f(04;,)
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y Cherenkov detectors (backup)

DIRC: Event reconstruction is a bit more difficult !
Cherenkov “ring” is decomposed into disjointed segments.

Run Mo = 5933
ETimne = 25200
EDate = 54170000
Event =10

Simalation

¢ Elecwon
® Feco Hirs (m tume! + Pion
o Reco Hits (backer? gt
® Best solunons (BG) : 2 Praton

¢ o, = 9.8 mrad, (7.0 mrad from @;,,=28 mm, 5.4 mrad from
dn/dE).

®Npe —30
¢ /K separation of 3.1 c at p = 3 GeV/c
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Transition radiation detectors

Transition radiation detectors

(there is an excellent review article by B. Dolgoshein (NIm A 326 (1993) 434))

TR predicted by Ginzburg and Franck in 1946

Electromagnetic radiation is emitted when a charged particle
traverses a medium with a discontinuous refractive index, e.g.
the boundaries between vacuum and a dielectric layer.

medium [vacuum

P~
@ >
>—" \

A correct relativistic treatment shows that...
(G. Garibian, Sov. Phys. JETP63 (1958) 1079)

A (too) simple picture

[+T4\

electron

O Radiated energy per medium/vacuum boundary

1 - Only high energy e* will
W _éahwW/ emit TR. Identification of e*

N e’ : :
0p =, ( plasma j ho, ~20eV (plasticradiators)
£oMy frequency
Q X-rays are emitted with a sharp maximum at small angle
0 cly
— TR stay close to track
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Transition radiation detectors

O Number of emitted photons / boundary is small
wW 1

co~—0

N.,,~—
P e 137

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

Q Particle must traverse a minimum distance, the formation
zone R= c;/z/a) , in order to efficiently emit TR.

O Emission spectrum of TR: from optical to X-ray region.

Particle detectors exploit only X-ray part.
Typical energy:  pp ~ %ha)py

— photons in the keV ranae

T T T
16 .

14 -

12F .
10
* Simulated emission
spectrum of a CH,, foil ¢}
stack ok

dN/dE » 10

d.

i ] 1 1 i L L 1 '
2 4 6 8 10 12 14 16 18 20 22

E, KeV
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Transition radiation detectors

TR Radiators:

For practical reasons (availability, price, safety) mainly stacks
of CH, foils are used.

Low Z material preferred to keep re-absorption small (<Z°)

R DRDRDRD sandwich of radiator stacks

I I I I > and detectors
— minimize re-absorption

Also various hydrocarbon foam and fiber materials have been
used (example ATLAS Forward TRT).

TR yield in foams are smaller than in regular stacks due to
large dispersion of mean foil thickness and pore size.

TR X-ray detectors:
» Detector should be sensitive for 3 < Eys 30 keV.

» Mainly used: Gaseous detectors.
MWPC, drift chamber, straw tubes...
-DV +HV
¢ I OT'
» Detector gas: Lo

5
Gphoto effect < Z

— gas with high Z required_, [l ‘ﬂ TR :

Xenon (Z=54) is a good > P I

candidate s A t o] anooes

RADIATOR ; E P FIELD
Intrinsic problem: detector sees TR from ?i" WIRES
electrons, but also dE/dx from other
. LONG. DRIFT

particles. CHAMBER
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ATLAS Transition Radiation Tracker

—

A prototype
endcap “wheel”,

X-ray detector:
straw tubes (4mm)

(in total ca.
400.000 )

Xe based gas

TRT protoype performance

Rijectinn with maghetic field L8T. threshold 17
1
: I

Figm eMigigngy

Pion fake rate

at 90%
electron

detection ]
efficiency: e

Tgo = 1.58 %

-
10 1 1 1 i L 1 1 L
0.5 0.3% 0.4 [ B3 .7 [ B [l 052 (R .95

Ele=lran #ficinrey
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Particle Identification

Summary:

¢ A number of powerful methods are available to
identify particles over a large momentum range.

* Depending on the available space and the
environment, the identification power can vary
significantly.

A very coarse plot ....

TR | et identification
TOF s

} n/K separation

dE/OX mrsss =

RICH s

10t 10° 10t 102 108 10*
p [GeV/c]
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