Particle Identification

Peter Krizan
University of Ljubljana and J. Stefan Institute

University “Jozef Stefan”
of Ljubljana Institute




contents

Why particle identification?

Ring Imaging CHerenkov counters

 New concepts, photon detectors, radiators
Time-of-flight measurement

dE/dx

Transition radiation detectors

Muon and K, detection

—> write-up in a review paper: JINST 4:P11017,20009.

Peter Krizan, Ljubljana



Introduction: Why Particle ID?

Particle identification is an important aspect of particle, nuclear and
astroparticle physics experiments.

Some physical quantities in particle physics are only accessible with
sophisticated particle identification (B-physics, CP violation, rare
decays, search for exotic hadronic states).

Nuclear physics: final state identification in quark-gluon plasma
searches, separation between isotopes

Astrophysics/astroparticle physics: identification of cosmic rays —
separation between nuclei (isotopes), charged particles vs high
energy photons

Peter Krizan, Ljubljana
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Example 1: B factory

Particle identification reduces
the fraction of wrong Kn
combinations (combinatorial
background) by ~5x

Searching for a D meson decay to Kr:
From measured kaon and pion tracks
calculate the invariant mass of the
system (i= K,n):

Mc? = (O E)* - (3 B)’e?

The candidates for the D->Kn decay
show up as a peak in the distribution
on a background of false combinations
("combinatorial ).

Peter Krizan, Ljubljana
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Without PID
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Example 2: HERA-B

K*K- Invariant mass.

The inclusive ¢ > KK
decay only becomes
visible after particle
identification is taken into
account.
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Why particle 1D?

Example 3: LHCDb
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Need to distinguish B,=> nr from other similar topology 2-body
decays and to distinguish B from anti-B using K tag.
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Why particle ID?

PID is also needed In:

*General purpose LHC experiments: final states with electrons
and muons

eSearches for exotic states of matter (quark-gluon plasma)
eSpectroscopy and searches for exotic hadronic states

«Studies of fragmentation functions

Peter Krizan, Ljubljana



Entries / 0.5 ps

Asymmetry

Why particle ID?

Particle identification at B factories (Belle and BaBar):
was essential for the observation of CP violation in the B
meson system.

SO0T o, ke : BO

BY and its anti-particle
decay differently to the
same final state J/y K°

200

100}

Flavour of the B: from decay
products of the other B:
charge of the kaon, electron,
muon

—>particle ID is compulsory
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Example: Belle S

n and K, detection system

(14/15 layers RPC+Fe) Aerogel Cherenkov Counter
f" (n=1.015-1.030)
. _

/3.5 GeV e*

Silicon Vertex De
(4 layers DSSD

Electromag. Cal.

- e /f “ ] ' (Csl crystals, 16X,)

N> - > “Central Drift Chamber
' \ (small cells, He/C,Hy)

ToF counter
1.5T SC solenoid
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D>
Particle identification systems in Belle [SVa_

OELLE

u and K, detection system
(14715 layers RPC+Fe) Aerogel Cherenkov Counter

- (n=1.015-1.030)

/3.5 GeV e*

Electromag. Cal.
(Csl crystals, 16X,)

\Central Drift Chamber
(small cells, He/C,Hg)

ToF counter

1.5T SC solenoid
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Ildentification of charged particles

Particles are identified by their mass or by the way they interact.

Determination of mass: from the relation between momentum and
velocity, p=ymv (p is known - radius of curvature in magnetic field)

—~>Measure velocity by:

e time of flight

e jonisation losses dE/dx

e Cherenkov photon angle (and/or yield)

e transition radiation

Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons
—>calorimeters, muon systems

Peter Krizan, Ljubljana



Efficiency and purity are tightly coupled!

Efficiency and purity in particle identification

Two examples:

particle type 1 type 2
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Time-of-flight measurement (TOF)

Measure time difference over a known distance, determine velocity

scintillator 1 scinfillator 2

| ———particle
.--—"'-—-.——P//
photo-
K %ul’ripliers\ )
=) N 7 (i
discriminators
o b ,
multichannel analyzer
sfop__|time to }
ampli -
tude
start ! conver-
fer : fine

Fig. 6.5. Working principle of time-of-flight measurement.
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Time-of-flight measurement 2

Time difference between two particle
species for path length=1m

Required resolution, example:

/K difference at 1GeV/c: 300ps

10¢

For a 3o separation need
o(TOF)=100ps

Resolution contributions:
*PMT: transient time spread (TTS)

ePath length variation

time -of-flight difference A t[ns]

1 lllllll

pp—

0.1 1 10
momentum p [GeV/c]

eMomentum uncertainty
eDecay time of the scintillator
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t(kaon)-t(pion) (2m) [ps]
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Time-of-Flight (TOF) counters
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Time-of-flight measurement 3

Resolution of a PMT: transient time spread (TTS), time variation for
single photons

Tubes for TOF have to be optimized for small TTS.

Main contribution after the optimisation: photoelectron time spread
before it hits the first dynode.

Estimate: take two cases, one with T=1eV and the other with T=0 after
the photoelectron leaves the photocathode; take U=200V and d=10mm

T=1eV: v, = [ (2T/m) = 0.002 ¢ , a=F/m=200eV/(10mm 0.5 108eV/c?)
d = vt +at?/2 > t = [l (2d/a+(vy/a)?) — v /a

T=0eV : v, = 0 = t=[ (2d/a)=2.3ns

Time difference: 170ps is a typical value.

Good tubes: o(TTS)=100ps

For N photons: 6— o(TTS)/ [ (N)

Peter Krizan, Ljubljana



Read out: time walk with a leading edge
discriminator

Vth

||||||

o Variation of time determined with a
1280~ leading edge discriminator: smaller
12600t PUISES givVe @ delayed signal

- Has to be corrected!

1220! | I
100 153 .20 m%ﬁ%pc
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Time walk correction 1

Vth
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One possibility: measure both time 1240~ Wileg

(TDC) and amplitude (ADC) 1220 sl

adc vs tdc
—> Correct time of arrival by using a /

AT(ADC) correction

L
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TDC vs. ADC correlation
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Time walk correction 2:
constant fraction discriminator

v input pulse v
t
0 /
0 t .
0 LS
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Leading edge discrimination vs
constant fraction discrimination

CF discrimination
LE discrimination U(t) 2 U(t-t) — k U(t)
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Wi,

Read out: waveform sampling

‘t W 1111
o l ; :

3mm x 2.8mm, TSMC 0.25um

64k samples deep

Multi-MSa/s to Multi-
GSa/s

Example: Buffered LABRADOR (BLAB1) ASIC

Gary Varner, Larry Ruckman (Hawalii)

Variant of the LABRADOR 3

Successfully flew on ANITA in
Dec 06/Jan 07 (<= 50ps timing)
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Time-of-Flight (TOF) counters

Traditionally: plastic scintillator + PMTs

Typical resolution: ~100 ps —=>pion/K separation up to ~1GeV.

To go beyond that: need faster detectors:
—>use Cherenkov light (prompt) instead of scintillations
—>use a fast gas detector (Multi gap RPC)

However: make sure you also know the interaction time very precisely...

Peter Krizan, Ljubljana



TOF with Cherenkov light

Idea: detect Cherenkov light with a very fast photon detector (MCP PMT).

Cherenkov light is produced in a quartz plate in front of the MCP PMT and

In the PMT window.

\

Cherenkov phatons_;

from PMT wind

ow

MCP-PMT

x‘/na! 117.0 7 62
165.3

[
=]
=)

counts

P2 . /¢
p3 1.505
P4 52.33
5 48.19

1.848

175

150

125

p =2GeV/c

100

75

50

25

020 30 0 30 50 70

time [1bin=25ps]

Proof of principle: beamt test with
pions and protons at 2 GeV/c.

Only photons from the window

Distance between start counter and
MCP-PMT was only 65cm



Very fast: MCP-PMT

BURLE 85011 microchannel plate (MCP) PMT. multi-anode
PMT with two MCP stages

% photon

photoelectron k

photoelectron

4 secondary elec

—_—

MCP Pore ——,
Dual MCP

Secondary
Electrons _\-x "

Anode

ccelerating Voltage

-> very fast (c=40ps for single photons)

Peter Krizan, Ljubljana



# of sigmas

Time-of-flight with fast photon detectors

Expected p/K separation

20 o P -
"I v v [ —e— dE/dx |:n 100, t=1.2cm, 1 bar, 80fHe+2wc4H1t})
18 : A - ! : } . ¥ = @ - TOF (2 m path, sigma = 1 ps)
N A LI LI = /A = TOF (2 m path, sigma = 5 ps)
d a v = B = TOF (2 m path, sigma = 10 ps)
16 1 T CA* oV S R S SO = # = TOF (2 m path, sigma = 15 ps)
R L v = O = TOF (2 m path, sigma = 20 ps)
: N L L == BaBar DIRC
14 —‘ ------ R e MRttt ST —o— Aerogel Forward RICH
12 +
10 -
8 4
6 -
4 -
2
0

Momentum [GeV/c]
J. Va'vra, slides shown at RICHO7




ALICE TOF

130 mm

Very faSt Iarge area (140m2) ) — active area

74 mm

particle detector:
- MRPC, multi-gap RPC

o=50ps (incl. read-out) MG o T
. = honeycomb pickup pads
n/K separation (3c) up to 2.5 _Natoobie 7

GeV/c at large track densities  |dfterential signal

sent from strip to
interface card

0.55 mm thick
external glass
plates with
acrylic paint

0.4 mm thick
internal glass
plates

PCB with
anode pickup
pads

5 gaps of 250
micron

Connector to bring
cathode signal to
rentral read-out PCB

PCB with cathode
pickup pads

Peter Krizan, Ljubljana
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H, liquid

—dE/dx (MeV g_lcmz)

IIIIII| 1 L1 11111
1000 10000

By = p/Mc

dE/dx is a function of velocity 8

For particles with different mass the Bethe-
Bloch curve gets displaced if plotted as a
function of p

For good separation: resolution should be ~5%

dE/dx

|dentification with the dE/dx measurement

10

1 |

o

8

10 100
p(GeV/c)
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|dentification with dE/dx measurement 2

Problem: long tails (Landau distribution, not Gaussian)

Events (B.Adevaetal, NIM A 290 (1990) 115) Events
a0 | ki T 30 T T T
1 VY,I rA€ : . L 4 wires b 1
L: most likely a) ] 25 ) >
o l 1 energy loss i [ l
A: average 20 90<08<100 deg 1
energy loss ‘ q 4 wires averaged
40 90<®©<100 deg A 15 ]
10 |- 1
20 - t
Cut L
L Pulse 5 | x
height i Pulse height
| el 4 - 1
% 200 400 800 [mV] % 200 400 800 [mV]

Peter Krizan, Ljubljana



|dentification with dE/dx measurement 3

Optimisation of the counter: length L, number of samples N, resolution (FWHM)

If the distribution of individual
measurements were Gaussian,
only the total sample thickness
would be relevant.

Tails: eliminate the largest 30%
values - the optimumm
depends also on the number of
samples.

Peter Krizan, Ljubljana



|ldentification with dE/dx measurement

06F T T ]

Problem: long tails (not Gaussian!) /\
fi B n
— 041 i & ¢ \"a
.-_: L I.' H % '1“
= / \
= W l'-.__
Energy loss distribution for = 0 | r
particles with traversing A [ -
1.2 cm of Ar gas (solid line). i lll T, Pl
0.0 < ; ! M Do e —
| 2 3 4
A (ke
Parameters describing are the most probable energy loss =

the position of the maximum at 1371 eV, and w, the full-width-at-half-
maximum (FWHM) of 1463 eV. The mean energy loss is 3044 eV.
Dotted line: the original Landau function.

—->Many samples along the track (=100 in ALICE TPC), remove the largest

~40% values (reduce the influence of the ling tail) - truncated mean

—> Hans Bichsel: A method to improve tracking and particle identification
In TPCs and silicon detectors, NIM A562 (2006) 154


http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TJM-4JNFN6M-3&_mathId=&_user=4536617&_cdi=5314&_pii=S0168900206005353&_rdoc=1&_acct=C000008398&_version=1&_userid=4536617&md5=d944838bd5ef40408720d2e4f359d61d
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TJM-4JNFN6M-3&_mathId=&_user=4536617&_cdi=5314&_pii=S0168900206005353&_rdoc=1&_acct=C000008398&_version=1&_userid=4536617&md5=d944838bd5ef40408720d2e4f359d61d
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TJM-4JNFN6M-3&_mathId=&_user=4536617&_cdi=5314&_pii=S0168900206005353&_rdoc=1&_acct=C000008398&_version=1&_userid=4536617&md5=d944838bd5ef40408720d2e4f359d61d

|dentification with dE/dx measurement

dE/dx performance in the STAR TPC

~ 25 . : . . . 8
E =L 10
-9- | H H H H
2 107
SR - = W NN R S N
g B 10°
gOId-gOId 'uc 2 2\ - AN ;
collisions g)'-1_5 S ....................... ......................... ........................ ........................ 10
10*
1 ...................................................... 103
102
0_5 ....... -b =
. ' 10
I_ Iq.:.:l_ I_-_I_:F_i _ 1 -I 1 ] 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1
0 05 0 0.5 1 1.5 2 !

Iog1 . p/q (GeV/c)

Energy loss in the STAR TPC: truncated mean as a function of
momentum. The curves are Bichsel model predictions.
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dE/dx in ALICE

ALICE performance
" work in progress

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:29:52

Fill : 1482

Run : 137124

Event : 0x0000000042B1B693

TPC signal (a.u.)
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Track-averaged corrected TRT ToT [3.12 ns]

Time-over-Threshold (ToT):
dE/dx in ATLAS TRT

4 E
35" ATLAS Preliminary ~ —
- 7
3 - Simulation =
=, e
25F - -
= - .
2 e =

E .~ .
15F R =
0.5 =
o =

= | Ll

10
Proton By (true)

—_

2010 data: The track-
averaged ToT distribution as
a function of the track
momentum.

Track-averaged corrected TRT ToT [3.12 ns]

The relation between the track ToT
measurement and the track By,
obtained from MC studies.

s=7Tev
|dg| <1 mm
|z 5|n9|<1mm

.I-,:I_II|IIII|IIII|IIII|IIII

w 2 O O ~N @

-4000 -3000 -2000 -1000 O

. ATLAS Preliminary

1000 2000 3000 4000
p [MeV]

10°

10

10

Number of tracks / 20 MeV / 0.056 ns



Cherenkov radiation

A charged track with velocity v=fc exceeding the speed of light c/n in a
medium with refractive index n emits polarized light at a characteristic
(Cherenkov) angle,

cosO = cy/nv = 1/Bn

Two cases:
- B < B = 1/n: below threshold no Cherenkov light is e

=2 B = B, : the number of Cherenkov photons emitted over uni
energy E=hv in a radiator of length L:

N _ @ Lsin® @ =370(cm)*(eV)*Lsin’ 6
dE ’cC

—>Few detected photons

Peter Krizan, Ljubljana



.{B Belle: threshold Cherenkov counter, ACC

s (aerogel Cherenkov counter)

K (below threshold) vs. & (above) by properly choosing n for a
given kinematic region (more energetic particles fly in the
‘forward region’)

as1828 BarrelAcCc n=1.013 TOF/TSC

Detector unit: a block < Voo fomod. -

©on=1.020 n=1015 ' 5si.040

of aerogel and two \\ \rmma zrmm..d
fine-mesh PMTs MASSH u,f...;.{.;—;.;_ Endcap ACC
\ ‘ I

n=1.030

25" FM-FMT

E}FH -PMT
£, :

Fine-mesh PMT: works in high B fields (1.5 T)

Peter Krizan, Ljubljana



D

%ﬂ% Belle ACC : threshold Cherenkov counter

expected yield vs p NIM A453 (2000) 321

cerogel n=1,010

yield for 2GeV<p<3.5GeV.:

normalized photon yield

g . expected and measured
number of hits
2 J’
£0.9 n=1.010 (A)
B T T N £0.8 e K
1] 5 1 | 2 2.5 3 AS ;}((;;wf[; :%0? A "
50.6 histo:MC
=0.5
- Good separation between fﬁgﬁ
pions (light) and kaons (no light) 0.2
between ~1.5 GeV/c and 3.5 GeV/c ﬂ'é

0

10 20 30 40
number of hits



Measuring Cherenkov angle

aerogel

-,
-

Cherenkov photons. -~ ~,
particle
=
N
2 cm 20 cm photon detector

Proximity focusing RICH

RICH with a
focusing mirror

Idea: transform the

direction into a coordinate -
ring on the detection plane
= Ring Imaging CHerenkov

Cerenkov angle

velocity




Cherenkov angle (mrad)

25

20

Measuring Cherenkov angle

ol

20 30 40 50 60 70
T particle momentum (GeV/c)
P

thresholds

Radiator:
CaFy0 9aS
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Photon detection in RICH counters

RICH counter: measure photon impact point on the photon
detector surface

—> detection of single photons with

e sufficient spatial resolution

e high efficiency and good signal-to-noise ratio (few photons!)
e over a large area (square meters)

50 p

‘*:‘ w Special requirements:
E vE - . e Operation in magnetic field
I - - High rate capability

ok  Very high spatial resolution

-10 F

e Excellent timing (time-of-arrival
Information)

20 B -
30 F

40 F

-50
=50 40 -30 -20 -10 0 10 20 30 40 50
x coordinate (cm)
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Resolution of a RICH counter

Determined by:

Photon impact point resolution (—photon detector granularity)

eEmission point uncertainty (not in a focusing RICH)

eDispersion: 1/ = n(A) cosO
eErrors of the optical system

eUncertainty in track parameters

single photon

Resolution per track: / resolution
O

N

Gtrack —

Pe " # of detected
photons

(in the case of low background)

aerogel photon detector
Cherenkov photons ,. -;[—
....
.....
»® e
.....
- - - -
- -
e® _e*
,,,,,, .
«1°.**" charged particle
*
CF IS
..........
o, e
......
L ] - ~.
. ~ .
Ya, Ve
.......
L] - . . :
2cm 20 cm
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First generation of RICH counters

DELPHI, SLD, OMEGA RICH counters: all employed wire chamber based
photon detectors (UV photon - photo-electron - detection of a
single electron in a TPC)

UV photon
: photo-electron o] TPC
+ X o
> o
o
S
< e[
=
Photosensitive component:
TMAE added to the gas mixture w

wavelength (nm)



Fast RICH counters with wire chambers

/ ‘v shoton
Multiwire chamber with / |
cathode pad read-out: / i wineen
—> short drift distances, . . / e cathode wires (50micron
fast detector iy

anode wires (15micron)

0.5 mm == 0.5micron Csl

cathode with pads

photoslectron

.. signal
Photosensitive component:

ein the gas mixture (TEA): -
CLEOIII RICH g |-

eor a layer on one of the cathodes

(Csl on the printed circuit cathode *

with pads) =

wﬂ.vefengm {rm)

Works in high magnetic field!




CLEOII RICH

Photon detection in a wire chamber with a methane+TEA mixture.
Technique pioneered by T. Ypsilantis and J. Seguinot

" N2 Expansion Gap

~20cm
<& >

Peter Krizan, Ljubljana



Csl based RICH counters:
HADES, COMPASS, ALICE

HADES and COMPASS RICH: gas radiator + Csl photocathode — long term
experience in operation

charged particle

ALICE: Neoceram
o _ 1 | C.F,, liquid
e [iquid radiator £ rc:d};ffr
* proximity focusing 2
CH,/ i . " collection
100 um ' electrode
Cu-Be2 20 um E
wires W-Re3 = '
| wires S :
| % H
c 00000000 €C—_ '
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CERN Csl deposition plant

Thic:-knels; ;
Photocathode produced with a well monitor °
defined, several step procedure, with
Csl vaccum deposition and
subsequent heat conditioning

Remote controlled
enclosure box

grgct)ictiv 4 Csl sources
+ shutters

Peter Krizan, Ljubljana



ALICE RICH = HMPID

The largest scale (11 m?) application
of Csl photo-cathodes in HEP!
SIX

nhoto-cathodes per module

Csl photo-cathode is segmented
in 0.8x0.84 cm pads



Cherenkov angle (rad)
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HMPID Cherenkov angle vs track momentum

pp @7 TeV
ALICE Performance
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Cherenkov counters with vacuum
based photodetectors

Some applications: operation at high rates over extended running periods
(years) - wire chamber based photon detectors were found to be

unsuitable (problems in high rate operation, ageing, only UV photons,
difficult handling in 4rt spectrometers)

- Need vaccum based photon detectors (e.g. PMTS)

Good spacial resolution (pads with ~5 mm size)
- Need multianode PMTs

Peter Krizan, Ljubljana



HERA

Detectors :
Photon detector requirements:

*High QE over ~3m?
eRates ~1MHz
eLong term stability

~1 ton of gas

CaFo \

Planar Mirrors

Spherical Mirrors

Phntm\
Detectors




HERA

Multianode PMTs

Y ZE@® (Photo Cathode)

N# Multianode PMTs with
metal foil dynodes and
2x2, 4x4 or 8x8 anodes
Hamamatsu R5900 (and
follow up types 7600,
8500)

" ABtZ (Input Window)

—
Iy
=
8

H V=S

12000 single photon

—>Excellent single photon pulse height pulse height

spectrum

10000

number of events

3000

600 H V= SN

—~>Low noise (few Hz/ch)

HV=_1000V
4000

2000

—>Low cross-talk (<1%)

050 100 150 200 250 300

9 NIM A394 (1997) 27 pulse height (channels ADC)



HERA

Light collection system
(imaging!) to:

-Eliminate dead areas

-Adapt the pad size

Field lens, 35 mm x 35 mm

{lB]] HERA-B RICH photon detector

Condensor lens

diameter 32 mm

PMT active area
18§ mm x 18 mm

150 mm
1
= L
E @ +-140 mrad
Eo.sf— 500 nm
f 350 nm
.6_—
sk
300 nm
.3_—
L
ob

100 150 200
X angle, mrad a



HERA-B RICH

< Little noise, ~30 photons
per ring

Typical event -

Worked very well!
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Limits of the RICH technique

The choice of RICH radiator medium in case of a specific
experiment depends on the particles we would like to identify,
and their kinematics:

e the threshold momentum for the lighter of the two particles we
want to separate: p, = B,y m ¢, B, = 1/n should coincide
with the lower limit of momentum spectrum p,,- Typically

pmin — D 2 pt

- the resolution in Cerenkov angle should allow for a separation
up to the upper limits of kinematically allowed momenta p,,,.

Peter Krizan, Ljubljana



Cherenkov angle (mrad)

Limits of a RICH detector

Radiator:
C,Fio 0as

R R e e e

7 s ot ey
R S
R
T ) ¥

4*“""% | K/mt overlap

45
40

35

F

| Lo B
o 10 20 30 40 50 60 70

f particle mfm (GeV/c)

P..i, for K/n separation P..x for K/mt separation

min
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n/K separation example:

Limiting performance at the high momentum side: irreducible
contribution to the resolution - dispersion.

radiator LiF | CsFyy | CsFis | No He
solid | liquid gas gas | gas

ap (mrad) 7.0 3.9 0.45 | 0.40 | 0.13

o (mrad) 2.2 1.2 0.14 | 0.13 | 0.04

Pmar (GeV/e) | 3.5 6.9 50 100 | 330

for 3o /K

Pmin (GeV/e) | 0.6 0.9 11 28 83

photon detector: TMAE, 10 det. photons assumed
Summary:

Pmax /pmin ~ 4-7
for a 3o separation between the two particles

For a larger kinematic region 2 radiators are needed!

Peter Krizan, Ljubljana



RICHes with several radiators

Extending the kinematic range - need more than one radiator
e DELPHI, SLD (liquid +gas)

e HERMES (aerogel+gas)

photon
detector
plane

aerogel

Peter Krizan, Ljubljana



The LHCb RICH counters

\
paar, HeAL Ma M5 250 mrad
SPD/PS M3
RICH2 My M2
T3
T2
mrad
Vertex Trigger: PID: Kinematics:
reconstruction: Muon Chambers RICHes Magnet
VELO Calorimeters Calorimeters Tracker
Tracker Muon Chambers Calorimeters

Peter Krizan, Ljubljana



LHCb RICHes

Need:
*Particle identification for momentum range ~2-100 GeV/c

eGranularity 2.5x2.5mm?
eLarge area (2.8m?) with high active area fraction

eFast compared to the 25ns bunch crossing time

: . 8. max
Have to operate in a small B field 250 o
- e e 2 mrad
- T Acrogel
o
—> 3 radiators :
Aerogel BT
*C4F10 = oo i
.CF4 [ | C,F |, gas
50 |- e 53 mrad
I / I e 32 mrad
: 7 //ﬁ K~  Chigas
| 10 100

Momentum (GeV/c)



LHCb RICHes

Photon detector: hybrid PMT (R+D with DEP) with 5x demagnification
(electrostatic focusing).

Hybrid PMT: accelerate photoelectrons in electric field (—20kV), detect it in a
pixelated silicon detector.

Si pixel array
(1024 elements)

\ Ceramic carrier

Photocathode EREE I:—?-::3'_3::-';-:-:3:'-:3:353&3:3:-‘-
(-20kv)

VACUUM

Pl

ceroce [ NIM A553 (2005) 333
- %older
- e—bum inar
\ bonds Slec?trgnics
chip
CERN/EP-TA2

Optical input
window » L
Peter Krizan, Ljubljana



LHCb Event Display

Early data, Nov/Dec 2009
LHC beams Vs = 900 GeV

RICH1 RICH2

LHCb data LHCb data
(preliminary) (preliminary)

» Continuous lines - expected distribution
for each particle hypothesis

F. Muheim, RICH 2010
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DIRC - detector of internally
reflected Cherenkov light

EMC
6580 CsI(TI) crystals

et (3.1GeV

1.5T solenoid !

T

DIRC (PID)
144 quartz bars ALl
11000 PMs G~ s
e - ™ ! - i Drift Chamber
) bl S 40 layers

Silicon Vertex Tracker

Instrumented Flux Return - 5 layers, double sided strips

iron / RPCs (muon / neutral hadrons)

Peter Krizan, Ljubljana



DIRC (@BaBar) - detector of mternall |

Support tube (Al) -

PMT + Base
~11,000
PMT's

Quartz Barbox = -

Compensating coil

Assembly flange
Water

Standoff box

Light
17.25 mm Ar Catcher

(35.00 mm rAd) Bar Box

Track [
Trajectory E ]

Wedge
X !
- w "

I"n.

Photon Path \ \
\

PMT Plane / \

Water ||

(Mirror \‘
uartzs, Bars Y e /
| Qua W /-smnd off Box (SOB)

/ | /
: ‘ 91 mm—- ~10mm |
’i_sm ,\\-. abe- 117 m '-:

4 x 1.225 m Bars
glued end-to-end



DIRC performance

80 T T T T T T T | T T T T
[ | |
BABAR | < Lots of photons!
60 T e Data (di-muon tracks) I
Monte Carlo Simulation
l Excellent n/K separation
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PMT + Base
~11,000
PMT's
Air

Water

17.25 mm Ar
(35.00 mm rA¢)

’
" Photon Path

PMT Plane /'\a

Bar Box
Track [
Trajectory

s
{,
Wedge ,,’
Cd
Mirror \ ‘
AN
i i = e
Y Qum‘lz$ Bars B L

Water

a F i [ /-Stand off Box (SOB)
J—5m A r91 mm-— 10mm .‘
| |
4x 1.225 m Bars ~120 cm
glued end-to-end |
Focusing
Mirror
Cone Pixelated

Projection Photo Detector

~2 Ccm

Yz




Focusing DIRC

Super-B factory: 100x higher luminosity => DIRC needs to be smaller
and faster

Focusing and smaller pixels can reduce the expansion volume by a
factor of 7-10

Timing resolution improvement: o ~1.7ns (BaBar DIRC) - ¢ <150-
200ps (—10x better) allows a measurement of the photon group
velocity c (A) to correct the chromatic error of 6.

10 ; :
g 1] = 4 Present BaBar DIRC
PhOtOI’] deteCtOI‘: En 8 o S = B Future Focusing DIRC with ~3mm pixels
Ea * . * .
*Pad size <5mm g B A o
S . ¢m A
Time resolution ~50-100ps & e..EL
; Y N ""-l __________________________________
2 5
0 : .
2 3 4 5 6

Momentum [GeV/c]

Peter Krizan, Ljubljana




Belle

- Belle II

A
B
=
c
2
— Jr:'

il

SVD:
CDC:

4 DSSD lyrs = 2 DEPFET lyrs + 4 DSSD lyrs

small cell, long lever arm

ACC+TOF = TOP+A-RICH

ECL: waveform sampling, pure Csl for end-caps

| 10 | 1 | 12
B factory - Super B factory
soview |||
Belle Il
. Super conducting coil L
B
y : = - HEH
ml‘ I“/[”’li’é?”“ P s ___(;-_.-";M{Q“?"Q\i\u“}\'fﬂﬁﬁ\? NI /
: 833 51 1588 " ’ 2 |
_.i Y N T LA L « I.I : "/.:;{ T T
| I c
i o ,-I.'l
S F §ol.72 )
S ¢\ swD PXD(2 layers) S 1EE 4
: 310 570 s
8 280 o
— cell chiamb <
acs | : —=r—F [ |ecs § “‘J \
TSVD P — —
| IP Chamber \ k : §
== [l
22 |435(Cryostar)| 00(Cryostat) | . — :.::: = g
L4 F
= r‘-“?f*?;‘-h‘ihm-..,&'.:_h.__,__, 1L ,E%L.f/§444‘:\74442/“/‘:/ﬂ>‘. N X |-|
| 1 G
Belle e [ wmee [
i "o A‘I| o | RO |y
. E;elle-II(Na?'z”geE;m option) —
Parameters are not fixed yet [ s . 0n
a 7 | 3 | ) [ 10 | 11 [ 12

KLM: RPC = Scintillator +SiPM (end-caps)
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Il PID systems — side view

I
(I
— |
—— |

/

—_—ay

hﬁé{m = | | |

s

=

Two new parti;lé ID devices, both RICHes:

Barrel: time-of-propagation (TOP) counter

Endcap: proximity focusing RICH

Peter Krizan, Ljubljana



frop (15)

Time-Of-Propagation (TOP)
counter |

D

Arrav of

fast PMT s

Quartz bar

Linear-array type z /%X

photon detector

Hamamatsu

— One (or two coordinates) with a few mm precision
SL10 MCP-PMT

— Time-of-arrival
- Excellent time resolution < ~40ps

required for single photons in 1.5T B field
Peter Krizan, Ljubljana
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TOP Image

Pattern in the coordinate-time space (‘ring’) of a pion
hitting a quartz bar with ~80 MAPMT channels

Time distribution of signals recorded by one of
the PMT channels: different for & and K
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DIRC counters for PANDA (FAIR, GSI)

Two DIRC-like counters are considered for the PANDA
experiment

Peter Krizan, Ljubljana



PANDA barrel DIRC

Barrel-DIRC

C ﬁ:a nda

BaBar-like

Peter Krizan, Ljubljana



PANDA endcap DIRC

Two different readout designs:

Time-of-Propagation Focussing light guide

i 0
:== antiproton ==:
= o —
31.7cm EE EEI
. = R
. = A
— S
e SN
\4’ ~§I
5 /;" s“\\ >
N QW
I W
U ot
\\I[IIIIIIIIIII\\\\\//
“C4/ (IDIO0000 ==
: m

2,

Peter Krizan, Ljubljana



LHCb PID upgrade: TORCH

A special type of Time-of-Propagation

<
>
counter for the LHCb upgrade <
Track >
LHCb + TORCH o oo o

SPD/PS
RICH2 W

E [ 26 cm /

Mirrored surface

L L1 [ [ |
5m 10m 15m 20m

| cm-thick quartz plate at z=12m

Sides are instrumented too (not shown)



y (cm)

LHCb PID upgrade: TORCH

Focusing block E—
175 P |
A w2 =0180,00)" TRz 0_.40rad Photodetectors —|
15
Mirror
i Focusing block R=1260 .
125 :g Quartz plate
10 o
[ Mirrored edge ~ Bearhpipe
7.5 :_ Photodetector
[6iF=3:5) —
5 -
250cm
25 5
o
_2_5 - -
¥ Quartz plate 66 cm
_5 - 1
:6' ::'5 I5 z|>5 Q 2|5 EI:; I?IE:: 1I0 ? 1+ Bl
T ' 8 0.9 +— 1
z (cm) o _|_
£
e 0.8
=]
o 0.7 +KSK —|—_|_+
06— [+n->K

Expected performance with Photonis 05

Planacon MCP PMTs 0.4
0.3
0.2 —+
0.1 e o
y= I ‘——t—,—v—H—h—'—v—'—_'_T'__F\\

o
N
»
»
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Track momentum (GeV/c)



Endcap: proximity focusing RICH

Peter Krizan, Ljubljana



D

ra=d Endcap: Proximity focusing RICH

K/mt separation at 4 GeV/c:
0.(m) ~ 308 mrad (n = 1.05)
0.(m)— 0.(K) — 23 mrad

| hoton detect .
) PO " For single photons: 80.(meas.)=c, ~ 14
mrad,
Cherenkov photons . Z—— typical value for a 20mm thick radiator and
et 6mm PMT pad size
::"::‘ charged particle —
.................. Per track: - Oy
e Otrack = N
R ey pe
Separation: [0.(m)—0.(K)1/G 4ck
2 cm 20 cm

— 5S¢ separation with N,.~10



D

wamd  Radiator with multiple refractive indices

OELLE

How to increase the number of photons without
degrading the resolution?

- stack two tiles with different refractive indices:

normal “focusing” configuration
n,=n, n,<n,
Iy

Ve
»‘ << >

- focusing

Such a configuration is only possible with aerogel (a form of Si,0,)
— material with a tunable refractive index between 1.01 and 1.13.




D

/o Focusing configuration — data

= - 3/ ndf 267, /16| 3
6000 |- Pl 5495. =
- P2 0.2965
. . - P3 0.2072E-01
4cm aerogel single index P4 85.32
4000 P 796.0

Ny | N2 ny{=nNy

nf= 7.69

2000

/N

M

0 il L R B

0.1 0.2 0.3 0.4 0.5 0.4 0.2 0 0.2 0.4
0 (rad) tx(rad)
theta cerenkov ring in cerenkov space
= o | X/ ndf 1095. 7 16| 3
- Pl A 7289. | =
I P2 0.3074
2+2cm aerogel o Py 0.1428E-0]
P4 74.49
P5 8584.4
Ny N2 ny<n,
4000 |
= nf=7.46
i oo | nb=0.83
0 [\' . | M 1 Ll\\'
0 0.1 0.2 0.3 04 0.5 0.4 0.2 0 0.2 04
0 (rad) tx(rad)

—->NIM A548 (2005) 383, NIMA 565 (2006) 457



Aerogel RICH photon detectors

[ RICH Hit Map, w.r.t. track | rich_2d_1

Entries 412449
Mean x -0.09920

Meany -0.4329

Need: w
Operation in 1.5 T magnetic field
Pad size ~5-6mm

Baseline option: large active area HAPD _
Clear Cherenkov image observed

Of the prOXImIty fOCUSIng type rl L I Ll 1 1 | Ll 1 1 I Ll 1 1 I - | L1 |-D
-100 -50 0 50 100
Cherenkov angle distributio
e Entries 64801
Mean 0.3092
C RMS 0.07419
6000 — ¥2 I ndf 143.5/28
B constant 6129+ 39.4
5000— ::::1“a o.oi-::: z:.:::::
- BG const -192.6 + 20.5
4000 BG slope 1715+ 69.4
C 1
- # of tracks : 2700
3000— # Photons : 41339.7 +- 227.3
r Photon/track: 15.31 +- 0.08
2000—_ BG /track :2.00+-0.03
1000
|

5 e Lol i il lnrrnd Ui s
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Hamamatsu HAPD 6.6 0 p/K at 4GeV/c'!
Q.E. —33% (recent good ones) > NIM A595 (2008) 180




SIPMs as photon detectors?

SIPM is an array of APDs operating in Geiger
mode. Characteristics:

. low operation voltage ~ 10-100 V

. SN e
. gain ~ 10° e
. peak PDE up to 65%(@400nm) b N
PDE = QE X € ¢, X € (UP tO BX PMTY) 5 © (/\\ 100U
. £, — dead space between the cells 5"

o TN g
TN
/ e

« time resolution ~ 100 ps
« Works in high magnetic field

« dark counts ~ few 100 kHz/mm?
. radiation damage (p, n)

1400

PHOTON DETECTION EFFICIENCY (%)

U )

¥ (um)

1200 200 300 400 500 600 700 800 900 1000

1000 WAVELENGTH (nm)

800

_7 Never before tested in a RICH where
& we have to detect single photons. <

e Dark counts have single photon pulse
"o a0 s 109 1200 24 o heights (rate 0.1-1 MHz)

x (um)

6 o

400

200




Can such a detector work?

Improve the signal to noise ratio:
eReduce the noise by a narrow (<10ns) time window

eIncrease the number of signal hits per single sensor by using light
collectors and by adjusting the pad size to the ring thickness

E.g. light collector with reflective walls
or plastic light guide

SiPM

PCB

Peter Krizan, Ljubljana



Photon detector with SIPMs
and light guides




Transition radiation

E.M. radiation emitted by a charged particle at the boundary of two media
with different refractive indices

o
o
)

° Pjons
4+ Muons

o Electrons

1 1 II\III| 1 1 IIIIII| 1 |1 111 III|
10 10? 10° 10* 10°
Lorentz gamma factor

o

Emission rate depends on y (Lorentz factor): becomes important at y~1000
e Electrons at 0.5 GeV

e Pions above 140 GeV

Emission probability per boundary ~o = 1/137

Emission angle ~1/y

Typical photon energy: ~10 keV - X rays

Peter Krizan, Ljubljana



Transition radiation - detection

Emission probability per boundary ~a = 1/137

- Need many boundaries

e Stacks of thin foils or

e Porous materials — foam with many boundaries of individual ‘bubbles’

Typical photon energy: ~10 keV - X rays
- Need a wire chamber with a high Z gas (Xe) in the gas mixture

Emission angle ~1/y
- Hits from TR photons along the charged particle direction

e Separation of X ray hits (high energy deposit on one place) against
lonisation losses (spread out along the track)

e Two thresholds: lower for ionisation losses, higher for X ray detection

Peter Krizan, Ljubljana



Transition radiation - detection

- Hits from TR photons along the charged particle direction

Separation of X ray hits (high energy deposit on one place) against
lonisation losses (spread out along the track)

Two thresholds: lower for ionisation losses, higher for X ray detection

_|_
TC
."...
_I_
.’ C

Small circles: low threshold . o
(ionisation) M o
Big circles: high threshold (X ‘,"
ray detection) s

.0'

9
l.. .




Transition radiation detectors

Example: Performance: pion efficiency (fake prob.)

Radiator: organic foam Vs electron efficiency

w |
between the detector . I
tubes (straws made of © /
canton fOI” e » meh =0.0158+ 0.0 5/
0.5 mm @ 5 mm E 0_1 |

-

2 e T ]
L R L) L L T L L SR X

=
L

m o /
L

beam
\l T T TTTT

L L 1 L L 1 L L L
0.5 0.55% 0.5 265 Q.7 | By 0.8 0.25 Q.9 .85 1
Eleciron efficiency



Transition radiation detector In
ATLAS: combination of a tracker and
a transition radiation detector

. o 1 LTS NRRENEENRRRRARED
70011 pE

: —
T
—
T

21m

\ \ Barrel semiconductor tracker
i ol Pixel detectors

75" | Barrel fransition radiation tracker G
\ -
N y) End-cap fransition radiation tracker _

End-cap semiconductor tracker



(R =1082 mm
TRT < - \
= : g %
. N
\ \ W"d‘:
N TRT
\_R =554 mm|_ '
(R =514 mm [
e
R = 443 mm b
SCT % ~ My
R=371 mm T |
L R =299 mm T
SCH

- Pixels

R=122.5mm
Pixels { R = 88.5 mm
R =50.5 mm
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ATLAS TRT
Radiator: 3mm thick layers made of polypropylene-polyethylene fibers with
~19 micron diameter, density: 0.06 g/cm?

Straw tubes: 4mm diameter with 31 micron diameter anode wires,
gas: 70% Xe, 27% CO,, 3% O,,.

Radiator Sheets

/- Tension Plate

High Voltage Plate g%

Electronics /
Protection Board /

'| Carbon-Fiber Shell
\

| |
|I |
: SO \ = Divider
N h ’ | L Straws
' \‘g\ Straw Endplug
\ Wire Support

\ Capacitor Barrel
 Capacit

TRT module
or Assembly

na



TRT: pion-electron separation

R /A Expected & fake probability

g : at 90% e efficiency
J e :‘ I ‘,l ¥ Y 1\\: a‘ F T T |' T 11 | L I Trr |' LI I '| LI | I LI |' LI I '| LI I L. |
(s i g l S 90%
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TRT performance in 2010 data

e/pion separation: high threshold hit probability per straw
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Muon and K, detector at B factories

Separate muons from hadrons (pions and kaons): exploit the fact that
muons interact only electromag., while hadrons interact strongly - need a
few interaction lengths to stop hadrons (interaction lengths = about 10x
radiation length in iron, 20x in Csl). A particle is identified as muon if it
penetrates the material. =)

Detect K, interaction (cluster): again need a few interaction lengths.

Some numbers: 0.8 interaction length (Csl) + 3.9 interaction lengths (iron)
Interaction length: iron 132 g/cm?, Csl 167 g/cm?
(dE/dX) - iron 1.45 MeV/(g/cm?), Csl 1.24 MeV/(g/cm?)

- AE ., = (0.36+0.11) GeV = 0.47 GeV -> reliable identification of muons
possible above ~600 MeV

Peter Krizan, Ljubljana



Example: Muon and K, detection at Belle

pn and K, detection system
(14/15 layers RPC+Fe) Aerogel Cherenkov Counter

(n=1.015-1.030)

/3.5 GeV e*

Electromag. Cal.
(Csl crystals, 16X,)

Central Drift Chamber
(small cells, He/C,Hg)

ToF counter
1.5T SC solenoid

Peter Krizan, Ljubljana



Muon and K, detector

Up to 21 layers of
resistive-plate chambers
(RPCs) between iron
plates of flux return

Bakelite RPCs at BABAR
Glass RPCs at Belle

(better choice)




Muon and K, detector

Example:

event with

two muons and a

.KL

and a pion that
partly penetrated

na



Muon and K, detector performance

Muon identification: efficient for p>800 MeV/c

efficiency fake probability
0.75 o +++ﬂ++ i 004
i e(W) | | &(m)
° i + ] ) 0.02 e ++ + + |
: : - it _
| i | Wi

0|||||||||||||||||||||||| 0 O.S l 1.5 2 2.5 3

0 0.5 1 1.5 2 2.5 3
P(GeV/c)
P(GeV/c)

Fig. 110. Fake rate vs. momentum in KLM.
Fig. 109. Muon detection efficiency vs. momentum in KLM.
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Muon and K, detector performance

K, detection: resolution in
direction -

60

50k

40 —

clusters

30t

20t

K, detection: also with possible :
with electromagnetic calorimeter 0
(0.8 interactin lengths)

()_..|....|....|....|....|....|....|..
-150  -100  -50 0 50 100 150
d (deg)
Fig. 107. Difterence between the neutral cluster and the
direction of missing momentum in KLM.
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ldentification of muons at LHC
- example ATLAS

25m

= = F

Tile calorimeters

LAr hadranic end-cap and
W, Torvward coborirmelers

Pixzl detector
LAr eleciromagnetic calorimeters

Muon charmbers Solencid magnet | Transition radiation tracker
Semiconductor fracker

Peter Krizan, Ljubljana



|ldentification of muons in ATLAS

Thin-gap chambers (T&GC)
) Cathode strip chambers (CSC)

Barrel toroid
: Resistive-plate
.Identlfy muons chambers (RPC)
eMeasure their End-cap toroid

momentum " Hhoriiored diffibes (MDT)



1500

1000

500

Muon spectrum

H(130 GeV) — ZZ" — 4u

Z — utp~

A(300 GeV) — ptp~

{13 T

2

iad!

C—U
——~— b=y
———-f—=nqu

20 30
py (GeVic)

1100
o _
S,
] E
L 2
i o
] N
o =
] ]
b3
102 O
3 ]
] L
] =
1103 &
: 8
: &
dio+ ©
.'.-1{]—5
50



Muon identification in ATLAS

Material in front of the muon system

P e B L N N
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Mean energy loss (GeV)

Interaction lengths
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Q
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g)l:}
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O True energy loss

=

St
of

5 1 15 2 25 3 35 4
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Figure 5.2: Cumulative amount of material, in units of interaction length, as a function of |1} | in

front of the electromagnetic calorimeters, in the electromagnetic calorimeters themselves, in each

hadronic layer, and the total amount at the end of the active calorimetry. Also shown for complete-

ness is the total amount of material in front of the first active layer of the muon spectrometer (up

to [n| < 3.0).
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Muon identification efficiency
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Figure 10.37: Efficiency for reconstructing
muons with pr = 100 GeV as a function of |17/
The results are shown for stand-alone recon-
struction, combined reconstruction and for the
combination of these with the segment tags dis-
cussed in the text.
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Figure 10.38: Efficiency for reconstructing

muons as a function of pr. The results are
shown for stand-alone reconstruction, com-
bined reconstruction and for the combination
of these with the segment tags discussed in the

text.
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Muon fake probability

Sources of fakes:

-Hadrons: punch through negligible, >10 interaction legths of material in
front of the muon system (remain: muons from pion and kaon decays)

-Electromagnetic showers triggered by energetic muons traversing the
calorimeters and support structures lead to low-momentum electron and
positron tracks, an irreducible source of fake stand-alone muons. Most of
them can be rejected by a cut on their transverse momentum (pT > 5 GeV
reduces the fake rate to a few percent per triggered event); can be almost
entirely rejected by requiring a match of the muon-spectrometer track with
an inner-detector track.

- Fake stand-alone muons from the background of thermal neutrons and
low energy y-rays in the muon spectrometer (“cavern background"). Again:
pT > 5 GeV reduces this below 2% per triggered event at 1033 cm2 s, Can
be reduced by almost an order of magnitude by requiring a match of the

muon-spectrometer track with an inner-detector track.
Peter Krizan, Ljubljana



Identification in astro-physics/astroparticle physics - 1

e Study composition of cosmic rays in balloon or satelite flights

e ldentify (very) high energy cosmic rays and photons with
detectors on the ground

Peter Krizan, Ljubljana



Short flight small area detectors (Balloons)

Examples of Balloon-flown RICH detectors

Incident
Particle
1.5m Top
‘/Scintillalor
i L © Bl
P T
Hodoscope —m ]

] g = — 7 -a— Lead L
Photon it
Detector

A
Gas
Radiator
3m
Spherical
Mirror \
Y
Bottom __g,
Hodoscope
il
\Bottom
Scintillator
Fig. 1. Schematic cross-section of the instrument

3-metre N, radiator, TMAE/CH,: y4=40

p + He at high energy:

3-metre C,F, radiator, TMAE/C,H: Yypelixrizan, Ljubljana



He Li Be
8 i
O Q
4
y=66.0133 y=10442 y=52914
N
5
-
g
&, 0
b
S5t
5 £ 3
*:g 2
0 Wi,
Tin
e, s, _“
S o .
: B g
y=57.81 3% y=138.0 1§ ;.
-5 0 5 50 5 5 0 5
X (cm)

Heavy nucleus rings from 1991 flight —
Note that carbon here has total energy
~ 12*390 GeV = 4.6TeV

Peter Krizan, Ljubljana



CeFin-high
purity gas

Spherical
mirrer

..r 1000

i

BE0 mm

L)

{osmicrav

Figure 1.4: Schemalic view of the CAPRICES8 RICH detecior.



Summary

Particle identification is an essential part of several experiments, and has
contributed substantially to our present understanding of elementary
particles and their interactions, and will continue to have an important
Impact in searches for new physics.

A large variety of techniques has been developed for differnt kinematic
regions and different particles, based on Cherenkov radiation, TOF, dE/dx
and TR.

New concepts and detectors are being studied - this is a very active area of
detector R+D.

Peter Krizan, Ljubljana



Back-up slides
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Corrected TDC "'}
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Photon electron detection: d,

- Y
modeling \%
Photo-electron: -
. o d ~ 0.8 mm T e \ :
Parameters used: 0,max
.U=200V «f,~1l4ns
el =6 mm « At, ~ 100 ps
. Eo =1eV | | | |
. m_ =511 keV/c?
° eo =1.6 10_19 AS |
Y \\ 1

Backscattering: Y

° dl,max ~ 12 mm e

T 2.8 ns > [

Charge sharing >

Peter Krizan, Ljubljana



Photo-electron:
t, ~| 2m, d, ~ 2l /i Cosa
Ue,

simple estimates o Ue, _ .. _
S = B

Distributions  assuming ...t 2

that photo-electron is |

emitted at angle o “F 02 -

uniformly over the solid «~f 5~ B
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Elastic back-scattering

d,

Distributions
assuming that back-
scattering by angle
IS uniform over the
solid angle
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counts

Understanding time-of-arrival distribution

Normal photo-electrons

|

70

%

103

10

Inelastically scattered

10
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TDC [ps]

photo-electrons?

Elastically scattered
photo-electrons
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MCP PMT: sensitivity

Number of detected hits on

Individual channels as a
““ function of light spot position.
1 |=|I Ei il || |=| J % rﬁ ||| :_:_:_ﬂ ﬂ"'Hllliﬂﬁ % B=0T,

HV = 2400 V

]

ch. (}ade.de cur

B=15T,
HV = 2500 V

' N o
g B = !
L - | st = Gl PR LI i o
i P gy Ve 1tk 3 1.
v it Lt ' R L : |
1| (R o e u i KT P S
LT s e Haepm !t - i !
ATk g o BH IR i | A
3 HOIN 1= v i moms=nnnm : | A i
B il L ' ' . lf_:nl_!_ F !.II-'- il . : i 1
) HIBIBIR i I ST RN e T
| 111 1 H 1 | 1| [ i (EH K EE I I i L]y H
i 20 40 s A

xch. Oade.rde cut

In the presence of magnetic field, charge sharing and cross talk due to
long range photoelectron back-scattering are considerably reduced.



Time resolution: blue vs red
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Wire chamber based photon
detectors: recent developments

Instead of MWPC:

eUse multiple GEM with semitransparent or reflective photocathode -
PHENIX RICH

eUse chambers with multiple thick GEM (THGEM) with transm. or refl.
photocathode (considered for the COMPASS RICH)

CsI photocathode / UV photon

€& > Segmented
_ %\— readout

~o.3mm ~ & ——  electrode
THOEM I &
-—

lon damage of the photocathode: ions can be blocked

Peter Krizan, Ljubljana



TRT performance
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Figure 10.25: Average probability of a high-
threshold hit in the barrel TRT as a func-
tion of the Lorentz y-factor for electrons (open
squares), muons (full triangles) and pions (open
circles) in the energy range 2-350 GeV, as mea-
sured in the combined test-beam.

at 90% electron efficiency
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Figure 10.26: Pion efficiency shown as a func-
tion of the pion energy for 90% electron effi-
ciency, using high-threshold hits (open circles),
time-over-threshold (open triangles) and their
combination (full squares), as measured in the
combined test-beam.
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Entries [normalized to unity]

TRT performance IN 2010 data 2

dE/dx performance:
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Timing with a signal from the second
MCP stage

If a charged particle passes the PMT window, ~10 Cherenkov photons are
detected in the MCP PMT; they are distributed over several anode channels.

Idea: read timing for the whole MCP second stage output
device from a single channel
(second MCP stage), while 64

...........
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TOF counter with
Burle/Photonis MCP-PMT J. Vavra, VCI2007

G 115 - Single photo-electrons: Timing resolution ¢ = f(Npe):
60
--B-- No amplifier, No CFD, TDS5104 scope 'leading edge' timing
50 --#--- No amplifier, Phillips 715 CFD, TDS5104 scope 'zero-crossing' timing
1200 - G = (31.6 £0.6) ps ﬁ """"" --¢--- No amplifier, Phillips 715 CFD, Ortec TAC566 & ADC114 'zero-crossing' timing |
1000 & Cuige —(99.6£6.3)ps — @ — Ortec 9327 Amp/CFD & TAC566 & ADC114 'zero-crossing' timing
B 40 | 1‘,* --#& -- Hamamatsu amplifier 63x, Phillips 715 CFD, 25ps/ct TDC, 1-st electron timing
~ P
- W A ‘ | | | | | |
800 = l i 5 5 5 5 5
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Number of photoelectrons

. TOF counter: Burle/Photonis MCP-PMT with a 1cm thick quartz radiator
. Present best results with the laser diode:

- 0 — 12 ps for Npe — 50-60, which is expected from 1cm of the radiator.
G 115 — 32 ps for Npe — 1.
Upper limit on the MCP-PMT contribution: ¢ y,cppyt < 6.5 pS.
TAC/ADC contribution to timing: ¢ tac apc < 3.2 pS.
Total electronics contribution: 6 |4 e,_ectmnics~ 7.2 ps.
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