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Outline

A Introduction

A Particle ID techniques:
U Time of flight
U dE/dx
U Transition radiation

U Cherenkov radiation
A RICH detectors
A DIRC detectors

A Give examples of experiments and detectors
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Introduction (i

A Particle ID for hadrons

U Distinguish between kaons, pions , protons, deuterons
A Required for flavour physics
A Specific experiment requirements
U Distinguish between electrons and charged pions

U Distinguish between electrons and muons
A For neutrino experiments
A For rare decay searches
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Detector technologies

Practical Gaseous lonisation Detection Regions

This diagram shows the relationship of the gaseous detection regions, using an experimental concept of applying a varying voltage to a
cylindrical chamber which is subjected to ionising radiation. Alpha and beta particles are plotted to demonstrate the effect of different ionising
energies, butthe same principle extends to all forms of ionising radiation.

The ion chamber and proportional regions can operate at atmospheric pressure, and their output varies with radiation energy. However, in
practice the Geiger region is operated at a reduced pressure (about 1/10" of an atmosphere) to allow operation at much lower voltages;
otherwise impractically high voltages would be required. The Geiger region output does not differentiate between radiation energies.
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Low-penetrating radiation enters via an end window, but high-penetrating
radiation can also enter via the cylinder side wall.
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Multiwire proportional chamber
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By Michael Schmid - CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=442715

By Wiso - CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=2934457
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Landau distribution

Energy loss due to ionisation
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Time of flight

Time difference for two particles with masses m ., and m , forlength L
and momentum P ( which is given by the tracking system )
o, U 0 O ( a d)) ( a cb)
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Mass resolution depends on time resolution of detectors and distance L
Typical values: L=3.5 m,Dt=100 ps, for 3 s separation, P . =2.1 GeV/c

max

Requires fast detectors: scintillation, Cherenkov, fast collection of ionisation
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PID with TOF
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TOF: ALICE experiment

http://aliceinfo.cern.ch/Public/en/Chapter2/Chap2_TOF.html
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Stopping power [MeV cm?/g]

lonisation Measurement ( dE/dx)
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BetheBlock formula (for @ m/M << 1)

dE/dx in silicon

2
dE 4nNe* , (. 2mdpy*
=2 (m T B
dx mczﬁ 1
< 2000
m Landau Distributions
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Fig. 1. Landau {dE/dx} distributions for pions of momenta

dE/dx (GeV/cm)

220, 100 and 50 MeV going through 300 pm of silicon.
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Fig. 3. (dE/dx) as a function of momentum in STAR-SVT.
For low momentum pions one can use the pion curve to extract
the momentum from the measured d£/dx as shown.

Ref: NIMA 469(2001) 31315
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dE/dx: CMS SiI tracker

AEach Silicon sensor givedEdXmeasurement.
A Estimate the Most Probable Value from severat25)
measurements (Truncated Mean: Ignore upper 40%)
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Drift chambers
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dE/dx : Drift Chambers

Larger Landau fluctuations compared to those from Silicon detectors.
So many measurements needed to get the average. Rgef. |IEEENS VOL:47 . NO:6, Dec2000.

. o _ o, -
BABAR Drift Chamber: Gas mixture 80% helium, 20% isobutane,
3500—4000 ppm water vapor, ~ 80 ppm Os
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Combined TOF and dE/dx

NA 49: Heavy ion experiment,
TOF Scintillator thickness=2.3 cm, time resolutions958995ps

TPC fodHdx.

13m -
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Fig. 2. Central part of the NA49 experimental setup.
Fig. 5. Particle separation in NA49 with combined dE/dx and
TOF information.
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Transition Radiation (TR)

ATransition Radiation: Radiation in the x-ray region when ultra

relativistic particles cross the boundary

between 2 media with different dielectric constants.
A Mainly for e-p separation in 0.5 GeV/c A 200 GeV/c.

Cdzf t SELX FylidAz2ya | yR i KS RSNAGIFGA2ya FNRY
NIMA 326 (1993) 43469 and in references

The radiation is peaked at a small angle:
q = 1/9

) € ”n p p
Qo ¢ . oo —(—E— —2—
Q - o] 1w, =plasma freq of medium i
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TR Detection

Integrating the previous equation, one can get, g0,

A g E#fm of the particle. This makes PID
possible by measuring W.

A Lighter particle give larger signal
W C8 O p T | r A w; = plasma frequency = 28.8 (r Z/A)%5 eV
r density, Z=atomic weight, A=atomic
number

For example, for w; = 0.02 keV and g= 5000, most of the photon energy is
in the range 10 keV< w <100 keV (ie. 0.1 w.<w < w,

where w . = cut-off frequency ).

1 L4 | N —|f\ N —L\
Number of photons produced g — ] + —
(1) () 5o

Forw.=100 keV and w = keV, N= 0.03 for a single surface.

Hence to get sufficient number of photons , large number of interfaces are used:
a stack of many foils with gaps in between.
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TRD Example 1: HELIOS experiment (NA34)

A The minimum thickness of the foils and air gaps are determined by the size of the
6formation zonebd and the interference effects.

( typically, foils can be 10 -20 mm thick and are made of polypropelene )

A Behind a TRD foil stack there is a MWPC or drift chamber where the
TRD signal is detected along with the signal from the charged track.

—_I:}".-' ¥ H;.-'
T
E G=0 TR & .- ELECTRON Drift space = 10 mm,
| sl Anode space = 6 mm
BEAM e |, b b oeseT TiuE Drift time=0.5 A1 ns
o R ek May use FADC or
: G - - -
i 5} ANODES discriminators
RAADMATOR E ; FIELD
+ i+l WRES
1
LONG. DRIFT
CHAMBER
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TRD Example 2: ATLAS TRT

Barre} SCT NN
Forward SCT il

TRT straw wall design

Film

Mandrel
Gap = 100-300 pm

Pixel Detectors

Film

Barrel and endcap TRT

Blue dots: ionizing hits | an average event, energy deposit from:
Red dots : TR hits lonization loss of charged particles ~ 2.5 ke\
TR photon > 5 keV.
(Photon emission spectrum peaks at3((keV)
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Cherenkov radiation

Lake Placid 7 LHCDb Collaboration Week
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Basics of Cherenkov radiation

photon

N Charged patrticle

D é(‘O ) oYX Refractive index

Al

e_T 1 0o 0jo 00 a

Jp @m

b = velocity of the charged particle in units of speed of light (c) vacuum
P, E ,m = momentum, energy, mass of the charged particle

Gu = speed of light in the medium (phase velocity)

E,»= photon energy

| = Photon wavelength

Theory of Cherenkov Radiation: Classical Electrodynamics by J. D. Jackson (Section 13.5)
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Refractive index

Glass

1.9
Lanthanum dense flint LaSF9

1.8
17 Dense flint SF10
L Flint F2

Barium crown BaK4

Refractive index n

Borosilicate crown BK7

Fluorite crown FK51A4

1.4 I T I I T I
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Wavelength A (um)

Ve

Cherenkov angle is not constant
A The spread of angles is referred to as

Science & Technology
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Number of photons

Number of emitted photons:

Between two wavelengths:

The number of photons increases with energy

v=2.3E8

Number of photons per unit length per wavelength interval for Cherenkov
radiation as a function of wavelength

d*>N/dxzd)\ (arbitrary units)

Wavelength (metres)

v=2.8E8

& Science & Technology
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Using frequency instead of wavelength

~
Q3

Q0 n

1 (.L) 'Q
Qo T (_)”<p ﬁ)W

Typical example: Charged particle with momentum of
few GeV/c or more emitting Cherenkov photons with
few eV of energy
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Detected photons

TI'_Lc)b c“ g<p L) <£ ﬂ) For | =400nmand | =700 nm

€ )\ _
0 L oa
—~ T waE+
U
If the photons are reflected by a mirror with reflectivity R( | ), and detected by a
photon detector with quantum efficiency QE( | ) through a window with

transmission T( 1)

0 1 wirYO YOE+
0 0DOE+ And if we assume the mean angle oR

11 4

U UV UVOE4+
N, is a figure of merit for a Cherenkov detector; e.g. N,=200/cm is a good value
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A variety of Cherenkov detectors

A Detector design:
U Threshold Counters

U Imaging detectors
A Differential Cherenkov detectors
A Ring Imaging Cherenkov detectors (RICH)
A Detector for Internally Reflected light (DIRC)

A Types of photon detectors:
U Gas based
U Vacuum
U Solid state
A Applications:
U Accelerator HEP detectors

U Astroparticle Physics detectors
U Neutrino detectors

Science & Technology Warwick Week 2025 - A Papanestis
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Threhold Cherenkov Counters

MIITOr
—_— radiator (e.g. gas)
n,p

U Signal produced from only those particles which are above Cherenkov Threshqg
Basic version: Yes/No decision on the existence of the particle type.

o photomultiplier

N

i

U One counts the number of photoelectrons detected.

U Improved version: Use the number of observed photoelectrons or a calibrated pulse height
to discriminate between particle types.

U For typical detectors: N= 90 cmt

Non per unit length of the radiator = N (m,2 ¢ my?)/(p?+m,?)

At p= 1 GeVIcN,, per unit length = 16 /cm fdPionsand O for Kaons.
At p=5 GeVIcN,, per unit length= 0.8 /cm fdPionsand O for Kaons.

i Db/b =tarfq/ (2 *sqart(N,,))

Science & Technology Warwick Week 2025 - A Papanestis
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Differential Cherenkov detectors

A
With Solid (quartz) radiator ! x
/
radiator "" P 1
. K.p /| "."
~
CYUINDRIC AL
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]
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RADIATOR
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3=in. PHOTOMULTIPLIER

Sttty S
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s
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|

|

|

[

|

|

)

|

cylmdrical mirror

U Very small acceptance in b and direction of the
charged particle. (Narrow range in velocity and
direction intervals ).

U Mostly used for identifying particles in the
beam lines.

U D /b=(m?

p.m.

m,2)/2p? =tanqDq

m,,m, (particle masses )<< p ( momentum)

uDb/ b from 0.011to 4* 10 ¢ achieved.

——————— —— — — —

U Discovery of anti-proton
in 1955 by Chamberlain,
Segre et. al. at Berkeley.

MIRRORS

V()

ARRANGEMENT OF THE
THREE PHOTOMULTIPLIERS

(b)

U Nobel Prize in 1959
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Threshold Counters

BELLE: Threshold Cherenkov Detector
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S | & u Performance from test-
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ST e
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_ _Goretex Reflector AApprOX 2007 3 5 GeVle p
ol 20 photoelectrons sl
; per Pion detected 3.5 GeV/c Tt
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120mm < FMPhotowube  AMore than 3s
/ separation
v}v
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Base & Preamplifier » Warwick Week 2025A PaparPesl%glow and p above Threshold
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RICH Detectors

detector surface spherical mirror

Proximity focusing geometry

d <

>

radiating medmm

particle

U Measures both the Cherenkov angle and the number of photoelectrons detected.
U Can be used over particle identification over large surfaces.
U Requires photodetectors with single photon identification capability.

Science & Technology Warwick Week 2025 - A Papanestis
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Refractive index range

+C4Fi0 yQuartz
+CF, +C¢F14 liquid
«Ne ,Aerogel

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
1 1.1 1.2 1.3 1.4 1.5

1 O s

Momentum

Science & Technology Warwick Week 2025 - A Papanestis 31
@ Facilities Council



RICH performance

2003 ) 211 -221

a o For particles well above threshold
U ~ B. N. Ratcliff, NIMA 502 (
L ,[—oelee p
: : (13-5 m(;ad Fused Silica
c mra .
-% o2k C¢F., (liquid)
© —
o L
) L
w -
X i
o
2 10 =
1 |
1
Particle momentum (GeV/c)
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Detection of optical photons

A Photocathode:

U A surface engineered to convert optical photons to electrons using the

photo -electric effect

U Requires the energy of the photon to be
U Also possible in gas form
U Quantum Efficiency (QE): fraction of photons converted to electrons
PMT QE and Cherenkov Spectrum Convolutions
10:' T 1 T T T | — T T T T E -------- BURLE sa54 QE
S K-Cs-Sb o35l T o oe
e : = ; " Cherenkov Light Intensity Eﬁglaﬁlseiigggsﬁ(?:193?5?94-') 2
g 10 L. 3 . o0sf N ET 9390KB (GE * 564/3%)
_ visible 5 Y o,
E 1 S o251 .
E 1 CE'::| 1 utEJ E ",:' .............
3 _ CSBI’ E g 0.2 E_ - .::::- o
< CVD diamond 2 0 d
0.1k ; 3 F =
i ] S e R
LTV 0.05— : 0 :: J—
0.01 |I-.‘| i T TR DT T S N E : ,;.-" H'"" * .:.‘.a.-;
150 200 250 300 350 400 450 500 550 I AN N S N e —
200 250 300 350 400 450 500 550 600
Wavelength [nm]
wave length [nm]
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1000

TPMHBOSS0EA

Latest photocathodes

Spectral response ® |steristics
®
2 Peak | PHOtO- Quntum
< Type No. Range ici
fé o yp g wavelength cathoyti efficiency
- E 200 materia Typ.
25 (m) | (nm) (%)
% = R11265U-100-M4| 300 to 650 400 SBA 35
; 10N 103 = -\ R11265U-200-M4| 300 to 650 400 UBA 43
gg 3 :x: = R11265U-103-M4| 185 to 650 400 SBA 35
E g w:::‘ \\ R11265U-203-M4| 185 to 650 400 UBA 43
s° 1= = 3 H13226A-100 |300t0 650 400 SBA | 35
g LuA | H13226A-200 |300 to 650 400 UBA 43
| — CATHODE RADIANT SENSITIVITY Sf.i H13226A-103 | 185 to 650 400 SBA 35
==-QUANTUM EFFICIENCY
0.1 : : ' ' ; H13226A-203 | 185 to 650 400 UBA 43
200 300 400 500 600 700 800
WAVELENGTH (nm)
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Detection of photo -electrons

A Gas based detectors
Proportional counters
MWPC
GEM
Other kind of micro - pattern detector
A Vacuum:
U Photomultipliers
U Microchannel plates
U Hybrid photon detectors (HPD)

;
;
;
;

A Solid state
U Avalanche photo -diodes (APD)
u SiPMs
Science & Technology Warwick Week 2025 - A Papanestis
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Gas based detectors

charged particle

container

— Cg R radiator

—-puartz window

CH,

collection
electrode

pad cathode
covered with = =

, " MWPC

Csl film :

— frontend
electronics

Proximity focussing

U Used in ALICE experiment at CERN

U Thickness of : radiator = 10mm

quartz window= 5mm
MWPC gaps=2 mm
Wire cathode pitch=2 mm

Anode pitch=4 mm

anode diameter= 20 micron

pad size = 8*8 mm?

U Total detector area: 12 #n
U Open geometry: using MWPC

photon

Backscatteralectron

Electron transport region (diffusion)

Typical gain10 4

|// S S A S //\ //‘
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GEM based gas detectors

h : reflective
\%

photocathode
/
= ¢ _ -
P ) ) & GEMI
D & o € GEM2
P @ 4w
: anode
| | strips

GEM: Gas Electron Multiplier GEM with semi-transparent Photocathode

(K-Cs-Sh)
y Photon and ion feed back reduced. " T4GEM gain |+ nion, w5 ; ]
U Gated operation to reduce noise. .[1atm J = AdCH, (20:80)
6y2 NBIFR2dzi 2dziaARS I WGAYS gAyRZF- 2 T/ é?)\ Ayt Qo
U For now only closed geometry ( in sealed tubes): B} msf_ A / ]
Reduced fraction of useful area for photon & |
detection (Active Area Fraction) compared to open wr oA _ / ]
geometry. . Gains >10¢ - i
m;oo 250 300 350 400 450 500 55(}
'SVGEMW]
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Pixel -HPD description

Vacuum Si pixel array
photon (1024 elements) Anode
detector \ Ceramic carrier
Photocathode N \\
(-20kV) )
VACUUM \% Main features:

Photoelectron

Quartz window with thin S20 pK

Cross-focussing optics ( tetrode
Elsatiisdi structure):
Solder ADe-magnification by ~5
N pump i AActive diameter 75mm
\ " Y 484 tubes for overall RICH
Optical input SyStem
window 0 kV operating voltage (~5000 e 9 [eq.
Schematic Si))
view 32332 pixel sensor array ( 500 mm?2 500 nm
each)
Encapsulated binary electronics readout
Science & Technology Warwick Week%ﬂs - A Papanestis 38
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Silicon Photo -Multiplier

= Primary building
block, GM-APD.

4
i

P+ electric contact
£ § / s ures
mrn R
e n epi Drit space for low C
Bias voltage [ " i oy sen
I +— Electric contact
U Photon Detection Efficiency (PDE) ;jﬂ

for SiPMis better that of ordinary PMT.
U Time resolution=~ 100 ps.
U Works in magnetic field
U Gain=~ 16
U Reducing noise levels for single photon

detection is still an issue especially after irradiatio:m

Science & Technology Warwick Week 2025 - AP
W@ Facilities Council
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SIPM spectrum

300

250}

0 ,
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Charge (C) 1x10™2
(b)
Hamamatsu SiPM S13360i1 3075CS
https://doi.org/10.3390/electronics10080961
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Micro -Channel Plate (MCP) Detectors

Proximity focused MCP tube
with 55um pixel readout

Photon

Quartz window and photocathode

J : as HPD and MAPMT

Photoelectron = 50V/mm drift field

W
EEEEEEEEEEE| MCPcascade amplification
(~1KV)

Bare readout chip array
A+~ (no bump bonds)

Electron shower

———————————————————\ Ceramic carrier with
possible coaoling built in

Tuning the lower drift field
allows the electron shower
profile to be well controlled

Cascade amplification
similar in principle to a PMT

2,300 el AT

10um pores in an MCP

Science & Technology Warwick Week 2025 - A Papanestis
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MCP detectors

Incoming photon

Typical Size: .
A2 mm thickness, Glass Window

51 mm X 51 mm active area.

A 10 micron pores separated by 15 microns | Photocathode
A Chevron: 8 degree tilt : To increase /

[ons
th gain and reduce iofeed back ,
ey 20 L
ATypically ~ 1000 channels per MCP. ) ‘ P2
¥ W) >
Anode stl'ipli;

) _ _ Anode signal
AMeasure Space and time of the hits. generation

AManufactured by industry ( Photonics for example).
A Resolutions: Space: ~100 microns, Time: <180 psec.

A Short flight path of photoelectrons: Resistant to magnetic fields up to 0.8 Tesla.

A Can work at 40 MHz readout rate.

Al Iy RSUSOU aAy3atsS LK202ya o0 b2 y2AaS
ACIF &ad WI 3ISAyYy3Q el HCYidaNBEse, huthére fre sorheisdlutians.

Science & Technology Warwick Week 2025 - A Papanestis
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LHCDb Experiment

m4 M>
v M
SH D]/EIZ:SALHCAL el
T3 RICH2 -

TlT2

Vertex IS
Locator _ | |ﬁ‘i\“
g: = ) i‘l L
= <A (o ) |
—5m |-

10m
U Precision measurement of B-Decays and search for signals beyond standard model.

U Two RICH detectors covering the particle momentum range 1A 100 GeV/c using
aerogel, C,F,, and CF, gas radiators.

Science & Technology Warwick Week 2025 - A Papanestis
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LHCb RICH Specifications

(Refractive Indexl) vs. Photon Energy

RICH1: Aerogel 2A 10 GeV/c T oos[ Aerogel =1 03
C,Fp <70GeVic S ooal n__f’//f;'f

RICH2: CF, <100 GeVi/c. 2ol CFy 1210014
0.14 =
Aerogel ¢F, CK 010 e
0 4 2, 0.
— - CF, —

L 5 86 196 cm ” O-SOW
am2e2 5 s I S
pTh 06 26 4.4 GeV/ C Aerogel Transmission

KTh 2.0 9.3 15.6 GeV/c 1;’2’ o i '
Aerogel: Rayleigh Scattering S 32

wn o
o O

Transmittance (%
w A
o O

Not used from 2015 onwards
20

T =A e (Ct/1?
% ?ﬂ@g%gﬁcrmomﬁy: C:()Owﬁm]\gfasnzoﬁ- A Papanzof)'t:umo 400 500 600 700 800 44

ncil A (nm)




Belle Il ARICH (Endcap)

7t (outside ring)

LA ; C Two tile focusing aerogel radiator
C Proximity focusing optics
C HAPD detectors

u Bi-alkali photocathode

U  Work in magnetic field

radiator photon
detector

ny; < nog

d=242 cm

ga et - e g Y rwick Week 2025 - A Papanestis 45
-

Facilities Council



LHCbRICH1 SCHEMATIC
RICH1 OPTICS

Magnetic Shield

Gas Enclosure

Beam Pipe

Spherical Mirror

ASpherical Mirror tilted
to keepphotodetectorsoutside acceptance

(tllt ~0.3 rad) Warwick Week 2025A Papanestis



Performance of LHCb RICH

U From isolated Cherenkov rings from RICH1 in Real Data

Cherenkov Angle (rads)

0.02

0_015 A A ' A Llll A A A A A A lAl

10* 10°
Momentum (MeV/c)

Compare with the expectations plotted in page 9.
Warwick Week 2025A Papanestis
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LHCDb-RICH resolution

Single photon resolutions
Real Data 2011

ae  CaFao
B LHeo © LHCb
£ 900 \/s =7 TeV Data £ \s =7 TeV Data
N b
S 800 S
E 700 E
c C
® 600 g
w L
500
0,,= 1.618 + 0.002 mrad 0,,= 0.68 + 0.02mrad
400
e —_—
Ab (mrad) A6 (mrad)
From simulation in 2011: From simulation in 2011:
Spq = 1.53 mrad Sp 4= 0.68 mrad

Resolution components: Chromatic : ref. index variation
Emission Point: tilt of the mirror
Pixel size: granularity of the pixel
PSF: spread of photo electron direction inside HPD



HPD photocathode position

Rich_HPD_133_Image

Rich_HPD_133_Image_Cleaned

—_ £ T T T T ] = F = 1.2F 3
E 0.6t 3 Eo& ERC

" Eoe ] Eoq 1 Eok
E oo o L =D e 1 = 0g E
202 ié,»(‘ T T E0x Fal ‘} 1= o4 E
o0 fo i 107 o o 0.2F E
oo i E TP El- ]
Eo4 . 1 EBo4 =S E
L mo6 | | 4 e ‘ o og ‘ ‘ ] 3

-1 —0. 0 0.5 —0.5 0 0,5 0.5 0 0.5 1
et R e ] B X ?mage shift (mm) x image shift (imm) x image shift (mm)
L g T Bed ‘ T Bod T
! I g0 1 E 3'2, . g g'ii ]
o ; - ] E’ - One pixel ; I ,},r 1
- =) i ENE-L 2 I S 12 1l E

B 0-0.3 R P, -~ o F H

g 204 2 o2 o 1 goax - 9
— B0 1 EBod4 e 4 Bod ]
@ ayd | ERN X | 1 o | | 3
. . 06 _0X4im_a%% shi(%t (m?n?) 03 X irr?age shifto(rjnm) - _)%'?mageoshift (?n'sm)
Automatic Online Bod ] Bod ‘ T3 Bof ]
: : ) 0'4; 1 Eo4 1 E 0.4; E
calibration for o I iz ERpe ] " :
Z ) 1 Fox ER I i o
every run (max 1 g 1 ogo4 ﬁ 2 F{& 1 Boq 7 o N
g : é—_()ﬁ— o 5 g0'4g i
.=-0.4- 4 508 4 .504- E
hour) >l0,6; { > —lé' >l0.6i* E

E. . ‘ ‘ ‘ L S ‘ L3 P i i i

-1 —0. 0 0.5 —0.5 0 0,5 —0.5 0 0.5 1
X ?mage shift (mm) x image shift (mm) x image shift (mm)
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Pattern recognition

Rich1 Event Snapshot | Run 210757 Event 646063495 Entries 2679

600 T
60 -
i 400} AP
40 - 200; —4
l of :
20 - F M
i -200f7; P
£t
3 0 i -400 - 1
- I -600 ! | | | | |
20k 600 400 200 0 200 400 600 °
i 600 s
60T I I T SR N T RN B | 4001 s
=60 =40 =20 0 20 40 60 200‘
x (cm) 4
U_ :..--':.
Red: From particles from Primary and Secondary Verte) . : := ?
Blue: From secondaries and background processes oo /
(sometimes with no reconstructed track) oo © :
~80Q et
Science & Technology Warwick Week 2025 - A Papanestis
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Pattern Recognition in Accelerator based Cherenkov Detector

Events with large number of charged tracks giving rise to several

overlapping Cherenkov Rings on the Photo detector plane.

Problem: To identify which tracks correspond to which hits and then identify
the type (e, p p etc.) of the particle which created the tracks.

Hough Transform: U Project the particle direction on to the detector plane
(used by ALICE U Accumulate the distance of each hit from these projection points
at CERN) in case of circular rings.
U Collect the peaks in the accumulated set and associate the
corresponding hits to the tracks.

Likelihood Method: U For each of the track in the event, for a given mass hypothesis,
(used by LHCb create photons and project them to the detector plane using the
at CERN) knowledge of the geometry of the detector and its optical properties.
Repeat this for all the other tracks.
U From this calculate the probability that a signal would be seen in each
pixel of the detector from all tracks.
U Compare this with the observed set of photoelectron signal on the pixels,
by creating a likelihood.

U Repeat all the above after changing the set of mass hypothesis of the tracks.

Find the set of mass hypothesis, which maximize the likelihood.
(Ref: R.Forty: Nucl. Inst. Mech. A 433 (1999) 257-261)

Science & Technology Warwick Week 2025 - A Papanestis
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LHCDb RICH: PID performance

3‘ 1.4 1T
- O 0O ALLK-m)=>0
& 12f LHCDb Data
Q {s =7 TeV Data ® ®m ALLK-m)>5
HLIH-] 1 e e P g
M"‘*‘-&_ A”""‘""Ha-h
0.8 et e
" K _ K -*-
I}.E "'-- E,;‘ '1.4 T rrrorrrerTrT T
- o) ALL(K-7)>0
0.4 "'...* E 12 L_HCb O ALL( m) >
o O Ns=7TeVMonteCarlo ¢ m ALLK-7)>5
i =
0.2 T — K ﬂu.ﬂ“h-n. m 1 i -t O
o= wu_.u.u.-u- 2 _—%ﬂﬁhliﬁ_ﬁmﬂ
- e 3 e D e
=10 0.8 KK . ]
20 40 60 80 100 - - e
Momentum (MeV/c) 0.6 T

Red: Kaon identification efficiency
Black: Pion mis-identification probability - _
PID performance in D* events (calibration channel) 20 - 20 50 80 100

Momentum (MeV/c)

General agreement between real data and simulation
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Physics impact of hadron PID

~ 600F — 7T - - 1 - - T H - T — T~ T ' T T T '~ T N
v oF 1 (@ 3 & 7OF ! (b) 5
% 500:_ LHCb _: % 603— LHCb _f
E 400:_ . e B+—>K+|J.+p__ _Z E 50% ........... B+%TC+p.+l.l _f
— S B B —»Kuux { @ % I B =K uu A
~— C . : ~ 40 -+ + =0 _ —
= 300 --Combinatorial = Ny BO+—>D [TRAY ]
2 1 8 30F 1 B —p" w3
S 200 4 < o Bl=f ' ]
= - - : - - - Combinatorial -
§ 100 _:\Sﬁ.u.: . L B
] \1 ek + + SOt N
T - " | | S| P Eemsseat Fop b . I i 01 Hho« .
0 5200 5400 5600 5800 6000 0 5200 5400 5600 5800 6000
m(K ) (MeV/c?) m(r ) (MeV/e?)
First measurement of the di Per edotadyranetryftten c hi
6+ Y “+ ‘+ ‘T decay, JHEP 10 (2015) 034 [ar Xiv:15
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How to make a better RICH detector

A Increase the number of photons
U Better photon detectors (photo -cathodes)
U Better area coverage by photon detectors
U Better optical coupling of components

A Improve Cherenkov angle resolution
U Smaller pixels
U Lower chromatic error
A Detectors sensitive to green rather than blue

U Improve aberrations
A Light weight mirrors in the acceptance

Science & Technology Warwick Week 2025 - A Papanestis
@ Facilities Council

54



The LHCb RICH Upgrade (i)

Continuous 40 MHz R13742 (1”) R13743 (2”)
readout RICH1 and RICH?2 only

RICH2

MaPMTs from Hamamatsu

New radiation hard  asic
(CLARO) for MaPMT
readout

FPGA based digital board
GBT for data transmission

>

>

Counts (a.u.)

Single photon spectrum

Anode Response (Me™)
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The LHCb RICH Upgrade (ii)

More complex events

A Completely new RICH1
A

New mirrors with longer
focus

New position for the
photon detectors

A New gas enclosure, exit Flat Mirror
window, cooling and
support structures

Focal Plane

Y 4 Quartz Window

T\

Spherical
Mirror

-
e
----
.
-
at "

P,
-
-
P
Yl
Lanm
»
ar®
-----
.
et
et
as®
et
et
i
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Cherenkov angle resolution

Contributions RICH1 -2015 RICH2 -2015

to resolution HPD HPD

(in mrad )

Chromatic 0.84 0.58 0.48 0.31

Pixel 0.60, 0.44 0.19, 0.19
PSF=0.86 PSF=0.29

Emission Point 0.76 0.37 0.27 0.27

Overall 1.60 Y 0.78 0.65 Y 0.45

Improvements due to:

C Chromatic error;, MaPMTs QE peaks at higher wavelength
C No Point Spread Function for MaPMTs

C Better emission point error with new RICH1 geometry

Science & Technology Warwick Week 2025 - A Papanestis 57
W@ Facilities Council



Performance of new RICH

g \F T T T T o IF |
T r + Run 2 ne[2.0,49] 0 E" Nevell2) N € (2.0, 4.9]
e C T = Ny e[23]
& L Run 3 2022 MagDown i B | = N, e[35]
[10, 150] GeV ~ P 3, ¢
2 | Npy € [5.10] pe ] - IR p € [3, 150] GeV
8 5
510 = S0 e -
E = ] = = 3
s r ] s F ]
—2 P A E R R R -2 Ly wl o P R
1077 0.8 0.9 1 1077 0.8 0.9 1
Efficiency (K — K) Efficiency (K — K)
< 1 EE g IF | —
T E + Run 3 2022 MagDown M € [2.0,4.9] :%E T E ot pel3 23] GeY ne24.9] 7
- 1 [ = pe[25,40] GeV [ ]
B B |
~ B + Run 3 2023 MagDown p € [3, 150] GeV ‘ 7 ~ B —® p &[40, 60] GeV ol [
. L ] > | = pe[60,100] GeV - /|
2 : 2 -
> AT 8 = ‘
2100 = S 107 E iNE
3t < 5 P s
L ) - e E ) +: i
s . TR . <
w /o = f %—
8
1072 T TR - T E T AT 1072 P R SR L ey |
0.7 0.8 0.9 1 0.7 0.8 0.9 1
Efficiency (K — K) Efficiency (K — K)
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Future (LHCDb) Upgrades

Run 5 occupancy
L L

— T T
200 ps

| 70 ps R1, 500 ps R2

100 ps

|_Upgrade | (no time)

[ 50 ps

-
o

Pion MislID Efficiency / %

80 90 100
Kaon ID Efficiency / %

Improve pattern recognition using accurate timing of primary vertices
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Evolution of the RICH photon detection

(Schedule as of Jan 2022)
|2017(2018] 2019|2020 | 2021 [ 2022 | 2023|2024 | 2025 | 2026 | 2027 [ 2028 | 2029] 2030[ 2031 | 2032 [ 2033] 2034 2035 [[[[[[20. |>

= [ Run2 | LS2 | Run 3 LS3 Run 4 | 1S4 | Run5-5 |
CERN
\y
Ve | LHC 13 Tev 14 Tev HL-LHC |
Ll 4X10;2,§T-2 = Upgrade | EX“;S; fbrﬂrg i LS3 Enhancements gxmsﬂg fﬂg i Upgrade I 1'5’(;3?;[_'1"2 i
s[0® ) 4 o e () oe e e
g ® o0 o ®@ o0 o ® 0@ o S Saraass ta s anas
E § § ® o ® Hardvyare time ® ® o Enhanceq reac_iout ® @ fo) Novel sensors [« ":".'..:.:: .:..:
g3 — gatein FPGA electronics with ) ) with smaller T T T
SEE@ @ @ S oxcudes |® @ @ FastRICHASICsto (@ ® @ . giaiaimaa st iyiiiny
% | ® @ ® = background. e o e provide photon @ @ ® . plxelz é:.nd. o” TetT o et %t
2 2 @ 1; L timestamps. @ improved iming. RO TR
g ‘g L 4 LA |:D ce ® o0 > ce L 4 v e I:D B ':".": T
¢l e e o, ® ® o ® ® o R
» LS3/Run 4 : focus on FastRICH readout electronics
with fast timing and wide input dynamic range.
» LS4 /Run 5 : focus on sensor technology.
Fast-timing is essential for the luminosity challenge after Upgrade Il.
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DIRC

A Direct Internally Reflected Cherenkov light

A Detectors outside the fiacceptancedod
A Can fit in a narrow space DIRC

D ETECTION OF

I NTERNALLY

R EFLECTED

C HERENKOV LIGHT

The standoff region is designed to
maximize the transfer efficiency
between the radiator and the

detector.
If this region has the same index tz _

. . i i W
of refraction as the radiator, | n . K=
n,@.,, the transfer efficiency is 3 Y\Y\ =
maximized and the image will ty n, /‘j e~

’ : h 1 g e E.
emerge without reflection or — =
- n oS | D
refraction at the end surface. 3 F & 4=
T m A
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Babar DIRC

x10% — T T T T T
2000
2
5 1500
PMT + Base &
~11,000 g
PMT's g 1000
Purified Water 500
\
\
17.25 mm Thickness Light 0 - - :
(35.00 mm Width) Catcher
Bar Box AtY (nsec)
Track f \
Trajectory M \
Wedge y
; p / }gﬂf‘ﬂ%ﬁ%ﬁ’" o,
A\ L7 PMT Surface \ A . N
/Mirror \\ //,:/ | /; : §§ . . & .k“““‘
TFau $ P | { % 4 N
Y , AN "
/ [ = \_ Window oF Standoff Box [, ﬁﬁﬁ%ﬁ
) 91 mm— ~10mm ﬁ‘ﬁ by - \
——4.90m — 117 m / N ‘a%
e e ((®)) e
4x1.225m \ “ -"JR‘*“OQ-:‘ \',‘/’J s » ﬁ
Synthetic Fused Silica 4 /
Bars glued end-to-end \ /

° 8 nsDt window for K‘i 8 %
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Panda Barrel DIRC

Science & Technology
@ Facilities Council

DIRC detector following the design
principles of the BABAR DIRC

Very compact Expansion Volume
Focusing optics; NLaK33 ref index
1.786

Photon detectors: MCP  -PMTs; use of
timing information

O 00 O
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