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Outline

Á Introduction

ÁParticle ID techniques:

üTime of flight

üdE/dx

üTransition radiation

üCherenkov radiation
ÅRICH detectors

ÅDIRC detectors

ÁGive examples of experiments and detectors
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Introduction ( i)
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A ñgenericò particle physics experiment has ñbuilt-inò a lot of 
particle ID for:
Electrons, photons, neutrons and muons
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Introduction (ii)

Á Particle ID for hadrons

ü Distinguish between kaons, pions , protons, deuterons

Å Required for flavour physics

Á Specific experiment requirements

ü Distinguish between electrons and charged pions

ü Distinguish between electrons and muons

Å For neutrino experiments

Å For rare decay searches
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ὄᴼ““ ὬὬ before and after RICH PID
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Detector technologies
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From Wikipedia



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



Landau distribution
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Energy loss due to ionisation



Time of flight
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Time difference for two particles with masses m 1 and m 2 for length L 
and momentum P ( which is given by the tracking system )
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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,  Pmax =2.1 GeV/c

Requires fast detectors: scintillation, Cherenkov, fast collection of ionisation
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PID with TOF
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Expected PID 
performance for 
various path lengths 
and time resolutions

In 100 ps light travels 
3 cm

TORCH, a proposed 
future detector, can 
push p/K separation to 
9 GeV/c with L~10 m 
and time resolution 
per track ~ 20 ps
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TOF: ALICE experiment
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Resistive plates made of glass.
2 X5  gaps : 250 mm
Readout by HPTDC chip (High Performance 
Time to Digital Converter)

s=50.8ps

3ů ɸ/K separation up to 2.2 GeV/c 
and K/p separation up to 4 GeV/c.

http://aliceinfo.cern.ch/Public/en/Chapter2/Chap2_TOF.html
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Ionisation Measurement ( dE/dx)
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dE/dx in silicon
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Bethe-Block formula   ( for   2 g  m/M << 1 )

Ref: NIMA  469(2001) 311-315
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dE/dx: CMS Si tracker
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ÁEach Silicon sensor gives a dE/dXmeasurement.
ÁEstimate the Most Probable Value from several (10-25) 

measurements (Truncated Mean: Ignore upper 40%)
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Drift chambers
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dE/dx : Drift Chambers
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Larger  Landau fluctuations  compared to  those from Silicon detectors. 
So many measurements  needed to get the average. 

BABAR Drift Chamber:

Ref: IEEE-TNS VOL:47 , NO:6, Dec2000.
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Combined TOF and dE/dx
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NA 49: Heavy ion experiment,  
TOF: Scintillator thickness=2.3 cm,  time resolutions= 59 ps, 95 ps
TPC for dE/dx. 
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Transition Radiation (TR)
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ÁTransition Radiation:  Radiation in the x-ray region when ultra

relativistic particles  cross the boundary  

between 2 media with different dielectric constants.

ÁMainly for   e-p   separation in 0.5 GeV/c Ą 200 GeV/c.

Cǳƭƭ ŜȄǇƭŀƴŀǘƛƻƴǎ ŀƴŘ  ǘƘŜ ŘŜǊƛǾŀǘƛƻƴǎ ŦǊƻƳ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΥ
NIMA 326 (1993) 434-469 and in references  

f
q The radiation is peaked at a small angle:

q  = 1/gg
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TR Detection
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Integrating the previous equation,  one can get ,  for  xg=0, 

Á g = E/m  of the  particle.  This makes PID 

possible by measuring W. 

Á Lighter particle give larger signal

Á wf = plasma frequency = 28.8 (r Z/A)0.5 eV

r=density, Z=atomic weight,  A=atomic 

number

For example, for  wf = 0.02 keV and g = 5000,  most of the  photon energy is

in the range 10 keV< w <100 keV (ie.   0.1 wc< w< wc

where  w c = cut-off frequency ).  

Number of photons produced = 

For wc=100 keV and w=1 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)
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ÅThe minimum thickness of the foils and air gaps are determined by the size of the
óformation zoneô  and the interference effects. 
( typically,  foils can be 10 -20 mm thick and are made of polypropelene )

ÅBehind 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. 

Drift space = 10 mm,
Anode space = 6 mm 
Drift time=0.5 Ą1 ms

May use FADC or 
discriminators
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TRD Example 2:  ATLAS TRT
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Barrel and endcap TRT

BdĄJ/y Ks

In an average event,  energy deposit from:
Ionization loss of charged particles  ~ 2.5 keV
TR photon  > 5 keV.
(Photon emission spectrum peaks at 10-30keV)

Blue dots: ionizing hits
Red dots : TR hits

TRT straw wall design
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Cherenkov radiation
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Lake Placid ïLHCb Collaboration Week



Basics of Cherenkov radiation
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q
Charged particle

photon
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Refractive index

b= velocity of the charged particle in units of speed of light (c) vacuum
P, E ,m = momentum, energy, mass of the charged particle
CM = speed of light in the medium (phase velocity)
Eph = photon energy
l= Photon wavelength

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

23

Glass Air

Á Dependence of the refractive index on photon frequency means the 
Cherenkov angle is not constant

Á The spread of angles is referred to as Chromat ic Error
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Number of photons
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Number of emitted photons:

The number of photons increases with energy

Between two wavelengths:

ὨὉ

Ὠὼ

ή

τ“
‘‫‫ ρ

ὧ

ὺὲ ‫
Ὠ‫

Using frequency instead of wavelength

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
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If the photons are reflected by a mirror with reflectivity R( l), and detected by a 
photon detector with quantum efficiency QE( l) through a window with 
transmission T( l)
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ὔὒÓÉÎ— And if we assume the mean angle qc
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N0 is a figure of merit for a Cherenkov detector; e.g. N0=200/cm is a good value
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A variety of Cherenkov detectors

Á Detector design:

ü Threshold Counters

ü Imaging detectors

Å Differential Cherenkov detectors

Å Ring Imaging Cherenkov detectors (RICH)

Å Detector for Internally Reflected light (DIRC)

Á Types of photon detectors:

ü Gas based

ü Vacuum

ü Solid state

Á Applications:

ü Accelerator HEP detectors

ü Astroparticle Physics detectors

ü Neutrino detectors
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Threhold Cherenkov Counters
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üSignal produced from only those particles which are above Cherenkov Threshold.
Basic version: Yes/No decision on the existence of the particle type.

üOne  counts  the number of photoelectrons detected.

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

üFor typical detectors:  No = 90 cm-1,        

Nph per unit length of the radiator = No * (m1
2ςm2

2)/(p2+m1
2) 

At p= 1 GeV/c,  Nph per unit length =  16 /cm for Pionsand 0 for Kaons.
At p= 5 GeV/c,  Nph per unit length=  0.8 /cm for Pionsand 0 for Kaons. 

ü Db/ b= tan2q/ (2 * sqrt (Nph) ) 



Differential Cherenkov detectors
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üDiscovery of anti-proton 

in 1955 by Chamberlain,

Segre et. al. at Berkeley.

üNobel Prize in 1959

With Solid (quartz) radiator
üVery small acceptance in band direction of the 

charged particle.    (Narrow range in velocity and 

direction intervals ).

ü Mostly used for identifying particles in the 

beam lines.

üD b/ b= (m1
2 m2

2) /2 p 2 = tan q Dq

m1,m2 (particle masses )<< p ( momentum)

üDb/ b from 0.011 to  4* 10 -6 achieved.
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Threshold Counters
BELLE: Threshold Cherenkov Detector

üFive aerogel tiles 

inside an aluminum box

lined with a white 

reflector(Goretex reflector)

üPerformance from test-

beam

p below and pabove Threshold

ÁApprox .

20 photoelectrons

per Pion detected

at 3.5 GeV/c

ÁMore than 3s

separation

Warwick Week 2025 - A Papanestis



RICH Detectors
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üMeasures both the Cherenkov angle  and the number of photoelectrons detected.
üCan be used over particle identification over large surfaces.
üRequires photodetectors with single photon identification capability.
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Proximity focusing geometry



~100 GeV/c

Refractive index range

Momentum

1 1.5

~1 GeV/c
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RICH performance
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B. N. Ratcliff, NIMA 502 ( 2003 ) 211 -221

For particles well above threshold

C6F14 (liquid)

C4F10

Aerogel (1.04)

Fused Silica0.5 mrad
1 mrad

Particle momentum (GeV/c)
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Detection of optical photons

Á Photocathode:

ü A surface engineered to convert optical photons to electrons using the 
photo -electric effect

ü Requires the energy of the photon to be higher than the ñwork functionò

ü Also possible in gas form

ü Quantum Efficiency (QE): fraction of photons converted to electrons
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Latest photocathodes
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Detection of photo -electrons

Á Gas based detectors

ü Proportional counters

ü MWPC

ü GEM

ü Other kind of micro -pattern detector

Á Vacuum:

ü Photomultipliers

ü Microchannel plates

ü Hybrid photon detectors (HPD)

Á Solid state

ü Avalanche photo -diodes (APD)

ü SiPMs
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Gas based detectors
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üUsed in ALICE experiment at CERN

üThickness 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 mm2

Proximity focussing

üTotal detector area: 12 m2

üOpen geometry: using MWPC

cause feedback: leading to loss of original signal info. 

Backscatterdelectron

Electron transport region (diffusion)

photon

photon

Typical gain: 10 4
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GEM based gas detectors
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GEM with semi-transparent Photocathode

(K-Cs-Sb) 

üPhoton and ion feed back reduced.
üGated operation to reduce noise.
όƴƻ ǊŜŀŘƻǳǘ ƻǳǘǎƛŘŜ ŀ ΨǘƛƳŜ ǿƛƴŘƻǿ ƻŦ ǎƛƎƴŀƭΩύ

üFor now only closed geometry ( in sealed tubes):
Reduced fraction of useful area for photon 
detection (Active Area Fraction) compared to open
geometry.

GEM: Gas Electron Multiplier



Pixel -HPD description
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Main features:

Quartz window with thin S20 pK
Cross-focussing optics ( tetrode
structure):

ÅDe-magnification by ~5
ÅActive diameter 75mm

Ý 484 tubes for overall RICH 
system
Å20 kV operating voltage (~5000 e ð[eq. 
Si])

32³32 pixel sensor array ( 500mm³500mm 
each)
Encapsulated binary electronics readout 
chip

Schematic
view

Vacuum 
photon 
detector

Anode
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Silicon Photo -Multiplier
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üPhoton Detection Efficiency (PDE)
for SiPMis better that of ordinary PMT.
üTime resolution= ~ 100 ps.
üWorks in magnetic field
üGain = ~ 10 6

üReducing noise levels for single photon 
detection is still an issue especially after irradiation



SiPM spectrum
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Hamamatsu SiPM S13360ï3075CS

https://doi.org/10.3390/electronics10080961



Micro -Channel Plate (MCP) Detectors
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MCP detectors
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ÁMeasure  Space and time of the hits.
ÁManufactured by industry ( Photonics for example). 
ÁResolutions:  Space: ~100 microns,  Time:  ~ 50 - 100 psec.
ÁShort flight  path of photoelectrons: Resistant to magnetic fields up to 0.8 Tesla.
ÁCan work at 40 MHz readout rate.
Á/ŀƴ  ŘŜǘŜŎǘ ǎƛƴƎƭŜ ǇƘƻǘƻƴǎ ό bƻ ƴƻƛǎŜ ŦǊƻƳ ΨŦƛǊǎǘ ŘȅƴƻŘŜΩ ŀǎ ƛƴ a!ta¢ύΦ
ÁCŀǎǘ ΨŀƎŜƛƴƎΩ ŀǘ ƭŀǊƎŜ ƭǳƳƛƴƻǎƛǘȅ όeg: LHC) is an issue, but there are some solutions.

Typical Size:  
Å2 mm thickness, 

51 mm  X 51 mm active area.
Å10 micron pores  separated by 15 microns
ÅChevron: 8 degree tilt : To increase

th gain and reduce ion-feed back
ÅGain: ~  5 * 10 5

ÅTypically  ~ 1000 channels per MCP.



LHCb Experiment
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üPrecision measurement of B-Decays and search for signals beyond standard model.

üTwo RICH detectors covering the particle momentum range 1Ą100 GeV/c using

aerogel, C4F10 and CF4 gas radiators. 



LHCb RICH Specifications
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(Refractive Index-1) vs. Photon Energy
RICH1: Aerogel   2Ą10 GeV/c

C4F10 < 70 GeV/c

RICH2:  CF4        <100 GeV/c. 

n=1.03

n=1.0014

n=1.0005
Aerogel  C4F10 CF4

L 5           86       196   cm

qc
max242        53       32     mrad

pTh 0.6        2.6      4.4   GeV/c

KTh 2.0        9.3    15.6   GeV/c

Aerogel: Rayleigh Scattering

Not used from 2015 onwards

T = A e (-C t /l4)

Aerogel  Transmission

Typically:  A= 0.94,  C =0.0059 mm4 /cm
Warwick Week 2025 - A Papanestis



Belle II ARICH (Endcap)

Ç Two tile focusing aerogel radiator
Ç Proximity focusing optics
Ç HAPD detectors
ü Bi-alkali photocathode
ü Work in magnetic field
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LHCb- RICH1  SCHEMATIC

RICH1 OPTICS

Magnetic Shield

Beam Pipe

Photodetectors

Spherical Mirror

Flat Mirror

Gas Enclosure

Readout Electronics

ÁSpherical Mirror tilted
to keep photodetectorsoutside acceptance
(tilt ~ 0.3 rad) Warwick Week 2025 - A Papanestis
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Performance of LHCb RICH

ü From isolated  Cherenkov rings from RICH1   in Real Data

Compare with the  expectations  plotted  in page 9.
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LHCb-RICH resolution

C4F10 CF4

From simulation in 2011:

sDq= 1.53 mrad
From simulation  in 2011:

sDq= 0.68 mrad

Single photon resolutions

Real Data 2011:

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      
Warwick Week 2025 - A Papanestis



HPD photocathode position
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Automatic Online 
calibration for 
every run (max 1 
hour)

One pixel



Pattern recognition
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Red:  From particles from Primary and Secondary Vertex
Blue: From secondaries and background processes 
(sometimes with no reconstructed track)



Pattern Recognition in Accelerator based Cherenkov Detector
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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:
(used by ALICE

at CERN)

ü Project the particle direction on to the detector plane

ü Accumulate the distance of each hit from these projection points

in case of circular rings.

ü Collect the peaks in the accumulated set and associate the

corresponding hits to the tracks.

Likelihood Method: üFor each of the track in the event, for  a given mass hypothesis, 

create photons and project them to the detector plane using the 

knowledge of the  geometry of the detector and its optical properties.

Repeat this for all the other tracks.

ü From this calculate the probability that a signal would be seen in each

pixel of the detector from all tracks. 

üCompare this with the observed set of photoelectron signal on the pixels,

by creating a likelihood.  

üRepeat all the above after changing the set of mass hypothesis of the tracks.

Find the set of mass hypothesis, which maximize the likelihood.

(used by LHCb

at CERN)

(Ref: R.Forty: Nucl. Inst. Mech. A 433 (1999) 257-261)



LHCb RICH: PID performance
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Data

Red: Kaon identification efficiency

Black: Pion mis-identification probability

PID performance in D* events (calibration channel)

General agreement between real data and simulation



Physics impact of hadron PID
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First measurement of the diРerential branching fraction and ὅὖasymmetry of the
ὄ± Ÿ “± ‘+ ‘ī decay, JHEP 10 (2015) 034 [arXiv:1509.00414]



How to make a better RICH detector

Á Increase the number of photons

ü Better photon detectors (photo -cathodes)

ü Better area coverage by photon detectors

ü Better optical coupling of components

Á Improve Cherenkov angle resolution

ü Smaller pixels

ü Lower chromatic error

ÅDetectors sensitive to green rather than blue

ü Improve aberrations

ÅLight weight mirrors in the acceptance
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The LHCb RICH Upgrade (i)

Continuous 40 MHz 
readout

Á MaPMTs from Hamamatsu

Á New radiation hard asic
(CLARO) for MaPMT
readout

Á FPGA based digital board

Á GBT for data transmission
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Single photon spectrum



The LHCb RICH Upgrade (ii)

More complex events

Á Completely new RICH1

Á New mirrors with longer 
focus

Á New position for the 
photon detectors

Á New gas enclosure, exit 
window, cooling and 
support structures
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Cherenkov angle resolution
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Contributions 
to resolution 
(in mrad )

RICH1 - 2015
HPD

RICH1 -
Upgrade
MaPMT

RICH2 - 2015
HPD

RICH2 -
Upgrade
MaPMT

Chromatic 0.84 0.58 0.48 0.31

Pixel 0.60,
PSF=0.86

0.44 0.19,
PSF=0.29

0.19

Emission Point 0.76 0.37 0.27 0.27

Overall 1.60        Ÿ 0.78 0.65        Ÿ 0.45

Improvements due to:
Ç Chromatic error; MaPMTs QE peaks at higher wavelength
Ç No Point Spread Function for MaPMTs
Ç Better emission point error with new RICH1 geometry



Performance of new RICH
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Future (LHCb) Upgrades
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Improve pattern recognition using accurate timing of primary vertices



Evolution of the RICH photon detection
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DIRC

Á Direct Internally Reflected Cherenkov light

Á Detectors outside the ñacceptanceò

Á Can fit in a narrow space

61

The standoff region is designed to 
maximize the transfer efficiency 
between the radiator and the 
detector. 
If this region has the same index 
of refraction as the radiator, 
n1@n2, the transfer efficiency is 
maximized and the image will 
emerge without reflection or 
refraction at the end surface.
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Babar DIRC
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°8 ns Dt window for 

background rejectionWarwick Week 2025 - A Papanestis



Panda Barrel DIRC

Ç DIRC detector following the design 
principles of the BABAR DIRC

Ç Very compact Expansion Volume
Ç Focusing optics; NLaK33 ref index 

1.786
Ç Photon detectors: MCP -PMTs; use of 

timing information
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