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First, particles are roughly identified by comparing their signals in the different subsystems (previous slide)

Tracking system: 
• Determines the sign of the charge by the direction of curvature in magnetic field
• Images decays of some charged particles via kinks (K+→μ+ν)
• Identifies heavy quarks by secondary vertices
• Distinguishes “V” particles: 

neutrals (K0s, Λ, anti-Λ) that decay to 2 charged particles, 
whose track forms a V

Muon Detector: 
• Unique for one particle type, because muon mass (200 x electron mass) inhibits it from showering in the EM calorimeter.  

Muon is not a hadron, so it passes through both calorimeters largely unaffected, to reach muon system beyond them.

Neutrinos:
• Do not interact strongly or electromagnetically so must be inferred by apparent imbalance of observed energy, momentum

pL
+ − pL

−( ) / pL+ + pL−( )

Calorimeter: 
• Photons and electrons produce identical showers in EM calorimeter, 

but photons are invisible in the tracking
• Hadrons deposit most but not all of their energy in the hadron 

calorimeter
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The challenge is to distinguish particles that have similar interactions in the same subsystem.   For 
example: protons, charged pions, charged kaons.  

This must be done through particle ID by mass.

The approach: measure p with a tracking chamber, then find velocity β using one of these methods:

• Time-of-flight
• Specific ionization
• Cherenkov images
• Transition radiation

A different approach: features of the showers they produce in calorimeters

Because p = γ mv,

m = p
cβγ
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Time-of-flight (TOF) 
Notice:

Combine time t measurement with momentum p and track length L from 
tracking detectors.

protons
K+

π+

Multigap Resistive Plate Chambers (MRPCs) –
a gaseous parallel-plate avalanche detector.

• Electrodes have high volume resistivity.
• Gas gap between the electrodes is subdivided 

by internal plates – physical barriers that stop 
the avalanche from growing too large. On the 
order of ~5 gas gaps each ~250 microns wide.

• This allows the applied E field to be very 
intense without risk of breakdown

• Compare time of TOF trigger to time of event.
• Fine time resolution and rate capability.

Velocity β= 1

m0c
p

⎛
⎝⎜

⎞
⎠⎟

2
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,                  "Equation 1"

so m = p
c

c2t 2

L2 −1

from the ALICE TOF
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Rate of ionization energy loss – dE/dx:

• Can be read from pulse heights in gaseous or 
solid state proportional chambers

• Follows from the Bethe-Bloch formula
• Usefulness diminishes for p ≳ 1 GeV

from the ALICE TPC
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Cherenkov radiation imaging

Recall from Lecture 2, when a charged 
particle travels through a medium with 
velocity that is greater than the velocity of 
light in that medium, coherent wavefronts 
of light are emitted.

The angle θ the wave fronts make with the 
path of the the particle depends on the 
particle velocity β and the index of 
refraction, which also depends on the 
photon energy – n(E):

Combine this with Equation 1 from Slide 5 
to get:

cosθ = 1
βn E( )

β

Particle physics experiments use the Cherenkov effect in several 
types of particle-identification detectors:

• Imaging Cherenkov counters
• Ring-imaging Cherenkov (“RICH”) including Imaging 

Atmospheric Cherenkov Telescopes (IACT)
• Detection of Internally Reflected Cherenkov (“DIRC”)

• Threshold Cherenkov counters
• Differential Cherenkov counters 

Recall that all require a radiator and a photon detector.

m = p
c

n2 cos2θ −1

Nobel Prize in Physics 1958: Pavel 
Cherenkov, Ilya Frank, and Igor Tamm
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RICH detectors – for use in a collider 
environment where the tracks can be 
emitted over the full solid angle

The radiator can be:
• gaseous (low index n), then thick 

(~50 cm) to produce sufficient 
light.  The light is focused by 
spherical or parabolic mirrors onto 
photon detectors where ring-shaped 
images are formed.  

• dense (high index n), then thin (~1 
cm) will be sufficient to produce 
enough photons.  The photosensor 
is located ~10 cm behind it (“the 
expansion gap”), to allow the light 
cone to develop directly on the 
photon detection plane

ALICE 
HMPID

LHCb 
RICH
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In the DIRC, light that is captured by total internal 
reflection inside a solid radiator reaches the light sensors at 
the detector perimeter.  This is different from a classic RICH 
which uses the transmitted light. In the DIRC, the radiator is 
also the light guide.  The precise rectangular cross section of 
the radiator preserves the angular information of the 
Cherenkov light cone.

Example Threshold Cherenkov Detector, where the mass-
dependent threshold energy discriminates between light 
particles (which radiate) and heavy particles (which do 
not).
• Particle energy is measured (count # photoelectrons)
• For known energy, velocity β depends on particle mass
• Radiation is only emitted if β > 1/n, so light particles are 

distinguished from heavy

Differential Cherenkov Detector: in which particle 
velocities are measured by their ring opening angle. 
Schematic differential, or “Fitch-type” Cherenkov detector 
selects a specific velocity range.

BaBar 
Expt.

Belle 
aerogel
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Add precision timing information to the DIRC: 
The Belle TOP (Time of Propagation Cherenkov 
Detector)

• quartz radiator bars: one end of the bar has a 
spherical mirror to reflect light back to the 
other end that has a small expansion prism.

• The prism is instrumented with MCP-PMTs 
read out with custom fast sampling: the time 
of arrival of each photon is measured with 
sub-50 ps timing resolution. 
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Application of Cherenkov imaging to astrophysics: 
Imaging Atmospheric Cherenkov Telescopes
detect very high energy (50 GeV – 50 TeV)  gamma 
rays 

When the gamma ray strikes the atmosphere, it 
converts to an EM shower.  The entire atmosphere 
functions as the radiator. The detector is a 
segmented mirror that reflects the Cherenkov light 
onto a PMT array which is the detector.

Background suppression: The shower triggers 
multiple detectors, distinguishing itself from local 
muons which are observed only in single detectors.

A history of these instruments:
-Whipple
-HEGRA
-MAGIC
-H.E.S.S.
-FACT
-Veritas
-MACE

H.E.S.S.

MAGIC

Veritas
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Cherenkov emission also 
occurs at radio wavelengths 
when EM showers occur in 
dense media (ice, sand, lunar 
surface) – then it is called the 
Askaryan effect and is used to 
detect neutrinos (see next 
section of this lecture)
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Requirements on the photon detectors (not the radiators) 
of the Cherenkov photons:

• fast enough to keep up with e.g. LHC bunch crossings
• sensitive to single photons
• large area coverage

Some technologies that have worked:

• Hybrid Photon Detectors (HPD): photon converts in a 
quartz window with photocathode, then photoelectrons 
are accelerated through a gap to a silicon pixel chip. 
[LHCb]

• Special photomultiplier tubes (PMT’s) for large neutrino 
experiments [SuperKamiokande]

• Multi-anode PMT’s [COMPASS Experiment]
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Transition Radiation Detection (recall Lecture 2, slide 24) 

Example from the AMS Experiment: Gas proportional 
tubes are placed directly after the TRD.  Protons deposit 
energy in the tubes, while electrons produce transition 
radiation that is detected there.

Example from ATLAS Transition Radiation Tracker 
(TRT) – a straw tube matrix, providing 30 space 
points with resolution ~130 microns on every charged 
track.  Operating in drift chamber mode, the signals 
from tracks are compared to threshold values that 
distinguish electrons from charged pions.
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Calorimeter-based particle identification: Distinguishing electrons from 
hadrons on the basis of their longitudinal and lateral shower profiles

• Ratio of deposited E vs. p in the EM calorimeter distinguishes electrons 
from hadrons

• Starting point, and longitudinal center of gravity, of shower development 
separates electrons from pions

• Hadronic cascades are ~5x wider than electromagnetic ones

Typically these profiles are combined into a likelihood function that is 
applied to any signal of interest.

Longitudinal development of 100 
GeV particles in a streamer-tube 
iron calorimeter.

Separation quality in events 
with two identical mass, 
opposite-charge particles in 
the final state, for a CsI 
crystal calorimeter. 

But: at the highest energies, muons brem (emission of EM 
radiation) leading to some misidentification.
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Neutron identification – relevant for dosimetry but not applied to high energy physics experiments

It’s always indirect – charged particles have to be produced in the neutron interactions, and then observed 
using the techniques already described: ionization, scintillation.

A neutron counter always includes an anti-coincidence counter (that vetoes incoming charged particles) 
followed by a neutron detector.  

The lower the neutron’s energy is, the higher the cross section for detection, so often there is a moderator (a 
medium that reduces the speed) included.

Detection techniques:
• Absorption: neutron is incident on Li, B, He, H, or U, resulting in emission of proton or alpha
• Activation: neutron reacts with absorber (In, Au, Rh, Fe, Al, Nb, Si) to produce reaction products that 

subsequently decay to beta or gamma
• Elastic scattering: hydrogenous target is ionized, ions are detected.

Then eventually, detection of the products with proportional counters, scintillation counters, and solid state 
detectors.
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Neutrino Detectors
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Neutrino cross sections are very, very small,
so the options for detecting neutrinos are

• provide high neutrino flux and/or
• use an extremely massive target, to obtain 

charged particles, excited nuclei, or excited 
atoms produced by neutrino interaction.   
These can then be detected by standard 
means

-or-

• infer the presence of a neutrino by the 
absence of quantities that it carries away -
energy, momentum – but which are 
expected to be conserved.

Note: neutrino detectors rely on indirect measurement – they measure the 
characteristics not of the neutrinos, but of the products of their interactions.  
They use all the same technologies as have been presented up to this point.
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Examples for the “high flux, massive target” strategy:

• “Radiochemical experiments” – Counting neutrinos by counting the products of their reactions:
In the Homestake (solar neutrino) experiment, chlorine in the detector permitted the reaction
νe +

37Cl→ 37Ar + e−

The argon was removed from the detector where it underwent
37Ar + e− →νe +

37Cl
which is excited chlorine, which then decayed to x-rays or Auger electrons that were counted 
(with proportional tubes, etc.) as the signal.
Analogously for the GALLEX and SAGE experiments.
These experiments have primarily studied solar neutrinos.
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• Calorimetric neutrino detectors measure the energy of the final state hadrons produced in the neutrino-nucleon 
interaction.  

The detectors are hadron calorimeters:

• sampling sandwiches of alternating passive (dense) and active (scintillator) materials [CDHS, CHARM 
experiments] that measure energy and momentum, or

• large homogeneous total-absorption devices that detect the Cherenkov light [SuperKamiokande, SNO], 
scintillation light [KamLAND, KATRIN liquid scintillator], or ionization electrons [DUNE Far Detector liquid 
argon].  These are complete experimental detectors that: 
• reconstruct track patterns
• measure energy
• vertex events
• identify charged particles (non-showering particles make sharp rings, showering particles, diffuse ones)
• reject backgrounds
• self-trigger
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Cherenkov-light imaging detectors use the 
Cherenkov cone information to reconstruct 
the tracks of the products from neutrino 
interactions to provide complete event 
reconstruction for neutrino astronomy.

These require enormous volumes of 
transparent materials:
• water (SuperKamiokande, IMB)
• ice (IceCube, AMANDA)
• sea water (ANTARES)

Particle tracks reconstructed from Cherenkov rings 
detected by photomultiplier tubes on the walls of 
the water-filled IMB detector.
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The neutrino flux may come from extra-terrestrial sources [IceCube], accelerators [NOvA and DUNE in the 
Fermilab neutrino beam; T2K is Kamiokande in the Tokai muon neutrino beam], or reactors [Daya Bay].

Daya Bay

T2K
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Detectors intended for cosmic neutrinos are uniquely enormous, to overcome the problem of low flux.

Examples:
• AMANDA/IceCube are arrays of PMTs embedded in South Pole ice, depth 1500 - 1900 meters, array diameter 200 

meters, to detector Cherenkov light
• ANTARES (and future Km3NeT) are arrays of PMTs in the Mediterranean sea
• Askaryan Radio Array (ARA) uses radio receivers embedded in South Pole ice to detect radio-frequency Cherenkov 

emissions from neutrino interactions in the ice.
• AMANDA2 at the South Pole records signals from “upward-going” muons produced by neutrinos interacting while 

traversing the earth’s volume.

And there is a technology proposed for detecting neutrinos from the Big Bang (CNB – “cosmic neutrino background”): 
the PTOLEMY project.

Relic neutrino is captured by beta-unstable material such as tritium:
νe +

3H → 3He+ e− ,
then search for electrons with energies above the endpoint of
tritium beta decay.
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Muon Detectors
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Muon detection can be applied to:

• extensive air showers that produce muons
• fluorescence in atmospheric nitrogen, water Cherenkov, or scintillation from 

muon decay products [Pierre Auger experiment]

• detectors at accelerators such as the LHC
• tracking detectors in a magnetic field, to sense momentum: 

• proportional chambers (LHCb), 
• GEMs (LHCb), 
• cathode strip chambers (MSGCs, ATLAS and CMS)
• monitored drift tubes (ATLAS, CMS)

• To form triggers based on muons: 
• a very fast Resistive Plate Chamber (RPC). This is 2 parallel plates 

(anode and cathode) of high resistivity plastic, separated by a gas 
volume.  Traversing muon scatters electrons from the gas; electrons are 
picked up by external metallic strips.

• and Thin Gap Chambers (TGC), ATLAS.  
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Marvelous detectors not yet mentioned –

Gravitational wave detectors based on interferometry 
[LIGO, VIRGO].  
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Looking to the future....some breakthrough ideas under intense development

• Precision timing detectors for particle tracking

Application to extreme track densities in high luminosity particle colliders, where for example at the HL-
LHC there will be 140-200 pp collisions per bunch crossing (1.6 interactions per millimeter).  Goal: 30 ps
resolution.

Examples:
• Low Gain Avalanche Detectors 

(LGADs)

• 3D Silicon Sensors for speed and gain

(images on next slide)
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LGAD: A planar p-type silicon sensor with a p-layer diffused below 
the cathode. 

Under reverse bias, this n+/p/p- junction produces a localized high E 
field region which multiplies electrons reaching the n+ electrode. 

Gain is limited to 10.  Goal is timing resolution of 30 ps.  Presently 
tolerant to ~1015 neq/cm2 fluence.

3D Silicon sensor: Electrodes are 
perpendicular to the wafer 
surface.  

Very small inter-electrode 
separations may provide signal 
multiplication and time 
resolutions of ~few picoseconds.  
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More breakthrough ideas under intense development

• Quantum sensors

Search for New Physics through observation of electromagnetic fields induced by 
QCD axions or dark photons in a cryogenic microwave cavity, using quantum 
squeezing to reach beyond the Standard Quantum Limit.

Examples: 

• HAYSTAC experiment searches for axionic cold dark matter
• Microwave SQUIDs for the Dark Matter Radio experiment
• Dirac semimetals’ tunable bandgap for low thermal noise dark matter 

search
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More breakthrough ideas under intense development

• Transition edge detectors 

Ultra-sensitive thermometers: a thin superconducting film weakly heat-
sunk to a bath temperature below superconductor Tc.  Thermal fluctuations 
are highly suppressed.

Applied to dark matter (CDMS, SuperCDMS) and Cosmic Microwave 
Background (CMB-S4) studies
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More breakthrough ideas under intense development

• Kinetic inductance detectors

Photons incident on a strip of superconducting material break Cooper 
pairs and create excess quasiparticles – this causes the kinetic inductance 
of the strip to rise.  

When combined with a capacitor to form a microwave resonator, this 
detector senses the absorption of photons through change to the resonant 
frequency.

This superconducting technology that could be applied to CMB, dark 
matter, and primordial density fluctuation  measurements using the Planck 
instrument. 
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In conclusion...

Inventing and developing instrumentation for particle physics applications is an intensely 
creative endeavor.  

Frequently the instruments themselves open up completely new vistas for exploration.  

Please, join the community.  You are welcome.


