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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4

The Higgs enables
atoms to exist

World Quantum Day @ KCL -- 19 April 2022 -- I. 
Shipsey
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Detection of gravitational waves
LIGO February, 2016
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The particle physics and cosmology communities are united in seeking to 
understand the fundamental constituents of the Universe and the forces 
between them and to apply that knowledge to understand the birth, evolution 
and fate of the Universe 

The Opportunities for Discovery      
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The Opportunities for Discovery      
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The particle phyiscs and cosmology communities are united in seeking to 
understand the fundamental constituents of the Universe and the forces 
between them and to apply that knowledge to understand the birth, evolution 
and fate of the universe 



BUILDING AN UNDERSTANDING OF THE UNIVERSE:
A WORK A CENTURY IN THE MAKING
Our communities have revolutionized human understanding of the Universe 
– its underlying code, structure and evolution 

Through careful measurement, observation and deduction 
we have developed remarkably successful prevailing theories the Standard
Models of particle physics and cosmology that are highly predictive and have 
been rigorously tested in some cases to 1 part in 10 billion

These are among the highest intellectual achievements in the history of
our species, they will be part of our legacy to future generations for eternity

The potential now exists to revolutionize our knowledge again.
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An Edifice Hundred Years In The Making 
Particle Standard Model Cosmology Standard Model 

LCDM

BUILDING AN UNDERSTANDING OF THE UNIVERSE:
A WORK A CENTURY IN THE MAKING

8

……enabled by instrumentation
Detector Technology Challenges  -- I. Shipsey



To understand the fundamental nature of energy, matter, 
space, and time, and to apply that knowledge 
to understand the birth, evolution and fate of the universe 

The Opportunities for Discovery      

Higgs Couplings Oxford --Shipsey
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With#thanks#to##
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Our scope is broad and we deploy many tools; accelerator, 
non-accelerator, astrophysical & cosmological observations 
all have a critical role to play



Detect & Measure over 24 orders of magnitudebeen there before

• CMB anisotropy

• universe younger than 
oldest stars?

• cosmologists got antsy

• it turned out a little “fine-
tuned”

• low quadrupole

• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

1% tuning

10Detector Technology Challenges  -- I. Shipsey



A Rich Spectrum of Technologies Developed by our Community

Silicon CCD 3D Si Germanium HPGeASIC

H2O Ckov

Crystals LAPPD MicroMegas RPC GEM SiPM

LAr TPC Noble Liquids Bubbles Phototubes TES

HS-DAQ Imag. Calor. Materials Noble Gases WbLS Power 
11Detector Technology Challenges  -- I. Shipsey



BUILDING AN UNDERSTANDING OF THE UNIVERSE:
A WORK A CENTURY IN THE MAKING

The potential now exists to revolutionize our knowledge again.

12Detector Technology Challenges  -- I. Shipsey



World Quantum Day @ KCL -- 19 April 2022 -- I. Shipsey 13We are very much in a data driven era ! 
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The gestation time to realize the tools and the experiments e.g. 
LHC & LIGO are decades long! For the most ambitious future 
experiments e.g FCCee/hh & Einstein Telescope  to take the data 
and seize the opportunities for discovery, we must develop the 
tools  (instrumentation and facilities) we need NOW. 

Detector Technology Challenges  -- I. Shipsey



“New directions in science are launched by new tools 
much more often than by new concepts.

The effect of a concept-driven revolution is to explain old things in new 
ways. The effect of a tool-driven revolution is to discover new things that 

have to be explained”  (Freeman Dyson)

Photo credit: CERN



“Measure what is measurable, and 
make measurable what is not so” (Galileo Galilei)

Photo credit: CERN



NOBEL(PRIZES(FOR(
INSTRUMENTATION(

1927: C.T.R. 
Wilson, Cloud 
Chamber 

1939: E. O. 
Lawrence, 
Cyclotron 

1948: P.M.S. 
Blacket, Cloud 
Chamber 

1950: C. Powell 
Photographic 
Method 

1954: W. Bothe 
Coincidence 
method 

1960: Donald 
Glaser, Bubble 
Chamber 

1968: L. Alvarez 
Hydrogen Bubble 
Chamber 

http://www.lhc-closer.es/
php/index.php?
i=1&s=9&p=2&e=0 

6(

1992: G. Charpak 
Multi Wire Prop. 
Chamber 

2009: W. S. Boyle & G. E. 
Smith 
CCD sensors 



Instrumentation(&(the(
building(of(the(SM(

•  Fluorescent screen: e- 

•  Ionization chamber: n 
•  Cloud chamber: e+, µ+, µ-, K0, Λ0, Ξ-, Σ- 

•  Nuclear emulsions: π+, π-, Σ+, K+, K- 

•  Bubble chamber: Ξ-, Σ-, Ω-,  neutral currents, .. 

•  Electronic techniques: anti-n, anti-p, π0 

Ω-(

π − → µ−νµ

µ− → e−νeνµNeutral currents 

Positron 

Pion 

D.(Bortoletto,(Lecture(1( 7(09/07/15(



09/07/15( D.(Bortoletto,(Lecture(1( 8(

Imaging(Detectors:(Cloud(Chamber(

!

The cloud chamber 
contains a supersaturated 
vapor of water or alcohol.  
–  A charged particle 

interacting with the 
mixture, creates ions.  

–  Ions act as 
condensation nuclei 
around which a mist will 
form 

If a magnetic field is applied 
positively and negatively 
charged particles curve in 
opposite directions. 

High energy α and β particles 
leave a track due to  the ions they 
produce along their path  



The(positron(

09/07/15( D.(Bortoletto,(Lecture(1( 9(

Positron discovery, Carl Andersen 1933 [Nobel price 1936] 

Magnetic field 15000 Gauss, 
chamber diameter 15cm. 
A 63 MeV positron passes 
through a 6mm lead leaving 
the plate with energy 23MeV. 
The ionization of the particle, 
and its behavior in passing 
through the foil was the same 
as those of an electron but 
with positive charge 

 Confirmation of antiparticles 



09/07/15( D.(Bortoletto,(Lecture(1( 10(

The(muon((
 Muons were discovered by Carl 
D. Anderson and Seth 
Neddermeyer at Caltech in 1936 
with a cloud chamber while 
studying cosmic radiation 

Existence of
generations



The(Pion(

09/07/15( D.(Bortoletto,(Lecture(1( 12(

The pion was discovered in Nuclear emulsion techniques, Powell 1947; Nobel Prize 1950 

 

Discovered in 1947 in nuclear 
emulsions exposed to cosmic rays, 
and they showed that it decay to a 
muon and an unseen partner. 
The constant range of the decay 
muon from the pion decay indicate 
that this is a two body decay 

π − → µ−νµ

µ− → e−νeνµ



09/07/15( D.(Bortoletto,(Lecture(1( 14(

"I have done a 
terrible thing. 
I invented a 
particle that 
cannot be 
detected.” 
          W. Pauli  

Fermi’s idea to 
measure the 
neutrino mass 

3-body kinematics: the neutrino 
Neutrinos do not carry any 
charge � take part in the 
electroweak and gravitational 
interaction � neutrinos hardly 
interact with matter  

 Existence of neutrinos was 
inferred from studies of the 
lepton spectrum in beta decays.  
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Imaging(Detectors:(
the(Bubble(chamber(

Urban history: Glaser was 
inspired by the bubbles in a 
glass of beer 
In a 2006 talk he said that 
he did experiments using 
beer to fill early prototypes. 

Some disadvantages: 
–  It cannot be triggered 
–  Low rate capability 
–  The photographic readout: for data analysis 

one had to look through millions of photos 
 

Invented in 1952 by Glaser 
(1960 Nobel Prize in Physics) 
 

A bubble chamber is a vessel filled with a 
superheated transparent liquid (for ex. Hydrogen 
at T=30K). A charge particle initiate boiling. 

 The size of chambers grew quickly: 
–  1954: 2.5’’(6.4 cm) 
–  1954: 4’’   (10 cm)  
–  1956: 10’’ (25 cm)         
–  1959: 72’’ (183 cm) 
–  1963: 80’’ (203 cm) 
–  1973: 370 cm 

 



Discovery(of(the(Omega((

 Bubble chambers are now used to search for WIMPs 

09/07/15( D.(Bortoletto,(Lecture(1( 16(

BNL, First Pictures 1963, 0.03s cycle 

Ω- = sss   Confirmation of the quark model and color 



Electronics(detectors(

09/07/15( D.(Bortoletto,(Lecture(1( 17(

In the 70ies the logic 
(electronic) detectors took over 
–  Geiger counters 
–  Scintillator + photomultipliers 
–  Spark counters 

The particle is not “seen” but 
its nature and existence 
“deduced” via a logic 
experiment (coincidences, 
triggers, detection of decay 
products …) 

Scintillating Screen: 
Rutherford Experiment 1911: 
–  Zinc Sulfide screen used as 

detector. 
–  If an alpha particle hits the 

screen, a flash could be detected 



The(discovery(of(the(νµ
•  A newly completed accelerator, the alternating Gradient SynChrotron (AGS) @ 

BNL was used to create a neutrino beam 
–  Protons →Beryllium target→ π→µνµ
–  Create neutrino beam by eliminating other particle with a 13.5-metre-thick 

steel wall (scrapped warships) 
•  Detect neutrinos with a newly invented 10-ton spark chamber 

Mel(Schwartz(

D.(Bortoletto,(Lecture(1( 18(09/07/15(

νµe
− → µ−νe



MultiZwire(proportional(chambers(

09/07/15( D.(Bortoletto,(Lecture(1( 19(

Tube, Geiger- Müller, 1928 
Multi Wire Geometry, in H. Friedmann 1949  

G. Charpak 1968, Multi Wire Proportional Chamber,  
readout of individual wires and proportional mode working point. 

•  A charged particle traversing the detector leaves a trail of electrons and ions.  
•  Wires are kept at positive HV.  
•  Electrons drift to the wires in the E field and form an avalanche close to the wire. 
•  This induces a signal on  the wire which can be read out by an amplifier. 



The(merge(of(electronic(Images(

09/07/15( D.(Bortoletto,(Lecture(1( 20(

UA1 used a very large  
 

This computer reconstruction shows the tracks of 
charged particles  from the proton-antiproton 
collision. The two white tracks reveal the Z's decay. 
They are the tracks of a high-energy e- and e+. 
(

Discover of the W and Z (1983) 
Rubbia & Van der Meer, Nobel Prize 1984 

Discovery of W & Z captured in electronic photo-like images 



Charm(and(Beauty(

Γ ≅
mc
5 GF cosθc( )2

192π 3 ≅
mc

mµ

#

$
%%

&

'
((

5

×107 sec−1 d 

γcτ 1/γ 
d = γcτ × 1

γ
≈ cτ

≈ 30−300 microns

•  Lifetime of heavy quarks expected to be of the order of ~ 10-12 and 
10-13 seconds 

D.(Bortoletto,(Lecture(1( 21(09/07/15(

Review of Particle Properties (1978) 

•  Technologies in the 70s 
could not provide the 
combination of accuracy, 
position resolution and time 
resolution to identify study 
charm ot beauty decays.  



The(silicon(revolution(

•  MARK II silicon Vertex Detector 

•  Proposed in 1985 

22(09/07/15(

•  NA 11- NA32 (1981-1984) 
–  First position-sensitive silicon detector in 

HEP  
–  Measurement of charm quark lifetimes 
–  1200 diode strips on 24x 36 mm2 

–  4.5 µm resolution 

•  Game changing development: Planar technology 
silicon strip detectors. 
–  Fast, good resolution,  low dead time,  

radiation hardness 
J. Kemmer 1979 



Silicon(detectors(evolution(

D.(Bortoletto,(Lecture(1(

From&LEP&to&the&LHC&

CMS&

OPAL&

23(09/07/15(



CCD(and(Thick(CCD(

Typical astronomical detectors from 
2000s 

Thicker detectors, pioneered 
by LBNL for particle physics. 
They are now  allowing deeper 
surveys. Merging p-i-n and 
CCD technology  
(

•  Invented by W. Boyle and G. Smith (Bell Laboratories) in 1969  

•  Nobel Prize in Physics 2009 

 

D.(Bortoletto,(Lecture(1( 24(09/07/15(

Factor of 5 improvement in the 
detection efficiency around 900nm. 
Critical for the study of dark energy 



Thick(CCD(
•  Initially all fabrication steps were done in the LBNL 

MicroSystems Laboratory Class 10 cleanroom 

HyperSuprimeCam – 116 2k x 4k, (15 µm)2-
pixel CCDs Subaru 8-m Telescope 

Dark(Energy(Survey(Camera((DECam)(–(
62(2k(x(4k,((15(μm)2Zpixel(CCDs(NOAO$
Cerro$Tololo$Blanco$40m$Telescope$(

Hamamatsu: 200µm thick fully depleted CCD LBNL/DALSA: 250µm thick fully 
depleted CCD 

D.(Bortoletto,(Lecture(1( 25(09/07/15(



ASIC(Revolution(
•  Use emergent 3D electronics for 

intelligent trackers selecting high 
pT  event of interest in high rate 
environments 

D.(Bortoletto,(Lecture(1(

•  Microplex CHIP:128 channels on a 
4.7 by 6.4 mm chip (5µm CMOS) 

ATLAS FE-I4: 26,880 pixel in a 20 mm 
x 19 mm chip (130 nm CMOS) 

26(09/07/15(

G.(Deptuch(
HEPIC2013(
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between 1967 - 2012
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guided research

Higgs

The Standard  Model  Guided Research 
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No-lose completion of the Standard Model

Guaranteed 
discoveries

W & Z         CERN SppS
Top quark  Tevatron
Higgs           LHC

41



No-lose completion of the Standard Model

No guaranteed 
discoveries

Now that the Standard Model is complete,
there are no further no-lose theorems
In principle, the Standard Model could be  
valid to the Planck scale

42



Perception is a dynamic combination of top-down 
(theory) and bottom-up (data driven) processing

• The need for detail (quality and quantity of the 
data) depends on the distinctiveness of the object 
and the level of familiarity

Visual examples…

Perception & understanding
with a roadmap

When we know the characteristics and context
of what to expect (W,t,H ) a little data goes a
long way (top-down dominates)

43
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With a roadmap  (theory)

New physics need lots 
of data
(bottom up dominates)

Perception & understanding

(W,t,H ) a little data 
goes a long way (top-
down dominates)

w/o a roadmap (data driven)
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Discoveries in Particle Physics  
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Slide**3*
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Precision(instruments(are(key(to(discovery(when(exploring(new(territory.((
Adapted!from!S.!Ting!

Discoveries in particle physics  
Based on an original 
slide from Sam TingBased on an original 

slide by S.C.C. Ting
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precision instruments are key to discovery 
when exploring new territory  

Discoveries in particle physics  
Based on an original 
slide from Sam TingBased on an original 

slide by S.C.C. Ting
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• The particles the technologies detect, whether produced in accelerator collisions,  in non-accelerator 
experiments, in cosmic rays or space are: photons, electrons, protons, neutrons, neutrinos, pions and kaons

• Therefore the technologies that detect  these particles are broadly applicable across PP NP and APP & 
synergistically developed

PhotonNeutrino

Proton

WIMP	Direct	DetecDon	Detector:	
2	Phase	Noble	TPC	

	•  G2:	LZ	and	XENON	1	Ton		
•  Xe	/	Ar	/	Ne	/	He	
•  Measures	both	IonizaDon	&	
ScinDllaDon	

•  Design	Drivers:	
– Minimize	Backgrounds	

•  intrinsically	clean	
•  self	shielding	
•  Electron	Recoil	/	Nuclear	Recoil	
DiscriminaDon	

–  Large	Exposure	
•  Big	AcDve	Volume	

–  Talks:	
•  T.	Shu'	
•  B.	Jones	
•  M.	Leyton	
•  Y.	Li	

15	• In addition LIGO detects gravitational waves &  certain quantum technologies are sensitive to dark matter waves

Our Technologies: synergy & broad applicability  
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Technology Classification for the ECFA R&D Roadmap

GASEOUS NOBLE LIQUIDS SOLID STATE

QUANTUM CALORIMETER ELECTRONICS INFRASTRUCTURE

PHOTODETECTORS
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quantum sensors register a change of quantum state caused by the interaction with 
an external system: 

• transition between superconducting and normal-conducting
• transition of an atom from one state to another
• change of resonant frequency of a system (quantized)

Clarification of terms

ECFA Detector R&D Roadmap Symposium of Task Force 5 ECFA Detector R&D Roadmap Symposium of Task Force 5 ECFA Detector R&D Roadmap Symposium of Task Force 5 ECFA Detector R&D Roadmap Symposium of Task Force 5 
Quantum Quantum Quantum Quantum and Emerging Technologiesand Emerging Technologiesand Emerging Technologiesand Emerging Technologies

How do we define “quantum technology” and “quantum sensor”?

Which quantum technologies are likely to lead to disruptive discoveries in 

fundamental physics in the next 10-20 years?

A technology or device that is naturally described by quantum mechanics is 
considered ``quantum''.

Then, a "quantum sensor" is a device, the measurement (sensing) 
capabilities of which are enabled by our ability to manipulate and read 
out its quantum states.

Quantum Technology and the Elephants
Quantum Science and Technology Editorial
Marianna Safronova & Dmitry Budker

and because the commensurate energies are very low, unsurprisingly, quantum 
sensors are ideally matched to low energy (particle) physics; 

     focus on CERN activities both in low energy and high energy particle physics

(I will not however be talking about entanglement and its potential applications)

5/38 EP seminar, 13.5.2022
Friday 13 May 22
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Atoms in an Optical Lattice/Cavity Molecules

Trapped Ions Atom Interferometers

Experimental Systems

INFIERI Madrid- 2/9/21 -- I. Shipsey 64

QUANTUM
A broad range of 
different 
experimental
methodologies 



Superconducting Circuits Nanomechanical Resonators

NMR

Experimental Systems, continued…

Commercial Quantum Annealer
INFIERI Madrid- 2/9/21 -- I. Shipsey 65

QUANTUM
A broad range of 
different 
experimental
methodologies 



Example:
Photodetectors

The Broad Reach of Photo-Detectors 

LHCb Fibre Tracker

CMS PWO Ecal

Super-K

Ice Cube

Auger

DES

BELLE-II

WIMP	Direct	DetecDon	Detector:	
2	Phase	Noble	TPC	

	•  G2:	LZ	and	XENON	1	Ton		
•  Xe	/	Ar	/	Ne	/	He	
•  Measures	both	IonizaDon	&	
ScinDllaDon	

•  Design	Drivers:	
– Minimize	Backgrounds	

•  intrinsically	clean	
•  self	shielding	
•  Electron	Recoil	/	Nuclear	Recoil	
DiscriminaDon	

–  Large	Exposure	
•  Big	AcDve	Volume	

–  Talks:	
•  T.	Shu'	
•  B.	Jones	
•  M.	Leyton	
•  Y.	Li	

15	

LZ

Photon detection is ubiquitous over 
wide range of wavelengths & signal times 

Challenge: Development of large-area
devices, radiopure, cryogenic stability and 
high QE within appropriate wavelength
sensitive window  

66Detector Technology Challenges  -- I. Shipsey
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APPEC Flagship Research Infrastructures
This is not a closed, but dynamic list…

03/05/2022 JENA Symposium 2022 | Andreas Haungs 30

Neutrino Properties

[construction DARWIN 2024-

[construction LEGEND-1000 2023-

Dark Matter

Gravitational Waves
HE Neutrinos

HE Cosmic Rays

HE Gamma rays

High-Energy

Universe

Dark 

[construction ET 2026-

[construction KM3NeT 2020-2026]

[construction AugerPrime 2019-2023]

[construction CTA 2021-

Photo-sensors play a 
crucial role in enabling 
the science objectives    
in each of these 
infrastructures

Modified from a slide by Andreas Haungs

(APPEC is the European Astro Particle Physics Community)

Now XLZD



Themes(of(detector(development(
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•  Continue improvement 

–  Incremental changes 

–  Improve efficiency 

–  Reduce costs 

–  Safe 

•  Disruptive Innovation 

–  Introduction of new 

technologies 

–  Risky 

–  Requires investments 

–  Creates new market 

opportunities 
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Detector(Optimization(
•  Which kind of “particle” we have to detect? 

•  What is the required dimension of the detector? 

•  Which “property” of the particle we have to know? 

–  Position 

–  Lifetime 

–  Quantum numbers 

–  Energy 

–  Charge 

•  What is the maximum count rate? 

•  What is the “time distribution” of the events? 

•  What is the required resolution ? 

•  What is the dead time? 

•  What is the occupancy ? 

 



Instrumentation is the great enabler of science……..
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In many experiments many classes of detector technology are necessary working in 
synchronous harmony to reveal the mysteries of nature



Instrumentation is the great enabler of science……..
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CMS and ATLAS are digital cameras designed to completely surround the collision point which is at the centre
of the camera so that all the of particles produced can be imaged. A  variety of detector types are used 
nested one inside the other like layers of an onion. 



• try

Tracking System:          
TRT, Silicon Strip and 

Pixel detector

Muon Chambers
Drift tubes

Hadronic calorimeter: 
Fe + scintillator / Cu+LAr

Electromagnetic calorimeter: 
High granularity Liquid argon 

+ Pb absorbers

Experiments at accelerators are generally comprised of many detector subsystems
74
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Multipurpose(Detectors(
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Particle flow reconstruction 

CMS(



Configuration(of(HEP(Detectors(
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LHCb 

ALICE 



ECCE Detector 
Tanja Horn
CUA/JLab

ECCE Detector 
Tanja Horn
CUA/JLab

Electron-Ion Collider (EIC)

53

World’s 1st polarized e-p/light-ion & 1st eA collider
User Group >1000 members: hcp://eicug.org

BNL (US)
beams from ∼2030

How do the proper)es 
of proton and neutrons 

arise from its 
cons)tuents? 

Towards a 3D partonic 
image of the proton

electron

ion

Electron-Ion Collider (EIC)

53

World’s 1st polarized e-p/light-ion & 1st eA collider
User Group >1000 members: hcp://eicug.org

BNL (US)
beams from ∼2030

How do the proper)es 
of proton and neutrons 

arise from its 
cons)tuents? 

Towards a 3D partonic 
image of the proton

electron

ion

Electron Ion Collider @ BNL 
beams from ~2030 concurrent 
operations with  HL-LHC for a 
decade & mutual interest to NP 
& PP

77
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The ECCE 
Reference 
Technologies

12/13/2021 ECCE DPAP Panel Review

For additional technical details 
if desired please see the ECCE 
technical notes: 
https://www.ecce-
eic.org/ecce-internal-notes
(PW: ECCEprop)

6

Most technologies 
in common with 
the LHC/HL-LHC & 
RHIC:
silicon, gaseous, 
photo, particle 
identification,
calorimetry
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NP & PP working 
side by side 
immensely 
synergistic
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Gravitational Waves / Future  Einstein Telescope

Technology: 
Laser power and squeezed states
Reduce Seismic (Newtonian) noise è underground; long tunnels
Reduce thermal noise in suspension and test masses 
è cryogenics to cool the mirrors

ET Pathfinder

The particle physics community (e.g. CERN has developed vast experience in governance and 
implementation of big science projects) and ET should build on this.
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Future flagship at the energy & precision fron.er

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

25y @ hh 100 TeV (30ab-1)
@ eh 3.5 TeV (2ab-1)

FCC-eh/hh@CERN [3.5/100 TeV]

Nb3Sn
16T magnets

FCC-ee

4y @ MZ (150ab-1)
1-2y @ 2xMW (10ab-1)
3y @ 240 GeV (5ab-1)
5y @ 2xmt (1.5ab-1)

Current flagship (27km)
impressive programme up to 2040

Future Circular Collider (FCC)
big sister future ambi,on (100km), beyond 2040
aaracBve combinaBon of precision & energy fronBer

by around 2026, verify if it is feasible to plan for success 
(techn. & adm. & financially & global governance) 
poten.al alterna.ves pursued @ CERN: CLIC & muon collider

num
bers assum

e 2 IPs for 
each collider (only one for FCC-eh)

Higgs Factory
EW/Top Factory

ep-op.on with HL-LHC: LHeC
10y @ 1.2 TeV (1ab-1)

updated CDR 2007.14491



Only 4% of the collisions that we plan to collect at the LHC have so 
far been recorded LHC Run 3 then HL-LHC will be immensely exciting 
enabled by an ambitious accelerator and detector upgrade program 
that is very far advanced. A discovery at any moment!
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Or(why(you(can’t(do(physics(at(1033(

D.(Bortoletto,(Lecture(1( 33(09/07/15(

1982 SNOWMASS 



We(did(it(!!!(

1974(
MARKZI(detector((SLAC)(

(((((e+eZ(@(3(GeV((
Ψ´((excited(state(of(J/Ψ)(

1995(
Top(quark(discovery(at(CDF(and(D0( (((

pbarZp(@(1.8(TeV((

D.(Bortoletto,(Lecture(1(

Discovery of the Higgs at ATLAS and CMS in 2012 
H -> 2e2mu candidate event with m(4l) = 122.6 (123.9) GeV 

34(09/07/15(

HL-LHC L=5E34 cm-2 s-1 

We must do it again!!!! We are in the midst of preparing to do it again now!



We need to be preparing to do it again further into the future!
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Future flagship at the energy & precision fron.er

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

25y @ hh 100 TeV (30ab-1)
@ eh 3.5 TeV (2ab-1)

FCC-eh/hh@CERN [3.5/100 TeV]

Nb3Sn
16T magnets

FCC-ee

4y @ MZ (150ab-1)
1-2y @ 2xMW (10ab-1)
3y @ 240 GeV (5ab-1)
5y @ 2xmt (1.5ab-1)

Current flagship (27km)
impressive programme up to 2040

Future Circular Collider (FCC)
big sister future ambi,on (100km), beyond 2040
aaracBve combinaBon of precision & energy fronBer

by around 2026, verify if it is feasible to plan for success 
(techn. & adm. & financially & global governance) 
poten.al alterna.ves pursued @ CERN: CLIC & muon collider

num
bers assum

e 2 IPs for 
each collider (only one for FCC-eh)

Higgs Factory
EW/Top Factory

ep-op.on with HL-LHC: LHeC
10y @ 1.2 TeV (1ab-1)

updated CDR 2007.14491
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One of the many challenges: radiation hardness. Radiation levels go well 
beyond what any currently available microelectronics can survive (≲ MGy) 
and few sensor technologies can cope beyond ~1016 neq/cm2

è Detector R&D essential è Detector R&D essential
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• Simple Events
• No trigger
• Full event reconstruction
• Modest radiation levels

Hadron –hadron  collisions LH/HL-LHCè FCC-hh Electron-positron  collisions LEP è FCC-ee



• The technologies developed for the LHC took >20 years to  research, develop and build 

• These  grew out of technologies developed for earlier  rounds of experiments  at  earlier 
accelerators SppbarS, SPS, & LEP @ CERN, the Tevatron @ Fermilab  and other facilities 
worldwide in the 1960-1990s. 

• The technologies  for the HL- LHC began to be developed around 2008, the R&D, build, 
install and commission will be completed in 2029

• The technology R&D for experiments  that commence operation in the 2030s, 2040s & 
2050s and beyond e.g. FCC-ee/FCC-hh is either underway already or must begin now 

20  Years



• The technologies developed for the LHC took >20 years to  research, develop and build 

• These  grew out of technologies developed for earlier  rounds of experiments  at  earlier 
accelerators SppbarS, SPS, & LEP @ CERN, the Tevatron @ Fermilab  and other facilities 
worldwide in the 1960-1990s. 

• The technologies  for the HL- LHC began to be developed around 2008, the R&D, build, 
install and commission will be completed in 2029

• The technology R&D for experiments  that commence operation in the 2030s, 2040s & 
2050s and beyond e.g. FCC-ee/FCC-hh is either underway already or must begin now 

• And this applies not only to the energy frontier, but also to the intensity and cosmic 
frontiers 

20  Years



Basic Research Needs for High Energy Physics 
Detector Research & Development

Report of the Office of Science Workshop on Basic Research 
Needs for HEP Detector Research and Development

December 11-14, 2019

Starting from the 
2014 P5 vision:
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Most recent European Strategies
the large … … the connec7on …

2017-2026 European 
Astropar5cle Physics Strategy

Long Range Plan 2017
Perspec5ves in Nuclear Physics

w
eb
lin
k

w
eb
lin
k

… the small 

2020 Update of the European 
Par5cle Physics Strategy

w
eb
lin
k

Are community driven strategies outlining 
our ambition to address compelling open 
questions

Guidance for funding authorities to 
develop resource-loaded research 
programmes
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Most recent European Strategies
the large … … the connec7on …

2017-2026 European 
Astropar5cle Physics Strategy

Long Range Plan 2017
Perspec5ves in Nuclear Physics

w
eb
lin
k

w
eb
lin
k

… the small 

2020 Update of the European 
Par5cle Physics Strategy

w
eb
lin
k

ECFA Detector R&D Roadmap

10.17181/CERN.XDPL.W2EX


ECFA Detector R&D Roadmap

Process organised by 
Panel and nine Task 
Forces with input sessions 
and open symposia with 
wide community 
consultation (1359 
registrants)

ECFA Detector R&D 
Roadmap Panel web 
pages at: 
https://indico.cern.ch/
e/ECFADetectorRDR
oadmap
Documents CERN-
ESU-017: 
10.17181/CERN.XDP
L.W2EX

8 page 
synopsis 
brochure 

250 pages 
main

Main Document 
published 
(approval by 
RECFA at 
19/11/21) and 8 
page synopsis 
brochure prepared 
for less specialised 
audience
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I.Vivarelli - European R&D Roadmaps - IoP 2022 - 3-6 April 2022  

Detector R&D roadmap 
•Given the future physics programme, identify the main technology R&D to be met so that 

detectors ar not the limiting factor for the timeline. 

•Detector context considered: 

13

•Full exploitation of LHC  
•Long baseline neutrinos 
•Detectors for future Higgs-EW-Top 

factories (in all manifestations) 
•Long term vision for 100 TeV 

hadron collider

•Future muon colliders 
•Accelerator setup for rare decays/dark 

matter 
•Experiments for precision QCD  
•Non accelerator experiments (reactor 

neutrinos, double beta decay, dark 
matter) 

https://indico.cern.ch/e/ECFADetectorRDRoadmap
http://dx.doi.org/10.17181/CERN.XDPL.W2EX
https://indico.cern.ch/event/1085137/


I.Vivarelli - European R&D Roadmaps - IoP 2022 - 3-6 April 2022  

Structure of the document

14

•DRDTs define for each area the theme or 
R&D to be performed. 

Detector Technology Challenges  -- I. Shipsey 94

Roadmap Document Structure
Within each Task Force (one for each 
technology area + training) the aim is to propose 
a time ordered detector R&D programme by
Detector Research and Development Themes
(DRDT) in terms of capabilities not currently 
achievable.

Many themes so much too small to read!



I.Vivarelli - European R&D Roadmaps - IoP 2022 - 3-6 April 2022  

Structure of the document

14

•DRDTs define for each area the theme or 
R&D to be performed. 
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Roadmap Document Structure
Within each Task Force the aim is to propose a 
time ordered detector R&D programme by
Detector Research and Development Themes
(DRDT) in terms of capabilities not currently 
achievable.



Detecting(particles(

•  Every effect of particles or 
radiation can be used as a 
working principle for a 
particle detector. 

D. Bortoletto Lecture 2 2 

Claus Grupen 



Example(of(particle(interactions(

D. Bortoletto Lecture 2 3 

Ionization Pair production Compton scattering 

Delta-electrons 



EM(interaction(of(charged(particles(with(matter((

D. Bortoletto Lecture 2 4 

Interaction with the 
atomic electrons. 
Incoming particles 
lose energy and 
atoms are excited 
or  ionized.  

Interaction with the 
atomic nucleus. 
Particles are 
deflected  and a 
Bremsstrahlung 
photon can be 
emitted. 

If the particle’s velocity is > the 
velocity of light in the medium → 
Cherenkov Radiation. 
When a particle crosses the 
boundary between two media, 
there is a probability ≈1% to 
produce an X ray photon 
Transition radiation.  

M,#q=z|e)|!

#Ze)!



Energy(Loss(by(Ionization((

D. Bortoletto Lecture 2 5 

Classical derivation in backup slides  
agrees with QM within a factor of 2 

Energy loss (- sign) 

•  Assume: Mc2 � mec2 (calculation for 
electrons and muons are more complex) 

•  Interaction is dominated by elastic 
collisions with electrons  
–  The trajectory of the charged particle 

is unchanged after scattering 
•  Energy is transferred to the electrons 



Energy(loss(by(ionization(

D. Bortoletto Lecture 2 6 

re =
1
4πε0

e2

mec
2

•  The Bethe-Bloch equation for energy loss 



The(Bethe>Bloch(
Formula(

D. Bortoletto Lecture 2 7 

PDG 

Common features: 
–  fast growth, as 1/β2, at low 

energy 
–  wide minimum in the range 

3 ≤ βγ ≤ 4, 
–  slow increase at high βγ.  

 A particle with dE/dx near 
the minimum is a minimum-
ionizing particle or mip. 

The mip’s ionization losses 
for all materials except 
hydrogen are in the range 
1-2 MeV/(g/cm2)  
–  increasing from large to low 

Z of the absorber. 



Understanding(Bethe>Bloch(

D. Bortoletto Lecture 2 
8 

Δp ⊥= F⊥∫ dt = F⊥∫
dt
dx
dx = F⊥∫

dx
v

     Large γ    

Fast particle 

Relativistic rise as βγ>4 
–  Transversal electric field increases 

due to Lorentz boost 
Shell corrections 
– if particle v ≈ orbital velocity of 

electrons, i.e. βc ~ ve. Assumption 
that electron is at rest breaks down 
�(capture process is possible . 

Density effects due to medium 
polarization  (shielding) increases at 
high γ  

dE/dx falls like 1/β2                                      

[exact dependence β-5/3] 
–  Classical physics: slower particles 

“feel“ the electric force from the atomic 
electron more 



Bethe>Bloch:(Order(of(magnitude(

D. Bortoletto Lecture 2 10 

This number must be multiplied with 
ρ [g/cm3] of the Material  !             

dE/dx [MeV/cm] 

PDG 
For Z ≈ 0.5 A 
–  1/ρ dE/dx ≈ 1.4 MeV cm 2/g 

for βγ ≈ 3 
 Can a 1 GeV muon traverse 1 

m of iron ? 
–  Iron: Thickness = 100 cm;    
ρ = 7.87 g/cm3 

–  dE ≈ 1.4 MeV cm 2/g  × 100 
cm ×7.87g/cm3= 1102 MeV 

–  This is only an average 
value 

dE/dx must be taken in 
consideration when you are 
designing an experiment 

 



Bethe>Bloch(dependence(on(Z/A(

•  Minimum ionization ≈ 1 - 2 MeV/g cm-2.  For H2: 4 MeV/g cm-2 

•  Linear decrease as a function of Z of the absorber 

11 

Stopping power at minimum 
ionization. The line is a fit for Z > 6.  

PDG 



dE/dx(Fluctuations(

D. Bortoletto Lecture 2 12 

ΔE = δEn
n=1

N

∑ N= number of collisions 
δE=energy loss in a single collision 

The statistical nature of the ionizing process results in large fluctuations of 
energy loss (Δ) in absorbers which are thin compared with the particle 
range. 

Ionization loss  is 
distributed statistically 
Small probability to 
have very high energy 
delta-rays (or knock-
on electrons) 

 



dE/dx(Fluctuations(

13 

•  A real detector (limited granularity) cannot measure <dE/dx>  
–  It measures the energy ΔE deposited in layers of finite thickness Δx 
–  Repeated measurements are needed  

•  Thick layers and high density 
materials: the dE/dx is a more 
Gaussian-like (many collisions 

Example: 300 µm 
thick Silicon 
ΔEmip~82 keV, 
<ΔE>mip ~115 keV  

•  Thin layers or low density materials: 
dE/dx has large fluctuations towards 
high losses  (Landau) 

 



An approximation of the Landau distribution: 

Landau(Distribution(

D. Bortoletto Lecture 2 14 

Landau distribution- Most Probable Value (MPV)  dE/dx ≠ average dE/dx 

N
or

m
al

iz
ed

 e
ne

rg
y 

lo
ss

 p
ro

ba
bi

lit
y 

For thin (not too thin) absorbers the Landau distribution offers a good 
approximation of the energy loss (Gaussian-like + tail due to high energy 
delta-rays which might leave the detector) 

L(λ) = 1
2π

exp − 1
2
λ + e−λ( )"

#$
%

&'
λ =

ΔE −ΔEMP

ξ
ξ Is material 
dependent 



dE/dx(and(particle(ID(

D. Bortoletto Lecture 2 15 

PT GeV / c[ ] = 0.3B[T ]ρ[m]

By measuring P and the energy 
loss independently � Particle ID 
in certain momentum regions 

dE/dx is a function of βγ =P/Mc 
and it is independent of M.  



Energy(loss(at(small(momenta(
•  If the energy of the particle falls below βγ=3 the energy loss rises as 1/β2  
→ Particles deposit most of their energy at the end of their track →   
Bragg peak 

D. Bortoletto Lecture 2 16 

Critical for radiation 
therapy 

Hadron therapy: Protons 200 MeV 1 nA 
Carbon ions 4800 MeV 0.1 nA 

200 MeV 
proton beam 

X-rays 
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R(E0 ) =
1

dE / dxE0

0

∫ dE

R(β0γ0 ) =
Mc2

ρ
1
z2
A
Z
f β0γ0( )

ρR(β0γ0 ) =
Mc2

1
z2
A
Z
f β0γ0( )

•  R/M  is ≈ independent of the material 
•  R is a useful concept only for low-

energy hadrons (R <λI =the nuclear 
interaction length) 

 

A particle of mass M and kinetic 
Energy E0 enters matter and looses 
energy until it comes to rest at a 
distance R.  

PDG 

1GeV p in Pb          ρ(Pb)= 11.34 g/cm3    

R/M(Pb)=200 g cm-2 GeV-1 

R=(200/11.34) cm ≈ 20 cm  

Range(of(particles(in(matter(
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R(E0 ) =
1

dE / dxE0

0

∫ dE

R(β0γ0 ) =
Mc2

ρ
1
z2
A
Z
f β0γ0( )

ρR(β0γ0 ) =
Mc2

1
z2
A
Z
f β0γ0( )

•  R/M  is ≈ independent of the material 
•  R is a useful concept only for low-

energy hadrons (R <λI =the nuclear 
interaction length) 

 

A particle of mass M and kinetic 
Energy E0 enters matter and looses 
energy until it comes to rest at a 
distance R.  

PDG 
Range(of(particles(in(matter(

Mean free path in plastic 
scintillator for various charged 
particle 



Muon(Tomography(

D. Bortoletto Lecture 2 19 

•  L. Alvarez in  the 60s used the measurement of attenuation of 
cosmic ray muons to look for hidden chambers in the Second Giza 
Pyramid → Muon Tomography (Science 167, 832-839, 1970) 

• No hidden chambers 
• Now used for archeology in the Yucatan, detection of illicitly 

trafficked Special Nuclear Material  etc. 

Muon Tomography                      



Bremsstrahlung(
(

D. Bortoletto Lecture 2 20 

A charged particle of mass M and charge q=ze is deflected by a nucleus of 
charge Ze which is partially �shielded� by the electrons. During this deflection 

the charge is �accelerated��and therefore it can radiate a photon ! 
Bremsstrahlung.  

This effect depends on  1/ 2nd power of the particle mass, so it is 
relevant for electrons and very high energy muons 

#Ze)####electrons!

#M,#q=ze!



Energy(loss(for(electrons(and(muons(

D. Bortoletto Lecture 2 21 

E = E0e
−x/X0

After passing a layer of material of 
thickness X0 the electron has 1/e of its 
initial energy. 

For electrons 
(

dE
dx

= 4αNA
Z 2

A
re
2E ln 183

Z1/3

X0 = radiation length in [g/cm2] 

If X0 ≈
A

4αNAZ
2re
2 ln 183

Z1/3

dE
dx

=
E
X0

dE
dx

= 4αNA
z2Z 2

A
1
4πε0

e2

mc2
!

"
#

$

%
&

2

E ln 183
Z1/3

Bremsstrahlung=photon emission by an electron 
accelerated in Coulomb field of nucleus 

−
dE
dx brem

∝
E
m2

Dominant process for Ee > 10-30 MeV(
–  energy loss proportional to 1/m2 

–  Important mainly for electrons and h.e. muons 



Total(energy(loss((and(critical(energy(

22 

Critical energy 

dE
dx
(Ec )

brems

=
dE
dx
(Ec )

ion

For solid and liquids 

For gasses 

Example Copper: 
Ec ≈ 610/30 MeV ≈ 20 MeV 

PDG 

Ec =
610 MeV
Z +1.24

Ec =
710 MeV
Z + 0.92



Electron(energy(loss(
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Møller(scattering(

Bhabha(scattering(

Positron((annihilation(

Fractional energy loss per radiation 
length in lead as a function of the 
electron or positron energy 

PDG 



Energy(loss(summary(
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Since mµ/me≈200 Ec for muons ≈ 400 GeV. 

PDG −
dE
dx brem

∝
E
m2

dE
dx brem,µ

∝
1

40,000
dE
dx brem,2

 
•  Muons with 

energies > ~10 
GeV can 
penetrate thick 
layers of matter  

•  This is the key 
signature for 
muon 
identification  



Interaction(of(photons(with(matter(
•  A photon can disappear or its energy can change  dramatically at every 

interaction 
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Photoelectric Effect Compton Scattering Pair production 

I(x) = I0e
−µx µ =

NA

A
σ i

i=1

3

∑

λ =
1
µ

µ=total attenuation 
coefficient 
σi=cross section for each 
process 



σ ph =απaBZ
5 I0 / Eγ( )

7/2

Photoelectric(effect(

26 I0=13.6 eV and aB=0.53 A  

σ ph = 2πre
2α 4Z 5 mc( )2 / Eγ

Absorption of a photon by an electron 
bound to the atom and transfer of the 
photon energy to this electron.  
–  From energy conservation: 

Ee=Eγ-EN=hν-Ib 

Where Ib=Nucleus binding energy  
–  E depends strongly on Z 

E dependence for Eγ > mec2 
(

Effect is large for K-shell electrons or 
when Eγ≈ K-shell energy 
Eγ(dependence for I0 < Eγ < mec2 

(

                         σph(Fe) = 29 barn 
                         σph(Pb)= 5000 barn Z5 



Compton(scattering(
•  Best known electromagnetic 

process (Klein–Nishina formula) 
–  for Eλ << mec2 

 

–  for Eλ >> mec2 

 

where 
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σ c ∝σ Th (1−ε)

σ c ∝
lnε
ε
Z

ε =
Eλ

mec
2

θ 

!λ −λ =
h
mec

1− cosθ( )

σ Th =
8π
3re

2 = 0.66 barn



Compton(scattering(
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ε =
Eλ

mec
2

Te = Eγ − "Eγ = Eγ
ε(1− cosθ )
1+ 2ε

Tmax = Eγ
2ε
1+ 2ε

ΔE = Eγ −Tmax = Eγ
1

1+ 2ε

!Eγ =
Eγ

1+ε(1− cosθ )

From E and p conservation yields the energy of the scattered photon 

Kinetic energy of the outgoing electron: 

 
The max. electron recoil is for θ=π

Transfer of complete γ-energy                                         
via Compton scattering not possible 



Minimum energy required for this 
process 2 me + Energy transferred to the 
nucleus 

(
(

Pair(production(
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Eγ ≥ 2mec
2 +
2mec

2

mNuleus

≥ 2mec
2

γ+Nucleus→e+e- + nucleus’ 

γ + e− → e+ + e− + e− 

 

At E>100 MeV, electrons lose their 
energy almost exclusively by 
bremsstrahlung while the main 
interaction process for photons is 
electron–positron pair production. 

 

 
 



Pair(production(
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σ pair = 4αre
2Z 2 7

9
ln 183
Z1/3

−
1
54

"

#
$

%

&
' [cm2 /atom]

X0 =
A

4πNAZ
2re
2 ln 183

Z1/3

σ pair =
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If Eλ >> mec2 

Using as for Bremsstrahlung the radiation length and neglecting the 
small 1/54 term 



Interaction(of(photons(with(matter(
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Rayleigh Scattering (γA 	 γA; A = atom; coherent) 
Thomson Scattering (γe 	 γe; elastic scattering) 
Photo Nuclear Absorption (γΚ 	 pK/nK) 
Nuclear Resonance Scattering (γK 	 K* 	 γK) 
Delbruck Scattering (γK 	 γK) 
Hadron Pair production (γK 	 h+h– K) 



Multiple(scattering(
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A particle passing through material 
undergoes also multiple 
deflections due to Coulomb 
scattering with the nuclei 

The scattering angle as a                                          
function of the thickness x is 

(

Where: 
–  p (in MeV/c) is the momentum, 
–  βc the velocity, 
–  z the charge of the scattered particle 
–   x/X0 is the thickness of the medium in                              

units  of radiation length (X0). 



Multiple(scattering(
•  Particularly relevant for µ in high-

energy physics, but also common 
for low-energy e 

•  Hadrons generally undergo 
nuclear interactions before multiple 
scattering and energy loss become 
significant. 

•  Example: muon with  E=14 GeV                                        
θ0 ~ 13.6 / 14x103  √( x / x0 )                       
~ 1 mRad √( x / x0 )                         
Iron X0 = 1.8 cm ; µ at E=10 GeV 
after 100 cm Fe :                               
θ0 ~ 13.6 / 104 √(100/1.8) ~ 10 
mRad 
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Example of Multiple scattering:  
Muons before and after 320 
radiation lengths 



Building(your(detector(

•  try 

D. Bortoletto Lecture 2 34 
http://pdg.lbl.gov/2014/AtomicNuclearProperties/ 



Energy(loss(by(photon(emission(

•  Emission of Cherenkov light 
•  Emission of transition radiation 

D. Bortoletto Lecture 2 35 
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Technology Classification for the ECFA R&D Roadmap

GASEOUS NOBLE LIQUIDS SOLID STATE

QUANTUM CALORIMETER ELECTRONICS INFRASTRUCTURE

PHOTODETECTORS



Gaseous Detectors

Coaxial Cylindrical Proportional Counter



Gaseous Detectors
Multiwire Proportional Chamber
1960’s
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Leemans et al., Nature Phys. (2006); Nakamura et al., Phys. Plasmas (2007)  

H-discharge capillary (1018 cm-3) 

3 cm 

1012 MeV 
2.9% 
1.7 mrad 
30 pC 

10 

Wim Leemans

TPC

need to develop
new technologies

1970s
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Tracking 
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ρ =
pT
q B

=
γm0βc
q B

•  By measuring the radius of curvature we can 
determine the momentum of a particle 

•  If we can measure also β independently we 
can determine the particle mass. 

Particle detection has many aspects: 
–  Particle counting  
–  Particle Identification = measurement of mass and 

charge of the particle  
–  Tracking 

Charged particles are deflected by B fields: 



Momentum and position resolution 
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♦

♦

♦
(0, y1) (L, y3) 

(L/2, y2) 

s=sagitta 

Assume:  we measure y at 3 points in (x, y) plane (z=0) with precision σy and  a 
constant B field in z direction so p⊥=0.3Br. 
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Momentum and Position Measurement 
•  The momentum resolution expression can be generalized for the case 

of n measurements, each with a different σy (Gluckstern’s classic 
article, NIM, 24, P381, 1963).  
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You can improve this 
component of momentum 
resolution by: 
•  Increasing B 
•  Increasing L 
•  Increasing n 
•  Decreasing σy 

If we assume L=4m, B=1T and p=1TeV 
then: 
•  R = p/(0.3 B) = 1000 / 0.3 = 3300 m 
•  s ≈ 16/(8*3300) ≈ 0.6 mm 
If we want to measure the momentum 
With σp/p ≈ Δs/s ≈ 10% (at p = 1 TeV) we 
need: $σs/s) ≈ 60 µm 



Signal creation 

5 

!  Primary ionization 
!  Secondary ionization 

Charged particle traversing matter leave excited atoms, 
electron-ion pairs (gases) and electrons-hole pairs (solids)  

Excitation: Photons emitted by the excited 
atoms in transparent materials can be 
detected with photon detectors 

Ionization: By applying an electric field in 
the detector volume, the ionization 
electrons and ions can be collected on 
electrodes and readout 

D. Bortoletto Lecture 3 



Gas Detectors: primary 

•  i 

D. Bortoletto Lecture 3 15 



Primary and secondary ionization 
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Coulomb interactions between  E field of the particle and of 
the molecules of the medium produce electron-ion pairs. 

 

Primary electrons can ionize the medium producing 
local e-ion clusters. Electron can have energy to 
produce a long trail (delta electron).  
Total number of ion pairs nT:  
–  E:  energy loss 
–  wi : average energy per ion pair 

 

€ 

nT =
ΔE
wi

Minimum ionizing particles in argon NTP   
–  <nP>: 25 cm-1 

For a MIP  in Argon:   
–  ΔE = 2.4 keV/cm  and wi = 26 eV 
–  nT ≈ 90 ion pairs/cm  

€ 

nT
nP

≈ 3



Most common gases 
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Ionization statistics 
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PnP
nP =

np
np e− np

np!
np =

L
λ

λ =
1

neσ I

Typical values of the 
mean free path λ 
•  He 0.25 cm 
•  Air 0.052 cm 
•  Xe 0.023 cm σl: Ionization x-section 

ne: Electron density 
L: Thickness  
 

Multiple ionizing collisions follow Poisson’s statistics: 
 

ε =1−P0
np =1− e− npEfficiency: 

 
Other important parameters are: 
–  Recombination and electron attachment due to Electro-negative gases  which 

bind electrons; e.g.: O2, Freon, Cl2, SF6 ... �influences detection efficiency 
–  Diffusion� Influences the spatial resolution 
–  Mobility of charges � Influences the timing behavior of gas detectors  
–  Electronic noise in amplifier is typically 1000 e- (ENC)→Amplification is 

needed → Important for the gain factor of the gas detector ... 
 

 

thickness ε (%)  

Argon  

GAS (STP) 

1  mm 91.8 
2  mm 99.3 

Helium 1  mm 45 
2  mm 70 



Diffusion & Drift 
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 E = 0: Thermal diffusion  E >0: Charge Transport and Thermal diffusion 

E 

IONS ELECTRONS 

Electron Swarm Drift 

Electric 
Field 

Δs, Δt 
Drift velocity: vD =

Δ s
Δ t

s 

Space diffusion rms: 

σ x = 2Dt = 2D s
vD

Δs, Δt 
s 

D =
1
3
vλ = 2

3 π
1
Pσ 0

(kT )3

m



Drift and diffusion in E and B fields 
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Transverse diffusion as function of 
drift length for different B fields 

Longitudinal  diffusion as 
function of E field 

Transport equation is usually solved numerically using 
programs like Magboltz and Garfield 

σ
T2 [

a.
u]

 

B Field reduces diffusion in 
transverse direction 

E Field reduces 
diffusion in longitudinal 
direction 



Diffusion in a gas 
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dN
dx

=
N0

4πDt
exp −

x2

4Dt
"

#
$

%

&
'

D=diffusion coefficient depends on the 
pressure P and the temperature T 

The Mean-free path of 
electrons/ions in the path The mean velocity is given by 

the Maxwell distribution where 
m is the mass of the particle λ =

1
2
kT
σ 0P

v = 8kT
πm

σ x = 2Dt

Diffusion is evaluated using the 
classical theory of gases. 

Due to multiple collisions the 
distribution of charge at time t 
in a length dx after a distance x 
is given by a Gaussian 

Linear diffusion 

D =
1
3
vλ = 2

3 π
1
Pσ 0

(kT )3

m



Drift and mobility 
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Typical values of vD 
•  E ~ 1 kV / cm 
•  vD ≈cm/ms for ions  
•  vD≈cm/µs for e- 

vD = µ±


E

•  Fast CF4-based mixtures reach vD 
≈10 cm � µs−1 "reduced diffusion 

7% isobutane 

38% isobutane 

   
   

   
D

rif
t v

el
oc

ity
 m

m
/u

s 

Drift field in V/cm 

In an external E-field e-/ions obtain velocity vD in addition to thermal motion; 
on average e-/ions move along field lines of electric field E 

•  τ(collection) ≈1/vd → diffusion effects are reduced in gases such as CF4 
that have high drift 

MWPC: 1 cm gap, Ar-CH4, 5 kV/cm  
Total ions drift time τ+ ~ 120 µs 

TPC: 1 m drift, Ar-CH4, 200 V/cm 
Total ions drift time τ+ ~ 300 ms 



Avalanche Multiplication 

D. Bortoletto Lecture 3 23 

The primary ionization signal is very small in a gas layer: in 1 cm of 
Ar/CO2 (70:30) at NTP only �100 electron–ion pairs are created →use 
an “internal gas amplification” mechanism to increase signal 
Large E fields →large electron kinetic energy →avalanche formation)

–  dn = n α dx          α=Townsend Coefficient 

–  n(x)  = n0 eαx ! !n(x)=electrons at location x 

E 

Ions 
 
Electrons 

Drop-like shape of an avalanche 

G =
n
n0
= eαx

Gain or Amplification is: 

)Raether’s limit G≈108, since 
after that sparking can occur 



Avalanche multiplication 
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E (eV) 

Need an energy of 75-100 eV for 
High ionization probability (and 
need to gain it in a few µm) 

E=75 kV/cm to reach α=1 



Gas amplification factor 
!  Ionization mode: full charge 

collection;  no amplification; G=1 
!  Proportional mode: multiplication; 

signal proportional to original 
ionization ⇒ measurement of    
dE/dx. Secondary avalanches 
needs quenching; G ≈104-105 

!  Limited Proportional (Saturated, 
Streamer mode): strong photo-
emission; Require strong 
quenchers. High gain 1010⇒ large 
signal, simple electronics 

!  Geiger mode: Massive photo 
emission. Full length of anode 
affected. Discharge stopped by 
HV cut 

D. Bortoletto Lecture 3 25 



Proportional counter 
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•  V0= potential between anode and cathode 
•  Close to wire (diameter 10 µm) E-field very large (> 10 

kV/cm) kinetic energy of the electrons becomes very 
large → can produce secondary ionization 

E = V0
r ln(a / b)

ΔTkin = eΔU

Cylindrical proportional counter: 
–  Single anode wire in a 

cylindrical cathode 
–  e-/ions drift in the volume 



Avalanche development 
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a)  single primary electron proceeds towards the wire anode, 
b)  In the region of increasingly high field avalanche multiplication starts 
c)  electrons and ions are subject to lateral diffusion, 
d)  a drop-like avalanche develops which surrounds the anode wire, 
e)  the electrons are quickly collected (~1ns) while the ions begin drifting towards the 

cathode generating the signal at the electrodes  

Time development of avalanche near the wire of a proportional counter 

+

+
-

+
-

+

+

+

+

+

+

a) b) c) d) e) 



Multiwire proportional chambers 
•  A proportional counter does not provide the 

position of the incident particle 
•  Charpak developed of multi-wire proportional 

chamber 
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G. Charpak Nobel price (‘92) 

Construction details of the original design 
of Charpak’s multi-wire chambers (from Nobel lecture) 

Anode wire =20µ diameter 
d=2 mm 
 



MWPC 
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•  Resolution 
–  Wire spacing 1 mm 
–  Wire diameter 20µm  
–  Digital readout 
–  σx≈300 µm 

•  First large area MWPC 
•  First electronic device allowing high 

rate experiments 
•  PID capabilities through dE/dx 



MWPC performance 
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Signal generation: 
–  Electrons drift to closest wire. Gas amplification near wire � avalanche 

Signal generation due to electrons and slow ions (mainly slow ions, see 
backup) 

Timing resolution: 
–  Depends on location of particle   
–  For fast response: OR of all channels …[Typical: σt = 10 ns] 

)

Ramo Theorem)



2D MWPC 
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Two coordinates (x,y) of 
the track hit can be 
determined from the 
position of the anode wire 
and the signal induced on 
the cathode strips (or 
wires) 
–  High spatial resolutions 

due to center of gravity 
–  Resolve ambiguities 

using strip pattern 



Particle ID &  space accuracy 
Particle identification  
•  Requires statistical analysis of 

hundreds of samples 
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0 500 1000 

6000 

4000 

2000 

N (i.p) 

Counts 

0 

protons electrons 
15 GeV/c 

I. Lehraus et al, Phys. Scripta 23(1981)727 Position accuracy as a function 
of the track angle to the normal 
to the chamber 



Field distribution 
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MWPC: Operation is difficult at 
smaller wire spacings. 
–  The electrostatic repulsion 

for thin (10 µm) anode wires 
causes mechanical 
instability above a critical 
wire length of less than 25 
cm for 1-mm 

Drift chambers  
–  a thicker wire at proper 

voltage between anodes 
(field wire) reduces the field 
inhomogeneity at the middle 
point between anodes and 
improves charge collection  

–  Linearity of the space-to-drift-
time relation→ resulting in 
better spatial resolution 

Near wire radial field 
Far away 
homogenous field 



Drift chambers 
 •  Obtain spatial information by measuring the electrons drift time 

–  time measurement started by an external (fast) detector, i.e. scintillator 
counter 

–  electrons drift to the anode (sense wire), in the field created by the 
cathodes 

–  the electron arrival at the anode stops the time measurement 
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Scintillator counter 

x = vD
0

tD

∫ dt

Need well-
defined drift field 

J. Heintze, 1971 



Wire stringing  
 

Wire Stringing In Progress 
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Tension 
Sagging 
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H-discharge capillary (1018 cm-3) 

3 cm 

1012 MeV 
2.9% 
1.7 mrad 
30 pC 
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Wim Leemans

TPC

need to develop
new technologies

1970s
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https://www.lctpc.org/e8/e57671
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Time Projection chamber (TPC) 
•  D.R. Nygren in 1976 
•  Full 3-D reconstruction 

–  XY: MWPC and pads of MWPC at the 
endcap 

–  Z: from drift time measurement (several 
meters) 

•  Field cage for very homogenous 
electric field 

•  Typical resolution 
–  z and y ≈mm, x=150-300 µm 
–  dE/dx ≈5-10% 

•  Advantages:   
–  Complete track information →  good 

momentum resolution 
–  Good particle ID by dE/dx 

•  Challenges 
–  Long drift time limited rate 
–  Large volume (precision) 
–  Large voltages  (discharges) 
–  Large data volume 
–  Difficult operation at high rate 

D. Bortoletto Lecture 3 36 

B 

E 



•  h 
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CDF COT 

OPAL JET 
CHAMBER 

ALEPH TPC 

DELPHI  TPC 



ALICE
TPC
2010
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Aging in wire chambers 
•  Consequences of avalanche 

–  Formation of radicals i.e. 
molecule fragments 

–  Polymerization yield long 
chains of molecules  

–  Polymers may be attached to 
the electrodes 

–  Reduction of gas 
amplification 

•  Important to avoid 
contamination 

D. Bortoletto Lecture 3 39 



Micro-strip gas chambers (MSGC) 
•  Replace wires with electrodes on printed 

circuit board 
•  Photolithography techniques allow 100 µm 

pitch  
–  Higher granularity over wire chambers 
–  High-rate capability >106 Hz/mm2 
–  Excellent spatial resolution (�30µm) 
–  Time resolution in the ns range. 

•  MSGC were first developed in 1990s 
–  Initial problems sparks and anode destruction 
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100 µm 

10 µm 
anode cathode 

Back-plane 

Drift cathode 



Micromegas and GEM 
•  Micromegas 

–  Gas volume divided in two by metallic micro-mesh 
–  Gain = 104 and a fast signal of 100ns. 

•  GEM (Gas Electron Multipliers, Sauli 1996) 
–  Thin insulating Kapton foil coated with  metal film 
–  Chemically produced holes pitch ≈100 µm 
–  Electrons are guided by high drift field of GEM which generates avalanche 

•  Electric field strength is in the order of some 10 kV/cm 
•  Avalanche gain of 100 – 1000 
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7

Gaseous detectors

21.2.2022 ECFA Detector R&D Roadmap - Susanne Kuehn

• Gaseous detectors: from Wire/Drift Chamber à Time 
Projection Chamber (TPC) à Micro-Pattern Gas Detectors

• Primary choice for large-area coverage with low material 
budget & dE/dx measurement (TPC, Drift chamber) & TOF 
functionality (MRPC, PICOSEC)

•

• Detector Readiness Matrices of each Task Force chapter focus on 
the extent to which the R&D topic is mission critical to the programme 
than the intensity of R&D required

– Must happen or main physics goals cannot be met

– Important to meet physics goals
– Desirable to enhance physics reach
– R&D need being met
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Evolution
over 50 years

Gaseous  detectors:  

Charpak

Nygren Oed

Sauli Giomataris



GAS detectors at the LHC 
•  The LHC experiments use gas detectors 

mainly for large scale muons detectors 
•  While the principle detecting elements 

are quit traditional many aspects have 
improved dramatically: 
–  Readout electronics (integration, 

radiation resistance) 
–  Excellent understanding and 

optimization of detector physics 
effects (HEED, MAGBOLTZ, 
GARFIELD) 

–  Improvement in ageing 
characteristics due to special gases 

•  The principles are traditional but all other 
aspects are 100% state of the art.  
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•  ALICE: TPC (tracker), TRD 
(transition rad.), TOF (MRPC), 
HMPID (RICH-pad chamber), Muon 
tracking (pad chamber), Muon 
trigger (RPC) 

•  ATLAS: TRD (straw tubes), MDT 
(muon drift tubes), Muon trigger 
(RPC, thin gap chambers) 

•  CMS: Muon detector (drift tubes, 
CSC),  RPC (muon trigger) 

•  LHCb: Tracker (straw tubes), Muon 
detector (MWPC, GEM) 

•  TOTEM: Tracker & trigger (CSC , 
GEM) 

 



ATLAS drift tubes 
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The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have 
to delete the image and then insert it again.

•  Atlas Muon Spectrometer, 44 m long, 
from r=5 to11m. 

•  1200 Chambers 
•  6 layers of 3cm tubes per chamber.  
•  Length of the chambers  1-6m ! 
•  Position resolution: 80µm/tube,                         

<50µm/chamber (3 bar) 
•  Maximum drift time ≈700ns 
•  Gas Ar/CO2 = 93/7 



Gaseous detectors: MPGD area increasing dramatically
• Upgrades to a number of 

systems used at the LHC for 
tracking, muon spectroscopy 
and triggering have taken 
advantage of the 
renaissance in gaseous 
detectors (esp MPGDs)

• New generation of TPCs 
use MPGD-based readout: 
e.g. ALICE Upgrade, T2K, ILC, 
CepC

M. Titov

M. Titov
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From widely used MWPC to  
widely used MPGD has taken
50 years

https://indico.cern.ch/event/1057577/contributions/4457209/attachments/2335645/3980954/1_2021_10_UNIV-LONDON_TRACKING-SYMPOSIUM_NEXT-FRONTIERS-PARTICLE-PHYSICS-DETECTORS_28102021.pdf
https://indico.cern.ch/event/1057577/contributions/4457209/attachments/2335645/3980954/1_2021_10_UNIV-LONDON_TRACKING-SYMPOSIUM_NEXT-FRONTIERS-PARTICLE-PHYSICS-DETECTORS_28102021.pdf
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Structure of the document

14

•DRDTs define for each area the theme or 
R&D to be performed. 
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Roadmap Document Structure
Within each Task Force (one for each 
technology area + training) the aim is to propose 
a time ordered detector R&D programme by
Detector Research and Development Themes
(DRDT) in terms of capabilities not currently 
achievable.

Many themes so much too small to read!
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Structure of the document

14

•DRDTs define for each area the theme or 
R&D to be performed. 
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Roadmap Document Structure
Within each Task Force the aim is to propose a 
time ordered detector R&D programme by
Detector Research and Development Themes
(DRDT) in terms of capabilities not currently 
achievable.



Gaseous detectors

• The faded region indicates the typical time needed between the completion of the R&D phase and the 
readiness of an experiment at a given facility.

• Stepping stones are shown to represent the R&D needs of facilities intermediate in time.

• It should be emphasised that the future beyond the end of the arrows is simply not yet defined, not that there 
is an expectation that R&D for the further future beyond that point will not be needed.

To highlight the most 

important drivers for 
research in each 
technology areaTo not limit a feasible start 

date of a future facility 
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Gaseous detectors
• Detector Readiness 

Matrices of each Task 
Force chapter focus on 
the extent to which the 
R&D topic is mission 
critical to the programme 
rather than the intensity of 
R&D required
– Must happen or main 

physics goals cannot 
be met

– Important to meet 
physics goals

– Desirable to enhance 
physics reach

– R&D need being met
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Are ubiquitous 

Role: 

Experiments:

↓

↓

Metrics: ↓

& long in gestation
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