
OUTLINE OF THE LECTURE:  

 
 We are presented with so many measurements (cross section, limits, …) 

that we often forget that we are talking about instruments and the 
measurements they have made, and the methods have been used. 

 
 The surprise is how precise the detectors themselves are; the challenge 
of the modern experiments is to exploit that precision in the regime where 
statistics  might be no longer a problem, and everything is dominated by 
the performance of the detector (‘systematics’). 

Maxim Titov, CEA Saclay, France 

Ukrainian and Estonian Teachers Program 2012, 
CERN, October 14-20, 2012 



Murray Gell-Mann  Mary Gaillard  

To do a HEP experiment, one needs: 

A theory: 

Clear and easy 
understandable 
drawings 

and a cafeteria 

and a tunnel for the 
accelerator and magnets 
and stuff 



We will just concentrate on  
the detectors 

and a 
Nobel 
prize 

Physicists to  operate detector/analyze data 

Easy access 
to the 
experiment 



“So, We have it – It is a Discovery”   
(R. Heuer,  CERN Director General,  4/7/2012) 

Geneva, July 4, 2012: 
Both ATLAS and CMS Collaborations have reported observation of a  
narrow resonance ~ 125 GeV consistent with long-sought Higgs boson 

What do we know now: it is a scalar particle (first scalar particle we  
ever observed ) – and most probably “A HIGGS BOSON” -  we need to  
establish if it is “THE HIGGS BOSON” of a Standard Model or not 



is always driven by the physics requirements and the experimental 
conditions 

• SM Particle Physics is more than hunting for Higgs… 

• NATURE WILL, IN ALL LIKELIHOOD, SURPRISE US ! 

Need to make very  
advanced systems 
 
Forefront of: 
 
 Accelerator Technology 

 
 Detector Technology: 
 Engineering 
 Imaging Sensors 
 Electronics 
 Computing (web, GRID) 



MARK-I detector (SLAC) 
     e+e- @ 3 GeV  
Y´ (excited state of J/Y) 

Top quark discovery at CDF  
and D0 (pbarp @ 1,8 TeV)  

Higgs boson at LHC 

INCREASING CHALLENGES … 

The compelling scientific goals of high energy physics experiments  
were always a driving factor  

in development of advanced detector technologies  









Flux of particles 

Cloud Chamber 
+ Magnet 

Observer 

INDIVIDUAL  
DOSIMETER 

Allow water to evaporate  
in an enclosed container 
to the point of saturation 
and then lower the 
pressure  over-

saturated volume of air 

Passage of charge particle 
would condense the vapor 
into tiny droplets,  
marking the particle’s 
path  their number being  

proportional to dE/dx 

Cloud chamber (1911 by Charles  

T. R. Wilson, Noble Prize 1927) 



1932 C.D. Anderson : 
Particle with positive curvature  
and minimum ionisation 
(size of the droplets) 
 
Track length incompatible  
with a proton in the air, mass 
incompatible with a proton 
 
Energy loss in a  
6 mm of Pb : compatible with  
that of electron 
 
Hypothesis (discovery !) :  
particle with mass ~me  
and charge +1, the positron 
 
First anti-particle  

Cloud chamber 
+ magnetic field B 

 Cloud chamber was used for a discovery of the positron  
(1932 by Carl Anderson, Noble Prize 1936)  





(1947 by Powell, Noble Prize 1950)  



Similar principle as cloud chamber: 

Bubble chamber (1952 by Donald Glaser, Noble Prize 1960) 

– (4.8 x 1.85 m2) chamber with liquid (e.g. H2)  

at boiling point (“superheated”) 

 Donald Glaser  

 was used at discovery of the “neutral current”  
(1973 by Gargamelle Collaboration, no Noble Prize)  
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• Instead of supersaturating a gas with a vapor  
one would superheart the liquid. 
 
• A particle leave a trail of ions along its path 
 make a liquid boil, and form gas bubbles 

around ions 





• Advantages of bubble chambers 

–       liquid is  

           BOTH detector medium  

           AND target 

–       high precision 

 

• Disadvantages 
- NO TRIGGER -> has to be in superheated state 

when particle is entering (unlike “Cloud chamber”) 

  

     - SLOW, Need FASTER detector (electronics !) 

      

     - For data analysis one has to take HUGE NUMBER of 

        PICTURES with cameras on film: 

• film needs to be developed, shipped to institutes 

• and optically scanned for interesting events 

 Scanning table (1972)  

 Films (multiple views) 
 and projection system 

 Mirror  

 Table  

a 

Important social aspects of bubble chamber era  
        scanning often done by young “scanning girls” (students)... 
        ...who later got married with the physicists... 





E. Rutherford H. Geiger 1909 

The Geiger counter, later further developed and then 
called Geiger-Müller counter 

First electrical signal from a particle 

pulse 

E. Rutherford and H. Geiiger, Proc. Royall Soc. A81 (1908) 141 

H. Geiiger and W. Müllller, Phys. Zeiits. 29 (1928) 839 

1927 
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*… only true for experiments at accelerators 



a 
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(1962 by Lederman,  
Schwartz,  

Stainberger;  
Noble Prize 1988)  

The experiment used a beam of the energetic 
protons to produce a shower of p-mesons,  
which traveled toward a 5,000-ton steel wall  
made of old battleship plates. On the way,  
they decayed into muons and neutrinos, but  
only the latter particles could pass through  
the wall into a neon-filled detector called a  
spark chamber. There, the impact of neutrinos  
on aluminum plates produced muon spark  
trails that could be detected and  
photographed -- proving the existence of  
muon-neutrinos.  



Thin anode wire (~20–50m) coaxial with cathode: 
Avalanche development in the high electric  

field (~ 250 kV/cm) around a thin wire  
(multiplication region ~ 100 m): 

Cathode  
radius b 

Anode 
radius a 

 

E(r) 
CV0
2p0

1

r

Moving charges create signal on nearby electrodes –  
the electron induced signal is almost negligible !!! 

Ion cloud 



High-rate MWPC with digital readout: 
 Spatial resolution is limited to sx ~ s/sqrt(12) ~ 300 m 

S ~ 1 mm 

TWO-DIMENSIONAL MWPC READOUT CATHODE  
INDUCED CHARGE (Charpak and Sauli, 1973) 

Spatial resolution determined by: Signal / Noise Ratio 
Typical (i.e. ‘very good’) values: S ~ 20000 e: noise ~ 1000e 

Space resolution < 100 m 

Resolution of MWPCs limited by wire spacing 
better resolution   shorter wire spacing   more (and more) wires... 



Gaseous proportional tracking detectors that revolutionized High Energy Physics  

Georges Charpak with 
 Fabio Sauli et Jean Claude 
 Santiard  
 
The 1st “Large Wire Chamber”…  

The invention revolutionized  
particle detection, which  
passed from the manual  

to the electronic era. 

(1968 by Georges Charpak;  
Noble Prize 1992)  







First Silicon Strip Detector  
in HEP (1983): 
Experiment NA11/NA32 (CERN) 
 
Goal: Measure lifetime and mass 
 of the charm mesons 
 D0, D-, D+, D+s, Ds 
 

Ratio of detector surface 
to nearby electronics 
surface 1:300 ! 

Why silicon detectors ?  They allow vertex reconstruction  

• identify – tag – heavy quarks (b-, c-quarks) 
• measure lifetimes 
• mixing background suppression 
…… a lot of great physics! 

     Why silicon detectors ?  They have a high density   

• Large energy loss in a short distance 
• Diffusion effect is smaller than in gas detectors, resulting in 
achievable position resolution of less than 10 μm 



CDF Experiment H1 Experiment 

ALEPH Experiment DELPHI Experiment 

Strip and hybrid pixel detectors are mature technologies 
employed in almost every experiment in high energy physics. 





p, e, …  

collision :  
unknown process  

(particle or phenomena)? 

projectiles : known 
Decay  

products :  
known 
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e 
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p, e, …  
(detectors !!) 

Time development 

     Ingredients for typical experiment :  
 

  Find a nice region and build an accelerator there 

  Design and build the detectors around BX points 

  Add :  

  FE electronics, Trigger and DAQ, Control system, ... 

  Requirement to all the ingredients correlated (more often anti-correlated ) 



+ Higgs   
+ Super-Symmetric partners ? 

Free quarks have not been observed.  
Quarks form hadrons : mesons (qq) or baryons (qqq).  
     cf. QCD 
« Initial » (diagram) quarks can be probed     
         via measurement of jets.  
Examples : π+/-, p, n, K+/-, etc.  

Neutrinos νi can be seen in 
the dedicated detector only, 
or sometimes indirectly. 
Probability of interaction PInt. 
with matter is small.  

Invisible : jets 

Z0, W+/-, H decay before 
they reach active part of the 
detector 

«Truly » elementary particles : 



Directly, we measure kinematics of the following particles : 

e+, e-, g 

proton p (quarks de valence : uud + g +…) 

neutron n (udd+g+…) 

+, -  : given Lorentz boost (gbct) is sufficient ! 

p+, p-  : given Lorentz boost is sufficient ! 

K+, K-  : given Lorentz boost is sufficient ! 

 

Particular case :  « seen » by the missing energy technique E ̷  

  (for collider experiment only) 
 

 
Most of the particles are reconstructed via their decay products : 
 

t, Z0, W+/-, Higgs, etc 

p0  g g    ( p0 = (uu̅-dd̅)/√2 ) 

Baryons and mesons (charm and beauty hadrons, etc…) 

 

Particular case :   jets  of  particles ; gives information on the « early »  quark/gluon, 

from primary interaction, accessible as hadrons at the later stage.  



 Fundamental parameters: 
 

• Charge 
• Momentum 
• Decay products 
• Life time 
• Decay vertex 
• Mass  
• Spin 
• Energy 
 

Outward   
track density drops 



ALICE 

Nominal Settings 

Beam energy (TeV) 

8  

(14 from 2015) 

Interaction rate (MHz) 40 

# particles per bunch 1.15 x 1011 

Luminosity (cm-2 s-1) 

1034  

(7*1033 -now) 

Stored energy per beam 362 MJ 

CMS 

ATLAS 

LHCb 







ALICE: 



 High Interaction Rate: 

• pp interaction rate   1 billion interactions/s 

• Data can be recorded for only ~102 out of 40 million crossings/sec  

• Level-1 trigger decision takes ~2-3 s 

  a electronics need to store data locally (pipelining) 

 Large Particle Multiplicity: 

 ~ <20 -25 > superposed events in each crossing 

 ~ 1000 tracks stream into the detector every 25 ns 

  need highly granular detectors with good time resolution 

     large number of channels (~ 100 M ch) 

     need factor 10 better momentum resolution than at LEP 
 

 High Radiation Levels: 

  a radiation hard (tolerant) detectors and electronics 

LHC Detectors (especially ATLAS, CMS) are radically different from the ones from 

the previous generations 



From basic ideas to complex detector systems Design cycle of LHC > 20y! 

Digital Cameras the  
Size of Cathedrals 





The most critical parts are the sensors, ASICs and system engineering  

(mechanics, power, cooling, assembly, etc) and integration  



Barrel pixel 

Forward pixel 



ECAL Barrel installed July 
2007 

75 800 Lead Tungstate Crystals 
More (by number & volume) 
than all other previous HEP  

experiments combined! 

Designed for e/g 
  Energy Resolution 

 of 1-2% 
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Crystal Ball 

672 NaI(Tl)  

Cleo II 

7800 CsI(Tl)  

L3 

12000 BGO  

Crystal Barrel 

1380 CsI(Tl)  
TAPS 

600 BaF2  

KTeV 

3100 CsI  

Babar 

6580 CsI(Tl)  

Belle 
8816 CsI(Tl)  

Alice 

17920 PWO  

CMS 
75000 PWO  

5 

10 

m3 



 Segmentation 
- Vertex elements with 20 m and smaller 
pixels 
- Calorimetry employing silicon elements 
- Micro-Pattern Gaseous Detectors 

 
 Speed & Power 
Faster electronics, low noise and low power 

 
 Integration 
Microelectronics, mechanical complexity 

 
 Materials 
Sensor, rad hard, robust, thin 

 
 Radiation immunity 
Understanding, design, annealing 

50 m 

140 m 

Micromegas: “InGrid”: GEM: 



Higher Rate, enormous occupancy: 
1D easily saturated  2D  3D 

 
 Silicon detectors: 
Strips Pixels (2D) 3D-Si det. 

& 3D electronics integration 
 
 Gaseous detectors 
Wire Chamber  Wireless MPGD (2D) 
 InGrid/Timepix (3D) 

50 m 

140 m 

Micromegas: 

10 m 

100 m 

Ingrid 

TPC 

Advances in Micro-electronics & Etching 
Technology  Micro pattern Gaseous Detectors 

Drift Chamber 



Novel 
Detector  
Concept 

 
  

Discovery 


