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Particle physics – Why do we care?







Energy Frontier: Jets
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Data Analysis in Particle Physics

Introduction (A)
From an outside perspective on high energy physics, people are 
mostly impressed by the enormous size and complexity of the 
accelerators and detectors.
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Introduction (B)
However, roughly the same effort goes into the data acquisition, 
calibration, reconstruction, and physics analysis of the recorded 
data! 
!
!
!
!
!
!
!
!
 
.. our final product are publications in scientific journals!
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Data Analysis in Particle Physics

Introduction (C)
• This lecture was originally made by Jan-Fiete Grosse-Oetringhaus for the 

German teachers programme (with input from Jamie Boyd, Ian Fisk, and 
Andreas Hirstius). 
!

• Some numbers might partially already be outdated (they evolve very 
fast!). 
!

• Please feel free to interrupt me at any time in case there are questions or 
comments!
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From a collision to a physics result
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Step-by-step
• Trigger: record only the interesting events 
• Data acquisition  
• Long term storage of the data: 

• for further processing 
• long term data preservation projects (our data is ‘expensive’) and  

legal requirements 
• Reconstruction: from electric signals to particles (tracks) 
• Interpretation of the collision -> physics result (“physics analysis”)
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Data volume
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 1 Byte  = 1 character                         
 100 Byte  = 1 SMS text message                                  
 1.024 Byte  = 1 Kilobyte  = 1 EMail                                     
 1.048.576 Byte  = 1 Megabyte  = 10 Min. phone call / 1 Foto / 1 LHC collision                           
 734.003.200 Byte  = 700 Megabyte  = 1 CD-ROM                      
 1.073.741.824 Byte  = 1 Gigabyte  = Data which one LHC experiment produces per second                     
 5.046.586.572 Byte  = 4,7 Gigabyte  = 1 DVD                     
 1.099.511.627.776 Byte  = 1 Terabyte  = Library with one million books               
 219.902.325.555.200 Byte  = 200 Terabyte  = 10 billion websites         
 1.801.439.850.948.198 Byte  = 1,6 Petabyte  = worldwide production of information in paper form       
 
 11.258.999.068.426.240 Byte  = 10 Petabyte  = yearly LHC data production 

 5.764.607.523.034.234.880 Byte = 5 Exabyte  = yearly worldwide production of   
   data in form of radio, TV etc.                                                           
19.599.665.578.316.398.592 Byte = 17 Exabyte  = data volume of all phone calls worldwide per year
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Trigger (A)
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• The trigger system decides when an interesting collision (event) 
should be recorded => needs fast detectors to start the readout of 
slow detectors!

• Example: random versus triggered photo camera

• Goal: Recording of interesting collisions
– Minimum bias: all collision, but at least one collision in the bunch 

crossing
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Data Analysis in Particle Physics

Trigger (A)

9

• The trigger system decides when an interesting collision (event) 
should be recorded => needs fast detectors to start the readout of 
slow detectors!

• Example: random versus triggered photo camera

• Goal: Recording of interesting collisions
– Minimum bias: all collision, but at least one collision in the bunch 

crossing
– Dedicated selection of interesting events
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Data Analysis in Particle Physics

Trigger (B)
• The most interesting events are 

occurring only rarely! 
!

• E.g.: high energetic (high 
momentum particles) particles.
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Trigger (B)
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!
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momentum particles) particles.
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≈ 98% of all particles 
are produced with  

pT < 2 GeV/c even at 
LHC energies.

arXiv:1007.0719v3
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Data Analysis in Particle Physics

Trigger (C)
• 1 billion collisions happen in the LHC every second 
• Only 100 - 1000 can be recorded per second. 
• Interesting signatures have to be recognised during the 

data taking (= “online”)  
• Example Z ! µµ	



–Look for collisions with energetic 
muons 

– Die The tracks of 109 collisions  
have to be investigated in one second! 

• Combination of hardware-  
(dedicated hardware) and  
software triggers (computing farms) 
-> High Level Triggers (HLT)
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Data Analysis in Particle Physics

Trigger – ATLAS as an example

• collision rate 40 MHz  

• Level 1 Trigger ~ 100 kHz 
–first selection 
–interesting regions in the 

detector are selected 
• Level 2 Trigger ~ 5 kHz 

–analysis of the interesting 
regions 

• Level 3 Trigger (“event 
filter”) ~ 400 Hz 
–Fast analysis of the entire 

event
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Level 1 
Trigger

Level 2 
Trigger

Event Filter
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Data Analysis in Particle Physics

Data recording
• As soon as a collision is identified as interesting, it is 

recorded 
!

• Putting together the information from many sub detectors 
(“Event building”) 
–Complex process, because many detector elements read out 

several collisions at the same time, but only parts should be saved. 
–Event size ranges from 35 kB (LHCb) to 1-2 MB (ALICE, ATLAS, 

CMS) for pp collisions – but up to 50 MB for PbPb collisions 
!

• The data of several events are stored in a single file and 
temporarily saved on hard disks (buffer) 
–up to 1 GB/s; > 1 CD per second 
!

• Data is then shipped to permanent storage on tapes 
–total amount of data per experiment and year: 1-2 PB 
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Event size
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pp Pb-Pb

1-2 MB
50 MB

Event size depends on the number of particles produced in the collision!
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Reconstruction

Track: ϕ = 0.23, η = 0.75, pT = 2.3 GeV/c 
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Small part of a read-out of an event:

reconstruction = transform  
the electric signals into tracks (particles) 

address = which detector? 
 

!
data = what was read out?
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Data Analysis in Particle Physics

Reconstruction steps
• Turn electric signals of the detector into physical 

quantities 
– detector element 1244 has measured at time stamp 

1333096259.344245 a signal of 120 ADC counts  
! signal at position x = 1.2 cm, y = 4.5 cm, z = 3.2 cm, deposited 
energy of 100 keV 

–Needs information about the exact position of the detector element 
(Alignment) and calibration 

• Particles often leave traces in neighbouring detector 
elements 
–Clusterization of signals 

• Make tracks out of the clusters (pattern recognition) 
• Combination of several tracks (collision vertex, particle 

decays)

18

mailto:alexander.Philipp.Kalweit@cern.ch?subject=


• Finding tracks (tracking) 
–Linear in direction of the magnetic field 
– Curvature perpendicular to the magnetic field allows momentum 

determination  
!

!
• collision vertex 
!

!
• secondary vertices 

–allows to identify weak decays
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Pattern recognition
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with tracks
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Alignment
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via survey

noise

shifted module
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Secondary vertices

21

blue: clusters 
red/purple/cyan: tracks
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Secondary vertices
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π

π

p Λ
Ξ

blue: clusters 
red/purple/cyan: tracks
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Historical remarks

22

Bubble chamber photo
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ATLAS detector Wedge



Analysis objects
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Simulation (1)
• Detailed simulations are needed to understand detector 

effects for the measurements 
• A detector simulation reproduces the behaviour of the 

detector as well as possible (Monte-Carlo technique). 
• Steps of a simulation: 

–Collision generator (physics): simulates which particles are created 
in a collision (e.g. Pythia) 

–Geometry: Exact description of all active (= sensitive and working) 
and inactive (= frames, cooling, cables, …) elements in the detector 

–Transport software: simulates interaction of particles with detector 
material (e.g. GEANT4) 

•Particles can decay, be deflected (scattering) or get stuck 
•Energy deposit into the active detector elements is recorded 

• Afterwards, the simulated signals are reconstructed with 
the same reconstruction software as the real data!
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Simulation (2)
• Results of the simulation allow to correct for 

the distortions caused by the detector on 
the measurement. 
!

• Important examples 
–Track reconstruction efficiency: How probable is 

it to measure a particle? How many decay? How 
many get stuck? 
!

–Resolution studies: how precise do we measure 
a certain quantity. 
!

–"fake rate" –  how often do we combined noise 
into a track (or by combinatorics) even though 
there was none?
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resolution
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Physics analysis
• Interpretation of the physics objects (tracks, vertices, calorimeter 

information) which were extracted during the reconstruction. 
–Processing of many collisions in order to obtain a statistically significant result.  
–Most common task of (young) high energy physicists 

• Step-by-step 
–Selection of interesting collisions 
–Combine the physics objects from the reconstruction to the observable under 

study (e.g. decay pattern etc.) 
–Summarize the relevant physics quantities (mainly in histograms)  
–Correction for detector effects 
–Extraction of the final physics measurement 
–Estimation of the systematic uncertainties (<- often most of the work!!) 
–Comparison of measurement with theoretical predictions. 

• Reconstruction is a central task done by a few groups guided by 
experienced experts. Physics analysis is done by essentially all 
groups.

27

mailto:alexander.Philipp.Kalweit@cern.ch?subject=













