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The physics cycle
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Course outline
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• Lecture 1 
• The journey of raw data from 

the detector to a publication - 
and why 

• Lecture 2 
• How we reconstruct 

fundamental physics processes 
from raw detector data 

• Lecture 3 
• How we extract our signals 

from the mountain of data, 
finding needles in the haystack



Experimental physics
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• The work of the experimental 
physicist, running experiments and 
extracting measurements from them 

• Note - Experimental physicists also 
need to propose, design and build 
new experiments 

• These lectures are focused on 
understanding how we turn raw 
experimental detector data into 
physics results that we can publish 

• Results must be accurate 
• with well understood precision 
• (It’s important to understand the 

difference between these two 
words, we often confuse them)
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Inner Detector Material
• Detailed mapping of material in Pixel 

detector using 
– Hadronic interactions
– Photon conversions

• Simulation updated after comparison 
to improve geometry description

December 2, 2015 A. Polini, 124th LHCC Open Session19

Simulation and understanding detectors
• We use simulations to model the detector as accurately and precisely as possible 
• We then test that our simulations are accurate using real data 
• We make corrections to our simulations if necessary 

• A common problem - missing some material in the simulation 
• Once we can rely on an accurate model of our detector, we can rely on the 

simulation modelling the real detector’s response to particles 
• This allows us to correct the data for detector response



Ingredients to the ATLAS physics program
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• The cross section for a process is simply the 
number of events divided by the integrated 
luminosity, Lint, which measures how much 
data we have collected 

• Nobs in data needs to be corrected for the 
detector acceptance, A, for selecting those 
events.  The reconstruction efficiency, ε, is a 
product of all of the efficiencies that we need 
to measure and ensure that they are the 
same in our data and simulation - how? 

• Finally, in reality we will have some 
background to our signal and we need to 
subtract those events that are not part of our 
signal process

Measuring cross sections

�σ =
N

Lint

�σ =
Nobs

A . ϵ . Lint

�σ =
Nobs − Nbkg

A . ϵ . Lint
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ATLAS Luminosity

• Question: Why does ATLAS record less data than the LHC delivers? 
• How do we know the integrated luminosity delivered?

Lint



LHC collisions

• The LHC accelerates bunches of 1011 protons separated by 25ns gaps
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25ns

Figures adapted from Michaela  
Schaumann’s third lecture (11/07/19) on  
“Particle Accelerators and Beam Dynamics”

https://indico.cern.ch/event/817568/


Measuring Luminosity at the LHC
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25ns

• Ingredients for a measurement of the luminosity 
• Measuring the size of the beams (for a certain LHC configuration) 

• This requires a dedicated measurement where we scan the beams across 
each other in the horizontal and vertical directions - a van der Meer scan 

• Measuring the beam currents in each bunch 
• This is done during collisions, integrating all of the bunch currents and 

knowing their size, we can calculate the luminosity 
• Make many cross checks because this is such a crucial measurement
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First - measuring the Z boson



Measuring the Z boson at ATLAS

• Select events with (here) 
two muons 

• Question: what other selections  
can we apply to the muons? 

• Here I have only considered events with two muons 
• Question: is this the cross section for Z boson production?

!15

�σ =
Nobs − Nbkg

A . ϵ . Lint



Measuring the Z boson at ATLAS
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• Backgrounds are small but still need 
to be measured and subtracted 

• We will quote a fiducial cross  
section corresponding to good detector acceptance 

• After making the event selection, applying the same selection to all of 
the simulations of background processes, and measuring my 
acceptance and efficiencies (and knowing the luminosity) - am I done?

�σ =
Nobs − Nbkg

A . ϵ . Lint



Measuring the Z boson at ATLAS
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• No !  You would like to publish with the smallest uncertainties possible 
• Every ingredient to the analysis comes with an uncertainty 
• Nobs has a statistical uncertainty 
• Nbkg is typically composed of several sources (different physics processes) 

with resulting statistical and systematic components to the final uncertainty 
• A and ε have many systematic components stemming from each 

reconstruction algorithm that we employed 
• Finally, Lint also has an uncertainty that dictates how well we know the 

absolute scale of the measurement - a normalisation uncertainty

�σ =
Nobs − Nbkg

A . ϵ . Lint



Dr Paul Laycock !18
Looking for something strange



!19

Elements of a search
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Elements of a search
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Elements of a search
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Elements of a search
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Elements of a search
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Elements of a search
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Elements of a search
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Elements of a search

Why is the resolution worse in the muon channel?



What is analysis?
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CSC 2016, Mol Belgium © CERN

CSC 2016, MoI 
Belgium@CERN
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A question of many scales
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Degrees of precision

• Best precision 
needed for the 
analysis to make the 
Z boson cross section 
measurement 

• Lower precision to 
understand the tail of 
the mee distribution 
well enough to make 
a search



Data’s journey
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• Typically, event 
generation, simulation and 
reconstruction are 
performed centrally, Data 
Preparation got us to here.

!34

Data analysis workflows



• We then like to make event 
selections, e.g. select events with 
two muons.  Often we’ll calculate 
some extra variables here, like in 
the invariant mass of those two 
muons.  We’re adding more data 
per event, but output fewer 
events.  In principle we could 
throw away some information 
here, but people are often 
reluctant to do that
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Data analysis workflows



• Next we take our 
selected events, correct 
efficiencies and calculate 
systematic uncertainties
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Data analysis workflows



• Finally we extract cross 
sections (or limits) and 
produce the final statistical 
analysis and plots to publish
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Data analysis workflows
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• This process is a chain 
• If we have to redo something in 

the chain, everything below 
needs to be redone 

• At least once 
• Usually more than that 

• The reality is that this happens 
(too) often

!39

Data analysis workflows



• Reiterating steps at this 
level means improving 
calibrations and 
reconstruction algorithms  

• This reduces systematic 
uncertainties and improves 
the final measurement
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Data analysis workflows

This data is petabyte-scale 
for one analysis



• Reiterating steps here is also 
physics analysis, optimising the 
final algorithms 

• Limited by the information 
available, hence the reluctance 
to throw information away 

• Sometimes the conclusion is we 
need to rerun a step higher up 
the chain, e.g. Derivations
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Data analysis workflows

This data is terabyte-scale 
for one analysis, final analysis  
outputs are gigabytes



The Long game
aaaa 
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We are here



LHC future computing
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The data challenge is going to get a lot harder than standard progress can 
handle, c.f. HEP Software Foundation paper on software and computing 
R&D for the 2020s: 

http://arxiv.org/pdf/1712.06982.pdf

http://arxiv.org/pdf/1712.06982.pdf


Exabyte-scale physics analysis
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Exabytes	of	Simulation

Publish!

Exabytes	of	Data
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Physics
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Enjoy the rest of the summer school!



Thank you !
Thank you to CERN and Maria, my sponsor, but most of all  
Thank you for your attention !
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Backup - The HEP Software Foundation
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• Reduce the number of steps 
• Reduce the complexity of iterations 
• Reducing processing time improves 

throughput but doesn’t change human work
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HEP Software Foundation - Reducing work

https://hepsoftwarefoundation.org/workinggroups/dataanalysis.html 

The HEP Software Foundation is a 
community-driven initiative to facilitate 
cooperation and common efforts in HEP 
software and computing internationally

https://hepsoftwarefoundation.org/workinggroups/dataanalysis.html


• Ultimately want to declare what we want as an end product 
• The “how” should be decided by our tools 
• work, both human and computing, should be minimised
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HEP Software Foundation - Reducing complexity

https://hepsoftwarefoundation.org/workinggroups/dataanalysis.html 

The HEP Software Foundation Data Analysis 
Working Group is trying to understand how 
we can make analysis simpler

https://hepsoftwarefoundation.org/workinggroups/dataanalysis.html

