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Data analysis in HEP

ȱÞÐÛÏɯÈÕɯÌÔ×ÏÈÚÐÚɯ
on what we actually 
measure, and the role 

of software tools, 
especially simulation



Who am I?
Å Born 1967 (same age as the Standard 

Model).
Å Grew up in Manchester, UK
Å BA in Oxford 1986-1989
Å DPhil also Oxford, on the ZEUS 

experiment in DESY, Hamburg, 
Germany 1989-1992

Å Post doc Penn State, US (in Hamburg!) 
1992-1995 

Å Lectureship at UCL 1995 and been 
there ever since (with a lot of time 
seconded to Hamburg and Geneva)

Å Mainly ATLAS (CERN, LHC) since 
2005

Å Monte Carlo convener 2007-8, 
Standard Model convener 2010-2012, 
ȱ

Å ȱ

Jon Butterworth

Jets, jet substructure.
Monte Carlo (MCnet) 
Model independent 
measurements and their 
(re)interpretation

3ÞÖɯɂ×Ö×ÜÓÈÙɂɯÉÖÖÒÚɯȹÔÈ×Úɯ
from one of them in this talk)
Χ





Now



Off the mapȱ?



High 
Luminosity

6

Measurements at the 
Energy Frontier

Run 3, 
HL-LHC



We are exploring the unknown



The power of computing and 
simulation
ÅSimulation, of our 

detectors and of the 
physics we probe with 
them, is an essential 
and increasingly 
powerful part of the 
calibration, analysis, 
measurement and 
interpretation process 
at colliders.



The Power: 1

ÅThe role of Monte 
Carlo event 
generators and 
dectector simulation 
in a measurement



ɈCollider!

Particles

ɈDetector & 
Trigger

Digitized 
Readout ɈEvent 

Reconstruction 
and calibration

Data for 
Analysis

Simulation and Experiment
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Simulationand Experiment

ɈMC Event 
Generator

Particle Four-
Vectors

ɈDetector & 
Trigger 
Simulation

Digitized 
Readout ɈEvent 

Reconstruction, 
calibration, 
scale factors

Data for 
Analysis
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ɈMC Event 
Generator

Particle Four-
Vectors

ɈDetector & 
Trigger 
Simulation

Digitized 
Readout ɈEvent 

Reconstruction, 
calibration, 
scale factors

Data for 
Analysis

Simulationand Experiment

Unfolding & Data Correction: 
Test and evaluate  
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ɁDetector effectsɂ
Å Efficiencies: there is a non-zero probability that a particle passing 

through a detector will not be reconstructed

Å Fake backgrounds: there is a non-zero probability that a particle will 
ÉÌɯÙÌÊÖÕÚÛÙÜÊÛÌËɯÌÝÌÕɯÛÏÖÜÎÏɯÐÛɯÞÈÚÕɀÛɯÙÌÈÓÓàɯÛÏÌÙÌ
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ÅSmearing: the measured 
energies, momenta, angles 
of the particles and jets 
will be smeared due to the 
intrinsic resolution of the 
detectors

We need to know what 
our detector is doing so 
we can account for it and 
in some cases reverse it
(the red arrow)



ɈCollider!

Particles

ɈDetector & 
Trigger

Digitized 
Readout ɈEvent 

Reconstruction 
and calibration

Data for 
Analysis

Simulation and Experiment

Unfolding & Data Correction: 
Make the measurement!  
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What is a final state particle?
ÅColour triplets (or octets) are not final state particles
ïNeither nature, nor our event generators, guarantee the 
×ÏàÚÐÊÈÓÐÛàɯȹÖÙɯÌÝÌÕɯÛÏÌɯ×ÙÌÚÌÕÊÌȺɯÖÍɯÈɯɁÍÐÕÈÓ-ÚÛÈÛÌɯÛÖ×ɂȮɯÍÖÙɯ
example

ÅElectroweak-scale particles (W, Z, H) are not final state 
particles
ïDecay lifetime is so short that coherence/interference 

effects cannot be neglected
ïAs above. Focus on the leptons, hadrons, photons

ÅOperational definitions usually involve a lifetime cut 
(10ps), and/or distinguish between pre/post 
hadronization
ïChoices to make about t, B-hadrons etc

ÅAlgorithmic combinations of final state objects
ï'ÈËÙÖÕÐÊɯ)ÌÛÚȮɯ#ÙÌÚÚÌËɯÓÌ×ÛÖÕÚȮɯ/ÏÖÛÖÕɯ(ÚÖÓÈÛÐÖÕȱ



What is a final-state electron/muon?
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Å Electrons/muons from hadron decays are typically removed in the data 
analysis by isolation cuts / fake removal
V Can define Ɂ×ÙÖÔ×ÛɯÓÌ×ÛÖÕÚɂɯto be ɁÕÖÛ-from -ÏÈËÙÖÕɯËÌÊÈàÚɂɯand only 

consider these : this is more robust and model-independent than asking 
that the lepton comes from a certain propagator in the hard process

VWell defined in Rivet (see tutorial), but you may need to also implement it 
ÐÕɯàÖÜÙɯÌß×ÌÙÐÔÌÕÛɀÚɯÚÖÍÛÞÈÙÌ

Å6ÌɯËÖÕɀÛɯÜÚÜÈÓÓàɯËÌÍÐÕÌɯ×ÈÙÛÐÊÓÌ-level isolation, but rather correct for 
inefficiencies of these requirements
ü It might be worth reconsidering this in specific analyses where proximity 

to jets has a large effect on results
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Å Electrons and muons emit FSR photon radiation (and lots of it, especially in 
the collinear limit, especially for electrons). 
ü For muons we measure the charged particle track, photon energy is not 

included
ü For electrons we cluster calorimeter cells and most collinear radiation will 

be included in the energy measurement

What is a final-state electron/muon?
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Å Electrons and muons emit FSR photon radiation (and lots of it, especially in 
the collinear limit, especially for electrons). 
ü For muons we measure the charged particle track, photon energy is not 

included
ü For electrons we cluster calorimeter cells and most collinear radiation will 

be included in the energy measurement
ÅWe can define lepton momenta as:

1. Born leptons ɬas if FSR never happened (not what we measure)

born

What is a final-state electron/muon?
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Å Electrons and muons emit FSR photon radiation (and lots of it, especially in 
the collinear limit, especially for electrons). 
ü For muons we measure the charged particle track, photon energy is not 

included
ü For electrons we cluster calorimeter cells and most collinear radiation will 

be included in the energy measurement
ÅWe can define lepton momenta as:

1. Born leptons ɬas if FSR never happened (not what we measure)
2. Bare leptons ɬafter all FSR (closest to muon measurement)

born

bare

What is a final-state electron/muon?
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Å Electrons and muons emit FSR photon radiation (and lots of it, especially in 
the collinear limit, especially for electrons). 
ü For muons we measure the charged particle track, photon energy is not 

included
ü For electrons we cluster calorimeter cells and most collinear radiation will 

be included in the energy measurement
ÅWe can define lepton momenta as:

1. Born leptons ɬas if FSR never happened (not what we measure)
2. Bare leptons ɬafter all FSR (closest to muon measurement)
3. Dressed leptons ɬwith the momenta of close-Éàɯ×ÏÖÛÖÕÚɯɁÊÓÜÚÛÌÙÌËɂɯÐÕÛÖɯ

the lepton momenta (closest to electron measurement)

born

bare
dressed : typically a R < 0.1 
cone is used, but a jet algorithm 
may be better

What is a final-state electron/muon?
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Å Electron and muon final states can be very different for bare leptons, 
but much closer for born and dressed leptons: see Rivet tutorial 

Å It is often argued that dressed should be used for both to allow for easy 
combination of final states. Also bare versus dressed is much closer for 
muons than bare versus dressed for electrons

Å Similarly, fiducial phase space cuts often harmonized for the two, 
requiring a small extrapolation in phase space for one

ü But electrons != muons
üWe may want to retain sensitivity to differences ( cf LHCbȱ)
ü Perhaps it is better to measure both and publish correlations between 

uncertainties, and make choices that are best for each individual channel

What is a final-state electron/muon?



What is a final-state tau?

Emily Nurse Measurement and Monte Carlo 22

Leptonic decays
Å The final state particles are 

electrons/muons and neutrinos
Å Define fiducial phase-space with 

those (but we careful to check lepton 

efficiencies as e.g. impact parameter cuts can 
be less efficient for leptons from taus)

Recall: unstable

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjlhOmEktXjAhUDqxoKHdIDCLMQjRx6BAgBEAU&url=http://inspirehep.net/record/1262571/plots&psig=AOvVaw3h16-uaiIGgMOTL77XDh1b&ust=1564318209719261


What is a final-state tau?
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Hadronic decays
Å Final state particles are hadrons (Ą jets) and neutrinos
Å Such a definition alone is complicated due to the large number of hadrons not 

from taus
Å Experimental cuts reject backgrounds based on features of the jets, which are 

hard to replicate at the particle-level
Å In this case a compromise might be best: require a hadron in the jet to have 
ÊÖÔÌɯÍÙÖÔɯÈɯ×ÙÖÔ×ÛɯÛÈÜɯȹÛÏÐÚɯÐÚɯÕÖÛɯØÜÐÛÌɯɁÍÐÕÈÓ-ÚÛÈÛÌɯÉÈÚÌËɂȺ

Å There is not much experience here, more detailed studies would be interesting

Recall: unstable(=0.1mm

t°Ąp°p0n

t°Ąp°n

t°Ąp°p0p0 n

t°Ąp°p°p  n

t°Ąp°p°p  p0n
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What is a final-state photon?
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Å Analyses usually measure prompt, isolated photons
Å Recall: Prompt means not-from -a-hadron-decay
Å In the calculation, prompt photons can be further divided into those from the 
ɁÏÈÙËɯÚÊÈÛÛÌÙɂɯÈÕËɯÛÏÖÚÌɯÍÙÖÔɯparton fragmentation

A particle -level isolation criteria is necessary to replicate the isolation applied at 
reconstruction-level
Note in principle this could also be done for prompt leptons, but it is much less important 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwi0mfC6u9fjAhUImBQKHT3kC6sQjRx6BAgBEAU&url=https://www.semanticscholar.org/paper/Measurement-of-Inclusive-Isolated-Prompt-Photon-at-Hance/d817b6277c74e2ad6261c508571f1f45fd8408d7&psig=AOvVaw2KQa5ZuFqTimnoPRVI1Akk&ust=1564397898346782
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwi0mfC6u9fjAhUImBQKHT3kC6sQjRx6BAgBEAU&url=https://www.semanticscholar.org/paper/Measurement-of-Inclusive-Isolated-Prompt-Photon-at-Hance/d817b6277c74e2ad6261c508571f1f45fd8408d7&psig=AOvVaw2KQa5ZuFqTimnoPRVI1Akk&ust=1564397898346782


What is a final-state neutrino?

Emily Nurse Measurement and Monte Carlo 25

Invisible in the detector and existence inferred by 
pT

miss

*neutrinos are indistinguishable from BSM invisible particles

Å Sometimes the momenta of (prompt?) invisible* particles are summed

Å An alternative is to take ɬthe sum of all the visible particles within 
detector acceptance, which is closer to what we measure but can be a 
bit complicated. E.g. what pT of hadrons are we actually sensitive to? 

(More on this later)



What is a final-state parton?

Emily Nurse Measurement and Monte Carlo 26

ÅPartons radiate more partons which hadronize. 
ÅRun a jet algorithm on the final -state particles

ü Form a list of particles (this would be clusters / tracks at reco-level)
ü,ÌÙÎÌɯÛÏÌɯÚÔÈÓÓÌÚÛɯ×ÈÐÙɯÈÊÊÖÙËÐÕÎɯÛÖɯÈɯɁËÐÚÛÈÕÊÌɂɯ×ÈÙÈÔÌÛÌÙ
ü Iterate

ÅAlgorithms assign each hadron to a jet. The energy/momentum of the 
jet represents the energy/momentum of the parton from the hard 
scatter

ÅThink carefully about what is included as inputs: Muons? Neutrinos?

Note: Depending on the reconstruction 
code, an electron will often form a jet 
initially. We remove these jets using 
overlap removal at both reco- and truth -
level (e.g. remove any jets with R < 0.4 
from a prompt electron)

JHEP 0804:063,2008



Å Decay length for a 20 GeV b-hadron ~2 mm, they are therefore unstable 
and not included as final state particle

Å However we select them experimentally by making displaced vertex 
selection cuts

Å"ÖÔÔÖÕɯɁÊÖÔ×ÙÖÔÐÚÌɂɯÐÚɯÛÖɯÈÚÚÖÊÐÈÛÌɯÛÏÌɯnon-final state b-hadrons to jets.
Å If a jet contains a b-hadron it is considered a particle-level b-jet

What is a final-state b-jet?

Emily Nurse Measurement and Monte Carlo 27



Unfold
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What is a fiducial 
cross section?
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Increase 
acceptance
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Increase 
acceptance
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Extrapolate
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Extrapolate
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But how reliably?
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Fiducial phase-space



Inaccessible. Removed by 
kinematics cuts.

Not part of the fiducial cross 
section

Theory extrapolation done 
separately or (better) fiducial cuts 
implemented in the theory
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Fiducial phase-space
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Irrespective of detector efficiencies and resolution, 
there are particular kinematic regions that we just 
ËÖÕɀÛɯÔÌÈÚÜÙÌɯÈÛɯÈÓÓ.
We do not have 4“ËÌÛÌÊÛÖÙÚɯÈÕËɯÞÌɯÊÈÕɀÛɯÎÖɯËÖÞÕɯÛÖɯ
zero pT!

A fiducial phase -space is a 
set of selection criteria that 
can be applied to final -
ÚÛÈÛÌɯɁÛÙÜÛÏɂɯ×ÈÙÛÐÊÓÌÚ

e.g.: Select events with one  
(and only one) muon 
with pT> 25 GeV,|ϚɧǾ2.4 
and pT

miss > 30 GeV.



Recap
ÅOutline of making a measurement

ÅDefining what we measure
ï(Choice of ) final state particles

ïDefinition of fiducial phase space

ɈMC Event 
Generator

Particle Four-
Vectors

ɈDetector & 
Trigger 
Simulation

Digitized 
Readout ɈEvent 

Reconstruction, 
calibration, scale 
factors

Data for 
Analysis

ɈCollider!

Particles

ɈDetector & 
Trigger

Digitized 
Readout ɈEvent 

Reconstruction 
and calibration

Data for 
Analysis

Andy B, 
yesterday



Today

ÅA bit more on unfolding

ÅBackground (subtraction?)

ÅJets and substructure



Unfolding to Particle Level

ÅIf you
ïHave already calibrated the 

detector/reconstruction

ïDefined the final state carefully

ïUsed this to define a fiducial phase space

ïUsed a simulated prior that describes all relevant 
distributions

ÅȱɯÛÏÌÕɯɁÜÕÍÖÓËÐÕÎɂɯÐÚɯÕÖÛɯÈɯÉÐÎɯÍÐÕÈÓɯÚÛÌ×

ÅSeveral standard techniques and 
implementations available



Unfolding Matrices
(Examples)

arXiv:1711.08341arXiv:2103.01918


