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Getting from this…
…to this
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Trigger 

Reconstruction  

Derivation  

Generation  

Simulation  

Digitization   

Reconstruction   

Derivation   

Analysis   

In the first part of the talk I 
will focus mainly on this!

In the second part we
will do something
with this… 

…this…

…and this!

…depending on 
the time we
have…
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Trigger 

Reconstruction  

Derivation  

Generation  

Simulation  

Digitization   

Reconstruction   

Derivation   

Analysis   

Raw data
(RAW)

Analysis 
object data
(AOD)

Derived
AOD (DAOD)

Event Generator 
Output (EVNT)

Simulated interaction
with ATLAS (HITS)

Simulated detector
output (ROD)

Analysis object data
(AOD)

Derived AOD 
(DAOD)

Here the
processing
chain is the
same as for
real data

All of this is mostly done in ATHENA, an 
ATLAS framework based on ROOT. The 
main Analysis data-type xAOD can be
analysed directly by the physicist
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Trigger 

Reconstruction  

First we need to
understand how data is
divided up in ATLAS…



ATLAS Data-Stream 

9Lukas Kretschmann | Fellow-Treffen 2022 – Würzburg | 18.-21.08.2022

Event: record of data of a bunch crossing that activated the trigger. Basic unit of 
data taking. Defines a single cycle of ATHENA. Approximateley 1K per second

Luminosity Block: about 1min of data taking. ~100k events

Run: continuous period of data taking. Usually a single LHC-
fill. ~1000 luminosity blocks

Sub-period: group of runs taken with similar
conditions (trigger, LHC parameters). ~5-10 runs

Period: group of sub-periods taken with
similar conditions. ~5-10 sub-periods

LHC Run: long period of data taking between
shutdowns. ~20-30 periods per LHC run
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• Trigger: hardware and software that decides whether a event is written to disk
→ LHC deliveres events at up to 40MHz (1 bunch crossing every 25ns)
→We can afford to write up to 1kHz
→ This means we can keep one in 40.000 events

• Two-step ATLAS trigger mechanism: 

→ Level 1: Implemented in hardware inside ATLAS
→ very little time to decide to decide whether to keep an event or not, we can only use

parts of the detector that can be quickly read out (Muon,Calo) (NEW Small Wheel) 

40MHz (TB/s)

100kHz (GB/s)
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• Trigger: hardware and software that decides whether a event is written to disk
→ LHC deliveres events at up to 40MHz (1 bunch crossing every 25ns)
→We can afford to write up to 1kHz
→ This means we can keep one in 40.000 events

• Two-step ATLAS trigger mechanism: 

→ Level 1: Implemented in hardware inside ATLAS
→ very little time to decide to decide whether to keep an event or not, we can only use

parts of the detector that can be quickly read out (Muon,Calo) (NEW Small Wheel) 

→ High Level: implemented in software running on dedicated machines nearby ATLAS
→ has a bit more time, so can use the full detector information, including the ID 

(Pixel, SCT, TRT)

40MHz (TB/s)

100kHz (GB/s)

1kHz (MB/s)
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• The types of signatures that the trigger accepts are encoded in the trigger menu
• Trigger is not 100% efficient for any signatures
• Estimating trigger efficency is a crucial part of many physics analysis
→Match reconstructed objects with the equivalent trigger

• Precise understanding if trigger is needed for all physics analyses

Recorded Per event Per year

Raw data 1.6 MB 3200 TB

Reconstructed
data

1 MB 2000 TB

Physics data 0.1 MB 200 TB
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Point 1 
trigger

Calibrations
& 

Alignement  

Data Quality
Monitoring 
Histograms

Tier 0 
Prompt 

reconstruction

Tier 1
Reprocessings

Tier 2/3
Analysis 

Trigger 

Reconstruction  

15M events/d
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Point 1 
trigger

Calibrations
& 

Alignement  

Data Quality
Monitoring 
Histograms

Tier 0 
Prompt 

reconstruction

Tier 1
Reprocessings

Tier 2/3
Analysis 

Trigger 

Reconstruction  

15M events/d

Data Preparation is everything 
between the detector and the end-

user analysis!
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Point 1 
trigger

Calibrations
& 

Alignement  

Data Quality
Monitoring 
Histograms

Tier 0 
Prompt 

reconstruction

Tier 1
Reprocessings

Tier 2/3
Analysis 

Trigger 

Reconstruction  

15M events/d

• Majority of Tier 0 ressources
• Process RAW data

• AOD output

• On compting-farms@CERN
(Tier0)

• Fast calibrations with validated
software
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Point 1 
trigger

Calibrations
& 

Alignement  

Data Quality
Monitoring 
Histograms

Tier 0 
Prompt 

reconstruction

Tier 1
Reprocessings

Tier 2/3
Analysis 

Trigger 

Reconstruction  

15M events/d

• Over time knowledge is
improved, bugfixes etc.

→ Reprocessing→ better data-set 
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How much data?
~Luminosity

How good is the
data?

~Data Quality

Not-data data???
~Non collision

backgrounds/pileup

Data describing the
data!

~Metadata

• Bulk reconstruction only starts when a run is released from the calibration loop 
(~48h after the run)

• GoodRunsLists mask out the bad luminosity blocks in analysis
• The Luminosity used in the analysis has to take this missing data into account

https://twiki.cern.ch/twiki/bin/viewauth/Atlas/DataPreparation
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• Overall efficency of all systems: 95.5%
• Allowed to take huge amounts of data during Run1 and Run2
• In the coming Runs these datasets will be more than doubled at higher energies
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Do you still remeber these guys? 
This corresponds to around 1min of data
taking! Several hundred luminosity blocks
are delivered in one run!

Some luminosity blocks can include bad or
coruppted data, which should not be used in 
analysis (even ATLAS-Subsystems can
sometimes fail or produce bad data…)
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Luminosity Block: about 1min of data taking. ~100k events

Bad data Good dataGood data

• If even one system deliveres bad data, the luminosity block will be masked
• This information is encoded in a database
• When you do your analysis you need to filter out the bad luminosity blocks (GRL)
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One Run, range of good lumi blocks in the run
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Generation  

Simulation  

Digitization   

Reconstruction   

Monte Carlo Simulation 

To…
• Understand performance of the detector
• Investigate reconstruction efficencies
• Modell expected backgrounds
• Modell signal processes
• Train multivariate classifiers (BDT,NN,DNN)
• Modell systematic uncertainties
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Generation  

Simulation  

Digitization   

Reconstruction   

To…
• Understand performance of the detector
• Investigate reconstruction efficencies
• Modell expected backgrounds
• Modell signal processes
• Train multivariate classifiers (BDT,NN,DNN)
• Modell systematic uncertainties

https://cds.cern.ch/record/2677346/files/ATL-COM-PHYS-2019-660.pdf
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Generation  

Simulation  

Digitization   

Reconstruction   

To…
• Understand performance of the detector
• Investigate reconstruction efficencies
• Modell expected backgrounds
• Modell signal processes
• Train multivariate classifiers (BDT,NN,DNN)
• Modell systematic uncertainties

"Professor Higgs loves 
his boson, he will use 
it as a paperweight."

https://arxiv.org/pdf/1207.7214.pdf
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Generation  

Simulation  

Digitization   

Reconstruction   

• Eventgeneration (EvGen):
Simulation of the interaction between the quarks and gluons in the colliding protons,   
the subsequent parton showering and hadronization and decays into stable particles
(Pythia/Herwig)

• Detector Simulation:
Calculation of how the particles from the generator interact with the detector, how
they shower into secondaries, how much energy they deposit (Delphes/Geant4)

• Digitisation:
Tuning the simulated energy deposits into a detector response that looks like raw
data from the real detector

→ Then: same processing as for real data

Simulation  

Generation  

Simulation  

Digitization   

Reconstruction   
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Generation  

Simulation  

Digitization   

Reconstruction   

• Analysis data MC data look the same but in MC the original generated events
(„truth“) are available as well as reconstructed objects („reco“)

• Low momentum events must be injected into the chain to simulate the presence of 
multiple proton-proton collisions („pile-up“) in a given bunch crossing

o Average number of collisions per bunch crossing is a function of the LHC parameters, 
unknown in Monte Carlo production

o MC events are reweighted to account for discrepancies between real and simulated
pileup

Simulation  

Generation  

Simulation  

Digitization   

Reconstruction   
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Generation  

Simulation  

Digitization   

Reconstruction   

Simulation  

Generation  

Simulation  

Digitization   

Reconstruction   
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We are coming closer…
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• xAOD: ROOT readable data format produced by reconstruction algorithms
• Derivation framework: AODs too big to analyse, centrally produced according to needs of physics groups, 

DAODs can then be analysed
• Analysis framework: used in the end-user analysis, reads in xAOD objects and applies all tools from CP 

(combined performance) groups [Athena/AthAnalysisBase] 
• University groups often have their own analysis framework (Wuppertal: Kolophon/Arachne)
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xAOD (PB)

CP = calibrations and common
object selections

Derivation framework reduces PB to
TB sized datasets

• xAOD: information about the event, information about reconstructed objects (tracks, 
muons, electrons, jets….

Skimmed (TB)

N-Tuple
(MB-GB)
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xAOD (PB)

Skimmed (TB)

N-Tuple
(MB-GB)

https://epjc.epj.org/articles/epjc/abs/2017/08/contents/contents.html
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And sometimes this research even goes
Hollywood…

https://arxiv.org/abs/1203.0529

https://arxiv.org/abs/1203.0529
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Vielen Dank für Ihre Aufmerksamkeit!

Hands 
On time!
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My current research –

Unfolding Studies
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• Unfolding is to complicated to explain this procedure in under one hour
• Therefore I will focus on a more practical point-of-view 
• I will explain the terminology that is used and explain some other core

features of unfolding

➢ There are no stupid questions, so please ask them whenever you want!

More in depth overview of unfolding: 
https://indico.cern.ch/event/794004/contributions/3326125/attachments/18
02168/2939911/UnfoldingReview.pdf

https://indico.cern.ch/event/795477/contributions/3378783/attachments/18
48586/3033879/JayHowarth_ATLAS_TopWorkshop_UnfoldingTutorial.pdf

https://indico.cern.ch/event/794004/contributions/3326125/attachments/1802168/2939911/UnfoldingReview.pdf
https://indico.cern.ch/event/795477/contributions/3378783/attachments/1848586/3033879/JayHowarth_ATLAS_TopWorkshop_UnfoldingTutorial.pdf
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• You can also look at unfolding as a „deconvolution“ technique where we have some signal 𝑓
convoluted with some noise 𝑁 to give some data 𝑑

𝑓 ∗ 𝑁 = 𝑑

• In particle physics 𝑓 and 𝑑 are discrete data in the form of binned histograms and 𝑁 is a 
combination of detector smearing and acceptance effects

• Unfolding is basically the process of coming from 𝑑 to 𝑓
• 𝑓 and 𝑑 are histograms (vectors of data), 𝑁 has the form of a matrix and the process of 

going from 𝑑 to 𝑓 is a matrix inversion problem

Data Unfolding Truth



What is the problem with matrix inversion?  

43Lukas Kretschmann | Fellow-Treffen 2022 – Würzburg | 18.-21.08.2022

𝑓 = 𝑁−1 ∗ 𝑑

Data Truth
𝑑 𝑓

𝑓 ∗ 𝑁 = 𝑑

𝑉𝑓=𝑁−1𝑉𝑑(𝑁
−1)𝑇

• So what happens if we invert the matrix and apply it to our data vector?

Unfolding
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𝑓 = 𝑁−1 ∗ 𝑑

Data Unfolding Truth
𝑑 𝑓

𝑓 ∗ 𝑁 = 𝑑

Matrix inversion

• So what happens if we invert the matrix and apply it to our data vector?
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• This matrix is usally built from Monte Carlo (MC), we also call it the response matrix
• The big problem is, if we invert this matrix, statistical fluctuations get amplified and you get

stupid results. We need to dampen (regularise) these fluctuations somehow, and this is
what almost all unfolding methods do.

• Large anti-correlations in the covariance matrix allow this result
(covariance-matrix gives covariance between each pair of elements of a given random vector )

Covariance provides insight into 
how two variables are related to 
one another. More 
precisely, covariance refers to 
the measure of how two 
random variables in a data set 
will change together. A positive 
covariance means that the two 
variables at hand are positively 
related, and they move in the 
same direction.
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• This matrix is usally built from Monte Carlo (MC), we also call it the response matrix
• The big problem is, if we invert this matrix, statistical fluctuations get amplified and you get

stupid results. We need to dampen (regularise) these fluctuations somehow, and this is
what almost all unfolding methods do.

• There are multiple methods of unfolding to tackle this problem:
o Iterative Bayes‘ theorem (IBU)
o Singular Value Decomposition (SVD)
o Bin-by-bin corrections
o Matrix inversion
o ….

• We use Iterative Bayesian Unfolding

https://www.elmhurst.edu/blog/thomas-bayes/
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• Iterative Bayesian Unfolding is the most commonly used method
• In this method we use Bayes theorem recursiveley
• IBU has the unique feature that the more iterations you do, the weaker

the regularisation gets (basically the unfolding gets worse)
• It is crucial to find the optimal stopping point
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TRUTH
(What we want)

DATA
(What we have)
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1. Subtract the background events
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1. Subtract the background events
2. Correct for „non-fiducial“ events that are in the reco-level but not in truth (in-smearing)

𝑓𝑎𝑐𝑐
𝑗

=
𝑟𝑒𝑐𝑜𝑗 ∧ 𝑡𝑟𝑢𝑡ℎ𝑗

𝑟𝑒𝑐𝑜𝑗
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1. Subtract the background events
2. Correct for „non-fiducial“ events that are in the reco-level but not in truth (in-smearing)
3. Remove the detector smearing

INSERT MIGRATION MATRIX HERE
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1. Subtract the background events
2. Correct for „non-fiducial“ events that are in the reco-level but not in truth (in-smearing)
3. Remove the detector smearing
4. Extrapolate to the truth phase-space (correct for events that are at truth level but not at reco) 

𝜖𝑒𝑓𝑓
𝑖 =

𝑟𝑒𝑐𝑜𝑗 ∧ 𝑡𝑟𝑢𝑡ℎ𝑗

𝑡𝑟𝑢𝑡ℎ𝑗
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1. Subtract the background events
2. Correct for „non-fiducial“ events that are in the reco-level but not in truth (in-smearing)
3. Remove the detector smearing
4. Extrapolate to the truth phase-space (correct for events that are at truth level but not at reco) 
5. Normalise to cross-section
6. Be happy!
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• The core software for doing the unfolding is „RooUnfold“
• Me and two colleagues implemented RooUnfold in our groups analysis framework

„Kolophon“ and „Arachne“ 
• Some serious developement is currently ongoing there to make the code future-proof, 

easy to use, implement new advanced functions (stress tests etc.) and plotting routines… 
• More and more analysis are using it in our group, so we need to write documentations and 

make sure that it is easy to use for the individual analyser



The software
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Here we do the
unfolding!



What do we study?     
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• There are two main methods of propagating systematic uncertainties
…and nobody has a real opinion on what is the right way to do it… so we are trying to find this out!

Nominal data Data fluctuated by some systematic
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• There are two main methods of propagating systematic uncertainties
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• There are two main methods of propagating systematic uncertainties:
➢ Changing the input reco-file 
➢ Changing the migration-matrix 

If we want to unfold a systematic, 
the by the systematic affected
distribution differs from the nominal 
one (see last slides), so we could
change the number of events we
observe (input reco-file)

…or we could change the
migration matrix (build it from
this systematic data instead of 
the nominal one) and then put
the nominal data through this
(change migration-matrix)
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• There are two main methods of propagating systematic uncertainties:
➢ Changing the input reco-file 
➢ Changing the migration-matrix 

• Quick summary:
➢ The migration-matrix is normally built from the nominal data you get
➢ Then you can basically route you systematics data through the unfolding and see what the

impact is INSERT PLOTS FOR SYSTEMATICS HERE
➢ Or you could change the matrix for every systematic and then put the nominal data through it
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• There is a long discussion about which method is the best and if there are diffrences
between these two methods

• Goal is to study the impact of both methods:
➢ First propagate the systematic uncertainty by changing the input reco-file 
➢ Propagate the systematic uncertainty by changing the migration-matrix
➢ Compare these two results obtained for some systematic errors



What do we study?     

61Lukas Kretschmann | Fellow-Treffen 2022 – Würzburg | 18.-21.08.2022

• There is a long discussion about which method is the best and if there are diffrences
between these two methods

• Goal is to study the impact of both methods:
➢ First propagate the systematic uncertainty by changing the input reco-file 
➢ Propagate the systematic uncertainty by changing the migration-matrix
➢ Compare these two results obtained for some systematic errors

• Based on: „Measurement of observables sensitive to colour reconnection” 
• For now, we just study the 1D-variables
• Particle-level observables: 𝑛𝑐ℎ and σ𝑛𝑐ℎ 𝑝𝑡
• Detector-level observables: 𝑛𝑡𝑟𝑘,𝑜𝑢𝑡 and σ𝑛𝑡𝑟𝑘,𝑜𝑢𝑡 𝑝𝑡
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Vielen Dank für Ihre Aufmerksamkeit!

Hands 
On time!



Back-

63Lukas Kretschmann | Fellow-Treffen 2022 – Würzburg | 18.-21.08.2022



Measurement of observables sensitive to colour reconnection
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PCM: https://indico.cern.ch/event/1188349/

Paper Draft: https://cds.cern.ch/record/2778339/files/ATL-COM-PHYS-2021-593.pdf

Glance: https://atlas-glance.cern.ch/atlas/analysis/papers/details?id=13766

https://indico.cern.ch/event/1188349/
https://cds.cern.ch/record/2778339/files/ATL-COM-PHYS-2021-593.pdf
https://atlas-glance.cern.ch/atlas/analysis/papers/details?id=13766
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