
Quantum Chromodynamics - 2

Caterina Doglioni - Lund University  

Note on references: all the images from experiments are taken from the experiment websites unless otherwise noted 
+ diagrams and tables taken from Cahn&Goldhaber / Martin&Shaw (see end of lecture for references)
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Outline of the QCD lectures

•Lecture 1: Quarks gluons and strong interactions 
•1.1 From the hadron zoo to the quark model 
•1.2 Experimental proof of the quark model 
•1.3 Strong force: confinement and asymptotic 

freedom 
•Lecture 2 (Tuesday): Experimental aspects of QCD 

•How to see quarks and gluons: jets 
•Jet substructure 
•Measurements of QCD at the LHC 
•Looking for bumps above QCD

Introduction and recap
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Recap: concepts for part 1.1

•Part 1.1: Quarks gluons and strong interactions 
•From the hadron zoo to the quark model 

•  Protons and neutrons: isospin multiplet 
•Characterizing hadrons: the eightfold way, color 

•  Classification by isospin / hypercharge 
•  Where there’s structure there is substructure: 

baryons and mesons contain quarks 
•  Color is theorised and experimentally verified 

Introduction and recap
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Recap: concepts for part 1.2

•Part 1.2: Experimental verification of quarks 
• Elastic scattering 

•  The proton is not point-like, but what’s its structure? 
• Deep inelastic scattering: ‘break’ protons using photons 

• Structure functions (approximately) do not scale with 
momentum transfer: sign that there are point-like 
constituents within proton 

• The proton is not just three quarks: sea and gluons

Introduction and recap
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Recap: concepts for part 1.3

Introduction and recap

•Part 1.3: The strong force 
• Strong force as a spring: confinement 
• QCD vs QED 

• The gluon self-interacts, the photon does not 
• Antiscreening vs screening 
• Running of the coupling constant:  

asymptotic freedom 
• From partons to jets (in MC generators)



2.1 Jet algorithms 
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What is a jet?
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One of the most energetic QCD events
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Gavin Salam, CFHEP lectures, April 2014 

http://gsalam.web.cern.ch/gsalam/talks/
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Wishlist for jet algorithms
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Different jet algorithms
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Other jet algorithms
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j

Computational 
time for N inputs

Gavin Salam, CFHEP lectures, April 2014 

http://gsalam.web.cern.ch/gsalam/talks/
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A jet algorithm in action
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Jet grooming

26

Wikipedia/NASA

Jet grooming:  
“trying to make fat jets leaner” 

Basic operative idea:  
Start with a large-radius jet 
Select which sub-components to keep 

Why?  
- a necessity for boosted objects 
(all decay products end up in a single jet) 
- can be useful to remove pile-up

E. Thompson, BOOST2014

(C) ATLAS JetETMiss WG
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Jet substructure: basic idea
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j

If we know what we want to find 
inside a jet (e.g. decay products 

of another more massive particle), 
we can use this information to 

distinguish from QCD 

(sometimes this is a necessity:  
boosted decay products)

https://arxiv.org/pdf/0802.2470.pdf 

https://arxiv.org/pdf/0802.2470.pdf


Jet algorithms and substructure Measuring jets Searches with jets

A famous substructure technique: BDRS
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j

(C) ATLAS JetETMiss WG
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Can we use Anti-kT? Reclustering
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j

https://arxiv.org/pdf/1407.2922v2.pdf 

https://arxiv.org/pdf/1407.2922v2.pdf


2.1.A Practical demonstration 



31

Wikipedia/NASA

Conclusions

•Jets as representative of hard scatter patrons 
•Definition of jet algorithm: 

•Rules to cluster inputs 
•Recombination scheme 
• Split/merge (if needed) 

•Requirements for jet algorithm: 
•Theoretically viable 
•Computationally fast 
•Detector-independent 

•A jet algorithm in action: Anti-kT 
•Jet substructure and jet grooming

Concepts for part 2.1



2.2 Measuring jets at the LHC 
(with a strong ATLAS bias) 
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Jets in ATLAS and CMS
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Images by Dag Gillberg

particle flow jets being commissioned
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Recap: calorimeters (ATLAS only)
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See more in G. 
Eigen’s lectures 
about detectors
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Fake jets, too
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Intro to jet calibration
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Intro to jet calibration
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Related: Missing transverse momentum
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Jet energy response and resolution
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Divide measured jet energy by original (truth) jet energy
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Jet energy response and resolution
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Divide measured jet energy by original (truth) jet energy
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Jet calibration
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Refinements to this calibration scheme (e.g. calibrating constituents before jet finding, using jet properties to reduce  
differences between quark- and gluon-initiated jets) are in use but not covered here

+ energy is lost in inactive material before calorimeters or outside jet cone
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Pile-up subtraction
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Jet origin correction
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F. Guescini
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Energy correction
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In-situ correction
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The jet energy scale uncertainty
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Jets are everywhere
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Gavin Salam, CFHEP lectures, April 2014 

http://gsalam.web.cern.ch/gsalam/talks/
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Inclusive jet cross-section measurement
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Inclusive jet cross-section uncertainties
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In order to proceed with precision QCD measurements, both 

theory and experiment need to make progress on uncertainties
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Conclusions

•Inputs for jets in ATLAS and CMS:  
calorimeter energy deposit but also tracks 

•Jets need to be calibrated 
•ATLAS “EM+JES” calibration scheme as example 

•Pile-up correction 
•Origin correction  
•MC-based correction 
•In-situ correction 

•Jet energy scale uncertainty 
•Jets are everywhere: inclusive jet cross-section

Concepts for part 3.2



2.2.A Some questions about jets 



https://www.mentimeter.com/s/ea0581bbc5e4ea2e91ce762d7d1339a5/3f41305ef092 

https://www.mentimeter.com/s/ea0581bbc5e4ea2e91ce762d7d1339a5/3f41305ef092


2.3 Searching above QCD 
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The heart of the matter

56

Discovery of the Higgs boson: 
guided by clues from the Standard Model of particle physics

The Higgs boson mass as of May 2015 
arXiv:1503.07589

2011



Jet algorithms and substructure Measuring jets Searches with jets

Where to look for new particles?

Everywhere! 
design model-independent searches for new phenomena 

57
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How to look for new particles?

58

Large Hadron Collider (LHC)

The biggest man-made discovery machine
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Proton-proton collisions at the LHC
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Look for new particles 
decaying to quarks and gluons (jets) 

if they’re created they should decay! 

proton

proton
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Proton-proton collisions at the LHC
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Look for new particles 
decaying to quarks and gluons (jets) 

if they’re created they should decay! 

proton

proton

quark

quark

collision 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Proton-proton collisions at the LHC
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Look for new particles 
decaying to quarks and gluons (jets) 

if they’re created they should decay! 

proton

proton

quark

quark

collision 

interaction

unstable new particle

E=mc2
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Proton-proton collisions at the LHC
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Look for new particles 
decaying to quarks and gluons (jets) 

if they’re created they should decay! 

proton

proton

quark

quark

collision 

interaction

unstable new particle

decayquark

quark

decay

E=mc2
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Proton-proton collisions at the LHC
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Look for new particles 
decaying to quarks and gluons (jets) 

if they’re created they should decay! 

proton

proton

quark

quark

collision 

interaction

unstable new particle

decayquark

quark

decay

jet

jet

q/g

q/g

jet

jet

q/g

q/gE=mc2
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The first 2015 ATLAS search paper

64
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Search for new physics with jets 101
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Get the jets

Search phase: 
compare data and 

background

Limit setting phase: 
constrain new physics models

Build distributions of 
interesting observables

see any deviations?

YesNo
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Search for new physics with jets 101
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Get the jets

Search phase: 
compare data and 

background

Limit setting phase: 
constrain new physics models

Build distributions of 
interesting observables

see any deviations?

YesNo
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Search for new physics with jets 101
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Get the jets

Search phase: 
compare data and 

background

Limit setting phase: 
constrain new physics models

Build distributions of 
interesting observables

see any deviations?

YesNo
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Look for new particles decaying to quarks and gluons (→jets) 
appearing as “bump” over QCD background 

(or dips, if interference with QCD) 

Resonant phenomena producing jets
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jet

jet

q/g

q/g

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

X
gX,SM

Many models fit the bill: excited quarks, heavy boson partners…see 
Exotics lectures!  

gX,SM
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Search for new physics with jets 101
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Get the jets

Search phase: 
compare data and 

background

Limit setting phase: 
constrain new physics models

Build distributions of 
interesting observables

see any deviations?

Yes
No
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Search phase: fit
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Compare data  
with smooth fit: 
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Why fit? Because QCD is uncertain…
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Extremely small signals! 

Note: fit function has uncertainties/issues as 
well, and one can also do a full search for new 

physics using a MC background by profiling 
uncertainties 
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Search phase: mass selection
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Compare data  
with smooth fit: 

Compare data with 
simulation (Pythia)  

as a cross-check 
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Search phase: mass selection
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Compare data  
with smooth fit: 

Compare data with 
simulation (Pythia)  

Run BumpHunter 
algorithm to find most 

significant excess 
(not significant)
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Search for new physics with jets 101
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Get the jets

Search phase: 
compare data and 

background

Limit setting phase: 
constrain new physics models

Build distributions of 
interesting observables

see any deviations?

Yes
No

not this time, sorry…
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Constraining new physics models
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"I suppose nothing hurts you." 
"Only pain truncations."

Example of model-dependent limits:  
Z’ Dark Matter mediator

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq

g𝜒

gq

gq

See more in M. Martinez’s 
lectures about BSM processes
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101 102 103 104
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=
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/2

gχ
A/gq

A =1

More on Dark Matter Mediator decays to jets
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arXiv:1503.05916
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arXiv:1503.05916
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Dark Matter mass [GeV]

"I suppose nothing hurts you." 
"Only pain truncations."

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq

g𝜒

gq

gq
Caution: very simplified picture 
For further info: see http://arxiv.org/abs/1606.07609 

http://abstrusegoose.com/

http://arxiv.org/abs/1606.07609
http://abstrusegoose.com/406
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arXiv:1503.05916

Least constrained region: 
low mediator masses

Reason: compatibility  
with relic density

Reasons: trigger! large backgrounds 
difficult to record all events

Most interesting region: 
low mediator masses

arXiv:1503.05916

M
ed
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to

r m
as

s 
[G

eV
]

Dark Matter mass [GeV] Mediator mass [GeV]

More on Dark Matter Mediator decays to jets

77

Before LHC Run-2
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78

Why? Too much data (mostly QCD)

78

 LHC: if everything was recorded… 
 up to 40 million collisions/second (MHz) 
 1-1.5 MB/data per collision 
 40 MHz * 1 MB  =  40 TB/s 
 40 TB/s * 10e+6 s/year = 0.05 ZB/year 

 Facebook:  
 600 TB/day ~ 200 PB/year [Facebook] 

LHC experiments need to: 
1. process all data, fast  

2. select only interesting events

(after selecting interesting events)

https://code.facebook.com/posts/229861827208629/scaling-the-facebook-data-warehouse-to-300-pb/
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Select interesting data only: jet triggers

Mass of di-jet system 
(~new particle mass)

Number of 
events

Actual  
recorded 
events

Signal

Background

Event selection  
(trigger)

Object 
reconstruction
and calibration

Data analysis

Trigger and data acquisition:  
select interesting events 

First step: fast hardware selection (Level 1) 
select max. 100000 events/second 

Second step: computer farm (High-Level Trigger) 
record max. 1000 events/second 

What this means for QCD (we need it all as 
signals look like regular QCD jets): 

Only a fraction of lower-energy jets are saved

Statistical power 
is not as good as 
it could be if we 

recorded all data!
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Let’s record trigger jets! (and make them good enough)

Wikipedia/NASA

Calorimeter event 
reconstruction

Full event 
reconstruction

Other L1/HLT event  
reconstruction

Trigger decision

if passed trigger

In any case

Partial (trigger-
jet-only) event 
reconstruction

Trigger-Level Analysis (TLA)

Standard 
data analysis

https://en.wikipedia.org/wiki/Three-letter_acronym 
https://en.wikipedia.org/wiki/RAS_syndrome 
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Bandwidth = Event rate x Event size

https://en.wikipedia.org/wiki/Three-letter_acronym
https://en.wikipedia.org/wiki/RAS_syndrome
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No jetty new physics found anywhere (yet)
After 2015 LHC data

 Before 2015 LHC data

…but we have a long way ahead with the LHC Run-2! 
(LHC delivered ~4x the 2015 data as of this morning)
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Conclusions

•  Jets are everywhere at the LHC:  
let’s search in hadronic final states 

• Search for new particles in dijet final states 
• Look for resonances (‘bumps’) above QCD background 
• Fit with a smooth function to avoid QCD uncertainties 
• No new physics found -> constrain new physics 

models 
• There is too much QCD to record it all 

• Jet trigger system 
• Overcome bandwidth limitation:  

search at the trigger level

Concepts for part 3.3
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General recap of the QCD lectures

Conclusions

•Lecture 1: Quarks gluons and strong interactions 
•From the hadron zoo to the quark model 
•Characterizing quarks: the eightfold way, color 
•Experimental proof of the quark model 
•Strong force: confinement and asymptotic 

freedom 
•Lecture 2 (Tuesday): Experimental aspects of QCD 

•How to see quarks and gluons: jets 
•Jet substructure 
•Measurements of QCD at the LHC 
•Looking for bumps above QCD
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Some references (out of many)

Conclusions

The Experimental Foundations of Particle Physics, Cahn and Goldhaber (Cambridge 2009) 
Particle Physics, B.R. Martin &. G. Shaw, 3rd edition (Wiley 2008).  
Gavin Salam, TASI lectures on jets 2013 
http://physicslearning.colorado.edu/tasi/tasi_2013/tasi_2013.htm 
Lectures on detectors and calorimeters, prerequisites to jets 
http://www.kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe10/http://atlas.physics.arizona.edu/~loch/
HFSL_spring2010.html 
LHC detector papers 
http://jinst.sissa.it/LHC/ 
CMS JES paper (2010) 
http://iopscience.iop.org/1748-0221/6/11/P11002/ 
ATLAS JES paper (2010) 
http://arxiv.org/abs/1406.0076 
CMS public jet/MET results 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME 
ATLAS public jet/MET results 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissPublicResults 
CMS Standard Model results on jets 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP#Jet_Production 
ATLAS Standard Model results 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Jet_Physics 
CMS Exotica results 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO 
ATLAS Exotics results 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

http://physicslearning.colorado.edu/tasi/tasi_2013/tasi_2013.htm
http://www.kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe10/http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html
http://jinst.sissa.it/LHC/
http://iopscience.iop.org/1748-0221/6/11/P11002/
http://arxiv.org/abs/1406.0076
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP#Jet_Production
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Jet_Physics
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

