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Introduction 

• Hadronic final states are dominant at the LHC 
• Studies of jet properties allow us to better understand the theory 

and phenomenology behind hadronic jets 
• Improved understanding of jets in the final states allows improved 

separation of signal and background in our analyses 
• Techniques such as grooming and substructure tagging allow 

separation of hadronically decaying W and Z bosons 
• Such techniques can also be extended to top quarks 
• Separation of quark and gluon initiated jets can also help 

significantly 
 

• I will 
– Highlight some recent measurements of jet properties 
– Describe some of the most popular grooming and tagging techniques 
– Discuss the current status of quark/gluon jet separation 
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JET PROPERTIES 



Measurement of jet charge 

• The momentum-weighted sum of the charges of 
tracks associated to jets is sensitive to the charge of 
the initiating quark or gluon 

• This analysis measures this quantity, called jet 
charge, using dijet events in 20.3 fb-1 of data at 8 
TeV 

• Jet charge distributions are measured and then 
unfolded for comparison to various models 

• Change in jet charge distribution as a function of 𝑠  
is mostly predicted by the PDF x-dependence 
– At higher x get more valence u quark 

• Change is also dependent on the energy-
dependence of fragmentation functions 
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Event selection 

• Require two (anti-kt R=0.4) jets 
with 

– η < 2.1 
– 𝑝𝑇 > 50 GeV 

– 𝑝𝑇
𝑙𝑒𝑎𝑑

𝑝𝑇
𝑠𝑢𝑏−𝑙𝑒𝑎𝑑 < 1.5 

• Require tracks with 

– η < 2.5 
– 𝑝𝑇 > 500 MeV 
– Good χ2 and associated to 

primary vertex 

• Tracks are matched to calorimeter 
jets using ghost association 
– Infinitesimal pT tracks clustered 

along with calorimeter clusters  
– Does not effect clustering but 

associates tracks and jets 
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Results 

• Unfolded results are compared to various PDFs (left) and generators and tunes (right) 

• Pythia8+CTEQ6L1 describes the mean jet charge of the forward (central) jet within 5 % (10 %) 

• Herwig++ is similarly good for high κ (0.7) and pT > 500 GeV but decreases systematically below 

• Predictions using CT10 are systematically below the data 
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Charged particle multiplicity 

• Number of charged particles inside 
a jet is widely used as a 
discriminant to identify the quark 
or gluon nature of the jet initiating 
parton 

• Sensitive to both non-perturbative 
and perturbative elements of the 
fragmentation model 

• Analysis measures the average 
number of charged particles with 
three thresholds pT > 0.5, 2 and 5 
GeV 

• Measured using 20.3 fb-1 of data at 
8 TeV 

• The result is unfolded and 
compared to several models 

• Jets and tracks are selected using 
the same procedure as outlined 
above 
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Results - I 

• Comparisons of the unfolded results are made to various models of jet formation 
• Significant differences observed between data and Run 1 tunes 
• More recent tunes improve the modelling of the charged particle multiplicity 
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Results - II 

• The difference between the charged particle multiplicity of forward and central 
jets is dependent on 
– q/g fraction 
– The multiplicity of quark and gluon jets 

• Look at the difference between forward and central jets and the multiplicity of 
quark and gluon jets (taking relative fractions from Pythia)  
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JET SUBSTRUCTURE 



Boosted jets 

• The high collision energies at 
the LHC can result in the 
production of particles with 
high pT relative to their mass 

• Such particles are labelled as 
boosted 

• If they decay hadronically they 
may be reconstructed with all 
decay products in a single large 
R jet 
– As a rule of thumb 𝑅~ 2𝑀 𝑝𝑇  

• Such jets are often groomed to 
improve mass resolution and 
other kinematic properties 

• Sub-structure variables can 
then be used to tag the jets as 
arising from specific particles 
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Grooming Algorithms - I 

• TRIMMING 
– Jet constituents are reclustered using the kt algorithm with 

radius parameter Rsub 
– Any sub-jets are removed if they carry less than a fraction, 

fcut, of the original jet pT 
– Rsub and fcut can be tuned 

 

• PRUNING 
– Constituents are reclustered with two tunable parameters, 

Zcut and Rcut 
– In each pair-wise clustering the secondary constituent is 

discarded if 
• It is wide-angled (R12 > Rcut) 
• It carries a fraction of the pT of the pair less than Zcut 
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Grooming Algorithms - II 

• SPLIT-FILTERING 
– The jet is first split into two based on its clustering history 
– The mass-drop fraction and momentum balance are found 

𝑦12 =
min 𝑝𝑇,1,𝑝𝑇,2
𝑚12

∆𝑅12 𝜇12 =
max 𝑚1,𝑚2
𝑚12

 

– If requirements are met the jet is accepted else it the procedure 
continues with the highest mass part 

– The final jet is then filtered by re-clustering and keeping only the three 
hardest sub-jets 
 

• SOFT-DROP 
– This is a similar procedure to split-filtering whereby the clustering is 

undone iteratively and each pair assessed using the soft drop 
condition 

min 𝑝𝑇,1, 𝑝𝑇,2
𝑚12

> 𝑧𝑐𝑢𝑡
∆𝑅12
𝑅0

𝛽
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Grooming Performance 

• ROC curve for a variety of mass definitions shows filtering and trimming 
seem to have the best performance when tagging W bosons 
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Substructure Variables 

• JET SHAPES 
– Use the relative positions and momenta of 

jet constitutents  

• SPLITTING SCALES 
– Use the clustering history of the jet to 

define substructure variables such as 𝑦12 
and 𝜇12 above 

• SUBJETTINESS 
– Apply substructure templates to the 

constituents and see how well they fall into 
the n sub-jet category 

• CENTRE-OF-MASS JET SHAPES 
– Transform the constituents and use them 

with respect to the jet axis 

• QUANTUM-JET VARIABLES 
– Use a non-deterministic approach to jet 

reconstruction by which the probability of 
specific clustering steps is assessed rather 
than a single possible clustering 
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N-subjettiness 

• Jet shape variable defining to what 
degree the substructure of a given jet 
is compatible with being compose of 
N or fewer subjets 

𝜏0 𝛽 =  𝑝𝑇,𝑖∆𝑅
𝛽

𝑖 𝜖 𝐽

 

𝜏1 𝛽 =  𝑝𝑇,𝑖∆𝑅𝑎1,𝑖
𝛽

𝑖 𝜖 𝐽

 

𝜏2 𝛽 =  𝑝𝑇,𝑖min ∆𝑅𝑎1,𝑖
𝛽, ∆𝑅𝑎2,𝑖

𝛽

𝑖 𝜖 𝐽

 

• Dimensionless variables can be built 
from these which have been shown to 
be useful in identifying (for example) 
two body structures within jets 

𝜏21 =
𝜏2
𝜏1

 

17 

arXiv:1510.05821 CMS PAS JME-14-002 

ar
X

iv
:1

5
1

0
.0

5
8

2
1

 



Energy correlation ratios 

• The energy correlation functions are given by 
𝐸𝐶𝐹0 𝛽 = 1 

𝐸𝐶𝐹1 𝛽 = 𝑝𝑇,𝑖
𝑖 𝜖 𝐽

 

𝐸𝐶𝐹2 𝛽 =  𝑝𝑇,𝑖𝑝𝑇,𝑗 ∆𝑅𝑖𝑗
𝛽

𝑖<𝑗 𝜖 𝐽

 

𝐸𝐶𝐹3 𝛽 =  𝑝𝑇,𝑖𝑝𝑇,𝑗𝑝𝑇,𝑘 ∆𝑅𝑖𝑗∆𝑅𝑖𝑘∆𝑅𝑗𝑘
𝛽

𝑖<𝑗<𝑘 𝜖 𝐽

 

• From which abbreviated forms are built as 

𝑒2 𝛽 =
𝐸𝐶𝐹2 𝛽

𝐸𝐶𝐹1 𝛽
2 and 𝑒3 𝛽 =

𝐸𝐶𝐹3 𝛽

𝐸𝐶𝐹1 𝛽
3 

• The final ratios are useful to identify two-body 
structures in jets 

𝐶2 𝛽 =
𝑒3 𝛽

𝑒2 𝛽
2 and 𝐷2 𝛽 =

𝑒3 𝛽

𝑒2 𝛽
3 
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Tagging Performance 

• ROC curve for W boson tagging for various grooming and tagging 
combinations 
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Tagging using MVA 

• Identify W bosons 
using a multi-variate 
combination of sub-
structure variables 

• Can see where most 
is gained by 
iteratively adding 
additional variables 
to the BDT 
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MVA and data 

• Compare the BDT score in a top pair dominated region and a Z+jets 
dominated region 

• Good agreement between data and MC 
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Top Tagging 

• Similar methods can be used to tag hadronically decaying top quarks 
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QUARK/GLUON DISCRIMINATION 



Quark/gluon tagging 

• Many analyses rely on identification of an exclusive final state 
including a fixed number of jets originating from light quarks 

• Successfully identifying such jets from those initiated by gluons 
allows such hadronic final state analyses to reduce backgrounds 
from 
– Multi-jet QCD processes 
– Electroweak backgrounds with hard initial or final state gluon radiation 

• Tagging quark jets also prove useful in mass reconstruction of 
hadronically decaying objects which would otherwise have 
degraded resolution due to combinatorial backgrounds 

• Generally the following observations are made: 
– Charged particle multiplicity is higher in gluon initiated jets 
– The fragmentation function of gluon jets is significantly softer 
– Gluon jets are less collimated than quark jets 
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Quark/gluon tagging variables 

• Variables such as jet width, jet charge, charged particle multiplicity 
and constituent energy distributions show reasonable 
discrimination of quark and gluon jets 

• Here templates are extracted from dijet, Z+jet and γ+jet events in 
data from which the data vs. MC agreement can be explored 

25 

arXiv:1405.6583 

ar
X

iv
:1

4
0

5
.6

5
8

3
 

ar
X

iv
:1

4
0

5
.6

5
8

3
 



Multivariate Approaches 

• Discriminating variables can be combined using likelihood discriminants 
• This MVA tagger is built on the total particle flow object multiplicity, the 

width of the minor axis of the jet and pTD, a variable motivated by the 
different fragmentation functions of quarks and gluons 
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b and c quark tagging 

• In addition to q/g discrimination, jets can be tagged as arising from b and c 
quarks 

• These generally are based on the secondary tracks and vertices associated 
with jets 

• Here two BDTs are used 
– First discriminates b and c from light quarks or gluons 
– Second discriminates between b and c 
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Forward top quarks 

• b tagging used for first observation of top quark production in the forward 
region in proton-proton collisions 

• W+b final state reconstructed from 
– Muons in the region 2.0 <  η < 4.5 
– Jets in the region 2.2 <  η < 4.2 

• Uses 1.0 fb-1 and 2.0 fb-1 of data at 𝑠 = 7 TeV and 8 TeV respectively 
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Conclusions 

• The understanding of jet properties, the 
substructure of jets and the tagging of jets are all 
vibrant areas of ongoing study and development 

• Tagging of hadronic decays of particles is 
becoming more important as we probe particles 
with higher transverse momentum 

• Many methods are being actively studied for W, Z 
and t tagging 

• The use of substructure and jet tagging in 
analyses is steadily increasing and is used in SUSY, 
exotics and SM analyses alike 
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