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Outline 
•  Introduction to boosted particle searches and jet substructure 
•  Introduction to some jet substructure methods 
•  Jet substructure from QCD first principles? 
•  Calculations for substructure methods. 
•  Improving substructure tools and enhancing performance. 



Boosted object hadronic decays  
 
 
 
Boosted regime implies studying particles with  
pT >> MX. Important at the LHC with access to TeV scales in pT.  
 

Decay products are collimated. 
 
 
 
Hadronic two-body decays often reconstructed in single jet.  
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Jets from QCD vs boosted heavy 
particles 

What jet do we have 
here? 



Jets from QCD vs boosted heavy 
particles 

A quark jet ? 



Jets from QCD vs boosted heavy 
particles 

A gluon jet ? 



Jets from QCD vs boosted heavy 
particles 

A W/Z/H ? 



Jets from QCD vs boosted heavy 
particles 

    A top quark? 

Source: An ATLAS boosted top 
candidate 

The boosted regime 
implies a change in 
paradigm in that jets 
can be more than 
quarks and gluons. 



Isn’t the jet mass a clue? 

Looking at jet mass is not enough! 



Jet substructure for LHC 
searches 

Since 2008 a vibrant 
research field emerged 
based on developing and 
exploiting jet 
substructure. 
 
Butterworth, Davison Rubin, 
Salam 2008. Published in PRL. 
Builds on work by Seymour 1993. 
 
 
BDRS paper has over 
600 citations. “Jet 
substructure” title search 
on arXiv gives > 100 
papers post BDRS. 
 
 



Signal vs background  

BDRS studied the process  pp ! V H, H ! bb̄       
 
 
               

 

•  This was considered an unpromising channel for Higgs discovery 
due to large QCD backgrounds.  

 
•  In boosted limit Higgs decay products are reconstructed in a single 

fat jet and need to distinguish a signal jet from a plain QCD jet.  
 
•  One key is that QCD branchings have soft enhancements. 

Asymmetric sharing of energy compared to Higgs case.  
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BDRS mass drop tagger 

•  Break the jet into two subjets j1 and j2 such that mj1 > mj2. 

•  Require mass drop                          and                       
                                     
 
    Then deem the jet tagged or if not discard j2 and continue.  

•  Additional filtering step involves reclustering with smaller radius 
and retaining only nfilt hardest subjets. 

mj1 < µmj
min (pt1, pt2)

max (pt1, pt2)
> ycut



BDRS method results 

Signal significance of             was demonstrated in MC studies for 
a Higgs boson of 115 GeV. Turned this unpromising channel into 
one of the best discovery channels for light Higgs. 

4.5�

MDT + filtering 



Several other methods exist 
 

  

Trimming re-clusters jet with smaller radius Rtrim.  
Discards subjets with pt,subjet < zcut ptjet.   
 
Krohn, Thaler, Wang 2010 

 
Pruning is similar but uses a dynamical radius Rprune ~ mj/pt.  
Ellis, Walsh, Vermillion 2009 
 
Many other methods: Y-splitter, Atlas top tagger, HEP top tagger, 
CMS top tagger, JH top tagger, Template Overlap, Planar Flow, 
Shower Deconstruction, Qjets, N-subjettiness, ECF’s etc. 
 
 
 
 
 
 
 



Tagging and grooming 
There are two main ideas: 

Taggers try and exploit the above differences. 
But we also need jet grooming. 



Need for grooming 

Example of groomer is filtering used in BDRS 
method. Most tools including mDT pruning and 
filtering both tag and groom. We can collectively use 
the name taggers. 



Some open questions 
Given  the limited number of main ideas involved in tagging and 
grooming we can ask: 
•  Why so many methods?  
•  Are they really different? 
•  How to compare methods: number of parameters, vast 

kinematic range? 
•  Are tools robust? What is the connection to QCD predictions? 
Monte Carlo studies alone are insufficient to provide detailed 
answers to these and other questions. 
 
 
 
 



Monte Carlo studies 

Studies are for fixed parameter settings. No idea about why 
something works better or if picture changes with parameters. 



More games with Monte Carlo 

Combinations help but details far from 
obvious. 



A theoretical framework? 
•  Can we go back to basics? Understand the results from first 

principles of QCD? 

•  Or is that impossible? 

Precision QCD 

Schwartz, Boost 2012 



Building a framework  
A key observable is the jet mass distribution since a jet mass cut is 
often the first step in tagging. 
 
Let us start by computing just the plain jet mass.  
In boosted regime pt >> m so there are large logarithms of pt/m. 
 

Introduce variable                      invariant under boosts along jet 
axis. 
 
Want to compute            in soft-collinear limit valid for   
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Plain mass at LO 
In leading order QCD in soft-collinear limit we have (for a quark jet)   
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Plain mass at LO 
To correct for hard collinear radiation use full splitting function  
 
                     
 
The result is  (check yourself) 

1 + (1� z)2

2z

Leading “double 
logarithm”. Next to leading 

“single logarithm” 



Resummation for jet mass 
 
•  Factorisation of multi-gluon emission in soft-collinear limit 

 
                                                           
 
•  Unitarity for including virtual corrections 
 
Fixed-coupling resummed result is : 

1

n!

Y

i

CF↵s

⇣
zi✓ip

jet
t

⌘

⇡

dzi
zi

d✓2i
✓2i

Classical nature of 
soft brehmsstrahlung 



Resummation for jet mass 

Resummation gives a good general picture of the  main 
features of the jet mass distribution including Sudakov peak. 
Can we do the same for taggers? 



The mass drop tagger (BDRS) 
 
 
 
 
Let us try and do a LO calculation for the mDT for QCD 
background jets. 
 
At LO the mass drop condition is automatically satisfied. 
 
The asymmetry condition gives                           

zpT

(1� z)pT

z, 1� z > ycut



MDT at leading order 
The leading order result for MDT is  
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One can also include hard collinear effects by 
using the full splitting function as for jet mass. 
 
 
 
 

The mDT has a single logarithmic behaviour at small     . 
mDT reduces background by replacing         by modest  

⇢
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Asymmetry cuts 



Beyond LO and a flaw in MDT 



All orders results for mMDT 
 
 
 
 

•  Transition to plain jet mass at large masses. 
•  Only collinear logs 
•  First time a jet observable of this type was ever seen.  
•  No dependence on mass-drop cut but only on asymmetry 

parameter. 
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Possible after we modify the mass-drop to 
follow harder rather than more massive 
branch  



Comparison to MC 

Excellent agreement of analytic and MC results 
indicate we have captured the relevant physics with 
our simple formulae. 



Trimming  
 
 

3 distinct regions seen 
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This leading order result exponentiates at all orders. 
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All-orders v Monte Carlo 

•  Excellent overall agreement which captures the 
dependence on parameters and transition points.  

•  Indicates flaws in existing methods. Reveals distinct 
regimes for tagger behaviour. Taggers can be worse 
than doing nothing! 

•  Undesirable behaviour lies in region relevant for pheno. 
 
 

. 



Pruning 

Similar to trimming but with dynamical 
radius choice. 



Pruning results 
 
 

LO result is single logarithmic like (m)MDT. 

 

 
 
However at NLO one encounters terms as singular as the plain jet 
mass i.e. double logarithms. 

    
 
Pruning can be thought of as a sum of two distinct components. 
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Pruning results 



Y- Pruning 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



Pruning MC v analytics 
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Analytic Calculation: quark jets

m [GeV], for pt = 3 TeV, R = 1
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Pythia 6 MC: quark jets

m [GeV], for pt = 3 TeV, R = 1
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The black line denotes the anomalous 
component (I-pruning). The green line is the 
sane component (Y-pruning). 

Y-pruning 



Y-pruning 
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Signal jets 
 
 
 
 
 
     Also possible to analytically understand signal jets. 

z

1−z

✏s =

Z 1�ycut

ycut

dz = 1� 2ycut

Tree level result for mMDT and pruning receives only 
modest higher order corrections. 



Signal efficiencies with taggers 
 
 
 
 

Tree level is a good 
approximation with small 
effects from ISR and 
FSR effects. 

Y-pruning suffers a loss of 
efficiency at high pt 

All this also understood analytically and with MC studies. 
                 
Dasgupta, Powling and Siodmok 2015 



What does all this buy us? 
 
 
 
 
 
 
 
 
No longer need to run Monte Carlo blindly. 
Can do “the right” MC studies to meaningfully compare tools and 
bring out their main features. 



Performance for finding signals 



Summary 
•  Analytical insight into jet substructure proving to be a powerful 

complement to MC studies. 

•  This insight is helping to compare tools, assess robustness and  
      to design better tools such as mMDT and Y-pruning. 
 
•  The basic message remains the same as that from yesterday’s 

lecture : calculations based on QCD principles can often go a 
long way in providing information complementary to that from 
MC and other studies. 

 

      

 
 


