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Boosted objects and jet 
substructure 

 
 
 
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. Jet 
substructure is powerful handle on signal vs QCD background. 
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Jet substructure for LHC 
searches 

Since 2008 a vibrant 
research field emerged 
based on developing and 
exploiting 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+filtering 

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

•  If there is a mass drop                    and the splitting is not too 
asymmetric                                                  then deem the jet 
tagged or if not discard j2 and continue. 

•  Also called the “mass drop” tagger (MDT). more about this later…… 
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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�



Several other methods exist 
 

  

Trimming re-clusters jet with smaller radius Rtrim.  
Discards subjets with pt,subjet < fcut 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. 

 
 
 
 
 
 



Some open questions 

•  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 



Analytical understanding 
Need a concrete link between results and underlying principles. 

 
Putting together  
 
•  A soft/collinear approximation of QCD matrix elements for n 

gluon emission. 
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•  Virtual corrections from unitarity. 
 
•  Understanding of taggers for multiple emissions. 
                 

Dasgupta, Fregoso,Marzani, Salam 2013. Dasgupta, Fregoso, Marzani, Powling 
2013. 



Analytics 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. 

•  Undesirable behaviour in region relevant for pheno. 
 
 Dasgupta, Fregoso, Marzani and Salam 2013. 



Analytics v Monte Carlo 

•  Results for modified mass-drop method. 
•  Analytics show that mass-drop condition is not essential. 
•   Similar understanding also for pruning.  
                    Dasgupta, Fregoso, Marzani, Salam 2013 



How can this be exploited? 
•  More informed rather than blind MC comparisons of tools 
•   Paves way to understand more methods and put whole field on 

firmer ground. 
•  Developing new superior tools and improve existing methods. 
•  Devise variables that lend themselves to precision QCD studies. 



Understanding jet shapes 
 
•  Analytic understanding also achieved for other variables. 

•  Important category of variables are radiation constraining jet 
shapes. 

•  Examples are N-subjettiness and Energy Correlation Functions 
(ECFs).           Thaler and Van Tilburg 2011    Larkoski, Salam, Thaler 2013 



Shape variables : N subjettiness 
              Find N prongs (axes) in a jet using e.g. kt algorithm. 
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Discriminates N 
pronged signal 
from QCD 

Smaller for W/Z/H than 
for QCD 



Monte Carlo v Analytic 

Dasgupta, Soyez and Schunk 2015. See also Larkoski, Moult and Neill 
2015 for dedicated calculation of C2. 



New tools and combinations 
 
 
 
 
 
 
 
•  Y-splitter is existing method. Analytics reveal desirable Sudakov 

suppression of background but poor signal efficiency. 
•  Combining with grooming improves signal vastly and leaves 

background suppression intact. Also understood analytically. 

Dasgupta, Powling and Siodmok 2015 and work in progress. 



Jet observables for precision QCD 
 
 
 
 
 
 
 
 
 
 
•  mMDT shown to have remarkable properties. Freedom from non-global logs and 

minimal NP effects. Even fixed-order (LO) predictions already give good 
agreement with data. 

•  This motivated the generalisation to SoftDrop set of variables. Recently 
calculated to (N)NLL.  Larkoski, Marzani, Soyez, Thaler 2014.   

                                                       Frye, Larkoski, Schwartz, Yan 2016. 

 
 



Conclusion 
•  Recent analytical insight into jet substructure is a potential game 

changer. 

•  Full potential yet to be exploited but many interesting studies in 
progress. 

•  Hopefully these will bring substantial benefit to Run 2 of LHC 
and beyond. 


