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Boosted Resonances in New Physics Searches
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Figure 1.1: Generic interaction sequence for the search of a very BSM resonance that
decays into electroweak-scale particles that subsequently decay hadronically.

proton collision. This heavy BSM resonance quickly decays into lighter states Y — e.g.
W/Z/H bosons or lighter BSM particles —, with a mass around the EW scale. Particles
Y are typically produced with large transverse momentum (pt) because their mass is
much smaller than the mass of the decaying particle X. Finally, if a particle Y decays
hadronically, because of its large boost, its decay product in the lab frame are collimated
and reconstructed into a jet. The aim of jet substructure is therefore to distinguish a
signal jet, originated from a boosted massive particles, such as Y, from background jets,
which typically are QCD jets originated from quarks and gluons.

Consequently various ways of discriminating the sources of jets have been devised,
with the aim to classify a jet as of interest for a specific search or measurement or not.
Most methods to achieve this classification task follow a two-step approach: firstly, the
jet is cleaned up (groomed), i.e. soft radiation which is unlikely to come from the decaying
resonance is removed, and, secondly, one computes observables specifically designed
to separate signal and background jets based on the energy distribution amongst the
remaining jet constituents. Step two could be subdivided further into two classes of
classifiers: jet-shape observables and prong-finders. Jet-shape observables only consider
the way the energy is spatially distributed inside a jet, e.g. they do not take into account
the recombination history of the fat jet itself. Prong-finders instead aim to construct
hard subjets inside a fat jet, i.e. isolated islands of energy inside the jet, and compare
properties of subjets, potentially including information on their formation in the fat jet’s
recombination history.

Both jet shapes and prong finders aim to disentangle the di↵erent topologies that
characterise signal and background jets. For instance, QCD jets are characterised by
a hard core surrounded by soft/collinear radiation, leading predominantly to jets with
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Jets are collimated energetic particle bunches

Hadronic
calorimeter

Let come back to the basics: What is a jet?

EM calorimeter

Perturbative shower suggests iterative,
pairwise merging algorithms

Jets are collimated energetic particles



Reconstruction of Jets
IR and Collinear safe, invariant under boost,

dij = min(k2pt,i, k
2p
t,j)

�Rij

R
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Jet algorithm

Inputs: 4 momentum/cell energy,  
         Value of R, the jet size  
          parameter 

p=-1, AntiKT jets, semi irregular jets, Hardest energy  clustered first

p=1, KT jets, irregular jets, softest energy  clustered first

p=0, C/A jets, only geometrical locations of clustered.

Talk by, Suman Chatterjee
Jet properties, XSection
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Reconstructng high mass bosons

Traditonal jet algorithms

Parton

Jet

Radius of the jet is chosen to capture
the radiation pattern of the a parton
 → ATLAS default R~0.4

Merged regime

“New” algorithms
Large-R jets

In the presence of pile-up
(PU) … Not so easy anymore

�Rij =
q
(yi � yj)2 + (�i � �j)2
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Jets From Resonance Boosted massive particles, e.g.: EW bosons[Introduction]

Normal analyses: two quarks from
X → qq̄ reconstructed as two jets

jet 1

jet 2

X at rest
X

Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 2 / 19

PP

PP -> X -> q q 

Two quarks are reconstructed as jets,  
X can also be reconstructed



High pT(Boosted) Jet(1)

Boosted massive particles, e.g.: EW bosons[Introduction]

Normal analyses: two quarks from
X → qq̄ reconstructed as two jets

jet 1

jet 2

X at rest
X

High-pt regime: EW object X
is boosted, decay is collimated,

qq̄ both in same jet

single
jet

z

(1−z)

boosted X

Happens for pt ! 2m/R

pt ! 320 GeV for m = mW , R = 0.5

As LHC starts to explore far above EW scale, such
configurations become of interest

Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 2 / 19

High pT region: X is boosted, boost factor, 𝛾 ∼ E/m 

decay products are collimated, 
both jets are in a single jet(FatJet) 

Single Jet

R ∾2m/pT,    
if m=mW, R=0.7, pT ∼230 GeV,  

for m=mt, pT ∼ 500 GeV

With a boost jets overlap, not very usual in SM, 
in NP searches it happens



Boosted Jets(2)
With a boost, jets overlap, not very usual in SM, 

in NP searches it happens

‘Jets overlaping’ may be helpful to get rid of SM backgrounds
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Figure 1: Distance between reconstructed jet and closest generated top quark (left). Jet recon-
struction efficiency (right) as function of the generated top quark pT. The efficiency is defined as
the fraction of top quarks for which a reconstructed jet with pT > 200 GeV can be found within
DR < 1.2 (DR < 0.6) for CA15 (AK8) jets. Superimposed is the fraction of merged top quarks
as function of pT for the two thresholds used: 0.8 (0.6) at low (high) boost. All distributions are
made using hadronically decaying top quarks with pT > 200 GeV.

object close to the reconstructed jet. The truth-level matching is done using top quarks before
the decay, in the case of signal jets, and partons (u, d, s, c, b and gluon) from the hard scattering,
in the case of background jets.

Matching particles to the generator-level is performed by selecting the closest reconstructed jet
in DR to a truth-level parton or top quark. The maximum distance depends on the jet size and
corresponds to DR < 1.2 (DR < 0.6) for R = 1.5 (R = 0.8) jets. These values approximately
correspond to the minima of the DR distribution between jets and truth-level top quarks, as
shown in Fig. 1 (left).

The jet cone sizes are at typical values used in top quark reconstruction [24]. Fig. 1 (right) shows
the efficiency with which a reconstructed jet with pT > 200 GeV is found within DR < 1.2
(DR < 0.6), for CA15 (AK8) jets, with respect to a hadronically decaying top quark as function
of the quark pT. The efficiency reaches a plateau close to 100% at about 280 GeV (380 GeV) for
jets with R = 1.5 (R = 0.8). In fact, at low pT the larger cone size allows for the collection of all
decay products from the top quark. In contrast, at high pT the top jet is more collimated and
the smaller cone size reduces the amount of additional radiation clustered into the jet.

To evaluate the properties of top-tagging methods in an unbiased way over a large phase space,
taggers are studied in exclusive regions of pT, defined by the transverse momentum of the
matched truth-level parton (top quark, light quark, or gluon). Then, a weight is assigned to
each truth-level object such that the resulting distributions in pT- and h-space are approxi-
mately flat. As the distribution of top-jet candidates becomes more central with higher pT val-
ues, we tighten different selection criteria on |h| as the pT increases. Finally, to avoid the study
of incompletely merged top quarks (i.e. top quarks for which not all decay products are con-
tained in a jet), we restrict our selection to top quarks where the two quarks from the W boson
decay and the b quark have a maximum distance from the top quark direction (max(DR(t, q)))



NP heavy particles decay to boosted W, Z, t. 

•Leptonic mode is easy to tag, but presence of largeMET, but 
not easy to reconstruct parent mass. 

•Hadronic events, larger in rates, reconstructible 
•In High energy and high pT regime, may be a good  
fraction of events are clustered 
•Backgrounds may be less, as it falls faster in pT, 
•Combinatorics is better  

Boosted Jets(3)



Example: Higgs reconstruction(1) 
Search for Higgs, W/Z+H, H bb

Example improvement from boosted regime[Introduction]

Search for main decay of light Higgs boson in W/Z+H, H → bb̄

ATLAS TDR
(unboosted)

(boosted)

restricting search to ptH > 200 GeV

using the method from Butterworth, Davison, Rubin & GPS ’08

Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 4 / 19
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pTh>200 GeV

Butterworth, Davidson, Rubin, Salam,’08



Example improvement from boosted regime[Introduction]

Search for main decay of light Higgs boson in t̄t+H, H → bb̄

(unboosted)

(boosted)

restricting search to pt,H > 200 GeV, pt,t→hadrons > 200 GeV, one leptonic top

Plehn, GPS & Spannowsky ’09

Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 5 / 19

Search for Higgs ttH, H  bb

Example: Higgs reconstruction(2) 
Example improvement from boosted regime[Introduction]

Search for main decay of light Higgs boson in t̄t+H, H → bb̄

(unboosted)

(boosted)

restricting search to pt,H > 200 GeV, pt,t→hadrons > 200 GeV, one leptonic top

Plehn, GPS & Spannowsky ’09

Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 5 / 19Butterworth, Davidson, Rubin, Salam,’08

pTh>200 GeV



Boosted Jets: Exciting 
Un cluster, Jet profiles,  and cut 

•First Proposed by Seymour for Ws, ’93 
•Butterworth, cox, Forshaw,’02 
•More improved, and used it for H->bb reconstruction 
by Butterworth, Davison, Rubin, Salam(BDRS),’08 

Top quarks reconstruction: Thaler+Wang, Kaplan, 
Reherman, Schwartz, Tweedie(JHtagger)



Soft DivergenceQCD principle: soft divergence[LO structure]

Signal Background

z

(1−z)

boosted X zquark

(1−z)

Splitting probability for Higgs:

P(z) ∝ 1

Splitting probability for quark:

P(z) ∝
1 + z2

1− z

1/(1− z) divergence enhances background

Remove divergence in bkdg with cut on z
Can choose cut analytically so as to maximise S/

√
B

Originally: cut on opening angle (Seymour ’93)

or kt-distance (Butterworth, Cox & Forshaw ’02)
Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 9 / 19
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Probability of Higgs splitting: 

P (z) / 1
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Probability of quark splitting: 

P (z) =
1 + z2

1� z
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A cut on z, removes divergence in background 
Selection of Z can also help to increase S/√B

Talk by A. Mukherjee



Jet Observables



Jet mass(1)
Jet is not massless  
Jet mass can be used as one of the jetObservable

QCD-jet mass

z

1� z

✓

pT

m2 = 2pq · pg ' z(1� z)✓2p2
T

HM3.1 g�bb is important for H�bb studies. What’s its average 
mass?  (take mb=0)

first jet-observable that comes to mind 

background (QCD) jets acquire mass through showering
m2 = 2.pq.pg ' z(1� z)✓2p2T
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• Signal jet should have a mass peak near the resonance. 
• But the pert and non-pert emissions broadens and shift the peak . 
•  UE and PU also increases the jet mass 
• QCD jets acquire mass through parton showering 

Mass grows with pT

Jet is not massless (although quark is massless)

at LHC jet mass starts to be relevant,

let’s do an easy calculation

QCD calculations for jet mass distributions

z

1� z

✓

pT

• QCD jets initiated by massless 
   partons
• they acquire mass through parton 
   shower
• QCD splittings are enhanced in the 
   soft/collinear limit

m2 = 2pq · pg ' z(1� z)✓2p2
T

3

before we could ignore jet mass 
(0.1pT is small enough if pT is small)

[M. Dasgupta, K. Khelifa-Kerfa,  
S. Marzani, M. Spannowsky]

mJW = mW ,mJt = mt? mjq = mq?
Can we use the difference?

More elaboration required

mj ' ↵SpT,j

1 TeV jets naturally have mass ~ mW/mZ

mj ' ↵SpT,j

jet with pT ∼1 TeV, m ∼mW/mZ 



Jet Mass(2)
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Figure 10.5: Jet mass measurements at the LHC, starting from the top left and going
clockwise, we have: plain jet mass by CMS [221], SoftDrop (mMDT) jet mass by CMS
[221], SoftDrop mass measurement by ATLAS [222], and top jet mass by CMS [223].

mass, measured by CMS at 13 TeV centre-of-mass energy, is shown respectively. Data
is compared with theory predictions from Pythia8, Herwig++ and Powheg+Pythia8,
showing significant di↵erences between the three event generators. While the overall
normalisation of the cross sections predicted by the event generators is quite di↵erent,
with Pythia8 being closest to data, the shape of the theoretically predicted distributions
agree well with data. Thus, when the distributions are normalised to the total cross
section, the di↵erence between data and all three theory predictions is small.

The precision with which a boosted top quark’s mass can be measured by analysing
a fat jet is a crucial parameter for many tagging algorithms. In [223] CMS purifies the
final state with respect to semi-leptonic tt̄ events and reconstructs Cambridge/Aachen
R = 1.2 fat jets with pt > 400 GeV. The mass of the leading fat jet is sown in the lower

• Jet mass can be used as a basic observable of Jet. 
• Mass is sensitive to energy distribution in the jet,  

can also be thought of as a jet shape variable

Ungroomed, R=1.2, pT>200 GeV

Jet Charge is also used another observable



Jet Charge(rev p 170)



Beyond the Jet mass: JetSubstructure
 Beyond the jet mass, study the internal structure and  

exploit it:  jet substructure 

•Clean the jets removing the soft radiation, find  subjets 
•Identify the  kinematic features of hard decays and  
   select them 

Jet Substructure: Profile of Jets

Jet substructure (3 principles)
Other than mass, there are difference, obvious one:  

There are lots of variables, but they can be correlated. roughly categorized into 3 types

Grooming N-subjettiness

t 3-prongW/Z 2-prong     QCD 1-prong

filtering
trimming
pruning

capture no. of prong

distinguish

soft-collinear emission

 decay
vs.

reduce pile-up

Mass drop
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Jet substructure (3 principles)
Other than mass, there are difference, obvious one:  

There are lots of variables, but they can be correlated. roughly categorized into 3 types

Grooming N-subjettiness

t 3-prongW/Z 2-prong     QCD 1-prong

filtering
trimming
pruning

capture no. of prong

distinguish

soft-collinear emission

 decay
vs.

reduce pile-up

Mass drop



Jet Substructure
Goal: To study the internal kinematic properties of jets to 

distinguish signal and background like jets .  

 Large number of methods are available which can be  

categorised in three subgroups. 

Prong Finders: Prongs in jets 
Radiation Constraints: Color connection 

Groomers: FatJets



Prong Finders: Look for multiple hard cores in a jet, reducing the contamination  

from QCD jets, ‘pronginess’.e.g. QCD jet 1 hard core, W/Z/H give two cores and top 
 jets three pronged.  

Groomers: Use  Large jet radius to capture all jets inside a single jet, FatJet. Because  

of large radius, jets are sensitive to UE and PU. Grooming tools are used to mitigate the  
impact of these soft effects.  from QCD jets, ‘pronginess’.e.g. QCD jet 1 hard core,  
W/Z/H give two cores and top  jets three pronged.  

Color constraints: Color connection between sub jets are exploited. jets from W/Z/H  

will have less soft radiation than from QCD jets. Similarly, quark initiated jets will have less 
contamination than gluon initiated jets. Various jets shapes are used to quantify the  

effect of contamination, and then separate out the signal and background jets.  

Jet Substructure

Various techniques are developed



Grooming
Filtering

Grooming (Filtering, Pruning, Triming)

Trimming

jet mass easily affected by pile-up

Keep subjets with

pT,j > zcutpT,J

[D. Krohn, J. Thaler,  L-T Wang] JHEP02(2010)084 

Rfilter = 0.2, nfilter = 3

reduce effective jet area 

Filtering [J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam]

• Jets are using AntiKT 
• Subjets are using C/A with Rfilt =0.3,  
• three subjects are retained

pT,j > ZcutpT,j
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Trimming
• jets are using AntiKT R=1.0 
• re-clustered using AntikT, with Rtrim =0.2,  
• subjects are retained, if  Zcut=0.03

Pruning It is applied during the formation of jets. 
Applied dynamically, to suppress the small and larger distance  
using two cuts Zcut and Dcut. 
Pruning vetoes recombinations, between i and j , if geometrical  
distance  between them larger than D and one of the objects is less 
than Zcut; Dcut=0.5, Zcut-=0.1 

Butterworth, Davison, Rubin, Salam( BDRS)’,08

Krohn, Thaler,Wang’,09

S.D.Ellis, Vermilion, Walsh Salam, ‘09



Mass Drop
BDRS

It is in the category of prong finders and grooming

Form a jet and with C/A algorithm. 
Undoes the last step pi+j ! pi + pj
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max(mi,mj) < µcut mI+j
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Mass drop

Min(p2t,i, p
2
t,j)�R2

ij > ycut m2
i+j
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Splitting is sufficiently symmetric

If satisfies, keep both i and j,  otherwise keep only the  
 massive one 

Iterate it, till all are declusters, stable subjects are obtained  
mMDT: modified mass drop  

Tool: HEPtoptagger 
pT based grooming:  JHToptagger



Soft Drop
Larkowski, Marzani, Soyez, Thaler’, 1402.2657

Soft drop de-clustering removes wide angle soft  radiation  from a jet in order to  
mitigate the effects  of contamination from ISR, UE, PU. 

For a given jet radius, R0   with only two constituents, the soft drop  
procedure remove softer ones,  

min(pTi , pTj )

pTi + pTj

> zcut

✓
�Rij

R

◆�
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The above equation fails for wide angle emission, the grooming is 
Controlled by   Zcut and 𝛽.(i=1,j=2), Zcut determines the strength of fractional 
pT selection, and 𝛽 is set to greater than 0, to soften the collinear  radiation. 
This procedure can be extended for  jets with more than two constituents, 
using pairwise recursive algorithm. 

Useful in PU removal



N subjettiness
N-subjettines is a jet shape variable that discriminates 

jets according to the number N of subjets.

A set of axes a1, a2....aN
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is introduced , jet shape variable is defined as

The axes, K can be chosen in several ways. e.g.. 
kT axes, minimal axes..
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is a good discriminator,.

⌧21 < ⌧cut
<latexit sha1_base64="/dt+LogQJpIlerqalKv6wGjDVY4=">AAAB/3icbZDNSsNAFIUn/tb6F3Xhws1gEVyVpAgquCi6cVnB2EIbwmQ6aYdOJmHmRighG1/FjQsVt76GO9/GaZuFth4Y+Dj3Xu7cE6aCa3Ccb2tpeWV1bb2yUd3c2t7Ztff2H3SSKco8mohEdUKimeCSecBBsE6qGIlDwdrh6GZSbz8ypXki72GcMj8mA8kjTgkYK7APe0CyIG+4Bb7CM6YZFDiwa07dmQovgltCDZVqBfZXr5/QLGYSqCBad10nBT8nCjgVrKj2Ms1SQkdkwLoGJYmZ9vPpAQU+MU4fR4kyTwKeur8nchJrPY5D0xkTGOr52sT8r9bNILrwcy7TDJiks0VRJjAkeJIG7nPFKIixAUIVN3/FdEgUoWAyq5oQ3PmTF8Fr1C/r7t1ZrXldplFBR+gYnSIXnaMmukUt5CGKCvSMXtGb9WS9WO/Wx6x1ySpnDtAfWZ8/IFmVqg==</latexit><latexit sha1_base64="/dt+LogQJpIlerqalKv6wGjDVY4=">AAAB/3icbZDNSsNAFIUn/tb6F3Xhws1gEVyVpAgquCi6cVnB2EIbwmQ6aYdOJmHmRighG1/FjQsVt76GO9/GaZuFth4Y+Dj3Xu7cE6aCa3Ccb2tpeWV1bb2yUd3c2t7Ztff2H3SSKco8mohEdUKimeCSecBBsE6qGIlDwdrh6GZSbz8ypXki72GcMj8mA8kjTgkYK7APe0CyIG+4Bb7CM6YZFDiwa07dmQovgltCDZVqBfZXr5/QLGYSqCBad10nBT8nCjgVrKj2Ms1SQkdkwLoGJYmZ9vPpAQU+MU4fR4kyTwKeur8nchJrPY5D0xkTGOr52sT8r9bNILrwcy7TDJiks0VRJjAkeJIG7nPFKIixAUIVN3/FdEgUoWAyq5oQ3PmTF8Fr1C/r7t1ZrXldplFBR+gYnSIXnaMmukUt5CGKCvSMXtGb9WS9WO/Wx6x1ySpnDtAfWZ8/IFmVqg==</latexit><latexit sha1_base64="/dt+LogQJpIlerqalKv6wGjDVY4=">AAAB/3icbZDNSsNAFIUn/tb6F3Xhws1gEVyVpAgquCi6cVnB2EIbwmQ6aYdOJmHmRighG1/FjQsVt76GO9/GaZuFth4Y+Dj3Xu7cE6aCa3Ccb2tpeWV1bb2yUd3c2t7Ztff2H3SSKco8mohEdUKimeCSecBBsE6qGIlDwdrh6GZSbz8ypXki72GcMj8mA8kjTgkYK7APe0CyIG+4Bb7CM6YZFDiwa07dmQovgltCDZVqBfZXr5/QLGYSqCBad10nBT8nCjgVrKj2Ms1SQkdkwLoGJYmZ9vPpAQU+MU4fR4kyTwKeur8nchJrPY5D0xkTGOr52sT8r9bNILrwcy7TDJiks0VRJjAkeJIG7nPFKIixAUIVN3/FdEgUoWAyq5oQ3PmTF8Fr1C/r7t1ZrXldplFBR+gYnSIXnaMmukUt5CGKCvSMXtGb9WS9WO/Wx6x1ySpnDtAfWZ8/IFmVqg==</latexit><latexit sha1_base64="/dt+LogQJpIlerqalKv6wGjDVY4=">AAAB/3icbZDNSsNAFIUn/tb6F3Xhws1gEVyVpAgquCi6cVnB2EIbwmQ6aYdOJmHmRighG1/FjQsVt76GO9/GaZuFth4Y+Dj3Xu7cE6aCa3Ccb2tpeWV1bb2yUd3c2t7Ztff2H3SSKco8mohEdUKimeCSecBBsE6qGIlDwdrh6GZSbz8ypXki72GcMj8mA8kjTgkYK7APe0CyIG+4Bb7CM6YZFDiwa07dmQovgltCDZVqBfZXr5/QLGYSqCBad10nBT8nCjgVrKj2Ms1SQkdkwLoGJYmZ9vPpAQU+MU4fR4kyTwKeur8nchJrPY5D0xkTGOr52sT8r9bNILrwcy7TDJiks0VRJjAkeJIG7nPFKIixAUIVN3/FdEgUoWAyq5oQ3PmTF8Fr1C/r7t1ZrXldplFBR+gYnSIXnaMmukUt5CGKCvSMXtGb9WS9WO/Wx6x1ySpnDtAfWZ8/IFmVqg==</latexit> Discriminate W/Z/H jets against QCD jets

⌧32 < ⌧cut
<latexit sha1_base64="uuhWIod94XNj2AY1SVHKo5WFw+8=">AAAB/3icbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJFVQwUXRjcsKxhbaECbTaTt0MgkzN0IJ2fgqblyouPU13Pk2TtsstPXAwMe593LnnjARXIPjfFulpeWV1bXyemVjc2t7x97de9BxqijzaCxi1Q6JZoJL5gEHwdqJYiQKBWuFo5tJvfXIlOaxvIdxwvyIDCTvc0rAWIF90AWSBtlpPcdXeMY0hRwHdtWpOVPhRXALqKJCzcD+6vZimkZMAhVE647rJOBnRAGnguWVbqpZQuiIDFjHoCQR0342PSDHx8bp4X6szJOAp+7viYxEWo+j0HRGBIZ6vjYx/6t1Uuhf+BmXSQpM0tmifiowxHiSBu5xxSiIsQFCFTd/xXRIFKFgMquYENz5kxfBq9cua+7dWbVxXaRRRofoCJ0gF52jBrpFTeQhinL0jF7Rm/VkvVjv1sestWQVM/voj6zPHyN+law=</latexit><latexit sha1_base64="uuhWIod94XNj2AY1SVHKo5WFw+8=">AAAB/3icbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJFVQwUXRjcsKxhbaECbTaTt0MgkzN0IJ2fgqblyouPU13Pk2TtsstPXAwMe593LnnjARXIPjfFulpeWV1bXyemVjc2t7x97de9BxqijzaCxi1Q6JZoJL5gEHwdqJYiQKBWuFo5tJvfXIlOaxvIdxwvyIDCTvc0rAWIF90AWSBtlpPcdXeMY0hRwHdtWpOVPhRXALqKJCzcD+6vZimkZMAhVE647rJOBnRAGnguWVbqpZQuiIDFjHoCQR0342PSDHx8bp4X6szJOAp+7viYxEWo+j0HRGBIZ6vjYx/6t1Uuhf+BmXSQpM0tmifiowxHiSBu5xxSiIsQFCFTd/xXRIFKFgMquYENz5kxfBq9cua+7dWbVxXaRRRofoCJ0gF52jBrpFTeQhinL0jF7Rm/VkvVjv1sestWQVM/voj6zPHyN+law=</latexit><latexit sha1_base64="uuhWIod94XNj2AY1SVHKo5WFw+8=">AAAB/3icbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJFVQwUXRjcsKxhbaECbTaTt0MgkzN0IJ2fgqblyouPU13Pk2TtsstPXAwMe593LnnjARXIPjfFulpeWV1bXyemVjc2t7x97de9BxqijzaCxi1Q6JZoJL5gEHwdqJYiQKBWuFo5tJvfXIlOaxvIdxwvyIDCTvc0rAWIF90AWSBtlpPcdXeMY0hRwHdtWpOVPhRXALqKJCzcD+6vZimkZMAhVE647rJOBnRAGnguWVbqpZQuiIDFjHoCQR0342PSDHx8bp4X6szJOAp+7viYxEWo+j0HRGBIZ6vjYx/6t1Uuhf+BmXSQpM0tmifiowxHiSBu5xxSiIsQFCFTd/xXRIFKFgMquYENz5kxfBq9cua+7dWbVxXaRRRofoCJ0gF52jBrpFTeQhinL0jF7Rm/VkvVjv1sestWQVM/voj6zPHyN+law=</latexit><latexit sha1_base64="uuhWIod94XNj2AY1SVHKo5WFw+8=">AAAB/3icbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJFVQwUXRjcsKxhbaECbTaTt0MgkzN0IJ2fgqblyouPU13Pk2TtsstPXAwMe593LnnjARXIPjfFulpeWV1bXyemVjc2t7x97de9BxqijzaCxi1Q6JZoJL5gEHwdqJYiQKBWuFo5tJvfXIlOaxvIdxwvyIDCTvc0rAWIF90AWSBtlpPcdXeMY0hRwHdtWpOVPhRXALqKJCzcD+6vZimkZMAhVE647rJOBnRAGnguWVbqpZQuiIDFjHoCQR0342PSDHx8bp4X6szJOAp+7viYxEWo+j0HRGBIZ6vjYx/6t1Uuhf+BmXSQpM0tmifiowxHiSBu5xxSiIsQFCFTd/xXRIFKFgMquYENz5kxfBq9cua+7dWbVxXaRRRofoCJ0gF52jBrpFTeQhinL0jF7Rm/VkvVjv1sestWQVM/voj6zPHyN+law=</latexit>

Discriminate top jets against QCD jets

Jets from top decay are expected to have three regions,QCD 

jets have one one two regions.  
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Shower Deconstruction
The aim of the method is to determine whether the  
Subjets pattern is compatible with a Parton shower profile,  
typical of a top quark.

�(pN ) =
P (pN |S)
P (pn|B)
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Initial jet is reclustered with R=0.2 or 0.1, pN = (p1, p2, p3, ......pN )
<latexit sha1_base64="YQj9KuDWoF3Vk0JlKA5ayYhQfk8=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSxChVKSKqgHoejFk1QwttCGsNlu2qWbZNndCCX05sW/4sWDild/gzf/jds0B219MPB4b4aZeT5nVCrL+jYKC4tLyyvF1dLa+sbmlrm9cy/jRGDi4JjFou0jSRiNiKOoYqTNBUGhz0jLH15N/NYDEZLG0Z0aceKGqB/RgGKktOSZ+9y7uYCVlHt2lXt1XcfVWgZtjI88s2zVrAxwntg5KYMcTc/86vZinIQkUpghKTu2xZWbIqEoZmRc6iaScISHqE86mkYoJNJNsz/G8FArPRjEQlekYKb+nkhRKOUo9HVniNRAznoT8T+vk6jgzE1pxBNFIjxdFCQMqhhOQoE9KghWbKQJwoLqWyEeIIGw0tGVdAj27MvzxKnXzmv27Um5cZmnUQR74ABUgA1OQQNcgyZwAAaP4Bm8gjfjyXgx3o2PaWvByGd2wR8Ynz+bi5Ym</latexit><latexit sha1_base64="YQj9KuDWoF3Vk0JlKA5ayYhQfk8=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSxChVKSKqgHoejFk1QwttCGsNlu2qWbZNndCCX05sW/4sWDild/gzf/jds0B219MPB4b4aZeT5nVCrL+jYKC4tLyyvF1dLa+sbmlrm9cy/jRGDi4JjFou0jSRiNiKOoYqTNBUGhz0jLH15N/NYDEZLG0Z0aceKGqB/RgGKktOSZ+9y7uYCVlHt2lXt1XcfVWgZtjI88s2zVrAxwntg5KYMcTc/86vZinIQkUpghKTu2xZWbIqEoZmRc6iaScISHqE86mkYoJNJNsz/G8FArPRjEQlekYKb+nkhRKOUo9HVniNRAznoT8T+vk6jgzE1pxBNFIjxdFCQMqhhOQoE9KghWbKQJwoLqWyEeIIGw0tGVdAj27MvzxKnXzmv27Um5cZmnUQR74ABUgA1OQQNcgyZwAAaP4Bm8gjfjyXgx3o2PaWvByGd2wR8Ynz+bi5Ym</latexit><latexit sha1_base64="YQj9KuDWoF3Vk0JlKA5ayYhQfk8=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSxChVKSKqgHoejFk1QwttCGsNlu2qWbZNndCCX05sW/4sWDild/gzf/jds0B219MPB4b4aZeT5nVCrL+jYKC4tLyyvF1dLa+sbmlrm9cy/jRGDi4JjFou0jSRiNiKOoYqTNBUGhz0jLH15N/NYDEZLG0Z0aceKGqB/RgGKktOSZ+9y7uYCVlHt2lXt1XcfVWgZtjI88s2zVrAxwntg5KYMcTc/86vZinIQkUpghKTu2xZWbIqEoZmRc6iaScISHqE86mkYoJNJNsz/G8FArPRjEQlekYKb+nkhRKOUo9HVniNRAznoT8T+vk6jgzE1pxBNFIjxdFCQMqhhOQoE9KghWbKQJwoLqWyEeIIGw0tGVdAj27MvzxKnXzmv27Um5cZmnUQR74ABUgA1OQQNcgyZwAAaP4Bm8gjfjyXgx3o2PaWvByGd2wR8Ynz+bi5Ym</latexit><latexit sha1_base64="YQj9KuDWoF3Vk0JlKA5ayYhQfk8=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSxChVKSKqgHoejFk1QwttCGsNlu2qWbZNndCCX05sW/4sWDild/gzf/jds0B219MPB4b4aZeT5nVCrL+jYKC4tLyyvF1dLa+sbmlrm9cy/jRGDi4JjFou0jSRiNiKOoYqTNBUGhz0jLH15N/NYDEZLG0Z0aceKGqB/RgGKktOSZ+9y7uYCVlHt2lXt1XcfVWgZtjI88s2zVrAxwntg5KYMcTc/86vZinIQkUpghKTu2xZWbIqEoZmRc6iaScISHqE86mkYoJNJNsz/G8FArPRjEQlekYKb+nkhRKOUo9HVniNRAznoT8T+vk6jgzE1pxBNFIjxdFCQMqhhOQoE9KghWbKQJwoLqWyEeIIGw0tGVdAj27MvzxKnXzmv27Um5cZmnUQR74ABUgA1OQQNcgyZwAAaP4Bm8gjfjyXgx3o2PaWvByGd2wR8Ynz+bi5Ym</latexit>

The signal and Background likelihood are estimated calculating the probabilities  
that a simplified Parton shower Monte Carlo would generate pN   according to the 
signal and background hypothesis.

High values correspond to signal  
from top quark decay 
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Figure 5: Distribution of the shower deconstruction discriminator for low (high) pT jets recon-
structed using CA15 (AK8) on the left (right). For the low (high) pT jets a microjet distance
parameter of 0.2 (0.1) is used. No selection on the jet mass is applied. The percentage in the
legend indicates the fraction of entries shown in the plot with respect to the fiducial selection.
Events correspond to an average number of hµi = 20 pileup interactions and a bunch spacing
of 25 ns.
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Figure 5.1: A ROC curve represents the background e�ciency ✏B as a function of the
signal e�ciency ✏S. For a given signal e�ciency, a lower background e�ciency is better.

W! qq̄ or hadronic top decay — vary. A similar approach applies for pileup, where
we can perform Monte Carlo studies, overlaying minimum bias events with the hard
events. In cases where we have access to both a reference event (e.g. a hard collision)
and a modified event (e.g. the same event overlaid with pileup), quality measures can
then involve average shifts and dispersions of how jet quantities like the jet mass are
a↵ected event by event. More generally, we can study the position and width of peaks
like the reconstructed W or top mass, and study their stability with respect to the UE
or pileup multiplicity. We refer to Section 4 of Ref. [8] for an explicit application of the
above procedure.

In the following, we are going to focus on the case of boosted-object tagging. In this
case, there is again a very obvious meaning of what performant means: the best tool
is the one which keeps most of the signal and rejects most of the background. In prac-
tice, for a signal S and a background B, we define the signal (respectively background)
e�ciency ✏S (✏B) as the rate of signal (or background) jets that are accepted by the
tagger. For cases with limited statistics (which is often the case in searches), the best
tool is then the one that maximises the signal significance, ✏S/

p
✏B. More generally, for

a given signal e�ciency, one would like to have the smallest possible background rate,
i.e. for a given amount of signal kept by the tagger, we want to minimise the rate of
background events which wrongly pass the tagger conditions. This is usually represented
by Receiver Operating Characteristic (ROC) curves which show ✏B as a function of ✏S,
such as represented in Fig. 5.1. This can be used to directly compare the performance
of di↵erent substructure tools.

That said, signal significance is not the only criterion one may desire from a jet

Receiver Operating Chracteristic(ROC)

Algorithm IR and collinear safe

Little sensitive to model dependent  
non perturbative effects, hadronisation,  
UE,Detector effects, PU.



Many more..
Q Jets,Energy Correlation Functions(ECF),Y Splitter…
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Jets and jet substructure: a very actve feld

Shamelessly stolen from G. Salam's talk Slide from G.P. Salam’s talk



Jet tagging
Labelling of the jet with the particle which initiated it - Jet tagging, 

of particular interest W and top tagging   

• Reconstructed jets are matched: �R(j
true

, j
reco

) < 0.75
<latexit sha1_base64="F7Po2H8gX8vVeyjsyxzCiOasZ64=">AAACCXicbVC7SgNBFJ2NrxhfUUub0SBEkLArShQsglpYRjEmkIQwO7lJxsw+mLkrhGVrG3/FxkLF1j+w82+cPAqNHhg4nHMvd85xQyk02vaXlZqZnZtfSC9mlpZXVtey6xu3OogUhwoPZKBqLtMghQ8VFCihFipgniuh6vbPh371HpQWgX+DgxCaHuv6oiM4QyO1stuNC5DI6HX+rhWjiiDZp4Yp4EGyd2oXiketbM4u2CPQv8SZkByZoNzKfjbaAY888JFLpnXdsUNsxkyh4BKSTCPSEDLeZ12oG+ozD3QzHkVJ6K5R2rQTKPN8pCP150bMPK0HnmsmPYY9Pe0Nxf+8eoSd42Ys/DBC8Pn4UCeSFAM67IW2hcmMcmAI40qYv1LeY4pxNO1lTAnOdOS/pHJQOCk4V4e50tmkjTTZIjskTxxSJCVyScqkQjh5IE/khbxaj9az9Wa9j0dT1mRnk/yC9fENgoGZDw==</latexit><latexit sha1_base64="F7Po2H8gX8vVeyjsyxzCiOasZ64=">AAACCXicbVC7SgNBFJ2NrxhfUUub0SBEkLArShQsglpYRjEmkIQwO7lJxsw+mLkrhGVrG3/FxkLF1j+w82+cPAqNHhg4nHMvd85xQyk02vaXlZqZnZtfSC9mlpZXVtey6xu3OogUhwoPZKBqLtMghQ8VFCihFipgniuh6vbPh371HpQWgX+DgxCaHuv6oiM4QyO1stuNC5DI6HX+rhWjiiDZp4Yp4EGyd2oXiketbM4u2CPQv8SZkByZoNzKfjbaAY888JFLpnXdsUNsxkyh4BKSTCPSEDLeZ12oG+ozD3QzHkVJ6K5R2rQTKPN8pCP150bMPK0HnmsmPYY9Pe0Nxf+8eoSd42Ys/DBC8Pn4UCeSFAM67IW2hcmMcmAI40qYv1LeY4pxNO1lTAnOdOS/pHJQOCk4V4e50tmkjTTZIjskTxxSJCVyScqkQjh5IE/khbxaj9az9Wa9j0dT1mRnk/yC9fENgoGZDw==</latexit><latexit sha1_base64="F7Po2H8gX8vVeyjsyxzCiOasZ64=">AAACCXicbVC7SgNBFJ2NrxhfUUub0SBEkLArShQsglpYRjEmkIQwO7lJxsw+mLkrhGVrG3/FxkLF1j+w82+cPAqNHhg4nHMvd85xQyk02vaXlZqZnZtfSC9mlpZXVtey6xu3OogUhwoPZKBqLtMghQ8VFCihFipgniuh6vbPh371HpQWgX+DgxCaHuv6oiM4QyO1stuNC5DI6HX+rhWjiiDZp4Yp4EGyd2oXiketbM4u2CPQv8SZkByZoNzKfjbaAY888JFLpnXdsUNsxkyh4BKSTCPSEDLeZ12oG+ozD3QzHkVJ6K5R2rQTKPN8pCP150bMPK0HnmsmPYY9Pe0Nxf+8eoSd42Ys/DBC8Pn4UCeSFAM67IW2hcmMcmAI40qYv1LeY4pxNO1lTAnOdOS/pHJQOCk4V4e50tmkjTTZIjskTxxSJCVyScqkQjh5IE/khbxaj9az9Wa9j0dT1mRnk/yC9fENgoGZDw==</latexit><latexit sha1_base64="F7Po2H8gX8vVeyjsyxzCiOasZ64=">AAACCXicbVC7SgNBFJ2NrxhfUUub0SBEkLArShQsglpYRjEmkIQwO7lJxsw+mLkrhGVrG3/FxkLF1j+w82+cPAqNHhg4nHMvd85xQyk02vaXlZqZnZtfSC9mlpZXVtey6xu3OogUhwoPZKBqLtMghQ8VFCihFipgniuh6vbPh371HpQWgX+DgxCaHuv6oiM4QyO1stuNC5DI6HX+rhWjiiDZp4Yp4EGyd2oXiketbM4u2CPQv8SZkByZoNzKfjbaAY888JFLpnXdsUNsxkyh4BKSTCPSEDLeZ12oG+ozD3QzHkVJ6K5R2rQTKPN8pCP150bMPK0HnmsmPYY9Pe0Nxf+8eoSd42Ys/DBC8Pn4UCeSFAM67IW2hcmMcmAI40qYv1LeY4pxNO1lTAnOdOS/pHJQOCk4V4e50tmkjTTZIjskTxxSJCVyScqkQjh5IE/khbxaj9az9Wa9j0dT1mRnk/yC9fENgoGZDw==</latexit>

• Truth jets are matched truth W/top �R(jtrue, particle) < 0.75
<latexit sha1_base64="rdl72Rq638YXFUr5QAIikfbZmZA=">AAACDnicbVBNS0JBFJ1nX2ZfVss2Q1IYhLwXhQUtpFq0tMgUVGTeeNXJeR/M3BfIw3/Qpr/SpkVF29bt+jeNH0FpBy4czrl35t7jhlJotO0vKzEzOze/kFxMLS2vrK6l1zdudRApDiUeyEBVXKZBCh9KKFBCJVTAPFdC2e2eD/zyPSgtAv8GeyHUPdb2RUtwhkZqpHdrFyCR0evsXSNGFUF/P64pj4ZMoeAS+nundi5/1Ehn7Jw9BJ0mzphkyBjFRvqz1gx45IGPXDKtq44dYj3+eTVVizSEjHdZG6qG+swDXY+H9/TpjlGatBUoUz7Sofp7Imae1j3PNZ0ew46e9Abif141wtZxPRZ+GCH4fPRRK5IUAzoIhzaFAo6yZwjjSphdKe8wxTiaCFMmBGfy5GlSOsid5Jyrw0zhbJxGkmyRbZIlDsmTArkkRVIinDyQJ/JCXq1H69l6s95HrQlrPLNJ/sD6+Aazppte</latexit><latexit sha1_base64="rdl72Rq638YXFUr5QAIikfbZmZA=">AAACDnicbVBNS0JBFJ1nX2ZfVss2Q1IYhLwXhQUtpFq0tMgUVGTeeNXJeR/M3BfIw3/Qpr/SpkVF29bt+jeNH0FpBy4czrl35t7jhlJotO0vKzEzOze/kFxMLS2vrK6l1zdudRApDiUeyEBVXKZBCh9KKFBCJVTAPFdC2e2eD/zyPSgtAv8GeyHUPdb2RUtwhkZqpHdrFyCR0evsXSNGFUF/P64pj4ZMoeAS+nundi5/1Ehn7Jw9BJ0mzphkyBjFRvqz1gx45IGPXDKtq44dYj3+eTVVizSEjHdZG6qG+swDXY+H9/TpjlGatBUoUz7Sofp7Imae1j3PNZ0ew46e9Abif141wtZxPRZ+GCH4fPRRK5IUAzoIhzaFAo6yZwjjSphdKe8wxTiaCFMmBGfy5GlSOsid5Jyrw0zhbJxGkmyRbZIlDsmTArkkRVIinDyQJ/JCXq1H69l6s95HrQlrPLNJ/sD6+Aazppte</latexit><latexit sha1_base64="rdl72Rq638YXFUr5QAIikfbZmZA=">AAACDnicbVBNS0JBFJ1nX2ZfVss2Q1IYhLwXhQUtpFq0tMgUVGTeeNXJeR/M3BfIw3/Qpr/SpkVF29bt+jeNH0FpBy4czrl35t7jhlJotO0vKzEzOze/kFxMLS2vrK6l1zdudRApDiUeyEBVXKZBCh9KKFBCJVTAPFdC2e2eD/zyPSgtAv8GeyHUPdb2RUtwhkZqpHdrFyCR0evsXSNGFUF/P64pj4ZMoeAS+nundi5/1Ehn7Jw9BJ0mzphkyBjFRvqz1gx45IGPXDKtq44dYj3+eTVVizSEjHdZG6qG+swDXY+H9/TpjlGatBUoUz7Sofp7Imae1j3PNZ0ew46e9Abif141wtZxPRZ+GCH4fPRRK5IUAzoIhzaFAo6yZwjjSphdKe8wxTiaCFMmBGfy5GlSOsid5Jyrw0zhbJxGkmyRbZIlDsmTArkkRVIinDyQJ/JCXq1H69l6s95HrQlrPLNJ/sD6+Aazppte</latexit><latexit sha1_base64="rdl72Rq638YXFUr5QAIikfbZmZA=">AAACDnicbVBNS0JBFJ1nX2ZfVss2Q1IYhLwXhQUtpFq0tMgUVGTeeNXJeR/M3BfIw3/Qpr/SpkVF29bt+jeNH0FpBy4czrl35t7jhlJotO0vKzEzOze/kFxMLS2vrK6l1zdudRApDiUeyEBVXKZBCh9KKFBCJVTAPFdC2e2eD/zyPSgtAv8GeyHUPdb2RUtwhkZqpHdrFyCR0evsXSNGFUF/P64pj4ZMoeAS+nundi5/1Ehn7Jw9BJ0mzphkyBjFRvqz1gx45IGPXDKtq44dYj3+eTVVizSEjHdZG6qG+swDXY+H9/TpjlGatBUoUz7Sofp7Imae1j3PNZ0ew46e9Abif141wtZxPRZ+GCH4fPRRK5IUAzoIhzaFAo6yZwjjSphdKe8wxTiaCFMmBGfy5GlSOsid5Jyrw0zhbJxGkmyRbZIlDsmTArkkRVIinDyQJ/JCXq1H69l6s95HrQlrPLNJ/sD6+Aazppte</latexit>

• The partonic decay products of W/top are matched with reconstructed jet
A jet is tagged if the parent particle and its decay products are: �R < 0.75⇥Rjet

<latexit sha1_base64="h3KdqNlf56wwKhlHCz0O3gw9NiA=">AAACBXicbVA9SwNBEN3zM8avqKUIi0GwCneiRMEiqIVlDMYEciHsbSbJmr0PdueEcKSy8a/YWKjY+h/s/Ddukis08cHA470ZZuZ5kRQabfvbmptfWFxazqxkV9fWNzZzW9t3OowVhyoPZajqHtMgRQBVFCihHilgvieh5vUvR37tAZQWYXCLgwiaPusGoiM4QyO1cnvuFUhktELPqV0onrgofNC00kruAYetXN4u2GPQWeKkJE9SlFu5L7cd8tiHALlkWjccO8JmwhQKLmGYdWMNEeN91oWGoQEzy5rJ+I0hPTBKm3ZCZSpAOlZ/TyTM13rge6bTZ9jT095I/M9rxNg5bSYiiGKEgE8WdWJJMaSjTGhbKOAoB4YwroS5lfIeU4yjSS5rQnCmX54l1aPCWcG5Oc6XLtI0MmSX7JND4pAiKZFrUiZVwskjeSav5M16sl6sd+tj0jpnpTM75A+szx8Jj5cp</latexit><latexit sha1_base64="h3KdqNlf56wwKhlHCz0O3gw9NiA=">AAACBXicbVA9SwNBEN3zM8avqKUIi0GwCneiRMEiqIVlDMYEciHsbSbJmr0PdueEcKSy8a/YWKjY+h/s/Ddukis08cHA470ZZuZ5kRQabfvbmptfWFxazqxkV9fWNzZzW9t3OowVhyoPZajqHtMgRQBVFCihHilgvieh5vUvR37tAZQWYXCLgwiaPusGoiM4QyO1cnvuFUhktELPqV0onrgofNC00kruAYetXN4u2GPQWeKkJE9SlFu5L7cd8tiHALlkWjccO8JmwhQKLmGYdWMNEeN91oWGoQEzy5rJ+I0hPTBKm3ZCZSpAOlZ/TyTM13rge6bTZ9jT095I/M9rxNg5bSYiiGKEgE8WdWJJMaSjTGhbKOAoB4YwroS5lfIeU4yjSS5rQnCmX54l1aPCWcG5Oc6XLtI0MmSX7JND4pAiKZFrUiZVwskjeSav5M16sl6sd+tj0jpnpTM75A+szx8Jj5cp</latexit><latexit sha1_base64="h3KdqNlf56wwKhlHCz0O3gw9NiA=">AAACBXicbVA9SwNBEN3zM8avqKUIi0GwCneiRMEiqIVlDMYEciHsbSbJmr0PdueEcKSy8a/YWKjY+h/s/Ddukis08cHA470ZZuZ5kRQabfvbmptfWFxazqxkV9fWNzZzW9t3OowVhyoPZajqHtMgRQBVFCihHilgvieh5vUvR37tAZQWYXCLgwiaPusGoiM4QyO1cnvuFUhktELPqV0onrgofNC00kruAYetXN4u2GPQWeKkJE9SlFu5L7cd8tiHALlkWjccO8JmwhQKLmGYdWMNEeN91oWGoQEzy5rJ+I0hPTBKm3ZCZSpAOlZ/TyTM13rge6bTZ9jT095I/M9rxNg5bSYiiGKEgE8WdWJJMaSjTGhbKOAoB4YwroS5lfIeU4yjSS5rQnCmX54l1aPCWcG5Oc6XLtI0MmSX7JND4pAiKZFrUiZVwskjeSav5M16sl6sd+tj0jpnpTM75A+szx8Jj5cp</latexit><latexit sha1_base64="h3KdqNlf56wwKhlHCz0O3gw9NiA=">AAACBXicbVA9SwNBEN3zM8avqKUIi0GwCneiRMEiqIVlDMYEciHsbSbJmr0PdueEcKSy8a/YWKjY+h/s/Ddukis08cHA470ZZuZ5kRQabfvbmptfWFxazqxkV9fWNzZzW9t3OowVhyoPZajqHtMgRQBVFCihHilgvieh5vUvR37tAZQWYXCLgwiaPusGoiM4QyO1cnvuFUhktELPqV0onrgofNC00kruAYetXN4u2GPQWeKkJE9SlFu5L7cd8tiHALlkWjccO8JmwhQKLmGYdWMNEeN91oWGoQEzy5rJ+I0hPTBKm3ZCZSpAOlZ/TyTM13rge6bTZ9jT095I/M9rxNg5bSYiiGKEgE8WdWJJMaSjTGhbKOAoB4YwroS5lfIeU4yjSS5rQnCmX54l1aPCWcG5Oc6XLtI0MmSX7JND4pAiKZFrUiZVwskjeSav5M16sl6sd+tj0jpnpTM75A+szx8Jj5cp</latexit>

4.2 Jet labelling

As the aim of this study is the evaluation of the performance of jet tagging algorithms, the labelling of
the particle that initiated the jet is of particular importance. For signal jets, this labelling is based on
the partonic decay products of the particle of interest (W boson or top quark) in a three-step process.
First, reconstructed jets are matched to truth jets with a matching criterion of �R( jtrue, jreco) < 0.75.
Next, those truth jets are matched to truth W bosons and top quarks (W , t) with a matching criterion of
�R( jtrue, particle) < 0.75. Finally, the partonic decay products of the parent W boson or top quark (two
quarks for hadronically decaying W bosons and an additional b-quark) are matched to the reconstructed
jet. A reconstructed jet is labelled as a W-boson or top-quark jet if the parent particle and all of its direct
decay products are contained within a region in (⌘,�) with �R < 0.75⇥Rjet, where Rjet is the jet radius. In
the case of W bosons, this means that both of the daughter partons from the W ! qq̄0 decay are contained
within the jet. For jets matched to the parent W boson, at pT ⇠ 200 GeV only 50% of the jets are fully
contained when using this criterion while for pT >500 GeV the containment rises to nearly 100%. In
the case of top-quark jets, the possible final-state topologies for the jet are more complex, including the
possibility of the large-R jet containing only the b-quark from the top decay, only the two quarks from the
W-boson decay, or a pairing of a b-quark and one of the daughter W-boson quarks within �R < 0.75⇥Rjet
around the jet axis. As seen in Figure 1, the fraction of large-R jets falling into each category depends
strongly on the pT of the parent particle with only 60% of jets being fully contained at 600 GeV and with
100% containment not being reached even at 1500 GeV. This variation in containment, particularly in the
case of top-quark tagging in which a top-quark jet is labelled as such only when the top parton, the b-quark
from its decay as well as the two light quarks from the subsequent W-boson decay are contained within
the region �R < 0.75 ⇥ Rjet around the jet axis, serves as a strong motivation for the various optimisation
strategies described in Section 5.
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jet as a function of the particle’s transverse momentum.
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W/top tagging
• For W/top tagging, many variables or correlations, Jet moments are used for  

tagging. 
• All these Jet moments are given input for multivariate analysis(DNN, MVA) 

Table 1: Summary of jet moments studied along with an indication of the tagger topology to which the observable
is applicable. In the case of the energy correlation observables, the angular exponent � is set to 1.0 and for the
N-subjettiness observables, the winner-take-all [53] configuration is used. A concise description of each jet moment
can be found in Ref. [6].

Observable Variable Used for References

Calibrated jet kinematics pT, mcomb top,W [44]
Energy correlation ratios e3,C2,D2 top,W [50, 54]

N-subjettiness ⌧1,⌧2,⌧21 top, W [55, 56]
⌧3,⌧32 top

Fox–Wolfram moment RFW
2 W [57, 58]

Splitting measures
zcut W [59, 60]p
d12 top, Wp
d23 top

Planar flow P W [61]
Angularity a3 W [62]
Aplanarity A W [58]

KtDR KtDR W [63]
Qw Q

w

top [59]

simulation-based studies have found that the more direct use of the jet constituents [64–67] as inputs to a
machine-learning algorithm can lead to significant improvements in discriminating power as compared to
more traditional, jet-moment-based discriminants. Therefore, in this work, a classifier that makes use of
lower-level input observables is investigated which focuses specifically on the identification of high-pT top
quarks with pT > 450 GeV where traditional prong-based moments begin to fail due to subjet merging.
This classifier is referred to as “TopoDNN” throughout the work.

4.3.3 Shower deconstruction

Shower deconstruction (SD) [68] is an approach which attempts to classify jets according to the compat-
ibility of the radiation pattern of the jet with a predefined set of parton shower hypotheses in a manner
similar to the matrix element method [69]. For a set of input subjets, intended to be representative of the
partonic decay products of the top quark, loose compatibility with the decay of a top quark is ensured
by requiring that the jet has at least three subjets, that two or more subjets have a mass in a window
centred around the W-boson mass (�m

W

), and that at least one more subjet can be added to obtain a
total mass in a window centred around the top-quark mass (�mtop). If the jet passes these requirements,
then a set of potential shower histories is constructed for the signal and background models. Each shower
history represents a possible means by which the chosen model could have resulted in the given subjet
configuration. A probability is assigned to each shower history based on the parton shower model from
which the � variable is defined as the likelihood ratio of the signal and background hypotheses. The
logarithm of this likelihood ratio log � is used as the final discriminant.
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W tagging
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Figure 7: The performance comparison of the W-boson taggers in a low-ptrue
T (a) and high-ptrue

T (b) bin. The
performance is evaluated with the ptrue

T distribution of the signal jets weighted to match that of the dijet background
samples.
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W tagging in CMS
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Figure 10.2: Top quark tagging performance comparison from CMS [216].
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Figure 10.2: Top quark tagging performance comparison from CMS [216].
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W Tagging: Data
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Figure 11: A comparison of the observed data and predicted MC distributions of the anti-k
t

R = 1.0 trimmed jet D2
(a) and ⌧32 (b) for the W-boson and top-quark selections, respectively, in a sample enriched in lepton+jets tt̄ events.
Simulated distributions are normalised to data. The tt̄ sample is divided into a set of subsamples (e.g. tt̄ (top)) based
on criteria described in Section 4.2. The statistical uncertainty of the background prediction (Stat. uncert.) results
from limited Monte Carlo statistics as well as the limited size of the data sample used in the data-driven estimation
of the multijet background.
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Figure 12: A comparison of the observed data and predicted MC distributions of the anti-k
t

R = 1.0 trimmed jet
DNN discriminant for W boson (a) and top quark (b) tagging for the respective event selections in a sample enriched
in lepton+jets tt̄ events. Simulated distributions are normalised to data. The tt̄ sample is divided into a set of
subsamples (e.g. tt̄ (top)) based on criteria described in Section 4.2. The statistical uncertainty of the background
prediction (Stat. uncert.) results from limited Monte Carlo statistics as well as the limited size of the data sample
used in the data-driven estimation of the multijet background.
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modelling, largely coming from the subtraction of the component of the tt̄ Monte Carlo prediction that
consists of either non-W-boson jets or non-contained top-quark jets.

When examining the measured signal e�ciency as a function of the average number of interactions
per bunch crossing, it is found to be quite robust against increasing levels of event pile-up, even when
considering only the statistical uncertainties due to the size of the data sample, noting that the systematic
uncertainties are correlated between bins.
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Figure 17: The signal e�ciency on contained W-boson jets for the two-variable mcomb + D2 W-boson tagger as
a function of the large-R jet pT (a) and the average number of interactions per bunch crossing µ (b) in data and
simulation. Statistical uncertainties of the signal e�ciency measurement in data and simulation are shown as error
bars in the top panel. In the bottom panel, the ratio of the measured signal e�ciency in data to that estimated
in Monte Carlo simulation is shown with statistical uncertainties as error bars on the data points and the sum in
quadrature of statistical and systematic uncertainties as a shaded band. When considering experimental uncertainties
arising from the large-R jet, only those coming from the jet energy scale and resolution are considered.
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modelling, largely coming from the subtraction of the component of the tt̄ Monte Carlo prediction that
consists of either non-W-boson jets or non-contained top-quark jets.

When examining the measured signal e�ciency as a function of the average number of interactions
per bunch crossing, it is found to be quite robust against increasing levels of event pile-up, even when
considering only the statistical uncertainties due to the size of the data sample, noting that the systematic
uncertainties are correlated between bins.
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Figure 17: The signal e�ciency on contained W-boson jets for the two-variable mcomb + D2 W-boson tagger as
a function of the large-R jet pT (a) and the average number of interactions per bunch crossing µ (b) in data and
simulation. Statistical uncertainties of the signal e�ciency measurement in data and simulation are shown as error
bars in the top panel. In the bottom panel, the ratio of the measured signal e�ciency in data to that estimated
in Monte Carlo simulation is shown with statistical uncertainties as error bars on the data points and the sum in
quadrature of statistical and systematic uncertainties as a shaded band. When considering experimental uncertainties
arising from the large-R jet, only those coming from the jet energy scale and resolution are considered.
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Top Tagging validation
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Figure 11: A comparison of the observed data and predicted MC distributions of the anti-k
t

R = 1.0 trimmed jet D2
(a) and ⌧32 (b) for the W-boson and top-quark selections, respectively, in a sample enriched in lepton+jets tt̄ events.
Simulated distributions are normalised to data. The tt̄ sample is divided into a set of subsamples (e.g. tt̄ (top)) based
on criteria described in Section 4.2. The statistical uncertainty of the background prediction (Stat. uncert.) results
from limited Monte Carlo statistics as well as the limited size of the data sample used in the data-driven estimation
of the multijet background.
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Figure 12: A comparison of the observed data and predicted MC distributions of the anti-k
t

R = 1.0 trimmed jet
DNN discriminant for W boson (a) and top quark (b) tagging for the respective event selections in a sample enriched
in lepton+jets tt̄ events. Simulated distributions are normalised to data. The tt̄ sample is divided into a set of
subsamples (e.g. tt̄ (top)) based on criteria described in Section 4.2. The statistical uncertainty of the background
prediction (Stat. uncert.) results from limited Monte Carlo statistics as well as the limited size of the data sample
used in the data-driven estimation of the multijet background.
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or fail the tagger under study are fit simultaneously. The total normalisation of each grouped background
component is allowed to float and is extracted in the fit, while the e�ciency of the tagger on background
events is fixed to the value in Monte Carlo simulation. Normalisations of signal distributions in the pass
and fail categories (N tagged

fitted signal and Nnot tagged
fitted signal) are extracted from the fit. Therefore, the tagger e�ciency

for signal events in data can be extracted as

✏data =
N tagged

fitted signal

N tagged
fitted signal + Nnot tagged

fitted signal

.

This can be compared to the tagger e�ciency in Monte Carlo simulation, which is based on the numbers
of predicted signal events that pass, N tagged

signal , and fail, Nnot tagged
signal , the tagger under study:

✏MC =
N tagged

signal

N tagged
signal + Nnot tagged

signal

.
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Figure 16: The anti-k
t

trimmed jet mass distribution in the pass (a) and fail (b) categories for the mcomb + ⌧32
top-quark tagger working point after the chi-square fit has been performed. The templates shown here are those
used in the chi-square fit for the extraction of the three normalisation factors. The first, tt̄ signal, includes only the
tt̄(top) contribution, while tt̄ background includes contributions from tt̄(W) and tt̄(other) and the non-tt̄ background
component includes all other backgrounds. Only statistical uncertainties are shown.

The signal e�ciency is measured in data and obtained in simulations as a function of the pT of the
large-R jet as well as the average number of interactions per bunch crossing (µ). The results are shown in
Figures 17 and 18 for the W-boson taggers and in Figures 19–23 for the top-quark taggers.

The signal e�ciency for the W-boson and top-quark taggers in Monte Carlo simulation is compatible with
the measured e�ciency in data within uncertainties. In the case of the W-boson tagger working points,
there is a systematic di�erence between the target 50% signal e�ciency and that measured in data due to
event topology di�erences between W-boson jets from these two samples, as was investigated in Ref. [6].
The total uncertainty of the measured signal e�ciency is typically about 50% and 15% for the W-boson
and top-quark tagger e�ciencies, respectively, and is largely dominated by the subtraction of the non-
contained top-quark contribution. In most of the kinematic phase space, these uncertainties are dominated
by systematic uncertainties, described in Section 6.3, specifically by the theoretical uncertainties in tt̄
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Figure 20: The signal e�ciency on contained top-quark jets for the jet shape-based DNN top-quark tagger as a
function of the large-R jet pT (a) and the average number of interactions per bunch crossing µ (b) in data and
simulation. Statistical uncertainties of the signal e�ciency measurement in data and simulation are shown as error
bars in the top panel. In the bottom panel, the ratio of the measured signal e�ciency in data to that estimated in
Monte Carlo is shown with statistical uncertainties as error bars on the data points and the sum in quadrature of
statistical and systematic uncertainties as a shaded band. When considering experimental uncertainties arising from
the large-R jet, only those coming from the jet energy scale and resolution are considered.
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Figure 21: The signal e�ciency on contained top-quark jets for the TopoDNN top-quark tagger as a function of the
large-R jet pT (a) and the average number of interactions per bunch crossing µ (b) in data and simulation. Statistical
uncertainties of the signal e�ciency measurement in data and simulation are shown as error bars in the top panel.
In the bottom panel, the ratio of the measured signal e�ciency in data to that estimated in Monte Carlo is shown
with statistical uncertainties as error bars on the data points and the sum in quadrature of statistical and systematic
uncertainties as a shaded band. When considering experimental uncertainties arising from the large-R jet, only
those coming from the jet energy scale and resolution are considered.
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Figure 20: The signal e�ciency on contained top-quark jets for the jet shape-based DNN top-quark tagger as a
function of the large-R jet pT (a) and the average number of interactions per bunch crossing µ (b) in data and
simulation. Statistical uncertainties of the signal e�ciency measurement in data and simulation are shown as error
bars in the top panel. In the bottom panel, the ratio of the measured signal e�ciency in data to that estimated in
Monte Carlo is shown with statistical uncertainties as error bars on the data points and the sum in quadrature of
statistical and systematic uncertainties as a shaded band. When considering experimental uncertainties arising from
the large-R jet, only those coming from the jet energy scale and resolution are considered.
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Figure 21: The signal e�ciency on contained top-quark jets for the TopoDNN top-quark tagger as a function of the
large-R jet pT (a) and the average number of interactions per bunch crossing µ (b) in data and simulation. Statistical
uncertainties of the signal e�ciency measurement in data and simulation are shown as error bars in the top panel.
In the bottom panel, the ratio of the measured signal e�ciency in data to that estimated in Monte Carlo is shown
with statistical uncertainties as error bars on the data points and the sum in quadrature of statistical and systematic
uncertainties as a shaded band. When considering experimental uncertainties arising from the large-R jet, only
those coming from the jet energy scale and resolution are considered.
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Figure 16: Efficiency (left) and mistag rate (right) of the CMSTT as function of pT. The error
bars show the combined statistical and systematic uncertainties. At the bottom of each panel
the ratio of simulation to data is shown.
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Figure 17: Efficiency (left) and mistag rate (right) of the CMSTT as function of the number of
reconstructed primary vertices. The error bars show the combined statistical and systematic
uncertainties. At the bottom of each panel the ratio of simulation to data is shown.

primary vertices in the event. Since pileup particles clustered inside the jet tend to shift the
mass to higher values, a slope is observed in both cases. Since the upper limit on the jet mass
window is rather high, with a value of (250 GeV), signal jets are not as much affected as back-
ground ones. A slope towards higher values of the mistag rate with an increasing number of
primary vertices is visible in both data and simulation.

7.3.2 HEPTopTagger V2

The HTT V2 is an improvement over the original HEPTopTagger [19, 20]. The distribution of
the optimal distance parameter Ropt, as found by the algorithm, is shown in Fig. 18 (top). In the
signal selection the distribution exhibits a broad peak around one, which indicates that with-
out any additional pT selection the optimal jet radius is around one. With increasing jet pT,
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primary vertices in the event. Since pileup particles clustered inside the jet tend to shift the
mass to higher values, a slope is observed in both cases. Since the upper limit on the jet mass
window is rather high, with a value of (250 GeV), signal jets are not as much affected as back-
ground ones. A slope towards higher values of the mistag rate with an increasing number of
primary vertices is visible in both data and simulation.

7.3.2 HEPTopTagger V2

The HTT V2 is an improvement over the original HEPTopTagger [19, 20]. The distribution of
the optimal distance parameter Ropt, as found by the algorithm, is shown in Fig. 18 (top). In the
signal selection the distribution exhibits a broad peak around one, which indicates that with-
out any additional pT selection the optimal jet radius is around one. With increasing jet pT,
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primary vertices in the event. Since pileup particles clustered inside the jet tend to shift the
mass to higher values, a slope is observed in both cases. Since the upper limit on the jet mass
window is rather high, with a value of (250 GeV), signal jets are not as much affected as back-
ground ones. A slope towards higher values of the mistag rate with an increasing number of
primary vertices is visible in both data and simulation.

7.3.2 HEPTopTagger V2

The HTT V2 is an improvement over the original HEPTopTagger [19, 20]. The distribution of
the optimal distance parameter Ropt, as found by the algorithm, is shown in Fig. 18 (top). In the
signal selection the distribution exhibits a broad peak around one, which indicates that with-
out any additional pT selection the optimal jet radius is around one. With increasing jet pT,
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primary vertices in the event. Since pileup particles clustered inside the jet tend to shift the
mass to higher values, a slope is observed in both cases. Since the upper limit on the jet mass
window is rather high, with a value of (250 GeV), signal jets are not as much affected as back-
ground ones. A slope towards higher values of the mistag rate with an increasing number of
primary vertices is visible in both data and simulation.

7.3.2 HEPTopTagger V2

The HTT V2 is an improvement over the original HEPTopTagger [19, 20]. The distribution of
the optimal distance parameter Ropt, as found by the algorithm, is shown in Fig. 18 (top). In the
signal selection the distribution exhibits a broad peak around one, which indicates that with-
out any additional pT selection the optimal jet radius is around one. With increasing jet pT,
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Steven Schramm (Université de Genève) Jet reconstruction, calibration, and tagging August 23, 2017 19 / 21

Jet substructure and tagging Jet tagging

Quark vs gluon tagging Left: PUB-2017-009
Right: PUB-2017-017

Di↵erentiating quarks from gluons is di↵erent in several ways
Jet mass is not useful (not a hadronically decaying massive particle)

Uses small-R jets rather than large-R jets

Best single variable is track multiplicity (gluons radiate more)
Also tried a convolutional neural network (CNN)

Some gains over a two-variable tagger for high quark e�ciencies
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Figure 7.9: ROC curves for a representative series of quark-gluon taggers: broadening,
�↵=1 (red), energy-correlation function e

(↵=0.5)
2 (green), Iterated SoftDrop with � = �1

and zcut = 1 GeV/pt,jet, and the charged track multiplicity. All the results are shown for
Pythia8 simulations with a jet pt cut of 500 GeV. The left plot corresponds to parton-
level events while the right plot corresponds to full simulations including hadronisation
and the Underlying Event. The charged-track multiplicity is not shown at parton level.

simply because it is not well-defined at parton level.
We see that angularities and ECFs give their best performance at relatively low quark

e�ciency, corresponding to a fairly low resilience. As the quark e�ciency decreases
(going to ✏q = 0.5, then ✏q = 1 � ✏g) performance decreases but one gains resilience. A
similar behaviour is seen for ISD although the highest performance is observed for larger
quark e�ciencies and large resilience at yet larger quark e�ciencies. For our 500-GeV
sample, the best performance is achieved by ECF(↵ = 0.5) closely followed by ISD, with
the latter showing a slightly better resilience against non-perturbative e↵ects. At lower
�sym this is inverted, with shape-based variables becoming more resilient than ISD.

The crucial observation one draws from Fig. 7.10 is that, generally speaking, there
is a trade-o↵ between performance and resilience. This pattern is seen repeatedly in
substructure studies (we will see another example in our two-prong-tagger study in the
next chapter) and can be understood in the following way: tagging constrains patterns
of radiation inside a jet; usually, increasing the phase-space over which we include the
radiation, and in particular the region of soft emissions, means increasing the information
one includes in the tagger and hence increasing the performance; at the same time, the
region of soft emissions being the one which is most sensitive to hadronisation and the
Underlying Event, one also reduces resilience.

To finish this study of quark-gluon taggers, we show in Fig. 7.11 how the quark-
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It was difficult channel to find Higgs, it was never considered for low  
luminosity option, because of Huge SM background. 
But it is also important to study this decay mode, as its gives highest  
contribution to decay width
Jet Substructure level analysis helped to study this channel

BDRS, PRL, ‘08
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bottom for ATLAS [229].
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Figure 10.8: Searches for boosted Higgs boson decaying into bb̄. The plots show the
invariant mass distribution and the signal-strength modification, top for CMS [228],
bottom for ATLAS [229].
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Figure 10.8: Searches for boosted Higgs boson decaying into bb̄. The plots show the
invariant mass distribution and the signal-strength modification, top for CMS [228],
bottom for ATLAS [229].
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New Physics Searches

PP ! Z 0, gKK , GKK ! tt̄
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Figure 10.9: Searches for heavy resonances that involve top tagging from ATLAS [231],
on the top, and CMS [232] on the bottom.

ing into top quarks can be excluded up to mass of 3.5 TeV, Fig. 10.9 (right panels). For
such large masses jet-substructure methods are not optional. Without using the internal
structure of jets the QCD-induced dijet backgrounds would overwhelm the signal.

In models where the Z0 arises from to a SU(N) gauge group, it will be accompanied
by a W0. ATLAS [233] has performed searches for heavy W0 decaying into a hadronic
top and a bottom quark, i.e. W0 ! tb̄ ! qq̄bb̄. This search is somewhat more intricate
than the searches for decays into two top quarks as there are fewer handles to suppress
the backgrounds. Thus, ATLAS uses the shower deconstruction top tagging algorithm,
discussed in Sec. 5.6.1, which has a strong rejection power of QCD jets while main-
taining a large signal e�ciency. ATLAS finds a working point of the tagger with 50%
signal e�ciency and a background rejection factor of 80, thus improving the signal-to-
background ratio by a factor 40, for anti-kt R = 1.0 jets with pt > 450 GeV. Applied
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Charged Higgs Search
mH� >> mt +mb ) H� ! t̄b
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2HDM model predicts charged Higgs

PP ! tbH� ) tt̄bb̄;
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•Huge Background from SM top pair production
•Signal sensitivity is too low for the mass range  
400 - 1000 GeV 
•Mass reconstruction poor, for combinatorial problem
Top quark from Charged Higgs decay is boosted. Mass 

reconstruction is better
Better boosted top construction 
Signal sensitivity is improved. Possible to observe  
at 300/fb  Aravind H Vijay, MG, PRD, ’2018(1803.06986)



Boosted top quark polarization
•Top quark is polarised..decided by the interaction vertex 
•Polarisation  measurement provides hints about the possible 
modification on interaction vertex.  

•Top quark from resonance decay, is boosted, lepton is 
not isolated 

t� ! b`�⌫
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•t -> b q q, hadronic decay mode is considered, and  
subjets are identified, energy fractions, angular correlation 
are used to extract polarisation to identify left and right  
handed top quarks  
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pp ! W 0 ! tb
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Summary
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Searches, in particular parent mass reconstruction

Very busy area, use of ML 
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