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What changes with a boost (high pT)?

ex.) To identify W/Z using 2 jets, with mjj=mW/mZ, starts to fail, as jets start overlapping
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it was considered as a problem, but now it can be considered as an advantage as we can 
factorize the problem (combinatorial problem automatically solved).

How much boost?

Large energy at LHC will boost the heavy particles (W/Z/H/t)

We can actively use the situation as a technique : boosted technique

pT,W ⇠ 2mW

0.5
⇠ 320 GeV

pT,t !
2mt

0.5
! 700 GeV

start to be relevant first at LHC



Boosted Objects for New Physics searches

Boosted kinematic regime is  
most sensitive phase space to New Physics

Today, the strongest constraint often  
comes with the boosted techniques

high pT,t = high E/T

more boosted  
in future

Sensitive to New Physics

[M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant]

Higher dim op. effects (EFT) appear at high pT

Tt +

Null result for New Physics makes boosted techniques more important

ex.) boosted higgs shapes



automatically solves combinatorial problem

j
j

QCD BG : moderate !" severe
combinatorics : severe �� moderate

6C3 = 20

How to distinguish QCD jet and jet initiated by heavy particles (W/Z/H/t)?



QCD Jet is not massless (although quark is massless)

letÕs do an easy calculation

QCD calculations for jet mass distributions
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¥ QCD jets initiated by massless 
   partons
¥ they acquire mass through parton 
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¥ QCD splittings are enhanced in the 
   soft/collinear limit
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1 TeV jet can easily acquire O(100GeV) mass, more effort required to distinguish

CA = 3 , CF = 4 / 3

cumulative distribution



Jet substructure

Besides the mass, there are difference, obvious ones are:  

Lots of variables proposed, but they are correlated, categorized into 3 types

Grooming N-subjettiness

filtering
trimming
pruning

distinguish

soft-collinear emission

 decay
vs.

Mass drop

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

The structure (radiation pattern) after the decay are anyway governed by QCD : soft-collinear

to find non-QCD splittingto reject QCD soft-splitting to count non-QCD splitting

control pile-up

capture no. of prong

! N

JHEP03(2011)015, JHEP02(2012)093  
[J. Thaler, K-V Tilburg]



Jet substructure

Basic ideas are given in the 10-year-old paper

N-subjettiness

capture no. of prong

distinguish

soft-collinear emission

 decay
vs.

Mass drop

to find non-QCD splittingto reject QCD soft-splitting to count non-QCD splitting

! N
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PRL 100, 242001 (2008) [J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam]

Besides the mass, there are difference, obvious ones are:  

JHEP03(2011)015, JHEP02(2012)093  
[J. Thaler, K-V Tilburg]

Grooming

filtering
trimming

control pile-up

pruning



Grooming (Filtering, Triming, Pruning, (mMDT,soft Drop))

Trimming

Large R jet : jet mass easily affected by pile-up

keep subjets with

pT,j > z cut pT,J

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

RÞlter = 0 .2, nÞlter = 3

reduce effective jet area 

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

rejecting soft-splitting but keep collinear splitting 



Mass drop

How to distinguish?

　mass drop seen for heavy particle decay

Z-jet

Z

j 1

j 2

mj ! mj 1, mj 2 (decay)

QCD-jet

q

j 1

j 2

mj ! mj 1 " mj 2 (QCD)

letÕs 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 ápg ! z(1 " z)! 2p2
T

3

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



N-subjettiness
measure how close to N prong (small: close)

decrease as adding axes ! N+1 < ! N

! N +1 ,N = ! N +1 /! N

small means N+1 prong better describe than N prong

JHEP03(2011)015, JHEP02(2012)093 [Jesse Thaler, Ken Van Tilburg]

Define

⌧N +1 ,N ! 3,2

! 32 small = top-like! 21 small = W/Z/H-like

Energy correlation functions 
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(measure also how to close to N prong, large: close)

IRC-safe

(IRC-non safe, but Sudakov-safe)

! 3

! 2

! 32
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tøt W +jets QCD

Cut on the 2d plane, efficiently tag tops while rejecting QCD BG jets

JHEP 1010 (2010) 078 !
[T. Plehn, M. Spannowsky, MT, D. Zerwas]

[J. L. Hewett, J. Shelton, M. Spannowsky, Tim M. P. Tait, and Michihisa Takeuchi Phys. Rev. D 84, 05400510 (2010) 078]!
[Tilman Plehn, Michael Spannowsky, Michihisa Takeuchi, JHEP 1208 (2012) 091]!
[Felix Kling, Tilman Plehn, Michihisa Takeuchi, Phys.Rev. D86 (2012) 094029]

finding subjets via mass drops for filtered fat jets



HEPTopTagger with 8 TeV data [ATLAS-CONF-2013-084]

CMS PAS SUS-13-015

adding N-subjettiness  
         & variable R

[G. Kasieczka, T. Plehn, T. Schell, T. Strebler, G. P. Salam]

HEPTopTagger_ver2

heaviest mass constraints  
come from boosted SRs
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leptonic top

leptonic E/ T rapidly drops

Even after top-tag, hadronic wins

Importance of hadronic channel

mono-top : large Emiss, large boost needed -> Top Tagging (HEPTopTagger)
[D. Goncalves, K. Sakurai, MT arXiv:1610.06179]

another (and essential) advantage of hadronic mode hadronic mode:  
     fully usableE/ T

leptonic mode:  
    partly cancel byE/ T !

hadronic mode sensitivity higher than leptonic mode 
very generic statement with missing momentum  
  —  the reason why fully hadronic mode set strongest limits, more true in future colliders

!

2

FIG. 1: Mono-jet event topologies channel from ÷t1 pair production (left) and mono-top from supersymmetric tøtH process
(right). The grey dashed lines represent invisible particles, while the thin grey lines represent particles that are too soft to
be observed. The strong coupling and the top Yukawa coupling are denoted as ! s and Yt , respectively.

¥ Since it requires at least one highpT QCD jet, the cross section is suppressed by the QCD coupling,! s(µ),
approximately at the scale of thepT cut, >! O(100) GeV.

¥ There is a large QCD dijet background where one of the jets is badly mismeasured. Because of this and the
above reason, the limit obtained from the mono-jet channel is rather weak:m÷t 1

>! 320 GeV for! m÷t 1 ! ÷! 0
1

<! 15
GeV [74, 76, 77]. The limit deteriorates if the mass di" erence increases since theb-quark from the ÷t1 " b÷" ±

1
decay starts to be visible. For example, the limit is weakened tom÷t 1

>! 200 GeV for ! m÷t 1 ! ÷! 0
1

>! 50 GeV
[74, 76, 77].

¥ The signal is entirely controlled by QCD interactions, hence the available information is limited. For example,
even in the presence of an excess, it would be very di# cult to Þnd out what types of particles are produced
and how they decay as we would only observe the jets from QCD radiation.

In this paper we point out that a large collision energy of 13 TeV LHC opens up the possibility of observing
the stop-top-higgsino production process,pp " ÷t1t ÷" 0

1(2) ,2 providing an additional handle for the compressed stop-
higgsino region in Natural SUSY. This process is nothing but a supersymmetric counter part of thetøtH process,
and analogously to the tøtH it is crucial to directly probe the interaction between stops and higgsinos. Because
the stop is essentially invisible as its decay products are too soft to be observed in the compressed region, the
process leads to a distinctive mono-top signature as depicted in the right panel of Fig. 1. The mono-top signature
has been actively studied mainly in the context of the ßavour violating models [79Ð86]. The process discussed in
this paper, however, does not belong to this type since the mono-top nature emerges due to the kinematics of the
stopÕs decay products. In contrast to the mono-jet channel, this process has the following advantages.

¥ Despite a large mass of the system, the production rate is not too small because the stop-top-higgsino
interaction is proportional to the top Yukawa coupling, Yt .

¥ The QCD multijet background can be controlled by requiring an isolated lepton from top-quark decays.

¥ The process contains rich information on the stop and neutralino sectors. For example, as will be shown
in the next section, the production cross section depends dominantly on the up-type higgsino components
in the neutralinos.3 On the other hand, the structure of the stop mixing can be probed by looking at the
kinematic distributions of the b-jet and the lepton from the top-quark decay as we will see in section IV.

Despite the Þrst two points, we will see that the sensitivity of the mono-top channel is not greater than the
conventional mono-jet channel.Hence the mono-top may not be useful as a discovery channel. However, as we will

2This process was Þrst studied in [78]. We consider both ÷t⇤1 t ÷! 0
i and ÷t1øt ÷! 0

i but simply write ÷t1 t ÷! 0
i .

3The details of the neutralino sector may also be probed via the pp ! ÷q÷! 0
1 process if squarks are light and ÷! 0

1 is gaugino-like [87, 88].
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top-tagged jet

!
soft jets

essentially
E/ T}



Recent developments

https://indico.cern.ch/event/750705/timetable/
Boosted Objects for New Physics Searches (12-13 Nov 2018, Felmilab)

https://indico.cern.ch/event/649482/
BOOST2018 (10th workshop, 16-20 July 2018, Paris)

Recent reviews [arXiv: 1709.04464, A. L. Larkoski, I. Moult, B. Nachman] 
                     [arXiv:1803.06991, L. Asquith. et. al.]



Analytic computation/understanding

understood the correlations and why adding more variables don’t improve much 
when the first emission is crucial (LL), 2-variables determine the splitting in (z,θ) plane

understood why difficult to distinguish q/g (only difference                 )CF /C A = 4 / 9

lots of jet shape variables have been computed using parton shower MC,  
now most of grooming effects understood also analytically (LL resummation)

JHEP09(2013)029  [M. Dasgupta, A. Fregoso, S. Marzani, G. Salam]

trimming, pruning, mMDT/soft drop

ln
z✓

collinear

so
ft

smaller ρ



Analytic computation/understanding

[C. Frue, A. Larkoski, M. Schwartz, L. Yan] arXiv:1603.09338

Lots of variables computed with NLL + NLO matched. Some with NNLL.

More precision achieved, understood where NP effects (hadronization) important



Even usable for     measurements
In the resummation region, the slope can be used to measure 

Sensitivity can be ~ 10% for % mass uncertainty,  
to be compared with 5% (LEP), or ~1% (Lattice/B-meson mass difference)

mass is not optimal, multiple angularities help to further sensitivity 
[Les Houches 2017] arXiv:1803.07977

↵S

↵S

CA = 3 , CF = 4 / 3



Charged Particle Multiplicity

Non-perturbative effects (IRC non-safe)  
             infinitesimal splitting changes the number of charged particles

Running of the multiplicity can be perturbatively calculated (Like PDF)

NNNLOapprox + NNLL 

LO+NNLL

The ratio of the mean charged particle multiplicity quark/gluon jets to approach CA/CF = 9/4!

the most powerful observables for quark/gluon discrimination

arXiv:1209.5914 
 [P. Bolzoni, B. A. Kniehl, A. V. Kotikov]

One of the most precisely calculated jet variables NNLL matched to NNNLO.



Track-assisted jets

track-jets : constructing jets only with charged particles would be enough for specific discriminations

Angular resolution of the particles in tracks are much better than calorimetry

Track Assisted Subjets (TAS) : 

Track Assisted Reclustered Subjets (TAR)

track-jets reconstructed by rescaling the momentum using calorimetry information

: recluster the rescaled tracks



Calorimetry-info importance

Jet obs. inputs: 
BDT of ⇒

Nhan Tran’s talk at Felmilab (Nov.)
arXiv:1709.08705



Nhan Tran’s talk at Felmilab (Nov.)

1 TeV

5 TeV

Neutral particle reconstruction performance (calorimetry) is a big deal for jet substructure  
when mass is a key observable 

Shape-based discrimination (q vs g), tracking information is sufficient
Need calorimetry for W vs q, even more so for W vs. Z

Calorimetry-info importance
arXiv:1709.08705



H !  bb (double b-tagging)

at least one largeR jet with pT>450GeV

Measured cross section Z+jets:
0.85± 0.16(stat.)+1 .0

! 0.4(syst.)pb

1.09± 0.11pb
in agreement with the SM prediction:  

The first observation of Z !  bb in the single jet topology

CMS-PAS-BTV-15-002

CMS, PRL 120, 071802 (2018)

CSVv2 (Combined Secondary Vertex)
input: reconstructed tracks, SV, two-SV system

subjets fatjet double-b

! -axis 1

! -axis 2

[CMS-PAS-BTV-15-001] [CMS-PAS-BTV-15-002]

Soft drop mass (β=0, z=0.1) 

H !  bb observed at 1.5σ (0.7σ expected)



H !  bb (double b-tagging)

at least one largeR jet with pT>450GeV

Measured cross section Z+jets:
0.85± 0.16(stat.)+1 .0

! 0.4(syst.)pb

1.09± 0.11pb
in agreement with the SM prediction:  

The first observation of Z !  bb in the single jet topology

CMS-PAS-BTV-15-002

CMS, PRL 120, 071802 (2018)

input: reconstructed tracks, SV, two-SV system

subjets fatjet double-b

! -axis 1

! -axis 2

[CMS-PAS-BTV-15-001] [CMS-PAS-BTV-15-002]
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H !  bb observed at 1.5σ (0.7σ expected)

CSVv2 (Combined Secondary Vertex)



double b-tag with deep learning

from Roman KoglerÕs slide at Felmilab



machine learning/deep learning

ClassiÞcation of jet ßavor by a single algorithm! ["J. S. Conway, R. Bhaskar, R. D. Erbacher and J. Pilot,  Phys. Rev. D 94 (2016), 094027. ]

Boosted Event Shape Tagger (BEST) :!

  boost the jet into rest frames corresponding to hypothesis (t, W, Z, H). !

  compute angular distributions such as Fox-Wolfram moments or sphericity in each frame!

    ⇒ fully connected neural network for simultaneous classiÞcation.

[CMS, DP-17-027][CMS, DP-18-046]

...
...

...

j

W

Z

H

t



machine learning/deep learning

ClassiÞcation of jet ßavor by a single algorithm!

clearly separate 5 ßavors (light, t, W, Z, H) at once



Jet images

Top tagging : viewed as image recognition task

Image recognition : commonly solved using convolutional neural networks (CNNs). !

                                      the weights to be learned are arranged in convolutional kernels applied to different parts of the image.

 by equating the energy deposits in the calorimeters with the pixels of a grayscale image 

! [G. Kasieczka, T. Plehn, M. Russell and T. Schell, JHEP 1705 (2017) 006.]!  

changes in the network architecture, pre-processing,  
only have little impact on the performance

[J. Cogan, M. Kagan, E. Strauss, A. Schwartzman, JHEP02(2015)118]

Top

QCD



machine learning/deep learning

DeepTop 
! [G. Kasieczka, T. Plehn, M. Russell and T. Schell, JHEP 1705 (2017) 006.]!  

better

Comparison with multivariate BDT of

performance of the two approaches is comparable 
   proper top reconstruction, multivariate hypothesis testing, data-based machine learning



for 4-momenta lists,!

adding tracking-info straight forward

machine learning/deep learning
! [Anja Butter, G. Kasieczka, T. Plehn, M. Russell, SciPost Phys. 5 (2018) no.3, 028[arXiv:1707.08966]]!  

better because mass drop is crucial

(DeepTopLoLa)Top tagging with Lorentz Layer

take list of the 4-momenta as inputs

DNN

If diagonal metric is allowed to learn,

DeepTop LoLa outperform the image based (only calorimetry), or QCD based taggers, 
especially at high pT



Recent developments

for jet shape, track-info is enough, but for mass, calorimetry-info is crucial

Analytical/precise understanding of lots of variables

precision: LL, NLL, NNLL, …, matched with LO, NLO, NNLO…

Cut based  !  MVA (BDT) !  Machine Learning (Deep Learning)

quark/gluon separation

Pile-up mitigation:  calo-jets !  track-jets !  calo-jets 
H !  bb (double b-tag)

grooming behaviors, UE is reduced by grooming

IR-safe !  Sdakov safe (             ), even IR-unsafe (charged multiplicity)

Summary

Based on QCD, radiation pattern governed by 1/z, 1/θ

boost automatically solve combinatorial problem (factorization)
boosted regime, where New Physics appears

Boosted objects ubiquitous at LHC, and more in future

hadronic mode sensitivity higher than leptonic mode (with missing momentum)

! 32, D2



Backup
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Track Assisted Jet Mass
¥The angular spread of a jet  ~ 1/pT.    

¥For su! icient boost spread is comparable to calorimeter granularity. 

¥Tracking information can be used to maintain performance  

   beyond granularity limit.
mT A =

pcalo
T

ptrack
T

! mtrack

corrects for the charged 
to neutral ßuctuation. 

!"#!$%&'()%*+,-%+./

Better 
response

Sanmay Ganguly (WIS) Jet Substructure - BOOST 2018



track-jets

Constructing jets only with charged particles
Angular resolution of the particles are much better than calorimetry

Track Assisted Subjets (TAS)

Track Assisted Reclustered Subjets (TAS)



boost helps for compressed spectra at LHC/100 TeV

! 0
2 ! ! 0

1"+ "� via Z ⇤

EWkino search with compressed spectra

E 0
! ! ! m

M = m! for signal, mW/Z for BG

for m! > mW/Z , �signal < �BG

For the same trigger ISR jet pT, BG is more boosted 

mono-jet + soft-leptons

For heavy mass, smaller gamma factor

observed lepton momenta after boost with

[S. Gori, S. Jung, L-T. Wang]JHEP 1310 (2013) 191 
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For 100 TeV, difference more prominent
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Hadronic channel
large Emiss, large boost needed -> Top Tagging (HEPTopTagger)

[D. Goncalves, K. Sakurai, MT arXiv:1610.06179]

!

2

FIG. 1: Mono-jet event topologies channel from ÷t1 pair production (left) and mono-top from supersymmetric tøtH process
(right). The grey dashed lines represent invisible particles, while the thin grey lines represent particles that are too soft to
be observed. The strong coupling and the top Yukawa coupling are denoted as ! s and Yt , respectively.

¥ Since it requires at least one highpT QCD jet, the cross section is suppressed by the QCD coupling,! s(µ),
approximately at the scale of thepT cut, >! O(100) GeV.

¥ There is a large QCD dijet background where one of the jets is badly mismeasured. Because of this and the
above reason, the limit obtained from the mono-jet channel is rather weak:m÷t 1

>! 320 GeV for! m÷t 1 ! ÷! 0
1

<! 15
GeV [74, 76, 77]. The limit deteriorates if the mass di" erence increases since theb-quark from the ÷t1 " b÷" ±

1
decay starts to be visible. For example, the limit is weakened tom÷t 1

>! 200 GeV for ! m÷t 1 ! ÷! 0
1

>! 50 GeV
[74, 76, 77].

¥ The signal is entirely controlled by QCD interactions, hence the available information is limited. For example,
even in the presence of an excess, it would be very di# cult to Þnd out what types of particles are produced
and how they decay as we would only observe the jets from QCD radiation.

In this paper we point out that a large collision energy of 13 TeV LHC opens up the possibility of observing
the stop-top-higgsino production process,pp " ÷t1t ÷" 0

1(2) ,2 providing an additional handle for the compressed stop-
higgsino region in Natural SUSY. This process is nothing but a supersymmetric counter part of thetøtH process,
and analogously to the tøtH it is crucial to directly probe the interaction between stops and higgsinos. Because
the stop is essentially invisible as its decay products are too soft to be observed in the compressed region, the
process leads to a distinctive mono-top signature as depicted in the right panel of Fig. 1. The mono-top signature
has been actively studied mainly in the context of the ßavour violating models [79Ð86]. The process discussed in
this paper, however, does not belong to this type since the mono-top nature emerges due to the kinematics of the
stopÕs decay products. In contrast to the mono-jet channel, this process has the following advantages.

¥ Despite a large mass of the system, the production rate is not too small because the stop-top-higgsino
interaction is proportional to the top Yukawa coupling, Yt .

¥ The QCD multijet background can be controlled by requiring an isolated lepton from top-quark decays.

¥ The process contains rich information on the stop and neutralino sectors. For example, as will be shown
in the next section, the production cross section depends dominantly on the up-type higgsino components
in the neutralinos.3 On the other hand, the structure of the stop mixing can be probed by looking at the
kinematic distributions of the b-jet and the lepton from the top-quark decay as we will see in section IV.

Despite the Þrst two points, we will see that the sensitivity of the mono-top channel is not greater than the
conventional mono-jet channel.Hence the mono-top may not be useful as a discovery channel. However, as we will

2This process was Þrst studied in [78]. We consider both ÷t⇤1 t ÷! 0
i and ÷t1øt ÷! 0

i but simply write ÷t1 t ÷! 0
i .

3The details of the neutralino sector may also be probed via the pp ! ÷q÷! 0
1 process if squarks are light and ÷! 0

1 is gaugino-like [87, 88].
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