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++ even when there are no jets in your final state, there 
are jets in your final state!  

+ (e.g. Hττ and HWW) 
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Thinking about “boost” and “jet substructure” 
has a large spillover effect into the full experimental 

program at the LHC (and beyond)  

new observables 
particle reconstruction 
new analysis methods 

pileup mitigation 
future colliders 

recovering “low” pT physics 
…

 working on the most challenging 
environments (the most dense and energetic) 

breeds new ideas out of necessity 
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BOOST, now an interdisciplinary field
example: tuna fishing off the coast of Massachusetts

“Wicked Tuna”, National Geographic Channel
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“Wicked Tuna”, National Geographic Channelhttp://youtu.be/zsUIDOn6nJk
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inputs to jets: 
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tracks+topoclusters 
CMS: 
particle flow
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•inputs to jets and basic kinematic performance 
•  
!

•the evolution of jet taggers 
•  

!
•experimental challenges 

•  
!

•applications of substructure 
• 
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David López Mateos, Harvard University, for the ATLAS Collaboration, !
BOOST 2014, August 19th, 2014

Summary of Jet Substructure Studies in ATLAS

‣ Introduction!
!
‣ Inputs to substructure variables!
!
‣ Substructure calibration and 
systematic uncertainties!
!
‣ Current uses and future experimental 
developments!
!
‣ Conclusions

David3

Local calibration of clusters: 
weights for non-compensation

weights for energy out of cluster

weights for energy in dead material

BOOST 2014, UCL, London D. Lopez Mateos

Inputs to Jet Substructure: Clusters

9

η=0 η=0.1 η=0.2 η=0.3 η=0.4 η=0.5

EM
 calorim

eter

4σ seed cells
2σ “growth” cells
boundary cells

‣ Once growth is no longer possible, an additional set of boundary cells is added 
(irrespective of their energy)

trimming at work

Pileup&subtraction&(I)=

6 

Effect of  
sigma  
noise 

•  Linear behavior of rho 
up to high mu for fixed 
sigma noise values 

 

•  Higher pileup noise 
values lead to partial 
suppression of pileup 

 

•  Optimization of 
topoclustering sigma 
noise is key to 
reconstruct jets at  
high luminosity 

 

Pileup&subtraction&(I)=

6 

Effect of  
sigma  
noise 

•  Linear behavior of rho 
up to high mu for fixed 
sigma noise values 

 

•  Higher pileup noise 
values lead to partial 
suppression of pileup 

 

•  Optimization of 
topoclustering sigma 
noise is key to 
reconstruct jets at  
high luminosity 

 

Tracks are also important,  
e.g. track jets for b-tagging and JVT

Topoclustering algorithm already 
suppresses soft deposits at the 
cluster level (4/2/0)

[ alternate title for sal: the reason ATLAS doesn’t need PF ]
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•  Link topologically connected 
HCAL+ECAL clusters and tracks 

•  Reconstruct muons, electrons 
and photons 
 

•  For hadron candidates calibrate 
energy: 

 

•  If compatible with charged 
hadrons (ΣEcalo~Σptrack): 
•  Fit track and calorimeter energy 

taking their resolution into account 

•  If neutral energy excess (ΣEcalo>Σptrack) after subtracting charged hadrons: 
•  Create photons if no significant EHCAL or neutral hadrons otherwise 

PF candidate algorithm 

5 19 Aug 2014 Andreas Hinzmann 

PFT-09-001 
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Andreas1

Introduction JEC Closure Resolution Conclusion Backup Motivation Standards Basic Workflow

CMS JEC Stages: Pileup corrections
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Left: Additional energy due to pileup as a function of ⌘ (AK5 PFJets)

Right: Pileup composition in CMS
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Reconstructed
Jets

L1
O↵set
Fastjet

L2
Rel: ⌘

L3
Abs: pT

L2L3
Residual: ⌘

L5 Flavor
(Optional)

Calibrated
Jets

MC

Required Corrections DataParticle flow inputs: muons, electrons, photons, neutral and charged hadrons

Particle flow reconstruction and jets 

3 19 Aug 2014 Andreas Hinzmann 
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                                       MC  DATA
Charged pile-up:      
Charged hadrons:      
Photons:      
Neutral hadrons:      
Electrons & Muons:      
Forward hadrons:      
Forward photons:      

 = 8 TeVs-1CMS preliminary, L = 1.6 fb

 < 114 GeVT  49 GeV < p
Tag & Probe method

Detector pT-resolution (range) η/Φ-segmentation 
Tracker 0.6% (0.2 GeV) – 5% (500 GeV) 0.002 x 0.003 (first pixel layer) 
ECAL 1% (20 GeV) – 0.4% (500 GeV) 0.017 x 0.017 (barrel) 
HCAL 30% (30 GeV) – 5% (500 GeV) 0.087 x 0.087 (barrel) 

ECAL 

Tracker 

HCAL 

Jet energy fractions 

DP-2012/012 

single particle calibrations from MC
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Introduction JEC Closure Resolution Conclusion Backup Detector & Reconstruction E↵ects Optimization

Optimal Cone Size - Detector & Reco E↵ects
After Pileup Removal

The response resolution as a function of cone size for a given pGENT and µ bin

The optimal cone size (for each detector region) is chosen as the one with the smallest response resolution

With increasing pileup the optimal cone size becomes smaller, but the more you go forward in the detector, the more you want larger cones
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Introduction JEC Closure Resolution Conclusion Backup Detector & Reconstruction E↵ects Optimization

Resolution Fits
After Pileup Removal

Equation parameterizing
the resolution
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Revisit the optimal R

metric: pT resolution as a function of 

R, for different pT bins

parameterization of the jet 
resolutions scales well with jet areas

Alexx2,3
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CMS sees the error in their ways and moves to R = 0.4 
Theorists rejoice.

Revisit the optimal R

metric: pT resolution as a function of 

R, for different pT bins

parameterization of the jet 
resolutions scales well with jet areas

Alexx2,3
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often not met for jets without boosted object substructure.
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Figure 26. Fractional mass resolution comparing the various grooming algorithms (with labels
defined in table 3) for the leading-pjet

T

jet in the range 500 GeV  pjet

T

< 600 GeV in dijet events,
simulated with POWHEG+PYTHIA. Nominal refers to jets before grooming is applied. Various
ranges of the average number of interactions (hµi) in the events are shown. The uncertainty on the
width of the Gaussian fit is indicated by the error bars.

A summary of the fractional mass resolution for jets before and after grooming in

the presence of various pile-up conditions is shown in figure 26. Trimming in both anti-k
t

and C/A jets reduces the dependence of the jet mass on pile-up (spread in the points)

compared to the ungroomed jet, as does the mass-drop filtering procedure in the case of

C/A jets, while pruning has little impact. In all cases, no pile-up subtraction is applied

to the ungroomed jet kinematics. In particular, the trimming parameters f
cut

= 0.03 and

0.05 slightly outperform the looser f
cut

= 0.01 setting in events with a mean number of

interactions greater than 12. They also exhibit a significantly reduced overall variation

between various instantaneous luminosities.

Based on the above comparisons of mass resolution in di↵erent pjet
T

ranges and under

various pile-up conditions, two configurations, trimmed anti-k
t

jets (f
cut

= 0.05, R
sub

=

0.3) with R = 1.0 and filtered C/A jets (µ
frac

= 0.67) with R = 1.2, are chosen for detailed

comparisons between data and simulation and are presented in section 5.2.

5.1.2 Jet mass resolution for simulated signal events

Figures 27 and 28 show the fractional mass resolution for the two-pronged and three-

pronged cases, respectively. The mass-drop filtering algorithm is shown only for the simu-

lated two-pronged signal events with C/A jets. In the two-pronged case, as for the case of

jets in the inclusive jet events shown in figure 25, the C/A mass-drop filtering algorithm

– 41 –

18mass performance/calibration

look.  
away. 
steve. 
!

ATLAS pruning 
results later

Viola Sordini - IPNLyon 17

Grooming – jet mass resolution

With 4-vector 
safe subtraction

W jet mass resolution comparison
● Value of σ from fit in ±RMS range
● RMS truncated in ±3σ range

● PF+CHS+Grooming 
➔ improves resolution wrt to PF  
(6-11 GeV in the bulk, depending on 
the algo and parameters)
➔ improves stability VS PU

both collaborations have made comprehensive 
studies of various groomers

similar performance for various types of groomers, many options for Run II 
use the best one for your analysis!

David3

Viola2
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Jet Energy/Mass Calibration
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[*
] 

JH
EP

09
 (

20
13

) 
07

6

Same technique
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‣ Calibrated energy doesn’t mean calibrated 
mass (same goes for systematics)!
!
‣ Calibration improves resolution and 
teaches us many things about detector 
response!
!
‣ Generic mass calibration trickier at low 
masses, easier for EW jets

Viola Sordini - IPNLyon 9

Grooming : samples and selection

Several grooming algorithms considered, with different parameters (more or less aggressive) :

p sub

μ = pμ−ρ Aμ−ρm Am
μ

Performances evaluated on simulation
● Multijet (background) and RS graviton → WW (signal) 
● Dijet topology, leading jet pT>300 GeV, |eta|<2.5
● Using PF jets with and without CHS

All groomed jets are corrected for PU using a 4-vector safe subtraction

mass calibration will be important 
in higher pileup conditions


!
many promising methods under 

investigation!

Track&grooming&performance=

17 
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•  Best performance for CorrJVF>0.6 and fcut=4% 
o  Similar performance than calorimeter-only trimming (fcut=5%) 

and linear cleansing (arXiv:1309.4777) 

ATLAS-CONF-2014-018 

David3

Viola2

Ariel2
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Other Techniques

25

‣ Ws from tops can be used as a known-mass reference for EW jets!
!
‣ Also for calibrating taggers in specific kinematic phase space!
!
‣ Extrapolation to other regions of phase space requires understanding of tagging 
variables and use of MC simulation

[*
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) 
07

6

August 18, 2014 E. Thompson - Columbia University 6

Where we started...
Grooming works on on uncalibrated 
substructure components (ie: subjet pT), but 
we needed to show that we could 
successfully calibrate on “global” jet scale 
(ie: jet mass, pT)...

arXiv:1306.4945
CMS-PAS-JME-13-006

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
16

CMS Top Tagger observables:
 M

min
 not well modelled by simulation

 Effect maybe because of mis-modeling of radiation or merged subjets
 M

min 
better described in the for the central region

→ pseudorapidity-dependent scale factor
 Other variables well described  

|η |<1.0

 Performance in Collider Data

BOOST 2014, UCL, London D. Lopez Mateos

Systematic Uncertainties Using Tracking

24

reference

calorimeter!
measurement

‣ Reference measurement is very precise, but of a quite different quantity than that 
of interest (large fragmentation systematics)!
!
‣ Much more generic (do not exploit balance, can be applied to different topologies/
variables)!
!
‣ Used in ATLAS for mass scale, splitting scales and N-subjetiness uncertainties

[*
] 
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6

validation of jet mass

scale using ratio of track

jet mass to full calo jet mass

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
15

 Performance in Collider Data

Muon + jets semileptonic ttbar selection

 Exactly one high p
T 
muon with p

T
 > 45 GeV

 Min one jet tagged with the CSV medium 

 b-tagging algorithm 
 B-tagged jet, p

T 
> 30 GeV and

 
 The jet with the highest p

T 
in the hemisphere

                              is a top candidate
 Top candidate for CMS Top Tagger is 

 C/A jet with R=0.8 , p
T
 > 400 GeV and

 Top candidate for HEP Top Tagger 
 is C/A jet with R=1.5 , p

T 
> 200 GeV and    

Δ Rmuon,jet<Π/2

Δ Rmuon,CA jet>Π/2
|η |<2.4

|η |<2.4

Tag Probe

use semileptonic ttbar 

decays to validate 

boosted Ws and tops, 

derive tagger scale factors

EmilyDavid3Tobias3
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One of the new keys to improved performance for tops and 
Higgs is b-tagging in dense topologies with jet substructure

Two complementary approaches in ATLAS under investigation: 
1. (re-)optimize standard b-tagger for boosted environment 
2. b-tag track jets with smaller R and match to original jets

G → HH → bbbb: 
improved 4 b-tag performance for narrow  track jets

improvement of 
MVb over standard 
MV1 b-tagger

Ultimately consider merging approaches…

Dominik3
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CMS presented boosted b-tagging at BOOST 2013 

in 2nd iteration, improve on some 
shortcomings from the 1st generation: 
!
jet track association (JTA) and track  
double-counting 

➔ explicit JTA using particle flow candidates 
!
jet flavor assignment ambiguity based  
on fixed cones 
➔ improved by using clustered “ghost” hadrons 

!
secondary vertex reconstruction degradation  
with large number of shared tracks 

➔ iterative vertex finder which finds secondary 
vertices without jet knowledge 

August 19, 2014 BOOST2014 11

Boosted hadronic top (Inclusive QCD as background)

● CA R=1.5 fat jets and HEPTopTagger subjets

● Improved CSV algorithm based on IVF vertices performs better than the older generation 
CSV algorithm

● Subjet b tagging outperforms fat jet b tagging in the entire p
T
 range considered 

Subjet tagging e[ciency refers to tagging ≥1 subjets

August 19, 2014 BOOST2014 13

Boosted H b→ b (b jets as background)

● Subjet b tagging generaly outperforms fat jet b tagging except at high tagging 
e[ciencies for lower p

T
 

Dinko3
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Jet Pull Overview

Our Measurement

Jets: Calculate pull of
J1 with respect to J2

Jet constituents:
calorimeter clusters,
(ghost associated)
tracks, or stable

particles (truth jets)

~ri = (�yi , ��i ) with
respect to the jet

position.

Pull (Vector)

vP(J) =
P

i2J
pi

T |ri |
pJ

T
~ri

�y = y � yJ1

�
�
=
�
�
�

J 1

J2

Legend
Pull Vector vP(J1)

�P jet pull angle
Constituent of J1 (size weighted by pT)

J1

�P

Figure 1: A schematic diagram depicting the construction of the jet pull angle between jets J1 and J2.

3 Object and Event Selection

ATLAS is a multipurpose particle detector at the LHC comprising four main subsystems: an inner track-
ing detector (ID), electromagnetic and hadronic calorimeters, and a muon spectrometer. It has an ap-
proximately cylindrical geometry with close to 4� solid angle coverage, and tracking in the ID extending
to pseudorapidity |�| < 2.5. For an in-depth description of the detector, see Ref. [7].

In order to investigate detector performance aspects of the jet pull angle, several jet definitions are
employed. Reconstructed jets are clustered with the anti-kt algorithm [8] with radius parameter 0.4 from
topological calorimeter clusters [9], treated as massless. Clusters are calibrated using the local cluster
weighting (LCW) algorithm [10], and jets are calibrated to account for a reconstruction bias as well as to
mitigate the contribution from pileup [11]. To investigate jet pull angle properties in simulation without
the distortions arising from detector resolution, truth jets are formed from the four-vectors of Monte
Carlo (MC) stable particles2 (excluding µ and �) as inputs to the anti-kt R = 0.4 clustering algorithm.

The jet pull vector is a weighted sum over jet constituents. Studies in this note exploit di�erent sets
of jet constituents: for reconstructed jets, the nominal constituents are the calorimeter clusters used in the
jet construction (calorimeter pull). Truth jets correspondingly use all MC stable particles (all particles
pull). Alternatively, the tracks assigned to a jet can be used as constituents in the pull vector calculation
(track pull). These tracks3 are required to have pT � 500 MeV, |�| < 2.5, and a �2 per degree of
freedom (resulting from the track fit) less than 3.0. Additional quality criteria are applied to select tracks
originating from the collision vertex [12]. Tracks are associated to jets using ghost-association [13]: an
assignment of tracks to jets by adding to the jet clustering process ghost versions of tracks that have the
same direction but infinitesimally low pT. The corresponding constituents in truth jets are the charged
stable particles clustered within the jet (charged particles pull), which excludes muons. In the case of
reconstructed jets the jet axis is always determined using the calorimeter, and for truth jets the jet axis is
always determined using all stable particles.

Events with tt̄� WbWb̄ � µ�µbqq�b̄ provide a clean topology for measuring the detector perfor-
mance of the jet pull angle. With a muon, missing momentum (from the neutrino) and two b-quark jets,
this process can be isolated with high purity. Furthermore, the constituent orientations are di�erent for
W boson daughter jets compared to b-jets and since the pull is a weighted sum over constituent topol-
ogy, the jet pull angle distributions are di�erent. The di�erences in these distributions will be useful for
understanding how the shape is distorted by the detector response.

2Particles are considered stable if c� > 10 mm.
3The track momentum 3-vector is measured in the ATLAS tracker and each track is assigned the mass of the pion.

2

✓P ⇠ 0 ! ‘color-connected’

M. Swiatlowski qg and Pull 19 August, 2014 18 / 28

Jet Pull Resolution E↵ects

First Look: J1 vs J2 and J1 vs B1
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• Large di↵erence between the two topologies, and very large shift
from truth to reconstructed

• A large caveat: kinematics and topology are very important, and
can sculpt the pull angle dramatically
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Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
23

 Good data/MC agreement for pull angle computed using leading and   

subleading jet of the W candidates
 Weak separation power at low dijet p

T
 

Jet pull angle

 At high dijet p
T
, the pull angle 

 shows opposing behavior between

 leading and sub-leading jets

→ Consequence of jets

     overlapping...Leading subjet Leading subjet

trailing subjet trailing subjet

Color flow is a challenging effect to isolate 
Use semileptonic ttbar sample to study the jet pull  

between jets in the hadronic top

is there a good application for the jet pull?  
some details between CMS and ATLAS to be converged upon

*do not compare directly, highly dependent on pT of system

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
25

Resolved Jets performance

 QGL, jet pull angle, dijet charge sum used for BDT
 Variables each provide some separation power
 Variables are weakly correlated
 Training was done for two

 different dijet p
T 
bins

Tobias3Max3
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Nature vs Pythia6 and Herwig++

● Nature lies in-between Pythia6 and Herwig++ predictions

Pythia6 Herwig++Smeared MC

August 19, 2014 BOOST2014 22

Nature vs Pythia6 and Herwig++

● Nature lies in-between Pythia6 and Herwig++ predictions

Pythia6 Herwig++Smeared MC

Quark/Gluon Discrimination Tagger and Performance

Gluon E�ciency vs. Quark E�ciency
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• Purified samples show slightly worse gluon e�ciency than data, but
agreement within 1�

• Data shows worse performance than Pythia– generally greater than
1� disagreement

• Data lies between discrimination of Pythia and Herwig++

M. Swiatlowski qg and Pull 19 August, 2014 14 / 28

One of the great challenges at the LHC for substructure: 
quarks vs. gluons

Both experiments use likelihood q/g taggers 
CMS: pTD, σminor, nconstituents 
ATLAS: track width, ntracks

Quark/Gluon Discrimination Introduction

Variable Selection

• Important to choose pileup
robust variables: use only
tracking

• Need strong performance across
wide range of pT : ntrk has best
performance at highest, track
width better at low

• EEC variables have good
separation as well– but have
systematic issues (more in

backup )

• We use a likelihood combining
ntrk and track width
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M. Swiatlowski qg and Pull 19 August, 2014 5 / 28

confirmation: nature lives somewhere between 
Pythia6 and Herwig++

Max3Dinko3
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Quark/Gluon Discrimination Tagger and Performance

Systematics Summary
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• Here, show breakdown of systematics for 50% quark-like o.p.
• Sample dependence is by far the largest e↵ect

• Quarks/gluons from �+jet do not look exactly like quarks/gluons from
dijets (in both Pythia and Herwig)

• Need to understand this e↵ect to apply this tagger to other topologies
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Systematics Summary
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• Here, show breakdown of systematics for 50% quark-like o.p.
• Sample dependence is by far the largest e↵ect

• Quarks/gluons from �+jet do not look exactly like quarks/gluons from
dijets (in both Pythia and Herwig)

• Need to understand this e↵ect to apply this tagger to other topologies

M. Swiatlowski qg and Pull 19 August, 2014 12 / 28

August 19, 2014 BOOST2014 21

Data validation
● Discrepancy observed in gluon-enriched dijet control sample  → Need to smear MC 

distribution to better match data

● Reshaping corrections derived in a dijet control sample (>60% gluon jets) and validated in 
a Z+jets control sample (>70% quark jets)

● Smearing function:

● Remaps q/g discriminant distributions on jet-by-jet basis (separately for quark and gluon jets)
quark and gluon definitions can be tricky 
hot topic!  to what degree can we trust our measurements?

I don’t think we can solve this in real time, but it would be nice to 
for the community to stay in touch on this point

Max3Dinko3
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Grooming methods – Trimming and Pruning
ATLAS-PHYS-PUB-2014-004

E↵ective against harsh pile up conditions.

Trimming: R
sub

= 0.3, f
cut

= 5%, anti-k
t

R = 1.0.

Pruning: �R
ij

> m/p
T

, z < 0.1, C/A R = 0.8 jets pruned (see
backup slides for pruning with k

t

jets).

Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 4/34

10

Groomer mass window performance
ATLAS-PHYS-PUB-2014-004

Find window to include 68% of the W jets in signal around most
probable value of the signal mass distribution.

Pruning does not do as well at low p
T

due to the choice of R = 0.8
for the jets.

Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 6/34
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V + top tagging in CMS
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Observables

Jet grooming techniques Parameters

Filtering [1] 3 hardest CA subjets with R=0.2

Trimming [2] R
sub

=0.05, p
T
 fraction of mother jet > 3%

Pruning [3] momentum fraction 0.1, maximal distance 0.5

Soft-Drop [4] soft threshold fixed to 0.1, beta={-1,0,2}

Variable Parameter

Gluon/Quark Likelihood [5]

Subjet Gluon/Quark Likelihood [5]

Energy Correlation Functions [6]

N-subjettiness

Qjet volatility [7] NTrees=50

β={0,0.2,0 .5,1,2}

τ2/ τ1
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W Tagging – Performance comparison
ATLAS-PHYS-PUB-2014-004

Fixing tagger and choosing best jet algorithm.
Lower p

T

values in the backup slides.
All taggers seem to perform similarly after grooming.

p
T ,truth 2 [350 GeV, 500 GeV] p

T ,truth 2 [500 GeV, 1 TeV]
Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 10/34

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
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 Multi-dimensional analysis 

 based on Boosted Decision 

 Trees (BDT), using the 

 TMVA framework 
 Working point is set to 

  50% signal efficiency
 Iteratively added one variable

  on top of the next variable
 Saturation after use of 11

  variables

Performance
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W Tagging – Performance comparison
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Fixing tagger and choosing best jet algorithm.
Lower p

T

values in the backup slides.
All taggers seem to perform similarly after grooming.

p
T ,truth 2 [350 GeV, 500 GeV] p

T ,truth 2 [500 GeV, 1 TeV]
Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 10/34

As methods mature, it becomes natural 
to push the bounds of performance

broadly speaking, groomed mass + shape is near optimal,  
nice to see confirmation by ATLAS, CMS and at particle level (boost 13 report)

look here  
Steve!

Tobias3Danielo3
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10

Boosted Bosons – Correlation between taggers

ATLAS-PHYS-PUB-2014-004

Correlations: which taggers carry complementary information?

All variables weakly correlated with number of primary vertices.

Correlations between signal and background are not very di↵erent.

Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 12/34

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
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Correlations

Groomed

jet mass

Groomed

jet mass

QGL QGL

Jet pull Jet pull

N-prong

tagging
N-prong

tagging

Easier to view correlation matrix in “blocks”
 Typically stronger correlations within blocks 

 Correlations between data and MC look similar   

Z+Jets selection simulation                                Z+Jets selection data

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
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Data/MC comparison: soft drop

 z
cut

=0.1, R
0
=0.8

 Good data/MC agreement
β=0 β=2

β=−1 β=−1

signal signal

signal background

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
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Data/MC comparison: QGL

 “Fat” jet appears very       

   gluon-like to QGL
 Subjet QGL recovers

 expected behavior
 Trailing subjet QGL

 shows more                      

  discriminating power

 than leading subjet QGL
 QGL combo:

 defined as a linear            

  combination of the            

  leading  subjet QGL with  

  twice the second leading  

  subjet QGL

Signal                              Background

S
u
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t 
  

  
  

  
  

  
  

  
  
  

  
  

  
  
  

  
  

F
a
tj
e
t

Gluon like 

quark like 
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W Boson Tagging – Planar flow and Q-jet volatility
ATLAS-PHYS-PUB-2014-004

Planar flow: how uniformly spread the energy of the jet is.

Q-jet volatility: re-cluster jet with a degree of randomness.

Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 8/34

10

W Boson Tagging – Two-subjettiness and kt splitting scale
ATLAS-PHYS-PUB-2014-004

⌧21: degree of resemblance of the jet to a two sub-jet structure.p
d12: kt -distance between the two elements in final step.

Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 7/34

A natural question is the topic of correlations between observables

interesting to the theory 
community, not quite all 
on the same page, but 

headed in the right 
direction

Oh, by the way, let’s not forget the data/MC agreement is pretty good…

Tobias3Danielo3
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Similar to the case of W/Z, we see the same trends for top-tagging 
(in search of the optimal taggers)

10

Shower Deconstruction e�ciency ATLAS-CONF-204-003

Apply cut in weight and scan it.
The sub-jet combination for each permutation is required to be in a
top- and W -mass window: limits the maximum e�ciency point.
All methods shown use anti-k

t

R = 1.0 trimmed jets, except
HepTopTagger, which uses C/A R = 1.2 jets geometrically matched
to anti-k

t

jets. In all cases, the p
T

> 550 GeV cut is implemented for
the large-R jet for all taggers.
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10

Shower Deconstruction weight ATLAS-CONF-204-003

The final shower deconstruction weight is the ratio of top (signal)
probability and a background probability (both calculated
analytically).
Full description of the method in PRD 84 (2011) 074002 and PRD
87 (2013) 5, 054012.
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10

Top tagging – HEPTopTagger ATLAS-CONF-2013-084

Breaks C/A R = 1.5 jet with mass drop criteria until object masses
< m

cut

= 50 GeV (medium).
Filter with R

max

= 0.3 and use exclusive C/A to keep leading
N
filt

= 5 sub-jets.
Applies kinematic cuts and demand that a pair of sub-jets falls within
f
W

= ±15% of the W mass window.
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Similar to the case of W/Z, we see the same trends for top-tagging 
(in search of the optimal taggers)

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
17

CMS Top Tagger observables:
 M

min
 not well modelled by simulation

 Effect maybe because of mis-modeling of radiation or merged subjets
 M

min 
better described in the for the central region

→ pseudorapidity-dependent scale factor
 Other variables well described  

|η |<1.0

 Performance in Collider Data

Tobias Lapsien
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V + top tagging in CMS
 
17
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min
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min 
better described in the for the central region

→ pseudorapidity-dependent scale factor
 Other variables well described  

|η |<1.0

 Performance in Collider Data

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
14

 For p
T
 > 800 GeV comparison between algorithms with different cone sizes   

possible

 Performance in Simulation

C/A15

C/A8

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
14

 For p
T
 > 800 GeV comparison between algorithms with different cone sizes   

possible

 Performance in Simulation

C/A15

C/A8

Tobias3Danielo3
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!
•#1 do we put systematics bands on the ROC curves? 
•#2 ROCs as a guide (take with a grain of salt), plus scale factors 
!

•i think we agree on this point: “be careful how we extend 
our conclusions to the larger community” (david m.)

August 18, 2014 E. Thompson - Columbia University 11

...where we are now...
More rigorous comparisons to focus on just a few taggers, before we move 
on to Run2

Caveat: need to add systematics to these curves!

● This is non trivial! Correlations also need to be properly taken into account

3-pronged “top” tagging

ATLAS-CONF-2013-085

CMS-JME-13-007

Emily, a harbinger…

(extends beyond the BOOST community)
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experimental challenges

32
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Matteo Cacciari - LPTHE BOOST  -  London  -  August 2014

Pileup subtraction methods

4

‣ Pros:
‣ Subtraction is unbiased by 

construction 
‣ Not too sensitive to detector 

effects (works at the jet/subjet 
level)

‣ Cons:
‣ Need to cluster (e.g. to calculate 

areas), hence time-consuming

‣ Pros:
‣Often no need to cluster
‣ Dispersion usually reduced
‣ If left with a ‘subtracted’ event, 

one can then calculate any 
observable

‣ Cons:
‣ Potentially sensitive to detector 

effects
‣ Potentially biased (but can usually 

be tuned)

Full jet/Observable level Subjet/particle level

3 new methods particle level pileup subtraction at BOOST14: !
softkiller, constituent subtraction, PUPPI

Matteo2
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Matteo Cacciari - LPTHE BOOST  -  London  -  August 2014

Soft Killer

28

Pileup

Hard

cut

empty empty empty empty empty

G
. S

oy
ez

Half of the event is empty ⇒ ρ = 0 (because it’s the median)

NB. SK needs tuning of the size of the patches used to calculate ρ.
0.4 was found to be a good choice for R=0.4 jets

a pT cut with a dynamic 
threshold hold

!
remove pT-ordered 
particles one at a time 
until ρ = 0

!
extremely fast

Matteo Cacciari - LPTHE BOOST  -  London  -  August 2014

SoftKiller performance

29
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Matteo Cacciari - LPTHE BOOST  -  London  -  August 2014

Addition of  grooming

31

SoftKiller with trimming in ttbar events, R=1
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SoftKiller speed

34
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Matteo2
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The basic idea

Constituent Subtraction provides a rule for associating the background p
T

density with a given constituent, independent of any tracking information

P. Berta (Charles University in Prague) Constituent Subtraction 21st Aug 2014 12 / 29

1. estimate ρ!
2. throw ghosts with pTg = ρ x Ag!
3. iteratively associate ghosts with each particle based on:!
!
!
4. subtract pTg from the particles in the event throwing out 
all particles with pT < 0

Constituent subtraction (ultra short version)

The correction procedure

for each event
1

estimate the background p
T

density, ⇢, in the event,

2

add ghosts (infinitesimally small pg
T

) among particles in the event and apply

jet clustering algorithm to all particles and ghosts ) the jets are composited

from particles and ghosts,

for each jet in the event
3

set for each ghost pg
T

= ⇢Ag

4

evaluate distance �Ri,k between particle i and ghost k for each possible

particle-ghost pair and sort them in ascending order:

�Ri,k = p↵
Ti ·

q
(yi � yg

k)
2 + (�i � �g

k)
2. (7)

↵ - free parameter

5

iteratively change transverse momenta by applying the following procedure for

each ghost-particle pair until no more pairs remain or �Ri,k > �Rmax

:

If p
Ti � pg

Tk : p
Ti ! p

Ti � pg
Tk,

pg
Tk ! 0; �����

otherwise: p
Ti ! 0,

pg
Tk ! pg

Tk � p
Ti.

(8)

6

after the iterative process, discard all particles with zero transverse momentum.

P. Berta (Charles University in Prague) Constituent Subtraction 21st Aug 2014 13 / 29

An extension of area-median subtraction to the particle level

Jet mass
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Jet mass, dijets sample
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resolution

using rapidity-dependent ⇢
constituent subtraction of the whole events brings improvement
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Shape variables
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constituent subtraction has better performance than shape-expansion method

P. Berta (Charles University in Prague) Constituent Subtraction 21st Aug 2014 21 / 29

NEW!

!
!
Const. subtraction

extended to the 

whole event! 

Peter2
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Puppi Algorithm

Key
     Good Track 
     PU Track
     Good Neut
     PU Neut

Step 1 
 Run CHS
Step 2
  Draw a cone
Step 3
  Remove all 0 values
Step 4
  Reweight Neutrals by weight factor

Key
     Good Track 
     PU Track
     Good Neut
     PU Neut
     Chosen
     Removed

36PUPPI

**PUPPI is not set in stone 
framework for pileup approaches08/21/14  39

Performance of Pileup Jets

α
F

α
C

α
F

Pileup Jets are gone

p
T
 > 25 GeV

08/21/14  43

Performance Over Pileup

Performance over PU is reduced
Particularly strong for jet Mass

α
C

α
C

08/21/14  43

Performance Over Pileup

Performance over PU is reduced
Particularly strong for jet Mass

α
C

α
C

08/21/14  12

Pileup Subtraction Swiss Army Knife

Global Local

Global ρ
MVA MET
JA(F) MET

Jet Grooming
Di�erential ρ
Const. Subtraction
HF/Vorinoi 
Safe Subtraction
NpC
Cleansing
Pileup Jet ID
...

Vertexing (CHS)
Timing
Depth Segmentation
TopoClustering
...

Jet Shape Info

improvements in both 
pT and (groomed) jet mass 

as a <μ> increases 
!

applications for both 
lepton isolation and MET

Phil2
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Matteo Cacciari - LPTHE BOOST  -  London  -  August 2014

Comparisons and conclusions

35

pt m

‣ Subjet/particle-based background subtraction methods tend to perform 
better in terms of dispersion than full jet-based ones
‣ can be made reasonably unbiased and robust
‣ can be fast
‣ allow one to calculate any observable

‣ Many tools are already public and available in FastJet Contrib

From CERN PU Workshop From CERN PU Workshop

30 PU
60 PU
100 PU
140 PU

It will be interesting to see all these methods tested in the experiments!

Gregory2
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Efficiency
0.8 0.85 0.9 0.95

Fa
ke

 R
at

e
-210

-110

JVF
corrJVF

pTR
JVT

ATLAS Simulation Preliminary
Pythia8 dijets

 LCW+JES R=0.4tAnti-k
| < 2.4d|

 < 50 GeV
T

20 < p
JVF = 0.5
JVF = 0.25

CorrJVF 

RpT 

JVT 

improvement 

ATLAS-CONF-2014-018 

Jet&Vertex&Tagger&(JVT)=

12 VtxN
10 20 30

Ef
fic

ie
nc

y

0.6

0.8

1

1.2 JVF>0.5
JVF>0.6
JVT>0.6
JVT>0.85

ATLAS Simulation Preliminary
Pythia8 dijets

 LCW+JES R=0.4tAnti-k
| < 2.4d|

Target signal efficiency = 0.9
 < 30 GeV

T
solid markers: 20 < p

 < 40 GeV
T

open markers: 30 < p

JVT
0 0.5 1

N
or

m
al

iz
ed

 E
nt

rie
s

-310

-210

-110

1

10

210

PU jets
HS jets

ATLAS Simulation Preliminary
Pythia8 dijets

 LCW+JES R=0.4tAnti-k
 < 30 GeV

T
| < 2.4, 20 < pd|

 30) Vtx N)0 

Reduced pileup 
dependence  

JVT 

JVF 

2D likelihood combining CorrJVF and RpT  

JVF 

Viola Sordini - IPNLyon 7

PUJetID : performances

Central region:
signal eff ~99%  
bkg rej 90-95% (30<pT<50) 
            85% (20<pT<30)

Endcap
Signal eff 95%
Bkg rej 70%(60%) 

Fwd :
Sig eff 90%(80%)
Bkg rej 60%(40%)  

Gluons :
● Higher multiplicities
● Wider, more uniform 
energy spread 
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PUJetID : performances

Central region:
signal eff ~99%  
bkg rej 90-95% (30<pT<50) 
            85% (20<pT<30)
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Signal eff 95%
Bkg rej 70%(60%) 

Fwd :
Sig eff 90%(80%)
Bkg rej 60%(40%)  

Gluons :
● Higher multiplicities
● Wider, more uniform 
energy spread 

Introduction JEC Closure Resolution Conclusion Backup Overview Pileup L2Relative & L3Absolute

Number of Pileup Jets

Rate of data and MC pileup jets relative to the rate of real (MC) jets [8]

The rate of overlapping jets increases quadratically with NPV

This rate increases even more if you consider more than two overlapping jets

The probability of two overlapping jets with a given total pT (i.e. merged real and PU jets) is

given by p (overlap|pT )⇡N

2
pua

2
jet

A2

p6.2T
A change in the cone size will have a significant e↵ect on the number of pileup jets (R4 dependence)

Number of Primary Vertices
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PU  Jets (MC)

Real Jets(MC)

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

| < 2.5 Jet pη |

µµ→Z
R = 0.5)R = 0.4: With an
R4 dependence we actually
decrease PU jet rate by 60%

The data and MC do not

match in the high NPV

region due to pileup

reweighting
The pileup is poorly
modeled in this region
It is more important that
we have proper
reweighting in the region
of NPV representing the
majority of our events

BOOST2014 A.Perlo↵ Tuesday 19th August, 2014 12 / 25

For analysis relying on low pT jets,  
suppressing pileup jets is critical

tracking information and shape 
information can both be used to 

remove jets from pileup

shape only

in the forward region!

tracking drives the central 
region performance

Viola2Ariel2
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Viola Sordini - IPNLyon 25

PUPPI + grooming

● PUPPI with and without 4-vector 
safe subtraction very similar : proof 
of PUPPI PU removal

● PUPPI : visible improvement for 
groomings that are per-particle

● PUPPI+grooming can introduce 
larger tails wrt to PUPPI alone (still 
best resolution)

Viola Sordini - IPNLyon 24

Performances of N-subjettiness

Best performances for PUPPI and constituents subtraction : 
● Effective for reconstructing jet shape variables (not 
necessarily increasing the signal-background 
discrimination)
● Good stability VS PU

τ
2
/τ

1

QCD jets

τ
2
/τ

1

W jets <τ
2
/τ

1
>

QCD jets

Viola Sordini - IPNLyon 22

Performances of mass reconstruction

● Constituents subtraction improves the offset wrt PF+CHS
● Cleansing has good bulk resolution, but some residual tails
● Best resolution with PUPPI

<m
RECO

-m
GEN

>

QCD jets

<m
RECO

-m
GEN

>

W jets

RMS/σ(m
RECO

-m
GEN

)

W jets

Begin to explore new advanced 
pileup methods 

!
PF+CHS+constituent subtraction 

Jet Cleansing 
PUPPI

Viola2
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Jet&substructure&(I)=

14 

•  Trimming continues to works up to�=200 
•  Jet mass distribution stable with � up to very high luminosity  
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grooming 

•  Jet trimming: 
o  anti-kt R=1.0  
o  Rkt=0.3, f=5% 

•  To reconstruct high pT jet substructure make full use of ECAL granularity 
•  Rather than assigning ΣEcalo-Σptrack excess to single photon or neutral 

hadron (“merged PF neutrals”) with HCAL granularity 
•  Split photon excess according to ECAL clusters (“split PF photons”) 
•  Split hadron excess energy in ECAL+HCAL according to direction and 

energy distribution of ECAL clusters (“split PF neutrals”) 
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PF improvements for Run II 
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JME-14-002 

W pT = 2 TeV 
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•  Can maintain current jet substructure reconstruction performance at 
boosted W pT = 300 GeV up to pT = 3000 GeV with our ECAL granularity 

Substructure performance for Run II – 2 

11 19 Aug 2014 Andreas Hinzmann 

JME-14-002 

topoclustering + 
grooming +  

area subtraction  
shows very good 

performance up to 200 
PU

last year: substructure 
breaks down at  

pT>1.5 TeV

improvements to 
particle flow in very 
dense environments 

gives stable 
substructure 

performance up to at 
least 3 TeV

Andreas3Ariel2
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BOOST2014, UCL 1

5

Marcel Vos (marcel.vos@i�c.uv.es)

LC backgrounds

gg → hadrons 
● Strongly peaked in the forward direction
● Machine-dependent: 3.2 events/BX at CLIC, <1 event/BX at the ILC
● For a given machine, background level scales with instantaneous luminosity 

→ Much larger at 3 TeV than at 500 GeV (even with the same technology)  
● Its impact depends on the bunch structure and detector read-out speed

→ ILC, 1300 bunches spaced by 500 ns (typically single-BX read-out possible)

→ CLIC, 312 bunches spaced by 0.5 ns 

Use CLIC case as a stress test for jet reconstruction; if it works there, it's good for ILC too.

Example: a CLIC bunch train worth of gg → hadrons superposed on a physics event.  If all CLIC3TeV detector systems integrate over 10 ns 
(=20BX), background deposits 1.2 TeV of energy in the calorimeter systems.

Lepton colliders o�er a relatively clean environment (compared to the LHC),
but not quite to the level that we can ignore backgrounds completely:
● Incoherent pair production 
● gg → hadrons production 

BOOST2014, UCL Marcel Vos (marcel.vos@i�c.uv.es)

Jets in e+e- colliders

Jet physics AND jet reconstruction 

performance are important at e+e- colliders

After a top (W, Z, Higgs) factory like the LHC, e+e- collider 

samples are relatively small:
→ 300.000 tt pairs at 500 GeV)  

→ Use hadronic Z decays in Higgsstrahlung analysis

Distinguish hadronic W and Z decays 
(the main calorimeter specification on energy resolution at low 

energy, a requirement on the jet mass resolution at high energy)

Jet multiplicity increases with center-of-mass energy

di-boson → 4 jets, Zh → 4 jets, tt → 6 jets, tth → 8 jets 

(jet reconstruction can spoil the energy measurement even if all 

particles are precisely measured)

  

Jet Shapes

• very large boost:  pT ~ 15 TeV , DR(jj) ~ 0.01
• two subjets merge into one extremely collimated jet 
• jet dipole structure is lost, but the energy flow 

distribution in  V vs. q/g is different

M. Pierini

gluon jet quark jet V jet

  

Jet Mass (II) 

full mass

calo-based

charged mass

trk-based

10 < p
T
 < 15 TeV

  

Jet Mass (II) 

full mass

calo-based

charged mass

trk-based

10 < p
T
 < 15 TeV

FCC
future linear colliders

new challenges that need to be sorted out 

use lack of radiation from W!

track only jets! 

a detector to resolve hadronic W/Z

Marcel1,2Michele1,2
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isolation in boosted and dense scenarios!  
1. cluster every hadron and lepton in event to CA8 
2. recluster jets with N exclusive kT jets (no size parameter) 
3. define LSFN = pTl / pTsubjet 

9

Relative Isolation of Hardest Lepton

Plot is stacked

15

Highest LSF
3
 vs 2nd Highest LSF

3
how does this compare to other 
techniques (e.g. mini-isolation)?

Viola Sordini - IPNLyon 29

Performances on MET resolution

Mitigation of PU dependence for MET resolution (1.8 to 2.8 improvement)
Optimising resolution affects response and vice versa : the «best» algorithm 
depends on the use case

Increase in analyses sensitivity (~20% in H→ττ)

MET resolution as a 
function of pileup 

improvements through 
improvements in pileup 

jet identification

Benefit from event pileup 
mitigation techniques in the 
future performance of MET 

and leptons?

FatMJet&trigger&L1&upgrade=
•  New large-R jet trigger at L1 for 

phase 1 upgrade based on 
global event information 
o  Improved efficiency for jet 

substructure 
o  Event-by-event pileup subtraction 

18 

! ""!

!

!"#$%&' ()' *+,-./&' &0&12' 3412,"1"1#' 5&2' 4$2.$2' 46' #!*78' 91' 2:";' <",#%,-=' 2:&' :4%">412,/' ,+";'
34%%&;.41<;' 24'�'?:"/&' 2:&' 0&%2"3,/' ,+";' "1<"3,2&;'�8' @/;4' ;:4?1' ";' ,' #%"<' "1<"3,2"1#' 2:&' ;">&' 46'
<,2,'A2%"##&%'24?&%;A' "1.$2'24'2:&'#!*7'-4<$/&)'B8C+B8CDB8E+B8E' "1'�'+�' "1'2:&'3&12%,/D64%?,%<'
%&#"41;8'

!"#$$%"&%''#(#%)(*&
#$!%&'()*+,-!.&,/0,*+'(&!0/!1)&!2345!*0678&!1)&!17,'90'!&//:(:&'(;!(7,<&!/0,!

8+,2&9+,&+!%00$1&6! =&1$!)+$!%&&'!+'+8;>&6!?:1)!@A"B! 22F'!$:*78+1:0'$!+1!"C!D&E!
(&'1&,90/9*+$$! &'&,2;! +'6! ?:1)! +! .:8&7.! 0/! FGHIJKL! (0,,&$.0'6:'2!

+..,0M:*+1&8;! 10! +'! :'$1+'1+'&07$! 87*:'0$:1;! 0/! BM"KBC! (*9N$9"O! D)&! +'+8;$:$!

(0*.+,&$! 1)&! &//:(:&'(:&$! +$! *&+$7,&6! %;! 1)&! &M:$1:'2! P&<&89"! (+80,:*&1&,!

1,:22&,! +820,:1)*$!%+$&6!0'! 1)&! $1+'6+,6! $8:6:'2!?:'60?! 1&()':Q7&$L!?:1)! 1)&!

0'&!!"#!$#"%&'! 1),072)!1)&!.,0.0$&6!+820,:1)*!/0,!1)&!2345!*0678&!R$09(+88&6L!
#G&2;SO!!

T'!1):$!+'+8;$:$!1)&!2U&1!,&(0'$1,7(1:0'!+820,:1)*!:$!%+$&6!0'!1)&!/0880?:'2!$1&.$V !

• T6&'1:/;!10?&,$!0<&,!1),&$)086!R1)&!$&&6!1),&$)086!:$!"W!X&E!4DSO!
• 4'&,2;! $7*$!0/! +88! 1)&!2D0?&,$! :'! 1)&!HI"OK! (:,(78+,! ,&2:0'! $7,,07'6:'2!
1)&!$&&6O!

• #! '0:$&! 1),&$)086! 0/! 4D! H! B! X&E! )+$! %&&'! +..8:&6! 10! +88! 1)&! 2D0?&,$!
&'1&,:'2!1)&!$7*!

• Y0!?&:2)1:'2!$7,/+(&!:$!+..8:&6!:'!1)&!$7*!
D)&! ,&$781! :$! $)0?'! :'! !"#$%&'!! 1)&! 0.&'! $;*%08$! ,&.,&$&'1! 1)&! &//:(:&'(:&$! +$!
*&+$7,&6! %;! 1)&! (7,,&'1! P&<&89"! 1,:22&,! $;$1&*! /0,! +! 1),&$)086! 0/! "KK! X&E!

RU"KKSO!D)&!,&6!(80$&6!$;*%08$!(0,,&$.0'6!10!+!"CK!X&E!2U&1!1),&$)086!RX"CKSL!

?):()!*+1()&$!1)&!U"KK!.8+1&+7O!D)&!17,'90'!(7,<&$!*&+$7,&!.&,9=&1!&//:(:&'(:&$!

+$!+!/7'(1:0'!0/!1)&!0//8:'&!1,:**&6!HI"OK!=&1$L!:$08+1&6!R�Z!H!NOKS!+'6!*+1()&6!
10!1)&!0'8:'&!0%=&(1$!?:1):'!�ZF"OKO!

D)&,&! +,&! 1),&&! (7,<&$! /0,! &+()! 0/! 1)&! U"KK! +'6! 1)&! X"CK! $&8&(1:0'$L!

(0,,&$.0'6:'2! 10! 1)&! '7*%&,! 0/! $7%=&1$! ?:1):'! 1)&! 0//8:'&! 1,:**&6! =&1$! R"!

1),072)! BSO! D)&$&! $7%=&1$! +,&! 6&/:'&6! %;! 1)&! -D! +820,:1)*! ?:1)! +! ,+6:7$!

.+,+*&1&,!0/![IKOB!+'6!+,&!,&Q7:,&6!10!)+<&!.D!!H!NK!X&E!\C]O!

Able to put fats jets 
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turn-on for 
substructure 
analysis 
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VLQs in T or Y4/3 → Wb (pair production) 
T’ → tH (pair production), all-hadronic 
W’ → tb 
T5/3 → Wt (pair production) 
T’ → tH, tZ, Wb (pair production) 
b’ → bH (pair production) 
!
ttbar differential cross-section 
Zbb  
inclusive boosted W/Z (dijets) 
!
VV → qq qq 
WV → lv qq 
ZV → ll qq 
!

mono-W/Z and invisible Higgs 
!
VH(→ bb) (SM) 
HH → bbbb 
HH → bbγγ 
!
ttbar resonances (all-hadronic) 
ttbar resonances (semi-leptonic) 
!
direct stop pair search (0L and 1L) 
!
+ many unfolded measurements!

Will focus on the boosted regime and what methods are being used 
(based on a biased/low stats sampling of the questions asked to the speakers)

KevinChristoph

Raffaele

BonnieBadder

TrishaAndreas

Nikos

Danielo

Many new analysis arriving in the past year! 
Those discussed this year…
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What is available 

14 19 Aug 2014 Andreas Hinzmann 

Reference Final state Jets, pT (GeV) Jet substructure observables 

1101.0070 
ATLAS 3/pb 

incl. jets q/g-jets (AK6), 30<pT<600 integral jet shape, differential jet shape 

1204.3170  
CMS 36/pb 

incl. jets q/g-jets (AK7), 20<pT<1000 
q/g-jets (AK5), 50<pT<1000 

integral jet shape, differential jet shape 
charged hadron multiplicity and width 

1307.5749 
ATLAS 1.8/fb 

ttbar q-jets (AK4), 30<pT<150 
b-jets (AK4), 30<pT<150 

integral jet shape, differential jet shape 

1109.5816 
ATLAS 36/pb 

incl. jets q/g-jets (AK6), 25<pT<500 charged hadron fragmentation function, pT
rel and 

radial density 
QCD-10-041 
CMS 36/pb 

dijets q/g-jets (KT6), 97<pT<1032 subjet multiplicities and pT
rel 

1302.1415 
ATLAS 36/pb 

W+jets q-jets (KT6), no pT cut kT splitting scales 

1203.4606 
ATLAS 35/pb 

incl. jets q/g-jets (AK10, CA12), 
200<pT<600 

jet mass, split/filtered jet mass, 
kT splitting scales, N-subjettiness ratios 

1303.4811 
CMS 5/fb 

dijets 
W/Z+jets 

q/g-jets (AK7), 220<pT<1500 
q-jets (AK7, CA8, CA12), 
125<pT<450 

jet mass, pruned jet mass, trimmed jet mass, 
filtered jet mass 

1206.5369 
ATLAS 35/pb 

incl. jets q/g-jets (AK6, AK10), pT>300 jet mass, jet width, eccentricity, planar flow, 
angularity 

Andreas
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Comparison of Unfolded Data and Di↵erent Generators 5/20
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ptT softer in data
above 200 GeV.

No single generator
performs best for all
kinematic variables
considered.

�2 tests show that
the data have
su�cient precision to
probe the predictions!

Signal Extraction 11/20

Signal Region:
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ATLAS
 = 8 TeVs
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Control Region:
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ATLAS
 = 8 TeVs

-1Ldt = 19.5 fb∫

Fit: mdijet(60 GeV, 160 GeV)

Simultaneous fit in SR and CR

(binned (1 GeV), extended
maximum-likelihood).

Signal model: 3 Gaussians,

yield in SR, peak position are free, other
parameters fixed to MC.

RZ = NCR
Z!bb̄

/NSR
Z!bb̄

= 0.62 fixed.

Multi-jet background:

7th order Bernstein polynomial

Other smaller backgrounds from MC.

Yield: NZ!bb̄ = 6420± 640 (stat.)

High pT Z ! bb̄ cross section measurement 9/20

arXiv:1404.7042 [hep-ex], submitted to Physics Letters B

Data:
p
s = 8 TeV, Lint = 19.5 fb�1

Signal simulation: SHERPA

Multi-jet background: from data

Other small backgrounds from
simulation.

OR of six jet based triggers.

3  njet  5:
anti-kt R = 0.4, pT > 30 GeV, |⌘| < 2.5

nb�jet = 2:
MVA, ✏ = 70%, pT > 40 GeV, �Rbb < 1.2

Di-jet system:
pdijetT = pbbT > 200 GeV
60 < mdjet < 160 GeV

High pT all-hadronic W /Z cross section measurement 13/20

arXiv:1407.0800 [hep-ex], submitted to New J. Phys.

Data:
p
s = 7 TeV, Lint = 4.6 fb�1

Signal MC: HERWIG+JIMMY

scaled to NLO MCFM prediction (k = 1.25).

QCD jet MC: PYTHIA

+ variations for crosschecks/systematics.

Reconstruct W /Z in one anti-kt R = 0.6 jet, with
pT > 320 GeV, |⌘| < 1.9, 50 GeV< mjet < 140 GeV

Limited jet mass resolution ! measure
�W+Z = �W (pT > 320, |⌘| < 1.9)⇥ B (W ! qq̄)

+ �Z (pT > 320, |⌘| < 1.9)⇥ B (Z ! qq̄)

Use W /Z enriched jet sample to study several grooming methods.

W /Z Jet- QCD Jet Discrimination 14/20

Boost jet to its
center-of-mass frame:

W /Z : back-to-back
QCD: isotropic

Analyse “jet-shapes”:

Jet center-of-mass frame:
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Systematics:

Result:
�W+Z (W /Z ! qq̄, pT > 320, |⌘| < 1.9) = 8.5± 0.8 (stat.)± 1.5 (syst.) pb

Consistent with NLO MCFM prediction within 2�: �MCFM
W+Z = 5.1± 0.5 pb
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Result:
�W+Z (W /Z ! qq̄, pT > 320, |⌘| < 1.9) = 8.5± 0.8 (stat.)± 1.5 (syst.) pb

Consistent with NLO MCFM prediction within 2�: �MCFM
W+Z = 5.1± 0.5 pb

ttbar differential cross-
sections at high pT are softer 

than expected

challenging all hadronic W/Z and Z(bb) final states!

COM W-tagger

Christoph
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Mono-hadronic W/Z decays

Dark matter (DM) pair production in association with W/Z e.g.

DM searches with W/Z

Associated Higgs production
with Higgs!invisible

I Boosted W/Z jets reconstructed with C/A (R = 1.2)

I Mass drop + substructure to identify fat-jet: pT > 250GeV,
|⌘| < 1.2, 50 < mJ < 120GeV

I Veto events with extra narrow jets - suppress tt̄, multijet bkgs

PRL 112, 041802 (2014)
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DM searches with W/Z bosons

*only D5 constructive and
destructive cases shown here,
scaled

PRL 112, 041802 (2014)

I TopCR used to validate large-R jet

I Signal regions:
Emiss
T > 350(500)GeV

I 20.3fb�1 at 8TeV

For various models, derived 90% C.L.
exclusion limits on the e↵ective theory
mass scale M⇤

8 / 24

Substructure is a valuable tool for dark 
matter pair production  
boosted W/Z + MET signature

W-tagging CA1.2 with mass drop + substructure 
Top control region to validate large R jets

DM searches with W/Z bosons

*only D5 constructive and
destructive cases shown here,
scaled

PRL 112, 041802 (2014)

I TopCR used to validate large-R jet

I Signal regions:
Emiss
T > 350(500)GeV

I 20.3fb�1 at 8TeV

For various models, derived 90% C.L.
exclusion limits on the e↵ective theory
mass scale M⇤

8 / 24

Re-interpretation of mono-W/Z as associated 
production of Higgs to invisible (< 2 x SM limit!)

Bonnie
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GG
bulkbulk

 → VV combination → VV combination

19/08/14 Raffaele Gerosa 11

 Combination: l+ν+jet , l+l+jet and fully hadronic VV searches are combined together   

 Correlated sys:  V-tagging, luminosity, jet scale and resolution, lepton scale and resolution   

Results: 

 l+ν+jet dominates in the range [800,2500] GeV → gain ~20% with the combination

No exclusion for k / M
pl
 < 0.5

CMS-EXO-13-009CMS-EXO-13-009
CMS-EXO-13-009CMS-EXO-13-009

Resonant diboson production ! l+l�qq̄

I Split into three exclusive regions by
boson and jet pT

I 70 < mJ/mjj < 110GeV for
hadronically decaying W/Z

pll
T > 100GeV,

pjj
T > 100GeV

pll
T > 250GeV,

pjj
T > 250GeV

pll
T > 400GeV,

pJ
T > 400GeV

ATLAS-CONF-2014-039

17 / 24

provide efficiency 
maps of WL and WT 

tagging as a 
function of η and pT

Resonant diboson production ! l+l�qq̄

I Split into three exclusive regions by
boson and jet pT

I 70 < mJ/mjj < 110GeV for
hadronically decaying W/Z

pll
T > 100GeV,

pjj
T > 100GeV

pll
T > 250GeV,

pjj
T > 250GeV

pll
T > 400GeV,

pJ
T > 400GeV

ATLAS-CONF-2014-039

17 / 24

CA12 jets for 
improving 

acceptance at 
MG > 800 GeV

X→VV→semi-leptonic : backgroundX→VV→semi-leptonic : background

19/08/14 Raffaele Gerosa 8

After analysis selections, SM V+jets are main backgrounds

Minor contribution are taken from simulation + corrections from control regions

V-jets background is estimated from data using  jet mass sideband control region 

W+jets SB: m
J
 [40,65] U [105,130] GeV    DY+jets SB: m

J
 [40,70] U [110,130] GeV

Overall normalization in signal region from jet mass data fit in the sidebands

Resonant
 contamination
from VV and tt

Low SB dominated
 by W+jets

ResonantResonant
  contaminationcontamination

from VVfrom VV  

Low SB dominated Low SB dominated 
by Z+jetsby Z+jets

CMS-EXO-13-009CMS-EXO-13-009 CMS-EXO-13-009CMS-EXO-13-009

BonnieRaffaele
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substructure for naturalness! 
searches in both the 0-lepton and 1-lepton final 

states using substructure observables

Search for Direct  t1̃t1̃ Production 

BOOST 2014, London 
20 

√s  =  8 TeV,    ∫  L  dt = 20.1 fb-1  

• 1-lepton Search 
• Dedicated search region for 

“partially-resolved”  top  quarks  
employing jet reclustering 

• 0-lepton Search 
• Boosted signal region using 

trimmed large-R jets 

Main Backgrounds: 
• tt̄  (τ+jets), ̄Z(νν) 
• W/Z + jets 

large ET
miss 

multiple jets in 
resolved final state 0-lepton: 

divide the phase space into merged and unmerged 
by n-jets and mass asymmetry variable 

in the “boost” region, use jet reclustering to 
determine large R jet masses! 

Search for  t1̃t1̃ (0-lepton) 

BOOST 2014, London 23 

• Profile likelihood fits 
performed in each signal 
region with simultaneous 
background fit in defined 
control regions 

Leading R=1.2 jet mass in tt̄  control region 

Observed Limits 

arXiv:1406.1122 

1-lepton: 
require 1 lepton, MET significance, ≥ 4 AK4 jets 
and ≥ 1 AK10 trimmed jet with mass > 70 GeV

Search for  t1̃t1̃ (1-lepton) 

BOOST 2014, London 25 

Large-R jet mass in Boosted SR 

Observed Limits 

arXiv:1407.0583 

• Profile likelihood fit on 
number of events in signal 
region and defined 
background control regions 

KevinTrisha
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Search for tH resonances 
• Pair of heavy resonances 

decaying to a Higgs boson 
and top quark 
• T T → (tH) (tH) 
• t → Wb → All  Hadronic   
• H → bb  

• Extract cross-section limits 
assuming BR T′ → tH = 1.0 

• Scan T′ BR space  
• T′   → Wb 

• T′   → tZ 

• T′   → tH 
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B2G-14-002 

BR(T′ → bW) = 1.0 

BR(T′   → tZ) = 1.0 BR(T′ → tH) = 1.0 

Search for tH resonances 

• Merged tops 
• HEP top-tagger 
• At least one subjet b-tag 

•Merged  Higgs’ 
• H → bb within single CA15 

resolved jet 
• Two subjets, both subjet  

b-tagged 
• Di-subjet invariant mass larger 

than 60GeV 
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B2G-14-002 

M = 500  GeV 

M = 1000  GeV 

first analysis in CMS using  
subjet b-tagging

Search for tH resonances 
• Exclude M < 747GeV  

• Given BR T′ → tH = 1.0 

• Scan BR space 
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B2G-14-002 

Observed BR T′ → tH = 1.0 

require CA15 filtered double b-tagged Higgs jet 
and 1 HEP top-tagged + subjet b-tagged jet

background estimation with ABCD in HT and mH

Search for tH resonances 
• Exclude M < 747GeV  

• Given BR T′ → tH = 1.0 

• Scan BR space 
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B2G-14-002 

Observed BR T′ → tH = 1.0 

KevinTrisha

Search for tH resonances 

• Merged tops 
• HEP top-tagger 
• At least one subjet b-tag 

•Merged  Higgs’ 
• H → bb within single CA15 

resolved jet 
• Two subjets, both subjet  

b-tagged 
• Di-subjet invariant mass larger 

than 60GeV 
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B2G-14-002 

M = 500  GeV 

M = 1000  GeV 
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Conclusion

Conclusion
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Searches for boosted Higgs bosons are approaching
Resonant searches constraining WED, (N)MSSM,...
Boosted Resonant HH bbbb analysis is coming
Constraint on b mass

Looking forward LHC Run II data taking

B. Marzocchi (INFN Milano-Bicocca) Boosted Higgs bosons in physics analyses BOOST2014 - August 20th 19 / 19

Resonant Higgs-pair prod ! bb̄bb̄

Spin-2 KK graviton G ⇤ ! HH ! bb̄bb̄
(Bulk Randall-Sundrum, with warped extra dimension)

I Assumes SM Higgs,
mH = 125GeV

I Coupling k/M̄Pl = 1.0,
corresponds to first KK
excitation of G ⇤

I � 4 MV1 b-tagged jets (anti-kt
0.4)

I Form two unique dijet systems,
pT > 200GeV, �R < 1.5

ATLAS-CONF-2014-005

21 / 24

Di-higgs signatures are increasingly important post-Higgs

Resonant double Higgses searches Boosted regime

Jet Merging
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High+Medium Purity - Low mass - fit m
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CMS Preliminary Simulation  = 8 TeVs
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Signal efficiency decreases for mX 800 GeV due to jet merging
Boosted Resonant HH bbbb analysis is coming...

B. Marzocchi (INFN Milano-Bicocca) Boosted Higgs bosons in physics analyses BOOST2014 - August 20th 14 / 19

HH → bbbb becomes the most important

keep on the lookout: CMS and ATLAS both 
announce that boosted HH to bbbb analysis 
is coming soon!

First limits available for the resolved bbbb analysis

BonnieBadder
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Nikos Konstantinidis Non-resonant  HH→4b  at  HL-LHC 

Additional angular/kinematic variables 

10 

• 10 uncorrelated variables describe fully the kinematic and 
angular/spin information of the 4b system 
– m, y, pT of the 4b system and masses of the two dijets 
– 3 decay angles (in resp. rest frames) & 2 angles between decay planes 

• Used extensively in H→4leptons channel 

H2 

H1 

b22 

b21 

b11 

b12 

52HH → bbbb
Keeping the boost and sesitivity

JHEP 1210 (2012) 112

I Sensitivity is lost with the boost in HH production.

I But we can still retain sensitivity if extra jets are considered.

I No extra jets are used in the next slides.

Danilo Ferreira de Lima (Durham&Glasgow) SM hh ! (bb̄)(bb̄) August 19, 2014 9/22

A handle on the QCD background JHEP 08 (2014) 030

I Instead of using SD to identify both Higgses, one can loosen
one SD tag and use BDRS for the second Higgs.

I No mass cut is applied on the BDRS-tagged Higgs.

Sub-leading jet mass (SD+BDRS) [GeV]
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Nikos Konstantinidis Non-resonant  HH→4b  at  HL-LHC 

Event Selection with akt4 jets 

6 

Nikos Konstantinidis Non-resonant  HH→4b  at  HL-LHC 

Kinematic variables 

11 

SM di-Higgs is HARD! Studies on sensitivity with 3 ab-1

Boosted analysis Resolved analysis

require moderate boost, pT > 150 GeV

uses combined SD + 
BDRS combined tagger

DanieloNikos

even with 10 variable 
BDT, still only able to 
achieve 1.7 σ
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in closing
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Higgs

top physics

SUSY

exotics

electroweak

QCD

dark matter

…

physics  

objects

experimental  

challenges
1 more energy

2 more luminosity (pileup)

light quarks 
gluons 
b quarks 
top quarks 
W/Z 
H 
??

missing 
energy

(isolated)  
e, μ, τ, γ

the physics

3 more performance, observables

{reconstruction

inputs to jets: 
!
ATLAS: 
tracks+topoclusters 
CMS: 
particle flowAndreas

1

Alexx2,3

David3

Chris3
Dominik3
Dinko3

Max3

Kevin

Christoph

Raffaele

Raffaele2

Bonnie

Badder

Trisha
Danielo3

Tobias3

Viola2

Ariel2

Matteo2

Phil2

Peter2

Marcel1,2

Michele1,2

Andreas

Ben3

Nikos

Danielo

Gregory2



Aug. 22, 2014 55thanks

•thank you to all the organizers for the wonderful workshop! 
!

•thank you to all the participants for the wonderful talks and 
discussions!
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