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Jets … 
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Hadronic Physics Renaissance

!3H/T Yang-Ting Chien for the graphics inspiration!

Hard
 pr

oc
es

s

Je
t a

lgo
rith

m

Je
t s

ha
pe

s

Je
t m

as
s

Hea
vy

 qu
ark

 m
as

se
s

Te
mpe

rat
ure

 in
 qg

p

Had
ron

iza
tio

n

t/W
/Z/H

 m
as

s

mEW pT pTR pT r m mb,c T ⇤QCD
>NLO 

calculations
NLL/resummed 

calculations
Mysteries?

Tuning

New
 P

hy
sic

s?
??

Mysteries!!!

PDFs

Diffr
ac

tio
n /

 U
E

!  Jets “today” are 
[also] experimental 
signatures of 
quarks/gluon

! Hadronic final states are a 
major part of the LHC physics 
program: Backgrounds/
signals/pileup

Sketch: Y.-T. Chien/S. Rappoccio 
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… and missing transverse momentum 
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! Negative vector sum of pT of objects in the event
! CMS: all PF candidates (weighted in the case of PUPPI MET)

! ATLAS:

! Always: Lower-level detector calibration crucial for pTmiss

𝒑𝑻𝒎𝒊𝒔𝒔 Reconstruction

Object based approach built in a specific order.

• Analyses decide on what definitions to use for muons/electrons/….
• Input them to MET reconstruction algorithm
• Algorithm adds objects to 𝒑𝑻 sum in this order to use the best energy

measurement/interpretations available:

• Performing its own overlap removal on whole/parts of objects, removing
tracks/clusters that have been used already in the 𝒑𝑻 sum. 
-> avoids double-counting!

• Remaining unused tracks become the ‘Track soft term’.

5/19/2023 Holly Pacey, University of Oxford 36

MET Performance 2015-16 CONF

! Missing transverse 
momentum: ‘Detector 
signature’ for invisible 
particles... 
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MET Performance 2015-16 CONF

! Missing transverse 
momentum: ‘Detector 
signature’ for invisible 
particles... 

! METNet as machine learning 
pTmiss 

! Considers different WPs for 
jets to output improved 
estimate
! Better resolution

! Also investigating MET 
significance
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-025/


CMS detector (for jets)
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Barrel region

 
CMS specifics
• Very precise tracker and ECAL
• Highly granular ECAL
• Tracking and calorimeters 

contained within 
superconducting magnet

• Strong magnetic field (3.8 T)



CMS (jets and MET) reconstruction Jet reconstruction at CMS
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ECAL 

pulse reconstruction

HCAL 

pulse reconstruction

Track
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and particle 
reconstruction

Particle Flow 

cluster 

reconstruction 

and calibration

• Enables per-particle calibration 

• Run II modifications led to critical 
improvements in jet substructure 
performance

Particle flow

Jet Substructure “Planning for the future” Event at the Fermilab LPC - Nov 30, 2016J. Dolen

JINST 12 (2017) no.10, P10003 

Try to reconstruct individual 
particle candidates, combining 
information from various 
detectors 
• Charged hadrons (tracker)
• Photons (ECAL)
• Neutral hadrons (HCAL)
• +Electrons/muons

‣ Form jets and MET using 
particle candidates 

‣ PF greatly improves CMS jet 
energy resolution as 
compared to calorimeter-only 
reconstruction.

Schematic by J. Dolen6
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Schematic by J. Dolen
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Jet reconstruction at CMS
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James Dolen BOOST 2015 - Chicago

Introduction

• Searches with boosted bosons →  
decay products merged into a single 
jet (V jets) 

• Techniques used to identify these 
objects will be discussed in detail in 
other talks this week 

- Only a quick summary today 

• V jets occur in many BSM models, 
some of which have dedicated talks 
at BOOST (VV resonances, V+MET 
etc.), therefore I will concentrate on 
top partner models which produce a 
very rich phenomenology containing 
boosted V 
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Schematic by J. Dolen
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Thomas will cover Flavor 
tagging and boosted objects 

https://indico.cern.ch/event/1198609/timetable/?view=standard#251-flavor-tagging-and-boosted
https://indico.cern.ch/event/1198609/timetable/?view=standard#251-flavor-tagging-and-boosted


Charged Hadron Subtraction for jets
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Particle Flow Charged Hadron Subtraction (CHS)
• Majority of pileup is from charged particles
• CHS removes individual charged hadrons from pileup vertices (ca. 2/3 of offset 

energy in barrel)
• Inherent limitation: Only works in tracker-covered region, only works on charged 

component
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Run 3: PUPPI consistently used for AK4, too
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PUPPI improves jet and MET resolutions at NPU>40 and even lower for large R

Just as important is substructure: mass scale, mass resolution, N-subjettiness

With PUPPI, can perform very detailed jet substructure studies even at high PU

Jets and MET at CMS, May 16 (20’) Alexis Kalogeropoulos, Mikko Voutilainen

PUPPI performance
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Figure 3: Jet energy resolution as a function of the particle-level jet pT for PF jets (orange circles),
PF jets with CHS applied (red triangles), and PF jets with PUPPI applied (blue squares) in
QCD multijet simulation. The number of interactions is required to be between 20 and 30.
The resolution is shown for AK4 jets with |h| < 0.5 (upper left) and 3.2 < |h| < 4.7 (upper
right), as well as for AK8 jets with |h| < 0.5 (lower). The error bars correspond to the statistical
uncertainty in the simulation.
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for AK8 jets for |h| < 0.5. Angular resolution of large-size jets is particularly sensitive to PU
as the clustered energy from PU particles increases with the jet size. Hence, the improvements
are larger when PUPPI jets are considered.
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Figure 5: Jet h resolution as a function of particle-level jet pT for PF jets (orange circles), PF
jets with CHS applied (red triangles), and PF jets with PUPPI applied (blue squares) in QCD
multijet simulation. The number of interactions is required to be between 20 and 30. The
resolution is shown for AK4 jets with |h| < 0.5 (upper left) and 3.2 < |h| < 4.7 (upper right)
as well as for AK8 jets with |h| < 0.5 (lower). The error bars correspond to the statistical
uncertainty in the simulation.

5.2 Noise jet rejection

The identification and rejection of jets originating from noise and reconstruction failures are
critical to all CMS analyses where a jet or p

miss
T is used as part of the selection. To further reject

noise after detector signal processing and jet clustering, a set of criteria on the PF candidates
within a jet are applied [6]. The criteria listed in Table 2 are based on jet constituent energy
fractions and multiplicities. They reject residual noise from the HCAL and ECAL, retaining 98–
99% of genuine jets, i.e., jets initiated by genuine particles rather than detector noise. Although
PU mitigation algorithms are not designed to have an effect on detector noise, they could, in
principle, affect the rejection capability of the noise jet ID.

JME-18-001 DP-2021/001

CMS Collaboration 8

Figure 1: Jet energy resolution as a function of the particle-level jet  for PF jets with CHS applied (red open triangles), 
PF jets with PUPPI v11a applied (blue open squares) and PF jets with the new tune of PUPPI v15 (black filled circles) in 
QCD multijet simulation in different η regions. 
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Jet energy resolution

“Pileup mitigation at CMS and ATLAS” Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22
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Figures can be found in “Pileup Per Particle Identification”, arXive:1407.6013.

PileUp-Per-Particle-Identification (PUPPI) mitigate PU for neutral particle-flow particles
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“Pileup mitigation at CMS and ATLAS” Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22
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JEC – Relative ⌘-dependent Residual Correction
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JEC – Response Correction From Simulation
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response of 0.6 (accounts for ⇠ 15%
of pptcl

T ).

I Stronger pT-dependence in endcaps
(EC1, 1.3 < |⌘| < 2.5 within tracker
acceptance and EC2, 2.5 < |⌘|< 3.0
outside tracker acceptance) and hadron
forward (HF, 3.0 < |⌘| < 5.2).

I Lower response in HF at low pT is a
side effect of PUPPI removing more
isolated particles to maintain better
resolution and higher purity while
reducing pileup contamination.

I Vertical lines refer to the detector boundaries.
Dashed line indicates the transition region between
EC and HF.

I Only physically accessible jets are shown (pT *
cosh(⌘) < center of mass energy/2).
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Run 3: PUPPI consistently used for AK4, too
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PUPPI improves jet and MET resolutions at NPU>40 and even lower for large R

Just as important is substructure: mass scale, mass resolution, N-subjettiness

With PUPPI, can perform very detailed jet substructure studies even at high PU

Jets and MET at CMS, May 16 (20’) Alexis Kalogeropoulos, Mikko Voutilainen

PUPPI performance
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Figure 3: Jet energy resolution as a function of the particle-level jet pT for PF jets (orange circles),
PF jets with CHS applied (red triangles), and PF jets with PUPPI applied (blue squares) in
QCD multijet simulation. The number of interactions is required to be between 20 and 30.
The resolution is shown for AK4 jets with |h| < 0.5 (upper left) and 3.2 < |h| < 4.7 (upper
right), as well as for AK8 jets with |h| < 0.5 (lower). The error bars correspond to the statistical
uncertainty in the simulation.

12

for AK8 jets for |h| < 0.5. Angular resolution of large-size jets is particularly sensitive to PU
as the clustered energy from PU particles increases with the jet size. Hence, the improvements
are larger when PUPPI jets are considered.
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Figure 5: Jet h resolution as a function of particle-level jet pT for PF jets (orange circles), PF
jets with CHS applied (red triangles), and PF jets with PUPPI applied (blue squares) in QCD
multijet simulation. The number of interactions is required to be between 20 and 30. The
resolution is shown for AK4 jets with |h| < 0.5 (upper left) and 3.2 < |h| < 4.7 (upper right)
as well as for AK8 jets with |h| < 0.5 (lower). The error bars correspond to the statistical
uncertainty in the simulation.

5.2 Noise jet rejection

The identification and rejection of jets originating from noise and reconstruction failures are
critical to all CMS analyses where a jet or p

miss
T is used as part of the selection. To further reject

noise after detector signal processing and jet clustering, a set of criteria on the PF candidates
within a jet are applied [6]. The criteria listed in Table 2 are based on jet constituent energy
fractions and multiplicities. They reject residual noise from the HCAL and ECAL, retaining 98–
99% of genuine jets, i.e., jets initiated by genuine particles rather than detector noise. Although
PU mitigation algorithms are not designed to have an effect on detector noise, they could, in
principle, affect the rejection capability of the noise jet ID.

JME-18-001 DP-2021/001

CMS Collaboration 8

Figure 1: Jet energy resolution as a function of the particle-level jet  for PF jets with CHS applied (red open triangles), 
PF jets with PUPPI v11a applied (blue open squares) and PF jets with the new tune of PUPPI v15 (black filled circles) in 
QCD multijet simulation in different η regions. 
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Jet energy resolution

“Pileup mitigation at CMS and ATLAS” Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22
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Figures can be found in “Pileup Per Particle Identification”, arXive:1407.6013.

PileUp-Per-Particle-Identification (PUPPI) mitigate PU for neutral particle-flow particles
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Concept : neutral particles close 
to charged particles from LV are 
likely to be from LV. 

Scale momentum by its PUPPI 
weight : 

PUPPI is extendable to the 
forward region by redefining alpha 
with charged+neutral particles. 
Use for Run 3 as default (also 
AK4) 

“Pileup mitigation at CMS and ATLAS” Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22
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JEC – Relative ⌘-dependent Residual Correction
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I Residual correction of jet response normalised to the response in the barrel derived in
bins of |⌘jet| and pave

T = (pjet1
T + pjet2

T )/2 using dijet events with MPF method.
I Correction, evaluated at a given pT value, is up to 3% in the barrel, while for 2.5 < |⌘|

< 3 it reaches up to 50%.
I The EC-HF transition region of 2.5 < |⌘| < 3 presents a large pT dependence that is

not evident in the barrel.
I Likely explanation of strong pT dependence is the missing calibration of HE (that has an

increased importance in the determination of pjet
T at high energies) that is expected to

be fixed in future runs.
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JEC – Response Correction From Simulation
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Run 3 (13.6 TeV)CMS Simulation Preliminary
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JES: AK4 PUPPI
Barrel Endcap Forward

BB EC1 EC2 HF

I Jet response defined as median of precoT
pptcl
T

.

Corrections derived in bins of ⌘jet and
pjet
T .

I Stable response in the barrel (BB, |⌘| <
1.3):

I Around 0.95 due to neutral hadrons’
response of 0.6 (accounts for ⇠ 15%
of pptcl

T ).

I Stronger pT-dependence in endcaps
(EC1, 1.3 < |⌘| < 2.5 within tracker
acceptance and EC2, 2.5 < |⌘|< 3.0
outside tracker acceptance) and hadron
forward (HF, 3.0 < |⌘| < 5.2).

I Lower response in HF at low pT is a
side effect of PUPPI removing more
isolated particles to maintain better
resolution and higher purity while
reducing pileup contamination.

I Vertical lines refer to the detector boundaries.
Dashed line indicates the transition region between
EC and HF.

I Only physically accessible jets are shown (pT *
cosh(⌘) < center of mass energy/2).
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arXiv:2303.10680

! First public result with 13.6 TeV was top 
cross section measurement (Sep 2022)

! Use W mass to control jet-energy scale for 
early measurement

! Smooth commissioning of AK4PUPPI for 
Run 3

http://arxiv.org/abs/2303.10680


ATLAS: Calorimeter hits as starting point

12

! ATLAS LAr 
calorimeters more 
finely segmented

! TopoClusters as main 
input for jets: 3D 
clusters of noise-
suppressed calo. cells

! With Run 2 Particle 
Flow became default, 
Track Calo Clusters, 
and Unified Flow 
Objects to improve 
substructure: Large-R 
jet paper 

! ML Pion reconstruction 

ATLAS Refresher

5/19/2023 Holly Pacey, University of Oxford 2

Inner Detector
• Charged particle tracks
• Decay vertices e.g. 

Hard-Scatter vertex “PV”
• 𝜂 < 2.5

EM Calorimeter
• EM Showers
• 𝑒/𝛾 Energy & direction
• 𝜂 < 4.9
• Δ𝜂 × Δ𝜙 = 0.025 ∗ 𝜋/128

Hadronic Calorimeter
• HAD showers
• Charged & neutral hadron 

Energy & direction
• 𝜂 < 4.9

Each calo. Readout defines 
a cell(Energy,location)

Each shower deposits
energy in many cells.

A Toroid, Lousy Acronym &  SolenoidATLAS Refresher

5/19/2023 Holly Pacey, University of Oxford 2

Inner Detector
• Charged particle tracks
• Decay vertices e.g. 

Hard-Scatter vertex “PV”
• 𝜂 < 2.5

EM Calorimeter
• EM Showers
• 𝑒/𝛾 Energy & direction
• 𝜂 < 4.9
• Δ𝜂 × Δ𝜙 = 0.025 ∗ 𝜋/128

Hadronic Calorimeter
• HAD showers
• Charged & neutral hadron 

Energy & direction
• 𝜂 < 4.9

Each calo. Readout defines 
a cell(Energy,location)

Each shower deposits
energy in many cells.

A Toroid, Lousy Acronym &  Solenoid

Jet Constituents

Topo-Clusters: most common jet inputs

• 3D clusters of noise-suppressed Calo. Cells
• How?

• Define significance for cell:

• Pick cells with high 𝜁𝑐𝑒𝑙𝑙𝐸𝑀 > 4
• Add neighbouring cells with 𝜁𝑐𝑒𝑙𝑙𝐸𝑀 > 2
• Add neighbouring cells
• Final step breaks up large topoclusters with 

multiple local maxima.

5

5/19/2023 Holly Pacey, University of Oxford

Topo-Clustering Run-1 Paper

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-09/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-040/


20 30 210 210×2 310 310×2
 [GeV]jet

T
p

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4Tp
) /

 
Tp(

σ
Je

t e
ne

rg
y 

re
so

lu
tio

n,
  in situEM+JES 

EM+JES total uncertainty
in situPFlow+JES 

PFlow+JES total uncertainty

 = 0.4R tkAnti-
| < 0.7η |≤0.2 

ATLAS
-1 = 13 TeV, 44 fbs

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
|jetη|

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35
0.4

0.45
0.5Tp

) /
 

Tp(
σ

Je
t e

ne
rg

y 
re

so
lu

tio
n,

 

EM+JES total uncertainty
PFlow+JES total uncertainty

 = 0.4R tkAnti-
 = 30 GeVjet

T
p

ATLAS
-1 = 13 TeV, 44 fbs

(b)

Figure 30: The relative jet energy resolution for fully calibrated PFlow+JES jets (blue curve) and EM+JES jets
(green curve) (a) as a function of ?jet

T and (b) as a function of [. The fit to the resolution as a function of ?jet
T for the

PFlow+JES jets shows an improvement in resolution over EM+JES jets at low-?T.
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Figure 31: Fractional jet energy resolution systematic uncertainty summed across all components for anti-:C ' = 0.4
jets (a) as a function of jet ?T at [ = 0.2 and (b) as a function of [ at ?T = 30 GeV. The total JER uncertainty is
shown for both EM+JES and PFlow+JES jets.
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ATLAS: Different jet types

13

Combine calorimeter + tracks 
without double counting 
! Associate tracks with ≥ 1 

topoclusters 
! Subtract calo energy deposits 

matching a track. 
! Remove PU tracks at the end 

using Charged Hadron 
Subtraction (CHS) 
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ATLAS Simulation
q q→ W = 13 TeV, s

 < 90 GeVtruem ≤70 GeV 
 < 1.2 trueη

JES+JMS

Particle Flow: improve low pT Track Calo Clusters: Improve subjets
Unified Flow Objects: Combine PF+TCC

! TCC to improve angular resolution at high pT
! UFO to optimize performance across whole pT 

range 
1. Start with tracks and PF objects 
2. Reduce PU
3. Sparse environment PFOs → UFO
4. Remainder → TCC split → UFO

! Improves jet mass res. and PU dependence
! Run 3: UFO with CS + SK and SoftDrop default 

large-R jets (and good for narrow-R jets)

arXiv:2007.02645   arXiv:2009.04986

http://arxiv.org/abs/arXiv:2007.02645
https://arxiv.org/abs/2009.04986


Jet energy corrections (base schema)
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Ɣ/Z+jet,MJB (pT)

JEC corrects 
reconstructed jets - on 
average - back to particle 
level 

(vs. pTgen , η, A, pileup μ)
< preco

T > / < pgen
T > = 1

Applied as a function of
event pile-up pT density

and jet area.

Removes residual pile-up
dependence, as a 

function of μ and NPV.

Reconstructed
jets

Jet finding applied to 
tracking- and/or 

calorimeter-based inputs.
Corrects jet 4-momentum

to the particle-level energy
scale. Both the energy and

direction are calibrated.

Reduces flavour dependence
and energy leakage effects

using calorimeter, track, and
muon-segment variables.

A residual calibration
is applied only to data
to correct for data/MC

differences.

pT-density-based
pile-up correction

Residual pile-up
correction

Absolute MC-based
calibration

Applied as a function of
event pile-up pT density

and jet area.

Removes residual pile-up
dependence, as a 

function of μ and NPV.

Jet finding applied to 
tracking- and/or 

calorimeter-based inputs.
Corrects jet 4-momentum

to the particle-level energy
scale. Both the energy and

direction are calibrated.

Reduces flavour dependence
and energy leakage effects

using calorimeter, track, and
muon-segment variables.

A residual calibration
is applied only to data
to correct for data/MC

differences.

Global sequential
calibration

Residual in situ
calibration



4.3.3 Comparison of the di�erent residual pile-up corrections

A comparison of the di�erent options for the residual pile-up corrections is shown in Figure 2. As seen in
this figure, the residual pile-up calibration is especially useful for improving the pile-up dependence for
jets with |[reco | > 2.5. Overall, for the 1D residual pile-up correction, the absolute pile-up dependence
increases for higher ?T jets, but the relative impact on the ?T response is smaller. While the 1D residual
pile-up correction performs best for the ?T range which it is optimised for (20–30 GeV), it has a sizeable
pile-up dependence at other jet ?T. In addition, since the 1D residual pile-up correction is optimised
for this same bin, its performance appears enhanced by construction, while a more di�erential binning
would show a worse performance. The 3D residual pile-up correction significantly reduces the pile-up
dependence of the calibration, particularly at high ?T. Based on these results, the 3D residual pile-up
calibration is used for the remainder of the reported studies.
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Figure 2: Dependence of ?T on (left) ` and (right) #PV after the di�erent residual pile-up corrections. The circles
indicate the 1D residual pile-up correction, and the squares indicate the 3D residual pile-up correction. This is shown
for jets with (top) 20 GeV < ?T < 30 GeV, (bottom) 30 GeV < ?T < 60 GeV.
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Global sequential
calibration

Residual in situ
calibration

! Change rho definition, use jets    
in impact-parameter sideband → 
reduced bias, smaller uncertainty

! 1D → 3D residual correction: adds 
correlation, corrections for extra 
detector effects

! Improved closure

Using splines

Small-R Jet Calibration

5/19/2023 Holly Pacey, University of Oxford 24

𝑝𝑇𝑐𝑜𝑟𝑟 = 𝑝𝑇𝑟𝑒𝑐𝑜 − 𝜌 × 𝐴 − 𝛼 × 𝑁𝑃𝑉 − 1 − 𝛽 × 𝜇

𝑁𝑃𝑉 = # primary vertices ~ in-time PU

𝜇 = interactions / bunch crossing 

~ out-of-time PU

New Ideas!
1. Alter 𝜌 definition to reduce bias: use jets in impact-parameter sideband

• Better MC/data agreement

• More similar between topologies

2. 1D->3D residual correction:

adds correlations; corrections

for extra detector effects:

𝑝𝑇𝑟𝑒𝑠𝑖𝑑. = 𝑝𝑇𝑎𝑟𝑒𝑎
− Δ𝑝𝑇𝑎𝑟𝑒𝑎𝑡𝑟𝑢𝑡ℎ 𝑁𝑃𝑉, 𝜇, 𝑝𝑇𝑎𝑟𝑒𝑎

𝑧0 sin 𝜃 < 2𝑚𝑚 2𝑚𝑚 < 𝑧0 sin 𝜃 < 4𝑚𝑚

7x smaller JES unc. from 𝜌 modelling

Small-R Jet Calibration New Methods Paper 2023
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Figure 1: The distribution of d as a function of ` for the (top) / (! ``)+jets and (middle) dÚet selections for data,
P����� 8, S����� 2.2.5, and S����� 2.1.1. The lower panel shows the di�erence between the two topologies which
is used to determine the uncertainty from the extrapolation across topologies, indicated by the vertical arrows. The
left plot shows d built from the jet constituents: neutral PFOs and charged PFOs with |I0 sin \ | < 2mm, and the right
plot shows d built using neutral PFOs and charged PFOs satisfying the new sideband selection.

two processes. Two di�erent S����� dÚet samples are shown: a 2.1.1 sample [47] that was used in the
previous calibration [4], and the 2.2.5 sample used now, while for / (! ``)+jets, only S����� 2.2.1 is
used. The S����� 2.2.X samples include an improvement to the multi-parton interaction (MPI) model,
which directly a�ects the bias in d. Significantly larger di�erences are seen between the dÚet S����� 2.1.1
sample and the / (! ``)+jets S����� 2.2.1 sample than between the dÚet S����� 2.2.5 sample and the
/ (! ``)+jets S����� 2.2.1 sample, Previously, the bias was determined using the dÚet S����� 2.1.1
sample and the / (! ``)+jets S����� 2.2.1 sample, which have di�erent MPI models. Using the updated
dÚet S����� sample that uses a consistent MPI model with / (! ``)+jets results in a factor of four
reduction in the bias, showing the importance of MPI modelling in MC simulations. The new d definition,
d

PUSB, results in significantly smaller di�erences between the di�erent topologies, and a better description
of the data by the simulation. Similarly, the improvements to the d definition result in almost a factor
of three improvement to the uncertainty, as seen by the di�erence between data and S����� for the two
di�erent d definitions. Together, these improvements reduce the JES uncertainty from the d modelling by
a factor of nearly seven.
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Figure 10: (a) The flavour response uncertainty, and (b) the flavour composition uncertainty for central jets. The solid
line shows the MCJES, the long dashed line shows the GSC, and the short dashed line shows the GNNC.

5 In situ analysis

The final calibration step accounts for di�erences in the jet response between simulation and data. Such
di�erences arise due to the imperfect simulation of detector response and detector material, and the
modelling of physics processes involved: hard scatter, underlying events, pile-up, jet formation and particle
interactions with detector material. For the remainder of these studies, a single jet calibration is studied,
using the sideband d definition in Section 4.2 and the 3D residual calibration in Section 4.3, the absolute
MC calibration implemented with p-splines in Section 4.4, and the GNNC for the global calibration in
Section 4.5. To fully understand the impact of these changes relative to the calibration procedure in Ref. [4],
on the calibration and corresponding uncertainties, the in situ calibration is studied. The in situ calibration
provides important validation of the new MC calibration of jets by comparing the data-to-MC di�erence
between the ?T balance of a jet against a well-calibrated object or system. In addition, novel studies are
done to disentangle the physics e�ects and detector e�ects in the [-intercalibration to reduce the systematic
uncertainties. Furthermore, the 1�jet JES is evaluated in situ using PFlow jets, which is performed using
W+ jet events for the first time.

The in situ calibration response Rin situ is defined as the average ratio of the jet ?T to the transverse
momentum of the reference object ?ref

T , derived as a function of ?ref
T . The Rin situ response is susceptible

to e�ects such as the radiation of additional partons or the loss of energy outside the reconstructed jet
cone. Dedicated event selections are applied to mitigate these e�ects. A double ratio, insensitive to these
secondary e�ects provided they are well-modelled in simulations, is defined

C =
Rdata

in situ

RMC
in situ

.

The calibration factor to the jet four-momentum can be obtained by a numerical inversion of this double
ratio as a function of jet ?T, and as a function of [det in [-intercalibration.

Two stages of in situ analyses are done sequentially to assess the performance of MC calibrations. First, a
relative in situ calibration referred to as the [-intercalibration is done, which corrects the energy scale of
forward jets (0.8 < |[det | < 4.5) to match that of the central jets (|[det | < 0.8) using the ?T balance in a
dÚet system. Second, an absolute calibration is done by measuring the ?T balance of a central jet against a
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Figure 9: The jet ?T resolution for (a) 0.2 < |[det | < 0.7, (b) 0.7 < |[det | < 1.3, (c) 1.8 < |[det | < 2.5, and (d)
3.2 < |[det | < 3.5. The solid line shows the MCJES, the long dashed line shows the GSC, and the short dashed line
shows the GNNC.

Figure 10 shows a comparison of the flavour composition and flavour response uncertainties for the MCJES,
GNNC and GSC. After the MCJES calibration, '@ � '6 becomes negative for jets above 100 GeV, which
appears as a dip in the flavour composition uncertainty. Both the GSC and GNNC can reduce these
uncertainties, with the GNNC providing a greater reduction. For each |[det | bin, when compared with the
GSC, the GNNC results in an average improvement of around 15–25% in the 40  ?T < 300 GeV range for
the flavour response uncertainty, and up to 25% improvements for the flavour composition uncertainty.
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Jet energy corrections (new developments)

16

Applied as a function of
event pile-up pT density

and jet area.

Removes residual pile-up
dependence, as a 

function of μ and NPV.

Reconstructed
jets

Jet finding applied to 
tracking- and/or 

calorimeter-based inputs.
Corrects jet 4-momentum

to the particle-level energy
scale. Both the energy and

direction are calibrated.

Reduces flavour dependence
and energy leakage effects

using calorimeter, track, and
muon-segment variables.

A residual calibration
is applied only to data
to correct for data/MC

differences.

pT-density-based
pile-up correction

Residual pile-up
correction

Absolute MC-based
calibration

Applied as a function of
event pile-up pT density

and jet area.

Removes residual pile-up
dependence, as a 

function of μ and NPV.

Jet finding applied to 
tracking- and/or 

calorimeter-based inputs.
Corrects jet 4-momentum

to the particle-level energy
scale. Both the energy and

direction are calibrated.

Reduces flavour dependence
and energy leakage effects

using calorimeter, track, and
muon-segment variables.

A residual calibration
is applied only to data
to correct for data/MC

differences.

Global sequential
calibration

Residual in situ
calibration

b-jet JES via 
γ+jetGlobal Sequential Calibration → Global Neural Network Calibration 

Add more observables 
Account for correlations 
Improves Response & Resolution & JES Flavour uncs. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2022-01/
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I The percentage of the average pileup
offset with respect to the true jet
energy is evaluated as a function of
pptcl
T , |⌘| and mean number of pileup

interactions per crossing (µ).

I Before applying offset corrections, the
remnant pileup in CHS jets is up to
⇠20% in the barrel and ⇠80% in the
forward region at low pT ([1], [2]).

I However, the same for PUPPI jets is
< 2-4% in the barrel and endcaps, <
10% in the EC-HF transition region
and <2% in the forward region.

I The strongly reduced amount of remnant pileup for PUPPI jets makes the usage of MC
truth pileup offset and residual offset corrections unnecessary.

I Not used for PUPPI jets.

Monitoring only Monitoring only

Monitoring
only

Monitoring only
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Ɣ/Z+jet,MJB (pT)

Introduction

I Jet energy scale (JES) and resolution (JER) calibration is presented, based on the
prompt reconstruction of data collected in pp collisions at

p
s = 13.6 TeV in 2022.

Previous results for 2016-2018 at
p
s = 13 TeV with end-of-year and legacy

reconstruction were shown in [1] and [2] respectively.
I The results are shown for jets that are clustered from particle flow candidates, using

input from the Pileup Per Particle Identification (PUPPI) algorithm ([3], [4], [5]),
contrary to the aforementioned publications from Run 2, where the Charged Hadron
Subtraction (CHS) technique was applied to PF candidates instead.

I The JES is corrected up to the level of jets clustered from stable (c⌧>1cm) and visible
(excluding weakly interacting neutral particles) final state particles, referred to as
particle (ptcl) jets.

Reconstructed 
Jets

Response (pT , η)

MC

Residuals (η)
dijets

Residuals (pT )
𝛾/Z + jet, MJB Calibrated 

Jets

Applied to data

Applied to simulation

Illustration by: 
Garvita Agarwal

Resolution (pT , η)

dijets

I The jets are calibrated sequentially with:
I detector response correction from simulation
I residual corrections for differences between data and detector simulation
I jet resolution smearing in simulated jets

2

! Not applied to 
PUPPI jets in 
Run 3, just 
monitored
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I Residual correction of jet response normalised to the response in the barrel derived in
bins of |⌘jet| and pave

T = (pjet1
T + pjet2

T )/2 using dijet events with MPF method.
I Correction, evaluated at a given pT value, is up to 3% in the barrel, while for 2.5 < |⌘|

< 3 it reaches up to 50%.
I The EC-HF transition region of 2.5 < |⌘| < 3 presents a large pT dependence that is

not evident in the barrel.
I Likely explanation of strong pT dependence is the missing calibration of HE (that has an

increased importance in the determination of pjet
T at high energies) that is expected to

be fixed in future runs.

jet1
Hard scattering 

|��(jet1, jet2) | > 2.5

PU

PU

PU

jet2

jet3

7

! More inputs to global fit of residual corrections
! Transition to PUPPI for Run 3 (and first Run 3 

publication with AK4 PUPPI jets)

https://cds.cern.ch/record/2841534?ln=en


Conclusions

18

5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam

We are here

! Hadronic final states are a major part of the LHC physics program: 
Backgrounds/signals/pileup 
! Improved “defaults” for Run 3, improved methods 
! Close interplay with low-level reconstruction
! Machine learning crucial tool to improve performance

! Also important: HL-LHC around the corner - new playground for 
exploiting detector upgrades

Revamped 
detectors
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Highlights of jet substructure measurements at 13 TeV Jet substructure measurements in t̄t events

ATLAS & CMS jet substructures in t̄t events
1903.02942 (ATLAS), arXiv:1808.07340 (CMS), 1805.02935 (ATLAS)
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Image credit: James Dolen

Top quark pair events are an ideal proving ground for measurements of

jet substructure

Plentiful process, and key background for many new physics searches
High purity, and relatively orthogonal event selection criteria (for
lepton+jets samples)
Multiple jet flavors involved: b, q, g
Two resonances, W & t, including colorless object
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! Need to remove softer constituents (QCD radiation) 
! CMS “baseline”: PUPPI soft drop mass

Highlights of jet substructure measurements at 13 TeV Jet substructure measurements in t̄t events

ATLAS & CMS jet substructures in t̄t events
1903.02942 (ATLAS), arXiv:1808.07340 (CMS), 1805.02935 (ATLAS)
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Jet mass: mQCD →0
Softdrop/mMDT
! C/A declustering, stop if 

Grooming methods

Modify jets to reduce impact of soft
radiation and pileup events.
Various methods, for example:

Trimming arXiv:0912.1342

Cluster subjets with small R
(0.2), remove if below cut (0.05)

Soft drop arXiv:1402.2657

C/A declustering, stop if
min(pj1T ,pj2T )

pj1T +pj2T
> zcut (�R12/R)

�

Figures from ATLAS PERF-2012-02

and A. Larkoski (LPC 2014)

Markus Seidel (Maryland) Jet structure and event shapes at the LHC April 25, 2019 6 / 28

Robin Aggleton | robin.aggleton@cern.ch QCD@LHC2018, Dresden

Grooming: 
Remove unassociated radiation from jet (underlying event, pileup, …) - would ruin jet mass resolution, etc 

Makes comparison with theoretical calculations easier - compare groomed quantities (mass, # constituents, …) 

Several types: trimming (recluster constituents into smaller-R jets), pruning (redo clustering, removing soft/wide 
angle constituents), soft drop 

Soft Drop:

Jet Substructure Jargon

 12

 

Recluster jet constituents with Cambridge-Aachen: 

Break jet j into 2 subjets 
If  2 subjets satisfy condition then j is final soft drop jet 
Otherwise j = subjet with larger pT 

CMS typically uses β = 0, zcut = 0.1 
Especially useful for jet mass: mQCD → 0, whilst other objects peak at mX 

JHEP 1405 (2014) 146
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emissions. Intriguingly, we will find that the � ! 0 limit is “Sudakov safe” [105],

and the resulting jet energy drop spectrum is independent of ↵s in the fixed coupling

approximation.

While the focus of this paper is on the analytic properties of the soft drop procedure, we

will cross check our results using parton shower Monte Carlo simulations. In addition to

these analytic studies, we will perform a Monte Carlo study of non-perturbative corrections

(hadronization and UE) in Sec. 6, and estimate the tagging performance of soft drop for

boosted W bosons in Sec. 7. We present our conclusions in Sec. 8.

2 Soft Drop Declustering

2.1 Definition

The starting point for soft drop declustering is a jet with characteristic radius R0. For

definiteness, we will always consider jets defined with the anti-kt algorithm [109], but other

jet algorithms would work equally well. We then recluster the jet constituents using the

Cambridge-Aachen (C/A) algorithm [110, 111] to form a pairwise clustering tree with an

angular-ordered structure.

The soft drop declustering procedure depends on two parameters, a soft threshold zcut

and an angular exponent �, and is implemented as follows:

1. Break the jet j into two subjets by undoing the last stage of C/A clustering. Label the

resulting two subjets as j1 and j2.

2. If the subjets pass the soft drop condition
⇣
min(pT1,pT2)

pT1+pT2
> zcut

⇣
�R12
R0

⌘�
, see Eq. (1.1)

⌘

then deem j to be the final soft-drop jet. (Optionally, one could also impose the mass-

drop condition max(m1,m2) < µm as in Ref. [6], but we will not use that here.)

3. Otherwise, redefine j to be equal to subjet with larger pT and iterate the procedure.

4. If j is a singleton and can no longer be declustered, then one can either remove j from

consideration (“tagging mode”) or leave j as the final soft-drop jet (“grooming mode”).

By building a C/A tree, we can apply the pairwise soft drop condition from Eq. (1.1) to a jet

with more than two constituents. Tagging mode is only IRC safe for �  0 whereas grooming

mode is only IRC safe for � > 0. In this paper, we will typically consider zcut ' 0.1 but we

will explore a wide range of � values.2

The above algorithm can be thought of as a generalization of the (modified) mass-drop

tagger (mMDT) [6, 59], with � = 0 roughly corresponding to mMDT itself. There are,

2Throughout this paper, we will assume that �R12 < R0 at every stage of the declustering, such that the

algorithm returns the whole jet in the � ! 1 limit. In practice, it is possible for a jet of characteristic radius

R0 to have �R12 > R0 when reclustered with C/A, and in that case we simply apply step 2 without change,

such that wide angle emissions can still be vetoed even in the � ! 1 limit.

– 4 –
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Two main questions:
A.What is the mass of the object?

CMS: β = 0 and z = 0.1
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! Quantify how well a jet can be subdivided into sub-jets
! CMS “baseline”: N-subjettiness ratio

Two main questions:
A.What is the mass of the object?
B.What is inside this object? 

10

of light quarks or gluons are expected to only have one or two such regions (in the case of gluon
splitting). The N-subjettiness variables [59, 60],

tN =
1
d0

Â
i

pT,i min
⇥
DR1,i, DR2,i, . . . , DRN,i

⇤
, (2)

342

quantify how many subjets can be found inside the jet. The index i refers to the jet constituents,343

while the DR terms represent the spatial distance between a given jet constituent and a center344

of hard radiation. The quantity d0 is a normalization constant. The centers of hard radiation345

are found by performing the exclusive kT algorithm [61, 62] on the jet constituents before the346

application of any grooming techniques. The values of the tN variables are typically small if the347

jet is compatible with having N or more subjets. However, a more discriminating observable348

is the ratio of different tN variables. To this end, the ratio t32 is used for t quark identification,349

whereas the ratio t21 is used for W/Z/H boson identification. The distribution t21 and t32 for350

signal and background AK8 jets is shown in Fig. 3. Measured values of these distributions at351

CMS can also be found for light-flavor jets in Ref. [9]. Typical operating regions for t32 (t21)352

are 0.44–0.89 (0.35–0.65), which correspond to a misidentification rate after the mSD selection of353

0.1–10% (0.1–10%), respectively.354
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Figure 3: Comparison of the t21 (left) and t32 (right) shape in signal and background AK8
jets. The fiducial selection on the jets is displayed on the plots. As signal jets we consider
jets stemming from hadronic decays of W, Z or H bosons (left) or t quarks (right), whereas
background jets are obtained from the QCD multijet sample.

The baseline V boson tagging algorithm, based on selections on mSD and t21 will be referred355

to as“mSD + t21” in what follows. V tagging with this method is used frequently in current356

analyses (see for example Ref.[63–66]) starting at approximately 200 GeV in pT.357

For t quark tagging we studied a tagger based on mSD and t32, which will be referred to as358

“mSD + t32”. An additional improvement in the performance of the t quark identification is359

achieved by applying the CSVv2 b tagging algorithm discussed in Section 4 on the subjets360

returned by the SD algorithm. In the studies presented in this paper we require at least one361

of the two subjets to pass the loose working point of the CSVv2 algorithm, corresponding362

to b quark identification efficiency ⇠ 85%, with a misidentification rate for light quarks and363

gluons ⇠ 10%, and ⇠ 60% for c quarks. This version of the baseline t quark tagging algorithm364

will be referred to as “mSD + t32 + b”. Top tagging with this method is used extensively in365

10

of light quarks or gluons are expected to only have one or two such regions (in the case of gluon
splitting). The N-subjettiness variables [59, 60],

tN =
1
d0

Â
i

pT,i min
⇥
DR1,i, DR2,i, . . . , DRN,i

⇤
, (2)

342

quantify how many subjets can be found inside the jet. The index i refers to the jet constituents,343

while the DR terms represent the spatial distance between a given jet constituent and a center344

of hard radiation. The quantity d0 is a normalization constant. The centers of hard radiation345

are found by performing the exclusive kT algorithm [61, 62] on the jet constituents before the346

application of any grooming techniques. The values of the tN variables are typically small if the347

jet is compatible with having N or more subjets. However, a more discriminating observable348

is the ratio of different tN variables. To this end, the ratio t32 is used for t quark identification,349

whereas the ratio t21 is used for W/Z/H boson identification. The distribution t21 and t32 for350

signal and background AK8 jets is shown in Fig. 3. Measured values of these distributions at351

CMS can also be found for light-flavor jets in Ref. [9]. Typical operating regions for t32 (t21)352

are 0.44–0.89 (0.35–0.65), which correspond to a misidentification rate after the mSD selection of353

0.1–10% (0.1–10%), respectively.354

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
21τ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

A.
U

.  (13 TeV)

CMS
Simulation Preliminary

QCD multijet

W boson

Z boson

Higgs boson

AK8
| < 2.4jetη < 1000 GeV, |

jet

T
500 < p

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
32τ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

A.
U

.  (13 TeV)

CMS
Simulation Preliminary QCD multijet

Top quark

AK8
| < 2.4jetη < 1000 GeV, |

jet

T
500 < p

Figure 3: Comparison of the t21 (left) and t32 (right) shape in signal and background AK8
jets. The fiducial selection on the jets is displayed on the plots. As signal jets we consider
jets stemming from hadronic decays of W, Z or H bosons (left) or t quarks (right), whereas
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Top quark pair events are an ideal proving ground for measurements of

jet substructure

Plentiful process, and key background for many new physics searches
High purity, and relatively orthogonal event selection criteria (for
lepton+jets samples)
Multiple jet flavors involved: b, q, g
Two resonances, W & t, including colorless object
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High-level → jet-constituent-based 

22

! For optimal performance access to jet-constituents more powerful than high-level 
observables (cf. e.g. JME-18-002)

! Recent comprehensive comparison study ATL-PHYS-PUB-2022-039 on dataset 
made publicly available

! ParticleNet best, though some increase in modelling uncs. 
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Figure 1. Performance of the DeepAK8 and ParticleNet algorithms for identifying hadronically decaying top
quarks. A selection on the jet mass, 105 < mSD < 210 GeV, is applied in addition to the ML-based identification
algorithm when evaluating the signal and background efficiencies. For the signal (background), the generated
top quarks (other quarks and gluons) are required to satisfy 500 < pT < 1000GeV and |η| < 2.4.
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Boosted Top Tagger Performance
ParticleNet best, though some increase in modelling uncs.
2-3x better rejection @ 50-80% efficiency

5/19/2023 Holly Pacey, University of Oxford 33

Constituent-based Top tagger PUB 2022
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