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Jets!

- . Higgs Decays L Decays W Decays
Jets plays a critical role on the LHC physics program

Neutrinos

The majority of Higgs bosons, W's, and Z's decay to jets!

Jets are present in almost any kind of measurement or search you
can do

Searches Measurements
We have not found beyond the SM physics (yet)! Precise QCD calculations opens the opportunity to
Most remaining scenarios involve heavy new do precision measurements
parficles New tools available in the past years
Reconstructed objects are necessarily boosted Lund jet plane, energy correlators, event shapes...
Jet faggers are a great tool to suppress Jets are useful for studying
background and increase signal efficiency QCD processes
Machine learning techniques are currently MC generators and shower models

leading the developments
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Outline

In this talk | will briefly cover how to build a jet and some
use-cases

*Define Inputs/constituents (and calibrate them)

*Use Pile-Up (PU) mitigation technigues to make them as
much resilient as possible

*Reconstruction algorithm (preferably infrared and
collinear safe)

*Grooming technigques to mitigate PU and soft radiation
*Calibrate it

*Tag it (if needed)

*Do Physics analysis with jets or study them

And highlight (some) of the greatest and |latests
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Outline

In this talk | will briefly cover how to build a jet and some
use-cases

Jet Algorithms

Inputs /A///'/.\ ‘

Jet Calibration

*Define Inputs/constituents (and calibrate them) \ 2;?& /\

*Use Pile-Up (PU) mitigation techniques to make them as j | Data-Based el
oo : <~ Corrections Measurements
much resilient as possible

Construct ETM'SS

N

Measure EtMiss
Significance

*Reconstruction algorithm (preferably infrared and
collinear safe)

other objects Physics!
*Grooming techniques to mitigate PU and soft radiation '

*Calibrate it
*Tag it (if needed) The goals of this talk:
*An introduction of some concepts for the
*Do Physics analysis with jets or study them non-experts
*An “appetizer" of new highlights (to
And highlight (some) of the greatest and latests rollow-up during the week| for the experts
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Forming a Jet

Jets represent the a collimated shower of energetic hadrons

proton [—/-r
\ ® ~ S a
() —q |
pro/4 g S \J B
e
Parton jet

Particle jet Track jet . .
Calorimeter jet

Jets can be formed of any 4-vector (simulated particles: fruth jets, ID fracks: Track jets)

Use a jet algorithm to cluster objects into a jet: It maps final state et 4_ve<\T]O /r/s(commuems) e en
parficle momenta fo |et mpmen’ro. | | 3\\ Zi |
The Anti-Kt is the most widely used jet algorithm S Jet Algorithm
Defined by their radius parameter: this sets the stopping criteria %l\\
. o . pr S m
Depending on physics intent, different W/

size of jets radiiare useful
* CMS: 0.4, 0.8
% ATLAS: 0.4, 1.0
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What are the inputs to jet reconstruction?

ATLAS simulation 2010 ATLAS simulation 2010
| Pythia6.425 ™ | i E [MeV] = [ Pyhiasazs ™ T e o E [MeV]
o y i S 10° o tevent 10°

ATLAS simulation 2010
L Pythia6.a2s™ i wl l E [MeV]

- dijetevent . : —10°

ATLAS’s work-horse jets for ~10 years used calorimefer inputs RN
Topo-clusters: 3D clusters of noise-suppressed calorimeter cells "1~ [,

- e e T : ]

based on cell-energy signiticance
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Combining information form sub detectors

ATLAS
PFlow: subtract (cell-by-cell) expected energy from the
calorimeter defined by the matched track. For Small-R in Run?2
TCC: Split cluster if more than one track is pointing at if, use n,
¢ from fracks. For Large-R jets in some Run2 analysis
UFO: Combine PFO and TCC depending on environment 1o
make best of both. For Large-R jets (Small-R underway) from
Run-3 on

CMS

Particle Flow (PF) algorithm used since the
start of data-taking.

Combines information from all
subdetectors (single combination
technique) and provides a mutually
exclusive list of particles

A
\ neutral

' hadron

Inner-detector R Charged N

tracks 'W

Detector

N Particle Flow

TCC cluster
CEJ(;’/(A(\;S Neutral PFOs > Splitting on ngutral
Particle-flow PHOE B [T Unified
objects (PFOs) vertex tracks & Flow
Charged PFOs charged PFOs. Objects
Tracks muons, electrons, photons, : | ks

Calorimeter deposits neutral hadrons, charged hadrons CHs N
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/fig_07.png

ATLAS’s work-horse jets for ~10 years used calorimeter inputs
Topo-clusters: 3D clusters of noise-suppressed calorimetfer cells “ . . .,

based on cell-energy signiticance

What are the inputs to jet reconstruction?

ATLAS simulation 2010
L Pythia6.a2s™ i wl . E [MeV]

- dijetevent - : —10°

ATLAS simulation 2010 ATLAS simulation 2010
| Pythia6.425 " i e E [MeV] e [ Pythia 6425 " ¢ b i E [MeV]
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Combining information form sub detectors

CMS

Particle Flow (PF) algorithm used since the

start of data-taking.

Combines information from all
subdetectors (single combination
technique) and provides a mutually

exclusive list of particles
S oal.CMS  Antik,R=04 = Calo |
_ Simulation mRef < 1.3 — PF

O
o

H=0 (no pileup)

Energy resolutio
o
S
1 I ) I‘-
I
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N
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ATLAS

PFlow: subtract (cell-by-cell) expected energy from the
calorimeter defined by the matched track. For Small-R in Run?2

TCC: Split cluster if more than one track is pointing at if, use n,
¢ from fracks. For Large-R jets in some Run2 analysis

UFO: Combine PFO and TCC depending on environment 1o
make best of both. For Large-R j.e.T§ (.S'.“.qll'.R gnderwoy) from
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http://dx.doi.org/10.1088/1748-0221/12/10/P10003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/figaux_14a.png

Combating Pile-Up effects

How we can mitigate PU? CMS c 03 CMS Simuaton {270
Estimate and subtract PU contribution fo object Before: PF+CHS for Small-R 3 | aeas M0 e
) ' — CHS T
enhergy PUPPI for all jets in Run3 ~ § | Reseonse- 0 100
. . . . . et - corrected PUPPI = 200 -
Filter out objects originating from PU Assign a weight to > 02 . 500 _
. every particle © w1
At different levels depending on its ©
From the constituent reconsiruction orobability to originate S b
* Topo-Clusters (noise suppression) from a leading or PU 0.1 .
* No PVO charged objects can be rejected in UFOs vertex.
Constituent-level Large-R: uses PUPPI & :
* Charge Hadron subtraction (CHS) Soft-Dro - 0L . 111
) , O groomin
* Constituent Subtraction (CS) J o 0 NUS&beﬁoof i,?feraﬁ‘;ongo
%SOfTKlllel’ (SK) ATI.AS % FT T LA AL I B
* PU per particle identification (PUPPI) S ATLAS Simulation E
Jet-level Large-R: I s i3°ﬁjv1ls”t 5°°f:“ -
* Jet-Area Subtraction + PU correction in calibration Betore: LC-Topo with ~ ¢ | L
* Jet Vertex Tagger ( JVT), Forward Jet Vertex Tagger Trimming | | e R @O ~
(fJVT) in ATLAS Now: UFO jets with N
% PU JGT |D II"\ CMS CS+S|< Ond SOfT Drop [ == UFO Trimming
* Large-R jets: Grooming (trimming, soft drop) Smali-R: PFlow with G0 e COLSK UFO Trimming E
CHS - ---l-l-- CS+SKIUFO Soft IDrop | | | i
e T s 200 25 30 35
I\IPV 10
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https://arxiv.org/pdf/1407.6013
https://cds.cern.ch/record/2899451/files/DP2024_028.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/figaux_14a.png
https://arxiv.org/abs/2003.00503

Jet inputs and PU mitigation highlights

, o §0.35F ATLAS Simufaton E Optimisation of PU mitigation
Time as a new discriminant 8 03 fs=13TeV.Pyhas2s0 3 , , N
. . S ok No time E technique for 7, identification
Reduces residual out-of-time N . - Seed Ext. cut ; » , o
o — == 0 Seed Ext. cut + UL 403 -
PU that was not suppressed by go‘)ég et ©Send B UL Un|f|§deIov?r %er??cc;hc;n for 5':{“0'”
- 2015 == = " Seed Bxt.cut + UL 10 cone |Jets extended 1o hadronic Taus
clustering | § 0.1- =, - J (136 T
NGWdeOUHIﬂRUﬂ-G) 50055__._ $++ - 3, 1.3_""IS""l""l""l'"'I""PIU‘P;:I"I."'GV_)
' e e - - CM - V17 -
Eur. Phys. J. C 84 (2024) 455 ?,:‘ = B === =N I .5 1.2 Simulation PUPPI v18 -
3 ' ' ,fé_’ - Preliminary <+ PUPPI v18b :
é’) o 1.1 C 13 <l <2.4 < default 7, reco.
= 8 1:_1 decay mode: inclusive ] . =
” Event p [GeV o - S = e
ATLPHYS-PUB-2023:019 o P 120V = 0.9 == L =
Cluster Calibration with ML 2 F ATLAS Simulation Preliminary  « ewvamng - 0.8 - =
<§ 2_5:_ Vs = 13 TeV Anti-k, R = 0.4 EMTopo jets * DNN training _: o 75 - .
Z - B pi’Ej:>20 GeV, |ijeEtS|<2, E:ZZ>300 MeV » EMscale . e — =
Neural Network for topo-cluster £ - = " LOW hadronic scale 0.6 =
. . o N ] [ _
CCI|IbI’CiTIOﬂ = E++: 7 S | | L1 | | 1 -
: . . 15T —"""""""—"—"—"—"—"—"—————— — ———— — —
Mainly corrects differencesin 5 TF 1. ST ] S R B A AR A
. - | > = _O——o—+ i
detector response (calorimeter =+ Sl b B A N :
. 1 <C |0 - :
non-compensation) 05k E N =
- 5 20 30 40 50 60 70 80 o6 r?O 100
i T T CMS-DP-2024-043 T, P [GeV]
de . . .
s [GEV] More details on Nurfikri talk

More details on Magda Diamantopoulou talk

Dilia Portillo
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https://agenda.infn.it/event/37093/contributions/234312/
https://link.springer.com/article/10.1140/epjc/s10052-024-12657-1
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-019/
https://agenda.infn.it/event/37093/contributions/234317/
https://cds.cern.ch/record/2904356?ln=en

Calibrate it!

© The "Jet Energy Scale” correction calibrates reco-jets to true-jets (from
the generator): larger corrections at low energy, forward regions
S Multiply the original jet energy by this factor: bring jets to “truth”
scale

a.u.

©Both ATLAS and CMS have in place a calibration chain

© The important metrics

_ Jet energy resolution
Median response

“Factorised approach:

pilleup — simulation — residuals in data
Applied to data

CMS

dije

ATLAS Applied to simulation —> A |

Reconstructed pr-density-based Residual pile-up Absolute MC-based

jets pile-up correction correction calibration

calibration

' \ 4
PU correction is not needed in CMS after PUPPI implementation Reduces jet-by-jet
Likely will not be needed in ATLAS when CS+SK UFO small-R jets response variation
commissioned Only in ATLAS

Dilia Portillo

l7

i - Vg
p;ec / pﬁen 1 p;ec /pgen

o R e a0

ts

Global sequential Residual in situ

calibration

I
\

Data is corrected in-situ from
measured pT balance of jets in

S multi-jet and Z/y + jet events 1o
match MC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsDP2024039

Jet Calibration Highlights

New developments on simulation-based calibration using machine learning
Both collaborations focusing on getting a good JES for b-jets

New dedicated b-JES calibration First flavor-aware regression for small-R jets

Using transformer networks Using Particle Net IOT regresz%'gﬂsﬂev)
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More details on Magda Diamantopoulou talk Significant resolution improvement of up 1o 17%

and poster from Andrius Vaitkus More details on Nurfikri talk
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsDP2024064
https://agenda.infn.it/event/37093/contributions/234312/
https://agenda.infn.it/event/37093/contributions/236616/
https://agenda.infn.it/event/37093/contributions/234317/
https://cds.cern.ch/record/2905688/files/ATL-PHYS-PUB-2024-015.pdf

Jet Mass Response, R,

Jet Calibration Highlights in ATLAS

Small-R jets

MC-based calibration for
Large-R jets

Simultaneous JES+JMS using DNN

1 .2 : I I LI I LI | L | LI LI I LI I LI I L :
- ATLAS Simulatio s Uncalibrated .
11555 - 13 Tev, Pythia s, diet Standard calbraon
1 1__pTue € [3000,4000] GeV —e— DNN calibration =
"'C mive ¢ [50,80] GeV ]
1.05F =
0.95F 3
0.9F =
0.8F- =
O 75 :I | I 1 11 1 I 1 1 1 1 I 1 1 1 1 | 111 | 111 I 1 11 1 I 1 11 1 I 1 1 1 | :

DT 5745 1 05 0 05 1 15 2
ntrue

submitted to MLST

Reconstructed

jets

pr-density-based
pile-up correction

Global Neural Network Calibration (GNNC)

Jet p_resolution ( o)

sgn(lo'-c|) \/6’2-02

NEW DNN

multiple steps of GSC
Reduce difference between g/g-jets

T

w.r.t. MCJES

0.35
0.3
0.25
0.2
0.15
0.1
0.05

0.05

—-0.05

|
©
—h

Eur. Phys. J. C 83 (2023) 761
'ATLAS Simulaton

T T I

= {s=13 TeV, Pythia 8 dijet — MCJES =
= Anti-k, R = 0.4 jets (PFlow) ..... GSC -
- 0.7 <| ndet| <13 .. GNNC =
3 =

30 10?2 2x10? 10° 2x10°
pre [GeV.

More details on Magda Diamantopoulou talk
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Fractional JES uncertainty

Absolute MC-based Global sequential
calibration calibration

-based calibration to replace the

Residual in situ

calibration

New single parficle
measurement with W— v events
submitted to EPJC

I | I | | | | I I | | I I | I
Vs =13 TeV, Data 2015-18 ATLAS
anti-k, R = 0.4, PFlow+JES

n=0.0

L

[ Total uncertainty, di-jets
== |n situ calibration
Flavour components
- Pileup components
Previous In situ calibration
Previous Flavour components
—— Previous Total uncertainty, dijets

JES uncertainty for combination of
E/p and p.-balance techniques

lII|IIII|IIIl

v
*a,
‘U

|

— _
IlllIllll|llllmll|lllllllll

L 4
L J
“““““
by
Huul
1’
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Uy
Nu g

Lo ] |.“||‘|||||
10°

2x10°
p= [Gev]

JES Uncertainty goes down to < 1%
for jet pT > 100 GeV

20 30 40

See poster from L.Panwarl!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2022-01
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2023-02/
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https://arxiv.org/abs/2407.15627

Jet Calibration Highlights in CMS

NEW Jet Energy Correction (JEC) and resolution (JER) results using Run 3 dato

Phi-dependent Jet Energy Correction DP2024 039 o |2(?118,I5]9.I81|‘bl‘1l(1l3|'l'le\{) I+Izlozlsl,9.5|f?-l1(|19|,.§T|elv?
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Outperforming legacy Run2 reconstruction in

barrel region with promptly reconstructed datal
More details on Nurfikri talk
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https://cds.cern.ch/record/2902862/files/DP2024_039.pdf
https://agenda.infn.it/event/37093/contributions/234317/

Tag it!

Jet Substructure:
Study the inner structure / energy flow to distinguish signal
large-R jets (W, Z, top) from background jets (g/g-inifiated)

Types of taggers

Simple cut-based taggers often referred to as smooth taggers
3-variable tagger for W/Z tagging using jet mass, D2 and ntrk

Multivariate taggers using high-level information
Inputs are various substructure variables

Multivariate taggers using low-level information
INnputs are the constituents of the jets (+ potentially additional
iInformation)

Declustering taggers: attempt to reconstruct the jet's shower
history
e.g. shower deconstruction, Lund jet plane based taggers

Dilia Portillo

Important Metrics

€¢: fraction of signal jets that are
correctly identified (tagged)

The background rejection (1 /eBkg)

tells us how much of the QCD jetfs we
reject
Working Points (WP) are defined

usually with e¢ = 50 % , 80 %

Bonus points

If the tagger Is mass-decorrelated
Does not sculpt the mass shape
16



Jet Tagging highlights

Mistag rate €g

New developments for top New charge tagger to New Lund-net tagger and is performing the best so far
tagging with variable-sized jefts differentiate W+, W- [ 3 . [ATLAS Saton prdiminary T
0CMSS/mulat/on Prehmmg)ryP -2024 038 (13+13.6 TeV) 1 DP-2024-044 (13 TeV) :C, - (s /s = 13 TeV, W tagging :

10 | &3‘ < L L '/'/'/""','.’E ke ~ anti-k, R=1.0 UFO Soft-Drop CS+SK jets i
309~ CMS = + 3 3 - pT>ZOOGeV m| < 2.0 .
S F Simulation - . - 10°F =
+ 0.8 o P - c = -
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0.7F 7 S 2 B .
10" - /7 . =4 = )
06 // E D902 E_\ IR E
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- 0.5E / g - :
' * Cut based - jet pT > 800 GeV 0‘4:_ / ) —: = e -
10-2 Cut based - 400 < jet pT < 800 GeV 0 3:_ / ,"’ Jet charge tagger AUC = 0.77 = 10 NN e =
/ B Cut.bas..ed-2008;(;'el p$<400 GeV Ok / .’ s E — LundNet ParT : “"\\ \ °
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P W efficiency iIncreases for constituent level
. . 50
BDT for top quarks on HOTVR and Jet charge tagger improves faggers with ML ATLAS Simaton Proiminary
performance significantly over cut-based approaches = 4o| otk Re10 UFO OSSK et
CMS Simulation Prellm/nary (1 3 TeV E Esig=0.5
5 I S | ] ' -B’ ParticleNet
S 1T N : 5 °
o 1 More details on £ 40+
110.8 - H - . 9 ResNet50
: : 1 Donato Trolano S5 | PFN
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: - Tw% 30 A hlIDNN .
DP-2024-038 olf : Top Tagging
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https://cds.cern.ch/record/2902861/files/DP2024_038.pdf
https://cds.cern.ch/record/2904357?ln=en
https://agenda.infn.it/event/37093/contributions/234316/
https://cds.cern.ch/record/2902861
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2023-003/
https://agenda.infn.it/event/37093/contributions/234314/

Flavour Taggmg highlights

Flavour tagging using jets & frack properties
for B/C hadron identification

Today in Flavour tagging is all about
transformers!

.Pimry ertex R
@ secondary vertex
‘Trtiry vertex
Ilmp t parameter
(dy

A e e e
"°F ATLAS Simulation Preliminary 12500
sof VS =13 TeV GN2 -
C —_ o) ]
- ttjets, £, =70% 12000
O i : . (3
-g 40:_ i Run 3 reco _: 1500 g)—).
o i - =
g 0F . DL1d 11000 E;
20f DL1Ar i : S
: i 1500
10 b i ]
oL | 1o

2017 2018 2019 2020 2021 2022 2023
Year

4x background rejection improvement
with GN2 compared to Run-2

More details on Neelam talk
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UParT: New algorithm based on the
ParticleTranstormer architecture for Run 3
Extending from b/c identification to s and

Thad JeTS
CMS Simulation Preliminar o0oa0:13.6 TeV
8120‘ L T yl ' 'DPmA'O& 3
= _ ttevents, pr > 20 GeV, |n| < 2.4, €,=70% ‘
-% 100 | W cjet rejection i
% udsg jet rejection 410
O | Run 1 Run 2 Run 3 :
80 I ; x61
I ) | x29 4103
I x19 :
60 _— x6.1 :
x3.3 1102
40 __ x1.0
o0l X3.2 110
I x1.8 ;
j x1.0 :
0=re—- £ 10°
CSVv1 CSVv2 DeepCSV DeepJet PNET UParT

Background discrimination for 70% efficient b tagging
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https://cds.cern.ch/record/2904702?ln=en
https://agenda.infn.it/event/37093/contributions/234315/

Jet Tagging highlights

©0On The X—bb taggers!

GN2X - H(bb/cc) tagger ParticleNet-MD (Mass Decorrelated)

ATL-PHYS-PUB-2023-021 DP2024 055
. -1
CMS Preliminary 34.4 fb' (13.6 TeV)
= 700 . BN Z-bDb
T 5 T Post-fit =i
@ Transtormer based Xbb tfagger 3 - POost-1i ZcC
o B B Z- JO/ dd/ s3
c I e — - - — '
S [ ATLAS Simulation Preliminary Dxob — — 600 highest score region = VQVCDq i
2 a Vs =13 TeV, Anti-k; R=1.0 UFO jets —— 2VRDgN? ] H (bb) £ N —&— Data
= 10 — pr > 250 GeV, 50 < m; < 200 GeV, |n| <2 —— DOMX GC) B SM uncertainty
3 e > —
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S 1o _.:::::::::::::;;;:::::: ---------------------------- i 1 i ATLAS Simulation Preliminary —— H(bb) pre-tag ] :
D = e — e 3 % 0.04 \/E =13 TeV, Anti-kt R=1.0 UFO jetS ——— H(bB) DS,’,V,;"X (70°/o wp) l -
e e & - pr>250 GeV, 50 <my <200 GeV, N[ <2 ___ et pre-tag : 400—
T T ] % i prren ~«=+ Multijet Dgggx (70% WP) i -
e T T~ T \ 5 0.03 L B . L /77 stat. uncertainty 1 [
- : {1 9 . =
| AY £ -
- — Top ' ) e
ol === Multijet -g 0.02 I 300
10 . I 8 L
1 I I I : T
2.0 1 E i
o | ] S 001 200
S _F z T}
3 % 1 2)51
g . OB orrrrrr 55555555455 it Y SO |
1of o T T T T T T T -o\g 1 l + * 7 l
i ; L R AL R o 095 + ..................................................................................... * ...........................
B 15 % 7.9 /7 D
s : ol A Z PO ,. ’ W 09._“ ......................................................
g o b st g bl i 70 80 90 100 110 120
5 I b ;f FAZ g AN Mg, [GeV]
3 o5k 4% g g
§ R "4" N N N SR B SN S P o o .
0 8 0 @0 W0 160 &0 2 “New training with Run 3 data

o) ey “Validated on Z—bb like events
@60% signal efficiency: More than

double the top and QCD rejection More details on Neelam talk More details on Donato talk
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https://agenda.infn.it/event/37093/contributions/234316/
https://cds.cern.ch/record/2904691/files/DP2024_055.pdf
https://agenda.infn.it/event/37093/contributions/234315/
http://cds.cern.ch/record/2866601

Missing Transverse Momentum

P%HISS —_— — pT

—1mMuons + —electrons

PT

Jets plays a crucial role on P™

ATLAS deflnes dn‘feren’r WPs for different jet criterio

S 40 AN
S T ATLAS Slmulatlon \/§=13 TeV -
m: -~ Z — uu selection ¥
2 35 PFlowp™* = 107
é > B —%— Loose WP v : = 2200;_ —— MC, Z-up ATLAS Preliminary
2 g0f 4 Tight WP 2 s000F. —— Data Data 2022-2023
'EQ_E _ & Tighter WP —v— 3 s00E- f=13.i;'lev, 57 fo
®» | —4 Tenacious WP ] N oose PFlow pT**
= 25— A A 1600 R\ Z—>pL, inclusive}et selection
o C - N 1400;
20__ N : _— 1200:
B o 7 1000
u - & ® : 800
- —V—:F —
_— —— .
10 =
o e e e b Lo b e Lo Lo Ly 1o
s 30 —
3 201 T E
g S = 5
T oEe—" -
;:),g T R - T T
=X0]
o . Npy JETM-2024-03
submiited 1o EPJC
. miss : : - :
First PT performance result focusing on Particle Flow jefts!
More details on Sebastian Rutherford Poster
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https://arxiv.org/pdf/1903.06078
https://arxiv.org/abs/2003.00503
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2024-03/
https://arxiv.org/abs/2402.05858

Using pile-up for physics

submitted to JHEP

Novel approach of exploiting already recorded data A1 L R I
. . « o © - ATLAS ®  Pile-up 2018 data, 0.59 pb’ :
Usetul wherever standard triggers are inefficient or prescaled A S 4}
. . . . o . - 02<n |<07 Single-jet triggered 2018 data ]
New sfrategy to increase the statistics for hadronic processes at low @ ¢ |
energy: Reconstruct jets from pile-up L e “ 1 Upto S0x diet
10°F oo 0, 1 collisions from
: Trigger-based h: : . 1 .
LHC - ATkAS Analyse triggered collision 10F 1 pile-up!
proton-proton (pp) Online : Offline Discard pileup collisions | 1L o I'I o I_
collifions Recorded BC Primary vertices . = XX 2¥x 2 1105 - | o | - |
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@ —-—> Trigger | —> | Storage | —— °, %% — 2 11(())__21 T e .
unch crossing (BC) | rigger r ! ~ llision P ZB I A
“BC rater 30 MHz (full det, readout) | PV =Lppcolision [ o . siniss. — v 7[ 104 b
Num. inelastic interactions i 2015-185 Lkiz Pile-up-based approach: é) Jet p2* [GeV]
2015-18: 34 : ggggjij 18 tﬂ; : \F:eto tnggermgI PVs ( I;I-VPV?PPV jet M Jet
25 ~ ' ! econstruct pile-u
B A o0 ; sl Ao Ex’rrochng the JER usmg p|Ieup|
. . . & 03— | .
Builld particle flow objects from each PU vertex N LAS . p.le-up-basedd.,eum,_ :
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S :_ © < Mgee| < _____ ATLAS in situ JER measurement, -
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More details on Magda Diamantopoulou talk and Vilius Cepaitis Poster
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2023-08/
https://agenda.infn.it/event/37093/contributions/234312/

New Boosted VBF di-Higgs search
Using H — bb taggerin boosted topologies
Boosted topology dominating the sensifivity in k5 /!

Boosting Searches

"""""""""""""""""""""""" I
ATLAS Boosted+Resolved /
Vs =13 TeV, 140 fb™" 95% CL: K, € [0.55, 1.49] /
VBF HH bbbb ___ Boosted-only /
Observed 95% CL: ko, € [0.52, 1.52] /

M /

\ Resolved-only /

95% CL: ko, € [-0.08,2.10]/ /

I L 1 1 | | I | 1 1

] I [« | |

——————————‘-—‘——————-

1.6 1.8
Koy (ky=1.0, ky=1.0)

Search for pair production
1% — tgtg

HOTVR jets: allow access to wide
range of jet momenta, due to vcnable

radius

More details on Suman talk

95%

—_
o
N

—_ —

—_
S <2 o9
N — o

a(pp - t't - tgtg) B3(t" - tg) [pb]
>

Submitted to Phys. Lett. B.

More details on
Fabrizio talk

CI\/\S PAS BQG 22 OO5

138 fb~1 (13 TeV)
L

—
o
—
TT

- cMS

| Preliminary

- o(pp —» t'1) prediction
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____ CMS Phys.Lett.B 778
(2018) 349 observed

__ CMS Phys.Lett.B 778
(2018) 349 expected
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Search for boosted low-mass resonances decaying
to a merged dijet system
ParticleNet to identify these two-prong jets

CMS Preliminary 138 fb~! (13 TeV)

e N L O L I L S B LB

E 80x1035— 500 < pr < 1200 GeV + CD;(i:t[a) = Top :
o - ParticleNet,_pong Pass - . V(ee)
~ 7.Ox103:— ParticleNety;, Pass - Z(btz) B H(bb)

*g - Z(qqz N Z'500(bb) .

0>J 6.0x 103} - y/v\g?;;) Z'zzo(q(?) —;

L af === Z 20(bb) x 2 1

5.0x10%p Z 220(qQ) x 2 E

4.0x10° ' bz = 011095, -
3.0x10° S— HZ 20(q6) = 0.1 19885

2.0x10°}-
103}
o :_I T N\ Z 520(bB) Z 220(qd) Bkg. Unc.
1L + :
5% 0 -H ++++ . ##H## W; ﬁmv\\i}\*ﬁ’g\wﬁﬁ + ¥ +++++*++;
50100 150 200 250 300

Jet mgp [GeV]
More details on Simon talk

Also checkout Chen Zhou talk on Searches

with ML-based event classification
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https://arxiv.org/abs/2404.17193
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-035/
https://agenda.infn.it/event/37093/contributions/234318/
https://agenda.infn.it/event/37093/contributions/234274/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-22-005/index.html

The Dark Sector

Dark Sector  cus nas . . .
L. : @Strongly interacting et
- Growing Inferest on Dark Sectors Dark Sector PPyl o
@ Awesome playground [ontest TR o]

for new tools

CHighly boosted dark Higgs
© Reclustered jet with double b-tag
from tracks or Xbb tagger on
calorimeter jet

q

=
—_——_—

submitted to Physics Review |etters .

qgsm s

@Explore low mass range of Z' mediator decaying ™ . ) SR -
hadronically DS'<
. . Fa
\Use TrOCkASSISTeReC|UST§red (TAR) jets [arpHYs-PUB-2018-012] - ATLAS: Phys Lott B 845 (2004] 138504
©Use D2 substructure variable . ' Dark quarks: JHEP 2402 (2024) 128 CMS: (JHEP 06 (2021) 156)

* / ' Dark Mesons: submitted to JHEP

““__ More details on Davide talk Dark Sectors @ CMS

pnia rortillo
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https://www.inprnt.com/gallery/admiralwonderboat
https://agenda.infn.it/event/37093/contributions/234266/
https://arxiv.org/abs/2407.10549
https://cds.cern.ch/record/2630864
http://dx.doi.org/10.1007/JHEP02(2024)128
https://arxiv.org/abs/2405.20061
https://arxiv.org/abs/2405.13778
https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub
https://doi.org/10.1007/JHEP06(2022)156

Measurements

First inclusive particle-level measurement of Precision Higgs - 1tH(bb)
pr . using full ATLAS Run-2 dataset

. — Total Stat. Tot. ( Stat. Syst.)
Ljet
p . 1036 4020 4
APz — oa6] 522 (42 22
Jet precoil 2 0 2 4 6 8 10
- tfH/ ttH . .
O “wi O % @Particle-flow jets for Small-R
E - ATLAS — Observed ] Reclustered for Large-R
— B _ 1 -—-- Expected 7 . .
- 1000[~  YS=13TeV. 140fb- Expociod £10 — | mproved fagging of b-jet
S u DiraoczDsM o Monojet 139fb~" (Obs.) - submitted to EPJC
800 - %(II_IIFI'II’[S, 3{(55‘;/0 CL —= Monojet 139fb™" (Exp.) _ A"ILAS | HToItaI Unc. -ISyst. onIyI Stat. orIIy SMITheory
i i Vs = 13TeV, 140fb-", my=125.09Gev Total  ( Stat. Syst.)
600 |- Frar= - P €[0,60) GeV | P 125 (08 Q@ oeos
- / - pHe[60,120) GeV |- o= 0.77 “0s2 oo lom
400 |— —
- / - p €[120,200) GeV |- hes— 088 o4 oss lozs
200 4 -‘ ~ pY €[200,300) GeV |- ——o| 0.77 *04s o3 oz -
o e o€ 1300, 450) GV |- Hommmeme 027 4 UEE
© 50 {000 1500 ' D C[450,00) GeV | e 063 3% ol
mz [GeV] T e T
2 [BeV] nousive [ om1 19m  on o
. I I | I I I I
partficle-level measurements can bbe as 0 1 > 3 4 5 6
powerful as dedicated BSM searches in terms Ot/ oM
on constraining power: Improve precision and 4.6c observed significance in ttH(bb) alone!
More details on Yoran talk More details on Kulin talk
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https://agenda.infn.it/event/37093/contributions/234320/
https://agenda.infn.it/event/37093/contributions/234276/
https://arxiv.org/abs/2407.10904

First measurement by CMS of the (average) density of
emissions in the primary LJP (for both small- Large-R jets)

Substructure Measurements: Lund Jet Plane

Lund Jet Plane

Recluster jet with C/A algorithm and each splif

represented on lund jet plane based on:
fransverse momentum kT, angle A, and
momentum fraction z

The first measurement of the LJP in large-R jefts
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JHEP 05 (2024) 116

Qualitative
agreement
between the
data and the
softcollinear
prediction

More details on Kaustuv talk
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The Lund subjet multiplicity measurement provides key
INnputs for validating the higher accuracy parton shower
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More details on Jingjing talk
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http://arxiv.org/abs/arXiv:2312.16343
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https://agenda.infn.it/event/37093/contributions/234322/

To finalise...

| jJust presented my very biased review of the status and the latest and greatest developments.
But there are other recent results | missed due to lack of time

The experimental community has been very active in the last year!

This meant to be an “amuse bouche” to get exited and stay tune for the rest of the week
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@ Inputs & Pile Up
© Cdlibration

© Tagging

© PU 4 physics

© Searches
“Measurements
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TOPO-CLUSTERS

Topo-clusters: 3D clusters of noise-suppressed calorimeter cells Eur. Phys. J. C 77 (2017) 490

Calorimeter jet constituents
Baseline and most common inputs to jet algorithm.

To form a topo-cluster: Use a recursive algorithm to combine cells with related energy deposits

Define for each cell: significance
Ratio of energy measured to expected averaae energy due to noise In that cell

EM __ E/@ce//
cell (Tnoise,ce//
Clustering algorithm
Clusters are seeded by cells with large energy over Seed cells
nolse ratio ATLAS simulation 2010
* || >4 c [ Pythiacazs™ T e E [MeV]
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

TOPO-CLUSTERS

Topo-clusters: 3D clusters of noise-suppressed calorimeter cells Eur. Phys. J. C 77 (2017) 490
Calorimeter jet constituents
Baseline and most common inputs to jet algorithm.

To form a topo-cluster: Use a recursive algorithm to combine cells with related energy deposits

Define for each cell: significance
Ratio of energy measured to expected averane energy due to noise In that cell

EM __ Efﬂce//
cell anoise,ce//
Clustering algorithm
Clusters are seeded by cells with large energy over Boundary cells
noise ratio ATLAS simulation 2010
* || >4 " Pythia 6.425 T E [MeV]
n dUepgvgnt KK '
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Time as a new discriminant

Calorimeter topo clustering is based on the cell energy significance " =

cell

Cell-time information as additional discriminator:

Cutat |t] <12.5 ns for any cell that has

to keep significant, positive energy de

| E| > 40

But restrict the time cut to those cells with E < 200

Nosits that are out-of-time

(searches for exofic, Iong -lived pqr’rlcles)

x1 O_3

70— ATLAS Simulation

- Vs= 13 TeV, Pythia 8.230

60- Anti-k, R=0.4 EM+JES, pre°°>7 GeV
50 - Match OOT-truth jet

—o— _ * No time cut
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Seed cut
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suppresses out-of-fime jets while retaining
in-time signals: about -50% at pT =20 GeV
and -80% for pT>50 GeV
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Topo-clusters: Baseline inputs for hadronic reconstruction, uses clusters of noise-

Jet Inputs: Local Hadronic calibration in ATLAS

Hadronic showers are mostly composed of pions
rV: Captured by the electromagnetic calorimeter
T Require the dense material in the hadronic calorimeter 1o be stopped

suppressed calorimeter cells.

~ Different detector response and measurement for
compensating calorimetry”)

0

Topo-cluster calibration: Local Cell Weighting (LCW)

1. Classify as electromagnetic or hadronic calculating the EM probability

2. Calibrate its energy to account for differences in response.

Topo-cluster Cluster
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https://arxiv.org/pdf/2003.08863.pdf
http://arxiv.org/abs/arXiv:1603.02934

cIus>med

Median linearity (A

Cluster Calibration with ML ...

ldea: Apply machine learning to Local Hadronic Calibration
to explore the applicablility of neural networks to calorimetric calibration
so far done with the first of the three correction steps (hon-compensation) and implicit classitication

Architecture
Using a regression technique, with similar input features as the ones used in LCW and also mu and NPV
to include pileup iInformation.
Deep and Bayesian Neural Networks (DNN, BNN)
DNN performs better than BNN.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-019/

Optimisation of PU mitigation technique for 7, identification

PUPPI showed an inefficiency wrt to CHS at low pT
optimized frack-vertex association (PUPPI v18)
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Fraction of particle-level jets

number of matched jefs over with > 30 GeV that match within
fhe number of parficle-level faus AR < 0.2 with a reconstruction-

level jet with > 20 GeV.

hitps://cds.cern.ch/record/2904356/files/DP2024 043.pdf
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https://cds.cern.ch/record/2904356/files/DP2024_043.pdf

CONSTITUENT SUBTRACTION (CS)

A ‘“constifuent area” subtraction JHEP 1406 (2014) 092
Add ghosts to the event with p2 = A, X p

* Ag is the area of the ghost (fixed Ay x A¢ = 0.1 x 0.1)

Subfract ghost’s contribution from pT of closest constituent (in AR)
* Until AR(ghost, constituent) > AR

max

* Algorithm built so that constituent’s pT never goes negative

—— Hard scatter —— Hard scatter
200 — Pileup 200 — Pileup
Ghosts Ghosts
=p-
0 JJ‘[‘LJ J‘ LMLJ||| ‘ ljl ‘IJ oH-— ll JJ iI'll I ll. I
| 1
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SOFT-KILLER (SK)

Removes low-pT constituents
Applying a pT1 cut on particles on an event-by-event basis

p71cut determined by putting constituents into an n-¢ grid, and requiring half of grid spaces
to be empty after the cut
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b o

\ il ‘1! I QH

Soft-Killer does not change remaining constituent’'s momenta
* Combined with ‘area’ based correction (Vonoroi or CS) ATLAS-CONF-2017-065
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SOFT-KILLER (SK)

Removes low-pT constituents
Applying a pT1 cut on particles on an event-by-event basis

p71cut determined by putting constituents into an n-¢ grid, and requiring half of grid spaces
to be empty after the cut
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Soft-Killer does not change remaining constituent’'s momenta

* Combined with ‘area’ based correction (Vonoroi or CS) ATLAS-CONF-2017-065
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PILE UP PER PARTICLE IDENTIFICATION: PUPPI

JINST 15 (2020) P0O9O18 gyppsey

g 102 CMS Neutral particles
10 PN + Data
. . . — Simulation
¢ Per-particle weight for each neuftral particle 1E
related to the likelihood this particle to originate 107E
from PU or not i
. 10°
¢ Scale 4&-momentum for neutral particles before 3
clustering | o 10_SEE
¢ Charged particles similar to CHS ¢ e
¢ Baseline PU suppression in CMS TE | eerereereccssssscsssssssosssse. -
DE -
0= 02 04 06 08 1
Weight
Step | Step 2

Reconstructed Jet

Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
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https://arxiv.org/pdf/2003.00503.pdf
https://arxiv.org/pdf/2003.00503.pdf
https://arxiv.org/pdf/2003.00503.pdf

©b-jets differ from light quark and gluon jets due to high mass and large semilepton

@ Transfo

r‘mer architecture

“Targe

- Truth/Reco Ratio

©Small-R: Only pT
©Large-R: Mass and pT
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Objects

. : g .
==
=
Combined Initial Constituent
Inputs Representation Transformer
Neutral Flow Objects
l : S .
—_— | 23 | —> —
==
£

Combined
Inputs

Additional Loose Tracks

.

Track
Initialiser

.

Combined
Inputs

Initial Constituent Conditional
Representation Constituent
Representation

Initial Constituent
Representation

Pooled Graph
Representation

R —

R —
Pooled Graph
Representation

-JES calibration

Graph
Network

Graph
Network

—_— G Jet p; Prediction

— D Jet Mass Prediction
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C branching fraction
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ParticleNet pT regression

ParticleNet architecture: jets treated as unordered set of particles on which a permutation-invariant graph
neural network is used.
Based on Dynamic Graph Convolutional Neural Network (DGCNN)
Node: PF candidate and Secondary Vertex in jet (PUPPI weights used as feature)

Accomplish multiple tasks simultaneously: Residual Corrections Closure
Jet classification the standard residual corrections are applied
Jet pT regression Complete calibration with data gives a non-closure of 2-5%
Jet energy resolution estimation N | n| <25
o _2023(13.6 TeV) CMS Preliminary 2023 Era C (early) (13.6 TeV)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsDP2024064
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.056019

Simultaneous JES+JMS using DN

The asymmetric response in energy and mass requires dedicated calibration for both
both remain highly correlated though
A combined calibration approach is desirable

complex DNN with n annotation (adding 11 Gaussian n-dependent weights to input)

inputs: jet kinematics E, m, n, 8 jet substructure variables, 7 detector-level energy or pT fractions, Pile-
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Residual connection :
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Global Neural Network Calibration (GNNC)

The energy response depends on jet features related to their quark/gluon nature.

The resolution can be improved by removing these dependencies
Global Sequential Calibration (GSC)

~Correct sequentially with respect to 6 non-correlated visible features

Global Neural Network Calibration (GNNC)

Replace the multiple GSC steps with 1 Deep Neural Network
(DNN)-based calibration

Trained fo predict the prresponse

Corrects for more features and take correlations of input
variables info account
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Jet Energy Scale Uncertainty using Single Particle Response (E/p) Measurements

hitps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2022-06/

Single Particle Response (E/p) Measurement:

Ratio of the average energy deposited by an isolated charged particle in the

calorimeter (E) to the momentum of its inner detector track (p)
Traditionally measured in minimum bias collisions using isolated tracks (2) ,
imited kinematic reach (up o 20 GeV)

New Run 2 measurement with W—tv events with small uncertainties extends the

kinematic reach up to 300 GeV
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Barrel Pixel layer 3 & 4

On 2023: 27 modules (1.5% of the total) in the Barrel Pixel Layers 3 & 4 became inoperable (issue in
distributing the LHC clock signals). They cover a sector spanning approximately 0.4 radians (~23 degrees) in
at negative pseudorapidity
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JER Scale Factors CMS

JER Is determined in simulation by matching reconsfructed and particle jets in AR. Data/simulation scale
factors are derived from dijet events using similar in-situ techniques as for residual corrections.
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The central value is obtained from pT
balance in 2022, while MPF is used in 2023.
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Top tagging with variable-sized jets in CMS

DP-2024 03

HOTVAR: Heavy Object Tagger with Variable Radius is a variable distance parameter jet clustering algorithm
leading to broader jets at low pT and narrower jets at high pT. S BF TR e g LT
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Jet Tagging highlights in ATLAS
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Background rejection (1/8[;'9)

Top-tagging
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GN2 Flavour Tagging ATLAS
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UParT: A
heavy

Flavour Tagging highlights in CMS

ParficleTransformer mode

flavour and 7,4 Identificat

for AK4 jet tasks, performing:

lon

flavour aware jet energy regression
jet energy resolution estimation.
Intfroduces an s-jet classifier allowing for the first time to identity jets originating from s-quarks in CMS.
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Jet misidentification efficiency
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UParT: A

Flavour Tagging highlights in CMS

ParticleTransformer mode
heavy flavour and 7,4 iIdentificat

10N

flavour aware jet energy regression

jet energy resolution estimation.

for AK4 jet tasks, performing:

Intfroduces an s-jet classifier allowing for the first time to identity jets originating from s-quarks in CMS.
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ATL-PHYS-PUB-2023-021

GN2X - H(bb/cc) tagger

Transtormer based Xbb tfagger
Discriminate between boosted H —bb, H — cc, hadronic top and QCD |ets

trained on mass decorrelated Higgs sample

DXbb is the usual tagger used in ATLAS HB)
(combining flavour tagging discriminants)
GN2X uses constituent-level quantities
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http://cds.cern.ch/record/2866601

ParticleNet-MD

ParticleNet-MD tagger: A mass-decorrelated boosted jet tagger for identifying two-prong hadronic decays
of a highly Lorentz-boosted particle decaying to bb, cc or ga.
The main background: QCD multijet estimated with a data-driven technigue

CMS Preliminary 34.4 b (13.6 TeV)
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https://cds.cern.ch/record/2904691/files/DP2024_055.pdf

1.

2.

Reconstructing
Run jet reconst
1. Charged

Using pile-up for physics

-low jets by-vertex

ruction once per vertex
PFOs uniquely associated with a given vertex
2. Neutral PFOs have no vertex link — clustered once for each vertex

jet-vertex-tagger — removes the majority of “*combinatorial” jefs
3. Remaining overlaps are handled using a AR-based approach
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Search for pair production of heavy particles decaying to a top quark and a gluon in

the lepton+jets final state

Search for pair production of excited top partners: rRrF totg

HOTVR jets: allow access to wide range of jet momenta, due to variable radius

Final state similar to #f,
Mass reconstruction c

with two additional jefts
nallenging: instead use energy sum as sensitive variable

Event classification wi

‘N DNN

Discriminating £+ from tf
DNN inputs include jet substructure
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Boosting Searches

Search for boosted low-mass resonances decaying to a merged dijet system

targets resonances with masses from 50 to 300 GeV

produced in association with large initial-state radiation

ParficleNet to identify these two-prong jets
QCD background is data-driven

CMS Preliminary 138 fb~! (13 TeV)
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Measurements

First inclusive particle-level measurement of Precision Higgs - 1tH(bb)
pr . using full ATLAS Run-2 dataset

. — Total Stat. Tot. ( Stat. Syst.)
Ljet
p . 1036 4020 4
APz — oa6] 522 (42 22
Jet precoil 2 0 2 4 6 8 10
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More details on Yoran talk More details on Kulin talk
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https://arxiv.org/abs/2407.10904

Events

Data / Pred.

Measurements

@ 1tH with H to bb with Full Run2

State-of-the art NN classifier using
transformers with attention mechanism
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