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https://indico.cern.ch/event/1334055/

« Why jet substructure for Vector Boson Scattering (VBS)
measurements”?

* Focus on the jet substructure techniques developed by CMS and
ATLAS.

« Highlight CMS & ATLAS VBS Run 2 measurements using jet
substructure techniques.

» Recent state-of-the-art techniques by CMS & ATLAS.



Why jet substructure for VBS analyses”?
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Additional challenges in VBS analyses
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https://cms.cern/news/search-rare-production-vector-boson-pairs

Jet substructure technigques




Jet Algorithms at the LHC 8

EPJ C 67, 637-686 (2010)

Sequential clustering algorithms with distance parameter R

1) ket 2 2p ARl.zj
2) Cambridge-Aachen (CA) dij =min(p;", p}) —

3) anti-ky (AK)
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[ Cam/Aachen, R=1 |
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6 3
“Standard” jet algorithms by experiments “Non-standard” jets used also
e.g Variable-R jets
« Small-R jets: anti-k; R = 0.4 [AK4] Bl

« Large-R jets: anti-kt R = 0.8 [AKS8] for CMS, 1.0 [AK10] for ATLAS



https://link.springer.com/article/10.1140/epjc/s10052-010-1314-6
https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/index.html
https://cds.cern.ch/record/2268678/

(Large-R) Jet Grooming

JHEP 1002 (2010) 084

Eur. Phys. J. C 76 (2016) 154 Q Tl Q S

Trimming

1. Recluster with k; algorithnm with R =
0.2.
2. Remove subjets with py fraction < 5%.

Figures by J. Dolen

1. Recluster with CA algorithm.
2. Reverse clustering history.
Soft Drop 3. Check criterion:
. o;ojziuzjftta min(pTla pTZ) - ( ﬂ )ﬁ Leut = 0.1
teratively s Pri+ P12 Ry B=0
— —

4, Pass: two subjets are final.
Fail: remove sub-leading subjet & repeat

(1).

JHEP 1405 (2014) 146
JINST 15 (2020) PO6005



https://link.springer.com/article/10.1007/JHEP02(2010)084
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-03/
https://link.springer.com/article/10.1007/JHEP05(2014)146
https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/

(Large-R) Jet Grooming

Jet grooming (+ Pileup Mitigation) “cleans” up
large-R jets

JHEP 09 (2013) 076

50 100 150 500 250 50¢ Jet mass (GeV

Jet mass [GeV]

B T T T | T T T T | T T T T | T T T | T T T | T TT ]
ATLAS Simulation ] 0.12 CMS simulation Phys. Rev. D 97 (2018) 072006 (1 3 TeV)
. . jet ] _|(é) ' L
anti-k, LCW jets, 600 < p.~ <800 GeV 1 E - .- qlg jets, PUPPl+soft drop
-------------- Ungroomed Z— qq . > 0.1__ i'ii — a/g jets_, ungroomed
....... Ungroomed Dijets 1 ® L i '! ----- W — qq', PUPPI+soft drop
— Trimmed Z—qd | B50.08 : 1 —— W — g, ungroomed
—— Trimmed Dijets 1 ® - :
| ooep Soft-dro
Trimming - : P
- 0.02}-
5.. !!! __ O _'""""‘I' dotimew b= L II:.-.-“I'-;..‘1.-.-”4-"[-.._:-“]..-'-. =N ‘-l. ' .— e
o 0O 20 40 60 80 100 120 140 160 180 2

00
)


https://link.springer.com/article/10.1007/JHEP09(2013)076
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2012-02/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/

Jet Tagging With Jet Mass

Simplest observable
Large-R jet mass

JINST 15 (2020) POS005 (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/
https://cds.cern.ch/record/2200211
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-03/

Jet Tagging With Substructure Moments

Measures of energy distributions inside a jet
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-03/
https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/

Pileup Mitigation (CMS)

JINST 15 (2020) P0O9018

Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-001/

Pileup Mitigation (ATLAS)

Eur. Phys. J. C 76 (2016) 581

ATLAS-CONF-2014-018
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2016-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-018/

Quark-Gluon Jet Tagging (CMS)
Quark-Gluon Likelihood (QGL)
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https://cds.cern.ch/record/2256875?ln=en

Quark-Gluon Jet Tagging (ATLAS)

Inputs to BDT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2020-02/

Run 2 VBS measurements with jet substructure




CMS: VBS WW/WZ -> lvqq 18

Phys. Lett. B 834 (2022) 137438

 Full Run-2 dataset (L = 138 fb-") collected with single-
lepton triggers.

* W->lv: Single e/u + MET.

q >
Boosted selection
» V-jet candidate: 1 AK8 Puppi jet, 101, 40 < mgp <
250 GeV.
> VBS tag jets: 2 AK4 CHS jets with highest invariant
mass.
q >

Resolved selection
> VBS tag jets: 2 AK4 jets with highest invariant mass

» V-jet candidate: 2 AK4 jets with invariant mass
closest to 85 GeV.

 Pileup Jet ID applied for AK4 CHS jets.


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/

CMS: VBS WW/WZ -> lvqq

Phys. Lett. B 834 (2022) 137438

Signal extraction strategy
Train a DNN from event-level and jet-level observables
and fit the DNN distribution.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/

CMS: VBS WW/WZ -> lvqq

dN / dDNN

Data/Expected

Phys. Lett. B 834 (2022) 137438

DNN output distribution in signal regions
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/

ATLAS: VBS VWV -> vvqq / Ivqq / llqq

Phys. Rev. D 100, 032007 (2019)

» 2016 dataset with single-lepton / MET triggers.

"

q q
Three lepton channels simultaneously: W/ Hadlronic
» Leptonic W: Single e / p.
» Leptonic Z: ee /uu W/Z Leptonic
» Z->vv: MET

q q"

Boosted selection

» V-jet candidate: 1 AK10 jet, D,, prdependent mggmp CUt.

> VBS-tag jets: 2 AK4 jets with highest invariant mass.

» Split to High-Purity and Low-Purity signal regions based on (Ds, Mgomp) CUt.

Resolved selection
» V-jet candidate: 2 AK4 jets with invariant mass closest to W/Z mass GeV.
> VBS-tag jets: 2 AK4 jets with highest invariant mass



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/

ATLAS: VBS VWV -> vvqq / Ivqq / llqq

Signal extraction strategy

Phys. Rev. D 100, 032007 (2019)

Train a BDT from event-level and jet-level observables
and fit the BDT distribution.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/

ATLAS: VBS VWV -> vvqq / Ivqq / llqq
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/

The future of jet tagging & substructure




State-of-the-art (CMS)

Jet mass regression

Constituent-based jet taggers o |
with jet constituents
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State-of-the-art (ATLAS)

* New jet input: Unified Flow Objects (UFO)., ..., o voonse
» Particle Flow (PF) + Track Calo-Clusters (TCC).
* New baseline large-R jet: CS+SK UFQO Soft-Drop Anti-kt R = 1.0 jets

» Constituent-Subtraction + Soft-Killer for pileup mitigation.

« Constituent-based jet taggers:
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Summary 27

« High-mass myy regime in VBS measurements is a crucial phase
space to discover or constrain BSM physics.

* In this regime, jet substructure techniques enhances the ability to
identify boosted hadronically decaying V-bosons.

» Together with quark vs gluon and pileup jet discrimination for
VBS event tagging.

« CMS & ATLAS have utilized jet substructure in Run 2 VBS
measurements.

» |atest state-of-the-art substructure technigues to be used for Run
2/3 CMS and ATLAS analyses.
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Jet Reconstruction: Input for CMS
Particle Flow (PF) Algorithm
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Jet Reconstruction: Input for ATLAS

Evolution throughout Run-2
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Pileup Jet Id (ATLAS): Inputs for JVT

Eur. Phys. J. C 76 (2016) 581
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Pileup Jet Id in CMS

JINST 15 (2020) PO9018

BDT Input Variables CHS(+Pileup ID) vs Puppi

Input Definition Performance in simulation
variable
B Fraction of pr of charged particles associated with the
LV, defined as ) ;c1y pr.i/ L P1.i Where i iterates over all L IR — . 18Tev) - e 13TeY)
charged PF particles in the jet 81 0557 CMS Antik;, R=0.4, m| <2 51 2 1.2- CMS Anti-k;, R=0.4,3<l <5 |
% ““F Simulation pge" >30 GeV, p7*>20 GeV 1 g - Simulation pf" > 30 GeV, p7* > 20 GeV 1
Nyertices Number of vertices in the event i 1;‘=‘=’*:':VZ@::¢:_.; T= = ]
0.95F e e S —. B [ _H
. . . . F e, ] 0.8~ 0 ——
(AR?) Square distance frorzn the jet ax1s scaled by p3 average of jet 0.9F - ] i . 1
constituents: Y; AR?pt ./ Y p3 ; 0.85- g E 0.6F 5
0.8 E 4 CHs e E [~ cHs ———
fringx, X = Fraction of pr of the constituents (¥ pr,i/ p];t) in the region | - CHS + tight PU jet ID 3 0.4~ crs + ight PU et 1D B
. . 2 0.75F % CHS + medium PU jet ID = [ —+ CHS + medium PU jet ID 1
1,2,3,and 4 R; < AR < R4 around the jet axis, where R; = 0,0.1,0.2, F _ ] T ) N
[ —¥- CHS + loose PU jet ID ] 0.2~~~ CHSs + loose PU jet ID ]
and 0.3 for X =1,2,3,and 4 0.7F 4 puemi E [ w puPPI 1
E . 1 Ll L I Ll L]
lead . . . _ 0-6% 20 40 60 % 20 40 60
T/ P] pr fraction carried by the leading PF candidate Number of pileup interactions Number of pileup interactions
ot 1.2 — | (13 Tev) >.0.9 ] | (13 Tev)
pheh/pk pr fraction carried by the leading charged PF candidate £ [ CMS Antik; R=04m<25 | & CMS Antik, R = 04,3<h<5 |
03_ 1.1 Simuiation P > 20 GeV, p7*° > 30 GeV = D:j 0.8 £ Simulation P >20 GeV, p®>30 GeV 1
, . . 1= jet L. B 1 E E
|71 Pull magnitude, defined as |(¥; p%|ri|#)|/py where 7; is e e o . 3 0.7 4— ]
the direction of the particle i from the direction of the jet D e B 0.6F =
0.9f — 05F == -
Niotal Number of PF candidates B 1 g e S 1
0.8 T = 0.4- e .
) r —4 CHs , 1 0.30+ cHs . E
Neharged Number of charged PF candidates 0.7/~ CHS + tight PU jet ID p— “E- GHS + tight PU jet D 1
[~ CHS + medium PU jet ID ] 0,2’;’% GHS + medium PU jet ID ) —
o Mai . f hei 11i O 0.6 ¥ CHS + loose PU jet ID - E ! 3
1 ajor axis of the jet ellipsoid in the #-¢ space . ] 0.1[=% CHS +loose PU jet ID E
[ —# PUPPI 1 % pUPPI ]
0'5’ TR R R P B I R o [ P B L1
o Minor axis of the jet ellipsoid in the #-¢ space 0 20 40 60 0 20 40 60
2 J P ¢ sp Number of pileup interactions Number of pileup interactions

PR Jet fragmentation distribution, defined as /) ; p%i/ Y. PTi


https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-001/

