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Introduction

Final states with t/b quarks may indicate new physics
2 Searches for heavy resonances at TeV scale

Highly energetic particles = large Lorentz boost

decay products of t quarks or bosons can be collimated and clustered in
one large-radius jet

. BOOST! ,
small-R jets large-R jet

(AK4) 7: :> (AKS8)

Jet tagging
Jets from hadronic decays of heavy particles (¢/H/W/Z) present signatures that

allow us to distinguish them from g/g-initiated jets = exploit jet substructure

Ksenia de Leo



Jet substructure

® Substructure variables

® mgp: groomed jet mass with soft-drop algorithm — removes soft and

collinear radiation
® N-subjettiness 7,: probability of jet to consist of up to N subjets.
Ratio 7y, = 7y/7), @s discriminating variable

® Flavour content: b/c quarks in the jet

high pT hadronic decays

é

Q/g

t—Jg—
h/UJ/Z—0q Q—qqq

¢ PUPPI

® The PUPPIM algorithm is used to mitigate the effects of pileup, multiple pp
collisions in the same bunch crossing

— Especially important for large-R jet reconstruction and substructure variables

(M D. Bertolini, P. Harris, M. Low et al.: J. High Energ. Phys. 2014, 59 (2014)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-7608-4.pdf
https://link.springer.com/article/10.1007/JHEP10(2014)059

Jet tagging

® Extensive performance studies in JINST 15 (2020) PO6005

® Cut-based approach with substructure variables
® Jet clustering and identification with Variable R: HOTVR"

® Machine learning based taggers: DeepAKS8, ImageTop
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M T. Lapsien et al. : Eur. Phys. J. C 76, 600 (2016)
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://link.springer.com/content/pdf/10.1140/epjc/s10052-016-4443-8.pdf

CMS results

Overview of CMS B2G Results November 2021
CMS Preliminary 35.9 —138fb~! (13 TeV)
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® CMS Beyond 2 Generations publications, preliminary results
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html

In this talk
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® Searches with bosons covered in “Searches for heavy resonances decaying into Z, W and Higgs bosons
! g;M:ill

® Searches for VLQ covered in “Searches for vector-like quarks and leptons at CMS”
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://agenda.infn.it/event/28874/contributions/169464/
https://agenda.infn.it/event/28874/contributions/169464/
https://agenda.infn.it/event/28874/contributions/169423/

b* = 4 tW Of CMS-B2G-19-003

JHEP 12 (2021) 106

Search for b* — tW in all-hadronic final state

back-to-back topology
e tand W: AK8 PUPPI jets W

@ tagging with substructure variables:

b*

Mqp, Tr1/T3,, Subjet b-tag

137 b (13 TeV)
'¢ Data '

CMS

% Total bkg unc.
10° - 105 <m, <225 GeV ~ Multijet
10°* (1
3 8 Single top . . .
10 — 1", (2.4 TeV) e SR and CR defined with tagging

requirements
e Multijet QCD bkg estimated

from data

Events / 100 GeV

® ¢t bkg estimated from MC

1500 2000 2500 3000 3500 4000

Ksenia de Leo Mhw [GeV]


https://doi.org/10.1007/JHEP12(2021)106

b* = tW 07

® Search in 2D plane (m,y, m,)

® Analysis sensitive to my. > 1.4 TeV

Results:

® m,. excluded up to 2.6 (LH), 2.8 (RH)

and 3.1 (VL) TeV

137 b (13 TeV)
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CMS-B2G-19-003
JHEP 12 (2021) 106
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https://doi.org/10.1007/JHEP12(2021)106

b* 9 tW 1f CMS-B2G-20-010

arXiv:2111.10216

Search for b* — W in semileptonic final state
First time HOTVR used in LHC search!

miss

W = Iv: 1 elu, p;

t »bgq’: 1 HOTVR PUPPI jet

R. Kogler: Advances in Jet Substructure at the LHC

HOTVR fg 3 _"2::' L L L L L '_

Heavy Object Tagger with Variable R (1 g; ) | ;;e:\t/i\l/e;? gz>20 cov: ]

— adapts dynamically jet radius to jet py < 2 b B 7o W s0% [ o0% -

Ry = 2 S

off\PT pr = e e, (800 GeV) p ]

— high efficiency at low and high p; 1 :_ _:
— t-tagging: HOTVR criteria + I

N—Subjettiness ’[32 0200 | l4(I)Ol | lG(I)OI | I8(I)OI | 1IOIO(; | ’;ZIO(; | ’II4IO(I)

p, [GeV]

M T. Lapsien et al. : Eur. Phys. J. C 76, 600 (2016)
Ksenia de Leo 9



https://link.springer.com/content/pdf/10.1007/978-3-030-72858-8.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-016-4443-8.pdf
https://arxiv.org/abs/2111.10216

1b SR

> R T

o 10° CMS —«+— Data

% 5 1b category -t

2 10 Single t
o 10t I Other
>

L

1387 (13 TeV)

N Tot. uncertainty

o 158 L :

é C + N

3 1@000.»%}%\\%% \

© - ;

oS 05 ot .
1 2 3 4 5

MtW [TeV]

Results:

Events/TeV

data/bkg

b* =2 tW 17

2b CR
- qulfp"l(ysngv
1" CMS —+— Data
; 2b category tt_
10° Single t
I Other
104 N Tot. uncertainty
10° B e,
10°
10
1
107"
56 :
0.5F .
2 3 4 5
M, [TeV]

® Combination with all-hadronic channel
(CMS-B2G-192-003)

® M, . excluded up to 2.95(LH), 3.03(RH) and

3.22(VL) TeV

® 17 analysis: extend reach down to 0.7 TeV

Ksenia de Leo
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CMS-B2G-20-010
arXiv:2111.10216

® M,y sensitive variable
e Categories using # of b-jets

with DeepJet

e Bkg estimated from data

and simulation in Ob and 2b
cat.

138 fb' (13 TeV)
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https://arxiv.org/abs/2104.04831
https://arxiv.org/abs/2111.10216

W' -> tb Of CMS-B2G-20-005

PLB 820 (2021) 136535

with SM single top

Search for W/ — tb in all-hadronic final state
Both RH and LH W', LH includes interference

59.7 fb' (13 TeV)
I I I | I I I I ]

T I I | I | I
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m,, [GeV]

bO: W t

back-to-back topology

e Multijet QCD bkg estimated from
data in CR

® m,, sensitive variable

b-jet

AK4 jet with DeepJet tagger

t 2bqq’

1 AK8 PUPPI jet with DeepAK8-MD tagger
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https://www.sciencedirect.com/science/article/pii/S0370269321004755?via=ihub

DeepAKS

® ML based tagger 1D convolutional NN
® multi-classifier for boosted decays of t/H/W/Z

e particles and secondary vertices as inputs

o (13 TeV)
@ dIVIded by decay modes D. N 1 I I 1 I | I | | 1 1 | 1 I 1 I I I | | | l | 1 1 I ]
< " CMS []inclusive (AK8)
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O =

] | | | | I -I-I | | | | |
50 100 150

PR TR R W N NN T S
200 250 300
Mgy [GeV]

CMS: JINST 15 (2020) PO6005
Ksenia de Leo
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

W' -> tb Of CMS-B2G-20-005

PLB 820 (2021) 136535

Results:
® Limits for both RH and LH W', including interference with SM single top

® my,  excluded up to 3.4 TeV

RH W' (no interference) LH W'’ (with interference)
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AL G
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https://www.sciencedirect.com/science/article/pii/S0370269321004755?via=ihub

W' o 4 Tb/ Bt Of CMS-B2G-20-002

Search for new heavy resonance W’ and for
VLQ T/Bin W — Tb/Bt — tHb/tZb

Final states: tHb, tZb

All-hadronic decays of t/H/Z: AKS8 jets
Mmqp as discriminant
13 TeV
S :I T | I TT | I TT I TT I TT I TT I TT III|III|III:
£ o8- CMS E
S [ a . —— QCDMC .
C o7E Simulation =
- —— {tMC
0.6F E
0.52_ tHb signal MC (m =3 TeV) -
0.4F E
0.3F- E
o1 ] E
SR e B r—I_J__ | .
O_I LT T W e e e _u! ..... ————
O 20 40 60 80 100 120 140 160 180 200
sp(H) [GeV]
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arXiv:2202.12988

H/Z

b-jet
1 AK4 jet with DeepJet tagger

t 2bqq’
1 AK8 PUPPI jet tagged with ImageTop-MD

and mgp
First time ImageTop used in CMS search!

14


https://arxiv.org/abs/2202.12988

ImageTlop

» ML-based tagger using image recognition

» Pixelated image from jet energy deposit

» Colors: PF flavours and subjet b-tagging

? Decorrelated from jet p; and mass by reweighing QCD distributions to match

top Jets

pixel

QCD
CMS simulation

P R TR
15 20 25 30 35
pﬂxeﬂx

1077

pixel

top
CMS simulation

[
15 20 25 30 35
pﬂxeﬂx

: 1072

107°
107
107
107°

107”7

CMS: JINST 15 (2020) PO6005
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

W' o 4 Tb/ Bt Of CMS-B2G-20-002

138 fb’ (13TeV)
C T I T T T T I T T T T I T T T T I T T T
S 1 E CMS . o =
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tZb

Results:

® my, excluded up to 3.1 TeV for
My o = 2/3 my,

® Close to achieve sensitivity for
my o = 1/2 my, and 3/4 my,

Ksenia de Leo
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arXiv:2202.12988

SR and CRs defined by tagging

requirements
Multijet QCD bkg estimation from data
using transfer function

Sensitive variable m,,;, or m

138 b (13 TeV)
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https://arxiv.org/abs/2202.12988

Summary

® New physics coupling to 3 gen quarks

® Variety of novel tagging techniques:
jet substructure variables, HOTVR, ML based taggers
(DeepAKS, ImageTop)

® Presented latest CMS analyses with full Run2 data

® Many new results on the way: stay tuned!

Ksenia de Leo 17
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PUPPI

® |n hadron colliders: main interaction + additional collisions

(pileup) in the same bunch crossing.

® The PileUp Per Particle Identification (PUPPI) algorithm is a

pileup mitigation technique. Each particle gets a weight:

probability to originate from the leading or a pileup vertex.

® PUPPI shows very good performance and high pileup stability

default pileup mitigation in Run3
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CMS: JINST 15 (2020) PO2018

beam line

Z-axis

D. Bertolini, P. Harris, M. Low et al.: J. High Energ. Phys. 2014, 59 (2014)
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https://link.springer.com/article/10.1007/JHEP10(2014)059
https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09018

HOTVR

CMS: JINST 15 (2020) PO6005

(13 TeV)
IIIIIII_

eHeavy Object Tagger with Variable R o 0.9 e
5 0 o o,
. . . . . o O08F . , o DoopAKE-MD
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*Mass-jump veto for grooming and resolving substructure
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T. Lapsien et al. : Eur. Phys. J. C 76, 600 (2016)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-016-4443-8.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

DeepAKS

» Multiclassifier using AK8 jets
» 1D convolutional NN based on ResNet
» Mass decorrelated DeepAK8-MD with
adversarial training technique:
» mass predictor added to the network

? reweighed to flat pyand mgp

| Two lists of inputs:
Particle list
® up to 100 PF candidates per jet

® ordered by decreasing p;

® 42 features: py, change, energy,
angular separation, tracking info..

Secondary Vertex list

® up to 7 SVs

® ordered by 2D impact parameter
significance

® 15 features: displacement, kinematics,
quality criteria..

DeepAKS8 architecture

Particles
| B

>
particles, ordered by pr

IDCNN
(i 4 Iayers)

features

Fully
connected Output

ez B

SVs ordered by SIPZD

features

DeepAK8-MD architecture

Classification Joint loss
output = Lc= ALmp

Mass Loss
prediction Lmp

Feature extractor Classifier
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ImageTlop

» Top vs QCD tagger using image
recognition based on 2D CNN

> Pixelized jet energy deposit

» Split into colors based on PF flavour and
subject b tagging

? Reduce p; bias ensuring similar
distributions in top and QCD samples

2 Mass-decorrelated version
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Mass decorrelation

2 In many ML-based taggers the mass of a jet is learned by the algorithm, even if it is
not used as input

> "“Mass sculpting”: the jet mass of background similar to signal after application of

tagger (13 TeV)

) ] . -t L L L e

Undesirable feature if: <:E - CMS [Clinclusive (AK8) -

® mass itself is used to separate " Simulation | ::g:z::xz Egg:;l)R):

signal from background Dijet sample — DeepAK8

. : | Top quark tagging, & =30 % ----DeepAK8-MD |

® mass of signal in unknown TE 600<p™ <1000 Gev, 1! < 2.4 ImageTop -

- T - - ImageTop-MD ]

- — Tz b -

. . I P i

» Mass-decorrelated versions of taggers: i — BEST |

mass sculpting largely reduced, at the o SaRdns _:g;‘é': ca1s) _

cost of a (slight) loss in performance : .

DeepAK8-MD: with adversarial training ‘ -

> ImageTop-MD: by reweighing training ,-'-I‘ [
samples L{ )l S AP I R R = T e
20 100 150 200 250 300
Mepn (M GeV]
sp HOTVR) [ :
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Background efficiency
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Performance comparison

» Performance evaluated with signal efficiency e; and background efficiency e5:

(13 TeV)
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to large radius of the jets
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