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Introduction

e Many interesting searches involve final states containing b-quarks
stemming from colour singlets

o VHbb, HH4b, tLH (bb)
e Need to distinguish whether b-jets originate from Higgs or elsewhere
o Gluon splitting, t-decay, etc.
e Idea: Design taggers using jet substructure observables which
exploit different colour configurations

e Can additionally exploit this information along with radiation
patterns and hadronisation features for b-tagging purposes

[arXiv:1001.5027]
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https://arxiv.org/abs/1001.5027

Colour configuration tagger

e Tagger designed with H — bb

decays in mind

e Topology similar to that of
QCD-induced processes

e VH production can be used
improve experimental
signature

e More information ultimately

needed to effectively
distinguish signal from
background

= colour flow

Based on
arXiv:2112.09650
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https://arxiv.org/abs/2112.09650
https://cds.cern.ch/record/2636049

Procedure

Processes

Signal: pp — ZH, Z — vyvy, H — bb (ZHbb)
Background: pp — bbuy7, (gbb)

Observables

Isolate high-level variables which distinguish decays from color
singlets vs. color octects
Analyse simulated data and extract the

Primary Lund Plane CNN ( )

Pull vector components and pull angle relative to Jet J,
Pull vector components and pull angle relative to Jet Jp
Colour Ring ()

Machine Learning

Use variables to train Boosted Decision Tree (BDT)
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Lund Plane CNN

“De-cluster” a C/A jet following the

hardest branch in each splitting

Plot coordinates of branch in a plane

o A= /lYa— 1) + (ba — &)?

o k¢ =preA

Feed Lund Plane for jet to a CNN

o Train on different radiation patterns

for signal /background

e Use output as discriminant

Alberto Rescia (DESY & UniGe)

Tagging with substructure

In(kt/GeV)

Primary Lund-plane regions
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https://arxiv.org/abs/1807.04758

Jet Pull Components
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https://arxiv.org/abs/1911.05090
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Colour Ring

e Use Neyman-Pearson lemma to
design optimal observable to
distinguish signal and
background configurations

2 2 2
0 - i = 2t
o Our (Opr) angle between hard
parton a/b and gluon (k)
= Requires 3 objects!

e 0, angle between hard partons

[arXiv:2006.10480v2]
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https://arxiv.org/abs/2006.10480

Dy is defined as in [arXiv:1409.6298v1]
DY =

e%ﬁ) is the normalised n-point Energy Correlator function

For this case,
1
) =—— 3 prpnR
Pry 1<i<j<ng

/3 1
eé ) =5 Z pTiijkaR?ijkRj@k
PTy y<ilioh<n,

Sensitive to soft, large-angle radiation
= different between colour singlet and octect
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https://arxiv.org/abs/1409.6298

Analysis

® Generate 300k signal & 4M background
events in MG5 AMC@NLO v2.8.3.2

o Require pr > 200 GeV for v pair

® Shower in PYTHIA v8.305 and simulate

detector effects w/ DELPHES v3.5.0 using
modified ATLAS card

® Extract Monte Carlo truth and fast detector
reconstruction
® Truth: Remove v's and cluster stable
particles w/ pr > 0.5 GeV into jets
® Reco: Cluster into jets
o EM Calo Towers
° min — 0.5 GeV
e Smin = 2.0 (Significance)
o Hadron Calo Towers
° min — 1.0 GeV
o Smin = 2.0 (Significance)
o Muon tracks w/ pr > 0.5 GeV
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Identify R = 1.0 jets and select the
hardest

o pr > 250 GeV

o |yl <15
Identify R = 0.2 subjets

o pr > 10 GeV

o AR < 0.8 from large-R jet
Angular b-labelling and selection of
events w/ exactly 2 b-subjets

O b-parton pr > 5 GeV

o AR=10.2

o |n| <25
Choose hardest non-b subjet as third
jet for colour ring

o If not present, set O = -1

Events Passed

Truth | Reco
Signal 20% 17%
Background | 1.6% | 1.3%
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Distributions
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Results

Truth Reco
10? 10?
— cs —cs
— D,+CR — D;+CR
— LPcun — LPcwn
—— CS+LPcuy —— CS+LPowy
Q Q
W 01 W g0
~ ~—
10° 10°
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
Es Es

AUC - Test Sample

Truth Reco

CS +LP 0.893 0.846
LP 0.876 0.828
Dy+CR 0.817 0.787
CS observables  0.826 0.788
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Results

Truth Reco
102 10?
— Cs —Cs
—— Dz+CR — D2#+CR
— LPcwn —— LPcan

CS+LPenn —— CS+LPcwn

Conclusions

Colour flow variables provide excellent signal /background
discrimination

Lund Plane alone is a remarkable discriminator
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AUC - Test Sample

Truth Reco
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CS observables  0.826 0.788
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QCD b-tagging

Using QCD variables to discriminate b-jets vs. light jets

e B-tagging (in ATLAS) currently
based on techniques which exploit
properties of b-hadrons

o Long lifetime of b-hadron
leads to secondary vertex

o Use tracking information to
measure signed impact
parameter and to measure
mass (~ 5 GeV)

o Feed information to low-level
ML algorithms and ultimately
to high-level DL1 NN

® QCD variables can be used to
design a simpler ML-based tagger
using jet substructure observables
o Primary Lund Plane CNN
o Jet angularities

Alberto Rescia (DESY & UniGe) Tagging with substructure
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[Source: DO Collaboration]

Based on
arXiv:2202.05082
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http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/singletop_observation_updated.html
https://arxiv.org/abs/2202.05082

Jet angularities

e Jet angularities defined as in [arXiv:2112.09545]:

w3 (i) (7)
«@ iezjgﬁ Zjejet pr,; RO
e |RC safety obtained for k =1 and a > 0
o )\i/z,)\%,)\% chosen for this work
e Observables provide some discrimination between b/light-jets
e Jet grooming (SOFTDROP) changes shape of distribution but not
discrimination potential

Pythia MC Pythia MC
I
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Analysis

® Simulate Z(ut p~)-+hadronic jet
events at the LHC
® ME simulation:

o Train: PyTHIA v8.303 w/
NNPDF2.3 LO

o Validation: HERWIG v7.2.1
w/ CT14 LO PDF set

® Shower with default tunes

® Muon requirements:
O pr,u > 26 GeV

© |m,4,~ —mz| <20 GeV
° |nul <24
® Require at least one R = 0.4
anti-k; jet:
o ‘yjetl <25

O pr,jet > 500 GeV
‘pT,jet_pT#fi»“f
PT,jettPp \+,,—

© ‘d)Z 7¢jet| > 2

| <0.3

Alberto Rescia (DESY & UniGe)

Jet tagged as b (c) if matched to
decaying b (c) hadron within AR = 0.3

o Remaining jets tagged as light

O c-jets discarded (b vs. light tagging)
Apply SOFTDROP grooming from
fjcontrib library

o =0

O Zeut = 0.1
Measure jet angularities and Lund Plane

o Train DNN with jet angularities
o Train CNN with Lund Plane

Compare to ATLAS taggers

Tagging with substructure BOOST 2022 14 / 16



Results
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Results

Pythia MC; pr jet > 500 GeV Herwig MC; pr je > 500 GeV

Conclusions
QCD-based taggers perform as well as ATLAS low-level taggers with
fewer inputs
Result independent of jet grooming and parton shower

Lund Plane alone is most discriminating observable

QCD variables add additional information w.r.t. secondary vertices
and track displacement
= Can complement current techniques

7 7y .
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Conclusions

It is possible exploit high-level jet substructure observables to design
QCD-based taggers which complement (b-tagging) or augment
(colour configuration tagging) those currently in use

e Taggers are simple: effective discrimination with relatively few inputs

Lund Plane is particularly effective discriminator for both b-tagging
and colour configuration tagging

Ongoing effort underway to include colour configuration tagger in
ATLAS Xbb tagger
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Conclusions

It is possible exploit high-level jet substructure observables to design
QCD-based taggers which complement (b-tagging) or augment
(colour configuration tagging) those currently in use

e Taggers are simple: effective discrimination with relatively few inputs

Lund Plane is particularly effective discriminator for both b-tagging
and colour configuration tagging

Ongoing effort underway to include colour configuration tagger in
ATLAS Xbb tagger

Thank you for your attention!
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Backup
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ML details - Lund Plane CNN (Colour Tagger)

e 70/15/15 train/test/validation

e Relu activation function used for intermediate layer
e Softmax activation used for output layer

e MaxPooling used after second and fourth layer

Parameter Value

N7 Conv2D 30
Ny Conv2D 30

Dropouts - (0.3)
N3 Conv2D 30
Dropouts - (0.3)
N4 Conv2D 10
Dropouts - (0.1)
Flat Layer 150
Epochs 30
Batch Size 800
Filter size 3x3

Optimiser Adam
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ML details - BDT (Colour Tagger)

Parameters Value
No. of Trees 100
Max Depth 3

MinNodeSize 2.5%
Boost Type AdaBoost

Train/Test 50/50
No. of Cuts 200
Downsampling No

Optimisation  Gini index

Alberto Rescia (DESY & UniGe) Tagging with substructure
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ML details (b-tagger)

Tnput 25 x 25

Pooling

Dense N; =5

l Pooling

Dense N, = 5
Dense N = 200

Predictions

Alberto Rescia (DESY & UniGe)

e DNN (left)
© A1y2, A1, A2 used as inputs
o ReLu activation function
used for intermediate layer
o Softmax activation function
used for output layer
o Adam optimiser
o 60/20/20
train/test/validation
e CNN (right)
o 4 convolutional layers
followed by flat layer
o N; = no. of filters in i-th
layer
o Same activation functions
and optimisers as DNN
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ROC curves (b-tagger)
Pythia train and Herwig test

Pythia vs. Herwig MC; pr_jet > 500 GeV
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A1 & )\, distributions (b-tagger)
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Lund Plane (b-tagger)

Pythia MC; bejet

Pythia MC; light-jet
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Mass distribution D, (Zbb)
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Lund Plane (Colour Tagger)

Lund Image ZH (bb) (Truth)

Lund Image ZH (bb) (Reco)
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Jet 2 pull variable distributions (Colour Tagger)
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BDT Variable Rankings (Colour Tagger)

Alberto Rescia

Observable Ranking

Truth Reco
Rank Obs. Importance Obs. Importance
1 LP 6.6 x10-1 LP  4.8x10°!
2 Dy 14 x107Y O  1.0x1071
3 O 57x1002 Dy 9.3x107?2
4 0 3.0x107%2 6,  7.0x1072
5  Opa  29x1072  6,, 65x1072
6t 26x107%  t5,  6.0x1072
7t 24x107% ty,  4.5x107?
8 tip 1.9x1072 tia 4.3%x102
9 tia 1.0x1073 a 3.3x1072
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