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Motivation

e Vector Boson Scattering (VBS) is a sensitive probe to examine the electroweak symmetry breaking (EWSM) in SM and
BSM physics.

¢ The semileptonic VBS signal events are characterized by four quark jets, while background events have 2-3 gluon jets.

e [t is essential to develop a tool to separate the quarks and gluons, known as Quark/Gluon tagging (g/g tagging).
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4 Quark/Gluon

e Compared to quark, gluon has a larger color factor, producing more particles in the detector.
e However, actually 1t 1s very harsh to separate the quark and gluon because of their similarity,

especially in the low p region. ATL-PHYS-SLIDE-2017-781
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Dirack trackwidth trackCl1

>_i(PT; X AR(trk;, Jet)) > 2 (PEiPT; X ARP(trk;, trk;)
— trackC1 = —— i
i D (D PEs)
where AR(x,y) = v/(mx = ny)? + (@< — 6)% where = 0.2
e Using the variables individually 1s challenging to separate the quark and gluon jets.
 Therefore, the high-level variables are inputted into the TMVA BDT and MLP to have better

performance.
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MLP Architecture

Input (31) Dense layer (64) Dense layer (64)

| | . Aun(n) = 325
 The weight (Arrow mark) 1s upgraded by the gradient descent method. ~w;i(n) = dv;(n) yi(n

e / 1s the learning rate, y; 1s the output of the previous neuron, ¢ 1s the square sum of error, and v 1s
the variable 1n the kernel function.

 The high-level inputs imply that the amount of information will decrease during the calculation.
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Image Input
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 The image mnput provides another way to utilize low-level information to separate the quark and gluon jets.
e Both the topo-cluster constituents and the track constituents images have 16 X 16 pixels in the |n&@| < 0.4.
o The 7 and ¢ are rotated to 7, = ¢, = 0.

e 7 axis 1s the py of partons in the jet and py 1s normalized to one for better training performance.
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CNN Architecture

convolutional filters
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 The Convolutional Neural Network model (CNN) 1s able to use more low-level inputs than the

MLP and BDT models.

e Using the CNN model, we could utilize the information of positions with cluster and track
Inputs.
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https://cds.cern.ch/record/2275641

Pointwise Convolution Architecture

Track @ Cluster

Q/G

Sum over each layer
B R T N
+ —
Other high-level MLP input

e Since the mput used in the CNN model are pixels, it implies we have some limitation on pixel
n range " ¢ range 0.8 " 0.3

resolution which equates to (

pixel #  pixel # 16 ~ 16
e The PW Conv model can input ¢ and # directly rather than in pixel gives better performance.

e The Energy Flow model satisfies Infrared and collinear safety (IRC safe).
arX1v:0906.1833
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MC Sample

 The dyet process@leading order (multjet) MC samples
evolved with Pythia 8 have been used to train the g/g
tagging models.
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e The quark and gluon jets are defined by the labels
T eesmmeg® - oenerated in the MC sample. (Three labels (d, u, s) and
one label (g) for quark and gluon jets respectively.)

o
N
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* In order to have better learning for the q/g tagging
model, other steps are taken.
e The pt of quark jet and gluon jets 1s flatted to the
same distribution and normalized to one to make sure
models are not affected by prbias.
— 00 0002000 =ao”  ® 1he quark and gluon inputs are collected in the same
pr[GeV]  numbers since the training performs better with the
same amount of quark and gluon inputs in neural
network models.
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11 Inputs
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12 ROC Curve (Receiver Operating Characteristic)
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1-lepton semileptonic VBS Process

— signal jetl
V]l -

— signal jet2
tagging jetl

z (beam axis)

tagging jet2
w—" A

\ y
e This thesis only focuses on the 1-lepton semileptonic VBS channel for convenience. The

signal candidate events were selected by four hadron jets, 1n addition to exactly one
lepton 1n the event.

e The main sources of the background process are Wjets and tt. About 32%, 12%, and
1% of W+4jets events have 2, 3 and 4 gluon-induced jets 1in the selected jets.
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Improving Results

Selection stratgy Bkg systematic Signal W-jet tt Significance
uncertainty
. 2leading 10% 44 42+14 128438 0.78
Baseline minmass 10% 45 57E18 103£39  0.73
, neural 2leading 10% 48  46+13 148+41 0.81 3.8%
With ql g tagger neural minmass 10% 65 83122 242458 0.77 5.5%

e 2leading strategy :

It has a larger probability of selecting the jets from tt samples but with fewer background

cvents.

e There are 1059 VBS signal events, 297845 W+jet events, and 235519 tt events.

° minmass strategy :

 This makes sure more jets decay from W/Z vector bosons, but the significance 1s worse.
e There are 1419 VBS signal events, 454939 W+jet events, and 409285 tt events.
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Conclusion

Because of the BDT ¢g/g tagger limitation of only using high-level input variables, neural
network g/g tagging models introduced 1n this study are considered to solve this 1ssue.

The gluon rejection rate of the Energy Flow and Deep Sets models improved
approximately 10% than the conventional BDT g/g tagging model at the 80% quark
efficiency rate.

The Energy Flow g/g tagging models are examined 1n the 1-lepton semileptonic VBS
process.

The improving amplitude of the neural 2leading and neural minmass 1s approximately

3.8% and 35.5% respectively, where the neural 2leading strategy has the best significance
of 0.81.

Try to use other kinds of neural network model (such as the GNN model.).
Adding other input variables, such as particle charge.
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Baseline Analysis and Improving Limit

e Sensitivity of the baseline analysis

e The BDT discriminant output threshold 1s scanned to obtain the best
significance. Therefore, The numbers of the signal and background events are
different with different systematic uncertainty assumptions.

* g/¢ tagging improving limit
e Consider there 1s a perfect g/g tagging model that can separate quark and
gluon jets 100%.

e The result shows that the significance of perfect g/g tagging improves by
approximately 60% compared to the significance of baseline analysis.



Reconstruction of Jet
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e This thesis only focuses on the 1-lepton semileptonic VBS channel for convenience. The
signal candidate events were selected by four hadron jets, 1n addition to exactly one

lepton 1n the event.

e The BDT Discriminant method 1s considered to enhance the purity of signal events.

 The main sources of the background process are W

jets and tt. About 32%, 12%, and

1% of W+4jets events have 2, 3 and 4 gluon-induced jets in the selected jets.
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Number of Gluons each event
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BDT Architecture

Table 4.1: The setup of BDT model.
AnalysisType=Classification
N'Trees=850

MinNodeSize=2.5%
MaxDepth=3
AdaBoostBeta=0.5
BaggedSampleFraction=0.5

SeperationType=Ginilndex
nCuts=20

e First, give a cut on one of the variables and calculate the remaining signal and background
percentage.

e Secondly, choose the better one and give another cut on another variable.

e The BDT qg/g tagger 1s considered as a baseline model compared to the neural network models.
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Review of CNN model
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Calorimeter mput

Table 4.2: The calorimeter layers used in this study:.

LAr barrel LAr EM endcap Hadronic endcap Tile barrel
PreSamplerB | PreSamplerE HECO TileBar0
EMBI1 EME1 HECI1 TileBarl
EMB2 EME2 HEC?2 TileBar2
EMB3 EMES3 HEC3
Tile gap Tile extended barrel | Forward EM endcap | Mini FCAL
TileGapl TileExt0 FCALOQO MINIFCALOQ
TileGap2 TileExt1 FCAL1 MINIFCAL1
TileGap3 TileExt2 FCAL2 MINIFCALZ2
MINIFCALS3
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Pointwise Convolution Architecture

e We construct two kinds of Pointwise Convolution
Architecture here.
* Deep Sets

o Input® = [Py oms 45 ¢]
+ Layer=MLP[ ) F(®)]

 Energy Flow

o 1, 4 s ol sy R )
B e

arXiv:0906.1833
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IRC Sate

e Infrared Safety * (Collinear Safety

e Particle splits into two with same

e Soft emission doesn’t change the
energy doesn’t change the result.

classification
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Conventional Strategy V.S Neural Network

e The QCD interaction generates many gluons as background in the LHC. Therefore, 1t 1s
essential to develop a tool to separate the quarks and gluons, which 1s known as Quark/Gluon

tagging (g/g tagging).

 Neural network models have played a pivotal role in machine learning recently since some of
them are able to make use of more low-level variables.

e Use Boosted Decision Tree (BDT)
e nTrack
e Jet width related variables
e trackwidth
e trackCl

 Hard to utilize more low-level inputs.
e The BDT model 1s considered as a baseline
compared with the neural network models.

 There are many kinds of neural network
e MultiLayer Perceptron (MLP)
 (Convolutional Neural Network (CNN)
e MLP CNN
 Pointwise Convolution (PW Conv)
 Deep Sets
 Energy flow

e Some models can use low-level inputs that
means we can utilize much more information.




Comparison of all models

e BDT and MLP models :

 These two models conveniently input the high-level variables, such as the number of track,
trackwidth and trackCl1.

e CNN model :
 The mput of the CNN model 1s an image. Therefore, 1t 1s helpful to utilize the variables
related to the position.
e In this paper, the track and cluster p+ images are inputted, giving a way to utilize the low-level

variables.

e Pointwise Convolution :
e The PW Conv model inputting ¢ and » directly rather than in pixel avoids losing other
information.
e |t 1s also convenient to have additional imnputs, whether high or low-level variables, such as
track charge.
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Pythia v.s Herwig Distribution
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[Loss Function

0.70 1

0.65 1

0.60 -

0.55 1

0.50

Overtraining

Table 4.3: The setup of neural network models in this thesis.

Activation Function=ReLU
Dropout=0.3
Regularization=L2
Optimizer=Adam

Learning Rate=10"°
Output=Softmax function

Loss function=SparseCategoricalCrossentropy

Energy Flow Model

= Train loss
- Validation loss

[Loss Function

10 20 30 40 50 &0

epochs

0.625

0.600 -

0.575 -

0.550 4

0.242 1

0.500 -

0.475 -

0.450

0.425

Deep Sets Model

= Train loss
- alidation loss




Gluon Jet Rejection Rate
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ROC Curve (Recerver Operating Characteristic)

Quark Jet Efficiency Rate

* For comparing the difference between

different architecture, the MLP uses the
same nput variables as BDT.

The result 1s shown 1n the left plot and the
difference between them 1s tiny.

From this, it 1s known that the tagger
performance depends more on the mput
variables and the way to tackle the mputs,
and not so much on the model architecture.
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e Worse performance at low p region results from the similar track and topo-cluster distribution of low
energy Quark/Gluon.

At lower 1, the number of associated jet tracks increases and gives more information, bringing better
accuracy and better performance.

e Atpr <200 GeV region, Deep Sets, Energy Flow and MLP CNN still have better performance than the
BDT model.
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 The difference
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VBS Process MC Sample

Vi
jetl
z (beam axis)
jet2
V2
* The validation focuses on the 1-lepton
channel of the Semileptonic Vector
Boson Scattering MC sample.
Table 5.1: The MC samples used in Chapter 5. , ,

Procoss Gonotator Cross section|pb * There are two signal events considered,
VWijj— fvqq+ij  MadGraph + Pythia8 +EvtGen 2.25 WW/WZ - fuvqqg+j;.
W-jet — v + jet  SHERPA 2.2.1 6.16x10%
tt — v ggbb POWHEG + Pythia8 + EveGen 396.89 * The background events are

W + jet — £1jj + jj and tt — £vggbb.
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Physics Object

Table 5.2: The electron object definition used in this validation.

Cut Selection
PT pt > 30 GeV
M In| <247

Track to Vertex Association
Identification

[dS"(0)| < 5, |AzS" sinf| < 0.5 mm

ElectronlD = TightLH

Table 5.3: The Muon object definition used for the MC sample in this chap-

ter.

Cut Selection
PT pr > 30 GeV
Ui n| < 2.5

Track to Vertex Association
Identification

[dB(0)| < 3, |Azg" sinf| < 0.5 mm
MuonQuality = Medium
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Physics Object

Table 5.4: The Small-R Jet object definition used for the MC sample in
this chapter. EMPFlow represents the particle flows (small-R jets here) are
reconstructed with electromagnetic scale topo-cluster.

Cut Selection
Algorithm anti-kr (R=0.4)
Input Constituent EMPFlow
pPT pt >20 GeV
7 n| <4.5
> (.95 for pr < 120 GeV and |n| < 2.4
JVT > (.11 for pr < 120 GeV and 2.4 < |n| < 2.5
(Medium Working Point)
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Signal jets pair

T S A L O APy

350: ATLAS Simulation Work in progress - fs = 13 TeV, 139 fb" -
(D u Bl VBS Sample x 100 ] U R0 Bl VBS Sample x 100 =
W 30— Bl W-+jet Sample ] @ - B W-+jet Sample ~
S E W tt Sample E g 300 = 0 tt Sample B
S F 2leading - S =F minmass E
> 200 — > 200l =
el : T :
> g g > E_ _E
= F g 2 L E
av! - S .
O O 22 =
= =i =
= b =
N os: Zh :

e 2leading strategy : m;[GeV] m;|GeV]
e It has a larger probability of selecting the jets from tt samples but with fewer background
events.

e There are 1059 VBS signal events, 297845 W+jet events, and 235519 tt events.

* minmass strategy :
* This makes sure more jets decay from W/Z vector bosons, but the significance 1s worse.
e There are 1419 VBS signal events, 454939 W+jet events, and 409285 tt events.
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BDT g/g tagger Distribution
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Selection

Objects Cuts threshold
Number of Tight leptons 1
Number of Loose leptons 0

W= by Friss > 80 GeV
PT (f) > 30 GeV

o .| tagging jets pr > 30 GeV

tagging jets pair m;jag > 200 GoV

Number of signal jets > 2

> 20 GeV for |n| < 2.1

Signal jets pair | pr(signal jet) > 30 GeV for 2.1 < |n| < 4.5

Leading jet pr > 40 GeV

Signal Region 64 < my < 106 GeV
Others Number of additional b-tagged jets 0

M5 > 220 GeV

e A tagging represents the jet coming from partonic quarks inside the collision protons.
e A signal jet stands for the jet originating from the vector boson decay.
o 2leading strategy: The signal jets pair 1s selected by choosing the two highest p jets other than tagging
jets.
e minmass strategy: The signal jets pair 1s selected by choosing two jets other than tagging jets that have the
closest invariant mass from W/Z boson mass.
e The invariant mass of two signal jets and a specific jet 1s required as my;; > 220 GeV, where the specific jet

1s selected by calculating the closest invariant mass my; from the top quark mass.
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Discovery Signicance

e Discovery significance 1s an estimating value to describe the opportunity that the
observation 1s not from the background fluctuation and 1s believable.

 The significance in this study was calculated by BinomialExpZ in RooStats.

Z(NS, Nb, 5b) — \/§erf_1(1 — 2p),

where the p-value 1s P = /O db N(b; Np, 0pNy) Z P(i;b),

where N and P are Gaussian and Poisson distribution respectively.
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Improving Results

Compared to baseline

Selection stratgy Bkg systematic Signal W-jet tt Significance Sig mﬁccmc €,
uncertainty lmpl/‘OVlng by
10% 44 42+14 128138 0.78
2leading 20% 44 42414 128438 058
30% 37 30+14 99443 0.40 e The better improving
10% 45 57+18 103+39 0.73 : :
minmass 30% 45 57420 103+43  0.57 rates indicate that the
30% 45 57424 103+49 0.39 minmass strategy has
2leading 10% 65 14+6 134442 1.11 more space to
with perfect ¢/g tagger 20% 65 147 134+48 0.91 56.99 .
30% 60 13+7 114451 0.70 ' 1Mprove.
Minmass 107 i dseT 1680 L19 e Compared to baseline
Wlth perfect q/g tagger 20% 53 3__4 99__37 097 76.4% .
30% 53 344 99+43 0.76 analysis, the g/g
10% 48 46+13 148+41 0.81 : :
neural 2leading 20% 48 46415 148448 0.60 3.994 ta,gger lntrf)duced n
30% 34  18+10 89440 0.42 this study improves
10% 65 83122 242458 0.77 by ab()ut 5%
neural minmass 20% 35 33+15 79434 0.59 ] 2/
30% 22 1+1 40423 0.44 =70
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Order Strategy

 Unlike 2leading and minmass selection strategies, order strategy selects tag- ging
jet and signal jet pairs by the magnitude of Energy Flow tagger output.

 Compared to the significance baseline in Section 5.3.2, 1t 1s found that the neural
order selection strategy performs worse than the 2leading with only the BDT
discriminant strategy.

Table E.1: A summary of the order strategy significance.

Selection Stratgy Bkg Systematic Signal W+jet tt Significance
Uncertainty
10% 59 08+16 208151 0.754
order 20% 59 08+16 208151 0.529
30% 24 8+6 59424 0.363
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Application to 1-lepton semileptonic VBS
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 The 2leading strategy has better significance because the background event 1s less 1f
the g/ g tagging models are not applied.

e Although the minmass strategy has the worse significance compared to the 2leading
strategy, 1t has more statistics of signal and background events, indicating the minmass

strategy might have more space to improve by applying the g/g tagging models.

e Finally, the Energy Flow g/g tagging and the BDT Discriminant outputs are applied to
obtain the best significance.

2leading with BDT Discriminant

minmass with BDT Discriminant

Energy Flow q/g tagging

Neural 2leading

Neural minmass




g/ g tagging and improvement

ATLAS Simulation Work in progress
Vs =13 TeV, 139 fb’, bkg Systematic Uncertainties = 10% 139 fb_l

\®)
ek
(@)
>
—
-
o
L1

08 e x:BDT to enhance the signal from

0.7 the background.

O
©

06 ® V:.qlgtagger threshold to define
quark jets.

O
~

Energy Flow Tagger

0.5

05  The z axis represents the

- significance after the thresholds are
. 0.3 applied.
0.3
. 02  The g/g tagger and the BDT
| . discriminant threshold are scanned
0.1 | to search for the best significance.
| | | | | | | | | |
% ~0.05 0 0.05 0.1 0.15 0
BDT Discriminant

LU CHENG YU (ICEPP) Significant improvement of Quark/Gluon separation with the ATLAS detector at the LHC February 21, 2022



