A Comparative Study of Mass Reconstruction Techniques for W
and Z Bosons in Triple Gauge Coupling Processes

Victoria-Adriana Varga

Faculty of Physics, University of Bucharest

Supervisors:

SR I Dr. C3lin Alexa (IFIN-HH) July 17, 2026
Lecturer Dr. Roxana Zus (FF-UB)

Phd Student loana Duminicd (IFIN-HH, FF-UB)

MSc Students Daniel Costache, Anca Dinu (IFIN-HH, FF-UB)

o =3 = = = DAl
WZ Reconstruction



Motivation

Standard Model, where any deviations could reveal new physics.

= Dataset: Proton-proton collisions at /s = 13 TeV, using
ATLAS Open Data.

Studying the WZ process allows us to test how W and Z bosons interact with each other. This is a test of the

m Signature: Fully leptonic decay WZ — ¢¥v + ¢+0—.
= Final State

q w
w
3 isolated high-p7 leptons.
Missing Transverse Energy (MET) from the undetected q 7
neutrino.
)
WZ production diagram.
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Cut-Based Methodology

The WZ system is reconstructed from 3 leptons in two main steps:

1. Z Boson Selection 2. W Boson Selection

m Pairing: Identify Same-Flavor, Opposite-Sign m Unpaired Lepton: The lepton left over after Z
(SFOS) lepton pairs. reconstruction is assigned to the W.

m ldentification: Select the pair with the mass m Transverse Mass (mT) Calculated using the
closest to 91 GeV. lepton and MET.

m Mass Window Cut: Keeping only the events where 2 A MET L MET\2
the reconstructed mass of the Z boson is in the mT = (|p |+| |) - (PT+ pT )

following interval:

81 GeV < Mz < 101 GeV m Cut: mTW > 30 GeV to suppress background.
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Cut-Based Selection Results
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m theoretical simulations are in agreement with the real data from the detector
m still visible background — > transition to ML
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BDT Training

Data split — Training: 70%, Testing: 30%

= Multivariate Approach: Instead of checking variables one by one, the BDT (XGBoost)
looks at 6 kinematic variables simultaneously to find a "clean"process.

Variable  Physical Meaning Importance
M7W Transverse mass of the W boson 33.7%
pe-ﬁ Transverse momentum of the W-lepton 17.9%
Mz Invariant mass of the Z candidate 16.0%
p{rl Transverse momentum of the 1st lepton 15.4%
Emiss Missing transverse energy (Neutrino) 14.7%
pgr; Transverse momentum of the 2nd lepton 2.4%

By exploiting correlations between these variables, the BDT maximizes signal purity and allows for a more robust
comparison with theoretical predictions.
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Results: Cuts vs. Machine Learning
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BDT Response

ROC curve validates the model’s performance (AUC = 0.93)
Cut-based omits good signal to remove background

BDT efficiently handles the experimental background

ML allows for a much more robust discrimination of the WZ topology
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Conclusion and Future Perspectives

Performance Metric Traditional Cuts  Machine Learning (BDT)
Expected Signal Events 3871 4946
Expected Background Events 603 821
Statistical Significance (%) 157 172.6

Future Work:

m Vertex Physics: Detailed study of the Triple Gauge Coupling (TGC) vertex structure and its
impact on kinematic distributions.

= Model Validation: Applying the same BDT framework to other datasets (e.g., Run 3) for
the same WZ process to verify model stability.

® Model Improvement: Including additional physical variables and exploring Neural Networks
to see if the background can be separated even more efficiently.
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Thank you for your attention!

Source code and analysis scripts:
<https://github.com/vvicky9/-BACHELOR-s- Thesis- Code>


https://github.com/vvicky9/-BACHELOR-s-Thesis-Code

Objectives of the Study

m The general objective is to reconstruct the production of WZ bosons in proton-proton
collisions using ATLAS Open Data at 13 TeV.

A specific objective is to describe the selection criteria for events with three leptons and
missing transverse energy.

The study aims to identify WZ candidate events in the dataset.

Another goal is to discuss the reconstruction of leptons and missing energy in the detector.

The analysis seeks to interpret the results in the context of the Standard Model predictions.
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Theoretical Considerations: Standard Model

m The Standard Model (SM) is the theory describing fundamental particles and their
interactions, excluding gravity.

m The WE and Z bosons are force carriers of the weak interaction.

m Unlike photons, which mediate electromagnetism, these weak bosons are massive and can
decay into other particles.

m The lepton category includes electrons, muons, and tau leptons.
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Detailed Boson Decays

m The W boson decays into a charged lepton, such as an electron or muon, and a neutrino:

Wt — F 4.

m The Z boson decays into a pair of opposite-sign, same-flavor leptons: Z — I + /.

m These specific decays result in a final state characterized by three charged leptons and
missing transverse energy.

m The missing transverse energy is directly attributed to the undetected neutrino.

=} F = E = DAl

WZ Reconstruction



Importance of WZ Production

m WZ production tests the triple gauge coupling (WWZ), which is a unique Standard Model
prediction.

m It provides a clean three-lepton final state with low background and high reconstruction
efficiency.

m Studying this process helps physicists understand backgrounds to processes like Higgs
production, Supersymmetry, and other Beyond Standard Model scenarios.

m Any deviation from expected WZ production rates or distributions could signal anomalous
couplings or effects from undiscovered particles.

CIRY- =, <= = Dac

WZ Reconstruction



Key Parameters: Luminosity and Weights

m Integrated Luminosity: Describes the total number of potential collisions that could have
occurred in a particle accelerator.

m For example, an integrated luminosity of 36600 inverse picobarns is equivalent to 36.6 inverse
femtobarns.

m Event Weights: Used to scale Monte Carlo events so that they accurately match real data.

m These event weights include pileup corrections, normalization, and lepton scale factors for
reconstruction and trigger efficiencies.
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Key Parameters: Triggers

m Triggers are real-time event filters that select interesting collisions.

m The analysis utilizes Electron-based and Muon-based dilepton triggers, which fire when two
leptons satisfy specific kinematic criteria.

m The variable trigML is used to indicate trigger matching during the event selection process.

m A value of trigML = 1 means the lepton is successfully matched to the dilepton trigger,
while a 0 means it is not matched.
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Lepton Isolation Criteria

m Background leptons, such as those from heavy flavor decays, are often accompanied by
nearby tracks or calorimeter energy deposits.

m Track Isolation: Measures the sum of the transverse momenta of tracks immediately
surrounding the lepton.

m Calorimeter Isolation: Measures the sum of transverse energy deposited in the calorimeter
near the lepton.

m A ratio of isolation energy to the lepton’s transverse momentum below 0.15 indicates that
the lepton is well-isolated.

m The analysis combines a Tight Identification to select high-quality prompt leptons with a
Loose Isolation to allow some nearby detector activity.
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Lepton Four-Momentum Packagings

Lepton information must be converted into four-momentum vectors to perform kinematic
calculations like invariant mass reconstruction.

m The Cartesian components are computed using transverse momentum, pseudorapidity, and
azimuthal angle.

The x-component is calculated as p, = prcos(¢).

The y-component is calculated as p, = prsin(¢).

The z-component is calculated as p, = m.
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Splitting W Boson by Lepton Type

m The unpaired lepton resulting from the W boson decay can be either an electron or a muon.

m Transverse mass values are split into a Muon Channel for events where the unpaired lepton
has flavor code 13.

m Transverse mass values are split into an Electron Channel for events where the unpaired
lepton has flavor code 11.

m This splitting allows for separate analyses that properly account for distinct detector
responses between lepton types.
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Event Processing Architecture

m To manage large datasets efficiently, events are read and processed in manageable chunks.

m Each chunk undergoes sequential cuts including trigger matching, missing transverse energy
thresholds, and lepton multiplicity.

m After selection, physics object reconstruction organizes the remaining leptons into pairs and
candidates for the Z and W bosons.

m Finally, the selected events from all individual chunks are concatenated to form a final clean
dataset for analysis.
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Plotting Methodology and Features

m The plotting functions create histograms that compare real experimental data with simulated
Monte Carlo samples.

m Backgrounds such as ZZ, WW, and V+jets are stacked with the WZ signal to visualize their
combined effect.

m Events exceeding the maximum histogram range are explicitly added to the last bin to
prevent data loss (overflow handling).

m The real experimental data is displayed using data points with statistical error bars to
indicate uncertainty.

m A residual subplot shows the ratio of data to the Monte Carlo model to highlight areas of
agreement or discrepancy.
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Why Machine Learning vs. Cut-Based Analysis

m Complex Correlations: Traditional cut-based analyses look at one variable at a time
(rectangular cuts) while Machine Learning naturally maps multi-dimensional correlations
between variables.

® No Manual Tuning: Cut-based approaches require manual optimization for every single
variable. ML models automatically find the optimal separation thresholds during training.

m Efficiency and Speed: While a BDT requires upfront computational time to train, applying
the trained weights to new data is fast.
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Model Architecture (BDT & Gradient Boosting)

m Algorithm Choice: The analysis uses a Histogram-based Gradient Boosting Classifier

(similar in architecture to XGBoost). It bins data into histograms to vastly speed up the
splitting process.

m Ensemble Learning: It builds sequential decision trees where each new tree specifically tries
to correct the errors (residuals) made by the previous trees.

m lterative Steps: The model was trained using 200 iterations (max_iter=200), meaning it
builds a sequence of 200 trees.

m Tree Depth: The trees are kept deliberately shallow (max_depth=3) to ensure the model
focuses on broad, generalizable patterns rather than memorizing individual events.
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Dataset Splitting & Verifying Overfitting

m Train/Test Split: The simulated Monte Carlo dataset was randomly split into 70% for
training the model and 30% for testing. The model is completely blind to the test set during
its training phase.

m Overfitting Verification: Overfitting is checked by comparing the BDT output scores of the
training set against the test set.

= Visual Confirmation: Histograms of the model’s response for both Train and Test data are
overlaid. Because the solid blocks (training data) align perfectly with the scattered dots (test

data), it proves the model learned the underlying physics rather than just memorizing the
training dataset.

o =3 = = = DAl
WZ Reconstruction



Feature Importance Calculation

m Methodology: Permutation Feature Importance was used to evaluate exactly which
variables drove the model's decisions.

m Mechanism: The values of a single variable in the test dataset are randomly shuffled,
breaking any relationship that variable had with the true outcome.

m Calculation: The importance is measured by the drop in the Receiver Operating
Characteristic Area Under the Curve (ROC AUC).

= Formula for Importance:
Ij = AUCbaseIine - AUCpermuted,j

m Interpretation: A massive drop in the AUC means the model heavily relied on that specific
piece of information. The final outputs were normalized to relative percentages.
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Input Variables and Physical Impact

m Lepton pr (lep_pt_1, 2, 3): High-energy collisions producing WZ bosons generally result
in leptons with distinct, harder transverse momentum distributions compared to standard
background jets faking a lepton.

= Reconstructed Z Mass (Mz): True WZ signal events tightly cluster around the theoretical
Z boson mass (= 91.2 GeV), powerfully eliminating non-Z backgrounds.

= Missing Transverse Energy (E7*): Represents the invisible neutrino escaping the detector
from the W boson decay.

m W Transverse Mass (M%): Real W bosons create a distinct Jacobian peak in this
distribution, providing highly specific signal characteristics.
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Statistical Significance & AMS

background noise:

)

m Standard Significance: Represents how strongly the signal stands out against the
/= —

VB
(Error propagation accounted for statistical uncertainties in MC datasets).
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