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The Standard Model (SM) and Beyond (BSM)
This model has been well known for keeping
predictions and experimental data consistently
aligned in explaining overall most unresolved
questions.

It encompasses the understanding of the 
behavior of the fundamental particles with the 
fundamental forces, all responsible for our 
existence.

A. Fermions (Half integer spin)
i. Quarks
ii. Leptons

B. Bosons ( force carrier particles) (full integer spin)
i. Higgs boson: gives mass to particles
ii. Photon: mediates EM force
iii. Gluon: mediates strong force
iv. 𝑊± and  𝑍0: mediate weak force

A. Defective in explaining the nature of
i. Dark matter
ii. Dark energy      

B. Does not give an explanation to the matter-antimatter 
asymmetry

C. Fails to incorporate the Graviton (mediates gravity) with 
General Relativity

Limitations of the model 
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Despite its successes it leaves unanswered questions 



Apparatuses / Machinery
• Many of the phenomena discovered in particle physics have been made by experimenting and going deeper 

on the fundamental blocks of the universe.

• Collide particles with one another to free energy and observe what materializes via E = 𝑚𝑐2

• A machine able to do the task ->  particle accelerator

• Examples of particle accelerators :

❖Relativistic Heavy Ion Collider (RHIC) -> Brookhaven National Laboratory at New York 

❖Large Hadron Collider (LHC)                -> CERN (Geneva, Switzerland)
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Large Hadron Collider (LHC)
• Largest particle accelerator ever built

• It consists of a ring of approximately 27 km in circumference containing superconducting magnets that will 
accelerate the particles in circular motion

• Hadrons are the particles used for collision  (made of three quarks such as protons  )

• To achieve high energies CERN uses an accelerator complex

• Four collision points in the ring
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ATLAS Detector 
• Detector made of many layers of  subsystems around collision point

• Objectives: analyze different properties of the particles 

Subsystems / Detectors

• Inner Detector 

❖Measures the direction, momentum and charged particles produced in pp collision

• Calorimeter

❖Absorbs and measures the energy of particles of resulting proton-proton collision

• Muon detector

❖ Identifies  and measures all the muons that passes through the muon chambers

ATLAS studies proton-proton collision which 

gives rise to objects called  jets!
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What are jets and semi-visible jets?
Jets

• One of the resulting real products of proton-proton 
collision

• Consist of a stream or shower of particles called 
hadrons, which in turn are formed of quarks

• To reconstruct jets an algorithm called 𝑎𝑛𝑡𝑖 − 𝑘𝑇 was 
used

• Considers position and energy of the particle
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Semi-visible Jets
• An undiscovered type of jet predicted by some BSM theories 

that include constituents of dark matter 

• Jets that have a visible (detectable) component in the SM 
(hadrons) while having invisible (undetectable) components  
(dark hadrons) emerging from dark sectors according to theory

• Jets which are aligned with missing transverse energy (because 
of the energy of the dark hadrons in the decay)

• Detected depending on the 𝑟𝑖𝑛𝑣 fraction they posses. The 
fraction of stable invisible dark hadrons ranges from zero to 
one

in our detector, we would expect semi-visible jets to appear as normal jets which are aligened with missing transverse energy (because of the energy of the dark hadrons in the decay)

𝑟𝑖𝑛𝑣 = 0 𝑟𝑖𝑛𝑣 = 1
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Motivation for studying 

-Theoretical motivation-
❖The search for semi-visible jets is part of a broader category of BSM searches 

which look for exotic signatures which might be produced by dark matter 
particles

-Experimental motivation-
❖In ATLAS, jets that have a large portion of missing energy are typically 

discarded (believed to be bad reconstructions). In the case where these semi-
visible jets exist, their signatures have largely not yet been studied.

9



Outline
1. Introduction

a. The Standard Model and what's beyond it

b. Apparatuses / Machinery

i. The Large Hadron Collider

ii. The ATLAS Detector

2. Jets and semi-visible jets

a. What are they?

b. Motivation for studying

3. ATLAS s-channel SVJ search with Monte Carlo Simulations

i. Jet Clustering Study 

ii. Conclusion of the jet clustering study

iii. Signal / Background Study

iv. Conclusion of the signal / background study

4. Acknowledgements 

10



ATLAS s-channel SVJ search with Monte Carlo Simulations

• Jet clustering refers to how tracks and energy clusters measured in the detector are grouped together 
into a jet object 

• Its objective consist of understanding the impact of Small-R and Large-R Jets  (R standing for the radius of each 
jet)

• It took in consideration the cone size and reconstruction of the Z′ mass
❖Small-R Jets have a cone radius of R = 0.4
❖Large-R Jets have a cone radius of R = 1.0

• We wanted to see the effect of the jet clustering on our ability to reconstruct the Z' mass

• Applied cuts goes as follows
❖𝐿𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡𝑝𝑇 > 150 [𝐺𝑒𝑉]
❖ 𝑆𝑢𝑏 − 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡𝑝𝑇 > 30 [𝐺𝑒𝑉]
❖𝑀𝐸𝑇 > 200 [𝐺𝑒𝑉]
❖ 𝐿𝑒𝑎𝑑𝑖𝑛𝑔 𝑎𝑛𝑑 𝑆𝑢𝑏 − 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡𝜂 < 2.5
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Jets Clustering Study

Large-Radius Jet Small-Radius Jet



Comparison of 𝑍′ mass between different 𝑟_𝑖𝑛𝑣 fraction
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𝑚𝑍′ = 1500 [𝐺𝑒𝑉], 𝑟𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒 = 0.8𝑚𝑍′ = 1500 [𝐺𝑒𝑉], 𝑟𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒 = 0.3

• Jet + MET mT, or the invariant mass of the system, is the transverse mass of the 
system created by the two leading jets and the missing transverse energy (MET)

• We hope that these 3 quantities together (the 2 leading jets, and the missing 
transverse energy) capture most of the mass components, which would give us an 
invariant mass distribution which peaks close to the Z’ mass.
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Jets Clustering Study Conclusion

• No much difference whether using Small-R Jets or Large-R Jets

❖ Large-R jets peak at a slightly higher value than the Small-R jets, and 
thus might be slightly preferable. More studies on additional signal 
points are needed to see the extent of this effect.

• The centering and spread of the distributions indicates that the invariant 
mass is not reconstructing the 𝑍′ mass well because the wider the mass 
distribution the less accurate the mass measurement is.



• Understand which variables best discriminate background from signal

• A QCD background  with energies up to 6,000 [𝐺𝑒𝑉] was used
❖QCD background-> Background expected to arise from normal jets produced 

in SM processes 

• MET (Missing transverse energy) trigger method was applied 

❖MET Trigger -> Eliminate events with low MET’s that helps us reduce the size 
of background and isolates our signal better 

❖𝑀𝐸𝑇 > 200 [𝐺𝑒𝑉] cut was applied 
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Signal / Background Study



Example of background with different variable signals
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Basic event level variables Mass reconstruction

• ℎ𝑇 (transverse pt sum)and 𝑚𝑇

(variable mass) peak higher with 
signals with a more massive 𝑍′,since 
more energy is available for the 
decay

• We observe that the background distribution 
is generally softer ( less energetic) than the 
signal distributions



Jet kinematics
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Jet substructure

• 𝐶2is a measure of how “two-pronged” 
the jet is
❖ The lower the value of 𝐶2 the more 

two-pronged the jet is 
❖ The higher the value of 𝐶2 the less 

two-pronged the jet looks
• Discrepancy between signal and 

background make 𝐶2 a good 
discriminant variable

• Again, we observe that the signal 
is generally harder ( more 
energetic) than the background

• Leading jets from signals with a 
larger 𝑍′ mass are more 
energetic as expected

• Looks like a good discriminant 
variable!
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MET angle

• Δ R measures the solid angle 
between the jets, which helps us 
understand their separation in 3D 
space

• While both signal and background 
peak at a Δ R value of 3, signal jets 
are more likely to be close together 
(larger tail at small Δ R values)

• We also see the shape of the Δ R 
distribution depends on the 
𝑍′ mass of the signal points
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Signal / Background Study Conclusion

• We have studied a number of event level and jet level variable which characterize the semi-
visible jets events

• Variables for which the distribution of our signal samples and our QCD background have 
substantially different shapes may be particularly useful for isolating our signal from our 
background in the analysis
❖ These variables include Leading 𝑗𝑒𝑡𝑝𝑇, C2, and the Δ𝑅 between the jets

• We plan to continue studying these variables, and others, to develop an effective analysis 
strategy for the search for semi-visible jets
❖ In particular, we plan to analyze these variables across a greater range of 𝑍′ masses and 𝑟𝑖𝑛𝑣

points, in order to get a more complete picture of our signal



Summary and next steps
• The LHC and the ATLAS experiment allow us to study the standard model in great detail, and search for 

physics beyond the standard model

• This summer, I worked on a search for semi-visible jets

• I compared jets clustered with a smaller radius (Small-R Jets) to those clustered with a larger radius (Large-
R Jets)

❖We found that so far neither Small-R nor Large-R Jets are very good at reconstructing the 𝑍′ mass; this 
means more studies are needed to understand if & how the 𝑍′ mass can be reconstructed

• I also compared signals with the standard model QCD background, to find which variables best discriminated 
signal from background

❖ I found a number of variables which do this effectively, include Leading 𝑗𝑒𝑡𝑝𝑇, the C2 substructure 
variable, and the Δ𝑅 between jets

❖These variables and others will be used to further develop the SVJ search analysis strategy
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Questions? 
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