
Andreas Papaefstathiou

@ SCM 2000 [October 18th, 2023]
Assistant Professor of Physics, Kennesaw State University

[made with stablecog]

Particle Physics: 
The Gigantic Search for the Small Stuff



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

Find these slides at: 
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf
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Colloquium @ Georgia State:
https://www.youtube.com/watch?v=rfRQSIfwqdY
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What is Particle Physics?
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It all started with the Big Bang…
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It all started with the Big Bang…
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Aim: Smash things together in a “controlled” way to 
“emulate” conditions closer to the Big Bang!
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Aim: Smash things together in a “controlled” way to 
understand the structure of matter today!
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https://www.smbc-comics.com/comic/2014-11-25

Aim: Smash things together in a “controlled” way to 
understand the structure of matter today!

https://www.smbc-comics.com/comic/2014-11-25
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Why???
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Why???
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Rule: 

Higher Energy ≡ Smaller Scales!
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High Energy Particle Colliders
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High Energy Particle Colliders
Large Hadron Collider

@ CERN
in Geneva, Switzerland
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High Energy Particle Colliders
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High Energy Particle Colliders
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LHC: Fun Facts

•Circumference of 27 km (17 miles).

•Lies 100 m (330 feet) underground. 

•Produces hundreds of millions of particle collisions/
second (=“events”). 

•Energy stored in particle beam = Energy of 1000 kg 
car @ 3000 km/h (~1900 mph)! 

•The data recorded can fill around 100,000  DVDs 
each year!
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LHC Status
• http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1
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Truth is Stranger Than Fiction…

This is a real “event”!
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How do we make sense of it all?

12

Pictured: Richard Feynman playing the bongos.
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(Shut up and Calculate) Using Quantum Field Theory
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→ Calculate ,
⇒ Probability to find particle somewhere ∝ 

Ψ
Ψ

2
Ψ Ψ

2

[  is called the “wave function”]Ψ
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• Quantum Mechanics → weird & wonderful world of the very small objects.
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E = mc2
→ Mass and Energy are equivalent!

⇒ You can exchange one for the other!
⇒ Particle creation from Energy!

• Special Relativity describes the world of the very fast-moving objects.

→ Calculate ,
⇒ Probability to find particle somewhere ∝ 

Ψ
Ψ

2
Ψ Ψ

2

[  is called the “wave function”]Ψ
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 Quantum Mechanics + Special Relativity ≈ Quantum Field Theory 
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From Theory to Experiment and Back Again
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THEORY

EXPERIMENT
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From Theory to Experiment and Back Again
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e.g. We wish to describe .e−e− → e−e− + X

i.e. the scattering of two electrons!
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Ψ
2

∝ c4 + c6 + c8 + . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1
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We now know how to calculate probabilities in Quantum Field Theory!
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In reality: depends on the energy and directions of the particles involved!Ψ
2



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

From Theory to Experiment and Back Again

20

Ψ
2

∝ c4 + c6 + c8 + . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1

In reality: depends on the energy and directions of the particles involved!Ψ
2



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

From Theory to Experiment and Back Again

20

Ψ
2

∝ c4 + c6 + c8 + . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1

In reality: depends on the energy and directions of the particles involved!Ψ
2

e−



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

From Theory to Experiment and Back Again

20

Ψ
2

∝ c4 + c6 + c8 + . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1

In reality: depends on the energy and directions of the particles involved!Ψ
2

e− e−



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

From Theory to Experiment and Back Again

20

Ψ
2

∝ c4 + c6 + c8 + . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1

In reality: depends on the energy and directions of the particles involved!Ψ
2

e− e−

Energy of electron 2

Energy of electron 1



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

From Theory to Experiment and Back Again

20

Ψ
2

∝ c4 + c6 + c8 + . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1

In reality: depends on the energy and directions of the particles involved!Ψ
2

e− e−

Energy of electron 2

Energy of electron 1

We have a way to describe what we 
observe at experiments!
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& if  ⇒ Equation becomes invalid!c2 ≥ 1
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• So, can we calculate everything using pen and paper? Not really…

Ψ
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∝ c4 + c6 + c8 + . . . Adding more & more terms is 
extremely challenging!

& if  ⇒ Equation becomes invalid!c2 ≥ 1

• Solution: Use approximate  & model situations where !cn c2 ≥ 1
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• So, can we calculate everything using pen and paper? Not really…

Ψ
2

∝ c4 + c6 + c8 + . . . Adding more & more terms is 
extremely challenging!

& if  ⇒ Equation becomes invalid!c2 ≥ 1

• Solution: Use approximate  & model situations where !cn c2 ≥ 1

• Monte Carlo simulations accomplish this!

Based on randomness and probability. 
Just like Quantum Mechanics!

Pictured: Casino Monte Carlo, Monaco.
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• “Theory”:

• Area of a circle: . 

• Distance of any point  from origin , 
by Pythagoras’ theorem: .

• Probability of a point falling within circle = 
Area of Circle divided by Area of Square: 

.

A = πr2

(x, y) 𝒪
d = x2 + y2

𝒫 = πr2/(4r2) = π/4

(x, y)

𝒪
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• The known particles and their interactions!

• Calculate probabilities using Quantum Field Theory → .Ψ
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• “Theory”:

• The known particles and their interactions!

• Calculate probabilities using Quantum Field Theory → .Ψ
2

• “Simulation”:

• Pick  random uniform points within the “allowed” constraints 
(e.g. Energy, momentum conservation ).

N



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

e− e−

Energy of electron 2

Energy of electron 1

Simulations of Events via Monte Carlo

24

• “Theory”:

• The known particles and their interactions!

• Calculate probabilities using Quantum Field Theory → .Ψ
2

• “Simulation”:

• Pick  random uniform points within the “allowed” constraints 
(e.g. Energy, momentum conservation ).

N



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf

e− e−

Energy of electron 2

Energy of electron 1

Simulations of Events via Monte Carlo
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• Calculate probabilities using Quantum Field Theory → .Ψ
2
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• Pick  random uniform points within the “allowed” constraints 
(e.g. Energy, momentum conservation ).
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Figure 3: The transverse momentum distribution of electrons for W+ ! e+⌫ candidates (left) and W� ! e�⌫̄
candidates (right). The simulated samples are normalized to the data luminosity. The multijet background shape is
taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected
background and signal contributions is shown as a solid line with a hashed band detailing the statistical uncertainty
and labelled “total (stat)”. The legend lists only background sources with a visible contribution.

5.2 Cross-section measurements

5.2.1 Electron channels

To ensure an adequate description of important kinematic variables in the electron channels, Figures 3 to 9
compare several distributions of the data to the signal simulation and estimated backgrounds. The signal
and electroweak background distributions are taken from the simulation and normalized to the corres-
ponding data luminosity. The distributions of the background from multijet production are obtained from
data and normalized as described in Section 3.3. Figures 3, 4, 5 and 6 show the distributions of the
electron transverse momentum, the electron pseudorapidity, the missing transverse momentum, and the
transverse mass of candidate W events, respectively. The invariant mass distribution of electron pairs, se-
lected by the Z/�⇤ ! e+e� analyses, and the dilepton rapidity distributions are shown in Figures 7, 8 and
9, respectively. Good agreement between data and the predictions is observed in general for all kinematic
distributions. Small disagreements in the shapes of the Emiss

T and mT distributions of W-boson candidates
are visible at the level of 2–10%. These deviations are covered by uncertainties on the multijet background
and on the signal modelling, for the latter specifically the variations related to the hadronic recoil response
and W-boson pT spectrum. In the forward Z/�⇤ ! e+e� distributions, small disagreements at low mee and
localised in particular yee bins of the high mass region mee = 116–150 GeV are covered by the systematic
uncertainties on the electron energy scale and resolution, and background yields, respectively.

Table 1 summarizes the number of selected candidates, estimated background events and the CW[Z] cor-
rection factors used for the four di↵erent integrated electron channel measurements: W+, W�, central
Z/�⇤, and forward Z/�⇤ analyses, both Z/�⇤ analyses in the Z-peak region of 66 < mee < 116 GeV. The
corresponding four integrated cross sections in the fiducial phase space specific to the electron channels
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9, respectively. Good agreement between data and the predictions is observed in general for all kinematic
distributions. Small disagreements in the shapes of the Emiss
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are visible at the level of 2–10%. These deviations are covered by uncertainties on the multijet background
and on the signal modelling, for the latter specifically the variations related to the hadronic recoil response
and W-boson pT spectrum. In the forward Z/�⇤ ! e+e� distributions, small disagreements at low mee and
localised in particular yee bins of the high mass region mee = 116–150 GeV are covered by the systematic
uncertainties on the electron energy scale and resolution, and background yields, respectively.

Table 1 summarizes the number of selected candidates, estimated background events and the CW[Z] cor-
rection factors used for the four di↵erent integrated electron channel measurements: W+, W�, central
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ponding data luminosity. The distributions of the background from multijet production are obtained from
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9, respectively. Good agreement between data and the predictions is observed in general for all kinematic
distributions. Small disagreements in the shapes of the Emiss
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are visible at the level of 2–10%. These deviations are covered by uncertainties on the multijet background
and on the signal modelling, for the latter specifically the variations related to the hadronic recoil response
and W-boson pT spectrum. In the forward Z/�⇤ ! e+e� distributions, small disagreements at low mee and
localised in particular yee bins of the high mass region mee = 116–150 GeV are covered by the systematic
uncertainties on the electron energy scale and resolution, and background yields, respectively.
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rection factors used for the four di↵erent integrated electron channel measurements: W+, W�, central
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compare several distributions of the data to the signal simulation and estimated backgrounds. The signal
and electroweak background distributions are taken from the simulation and normalized to the corres-
ponding data luminosity. The distributions of the background from multijet production are obtained from
data and normalized as described in Section 3.3. Figures 3, 4, 5 and 6 show the distributions of the
electron transverse momentum, the electron pseudorapidity, the missing transverse momentum, and the
transverse mass of candidate W events, respectively. The invariant mass distribution of electron pairs, se-
lected by the Z/�⇤ ! e+e� analyses, and the dilepton rapidity distributions are shown in Figures 7, 8 and
9, respectively. Good agreement between data and the predictions is observed in general for all kinematic
distributions. Small disagreements in the shapes of the Emiss

T and mT distributions of W-boson candidates
are visible at the level of 2–10%. These deviations are covered by uncertainties on the multijet background
and on the signal modelling, for the latter specifically the variations related to the hadronic recoil response
and W-boson pT spectrum. In the forward Z/�⇤ ! e+e� distributions, small disagreements at low mee and
localised in particular yee bins of the high mass region mee = 116–150 GeV are covered by the systematic
uncertainties on the electron energy scale and resolution, and background yields, respectively.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Searching for New Phenomena

Construct histograms &
Compare to real data!

e.g.:

Simulation of 
stuff that we know exist!

Hypothetical particle

Some Observable Quantity [GeV]

⇒ Determine whether a hypothetical particle is compatible with data!
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Questions Answers
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Q: Why does the matter we are made of exist?

28

[or: Why is there so much more matter than anti-matter?]

Image credit: QuantaMagazine
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Q: Why does the matter we are made of exist?

28

[or: Why is there so much more matter than anti-matter?]

e−

e+
photon
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Q: Why does the matter we are made of exist?

28

[or: Why is there so much more matter than anti-matter?]
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Q: Why does the matter we are made of exist?

28

➜ the “Matter-Anti-Matter Asymmetry”.

[or: Why is there so much more matter than anti-matter?]
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Q: What is the ultimate fate of our Universe?
We are here!
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Higgs Potential:

Higgs Field:

⟨ϕ⟩
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➜ the “Vacuum Stability Problem”.

Higgs Potential:

Higgs Field:

⟨ϕ⟩
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Q: What is the nature of Dark Matter?

30

Rotation curve of a typical spiral 
galaxy: predicted (A) and observed (B).
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Q: What is the nature of Dark Matter?

30

Rotation curve of a typical spiral 
galaxy: predicted (A) and observed (B).

Q: …
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Particle Colliders present us with a unique opportunity in the 
history of our species to comprehend the nature of matter 
and energy!

31
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Particle Colliders present us with a unique opportunity in the 
history of our species to comprehend the nature of matter 
and energy!

31

Essential tools: Monte Carlo Simulations!

THEORY EXPERIMENT
<latexit sha1_base64="dM0wT3a5XHkgpYsTisxwMsDDEgY="></latexit>
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The best way to do science is through hands-on learning! 

→ Through research experience that can bring you to the 
state of the art and address open-ended questions.
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Example Research Projects!

33
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A “Jet” of particles

Particle Jet Physics
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A “Jet” of particles
p1

p2

p3

: individual 
particle 

momenta in jet

pi

Particle Jet Physics



Andreas Papaefstathiou
http://facultyweb.kennesaw.edu/apapaefs/scm2000.pdf34

A “Jet” of particles

: individual 
particle 

momenta in jet

pi

Pjet
Particle Jet Physics
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A “Jet” of particles

: individual 
particle 

momenta in jet

pi

Pjet

Method of combining  into  
→ determines sensitivity of a jet to “garbage”.   

pi Pjet

Particle Jet Physics
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A “Jet” of particles

: individual 
particle 

momenta in jet

pi

Pjet

Method of combining  into  
→ determines sensitivity of a jet to “garbage”.   

pi Pjet

HOW?: Understand sensitivity analytically/
numerically.

[⇒ Enhance searches for new phenomena!]

Particle Jet Physics
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Particle Physics Simulations
• e.g.: Constructing Monte Carlo Event Generators.

➡ What makes them tick?

➡ HOW? You can code your own, from scratch!

➡ e.g. https://arxiv.org/abs/1412.4677 & https://cern.ch/apapaefs/
mchowto.html.

➡ & https://gitlab.com/apapaefs/pyresias.

➡ HOW? Code visualizations of realistic particle collisions!

35
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New Scalar Particles

• e.g.: Searching for new Higgs bosons at colliders!

➡ The Higgs boson (discovered at the CERN LHC in 2012) is the only 
fundamental scalar particle that we know of!

➡ Are there more? 

➡ What would their existence mean? 

➡ What is the potential of the LHC to detect them and to understand them?

➡ HOW? Use computational techniques of Monte Carlo Event Generators 
& Machine Learning. 

36
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More Exotic Phenomena
✴ Non-perturbative SM topological processes: 

Electro-Weak Sphalerons & QCD Instantons.

➡ HOW? Use computational techniques of Monte Carlo Event Generators & Machine Learning 

➡ or analytical techniques to understand these processes.

37
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ūL, d̄L μ̄L, ν̄μ

c̄L, s̄L

τ̄L, ν̄τ

uL, dL

uL, dL {<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

…

Very large # of bosons: ! 𝒪(30)
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More Exotic Phenomena
✴ Non-perturbative SM topological processes: 

Electro-Weak Sphalerons & QCD Instantons.

➡ HOW? Use computational techniques of Monte Carlo Event Generators & Machine Learning 

➡ or analytical techniques to understand these processes.
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…

Very large # of bosons: ! 𝒪(30)
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Contact Details:
Dr. Andreas Papaefstathiou (a.k.a. Dr. P.)
Office: Academic Building (H), Office 260I, Marietta Campus.
• National Science Foundation (NSF) funding available: 

• “Deciphering Electro-Weak Scale Physics at Particle Colliders”, since 
August 1st 2022. 

• You can contact me via e-mail at apapaefs@kennesaw.edu! 
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Thanks! Questions?

Find me on the web:Find these slides at:

mailto:apapaefs@kennesaw.edu

