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The periodic table of particles

https://en.wikipedia.org/wiki/Physics_beyond_the_Standard_Model
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Hadrons 
Baryons (3q) 
Mesons (2q)

• Hadronically (strong force) interacting particles: all quarks (via gluons)

• Electromagnetically interacting particles: all particles with electric charge  (via photons)

• How many of these particles are stable? Observable?
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What is CERN?
• European Council for Nuclear Research  

(Conseil Européen pour la Recherche Nucléaire)  
CERN has been founded in 1952. 

• Today, our understanding of matter goes much  
deeper than the nucleus, and CERN's main area  
of research is particle physics. Because of this,  
the laboratory operated by CERN is often referred  
to as the European Laboratory for Particle Physics. 

• Today (since 2008) CERN is the  
host laboratory of the Large Hadron  
Collider (LHC) and the experiments  
(detectors) on it, including the  
CMS detector. 

• We will discuss the LHC later on.
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What is the LHC?

Switzerland

France

• Geneva

CMS detector

CERN  
main site

https://www.washington.edu/news/2019/03/05/faser-detector-lhc/

• The Large Hadron Collider is a particle accelerator and collider that pushes 
protons (or ions) to near the speed of light. 

• It sits about 100m underground and consists of a 27-km ring of superconducting 
magnets. 

• It holds two beams of protons traveling in opposite directions
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Quick reminder of the Lorentz Force

FLorentz = q ⃗E + q ⃗v × ⃗B
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Quick reminder of the Lorentz Force

https://virtuelle-experimente.de/en/b-feld/b-feld/kraefte.php

FLorentz = q ⃗E + q ⃗v × ⃗B
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Quick reminder of the Lorentz Force

https://youtu.be/nRDVm5rn_2A

FLorentz = q ⃗E + q ⃗v × ⃗B



8 https://youtu.be/pQhbhpU9Wrg

What does the LHC do?



9 https://youtu.be/7HpQGR1gjXk

Colliding protons to produce a Z boson
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What is CMS?
• Compact Muon Solenoid is a multi-purpose particle detector at the Large 

Hadron Collider (LHC) at CERN.

• It is the name of the collaboration (group), and the experiment (apparatus).

http://cds.cern.ch/record/2665537

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON T"CKERS

MUON CHAMBERS
Barrel: 250 Dri# Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz $bres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic $eld

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1.9 m2 ~124M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels

Proton bunches 
are brought into 
collision at the 
center of CMS
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Particle detectors: Tracking vs Calorimetry
A typical tracker A typical calorimeter

OUTOUTOUT

Green: Incoming particle
 Green: Incoming particle


+
+

+ +

+
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• Particle in, particle out


• Typical “spacing” is 

 - 1mm


• Typical materials: silicon, 
noble gasses, etc.


• Charged particles only, 

needs to ionize the active 
material.


• Output: electrical

∼ 100μm

OUT

OUT

OUT

Particle detectors: A typical tracker

A typical tracker

+
+

+ +

+

ionize: split electrons from nucleus.
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https://youtu.be/A8L2RtvEKok

Particle detectors: A typical tracker
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• Particle is absorbed.


• Typical “spacing” is  2cm - 

20cm 


• Typical material: Scintillator, 
high density material


• Charged or neutral particles 

(but must interact with the 

high density material)


• Output: light  electrical.

∼

→

OUT

A typical calorimeter

OUTOUTOUT

Particle detectors: A typical calorimeter

Scintillate: emit light at a characteristic frequency upon de-excitation of valence electrons.
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https://youtu.be/6KEB21_ngCE

Particle detectors: A typical calorimeter
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https://indico.cern.ch/event/518474/contributions/1198681/attachments/1267581/1877122/Calorimetry-lecture-to-Southampton-students-4May2016-Cockerill-compressed.pdf

Electromagnetic vs Hadronic interactions

EM HAD

e

γ

γ
Atom

Atom

Bremsstrahlung 
radiation ~ Z2E/m2
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Particle detectors: Tracking vs Calorimetry

Blue: Information readout from detector

Next task: Connecting the “dots”

A typical tracker A typical calorimeter

OUT

Blue: Information readout from detector

Next task: Clustering (grouping) the dots



18

Particle detectors: Connecting the dots

Is the curve correct?

https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/
https://www.epj-conferences.org/articles/epjconf/pdf/2017/19/epjconf_ctdw2017_00016.pdf

https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063

⃗B⃗B

https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/
https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063


19 http://cms.web.cern.ch/news/reconstructing-multitude-particle-tracks-within-cms

Tracking in real life
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• It is a lot of effort to correctly disentangle and identify observed signal in a 
detector.  The process is known as reconstruction.

https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/
https://www.epj-conferences.org/articles/epjconf/pdf/2017/19/epjconf_ctdw2017_00016.pdf

https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063

Energy (GeV) Energy (GeV)

Is the cluster correct?

Particle detectors: Clustering the dots

https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/
https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063
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Identifying particles in CMS

Tracker TrackerCalorimeters

21

?
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Identifying particles in CMS

Tracker TrackerCalorimeters

Electron

Pions  
(charged hadrons)

Photon

Neutrons 
(neutral hadrons)

Muons

Neutrinos
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Identifying particles in CMS

Calorimeters

Tracker

Tracker (Muon Tracker)
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How does a Z boson look like in real life?

https://cds.cern.ch/record/2114775



Special relativity crash course
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p3 = p1 + p2 = (E1 + E2 , px1 + px2 , py1
+ py2

, pz1 + pz2)

p1 = (E1, px1, py1
, pz1)

p2 = (E2, px2, py2
, pz2)

⃗p1 = (px1, py1
, pz1)

⃗p2 = (px2, py2
, pz2)

E2 = m2c4 + | ⃗p |2 c2 E2 = m2 + | ⃗p |2→

m2
3 = |p3 |2 = (E1 + E2)2 − | ⃗p1 + ⃗p2 |2

|p2 |2 = E2
2 − | ⃗p2 |2 = m2

2

|p1 |2 = E2
1 − | ⃗p1 |2 = m2

1

Mass-energy 
equivalence

Four-momentum vs (3D) momentum

Length of four-momentum is invariant under Lorentz 
Transformations. This is the "invariant mass”

Sum of 2 four-momenta follow 
conservation of energy and 

momentum. 

Invariant mass of 
particles #1 and #2

p1

p2p3



Momentum balance in the xy plane
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y

x

⃗pT1

⃗pT2

Particle 1

Particle 2

⃗pT1 + ⃗pT2 = 0

⃗pT = (px, py)



Momentum balance in the xy plane
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y

x

⃗pT1

⃗pT2

Particle 1

Particle 2

Particle 3
⃗pT3

⃗pT1 + ⃗pT2 + ⃗pT3 = 0

⃗pT = (px, py)



What about neutrinos?
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y

x

μ+

μ−
ν

⃗pT1

⃗pT2

⃗pT3

⃗pT1 + ⃗pT2 + ⃗pT3 = 0

⃗pT = (px, py)
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y

x

μ+

ν
⃗pT1

ν

⃗pT3

⃗pT2

⃗pT1 + ⃗pT2 + ⃗pT3 = 0

What about neutrinos?



E2
T = m2 + | ⃗pT |2

m2
T3 = (ET1 + ET2)

2 − | ⃗pT1 + ⃗pT2 |2

Restoring the order: missing momentum
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y

x

μ+

pT
⃗pT2

⃗pT1

⃗pT1 + ⃗pT2 = 0

⃗pT ≡ ⃗pT2 = − ⃗pT1

If we don’t know the momenta along the z-direction, 
let’s just ignore it  for each particle!

⃗pT = (px, py)
Transverse mass (MT) is useful when 
there is missing momentum in the 
event!

The momentum imbalance 
measurement can be interpreted 
as the vector sum of neutrinos.
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• We can use these “ingredients” for an economical description of processes 
(interactions) we observe in our universe. 

• These can be represented by Feynman diagrams. 

π+ → μ+νμ

π+

n → pe−νe

ex/ atmospheric showers
ex/ radioactivity

Particle decays in Feynman diagrams

time
time
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Why do we collide protons?
• Just shooting one proton to another fixed proton is easier (experimentally).

• Center of mass energy  is a measure of the energy available for the 
production of new particles after the collision, remember . 
This is important if we aim to produce new, unknown, potentially heavy 
particles.

• Colliding protons is more efficient in this sense!

s
E = mc2

http://edu.itp.phys.ethz.ch/hs10/ppp1/PPP1_4.pdf

 Beam energy (GeV)

 (G
eV

)
s

This is center-of-mass energy
s ∼ EBeam

s ∼ EBeam

Colliding

Fixed target

To achieve  with protons: 
Colliding beam energy ~ 50 GeV 
Fixed target beam energy ~ 5000  GeV 

s = 100 GeV

https://www.washington.edu/news/2019/03/05/faser-detector-lhc/
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How to quantify amount of data and interactions?

Pint =
1
A ∫ p(x, y)dA

Collision (interaction)

No collision!

A

r→

nt
nm

r→

p(x, y) ={1 if x2 + y2 < 2r
0 else

Nint = nmPint = nm
ntπ(2r)2

A

=
nmnt

A
π(2r)2

= Lσ

 (Luminosity) is a property of how many 
particles we collide and how closely we 
pack them (in units of inverse area). 

L

  (cross-section) is a property of the 
interaction (in units of area). In elementary 
particle interactions   

σ

p ∼ |⟨ψi|S|ψf⟩ |2

Probability of interaction?



• The relevant cross-section (i.e. area) unit at at the LHC  
is typically femtobarns, or picobarns, .. 

• Why is the unit barn and not m2 or cm2?

• In 1940s, physicists working at Purdue University in Indiana (USA) wanted a catchy 
wanted a name for the size of an atomic nucleus of uranium  
(this happens to be large compared to other atomic nuclei). 
They chose the “barn” as the unit!    ➞ “broad as a barn door” 

• A femtobarn (fb), then, is 10-39 cm2   
(1 b = 10-24 cm2 = 100 fm2).

• The amount of data collected by a detector 
 is reported in units of inverse area..

• Note that the smaller the units of  
(integrated) luminosity, the larger  
the actual amount of data in that dataset!     
                                                  

38

The units of area 

https://news.stanford.edu/news/2004/july21/femtobarn-721.html  
https://www.pinterest.com/pin/264234703110055184/?nic_v2=1a5SHms1Y

https://news.stanford.edu/news/2004/july21/femtobarn-721.html


Particle Production, Decay, Lifetime, Width
ProductionDecay Production+Decay  

at mass resonance

Heisenberg uncertainty principle states 

that : 


This means for particles with short 
lifetimes, there will be a significant 
uncertainty in the “energy”. 


Repeated measurement of the energy 
(mass) of an unstable particle a will give 
a distribution of energies called a Breit-
Wigner distribution.


ΔEΔt >
ℏ
2

39



40 https://youtu.be/wZpfHzlhuzg

Colliding protons to produce a H boson



What is the benefit of more data?

https://cds.cern.ch/record/2230893/files/Higgs4l.gif41

luminosity

0

Number of pp collisions 
that produce 4 leptons 
(electrons or muons)  
that have a mass in a 
given range (x-axis)

Mass of 4 leptons (electrons or muons)
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• In the pre-digital era, many different techniques were used, most of which 
dependent on ionization. 

• A bubble chamber works by the vapor tracks formed along the ionization 
path of charged particles in a superheated liquid (hydrogen).

https://hst-archive.web.cern.ch/archiv/HST2005/bubble_chambers/BCwebsite/index.htm

Early trackers
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• Identifying individual particles is a challenge even with a few tracks!

• Why does the “coils” appear? (Assume this is in constant magnetic field)

https://hst-archive.web.cern.ch/archiv/HST2005/bubble_chambers/BCwebsite/index.htm

Early trackers
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• In order to “see” that the two photons come from the same pion, we need to 
calculate the momentum of each photon (how?), and the invariant mass of 
the two-photon system.

https://hst-archive.web.cern.ch/archiv/HST2005/bubble_chambers/BCwebsite/index.htm

Early trackers

π0 → γγ → e+e−e+e−

liquid nucleiπ0

γ

e+

e−

e+

e−

γ



Cosmic muons

https://physicsopenlab.org/2016/01/10/cosmic-muons-decay/

~20km



Muon decay

https://physicsopenlab.org/2016/01/10/cosmic-muons-decay/

Mean lifetime is: 2.2 μs



Muon decay

https://physicsopenlab.org/2016/01/10/cosmic-muons-decay/

Mean lifetime is: 2.2 μs

Time dilation:  Δt′￼=
Δt

1 − v2/c2

Observer: Δt′￼ Muon: Δt



Coincidence counters

https://physicsopenlab.org/2016/01/10/cosmic-muons-decay/



49


