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The periodic table of particles

three generations of matter
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Unobserved

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

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

e How many of these particles are stable? Observable?
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https://en.wikipedia.org/wiki/Physics_beyond_the_Standard_Model



What is CERN?

e European Council for Nuclear Research
(Conseil Européen pour la Recherche Nucléaire)
CERN has been founded in 1952.

e 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.

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

o We will discuss the LHC later on.



What is the LHC?

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

e |t sits about 100m underground and consists of a 27-km ring of superconducting
magnets.

e [t holds two beams of protons traveling in opposite directions
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https://www.washington.edu/news/2019/03/05/faser-detector-lhc/



Quick reminder of the Lorentz Force
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Quick reminder of the Lorentz Force
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What does the LHC do?

CERN
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https://youtu.be/pQhbhpU9Wrg



Colliding protons to produce a Z boson

E = mc?

and quantum mechanics at work!
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Colliding protons to produce an H boson




What is CMS?

e Compact Muon Solenoid is a multi-purpose particle detector at the Large
Hadron Collider (LHC) at CERN.

e |tis the name of the collaboration (group), and the experiment (apparatus).

STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0 m Pixel (100x150 ym?) ~1.9 m? ~124M channels
Overall length :28.7m Microstrips (80-180 pm) ~200 m?> ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000 A

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

PRESHOWER
/=" Silicon strips ~16 m?> ~137,000 channels

&/ | FORWARD CALORIMETER
/  Steel + Quartz fibres ~2,000 Channels

Proton bunches
are brought into
collision at the
center of CMS

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

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

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



Particle detectors: Tracking vs Calorimetry

A typical tracker A typical calorimeter

OouT

ouT

OouT

OUT OUT OUT OUT

Green: Incoming particle Green: Incoming particle

Particle produces small Particle is fully absorbed to

signals to indicate its path measure its energy
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Particle detectors: A typical tracker

e Particle in, particle out
OouT o s
e Typical “spacing” is
Jav
~ 100pum - 1mm
OUT [ [ g
'-I e Typical materials: silicon,
AV
noble gasses, etc.
OouT
needs to ionize the active

_ material.
A typical tracker

e Qutput: electrical

ionize: split electrons from nucleus.
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Particle detectors: A typical tracker
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https://youtu.be/A8L2RtvEKok



Particle detectors: A typical calorimeter

e Particle is absorbed.

e Typical “spacing” is ~ 2cm -
20cm

* Typical material: Scintillator,

high density material

e Charged or neutral particles

(but must interact with the
OUT OUT OUT OuUT _ _ |
high density material)

A typical calorimeter * Qutput: light — electrical.

Scintillate: emit light at a characteristic frequency upon de-excitation of valence electrons.
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Particle detectors: Tracking vs Calorimetry

A typical tracker A typical calorimeter

Blue: Information readout from detector Blue: Information readout from detector
Next task: Connecting the “dots” Next task: Clustering (grouping) the dots
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Particle detectors: Connecting the dots

Each star indicates a

] ] o
“hit” in the tracker layer Which curve is correct:

https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063
16 https://www.epj-conferences.org/articles/epjconf/pdf/2017/19/epjconf_ctdw2017_00016.pdf
https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/



Tracking in real life

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




Particle detectors: Clustering the dots

e Itis a lot of effort to correctly disentangle and identify observed signal in a
detector. The process is known as reconstruction.

Energy (GeV) Energy (GeV)

TTTYTLY \
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Ty

Is the cluster correct?

https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063
18 https://www.epj-conferences.org/articles/epjconf/pdf/2017/19/epjconf_ctdw2017_00016.pdf
https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/



Electromagnetic vs Hadronic interactions

Pair production
4 ABSORBER

y p.n, m K,...
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radiation length : Z interaction length
dE AZ?E Ey | ,g:i/__.c::__ ‘ ’ dE ABE
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https://indico.cern.ch/event/518474/contributions/1198681/attachments/1267581/1877122/Calorimetry-lecture-to-Southampton-students-4May2016-Cockerill-compressed. pdf
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Where you stop is what you are!
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ldentifying particles in CMS
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A real event display

CMS Experiment at the LHC, CERN
% Data recorded: 2018-Sep-03 22:13:43.484096 GMT

Run / Event / LS: 322179 / 1557467762 / 902




How does a Z boson look like in real life?

/| CMS Experiment at the LHC, CERN
%! Data recorded: 2015-Oct-30 19:23:54.631552 GMT
Run / Event / LS: 260424 / 211873064 / 115

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



Special relativity crash course

E=mc* - E=\/(mcz)2+( p c)

m2=E2_ 52

Mass-energy
equivalence

This looks like length of four-momentum vector ° = (E}, D, Dy pz)

This is the "invariant mass”

ms =(E,+E)* - pi+D; 2

pl — (El’pxlapylapzl) ﬁ = (px1,py17pzl)

p2 - (Ezapxza py29pz2) ﬁz} = (pxzapyz’ pzz)

Four-momentum vs (3D) momentum
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Sum of 2 four-momenta follow
conservation of energy and
momentum.




Momentum conservation




Momentum balance in the xy plane

pr = (Pwp,) y

—_— —
Pry * Py = 0 Particle 1
Pry
X
Particle 2 J




Momentum balance in the xy plane

pr = (Pwp,) y

— .
Pt = = Pry Particle 1

pT1

Particle 2

(neutrino?)
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Momentum balance in the xy plane

pr = (Pwp,) y

pr, +pPry+pry; =0 Particle 1

pT1

\ X
pT3
Particle 3
/ Particle 2




Momentum balance in the xy plane

pr= () y

pr, +Pr,+Pr; =0
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Momentum balance in the xy plane

pr= () y

pr, +Pr, +Pry, =0

Pry +Pr, =
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Early trackers

* In the pre-digital era, many different techniques were used, most of which
dependent on ionization.

e Bubble chamber: vapor tracks (—gas) formed along the ionization path of
charged particles in a superheated liquid, typically hydrogen.

e Cloud chamber: condensation tracks (—liquid) formed along the ionization
path of charged particles in a supersaturated gas, typically ethanol.
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32 https://hst-archive.web.cern.ch/archiv/HST2005/bubble_chambers/BCwebsite/index.htm



Early trackers

* |dentifying individual particles is a challenge even with a few tracks!

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

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



Early trackers

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



Cosmic muons .

Scheme of muon decay in electron and two neutrino

30000 m

' Mean lifetime is: 2.2 us
Secondary
cosmic rays

Time dilation:

\Y . : —
L At, =
20000 m obs 1 — v2/c2
A
Tt
Concorde
10000 m
~20km
v

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



Coincidence counters
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Figure 1. QuarkNet Cosmic Eay Detector System

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



Let’s put everything all together
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37 https://cds.cern.ch/record/2230893/files/Higgs4l.gif



