The Particle Adventure

International Masterclass - hands on particle physics

Particle detection

March 2023 - Halil Saka, Fotios Ptochos

d 0
M

University of Cyprus




The periodic table of particles
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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.

e We will discuss the LHC later on.



What is the 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
maghnets.

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

Fioren-=9E +qvX B
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Quick reminder of the Lorentz Force
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What does the LHC do?
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https://youtu.be/pQhbhpU9Wrg



Colliding protons to produce a Z 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).
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Particle detectors: Tracking vs Calorimetry

A typical tracker A typical calorimeter
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Particle detectors: A typical tracker

[

A typical tracker

ionize: split electrons from nucleus.
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Particle in, particle out
Typical “spacing” is

~ 100um - Tmm
Typical materials: silicon,
noble gasses, etc.
Charged particles only,
needs to ionize the active
material.

Output: electrical



Particle detectors: A typical tracker
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Particle detectors: A typical calorimeter

e Particle i1s absorbed.

e Typical “spacing” is ~ 2cm -
20cm

* Typical material: Scintillator,

high density material

 Charged or neutral particles

(but must interact with the

OUT OUT OUT OuT _ _ |
high density material)

. . e Output: light — electrical.
A typical calorimeter

Scintillate: emit light at a characteristic frequency upon de-excitation of valence electrons.
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Particle detectors: A typical calorimeter

https://youtu.be/6KEB21_ngCE
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Electromagnetic vs Hadronic interactions
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Particle detectors: Tracking vs Calorimetry

A typical tracker

Blue: Information readout from detector
Next task: Connecting the “dots”

A typical calorimeter

- 1 1 1 .

Blue: Information readout from detector
Next task: Clustering (grouping) the dots



Particle detectors: Connecting the dots

Is the curve correct?

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

1 8 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/


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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Particle detectors: Clustering the dots

* |tis alot of effort to correctly disentangle and identify observed signal in a
detector. The process is known as reconstruction.

Energy (GeV) Energy (GeV)

Is the cluster correct?

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

20 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/


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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ldentifying particles in CMS
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ldentifying particles in CMS
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How does a Z boson look like In real life?

CMS Experiment at the LHC, CERN
= 4| 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

Mass-energy

E?=m**+|p|*c? =—> E:=m?+|p|° .
equivalence

>
P
p/ 2

Four-momentum vs (3D) momentum

pl — (El’p)Cl’py19pZ1) 171) — (leapylapzl)

Pr = (EZ’pr’pyz’pzz) ﬁi — (px29py29p12)

Ip 1P =EL =P P =m} o
Length of four-momentum is invariant under Lorentz

2215 = m2 Transformations. This is the "invariant mass”
|]92| = Ly — |p2| = m,

Sum of 2 four-momenta follow
p3=pitpy=(E +E, py+Dpy Py +Py, 5Pt P,) | conservation of energy and
momentum.

m?=|p;|° = (E,+E)’ - |0+ | Invariant mass of
particles #1 and #2
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Momentum balance in the xy plane

pr = (P D)) y

— —
Pr, +pT2 =0 Particle 1
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Momentum balance in the xy plane

pr = (P D))

pr, + Pr, + Pry =0

y

Particle 1

Particle 3

/ Particle 2
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What about neutrinos?

p_;“ — (pxapy) y

Pry + Py +Pry =0
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What about neutrinos?

Pry+Pry +Pry =0
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Restoring the order: missing momentum

The momentum imbalance
measurement can be interpreted
as the vector sum of neutrinos.

let’s just ignore it for each partic

pr=pnp)  E:=m’+|p|?

2

Transverse mass (Mr) is useful when

2 2 — —
mT3=(ET1+ET2) R |pT1+pT2| >
32

there is missing momentum in the
event!
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Particle decays in Feynman diagrams

* We can use these “ingredients” for an economical description of processes
(interactions) we observe in our universe.

* These can be represented by Feynman diagrams.

ex/ radioactivity

ex/ atmospheric showers P o
udu Ve
u B -
e
4
7Z'+
W +
W

a V}l t|me

time

>
udd

+ + __
T — py, n— per,

35



Why do we collide protons?

e Just shooting one proton to another fixed proton is easier (experimentally).

o Center of mass energy \/E IS a measure of the energy available for the

production of new particles after the collision, remember £ = mc?.

This is important if we aim to produce new, unknown, potentially heavy
particles.

e (Colliding protons is more efficient in this sense!

Colliding V5 ~ Egean

Fixed target \/_ ~ m

This is center-of-mass energy

To achieve \/E = 100 GeV with protons:

Colliding beam energy ~ 50 GeV
Fixed target beam energy ~ 5000 GeV

200 400 600 800 1000
Beam energy (GeV)
36

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


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

How to quantify amount of data and interactions?

.
‘e, w Q

>
E - .'n..A
> . E Collision (interaction)
g . 0% v
> . . W
> . .
My S P:
...0 10 .-
RO Q No collision!
0,.: —>
Probability of interaction?
1 1if x> +y*<2r
P' —— X, dA > x, —_
int = 7 Jp( y) px,y) { 0 else
nz(2r)? 7 L
N — p. = 5 (Luminosity) is a property of how many
int nm int m : :
A particles we collide and how closely we
pack them (in units of inverse area).
Ny, 1y )
= (2r)

o (cross-section) is a property of the
— |o interaction (in units of area). In elementary

particle interactions p ~ | (y;|S|y;) B

37



The units of area

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

Why is the unit barn and not m2or cm?2?

* |n 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”

(’I

4»}4}
——, *

& B

e F

A femtobarn (fb), then, is 10-39 cm?2
(1 b=1024cm2 =100 fm?2).

e The amount of data collected by a detector
IS reported in units of inverse area..

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

3 8 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

Decay
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Production
at mass resonance

Heisenberg uncertainty principle states

h
that : AEA? > 5

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

-3 20 -T * +I" +2I" +3I'

2
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a distribution of energies called a Breit-
Wigner distribution.
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Colliding protons to produce a H boson




What is the benefit of more data?
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41 https://cds.cern.ch/record/2230893/files/Higgs4l.gif



Early trackers

* In the pre-digital era, many different technigues 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).

42 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)

.' N

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



Early trackers

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



Cosmic muons

30000 m

Secondary
COSMIC rays

20000 m

~20km

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



Muon decay

M W V. Mean lifetime is: 2.2 us

Scheme of muon decay in electron and two neutrino

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



Muon decay

w
“’ \W_ V. Mean lifetime is: 2.2 us

\< -

e

Scheme of muon decay in electron and two neutrino AZ
Time dilation: At =
1 —v?2/c?
Observer: At Muon: At

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



Coincidence counters

o

PC or Terminal
with R5-232 Port

— 9-pin R5-232
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Connection Anode Signal

Logic Board
¥ / Cable

120V AC to+5V . . /
DC Power Adapter +5V Daisy-Chained
Power Cable
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High Voltage
) PMT Base
Cosmic Ray
Track
Photo Multiplier

Tube (PMT)

e Light Guide

seintillator

Figure 1. QuarkNet Cosmic Ray Detector System

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