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About me
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in Lund since April 2015
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Dark Matter and hadronic jet enthusiast
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Found online at some of the HASCO events this week

Always found at caterina.doglioni@cern.ch

Web page: http://www.hep.lu.se/staff/doglioni/ [work in progress]

lif you like these lectures...] Interested in interviewing for a PhD? Follow_this link
w @catdoglund
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What this set of intro lectures is meant to be

A (rather quick) trip into particle physics:
A taster of particle physics: theory and experiment
— detectors, and accelerators

* These lectures contain what it takes to
“explain what we are made of” to a layman
audience (e.g. friends/family)

 But also some insight on what a particle
physicist does every day

* You will see each of the topics in much more

detail in this week’s lectures!
... + Topics not introduced here: statistics, heavy ions, flavor physics

Herc
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Our “contract”

* Learning:
« keep up with lectures day by day (workload: ~2h
in class / 30’ for re-reading lectures on your own)

- Feedback:
* if something is not clear, just ask!
- Remember also:
* Here you really learn for yourself,
not for the ECTS credits!

..........
------

Herc
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Our “contract”

» Teaching:

- lectures taught as per schedule

- sufficient breaks / activities to digest lectures
- Q&A:

* if I don’t know something I'll look it up!

- available upon request (except for Tuesday/

Thursday | can also meet 1:1)

- Remember also:

* We are all human and we don’t know everything

ﬁ:[r!ﬂﬁé Caterima LJUg ioni=HASCO-schoot2021= troductionto-tradrorncotiider p]yb ICS 5



Introduction(s) The SM and its equations Feynman diagrams in action ( /
LUNDS

UNIVERSITET

Particle physics books that I used/liked

Particle Physics Elementary Particle Physics The Experimental Foundations Nuclear & Particle Physics
Martin & Shaw An Intuitive Introduction of Particle Physics Burcham & Jobes
Andrew J. Larkoski Cahn & Goldhaber

Particle

Physics

The Experimental Foundations of

Particle Physics

ELEMENTARY
PARTICLE PHYSICS

nuitive Int

B.R. Martin and G. Shaw

Nuclear and
Particle Physics

Burcham and Jobes

PEARSON B

WWILEY
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Outline of these introductory lectures

2k Part 1: Introduction 3k Part 3: Tools
- Fundamental components - Particle accelerators: the LHC
of matter - Detectors for particle physics
- Drawing particles and interactions: * CERN and particle physics
Feynman diagrams collaborations
10’ Q8A + break 10" Q&A + break
sk Part 2: Standard Model forces and >k Part 4: Beyond the Standard Model
interactions * The Higgs discovery
. E|ectromagnetism « Problems of the Standard Model
- Weak interactions - Solutions beyond the Standard Model
» Quantum Chromodynamics * Dark Matter
10’ Q&A + break

iHerc
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Putting particle / hadron collider
physics into context




What is matter made of? LuNDS

Idea from Pauline Gagnon’s talk, Beamline For Schools
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Idea from Pauline Gagnon’s talk, Beamline For Schools
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What are we made of? LuxDs

Proton

Quarks

Nucleus Neutron
~10 cm ~0.00000001 cm ~10-12cm ~10-13 cm <10-16 cm
1 1 1 1
1,000,000,000 10,000 10 100,000

Particle physics: study of fundamental

components of matter iy
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The Standard Model
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Riclaborazione a cura di Antonio Ciccolella - 2011

N\
12 fermions (+12 anti-matter)

5 bosons (+1 opposite charged W)

increasing mass =3

The Standard Model(ca 1960) describes
particles and their interactions
through the four fundamental forces

12 12
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How did we get here? From a zoo of particles

Particle Adventure website

1890 1900 1910 1920
I N A B I RN B A A I N B B A A I
e P
1920 1930 1940 1950
I | I S N S N N N A | I | I S N I Y N I | I | I I S N N N N | I
A $,1.
n et [Thes n- K-
1950 1960
I | N I A N N N N I | .
AAE ML AR
005 pVes0R0 p v, a; ...and many
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/\E*f ol
.. Isthere an order in this apparent chaos?
@b izerc This is how the Standard Model was born! 13 13
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Tidying particles up: the Standard Model ‘tecture2

History of Elementary Particles

| 1 1 | | 1 | |
100 = :
- Chemical :
o Elements Subatomic
5 N Particles
=z |} (at least we hope!)
= _
o
)
8 b
o Sulfur, Salt The SM as it
=B stands today:
S Mercury 6 leptons
.g i Quarks “6” quarks
&  LEarth Leptons 1 ~ “4” force
| Air | mediators
Fire Electron 1 Higgs boson
' Proton 3 iparti
1 Wdlter l l l l l ' l N )) + antiparticles
1000 0 1000 1500 1800 1900 1950 1980 2000 2020
BC AC
http://arxiv.org/abs/1311.1769 14 14
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More in Part 2

Electromagnetic

Wikipedia - by ThorstenS Wikipedia - by Oguraclutch

Wikipedia - By Inductiveload

Strong

proton

Hyperphysics

Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics

Gravitational

Not in Standard Model
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To be detected, particles must

The SM and its equations

Feynman diagrams in action (=
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interact

Maybe we’ll fix this in Part 2

THERE ARE FOUR
FUNDAMENTAL FORCES
BETWEEN PARTICLES:
() GRAVITY, \JHICH
OBEYS THIS INVERSE
SRUARE. LAW:

g%‘ G‘%%'

(2 ELECTROMAGNETISY]
WHICH OBEYS 7HIS
INVERSE-SQUARE LAW:

/ Fovaic = Ke %

AND ALSO
MAXWELLS
EQUATIONS
)
ALSO WHAT?
\\‘

(3) THE SIROMNG MULERR
FORCE, \JHICH DBEYS, UH...

\
- WELL, UMM...
l

...IT HoLDS PROTONS AND
NEUTRONS TOGETHER.

/
T SEE.

N

N
ITS STRONG.

AND () THE LIEAK FORCE. IT
(MoMBLE MUMBLE] RADIOACTIVE
DECAY (MUM3LE MUMBLE]

THATS NOT A SENTENCE.
YOU JUsT SAID ‘RADIO—

— AND THOSE ARE THE
FUR FONDAMENTAL
FORCES!

\ .

...........
*oee’s
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How do forces act on particles? More in Part 2
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By [[:en:User{{{1}}}{{{1}}}]] at Wikipedia

Every force needs particles


https://commons.wikimedia.org/w/index.php?curid=11156615
https://commons.wikimedia.org/w/index.php?curid=11156615
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The SM and its equations

Feynman diagrams in action
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More in Part 2
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12 fermlons (+12 anti-matter)
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5 bOSOﬂS( 1 opposite charged W)

Introduction to hadron collider physics

Electromagnetic force acts ol
anything with electric charge
+ photons (force mediators)

Weak force (mediated by
W/Z bosons):
Anything except the gluon

Note: electromagnetic and weak forces
are two sides of the same force

Strong force:
quarks and gluons (mediators)

This forms the basis of how we
can see particles in particle

detectors: particles interact!

18
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A good quote for life the Standard Model

Murphy’s Laws
1. In any field of endeavor, anything
that can go wrong, will go wrong.

2
10
&
L
£
5
;
3
&
S

.....
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Now let’s not go overboard

Theorist’s view Experimentalist’s view
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Why Feynman diagrams

Intuitive (!) way of expressing QED/QCD formulae into pictures!

U(x')

NO(z)ierd(a)i(a’)ier v(a') Au(z) A ()

'L.'i’ ( T ) TABLE 8-2

The correspondence between diagrams and S-matrix elements in momentum space

Component of Diagram Factor in S-Matrix Element
The h |St0 ry Of Feyn man Internal photon line ¥ = .)‘. 9 33 i w ph;)lfg:tio;l:ropa.gation
Dlag I’amS —Lhtt ) / / ) Internal electron line —> | = :{,”—12 72 : elefcutrrl(():lgioxl)’ropa.gation
web.mit.edu/dikaiser/www/ . ! ’
. p'
FdsAmSci.pdf Corner Stk e - - 1
/P

https://archive.org
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Eeynman Penguin Diagrams

How did this come to be? https://en.wikipedia.org/wiki/Penguin_diagram

Antibottom Antistrange

Antistrange

Strange
Quark

Quar

rc
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) b
Let S dI‘ aw fOI‘ 5 On a computer: https://www.aidansean.com/feynman/

1. Look at slide 18 again and choose some
particles
2. Start with two lines at the beginning/end

1. straight lines (quarks/leptons), wiggly lines (force mediator)
« connect particles that are subject to the same force
2. draw some lines on the left and on the right

3. Connect them, always attaching one wiggly
line to two straight lines

4. Straight lines can also “emit” force mediators

5. Share your screen / Feynman diagram and
we will discuss in light of the rules

ierc
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Lunps
Feynman Diagrams: time & conservation laws
e ¥e) 1. Electrical Charge
Initial state Final state 2. Lepton number, within each

of the families

This means that we cannot connect
Vertices different families of leptons...if we found
experimental evidence of that, it would
be a discovery of new physics!

FIRST RULE OF FEYNMAN SECOND RULE OF FEYNMAN

DIAGRAMS nu\unnms Electrons, muons, tau & their antineutrinos: +1
Positron, antimuon, antitau & their neutrinos: -1

3. Baryon number (easy enough...)

‘. ‘ ‘ QUARKS
Particle Name Symbol IMass(MeV) Charge Strangeness |Baryon Number
; Hp I} 310 +2/3 0 1/3
- BOWH d 310 143 0 113
STRANGE 5 505 143 -1 143
TIME FllIWS FROMLEET:TO » CHARR e | em | n 0 "
GCONSERUATION LAWS AT “lf VERTEX AND IN THE TRHETH ¢ 22500 +213 0 143
memegenerator.net INITIAL/FINAL STATES egenerator.net BERHETY b 5000 -143 0 143
This is a convention and Antiquarks have baryon number of -1/3
can change, but this is

the rule we’ll follow Force mediators have no baryon/lepton numbers

Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics 24
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What about conservation of energy?

STAR WARS

FPISODE VII

* Assuming you have seen this

before: E2 = (mc2)2+(pc)?2
 This must be valid for processes that
are observable (~long time) —> initial / §E
final state e ————
- Heisenberg'’s principle: this can be S e
violated on short timescales, e.g. within
the middle of a Feynman diagram

SREXT TO LEADING ORDER

Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics 25
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Would you like to try on your own?

1. Can you draw a diagram with an electron in the
initial state, and a positron in the final state?

2. Can you draw a Feynman diagram of a Z boson
decay?

3. Draw a random Feynman diagram, then decide if
it’s an interaction that is possible

“ierc
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5-10’ for a break (or questions)
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Backup slides - Part 1

28
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Feynman diagrams are space-time paths for particles

A good tutorial by Prof. Flip Tanedo:

http://www.quantumdiaries.org/2010/02/14/lets-draw-feynman-diagams/
[basic level]

https://www.classe.cornell.edu/~pt267/files/teaching/undergradparticles1.pdf
[more info]

S%Q,‘\

F. Tanedo

X:I;!Tﬁé Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics 29
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What do these lines mean?

« Sum over histories in quantum mechanics

L M?_;' T ST F. Tanedo
-1 "\
?N\t?:z \ra 3 BNy SOAL
NEINTY l W/’ (pwg o0 dedecksc )
;»3; S&:
whar SuT x du o ceszess (iepond
TU 965585 S Tz w9 o€t aTleTeS

- Each path from initial to final state is assigned a number
- The sum squared of these numbers is related to the
probability of a given final state
- Different wrt the sum of the squares!

ATLAS Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics
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Feynman diagrams & conservation laws

How to treat “vertical” vertices?
http://teachers.web.cern.ch/teachers/archiv/HST2002/

Time flows from left to right
! Ve e
patticle ertersthe patticleleavesthe
incorming exchange particle
carries negative charge
interaction sytmbol

v

Make sure you conserve M W
(all the relevant quantities)!
B BEFORE AFTER
Al [ A

incommg exchange particle
carnes negative charge

Laime joke

Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics 1 31
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Feynman diagrams with muons s

https://timeline.web.cern.ch/anderson-and-neddermeyer-discover-the-muon

|. Rabi
Who ordered ("'—-i —‘)

The MUON is a THAT21?! :
short-lived, heavier S
version of the

electron. It has the

same negative

charge, but is 200 ) .
R —— Because of its mass, it was at first thought to be the

lan the electxon. particle predicted by the Japanese physicist Yukawa
Hideki in 1935 to explain the strong force that binds
protons and neutrons together in atomic nuclei. It was
subsequently discovered, however, that a muon is correctly
assigned as a member of the lepton group of subatomic
particles—it never reacts with nuclei or other particles
through the strong interaction. A [FILG) iR TIETEAYS)|
unstable, with a lifetime of only 2.2 microseconds
before it decays by the weak force into an electron and
AT Oh G R i las il Because muons are charged,
U:H?....‘OOOOHOEAOW before decaying they lose energy by displacing electrons

from atoms (ionization). At high-particle velocities close
to the speed of light, ionization dissipates energy in
relatively small amounts, so muons in cosmic radiation

QMR' I 'I( :I Ez 0 are extremely penetrating and can travel thousands of
& metres below the Earth’s surface.
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Feynman diagrams with the Z boson

Z BOSON

The Z BOSON is a very
massive carrier particle for
the weak force. Unlike its e J
siblings the W-/W+
particles, the Z is neutrally
charged. Living only 10727
second, the Z quickly decays

into other particles.

5
Discovered in 1983, the Z glo T T T T T T T T T
has allowed physicists to g 7
further study electroweak §
: 210k + - .
theory. 2 e e —hadrons E
5
Wool felt with gravel fill 103
Jor maximum mass.
0000000000000 $10 49 102500 .
LIGHT HEAVY B PLUS SHIPPING E PEP | E
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[ PEP-II - ]
NEUTRC 10 3 1 1 1 IIJEP11 I LIIEP III 1 E

. N T s
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2“‘ Centre-of-mass energy (GeV)

http://www.symmetrymagazine.org/cms/?pid=1000630
Caterina Doglioni - HASCO school 2021 - Introduction to hadron collider physics 33



http://www.symmetrymagazine.org/cms/?pid=1000630
http://www.symmetrymagazine.org/cms/?pid=1000630

Introduction(s) The SM and its equations Feynman diagrams in action

Feynman diagrams with the W boson

W BOSON

e W BOSON

wssenger partiche whil Ve Vi
COmMmIICMes the weak
e st r+
oree. Unbibe the photon W VV\/< L /\A/\/< H
A ," -~‘n'--a--\. t has i T T
12NN I,,. rl~.~/ DoOsOorL 1L s
| st sl -1 ;) p

It can In 'x...."l-l'l'. g
Wo) or pesitivedy charped -
Wl Lackily vou cam han -
double-sided
W+ side Two d quarks

implies twoways & U d U d u
to do this. n p

deutaron

Charged current reaction,

-ERA I{’I‘ICLE Z 0 electron neutrinos only.

0000000000000
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@b rc More details about mixing during
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Particles Colliders
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Newest particle: the Higgs boson ‘Lecure2
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Detectors

Colliders

Particles

LUNDS

UNIVERSITET

Lecture 2
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What does the Higgs boson do?

Gives mass to (most)other particles!
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EEEEEEEEEEE

This is excellent, we know everything
about what we are made of!

.,-.....:.. c
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Lecture 4 OI‘ not?

Experts on
searching for this at
the LHC are at

@ Ordinary Matter
@ Dark Matter

& i @ Dark Energy
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Lecture 4

IIIIIIIIIII

What do we know about dark matter?

“ierc
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Dark Matter?

it’s dark

Ordinary Matter
@ Dark Matter

Dark Energy

: - ;r_o'lalid.nal vellicilv
“ e [km/s]l =~ :

W50 so000 100000
©* distance from center (light years]

it has mass and feels the
gravitational force

it is the main component of
in the universe

We don’t know what it is, but it does

not belong to the Standard Model (yet)!
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