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What are we made of?

» Particle Physics aims to understand the fundamental building blocks of Nature and the interactions
between them — access the most basic laws of Nature
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What are we made of?

» Particle Physics aims to understand the fundamental building blocks of Nature and the interactions
between them — access the most basic laws of Nature

> Since the Antiquity, philosophers — in Ancient Greece, Tibet, Japan, Mali, etc. — have asked these questions
— 4 (or 5) classical elements: earth / fire / air / water / (void)
— From Greek: “atomos” = uncuttable

Example 1. Example 2: _
Classical Greek “Godai” ( K ) void
elements in Japan
(here in drawing wind (air)
by Leibnitz)
fire
7}( water
i’@ earth
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https://en.wikipedia.org/wiki/Godai_(Japanese_philosophy)#/media/File:Gorinto-zh.svg

What are we made of?

» Particle Physics aims to understand the fundamental building blocks of Nature and the interactions
between them — access the most basic laws of Nature

> Since the Antiquity, philosophers — in Ancient Greece, Tibet, Japan, Mali, etc. — have asked these questions
— 4 (or 5) classical elements: earth / fire / air / water / (void)
— From Greek: “atomos” = uncuttable
» XVIIIN/XIX" centuries: advent of chemistry
— discovery of chemical elements — now ~120 known, 94 occur in Nature
— classified in periodic table of elements [\Viendeleev 1869]

Group > 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Period v Noble
gases
Some elements near ——

1 i the dashed staircase are 2

Nonmetzzlf“_“H ________ sometimes called metalloids He

Metals 2 3 4 5 6 7 8 9 10

Li Be B (o] N (o} [F Ne

(FI 2 Transition metals 13 114 15 16 17 18

3 Na Mg (sometimes excl. group 12) Al Si P S Cl Ar

4 19 20 21 22 23 24 25 26 27 28 29 30 |31 323 34 35 36

K Ca Sc Ti Vv Cr Mn Fe Co N Cu 2Zn | Ga Ge i_ As Se Br Kr

5 37 38 39 40 41 42 43 44 45 46 47 48 | 49 50 51 52 53 54

Rb  Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn  Sb i Te | Xe

6 55 56 La to Yb 71 72 73 74 75 76 77 78 79 80 |81 8 83 84 ;8 86

Cs Ba Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po i At Rn

7 87 88 etaING 103 104 105 106 107 108 109 110 111 112 | 113 114 115 116 117 | 118

EER; L Rf Db Sg Bh Hs Mt Ds Rg Cn | Nh Fl. Mc Lv Ts i Og

s-block ‘ f-block ‘ d-block p-block (excl. He)
(incl. He)

57 58 59 60 61 62 63 64 65 66 67 68 69 70

Lanthanides |, ce pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

89 90 91 92 93 94 95 96 97 98 99 100 101 102

Actinides o Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
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What are we made of?

» Particle Physics aims to understand the fundamental building blocks of Nature and the interactions
between them — access the most basic laws of Nature
> Since the Antiquity, philosophers — in Ancient Greece, Tibet, Japan, Mali, etc. — have asked these questions

— 4 (or 5) classical elements: earth / fire / air / water / (void)

> XVIIIP/XIX®" centuries: advent of chemistry O N R
— discovery of chemical elements / @ N\ - ) "
» End of XIX"/beginning of XX century: birth of atomic theory ( S W»
— discovery of electron (1* known subatomic particle) \ = o /’
[Thomson 1897] N J :

— discovery of atomic nucleus,
e.g. [Rutherford experiments 1908-1913]

observed result
Page 5/35
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https://en.wikipedia.org/wiki/Atom#/media/File:Geiger-Marsden_experiment_expectation_and_result.svg

What are we made of?

» Particle Physics aims to understand the fundamental building blocks of Nature and the interactions
between them — access the most basic laws of Nature

> Since the Antiquity, philosophers — in Ancient Greece, Tibet, Japan, Mali, etc. — have asked these questions
— 4 (or 5) classical elements: earth / fire / air / water / (void)

» XVIIIN/XIX" centuries: advent of chemistry
— discovery of chemical elements

» End of XIX™"/beginning of XX™ century: birth of atomic theory, discovery of electron and atomic nucleus

» XXt century: birth of quantum mechanics, and later nuclear physics and particle physics

— atomic nuclei made of protons [Rutherford 1917-1920] Atomic
and neutrons [Chadwick 1932] nucleus,
made of
protons and
neutrons
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What are we made of?

» Particle Physics aims to understand the fundamental building blocks of Nature and the interactions
between them — access the most basic laws of Nature

> Since the Antiquity, philosophers — in Ancient Greece, Tibet, Japan, Mali, etc. — have asked these questions
— 4 (or 5) classical elements: earth / fire / air / water / (void)

» XVIIIN/XIX" centuries: advent of chemistry
— discovery of chemical elements

» End of XIX™"/beginning of XX™ century: birth of atomic theory, discovery of electron and atomic nucleus

» XXt century: birth of quantum mechanics, and later nuclear physics and particle physics

— atomic nuclei made of protons [Rutherford 1917-1920] Atomic
and neutrons [Chadwick 1932] nucleus,
_ _ made of

— z00 of subatomic particles (“baryons” and “mesons”) protons and
neutrons

discovered in 1940’s and 1950’s in cosmic rays

— understood to be made of quarks — theorised by

(Gell-Mann 1964] and [Zweig 1964, first types discovered @ @
at SLAC in 1968

¢ @
@ @ A meson (here

Proton = 3 Neutron = 3 J/ = quark ¢

quarks u, u, d quarks u, d, d + antiquark c)
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Four fundamental interactions

Electro- Weak Strong Gravitation
magnetism Interaction Interaction
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Forces, fields, and particles

> Forces are described via “fields,” e.g. electric field:

O I R . . I . | ?8 + + + + + + + +
)
g} Force F = :> Electric
Charge q - | field E
- - - - - - - ° S
Q — = = = — - i =
| F=qE

- Force F and electric field E are related: F=qg E

- Electric charge g = how much a particle interacts with the electric field
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Forces, fields, and particles
- Field lines can be visualised, e.g. with magnetic field

Magnetosphere

[Figure source]

Magnetite powder,
following magnetic
field lines

Auor D | | [igure ource]
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Forces, fields, and particles

- Mathematical language of Particle Physics = Quantum Field Theory
- fields are “quantised”

~ Quanta of a field = particle

> E.g. a quanta of the electromagnetic field is a photon (“light particle”)

e e

S ' Y
AT

»
time

Two electrons repulse each other via

electromagnetic interaction Feynman diagram for this process,
force (repulsion) mediated by exchange of photon
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Knowtharticles — so far

Generations
of Matter (Fermions)

! I > Force mediators = gauge bosons

Cgf;g:;"”awf L - electromagnetic (EM) interactions - photons
spin—{ 14 § . .
name—{E - strong interactions — gluons
sovevc | [10smevie | (2 Gevie — discovered here in HH at DESY’s PETRA
. *d 0 collider!
=) down
O - weak interactions — W and Z bosons
<2.2 eV/ct
wVe
heutrino p :
0_511W s > Matter = fermions (quarks and leptons)
4 g - leptons: electron, muon, tau, neutrinos
-y =) ..
& | eecton 3 — sensitive to EM and weak forces only

- quarks: making up baryons (proton, neutron, etc.)
and mesons
- sensitive to strong, EM, weak forces

Electron

Neutron

Proton

Nucleus -

PROTON
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Knowtharticles — so far

Generations
of Matter (Fermions)

| I > Force mediators = gauge bosons

- electromagnetic (EM) interactions — photons

1.27 Gev/e

mass—| 2.4 MeV/c

charge—| 24
o2 I
up

name—;

- strong interactions — gluons
- discovered here in HH at DESY’s PETRA collider!

- weak interactions - W and Z bosons

4.8 MeV/c 104 MeV/c

-Y
Ve

down

4.2 GeV/c

Quarks

<2.2 eV/c?

0

Ve
electron
neutrino

> Matter = fermions (quarks and leptons)
- leptons: electron, muon, tau, neutrinos
- sensitive to EM and weak forces only

0.511 MeV/c?

€

electron

Gauge Bosons

- quarks: making up baryons (proton, neutron, etc.)
and mesons
- sensitive to strong, EM, weak forces

Leptons

Electron

Neutron

Proton

> One more particle: the Higgs boson

Nucleus -

PROTON
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Symmetries and masses of elementary particles

Symmetries (exact or approximate) play a 3;‘
central role in how we construct theories to describe Nature

E.g., space-time symmetries:
the laws of Nature are the same at any point of space and time

Problem: fundamental symmetry of theory in particle physics does not allow masses for particles

However, most elementary particles (except photons and gluons) have a mass

E.g. electron: 511 keV/c2 ~ 9.11 x 10-31 kg
If the electron had no mass, it would fly at the speed of light — no atoms, no electricity, no
chemistry...

Weak interactions have a very short range (~10-15 m), as opposed to electromagnetism
— W and Z bosons (mediators of weak interactions) must be massive

How can elementary particles obtain masses, without breaking the fundamental symmetry of
Nature?
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Spontaneous symmetry breaking

- Idea: theory preserves the symmetry, but the state of lowest energy does not
- spontaneous symmetry breaking

> Many examples in Nature: ferromagnets, superconductors, daily life, ...

Example 1: ; Example 2: |

> .:I r ‘“‘w.‘,_

both ends !

Example 3:
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Brout-Englert-Higgs mechanism and the Higgs particle
[Brout, Englert 1964], [Higgs 1964], [Guralnik, Hagen, Kibble 1964], ...

Higgs potential || _ ~ Introduce a new field, filling all of space:
the Higgs field

- Give It a particular potential energy
— Mexican hat/wine bottle shape

~ Potential respects symmetry of theory but
state of lowest energy, the vacuum (in
which we live), does not

> Quanta of Higgs field = Higgs boson

Brout-Englert-Higgs mechanism

(how patrticles acquire their masses)

/ m - g Ve “Higgs vacuum expectation value,”
\\ i.e. a constant which is a

Mass of elementary fundamental property of vacuum

particle
How strongly does the particle

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1% June 2024 Interact with the nggs field Page 16/35



Analogy for BEH mechanism 1: a famous scientist in a room

Imagine a room full of scientists

- Higgs field

Page 17/35
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Analogy for BEH mechanism 1: a famous scientist in a room

\L | Suddenly, Einstein (- a patrticle)
|| ] l arrives. He wants to cross the room
| II
f X
)\ w _ 4 ) S
ot/ (e ‘ 2 - & Y
% Tk 1 : R ; \ '
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Analogy for BEH mechanism 1: a famous scientist in a room

r \ As Einstein walks through the room,
many scientists interact with him and
{ N\ slow him down

( - the particle gets a mass from
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Analogy for BEH mechanism 1: a famous scientist in a room

\ As Einstein walks through the room,
many scientists interact with him and
{ slow him down
( ~ the particle gets a mass from
interacting with the Higgs field)

How fast Einstein can walk How famous Einstein is are in the room
(how “heavy” is he) (how strongly the scientists want to (if no one, Einstein
interact with him) Is never slowed)
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Analogy for BEH mechanism 2: a trip in the snow

Snow - Higgs field
Person/animal  patrticle

How fast can one m = g v‘\ How deep

go in the snow
(light - fast;
heavy - slow)

/ Is the snow
(no snow
How deep does ~ no slowdown)
one step in

interact with) the snow

Light / fast

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1% June 2024

>

Heavy / slow
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Analogy for BEH mechanism 2: a trip in the snow

iy 5 4
A running

Snow - Higgs field
Person/animal  patrticle

How fast can one m = g v‘\ How deep

go in the snow
(light - fast;
heavy - slow)

/ Is the snow
(no snow
How deep does ~ no slowdown)
one step in

interact with) the snow

moose/elk
.
Light / fast Heavy / slow

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1% June 2024
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Analogy for BEH mechanism 2: a trip in the snow

i ‘.-,“'*"4."‘ 1 .

Snow ~ Higgs field
Person/animal — particle

How fast can one m = g v‘\ How deep

go in the snow / / Is the snow

(light — fast;  How deep does (no snow
heavy - slow) one stgp in — ho slowdown)

interact with) the snow

A biathlete

A running
moose/elk (J. T. Bo)
>
Light / fast Heavy / slow

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1% June 2024
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Analogy for BEH mechanism 2: a trip in the snow

ol 4 \ y
A running

Snow ~ Higgs field
Person/animal — particle

How fast can one m 79 VV\ How deep

go in the snow Is the snow

(light — fast;  How deep does (no snow
heavy - slow) one stg 0 in — ho slowdown)

interact with) the snow

A biathlete

A normal persoh with
moose/elk (J. T. Bo) boots
-
Light / fast Heavy / slow

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1* June 2024
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Analogy for BEH mechanism 2: a trip in the snow

il 3
A running
moose/elk

Snow ~ Higgs field
Person/animal — particle

How fast can one m 79 VV\ How deep

go in the snow Is the snow

(light — fast;  How deep does (no snow
heavy - slow) one stg 0 in — ho slowdown)

interact with) the snow

g
}/
4 | iy

A biathlete

(J. T. Bo)

Light / fast
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iih
il
A normal person with This fox
boots
e
Heavy / slow

Page 25/35



2012: discovery of a Higgs boson at CERN

> In collisions at CERN Large Hadron Collider (LHC), experimentalists can search for
production of Higgs bosons (particle associated with Higgs field)

Example of process involving a Higgs
boson, decaying to 4 leptons
[source: Encyclopaedia Britannica]

proton 1 ; : ; o OATKS

>

proton 2

YYY
A

- 2012: ATLAS and CMS collaborations at CERN announced the discovery of a Higgs boson,
with a mass of about 125 times that of a proton (or half the mass of an atom of uranium)

» Confirms the idea of Brout, Englert, Higgs, ... almost 50 years after their articles

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1 June 2024 Page 26/35



2012: discovery of a Higgs boson at CERN

> In collisions at CERN Large Hadron Collider (LHC), experimentalists can search for
production of Higgs bosons (particle associated with Higgs field)

Example of process involving a Higgs
boson, decaying to 4 leptons
[source: Encyclopaedia Britannica]

> >

proton 1 : > quarks

proton 2

YY
A

» 2012: ATLAS and CMS collaborations at CERN an
with a mass of about 125 times that of a proton (or

2013 Nobel Priz for Eng
and Higgs (1929-2024)

> Confirms the idea of Brout, Englert, Higgs, ... alma

lert

DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1 June 2024



Does the Brout-Englert-Higgs mechanism occur in Nature?

~ Can we verify that m = g v?

CMS 138 tb™' (13 TeV)
E>|p 1__lr| T T T T T T7T] T T T T T TTT] T (S b | ; |‘.-_-
F =125.38 GeV =
5 : m; =87 5%e [CMS, Nature ‘22] w.'Z_,.--' -
S 107¢ _E
£l : b : _
2 s T .9""’
1072} i
- P Leptons and neutrinos Quarks

7 Db

Coupling
to Higgs

n
bOSOn o g ’_§’ Force carriers Higgs boson E e
s 1?_:?.[| Ll L il | L
- [TT T T T TTTTT] T T T TTTTT] T T b >
n - : E
ie) :113 _} .......................... + .................... :IE:-...H ....... .. NEUTRINO
By T 3 |
B 08F 0.95 ¢
e — ] —_— ] ] NEUTRINO
10~ 1 10 102

Particle mass (GeV)

— confirmed so far for W and Z bosons (mediators

of weak interactions) and heaviest fermions
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Is this all there is to know?
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Is this all there is to know?
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Is this all there is to know?

Much remains to understand/discover!

- How many Higgs bosons are there?

> What is the origin and the shape of the Higgs potential?

> |Is the vacuum, in which we live, stable? metastable? unstable?

> What is dark matter? What is dark energy?

> Why is there more matter than antimatter in the Universe?

and many many more...
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Dark Matter and the Higgs boson

Composition of the Universe today
Atoms Dark

4.9% piErdy

Dark 68.3%

Matter

26.8% The Bullet
Cluster, an
example of .
evidence for |FEEEEN.
dark matter

> 95% of the Universe today consists of dark matter and dark energy, both of
which we know almost nothing of

- Dark matter only interacts very weakly with normal matter, but it could interact
more with the Higgs boson,

e.g. “Higgs portal’ G
Dark AR h
matter —-—— Kn;_)v;/n
sector ¢ ,¢  Higgs partcies
’ boson as

, .
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The Higgs boson and the early Universe

] Higgs potential
H [gh L; Low

temperature temperature

'E O
Higgs field —p®

* Early Universe: high temperature — vacuum is symmetric

» Universe cools

* As the Universe cools, a broken phase appears - spontaneous symmetry breaking
* This transition is called the Electroweak Phase Transition

* We now know it occurred, but not how it did
- Continuous phase transition?

- Discontinuous phase transition? (Like boiling water, for example)

— could help explain asymmetry between matter and antimatter in the Universe
— possible effects in early Universe such as gravitational waves

Figure from [Jinno, Konstandin, Rubira ‘20]

evolution
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Exciting times ahead

- Direct searches: try to produce new particles, directly, at LHC at CERN

> Indirect searches: look for deviations in properties of known particles, like the Higgs
boson, caused by new phenomena/particles, via precision measurements at LHC
and possible future colliders (ILC, FCC, HALHF, ...)

- Direct and indirect searches for dark matter
- Gravitational waves searches (LIGO/VIRGO, LISA, ..))
> Precision measurements at low energies

Etc.

— much more to learn ahead of us, through interplay of experiment and theory

- experimentalists devise, operate, and analyse data from wide range of
experiments

- theorists devise theories to solve unanswered questions and ways to test them
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Thank you very much for your
attention!

Contact
DESY. Deutsches Johannes Braathen
Elektronen-Synchrotron DESY Theory group

johannes.braathen@desy.de
www.desy.de

DESY.



Backup
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Searching for the Higgs boson at
E=mc? 3
S

\ (for a particle at rest)
Energy

Speed of light

.....

Collide protons at very high energy:
currently at 13.6 TeV

(each proton has the same kinetic
energy as a flying mosquito*)

— kinetic energy converted to mass
— produce heavy particles during
collisions

- heavy particles decay quickly, but
their decay products can be detected
and analysed

— reproduce conditions in very early
Universe

*: a mosquito is ~1 million billion billion (10%*) times heavier than a proton ) i ) :
DESY. | Science City Day, Hamburg | Johannes Braathen (DESY) | 1* June 2024 = & & | ’ HER
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