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The Relativistic Quantum World
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Why is there something rather than n

Fermionen: spin=" deeltjes
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“Flavor” puzzle: why are there three generations of fundamental particles?
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1: Discovery of the
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CERN: At/as experiment at the LHC
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Discovery of the Higgs boson
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Discovery of the Higgs boson




Higgs: collecting data and testing theory

ys =7 TeV J Ldt=0.05fb " Apr 24, 2011
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4 July 2012 Announcement Higgs discovery
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Robert Brout

2013 Nobel prize in Physics

Francois Englert Peter Higgs
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Higgs field is uniform, hard to see

Higgs boson particle is “wave” of the field

Mass results from interaction of matter
particles with the Higgs field
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Compare:

= A photon is a quantum of
electromagnetic field

= \Water wave

Higgs field Higgs particle
a “field-quantum”
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PERGPECTIVE 1S EVERYTHING.




1897

Electron, €

Spin 2

Charge -1
Lifetime o«
Mass .511 MeV

1937

Muon, u

Spin 2
Charge -1
Lifetime 2.2 us
Mass 106 MeV

Tau, t

Spin 2

Charge -1
Lifetime 290 fs
Mass 1777 MeV
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Hence...

SEE, VEAKY
WEKE JUST
BIG-BOSONE!
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2: Symmetry between
matter and antimatter?




2: Symmetry between

matter and antimatter?
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Zoom in on
collision point

|| Reconstruct millions of B-particle decays an{g:l_._‘select teresting cases. 3
matter and antimatter? |




B-decay process:

B particle decay into matter vs antimatter anti-B particle decay into
a K* and a =~ particle ak~and an™ particle

Vlatter process Antimatter process
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K" n invariant mass GeV/c K n* invariant mass GeV/c
Asymmetrie: matter and antimatter decay processes proceed differently!

Quantum forces between particles and anti-particles not always identical!




B particle decay into

B-decay process:

a K™ and a ™ particle

02 GeV/c?)

Events /(0

Vlatter process

THE MIRRIR DD NOT S&£€M T
BE OPERATING PROPERLY.

55 56 5.7
K* n invariant mass

The matter — antimatter
symmetry is broken

matter vs antimatter

anti-B particle decay into
a K~and a =™ particle

Antimatter process

Fermio : spin=Y2 deeltjes

W
o
o
o

Quarks

nNo
(52
o
o

Events J ( 0.02 GeV/c?)
=
=3
o

Leptonen

OOO Krachten

"

K: nt invériant ri1ass GeV/c '

Ths only happens if there are at least
three generations of particles !!!



B-decay process:

B particle decay into matter vs antimatter anti-B particle decay into
a K* and a 7~ particle ak~and an™ deeltje

Vlatter process Antimatter process

Fermionen: spin="2 deeltjes
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Leptonen

K: nt invériant ri1ass GeV/c '

The matter — antimatter Ths only happens if there are at least
symmetry is broken three generations of particles !



Early Universe: What happened to antimatter?,

' 2> Asymmetry in physics Iaws ot
1> Little bit more matter than*antlmatter
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Early Universe: What happened to antimatter?,

ey Why are there three identical copies of all particles?
W ;‘f”f a => s it the simplest universe that can exist?!
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Fermionen: spin=": deeltjes
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A new force of Nature?

ELECTRON MUON




Pieke Dassen: art

ELECTRON MUON
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Standard Model: Universality of the Forces

| ) Krachtdeln
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Hibas fie ﬁém m
Leptonen

Gravity

Weak Nuclear Force

Forces are identical for particles of 1st, 2nd en 3rd generation.

= “Universality”
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] I;HCb DL B- partlcles decay the same/

way tﬁ " and muons?’
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Belle preliminary

= BaBar

A Belle

v LHCb Run 1

e LHCb Run 1 +2015 + 2016

= BaBar

A Belle
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m SM prediction




23 March 2021: Headlines... "cautious excitement”

v TIFC)
Voorzichtige opwinding onder Cern experiment hints at ne-“é;fggfc(;igg < deVolkskrant

fysici: deeltje gedraagt zich vreemd Jnature —

Deeltjesfysica Het muon, het zware broertje van het elektron, gedraagt zich niet altijd als

verwacht. D, {uiden op een barstje in het standaardmodel. Exfperts reveal ‘cautious excitement’ over unstable particles that Natuurkundigen Van Cem

e failto decay as standard model suggests . e® o -

* ‘ . vinden aanwijzing die ons
begrip van de werkelijkheid
op zijn kop kan zetten

Een gloednieuw deeltje, een nog onbekende
natunrkracht fusici bij onderzoeksinstituut Cern zien

1s begrip van de werkelijkheid op z'n
{ Are we dlscovermg a new force for muon particles?! |nakenz dinsdagbekend it
s .,/ .
lﬂ ! i{: ﬁ “, ,.ﬁ 23 maart 20 C

CERN data on ‘beauty quarks’
behaviour may rewrite physics as we
know it

Beauty quarks or B mesons particles are not decaying as they should and
while the findings may warrant “cautious excitement”, more research needs
to be done, scientists say.

A = N 1 2 A De tunnel van deeltjesversneller LHC bij Cern, Genéve. In de blauwe buis zwiepen deeltjes
’ = y 4y y
Experts zi meuwe natuurkraCht Op het SpOOI’ "We trilden helemaal 1 [ | T g met bijna de lichtsnelheid rond tot ze op elkaar knallen. Tussen de brokstukken van die
Na de vondst ne klinken er nu opnieuw opgc yaen — 4 - - L botsing zoeken fysici naar aanwijzingen voor hoe de wereld op het kleinste niveau
ST ) B e - R werkt.




Twee weeks later in Fermilab ... muon magnetic moment?!

nro

; . Standard Model cannot explain measurement
Opnieuw barstje in standaardmodel > A new force acting up?!

van deeltjesfysica

Natuurkunde Gaat het standaardmodel van de deeltjesfysica breken? Resultaten uit een

Amerikaans experiment leiden tot opwinding

Brookhaven
result

@ Dorine Schenk © 7april2021 O Leestijd 3 minuten

Fermilab
result

@ : @
Standard Model Experiment
Prediction Average

180 185 19.0 195 200 205, 210 215
a,x10° - 1165900 Y

Standard Model Experimental
pFEdICtlon \\g _ " measurement

Foto Reldar Hahn/Fermilab ta
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LHCb D(l B-particles decay the same / =
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But for muons more and more measurements disagree!

Observable Measured

B(BY — K u*tp~) [1.1,6.0]
B(BT — K*ete ) [1.1,6.0]
B(BT — K*vp)

B(B? — ¢utu~) [1.1,6.0]
B(B? — u ,u )

B(B® — utp™)

Pi(BY — K*utp™) [2.5,4.0]
PI(B" - A*“ + ) [4.0,6.0]
Ry [0.1,1.1]

Ry [1.1,6.0]

o0 [1.1,6.0]

RI\ 0.1,1.1]

HI\ [11 6.( ]
R+ [0.045,6.0]
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The puzzle
deepens further!

28 8- 2023

patrick.koppenburg@cern.ch Pull in o




Four(?) fundamental forces of nature

Graivity:

Quantum
Graviton exchange?

Acts on particles with mass

Electromagnetism:
g Quant

photon ex

Strong nuclear force:

N quarks

Quantum
gluon exchange:

clear force:

B

Acts on all charged particles

Acts on all particles

Quantum
W, Z exchange:
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How did antimatter disappear in the earl universe?
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Future: “Circles and Triangles”
Particle Colliders: simulate physics of the Big Bang ...
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LHCb ATLAS 4 ALICE

Gravitation-detectors:
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B Lots of exciting research ongoing |

Future: “Circles and Triangles”

Poss wox S

Particle Colliders: simulating physics of the Big Bang ...
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Applications of Science
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*+° + Quantum Velden Theorie
Deeltjes en Krachten zijn "velden” - %

denk aan quantum golffunctles W(X t) §

De fundamentele grootheid is de Lagrangiaan
» (KIaSS|eke mechanica: Beweglngsvergeh]klngen volgen)

DL =T |/

= K1net|sche energie
V/ = Potentielé.energie #
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Standaardmodel van Quantum Velden Theorie (Recept voor experts):

» Schrijf de Lagrangiaan voor alle bestaande deeltjes en krachten
(Elektromagnetisme + Zwakke kracht + Sterke kracht, vergeet Zwaartekracht)

« Fis dat deflLagrangiaan een aantal wiskundige symmetrieén heeft.

' | « De rest volgt vanzelf: het gedrag van alle deeltjes en hun interacties!

' : 2 : = . II/
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' Het Standaard Model van elementaire deeltjes -

Werkt bif der«/a"@g e o = R Werkt bij Zeer hoge
: | afstahq’en | jkertifd) - .energie,(Speciale.
(Kwiintummechanica), - F?e/at/ve/tsthe@r/e)
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ook voor Big Bang
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(dus niet heel erg predictive?).
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& " Donkere Materie




Zichtbare “baryonische” materie
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Spiraalarm rotatie en gravitationele lensen
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5110 R (kpc)

' . . . ‘ y . % .‘: . i v .'...
Gewone materie verstrooit en blijft achter

Donkere materie beweegt ongestoord verder
) X - * o X
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Donkere Materie

Quarks 0 Leptons o Force particles ) Sleptons ‘\) SUSY force
particles




“The Dark Side rules the Upiverse”
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