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is fundamentally structured, from the smallest
constituents of matter to the gigantic universe.
What forces are at work? What are the properties
of different types of radiation? How is energy
converted into different forms?

Tal dai thién van Keck & Hawali, Andrea Ghez nghién clru

4n ddng ca cac vl sao. Nghién ctru cua o cho thay
1 khéng I & trung tam dal Ngan Ha. Nam 2020,
G inhard Genzel cung v&i Roger Penrose duoc
nhan gial Nobel Vat ly cho phat hién ho den nay.

From the Keck Observatory In Hawali, Andrea Ghez studies : |
the movements of stars. Her work has shown there is a giant
black hole at the centre of our Milky Way galaxy. In 2020, |
Ghez and Reinhard Genzel, along with Roger Penrose, were ! H
awarded the 2020 Nobel Prize In Physics for their discoveries
Wor'ld Cultu Festi | 2025
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This talk is about the mankind's most fundamental questions:
How did the Universe start, how did it develop?

What is it made of? What are the building blocs of matter?
What are the forces to hold them together?
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There is nothing new to be discovered

in physics now. All that remains is

more and more precise measurement.
Lord Kelvin (1824-1907)

The most important is

that we never stop asking questions
Madame Curie, 1867-1934

M.M. Mithllettiner, KT

Phentkaa nternational Ph 5s£cs Conference, 13-15 Oct 2025, Hawnol
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100 Years of Ruantum Mechawnitces
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Deep Connection of Ruantum Mechanics § Particle Physices

Quantum Mechanics
delivers the framework Manifestations
for the exploration of the of quantum physics
elementary particles and the
fundamental forces between them

Quantum fluctuations omnipresent
in the particle world and testable

Basics of modern particle physics: in high-precision experiments
Quantum Field Theory (QFT)

Symmetries: guiding principle
for the formulation of the
QFT explaining nature

- quantisation of the fields
- particles: quantum excitations

of the fields
- integrating special relativity

Symmetries must also hold
at the quantum level:
powerful tool for

N N consistency tests

M.M. Miihlleitner, KAT Phenikaa international Physies Conference, 13-15 Oct 2025, Hanol 7
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Describes today known fundamental building blocs of matter
and the fundamental forces acting between them (except for gravity)
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Fundamental Physics
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« Particle Content: Matter particles and interaction particles

What is our
Universe
made of?

Matter Particles

SR S
O T NG, s

Why are the
mass values
as they are?

Families




« Particle Content: Matter particles and interaction particles

What is our
Ordinary Matter Particles Universe
Matter made of?

¢ T Quarks

S b

3 Families

Why are the
mass values
as they are?

Quark composition of 8 proton and a neutron (disgrams from Wikipedia)

@vecteezy.com



« Particle Content: Matter parti

What is our
Universe
made of?

Electron

Why are the
mass values
as they are?

|

Quark composition of 8 proton and a neutron (disgrams from Wikipedia)




% Fundamental Forces and interaction particles:

What are
the forces
of Nature?

How can
we include
gravity?
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Noether's theorem:
Every continuous symmetry of a physical system has a conservation law

|

Experimentally observed interactions governed by charge conservation
~> continuous symmetry via Noether's law

~> construct symmetry-(gauge-)invariant Lagrangian
~> make predictions

~> check through experiment ...




\ conservation law
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< Construction principle: requirement of local gauge invariance (internal symmetry)
What is the

guiding
principle?

< Gauge symmetries of the Standard Model: U(1)y x SU(2). x SU(3)c
S )

electroweak strong interaction




< The problem with the masses:

What is the
origin of
mass?

= Matter and interaction particles W=, Z are massive

= Lagrangian describing Standard Model with mass terms violates gauge symmetries 6

< Solution - Higgs Mechanism (proposed 1964):

Generation of particle masses through spontaneous symmetry breaking (SSB)

< SS5EB! Lagrangian preserves the
gauge symmetry, but the
ground state breaks it

Fundamental Physics




< Solution - Higgs Mechanism (proposed 1964):

Generation of particle masses through spontaneous symm

Fundamental Physics

< The problem with the masses:

= Matter and interaction particles W™, Z are massive

= Lagrangian describing Standard Model with ma

Examples of SSB

- Ferromagnet
\—
’

- Cooper pairs in superconductor

T<T.:(M)+#0

What is the
origin of
mass?




< The problem with the masses:

What is the
origin of
mass?

= Matter and interaction particles W=, Z are massive

= Lagrangian describing Standard Model with mass terms violates gauge symmetries 6

% Solutic

Gener(

W+

W-

Fundamental Physics




Describes today known fundamental building blocs of matter
and the fundamental forces acting between them (except for gravity)
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BN ravtieleroad

2012 Higgs boson

2000 Tau neutrino
1995 Top quark

1983 W- and Z-bosons
(1973 indir.)

1979 Gluon
1977 Bottom quark
1975 Tau

1974 Charm quark
1968 Up, down, strange quarks
1962 Muon neutrino
1956 Electron neutrino
1936 Muon
1905 Photon
1897 Electron




Partiele Road

2012 Higgs boson
Coherent
Picture
1995 Top quark L
T —

1983 W- and Z-bosons

(1973 indir.)
1979 Gluon Neutrino oscillations
1977 Bottom quark (2015 Kajita, McDonald)

1975 Tau
e v
1974 Charm quark

Asymptotic freedom
(2004, Gross, Politzer ,Wilczek)

I\e) “Xevi

Renormalizability
(1999, 't Hooft, Veltman)

1968 , down, strange quarks

%3
£
ADCCC

Parton model (1969 Gell-Mann)

1936 Muon
B 1905 Photon
1897 Electron

CP violation (1964, Cronin, Fitch)

AT
ADCCC

Phenikaa international Physies Conference, 13-15 Oct 2025, Hanol



NN ravtieleroad

2012 Higgs boson

2000 Tau neutrino
1995 Top quark

1983 W- and Z-bosons
(1973 indir.)

1979 Gluon
1977 Bottom quark
1975 Tau

1974 Charm quark

1968 Up, down, strange quarks
1962 Muon neutrino

1956 Electron neutrino
1936 Muon

1905 Photon

1897 Electror
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Partiele Road

2012 Higgs boson

2000 Tau neutrino

1977 Bottom quark
1975 Tau

1936 Muon

1897 Electron
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*+*Radioactive beta decay:
- consequence of the weak force
- described by Fermi theory of weak interaction
with four fermions interacting directly

What is the
origin of
mass?

+Problem:

scattering probability of v e~ — u"v, rises with 6
squared energy
=> Fermi theory: effective low-energy theory

@Wikipedia

Ene:gy Discovery of ‘@ ~ “

v, - U the W boson @ILESTON@
in 1983 at Q\j J
CERN \ )

+ Solution: Introduction of the W boson




*+Radioactive beta decay:
- consequence of the weak force
- described by Fermi theory of weak inig sy

with four fermions interacting dire '
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origin of
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+Problem:

scaftering probability of v,e™ — =85 4
squared energy |
=> Fermi theory: effective low-energy theory 7
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squared energy
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Energy
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*+*Radioactive beta decay:
- consequence of the weak force
- described by Fermi theory of weak interaction
with four fermions interacting directly

What is the
origin of
mass?

+Problem:

scattering probability of v e~ — u"v, rises with 6
squared energy
=> Fermi theory: effective low-energy theory

@Wikipedia

Energy
A

Discovery of

Yy B . the W boson
Q) W in 1983 at
CERN
e Ve

+ Solution: Introduction of the W boson




Violates

*+Longitudinal W boson scattering: At
production amplitude diverges e unitarity
with the energy

(probability What is the

conservation)! origin of
mass?




+Longitudinal W boson scattering: + Solution:
production amplitude diverges e infroduction of scalar (spin-0) particle
with the energy

What is the
origin of
mass?

coupling strength ~ squared W boson mass

WL




+Longitudinal W boson scattering: + Solution:
production amplitude diverges e infroduction of scalar (spin-0) particle
with the energy coupling strength ~ squared W boson mass

What is the
origin of

W W
%% %% L L P
Wi, Wi, W, W, L L Wi WL H‘w’f Mmass:
H
A
K }/1/\{ KZ } ----- { H
Wy Wy rJ—r)LLL
Wi, Wi, Wi WL W, Wy Wy WL

+Solution: Higgs mechanism - also provides mass generation compatible w/ symmetries
developed 1964 by Higgs, Englert, Brout and Guralnik, Hagen, Kibble

N R ————. DiSCOVZI"y of F N ﬂ
Higgs boson

in 2012 at » .
the LHC @ N/ J

(MrLEsTONE)
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origin of
mass?
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Can we get
order in the
particle zoo?

1920 1930 1940 1850
lj"' ﬁ_t 1151: }:t
The Quark Idea (bottom )
(up,down, strange) (charm)

1950 1960 } 1970 y l 1980
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A real Particle Zoo!

We have to order this!

Can we get
order in the
particle zoo?




Can we get
order in the
particle zoo?

Murray Gell Mann 1964:
Particle zoo built up by
elementary building blocs
partons:
up, down, strange quarks H

1950 || 6’ \H GHLIGHT)
Pion
arm I
KY A E

Doubts on parton model ended w/
discovery of the
charm quark
November revolution 1974



1900 1910 1920

O O O S p Can we get
order in the
Murray Gell Mann 1964 particle zoo?
Particle zoo built up by Nobet Dy
elementary building blocs ,%;%
partons: P
up, down, strange quarks >
%@{ Q Pion ""

X ;

Doubts on parton model ended™w
discovery of the
charm quark \ 2010

November revolution 1974 |




]
Confinement:

Quarks cannot be
separated ~>
no free quarks

=> stability of nucleons I

¢C C¢
©

@

00

+QCD: quantum field theory of the strong interaction

i - sides of a  ‘:

OO0 0

Asymptotic freedom:

Quarks are
asymptotic free
at high-energies

=> collider physics

—

7

Can we

understand
quark

bound states? |




B At Chromod

+QCD: quantum field theory of the strong interaction

Confinement:

Quarks cannot be
separated ~>
no free quarks

=> stability of nucleons I

~ asymptotic free
at high-energies

=> collider physics

—

Can we

understand
quark

bound states? |




SM Tests at the Large Hadrow Collider (LHC)
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Yow

+Large Hadron Collider (LHC): collision of proton bunches at a center-or-mass energy of 14 TeV

.\

+ Standard Model test:
at the quantum level

*+* Machine of superlatives:
total integrated luminosity 2024:
196 fb-1~> precision measurements

+ Operation: since 2009, presently Run 3, until end 2026; long shutdown 2027-29; high-luminosity LHC 2030 w/ 3 ab-lin 10 years
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| Test of the Higgs Mechanism |
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< Discovery My

% Interactions ggMSM ~ méﬁ m=0  m=£0

%+ Spin, parity quantum numbers J'¢

% EWSB Higgs potential AuHH> AHHHH




CMS Preliminary

Run 2: 138 fb™ (13 TeV)
Run 1:5.1 fb™" (7 TeV) + 19.7 fb™ (8 TeV)

Au

2e2u

2u2e

== Total Stat. Only
Total (Stat. Only)

124.907,7 ()1%) GeV

124.7057 (.7) GeV

125.5077 (1)2°) GeV

125.20777 (1)27) GeV

\
The Higgs Mechanism

Run 2

125.047,7 (1)) GeV

My

Run 1

125.607,° (1)) GeV

Run1 + Run 2

+0.12 1
125.087,; (') GeV

122 124
[CMS-PAS-HIG-21-019]

128

130

e

GeV H
. (Ge) ESMSM SM

% Spin, parity quantum numbers J'¢

% EWSB Higgs potential AuHH> AHHHH




$ K, = K, [ATLAS, Nature 607, 52-59 (2022)]
+ K is a free parameter

— SM prediction
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Test of the Higgs Mechani
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< Discovery M,

< Interactions gEMSM m4

% Spin, parity quantum numbers J°¢

% EWSB Higgs potential AuHH> AHHHH

Arbitrary normalisation

ls=7TeV, 4510
/s =8 TeV, 20.3 "

H—- WW* - evay =
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ATLAS: =12 <k; <7.2at95%CL CMS: —1.24 <x; < 6.49at 95 % CL
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Neutrinos




+Neutrino: suggested 1930 by Wolfgang Pauli for energy & momentum conservation in ff decay

counts

A

measured

expected

ﬁ,[,w_ ?%‘&rfwuf Pec ©393

Abschrift/15.12.% ™

Offener Brief an die Orunpe der Radiosktiven bei der
Cauvereins-Tagung zu TNibingen.

Abschrift
Physikalisches Institut

der E!.dg. Technischen Hochschule mrl.ch, ho Des. 1930

Zirich Cloriastrasse

Lisbe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich luldvollst
snsuhbren bitte, Ihnen des n&heren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats" (1) der Statistik und den Energlesats
su retten. MNhmlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘sheh von Lichtquanten musserdem noch dadurch unterscheiden, dass sie

nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmssse sein und
xm. nicht grosser als 0,00 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstandlich unter der Annahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist,.
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verfallen um den "Wechselgats" (1) der Statistik und den Energlesats
su retten. MNhmlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘sheh von Lichtquanten musserdem noch dadurch unterscheiden, dass sie

nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmssse sein und
xm. nicht grosser als 0,00 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstandlich unter der Annahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist,.
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+Neutrino: suggested 1930 by Wolfgang Pauli for energy & momentum conservation in [/ decay eerese oete e e e kit ot e

Cauvereins-Tagung zu TNibingen.
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counts 4 der Eidg. Technischen Hochschule Zirich, Lo Des. 1930
ZArich Cloriastrasse

Liebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich luldvollst
ansuhtren bitte, Ihnen des nfheren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats" (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es knnten elektrisch neutrale
Teilchen, die ich Neutronen nenmnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschlieesungsprinsip befolgen und
‘sheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie

nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmssse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spektrum wire dann verstandlich unter der Annahme, dass beim
bSeba-~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

/ measured expected

- electron neutrino v, 1956 by Cowen & Reines at one of the
first big nuclear reactors

S to Reines
i 1995

- muon heutrino Y, 1962 by Steinberger, Schwartz, Lederman
with the first neutrino beam generated by an accelerator

- fau neutrino v, 2002 at the DONUT experiment

First picture of a neutrino in a bubble chamber filled
with liquid hydrogen at Argonne National Lab




+Neutrino oscillations: considered by B. Pontecorvo in 1957 in case neutrinos are not massless.

Am2ct L

P(vy — 1) = |(1/ﬂ(0)|1/a(L)>|2 ~ sinz( B hc) . sin*(20,,)

- first experimental hint: deficit of solar neutrinos (1960's, Homestake experiment)

- confirmation by Kamiokande IT 1987
- numerous experiments with neutrinos from the sun, cosmic rays,

nuclear reactors, colliders to determine v parameters

2015 Takaaki Kajita and
Arthur B. McDonald
for the discovery of

neutrino oscillations as

proof of neutrino masses

+ World best limit on neutrino mass: 0.45 eV/c? via Tritium beta decay spectrum
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+Neutrino oscillations: considered by B. Pontecorvo in 1957 in case neutrinos are not massless.

P(vy — vg) = [(vp

- first experimental hint: deficit of solar neutrinos (196(

- confirmation by Kamiokande IT 1987

- humerous experiments with neutrinos from the sun, cos
nuclear reactors, colliders to determine v parameters

+World best limit on neutrino mass: 0.45 eV/c2via Trit

810!
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v Could neutrinos
account for
Dark Matter?
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) . sin*(20,,)

KATRIN spokesperson Prof. Kathrin Valerius, KIT @KIT

2015 Takaaki Kajita and
Arthur B. McDonald
for the discovery of

neutrino oscillations as

proof of neutrino masses




Open Ruestions of the Standard Model

What are the open
questions of the

SM and how
can we solve them?
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WIMP

Composite/Macroscopic DM

Axion-like particle

Hidden sector DM
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Ultralight scalar field

Gravitino

Dark photon

Light DM

Wave-like
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Nonluminous
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Luminous Matter
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Particle-like
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Dark matter mass [eV]

WIMPzilla

Ciaran O'Hare
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must be electrically neutral and weakly interacting

4
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+ There is more matter than antimatter in the Universe:

5.8-10710 <« 2B ~66.1071° m
Ty

+Cannot be explained with standard cosmology (big bang)

+Mechanism for dynamical generation: electroweak baryogenesis

*Electroweak phase transition:
order parameter is the vacuum expectation value (VEV): v=0 = v#0

*Strong first-order electroweak phase transition (SFOEWPT):
jump in the VEV at the phase transition
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+ There is more matter than antimatter in the Universe:

ng —npg
N~

5.8-10710 < < 6.6-10"1°

+Cannot be explained with standard cosmology (big bang)

+Mechanism for dynamical generation: electroweak baryogenesis

*Electroweak phase transition:
order parameter is the vacuum expectation value (VEV): v=0 = v#0

N N N N N
5 & © © ©
Electroweak
Baryogenesis

IS not
possible
in the
SM

*Strong first-order electroweak phase transition (SFOEWPT): [\

jump in the VEV at the phase transition
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. | Effective Field Theories:
What is - Sjoecm[ Oﬁ;‘i‘ ‘BSM MOC&[S Parametrize beyond-SM-Physics
! | o A in a model-independent way

heeded to Applicable if new physicsi s heavy.
solve our |
open )
questions? |
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S Sterlle :
neutrino =

' CPintheDark




Did we find hints
of beyond-SM
physics?

iscovered Higgs Boson |
ehaves very SM-like |

If not should we
be desperate?

Istency Test
of the SM |
at the quantum level ‘

direct discovery of
ew Physics so far




Did we find hints
of beyond-SM
physics?

]

iscovered Higgs Boson
ehaves very SM-like ‘

We have the
Higgs Boson

Higgs Laboratory
for New Physics

If not should we
be desperate?

Matter
Anti-Matter
\ Asymmetry /

: Dark
Matter

The

Higgs CP

Dissection | ™ viglation
Tool

Insistency Test
of the SM |
at the quantum level ‘

Hi e.r'ar'chy\"‘---.E
i Problem ;

direct discovery of
New Physics so far
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iscovered Higgs Boson
ehaves very SM-like ‘

We have the
Higgs Boson

Higgs Laboratory
for New Physics

Did we find hints
of beyond-SM
physics?

Direct search through Higgs
couplings to new physics

ptency Test Phsics quahum fhachation
of the SM | physics quantum fluctuations

in Higgs observables
at the quantum level | in Higgs observa

If not should we
be desperate?

Direct & indirect sensitivity to
new physics in Higgs parameters
-> significant BSM imprints in
Higgs self-coupling still possible

direct discovery of
New Physics so far
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' Compact Lmear Collider (CLIC)

/ EEEEB 380 GeV - 11.4 km (CLIC380) 1»;
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Cool Copper Collider
250 GeV -> 1.3x1034/cm2s
550 GeV -> 2.4x1034/cma2s

Geneva

ILC Japan Muon Collider
_ -1
250 GeV, 11y -> 2 ab"! fOT-?VV >>11%b b-1 CLIC, CERN
500 GeV, 8.5y 4 abl e¥—ina 380 GeV, 8y > 1ab!
1000 GeV, 8.5y 8 ab-! 1500 GeV,7y 2.5 ab!
3000 GeV, 8.5y 5 ab-!
LHeC 0.2-1.3 TeV
n fogether w/ HL-LHC
(> RunB) 5 1 ab FCC-eh (Ee/p=60 GeV/50TeV)
~ 35 TeV ->2 ab-1 Off-axis injection Off-axis injection
T 7 ki A T run together w/ FCC-hh

FCC-ee, CERN

mz, 4y -> 150 ab-!
2 mw,1-2y 10 ab!
240 GeV, 3y b5 ab!

. France &°

i 5 o - 75 TeV intermediaté —
Y & APseeNs | T ok 2 Miop, Oy 1.5 ab" 125 TeV goal -> ~20 ab -1
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100 TeV -> ~20-25 ab-! CEPC, China

: ) mz, 2y -> 16 abt -7 6
during 20-25y runtime 2mw,ly 2.6 ab \ Ct J) /

240 GeV, 7y 5.6 ab!
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international linear collider

LHeC 0.2-1.3 TeV
run together w/ HL-LHC
(Z Run b) ->1ab!

PN hs S Fec / ‘
#\ -, 7100 km circumference'

250 GeV -> 1.3x1034/cm2s
550 GeV -> 2.4x1034/cma2s
250 GeV, 11y -> 2 ab! ) CLIC, CERN
10 TeV -> 10 ab! '
500 GeV, 8.5y 4 ab-! 380 GeV, 8y -> 1ab
1000 GeV, 8.5y 8 ab-! 1500 GeV,7y 2.5 ab!

FCC-eh (E./p=60 GeV/50TeV)
3.5 TeV -> 2 ab!
run fogether w/ FCC-hh

-

FCC-ee, CERN

mz, 4y -> 150 ab-!
2 mw,1-2y 10 ab!
240 GeV, 3y b5 ab!

2 Miop, DY 1.5 ab-!
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FCC-hh

100 TeV -> ~20-25 ab-!
during 20-25y runtime

Cool Copper Collider

T 73 7 7
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3000 GeV, 8.5y 5 ab-!

Off-axis injection

RF station

N Compact Linear Collider (CLIC) .+
A A ‘
¥ BB 380 GeV - 11.4 km (CLIC380) f %

- N 1.5 TeV - 29.0 km (CLIC1500)

=

Also numerous
future
Dark Matter
Experiments
and
Gravitational Waves
Observatories

are planned.

125 TeV goal -> ~20 ab-!
—————
CEPC, China
mz, 2y -> 16 ab!
2mw,ly 2.6 abt
240 GeV, 7y 5.6 ab!

On-axis injection
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0 Standard Model of particle physics
born out from our desire to understand nature at its fundamental level
by applying the principles quantum field theory and symmetry considerations

O Completed with the discovery of the Higgs Boson in 2012

0 Many open questions still o be solved
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extraordinary experimental set-ups and analysis tools &
theoretical predictions at the highest precision |

O Their solution requires the synergies of particle physics, astroparticle physics and cosmology

OCollider, DM, gravitation waves experiments running and planne/d
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Collider Searches

—

Indirect Detection

Direct Detection

Collider Search, taken from 2405.13778

CMS 137 Ifb'f (13 TeV)
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< Description of fundamental interactions: with quantum field theories

fields are quantized, e.g. photon: electromagnetic field quantum What is the

guiding
interaction: exchange principle?

of field quanta

< Relativistic quantum field theories: invariant under space-time transformations:
Lorentz transformations + space-time translations (Poincaré group)

< Construction principle: requirement of local gauge invariance (internal symmetry)

< Gauge symmetries of the Standard Model: U(1)y x SU(2). x SU(3)c
S’ S’

electroweak strong interaction




Unitarity
also
Requires

Wy, Wy, Wy Wy
Wi, Wi, Wy, Wi,

Quartic
W boson
coupling

Wy

W, Wp

neutral the structure of
Z the underlying |
exchange local gauge theory i

Coupling structure:
Reflection of

W, Z bosons
discovered
1983

Gauge Theory

- Lagrangian and hence the dynamics of the system described by the
Lagrangian is invariant under local (x-dependent) transformations.

- Ensured by the inclusion of gauge fields = force carriers: y, W, Z, gluons
- Non-abelian gauge theories: 3- and 4-point interactions of gauge bosons.

W |




Quartic
W boson
coupling

Coupling structure:
Reflection of W, Z bosons

neutral the structure of discovered
y4 the underlying 1983

local gauge theory h

exchange

I A

- Lagrangian and hence the dynamics of the system described by the
Lagrangian is invariant under local (x-dependent) transformations.

- Ensured by the inclusion of gauge fields = force carriers: y, W, Z, gluons
- Non-abelian gauge theories: 3- and 4-point interactions of gauge bosons.

Gauge Theory
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