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The Theory of GLASHOW, SALAM and WEINBERG              

Theory of the unified weak and electromagnetic interaction,
transmitted by exchange of “intermediate vector bosons”

part II: Weak Interactions

~ 1959-1968

(Nobel 1979)

mass generated 

by Higgs field

more details:

Lecture L. Beresford

Lecture H. Kim 
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� To produce the heavy W and Z bosons (m ~ 80-90 GeV)
need high energy collider!

� 1978-80: conversion of SPS proton accelerator at CERN 
into proton-antiproton collider
challenge: make antiproton beam!

� success! 
-> first W and Z produced 

1982/83

Discovery of the W and Z (1983)

Z0 -> e+e- UA1

Carlo

Rubbia

Simon

van der

Meer

(Nobel 1984)



Z production at LHC
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Now millions of events …
yesterday’s signal is today’s background and tomorrow’s calibration
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only ν exchange
No ZWW vertex

Three Boson Coupling @ LEP

W/Z bosons carry electroweak charge (like colour for gluons)

-> measure rate of W pair production at LEP II
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Electroweak Physics at HERA

Neutral Current (NC) interactions

Charged Current (CC) interactions

e

e
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Weak interactions are "left-handed"

� lefthanded electrons interact (CC)

e-

� righthanded electrons do not!

e-

� cross section linearly proportional 
to polarization

polarization
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Electroweak Unification

NC

CC

MW
2
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The Quest for Unification of Forces

electric

magnetic

gravity

weak

strong

Maxwell’s

equations

Grand Unified Theories ? (GUT)

Superstring Theories ?

Electroweak Unification

Big Bang

HERA

LHC

Solar system

falling apple

Newton

electroweakelectromagnetic ?

?
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αs running and Grand Unification

with SUSY (see later):

?

LHC GUT
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relativistic Schrödinger equation (Dirac equation) 

two solutions: 
one with positive, one with negative energy
Dirac: interpret negative solution as

1932 antielectrons (positrons) found in conversion

of energy into matter

1995 antihydrogen consisting of antiprotons and 
positrons produced at CERN

In principle: antiworld can be built from antimatter
In practice: produced only in accelerators and 
in cosmic rays

Antimatter

P.A.M.

Dirac

(Nobel 1933)

C.D.Anderson
(Nobel 1936)
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As far as we can see in universe, no large-scale antimatter. 
-> need CP violation!

Why does the Universe look like
this not that?

The Matter Antimatter Puzzle
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-> particles, anti-particles and 

photons in thermal equilibrium 

– colliding, annihilating, being re-created etc. 

Slight difference in fundamental interactions between 
matter and antimatter (“CP violation”) ?
-> matter slightly more likely to survive

Ratio of baryons (e.g. p, n) to 
photons today tells us about this 
asymmetry - it is about 1:109

The Matter Antimatter Puzzle
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Parity

(reflection)

Charge 
Conjugation

(black →
white)

Like weak interaction, symmetric under CP (at first sight!)
Can there be small deviations from this symmetry? 

CP symmetry

C

P

graphics: M.C. Escher
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Simply count decays as 

function of t!

+e
−e

t2

Decay length 

~ 1/4 mm

Second B 
decays (B0)

t1

First B 
decays

K0
s

d s

J/ψ
cc

(or )bd B 0
d B 0

d

( ) =tAsymmetry
B0

B0

B0

B0

-

+

CP violation in B meson decays
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Example: measurement from BaBar at SLAC

B and anti-B 
are indeed
different

(also found
earlier for
K decays: )

CP violation in B meson decays

(also Belle 

at KEK)

(Nobel 1980)James W. Cronin

Val L. 

Fitch Belle II continuing (DESY!)
more details: lecture Th. Humair M. Kobayashi T. Maskawa

(Nobel 2008)
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e
electron
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d
down

up
u
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.

The Mystery of Mass
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P. Higgs et al.  (1964-66,71)

many subvariants

which is right?

source: viXra blog 

The Mass (BEH) Mechanism

Brout, Englert, Guralnik, Hagen, Kibble,  …

Peter Higgs

François 
Englert

(Nobel 2013)
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Fermion Mass from Higgs field? 

room = vacuum 

people = Higgs vacuum expectation value

very brilliant scientist (fermion)

works with speed of light!

-> “massless”
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Fermion Mass from Higgs field?

scientist becomes famous!

enters room with people
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Fermion Mass from Higgs field?

people cluster around him

hamper his movement/working speed

-> he becomes “massive”! 



Cosmic 
ray

long enough 
to oscillate

Neutrino oscillations: neutrinos are massive!

not long enough 
to oscillate
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SK

SNO

Takaaki Kajita   Arthur McDonald
(Nobel 2015)

P ~ ∆m2

1998



What do we know about Neutrino mass?  

(taken from R. B. Patterson, Ann Rev Nucl Part Sci 65 (2015) 177-192.)

� are the masses of Dirac type (generated by Higgs)? 

or of Majorana type (ν’s are their own antiparticles, 

masses have non-Standard Model origin)?

� CP violation?

< 0.45 eV

> 1 meV
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Heavy righthanded Majorana Neutrinos?  

e.g. Neutrino Minimal Standard Model (νMSM)   Akasa, Blanchet, Shaposhnikov 2005 

1st generation “heavy” (~keV) neutrino makes up dark matter 

2nd and 3rd generation heavy (~GeV) neutrinos produce CP violation

-> explain matter-antimatter asymmetry

Look for them in many places, including LHC: 
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(taken from C. Antel et al., 

arXiv:2305.01715 (2023))
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The quest for the top quark

-> Mt ~ 170 GeV

Electroweak precision measurements at LEP/CERN

sensitive to top quark mass and Higgs mass (indirect effects)

already before top discovery
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The Tevatron (Fermilab)

data taking 

ended in 2011

analysis still

ongoing
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Top quark discovery (Fermilab 1995)

Top quark actually found

where expected!

Tevatron at Fermilab

(CDF + D0) 

measured mass value:

(PDG24)

Mtop = 172.6 ± 0.3 GeV
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Discovery of perturbatively quasibound tt state 
(CMS/ATLAS 2024/25)

Interpretation: Phys.Lett. B 866 (2025) 139532

2 Mt

arXiv:2503.22382
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Precision @ LEP, and Higgs

mH < 182 GeV at 95% CL

insert measured top mass into 

precision measurements at LEP

-> now sensitive to Higgs mass

LEP direct lower limit: 

mH > 114 GeV at 95% CL
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Precision @ LEP and Higgs at LHC

H->ZZ*-> 4 leptons

mH = 125.7 ± 0.4 GeV



Special Fundamental Physics Prize 2013
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by the Milner Foundation

Peter

Jenni,
ATLAS

Fabiola

Gianotti,
ATLAS

Tejinder

Singh

Virdee,
CMS

Joe

Incandela,
CMS

Lyn

Evans,
LHC

Michel

Della

Negra
CMS

Guido

Tonelli,
CMS

for their leadership role in the scientific endeavour 

that led to the discovery of the new Higgs-like particle 

by the ATLAS and CMS collaborations at CERN's Large Hadron Collider.
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The LHC Project

recently running pp collisons @ 13.6 TeV 

more details: lecture L. Beresford 
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Higgs production at LHC

measure 

as many as

possible

to

check 

Higgs

properties
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Direct measurements of Higgs Yukawa couplings

ATLAS and CMS, JHEP08 (2016) 045

examples

(Run 2 not yet 

combined) 
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Direct measurements of Higgs Yukawa couplings

ATLAS and CMS, JHEP08 (2016) 045

5.2 σ observed

(April 2018)

5.9 σ observed

(August 2017)

H -> ττ

5.8 σ observed

(June 2018)

5.9 σ observed

(December 2014)

examples

H -> bb

5.6 σ observed (Sept 2018)

2012

Closing in!
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Fundamental Physics breakthrough prize 2025

ATLAS            CMS         ALICE            LHCb 

Nature 607 (2022) 60  Nature 607 (2022) 32  
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Supersymmetry

�A way to solve theoretical problems with 
Unification of Forces: Supersymmetry

� For each existing particle, introduce similar 
particle, with spin different by 1/2 unit

more details:

Lecture L. Beresford
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Supersymmetry

� double number of particles:

� not seen at LEP, HERA, Tevatron ... -> must be heavy!

� (still) hope to see them at LHC ! ?



Dark matter and dark energy

structure of matter distribution and its motion 
throughout the universe:

� some potential dark matter particles (e.g. from 
supersymmetry) can be probed at LHC

� others (e.g. axions) through dedicated experiments 
(e.g. ALPS@DESY)  
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more details: lecture A. Lindner

James 
Peebles
(Nobel 2019)



We can hear the universe!

LIGO 2016

Challenge:   

How to merge this with the Standard Model  of particle physics?
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Black Hole merger 

Kip            Barry
Thorne      Barish

(Nobel 2017)

Rainer  Weiss

Albert Einstein
(Nobel 1923,

for photo-electic

effekt)

more details: lecture G. Maier

Event Horizon 

2019

Roger

Penrose

(Nobel 2020)

Reinhard    Andrea
Genzel        Ghez

(Nobel 2020)

we can see black holes
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Unification and Superstrings

To include gravity in unification of forces,
might need Superstrings (Supersymmetric strings)
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Superstring interaction
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Extra Dimensions?

� Superstrings require more than 3+1 dimensions (10 or 11)

� additional “extra” dimensions -> “curled up” (?)  

potentially measurable 

effects,  e.g. at LHC !?



extra dimensions -> micro black holes?

extremely short-lived   - no indications so far 

23.-24.7.25 A. Geiser, Particle Physics 43



23.-24.7.25 A. Geiser, Particle Physics 44

The case for an e+e- Collider

� Historically, hadron (proton) and electron colliders 
have yielded great symbiosis:

� hadron colliders: 
discoveries at highest 
energies

� electron colliders: 
discoveries and 
precision measurements

� latest examples: 
Tevatron/LEP (top),
now Higgs at LHC

International Linear Collider!
decision unfortunately further delayed 

3

more details: lecture M. Büβer

Being challenged by FCC-ee

XFEL/TESLA
technology
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Example: Higgs Physics at the ILC
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Ζ
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Top-Yukawa couplingTop-Yukawa coupling

Yukawa couplingsYukawa couplings

Gauge couplingsGauge couplings

Self couplingSelf coupling

H

e– ν

e+ ν

W
W

all measurable with very high precision!
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The Future Circular Collider

� New ~90 km circumference collider at CERN

� Two stages: 

FCC-ee, 2030s
~90-400 GeV  

FCC-hh, 2070s

~100 TeV

� Highest precision measurements in ee of Higgs and top 

couplings, and all other Standard Model Parameters.          

Deviations might give hints where to look for new physics (see LEP).

� Find this new physics in hh (my personal favourite: sphalerons)

more details: lecture K. Büβer
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Cosmology

increasing energy

-> going further 

backwards in time 

in the universe

->  getting closer to 

the Big Bang

more details: lecture T. Konstandin
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LHC/ILC

HERA/LEP10 -35 s

Inflation ceases, expansion
continues. Grand Unification
breaks. Strong and
electroweak forces become
distinguishable

Grand 
unification 
era

Grand 
unification 
era

Electroweak 
era
Electroweak 
era

10 -10  s

Electroweak force splits

Protons and 
neutrons form

Quarks combine to make

protons and neutrons 

Protons and 
neutrons form

Quarks combine to make

protons and neutrons 

10-4 s
Nuclei are 
formed
Nuclei are 
formed

Protons and neutrons

combine to form helium

nuclei

100 s

300000 years

Atoms and 
light era
Atoms and 
light era

The Universe becomes   

transparent and fills with

light

300000 years

Hasylab,

FLASH,

PETRA III,

XFEL

Galaxy 
formation
Galaxy 
formation

1000 M years

Galaxies begin to form

You!

IceCube

CTA
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Elementary Particle Physics is exciting!

� We already know a lot, but many open issues

� Exciting new insights expected for the 
coming decade (e.g. HL-LHC, Belle II) !

contact: Achim.Geiser@desy.de


