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Content

• Short introduction to The Standard Model 
(SM) (i.e. 3 out of 4 forces)  

• Higgs Discovery: Completing the SM and 
example of a large-scale project, e.g. 
which AEDGE will also be. 

• Short Introduction to Gravitational Waves 
• Overview of future space-based and 
terrestrial atom interferometry 
experiments (AEDGE & AION) and their 
physics potential.  
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The Standard Model of Particle Physics
The Standard Model of particle physics is a theory which 

describes three of the four known fundamental forces between the
elementary particles that make up all matter in our universe. 

We will look 
at Gravity 
more in the 
next part of 
this lecture



The Standard Model

• The main components of the Model are:

• The particles and fields 

• Matter particles

• Force particles

• The Higgs Boson

• A theoretical framework

• Re-normalizable Yang-Mills Gauge 
Theory

• The Standard Model Lagrangian
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A Century of “Strong” Nobel Prizes

Ø Discovery of the Neutron (1932) Chadwick 1935

Ø Pion Exchange Theory (1935) Yukawa

Ø Discovery of the Pion (1947)            Powell

Ø Discovery of the Antiproton (1955)     Segre/Chamberlain

Ø Proton Form Factor (1959) Hofstadter  

Ø The Quark Model (1964) Gell-Mann 1969

Ø Discovery of Quarks (1968) Friedman/Kendall/Taylor 1990

Ø Discovery of Charm (1976) Richter and Ting 1976

Ø Discovery of t-Lepton/3rd Family (1976)      Perl 1995

Ø Asymptotic Freedom (1973) Gross/Politzer/Wilczek

and a …
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Century of (electro)”weak” Nobel Prizes

Ø Electron discovered (1897)              JJ Thomson 1906

Ø Photoelectric effect (1905)                    Einstein 1921

Ø Compton scattering (1923)                   Compton 1927

Ø Dirac equation (1928)                          Dirac 1933

Ø Positron discovered (1932)                   Anderson 1936

Ø QED (1947)         Feynman-Tomonaga-Schwinger 1965

Ø Parity Violation (1956)                          Lee-Yang 1957

Ø Neutrinos observed (1959)                    Reines 1995

Ø CP Violation (1964)                           Cronin-Fitch 1980

Ø Electroweak (1967)      Glashow-Salam-Weinberg 1979

Ø Gauge Theory Renormal’n (1972) t’Hooft-Veltman 1999

Ø CKM (1960,1972)         Nambu, Kobayashi and Maskawa 2008

Ø Higgs Boson (1964)             Englert and Higgs 2012

Ø Neutrino Oscillation (1998,2001)       Kajita and McDonald 2015

Homework: Check if I have forgotten one J
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“Standard Model Laudation”
• The standard model makes precise and accurate 

predictions
• It provides an understanding of what nucleons, atoms, 

stars, you and me are made of

• Its spectacular success in describing phenomena 
at energy scales below 1 TeV is based on
• The SM Higgs
• Whose mass is unstable to loop corrections 

• requires something like supersymmetry to fix
• Today, the way forward is through experiment (and only 

experiment)

But (like capitalism!) the SM contains the 
seeds of its own destruction

BUT before we come to this, we must first learn the basics of the SM



Discovery of a Higgs boson 
at the LHC 

Outline:
Ø Physics Introduction
Ø The LHC Accelerator and 

Experiments
Ø The Discovery
Ø Outlook
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The Standard Model of 
Particle Physics

Over the last 100 years: combination of 
Quantum Mechanics and Special Theory of relativity

along with all new particles discovered has led to the 
Standard Model of Particle Physics (SM).

The new (final?) “Periodic Table” of fundamental elements
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• Matter is composed of spin-1/2 
fermions

• Three families of quarks and three 
families of lepton - of increasing 
masses, ‘normal’ matter is made of 
the first family

• Interactions (strong nuclear, 
electromagnetic, weak nuclear) are 
carried by exchange of spin-1 
bosons (gluons, photons, weak 
bosons)

• Very successful description of 
physics at the scale of ~ 100GeV
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The Standard Model of 
Particle Physics

Over the last 100 years: combination of 
Quantum Mechanics and Special Theory of relativity

along with all new particles discovered has led to the 
Standard Model of Particle Physics (SM).

The new (final?) “Periodic Table” of fundamental elements
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Yet, its most basic mechanism, 
that of granting mass to 

particles, is (was?) missing.
Quantum of this field is the 

Spin Zero Higgs boson.

A crowning 
achievement of 20th

Century Science  



Giving the Universe Substance – Generation of 
Mass

To Newton:  F= ma, w = mg
To Einstein: E = mc2

Mass curves space-time
All of this is correct.
But how do objects become massive?
Simplest theory – all particles are 
massless !!
A field pervades the universe
Particles interacting with this field acquire mass 
– stronger the interaction the larger 
the mass
The field is a quantum field – its quantum is 
the Higgs boson. Finding the Higgs boson would 
establish the existence of this field!
Seminal papers published in 1964!



Imperial & UK are also leaders on the 
Experiment 

Letter of Intent: Submitted to the CERN’s Peer Review Committee (LHCC)

20 years ago

and all this years 
the HEP group of 
IC has been on 
the forefront of 
the experimental 
work! 



Physics Mission of the LHC
The LHC project (the accelerator and 

experiments) was conceived & designed to 
tackle fundamental questions in science (some 

which go to the heart of our existence):

about the origin, evolution and composition of 
our universe. 

In particular, 
• what is the origin of mass? 

• what constitutes dark matter? 
• do we live in more than 3 space dimensions? 
• why is the universe composed of matter, and 

not antimatter?
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This Study Requires…….
1. Accelerators: powerful 
machines that accelerate 
particles to extremely high 
energies and bring them into 
collision with other particles
2. Detectors: gigantic 
instruments that record the 
resulting particles as they 
“stream” out from the point of 
collision.
3. Computing: to collect, store, 
distribute and analyse the vast 
amount of data produced by 
these detectors
4. Collaborative Science on a 
worldwide scale: thousands of 
scientists, engineers, technicians 
and support staff to design, 
build and operate these complex 
“machines”.



Timeline of the LHC Project
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1984 Workshop on a Large Hadron Collider in the LEP tunnel,
Lausanne

1987 Rubbia “Long-Range Planning Committee” recommends
Large Hadron Collider as the right choice for CERN’s future

1990 ECFA LHC Workshop, Aachen
1992 General Meeting on LHC Physics and Detectors, Evian les

Bains
1993 Letters of Intent (ATLAS and CMS selected by LHCC)
1994 Technical Proposals Approved
1996 Approval to move to Construction (materials cost of 475

MCHF)
1998 Memorandum of Understanding for Construction Signed
1998 Construction Begins (after approval of Technical Design

Reports)
2000 ATLAS and CMS assembly begins above ground. LEP closes
2008 ATLAS & CMS ready for First LHC Beams
2009 First proton-proton collisions
2012 A new heavy boson discovered with mass ~125 × mass of

proton Almost 30 years!
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LHC : 27 km long
100m underground

General Purpose,
pp, heavy ions

CMS
+TOTEM

ATLAS

Heavy ions, pp

ALICE

pp, B-Physics,
CP Violation

The Large Hadron Collider at CERN 
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Electro-weak phase transition
(ATLAS, CMS…)

QCD phase transition
(ALICE…)

LHC studies the first 
10-10 -10-5 second after 
the big bang!!



4T Superconducting Solenoid 
3rd Layer: Hadron Calorimeter
4th Layer: Muon system

1st Layer: Silicon Tracker (pixels and microstrips)
2nd Layer: Lead tungstate electromagnetic calorimeter



ATLAS Cavern

21



Turing Festival 
TSV

CMS Detector Closed

22
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Going to the Science



High Data recording efficiency
2012 certified for July4th
‘Golden’: 5.19 fb-1 (85%)
Muon: 5.62 fb-1 (92%)

Performance: CMS and LHC

LHC was running at around 
600 million proton-proton 

interactions/s!

The CMS detector is 
performing according to 

(beyond) design! 
99% of the channels 

operational

Computing: 
Tens of petbytes/year

400M jobs/month

Almost 1000 trillion 
p-p interactions 

For July4th
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2012 certified for July4th
‘Golden’: 5.19 fb-1 (85%)
Muon: 5.62 fb-1 (92%)

Performance: CMS and LHC

LHC was running at around 
600 million proton-proton 

interactions/s!

The CMS detector is 
performing according to 

(beyond) design! 
99% of the channels 

operational

Computing: 
Tens of petbytes/year

400M jobs/month

Almost 1000 trillion 
p-p interactions 

For July4th

Only about 250K Higgs Bosons
Would be produced in this data sample!

So, its 250K out of 1000 trillion, 
but it gets even more challenging …



SM Higgs Boson Decay
l

ZZ, WW

bb, tt

gg

gg

gg is 2 per mille
ZZ → 4l is ~10-4

~ 400 gg events
~ 10 4l events
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H ègg
candidate



CMS - Search for the SM 
Higgs boson: H→gg

28

Observe a peak  at 125.3 GeV
As particle seen in di-photon mode it must have spin 0 or 2

m2
γγ= 2 E1 E2 (1-cosα)



ATLAS - Search for the SM Higgs 
boson: H→gg

Observe also a peak  at 126.5 GeV

gg Mass Distribution



ZZ(*) → 2µ2e Channel

Turing Festival TSV
30

H èZZè4e
candidate



CMS - Search for the SM Higgs 
boson: H→ZZ→4l

314l Mass Distribution



ATLAS - Search for the SM Higgs 
boson: H→ZZ→4l

32

4l Mass Distribution



Results from the Experiments 
Higgs à 2 photons!!Higgs à 2 Z à4 leptons!!

A clear “excess”
of events seen 
in both 
experiments
around 125-126 
GeV

It became very 
significant in 2012

Sophisticated 
Statistical Methods 
have used to fully
analyse this.

And the result 
is…à
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Combining the Results from the 
Searches for the Higgs boson

34

ATLAS combined local 
significance
Expected:  5.0σ
Observed: 6.0σ
At a mass of 126.5 ± 0.6 GeV

CMS combined local 
significance
Expected:  5.8σ
Observed: 5.0σ
At a mass of 125.3 ± 0.6 GeV

ATLAS and CMS have each independently 
discovered a new heavy boson at approximately 

the same mass 



Time Evolution of the Signal

Ø4 isolated high pT leptons
Ø consistent with Z decays
Ø from same vertex





Gravity & Gravitational Waves 
SIME SLIDES BORROWED FROM 

ALAN WEINSTEIN, CALTECH AND OTHERS
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The Standard Model of Particle Physics
The Standard Model of particle physics is a theory which 

describes three of the four known fundamental forces between the
elementary particles that make up all matter in our universe. 

We will look 
at Gravity 
more in the 
next part of 
this lecture



The nature of Gravity 
Newton’s Theory

“instantaneous action 
at a distance”

Einstein’s General Theory of 
Relativity

Gravity is a local property of 
the space occupied by mass m1.

Information carried 
by gravitational radiation at 

the speed of light

Gµn= 8pTµn

F = m1 a = G m1 m2 / r2/     /



Einstein’s Theory of Gravitation
experimental tests

“Einstein Cross”
The bending of light 

rays
gravitational lensing

Quasar image appears 
around the central glow 
formed by nearby galaxy. 
Such gravitational lensing 

images are used to detect a 
‘dark matter’ body as the 

central object

Mercury’s orbit
perihelion shifts forward
twice Post-Newton theory

Mercury's elliptical path around the 
Sun

shifts slightly with each orbit
such that its closest point to the Sun 

(or "perihelion") shifts forward
with each pass.

bending of light
As it passes in the 
vicinity of massive 

objects

First observed during the 
solar eclipse of 1919 by Sir 
Arthur Eddington, when the 
Sun was silhouetted against 

the Hyades star cluster



Strong-field

•Most tests of GR focus on 
small deviations from 
Newtonian dynamics                     
(post-Newtonian weak-field 
approximation)
•Space-time curvature is a tiny
effect everywhere except:
ØThe universe in the early 
moments of the big bang
ØNear/in the horizon of 
black holes

•This is where GR gets non-
linear and interesting!
•We aren’t very close to any 
black holes (fortunately!), and 
can’t see them with light

But we can search for (weak-
field) gravitational waves as a 
signal of their presence and 
dynamics



Gravitational Waves
• When the curvature varies rapidly due 
to motion of the object(s), curvature 
ripples are produced. These ripples of 
the space-time are Gravitational-waves.

• Gravitational-waves propagate at the 
speed of light.

Animation by William Folkner, LISA project, JPL



Gravitational waves

L
Lh d2=

GW

time

L-DL L+DL
§ Predicted by general relativity
§ GW = space-time metric wave

– Distance variation
– Strain amplitude h:

§ GW produced by mass acceleration

– d = source distance
– Q = quadrupole moment

ddt
Qd

c
Gh 12

2

2

4» 1124410 --- mkgs



Laser Interferometer Detectors
Gound-based 
detectors: LIGO, 
VIRGO, GEO(> 10 Hz)

Space-based detector 
concept: planned LISA 
mission (1 mHz – 100 
mHz), also proposals to 
extend LISA concept to 
higher frequencies



GW Detection – one slide
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Gravitational Wave Spectrum

• Gap between ground-based optical interferometers & LISA
– Formation of supermassive black holes (SMBHs)?
– Electroweak phase transition? Cosmic strings?

• Gap between LISA & pulsar timing arrays (PTAs)

~~~~



How to Make a Supermassive 
BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?



Gravitational Waves from IMBH Mergers

Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

AION Collaboration arXiv:1911.11755



AION & AEDGE
ULTRA-COLD ATOM TECHNOLOGY 
FOR FUNDAMENTAL PHYSICS 

AEDGE: 
Atomic 

Experiment 
for Dark 
Matter 
and 

Gravity 
Exploration

A UK Atom 
Interferometer 
Observatory and 
Network 
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Change of slides here


