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cost billions of euros and re-
quired some of the biggest and
most complicated scientific in-
struments ever built.

What is this “mechanism”,
how was the particle discov-
ered, and why was it so im-
portant?

Let’s go back to where it all started



Searching for underlying structure
By the late 19th century, scientists had a reasonably good
understanding of the chemical properties of the various
elements.

Mendeleev’s periodic table from 1871

Could some structure inside the atoms be responsible for these
properties?



The first elementary particle

In 1897, J.J. Thomson discov-
ered the electron by studying
the deflection of cathode rays.

Soon, its mass and charge
were measured to very good
precision.

Mass 9.11×10−31 kg
Charge -1.6×10−19 C



Around the same time, radioactivity was discovered

In 1900, H. Becquerel found
that so-called “beta radia-
tion” was composed of elec-
trons, with exactly the same
properties as Thomson’s elec-
tron.

He discovered this in radium...

37 billion decays/sec/gram
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Around the same time, radioactivity was discovered

In 1900, H. Becquerel found
that so-called “beta radia-
tion” was composed of elec-
trons, with exactly the same
properties as Thomson’s elec-
tron.

...but many other substances
emit beta radiation.

Why do some substances emit electrons?



Beta decay

Potassium-40 is one of the most common radioactive isotopes.
Most of the time, it decays to Calcium-40, emitting an electron.

40K → 40Ca + e−

Let us look closer. What is actually happening is that a neutron
in the potassium nucleus is decaying into a proton.

n→ p + e−



Beta decay

Potassium-40 is one of the most common radioactive isotopes.
Most of the time, it decays to Calcium-40, emitting an electron.

40K → 40Ca + e− + ν̄e

Wait! There’s another particle there, the antineutrino.

n0 → p+ + e− + ν̄e

This process is known as beta decay.

But neutrons and protons are not fundamental particles. To better
understand what’s going on, we need to zoom in even more.



Inside the hadrons

Protons and neutrons are
made up of quarks.

Proton: 2 up, 1 down quarks
Neutron: 1 up, 2 down quarks

Particles made of quarks are called hadrons



The Weak Interactions

In beta decay, a “down” quark decays to an “up” quark by
emitting an intermediate vector boson called the W−.

For this to work, the W− needs to have a very large mass.



The Weak Interactions

In beta decay, a “down” quark decays to an “up” quark by
emitting a very heavy intermediate vector boson called the W−.

Heisenberg’s Uncertainty Principle

∆E∆t ≥ ~

We can create a very heavy virtual particle if we do it for a very
short time!

The weak force is very short ranged.



The Weak Interactions

The only problem?

I Like the photon, vector bosons are supposed to be exactly
massless.

I Their mass is inconsistent with a very important symmetry
of nature!

I Changing the theory would be like allowing for electric
charge to not be conserved.

I But the weak interactions are clearly carried by a massive
boson.

I How can these requirements be reconciled?



The Electroweak Interactions

In 1968, it was shown that
the electromagnetic and weak
force become unified at high
enough energies. Above the
unification scale, all force car-
riers are massless.

At lower energies, unification
is broken and we have two sep-
arate forces, the weak force
carriers becoming massive.

For the theory to work, one
needs a mechanism that gives
masses to vector bosons only
at low energies.



The Electroweak Interactions

In 1968, it was shown that
the electromagnetic and weak
force become unified at high
enough energies. Above the
unification scale, all force car-
riers are massless.

At lower energies, unification
is broken and we have two sep-
arate forces, the weak force
carriers becoming massive.

For the theory to work, one
needs a mechanism that gives
masses to vector bosons only
at low energies.

Such a mechanism had been proposed a few years earlier...



Spontaneous Symmetry Breaking

In the early sixties, several authors considered what happens
when symmetries get spontaneously broken in particle physics:

I Y. Nambu, Physical Review Letters 4 (1960) 380

I J. Goldstone, Nuovo Cimento 19 (1961) 154

I P. W. Anderson, Physical Review 130 (1963) 439

I R. Brout and F. Englert, Physical Review Letters 13 (1964) 321

I P.W. Higgs, Physics Letters 12 (1964) 132

I P.W. Higgs, Physical Review Letters 13 (1964) 508

I G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Physical
Review Letters 13 (1964) 585

Main idea: The laws of nature have to be symmetric, but the
solutions do not have to be.
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lower its potential energy, it
has to sit at a minimum. But
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The Higgs Mechanism

Consider a field faced with
two equally bad options: To
lower its potential energy, it
has to sit at a minimum. But
this will break the symmetry!

After symmetry breaking, the
Higgs field has a non-zero
value everywhere in the uni-
verse. How does that affect
all the other elementary par-
ticles?
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Any particle interacting with
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The Higgs Mechanism

The average value of the Higgs
is not zero — it acts a bit like
a medium

Any particle interacting with
the Higgs field will feel a kind
of drag force.

It becomes massive.

Different types of particles
interact differently with the
Higgs field. So they get dif-
ferent masses.

Some (like the photon) don’t
interact at all. They remain
massless.



Can we see the Higgs field?

The electroweak theory works fantastically well. But of course
we’d like to measure the Higgs field and make sure it’s there.

Nobody knows how to measure the Higgs field directly.



Can we see the Higgs field?

The electroweak theory works fantastically well. But of course
we’d like to measure the Higgs field and make sure it’s there.

Nobody knows how to measure the Higgs field directly.

But we can do something else: Hit it hard and make it vibrate.

c©Daniel Pink



Enter the Higgs Particle

In Quantum Field Theory, particles are excitations of fields.

If there is a Higgs field, there should also be a Higgs particle.

This was noted in Peter Higgs’ second article, but its exis-
tence was hardly emphasised.
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This was noted in Peter Higgs’ second article, but its exis-
tence was hardly emphasised.



The standard model
Our current understanding of elementary particles was finalised
around 1975.

Source: Wikipedia

I I’m skipping many Nobel prizes!
I All massive particles get mass through the Higgs

mechanism.
I Finding the Higgs particle would confirm that this is how

Nature works.



Higgs Hunting

To find the Higgs, you have to produce it first.

I Many properties of the Higgs can be predicted, apart from
(ironically) its mass.

I MH > 115GeV according to the LEP detector.

I At least 200 000 times heavier than the electron!

(1 GeV: the energy of an electron accelerated by a potential
difference of 1 thousand million volts)



E = mc2

Einstein’s equivalence between mass and energy.

I Energy can be converted to mass and vice-versa.

I But the exchange rate is rather steep: c = 300000000m/s.

I Even a small mass can produce a lot of energy (sun,
nuclear power,...)

I We need the exchange in the opposite direction!

To create Higgses, we need a machine that can collide particles
with immense amounts of energy.

Not only that, it has to do it frequently enough to obtain good
statistics.



The Large Hadron Collider

c©CERN



The Large Hadron Collider

c©CERN



LHC Factseet

I Approved 1995; Built 1998-2008; Operational since 2009.

I Construction cost 3 billion euros, annual budget around 1
billion

I 27 km long, 50-100 metres underground

I 1600 niobium-titanium superconducting magnets, at 27-35
tons each

I 96 tons of liquid helium, operating temperature 1.9K.

I Beam energy 350 MJ, 2800 bunches of 1011 protons

I Consumes 120 MW of electricity when running

I Over 10 000 scientists and engineers involved

I Four big and three smaller detectors

I Together produce dozens of petabytes of data per year



The tunnel

c©CERN



The tunnel

c©CERN



The magnets

c©CERN



The ATLAS detector

c©CERN



The ATLAS detector

The ATLAS calorimeter c©CERN



The CMS detector

c©CERN



Ready, set, ...

After lots of delays and cost overruns, the LHC was ready to
turn on in September 2008.

c©CERN

It didn’t go unnoticed...



The LHC in the news
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A bumpy start

The LHC was turned on on Sep. 10th, 2008...

...but just 9 days later an explosion caused damage to over 50
magnets.

c©CERN

A faulty electrical connection ... or a message from the future?
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A bumpy start

The LHC was turned on on Sep. 10th, 2008...

...but just 9 days later an explosion caused damage to over 50
magnets.

A faulty electrical connection ... or a message from the future?



Getting there

Repairs took more than a year...

c©CERN



Collision Time!
I Machine and detectors running great since 2009.
I Initially 7 TeV, then 8 TeV center-of-mass energy
I Lots and lots of collisions!

c©ATLAS/CERN



Collision Time

I Machine and detectors running great since 2009.

I Initially 7 TeV, then 8 TeV center-of-mass energy

I Lots and lots of collisions!

c©CMS/CERN



We have a particle!

c©ATLAS/CERN

On July 4th, 2012, ATLAS and CMS announced the discovery
of a Higgs-like boson with mass around 126 GeV at 5σ
confidence level.



We have a particle!

c©ATLAS/CERN

On July 4th, 2012, ATLAS and CMS announced the discovery
of a Higgs-like boson with mass around 126 GeV at 5σ
confidence level.



A look at the data

c©ATLAS/CERN



What does 5σ mean?
In particle physics, a confidence level of 5σ is required to claim
a discovery.

Standard deviations Confidence Level

1σ 68,268%
2σ 95,45 %
3σ 99,730 %
4σ 99,99366 %
5σ 99,999947 %

5σ is a one in 2 million chance that a random fluctuation will
reproduce the signal.

So we’re pretty sure we have a Higgs-like particle at this stage.



But is it the Higgs?

The confidence level has in-
creased even more in the past
year.

“Higgs-like particle” ⇒
“Standard Model-like Higgs”

Little doubt that it behaves
very much like a Higgs.

The evidence was certainly
convincing enough for the
Nobel committee.



The Standard Model is Finally Complete!

Source: Wikipedia



Should we go home now?

Particle physics, 1897-2012?



It’s just the end of the beginning!

I More Higgses?

I Hierarchy problem - why isn’t the Higgs mass 1019GeV ?

I Supersymmetry

I Unification

I Dark Matter - 27% of the Universe

I Dark Energy - 68% of the Universe

I Gravity

I String Theory

I And... 99% of our mass does not come from the Higgs field!

There’s a lot of work to do!
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We’ll keep looking
The LHC should continue op-
erating well into the 2020s.

A possible International Lin-
ear Collider is being dis-
cussed, earliest operation in
the 2030s.

Lots to be learnt about par-
ticle physics by looking into
space!

c©SKA project

1890s

2010s

2030s



Much more to come

Looking forward to much
more great science in the years
and decades to come!

(And prizes to celebrate too!)

THANKS!


	0.0: 
	0.1: 
	0.2: 
	0.3: 
	0.4: 
	0.5: 
	0.6: 
	0.7: 
	0.8: 
	0.9: 
	0.10: 
	0.11: 
	0.12: 
	0.13: 
	0.14: 
	0.15: 
	0.16: 
	0.17: 
	0.18: 
	0.19: 
	0.20: 
	0.21: 
	0.22: 
	0.23: 
	0.24: 
	0.25: 
	0.26: 
	0.27: 
	0.28: 
	0.29: 
	0.30: 
	0.31: 
	0.32: 
	0.33: 
	0.34: 
	0.35: 
	0.36: 
	0.37: 
	0.38: 
	0.39: 
	0.40: 
	0.41: 
	0.42: 
	0.43: 
	0.44: 
	0.45: 
	0.46: 
	0.47: 
	0.48: 
	0.49: 
	0.50: 
	0.51: 
	0.52: 
	0.53: 
	0.54: 
	0.55: 
	0.56: 
	0.57: 
	0.58: 
	0.59: 
	0.60: 
	0.61: 
	0.62: 
	0.63: 
	0.64: 
	0.65: 
	0.66: 
	0.67: 
	0.68: 
	0.69: 
	0.70: 
	0.71: 
	0.72: 
	0.73: 
	0.74: 
	0.75: 
	0.76: 
	0.77: 
	0.78: 
	0.79: 
	0.80: 
	0.81: 
	0.82: 
	0.83: 
	0.84: 
	0.85: 
	0.86: 
	0.87: 
	0.88: 
	0.89: 
	0.90: 
	0.91: 
	0.92: 
	0.93: 
	0.94: 
	0.95: 
	0.96: 
	0.97: 
	0.98: 
	0.99: 
	0.100: 
	0.101: 
	0.102: 
	0.103: 
	0.104: 
	0.105: 
	0.106: 
	0.107: 
	0.108: 
	0.109: 
	0.110: 
	0.111: 
	0.112: 
	0.113: 
	0.114: 
	0.115: 
	0.116: 
	0.117: 
	0.118: 
	0.119: 
	0.120: 
	0.121: 
	0.122: 
	0.123: 
	0.124: 
	0.125: 
	0.126: 
	0.127: 
	0.128: 
	0.129: 
	0.130: 
	0.131: 
	0.132: 
	0.133: 
	0.134: 
	0.135: 
	0.136: 
	0.137: 
	0.138: 
	0.139: 
	0.140: 
	0.141: 
	0.142: 
	0.143: 
	0.144: 
	0.145: 
	0.146: 
	0.147: 
	0.148: 
	0.149: 
	0.150: 
	0.151: 
	0.152: 
	0.153: 
	0.154: 
	0.155: 
	0.156: 
	0.157: 
	0.158: 
	0.159: 
	0.160: 
	0.161: 
	0.162: 
	0.163: 
	0.164: 
	0.165: 
	0.166: 
	0.167: 
	0.168: 
	0.169: 
	0.170: 
	0.171: 
	0.172: 
	0.173: 
	0.174: 
	0.175: 
	0.176: 
	0.177: 
	0.178: 
	0.179: 
	0.180: 
	0.181: 
	0.182: 
	0.183: 
	0.184: 
	0.185: 
	0.186: 
	0.187: 
	0.188: 
	0.189: 
	0.190: 
	0.191: 
	0.192: 
	0.193: 
	0.194: 
	0.195: 
	0.196: 
	0.197: 
	0.198: 
	0.199: 
	0.200: 
	0.201: 
	0.202: 
	0.203: 
	0.204: 
	0.205: 
	0.206: 
	0.207: 
	0.208: 
	0.209: 
	0.210: 
	0.211: 
	0.212: 
	0.213: 
	0.214: 
	0.215: 
	0.216: 
	0.217: 
	0.218: 
	0.219: 
	0.220: 
	0.221: 
	0.222: 
	0.223: 
	0.224: 
	0.225: 
	anm0: 


