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We’re working backwards 

young, hot, energetic old, cool, less energetic 



What is the universe made of? 
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What is the universe made of? 
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electrons 

protons 

neutrons 



Antimatter 

1928:  Dirac predicted existence of antimatter. 

 

1995:  antihydrogen consisting of antiprotons and  

positrons produced at CERN 

 

1932:  antielectrons (positrons) discovered by 

Carl D. Anderson (Nobel prize 1936) 

 



Particles discoveries take off… 

Chaos! 



Had I foreseen this, I would have gone into botany. 

  

(Wolfgang Pauli) 

The finder of a new elementary particle used to be 
rewarded by a Nobel Prize, but such a discovery now 

ought to be punished by a 10,000 dollar fine. 
  

(Willis Lamb) 
 



A periodic table 
of particles? 

strangeness 

spin 



The Standard Model 

Spin ½ Spin 1 

q = -1 

Charge neutral 

q = -1/2 

q = +3/2 

Fermion mass 



Matter 

These are 
what protons 
and neutrons 
are made of 

uud, udd 



Matter 

These form a 
cloud around 
atomic nucleii 



Matter 

Produced by 
cosmic rays 

A few hundred of these pass through your body every second  



Matter 

These come from 
nuclear reactions 

in the sun, 
radioactive 
decays, etc.  

A few billion of these pass through 
your body every second 



Matter 

Unless you’re 
really into 

particle physics 
you may not 

have heard of 
these guys 



Matter 

UNSTABLE 



Forces 

B A 

Sinead Farrington, University of Warwick 

Forces 

12 

In the Standard Model, we depict (and calculate) forces 

as the exchange of a force-carrier boson, between 

particles 

 

Fermions exchanging a boson 

Person A and person B exchanging a ball 



EM force 

These keep 
electrons in 

place around 
the nucleii 



EM force 

Acts on charged particles 

+3/2 

-1/2 

+1 



Weak force 

These are 
responsible for 

beta decay 



Weak force 

Acts on all the matter particles 
Mediated by massive bosons 



Strong force 

These glue the 
quarks 

together inside 
the protons 

and neutrons 



Strong force 

Acts on particles with colour charge 

Baryons: qqq 
Mesons: q anti-q 



Gravitational force 

Graviton? 

? ? 



Force strength: “couplings” 

EM force between 2 electrons:  

Strong 

Electromagnetic 

Weak 

Gravitational 

Coupling constant 
quantifies force 

strength 

Note: couplings are energy dependent! 
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Force strength: “couplings” 

Note: couplings are energy dependent! 

Strong 

Electromagnetic 

Weak 

Gravitational 



A missing piece 



Massive bosons?  
Requires a new potential in the Standard Model! 



Higgs boson 

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/ 



Higgs boson 

t = Big Bang 

Massless bosons 



Higgs boson 

t ∼ 10-12 s 

Spontaneous symmetry breaking  massive bosons 

Four new degrees  
of freedom: 
Z0, W+, W-, h0 



Higgs field pervades 
all space and couples 
to particles to give 
them mass 



Experimental triumph for SM 

Looks like the Higgs boson has been found at last! 

 

Brout, Englert  

and Higgs rock. 

 

The Standard  

Model rocks. 

 

CERN rocks. 



The Standard Model 



E ∼ 1 TeV 

E ∼ 1 GeV 

E ∼ 0.1-1 GeV 
E ∼ 0.1 MeV 

High energies to probe small distances: E = hc/λ  

How do we explore such small scales? 



us 



Accelerators 

• Create high energies 

• Recreate early universe conditions 

• See something beyond ancient 

Particle accelerators 



Large Hadron Collider 



Experiments 



Experiments 



Experiments 

Four LHC experiments 



Particle detection 
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Measure the position of a particle 
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Particle detection 

Measure the position of a particle 
Measure the momentum of a particle 

particle 

particle 

silicon 
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B-field 

. 

p = 0.3 Br 
p = momentum 
B = field strength 
r = radius of curvature 

E 

ATLAS solenoid: 5.8m long, 1.23m inner radius 



Particle detection 

Measure the position of a particle 
Measure the momentum of a particle 
Measure the energy of a particle 

particle 

particle 

silicon 
+ 

+ 

+ 

- 
- 

- 

x 
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B-field 

. 

p = 0.3 Br 
p = momentum 
B = field strength 
r = radius of curvature 

EM shower 

E 

(2 T for ATLAS) 





Entering the quantum world… 

Carbon-12 nucleus 



Classical View Quantum View 

Any particle traveling from A 

to B takes a direct path 

A B A B 

Any particle traveling from A 

to B takes every possible 

path 
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Anyone who claims to understand quantum 
theory is either lying or crazy. 

 
(Richard Feynman) 





What does it mean? 

We live in a world of probabilities 





 

Ecm = 13 TeV 
Bunch crossings per second = 40 million 
 
 



0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

WJS2009

s
jet

(E
T

jet
 > 100 GeV)

s
jet

(E
T

jet
 > Ös/20)

s
jet

(E
T

jet
 > Ös/4)

s
Higgs

(M
H
=120 GeV)

200 GeV

LHCTevatron

 e
v
e
n

ts
 /
 s

e
c
 f
o

r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

s
b

s
tot

proton - (anti)proton cross sections

s
W

s
Z

s
t

500 GeV

s
 (
n

b
)

Ös (TeV)

Total particle  
production  

cross-section 

Weak boson 
production 

(once every few 
100,000 collisions) 

Higgs production 
(once every few 
hundred million 

collisions) 

>9
 o

rd
er

s 
o

f 
m

ag
n

it
u

d
e!

 



Example: Higgs → ZZ 

Tag the leptons 
Predict the background from Standard Model ZZ production 



Higgs candidate 





So far observations 
compatible with 
Standard Model 

Higgs boson 





What else are we after? 



Antimatter -- matter asymmetry 

In the beginning matter and anti-matter in  
equal parts (why not?) 
 

But the universe is made of matter 



Well… some of it at least 

Leaving this stuff for the cosmologists 



Dark Matter 



New physics? 

Boson 

Boson 

Fermion 

Fermion 



Time (energy) 

Dark matter candidates? 

SUSY 

Unification of 
forces at high 

energies 

Why do we like Supersymmetry (SUSY)? 

SM EM 

W 

s 

EM 

W 

s 




