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The Large Hadron Collider
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The Large Hadron Collider
[EO A > 2 € O AT

(9} J 1 o
~ . Forringdon () Old Street = ‘ . .
gron Edg\:aave Hary‘l;:’bone ) Warren Street () Es:ston (J y, Barbican = I rC e I n e
. uare "
= Road =* Regent's Park e 14 Liverpool
N Street
Ba}’ swater R P R R R R R :
S C mf 27km 22.5km
a Lancaster gong | Orfors ircumrerence .
- Queensway Gate  sireet | Circus A
'
Notting Marble Tottenham Chancery WSt Paul's |
Hill Gate Arch Court Road Lane * \‘as
A et 4 Depth 100m 15m
High street g0 park Green Park ()
Kensington Corner 0) ) Leicester _T 2= Cannon Street
Piccadilly Square Mansion / 1
Circus Houss Monument -
Knahsbrie cranig <Y d Diamet 3.8m 3.4m
Cross == () =Fanchurch ,‘M,,c',m Tower I a e er . .
Gloucester st ) 9 Blackfriars Gateway
Road loane 5t James's £ < .
Square Park 2] River Thames
= 2 F Temple * =@ Rothe
“J/ London Bridge
South Victoria ‘Westminster Embankment <= Y
Court Kensington E 3 = & Charing Croes 100m Bﬂrmo.ndsi)' Cape

Sinead Farrington, University of Warwick



Particle Collisions

M%%F{Féﬁesscé}léig?ﬁl)’ceéﬁ VAR ENE Wetect and study

OF o
Q | [




Why?
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Understanding the Universe
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How do we do 1t?

 To probe the conditions of the early universe we
smash particles together

atoms have
* electrons ...

which 13 made
of protons ... G

which are

made of quarks,
Up-quarks and
down-quarks ...

arbiting
a nucleus ...

...and
neutrons

thﬂ.-.fhin:h ar'?]a_t "
J. E”IS g current 11mi

aof our knowledge.




The Energy Frontier

e Size of structure we can probe with a collider like
LHC

= h/p (de Broglie, 1924)

h = Planck’s constant = 6.63 x 1034 Js
P = momentum of protons

* The larger the momentum (energy), the smaller
the size probed
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Standard Model of Particle Physics

*Strong, weak and Electromagnetic

forces

*Describes interaction of matter

particles by the means of .
force carrier particles
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Matter Particles

First generation: these are
the only particles needed to

[}
make all the matter we see; =
all chemical elements g

&)

0

Particle symbol | charge type E
Electron e- -1 lepton ‘E'_
Neutrino Vg 0 lepton 3
Up-quark u +2/3 quark
Down-quark d -1/3 quark
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Matter Particles

*But we see three generations

Undergoing similar
Interactions

*Mass hierarchy

Each has an antiparticle

Leptons Quarks

First Generation | 2" Generation

3rd Generation

Electron v, | Muon v, | Tau neutrino | v, 0
Neutrino neutrino

Electron e- | Muon u- | Tau T- -1
Up quark u | Charm quark ¢ | Top quark t | +2/3
Down quark | d | Strange quark | s | Bottom quark | b | -1/3
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Forces

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

as the exchange of a force-carrier boson, between

particles
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Electromagnetic Force

« Mediated by the photon
« Acts on particles carrying electric charge

Force Carrie
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Strong Force

« Mediated by the gluon
« Acts on particles carrying colour charge

Quarks

down | strange
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Weak Force

 Mediated by the W, Z bosons
e Acts on all matter particles

-

ulclt

up | charm | top

éd;s%@b

\strange! bottorn

electron mu':;|r'1 )
neutrino} neutring | neutrigo

Leptons Quarks

Sinead Farrington, University of Warwick

15



Gravitational Force

Mediated by the Graviton?
Acts on all massive particles
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Relative Strengths of Forces

Each force has an intrinsic strength
Electromagnetism:

F = QIQEQ
dme,r
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Relative Strengths of Forces

Each force has an intrinsic strength

Strong: o ~ 1
Electromagnetic: o, ~ 1/137

WEELS oy ~ 10°

Gravity: g ~ 100
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Running Couplings

When is a constant not a constant?

The forces’ intrinsic strengths change with distance
(or momentum) scale

Electromagnetic screening process: the bare particle
charge is screened by e*e  pairs

4
@G@
A

L e'e s e'e L3

1/oe=constant=137.04

135 |

=130 |

I ® 2.10GeV?<-Q°<6.25GeV’
125 L O W 12.25GeV? < -Q? < 3434GeV?
L [0 1800GeV? < -Q? < 21600GeV?
| — QED

2 3 4
1 10 10" 10" 10
-Q? (GeV?)

Sinead Farrington, University of Warwick

19



Running Couplings

e When is a constant not a constant?

* The forces’ intrinsic strengths change with distance
(or momentum) scale

* Strong force screening process: same as EM but has
an additional effect
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Running Couplings

When is a constant not a constant?

The forces’ intrinsic strengths change with distance
(or momentum) scale

Strong force screening process: same as EM but has

an additional effect 0 ity 2009
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Unification?
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Compare the Forces

EM force Weak force Strong force

Electric charge (1) | | Weak charge (2) || Colour charge (3)

Massless photon W+ Z 8 massless gluons

Coupling Coupling Coupling

Allows quark flavour
to change so that
matter can change
Into antimatter
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Higgs Boson

* Introduced to give mass to W and Z bosons
Requires a new potential to be added to the Standard Model

Introduction of “complex doublet” implies 4 new degrees of
freedom, 3 of which are the W*, W- Z boson mass

Fourth is the Higgs boson itself

Massless
bosons |

Spontaneous
symmetry
breaking

Im(¢)

Re(¢)
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Summary

 The Standard Model describes the fundamental
particles and the forces that act among them
Forces are mediated by force-carrier bosons

- While the forces are mediated in a common way, they display
different phenomena

e Tomorrow’s lecture: Experimental measurements
How do we know what we know?
- What does a data analysis look like?
(Example: The Higgs Search)

* Question... Relative merits of pp, pp, ete
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