
ParticlePhysics
FOR

Introducing
ParticlePhysics

Pablo del AmoSánchez
16/07/2015      Annecy Summer School

Pablo DEL AMO SANCHEZ 1



Aimof this lecture:

Particlesand Forces of the Standard Model

The particlezoo

Qualitative Feynman diagrams
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The Standard Model: elementary
particlesand their interactions
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field

Feynman diagramsare calculationaltools: will sketch computation of QM amplitude
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field

Feynman diagramsare calculationaltools: will sketch computation of QM amplitude

Rememberthe probability

current jk conservedby the 
Schrödinger equation

?

This ƻƴŜΩǎsimilarexcept
relativistic(5ƛǊŀŎΩǎequation!) 
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field

Feynman diagramsare calculationaltools: will sketch computation of QM amplitude
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field

Feynman diagramsare calculationaltools: will sketch computation of QM amplitude
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field

Feynman diagramsare calculationaltools: will sketch computation of QM amplitude
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Exampleof EM interaction

eҍ- eҍcollision, transferringmomentumq by exchange of photon, quanta of EM field

Feynman diagramsare calculationaltools: will sketch computation of QM amplitude
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Example of EM interaction:
matter-antimatter annihilation

ÅAntiparticle: same properties (mass, spin) as particle, but all 
άŎƘŀǊƎŜǎέ ǊŜǾŜǊǎŜŘ (electric, weak force, strong force)

ÅParticle + antiparticle = radiation (E=mc2!)
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positron = anti-electron= e+



Example of EM interaction:
matter-antimatter annihilation

ÅAntiparticle: same properties (mass, spin) as particle, but all 
άŎƘŀǊƎŜǎέ ǊŜǾŜǊǎŜŘ (electric, weak force, strong force)

ÅParticle + antiparticle = radiation (E=mc2!)

wherem isάrelativisticinvariant massέ ƻŦ ǎȅǎǘŜƳΥ 
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positron = anti-electron= e+

c = 1!



Example of EM interaction:
matter-antimatter annihilation

ÅAntiparticle: same properties (mass, spin) as particle, but all 
άŎƘŀǊƎŜǎέ ǊŜǾŜǊǎŜŘ (electric, weak force, strong force)

ÅParticle + antiparticle = radiation (E=mc2!)
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Antiparticles: the positron

Å 1932, Anderson: pictureof

cloudchamberin magneticfield

Å Trackcrosses leadplate,

loosesenergy,  goingupwards

Å Positive charge (curvature),

mass < 20 me
Χ ! th{L¢L±9 9[9/¢whbΗ

Å Actuallypredictedby 5ƛǊŀŎΩǎ

equation(Oppenheimer 1930)!

Å Antiparticlehas samemass, spin, etc

but opposite charge
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Example of EM interaction:
pair production

Å The inverse of matter-antimatter annihilation: particle-antiparticlepair production

Å For instance: ˃+ ҍ˃production:

Å Antiparticules picturedas arrowsopposite to flow of time

Å Emission of eҍ= absorption of e+

Å Possible only if invariant mass m2ŜҌŜҍ= q2 > (2m˃)2

Å Internalparticlesare calledάvirtual particlesέΦ Note: m2 =ɹ q2ґ 0 !!!
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Quantum ElectroDynamics(QED)

Å Manyhigherorderdiagramspossible for ˃+ ҍ˃production:

Å Feymandiagramspart of a perturbation seriesin powersof couplingconstant h

All this, and much more, described by Quantum ElectroDynamics (QED),

a consistent Quantum Field Theory

(Tomonaga(1946), Schwinger (1948) and Feynman (1948) basedon Dirac 1928)
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Protons are composite

=1 Angström =1 fm
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Nucleons
composedof 
3 point-like
particles: 
quarks



16/07/2015      Annecy Summer School Pablo DEL AMO SANCHEZ 18

Quarks and the StrongForce

* Particles with color not responsible for colours of light!

ωStrongforcelikeEM but with threedifferent typesof charge
insteadof just one

ω[ŜǘΩǎcallthem red, green, blue, just for funΧ* άtƻǎƛǘƛǾŜέ chargeis
then red whereasάnegativeέ isanti-red (cyan, in this analogy).

ωThiskindof chargecalledάŎƻƭƻǊέ 

Č theorycalledQuantum Chromodynamics(QCD)

ωCallάǉǳŀǊƪέ ŀ particlewith color charge. LeptonsŘƻƴΩǘhavecolor.

EM StrongForce



16/07/2015      Annecy Summer School Pablo DEL AMO SANCHEZ 19

Quantum ChromoDynamics(QCD)

ωChargesrepel(attract) if same(different), e.g. red and red repel, 
red and anti-red attract, red and blueattract.

ωForcecarriersare calledgluons

ωGluonsmustcarrycolor chargeČ far-reachingconsequences, 
verydifferent from QED!

ωConsequences:

ωVeryshort rangeforce

ωForcegetsstrongerwhenquarks pulledapart

ωOnlyseecolor-neutral free particlesin Nature(quark 
confinement)



Quarks makeup hadrons
ÅCan get color-neutrality (neitherexcessnor defect) with

followingcombinations:

ï color+anti-color

ï red+green+bluesinceanti-red=cyan=green+blue

ÅSo the quarks arrangements found in Nature are:
ïquark+antiquarkΩ (meson)

ïquark+quarkΩҌǉǳŀǊƪΩΩ or 3 antiquarks (baryon) 
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Hadrons



16/07/2015      Annecy Summer School Pablo DEL AMO SANCHEZ 21

v/5 Ҧ Strongnuclear force

ωProtonsand neutronsboundin nucleusby residual force
betweenquarks, sameas atomsin molecules



How manydifferent quarks?

Å Experimentally find 6 quarks (flavours) , 3 up-type and 3 down-type quarks

Å All the same in QCD, except different masses

Å A few important mesons: pions, kaons (s quark), D (c quark), B(b quark)
16/07/2015      Annecy Summer School Pablo DEL AMO SANCHEZ 22

Light
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Heavy
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Symmetries

ÅClassification and description of hadrons 
thanksto symmetries(group theory)
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Heavy flavours

Å IŜŀǾȅ ǉǳŀǊƪǎ ǳƴǎǘŀōƭŜΧ IƻǿΚ ¦Ǉ ǘƻ ƴƻǿΣ ŀƭǿŀȅǎ ŎǊŜŀǘƛƴƎκŀƴƴƛƘƛƭŀǘƛƴƎ 
pairs of particle-antiparticle of same type

ÅWeak force:

induces decays of unstable elementary particles
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WeakForce

ÅNeutron beta decayΥ ƴ Ҧ Ǉ Ҍ Ŝҍ+ ˄ e

Å Weakforce responsiblefor decaysof unstableelementaryparticles

Å Mediatedby Z0 and W± bosons

Å Contraryto photons and gluons, Z0 and W± have non-zeromasses

Å Propagatorsproportionalto 1/M2
Z, 1/M2

W

Č WeakForce veryweak!
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