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Particlesand Forces of the Standard Model
Theparticlezoo
Qualitative Feynmadiagrams
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The Standard Modeklementary
particlesandtheir interactions

Fermions Gauge bosons Higgs boson
m i force carriers origin of mass
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Exampleof EM interaction

eb- eb collision,transferringmomentum( by exchange of photon, quanta of Eidld
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Exampleof EM interaction

eb- eb collision,transferringmomentum( by exchange of photon, quanta of Eidld
Feynmardiagramsare calculationakools: will sketch computation of QM amplitude
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Exampleof EM interaction

eb- eb collision,transferringmomentum( by exchange of photon, quanta of Eidld
Feynmardiagramsare calculationakools: will sketch computation of QM amplitude

A
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= - €t Feynman
N diagram
Remembetthe probability L
currentj, conservedyy the for e>-e
Schrédingeequation collision
s h 0 J ”}/ q2
Je = i Y, P Y, -9, ywl ?
This2 y Sithdarexcept
relativistic(5 A N&qQefidil)
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> time 5
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Exampleof EM interaction

eb- eb collision,transferringmomentum( by exchange of photon, quanta of Eidld
Feynmardiagramsare calculationakools: will sketch computation of QM amplitude

spaceA
Feynman
4 = e diagram
>cAp g for eb-eb
collision
> time .
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Exampleof EM interaction
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Exampleof EM interaction

eb- eb collision,transferringmomentum( by exchange of photon, quanta of Eidld
Feynmardiagramsare calculationakools: will sketch computation of QM amplitude
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Exampleof EM interaction

eb- eb collision,transferringmomentum( by exchange of photon, quanta of Eidld
Feynmardiagramsare calculationakools: will sketch computation of QM amplitude

e €  Feynman

diagram
for eb-eb
collision

Cross sections,
decayrates
proportional

to | Al 2

e >

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




Example of EM Interaction:
matter-antimatter annihilation

A Antiparticle: sameroperties (nass, spipas particle, but all
G OK I NH S a elechit, weaklféirce Fstrong force)

A Particle + antiparticle = radiation (E=t)c

180 ‘;i_egrees
e+ :

———ee | sl

e-
positron Fanti-electron=e*
Y I
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Example of EM Interaction:
matter-antimatter annihilation

A Antiparticle: sameroperties (nass, spipas particle, but all
G OK I NH S a elechit, weaklféirce Fstrong force)

A Particle + antiparticle = radiation (E=t)c
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Example of EM Interaction:
matter-antimatter annihilation

A Antiparticle: sameroperties (nass, spipas particle, but all
G OK I NH S a elechit, weaklféirce Fstrong force)

A Particle + antiparticle = radiation (E=t)c

Y

Feynman
diagram
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Antiparticles the positron

A 1932, Andersompicture of i ‘
cloudchamberin magneticfield G N e e ‘

A Trackcrossedeadplate, Ao o0 Rl R
loosesenergy goingupwards Al g'\ji_j' : 3 *‘
A Positive chargecQirvature, | e \U.fji-." o ¥
mass < 20 m e
X | th{Le¢L=+O9

A Actuallypredictedby5 A NI O Q4 o el
equation(Oppenheimer 1930)! =~ -~/ 3“»

A Antiparticlehassamemass, spipetc = *© Lol
but opposite charge e / ..
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Example of EM interaction:
pair production

A The inverse ofmatter-antimatter annihilation:particle-antiparticle pair productior
A For instance>* >* production:
Space

fime

A Antiparticulespicturedasarrowsopposite to flow of time

A Emission of 'e= absorption of &

A Possibleonlyif invariant mass f ., s,0#> (2m)?

A Internalparticlesare calleddvirtual particleg Eote:m2 = ¢¢r 0 !l!



QuantumElectroDynamic8QED)

A Manyhigherorder diagramspossible for>* >* production:
g
a a’ a’

A Feymardiagramspart of a perturbatiorseriesin powersof couplingconstanth

All this, and much more, described by Quantum ElectroDynamics ((
a consistent Quantum Field Theory
(Tomonagg1946), Schwinger (1948) and Feynman (1®48¢don Diracl1929



Protons are composite

Nucleons
Structure within com pOSG be

the Atom

'Quazlg 3 pOIﬂt—lIke
| particles
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) . -1518
Atom ” Size = 10~ '2 1§
size - 10-0m =1 ANQGSrom =1fm

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in

size and the entire atom would be about 10 km across.



Quarks andhe StrongForce

w Strongforce like EMbut with three different typesof charge
Insteadof justone

w [ S GadtBem red, , blue, justfor funX* &t 2 & hagesdsS .
then red whereastnegative is (cyan inthis analogy.

w Thiskind of chargecalleddO 2 f 2 NE
C theorycalledQuantumChromodynamic§QCD)
w Calla lj dzI' NdrtiElewdith colorcharge Leptonsk 2 yh&écolor.
EM StrongForce

- Anti- Anti- Anti-Quarks
-

Anti-Color
* Particles with color not responsible for colours of light!

Color

Quarks




QuantumChromoDynamic@QCD)

w Chargesepel(attract) if samddifferent), e.g red andred repel,
red and attract, red andblue attract.

w Forcecarriersare calledgluons

w GluonsmustcarrycolorchargeC far-reachingconsequences
verydifferent from QED!

green quark
w Consequences IS i
w Veryshortrangeforce

w Forcegetsstrongerwhenquarkspulled apart

w Onlyseecolor-neutral freeparticlesin Nature (quark
confinemen)



Quarksmakeup hadrons

A Canget color-neutrality (neither excessor defect) with
followingcombinations

I coloranti-color
I red+greertblue sinceanti-red= =greerntblue

A So the quarks arrangemerftsundin Nature are:
I quark+antiqguarklmeson

_ Hadrons
I quark+quark b |j dar Bldntigarksifaryon)
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v [ 5 Strbhgnuclearforce

w Protonsandneutronsboundin nucleusby residualforce
betweenquarks,sameasatomsin molecules

e - e .. + + —>
p* \:\' p U - < Hd)
o - Ugy—» =t
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Howmanydifferent quarks?

A Experimentally find 6 quarkfigvours , 3 uptype and 3 dowrtype quarks

A All the same in QCD, except different masses
roton .‘4"“

)
proton

charm top
i o
ng ht H eavy Neutron @ Lambda
at KD
20

Stable ( ) (1) (1) Unstable
Ihu

A A few important mesonions kaons (s quark), D (c quark), B(b quark)
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Symmetries

A Classification and description of hadrons
thanksto symmetrieggrouptheory)
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Heavy flavours

Al SIge ljdzZr NJ & dzyaidlofSX | 29K
pairs of particleantiparticle of same type

A Weak force:
Induces decays of unstable elementary particles

Quarks
Charge
S e @ O

Decay

Characteristics NS oS

—= Strong ," I i

-- = Wealk m_h_ ) o

- Weaker 0 ¥
» @ & @
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WeakForce

ANeutron betadecayy Yy AL b S

A Weakforceresponsiblegor decayof unstableelementaryparticles
A Mediatedby 2 and W bosons

A Contraryto photons and gluons? and Wt have nonzeromasses
A Propagatorgproportionalto 1/M2,, 1/M?,, 1/M?2

C WeakForceveryweal w \



