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Aim of this lecture:

Particles and Forces of the Standard Model
The particle zoo
Qualitative Feynman diagrams



A VERY brief history of particles
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The nucleus: Rutherford scattering

1906, J.J. Thomson: plum pudding
model of the atom

* Rutherford set to test it by firing a
particles into a thin foil
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e 1909, Geiger & Marsden: ~1/8000
alpha particles bounce off!

in 1 q u eQar e - _ ° .
ghin ) b .F;t R ~10Mm <<10m xRy, 19.11., Rutherford: nucleus small
& Narget within atom, surrounded by e~ cloud
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The nucleus: Rutherford scattering

* Notion of Cross Section do/dQ) : particles crossing transverse area do are
scattered into a solid angle dQ at an angle 6 with the beam direction

* Can find out about force between target and bullet by looking at xsection,
e.g. stronger forces - bigger xsections; range of force <> dependence on 6

P

scattering
center

dQ

» Ex, scattering of spinless charged particles off a spinless charged target
Rutherford):
( ) do  Z,Z,° 1
dQ 4rgE, sin*(0/2)
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Cosmic rays

* Particles from outer space constantly in collision with upper atmosphere
* Source of exotic (unstable) particles from early times (pre WWII)

* Cloud chambers (or Wilson chambers):

¢
supersaturated vapor, passage of charged . 4
LY | mig!
particles slightly ionizes medium, .
condensation occurs track o8
s
* Photographic emulsions also used G g
Trace of a Super Saturated E 10" 0
Beta Particle Isopropanol Vapor t . L myr
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Antiparticles: the positron

e 1932, Anderson: picture of ¢ i ,

cloud chamber in magnetic field L e X
* Track crosses lead plate, | | . & s
looses energy, going upwards

* Positive charge (curvature),
mass < 20 m,

... APOSITIVE ELECTRON!

e Actually predicted by Dirac’s

equation (Oppenheimer 1930)! B / S ‘ﬁ*,&a
. ,", i JSE “, ’“. ¥
« Antiparticle has same mass, spin,etc =~ '~ e 4
. Bl . e e R 5
but opposite charge U R
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Matter-antimatter annihilation

 Particle + antiparticle = radiation (E=mc?!)

180 ;iegrees




Matter-antimatter annihilation

 Particle + antiparticle = radiation (E=mc?!)

where m is “relatisvistic invariant mass” of system:

m122 :(E1+ E2)2 _(51"' 52)2 E(piu + pf)z




Applications

Positron emission
tomography (PET) —

PET Scan

DETECTORS

o
-

D

POSITRON-ELECTRON ‘ i

COLLISION

GAMMA RAYS
CREATED
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More cosmic rays: the muon

1936 Neddermeyer, Anderson:

unit charge particle, spin 1/2

heavier than electron, lighter than proton

like electrons, does not induce nuclear reactions
unstable but long-lived (10 s)

Just like electron but heavy and unstable
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Quantum ElectroDynamics (QED)

« Tomonaga (1946), Scwhinger (1948) and Feynman (1948) based on Dirac (1928)

Charged particles transfer momentum (], energy by exchange of photons, quanta of
EM field A

space e_ e
Feynman
S diagram
> Y g 2 fore -e”
> collision
e e
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Quantum ElectroDynamics (QED)

« Tomonaga (1946), Scwhinger (1948) and Feynman (1948) based on Dirac (1928)

space
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Feynman
diagram
fore -e”
collision
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Quantum ElectroDynamics (QED)

« Tomonaga (1946), Scwhinger (1948) and Feynman (1948) based on Dirac (1928)

space

Feynman
diagram
fore -e”

coIIision2
e

hclre,

o =

time ,,
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Quantum ElectroDynamics (QED)

« Tomonaga (1946), Scwhinger (1948) and Feynman (1948) based on Dirac (1928)

space

Feynman
diagram
fore -e”

coIIision2
e

hclre,

o =

time ¢
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Quantum ElectroDynamics (QED)

Tomonaga (1946), Scwhinger (1948) and Feynman (1948) bgsed on Dirac (1928)
1 e

Amplitude for e™-e™ scattering: 7 T YIEY,
Accej’ —ej, = '], xa

A
space

Feynman
diagram
fore -e”

coIIision2
e

hclre,

o =

time
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Quantum ElectroDynamics (QED)

« Tomonaga (1946), Scwhinger (1948) and Feynman (1948) based on Dirac (1928)
* |Amplitude|? for e e~ scattering: 2 '
| Amplitude|? for e™-e™ scattering Aoca:>‘A‘ ocaz Cross sections,
N decay rates
proportional
to |A|?

space

Feynman
diagram
fore -e”

coIIision2
e

hclre,

o =

time
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Quantum ElectroDynamics (QED)

« Tomonaga (1946), Scwhinger (1948) and Feynman (1948) based on Dirac (1928)
* Another example pu* u~ production:
space

time

e Antiparticules pictured as arrows opposite to flow of time
* Emission of e = absorption of e*

* Internal particles are called “virtual particles”

* Possible if invariant mass m,,, =q°>2m,



Quantum ElectroDynamics (QED)

« Tomonaga (1946), Schwinger (1948) and Feynman (1948) based on Dirac (1928)
* Another example pu* u~ production:

2 2

q q

o 04 04

 Feyman diagrams part of a perturbation series in powers of coupling constant a



Back to history: protons are composite

Post WWII: accelerator era
1968 SLAC: shoot e~ to proton target
ngh energieS: }\electron<<Rproton
pc:hc/)\electron>>1 GeV

100 l i f i b 1
| o W= 2 GeV/c?
\ O-—--- W= 3 GeV/c®

........... W=3.5 GeV/c?

-2 \

. Asin Ruthefford,

% .
e large angle|scattering!
=
\‘
B

Elastic scattering ™.
e

d?6/(dE'dQ)
(do/dQ) o

10-3

T T TTTTN
Lt bl

S
4 i ] i L L 1
10 0 1 2 3 4 5 B 7
Q72 [(GeV/6)2] Q% = 4EE’Sin2(6'/2)
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Protons are composite

Nucleons

Structure within com pOSEd of
the Atom

Quark 3 point-like
particles:

a Size < 1078 m quarks

Nucleus :“: d
u

Size =107 m
n

 Neutron
and

e % ? =
Q@O ~ 8 Proton

= Size = 1015 1y

Atom »
size - 10-10m=1 Angstrom =1 fm

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.




Orders of magnitude, units

E,(H)=13,6 eV
1eV=1,62 x 101

Electron

~0,5 GeV
=0,5 x 10°% eV

Quarks O ) Nucleus with Atoms Matter
Electrons

\ /&ﬁ:zt:z?sns\ / \ / \

S o(*°Ca)=8,3 MeV
—8 3 x 10% eV

Masses in energy units (E=mc? !)
e.g. m(proton) =938 MeV, m(electron) =0,511 MeV

23/07/2013 GraSPA Pablo DEL AMO SANCHEZ



Quarks make up hadrons

* Repeat of the muon story: many different quarks,
each time heavier and more unstable, Up/ Down/
anti-up anti-down

3 “families” or “generations”, 6 “flavours”

°‘ "\ Charm °O Strange
00~ ©0--

(:lz) (%) Proton

strange bottom q

Deuteron

« Arranged in: Eroion @ @ Ne o

— 3 quarks, 3 antiquarks (baryons)

— quark+antiquark (mesons)
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Why?
EM with three different types of charge

Let’s call them rea, , bLu&,Just for fuw,.,*
“Posttive” charge s thew red whereas “negative”
LS (cgcm, Ln this am,aw@g).

+ call “quark” a particle with color charge

E&M 3 charges

” Anti- Anti- Anti-Quarks
— g

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

Color
Quarks




Quantum ChromoDynamics (QCD)

- Charges attract (repel) Lf opposite (same), e.g.
recl anal veol vepel, veo and attract.

+ Also through exchange of particles (gluon )
- But red and green (blue) attract as well. More

possibilities: the exchanged particles must
carry charge (color) themselves!

% /j green quark SO0 QMQYK’,S

] = O O change color atfter

\1 blue quark 6WLLtt£V\/9 @ luowns!

versity of Birmingham,
sterClass. 24th April 2007 Pablo del Amo Sanchez 25




QCD

*  Neutrality (nelther excess nor defect) of these
color charges is got from.:
+anti-color
—  red+ +blue since anti-red= = +blue

* In EMthe places where we find particles are in
neutral arrangements (atoms). tf we find these
special charges will be tn neutral arrangements
too! (hadrons: two or three particles with color)

University of Birmingham,
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QCD - Strong nuclear force

PROTON

* Theory of particles with color describe @ 0

protons, neutrons and nuclel of atowms

© Protons and neutrons bound by residual force
between quarks, same as atoms tn molecules

g - e -*— + + —>
p* w\"\ s p+ [J ‘-—' LJ @
o — [ J_&. R —

University of Birmingham,
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Strong but short...

+ Since gluons carry color charge, are attracted
by quarks and other gluons and concentrate
around Line between quarks

* Pull quarks apart ansd there’ll be more gluons so
force will be stronger! No quark ow its own!

© Keep pulling and energ Y between them will be
enough to create a quark and an antiquark:

uark confinement!

MasterClass, 24th April 2007



Quarks make up hadrons

* Repeat of the muon story: many different quarks,
each time heavier and more unstable,

3 “families” or “generations” WHY???
@Z@ (3)

YOS
up

(3)

(:) ()

strange bottom

A few important mesons: pions,
kaons (s quark), D (c quark), B(b quark)
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Symmetries

* Classification and description thanks to
symmetries (group theory)

/

dg) 12

3¢

]
“a

-_—
=
—
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Heavy flavours

* Heavy quarks unstable... How? Up to now, always creating/annihilating
pairs of particle-antiparticle of same type

 Weak force

Quarks
Charge
e @ @
Decay r.-"
Characteristics NS _ e 5
—= Strong "," | 5 a
--3= Weak _ - ) Y
oI Waglear _ 0 .'.
- @ & @
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Weak force

* EMwith two different types of charge and
neavy ‘protons’. _ Af

Call them “Z7, “W*7, “nr" (4= .
* Propagator prop to 1/M=,, {d - d }P
If masses of Z, W are very high,
very small vates! - WEAK force

e So Z andd wWs will ong pla ya role whenm EM
and strong force don't!

-

University of Birmingham,
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Heavy “photons”

- Sowme radioactive processes happen like that!
E.9. neutron goes to proton and electron

© Same as a quark changes color when
emitting a gluown, a particle emitting a W will
change! (d—u in this case!)

University of Birmingham,
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Weak force

e Responsible for plenty of rare radioactive processes, e.g.
neutron becomes proton plus electron (B radiation)

e Speed of energy production in the sun (hydrogene
fusion)

T
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Puzzle

e \What Ls a newtring?
* Vvery light, only affected by Z and \Ws
* Thus hard to see...

- Patred with electron, also Light and without
color

+ _Just as happened with the quarks, heavier
verstons of electrons ano neutrinos have
turneo up L 6)<]>6r’£mewts!

University of Birmingham,
MasterClass, 24th April 2007
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Weak force

* Have seen that W turn into quark and
, or Leptons (6.9. muon plus neutrino)

© Zs are a bit different: turn bnto particle plus
its antiparticle (eg u anol anti-u, electron and
anti-electron, neutrinoe ano anti-neutrino).

* Also, a particle doesn't change when emitting
aZ

University of Birmingham,
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Puzzle

° How Mea\/g are Z, ano \W/?
+ About 100 and £5 times heavier thaw protont

* How can photons angl

gluons have nearly no %CK

mass and Z ano W AR

have so much? é @
+ The Higogs boson? &

(see Eric’s talk)

University of Birmingham,
MasterClass, 24th April 2007
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* Are they all elementary?
* Are there any more?
 Why 3 generations?

The Standard Model




Summary

Electro

* Plenty of open questions; much learnt! _
Y Pen g 0 Magnetic

* Electromagnetisme, y : all particles except v’s
 Weak force, W* et Z : all particles
Strong force, gluon : only quarks
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* Radiothérapie

23/07/2013 GraSPA

Applications
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Applications

* Le World Wide Web a été inventé au CERN ! (1990)
e Lagrille de calcul
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En prime :
comment fabriquer
la bombe de

« Anges et démons »




Alors... une bombe ?

Le moment tant attendu...

Comment faire une bombe
d’antimatiere !



Alors... une bombe ?

0,5g matiere + 0,5g antimatiere = 1g
E =0,001 kg x (300 000 000 m/s)?
=9 x 10%3 Joules

1 kilotonne = 4,2 x 1012 Joules

donc 0,5g antimatiere - 20 kilotonnes

Il ne nous reste qu’a fabriquer 0,5 g
d’antimatiere |
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Alors... une bombe ?

0,5g antimatiere = 3x10%3 atomes
d’antihydrogene
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Alors... une bombe ?

0,5g antimatiere = 3x10%3 atomes
d’antihydrogene

Le CERN arrive a produire tous les 100
secondes 30 000 000 antihydrogenes
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Alors... une bombe ?

0,5g antimatiere = 3x10%3 atomes
d’antihydrogene

Le CERN arrive a produire tous les 100
secondes 30 000 000 antihydrogénes

Il suffit alors d’attendre 108 s
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Alors... une bombe ?

0,5g antimatiere = 3x10%3 atomes
d’antihydrogene

Le CERN arrive a produire tous les 100
secondes 30 000 000 antihydrogenes

Il suffit alors d’attendre 108 s
c’est-a-dire 30 milliards d’années !
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Alors... une bombe ?

0,5g antimatiere = 3x10%3 atomes
d’antihydrogene

Le CERN arrive a produire tous les 100
secondes 30 000 000 antihydrogenes

Il suffit alors d’attendre 108 s
c’est-a-dire 30 milliards d’années !

Et le prix ?
Au prix « discount » payé par le CERN, 1kWh =0,1€
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Alors... une bombe ?

0,5g antimatiere = 3x10%3 atomes
d’antihydrogene

Le CERN arrive a produire tous les 100
secondes 30 000 000 antihydrogenes

Il suffit alors d’attendre 108 s
c’est-a-dire 30 milliards d’années !

Et le prix ?

Au prix « discount » payé par le CERN, 1kWh =0,1€
-> colt =1 000 000 000 000 000 € = 1 million de milliards d’€ !!
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