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Outline
1. Friday 27.07

Quantum field theory, dimensional analysis

2. Friday 27.07

elementary particles, different fundamental interactions, symmetries (spacf%‘rnme and

internal gauge symmetries, continuous, global), group theory O

3. Thursday 02.08 >

Q
Fermi theory, effective theory, gauge symmetry, QED, non-abelian gauge symmeTties

Standard Model é/é

4. Thursday 02.08 2
Spontaneous symmetry breaking, Goldstone theorem, Higgs mechanism %
Electroweak precision test, stability of the EW vacuum, the hierarchy problem (_57_

. Q

5. Friday 03.08 %

Field quantization, S-matrix, Feynman rules, scattering, cross sections, decay rates, a
Q

calculation tricks, sample calculation

6. Friday 03.08

Non-abelian gauge theories, Standard Model Lagrangian and its phenomenological properties
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Ask questions

Your work, as students, is to question all what
you are listening during the lectures...

DD | FINIcH
ANYTHING? NO.,

DD | ACCOMPLICH
ANYTHING? NO.

| SAT AT MY DESK
AND WORKED ALL

WWW.PHDCOMICS.COM
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The SM and... the LHC data so far
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What is a particle?

Quantum Mechanics Special Relativity
duali :
=) uality | =) space-time
wave-parficle constant speed of light
Heisenberg ex: how long does it take for a photon to
# : - travel from your feet to your brain?
inequalities
energy hon-conservation * energy = mass

on time intervals At energy fluctuations A /
At x AE ~ h  \

number of particles
IS hot constant
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What is a particle?

Quantum Mechanics Special Relativity
duali :
=) uality | =) space-time
wave-parficle constant speed of light
Heisenberg ex: how long does it take for a photon to
# : - travel from your feet to your brain?
inequalities
energy hon-conservation * energy = mass
on time intervals At energy fluctuations A /

try to localise a particle Ax«1/m = Ak»>m ie AE>m

ultra-relativistic particles
particle creation
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Special relativity

The two postulates of - Speed of light is the same in all reference frames

Special relativity _ Causality

Look for coordinate
transformations that satisfy
, these requirements
A X A X

Unique choice:
> Z Lorentz transformations v
C

ct’ \ v o =B ct 1
Z )\ =B 2 V= 2

Lorentz transformations keep the lightcone fixed
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Special relativity

consider two systems of coordinates

S S

ct ct' =~ (ct — Bx)

x z' =7y (=Bt + z) _ Y _ 1
. 5=" and ~=

Y y =y ¢ 1—p?

z Z =z

E, E>
t1 =0 =0 to >0 cty, = v (cty — Bxa)
x1 =0 z) =0 zo >0 xo = v (—Pcta + x2)

t2 can be positive or negative
causality # time ordering

A = (cth)” — (ah)” = (cta)” — 25 = A?
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Lorentz transformations

()2 7)) e
2 )\ =8 0 2 ¢ l-=

Time dilation consider time interval T = t’2 — tll in S, the rest frame

of a particle located at 2] = 25 = 0

then in frame S where the particle is moving: 1o — t1 = YT

-->The observed lifetime of a particleis v X 7
so it can travel over a distance (FcyT

= muons which have a lifetime 7 ~ 2 x 10~ °s produced by reaction of
cosmic rays with atmosphere at 15-20 km altitude can reach the surface
Exercise 1: estimate the energy of the cosmic rays

Leng'rh conhtraction an ObJZCT at rest in S' has lengTh LO — Zé — Zi
It measuresinS 2o — 271 = LO/V

--> densities increase  pg = An/(Az'Ay'AZ)  p = An/(AxAyAz) = vpg
AxAyAzAt is an invariant quantity (same value in any frame)
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Four vectors

Time and space get mixed-up under Lorentz [ ct \ ( 20 \
transformations. They are considered as N B v | _ [
different components of a single object, a four- Y x’ z
component spacetime vector: \ 2 ) \ z° )
2
2t =x* =2 — 77

are invariant under
dTr = \/ dtQ _ dx Lorentz transformations

Lorentz invariant
action built withthe S = —m | d7 = | Ldt

proper time dT.

By construction:
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Energy momentum

We find: m2 — E2 — ﬁz

b

This suggests to define the four-vector p,u — ( ; s Px py ] pz)

m=0—-0=1—=2>y7y=00—=7=0

a massless particle cannot decay
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Conservation energy-momentum

Consider collision between A and B — -
pa+pB =10

Define center of mass (CM) frame as where

Energy available in center of mass frame p2 — E2
is Lorentz-invariant: /s=E»= Ea + Eg tot *

1) Collision on fixed target

B is at rest in lab frame, Eg =mg and Ea is energy of incident particle
EZ =m% +mp +2mpFa
2) Colliding beams A and B fravel in opposite directions

E; =m% +mp +2(EaEp + pallps|) = 4EAE5
if ma, mg<< Ea, Ep

So for fixed target machine fry ~ \/sz E 4
While for colliding beam accelerators F/, ~ 2F

To obtain 2 TeV in the CM with a fixed proton target accelerator the

energy of a proton beam would need to be 2000 TeV!
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Particle physics is special

the various constituents of matter reorganize themselves in different structures

CHa+ 2 O, = COZ + 2 H20
0 Panticle plysics: transfo

1NB Q Le, L,L, B = conserved QLICU’\TITIZS
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Classical vs. Quantum Collisions
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Classical vs. Quantum Collisions

Compton \ — i
wavelength  mce

strawberry : m~30 g ~1025 GeV/c?2 @ A~10-40

e : m~9.1x10-31 kg ~0.5 MeV/c2 © A~10-13 m
p : m~1.6x10-27 kg ~1 GeV/c2 © A~10-16 m

\ 4
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Vacuum fluctuations

attractive force between two neutral plates

ideal conductors (electric conductivity=«) and uncharged

E=energy of virtual photons between the plates
EN\ywhen LYy © attractive force

M o /‘m
Force per unit area

QM Special Relativity

«— L=

Casimir (1948)

(S>>L2: no boundary effects)

coefflcnen'r dim. analysis

numerically: pressure of ~ 1 atm for a 10nm separation

The quantum vacuum is not empty
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http://fr.wikipedia.org/wiki/Hendrik_Casimir

Energy Scales of Particle Physics
@f 1 TeV = 1012 gV

1eV=energy of an electron accelerated

e e ——— I
v=0  v~700 km/s by a potential difference of 1 volt
1eV=1.6x10-1° Joule

. " 1 kg sugar = 4000 kCalories= 17 millions of Joule

u but 1 kg sugar # 1027 protons
‘ 0.1eV / protons

If one wanted to accelerate each protons contained in 1kg of
sugar to 14 TeV, (s)he would need the caloric energy contained
in 1014kg of sugar* or 1% of the total energy produced yearly

*yearly worldwide production of sugar=150 millions of tons=10! kg
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The LHC: some numbers

[J total amount of matter accelerated by the LHC during 10 years:
~ 5 ug (hydrogen nuclei)

[J yearly energy consumption:
~800,000 MWh (~2x10° x the energy stored in the battery of my laptop)

[J beam energy (~ protons)
350 MJ = Exin (TGV) can melt 500 kg of copper

[J energy stored in the magnets
10 6J

[J amount of information produced :
40 M collisions/s, 1 collision=1MB
trigger: only 100 collisions/s are recorded
15 PB data/year
(1 TB=yearly book production, 1000 PB=total information produced on earth in one year)

[J CERN budget :
~1Bn CHF/year (worldwide military expenses: 1200 Bn $)
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The Standard Model: matter
%meé/m@a

the elementary particles all the other particles are made of

LEPTONS UARKS
Tau
each of the 6
muon quarks
@ || exist with 3
electron | | different colors
J s masL
x20
\{o‘o : %1000
X .
no composite states $ composite states (white object)
$ made of leptons...; 0 baryons Proten  psuud

"""""""" heutron n=udd

+ anujoam’cfe§ ““““ "0 mesons
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From the size of the e- to anti-matter

an electron makes an electric field which carries an energy

1 e’
AECoulomb(T) — 47T€O "

and interacts back to the electron and contributes to its mass dmc?> = AE

e 13 : he
5m<me °T>T€I ~ 107" m re. FE<— ~5MeV

Amegmec? Te

At shortest distances or larger energies, classical EM breaks down

h
g AFE = 3—am602 log

Weisskopf ‘39
i — eisskopf

new states ® softer high-energy (UV) behavior: 0m < 0.1m, O E <10 GeV

Christophe Grojean Intro %fp—meory 20 DESY, July/ 44(34(5# 201$



Antimatter and Dirac equation

Schrodinger's equation (1926) is nhon-relativistic
(cannot account for creation/annihilation of particles)

— = i —— " e —

- 2
'Schrodinger Equation (1926): Z,h(? | f A—VI]®d=0
| ot  2m

p

| 2
E=—4V classical < quantum : 2 : 2
2m correspondance E—= Zh(‘)t & p— Zh(?a:

N

Klein-Gordon Equation (1927):

E2
—2:p2+m202
C”

_ —

Dirac Equation (1928):
| —I-\/ p2c?2 +m2c*t matter
E = E = dpc+ pmc?

—\/p2(:2 + m2c¢t antimatter =5, v = Boz {~H 7”} = 2nH¥]

— = = —————————— =

positron (e*) dlscover'ed by C. Anderson in 1932
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http://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
http://en.wikipedia.org/wiki/Positron
http://en.wikipedia.org/wiki/Carl_D._Anderson

The Standard Model: Matter

~~How many quarks and leptons?~~

Three Generations
of Matter (Fermions) spin %2

mass — 2.4 MeV 1.27 GeV 173.2 GeV
charge - | 24 l l %3 C %A t
name - up charm top
4.8 MeV 104 MeV 4.2 GeV

N

=< |- -4 -4

®©

>

O down strange bottom

o))
muo

neutrino
0 0.511 MeV 105.7 MeV 1.777 GeV
5 |1 1 1
]
T e T
(<)
— electron muon tau

electron e-neutrino
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The Standard Model: Matter

~~How many quarks and leptons?~~

Three Generations
of Matter (Fermions) spin %2

2 mass— | 2.4 Mev 1.27 Gev 173.2 GeV
6‘\, 6:&2 ¢ charge - | 24 u 27 C 2/ t
7 - name — up charm top
6>( ‘\'6:2 -‘. co\of 5"0“@5. L, | aBmev 104 MeV 4.2 GeV
" d"{{exe’ —% -3 d -4 S -3 b
sY\OU\d“-‘ down strange bottom
AD?
2-\—3: ' oV
D
3X +3% er O QE muo
6X X -\\(\0:‘ eL” 1eRr neutrino
. . e
x\s an Ogc\d@ \,\‘\('0\ -\Y\ZOVY' v _ A-g’? 0 0.511 MeV 105.7 MeV 1.777 GeV
L 2+6XE e tu BT
o
D
6)(3)( re -\h@f‘e ve? 5 ~ — electron muon tau
a wne
sney PO of
are
Christophe Gro‘/’ean Irntro %{P——ﬂeory 22 DESY, ffa/y/ 4&(34(5’4‘ 201S



The Standard Model: Matter

~~How many quarks and leptons?~~

~~Is the SM theoretically consistent?~~
SM = theory based on (chiral) gauge symmetries
a symmetry is consistent with QM
iff the "sum” of the charges of the different fermions vanishes

Q=T3-Y
Particles SUB)e SU2), U(l)y
Exercise 2: within the SM, check that [ N = ()
(1) TrY-TrrY=0 1= { Beiy Lt 12
(2) TrLY3-TrrY3=0 Fi= (OP(IJ;) CP(I%)) 1 1 1
note that this was a priori ho-guarantee to find a solution 0 = { = (uy, iy g ) 1
to this system of non-linear equations. | = (dy,dy) ]
It works because EM is a vector-like theory Up= (CPlu).CPR) 31 2f3
= (CP(dy),CP(dy) 3 L 13

Exercise 3: Within the SM, the anomaly cancelation fixes the relative electric charges of the
leptons and quarks. Show that with the addition of a right-handed neutrino, this ratio of
electric charges is free. Still the cancelation of the anomaly imposes that the proton is
electrically neutral
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The W/ (uteractions
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Interactions between Particles

%m/ﬂ ﬂgwﬁmﬁé@éswéf e WJ@%/%/M@/%@@%M
4
%LL%@ are arious WM/@W

Sun = gigantic source of energy

#1 cm3 of ice under the sun (in the summer) melts in ~ 40mn§

* an ice cap 1 cm thick and 300 million km of diameter
5 centred around the sun will melt in 40mn

energy produced by burning 10%° litres of oil
(~ volume Sun-Mercury/1000)
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Interactions between Particles

%ﬂéf %@W@fmﬁ/ﬂ‘ ZhésmMmeyem/mW tells us

%@LL Uere are various s / /mféofm

Sun = gigantic source of energy

Darwin ("0« the erigin of species by means of nataral selection”, 15t edition,
1859 ) estimates that the age of the Earth, and thus the age
of the Sun also, has to be larger than 300 millions of years to

account for the erosion of hills in South England.

Thompson, Lord Kelvin, computes the gravitational energy of
the Sun and with the assumption that it is entirely converted in
heat, concludes that the Sun cannot be older than 20 million
years (chemical energy would allow the Sun to shine for at
most 3000 years)

We know today that the Sun is more than 4.5 billion years
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leferen’r Interactions

~ 136eV _ = 28,300,000 eV
J ionization = E to break apart
energy : : pr(_)_tons and ng_utrons.

] -15 '
= 52000 x 10 7_'/

‘ H atom oL §E ;l |

= m | € > |
H 15 : : N

O ;4{0% PW S e e it S r19><10m

mass of an atom = mass of nucleus + masses of elecTrons

example : hydrogen atom, mass ~ 1 GeV, binding energy ~ 13 eV~ & 10 8

0 Vuclear Physico

mass of a nucleus < X masses of protons and neutrons

example : Helium nucleus, mass ~ 4 GeV, binding energy ~ 28 MeV 10 2

O Danticle Physico
mass of a proton or a heutron > X masses of quarks .

proton mass ~ 1 GeV, constituent quarks masses~ 12 MeV = 102 .=
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The Standard Model: Interactions

light
o » o (ol ’
atoms
(1875, Mapwell/
molecules
tested with an accuracy of 10-8
v weak interactions p decay )
w+ _
n—p+e —+1, 10'2

(7953 y Fermi /)

A

- - -
tested with an accuracy of 10-3 e e 7 Dy T P
. SDwng cnleractiond atomic nuclei

a decay

238 s AT 1 4He

(1971, 7@/74// 1921, Cladiick wid Bieslr ) —
streng
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The Standard Model: Interactions

Even though EM is way stronger than gravity, it v W ~P‘ 10-40
was unnoticed until ~ 300 years because 1-1=0 :

'
'
1

light
o » o (ol ’
atoms
(1875, Mapwell/ rolecules
tested with an accuracy of 10-8
v weak interactions p decay
(7933, Fermi) n S pte 47 r 10-2
, Lerme ;
+ _ Z + _
tested with an accuracy of 10-3 e e 7 Dy T P
. SDwng cnleractiond atomic nuclei

a decay

238 s AT 1 4He

(1971, 7@/74// 1921, Cladiick wid Bieslr ) —
streng
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