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Introduction

-

EW theory is the combination of two fundamental principles

-

#» Gauge Symmetry Principle
#» Hidden symmetry or Spontaneous symmetry breaking

This allows
v/ a correct quantum description
v' high degree of precision (LEP,SLC,Babar, ...LHC)

o -
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Charge conservation

| -
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Charge conservation

Charge can not just disappear like that!

o -
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Charge conservation

Total net charge is conserved, global charge conservation

o -
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Charge conservation

but for a flicker of a second, as if charge was not conserved

charge can not disappear at one point and reappear INStantaneously at another point

o -
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Charge conservation

Must have Local charge conservation

| -
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Charge conservation

A change (in time) in the charge density is accompanied by a current flow

KLocaI conservation of the electric charge
Charge must be conserved locally
continuity equation of the electric charge

L Op/ot+V.j=0 J

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 3/




|

EPAM, Taza, Maroc, March. 2011

Introduction: In the beginning, there was light! Prior to Maxwell

.
divE =0;F; = p (Gauss)

divB = 0 (no magnetic charge)
H
0B
Curlﬁ:eijkﬁjEk = — 5 (Faraday)

— —
CurlB = j (Ampere)

-
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Introduction: In the beginning, there was light! Prior to Maxwell

.
divtk =0;E; = p (Gauss)

divB = 0 (no magnetic charge)
0B
Curlﬁ = ¢;jk0j b = T (Faraday)
— —
CurlB = j (Ampere)

Unfortunately the mathematics implies that

div(CurlB) = V.(Vx B) =0 = V.j = divj =0

V.j=divj=0

in conflict with the continuity equation, local conservatio

- -
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Introduction: Electromagnetism as a prototype

- .

Maxwell equations: Unify E and B

(
Local conservation of the electric charge
—
d7 =0

it =(p, J)

— —
divk = p divB =0
0B OF
— — —
1+ — = 1B ——=
Curl & + pn 0 Cur pn 9

(Gauge Invariance) electrostatic field (force) depends only on difference of potential

The quantum (for photons ) is the VECIOI potential A’u(.’]f) E— (V, Z),

o
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B=CurlA E = —GradV — GZ/(‘%. J
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Introduction: Electromagnetism as a prototype

Different AM lead to the same physical fields E, B

Gauge invariance A*(x) — A*(x) + O*A(x) .

o -
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Introduction: Electromagnetism as a prototype

Different AM lead to the same physical fields E, B

Gauge invariance A*(x) — A*(x) + O*A(x) .

But Gauge invariance F*(z) — F*(x) .

o -
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Introduction: Electromagnetism as a prototype

Different AM lead to the same physical fields E, B

Gauge invariance A*(x) — A*(x) + O*A(x) .
With A,u the equations can be written in a manifestly covariant form, with
F/Y = 0FAY — 0¥ AP

~ 1
FH = §€IUJVIOO-8VFPU

[y __ s UV
All of this can be derived from the Lagrangian
H ; .
- 4 4 -~

only two Transverse polarisations/helicity states no longitudinal polarisation
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Aside, Equation of motion:

The dynamics, the physics, is encoded in the action

S :/d4:r; Lpi(z),0udi(z)] .

The principle of least action: 53 = 0 when varying 5@5@ leads to the Euler—Lagrange equations

o au< or ) L
Op; 0 (0Ho;)

o -
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Introduction: Electromagnetism as a prototype

(0 —-E, —E; —E3 )
E1 0 —Bs B
B, Bs 0 —B

\ Bs -Bx B 0 )

FHY = gh AV — §¥ AP =

o -
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Introduction: Electromagnetism as a prototype

fThe equation of motion for the free field, 7 = 0, lead to T
OuFH* =0=[0A" — 9" (0.4) =0
The freedom from Gl allows us to take the gauge fixing
0A =0

Out of the 4 degrees of freedom/components in A,,, this condition freezes one of them

o -
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Introduction: Electromagnetism as a prototype

fThe equation of motion for the free field, 7 = 0, lead to T
OuFH* =0=[0A" — 9" (0.4) =0
The freedom from Gl allows us to take the gauge fixing
0A =0

Out of the 4 degrees of freedom/components in A,,, this condition freezes one of them
Moreover there is still a lot freedom in 0 A = 0, there is still an invariance, overcounting, due
to

AP (z) + O*A(z) DA =0

o -
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Introduction: Electromagnetism as a prototype

fThe equation of motion for the free field, j = 0, lead to T
OuFH* =0=[0A" — 9" (0.4) =0
The freedom from Gl allows us to take the gauge fixing
0A =0
Out of the 4 degrees of freedom/components in A,,, this condition freezes one of them

To remember: Working in a particular gauge, breaks gauge invariance, in fact it hides the
gauge symmetry, the physics is independent of the gauge fixing

o -

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 8/



Introduction: Electromagnetism as a prototype

fThe equation of motion for the free field, 7 = 0, lead to T
OuFH* =0=[0A" — 9" (0.4) =0
The freedom from Gl allows us to take the gauge fixing
0A =0

Out of the 4 degrees of freedom/components in A,,, this condition freezes one of them

Photon Is massless, it has 2 transverse polarisations

o -
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Introduction: Electromagnetism as a prototype

fThe equation of motion for the free field, 7 = 0, lead to T
OuFH* =0=[0A" — 9" (0.4) =0
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Introduction: Electromagnetism as a prototype, Musings

- .

1 :
Lpem — _ZFIJ’VF’LLV _JMAM.

The Lagrangian is not invariant under the gauge transformat ~ ion A*(z) — A*(x) + O* A(x) . But the
equation of motion requires 0.7 = 0.

The action is gauge invariant but what is important is the act ion

1
/Epem :/ <_ ZFMVFMV _j,uAu> —
1

o -
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Introduction: Electromagnetism as a prototype, Musings

1 1 ,
Loem = = Fu F" + §m2AMA“ — juAP,

OAY + m?A” —9¥(0.A) = j* =
m29.A = 8.

The Lagrangian and the action are not invariant under the gau ge transformation

AR (z) — AP (z) + OHA(x) .

o

EPAM, Taza, Maroc, March. 2011

But the equation of motion requires 9.A = 0.

This is the spin-1 condition, no longer a gauge fixing.

Then 3 degrees of freedom. An extra Longitudinal degree of freedom

-
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Quantization of the EM field

- .

P, X] =i

To quantize, find the conjugate momenta of each degree of freedom and impose equal time

commutation

mo— 95 _ puo
O(00Ap)

I19=0

Fix a gauge for I1° #£ 0

1 o1 2
Egpem — —ZF/M/FM - 2—£ <8A>

o -
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Gauge Invariance and minimal subtraction, introducing interactions

Recall the Lorentz force acting on a moving particle in a electromagnetic field

ﬁzqﬁ—i—qﬂ'Xé

o -
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Gauge Invariance and minimal subtraction, introducing interactions

this is derived from the Hamiltonian

1 . 1 .
H=_—F-¢A)’+qV & (H-qV)=_—@F-qA)’
m 2m

whereas for the corresponding free field

to introduce the interaction one has made minimum substitution

Py — Py —qAy

o -
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Gauge Invariance and minimal subtraction, introducing interactions

this is derived from the Hamiltonian

1 1
H=2—(p—qA)2+qV & (H—qV)=—(p—qA)?
m 2m

whereas for the corresponding free field

to introduce the interaction one has made minimum substitution

in QM
Oy — Dy = 0y +1qA, = 0u +1eQA,

Dy s the covariant derivtive.
o -
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Introduction: Gauge Invariance in Quantum Mechanics

Take Schrdinger’s equation

(1/2m)(—iV )2 = idy /ot
invariant under a global phase transformation
P — exp(IN)Y
what about invariance under local phase transformation?
A — qA(z = (t, 7))
Possible only if one introduces a compensating vector field which transforms exactly like A,

«.
This prescription gives

(1/2m) (=¥ +qA) = (19/0t + qV) ¥ .

This equation with interactions is invariant under gauge transformations

-
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Interaction of electrons

consider free Dirac particle whose equation of motion is
(ifyME?“ — m)@b = (zg’} — m>¢ =0

easily derived from the matter Lagrangian

o -
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Interaction of electrons

consider free Dirac particle whose equation of motion is
(ifyM(‘?“ — m)w = (zg{} — m>¢ =0

easily derived from the matter Lagrangian
Ly = E(@@ - m) (&
The interaction is obtained through the covariant derivative, leading to
L = @D(le—m)w—ZFMVF””:[,M—}—Eg—i—ﬁl
= @(i@ —eQA — m)¢ + L

oL
OA,,

o -
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L1 = —eJZAH =—eJ? OuJ' =0



Interaction of electrons

- o
Ly = E(Z@ — m) (&
The interaction is obtained through the covariant derivative, leading to
L = @(uD— m)w — iFWFW =Ly + Lo + L
= @(i@ —eQA — m)¢ + La
oL

L1 = —eJEA“ 5A :—eJﬁ2 OuJH =0
7

the electromagnetic spin-1/2 current

N e e
| -
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Interaction of electrons: Gauge Invariance

Ly = E(Z@ - m) (o
The free Dirac Lagrangian is invariant under a global symmetry : phase transformation
Y — Uy U =exp(i\) U'U =1 Uis unitary

global means rigid, same for all «

o -
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Interaction of electrons: Gauge Invariance

Ly = E(Za - m) (o
The free Dirac Lagrangian is invariant under a global symmetry : phase transformation
Y — Uy U =exp(i\) U'U =1 Uis unitary

global means rigid, same for all z Promoting U to a local symmetry A — \(x) only possible
by using covariant derivatives, compensating gauge field.

o -
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-

For A = A\(x)

must have

must require that

o

EPAM, Taza, Maroc, March. 2011

Interaction of electrons: Gauge Invariance

[/ 1 y
£M_>£QED = w(zﬂ—m>¢—ZFMVF“

PPy — YUY (w) #

PPy — U (Uw) =y

-
A= —eQA(x) Universality
QED U(1) Abelian theory

-
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F.,, as a covariant derivative

f Dy, D) = (8 +26A)<8y+i6Ay>—,u<—>V>¢ T

= e ((%AV OA, +ielA,, A, ]>¢

= el 0,4, — >¢ Abelian

o -
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F.,, as a covariant derivative

f Dy, Dy = ((aﬂ + ieAM> ((‘L + @'eAV) — b u>¢ T

= 1€ (a,uAy — 8VAM + ie[Aua AV]) ¢

— e ((%Ay — (9VAM> Y Abelian

Dy, D, = ek,
F, — UF,U

Tr (FWFW) — Tr(UFWFWUT> = TrF,, F,

o -
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Interaction of electrons: Gauge Invariance, Recap

- .

charges: w — Q the antiparticle w — —Q the photon A,LL — Q =0 Lagrangian

density has of course no charge whatsoever, is a true scalar in all respects.

o -
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Interaction of electrons: Gauge Invariance, Recap

- .

charges: w — Q the antiparticle w — —Q the photon A,LL — Q =0 Lagrangian
density has of course no charge whatsoever, is a true scalar in all respects.

The mass term does not break charge (gauge) symmetry

o -
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Interaction of electrons: Gauge Invariance, Recap

-

w has 2 chirality states
1
Y=Y +vr =Py + Pry PrRr= 5@?75)
Y, =vPr Y =vPr

The em current conserves chirality and from the point of view of the gauge interaction each
component ¢ 1, r does not talk to each other

Ji™ = Qrvpyutr + QrY VYL Qr=Qr=0Q

o -
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Interaction of electrons: Gauge Invariance, Recap

-

w has 2 chirality states
1
Y=Y +vr =Py + Pry PrRr= 5@?75)
Y, =vPr Y =vPr

The em current conserves chirality and from the point of view of the gauge interaction each
component ¢ 1, r does not talk to each other

Ji™ = Qrvpyutr + QrY VYL Qr=Qr=0Q

W1, = YR through the mass

m<ER¢L + EL¢R> = my pr + h.c m =m"

o -
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Interaction of electrons: Gauge Invariance, Recap

-

w has 2 chirality states
1
Y=Y +vr =Py + Pry PrRr= 5@?75)

Y, =¢vPr Yrp=vPL

The em current conserves chirality and from the point of view of the gauge interaction each
component ¢ 1, r does not talk to each other

Ji™ = Qrvpyutr + QrY VYL Qr=Qr=0Q

W1, = YR through the mass

m| YpYr + ¢ YR | = myrdr +he  m=m"

in general beL and wR have different transformation properties. When they transform similarly, one has a

vector theory, like in QED
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Chiral limit

in the limit 72 — () there is another (global) symmetry
Y — exp(irs7s)

EL%N»DL — EL%JWL ER%JWR — ER’YMbR

but
mapp —7 mapt)

o -
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Current-Current

o -
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Current-Current

G

G v is the Green’s function or propagator

o -
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Current-Current

| 2VAVAVAWE /. -

U
G v is the Green’s function or propagator

From .
Lo = —ZFWFW —J.A
8MFMV — JV :>AM :G,uz/JV or
GooAw = J'=G,) =Ugu — 0.0,

o -
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Current-Current

| 2VAVAVAWE /. -

U
G v is the Green’s function or propagator

From .
Lo = —ZFWFW —J.A
8MF'MV — JV :>A'u :G,uz/JV or
GooA, = J'=G,) =Ugu — 0,0,

what is the inverse, G?

G;&GV” =g, G"Pdoes not exist !

o -
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Current-Current

| 2VAVAVAWE /. -

U
G v is the Green’s function or propagator

From .
Lo = —ZFWFW —J.A
aMF'uV — JV :>A,u :G,uyJV or
GooA, = J'=G,) =Ugu — 0,0,

what is the inverse, G?
G;&GV” =g, G"Pdoes not exist !

must include gauge fixing
1 1
Lo =—-F,,F'" — —(0A)*
G A 2 25( )

kky
k2

LGIUJU — ;_22 (g,UJ/ - (1 o 5)

N~

) k.J=20 ¢ =1 Feynman Gauge
unphysical longitudinal part
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Current-Current

() AVAVAVAVE ), .

G

-

The amplitude is

2
M = EJnGI I = i I
62 JEmJEm
Leff. - 9 kQ

o -
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Current-Current

() AVAVAVAVE ), .

G

-

The amplitude is

2
M= TG I = =i T

2 1M 7em
e Ju" ),

Leff. 9 1.2

Contact interaction

. -

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 21/



Current-Current

() AVAVAVAVE ), .

G

-

The amplitude is

2
M= TG I = =i T

2 1M 7em
e” S,y

Leff. 9 1.2

Fundamental interaction

o -
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Massive case

1 1
Lo=—~F,F" + -M?A*
4 2
— Kk,
Gy = 12 _ 2\ I T VE
——

longitudinal part
2 71Eem jem
e Ju" Iy

Leff. - 9 ]f2 - M2
2 Jjem jem
Lo, = 62 e =G R <M

o -
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Weak Interactions and non Abelian theories

First time we became aware of a new type of interaction was at play was through the

discovery of
ﬁ-decay: n—p+e —+ 1 (Fermi 1933)
Difficult to accept and set up theoretically.

o -
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Weak Interactions and non Abelian theories

fFirst time we became aware of a new type of interaction was at play was through the T
discovery of
ﬁ-decay: n—p+e —+ 1 (Fermi 1933)
Difficult to accept and set up theoretically.
Heisenberg: Thought that T) — (p -+ 6_)

o -
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Weak Interactions and non Abelian theories

-

fFirst time we became aware of a new type of interaction was at play was through the
discovery of
6—decay: n—p+e —+ 1 (Fermi 1933)
Difficult to accept and set up theoretically.
Heisenberg: Thought that 70 — (p -+ 6_)
Bohr: Energy not conserved (letter from Gamow to Goudsmit: Well you know that he absolutely does not
like this chargeless, massless little things! Thinks that the continuous beta spectrum is compensated by the

“emittion” of gravitational waves which play the role of neutrinos but are much more physical things!)

o -
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Weak Interactions and non Abelian theories

-

fFirst time we became aware of a new type of interaction was at play was through the

discovery of
6—decay: n—p+e —+ 1 (Fermi 1933)

Difficult to accept and set up theoretically.
Heisenberg: Thought that n — (p —|_ 6_)
Bohr: Energy not conserved (letter from Gamow to Goudsmit: Well you know that he absolutely does not
like this chargeless, massless little things! Thinks that the continuous beta spectrum is compensated by the
“emittion” of gravitational waves which play the role of neutrinos but are much more physical things!)
Fermi’s article to Nature rejected: ”contains speculations too remote from reality to be of interest to the

reader” ...

o -
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Weak Interactions

It was also found that

K ﬁ—decay: N — P+ € -+ Ue semi-leptonic decay,

® muondecay: i — € + Ve + V), leptonic decay

® muon capture: I + P — N+ Uy

were of the same nature and have the

o -
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Weak Interactions

It was also found that

K ﬁ—decay: N — P+ € -+ Ue semi-leptonic decay,

® muondecay: i — € + Ve + V), leptonic decay

® muon capture: I + P — N+ Uy

were of the same nature and have the

| Universality, Gauge Interaction? '

o -
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Weak Interactions

It was also found that

K ﬁ—decay: N — P+ € -+ Ue semi-leptonic decay,

® muondecay: i — € + Ve + V), leptonic decay

® muon capture: I + P — N+ Uy

were of the same nature and have the

| Universality, Gauge Interaction? '

But important differences with QED: they involve

® : change in the identity of the fermion

® only left-handed field/component were found to interact.
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Weak Interactions a

Fermi postulated a current-current interaction

4G G
Lrormi = ——— JF JH ~ ~ —1.035107 5 M52

V2 ! V2

__ 71 leptons hadrons
Ju = Lieptons 4 gh

Structure of the current was purely (V — A): Parity violation

restrict myself to leptonic current

_ _ L =5 _ (L =5 _ =5
I = 6%( g )ve+ufm( g )VMJFTW( %),
2 2 2
— éfyuyeL+...
J/j— — (JJ)T:DeL'}’/LeL‘F"'
analogy J,"" = épy'er +erver

for em same entity e < e here e, = ve looks like it is not the same entity, some charge not
conserved. Nope.
Make it £, <= Ej,
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Weak Current

J:EL’)/M ? EL
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Doublets and Isospin:

Define the doublet

Er = L Er,=1ve e,

o -
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Doublets and Isospin:

Define the doublet

Ve — _ —
Er = L Er = Ve, €
6L
0 1 Ve
Jt = Ve, Yu€l, = | Ve, € Y L
H L e 00 e

1 —

= —FE T E

5 L “u L
spin

= V2E, T/ EL

o -
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Doublets and Isospin:

-

his is the same maths are your spin/ 2-level system in QM

QM of rotations:

0(3) ~ SU(2)

o -
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o

Doublets and Isospin:

Pauli matrices, fundamental representation

0 1
T1 = T2
1 0

EPAM, Taza, Maroc, March. 2011

Pauli matrices, 3 generators

(1)

1 0
T3 =
0 -1

1
— |7 £
1fijk % = 1€,k % Jijrstructure constants
N2 -1 3
CF(sab — oON 5ab — Zdab

Cadpr = Nog = 20k

-
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Neutral weak current

where IS 7377

o -
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Neutral weak current

-

We are forced to consider the group SU(Q)W

there is no group of continuous transformation that has only 2 generators

o -
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Neutral weak current

-

We are forced to consider the group SU(Q)W

there is no group of continuous transformation that has only 2 generators

I By v
== L —EL —
g KV
3
_ T 1(_ _
J, = Eg 'Y,u?EL = 5 | Peyuver —€LvpEL

o -
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Neutral weak current

- .

We are forced to consider the group SU(Q)W

there is no group of continuous transformation that has only 2 generators

JT E T+E
= L Yu—F=4rp —
H 7“\/5
J3 = E —T3E _1(; _ e
w o = L Y 5 L — 5 Ver, YuVer, — €ELYUEL

This is a neutral current but it is not the em current, this would have been too good
» neutrinos have no em charge

®» noep, P violation

» strength G! This current is much weaker at lower energies than the em current and is
therefore very difficult to detect at those earlier energies

o -
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Neutral weak current

- .

We are forced to consider the group SU(Q)W

there is no group of continuous transformation that has only 2 generators

JT E T+E
= L Yu—F=4rp —
H 7“\/5
J3 = E —T3E _1(; _ e
w o = L Y 5 L — 5 Ver, YuVer, — €ELYUEL

This is a neutral current but it is not the em current, this would have been too good
» neutrinos have no em charge

®» noep, P violation

» strength G! This current is much weaker at lower energies than the em current and is
therefore very difficult to detect at those earlier energies

However part of J;™ is contained in Jﬁ

o -
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The rest of the current and the hypercharge current

3
_ T 1
J3 — EL ’YIU,—EL:—

f ® 2 2

Jﬁm(Q) = Q (éLW@L + éRweR) = - (éL’YueL + éR’YueR>

Ver YuVeyr — éL7M€L>

-

1
e — <éR’7ueR> + JS — 5 <77€L’7,UJV€L + éL7u€L>

1 _
= JE — §EL7MI[EL — (eR%L@R) = JE + Y,

o -
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The rest of the current and the hypercharge current

3
_ T 1(_ _
Jﬁ = Fky ’YM?EL - By Ver, YTuVer — eL’Yu€L>

-

J,MQ) = Q (éL'YueL + éR’YueR> = — <éL’7u€L + éR7u€R>

1
= - <€R'YMGR> + ‘]2 T <V€L'YMV€L + eL'VMeL)

Y, is the hypercharge current

o -
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The rest of the current and the hypercharge current

3
_ T 1
J3 — EL ’YIU,—EL:—

f ® 2 2

Jﬁm(Q) = Q (éL%ﬂL + éRweR) = - (éL’YueL + éR’YueR>

Ver YuVeyr — éL7u€L>

-

1
= — <5R7ueR> + JS T 9 <E€L’7,UJV€L + éL7M€L>
— J3—1E IE; — | epvuer | = J3 +Y,

Yy = Yer (ErVpuer) + ye, (ELvuIEL)

o -
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o

The rest of the current and the hypercharge current

3
_ T 1
J3 — EL ’YIU,—EL:—

e 5 5 Ver YuVer — éL’YueL>

-

Jﬁm(Q) = Q (éLW@L + éRweR) = - (éL’YueL + éR’YueR>
_ 3 1f_ _
= —|€rWuer | +Jy— o5 | VerTnler + erLYuer
= B lEpaE - (e =J,+Y,
= Ju— SELlEL — | eruer | = Ju + Y

Yy = Yer (ErVpuer) + ye, (ELvuIEL)

This is indeed a U(1) current
E7, is adoublet and there is a separate entity ez which is a singlet (under SU(2)) each
entity has its own hypercharge

Yer = — Yey, = —1/2
Y T3
Q 3+ 5 5 TV
1 1
QGR — 0_1:_1 QeL:_§_§:_1
B 1 1 _ 1
EPAM, Taza, Maroc, March. 201¥ 2 L o +§ o 5 - F. BOUDJEMA, The Standard Model — p. 30/;



Unitarity
For the effective QED operator and with o = e? /4~

e2 Jgm (et e ) I (wt )
Eeff. —

2 k2

The cross section ete™ — pTu~ behaves as
o x a?/s

decreases as the energy decreases. Less probability, P, to produce muons.

o -
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Unitarity
For the effective QED operator and with @ = €2 /47

e2 Jgm (et e ) I (wt )
Eeff. —

2 k2

The cross section ete™ — pTu~ behaves as
o x a?/s

decreases as the energy decreases. Less probability, P, to produce muons.
For the Fermi interaction

4GF

Lbormi = 75 JF (eve)J* ~ (1, vu) = 1.035107° M~

SIS

The cross section e~ v — pu~ v, behaves as
o ox G2 X s

The probability P increases indefinitely.

But P < 1,

This means something must happen at some energy to restore P < 1
or theory not good!

Standard Model — p. 31/



Unitarity

Fermi Contact interaction

o -
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Unitarity

Fermi Contact interaction

Where is the underlying fundamental interaction?

- -
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Gauging, the vector bosons

To each current associate a vector particle, spin-1, a gauge particle
QED recap

J — edu(Q)A* L=—ed,(Q)A"

Turn the derivatives of the free Lagrangian into covariant derivatives to get the interaction
with the gauge field

Lint.QED = ihey" (fh + ieQAu> Ve
Universality

e<—>AM

o -
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Gauging, the vector bosons

‘ To each current associate a vector particle, spin-1, a gauge particle

JILZ'L::E,3 Wl’i::l:,3 g

Y, — BM—>g’

| -
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Gauging, the vector bosons

To each current associate a vector particle, spin-1, a gauge particle
= . Ti ) ./
L = iBEpvyu|oul+ ZQ(E)W,& +1i9' (ye, )IBu | EL

+  erYu (au + ig/(yeR)Bu> €R

o -
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Gauging, the vector bosons

To each current associate a vector particle, spin-1, a gauge particle
= . Ti ) ./
L = iBEpvyu|oul+ Zg(g)wﬁ +1i9' (ye, )IBu | EL

+  eRYu (au + ig,(yeR)Bu> €R

o -
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Gauging, the vector bosons

To each current associate a vector particle, spin-1, a gauge particle
.= . Ti 1 ./
L = iEpyu| 0.+ g 5 W, +1i9'(ye. )IB. | EL
+  eRYu (C{% + ig,(yeR)Bu> €R
Loe = —% (J;LWJF + JM_W_’“>

Wj: have eleCtriC Charge, they should couple to the photon
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The weak mixing angle (unorthodox way)

-

Counting the gauge fields one has 4 3 of the triplet W and B.
The photon must emerge as the physical field A,, of W3 — B. The other orthogonal physical
field is the Z,, boson. Two requirements, i) A,, couples to the em current ii) with strength e.

Wg’ B cos Oy sin Oy Zy
B —sinfy  cosfOy Ay

using J2 = J3 + Y,

gsinOy = g’ cosOy = e

JE — Jg — sin? QWJ,? : gz = J = J

cos Oy cos Oy sin Oy
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Feynman Rules, coupling g, sy unspecified as yet

o -
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Cross sections

f

< |



Weak Interactions

It was also found that

K ﬁ—decay: N — P+ € -+ Ue semi-leptonic decay,

® muondecay: i — € + Ve + V), leptonic decay

® muon capture: I + P — N+ Uy

were of the same nature and have the

o -
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Weak Interactions

It was also found that

K ﬁ—decay: N — P+ € -+ Ue semi-leptonic decay,

® muondecay: i — € + Ve + V), leptonic decay

® muon capture: I + P — N+ Uy

were of the same nature and have the

| Universality, Gauge Interaction? '

o -
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Weak Interactions

It was also found that

K ﬁ—decay: N — P+ € -+ Ue semi-leptonic decay,

® muondecay: i — € + Ve + V), leptonic decay

® muon capture: I + P — N+ Uy

were of the same nature and have the

| Universality, Gauge Interaction? '

But important differences with QED: they involve

® : change in the identity of the fermion

® only left-handed field/component were found to interact.
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Weak Interactions

It was also found that
9o 6—decay: -+ - semi-leptonic decay,

® muon decay: - + - leptonic decay

were of the same nature and have the

o -
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Weak Interactions

It was also found that
9o ﬁ—decay: -+ semi-leptonic decay,

® muon decay: - + leptonic decay

Old writing of the (isospin) doublet ( b )
n

o -
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Weak Interactions

It was also found that
9o ﬁ—decay: -+ semi-leptonic decay,

® muon decay: + leptonic decay

Old writing of the (isospin) doublet ( b )
n

. . . p = (uud)
Modern writing of the (isospin) doublet

n = (udd)

o -
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Weak Interactions

It was also found that
9o ﬁ—decay: -+ semi-leptonic decay,

® muon decay: + leptonic decay

Old writing of the (isospin) doublet ( b )
n

= d
Modern writing of the (isospin) doublet | (uud) EWw [ Y
n = (udd) d

o -
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Weak Interactions

It was also found that
9o ﬁ—decay: -+ semi-leptonic decay,

® muon decay: + leptonic decay

Old writing of the (isospin) doublet ( b )
n

= d
Modern writing of the (isospin) doublet | (uud) EWw [ Y
n = (udd) d

Qu=2/3 Qq=—-1/3 ( Z > and singlets wupg;dgr (both r have hypercharge)
L

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 38/



Feynman Rules, coupling g, sy unspecified as yet

é —

Lic = — Zu Y ft(vp—apys) f, ap=Tf vy =Tf (1-4]Qy|sin? o)
7

2 sin Oy cos Oy

U d Ve e
20y 1—8sin?6y —143sin?6y 1 —1+4sin?6y
2af 1 ~1 1 ~1

o -
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Cross sections

f



Inclusion of hadrons

When the precision got better (1960) it was in fact found that the Fermi constant in 3
decay was 3% smaller than that measured in muon decay!

® 3-decay: + semi-leptonic decay,

» muon decay: — leptonic decay

o -
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Inclusion of hadrons

When the precision got better (1960) it was in fact found that the Fermi constant in 3
decay was 3% smaller than that measured in muon decay!

® 3-decay: + semi-leptonic decay,

» muon decay: — leptonic decay

Moreover at that time we knew of strange particles, A = (uds) for example.
A seemed to decay like the neutron but the associated effective coupling was measured
much smaller: strangeness suppression!

AN—-pt+e 4+ Ve=s—u+e + e

o -
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Inclusion of hadrons

When the precision got better (1960) it was in fact found that the Fermi constant in 3
decay was 3% smaller than that measured in muon decay!

® 3-decay: + semi-leptonic decay,

» muon decay: — leptonic decay

Moreover at that time we knew of strange particles, A = (uds) for example.
A seemed to decay like the neutron but the associated effective coupling was measured
much smaller: strangeness suppression!

AN—-pt+e 4+ Ve=s—u+e + e

| breakdown of universality? gauge principle 777 '
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Inclusion of hadrons

When the precision got better (1960) it was in fact found that the Fermi constant in 3
decay was 3% smaller than that measured in muon decay!

® 3-decay: + semi-leptonic decay,

» muon decay: — leptonic decay

Moreover at that time we knew of strange particles, A = (uds) for example.
A seemed to decay like the neutron but the associated effective coupling was measured
much smaller: strangeness suppression!

AN—-pt+e 4+ Ve=s—u+e + e

| breakdown of universality? gauge principle 777 '
| Universal coupling but apparent non universality due to mixing, cf Z, W '
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Inclusion of hadrons

As#0
——
J, = cosbcuy,Prd+sinfcuy,Prs

=  uyu,Pr (COS 0.d + sin Ocs>

\ . 7
aVa

d/

o -

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 42/



o

EPAM, Taza, Maroc, March. 2011

Inclusion of hadrons

As#0
——
cos 0.uvy, Prd + sin 0. uvy,, Pr,s

uyu Pr, ( cos O.d + sin ch>

\ . 7
"~

d/

cosb. = V,q = 0.97

Sin 90 — Vus — 024

-
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Inclusion of hadrons

As#0
——
J, = cosbcuy,Prd+sinfcuy,Prs

=  uyu,Pr (COS 0.d + sin Ocs>

7

use weak current eigenstate

M
| with d’ universality reinstated '
u

Urp =

d ).

o -
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Flavour changing neutral currents

- .

Jlil: = UL’yMT+UL

U
3 L/ 77 /
J, = 5 \ BLYnUL — TYudr

1 _ _
— 5 (uL'yMuL — cos? Ocdr,yudr, — sin? Oc51,YuSr — sinbe cos 0. <dL'yusL§L'deL )

Ve

AS=1, FCNC

of course one requires the em current to be diagonal

2 1/ -
Ju(@) = P/ (dwd + 5%8)
= J,+Y,

o -
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GIM mechanism

AS = 1lead to FCNC Ko(ds) — T u~ occurs at tree-level and leads to a large rate for this
decay! But experimentally

(K —ptpm)

—8
BK,u— K+—>,u‘|‘y'u 10

o -
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GIM mechanism

AS = 1lead to FCNC Ko(ds) — T u~ occurs at tree-level and leads to a large rate for this
decay! But experimentally

5. _ LK —pp)
Kup — K+_>N+VM ~

| The sdZ coupling must be eliminated! l

108

o -
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GIM mechanism

AS = 1lead to FCNC Ko(ds) — T u~ occurs at tree-level and leads to a large rate for this
decay! But experimentally

(K —ptpm)

—8
BK“_'<K+—+M+WL 10

GIM=Glashow llliopoulos Maiani postulate that a cousin of the u exists, the ¢ quark that
should form a doublet with s’

u

S /L

with this new entry Jf; Is diagonal and no FCNC occur!

o -
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GIM mechanism

AS = 1lead to FCNC Ko(ds) — T u~ occurs at tree-level and leads to a large rate for this
decay! But experimentally

(K —ptpm)

—8
BK“_'<K+—+M+WL 10

GIM=Glashow llliopoulos Maiani postulate that a cousin of the u exists, the ¢ quark that
should form a doublet with s’

u

S /L

with this new entry Jf; Is diagonal and no FCNC occur!

- - a :
J, = |, c Yu T VCabbibo family space
L S

N——

family space

o -
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GIM mechanism

AS = 1lead to FCNC Ko(ds) — T u~ occurs at tree-level and leads to a large rate for this
decay! But experimentally

(K —ptpm)

—8
BK“_'<K+—+M+WL 10

GIM=Glashow llliopoulos Maiani postulate that a cousin of the u exists, the ¢ quark that
should form a doublet with s’

u

S /L

with this new entry Jf; Is diagonal and no FCNC occur!

- - a :
J, = |, c Yu T VCabbibo family space
L S

N——

family space

o -
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With a bonus!

‘ . gcost.

."“’
4 - "
W
yu A Y
w+
s 5 B wt
“‘"
p gsinf,.
.~ —gsind.
0"“’
q : e
W
Y¢ A Y
VV+
s 5 B wt
“‘"
gcos 6,

if m,, = m. total cancellation, GIM suppression even at one-loop.
if m. > mu,, rate still too large. J. Ellis and M.K. Gaillard, predicted m. in the range
1 — 3GeV to account for the experimental rate.

‘ masses!
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Generalisation, third family

- .

J:[ = (u C t) Yu T Vorm | s tamily space
-—L

gauge eigenstates

Q‘
)
@)

o -
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Gauge invariance, non-Abelian theory

f G =SU(2), ® U(1)y theory T

P1(z) = ( ! ) : Yo(x) = ur, Y3(z) = dgr -
L

(&

P1(x) = ( - ) : 2(2) = Ver, bs(z) = ep.
L

As in the QED start from the free Lagrangian (no masses)
3 —_—
Lo = Z 19 (@) Y Oups ()
=1

Lo is invariant under global G transformations in flavour space:

(@) - Ph(z) = exp{iniB} UL i(x), U, = exp {z%a} (i=1,2,3)

L va(z) S h(z) = exp {iyaB} va(x) J

G

Y3(x) ——  Pi(x) = exp{iysf} ¥s(z),
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Requiring local gauge transformation, a* = o*(z) and 3 = B(x) we must make 9,, — D,

-

Dur(@) = [0 —igWu(@) —ig'yi Bu(@)] ¥a(@),  Wal@) = 2 Wi
Dypa(xz) = [0u —ig’y2 Bu(x)] va2(x),
Dys(x) = [0 —ig’ys Bu(x)] ¥s3(x),

D, (x) transforms (covariantly) like ¢ (z) =

B,(z) — B;L(a:) = Bu(x) + %(9“6(:18),

W, = W, =U,(2)W.U](x)— p U, (2) 8,U] ().
. . 1 . .
W, <, Wi, = Wi — —a' — (@ x W)* (infinitesimal )
g

This fixes the gauge-matter interaction

L o 323:1 i (2) " Dutj() J
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Pure Radiation, Gauge kinetic Lagrangian

e for the U(1)y field do the same as with the electromagnetic field.
The field strength

BIU’V E 8,LLBV - 81/B'u, BIU’V — BMV 9

LxinB = —— Buy, B"”

o -
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-

Pure Radiation, Gauge kinetic Lagrangian

e for the U(1)y field do the same as with the electromagnetic field.
The field strength

G

BIU’V E 8,LLBV - 81/B'u, BIU’V — BMV 9

1
LKin,B = ~3 B, BHY

We can not just use W}, = 8, W — 8, W/, Note the right gauge transformation.
W is isospin charged and the normal derivative should be turned into a covariant derivative

LKin =

o

EPAM, Taza, Maroc, March. 2011

Wi = 0uW, — W, —ge’" W, W

Wyw = U, Wy UL

1 1

1 - —

T Wi W

-

F. BOUDJEMA, The Standard Model — p. 49/



Non-Abelian Couplings

Trilinear and Quartic Gauge Boson Couplings

",

o -
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o

[pb]

o(e’e” - W'W (V)

e LEP legacy: We know that WW'V can not deviate too much (10%) from SM gauge value.
e But slightest deviations are revealed at higher energies (LHC?)

201

101

0 (pb)

107

o Data
— GENTLE 7]
— YFSWW3
— RACOONWW 1
- - - no ZWW vertex 1
----- only v, exchange

160 170 180 190 200

Vs [GeV]

EPAM, Taza, Maroc, March. 2011

Gauge Invariance: g;;v = gvvy

c(eTe™ —> W"W™)

o oY
é\QfgﬁjNﬁ“ ]
S e _ ]
A T (y+2Z) s—channel exch. only g
¢ + W .
—>— N

Ll

100 200

300

400

500

600

800

900 1000

Vs (GeV)

-
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Origin of VVVV and VVV: Gauge Invariance

1
LGauge = -5 [Tr(W ,,, WHY) + Tr(B,, B*Y)]
%% Yo.w, —o,w, + Lgw, W) —T—i(awi—awi—e”kwiwk\
nv 9 v’ v v w 2 g Mo v - 2 mYry vyvrou g prv

1
B, = 5 (8MBV - 8VBM) B, = By

Lwwv = —ie{ [Au (I/V_“’/I/V,jr — WJF/“/WV_) + FMVW‘JI‘MW—I/:|

4w [Z,J, (W—WWV+ . W+WW,7) n ZWWJF“W_V} } No | 222, ZZ~, Z~

SwW

o -
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tri-linear couplings

K”'Y T
Lwwy = —ieq | Au (W_WW;F — Wﬂ“’WJ) + 21 + AF@WSFWWﬂbw—v
L ) _
+ 9 (14 Ag) Z (W W — WH W) 4 (14 Akg) Zuw WHW

+ ﬁ (AW FY + )z %ZV’\) W;LMW_“,,} | No ZZZ,ZZ~, Z~~ I

o -

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 53/



Lwwv,ve =

— 62{ (ALAFWIW =Y — AFAYW W)

1
+ 2w (AMZ“WJW_” — 5AMZ’/(WJW; + WjW,;))
SW
2
+ W2, ZPWFWTY = 2R WEW)
Sw

1
2
23W

(WHW, WHWw, — WHHWIEW—"w,") }

o -
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Aspects of Colour
QCD

o -

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 55/



Make sense of the hadron spectrum economically

The Particle Data Book lists a plethora, that might seem as a zoo, of particles in the
hadron family, between the and the baryons. But !

everything fits neatly with much fewer fundamental constitutents of spin-1/2

| Quarks 6 flavours I

The whole spectrum of hadrons can be constructed out of

® Mesons M = qq

P Baryons B = qqq

This picture faces a major problem

-
AJZ:+3/2,J:3/2

The wave function is symmetric for a fermion! and therefore does not obey spin-statistics.

For such a state to exist, the three « can not be the same, they must carry
different quantum numbers.

ATT = uTuTuT

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 56/



Colour

Simplicity and minimality suggests number of colours is
N. =3

then each quark is ¢*, o = 1, 2, 3 =red,green blue.
Then AT+ ~ €287 [y lu! u,Ty>

B
Baryons and mesons are described by| I
B = 190 939) M = — gof 9 q)
V6 B V3

We observe no free quarks and moreover we do not see any combination of states/particles

that carry colour: -

o -
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Colour, more evidence

o(eTe~ — hadrons)

R.+.- =
T oleter — ptp)

Probability for quarks to hadronize is one and for S <K M%

e q
Y
et q
Ny ( %NCZQ, (Ny =3 : u,d,s)
R +.- = N¢ ZQ?: < %ON :%, (Ny =4 : u,d,s,c)
=1
! \ %N —%, (Ny =5 : u,d,s,c,b)
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Colour, more evidence

R ~ E 2 _ 10 N~ —
\ 9 l NC —
e e L e e p S
C “‘ w \:cb b
= = ) :‘ e e - hadrons
I
- ! ; 2 QCD
— I
4 — | :‘}
= A
o 3 — I "
= i
- L e
2 — ik 1
= noon 1 I ﬁﬁfﬁ H P ]
== I\'I "‘n o BES Crystal Ball =
- 1 —_
- "l\ [N —— exclusive data - Yy2 PLUTO —
AN
o PR O SO e L S S IS SO AU P
0.5 a1 1.5 2 2.5 3 3.5 a4 4.5 5
Vs (GeV)
6 [ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T HT T ‘ T T T T ‘ T T ‘ T T T T ]
— S|3S|HlAS -
=== " —
- 0 ]
— 1 =
: i N ¥ I -
a = II % | )y 10860 7
*% apinink i X L g PR =
[ f t‘?wi t t t Eﬁ LLJ—** *iEILII%*EI *Yi1020 % L .
o 3 _
2 = e'e” . hadrons - PLUTO ~ MD1 —
- = oCcD A LENA * JADE 3
1 — m Crystal Ball o MARK J —_
o = L L L L | L L L L | L L L L | L L L L | L L L L | L L L L | L L L L | L L | L L L L =
5 (S 7 8 S 10 11 =4 13 14
Vs (GeVv)
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Colour, more evidence

( 2
§NC:27
10 _ 10
{ Vg =1
11 _ 11
\ ?NC_ 3

llllll‘
5 10

EPAM, Taza, Maroc, March. 2011

Vs /GeV

(Ny =3 : u,d,s)
(Ny =4 : u,d,s,c)
(Ny =5 : u,d,s,c,b)

2 2

v4 + a

Zq2 4 5 ? — 20.095.
v —I—au

-
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e o000 b0

qq :
qqq :
qq :

99449 -

EPAM, Taza, Maroc, March. 2011

The interaction must be quite strong p — 27
10~ 65

Exact colour symmetry Symmsg

Colour is what binds hadrons together.
N¢c = 3. Quarks belong to the triplet representation 3 of Symms.
Quarks and antiquarks are different states. Therefore, 3* # 3.

Confinement hypothesis: hadronic states are colour singlets.

Symms = SU(3)¢

T ~ 107225 compared to
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RecapSU (2) setupSU(3), SU(N)

SU(2)Weak isospin

e Matter fields in doublets, L., a=1,2
e Generators of the group, 74 Pauli
matrices, A = 1...(N? — 1) = 3

e N2 — 1 = 3 gauge bosons

e Invariance under U = exp(ita?)

o -
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RecapSU(2) setupSU(3), SU(N)

SU(Z)Wea,k isospin SU(3)C

e Matter fields in doublets, L., a=1,2 e Matter fields, q,, a=1,2,3

e Generators of the group, 74 Pauli e Generators of the group, t4, A =
matrices, A = 1...(N? — 1) = 3 1..(N? —-1) =8

e N2 — 1 = 3 gauge bosons e N? — 1 = 8 gauge bosons

e Invariance under U = exp(it?a?) o U = exp(itA64)

o -

EPAM, Taza, Maroc, March. 2011 F. BOUDJEMA, The Standard Model — p. 61/



RecapSU(2) setupSU(3), SU(N)

SU(Z)Wea,k isospin SU(3)C

e Matter fields in doublets, L., a=1,2 e Matter fields, q,, a=1,2,3
e Generators of the group, 74 Pauli e Generators of the group, t4, A =
matrices, A = 1...(N? — 1) = 3 1..(N? —-1) =8
e N2 — 1 = 3 gauge bosons e N? — 1 = 8 gauge bosons
e Invariance under U = exp(ita?) o U = exp(itA64)
T 1
R = 5
c. - 2
Fo= 5
Cap = 3,

o -
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Gell-Mann Matrices

-

The fundamental representation T = )\&/2 is [V —dimensional. For [N = 2 A are
the usual Pauli matrices, while for N = 3 they correspond to the eight Gell-Mann

matrices:
0 1 0 0 —i 0 1 0 O
AL = 1 0 o, X=|4¢ o o, X¥=|o0 -1 o0
0 0 0 0O 0 0 0O 0 O
0 0 1 0 0 —i 0 0 O
A = 00 0|, =10 o0 o |, =90 0 1],
1 0 i 0 0 0 1 0
0 0 O 1 0 0
1
N = 0 0 —i |, X=—10 1 o
V3
0 i O 0 0 -2
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o

Fundamental representation 3:

.,-? = ()‘ij
Adjoint representation 8:

a ~oooooooo~ b = O4p

Trace identities:

Tr(t*) = 0

EPAM, Taza, Maroc, March. 2011

a "OTTO'ED‘UO‘D“ b =

2 = (&
=il

] abe

amorom\bﬂqmm

’l"l.(?aa ?Lb ) = lI-{ O‘a.b

-
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Fierz identity:

. 1 . 3 ﬁ 1
ayt ¢payl i il i 5l —1
(¢ ]A(f }‘;' = 50‘;'0# . 21\.-*0 ()ﬁ.'f'\}j - 2 - 2N, -

Adjoint representation 8:

. P Ca= N, T"‘{:}"”r" = G e
cd

o -
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QCD Lagrangian

From the free Lagrangian

quarks Z qz @ mz)aqu ;

turn to the covariant derivative

D,u,ab — 8,u 1ab + igs (t'A,u)aba

AZ are coloured vector fields, gluons

1

Lign = =7 FuFLY,
Fi, = O0uAl —0,A} — g fAPCAT AT
v —, 7.2 2
EQCD — __FA F'UJ + ZZL q?(zl) — mi)abqg — % (@,uAﬁl) + Eghost-

o

EPAM, Taza, Maroc, March. 2011

-
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QCD Feynman rules

A, 1
b a b a
U}b(_f-gs tﬁa“/”)ifff'a
(0 1 0) 0O 1 O 1
1 0 O 0
O O O 0

A gluon emission repaints the quark colour.
A gluon itself carries colour and anti-colour.

EPAM, Taza, Maroc, March. 2011
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QCD Feynman rules

B, v
—g:f5[(p — q)Pg"”
+(q —r)g"”
+(r—p) g™

A gluon emission also repaints the gluon colours.

Because a gluon carries colour + anti-colour, it emits ~
twice as strongly as a quark (just has colour)

o -
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Quantum numbers

SU@) | sU@); Uy |lo=T3+V
Q= (ur,dp)| 3 2 6 (3 —3)
UR 3 1 % %
dp 3 1 —3 —3
L = (VL,GL) 1 2 —% (O,—l)
€R 1 1 —1 —1
VR 1 1 0 0

o

EPAM, Taza, Maroc, March. 2011

-
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De quoi sommes nous faits p» 1

e Y
.ﬂ . _.""“-,.;-"f'ﬂil' )
P
Makker Electron Quarks
| Muclewus

| -
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|

EPAM, Taza, Maroc, March. 2011

De quoi sommes nous faits p» 1

taille relative taille absolue (m)

10

100,000 (

1 ' -18
100,000,000 3’ gy

-
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EPAM, Taza, Maroc, March. 2011

De quoi sommes nous faits p» 1

taille relative taille absolue (m)

1 10"{,

1 14

S 10
10,000

] 0
100,000

(

1 -» % |
100,000,000 9 gy

interaction forte (QCD)

N

interaction lectromagnetique (QED)

-
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vers 1880, D'ou vient I'energie du soleil?

Kelvin, Helmholtz, etc...: "contraction gravitationnelle
du nuage solaire...”

age de I'Univers (soleil): qq millions d’annees

Darwin (evolution, erosion,...): milliards d'annees pour

la terre!

o -
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vers 1880, D'ou vient |'energie du soleil?

Kelvin, Helmholtz, etc...: "contraction gravitationnelle
du nuage solaire...”

age de I'Univers (soleil): qq millions d’annees

desintegration

Darwin (evolution, erosion,...): milliards d'annees pour =
n — pe Ve

la terre!

o -
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vers 1880, D'ou vient |'energie du soleil?

Kelvin, Helmholtz, etc...: "contraction gravitationnelle
du nuage solaire...”
age de I'Univers (soleil): qq millions d’annees

Darwin (evolution, erosion,...): milliards d'annees pour

la terre! deSintegratiOn 15
n — pe Ve

reaction nucleaire: fusion

bruler de I'hydrogene:
4*H + 2e —* He + 2v + 67y + Energie
(CHy + 205 — 2H50 + chaleur)

o -
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La premiere famille

~

Spin-1/2

Leptons Quarks
SH

o -
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Le ciel encore...

Rayons Cosmiques

o MUON a part la masse, en tout point comme |'electron
accelerateurs pour produire ces nouvelles particules ou d'autres
pour mieux les etudier

o -
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Et!

N N
& Q] =
i T%uct
=
2 2| U =1 S| d
2 = A S | p
m::d =
C \SDGDD
2 §€MT
e
\
o € L 25
Q yd

o -
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Spin-0777

o -
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Le Modele Standard

o -
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