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I. Mass and interaction range

c is the maximal causal velocity

!

The mass m of a particle of rest mass my increases with its velocity v

m();éO
l

The particle never reaches the velocity c“ The particle always moves with velocity c
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Interactions between particles are described by particle exchange
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Interactions between particles are described by particle exchange

Energy is conserved in the limit of large time intervals

l

The range of the interaction increases when the Z mass decreases

Massless particle exchange generates long range forces
Massive particle exchange generates short range forces
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II. Spontaneous breaking of a global symmetry
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1. Spontaneous symmetry breaking in phase transitions

L.D. Landau, Phys. Z. Sowjet. 11 (1937) 26 [JETP 7 (1937) 19].

Ferromagnetism : the phase transition
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“vacuum’”
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“vacuum’”

“massless”
mode

The “massless’” mode characterizes a continuous SBS

It is the ancestor of the massless Nambu-Goldstone boson
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> “‘vacuum’’

“massive”
SBS mode

The “massive” SBS mode measures the rigidity of the SBS phase

[t is the ancestor of the massive SBS scalar boson
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2. Spontaneous symmetry breaking of the vacuum

Massless fermions = {vg vp} — (chiral) U(1) invariance

Chiral invariant interactions preserve masslessness
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U(1)symmetry ¢ — emgb of a complex scalar is broken by |p| # 0
1

V2

¢ = (P1 + ig2)

structured
vacuum
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A simple model : the Nambu-Goldstone boson

U (1) symmetry ¢ — e€"“¢ of a complex scalar is broken by || # 0

X b = %(m T i)
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The massless NG boson characterizes a continuous SBS
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structured
vacuum

SBS scalar boson
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structured
vacuum

SBS scalar boson

The massive SBS scalar boson measures the rigidity of the vacuum
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L=0"p"0,0—V(¢*9)  V(¢*¢) = —p¢ ¢+ Ao ¢)?

0,

massless NG boson

massive SBS boson




IIl. The BEH mechanism

1. From global to local symmetry

Example: “abelian” local symmetry
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IIl. The BEH mechanism

1. From global to local symmetry

Example: “abelian” local symmetry

| ¥ I

The gauge field A m has zero mass

2 polarizations

This is electromagnetism!
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Global abelian symmetry
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Global abelian symmetry

p— e  L=0"9"0,0—V(¢79)

Local abelian symmetry
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Global abelian symmetry

p— e  L=0"9"0,0—V(¢79)

Local abelian symmetry
b — € A, = A, + 0,0
1

L= D" Dyt = V(6"6) = 1 Fus P

D,¢p=0,0—1eA,¢ F,, =0,A, —0,A,
Local non-abelian symmetry
_ a,u¢A - €AZTCLAB¢B
= OAL — 0,A% 4+ ef"CA) A




2. Conceptual issues in SBS for local symmetries

The fate of the Nambu-Goldstone boson (a simple model)
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2. Conceptual issues in SBS for local symmetries

The fate of the Nambu-Goldstone boson (a simple model)
A
P

1 I I ] ¢ I T I I ..... (')1 Sifr;l;ﬁid
N

., fictitious
f / A7 | NG boson
EERENEER
» X

P,

cf. P.W. Higgs, Phys. Letters 12 (1964) 132; G.S. Guralnik, C.R. Hagen and T.W. Kibble, Phys;Rev.Lett. 13 (1964) 585.
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2. Conceptual issues in SBS for local symmetries

The fate of the Nambu-Goldstone boson (a simple model)
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- The local symmetry is unbroken !
Apparent breaking is with respect to a preferred orientation
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2. Conceptual issues in SBS for local symmetries

The fate of the Nambu-Goldstone boson (a simple model)
A

¢

T Tel 111 1™
'Y B NN
' NN A NN

.........

» X
P

structured

vacuum

fictitious
NG boson

- The local symmetry is unbroken !

Apparent breaking is with respect to a preferred orientation

- The NG boson — the third polarization of a massive gauge boson
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structured
vacuum

SBS scalar
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structured
vacuum

SBS scalar
boson

The SBS scalar boson is not affected by the gauging
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3. The field-theoretic approach

0
gauge field D 7Y —
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3. The field-theoretic approach

g
gauge field D 2,/ — ;21/
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no symmetry breaking symmetry breaking
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3. The field-theoretic approach

gauge field

WSS\ VSN

W\f\_ 4\/\1‘\-

symmetry breaking
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3. The field-theoretic approach

gauge field

N O NN | SV
V\N\QV\M ST L~

no symmetry breaking symmetry breaking

1L, = (QW/QZ — quql/)H(QQ)

The absorption of the NG boson yields a massive vector boson
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3. The field-theoretic approach

gauge field

. N

AN i

symmetry breaking

1L, = (gul/q2 — quql/)H(QQ)

The absorption of the NG boson yields a massive vector boson

The local symmetry is unbroken
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3. The field-theoretic approach

gauge field

. N

AN i

symmetry breaking

The absorption of the NG boson yields a massive vector boson
The local symmetry is unbroken

The SBS scalar boson decouples from D
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(Pc)
1/q° b

—eq,
symmetry breaking

gauge field

(@B) (Pc)
NG boson @ 4

(1*)®* = —e*(¢p)T*PAT A (6c)




(9c)
1/q°

—€(qy
symmetry breaking

gauge field

(@B) (Pc)
NG boson @ 4

(MZ)ab _ —62 <¢B>TG’BATbAC<¢C>

Each fictitious NG boson yields a massive gauge field
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Example SO(3)/U (1)
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Example SO(3)/U (1)

2 fictitious NG bosons

vendredi, 25 février 2011



Example SO(3)/U (1)

2 fictitious NG bosons

2 massive and I massless gauge boson
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U(l) x U(1) 1
1

L= [’(1)7 % &VMZDVH — €A &7#757@4“ — —F, F*(V) — —F, F*(A)

4 4
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U(l) x U(1)
L= ‘C(I)T — €y &7;%“@ — €A 12’}/,[%?7014“ -

fermion propagator

“pion” pole
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U(l) x U(1)
L= Lg — €y &fY,quu — €A IZV,MYS@DAM -
7(A4)

[18%

— fermion propagator

“pion” pole

15 = €% (9uw” — 4ug) TN (¢7)
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U(l) x U(1) 1 1

L= Lg % 157u¢vu — €A 1EVMV5¢AM — ZFMVFW/(V) — ZF/WFLW(A)

Ty5 s~ axiovector propagator
== fermion propagator

“pion” pole

H(A) — (g,ul/q — QMQV)H(A) (QQ)

Mass arises from the absorption of the NG boson
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4. The equations of motion approach

0,B" =0

0, G" + e*{¢p1)*BH = 0




4. The equations of motion approach

0,B" =0
0, G" + e*{¢p1)*BH = 0

The SBS scalar boson decouples from B,
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5. The renormalisation issue

Juv — Qulv /9 Guv — 4u@ /B | 1 4uqy

q2_,u2 (12—#2 ' ,u2 qz

D, =
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5. The renormalisation issue

Juv — Qulv /9 Guv — 4u@ /B | 1 4uqy
q2 _ MQ q2 _ MZ ’u2 q2

D, =

A

‘renonnalizable gauge l
(Brout - Englert)
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IV. The quest for unified laws of nature

1. The electroweak theory

Local internal symmetry with four massless gauge fields SU(2) x U(1)/U'(1)

gA,T"

Symmetry breaking gives mass to three gauge fields and leaves one massless
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IV. The quest for unified laws of nature
1. The electroweak theory

Local internal symmetry with four massless gauge fields SU(2) x U(1)/U'(1)

gA,T"

Symmetry breaking gives mass to three gauge fields and leaves one massless

Mass generation for fermions

2. Confinement and strong interactions
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| e-m duality )
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IV. The quest for unified laws of nature
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Local internal symmetry with four massless gauge fields SU(2) x U(1)/U'(1)
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Symmetry breaking gives mass to three gauge fields and leaves one massless

Mass generation for fermions
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4. The unification paradigm

‘ electromagnetism ‘ weak interactions ‘strong interactions‘ ?‘gravityl
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