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GOLDSTONE THEOREM

whenever a continuous symmetry group 6

of V14, I . . . 14h ) is broken to a smaller group HCG
,

the final scalar potential V14, .tk, oh, . . . Fm) will
Ccntdin ONE MASSLESS scalar for EACH symmetry

Generator -1
"

that is broken
.

If 6 has h generators , T
"
with 9=2, . . .

, n ,

then if HC5 has n - m , mm,
unbroken generators ,

there will be M Goldstone bosons
.

K= him and is the

number of physical scalars / Higgs bosons .



Demonstration

Any complex representation can always be transformed
in a real one by doubling the dimension of the

corresponding vector space .

• E-- IG14-1IK) : I→ 14 , %)

' TE
,

. . . / Ex > (%
, oh , . . .

, %) = ② Real 0in)

1=17102^0 - V4
FEES (also am)



6 has n generators 1-
a = ? - • in

Infinitesimal transformations :

so = iwal-a.IO

IiaÉ& )

V14) is invariant under 6
⇒ V4 = UC4Y

0--9=73%810
"
-_ i.%31-iwatis.tt

since we are arbitrary we obtain

h equations :
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let's now drop the sums → All repeated

indices are scamming !

n equations, 2V_ Tiffs = 0
ate .

Let's differentiate these equations :

°" Ti? ¢8 + 3¥. T.jo/oi--s
"'
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=o ⇐
21904K



ON TijÑ + OUT:* = 0
719.219 74 .

what happens in the minimum ?

22 ✓
Tis ti + " T; = o ⇒

219 .21924k
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810 = iwata to

consider a generic orthogonal matrix Q acting on

the vacuum wi

Qij Hi = ( Sig . - iwant?;) Us ⇒ wiw
it Tijahti -1-0

For at least one Tigris -1-0 then

the symmetry is spontaneously broken
,

as the vacuum is no longer preserved .



Consider HC of a reamnant symmetry

in the vacuum wi such that H contains

men generators .

For the preserved/unbroken generations

the condition Qij v8 =oi must hold

⇒ Tai, v5 = 0 →
Unbroken generators

Two possibilities are left :



a) Tff ai = 0 and nothing can be concluded

about ftp.ik

HE)"
'

Tifwi = 0

b) Tij v5 -1-0 then HE)i
"

has a zero

eigenvalue for each of the generators
that break the Émnetny
These are the Goldstone bosons ?

Ey



Uh , &↳=fg to -1ha

-10oz①↳= fake -1 has)ei%
"

to first order in a > locos = ⇐ to-1ha> + ions)
V44) =P 4*0+4714*+32

Uh)=%Xh
"
+ ⇒ oh

>

+⇒ ozñ - f- are
as

In this example we have V11 ) global

2=(2/0)*24 - UC4H)



(3/0)*(2^4)=1-2 2µhÉ•+ to-1h)£qoÉ%
'

TE

=L [Phi -11005
'II]

= £[ tohi +1205 ] + £1205b +⇐ Gotti
1205=2^02^0 , 4h12= Khanh

let's look to the cubic term 120Th



3. [012^014]=0 > surface term

so :

0--1%0>(2^0) h + o¥h + Otomo)hh)
tan
in

t.si for 0 is ☐0 = 0 , mj=o

tho) 01h = - o (2^0) Bah) = - £040713M
④

2^107=20(0^0)=>012^03--22403



Use again a surface term :

on [0" this)]=o ⇒ 240713h) -102 ☐ h=o

kin
E.0. " ④ +mñ)h=0

⇒ 2^(071%1) = mio
'

h

④

(30112^0) h = tooth = -2mioth

similarly :

go.jp = - MEEK



Finally :

☒HH4)=£[toot-110h)\ - In[ Eh

-

mi
awa

02h2

The Goldstone boson 0 is a

physical/propagating d.Of having interactions
and kinetic terms .



Explicit symmetry breaking

• Possibility in order to give mass

to global Goldstone bosons

• The " problem
"

is the UCD symmetry , or

any continuous global symmetry in general !

VH*µ) > UH, 4) +HE -1*5×10+18 + a.)
¥ÉEÉuD



① > to'= tee
"" 41> tté
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* > * =p ) ein 10*2 > 4*2did =/ 4*2

The Lagrangian is no

longer invariant under V4
with theµ, terms the newmodel contains a

II ✗ EE symmetry. µi= to
" -14*5

101>1-1*5--142
BE ① → - ②

*

&*Y→ -40*1*12--4
"

I? { ②→ µ tt→ 4*12
110*7→ [*⇒*f- 42



then -_ V14", 4) +diff -1*5]
~

TÉÉgU1D preserving
pant pant

stationamity points

9)
4=0 4 = ±

4mi -2mi

rx

b) 41--4<=0

c) &
,
= ±

-4mi-an
'

✗
I 19=0

042m24 -it , µ
>

< 0



4mi
> °oa)

A-
o vi.↳2) MINIMUM

NO Goldstone boson
To i&KiKµ4 then

ME = 4µF is a PSEUDO-

c) ma = µÉiµ2 a
00110s TONE

0

-4¥) SADDLE

POINT
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THE ABELIAN HIGGS MECHANISM

- Goal : Vector boson mass generation

✗ Abelian means V11 ) local on gauge

symmetry

②→ ②
'
= e-

today

①*→ ① * = ①* ei 9×1×1



Local symmetry implies ? → &
±EEk*ñ

1=[0%3*-1%4] - UC40) - I, F
"

E.
•

in

This is
exactly the same

by minimization {
Mi = { Drea

and rotation to ME = 0
the physical basis µh = 1-4 ✗ v2

use to -_⇐ to -1h +is)



⑨ "4)*1%4) = £ tfntiq Am ) (wthbastion) µ
ME?

offending

= £1?b)
"

+ £100T + £94A"An -19N (A) An
+ terms with higher powers on the fields (pawn 3 and4)

6 and An can transform one into another
,

thus
,
we cannot promptly interpret the

A-"An term as a mass for the gauge

field An ! ! !
-

⇐
Enter m"*En

Am A
"

t
>



① Ix) = Ipgto + him) ei Goldstone as a

phase

② > ① e-
e'94th

freedom to choose

An > E. + zoo, / [1;
sense

Let's choose our gauge to : shag =
②⇒

9W

Gause choice
Was

② = Esto -1h)ei% > &=£µn)ei%
"

e-
" I?



⇒ 4) = 'q to -1h)

Aj = Am + {• 2µsec)

Because of gauge invariance we do have

210, A.) = 2110, Ai) *

}v÷ ,}
.

(2%10)*(8%1) = £12b)"-13.9%2A'm A" + interaction
terms

2m¥ Ain Am



we no longer have a term mixing 6 with An

£9
"
a
>A'"A'm = £ 9h0 A

"

Am + £120T

+ are tons) Am

An

Before the breaking : d. a. f. → 7 + 2I
h
"

f transverse

polarizations

of a massless

gauge boson .



A'm

After the breaking : E.at > y + 3

I

[
"

"

¢ transverse
and

longitudinal
polarizations
of massive

Vector field

V14",A) = only terms in h

THERE IS No 5 IN THE THEORY
ANY LONGER !
6 was " EATEN " by the gauge bosons



Fermion mass generation

Abeliantliggsmechanismuuithchiralfesmio.no/The abelian standard Model

any
U (1)B local

pea, UH )c local

② 1 I

4 I 0

✗ 0
- I



② > ¢ £18
"" + G ' Rex))

4 > 4 eiaoaix

✗ s y e-
i 8

'
Rea>

G and g) are the UH, and

tell )c gauge couplings respectively

the sizes of g and g
' set the



strength of the corresponding gauge

interactions .

Bµ is the UIDB Gause field

f. is the U1D
, gauge field

F" → B" and C
"



1=[0^0]*-18,4] - V10,&) → scalar
sector

- I
,
B"Bµ, - 1-4 fun → Maxwell - line

sector

+ i 4-Ñdµ4 + if8^13,4→ kinetic
terms for
fermions

y 4- ① ✗ + c. c. > Yukawa interaction
UU1B - I 1 0 ✓

V11)e 0 -1 I ✓

m~T.tl
,

c. } mass terms are Arbitron ! ! !- I ✗



4 and ✗ are chiral fermions
µLH Wey

/ gpinoz

4=(4-1) 4=124-0 , 4=131,

=\
":) I

-
- (E)

4-4=2/-4--0

② = ? + ig But if f.

↳ =3 + igBm

B. = ? - igcµ



What hapens to the vector bosons masses ?
Brand cm !

2

4.F- {ftp.tigBn-iigcnto-ih-iiol/=zwYg2pf-gYEtgg'BC1-8JCB)
+ go td⑤Bf&oG%

Choosing the gauge 0¥ = gain +g) pay

for simplicity and using gauge freedom set goes =Pay



⇒ → =

GG9

lgtg ')w

18,411£11? +igisi-iig.ci/fo+h)p--IwY82tE-gYE+g&BI-g'guy
÷iE

p{
Bis gauge bosons !

Ñ=w2(
82 ggi

ggi giz) ,

D= (
Sino Caso

Caso - sino)



Diagonalite M
"
such that

→
Photon - like

m&= 0TH
>

0 = v2 [
°

0 G2-1GK)
↳ only 1 Massive

m¥=o ,
ME - WH48 ") gauge boson

2- - like boson

✓ (1)☒ ✗ UH,
> UC4A

e

Aµ= since -Bµ -1 GS0 Cm G= since

Zµ=
GS0B
,
- sina.cm ② =

e

cc> 0



Fermion masses :

Y9-1OY , ① = tslhta)
in

Either + Trott
↳

' e e -- a-

let's find the gauge interactions

of the fermions in the V41
,+ Phase



r>
Unite Bm and cm

i 4-8^44 + i 4-J^Dµ4 = in terms or

Am and Zµ

= i 483.4+ instant + e. 8^1%4-4

+ entity - eater444

+ etanojmq.IR

Tintin = -iern
, Entire = - ieatom

hit 4
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