
# Spontaneous Symmeting Breaking



2 .
GOLDSTONE theorem

For each spontaneously broken continuous symmetry
there is a massess particle in the theory

Remark :

* example in 1. : 1 broken sym -> mangless

= in nature :Itmeson GOLDSTONE bosons
(broken sym .

in QCD)

Proof : ConsiderN real-valued fields &"a = 1 ..... N

(i)
2 = (derivatives) - v($)

↓are constant fields which minimize V , i . e .

v =

O

pa(x)=0
.

a

Expand V around minimum
= v(p)= v(P) + o+%)(P) + 0 .

m



Squas of 3

man is symmetric matrix ; eigen values (EUs) A masses of fields
minimum =D EUs0

To be shown : Each continuous symmetry of I , which is not

a symmetry of d leads to an eigenvalue O . 3-thethemis
proven

(ii) It is sufficient to consider an infinitesimal transformation
A general conte transformation has the form

⑦ !"-" + < ** (6
, ...,
PM

& infinitesimal parameter
& is invariant under

= VIpa) = v(p" + < * (M ....44)
#D

Kising) *
VIP = 0 Esumour a 3

⑪
↳ o to
-
=o since to minimum



(iii) There are a possibilities :

() ground state (i . e . do) is invariant under symmetry
i.e : no spontaneous symmetry breaking
= A

*
(p%...., Pr) =0

= is trivial

(2) Spontaneous symmetry breaking for A (65 ....,4) #0

S for at least one a 3

= (6 ..., 05) is eigenvector with eigenvalue O Sendyon
since u . *(p ) = u



3. The HIGGS model

(a) Extend GOLDSTONE model to (11) gauge symmetry local symmetry
vector field Ap(X)
Scalar field P(X)

covariant derivative : DrP() = (op + ie Ar)$x)
=D

2 = (D+b)
*

(D
-b) - ↑ (012- x10" - -(M)2

& abelian Hills model

& is invariant under 4 + p'=be
- icx)

!*- b
*
= b+ e

+ ie((x)

Ap --Ap = Ap + b-x(x)
Sym . breakingEpson p no spontaneous symmetry braking not due to potentisas

↑co := clu++( + iy() ; Spontaneous symmetry breaking
-

↳ cubicandquata
2=hin + Lint not shown explicitly

quaebatea 3 Thin= (5)+ 2(r)" - I(2xv) &2 Yet as forGODSTONE model
-FEM+



Origin of Q :

()
*

(D) = Ficam) (ieAY) = lev'A
2

Origin:

(T
*

D
+ P = Ficat)(b)+Li = evAT
#Y

No Aptts term :

(DT)
*

Dr = fie(r) +()(at) = 0
Arts

(b) Interpretation of I :

- : KG field ;massr

n: a field ; massless

At : Vector field ; mass ler



Problems :

(i) ATA2 tem ? Sou vector boson ? massless scal - boson ? 3
(ii) degrees of Freedom : & (PA) : 4 (6 : 2

,meA
: 2) contradiction

I(m ,
A) : 5 (5: 1

, 4 : 1
,
muA : 3) &

Solution :( (5 ,4 , A) contains unphysical particle
which can be eliminated : 2(x)

use gauge freedom (v +5) "unitary gause"

# Jain= Ero)"- [12xv 5- ***Y+ &CenA
?

#

Lint =-xvath(2-See GOLD STONE
model

a
J

mass trun



- : mu scular field most 1

S degrees of

At : mu Vector field ma = levl 3 freelan

Remarks :

* 1 complex scalar field + 1 massless vector field

->1 real-valued scalor field + 1 massive vector field

- mass tem for vector field without loss of gauge invariance

"Hass mechanism" 3 sym. of I is not 3modified !
& (x) : HlGGS boson

* Y(x)
* GOLDSTONE boson In GOLDSTONE model

eliminated

= longitudinal degree of freedom of Ap

* Highs mechanism also for non-abelian ganze theories (SM)



# Decay Rates

1 . 2- particle plase-space (brief repetition from/jenralization of chapter)

2. Higgsboson decays (more precisely: decaying scalar particle
3. Eparticle phase-space



1 . 2- particle phase space (again
!)

(a) From Chapte E :

1,-

--2 ,M2
ar = zi (us(Prp) :

Nup
-

= dpg() = d(LIPS)
Pr = Pe +pat" + PN

(b) dis
=it d

mi

2M

x (iviz) =xy +z 2xy- 2xz-2yz KELLEN function

(i) m = mam : das=n de T Seechap

(ii) m=M ;m =0 =DX= Cremigh

= dis=did (



(iii) no In-dependence in lop

Ce . y decaying particle has spin O

= Sde = ui

(iv) identical particles (in final state) - factor 12

(b) dPg'3) : see section 3

section 2 : applications : Higas decays


