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¥ Gargamelle bubble chamber discovers neutral current interactions in 1973 

¥ massive vector bosons discovered at UA1, UA2 in 1983

mW ! 80.42 GeV mZ ! 91.19 GeV

The phenomenological need for a Higgs mechanism
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The SM, the Higgs potential and gauge boson masses

4
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¥ the SM is a renormalizable relativistic chiral quantum Þeld theory based on 
the gauge group                                           

The SM, the Higgs potential and gauge boson masses

SU(3)C ! SU(2)L ! U(1)Y
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¥ the SM is a renormalizable relativistic chiral quantum Þeld theory based on 
the gauge group                                           

The SM, the Higgs potential and gauge boson masses

SU(3)C ! SU(2)L ! U(1)Y

p2 = m2

ferm
ions

bosons

2.1.1The Standard Model 5

2.1.1 The Standard Mo del

The inner gaugeinvariance realized in Yang-Mills theories consistently accounts for
masslessvectors,such asthe photon and the gluon, to all ordersof perturbation theory.
Starting point of an interacting SU(n) gaugetheory is the gaugeaction

S = !
1
4

!
d4x F a

µ! F aµ! , (2.6)

wherethe Þeldstrength two-form is

F a
µ! = ! µAa

! ! ! ! Aa
µ + igf abcAb

µAc
! , (2.7)

with Aa
µ, the corresponding gaugevector Þeld (connection) in direction of the Lie-

algebrageneratorta " su(n), satisfying

"
ta, tb

#
= if abctc . (2.8)

In (2.7), g denotes the coupling constant of the theory. QCD and the electroweak
interactions are constructed from a SU(3)C # SU(2)L # U(1)Y gaugetheory, with the
fermions" i " Mod{ SU(3)C # SU(2)L # U(1)Y } of Tab. 2.1 added,

Sf =
!

d4x "  
i i ø#µ

$
D (" )

µ

%
ij

" j , $ = C, L, Y, (2.9)

Table 2.1: Particle content of the minimal Standard Model. i denotesthe generation index,
i.e. ui = (u, c,t) and di = (d,s,b). The table lists eigenstatesof the Lagrangian, and the
masseigenstatesafter symmetry breaking. The bar denotes the complex conjugate module
on which the complex conjugate representation operates.

L -state SU(3)C # SU(2)L # U(1)Y U(1)QED m-state SL(2, )

(ui , di )L (3, 2, 1
6) ( 2

3, ! 1
3) (ui , di )L ( 1

2, 0)

(ui )c
L (ø3, 1, ! 2

3) ! 2
3 (ui )c

L (0, 1
2)

(di )c
L (ø3, 1, 1

3) 1
3 (di )c

L (0, 1
2)

(%i
e, ei )L (1, 2, ! 1

2) (0, ! 1) (%i
e, ei )L ( 1

2, 0)

(ei )c
L (1, 1, 1) 1 (ei )c

L (0, 1
2)

g1,...,8
µ (8, 1, 0) 1 g1,...,8

µ ( 1
2, 1

2)

W 1,2,3
µ (1, 3, 0) ± 1 W ±

µ ( 1
2, 1

2)

Bµ (1, 1, 0) 0 Z 0
µ, &µ ( 1

2, 1
2)

! = (' 1, ' 2) (1, 2, 1
2)

± 1 ' ±

(0, 0)0 h,' 0

spontaneouslybreaksSU(2)L # U(1)Y $ U(1)QED

local inner symmetries lorentz gr oup

¥ particles are irreducible representations of the Lorentz group (              )
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p2 = m2¥ particles are irreducible representations of the Lorentz group (              )            

¥ left-handed and right handed chiralities have different gauge quantum 
numbers: explicit Dirac mass terms               violate gauge invariance

¥ explicit vector masses break gauge invariance as well (e.g. abelian trafos):

¥ the Higgs mechanism uses an interaction to introduce masses dynamically

The SM, the Higgs potential and gauge boson masses

scalars   , chiral fermions         , vectors  ! L,R Aµ (d=4, renormalizability)!

! !  
R! L

Aµ ! Aµ +
1
e

! µ " (x) =" Aµ Aµ /! Aµ Aµ
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1
p2 + + + . . .
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÷g ! ! "2

p2
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misalign the vacuum from the symmetry-preserving direction in Þeld space

The SM, the Higgs potential and gauge boson masses

L Higgs = Dµ !   D µ ! ! V (!   !)

Potential                       is a 2 under  V (!   !)

V (!   !) = µ2!   ! + ! (!   !) 2

!"#$%& '$($)*$+,-. /01$234$)23"+%546+7, 839%:$2;01$3<1=42>%?/%-.@-AB1+2467<1$+%C+"83

!"#$%&'()'*)$+,)-.$/()$0*1-2&-*/(3-(
!"#"!$%4,(&'(-$%566-&*2-7*-89/(3
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�ƒFG+%�QH! -%839%�P"!"#
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!��

�r� �� �� GeVGF !!"!#$! !
%

� � 
��

�R

�: /=46$)%$36401$29$6%4201%J4<736"3KFG+%$23$3%9$+%*$29$3%I+839(846L39$
�Ÿ /=))$6+2$%246%#$*+701$3

D2##4,!76$362";E%M%N%)OP�*PO Q%�PP�*PR

-

M
S�*

T
�)

%UH%V%-

�ƒFG+%�QH$ -%839%�P"!"#
�	"(W$2%)X#;201$%I+839(846L39$%%�R

I Y N%Y$+)2,Z746"36$

-

,�Q
M

S�)
T

�)

%UH%[%-
%UH%V%-

Q�Q

local extrema

µ2 > 0

µ2 < 0

symmetry

symmetry

-------

local max

! SU(2)L

|! 0| = 0 ! | ! 0| =

!
" µ2

2!
=

v
#

2
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The SM, the Higgs potential and gauge boson masses

L Higgs = Dµ !   D µ ! ! V (!   !)

!  gauge boson masses via

all vacua are physically identical    
global                                              . 

S3

SO(4) ! SU(2)L " SU(2)R

To apply perturbation theory, we have to expand the theory about the 
true vacuum                     .  We need to ÒpickÕÕ a vacuum from the 
physically equivalent ones.                  (Òspontaneous symmetry breakingÓ)

Dµ ! 0 =
!

! µ ! ig
" a

2
W a

µ ! ig! 1
2

Bµ

"
! 0

! 0

In fact, this is slightly inaccurate:  The vacuum is always gauge-invariant, 
but we can choose a gauge condition with a Þxed direction of      .

v/
!

2 = |! 0| =
!

" ! 2
1 + # ! 2

1 + " ! 2
2 + # ! 2

2

|! 0| = v/
!

2

kinetic term                         is a 2 under             , ! SU(2)LDµ !   D µ ! Y (!) = 1
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The SM, the Higgs potential and gauge boson masses
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!

! µ ! ig
" a

2
W a
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2

Bµ

"
! 0

Dµ !  
0D µ ! 0

! 0 =
!

0
v/

!
2

"

choose                            ,        ! = ! 0 + !

=
v2

8
(0, 1)

!
gW3

µ + g!Bµ gW1
µ ! igW 2

µ

gW1
µ + igW 2

µ ! gW3
µ + g!Bµ

" 2 !
0
1

"
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"
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µ

"



8
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0 g2 0 0
0 0 g2 ! gg!
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$

%
%
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"
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$

%
%
&
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Dµ !  
0D µ ! 0

The SM, the Higgs potential and gauge boson masses

=
v2

8
(W 1

µ , W 2
µ , W 3

µ , Bµ )

!

"
"
#

g2 0 0 0
0 g2 0 0
0 0 g2 ! gg!

0 0 ! gg! g!2

$

%
%
&

!

"
"
#

W 1 µ

W 2 µ

W 3 µ

B µ

$

%
%
&

diagonalization yields gauge boson masses and mass squared eigenstates

eigenvectors

(1, 0, 0, 0)T

(0, 1, 0, 0)T

(0, 0, cos! w, ! sin ! w)T

(0, 0, sin ! w , cos! w )T

⇠ W 2

! W 1

! cos! w W 3 " sin ! w B = Z

! sin ! w W 3 + cos ! w B = A

eigenvalues

=

g!

! g2
+ g!

2

g
! g2 + g!2

=

m2
W 1 =

g2v2

8

m2
W 2 =

g2v2

8

m2
Z =

(g2 + g02)v2

8

m2
A = 0

9
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The SM, the Higgs potential and gauge boson masses

¥ the massless gauge boson signalizes an unbroken                 gauge group

¥ the generator of QED is 

¥ since QED is an apparent symmetry at scales        it is convenient to 
write the lagrangian in terms of QED eigenstates

¥ the       transform in the adjoint representation, for which                           
is not diagonal. In the diagonal basis the generators & gauge Þelds are

U(1)QED

Q = t3 + Y

! v

W i (t3
ad )ij = ! i ! 3ij

W ±
µ =

1
!

2
(W 1

µ " iW 2
µ ) W 3

µand

(1, 0, 0, 0)T

(0, 1, 0, 0)T

(0, 0, cos! w, ! sin ! w)T

(0, 0, sin ! w , cos! w )T

⇠ W 2

! W 1

! cos! w W 3 " sin ! w B = Z

! sin ! w W 3 + cos ! w B = A

m2
W 1 =

g2v2

8

m2
W 2 =

g2v2

8

m2
Z =

(g2 + g02)v2

8

m2
A = 0

=!t± = t1 ± it 2

10
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The SM, the Higgs potential and gauge boson masses

¥ the gauge-covariant derivative in this basis becomes

¥ Higgs doublet in unitary gauge

    

Dµ = ! µ ! i
g

"
2
(W +

µ t+ + W !
µ t ! ) ! i

1
!

g2 + g"2
Zµ(g2t3 ! g"2Y ) ! i

gg"
!

g2 + g"2
Aµ(t3 + Y )

!

= e

! = e! i! a " a /v
!

0
v+ h"

2

"
=

1
!

2

!
! +

v + h + i! 0

"
+ . . .

SU(2)L  gauge transformation 

would-be Nambu Goldston Bosons:L Higgs ! mZ Zµ ! µ " 0

remove NGBs and deal 
only with massive 

vectors and physical 
Higgs    !
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Dµ = ! µ ! i
g

"
2
(W +

µ t+ + W !
µ t ! ) ! i

1
!

g2 + g"2
Zµ(g2t3 ! g"2Y ) ! i

gg"
!

g2 + g"2
Aµ(t3 + Y )

The SM, the Higgs potential and gauge boson masses

! =
!

0
v+ h!

2

"
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Dµ = ! µ ! i
g
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2
(W +

µ t+ + W !
µ t ! ) ! i

1
!

g2 + g"2
Zµ(g2t3 ! g"2Y ) ! i

gg"
!

g2 + g"2
Aµ(t3 + Y )

The SM, the Higgs potential and gauge boson masses

! =
!

0
v+ h!

2

"

L Higgs ! Dµ !   D µ ! =
1
2

! µ h ! µ h +
!
m2

W W + µ W !
µ +

1
2

m2
Z Z µ Zµ

"
á
#

1 +
h
v

$ 2
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Dµ = ! µ ! i
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The SM, the Higgs potential and gauge boson masses

! =
!

0
v+ h!

2

"

= ig mW gµ! = ig mZ gµ!=

m W

co
s! w

=
gv

2

L Higgs ! Dµ !   D µ ! =
1
2

! µ h ! µ h +
!
m2

W W + µ W !
µ +

1
2

m2
Z Z µ Zµ

"
á
#

1 +
h
v

$ 2

W + µ

W ! !

h h

Z µ

Z !

h h

hh

W + µ

W ! !

Z µ

Z !

=
i
2

g2 =
i
2

g2

cos2 ! w
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The SM, the Higgs potential and boson masses

V(!   !) = µ2!   ! + ! (!   !) 2

Dµ = ! µ ! i
g

"
2
(W +

µ t+ + W !
µ t ! ) ! i

1
!

g2 + g"2
Zµ(g2t3 ! g"2Y ) ! i

gg"
!

g2 + g"2
Aµ(t3 + Y )

! =
!

0
v+ h!

2

"

h

h h

h

h

h

h

= ! i
3
2

g m2
h

mW
= ! i

3
4

g2 m2
h

m2
W

=
1
2

m2
h h2 +

!
!
2

mh h3 +
!
4

h4

m2
h =

!v 2

2

these vertices are direct probes of the symmetry breaking potential !
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Fermion masses

2.1.1The Standard Model 5

2.1.1 The Standard Mo del

The inner gaugeinvariance realized in Yang-Mills theories consistently accounts for
masslessvectors,such asthe photon and the gluon, to all ordersof perturbation theory.
Starting point of an interacting SU(n) gaugetheory is the gaugeaction

S = !
1
4

!
d4x F a

µ! F aµ! , (2.6)

wherethe Þeldstrength two-form is

F a
µ! = ! µAa

! ! ! ! Aa
µ + igf abcAb

µAc
! , (2.7)

with Aa
µ, the corresponding gaugevector Þeld (connection) in direction of the Lie-

algebrageneratorta " su(n), satisfying

"
ta, tb

#
= if abctc . (2.8)

In (2.7), g denotes the coupling constant of the theory. QCD and the electroweak
interactions are constructed from a SU(3)C # SU(2)L # U(1)Y gaugetheory, with the
fermions" i " Mod{SU(3)C # SU(2)L # U(1)Y } of Tab. 2.1 added,

Sf =
!

d4x "  
i i ø#µ

$
D (" )

µ

%
ij

" j , $ = C, L, Y, (2.9)

Table 2.1: Particle content of the minimal Standard Model. i denotesthe generation index,
i.e. ui = (u, c,t) and di = (d,s,b). The table lists eigenstatesof the Lagrangian, and the
masseigenstatesafter symmetry breaking. The bar denotes the complex conjugate module
on which the complex conjugate representation operates.

L-state SU(3)C # SU(2)L # U(1)Y U(1)QED m-state SL(2, )

(ui , di )L (3, 2, 1
6) ( 2

3, ! 1
3) (ui , di )L ( 1

2, 0)

(ui )c
L (ø3, 1, ! 2

3) ! 2
3 (ui )c

L (0, 1
2)

(di )c
L (ø3, 1, 1

3) 1
3 (di )c

L (0, 1
2)

(%i
e, ei )L (1, 2, ! 1

2) (0, ! 1) (%i
e, ei )L ( 1

2, 0)

(ei )c
L (1, 1, 1) 1 (ei )c

L (0, 1
2)

g1,...,8
µ (8, 1, 0) 1 g1,...,8

µ ( 1
2, 1

2)

W 1,2,3
µ (1, 3, 0) ±1 W ±

µ ( 1
2, 1

2)

Bµ (1, 1, 0) 0 Z 0
µ, &µ ( 1

2, 1
2)

! = (' 1, ' 2) (1, 2, 1
2)

±1 ' ±

(0, 0)0 h,' 0

spontaneouslybreaksSU(2)L # U(1)Y $ U(1)QED

local inner symmetries lorentz gr oup

L ferm = { gauge interactions} !
!
Y (d)

ij Qi  
L ! dj

R + Y (u)
ij Qi  

L i! 2! ! uj
R + h .c.

"

= { gauge} !

!
Y (d)

ij"
2

(v + h) di  
L dj

R + h .c.

"

!

!
Y (u)

ij"
2

(v + h) ui  
L uj

R + h .c.

"

di
L = ( L d)i

k
÷dk
L

ui
L = ( L u )i

k ÷uk
L

ui
R = ( Ru )i

k ÷uk
R

di
R = ( Rd)i

k
÷dk
R

di  
L Y (d)

ij dj
R = ÷dk  

L

!
(L  

d)i
k Y (d)

ij (Rd)j
l

"
÷dl
R

=

!
2m(d)

k

v
! kl

choice of bi-unitary 
transformation 
matrices
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Fermion interactions and the CKM

Dµ = ! µ ! i
g

"
2
(W +

µ t+ + W !
µ t ! ) ! i

1
!

g2 + g"2
Zµ(g2t3 ! g"2Y ) ! i

gg"
!

g2 + g"2
Aµ(t3 + Y )

di
L = ( L d)i

k
÷dk
L

ui
L = ( L u )i

k ÷uk
L

L ferm ,kin = ( u 
L , d 

L ) i ø! µ Dµ

!
uL

dL

"
+ . . .

t+ =
!

0 1
0 0

"
t! =

!
0 0
1 0

"

! ÷u 
L ø! µ Zµ ÷uL

= ... +
g

!
2

u 
L ø! µ W +

µ dL + ... +
g

cos"w

!
1
2

"
2 sin2 "w

3

"
u 

L ø! µ Zµ uL + . . .

! ũ 
L !̄ µ W +

µ

!
L  

u L d
"

d̃L

¥ the charged weak bosons couple to down states rotated by the 
Cabibbo-Kobayashi-Maskawa matrix

¥ there are no ßavor-changing neutral currents at tree level:                          
Glashow-Iliopoulos-Maiani (GIM) mechanism

VCKM = L  
u L d

15
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¥ 9 fermion masses

¥ 3 CKM mixing (Euler) angles

¥ 1 CKM Phase (Jarlskog invariant)

¥ 1 electroweak coupling 

¥ 1 strong coupling 

¥ 1 weak coupling 

¥ 1      mass

¥ 1 Higgs mass

!

! s

GF

Z

18 free parameters

only source of CP
violation in the SM

Sakharov criteria

breaking of accidental
global symmetries

16

Thomson scattering

2 vs 3 jet rates @ LEP

muon decay

Parameters of the theory
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¥ we started with a theory without explicit mass terms

¥ the SM Higgs mechanism serves to introduce gauge boson and fermion 
masses

¥ we started with a perturbative theory, i.e. all couplings <‰��1, large couplings 
can be traced back to the Higgs vev, and are a result of symmetry breaking

¥ in the SM all parameters in the Higgs potential are determined by 
measurement of the gauge boson masses and gauge boson couplings.              
The only free (undetermined) parameter is the Higgs mass prior to 2012.

mh !
"

!

Recap
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Higgs mechanism a brief review

Electroweak symmetry breaking (EWSB)

Why? explainexistenceof massiveparticles consistentlywith the underlying
symmetriesof the SM

How? Higgsmechanism [SM, SUSY,...]
strong EW symmetrybreaking [LH, ÒHiggslessÓ,extra dims., ...]

Higgs mechanism

Symmetryof the Lagrangian

SU(2)L ! U(1)Y

Higgsdoublet

! =

!

" H +

H 0

#

$

Symmetryof the vacuum

U(1)em

vacuumexpectation value

< ! > =

!

" 0
v!
2

#

$

v = 246 GeV

V(! )

! 0

! +

V (! ) = ! [!   ! " v2

2 ]2

M.M ¬uhlleitner, 9.-12. September 2009, Herbstschule

Purpose: explain existence of massive particles consistence with gauge invariance

!

a= q,øq,g

" 1

0
dx xf a/p (x, Q2

0) = 1 (281)

pp ! H + X ! !! + X (282)

pp ! H + X ! ZZ ! + X ! l+ l " l #+ l#" + X (283)

pp ! H + X ! W W ! + X ! l+ ø" l#" " #+ X (284)

# " BR(mH = 125 GeV) # 0.04 pb (285)

! R < 0.4 (286)

S/
$

B % 5.0 (287)

L = 6 .4 á1033cm" 2s" 1 (288)

|M B + M V + M R |2 = M 2
B + 2Re(M B M !

V ) + M 2
R + O($2

s) (289)

#
m2

J

$
=

$s

2%
p2

T R2 (290)

&
#
m2

J

$
UE =

$s

2%

" R

0
pT (2%r dr " UE ) r 2

mH ! 170 GeV

mH # 125 GeV

O(10" 3) & O(10" 4) (291)

# =
%

H +

H 0

&
(292)

20

!

a= q,øq,g

" 1

0
dx xf a/p (x, Q2

0) = 1 (281)

pp ! H + X ! !! + X (282)

pp ! H + X ! ZZ ! + X ! l+ l " l #+ l#" + X (283)

pp ! H + X ! W W ! + X ! l+ ø" l#" " #+ X (284)

# " BR(mH = 125 GeV) # 0.04 pb (285)

! R < 0.4 (286)

S/
$

B % 5.0 (287)

L = 6 .4 á1033cm" 2s" 1 (288)

|M B + M V + M R |2 = M 2
B + 2Re(M B M !

V ) + M 2
R + O($2

s) (289)

#
m2

J

$
=

$s

2%
p2

T R2 (290)

&
#
m2

J

$
UE =

$s

2%

" R

0
pT (2%r dr " UE ) r 2

mH ! 170 GeV

mH # 125 GeV

O(10" 3) & O(10" 4) (291)

# =
%

H +

H 0

&
(292)

SU(2)L " U(1)Y (293)

20

!

a= q,øq,g

" 1

0
dx xf a/p (x, Q2

0) = 1 (281)

pp ! H + X ! !! + X (282)

pp ! H + X ! ZZ ! + X ! l+ l " l #+ l#" + X (283)

pp ! H + X ! W W ! + X ! l+ ø" l#" " #+ X (284)

# " BR(mH = 125 GeV) # 0.04 pb (285)

! R < 0.4 (286)

S/
$

B % 5.0 (287)

L = 6 .4 á1033cm" 2s" 1 (288)

|M B + M V + M R |2 = M 2
B + 2Re(M B M !

V ) + M 2
R + O($2

s) (289)

#
m2

J

$
=

$s

2%
p2

T R2 (290)

&
#
m2

J

$
UE =

$s

2%

" R

0
pT (2%r dr " UE ) r 2

mH ! 170 GeV

mH # 125 GeV

O(10" 3) & O(10" 4) (291)

# =
%

H +

H 0

&
(292)

SU(2)L " U(1)Y (293)

V (# ) = '
'
#   # &

v2

2

( 2

(294)

20

!

a= q,øq,g

" 1

0
dx xf a/p (x, Q2

0) = 1 (281)

pp ! H + X ! !! + X (282)

pp ! H + X ! ZZ ! + X ! l+ l " l #+ l#" + X (283)

pp ! H + X ! W W ! + X ! l+ ø" l#" " #+ X (284)

# " BR(mH = 125 GeV) # 0.04 pb (285)

! R < 0.4 (286)

S/
$

B % 5.0 (287)

L = 6 .4 á1033cm" 2s" 1 (288)

|M B + M V + M R |2 = M 2
B + 2Re(M B M !

V ) + M 2
R + O($2

s) (289)

#
m2

J

$
=

$s

2%
p2

T R2 (290)

&
#
m2

J

$
UE =

$s

2%

" R

0
pT (2%r dr " UE ) r 2

mH ! 170 GeV

mH # 125 GeV

O(10" 3) & O(10" 4) (291)

# =
%

H +

H 0

&
(292)

SU(2)L " U(1)Y (293)

V (# ) = '
'
#   # &

v2

2

( 2

(294)

U(1)em (295)

20

SU(2)L ! U(1)Y (293)
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Symmetry of the vacuumSymmetry of the Lagrangian

Higgs doublet
vacuum expectation value

SU(2)L ! U(1)Y (293)

V (! ) = !
!
!   ! "

v2

2

" 2

(294)

U(1)em (295)

#! $=
#

0
v!
2

$
(296)

v = 246 GeV (297)
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Der SM Higgs-Sektor

H iggs bosonmass M H =
!

2! v

Gaugecouplings gV V H = 2M 2
V

v

Yukawa couplings gf f H = m f

v

T rilinear coupling ! H H H = 3M 2
H

M 2
Z

[units ! 0 = 33 . 8 GeV]

Quartic coupling ! H H H H = 3M 2
H

M 4
Z

[units ! 2
0 ]

Only unknown
parameterin the SM
is the Higgsboson
mass!

M.M ¬uhlleitner, 9.-12. September 2009, Herbstschule
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Der SM Higgs-Sektor

H iggs bosonmass MH =
!

2! v

Gaugecouplings gV V H = 2M 2
V

v

Yukawa couplings gf f H = m f

v

T rilinear coupling ! H H H = 3M 2
H

M 2
Z

[units λ0 = 33 . 8 GeV]

Quartic coupling ! H H H H = 3M 2
H

M 4
Z

[units λ2
0 ]

Only unknown
parameterin the SM
is the Higgsboson
mass!
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Higgs selfcouplingscouplings to

gauge 
bosons

fermions

Higgs mass:

SU(2)L ⇥ U(1)Y (293)

V (! ) = !
!
!   ! � v2

2

" 2

(294)

U(1)em (295)

h! i =
#

0
v!
2

$
(296)

v = 246 GeV (297)

! HHH = 3
m2

H

m2
Z

(298)

! HHHH = 3
m2

H

m4
Z

(299)

gf øfH =
mf

v
(300)
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Implications of the Higgs mechanism

¥ massive (massless) vectors have three (two ) degrees of freedom 
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Longitudinal interactions between Higgs and gauge bosons enhanced 
for large 
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Constraints on New Physics from unitarity sum rules

Feynman Rules for scalar!
and gauge boson interactions
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Calculate scattering diagrams 
requiring cancellation of bad E 

behaviour

Three master sum rules:

= lim
n!1

! n�1
i =0 (1 ! Psomething(Ti < t " Ti +1)) (467)

" M 2
H =

! 2
f Nf

4" 2

!
(m2

f ! m2
S) log

"
#

mS

#
+ 3m2

f log
"

mS

mf

#$
(468)

! 2
f = 2m2

f /v 2 = ! ! S (469)

NS = 2Nf (470)

A(H # W +W�) = ! gMW #(W +) á#(W�) (471)

A(H # W +
L W�

L ) = g
M 2

H

4M W
(472)

A(H # W +
T W�

T ) = gMW (473)

p2 = M 2
H (474)

gabc (475)

gabi (476)

gaij (477)

gabij (478)

gabij (479)

a $ b (480)

i $ j (481)

AaAb # AcAd : (482)

AaAb # Ac$i : (483)

AaAb # $i $j : (484)

33

= lim
n!"

! n# 1
i=0 (1 ! Psomething (Ti < t " Ti+1 )) (467)

" M 2
H =

! 2
fNf

4" 2

!
(m2

f ! m2
S) log

"
#

mS

#
+ 3m2

f log
"

mS

mf

#$
(468)

! 2
f = 2m2

f /v 2 = ! ! S (469)

NS = 2Nf (470)

A(H # W + W # ) = ! gMW #(W + ) á#(W # ) (471)

A(H # W +
L W #

L ) = g
M 2

H

4MW
(472)

A(H # W +
T W #

T ) = gMW (473)

p2 = M 2
H (474)

gabc (475)

gabi (476)

gaij (477)

gabij (478)

gabij (479)

a $ b (480)

i $ j (481)

AaAb # AcAd : (482)

AaAb # Ac$i : (483)

AaAb # $i$j : (484)

33

= lim

n !"
! n # 1

i=0 (1 ! Psomething(Ti < t " Ti+1)) (467)

" M 2
H =

! 2
f Nf

4" 2

!
(m2

f ! m2
S) log

"
#

mS

#
+ 3m2

f log

"
mS

mf

#$
(468)

! 2
f = 2m2

f /v 2
= ! ! S (469)

NS = 2Nf (470)

A (H # W+W #
) = ! gMW #(W+

) á#(W #
) (471)

A (H # W+
L W #

L ) = g
M 2

H

4M W
(472)

A (H # W+
T W #

T ) = gMW (473)

p2 = M 2
H (474)

gabc (475)

gabi (476)

gaij (477)

gabij (478)

gabij (479)

a $ b (480)

i $ j (481)

AaAb # AcAd : (482)

AaAb # Ac$i : (483)

AaAb # $i $j : (484)

33

[Gunion, Haber, Wudka Õ85]

analogously for 
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Sum rules are a powerful tool to constrain new physics

e.g. specialising to SU(2) x U(1) with arbitrary Higgs multiplets, i.e. doublets, tripletsÉ
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Note, higher charges than 2 not present.  Larger coupling of Þelds        
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See [Georgi, Machacek Õ84]



Bounds follow from the analysis of the Higgs potential beyond leading order

¥ beyond tree level all parameters become scale dependent
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vacuum stability boundtriviality bound
1.2 The Standard Model 27

Figure 2: Triviality or Landau pole (upper) and stability bounds (lower) for the Standard Model Higgs boson in the
mH ! Q plane. Similar Þgures Þrst appeared in Ref. [2], involving this kind of physics argument from Ref. [3].

Such a pole is called a Landau poleand gives us a maximum scale beyond which we cannot rely on our perturbative
theory to work. In the upper line of Figure 2 we showQpole versus the Higgs mass, approximately computed in
Eq.(1.97). As a function of the Higgs massQpole gives the maximum scale were our theory is valid, which means we
have to reside below the upper line in Figure 2. Turning the argument around, for givenQpole we can read off the
maximum allowed Higgs mass which in the limit of large cutoff values around the Planck scale1019 GeV becomes
mH ! 180GeV.
This limit is often referred to as the triviality bound, which at Þrst glance is precisely not what this theory is Ñ trivial
or non-interacting. The name originates from the fact that if we want our Higgs potential to be perturbative at all
scales, the coupling! can only be zero everywhere. Any Þnite coupling will hit a Landau pole at some scale. Such a
theory with zero interaction is called trivial.

After looking at the ultraviolet regime we can go back to the full renormalization group equation Eq.(1.93) and ask a
completely different question: how long will! > 0 ensure that our Higgs potential is bounded from below?
This bound is called the stability bound. On the right hand side of Eq.(1.93) there are two terms with a negative sign
which in principle drive! through zero. One of them vanishes for small! " 0, so we can neglect it. In the small-!
regime we therefore encounter two Þnite competing terms
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The usual boundary condition at! (v2) = m2

H / (2v2) is the starting point from which the top Yukawa coupling drives
! to zero at another critical scale! (Q2

stable) = 0 which depends on the Higgs massmH . The second (smaller)
contribution from the weak gauge coupling ameliorates this behavior
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From Eq.(1.98) we see that only for energy scales belowQstable(mH ) the Higgs potential is bounded from below and
our vacuum stable. For a given maximum validity scaleQstablethis stability bound translates into a minimum Higgs

allowed
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Is our vacuum stable or metastable?

Metastability only problem if transition probability 
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into false vacuum large over lifetime of universe

Full stability lost at 10    GeV10 SM with current parameters in metastable vac

but    never too negative
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Radiative generation of vev (Coleman-Weinberg Mechanism)
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(radiatively generated SSB)

Heuristic argumentation using massless real scalar Þeld theory:

(a) (b)

Figure 5.1: One loop diagrams. (a) Scalar loops. (b) Vector loops.

5.2 A Simple (perhaps too simple) Example

Consider amasslessreal scalar Þeld theory:
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whereA, B, C are counterterms.

Now let us perform theloop expansion on this theory. The way this works is as follows:

imagine that the action scales with a quantitya, so S[" , a] = S[" ]/a . Then it is clear that

every propagator in a diagram gives a factor ofa and every vertex gives a factor ofa! 1, so

every diagram goes likeaI ! V , where I is the total number of internal lines, andV is the

total number of vertices. But from elementary graph theory,L ! I + V = 1; therefore every

graph scales likeaL ! 1, so a loop expansion is like an expansion ina.

The one loop diagrams from (5.7) are particularly straightforward, they are given gener-

ally by Figure 5.1a. They always take the form of a single loopwith an arbitrary number of

" 2 insertions. Summing over all such insertions gives
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Some words about the factors:

¥ The factor of i out in front is from the deÞnition of the path integral.

¥ The 1
2n is a combinatoric factor Ð rotations (1n ) and reßections (12) of the loop do not

change the diagram, so the1
n! in DysonÕs formula is not completely cancelled.
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Figure 5.1: One loop diagrams. (a) Scalar loops. (b) Vector loops.
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Summing over all possible insertions of couplings and 
propagators gives for the one-loop correction
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Figure 5.1: One loop diagrams. (a) Scalar loops. (b) Vector loops.
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Wick-Rotation

¥ The 1
2 in the numerator is an extra bose factor, since exchanging two external lines at

the same vertex does not give a new diagram, so the1
4! in the vertex is not completely

cancelled.

This sum is straightforward, and after Wick rotating we Þnd up to an irrelevant constant
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Notice that this integral is IR divergent as#c ! 0. This is exactlywhat we expected would

happen. But as long as we keep away from the origin in Þeld space, we are okay. Also notice

that it is UV divergent, but this should not bother anyone. You can regulate any way you

want. Let us use momentum cuto" . Then we Þnd
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Now we impose the renormalization conditions:
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I have chosen to letµ = 0 in the Þrst renormalization condition since that is not IRdivergent,

but I cannot do that in the deÞnition of " . As a quick aside, notice that even if we choose

the mass to vanish atµ = 0, it will not vanish for another subtraction point; this is the

source of the Òhierarchy problemÓ of scalar Þeld theory.

Plugging in these counterterms, we Þnd the Þnal, one loop e" ective potential to be
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Notice that there are no longer any log(" ) terms Ð this is great news, since we would never

have found them using ordinary perturbation theory! In addition, the " counterterm has

the general formC(µ) = " $(" ) log(µ) + á á áso

$(" ) = +
3" 2

16! 2
. (5.14)

By keeping track of external momenta, we can also computeZ and henceA Ð this would

give us the anomalous dimension%. It turns out that at one loop, %= 0, which is proved
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By keeping track of external momenta, we can also computeZ and henceA Ð this would

give us the anomalous dimension%. It turns out that at one loop, %= 0, which is proved
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Is this real? Sinceµ is arbitrary, let us choseµ = !" c"/ 2. This gives us|! (! " c")| $ 50 Ð

this is certainly outside the realm of perturbation theory,and so we have no right to take it

seriously!

5.3 A Less Trivial Example

Even though the massless" 4 theory turned out to be something of a dud, there are other
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(non-pert)

Radiative generation of veg possible, but for SM Þeld content and symmetries the CW 
mechanism predicts a too low Higgs mass of a few GeVÉ in contrast with observation.
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2 Tree-level analysis of SM precision electroweak
observables

We will use the notation that observables are written with a hat on top of them.

For example, we will denote the measuredZ boson mass observable as ömZ . The

observables that we are primarily interested in are ö! (from Thomson limit of " ! !

e+ e" scattering), öGF (from muon decay), ömZ (Z boson mass), ömW (W boson mass),
ö! l+ l ! (leptonic partial width of the Z boson), and ös2

e! (e" ective sin2 #W ). The value

of ös2
e! is deÞned to be the all-orders rewriting oföALR (= Ae) as

öALR "
(1/ 2 # ös2

e! )2 # ös4
e!

(1/ 2 # ös2
e! )2 + ös4

e!
. (1)

The measured values of all these observables[1, 2] are

ö! = 1/ 137.0359895(61) (2)

öGF = 1.16639(1)$ 10" 5 GeV" 2 (3)

ömZ = 91.1875± 0.0021 GeV (4)

ömW = 80.426± 0.034 GeV (5)

ös2
e! = 0.23150± 0.00016 (6)

ö! l+ l ! = 83.984± 0.086 MeV (7)

At tree level we need only three lagrangian parameters to compute the six observ-

ables listed above. The three parameters areg (SU(2) gauge coupling),g# (U(1)Y

gauge coupling) andv (Higgs vacuum expectation value). In anticipation of the

convenience we will wish upon our one-loop discussion later, we cash in these three

parameters for an equivalent sete, s(= sin #), and v, whereg = e/s and g# = e/c.

We can now compute all the observables in terms of these threelagrangian pa-

rameters:

ö! =
e2

4$
(8)

öGF =
1

%
2v2

(9)

öm2
Z =

e2v2

4s2c2
(10)

öm2
W =

e2v2

4s2
(11)

3

measured parameters at the Z pole

30

¥ LEP2 performed precision measurements of electroweak phenomenology 

¥ over-constrain the system of 18 free parameters by measurements and 
perform a global fit

Constraints from electroweak precision physics
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We can now write the observables ömW , ös2
e! and ö! l+ l ! in terms of ö! , ömZ and öGF :
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If we plug in the very precisely known experimental values for ö! , ömZ and öGF , we

Þnd predictions for ömW , ös2
e! and ö! l+ l ! :

Prediction of ömW = 80.939± 0.003 GeV (22)

Prediction of ös2
e! = 0.21215± 0.00003 (23)

Prediction of ö! l+ l ! = 84.843± 0.012 MeV (24)

The predictions of ömW , ös2
e! and ö! l+ l ! in this particular tree-level procedure are

approximately 15#, 120# and 10# o" from their experimentally measured values.

Statistically speaking, these are unacceptably large deviations of the theory from the

experiment. We therefore conclude that the theory is not compatible with experiment.

However, we have only worked up to tree-level in the perturbative expansion of

the theory. We must go to higher-order in the coupling constants to truly test the

viability of the SM when confronting all the experimental data. This analysis has

been applied to the Standard Model, and one Þnds that it is compatible with the

precision electroweak dataprovidedthe Higgs boson mass is between about 114 GeV

(direct bound) and 219 GeV (95% C.L. upper bound)[2].

In the following sections we will consider how one-loop self-energies slightly alter

the relationship between the lagrangian parameters and measured observables. In

other words, the relationships among observables are slightly di " erent than what we

found above doing a tree-level analysis, and the theory predictions come closer to the

experimental measurements.

5

tree-level is 
¾Ð 10 sigma off ! 

30

¥ LEP2 performed precision measurements of electroweak phenomenology 

¥ over-constrain the system of 18 free parameters by measurements and 
perform a global fit

Constraints from electroweak precision physics
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¥ LEP2 performed precision measurements of electroweak phenomenology 

¥ over-constrain the system of 18 free parameters by measurements and perfor m a 
global fit 

¥ loop corrections are relevant! 

¥ usually theorists rather estimate these effects than perform the full one-loop 
renormalization 

¥ simplification when 

¥ the electroweak gauge group is 

¥ new physics couplings (except for light Higgs) has dominant couplings to 
gauge bosons 

¥ the intrinsic scale of new physics is large compared to the Z pole 

¥ then we have only 3 Peskin-Takeuchi parameters which determine the influence of 
new physics at low energies

SU(2)L ! U(1)Y
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0.1 Peskin Takeuchi Parameters

The Peskin Takeuchi parametersS, T, U are given by

S =
4s2

wc2
w

!

!
! ZZ (m2

Z ) ! ! ZZ (0)
m2

Z

!
c2

w ! s2
w

cwsw

! AZ (m2
Z ) ! ! AZ (0)
m2

Z

!
! AA (m2

Z )
m2

Z

"
(1)

T =
1
!

!
! W W (0)

m2
W

!
! ZZ (0)

m2
Z

!
2sw

cw

! AZ (0)
m2

z

"
(2)

U =
4s2

w

!

!
! W W (m2

W ) ! ! W W (0)
m2

W

! c2
w

! ZZ (m2
Z ) ! ! ZZ (0)
m2

Z

(3)

! s2
w

! AA (m2
Z )

m2
Z

! 2swcw
! AZ (m2

Z ) ! ! AZ (0)
m2

Z

"
(4)

where ! V V are the usual vacuum polarization functions. To evaluate them it is helpful to
consider the vector boson polarization function for general masses and couplings

V µ

V !!gL
V , gR

V

"

#

gL
V ′ , gR

V ′
= i

#
gµ! ! V ′V (q2) ! qµq! " L (q2)

$

! V ′V (q2) =
1

8$2

%
(gL

V gL
V ′ + gR

V ′gR
V ){ m2

" B0(q2, m2
# , m2

" )

! 2B00(q2, m2
" , m2

# ) + q2B1(q2, m2
" , m2

# ) + A0(m2
# )}

! m# m" (gL
V gR

V ′ + gL
V ′gR

V )B0(q2, m2
# , m2

" )
&

, (5)

where# and " denote Dirac fermions with rightand left-handed chiral couplingsgL
V , gR

V , gL
V ′ ,

gR
V ′ to V and V !, respectively. A0, B0, etc. denote the Passarino-Veltman scalar and tensor

functions in the convention of Ref. [1]. The function" L (q2) only contributes to the (gauge-
dependent) longitudinal part of the massive gauge boson propagator and, in fact, drops
out in the on-shell renormalization procedure [2]. The divergent pieces of the polarization
functions in dimensional regularizationd = 4 ! 2%read

! div
V ′V (q2) =

1
48$2%

%
(3m2

" + 3m2
# ! 2q2)(gL

V gL
V ′ + gR

V ′gR
V ) ! 6m# m" (gL

V gR
V ′ + gL

V ′gR
V )

&
. (6)

A quick check: The T parameter for a lepton doublet

We can write T " ! W 3W 3(0) ! ! W + W −(0) and for a SM lepton doubletgR
W 3,W + = 0 and

gL
W 3 = gw/ 2 = gL

W + /
#

2. We write gL
W + = ! gL

W 3 with ! =
#

2 and Þnd

! div ,e−

W 3W 3 (0) + ! div ,!
W 3W 3 (0) ! ! div ,e−!

W + W −(0) =
1

16$2%
gL 2

W 3(m2
" + m2

# )( ! 2 ! 2) = 0 . (7)

1

¥ then we have only 3 Peskin-Takeuchi  parameters which determine the 
influence of new physics which are related to the gauge boson vacuum 
polarizations

! W W !
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¥ T measures the departure of the W/Z mass ratio

m2
W

m2
Z cos2 !

= 1 + "T ! 1/ 1000

accidental (but important) symmetries

need to identify a weakly 
broken symmetry[Ôt Hooft, ...]

Custodial symmetry (global) protects mass ratio at leading order

Custod. sym. is a symmetry of Higgs and EW part of Lagrangian. To see this, let us 
rewrite the Lagrangian using the bi-fundamental

AaAb ! AcAd : (482)

AaAb ! Ac! i : (483)

AaAb ! ! i ! j : (484)

øf m f n ! AaAb (485)
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In other words: global symmetry was broken to diagonal subgroup
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Three massless would-be goldstone bosons eaten by Higgs mechanism 
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and mass-splitting within isospin multiplet

Corrections to rho parameter proportional to 
hypercharge or fermion mass effects
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vanishes for 

vanishes in limit
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parameter set mu 4 md4 mH ! Stot ! Ttot

(a) 310 260 115 0.15 0.19
(b) 320 260 200 0.19 0.20
(c) 330 260 300 0.21 0.22

(d) 400 350 115 0.15 0.19
(e) 400 340 200 0.19 0.20
(f) 400 325 300 0.21 0.25

TABLE I: Examples of the total contributions to ! S and
! T from a fourth generation. The lepton masses are Þxed
to m! 4 = 100 GeV and m" 4 = 155 GeV, giving ! S!" =
0.00 and ! T!" = 0 .05. The best Þt to data is (S, T) =
(0.06, 0.11) [28]. The Standard Model is normalized to (0 , 0)
for mt = 170.9 GeV and mH = 115 GeV. All points are within
the 68% CL contour deÞned by the LEP EWWG [28].

fer slightly between each group, presumably due to slight
updates of data (the S-T plot generated by the 2006
LEP EWWG is one year newer than the plot included
in the 2006 PDG). A larger di! erence concerns the use
of the Z partial widths and ! h . The LEP EWWG ad-
vocate using just " ! , since it is insensitive to " s. This
leads to a ßatter constraint in the S-T plane. The PDG
include the " s-sensitive quantities " Z , ! h , Rq as well as
R! , and obtain a less ßat, more oval-shaped constraint.
Additional lowerÐenergy data can also be used to (much
more weakly) constrainS and T, although there are sys-
tematic uncertainties (and some persistent discrepancies
in the measurements themselves). The LEP EWWG do
not include lowerÐenergy data in their Þt, whereas the
PDG appear to include some of it. In light of these sub-
tleties, we choose to use the LEP EWWG results when
quoting levels of conÞdence of our calculated shifts in the
S-T plane. We remind the reader, however, that the ac-
tual level of conÞdence is obviously a sensitive function
of the precise nature of the Þt to electroweak data.

In Table I we provide several examples of fourthÐ
generation fermion masses which yield contributions to
the oblique parameters that are within the 68% CL el-
lipse of the electroweak precision constraints. We illus-
trate the e! ect of increasing Higgs mass with compen-
sating contributions from a fourth generation in Fig. 2.
More precisely, the Þt to electroweak data is in agree-
ment with the existence of a fourth generation and a light
Higgs about as well as the Þt to the Standard Model alone
with mH = 115 GeV. Using suitable contributions from
the fourthÐgeneration quarks, heavier Higgs masses up
to 315 GeV remain in agreement with the 68% CL limits
derived from electroweak data. Heavier Higgs masses up
to 750 GeV are permitted if the agreement with data is
relaxed to the 95% CL limits.

Until now we have focused on purely Dirac neutri-
nos. However, there is also a possible reduction ofStot
when the fourthÐgeneration neutrino has a Majorana
mass comparable to the Dirac mass [29, 30]. Using the
exact one-loop expressions of Ref. [30], we calculated the
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FIG. 2: The 68% and 95% CL constraints on the ( S, T) pa-
rameters obtained by the LEP Electroweak Working Group
[27, 28]. The shift in ( S, T) resulting from increasing the
Higgs mass is shown in red. The shifts in ! S and ! T from a
fourth generation with several of the parameter sets given i n
Table I are shown in blue.

contribution to the electroweak parameters with a Majo-
rana mass. Given the current directÐsearch bounds from
LEP II on unstable neutral and charged leptons, we Þnd
a Majorana mass is unfortunately not particularly help-
ful in signiÞcantly lowering S. A Majorana mass does,
however, enlarge the parameter space whereS ! 0. For
example, given the lepton Dirac and Majorana masses
(mD , M 44) = (141 , 100) GeV, the lepton mass eigen-
states are (m" 1 , m" 2 , m! ) = (100 , 200, 200) GeV, and con-
tributions to the oblique parameters of (# S" , # T" ) =
(0.01, 0.04). It is di $ cult to Þnd parameter regions with
# S! < 0 without either contributing to # U! ! " # S! ,
contributing signiÞcantly more to # T! , or taking m" 1 <
100 GeV which violates the LEP II bound for unstable
neutrinos.

Let us summarize our results thus far. We have
identiÞed a region of fourthÐgeneration parameter space
in agreement with all experimental constraints and
with minimal contributions to the electroweak precision
oblique parameters. This parameter space is character-
ized by

m! 4 " m" 4 ! 30" 60 GeV

mu4 " md4 !
!

1 +
1
5

ln
mH

115 GeV

"
# 50 GeV

|Vud 4 |, |Vu4 d| ! 0.04

|Ue4|, |Uµ4| ! 0.02 , (9)

4

additional chiral 
fermions

vanishes for 

vanishes in limit



Measurement Fit |Omeas! Ofit|/" meas

0 1 2 3

0 1 2 3

#$ had(mZ)#$ (5) 0.02758 ± 0.00035 0.02768

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4959

" had [nb]" 0 41.540 ± 0.037 41.479

RlRl 20.767 ± 0.025 20.742

AfbA0,l 0.01714 ± 0.00095 0.01645

Al(P&)Al(P&) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935
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Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481

sin2' effsin2' lept(Qfb) 0.2324 ± 0.0012 0.2314
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Based on combination of many indirect measurements the 

Higgs boson should be very light:
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The Hierarchy Problem

Setting the mass of the Higgs boson to zero, i.e. 

UL h! i 6= h! i

h! iU 
R 6= h! i

L h! iR  |L= R = h! i

!" L = !" R

SU(2)L ⇥ SU(2)R ! SU(2)L+ R

M 2
W =

1
4

g2v2

M 2
Z =

1
4

(g2 + g!2)v2

# =
M 2

W

M 2
Z cos2 $W

= 1

g2

g2 + g!2 = cos2 $W

g! 6= 0

µ ! 0
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does not restore

any symmetry of the model.Hence, Higgs mass is not protected against

large radiative corrections.

Þne-tuning, that can be directly related to the scale of new physics. As de-
rived in Section 2.1, upon spontaneous breaking of the electroweaksymmetry,
the SM Higgs-boson mass at tree level is given byM 2

H = ! 2µ2, where µ2 is
the coe! cient of the quadratic term in the scalar potential. Higher order
corrections toM 2

H can therefore be calculated as loop corrections toµ2, i.e.
by studying how the e" ective potential in Eq. (16) and its minimum condi-
tion are modiÞed by loop corrections. If we interpret the StandardModel as
the electroweak scale e" ective limit of a more general theory living ata high
scale# , then the most general form ofµ2 including all loop corrections is:

øµ2 = µ2 + # 2
!!

n=0

cn(! i ) logn(# /Q ) , (54)

whereQ is the renormalization scale,! i are a set of input parameters (cou-
plings) and the cn coe! cients can be deduced from the calculation of the
e" ective potential at each loop order. As noted originally by Veltman, there
would be no Þne-tuning problem if the coe! cient of # 2 in Eq. (54) were zero,
i.e. if the loop corrections toµ2 had to vanish. This condition, known as
Veltman condition, is usually over constraining, since the number of indepen-
dent cn (set to zero by the Veltman condition) can be larger than the number
of inputs ! i . However the Veltman condition can be relaxed, by requiring
that only the sum of a Þnite number of terms in the coe! cient of # 2 is zero,
i.e. requiring that:

nmax!

0

cn(! i ) logn(# /M H ) = 0 , (55)

where the renormalization scaleµ has been arbitrarily set toMH and the
order n has been set tonmax , Þxed by the required order of loop in the
calculation of Veff . This is based on the fact that higher orders inn come
from higher loop e" ects and are therefore suppressed by powersof (16" 2)" 1.
Limiting n to nmax , Eq. (55) can now have a solution. Indeed, if the scale
of new physics# is not too far from the electroweak scale, then theVeltman
condition in Eq. (55) can be softened even more by requiring that:

nmax!

0

cn(! i ) logn(# /M H ) <
v2

# 2
. (56)

This condition determines a value of# max such that for # " # max the sta-
bility of the electroweak scale does not require any dramatic cancellation in
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Fine-tuning of bare parameter 

Most general form including all loop corr.
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H = ! 2µ2, where µ2 is
the coe! cient of the quadratic term in the scalar potential. Higher order
corrections toM 2

H can therefore be calculated as loop corrections toµ2, i.e.
by studying how the e" ective potential in Eq. (16) and its minimum condi-
tion are modiÞed by loop corrections. If we interpret the StandardModel as
the electroweak scale e" ective limit of a more general theory living ata high
scale# , then the most general form ofµ2 including all loop corrections is:

øµ2 = µ2 + # 2
!!

n=0

cn(! i ) logn(# /Q ) , (54)

whereQ is the renormalization scale,! i are a set of input parameters (cou-
plings) and the cn coe! cients can be deduced from the calculation of the
e" ective potential at each loop order. As noted originally by Veltman, there
would be no Þne-tuning problem if the coe! cient of # 2 in Eq. (54) were zero,
i.e. if the loop corrections toµ2 had to vanish. This condition, known as
Veltman condition, is usually over constraining, since the number of indepen-
dent cn (set to zero by the Veltman condition) can be larger than the number
of inputs ! i . However the Veltman condition can be relaxed, by requiring
that only the sum of a Þnite number of terms in the coe! cient of # 2 is zero,
i.e. requiring that:

nmax!

0

cn(! i ) logn(# /M H ) = 0 , (55)

where the renormalization scaleµ has been arbitrarily set toMH and the
order n has been set tonmax , Þxed by the required order of loop in the
calculation of Veff . This is based on the fact that higher orders inn come
from higher loop e" ects and are therefore suppressed by powersof (16" 2)" 1.
Limiting n to nmax , Eq. (55) can now have a solution. Indeed, if the scale
of new physics# is not too far from the electroweak scale, then theVeltman
condition in Eq. (55) can be softened even more by requiring that:

nmax!

0

cn(! i ) logn(# /M H ) <
v2

# 2
. (56)

This condition determines a value of# max such that for # " # max the sta-
bility of the electroweak scale does not require any dramatic cancellation in
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(Veltman condition)

Þne-tuning condition:

UL ! ! " #= ! ! "

! ! " U 
R #= ! ! "

L ! ! " R  |L = R = ! ! "

!" L = !" R

SU(2)L $ SU(2)R % SU(2)L + R

M 2
W =

1
4

g2v2

M 2
Z =

1
4

(g2 + g!2)v2

# =
M 2

W

M 2
Z cos2 $W

= 1

g2

g2 + g!2 = cos2 $W

g! #= 0

µ % 0

F & 1
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no Þne-tuning corresponds to 10% Þne-tuning
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[Kolda, Murayama Õ00]
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at 1 loop
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