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Starting point: The SM Lagrangian and invariance under 𝑆𝑈 3 !×𝑆𝑈 2 "×𝑈 1 #.

Chapter 2

The Standard Model

The structure of the Standard Model (SM), the governing theory of particle physics, is based on gauge

invariance under the transformations of the gauge group (* (3)2 ⇥ (* (2)! ⇥ * (1). . The term (* (3)2
corresponds to the strong force, the underlying theory of which is called Quantum Chromodynamics (QCD).

The subscript 2 stands for colour and represents the conserved charge of the strong interaction. The

(* (2)! ⇥* (1). term corresponds to the unified theory of the electromagnetic (EM) and weak forces, which

is the electroweak (EW) theory. The subscript ! denotes the fact that only left-chiral fermions take part in the

weak interaction, and the subscript . is the weak hypercharge, which is the conserved charge of the * (1).
group. The conserved quantity of the (* (2)! group is the weak isospin )

3
!
. The electric charge relates to

these quantities as & ⌘ )
3
!
+ . .

The following sections introduce the SM Lagrangian, the spontaneous symmetry-breaking mechanism,

and the particle and force content of the SM. This summary is based on Ref. [1] with experimental

measurements mostly taken from Ref. [2].

This thesis uses natural units, so ~ = 2 = 1. The Einstein summation convention, where repeated

indices are summed over, is also employed. Finally, the squared norm of a complex matrix � is represented

|�|
2
⌘ �†�.

2.1 Standard Model Lagrangian
The SM Lagrangian can be broken into three components:

LSM = Lgauge + LHiggs + Lfermion (2.1)

The following sections discuss each piece in-turn.

2.1.1 Gauge Sector

To ensure invariance of the Lagrangian under the transformations of the (* (3)2 ⇥ (* (2)! ⇥* (1). gauge

group, a gauge field is introduced for each of the group’s generators. The gauge fields of the (* (3)2, (* (2)!
and * (1). groups are denoted ⌧

0

`
, , ?

`
and ⌫` respectively. In terms of the field strength tensors for these

3

Theory ref: [Logan]

• Introduced to ensure gauge invariance 
under 𝑆𝑈 3 !×𝑆𝑈 2 "×𝑈 1 #

• Encodes gauge boson dynamics
• Mass term $

%
𝑚%𝐵&𝐵& not gauge 

invariant à forbidden.

• Encodes fermion kinetics, boson-fermion 
interactions

• Mass term 𝑚 )𝜓𝜓 = 𝑚 𝜓'𝜓" + 𝜓"𝜓' not 
gauge invariant à forbidden.

• Mass terms for bosons and fermions are forbidden by gauge invariance!
Ø Time for the Higgs piece...

https://arxiv.org/abs/1406.1786
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How to save this picture? à Add a complex scalar field:

Using the anticommutation relations {�
µ
, �

5
} = 0 and the fact that �5 is Hermitian, we also have

 ̄PR =  
†
�

0
PR =  

†
PL�

0 = (PL )†
�

0 =  ̄L, (12)

and similarly  ̄PL =  ̄R. Finally, the projection operators obey PR + PL = 1 and P
2
R

= PR, P
2
L

= PL.
We can use this to rewrite the Dirac Lagrangian in terms of chiral fermion fields as follows. We start

with the Lagrangian for a generic fermion  with mass m,

L =  ̄i@µ�
µ
 � m ̄ . (13)

The first term can be split into two terms involving left- and right-handed chiral fermion fields by inserting
a factor of 1 = (P 2

L
+ P

2
R
) before the  and using the anticommutation relation to pull one factor of the

projection operator through the �µ in each term:

 ̄i@µ�
µ
 =  ̄PRi@µ�

µ
PL +  ̄PLi@µ�

µ
PR =  ̄Li@µ�

µ
 L +  ̄Ri@µ�

µ
 R. (14)

The kinetic term separates neatly into one term involving only  L and one involving only  R. We can then
incorporate the gauge transformation properties by promoting the derivative @µ to a covariant derivative
Dµ and these two terms will be gauge invariant for any of the fermion fields given in Table 1.

Now let’s consider the mass term. Using the same tricks, we have,

�m ̄ = �m ̄P
2
L � m ̄P

2
R = �m ̄R L � m ̄L R. (15)

(Note that the second term is just the Hermitian conjugate of the first term.) The mass terms each involve
fermions of both chiralities. Because the left-handed and right-handed fermions of the SM carry di↵erent
SU(2)L⇥U(1)Y gauge charges, such mass terms are not gauge invariant and thus cannot be inserted by
hand into the Lagrangian. Therefore, given the gauge charges of the SM fermions, (unbroken) gauge
invariance implies that all the SM fermions are massless.4

2.3 The SM Higgs mechanism

We have established that the theoretical explanation of the experimentally-observed nonzero masses of
the W and Z bosons and the SM fermions requires a new ingredient. Such an explanation is achieved by
introducing a single SU(2)L-doublet scalar field, which causes spontaneous breaking of the SU(2)L⇥U(1)Y

gauge symmetry via the Higgs mechanism.
We add to the SM a field �, an SU(2)L-doublet of complex scalar fields that can be written as

� =

✓
�

+

�
0

◆
=

1
p

2

✓
�1 + i�2

�3 + i�4

◆
, (16)

where �1,�2,�3,�4 are properly normalized real scalar fields. We assign � a hypercharge Y = 1/2 and
make it a color singlet. The new terms in the Lagrangian involving � are given by

L� = (Dµ�)†(Dµ�) � V (�) + LYukawa, (17)

where the first term contains the kinetic and gauge-interaction terms via the covariant derivative, the
second term is a potential energy function involving �, and the third term contains Yukawa couplings of
the scalar field to pairs of fermions. We will treat each term in turn, starting with the potential energy
function.

The most general gauge invariant potential energy function, or scalar potential, involving � is given by

V (�) = �µ
2�†� + �(�†�)2. (18)

Consider the possible signs of the coe�cients of the two terms in V :

4
Some models beyond the SM contain left- and right-handed chiral fermions that carry the same SU(2)L⇥U(1)Y gauge

charges, and can thus form a massive Dirac fermion without any reference to electroweak symmetry breaking. Such fermions

are called vectorlike fermions, because of their pure vector (as opposed to axial-vector) couplings to the Z boson.

5

A mass term in this Lagrangian would mix right-handed and left-handed fermion fields. Since those

have di�erent behaviours under (* (2)! ⇥* (1). gauge transformations, such a term is forbidden by gauge

invariance.

2.1.3 Higgs Sector

Up until now, the SM Lagrangian has only allowed for massless fermions and gauge bosons. It is a well-

established experimental fact, however, that all fermions and some gauge bosons do have masses [2]. Fact

and theory can be reconciled1 by introducing a complex scalar field, called the Higgs field, to the SM. The

new field � is an (* (2)! doublet and (* (3)2 singlet with a hypercharge of . = 1
2 . It can be written as

� =

"
q
+

q
0

#
(2.5)

The corresponding term in the Lagrangian is

LHiggs =
��D`�

��2 �+ (�) + LYukawa (2.6)

The first term in Equation 2.6 is the kinetic term and includes the interactions of the Higgs field and

gauge bosons. The second term is the Higgs potential, which will be covered more in Section 2.2. The third

term describes the Yukawa interactions between the scalar field and the fermions, which for one generation

of fermions is

LYukawa = �HD&̄!�̃D' � H3&̄!�3' � H4 !̄!�4' + (⌘.2.) (2.7)

where �̃ ⌘ 8f
2�⇤, where f

2 is a Pauli matrix, HD, H3 and H4 are the Yukawa couplings to up-type quarks

(D' and D! in Table 2.1), down-type quarks (3' and 3!) and charged leptons (4' and 4!) of one generation

respectively, and ⌘.2. is the Hermitian conjugate.

2.2 Electroweak Symmetry Breaking
The mechanism by which fermions and gauge bosons are granted mass in the SM is called the Higgs

mechanism [3, 4]. It begins with the spontaneous breaking of the (* (2)! ⇥* (1). gauge symmetry. This

symmetry-breaking occurs because of the form of the Higgs potential + (�),

+ (�) =
⇣
�`

2
|�|

2
+ _ |�|

4
⌘

(2.8)

If _ < 0, the potential is unbounded from below and there is no stable state of lowest energy. If _ > 0

and �`
2
> 0, the potential has a minimum at |�| = 0. This potential is shown in Figure 2.1a. The

symmetry-breaking situation occurs for _ > 0 and �`
2
< 0. Then the minimum of the potential is found at

a non-zero value of |�| defined by |�| =
q

`
2

2_ ⌘
E
p

2
, where the parameter E is called the vacuum expectation

1Except for the case of the neutrinos, which are discussed later.

5

Four degrees of freedom

Interaction between Higgs 
and fermions

Interaction between Higgs 
and gauge bosons

Fermion Type Field
Behaviour under

& )
3

.

(* (3)2 (* (2)!

Quarks
&! =

✓
D!

3!

◆
triplet doublet

+2/3 +1/2
+1/6

-1/3 -1/2
D' triplet singlet +2/3 0 +2/3
3' triplet singlet -1/3 0 -1/3

Leptons
!! =

✓
a!

4!

◆
singlet doublet

0 +1/2
-1/2

-1 -1/2
4' singlet singlet -1 0 -1

Table 2.1: Field content of one generation of fermions, including their behaviour under (* (3)2 and (* (2)!
transformations and their charge &, weak isospin )

3 and weak hypercharge . . Summary based on [1].

fields, ⌧0

`a
, , ?

`a
and ⌫`a , the gauge piece of the Lagrangian is

Lgauge = �
1
4
⌧

0

`a
⌧

0 `a

�
1
4
,

?

`a
,

? `a

�
1
4
⌫`a⌫

`a (2.2)

The index 0 runs from 1 � 8, and the index ? runs from 1 � 3. Mass terms for the gauge fields would not be

gauge-invariant and are therefore not included in this Lagrangian.

2.1.2 Fermion Sector

The matter content of the SM consists of three generations of fermions, which are particles with half-integer

spins. Each generation consists of two sets of fields whose behaviour under (* (3)2 di�ers. The so-called

quark fields are charged under (* (3)2, meaning that they transform under a non-trivial representation of

(* (3)2 and can therefore interact through the strong force. The lepton fields are (* (3)2 singlets, so they do

not participate in strong interactions. Both sets of fields are chiral, with their chirality denoted by subscripts

! or ', corresponding to left- or right-handedness. In the massless limit, chirality is equivalent to helicity,

and a right-handed (left-handed) particle is one whose spin and momentum are aligned (anti-aligned). The

left-handed quark (&!) and lepton (!!) fields transform as doublets under the (* (2)! group, while the

right-handed quark (D' and 3') and lepton (4') fields are (* (2)! singlets. The fields in a single generation

and their gauge charges are given in Table 2.1.

The fermion piece of the SM Lagrangian is

Lfermion = 8&̄!D`W
`

&! + 8D̄'D`W
`

D' + 83̄'D`W
`

3' + 8 !̄!D`W
`

!! + 84̄'D`W
`

4' (2.3)

where the covariant derivative D` is

D` =
⇣
m` � 86B⌧

0

`
C
0

2
� 86,

?

`
)
?

!
� 86

0
⌫`.

⌘
(2.4)

where C
0

2
and )

?

!
are the generators for the appropriate representations of the (* (3)2 and (* (2)! groups

respectively, and . is the hypercharge operator. The parameters 6B, 6 and 6
0 are the coupling strengths of

the (* (3)2, (* (2)! and * (1). gauge bosons respectively.

4

Higgs potential à
leads to Electroweak 
Symmetry Breaking 

(EWSB)

Theory ref: [Logan]

Relevant term in 
the Lagrangian:

https://arxiv.org/abs/1406.1786
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A mass term in this Lagrangian would mix right-handed and left-handed fermion fields. Since those

have di�erent behaviours under (* (2)! ⇥* (1). gauge transformations, such a term is forbidden by gauge

invariance.

2.1.3 Higgs Sector

Up until now, the SM Lagrangian has only allowed for massless fermions and gauge bosons. It is a well-

established experimental fact, however, that all fermions and some gauge bosons do have masses [2]. Fact

and theory can be reconciled1 by introducing a complex scalar field, called the Higgs field, to the SM. The

new field � is an (* (2)! doublet and (* (3)2 singlet with a hypercharge of . = 1
2 . It can be written as

� =

"
q
+

q
0

#
(2.5)

The corresponding term in the Lagrangian is

LHiggs =
��D`�

��2 �+ (�) + LYukawa (2.6)

The first term in Equation 2.6 is the kinetic term and includes the interactions of the Higgs field and

gauge bosons. The second term is the Higgs potential, which will be covered more in Section 2.2. The third

term describes the Yukawa interactions between the scalar field and the fermions, which for one generation

of fermions is

LYukawa = �HD&̄!�̃D' � H3&̄!�3' � H4 !̄!�4' + (⌘.2.) (2.7)

where �̃ ⌘ 8f
2�⇤, where f

2 is a Pauli matrix, HD, H3 and H4 are the Yukawa couplings to up-type quarks

(D' and D! in Table 2.1), down-type quarks (3' and 3!) and charged leptons (4' and 4!) of one generation

respectively, and ⌘.2. is the Hermitian conjugate.

2.2 Electroweak Symmetry Breaking
The mechanism by which fermions and gauge bosons are granted mass in the SM is called the Higgs

mechanism [3, 4]. It begins with the spontaneous breaking of the (* (2)! ⇥* (1). gauge symmetry. This

symmetry-breaking occurs because of the form of the Higgs potential + (�),

+ (�) =
⇣
�`

2
|�|

2
+ _ |�|

4
⌘

(2.8)

If _ < 0, the potential is unbounded from below and there is no stable state of lowest energy. If _ > 0

and �`
2
> 0, the potential has a minimum at |�| = 0. This potential is shown in Figure 2.1a. The

symmetry-breaking situation occurs for _ > 0 and �`
2
< 0. Then the minimum of the potential is found at

a non-zero value of |�| defined by |�| =
q

`
2

2_ ⌘
E
p

2
, where the parameter E is called the vacuum expectation

1Except for the case of the neutrinos, which are discussed later.
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Shape depends on the signs of 𝜇 and 𝜆:

• 𝜆 < 0: Potential is unbounded from below, no stable state of lowest energy
• 𝜆 > 0: Depends on sign of 𝜇

Projection onto one 
field of the Φ doublet:

Using the anticommutation relations {�
µ
, �

5
} = 0 and the fact that �5 is Hermitian, we also have

 ̄PR =  
†
�

0
PR =  

†
PL�

0 = (PL )†
�

0 =  ̄L, (12)

and similarly  ̄PL =  ̄R. Finally, the projection operators obey PR + PL = 1 and P
2
R

= PR, P
2
L

= PL.
We can use this to rewrite the Dirac Lagrangian in terms of chiral fermion fields as follows. We start

with the Lagrangian for a generic fermion  with mass m,

L =  ̄i@µ�
µ
 � m ̄ . (13)

The first term can be split into two terms involving left- and right-handed chiral fermion fields by inserting
a factor of 1 = (P 2

L
+ P

2
R
) before the  and using the anticommutation relation to pull one factor of the

projection operator through the �µ in each term:

 ̄i@µ�
µ
 =  ̄PRi@µ�

µ
PL +  ̄PLi@µ�

µ
PR =  ̄Li@µ�

µ
 L +  ̄Ri@µ�

µ
 R. (14)

The kinetic term separates neatly into one term involving only  L and one involving only  R. We can then
incorporate the gauge transformation properties by promoting the derivative @µ to a covariant derivative
Dµ and these two terms will be gauge invariant for any of the fermion fields given in Table 1.

Now let’s consider the mass term. Using the same tricks, we have,

�m ̄ = �m ̄P
2
L � m ̄P

2
R = �m ̄R L � m ̄L R. (15)

(Note that the second term is just the Hermitian conjugate of the first term.) The mass terms each involve
fermions of both chiralities. Because the left-handed and right-handed fermions of the SM carry di↵erent
SU(2)L⇥U(1)Y gauge charges, such mass terms are not gauge invariant and thus cannot be inserted by
hand into the Lagrangian. Therefore, given the gauge charges of the SM fermions, (unbroken) gauge
invariance implies that all the SM fermions are massless.4

2.3 The SM Higgs mechanism

We have established that the theoretical explanation of the experimentally-observed nonzero masses of
the W and Z bosons and the SM fermions requires a new ingredient. Such an explanation is achieved by
introducing a single SU(2)L-doublet scalar field, which causes spontaneous breaking of the SU(2)L⇥U(1)Y

gauge symmetry via the Higgs mechanism.
We add to the SM a field �, an SU(2)L-doublet of complex scalar fields that can be written as

� =

✓
�

+

�
0

◆
=

1
p

2

✓
�1 + i�2

�3 + i�4

◆
, (16)

where �1,�2,�3,�4 are properly normalized real scalar fields. We assign � a hypercharge Y = 1/2 and
make it a color singlet. The new terms in the Lagrangian involving � are given by

L� = (Dµ�)†(Dµ�) � V (�) + LYukawa, (17)

where the first term contains the kinetic and gauge-interaction terms via the covariant derivative, the
second term is a potential energy function involving �, and the third term contains Yukawa couplings of
the scalar field to pairs of fermions. We will treat each term in turn, starting with the potential energy
function.

The most general gauge invariant potential energy function, or scalar potential, involving � is given by

V (�) = �µ
2�†� + �(�†�)2. (18)

Consider the possible signs of the coe�cients of the two terms in V :

4
Some models beyond the SM contain left- and right-handed chiral fermions that carry the same SU(2)L⇥U(1)Y gauge

charges, and can thus form a massive Dirac fermion without any reference to electroweak symmetry breaking. Such fermions

are called vectorlike fermions, because of their pure vector (as opposed to axial-vector) couplings to the Z boson.

5

−𝜇% > 0 −𝜇% < 0

Theory ref: [Logan]

https://arxiv.org/abs/1406.1786
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Symmetry Breaking

Let’s examine the −𝜇! < 0 case more closely: −𝜇% < 0

• Minimum (vacuum state) at 𝜙 = &!

%(
≡ )

%

• Under 𝑆𝑈 2 𝐿×𝑈 1 𝑌 gauge 
transformations: vacuum state rotates into a 
vector of the same length but pointing in a 
different direction à not invariant!

In 2D: Ring of degenerate minima
In 4D: Hypersphere of degenerate minima

à Choosing one minimum energy state 
spontaneously breaks electroweak symmetry. 

Theory ref: [Logan]

Projection onto one field 
of the Φ doublet:

Using the anticommutation relations {�
µ
, �

5
} = 0 and the fact that �5 is Hermitian, we also have

 ̄PR =  
†
�

0
PR =  

†
PL�

0 = (PL )†
�

0 =  ̄L, (12)

and similarly  ̄PL =  ̄R. Finally, the projection operators obey PR + PL = 1 and P
2
R

= PR, P
2
L

= PL.
We can use this to rewrite the Dirac Lagrangian in terms of chiral fermion fields as follows. We start

with the Lagrangian for a generic fermion  with mass m,

L =  ̄i@µ�
µ
 � m ̄ . (13)

The first term can be split into two terms involving left- and right-handed chiral fermion fields by inserting
a factor of 1 = (P 2

L
+ P

2
R
) before the  and using the anticommutation relation to pull one factor of the

projection operator through the �µ in each term:

 ̄i@µ�
µ
 =  ̄PRi@µ�

µ
PL +  ̄PLi@µ�

µ
PR =  ̄Li@µ�

µ
 L +  ̄Ri@µ�

µ
 R. (14)

The kinetic term separates neatly into one term involving only  L and one involving only  R. We can then
incorporate the gauge transformation properties by promoting the derivative @µ to a covariant derivative
Dµ and these two terms will be gauge invariant for any of the fermion fields given in Table 1.

Now let’s consider the mass term. Using the same tricks, we have,

�m ̄ = �m ̄P
2
L � m ̄P

2
R = �m ̄R L � m ̄L R. (15)

(Note that the second term is just the Hermitian conjugate of the first term.) The mass terms each involve
fermions of both chiralities. Because the left-handed and right-handed fermions of the SM carry di↵erent
SU(2)L⇥U(1)Y gauge charges, such mass terms are not gauge invariant and thus cannot be inserted by
hand into the Lagrangian. Therefore, given the gauge charges of the SM fermions, (unbroken) gauge
invariance implies that all the SM fermions are massless.4

2.3 The SM Higgs mechanism

We have established that the theoretical explanation of the experimentally-observed nonzero masses of
the W and Z bosons and the SM fermions requires a new ingredient. Such an explanation is achieved by
introducing a single SU(2)L-doublet scalar field, which causes spontaneous breaking of the SU(2)L⇥U(1)Y

gauge symmetry via the Higgs mechanism.
We add to the SM a field �, an SU(2)L-doublet of complex scalar fields that can be written as

� =

✓
�

+

�
0

◆
=

1
p

2

✓
�1 + i�2

�3 + i�4

◆
, (16)

where �1,�2,�3,�4 are properly normalized real scalar fields. We assign � a hypercharge Y = 1/2 and
make it a color singlet. The new terms in the Lagrangian involving � are given by

L� = (Dµ�)†(Dµ�) � V (�) + LYukawa, (17)

where the first term contains the kinetic and gauge-interaction terms via the covariant derivative, the
second term is a potential energy function involving �, and the third term contains Yukawa couplings of
the scalar field to pairs of fermions. We will treat each term in turn, starting with the potential energy
function.

The most general gauge invariant potential energy function, or scalar potential, involving � is given by

V (�) = �µ
2�†� + �(�†�)2. (18)

Consider the possible signs of the coe�cients of the two terms in V :

4
Some models beyond the SM contain left- and right-handed chiral fermions that carry the same SU(2)L⇥U(1)Y gauge

charges, and can thus form a massive Dirac fermion without any reference to electroweak symmetry breaking. Such fermions

are called vectorlike fermions, because of their pure vector (as opposed to axial-vector) couplings to the Z boson.

5

https://arxiv.org/abs/1406.1786
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Expand the Φ field around the minimum:

value (VEV). Since the field � is complex, this describes a ring of degenerate minima in the '4(�)� �<(�)

plane, as shown in Figure 2.1b. Any one minimum-energy state, or vacuum, is not invariant under the

(* (2)! ⇥* (1). gauge transformations. Choosing one of them spontaneously breaks the gauge symmetry.

(a) �`2
> 0 (b) �`2

< 0

Figure 2.1: Higgs potential in the '4(�) � �<(�) plane, for the �`2
> 0 case where the minimum of the

potential occurs for a single value of the scalar field, and for the �`2
< 0 case where there is an entire ring

of minimum-energy states. Since the Higgs field is a doublet, this visualization technically corresponds to
the projection onto one field of the doublet.

It is convenient to write the field � expanded around the minimum in the unitary gauge, which minimizes

the scalar degrees of freedom, in which case it becomes:

� =
1
p

2

"
0

⌘ + E

#
(2.9)

where E is the VEV and the real scalar field ⌘ is the Higgs boson.

Inserting this form into the kinetic term of Equation 2.6 and defining convenient linear combinations of

the gauge fields of Equation 2.2 produces the following physical gauge bosons and their masses:

,
±

`
=
,

1
`
⌥ 8,

2
`

p
2

/` = cos \,,
3
`
� sin \,⌫`

�` = sin \,,
3
`
� cos \,⌫`

<, =
6E

2

</ =

⇣p
6

2 + 6
02
⌘
E

2
<� = 0

(2.10)

where , ?

`
(? = 1, 2, 3) and ⌫` are again the gauge fields of the (* (2)! and * (1). groups respectively, and

\, is the weak mixing angle, defined by

sin \, =
6
0p

6
2 + 6

02
cos \, =

6p
6

2 + 6
02 (2.11)

6

(Usual form in the “unitary 
gauge” à minimizes scalar 
degrees of freedom)

A mass term in this Lagrangian would mix right-handed and left-handed fermion fields. Since those

have di�erent behaviours under (* (2)! ⇥* (1). gauge transformations, such a term is forbidden by gauge

invariance.

2.1.3 Higgs Sector

Up until now, the SM Lagrangian has only allowed for massless fermions and gauge bosons. It is a well-

established experimental fact, however, that all fermions and some gauge bosons do have masses [2]. Fact

and theory can be reconciled1 by introducing a complex scalar field, called the Higgs field, to the SM. The

new field � is an (* (2)! doublet and (* (3)2 singlet with a hypercharge of . = 1
2 . It can be written as

� =

"
q
+

q
0

#
(2.5)

The corresponding term in the Lagrangian is

LHiggs =
��D`�

��2 �+ (�) + LYukawa (2.6)

The first term in Equation 2.6 is the kinetic term and includes the interactions of the Higgs field and

gauge bosons. The second term is the Higgs potential, which will be covered more in Section 2.2. The third

term describes the Yukawa interactions between the scalar field and the fermions, which for one generation

of fermions is

LYukawa = �HD&̄!�̃D' � H3&̄!�3' � H4 !̄!�4' + (⌘.2.) (2.7)

where �̃ ⌘ 8f
2�⇤, where f

2 is a Pauli matrix, HD, H3 and H4 are the Yukawa couplings to up-type quarks

(D' and D! in Table 2.1), down-type quarks (3' and 3!) and charged leptons (4' and 4!) of one generation

respectively, and ⌘.2. is the Hermitian conjugate.

2.2 Electroweak Symmetry Breaking
The mechanism by which fermions and gauge bosons are granted mass in the SM is called the Higgs

mechanism [3, 4]. It begins with the spontaneous breaking of the (* (2)! ⇥* (1). gauge symmetry. This

symmetry-breaking occurs because of the form of the Higgs potential + (�),

+ (�) =
⇣
�`

2
|�|

2
+ _ |�|

4
⌘

(2.8)

If _ < 0, the potential is unbounded from below and there is no stable state of lowest energy. If _ > 0

and �`
2
> 0, the potential has a minimum at |�| = 0. This potential is shown in Figure 2.1a. The

symmetry-breaking situation occurs for _ > 0 and �`
2
< 0. Then the minimum of the potential is found at

a non-zero value of |�| defined by |�| =
q

`
2

2_ ⌘
E
p

2
, where the parameter E is called the vacuum expectation

1Except for the case of the neutrinos, which are discussed later.
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Insert back into the Lagrangian: 

Consequences: 
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Figure 2: Feynman rules for the hWW and hhWW vertices, as derived from the Lagrangian in Eq. (38).
The extra factor of 2 in the first expression for the hhWW coupling is a symmetry factor accounting for
the two identical Higgs bosons. See also Eq. (40).

The second term in Eq. (33) becomes

L �
1

8
g
2(v + h)2(W 1

µ � iW
2
µ)(W 1µ + iW

2µ)

=
1
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g
2(v + h)2W+

µ W
�µ

=
g
2
v
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4
W

+
µ W

�µ +
g
2
v

2
hW

+
µ W

�µ +
g
2

4
hhW

+
µ W

�µ
. (38)

The first term here is a mass term for the W boson, with

M
2
W =

g
2
v

2

4
. (39)

The Higgs vacuum expectation value (vev) has given the W boson a mass! Because MW and g have
been directly measured, we can determine v ' 246 GeV.12 The second and third terms in Eq. (38) give
interactions of one or two Higgs bosons with W

+
W

�. The corresponding Feynman rules (see Fig. 2) are

hW
+
µ W

�
⌫ : i

g
2
v

2
gµ⌫ = igMW gµ⌫ = 2i

M
2
W

v
gµ⌫ ,

hhW
+
µ W

�
⌫ : i

g
2

4
⇥ 2! gµ⌫ = 2i

M
2
W

v2
gµ⌫ , (40)

where the 2! in the second expression is a combinatorical factor from the two identical Higgs bosons in the
Lagrangian term. Note that the W mass, the hWW coupling, and the hhWW coupling all come from the
same term in the Lagrangian and are generated by expanding out the factor (v +h)2. Thus the hWW and
hhWW couplings are uniquely predicted in the SM once the W mass and v are known.

We now consider the third term of Eq. (33). We first write the linear combination of W
3
µ and Bµ that

appears in this term as a properly normalized real field:

�
gW

3
µ � g

0
Bµ

�
=

p
g2 + g02

 
gp

g2 + g02
W

3
µ �

g
0

p
g2 + g02

Bµ

!

⌘

p
g2 + g02

�
cW W

3
µ � sW Bµ

�

⌘

p
g2 + g02 Zµ, (41)

12
This value of v actually comes from the Fermi constant, GF = 1/

p
2v2.
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where we have defined sW = sin ✓W , cW = cos ✓W , where ✓W is the weak mixing angle or Weinberg angle.
We have also defined the field combination Zµ, which will receive a mass from the Higgs vev and be
identified as the Z boson.

We note that the orthogonal state,

�
sW W

3
µ + cW Bµ

�
⌘ Aµ, (42)

does not couple to the Higgs field and thus does not acquire a mass through the Higgs mechanism. This
state will be identified as the photon.13

The third term in Eq. (33) becomes

L �
1

8
(v + h)2

�
�g

0
Bµ + gW

3
µ

�2

=
1

8
(g2 + g

02)(v + h)2ZµZ
µ

=
(g2 + g

02)v2

8
ZµZ

µ +
(g2 + g

02)v

4
hZµZ

µ +
(g2 + g

02)

8
hhZµZ

µ
. (43)

The first term here is a mass term for the Z boson,14

M
2
Z =

(g2 + g
02)v2

4
. (44)

The second and third terms in Eq. (43) give interactions of one or two Higgs bosons with ZZ. The
corresponding Feynman rules (see Fig. 3) are

hZµZ⌫ : i
(g2 + g

02)v

4
⇥ 2! gµ⌫ = i

p
g2 + g02MZgµ⌫ = 2i

M
2
Z

v
gµ⌫ ,

hhZµZ⌫ : i
(g2 + g

02)

8
⇥ 2! ⇥ 2! gµ⌫ = 2i

M
2
Z

v2
gµ⌫ , (45)

where each coupling contains a 2! from the two identical Z bosons, and the second expression contains an
extra 2! from the two identical Higgs bosons in the Lagrangian term. As before, the Z mass, the hZZ

coupling, and the hhZZ coupling all come from the same term in the Lagrangian and are generated by
expanding out the factor (v + h)2. Thus the hZZ and hhZZ couplings are uniquely predicted in the SM
once the Z mass and v are known.

We can now rewrite the covariant derivative in terms of our new basis of electroweak gauge bosons,
W

+, W
�, Z, and A. Starting from Eq. (6), we make the following substitutions:

Bµ = cW Aµ � sW Zµ,

W
3
µ = sW Aµ + cW Zµ,

W
1
T

1 + W
2
T

2 =
1

p
2
(W+

T
+ + W

�
T

�), (46)

where T
± are the raising and lowering operators of SU(2)L, with T

± = �
± in the doublet representation.

This yields,

Dµ = @µ � igsG
a

µt
a

� i
g

p
2

�
W

+
µ T

+ + W
�
µ T

��
� iZµ

�
gcW T

3
� g

0
sW Y

�
� iAµ

�
gsW T

3 + g
0
cW Y

�
. (47)

13
The choice of basis of the Higgs field, i.e., in which component we put the vev, does not a↵ect this conclusion. There will

always remain one massless gauge boson, corresponding to the combination of SU(2)L and U(1)Y gauge transformations that

leaves our chosen vacuum state invariant. This combination will not couple to (v+ h)2, will not acquire a mass, and will thus

be identified with the known massless electroweak gauge boson, the photon. Since electric charge is defined in terms of the

couplings of the photon, the SM Higgs vev and physical Higgs boson will always be what we call electrically neutral.
14
Remember that the mass term for a real vector field takes the form L � 1

2M
2
ZZµZ

µ
.
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Figure 3: Feynman rules for the hZZ and hhZZ vertices, as derived from the Lagrangian in Eq. (43). The
extra factor of 2 in the first expression for the hZZ coupling is a symmetry factor accounting for the two
identical Z bosons. The hhZZ coupling contains two extra factors of 2 which are the symmetry factors
accounting respectively for the two identical Higgs bosons and two identical Z bosons. See also Eq. (45).

We first examine the photon coupling. Using the definitions sW = g
0
/

p
g2 + g02, cW = g/

p
g2 + g02,

we can simplify the coe�cient

�
gsW T

3 + g
0
cW Y

�
=

gg
0

p
g2 + g02

�
T

3 + Y
�

⌘ eQ, (48)

where e is the electromagnetic coupling and Q is the electric charge operator. By convention, we identify

e =
gg

0
p

g2 + g02
= gsW = g

0
cW , Q = T

3 + Y. (49)

The photon coupling then takes the familiar form Dµ � �ieAµQ.
Now let’s examine the Z boson coupling. We can use Y = Q � T

3 to write

�
gcW T

3
� g

0
sW Y

�
=

g
2 + g

02
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g2 + g02
T

3
�

g
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p
g2 + g02

Q =
p

g2 + g02
�
T

3
� s

2
W Q

�
. (50)

Putting it all together, we obtain the covariant derivative in the gauge boson mass basis,

Dµ = @µ � igsG
a

µt
a

� i
g

p
2

�
W

+
µ T

+ + W
�
µ T

��
� i

e

sW cW

Zµ

�
T

3
� s

2
W Q

�
� ieAµQ, (51)

where we note that g = e/sW and e/sW cW = g/cW =
p

g2 + g02. From this expression we can derive
the familiar electroweak fermion-antifermion-gauge boson Feynman rules using the fermion gauge-kinetic
terms,

L �  ̄LiDµ�
µ
 L +  ̄RiDµ�

µ
 R. (52)
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Figure 2: Feynman rules for the hWW and hhWW vertices, as derived from the Lagrangian in Eq. (38).
The extra factor of 2 in the first expression for the hhWW coupling is a symmetry factor accounting for
the two identical Higgs bosons. See also Eq. (40).

The second term in Eq. (33) becomes
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The first term here is a mass term for the W boson, with

M
2
W =

g
2
v

2

4
. (39)

The Higgs vacuum expectation value (vev) has given the W boson a mass! Because MW and g have
been directly measured, we can determine v ' 246 GeV.12 The second and third terms in Eq. (38) give
interactions of one or two Higgs bosons with W

+
W

�. The corresponding Feynman rules (see Fig. 2) are
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+
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v2
gµ⌫ , (40)

where the 2! in the second expression is a combinatorical factor from the two identical Higgs bosons in the
Lagrangian term. Note that the W mass, the hWW coupling, and the hhWW coupling all come from the
same term in the Lagrangian and are generated by expanding out the factor (v +h)2. Thus the hWW and
hhWW couplings are uniquely predicted in the SM once the W mass and v are known.

We now consider the third term of Eq. (33). We first write the linear combination of W
3
µ and Bµ that

appears in this term as a properly normalized real field:
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This value of v actually comes from the Fermi constant, GF = 1/
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Figure 2: Feynman rules for the hWW and hhWW vertices, as derived from the Lagrangian in Eq. (38).
The extra factor of 2 in the first expression for the hhWW coupling is a symmetry factor accounting for
the two identical Higgs bosons. See also Eq. (40).
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Lagrangian term. Note that the W mass, the hWW coupling, and the hhWW coupling all come from the
same term in the Lagrangian and are generated by expanding out the factor (v +h)2. Thus the hWW and
hhWW couplings are uniquely predicted in the SM once the W mass and v are known.
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Expand the Φ field around the minimum:

value (VEV). Since the field � is complex, this describes a ring of degenerate minima in the '4(�)� �<(�)

plane, as shown in Figure 2.1b. Any one minimum-energy state, or vacuum, is not invariant under the

(* (2)! ⇥* (1). gauge transformations. Choosing one of them spontaneously breaks the gauge symmetry.

(a) �`2
> 0 (b) �`2

< 0

Figure 2.1: Higgs potential in the '4(�) � �<(�) plane, for the �`2
> 0 case where the minimum of the

potential occurs for a single value of the scalar field, and for the �`2
< 0 case where there is an entire ring

of minimum-energy states. Since the Higgs field is a doublet, this visualization technically corresponds to
the projection onto one field of the doublet.

It is convenient to write the field � expanded around the minimum in the unitary gauge, which minimizes

the scalar degrees of freedom, in which case it becomes:

� =
1
p

2

"
0

⌘ + E

#
(2.9)

where E is the VEV and the real scalar field ⌘ is the Higgs boson.

Inserting this form into the kinetic term of Equation 2.6 and defining convenient linear combinations of

the gauge fields of Equation 2.2 produces the following physical gauge bosons and their masses:

,
±

`
=
,

1
`
⌥ 8,

2
`

p
2

/` = cos \,,
3
`
� sin \,⌫`

�` = sin \,,
3
`
� cos \,⌫`

<, =
6E

2

</ =

⇣p
6

2 + 6
02
⌘
E

2
<� = 0

(2.10)

where , ?

`
(? = 1, 2, 3) and ⌫` are again the gauge fields of the (* (2)! and * (1). groups respectively, and

\, is the weak mixing angle, defined by

sin \, =
6
0p

6
2 + 6

02
cos \, =

6p
6

2 + 6
02 (2.11)
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(Usual form in the “unitary 
gauge” à minimizes scalar 
degrees of freedom)

A mass term in this Lagrangian would mix right-handed and left-handed fermion fields. Since those

have di�erent behaviours under (* (2)! ⇥* (1). gauge transformations, such a term is forbidden by gauge

invariance.

2.1.3 Higgs Sector

Up until now, the SM Lagrangian has only allowed for massless fermions and gauge bosons. It is a well-

established experimental fact, however, that all fermions and some gauge bosons do have masses [2]. Fact

and theory can be reconciled1 by introducing a complex scalar field, called the Higgs field, to the SM. The

new field � is an (* (2)! doublet and (* (3)2 singlet with a hypercharge of . = 1
2 . It can be written as

� =

"
q
+

q
0

#
(2.5)

The corresponding term in the Lagrangian is

LHiggs =
��D`�

��2 �+ (�) + LYukawa (2.6)

The first term in Equation 2.6 is the kinetic term and includes the interactions of the Higgs field and

gauge bosons. The second term is the Higgs potential, which will be covered more in Section 2.2. The third

term describes the Yukawa interactions between the scalar field and the fermions, which for one generation

of fermions is

LYukawa = �HD&̄!�̃D' � H3&̄!�3' � H4 !̄!�4' + (⌘.2.) (2.7)

where �̃ ⌘ 8f
2�⇤, where f

2 is a Pauli matrix, HD, H3 and H4 are the Yukawa couplings to up-type quarks

(D' and D! in Table 2.1), down-type quarks (3' and 3!) and charged leptons (4' and 4!) of one generation

respectively, and ⌘.2. is the Hermitian conjugate.

2.2 Electroweak Symmetry Breaking
The mechanism by which fermions and gauge bosons are granted mass in the SM is called the Higgs

mechanism [3, 4]. It begins with the spontaneous breaking of the (* (2)! ⇥* (1). gauge symmetry. This

symmetry-breaking occurs because of the form of the Higgs potential + (�),

+ (�) =
⇣
�`

2
|�|

2
+ _ |�|

4
⌘

(2.8)

If _ < 0, the potential is unbounded from below and there is no stable state of lowest energy. If _ > 0

and �`
2
> 0, the potential has a minimum at |�| = 0. This potential is shown in Figure 2.1a. The

symmetry-breaking situation occurs for _ > 0 and �`
2
< 0. Then the minimum of the potential is found at

a non-zero value of |�| defined by |�| =
q

`
2

2_ ⌘
E
p

2
, where the parameter E is called the vacuum expectation

1Except for the case of the neutrinos, which are discussed later.
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Insert back into the Lagrangian: 

Consequences: 
2. Fermion masses and couplings to h

Theory ref: [Logan]

𝐿 ⊃

The fields,±
`

correspond to the charged weak bosons, /` to the neutral weak boson, and �` to the photon.

The weak bosons are massive; in essence, the three (* (2)! ⇥* (1). gauge transformations that do not leave

the vacuum invariant correspond to their longitudinal polarizations. The photon, meanwhile, is massless,

which is accounted for by the invariance of the vacuum under the * (1)⇢" subgroup of (* (2)! ⇥* (1). ,

whose generator & = )
3
!
+ . corresponds to the well-known electric charge. Since the Higgs field is an

(* (3)2 singlet, it evidently has no e�ect on the gluon field ⌧
0

`
, which remains massless. The kinetic term

of Equation 2.6 also gives rise to three- and four-point interactions between the Higgs boson and the , and

/ bosons. The three-point interactions have coupling strengths
<

2
,
E

and
<

2
/
E

respectively.

When Equation 2.9 is inserted into Equation 2.7, masses for the fermions and Higgs-fermion interactions

also appear:

LYukawa = �HD
E + ⌘

p
2

D̄!D' � H3

E + ⌘

p
2

3̄!3' � H4

E + ⌘

p
2

4̄!4' + (⌘.2.) (2.12)

A fermion 8 has mass

<8 =
H8E

p
2

(2.13)

where H8 is the Yukawa coupling. The strength of the interaction between the Higgs boson and fermions

scales with the mass of the fermion as <8
E

.

Finally, putting Equation 2.9 into Equation 2.8 shows that the Higgs boson itself has a mass that depends

on the quartic coupling parameter _ and the VEV E,

<� =
p

2_E2 (2.14)

2.3 Particle and Force Content of the Standard Model
This section expands on the particle and field content introduced in the context of the SM Lagrangian and

EW symmetry-breaking above, describing the full matter and force content of the SM.

The gauge fields of the SM have been introduced. They each correspond to a spin-1 vector boson that

mediates a fundamental force: the gluon (6) mediates the strong force, the photon (W) the EM force, and the

charged (,+ and ,
�) and neutral (/0) weak bosons the weak force. The strengths of the forces are reflected

in their coupling constants. For the strong and EM forces, it is conventional to use re-defined coupling

constants,

US ⌘
6

2
B

4c
U ⌘

4
2

4c
(2.15)

where 4 = 66
0

p
6

2+602
. The values of both coupling constants depend on the energy scale &

2. A convenient

reference energy value is &2 = <
2
/

, for which US ' 0.1181 and U ' 1/128 [2].

The remaining boson of the SM is the Higgs boson, which is spin-0. Although the Higgs mechanism was

proposed in 1964 [3, 4] as a means to explain the masses of the fermions and weak bosons, the Higgs boson
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Figure 4: Feynman rule for the hēe vertex, as derived from the Lagrangian in Eq. (56). See also Eq. (58).

The Higgs-electron coupling is really very small:

ye
p

2
=

me

v
=

511 keV

246 GeV
' 2.1 ⇥ 10�6

. (59)

We can write down a similar Higgs coupling and mass term for the muon and for the tau lepton. The tau
Yukawa coupling is more “respectable,” though still kind of small:

y⌧
p

2
=

m⌧

v
=

1.78 GeV

246 GeV
' 7.2 ⇥ 10�3

. (60)

The SM does not provide any explanation for these numbers or their sizes; they are just parameters to
be measured. One can hope that a more complete theory of flavor would provide an explanation for the
pattern of fermion masses.

Note that we have not generated any masses or Higgs couplings to neutrinos, because we did not
introduce three right-handed neutrinos ⌫R to participate in the Higgs couplings. More on this after we
deal with the quark masses.

2.5.2 Quark masses and mixing

We start by following our noses and writing a term just like for the charged leptons:

LYukawa � �

h
ydd̄R�†

QL + y
⇤
d
Q̄L�dR

i
, (61)

where again the second term is just the Hermitian conjugate of the first, and we will again assume that
the dimensionless constant yd is real for now. As for the leptons, we multiply out the SU(2)L doublets in
unitarity gauge,

�†
QL =

✓
0,

v + h
p

2

◆✓
uL

dL

◆
=

v + h
p

2
dL, (62)

so that

LYukawa � �

✓
ydv
p

2

◆
d̄d �

yd
p

2
hd̄d. (63)

The first term is a mass for the down quark, md = ydv/
p

2, and the second is an hd̄d coupling.
So far so good, but what about the up-type quark masses? To generate these, we take advantage of

a useful property of SU(2): the anti-doublet or “conjugate” doublet transforms in the same way as the
doublet.17 The conjugate Higgs doublet is given by

�̃ ⌘ i�
2�⇤ = i

✓
0 �i

i 0

◆✓
�

�

�
0⇤

◆
=

✓
�

0⇤

��
�

◆
, (64)

17
Contrast this to the case of SU(3), in which the anti-triplet does not transform in the same way as the triplet.
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Expand the Φ field around the minimum:

value (VEV). Since the field � is complex, this describes a ring of degenerate minima in the '4(�)� �<(�)

plane, as shown in Figure 2.1b. Any one minimum-energy state, or vacuum, is not invariant under the

(* (2)! ⇥* (1). gauge transformations. Choosing one of them spontaneously breaks the gauge symmetry.

(a) �`2
> 0 (b) �`2

< 0

Figure 2.1: Higgs potential in the '4(�) � �<(�) plane, for the �`2
> 0 case where the minimum of the

potential occurs for a single value of the scalar field, and for the �`2
< 0 case where there is an entire ring

of minimum-energy states. Since the Higgs field is a doublet, this visualization technically corresponds to
the projection onto one field of the doublet.

It is convenient to write the field � expanded around the minimum in the unitary gauge, which minimizes

the scalar degrees of freedom, in which case it becomes:

� =
1
p

2

"
0

⌘ + E

#
(2.9)

where E is the VEV and the real scalar field ⌘ is the Higgs boson.

Inserting this form into the kinetic term of Equation 2.6 and defining convenient linear combinations of

the gauge fields of Equation 2.2 produces the following physical gauge bosons and their masses:

,
±

`
=
,

1
`
⌥ 8,

2
`

p
2

/` = cos \,,
3
`
� sin \,⌫`

�` = sin \,,
3
`
� cos \,⌫`

<, =
6E

2

</ =

⇣p
6

2 + 6
02
⌘
E

2
<� = 0

(2.10)

where , ?

`
(? = 1, 2, 3) and ⌫` are again the gauge fields of the (* (2)! and * (1). groups respectively, and

\, is the weak mixing angle, defined by

sin \, =
6
0p

6
2 + 6

02
cos \, =

6p
6

2 + 6
02 (2.11)

6

(Usual form in the “unitary 
gauge” à minimizes scalar 
degrees of freedom)

A mass term in this Lagrangian would mix right-handed and left-handed fermion fields. Since those

have di�erent behaviours under (* (2)! ⇥* (1). gauge transformations, such a term is forbidden by gauge

invariance.

2.1.3 Higgs Sector

Up until now, the SM Lagrangian has only allowed for massless fermions and gauge bosons. It is a well-

established experimental fact, however, that all fermions and some gauge bosons do have masses [2]. Fact

and theory can be reconciled1 by introducing a complex scalar field, called the Higgs field, to the SM. The

new field � is an (* (2)! doublet and (* (3)2 singlet with a hypercharge of . = 1
2 . It can be written as

� =

"
q
+

q
0

#
(2.5)

The corresponding term in the Lagrangian is

LHiggs =
��D`�

��2 �+ (�) + LYukawa (2.6)

The first term in Equation 2.6 is the kinetic term and includes the interactions of the Higgs field and

gauge bosons. The second term is the Higgs potential, which will be covered more in Section 2.2. The third

term describes the Yukawa interactions between the scalar field and the fermions, which for one generation

of fermions is

LYukawa = �HD&̄!�̃D' � H3&̄!�3' � H4 !̄!�4' + (⌘.2.) (2.7)

where �̃ ⌘ 8f
2�⇤, where f

2 is a Pauli matrix, HD, H3 and H4 are the Yukawa couplings to up-type quarks

(D' and D! in Table 2.1), down-type quarks (3' and 3!) and charged leptons (4' and 4!) of one generation

respectively, and ⌘.2. is the Hermitian conjugate.

2.2 Electroweak Symmetry Breaking
The mechanism by which fermions and gauge bosons are granted mass in the SM is called the Higgs

mechanism [3, 4]. It begins with the spontaneous breaking of the (* (2)! ⇥* (1). gauge symmetry. This

symmetry-breaking occurs because of the form of the Higgs potential + (�),

+ (�) =
⇣
�`

2
|�|

2
+ _ |�|

4
⌘

(2.8)

If _ < 0, the potential is unbounded from below and there is no stable state of lowest energy. If _ > 0

and �`
2
> 0, the potential has a minimum at |�| = 0. This potential is shown in Figure 2.1a. The

symmetry-breaking situation occurs for _ > 0 and �`
2
< 0. Then the minimum of the potential is found at

a non-zero value of |�| defined by |�| =
q

`
2

2_ ⌘
E
p

2
, where the parameter E is called the vacuum expectation

1Except for the case of the neutrinos, which are discussed later.
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Insert back into the Lagrangian: 

Consequences: 
3. Higgs boson (h) mass and self-couplings 

Theory ref: [Logan]

𝐿 ⊃

Such a term yields a neutrino mass m⌫ = v
2
/2⇤. To get a neutrino mass of m⌫ ⇠ 0.1 eV requires

⇤ ⇠ 3 ⇥ 1014 GeV. The more complete theory that yields the Majorana mass term usually involves a very
heavy Majorana right-handed neutrino ⌫R with mass of order the scale ⇤. This is known as the “Type-I
Seesaw.”

2.5.4 CKM matrix parameter counting

You may have heard that the CKM matrix (and also the MNSP matrix) can be specified by three angles
and a phase. Here’s where that counting comes from.

• We start with a 3⇥3 complex matrix V : in general it contains 9 complex numbers, i.e., 18 independent
real parameters.

• V is unitary, yielding 9 constraints of the form V
†
ab

Vbc = �ac. This leaves 9 independent real parame-
ters.

• We are free to absorb a phase out of V into each left-handed field, by redefining qL ! e
i↵qL qL, with

q = u, d of each of the three generations. This removes an arbitrary phase from each row or column
of V . But a common phase redefinition of all the qL has no e↵ect on V , so this rephasing actually
removes only 6 � 1 = 5 unphysical phases. This leaves 9 � 5 = 4 physical free parameters in V .

To see that these four free parameters comprise three angles and a phase, note that a 3 ⇥ 3 real unitary
matrix—i.e., an orthogonal matrix—has three independent parameters (the familiar three Euler angles).
Thus 4 � 3 = 1 of our CKM parameters must be a complex phase. This phase is what gives rise to CP
violation in the Standard Model weak interactions.20

2.6 Higgs self-couplings

Finally let’s return to the Higgs potential,

LV = �V (�) = µ
2�†� � �(�†�)2, (88)

and work out the self-interactions of the Higgs. In unitarity gauge,

�†� =
1

2
(h + v)2, (89)

and minimizing the potential gave us the relation µ
2 = �v

2, which we will use to eliminate µ
2.

Plugging in and multiplying out, we obtain

LV = ��v
2
h

2
� �vh

3
�

�

4
h

4 + const. (90)

The first term is the mass term for the Higgs, ��v
2 = �m

2
h
/2. The second term is an interaction vertex

involving three Higgs bosons, with Feynman rule (see Fig. 5)

hhh : �i�v ⇥ 3! = �6i�v = �3i
m

2
h

v
, (91)

where the 3! is a combinatorical factor from the three identical Higgs bosons in the Lagrangian term. The
third term is an interaction vertex involving four Higgs bosons, with Feynman rule (see Fig. 5)

hhhh : �i
�

4
⇥ 4! = �6i� = �3i

m
2
h

v2
, (92)

where again the 4! is a combinatorical factor from the four identical Higgs bosons in the Lagrangian term.

20
Note also that if we’d had only two generations, the CKM matrix would be fixed in terms of a single mixing angle and

no phase. The introduction of the CP-violating phase was part of the original motivation for Kobayashi and Maskawa to

introduce the third generation [5].
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Figure 5: Feynman rules for the hhh and hhhh vertices, as derived from the Lagrangian in Eq. (90). The
hhh coupling contains a symmetry factor of 3! = 6 from the three identical Higgs bosons, and the hhhh

coupling contains a symmetry factor of 4! = 24 from the four identical Higgs bosons. See also Eqs. (91)
and (92).

3 SM Higgs collider phenomenology

All the masses of the SM particles21 (W±, Z, the charged fermions, and the Higgs as of summer 2012)
are now known. Therefore all the couplings of the Higgs boson relevant for Higgs collider phenomenology
are uniquely predicted! This means that any deviation from these predictions in Higgs phenomenology
would provide evidence of physics beyond the SM. (Before the Higgs discovery, mh was the only unknown
parameter, and so the predictions were presented as a function of mh.)

3.1 Higgs decays

Because we know the values of all the parameters that appear in the Higgs coupling Feynman rules,
we can predict the partial widths for all the decays (and hence the decay branching ratios). The SM
predictions for these decay branching ratios are very important in the analysis of LHC Higgs data because
they allow us to test the hypothesis that the discovered Higgs boson is the SM Higgs. For that reason,
a lot of work has been done to collect the most up-to-date calculations of the Higgs decay partial widths
(including radiative corrections) and to make good estimates of their remaining theoretical uncertainties
(from uncalculated higher-order radiative corrections) and parametric uncertainties (from uncertainties in
the input parameters, like the quark masses). At the time of writing, the most recent calculations and
uncertainty estimates are summarized in Ref. [6].

3.1.1 h ! ff̄

The Higgs boson can decay to a fermion-antifermion pair (see Fig. 6). Because the Higgs-fermion interaction
strength is proportional to the fermion mass, the decays to the heaviest kinematically-accessible fermion
final states will have the largest partial widths. Given the measured Higgs mass of about 125 GeV, decays

21
I’m ignoring neutrinos again, because they are irrelevant for Higgs phenomenology in the SM.
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are now known. Therefore all the couplings of the Higgs boson relevant for Higgs collider phenomenology
are uniquely predicted! This means that any deviation from these predictions in Higgs phenomenology
would provide evidence of physics beyond the SM. (Before the Higgs discovery, mh was the only unknown
parameter, and so the predictions were presented as a function of mh.)

3.1 Higgs decays

Because we know the values of all the parameters that appear in the Higgs coupling Feynman rules,
we can predict the partial widths for all the decays (and hence the decay branching ratios). The SM
predictions for these decay branching ratios are very important in the analysis of LHC Higgs data because
they allow us to test the hypothesis that the discovered Higgs boson is the SM Higgs. For that reason,
a lot of work has been done to collect the most up-to-date calculations of the Higgs decay partial widths
(including radiative corrections) and to make good estimates of their remaining theoretical uncertainties
(from uncalculated higher-order radiative corrections) and parametric uncertainties (from uncertainties in
the input parameters, like the quark masses). At the time of writing, the most recent calculations and
uncertainty estimates are summarized in Ref. [6].

3.1.1 h ! ff̄

The Higgs boson can decay to a fermion-antifermion pair (see Fig. 6). Because the Higgs-fermion interaction
strength is proportional to the fermion mass, the decays to the heaviest kinematically-accessible fermion
final states will have the largest partial widths. Given the measured Higgs mass of about 125 GeV, decays

21
I’m ignoring neutrinos again, because they are irrelevant for Higgs phenomenology in the SM.
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The fields,±
`

correspond to the charged weak bosons, /` to the neutral weak boson, and �` to the photon.

The weak bosons are massive; in essence, the three (* (2)! ⇥* (1). gauge transformations that do not leave

the vacuum invariant correspond to their longitudinal polarizations. The photon, meanwhile, is massless,

which is accounted for by the invariance of the vacuum under the * (1)⇢" subgroup of (* (2)! ⇥* (1). ,

whose generator & = )
3
!
+ . corresponds to the well-known electric charge. Since the Higgs field is an

(* (3)2 singlet, it evidently has no e�ect on the gluon field ⌧
0

`
, which remains massless. The kinetic term

of Equation 2.6 also gives rise to three- and four-point interactions between the Higgs boson and the , and

/ bosons. The three-point interactions have coupling strengths
<

2
,
E

and
<

2
/
E

respectively.

When Equation 2.9 is inserted into Equation 2.7, masses for the fermions and Higgs-fermion interactions

also appear:

LYukawa = �HD
E + ⌘

p
2

D̄!D' � H3

E + ⌘

p
2

3̄!3' � H4

E + ⌘

p
2

4̄!4' + (⌘.2.) (2.12)

A fermion 8 has mass

<8 =
H8E

p
2

(2.13)

where H8 is the Yukawa coupling. The strength of the interaction between the Higgs boson and fermions

scales with the mass of the fermion as <8
E

.

Finally, putting Equation 2.9 into Equation 2.8 shows that the Higgs boson itself has a mass that depends

on the quartic coupling parameter _ and the VEV E,

<� =
p

2_E2 (2.14)

2.3 Particle and Force Content of the Standard Model
This section expands on the particle and field content introduced in the context of the SM Lagrangian and

EW symmetry-breaking above, describing the full matter and force content of the SM.

The gauge fields of the SM have been introduced. They each correspond to a spin-1 vector boson that

mediates a fundamental force: the gluon (6) mediates the strong force, the photon (W) the EM force, and the

charged (,+ and ,
�) and neutral (/0) weak bosons the weak force. The strengths of the forces are reflected

in their coupling constants. For the strong and EM forces, it is conventional to use re-defined coupling

constants,

US ⌘
6

2
B

4c
U ⌘

4
2

4c
(2.15)

where 4 = 66
0

p
6

2+602
. The values of both coupling constants depend on the energy scale &

2. A convenient

reference energy value is &2 = <
2
/

, for which US ' 0.1181 and U ' 1/128 [2].

The remaining boson of the SM is the Higgs boson, which is spin-0. Although the Higgs mechanism was

proposed in 1964 [3, 4] as a means to explain the masses of the fermions and weak bosons, the Higgs boson
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EWSB is a crucial piece of the SM.... 
but is it the right piece?

The rest of this lecture: How we can try to answer 
that question at the Large Hadron Collider (LHC).

1. The Higgs boson’s couplings

2. The shape of the Higgs potential

3. Diboson processes

... Or is it?



1. Higgs Boson Couplings
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• The couplings of the Higgs boson to other 
particles after EWSB are uniquely predicted:
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Figure 2: Feynman rules for the hWW and hhWW vertices, as derived from the Lagrangian in Eq. (38).
The extra factor of 2 in the first expression for the hhWW coupling is a symmetry factor accounting for
the two identical Higgs bosons. See also Eq. (40).

The second term in Eq. (33) becomes

L �
1

8
g
2(v + h)2(W 1

µ � iW
2
µ)(W 1µ + iW

2µ)

=
1

4
g
2(v + h)2W+

µ W
�µ

=
g
2
v

2

4
W

+
µ W

�µ +
g
2
v

2
hW

+
µ W

�µ +
g
2

4
hhW

+
µ W

�µ
. (38)

The first term here is a mass term for the W boson, with

M
2
W =

g
2
v

2

4
. (39)

The Higgs vacuum expectation value (vev) has given the W boson a mass! Because MW and g have
been directly measured, we can determine v ' 246 GeV.12 The second and third terms in Eq. (38) give
interactions of one or two Higgs bosons with W

+
W

�. The corresponding Feynman rules (see Fig. 2) are

hW
+
µ W

�
⌫ : i

g
2
v

2
gµ⌫ = igMW gµ⌫ = 2i

M
2
W

v
gµ⌫ ,

hhW
+
µ W

�
⌫ : i

g
2

4
⇥ 2! gµ⌫ = 2i

M
2
W

v2
gµ⌫ , (40)

where the 2! in the second expression is a combinatorical factor from the two identical Higgs bosons in the
Lagrangian term. Note that the W mass, the hWW coupling, and the hhWW coupling all come from the
same term in the Lagrangian and are generated by expanding out the factor (v +h)2. Thus the hWW and
hhWW couplings are uniquely predicted in the SM once the W mass and v are known.

We now consider the third term of Eq. (33). We first write the linear combination of W
3
µ and Bµ that

appears in this term as a properly normalized real field:

�
gW

3
µ � g

0
Bµ

�
=

p
g2 + g02

 
gp

g2 + g02
W

3
µ �

g
0

p
g2 + g02

Bµ

!

⌘

p
g2 + g02

�
cW W

3
µ � sW Bµ

�

⌘

p
g2 + g02 Zµ, (41)

12
This value of v actually comes from the Fermi constant, GF = 1/

p
2v2.
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measured

measured
• How can we confirm that the prediction lines up 

with the reality?

• At the LHC: Can’t directly access the couplings. Instead use them to calculate production 
cross-sections times branching ratios of the Higgs boson:

𝜎 𝑖 → 𝐻 → 𝑓 = 𝜎 𝑖 → 𝐻 =
Γ 𝐻 → 𝑓

Γ,
= 𝜎 𝑖 → 𝐻 = BR(𝐻 → 𝑓)

Coupling of particle 𝑖 to 𝐻

Coupling of particle 𝑓 to 𝐻

Masses of each 
particle also enter 
the calculation.Couplings of 𝐻 to all particles

Zero-width 
approximation: 
production and 
decay factorize.
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Production modes at the LHC:

Gluon fusion (ggF) (87%)
• Higgs coupling to 

heavy quarks

Figures from here

Vector boson 
fusion (VBF) (7%)
• Higgs 

coupling to W 
and Z bosons

Vector boson 
associated 
production (VH) 
(4%)
• Higgs coupling to 

W and Z bosons

Top- and bottom-associated 
production, single-top production 
(2%)
• Higgs coupling to t and b quarks

• Experimentally: some trade-off between statistics (ggF) and “clean” signatures (VBF, VH).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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WW (22%), ZZ (3%)
• Usually use leptonic 

decays for clean signature 
and mass reconstruction

Figures from here

𝛾𝛾 (0.2%), Z𝛾 (0.2%)
• Extremely clean at 

the expense of 
tiny BR

𝑏)𝑏 (58%), c ̅𝑐 (3%)
• Large backgrounds, 

rely on b- and c-
tagging.

𝜏𝜏 (6%), 𝜇𝜇 (0.02%)
• Only leptonic 

decays currently 
accessible.

• Experimentally: Same trade-off as with production: largest decay mode (𝑏)𝑏 ) has substantial hadronic background, 
smaller ones (𝛾𝛾, VV with leptonic decays) have smaller backgrounds and better mass resolution.

Decay modes at the LHC:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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• In practice, at the LHC: count number of events, since 𝑛(𝑖 → 𝐻 → 𝑓) = 𝜎 𝑖 → 𝐻 = BR(𝐻 → 𝑓) = ℒ-./
o Apply selections designed to target a specific Higgs boson production and decay process
o Subtract background (non-Higgs events)
o Count number of remaining events and compare to prediction.

𝑛 𝑖 → 𝐻 → 𝑓 = 𝜎 𝑖 → 𝐻 = BR(𝐻 → 𝑓) = ℒ-./

• Results: Measurements made in multiple production modes and decay channels in LHC Run 2.

ATLAS Run 2 H
iggs com

bination

p-value 
(compatibility 
with SM): 72%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Limitation: Measurements of cross-sections times branching ratio can’t disentangle deviations in production 
from deviations in decay.

𝑛(𝑖 → 𝐻 → 𝑓) = 𝜎 𝑖 → 𝐻 = BR(𝐻 → 𝑓) = ℒ-./ Affected by 𝑖-𝐻 and 𝑓-𝐻 couplings. 

Access couplings more directly with the Kappa framework: 

𝜎 𝑖 → 𝐻 = BR 𝐻 → 𝑓 = 𝜎 𝑖 → 𝐻 = 0 ,→2
0"

=
3#
!4$

!

4"
! (4)

= 𝜎78(𝑖 → 𝐻) = 0
%& ,→2
0"
%&

𝜅9 parametrizes deviations in 
coupling of Higgs to particle j:

6 Interpretation of measurements in the + framework

When testing the Higgs boson coupling strengths, the production cross sections f8 and decay branching
fractions ⌫ 5 defined in Eq. (2) cannot be treated independently, as they often involve the same Higgs boson
coupling strengths. Scenarios with a consistent treatment of coupling strengths in Higgs boson production
and decay modes are presented in this section.

6.1 Framework for coupling-strength measurements

Coupling-strength modifiers + are introduced to study modifications of the Higgs boson couplings related
to BSM physics, within a framework [41] (^-framework) based on the leading-order contributions to each
production and decay process. Within the assumptions made in this framework, the Higgs boson production
and decay can be factorised, such that the cross section times branching fraction of an individual channel
f(8 ! � ! 5 ) contributing to a measured signal yield is parameterised as

f8 ⇥ ⌫ 5 =
f8 (+) ⇥ � 5 (+)

��
, (3)

where �� is the total width of the Higgs boson and � 5 is the partial width for Higgs boson decay into
the final state 5 . For a given production process or decay mode 9 , the corresponding coupling-strength
modifier ^ 9 is defined by

^
2
9 =

f9

f
SM
9

or ^
2
9 =

� 9

�SM
9

.

The SM expectation, denoted by the label ‘SM’, by definition corresponds to ^ 9 = 1.

The total width of the Higgs boson is given by the sum of the partial widths for the decay modes included
in the present measurements, and contributions from the following two additional classes of Higgs boson
decays.

• Invisible decays: decays which are identified through an ⇢
miss
T signature in the analyses described in

Ref. [22]. In the SM, the branching fraction of invisible decays is predicted to be 0.1%, exclusively
from the � ! //

⇤
! 4a process. The BSM contribution to this branching fraction is denoted as

⌫i..

• Undetected decays: decays to which none of the analyses included in this combination are sensitive,
such as decays to light quarks which have not yet been resolved, or undetected BSM particles without
a sizable ⇢

miss
T in the final state. For the former, the SM contribution of these undetected decays

is already included in �SM, and amounts to 11%, mainly driven by the decays to gluon pairs. The
BSM contribution to the undetected branching fraction is denoted as ⌫u.. Note that deviations of
the partial width of the input measurements of this analysis are separately included by scaling their
partial width by ^ 9 .
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𝜅:/<

𝜅:/< 𝜅//= 𝜅//=

Exploit multiple 
decay/production 
combinations to 
constrain kappas:
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Predicted scaling of couplings with mass holds well: Couplings consistent with SM, but decays to invisible 
particles still poorly-constrained (SM: 0.1%):

ATLAS Run 2 H
iggs com

bination

Results:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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There is an ambiguity that affects couplings measurements:

𝜎#→%→&
𝜎#→%→&'( =

𝜅#!𝜅&!

Γ%(𝜅)/Γ%)*

à Deviations in the Higgs width and couplings could cancel!

𝜅-% =
𝜎-→,
𝜎-→,>? , 𝜅2% =

Γ2
Γ2>?

Requires assumptions in kappa framework, or a direct measurement of the Higgs width.

𝜗(GeV) resolution 
from mass 
measurements 
due to detector 
resolution.
à Not sufficient.

arXiv:1806.00242FWHM: 
𝚪 =4 MeV

Tricky: SM 
prediction of 
Higgs width is 
only 4 MeV!

https://arxiv.org/abs/1806.00242
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Measuring the Higgs Width

Robin Hayes

arXiv:1503.01060

Large enhancement of the offshell 𝐻∗ → 𝑉𝑉 cross-section for 
𝑚AA ~ 2𝑚Aà Offshell cross-section should be measurable.

For 𝑚AA ≫ 2𝑚A, the Higgs cross-section is 
independent of the width:

Solution 1: Exploit 𝐻 → 𝑉𝑉 decays:

1. 

2. 

𝑚"" distribution for 𝑔𝑔 → 𝐻∗ → 𝑍𝑍, 
showing enhancement near 𝑚"" = 2𝑚$.𝜎#→%→&+,,-./00

𝜎#→%→&+1-./00 =
Γ%
Γ%)*

Combining offshell and onshell 
measurements constrains the width!

𝜎#→%→&+1-./00

𝜎#→%→&
+1-./00, '( =

𝜅#!𝜅&!

Γ%/Γ%)*
𝜎#→%→&+,,-./00

𝜎#→%→&
+,,-./00, '( = 𝜅#!𝜅&!

Nikhef PhD Lecture, June 5 2023

https://arxiv.org/abs/1503.01060
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Measuring the Higgs Width

Robin Hayes

The 𝑔𝑔 → 𝐻 → 𝛾𝛾 and 𝑔𝑔 → 𝛾𝛾 processes interfere, which 
has the effect of shifting the mass distribution slightly.

The shift depends on the 𝐻𝑔𝑔 and 𝐻𝛾𝛾 effective 
couplings à can measure those.

Solution 2: Exploit 𝐻 → 𝛾𝛾 interference:

1. 

3. 

Width can be extracted from 
this independent measurement 
of the couplings:  

𝜅QR𝜅SR
𝜎QQ→T→SS
𝜎QQ→T→SSUV =

ΓT
ΓTUV

Nikhef PhD Lecture, June 5 2023

Higgs mass peak without (red) and with 
(blue) the interference contribution. 

arXiv:1208.1533

The size of the shift can be measured using its 𝑝B,
dependence or comparison with 𝐻 → 𝑍𝑍 mass 
measurement.

2. 

https://arxiv.org/pdf/1208.1533.pdf
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The parameter 𝜆 is important in determining whether EWSB can occur:

A mass term in this Lagrangian would mix right-handed and left-handed fermion fields. Since those

have di�erent behaviours under (* (2)! ⇥* (1). gauge transformations, such a term is forbidden by gauge

invariance.

2.1.3 Higgs Sector

Up until now, the SM Lagrangian has only allowed for massless fermions and gauge bosons. It is a well-

established experimental fact, however, that all fermions and some gauge bosons do have masses [2]. Fact

and theory can be reconciled1 by introducing a complex scalar field, called the Higgs field, to the SM. The

new field � is an (* (2)! doublet and (* (3)2 singlet with a hypercharge of . = 1
2 . It can be written as

� =

"
q
+

q
0

#
(2.5)

The corresponding term in the Lagrangian is

LHiggs =
��D`�

��2 �+ (�) + LYukawa (2.6)

The first term in Equation 2.6 is the kinetic term and includes the interactions of the Higgs field and

gauge bosons. The second term is the Higgs potential, which will be covered more in Section 2.2. The third

term describes the Yukawa interactions between the scalar field and the fermions, which for one generation

of fermions is

LYukawa = �HD&̄!�̃D' � H3&̄!�3' � H4 !̄!�4' + (⌘.2.) (2.7)

where �̃ ⌘ 8f
2�⇤, where f

2 is a Pauli matrix, HD, H3 and H4 are the Yukawa couplings to up-type quarks

(D' and D! in Table 2.1), down-type quarks (3' and 3!) and charged leptons (4' and 4!) of one generation

respectively, and ⌘.2. is the Hermitian conjugate.

2.2 Electroweak Symmetry Breaking
The mechanism by which fermions and gauge bosons are granted mass in the SM is called the Higgs

mechanism [3, 4]. It begins with the spontaneous breaking of the (* (2)! ⇥* (1). gauge symmetry. This

symmetry-breaking occurs because of the form of the Higgs potential + (�),

+ (�) =
⇣
�`

2
|�|

2
+ _ |�|

4
⌘

(2.8)

If _ < 0, the potential is unbounded from below and there is no stable state of lowest energy. If _ > 0

and �`
2
> 0, the potential has a minimum at |�| = 0. This potential is shown in Figure 2.1a. The

symmetry-breaking situation occurs for _ > 0 and �`
2
< 0. Then the minimum of the potential is found at

a non-zero value of |�| defined by |�| =
q

`
2

2_ ⌘
E
p

2
, where the parameter E is called the vacuum expectation

1Except for the case of the neutrinos, which are discussed later.
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• 𝜆 < 0: Potential is unbounded from below, no stable state of lowest energy
• 𝜆 > 0: Depending on sign of 𝜇, can get EWSB.
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FIG. 3: Various configurations of the effective potential. Local minimum near the original

is the electroweak vacuum.

Vacuum stability up to Planck scale put constraint for the mass of the Higgs boson

[16–18],

mH [GeV] > 129.5 + 1.4

(

mt[GeV]− 173.1

0.7

)

− 0.5

(

αs(MZ)− 0.1184

0.0007

)

. (4.1)

Complexity emerges when another local minimum at large field is as the same as or deeper

than the EW one(c, d and e). Then quantum tunneling effects from EW vacuum to the

deeper one could make vacuum decay. If the life time is larger than the age of our universe,

then the vacuum is metastable(c and d) [19, 20]. If not, we have an unstable vacuum(e). The

last one(c) the potential basically is unbounded from below, the vacuum then is definitely

unstable.

The formalism that quantitatively determines the decay rate of the false vacuum and

the calculation procedures in general field theory was first developed semi-classically in [21]

and quantum mechanically in [22]. The calculation in the SM is well described in [19] and

meta-stability in detail for 125GeV SM Higgs boson is discussed in [18] .

Save stability : There exists many and easy ways to save the electroweak vacuum stability up

to Planck scale [23–35]. All of them are involved with changes on the standard model, based

on different well-motivated considerations. For instance, adding a higgs portal singlet scalar

will modifies the βλ with an extra bosonic contribution and this term can serve to stablize the
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arXiv:1301.5812

Stable: no other minimum Metastable: can tunnel to 
other minimum

Unstable: potential 
unbounded from below.

https://arxiv.org/pdf/1301.5812.pdf
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Another reason 𝝀 is exciting: Its energy evolution determines the stability of the universe.

arXiv:1301.5812

Sensitive 
dependence on Higgs 
and top masses. 

Higgs mass too light, 
top mass too heavy:
𝜆 can become 
negative before the 
Planck mass.

(outdated top mass values: 
latest from CMS, ATLAS) 

New physics must 
enter to stabilize 
the potential.

arXiv:1205.6497

https://arxiv.org/pdf/1301.5812.pdf
https://cds.cern.ch/record/2806509
https://cds.cern.ch/record/2826701/files/ATLAS-CONF-2022-058.pdf
https://arxiv.org/abs/1205.6497
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We can calculate the SM prediction for 𝝀 using 𝑣 and 𝑚,:

𝜆 =
𝑚%
!

2𝑣!

h

h

Z⌫

Zµ

= i
(g2 + g

02)

8
· 2 · 2gµ⌫ = 2i

M
2
Z

v2
gµ⌫

e

e

h = �i
ye
p

2
= �i

me

v

h

h

h

= �i�v · 3! = �6i�v = �3i
m

2
h

v

2h

h

h

h

= �i
�

4
· 4! = �6i� = �3i

m
2
h

v2

3

Figure 5: Feynman rules for the hhh and hhhh vertices, as derived from the Lagrangian in Eq. (90). The
hhh coupling contains a symmetry factor of 3! = 6 from the three identical Higgs bosons, and the hhhh

coupling contains a symmetry factor of 4! = 24 from the four identical Higgs bosons. See also Eqs. (91)
and (92).

3 SM Higgs collider phenomenology

All the masses of the SM particles21 (W±, Z, the charged fermions, and the Higgs as of summer 2012)
are now known. Therefore all the couplings of the Higgs boson relevant for Higgs collider phenomenology
are uniquely predicted! This means that any deviation from these predictions in Higgs phenomenology
would provide evidence of physics beyond the SM. (Before the Higgs discovery, mh was the only unknown
parameter, and so the predictions were presented as a function of mh.)

3.1 Higgs decays

Because we know the values of all the parameters that appear in the Higgs coupling Feynman rules,
we can predict the partial widths for all the decays (and hence the decay branching ratios). The SM
predictions for these decay branching ratios are very important in the analysis of LHC Higgs data because
they allow us to test the hypothesis that the discovered Higgs boson is the SM Higgs. For that reason,
a lot of work has been done to collect the most up-to-date calculations of the Higgs decay partial widths
(including radiative corrections) and to make good estimates of their remaining theoretical uncertainties
(from uncalculated higher-order radiative corrections) and parametric uncertainties (from uncertainties in
the input parameters, like the quark masses). At the time of writing, the most recent calculations and
uncertainty estimates are summarized in Ref. [6].

3.1.1 h ! ff̄

The Higgs boson can decay to a fermion-antifermion pair (see Fig. 6). Because the Higgs-fermion interaction
strength is proportional to the fermion mass, the decays to the heaviest kinematically-accessible fermion
final states will have the largest partial widths. Given the measured Higgs mass of about 125 GeV, decays

21
I’m ignoring neutrinos again, because they are irrelevant for Higgs phenomenology in the SM.

18

Measured directly

Measured from muon decay

The parameter 𝜆 controls the strength of the Higgs self-coupling.
à We can measure it by studying di-Higgs production.
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At the LHC, we measure di-Higgs production via the ggF and VBF production modes:

(a)

g

g H

H

H

t �

(b)

(c) (d)

H

H

q q

q q

V

V

2V

(e)

Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production,
diagram (a) is proportional to the square of the top-quark Yukawa coupling, while diagram (b) is proportional to the
product of the top-quark Yukawa coupling and the Higgs boson self-coupling. For VBF production, diagram (c) is
proportional to the product of the coupling of the Higgs boson to the vector bosons and the self-coupling, diagram (d)
to the square of the coupling to the vector bosons, and diagram (e) to the interaction between two vectors bosons and
two Higgs bosons.

The second most abundant SM double-Higgs process is VBF �� production, with a predicted SM
cross-section of 1.72 ± 0.04 fb [46–48]. At LO in perturbation theory, this process depends on several
diagrams that involve the interaction of the Higgs boson with the , or / vector bosons as shown in
Figure 1. The three representative diagrams that enter the total amplitude of the VBF �� process can
be parameterised with di�erent combinations of the ^_, ^+ and ^2+ coupling modifiers [49]. The first
diagram, shown in Figure 1(c), is proportional to ^+ and ^_, the second, shown in Figure 1(d), to ^2

+ and the
last one, shown in Figure 1(e) and related to the quartic interaction vertex ++��, to ^2+ . The VBF ��
production process can therefore be parameterised using six independent terms derived from the square of
the amplitude described above, which scales as a polynomial of ^_, ^+ and ^2+ . The parameterisation of
the signal samples, in terms of yields and kinematic properties, for the double-Higgs VBF process as a
function of these coupling modifiers is performed using a set of six independent samples generated for
di�erent values of ^_, ^+ and ^2+ . The values of ^_, ^+ , and ^2+ for these six samples were chosen to
obtain good statistical precision in the region of parameter space where this analysis is sensitive. The
validity of this parameterisation was checked with additional VBF signal samples generated with di�erent
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The ggF �� process is sensitive to the sign of ^_ relative to the top-quark couplings because of interference
between di�erent amplitudes whose leading-order Feynman diagrams are depicted in Figure 1. Similarly,
the VBF �� process provides sensitivity to the relative sign between ^2+ and ^+ .

A complementary approach to study the Higgs boson self-coupling is to use single-Higgs processes,
as proposed in Refs. [20–25]. These processes do not depend on _��� at LO, but the Higgs boson
self-coupling contributes to the calculation of the complete NLO EW corrections. In particular, _���

contributes to NLO EW corrections via Higgs boson self-energy loop corrections and via additional
diagrams, examples of which are shown in Figure 2. Therefore, an indirect constraint on ^_ can be
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Experimentally:
• Tricky: small cross-section, destructive interference between box and triangle diagrams à production is three 

orders of magnitude smaller than for single-Higgs. 
• Focus on 𝑏)𝑏 decay of one Higgs, and 𝑏)𝑏 (best stats), 𝛾𝛾,𝑊𝑊, 𝜏𝜏 (cleaner) decay of the other.
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production,
diagram (a) is proportional to the square of the top-quark Yukawa coupling, while diagram (b) is proportional to the
product of the top-quark Yukawa coupling and the Higgs boson self-coupling. For VBF production, diagram (c) is
proportional to the product of the coupling of the Higgs boson to the vector bosons and the self-coupling, diagram (d)
to the square of the coupling to the vector bosons, and diagram (e) to the interaction between two vectors bosons and
two Higgs bosons.
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be parameterised with di�erent combinations of the ^_, ^+ and ^2+ coupling modifiers [49]. The first
diagram, shown in Figure 1(c), is proportional to ^+ and ^_, the second, shown in Figure 1(d), to ^2
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obtain good statistical precision in the region of parameter space where this analysis is sensitive. The
validity of this parameterisation was checked with additional VBF signal samples generated with di�erent
values of these coupling modifiers.

The ggF �� process is sensitive to the sign of ^_ relative to the top-quark couplings because of interference
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ggF:
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• Can combine with single-Higgs measurements (𝜆 couplings enter at higher order) for constraints:

assumptions about the coupling modifiers to other SM particles.

At first, only possible deviations of ^_ from its SM value are considered, assuming that all other Higgs
boson interactions proceed as predicted by the SM. The values of twice the negative-logarithm of the profile
likelihood ratio (�2 ln⇤) as a function of ^_ are shown in Figure 5 for the single-Higgs and double-Higgs
analyses, and their combination.

(a) (b)

Figure 5: Observed (a) and expected (b) values of the test statistic (�2 ln⇤), as a function of the ^_ parameter for
the single-Higgs (blue) and double-Higgs (red) analyses, and their combination (black) derived from the combined
single-Higgs and double-Higgs analyses, with all other coupling modifiers fixed to unity. The combined result for the
generic model (free floating ^C , ^1 , ^+ and ^g) is also superimposed (green curve). The observed best-fit value of ^_
for the generic model is shifted slightly relative to the other models because of its correlation with the best-fit values
of the ^1 , ^C and ^g parameters, which are slightly below, but compatible with unity.

The combined observed (expected) constraints obtained under this hypothesis are �0.4 < ^_ < 6.3
(�1.9 < ^_ < 7.6) at 95% CL. All the expected constraints reported in this section are derived from an
Asimov dataset generated for the SM assumption that corresponds to all coupling modifiers equal to unity.
The result is driven by the double-Higgs combination as can be seen in Figure 5. The expected test statistic
(�2 ln⇤) curve in Figure 5(b) exhibits a ‘two-minima-like’ structure due to the quadratic dependence of
the observed signal yields on the parameter of interest ^_ (partially resolved by the kinematic information
used in the fit to the data). The observed curve is more parabolic because the best-fit value of ^_ is close to
the value where the predicted double-Higgs cross-section, shown in Figure 4(a), reaches its minimum.

The main advantage of adding the single-Higgs analyses is the possibility of relaxing assumptions about
modifiers for couplings to other SM particles. First, the assumption about the Higgs boson to top-quark
coupling modifier, ^C , can be released. Thanks to the strong constraints on ^C from the single-Higgs
measurements, the constraints on ^_ obtained from a fit with a floating value of ^C are almost as strong as
those obtained with its value fixed to unity, as reported in Table 2. Two-dimensional contours of �2 ln⇤ in
the ^_–^C plane are shown in Figure 6. All other coupling modifiers are fixed to unity in this fit.

The most generic model allows all of the coupling modifiers ^_, ^C , ^1, ^g , and ^+ implemented in this
parameterisation to float freely in the fit. The exception is ^2+ , which is fixed to unity since there is no
complete parameterisation of single-Higgs NLO EW corrections as a function of this coupling modifier. A
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Measured: −0.4 < 𝜅( < 6.3 at 95% C.L. 

(SM: 𝜅(=1 )

−1.4 < 𝜅( < 6.1 at 95% C.L. if other Higgs couplings are allowed to be non-SM. 

Prospects: 50% precision at HL-LHC.

ATLAS single and di-H
iggs com

bination

𝜅( =
𝜆
𝜆78

https://arxiv.org/pdf/2211.01216.pdf


3. Diboson Scattering Processes
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Higgs boson and diboson processes are closely connected via the vector boson longitudinal polarization modes. 

Recall that after EWSB, we “gauged away” three scalar components of the Higgs field:

Using the anticommutation relations {�
µ
, �

5
} = 0 and the fact that �5 is Hermitian, we also have

 ̄PR =  
†
�

0
PR =  

†
PL�

0 = (PL )†
�

0 =  ̄L, (12)

and similarly  ̄PL =  ̄R. Finally, the projection operators obey PR + PL = 1 and P
2
R

= PR, P
2
L

= PL.
We can use this to rewrite the Dirac Lagrangian in terms of chiral fermion fields as follows. We start

with the Lagrangian for a generic fermion  with mass m,

L =  ̄i@µ�
µ
 � m ̄ . (13)

The first term can be split into two terms involving left- and right-handed chiral fermion fields by inserting
a factor of 1 = (P 2

L
+ P

2
R
) before the  and using the anticommutation relation to pull one factor of the

projection operator through the �µ in each term:

 ̄i@µ�
µ
 =  ̄PRi@µ�

µ
PL +  ̄PLi@µ�

µ
PR =  ̄Li@µ�

µ
 L +  ̄Ri@µ�

µ
 R. (14)

The kinetic term separates neatly into one term involving only  L and one involving only  R. We can then
incorporate the gauge transformation properties by promoting the derivative @µ to a covariant derivative
Dµ and these two terms will be gauge invariant for any of the fermion fields given in Table 1.

Now let’s consider the mass term. Using the same tricks, we have,

�m ̄ = �m ̄P
2
L � m ̄P

2
R = �m ̄R L � m ̄L R. (15)

(Note that the second term is just the Hermitian conjugate of the first term.) The mass terms each involve
fermions of both chiralities. Because the left-handed and right-handed fermions of the SM carry di↵erent
SU(2)L⇥U(1)Y gauge charges, such mass terms are not gauge invariant and thus cannot be inserted by
hand into the Lagrangian. Therefore, given the gauge charges of the SM fermions, (unbroken) gauge
invariance implies that all the SM fermions are massless.4

2.3 The SM Higgs mechanism

We have established that the theoretical explanation of the experimentally-observed nonzero masses of
the W and Z bosons and the SM fermions requires a new ingredient. Such an explanation is achieved by
introducing a single SU(2)L-doublet scalar field, which causes spontaneous breaking of the SU(2)L⇥U(1)Y

gauge symmetry via the Higgs mechanism.
We add to the SM a field �, an SU(2)L-doublet of complex scalar fields that can be written as

� =

✓
�

+

�
0

◆
=

1
p

2

✓
�1 + i�2

�3 + i�4

◆
, (16)

where �1,�2,�3,�4 are properly normalized real scalar fields. We assign � a hypercharge Y = 1/2 and
make it a color singlet. The new terms in the Lagrangian involving � are given by

L� = (Dµ�)†(Dµ�) � V (�) + LYukawa, (17)

where the first term contains the kinetic and gauge-interaction terms via the covariant derivative, the
second term is a potential energy function involving �, and the third term contains Yukawa couplings of
the scalar field to pairs of fermions. We will treat each term in turn, starting with the potential energy
function.

The most general gauge invariant potential energy function, or scalar potential, involving � is given by

V (�) = �µ
2�†� + �(�†�)2. (18)

Consider the possible signs of the coe�cients of the two terms in V :

4
Some models beyond the SM contain left- and right-handed chiral fermions that carry the same SU(2)L⇥U(1)Y gauge

charges, and can thus form a massive Dirac fermion without any reference to electroweak symmetry breaking. Such fermions

are called vectorlike fermions, because of their pure vector (as opposed to axial-vector) couplings to the Z boson.

5

value (VEV). Since the field � is complex, this describes a ring of degenerate minima in the '4(�)� �<(�)

plane, as shown in Figure 2.1b. Any one minimum-energy state, or vacuum, is not invariant under the

(* (2)! ⇥* (1). gauge transformations. Choosing one of them spontaneously breaks the gauge symmetry.

(a) �`2
> 0 (b) �`2

< 0

Figure 2.1: Higgs potential in the '4(�) � �<(�) plane, for the �`2
> 0 case where the minimum of the

potential occurs for a single value of the scalar field, and for the �`2
< 0 case where there is an entire ring

of minimum-energy states. Since the Higgs field is a doublet, this visualization technically corresponds to
the projection onto one field of the doublet.

It is convenient to write the field � expanded around the minimum in the unitary gauge, which minimizes

the scalar degrees of freedom, in which case it becomes:

� =
1
p

2

"
0

⌘ + E

#
(2.9)

where E is the VEV and the real scalar field ⌘ is the Higgs boson.

Inserting this form into the kinetic term of Equation 2.6 and defining convenient linear combinations of

the gauge fields of Equation 2.2 produces the following physical gauge bosons and their masses:

,
±

`
=
,

1
`
⌥ 8,

2
`

p
2

/` = cos \,,
3
`
� sin \,⌫`

�` = sin \,,
3
`
� cos \,⌫`

<, =
6E

2

</ =

⇣p
6

2 + 6
02
⌘
E

2
<� = 0

(2.10)

where , ?

`
(? = 1, 2, 3) and ⌫` are again the gauge fields of the (* (2)! and * (1). groups respectively, and

\, is the weak mixing angle, defined by

sin \, =
6
0p

6
2 + 6

02
cos \, =

6p
6

2 + 6
02 (2.11)

6

EWSB, choice of gauge

These three degrees of freedom went on to become the longitudinal polarizations of the 𝑊C,𝑊D and 𝑍 bosons. 

4 degrees of freedom 1 degree of freedom

source

https://www.hep.phy.cam.ac.uk/~thomson/partIIIparticles/handouts/Handout_13_2011.pdf
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Another connection: The Higgs boson and longitudinal polarization modes of the vector bosons are 
related via unitarity. 

Unitarity: no process must occur with probability greater than 1 over all time. 
à Equivalent to the requirement that a cross-section cannot rise infinitely with energy.

Diagram
s

Top row: ℳ~𝑠

Bottom row: cancels the 
energy-dependence so 
that ℳ~flat in high-
energy limit.

Longitudinal diboson scattering violates unitarity without the Higgs boson:

https://inspirehep.net/files/13c35fa1f9d0d132ee651dd25fd98a51


Unitarity Violation
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arXiv:1412.8367

This is one of the reasons that a Higgs boson had to 
exist below ~1 TeV.

However, this picture depends strongly on 
couplings:
• The 𝐻-𝑉 couplings on- and off- mass shell
• The triple and quartic gauge boson couplings

à Diboson scattering processes probe EWSB from another angle.

https://arxiv.org/pdf/1412.8367.pdf


Diboson Scattering at the LHC
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Longitudinal dibosons at the LHC can be probed using vector boson scattering (VBS) processes:

Top row: 
actual VBS

Bottom row: 
irreducible 
background.

Non-VBS backgrounds in bottom row can’t be separated quantum mechanically from actual VBS 
à Rely on cuts to target phase space dominated by VBS diagrams.

arXiv:1708.00268

https://arxiv.org/pdf/1708.00268.pdf
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Experimental Signatures

Features of VBS events can be used to distinguish them from non-VBS diboson and other backgrounds:

1. Tagging jets

• Forward direction (high 𝜂 , close to 
beamline)

• Large 𝑚99 , ∆𝑦99 with no hadronic 
activity between the two leading jets.

VBSQCD

arXiv:2102.10991

https://arxiv.org/pdf/2102.10991.pdf


32Robin HayesNikhef PhD Lecture, June 5 2023

Experimental Signatures

Features of VBS events can be used to distinguish them from non-VBS diboson and other backgrounds:

2. Vector boson reconstruction:

• Leptonic channels provide clean signature, better mass resolution.
• Hadronic channels provide improved statistics (higher branching ratio).

o At high-pT (>200 GeV), hadronic decay products are collimated into 
a single large-radius jet à take advantage of jet substructure and 
jet mass to identify it as a V-jet.

• Semi-leptonic channels offer a bit of both. V

V

Decay products 
reco’d as a 
single jet

Boson-tagging 
using substructure 
variables and jet 
mass
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Only the longitudinal polarization mode is a direct consequence of EWSB and the Higgs mechanism 
à would like to study it specifically. 

General idea:
• Compute differential cross-section as a function of angular 

distribution.
• It will depend on the polarization fractions.
• Extract these by fitting simulated single-polarization samples 

to angular distributions measured in data.

arXiv:1710.09339eg. for 𝐼 → 𝑉 → 𝑓 process:

https://arxiv.org/pdf/1710.09339.pdf


Polarization in Practice
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Experimentally tricky:

• Polarization isn’t interesting for non-VBS 
diagrams.

• Polarizations interfereà interference effects 
cancel over full angular distribution, but not 
necessarily when acceptance is limited by cuts.

• Polarization vectors aren’t Lorentz-invariant à
need to choose a reference frame (often diboson 
COM frame, but difficult to reconstruct with 
missing energy).

• Longitudinal polarization fractions are smaller 
than transverse.

arXiv:2102.10991

VBS Non-VBS

https://arxiv.org/pdf/2102.10991.pdf
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ATLAS has measured joint-polarization states of W and Z gauge bosons in 𝑊±𝑍 production:

• First measurement of 𝑉"𝑉" pair 
production: 7.1𝜎

• Single and joint polarization fractions 
in agreement with SM prediction.

• Using leptonic decays
• Fit distributions of angles in the 

rest frames of the bosons.

STDM-2022-01

Methodology:

Results:

First step toward 𝑉"𝑉" VBS measurements.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/
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• New physics relevant to EWSB could appear in diboson processes in ways other than the polarization 
fraction.

• The form of the deviation depends on the scale of new physics, Λ:

Λ within LHC 
energy reach:

New physics appears as 
narrow bump over 

smooth bkg-only 𝑚FF
spectrum

à Target with direct search

Both direct searches and EFT interpretations can be performed on 𝑉𝑉 events. 

Background LH
C 

en
er

gy
 re

ac
h

Tail excess

Resonance 
beyond LHC

1 event expected

Narrow 
resonance

Λ above LHC 
energy reach:

New physics appears 
as small deviation in 

the tail of the 𝑚FF
spectrum

à Target with Effective 
Field Theory 

interpretation
𝑚AA
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• Experimentally:
o Apply selection cuts to target signal.
o Construct invariant mass distribution from collected events.
o Compare to background-only and signal+background prediction

• Results: ATLAS heavy resonance combination: 
o Consider spin-1 Heavy Vector Triplet model
o Consistent with SM: exclude range of masses for X.

arXiv:2004.14636

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
https://arxiv.org/pdf/2004.14636.pdf


Effective Field Theory
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Lepton and baryon 
number violation

1 Introduction

The Standard Model E�ective Field Theory (SMEFT, see for example Ref. [1] for an overview) allows
for the description of the e�ects of a variety of theories beyond the Standard Model (SM) that introduce
new-physics states at a mass scale ⇤ that is large in comparison to the electroweak scale. The theory
provides predictions for experimental observables in terms of an expansion in ⇢/⇤, where ⇢ is the typical
energy exchanged in the process. This is done by using a series of operators O(3)

8 , which consist of gauge
invariant combinations of SM fields with an energy dimension 3 greater than four:

LSMEFT = LSM +

’
8

2
(5)
8

⇤
O

(5)
8 +

’
8

2
(6)
8

⇤2 O
(6)
8 + . . . . (1)

Measurements of observables sensitive to the e�ect of SMEFT operators allow to constrain 2
(3)
8 /⇤3�4,

where 2
(3)
8 are the Wilson coe�cients associated to the dimension-3 operator O(3)

8 . Odd-dimensional
operators introduce lepton and baryon number violation and are thus not relevant for the measurements
analyzed in this note. Leading e�ects of new physics are expected to manifest themselves as dimension-six
operators, as higher-dimensional operator are suppressed by greater powers of ⇤�1. The Warsaw basis [2]
provides a complete set of dimension-six operators allowed by SM gauge symmetries.

In this note, a SMEFT interpretation constraining dimension-six operators with three types of measurements
is presented:

• ATLAS Higgs boson data: A combined measurement of Higgs boson production and decay in
exclusive kinematic regions of the production phase space, defined within the Simplified Template
Cross-Section (STXS) framework [3].

• ATLAS electroweak data: Di�erential cross-section measurements for diboson production and /

boson production via vector boson fusion (VBF) [4].

• Electroweak precision data (EWPD): A combined measurements of electroweak precision observables
(EWPO) on the / resonance [5] that were performed at LEP and SLC.

The measurements are sensitive to a large number of operators that a�ect Higgs boson couplings, weak boson
self-couplings, couplings of weak bosons to fermions, and four-fermion couplings. The combination of a
large number of measurements is required for both optimal sensitivity and to disentangle the contributions
of these operators.

2 Data and input measurements

In this section the datasets that are interpreted in this note are presented. While combined SMEFT
interpretations of partial datasets already exist in Refs. [3] and [4], the data is re-analyzed in a consistent
framework for this work.

2

Standard Model Effective Field Theory (SMEFT): New physics enters at scale Λ.
• SM Lagrangian extended with higher-dimensional operators suppressed by powers of that scale.

Truncate expansion 
at some order

Goal: Use invariant mass distributions to place limits on 
the coefficients.

Non-zero coefficients 𝑐- enhance the tails of invariant 
mass distributions.
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Operators that can be constrained depend on the physics process.

VBS processes interpreted via EFT too: Used 
to constrain dim(8) operators

ATLAS combination of weak boson + Higgs + 
EW precision observable results [PUB note]: 
constraints placed on dim(6) operators

ssWW in ATLAS

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
https://cds.cern.ch/record/2859330/files/ATLAS-CONF-2023-023.pdf
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• Electroweak symmetry breaking is a 
key ingredient of the SM.

• Since Higgs and diboson processes 
are sensitive to its consequences, 
studying them at the LHC can test 
this cornerstone of the SM.

• No deviation from the SM found so far, 
but Run 3 and the HL-LHC might have 
more to say! 


