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We’ve found you, 
Higgs!	

Discovery of the Higgs boson	
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We need to look  
at it carefully.	

SM Higgs?	
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“Higgs Force?”	

There are 4 forces : 
    ElectroMagnetic, Weak, Strong, and Gravity 
 
        (èGauge interaction : successful! )	

What is “Higgs force”?	
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“Higgs Force?”	

1. Self-interaction 
To stabilize the Higgs potential 
and give a vacuum expectation value. 

 
2. Yukawa Interaction 

To give masses to fermions 

3. Electroweak Interaction 
To give masses to W/Z bosons  
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“Higgs Forces”	

1.  Higgs self-coupling  
 
    How does the Higgs field acquire a VEV ? 

2.  Couplings to fermions (Yukawa coupling) 
 
    How does the Higgs VEV give masses to fermions? 

3.  Couplings to gauge bosons 
 
   	

V = m2
H |H|2 + �|H|4

Ytq3LtRH

m2
H < 0

L =
����(� � i

g

2
W a�a � i

g�

2
B)H

����
2
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SMσ/σBest fit 
-4 -2 0 2 4

 ZZ (2 jets)→H 
 ZZ (0/1 jet)→H 

 (VH tag)ττ →H 
 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1 jet)→H 

 (VH tag)γγ →H 
 (VBF tag)γγ →H 

 (untagged)γγ →H 
 bb (ttH tag)→H 
 bb (VH tag)→H 

 0.14± = 0.80 µ       
Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary
 = 0.94

SM
p

 = 125.7 GeVH m
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“Higgs Forces”	

1.  Higgs self-coupling  
 
    How does the Higgs field acquire a VEV ? 

2.  Couplings to fermions (Yukawa coupling) 
 
    How does the Higgs VEV give masses to fermions? 

3.  Couplings to gauge bosons 
 
   	

V = m2
H |H|2 + �|H|4

Ytq3LtRH

m2
H < 0

L =
����(� � i

g

2
W a�a � i

g�

2
B)H

����
2
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Probing the Higgs self-interaction	
112 A. Djouadi / Physics Reports 457 (2008) 1–216

Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.
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Probing the Higgs self-interaction	

V = m2
H |H|2 + �|H|4

�H� =
�

v/
�

2
0

�
v = 246GeV

�V � =
m2

H

2
v2 +

�

4
v4

��V �
�v

= m2
Hv + �v3 = 0

Minimization condition:	

m2
H < 0
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|H|2 =
v2

2
+ vh +

h2 + �2

2
+ �+��

V = V (|H|2) H =
�

(v + h + i�)/
�

2
��

�

V = V

�
v2

2

�
+ V �

�
v2

2

� �
vh +

h2 + �2

2
+ �+��

�

+
1
2
V ��

�
v2

2

� �
vh +

h2 + �2

2
+ �+��

�2

+ · · ·

Stationary condition : V � �v2/2
�

= 0

Mass of physical Higgs (h) : m2
h = v2V �� �v2/2

�
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V = V

�
v2

2

�
+ V �

�
v2

2

� �
vh +

h2

2
+

�2

2
+ �+��

�

+
1
2
V ��

�
v2

2

� �
vh +

h2

2
+

�2

2
+ �+��

�2

+
1
6
V ���

�
v2

2

� �
vh +

h2

2
+

�2

2
+ �+��

�3

+ · · ·

V = V (|H|2) m2
h = v2V ��

�L � V ��vh

�
�2

2
+ �+��

�
+

1
2
V ��

�
�2

2
+ �+��

�2

+
1
2

�
V �� +

1
3
v2V ���

�
vh3

+
1
2

�
V �� + v2V ����

�
�2

2
+ �+��

�
h2.

(Chivukula-Koulovassilopoulos, Boudjema-Chopin, …) 	
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V = V (|H|2)

Mass of physical Higgs (h) : m2
h = v2V ��(v2/2)

Cubic Higgs coupling : �hhh

�hhh = 3vV �� + v2V ��� = 3m2
h

v (1 + v2 V ���

3V �� )

� Ch
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 Pair production of the Higgs boson at the LHC	112 A. Djouadi / Physics Reports 457 (2008) 1–216

Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.

Gluon fusion	
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.

(double) Higgs-strahlung	



18 

 Pair production of the Higgs boson at the LHC	112 A. Djouadi / Physics Reports 457 (2008) 1–216

Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.

vector boson fusion	
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.

�(pp� gg � hh)NLO
SM,14 TeV = 30� 40 (fb)
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�hhh = 3
m2

h

v

�
1 +

1
3
v2 V ���

V ��

�
Ch =

1
3
v2 V ���

V ��

(Model-independent parameter)	

gg � hh

�hhh

Let us understand the       dependence!	Ch
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Le� =
�s

12�
(log H)Ga

µ�Ga µ�

=
�s

12�

�
h

v
� h2

2v2
+

h3

3v3
� · · ·

�
Ga

µ�Ga µ�

M(gg � hh) =
�s

3�v2

�
�1 +

3m2
h(1 + Ch)
ŝ�m2

h

�

Gluon-Gluon-Higgses effective interactions (Hagiwara-Murayama):	

(neglecting top momentum)	

�hhh
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M(gg � hh) =
�s

3�v2

�
�1 +

3m2
h(1 + Ch)
ŝ�m2

h

�

M = 0 at ŝ = (4 + 3Ch)m2
h

Ch = 0
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s!

Σ!

Ch = �2

Ch = 2

�(pp� hh) =
� 1

4m2
h/s

d�
dLgg

d�
�̂(gg � hh, ŝ = �s)

ŝ � (2mh)2
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�hhh = 3
m2

h

v

�
1 +

1
3
v2 V ���

V ��

�
Ch =

1
3
v2 V ���

V ��

(For 125 GeV Higgs, Shao-Li-Li-Wang, Goertz-Papaefstathiou-Yang-Zurita, …)	
(Plehn-Spira-Zerwas, Djouadi-Kilian-Muhlleitner-Zerwas, …)	

-4 -2 0 2 4
0

2

4

6

8

10

12

Ch

s
HC hL
ês SM
LHC H S = 14 TeVL
sSM mF=Mhh

= 19.5 fb HCTEQ6.1L
sSM» mF=Mhh

= 18.3 fb HMRST2006nnloL
MRST2006nnlo

CTEQ6.1
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Want a negative Ch?
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Toy potential to enlarge the cross section :	

V = V (|H|2) = m2|H|2 + �4�2a(|H|2)a.

v2

2
V ���

V �� = a� 2

Ch =
1
3
v2 V ���

V �� =
2
3
(a� 2)

Run-away potential              makes        negative.	(a < 0) Ch

Pair-Higgs production is enlarged.	
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NP potential 	 Quadratic mass 	

(D’Hoker-YM-Sakai)	

Chiral symmetry breaking via non-perturbative potential�
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SUSY QCD	

W � �3+
2Nf

Nc�Nf

(det Q̄Q)
1

Nc�Nf

.

for Nc > Nf

(Seiberg et al, 90’s) 
	

SU(Nc)� SU(Nf )� SU(Nf )� U(1)B

Q : (Nc,Nf ,1,+1), Q̄ : (N̄c,1,Nf ,�1).
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Non-perturbative Higgs model	

Higgs fields are moduli of SUSY QCD.	

�Ha
1 = Q̄1Q

a, �Ha
2 = Q̄2Q

a.

W =
�3+2�

(H1 · H2)�
� =

1
Nc � 2

(Haba-Okada)	

SU(Nc)� SU(2)L � U(1)Y � SU(3)c

Hypercolor	

Ch � �
5
3
� 4

3
�
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SUSY breaking mass 	

(D’Hoker-YM-Sakai)	

NP potential 	
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, ⌅ 
HHH = 3M2

H /M2
Z [note the change in the normalization], the partonic

cross section at leading order is given by [233]

⌃̂LO(gg ⌥ H H) =
� t̂+

t̂�
dt̂

G2
µ�2

s (µR)

256(2⇧)3

⌃
⌦

�

⇤⇤⇤⇤⇤
M2

Z⌅ 
HHH

ŝ � M2
H

FT + FB

⇤⇤⇤⇤⇤

2

+ |G B |2
⌥
↵

 (3.84)

with the Mandelstam variables for the parton process given by

ŝ = Q2, t̂/û = �1
2

�
Q2 � 2M2

H ⇥ Q2⇥H cos ⇤
�

(3.85)

where ⇤ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, ⇥ =
✏

1 � 4M2
H /Q2.

µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos ⇤ = ±1 and t̂± = � 1

2

�
Q2 � 2M2

H ⇥ Q2⇥H
⇥
. The proton cross section is derived by folding

the parton cross section ⌃̂ (gg ⌥ H H) with the gluon luminosity

⌃ (pp ⌥ H H) =
� 1

4M2
H /s

d⌥
dLgg

d⌥
⌃̂ (gg ⌥ H H ; ŝ = ⌥ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH ⇧ 4m Q FT � 2
3
, FB � �2

3
, G B � 0

MH ⌃ 4m Q FT � �
m2

Q

ŝ

⌅

log
m2

Q

ŝ
+ i⇧

⇧

, FB ⇤ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M2

H ⇧ 4m2
Q ,

where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ⌅ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg ⌥ H process.

�(pp� gg � hh)NLO
SM,14 TeV = 30� 40 (fb)

�(pp� hhjj)SM,14 TeV = 1.6 (fb)
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Fig. 4.19. Higgs pair production in the bremsstrahlung and W W fusion processes.

while the contributions of G3–G6 can be neglected [note that, in two-Higgs doublet models, additional contributions
to this process might come from other channels]. As can be seen, because the top quark is massive, the Dalitz density
is different from the CP-even Higgs case by terms of O(m2

t /s) which, for moderate c.m. energies, are not that small.
This feature provides an additional means to discriminate between a scalar and a pseudoscalar Higgs boson and even,
to probe CP-violation in the t t̄-Higgs couplings when both components are present; for a detailed discussion, see
Ref. [516].

If one assumes general Higgs couplings to top quarks compared to the SM, L(Htt) = (a + ib�5)gHtt [and
also to the Z boson, L(H Z Z) = cgHZZgµ⇤ , when the diagram e+e� ⇤ H Z⇥ with Z⇥ ⇤ t t̄ is included, since
its contribution need not be small relative to the dominant ones in extensions of the SM], one would have a rather
involved dependence of the e+e� ⇤ t t̄ H cross section on the phase space. The differential cross section can be
written in a general form as d⇧/d� = �

i di fi (�), where � is the final state phase-space configuration and di are
combinations of the Higgs coupling parameters a, b, c [in the SM, only the combinations di = a2, ac and c2 will be
present with a = c = 1]. An optimal technique has been proposed in Ref. [516] for determining the coefficients di
of the cross section by using appropriate weighting functions wi (�) such that

⇥
⌃i (d⇧/d�) = di , with the additional

requirement that the statistical error in the extraction of the coefficients is minimized.

4.3.3. Higgs boson pair production
To establish the Higgs mechanism experimentally, once the Higgs particle is discovered, the characteristic self-

energy potential of the SM must be reconstructed. This task requires the measurement of the trilinear and quartic
self-couplings of the Higgs boson, ⇥HHH = 3M2

H /v and ⇥HHHH = 3M2
H /v2. The trilinear Higgs coupling can be

measured directly in pair production of Higgs particles in e+e� collisions and several mechanisms can be exploited.
Higgs pairs can be produced through double Higgs–strahlung off Z bosons [238,483,484,517]

e+e� ⇤ Z⇥ �⇤ Z H H (4.47)

and vector boson [mostly W boson] fusion into two Higgs bosons [236,238,484]

e+e� ⇤ V ⇥V ⇥ �⇤ ⌥⌥H H. (4.48)

The Feynman diagrams for the two processes are shown in Fig. 4.19 and, as can be seen, one of them involves the triple
Higgs interaction. The other diagrams are generated by the gauge interactions familiar from single Higgs production
in the dominant processes.

The complete reconstruction of the SM Higgs potential requires the measurement of the quadrilinear coupling
⇥HHHH which can be accessed directly only through the production of three Higgs bosons, e+e� ⇤ Z H H H and
e+e� ⇤ ⇤̄e⇤eHHH. However, these cross sections are reduced by two to three orders of magnitude compared to the
corresponding double Higgs production channels, and are therefore too small to be observed at future e+e� colliders
even with the large luminosities which are planned [see Section 4.3.4].

4.3.3.1. The double Higgs–strahlung. The differential cross section for the process of double Higgs–strahlung,
e+e� ⇤ Z H H , after the angular dependence is integrated out, can be cast into the form [484]

d⇧ (e+e� ⇤ Z H H)

dx1dx2
=

G3
µM6

Z

384
⌅

2⌅3s

(â2
e + v̂2

e )

(1 � µZ )2 Z (4.49)
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Fig. 4.19. Higgs pair production in the bremsstrahlung and W W fusion processes.

while the contributions of G3–G6 can be neglected [note that, in two-Higgs doublet models, additional contributions
to this process might come from other channels]. As can be seen, because the top quark is massive, the Dalitz density
is different from the CP-even Higgs case by terms of O(m2

t /s) which, for moderate c.m. energies, are not that small.
This feature provides an additional means to discriminate between a scalar and a pseudoscalar Higgs boson and even,
to probe CP-violation in the t t̄-Higgs couplings when both components are present; for a detailed discussion, see
Ref. [516].

If one assumes general Higgs couplings to top quarks compared to the SM, L(Htt) = (a + ib�5)gHtt [and
also to the Z boson, L(H Z Z) = cgHZZgµ⇤ , when the diagram e+e� ⇤ H Z⇥ with Z⇥ ⇤ t t̄ is included, since
its contribution need not be small relative to the dominant ones in extensions of the SM], one would have a rather
involved dependence of the e+e� ⇤ t t̄ H cross section on the phase space. The differential cross section can be
written in a general form as d⇧/d� = �

i di fi (�), where � is the final state phase-space configuration and di are
combinations of the Higgs coupling parameters a, b, c [in the SM, only the combinations di = a2, ac and c2 will be
present with a = c = 1]. An optimal technique has been proposed in Ref. [516] for determining the coefficients di
of the cross section by using appropriate weighting functions wi (�) such that

⇥
⌃i (d⇧/d�) = di , with the additional

requirement that the statistical error in the extraction of the coefficients is minimized.

4.3.3. Higgs boson pair production
To establish the Higgs mechanism experimentally, once the Higgs particle is discovered, the characteristic self-

energy potential of the SM must be reconstructed. This task requires the measurement of the trilinear and quartic
self-couplings of the Higgs boson, ⇥HHH = 3M2

H /v and ⇥HHHH = 3M2
H /v2. The trilinear Higgs coupling can be

measured directly in pair production of Higgs particles in e+e� collisions and several mechanisms can be exploited.
Higgs pairs can be produced through double Higgs–strahlung off Z bosons [238,483,484,517]

e+e� ⇤ Z⇥ �⇤ Z H H (4.47)

and vector boson [mostly W boson] fusion into two Higgs bosons [236,238,484]

e+e� ⇤ V ⇥V ⇥ �⇤ ⌥⌥H H. (4.48)

The Feynman diagrams for the two processes are shown in Fig. 4.19 and, as can be seen, one of them involves the triple
Higgs interaction. The other diagrams are generated by the gauge interactions familiar from single Higgs production
in the dominant processes.

The complete reconstruction of the SM Higgs potential requires the measurement of the quadrilinear coupling
⇥HHHH which can be accessed directly only through the production of three Higgs bosons, e+e� ⇤ Z H H H and
e+e� ⇤ ⇤̄e⇤eHHH. However, these cross sections are reduced by two to three orders of magnitude compared to the
corresponding double Higgs production channels, and are therefore too small to be observed at future e+e� colliders
even with the large luminosities which are planned [see Section 4.3.4].

4.3.3.1. The double Higgs–strahlung. The differential cross section for the process of double Higgs–strahlung,
e+e� ⇤ Z H H , after the angular dependence is integrated out, can be cast into the form [484]

d⇧ (e+e� ⇤ Z H H)

dx1dx2
=

G3
µM6

Z

384
⌅

2⌅3s

(â2
e + v̂2

e )

(1 � µZ )2 Z (4.49)

(double Higgs-strahlung)	

(WW fusion)	

�

�
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V = V (|H|2) m2
h = v2V ��

�L � V ��vh

�
�2

2
+ �+��

�
+

1
2
V ��

�
�2

2
+ �+��

�2

+
1
2

�
V �� +

1
3
v2V ���

�
vh3

+
1
2

�
V �� + v2V ����

�
�2

2
+ �+��

�
h2.

�L � m2
h

v
h

�
�2

2
+ �+��

�
+

m2
h

2v2
(1 + 3Ch)h2

�
�2

2
+ �+��

�

Higgs-NG interaction:	
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M(�+�� � hh) =
m2

h

v2

�
1 + 3Ch +

3(1 + Ch)m2
h

s�m2
h

+
m2

h

t�M2
W

+
m2

h

u�M2
W

�
.

�L � m2
h

v
h

�
�2

2
+ �+��

�
+

m2
h

2v2
(1 + 3Ch)h2

�
�2

2
+ �+��

�

Equivalence theorem: 

M(W+
L W�

L � hh) =M(�+�� � hh) + O(M2
W /s)

�hhh =
3m2

h

v
(1 + Ch)
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Figure 18: Relevant diagrams containing the triple Higgs coupling for the two processes:
e+e� ⇥ Zhh (left) and e+e� ⇥ �e�ehh.
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Figure 19: Cross sections for the two processes e+e� ⇥ Zhh (left) and e+e� ⇥ �e�ehh as
a function of

⇤
s for mh = 120 GeV.

120 GeV with polarized electron and positron beams of (Pe� , Pe+) = (�0, 8, +0.3)
and an integrated luminosity of 1 ab�1. This result obtained with a fast Monte Carlo
simulation has just recently been corroborated by a full simulation [110,111].

2.5.2 Higgs Self-coupling

The triple Higgs boson coupling can be studied at the ILC through the processes
e+e� ⇥ Zhh and e+e� ⇥ �e�ehh. The relevant Feynman diagrams are shown in
Fig. 18 [112]. The cross sections for the two processes are plotted as a function of⇤

s for mh = 120GeV in Fig. 19. The cross section reaches its maximum of about

54

H. Baer et al, Physics Chapter of the ILC Detailed Baseline Design Report	
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“Higgs Forces”	

1.  Higgs self-coupling  
 
    How does the Higgs field acquire a VEV ? 

2.  Couplings to fermions (Yukawa coupling) 
 
    How does the Higgs VEV give masses to fermions? 

3.  Couplings to gauge bosons 
 
   	

V = m2
H |H|2 + �|H|4

Ytq3LtRH

m2
H < 0

L =
����(� � i

g

2
W a�a � i

g�

2
B)H

����
2
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Non-canonical kinetic term	

Lkin = F

�
|H|2

v2/2

�
DµH†DµH

In SM, F (x) = 1.

(M2
W W+W� +

M2
Z

2
Z2)

�
1 + G�(1)

2h

v
+ (G�(1) + 2G��(1))

h2

v2
+ · · ·

�

G(x) = xF (x)

In SM, G� = 1, G�� = 0.

(Chivukula-Koulovassilopoulos,…)	
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Non-canonical kinetic term	

Lkin = F

�
|H|2

v2/2

�
DµH†DµH

In SM, F (x) = 1.

(M2
W W+W� +

M2
Z

2
Z2)

�
1 + G�(1)

2h

v
+ (G�(1) + 2G��(1))

h2

v2
+ · · ·

�

G(x) = xF (x)

In SM, G� = 1, G�� = 0.

G�(1) � 1 (or � 1)

(Chivukula-Koulovassilopoulos,…)	
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(M2
W W+W� +

M2
Z

2
Z2)

�
1 + G�(1)

2h

v
+ (G�(1) + 2G��(1))

h2

v2
+ · · ·

�

hVV coupling will be measured accureately.	
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Ratio of cross sections	

�(pp� gg � hh)
= �(pp� hhjj)

�
s = 14TeV

MadGraph v5	
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Ratio of cross sections	

C2

Ch Ch

�(e+e� � hh��̄)/�(SM)
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H = Q̄Q K = tr
�

H†H
(Affleck-Dine-Seiberg)	

We obtain:	 K = 2
�

|H1|2 + |H2|2 + 2
�

H1 · H2

Lkin =
K

2
DH�

i DHi +
2
K

((HiDH�
i )(H�

j DHj)� (H · DH)(H · DH)�)

Cf. In 2HDM,	

LZ =
M2

Z

2
ZµZµ

�
1 + 2 sin(� � �)

h

v
+

h2

v2

�

LZ =
M2

Z

2
ZµZµ

�
1 + 3 sin(� � �)

h

v
+ 3

h2

v2
+ · · ·

�
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Summary	

l  We still have missing pieces for the “Higgs forces”. 

l  It is important to probe the self-Higgs coupling. 

l  Non-perturbative Higgs model in SUSY QCD is proposed. 

l  Possible enhancement of pair-Higgs production is discussed. 

l  We look forward to more data to probe the “Higgs forces”. 
O(100) fb�1 at the LHC; ILC (at Tohoku?)
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Dynamical Higgsino mass term	

�2W

�H+
u �H�

d

H̃+
u H̃�

d

= ���3+2�(H0
uH0

d)���1H̃+
u H̃�

d

= ���
�

�2

vuvd

�1+� �
1� (� + 1)

2
v

cos(� + �)
sin 2�

h + · · ·
�

H̃+
u H̃�

d

ghH̃+H̃�

mH̃+
= �(� + 1)

2
v

cos(� + �)
sin 2�
� 1 (for sin(� � �) � 1)

(VEV-dependent)	
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�(h� ��) =
�2m3

h

1024�3

����
ghV V

m2
V

Q2
V A1(�V ) +

2ghff̄

mf
Nc,fQ2

fA1/2(�f )

+Nc,SQ2
S

ghSS

m2
S

A0(�S)
����
2

.

�i =
�

2mi

mh

�2 (Carena-Low-Wagner)	

A1 = �8.32, NcQ
2
t A1/2 = 1.84

(W loop)	 (Top loop)	

ghWW

m2
W

= 2
ghtt̄

mt
=

2
v

For chiral fermions:	
ghff̄ = (Yukawa)/

�
2

mf = (Yukawa)v/
�

2

Higgs to diphoton decay width	
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V = m2
H |H|2 + �|H|4

V (x) = m2
Hx + �x2

V �� = 2�, V ��� = 0

Tree-level Higgs potential in SM: 	

m2
h = 2�v2, Ch = 0

�hhh = 3vV �� =
3m2

h

v
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V (x) = m2
Hx + �x2 � 3

16�2
y4

t x2

�
ln

y2
t x

Q2
� 3

2

�

One-loop effective potential  
from top quark loop	

V ���(v2/2) = �3y2
t /(4�2v2)

�hhh = 3m2
h

v (1 + v2 V ���

3V �� )

= � m4
t

�2v2m2
h

� �0.1
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Toy examples	

F (x) = 1 + a lnx

(M2
W W+W� +

M2
Z

2
Z2)

�
1 + G�(1)

2h

v
+ (G�(1) + 2G��(1))

h2

v2
+ · · ·

�

G�(1) = 1 + a G�(1) + 2G�� = 1 + 3a

F (x) = xn

G�(1) = 1 + n G�(1) + 2G�� = 1 + n(2n + 3)

n = �2 G�(1) = �1 G�(1) + 2G�� = 3

h� �h Single production is same as SM	
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