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☆ Higgs has been discovered at 

☆ Interactions of Higgs are now probing.

☆ Higgs potential is still mystery.

　・How does the Higgs field acquire a VEV?

　・What kind of interaction works on there?

(consistent with SM)

mh � 126 GeV
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“Interactions in nature”

Gauge forces “Higgs forces”

☆ Higgs self-interaction gives

☆ Lagrangian

(☆ Yukawa interaction )

SU(3)C � SU(2)L � U(1)Y

・Higgs self-interaction is an origin of EW symmetry breaking.

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

Q̄ i�µDµ Q

|DµH|2

�1
4
Fµ�Fµ�

(excepting Gravity)

�H� =
v�
2

�LHiggs = m2|H|2 + �(|H|2)2

(out of my talk)

key point is ...

(We really do not know)
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☆ Higgs potential as a function of |H|2

V = V (|H|2)

1 Non-perturbative Higgs

It is important to know what force makes the Higgs boson have a vacuum expectation value.

In SM, the Higgs potential is

V = m2
H |H|2 + λ|H|4, (1)

and the Higgs quartic self-coupling is the force. To probe the ”Higgs force”, di-Higgs production

will be important.

Let us describe the potential in general:

V = V (|H|2). (2)

The function V (x) can contain loop correction, or any non-perturbative effects. We denote

H =

(
χ+

(v + h + iχ)/
√

2

)

, (3)

and then |H|2 = v2

2 + vh + h2

2 + χ2
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+
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+
1
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V ′′′

(
v2

2

)(

vh +
h2

2
+
χ2

2
+ χ+χ−

)3

+ · · · (4)

The stationary condition (Vanishing the linear term of h) is

V ′
(

v2

2

)

= 0. (5)

Then, χ and χ+ are massless and will be eaten by the gauge bosons.

The mass of the physical Higgs h is obtained as

m2
h = v2V ′′

(
v2

2

)

. (6)

In order to obtain 125 GeV Higgs mass, V ′′ (v2/2) = m2
h/v

2 = 0.26. In the standard model,

V (x) = m2x + λx2, and we obtain m2
h = 2λv2.

The interactions in terms of the physical Higgs and NG bosons (which would be a longitu-

dinal model of gauge boson VL in a certain gauge) are calculated as

V ′′vh

(
χ2

2
+ χ+χ−

)

+
1

2
V ′′

(
χ2

2
+ χ+χ−

)2

(7)
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☆ Higgs potential as a function of |H|2
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☆ Possible enhancement of Higgs boson pair production

☆                    @ LHCpp� hhX

・gluon-gluon fusion

3.6 The higher–order processes

3.6.1 Higgs boson pair production

In hadronic collisions, Higgs particles can be pair produced in three main processes31:

a) the gluon–gluon fusion mechanism which is mediated by loops of third generation heavy

quarks that couple strongly to the Higgs boson [251,252]

gg → HH (3.81)

b) double Higgs–strahlung from either a W or a Z boson [253,254]

qq̄ → V ∗ → V HH (3.82)

c) the WW/ZZ fusion processes which lead to two Higgs particles and two jets [254–256]

qq → V ∗V ∗qq → HHqq (3.83)

The Feynman diagrams for these processes are shown in Fig. 3.39 and, as can be seen, one of

them involves the trilinear Higgs boson coupling, λHHH = 3M2
H/v, which can be thus probed

in principle. The other diagrams involve the couplings of the Higgs boson to fermions and

gauge bosons and are probed in the processes discussed in the previous sections.
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Figure 3.39: Feynman diagrams for Higgs pair production in hadronic collisions.

We briefly discuss these processes in this subsection, restricting ourselves to the case of the

LHC where the phase space is not too penalizing.
31Triple Higgs production, which probes the quadrilinear Higgs coupling, has a too small cross section [389].
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☆ Possible enhancement of Higgs boson pair production

☆                    @ LHCpp� hhX

・gluon-gluon fusion ・Vector boson fusion

3.6 The higher–order processes

3.6.1 Higgs boson pair production

In hadronic collisions, Higgs particles can be pair produced in three main processes31:

a) the gluon–gluon fusion mechanism which is mediated by loops of third generation heavy
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gg → HH (3.81)
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The Feynman diagrams for these processes are shown in Fig. 3.39 and, as can be seen, one of
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3.6 The higher–order processes

3.6.1 Higgs boson pair production

In hadronic collisions, Higgs particles can be pair produced in three main processes31:

a) the gluon–gluon fusion mechanism which is mediated by loops of third generation heavy

quarks that couple strongly to the Higgs boson [251,252]
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c) the WW/ZZ fusion processes which lead to two Higgs particles and two jets [254–256]
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The Feynman diagrams for these processes are shown in Fig. 3.39 and, as can be seen, one of

them involves the trilinear Higgs boson coupling, λHHH = 3M2
H/v, which can be thus probed

in principle. The other diagrams involve the couplings of the Higgs boson to fermions and

gauge bosons and are probed in the processes discussed in the previous sections.
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3.6 The higher–order processes

3.6.1 Higgs boson pair production
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If one assumes general Higgs couplings to top quarks compared to the SM, L(Htt) =

(a + ibγ5)gHtt [and also to the Z boson, L(HZZ) = cgHZZgµν , when the diagram e+e− →
HZ∗ with Z∗ → tt̄ is included, since its contribution needs not to be small relative to the

dominant ones in extensions of the SM], one would have a rather involved dependence of

the e+e− → tt̄H cross section on the phase space. The differential cross section can be

written in a general form as dσ/dΦ =
∑

i difi(Φ), where Φ 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. [543] for determining the coefficients di of the cross section by

using appropriate weighting functions wi(Φ) such that
∫
ωi(dσ/dΦ) = 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, λHHH = 3M2
H/v

and λHHHH = 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 [257,507,508,544]

e+e− → Z∗ −→ ZHH (4.47)

and vector boson [mostly W boson] fusion into two Higgs bosons [255,257,508]

e+e− → V ∗V ∗ −→ %%HH (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.
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Figure 4.19: Higgs pair production in the bremsstrahlung and WW fusion processes.
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・Higgs-strahlung

If one assumes general Higgs couplings to top quarks compared to the SM, L(Htt) =

(a + ibγ5)gHtt [and also to the Z boson, L(HZZ) = cgHZZgµν , when the diagram e+e− →
HZ∗ with Z∗ → tt̄ is included, since its contribution needs not to be small relative to the

dominant ones in extensions of the SM], one would have a rather involved dependence of

the e+e− → tt̄H cross section on the phase space. The differential cross section can be

written in a general form as dσ/dΦ =
∑

i difi(Φ), where Φ 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. [543] for determining the coefficients di of the cross section by

using appropriate weighting functions wi(Φ) such that
∫
ωi(dσ/dΦ) = 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, λHHH = 3M2
H/v

and λHHHH = 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 [257,507,508,544]

e+e− → Z∗ −→ ZHH (4.47)

and vector boson [mostly W boson] fusion into two Higgs bosons [255,257,508]

e+e− → V ∗V ∗ −→ %%HH (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.
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If one assumes general Higgs couplings to top quarks compared to the SM, L(Htt) =

(a + ibγ5)gHtt [and also to the Z boson, L(HZZ) = cgHZZgµν , when the diagram e+e− →
HZ∗ with Z∗ → tt̄ is included, since its contribution needs not to be small relative to the

dominant ones in extensions of the SM], one would have a rather involved dependence of

the e+e− → tt̄H cross section on the phase space. The differential cross section can be

written in a general form as dσ/dΦ =
∑

i difi(Φ), where Φ 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. [543] for determining the coefficients di of the cross section by

using appropriate weighting functions wi(Φ) such that
∫
ωi(dσ/dΦ) = 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, λHHH = 3M2
H/v

and λHHHH = 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 [257,507,508,544]

e+e− → Z∗ −→ ZHH (4.47)

and vector boson [mostly W boson] fusion into two Higgs bosons [255,257,508]

e+e− → V ∗V ∗ −→ %%HH (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.
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Summary

☆ Higgs self-interaction is still unknown.

☆ Self-coupling measurement is important to understand

     how the Higgs field acquires a VEV.

☆ Non-perturbative Higgs model gives a characteristic Higgs 

     potential.

☆ We pointed out that sizable enhancement of Higgs pair 

     production is induced by non-zero         and       .Ch C2



Thank you for your attention
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1.2 Theoretical structure of the Standard Model Higgs boson
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy

Ô
s. Polarization of the electron beam (80%) and the positron beam (20%) is as-

sumed. (Right) The cross sections of the production processes e+ e≠ æ hZ, e+ e≠ æ H‹e‹̄e, e+ e≠ æ He+ e≠,
e+ e≠ æ t¯tH, e+ e≠ æ HHZ and e+ e≠ æ HH‹e‹̄e as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.

production cross section is larger than that of the Higgsstrahlung process for
Ô

s > 450 GeV. AtÔ
s = 500 GeV, both the Higgsstrahlung process and the W-boson fusion process are important,

and at
Ô

s = 1 TeV the W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in
Fig. 1.4 (Right) . The threshold of the production process is as high as 480 GeV, so that the cross
section can be measured at the ILC with the energy of 1 TeV.
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