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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.
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where θ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, β =
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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]
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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 M

2
H

� 4m
2
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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in

the Appendix. The NLO corrections are substantial leading to an enhancement of K ∼ 2.

Since we are primarily interested in the changes from the additional states we take the ratio

of the new rates compared and that of the SM where the NLO corrections are expected to

largely cancel out. The values of the loop functions for W and top are A1(xW ) = −8.3 and

A1/2 = 1.38.

In the Standard Model contributions from the top quark triangle and box diagrams largely

cancel each other for ∼125 GeV Higgs mass resulting in a few fb production cross section.

It is estimated that with 3000 fb−1 at 14 TeV , a 3σ evidence may be reached. This may be

altered by colored particles. The parton level cross-section is given by
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There are two types of amplitudes, F and G, corresponding to the same and opposite

polarization of the incoming gluons respectively [4]. The same polarization part comes from

triangular and box diagrams while the opposite one does only from box diagrams. The

amplitudes in the SM and additional colored particles are given in the Appendix.

For the masses we take hierarchy mω > mχ2 > mχ1 . In addition I choose ∆m ≡ mω −

mχ2 = 10 and 50 GeV for small and large splitting and a constant value of 10 GeVfor the

mass splitting for the lighter two mχ2 −mχ1 = 10 GeV. I take two different values for the

LQ mixing sinϑ = 0.1 and 1/
√
2 for small and large mixings respectively.

Previous studies have considered an effect of a single colored particles , where one is

forced to have a specific couplings not to upset the Higgs production rate. For example,

the new physics contribution is chosen to be roughly twice larger and opposite in sign to

have unaltered rate. This inevitably affects diphoton channel. In particular among possible

color scalars only octet candidate was a good choice [15]. For these models, stability of

vacuum requires increasingly stronger portal couplings as the mass are increase [58]. This

is because, one needs to keep the new contribution to the Higgs production more or less

constant for higher mass values which is possible only if the corresponding portal coupling

is simultaneously increased. This is not required in our case, since we have several new

contributions which can be kept under control by a judicious choices of the various portal

couplings as far as the Higgs production and diphoton channels are concerned.

We first scan over the λω and λχ parameter space for the Higgs pair production and
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.
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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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e+e− → hhX

・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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production at the LHC and ILC [11–16]. The measurement
of the cubic Higgs coupling provides important hints for the
Higgs self-interaction which stabilizes the Higgs potential
[17–22]. The deviation of the Higgs cubic coupling from
the SM can be parametrized in a model-independent way
by considering a general potential as in Refs. [23–25]. Such
a general potential may be either generated by a loop level
or can be constructed from a nonperturbative model. At the
LHC, if there is a negative contribution to the Higgs cubic
coupling from these considerations, the Higgs pair pro-
duction rate always tends to be enlarged. In that case the
deviations are easier to be detected. Therefore, it is
interesting to investigate a model which can induce a
negative contribution to the cubic coupling.
It is expected thatmore precisemeasurements of the cubic

coupling can be done from the processes of Higgs pair
production at the ILC, compared to the LHC [16]. The
process in which the cubic coupling is probed receives
contributions not only from the diagrams with the cubic
couplingbut also fromdiagramswith thegaugecouplings. In
order to measure the cubic coupling, one has to therefore
know the dependency of the total amplitudes on the
individual couplings. Indeed, inmodels where the couplings
differ from the SM, one has to guarantee that the hVV
coupling (V stands for a massive gauge boson) remains the
same as the one in the SM.Although the experimental data of
the singleHiggs production support that thehVV coupling is
consistent with the SM, hhVV coupling has no such
constraint at the moment and can deviate from its SM value.
This happenswhenever the kinetic termof theHiggsboson is
givenbyhigher dimensional effective operators. If thehhVV
coupling deviates from the SM, so does the pair Higgs
production cross section even if the cubic coupling remains
the same. This shows that it is important to investigate how
the cross section depends onboth thehhVV coupling and the
cubic Higgs coupling.
In this paper, we start from a general Higgs potential and

investigate how the cubic Higgs coupling can be modified
in general. We show that the negative contribution from the
SM to the cubic coupling enhances the cross section of the
pair Higgs production via gluon fusion at the LHC. From
the analysis of the general Higgs potential, we find a type of
potential that can induce a sizable negative contribution to
the cubic coupling, if the potential contains a piece of
repulsive effect from the origin of Higgs configuration.
Such a type of potential (a so-called runaway-type poten-
tial) can be constructed in nonperturbative models. We also
investigate the correction from the general kinetic term of
the Higgs boson. We learn how the deviation from the SM
couplings are parametrized, and we investigate the para-
metric dependency of the cross sections of the pair Higgs
productions at the ILC and LHC. We also construct a
nonperturbative model with SUSY to induce the negative
contribution to the cubic Higgs coupling and enhance
the pair Higgs production cross section at the ILC. The

modification of the hhVV coupling in the model is also
investigated.
This paper is organized as follows: In Sec. II, we

formulate the cubic Higgs coupling from general Higgs
potential. In Sec. III, we show the calculation of the cross
section of the Higgs pair production at the LHC; and the
negative contribution to the cubic Higgs coupling can
enlarge the cross section. In Sec. IV, we study the
modification of the hhVV coupling from the noncanonical
kinetic term of the Higgs boson and how it affects the pair
production of the Higgs bosons at the LHC and ILC. In
Sec. V, we construct a nonperturbative model by SUSY
QCD, in which a negative contribution is induced in the
cubic coupling of the physical Higgs field. Section VI is
devoted to the summary and conclusions of this paper.

II. THE CUBIC HIGGS COUPLING FROM
THE GENERAL POTENTIAL

It is important to investigate the interaction of Higgs to
the other particles and to know what dynamics makes the
Higgs boson have a VEV. In the SM, the tree-level Higgs
potential is given as

V ¼ m2
HjHj2 þ λjHj4: (2.1)

It is necessary that the squared mass m2
H is negative, and in

combination with the quartic self-interaction it forces the
Higgs field to acquire the VEV. The Yukawa couplings to
fermions (especially to top quarks) and the gauge couplings
are also important for the loop corrections of the Higgs
potential.
Let us describe the Higgs potential in terms of a general

function:

V ¼ VðjHj2Þ: (2.2)

The function VðxÞ can contain any effects from loop
corrections, or any nonperturbative effects. Surely, due
to the gauge invariance, it has to be a function of jHj2
(if there is only one Higgs doublet). In unitary gauge, jHj2
is expressed as

jHj2 ¼ v2

2
þ vhþ h2

2
; (2.3)

where h is a physical Higgs mode and v denotes the Higgs
VEV [H0 ¼ ðvþ hÞ=

ffiffiffi
2

p
]. Expanding the function VðxÞ

around the VEV, we obtain
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function:

V ¼ VðjHj2Þ: (2.2)

The function VðxÞ can contain any effects from loop
corrections, or any nonperturbative effects. Surely, due
to the gauge invariance, it has to be a function of jHj2
(if there is only one Higgs doublet). In unitary gauge, jHj2
is expressed as

jHj2 ¼ v2
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þ vhþ h2

2
; (2.3)

where h is a physical Higgs mode and v denotes the Higgs
VEV [H0 ¼ ðvþ hÞ=
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production at the LHC and ILC [11–16]. The measurement
of the cubic Higgs coupling provides important hints for the
Higgs self-interaction which stabilizes the Higgs potential
[17–22]. The deviation of the Higgs cubic coupling from
the SM can be parametrized in a model-independent way
by considering a general potential as in Refs. [23–25]. Such
a general potential may be either generated by a loop level
or can be constructed from a nonperturbative model. At the
LHC, if there is a negative contribution to the Higgs cubic
coupling from these considerations, the Higgs pair pro-
duction rate always tends to be enlarged. In that case the
deviations are easier to be detected. Therefore, it is
interesting to investigate a model which can induce a
negative contribution to the cubic coupling.
It is expected thatmore precisemeasurements of the cubic

coupling can be done from the processes of Higgs pair
production at the ILC, compared to the LHC [16]. The
process in which the cubic coupling is probed receives
contributions not only from the diagrams with the cubic
couplingbut also fromdiagramswith thegaugecouplings. In
order to measure the cubic coupling, one has to therefore
know the dependency of the total amplitudes on the
individual couplings. Indeed, inmodels where the couplings
differ from the SM, one has to guarantee that the hVV
coupling (V stands for a massive gauge boson) remains the
same as the one in the SM.Although the experimental data of
the singleHiggs production support that thehVV coupling is
consistent with the SM, hhVV coupling has no such
constraint at the moment and can deviate from its SM value.
This happenswhenever the kinetic termof theHiggsboson is
givenbyhigher dimensional effective operators. If thehhVV
coupling deviates from the SM, so does the pair Higgs
production cross section even if the cubic coupling remains
the same. This shows that it is important to investigate how
the cross section depends onboth thehhVV coupling and the
cubic Higgs coupling.
In this paper, we start from a general Higgs potential and

investigate how the cubic Higgs coupling can be modified
in general. We show that the negative contribution from the
SM to the cubic coupling enhances the cross section of the
pair Higgs production via gluon fusion at the LHC. From
the analysis of the general Higgs potential, we find a type of
potential that can induce a sizable negative contribution to
the cubic coupling, if the potential contains a piece of
repulsive effect from the origin of Higgs configuration.
Such a type of potential (a so-called runaway-type poten-
tial) can be constructed in nonperturbative models. We also
investigate the correction from the general kinetic term of
the Higgs boson. We learn how the deviation from the SM
couplings are parametrized, and we investigate the para-
metric dependency of the cross sections of the pair Higgs
productions at the ILC and LHC. We also construct a
nonperturbative model with SUSY to induce the negative
contribution to the cubic Higgs coupling and enhance
the pair Higgs production cross section at the ILC. The

modification of the hhVV coupling in the model is also
investigated.
This paper is organized as follows: In Sec. II, we

formulate the cubic Higgs coupling from general Higgs
potential. In Sec. III, we show the calculation of the cross
section of the Higgs pair production at the LHC; and the
negative contribution to the cubic Higgs coupling can
enlarge the cross section. In Sec. IV, we study the
modification of the hhVV coupling from the noncanonical
kinetic term of the Higgs boson and how it affects the pair
production of the Higgs bosons at the LHC and ILC. In
Sec. V, we construct a nonperturbative model by SUSY
QCD, in which a negative contribution is induced in the
cubic coupling of the physical Higgs field. Section VI is
devoted to the summary and conclusions of this paper.
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H is negative, and in

combination with the quartic self-interaction it forces the
Higgs field to acquire the VEV. The Yukawa couplings to
fermions (especially to top quarks) and the gauge couplings
are also important for the loop corrections of the Higgs
potential.
Let us describe the Higgs potential in terms of a general

function:

V ¼ VðjHj2Þ: (2.2)

The function VðxÞ can contain any effects from loop
corrections, or any nonperturbative effects. Surely, due
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is expressed as
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where h is a physical Higgs mode and v denotes the Higgs
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The stationary condition (vanishing the linear term of h) is
V 0ðv2=2Þ ¼ 0. The mass of the physical Higgs is obtained as

m2
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"
: (2.5)

In order to obtain the 126 GeV Higgs mass, one requires
V 00ðv2=2Þ ¼ m2

h=v
2 ¼ 0.26. In the standard model, for in-

stance, the function VðxÞ is VðxÞ ¼ m2xþ λx2 and one
obtains m2

h ¼ 2λv2. In this expression of the Higgs mass, it
is not necessary to solve the stationary conditionV 0 ¼ 0 since
we use v ¼ 246 GeV as an input.
The cubic interaction of the physical Higgs can be also

obtained as

−Lhhh ¼
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The tree-level Higgs potential in the SM gives V 000 ¼ 0, and
therefore, the modification from the tree-level SM Higgs
potential can be parametrized by

Ch ¼
1

3
v2

V 000

V 00 ; (2.7)

and the ratio of the cubic coupling is expressed as

λhhh
λSMhhh

¼ 1þ Ch: (2.8)

Precisely speaking, in this formulation, Ch parametrizes
the deviation from the tree-level cubic Higgs coupling in
the SM: λSMhhh ¼ 3m2

h=v. As mentioned before, the general
function VðxÞ can contain loop effects. One can easily
evaluate the contribution from the top quark 1-loop
effective potential:

VðxÞ ¼ m2xþ λx2 − 3

16π2
y4t x2

!
ln
!
y2t x
Q2

"
− 3

2

"
; (2.9)

where yt is the top quark Yukawa coupling (mt ¼ ytv=
ffiffiffi
2

p
)

and Q is the renormalization scale. Because V000ðv2=2Þ ¼
−3y4t =ð4π2v2Þ, we obtain

Ch ¼ − m4
t

π2v2m2
h
≃−0.1; (2.10)

for the loop correction in the SM.1

Let us consider the following Higgs potential as a toy
example:

V ¼ m2
HjHj2 þ Λ4−2aðjHj2Þa; (2.11)

where Λ is a dimensional parameter. The minimization
condition is

m2
H þ aΛ4−2axa−1 ¼ 0; (2.12)

where x ¼ v2=2. Therefore, if a < 0 (namely, the potential
for mH → 0 has a runaway kind of behavior), m2

H is
positive. The Higgs mass is obtained as

m2
h ¼ 2aða − 1ÞΛ4−2axa−1 ¼ 2ð1 − aÞm2

H: (2.13)

One can calculate

Ch ¼
2

3

xV 000

V 00 ¼ 2

3
ða − 2Þ; (2.14)

and the correction from the standard model is specified
only by the exponent a. We note that the correction Ch is
negative for the runaway-type Higgs potential (a < 0).
As one can find from the above expression, the pair

Higgs production from the general scalar potential can be
parametrized by a single parameter Ch. The expansion of
the scalar potential is described in unitary gauge. Here, we
comment on the case of the ’t Hooft-Feynman gauge:

H ¼
!

χþ
vþhþiχffiffi

2
p

"
: (2.15)

In this case, jHj2 ¼ v2=2þ vhþ h2=2þ χ2=2þ χþχ−.
Expanding the potential VðjHj2Þ, we obtain that the
Nambu-Goldstone (NG) bosons χ and χ% are massless
under the stationary condition V 0ðv2=2Þ ¼ 0, and they will
be eaten by the gauge bosons. The interactions between the
physical Higgs h and the NG bosons are
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þ χþχ−

"

þ m2
h

2v2
ð1þ 3ChÞh2
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"
: (2.16)

Therefore, the single Higgs production is same as the one in
the SM, but for the pair Higgs production via longitudinal
vector boson fusion, the scattering amplitude is modified
by the Ch parameter from the SM. The scattering amplitude
of χþχ− → hh is obtained as

Mðχþχ− → hhÞ ¼ m2
h

v2

!
1þ 3Ch þ

3ð1þ ChÞm2
h

s −m2
h

þ m2
h

t −M2
W
þ m2

h

u −M2
W

"
: (2.17)

1W, Z and Higgs contributions are subdominant compared
to the top quark contribution. Since they have the opposite signs
to the top-loop one, they contribute destructively. The correc-
tion to the cubic coupling including W=Z=H-loop contribu-
tions is estimated as Ch ¼ ð9m4

h þ 8ð−4m4
t þ 2M4

W þM4
ZÞÞ=

ð32π2v2m2
hÞ ∼ −0.08.
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where yt is the top quark Yukawa coupling (mt ¼ ytv=
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and Q is the renormalization scale. Because V000ðv2=2Þ ¼
−3y4t =ð4π2v2Þ, we obtain

Ch ¼ − m4
t
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for the loop correction in the SM.1

Let us consider the following Higgs potential as a toy
example:
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HjHj2 þ Λ4−2aðjHj2Þa; (2.11)

where Λ is a dimensional parameter. The minimization
condition is

m2
H þ aΛ4−2axa−1 ¼ 0; (2.12)

where x ¼ v2=2. Therefore, if a < 0 (namely, the potential
for mH → 0 has a runaway kind of behavior), m2

H is
positive. The Higgs mass is obtained as
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One can calculate
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and the correction from the standard model is specified
only by the exponent a. We note that the correction Ch is
negative for the runaway-type Higgs potential (a < 0).
As one can find from the above expression, the pair

Higgs production from the general scalar potential can be
parametrized by a single parameter Ch. The expansion of
the scalar potential is described in unitary gauge. Here, we
comment on the case of the ’t Hooft-Feynman gauge:
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In this case, jHj2 ¼ v2=2þ vhþ h2=2þ χ2=2þ χþχ−.
Expanding the potential VðjHj2Þ, we obtain that the
Nambu-Goldstone (NG) bosons χ and χ% are massless
under the stationary condition V 0ðv2=2Þ ¼ 0, and they will
be eaten by the gauge bosons. The interactions between the
physical Higgs h and the NG bosons are
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Therefore, the single Higgs production is same as the one in
the SM, but for the pair Higgs production via longitudinal
vector boson fusion, the scattering amplitude is modified
by the Ch parameter from the SM. The scattering amplitude
of χþχ− → hh is obtained as

Mðχþχ− → hhÞ ¼ m2
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1W, Z and Higgs contributions are subdominant compared
to the top quark contribution. Since they have the opposite signs
to the top-loop one, they contribute destructively. The correc-
tion to the cubic coupling including W=Z=H-loop contribu-
tions is estimated as Ch ¼ ð9m4

h þ 8ð−4m4
t þ 2M4

W þM4
ZÞÞ=

ð32π2v2m2
hÞ ∼ −0.08.
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The stationary condition (vanishing the linear term of h) is
V 0ðv2=2Þ ¼ 0. The mass of the physical Higgs is obtained as

m2
h ¼ v2V 00
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In order to obtain the 126 GeV Higgs mass, one requires
V 00ðv2=2Þ ¼ m2

h=v
2 ¼ 0.26. In the standard model, for in-

stance, the function VðxÞ is VðxÞ ¼ m2xþ λx2 and one
obtains m2

h ¼ 2λv2. In this expression of the Higgs mass, it
is not necessary to solve the stationary conditionV 0 ¼ 0 since
we use v ¼ 246 GeV as an input.
The cubic interaction of the physical Higgs can be also

obtained as
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The tree-level Higgs potential in the SM gives V 000 ¼ 0, and
therefore, the modification from the tree-level SM Higgs
potential can be parametrized by

Ch ¼
1

3
v2

V 000

V 00 ; (2.7)

and the ratio of the cubic coupling is expressed as

λhhh
λSMhhh

¼ 1þ Ch: (2.8)

Precisely speaking, in this formulation, Ch parametrizes
the deviation from the tree-level cubic Higgs coupling in
the SM: λSMhhh ¼ 3m2

h=v. As mentioned before, the general
function VðxÞ can contain loop effects. One can easily
evaluate the contribution from the top quark 1-loop
effective potential:
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where yt is the top quark Yukawa coupling (mt ¼ ytv=
ffiffiffi
2

p
)

and Q is the renormalization scale. Because V000ðv2=2Þ ¼
−3y4t =ð4π2v2Þ, we obtain

Ch ¼ − m4
t

π2v2m2
h
≃−0.1; (2.10)

for the loop correction in the SM.1

Let us consider the following Higgs potential as a toy
example:

V ¼ m2
HjHj2 þ Λ4−2aðjHj2Þa; (2.11)

where Λ is a dimensional parameter. The minimization
condition is

m2
H þ aΛ4−2axa−1 ¼ 0; (2.12)

where x ¼ v2=2. Therefore, if a < 0 (namely, the potential
for mH → 0 has a runaway kind of behavior), m2

H is
positive. The Higgs mass is obtained as

m2
h ¼ 2aða − 1ÞΛ4−2axa−1 ¼ 2ð1 − aÞm2

H: (2.13)

One can calculate
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ða − 2Þ; (2.14)

and the correction from the standard model is specified
only by the exponent a. We note that the correction Ch is
negative for the runaway-type Higgs potential (a < 0).
As one can find from the above expression, the pair

Higgs production from the general scalar potential can be
parametrized by a single parameter Ch. The expansion of
the scalar potential is described in unitary gauge. Here, we
comment on the case of the ’t Hooft-Feynman gauge:
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In this case, jHj2 ¼ v2=2þ vhþ h2=2þ χ2=2þ χþχ−.
Expanding the potential VðjHj2Þ, we obtain that the
Nambu-Goldstone (NG) bosons χ and χ% are massless
under the stationary condition V 0ðv2=2Þ ¼ 0, and they will
be eaten by the gauge bosons. The interactions between the
physical Higgs h and the NG bosons are
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Therefore, the single Higgs production is same as the one in
the SM, but for the pair Higgs production via longitudinal
vector boson fusion, the scattering amplitude is modified
by the Ch parameter from the SM. The scattering amplitude
of χþχ− → hh is obtained as

Mðχþχ− → hhÞ ¼ m2
h

v2

!
1þ 3Ch þ

3ð1þ ChÞm2
h

s −m2
h

þ m2
h

t −M2
W
þ m2

h

u −M2
W

"
: (2.17)

1W, Z and Higgs contributions are subdominant compared
to the top quark contribution. Since they have the opposite signs
to the top-loop one, they contribute destructively. The correc-
tion to the cubic coupling including W=Z=H-loop contribu-
tions is estimated as Ch ¼ ð9m4

h þ 8ð−4m4
t þ 2M4

W þM4
ZÞÞ=

ð32π2v2m2
hÞ ∼ −0.08.
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tion to the cubic coupling including W=Z=H-loop contribu-
tions is estimated as Ch ¼ ð9m4

h þ 8ð−4m4
t þ 2M4

W þM4
ZÞÞ=

ð32π2v2m2
hÞ ∼ −0.08.
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The stationary condition (vanishing the linear term of h) is
V 0ðv2=2Þ ¼ 0. The mass of the physical Higgs is obtained as

m2
h ¼ v2V 00

!
v2

2

"
: (2.5)

In order to obtain the 126 GeV Higgs mass, one requires
V 00ðv2=2Þ ¼ m2

h=v
2 ¼ 0.26. In the standard model, for in-

stance, the function VðxÞ is VðxÞ ¼ m2xþ λx2 and one
obtains m2

h ¼ 2λv2. In this expression of the Higgs mass, it
is not necessary to solve the stationary conditionV 0 ¼ 0 since
we use v ¼ 246 GeV as an input.
The cubic interaction of the physical Higgs can be also

obtained as

−Lhhh ¼
1

2

!
V 00 þ 1

3
v2V 000

"
vh3 ¼ m2

h

2v

!
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3
v2
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V 00

"
h3:

(2.6)

The tree-level Higgs potential in the SM gives V 000 ¼ 0, and
therefore, the modification from the tree-level SM Higgs
potential can be parametrized by

Ch ¼
1

3
v2

V 000

V 00 ; (2.7)

and the ratio of the cubic coupling is expressed as

λhhh
λSMhhh

¼ 1þ Ch: (2.8)

Precisely speaking, in this formulation, Ch parametrizes
the deviation from the tree-level cubic Higgs coupling in
the SM: λSMhhh ¼ 3m2

h=v. As mentioned before, the general
function VðxÞ can contain loop effects. One can easily
evaluate the contribution from the top quark 1-loop
effective potential:

VðxÞ ¼ m2xþ λx2 − 3

16π2
y4t x2

!
ln
!
y2t x
Q2

"
− 3

2

"
; (2.9)

where yt is the top quark Yukawa coupling (mt ¼ ytv=
ffiffiffi
2

p
)

and Q is the renormalization scale. Because V000ðv2=2Þ ¼
−3y4t =ð4π2v2Þ, we obtain

Ch ¼ − m4
t

π2v2m2
h
≃−0.1; (2.10)

for the loop correction in the SM.1

Let us consider the following Higgs potential as a toy
example:

V ¼ m2
HjHj2 þ Λ4−2aðjHj2Þa; (2.11)

where Λ is a dimensional parameter. The minimization
condition is

m2
H þ aΛ4−2axa−1 ¼ 0; (2.12)

where x ¼ v2=2. Therefore, if a < 0 (namely, the potential
for mH → 0 has a runaway kind of behavior), m2

H is
positive. The Higgs mass is obtained as

m2
h ¼ 2aða − 1ÞΛ4−2axa−1 ¼ 2ð1 − aÞm2

H: (2.13)

One can calculate
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2

3

xV 000

V 00 ¼ 2

3
ða − 2Þ; (2.14)

and the correction from the standard model is specified
only by the exponent a. We note that the correction Ch is
negative for the runaway-type Higgs potential (a < 0).
As one can find from the above expression, the pair

Higgs production from the general scalar potential can be
parametrized by a single parameter Ch. The expansion of
the scalar potential is described in unitary gauge. Here, we
comment on the case of the ’t Hooft-Feynman gauge:
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!
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2
p

"
: (2.15)

In this case, jHj2 ¼ v2=2þ vhþ h2=2þ χ2=2þ χþχ−.
Expanding the potential VðjHj2Þ, we obtain that the
Nambu-Goldstone (NG) bosons χ and χ% are massless
under the stationary condition V 0ðv2=2Þ ¼ 0, and they will
be eaten by the gauge bosons. The interactions between the
physical Higgs h and the NG bosons are
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Therefore, the single Higgs production is same as the one in
the SM, but for the pair Higgs production via longitudinal
vector boson fusion, the scattering amplitude is modified
by the Ch parameter from the SM. The scattering amplitude
of χþχ− → hh is obtained as
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to the top-loop one, they contribute destructively. The correc-
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☆ An example for realizing Ch < 0

・Toy model

V (|H|2) = m
2|H|2 + Λ4−2a(|H|2)a






m2
h = 2m2(1− a)

Ch = v2

3
V ���

V �� = 2
3 (a− 2)

< 0 (when a < 0)

・Non-perturbative Higgs model (SQCD)

Wnp = Λ3

�
Λ2

HuHd

�κ

NP-potentialV (φ)

�φ�

V (φ)

�φ�

SUSY breaking
V (φ)

�φ�v

+ →

Ch � −
5
3
− 4

3
κ

(D’Hoker-Mimura-Sakai, Haba-Okada)

< 0 (κ > 0)

Now we have found that                easily enhance the Higgs pair production.Ch < 0

This kind of potential can be realized in context of SQCD.
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Non-­‐canonic	
  kine4c	
  term	
  

pp → hhjj process denoted by a dashed (blue) line. In the
figure, we can see that Ch ≠ 0 can enhance the cross
section. On the other hand, when we take R ¼ σðpp →
gg → hhÞ=σðpp → hhjjÞ for various Ch, which is denoted
by a solid (red) line in the figure, one can find that the
Higgsstrahlung and vector boson fusion processes are
subdominant compared to the gluon fusion process even
if Ch ≠ 0.

IV. CONTRIBUTION FROM THE
NONCANONICAL KINETIC TERM

OF THE HIGGS BOSON

At the ILC, the Higgsstrahlung process eþe− → Z% →
Zhh and the WW fusion process eþe− → WW%νν̄ → hhνν̄
are expected to be important in probing the cubic coupling.
In particular, the Higgs cubic coupling can be measured
using the WW fusion process [7,16].

These processes receive the contributions not just from
the cubic coupling but also from the hVV and hhVV
couplings due to the gauge interactions. Therefore, for
more general consideration, we study cases wherein either
or all of these couplings are modified from their SM values.
If the results for these processes at the ILC differ from the
SM expectations, it is important to understand which one of
these modifications is responsible, since those modified
Higgs-gauge boson couplings obscure the measurement of
the cubic coupling.
The modification to the Higgs-gauge interactions due

to the following noncanonical kinetic term has been
considered6 in Ref. [24]:

Lkin ¼ F
!
2jHj2

v2

"
DμH†DμH; (4.2)

whereDμ is the covariant derivative for the Higgs field. For
the convenience of the kinetic normalization, the functionF
is defined as Fð1Þ ¼ 1 [otherwise, the kinetic normalized
field is

ffiffiffiffiffiffiffiffiffiffi
Fð1Þ

p
H]. Expanding the general kinetic function

GðxÞ≡ xFðxÞ, we obtain the W=Z boson masses and
coupling to the physical Higgs as

!
M2

WW
þ
μ W−μ þM2

Z

2
ZμZμ

"!
1þG0ð1Þ 2h

v
þ ðG0ð1Þ

þ2G00ð1ÞÞ h
2

v2

"
: (4.3)
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FIG. 1 (color online). The ratio of cross sections σðChÞ=σSM for gg → hh at LHC, where the left and the right figures showffiffiffi
s

p
¼ 8 TeV and

ffiffiffi
s

p
¼ 14 TeV collisions, respectively. MRST2006nnlo and CTEQ6.1 PDF sets are used to calculate the cross section,

which is represented by the solid (red) and the dotted (blue) lines, respectively.
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FIG. 2 (color online). The ratios of cross sections R in which
R ¼ σðpp → hhjjÞ=σðpp → hhjjÞSM and R ¼ σðpp → gg →
hhÞ=σðpp → hhjjÞ are shown by dashed (blue) and solid
(red) lines, respectively. The cross section of pp → hhjj in
the SM is given by σðpp → hhjjÞSM ¼ 1.6 fb at 14 TeV LHC.

6In general, there can be a different type of operator,

ðHDμH†ÞðH†DμHÞ; (4.1)

which causes the different Higgs couplings to W and Z bosons.
However, it also modifies the ρ parameter. Here we do not
consider such an operator for simplicity. General dimension-six
operators are enumerated in Ref. [32].

HIGGS PAIR PRODUCTION AT THE LHC AND ILC FROM … PHYSICAL REVIEW D 89, 015018 (2014)

015018-5

R.	
  S.	
  Chivukula	
  and	
  V.	
  Koulovassilopoulos,	
  Phys.	
  LeX.	
  B	
  309,	
  371	
  (1993);	
  Phys.	
  Rev.	
  D	
  50,	
  3218	
  (1994).	
  

pp → hhjj process denoted by a dashed (blue) line. In the
figure, we can see that Ch ≠ 0 can enhance the cross
section. On the other hand, when we take R ¼ σðpp →
gg → hhÞ=σðpp → hhjjÞ for various Ch, which is denoted
by a solid (red) line in the figure, one can find that the
Higgsstrahlung and vector boson fusion processes are
subdominant compared to the gluon fusion process even
if Ch ≠ 0.

IV. CONTRIBUTION FROM THE
NONCANONICAL KINETIC TERM

OF THE HIGGS BOSON

At the ILC, the Higgsstrahlung process eþe− → Z% →
Zhh and the WW fusion process eþe− → WW%νν̄ → hhνν̄
are expected to be important in probing the cubic coupling.
In particular, the Higgs cubic coupling can be measured
using the WW fusion process [7,16].

These processes receive the contributions not just from
the cubic coupling but also from the hVV and hhVV
couplings due to the gauge interactions. Therefore, for
more general consideration, we study cases wherein either
or all of these couplings are modified from their SM values.
If the results for these processes at the ILC differ from the
SM expectations, it is important to understand which one of
these modifications is responsible, since those modified
Higgs-gauge boson couplings obscure the measurement of
the cubic coupling.
The modification to the Higgs-gauge interactions due

to the following noncanonical kinetic term has been
considered6 in Ref. [24]:

Lkin ¼ F
!
2jHj2

v2

"
DμH†DμH; (4.2)

whereDμ is the covariant derivative for the Higgs field. For
the convenience of the kinetic normalization, the functionF
is defined as Fð1Þ ¼ 1 [otherwise, the kinetic normalized
field is

ffiffiffiffiffiffiffiffiffiffi
Fð1Þ

p
H]. Expanding the general kinetic function

GðxÞ≡ xFðxÞ, we obtain the W=Z boson masses and
coupling to the physical Higgs as

!
M2

WW
þ
μ W−μ þM2

Z

2
ZμZμ

"!
1þG0ð1Þ 2h

v
þ ðG0ð1Þ

þ2G00ð1ÞÞ h
2

v2

"
: (4.3)

4 2 0 2 4
0

2

4

6

8

10

12

Ch

C
h

SM

LHC s 8 TeV

SM F Mhh
4.11 fb CTEQ6.1

SM F Mhh
3.78 fb MRST2006nnlo

MRST2006nnlo

CTEQ6.1

4 2 0 2 4
0

2

4

6

8

10

12

Ch

C
h

SM

LHC s 14 TeV

SM F Mhh
19.5 fb CTEQ6.1

SM F Mhh
18.3 fb MRST2006nnlo

MRST2006nnlo

CTEQ6.1

FIG. 1 (color online). The ratio of cross sections σðChÞ=σSM for gg → hh at LHC, where the left and the right figures showffiffiffi
s

p
¼ 8 TeV and

ffiffiffi
s

p
¼ 14 TeV collisions, respectively. MRST2006nnlo and CTEQ6.1 PDF sets are used to calculate the cross section,

which is represented by the solid (red) and the dotted (blue) lines, respectively.

4 2 0 2 4
0

5

10

15

20

Ch

R

R pp hhjj pp hhjj SM

R pp gg hh pp hhjj

LHC s 14 TeV

FIG. 2 (color online). The ratios of cross sections R in which
R ¼ σðpp → hhjjÞ=σðpp → hhjjÞSM and R ¼ σðpp → gg →
hhÞ=σðpp → hhjjÞ are shown by dashed (blue) and solid
(red) lines, respectively. The cross section of pp → hhjj in
the SM is given by σðpp → hhjjÞSM ¼ 1.6 fb at 14 TeV LHC.

6In general, there can be a different type of operator,

ðHDμH†ÞðH†DμHÞ; (4.1)

which causes the different Higgs couplings to W and Z bosons.
However, it also modifies the ρ parameter. Here we do not
consider such an operator for simplicity. General dimension-six
operators are enumerated in Ref. [32].

HIGGS PAIR PRODUCTION AT THE LHC AND ILC FROM … PHYSICAL REVIEW D 89, 015018 (2014)

015018-5

for	
  the	
  SM.	
  

3, Non-perturbative Higgs model    　 　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

☆ Non-canonical kinetic term

Lkin = F

�
|H|2

v2/2

�
DµH

†
D

µ
H

(M2
W W+W− +

M2
Z

2
Z2)

�
1 + G�(1)

2h

v
+ (G�(1) + 2G��(1))

h2

v2
+ · · ·

�

i.e. non-canonical Kahler potential

G(x) ≡ xF (x) and expand around x = 1

F (x) = 1 in SM

Let us consider other possibility of new physics effect.

(Chivukula and Koulovassilopoulos, ...)

Non	
  canonical	
  kine-c	
  terms	
  appear	
  in	
  several	
  models	
  with	
  strong	
  dynamics:	
  

G�(1) = 1, G��(1) = 0 in the SM.

²  Not	
  to	
  conflict	
  with	
  data.	
  
	
  
²  General	
  kine-c	
  term	
   C2 ≡ 2G��(1)
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Ch = 0 for the SM Higgs potential

2, Higgs potential and the Higgs self-interaction      　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

Ch �= 0

☆ 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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The equivalence theorem [26] tells us that this scattering
amplitude is same as the longitudinal WW scattering
amplitude up to the OðM2

W=sÞ correction (namely, neglect-
ing gauge coupling in M2

W ¼ g2v2=4). One can easily
verify this equivalence by calculating the amplitude in
the unitary gauge. However, since the 126 GeVHiggs is not
very heavy compared to the gauge boson masses, we
should calculate in the unitary gauge without neglecting
the gauge couplings for the numerical evaluation of the
cross sections.2

The general scalar potential can be also specified to the
two-Higgs doublet model (2HDM). The scalar potential in
terms of H1 and H2 (whose hypercharges are −1=2 and
þ1=2, respectively) is a function of jH1j2, jH2j2 and
H1 ·H2ð≡ϵabHa

1H
b
2Þ. The cubic Higgs coupling can be

written, in general, similarly to the one-Higgs case. We
exhibit the relevant expressions in Appendix B.

III. HIGGS PAIR PRODUCTION VIA GLUON
FUSION AT THE LHC

The Higgs cubic coupling can be probed by pair
production of the Higgs boson. At the LHC, the dominant
contribution of the pair Higgs production is the gluon
fusion process. There are two diagrams for the pair Higgs
production via the gluon fusion: (i) gg → h → hh,
(ii) gg → hh via a box diagram. The gg → h and
gg → hh couplings are generated by triangle and quad-
rangle top quark loop diagrams, respectively. The effective
coupling (neglecting the top quark momentum) can be
obtained by [27]

Leff ¼
αs
12π

ðlogHÞGa
μνGaμν

¼ αs
12π

!
h
v
− h2

2v2
þ % % %

"
Ga

μνGaμν: (3.1)

Because of the opposite signs of the effective couplings
(in addition to a kinematical reason), the cross section of
the pair Higgs production at the LHC is very small at the
order ofOð10−3Þ compared to the single Higgs production.
Inversely speaking, this fact makes the process sensitive to
any additional contributions and a good probe of new
physics beyond SM.
The cross section of pp → hh can be obtained by

σðpp → hhÞ ¼
Z

1

4m2
h=s

dτ
dLgg

dτ
σ̂ðgg → hh; ŝ ¼ τsÞ; (3.2)

and the parton-level amplitude of gg → hh (using the
effective coupling) is

Mðgg → hhÞ ¼ αs
3πv2

!
−1þ 3m2

hð1þ ChÞ
ŝ −m2

h

"
: (3.3)

The amplitude vanishes at ŝ ¼ ð4þ 3ChÞm2
h. From the

kinematics, we integrate the parton cross section from ŝ ¼
4m2

h to s. One can find that the cross section of pp → hh is
enhanced for Ch < 0 as a result. Although positive Ch can
also provide a large cross section, a significant enhance-
ment requires Ch ≳ 4. Therefore, in the negative Ch case
the cross section can be enhanced relatively easily com-
pared to the positive case, and thus, the former is more
feasible to be realized in a model.3 Models which give a
negative Ch contribution are interesting since its implica-
tion at the LHC and ILC becomes potentially more
pronounced for the Higgs pair productions and, therefore,
can be scrutinized in these experiments. We note that the
runaway-type potential provides an example of Ch < 0, as
mentioned before.
In Fig. 1, we show the ratio of cross sections between the

Ch-dependent gg → hh cross section and the SM one. The
left and right figures represent 8 TeVand 14 TeV collisions
at the LHC, respectively. The cross sections at 8 TeV and
14 TeV at the next-to-leading order calculation are 5–11 fb
and 25–45 fb, respectively [11,12].4 The numerical num-
bers in the plots are given at the leading order calculation. It
is expected that the factor in the next-to-leading order/
leading order calculation is canceled in the Ch dependence,
and thus, we show the ratio of the cross sections. We utilized
FormCalc/LoopTools[28] to evaluate the cross sections
employing MRST2006nnlo [29] and CTEQ6.1 [30]
Parton Distribution Function (PDF) sets. The renormaliza-
tion and factorization scales are set to be equally μF, and we
take μF ¼ Mhh whereMhh is the invariant mass of the Higgs
pair. As a characteristic feature of the amplitude (3.3), one
can find that negative Ch enhances the production cross
section compared to positive Ch in the figure.5 Note that
Ch ∼ 1.5 gives the minimum value for the cross section.
We comment on the Higgsstrahlung process qq̄ → V& →

Vhh and WW fusion process. At the LHC, these processes
are subdominant and the cross sections are an order of
magnitude smaller than the gluon fusion process in the SM,
where both processes give the cross section σðpp →
hhjjÞ ¼ 1.6 fb at 14 TeV LHC. However, if the Higgs
cubic coupling is modified, these processes should be
affected. Figure 2 shows the ratios of cross sections denoted
by R, where R ¼ σðpp → hhjjÞ=σðpp → hhjjÞSM for the

2Note that the scattering amplitudes of tt̄ðbb̄Þ → hh are also
affected by Ch, and if we specify a type of Yukawa interactions in
2HDM, the amplitudes depend on tan β as well.

3If we only observe the gg → hh process, the cross sections for
Ch ∼ 4 and Ch ∼ −1 are degenerate. However, the degeneracy
can be distinguished if we can observe pp → hhjj at the LHC, or
pair production at ILC.

4The next-to-next-to-leading order calculation is given in
Ref. [31].

5The discovery potential for pair Higgs production at the LHC
is studied in Ref. [11]. Promising channels at a large luminosity
phase of the LHC are hh → bb̄W−Wþ, bb̄γγ and bb̄τþτ−.
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(3 contributions)

☆                        @ ILC

3, Non-perturbative Higgs model    　 　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

e+e− → hhX

・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
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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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☆ Possible enhancement of Higgs boson pair production

☆                    @ LHCpp→ hhX
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SM,14TeV ∼ 20 fb

・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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e+e− → hhX

・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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Figure 4.19: Higgs pair production in the bremsstrahlung and WW fusion processes.
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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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studied. For all the values the rates have been found to be enhanced by various a

V. APPENDIX

We first review single and pair productions of the Higgs and then give the changes on

them caused by the additional contributions from various colored particles. The leading

order (LO) partonic amplitude for Higgs productions cross-section and the diphoton decay

rates are given by:
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where xφ = 4m2
φ/m

2
h for φ = t, Si,W and

A1(x) = − (2 + 3x+ 3x(2− x)f(x)) , (11)

A1/2 = 2x (1 + (1− x)f(x)) , (12)

A0 = −x (1− xf(x)) , (13)
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4
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log
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− iπ

�2

, if x < 1
(14)

The Higgs pair production amplitudes are separated into the two independent initial gluon

polarizations. The contributions from the SM for the process g(pA)g(pB) → h(pC)h(pD) are

13
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Additional colored scalar particles contribute the following amplitudes:
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Here CAB and DABC etc are Passarino-Veltman 3 and 4–point functions and are given by
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Here m = mt and mS substitutions should be used for the top quark and colored scalar

contribution respectively.
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²  Higgs	
  pair	
  produc-on	
  in	
  the	
  presence	
  of	
  colored	
  scalars	
  	
  
and	
  vectors	
  are	
  implemented	
  in	
  MG5	
  

²  The	
  rate	
  was	
  calculated	
  scanning	
  over	
  the	
  masses	
  
	
   	
   	
  mS	
  &	
  mV	
  

	
  	
  	
  	
  	
  	
  and	
  their	
  portal	
  couplings	
  	
  
	
   	
   	
  λS	
  &	
  λV	
  
	
  of	
  the	
  color	
  octet	
  scalar	
  &	
  vector	
  	
  

	
  	
  	
  	
  	
  	
  par-cles	
  for	
  three	
  cases:	
  
•  Real	
  S	
  &	
  V	
  
•  Complex	
  S	
  &	
  V	
  
•  Real	
  V	
  &	
  complex	
  S	
  

²  	
  The	
  constraints	
  of	
  the	
  single	
  Higgs	
  produc-on	
  via	
  	
  
	
  gluon	
  gluon	
  fusion	
  from	
  ATLAS	
  &	
  CMS	
  are	
  put	
  on	
  	
  
	
  these	
  parameters	
  

Calcula-on:	
  Higgs	
  pair	
  produc-on	
  via	
  gluon	
  fusion	
  at	
  LHC	
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SM	
  ggH	
  expecta-on:	
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Scan	
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R(gg → h) ≡ σ(gg → h)

σ(gg → h)SM
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ATLAS	
  ggH:	
  1.32±0.38	
  	
  

Scan	
  over	
  vector	
  &	
  scalar	
  octet	
  masses:	
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CMS	
  ggH:	
  0.85+0.19-­‐0.17	
  	
  

Scan	
  over	
  vector	
  &	
  scalar	
  octet	
  masses:	
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Enhancement	
  over	
  the	
  SM	
  

Scan	
  over	
  vector	
  &	
  scalar	
  octet	
  masses:	
  	
  	
  

R(gg → hh) ≡ σ(gg → hh)

σ(gg → hh)SM
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Portal	
  Couplings:	
  
λs=1.5	
  
λV=1.5	
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Portal	
  Couplings:	
  
λs=1.5	
  
λV=0.5	
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Portal	
  Couplings:	
  
λs=0.5	
  
λV=1.	
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Scan	
  over	
  vector	
  &	
  scalar	
  octet	
  masses:	
  Real	
  V	
  &	
  Complex	
  S	
  	
  	
  

Portal	
  Couplings:	
  
λs=1.5	
  
λV=1.5	
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Portal	
  Couplings:	
  
λs=1.5	
  
λV=0.5	
  

Scan	
  over	
  vector	
  &	
  scalar	
  octet	
  masses:	
  Real	
  V	
  &	
  Complex	
  S	
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Portal	
  Couplings:	
  
λs=0.5	
  
λV=1.	
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Masses:	
  
ms=300	
  GeV	
  
mV=700	
  GeV	
  

2
5

10
20

30

50

70
90

110

0 1 2
0

1

2

ΛS

Λ V

R�gg�hh�
Scan	
  over	
  portal	
  couplings:	
  Complex	
  V	
  &	
  S	
  	
  	
  



44	
  

Masses:	
  
ms=300	
  GeV	
  
mV=700	
  GeV	
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Example	
  Model	
  of	
  Octet	
  V	
  &	
  S	
  

²  SU(2)-­‐singlet	
  SU(3)-­‐octet	
  vector	
  ω8,	
  SU(2)-­‐triplet	
  SU(3)-­‐octet	
  scalar	
  π8	
  

K.	
  Ishiwata	
  &	
  M.	
  B.	
  Wise,	
  PRD	
  83	
  (2011)	
  074015	
  
T.	
  E,	
  W-­‐S.	
  Hou	
  &	
  H.	
  Yokoya,	
  PRD	
  84	
  (2011)	
  094013	
  
J.	
  Alwall,	
  T.	
  E.,	
  W-­‐S.	
  Hou	
  &	
  H.	
  Yokoya,	
  PRD	
  86	
  (2012)	
  074029	
  
A.	
  Idilbi	
  et	
  al,	
  PRD	
  82	
  (2010)	
  075017	
  

ω8	
  	
  -­‐>	
  	
  W	
  π8	
  (Z	
  π8	
  )	
  -­‐>WWg	
  (ZZg)	
  

Experimental	
  signals	
  for	
  color	
  octets	
  

²  CMS	
  Collabora-on,	
  JHEP	
  09	
  (2015)	
   ω8	
  -­‐>	
  W	
  π8	
  (Z	
  π8	
  )-­‐>WWg	
  (ZZg)	
  50%+bb	
  50%	
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Example	
  Model	
  of	
  Octet	
  V	
  &	
  S	
  

²  SU(2)-­‐singlet	
  SU(3)-­‐octet	
  vector	
  ω8,	
  SU(2)-­‐triplet	
  SU(3)-­‐octet	
  scalar	
  π8	
  

K.	
  Ishiwata	
  &	
  M.	
  B.	
  Wise,	
  PRD	
  83	
  (2011)	
  074015	
  
T.	
  E,	
  W-­‐S.	
  Hou	
  &	
  H.	
  Yokoya,	
  PRD	
  84	
  (2011)	
  094013	
  
J.	
  Alwall,	
  T.	
  E.,	
  W-­‐S.	
  Hou	
  &	
  H.	
  Yokoya,	
  PRD	
  86	
  (2012)	
  074029	
  
A.	
  Idilbi	
  et	
  al,	
  PRD	
  82	
  (2010)	
  075017	
  

ω8	
  	
  -­‐>	
  	
  W	
  π8	
  (Z	
  π8	
  )	
  -­‐>WWg	
  (ZZg)	
  

Experimental	
  search	
  for	
  pair	
  produced	
  colorons	
  

²  CMS	
  Collabora-on,	
  JHEP	
  09	
  (2015)	
   ω8	
  -­‐>	
  W	
  π8	
  (Z	
  π8	
  )-­‐>WWg	
  (ZZg)	
  50%+bb	
  50%	
  



² The	
  Higgs	
  pair	
  produc-on	
  is	
  studied	
  for	
  general	
  poten-al	
  and	
  
in	
  the	
  presence	
  of	
  Scalar	
  and	
  	
  Vector	
  octets	
  for	
  LHC.	
  	
  

² Single	
  Higgs	
  produc-on	
  constraint	
  on	
  the	
  effec-ve	
  operator	
  &	
  	
  
Scalar	
  &	
  Vector	
  octet	
  masses	
  and	
  portal	
  couplings	
  have	
  been	
  
studied	
  by	
  scanning	
  over	
  them.	
  	
  

² Several	
  set	
  of	
  parameters	
  &	
  portal	
  couplings	
  are	
  chosen	
  
which	
  are	
  consistent	
  with	
  the	
  current	
  data.	
  

² They	
  have	
  been	
  found	
  to	
  be	
  affected	
  for	
  some	
  values	
  even	
  
the	
  single	
  Higgs	
  produc-on	
  receives	
  moderate	
  correc-on.	
  

	
  

Conclusion	
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Thank	
  you	
  for	
  
your	
  AXen-on!	
  

Тhank	
  you,	
  organizers!	
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Jet	
  tagged	
  W	
  channel	
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Hard	
  leptonic	
  W	
  channel	
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Portal	
  Couplings:	
  
λs=1.5	
  
λV=1.5	
  

Scan	
  over	
  vector	
  &	
  scalar	
  octet	
  masses:	
  Real	
  S	
  &	
  V	
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Portal	
  Couplings:	
  
λs=0.5	
  
λV=1.	
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Portal	
  Couplings:	
  
λs=1.5	
  
λV=0.5	
  

The	
  SM	
  NLO	
  expect.:	
  
σs=30-­‐40o	
  at	
  14	
  TeV	
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Masses:	
  
ms=300	
  GeV	
  
mV=700	
  GeV	
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