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Although the Higgs boson has been discovered, its self-couplings are poorly constrained. This leaves the
nature of the Higgs boson undetermined. Motivated by different Higgs potential scenarios other than the
Landau-Ginzburg type in the standard model, we systematically organize various new physics scenarios—
elementary Higgs, Nambu-Goldstone Higgs, Coleman-Weinberg Higgs, and tadpole-induced Higgs, etc.
We find that double-Higgs production at the 27 TeV high-energy LHC can be used to discriminate different
Higgs potential scenarios, while it is necessary to use triple-Higgs production at a future 100 TeV proton-
proton collider to fully determine the shape of the Higgs potential.
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I. INTRODUCTION

After a long wait of about half a century, in 2012, the
Higgs boson was discovered at the Large Hadron Collider
(LHC) by the CMS and ATLAS Collaborations. With the
discovery of this missing piece, all the particles of the
standard model (SM) have now been discovered. With
the measured value of the Higgs boson mass, all the
parameters in the SM are now known. The main goal of
the LHC machine now is to measure the properties and
interactions of the Higgs boson, as well as to look for
signatures of possible new physics beyond the SM. Until
now, direct searches for evidence of new physics (NP) have
not yielded anything of significance. This has pushed the
new physics scale to be around the TeV range. On the other
hand, precision measurements on various SM processes
provide us with an indirect way to probe new physics. The

Higgs boson couplings to the gauge bosons and the SM
fermions have been measured at the LHC through various
production processes and decay modes. However, the
Higgs self-couplings are not yet determined at the end
of Run 2 of the LHC [1–8].
The self-couplings of the Higgs boson, including the

trilinear and quartic Higgs couplings, are still mysteries.
Experimentally, the trilinear and quartic Higgs couplings
can be directly measured using double- and triple-Higgs
production processes pp → hh and pp → hhh, respec-
tively, at hadron colliders. The ATLAS and CMS
Collaborations have been looking for the hh production
signal in the data collected so far at the LHC. These data
can put a very loose bound on the trilinear Higgs coupling.
The hhh production signal has not yet been investigated
with the Run 2 data. It is quite challenging to measure the
Higgs self-couplings at the LHC, and this provides a strong
motivation for building future high-energy colliders.
Theoretically, there are still many unknowns about

the Higgs boson, such as the nature of the Higgs boson,
the origin of electroweak symmetry breaking (EWSB), the
shape of the Higgs potential, and the strength of the
electroweak phase transition, etc. All these questions can
only be addressed after the Higgs self-couplings are
determined. So far, the Higgs self-couplings are not tightly
constrained. The Higgs potential can be very different from
the Landau-Ginzburg type in the SM. In this work, we
systematically investigate various classes of new physics
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scenarios based on different types of Higgs potential. To be
specific, we consider the following Higgs scenarios:
(1) Elementary Higgs boson, in which the Higgs boson

is taken as an elementary scalar with rescaled self-
couplings. The Higgs mass parameter is negative
and thus triggers EWSB.

(2) Nambu-Goldstone Higgs, in which the Higgs boson
is taken as a pseudo-Nambu-Goldstone (PNG) boson
[9,10] emerging from strong dynamics at a high scale
(see Refs. [11–13] for comprehensive reviews).

(3) Coleman-Weinberg (CW) Higgs, in which EWSB is
triggered by renormalization group (RG) running
effects [14–16] with classical scale invariance.

(4) Tadpole-induced Higgs, in which EWSB is triggered
by the Higgs tadpole [17,18], and the Higgs boson
mass parameter is taken to be positive.

In general, the Higgs potentials could be organized accord-
ing to their analytic structure. The key structure of the
Higgs potential in each scenario is as follows:

VðHÞ ≃

8>>>>><
>>>>>:

−m2H†H þ λðH†HÞ2 þ c6λ
Λ2 ðH†HÞ3; Elementary Higgs

−asin2ð
ffiffiffiffiffiffiffiffiffiffi
H†H

p
=fÞ þ bsin4ð

ffiffiffiffiffiffiffiffiffiffi
H†H

p
=fÞ; Nambu-Goldstone Higgs

λðH†HÞ2 þ ϵðH†HÞ2 log H†H
μ2

; Coleman-Weinberg Higgs

−κ3
ffiffiffiffiffiffiffiffiffiffi
H†H

p
þm2H†H; Tadpole-induced Higgs

ð1:1Þ

where f denotes the decay constant of the NGHiggs boson;
μ denotes the renormalization scale in case EWSB is
triggered by radiative corrections; and m2, λ, c6, Λ, a, b,
ϵ, and κ are dimensionful or dimensionless parameters in
each new physics scenario. The shapes of the Higgs
potential are schematically illustrated in Fig. 1. In both
the elementary and Nambu-Goldstone Higgs cases, the
Higgs potential could be expanded in the powers of H†H,
which could recover the Landau-Ginzburg effective theory
description if a truncation on the series provides a good
approximation. The decoupling limit of these two scenarios
corresponds to the case when new physics sets in at a much
higher energy scale than the EW scale. However, such a
decoupling limit does not exist in either the Coleman-
Weinberg Higgs or the tadpole-induced Higgs scenario. In
all the above cases, the trilinear and quartic Higgs cou-
plings could be very different from those in the SM.
All the above mentioned scenarios can be described in an

effective field theory (EFT) framework. One of the most
popular EFT frameworks is the SMEFT [19–21], which
assumes that new physics decouple at a high-energy scale,
and EW symmetry is in the unbroken phase. The SMEFT is
suitable for describing the elementary Higgs and the
Nambu-Goldstone Higgs scenarios, when the Higgs non-
linearity effect can be neglected [22]. On the other hand, the

Coleman-Weinberg Higgs and the tadpole-induced Higgs
scenarios cannot be described within the SMEFT frame-
work due to the existence of nondecoupling effects. Hence,
to compare all four NP scenarios in one theory framework,
we utilize the EFT framework in the broken phase of EW
symmetry, which is known as the Higgs EFT [23–29].
Adopting the Higgs EFT framework, we summarize the
general Higgs effective couplings in various scenarios and
parametrize the scaling behavior of multi-Higgs production
cross sections at various high-energy hadron colliders.
In this work, we study how to utilize the measurements

of the hh and hhh production rates in hadron collision to
discriminate the above mentioned scenarios. The hh
production process, via gluon-gluon fusion, has been
extensively studied in the literature for measuring the
trilinear Higgs boson coupling [30–49] and the tt̄hh
couplings in the EFT framework [50–52], and for probing
various new physics models [53–64]. In particular, probing
the composite Higgs models via studying the hh production
process has been studied in Refs. [62–64]. For complete-
ness, we have reproduced some of the results shown in the
literature, but with somewhat different emphasis on its
analysis so as to compare the predictions on the hh
production rates from the above mentioned Higgs potential
scenarios side by side.

FIG. 1. The shapes of Higgs potential for various scenarios studied in this work.
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We compare total cross sections, kinematical distribu-
tions, and various interference effects at the 14 TeV high-
luminosity LHC (HL-LHC), the 27 TeV high-energy LHC
(HE-LHC), and a future 100 TeV proton-proton (pp)
collider (which may be FCC-hh [65] or SppS [66]) for
various NP scenarios. We estimate the 1σ uncertainty in
the measurement of cross sections in various scenarios by
scaling the SM signal-to-background studies available in
the literature [43]. We find that different scenarios of the
Higgs potential can be distinguished by measuring the
double-Higgs production cross sections at the HE-LHC
and the 100 TeV pp collider. We also consider the
possibility of constraining the trilinear Higgs coupling
in these scenarios, assuming certain accuracies for the
measured cross section.
Next, we compare total cross sections and kinematical

distributions for the process gg → hhh in various Higgs
potential scenarios at the 100 TeV pp collider. This process
was first studied in Ref. [67], by scaling the SM Higgs
boson self-couplings, for exploring the potential of the
100 TeV pp collider for measuring the quartic Higgs
coupling. To reduce the backgrounds, the most promising
signature has one of the Higgs bosons decaying into the
rare decay channel of two photons, while the other two
Higgs bosons each decay into a pair of bottom jets [68,69].
In this work, we study various interference effects between
the diagrams for the gg → hhh production process in order
to understand the dependence of these terms on various
couplings, including quartic Higgs couplings. The depend-
ence of the cross sections on the quartic Higgs coupling is
found to be weak. In the composite Higgs model, the
presence of tt̄hhh coupling further complicates the sit-
uation. Assuming that the triple-Higgs production cross
section can be measured to a certain accuracy at the
100 TeV pp collider, we could obtain the possible bounds
on the strength of the quartic Higgs coupling. We estimate
the 1σ uncertainty in the measurement of cross sections in
various scenarios by scaling the SM signal-to-background
studies available in the literature [68–72]. We find that the
potential of the 100 TeV pp collider to discriminate various
NP scenarios strongly depends on the tagging efficiency of
multiple bottom jets in the data analysis.
The paper is organized as follows: In Secs. II and III,

we lay out the general framework of Higgs effective
couplings and discuss various NP scenarios that could
yield a different Higgs potential from the SM. In Sec. IV,
we consider the theoretical constraints on the strength of
Higgs boson self-couplings, by examining the conditions of
tree-level partial wave unitarity and vacuum stability. In
Sec. V, we consider the pp → hh process for its potential to
discriminate various Higgs potential scenarios. In Sec. VI,
we examine the usefulness of the process pp → hhh for
measuring the quartic Higgs coupling and for determining
the shape of the Higgs potential. Our conclusion is
presented in Sec. VII.

II. EFFECTIVE FIELD THEORY FRAMEWORKS

In an EFT framework, new physics effects in the Higgs
sector could be described using Higgs EFT and SMEFT
in the broken and unbroken phases of electroweak sym-
metry, respectively. Higgs EFT could describe all the above
mentioned NP scenarios, while SMEFT is only suitable for
describing NP models with decoupling behavior, such as
the elementary Higgs scenario and the Nambu-Goldstone
Higgs scenario with negligible Higgs nonlinearity.

A. Higgs EFT: Higgs in the broken phase

In the broken phase of electroweak symmetry, it is
convenient to use the Higgs EFT Lagrangian [23–29] to
describe the interactions of the top quark, the Higgs boson,
and the Goldstone bosons eaten by the massive gauge
bosonsW� and Z.1 Only the Uð1ÞEM symmetry is manifest
(or equivalently, the SM gauge symmetry SUð2ÞL ×Uð1ÞY
is nonlinearly realized) in the broken phase. Furthermore,
the custodial symmetry SUð2ÞV should be respected, and
the Higgs boson h is taken as a custodial singlet when
constructing the effective Lagrangian. With the nonlinearly
realized symmetry SUð2ÞL × SUð2ÞR=SUð2ÞV, the leading
Higgs EFT Lagrangian, in the limit of turning off gauge
couplings, is [23–29]

L ¼ 1

2
ð∂μhÞ2 − VðhÞ

þ v2

4
Tr½ð∂μUÞ†∂μU�

�
1þ 2a

h
v
þ b

h2

v2
þ � � �

�

−
vffiffiffi
2

p ðt̄L; b̄LÞU
�
1þ c1

h
v
þ c2

h2

v2
þ c3

h3

v3
þ � � �

�

×

�
yttR
ybbR

�
þ H:c:; ð2:1Þ

where VðhÞ is the Higgs potential, U is the Goldstone
matrix of SUð2ÞL × SUð2ÞR=SUð2ÞV , and

U ¼ e
iwaτa

v : ð2:2Þ

Here, vð¼ 246 GeVÞ denotes the electroweak scale, τa

are the Pauli matrices (with a ¼ 1, 2, 3), and wa are the
Goldstone bosons eaten by W�; Z bosons. In general, the
unknown coefficients a; b; c1; c2 are independent from
each other. The SM corresponds to a ¼ b ¼ c1 ¼ 1, with
other couplings equal to zero. Note that the standard
model gauge symmetry SUð2ÞL ×Uð1ÞY is a subgroup
of SUð2ÞL × SUð2ÞR. After turning on the gauge coupling,
one needs to replace the usual derivative with the gauge
covariant derivative in the above equation, as ∂μ → Dμ, and

1In this work, we focus on the effects of Higgs boson couplings
in the double- and triple-Higgs production processes. Hence, we
could take the gaugeless limit; i.e., taking the g; g0 → 0 limit.
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the form in the unitary gauge can be easily obtained by
setting U → 1. For convenience, we will work with the
above effective Lagrangian with the gauge couplings being
turned off.
To be specific, the general Higgs potential is written as

VðhÞ ¼ 1

2
m2

hh
2 þ d3

�
m2

h

2v

�
h3 þ d4

�
m2

h

8v2

�
h4 þ � � �

≡ 1

2
m2

hh
2 þ λ3

3!
h3 þ λ4

4!
h4 þ � � � ; ð2:3Þ

and the Goldstone matrix U can be parametrized as

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
waτ

a

v

�
2

s
þ i

waτ
a

v
; ð2:4Þ

where d3;4 are the independent Higgs self-couplings. In the
SM, d3 ¼ d4 ¼ 1. It is easy to see that the normalization of
the Goldstone matrix satisfies the conditionU†U ¼ 1; thus,
the above parametrization for the Goldstone bosons is
equivalent to the one in the exponential form, cf. Eq. (2.2).
With this parametrization, the derivative-coupled inter-
actions of the Goldstone bosons take a relatively simple
form as

Tr½ð∂μUÞ†∂μU� ¼ 2

v2
∂μwa∂μwa þ 2

v2
ðwa∂μwaÞ2
v2 − w2

; ð2:5Þ

which would give rise to the usual kinetic terms for wa

and their derivative-coupled interactions with the Higgs
boson h. In this work, we neglect the effects of heavy
particles contributing to the contact interactions between
gluons and the Higgs boson, hnGâ

μνGâμν, as these effective
couplings vanish when the heavy particles decouple. For
simplicity, we assume these particles are heavy enough, and
thus the hnGâ

μνGâμν interactions can be safely neglected.

B. SMEFT: Higgs in the unbroken phase

Depending on the nature of the Higgs boson, SMEFT
could be a good general framework to parametrize the Higgs
couplings. In the scenarios of Coleman-Weinberg Higgs and
tadpole-induced Higgs, the SMEFT cannot be used because
of the nondecoupling behavior of new particles. On the other
hand, the elementary Higgs and Nambu-Goldstone Higgs
scenarios could be well described in the SMEFT framework,
because of the decoupling feature of these new physics
models. In the following, we present the SMEFT framework
and provide the correspondence between the SMEFT and
the Higgs EFT defined above.
If the new physics scale Λ is much higher than the

electroweak scale and can be decoupled as Λ → ∞, the
SMEFTwith higher-dimensional operators will be a useful
framework to describe the effects of new physics at the
weak scale. The SM gauge symmetry SUð2ÞL × Uð1ÞY is

manifested (or linearly realized) in this case. Neglecting
the lepton-number-violating operator at dimension D ¼ 5
(irrelevant to our study), the leading effective operators
arise from dimension D ¼ 6. The nonredundant set of
D ¼ 6 operators was summarized in Ref. [20], known as
the Warsaw basis. There are 53 CP-even and 6 CP-odd
effective operators at the D ¼ 6 level. In this paper, we will
focus on the CP-conserving case. By employing equations
of motion, we can translate the D ¼ 6 operators in the
Warsaw basis to the ones in the so-called strongly interact-
ing light Higgs (SILH) basis [21]. The Rosetta package
[73] can be used for translating between different bases.
The main differences between these two bases are the
operators involving fermionic currents (in the Warsaw
basis) and the ones involving pure bosonic fields (in the
SILH basis), as

P
ψ YψOHψ ∼OT;OB and O0

Hq þO0
HL∼

OW , where the sum is over all fermions, with Yψ denoting
the corresponding hypercharge of ψ [74]. When consider-
ing the S parameter constraint, it is more convenient to
consider OB and OW instead of OHψ or O0

Hq;O
0
HL, as the

latter operators can induce vertex corrections and modify
the Fermi constant. Furthermore, the operators such as
OWW and OBB (in the Warsaw basis) can be reparametrized
by the linear combinations of the operators OW;B;HW;HB;γ

(in the SILH basis) [74].
For discussing the production processes of multi-Higgs

bosons via gluon-gluon fusion, we list the relevant D ¼ 6
operators as

LD¼6 ¼
cH
2Λ2

∂μðH†HÞ∂μðH†HÞ − c6
Λ2

λðH†HÞ3

−
�
ct
Λ2

ytH†HQ̄LHctR þ H:c:

�

þ αs
4π

cg
Λ2

H†HGa
μνGaμν þ α0

4π

cγ
Λ2

H†HBμνBμν;

ð2:6Þ

where λ and yt are, respectively, the SM quartic Higgs
coupling and the top Yukawa coupling. αs ¼ g2s=4π,
α0 ¼ e2=4π, and ciði ¼ H; 6; t; g; γÞ are unknown Wilson
coefficients. It is worth pointing out that there is another

operator,OT ¼ 1
2
ðH†D

↔

μHÞ2, which violates custodial sym-
metry at tree level; thus, we neglect it in the following
discussion. Further complication introduced by the flavor
structure of the D ¼ 6 Yukawa term will not be explored in
this paper.

C. Relating SM EFT to Higgs EFT

Since the Higgs EFT is formulated at the broken phase of
the electroweak symmetry, it is a more general description
than the SM EFT. Hence, we could identify the SM EFT
Wilson coefficients with the Higgs EFT coefficients.
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With appropriate field redefinitions taken into account
[75], we can match the Higgs-Goldstone couplings, Higgs-
top couplings, and Higgs self-couplings defined in Eqs. (2.1)
and (2.3) to the Wilson coefficients in Eq. (2.6), as

a ¼ 1 − cH
v2

2Λ2
þO

�
1

Λ4

�
; ð2:7Þ

b ¼ 1 − cH
2v2

Λ2
þO

�
1

Λ4

�
; ð2:8Þ

c1 ¼ 1 − cH
v2

2Λ2
þ ct

v2

Λ2
þO

�
1

Λ4

�
; ð2:9Þ

c2 ¼ ct
3v2

2Λ2
− cH

v2

2Λ2
þO

�
1

Λ4

�
; ð2:10Þ

c3 ¼ ct
v2

2Λ2
− cH

v2

6Λ2
þO

�
1

Λ4

�
; ð2:11Þ

d3 ¼ 1þ c6
v2

Λ2
− cH

3v2

2Λ2
þO

�
1

Λ4

�
; ð2:12Þ

d4 ¼ 1þ c6
6v2

Λ2
− cH

25v2

3Λ2
þO

�
1

Λ4

�
: ð2:13Þ

As we will see later, different Higgs couplings in the
Higgs EFT are usually correlated for a given NP model.
For simplicity, we again assume that the heavy particles
decouple and the coefficients cg and cγ vanish, though in
general these two effective operators can be induced by
heavy particles with nontrivial color or electric charges
circulating in loops.

III. VARIOUS HIGGS SCENARIOS

In contrast to the model-independent discussions pre-
sented in the last section, we explicitly derive the Higgs
effective couplings in some specific NP scenarios—i.e., the
elementary Higgs, Nambu-Goldstone Higgs, Coleman-
Weinberg Higgs, and tadpole-induced Higgs. To identify
the Higgs boson’s nature through Higgs self-interactions,
we will derive the trilinear and quartic Higgs couplings for
each scenario. Since different Higgs couplings are usually
correlated for a specific NP model, we will also present
the relevant hVVðV ¼ W�; ZÞ, htt̄, and hhtt̄ couplings,
when necessary.

A. Elementary Higgs boson

When the Higgs boson is an elementary scalar, we
include in the Ginzburg-Landau potential, as in the SM, the
dimension-6 operator ðH†HÞ3 to effectively describe the
new physics contributions parametrized in the SMEFT,
cf. Eq. (2.6). In the NP models with scalar extensions, such

as the singlet extension, the two-Higgs-doublet model,
the real and complex triplets, and the quadruplet models
[76–78], the ðH†HÞ3 operator can be induced, which has
been classified in Ref. [76] based on group theory con-
struction. Similarly, integrating out new heavy fermions
and gauge bosons at the one-loop level could also induce
the ðH†HÞ3 operator.
To be specific, the Ginzburg-Landau potential consid-

ered in this work is

V ¼ −μ2H†H þ λðH†HÞ2 þ c6
Λ2

λðH†HÞ3; ð3:1Þ

where the Higgs doublet is H ¼ 1=
ffiffiffi
2

p ð0; vþ hÞT in the
unitary gauge, the Higgs boson mass term is m2

h ¼
2λv2ð1þ 3c6v2

2Λ2 Þ, and the electroweak scale v is obtained
by solving

μ2 ¼ λv2
�
1þ 3

4

c6v2

Λ2

�
: ð3:2Þ

In the SMEFT description, the trilinear and quartic Higgs
couplings are

d3 ¼ 1þ c6
v2

Λ2
− cH

3v2

2Λ2
þO

�
1

Λ4

�
; ð3:3Þ

d4 ¼ 1þ c6
6v2

Λ2
− cH

25v2

3Λ2
þO

�
1

Λ4

�
: ð3:4Þ

Here cH, cf. Eq. (2.6), modifies the kinetic term of the
Higgs field, which universally shifts the Higgs couplings to
electroweak gauge bosons. Thus, the coefficient cH is
highly constrained by the measurement of the couplings of
the Higgs boson to weak gauge bosons. The coefficient ct is
constrained by the measurements of tt̄h and the Higgs
production cross section via the gluon-gluon fusion
process. To probe the Higgs self-couplings, we assume
in this work that the operator ðH†HÞ3 makes the most
significant NP contribution, and the other operators can be
safely neglected.

B. Nambu-Goldstone Higgs boson

The Higgs boson can be a pseudo-Nambu-Goldstone
boson [9,10], arising from strong dynamics at the TeV
scale. The pseudo-Nambu-Goldstone Higgs corresponds to
one of the broken generators for some spontaneously
broken global symmetry G=H, based on which all the
operators, consistent with Higgs nonlinearity, can be
systematically constructed [79,80].
With its PNG nature, the general Higgs potential is

approximately
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VðhÞ ¼ −Af4 sin2
�
h
f

�
þ Bf4 sin4

�
h
f

�
þ � � � : ð3:5Þ

with higher-order terms being neglected, where A and B are
the two coefficients whose values are determined by the
specific dynamics responsible for generating the Higgs
potential, and 4πf denotes the NP scale. With the above
notation, the coefficients A and B are positive. One can
further define a ratio between the electroweak scale v and
the NP scale f to denote the Higgs nonlinearity in this
scenario. To be specific, the minimization condition of the
Higgs potential gives2

ξ≡ v2

f2
¼ sin2

�hhi
f

�
¼ A

2B
: ð3:6Þ

By expanding the Higgs potential in the powers of h after
EWSB, we have

VðhÞ ¼ Bf2 sin2
�
2hhi
f

�
h2 þ Bf sin

�
4hhi
f

�
h3

þ B
�
−
1

6
þ 7

6
cos

�
4hhi
f

��
h4 þ � � � : ð3:7Þ

The Higgs boson mass is given by

m2
h ¼ 2Bf2 sin2

�
2hhi
f

�
; ð3:8Þ

and the trilinear and quartic Higgs couplings are,
respectively,

d3 ¼
Bf sin

�
4hhi
f

�
�
m2

h
2v

� ¼ 1 − 2ξffiffiffiffiffiffiffiffiffiffi
1 − ξ

p ; ð3:9Þ

d4 ¼
1
6
B
�
−1þ 7 cosð4hhif Þ

�
�
m2

h
8v2

� ¼ 28ξ2 − 28ξþ 3

3 − 3ξ
; ð3:10Þ

where the ratio of d3 and d4 is obviously not 1, depending
on the parameter ξ.
Due to the Higgs nonlinear effects associated with its

nature as a PNG, the Higgs couplings in the top sector (the
ht̄t, hht̄t, hhht̄t couplings) and the Higgs couplings with
electroweak gauge bosons can deviate from the SM values.
Regarding the Higgs couplings in the top sector, the ht̄t
and hht̄t, hhht̄t couplings depend on the representation in
which the top quark is embedded. As the two benchmarks,
we consider first the minimal composite Higgs model
(MCH or MCHM) [87,88], where both the left-handed
tL and right-handed tR are embedded in the fundamental
representation 5 of the global SOð5Þ symmetry; and second
the composite twin Higgs model (CTH or CTHM) [89–91],
where the left-handed tL is embedded in the fundamental
representation 8, while the right-handed tR is a singlet of
the global SOð8Þ symmetry. The Higgs couplings in these
two models are systematically derived in Ref. [22] and
collected in Table I.

C. Coleman-Weinberg Higgs boson

Another theoretically attractive scenario is the Coleman-
Weinberg Higgs, where the Higgs potential at the classical
level is assumed to be scale invariant—i.e., only the
quartic Higgs term is present at the tree level [14–16].
However, with quantum corrections, the Higgs mass term
is usually generated at the one-loop level through the

TABLE I. Higgs couplings, defined in Eqs. (2.1) and (2.3), for the SM and various NP scenarios. For the Coleman-Weinberg (CW)
Higgs scenario, we also present in the parenthesis the Higgs self-couplings up to the two-loop order, predicted in two of the simplest
conformal extensions of the scalar sector: the SM Higgs doublet with another doublet [14], and the SM Higgs doublet with two
additional singlets [15].

a b c1 c2 c3 d3 d4

Relevant couplings hVV hhVV ht̄t hht̄t hhht̄t hhh hhhh

SM 1 1 1 0 0 1 1
SMEFT (with O6) 1 1 1 0 0 1þ c6

v2

Λ2 1þ c6
6v2

Λ2

MCH5þ5 1 − ξ
2

1 − 2ξ 1 − 3
2
ξ −2ξ − 2

3
ξ 1 − 3

2
ξ 1 − 25

3
ξ

CTH8þ1 1 − ξ
2

1 − 2ξ 1 − 1
2
ξ − 1

2
ξ − 1

6
ξ 1 − 3

2
ξ 1 − 25

3
ξ

CW Higgs (doublet) 1 1 1 0 0 5
3
ð1.75Þ 11

3
ð4.43Þ

CW Higgs (singlets) 1 1 1 0 0 5
3
ð1.91Þ 11

3
ð4.10Þ

Tadpole-induced Higgs ≃1 ≃1 ≃1 0 0 ≃0 ≃0

2It is nontrivial to realize a small ξ (less than about 0.1), as
required by precision measurements of Higgs couplings and
electroweak precision data. See, e.g., Refs. [81–84] for recent
attempts to achieve this goal. It is also found to be experimentally
challenging to extract out small ξ values from measuring the
Higgs couplings at the LHC [85]. Note that the parameter ξ is
positive for compact cosets, while it is negative for noncompact
cosets [86]. In this work, we only focus on models with compact
cosets, as EWSB is difficult to trigger in the models based on
noncompact cosets.
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Coleman-Weinberg mechanism [92]. To be specific, the
Higgs self-couplings are essentially determined by the β
function of the quartic Higgs coupling λ, and the electro-
weak scale v is generated at quantum level [14]. The β
function of the quartic Higgs coupling βλ is positive
definite, and accordingly the running quartic coupling at
the EW scale λðvÞ is negative [14], which corresponds to
the minimum of the Higgs potential.
The general Coleman-Weinberg Higgs boson h has the

following potential:

VðhÞ ¼ Ah4 þ Bh4 log
h2

Λ2
GW

; ð3:11Þ

where

A ¼
X
i

ni
m4

i

64π2v4

�
log

m2
i

v2
− ci

�
; B ¼

X
i

ni
m4

i

64π2v4
:

ð3:12Þ

Here, the masses mi denote the masses of the particles
circulating in the loop,3 which are defined in the vacuum
background; ni denotes the internal degrees of freedom;
and ci is the renormalization-scheme-dependent constant.4

The parameter B is directly related to the β function of
the quartic Higgs coupling βλ. The minimization condition
dVðhhiÞ
dhhi ¼ 0 gives [93]

v ¼ hhi ¼ ΛGW exp

�
−
1

4
−

A
2B

�
; ð3:13Þ

which leads to a relation between A and B. At this
minimum, the running quartic coupling at the EW scale
λðvÞ is negative. Since v is determined from the dimen-
sionless parameters, this is one specific realization of the
dimensional transmutation mechanism.
After expanding the above Higgs potential in the powers

of h, after EWSB, we obtain

VðhÞ ≃ 4Bhhi2h2 þ 20

3
Bhhih3 þ 11

3
Bh4 þ � � � : ð3:14Þ

Here, all the Higgs self-couplings are related to the
parameter B (or equivalently, βλ). Note that the higher-
order terms, such as h5, are neglected here. Therefore, the
Higgs mass is

m2
h ¼ 8Bhhi2; ð3:15Þ

and the trilinear and quartic Higgs couplings are,
respectively,

d3 ¼
20
3
Bhhi�
m2

h
2hhi

� ¼ 5

3
; ð3:16Þ

d4 ¼
11
3
B�

m2
h

8hhi2
� ¼ 11

3
: ð3:17Þ

We note that the trilinear and quartic Higgs couplings are
fixed at the one-loop order. Small corrections to the above
relations of d3 and d4 would appear only at the two-loop or
higher orders [14,15].

D. Tadpole-induced Higgs boson

Another interesting scenario is the tadpole-induced
Higgs. Because of the existence of a nonzero tadpole term,
the electroweak symmetry is spontaneously broken. As a
result, the Higgs self-couplings—both the trilinear and
quartic Higgs couplings—are largely suppressed with
respect to the SM prediction. In such models, an additional
source of electroweak symmetry breaking other than the
SM Higgs mechanism is needed. One specific realization
of this class of models is the bosonic technicolor model
[94,95]. In the typical technicolor models [96,97], only the
condensate of technifermions hQ̄iQji ∼ Λ3

tech triggers
EWSB, and thus it predicts no Higgs boson. However,
this has been ruled out due to the discovery of the Higgs
boson at the LHC. On the other hand, in the bosonic
technicolor model, an elementary Higgs boson is also there
to trigger EWSB with vacuum expectation value (VEV) vh
such that

v2 ≡ v2h þ f2; ð3:18Þ

where f ≡ Λtech. As both scalars can contribute to the W�-
and Z-boson masses, the scale f should be suppressed with
respect to the electroweak scale v, so that the hVV (with
V ¼ W�; Z) couplings can be close to the SM predictions,
as required by the experimental findings. This leads
to v ≃ vh ≫ f.
At low energy, the bosonic technicolor condensate could

be parametrized as another effective scalar doublet field
with the same quantum numbers as the Higgs doublet. For
convenience, let us name this auxiliary doublet Σ, and the Σ
field is interpreted as the condensate of technifermions
Σ ∼ hQ̄iQji=Λ2

tech. The simplified Lagrangian [17,18] for
the tadpole-induced Higgs scenario is

L ¼ ðDμHÞ†ðDμHÞ þ ðDμΣÞ†ðDμΣÞ − VðH;ΣÞ; ð3:19Þ

where

3The specific types of the particles running in the loop is
irrelevant at the one-loop order.

4For example, in the MS scheme, ci ¼ 5
6
for gauge bosons,

while ci ¼ 3
2
for scalars and fermions.
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VðH;ΣÞ ¼ m2
hH

†H − ðϵΣ†H þ H:c:Þ
−m2

ΣΣ†Σþ λSðΣ†ΣÞ2: ð3:20Þ

Note that the mass term of the Higgs doublet H is positive,
so EWSB is not triggered by them2

hH
†H term as in the SM.

In order for the tadpole-induced mechanism to be domi-
nant, the quartic term λHðH†HÞ2 should be subdominant
(and thus negligible) in the above Higgs potential. The
vacuum structure is then parametrized as

Σ ¼ 1ffiffiffi
2

p
�
0

f

�
; H ¼ 1ffiffiffi

2
p

�
0

vh

�
; ð3:21Þ

where the VEV f is obtained from the sector with an
auxiliary doublet alone, and vh is obtained from the
m2

hH
†H term and the mixing term between the two scalar

sectors, such that

vh ¼
ϵf
m2

h

: ð3:22Þ

More interestingly, the self-couplings of the Higgs boson
are highly suppressed in this class of models. Let us assume
that the Higgs particle in the auxiliary scalar sector is heavy
enough (v ≪ mΣ) such that one can integrate out the
auxiliary scalar field and derive the tree-level effective
potential for the Higgs boson. Because of the self-inter-
actions of the auxiliary scalar and the mixing between the
auxiliary field and the Higgs boson, trilinear and quartic
Higgs couplings are induced, as shown in Fig. 2. To be
specific, we have the tree-level effective Higgs potential as

VðHÞ ¼ 1

2
m2

hH
†H − ϵf

ffiffiffiffiffiffiffiffiffiffi
H†H

p
þ
�
ϵ2

mΣ

� ffiffiffiffiffiffiffiffiffiffi
H†H

p �
2 þ

�
ϵ

m2
Σ

�
3 m2

Σ
f

� ffiffiffiffiffiffiffiffiffiffi
H†H

p �
3

þ
�

ϵ

m2
Σ

�
4 m2

Σ
4f2

� ffiffiffiffiffiffiffiffiffiffi
H†H

p �
4 þ � � �

�
; ð3:23Þ

where H†H ¼ ðhþ vhÞ2=2 in the unitary gauge. When
mΣ is sufficiently large, which in turn requires the self-
interactions of the auxiliary scalar field to be strong, all the

self-coupling terms of the Higgs field h are suppressed.
Hence, after performing a shift of (h → hþ vh), after
EWSB, to remove the tadpole term in Eq. (3.20), we find
the self-couplings of the physical Higgs boson yield
d3 ≃ d4 ≃ 0. However, if the Higgs potential VðH;ΣÞ
contains a quartic term λHðH†HÞ2, the Higgs self-couplings
can yield nonzero d3 and d4 values. In this work, we simply
assume that the quartic term λHðH†HÞ2 vanishes,
cf. Eq. (3.20).

E. Summary on Higgs couplings

We collect all the relevant Higgs couplings in Table I
for different NP scenarios—the elementary Higgs (both
the SM and the SMEFT with the operator O6), Nambu-
Goldstone Higgs (MCH and CTH models), Coleman-
Weinberg Higgs, and tadpole-induced Higgs. As we will
see, these couplings are important for deriving theoretical
constraints from the partial wave unitarity, the tree-level
vacuum stability, and the study of the phenomenology of
the double-Higgs production gg → hh and the triple-Higgs
production gg → hhh at the LHC and at future hadron
colliders.
Below, we summarize the specific assumptions made in

each class of NP models, which yield the Higgs couplings
listed in Table I.
(1) In the SMEFT scenario, we only include the O6

operator, for simplicity, since almost all the other
operators are (and will be further) constrained by the
precision measurements of the Higgs boson cou-
plings to gauge bosons or fermions.

(2) In the Nambu-Goldstone Higgs scenario, the Higgs
self-couplings depend on the Higgs nonlinearity
parameter ξ, whose value has been constrained by
the precision hVV coupling measurements. It is
found that ξ < 0.1 at the 1σ level. To be concrete,
we restrict ourselves to two specific benchmark
models, MCH5þ5 and CTH8þ1. For consistency,
we have included the Higgs nonlinear effects in
deriving all the Higgs boson couplings. Here, we
neglect the contribution of the composite states to
Higgs couplings, by assuming that all the composite
particles are heavy enough. The effects of composite
particles in Higgs couplings have been systemati-
cally discussed in Ref. [22].

(3) In the Coleman-Weinberg Higgs scenario, we sim-
ply take all the other Higgs couplings, except the
Higgs self-couplings d3 and d4, to be identical to the
SM values. This is the case when the extra scalar
particles do not mix with the Higgs boson after the
EWSB. It is found that the Higgs self-couplings
d3 ¼ 5

3
and d4 ¼ 11

3
at the one-loop order. For

completeness, their values at the two-loop order
[14,15] are also included in Table I.

(4) In the tadpole-induced Higgs scenario, we approxi-
mate d3 ¼ d4 ≃ 0, as they can be highly suppressed,

FIG. 2. The trilinear and quartic Higgs couplings obtained in
the Tadpole-induced Higgs scenario. The blue dot denotes the
mixing between the two doublets H and Σ, while the red dot
denotes the self-couplings of the auxiliary doublet Σ.
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though their exact values would depend on the
self-couplings of the auxiliary scalar field. We also
simply neglect the mixing between the auxiliary
doublet and the Higgs doublet, as is required by the
result of the precision hVV coupling measurement.

IV. THEORETICAL CONSTRAINTS ON HIGGS
SELF-COUPLINGS

A. Tree-level perturbative unitarity

In this section, we aim to obtain the unitarity constraints
on Higgs couplings defined after the EWSB, especially on
the trilinear and quartic Higgs couplings. We adopt the
method of coupled-channel analysis to obtain the optimal
bound [98,99], since the most restrictive limit would
come from the largest eigenvalue of the matrix for all
the coupled scattering processes. For constraining the
trilinear and quartic Higgs couplings, we therefore consider
the electric-neutral channels for the scatterings between the
top quark (t), the longitudinal W� and Z, and the Higgs
boson at the energy

ffiffiffi
s

p
≫ mt;mW;mZ;mh. According to

the Goldstone equivalence theorem [98], the longitudinal
W� and Z are equivalent to the Goldstone bosons (wa)
when

ffiffiffi
s

p
≫ mW;mZ.

To be specific, the following coupled 2 → 2 scattering
processes at the tree level are considered:

tλ1 t̄λ2 → tλ3 t̄λ4 ; tλ1 t̄λ2 → wbwb; tλ1 t̄λ2 → hh;

wawa → tλ3 t̄λ4 ; wawa → wbwb; wawa → hh;

hh → tλ3 t̄λ4 ; hh → wbwb; hh → hh; ð4:1Þ

where λ1;2;3;4 ¼ � denote the helicity of the initial-state and
final-state top and antitop quarks, while a ¼ 1, 2, 3 and
b ¼ 1, 2, 3 are the flavor indices for the initial and final
state Goldstone bosons, respectively. It is worth noticing
that the scattering process wawa → wbwb occurs only
when a ≠ b.
In the isospin basis, the 2 → 2 matrix element

Mifð
ffiffiffi
s

p
; cos θÞ can be decomposed into partial waves

(aj) as

Mifð
ffiffiffi
s

p
;cosθÞ¼32π

X∞
j¼0

2jþ1

2
ajð

ffiffiffi
s

p ÞPjðcosθÞ; ð4:2Þ

where Pjðcos θÞ are the orthogonal Legendre polynomials.
Therefore, partial wave amplitudes are

ajð
ffiffiffi
s

p Þ ¼ 1

32π

Z
π

0

dθ sin θPjðcos θÞMifð
ffiffiffi
s

p
; cos θÞ;

ð4:3Þ

which are bounded at the tree level as

jReðajÞj <
1

2
ð4:4Þ

to satisfy partial wave unitarity. For the coupled channels
listed above, the s-wave (j ¼ 0) scattering matrix at high
energies,

ffiffiffi
s

p
≫ mt;mW;mZ;mh, is explicitly

a0ð
ffiffiffi
s

p Þ ¼ 3

16π

mt

v2

0
BBBBBB@

−ðc21 þ 1Þmt 0 ð1 − ac1Þ
ffiffi
s
3

p
−2c2

ffiffi
s
3

p
0 −ðc21 þ 1Þmt ð−1þ ac1Þ

ffiffi
s
3

p
2c2

ffiffi
s
3

p
ð1 − ac1Þ

ffiffi
s
3

p ð−1þ ac1Þ
ffiffi
s
3

p
s

3mt
ð1 − a2Þ − s

3mt
ðb − a2Þ

−2c2
ffiffi
s
3

p
2c2

ffiffi
s
3

p
− s

3mt
ðb − a2Þ −d4

m2
h

mt

1
CCCCCCA

ð4:5Þ

in the basis

	
tþ t̄þ; t− t̄−;

1ffiffiffi
2

p wawa;
1ffiffiffi
2

p hh



: ð4:6Þ

Here the factor 1ffiffi
2

p is due to identical particles in the initial

and final states. Note that the states tþt̄− and t−t̄þ do not
contribute to the s-wave scatterings. For any given NP
model, we can always diagonalize the scattering matrix in
Eq. (4.5) numerically.

1. Elementary Higgs, CW Higgs, tadpole-induced
Higgs in 2 → 2 scatterings

The s-wave unitarity bounds on d3 and d4, obtained from
the above 2 → 2 processes, are quite loose if the hVLVL

couplings (V ¼ W�; Z) are equal to the SM predictions.
This corresponds to the elementary Higgs, Coleman-
Weinberg Higgs, and tadpole-induced Higgs. Moreover,
many channels would further decouple when the tt̄hh
contact interaction vanishes, and in this case we can solve
the s-wave unitarity constraints on d4 analytically. This
leads to the result
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limffiffi
s

p
→∞

ja0ð
ffiffiffi
s

p Þj ¼ jd4j
32π

3m2
h

v2
<

1

2
: ð4:7Þ

Roughly, jd4j < 16π. The coefficient d3 is only moderately
bounded as jd3 − 1j < 5 [100]. Alternatively, this bound on
d4 can be translated into the bound on the Wilson
coefficient c6=Λ2 for the case of the SMEFT, which yields
jc6j < ð16πv2

3m2
h
− 1Þ Λ2

6v2.

2. Nambu-Goldstone Higgs in 2 → 2 scatterings

When hVLVL couplings (V ¼ W�; Z) deviate from the
SM values, the s-wave unitarity bound from 2 → 2 scatter-
ings could be quite stringent.5 This applies to the case of the
Nambu-Goldstone Higgs scenario due to the Higgs non-
linearity. The unitarity-violating scale is found to beffiffiffi
s

p
≃ 3 TeV, if the nonlinearity parameter ξ ≃ 0.1, which

yields d3 ≃ 1 − 3
2
ξ ≃ 0.85. However, this unitarity bound

could be weakened with appropriate composite resonances
in the bosonic sector [101]. In this work, we neglect the
effects from those composite resonance states by assuming
that they are all very heavy. In Fig. 3, we recast the unitarity
constraints on Higgs self-couplings d3 and d4, with ξ
varying in the range 0.01 < ξ < 0.15, for the NG Higgs
scenario.

3. CW Higgs and tadpole-induced Higgs
beyond 2 → 2 scatterings

It is interesting to notice that a relatively stronger
unitarity bound on the Higgs self-couplings can be obtained

from 2 → nðn > 2Þ processes, if the Higgs potential is
nonanalytical [102,103]. It corresponds to a pole in the
Higgs potential, when H†H → 0. This applies to the
scenarios of Coleman-Weinberg Higgs and tadpole-
induced Higgs. The nonanalytical Higgs potential would
correspond to the nondecoupling behaviour, such that the
universal unitarity-violating scale 4πv ∼ 3 TeV is obtained,
regardless of how much d3 and d4 deviate from the SM
values [102,103]. Schematically, for the high-dimensional
operator [103]

Lint ¼
λn

n1! � � � nr!
ϕn1
1 ϕn2

2 � � �ϕnr
r ; ð4:8Þ

the 2 → nðn > 2Þ scattering process only matters when λn
is an order-1 coefficient [λn ∼Oð1Þ], and the unitarity
condition requires that the energy be bounded roughly as
E < ð1=λnÞ1=n [103]. The stringent unitarity bound would
come in the large-n limit. Physically, λn ∼Oð1Þ is only
possible in nondecoupling theories, because there is no
large scale that is responsible for suppressing this coef-
ficient λn. On the other hand, one could expect that the
coefficient λn is highly suppressed by the cutoff scale in
the NP models with decoupling behavior, and then the
unitarity bound from the 2 → nðn > 2Þ process will be very
loose. Thus, it is sufficient to consider the conventional
2 → 2 scatterings for the NP models with decoupling
behavior.
Based on the above discussion, we summarize the tree-

level partial wave unitarity bound in Table II for each new
physics scenario.

B. Tree-level vacuum stability

Even though the unitarity bound on the Higgs self-
couplings is not very tight, the trilinear Higgs coupling d3
cannot be arbitrary large if the EW vacuum is required to be

FIG. 3. Unitarity constraints on the trilinear (left) and quartic (right) Higgs couplings for the Nambu-Goldstone Higgs scenario. The
vertical axis denotes the unitarity-violating scale, while the horizontal axis denotes the Higgs self-interactions. The red line denotes the
MCH, while the blue line denotes the CTH. The shaded region is excluded by unitarity.

5The unitarity bound mainly results from the deviation of
Higgs-Goldstone (eaten by EW gauge bosons in the unitary
gauge) couplings. One can explicitly check the eigenvectors after
diagonalizing the scattering matrix and find that the wawa →
wbwb (a ≠ b) channel contributes the most to the eigenstate that
violates the s-wave unitarity.
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the global minimum. Based on the Higgs potential in
Eq. (2.3), this requirement is

dVðhÞ
dh

¼ m2
hhþ d3

3m2
h

2v
h2 þ d4

m2
h

2v2
h3 ¼ 0: ð4:9Þ

When 9ðd3Þ2 − 8d4 is positive or zero, the roots of the
above equation are explicitly

h1 ¼ 0; h2 ¼ v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðd3Þ2 − 8d4

p
− 3d3

2d4
;

h3 ¼ v
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðd3Þ2 − 8d4

p
− 3d3

2d4
: ð4:10Þ

In this case, h1 ¼ 0 corresponds to the EW vacuum, h3
corresponds to another local minimum of the Higgs
potential, and h2 corresponds to the local maximum.
Tree-level vacuum stability requires the EW local minimum
to be the global minimum, i.e., Vðh1Þ < Vðh3Þ. When
9ðd3Þ2 − 8d4 is negative, only one solution, i.e., h ¼ 0,
exists for dVðhÞ=dh ¼ 0, which corresponds to the only
minimum of the Higgs potential. As a result, we obtain the
tree-level vacuum stability bound on d3 and d4, as shown
in Fig. 4.6 Consistent with Ref. [102], the conservative
bound on the trilinear Higgs coupling is obtained as
0 < Δ3 ≡ d3 − 1 < 2. Certainly, this bound on d3 can be
slightly relaxed in the case when d4 is much larger than the
SM value. As we see in Fig. 4, when jΔ3j > 2, d4 is
required to be more than 10 times the SM value. For
comparison, we also mark several benchmark points of
various Higgs scenarios discussed in this work.

V. DOUBLE-HIGGS PRODUCTION:
MODEL DISCRIMINATION

In this section, we utilize the double-Higgs production
cross section measurements to discriminate different Higgs
scenarios, since these scenarios predict very different
strengths of trilinear Higgs boson couplings. At a high-
energy hadron collider, the gluon-gluon fusion channel is
the dominant production mechanism for the double-Higgs
boson production. As mentioned in the Introduction, this
process has been widely considered in the literature for
validating the SM cross section, for measuring the trilinear
Higgs coupling [30–49] and the tt̄hh coupling [51,52], and
for probing various NP models [53–61,63]. It remains to be
established whether this process can be observed at the 5σ
level at the LHC.
The ATLAS and CMS Collaborations have been

looking for the hh signal in the data collected so far at
the LHC and have accordingly set upper limits on its
production cross section [1–6]. Both collaborations have
also examined the prospects of detecting the hh signal at
the high-luminosity LHC (HL-LHC) and the high-energy
LHC (HE-LHC) [7,8]. At the HL-LHC, without (with) the
systematic uncertainty, the signal can be measured at 31%
(40%) accuracy relative to the standard model prediction
with a confidence level of 3.5σ (3σ), and the trilinear Higgs
coupling can be constrained in the range −0.1 < λ

λSM
< 2.7

FIG. 4. Tree-level vacuum stability constraints on Higgs self-
couplings d3 and d4. The shaded region is not favored if the EW
vacuum is required to be the global minimum. We note that
higher powers of Higgs self-couplings are relevant for stabilizing
the EW vacuum for the NG Higgs scenario. Thus, it is only an
artifact that the NG Higgs scenario is in the shaded region,
resulting from the truncation of the full Higgs potential in
deriving the coefficient d4.

TABLE II. Tree-level unitarity constraints from the scatterings of
the Higgs boson, top quark, and longitudinal electroweak gauge
bosons. For the SMEFT and NG Higgs scenarios, the bound is
obtained from analyzing the 2 → 2 scattering partial-wave ampli-
tudes. For CW Higgs and tadpole-induced Higgs scenarios, the
unitarity-violating scale is roughly 4πv ∼ 3 TeV due to the non-
decoupling nature of the theories [102], which can be estimated
from analyzing the 2 → nðn > 2Þ scattering partial-wave ampli-
tudes [103]. Note that we require c6 to be positive in the SMEFT,
since the Higgs potential should be bounded from below.

Scenarios Unitarity constraints

SMEFT 0 < c6 < 1584 for Λ ¼ 3 TeV
NG Higgs

ffiffiffi
s

p
< 4 TeV for ξ ¼ 0.05

CW Higgs
ffiffiffi
s

p
< 4πv ∼ 3 TeV

Tadpole Higgs
ffiffiffi
s

p
< 4πv ∼ 3 TeV

6Given a NP model, d3 and d4 are usually correlated. Thus, we
only focus on the region where both d3 and d4 are positive, rather
than treating them as independent parameters.

DETERMINING THE SHAPE OF THE HIGGS POTENTIAL AT … PHYS. REV. D 101, 075023 (2020)

075023-11



and 5.5 < λ
λSM

< 6.9 (−0.4 < λ
λSM

< 7.3). At the HE-LHC

(27 TeV with 15 ab−1 of integrated luminosity), the signal
can be measured at the confidence levels of 7.1σ and 11σ,
without the systematic uncertainty, in the bb̄γγ and bb̄ττ
channels, respectively [8]. A number of the above studies
have performed detailed background analysis with opti-
mized cut-based analysis or with multivariate techniques.
In this paper, we do not intend to perform any detailed
signal-to-background analysis. Instead, we utilize the NP
cross section, after some basic kinematic cuts, to calculate
the confidence level of observing the double-Higgs pro-
duction, as predicted in the specific NP scenario, by
assuming the same background rates as reported in the
literature for detecting the SM double-Higgs production.
As stated above, we mostly focus on the double-Higgs
production at the 27 TeV HE-LHC and the future 100 TeV
pp collider, and explore the possibility of distinguishing
various scenarios and extracting the unknown Higgs
couplings, especially the trilinear Higgs coupling.

A. Cross section and distributions

With the Higgs effective couplings listed in Table I, the
total cross section for the double-Higgs production at
hadron colliders can be written as

σ ¼ c41σ
SM
b þ c21d

2
3σ

SM
t þ c31d3σ

SM
bt þ c22σtt̄hh þ c21c2σb;tt̄hh

þ c1d3c2σt;tt̄hh; ð5:1Þ

where σSMb (σSMt ) denotes the SM cross section with only
the box (triangle) contribution, σSMbt is the interference

between the box and triangle contribution, σtt̄hh is the new
triangle contribution with a nonvanishing SM-like tt̄hh
coupling, and σb;tt̄hh (σt;tt̄hh) is the interference between
the new triangle and the box (triangle) contributions. A
representative set of Feynman diagrams, including the
triangle and box diagrams, is given in Fig. 5 for illustration.
Our methodology of computing the pp → hh cross

section has been discussed in Refs. [104,105], which we
follow below. We use the leading-order CTEQ parton
distribution functions, CT14LLO [106], with the renorm-
alization and factorization scales chosen as

ffiffiffî
s

p
. The

numerical result for each SM-like cross section, defined
in Eq. (5.1) at the 14, 27, and 100 TeV proton-proton
colliders, is listed in Table III. To suppress the large QCD
backgrounds, we apply a hard cut on the transverse
momentum (pT) of the Higgs boson, as discussed in the
next subsection. Thus, Table III also includes the results on
the SM-like cross sections with a cut ph

T > 70 GeV at the
14, 27, and 100 TeV proton-proton colliders. No further
kinematic cuts are applied here, as we are not doing detailed
signal-to-background study. Although higher-order QCD
corrections up to NNLO in the SM [107–110] and the
EFT framework [111–116] are known, e.g., the K factor is
about 2.3 (1.7) for the 14 (100) TeV colliders [115]. We do
not include the K factors in our numerical results presented
in Table III. According to the table, the SM cross section
without cuts (with ph

T > 70 GeV cut) is 17.2 (15.4) fb at the
14 TeV collider, and it is 73.6 (66.2) fb at the 27 TeV
collider, about 5 (4) times larger. The SM cross sections at
100 TeV collider are 830.1 fb and 756.8 fb, respectively,
which are about 50 times larger than the results at the
14 TeV collider.

(a) (b) (c)

FIG. 5. Representative Feynman diagrams for the pp → hh production. The third diagram appears only if the tt̄hh coupling is
nonvanishing.

TABLE III. The SM-like cross section defined in Eq. (5.1), without cuts and with the ph
T > 70 GeV cut, at the

14 TeV, 27 TeV, and 100 TeV proton-proton colliders.

Collider ph
T σSMb σSMt σSMbt σb;tt̄hh σt;tt̄hh σtt̄hh

14 TeV no cut 36.1 4.9 −23.8 −147.0 48.9 175.8
ph
T > 70 GeV 29.6 2.9 −17.1 −122.4 36.3 151.9

27 TeV no cut 149.2 18.9 −94.5 −618.9 197.92 777.0
ph
T > 70 GeV 124.1 11.6 −69.6 −524.5 151.1 684.5

100 TeV no cut 1607.6 184.3 −961.8 −6872 2077.3 9356
ph
T > 70 GeV 1370 118.8 −732 −5970 1645 8464
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As seen from Table III, there are also some interesting
patterns for the interference between different Feynman
diagrams. These could help us understand how the cross
sections and differential distributions depend on various
effective Higgs couplings. This will be discussed in more
detail in the next subsection.
Combining the effective Higgs couplings in Table I and

the SM-like cross section in Table III, we obtain the total
cross sections in different models using Eq. (5.1). Take the
27 TeV collider, for example. The total cross sections in the
tadpole-induced Higgs model and the Coleman-Weinberg
model are 149.2 fb and 124.1 fb, respectively, while with
ph
T > 70 GeV cut, they are 44.2 fb and 40.3 fb, respec-

tively. For the MCH and CTH models, if we take the
benchmark value ξ ¼ 0.05, the total cross sections without
cuts are 97.7 fb and 79.9 fb, while with ph

T > 70 GeV, they
are 87.2 fb and 71.5 fb, respectively.
In Fig. 6, for illustration, we display the ratio of the new

physics cross sections to the SM cross section in various
Higgs potential scenarios at the 14 TeV LHC and the
27 TeV HE-LHC. In the top row of Fig. 6, the ratio of the
cross sections exhibits the quadratic dependence of d3 with
a minimum around d3 ¼ 2 ∼ 3. This behavior will be
explained below. The bottom row of the ure shows the
ratio as a function of the parameter ξ in the Nambu-
Goldstone Higgs scenario. In the case of the CTH model,
the cross section ratio slowly increases as the ξ increases,
and this behavior does not change much when the

ph
T > 70 GeV cut is imposed. This ratio could also be

presented in the model-independent way using the general
Higgs couplings. In Fig. 7, this ratio is plotted in a two-
dimensional (c2, d3) contour with other parameters taken as
the SM-like values. In this ure, the values in the SM Higgs,
Coleman-Weinberg Higgs, and tadpole-induced Higgs sce-
narios are marked. The behavior of the cross section ratio in
these models can be understood based on the interference
patterns, as is to be discussed in the next section.
In Fig. 8, we display the normalized di-Higgs invariant

massMðhhÞ (left) and ph
T (right) distributions at the 27 TeV

HE-LHC. These distributions play an important role in
determining suitable kinematic cuts to reduce the SM
backgrounds. The upper row of Fig. 8 shows the normal-
izedMðhhÞ distribution with a range of values of d3. In the
case of d3 ¼ 3, there is an interesting two-peak structure in
the normalized MðhhÞ distribution, arising from the com-
petition between the triangle and box diagram contribu-
tions. We will come back to this in the next subsection,
cf. Fig. 9.

B. Interference effects

As shown in Fig. 5, the trilinear Higgs coupling is only
presented in the triangle diagrams. However, as the box and
triangle diagrams interfere, the contribution of the trilinear
Higgs coupling to the cross section also depends on the
box diagram contribution. Furthermore, their interference
effect is destructive. Since some of the new Higgs potential

FIG. 6. Variation of the ratio of the new physics cross section to that of the SM for hh production, at the 14 TeV HL-LHC and the
27 TeV HE-LHC, as a function of the trilinear Higgs coupling d3 in the elementary Higgs, Coleman-Weinberg Higgs, and tadpole-
induced Higgs scenarios (upper row), and as a function of the parameter ξ in the Nambu-Goldstone Higgs scenario (lower row).
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scenarios would allow large deviations of the Higgs
couplings from the SM value, the total cross section
and various distributions could change significantly.
Moreover,7 the Nambu-Goldstone Higgs scenario also
predicts nonzero tt̄hh coupling due to the Higgs non-
linearity, and there is correlation among the hVV, tt̄hh,
and tt̄h couplings [22] for nonzero ξ. Because of this new
tt̄hh interaction, two new triangle diagrams appear. These
diagrams interfere with the SM triangle diagram destruc-
tively, and with the box diagram constructively. This
behavior happens as the tt̄hh coupling has a negative sign
relative to tt̄h coupling in this scenario, as shown in Table I.
In Table III, we observe that taking the SM couplings, e.g.,
d3 ¼ 1, the pure box contribution is large, while the pure
triangle contribution is small, and furthermore, the inter-
ference contribution is large but negative, i.e., destructive.
This leads to a small total cross section for the pp → hh
process in the SM.

1. Interference effects without tt̄hh

Let us first consider scenarios without the tt̄hh vertex.
They are the elementary Higgs, Coleman-Weinberg Higgs,
and tadpole-induced Higgs scenarios. As one can see from
Eq. (5.1), the pure triangle contribution depends quadrati-
cally on d3, whereas the interference term depends linearly
on it. However, the pure box contribution does not depend
on d3. For a negative d3, the cross section keeps on
increasing with increasing magnitude of d3, cf. Fig. 6,
as both σSMt and σSMbt contributions increase. For positive d3,

however, the cross section first decreases and then keeps on
increasing after reaching some threshold value of d3, as first
σSMbt dominates, which decreases the cross section; then σSMt
dominates, which increases the cross section. This explains
the feature found in the upper row of Fig. 6.
To understand the feature in Fig. 8, let us examine the

contribution to the MðhhÞ distribution by decomposing
each class of Feynman diagrams and their interference
effects. As shown in Fig. 9, the triangle diagram mostly
contributes near the Higgs pair threshold, while the box
diagram mainly contributes at the threshold of the top-
quark pair system. As d3 increases, the contribution to the
MðhhÞ and ph

T distributions from the triangle diagram
keeps increasing and eventually exceeds the box diagram
when d3 becomes very large. When d3 ¼ 3, both the
triangle and box diagrams are sizable. Together with their
interference effect, they result in the two peaks in the
MðhhÞ and ph

T distributions, as shown in Fig. 8. Moreover,
as we increase the minimum cut on the pT variable of the
Higgs boson, which further suppresses the large QCD
background, the contribution from the pure triangle dia-
grams decreases more than the interference and the pure
box contributions relatively, as shown in Table III. For the
SM case, with the ph

T > 70 GeV cut on the Higgs boson,
the pure triangle contribution decreases by a factor of
around 1.7, the magnitude of the interference term by 1.4,
and that of the pure box term by 1.2. This explains why, in
Fig. 6, the minimum of the curves, in which the pure
triangle contribution starts to dominate over the interfer-
ence term, shifts to the right with the increase of the ph

T cut.
For the SM case, since the triangle contribution is small, the
reduction on the total cross section is not that steep with the
increase in the minimum ph

T cut; e.g., the total contribution
decreases by a factor of 1.1 only with the ph

T > 70 GeV
cut. However, for larger positive d3 values, the pure triangle

FIG. 7. Cross section ratio σ=σSM as a function of c2 and d3: without any cut (left), and with the kinematic cut ph
T > 70 GeV (right).

The SM cross sections without cuts and with cut, at the 27 TeV HE-LHC collider, are 73.6 fb and 66.2 fb, respectively. The total cross
sections in the tadpole-induced Higgs and Coleman-Weinberg scenarios are 149.2 fb and 124.1 fb, respectively, while with
ph
T > 70 GeV, they are 44.2 fb and 40.3 fb, respectively. The magenta, blue, and cyan dots denote the σ=σSM ratios in the tadpole-

induced Higgs, the SM, and the Coleman-Weinberg scenarios, respectively.

7In the elementary Higgs scenario, tt̄hh can also be induced
via integrating out heavy particles, as shown in Eq. (2.10). Here,
for simplicity, we take the tt̄h coupling and the hVV to be the SM
ones, which eliminates the tt̄hh coupling, because the tt̄hh and
tt̄h couplings are correlated in this model.

AGRAWAL, SAHA, XU, YU, and YUAN PHYS. REV. D 101, 075023 (2020)

075023-14



contribution does not dominate over the negative interfer-
ence before applying any cuts. Thus, even though the cross
section without cuts is large, imposing a certain minimum
ph
T cut would lead to a larger reduction in the cross section.

For instance, for d3 ¼ 10, the total cross section is 288.9 fb
with no pT cut; it reduces to 150.8 fb when a pT > 70 GeV
cut is applied—i.e., a reduction by a factor of 1.9. The cross
section for any d3, before and after cuts, can easily be
obtained using Table III.
At the 14 TeV HL-LHC, the double-Higgs production

cross section is not statistically large. Thus, in the case of
the most promising final-state signature “bbγγ,” there are
only few tens of events with 3 ab−1 luminosity, which
could only put very loose constraints on d3. Nevertheless,
the cross sections at the 27 TeV HE-LHC are about 5–6

times larger than that at the HL-LHC. Therefore, even for
the final state “bbγγ,” one can have significant constraint
on d3, and the d3 value can be determined within around
20% [8]. Therefore, we expect that at the 27 TeV HE-LHC,
it is possible to distinguish different Higgs potential
scenarios which do not contain the tt̄hh vertex.

2. Interference effects with tt̄hh

In the Nambu-Goldstone Higgs scenario—e.g., the
MCH and CTH models—in addition to the appearance
of a new tt̄hh vertex, the existing vertices, such as the tt̄h
and hhh couplings, also get modified from the SM ones, as
displayed in Table I. In Ref. [22], a global fit on the MCH
and CTH parameter space was performed by using the

FIG. 8. Various normalized distributions on the di-Higgs invariant massMðhhÞ (left) and the Higgs pT (right) at the 27 TeV HL-LHC
with different d3 couplings (upper) and various Higgs potential models (lower). The case of d3 ¼ 3 shows an interesting feature, due to
the competition between the triangle and box diagram contributions, as explained in the text.
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available data from the LHC Run 2 data. The 95% CL limit
on ξ is obtained to be ξ < 0.1 for the MCH model. Thus, in
this study, we will choose the value of ξ up to 0.1.
Figure 6 shows the variation of the total cross section with

the parameter ξ. With a fixed ξ value, the total cross section
in the MCH model is significantly larger than that in the
CTH model. In both models, the trilinear Higgs coupling
remains the same because of the universal form of the
Higgs potential; however, the tt̄h and tt̄hh couplings are
different due to different fermion embedding in both models.
From Eq. (5.1) and Table I, we see that the scaling of the
combination σb;tt̄hh þ σt;tt̄hh in the MCHmodel is larger by a
factor of 4 than that in the CTH model. Similarly, σtt̄hh in the
MCH model is larger by a factor of 16 in comparison to the
CTH model. However, this term does not contribute notice-
ably when ξ is as small as 0.01 because of the ξ2 scaling in
the cross section. However, for ξ ¼ 0.1, this term contributes
moderately in the MCH model. The above discussion
explains the difference in the increase of the rates of the
total cross section in the MCHmodel and the CTH model as
ξ increases. A similar conclusion also holds after applying
the ph

T cut. Finally, in Fig. 10, we show the different
contributions to the SM-like cross sections as functions of
the ξ parameter in the MCH and CTH models at the LHC. It
shows that the tt̄hh coupling is important in enhancing the
cross sections. As the ξ increases, although the contribution
from the SM-like diagrams decreases, the total cross section
increases due to the dominance of the tt̄hh contribution,
most noticeably in the MCH model.

C. Model discrimination and λ3 extraction

In this subsection, we investigate the possibility to dis-
tinguish various new physics scenarios of Higgs potentials

at the 27 TeV HE-LHC and the 100 TeV pp collider. At the
HL-LHC, due to the limited cross section, it is difficult to
constrain the trilinear Higgs coupling d3. At higher-energy
hadron colliders, the total cross section increases signifi-
cantly, and thus the accuracy of measuring the total cross
section and the constraint on d3 improve significantly.
It has been shown in the literature [43] that the double-

Higgs-boson production cross section of the SM, at the
27 TeVHE-LHCwith the integrated luminosity 15 ab−1, can
be measured with an accuracy of 13.8% at the 1σ level. This
accuracy would be further improved at the 100 TeV pp
collider with a 30 ab−1 integrated luminosity. Accordingly,
the SM signal for the double-Higgs production can be
measured with an accuracy of 5% at the 1σ level [43].
We shall use this information as the benchmark point and
perform a recast to obtain the signal significance in various
NP scenarios. Using the fixed luminosity and the back-
grounds from Ref. [43], the significance is obtained using
Z ¼ Φ−1ð1 − 1=2pÞ ¼ ffiffiffi

2
p

Erf−1ð1 − pÞ [117,118], where
Φ is the cumulative distribution of the standard Gaussian and
Erf is the error function. In this case, the Z value is

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
n0 ln

n0
n1

þ ðn1 − n0Þ
�s
: ð5:2Þ

Here, n0 is defined as n0 ¼ nb þ ns, and n1 ¼ nb þ n0s. The
value nb denotes the number of background events, and ns
denotes the number of signal events rescaled in each NP
scenarios as

ns ∼
σSMafter all cuts
σSMafter PT cuts

σNPafter PT cuts: ð5:3Þ

FIG. 9. Contribution of various classes of Feynman diagrams and their interference effects to theMðhhÞ distribution of hh production,
for d3 ¼ 1 (left) and d3 ¼ 3 (right). When we increase the value of d3 from 1 to 3, the triangle diagram contribution and the negative
interference term get scaled by 9 and 3, respectively. However, as the box diagram contribution “bx” does not depend on d3, it remains
the same. The peak of the total distribution gets shifted to the left with the increase in d3, as the triangle diagram, being an s-channel
process, contributes significantly near the threshold of hh production.
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The value n0s denotes the signal event number that can be
constrained at the 1σ level, which can be obtained by
solving Eq. (5.2) with Z ¼ 1 for a given n0. With ns and
n0s, the relative accuracy for each NP scenario is obtained
as jns − n0sj=ns. As expected, the larger cross sections
lead to smaller relative errors for different new physics
models.
The results are shown in Fig. 11. At the 27 TeV HE-LHC

and the 100 TeV pp collider, based on the total cross
sections of the double-Higgs production, it is sufficient to
distinguish new physics scenarios with different Higgs
potentials. The following conclusions can be drawn:
(1) For the SMEFT with a nonvanishing O6 ∼ ðH†HÞ3

operator, the total cross section tends to be smaller
than that of the SM. Because of the tree-level
vacuum stability constraint discussed in Sec. IV,
the Wilson coefficient of theO6 operator is preferred
to be positive, which renders d3 to be larger than 1
and yields a small cross section, as shown in Fig. 6.
For the benchmark d3 ¼ 2, it leads to an accuracy of
29.4% at the 27 TeV HE-LHC, and 10.9% at the
100 TeV pp collider.

(2) For the Nambu-Goldstone Higgs, the total cross
section tends to be larger than the SM prediction
because of the existence of the contact tt̄hh cou-
pling. We show that for the benchmark ξ ≃ 0.1,
different Nambu-Goldstone Higgs models, with the
top quark embedded in different representation, can
also be distinguished. The relative accuracy at the 1σ

level is about 10% at the 27 TeV HE-LHC, and
about 5% at the 100 TeV pp collider.

(3) The trilinear Higgs coupling in the Coleman-
Weinberg Higgs scenario is universally predicted
to be d3 ¼ 5=3. So, similarly to SMEFT, models
of Coleman-Weinberg Higgs also have a smaller
cross section compared to the SM one. The 1σ
relative accuracy is about 23% at the 27 TeV HE-
LHC, and about 4.7% at the 100 TeV pp collider.

(4) The trilinear Higgs coupling in the tadpole-induced
Higgs scenario is highly suppressed. Therefore,
tadpole-induced Higgs models can have a much
larger cross section compared to the SM value, due
to the enhanced box contribution and small inter-
ference. It turns out that this scenario could be
examined very well at both the 27 TeV HE-LHC
(relative accuracy of 7.4% at the 1σ level) and the
100 TeV pp collider (relative accuracy of 2.7% at
the 1σ level), and it can be well discriminated from
the SM scenario.

With the total cross section of the double-Higgs pro-
duction measured up to a certain precision, we would like
to extract the information on d3. In Fig. 12, assuming the
measured accuracy of the double-Higgs production cross
section is 10% (dark shading) and 20% (light shading), we
extract the parameter range for the trilinear Higgs coupling
d3. We use d̃3 to denote the scaled d3. As shown in Fig. 12,
we find that the ranges are 0.86 < d̃3=d3 < 1.15 ∪ 4.83 <
d̃3=d3 < 5.12 (0.73<d̃3=d3<1.31∪4.67<d̃3=d3<5.25)

FIG. 10. Variation of different contributions to the SM-like cross sections, cf. Eq. (5.1), as a function of ξ in the MCH and CTH
scenarios, at the LHC. The magenta line, parametrizing the effect of tt̄hh, crosses the blue line, parametrizing the effect of tt̄h and hhh
couplings, around ξ ¼ 0.06.
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if the accuracy is 10% (20%) for d3 ¼ 1, and 0.94<
d̃3=d3<1.07∪1.92<d̃3=d3<2.06 (0.88<d̃3=d3<1.16∪
1.83<d̃3=d3<2.11) if the accuracy is 10% (20%)
for d3 ¼ 2.
In Fig. 13, we show the parameter contour of the general

effective couplings c2 and d3 (with fixed c1) that can be

constrained by the double-Higgs production at the 27 TeV
HE-LHC, assuming the 1σ accuracy is 10% (dark shading)
and 20% (light shading). The scaling factors of the trilinear
Higgs coupling and the contact tt̄hh coupling are denoted
as the ratios d̃3=d3 and c̃2=c2, respectively. Compared to
the CTH model, the constrained regions in the MCH model
are tighter because the absolute value of c2 in the CTH
model is smaller than that in the MCH model, cf. Table. I.
Hence, the cross section does not vary much with the
scaling of c2. Overall, we see that the 27 TeV HE-LHC can
already set strict bounds on these Higgs couplings.

VI. TRIPLE-HIGGS PRODUCTION:
SHAPE DETERMINATION

In this section, we investigate the possibility and sensi-
tivity to measure the quartic Higgs coupling, d4, by using
the hhh production via gluon fusion, gg → hhh. This
process can help in a better understanding of the shape
of the Higgs potential in different scenarios.
As discussed in the literature [67–72,119,120], measur-

ing the quartic Higgs coupling in the triple-Higgs produc-
tion channel is not easy, even at the 100 TeV pp collider,
but it may be possible. This is because the signal cross
section of the triple-Higgs production pp → hhh is small
as compared to its SM backgrounds. Furthermore, the
contribution of the quartic Higgs coupling is overshadowed
by other Higgs couplings. The quartic Higgs coupling
appears in a very few diagrams which make a very small
contribution to the total cross section. According to the
literature [68,69], the quartic Higgs coupling is only
constrained in the range of ½−20; 30� (at the 2σ level) by
measuring the triple-Higgs boson production rate at the
100 TeV pp collider with 30 fb−1 data. In another
approach, there have been attempts to measure the trilinear
and quartic Higgs couplings indirectly using higher-order
loop corrections [44,121,122]. These indirect searches put
quite loose bounds on the quartic Higgs coupling at future
colliders, such as the double-Higgs production at the future
linear collider (ILC). A partial list of other related studies is
included as Refs. [123–125].
To further pin down the quartic Higgs coupling, it is

straightforward to utilize the triple-Higgs production

FIG. 11. The cross section ratio σ=σSM in double-Higgs
production at the 27 TeV HE-LHC with an integrated luminosity
of 15 ab−1 (upper), and at the 100 TeV pp collider with an
integrated luminosity of 30 ab−1 (lower) for various models.
Here, we consider the case in which the SM cross section can be
measured with accuracies of 13.8% and 5%, at the 1σ level,
respectively, at the 27 TeV HE-LHC and the 100 TeV pp collider.
The accuracies for the NP models are obtained using the rescaling
procedure described in the text. The blue bars denote the expected
accuracy for a given model.

FIG. 12. Constraints on the scaling d̃3=d3, assuming that the cross section can be measured up to 10% and 20% accuracy. Here, d̃3
denotes the scaled d3 value.
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channel at the 100 TeV pp collider with a high-luminosity
run. We calculate the triple-Higgs production cross sections
with general parametrization of new physics effects in
different NP scenarios. Five scenarios—independent scal-
ing of SM trilinear and quartic Higgs couplings, the
SMEFT models with correlated trilinear and quartic
Higgs coupling, the Nambu-Goldstone Higgs, Coleman-
Weinberg Higgs, and tadpole-induced Higgs models—are
considered. We shall first compute and discuss cross
sections and distributions in these models, then we will
estimate how well the quartic Higgs coupling can be
measured, assuming other couplings are already deter-
mined by other experiments. It is expected that one could
determine the tt̄h coupling, trilinear Higgs coupling, and
tt̄hh coupling more precisely before measuring the quartic
Higgs coupling.

A. Cross section and distributions

As shown in Fig. 14, there are several basic classes of
Feynman diagrams contributing to the process gg → hhh:
i.e., the pentagon-class diagrams, box-class diagrams, and
triangle-class diagrams. In the pentagon-class diagrams, the
Higgs self-coupling does not exist, and the relevant
coupling is the tt̄h coupling. In the box-class diagrams,
the trilinear Higgs coupling plays a major role. Only the

triangle-class diagrams have a dependence on both the
trilinear and quartic Higgs couplings. However, only a few
diagrams depend on the quartic Higgs coupling.8 Besides,
the contribution of the triangle-class diagrams is compa-
ratively small. Because of this, the process gg → hhh is
only moderately sensitive to the quartic Higgs coupling.
The cross section could change significantly with large
modification of the quartic Higgs coupling and the trilinear
Higgs coupling.
Furthermore, as shown in Fig. 15, several new diagrams

would appear if additional tt̄hh and tt̄hhh couplings are
nonzero. This scenario is realized explicitly—e.g., in the
Nambu-Goldstone Higgs case—because of the Higgs non-
linearity. In these scenarios, there are strong correlations
among the tt̄h, tt̄hh, and tt̄hhh couplings. As we will see,
given the nonlinear parameter ξ ∼ 0.1, the diagrams with
tt̄hh and tt̄hhh couplings could have large contributions,
which render it more difficult to extract the quartic Higgs
coupling.
In the pp → hhh process, there are strong destructive

interferences between different classes of diagrams.

FIG. 13. Constraints on c̃2=c2 and d̃3=d3, assuming that the cross section can be measured up to 10% and 20% accuracy, in the MCH
and CTH models. Here, c̃2 and d̃3 denote the scaled c2 and d3 values, respectively.

(a) (b) (c) (d)

FIG. 14. Different classes of Feynman diagrams for the gg → hhh production in the SM.

8To be specific, for each quark flavor in the loop, there are
24 pentagon-class diagrams, 18 box-class diagrams, and 8 triangle-
class diagrams. Out of these 50 diagrams, only two triangle
diagrams have a dependence on the quartic Higgs coupling.
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Interference between pentagon, box, and triangle diagrams plays a crucial role in dictating the cross section and various
distributions. We first parametrize the contribution of each class of diagrams to the total cross section. To be specific, the
total cross section is written as

σ ¼ c61σ
SM
p þ c41d

2
3σ

SM
b þ c21d

4
3σ

SM
3t þ c21d

2
4σ

SM
4t þ c51d3σ

SM
p;b þ c41d

2
3σ

SM
p;3t þ c41d4σ

SM
p;4t

þ c31d
3
3σ

SM
b;3t þ c31d3d4σ

SM
b;4t þ c21d

2
3d4σ

SM
3t;4t

þ ðc41c2σp;b−2t2h þ c31d3c2σb;b−2t2h þ c21d
2
3c2σ3t;b−2t2h þ c21d4c2σ4t;b−2t2h þ c21c

2
2σb−2t2h

þ c31c2d3σp;t−2t2h þ c21c2d
2
3σb;t−2t2h þ c1c2d33σ3t;t−2t2h

þ c1c2d3d4σ4t;t−2t2h þ c1c22d3σb−2t2h;t−2t2h þ c22d
2
3σt−2t2hÞ

þ ðc31c3σp;t−2t3h þ c21d3c3σb;t−2t3h þ c1d23c3σ3t;t−2t3h

þ c1d4c3σ4t;t−2t3h þ c1c2c3σb−2t2h;t−2t3h þ c2d3c3σt−2t2h;t−2t3h þ c23σt−2t3hÞ; ð6:1Þ

where we separate individual Feynman diagrams, and thus
can explicitly read out their dependence on various Higgs
couplings.
We carry out the calculation in the way discussed in

Refs. [104,105]. We use FORM [126] to compute the
trace of gamma matrices in the amplitude and to write the
amplitude in terms of tensor integrals. These tensor
integrals are computed using an in-house package,
OVReduce [104], which implements the Oldenborgh-
Vermaseren [127] technique of tensor integral reduction.
Scalar integrals are computed using the package OneLOop
[128]. We use the leading-order CTEQ parton distribution
functions, CT14LLO [106], and set the renormalization
(and factorization) scale to be the invariant mass of the
hard-scattering process

ffiffiffî
s

p
. The numerical value of each

individual SM-like cross section is calculated and summa-
rized in Table IV. Here we do not include the higher-order
QCD correction, which may lead to a K factor (the ratio of
the next-to-leading-order to the leading-order cross section)
of about 2 [129]. Due to the extremely small cross section
of this process9 at the HL-LHC and HE-LHC and the large
QCD backgrounds at the same time, we directly present
results at the 100 TeV pp collider. Basic pT cuts are also
implemented for each Higgs boson in the Higgs final state.

At the 100 TeV collider, the SM cross sections without cuts
and with a pT > 70 GeV cut are 2987 ab and 1710 ab,
respectively. We summarize the total cross sections of the
double- and triple-Higgs productions for the SM in Fig. 16
at the 14 TeV LHC, the 27 TeV HE-LHC, and the 100 TeV
pp collider.
At the 100 TeV collider, the total cross sections for

the tadpole-induced Higgs model and Coleman-Weinberg
model without any cut are 7796 ab and 1272 ab, while
with the ph

T > 70 GeV cut these are 3579 ab and 836 ab,
respectively. For the benchmark value ξ ¼ 0.05 in the
MCH and CTH models, the cross sections without any cut
are 5033 ab and 3479 ab, while with ph

T > 70 GeV cut
these are 3302 ab and 2057 ab, respectively.
Based on these numerical values, we display the cross

sections in the ðd3; d4Þ parameter contour in Fig. 17 and the
ξ dependence in Fig. 18 for different NP scenarios, without
and with including the contact tt̄hh and tt̄hhh couplings.
Figure 17 shows the total cross section σ as a function of the
trilinear and quartic Higgs couplings, i.e., d3 and d4. We see
that there is a significant increase in the cross section for
negative values of d3 because the largest negative inter-
ference between the box and pentagon diagrams σSMp;b either
vanishes or becomes positive. There is only a marginal
increase in the cross section for negative d4. In this figure,
we also mark the SM scenario, the Coleman-Weinberg
Higgs scenario, and the tadpole-induced Higgs scenario by

(a) (b) (c)

FIG. 15. New Feynman diagrams for the gg → hhh production in the presence of the tt̄hh and tt̄hhh vertices.

9To be specific, the total cross section is about 44 ab at the
14 TeV LHC, and is only about 218 ab at the 27 TeV HE-LHC.
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blue, cyan, and magenta dots, respectively. The orange line
denotes the SMEFTwith a nonzero O6 ∼ ðH†HÞ3 operator
in the linear expansion, as in Eqs. (2.12) and (2.13).
However, since the Nambu-Goldstone boson models con-
tain additional tt̄hh and tt̄hhh couplings, and the tt̄h
coupling is different from the SM one, they cannot be
directly compared in this figure. Instead, the result of the
Nambu-Goldstone Higgs scenario is presented in Fig. 18,
which only depends on the nonlinearity parameter ξ. To be
concrete, we consider two specific models—i.e., the MCH
and CTH models—in Fig. 18. Compared to the MCH, the
cross section of the CTH remains close to the SM
prediction for the given ξ.
To complete discussion of this subsection, we present

several basic differential distributions. In Fig. 19, we show
the invariant mass MðhhhÞ distribution for various d3 and
d4 values, and the normalized plots in order to examine the
modification of the shape of the distributions. We observe
the quite distinct behavior near the threshold of triple-Higgs

boson production for different values of the d3 and d4
couplings. In the case of d3, there is a larger increase in the
cross section near the threshold for negative and zero
values, while there is a decrease for positive values of d3.
The behavior is the opposite in the case of d4. Most of the
increase is for smaller values of the invariant mass of the
triple-Higgs system, up to about 700 GeV, and it is near
the threshold where the triangle diagram with quartic Higgs
coupling is important.

B. Interference effects

In this subsection, we investigate the interference pat-
terns for the triple-Higgs production pp → hhh process,
for better understanding of the variation of the total cross
section and distributions in the different Higgs scenarios.

1. Interference without tt̄hh or tt̄hhh

Let us first consider the scenarios without the tt̄hh and
tt̄hhh couplings. There are 10 relevant terms in the total
cross section, as shown in Eq. (6.1). The first four terms are
always positive, and the rest of the six terms are interfer-
ence terms and can be either positive or negative. As shown
in the left panel of Fig. 20, the cross section first decreases
and then increases within the range −1 < d3 < 6 as the d3
increases. In addition, we show the variation of the cross
section as the green band in Fig. 20, with the quartic Higgs
coupling d4 varying within 0 < d4 < 10. In the right panel
of Fig. 20, we explicitly see the variation of σ=σSM as a
function of d4, with d3 fixed. Although it is theoretically
less plausible to have a large d3 (d3 ≤ 6, as constrained by
vacuum stability), we still include this possibility here. In
that case, the cross section only moderately varies with the

FIG. 16. The total cross sections of the pp → hh and pp →
hhh processes for the SM at the 14 TeV LHC, the 27 TeV HE-
LHC and the 100 TeV pp collider. The blue lines denote the cross
sections without the cut, and the red lines denote the ones with
ph
T > 70 GeV. Here, we do not include the QCD K factors,

which are known to be about 1.7 [111] for pp → hh and around 2
[129] for pp → hhh.

TABLE IV. Numerical values of various SM-like cross sec-
tions, cf. Eq. (6.1), at the 100 TeV pp collider.

ph
T

Parts no_cut >70 GeV

σSMp 7777 3526

σSMb 4113 1542

σSM3t 92.2 26.0

σSM4t 46.57 22.52

σSMp;b −8026 −2873
σSMp;3t 381.5 7.5

σSMp;4t 133.5 −49.5
σSMb;3t −985 −298
σSMb;4t −673.3 −266
σSM3t;4t 121.5 45.0

σp;b−2t2h −41310 −20509
σb;b−2t2h 39685 19693
σ3t;b−2t2h −3960 −1558
σ4t;b−2t2h −3164 −1628
σb−2t2h 130729 85499
σp;t−2t2h 1363 −1719
σb;t−2t2h −13626 −5906
σ3t;t−2t2h 2412 976
σ4t;t−2t2h 1943 1011
σb−2t2h;t−2t2h −66447 −36259
σt−2t2h 21774 12329
σp;t−2t3h −9702 −13422
σb;t−2t3h −35207 −19578
σ3t;t−2t3h 5829 3034
σ4t;t−2t3h 6131 4067
σb−2t2h;t−2t3h −228538 −159601
σt−2t2h;t−2t3h 148590 104409
σt−2t3h 443606 377483
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d4 values. In this case, there is a large degeneracy in the d4
determination when d3 is around 5 to 6.

2. Interference with tt̄hh and tt̄hhh

In this subsection, we discuss NP scenarios in which
the tt̄hh and tt̄hhh couplings are nonvanishing—e.g., the
Nambu-Goldstone Higgs scenario—and investigate the
interference terms involving these couplings in detail. In
this scenario, all the Higgs couplings are only related to the
single parameter ξ due to the Higgs nonlinearity.
In Fig. 21, we show the interference effect of the tt̄hh

and tt̄hhh couplings in two specific NG Higgs models—
i.e., the MCH and CTH models. As expected, in the case
of the CTH model, the contribution of these couplings
remains very small, except at large values of ξ, where it is
also not that significant. However, in the case of the MCH
model, both the tt̄hh and tt̄hhh couplings play an important

FIG. 17. The cross section ratio σ=σSM as a function of the scaling of the trilinear and quartic Higgs couplings with various cuts. At the
100 TeV pp collider, the SM cross section without any cut and with a pT > 70 GeV cut are 2987 ab and 1710 ab, respectively. The blue,
cyan, and magenta dots denote the SM, CW Higgs, and tadpole-induced Higgs scenarios, respectively. The orange dashed line denotes
the SMEFT (with nonvanishing O6) for d3 in the range of [5/6,2.5].

FIG. 18. The cross section ratio σ=σSM, as a function of the
parameter ξ in the MCH and CTH models, at the 100 TeV pp
collider.

FIG. 19. Distributions with partonic center-of-mass energy MðhhhÞ for hhh production via gluon-gluon fusion with different
benchmark values of d3 and d4 at the 100 TeV pp collider. No cut on pT of Higgs bosons has been imposed.
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role. At a larger value of ξ, a significant increase in the cross
section is induced by these couplings. As ξ increases, the
contribution (σSMMod) of SM-like diagrams decreases due to
the smaller tt̄h, d3, and d4 couplings, but the contribution of
diagrams with tt̄hh and tt̄hhh couplings increases.
In Fig. 22, the ratios of the cross sections in the MCH

and CTH models with respect to the SM value are shown,
and the ratios depend on the single parameter ξ. The green
band shows the variation of the ratios due to the scaling
of the quartic Higgs coupling, denoted by d̃4=d4, and the
dashed line is for d4 ¼ 1. We see that the variation due to
the scaling of the quartic Higgs coupling decreases for
larger values of the parameter ξ.

C. Shape determination and λ4 extraction

Here in this subsection, we investigate how to measure
the quartic Higgs coupling at the 100 TeV pp collider to
discriminate various NP scenarios. Similar to the study of
the double-Higgs production process in the above section,
we do not perform any detailed collider analysis, but only
utilize the existing collider simulations as the benchmark
point and perform a recast to obtain the signal significance
in various scenarios. There have already been several
signal-to-background studies to observe the pp → hhh
process at the 100 TeV collider. To reduce the backgrounds,
the most promising signature has one of the Higgs bosons
decaying into the rare decay channel of two photons, while

FIG. 20. Variation of the ratio of the cross section σ=σSM with respect to d3 and d4 at the 100 TeV pp collider. On the left, we show a
band for varying d4 in the range of [0,10]. On the right, variation with d4 for various fixed d3 values is shown. The standard model cross
sections without any cut and with ph

T > 70 GeV are 2987 ab and 1710 ab, respectively.

FIG. 21. The cross section [in ab] as a function of the parameter ξ in the MCH and CTH models. The magenta line shows the effect of
tt̄hh coupling. In the MCH model, it exceeds the “SM-like” effect (σSMMod) around the value ξ ¼ 0.05. The blue line shows the effect of
tt̄hhh coupling, which includes the interference effect between tt̄hhh and tt̄hh couplings (this interference is destructive for the shown
range of ξ).

DETERMINING THE SHAPE OF THE HIGGS POTENTIAL AT … PHYS. REV. D 101, 075023 (2020)

075023-23



the other two Higgs bosons each decay into a pair of bottom
jets [68,69]. Different studies tag different numbers of
bottom jets. Tagging more bottom jets reduces the signal
events, but the backgrounds reduce very significantly. So it
is not surprising that the studies where four bottom jets
are tagged perform better than those where two bottom jets
are tagged. It has been shown that if two or three bottom
jets are tagged, then the largest background is due to the
production of γγbb̄jj. However, if four bottom jets are
tagged, then the largest background is due to the production
of hð→ γγÞbb̄bb̄ [69]. This is because of the small
mistagging rate for the light jets.
In Table V, we have summarized the required luminosity

for a 5σ discovery by rescaling the signal cross section,
cf. Eq. (5.3). The results are presented for two, three, or
four bottom-jet tagging scenarios. In order to measure the
SM cross section of the pp → hhh process to be within
30% accuracy at the 1σ level, the needed integrated
luminosity is around 50 ab−1 when we adopt the four-
bottom-jet tagging scenario. The corresponding accuracies
for other scenarios are obtained through the same procedure
as in Sec. V. With increasing luminosity of the 100 TeV

pp collider, it is still challenging to extract the quartic
Higgs coupling due to the large contribution from the tthh
and tthhh couplings to the total cross sections, although the
cross sections in the MCH and CTH models are relatively
larger than the one in the SM. Furthermore, it would be
difficult to extract the quartic Higgs coupling in the
tadpole-induced Higgs scenario, with d4 ≃ 0, though the
required integrated luminosity for observing the triple-
Higgs production process in this scenario is smaller than
that in the SM. With an integrated luminosity of 50 ab−1,
the expected accuracy for measuring the cross section of the
triple-Higgs production process for a given model is shown
in Fig. 23. To be specific, the SMEFT with d3 ¼ 2 and
d4 ¼ 7 can be measured with an accuracy of 86% at the 1σ
level, while the accuracy is 16% (21%) for MCH with the
parameter ξ ¼ 0.1 (ξ ¼ 0.05), 24% (28.9%) for CTH with
the parameter ξ ¼ 0.1 (ξ ¼ 0.05), 45% for the Coleman-
Weinberg Higgs scenario, and 20% for the tadpole-induced
Higgs scenario. Since the expected uncertainties on the
measurement of the triple-Higgs production cross section in
these scenarios are larger than those of the double-Higgs
production, cf. Fig. 11, it would be relatively easier to

FIG. 22. Variation of the ratio of the cross section to the SM, with respect to ξ and d̃4=d4, at the 100 TeV pp collider. The band is
obtained by varying d̃4=d4 in the range of [0, 10] for the MCH and CTH models.

TABLE V. The integrated luminosity required for the 5σ observation of the process pp → hhh in the SM and
other new physics scenarios. Here, we take d3 ¼ 2 [and d4 ¼ 7, cf. Eqs. (2.12) and (2.13)] for the SMEFT, and
ξ ¼ 0.1 for the MCH of the NG Higgs scenario. These numbers are obtained without including the QCD K factor,
which is known up to NNLO [129–131] and is about a factor of 2 for the SM. The K factors for hhh production with
scaled SM Higgs couplings have also been evaluated in Ref. [130]. By including this K factor, we expect the
required luminosity would be slightly reduced for discovering these NP scenarios.

With 2 b-tagged jets SM SMEFT NG Higgs CW Higgs Tadpole Higgs

Luminosity (ab−1) 1.8 × 104 5.1 × 105 1.6 × 103 7.5 × 104 4.1 × 103

With 3 b-tagged jets SM SMEFT NG Higgs CW Higgs Tadpole Higgs

Luminosity (ab−1) 1198 33819 111 4976 277

With 4 b-tagged jets SM SMEFT NG Higgs CW Higgs Tadpole Higgs

Luminosity (ab−1) 51 873 8.5 163 16.7
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discriminate these models via precision measurement of the
double-Higgs production.
More importantly, our goal is to extract out the range of

the quartic Higgs coupling from the triple-Higgs produc-
tion process. In Fig. 24, we show the variation of the
cross section for the triple-Higgs production as a function

of the scaling factor d̃4=d4, denoted by the dashed line. In
these plots, we present the bands for the 10% and 20%
accuracies on measuring the pp → hhh cross section in
each scenario. We consider the SM (d3 ¼ 1, d4 ¼ 1) and
take the SMEFT with (d3 ¼ 2, d4 ¼ 1) and (d3 ¼ 2,
d4 ¼ 7), and the Coleman-Weinberg Higgs case with
(d3¼5=3, d4 ¼ 11=3) as the benchmark scenarios.
Figure 24 shows how well the scaling factor d̃4=d4, and

hence the quartic Higgs coupling, can be measured for a
given benchmark scenario. In case there are nonvanishing
contact tt̄hh and tt̄hhh couplings, e.g., in the Nambu-
Goldstone Higgs scenario, the situation is slightly different.
We focus on the MCH and CTH models with the nonlinear
parameters ξ ¼ 0.05 and ξ ¼ 0.1, respectively. Assuming
the pp → hhh cross section could be measured with
accuracies of 10% and 20%, we show the corresponding
contours in Fig. 25, in which c̃3=c3 and d̃4=d4 are
respectively the scaling factors for the tt̄hhh coupling
and the quartic Higgs coupling, when the other couplings
are fixed in the given models. We do not include the result
for the tadpole-induced Higgs scenario (d3 ≃ 0, d4 ≃ 0)
because it would be difficult to pin down the quartic Higgs
coupling in this scenario due to its tiny value.
Figure 24 shows that for the (SM) case of d3 ¼ d4 ¼ 1,

the scaling factor is constrained to be within the range of
0.3<d̃4=d4<1.82∪10.13<d̃4=d4<11.66 (0 < d̃4=d4 <
2.85 ∪ 9.10 < d̃4=d4 < 12.28), if the accuracy of the cross

FIG. 23. The cross section ratio σ=σSM in the triple-Higgs
production at the 100 TeV pp collider, with an integrated
luminosity of 50 ab−1, for various models. Here, we consider
the case that the SM cross section can be measured with an
accuracy of 30% at the 1σ level. The accuracies for the NP
models are obtained using the rescaling procedure described
in the text. The blue bars denote the expected accuracy for a
given model.

FIG. 24. Constraints on d̃4=d4 in various new physics scenarios, when the cross section can be measured up to 10% and 20% accuracy.
The parameter d̃4=d4 scales the quartic Higgs coupling in a given model.
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section measurement can be reached at the 10% (20%)
level. For the NP scenarios, we give a brief summary
as follows:
(1) For the SMEFT scenario, we note that the bound on

the quartic Higgs coupling will be generally quite
loose, unless the cross sections can be measured
with better than 10% accuracy. However, as shown
in Fig. 20, the bounds on the quartic Higgs coupling
d4 could be tight when the trilinear coupling
d3 ≃ 2–3, in which case the triple-Higgs production
cross section shows sizable variation as the d4 value
changes.

(2) For the Coleman-Weinberg Higgs scenario, the
bound on the quartic Higgs coupling d4 is relatively
tight, as the trilinear Higgs coupling is 5=3.

(3) For the Nambu-Goldstone Higgs scenario, the scal-
ing factor c̃3=c3 could be constrained to be within
the order of 10, but d̃4=d4 could only be constrained
to the order of much larger than 10.

(4) For the tadpole-induced Higgs scenario, because
the trilinear Higgs coupling d3 could be highly
suppressed, the dependence on the quartic Higgs

coupling d4 is very weak. This renders the precision
determination of d4 to be very difficult in this
scenario.

VII. CONCLUSION

The nature of the Higgs boson is still mysterious, for its
potential is not well understood yet. In this paper, we
consider several theoretically compelling new physics
scenarios, in which the Higgs self-couplings can be quite
different from the SM prediction. To be specific, we have
considered the elementary Higgs, Nambu-Goldstone
Higgs, Coleman-Weinberg Higgs, and tadpole-induced
Higgs scenarios, with the trilinear and quartic Higgs
couplings being either smaller or larger than the SM ones.
Trilinear Higgs coupling is enhanced in the elementary
Higgs scenario [with the preferred positive coefficient c6
for the effective operator ðH†HÞ3] and Coleman-Weinberg
Higgs scenario, while it is reduced in the Nambu-Goldstone
Higgs scenario and tadpole-induced Higgs scenario. The
same pattern also holds for the quartic Higgs coupling. In
the Nambu-Goldstone Higgs scenario, we have also

FIG. 25. Constraints on c̃3=c3 and d̃4=d4, assuming that the cross section can be measured up to 10% and 20% accuracy in the MCH
and CTH models.
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considered the Higgs nonlinear effect and explored the
relations among the tt̄h, tt̄hh, and tt̄hhh couplings.
In general, both the SMEFT and the Higgs EFT can be

used to describe the Higgs boson’s nature and parametrize
Higgs interactions, depending on whether the SM gauge
symmetry is linearly or nonlinearly realized. The SMEFT is
defined in the unbroken phase of the electroweak sym-
metry, while the Higgs EFT is defined in the broken phase.
Comparing these two EFT frameworks, only the Higgs
EFT can exhibit the nondecoupling feature of new physics;
this renders the Higgs EFT more general than the SMEFT.
Among the new physics scenarios of different Higgs
potentials, the SMEFT can only describe the elementary
Higgs and the Nambu-Goldstone Higgs, but the Higgs EFT
can describe all the scenarios, including the Coleman-
Weinberg Higgs and the tadpole-induced Higgs scenarios.
In this work, we study how well the trilinear and quartic

couplings of the Higgs boson in various new physics
scenarios can be measured at the 14 TeV HL-LHC,
27 TeV HE-LHC and the future 100 TeV pp collider.
First, we have investigated the theoretical constraints on
the Higgs self-couplings using the partial wave unitarity
and tree-level vacuum stability analyses. It turns out that
the partial wave unitarity bound is not very tight for the
2 → 2 scatterings, assuming that the Higgs couplings to the
longitudinal electroweak gauge bosons hWLWL; hhWLWL
are the same as those in the SM. The tree-level vacuum
stability prefers the trilinear Higgs couplings to be within
0 < d3 < 3, while the quartic Higgs coupling can be 10
times larger than the SM value.
Given the unique patterns of the Higgs self-couplings

predicted by various new physics scenarios, we explore the
possibility of discriminating various new physics scenarios
through the process of double-Higgs production pp → hh
at the 27 TeV HE-LHC and the 100 TeV pp collider. We
have studied in detail the total cross sections and various
differential distributions, including the effects from distinct
interference patterns, in each NP scenario. The values of the
cross sections are typically smaller, compared to the SM
value, for the elementary Higgs and the Coleman-Weinberg
Higgs cases, while they are larger for the Nambu-Goldstone
Higgs and tadpole-induced Higgs cases. With larger cross
sections, the corresponding uncertainties in the determi-
nation of the Higgs self-couplings are reduced. Thus, one
can distinguish different new physics scenarios at the

27 TeV HE-LHC, given that the SM is expected to be
measured with an accuracy of 14% at the 1σ level. The
discrimination power is further enhanced at the 100 TeV
pp collider. For completeness, we have also extracted the
possible range of the allowed trilinear Higgs coupling
values for several new physics scenarios, assuming the
cross section is measured with 10% and 20% accuracy.
These are shown in Figs. 11, 12, and 13.
To fully pin down the quartic Higgs coupling and thus

the shape of the Higgs potential in various scenarios, we
also need to investigate the triple-Higgs production process
pp → hhh at future colliders. However, due to the small
rate of the signal event with respect to its backgrounds, it
might be quite challenging to determine the quartic Higgs
coupling. It appears, on the basis of current studies, that
one needs about 50 ab−1, cf. Table V, at the 100 TeV pp
collider, to discover this process and precisely measure
the quartic Higgs coupling in the case of the SM. The
integrated luminosity required for the 5σ observation of the
triple-Higgs production process in new physics scenarios is
also shown in Table V. However, using some special
techniques, including machine learning, one might be able
to bring this luminosity to within the proposed luminosity
for the 100 TeV collider. After investigating the interfer-
ence patterns of the pp → hhh process, we find that the
dependence of the cross section on the quartic Higgs
coupling is moderate because other couplings obscure
the extraction of the quartic coupling. Thus, even when
the total cross section can be relatively well measured with
10% and 20% accuracy, it is still not easy to measure the
quartic Higgs coupling, cf. Figs. 23, 24, and 25. Hence,
more effort and better techniques are needed for a better
understanding of the Higgs potential.
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