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Abstract

Motivated by several long-standing puzzles confronting the Standard Model
(SM) in particle physics, many Beyond Standard Models (BSM) with extended
Higgs sectors were proposed. The Two-Higgs-Doublet Model (2HDM) is a proto-
type model with two doublets in the Higgs sector. Other than the SM-like Higgs
h, the low energy spectrum of 2HDM contains four BSM Higgs states, the neutral
CP-even Higgs H, the neutral CP-odd Higgs A and a pair of charged Higgs H±.
Along with the four incarnations, namely type-I, type-II, type-L and type-F, it
provides rich phenomenologies for exploration. In this thesis, we explore four
types of 2HDMs at several future colliders as well as the opportunities to distin-
guish them. Two general methods are employed: the direct search at a future 100
TeV pp collider and a multi-TeV muon collider and the indirect search at several
proposed Higgs factories and Z-factories. With direct search, we study the exotic
charged Higgs decay H± → HW± in a hierarchical Type-II 2HDM at a 100 TeV
pp collider and find that almost the entire space can be probed after combining
with other exotic Higgs decay modes. In addition, due to the clean environment
at a muon collider, it allows the probe of heavy BSM Higgses at an unprecedent-
edly high scale and offers remarkable chances for discrimination among the four
types. With an indirect search, BSM Higgses are explored by accurately studying
their corrections to the SM Higgs and Z-pole precision observables. For illustra-
tion, we study the impact on Type-I 2HDM and find the parameter space can
be tightly constrained. The discovery potential and the extent to which the four
types of 2HDMs could be distinguishable are also examined. We find that most
of the currently allowed parameter regions permit a 5σ discovery at future Higgs
factories and the four types of 2HDMs can be largely distinguishable once a 5σ
discovery is made.
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1. Introduction

The discovery of a light Standard Model (SM) like Higgs at the Large Hadron Collider (LHC)
in 2012 was a milestone in particle physics [1,2] . It marks the completion of the ingredients
of the SM and a great triumph of humanity’s quest for the fundamental building blocks of
nature. While all subsequent measurements at the electroweak scale seem to suggest the
SM as a complete quantum field theory is valid up to the Planck scales, there are several
long-standing puzzles from both theoretical and observational points of view, such as the
hierarchy problem, the neutrino mass, dark matter and matter-antimatter asymmetry. One
compelling explanation is that the SM is an effective theory of a certain beyond standard
model (BSM) [3].

Diverse attempts have been made along this way to explain one or several of those puzzles,
and most of them are characterized by an enlarged Higgs sectors, such as the composite Higgs
model [4], the supersymmetric model [5] and the twin Higgs model [6]. As a prototype model
with two doublets in the Higgs sector, the Two-Higgs-Doublet Model (2HDM) offers one of
the simplest extensions [7]. It contains five Higgs states after Electroweak Symmetry Breaking
(EWSB): two CP-even neutral Higgs h, H, one CP-odd neutral Higgs A and a pair of charged
Higgs H±. To accommodate the observed 125 GeV Higgs, which has been tested to be very
consistent with the prediction of the SM [8,9], we assign h to be the SM-like Higgs. Enlarged
Higgs contents also modify the Yukawa couplings, which leads to the four physically distinct
types of 2HDMs, namely Type-I, Type-II, Type-L and Type-F. 2HDM therefore offers rich
phenomenologies for exploration.

The direct search for BSM heavy Higgses at energy frontiers and the indirect search
for their footprints on the SM precision observables make up the two generic methods of
studying the 2HDM in particle physics. Given the rich spectra of scalars, any observation
of a BSM Higgs in experiments would likely point to the existence of 2HDM. The direct
search for new resonances has been actively conducted at the LHC [10–29], yet no evidence
has been found. On the side of indirect search, precision measurements of the SM Higgs and
electroweak observables are carefully carried out [8, 9]. Nevertheless, no apparent deviation
from the prediction of the SM is observed. The agreement between the observations and the
SM indicates that the new physics is either existing at a scale beyond the reach of current
experiments or hiding itself by accidentally aligning with the configuration of the SM [30,31].

To further push forward the limit of probing new physics, worldwide efforts have been
made to propose new colliders at both the energy and intensity frontiers. The Future Circular
Collider (FCC) at CERN [32] and the Super Proton-Proton Collider in China [33] are the
two most promising proposals for 100 TeV pp colliders at the energy frontier. In addition, the
construction of a high energy muon collider [34] provides a new avenue. Taking advantages of
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high center-of-mass (c.m.) energy, clean environment∗ and the goal to achieve high luminosity,
it allows the exploration of BSM physics both directly and indirectly. At the intensity frontier,
several Higgs factories are under consideration such as the International Linear Collider (ILC)
in Japan [35–38], the Circular Electron Positron Collider (CEPC) in China [33, 39], the
electron-positron stage of the Future Circular Collider (FCC-ee) [32,40–44] and the Compact
Linear Collider (CLIC) [45–47] at CERN†. Meanwhile, many of them also have corresponding
Z-pole programs. With the capabilities to produce millions of Higgs bosons andO(1010−1012)
Z bosons, the Higgs precision observables can potentially reach the accuracy of 10−3 while
the EW observables can reach the accuracy of 10−6.

The direct search for BSM Higgses at the energy frontier has been focused on the decays
into two SM fermions or gauge bosons, similar to the detection of the 125 GeV Higgs boson
at the LHC. However, the fermionic decays suffer from either small branching fractions or
large backgrounds at hadron colliders. On the other hand, despite the clean signature of the
two-gauge boson decay, it is not suitable for the BSM Higgs searches because the branching
fractions are highly suppressed given that the observed 125 GeV Higgs boson is very SM-
like. Thus, it is proposed to probe the BSM Higgses in the hierarchical 2HDM through
the exotic decay modes. Explicitly, when the Higgs masses are well-separated, the so-called
hierarchical 2HDM, the heavy Higgs decays into two lighter Higgses or a lighter Higgs plus
one gauge boson, which take over the conventional decay modes when kinematically allowed,
offers alternative avenues in probing the BSM Higgs. The reaches of the exotic decay modes
such as A/H → HZ,AZ [48], H/A → H±W∓ [49] and H± → AW±/HW± [50–52] have
been explored at the 14 TeV LHC. The searches for the A/H → HZ/AZ modes have been
conducted at both ATLAS [53] and CMS [54]. The projected reaches at a 100 TeV pp collider
are also studied [55]. As a supplement, in this thesis, we study the reach of H± → HW±

with H → tt̄ at a 100 TeV pp collider with the top tagging technique to detect the signal.
We find it significantly extends the discovery and exclusion reaches compared to the H → ττ
channel explored in the previous study.

Besides hadron colliders, a multi-TeV muon collider opens unprecedented energy thresh-
olds for new physics at the energy frontier. The spectacular opportunities it provides have
been explored in electroweak dark matter detection [56], precision Higgs boson coupling mea-
surements [57], and discovery of other BSM particles [58]. At a muon collider, BSM Higgses
can be produced through pair production or in association with two heavy fermions. Benefit-
ing from the clean environment and the projected high luminosity, it allows the discrimination
of four types of 2HDMs by measuring the Higgs production in association with fermions and
the subsequent decays.

With regard to the indirect search at the intensity frontier, the implication of the Higgs
precision measurements at the current and future colliders on the parameter spaces of 2HDM
has been explored in the literature [59–67]. With the unprecedentedly high accuracy at
the proposed Higgs and Z-factories, we will be able to extract rich information about BSM
physics by inspecting their corrections to the SM Higgs and electroweak precision observables.
Assuming consistency with the predictions of the SM, the constraints on the parameter space
of 2HDMs at one loop level in the alignment limit have been studied in [68]. A similar
search on the Type-II 2HDM but with full one-loop calculations is also implemented [69].

∗It’s not clear to what extent this is the case at this moment because of the large background from the
muon decay.

†CLIC doesn’t have the 250 GeV run so strictly speaking it’s not counted as Higgs factory, but the
large luminosity and clean environment enable the precision measurement of the SM parameters and provide
important opportunity for indirect search [46].
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As an extension, we perform an elaborate study of the impact on Type-I. We find that the
Higgs and electroweak precision measurements set tight and complementary constraints on
the parameter space. We further explore the discovery potential at one loop level based on
the hypothetical precision data and examine the extent to which four types of 2HDMs can be
distinguishable. We find that most of the currently allowed regions in the parameter space
permit the 5σ discoverability and the four types of 2HDMs can be largely distinguishable at
95% Confidence Level once a discovery at 5σ is made at the future Higgs factories.

This thesis is oragnized as follows. In chapter 2, we introduce the backgrounds material
for our study, specifically section 2.1 is devoted to the detailed description of the 2HDMs,
section 2.2 gives a short review of the collider phyiscs and section 2.3 provides a brief sum-
mary of the Higgs and electroweak precision measurements. Our main work is presented in
chapter 3 and chapter 4, for the direct and indirect searches for the BSM Higgses, respec-
tively. Explicitly, we discuss the probe of charged Higgs exotic decay at a 100 TeV pp collier
in section 3.1 and the search for heavy Higgs bosons at a high energy muon collider in sec-
tion 3.2. In respect of indirect search, the impact of future Higgs factories on the parameter
space of Type-I 2HDM is examined in section 4.1 and the implications on the discovery of
four types of 2HDMs as well as the potential for discriminations are explored in section 4.2.
Since most works covered in this thesis are already published in journals or posted on arXiv
in the form of scientific papers, so we only give some very short reviews. The detailed studies
are attached in Appendix A−Appendix D. The thesis is summarized in chapter 5.

All works presented in this thesis are finished in close collaboration with my advisor
Shufang Su and colleagues from the University of Arizona and other institutions. While it’s
impossible to separate the contribution by each author most of the time, I’ll try to point out
what I have done for each work in chapter 3 and chapter 4.
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2. Background

The SM in particle physics describes the phenomena occurring in the smallest scale we can
probe in experiment. It establishes the building blocks as well as the interactions of three
out of the four fundamental forces in nature: the strong interaction binding quarks inside
nucleons, the weak interaction responsible for radioactive β-decay and the electromagnetic
force occurring between electrically charged particles. The theory of the SM is described by
a Lagrangian based on the gauge symmetry of SU(3)QCD × SU(2)L × U(1)Y and contains
12 fundamental fermionic fields and 5 fundamental bosonic fields. The particle masses are
generated through the Higgs mechanism. At temperatures below the electroweak scale, the
Higgs field condenses into a nonzero expectation value, which triggers the spontaneous break-
ing of gauge symmetry into SU(3)QCD×U(1)EM. Assuming the Dirac mass of neutrinos, the
SM contains 27 free parameters in total.

Despite the unrivaled beauty of the SM and the spectacular predictions it has made, it
faces many challenges from both the experimental and theoretical points of view. A few
notable ones are named here.

• Dark Matter: A plethora of evidence in astronomy and cosmology point to the exis-
tence of dark matter, such as, the clusters of galaxies [70], the rotation curves of galax-
ies [71, 72], gravitational lensing [73, 74], and the Cosmic Microwave Background [75].
However, the SM doesn’t provide any dark matter candidate [76].

• Neutrino Mass: The fermionic mass terms in the SM Lagrangian couple the left- and
right-handed fields together. However, in the SM, only the left-handed neutrinos exist
so they’re predicted to be massless under the assumption of lepton number conservation.
The observation of neutrino flavor oscillations [77,78] implies that at least two neutrinos
must be massive. This constitutes a compelling evidence that the SM of particle physics
is incomplete.

• Hierarchy Problem: In the SM Lagrangian, the parameter µ leading to the SM Higgs
mass mh in the Higgs potential makes up the only dimensional parameter, so it would
be reasonable for µ ∼ mh to be comparable with the Planck scale MPl ≡ 1/

√
GN , the

only available natural scale. The hierarchy problem is to understand why mh � MPl.
In addition, this problem is intimately related to the fine-tuning problem, which arises
when considering the proper quantum correction needed to obtain the observed Higgs
mass m2

h = m2
0 + ∆m2 with the bare mass m0 = MPl. This demands the cancellation

to an accuracy of one part in 1034, which is very unnatural.

• Strong CP Problem: The SM Lagrangian allows the existence of CP-violating term
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θg2
s/(32π2)εµναβGaµνG

a
αβ, where gs is the strong coupling strength, εµναβ is the totally

anti-symmetric tensor, and Gaµν is the gluon field strength. One immediate consequence
of this term is that neutron picks up an electric dipole moment proportional to θ.
However, the neutron electric dipole moment is not observed yet. The current best
observation sets the limit of dn < 1.6 × 10−26 e·cm [79–81] , which implies θ < 10−10.
Such a small θ is quite unnatural and motivates the introduction of an additional field
called the axion.

All these puzzles seem to imply an extension of the SM. Many attempts has been made
to construct models that are beyond the Standard Models to address one or several of the
challenges, and interestingly most of them are characterized by an enlarged Higgs sector, such
as the composite Higgs model [4], the supersymmetric model [5] and the twin Higgs model [6].
In this thesis, we study a prototype model with two doublets in the Higgs sector— the Two-
Higgs-Doublet Model (2HDM) [7]. Apart from the physics motivation [82, 83], 2HDM is
attractive because it provides a framework to study many BSMs with two Higgs doublets
by only focusing on their Higgs sectors but still retaining rich contents to explore. More
importantly, with an additional Higgs doublet added to the SM Higgs sector, it’s one of the
simplest and most natural extensions of the SM.

2.1 Two-Higgs-Doublet Model

The 2HDM has a similar Lagrangian to the SM except for the modified Higgs sector and
Yukawa interactions, which are given by

L ⊃
∑

i=1,2

|DµΦi|2 − V (Φ1,Φ2) + LYuk , (2.1)

with Φi (i = 1, 2) standing for the two complex scalar SU(2)L doublets with hyper-charge
Y = 1/2. Dµ = ∂µ − igW a

µτ
a − 1

2 ig
′Bµ is the corresponding covariant derivative with g and

g′ the SU(2) and U(1)Y gauge couplings, W a
µ and Bµ the gauge fields, and τa = σa/2 (a =

1, 2, 3) for σa being the Pauli matrix. In this expression, the Higgs potential V (Φ1,Φ2)
develops non-trivial vacuum expectation value below the electroweak energy scale and breaks
the gauge group SU(2)L×U(1Y ) into U(1)EM, the so-called electroweak symmetry breaking
(EWSB). The LYuk term in Equation 2.1 denotes the Yukawa couplings.

With the assumption of a CP-conserving Higgs sector, the generic Higgs doublets respect-
ing U(1)EM after EWSB can be expressed as

Φi =

(
φ+
i

(vi + φ0
i + iG0

i )/
√

2

)
(2.2)

where vi (i = 1, 2) are the vacuum expectation values (vev) and are related to the physical
vacuum by v2

1 + v2
2 = v2 = (246 GeV)2. φ0

i , G
0
i and φ±i are the neutral CP-even, neutral

CP-odd and charged components of the Higgs fields, respectively. Note that the kinetic term
in Equation 2.1 is invariant under an arbitrary global U(2) rotation in the space spanned by
Φ1 and Φ2, so we have the freedom to choose a different basis with no effect to the physics.
The basis we pick for Equation 2.2 is known as the generic basis. For other basis choices as
well as the formulation of the 2HDM in a basis independent way, please refer to Ref. [84,85].
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2.1.1 Higgs Potential

To avoid tree-level flavor changing neutral currents (FCNC), an additional discrete Z2 symme-
try is imposed to the Higgs doublets (see subsection 2.1.3), under which Φ1 → Φ1, Φ2 → −Φ2.
With that, the most general CP-conserving Higgs potential with the soft Z2 symmetry break-
ing term (m2

12) reads

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12(Φ†1Φ2 + h.c.) +

λ1

2
(Φ†1Φ1)2 +

λ2

2
(Φ†2Φ2)2

+λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1) +
[λ5

2
(Φ†1Φ2)2 + h.c.

]
, (2.3)

where m2
11,m

2
12,m

2
22, λ1−5 are the Higgs parameters. They’re restricted to be real by CP

conservation. Several constraints need to be satisfied for a stable and non-trivial vacuum.
We defer the discussion of the constraints, along with the requirements for the Higgs sector
to be perturbative and unitary, to subsection 2.1.5.

The physical Higgs states are obtained after expanding the Higgs potential in terms of the
component fields in Equation 2.2 and diagonalizing the quadratic terms. Rather than taking
tremendous efforts on the tedious algebra, let’s turn to the symmetries and see what we can
learn from them. By CP symmetry and electromagnetic charge conservation, the quadratic
terms in component fields will be grouped into three decoupled components

V (2) = QCP−even(φ0
1, φ

0
2) +QCP−odd(G0

1, G
0
2) +Qcharged(φ±1 , φ

∓
2 ) (2.4)

where V (2) is the quadratic portion of V , and QCP−even, QCP−odd and Qcharged are the CP-
even, CP-odd and charged components of V (2), respectively. Thus the mass matrix of the
Higgs fields is block-diagonal and each block can be diagonalized separately.

The CP-odd Higgs fields are known to contain a massless Goldstone boson to be eaten
by Z boson after EWSB. Thus it’s reasonable for QCP−odd to have a massless eigenstate.
According to the Goldstone’s theorem, each Goldstone boson is associated with a continuous
symmetry broken by the vacuum. So a field excitation consistent with the vacuum shift
induced by the broken symmetry

δG0
1 → iv1δα,

δG0
2 → iv2δα,

(2.5)

must preserve the Higgs potential. In this expression, δα generates the infinitesimally small
transformation. In other words, it generates the massless eigenstate in QCP−odd. Therefore
the Goldstone boson G0 as an combination of G0

1 and G0
2 reads

G0 = G0
1 cosβ +G0

2 sinβ, (2.6)

with tanβ ≡ v2/v1. Let A be the CP-odd neutral Higgs in the mass eigenstates, then the
transformation from the Higgs fields to the mass eigenstates can be achieved by

(
A
G0

)
=

(
cosβ − sinβ
sinβ cosβ

)(
G0

2

G0
1

)
. (2.7)

Likewise for the diagonalization of charged Higgs component Qcharged. EWSB requires
two charged Goldstone bosons to be eaten by W± bosons, so the rotation angle must be
consistent with the vacuum. Using H± to denote the two massive charged Higgs states and
G± for the two Goldstone bosons, we have

(
H±

G±

)
=

(
cosβ − sinβ
sinβ cosβ

)(
φ±2
φ±1

)
. (2.8)
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The QCP−even component contains two massive neutral CP-even Higgs states: h and
H. With no explicit connection to the vacuum, a new angle α needs to be introduced to
diagonalize the mass matrix

(
H
h

)
=

(
cosα sinα
− sinα cosα

)(
φ0

1

φ0
2

)
. (2.9)

In this thesis, we identify the lighter Higgs state h with the observed SM-like Higgs boson
and have mh = 125 GeV. Oftentimes, it’s more convenient to trade the eight parameters
m2

11,m
2
12,m

2
22, λ1−5 that appear in Equation 2.3 for eight physical parameters, namely the

Higgs masses mh, mH , mA, mH± , the soft Z2 symmetry breaking parameter m2
12, the vacuum

expectation value v and two rotation angles α and β. The relations between these two sets
of parameters are [86]

m2
11 = − 1

2 cosβ

(
m2
H cosα cos(β − α)−m2

h sinα sin(β − α)

)
+m2

12 tanβ

m2
22 = − 1

2 sinβ

(
m2
h cosα sin(β − α) +m2

H sinα cos(β − α)

)
+m2

12 cotβ

λ1v
2 =

cos2 α

cos2 β
m2
H +

sin2 α

cos2 β
m2
h −

m2
12 tan2 β

sinβ cosβ

λ2v
2 =

sin2 α

sin2 β
m2
H +

cos2 α

sin2 β
m2
h −

m2
12 cot2 β

sinβ cosβ

λ3v
2 = (m2

H −m2
h)

sin 2α

sin 2β
− m2

12

sinβ cosβ
+ 2m2

H±

λ4v
2 =

m2
12

sinβ cosβ
+m2

A − 2m2
H±

λ5v
2 =

m2
12

sinβ cosβ
−m2

A.

(2.10)

In passing, it’s interesting to know that replacing the soft Z2 symmetry breaking paramter
m2

12 by

λv2 ≡ m2
H −

m2
12

cosβ sinβ
(2.11)

can simply the formulae related to the Higgs self-couplings quite a lot. So we will frequently
use λv2 in the following discussion.

2.1.2 Higgs Couplings to Gauge Bosons

The kinetic terms in Equation 2.1 also give the interactions between Higgs bosons and gauge
bosons. Expanding it in terms of physical states, we find there are three types of couplings,
the Gauge-Gauge-Scalar couplings, the Gauge-Scalar-Scalar couplings and the Gauge-Gauge-
Scalar-Scalar couplings. The corresponding terms in the Lagrangian are expressed as

L ⊃ 1

sφV1V2
gφV V g

µνΦV1µV2ν +
1

sφ1φ2V
gφ1φ2V (∂µφ1φ2 − φ1∂

µφ2)Vµ

+
1

sφ1φ2V1V2
gφ1φ2V1V2g

µνφ1φ2V1µV2ν

(2.12)
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gφV V gφφV gφφV V

suppressed
HW+W− g2v

2 cβ−α hH±W∓ ∓ig2cβ−α H±hW∓Aµ
eg
2 cβ−α

HZZ g2v
2c2W

cβ−α hAZ − g
2cW

cβ−α H±hW∓Z − g2

2cW
s2
W cβ−α

unsuppressed

hW+W− g2v
2 sβ−α HH±W∓ ±ig2sβ−α hhW+W− g2

2

AH±W∓ −g
2 HHW+W− g2

2

AAW+W− g2

2

H+H−W+W− g2

2

hZZ g2v
2c2W

sβ−α H+H−Z i g
2cW

c2W hhZZ g2

2c2W

HAZ g
2cW

sβ−α HHZZ g2

2c2W

AAZZ g2

2c2W

H+H−ZZ g2

2c2W
c2

2W

H±HW∓Z g2

2cW
s2
W sβ−α

H±AW∓Z ±i g2

2cW
s2
W

H+H−Aµ ie H+H−AµAν 2e2

H±AW∓Aµ ∓i eg2
H+H−ZAµ

eg
cW
c2W

H±HW∓Aµ − eg
2 sβ−α

Table 2.1: The coupling strengths for the Gauge-Gauge-Scalar, the Gauge-Scalar-Scalar and
the Gauge-Gauge-Scalar-Scalar types of interactions. In this table, sW (cW ) is the sine (co-
sine) of the weak mixing angle θW , and c2W = cos(2θW ).

where sφV1V2 , sφ1φ2V and sφ1φ2V1V2 are the symmetry factors such as 1!, 2!, · · · . The coupling
strengths gφV V , gφ1φ2V and gφ1φ2V1V2 are summarized in Table 2.1 [87]

In this table, the interactions are classified into suppressed and unsuppressed categories.
This is motivated by the scaling properties of the coupling strengths in the limit of cos(β−α) =
0, the so-called alignment limit. In this limit, the couplings of the gauge bosons with the
SM-like Higgs restore the couplings in the SM while its couplings to the non-SM Higgses
vanish. More interestingly, a single non-SM Higgs is forbidden from interacting with the
SM-like Higgs boson and gauge bosons. Thus the alignment limit describes a scenario in
which the SM-like Higgs in 2HDM resembles the SM Higgs in interactions. As we’ll see, this
is also the case for the interactions with fermions described by the Yukawa couplings.

2.1.3 Yukawa Couplings

Yukawa couplings describe the interactions between Higgs bosons and fermions and generate
fermion masses through the Higgs mechanism. In the 2HDM, there are two identical SU(2)
Higgs doublets that are allowed to couple to a fermion at the same time without violating any
symmetry. If that’s the case, two Yukawa couplings need to be introduced for one fermion
family, then the mass matrices can’t be diagonalized simultaneously and FCNC mediated by
Higgs scalars will be present at tree level, which causes severe phenomenological difficulties [7].

To avoid the difficulties, the Paschos-Glashow-Weinberg theorem [88, 89] states that a
necessary and sufficient condition for the absence of FCNC at tree level is that all fermions
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Types Φ1 Φ2 uR dR `R QL, LL Φ1 Φ2

Type-I + − − − − + u, d, `
Type-II + − − + + + d, ` u
Type-L + − − − + + ` u, d,
Type-F + − − + − + d u, `

Table 2.2: Four types of assignments for the Z2 charges and the Yukawa couplings for the
scalar doublets Φ1,2 and the SM fermions.

Tree-level Normalized Higgs couplings

ξuh ξdh ξeh ξVh ξuH ξdH ξeH ξVH ξuA ξdA ξeA
Type-I cosα

sinβ
cosα
sinβ

cosα
sinβ sin(β − α) sinα

sinβ
sinα
sinβ

sinα
sinβ cos(β − α) cotβ − cotβ − cotβ

Type-II cosα
sinβ − sinα

cosβ − sinα
cosβ sin(β − α) sinα

sinβ
cosα
cosβ

cosα
cosβ cos(β − α) cotβ tanβ tanβ

Type-L cosα
sinβ

cosα
sinβ − sinα

cosβ sin(β − α) sinα
sinβ

sinα
sinβ

cosα
cosβ cos(β − α) cotβ − cotβ tanβ

Type-F cosα
sinβ − sinα

cosβ
cosα
sinβ sin(β − α) sinα

sinβ
cosα
cosβ

sinα
sinβ cos(β − α) cotβ tanβ − cotβ

Table 2.3: Normalized Higgs couplings to the SM fermions in the four types of 2HDMs [7].

of a given charge and helicity transform according to the same irreducible representation of
SU(2), correspond to the same eigenvalue of T3 and that a basis exists in which they receive
their contributions in the mass matrix from a single source. Thus we introduce a discrete Z2

symmetry to uniquely specify the fermion-Higgs couplings to make the FCNC absent. The
dynamical origin of the Z2 symmetry was recently explored in Refs. [90, 91]. There are four
distinct types of charge assignments of the Z2 symmetry in total, which lead to four types of
2HDMs, namely the Type-I, Type-II, Type-L and Type-F. The last two are the abbreviations
for the Lepton-specific Type and the Flipped Type, respectively. The charge assignments are
summarized in Table 2.2. Note that the Z2 symmetry is softly broken by the m2

12 term in
Equation 2.3.

With the Z2 symmetry imposed, the Lagrangian of Yukawa couplings is

− LYuk = YdQLΦddR + YeLLΦeeR + YuQLiσ2Φ∗uuR + h.c. , (2.13)

where Φ̃ = iσ2Φ∗ and Φu,d,e are either Φ1 or Φ2. Expanding it in terms of the physical fields,
the interactions of Higgs bosons with fermions can be expressed as

LYuk =−
∑

f=u,d,`

mf

v

(
ξfh f̄fh+ ξfH f̄fH − iξ

f
Af̄γ5fA

)

−
{√

2Vij
v

ūi(muiξ
u
APL +mdjξ

d
APR)djH

+ +

√
2m`ξ

`
A

v
ν̄L`RH

+ + h.c.

} (2.14)

where u = (u, c, t), d = (d, s, b), Vij is the CKM matrix, and PL/R ≡ (1 ∓ γ5)/2 are the
projection operators for the left-/right-handed fermions. In this expression, factors ξ are the
normalized coupling strengths. Their values at tree level are presented in Table 2.3.

As a remark, it’s usually convenient to express the Higgs couplings in terms of the two
more commonly used parameters cos(β − α) and tanβ. Some useful trigonometric identities
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are in order
cosα

sinβ
=

cos(β − α)

tanβ
+ sin(β − α),

− sinα

cosβ
= sin(β − α)− cos(β − α) tanβ,

sinα

sinβ
= − cotβ sin(β − α) + cos(β − α),

cosα

cosβ
= cos(β − α) + sin(β − α) tanβ.

(2.15)

As we see, in the alignment limit cos(β − α) = 0, the SM-like Higgs restores the couplings
in the SM, while the couplings of the BSM Higgses depends solely on tanβ. The normalized
couplings in the four types of 2HDMs under the alignment limit are

Type-I: ξHuu = ξAuu = cotβ, ξHdd = −ξAdd = cotβ, ξH`` = −ξA`` = cotβ

Type-II: ξHuu = ξAuu = cotβ, −ξHdd = ξAdd = tanβ, −ξH`` = ξA`` = tanβ

Type-L: ξHuu = ξAuu = cotβ, ξHdd = −ξAdd = cotβ, −ξH`` = ξA`` = tanβ

Type-F: ξHuu = ξAuu = cotβ, −ξHdd = ξAdd = tanβ, ξH`` = −ξA`` = cotβ

Another remark on the symmetry inherent to the 2HDM Higgs sector. By observing
Equation 2.3 one can find that the swap of Φ1 and Φ2 is equivalent to the swap of m11 and
m22, λ1 and λ2. So not the whole parameter space spanned by the Lagrangian parameters is
physically inequivalent. In the space of the physical parameters, this is reflected by the fact
that h and H swap under the transformation of

cos(β − α)→ sin(β − α)

tanβ → 1/ tanβ.
(2.16)

This implies the couplings with h give rise to the couplings with H under the above transfor-
mations, and vice versa. As we see, this is consistent with the couplings shown in Table 2.1
and Table 2.3.

2.1.4 Higgs Self-Couplings

Expanding the quartic terms in Equation 2.3 also leads to the trilinear and quartic Higgs
couplings. The Higgs self-interacting terms can be expressed as

Lself−coupling =
1

sijk
gφiφjφkφiφjφk +

1

sijkl
gφiφjφkφlφiφjφkφl (2.17)
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where sijk and sijkl are symmetry factors. A few important trilinear couplings are summarized
here

λH+H−h =
1

v

[
(2M2 − 2m2

H± −m2
h)sβ−α + 2(M2 −m2

h) cot 2βcβ−α

]
(2.18)

λAAh =
1

v

[
(2M2 − 2m2

A −m2
h)sβ−α + 2(M2 −m2

h) cot 2βcβ−α

]
(2.19)

λHHh =
sβ−α
v

[
(2M2 − 2m2

H −m2
h)s2

β−α

+ 2(3M2 − 2m2
H −m2

h) cot 2βsβ−αcβ−α − (4M2 − 2m2
H −m2

h)c2
β−α

]
(2.20)

λH+H−H =− 1

v

[
2(M2 −m2

H) cot 2βsβ−α + (2m2
H± +m2

H − 2M2)cβ−α

]
(2.21)

λAAH =− 1

v

[
2(M2 −m2

H) cot 2βsβ−α + (2m2
A +m2

H − 2M2)cβ−α

]
(2.22)

λHHH =− 1

v

[
2(M2 −m2

H) cot 2βs3
β−α − 2(M2 −m2

H)cα−βs
2
β−α +m2

Hcβ−α

]
(2.23)

where M2 ≡ m2
12/(sinβ cosβ). More couplings can be found in Ref. [86, 87]. Note that due

to the CP conservation, couplings such as Ahh and AHH don’t exist.

2.1.5 Theoretical Constraints

So far we’ve postponed the discussion of the conditions for a stable and non-trivial vacuum.
Besides that, other constraints on the Higgs potential such as the unitarity and perturbativity
are also usually considered, which together constitute the theoretical constraints we explore
in this section.

• Vacuum Stability

To have a stable vacuum is equivalent to requiring that the Higgs potential is bounded
from below. So it’s sufficient to examine the behavior of the quartic terms governed by
λ1−5 as |Φ1|2, |Φ2|2 → ∞, and the Higgs potential should be positive in all directions.
The conditions to be satisfied for a stable vacuum are [86]

λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, λ3 + λ4 − |λ5| > −

√
λ1λ2 . (2.24)

• Perturbativity

Perturbativity constrains the scalar-scalar → scalar-scalar scattering amplitude medi-
ated by four point vertex so that the low order perturbation calculations remain valid.
The conditions we adopt for perturbativity are

|λi| ≤ 4π . (2.25)

• Unitarity

Unitarity constrains the scattering amplitudes of scalars with scalars and scalars with
the longitudinally polarized gauge bosons. At very high energy, the equivalent the-
orem [92–94] points out that the scattering amplitude of a process involving longi-
tudinally polarized gauge bosons can be approximated by the scattering amplitude of
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scalars in which all gauge bosons are replaced by their corresponding Goldstone bosons.
In a weakly coupled theory, we only need to consider the unitarity for the tree level
amplitude, at which, the scalar scattering amplitude at high energy contains only the
process mediated by the quartic Higgs couplings since all the s, t or u channels mediated
by trilinear Higgs couplings are suppressed on the dimensional grounds [95]. Thus, the
scalar scattering at tree level only contains s-wave. By the optical theorem, the real
part of the s-wave amplitude a0 has to satisfy <(a0) ≤ 1/2 for an unitary theory.

In the Higgs sector of the 2HDM, different scalar scattering states are coupled, so
unitarity requires the eigenvalues of the scattering matrix to satisfy the unitary limits

|a0
i,±| ≤

1

2
, (2.26)

where i = 1, · · · , 6. Together with the index of ±, they label different types of scattering
processes. The eigenvalues with all scattering channels accounted for are given by [95,96]

a0
1,± =

1

32π

[
3(λ1 + λ2)±

√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2

]
,

a0
2,± =

1

32π

[
(λ1 + λ2)±

√
(λ1 − λ2)2 + 4λ2

4

]
,

a0
3,± =

1

32π

[
(λ1 + λ2)±

√
(λ1 − λ2)2 + 4λ2

5

]
,

a0
4,± =

1

16π
(λ3 + 2λ4 ± 3λ5),

a0
5,± =

1

16π
(λ3 ± λ4),

a0
6,± =

1

16π
(λ3 ± λ5).

(2.27)

With the three types of theoretical constraints formulated, we can now start examining
their impacts on the parameter space. Due to the complexity of the constraints, we will focus
on two simplified scenarios: the alignment limit and the limit of degenerate heavy Higgs
masses.

In the alignment limit

Assume cos(β − α) = 0 in the alignment limit, then λ1−5 in Equation 2.10 are simplified to

λ1v
2 = λv2 tan2 β +m2

h,

λ2v
2 = λv2 cot2 β +m2

h,

λ3v
2 = λv2 +m2

h + 2m2
H± − 2m2

H ,

λ4v
2 = −λv2 +m2

H +m2
A − 2m2

H± ,

λ5v
2 = −λv2 +m2

H −m2
A.

(2.28)

The sufficient conditions for Equation 2.24 to be fulfilled are

λv2 & 0,

m2
H± −m2

H +m2
h > −λv2,

m2
A −m2

H +m2
h > −λv2.

(2.29)
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Figure 2.1: The regions allowed by theoretical constraints. Red, green and blues curves are
for
√
λv2 = 0, 300 GeV and 500 GeV, respectively. Solid and dashed line styles are used for

mH = 800 GeV and 2000 GeV. The left panel shows the constraints in the alignment limit
while the right panel in the limit of degenerate heavy Higgs masses.

In the above expressions, the first inequality restricts λv2 to be non-negative. Actually
−m2

h < λv2 < 0 is allowed as pointed out in Ref. [69], but that would strictly limit the range
of tanβ: max{tan2 β, cot2 β} < −m2

h/λv
2 for negative λv2. As a result, vacuum stability

technically sets a lower bound on λv2 as well as the mass splitting m2
H±/A −m2

H .
Unitarity and perturbativity together set the upper bounds on variables such as the mass

splittings, λv2 and tanβ/ cotβ, which read

λv2 < 4πv2,

max{tanβ, cotβ} .
√

(8πv2)/(3λv2),

m2
A −m2

H . O
(
4πv2 − λv2

)
,

m2
H± −m2

H . O
(
4πv2 − λv2

)
.

(2.30)

One can find that the allowed range for tanβ is tightly bounded for large λv2 and unbounded
for λv2 = 0. In addition, the lower and upper bounds for mH±/A−m2

H are determined solely
by λv2.

As an illustration, in the left panel of Figure 2.1, we plot the allowed regions in the
∆mH± ≡ mH± −mH vs. ∆mA ≡ mA −mH plane by theoretical constraints in the align-
ment limit enclosed by red, green and blues curves for

√
λv2 = 0, 300 GeV and 500 GeV,

respectively. Solid and dashed line styles are used for mH = 800 GeV and 2000 GeV. As we
see, the mass splittings between the BSM Higgses are bounded. While small λv2 sets the
lower bounds for mA and mH± at mH , larger λv2 relaxes the lower bounds. In addition, the
overall constraints are modulated by mH : the larger the mH is, the tighter the constraints.
These are all consistent with the implications of Equation 2.29 and Equation 2.30.

In the limit of degenerate heavy Higgs masses

Given that the observed 125 GeV Higgs boson is very SM-like, it’s reasonable to assume
cos(β − α) to be small and sin(β − α) ≈ 1 in our discussion. (see subsection 2.1.6) Then in
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the limit of degenerate heavy Higgs masses mH = mA = mH± , λ1−5 are reduced to

λ1v
2 = λv2 tan2 β +m2

h + 2 cos(β − α) tanβ(m2
H −m2

h)

λ2v
2 = λv2 cot2 β +m2

h − 2 cos(β − α) cotβ(m2
H −m2

h)

λ3v
2 = λv2 +m2

h + cos(β − α)(tanβ − cotβ)(m2
H −m2

h)

λ4v
2 = −λv2

λ5v
2 = −λv2

(2.31)

Interestingly, a symmetry is lurking inside these expressions. The swap of cos(β − α) ↔
− cos(β − α) and tanβ ↔ cotβ leads to the swap of λ1 ↔ λ2 while λ3−5 remain invariant∗.
Fortunately, this symmetry is also respected by the theoretical constraints in Equation 2.24-
Equation 2.26. So we conclude that the allowed region in the tanβ vs. cos(β − α) plane is
symmetric under the transformation of

cos(β − α)↔ − cos(β − α) tanβ ↔ cotβ. (2.32)

Thus, we can focus on the region with cos(β − α) > 0 in the discussion.
Among the four inequalities in Equation 2.24, the second and the fourth one are stronger

than the others. Solving these two leads to

cos(β − α) <





λv2 cot2 β +m2
h

2 cotβ(m2
H −m2

h)
cotβ ≤ mh√

λv2

mh

√
λv2

m2
H −m2

h

cotβ >
mh√
λv2

(2.33)

It indicates that perturbativity primarily puts restrictions on cos(β−α), particularly for small
λv2. Meanwhile, the overall restrictions are modulated by heavy Higgs mass, i.e., larger mH

leads to tighter restrictions.
The perturbativity and unitarity set similar restrictions on the parameter space. They

primarily limit the magnitudes of λ1−3. Thus if λv2 ∼ 0, cotβ cos(β−α) and tanβ cos(β−α)
are bounded. The allowed region in the tanβ vs. cos(β−α) plane exhibits a diamond shape.
In contrast, if λv2 is large, λv2 tanβ and λv2 cotβ will be bounded, hence the allowed range
of tanβ will be restricted to be around 1.

In the right panel of Figure 2.1, we present the allowed regions in the limit of degenerate
heavy Higgs masses by theoretical constrained enclosed by curves of different colors and line
styles for different choices of λv2 and mH . As we see, for small λv2, the allowed range of
cos(β − α) is tightly bounded by Equation 2.33 whereas tanβ is unbounded. In contrast,
for large λv2, the allowed range of cos(β − α) is relatively relaxed while tanβ is tightly
bounded. In addition, large mH tighten the overall constraints. The symmetry indicated in
Equation 2.32 is also evident.

2.1.6 Experimental Limits

Searching for the BSM Higgses has been actively conducted in experiments both directly and
indirectly. The indirect search constrains the parameters of 2HDM by fitting the SM Higgs
and electroweak precision observables with the experimental data. At tree level, the SM-like

∗One can check that this symmetry is exact in Equation 2.10
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Higgs couplings are governed by cos(β − α) and tanβ alone. By fitting with the combined
measurements of the Higgs production and decay data up to 80 fb−1 at

√
s = 13 TeV at LHC,

the allowed range of cos(β − α) is constrained to be very close to the alignment limit [8, 9].
Based on the searches at ATLAS [9], | cos(β − α)| > 0.1 are excluded for all tanβ at 95%
Confidence Level (C.L.) in Type-II and F, while the constraints on the parameter spaces of
Type-I and L are only slightly relaxed. The searches at CMS show similar results [8]. As for
the electroweak precision measurements, it mainly constrains the charged Higgs mass mH±

to be close to either mH or mA [97, 98].
The other 2HDM parameters affect the SM Higgs couplings through loop corrections.

With the proposed Higgs factories such as the International Linear Collider (ILC) in Japan
[35–38], the Circular Electron Positron Collider (CEPC) in China [33, 39], the electron-
positron stage of the Future Circular Collider (FCC-ee) [32, 40–44] and the Compact Linear
Collider (CLIC) [45–47] at CERN, the projected precisions on measuring the SM Higgs cou-
plings will reach the sub-percentage level, at which the loop corrections will be non-negligible.
So indirect constraints on the BSM Higgs masses and other parameters will be implied by
performing Higgs precision measurements. The implications at the future Higgs factories on
the four types of 2HDMs at one loop level assuming the alignment limit have been studied
in [68]. This work is further extended to the whole parameter space of Type-II 2HDM at
one-loop level [69]. Although the results are rather sensitive to the choice of heavy Higgs
masses as well as the soft breaking parameter m2

12, the typical range that | cos(β−α)| > 0.008
for all tanβ is excluded at 95% C.L. in the Type-II 2HDM assuming no deviation from the
prediction of the SM. More interestingly, the Higgs and electroweak precision measurements
offer complementary constraints on the splittings of heavy Higgs masses.

The direct searches for the neutral BSM Higgses at the LHC have been conducted in
multiple channels, but mainly through the detection of decays into a pair of SM particles,
such as H/A→ ττ [28,99,100], bb [27,29], H → ZZ [13,14], WW [12,101], hh [102–105], and
A→ Zh [16,106–110]. Interpreted in the context of hMSSM, the A/H → ττ decay provides
the most sensitive channel at large tanβ. Based on the data collected at ATLAS [111],
mA/H up to 350− 2000 GeV are excluded at 95% C.L. for tanβ ranging from 5 to 60. The
H → hh(A → Zh) decay is the most efficient search channel for H(A) at small tanβ. For
tanβ ranging from 1 to 5, mH(mA) are excluded up to 550−350 GeV (380−340 GeV) at
95% C.L. On the other hand, the neutral Higgs with mass mA < mh/2 can be probed via
the SM Higgs exotic decay, and it has been searched for in h→ AA→ bbbb [112], bbττ [113],
bbµµ [114,115], ττττ [116] and ττµµ [117,118] channels. In the 2HDM, while the µµµµ decay
constrains the region for mA < 3 GeV, the µµττ takes over for 4 GeV < mA < 20 GeV.
For 20 GeV < mA < mh/2 GeV, the bbbb/bbµµ channel opens up and becomes the dominant
channel [119]. The implications on the parameter spaces of Type-I and Type-II 2HDMs are
summarized in Ref. [65]. With regard to the charged Higgs, the direct searches for it have
been performed in the H± → cs [120, 121], τν [22, 122] and tb [123, 124] decay channels. At
mH± > mt, charged Higgs is primarily produced in association with tb at the LHC. However,
the exclusion limit is rather weak due to the large background: only regions of tanβ > 40 and
< 2 at mH± ∼ 300 GeV are excluded in the Type-II 2HDM. At mH± < mt, charged Higgs
is mainly produced through top quark decay. The null research results excluded mH± < 160
GeV for all values of tanβ in Type-II 2HDM [125].

When there are large mass separations between BSM Higgses, they can be probed via
the exotic BSM Higgs decays such as A/H → HZ/AZ and H± → HW± once kinematically
allowed. The constraints on the mA vs. mH plane of the 2HDM implied by detecting A/H →
HZ/AZ → bb`` and ττ`` channels at LHC has been studied in Ref. [17,18,65,126]. Depending
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on the types and tanβ, they can constrain the kinematically allowed regions up to mH/A ∼
800 GeV. However, oncemH/A crosses the tt̄ threshold in mass, the sensitivity quickly weakens
given the dominance of the H/A → tt̄ decay branching fraction. Fortunately, with the
proposed 100 TeV pp colliders such as the Future Circular Collider (FCC) at CERN [32]
and the Super Proton-Proton Collider in China [33], the top quarks originating from the
heavy Higgs decay will be highly boosted, which allows them to be captured by top-tagging
techniques [127–132]. The impact of the exotic decay channels on the Type-II 2HDM at
future colliders have been explored thoroughly through A → HZ → (bb/ττ/thth)``, A →
H±W∓ → tb`ν and H± → HW± → ττW± [55]. Depending on the value of tanβ, the
projected constraints on the heavy Higgs masses can reach multiple TeV.

2.2 Collider Physics

High energy accelerators and colliders have been the primary tools in unveiling the funda-
mental laws in high energy physics. Over the past decades, numerous energetic colliders have
been built, most notably the Stanford Linear Collider (SLC) at SLAC, the Large Electron-
Positron Collider (LEP) at CERN, the Tevatron at the Fermilab, and the Large Hadron
Collider (LHC) at CERN, which expose us to physics happening at unprecedentedly smaller
scales. Accordingly, collider physics gradually evolves into an independent subject study-
ing how to extract information from data at colliders, what can be observed and what we
can learn from the observations [133]. As phenomenologists, we’re obliged to communicate
experiments with theories by designing new search strategies for theoretical models and in-
terpreting the implications of experimental data, so some knowledges on collider physics are
necessary. Despite that colliders may dramatically differ in size, running energy and the
colliding particles, the basic structures remain the same: an accelerator to boost particles
and a detector for the head-on collision and data collection. As an example, we’ll start with
a thorough description of the ATLAS detector at the LHC, mainly about its components
and how particles appear in the detector. Then we turn to a few proposed future hadron
colliders, Higgs factories, and more importantly a muon collider.

2.2.1 Hadron Collider

We focus on the hadron colliders smashing protons with protons, so will alternatively refer to
them as the pp-colliders. Due to the heavy proton mass, a hadron collider can easily achieve
tens-of-TeV colliding energies with little concern of the synchrotron radiation†, thus serves
as the pivotal tool to explore new physics at the energy frontier.

The most notable hadron collider in operation is undoubtedly the LHC at CERN. With
the accelerating ring about 175 m underground and 27 km in circumference, it’s aiming to
achieve a c.m. energy of 14 TeV and the nominal integrated luminosity of 300 fb−1 by the end
of Run 3. Two general-purpose detectors are constructed at the LHC: ATLAS (A Toroidal
LHC ApparatuS) and CMS (Compact Muon Solenoid). With similar structures and the same
scientific goal, they’re used for cross-confirmation whenever new physics is found and data
can also be combined to improve the precision of measurements of SM parameters.

The structure of the ATLAS detector is shown in Figure 2.2. It’s a cylindrical detector
installed parallel to the particle beams, in which two oppositely flying particles are guided to

†For a circular accelerator with radius R, the energy loss due to synchrotron radiation is per revolution is
proportional to 1

R
( E
m

)4, for E the particle energy and m the particle mass.
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Figure 2.2: A schematic of the ATLAS detector. Image taken from [134].

collide in the center. The innermost component of the detector is the tracking system, which
is designed to track the charged particles emerging from the collision. The whole tracking
system is immersed inside a strong magnetic field parallel to the beam axis, so charged
particles get deflected when flying through it. A precise tracking of the deflected paths allows
the measurement of the particle momenta and charges [134]. Outside the tracking system
is the electromagnetic calorimeter (ECAL) designed to deposit and measure the energies of
electrons, positrons and photons. What follows is the hadronic calorimeter (HCAL) that
measures the energy of hadrons. The component installed at the outermost is the muon
spectrometer, which makes up most of the size of the detector. The muon spectrometer is a
big tracking system constructed to identify and measure the momenta of muons.

The hard scattering takes place between two oppositely flying protons that are lined up.
However, at the colliding energy much higher than the proton mass, it’s actually the partons,
namely the gluons and quarks, that are participating in the hard scattering. As a result,
only a fraction of the energy carried by the partons is utilized, and the partonic c.m. frame
will not coincide with the lab frame. Assume the colliding protons with four momenta
p1 = (E, 0, 0, pz) and p2 = (E, 0, 0,−pz) in the lab frame, then the partonic c.m. energy for
the two partons with momenta x1p1 and x2p2 is

ŝ ≡ τs = x1x2s, (2.34)

where s = 4E2 is the square of the total hadronic c.m. energy and τ = x1x2.
Because of the non-perturbative nature of the QCD below the scale of ΛQCD ∼ 200 MeV,

there is no analytic way to calculate the scattering cross section from the first principle.
Fortunately, the QCD factorization theorem allows us derive the prediction of the cross
section by separating the short distance physics from the long distance effect [135], that is,
for a hadronic scattering process with high momentum transfer, the total cross section can be
factorized into a parton-level hard process convoluted with the parton distribution function.
As a result, the total cross section to produce a final state X at a hadron collider can be
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expressed as

σ(pp→ X) =
∑

i,j

∫
dxidxjfi(xi, µ

2
F )fi(xj , µ

2
F )σ̂(ij → X) (2.35)

with fi(xi, µF ) the parton distribution function (PDF) for parton i with a fraction xi of
the hadron momentum at factorization scale µF , and σ̂ the parton-level cross section of the
hard process ij → X. The PDFs can be determined from fitting observables to data for
deep inelastic lepton-nucleon scattering and for related hard-scattering processes initiated by
nucleons [136], among which the LHC data are playing an increasing role in determining the
PDFs [137]. The experimental determinations of the unpolarized PDFs up to NNLO have
been provided by six groups: MMHT [138], NNPDF [139], CT(EQ) [140], HERAPDF [141],
ABMP [142] and JR [143].

The SM particles produced in a hard scattering can be reconstructed and identified by
the traces they leave in the tracking systems and calorimeters. Usually, kinematic strategies
are also employed. Due to the showering and the fragmentation of colored particles, quarks
and gluons can’t be “seen” directly in the detector. Instead, we capture them by collecting
a spray of particles moving in the same direction, namely the jets [144]. Jet physics is an
active field of research and no unique definition for it exists yet. Nevertheless, a jet definition
in general consists of a reconstruction algorithm of grouping particles or energy deposits into
a jet and a scheme of assigning the momentum to the resulting jet [145]. In addition, being
consistently applied to the measurements in particle physics experiments and the calculations
at the parton level are desired for a good jet definition.

A generic jet reconstruction algorithm works by clustering a spray of collimated parti-
cles/energy deposits with a cone of size R, although the measures of size and the clustering
algorithms are different from algorithm to algorithm. The parameter R is referred to as
the jet size. Except for the most intuitive measure definition ∆R =

√
∆φ2 + ∆η2, where

∆φ and ∆η are the differences in azimuthal angle and pseudorapidity, other definitions such
as the JADE algorithm [146, 147], the Cambridge/Aachen (C/A) algorithm [148, 149], the
kT [150,151] and the anti-kT algorithms [152] are also introduced. The clustering algorithms
need to be carefully designed to make the jet reconstruction colinear and infrared (IRC) safe,
that is, the reconstructed jet won’t be affected too much if a hard particle split into two
colinear particles with half its energy in each, or if it emits a soft particle. The sequential
recombination jet algorithms with the C/A algorithm, the kT and the anti-kT algorithms are
all IRC safe [145]. The jet size R is also an important aspect to consider for a well-functioning
jet reconstruction algorithm, for instance it needs to be properly chosen to reduce the sus-
ceptibility to soft radiation, underlying event and pile-up [153]. The value of R depends on
the colliding environment and the target jets.

With the powerful tool of jets added to our toolkit, now we summarize how the SM
particles are identified in the detector. We mainly follow the lecture note by Schwartz [133].

• Leptons: Electrons are very light and thus undergo strong radiations via bremsstrahlung.
They leave tracks in the tracking system and deposit almost all energies in the ECAL.
Muon has a long lifetime of τ = 2 µs and flies about 300 m before it decays‡. So
it’s stable in the scale of the detector. Because of the relatively large mass, muon has
relatively small energy loss in matter. That’s why the muon spectrometer is so big.
Tau leptons have very short lifetime and decay very quickly in the detector. 35% of the
tauons decay leptonically into eνeν̄e and µνµν̄µ, which are hard to be distinguishable

‡The decay length of a particle with boost factor γ can be estimated by d ≈ (300 µm)( τ
10−12 s

)γ [154].
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from the electrons and muons popping out from the interaction point. Among the 65%
hadronic decays, 51% tauons decay into the final states with one charged hadron and
14% of them decay into the final states with three charged hadrons. It’s the hadronic τ
decays that are used in tau jets tagging [155]. The neutrinos are invisible in the detec-
tor. They’re reconstructed by utilizing missing transverse momentum /pT and missing

transverse energy /ET .

• Bottom and charm quarks: Bottom quark decays through the non-diagonal entries
of the CKM matrix, which suppresses the decay width by |Vcb|2. So the B mesons, the
hadrons of the bottom quark, are relatively long lived and have a lifetime of τ ∼ 10−12 s.
The decay length is cτ ∼ 0.5 mm, which is a discernible distance in the tracking system.
Thus the bottom quark decay is characterized by a displaced secondary vertex, at which
the tracks of the charged decay products converge. A secondary vertex that is separated
about 0.5 mm away from the primary vertex offers a unique indication of the bottom
jet. The current b tagging algorithm can keep 70% of the bottoms while rejecting
against the light quark jets (u, d, s-initiated) by a factor of 50. In general, it’s harder
to distinguish the gluon and the charm quark jets from the bottom jets than the light
quark jets. Charm quarks hadronize into D mesons. The decay length of D meson
is slightly less than that of B meson, around 300 µm. Furthermore, a charm quark
produces lower multiplicity of the charged particle tracks during its decay, it is much
harder to tag it than a bottom quark.

• Light quarks: Light quarks refer to the three lightest quarks u, d, s. The strange
quarks hadronize into Kaons: K+ = sū, K0 = sd̄, K̄0 = ds̄, K− = us̄. The real CP
eigenstates of K0 and K̄0 are KS (K-short) and KL (K-long) which mainly decay via
KS → π+π− and KL → π+π−π0, respectively. The lifetimes of KS is around 10−10 s,
while the lifetime of KL is much longer, around 10−8 s, in the same order as the K±

decay. The bound states of up and down quarks are pions: π± and π0, along with
the baryonic states such as proton and neutron. The charged pions have a lifetime
of ∼ 10−8 s, as opposed to the much shorter lifetime of the neutral pion π0, which
is ∼ 10−17 s owing to the π0 → γγ decay induced by the anomaly through the quark
triangle diagram. Thus, π0 is not considered as stable as they decay before reaching the
detector. All light quark decays leave tracks in the tracking system or deposit energies
in ECAL and HCAL. Compared to the heavy quark jets, the light quark initiated jets,
collectively referred to as the light jets, produce much lower multiplicity of the charged
tracks and all appear to originating from the primary event vertex, so it’s hard to
discriminate the light jets from each other.

• Photons and gluons: Photons deposit energies in ECAL through shower. In contrast
to electrons, they don’t leave tracks in the tracking system. So this becomes the main
way to distinguish them in the detector. Gluon undergoes shower and fragmentation in
the detector as do quark, but unlike quark, whose color factor is 4/3, the color factor
of gluon is 3, so it’s expected that the multiplicity of particles in a gluon-initiated jet
is 9/4 times larger than a light quark-initiated jet§. In addition, the width of a gluon-

§The short distance QCD interactions can be described by potentials like V = −Cαs/r, where C is the
color factor of the interacting fields. C is equal to the Quadratic Casimir of the SU(3) representation in which
the interacting field transforms. They are CF = 4/3 for the quark field and CA = 3 for the gluon field. Since
QCD is mediated by gluons, the color factors can be understood as the couplings between the interacting fields
with the emitted gluons. Note that parton shower is dominated by the gluon emissions, hence the multiplicity
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initiated jet is also expected to be larger than a light quark-initiated jet [156]. Based
on these differences, the multivariate discriminant provides 60% efficiency for a fake
rate of 30%. The distinctions revealed in the jet topological structure have also been
explored [157]. As a remark, the discrimination between a gluon-initiated jet and a light
quark-initiated jet is crucial to the search for new processes with light quarks [158,159].

• W and Z bosons: The W and Z decay immediately in the detector, and are con-
structed by detecting their decay products. 67.6% of W decay hadronically and 10.80%
of them decay universally into each generation of leptons `±ν (` = e, µ, τ). The hadronic
decay of W faces the challenge of large QCD background at hadron colliders. For
the leptonic decays, despite the invisibility of the neutrinos, the event can be partly
reconstructed using kinematic observables such as transverse mass mT . Due to the
large decay branching fractions of h → WW , it’s an important discovery mode of the
SM Higgs boson [1, 2]. The couplings of the Z boson to fermions are proportional to
T3 −Q sin2 θW for sin2 θW ≈ 0.23, so around 10% of Z decay into `+`− for ` = e, µ, τ ,
20% decay into neutrinos, 15% decay into bb̄ and 55% decay into light jets. The `+`−

for ` = e, µ decay modes have super clean environment at the hadron collider, hence
h→ ZZ∗ → 4` for ` = e, µ is the golden channel for discovery of the SM Higgs at the
LHC, despite the low decay branching fractions.

• Higgs boson: The Higgs boson is the last discovered particle in the SM. It’s primarily
produced through gluon-gluon fusion at the LHC, followed by the gauge boson fusion.
The dominant decay mode is h → bb̄, but it’s challenging to probe due to the over-
whelming QCD background. The “golden channel” for the Higgs boson detection is
h → ZZ∗ → 4` for ` = e, µ. It’s golden not only because of the clean background
and the full reconstruction of the Higgs, but also because it allows the determination
of the Higgs boson spin by measuring the angular distribution of the 4 leptons. The
next cleanest channel is the gg → h → γγ. Despite the modest event rate, it’s suffi-
cient to produce a visible bump on top of the flat background in the mγγ distribution.
h → WW ∗ → 2`2ν for ` = e, µ makes up the third discovery channel. However, the
Higgs boson cannot be fully reconstructed due to the two invisible neutrinos. Thus, the
transverse mass is used to partially reconstruct the event.

We’ve intentionally omitted the discussion of the top quark, that’s because it’s so im-
portant to our work that we decide to discuss it separately. For now, we’ll talk about the
upgrade and the successor of the LHC, as well as a 100 TeV hadron colliders proposed in
China.

HL-LHC: The High Luminosity LHC (HL-LHC) is the upgrade of the LHC aiming to
achieve an integrated luminosity of L = 3 ab−1, and scheduled to start operating at the end
of 2027¶. By increasing the number of collisions by a factor 10, the HL-LHC will significantly
enhance the search potential of the LHC at the energy frontier. Large statistics will improve
the sensitivity in searching for the rare processes at an unprecedented level and enable the
observation of new particles with higher masses. On the other hand, dedicated precision
measurements of the Higgs couplings and the rare decays will further enhance the sensitivity
to the new physics candidates. The HL-LHC is projected to produce at least 15 million Higgs
bosons per year‖.

of the resulting emitted hadrons is asymptotically proportional to the color factor.
¶https://home.cern/news/news/accelerators/new-schedule-lhc-and-its-successor
‖https://home.cern/science/accelerators/high-luminosity-lhc
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FCC-hh: The Future Circular Collider (FCC) is a program hosted by CERN and still in
the conceptual phase. It is aiming to explore the high energy collider after the age of the LHC
and complement the existing technical designs for the future electron-positron colliders. It’s
designed to be housed at a 100 km tunnel in the area of Geneva. FCC-hh is the proton-proton
collider stage of the FCC program and aims to operate at the c.m. energy of 100 TeV. With
the ability to improve the current energy frontier by an order of magnitude, the capability to
directly probe new particles will reach tens of TeV. The collider can also precisely measure
the Higgs self-coupling and explore the dynamics of the electroweak symmetry breaking at
the TeV scale, hence shedding light on the nature of the electroweak phase transition [160].

CEPC-SPPC: Circular Electron Positron Collider (CEPC) is an electron positron col-
lider proposed by the Chinese high-energy-physics community. The baseline design for this
project is based on a tunnel of 50 km, while a 100 km option is also discussed. The Super
Proton-Proton Collider (SPPC) is the hadron collider program that will be housed in the
same tunnel. Based on the CDR [33], the SPPC is planned to operate at c.m. energy ranging
from 70 − 100 TeV with the 50 km option and more ambitious 100 − 140 TeV with the 100
km option. The giant leap at the energy frontier will allow us to explore new physics at a
never reached level, unraveling the nature of electroweak phase transition and discover/rule
out the WIMP dark matter at TeV scale.

With everything set up, now we dedicate the discussion to the detection of the top quarks
at the current and future hadron colliders.

• Top quark: The top quark [161] is the only quark that decays before it hadronizes. It
decays almost 100% into a b and a W , so the subsequent decays of top are determined
by the decays of W boson: a universal leptonic decay into `ν for ` = e, µ, τ with 10%
branching fraction for each, and around 70% decay into hadrons. Although the W → τν
decay is technically leptonic, but τ mostly decays hadronically. At the hadron colliders,
tops tend to be produced in pairs through gluon fusion gg → tt̄ or through qq̄ → g → tt̄.
In addition, BSM neutral Higgses above the top mass threshold preferably decay into
top pairs. Thus, reconstructing the top pair is important in examining the SM and
searching for new physics.

The hadronic decays of top pair make up 56% of the total decay channels, while the pure
leptonic decay only takes up 4% of the chance. However, due to the high multiplicity of
the QCD jets at hadron collider, the hadronic decay suffers from severe combinatorial
problems. For the leptonic decay, apart from the modest decay branching fractions, it
has two neutrinos in the final states, which makes it challenging to fully reconstruct
the top pairs. Fortunately, the semi-leptonic decay, which makes up 30% of the total
decays, can be fully reconstructed by assuming the W boson. Thus, the semi-leptonic
channel is preferred in reconventional construction of the top pairs.

With the high colliding energy at the LHC, very energetic top quarks can be produced.
Similarly, a 100 TeV collider can potentially generate particles with multi-TeV mass,
so the top quarks to which they decay will be highly boosted. As a result, the decay
products of tops are confined to a cone of size ∼ 2mt/pT,t, and will be hard to resolve
using the traditional method. Fortunately, highly collimated decay products motivate
the application of jet reconstruction algorithms to tag top, but with larger cone size,
the so-called fat jet. There are several advantages with it. The top tagging algorithm is
localized, which reduces the susceptibility to the radiations and the underlying events.
In addition, for events with multiple top quarks, the top-initiated jets are separated,
and it naturally avoids the combinatorial problems [162].
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Top tagging algorithm captures the boosted tops by fat jets. It distinguishes the top
jets from the surrounding light QCD jets by investigating the jet substructures and the
clustering histories. Certain criteria need to be fulfilled for a top quark candidate, for
instance the invariant jet mass must be within a range of the top mass. In general,
techniques like filtering, trimming and pruning are employed to suppress the QCD
effects at the hadron collider. Some top tagging algorithms developed in the last decade
include the QCD-based taggers like the HEPTopTagger [127, 128, 163] and the Johns
Hopkins Tagger [130], the Event-shape based tagger like N-subjettiness [131], and the
template-overlap method based taggers like the TemplateTagger [164].

The booming of machine learning in recent years has ignited the application in top
tagging. Notable implementations includes the HEPTopTagger Version-2 [165], the
Deep-Top Tagger [132] (focusing on low pT ), and the Deep Neural Network Tag-
ger [165] (same idea, focusing on high pT ). However, running these programs is usually
computationally intensive and not suitable for quick phenomenological studies. There-
fore, in Ref. [55], a fake top tagging technique is implemented. Inspired by the built-in
b-tagging module in Delphes [166], they construct fat jets with size R = 1.5 using the
Cambridge-Aachen algorithm [148] implemented in FastJet 3 [167]. A top jet candi-
date is approved if a parton-level top is found within the radius of R = 0.8 (varying
R between 0.8 and 1.5 doesn’t affect the results), and rejected whenever leptons are
spotted inside. A top-tagging efficiency εt, up to ∼ 30% at pT & 600 GeV, is applied
for each approved top jet to fully simulate the real top taggers. For QCD initiated fat
jets, the corresponding misidentification rates εj up to ∼ 3 × 10−3 at pT & 600 GeV
are also simulated.

2.2.2 Higgs Factory

By the closure of the Run 2 operation, the LHC has only discovered the 125 GeV Higgs
boson. Nothing else below approximately 1 TeV was observed. Then the next step would
be to investigate the Higgs phenomenologies at the electroweak scale more carefully. An
electron-positron collider running at a few hundred GeV can produce copious Higgs bosons
in a clean environment, which provides an ideal Higgs factory to precisely measure the Higgs
couplings, the decay width and even the self coupling. Thus, building a hundreds of GeV to
TeV scale electron-positron collider will be essential in the post-LHC future.

Compared to the hadron colliders, an e+e− collider owns unique advantages. First, elec-
trons are point-like particles, so the colliding c.m. frame coincides with the lab frame and the
full c.m. energies are available for the hard scattering. Second, the e+e− interactions are well
understood. The electroweak corrections are typically smaller than QCD by a factor of 10 to
100, which leads to less theoretical uncertainties [168]. There are two classes of e+e− collider,
the linear collider and the circular collider. The linear collider can effectively suppress the
electron bremsstrahlung radiation so it can achieve a colliding energy as high as a few TeV.
Meanwhile, with the limited radiation, the e+e− beam polarization can be well-controlled.
One limitation of a linear collider is the challenge to achieve a high luminosity if the storage
ring is not used. The SLC at SLAC at the energy of the Z boson has been the only linear
collider ever built. Other proposed high energy linear colliders are the International Linear
Collider (ILC) at Japan [35–38] and the Compact Linear Collider (CLIC) at CERN [45–47].

A large circular e+e− collider can achieve luminosities several times greater than at a
linear collider. In addition, a circular collider can set multiple interacting points on the ring,
so can produce more Higgs bosons. The proposed circular e+e− colliders are the Circular
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Electron-Positron Collider (CEPC) in China [39] and the FCC-ee at CERN [32,40–44].
An important feature of the e+e− collider is the Higgs production through e+e− → hZ

at the c.m. energy around 240 GeV. By observation of the Z boson, this process can be
tagged independent of the Higgs decay. The decay branching fractions and even the Higgs
invisible decays can be directly measured. For instance, through the recoil of Z → µ+µ−

events [169], the ILC is projected to measure the Higgs mass with a precision of 14 MeV,
which is important for precisely estimating the phase space factor for the HWW ∗ decay to
extract the Higgs total width. Similarly, it can constrain the Higgs invisible decay branching
fraction to be as low as 0.4% [170] (such constraint is model-dependent). At higher energy,
the WW fusion production (hνeν̄e) rises up and dominates at ∼ 500 GeV. The cross sections
for the main Higgs production channels at an e+e− collider as a function of energy is shown
in the left panel of Figure 2.3. As we see, the WW fusion complements the hZ production
channel at high energy. The proposed e+e− colliders also have the programs to study the
top quark physics and the Higgs self coupling at higher energies. The CLIC at 1.4 TeV
can measure the top Yukawa coupling to a precision of 2.7% using the tt̄h event [171], and
measure the Higgs self coupling λ to a precision of 22% with the target energy of 3 TeV [172].

Figure 2.3: Left panel: The cross sections for the main Higgs production channels at a e+e−

collider as a function of energy. Image taken from [172]. Right panel: The SM Higgs and
top-quark pair production cross-sections at a µ+µ− colliders. Image taken from [34].

2.2.3 Muon Collider

Since the discovery of the SM Higgs at the LHC, the SM has become a truly complete theory.
While the subsequent measurement further confirmed the validity of the SM, it poses a
big challenge to the high energy physics community: what energy scale does the new physics
reside in? Despite the fact that the LHC Run 3 and the upgrade to HL-LHC are lined up, it’s
time to explore the next energy frontier at multi-TeV or even tens-of-TeV scales. A 100 TeV
hadron collider and a large e+e− collider are the two avenues most actively discussed, but
both require incredible investment, tremendous technological progress, and many decades of
preparation, construction and operation. Thus, it’s reasonable to consider another audacious
but attractive avenue — to build a multi-TeV muon collider.

A muon collider is arguably the most desired collider in the high energy physics com-
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munity, since it merges the best of both the hadron and the e+e− colliders. With a mass
about 207 times that of the electron, muons can efficiently suppress synchrotron radiation
by a factor of 109 compared to the electrons running in the same accelerating ring with the
same beam energy. Circular colliders therefore are allowed to accelerate the muon beam and
bring them into the collision repeatedly. As a result, more interacting points can be installed.
Due to the point-like nature, all energies of two colliding muons are available for the short-
distance reactions. By considering the production of a pair of heavy particles with masses of
almost half of the muon colliding energy, a muon collider at 14 TeV is equivalent to a hadron
collider at 100 TeV [34]. Remarkably, a muon collider can potentially achieve an energy of
tens-of-TeV. In spite of the spectacular advantages, constructing a muon collider confronts
tremendous challenges originating from the fact that muon is not stable. It decays with a
lifetime of ∼ 2 µs. But with the novel technologies and concepts recently developed [173,174],
it’s promising to overcome this problem.

Near the mass threshold, new heavy particles at a muon collider are mainly produced
through the s-channel, but it will be suppressed by 1/

√
s with increasing c.m. energy. In

contrast, the process initiated by the electroweak vector boson fusion (VBF) enhances with
(ln
√
s)2, and hence will become dominant at sufficiently high energy. The SM Higgs and the

top-qaurk pair production cross section at a muon collider at various c.m. energy are given
in the right panel of Figure 2.3. The rising curves exhibit the production initiated by VBF
while the dropping curves are those initiated by µ+µ−-annihilation. As we can see, a 10
TeV muon collider could produce 8 million Higgs bosons provided an integrated luminosity
of 10 ab−1. At the same benchmark scenario, 30K Higgs bosons can be produced in pairs,
and will offer spectacular sensitivity to the trlinear Higgs coupling. The expected precisions
for measuring the trilinear Higgs self-coupling, as well as the couplings with the electroweak
gauge bosons, HV V and HHV V (V +W±, Z) are explored in Ref. [57].

At high energies well above the electroweak scale, the initial state radiation (ISR) of
photon and weak gauge boson become substantial, which results in the electroweak parton
distribution function (EW PDF) the natural way to describe the VBF processes. For a fusion
process with the initial state partons i and j, we write the production cross section of an
exclusive final state F and the unspecified remnants X in terms of the parton luminosity
dLij/dτ and the corresponding partonic sub-process cross section σ̂

σ(`+`− → F +X) =
∫ 1
τ0
dτ
∑

ij
dLij
dτ σ̂(ij → F ), (2.36)

dLij
dτ = 1

1+δij

∫ 1
τ
dξ
ξ

[
fi(ξ,Q

2)fj

(
τ
ξ , Q

2
)

+ (i↔ j)
]
,

where τ = ŝ/s with
√
s (
√
ŝ) the collider (parton) c.m. energy. The production threshold

is τ0 = m2
F /s. In this expression, fi(ξ,Q

2) stands for the EW PDF of particle i radiated
off the initial muon beam carrying an energy fraction x at a factorization scale Q. The
EW PDF for the photon, the transversely and longitudinally polarized weak gauge boson,
and the coherent state γZ at leading logarithmic order can be dervied following the method
introduced in Ref. [175].

To compare the richness of different partonic gauge boson fusions, the separate partonic
luminosities defined in Equation 2.37 at factorization scale Q = 5 TeV are plotted in Fig-
ure 2.4. As we see, the γγ fusion dominates due to the log(Q2/m2

` ) in the γ-PDF. Among the
WW fusions of different polarizations, WTWT is much more copious than WTWL or WLWL.
This can be explained by the scaling behavior encoded in the log(Q2/m2

W ) factor for the
transversely polarized partons, whereas it’s absent for the longitudinally polarized partons.

30



Figure 2.4: The Parton Luminosity at Q = 5 TeV.

The scarcity of the ZZ fusion is resulting from the accidental cancellation of the couplings
to the neutral current. For unpolarized muon beam, it’s proportional to |1/2− 2 sin2 θW |2.

2.3 Precision Measurements

Besides the direct search for new particles, new physics, if it exists, may also manifest itself as
corrections to the SM Higgs precision observables and the electroweak precision observables.
Thus, a dedicated measurement and analysis of those data would provide strong implication
to BSMs. In this section, we’ll briefly review the precisions that the future Higgs factories
can achieve on measuring those observables.

2.3.1 Higgs Precision Measurement

The Higgs precision measurement mainly focuses on the SM Higgs couplings. These properties
have been measured at the LHC Run 2 [8, 9] and will be measured at future high precision
Higgs factories [160, 176]. The implications of the Higgs precision measurements at current
and future colliders on the 2HDMs has been extensively studied [59–67]. Recently, the impacts
of the Higgs precision measurement at CEPC on four types of 2HDMs at tree level and one
loop level in the alignment limits are studied in [68]. Subsequently, the implications on the
whole parameter space of Type-II 2HDM at one loop level are also explored [69]. Assuming
no deviation from the prediction of the SM, the typical allowed region of cos(β−α) is tightly
constrained at the 95% C.L. Limits on the mass splittings between the non-SM heavy Higgses
are obtained through their effects on the Higgs couplings at one loop level. A comparison
among different future Higgs factories is also performed, and the impacts from CEPC, FCC-ee
and ILC are similar.

To communicate theorists with experimentalists, the normalized Higgs couplings

κi =
ghii
gSM
hii

(2.37)
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Collider
√
s

∫
Ldt κτ κb κt κc κW κZ κg κγ

LHC Run-II 13 TeV 80 fb−1 16 19 15 - 9 8 11 9

HL-LHC 14 TeV 3 ab−1 1.9 3.7 3.4 - 1.7 1.5 2.5 1.8

CEPC 240 GeV 5.6 ab−1 1.3 1.2 - 2.1 1.3 0.13 1.5 3.7

FCC-ee
240 GeV 5 ab−1 1.4 1.3 - 1.7 1.3 0.2 1.6 4.8
365 GeV +1.5 ab−1 0.74 0.61 - 1.21 0.43 0.17 1.01 3.9

ILC
250 GeV 2 ab−1 1.16 1.04 - 1.79 0.65 0.66 1.6 1.2
350 GeV +1.5 ab−1 0.75 0.66 - 1.15 0.42 0.42 0.99 1.04

CLIC
350 Gev 1 ab−1 2.7 1.3 - 4.1 0.8 0.4 2.1 -
1.4 TeV +2.5 ab−1 1.2 0.3 2.9 1.8 0.2 0.3 1.2 4.8
3 TeV +5 ab−1 0.9 0.2 2.9 1.3 0.1 0.2 0.9 2.3

Table 2.4: Estimated statistical precision (%) on normalized Higgs couplings at current LHC
Run-II in ATLAS [9], HL-LHC with integrated luminosity of 3 ab−1 at 14 TeV (including both
ATLAS and CMS) [160] and CEPC with integrated luminosity of 5.6 ab−1 at 240 GeV [39],
FCC-ee at 240 TeV and 365 GeV [41], ILC at 250 GeV and 350 GeV [177], CLIC at 350
GeV, 1.4 GeV and 3 TeV [47]. The precisions estimated at the higher energy runs combine
the results from the previous runs.

are usually employed to parameterize the Higgs couplings. In this expression, ghii is the
h − i − i coupling either observed on the experimental side, or the prediction by a physics
model on the theoretical side. In addition, gSM

hii is the coupling in the SM.
As a comparison, we list the precisions (%) of the best measured Higgs couplings at differ-

ent machines in Table 2.4. The precisions at the LHC Run-II are taken from the ATLAS ex-
periment [9]. While the LHC can determine the Higgs couplings to the precision of 8%−20%,
its successor HL-LHC can improve them to be around 1% by significantly enlarging the data
samples. More impressively, the future Higgs factories operating at 240 GeV−250 GeV can
further refine the measurement and determine κZ to a precision of sub-percent level. In great
contrast to κb at the LHC, which can only be poorly measured due to the large QCD back-
ground, the future Higgs factories will achieve a 1% precision taking advantage of the clean
environment. Same to κc. While the Higgs at 250 GeV is mainly produced through Higgs-
strahlung e+e− → Z∗ → hZ, the W fusion process rises up at higher energy and enables a
better measurement of the κW . Although CLIC doesn’t have the energy stage at 250 GeV,
the high achievable luminosity and wide operating energies from 350 GeV to 3 TeV provide
great opportunity to the precision measurement. At the initial energy stage of 350 GeV, it
enables a tight constraint on the Higgs couplings and the precise study of the top physics.
At the stages of higher operating energies, it can directly measure the top Yukawa coupling,
the Higgs self coupling and the rare Higgs decays.

2.3.2 Electroweak Precision Measurement

FCC-ee, CEPC and ILC also have the dedicated low-energy run at Z-pole, which could
potentially produce 1011 − 1012 Z bosons. With the large data sample, the high precisions
of the electroweak observables already achieved at LEP-I [97], the Tevatron [178] and the
LHC [98] will be further improved and provide a powerful tool to constrain new physics
models. Rather than fitting directly to the full list of Z-pole precision observables which are
very complicated, we study the implications of them on new physics models by adopting the
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Current CEPC FCC-ee ILC

σ
correlation σ correlation σ correlation σ correlation

S T U (10−2) S T U (10−2) S T U (10−2) S T U

S 0.04± 0.11 1 0.92 −0.68 1.82 1 0.9963 −0.9745 0.370 1 0.9898 −0.8394 2.57 1 0.9947 −0.9431

T 0.09± 0.14 − 1 −0.87 2.56 − 1 −0.9844 0.514 − 1 −0.8636 3.59 − 1 −0.9569

U −0.02± 0.11 − − 1 1.83 − − 1 0.416 − − 1 2.64 − − 1

Table 2.5: Estimated S, T , and U ranges and correlation matrices ρij from Z-pole precision
measurements of the current results [98], and the projected results at CEPC [39], FCC-
ee [40,41] and ILC [37]. Gfitter package [178] is used in obtaining those constraints.

Peskin-Takeuchi oblique parameters S, T and U [179]. The 2HDM contributions to this three
parameters are given by [69]
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In these expressions, the B and F functions are the Passarino-Veltman functions, which can
be found in Ref. [180]. The mass splittings among the BSM heavy Higgs bosons (mA, mH ,
mH±) violate the SU(2) custodial symmetry and contribute to the parameters T and U .

In Table 2.5, we present the 1σ deviations and the correlation matrices of the oblique
parameters at the LHC [98] and the estimations at future Higgs factories. With regard to the
future Higgs factories, we take the projected precisions on the electroweak observables from
the corresponding CDRs of CEPC [39], FCC-ee [40,41] and ILC [37]. Gfitter package [178]
is used in obtaining the corresponding constraints on the oblique parameters. The impact
of the Z-pole precision measurements on the parameter space of 2HDM is type independent.
In Figure 2.5, we present the constraints from the electroweak precision measurement with
the precisions at the LHC on the plane of ∆mH± ≡ mH± −mH versus ∆mA ≡ mA −mH .
The two narrow thin bands enclosed by black contours are allowed at 95% C.L. We choose
mH = 800 GeV as the benchmark mass. As we see, it technically restricts mH± ≈ mH or
mH± ≈ mA.
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3. Direct Search for 2HDM at Future
Colliders

This chapter is dedicated to the direct search for BSM Higgses in the 2HDM at a future 100
TeV pp collider and a multi-TeV muon collider. Except for the work to present in section 3.2,
the main works in this and the next chapter have already been published in journals or posted
on arXiv [181–183], They are all attached in the appendix. So in this chapter and the chapter
follows, we’ll only briefly sketch the motivation and conclusion for each of our work and refer
the interested readers to the papers.

3.1 Exotic Charged Higgs Decays in the Type-II 2HDM

In hierarchical 2HDM where the mass spectrum of the heavy Higge bosons are well separated,
the exotic decay modes that a heavy Higgs decays into two light Higgses or a light Higgs plus
a gauge boson open up and even dominate, and hence provide a new avenue in probing BSM
Higgses. The advantages of the exotic decay modes in probing the hierarchical 2HDM over
the traditional decay modes have been discussed in chapter 1. In this section, we focus on
the direct search for the Type-II 2HDM BSM Higges via the exotic decays at a 100 TeV pp
collider.

The combined measurements of the SM Higgs couplings at the LHC [8,9] has constrained
the allowed ranges of cos(β−α) to be very close to 0, thus we start with the assumption of the
alignment limit cos(β − α) = 0 in our study. Taking into account the theoretical constraints
and the limits imposed by the electroweak precision measurements, we find that λv2 = 0
is necessitated for a relaxed constraints on tanβ and the two benchmark scenarios, named
BP-A (mA > mH± ≈ mH) and BP-B (mA = mH± > mH), are preferred. The exotic decay
mode A → HZ at both benchmark scenarios has been probed through H → bb̄, τ+τ−, thth
with Z → `` in Ref. [55]. The H → τ+τ− channel is shown to be the most sensitive channel
at large tanβ while the efficiency of the H → bb̄ channel is limited due to the large QCD
background. However, these two channels are not sufficient in the small tanβ region because
of the suppressed branching fractions, particularly when the H → tt̄ decay opens up. Top
tagging technique is utilized to capture the hadronic tops in the H → tt̄ channel and helps
extend the discovery reach up to mA = 2 TeV for tanβ . 3. Ref. [55] also studied the exotic
charged Higgs decay H± → HW± at BP-B through H → τ+τ− channel, yet the H → tt̄
channel, which is important when tanβ is small and the charged Higgs mass is large, is left
unexplored given the complexity of this channel.

In this work, we analyze the reach of H± → HW± → tt̄W for the charged Higgs produced
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Figure 3.1: Left panel: The 95% C.L. exclusion (enclosed by solid green line) and 5σ discovery
(enclosed by dashed green line) reaches of the exotic charged Higgs at future 100 TeV pp
collider with L = 3000 fb−1 through H± → HW± → tt̄W± channel in the mH± vs. tanβ
plane, for mA = mH± = mH + 200 GeV. Right panel: The combined reaches of charged
Higgs via H± → HW± → tt̄W± (green regions) and other exotic decay channels in mH± vs.
mH± −mH plane.

via gg → tbH± at a 100 TeV pp collider. Given the plenty of top quarks in the final states,
we use top tagger to detect it. A BDT classifier is trained to distinguish the signal and
background events by requiring at least one top to be tagged by the top tagger and a second
top to be reconstructed if not being tagged. Two additional leptons are demanded in the
final states to reduce the SM QCD background. We find that 5σ discovery up to mH± ≈ 1
TeV at tanβ ∼ 1 can be achieved for a mass splitting of mH± −mH = 200 GeV at a 100
TeV pp collider with an integrated luminosity of 1000 fb−1. The exclusion reach of charged
Higgs at 95% C.L. is extended to mH± ≈ 1.6 TeV. The reach in the tanβ versus mH± plane
is presented in the left panel of Figure 3.1. In the benchmark plane of mH± − mH versus
mH± for tanβ = 1.5, the H → tt̄ channel studied in our work significantly extends the reach
achieved by the H → τ+τ− channel towards much higher mass region. After combining all
exotic Higgs decay channels, almost the entire parameter space in the hierarchical 2HDM can
be probed at a future 100 TeV pp collider. The complete study can be found in Appendix A.
The combined reaches are shown in the right panel of Figure 3.1.

This work is done in collaboration with Shufang Su and Huayang Song, and has been
published in JHEP [181]. It’s also attached in Appendix A. In this work, I analyzed the
kinematic features of the signal and background, proposed the cut strategy and the variables
used for BDT inputs.

3.2 Heavy Higgs Bosons at a Muon Collider

In addition to the 100 TeV pp collider, a multi-TeV muon collider provides another avenue
in probing BSM particles at the energy frontier. The high achievable c.m. energy and clean
environment offer great physics opportunities to open unprecedented new energy thresholds
for new physics, and playground for precision measurements. Recent studies indeed demon-
strated the impressive physics potentials, including electroweak dark matter detection [56],
precision Higgs boson coupling measurements [57], and discovery of other BSM particles [58].
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In this section, we describe to the search for heavy Higgs bosons in the context of 2HDM.
We assume the alignment limit cos(β − α) = 0 in accord with the theoretical and experi-

mental constraints. In this limit, BSM Higgses are mainly produced in two ways: the Higgs
pair production mediated by the unsuppressed gauge couplings and the associated production
with a pair of heavy fermions mediated by the Yukawa couplings. The production via µ+µ−

annihilation scales asymptotically as σ ∼ α2/s well above the mass threshold so it’s sizable
at low energy but drops with growing c.m. energy. In contrast, the production via VBF
becomes increasingly important at high energy due to the stronger initial state gauge boson
radiation off the muon beam. Then the EW PDFs, becomes the appropriate tool to calculate
the corresponding cross sections. The BSM Higgs production cross sections are calculated
at a muon collider with c.m. energy from 3− 30 TeV and the event rates are estimated with
the benchmark luminosity L = 10 ab−1. We find that a muon collider can discover a heavy
Higgs with mass up to half of the c.m. energy via the Higgs pair production. A 14 TeV muon
collider can produce O(104) BSM Higgses with mass around 2TeV in association with tb.

The dominant SM backgrounds come from the tt̄tt̄ and tt̄bb̄ processes, but they will be
effectively suppressed with the well-designed cuts. With the backgrounds in control, a high
energy muon collider can also help distinguish different types of 2HDMs. The Higgs pair
production is governed by pure gauge couplings so the cross sections are type independent.
Nevertheless, we can still extract information regarding the type through the subsequent
fermionic decays. Higgs productions in association with fermions are induced by the Yukawa
couplings, so it exhibits entirely different dependence on tanβ in different types. After being
combined with the decay properties of the BSM Higgses, a rich information can be drawn
from the leading final states. As a result, we find that while it’s impossible for discrimination
at all at low tanβ (. 5), four types of 2HDMs lead to very distinct final state for tanβ & 5,
except for the Type-II and Type-F. To fully distinguish between Type-II and F, we need to
detect the subleading final state involving τ leptons at tanβ & 10. The complete study can
be found in Appendix B.

This work is done in collaboration with Shufang Su, Tao Han, Yongcheng Wu and Wei
Su. It’s still in preparation but will be finished soon. The preliminary results of this work
has been presented in Appendix B. In this work, I calculated the cross section and analyzed
the background for all the productions channels through µ+µ−-annhilation. I also studied
the production through radiative return.
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4. Indirect Search for 2HDM at Fu-
ture Higgs and Z Factories

In the previous chapter we studied the potential of a 100 TeV pp collider and a multi-TeV
muon collider in the direct search for the BSM Higgs bosons in 2HDM. We found that the
discovery reach for heavy Higgs bosons can extend up to TeV scale. Meanwhile, new physics
at TeV scale may leave footprints on the SM observables at low energy. So it’s crucial to have
a careful investigation of the impact of 2HDM on the SM Higgs and electroweak precision
observables. This chapter is devoted to the indirect search for the 2HDMs at the future Higgs
and Z-pole factories. The potential for discovery and the capabilities to discriminate four
types of 2HDMs are also explored.

4.1 Type-I 2HDM under the Higgs and Electroweak Precision
Measurements

In this section we explore the constraints on the full parameter space of the Type-I 2HDM at
the future Higgs and Z factories. The proposed Higgs factories such as CEPC, FCC-ee and
ILC are expected to produce about 106 Higgs bosons, and hence will be able to determine
the Higgs properties to a precision at the sub-percentage level. So not only will they be
sensitive to the Higgs couplings controlled by cos(β − α) and tanβ at tree level, but also
imply strongly constrains the heavy Higgs masses at one-loop level. On the other hand, their
corresponding low energy run at the Z-pole will generate about 1010−1012 Z bosons and can
essentially improve the electroweak precision measurements by a factor of 20− 200 over the
Large Electron Positron (LEP) collider results. Such a remarkable precision at the Higgs and
Z factories will provide strong limits on the parameter space of Type-I 2HDM if no deviation
from the prediction of the SM is observed.

We calculate the SM Higgs couplings up to one loop level and analyze the allowed regions
in the whole parameter space by performing the χ2 fit to the projected precision at the future
machines. In particular, we use CEPC as an example but the comparison among different
machines is also studied. Cases with degenerate and non-degenerate heavy Higgs masses
are analyzed separately. In the case of degenerate heavy Higgs mass, the allowed range of
cos(β − α) at low tanβ is tightly constrained due to the enhanced Yukawa couplings going
as 1/ tanβ at tree level. For large tanβ, despite the relaxation of the Higgs couplings at
tree level, we find strong constraints on cos(β − α) resulting from the enhanced tri-Higgs
couplings through loop correction. Compared to the analysis of Type-II 2HDM implemented
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Figure 4.1: Left panel: Allowed regions at 95% C.L. in the cos(β − α) − tanβ plane with
CEPC (red), FCC-ee (blue) and ILC (green) precision. The black dashed line indicates the
CEPC tree-level only results as a comparison. We choose

√
λv2 = 300 GeV and mΦ = 800

GeV. The grey shadow indicates the survival region of theoretical constraint. Right panel:
Allowed region in the ∆mA − ∆mC plane with cos(β − α) = 0, tanβ = 1. Higgs precision
measurement result is enclosed by solid lines while Z-pole precison measurement result is
enclosed by dashed lines.

in Ref. [69], the allowed range of cos(β−α) is relatively loose. In Type-I, the typical allowed
range is | cos(β − α)| . 0.05 at 95% C.L. Nevertheless, the typical range for tanβ is & 0.5,
which is tighter than the lower bound in Type-II 2HDM because of the universal enhancement
of Yukawa couplings in Type-I in the low tanβ region. The allowed regions at 95% C.L. in
the cos(β − α)− tanβ with

√
λv2 = 300 GeV and the generate heavy Higgs mass mΦ = 800

GeV plane are exhibited in the left panel of Figure 4.1. The implications on the tanβ versus
mH/A/H± plane are also studied and found to be complementary to the direct search.

In the case of non-degenerate heavy Higgs masses, we explored the sensitivity on the mass
splittings ∆mA ≡ mA −mH and ∆mH± ≡ mH± −mH . The typical survival regions at 95%
C.L. are |∆mA| . 300 GeV and |∆mH± | . 150 GeV for tanβ & 1, while tighter constraints
are achieved for smaller values of tanβ. The electroweak precision measurements primarily
constrain the deviation from mH± ∼ mA,H , as discussed in subsection 2.3.2. After combined
with the Higgs precision measurement, the typical allowed mass splittings are reduced to
∆mA/H± . 100 GeV at 95% C.L. The results in the ∆mA−∆mC plane with cos(β−α) = 0,
tanβ = 1 are plotted in the right panel of Figure 4.1. The complete study can be found in
Appendix C.

This work is done in collaboration with Shufang Su, Tao Han, Wei Su, Ning Chen and
Yongcheng Wu, and has been published in JHEP [182]. It is also attached in Appendix C.
In this work, I did all graphs, and analyzed the results. I proposed the analytical formulae
for κb and κZ at one-loop level near the alignment limit and revealed the special role the
trilinear Higgs couplings play in the large tanβ regime in Type-I.
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4.2 Comparative Studies of 2HDMs under the Higgs Boson
Precision Measurements

In the previous section, we analyzed the implications of Higgs precision measurement on
2HDM assuming no deviation from the predictions of the SM. With the high precision
achievable at the future Higgs factories, the implication should be extended to a discov-
ery if a deviation is observed. Furthermore, four types of 2HDMs are distinguished by the
Yukawa couplings, thus the correlations among Higgs couplings suggested by experimental
data can help identify the underlying type if 2HDM is indeed the new physics. Therefore, in
this section, we’ll explore the discovery potential of the Higgs precision measurement based
on the hypothetical deviation in the precision data at the future Higgs factories and perform
the comparative study of the four types of 2HDMs by exploring the extent to which they are
distinguishable.

We start with the survival regions of four types 2HDMs in the plane of tanβ versus
cos(β−α) by fitting into the precision data at the LHC Run-II. The effects of loop corrections
are generally small, except for the large tanβ region of the Type-I 2HDM where the loop
effects are manifest, given the small tree-level distortion. At 95% C.L., the allowed regions
for four types of 2HDMs under the current LHC limit with a degenerate non-SM Higgs mass
mΦ = 800 GeV and

√
λv2 = 300 GeV are shown in the left panel of Figure 4.2. The largest

allowed ranges for the cos(β − α) are

Type-I: (cos(β − α), tanβ) ∼ (±0.3, 2);

Type-L: (cos(β − α), tanβ) ∼ (±0.2, 1);

Type-II, F: (cos(β − α), tanβ) ∼ (±0.08, 1).

We further investigate the 5σ discoverable regions with the projected precisions of CEPC by
assuming the hypothetical deviation of the precision data according to the theory of 2HDM.
The 5σ discovery regions are shown in the right panel of of Figure 4.2. The typical ranges
are

Type-I: cos(β − α) . −0.1 or & 0.08 for 2 . tanβ . 5;

Type-L, II, F: | cos(β − α)| & 0.02 for tanβ ∼ 1.

To get an idea of the possibility for discrimination, we scrutinize the correlations among
∆κi ≡ κi − 1 for being κi the normalized Higgs couplings defined in Equation 2.37 and i =
t, b, τ, Z in four types of 2HDMs. We find that they exhibit very distinct distributions in the κ
space except for the common intersection at the origin. Although the loop correction slightly
weaken the capability to separate different types in the κ space by distorting the coupling
correlations, after combining the four couplings, they still demonstrate the advantages in the
model discrimination. Moreover, compared to the allowed regions by the current LHC limits
in the κ space, we find that almost the entire survived space permits a 5σ discovery at CEPC.

A quantitative demonstration for the discrimination is performed by choosing four bench-
mark points qualified for 5σ discovery at CEPC and studying the parameter space of other
types that are allowed at 95% C.L. provided that one benchmark point is discovered each
time. For the sake of illustration, we choose a fixed value of the degenerate BSM Higgs
mass mΦ and soft Z2 breaking parameter m2

12. We find that once a 5σ discovery can be
made, a large part of the parameter space of the other types of 2HDMs can be distinguished
from the benchmark points of the target model. The impact of the loop correction on the
discrimination can be significant. The complete study can be found in Appendix D.
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Figure 4.2: Left panel: 95% C.L. allowed regions enclosed by the solid (dashed) curves from
one-loop (tree level) results under the current LHC limits. Results of Type-I, II, L and F
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panel: 5σ discovery regions outside the contour lines in the cos(β − α)− tanβ plane for the
CEPC at tree level (dashed) and one-loop (solid).

This work is done in collaboration with Shufang Su, Tao Han, Yongcheng Wu and Wei
Su, and has been published in JHEP [183]. It is also attached in Appendix D. In this work,
I proposed the basic methodology for model separation, calculated all results and did the
analyses.
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5. Summary and Conclusion

Since the discovery of the 125 GeV Higgs boson at the LHC in 2012, the SM has become
the complete theory in describing the phenomena occurring in the smallest scale we measure
in particle physics. Nevertheless, several long standing puzzles from the theoretical and
experimental points of view compel us to pursue physics beyond the SM. As such, tremendous
efforts have been made in searching for new resonances at the LHC. The absence of any signal
in experiments implies that new physics is either residing at an energy scale beyond the reach
or hidden themselves in a way coincident with the predictions of the SM. Thus, to continue
the effort to reveal the mysteries of BSM, particularly after the age of the LHC, a few new
high energy colliders at the energy frontier and relatively low energy Higgs factories at the
intensity frontier are proposed.

The 100 TeV hadron colliders actively discussed in recent years include the Future Circu-
lar Collider (FCC) at CERN and the Super proton-proton Collider (SPPC) in China. With
the ability to improve the current energy frontier by an order of magnitude, they will directly
probe new particles up to tens of TeV. These colliders can also precisely measure the Higgs
self-coupling and explore the dynamics of the electroweak symmetry breaking at the TeV
scale. Another avenue at the energy frontier is a high energy muon collider. With the high
achievable c.m. energy and clean environment, it offers great opportunities for exploring new
physics. At the intensity frontier, several Higgs factories are under discussion such as the
International Linear Collider (ILC) in Japan, the Circular Electron Positron Collider (CEPC)
in China, the electron-positron stage of the Future Circular Collider (FCC-ee) and the Com-
pact Linear Collider (CLIC) at CERN. Given the large luminosity and clean environment,
they will advance the Higgs and electroweak precision measurements to a new level.

In this thesis, we performed the study of one natural extension of the SM, the two Higgs
doublet model (2HDM), at the future colliders, both directly and indirectly. For the direct
search, we firstly took advantage of the charged Higgs exotic decay modes H± → HW± in
hierarchical Type-II 2HDM at a 100 TeV pp collider and use top tagger to detect the H → tt̄
decay channel. We employed a BDT classifier to distinguish the signal and background. We
found that this search channel extends the reach achieved by the H → τ+τ− channel to a
much higher mass regime. After combining all exotic Higgs decay channels, almost the entire
parameter space in the hierarchical 2HDM can be probed.

We further studied the search potential of heavy Higgs bosons at a multi-TeV muon
collider. The BSM Higgses at a muon collider are mainly produced in two ways: the Higgs
pair production mediated by the unsuppressed gauge couplings and the associated production
with a pair of heavy fermions mediated by the Yukawa couplings. While the production via
µ+µ− annihilation is sizable at low energy, the production via VBF complements it at high
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energy. EW PDFs are used to calculate the production cross sections initiated by VBF. We
found that a muon collider can discover a heavy Higgs with mass up to half of the c.m. energy
via the Higgs pair production. With well-controlled backgrounds, a high energy muon collider
can even help distinguish different types of 2HDMs. We found that, while it’s impossible for
discrimination at low tanβ (. 5), four types of 2HDMs lead to very distinct final state for
tanβ & 5.

On the side of indirect search, we explored the constraints on the full parameter space of
the Type-I 2HDM at future Higgs and Z factories. The SM Higgs couplings up to one loop
level were calculated and the projected impacts on the whole parameter space were obtained
by performing a χ2 fit. The anticipated precisions at CEPC were used as an example but
the comparison among different machines was also performed. We found that, in Type-I, the
typical allowed range is | cos(β − α)| . 0.05 and tanβ & 0.5 at the 95% C.L. The typical
constraints on the mass splittings are |mA−mH | . 300 GeV and |mH±−mH | . 150 GeV for
tanβ & 1, while tighter constraints are achieved for smaller values of tanβ. After combined
with the electroweak precision measurement, the typical allowed mass splittings are reduced
to ∆mA/H± . 100 GeV at the 95% C.L.

Moreover, we extended the impact of the Higgs precision measurement to the implications
on discovery by assuming a hypothetical deviation in the precision data at CEPC and perform
the comparative study of the four types of 2HDMs by exploring the extent to which they are
distinguishable. We found that almost the entire parameter space surviving the current LHC
limits permits a 5σ discovery at CEPC. We also carried out the case study to quantitatively
demonstrate the capability of discriminating between four types of 2HDMs with the projected
precisions at CEPC. We found that once a 5σ discovery can be made, a large part of the
parameter space of the other types of 2HDMs can be distinguished. The impact of the loop
correction on the discrimination can be significant.

With the combination of the direct search at energy frontier and the indirect search of
the Higgs and electroweak precision measurements, the next generation high energy and high
intensity colliders will enable us to have a better understanding of the Higgs sector and even
reveal the mechanism of the electroweak symmetry breaking, whether heavy BSM Higgs
bosons will be discovered or not.
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A. Probing Exotic Charged Higgs De-
cays in the Type-II 2HDM through
Top Rich Signal at a Future 100 TeV
pp Collider

The article Probing Exotic Charged Higgs Decays in the Type-II 2HDM through Top Rich
Signal at a Future 100 TeV pp Collider has been published in the Journal of High Energy
Physics (JHEP) [181]. JHEP is presently an open access journal and the copyright of this
article is retained by the authors by default.
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1 Introduction

The discovery of the 125GeV Standard Model (SM)-like Higgs boson at the Large Hadron
Collider (LHC) [1, 2] marks the great triumph of the SM in particle physics. The determi-
nation of its mass as well as spin has been well established [3, 4]. Subsequent measurements
of its couplings to SM particles are consistent with the SM predictions [5, 6]. There are,
however, unsolved puzzles at both theoretical and experimental fronts, such as the hierar-
chy problem, neutrino mass and nature of dark matter, which motivate physicists to explore
new physics beyond the SM (BSM). Most of those BSM models involve an extended Higgs
sector, with two Higgs Doublets being one of the simplest options.

In addition to the SM-like Higgs boson, the spectrum of the Higgs sector in the two
Higgs Doublet Model (2HDM) after electroweak symmetry breaking (EWSB) contains four
non-SM Higgses, the neutral CP-even Higgs H, the neutral CP-odd Higgs A and a pair of
charged Higgses H±. Two general experimental methods are used to search for non-SM
Higgses in the 2HDM. One is indirect search using electroweak precision measurements and
Higgs coupling measurements. The other is direct search of new particles at high energy
colliders. For indirect search, the constraints of the latest LHC measurements on the
2HDMs parameter space are studied in [7] while the implications of the future Z and Higgs
factory precision measurements on the Type-I and Type-II 2HDMs are explored in [8–10].
While the allowed regions are reduced with the improved precision if no deviation from
the SM prediction is observed, certain parameter space is hard to reach, for example, the
alignment limit of the 2HDM. In contrast, direct search at colliders is very sensitive to the
masses and couplings of new particles. In this work, we focus on the direct search of the
charged Higgses in the Type-II 2HDM.
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The direct search of non-SM Higgs bosons mostly focuses on their decays into other
SM particles, similar to the channels of the 125GeV SM-like Higgs boson study at the
LHC. However, these modes are limited in the search for the non-SM Higgses. In general,
the fermionic decay suffers from either small branching fractions or large SM backgrounds.
Decays to WW and ZZ are suppressed given that the observed 125GeV Higgs is very SM-
like. Fortunately, the couplings among two non-SM Higgses and one SM gauge boson or
among three Higgses are unsuppressed. Once kinematically allowed, the exotic decays of a
heavy non-SM Higgs into a light non-SM Higgs plus one SM gauge boson, or into two light
non-SM Higgses dominate. Discovery potential of such exotic decay modes of non-SM like
Higgses has been explored in the literature for A/H → HZ,AZ [11], H/A→ H±W∓ [12]
and H± → AW±/HW± [13–15] at the 14TeV LHC. The searches of A/H → HZ/AZ

channels have been carried out at both ATLAS [16] and CMS [17] experiments. The reach
for exotic channels at a future 100TeV pp collider is recently studied as well [18].

Among all the non-SM Higgs bosons, the search of charged Higgses is challenging,
especially for mH± > mt. For mH± < mt, the charged Higgs can be produced in top decay,
and primarily decays into τν and cs. The null search results exclude all values of tan β for
mH± . 160GeV in the Type-II 2HDM [19–21]. For mH± > mt, the dominant production
mode is tbH±, with a relatively small production cross section, compared to that of the
neutral Higgses. The dominant decay mode of H± → tb, unfortunately, has overwhelming
large SM backgrounds. In the type-II 2HDM, the current LHC exclusion limit is weak [22]:
only regions of tan β > 40 and < 2 at mH± ∼ 300GeV are excluded. The reach will be
further reduced once the exotic decay mode of H± → AW±/HW± opens up.

The exotic decay mode of H± → AW±/HW± provides an alternative channel for
charged Higgs search. The reach of this channel via A/H → ττ mode has been stud-
ied in literature [13, 18]. In the mH± − tan β plane, the exclusion region extends to
mH± = 600GeV in both small and large tan β regimes at the 14TeV LHC with 300 fb−1

luminosity [13]. At a future 100TeV pp collider, the reach is further extended to 2.5TeV
for tan β & 10 [18]. While ττ channel is effective due to its clean signature, its sensitivity
is reduced once the heavy neutral Higgs mass is above the top pair threshold or at small
tan β. The A/H → tt̄ channel has been studied in literature [14] focusing on the signal
events with trilepton and same-sign dilepton (SSDL) signature at the 14TeV LHC with 30
fb−1 luminosity. It shows great sensitivity in the mH/A −mH± plane at mH± > 500GeV.
In particular, for low tan β ∼ 1, tt̄ channel extends the reach of charged Higgs to about
1TeV, well beyond the reach of ττ mode.

In recent years, there have been worldwide efforts of proposing 100TeV pp colliders,
including the Future Circular Collider (FCC) at CERN [23] and the Super proton-proton
Collider (SppC) in China [24]. Given the high energy environment of such machine, highly
boosted object such as top quark can be identified using top-tagging technique [25–30],
which offers additional handle for new physics discovery by suppressing SM hadronic back-
grounds. This technique has been implemented in searching the exotic decay of A→ HZ,
with H → tt̄ at the future 100TeV pp-collier, which extends the reach of H → ττ mode
above the di-top threshold [18]. It is also widely used in conventional search modes such
as A/H → tt̄ [31–33].
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In this study, we propose to search the charged Higgses via exotic decay H± → HW±

with H → tt̄ channel at a future 100TeV pp collider, using top tagging technique. We
focus on the hierarchical scenario of mA = mH± > mH , which is motivated by theoret-
ical constraints and electroweak precision measurement [18]. The Boosted Decision Tree
(BDT) classifier [2] is used to distinguish the signal and background events. Comparing to
the earlier work in ref. [18], in which A → HZ → ττ/tt̄`` and A → H±W∓ → tb`ν

were studied in the case of mA > mH = mH± , and A → HZ → ττ/tt̄`` and
H± → HW± → ττ`ν were studied in the case of mA = mH± > mH , the current study
focused on H± → HW± → tt̄W± in the latter case, which was left out in previous studies
given the complexity of this channel.

The rest of the paper is organized as follows. In section 2 we briefly introduce Type-II
2HDM, as well as the charged Higgs interactions. We also discuss the benchmark plane for
collider study and the current experimental search bounds. In section 3, we describe the
detailed collider analyses and the reach for the charged Higgs. We concluded in section 4.

2 Type-II 2HDM and charged Higgses

Two SU(2)L doublets Φi, i = 1, 2 are introduced in the 2HDM:

Φi =
(

φ+
i

(vi + φ0
i + iGi)/

√
2

)
(2.1)

where v1 and v2 are the vacuum expectation values (VEVs) of the neutral components
which satisfy the relation v =

√
v2

1 + v2
2 = 246GeV after EWSB. In scenarios with only

a soft breaking of a discrete Z2 symmetry allowed, the most general Higgs potential has
eight parameters, which can be chosen as four physical Higgs masses (mh,mH ,mA,mH±),
the electroweak VEV v, the CP-even Higgs mixing angle α, the ratio of the two VEVs,
tan β = v2/v1, and the Z2 soft breaking parameter m2

12.
In our study of the heavy non-SM Higgses, we assume the light netural CP even Higgs

h to be the observed SM-like 125GeV Higgs. Current measurements on the properties
of the 125GeV Higgs have already imposed strong constraints on the 2HDM parameter
space [7, 34], pushing towards the alignment limit of cos(β−α) ' 0. Note that under such
limit, the charged Higgses H± preferably couple to the non-SM-like Higgses A or H:

gH±hW∓ = g cos(β − α)
2 (ph − pH±)µ ' 0, (2.2)

gH±HW∓ = g sin(β − α)
2 (ph − pH±)µ ' g

2(pH − pH±)µ, (2.3)

gH±AW∓ = g

2(pA − pH±)µ, (2.4)

where g is the SU(2)L coupling and pµ is the incoming momentum for the corresponding
particle. Once mH± − mA/H > mW , H± → AW±/HW± opens up with sizable decay
branching fraction.

We refer the readers to our previous papers (refs. [18, 35]) for more detailed discussion
on the constraints on the 2HDM parameter space from theoretical considerations and
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electroweak precision measurements. For TeV-scale masses, two benchmark planes are
proposed for collider studies [18]: BP-A (mA > mH = mH±) with A→ HZ/H±W∓ and
BP-B (mA = mH± > mH) with A → HZ, H± → HW±. In this paper, we focus on the
benchmark plane BP-B, which permits the decay of H± → HW± → tt̄W±. Note that
channels in BP-A have been studied in detail in earlier work [18].

Searches for charged Higgses have been performed both at the ATLAS and CMS exper-
iments. A search with clean τν final state by ATLAS using 36 fb−1 integrated luminosity
at 13TeV [20] excludes H± mass range up to 1100GeV (400GeV) at tan β = 60 (30) in the
hMSSM scenario of the Minimal Supersymmetric Standard Model (MSSM). The reach is
reduced greatly at low tan β region though. For 0.5 < tan β < 10, there is only a very weak
lower bound for charged Higgs mass (mH± & 160GeV). The CMS results [21] are similar.

Both ATLAS and CMS have also searched for a heavy charged Higgs boson produced in
association with a top quark with H± → tb [22, 36, 37], which is sensitive to both the small
and large tan β region. The null search results at ATLAS using multi-jet final states with
one or two electrons or muons [22] impose an upper limit for σ(pp→ H±tb) Br(H± → tb)
of 0.07 pb at mH± = 2000GeV and 2.9 pb at mH± = 200GeV. When interpreted in the
hMSSM scenario, the charged Higgs with mH± up to 200 (965) GeV for tan β ∼ 1.95(0.5)
has already been ruled out. The CMS results [36] using events with a single isolated
electron or muon or an opposite-sign electron or muon pair are slightly better, while the
limits with all-jet final states are weaker [37].

Various flavor measurements [7, 38], mostly from B-system, also provide indirect con-
straints on the charged Higgs mass mH± . The most stringent of these comes from the
measurement of the branching fraction of the decays b→ sγ and B+ → τν, which conser-
vatively disfavor mH± < 580GeV in the Type-II 2HDM [39]. Flavor constraints, however,
can be relaxed with contributions from other sectors of new physics models [40]. In the
following study, we focus on the direct collider reach of charged Higgses.

Note that direct searches for non-SM neutral Higgs also provide constraints on the
2HDM parameter space. We refer interested readers to refs. [18, 35] for details. A recent
paper [41] summarises the status of neutral Higgs searches at the LHC, with both direct
and indirect measurements.

3 Signal analysis

In this section we perform the collider analyses of charged Higgs with tbH± associated
production with the subsequent decay of H± → HW± → tt̄W± at a 100TeV pp collider
in the mA = mH± > mH parameter region (BP-B). We require the final state containing
two hadronically decaying top, and a pair of charged leptons.

3.1 Charged Higgs production and decay

The dominant production channel for heavy charged Higgses at a pp collider is
gg → H±tb. The production cross section calculated at next to leading order (NLO) using
Prospino [42, 43] is plotted in the left panel of figure 1. The suppression at tan β ∼ 7 is
due to the suppression of the H±tb coupling at intermediate value of tan β ∼

√
mt/mb.
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Figure 1. The left panel shows the charged Higgs production cross section of gg → H±tb in
the mH± vs. tan β plane for a 100TeV pp collider. The right panel shows the branching fractions
of charged Higgses for H± → cs (red), τν (blue), tb (green), and HW± (black) at tan β = 1.5,
mH = 600GeV. The dash-dotted lines indicates the mass threshold at mH +mW .

The decay branching fractions of H± as a function of their mass are shown in the right
panel of figure 1 for mH = 600GeV and tan β = 1.5. For mH± < mH + mW , H± → tb

dominates, with H± → τν, cs being almost negligible. However, once mH± > mH + mW ,
H± → HW± quickly dominates, as shown by the black curve. All branching fractions are
calculated using 2HDMC [44].

3.2 Search strategy

The exotic decay of H± → HW± has been studied via H → ττ channel [18], with same-
sign dilepton events by requiring one τ and one W of the same sign decaying leptoni-
cally while the other τ and W decaying hadronically. The main background comes from
tht`(Z/h/γ∗ → τhτ`). While this search mode has a good reach at large tan β, the reach is
limited at low tan β, especially for mH > 2mt in which H → tt̄ dominates.

For these reasons, in this study, we explore the reach of H → tt̄ channel for charged
Higgs discovery. In particular, top tagging technique can be used to identify the highly
boosted top produced from heavy Higgs decay. The production and decay chain is

gg → tbH± → tbHW± → tt̄tbW± . (3.1)

With the subsequent decay of t → bW , there are four W s in the final state. We require
two of them decay hadronically, which is needed for top-tagging or top reconstruction in
our analyses, and the other two decay leptonically. The event signature for detection is
``+ b+ 2th + /ET , where ` = e, µ. Note that for 2 th, we mean at least one th being top-
tagged, while the other being either top-tagged or reconstructed, as explained in details
below. Extra b-jet is required here to suppress the SM ttZ background.

The dominant irreducible SM background arises from four-top process with two tops
decaying leptonically and the other two decaying hadronically. The total cross section of
the four-top production at 100TeV pp collider calculated using MadGraph 5 [45] at leading
order (LO) is σ(gg → tt̄tt̄) = 2.97 pb. We use a K-factor of 1.66 to take into account
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Channel Divisions Combinations Channel Divisions Combinations

OSDL

OS1 (H → tht̄h)t ¯̀̄bW−
`

SSDL
OS2 (H → t ¯̀̄th)thb̄W−

` SS1 (H → t̄`th)thb̄W−
`

OS3 (H → tht̄`)t ¯̀̄bW−
h SS2 (H → t̄ht¯̀)t ¯̀̄bW−

h

OS4 (H → t ¯̀̄t`)thb̄W−
h

Table 1. Divisions of the signal processes corresponding to different combinations of W decays
that lead to the dilepton signals in the final states.

the NLO effect [46]. The subdominant background is the tttbW± process with bW± in
the final state not coming from a resonant top. The corresponding LO cross section is
σ(gg → tttbW ) = 0.623 pb.

Note that for BP-B with mA = mH± > mH , tt̄A production with A → tt̄ or
A→ HZ → tt̄Z could lead to the same or similar signature as the signal. The produc-
tion cross section for tt̄A, however, is about at least a factor of 10 smaller. Therefore, in
our current analyses, we do not consider the contributions from tt̄A channel.

As mentioned earlier, the top quarks originating from the neutral Higgs H are highly
boosted for a heavy Higgs H, with top decay products grouping into a cone of size . 1.5.
The top tagging techniques [25–30] developed in recent years could be used to identify the
top quark in the signal process, while suppress both the SM hadronic backgrounds and the
SM background with softer top quarks. However, due to the complexity of the final states,
the hadronicW boson fromH± → HW± along with the associated bottom quark have non-
negligible probability to be identified as a hadronic top as well. Furthermore, at a 100TeV
pp collider, a considerable portion of tops produced associated with the charged Higgses
are energetic enough to be captured by the top tagger. Therefore, we need to consider all
possible combinations of dilepton decay in eq. (3.1), including same-sign dilepton (SSDL)
as well as opposite-sign dilepton (OSDL) signals.

To identify different combinations of top decays that lead to the dilepton signals, we
list the sub-processes for SSDL and OSDL events in table 1. For OSDL, there are four
sub-processes with OS1 being both hadronic decaying top from H decay, OS2 and OS3
being one hadronic top from H decay and one hadronic top from either the associated
produced top, or the hadronic W from H± decay, and OS4 being the case when both tops
from H decay leptonically. There are two sub-processes for SSDL, both of them having
one hadronic top from H decay, and the other one from either the associated top or the W .

All signal and background events are generated using MadGraph5_aMC@NLO
v2.6.6 [45], then interfaced with Pythia8 [47] for showering and hadronization. The events
are then passed into Delphes 3 [48] for detector simulation using the Delphes card provided
by FCC-hh collaboration [49]. All branching fractions of Higgses and decay widths are
calculated by 2HDMC [44].

For the purpose of triggering, we require the leading and sub-leading leptons to have the
transverse momentum: pT,`1 > 20GeV and pT,`2 > 10GeV. Other than the OSDL/SSDL
signature, a b-tagged jet with pT,b > 30GeV is also required. In addition, we demand at
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least one hadronic top to be identified by top-tagging algorithm and a second hadronic
top to be either top-tagged or reconstructed for each event. Specifically, for an event with
one tagged top, we further require it to contain at least two bottom jets and at least two
untagged jets. We then reconstruct another hadronic top following ref. [31] by iterating over
all pairs of untagged jets and find the one that has invariant mass |mjj −mW | ≤ 20GeV.
We further combine the jet pair with b-jet that satisfies |mbjj − mt| ≤ 50GeV. We also
require the reconstructed top to have pT,t > 100GeV. Note that requiring two top tagging
reduces the cut efficiency of the signal significantly due to the complexity of the final states.
Therefore we only require at least one tagged top in the signal events.

Next, we pass the selected events to a BDT classifier [29] implemented in the Toolkit for
Multivariate Data Analysis (TMVA) [50] to help distinguish the signal and backgrounds.
The observables used in BDT include

• the transverse momenta of the two hadronic tops: pT,t1 and pT,t2 ;

• the transverse momenta of the leading and sub-leading lepton: pT,`1 and pT,`2 ;

• invariant mass of the two hadronic tops mt1,t2 ;

• the number of jets Nj ;

• difference of pseudo-rapidity between the two leptons ∆η`1`2 ;

• scalar sum of all transverse energy HT and miss transverse energy /ET .

We generate 200K events in each signal division (1.2M total) as listed in table. 1
for a given benchmark point, 3M (1M) tt̄tt̄ events for OSDL (SSDL) backgrounds, and
1M tttbW events each for OSDL and SSDL backgrounds. We use half of the events to
train the BDT and the other half to test. An optimal cut on the BDT output is used
to perform the hypothesis test at each benchmark point. A minimum requirement of
three events are imposed after the BDT cuts. The projected statistical significance is
obtained at an integrated luminosity L = 3000 fb−1. Assuming 10% systematic error in
the background cross sections, the expected exclusion and discovery significance Zexcl and
Zdisc are estimated following refs. [51–53]. Note that two separate BDT cuts are chosen to
maximize the discovery and exclusion significance separately. We claim the search region
has the potential to be discovered at 5 σ significance if Zdisc ≥ 5 and excluded at 95% C.L.
if Zexcl ≥ 1.645.

3.2.1 Opposite-sign dilepton search
To illustrate the cut efficiency and compare the significance between different OSDL signal
divisions and different benchmark points, in table 2, we show the cross sections after each
step of cuts for two benchmark points at tan β = 1.5: mH± = 1200GeV, mH = 900GeV
representing a heavy neutral Higgs and mH± = 800GeV, mH = 600GeV representing
a light neutral Higgs. The total background cross section for the dominant irreducible
backgrounds of tttt and tttbW is given as well. The other reducible backgrounds such as
tt(Z), ttjj and jjjj will be sufficiently suppressed after all levels of cuts, compared to
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OSDL Total [fb] Dilepton +1 b+
1 tagged top [fb] Recon. [fb] BDT [fb]

DISC/EXC Zdisc/Zexc

mH± = mA = 1200GeV, mH = 900GeV
OS1 18.3 1.73 0.377 - -
OS2 18.3 1.58 0.292 - -
OS3 18.3 1.08 0.155 - -
OS4 18.3 0.650 0.100 - -

Combined 73.08 5.03 0.922 0.0789/0.111
3.79/4.71

Backgrounds 471.5 31.6 8.17 0.165/0.240
mH± = mA = 800GeV, mH = 600GeV

OS1 39.3 1.92 0.337 - -
OS2 39.3 2.13 0.392 - -
OS3 39.3 1.33 0.207 - -
OS4 39.3 1.24 0.221 - -

Combined 157.2 6.62 1.157 0.0365/0.117
6.65/8.73

Backgrounds 471.5 31.6 8.17 0.0305/0.141

Table 2. Cross sections of OSDL signal for two benchmark points and dominant SM backgrounds
after different steps of cuts. Also shown are the discovery and exclusion significance after BDT cuts
for a 100TeV pp collider with 3000 fb−1 integrated luminosity.

the irreducible backgrounds of tttt and tttbW . The final Zdisc and Zexc shown in the last
column have already included the 10% systematic error.

For benchmark point mH± = mA = 1200GeV, mH = 900GeV, the signal events
in OS1 contribute the most to the signal cross section, consistent with the fact that the
hadronic tops from H decay are energetic and relatively easier to be top tagged. Note,
however, that even in OS4 where the tagged top is the associated top, it still contributes
to about 10% of the total signal cross sections.

As the transverse momenta of tops from H decay reduce, the contribution from the
hadronic associated top become more prominent, as shown in benchmark mH± = mA =
800GeV, mH = 600GeV. Signal events in OS2 contribute the most, while the contribution
from OS4 is comparable to that of OS3. This could be understood by the long tail in the
pT distribution of the associated top towards high pT region, compared to that of the top
from H decay, as shown in the blue and red solid curves in figure 2, respectively. Hadronic
tops with higher pT are more likely tagged due to the higher tagging efficiency. The dashed
curves in figure 2 shows the hadronic top pT distribution for benchmark mH± = mA =
1200GeV, mH = 900GeV as a comparison. The pT distribution of hadronic tops in OS3
is harder than that of OS4. However, OS4 still permits a considerable amount of energetic
tops, which explains the 10% contribution of OS4 to the final signal cross section.
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Figure 2. The normalized pT distribution of the hadronic tops in signal divisions OS3 (red) and
OS4 (blue) at parton level for benchmark points at mH± = mA = 800GeV, mH = 600GeV (solid)
and mH± = mA = 1200GeV, mH = 900GeV (dashed).

SSDL Total [fb] Dilepton +1 b+
1 tagged top [fb] Recon. [fb] BDT [fb]

DISC/EXC Zdisc/Zexc

mH± = mA = 1200GeV, mH = 900GeV
SS1 18.3 1.61 0.303 - -
SS2 18.3 1.09 0.164 - -

Combined 36.6 2.70 0.467 0.0525/0.0609
6.83/8.69

Backgrounds 235.8 14.1 3.05 0.0473/0.0572
mH± = mA = 800GeV, mH = 600GeV

SS1 39.3 2.14 0.387 - -
SS2 39.3 1.38 0.211 - -

Combined 78.6 3.52 0.598 0.0432/0.102
8.25/10.8

Backgrounds 235.8 14.1 3.05 0.0267/0.0891

Table 3. Cross sections of SSDL signal for two benchmark points and dominant SM backgrounds
after different steps of cuts.

3.2.2 Same-sign dilepton search

Given that considerable amount of tagged top coming from the associated top, decays
leading to SSDL will also contribute to the signal process. The results are presented in
table 3. Comparing divisions SS1 and SS2 with divisions OS2 and OS3 in table 2, we
find that the event rates are almost equal. The change of significance between OSDL and
SSDL is primarily due to the difference in the total cross sections. The combined OSDL
and SSDL results are given in table 4.
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Combined Total [fb] Dilepton +1 b+
1 tagged top [fb] Recon. [fb] BDT [fb]

DISC/EXC Zdisc/Zexc

mH± = mA = 1200GeV, mH = 900GeV
Signal 109.7 7.73 1.39 0.0282/0.130

4.90/6.43
Background 707.3 45.7 11.2 0.0349/0.221

mH± = mA = 800GeV, mH = 600GeV
Signal 235.8 10.1 1.76 0.0751/0.217

7.57/10.4
Background 707.3 45.7 11.2 0.0631/0.252

Table 4. The combined signal and background cross sections with cuts at two benchmark points.

400 600 800 1000 1200 1400 1600
mH ±  (GeV)

1

2

3

4
5
6

8
10

ta
n

mH ± mH = 200 GeV
mH ± = mA > mH

50

150

300

500

DISC
EXCL
 [fb]

Figure 3. The 95% C.L. exclusion (region enclosed by solid green line) and 5 σ discovery (region
enclosed by dashed green line) reach of the exotic charged Higgs at future 100TeV pp collider
with L = 3000 fb−1 through H± → HW± → tt̄W± channel in the mH± vs. tan β plane, for
mA = mH± = mH + 200GeV. The total production cross sections for the dilepton signal are
indicated by the gray curves.

3.3 Reach of charged Higgs

In figure 3, we present the discovery (dashed lines) and exclusion (solid lines) reach in the
mH± vs. tan β plane for BP-B with mH± = mA > mH at a 100TeV pp collider with
3000 fb−1 integrated luminosity for a fixed mass splitting of ∆m = mH± −mH = 200GeV.
Also shown are the production cross sections of the dilepton signal, which are indicated by
the gray contour lines.

The sensitivity at large tan β is primarily limited by the branching fraction of H → tt̄,
which is reduced due to the increasing branching fractions of the competing processes
H → bb̄ and ττ . For low tan β around 1, this channel shows great sensitivity once it passes
the H → tt̄ threshold. The advantage of top tagging is evident at large mass region, which
extends the exclusion region beyond 1.6TeV.

In the left panel of figure 4, we present the reach of the charged Higgs via H± →
HW± → tt̄W± channel in mH± vs. mH± −mH plane, for tan β = 1.5. The left boundary
of the enclosed region is given by the top pair mass threshold of H, above which the
branching fraction of H → tt̄ vanishes.
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Figure 4. The left panel shows the discovery and exclusion reach of charged Higgs via H± →
HW± → tt̄W± in mH± vs. mH± −mH plane at 100TeV pp collider with L = 3000 fb−1. Color
coding is the same as in figure 3. The right panel shows the reaches of H± → HW± → tt̄W± as
well as other exotic channels [18]. See text for more detail.

Consistent with figure 3, this channel shows great sensitivity once mH passes the top
pair mass threshold. Above the top pair mass threshold, almost all mass splitting with
mH± −mH & 100GeV at mH± & 500GeV could be excluded at 95% C.L. There is no loss
of sensitivity for mH near the top pair mass threshold when tops from H decay are almost
at rest in the rest frame of the neutral Higgs H. In this parameter region, the top tagging
rate for the associated hadronic tops from OS2 and SS1 signal divisions remains to be high.
Meanwhile, the hadronic tops from neutral Higgs H decay, despite being relatively soft,
are energetic enough to be reconstructed with pT > 100GeV.

In the right panel of figure 4, we present the reach of the search channel in our study
along with other exotic decay channels explored in ref. [18]. The solid and dash lines
represent the 95% C.L. exclusion and 5 σ discovery reaches. The hatched region is dis-
favored by unitarity consideration. Except for the blue region, which shows the reach of
A→ HZ → ττ`` at the LHC with 300 fb−1 integrated luminosity, reaches of all other chan-
nels are for a 100TeV pp collider with 3000 fb−1 integrated luminosity. The green regions
are the charged Higgs channel studied in the current analyses: H± → HW± → tt̄W±,
while the rest are the ones presented in the earlier work of ref. [18]. Comparing with the
yellow region, which is the reach for H± → HW± → ττW±, H → tt̄ channel enhances
the reach above the top pair threshold with the help of top tagging technique. This is
similar to the neutral Higgs exotic decay A→ HZ case, where the combination of H → tt̄

(magenta) above the top pair threshold and H → ττ (light blue) also covers the entire
interesting parameter space. The current study is complementary to the earlier work in
ref. [18] in that the charged Higgs can be studied independent of the CP odd Higgs A
channels. Combining all the exotic decay channels, almost all the parameter space of BP-
B (mA = mH± > mH) that permits the exotic decays can be explored in both the neutral
and charged Higgs channels.
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4 Conclusion

While the conventional channels for the non-SM Higgs decays into a pair of SM fermions
or gauge bosons play an important role in searching for non-SM Higgses, the exotic decays
of non-SM Higgses into two light non-SM Higgses or one non-SM Higgs plus one SM gauge
boson dominate once they are kinematically open. The reaches from conventional channels
are relaxed under such scenario. Exotic decays, however, provide new opportunities for
the discovery of non-SM Higgses, which are complementary to the conventional channels.
In particular, in the subsequent decay of daughter Higgs, channels with top quarks in the
final states can be studied with top tagging at 100TeV pp collider given the boosted top
quark from heavy Higgs decays.

In this paper, we analyzed the sensitivity of charged Higgs via the H± → HW → tt̄W

exotic decay mode at a 100TeV pp collider in a benchmark plane, BP-B (mA=mH±>mH),
which is viable under the alignment limit after considering theoretical constraints and
experimental limits. Given the tbH± associated production of charged Higgses, multi-top
quarks are present in the final state. A BDT classifier was trained to distinguish between
the signal events and the SM background events by requiring at least one top quark being
top tagged, with a second hadronic top being either top tagged or reconstructed. Two
additional leptons were required to reduce the SM hadronic backgrounds. We found that a
charged Higgs with masses up to mH± ≈ 1TeV at small tan β (≈ 1) for a mass splitting of
mA −mH = 200GeV can be discovered at 5 σ with 3000 fb−1 data collected at a 100TeV
pp collider. The 95% C.L. exclusion reach extends beyond 1.6TeV.

We also present the combined reach in the benchmark plane BP-B for tan β = 1.5 in
figure 4. Decay channel A → HZ → tt`` has already shown to be powerful to search for
heavy neutral Higgs, well beyond the reach of ττ`` once the daughter particle H is above
the di-top threshold. H± → HW → tt̄W discussed in this paper also extends the previous
study of H± → HW → ττW . Combining all exotic Higgs decay channels, almost the entire
parameter space in hierarchical 2HDMs can be probed at a future 100TeV pp collider.

At future energy frontier colliders, exotic decay channels provide new discovery avenues
for heavy BSM Higgses. The discovery of an extended Higgs sector beyond the SM could
shed light on the underlying mechanism of electroweak symmetry breaking.
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Abstract: We study the discovery potential of the heavy Higgs bosons in Two-Higgs-Doublet

Models (2HDM) at a high-energy muon collider and explore the discrimination power among

different incarnations of the 2HDMs. We find that a muon collider running at center of

mass energy of 3 − 30 TeV can directly probe heavy Higgs bosons at half of the center-

of-mass energy through Higgs pair production. Single Higgs production in association with

a pair of heavy fermions could also be important at different regions of tanβ. Radiative

return production of single Higgs could also be useful for Type-L at large tanβ. The SM

model backgrounds are investigated and shown to be negligible after proper cuts are imposed.

Different types of 2HDM can also be distinguishable by the combined measurements of the

heavy Higgs production and decay channels.
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1 Introduction

The discovery of the Standard Model Higgs boson completes the particle spectrum of the

Standard Model (SM) of elementary particle physics. Yet, it raises new questions to address,

from theoretical considerations such as the mechanism to stabilize the electroweak scale and

the neutrino mass generation, and from observations such as the nature of the particle dark

matter and the matter-antimatter asymmetry, to name a few. Thus, there are strong moti-

vations to consider theories beyond the SM (BSM) near the TeV scale. Closely motivated by

the Higgs physics, many theories beyond the SM contain an extended Higgs sector. The most

common incarnation is the two-Higgs-double model (2HDM). Including one more electroweak

(EW) Higgs doublet, the theory may yield a variety of model-dependent structures and lead

to rich phenomenology of the new Higgs bosons and flavor physics. The searches for the new

Higgs bosons have been actively carrying out at colliders, most notably at the LHC. The

absence of the signal observation leads to the current bounds on the mass and couplings as

... Future high-energy e+e− colliders such as the 1-TeV ILC and 4-TeV CLIC will be able

to extend the mass coverage close to half of the center-of-mass (c.m.) energy. Significant

improvements have been anticipated at the future high-energy hadron collider such as the

100 TeV Fcchh and SPPC, reaching a mass coverage of 2− 4 TeV for the heavy Higgs bosons

via the exotic decay modes [1, 2] and 5− 20 TeV via conventional decay modes of tt, bb and

ττ [3, 4].

Recently, there have been renewed interests for muon colliders operating at high energies

in the range of multi-TeV [5]. This would offer great physics opportunity to open unprece-

dented new energy threshold for new physics, and provide precision measurements in a clean

environment in leptonic collisions. Recent studies indeed demonstrated the impressive physics

potentials, including electroweak dark matter detection [6], precision Higgs boson coupling

measurements [7], and discovery of other BSM particles [8].

In this article, we explore the discovery potential for heavy Higgs bosons at a high-

energy muon collider. We consider the benchmark energies for the collider [5] in the range of√
s = 3− 30 TeV, with the integrated luminosity scaled as

L = (

√
s

10 TeV
)2 × 104 fb−1. (1.1)

Because of the rather clean collider environment, we find that a muon collider can discover

a heavy Higgs with mass up to half of the c.m. energy via the Higgs pair production. After

combined with the decay branching fractions of the BSM Higgses, we find that while it’s

impossible to distinguish different types of 2HDMs at low tanβ . 5, four types of 2HDMs

lead to very distinct final state for tanβ & 5 except for the Type-II and Type-F. To fully

distinguish between Type-II and F, we need to detect the subleading final states involving τ

leptons at tanβ & 10.

The rest of the paper is organized as follows. In Sec. 2, we briefly introduce the 2HDMs

and the relevant parameters of the Higgs mass and couplings. We take the alignment limit so
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that there are no large corrections to the SM Higgs physics. In Sec. 3, we present the results

for the heavy Higgs boson pair production via the µ+µ− s-channel annihilation and Vector

Boson Fusion (VBF) process, and discuss the signal observability above the SM backgrounds.

In Sec. 4, we present the results for heavy Higgs produced in association with pair of fermions.

We also discuss how different types of 2HDMs can be distinguished by studying the production

and decay of heavy Higgses. In Sec. 6, we conclude.

2 Two Higgs doublet models

2.1 Higgs boson couplings

The Higgs sector of the 2HDMs [9] consists of two SU(2)L scalar doublets Φi (i = 1, 2) with

hyper-charge Y = 1/2

Φi =

(
φ+
i

(vi + φ0
i + iG0

i )/
√

2

)
, (2.1)

where vi (i = 1, 2) are the vacuum expectation values (vev) of the doublets after the elec-

troweak symmetry breaking (EWSB), satisfying
√
v2

1 + v2
2 = v = 246 GeV.

After the electroweak symmetry breaking, the scalar sector of the 2HDMs [9] consists of

5 physical scalars h,H,A,H± with masses mh,mH ,mA and mH± . In this work, h will be

identified as the observed SM-like Higgs with mh = 125 GeV, while all other scalars are be

heavy. The tree-level couplings of Higgses are determined by two parameters: the mixing

angle between the neutral CP-even Higgses α and tanβ = v2/v1.

There are three types of couplings between Higgs and gauge bosons: the Gauge-Gauge-

Scalar couplings, the Gauge-Scalar-Scalar couplings and the Gauge-Gauge-Scalar-Scalar cou-

plings. The corresponding terms in the Lagrangian are expressed as

L ⊃ 1

sφV1V2
gφV1V2g

µνΦV1µV2ν +
1

sφ1φ2V
gφ1φ2V (∂µφ1φ2 − φ1∂

µφ2)Vµ

+
1

sφ1φ2V1V2
gφ1φ2V1V2g

µνφ1φ2V1µV2ν

(2.2)

where sφV1V2 , sφ1φ2V and sφ1φ2V1V2 are the symmetry factors. The coupling strengths gφV1V2 ,

gφ1φ2V and gφ1φ2V1V2 are summarized in Table 1 [10], where we keep the dependence on sin(β−
α) ≡ sβ−α and cos(β − α) ≡ cβ−α.

In this table, the interactions are classified into suppressed and unsuppressed categories.

This is motivated by the scaling properties of the coupling strengths in the limit of cos(β−α) =

0, the so-called alignment limit. Under this limit, the couplings of SM-like Higgs h with two

gauge bosons restore the couplings in the SM while the couplings of pair of SM gauge bosons to

the non-SM Higgses vanish. Given the Higgs coupling measurements at the LHC [11, 12], the

2HDM parameter spaces have already been constrained to be near the alignment limit [13–16]

. In our analyses below, we will assume the alignment limit of cos(β − α) = 0 when h will

have the same tree-level couplings to SM gauge bosons and fermions as the SM Higgs.

– 3 –
65



Note that for φ1φ2V and φ1φ2V1V2 couplings, interactions involve two non-SM Higgses

are unsuppressed under the alignment limit, while interactions involve one SM-like Higgs h

and one non-SM Higgs are always suppressed. This leads to the pair production of non-SM

Higgses via gauge interactions at muon colliders, while single non-SM Higgs production in

associated with SM gauge bosons are suppressed.

φVµVν φ1φ2Vµ φ1φ2VµVν
Factor igµν (p1 − p2)µ igµν

leading

hW+W− g2v
2 sβ−α HH±W∓ ±ig2sβ−α hhW+W− g2

2

AH±W∓ −g
2 HHW+W− g2

2

AAW+W− g2

2

H+H−W+W− g2

2

hZZ g2v
2c2W

sβ−α H+H−Z i g
2cW

c2W hhZZ g2

2c2W

HAZ g
2cW

sβ−α HHZZ g2

2c2W

AAZZ g2

2c2W

H+H−ZZ g2

2c2W
c2

2W

H±HW∓Z g2

2cW
s2
W sβ−α

H±AW∓Z ±i g2

2cW
s2
W

H+H−γ ie H+H−γγ 2e2

H±AW∓γ ∓i eg2
H+H−Zγ eg

cW
c2W

H±HW∓γ − eg
2 sβ−α

suppressed
HW+W− g2v

2 cβ−α hH±W∓ ∓ig2cβ−α H±hW∓γ eg
2 cβ−α

HZZ g2v
2c2W

cβ−α hAZ − g
2cW

cβ−α H±hW∓Z − g2

2cW
s2
W cβ−α

Table 1. The coupling strengths of φV V , φφV and φφV V type interactions in 2HDM for V =

W,Z, γ, φ = h,H,H±, A, where sW (cW ) is the sine (co-sine) of the weak mixing angle θW , and

c2W = cos(2θW ).

The Lagrangian of Yukawa couplings is

− LYuk = YdQLΦddR + YeLLΦeeR + YuQLiσ2Φ∗uuR + h.c. , (2.3)

where Φ̃ = iσ2Φ∗ and Φu,d,e are either Φ1 or Φ2. Expanding Eq. (2.3) in terms of the physical

Higgs fields, the interactions of Higgs bosons with fermions can be expressed as

LYuk =−
∑

f=u,d,`

mf

v

(
ξHff f̄fH − iξAff f̄γ5fA

)

−
{√

2Vij
v

ūi(muiξAuuPL +mdjξAddPR)djH
+ +

√
2m`ξA`
v

ν̄L`RH
+ + h.c.

} (2.4)
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Types Φ1 Φ2 uR dR `R QL, LL Φ1 Φ2

Type-I + − − − − + u, d, `

Type-II + − − + + + d, ` u

Type-L + − − − + + ` u, d,

Type-F + − − + − + d u, `

Table 2. Four types of assignments for the Z2 charges and the Yukawa interactions for the scalar

doublets Φ1,2 and the SM fermions.

where u = (u, c, t), d = (d, s, b), Vij is the CKM matrix, and PL/R ≡ (1 ∓ γ5)/2 are the

projection operators for the left-/right-handed fermions. In this expression, factors ξ are the

coupling strengths normalized to the corresponding SM value, which are shown at Eq. (2.5)

under cos(β − α) = 0.

There are four different types of Yukawa coupling structure depending on how the two

Higgs doublets are coupled to the leptons and quarks. The Z2 charge assignments and the

corresponding Yukawa interactions can be found in Table 2. The tree-level expressions of

various ξs can be found in Ref. [9]. Under the alignment limit cos(β − α) = 0, the Higgs

couplings of H and A to the SM fermions normalized to the SM values are

Type-I: ξHuu = ξAuu = cotβ, ξHdd = −ξAdd = cotβ, ξH`` = −ξA`` = cotβ;

Type-II: ξHuu = ξAuu = cotβ, −ξHdd = ξAdd = tanβ, −ξH`` = ξA`` = tanβ;

Type-L: ξHuu = ξAuu = cotβ, ξHdd = −ξAdd = cotβ, −ξH`` = ξA`` = tanβ;

Type-F: ξHuu = ξAuu = cotβ, −ξHdd = ξAdd = tanβ, ξH`` = −ξA`` = cotβ. (2.5)

While the top Yukawa coupling is always enhanced at small tanβ and suppressed at large

tanβ, the couplings to the bottom quark and tau lepton can be either suppressed or enhanced

in difference regions of tanβ, depending on the types of 2HDMs.

Theoretical constraints like the requirements of stable vacuum, perturbativity and uni-

tarity impose constraints on the 2HDM model parameters, which can be translated to the

mass of the non-SM Higgses, as well as its mass splittings. Detailed analyses can be found in

Refs. [11, 13–15, 17]. The constraints are the weakest for λv2 = m2
H −m2

12/(sβcβ) = 0 under

the degenerate mass assumptions, when all values of tanβ are allowed. The allowed range

of tanβ shrinks when the value of λv2 deviates from zero. Furthermore, ranges of the scalar

mass splittings also depend on the values of λv2. For our analyses of non-SM Higgs produc-

tion below, λv2 does not enter the dominant production process. There, we have λv2 = 0 in

our study.

There have been extensive searches for non-SM Higgses at the LHC [18]. For the neutral

Higgses, A/H → τ+τ− sets the strongest direct search limits. For Type-II 2HDM with

enhanced bb and ττ Yukawa coupling at large tanβ, the lower limit on mA/H is 1 TeV (xxx
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function

of tanβ in four Types of 2HDMs for mΦ = 2 TeV and cos(β − α) = 0. The three decay channels, tt̄,

bb̄, τ+τ− for H/A and tb, τντ for H± are labeled. In the right panel, red curve (Type-I) overlaps with

the blue curve (Type-F).

GeV) for tanβ = 10 (50) [18]. At small tanβ region, both Type-I and Type-II get strong

constraints from H → γγ, H → tt̄ and four tops search channel. Around the cos(β − α) = 0,

mH/A < 4mt with tanβ < 1 are currently excluded, and the excluded mass reaches at 1 TeV

for tanβ < 0.2.

Electroweak precision measurements also provide indirect constraints on the mass split-

ting between H/A and H±. Given the current 95% C.L. range of the oblique parame-

ters [13, 14], the charged Higgs mass is constrained to be close to one of the neutral Higgs

masses: mH± ∼ mH or mH± ∼ mA. Future Z-pole and Higgs precision measurements could

further limit the range of the mass splittings, as studied in Refs. [13, 14].

2.2 Higgs boson decays

Under the alignment limit with degenerate heavy Higgs mass, only the decays of the heavy

Higgs bosons to a pair of SM fermions are relevant. Since the couplings to the fermions are

proportional to their masses, the leading decay channels are to the heavy fermions

H/A→ tt̄, bb̄, and τ+τ−, H± → tb̄, and τντ . (2.6)

For illustration, we take mΦ ≡ mH = mA = mH± = 2 TeV and the alignment limit

cos(β − α) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [19], and the results are presented in Fig. 1. In the limit mf � mΦ, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at
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large tanβ. For example, due to the tanβ enhancement of bb̄ decay in Type-II and F, the

H → tt̄ decay is severely suppressed at large tanβ. Similar suppression in Type-L is attributed

to the tanβ enhancement of τ+τ− decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tanβ when bottom quark couples to the first Higgs doublet Φ1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

different types of 2HDMs degenerate at small tanβ in terms of the decay branching fractions,

they’re quite distinct at large tanβ, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ− annihilation and vector boson fusion

A high energy muon collider would have the capability to open a new threshold at the energy

frontier. While the µ+µ− annihilation will be most efficient in exploiting the available c.m. en-

ergy for heavy particle production, it has been argued that the vector-boson fusion (VBF)

processes will become increasingly more important at higher energies and offer a variety of

production channels due to the initial state spectrum.

3.1 Production cross sections

Once crossing the pair production threshold, the heavy Higgs bosons can be produced in pair

via the µ+µ− annihilation

µ+µ− → γ∗, Z∗ → H+H−, µ+µ− → Z∗ → HA. (3.1)

In the alignment limit cos(β − α) = 0, the production is fully governed by the EW gauge

interactions, which are universal for the 2HDMs. The left panel of Fig. 2 shows the total cross

sections of Eq. (3.1) versus the collider center-of-momentum (c.m.) energy
√
s for degenerate

heavy Higgs masses mΦ(= mH = mA = mH±) =1 TeV (solid curves), 2 TeV (dashed curves)

and 5 TeV (dotted curves). Red and green curves are used for H+H− and HA productions.

We see the threshold behavior for a scalar pair production in a P-wave as σ ∼ β3, with

β =
√

1− 4m2
H/s. Well above the threshold, the cross sections asymptotically approach

σ ∼ α2/s, which is insensitive to the heavy Higgs mass. The excess of the H+H− production

cross section over that of HA is attributed to the γ∗-mediated process. The cross sections are

calculated using MadGraph5 V2.6.7 [20] with Initial State Radiation (ISR) accounted [21].

At high c.m. energies, the vector boson fusion (VBF) processes become increasingly

important. For a fusion process of the initial state partons i and j, we write the production

cross section of an exclusive final state F and the unspecified remnants X in terms of the

parton luminosity dLij/dτ and the corresponding partonic sub-process cross section σ̂

σ(`+`− → F +X) =
∫ 1
τ0
dτ
∑

ij
dLij
dτ σ̂(ij → F ),

dLij
dτ = 1

1+δij

∫ 1
τ
dξ
ξ

[
fi(ξ,Q

2)fj

(
τ
ξ , Q

2
)

+ (i↔ j)
]
, (3.2)
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Figure 2. Cross sections of µ+µ− → H+H− (red), and HA (green) through µ+µ− annihilation (left

panel), and in addition and H±H/H±A (blue), HH/AA (purple), through VBF (right panel) in the

alignment limit cos(β − α) = 0 at different c.m. energy
√
s. We use solid, dashed and dotted line for

degenerate heavy Higgs masses mΦ = 1 TeV, 2 TeV and 5 TeV, respectively. The second y-axis on

the right shows the corresponding event yields for a 10 ab−1 integrated luminosity.

where τ = ŝ/s with
√
s (
√
ŝ) the collider (parton) c.m. energy. The production threshold

is τ0 = m2
F /s. In this expression, fi(ξ,Q

2) stands for the electroweak parton distribution

function (EW PDF) of particle i radiated off the initial muon beam carrying an energy

fraction x at a factorization scale Q. Recently the EW PDF at the Next-to-Leading-Log

(NLL) accuracy has been calculated in [22], but the impact to the Leading-Log (LL) result

is small. Thus in our study we adopt the LL EW PDFs in Eq. (3.2).

The heavy Higgs pair productions via VBF are

µ+µ− → V1V2 → H+H−, HA, H±H/H±A,HH/AA, (3.3)

where V1V2 = W+W−, ZZ, Zγ,W±Z,W±γ. The cross sections over c.m. energy
√
s are

shown in the right panel of Fig. 2 for H+H− (red), HA(green), H±H/H±A (blue), and

HH/AA (purple). The second y-axis on the right shows the corresponding event yields for

a 10 ab−1 integrated luminosity. We see the expected logarithmic enhancement over the

energy log2(s/M2
W ), which is typical to the VBF processes. Unlike the productions initiated

by µ+µ− annihilation, the cross section for the VBF processes are very sensitive to the heavy

Higgs masses. The decrease of the cross sections with large mΦ is partly from the suppression

of EW PDF threshold ∼ 1/M2
F , and partly due to the sub-process cross section ∼ 1/M2

F .

Again, the dominance of H+H− production cross section over the neutral ones is due to the

exclusive contribution from the γγ fusion.

In general, the annihilation process yields more Higgs pairs than the VBF, except for the

H+H− production that VBF takes over at
√
s = 20 TeV for mH± = 1 TeV. The typical cross

section at
√
s = 6 TeV, 14 TeV, 30 TeV and mΦ = 1 TeV, 2 TeV and 5 TeV are summarized

in Table 3. With the benchmark luminosity given in Eq. (1.1), a high energy muon collider can
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σ (fb)
H+H− HA HH±

µ+µ− VBF µ+µ− VBF VBF
√
s = 6 TeV

mΦ

1 TeV 0.73 1.8× 10−2 0.30 2.4× 10−4 6.4× 10−3

2 TeV 0.32 5.5× 10−4 0.13 1.7× 10−6 2.2× 10−4

5 TeV 0 0 0 0 0
√
s = 14 TeV

mΦ

1 TeV 0.17 6.4× 10−2 7.0× 10−2 1.3× 10−3 2.4× 10−2

2 TeV 0.14 7.4× 10−3 5.9× 10−2 1.4× 10−4 3.0× 10−3

5 TeV 4.7× 10−2 7.1× 10−5 2.0× 10−2 2.0× 10−7 3.2× 10−5

√
s = 30 TeV

mΦ

1 TeV 4.2× 10−2 0.12 1.7× 10−2 2.7× 10−3 4.7× 10−2

2 TeV 3.8× 10−2 2.1× 10−2 1.6× 10−2 5.2× 10−4 8.5× 10−3

5 TeV 2.9× 10−2 1.1× 10−3 1.2× 10−2 2.3× 10−5 4.9× 10−4

Table 3. Summary of Higgs pair production cross section via µ+µ− annihilation and VBF.

generate O(103) HA events once crossed the threshold and O(104) H+H− events at mH± =1

TeV.

One of the advantages for adopting the EW PDF approach for the calculations is the

effective separation of the individual contributions for the fusion sub-processes. We illustrate

this by presenting the contributing channels for H+H− and HH productions in Fig. 3. We

see that the γγ (red) fusion sub-process contributes to the H+H− through electromagnetic

interaction. Due to large log(Q2/m2
µ) enhancement in the photon PDF, it dominates over

other fusion processes. Among the WW fusions of different polarizations, WTWT (purple) is

much more copious than WLWL (blue). This can be explained by the scaling behavior encoded

in the log(Q2/m2
W ) factor for the transversely polarized partons, whereas it’s absent for the

longitudinally polarized partons. The modest contribution from the ZZ fusion sub-process

is related to the accidentally small couplings to the neutral current, which is proportional to

|1/2− 2 sin2 θW | for the unpolarized muon beam. The individual contributions are consistent

with the corresponding parton luminosities. For the HH production, all sub-process initiated

with γ fusion are absent, thus the production is mainly initiated by the WTWT fusion and

the total cross section is much smaller. Compared to H+H−, the ZZ fusion in HH process

is more prominent, which can be explained by the fact that the ZH+H− coupling involved

in H+H− process is smaller than the ZHA coupling involved in the HH process by a factor

of cos(2θW ) (see Table 1).

We note that, although a VBF channel has two companying leptons associated with

the initial state gauge bosons, they are mostly unobservable due to their forward-backward

collinear nature. As such, the µ+µ− annihilation and VBF both lead to the same observable

Higgs pair final states. However, the invariant mass distributions of the Higgs pair system
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Figure 3. Individual contributions from different fusion sub-processes to the H+H− (left panel) and

HH (right panel) productions. Cross sections are calculated with the degenerate heavy Higgs mass

mΦ = 1 TeV.
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Figure 4. Normalized invariant mass mH+H− distribution for µ+µ− → H+H− at
√
s = 14 TeV for

charged Higgs mass mH± = 1 TeV (red) and 2 TeV (blue). Solid (dashed) lines are for annihilation

(VBF) contribution.

present a qualitatively different feature for these two processes: namely, mH+H− ≈
√
s near

the c.m. energy for the annihilation process, and mH+H− ≈ 2mH± near the threshold for the

VBF process, which is shown Fig. 4.

3.2 Signals and backgrounds

Given the pair-production of the heavy Higgs bosons and focusing on leading decay channels

as shown in the last section, the signal will be four heavy third-generation fermions. Thus, the

dominant irreducible backgrounds are tt̄tt̄, tt̄bb̄ and bb̄bb̄, dominated by the EW-QCD mixed

processes of quark pair production, followed by a gluon radiation and splitting to another pair

of quarks, typically µ+µ− → tt̄g∗, bb̄g∗ followed by g∗ → bb̄. For the sake of illustration, we
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consider the signal for a heavy Higgs mass mΦ = 2 TeV and the corresponding backgrounds.

We note that the signal kinematics for the heavy Higgs pair production is quite different from

the background processes, that would help for our signal reconstruction and background

suppression. First, the decay products of the heavy Higgs bosons possess a Jacobian peak in

the transverse momentum pT ≈ mH/2 and they are more central in the angular distribution,

while the fermions in the background tend to be softer and much more forward-backward.

We thus impose the basic acceptance cuts

pT (t) > 100 GeV, pT (b) > mΦ/5, 10◦ < θ < 170◦, (3.4)

where the choice for the angular cut is to simulate the detector coverage. Depending on

the specific production channels and decays, the signals will be characterized by the mass

reconstruction. We therefore further require

for H+H− channel : m(tb̄) > 0.9MH± , θtb < 150◦, (3.5)

for HA channel : m(tt̄), m(bb̄) > 0.9MH/A, θtt, θbb < 150◦. (3.6)

to reconstruct the resonance masses. The angular cut above is to suppress the background

processes with the fermion pair back-to-back production, while the Higgs decay products are

more collinear due to the potentially boosted Higgs bosons. With those selection cuts above,

the four heavy fermion backgrounds are highly suppressed as shown in Table 5, resulting the

rates about 10−3 fb or below, while the signal efficiencies are kept at 40%− 80%, depending

on the collider energy as shown in Table 5.

In fact, there are other kinematic features that could help further purify the signal sample

from the background. For instance, at high energies, the Higgs bosons are produced back-

to-back θH1H2 ≈ π, so that two fermion pairs may form a large angle. In contrast, the

background is primarily from a back-to-back fermion pair production, followed by a collinear

gluon splitting to the second fermion pair. Consequently, three quarks tend to cluster close

by, going against another single energetic quark.

It is important to note that there two classes of kinematic topologies for the signal of

Higgs pair production, namely, the µ+µ− annihilation at high invariant mass and the VBF

near the Higgs pair threshold, as seen in Fig. 4. When needed, the invariant mass variable

of the Higgs pair system can serve as a discriminator for the production mechanisms. The

kinematics of the decay products, however, would look largely the same since it is governed

by the heavy Higgs mass.

3.3 Distinguishing 2HDMs

The pair production rates for all four types of 2HDMs are the same, since those only involve

gauge coupling structures. The decay branching fractions into fermion pairs, however, are

different, which are determined by their Yukawa couplings characterized by tree-level param-

eter tanβ, as seen in Fig. 1. We will focus on the leading decay channels for the non-SM

Higgses as in Eq. (2.6). In Table 6, we list the leading signal channels for various 2HDMs in

different regions of small, intermediate and large tanβ. Several observations can be made:
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σ (fb)
√
s (TeV)

tt̄bb̄ tt̄tt̄ bb̄bb̄

µ+µ− VBF µ+µ− VBF µ+µ− VBF

H+H−
6 6.7× 10−4 . 10−13 − − − −
14 2.3× 10−3 1.1× 10−4 − − − −
30 1.4× 10−3 5.2× 10−4 − − − −

HA

6 1.4× 10−3 4.0× 10−8 6.1× 10−5 . 10−14 1.7× 10−6 . 10−14

14 1.7× 10−3 1.7× 10−4 9.0× 10−4 2.5× 10−5 2.7× 10−5 3.9× 10−6

30 7.9× 10−4 6.8× 10−4 6.5× 10−4 1.7× 10−4 1.4× 10−5 2.7× 10−5

Table 4. The dominant backgrounds for the Higgs pair production channels. We choose mΦ = 2 TeV

as the benchmark point.

Signal Rate
√
s (TeV) σ (fb) tt̄bb̄ tt̄tt̄ bb̄bb̄

H+H−
6 0.32 70% − −
14 0.14 79% − −
30 0.04 87% − −

HA

6 0.13 69% 81% 57%

14 0.06 79% 88% 70%

30 0.02 87% 92% 82%

Table 5. Signal rates after acceptance cuts in Eq. (3.4)−Eq. (3.6). For
√
s = 14 and 30 TeV, we

reconstruct the heavy Higgs bosons based on the smallest angle, whereas for
√
s = 6 TeV we do the

reconstruction based on the invariant mass closest to mΦ.

• For low values of tanβ < 5, the four models can not be distinguished due to the

dominating decay channel to the top.

• For high values of tanβ > 10, the decay modes of H/A → τ+τ−, H± → τν become

substantial in Type-L, which can be used to separate Type-L from the other three types

of 2HDMs.

• For tanβ > 5, the enhancement of the bottom Yukawa coupling with tanβ leads to the

growing and even the leading of H/A→ bb̄ decay branching fraction, which can be used

to separate Type-II/F from the Type-I 2HDM.

• Type-II and Type-F can not be distinguished for all ranges of tanβ based on the leading

channel, since the leptonic decay mode is always sub-dominate comparing to decaying

into top or bottom quarks in all ranges of tanβ. The full discrimination is only possible

at tanβ > 10 if the sub-leading H± → τν and H/A → τ+τ− decays can be detected,

which has ∼10% branching fraction in the Type-II 2HDM.
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production Type-I Type-II Type-F Type-L

small tanβ < 5

H+H− tb̄, t̄b

HA/HH/AA tt̄, tt̄

H±H/A tb, tt̄

intermediate tanβ

H+H− tb̄, t̄b tb, τντ
HA/HH/AA tt̄, tt̄ tt̄, bb̄ tt̄, τ+τ−

H±H/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, τ+τ−;

τντ , tt̄; τντ , τ
+τ−

large tanβ > 10

H+H− tb̄, t̄b tb, tb(τντ ) tb̄, t̄b τ+ντ , τ
−ντ

HA/HH/AA tt̄, tt̄ bb̄, bb̄(τ+τ−) bb̄, bb̄ τ+τ−, τ+τ−

H±H/A tb, tt̄ tb(τντ ), bb̄(τ+τ−) tb, bb̄ τ±ντ , τ+τ−

Table 6. leading signal channels of Higgs pair production for various 2HDMs in different regions of

small, intermediate and large tanβ. Channels in the parenthesis are the sub-leading channels.

4 Higgs boson associated production with a pair of fermions

4.1 Production cross sections

Heavy Higgses can also be abundantly produced in association with a pair of heavy fermions

at muon collider. The production modes in Eq. (4.1) through µ+µ− annihilation are accom-

plished through the intermediate γ∗/Z∗ decaying into a pair of fermions, followed by the

radiation of a heavy Higgs

µ+µ− → bb̄H/A, tt̄H/A, tbH±,

→ τ+τ−H/A, τ±ντH∓,
(4.1)

The cross sections are plotted in the left panel of Fig. 5. We choose tanβ = 1 so the results

are the same for four different types of 2HDMs and the Yukawa couplings of the non-SM

Higgses to fermions are the same as those of the SM Higgs. Therefore, heavy quark associ-

ated productions are orders of magnitude larger than the light quark and lepton associated

productions. The dominant tbH± production can reach a cross section of 0.2 fb − 0.02 fb

for
√
s between 3 − 30 TeV for mH±=1 TeV. tt̄H production cross section is about factor

of 3 smaller. bb̄H and τ+τ−H cross sections are further reduced by a factor of (mb,τ/mt)
2.

However, this hierarchical structure could be altered by the choice of tanβ in different types,

which will be discussed later in Sec. ??. Compared to the pair production cross sections

discussed in Sec. 3, the cross sections here are smaller owing to the three-body final states.

The mass dependence of the annihilation production is weak, as shown in the solid curve for

mΦ = 1 TeV and dashed curve for mΦ = 2 TeV.

The fermion associated single heavy Higgs can also be produced via the VBF scheme. In

addition to the charge conserving final states given in Eq. (4.1), the fusions of W±γ/Z give
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Figure 5. Production cross section for the final states in Eq. (4.1) through µ+µ− annihilation (left

panel) and Eq. (4.2) through VBF scheme (right panel). Acceptance cuts of pT > 50 GeV and

10◦ < θ < 170◦ are imposed on all outgoing fermions. A veto cut of 0.8mΦ < mff ′ < 1.2mΦ is applied

to the associated fermions to remove contributions from resonant Higgs decays. The second y-axis on

the right shows the corresponding event yields for a 10 ab−1 integrated luminosity.

rise to rich charge non-conserved final states. The complete set of the them are

µ+µ− → bb̄H/A, tt̄H/A, tbH±, tt̄H±, bb̄H±, tbH/A,

→ τ+τ−H/A, τ±ντH∓, τ+τ−H±, τ±ντH/A.
(4.2)

The cross sections as a function of the c.m. energy
√
s at tanβ = 1 are shown in the right

panel of Fig. 5.

Similar to the previous section, the leading backgrounds include tt̄tt̄, tt̄bb̄, bb̄bb̄ and tt̄ττ, bb̄ττ

etc. To regularize the singularities of the outgoing fermions running in the very forward re-

gions and simulate the effective range θ covered by the detector, the acceptance cuts of

pfT > 50 GeV and 10◦ < θf < 170◦ are imposed on the associated fermions. Running Yukawa

couplings are also incorporated in the calculation. A veto cut of 0.8mΦ < mff ′ < 1.2mΦ is

applied to the associated fermions to remove contributions from resonant Higgs decays.

While the similar hierarchical structure of production cross section is apparent, the pro-

duction cross sections also manifest the rising trend with the increasing of the c.m. energy

typical to the VBF processes. Compared to the charge conserving final states, the charge

non-conserving final states have comparable cross sections. That’s due to the comparability

of the partonic luminosity of Wγ and γγ, which dominate the production of charge non-

conserving and conserving final states, respectively. The VBF production cross sections also

exhibit sensitive mass dependence, as shown by the solid (mΦ = 1 TeV) and dashed (mΦ = 2

TeV) lines. The cross sections of the three leading production channels are summarized in

Table 7.

In Fig. 6, we plot the contributions from the individual vector boson fusion processes to

the charge conserving process tbH±, tt̄H and bb̄H, and charge non-conserving process tt̄H±

with the benchmark heavy Higgs mass mΦ = 2 TeV and tanβ = 1. By comparing the top
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σ (fb)
tbH± tt̄H tt̄H±

µ+µ− VBF µ+µ− VBF VBF
√
s = 6 (TeV)

mΦ
1 TeV 0.16 5.8× 10−3 4.9× 10−2 9.8× 10−4 4.0× 10−3

2 TeV 3.7× 10−2 5.3× 10−4 1.1× 10−2 1.4× 10−4 6.3× 10−4

√
s = 14 (TeV)

mΦ
1 TeV 5.6× 10−2 2.4× 10−2 1.8× 10−2 3.8× 10−3 1.4× 10−2

2 TeV 3.6× 10−2 4.1× 10−3 1.1× 10−2 9.3× 10−4 3.6× 10−3

√
s = 30 (TeV)

mΦ
1 TeV 1.7× 10−2 4.7× 10−2 5.8× 10−3 7.4× 10−3 2.7× 10−2

2 TeV 1.3× 10−2 1.1× 10−2 4.1× 10−3 2.2× 10−3 8.2× 10−3

Table 7. Summary of the three leading fermion associated Higgs production cross sections at
√
s = 6

TeV, 14 TeV and 30 TeV for degenerate heavy Higgs masses mΦ = 1 TeV and 2 TeV. Acceptance and

veto cuts are the same as described in the caption of Fig. 5.

two plots, we find that the production of tt̄H± through Wγ fusion is slightly larger than

tbH± through γγ fusion. That is because the contributions from diagram (a) in Fig. 7 is

twice bigger for Wγ fusion in tt̄H± production with H/A in the internal line, comparing to

γγ fusion in tbH± production with H± in the internal line. γγ fusion contribution in tt̄H is

much smaller since diagram (a) contribution is absent.

In contrast, the bb̄H production is mainly achieved through the WW fusion similar

diagram (b), since H couples to the internal line through top Yukawa coupling. On the other

hand, given that the longitudinal component of W couples to heavy quarks through Yukawa

coupling, and the largeness of WT parton luminosity, the contribution through WLWT fusion

dominates over the other fusion processes.

Fig. 8 shows the normalized differential cross sections of mtt̄ (left panel) and
√
ŝ (right

panel) for µ+µ− → tt̄H process at
√
s = 14 TeV. Red and blue curves are for mH = 1 and 2

TeV, respectively. The two shaded bands at [0.8mH , 1.2mH ] of consistent colors indicates the

regions where the two associated tops originating from resonant heavy Higgs decay. They’re

excluded from the total cross section for the Higgs boson associated production. We use

dashed and solid lines to indication the production of VBF and µ+µ−-annihilation channels.

The mtt̄ distributions of VBF channels mostly peak at small invariant mass regimes while

those of µ+µ−-annihilation channels have flat distribution till threshold of
√
s−mH . The

√
ŝ

distributions (right panel) exhibit similar feature as the pair production process: the distri-

butions are peaked at
√
s for annihilation process, while peaked at the production threshold

mH + 2mt for the VBF process.
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Figure 6. Individual contributions from different fusion sub-processes. We choose tanβ = 1 and

heavy Higgs mass mΦ = 2 TeV. Acceptance and veto cuts are the same as described in the caption of

Fig. 5.

Figure 7. Leading Feynman diagrams of the fermion associated production tbH± and tt̄H± through

vector boson fusion.

4.2 Distinguishing 2HDMs

The productions of heavy Higgses in association with fermions are achieved through Yukawa

couplings, thus the cross sections are sensitive to tanβ, which behave differently for different

types of 2HDMs. In Fig. 9, we demonstrate the tanβ dependence of quark-associated pro-

duction channels in the top two panels and τ associated production channels in the bottom

two panels. The left panels are for the productions through µ+µ− annihilation and the right

panels are the productions through VBF. As a benchmark point, we choose degenerate heavy

Higgs mass mΦ = 2 TeV (Φ = H,A,H±) and c.m. energy
√
s = 14 TeV.

The tanβ dependence for the production through µ+µ− annihilation is directly related to
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Figure 8. The normalized differential cross sections for µ+µ− → tt̄H process versus the invariant

mass mtt̄ (left panel) and
√
ŝ (right panel) at

√
s = 14 TeV, for VBF channels (dashed) and µ+µ−-

annihilation channels (solid), respectively. Red and blue curves are for mH = 1 and 2 TeV, respectively.

the Yukawa couplings in Eq. (2.5). For the quark associated production, they’re consistently

proportional to 1/ tan2 β in Type-I/L. In Type-II/F, the tt and bb-associated production is

proportional to (Yt/ tanβ)2 and (Yd tanβ)2, respectively. The charged Higgs production tbH±

scales with (Yd tanβ)2 + (Yu/ tanβ)2.

For the production through VBF, diverse production diagrams in Fig. 7 make the tanβ

dependence more complicated, but the overall behaviours can be explained by the large

contributions from diagram (a), unless it is severely suppressed either by the small Yukawa

coupling, or the absence of the V ΦΦ coupling.

For the τ associated productions, The cross sections scales as 1/ tan2 β in Type-I/F, and

scale as tan2 β in Type-II/L. they are only large enough in Type-II/L at large tanβ region.

In Table 8 we summarized the leading signal channels of the Higgs associated production

with fermions in four types of 2HDMs in different regimes of tanβ. The features are different

comparing to the pair productions.

• In the small tanβ < 5 region, all six production channels have sizable production cross

sections. However, it is hard to distinguish different types of 2HDMs since they all lead

to the same final states.

• In the large tanβ > 10 region, all the production channels for the Type-I are suppressed,

while Type-II/F have sizable production in tbH±, bbH±, bbH/A and tbH/A channels.

Type-II and Type-F can be further separated by study the sub-dominant decay channel

of H± → τντ and H/A→ τ+τ−. Same final states of Type-II can also be obtained via

τντH
±, τ+τ−H±, τ+τ−H/A and τντH/A production.

• The intermediate range of tanβ is the most difficult region for all types of 2HDMs, since

top Yukawa couplings are reduced, while bottom Yukawa coupling is not big enough. A
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Figure 9. The tanβ dependence of the leading Higgs production channels in association with heavy

fermions at
√
s = 14 TeV, mΦ = 2 TeV and cos(β − α) = 0. The left panel shows the annihilation

production and the right panels show the VBF production.

rich set of final states, however, are available given the various competing decay modes

of H± and H/A.

• At very large value of tanβ > 50, the tau-associated production τντH
±, τ+τ−H±,

τ+τ−H/A and τντH/A would be sizable for Type-L.

5 Radiative return

While the cross sections for heavy Higgs pair production are unsuppressed under the alignment

limit, the cross section has a threshold cut of at mH ∼
√
s/2. The resonant production for a

single heavy Higgs boson may further extend the coverage to about mH ∼
√
s, as long as the

coupling strength to µ+µ− is big enough. The drawback for the resonant production is that

the collider energy would have to be tuned close to the mass of the heavy Higgs, which is less

feasible at future muon colliders. A promising mechanism is to take advantage of the initial
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production Type-I Type-II Type-F Type-L

small tanβ < 5

tbH± tb, tb

tt̄H± tt̄, tb

bb̄H± bb̄, tb

tt̄H/A tt̄, tt̄

bb̄H/A bb̄, tt̄

tbH/A tb, tt̄

intermediate tanβ

tbH± tb, tb tb, tb; tb, τντ
tt̄H± tt̄, tb tt̄, tb; tt̄, τντ
bb̄H± bb̄, tb bb̄, tb; bb̄, τντ
tt̄H/A tt̄, tt̄ tt̄, tt̄; tt̄, bb̄ tt̄, tt̄; tt̄, τ+τ−

bb̄H/A bb̄, tt̄ bb̄, tt̄; bb̄, bb̄ bb̄, tt̄; bb̄, τ+τ−

tbH/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, τ+τ−

large tanβ > 10

tbH± − tb, tb(τντ ) tb, tb −
bbH± − bb, tb(τντ ) bb, tb −
bb̄H/A − bb̄, bb̄(τ+τ−) bb̄, bb̄ −
tb̄H/A − tb̄, bb̄(τ+τ−) tb̄, bb̄ −

very large tanβ > 50

τντH
± − τντ , τντ

τ+τ−H± − τ+τ−, τντ
τ+τ−H/A − τ+τ−, τ+τ−

τντH/A − τντ , τ
+τ−

Table 8. Leading signal channels of Higgs associated production with a pair of fermions for various

2HDMs in different regions of small, intermediate and large tanβ.

state radiation (ISR), so that the colliding energy is reduced to a lower value for a resonant

production, thus dubbed the “radiative return”, as shown in Fig. 10.

Figure 10. Feynman diagram for resonant production of heavy Higgs with ISR.

This mechanism can be characterized by the process

µ+µ− → γH, (5.1)

where γ can be a mono-photon observed in the detector, or unobserved along the beam

as the collinear radiation. We first calculate the cross section of the mono-photon process
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Figure 11. Left panel shows the cross section of single heavy Higgs production through radiative

return for mH = 1, 2 and 15 TeV at tanβ = 1. Solid curves are the convoluted cross section with ISR

spectrum, while the dashed curves are for mu+mu− → Hγ. Right panel shows the tanβ dependence

of the cross section for
√
s = 14 TeV and mH = 12 TeV.

for mH = 1, 5, 15 TeV at tanβ = 1. 10◦ < θ < 170◦ is imposed for the photon detection

acceptance. For a single photon production, its energy is mono-chromatic Eγ = (s−m2
H)/2

√
s.

The results are given in the left panel of Fig. 11 by the dashed curves.

As a comparison, we calculate the µ+µ− → H process with ISR spectrum

f`/`(x) =
α

2π

1 + x2

1− x log
s

m2
µ

(5.2)

applied to the muon beam. The partonic cross section is

σ̂(µ+µ− → H) =
πY 2

µ

4
δ(ŝ−m2

H) =
πY 2

µ

4s
δ(τ − m2

H

s
) (5.3)

To compare with process in Eq. (5.1), we calculate the cross section to the first order of

α by convoluting the ISR spectrum to one muon beam,

σ = 2

∫
dx1f`/`(x1)σ̂(τ = x1) =

αY 2
µ

4s

s+m4
H/s

s−m2
H

log
s

m2
µ

(5.4)

The results are given in the left panel of Fig. 11 by the solid curves. As we see, the cross

section is increasing with heavy Higgs mass mH , which benefits from the richness of the phase

space.

The right panel of Fig. 11 shows the tanβ dependence of the cross section for
√
s = 14

TeV and mH = 12 TeV. While the cross section at tanβ = 1 is much smaller than the

production channels we considered, the cross section scales like tan2 β in Type-II/L, which

could be sizable at large tanβ. It could even be the dominant production for heavy Higgs in

the large tanβ region of Type-L, when pair production is kinematically forbidden and quark

associated productions are suppressed.

– 20 –
82



6 Summary

High energy muon colliders offers new opportunity for the direct production of heavy particles.

In this paper, we study the production of BSM Higgses of 2HDMs at a future muon collider.

The BSM Higgses are mainly produced in two ways: the Higgs pair production mediated by

the unsuppressed gauge couplings and the associated production of single Higgs with a pair

of heavy fermions mediated by the Yukawa couplings. For each production mode, we studied

the annihilation processes and VBF processes. We found that VBF processes dominate at

higher center of mass energy. The BSM Higgs production cross sections are calculated at a

muon collider with c.m. energy from 3 − 30 TeV. We find that a muon collider can discover

a heavy Higgs with mass up to half of the c.m. energy via the Higgs pair production. Single

Higgs production in association with a pair of heavy fermions could also be important at

different regions of tanβ. Radiative return production of single Higgs could also be useful for

Type-L at large tanβ.

The dominant SM backgrounds come from the tttt and ttbb processes, which can be

effectively suppressed with the well-designed cuts. With the backgrounds in control, a high

energy muon collider can also help to distinguish different types of 2HDMs. The Higgs pair

production is governed by pure gauge couplings so the cross sections are type independent.

Nevertheless, we can still extract information through the subsequent fermionic decays. The

Higgs productions in association with fermions are induced by the Yukawa couplings, so

exhibit entirely different dependence on tanβ in different types. After combined with the

decay branching fractions of the BSM Higgses, we find that while it’s impossible to distinguish

different types of 2HDMs at low tanβ . 5, four types of 2HDMs lead to very distinct final

state for tanβ & 5 except for the Type-II and Type-F. To fully distinguish between Type-II

and F, we need to detect the subleading final states involving τ leptons at tanβ & 10.
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Abstract: We explore the extent to which future precision measurements of the Standard

Model (SM) observables at the proposed Z-factories and Higgs factories may have impacts on

new physics beyond the Standard Model, as illustrated by studying the Type-I Two-Higgs-

doublet model (Type-I 2HDM). We include the contributions from the heavy Higgs bosons at

the tree-level and at the one-loop level in a full model-parameter space. While only small tanβ

region is strongly constrained at tree level, the large tanβ region gets constrained at loop level

due to tanβ enhanced tri-Higgs couplings. We perform a multiple variable χ2 fit with non-

alignment and non-degenerate masses. We find that the allowed parameter ranges could be

tightly constrained by the future Higgs precision measurements, especially for small and large

values of tanβ. Indirect limits on the masses of heavy Higgs bosons can be obtained, which

can be complementary to the direct searches of the heavy Higgs bosons at hadron colliders.

We also find that the expected accuracies at the Z-pole and at a Higgs factory are quite

complementary in constraining mass splittings of heavy Higgs bosons. The typical results are

| cos(β − α)| < 0.05, |∆mΦ| < 200 GeV, and tanβ & 0.3. The reaches from CEPC, FCC-ee

and ILC are also compared, for both Higgs and Z-pole precision measurements. Comparing

to the Type-II 2HDM, the 95% C.L. allowed range of cos(β−α) is larger, especially for large

values of tanβ.

Keywords: Electroweak precision measurements, Higgs bosons, Beyond the Standard Model,

2HDM.
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1 Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider [1, 2] has profound

implications in our understanding of physics at short distances. It not only verifies the mech-

anism for the spontaneous electroweak symmetry breaking (EWSB), but also establishes a

self-consistent theory, the “Standard Model (SM)”, that could be valid to an exponentially

high scale, perhaps to the Planck Scale. Indeed, all the current measurements at the elec-

troweak (EW) scale of a few hundred GeV seem to indicate the observed Higgs boson to be

a SM-like elementary scalar. When high energy physics advances to the next level, it is thus

a natural and pressing question to ask whether in Nature there are other Higgs bosons, asso-

ciated with a new physics scale as predicted in many extended theories beyond the Standard

Model (BSM). As such, searching for new Higgs bosons at the current and future facilities

should be of high priority.

One of the well-motivated extensions is the Two-Higgs-doublet model (2HDM) [3]. After

the EWSB with the EW gauge bosons absorbing three Goldstone bosons, there are five mas-

sive spin-zero states left in the spectrum (h,H,A,H±), among which h is assumed to be the

SM-like Higgs boson.1 Extensive searches for the additional Higgs bosons have been actively

carried out, especially at the LHC [4–23]. In the absence of signal observation at the LHC

experiments, this would imply either the new Higgs bosons are much heavier and essentially

decoupled from the SM, or their interactions with the SM particles are highly suppressed and

the couplings of the SM-like Higgs accidentally aligned with the SM predictions [24, 25]. In

either situation, it would be challenging to directly produce those states in the current and

near-future experiments.

Alternatively, precision measurements of SM observables and the Higgs properties could

lead to relevant insights into new physics. The recent proposals of construction of a Higgs

factory, including the Circular Electron Positron Collider (CEPC) in China [26, 27], the

electron-positron stage of the Future Circular Collider (FCC-ee) at CERN (previously known

as TLEP [28–30]), and the International Linear Collider (ILC) in Japan [31–33], could shed

light on new physics in the pursuit of precision Higgs measurements. With about 106 Higgs

bosons expected at the Higgs factory, one would be able to reach sub-percentage precision

determination of the Higgs properties, and thus to be sensitive to new physics associated with

the Higgs boson. As an integrated part of the circular collider program, one would like to

return to the Z-pole. With about 1010 − 1012 Z bosons, the achievable precisions on the SM

observables could be improved by a factor of 20−200 over the Large Electron Positron (LEP)

Collider results [34]. Such an unprecedented precision would hopefully lead to hints of new

physics associated with the EW sector.

There is a plethora of articles in the literature to study the effects of the heavy Higgs states

on the SM observables [3]. In particular, a few current authors performed a study focusing on

1The case with the heavy CP-even Higgs H being the SM-like Higgs is still consistent with the current

experimental searches, although the viable parameter space has been tightly constrained when both direct and

indirect search limits are combined.

– 2 –
89



the Type-II 2HDM [35]. We found that the expected accuracies at the Z-pole and at a Higgs

factory are quite constraining to mass splittings of heavy Higgs bosons. The reach in the

heavy Higgs masses and couplings can be complementary to the direct searches of the heavy

Higgs bosons at hadron colliders. In this paper, we extend the previous study by examining

the Type-I 2HDM. There are interesting and qualitative differences in those two models. One

of the most distinctive features comes from the coupling pattern of the Higgs bosons to the

SM fermions. Relevant to our studies are the Yukawa couplings of the SM-like Higgs boson h.

The deviations from the SM predictions scale with a factor cotβ in Type-I, while the scaling

factor for down-type fermions goes like tanβ in Type-II. In our analyses, we include the tree-

level corrections to the SM-like Higgs couplings and one-loop level contributions from heavy

Higgs bosons. We perform a χ2 fit in the full model-parameter space. In particular, we study

the extent to which the parametric deviations from the alignment and degenerate masses can

be probed by the precision measurements. We will comment on the results whenever there is

a difference between Type-I and Type-II.

The rest of the paper is organized as follows. An overview of the Higgs and electroweak

precision observables at future e+e− colliders is given in Section 2, which will serve as in-

puts for our analyses of the Type-I 2HDM. We present the Type-I 2HDM and the one-loop

corrections in Section 3. In Section 4, we impose the set of theoretical constraints to the

Higgs boson masses and self-couplings. In Section 5, the constraints from the direct LHC

searches for heavy Higgs bosons are presented for the Type-I 2HDM, under the current LHC

runs and the future projected HL-LHC sensitivities. Section 6 shows our main results from

the χ2 fit, for the cases of mass degeneracy and non-degeneracy of heavy Higgs bosons. We

summarize our results and draw conclusions in Section 7. Some useful analytic formulae and

approximate treatments are given in Appendix A.

2 Higgs Observables at Future Lepton Colliders

The SM has been tested to a high precision from the measurements at the Z-pole from LEP-I

[34], at the Tevatron [36] and the LHC [37]. It has been demonstrated that the EW and Higgs

precision measurements can impose strong constraints on new physics models [38, 39]. In this

section, we closely follow the approach adopted in Ref. [35], and list the projected precision

achievable by several proposed future e+e− machines on Z-pole and Higgs measurements.

These measurements are expected to be significantly improved by a new run at the Z-pole

at future lepton colliders with a much larger data sample [26, 28–30, 45, 46]. The expected

precision on the measurements of ∆α
(5)
had(M2

Z), mZ , mt, mh, mW , ΓZ et al. are summarized

in Table 12. Here we take the Giga-Z plan for the ILC Z-pole running.

In Table 2, we show the current [37] as well as the predicted precisions on the oblique

parameters at future lepton colliders, together with the correlation error matrix. For the

2Entries of our Table 1 are mostly the same as those in Table 27 of Ref. [40], except there is one typo of

δAFB
` which was confirmed with the authors. Other small differences appear when we use the values from

CDRs, while Ref. [40] updated a few based on some private discussions.
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Observables FCC-ee CEPC ILC

δmh [GeV] 1.0× 10−2 5.9× 10−3 1.5× 10−2

δαhad 3.8× 10−5 * 4.7× 10−5 3.8× 10−5 *

δmZ [GeV] 1.0× 10−4 5.0× 10−4 2.1× 10−3

δmt [GeV] 2.0× 10−2 6.0× 10−1 1.7× 10−2

δmW [GeV] 7.0× 10−4 1.0× 10−3 2.5× 10−3

δΓW [GeV] 1.5× 10−3 2.8× 10−3 5.0× 10−3

δΓZ [GeV] 1.0× 10−4 5.0× 10−4 7.0× 10−4

δAFB
b 3.0× 10−4 1.0× 10−4 1.6× 10−3 *

δAFB
c 5.9× 10−4 2.2× 10−4 3.5× 10−3 *

δAFB
` 9.0× 10−6 5.0× 10−5 1.0× 10−3 *

δRb 6.0× 10−5 4.3× 10−5 1.5× 10−4

δRc 1.7× 10−4 1.7× 10−4 5.2× 10−4

δR` 1.0× 10−3 2.1× 10−3 4.0× 10−3

δσhad [nb] 4.0× 10−3 5.0× 10−3 3.7× 10−2 *

Table 1. The observables and corresponding precision used in S/T/U fitting for each future collider.

Most of the values [40] come from the corresponding CDRs of FCC-ee [41, 42], CEPC [27], and

ILC [33], except for the values with *, which comes from earlier studies [35, 43, 44]. For ILC we choose

its Giga-Z scenario.

Current CEPC FCC-ee ILC

σ
correlation σ correlation σ correlation σ correlation

S T U (10−2) S T U (10−2) S T U (10−2) S T U

S 0.04± 0.11 1 0.92 −0.68 1.82 1 0.9963 −0.9745 0.370 1 0.9898 −0.8394 2.57 1 0.9947 −0.9431

T 0.09± 0.14 − 1 −0.87 2.56 − 1 −0.9844 0.514 − 1 −0.8636 3.59 − 1 −0.9569

U −0.02± 0.11 − − 1 1.83 − − 1 0.416 − − 1 2.64 − − 1

Table 2. Estimated S, T , and U ranges and correlation matrices ρij from Z-pole precision measure-

ments of the current results [37], mostly from LEP-I [34], and at future lepton colliders at Table 1.

Gfitter package [36] is used in obtaining those constraints.

predicted precisions for future machines, Gfitter package [36] is used with the precisions

of electroweak measurements in Table 1. In our analyses as detailed in a later section, the

S, T and U contours at 95% Confidence Level (C.L.) are adopted to constrain the 2HDM

parameter spaces, using the χ2 profile-likelihood fit with error-correlation matrix. Compared

to the previous study in Ref. [35], the updated S, T and U in Table 2 lead to stronger con-

straints because of the strong correlations with large off-diagonal elements in the correlation

matrices.

A Higgs factory with e+e− collisions at a center-of-mass energy of 240−250 GeV exploits

the Higgsstrahlung process

e+e− → hZ. (2.1)

Owing to the clean experimental condition and well-constrained kinematics at the lepton

colliders, both the inclusive cross section σ(hZ) independent of the Higgs decays, and the
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exclusive channels of individual Higgs decays in terms of σ(hZ) × BR, can be measured to

remarkable precisions. The invisible decay width of the Higgs boson can also be sensitively

probed. In addition, the cross sections of vector boson fusion processes for the Higgs produc-

tion (WW,ZZ → h) grow with the center of mass energy logarithmically. While their rates

are still rather small at 240-250 GeV, at higher energies in particular for a linear collider, such

fusion processes become significantly more important and can provide crucial complementary

information. For
√
s > 500 GeV, tt̄h production can also be utilized as well.

We list the running scenarios of various machines in terms of their center of mass energies

and the corresponding integrated luminosities, as well as the estimated precisions of relevant

Higgs measurements that are used in our global analyses in Table 3. These expected results

in the table serve as the input values for the later studies in this paper in constraining the

theoretical parameters in the BSM Higgs sector. Comparing to the values used in earlier

study of Ref. [35], the main update is the h → γγ precision at FCC-ee, which is 9% instead

of 4% because of different simulation methods [47]. We only include the rate information for

the Higgsstrahlung Zh and the WW fusion process in our χ2 fit. Some other measurements,

such as the angular distributions, the diboson process e+e− → WW , can provide additional

information in addition to the rate measurements alone [48–50].

Future high-energy lepton colliders will have the capacity to perform precision measure-

ments for the SM parameters, as already presented for a 1-TeV ILC [33] and multiple TeV

CLIC [51, 52]. On the other hand, the most important aspect of those machines will be to

reach a higher energy threshold and thus likely to directly explore new physics beyond the

SM. In the context of 2HDM, the BSM Higgs sector would be more readily probed at those

machines by direct searches via processes like e+e− → Z∗ → bb̄A/H, AH and H+H−, etc.

Clearly, those studies would be interesting and important, but the analyses of the signals and

backgrounds would be quite a different task from the current focus based on the Higgs and

EW precision measurements on the SM parameters.

Non-oblique corrections to Zff̄ vertex could also be used to constrain the contributions

from the non-SM Higgs sector. In particular, Rb and AbFB will be measured with high precision

at future lepton colliders [40]. The reach in the charged Higgs boson mass and tanβ is

comparable to the Higgs precision measurements [53], which are complementary to the oblique

corrections that are more sensitive to the mass differences between the charged Higgs and the

neutral ones.

3 Type-I Two-Higgs-Doublet Model

A generic 2HDM consists of two SU(2)L scalar doublets Φi (i = 1, 2) with a hyper-charge

assignment Y = +1/2

Φi =

(
φ+
i

(vi + φ0
i + iGi)/

√
2

)
. (3.1)

After the EWSB, each doublet obtains a vacuum expectation value (vev) vi (i = 1, 2) with

v2
1 + v2

2 = v2 = (246 GeV)2, and v2/v1 = tanβ.
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collider CEPC FCC-ee ILC√
s 240 GeV 240 GeV 365 GeV 250 GeV 350 GeV 500 GeV∫
Ldt 5.6 ab−1 5 ab−1 1.5 ab−1 2 ab−1 200 fb−1 4 ab−1

production Zh Zh Zh νν̄h Zh Zh νν̄h Zh νν̄h

∆σ/σ 0.5% 0.5% 0.9% − 0.71% 2.0% − 1.05 −
decay ∆(σ ·BR)/(σ ·BR)

h→ bb̄ 0.27% 0.3% 0.5% 0.9% 0.46% 1.7% 2.0% 0.63% 0.23%

h→ cc̄ 3.3% 2.2% 6.5% 10% 2.9% 12.3% 21.2% 4.5% 2.2%

h→ gg 1.3% 1.9% 3.5% 4.5% 2.5% 9.4% 8.6% 3.8% 1.5%

h→WW ∗ 1.0% 1.2% 2.6% 3.0% 1.6% 6.3% 6.4% 1.9% 0.85%

h→ τ+τ− 0.8% 0.9% 1.8% 8.0% 1.1% 4.5% 17.9% 1.5% 2.5%

h→ ZZ∗ 5.1% 4.4% 12% 10% 6.4% 28.0% 22.4% 8.8% 3.0%

h→ γγ 6.8% 9.0% 18% 22% 12.0% 43.6% 50.3% 12.0% 6.8%

h→ µ+µ− 17% 19% 40% − 25.5% 97.3% 178.9% 30.0% 25.0%

(νν̄)h→ bb̄ 2.8% 3.1% − − 3.7% − − − −

Table 3. Estimated statistical precisions for Higgs measurements obtained at the proposed CEPC

program with 5.6 ab−1 integrated luminosity [27, 45], FCC-ee program with 5 ab−1 integrated lumi-

nosity [41, 42], and ILC with various center-of-mass energies [32].

The 2HDM Lagrangian for the Higgs sector is given by

L =
∑

i

|DµΦi|2 − V (Φ1,Φ2) + LYuk , (3.2)

with the CP-conserving potential

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12(Φ†1Φ2 + h.c.) +

λ1

2
(Φ†1Φ1)2 +

λ2

2
(Φ†2Φ2)2

+λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1) +
λ5

2

[
(Φ†1Φ2)2 + h.c.

]
, (3.3)

and a soft Z2 symmetry breaking term m2
12.

One of the four neutral components and two of the four charged components are eaten

by the SM gauge bosons Z, W± after the EWSB, providing their masses. The remaining

physical mass eigenstates are two CP-even neutral Higgs bosons h and H, with mh < mH ,

one CP-odd neutral Higgs boson A, plus a pair of charged Higgs bosons H±. Instead of the

eight parameters appearing in the Higgs potential m2
11,m

2
22,m

2
12, λ1,2,3,4,5, a more convenient

set of the parameters is v, tanβ, α,mh,mH ,mA,mH± ,m2
12, where α is the rotation angle

diagonalizing the CP-even Higgs mass matrix. We choose mh = 125 GeV to be the SM-like

Higgs boson.
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The Type-I 2HDM is characterized by the choice of the Yukawa couplings to the SM

fermions and they are of the form

− LYuk = YdQLΦ2dR + YeLLΦ2eR + YuQLiσ2Φ∗2uR + h.c. . (3.4)

After the EWSB, the effective Lagrangian for the light CP-even Higgs couplings to the SM

particles can be parameterized as

L = κZ
m2
Z

v
ZµZ

µh+ κW
2m2

W

v
W+
µ W

µ−h+ κg
αs

12πv
GaµνG

aµνh+ κγ
α

2πv
AµνA

µνh

+κZγ
α

πv
AµνZ

µνh−
(
κu

∑

f=u,c,t

mf

v
ff̄ + κd

∑

f=d,s,b

mf

v
ff̄ + κe

∑

f=e,µ,τ

mf

v
ff̄
)
h , (3.5)

where

κi =
gBSM
hii

gSM
hii

, (3.6)

with i indicating the individual Higgs coupling. Their values at the tree level are

κtree
Z = κtree

W = sin(β − α) , κtree
f =

cosα

sinβ
= sin(β − α) + cos(β − α) cotβ . (3.7)

We adopt the sign convention β ∈ (0, π/2), β − α ∈ [0, π], so that sin(β − α) ≥ 0. Note

that comparing to the Type-II 2HDM, in which up-type Yukawa couplings are proportional

to cotβ and bottom-type and lepton Yukawa couplings are proportional to tanβ, all the

tree-level Yukawa couplings in the Type-I 2HDM are proportional to cotβ. Therefore, κtree
f

are enhanced comparing to the SM values only at low tanβ < 1 region.

At the leading order, the CP-even Higgs couplings to the SM gauge bosons are ghV V =

sin(β−α), and gHV V = cos(β−α). The current measurements of the Higgs boson properties

from the LHC are consistent with the SM Higgs boson interpretation. There are two well-

known limits in 2HDM that would lead to a SM-like Higgs sector. The first situation is the

alignment limit [24, 54] of cos(β − α) = 0, in which the light CP-even Higgs boson couplings

are identical to the SM ones, regardless of the other scalar masses, potentially leading to rich

BSM physics. For sin(β − α) = 0, the opposite situation occurs with the heavy H being

identified as the SM Higgs boson. While it is still a viable option for the heavy Higgs boson

being the observed 125 GeV SM-like Higgs boson [55, 56], the allowed parameter space is

being squeezed with the stringent direct and indirect experimental constraints. Therefore,

in our analyses below, we identify the light CP-even Higgs h as the SM-like Higgs with mh

fixed to be 125 GeV. The other well-known case is the “decoupling limit”, in which the heavy

mass scales are all large: mA,H,H± � 2mZ [57], so that they decouple from the low energy

spectrum. For masses of heavy Higgs bosons much larger than λiv
2, cos(β−α) ∼ O(m2

Z/m
2
A)

under perturbativity and unitarity requirement. Therefore, the light CP-even Higgs boson h

is again SM-like. Although it is easier and natural to achieve the decoupling limit by taking

all the other mass scales to be heavy, there would be little BSM observable effects given the

nearly inaccessible heavy mass scales. We will thus mainly focus on the alignment limit.
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While the couplings hgg, hγγ and hZγ are absent at the tree-level in both the SM and

the 2HDM, they are generated at the loop-level. In the SM, hgg, hγγ and hZγ all receive

contributions from fermions (mostly top quark) running in the loop, while hγγ and hZγ

receive contributions from W -loop in addition [58]. In 2HDM, the corresponding hff and

hWW couplings that enter the loop corrections need to be modified to the corresponding

2HDM values. Expressions for the dependence of κg, κγ and κZγ on κV and κf can be found

in Ref. [59]. There are, in addition, loop corrections to κg, κγ and κZγ from extra Higgs

bosons in 2HDM.

The triple couplings among Higgs bosons themselves are relevant for the loop corrections.

When omitting the O(cos2(β − α)), they read

λhΦΦ = −CΦ

2v

[
m2
h + 2m2

Φ − 2M2 + 2(m2
h −M2) cot 2β cos(β − α)

]
, (3.8)

λhHH = − 1

2v

[
m2
h + 2m2

H − 2M2 + 2(m2
h + 2m2

H − 3M2) cot 2β cos(β − α)
]
, (3.9)

with M2 ≡ m2
12/(sinβ cosβ), CΦ = 2(1) for Φ = H±(A). One notable difference between

the Type-I study here and our former Type-II study [35] is that those terms proportional to

cos(β − α) could play a more important role in the Type-I 2HDM. In the Type-II 2HDM,

Yukawa couplings have both cotβ enhancement and tanβ enhancement at the tree level,

which tightly constraints the range of cos(β − α) when Higgs precision measurements are

considered. In the Type-I 2HDM, all Yukawa couplings are proportional to cotβ at the

leading order, with no large tanβ enhancement. The viable range of cos(β − α) could be

larger when tree-level effects are included. However, given that

cot 2β cos(β − α) = −1

2

tan2 β − 1

tanβ
cos(β − α), (3.10)

loop corrections induced by the triple Higgs couplings λhΦΦ, λhHH would have interesting

tanβ enhancement that competes with the tree-level corrections, which are usually sub-

dominant in Type-II 2HDM, especially in the large tanβ region when the tree level effects

dominate. Once loop effects are included, the range of cos(β − α) at the tree-level loosely

constrained large tanβ region in the Type-I 2HDM shrinks significantly.

With the degenerate masses of mΦ ≡ mH = mA = mH± and the alignment limit of

cos(β − α) = 0, we can introduce a new parameter of λv2 defined as

λv2 ≡ m2
Φ −

m2
12

sinβ cosβ
, (3.11)

which is the parameter that enters the Higgs self-couplings and relevant for the loop correc-

tions to the SM-like Higgs boson couplings. This parameter could be used interchangeably

with m2
12 as we will do for convenience.

For the rest of our analysis, we take the input parameters v = 246 GeV and mh = 125

GeV. The remaining free parameters are

tanβ , cos(β − α) , mH , mA , mH± and λv2 . (3.12)
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Although these six parameters are independent of each other, their allowed ranges under

perturbativity, unitarity, and stability consideration are correlated.

For simplicity, one often begins with the degenerate case where all heavy Higgs boson

masses are set the same. We will explore both the degenerate case and deviation from that,

the non-degenerate case, specified as

Degenerate Case : mΦ ≡ mH = mA = mH± , (3.13a)

Non Degenerate Case : ∆mA,C ≡ mA,H± −mH . (3.13b)

As such, there will be four independent parameters for the degenerate case, and five for the

non-degenerate case if assuming ∆mA = ∆mC . With the current LHC Higgs boson measure-

ments [60–65], deviations of the Higgs boson couplings from the decoupling and alignment

limits are still allowed at about 10% level. All tree-level deviations from the SM Higgs boson

couplings are parametrized by only two parameters: tanβ and cos(β − α). Once additional

loop corrections are included, dependence on the heavy Higgs boson masses as well as λv2

also enters. In our following analyses, we study the combined contributions to the couplings

of the SM-like Higgs boson with both tree-level and loop corrections. The calculations of κ’s

are performed with full electroweak one-loop corrections,3 as discussed in details in Ref. [35].

4 Theoretical Constraints

Heavy Higgs loop corrections will involve the Higgs boson masses and self-couplings, as λ1−5

in Eq. (3.3). These parameters are constrained by theoretical considerations such as vacuum

stability [66], perturbativity, and partial wave unitarity [67].

• Vacuum Stability

λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, λ3 + λ4 − |λ5| > −

√
λ1λ2 . (4.1)

• Perturbativity

|λi| ≤ 4π . (4.2)

• Unitarity

|a0
i,±| ≤

1

2
. (4.3)

The details of a0
i,± were shown in Refs. [67, 68]. In what follows, we will discuss the constraints

in several different cases.

3https://github.com/ycwu1030/THDMNLO FA.
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Figure 1. Left panel: Allowed regions in the λv2−tanβ plane with all theoretical considerations taken

into account, for mH = mH± = 800 GeV, with fixed cos(β − α) =0 and varying ∆mA = mA −mH .

Right panel: Allowed regions in the cos(β−α)− tanβ plane for mΦ = 800 GeV, with varying
√
λv2 =

0 (red), 300 GeV (green), 500 GeV (blue).

4.1 Case 1: alignment limit with degenerate heavy Higgs masses

Theoretical constraints do not depend on the Yukawa structure at the leading order. Detailed

discussions were included in the previous work of [35, 68]. In general, λv2 is constrained to

be

−m2
h < λv2 < (600 GeV)2 , (4.4)

which gives −0.258 < λ = −λ4 = −λ5 < 5.949 and 0 < λ3 < 6.207. tanβ dependence enters

as

tan2 β +
1

tan2 β
< −

(
m2
h

λv2
+
λv2

m2
h

)
, for λv2 < 0 , (4.5a)

tan2 β +
1

tan2 β
<

64π2v4 + 5m4
h − 48πv2m2

h + 8λ2v4 − 4m2
hλv

2

3λv2(8πv2 − 3m2
h)

, for λv2 > 0. (4.5b)

Eq. (4.5a) mainly comes from the requirement of vacuum stability, while Eq. (4.5b) is due to

the partial wave unitarity.

In Fig. 1, we present contours to illustrate the theoretical constraints on tanβ versus the

other model parameters as discussed in the beginning of Sec. 4. As shown in the left panel,

for λv2 = 0,mH/H± = 800 GeV, tanβ is unconstrained. The allowed range of tanβ quickly

shrinks as λv2 increases. The degenerate case under consideration for this section is shown

by the outer contour ∆mA = mA −mH/H± = 0.
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4.2 Case 2: alignment limit with non-degenerate heavy Higgs masses

For non-degenerate heavy Higgs masses with the mass splittings ∆mA(C) = mA(H±) −mH ,

two special cases are of particular interest mA = mH± and mH± = mH . The theoretical

constraints for mA = mH± have been discussed in [35]. Here we focus on the other case

mH± = mH in which the Z-pole constraints are automatically satisfied.

The strongest constraints on parameters are imposed by the partial wave unitarity, in

particular, a0
1,+ ≤ 1

2 , which primarily sets limits on the value of tanβ, and a0
4,− ≤ 1

2 , which

constrains the mass splitting ∆mA = mA −mH/H± . The allowed range of tanβ for various

∆mA are plotted in the left panel of Fig. 1, which is not very sensitive to the mass splitting.

It can be well approximated by Eq. (4.5b). For large mass splitting, namely m2
A−m2

H & πv2,

a0
4,− ≤ 1

2 sets a strong upper limit on λv2, which is given by

2λv2 ≤ 8πv2 − 5(m2
A −m2

H)−m2
h. (4.6)

This explains the straight right boundary in the left panel of Fig. 1 as ∆mA & 100 GeV.

For ∆mA > 0, the range of λv2 shrinks more for larger ∆mA: from about (600 GeV)2 with

∆mA = 0 to about (300 GeV)2 for ∆mA = 150 GeV.

4.3 Case 3: non-alignment limit with degenerate heavy Higgs masses

The theoretical constraints also limit the range of cos(β − α), as shown in the right panel of

Fig. 1 for the degenerate case with different values of λv2 for mΦ = 800 GeV. A larger value of

λv2 leads to a more relaxed range of cos(β −α), but a stronger constraint on tanβ. A larger

value of mΦ leads to a smaller region in cos(β − α). One interesting feature is a symmetry:

for cos(β − α)→ − cos(β − α), tanβ → cotβ, which is evident in the right panel of Fig. 1 as

well.

5 Current and Expected LHC Search Bounds

The heavy Higgs bosons in the 2HDM have been searched for at the LHC Run-I and Run-II

via various channels. The direct searches include the decay channels of ττ [4, 5], µµ [19, 20],

bb̄ [21–23], WW/ZZ [6–8], γγ [9], H → hh [13, 14], A → hZ [10], and A/H → HZ/AZ [11,

12]. Since the limits from heavy Higgs decays to µµ and bb̄ are always similar but weaker

comparing to the ττ channel, we will only show constraints from ττ channel here. In addition,

the leading decay modes of heavy neutral Higgs bosons is A/H → tt̄, which was known to have

strong signal-background interference effects [69]. Recent studies of the LHC 8 TeV search

sensitivities via this channel can be found in Refs. [70], utilize the lineshape of tt̄ invariant

mass distribution [71–73], and the experimental searches were made in Ref. [18]. Knowing

the search limit at
√
s = 8 TeV or

√
s = 13 TeV, the associated limit at

√
s = 14 TeV could

be estimated through a scaling relation [71]

RS14(MA/H) ≈
√
L8/13/L14 ×

√
σS14/σ

S
8/13 ×R

S
8/13(MA/H) . (5.1)
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To use the published cross-section times branching ratio limits to directly constrain the

2HDM parameter space, we work with the SusHi package [74] for the production cross-section

at the NNLO level, and our own improved 2HDMC code, which adds loop-level effects to the

public 2HDMC code [75], for the branching ratios.

Figure 2. Excluded regions at 95% C.L. in the mA− tanβ plane from the LHC Run-II (regions with

dashed line boundaries) and HL-LHC (solid lines) via different channels: ττ (orange), tt̄ (magenta),

V V (green), γγ (blue), H → hh (cyan), A → hZ (red), and A → HZ (purple). The left panel is for

the degenerate case, with benchmark parameter cos(β − α) = 0.025, while the right panel is for the

non-degenerate case with fixed mH = 200 GeV and cos(β − α) = 0.025.

In the left panel of Fig. 2, we present the 95% C.L. limits of the neutral Higgs boson

searches in the mA/H − tanβ plane for the degenerate case under the current LHC Run-

II searches (shaded region enclosed by the dashed lines) as well as the projected HL-LHC

search limits (region enclosed by the solid lines). We have chosen the non-alignment case of

cos(β−α) = 0.025, in which H → hh, A→ hZ, and WW/ZZ channel contribute. Unlike the

Type-II 2HDM case in which there are very strong experimental search limits from ττ channel

at large tanβ, for the Type-I 2HDM, large tanβ region is basically unconstrained since all

the Yukawa couplings are proportional to 1/ tanβ. For the low tanβ ∼ 0.1 region, ττ mode

has the best reach: the current LHC Run II excludes heavy Higgs mass up to about 550 GeV,

and the exclusion reach is about 950 GeV at HL-LHC. γγ, V V , Zh, and hh channels exclude

tanβ up to about 5 for mA/H < 2mt under the current LHC Run-II, and up to about 30 at

HL-LHC. For mA/H > 2mt, tt mode provides the best reach: tanβ is excluded up to about

1 at the current LHC Run-II, and up to about 15 at the HL-LHC, for mA/H . 750 GeV.

Comparing to the exclusion under the alignment limit in which Zh, hh and V V channels are

absent, the limits of the ττ , γγ channel are relaxed slightly given the opening of H → hh,

WW/ZZ, and A→ hZ.
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In the right panel of Fig. 2, we show the exclusion region in the mA − tanβ plane for

mH = 200 GeV and cos(β − α) = 0.025. Additional exotic decay channel of A → HZ

contributes, which is shown in the purple shaded region. It covers the entire mass region of

350 GeV < mA < 800 GeV for tanβ . 5(10) region for the current LHC Run-II (HL-LHC).

Low tanβ . 1(2) region for the current LHC Run-II (HL-LHC) is excluded by 200 GeV

H → γγ and ττ . A → Zh and tt channels are still effective, with relaxed limits comparing

to the degenerate case, given the opening of A→ HZ.

In Fig. 3, we present the 95% C.L. excluded region in the cos(β−α)− tanβ plane for the

LHC 13 TeV searches [10] and for the projected HL-LHC 14 TeV sensitivity via the A→ hZ

channel. The results were shown for two fixed heavy CP-odd Higgs boson masses of mA = 800

GeV and mA = 2000 GeV, respectively. For the case of mA = 800 GeV, a narrow band for

cos(β − α) . −0.1 or | cos(β − α)| . 0.02 is allowed by the HL-LHC data. In addition,

the large-tanβ regions of tanβ & 5 and tanβ & 20 are also allowed at the current LHC

and the future HL-LHC searches, which is due to the suppressed production cross sections

of σ(gg → A) and σ(bb̄ → A) in the Type-I 2HDM case. For the mA = 2000 GeV case,

the current and the future LHC searches for the A → hZ can only exclude the regions with

small input values of tanβ, due to the suppressed production cross section for heavy Higgs

bosons. Note that the strong constraints usually present in the Type-II case at large tanβ

is again absent here in the Type-I case, due to the 1/ tanβ dependence of the Higgs Yukawa

couplings.

Figure 3. Excluded regions at 95% C.L. in the cos(β−α)− tanβ plane from the LHC direct searches

for the CP-odd heavy Higgs boson via the A → hZ decays, with mA = 800 GeV (left panel) and

mA = 2000 GeV (right panel). The shaded regions are excluded under the current LHC 13 TeV 36.1

fb−1 (green) and the future projected HL-LHC 14 TeV 3000 fb−1 (yellow), respectively.
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6 Fitting Results

6.1 χ2 fit framework

With the Higgs precision measurements summarized in Table. 3, we performed a χ2 fit to

determine the allowed parameter space of Type-I 2HDM. With the same method described

in Ref. [35], we construct the χ2 with the profile likelihood method,

χ2 =
∑

i

(µBSM
i − µobs

i )2

σ2
µi

, (6.1)

where µBSM
i = (σ × Bri)BSM/(σ × Bri)SM is the signal strength for various Higgs search

channels, σµi is the estimated error for each process. Usually, the correlations among different

σ×Br are not provided and are thus assumed to be zero. For future colliders, µobs
i are set to

be unity in the current analyses, assuming no deviations from the SM observables.4 In this

work, we will focus specifically on CEPC, and also compare the reaches of three future lepton

colliders, including ILC and FCC-ee.

The overall χ2 is calculated by substituting the κ’s defined in Eq. (3.5) into corresponding

µBSM
i . In the rest of the analyses, we determine the allowed parameter region at the 95%

Confidence Level (C.L.). For the one-, two- or three-parameter fit, the corresponding ∆χ2 =

χ2 − χ2
min at 95% C.L. is 3.84, 5.99 or 7.82, respectively. Note that when we present our

results with three-parameter fit, we project the three-dimension space into two-dimension

plot, and choose several benchmark points in the third dimension of the parameter space for

illustration.

6.2 Case with Degenerate Heavy Higgs Masses

We will first show our results in the case with degenerate heavy Higgs masses, mΦ = mH =

mA = mH± , which satisfies the Z-pole physics constraints automatically.

6.2.1 Constraints in the cos(β − α)− tanβ plane

For the case with degenerate masses, we first show the result in Fig. 4 of the two-parameter

χ2 fit in the cos(β−α)− tanβ plane at 1-loop level for mΦ = 800 GeV and
√
λv2 = 300 GeV.

The red region represents the overall allowed region with the CEPC precision measurements

at 95% C.L. at one-loop level, while the black dashed line represents the allowed region at

tree level. Individual constraints from hbb, hcc, hττ , hZZ and hgg are also shown by colored

solid lines. The constraints from hWW and hγγ are much weaker due to worse experimental

precisions, hence they are not shown in Fig. 4.

Compared with the tree-level dashed line, the allowed red region at the loop level has quite

different behaviors at both large and small tanβ regions. For small tanβ, the overall allowed

4If deviations are observed in the future, we can use the same χ2 fit method to determined the constrained

parameter space, with µobs
i being the observed experimental central value. Detailed work along this line is

currently under study [76].
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Figure 4. Allowed region from two-parameter fitting results at 95% C.L. in the cos(β − α) − tanβ

plane under CEPC Higgs precision measurements at one-loop level for mΦ = 800 GeV and
√
λv2 =

300 GeV. The red region is the χ2 fit result with the best fit point indicated by the black star (near

tanβ = 50 and cos(β − α) = 0). As a comparison, the black dashed line shows the allowed region at

tree level. Regions enclosed by curves of different colors indicate the domains allowed by individual

coupling measurements. The grey shadow area indicates the theoretically favored region.

region is mainly constrained by κf due to the large cotβ enhancement of fermion Yukawa

couplings at the tree level, while the constraints from κZ is weak despite its high precision.

This makes the outline of red region close to that of the tree level. However, the individual

fermion lines show peculiar distortion away from the tree level result. Such modification is

related to
√
λv2 term in the triple Higgs couplings λhφφ, and Yukawa couplings. The effect is

proportional to cot2 β, therefore more pronounced when tanβ is small. In particular, the hbb

coupling plays an important role in the distortion from the tree-level results due to the large

top Yukawa coupling in the top loop contributions.

In the meantime, all couplings at one-loop level significantly deviate from those of tree

level ones at large tanβ. For the Type-I 2HDM there is no tanβ enhancement at tree level, and

the main constraint at large tanβ region comes from the precise hZZ coupling measurement.

At one-loop level, the strongest constraint is still from hZZ coupling, because all the SM-

Higgs couplings receive a universal tanβ enhancement from the Higgs field renormalization

κ1−loop − κtree ∝ κtree

(
λ2
hH+H−

m2
H±

+
2λ2

hAA

m2
A

+
2λ2

hHH

m2
H

)
∝ κtreem

2
Φ tan2 β

v2
cos2(β − α). (6.2)

Some useful formulas for the analysis are given in Appendix A. The allowed region of cos(β−
α) is greatly reduced, comparing to the tree-level results, as shown in Fig. 4.

We perform a three-parameter fit for cos(α−β), tanβ, and
√
λv2. Owing to the one more

free parameter in the fit and the correlation among the parameters, the allowed region could
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Figure 5. Allowed region from three-parameter fitting results at 95% C.L. in the cos(β − α)− tanβ

plane with varying
√
λv2 under CEPC precision. mΦ is set to be 800 GeV (left) and 2000 GeV (right).

For each
√
λv2, we show the χ2 fit result with colored solid lines and the same color shaded region

preferred by theoretical constraints. As a comparison, tree-level χ2 fitting result is shown by dashed

black line.

be different from that of the two-parameter fit. Figure 5 shows the fitting results for a fixed

value mΦ = 800 GeV with various values
√
λv2 = 0, 100, 200, 300 GeV (left panel) and mΦ =

2000 GeV with
√
λv2 = 100, 400, 500, 600 GeV (right panel), indicated by different colored

lines. With three-parameter fit,
√
λv2 ≥ 400 GeV for mΦ = 800 GeV is excluded. In general,

including loop corrections shrinks the allowed parameter space, especially for large and small

tanβ. For larger
√
λv2, there will be a larger asymmetry with respect to cos(β − α) = 0.

The asymmetry at small tanβ is the result from the loop-level hbb couplings because of the

large top Yukawa contribution. At large tanβ, on the other hand, it is from hZZ coupling,

because the triple Higgs couplings as in Eq. (3.8) have terms proportional to cos(β−α). There

is also no decoupling effect for regions with non-zero cos(β−α): the allowed region is smaller

with larger mΦ. This is because a large part of regions is outside of the theoretically allowed

region, shown by the colored shaded region in Fig. 5.

6.2.2 Constraints on Heavy Scalar Masses

To see how precision measurement constrains heavy scalar masses, we also explore the χ2 fit

in three parameters by fixing λv2 (or m2
12). Figure 6 shows the fitting results at 95% C.L. in

the mΦ − tanβ plane under CEPC precision for
√
λv2 = 0 GeV (left panel) and 300 GeV

(right panel) for the degenerate mass case. Green, blue and red curves (stars) represent the

constraints (best fit point) for cos(β − α) = −0.01, 0, 0.01 respectively. The theoretical

allowed regions are also shown in the shaded areas with the same color.

For
√
λv2 = 0, the constraint on the heavy Higgs mass is rather loose. Once tanβ & 1,

all mass values greater than mh are allowed. For nonzero cos(β−α), large tanβ are excluded.

For
√
λv2 = 300 GeV, the heavy Higgs mass is constrained to be larger than about 500 GeV.
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Figure 6. Allowed region from three-parameter fitting results at 95% C.L. in the mΦ − tanβ plane

with varying cos(β − α) under CEPC precision for
√
λv2 = 0 GeV (left panel) and 300 GeV (right

panel) for degenerate mass case. Green, blue and red curves (stars) represent the constraints (best fit

point) for cos(β − α) = −0.01, 0, 0.01 respectively. The theoretical allowed region are also shown in

shaded region with the same color.

For cos(β−α) = 0.01, tanβ is constrained to be in the range of 0.5 and 20 at 95% C.L., while

for cos(β − α) = −0.01, larger values of tanβ is allowed.

It is also interesting to see how future precision measurements constrain the soft Z2

breaking parameter m2
12. Figure 7 shows the fitting results similar to Fig. 6 but for fixing

value of m12 instead of fixing λv2. For m12 = 0, mΦ =
√
λv2 is constrained to be less than

around 250 GeV. For larger values of m12, the rather narrow region in the plane as seen in

the right panel indicates a strong correlation between mΦ and tanβ, approximately scaled as

tanβ ∼ (mΦ/m12)2, which minimizes the corresponding λv2 value and thus its loop effects.
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Figure 7. Allowed region from three-parameter fitting results at 95% C.L. in the mΦ − tanβ plane

with varying cos(β − α) under CEPC precision for m12 = 0 GeV (left panel) and 300 GeV (right

panel). The color codes are the same as Fig. 6.
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Comparing with the expected direct search limits of heavy Higgs bosons at the HL-LHC,

as shown in Section 5, we see that the indirect sensitivities of the SM-like Higgs precision

measurements to the heavy Higgs masses and values of tanβ obtained here complement the

direct search very well. While the direct searches usually have better reach in the mass of

the heavy Higgs bosons, its sensitivity reduced greatly for large tanβ given the suppressed

Yukawa couplings. The indirect reach, on the other hand, tightly constraints the large tanβ

region when away from the alignment limit, given the enhanced tri-Higgs couplings which

enter the corrections to the SM-like Higgs couplings at the loop level.

6.3 Case with Non-degenerate Heavy Higgs Masses

In this section, we go beyond the mass degenerate case and investigate how the Higgs coupling

precision measurements could constrain the mass splittings among mH , mA and mH± , and

how it complements the Z-pole precision measurements. For Z-pole precision measurements,

we fit for the oblique parameters S, T and U , including the correlation between those oblique

parameters, as described in detail in [35].

In Fig. 8, we explore the constrained region in ∆mΦ = mA/H± − mH (upper panels)

and ∆mΦ = mA − mH/H± (lower panels) under alignment limit for various values of mH .

mH± = mA (mH± = mH) is assumed in the former (latter) case to satisfy the Z-pole

constraints. Left and right panels correspond to
√
λv2 = 0, and 300 GeV, respectively.

Shaded colored regions are used to indicate theoretical preferred regions.

In all panels of Fig. 8, the allowed regions show a sudden cutoff at certain value of ∆mΦ,

in particular for tanβ & 1. This feature mainly comes from the loop-level corrections to κZ .

For mH± = mA = mH + ∆mΦ,

κ1−loop
Z ≈ 1− 1

192π2

[
8λ2

hHH

m2
H

− 24
∆mΦλhHH

v2
+ 24

∆m2
Φ

v2

]
+ · · · . (6.3)

under the alignment limit and terms proportional to higher orders of λhHH/mH are ignored

given its typically small size under the alignment limit. Terms proportional to ∆mΦ are

responsible for the sudden cutoff. For
√
λv2 = 0 GeV, λhHH = −m2

h/2v is small and

∆m2
Φ/v

2 would dominate, resulting in a symmetric bound of ∆mΦ. For a larger value of√
λv2, ∆mΦλhHH/v

2 becomes more important, resulting in an asymmetric bound ∆mΦ. Such

behaviour appears for all loop-level Higgs couplings, with κZ becomes the most constraining

one at tanβ & 1. The case of mH± = mH = mA −∆mΦ is similar.

In Fig. 9, we show the constraints in ∆mC ≡ mH± − mH versus ∆mA ≡ mA − mH

parameter space, with constraints from individual coupling indicated by the colored curves,

and the 95% C.L. χ2 fit region indicated by the red shaded region with the best fit point

indicated by the black star. Other parameters are chosen as mH = 800 GeV,
√
λv2 = 0

and tanβ = 0.2(left), 1(middle), 7(right) under the alignment limit. For each individual

coupling constraint, the dashed line is for the −σ limit, while the solid line is for the +σ

limit. The range between the two lines is the survival region. Under the alignment limit, κZ
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Figure 8. Allowed region from three-parameter fitting results at 95% C.L. in the ∆mΦ − tanβ

plane with varying mH under CEPC precision. Here cos(β − α) = 0. In the upper two panels,

∆mΦ = mA/H± −mH and lower two panels, ∆mΦ = mA−mH/H± .
√
λv2 is set to 0 (left panels) and

300 GeV (right panels). Shaded colored regions are used to indicate theoretical preferred regions.

is independent of tanβ as apparent in the figure. The light grey shadow region is the region

preferred by the theoretical considerations.

For the Type-I 2HDM under alignment limit, all the Higgs fermion couplings are cotβ

enhanced and Higgs-vector boson couplings are tanβ-independent. At small tanβ as shown

in the left panel of Fig. 9, ∆mA and ∆mC are strongly constrained to be close to 0, due

to the constraints from κb, κc and κτ , dominantly. The blue κb constraint has a different

shape comparing to that of κc, κτ , mainly due to the top quark vertex correction. For larger

tanβ, the fermion couplings constraints are reduced. As a result, κZ provide the dominant

constraint, as shown in the middle and right panels of Fig. 9, which is less constraining. ∆mA,C

is constrained to be less than about 200 GeV for tanβ = 1 and less than about 400 GeV for

tanβ = 7, which is quite different from the Type-II 2HDM, which gets tightly constrained in

large tanβ as well. For tanβ > 7, the survived red region does not change significantly. The

typical survived regions for ∆mA,∆mC are (−300, 400) GeV, (−200, 300) GeV respectively
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Figure 9. Allowed region (red) from two-parameter fitting results at 95% C.L. in the ∆mA −∆mC

plane from the individual Higgs coupling measurement, for tanβ = 0.2 (left), 1 (middle), 7 (right)

under the alignment limit, with mH = 800 GeV and
√
λv2 = 0. For individual coupling constraint,

the dashed line represents −σ limit, while the solid line represents the +σ limit. Regions between the

solid and dashed curves are the allowed region. For κγ , region above the line is allowed. Also shown

is the theoretically allowed region shaded in grey color.
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Figure 10. Allowed region from three-parameter fitting results at 95% C.L. in the ∆mA − ∆mC

plane with varying tanβ under cos(β − α) = 0,mH = 800 GeV. The left panel is for
√
λv2 = 0, while

the right one for
√
λv2 = 300 GeV. tanβ is chosen to be 0.5 (orange), 1 (green), 2 (blue), 7 (red).

Also shown are the allowed regions by theoretical constraints, which are indicated with shadows of the

same color codes.

at large tanβ, and generally can be extended to (−500,600) GeV and (−300, 400) GeV.

Compared to the Type-II 2HDM [35], the Type-I 2HDM has a more restricted region at

small tanβ and much relaxed region at large tanβ.

In Fig. 10, we show χ2 fit results at 95% C.L. in the ∆mA − ∆mC plane with varying

tanβ under the alignment limit of cos(β − α) = 0 for mH = 800 GeV. The left panel is for√
λv2 = 0, and the right panel is for

√
λv2 = 300 GeV. Also shown in color shaded region are

the theoretically preferred regions. In general, the range for ∆mA and ∆mC gets bigger for
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larger tanβ and smaller λv2. In particular, for tanβ = 7, the allowed ranges of ∆mA and

∆mC shrink to a narrow range around −100 GeV.

400 300 200 100 0 100 200 300 400
mA (GeV)

400
300
200
100

0
100
200
300
400

m
C
 (G

eV
)

mH = 800 GeV, v2 = 0 GeV
cos( )

0.01
0.00
0.01

400 300 200 100 0 100 200 300 400
mA (GeV)

400
300
200
100

0
100
200
300
400

m
C
 (G

eV
)

mH = 800 GeV, v2 = 0 GeV
cos( )

0.01
0.00
0.01

400 300 200 100 0 100 200 300 400
mA (GeV)

400
300
200
100

0
100
200
300
400

m
C
 (G

eV
)

mH = 800 GeV, v2 = 300 GeV
cos( )

0.01
0.00
0.01

400 300 200 100 0 100 200 300 400
mA (GeV)

400
300
200
100

0
100
200
300
400

m
C
 (G

eV
)

mH = 800 GeV, v2 = 300 GeV
cos( )

0.01
0.00
0.01

400 300 200 100 0 100 200 300 400
mA (GeV)

400
300
200
100

0
100
200
300
400

m
C
 (G

eV
)

mH = 2000 GeV, v2 = 0 GeV
cos( )

0.01
0.00
0.01

400 300 200 100 0 100 200 300 400
mA (GeV)

400
300
200
100

0
100
200
300
400

m
C
 (G

eV
)

mH = 2000 GeV, v2 = 0 GeV
cos( )

0.01
0.00
0.01

Figure 11. Allowed region from three-parameter fitting results at 95% C.L. in the ∆mA−∆mC plane

and also varying cos(β−α), for Higgs (solid curve) and Z-pole (dashed curve) constraints (left panel),

and combined constraints (right panels), with upper row for mH = 600 GeV,
√
λv2 = 0, middle row

for mH = 600 GeV,
√
λv2 = 300 GeV, and bottom row for mH = 2000 GeV,

√
λv2 = 0. tanβ = 1 is

assumed for all plots. Shaded region is used to indicate the theoretical constraints at cos(β − α) = 0.
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In Fig. 11, we take Z-pole precision into account as well. The left panels show Higgs

precision (solid curves) and Z-pole precision (dashed curves) for different cos(β − α) values:

−0.01 (green curve), 0 (blue curve) and 0.01 (red curve). The right panels show the combined

fitting results. Shaded region is used to indicate the theoretical constraints at cos(β−α) = 0.

While the Z-pole precision measurements are more constraining in the mass difference of

∆mA and ∆mC in general, they can always be satisfied for ∆mC = 0 (m±H = mH) or

∆mA = ∆mC (m±H = mA). The Higgs precision measurements, on the other hand, could

provide an upper limit on |∆mA,C |. When combined together, a more restrictive range of

∆mA,C can be achieved.

6.4 Comparison between different lepton colliders

To compare the sensitivities of different Higgs factory machine options, in Fig. 12, we show

the reach in cos(β − α) − tanβ plane for CEPC (red curve), FCC-ee (blue curve) and ILC

(green curve) for mφ = 800 GeV (left panel) and 2000 GeV (right panel). Tree level results

with CEPC precision are indicated in black dashed line to guide the eye. The reach of CEPC

and FCC-ee is similar, while ILC has slightly better reach given the various center of mass

energy options.
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Figure 12. Allowed region from two-parameter fitting results at 95% C.L. in the cos(β − α)− tanβ

plane with CEPC (red), FCC-ee (blue) and ILC (green) precision. The black dashed line indicates

the CEPC tree-level only results as a comparison.
√
λv2 is set to be 300 GeV, with mΦ = 800 GeV

(left panel), and 2000 GeV (right panel). The grey shadow indicates the survival region of theoretical

constraint.

In Fig. 13, we show the 95% C.L. constraints on the ∆mA−∆mC plane with both Higgs

and Z-pole precision measurements under alignment limit. Left panel is for the individual

constraints while the right panel show the combined fit. While ILC has better Higgs precision

reach, FCC-ee is slightly better for Z-pole reach. Combined together, reaches of three machine

options are similar, and the typical allowed mass splitting is about 200 GeV.
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Figure 13. Allowed region from two-parameter fitting results at 95% C.L. in the ∆mA − ∆mC

plane with CEPC (red), FCC-ee (blue) and ILC (green) precisions. The left and right panels are for

Higgs/Z-pole results individually and combined, respectively. Here mH = 800 GeV,
√
λv2 = 300 GeV,

cos(β − α) = 0, tanβ = 1. In the left panel, Higgs precision measurement result is given by solid line

while Z-pole precison measurement result is given by dashed line. The grey shadow in the right panel

indicates the survival region of theoretical constraint.

7 Summary and Conclusions

With the discovery of the SM-like Higgs boson at the LHC, searching for additional Higgs

bosons beyond the SM is strongly motivated from both theoretical and experimental consid-

erations. In the absence of signals from the direct searches in the LHC experiments, it would

be prudent to seek for complementary means, in particular, from the precision measurements

of the SM observables which are sensitive to BSM new physics. In this paper, extending

the previous work on the Type-II 2HDM [35], we performed a comprehensive study for the

Type-I 2HDM from the impacts of the precision measurements of the SM observables at the

proposed Z-factories and Higgs factories on the extended Higgs sector.

First, we listed the latest expected accuracies on determining the EW observables at the

Z-pole and the Higgs factories (Table 3 in Section 2), as a general guidance and inputs for

the following studies. We gave a brief summary for Type-I 2HDM in Section 3 to specify the

model and set the scope for the rest of the paper by introducing the degenerate and non-

degenerate cases. We then presented the existing constraints on the model parameters from

theoretical considerations (Fig. 1 in Section 4) and the LHC bounds from the current searches

and the future expectations (Fig. 2 and Fig. 3 in Section 5). Previous works focused on either

just the tree-level deviations, or loop corrections under the alignment limit, and with the

assumption of degenerate masses of the heavy Higgs bosons. A recent study [35] extended

the previous work to have included the general one-loop effects in the Type-II 2HDM. In our

analyses, we extended the existing results by including the tree-level and one-loop level effects

of non-degenerate Higgs masses in the Type-I 2HDM.

The main results of the paper were presented in Section 6, where we performed a χ2 fit to
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the expected precision measurements in the full model-parameter space. We first illustrated

the simple case with degenerate heavy Higgs masses as in Fig. 4 with the expected CEPC

precision. We found that in the parameter space of cos(β−α) and tanβ, the largest 95% C.L.

range of | cos(β−α)| . 0.05 could be achieved for tanβ between 5−10, with smaller and larger

values of tanβ tightly constrained by κg,c,b,τ and κZ , respectively. For the Type-I 2HDM,

large tanβ regions were always less restricted since all Yukawa couplings are cotβ-enhances.

When including loop-level corrections, the large tanβ regions got additional tanβ-enhanced

constraints from triple Higgs couplings terms proportional to cos(β−α) tanβ as in Eq. (3.10).

Varying heavy Higgs masses and λv2, as shown in Fig. 5, the significant loop-level effect shown

again and shifted the 95% C.L. region. The low tanβ results in Figs. 4 and 5 are similar to

those in Type-II, but constraints are stronger since all couplings are cotβ-enhanced around

cos(β − α) = 0.

The limits on the heavy Higgs masses also depend on tanβ, λv2 and cos(β−α), as shown

in Fig. 6 and alternatively in Fig. 7 varying m2
12. While the most relaxed limits can be obtained

under cos(β − α) = 0 with small λv2, deviation away from cos(β − α) = 0 leads to tighter

constraints, especially for the allowed range of tanβ. The reach seen in the mΦ− tanβ plane

is complementary to direct non-SM Higgs search limits at the LHC and future pp colliders as

in Fig. 2, especially in the large tanβ region when the direct search limits are relaxed.

It is important to explore the extent to which the parametric deviations from the degen-

erate mass case can be probed by the precision measurements. Figure 8 showed the allowed

deviation for ∆mΦ with the expected CEPC precision and Fig. 9 demonstrated the constraints

from the individual decay channels of the SM Higgs boson. As shown in Fig. 10, the Higgs

precision measurements alone constrain ∆mA,C to be less than about a few hundred GeV,

with tighter constraints achieved for small mH , large λv2 and small values of tanβ. Z-pole

measurements, on the other hand, constrain the deviation from mH± ∼ mA,H . We found

that the expected accuracies at the Z-pole and at a Higgs factory are quite complementary

in constraining mass splittings. While Z-pole precision is more sensitive to the mass split-

tings between the charged Higgs and the neutral ones (either mH or mA), Higgs precision

measurements in addition could impose an upper bound on the mass splitting between the

neutral ones. Combining both Higgs and Z-pole precision measurements, the mass splittings

are constrained even further, as shown in Fig. 11, especially when deviating from the align-

ment limit. In summary, Higgs precision measurements are more sensitive to parameters like

cos(β − α), tanβ,
√
λv2 and the masses of heavy Higgs bosons. We found that except for

cancellations in some correlated parameter regions, the allowed ranges are typically

tanβ ≥ 0.3, | cos(β − α)| < 0.05, |∆mΦ| < 200 GeV . (7.1)

We mostly presented our results adopting the expectations of the CEPC precision on

Higgs and Z-pole measurements. The comparison among different proposed Higgs factories

of CEPC, FCC-ee and ILC are illustrative and are shown in Figs. 12 and 13. While the ILC

with different center-of-mass energies has slightly better reach in the Higgs precision fit, the

FCC-ee has slightly better reach in the Z-pole precision fit.
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While the precision for the Higgs coupling measurements with the LHC program is ex-

pected to be at the order of few percent, the precision measurements of the SM observables at

the proposed Z and Higgs factories would significantly advance our understanding of the elec-

troweak physics and shed lights on possible new physics beyond the SM, and could therefore

be complementary to the direct searches at the LHC and future hadron colliders.
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A Analytic Calculation

While the analysis is based on the full expressions of each loop corrections, some analytical

formulae (with possible approximation) can be useful to provide some physical insights. The

most relevant couplings are κb and κZ . In this appendix, we list the dominant contributions

in the loop correction results for these two cases. Note that, the expressions are only valid in

Type-I case.

The most important contributions to κb come from two parts: (1) the top yukawa coupling

(which connects with b quark by SU(2)L symmetry), (2) the triple Higgs couplings. By only

keeping parts relevant to above two contributions, we have

κb =ξbh +
1

16π2

{
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t ξ
t
h cot2 β
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(A.1)

where B0, C0 and C12 are Passarino-Veltman functions in LoopTools [77] convention.

The main contributions in κZ only come from the triple Higgs couplings:

κZ =ξZh −
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(A.2)

λ’s in both κb and κZ are the triple Higgs couplings:

λH+H−h =− 1
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where M2 = m12
cosβ sinβ .
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Abstract: We perform comparative studies for four types of the two Higgs Doublet Models

(2HDMs) under the precision measurements of the Standard Model (SM) Higgs observables

at the proposed Higgs factories. We explore the discovery potential based on the hypothetical

deviations in the precision data for the 2HDMs up to one-loop level. We find 5σ observability

from the χ2 fitting in a significant theory parameter space at future Higgs factories. For

the Type-I 2HDM, regions with cos(β − α) . −0.1 or cos(β − α) & 0.08 are discoverable

at more than 5σ level. For the other three types of 2HDMs, the 5σ region is even bigger:

| cos(β−α)| & 0.02 for tanβ ∼ 1. At small and large values of tanβ, the region in cos(β−α)

is further tightened. We examine the extent to which the different 2HDM theories may be

distinguishable from one to the other at the 95% Confidence Level with four benchmark

points as case studies. We show that a large part of the parameter space of the other types

of 2HDMs can be distinguished from the benchmark points of the target model. The impacts

of loop corrections are found to be significant in certain parameter regions.

Keywords: Higgs precision measurements, Beyond the Standard Model, 2HDM.
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1 Introduction

With the discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) [1, 2],

the Standard Model (SM) of the strong and electroweak (EW) interactions of elementary

particles is complete as a self-consistent relativistic quantum field theory potentially valid to

exponentially high scales. The agreement between the Standard Model predictions and the

experimental observations in particle physics implies that either the new physics beyond the

SM is at a higher scale still further from the current experimental reach, or it manifests itself

in a more subtle form than those in our simple theoretical incarnations. It is thus prudent to

carry out the search both at the energy frontier and at the precision frontier.

The extension of the SM Higgs sector is theoretically well-motivated [3, 4]. Exploring the

Higgs physics beyond the Standard Model (BSM) is among the high priorities in the current

and future experimental programs in high energy physics. Searches for new Higgs bosons

at colliders, especially at the LHC [5–24], have been actively conducted, and will remain to

be one of the major motivations for future colliders. On the other hand, in the absence of

signals of BSM new physics from the current experiments, high precision measurements of

the SM parameters, especially the Higgs properties [25, 26], will sharpen our understanding

on physics at the EW scale and provide further insight for new physics.

Recently, there have been lively discussions for construction of Higgs factories to study the

Higgs boson properties with high precision. The current proposals include the International

Linear Collider (ILC) in Japan [27–30], the Circular Electron Positron Collider (CEPC) in

China [31, 32] and the electron-positron stage of the Future Circular Collider (FCC-ee) at

CERN [33–38]. They also have the potential to operate at the Z-pole with high luminosities

to further improve the existing precision for the SM parameter measurements. With the data

samples of a million Higgs bosons and about O(1010− 1012) Z-bosons, one would generically

expect to achieve a precision for the Higgs property determination of 10−3, and for the EW

observables of 10−6, deeply into the quantum and virtual contributions from possible new

physics effects.

There have been many studies in the literature on the implications of the Higgs precision

measurements at current and future colliders on the 2HDMs [39–46]. In recent works [47–52],

we examined the achievable sensitivity of the Higgs and Z factories to probe the virtual effects

of the two Higgs doublet model (2HDM) of Type-II and Type-I. With multivariable χ2-fit,

we found interesting results in setting significant bounds in a large theory parameter space

beyond the reach of the high luminosity upgrade of the LHC (HL-LHC). In this paper, we

take the analyses to the next stage. We examine four types of the 2HDMs, namely, Type-

I, Type-II, Type-L (lepton specific) and Type-F (flipped Yukawa couplings). We establish

the theory parameter regions for 5σ discovery from the deviations from the SM expectations

based on the expected precision at future Higgs factories, including the one-loop effects. Once

achieving the signal observation in certain favorable parameter region, we explore the ability

to distinguish different types of the 2HDMs with respect to the observables of Higgs precision

measurements. It is quite informative that the characteristic features of each 2HDM, primarily
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their Yukawa couplings, would be notably reflected by the corresponding observables.

The rest of the paper is organized as follows. In Section 2, we introduce the theoretical

framework of the four types of the 2HDMs. In Section 3, we review the current Higgs mea-

surements and future precision expectations adopted in our analyses. We then present our

fitting methodology. Going beyond the existing studies in the literature, we present the cur-

rent LHC 95% Confidence Level (C.L.) allowed region as well as the 5σ discovery potential at

future Higgs factories for the four types of the 2HDMs in Section 4. Because of the qualitative

differences among the 2HDMs considered here, we demonstrate in Section 5 the feasibility to

distinguish the theoretical models from each other based on the precision measurements of

different observables. We summarize the results and draw our conclusions in Section 6.

2 Two Higgs Doublet Models

The Higgs sector of the 2HDMs [4] consists of two SU(2)L scalar doublets Φi (i = 1, 2) with

hyper-charge Y = 1/2

Φi =

(
φ+
i

(vi + φ0
i + iG0

i )/
√

2

)
(2.1)

where vi (i = 1, 2) are the vacuum expectation values (vev) of the doublets after the elec-

troweak symmetry breaking (EWSB), satisfying
√
v2

1 + v2
2 = v = 246 GeV.

The 2HDM Lagrangian for the Higgs sector is given by

L =
∑

i

|DµΦi|2 − V (Φ1,Φ2) + LYuk (2.2)

where Dµ is the covariant derivative, V (Φ1,Φ2) is the scalar potential, and LYuk contains the

Yukawa couplings.

The most general CP-conserving potential with a soft Z2 symmetry breaking term (m2
12)

is

V (Φ1,Φ2) =m2
11Φ†1Φ1 +m2

22Φ†2Φ2 − (m2
12Φ†1Φ2 + h.c.) +

λ1

2
(Φ†1Φ1)2 +

λ2

2
(Φ†2Φ2)2

+ λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1) +

[
λ5

2
(Φ†1Φ2)2 + h.c.

]
. (2.3)

After the EWSB, the scalars mix with each other to form the mass eigenstates:
(
H±

G±

)
=

(
cβ −sβ
sβ cβ

)(
φ±2
φ±1

)
, (2.4)

(
A0

G0

)
=

(
cβ −sβ
sβ cβ

)(
G0

2

G0
1

)
, (2.5)

(
h

H

)
=

(
cα −sα
sα cα

)(
φ0

2

φ0
1

)
, (2.6)
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Types Φ1 Φ2 uR dR `R QL, LL Φ1 Φ2

Type-I + − − − − + u, d, `

Type-II + − − + + + d, ` u

Type-L + − − − + + ` u, d,

Type-F + − − + − + d u, `

Table 1. Four types of assignments for the Z2 charges and Yukawa couplings for the scalar doublets

Φ1,2 and the SM fermions.

Tree-level Normalized Higgs couplings

κuh κdh κeh κVh

Type-I cosα
sinβ

cosα
sinβ

cosα
sinβ sin(β − α)

Type-II cosα
sinβ − sinα

cosβ − sinα
cosβ sin(β − α)

Type-L cosα
sinβ

cosα
sinβ − sinα

cosβ sin(β − α)

Type-F cosα
sinβ − sinα

cosβ
cosα
sinβ sin(β − α)

Table 2. Higgs couplings to the SM fermions in the four types of 2HDMs, normalized to the corre-

sponding SM values [4].

where α and β are the mixing angles, and tanβ = v2/v1 at tree level. Instead of the eight

parameters in the scalar potential m2
11,m

2
22,m

2
12, λ1,2,3,4,5, a more convenient set of the param-

eters is v, tanβ, cos(β−α),mh,mH ,mA,mH± ,m2
12, where mh,mH ,mA,mH± are the physical

masses of the corresponding Higgs bosons. The relations between these two sets of parameters

can be found in Ref. [53].

The Yukawa couplings of the two Higgs doublets are given by

− LY = YuQ̄LΦ̃uuR + YdQ̄LΦddR + YeL̄LΦeeR + h.c., (2.7)

with Φ̃ = iσ2Φ∗ and Φu,d,e are either Φ1 or Φ2. To avoid tree-level flavor-changing-neutral-

currents (FCNCs), a discrete Z2 symmetry1 is imposed. There are four possible choices for

the charge assignment of the fermions under Z2, which are shown in Table 1, along with the

non-zero Yukawa couplings for each Φ.

Expanding the 2HDM Lagrangian after EWSB and rotating into mass eigenstates, we

have, for the gauge and Yukawa couplings of the SM-like Higgs boson2 h,

L = κZ
m2
Z

v
hZµZ

µ + κW
2m2

W

v
hW+

µ W
µ− −

∑

f=u,d,`

κfhf̄f. (2.8)

1This symmetry is broken by the m2
12 term in the scalar potential.

2In our analyses, we take the light CP-even Higgs as the 125 GeV SM-like Higgs boson.
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At tree level, κi = κih only depend on two mixing angles (α, β) and are listed in Table 2. Note

that the two normalized Yukawa couplings can be instead expressed in terms of two more

commonly used parameters cos(β − α) and tanβ as

cosα

sinβ
= sin(β − α) + cotβ cos(β − α),

− sinα

cosβ
= sin(β − α)− tanβ cos(β − α). (2.9)

With the anticipated high precision of Higgs coupling measurements at future Higgs fac-

tories, they are sensitive to radiation corrections. The one-loop corrections are calculated for

the Higgs couplings with the on-shell scheme [51, 54, 55] using FeynArts [56], FormCalc [57],

FeynCalc [58, 59] and LoopTools [60] which are cross-checked with H-COUP [61] and with

2HDECAY [62]. All the couplings (κi’s) at loop level depend on the mass parameters of the

other heavy states running in the loops, as well as the soft Z2 breaking parameter m2
12, in

addition to the parameters α and β.

3 Study Strategy

3.1 Precision measurements at future colliders

The properties of the SM-like Higgs boson are measured at the current LHC Run-II [25, 26],

and will be measured to a high precision at future Higgs factories [63, 64]. In the previous

works [47–50], we studied the implications of the anticipated precision measurements on

various new physics models, such as the singlet extension of the SM, 2HDM, and composite

Higgs model, assuming that no deviation is observed at future Higgs factories. Naturally,

we would like to explore the discovery potential of the Higgs factories for BSM physics. We

will take the estimated precisions for Higgs coupling measurements at the HL-LHC with 3

ab−1 integrated luminosity each from the ATLAS and CMS measurements [63] and CEPC

program with 5.6 ab−1 integrated luminosity [32, 48, 65]. Generally speaking, three future

Higgs factories (CEPC, FCC-ee, and ILC) have compatible precisions for Higgs property

measurements, especially for the cross section of e+e− → hZ and the signal strength of

e+e− → hZ with h→ bb. While Higgs production at the CEPC [31, 32] and the FCC-ee [33–

38] is dominated by e+e− → hZ near 240 GeV−250 GeV, FCC-ee, as well as ILC [27–30], may

accumulate more data with e+e− → νν̄h via WW fusion at higher energies. Furthermore,

ILC running at higher energy may have the access to the self-coupling λhhh [66]. A summary

of the latest Higgs precision measurements of signal strength at future Higgs factories that is

used in our analyses can be found in Ref. [48, 64].

The estimated precision on normalized Higgs couplings at the current LHC Run-II at

ATLAS [25], LHC with 300 fb−1 integrated luminosity at
√
s = 14 TeV [67], HL-LHC [63]

and CEPC [32] are listed in Table 3 3. For the up-type Yukawa couplings, κt is measured at

3Note that the precisions for the latest LHC Run-II results of κb,t,g are better than the available predictions

at the LHC 300 fb−1 from 2014 analyses.
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Collier LHC Run-II LHC HL-LHC CEPC√
s 13 TeV 14 TeV 14 TeV 240 GeV∫
Ldt 80 fb−1 300 fb−1 3 ab−1 5.6 ab−1

κτ 16% 14% 1.9% 1.3%

κb 19% 23% 3.7% 1.2%

κt 15% 22% 3.4% -

κc - - - 2.1%

κW 9% 9.0% 1.7% 1.3%

κZ 8% 8.1% 1.5% 0.13%

κg 11% 14% 2.5% 1.5%

κγ 9% 9.3% 1.8% 3.7%

Table 3. Estimated statistical precision on normalized Higgs couplings at current LHC Run-II in

ATLAS [25], LHC with 300 fb−1 integrated luminosity at
√
s = 14 TeV [67], HL-LHC with integrated

luminosity of 3 ab−1 at 14 TeV (including both ATLAS and CMS) [63] and CEPC with integrated

luminosity of 5.6 ab−1 at 240 GeV [32].

the LHC while κc will be measured at CEPC given the lower center of mass energy and clean

experimental environment at a lepton collider. While all the couplings can only be determined

at a 8%−20% level at the LHC, the HL-LHC can improve the precision significantly to a few

percent level. CEPC has the best precision for κZ at sub-percent level, and about 1% for

κτ,b,W,g. The precision for κc and κγ is a bit worse given the limited statistics.

3.2 Fitting method

While the previous works focus on the scenarios when no deviation from the SM predictions

is observed at future Higgs factories [47–49, 68–71], in this work, we examine the extent to

which deviations from the SM predictions can be observed, reaching 5σ discovery sensitivity

for the 2HDMs. We further explore how different types of 2HDMs can be distinguished after

the 5σ observation, as well as how to narrow down the parameter spaces for a given type of

2HDM.

To perform a χ2-fit, we adopt the signal strength modifier (SSM) µ:

µ =
σ × Br

(σ × Br) SM
(3.1)

of the SM-like Higgs boson in different production and decay channels to parameterize the

prediction of different models as well as the experimental data. As a test statistic, we use

χ2 =
∑

i

(µ0
i − µ1

i )
2

σ2
µi

, (3.2)

for µ0
i being the prediction of µi in a given testing model, µ1

i being the experimentally observed

value, and σµi being the corresponding experimental precision. For future colliders, µ1
i is
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taken to be the SM values 1, if assuming no deviation from the SM value is observed, or a

specific set of values when certain deviations are assumed. In the case when the experimental

observed data is taken to be the prediction of another model, χ2 could be interpreted as

the capability to distinguish them. We assume the χ2 statistic follows the χ2 probability

distribution function (p.d.f) with the number of degrees of freedom (d.o.f.) equal to the

number of fitting observables µ subtracted by the number of internal variables of the testing

model. As such, a 5σ discovery or a 95% C.L. exclusion corresponds to a (two-tail) p-value

of 5.7× 10−7 or 0.05, respectively.

For the current LHC measurements, we use ∆χ2 = χ2 − χ2
min to obtain the 95% C.L.

exclusion, in which χ2
min is the corresponding χ2 of the best fitting point of the testing model

to the experimentally observed value. In this case, the number of d.o.f of the χ2 statistic is

equal to the number of internal variables of the testing model.

4 Discovery Potential and Characteristics of 2HDMs

In this section we first present the 95% C.L. allowed regions in the parameter space of 2HDMs

given the current LHC limit, and then explore the 5σ discovery regions at the 300 fb−1 LHC,

the HL-LHC, and Higgs factories such as the CEPC. In the due course, we discuss the unique

characteristics of different 2HDMs.

The allowed 95% C.L. regions for four types of 2HDMs under the current LHC limit [25]

in cos(β − α)-tanβ are shown in Fig. 1, using the ∆χ2 statistic with the number of d.o.f= 2

for the two fitting parameters tanβ and cos(β − α). The results of Type-I, II, L and F are

indicated by red, green, blue and orange colors, respectively. The regions enclosed by the solid

(dashed) curves are the 95% C.L. allowed regions at one-loop (tree) level, with the one-loop

level best fitting point of each type marked by a star of the corresponding color. For the loop-

level results, we assume a degenerate non-SM Higgs mass mΦ = mH = mA = mH± = 800

GeV, with
√
λv2 ≡

√
m2
H −m2

12/(sinβ cosβ) = 0 in the left panel and 300 GeV in the right

panel.

The behavior of Type-II resembles that of Type-F, while Type-I resembles Type-L except

that the allowed region of Type-I opens up for large tanβ. This is because the difference

between the two corresponding 2HDM types is in the lepton sector, and the impact of the

leptonic couplings is small, given the dominating bottom decay branching fractions, and the

comparable measured precision of ττ channels with bb channel at the LHC.

Those band-shaped regions in the upper right quadrant are the “wrong-sign” regions [72].

This is in the neighbourhood of cos(β − α) ∼ 2/tanβ, where the Yukawa couplings induced

by Φ2 in Table 2 happen to be unity, and those induced by Φ1 are near −1, thus the name of

“wrong-sign”. ∆κi is small and changes sign when passing it from the left to the right for Φ2

induced Yukawa couplings. The wrong-sign region of Type-I is hidden inside the wide allowed

region at large tanβ. Again, we observe the similarity between Type-II and Type-F given

the same quark coupling structure, which results in the same loop-induced hgg corrections as

well.
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Figure 1. 95% C.L. allowed regions enclosed by the solid (dashed) curves from one-loop (tree level)

results under the current LHC limits. Results of Type-I, II, L and F are indicated by the red, green,

blue and orange colors, respectively, with the one-loop level best fitting point of each type marked

by a star of the corresponding color. For loop results, we assume a degenerate non-SM Higgs mass

mΦ = mH = mA = mH± = 800 GeV, with
√
λv2 = 0 in the left panel and 300 GeV in the right panel.

There is another wrong-sign region along the line cos(β − α) = −2 tanβ in the small

tanβ region, where the Yukawa couplings induced by Φ2 are −1, while Φ1 induced couplings

are 1, instead. Such regions, however, are severely constrained by the large corrections to

the loop-induced κhγγ coupling [50] once κt flips sign. Therefore, no such wrong-sign region

appears in the lower-left corner of the plot. Note that there is also an allowed region for Type-

I appearing in the upper left corner at one-loop level, which corresponds to κf/W/Z = −1

caused by loop corrections.

Comparing the one-loop results (solid curves) with that of the tree-level (dashed curves)

in Fig. 1, we see that other than the large tanβ region of Type-I [48] mainly due to loop

corrections to hZZ coupling, the impact of loop corrections on the allowed region in tanβ-

cos(β − α) plane is small. The “wrong-sign” region is shifted at one-loop for relatively large

λv2 since the tree level shift is close to zero in this region.

To compare with experimental observations, we map out the allowed region in 2HDM

parameter space under the current LHC limit to the deviations in various couplings normalized

to the SM value: ∆κi ≡ κi − 1, for i = t, b, τ or Z. Given that different types of 2HDMs

predict different Yukawa coupling relations, we present the results in the ∆κi-∆κj plane.

To better understand the qualitative features, we present the tree-level results first in

Fig. 2 in the ∆κi-∆κj plane. The shaded regions display the LHC allowed regions for four

types of 2HDMs, with red, green, blue and orange colors referring to Type-I, II, L and F,

respectively. The LHC best fitting points for ∆κ are marked by stars in the corresponding

colors. The solid, dashed and dash-dotted lines exhibit the discovery reach of the CEPC,

HL-LHC and LHC of 300 fb−1 luminosity, outside which a discovery of 5σ significance or

above could be made. The projected experimental precision on measuring κi at different
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Figure 2. 95% C.L. allowed regions in the ∆κi-∆κj plane (i, j = t(c), b, τ, Z) from the tree-level

results under the current LHC limits. Results of Type-I, II, L and F are indicated by the red, green,

blue and orange colors, respectively. The regions outside the solid, dashed and dash-dotted lines in

the corresponding colors indicate the 5σ discovery reaches of CEPC, HL-LHC and LHC (300 fb−1).

machines is indicated by crossing arrows with the consistent line styles. Also shown are the

values of cos(β − α) and tanβ by solid and dashed white contour lines. For the two upper

panels, the overlapping two types in the second and fourth quadrants share the same white

contour lines, whereas for the middle left panel, Type-L and Type-F have the opposite sign

in cos(β − α): the labeled values are for Type-L. The white contours in the last three panels
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are for Type-I specifically. For the CEPC curves, ∆κc is used instead of ∆κt given the same

Yukawa coupling structure and better experimental precision expected for the charm Yukawa

coupling at the CEPC (see Table 3).

In the first three panels in Fig. 2, the Type-I results show up as straight diagonal lines,

since κt = κb = κτ at tree level. Similarly, κt = κb in Type-L, κt = κτ in Type-F, and

κb = κτ in Type-II, which are reflected in the diagonal lines in the first three panels as well.

While no correlation appears for ∆κt and ∆κb in Type-II and Type-F, they only occupy the

second and fourth quadrants as shown in the upper-left panel. The allowed region appears

asymmetric because the central values of the current LHC data deviate slightly away from

the SM prediction. Similar behaviour for ∆κt vs. ∆κτ and ∆κb vs. ∆κτ can be observed in

the upper-right and middle-left panel as well for different types of 2HDMs.

The remaining three panels show ∆κZ versus ∆κt,b,τ , with only Type-I extending much

further toward negative ∆κZ = sin(β−α)−1 direction than the other types. This is because

Type-I permits much wider range of cos(β − α) away from the alignment limit, as shown in

Fig. 1. The best fitting points in the last three panels stick to the upper boundary of the

allowed regions. This is because the current LHC experiments yield positive ∆κZ = 0.1 ±
0.08 [25], whereas ∆κZ in 2HDMs is always negative. The narrow bands around ∆κt(c),b,τ = 0

of Type-II, L and F are the wrong sign regions, which confirm that the corrections to the Φ2

induced Yukawa couplings vanish in this very region.

Comparing the LHC allowed region with the 5σ discovery reach of the future measure-

ments, we can see that almost the entire allowed region permits a discovery at the CEPC

and HL-LHC, whereas the discovery reach of LHC of 300 fb−1 integrated luminosity is rather

limited. Combining all six panels, one finds that the four types of 2HDMs exhibit very dis-

tinct distributions in κ-space except for the common intersection at origin. For instance,

Type-I and L overlap in ∆κt-∆κb plane, while they are completely separable from Type-II

and F. To further distinguish Type-I and L, one can examine ∆κτ in addition, as shown in

the top-right and middle-left panels. Measuring ∆κZ also provides an immediate separation

between Type-I and the other three types, if a large deviation is observed. Therefore, if a

deviation of the Higgs couplings from the SM prediction is observed at future experiments,

one could potentially distinguish the four different types of 2HDMs by measuring all the four

couplings.

However, once loop corrections are included, the correlations among couplings are smeared.

For illustration, we show in Fig. 3 the LHC allowed regions as well as the future discovery

reaches at one-loop with degenerate non-SM Higgs mass mΦ = mH = mA = mH± = 800

GeV and
√
λv2 = 300 GeV. The tree-level relation of κt(c), κb and κτ receives loop correc-

tions, which result in the wide bands along the diagonal direction. The linear correlation

between κb and κτ for Type-II still persists (middle-left panel), due to the relatively small

loop corrections for both the bottom and tau Yukawa couplings in the Type-II 2HDM.

In the last three panels of Fig. 3, the allowed region of Type-I is seen to be distorted

by loop corrections significantly and the wrong-sign regions are shifted to the left compared

to the tree-level results. Since the wrong-sign regions always stay in the positive cos(β − α)

– 10 –
130



0.10 0.05 0.00 0.05 0.10 0.15
t

0.20

0.15

0.10

0.05

0.00

0.05

0.10

0.15

b

1
2/3

1/3

3/2
3

0.01
0.02

0.03

0.010.02
0.03

m = 800 GeV, v2 = 300 GeV

Type-I
Type-II
Type-L
Type-F

0.2 0.1 0.0 0.1 0.2 0.3
t

0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3

1
2/3

1/3

3/2
3

0.05
0.1

0.15

0.05

0.1

m = 800 GeV, v2 = 300 GeV

Type-I
Type-II
Type-L
Type-F

0.2 0.1 0.0 0.1 0.2 0.3
b

0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3

1
2/3

1/3

3/2
3

0.05
0.1

0.15

0.05

0.1

m = 800 GeV, v2 = 300 GeV

Type-I
Type-II
Type-L
Type-F

0.1 0.0 0.1 0.2
t

0.10

0.05

0.00

0.05

0.10

Z

wrong sign

1
1.5

3

1
1.5

3

0.1
0.2

0.3

0.1
0.2

0.3

m = 800 GeV, v2 = 300 GeV
Type-I
Type-II
Type-L
Type-F

0.1 0.0 0.1 0.2
b

0.10

0.05

0.00

0.05

0.10

Z

wrong sign

1
1.5

3

1
1.5

3

0.1
0.2

0.3

0.1
0.2

0.3

m = 800 GeV, v2 = 300 GeV
Type-I
Type-II
Type-L
Type-F

0.1 0.0 0.1 0.20.10

0.05

0.00

0.05

0.10

Z

wrong sign

1
1.5

3

1
1.5

3

0.1
0.2

0.3

0.1
0.2

0.3

m = 800 GeV, v2 = 300 GeV
Type-I
Type-II
Type-L
Type-F

Figure 3. 95% C.L. allowed regions in the ∆κi-∆κj plane (i, j = t(c), b, τ, Z), the same as Fig. 2, but

from the one-loop results.

region (see Fig. 1), they are truncated at the tanβ →∞ contour line.

While the loop corrections weaken the capability to distinguish different types of 2HDMs,

in particular due to the spread of the diagonal regions in Yukawa coupling correlations,

combining all six panels still demonstrates the advantage in discrimination. A quantitative

method to distinguish four different types of 2HDMs is given in the next section, by utilizing

the χ2 distribution.

We present the CEPC 5σ discovery contour lines in Fig. 4 in cos(β − α)-tanβ plane,
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Figure 4. 5σ discovery regions outside the contour lines in the cos(β − α)-tanβ plane for CEPC at

tree level (dashed) and one-loop (solid). Red, green, blue and orange colors indicate the results of

Type-I, II, L and F, respectively. We choose mH = mA = mH± = mΦ = 800 GeV and
√
λv2 = 300

GeV for one-loop curves. Four representative points in Type-I and II are marked with red and green

dots, respectively.

at tree (dashed) and one-loop (solid) level. Red, green, blue and orange colors correspond

to Type-I, II, L and F, respectively. The regions outside the contour lines are accessible

with 5σ sensitivity. A degenerate scalar mass of mH = mA = mH± = mΦ = 800 GeV and√
λv2 = 300 GeV is used for obtaining the one-loop results. For the Type-I 2HDM, regions

with cos(β − α) . −0.1 or cos(β − α) & 0.08 are discoverable at more than 5σ level. For the

other three types of 2HDMs, the 5σ region is even bigger: | cos(β − α)| & 0.02 for tanβ ∼ 1.

At small and large values of tanβ, the region in cos(β − α) is further tightened.

5 Distinguishing the Four Types of 2HDMs

It is encouraging to see the discovery potential at the 5σ level from the precision SM mea-

surements and to realize the characteristic features of different types of 2HDMs as shown in

the last section. We now make a few case studies to quantify the feasibility to distinguish

the four different types of 2HDMs. Our procedure is that we start with a benchmark point

in the cos(β−α)-tanβ plane that permits a 5σ discovery at one-loop level with the precision

of CEPC for a particular type of 2HDM, called the target model. We study how the target

model can be distinguished from other types with a quantitative χ2 analysis. In particular,

we take the corresponding µi for that benchmark point as µ1
i in Eq. (3.2), and perform a χ2

analysis with µ0
i being the signal strength of the other 2HDMs. A 2σ significance of inconsis-

tency is set as the criterion for the model discrimination, which corresponds to roughly 95%

C.L.
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(cos(β − α), tanβ) Small tanβ Large tanβ

Type-I IA: (−0.019,1.0) IB: (−0.077,10)

Type-II IIA: (0.012,0.3) IIB: (0.005,3.0)

Table 4. Benchmark points of cos(β − α) and tanβ in Type-I and Type-II 2HDMs with a low and

high value of tanβ.

We choose four benchmark points for two target models of Type-I (red dots) and Type-II

(green dots) in Fig. 4 at a small and large value of tanβ to perform the comparative study.

The values of cos(β−α) and tanβ for the benchmark points labelled as IA, IB and IIA, IIB,

are summarized in Table 4.

In Fig. 5, we show the 95% C.L. discrimination regions of different types of 2HDMs from

the benchmark points of the target models in the cos(β − α)-tanβ plane. The top (bottom)

two panels are for the benchmark points in Type-I (Type-II), and the left and right panels

are for small and large tanβ benchmark points, respectively. In each panel, the benchmark

point is marked with small dots of the respective color, unless it lies outside the plot range

as in the upper-right panel. The solid contour lines indicate the 95% C.L. distinguishable

regions outside the contours at one-loop, with the best fitting points indicated by the stars of

the corresponding colors. Also shown is corresponding significance for the best fitting point.

Regions within the contours are the parameter space of the corresponding 2HDM type that

cannot be distinguished from the target model of the benchmark point at 95% C.L. Note that

lines of identical color to the benchmark point enclose the region that is consistent with the

benchmark point of the target model at 95% C.L. In this process, we do one test for each

point comparing with the benchmark point, thus the number of d.o.f equals the number of

SSMs, which is ten in CEPC.

For the small tanβ Benchmark IA of Type-I shown in the upper-left panel, the best fitting

point of Type-II 2HDM is consistent at 0.9σ while the region enclosed by the green contour of

Type-II cannot be distinguished from Benchmark IA at 95% C.L. Similar conclusion holds for

Type-L (blue) and Type-F (orange). To see the impact of loop corrections, we also present

the χ2-fit results at tree level, which are shown via dashed contour lines, with numbers

underlined with dashed lines being the best fitting point significance at tree level. Including

loop corrections shifts the 95% C.L. region for all the three types considerably.

For the large tanβ Benchmark IB in Type-I shown in the upper-right panel, other than a

small slice of the region for the Type-II 2HDM, all the other three types can be distinguishable

from Benchmark IB at 95% C.L. The loop corrections are more significant here, as the dashed

regions at tree level disappear once loop effects are included. Note that the red curve indicates

the region of the Type-I 2HDM that is consistent with the Benchmark IB, which contains

two regions between two red solid curves in the upper left and upper right corners, as well as

the region enclosed by the red solid curve around tanβ ∼ 2.

For the small tanβ Benchmark IIA in Type-II shown in the lower-left panel, while it can

be easily separable from Type-I, the best fitting point in Type-L is very close to Benchmark
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Figure 5. 95% C.L. discrimination regions with solid (dashed) contours from one-loop (tree level)

results with respect to the benchmark points (dots) of Type-I (upper panels) and Type-II (lower

panels). Red, green, blue and orange colors refer to the points in Type-I, II, L and F, respectively.

Stars of consistent colors mark the best fitting point, of which the significance of inconsistency are

labelled beside.

IIA with χ2 = 0. As a direct consequence of loop corrections, this is caused by the strong

overlap between Type-II and L in κ space displayed in the first panel of Fig. 3. No tree-level

dashed region appears for this benchmark point, again showing the effect of loop corrections.

For the large tanβ Benchmark IIB point in Type-II shown in the lower-right panel, while

large part of Type-I parameter space (red) can be consistent, the entire parameter space for

Type-F can be distinguishable from this benchmark point. The difference between the solid

and dashed regions shows that the impact of the loop corrections is indeed large.

In our analyses with the loop corrections, we have kept mH = mA = mH± = 800 GeV

and
√
λv2 = 300 GeV to be the same for all the four types of 2HDMs. Given that the loop

corrections to the Higgs couplings depend on λv2 and mH/A/H± , allowing these parameters

to vary in addition to cos(β − α) and tanβ will inevitably increase the 95% C.L. contour

region, making it potentially more ambiguous in differentiating different types of 2HDMs.
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Figure 6. Comparative study of the Benchmark point IA in Type-I with other types in κ space.

Shaded regions show the 95% C.L. discrimination regions, while regions enclosed by the solid curve

are the CEPC 5σ discovery regions. The left (right) panels are for the tree-level (loop) results. Red,

green, blue and orange colors refer to Type-I, II, L and F, respectively. Stars of consistent colors mark

the best fitting point, of which the significance of inconsistency are labelled beside.
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To directly connect the theory parameters to the experimental observables, we take the

small tanβ Benchmark point IA in Type-I, marked by the red dot in Fig. 6, with the crosses

on top of the dot indicating the precision associated with each κi at the CEPC. We present

the regions that are indistinguishable from the other three types of 2HDMs in κ space at

95% C.L. as shaded areas in Fig. 6. The left panels are for the tree-level results while the

right panels include the one-loop results. Red, green, blue and orange colors refer to the

points in Type-I, II, L and F, respectively. The shaded orange region in the right panel of

the second row is too thin to be visible. The best fitting points are marked by stars, with

its significance labeled as well. In each panel, we also show the 5σ CEPC discovery regions

by the solid contour lines. Note that the small gap in the red contour line of the bottom-left

panel, as well as the deep indent in the bottom-right panel, is caused by our scanning region

of tanβ ∈ [0.1, 50].

Comparing the solid 5σ discovery contours with the CEPC measurement in the left (tree

level) and the right (loop level) panels, the 5σ discovery regions for Type-II (green) and

F (orange) in the top two right panels exhibit a significant spread towards negative ∆κc
region compared to their tree level counterparts. This is associated with the large stretch

of the corresponding solid contour lines in Fig. 4 towards very low tanβ region: small tanβ

enhances the Yukawa couplings induced by the second Higgs doublet Φ2 as well as the loop

corrections.

Given that Benchmark IA corresponding to ∆κb = −0.025, ∆κτ = −0.021 , ∆κc =

−0.021, ∆κZ = −0.001 at one-loop level, and the corresponding precisions of the experimental

measurements of those Higgs couplings, there are small shaded regions in all three other types

of 2HDMs that can not be distinguished from this Type-I benchmark point at 95% C.L.

However, most of the parameter space of the other three types of 2HDMs can be separable

from the Benchmark IA. In particular, given that most of the shaded region is inside the 5σ

discovery contour of the other three types of 2HDMs, except for κb in the Type-II 2HDM,

if a 5σ discovery is made in any of these three 2HDMs outside the shaded region, it can be

separable from Benchmark IA at more than 95% C.L.

In κ-space, while the 95% C.L. shaded regions tend to approach the benchmark point as

much as they can, the discovery contours set a limitation on how much they can achieve. As

a result, all best fitting points stop at the edge of the discovery contour lines. So we can use

the contour lines as guidance to understand how a benchmark point could be distinguished

from other types. For the Benchmark IA marked on the panels, all other types show shaded

regions from which it cannot be separated, but it is particularly difficult to distinguish it from

the best fitting point in Type-II. This is because it has the green contour line of Type-II in its

immediate neighborhood in the plane of ∆κτ and ∆κb, both of which are precisely measured

in CEPC.

In addition, going from Benchmark IA to IB in the right panels, one could move the

red dot along the red contour line clockwise in the top panel and counter-clockwise in the

following three panels, given the dependence of ∆κi on tanβ and cos(β − α). Although it

seems harder to distinguish the red dot with other types as it gradually approaches the origin,
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the substantial deviation in κZ in Type-I, as shown in the bottom panels, makes it relatively

easy to separate Benchmark IB from the other three types. This is also reflected in Fig. 5,

in which Benchmark IB can be distinguished from all other types except for a tiny region in

Type-II.

6 Summary and Conclusions

The extension of the SM Higgs sector to two scalar doublets is well motivated in some theoreti-

cal scenarios for BSM physics. The additional Higgs bosons are thus amongst the most-wanted

targets for searches for new physics in the current and future high-energy experiments.

We considered four types of 2HDMs with different patterns of Yukawa couplings and a

Z2 discrete symmetry, named Type-I, Type-II, Type-F and Type-L, outlined in Sec. 2. We

laid out our analysis strategy and our fitting method in Sec. 3. In Sec. 4, we first presented

the 95% C.L. allowed region under the current LHC Run-II limit in the cos(β − α)-tanβ

plane, as shown in Fig. 1. The effects of loop corrections are generally small, except for large

tanβ region of the Type-I 2HDM when the loop effects are manifest, giving a small tree-level

distortion. Roughly speaking, the largest allowed ranges for cos(β − α) at the 95% C.L. are

Type-I: (cos(β − α), tanβ) ∼ (±0.3, 2);

Type-L: (cos(β − α), tanβ) ∼ (±0.2, 1);

Type-II, F: (cos(β − α), tanβ) ∼ (±0.08, 1).

We further examined the 5σ discovery potential from the precision measurements for

the four types of 2HDMs, and we found that most of the currently allowed region permits a

discovery at the CEPC and HL-LHC, as shown in Fig. 2 and Fig. 3, and summarized in Fig. 4.

With the CEPC Higgs precision measurements, the 5σ discovery regions are

Type-I: cos(β − α) . −0.1 or & 0.08 for 2 . tanβ . 5;

Type-L, II, F: | cos(β − α)| & 0.02 for tanβ ∼ 1.

At small and large values of tanβ, the regions in cos(β − α) are further tightened.

By studying the deviations in various couplings normalized to the SM value ∆κi ≡ κi−1,

for i = t, b, τ or Z, predicted by different types of 2HDMs, we presented their correlation in

six ∆κi-∆κj planes, as shown in Fig. 2 (tree-level) and Fig. 3 (one-loop). Combining all six

panels, we found that the four types of 2HDMs exhibit very distinct distributions in κ-space

except for the common intersection at origin. In particular, measuring ∆κZ provides an

immediate separation between Type-I and the other three types, if a significant deviation

from the SM is observed. While the loop corrections weaken the capability to distinguish

different types of 2HDMs, in particular due to the spread of the diagonal regions in Yukawa

coupling correlations, combining all six panels still demonstrates the advantage in the model

discrimination.
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Because of the characteristic features of the different 2HDMs, We further demonstrated

the extent to which that they could be distinguishable from each other, if a discovery is

made. We chose four benchmark points for illustration. We found that a large part of the

parameter space of the other types of 2HDMs can be distinguished from the benchmark point

of the target model, as shown in Fig. 5. Including loop effects also shifts the tree level results

significantly. Our analyses has chosen a fixed value of the degenerate BSM Higgs mass mΦ

and soft Z2 breaking parameter m2
12, for the sake of illustration. We further presented the

discrimination ability of the 2HDMs in terms of the experimental measurements of κi in Fig. 6

for the small tanβ benchmark point IA in Type-I. We see that once a 5σ discovery is made in

a particular type of 2HDM, it is very likely to be distinguished from other types of 2HDMs.

In summary, our analyses demonstrated the impressive potential for the future precision

measurements on the SM Higgs precision observables at the Higgs factory, that could help to

discover the BSM Higgs physics and to discriminate among the different incarnations of the

two Higgs doublet models.
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