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1. Why do we study H+?



Current status of the 
Higgs boson 

measurements at the LHC

1. Why?



Gain from LHC Run-1 to Run-2Higgs boson production at the LHC
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~40k• Significant increase in production 
rate due to higher center-of-mass  
energy from LHC Run-1 to Run-2!  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Higgs decays in the SMZZ, γγ: high mass  
resolution channels 
mass and precise  
differential  
measurements

Higgs boson decay modes

WW: High BR, but low  
mass resolution

bb, ττ: high BR, but  
low S/B, important to  
directly probe  
Higgs boson  
coupling to fermions

μμ: very small BR, but  
access to coupling to  
2nd generation  
fermions

bb
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cc
2.9% 

tt
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µµ
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ZZ*
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gg
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0.15% 
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0.008% (e,µ)
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ALL SM-like



LHC began to measure 
challenging modes for the 

Higgs decays.
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A. Dark matter 

B. Baryogenesis & Strong EW phase transition 

C. Neutrino mass  

D. Flavor physics   

E. Stability of the Higgs vacuum

Unanswered Questions
1. Why?



A. Dark matter 

B. Baryogenesis & Strong EW phase transition 

C. Neutrino mass  

D. Flavor physics   

E. Stability of the Higgs vacuum

Unanswered Questions

A New Higgs sector can solve all.

1. Why?



Freeze-in genesis of Dark matter: 
Feebly Interacting Massive Particles

• DM interacts with the SM so weakly that it cannot come into equilibrium  
⇒ Feebly interaction 
⇒ g below 10^(-7)


• The population of χ is initially zero, but can be produced by the decays of the 
heat bath particles
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.

– 10 –

Freeze-out Freeze-in
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Freeze-in genesis of Dark matter: 
Feebly Interacting Massive Particles

• DM interacts with the SM so weakly that it cannot come into equilibrium  
⇒ Feebly interaction 
⇒ g below 10^(-7)


• The population of χ is initially zero, but can be produced by the decays of the 
heat bath particles

1. Why? DM

Simplest FIMP: Higgs portal



Baryogengesis ⇐ strong EW phase transition

• Explaining the origin of the cosmic matter-antimatter asymmetry 


• Very probably, it is connected with EWSB


• 2 key ingredients that the SM cannot offer:


• First-order strong EW phase transition 


• adequate sources of CP-violation


• 125 GeV Higgs mass ⇒ Second-order EWPT

1. Why? Baryogenesis



Neutrino mass generation

• Various NP modes to explain the neutrino masses and mixing angles

14. Neutrino masses, mixing, and oscillations 9

Table 14.1: The best-fit values and 3σ allowed ranges of the 3-neutrino oscillation
parameters, derived from a global fit of the current neutrino oscillation data
(from [58]) . For the Dirac phase δ we give the best fit value and the 2σ
allowed range. The values (values in brackets) correspond to m1 < m2 < m3
(m3 < m1 < m2). The definition of ∆m2, which is determined in the global analysis
in [58] is: ∆m2 = m2

3 − (m2
2 + m2

1)/2. Thus, ∆m2 = ∆m2
31 − ∆m2

21/2 > 0, if
m1 < m2 < m3, and ∆m2 = ∆m2

32 + ∆m2
21/2 < 0 for m3 < m1 < m2. We give the

values of ∆m2
31 > 0 for m1 < m2 < m3, and of ∆m2

23 for m3 < m1 < m2, obtained
from those for ∆m2 quoted in [58].

Parameter best-fit 3σ

∆m2
21 [10−5 eV 2] 7.37 6.93 − 7.96

∆m2
31(23) [10−3 eV 2] 2.56 (2.54) 2.45 − 2.69 (2.42 − 2.66)

sin2 θ12 0.297 0.250 − 0.354

sin2 θ23, ∆m2
31(32) > 0 0.425 0.381 − 0.615

sin2 θ23, ∆m2
32(31) < 0 0.589 0.384 − 0.636

sin2 θ13, ∆m2
31(32) > 0 0.0215 0.0190 − 0.0240

sin2 θ13, ∆m2
32(31) < 0 0.0216 0.0190 − 0.0242

δ/π 1.38 (1.31) 2σ: (1.0 - 1.9)

(2σ: (0.92-1.88))

on the Dirac and Majorana CPV phases in the neutrino mixing matrix is available at
present. Thus, the status of CP symmetry in the lepton sector is essentially unknown.
With θ13

∼= 0.15 #= 0, the Dirac phase δ can generate CP violating effects in neutrino
oscillations [54,61,62], i.e., a difference between the probabilities of the νl → νl′ and
ν̄l → ν̄l′ oscillations, l #= l′ = e, µ, τ . The magnitude of CP violation in νl → νl′ and
ν̄l → ν̄l′ oscillations, l #= l′ = e, µ, τ , is determined by [63] the rephasing invariant JCP ,
associated with the Dirac CPV phase in U :

JCP = Im
(

Uµ3 U∗
e3 Ue2 U∗

µ2

)

. (14.9)

It is analogous to the rephasing invariant associated with the Dirac CPV phase in the
CKM quark mixing matrix [64]. In the “standard” parametrization of the neutrino
mixing matrix (Eq. (14.6)), JCP has the form:

JCP ≡ Im (Uµ3 U∗
e3 Ue2 U∗

µ2) =
1

8
cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δ . (14.10)

Thus, given the fact that sin 2θ12, sin 2θ23 and sin 2θ13 have been determined
experimentally with a relatively good precision, the size of CP violation effects in

June 5, 2018 19:50
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Neutrino mass generation

• Various NP modes to explain the neutrino masses and mixing angles

Parameter best-fit 3

∆m2
21 [10−5 eV 2] 7.37 6

∆m2
31(23) [10−3 eV 2] 2.56 (2.54) 2

sin2 θ12 0.297 0

sin2 θ23, ∆m2
31(32) > 0 0.425 0

sin2 θ23, ∆m2
32(31) < 0 0.589 0

sin2 θ13, ∆m2
31(32) > 0 0.0215 0

sin2 θ13, ∆m2
32(31) < 0 0.0216 0

δ/π 1.38 (1.31) 2

How to discriminate the models?

Lepton Flavor Violation

1. Why? Neutrino



• How to explain the structure (smallness and hierarchy) in the charged fermion 
masses and the CKM mixing angles?


• Why no structure (no hierarchy, degeneracy, or smallness) in the neutrino-
related flavor parameters?


• Measure new flavor parameters beyond CKM, especially in the Higgs sector

Flavor puzzles
1. Why? Flavor



Stability of the Higgs vaccum

• The Higgs potential determines whether the 
Universe is in a true vacuum, or a false 
vacuum.


• If it is metastable, we shall meet the most 
quick, clean, and efficient extinction. 


• In the SM, the measurements of the Higgs 
boson mass seem to indicate the vacuum is 
metastable.

Lifetime > Universe age

1. Why? Stabiliy
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New Higgs Sector  

Clean signal? 

Charged Higgs boson

1. Why?



• Doublet models


• 5 scalars

• Triplet models 
Georgi-Machacek Model


• add one real and one 
complex SU(2) triplet 


• H+ phenomenology different 
from the doublet models 


• H+WZ couplings at tree level 


• Double-charged Higgs  
 bosons H++ 

Beyond the SM Higgs sector
✤ Theoretical motivation for an extended Higgs sector is broad: coupling 
constant unification, CP violation, neutrino masses, hierarchy problem… 

✤ Charged Higgs bosons (H+) appear in many extensions → sign of BSM physics

2

Triplet models 
✤ Addition of scalar triplet(s)  

✤ Georgi-Machacek model:  
add one real and one 
complex SU(2) triplet  

✤ H+ phenomenology different 
from the doublet models 
✤ H+WZ couplings at tree level 
✤ Double-charged Higgs  
bosons H++ 

Doublet models 
✤ Add another doublet → two Higgs-
Doublet Models (2HDM) 
✤ 5 scalar bosons: h, H, A, H+, H- 
✤ Classes of models (no FCNCs):

Φ1 Φ2
Type I (Fermiophobic) Type II (MSSM-like)

Type X (Lepton-specific) Type Y (Flipped)

d u
e Φ1 Φ2

d u

e

Φ1 Φ2
d u
e Φ1 Φ2

d u
e

Two kinds of NP for charged Higgs
1. Why?



2. H+ in 2HDM



Two Higgs doublets

I. INTRODUCTION

II. THE TWO HIGGS DOUBLET MODEL

h0, H0, A0, H+, H−

mh, MH , MA, MH±

The general 2HDM [? ] involves Φ1 and Φ2 which are two complex Y = 1, SU(2)L Higgs

doublet scalar fields. The most general potential with CP invariance and softly broken Z2

symmetry is given by [? ]

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
1

2
λ5

[
(Φ†

1Φ2)
2 + h.c.

]
(1)

where all of the parameters are real.

The scalar potential (??) is bounded from below only if the following conditions are

satisfied [? ? ? ? ]

λ1 > 0, λ2 > 0, λ3 > −
√

λ1λ2, λ3 + λ4 − |λ5| > −
√

λ1λ2. (2)

In addition, we demand perturbativity as

|λi| < 4π. (3)

After spontaneous symmetry breaking, the doublets have the vacuum expectation values as

follows,

〈Φ1〉 =
1√
2



 0

v1



 , 〈Φ2〉 =
1√
2



 0

v2



 , (4)

where v1 and v2 are are taken to be real. For CP conservation, we further require

v2 ≡ v21 + v22 = (246 GeV)2,
v2
v1

= tan β. (5)

Before, we defined tan β = vu/vd, which implies

Φu = Φ1, Φd = Φ2. (6)

1

which determine m11 and m22 as

m2
11 = m2

12 tan β − v2

2

(
λ1 cos

2 β + λ345 sin
2 β

)
, (8)

m2
22 = m2

12 cot β − v2

2

(
λ2 sin

2 β + λ345 cos
2 β

)
,

Therefore, 8 parameters are

(
m2

11,m
2
22,m12,λ1,λ2,λ3,λ4,λ5

)
→ (v, tan β,m12,λ1,λ2,λ3,λ4,λ5) . (9)

With two complex scalar SU(2) doublets there are eight fields:

Φa =




φ+
a

va + ρa + iηa√
2



 , a = 1, 2. (10)

With the above minimum, the mass terms for the charged scalars are given by

Vφ± mass =
[
m2

12 − (λ4 + λ5)v1v2
] (

φ−
1 , φ−

2

)




v2
v1

−1

−1
v1
v2







 φ+
1

φ+
2



 . (11)

There is a zero eigenvalue corresponding to the charged Goldstone boson G± which gets

eaten by the W±. The mass-squared of the ‘charged Higgs’ is

m2
H+ =

m2
12

cos β sin β
− (λ4 + λ5)v

2. (12)

The mass terms for the pseudoscalars are given by

Vηmass =
1

2

m2
A

v21 + v22

(
η1, η2

)


 v22 −v1v2

−v1v2 v21







 η1

η2



 . (13)

One eigenvalue is zero, which corresponds to a pseudoscalar Goldstone mode. The mass-

squared of the physical pseudoscalar is

m2
A =

m2
12

cos β sin β
− 2λ5v

2. (14)

Note that, when m2
12 = 0 and λ5 = 0, the pseudoscalar becomes massless. This is due to

the existence, in that limit, of an additional global U(1) symmetry which is spontaneously

broken.
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Before, we defined tan β = vu/vd, which implies
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If one redefines the doublets as

H1 = cos βΦ1 + sin βΦ2, H2 = − sin βΦ1 + cos βΦ2, (6)

the lower component of H1 has a (real and positive) VEV v/
√
2, while H2 has null VEV.

If we replace the Higgs field in Eq.(1) by its VEV, the potential should take its minimum.

This is called the tadpole condition:

∂V

∂v1
= 0,

∂V

∂v2
= 0 (7)

2

I. INTRODUCTION

II. THE TWO HIGGS DOUBLET MODEL

The general 2HDM [? ] involves Φ1 and Φ2 which are two complex Y = 1, SU(2)L Higgs

doublet scalar fields. The most general potential with CP invariance and softly broken Z2

symmetry is given by [? ]

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
1

2
λ5

[
(Φ†

1Φ2)
2 + h.c.

]
(1)

where all of the parameters are real.

In addition, we demand perturbativity as

|λi| < 4π. (2)

After spontaneous symmetry breaking, the doublets have the vacuum expectation values as

follows,

〈Φ1〉 =
1√
2



 0

v1



 , 〈Φ2〉 =
1√
2



 0

v2



 , (3)

where v1 and v2 are are taken to be real. For CP conservation, we further require

v2 ≡ v21 + v22 = (246 GeV)2,
v2
v1

= tan β. (4)

Before, we defined tan β = vu/vd, which implies

Φu = Φ1, Φd = Φ2. (5)

If one redefines the doublets as

H1 = cos βΦ1 + sin βΦ2, H2 = − sin βΦ1 + cos βΦ2, (6)

the lower component of H1 has a (real and positive) VEV v/
√
2, while H2 has null VEV.

If we replace the Higgs field in Eq.(1) by its VEV, the potential should take its minimum.

This is called the tadpole condition:

∂V

∂v1
= 0,

∂V

∂v2
= 0 (7)

2

Mixing angle!
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Five physical Higgs bosons

h
0
, H

0
, A

0
, H

±

2. H+ in 2HDM



Two Higgs doublets

In order to suppress FCNC at tree level,
we impose Z2 symmetry
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model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"uuR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u, d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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Four types 
according to the charge assignment under 

Z2 symmetry

model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
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this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
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new physics candidates that predict THDMs (and their
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determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"uuR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u, d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
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Type Y þ # # þ # þ
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Special limit: Higgs Alignment

If sin(β − α) = 1

Type I Type II Type X Type Y

ŷHu = −ŷAu − 1
tanβ − 1

tanβ − 1
tanβ − 1

tanβ

ŷHd = ŷAd − 1
tanβ tanβ − 1

tanβ tanβ

ŷH" = ŷA" − 1
tanβ tanβ tanβ − 1

tanβ

TABLE I: In the limit of sin(β − α) = 1, the Yukawa couplings of H0 and A0 with the up-type

quarks (u), down-type quarks (d), and the charged lepton (#), normalized by the SM Yukawa

coupling mf/v.

several Higgs triple vertices. The triple couplings of Higgs bosons with weak gauge bosons

or other Higgs bosons can be classified into two categories, one proportional to sin(β − α)

and the other proportional to cos(β − α):

sin(β − α) : ghW+W− , ghZZ , gZAH , gW±H∓H , (2)

cos(β − α) : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cos(β − α) vanish in the alignment limit.

The exact alignment limit simplifies the total Higgs phenomenologies greatly. The most

important implication is that it guarantees the SM-like nature of the observed 125 GeV

state. In addition to the same couplings of h0 as in the SM, this limit prohibits the dangerous

“feed-down” contributions to the observed Higgs rates from the production of heavier Higgs

bosons through their decay into h0 [23, 37]. Dominant “feed-down” sources are A0 → Zh0

and H0 → h0h0. Their couplings are proportional to cos(β − α), and thus vanish in the

exact alignment limit. Second, no excess of events in the ZZ and WW decay channels is

still consistent with H0 and/or A0 having mass below 600 GeV. In particular, the CP-even

H0 coupling with WW and ZZ vanish in this alignment limit as in Eq. (2). Finally, the

Yukawa couplings of all heavy Higgs bosons are determined by a single parameter tan β. In

the alignment limit, the Yukawa couplings normalized by the SM ones, denoted by ŷH,A
f , are

summarized in Table I. The general expressions for ŷ’s are in Ref. [10, 26].

Focused on the heavy Higgs searches in γγ, τ+τ−, and tt̄ channels, the assumption in

Eq. (1) leaves practically the following four parameters:

mH , mA, mH± , tan β. (3)
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For

where

M2
11 = m2

12t
2
β +

λ1v2

1 + t2β
, (6)

M2
12 = −m2

12 + λ345v
2 tβ
1 + t2β

,

M2
22 =

m2
12

t2β
+ λ2v

2
t2β

1 + t2β
.

The mixing angle is α ∈
[
−π

2 ,
π
2

]
:



 ρ1

ρ2



 =



 cα −sα

sα cα







 H0

h0



 (7)

and the masses as

m2
H,h =

1

2

[
M2

11 +M2
22 ±

√
(M2

11 −M2
22)

2 + 4(M2
12)

2
]
, (8)

The SM Higgs field, which corresponds to H1, are expressed in terms of h0 and H0 as

HSM = sβ−αh
0 + cβ−αH

0 (9)

In the light hidden Higgs scenario, the condition of cβ−α = 0 guarantees very SM-like H0,

called the alignment limit.

The alignment limit if H0 = h125: cβ−α = 1 (10)

As shall be shown, the surviving parameters from all the constraints are distributed around

the alignment limit. It is interesting to observe that this limit maximizes or minimizes some

triple couplings of Higgs bosons with weak gauge bosons or other Higgs bosons, which are

divided into wo categories, one proportional to sβ−α and the other proportional to cβ−α:

sβ−α : ghW+W− , ghZZ , gZAH , gW±H∓H , (11)

cβ−α : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cβ−α vanish in the alignment limit.

Yukawa couplings of Higgs bosons are different according to type, i.e., the Z2 charges

of the SM fermions. The general expressions for the Yukawa couplings are referred to

Ref. [8, 14].
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Production

Decay
[⌧±

⌫] [cb] [cs] [W±
'

0
/A] [W±

hSM/A]

t ! H
±
b

Type-I [? ] IS Type-I [? ] Type-I [? ]

Type-X [? ] N2HDM [? ]

ATLAS [? ] ATLAS [? ] ATLAS [? ]

CMS [? ] CMS [? ? ]

W
±⇤

! H
±
'

0 IS Type-I [? ]

W
±⇤

! H
±
A Type-X [? ] IS Type-I,X [? ? ]

pp ! H
+
H

� IS Type-I,X [? ? ]

qb ! q
0
bH

± MSSM [? ]

cs/cb ! H
± Type-III [? ? ]

W
±⇤

W
±⇤

! H
±
H

±
B⌧⌫ = 1 [? ] Type-I,X [? ]

TABLE I: Theoretical and experimental studies on a light charged Higgs boson at the LHC, classified

according to the production and decays channels. '
0 denotes a CP -even scalar boson with a mass

below 125 GeV. The theoretical model is also presented: for a simple description, we notate the type

of 2HDM with Type-i, the inverted scenario for hSM = H with IS, and the three Higgs doublet model

with 3HDM.

Production

Decay
[⌧±

⌫] [cb] [cs] [W±
'

0
/A] [W±

hSM/A]

t ! H
±
b

Type-I IS Type-I Type-I [? ]

Type-X N2HDM

ATLAS ATLAS ATLAS

CMS CMS

W
±⇤

! H
±
'

0 IS Type-I

W
±⇤

! H
±
A Type-X IS Type-I,X

pp ! H
+
H

� IS Type-I,X

qb ! q
0
bH

± MSSM

cs/cb ! H
± Type-III

W
±⇤

W
±⇤

! H
±
H

±
B⌧⌫ = 1 Type-I,X

Nevertheless, the direct searches should continue. It exposes an essential aspect of the NP

theory. For a detailed discussion, we consider a light charged Higgs boson H
± in the Type-I

two Higgs doublet model (2HDM) [? ? ]. As one of the simplest extension of the SM Higgs

sector, 2HDM accommodates five new Higgs bosons of CP -even neutral h and H (Mh < MH),

CP -odd neutral A, and charged H
±. A charged Higgs boson shall be a definite NP signal.

Since the Type-II and Type-Y 2HDM [? ] are bound to have heavy charged Higgs bosons as

MH± & 580 GeV due to the measurements of the inclusive weak radiative B-meson decay into

s� [? ], we focus on Type-I in this paper. Since all of the Yukawa couplings of H
± in Type-I are

4
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If the charged Higgs 
boson is light in Type-I,  

 
how can we cover all the 
viable parameter space?



The five remaining parameters are scanned over the following ranges:

t� 2 [1.7, 50], s��↵ 2 [0.75, 1], (9)

MH 2 [130, 3000] GeV, MA 2 [15, 3000] GeV, m
2
12 2 [�30002

, 30002] GeV2
.

The condition of t� > 1.7 evades B physics observables like b ! s� in Type-I [? ]. The range

of s��↵ is motivated by the results of Ref. [? ]. For MH , we avoid the case where MH is very

close to the observed Higgs boson mass.

(i) Theoretical stabilities

(ii) Electroweak precision data

(iii) b ! s� constraints

(iv) Higgs precision data

(v) Direct searches at the LEP, Tevatron, and LHC

With the prepared random parameter sets, we impose the following theoretical and experi-

mental constraints:

(i) Theoretical stabilities: The detailed expressions are referred to the references.

1. Higgs potential being bounded from below [? ];

2. Unitarity of scalar-scalar scatterings [? ? ];

3. Perturbativity [? ];

4. Vacuum stability [? ].

(ii) Electroweak precision data: We calculate Peskin-Takeuchi electroweak oblique param-

eters in the 2HDM [? ? ? ] and required �
2

< 7.815 for the current best-fit results of [?

]

S = �0.01 ± 0.10, T = 0.03 ± 0.12, U = 0.02 ± 0.11, (10)

⇢ST = 0.92, ⇢SU = �0.80, ⇢TU = �0.93,

where ⇢ij is the correlation matrix. 4

(iii) b ! s� constraints: Among various FNCN observables, we consider b ! s�, the most

sensitive one [? ].

4 Appendix: The full expressions of S, T , and U are in Appendix B.
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(iv) Higgs precision data: To check the consistency with the Higgs precision data, we use

HiggsSignals-v2.2.0 [? ], which include the LHC Run 2 data [? ? ? ? ? ? ? ? ].

Based on the �
2 output of the HiggsSignals for 107 Higgs observables, we demand that

the p-value be larger than 0.05 for the number of degrees of freedom being 102.

(v) Direct searches at the LEP, Tevatron, and LHC: We use HiggsBounds-5 [? ] and

exclude a parameter point which predicts the cross section larger than the 95% C.L. upper

bound on the observed cross section.

B. Characteristics of surviving parameters

Through the random scanning of the parameters in Eq. (9), we prepared 106 parameter sets

for MH± = 110 GeV and another 106 for MH± = 140 GeV that satisfy the theoretical stability,

the oblique parameters, and the observed b ! s�. After applying the constraints from the Higgs

precision data via HiggsSignals, about 24.4% (27.4%) survived for MH± = 110 (140) GeV.

The resonance searches at the LEP, Tevatron, and LHC are powerful in constraining the model:

only 0.22% (1.1%) of 106 parameter sets survived for MH± = 110 (140) GeV. Imposing a light

MH± strongly constrains the Type-I 2HDM. The smoking-gun process is the search for a light

charged Higgs boson via pp ! tt̄ followed by t ! H
+
b ! ⌧⌫ + b [? ], which removed more

than 99% of the parameters that passed the Higgs precision test.

FIG. 1: MA vs MH with the color code indicating the value of m2
12. We fix MH± = 110 GeV in the

left panel and MH± = 140 GeV in the right panel.

We now investigate the characteristics of the finally allowed parameters. In Fig. 1, we

show MA vs MH with the color code indicating the value of m
2
12 for MH± = 110 GeV (left

panel) and MH± = 140 GeV (right panel). The distributions of the allowed parameters for

MH± = 110 GeV and MH± = 140 GeV are similar. We first observe that m
2
12, the soft Z2

9
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than 99% of the parameters that passed the Higgs precision test.
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We now investigate the characteristics of the finally allowed parameters. In Fig. 1, we

show MA vs MH with the color code indicating the value of m
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12 for MH± = 110 GeV (left

panel) and MH± = 140 GeV (right panel). The distributions of the allowed parameters for

MH± = 110 GeV and MH± = 140 GeV are similar. We first observe that m
2
12, the soft Z2
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breaking term, is positive and small like 20 GeV .
p

m
2
12 . 190 GeV. 5 The most intriguing

feature in Fig. 1 is that the other new scalar bosons, H and A, cannot be too heavy: there exist

upper bounds on their masses such that MH , MA . 570 GeV. For a light charged Higgs boson,

decoupling of new scalar bosons does not happen. Another interesting features is the correlation

between MH and MA. If MA is heavy, MH should be light. On the contrary, heavy MH , above

& 300 GeV, narrows MA in the range of [100, 150] ([140, 200]) GeV for MH± = 110 (140) GeV.

Both A and H cannot be simultaneously heavy. Another important result is that A can be

light enough to kinematically allow the exotic Higgs decay h ! AA. Since the parameters with

MA < Mh/2 satisfy the current Higgs precision data [? ? ? ? ? ? ], their predictions for

B(h ! AA) are all below ⇠ 10%. We found that about 50% of the allowed parameter sets

with MA < Mh/2 predict B(h ! AA) . 1% while about 20% yield 7% . B(h ! AA) . 10%.

The ongoing LHC searches for the exotic Higgs decay is of great significance in revealing the

structure of a NP model.

FIG. 2: t� vs c��↵ with the color code of MA for MH± = 110 GeV (left panel) and MH± = 140 GeV

(right panel).

Figure 2 shows t� vs c��↵ with the color code of MA for MH± = 110 GeV (left panel) and

MH± = 140 GeV (right panel). We observe that still t� . 10 is allowed, being as low as t� ⇠ 2.

It may seem to be contrary to the usual notion that no signal for the light H
± at the LHC may

require t� & 10. However, it is based on the assumption of almost degenerate masses of H
±, A,

and H, resulting in the fermonic decays of H
±. If MA is light enough, the H

±
! AW

±(⇤) mode

is open, and suppresses B(H±
! ⌧⌫): the LHC constraints via B(t ! H

+
b)⇥B(H+

! ⌧⌫) can

be evaded. Note that all of the surviving points with t� . 10 incorporate light MA. The second

important point is that the current Higgs precision data still allows sizable deviation from the

alignment limit, |c��↵| . 0.5, in the Type-I 2HDM. Indeed, the population of the allowed

5 Appendix: See Appendix I.
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FIG. 3: Branching ratios of the charged Higgs boson H
± as a function of MA, predicted by all the

surviving parameter points. We fix MH± = 110 GeV (left panel) and MH± = 140 GeV (right panel).

parameter points indicates the preference for c��↵ 2 [0.1, 0.4]. The model can accommodate

non-AL decays H ! WW/ZZ, A ! hZ, and H
±

! W
±(⇤)

h.

We move on to the next question of whether the surviving parameters show any decay pat-

terns of new scalar bosons. This is closely related with one of our goals, finding new production

channels of a light charged Higgs boson without resort to the decay of the top quark.6 We found

that the branching ratios of the charged Higgs boson H
± are most sensitive to MA. In Fig. 3,

therefore, we present the H
± branching ratios vs MA of all the surviving parameters, including

the three body decay into AW
±(⇤), for MH± = 110 GeV (left panel) and MH± = 140 GeV (right

panel). Note that much smaller couplings of A to ff̄ than the gauge couplings of the W
± make

the three body decay of H
±

! A
⇤
W

± negligible. By using 2HDMC [? ], the QCD radiative

corrections to H
±

! qq̄
0 at order ↵

2
s

in the MS scheme are added [? ? ? ]. On the other hand,

the leading logarithmic corrections are summed to all orders by using the running MS fermion

masses mf (µ) in the Higgs couplings. The renormalization scale is set to be µR = MH± . Figure

3 clearly shows strong correlation between the branching ratios and MA. For a light A with

MA . 100 (120) GeV in the case of MH± = 110 (140) GeV, H
±

! AW
±(⇤) is dominant: if

the on-shell decay is possible, the branching ratio reaches almost up to 100%; even the o↵-shell

decay has sizable branching ratio. This is attributed to the pure gauge coupling of the H
±-

W
⌥-A vertex. As soon as MA crosses over the kinematic threshold, the AW

±(⇤) mode is highly

suppressed and the ⌧⌫ mode becomes important, maintaining B(H±
! ⌧⌫) ' 60 (30)% for

MH± = 110 (140) GeV. The hadronic modes such as t
⇤
b and cs are also sizable.

Figure 4 presents the branching ratios of A vs MA for MH± = 110 GeV (left panel) and

MH± = 140 GeV (right panel), which also shows a strong correlation with MA. Below the

6 Appendix: Full study of branching ratios is given in Appendix J.
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FIG. 4: Branching ratios of the pseudoscalar boson A vs MA for MH± = 110 GeV (left panel) and

MH± = 140 GeV (right panel).

H
±
W

±(⇤) threshold, MA . 130 (180) GeV for MH± = 110 (140) GeV, A ! bb̄ is the dominant

decay mode, followed by A ! gg and A ! ⌧
+
⌧

�. Above the threshold, the H
±
W

⌥ mode is

dominant. An intriguing phenomenon is the sizable and almost constant value of B(A ! AH)

once MA is heavy enough, irrespective of MH . With the AL-favored vertex of A-Z-H, the

decay is kinematically preferred because a heavy MA is permitted only for light MH : see Fig. 1.

B(A ! Zh) is suppressed by the factor of c
2
��↵

. The suppression of A ! tt̄ is connected to a

few characteristics of the finally allowed parameter points. To kinematically open the tt̄ mode,

MA should be heavier than 2mt, which in turn demands t� & 15: see Fig. 2. As the top quark

Yukawa coupling to A is inversely proportional to t�, B(A ! tt̄) is suppressed.

Unlike H
± and A, H does not have a strong correlation between its branching ratios and

any model parameters as they are sensitive to not only MH but also c��↵. In Fig. 5, we present

the branching ratios of H vs MH (left panel), for MH± = 110 GeV.7 On the whole, eight decay

modes (⌧+
⌧

�, ZZ, W
+
W

�, bb̄, gg, ZA, AA, and H
±
W

⌥) are non-negligible in some parameter

space, as indicated by the mixed colors. The complication is partly from the non-AL decays

of H ! ZZ/W
+
W

�, especially below the MH±W
⌥ threshold. In this light MH region, a large

portion of the finally allowed parameters accommodate light MA as shown in Fig. 1, resulting

in substantial B(H ! AA). Above the H
±
W

⌥ threshold, H ! H
±
W

⌥ is dominant, with

the branching ratio up to almost 100%. If MH is further heavy like & 300 GeV where MA is

trapped in the range of [110, 150] GeV, B(H ! ZA) becomes sizable, about 30%. Targeting

at the phenomenology of the light charged Higgs boson, which depends crucially on MA, we

present B(H ! H
±
W

�(⇤)) vs MA (right panel). It is clear to see that once kinematically viable,

B(H ! H
±
W

�(⇤)) is substantial in a large portion of the parameter space.

7 The MH± = 140 GeV case has a similarly complicated decay pattern.
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FIG. 5: Branching ratios of H vs MH (left panel), and B(H ! H
±
W

⌥ vs MA (right panel). We fix

MH± = 110 GeV.

IV. PRODUCTION OF A LIGHT H
±

In this section, we develop the search strategies for the light H
± in the viable Type-I 2HDM,

based on the characteristics of the decays of H
±, A, and H. Focusing on the phenomenology

of a light H
±, we find that MA is the key parameter to determine the decay of H

±. For

convenience, we divide the viable parameter region into two, the light A case and the heavy A

case. The threshold is M
c
A

' 100 (120) GeV in the case of MH± = 110 (140) GeV. When A is

light, H
± dominantly decays into AW

±, and A decays into bb̄. In the heavy A case, we shall

consider the leptonic decay mode of H
±

! ⌧⌫, which it is dominant (for MH± = 110 GeV) or

the second dominant (for MH± = 140 GeV).8 For the decay of A and H, we concentrate on

A ! H
±
W

⌥ and H ! H
±
W

⌥.

We summarize the target decay channels and the possible production channels of charged

Higgs bosons at the LHC in Table II. The initial production channels deal with one or two new

scalar bosons, and the final states include the decays. To emphasize the decay of H
±, we put

its decay products inside a square bracket: e.g., [⌧⌫] denotes that ⌧ and ⌫ are from the decay

of one H
±. Although the variety of the production channels is impressing, those with a single

H
± have very small signal rates. We expect that the production of two charged Higgs boson

8 Another interesting decay channel of H±
! cb has a few advantages over H

±
! cs in searching for a light

H
± [? ]. Small Vcb can be compensated by larger b quark mass, and the feasibility of b-tagging with an

e�ciency as high as about 70% reduces the QCD backgrounds to some extent. However, even the most

promising channel, pp ! H
+
H

�
! cb⌧⌫, has the cross section of ⇠ 1 fb at the 14 TeV LHC. We calculated

the merged cross section to be �(pp ! W
±(⇤)

jj ! ⌧⌫jj) ⇠ O(10) nb. With a mistag rate of 1% for light

quark and gluon jets as a b jet, the backgrounds overwhelm the signal.
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light A case heavy A case

Target decay modes

H
±

! AW
±

H
±

! ⌧⌫

A ! bb̄ A ! H
±
W

⌥(⇤)

H ! H
±
W

⌥

Initial production Final states

gg ! h/H/A ! H
±
W

⌥ [bb̄W±]W⌥ [⌧⌫]W±

qq̄
0
! W

⇤
! H

±
h [bb̄W±]h [⌧⌫]h

gg ! H ! AZ [bb̄W±]W⌥
Z [⌧⌫]W±

Z

gg ! HZ, qq̄ ! Z
⇤

! HZ [bb̄W±]W⌥
Z [⌧⌫]W±

Z

qq̄
0
! W

⇤
! H

±
A [bb̄W±]bb̄ [⌧⌫][⌧⌫]W±

qq̄
0
! W

⇤
! H

±
H [bb̄W±][bb̄W±]W⌥ X [⌧⌫][⌧⌫]W±

pp ! H
+
H

� [bb̄W±][bb̄W⌥] X [⌧⌫][⌧⌫] X
qq̄ ! Z

⇤
! HA [bb̄W±]bb̄W⌥ [⌧⌫][⌧⌫]W±

W
± X

gg ! HH [bb̄W±][bb̄W±]W⌥
W

⌥ [⌧⌫][⌧⌫]W±
W

± X
gg ! AA bb̄bb̄ [⌧⌫][⌧⌫]W±

W
± X

TABLE II: For the light and heavy A cases, the production channels of one or two charged Higgs

boson at the LHC, along with the targeted decay modes of H±, A, and H. The particles inside a

square bracket in the final states are from the decay of H±.

accompanied by additional tagging particle(s) has a good chance to be probed.

In this regard, we study the following four production channels, as scanning the viable

parameter space for both the MH± = 110 GeV and MH± = 140 GeV cases:

• For the light A case,

1. [bbW ][bbW ]:

The signal cross section is

�[bbW ][bbW ] =
⇥
�(qq̄ ! H

+
H

�) + �(gg ! H
+
H

�)
⇤

(11)

⇥B(H+
! AW

+)2
⇥ B(A ! bb̄)2

.

2. [bbW ][bbW ]W :

The total signal rate is

�[bbW ][bbW ]W = �(qq̄0
! W

±⇤
! H

±
H) (12)

⇥2B(H ! H
+
W

�)B(H+
! AW

+)2
B(A ! bb̄)2

.

Four di↵erent charge conjugation combinations of [bb̄W+][bb̄W+]W�,

[bb̄W+][bb̄W�]W+, [bb̄W+][bb̄W�]W�, and [bb̄W�][bb̄W�]W+ are to be summed.

• For the heavy A case,
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FIG. 6: Production cross sections of the final states of [bb̄W+] [bb̄W�], [bb̄W ][bb̄W ]W , [⌧⌫] [⌧⌫], and

[⌧⌫] [⌧⌫]WW at the 14 TeV LHC. The particles inside a square bracket are the decay products of a

charged Higgs boson. We consider MH± = 110 GeV (left panel) and MH± = 140 GeV (right panel).

1. [⌧⌫][⌧⌫]:

The signal cross section is

�[⌧⌫][⌧⌫] =
⇥
�(qq̄ ! H

+
H

�) + �(gg ! H
+
H

�)
⇤
⇥ B(H±

! ⌧⌫)2
. (13)

2. [⌧⌫][⌧⌫]WW :

We have

�[⌧⌫][⌧⌫]WW = [�(qq̄ ! Z
⇤

! HA) + �(gg ! HH) + �(gg ! AA)] (14)

⇥4 B(H ! H
+
W

�)B(A ! H
+
W

�)B(H+
! ⌧⌫)2

,

where the factor of four covers four di↵erent charge conjugation combinations. Half

of the total signals accommodate one pair of the same-sign W ’s, i.e., ⌧
+
⌧

+
W

�
W

�
⌫⌫

and ⌧
�
⌧

�
W

+
W

+
⌫⌫.

Figure 6 show the production cross sections of the suggested final states at the 14 TeV

LHC, for MH± = 110 GeV (left panel) and MH± = 140 GeV (right panel). As scanning the

whole parameter space that satisfy the theoretical and experimental constraints, we calculated

the leading-order cross-sections, by using MadGraph aMC@NLO [? ] with NNPDF31 lo parton

distribution function (PDF) set [? ]. We set the renormalization and factorization scales as

µR = µR =
P

i

q
p

2
T,i

+ m
2
i
/2. To correctly incorporate the decays of H

±, H, and A,9 we

modified the relevant parts in param card and run card as the values of 2HDMC [? ].

Basic generator-level cuts were imposed on the parton-level objects like p
j

T
> 5 GeV, �Rj >

0.4, and |⌘j| < 10.10

9 In the MadGraph decays of new scalar bosons, some important decay modes such as H
±

! cs and A ! gg

are missing.
10 Appendix: Some studies on the �’s about model parameters are in Appendix O.
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pT > 30 GeV and |⌘| < 2.5. The b tagging e�ciency and the misidentification probability of
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Pb!b = 70%, Pc!b = 10%, Pj!b = 0.2%. (17)

The fourth is the lepton (`± = e
±
, µ

±) identification. For the electron and muon, we demand

p
e

T
> 17 GeV and p

µ

T
> 15 GeV respectively. The rapidity of the lepton should satisfy |⌘`| < 2.5.

Finally, we shall calculate the signal significance including the background uncertainty, defined

by [? ]
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where Ns is the number of signal events, Nb is the number of total background events, and

�b = �bgNb is the uncertainty in the background yields.

A. [⌧⌫][⌧⌫]

The [⌧⌫][⌧⌫] mode targets at the production of a charged Higgs boson pair, pp ! H
+
H

�,

followed by H
±

! ⌧⌫:

pp ! H
+
H

�
! ⌧

+
h

⌫ ⌧
�
h

⌫. (19)

The final state consists of two hadronic ⌧ ’s with missing transverse energy. As shown in Fig. 6,

this process covers the most parameter space of MA > MH± � 10 GeV.

Now we cautiously assess the backgrounds and find how to tame the backgrounds. The back-

grounds that we incorporated are W+jets, Z+jets, tt̄+jets, WW+jets, WZ+jets, ZZ+jets, and

tW+jets. Samples up to two jets are merged using the MLM scheme with kT jets [? ? ].

In Table IV, we

11 The CMS collaboration have measured the misidentification probability of a b jet as ⌧h by using the final

states of eµ+ jets in the tt̄ events where the misidentified ⌧h is dominated by the b jet [? ]. Although smaller

mis-tagging e�ciency like Pb!⌧ = 2 ⇥ 10�3 (for p
b

T
> 50 GeV) helps to suppress the tt̄W backgrounds for

the [⌧⌫][⌧⌫]W signal, we take a conservative stance that the b jet has the same misidentification probability

as the other QCD jets [? ].
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4. Signal-Background

Background

Contents

A. [⌧⌫][⌧⌫]

• pp ! W+jets

• pp ! Z/�+jets

• tt̄+jets;

• V V
0+jets including WW+jets, WZ+jets, and ZZ+jets.

• tW+jets.

B. [⌧⌫][⌧⌫]WW

We consider the signal of

pp ! HA/HH/AA ! H
�
W

+
H

�
W

+ + C.C. (1)

! ⌧
�
h ⌫ `

+
⌫ ⌧

�
h ⌫ `

+
⌫ + C.C.,

• pp ! tt̄+W
+ ! b`

+
⌫ b̄⌧

�
⌫ + `

+
⌫

• pp ! W
�
W

+
W

+ ! ⌧
�
h ⌫`

+
⌫`

+
⌫

• pp ! ZZ ! ⌧
+
`+
⌧
�
h ⌧

+
`+
⌧
�
h

• pp ! tt̄+ Z ! b`
+
⌫ b̄⌧

�
⌫ + ⌧

+
`+
⌧
�.

• pp ! hSM + Z ! ⌧
+
`+
⌧
�
h + ⌧

+
`+
⌧
�
h .

C. [bbW ][bbW ]

The event selection proceeds as follow and some of the key distributions are shown in figure

??. First, we select events if they contain exactly one charged lepton with p
`

T
> 25 GeV and

|⌘| < 2.5. The leading charged lepton in transverse momentum should satisfy the isolation

requirements discussed in the previous subsection. HERE THIS CHANNEL IS USING BP-3,

BUT THE BP-1 AND BP-2 ARE REPORTED HERE. After this selection step, the acceptance

times the e�ciency for the signal process is about 18.9% (5.9%) for BP–1 (BP–2). After this

step, we apply a veto on hadronically decaying ⌧ leptons; events should not contain any ⌧h

with pT > 20 GeV. Furthermore, we require that the missing transverse energy should be

larger than 30 GeV. The number of jets and b jets is key discriminator between the signal and

the backgrounds. We expect that the number of jets in the signal process to be at least six

1
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FIG. 7: Kinematic distributions for the final state [⌧⌫][⌧⌫] at the 14 TeV LHC with the total

integrated luminosity of Ltot = 3 ab�1. The results are after E
miss

T
> 100 GeV.

• tW+jets.

Table ?? describes the cut-flow of the numbers of events after the selections. The basic cut

requires three factors: (i) we veto any event with an electron, an muon, or a b-tagged jet veto;

(ii) Requiring the ⌧h jet to have [T > 25 = gev and |⌘| < 2.5, we select the events including ⌧h⌧h,

⌧h⌧h⌧h, or ⌧h⌧hj; (iii) Two ⌧h jets should have opposite sign of the electric charge. In particular,

most of the tt̄+jets backgrounds are rejected by the b-veto.

E
miss

T
> 100 GeV

After the basic cut, we

the angular distance �R =
p

(�⌘)2 + (��)2
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FIG. 7: Kinematic distributions for the final state [⌧⌫][⌧⌫] at the 14 TeV LHC with the total

integrated luminosity of Ltot = 3 ab�1. The distribution about E
miss

T
is after imposing the basic cut,

while the other distributions are after E
miss

T
> 100 GeV.

III, where B(H ! H
±
W

⌥) = 0.82, B(A ! H
±
W

⌥) = 0.88, and B(H+
! ⌧

+
⌫) = 0.65.

Drell-Yan production of HA is dominant over the gluon fusion production of HH and AA:

�(qq̄ ! HA) = 75.5 fb, �(gg ! HH) = 0.68 fb, and �(gg ! AA) = 0.80 fb.

We consider both the irreducible and reducible backgrounds for the final state

⌧
�
h

⌧
�
h

`
+
`
+
E

miss

T
:

• pp ! tt̄ + W
+

! b`
+
⌫ b̄⌧

�
⌫ + `

+
⌫ where one of two b jets or a jet from QCD showering

is misidentified as a ⌧h jet.

• pp ! W
�
W

+
W

+
! ⌧

�
h

⌫`
+
⌫`

+
⌫ where a jet from showering is misidentified as a ⌧h.

• pp ! ZZ ! ⌧
+

`+
⌧

�
h

⌧
+

`+
⌧

�
h

where ⌧` denotes the leptonic decaying ⌧ .
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and mis-tagging e�ciencies as follows:11
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pT > 30 GeV and |⌘| < 2.5. The b tagging e�ciency and the misidentification probability of

the charm or light quark jet as the b-jet are [? ? ]
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Pb!b = 70%, Pc!b = 10%, Pj!b = 0.2%. (18)

The fourth is the lepton (`± = e
±
, µ

±) identification. For the electron and muon, we demand

p
e

T
> 17 GeV and p

µ

T
> 15 GeV respectively. The rapidity of the lepton should satisfy |⌘`| < 2.5.

Finally, we shall calculate the signal significance including the background uncertainty, defined

by [? ]
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, (19)

where Ns is the number of signal events, Nb is the number of total background events, and

�b = �bgNb is the uncertainty in the background yields.

A. [⌧⌫][⌧⌫]

The [⌧⌫][⌧⌫] mode targets at the production of a charged Higgs boson pair, pp ! H
+
H

�,

followed by H
±

! ⌧⌫:

pp ! H
+
H

�
! ⌧

+
h

⌫ ⌧
�
h

⌫. (20)

The final state consists of two hadronic ⌧ ’s with missing transverse energy. As shown in Fig. 6,

this process covers the most parameter space of MA > MH± � 10 GeV.

Now we cautiously assess the backgrounds and find how to tame the backgrounds. The back-

grounds that we incorporated are W+jets, Z+jets, tt̄+jets, WW+jets, WZ+jets, ZZ+jets, and

tW+jets. Samples up to two jets are merged using the MLM scheme with kT jets [? ? ].

In Table IV, we

11 The CMS collaboration have measured the misidentification probability of a b jet as ⌧h by using the final

states of eµ+ jets in the tt̄ events where the misidentified ⌧h is dominated by the b jet [? ]. Although smaller

mis-tagging e�ciency like Pb!⌧ = 2 ⇥ 10�3 (for p
b

T
> 50 GeV) helps to suppress the tt̄W backgrounds for

the [⌧⌫][⌧⌫]W signal, we take a conservative stance that the b jet has the same misidentification probability

as the other QCD jets [? ].
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[⌧⌫][⌧⌫]

Cut Wjj Zjj tt̄jj V V
0
jj Nb Ns

Initial 6.2 ⇥ 1011 4.39 ⇥ 1010 1.33 ⇥ 109 4.41 ⇥ 108 6.65 ⇥ 1011 1.04 ⇥ 106

Basic cuts 1.45 ⇥ 107 1.96 ⇥ 108 92929 271570 2.11 ⇥ 108 36413

E
miss

T
> 100 GeV 298782 208799 11158 14478 533217 6448

|��(⌧1, ⌧2)| > 2.4 202117 36374 5914 5503 249908 3926

�R⌧1, ⌧2 < 3 114240 8328 2926 2500 127994 2328

M⌧1⌧2 > 300 GeV 0 1054 182 183 1419 465

p
⌧2
T

> 100 GeV 0 737 121 121 979 347

M
⌧2
T

> 50 GeV 0 0 121 101 222 284

TABLE IV: Cut-flow chart of the number of events of the signal and backgrounds for the channel

pp ! H
+
H

�
! [⌧+

h
⌫][⌧�

h
⌫̄] at the 14 TeV LHC with the total integrated luminosity of Ltot = 3 ab�1.

More details about the selection cuts are reported in the text.

Finally, we calculate the signal significance including the background uncertainty, defined

by [87]
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where Ns is the number of signal events, Nb is the number of total background events, and

�b = �bgNb is the uncertainty in the background yields.

A. [⌧⌫][⌧⌫]

The [⌧⌫][⌧⌫] mode targets at the production of a charged Higgs boson pair, pp ! H
+
H

�,

followed by H
±

! ⌧
±
h

⌫:

pp ! H
+
H

�
! ⌧

+

h
⌫ ⌧

�
h

⌫. (21)

The final state consists of two hadronic ⌧ ’s with missing transverse energy. As shown in Fig. 6,

this process covers the most parameter space of MA > MH± � 10 GeV.

We prepared the signal sample by combining pp ! H
+
H

� and pp ! H
+
H

�
j. For the

benchmark point BP–1 in Table III, we have

�(pp ! H
+
H

�) + �(pp ! H
+
H

�
j) = 0.35 pb, B(H±

! ⌧
±
⌫) = 0.6522, (22)

where we have imposed p
j

T
> 10 GeV.
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4. Signal-Background

Significance  = 19.06, 10.2(10% uncertainty)
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FIG. 8: Kinematic distributions for the final state [⌧⌫][⌧⌫]`±
⌫`

±
⌫ at the 14 TeV LHC with the total

integrated luminosity of Ltot = 3 ab�1. The results shown are after the basic cuts and b�jet veto. The

di↵erent background contributions are stacked on top of each other, while the expected signal is shown

by black line. Four representative distributions are presented on the missing transverse energy E
miss

T

(top-left panel), the leading charged lepton transverse momentum p
`(lead)

T
(top-right panel), the angular

separation between the lepton and the ⌧ in the (`, ⌧)1 pair (bottom-left panel), and the invariant mass

of the lepton and the ⌧ in the (`, ⌧)2 pair (bottom-right panel).

�R(`, ⌧)2 (bottom-right panel). All the results are based on the events passing the basic cuts

and b�jet veto. The first decisive cut is from the E
miss

T
distribution. Both ZZ and hSMZ

backgrounds have lower E
miss

T
than the signal. We take E

miss

T
> 45 GeV as the third selection,

removing about 70% of tt̄Z and hSMZ backgrounds. The second important selection comes

from the p
`(lead)

T
distribution (top-right panel) where `(lead) denotes the leading lepton ordered

by pT . Obviously, p
`(lead)

T
in the signal is softer than that in most of the backgrounds. However,

the p
⌧((lead))

T
distribution in the signal is relative harder compared with the p

`(lead)

T
distribution.

In this regard, we select the events with p
`(lead)

T
< 70 GeV and p

⌧(lead)

T
> 40 GeV.

The final four selections in Table V are motivated by the characteristic of the signal pp !

H + A ! H
+

⌧+⌫
W

�
`�⌫

+ H
+

⌧+⌫
W

�
`�⌫

. Two same-sign charged leptons come from di↵erent mother

particles, H and A. To take full advantage of the feature, we first choose a pair of ` and ⌧

with the minimal �R(`i, ⌧j), and refer to the pair as (`, ⌧)1. The remaining lepton and ⌧h are
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Now we cautiously assess the backgrounds and find how to tame them. The backgrounds

that we incorporated are based on the samples up to two jets merged using the MLM scheme

with kT jets [88, 89].

• pp ! W+jets where one ⌧h comes from W decay and the other ⌧h from the jet misiden-

tified as ⌧ ;

• pp ! Z/�+jets consisting of Z/�(! ⌧⌧)+jets and Z(! ⌫⌫)+jets;

• tt̄+jets;

• V V
0+jets including WW+jets, WZ+jets, and ZZ+jets.

• tW+jets.

Table IV describes the cut-flow of the number of events after the subsequent selection cuts.

The “Basic cuts” requires three requirements: (i) we veto any event with an electron, a muon,

or a b-tagged jet; (ii) Requiring the ⌧h jet to have pT > 25 GeV and |⌘| < 2.5, we select the

events including ⌧h⌧h, ⌧h⌧h⌧h, or ⌧h⌧hj; (iii) Two ⌧h jets should have opposite sign of electric

charge. In particular, most of the tt̄+jets background are rejected by the b-veto.

Upon the signal and background events after the basic cuts, we calculated various kine-

matic distributions and found E
miss

T
the most crucial: see the upper-left panel of Fig. 7. The

main backgrounds of Zjj and Wjj yield relatively small E
miss

T
. Enforcing E

miss

T
> 100 GeV

highly enhances the signal significance. In Fig. 7, we show three representative distributions

on �R(⌧1, ⌧2), p
⌧2
T

, and M
⌧2
T

after imposing the cut of E
miss

T
> 100 GeV, Here �R is the an-

gular distance defined by �R =
p

(�⌘)2 + (��)2, and MT is the transverse mass defined by

M
⌧

T
=

p
2|p⌧

T
||Emiss

T
| ⇥ {1 � cos(�⌧ � �miss)}, where �⌧ and �miss are defined as the azimuth

angle of the ⌧ lepton and the missing momentum, respectively. Note that ⌧1, ⌧2 are ordered by

the pT such that p
⌧1
T

> p
⌧2
T

.

At the final selection level, 284 signal events and 222 background events survive. The domi-

nant backgrounds are tt̄jj and V V
0
jj. The significance without the background uncertainty is

19.7, which is very promising. Even with 10% background uncertainty, the significance is 8.2.

Certainly, the HL-LHC can probe the light H
± through the [⌧⌫][⌧⌫] final state if the mass MA

is above the decay threshold of the charged Higgs boson.

B. [⌧⌫][⌧⌫]WW

We consider the signal of

pp ! HA/HH/AA ! H
�
W

+
H

�
W

+ + C.C. (23)

! ⌧
�
h

⌫ `
+
⌫ ⌧

�
h

⌫ `
+
⌫ + C.C.,

where C.C. denotes the charge conjugate state. The final state consists of two same-sign leptons,

two same-sign hadronic ⌧ ’s, and neutrinos. We consider the benchmark point BP–2 in Table

18

4. Signal-Background



Now we cautiously assess the backgrounds and find how to tame them. The backgrounds

that we incorporated are based on the samples up to two jets merged using the MLM scheme

with kT jets [88, 89].

• pp ! W+jets where one ⌧h comes from W decay and the other ⌧h from the jet misiden-

tified as ⌧ ;

• pp ! Z/�+jets consisting of Z/�(! ⌧⌧)+jets and Z(! ⌫⌫)+jets;

• tt̄+jets;

• V V
0+jets including WW+jets, WZ+jets, and ZZ+jets.

• tW+jets.

Table IV describes the cut-flow of the number of events after the subsequent selection cuts.

The “Basic cuts” requires three requirements: (i) we veto any event with an electron, a muon,

or a b-tagged jet; (ii) Requiring the ⌧h jet to have pT > 25 GeV and |⌘| < 2.5, we select the

events including ⌧h⌧h, ⌧h⌧h⌧h, or ⌧h⌧hj; (iii) Two ⌧h jets should have opposite sign of electric

charge. In particular, most of the tt̄+jets background are rejected by the b-veto.

Upon the signal and background events after the basic cuts, we calculated various kine-

matic distributions and found E
miss

T
the most crucial: see the upper-left panel of Fig. 7. The

main backgrounds of Zjj and Wjj yield relatively small E
miss

T
. Enforcing E

miss
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> 100 GeV

highly enhances the signal significance. In Fig. 7, we show three representative distributions
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, and M
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miss
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gular distance defined by �R =
p

(�⌘)2 + (��)2, and MT is the transverse mass defined by

M
⌧

T
=

p
2|p⌧

T
||Emiss

T
| ⇥ {1 � cos(�⌧ � �miss)}, where �⌧ and �miss are defined as the azimuth

angle of the ⌧ lepton and the missing momentum, respectively. Note that ⌧1, ⌧2 are ordered by

the pT such that p
⌧1
T

> p
⌧2
T

.

At the final selection level, 284 signal events and 222 background events survive. The domi-

nant backgrounds are tt̄jj and V V
0
jj. The significance without the background uncertainty is

19.7, which is very promising. Even with 10% background uncertainty, the significance is 8.2.

Certainly, the HL-LHC can probe the light H
± through the [⌧⌫][⌧⌫] final state if the mass MA

is above the decay threshold of the charged Higgs boson.

B. [⌧⌫][⌧⌫]WW

We consider the signal of

pp ! HA/HH/AA ! H
�
W

+
H

�
W

+ + C.C. (23)

! ⌧
�
h

⌫ `
+
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�
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⌫ + C.C.,

where C.C. denotes the charge conjugate state. The final state consists of two same-sign leptons,

two same-sign hadronic ⌧ ’s, and neutrinos. We consider the benchmark point BP–2 in Table
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Background

Contents

A. [⌧⌫][⌧⌫]

• pp ! W+jets

• pp ! Z/�+jets

• tt̄+jets;

• V V
0+jets including WW+jets, WZ+jets, and ZZ+jets.

• tW+jets.

B. [⌧⌫][⌧⌫]WW

We consider the signal of

pp ! HA/HH/AA ! H
�
W

+
H

�
W

+ + C.C. (1)

! ⌧
�
h ⌫ `

+
⌫ ⌧

�
h ⌫ `

+
⌫ + C.C.,

• pp ! tt̄+W
+ ! b`

+
⌫ b̄⌧

�
⌫ + `

+
⌫

• pp ! W
�
W

+
W

+ ! ⌧
�
h ⌫`

+
⌫`

+
⌫

• pp ! ZZ ! ⌧
+
`+
⌧
�
h ⌧

+
`+
⌧
�
h

• pp ! tt̄+ Z ! b`
+
⌫ b̄⌧

�
⌫ + ⌧

+
`+
⌧
�.

• pp ! hSM + Z ! ⌧
+
`+
⌧
�
h + ⌧

+
`+
⌧
�
h .

C. [bbW ][bbW ]

The event selection proceeds as follow and some of the key distributions are shown in figure

??. First, we select events if they contain exactly one charged lepton with p
`

T
> 25 GeV and

|⌘| < 2.5. The leading charged lepton in transverse momentum should satisfy the isolation

requirements discussed in the previous subsection. HERE THIS CHANNEL IS USING BP-3,

BUT THE BP-1 AND BP-2 ARE REPORTED HERE. After this selection step, the acceptance

times the e�ciency for the signal process is about 18.9% (5.9%) for BP–1 (BP–2). After this

step, we apply a veto on hadronically decaying ⌧ leptons; events should not contain any ⌧h

with pT > 20 GeV. Furthermore, we require that the missing transverse energy should be

larger than 30 GeV. The number of jets and b jets is key discriminator between the signal and

the backgrounds. We expect that the number of jets in the signal process to be at least six

1



Now we cautiously assess the backgrounds and find how to tame them. The backgrounds

that we incorporated are based on the samples up to two jets merged using the MLM scheme

with kT jets [88, 89].

• pp ! W+jets where one ⌧h comes from W decay and the other ⌧h from the jet misiden-

tified as ⌧ ;

• pp ! Z/�+jets consisting of Z/�(! ⌧⌧)+jets and Z(! ⌫⌫)+jets;

• tt̄+jets;

• V V
0+jets including WW+jets, WZ+jets, and ZZ+jets.

• tW+jets.

Table IV describes the cut-flow of the number of events after the subsequent selection cuts.

The “Basic cuts” requires three requirements: (i) we veto any event with an electron, a muon,

or a b-tagged jet; (ii) Requiring the ⌧h jet to have pT > 25 GeV and |⌘| < 2.5, we select the

events including ⌧h⌧h, ⌧h⌧h⌧h, or ⌧h⌧hj; (iii) Two ⌧h jets should have opposite sign of electric

charge. In particular, most of the tt̄+jets background are rejected by the b-veto.

Upon the signal and background events after the basic cuts, we calculated various kine-

matic distributions and found E
miss

T
the most crucial: see the upper-left panel of Fig. 7. The

main backgrounds of Zjj and Wjj yield relatively small E
miss

T
. Enforcing E

miss

T
> 100 GeV

highly enhances the signal significance. In Fig. 7, we show three representative distributions
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after imposing the cut of E
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angle of the ⌧ lepton and the missing momentum, respectively. Note that ⌧1, ⌧2 are ordered by

the pT such that p
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> p
⌧2
T

.

At the final selection level, 284 signal events and 222 background events survive. The domi-

nant backgrounds are tt̄jj and V V
0
jj. The significance without the background uncertainty is

19.7, which is very promising. Even with 10% background uncertainty, the significance is 8.2.

Certainly, the HL-LHC can probe the light H
± through the [⌧⌫][⌧⌫] final state if the mass MA

is above the decay threshold of the charged Higgs boson.

B. [⌧⌫][⌧⌫]WW

We consider the signal of

pp ! HA/HH/AA ! H
�
W

+
H

�
W

+ + C.C. (23)

! ⌧
�
h

⌫ `
+
⌫ ⌧

�
h

⌫ `
+
⌫ + C.C.,

where C.C. denotes the charge conjugate state. The final state consists of two same-sign leptons,

two same-sign hadronic ⌧ ’s, and neutrinos. We consider the benchmark point BP–2 in Table
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[⌧⌫][⌧⌫]`±
⌫`

±
⌫

Cut tt̄W WWW ZZ tt̄Z hSMZ Nb Ns

Initial 4560 1290 16567 1825 1407 25649 426

Basic cuts 15.14 0.63 35.37 17.04 6.42 74.6 15.6

b-jet veto 2.7 0.62 34.97 3.42 6.35 48.06 15.43

E
miss

T
> 45 GeV 2.07 0.47 7.47 2.64 2.09 14.74 10.73

p
`
(lead)

T
< 70 GeV 0.94 0.19 5.33 1.53 1.43 9.42 9.59

p
⌧
(lead)

T
> 40 GeV 0.77 0.15 4.36 1.25 1.29 7.82 9.09

0.4 < �R(`, ⌧)1 < 0.8 0.17 0.03 1.49 0.38 0.37 2.44 6.56

M(`, ⌧)1 < 60 GeV 0.16 0.03 1.31 0.35 0.35 2.2 6.43

0.4 < �R(`, ⌧)2 < 3.0 0.1 0.01 1.24 0.28 0.35 1.98 6.36

M(`, ⌧)2 < 70 GeV 0.04 0 1.04 0.14 0.24 1.46 6.04

TABLE V: Cut-flow chart of the number of events for the final state [⌧±
⌫][⌧±

⌫]`⌥
⌫`

⌥
⌫ at the 14 TeV

LHC with the total integrated luminosity of Ltot = 3 ab�1. The “Basic cuts” require two factors: the

event should include two same-sign charged leptons (electron or muon) and two same-sign hadronic

taus with pT > 20 GeV and |⌘| < 2.5; the sign of the electric charge of the charged lepton is opposite

to that of the ⌧ . The definitions of `
(lead), ⌧

(lead), and (`, ⌧)1,2 are in the main text.

• pp ! tt̄ + Z ! b`
+
⌫ b̄⌧

�
⌫ + ⌧

+

`+
⌧

�.

• pp ! hSM + Z ! ⌧
+

`+
⌧

�
h

+ ⌧
+

`+
⌧

�
h

.

The backgrounds for the charge conjugate signal state, ⌧
+

h
⌧

+

h
`
�
`
�
E

miss

T
, are also included.

For event selection we take the following steps, which are summarized in the cut-flow of

Table. V. The “Basic cuts” consist of two requirements: (i) two same-sign charged leptons and

two same-sign hadronic ⌧ ’s with p
`,⌧

T
> 20 GeV and |⌘`,⌧ | < 2.5; (ii) opposite sign between the

electric charge of two same-sign leptons and that of two same-sign ⌧ ’s. After the basic cuts, the

signal rate is considerably reduced. The resulting acceptance times e�ciency, A ⇥ ✏, is about

3%. But the reduction of the total background is more severe with A ⇥ ✏ ' 0.3%. The basic

cuts are most e↵ective in the WWW background process since most of the QCD showering jet

mistagged as ⌧h does not meet the criteria for the pT and electric charge. The second selection is

the b-jet veto. We reject the event including any b-tagged jet with p
b

T
> 30 GeV and |⌘b| < 2.5.

It is designed to suppress the ttW and ttZ backgrounds, which result in a roughly 80% cut.

On the contrary, the events from signal and other backgrounds remain almost intact. At this

level, the significance without the background uncertainty is about 2.

To devise more sophisticated selections, we show in Fig. 8 the kinematic distributions of

the signal and backgrounds about missing transverse energy E
miss

T
(top-left panel), the trans-

verse momentum of the leading lepton p
`1
T

(top-right panel), �R(`, ⌧)1 (bottom-left panel), and
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Significance  = 3.53, 3.48(10% uncertainty)



grouped as (`, ⌧)2. In the bottom-left (bottom-right) panel of Fig. 8, we shows the distribution

of the angular distance (invariant mass) between the lepton and ⌧h for (`, ⌧)1 ((`, ⌧)2). The

distributions between (`, ⌧)1 and (`, ⌧)2 are similar. The signal is mainly populated in the

regions of low �R(`, ⌧)1,2 and low M(`, ⌧)1,2, compared with the backgrounds. So we make

the final four selections of 0.4 < �R(`, ⌧)1 < 0.8, M(`, ⌧)1 < 60 GeV, 0.4 < �R(`, ⌧)2 < 3.0,

and M(`, ⌧)2 < 70 GeV. They are e�cient to control the whole background. In particular, the

ttW , ttZ, and WWW backgrounds are highly suppressed, such that only . 10% survive. It

is attributed to the di↵erent topology as 2 ! 3 scattering processes that yield wide opening

angles, such that it is di�cult for these two backgrounds to satisfy the final four cuts. The ZZ

and hSMZ backgrounds also prefer wide opening angles because of lighter masses of Z and hSM

than H and A. About 80% of these two backgrounds are removed.

After all of the above selections, 6.04 signal events and 1.46 background events are left.

At the final stage, the ZZ background becomes dominant. Then the significance without the

background uncertainty is 3.53. If we include 10% background uncertainty, the significance

slightly reduces to 3.48. Marginally, the HL-LHC can probe the light H
± through the signal

of a pair of same-sign charged leptons and a pair of same-sign hadronic ⌧ ’s in the [⌧⌫][⌧⌫]WW

final state.

C. [bbW ][bbW ]

The [bbW ][bbW ] process targets the production of a pair of charged Higgs bosons, followed

by H
±

! AW
±(⇤)

pp(qq̄/gg) ! H
+
H

�
! A

0
W

+
A

0
W

�
! bb̄`

+
⌫`bb̄qq̄

0 + C.C. (24)

We consider the benchmark points in Table III where the cross sections for the signal process

are

BP–3: �(qq̄ ! H
+
H

�) = 185.4 fb, �(gg ! H
+
H

�) = 25.6 fb. (25)

The loop-induced gluon fusion production cross section is about 10% of the Drell-Yan produc-

tion cross section .

The event selection proceeds as follow and some of the key distributions are shown in figure

9. First, we select events if they contain exactly one charged lepton with p
`

T
> 25 GeV and

|⌘| < 2.5. The leading charged lepton in transverse momentum should satisfy the isolation

requirements discussed in the previous subsection. HERE THIS CHANNEL IS USING BP-3,

BUT THE BP-1 AND BP-2 ARE REPORTED HERE. After this selection step, the acceptance

times the e�ciency for the signal process is about 18.9% (5.9%) for BP–1 (BP–2). After this

step, we apply a veto on hadronically decaying ⌧ leptons; events should not contain any ⌧h

with pT > 20 GeV. Furthermore, we require that the missing transverse energy should be

larger than 30 GeV. The number of jets and b jets is key discriminator between the signal and

the backgrounds. We expect that the number of jets in the signal process to be at least six
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FIG. 9: Examples for few selected distributions which we used in the signal-to-background optimiza-

tion analysis. Top panels: The leading jet transverse momentum (left), the leading lepton transverse

momentum (right). Lower panels: The scalar sum of jet transverse momenta (left), the ratio of missing

transverse energy to the scalar sum of jet transverse momenta; E
miss

T
/HT (right). The backgrounds

shown here correspond to ZZbb (white), HV (blue), tt̄+H/W/Z (green), tV (red), V V (magenta) and

tt̄ + jets (dark green). In the same canvas, we show the gg ! H
+
H

� (dashed line) and qq̄ ! H
+
H

�

(solid line) for BP–1 (light sienna) and BP–2 (gray). HERE THIS CHANNEL IS USING BP-3, BUT

THE BP-1 AND BP-2 ARE REPORTED HERE.

with �� = �` � �miss. We require that M
W

T
< 150 GeV. To reduce the contributions from top

quark backgrounds, we impose a condition on the invariant mass of the leading and subleading

b jets; Mbb > 100 GeV. This is due to the fact that the leading and the subleading b jets are

expected to comes from di↵erent ancestors in the background processes while they come from a

common ancestor in the signal process (most of the time). We can see that this selection reduces

significantly the background events: For example, the contribution of tt̄ + jets is reduced from

⇠ 54M events to ⇠ 20M events. Further requirements are imposed on the transverse momentum

of the charged lepton and jets in the events. First, we select events if the leading charged

lepton transverse momentum is smaller than 350 GeV. Second, we require that the transverse
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grouped as (`, ⌧)2. In the bottom-left (bottom-right) panel of Fig. 8, we shows the distribution

of the angular distance (invariant mass) between the lepton and ⌧h for (`, ⌧)1 ((`, ⌧)2). The

distributions between (`, ⌧)1 and (`, ⌧)2 are similar. The signal is mainly populated in the

regions of low �R(`, ⌧)1,2 and low M(`, ⌧)1,2, compared with the backgrounds. So we make

the final four selections of 0.4 < �R(`, ⌧)1 < 0.8, M(`, ⌧)1 < 60 GeV, 0.4 < �R(`, ⌧)2 < 3.0,

and M(`, ⌧)2 < 70 GeV. They are e�cient to control the whole background. In particular, the

ttW , ttZ, and WWW backgrounds are highly suppressed, such that only . 10% survive. It

is attributed to the di↵erent topology as 2 ! 3 scattering processes that yield wide opening

angles, such that it is di�cult for these two backgrounds to satisfy the final four cuts. The ZZ

and hSMZ backgrounds also prefer wide opening angles because of lighter masses of Z and hSM

than H and A. About 80% of these two backgrounds are removed.

After all of the above selections, 6.04 signal events and 1.46 background events are left.

At the final stage, the ZZ background becomes dominant. Then the significance without the

background uncertainty is 3.53. If we include 10% background uncertainty, the significance

slightly reduces to 3.48. Marginally, the HL-LHC can probe the light H
± through the signal

of a pair of same-sign charged leptons and a pair of same-sign hadronic ⌧ ’s in the [⌧⌫][⌧⌫]WW

final state.

C. [bbW ][bbW ]

The [bbW ][bbW ] process targets the production of a pair of charged Higgs bosons, followed

by H
±

! AW
±(⇤)

pp(qq̄/gg) ! H
+
H

�
! A

0
W

+
A

0
W

�
! bb̄`

+
⌫`bb̄qq̄

0 + C.C. (24)

We consider the benchmark points in Table III where the cross sections for the signal process

are

BP–3: �(qq̄ ! H
+
H

�) = 185.4 fb, �(gg ! H
+
H

�) = 25.6 fb. (25)

The loop-induced gluon fusion production cross section is about 10% of the Drell-Yan produc-

tion cross section .

The event selection proceeds as follow and some of the key distributions are shown in figure

9. First, we select events if they contain exactly one charged lepton with p
`

T
> 25 GeV and

|⌘| < 2.5. The leading charged lepton in transverse momentum should satisfy the isolation

requirements discussed in the previous subsection. HERE THIS CHANNEL IS USING BP-3,

BUT THE BP-1 AND BP-2 ARE REPORTED HERE. After this selection step, the acceptance

times the e�ciency for the signal process is about 18.9% (5.9%) for BP–1 (BP–2). After this

step, we apply a veto on hadronically decaying ⌧ leptons; events should not contain any ⌧h

with pT > 20 GeV. Furthermore, we require that the missing transverse energy should be

larger than 30 GeV. The number of jets and b jets is key discriminator between the signal and

the backgrounds. We expect that the number of jets in the signal process to be at least six

22

[bb̄W ][bb̄W ]

Cut HV tV + tt̄H/V V V + ZZbb tt̄ + jets Signal Ns/Nb

Initial events 6.09 ⇥ 106 97.4 ⇥ 106 440.9 ⇥ 106 1.34 ⇥ 109 6.33 ⇥ 105 3.34 ⇥ 10�4

One lepton 7.19 ⇥ 105 21.2 ⇥ 106 71.3 ⇥ 106 283.9 ⇥ 106 1.20 ⇥ 105 3.18 ⇥ 10�4

⌧h veto 6.56 ⇥ 105 19.7 ⇥ 106 68.5 ⇥ 106 259.46 ⇥ 106 1.10 ⇥ 105 3.18 ⇥ 10�4

E
miss

T
> 30 GeV 4.27 ⇥ 105 15.1 ⇥ 106 46.42 ⇥ 106 206.42 ⇥ 106 8.01 ⇥ 104 2.98 ⇥ 10�4

Njets � 4, Nb � 2 1.06 ⇥ 104 1.0 ⇥ 106 1.52 ⇥ 105 55.56 ⇥ 106 1.06 ⇥ 104 1.87 ⇥ 10�4

M
W

T
< 150 GeV 1.04 ⇥ 104 9.65 ⇥ 105 1.45 ⇥ 105 54.11 ⇥ 106 1.03 ⇥ 104 1.86 ⇥ 10�4

Mbb < 100 GeV 5.86 ⇥ 103 4.59 ⇥ 105 1.13 ⇥ 105 20.29 ⇥ 106 7.21 ⇥ 103 3.45 ⇥ 10�4

p
`

T
< 350 GeV 5.85 ⇥ 103 4.59 ⇥ 105 1.13 ⇥ 105 20.28 ⇥ 106 7.21 ⇥ 103 3.46 ⇥ 10�4

p
jet

T
< p

max

T
5.81 ⇥ 103 4.56 ⇥ 105 1.10 ⇥ 105 20.18 ⇥ 106 7.11 ⇥ 103 3.42 ⇥ 10�4

E
miss

T
< 0.7HT 5.72 ⇥ 103 4.49 ⇥ 105 1.09 ⇥ 105 20.00 ⇥ 106 7.06 ⇥ 103 3.43 ⇥ 10�4

H
W

T
< 0.9HT 5.39 ⇥ 103 4.33 ⇥ 105 1.06 ⇥ 105 19.61 ⇥ 106 6.92 ⇥ 103 3.43 ⇥ 10�4

E
miss

T
< 0.4Me↵ 5.39 ⇥ 103 4.33 ⇥ 105 1.06 ⇥ 105 19.61 ⇥ 106 6.92 ⇥ 103 3.43 ⇥ 10�4

H
W

T
< 0.5Me↵ 5.39 ⇥ 103 4.33 ⇥ 105 1.06 ⇥ 105 19.61 ⇥ 106 6.92 ⇥ 103 3.43 ⇥ 10�4

Top veto 5.11 ⇥ 103 4.14 ⇥ 105 1.00 ⇥ 105 18.67 ⇥ 106 6.78 ⇥ 103 3.54 ⇥ 10�4

|Mbbjj � 110| < 10 GeV 2.20 ⇥ 102 1.45 ⇥ 104 2.49 ⇥ 103 6.08 ⇥ 105 3.90 ⇥ 102 6.24 ⇥ 10�4

HT < 400 GeV 1.92 ⇥ 102 1.21 ⇥ 104 1.84 ⇥ 103 5.18 ⇥ 105 3.08 ⇥ 102 5.78 ⇥ 10�4

Nb = 2 1.60 ⇥ 102 1.08 ⇥ 104 1.68 ⇥ 103 4.40 ⇥ 105 2.36 ⇥ 102 5.21 ⇥ 10�4

Nb = 3 3.2 ⇥ 101 1.16 ⇥ 103 1.54 ⇥ 102 7.12 ⇥ 104 5.73 ⇥ 101 7.90 ⇥ 10�4

Nb = 4 0 1.40 ⇥ 102 0 6.08 ⇥ 103 1.42 ⇥ 101 2.28 ⇥ 10�3

TABLE VI: Cut-flow chart of the number of events of the signal and backgrounds for the channel

[bb̄W ][bb̄W ] at the 14 TeV LHC with the total integrated luminosity of Ltot = 3 ab�1. More details

about the selection are reported in the text. This is the BP-3.

jets wherein at least four of them are b–tagged. However, due to the fact that the b jets are

coming from a light A
0, many the b–tagged jets are expected to be soft and do not pass the jet

selection threshold. Therefore, we impose a looser jet selection where we require that events

should contain at least four jets where at least two of them are b–tagged. This selection, by

itself, is enough to reduce the number of tt̄ events by a factor of 4 and the signal by a factor of

8.

The charged lepton is then paired with the missing transverse energy to construct the trans-

verse mass

M
W

T
=

q
2|p`

T
||Emiss

T
| ⇥ (1 � cos ��), (26)
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Conclusions

[bb̄W ][bb̄W ]

Cut Wjj Zjj tt̄jj WWjj WZjj ZZjj tWjj Nb Ns

Initial

Basic

/ET > 63 GeV

HT > 55 GeV

TABLE VI: Cut-flow chart of the number of events of the signal and backgrounds at the 14 TeV LHC

with the total integrated luminosity of Ltot = 3 ab�1. The “Basic” cut requires the b-veto, `±-veto,

and N⌧ � 2.

VI. CONCLUSION

• A light H
± is an interesting NP signal at the LHC.

• In Type-I 2HDM, imposing the light MH± restricts the model significantly.

• The smoking-gun signals cover most of the parameter space:

– pp ! H
+
H

�
! [⌧⌫][⌧⌫]

– pp ! HA/HH/AA ! H
�
W

+
H

�
W

+ + c.c

– pp ! H
+
H

�
! AW

+
AA

�
! bbbb`⌫qq

0
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Appendix A: Kim: 2HDM parameters

Generally for CP invariance, we have

v1,2, m
2
11, m

2
22, m

2
12, �1,···7 � 2 minimum conditions = 10. (A1)

In physical basis,

v, Mh, MH , MA, MH± , t�, s��↵, m
2
12, �6, �7 (A2)

In Higgs basis,

v, t�, Y1, Y2, Y3, Z1,··· ,7 = 12 dependent parameters. (A3)

In Feynrules,

v, Mh, MH , MA, MH± , t�, s��↵, l2, l3, l7 = 10 independent parameters (A4)

l2 = Z2/2, l3 = Z3, l7 = Z7. (A5)
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