
This is the accepted manuscript made available via CHORUS. The article has been
published as:

LHC searches for the CP-odd Higgs boson with a jet
substructure analysis

Ning Chen, Jinmian Li, Yandong Liu, and Zuowei Liu
Phys. Rev. D 91, 075002 — Published  7 April 2015

DOI: 10.1103/PhysRevD.91.075002

http://dx.doi.org/10.1103/PhysRevD.91.075002


ADP-14-28-T888

LHC searches for the CP-odd Higgs by the jet substructure analysis

Ning Chen,1, ∗ Jinmian Li,2, † Yandong Liu,3, ‡ and Zuowei Liu4, §

1Department of Modern Physics, University of Science

and Technology of China, Hefei, Anhui, 230026, China

2ARC Centre of Excellence for Particle Physics at the Terascale,

School of Chemistry and Physics, University of Adelaide, Adelaide, SA 5005, Australia

3Department of Physics and State Key Laboratory of Nuclear Physics and Technology,

Peking University, Beijing 100871, China

4Center for High Energy Physics, Tsinghua University, Beijing, 100084, China

The LHC searches for the CP-odd Higgs boson A is studied (with masses from 300 GeV

to 1 TeV) in the context of the general two-Higgs-doublet model. With the discovery of the

125 GeV Higgs boson at the LHC, we highlight one promising discovery channel of A→ hZ.

This channel can become significant for heavy CP-odd Higgs boson after the global signal

fitting to the 125 GeV Higgs boson in the general two-Higgs-doublet model. It is particularly

interesting in the scenario where two CP-even Higgs bosons in the two-Higgs-doublet model

have the common mass of 125 GeV. Since the final states involve a Standard-Model-like

Higgs boson, we apply the jet substructure analysis of tagging the fat Higgs jet in order to

eliminate the Standard Model background sufficiently. After performing the kinematic cuts,

we present the LHC search sensitivities for the CP-odd Higgs boson with mass up to 1 TeV

via this channel.

PACS numbers: 12.60.Fr, 14.80.-j, 14.80.Ec

I. INTRODUCTION

The study of the Higgs mechanism [1–3] has become more interesting and important since

the discovery of the 125 GeV Higgs boson at the LHC 7 ⊕ 8 TeV runs. The properties of the

125 GeV Higgs boson, such as the coupling strengths with Standard Model (SM) fermions and
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gauge bosons [4], its spin and parity [5], and the exotic decay channels [6], will be further measured

in the next LHC runs and the future high energy colliders. From various motivations, the SM Higgs

mechanism is far from being complete. New physics models beyond the SM (BSM) are proposed to

address different questions, which typically contain new states in the spectrum. In many of them,

the electroweak symmetry breaking (EWSB) is due to the extended Higgs sector. Examples include

the minimal supersymmetric extension of the SM (MSSM) [7], the twin Higgs models [8], and the

composite Higgs models [9]. The future experimental searches for the new degrees of freedom in

the spectra provide direct avenues for revealing the underneath new physics.

A very widely studied scenario beyond the minimal one-doublet setup is the two-Higgs-doublet

model (2HDM), which is the low-energy descriptions of the scalar sectors in many new physics

models. A recent review of the phenomenology in the context of the general 2HDM can be found

in Ref. [10]. Refs. [11–27] studied the 2HDM phenomenology at the LHC in light of the Higgs

discovery. The scalar spectrum in the 2HDM contains five states, namely, two neutral CP-even

Higgs bosons (h ,H), one neutral CP-odd Higgs boson A, and two charged Higgs bosons H±.

Often, one would interpret the lighter CP-even Higgs boson h as the one discovered at the LHC. In

the context of the general 2HDM, each Higgs boson mass is actually free parameter before applying

any constraint. A special parameter set in the general 2HDM is when two CP-even Higgs bosons

(h ,H) are degenerate in mass. The di-photon signal predictions with this special parameter choice

in the 2HDM scenario were studied in Ref. [14].

Within the framework of the 2HDM, we study the future LHC searches for the CP-odd Higgs

boson A at the 14 TeV run. The previous experimental searches often focus on the benchmark

models in the MSSM, which has a type-II 2HDM Yukawa couplings. Thus, the interesting final

states to be looked for are the A → b̄b [28, 29] and A → τ+τ− [30–36] since the relevant Yukawa

couplings are likely to be significantly enhanced. Different from the existing experimental search

modes, we focus on the decay channel of A→ hZ. The previous studies to this search channel at

the LHC include Refs. [13, 15, 19], where the final states of b̄b`+`−, τ+τ−`+`−, and ZZZ were

studied. Also, an experimental analysis of this search channel with multiple lepton and photon

final states was carried out at the LHC 8 TeV run [37]. Here, in our analysis, we will focus on

the b̄b`+`− final state coming from the decay channel of A → hZ. In this case, the final states

involve a SM-like Higgs boson with mass of 125 GeV. Therefore, the jet substructure method of

tagging the boosted Higgs jet can be potentially instrumental for this particular channel in our

study. The method of tagging the boosted Higgs jets was suggested in Ref. [38, 39], in which the

discovery potential of the SM Higgs boson via the hV -associated production channel at the LHC
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was investigated. Later, this procedure was widely adopted in searches for new resonances with a

SM-like Higgs boson as their decay final states [39–42] and in studies of the SM-like Higgs boson

properties at the LHC [43–45].

This paper is organized as follows. In Sec. II, we give a brief review on the CP-odd Higgs boson A

in the context of the general 2HDM. We list its coupling terms, with the emphasis on the derivative

couplings of AhZ and AHZ. In Sec. III, we evaluate the productions and decays of the CP-odd

Higgs boson A in the context of the general 2HDM. We show that the decay mode of A→ hZ can

be sizable for the future LHC searches at the 14 TeV runs, given the current global fit to the 2HDM

parameters. We also show for the degenerate Higgs scenario of Mh = MH = 125 GeV, the decay

modes of A→ hZ/HZ are typically dominant over all other decay modes into the SM final states.

Hence, such a mode can be regarded as the leading one for the future searches for the CP-odd Higgs

boson in this special case. In Sec. IV, the analysis of LHC searches for the CP-odd Higgs boson

via the A→ hZ final states is provided. In order to eliminate the SM background sufficiently, we

apply the jet substructure method developed in Ref. [38] to tag the fat Higgs jet directly with the

Cambridge/Aachen (C/A) jet algorithm [46, 47]. Optimizations to the jet substructure methods

and kinematic cuts for the signal processes are presented. The LHC search potential to the A→ hZ

decay channel at different phases of the upcoming runs at 14 TeV are also shown. The conclusions

are given in Sec. V.

II. THE CP-ODD HIGGS BOSON IN THE 2HDM

A. The CP-odd Higgs boson mass

The most general 2HDM Higgs potential that is CP-conserving contains two mass terms plus

seven more quartic coupling terms. For simplicity, we consider the soft breaking of a discrete Z2

symmetry, under which the two Higgs doublets transform as (Φ1 ,Φ2)→ (Φ1 ,−Φ2). The simplified

2HDM potential is expressed as

V (Φ1 ,Φ2) = m2
11|Φ1|2 +m2

22|Φ2|2 −m2
12(Φ†1Φ2 +H.c.) +

1

2
λ1|Φ1|4 +

1

2
λ2|Φ2|4

+ λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2 +
1

2
λ5

[
(Φ†1Φ2)(Φ†1Φ2) +H.c.

]
, (1)
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where all parameters are real. The two Higgs doublets Φ1 and Φ2 pick up vacuum expectation

values (VEVs) to trigger the EWSB

〈Φ1〉 =
1√
2

 0

v1

 〈Φ2〉 =
1√
2

 0

v2

 , (2)

and one often parametrizes the ratio of the two Higgs VEVs as

tβ ≡ tanβ ≡ v2

v1
. (3)

Expressing the two Higgs doublets in component, we have

Φi =

 π+
i

(vi + hi + iπ0
i )/
√

2

 , i = 1 , 2 . (4)

Three of the eight components are Nambu-Goldstone bosons giving rise to the electroweak gauge

boson masses, with the remaining five components as the physical Higgs bosons: two CP-even

Higgs bosons, h and H, one CP-odd Higgs boson A, and the charged Higgs bosons H±. The CP-

odd Higgs boson A is a linear combination of the two imaginary components π0
i in the doublets:

A = −sβπ0
1 + cβπ

0
2, whereas the orthogonal linear combination of G = cβπ

0
1 + sβπ

0
2 corresponds to

the Nambu-Goldstone mode to be eaten by the Z boson. By extracting the relevant terms in the

2HDM potential (1), the CP-odd Higgs boson mass square is given by

M2
A = (m2

12 − λ5v1v2)(tβ + 1/tβ) . (5)

B. The couplings of the CP-odd Higgs boson

2HDM-I 2HDM-II

ξuA 1/tβ 1/tβ

ξdA −1/tβ tβ

ξ`A −1/tβ tβ

TABLE I: The Yukawa couplings of the SM quarks and charged leptons to the CP-odd Higgs boson A in

the 2HDM-I and 2HDM-II.

In the context of the general 2HDM, one usually couples fermions with the same quantum

numbers to the same Higgs doublet, which will avoid the tree-level flavor-changing neutral currents.

In the 2HDM-I, all SM fermions couple to one Higgs doublet (conventionally chosen to be Φ2).
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In the 2HDM-II, the up-type quarks ui couple to one Higgs doublet (conventionally chosen to be

Φ2) and the down-type quarks di and the charged leptons `i couple to the other (Φ1). Details of

the Yukawa setups in the 2HDM-I and 2HDM-II can be found in Ref. [10]. At the tree level, the

CP-odd Higgs boson A couples to the SM fermions through the Yukawa coupling terms

−LAY = −i
∑
f

mf

v
ξfAf̄γ5fA , (6)

where f is the SM fermion, mf is the SM fermion mass, and v =
√
v2

1 + v2
2 = (

√
2GF )−1/2 =

246 GeV. The relevant coupling strengths of ξfA are listed in Table. I for the 2HDM-I and 2HDM-

II cases. The loop induced couplings such as Agg and Aγγ are also correlated with the Yukawa

coupling strengths of ξfA. In addition, there are relevant derivative couplings of the CP-odd Higgs

boson A with the Z boson and the CP-even Higgs bosons (h ,H), which arise from the kinematic

terms of |DΦi|2. The couplings of AhZ and AHZ read

∼ 1

2
(gW 3 − gYB) ·

[
hi(∂π

0
i )− π0

i (∂hi)
]

⇒ g

2cW
Z ·
{
cα−β[h(∂A)−A(∂h)] + sα−β[H(∂A)−A(∂H)]

}
, (7)

where we express them in terms of the mass eigenstates, cα−β ≡ cos(α−β), and sα−β ≡ sin(α−β).

Here α represents the mixing angle of the CP-even Higgs bosons. In many cases, one would regard

the lighter CP-even Higgs boson h as the 125 GeV Higgs boson discovered at the LHC, while others

are regarded as heavier scalars to be searched for in the upcoming LHC runs. In the context of the

general 2HDM, we also consider the degenerate Higgs scenario with Mh = MH = 125 GeV. The

CP-odd Higgs boson A can also decay to the final states of H±W∓ due to the derivative coupling

terms of AH±W∓ in the 2HDM kinematic terms. In our study here, we will always take the heavy

mass input for MH± and the decay modes of A→ H±W∓ will not be addressed. The searches for

this decay mode was recently studied in Ref. [25].

At the end of this section, we mention the constraints on the 2HDM parameters in light of the

125 GeV Higgs boson discovery at the LHC. In studies of the 2HDM, it is often assumed that the

lightest CP-even Higgs boson h in the spectrum corresponds to the 125 GeV Higgs boson discovered

at the LHC 7 ⊕ 8 TeV runs. Under this assumption, one can perform a global fit to the signal

strengths of h based on a particular 2HDM setup. Only two parameters (α , β) are relevant for

determining the gauge couplings of ghV V and the Yukawa couplings of ghff . Details of such global

fits can be found in Refs. [14, 48]. Given that the current signals in various decay channels are

generally close to the SM Higgs boson predictions, the global fits to the allowed 2HDM parameter

regions on (α , β) are consistent to the so-called “alignment limit” where cβ−α → 0. Consequently,
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one has ghV V → g
(SM)
hV V and ghff → g

(SM)
hff in this limit. Due to different Yukawa coupling patterns,

the allowed regions of cβ−α are typically ∼ O(0.1) for the 2HDM-I case, and are more stringently

constrained to be ∼ O(0.01) in the 2HDM-II case. In the analysis below, we take the following

alignment parameter sets

2HDM− I : cβ−α = 0.2 , 2HDM− II : cβ−α = −0.02 , (8)

when we take h to be the only state with mass of 125 GeV. Since the relevant coupling terms

given in Eq. (7) depends on the angle α − β, this suggests the partial width of Γ[A → hZ] is

suppressed due to the smallness of cβ−α. However, for the larger MA region, this decay mode is

likely to dominate over the fermionic decay modes, such as A→ t̄t. Besides, we shall also consider

the degenerate Higgs scenario with Mh = MH = 125 GeV in the 2HDM spectrum, where one

cannot distinguish the decay modes of A → hZ and A → HZ. Under this case, the combined

decay widths of Γ[A → h/H + Z] should be considered for the LHC analysis, which is no longer

suppressed by the small cα−β parameter, and thus the partial decay widths of Γ[A → h/H + Z]

are generally dominant over all others for the CP-odd Higgs boson. In what follows, we will always

use A→ hZ for both the Mh = 125 GeV scenario and the Mh = MH = 125 GeV scenario.

III. THE PRODUCTIONS AND DECAYS OF THE CP-ODD HIGGS BOSON A

A. The productions of A

The CP-odd Higgs boson A can be produced from both the gluon fusion and the bottom quark

annihilation processes [49, 50]. The relevant Feynman diagrams for these processes are depicted

in Fig. 1. At leading order, the partonic production cross section of σ̂(gg → A) is related to the

gluonic partial decay width as follows

σ̂(gg → A) =
π2

8MA
Γ[A→ gg]δ(ŝ−M2

A) , (9a)

Γ[A→ gg] =
GFα

2
sM

3
A

64
√

2π3

∣∣∣∑
q

ξqAA
A
1/2(τq)

∣∣∣2 , (9b)

with τq ≡ M2
A/(4m

2
q) and ξqA being the Yukawa couplings given in Table. I. Here AA1/2(τ) is the

fermionic loop factor for the pseudoscalar. In the heavy quark mass limit of mq � MA, this loop

factor reaches the asymptotic value of AA1/2(τ)→ 2, while it approaches zero in the chiral limit of

mq �MA. For the 2HDM-I case, the dominant contribution to the gluon fusion process is always

the top-quark loop; for the 2HDM-II case, however, the contribution from the bottom quark loop
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FIG. 1: The Feynman diagrams for the production channels of the CP-odd Higgs boson A.

can become comparable to the top quark loop with the large tβ inputs due to the different tβ

dependence in Yukawa couplings, as shown in Table. I. Since we have ξuA = 1/tβ in both 2HDM-I

and 2HDM-II cases, the top quark loop in the gluon fusion process will be suppressed for the

larger tβ inputs. The bottom quark associated processes are controlled by the Yukawa coupling

of ξdA, which reads −1/tβ in 2HDM-I and tβ in 2HDM-II. Therefore, the contributions from these

processes become sizable in the 2HDM-II with the large tβ input. In practice, we evaluate the

production cross sections for these processes by SusHi [51]. The inclusive production cross sections

of pp → AX are shown in Fig. 2 for the LHC runs at 14 TeV, where the CP-odd Higgs boson is

considered in the mass range of MA ∈ (300 GeV , 1 TeV). We choose the inputs of tβ = (1 , 5 , 10)

for the 2HDM-I case and tβ = (1 , 5 , 20) for the 2HDM-II case respectively. It is apparent that the

inclusive production cross sections of σ[pp→ AX] can become sizable with the large tβ inputs for

the 2HDM-II case, where the bottom quark associated processes become significant. For example,

unlike in the 2HDM-I case where the inclusive production cross section of the Higgs boson A

decreases with increasing tβ, the production cross section increases in the 2HDM-II case when the

tβ value is increased from tβ = 5 to tβ = 20, as shown in plot-(b) of Fig. 2.
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FIG. 2: The inclusive production cross section σ[pp→ AX] for MA ∈ (300 GeV , 1 TeV) at the LHC 14 TeV

runs. Left: 2HDM-I, with inputs of tβ = 1 (blue), tβ = 5 (green), and tβ = 10 (red). Right: 2HDM-II, with

inputs of tβ = 1 (blue), tβ = 5 (green), and tβ = 20 (red).

B. The decay modes and search signals of A

The tree-level decay channels of A in our discussions here include: A→ (f̄f , hZ ,HZ), with f

being the SM fermions. These partial decay widths are expressed as

Γ[A→ f̄f ] =
Nc,fm

2
fMA

8πv2
(ξfA)2

√
1−

4m2
f

M2
A

, (10a)

Γ[A→ hZ] =
g2c2

β−α
64πMAc2

W

λ1/2
(

1 ,
m2
Z

M2
A

,
M2
h

M2
A

)
×
[
m2
Z − 2(M2

A +M2
h) +

(M2
A −M2

h)2

m2
Z

]
, (10b)

Γ[A→ HZ] =
g2s2

β−α
64πMAc2

W

λ1/2
(

1 ,
m2
Z

M2
A

,
M2
H

M2
A

)
×
[
m2
Z − 2(M2

A +M2
H) +

(M2
A −M2

H)2

m2
Z

]
, (10c)

with Nc,f = 3 (1) for quarks (leptons). The three-body phase space factor reads

λ1/2(1 , x2 , y2) ≡
[
(1− x2 − y2)2 − 4x2y2

]1/2
. (11)

For the Mh = MH = 125 GeV degenerate scenario, where one cannot discriminate between

A → hZ and A → HZ, one should add up these two decay channels, Γ[A → hZ] + Γ[A → HZ],

which is collectively denoted as Γ[A → hZ] again in this special case. Thus, the partial width of
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FIG. 3: The decay branching ratios of the CP-odd Higgs boson BR[A] for the 2HDM-I case. Upper left:

Mh = 125 GeV with tβ = 1. Upper right: Mh = 125 GeV with tβ = 10. Lower left: Mh = MH = 125 GeV

with tβ = 1. Lower right: Mh = MH = 125 GeV with tβ = 10. The decay channels with branching ratios

below 10−4 are not shown.

Γ[A→ hZ] in the degenerate scenario becomes independent of the alignment parameter cβ−α

Γ[A→ hZ]deg = Γ[A→ hZ] + Γ[A→ HZ]

=
g2

64πMAc2
W

λ1/2
(

1 ,
m2
Z

M2
A

,
M2
h

M2
A

)
×
[
m2
Z − 2(M2

A +M2
h) +

(M2
A −M2

h)2

m2
Z

]
. (12)

The loop-induced partial decay width of Γ[A→ gg] was given in Eq. (9b), while other decay widths

of Γ[A→ γγ] and Γ[A→ Zγ] are typically negligible.

Among all fermionic decay modes, the A → t̄t is generally the most dominant one except for

the large tβ regions in the 2HDM-II case. It is interesting to compare the partial decay widths of

Γ[A→ t̄t] and Γ[A→ hZ] in the MA � (mZ ,Mh) limit

Γ[A→ t̄t]

Γ[A→ hZ]
≈

8Nc ,fm
2
t c

2
Wm

2
Z

g2v2M2
At

2
βc

2
β−α

= 6
( mt

MA

)2 1

t2βc
2
β−α

. (13)

With the large CP-odd Higgs boson mass of MA & 2mt, it is quite possible to have Γ[A →

t̄t] � Γ[A → hZ] with the 2HDM parameters being c2
β−αt

2
β & O(1). Further considering the

degenerate scenario of Mh = MH = 125 GeV, the alignment parameter does not enter Eq. (12).

Correspondingly, the decay mode of A → hZ would dominate over the A → t̄t mode with MA &
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FIG. 4: The decay branching ratios of the CP-odd Higgs boson BR[A] for the 2HDM-II case. Upper left:

Mh = 125 GeV with tβ = 1. Upper right: Mh = 125 GeV with tβ = 20. Lower left: Mh = MH = 125 GeV

with tβ = 1. Lower right: Mh = MH = 125 GeV with tβ = 20. The decay channels with branching ratios

below 10−4 are not shown.
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FIG. 5: The σ[pp→ AX]×BR[A→ hZ] for MA ∈ (300 GeV , 1 TeV) at the LHC 14 TeV runs. Upper left:

Mh = 125 GeV for 2HDM-I. Upper right: Mh = 125 GeV for 2HDM-II. Lower left: Mh = MH = 125 GeV

for 2HDM-I. Lower right: Mh = MH = 125 GeV for 2HDM-II.
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2mt. In Figs. 3 and 4, we display the decay branching ratios of the CP-odd Higgs boson A in

the mass range of MA ∈ (300 GeV , 1 TeV) for the 2HDM-I and 2HDM-II cases respectively. In

practice, the decay branching ratios of the CP-odd Higgs boson demonstrated here are evaluated

by 2HDMC-1.6.4 [52]. In Figs. 3 and 4, we demonstrate the branching ratios for both the Mh =

125 GeV scenario and the Mh = MH = 125 GeV degenerate scenario. The decay branching ratios

of BR[A→ hZ] are increasing with the larger MA and tβ inputs. For the Mh = 125 GeV scenario,

the BR[A → hZ] increases from O(0.1) to almost unity with the increase of tβ from 1 to 10 in

the 2HDM-I case. However, in the 2HDM-II case, this decay mode is always subdominant for

both small and large tβ inputs, given the small alignment parameter taken in Eq. (8). For the

Mh = MH = 125 GeV scenario, the BR[A → hZ] can be the most dominant one over the mass

range we are interested in.

Fig. 5 shows the σ[pp→ AX]×BR[A→ hZ] for various cases at the LHC 14 TeV runs. This is

done by combining the inclusive production cross sections of σ[pp→ AX] displayed in Fig. 2 and

the decay branching ratios of BR[A→ hZ] displayed in Figs. 3 and 4 for the 2HDM-I and 2HDM-II

cases respectively. In descending order, the curves correspond to input parameters of tβ = 1 , 5 , 10

for the 2HDM-I signal predictions. This is largely due to the production cross section dependence

on the tβ inputs, as shown in plot-(a) of Fig. 2. Meanwhile, the corresponding decay branching

ratio of BR[A→ hZ] for the 2HDM-I case vary moderately in the range of O(0.1)−O(1), as shown

in Fig. 3. Therefore, the searches for the CP-odd Higgs boson via the A→ hZ channel is possible

for the 2HDM-I cases at the LHC 14 TeV runs, with the integrated luminosities accumulated up to

O(103) fb−1. In comparison, the signal predictions of σ[pp→ AX]×BR[A→ hZ] for the 2HDM-II

with Mh = 125 GeV case are highly suppressed to O(10−2)−O(10−3) pb with MA & 2mt. This

is obvious as seen from the more dominant decay modes of A→ t̄t for the small tβ = 1 input and

A → (b̄b , τ+τ−) for the large tβ = 20 input respectively. Thus, the search channel of A → hZ

at the LHC 14 TeV run is of minor interesting for the 2HDM-II with Mh = 125 GeV case, as

to be shown in the following section. For the 2HDM-II with Mh = MH = 125 GeV cases, the

decay mode of A→ hZ is always ∼ O(1) with various (MA , tβ) parameters. Therefore, the signal

predictions of σ[pp → AX] × BR[A → hZ] roughly follow the same manner as the CP-odd Higgs

productions, as given in plot-(b) of Fig. 2 earlier.

For the Mh = 125 GeV scenario, in the 2HDM-I case, this decay mode of A→ hZ can be the

possible search channel for the CP-odd Higgs boson as heavy as ∼ 1 TeV with tβ being not too

large; in the 2HDM-II case, however, the search potential to the A → hZ mode is much smaller,

because the cross section in this case is typically small. For the Mh = MH = 125 GeV degenerate
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scenario, the search potential to the A→ hZ mode is significantly improved for both the 2HDM-I

and the 2HDM-II cases. By simple counting of the σ[pp→ AX]× BR[A→ hZ], one can envision

this decay mode to be promising for MA as large as O(1) TeV at the LHC 14 TeV runs with

the integrated luminosity up to ∼ O(100) −O(103) fb−1. In our analysis below, we shall use the

h/H → b̄b final states in order to tag the fat Higgs jet. For this reason, the cross sections for the

signal processes read

Mh = 125 GeV : σ[pp→ AZ]× BR[A→ hZ]× BR[h→ b̄b] , (14a)

Mh = MH = 125 GeV : σ[pp→ AZ]×
(

BR[A→ hZ]× BR[h→ b̄b]

+BR[A→ HZ]× BR[H → b̄b]
)
, (14b)

respectively. In the Mh = 125 GeV scenario, the current global fit to the 2HDM parameter regions

of (α , β) point to a SM-like Higgs boson h. Hence, it is reasonable to take BR[h→ b̄b] ≈ BR[hSM →

b̄b] = 0.58 for our estimation of the signal cross sections below. In the Mh = MH = 125 GeV

scenario, however, a global fit to the 125 GeV Higgs is lacking. One can further write the branching

ratios in the Eq. (14b) as

BR[A→ hZ]× BR[h→ b̄b] + BR[A→ HZ]× BR[H → b̄b]

= BR[A→ hZ]deg ×
(
c2
β−αBR[h→ b̄b] + s2

β−αBR[H → b̄b]
)
, (15)

where we used the Eqs. (10b), (10c), and (12) in the last line. Instead of constraining the 2HDM

parameters for the Mh = MH = 125 GeV scenario, here we assume that the branching ratios in

the parenthesis reproduce the SM value, i.e., c2
β−αBR[h → b̄b] + s2

β−αBR[H → b̄b] ≈ BR[hSM →

b̄b] = 0.58. This approximation is reasonable if we assume the future LHC searches for the b̄b final

states via the pp→ V h(→ b̄b) process are close to the SM Higgs predictions.

IV. THE LHC SEARCHES FOR THE EXOTIC A→ hZ CHANNEL

In this section, we proceed to analyze the LHC searches for the CP-odd Higgs boson A via the

decay mode of A→ hZ.

A. The SM backgrounds and signal benchmark

The final states to be searched for are the same as the ones in the SM Higgs boson searches

via the hZ associated production channel. Therefore, the dominant irreducible SM backgrounds
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relevant to our analysis are [57]: b̄b`+`−, t̄t, ZZ → b̄b`+`−, and the hSMZ → b̄b`+`−. The cross

sections for these processes [53–56] at the LHC 14 TeV run read

σ(pp→ t̄t) ≈ 855 pb ,

σ(pp→ bb̄`+`−) ≈ 82 pb ,

σ(pp→ ZZ → b̄b`+`−) ≈ 180 fb ,

σ(pp→ hSMZ → b̄b`+`−) ≈ 34 fb . (16)

In practice, we note the major SM background processes of t̄t and b̄b`+`− receive uncertainties of

∼ 9% and ∼ 14% respectively. In our analysis below, we take the b−tagging efficiency of 70 % [58],

and the mis-tagging rates are taken as

εc→b ≈ 0.2 εj→b ≈ 0.01 , (17)

with j representing the light jets that neither originate from a b quark nor a c quark [59].

In order to generate events for the signal processes, we obtain a Universal FeynRules Out-

put [60] simplified model with A being the only BSM particle. The relevant coupling terms are

implemented, namely, the dimension-five Agg coupling, the derivative coupling of AhZ, and the

A(h)b̄b Yukawa couplings. We generate events at the parton level by Madgraph 5 [61], which are

passed to Pythia [62] for the parton showering and hadronization. In order to employ the fat

Higgs jet tagging method [38], the B-hadron decays are turned off. All events are further passed to

Delphes-3.1.2 [63] for the fast detector simulation, where we apply the default ATLAS detector

card. The Delphes output will be used for the jet substructure analysis by Fastjet [64].

B. The jet substructure methods

Here we describe the jet substructure analysis and the application to the signals we are interested

in. The tracks, neutral hadrons, and photons that enter the jet reconstruction should satisfy

pT > 0.1 GeV and |η| < 5.0. The leptons from the events should be isolated, so that they will

not be used to cluster the fat jets. The fat jets are reconstructed by using the C/A jet algorithm

with particular jet cone size R to be specified below and requiring pT > 30 GeV. Afterwards,

we adopt the procedures described in the mass-drop tagger [38] for the purpose of identifying a

boosted Higgs boson:

• Split the fat jet, j, into two subjets j1 ,2 with masses m1 ,2, and m1 > m2.
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FIG. 6: The fat Higgs jet tagging rates δH(S/B) with the varying jet cone sizes R in the C/A jet

algorithm. For comparison, we take a common cross section of σ[pp → AX → hZ] = 100 fb

for all signal processes. Plots (a)-(h) correspond to the fat Higgs jet tagging rates for the MA =

(300 , 400 , 500 , 600 , 700 , 800 , 900 , 1000) GeV cases.

• Require a significant mass drop of m1 < µmj with µ = 0.667, and also a sufficiently sym-

metric splitting of min(p2
T ,1 , p

2
T ,2)∆R2

12/m
2
j > ycut (∆R2

12 is the angular distance between

j1 and j2 on the η − φ plane) with ycut = 0.09.

• If the above criteria are not satisfied, define j ≡ j1 and go back to the first step for decom-

position.

These steps are followed by the filtering stage using the reclustering radius of Rfilt =

min(0.35 , R12/2) and selecting three hardest subjects to suppress the pile-up effects.

MA 300 GeV 400 GeV 500 GeV 600 GeV

C/A algorithm R 2.5 2.0 1.7 1.5

MA 700 GeV 800 GeV 900 GeV 1000 GeV

C/A algorithm R 1.4 1.3 1.2 1.2

TABLE II: The choices of the jet cone sizes R in the C/A jet algorithm for different MA inputs.

Generally, the jet cone size R taken in the C/A algorithm tends to be large in order to capture

all collimated decay products in a fat jet. Since our final states involve a SM-like Higgs boson h

from the A→ hZ decay, the corresponding boost factors are enhanced for the larger MA case. To

determine the most optimal jet cone size R in the C/A jet algorithm choice for each MA input, we
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vary it in the range of 1.0 ≤ R ≤ 3.0 and look for the maximal fat Higgs jet tagging rates δH(S/B)

δH(S/B) ≡ number of Higgs jets tagged in the signal∑
background number of Higgs jets tagged in SM background

(18)

between the signals and SM backgrounds. In Fig. 6, we demonstrated the fat Higgs jet tagging

rate δH for different MA samples with the varying 1.0 ≤ R ≤ 3.0. Accordingly, the most optimal

jet cone size R to be chosen for each MA input is tabulated in Table. II. As seen from the table, a

smaller cone size R is generally favored for the heavier CP-odd Higgs boson.

C. The event selection

The cut flow we impose to the events are the following:

• Cut 1: We select events with the opposite-sign-same-flavor (OSSF) dileptons (`+`−) in order

to reconstruct the final-state Z boson. The OSSF dileptons are required to satisfy the

following selection cuts

|η`| < 2.5 , pT (`1) ≥ 20 GeV , pT (`2) ≥ 10 GeV , (19)

where `1 ,2 represent two leading leptons ordered by their transverse momenta.

• Cut 2: The invariant mass of the selected OSSF dileptons should be around the mass window

of Z boson |m`` −mZ | ≤ 15 GeV.

• Cut 3: At least one filtered fat jet is required, which should also contain two leading subjets

that pass the b-tagging and satisfy pT > 20 GeV and |η| < 2.5.

• Cut 4: Such a filtered fat jet will be then identified as the SM-like Higgs jet. We impose the

cuts to the filtered Higgs jets in the mass window of Mh(tagged) ∈ (100 GeV , 150 GeV).

• Cut 5: We also impose the cuts on the pT ,h(tagged). The SM-like Higgs bosons decaying

from the heavier CP-odd Higgs A would generally be more boosted. In practice, we vary the

pT ,h(tagged)cut ∈ (50 GeV , 500 GeV) and look for the most optimal cuts on pT ,h(tagged)

by counting the corresponding cut efficiencies of S/B. The pT ,h(tagged) cuts to be adopted

below are displayed in Fig. (7).
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FIG. 7: The most optimal cuts to the pT of the tagged SM-like Higgs boson for different MA inputs.

Cuts A→ hZ t̄t b̄b`+`− ZZ → b̄b`+`− hZ → b̄b`+`− S/B S/
√
B

Total cross section ( fb) 500 8.6× 105 8.2× 104 180 34 −

Cut 1 10.76 1.0× 104 4.3× 104 98.94 0.81 1.3× 10−4 0.47

Cut 2 10.29 2, 061 3.9× 104 93.49 0.78 1.6× 10−4 0.51

Cut 3 2.41 120.63 1, 759 4.92 0.05 8.2× 10−4 0.56

Cut 4 1.38 13.12 100.54 1.12 0.03 7.7× 10−3 1.29

Cut 5 0.91 0.38 12.14 0.19 0.01 0.04 2.55

Cut 6 0.91 0.06 5.40 0.08 − 0.10 3.87

TABLE III: The event cut efficiency for the MA = 600 GeV case at the LHC 14 TeV running of the

signal and background processes. We assume the nominal cross section for the signal process to be σ[pp→

AX]×BR[A→ hZ] = 500 fb. The S/
√
B is evaluated for the

∫
Ldt = 100 fb−1 case. The uncertainties of

the SM background processes are taken into account.

• Cut 6: Combining the filtered Higgs jets and the tagged OSSF dileptons, the invariant mass

of the tagged Higgs boson and the OSSF leptons should reconstruct the mass window of the

CP-odd Higgs boson A: |Mh ,`+`− −MA| ≤ 100 GeV.

D. Implications to the LHC searches for A in the general 2HDM

Here we present the results after the jet substructure analysis and imposing the kinematic cuts

stated previously. As a specific example of the analysis stated above, we list the cut efficiencies for

the benchmark model for the MA = 600 GeV case in Table. III. The distributions of the Mh ,``

after Cut-1 through Cut-5 for both signal process and the relevant SM background processes are

displayed in Fig. 8. A nominal production cross section of σ[pp → AX] × BR[A → hZ] = 500 fb

for the signal process is chosen for the evaluation. Among all relevant SM background processes,
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FIG. 8: The Mh ,ll distributions of the pp → AX → hZ signal process (for the MA = 600 GeV case) and

all SM background processes after the kinematic cuts. A nominal cross section of σ[pp → AX] × BR[A →

hZ] = 500 fb is assumed for the signal. The plot is for the LHC 14 TeV run with integrated luminosity of∫
Ldt = 100 fb−1.

the b̄b`+`− turns out to contribute most after imposing the cuts mentioned above.

In Figs. 9 and 10, we display the number of events predicted by the signal process of pp→ AX →

hZ after the cut flows imposed to the 2HDM-I and 2HDM-II models respectively. For each MA

sample, the same kinematic cuts were also imposed to the SM background processes. The samples

with different tβ inputs are shown for both Mh = 125 GeV scenario and Mh = MH = 125 GeV

degenerate scenario. We demonstrate the predictions at the LHC 14 TeV runs with integrated

luminosities of 100 fb−1 and high luminosity (HL) runs up to 3, 000 fb−1. Altogether, the 5σ

discovery limits set by max{5
√
B , 10} with B representing the number of events from the SM

background contributions are also shown. For the 2HDM-I cases, the Mh = 125 GeV scenario

consistent to the current global fit to the 2HDM parameter is likely to be probed with MA up

to 1 TeV with the integrated luminosity ∼ 3, 000 fb−1. For the special Mh = MH = 125 GeV

degenerate scenario, the discovery limit to the MA can reach ∼ 1 TeV at the LHC 14 TeV runs

with
∫
Ldt ∼ 100 fb−1. The increasing integrated luminosities would further enhance the discovery

limits for models with larger tβ inputs. Situations for the 2HDM-II cases are different. The

Mh = 125 GeV scenario is not promising even at the HL LHC runs with integrated luminosities

up to ∼ 3, 000 fb−1. Only the CP-odd Higgs boson with mass of MA . 2mt is likely to be

searched, together within the low-tβ regions. On the other hand, the Mh = MH = 125 GeV

degenerate scenario is promising to search for, as indicated from the previous results shown in

plot-(d) of Fig. 5. As the production cross sections are dominated by the gluon fusion at the low-

tβ regions, while the bottom quark associated processes can be enhanced at the high-tβ regions,

the plot-(c) and plot-(d) in Fig. 10 suggest this channel is promising for the 2HDM-II under the
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FIG. 9: The number of events for the pp → AX → hZ signal in the 2HDM-I and the corresponding

SM background processes after the jet substructure analysis. Upper left: Mh = 125 GeV for
∫
Ldt =

100 fb−1. Upper right: Mh = 125 GeV for
∫
Ldt = 3, 000 fb−1. Lower left: Mh = MH = 125 GeV for∫

Ldt = 100 fb−1. Lower right: Mh = MH = 125 GeV for
∫
Ldt = 3, 000 fb−1. We show samples with

tβ = 1 (blue), tβ = 5 (green), and tβ = 10 (red) for each plot. The discovery limit (black dashed curve) of

max{5
√
B , 10} is demonstrated for each plot.

degenerate scenario.

The signal reaches on the (MA , tβ) plane are further displayed in Figs. 11 and 12 for the 2HDM-I

and 2HDM-II cases respectively. For the samples we study, both scenarios of Mh = 125 GeV and

Mh = MH = 125 GeV are shown. There are significant improvements of the signal reaches when

increasing the integrated luminosity from 100 fb−1 up to the HL LHC runs up to 3, 000 fb−1.

For the 2HDM-I case, the σ[pp → AX] × BR[A → hZ] decreases with the larger tβ inputs, as

consistent to the plot-(a) and plot-(c) presented in the Fig. 5. Correspondingly, this search channel

of A → hZ is generally promising for the low-tβ regions. However, for the 2HDM-II case, the

large-tβ regions are also possible for the search channel of A → hZ. This is true for the special

Mh = MH = 125 GeV degenerate scenario. Therefore, one would envision the results presented

here are generally complementary to the conventional experimental searches via the A → b̄b and

A→ τ+τ− final states.
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FIG. 10: The number of events for the pp → AX → hZ signal in the 2HDM-II and the corresponding

SM background processes after the jet substructure analysis. Upper left: Mh = 125 GeV for
∫
Ldt =

100 fb−1. Upper right: Mh = 125 GeV for
∫
Ldt = 3, 000 fb−1. Lower left: Mh = MH = 125 GeV for∫

Ldt = 100 fb−1. Lower right: Mh = MH = 125 GeV for
∫
Ldt = 3, 000 fb−1. We show samples with

tβ = 1 (blue), tβ = 5 (green), and tβ = 20 (red) for each plot. The discovery limit (black dashed curve) of

max{5
√
B , 10} is demonstrated for each plot.

FIG. 11: The signal reaches for the A → hZ on the (MA , tβ) plane for the 2HDM-I case. Upper left:

Mh = 125 GeV for
∫
Ldt = 100 fb−1. Upper right: Mh = 125 GeV for

∫
Ldt = 3, 000 fb−1. Lower left:

Mh = MH = 125 GeV for
∫
Ldt = 100 fb−1. Lower right: Mh = MH = 125 GeV for

∫
Ldt = 3, 000 fb−1.

Parameter regions of (MA , tβ) in blue are within the reach for each case.
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FIG. 12: The signal reaches for the A → hZ on the (MA , tβ) plane for the 2HDM-II case. Upper left:

Mh = 125 GeV for
∫
Ldt = 100 fb−1. Upper right: Mh = 125 GeV for

∫
Ldt = 3, 000 fb−1. Lower left:

Mh = MH = 125 GeV for
∫
Ldt = 100 fb−1. Lower right: Mh = MH = 125 GeV for

∫
Ldt = 3, 000 fb−1.

Parameter regions of (MA , tβ) in blue are within the reach for each case.

V. CONCLUSION

In this work, we suggested that searches for the hZ final states of a heavy CP-odd Higgs A in

the general 2HDM can be considered as a potentially promising channel for the upcoming LHC

runs at 14 TeV. Such decay channel is due to the derivative coupling term AhZ arising from

the 2HDM kinematic terms. Within the framework of the general 2HDM, we consider this decay

channel for two scenarios, i.e., the Mh = 125 GeV case and the Mh = MH = 125 GeV degenerate

Higgs case. For the first scenario, the global fit to the 125 GeV Higgs boson in the context of

the 2HDM is applied. By comparing the decay branching ratios of BR[A→ hZ] with other decay

modes, together with the evaluation of the inclusive production cross sections for the CP-odd Higgs

boson, it is shown that this channel can become the leading one for consideration. Furthermore,

the technique of tagging the boosted Higgs jets from the A→ hZ decay chain is very efficient for

suppressing the SM background contributions. We optimized the jet cone size R in the C/A jet

algorithm so that the Higgs tagging rates in each signal process were maximized compared to the

SM background contributions. The cut flows to capture the kinematical features for the signal

processes were applied thereafter. In particular, we optimize the pT cut to the tagged Higgs jets.

Based on the analysis, the signal reaches for the A→ hZ channel were obtained. The mass reach

can be generally up to ∼ O(1) TeV for the 2HDM-I with low-tβ inputs at the HL LHC runs. The
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search mode is mostly interesting in the special Mh = MH = 125 GeV degenerate scenario for

the 2HDM-II case, both for the low-tβ and large-tβ regions. However, for the Mh = 125 GeV

scenario in the 2HDM-II, there exist stringent constraints on the alignment parameter cβ−α from

the current global fit to the 125 GeV Higgs boson signal strengths. Therefore, this decay mode of

A → hZ is highly suppressed in this case, unless the further results from the LHC measurements

of the 125 GeV Higgs boson would modify the constraints significantly.

In more generic context with 2HDM setup as the low-energy description in the scalar sector, this

decay mode of A → hZ exists. Studies to this decay mode for the CP-odd Higgs boson searches

are of general interest in this sense for the future experiments. In particular, the analysis of the

boosted Higgs jet from this channel can be similarly applied. As we have shown the sensitivity

regions on the (MA , tβ) plane via this channel, the searches for the A → hZ mode can become

complementary to the conventional search modes of A→ b̄b and A→ τ+τ+.
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