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Too early to give up!


Let’s check every loophole. 
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What if the NP signal 
is hidden in the 

shadow under the 
lamp?
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What if the NP signal 
is hidden in the 

shadow under the 
lamp?
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Two explanations
Two explanations for the absence of new 

particle signal 

1. The new particle is generically elusive at 
the LHC. 
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BSM signal

2. We did not search the right place.



A new particle  
which satisfies two conditions:


Fermiophobic Higgs boson 
 in type-I 2HDM 

with a high cutoff scale  
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1. Fermiophobic Higgs boson in Type-I 2HDM


2. Viable parameter space with a high cutoff scale 


3. The first golden channel: 𝝉±𝛎𝛄𝛄


4. The second golden mode: 𝓵±𝓵±𝛾𝛾 + X


5. Conclusions
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setting for the Higgs sector, considering two scenarios, the “normal” scenario where the

observed Higgs boson is the lighter CP -even scalar h and the “inverted” scenario where

the heavier CP -even scalar H is the observed one. In this general setup, we thoroughly

study the impact of the following theoretical and experimental constraints on the model:

• theoretical stabilities such as unitarity, perturbativity, and vacuum stability;

• electroweak precision measurements (through the S, T , and U parameters);

• Higgs boson signal strength measurements;

• direct searches of new scalars at the LEP, Tevatron, and LHC.

We find that in the Type-X 2HDM, the large and positive �a
obs
µ can be explained only

by huge t�(& 100) and light pseudoscalar mass MA. In this region, the decoupling of the

new CP -even neutral Higgs boson '
0 and the charged Higgs boson H

± is not consistent

with the theoretical stability. We will also show that the direct search bounds from the

LEP and LHC experiments exclude all the parameter region with MA . mhSM/2. For

future discovery, the LHC process of pp ! A'
0

! 4⌧ is to be suggested as a golden mode

to probe the entire parameter space where the observed �aµ is explained, and all the above

constraints are satisfied. These are our main results.

The paper is organized in the following way. In Sec. 2, we briefly review the Type-

X 2HDM and describe the characteristics of the normal and inverted scenarios in the

Higgs alignment limit. In Sec. 3, we discuss the new contributions of the Type-X 2HDM

to �aµ, presenting how significantly the observed �aµ a↵ects t� , MA, MH± , and m'0 .

Section 4 describes our strategies for scanning in three steps and shows the results of the

allowed parameter space at each step. Section 5 deals with the electron anomalous magnetic

moment and the LHC signatures. Conclusions are given in Sec. 6.

2 Type-X 2HDM

The 2HDM accommodates two complex SU(2)L Higgs doublet scalar fields, �1 and �2 [78]:

�i =

0

@
w

+
i

vi + hi + i⌘i
p

2

1

A , i = 1, 2, (2.1)

where v =
p

v
2
1 + v

2
2 = 246 GeV. Using the simplified notation of sx = sinx, cx =

cos x, and tx = tan x, we define t� = v2/v1. A discrete Z2 symmetry under which �1 !

�1 and �2 ! ��2 is imposed in order to prevent the tree-level flavor changing neutral

currents [79, 80]. Then the renormalizable and CP conserving scalar potential with softly
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• Two Higgs doublet fields

• Discrete Z2 symmetry to avoid tree-level FCNC

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]

PDG from the global fit: (1)

m
PDG
W

= 80.357± 0.006 GeV

ATLAS[2017]:

m
ATLAS
W

= 80.370± 0.019 GeV

CDF[2022]:

m
CDF
W

= 80.4335± 0.0094 GeV

m
CDF
W

= 80.4335±0.0094 GeV [1]. The total uncertainty is less than 10 MeV and the central

value is about 76.5 MeV larger than the SM prediction: mSM
W

= 80.357± 0.006 GeV [2].

�1 ! �1, �2 ! ��1

1

II. REVIEW OF 2HDM

In the 2HDM, there exist two complex SU(2)L Higgs scalar doublet fields, �1 and �2 [77]:

�i =

0

@
w

+
i

vi + hi + i⌘ip
2

1

A , i = 1, 2, (1)

where v1 and v2 are the nonzero vacuum expectation values of �1 and �2, respectively. The

electroweak symmetry is broken by v =
p
v
2
1 + v

2
2 = 246 GeV. We define the ratio of two

vacuum expectation values to be tan � = v2/v1. For simplicity, we use the simplified notation

of sx = sin x, cx = cosx, and tx = tan x in what follows.

We additionally impose a discrete Z2 symmetry, under which �1 ! �1 and �2 ! ��2, to

avoid the flavor-changing-neutral-current (FCNC) at tree level [78, 79]. The scalar potential

with softly broken Z2 and CP invariance is

V = m
2
11�

†
1�1 +m

2
22�

†
2�2 �m

2
12(�

†
1�2 +H.c.) (2)

+
1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+
1

2
�5

h
(�†

1�2)
2 +H.c.

i
,

where the m2
12 term softly breaks the Z2 parity. The model has five physical Higgs bosons, the

lighter CP -even scalar h, the heavier CP -even scalar H, the CP -odd pseudoscalar A, and a

pair of charged Higgs bosons H±. The weak eigenstates in Eq. (1) are linear combinations of

physical Higgs bosons through two mixing angles ↵ and �, of which the expressions are referred

to Ref. [80]. An important relation is the SM Higgs boson hSM with h and H:

hSM = s��↵h+ c��↵H. (3)

In the 2HDM, the observed Higgs boson at a mass of 125 GeV can be either h or H, which

is called the normal scenario (NS) and the inverted scenario (IS) [81, 82], respectively:

NS: mh = m125; (4)

IS: MH = m125,

where m125 is the observed Higgs boson mass. For the consistency with the SM-like Higgs

boson, the Higgs alignment limit has drawn a lot of attention, where h = hSM in the NS and

H = hSM in the IS. Even though the limit simplifies the phenomenology of the new Higgs

bosons such that H ! WW/ZZ, A ! Zh, and H
± ! W

±(⇤)
h are prohibited at tree level, it

may interfere with observing new scalar bosons at the LHC. Therefore, we do not impose any

conditions on the masses and couplings in advance when performing the random scan. Only

the theoretical and experimental constraints will restrict the parameter space.

We take six free parameters in the physical basis:

�
mh, MH± , MH , MA, m

2
12, t�, s��↵

 
. (5)

4

• SM Higgs boson: a linear combination of 2 CP-even Higgs bosons
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Two setups in Type-I

1. Inverted Higgs scenario

2. Fermiophobic light CP-even Higgs boson

of 2HDMC [? ], HiggsSignals [? ], and HiggsBounds [? ]. The SM-like Higgs boson

at a mass of 125 GeV demands c��↵ ' 1. For the Yukawa interactions of the SM fermions

parametrized by

L Yuk = �

X

f

⇣
mf

v
⇠
h

f
f̄fh +

mf

v

H

f
f̄fH � i

mf

v
⇠
A

f
f̄�5fA

⌘

�

(p
2

v
t
�
mt⇠

A

t P� + mb⇠
A

b
P+

�
bH

+ +

p
2m⌧

v
⇠
A

⌧ ⌫⌧P+⌧H
+ + H.c.

)
,

the Yukawa coupling modifiers in type-I are

⇠
h

f
=

c↵

s�
, 

H

f
=

s↵

s�
, ⇠

A

t = �⇠
A

b
= �⇠

A

⌧ =
1

t�
. (2.4)

The lighter CP -even Higgs boson h becomes fermiophobic if ↵ = ⇡/2. The fermiopho-

bic condition can be preserved at loop level by a suitable renormalization condition [? ? ].

In what follows, hf denotes h with ⇠
h

f
= 0. We summarize our model as

fermiophobic type-I: MH = 125 GeV, ↵ = ⇡/2. (2.5)

Note that the condition of ↵ = ⇡/2 yields

t� = �
c��↵

s��↵

, (2.6)

which implies s��↵ < 0 in the positive c��↵ scheme. In addition, t� � 1 for |s��↵| ⌧ 1:

t� = 10 (5) corresponds to s��↵ = �0.1 (�0.2). We impose the mass degeneracy of

MA = MH± ⌘ MA/H± to e�ciently satisfy the Peskin-Takeuchi oblique parameters [? ].

Then the model has four parameters of

{mhf
, MA/H± , m

2
12, t�}, (2.7)

which determine the quartic couplings in Eq. (2.2) as

�1 =
1

v2

⇥
m

2
hf

+ t
2
�

�
m

2
hf

� M
2
�⇤

, (2.8)

�2 =
1

v2

"
M

2
H +

1

t
2
�

�
M

2
H � M

2
�
#

,

�3 =
1

v2

h
2M

2
A/H± � M

2
i
,

�4 = �5 =
1

v2

h
M

2
� M

2
A/H±

i
,

where M
2 = m

2
12/(s�c�).

Two trilinear Higgs couplings play an important role in the phenomenology of hf . One

is the hf -H+-H� vertex for the decay of hf ! ��, and the other is the H-A-A vertex for

gg ! H
⇤
! AA. We define the scalar interaction Lagrangian by

Ltrilinear � v


�̂hH+H� hfH

+
H

� +
1

2
�̂HAAHAA

�
, (2.9)
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Normal productions are prohibited!



16
14

?

Normal productions are prohibited!

Gluon fusion productions  
are prohibited!

hf
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?

Normal productions are prohibited!

VBF is also prohibited!

• Near the Higgs alignment limit:
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1 Introduction

c��↵ ' 1 =) ghf�V�V ' 0

The second loophole, the omission of the e�cient discovery channels from the search

chart, also happens to the fermiophobic Higgs boson hf in type-I. Assuming that hf !

�� and H
±

! hfW
± are dominant, the final states of 4� + V [14, 15, 23, 44, 45] and

4� + V V
0 [46] have been studied on the theoretical side. The experimental searches for

hf have also been concentrated on the processes which rely on Br(hf ! ��) ⇠ 100% and

Br(H±
! hfW

±) ⇠ 100%. In Table 1, we summarize the searches classified according to

the production processes and the final states. In a large portion of the viable parameter

space, however, the diphoton decay mode is not the leading one because of the sizable

three-body and four-body decays of hf ! W
(⇤)

W
⇤. Moreover, the charged Higgs boson

decays dominantly into ⌧
±
⌫ when MH± . mhf

+ 15 GeV, which invalidates the final state

of 4� + V/V V
0. The signal rate of 4� + V/V V

0 may be overestimated. Although Br(hf !

��) ' 100% is achievable when mhf
is very light (below about 30 GeV), the fermiophobic

type-I with such a light hf is not well-motivated. First, the phenomenologically allowed

parameter space is extremely limited: only about 0.01% of the parameters that meet the

theoretical requirements satisfy the experimental constraints [46]. Second, the model with

mhf
< 62.5 GeV has a critical issue in the theoretical stability. As the parameters evolve

– 1 –

product

final
��bb̄

��`
+
`
� 4�⌫⌫̄

��X 4�X
��⌫⌫̄, ��qq 4�qq

e
+
e
�
! Ahf

DELPHI

[? ? ]

e
+
e
�
! Ahf DELPHI

! hfhfZ [? ? ]

e
+
e
�
! hfZ

DELPHI

[? ? ]

pp̄ ! H
±
hf

CDF[? ]
! hfhfW

(⇤)

pp ! hSM ! hfhf CMS[? ]

pp/pp̄ ! hfV/hfjj

CDF [? ]

D0 [? ? ]

CMS [? ? ? ]

ATLAS [? ]

Table 1. Experimental searches for a fermiophobic Higgs boson at the LEP, Tevatron, and LHC.

We classify the processes according to the production channel and the final states.

Contents

1 Introduction

c��↵ ' 1 =) ghf�V�V ' 0

hf

The second loophole, the omission of the e�cient discovery channels from the search

chart, also happens to the fermiophobic Higgs boson hf in type-I. Assuming that hf ! ��

and H
±
! hfW

± are dominant, the final states of 4� + V [? ? ? ? ? ] and 4� + V V
0 [? ]

have been studied on the theoretical side. The experimental searches for hf have also been

concentrated on the processes which rely on Br(hf ! ��) ⇠ 100% and Br(H±
! hfW

±) ⇠

100%. In Table ??, we summarize the searches classified according to the production

processes and the final states. In a large portion of the viable parameter space, however,
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(1) Theoretical stabilities 
— Scalar potential bounded from below 
— Perturbative unitarity of scalar-scalar scattering at 
tree level 
— Vacuum stability 

(2) Experimental constraints 
— B physics 
— Higgs precision data via HiggsSignals 
— Direct search bounds at the LEP, Tevatron, and LHC 
via HiggsBounds
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• Quartic couplings can be very large at high energy scale.
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Figure 13: Two-loop RG running of quartic couplings for the benchmarks (a) BP4(RS), (b) BP5(RS) and (c)
BP6(WS) from Scenario 2 .

25

�� = �
b

�
+ �

Y

�
(5.5)

One should note, since the Yukawa couplings depend on the specific kinds of 2HDM, it is

obvious that their evolution as well as those of the quartic couplings are model-dependent.

This is obvious from Equations. 5.2 and 5.4.

5.2 Coupling trajectories and inference drawn from them

�1 �2 �3 �4 �5

In this subsection, the running of various couplings will be illustrated in terms of a few

chosen benchmark points. A brief justification for choosing those will be given shortly.

Based on the discussion in the preceding subsection, we will present here the full two-

loop results for our benchmark points(BP). Our chosen benchmarks are consistent with

theoretical as well as experimental constraints.

We have seen that, in Scenario 1, the requirement of low branching fraction of SM-like

Higgs to two pseudoscalars along with other constraints leads us to mA >
mh

2 in the RS

region. However, it is possible to get allowed points in the whole range of mA in the WS

regime. Keeping this in mind, we choose three benchmarks BP1, BP2 and BP3 for scenario

1. BP1 corresponds to WS region with mA >
mh

2 . BP2 corresponds to WS region and

mA <
mh

2 . For BP3, we have taken RS with mA >
mh

2 . We present the benchmark points

chosen for Scenario 1 in Table 1.

BP1 BP2 BP3

MH in GeV 449.734 324.237 153.865

MA in GeV 80.0 24.6997 63.0

MH± in GeV 453.895 331.34 176.152

�1 0.095392 1.4963 0.52616

�2 0.25788 0.25792 0.25773

�3 6.9130 3.5968 0.52559

�4 -3.3549 -1.8783 -0.56774

�5 3.23062 1.72343 0.324993

m2
12 in GeV2 2696.2389 1992.85 353.226215

tan� 75.0 52.7154 67.0

sin(� � ↵) 0.9996 0.999163 0.999996

y`

h ⇥ sin(� � ↵) -1.12095144 -1.15624366 0.81048833

Table 1. Benchmark points for Scenario 1.

As long as we are in the alignment limit with large tan�, �2 is precisely determined

by SM-like Higgs with a very small value(⇡
m

2
h

v2
⇡ 0.258), which is the case for all the

benchmarks in Table 1. On the other hand, �1 and �3 depend on the the mass splitting

between two CP-even scalars. Furthermore, �1 can be controlled by m
2
12, which gets

an enhancement factor in the large tan� region. As for this parameter space, we have

m
2
12 ⇠

m
2
H

tan�
with large tan�, �4 is proportional to m

2
A
� 2m2

H± +m
2
H

and takes a negative

value for our benchmarks. Similarly, �5 takes a value close to �4 with a opposite sign,

– 18 –

�� = �
b

�
+ �

Y

�
(5.5)

One should note, since the Yukawa couplings depend on the specific kinds of 2HDM, it is

obvious that their evolution as well as those of the quartic couplings are model-dependent.

This is obvious from Equations. 5.2 and 5.4.

5.2 Coupling trajectories and inference drawn from them

�1 �2 �3 �4 �5

In this subsection, the running of various couplings will be illustrated in terms of a few

chosen benchmark points. A brief justification for choosing those will be given shortly.

Based on the discussion in the preceding subsection, we will present here the full two-

loop results for our benchmark points(BP). Our chosen benchmarks are consistent with

theoretical as well as experimental constraints.

We have seen that, in Scenario 1, the requirement of low branching fraction of SM-like

Higgs to two pseudoscalars along with other constraints leads us to mA >
mh

2 in the RS

region. However, it is possible to get allowed points in the whole range of mA in the WS

regime. Keeping this in mind, we choose three benchmarks BP1, BP2 and BP3 for scenario

1. BP1 corresponds to WS region with mA >
mh

2 . BP2 corresponds to WS region and

mA <
mh

2 . For BP3, we have taken RS with mA >
mh

2 . We present the benchmark points

chosen for Scenario 1 in Table 1.

BP1 BP2 BP3

MH in GeV 449.734 324.237 153.865

MA in GeV 80.0 24.6997 63.0

MH± in GeV 453.895 331.34 176.152

�1 0.095392 1.4963 0.52616

�2 0.25788 0.25792 0.25773

�3 6.9130 3.5968 0.52559

�4 -3.3549 -1.8783 -0.56774

�5 3.23062 1.72343 0.324993

m2
12 in GeV2 2696.2389 1992.85 353.226215

tan� 75.0 52.7154 67.0

sin(� � ↵) 0.9996 0.999163 0.999996

y`

h ⇥ sin(� � ↵) -1.12095144 -1.15624366 0.81048833

Table 1. Benchmark points for Scenario 1.

As long as we are in the alignment limit with large tan�, �2 is precisely determined

by SM-like Higgs with a very small value(⇡
m

2
h

v2
⇡ 0.258), which is the case for all the

benchmarks in Table 1. On the other hand, �1 and �3 depend on the the mass splitting

between two CP-even scalars. Furthermore, �1 can be controlled by m
2
12, which gets

an enhancement factor in the large tan� region. As for this parameter space, we have

m
2
12 ⇠

m
2
H

tan�
with large tan�, �4 is proportional to m

2
A
� 2m2

H± +m
2
H

and takes a negative

value for our benchmarks. Similarly, �5 takes a value close to �4 with a opposite sign,

– 18 –

�� = �
b

�
+ �

Y

�
(5.5)

One should note, since the Yukawa couplings depend on the specific kinds of 2HDM, it is

obvious that their evolution as well as those of the quartic couplings are model-dependent.

This is obvious from Equations. 5.2 and 5.4.

5.2 Coupling trajectories and inference drawn from them

�1 �2 �3 �4 �5

In this subsection, the running of various couplings will be illustrated in terms of a few

chosen benchmark points. A brief justification for choosing those will be given shortly.

Based on the discussion in the preceding subsection, we will present here the full two-

loop results for our benchmark points(BP). Our chosen benchmarks are consistent with

theoretical as well as experimental constraints.

We have seen that, in Scenario 1, the requirement of low branching fraction of SM-like

Higgs to two pseudoscalars along with other constraints leads us to mA >
mh

2 in the RS

region. However, it is possible to get allowed points in the whole range of mA in the WS

regime. Keeping this in mind, we choose three benchmarks BP1, BP2 and BP3 for scenario

1. BP1 corresponds to WS region with mA >
mh

2 . BP2 corresponds to WS region and

mA <
mh

2 . For BP3, we have taken RS with mA >
mh

2 . We present the benchmark points

chosen for Scenario 1 in Table 1.

BP1 BP2 BP3

MH in GeV 449.734 324.237 153.865

MA in GeV 80.0 24.6997 63.0

MH± in GeV 453.895 331.34 176.152

�1 0.095392 1.4963 0.52616

�2 0.25788 0.25792 0.25773

�3 6.9130 3.5968 0.52559

�4 -3.3549 -1.8783 -0.56774

�5 3.23062 1.72343 0.324993

m2
12 in GeV2 2696.2389 1992.85 353.226215

tan� 75.0 52.7154 67.0

sin(� � ↵) 0.9996 0.999163 0.999996

y`

h ⇥ sin(� � ↵) -1.12095144 -1.15624366 0.81048833

Table 1. Benchmark points for Scenario 1.

As long as we are in the alignment limit with large tan�, �2 is precisely determined

by SM-like Higgs with a very small value(⇡
m

2
h

v2
⇡ 0.258), which is the case for all the

benchmarks in Table 1. On the other hand, �1 and �3 depend on the the mass splitting

between two CP-even scalars. Furthermore, �1 can be controlled by m
2
12, which gets

an enhancement factor in the large tan� region. As for this parameter space, we have

m
2
12 ⇠

m
2
H

tan�
with large tan�, �4 is proportional to m

2
A
� 2m2

H± +m
2
H

and takes a negative

value for our benchmarks. Similarly, �5 takes a value close to �4 with a opposite sign,

– 18 –

�� = �
b

�
+ �

Y

�
(5.5)

One should note, since the Yukawa couplings depend on the specific kinds of 2HDM, it is

obvious that their evolution as well as those of the quartic couplings are model-dependent.

This is obvious from Equations. 5.2 and 5.4.

5.2 Coupling trajectories and inference drawn from them

�1 �2 �3 �4 �5

In this subsection, the running of various couplings will be illustrated in terms of a few

chosen benchmark points. A brief justification for choosing those will be given shortly.

Based on the discussion in the preceding subsection, we will present here the full two-

loop results for our benchmark points(BP). Our chosen benchmarks are consistent with

theoretical as well as experimental constraints.

We have seen that, in Scenario 1, the requirement of low branching fraction of SM-like

Higgs to two pseudoscalars along with other constraints leads us to mA >
mh

2 in the RS

region. However, it is possible to get allowed points in the whole range of mA in the WS

regime. Keeping this in mind, we choose three benchmarks BP1, BP2 and BP3 for scenario

1. BP1 corresponds to WS region with mA >
mh

2 . BP2 corresponds to WS region and

mA <
mh

2 . For BP3, we have taken RS with mA >
mh

2 . We present the benchmark points

chosen for Scenario 1 in Table 1.

BP1 BP2 BP3

MH in GeV 449.734 324.237 153.865

MA in GeV 80.0 24.6997 63.0

MH± in GeV 453.895 331.34 176.152

�1 0.095392 1.4963 0.52616

�2 0.25788 0.25792 0.25773

�3 6.9130 3.5968 0.52559

�4 -3.3549 -1.8783 -0.56774

�5 3.23062 1.72343 0.324993

m2
12 in GeV2 2696.2389 1992.85 353.226215

tan� 75.0 52.7154 67.0

sin(� � ↵) 0.9996 0.999163 0.999996

y`

h ⇥ sin(� � ↵) -1.12095144 -1.15624366 0.81048833

Table 1. Benchmark points for Scenario 1.

As long as we are in the alignment limit with large tan�, �2 is precisely determined

by SM-like Higgs with a very small value(⇡
m

2
h

v2
⇡ 0.258), which is the case for all the

benchmarks in Table 1. On the other hand, �1 and �3 depend on the the mass splitting

between two CP-even scalars. Furthermore, �1 can be controlled by m
2
12, which gets

an enhancement factor in the large tan� region. As for this parameter space, we have

m
2
12 ⇠

m
2
H

tan�
with large tan�, �4 is proportional to m

2
A
� 2m2

H± +m
2
H

and takes a negative

value for our benchmarks. Similarly, �5 takes a value close to �4 with a opposite sign,

– 18 –

�� = �
b

�
+ �

Y

�
(5.5)

One should note, since the Yukawa couplings depend on the specific kinds of 2HDM, it is

obvious that their evolution as well as those of the quartic couplings are model-dependent.

This is obvious from Equations. 5.2 and 5.4.

5.2 Coupling trajectories and inference drawn from them

�1 �2 �3 �4 �5

In this subsection, the running of various couplings will be illustrated in terms of a few

chosen benchmark points. A brief justification for choosing those will be given shortly.

Based on the discussion in the preceding subsection, we will present here the full two-

loop results for our benchmark points(BP). Our chosen benchmarks are consistent with

theoretical as well as experimental constraints.

We have seen that, in Scenario 1, the requirement of low branching fraction of SM-like

Higgs to two pseudoscalars along with other constraints leads us to mA >
mh

2 in the RS

region. However, it is possible to get allowed points in the whole range of mA in the WS

regime. Keeping this in mind, we choose three benchmarks BP1, BP2 and BP3 for scenario

1. BP1 corresponds to WS region with mA >
mh

2 . BP2 corresponds to WS region and

mA <
mh

2 . For BP3, we have taken RS with mA >
mh

2 . We present the benchmark points

chosen for Scenario 1 in Table 1.

BP1 BP2 BP3

MH in GeV 449.734 324.237 153.865

MA in GeV 80.0 24.6997 63.0

MH± in GeV 453.895 331.34 176.152

�1 0.095392 1.4963 0.52616

�2 0.25788 0.25792 0.25773

�3 6.9130 3.5968 0.52559

�4 -3.3549 -1.8783 -0.56774

�5 3.23062 1.72343 0.324993

m2
12 in GeV2 2696.2389 1992.85 353.226215

tan� 75.0 52.7154 67.0

sin(� � ↵) 0.9996 0.999163 0.999996

y`

h ⇥ sin(� � ↵) -1.12095144 -1.15624366 0.81048833

Table 1. Benchmark points for Scenario 1.

As long as we are in the alignment limit with large tan�, �2 is precisely determined

by SM-like Higgs with a very small value(⇡
m

2
h

v2
⇡ 0.258), which is the case for all the

benchmarks in Table 1. On the other hand, �1 and �3 depend on the the mass splitting

between two CP-even scalars. Furthermore, �1 can be controlled by m
2
12, which gets

an enhancement factor in the large tan� region. As for this parameter space, we have

m
2
12 ⇠

m
2
H

tan�
with large tan�, �4 is proportional to m

2
A
� 2m2

H± +m
2
H

and takes a negative

value for our benchmarks. Similarly, �5 takes a value close to �4 with a opposite sign,

– 18 –

BUT the scalar quartic couplings run fast  
under RGEs!



21

BP-IS

-2

 0

 2

 4

 6

 8

 10

 10000  1x106  1x108  1x1010  1x1012  1x1014

Energy [GeV]

λ1
λ2
λ3
λ4reλ5reλ6reλ7

(a)

-2

-1

 0

 1

 2

 3

 4

 5

 6

 7

 8

 1000  10000  100000  1x106  1x107  1x108

Energy [GeV]

λ1
λ2
λ3
λ4reλ5reλ6reλ7

(b)

-2

 0

 2

 4

 6

 8

 10

 10000  1x106  1x108  1x1010  1x1012  1x1014

Energy [GeV]

λ1
λ2
λ3
λ4reλ5reλ6reλ7

(c)

Figure 13: Two-loop RG running of quartic couplings for the benchmarks (a) BP4(RS), (b) BP5(RS) and (c)
BP6(WS) from Scenario 2 .
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Based on the discussion in the preceding subsection, we will present here the full two-

loop results for our benchmark points(BP). Our chosen benchmarks are consistent with

theoretical as well as experimental constraints.

We have seen that, in Scenario 1, the requirement of low branching fraction of SM-like

Higgs to two pseudoscalars along with other constraints leads us to mA >
mh

2 in the RS

region. However, it is possible to get allowed points in the whole range of mA in the WS

regime. Keeping this in mind, we choose three benchmarks BP1, BP2 and BP3 for scenario

1. BP1 corresponds to WS region with mA >
mh

2 . BP2 corresponds to WS region and

mA <
mh

2 . For BP3, we have taken RS with mA >
mh

2 . We present the benchmark points

chosen for Scenario 1 in Table 1.

BP1 BP2 BP3

MH in GeV 449.734 324.237 153.865

MA in GeV 80.0 24.6997 63.0

MH± in GeV 453.895 331.34 176.152

�1 0.095392 1.4963 0.52616

�2 0.25788 0.25792 0.25773

�3 6.9130 3.5968 0.52559

�4 -3.3549 -1.8783 -0.56774

�5 3.23062 1.72343 0.324993

m2
12 in GeV2 2696.2389 1992.85 353.226215

tan� 75.0 52.7154 67.0

sin(� � ↵) 0.9996 0.999163 0.999996

y`

h ⇥ sin(� � ↵) -1.12095144 -1.15624366 0.81048833

Table 1. Benchmark points for Scenario 1.

As long as we are in the alignment limit with large tan�, �2 is precisely determined

by SM-like Higgs with a very small value(⇡
m

2
h

v2
⇡ 0.258), which is the case for all the

benchmarks in Table 1. On the other hand, �1 and �3 depend on the the mass splitting

between two CP-even scalars. Furthermore, �1 can be controlled by m
2
12, which gets

an enhancement factor in the large tan� region. As for this parameter space, we have

m
2
12 ⇠

m
2
H

tan�
with large tan�, �4 is proportional to m

2
A
� 2m2

H± +m
2
H

and takes a negative

value for our benchmarks. Similarly, �5 takes a value close to �4 with a opposite sign,
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Let’s focus on the fermiophobic Higgs 
boson which can accommodate high !.

41

where M
2 = m

2
12/(s�c�).

Two trilinear Higgs couplings play an important role in the phenomenology of hf . One

is the hf -H+-H� vertex for the decay of hf ! ��, and the other is the H-A-A vertex for

gg ! H
⇤
! AA. We define the scalar interaction Lagrangian by

Ltrilinear � v


�̂hH+H� hfH

+
H

� +
1

2
�̂HAAHAA

�
, (2.9)

where the dimensionless trilinear Higgs couplings are

�̂hH+H� =
1

v2


2M

2
H±c� + m

2
hf

✓
1

c�
� c�

◆
�

1

c�
M

2

�
(2.10)

'
t�(m2

hf
� M

2)

v2

"
1 + O

 
1

t
2
�

!#
,

�̂HAA =
1

v2


s�

�
M

2
H � 2M

2
A

�
+

1

s�

�
M

2
� M

2
H

��

'
(M2

� 2M
2
A
)

v2

"
1 + O

 
1

t
2
�

!#
.

In the large t� limit, �̂hH+H� is enhanced unless m
2
hf

⇡ M
2.

3 Scanning and high cuto↵ scale

3.1 Basic scanning for the viable parameter points with ⇤cut > 1018 GeV

An essential preliminary work for the RGE analysis is the preparation of the viable pa-

rameter points that satisfy the theoretical requirements and the experimental constraints.

In Ref. [? ], we showed that the parameter points with mhf
= 20, 30, 40, 60 GeV barely

satisfy the experimental constraints: only the O(0.01)% of the parameter points that sat-

isfy the theoretical requirements are consistent with the null results in the direct searches

at the LEP, Tevatron, and LHC. In addition, the allowed parameter points have very low

cuto↵ scale: for mhf
= 30 GeV, ⇤cut < 7 TeV. Since our main purpose is to study the

phenomenology of the fermiophobic type-I with a high cuto↵ scale, we consider

mhf
= 80, 90, 100 GeV. (3.1)

The other parameters are randomly scanned over the ranges of

MA/H± 2 [15, 900] GeV, (3.2)

t� 2 [1, 100] , m
2
12 2 [0, 20000] GeV2

.

Here we take only the positive values of m
2
12 in the full scanning to enhance the e�ciency

in the scanning, because the preliminary scanning shows that no the parameter point with

negative m
2
12 can satisfy the theoretical requirements, especially the vacuum stability. Over

the prepared parameter points, we impose the following constraints:

– 7 –
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Figure 6. t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV after imposing the

CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2. The results for mhf =

80, 90, 100 GeV are in the left, middle, and right panel, respectively.

proper consideration of B(hf ! ��). Nevertheless, all the allowed parameter points for

mhf
= 70 GeV have low cuto↵ scales below about 100 TeV. Since our main purpose is the

phenomenological study of the model with high cuto↵ scale, we do not consider the case

of mhf
= 70 GeV.

In Fig. ??, we present t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV

after imposing the CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2.

The results for mhf
= 80, 90, 100 GeV are in the left, middle, and right panel, respectively.

The entire parameter space for mhf
= 70 is excluded by the CDF 4�W

⇤ data. For mhf
=

80 GeV, the CDF measurement excludes about 60% of the parameter points that pass Step

A and B, especially the region of MH± 2 [105, 119] GeV. In the range of MH± . 105 GeV,

the o↵-shell W boson from H
±

! hfW
±⇤ is too soft to be probed. If MH± & 119 GeV,

the heavy MH± suppresses the production of pp̄ ! hfH
±. The case of mhf

= 90 GeV has

minor e↵ect from the CDF 4�W : see Fig. ??. Finally, the case of mhf
= 100 GeV is not

constrained.

Another important constraint is from the measurement of W
±(! `

±
⌫)�� at the LHC [?

? ? ]. The target events contain an isolated lepton (`± = e
±
, µ

±), missing transverse

momentum, and two isolated photons. The most recent one is measured by the CMS

Collaboration [? ]. From the data set in the phase space of p
`

T
> 30 GeV and p

�

T
> 20 GeV

with the integrated luminosity of 137 fb�1, the cross section for a single lepton flavor under

the lepton universality assumption is extracted to be

�(W`⌫��)|p
s=13 TeV = 13.6 ± 1.9(stat) ± 4.0(syst) ± 0.08(PDF + scale) fb, (3.8)

which is in agreement with the theoretical cross sections at next-to-leading order. In the

fermiophobic type-I, the production of pp ! W
⇤
! hfH

±, followed by H
±
! ⌧⌫, ⌧ ! `⌫⌫,

and hf ! �� yields the same final state. Over the viable parameter points in the case of

mhf
= 80, 90, 100 GeV, we calculated the cross section of pp ! hfH

±
! `⌫⌫�� with

p
`

T
> 30 GeV and p

�

T
> 20 GeV at the detector level by using the Delphes version 3.4.2 [?

– 14 –
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Figure 6. t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV after imposing the

CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2. The results for mhf =

80, 90, 100 GeV are in the left, middle, and right panel, respectively.

proper consideration of B(hf ! ��). Nevertheless, all the allowed parameter points for

mhf
= 70 GeV have low cuto↵ scales below about 100 TeV. Since our main purpose is the

phenomenological study of the model with high cuto↵ scale, we do not consider the case

of mhf
= 70 GeV.

In Fig. ??, we present t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV

after imposing the CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2.

The results for mhf
= 80, 90, 100 GeV are in the left, middle, and right panel, respectively.

The entire parameter space for mhf
= 70 is excluded by the CDF 4�W

⇤ data. For mhf
=

80 GeV, the CDF measurement excludes about 60% of the parameter points that pass Step

A and B, especially the region of MH± 2 [105, 119] GeV. In the range of MH± . 105 GeV,

the o↵-shell W boson from H
±

! hfW
±⇤ is too soft to be probed. If MH± & 119 GeV,

the heavy MH± suppresses the production of pp̄ ! hfH
±. The case of mhf

= 90 GeV has

minor e↵ect from the CDF 4�W : see Fig. ??. Finally, the case of mhf
= 100 GeV is not

constrained.

Another important constraint is from the measurement of W
±(! `

±
⌫)�� at the LHC [?

? ? ]. The target events contain an isolated lepton (`± = e
±
, µ

±), missing transverse

momentum, and two isolated photons. The most recent one is measured by the CMS

Collaboration [? ]. From the data set in the phase space of p
`

T
> 30 GeV and p

�

T
> 20 GeV

with the integrated luminosity of 137 fb�1, the cross section for a single lepton flavor under

the lepton universality assumption is extracted to be

�(W`⌫��)|p
s=13 TeV = 13.6 ± 1.9(stat) ± 4.0(syst) ± 0.08(PDF + scale) fb, (3.8)

which is in agreement with the theoretical cross sections at next-to-leading order. In the

fermiophobic type-I, the production of pp ! W
⇤
! hfH

±, followed by H
±
! ⌧⌫, ⌧ ! `⌫⌫,

and hf ! �� yields the same final state. Over the viable parameter points in the case of

mhf
= 80, 90, 100 GeV, we calculated the cross section of pp ! hfH

±
! `⌫⌫�� with

p
`

T
> 30 GeV and p

�

T
> 20 GeV at the detector level by using the Delphes version 3.4.2 [?
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as a function of mhf , ranging from 10 to 105 GeV=c2, and
mH! , ranging from 30 to 300 GeV=c2. We include system-
atic uncertainties due to the signal efficiency, the predicted
number of background events, and the luminosity, as well as
the theoretical uncertainty of 20% on the cross section of
Higgs boson production [23]. Figure 2 shows the expected
and the observed cross section limits at 95% credibility for a
particular choice ofmhf andmH! , with possible variations of
the expected limits obtained by assuming 68% or 95% of
Poisson fluctuations of the number of background events.
From Fig. 2, the mhf region between 14 and 62 GeV=c2 is
excluded for mH! ¼ 75 GeV=c2. Connecting the boundary
regions of the excludedmhf region for various values ofmH!

in the mhf vs mH! plane, we form contours of the excluded
mass regions and present them in Fig. 3. The region of
parameters given by mhf between 10 and 100 GeV=c2 and
mH! between 30 and 170 GeV=c2 is excluded. The result
does not change significantly if we repeat the analysis by
assuming tan β ¼ 30, while the excluded region shrinks
by approximately 20 GeV=c2 for both mhf and mH!

for tan β ¼ 3.
In conclusion, we report on a search for the fermiophobic

Higgs boson in the two-Higgs-doublet model using events
with at least three photons in the final state, resulting from
the hypothetical process pp̄ → hfH! followed by H! →
hfW# and hf → γγ. The observed number of signal
candidate events in data is consistent with the expected
number of background events. We calculate the upper limit
on the product of the cross section and the branching

fraction at 95% Bayesian credibility for mhf values ranging
from 10 to 105 GeV=c2 and for mH! values ranging from
30 to 300 GeV=c2, and then translate these limits into an
excluded region in the mhf vs mH! plane, shown in Fig. 3.
The region of parameters given by mhf between 10 and
100 GeV=c2 and mH! between 30 and 170 GeV=c2 is
excluded for tan β ¼ 10. This is the first search for a
fermiophobic neutral Higgs boson with mass smaller than
the boson discovered at the LHC in the two-Higgs-
doublet model.

ACKNOWLEDGMENTS

We thank the Fermilab staff and the technical staffs of the
participating institutions for their vital contributions. This
work was supported by the U.S. Department of Energy and
National Science Foundation; the Italian Istituto Nazionale
di Fisica Nucleare; the Ministry of Education, Culture,
Sports, Science and Technology of Japan; the Natural
Sciences and Engineering Research Council of Canada;
the National Science Council of the Republic of China;
the Swiss National Science Foundation; the A. P. Sloan
Foundation; the Bundesministerium für Bildung und
Forschung, Germany; the Korean World Class University
Program, the National Research Foundation of Korea; the
Science and Technology Facilities Council and the Royal
Society, United Kingdom; the Russian Foundation for
Basic Research; the Ministerio de Ciencia e Innovación,
and Programa Consolider-Ingenio 2010, Spain; the Slovak
R&D Agency; the Academy of Finland; the Australian
Research Council (ARC); and the EU community Marie
Curie Fellowship Contract No. 302103.

)2c mass (GeV/fh
10 20 30 40 50 60 70

 B
 / 

Th
eo

ry
 )

• σ
95

%
 c

re
di

bi
lit

y 
lim

it 
( 

-110

1

10

210

Result
Expected

 68% variation

 95% variation

2c = 75 GeV/±Hm

=10βtan

FIG. 2. Upper limit at 95% credibility on the cross-section ratio
with respect to theory predictions, calculated for the final
selection, including the Eγ1

T þ Eγ2
T > 90 GeV requirement. The

solid line is the obtained limit, the dashed line is the expected
limit, and the shaded regions cover the 68% and 95% of possible
variations of expected limit values based on the Poisson statistics
of the expected number of background events.

)2c mass (GeV/±H
50 100 150 200 250

)2 c
 m

as
s 

(G
eV

/
fh

0

50

100

150

200

±H > m
fhm

2c)=(125 , 350) GeV/0A
 , m0H

=10, (mβtan

Exclusion contour

Expected exclusion contour

68% variation of exclusion contours

95% variation of exclusion contours

FIG. 3. Excluded mass region at a 95% credibility, calculated
for the final selection. The solid curve is the contour enclosing the
exclusion region, the dashed line encloses the median expected
exclusion region, and the shaded regions cover the 68% and 95%
of possible variations of expected contours based on the Poisson
statistics of the expected number of background events.

SEARCH FOR A LOW-MASS NEUTRAL HIGGS BOSON … PHYSICAL REVIEW D 93, 112010 (2016)

112010-7



27

Figure 6. t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV after imposing the

CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2. The results for mhf =

80, 90, 100 GeV are in the left, middle, and right panel, respectively.

proper consideration of B(hf ! ��). Nevertheless, all the allowed parameter points for

mhf
= 70 GeV have low cuto↵ scales below about 100 TeV. Since our main purpose is the

phenomenological study of the model with high cuto↵ scale, we do not consider the case

of mhf
= 70 GeV.

In Fig. ??, we present t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV

after imposing the CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2.

The results for mhf
= 80, 90, 100 GeV are in the left, middle, and right panel, respectively.

The entire parameter space for mhf
= 70 is excluded by the CDF 4�W

⇤ data. For mhf
=

80 GeV, the CDF measurement excludes about 60% of the parameter points that pass Step

A and B, especially the region of MH± 2 [105, 119] GeV. In the range of MH± . 105 GeV,

the o↵-shell W boson from H
±

! hfW
±⇤ is too soft to be probed. If MH± & 119 GeV,

the heavy MH± suppresses the production of pp̄ ! hfH
±. The case of mhf

= 90 GeV has

minor e↵ect from the CDF 4�W : see Fig. ??. Finally, the case of mhf
= 100 GeV is not

constrained.

Another important constraint is from the measurement of W
±(! `

±
⌫)�� at the LHC [?

? ? ]. The target events contain an isolated lepton (`± = e
±
, µ

±), missing transverse

momentum, and two isolated photons. The most recent one is measured by the CMS

Collaboration [? ]. From the data set in the phase space of p
`

T
> 30 GeV and p

�

T
> 20 GeV

with the integrated luminosity of 137 fb�1, the cross section for a single lepton flavor under

the lepton universality assumption is extracted to be

�(W`⌫��)|p
s=13 TeV = 13.6 ± 1.9(stat) ± 4.0(syst) ± 0.08(PDF + scale) fb, (3.8)

which is in agreement with the theoretical cross sections at next-to-leading order. In the

fermiophobic type-I, the production of pp ! W
⇤
! hfH

±, followed by H
±
! ⌧⌫, ⌧ ! `⌫⌫,

and hf ! �� yields the same final state. Over the viable parameter points in the case of

mhf
= 80, 90, 100 GeV, we calculated the cross section of pp ! hfH

±
! `⌫⌫�� with

p
`

T
> 30 GeV and p

�

T
> 20 GeV at the detector level by using the Delphes version 3.4.2 [?

– 14 –

Viable parameter points with 𝚲>1018 GeV

• Charge Higgs boson and A masses below about 145 GeV. 
• tan𝜷 > 5 are allowed. 

• m122 is small. 
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Figure 3. Branching ratios of hf (upper panels), A (middle panels), and H
± (lower panels) for

the viable parameter points with ⇤cut > 1018 GeV. The results of mhf = 80 GeV, mhf = 90 GeV,

and mhf = 100 GeV, are in the left, middle, and right panels, respectively.

First, we study the consistency with the CDF 4�W
± measurement. As no evidence

of a new signal is observed in the search, the CDF Collaboration presented the exclusion

plot in the (MH± , mhf
) plane for t� = 10 and MA = 350 GeV. If we accept Figure 3 of

Ref. [? ] as it is, the entire parameter space for mhf
= 80 GeV and a large portion of

the parameter space for mhf
= 90 GeV is excluded because the charged Higgs boson is

light for ⇤cut > 1018 GeV. However, the CDF results are based on the assumption that

Br(hf ! ��) ' 100% for mhf
. 95 GeV, which is not always correct as shown in Fig. ??.

– 9 –
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Figure 3. Branching ratios of hf (upper panels), A (middle panels), and H
± (lower panels) for

the viable parameter points with ⇤cut > 1018 GeV. The results of mhf = 80 GeV, mhf = 90 GeV,

and mhf = 100 GeV, are in the left, middle, and right panels, respectively.

B(hf ! ��) ' B(hf ! W
+
W

�). On the contrary, the decay branching ratios of A about

MA/H± show large variation except for the region of the minimally allowed MA. The

branching ratios of the charged Higgs boson also show some variation, but the leading

decay mode is almost fixed by MA/H± . When MH± is below about mhf
+ 15 GeV, the

dominant decay mode is H
±
! ⌧⌫. If MH± is heavier, H

±
! hfW

± is the leading decay

mode.

3.2 Constraints from CDF 4�X and CMS W��

The public code HiggsBounds covers most of the direct searches for a new particle at the

LEP, Tevatron, and LHC. However, two important channels for the fermiophobic Higgs

boson are missing, pp̄ ! W
⇤
! hfH

±
! 4�X and pp ! W

⇤
! hfH

±
! 2�⌧⌫. The 4�

final states have been measured in the process of 4�W
± by the CDF Collaboration [? ]

– 11 –

• hf decays into a photon pair, but not dominantly. 
• WW (3-body and 4-body) is also sizable.
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±

CDF
! hfhfW
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pp ! hSM ! hfhf CMS

pp/pp̄ ! hfV/hfjj (7)

CDF
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ATLAS

Production

Final
��bb̄

��`
+
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e
+
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e
+
e
�
! hfA DELPHI

! hfhfZ [? ? ]

e
+
e
�
! hfZ (7)

DELPHI

[? ? ]

pp̄ ! hfH
±

CDF[? ]
! hfhfW

(⇤)

pp ! hSM ! hfhf CMS[? ]

pp/pp̄ ! hfV/hfjj (7)

CDF[? ]

D0[? ? ]

CMS[? ? ? ]

ATLAS[? ]

Table 1. Experimental searches for a fermiophobic Higgs boson at the LEP, Tevatron, and LHC.

The production processes with the mark of (7) are suppressed in the Higgs alignment limit.

channel and the final states. Note that the processes of e
+
e
�
! hfZ, pp/pp̄ ! hfV/hfjj,

and pp/pp̄ ! V V ! hfjj are suppressed in the Higgs alignment limit, which we marked

them with (7). It is clear seen that all of the searches rely on the diphoton decay mode,

– 2 –

•  Existing searches for the fermiophobic Higgs boson

•  All rely on hf➝ 𝛄𝛄 or hfhf➝ 𝛄𝛄 𝛄𝛄
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• Single hf decay mode: a photon pair. 
• BUT a pair of fermiophobic Higgs bosonsf can 

have another efficient mode, 𝛄𝛄WW.

]. The maximum cross section, which occurs for mhf
= 80 GeV, reaches about 1.6 fb. It is

within the uncertainty of the current CMS measurement, implying that the fermiophobic

type-I is not yet constrained. We expect that the future precision measurement will have

a significant impact on the model.

4 E�cient channels to probe the fermiophobic Higgs boson

In the previous section, we showed that ⇤cut > 1018 GeV requires MA/H± . 150 GeV.

Since the mass di↵erence between mhf
and MA/H± is below mW , we have the mildly

compressed mass spectrum of the BSM Higgs bosons, which is challenging to probe at the

LHC. In this section, we pursue e�cient discovery channels of the nearly compressed BSM

Higgs bosons in the fermiophobic type-I with high cuto↵ scales.

The e�cient decay channels of hf are di↵erent depending on whether hf is produced

singly or in pairs. For a single production of hf , the decay mode of hf ! �� is certainly

the most e�cient one because a resonance bump in the invariant mass distribution of two

prompt photons on top of the continuum background produced by QCD processes is a

clean signature of hf . For the production of two fermiophobic Higgs bosons, however,

hfhf ! ��WW
⇤ has more advantages over hfhf ! 4�. First, B(hfhf ! 2�WW

⇤) is

compatible with B(hfhf ! 4�):

mhf
= 80 GeV : B(hf ! ��)B(hf ! WW

⇤) ' 18%, B(hf ! ��)2 ' 36%, (4.1)

mhf
= 90 GeV : B(hf ! ��)B(hf ! WW

⇤) ' 20%, B(hf ! ��)2 ' 20%,

mhf
= 100 GeV : B(hf ! ��)B(hf ! WW

⇤) ' 15%, B(hf ! ��)2 ' 4%.

Moreover, the combinatoric complication in the 4� mode [? ], especially when we do

not know mhf
a priori [? ], is absent in the 2�WW

⇤ mode. In addition, the production

of 2�WW
⇤ associated with a W or Z boson yields the inclusive final state of the same-

sign dilepton and two photons, which is expected to enjoy almost the background-free

environment. For the production of the fermiophobic Higgs boson at the LHC, we should

resort to the electroweak productions such as qq̄
0
! W

⇤
! hfH

±, qq̄
0
! W

⇤
! AH

±, and

qq̄ ! �
⇤
/Z

⇤
! H

+
H

�.

In Table ??, we summarize the possible production channels of one or two fermiophobic

Higgs bosons at the LHC and the final states from the target decays of hf ! �� and

hfhf ! ��WW
⇤.4 The discovery channels are mainly governed by the decays of H

± and

A, which depend on whether MA/H± is light or heavy. We found that the criteria for

a light A/H
± is MA/H± . mhf

+ 15 GeV. For light MA/H± , the leading decay modes

are H
±

! ⌧
±
⌫ and A ! bb̄. The productions of hfH

± and hfA yield 2�⌧⌫ and 2�bb̄,

4
We do not consider the processes of qq̄ ! Z

⇤ ! hfA and gg ! AA because the cross sections are

highly suppressed: �(pp ! hfA) . 0.03 fb and �(pp ! AA) . 1 ab at the 14 TeV LHC.

– 15 –

• A light charged Higgs boson dominantly decays 
into 𝝉𝛎

Figure 3. Branching ratios of hf (upper panels), A (middle panels), and H
± (lower panels) for

the viable parameter points with ⇤cut > 1018 GeV. The results of mhf = 80 GeV, mhf = 90 GeV,

and mhf = 100 GeV, are in the left, middle, and right panels, respectively.

B(hf ! ��) ' B(hf ! W
+
W

�). On the contrary, the decay branching ratios of A about

MA/H± show large variation except for the region of the minimally allowed MA. The

branching ratios of the charged Higgs boson also show some variation, but the leading

decay mode is almost fixed by MA/H± . When MH± is below about mhf
+ 15 GeV, the

dominant decay mode is H
±
! ⌧⌫. If MH± is heavier, H

±
! hfW

± is the leading decay

mode.

3.2 Constraints from CDF 4�X and CMS W��

The public code HiggsBounds covers most of the direct searches for a new particle at the

LEP, Tevatron, and LHC. However, two important channels for the fermiophobic Higgs

boson are missing, pp̄ ! W
⇤
! hfH

±
! 4�X and pp ! W

⇤
! hfH

±
! 2�⌧⌫. The 4�

final states have been measured in the process of 4�W
± by the CDF Collaboration [? ]

– 11 –
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e
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e
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e
+
e
�
! hfZ (7)

DELPHI

[? ? ]

pp̄ ! hfH
±

CDF[? ]
! hfhfW

(⇤)

pp ! hSM ! hfhf CMS[? ]

pp/pp̄ ! hfV/hfjj (7)

CDF[? ]

D0[? ? ]

CMS[? ? ? ]

ATLAS[? ]

Table 1. Experimental searches for a fermiophobic Higgs boson at the LEP, Tevatron, and LHC.

The production processes with the mark of (7) are suppressed in the Higgs alignment limit.

channel and the final states. Note that the processes of e
+
e
�
! hfZ, pp/pp̄ ! hfV/hfjj,

and pp/pp̄ ! V V ! hfjj are suppressed in the Higgs alignment limit, which we marked

them with (7). It is clear seen that all of the searches rely on the diphoton decay mode,

– 2 –

•  Existing searches for the fermiophobic Higgs boson

•  All rely on hf➝ !! or hfhf➝ !! !!

Step B, and the CDF 4�X measurement. There are important di↵erences between Fig. ??

and Figure 3 of Ref. [? ]. In the case of mhf
= 70 GeV, for instance, the light charged

Higgs boson with MH± 2 [80, 90] GeV is excluded in the CDF analysis but is permitted

with the proper consideration of Br(hf ! ��). However, not a single parameter point for

mhf
= 70 GeV accommodates the Planck cuto↵ scale. The CDF 4� measurement demands

mhf
& 80 GeV in the fermiophobic type-I with high cuto↵ scales

Figure 6. t� versus MA/H± for the parameter points with ⇤cut > 1018 GeV after imposing the

CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2. The results for mhf =

80, 90, 100 GeV are in the left, middle, and right panel, respectively.

In Fig. ??, we show t� versus MA/H± , which satisfy Step A, Step B, ⇤cut > 1018 GeV,

and the CDF 4�W
± constraint. The color codes denote m

2
12 in units of GeV2. The results

for mhf
= 80, 90, 100 GeV are in the left, middle, and right panels, respectively. For mhf

=

80 GeV, the CDF measurement excludes mainly the region of MH± 2 [105, 119] GeV,

which is about 60% of the parameter points that pass Steps A and B. In the range of

MH± . 105 GeV, the decay products from the o↵-shell W boson of H
±
! hfW

±⇤ are too

soft to be probed, which helps to evade the CDF constraint. The range of MH± & 119 GeV

is allowed because the heavy MH± suppresses the production of pp̄ ! H
±
hf . The case

of mhf
= 90 GeV is weakly a↵ected by the CDF 4�W

±. Finally, the CDF 4�W
± has no

impact on the case of mhf
= 100 GeV.

Another important constraint is from the measurement of W
±(! `

±
⌫)�� at the LHC [?

? ? ]. The target events contain an isolated lepton (`± = e
±
, µ

±), missing transverse

momentum, and two isolated photons. The most recent measurement is performed by

the CMS Collaboration [? ]. From the data set in the phase space of p
`

T
> 30 GeV and

p
�

T
> 20 GeV with the total integrated luminosity of 137 fb�1, the cross section for a single

lepton flavor under the lepton universality assumption is extracted to be

�(W`⌫��)|p
s=13 TeV = 13.6 ± 1.9 (stat) ± 4.0 (syst) ± 0.08 (PDF + scale) fb, (3.9)

which is in agreement with the SM prediction at next-to-leading order. In the fermiophobic

– 12 –
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•  Existing searches for the fermiophobic Higgs boson

•  All rely on hf➝ !!
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Target decay modes

hf ! 2�, hfhf ! 2�WW
⇤

Light MA/H± Heavy MA/H±

H
±
! ⌧⌫ H

±
! hfW

⇤

A ! bb A ! hfZ
⇤

Initial production Final states

qq̄
0
! W

⇤
! hfH

± [2�]⌧⌫ X [2�`
±
`
± /ET ]X X

qq̄
0
! W

⇤
! AH

±
bb̄⌧⌫ [2�`

±
`
± /ET ]X X

qq̄ ! �
⇤
/Z

⇤
! H

+
H

�
⌧⌫⌧⌫ [2�`

±
`
± /ET ]X X

Table 2. The production channels and final states of one or two hf at the LHC. The criteria

for the light MA/H± is MH± . mhf + 15 GeV. Here `
±

`
± denotes the same-sign dilepton, where

`
± = e

±
, µ

±. The particles inside a square bracket are originated from the decay of hf or hfhf . The

processes with a checkmark are expected to have high LHC discovery potential.

respectively. The final state of 2�bb̄ su↵ers from huge QCD backgrounds: the copiously

produced jets at the LHC can mimic photons or b quark jets. The leptonic mode of 2�+⌧⌫

is expected to have high discovery potential: the ⌧ -tagging combined with the large missing

transverse energy cut helps to tame the QCD backgrounds. For heavy MA/H± , the main

decay modes are H
±

! hfW
⇤ and A ! hfZ

⇤. The productions of hfH
±, AH

±, and

H
+
H

� yield the final states of two photons associated with the same-sign dilepton. In

this paper, we focus on two final states, 2�⌧⌫ and 2�`
±
`
±
X (`± = e

±
, µ

±), where `
±
`
±

denotes the same-sign dilepton and X includes all the SM fermions (X = `, ⌧, ⌫, j, b). In

what follows, the leptonic decay mode denotes the final state including the electron and/or

muon.

Let us present the parton-level production cross sections for the signal in the 2�⌧⌫ and

2�`
±
`
±
X final states. Using FeynRules [? ], we first obtained the Universal FeynRules

Output (UFO) [? ] for the fermiophobic type-I. After interfering the UFO file with

MadGraph5-aMC@NLO [? ], we computed the cross-sections of pp ! hfH
±
/hfA at 14

TeV LHC. For the parton distribution function set, we used NNPDF31 lo as 0118 [? ].

The cross-sections are multiplied by the branching ratios of hf , A, and H
± obtained from

the 2HDMC [? ].

For the final state of 2�⌧⌫, the parton-level cross section is

�(2�⌧⌫) = �(pp ! hfH
±) B(hf ! ��) B(H±

! ⌧⌫). (4.2)

Figure ?? shows the parton-level cross section of the 2�⌧⌫ final state as a function of

MA/H± with the color code of t� . The results of mhf
= 80 GeV, mhf

= 90 GeV, and

mhf
= 100 GeV are in the left, middle, and right panels, respectively. The cross sections

are sizable for the light MA/H± , O(100) fb for mh = 80, 90 GeV and O(10) fb for the light

– 16 –

Brainstorming of all the possible final states,  
which depend on MH±
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Table 2. The production channels and final states of one or two hf at the LHC. The criteria

for the light MA/H± is MH± . mhf + 15 GeV. Here `
±

`
± denotes the same-sign dilepton, where

`
± = e

±
, µ

±. The particles inside a square bracket are originated from the decay of hf or hfhf . The

processes with a checkmark are expected to have high LHC discovery potential.

respectively. The final state of 2�bb̄ su↵ers from huge QCD backgrounds: the copiously

produced jets at the LHC can mimic photons or b quark jets. The leptonic mode of 2�+⌧⌫

is expected to have high discovery potential: the ⌧ -tagging combined with the large missing

transverse energy cut helps to tame the QCD backgrounds. For heavy MA/H± , the main

decay modes are H
±

! hfW
⇤ and A ! hfZ

⇤. The productions of hfH
±, AH

±, and

H
+
H

� yield the final states of two photons associated with the same-sign dilepton. In

this paper, we focus on two final states, 2�⌧⌫ and 2�`
±
`
±
X (`± = e

±
, µ

±), where `
±
`
±

denotes the same-sign dilepton and X includes all the SM fermions (X = `, ⌧, ⌫, j, b). In

what follows, the leptonic decay mode denotes the final state including the electron and/or

muon.

Let us present the parton-level production cross sections for the signal in the 2�⌧⌫ and

2�`
±
`
±
X final states. Using FeynRules [? ], we first obtained the Universal FeynRules

Output (UFO) [? ] for the fermiophobic type-I. After interfering the UFO file with

MadGraph5-aMC@NLO [? ], we computed the cross-sections of pp ! hfH
±
/hfA at 14

TeV LHC. For the parton distribution function set, we used NNPDF31 lo as 0118 [? ].

The cross-sections are multiplied by the branching ratios of hf , A, and H
± obtained from

the 2HDMC [? ].

For the final state of 2�⌧⌫, the parton-level cross section is

�(2�⌧⌫) = �(pp ! hfH
±) B(hf ! ��) B(H±

! ⌧⌫). (4.2)

Figure ?? shows the parton-level cross section of the 2�⌧⌫ final state as a function of

MA/H± with the color code of t� . The results of mhf
= 80 GeV, mhf

= 90 GeV, and

mhf
= 100 GeV are in the left, middle, and right panels, respectively. The cross sections

are sizable for the light MA/H± , O(100) fb for mh = 80, 90 GeV and O(10) fb for the light

– 16 –

Brainstorming of all the possible final states,  
which depend on MH±
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Table 2. The production channels and final states of one or two hf at the LHC. The criteria

for the light MA/H± is MH± . mhf + 15 GeV. Here `
±

`
± denotes the same-sign dilepton, where

`
± = e

±
, µ

±. The particles inside a square bracket are originated from the decay of hf or hfhf . The

processes with a checkmark are expected to have high LHC discovery potential.

respectively. The final state of 2�bb̄ su↵ers from huge QCD backgrounds: the copiously

produced jets at the LHC can mimic photons or b quark jets. The leptonic mode of 2�+⌧⌫

is expected to have high discovery potential: the ⌧ -tagging combined with the large missing

transverse energy cut helps to tame the QCD backgrounds. For heavy MA/H± , the main

decay modes are H
±

! hfW
⇤ and A ! hfZ

⇤. The productions of hfH
±, AH

±, and

H
+
H

� yield the final states of two photons associated with the same-sign dilepton. In

this paper, we focus on two final states, 2�⌧⌫ and 2�`
±
`
±
X (`± = e

±
, µ

±), where `
±
`
±

denotes the same-sign dilepton and X includes all the SM fermions (X = `, ⌧, ⌫, j, b). In

what follows, the leptonic decay mode denotes the final state including the electron and/or

muon.

Let us present the parton-level production cross sections for the signal in the 2�⌧⌫ and

2�`
±
`
±
X final states. Using FeynRules [? ], we first obtained the Universal FeynRules

Output (UFO) [? ] for the fermiophobic type-I. After interfering the UFO file with

MadGraph5-aMC@NLO [? ], we computed the cross-sections of pp ! hfH
±
/hfA at 14

TeV LHC. For the parton distribution function set, we used NNPDF31 lo as 0118 [? ].

The cross-sections are multiplied by the branching ratios of hf , A, and H
± obtained from

the 2HDMC [? ].

For the final state of 2�⌧⌫, the parton-level cross section is

�(2�⌧⌫) = �(pp ! hfH
±) B(hf ! ��) B(H±

! ⌧⌫). (4.2)

Figure ?? shows the parton-level cross section of the 2�⌧⌫ final state as a function of

MA/H± with the color code of t� . The results of mhf
= 80 GeV, mhf

= 90 GeV, and

mhf
= 100 GeV are in the left, middle, and right panels, respectively. The cross sections

are sizable for the light MA/H± , O(100) fb for mh = 80, 90 GeV and O(10) fb for the light
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The second loophole, the omission of the e�cient discovery channels from the search

chart, also happens to the fermiophobic Higgs boson hf in type-I. Assuming that hf !

�� and H
±

! hfW
± are dominant, the final states of 4� + V [? ? ? ? ? ] and

4� + V V
0 [? ] have been studied on the theoretical side. The experimental searches for

hf have also been concentrated on the processes which rely on Br(hf ! ��) ⇠ 100% and

Br(H±
! hfW

±) ⇠ 100%. In Table 1, we summarize the searches classified according to

the production processes and the final states. In a large portion of the viable parameter

space, however, the diphoton decay mode is not the leading one because of the sizable

three-body and four-body decays of hf ! W
(⇤)

W
⇤. Moreover, the charged Higgs boson

decays dominantly into ⌧
±
⌫ when MH± . mhf

+ 15 GeV, which invalidates the final state

of 4� + V/V V
0. The signal rate of 4� + V/V V

0 may be overestimated. Although Br(hf !

��) ' 100% is achievable when mhf
is very light (below about 30 GeV), the fermiophobic

type-I with such a light hf is not well-motivated. First, the phenomenologically allowed

parameter space is extremely limited: only about 0.01% of the parameters that meet the
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tau lepton identification is possible if ⌧ decays hadronically, based on a fewer particle

multiplicity and a localized energy deposit [? ? ? ]. We adopt the default values of the

tagging and mistagging e�ciencies for the hadronically decaying tau lepton (denoted by ⌧h

in what follows), which depend on the transverse momentum of the object. The values are

roughly P⌧h!⌧h ' 0.6 and Pj!⌧h ' 0.01. Note that we are taking a conservative stance for

the ⌧h identification since the recent improvements in ⇡
0 reconstruction and multivariate

discriminants have significantly increased the ⌧h tagging e�ciency into P⌧h!⌧h ' 0.85 [? ].

Finally, we use the signal significance including the background uncertainty as [? ]

S =

"
2(Ns + Nb) log

(Ns + Nb)(Nb + �
2
b
)

N
2
b

+ (Ns + Nb)�2b
�

2N
2
b

�
2
b

log

✓
1 +

�
2
b
Ns

Nb(Nb + �
2
b
)

◆#1/2

, (5.1)

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

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

5.1 Final state of ⌧
±
⌫��

Before calculating the signal significance over the entire parameter space, we need to de-

velop the strategy for the final selection. So let us concentrate on the following three

benchmark points:

BP-⌧1: mhf
= 80 GeV, MA/H± = 95.8 GeV, (5.2)

m
2
12 = 501.1 GeV2

, t� = 12.5,

BP-⌧2: mhf
= 90 GeV, MA/H± = 100.3 GeV,

m
2
12 = 318.4 GeV2

, t� = 25.4,

BP-⌧3: mhf
= 100 GeV, MA/H± = 106.9 GeV,

m
2
12 = 274.3 GeV2

, t� = 36.4.

The signal of ⌧
±
⌫�� consists of one ⌧h-jet, two prompt photons, and missing transverse

energy /ET . The dominant backgrounds are from jj�, j��, W
±
��, and Z��. The jj� and

j�� backgrounds contribute, as the QCD jets are mistagged as a ⌧h-jet or a photon. Another

important source of photons is the radiated photon, which has been ignored in theoretical

studies.

For the basic selection

– We select events with at least one ⌧h-jet and two leading photons with pT > 20 GeV,

|⌘| < 2.5, and the angular separation of �R =
p

�⌘2 + ��2 > 0.4.

– We require the missing transverse energy /ET > 20 GeV.

Let us describe in more detail how we generated the dominant background from jj�.

The first issue about jj� is the proportion of contribution from the radiated photons and
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Cross sections in units of fb for ⌧
±

⌫��

BP-⌧1 BP-⌧2 BP-⌧3 jj� j�� W
±

�� Z��

parton-level with MG 197.2 122.1 43.5 7.73 ⇥ 107 1.08 ⇥ 105 140.3 184.7

Basic Selection 21.84 14.87 5.89 1.25 ⇥ 103 45.25 0.761 0.954

p
�1

T
> 70 GeV

p
�2

T
> 40 GeV

9.31 7.08 3.11 144.62 28.73 0.205 0.186

m�1�2 2 [62.5, 125] GeV 9.20 6.98 3.08 21.94 4.35 0.023 0.032

/ET > 70 GeV 6.49 4.89 2.16 2.51 0.052 0.007 0.003

veto jets 4.36 3.18 1.43 0.98 0.011 0.004 0.002

Table 3. The cut-flow of the cross sections (in units of fb) for the final state ⌧
±

⌫�� and the back-

grounds at the 14 TeV LHC. The parton-level cross sections are obtained using the MadGraph5

with the default run card requiring p
�

T
> 10 GeV, p

j

T
> 20 GeV, and |⌘

�,j
| < 5. The final step is

to veto jets with pT > 20 GeV and |⌘| < 2.5.

phase space at the parton-level does not a↵ect the background events eventually. Paying

attention that the on-shell decay of hf ! �� yields the high transverse momentum of the

prompt photons, we generated 2 ⇥ 107 events for jj�, called the 20 M events, requiring

p
�

T
> 60 GeV at the parton-level. Then eight events out of 2 ⇥ 107 survived at the final

stage. After confirming that two cross sections from the 30 M and 20 M events match each

other at the first step of the advanced cuts, we present the cross sections from the 20 M

events for the advanced cuts.

The advanced cuts consist of the following:

1. We require that the leading photon has p
�1
T

> 70 GeV and the second leading photon

p
�2
T

> 40 GeV.

2. The invariant mass of the leading two photons should be inside [62.5, 125] GeV.

3. The missing transverse energy should be /ET > 70 GeV.

4. We veto an event if it includes the QCD jets, not the ⌧h-jet, with pT > 20 GeV and

|⌘| < 2.5.

Brief comments on the condition of m�1�2 2 [62.5, 125] GeV are in order here. Without the

information on the mass of the fermiophobic Higgs boson a priori, requiring a small mass

window for m�� , around mhf
± 10 GeV for example, is not proper. For the study of the

fermiophobic type-I with high cuto↵ scales, however, restricting m�� in the permitted mhf

is acceptable.

In Table. ??, we present the cut-flow of the cross sections for the signal and back-

grounds. After the basic selection, the cross section of the total backgrounds, mostly from
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is acceptable.

In Table. ??, we present the cut-flow of the cross sections for the signal and back-

grounds. After the basic selection, the cross section of the total backgrounds, mostly from

– 20 –

• Huge backgrounds from jj𝛄. 


• QCD jets can be mistagged as photons or tau.

• The contribution from radiation photons is sizable. 
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Cross section in units of fb for ��`
±
`
± /ET + X

Cut W
±
Zj W

±
Z� Z`

+
`
� BP-SS1 BP-SS2 BP-SS3

parton level with MG 801.22 7.80 170.43 23.50 26.95 12.45

Selecting `
±
`
±
�� 32.45 1.03 22.10 9.57 9.53 7.50

pT > 20 GeV
0.099 0.04 0.046 1.50 0.77 0.43

& E
miss
T

> 20 GeV

|⌘| < 2.5, �R < 0.4 0.039 0.021 0.027 0.735 0.354 0.227

Table 3. Cut-flow chart of the cross sections for the final state ��`
±

`
± /ET +X at the 14 TeV LHC.

The backgrounds of W
±

Z� and Z`
+
`
� include up to one jet merged with a parton shower.

this level ranges from about 35% to about 60%. Demanding pT > 20 GeV for each lepton

and photon as well as /ET > 20 GeV is e↵ective to reduce the backgrounds: the survival

probability of the W
±
Zj and Z`

+
`
� backgrounds is O(0.1)%. Finally, the cuts on the

rapidity and the angular separation yield almost equal selection-e�ciency, about 0.5.

For the three benchmark points, we calculate the signal significance with the total

integrated luminosity of 300 fb�1. Considering two uncertainties of �bg = 0 and �bg = 5%,

the significances are

�bg = 0 : SBP�SS1 = 25.5 SBP�SS2 = 14.5, SBP�SS3 = 10.1, (5.3)

�bg = 5% : SBP�SS1 = 23.5 SBP�SS2 = 13.6, SBP�SS3 = 9.6.

It is very promising that the integrated luminosity of 300 fb�1, not the expected full lumi-

nosity of 3 ab�1, results in a high significance, well beyond claiming discovery. However,

just because the three benchmark points have S & 9.6 does not mean the discovery of the

fermiophobic type-I with high cuto↵ scale is guaranteed via `
±
`
±
�� /ET + X. We need to

cover the entire parameter points that satisfy the theoretical requirements and the experi-

mental constraints.

In Fig. ??, we present the detector-level cross sections in the cases of mhf
= 80, 90, 100 GeV

after imposing the basic selection. The color code denotes t� . Comparing the results

with the parton-level cross sections in Fig. ??, we observe meaningful di↵erences. The

smaller MA/H± is, the smaller the selection e�ciency is, which is more remarkable for

mhf
= 90, 100 GeV. Consequently, the maximum cross section at the parton level oc-

curs around MA/H± ' 112(123) GeV for mhf
= 90(100) GeV but at the detector level

MA/H± ' 140(150) GeV for mhf
= 90(100) GeV produces the maximum signal rate. Set-

ting 5% uncertainty, we also present the 5� line (blue-dashed) and the 3� line (orange-

dashed) for the total integrated luminosity of 300 fb�1. It is phenomenal that most of

the viable parameter points can be discovered at 5� even with the basic selection. The

– 22 –

Figure 9. �(pp ! 2�`
±

`
± + X) at the 14 TeV LHC as a function of MA/H± with the color code

of t� . The results of mhf = 80 GeV, mhf = 90 GeV, and mhf = 100 GeV, are in the left, middle,

and right panels, respectively.

parameter points. Another intriguing point is that the dependence of the cross sections

on t� for ��`
±
`
±
X is opposite to that for ��⌧⌫. The larger t� is, the larger �(��`

±
`
±
X).

Large t� suppresses the fermionic decay modes of H
±
⌧⌫ and A ! bb̄, and thus enhances

B(H±
! hfW

±) and B(A ! hfZ). It is encouraging that the challenging case of t� ⇠ 50

has a higher potential to be probed through the final state of ��`
±
`
±
X.

5 Signal-background analysis

In this section, we perform the state-of-the-art simulation of the signal-background analysis

for the ��`
±
`
±
X and ��⌧⌫ final states. We performed the Monte Carlo event generation of

the signal and backgrounds by using MadGraph aMC@NLO version 2.6.7. ? [? ] with

the NNPDF31 lo set of parton distribution functions [? ]. For the signal, we adopted the

2HDM UFO file [? ] to generate the productions of hfH
±, AH

±, and H
+
H

� at the Mad-

Graph. The decays of the BSM Higgs bosons as well as parton showering, hadronization,

and hadron decays are dealt with Pythia version 8.243 [? ]. We modified the param.card

of Pythia to accommodate the branching ratios of the BSM Higgs bosons in accordance

with the values of 2HDMC [? ]. We perform a fast detector simulation of the signal and

backgrounds using the Delphes version 3.4.2 [? ]. We used the delphes card HLLHC.6

Since our final states consist of two photons and at least one lepton, we do not include the

pileup e↵ects. And we order the photons or leptons according to its transverse momentum

pT , and name them like �1 and �2.

Pj!� = 5 ⇥ 10�4
, Pe!� = O(1 ⇠ 10)%

A crucial factor in the analysis is the object identification, which consists of the photon,

tau lepton, electron, and muon. First, the photon identification e�ciency is set to be the
6
The card can be downloaded from https://github.com/delphes/delphes/blob/master/cards/delphes card HLLHC.tcl

– 20 –

• Dominant backgrounds from a QCD jet or an electron 
misidentified as a photon.

• Another source: a radiated photon
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Cross sections in units of fb for ⌧
±

⌫��

BP-⌧1 BP-⌧2 BP-⌧3 jj� j�� W
±

�� Z��

parton-level with MG 197.2 122.1 43.5 7.73 ⇥ 107 1.08 ⇥ 105 140.3 184.7

Basic Selection 21.84 14.87 5.89 1.25 ⇥ 103 45.25 0.761 0.954

p
�1

T
> 70 GeV

p
�2

T
> 40 GeV

9.31 7.08 3.11 144.62 28.73 0.205 0.186

m�1�2 2 [62.5, 125] GeV 9.20 6.98 3.08 21.94 4.35 0.023 0.032

/ET > 70 GeV 6.49 4.89 2.16 2.51 0.052 0.007 0.003

veto jets 4.36 3.18 1.43 0.98 0.011 0.004 0.002

Table 3. The cut-flow of the cross sections (in units of fb) for the final state ⌧
±

⌫�� and the back-

grounds at the 14 TeV LHC. The parton-level cross sections are obtained using the MadGraph5

with the default run card requiring p
�

T
> 10 GeV, p

j

T
> 20 GeV, and |⌘

�,j
| < 5. The final step is

to veto jets with pT > 20 GeV and |⌘| < 2.5.

phase space at the parton-level does not a↵ect the background events eventually. Paying

attention that the on-shell decay of hf ! �� yields the high transverse momentum of the

prompt photons, we generated 2 ⇥ 107 events for jj�, called the 20 M events, requiring

p
�

T
> 60 GeV at the parton-level. Then eight events out of 2 ⇥ 107 survived at the final

stage. After confirming that two cross sections from the 30 M and 20 M events match each

other at the first step of the advanced cuts, we present the cross sections from the 20 M

events for the advanced cuts.

The advanced cuts consist of the following:

1. We require that the leading photon has p
�1
T

> 70 GeV and the second leading photon

p
�2
T

> 40 GeV.

2. The invariant mass of the leading two photons should be inside [62.5, 125] GeV.

3. The missing transverse energy should be /ET > 70 GeV.

4. We veto an event if it includes the QCD jets, not the ⌧h-jet, with pT > 20 GeV and

|⌘| < 2.5.

Brief comments on the condition of m�1�2 2 [62.5, 125] GeV are in order here. Without the

information on the mass of the fermiophobic Higgs boson a priori, requiring a small mass

window for m�� , around mhf
± 10 GeV for example, is not proper. For the study of the

fermiophobic type-I with high cuto↵ scales, however, restricting m�� in the permitted mhf

is acceptable.

In Table. ??, we present the cut-flow of the cross sections for the signal and back-

grounds. After the basic selection, the cross section of the total backgrounds, mostly from

– 20 –

We can tame the background!

the mistagged jets. We note that the default setting of the delphes card HLLHC with

Pj!� = 0 produces only the radiated photons, while the modified card with nonzero Pj!�

produces both. So, we generated 6⇥ 106 events with Pj!� = 0 and another 6⇥ 106 events

with Pj!� = 5 ⇥ 10�4. After the basic selection, the number of events in the former case

is 130, while that in the later case is 150. The radiated photons significantly contribute

to the backgrounds. Thus the simple method adopting �(jj�) ⇥ Pj!� underestimates the

jj� background.

The second issue about jj� is the limit on the computation time and cost, which

confronts the huge cross section at the event-generation level. We generated 3⇥ 107 events

of pp ! jj� using MadGraph5 with the default run card requiring p
�

T
> 10 GeV, p

j

T
>

20 GeV, and |⌘
�j
| < 5, which is to be called the 30 M events. Based on the fully showered

and hadronized events using PYTHIA-8.2, we carried out the fast detector simulation

through the Delphes including Pj!� = 5⇥ 10�4. Although 485 events remained after the

basic selection, not a single event survived when imposing the missing transverse energy

cut of /ET > 70 GeV. This is a generic challenge when we encounter an extremely large

cross section and an extremely small selection e�ciency.

Our solution is to use the events in a more restricted phase space to increase selection

e�ciency. Since we will impose stronger cuts in the advanced selection below, the reduced

phase space at the parton-level does not a↵ect the background events eventually. Paying

attention that the on-shell decay of hf ! �� yields the high transverse momentum of the

prompt photons, we generated 2 ⇥ 107 events for jj�, called the 20 M events, requiring

p
�

T
> 60 GeV at the parton-level. Then eight events out of 2 ⇥ 107 survived at the final

stage. After confirming that two cross sections from the 30 M and 20 M events match each

other at the first step of the advanced cuts, we present the cross sections from the 20 M

events for the advanced cuts.

Veto jets with pT > 20 GeV and |⌘| < 2.5

The advanced cuts consist of the following:

1. We require that the leading photon has p
�1
T

> 70 GeV and the second leading photon

p
�2
T

> 40 GeV.

2. The invariant mass of the leading two photons should be inside [62.5, 125] GeV.

3. The missing transverse energy should be /ET > 70 GeV.

4. We veto an event if it includes the QCD jets, not the ⌧h-jet, with pT > 20 GeV and

|⌘| < 2.5.

Brief comments on the condition of m�1�2 2 [62.5, 125] GeV are in order here. Without the

information on the mass of the fermiophobic Higgs boson a priori, requiring a small mass

window for m�� , around mhf
± 10 GeV for example, is not proper. For the study of the

– 20 –
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Significance with 300/fb 

Cross sections in units of fb for ⌧
±

⌫��

BP-⌧1 BP-⌧2 BP-⌧3 jj� j�� W
±

�� Z��

parton-level with MG 197.2 122.1 43.5 7.73 ⇥ 107 1.08 ⇥ 105 140.3 184.7

Basic Selection 21.84 14.87 5.89 1.25 ⇥ 103 45.25 0.761 0.954

p
�1

T
> 70 GeV

p
�2

T
> 40 GeV

9.31 7.08 3.11 144.62 28.73 0.205 0.186

m�1�2 2 [62.5, 125] GeV 9.20 6.98 3.08 21.94 4.35 0.023 0.032

/ET > 70 GeV 6.49 4.89 2.16 2.51 0.052 0.007 0.003

veto jets 4.36 3.18 1.43 0.98 0.011 0.004 0.002

Table 3. The cut-flow of the cross sections (in units of fb) for the final state ⌧
±

⌫�� and the back-

grounds at the 14 TeV LHC. The parton-level cross sections are obtained using the MadGraph5

with the default run card requiring p
�

T
> 10 GeV, p

j

T
> 20 GeV, and |⌘

�,j
| < 5. The final step is

to veto jets with pT > 20 GeV and |⌘| < 2.5.

fermiophobic type-I with high cuto↵ scales, however, restricting m�� in the permitted mhf

is acceptable.

In Table. 3, we present the cut-flow of the cross sections for the signal and backgrounds.

After the basic selection, the cross section of the total backgrounds, mostly from jj�, is

about two orders of magnitude larger than that of the signal. Fortunately, the advanced

cuts dramatically suppress the backgrounds: each cut reduces the jj� by an order of

magnitude. At the end of the cut-flow, the dominant backgrounds from jj� are su�ciently

tamed. For the three benchmark points, we calculate the signal significance with the total

integrated luminosity of 300 fb�1 and two uncertainties of �bg =0 and �bg = 5%:

�bg = 0 : SBP�⌧1 = 52.8, SBP�⌧2 = 41.0, SBP�⌧3 = 20.9, (5.3)

�bg = 5% : SBP�⌧1 = 34.2, SBP�⌧2 = 27.3, SBP�⌧3 = 14.7.

It is promising that the significances even with an integrated luminosity of 300 fb�1 are

well beyond claiming the discovery of hf .

Now let us investigate if the ⌧
±
⌫�� final state can probe the entire parameter space. In

Fig. 10, we present the detector-level cross sections of the signal after imposing all the cuts

in Table 3. The results for mhf
= 80, 90, 100 GeV are in the left, middle, and right panels,

respectively. The color codes denote t� . In a large portion of the parameter space with

light MA/H± , the cross sections after all the cuts at the detector level are above 1 fb. Since

the backgrounds are su�ciently tamed, we do have large enough signal significance. We

present the 3� bound (blue-dashed line) and the 5� bound (red-dashed line) for the total

integrated luminosity of 300 fb�1 with the 5% background uncertainty. The fermiophobic

Higgs boson in the entire parameter space with the light MA/H± can be discovered through

– 21 –

Very promising!
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Other viable parameter points? 
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Figure 10. The detector-level cross sections of �(pp ! ⌧
±

⌫��) after imposing all the advanced

cuts, described in the text, at the 14 TeV LHC as a function of MA/H± . The color code denotes

t� . The results of mhf = 80, 90, 100 GeV are respectively in the left, middle, and right panel.

the final state of ⌧
±
⌫��.

5.2 Final state of `
±
`
±
�� /ETX

We first focus on the following three benchmark points:

BP-SS1: mhf
= 80 GeV, MA/H± = 122.4 GeV, (5.4)

m
2
12 = 166.5 GeV2

, t� = 38.4,

BP-SS2: mhf
= 90 GeV, MA/H± = 112.9 GeV,

m
2
12 = 166.1 GeV2

, t� = 48.7,

BP-SS3: mhf
= 100 GeV, MA/H± = 125.7 GeV,

m
2
12 = 203.5 GeV2

, t� = 49.1.

The inclusive final state consists of two leading leptons with same-sign electric charges

(regardless of the flavor), two isolated photons, and missing transverse energy, associated

with any additional jets and/or leptons. The backgrounds come from W
±
Zj, Z`

+
`
�
j and

W
±
Z�j. For the accompanying QCD jet, we include the samples up to one jet merged

with a parton shower using the MLM scheme [? ]. We do not consider the backgrounds

of tt̄ and tt̄V because they hardly produce the final state of `
±
`
±
�� /ETX. In addition, the

b quark veto can suppress the top-related backgrounds. For the basic selection, we regard

that the leptons and photons in `
±
`
±
�� /ETX are soft because the decays of H

±
! W

⇤
hf ,

A ! Z
⇤
hf , and hf ! WW

⇤
/�� are o↵-shell. So, we take the following conditions:

– We select events with N� � 2 and N` � 2, where N� (N`) is the number of photons

(electrons or muons). We further require that two leading leptons have the same-sign

charge.

– 22 –

• Most of the parameters with light MH± can enjoy the 
significance larger than 5 with 300/fb.


• The larger tanβ, the smaller σ.



4. The second golden 
mode: 𝓵±𝓵±𝛾𝛾 + X   
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Target decay modes

hf ! 2�, hfhf ! 2�WW
⇤

Light MA/H± Heavy MA/H±

H
±
! ⌧

±
⌫ H

±
! hfW

⇤

A ! bb A ! hfZ
⇤

Initial production Final states

qq̄
0
! W

⇤
! H

±
hf [2�]⌧±

⌫ X [`±`
±
�� /ET ]X X

qq̄
0
! W

⇤
! AH

±
bb̄⌧

±
⌫ [`±`

±
�� /ET ]X X

qq̄ ! �
⇤
/Z

⇤
! H

+
H

�
⌧
±
⌫⌧

±
⌫ [`±`

±
�� /ET ]X X

Table 2. The production channels and final states of one or two hf at the LHC. The criteria

for the light MA/H± is MH± . mhf + 15 GeV. Here `
±

`
± denotes the same-sign dilepton, where

`
± = e

±
, µ

±. The particles inside a square bracket are originated from the decay of hf or hfhf . The

processes with a checkmark are expected to have a high discovery potential at the LHC.

where

Br(hfhf ! ��WW ) = 2Br(hf ! ��)Br(hf ! WW
(⇤)). (4.2)

Second, the complication in pairing four photons to trace the prompt hf [? ? ] is absent

in the 2�WW mode. Finally, if the production of 2�WW is associated with a W or Z

boson, which happens through qq̄
0
! H

±
hf , qq̄

0
! AH

±, and qq̄ ! H
+
H

�, the final state

consists of the same-sign dilepton and two photons. We expect an almost background-free

environment.

In Table 2, we summarize the possible production channels of one or two fermiophobic

Higgs bosons at the LHC and the final states from the target decay modes of hf ! ��

and hfhf ! ��WW
⇤. We do not consider the processes of qq̄ ! Z

⇤
! Ahf and gg ! AA

because the cross sections are highly suppressed: �(pp ! Ahf) . 0.03 fb and �(pp !

AA) . 1 ab at the 14 TeV LHC. The final state depends on the decays of H
± and A,

which are determined by MA/H± . For a light MA/H± . mhf
+ 15 GeV, the leading decay

modes are H
±

! ⌧
±
⌫ and A ! bb̄. The productions of H

±
hf and Ahf yield ⌧

±
⌫��

and bb̄��, respectively. The final state of bb̄�� su↵ers from huge QCD backgrounds: the

copiously produced jets at the LHC can mimic b quark jets or photons. The final state

of ⌧
±
⌫�� is expected to have a higher discovery potential: the ⌧ -tagging and the cut on

missing transverse energy help to tame the QCD backgrounds. For heavy MA/H± , the

main decay modes are H
±

! hfW
⇤ and A ! hfZ

⇤. The productions of H
±
hf , AH

±,

and H
+
H

� yield the final states of the same-sign dilepton `
±
`
± (`± = e

±
, µ

±) and two

photons. In this paper, we focus on ⌧
±
⌫�� and `

±
`
±
�� /ETX, where X denotes jets and/or

leptons.

– 14 –

Three production channels
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Figure 8. �(pp ! `

±
`
±

��X) at the 14 TeV LHC as a function of MA/H± , through pp !

H
±

hf (upper panels), pp ! AH
± (middle panels), and pp ! H

+
H

� (lower panels). The color

code denotes t� . The results of mhf = 80, 90, 100 GeV are in the left, middle, and right panels,

respectively.

which the maximum reaches O(1) fb. On the contrary, it shows a wide variation, compared

to the H
±
hf channel, because the process involves two branching ratios of Br(A ! hfZ)

and Br(H±
! hfW

±). The pair production of charged Higgs bosons, which has not been

studied for the fermiophobic Higgs boson in the literature, also yields a considerable cross

section. The maximum of �(pp ! H
+
H

�
! `

±
`
±
��X) is of the order of 1 fb. Finally,

we observe that �(`±`
±
��X) in all three production channels increases with t� . Large t�

suppresses the fermionic decay modes of A and H
±, which enhances the branching ratios

of H
±
! hfW and A ! hfZ. It is encouraging that the challenging case of t� ⇠ 50 has a

higher potential at the LHC.

Figure 9 demonstrates the total cross sections of `
±
`
±
��X fn Eq. (4.8), as a function

– 17 –

All three channels have compatible σ.  

Parton level cross sections at the 14 TeV LHC 
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Figure 8. �(pp ! `

±
`
±

��X) at the 14 TeV LHC as a function of MA/H± , through pp !

H
±

hf (upper panels), pp ! AH
± (middle panels), and pp ! H

+
H

� (lower panels). The color

code denotes t� . The results of mhf = 80, 90, 100 GeV are in the left, middle, and right panels,

respectively.

which the maximum reaches O(1) fb. On the contrary, it shows a wide variation, compared

to the H
±
hf channel, because the process involves two branching ratios of Br(A ! hfZ)

and Br(H±
! hfW

±). The pair production of charged Higgs bosons, which has not been

studied for the fermiophobic Higgs boson in the literature, also yields a considerable cross

section. The maximum of �(pp ! H
+
H

�
! `

±
`
±
��X) is of the order of 1 fb. Finally,

we observe that �(`±`
±
��X) in all three production channels increases with t� . Large t�

suppresses the fermionic decay modes of A and H
±, which enhances the branching ratios

of H
±
! hfW and A ! hfZ. It is encouraging that the challenging case of t� ⇠ 50 has a

higher potential at the LHC.

Figure 9 demonstrates the total cross sections of `
±
`
±
��X fn Eq. (4.8), as a function

– 17 –

Not considered in the literature.
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Figure 10. The detector-level cross sections of �(pp ! ⌧
±

⌫��) after imposing all the advanced

cuts, described in the text, at the 14 TeV LHC as a function of MA/H± . The color code denotes

t� . The results of mhf = 80, 90, 100 GeV are respectively in the left, middle, and right panel.

the final state of ⌧
±
⌫��.

5.2 Final state of `
±
`
±
�� /ETX

We first focus on the following three benchmark points:

BP-SS1: mhf
= 80 GeV, MA/H± = 122.4 GeV, (5.4)

m
2
12 = 166.5 GeV2

, t� = 38.4,

BP-SS2: mhf
= 90 GeV, MA/H± = 112.9 GeV,

m
2
12 = 166.1 GeV2

, t� = 48.7,

BP-SS3: mhf
= 100 GeV, MA/H± = 125.7 GeV,

m
2
12 = 203.5 GeV2

, t� = 49.1.

The inclusive final state consists of two leading leptons with same-sign electric charges

(regardless of the flavor), two isolated photons, and missing transverse energy, associated

with any additional jets and/or leptons. The backgrounds come from W
±
Zj, Z`

+
`
�
j and

W
±
Z�j. For the accompanying QCD jet, we include the samples up to one jet merged

with a parton shower using the MLM scheme [? ]. We do not consider the backgrounds

of tt̄ and tt̄V because they hardly produce the final state of `
±
`
±
�� /ETX. In addition, the

b quark veto can suppress the top-related backgrounds. For the basic selection, we regard

that the leptons and photons in `
±
`
±
�� /ETX are soft because the decays of H

±
! W

⇤
hf ,

A ! Z
⇤
hf , and hf ! WW

⇤
/�� are o↵-shell. So, we take the following conditions:

– We select events with N� � 2 and N` � 2, where N� (N`) is the number of photons

(electrons or muons). We further require that two leading leptons have the same-sign

charge.

– 22 –

Signal-to-background analysis 
at the detector level
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Cross sections in units of fb for `
±

`
±

�� /ET X

BP-SS1 BP-SS2 BP-SS3 W
±

Zj Z`
+
`
�

j W
±

Z�j

parton-level with MG 23.50 26.95 12.45 1.25 ⇥ 103 170.43 7.80

Selecting `
±

`
±

�� 9.57 9.53 7.50 115.75 22.10 1.03

pT > 20 GeV,
1.50 0.77 0.43 0.164 0.046 0.04

/ET > 20 GeV

|⌘| < 2.5, �R > 0.4 0.735 0.354 0.227 0.070 0.027 0.021

Table 4. Cut-flow chart of the cross sections (in units of fb) for the final state ��`
±

`
± /ET X at the

14 TeV LHC. The backgrounds include up to one jet merged with a parton shower.

– Two same-sign leptons and two leading photons must have pT > 20 GeV. In addition,

we demand the missing transverse energy to be /ET > 20 GeV.

– The two same-sign leptons and the two leading photons should have |⌘| < 2.5 and

the angular separation between any combination should be �R > 0.4.

In Table 4, we present the cut-flow chart of the cross sections of the signal and back-

grounds in units of fb. The results in the first row are the parton-level cross sections by

using the MadGraph5 with the default run card and NNPDF31 lo as 0118 [? ]. To

emphasize the e�ciency of each step in the basic selection, we show the results individu-

ally. First, selecting a same-sign dilepton and a pair of photons considerably suppresses

the W
±
Zj, W

±
Z�j, and Z`

+
`
�
j backgrounds, eliminating about 91%, 87%, and 87%,

respectively. The selection e�ciency of the signal at this level ranges from about 35% to

about 60%. Demanding pT > 20 GeV for two same-sign leptons and two leading photons

as well as /ET > 20 GeV is e↵ective in reducing the backgrounds: the survival probability of

W
±
Zj, W

±
Z�j, and Z`

+
`
�
j backgrounds are about 0.01%, 0.5% and 0.03% respectively.

Finally, the cuts on the rapidity and the angular separation remove almost half of the total

backgrounds.

For the three benchmark points, we calculate the signal significance with the total

integrated luminosity of 300 fb�1. Considering two uncertainties of �bg = 0 and �bg = 5%,

the significances are

�bg = 0 : SBP�SS1 = 23.9, SBP�SS2 = 13.4, SBP�SS3 = 9.3, (5.5)

�bg = 5% : SBP�SS1 = 21.8, SBP�SS2 = 12.5, SBP�SS3 = 8.7.

The final state of `
±
`
±
�� /ETX is a very promising channel to probe the fermiophobic Higgs

with high cuto↵ scales even with the luminosity of 300 fb�1.

To show the importance of the channel beyond the selected benchmark points, we

calculate the signal significances over the entire parameter space. In Fig. 11, we present

– 23 –

Almost background-free environment 
with the basic selection
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Cross sections in units of fb for `
±

`
±

�� /ET X

BP-SS1 BP-SS2 BP-SS3 W
±

Zj Z`
+
`
�

j W
±

Z�j

parton-level with MG 23.50 26.95 12.45 1.25 ⇥ 103 170.43 7.80

Selecting `
±

`
±

�� 9.57 9.53 7.50 115.75 22.10 1.03

pT > 20 GeV,
1.50 0.77 0.43 0.164 0.046 0.04

/ET > 20 GeV

|⌘| < 2.5, �R > 0.4 0.735 0.354 0.227 0.070 0.027 0.021

Table 4. Cut-flow chart of the cross sections (in units of fb) for the final state ��`
±

`
± /ET X at the

14 TeV LHC. The backgrounds include up to one jet merged with a parton shower.

– Two same-sign leptons and two leading photons must have pT > 20 GeV. In addition,

we demand the missing transverse energy to be /ET > 20 GeV.

– The two same-sign leptons and the two leading photons should have |⌘| < 2.5 and

the angular separation between any combination should be �R > 0.4.

In Table 4, we present the cut-flow chart of the cross sections of the signal and back-

grounds in units of fb. The results in the first row are the parton-level cross sections by

using the MadGraph5 with the default run card and NNPDF31 lo as 0118 [? ]. To

emphasize the e�ciency of each step in the basic selection, we show the results individu-

ally. First, selecting a same-sign dilepton and a pair of photons considerably suppresses

the W
±
Zj, W

±
Z�j, and Z`

+
`
�
j backgrounds, eliminating about 91%, 87%, and 87%,

respectively. The selection e�ciency of the signal at this level ranges from about 35% to

about 60%. Demanding pT > 20 GeV for two same-sign leptons and two leading photons

as well as /ET > 20 GeV is e↵ective in reducing the backgrounds: the survival probability of

W
±
Zj, W

±
Z�j, and Z`

+
`
�
j backgrounds are about 0.01%, 0.5% and 0.03% respectively.

Finally, the cuts on the rapidity and the angular separation remove almost half of the total

backgrounds.

For the three benchmark points, we calculate the signal significance with the total

integrated luminosity of 300 fb�1. Considering two uncertainties of �bg = 0 and �bg = 5%,

the significances are

�bg = 0 : SBP�SS1 = 23.9, SBP�SS2 = 13.4, SBP�SS3 = 9.3, (5.5)

�bg = 5% : SBP�SS1 = 21.8, SBP�SS2 = 12.5, SBP�SS3 = 8.7.

The final state of `
±
`
±
�� /ETX is a very promising channel to probe the fermiophobic Higgs

with high cuto↵ scales even with the luminosity of 300 fb�1.

To show the importance of the channel beyond the selected benchmark points, we

calculate the signal significances over the entire parameter space. In Fig. 11, we present
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Signal significances with 300/fb

Again very promising!!!
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Figure 11. The detector-level cross section of �(pp ! 2�`
±

`
±

X) after the basic selection at the

14 TeV LHC as a function of MA/H± . The color code denotes t� . The results of mhf = 80 GeV,

mhf = 90 GeV, and mhf = 100 GeV, are in the left, middle, and right panels, respectively.

the detector-level cross sections in the cases of mhf
= 80, 90, 100 GeV after imposing the

basic selection. The color codes denote t� . Comparing Fig. 9 with Fig. 11, we observe

the outstanding di↵erences between the parton-level and detector-level cross sections. The

variation of the detector-level cross sections about MA/H± is smaller than that of the

parton-level ones, which is more prominent for mhf
= 90, 100 GeV. It is because the lighter

MA/H± results in soft leptons and photons, reducing the selection e�ciency. Consequently,

the maximum cross section at the parton level occurs around MA/H± ' 112 (123) GeV but

at the detector level around MA/H± ' 140 (150) GeV for mhf
= 90 (100) GeV. For the

5% background uncertainty, we present the 5� line (blue-dashed) and the 3� line (orange-

dashed) for the total integrated luminosity of 300 fb�1. It is phenomenal that most of

the viable parameter points can be discovered at 5� even with the basic selection. The

exception happens when MA/H± is light and t� is smaller than about 10. Even though

other kinematic cuts like Z-veto can further enhance the significance, we pass the role of

covering the light MA/H± region to the final state of ⌧
±
⌫��.

6 Conclusions

We have phenomenologically studied the light fermiophobic Higgs boson hf in the type-I

two-Higgs-doublet model, and proposed two discovery channels of ⌧
±
⌫�� and `

±
`
±
�� /ETX.

The light hf is accommodated with the condition of ↵ = ⇡/2 in the inverted Higgs scenario

where the heavier CP -even Higgs boson is the observed Higgs boson at a mass of 125 GeV.

Beyond obtaining the parameter points that satisfy the theoretical requirements and the

experimental constraints, we have calculated the cuto↵ scale ⇤cut for each parameter point

viable at the electroweak scale. The fermiophobic type-I has a large portion of the param-

eter space which retains the theoretical stability (perturbativity, unitarity, and vacuum

stability) all the way up to the Planck scale. The impact of the high cuto↵ scale is big such

that 80 GeV . mhf
. 120 GeV and 90 GeV . MA/H± . 150 GeV. In obtaining the viable
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Most parameters with heavy MH± can be probed.
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Two channels are complementary!

Figure 11. The detector-level cross section of �(pp ! 2�`
±

`
±

X) after the basic selection at the

14 TeV LHC as a function of MA/H± . The color code denotes t� . The results of mhf = 80 GeV,

mhf = 90 GeV, and mhf = 100 GeV, are in the left, middle, and right panels, respectively.

the detector-level cross sections in the cases of mhf
= 80, 90, 100 GeV after imposing the

basic selection. The color codes denote t� . Comparing Fig. 9 with Fig. 11, we observe

the outstanding di↵erences between the parton-level and detector-level cross sections. The

variation of the detector-level cross sections about MA/H± is smaller than that of the

parton-level ones, which is more prominent for mhf
= 90, 100 GeV. It is because the lighter

MA/H± results in soft leptons and photons, reducing the selection e�ciency. Consequently,

the maximum cross section at the parton level occurs around MA/H± ' 112 (123) GeV but

at the detector level around MA/H± ' 140 (150) GeV for mhf
= 90 (100) GeV. For the

5% background uncertainty, we present the 5� line (blue-dashed) and the 3� line (orange-

dashed) for the total integrated luminosity of 300 fb�1. It is phenomenal that most of

the viable parameter points can be discovered at 5� even with the basic selection. The

exception happens when MA/H± is light and t� is smaller than about 10. Even though

other kinematic cuts like Z-veto can further enhance the significance, we pass the role of

covering the light MA/H± region to the final state of ⌧
±
⌫��.

6 Conclusions

We have phenomenologically studied the light fermiophobic Higgs boson hf in the type-I

two-Higgs-doublet model, and proposed two discovery channels of ⌧
±
⌫�� and `

±
`
±
�� /ETX.

The light hf is accommodated with the condition of ↵ = ⇡/2 in the inverted Higgs scenario

where the heavier CP -even Higgs boson is the observed Higgs boson at a mass of 125 GeV.

Beyond obtaining the parameter points that satisfy the theoretical requirements and the

experimental constraints, we have calculated the cuto↵ scale ⇤cut for each parameter point

viable at the electroweak scale. The fermiophobic type-I has a large portion of the param-

eter space which retains the theoretical stability (perturbativity, unitarity, and vacuum

stability) all the way up to the Planck scale. The impact of the high cuto↵ scale is big such

that 80 GeV . mhf
. 120 GeV and 90 GeV . MA/H± . 150 GeV. In obtaining the viable
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Figure 10. The detector-level cross sections of �(pp ! ⌧
±

⌫��) after imposing all the advanced

cuts, described in the text, at the 14 TeV LHC as a function of MA/H± . The color code denotes

t� . The results of mhf = 80, 90, 100 GeV are respectively in the left, middle, and right panel.

the final state of ⌧
±
⌫��.

5.2 Final state of `
±
`
±
�� /ETX

We first focus on the following three benchmark points:

BP-SS1: mhf
= 80 GeV, MA/H± = 122.4 GeV, (5.4)

m
2
12 = 166.5 GeV2

, t� = 38.4,

BP-SS2: mhf
= 90 GeV, MA/H± = 112.9 GeV,

m
2
12 = 166.1 GeV2

, t� = 48.7,

BP-SS3: mhf
= 100 GeV, MA/H± = 125.7 GeV,

m
2
12 = 203.5 GeV2

, t� = 49.1.

The inclusive final state consists of two leading leptons with same-sign electric charges

(regardless of the flavor), two isolated photons, and missing transverse energy, associated

with any additional jets and/or leptons. The backgrounds come from W
±
Zj, Z`

+
`
�
j and

W
±
Z�j. For the accompanying QCD jet, we include the samples up to one jet merged

with a parton shower using the MLM scheme [? ]. We do not consider the backgrounds

of tt̄ and tt̄V because they hardly produce the final state of `
±
`
±
�� /ETX. In addition, the

b quark veto can suppress the top-related backgrounds. For the basic selection, we regard

that the leptons and photons in `
±
`
±
�� /ETX are soft because the decays of H

±
! W

⇤
hf ,

A ! Z
⇤
hf , and hf ! WW

⇤
/�� are o↵-shell. So, we take the following conditions:

– We select events with N� � 2 and N` � 2, where N� (N`) is the number of photons

(electrons or muons). We further require that two leading leptons have the same-sign

charge.
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𝝉±𝛎𝛄𝛄

𝓵±𝓵±𝛾𝛾



5. Conclusions

• The light fermiophobic Higgs boson model in type-I can 
retain the cutoff scale all the way up to the Planck scale. 


• High cutoff scale requires mhf above 80 GeV and MA/MH± 
below 142 GeV. 


• Two discovery channels, 𝝉±𝛎𝛄𝛄 and 𝓵±𝓵±𝛾𝛾 + X, can 

discover the fermiophobic Higgs boson well with 300/fb. . 
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