
 

Wγ decay of the elusive charged Higgs boson in the two-Higgs-doublet model
with vectorlike fermions

Jeonghyeon Song and Yeo Woong Yoon
Department of Physics, Konkuk University, Seoul 05029, Korea

(Received 19 April 2019; revised manuscript received 17 July 2019; published 6 September 2019)

The LHC search for the charged Higgs boson in the intermediate-mass range (MH� ∼mt) is actively
being performed after the next-to-leading order calculation of the total production cross section of
pp → H�W∓bb̄. In the decay part, only the τν mode is mainly concerned because of the experimental
difficulty in the tb mode. In the framework of a two-Higgs-doublet model, we suggest that theWγ channel
can be helpful in probing this charged Higgs boson, if introducing vectorlike fermions. In the type-I-II
model where the standard model fermions are assigned in type-I while the vectorlike fermions are in type-
II, the branching ratio is greatly enhanced up to ∼Oð0.01Þ in a large portion of the parameter space allowed
by the Higgs precision data, the electroweak oblique parameters, and the direct search bounds at the LHC.
Two kinds of production channels, gg → H�W∓bb̄ and gg → H=A → H�W∓, are also studied. We find
that the signal rate σ × BðWγÞ is quite sizable, more than 10 fb in some parameter space.
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I. INTRODUCTION

The repeated phrase “no excess above the estimated
standard model (SM) background” in every new physics
study at the LHC is disappointing to many particle
physicists. Before we are resigned to no prospect of the
new signal, we need to draw upon the planned high
luminosity of the LHC. We shall be able to probe some
faint signals if any. In the meantime, all we can and should
do is to search every hole and corner of the given parameter
space. The common method of finding a new particle is to
consider the main production channel and the main decay
mode, which spans the bulk of the parameter space most
effectively. In order to target faint signals, however, each
portion of parameter space requires a customized approach,
which is sometimes unorthodox.
A good example is a charged Higgs boson H� in the

two-Higgs-doublet model (2HDM) [1]. Since the H� −
W∓ − ðZ=γÞ vertex does not exist at the tree level and the
H� −W∓ − h vertex vanishes in the alignment limit
[2], the charged Higgs boson mostly decays into fermions
in the normal scenario of mh ¼ 125 GeV < MA.

1 The
search strategy at the LHC [4–10] depends on the charged

Higgs boson massMH� . If it is significantly lighter than the
top quark mass (MH� ≲ 140 GeV),H� is mainly produced
from the on-shell top quark decay in the top quark pair
production, and then decays into τν. If it is heavy like
MH� ≳ 200 GeV, the production channel is gb̄ → Hþt̄,
followed by the decay Hþ → tb̄.
As for the intermediate-mass region with 140 GeV≲

MH� ≲ 200 GeV, the interplay between the top quark
resonant and nonresonant diagrams is important.
Recently, the total production cross section of the full
process pp → H�W∓bb̄ including resonant and nonreso-
nant top quark diagrams was computed at next-to-leading
order (NLO) accuracy [11]. This NLO computation stim-
ulates the charged Higgs search for the intermediate mass
region. In the decay part, only the τν mode has been
searched for [12,13], because the tbmode is experimentally
very difficult. Being kinematically below the tb threshold,
the intermediate-mass charged Higgs boson has more
chance to be probed through other decay channels since
the tb decay channel, once open, is severely dominant.
Therefore, alternative decay modes shall be especially
helpful for the intermediate-mass charged Higgs boson.
Nonfermionic decay channels of H� are only the

radiative decays of H�→W�γ and H� → W�Z. The Wγ
and WZ modes as a new resonance search at the LHC
[14,15] have been studied in other new physics models. A
representative one is the Georgi-Machacek model [16]
where the custodial-fiveplet (both singly and doubly)
charged Higgs boson is fermiphobic, mainly decaying into
WZ or WW through the tree level couplings [17–20].
Below the kinematic threshold, the loop-induced decays
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1In the inverted scenario where the observed Higgs boson is
the heavy CP-even H (MH ¼ 125 GeV), the decay of H� →
W�h is dominant in the alignment limit of cβ−α ¼ 1 [3].
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into Wγ were studied [21,22]. In a generalized inert
doublet model with a broken Z2 symmetry, called
the stealth Higgs doublet model, H� → W�γ was also
studied [23].
In the usual 2HDM, the branching ratios of both Wγ

andWZ modes are very suppressed, at most ∼Oð10−4Þ. So
we question whether the branching ratios can be
meaningfully enhanced if we extend the 2HDM by
introducing vectorlike fermions (VLFs) [24]. A VLF
with a mass around the electroweak scale appears in
many new physics models [25,26]. One of the biggest
advantages of VLFs is the consistency with the Higgs
precision data unlike heavy chiral fermions [27,28].
However, enhancing the branching ratios of the radiative
decays is very challenging. Naively raising the Yukawa
couplings of the VLFs with the charged Higgs boson
shall confront the constraints from the electroweak
oblique parameters since the VLF loop corrections to
the vertex of H� −W∓ − V (V ¼ γ, Z) are usually
correlated with those to the vacuum polarization ampli-
tudes of the SM gauge bosons. We need to contrive a
model which accommodates significantly large loop-
induced decays while satisfying the other direct and
indirect constraints. As shall be shown, if we assign the
SM fermions in type-I and the new VLFs in type-II, the
goal is achieved. In a large portion of the parameter
space, BrðH� → W�γÞ for the intermediate-mass
charged Higgs boson is greatly enhanced by a few
orders of magnitude. However, the WZ decay mode
does not change much because of the strong correlation
with the electroweak oblique parameter T̂. This is our
main result.
The paper is organized in the following way. In Sec. II,

we review our model, the 2HDM with the SM fermions in
type-I and the VLFs in type-II. Section III deals with
indirect and direct constraints such as the Higgs precision
data, the direct searches for the charged Higgs boson and
the VLFs at the LHC, and the electroweak oblique
parameters. Particularly for the electroweak oblique param-
eter T̂, we shall suggest our ansatz for the parameters. In
Sec. IV, we first present the one-loop level calculation of
the decay rates of H� → W�γ=W�Z via the VLF loops.
This is a new calculation. Then, we show that the branching
ratio of H� → W�γ can be highly enhanced by 1 or 2
orders of magnitude, relative to that without the VLF
contributions. Section V covers the production channels of
the charged Higgs boson in our model as well as the 13 TeV
LHC sensitivity to the H� → W�γ mode. Section VI
contains our conclusions.

II. 2HDM WITH VECTORLIKE FERMIONS

We consider a 2HDM with vectorlike fermions in the
alignment limit. The Higgs sector is extended by intro-
ducing two complex SUð2ÞL Higgs doublet scalar fields,
Φ1 and Φ2 [1]:

Φi ¼
� wþ

i
viþhiþiηiffiffi

2
p

�
; ð1Þ

where i ¼ 1, 2, and v1;2 are the nonzero vacuum expect-
ation values (VEVs) of Φ1;2. Using the simplified notation
of sx ¼ sin x, cx ¼ cos x, and tx ¼ tan x, we take
tβ ¼ v2=v1. The electroweak symmetry breaking occurs

by the nonzero VEV of v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ 246 GeV.

The fermion sector of the SM is also extended by
introducing one SUð2Þ doublet VLF and two SUð2Þ singlet
VLFs as follows:

VLF doublets∶ QL ¼
�
U 0
L

D0
L

�
; QR ¼

�
U 0
R

D0
R

�
;

VLF singlets∶ UL; UR; DL; DR: ð2Þ
Here Uð0Þ and Dð0Þ denote the up-type and down-type
fermions, respectively. We shall consider various kinds
of the VLFs: ðX; TÞ, the vectorlike quark (VLQ) with the
electric charges of ð5=3; 2=3Þ; ðT; BÞ, the VLQ with
ð2=3;−1=3Þ; ðB; YÞ, the VLQ with ð−1=3;−4=3Þ; ðN;EÞ,
the vectorlike lepton (VLL) with ð0;−1Þ [26].
In order to avoid the flavor changing neutral currents

(FCNC) at tree level, we introduce a discrete Z2 symmetry
under which Φ1 → Φ1 and Φ2 → −Φ2 [29,30]. The Z2

parities of Φ1 and Φ2 dictate the scalar potential to be

VΦ ¼ m2
11Φ

†
1Φ1 þm2

22Φ
†
2Φ2 −m2

12ðΦ†
1Φ2 þ H:c:Þ

þ 1

2
λ1ðΦ†

1Φ1Þ2 þ
1

2
λ2ðΦ†

2Φ2Þ2 þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ

þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ þ
1

2
λ5½ðΦ†

1Φ2Þ2 þ H:c:�; ð3Þ

where we allow softly broken Z2 parity but maintain theCP
invariance. Five physical Higgs bosons (the light CP-even
scalar h at a mass of 125 GeV, the heavy CP-even scalarH,
the CP-odd pseudoscalar A, and two charged Higgs bosons
H�) are related with the weak eigenstates via

�
h1
h2

�
¼ RðαÞ

�
H

h

�
;

�
η1

η2

�
¼ RðβÞ

�
z0

A

�
;

�
w�
1

w�
2

�
¼ RðβÞ

�
w�

H�

�
; ð4Þ

where z0 and w� are the Goldstone bosons that will be
eaten by the Z and W bosons, respectively. The rotation
matrix RðθÞ is

RðθÞ ¼
�
cθ −sθ
sθ cθ

�
: ð5Þ

The SM Higgs field is a linear combination of h and H,
hSM ¼ sβ−αhþ cβ−αH. Because the observed Higgs boson
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at a mass of 125 GeV is very SM-like, we take the
alignment limit of

β − α ¼ π

2
ðalignment limitÞ: ð6Þ

The fermions can have different Z2 parities. For the SM
fermions, we fix QL → QL and LL → LL under Z2 parity
transformation. Then, there are four different choices of Z2

parities for the right-handed SM fermion fields, leading to
type-I, type-II, type-X, and type-Y. The VLFs need not
have the same Z2 parity with the SM fermions. Since our
main purpose is to explore the possibility of highly
enhancing BrðH�→W�γ=W�Z0Þ, we consider type-I-II,
where the SM fermions are assigned in type-I while the
VLFs are in type-II (see Table I). The Lagrangian for the
mass and Yukawa terms of the VLFs is then

−LYuk ¼ MQQ̄QþMUŪU þMDD̄D

þ ½YDQ̄Φ1Dþ YUQ̄Φ̃2U þ H:c:�; ð7Þ
where Φ̃¼ iτ2Φ� and we assume YL

U ¼ YR
U ≡ YU and YL

D ¼
YR
D ≡ YD.
The VLF masses are from the Dirac mass parameters as

well as from the Higgs VEVs. The mass matrices MD and
MU in the basis of ðD0;DÞ and ðU 0;UÞ, respectively, are

MD ¼
� MQ

1ffiffi
2

p YDvcβ
1ffiffi
2

p YDvcβ MD

�
;

MU ¼
� MQ

1ffiffi
2

p YUvsβ
1ffiffi
2

p YUvsβ MU

�
: ð8Þ

In the large tβ limit where cβ ≪ 1 and sβ ≈ 1, the off-
diagonal terms of MD are suppressed. The VLF mass
matrices are diagonalized by the rotation matricesRðθF Þ as
RðθF ÞMFRTðθF Þ ¼ diagðMF 1

;MF 2
Þ for F ¼ U;D, lead-

ing to the mass eigenstates of the VLFs as

�
D1

D2

�
¼RðθDÞ

�
D0

D

�
;

�
U1

U2

�
¼RðθUÞ

�
U 0

U

�
: ð9Þ

When θU;D ≪ 1, U1 and D1 are SUð2Þ doublet-like while
U2 and D2 are singlet-like. In what follows, we use sU ¼
sθU and cU ¼ cθU for notational simplicity. The VLFmixing
angles satisfy

s2D ¼
ffiffiffi
2

p
YDv

MD2
−MD1

cβ; s2U ¼
ffiffiffi
2

p
YUv

MU2
−MU1

sβ: ð10Þ

The Yukawa Lagrangian for the SM fermions and the
VLFs in terms of mass eigenstates is

−LYuk ¼
X

f¼t;b;τ

mf

v
ðκff̄fhþ ξHf f̄fH − iξAf f̄γ5fAÞ

−
� ffiffiffi

2
p

v
t̄ðmtξ

A
t PL þmbξ

A
bPRÞbHþ

þ
ffiffiffi
2

p

v
mτξ

A
l ν̄LτRH

þ þ H:c:

�

þ
X
F

X
i;j

X
ϕ

yϕF iF j
ϕF̄ iF j

þ
X
F

X
i;j

½−iyAF iF j
AF̄ i;RF j;L þ H:c:�

þ
X
i;j

½yHþ
U iDj

HþŪ iDj þ H:c:�; ð11Þ

whereF ¼ U;D, i, j ¼ 1, 2, and ϕ ¼ h,H. In our type-I-II
model, the normalized Yukawa couplings are

κf ¼ 1; ξHf ¼ sα
sβ

; ξAu ¼ −ξAd ¼ −ξAl ¼ 1

tβ
;

ξhD ¼ −sα; ξhU ¼ cα; ξHD ¼ cα;

ξHU ¼ sα; ξAD ¼ sβ; ξAU ¼ cβ: ð12Þ
Additionally, we shall impose the alignment condi-
tion, sβ−α ¼ 1.
The Yukawa couplings of the VLFs with neutral Higgs

bosons are

yϕF 1F 1
¼ −yϕF 2F 2

¼ −
1ffiffiffi
2

p YF ξ
ϕ
F s2F ;

yϕF 1F 2
¼ yϕF 2F 1

¼ 1ffiffiffi
2

p YFξ
ϕ
Fc2F ;

yAF iF i
¼ 0;

yAF 1F 2
¼ −yAF 2F 1

¼ 1ffiffiffi
2

p YF ξ
A
F ; ð13Þ

and those with the charged Higgs boson are

yH
þ

U1D1
¼ YUξ

A
UcDsU þ YDξ

A
DsDcU ;

yH
þ

U1D2
¼ YUξ

A
UsDsU − YDξ

A
DcDcU ;

yH
þ

U2D1
¼ −YUξ

A
UcDcU þ YDξ

A
DsDsU ;

yH
þ

U2D2
¼ −YUξ

A
UsDcU − YDξ

A
DcDsU : ð14Þ

The gauge interaction Lagrangian of the VLF mass
eigenstates is

TABLE I. The Z2 parities of the SM fermions and VLFs.

SM QL, LL uR dR, lR

Type-I þ − −

VLF QL;R UL;R DL;R

Type-II þ − þ
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Lgauge¼
X
F

�
eAμ

X
i

QF F̄ iγ
μF iþgZZμ

X
i;j

ĝZF iF j
F̄ iγ

μF j

�

þ gffiffiffi
2

p ðĝWDiUj
W−

μ D̄iγ
μUjþH:c:Þ; ð15Þ

where F ¼ U;D, gZ ¼ g=cW , and cW is the cosine of the
electroweak mixing angle. The normalized gauge cou-
plings are

ĝZF 1F 1
¼ gF

0
V c2F þ gFV s

2
F ; ĝZF 2F 2

¼ gF
0

V s2F þ gFV c
2
F ;

ĝZF 1F 2
¼ ĝZF 2F 1

¼ ðgF 0
V − gFV ÞsFcF ;

ĝWD1U1
¼ cUcD; ĝWD1U2

¼ sUcD;

ĝWD2U1
¼ cUsD; ĝWD2U2

¼ sUsD; ð16Þ

where gfV ¼ T3
f −Qfs2W .

III. CONSTRAINTS ON THE TYPE-I-II 2HDM

Before investigating the allowed parameter space by the
current data, we make some comments on the decays of the
VLQs in the type-I-II 2HDM. As being colored fermions,
the VLQs are copiously produced through the gluon fusion.
The decays depend on the mixing with the SM fermions.
Here we assume that the mixing is very suppressed, below
≲Oð10−7Þ, so that the mixing effects on the H� → W�γ
and FCNC processes are negligible. Then the decays of the
VLQs are determined by the Yukawa interactions with the
Higgs fields. For example, the ðX; TÞ case in the type-I-II
model has

−L ¼ δY4uQ̄Φ2uR þ δY4dQ̄LΦ1Dþ H:c: ð17Þ

Since the first term yields the mixing between T and the SM
up-type quarks and the second term generates the vertices
of X − ui −H� and T − di −H�, the decays of X and T
are X → Wþui=Hþui and T → Zui=hui=Wþdi=Hþdi.
Another comment is on the most sensitive FCNC

process, b → sγ. The comparison between the Belle result
[31] and the SM calculation with NNLO QCD correction
[32–46] generally puts significant constraints on MH� in
the 2HDM [47–52]. Since the SM fermions are assigned in
type-I and the VLF contributions are assumed negligible,
the process b → sγ does not practically constrain MH� for
tβ > 2 [53].
Now we study other constraints on the model such as the

Higgs precision data, the direct searches for the charged
Higgs boson and VLFs at the LHC, and the electroweak
oblique parameters. Based on the results, we shall suggest a
benchmark scenario for this model.

A. Constraints from the LHC Higgs precision data

The new VLFs change the loop-induced h − g − g and
h − γ − γ vertices which are stringently constrained by the

current Higgs precision measurement. New physics effects
are usually parametrized by the coupling modifier κi. Since
κγ is mainly from W� loop, the most sensitive one is κg,
which the VLFs change into

κg ¼ 1þ v
AH
1=2ðτtÞ

X
F

X
i

yhF iF i

MF i

AH
1=2ðτF i

Þ; ð18Þ

where the loop function AH
1=2ðτÞ is given in Ref. [54],

τf ¼ m2
h=m

2
f, F ¼ U;D, and i ¼ 1, 2. As explicitly shown

in Eq. (13), the vectorlike nature of new fermions yields

yhF 1F 1
¼ −yhF 2F 2

: ð19Þ

Unless MF 1
is very different from MF 2

, the contribution
from F 1 is considerably canceled by that from F 2. The
ATLAS and CMS combined result at 2σ [55], 0.6< jκgj<
1.12, is satisfied in most of the parameter space.

B. Constraints from direct searches at the LHC

The VLQ searches have been performed by both ATLAS
[56–67] and CMS [68–77] collaborations. No signal of any
VLQ gives the lower bound on the VLQ mass, depending
on the assumption of the decay modes. If T (B) decays only
into Zt=Wb=ht (Zb=Wt=hb), the bound is very stringent
like MT > 1.31 TeV (MB > 1.03 TeV) [67]. The mass
bounds are relaxed by allowing other decay channels of the
VLQs [78]. For example, if T or B decays into a light quark
q associated with W� and Z, the mass bound is MQ >
690 GeV [79]. If H�q mode is additionally open, the VLQ
mass bound can be lower. As for the VLL, multileptonic
event searches at the LHC lead toML ≳ 300 GeV from the
ATLAS data [80] and ML ≳ 270 GeV from the CMS data
[81]. For the numerical analysis, therefore, we consider two
cases ofMQ ¼ 600 GeV andMQ ¼ 1.3 TeV for the VLQs,
and one case ofML ¼ 300 GeV for the VLLs.We shall also
consider the LHC direct search bound on the charged Higgs
boson, Brðt → bHþÞ × BrðHþ → τþνÞ [12].

C. Constraints from the electroweak
oblique parameter T̂

The electroweak precision test puts one of the strongest
indirect constraints on new fermions that affect the Peskin-
Takeuchi oblique parameters S, T, and U [82]. For more
general parametrization, Barbieri et al. extended the
parameters into Ŝ, T̂, W, and Y [83], which are defined
as follows. We begin with Πμν

VV 0 ðq2Þ, the transverse vacuum
polarization amplitude of the gauge boson. Expanding the
gμν term of Πμν

VV 0 ðq2Þ up to quadratic order as

ΠVV 0 ðq2Þ≃ΠVV 0 ð0Þþq2Π0
VV 0 ð0Þþðq2Þ2

2
Π00

VV 0 ð0Þþ �� � ;
ð20Þ
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we define Ŝ, T̂, W, and Y as

Ŝ ¼ g
g0
Π0

W3B
ð0Þ;

T̂ ¼ 1

m2
W
½ΠW3W3

ð0Þ − ΠWþW−ð0Þ�;

Y ¼ m2
W

2
Π00

BBð0Þ;

W ¼ m2
W

2
Π00

W3W3
ð0Þ: ð21Þ

The traditional Peskin-Takeuchi parameters S and T are
related with Ŝ and T̂ as

S ¼ 4s2W
α

Ŝ; T ¼ T̂
α
: ð22Þ

The current experimental constraints are [83,84]

Ŝ ¼ ð0.0� 1.3Þ × 10−3;

T̂ ¼ ð5.4� 9.3Þ × 10−4;

W ¼ ð0.1� 1.2Þ × 10−3;

Y ¼ ð−0.4� 0.8Þ × 10−3: ð23Þ

We focus on the most sensitive oblique parameter T̂ to
new fermions. The discussions on Ŝ, Y, and W are in the
Appendix A. For the general vector and axial-vector gauge
couplings defined by L ¼ Vμψ̄ðgVγμ þ gAγ5γμÞψ, ΠVV 0 ð0Þ
from a single diagram mediated by two fermions with
masses ma and mb is [85]

Πðma;mb; 0Þ ¼
1

4π2
½ðg2V þ g2AÞΠ̃VþAðma;mb; 0Þ

þ ðg2V − g2AÞΠ̃V−Aðma;mb; 0Þ�; ð24Þ

where the subscript VV 0 in ΠVV 0 is omitted for simplicity
and Π̃V�Aðma;mb; 0Þ are

Π̃VþAðma;mb;0Þ¼−
1

2
ðm2

aþm2
bÞ
�
Divþ ln

�
μ2

mamb

��

−
1

4
ðm2

aþm2
bÞ−

ðm4
aþm4

bÞ
4ðm2

a−m2
bÞ
ln

�
m2

b

m2
a

�
;

Π̃V−Aðma;mb;0Þ¼mamb

�
Divþ ln

�
μ2

mamb

�

þ1þ ðm2
aþm2

bÞ
2ðm2

a−m2
bÞ
ln
�
m2

b

m2
a

��
: ð25Þ

Here Div ¼ 1=ϵþ ln 4π − γϵ is the divergence term in the
dimensional regularization, ϵ ¼ ð4 −DÞ=2, and μ is the
renormalization scale. The divergences from the VLF

contributions are properly canceled out and there is no μ
dependence on T̂. The vectorlike nature of new fermions
makes T̂ depend only on Π̃V , defined by

Π̃V ¼ Π̃VþA þ Π̃V−A: ð26Þ

Then, T̂ in our model is

T̂¼ g2NC

16π2m2
W
½2s2Uc2UΠ̃VðMU1

;MU2
;0Þ

þ2s2Dc
2
DΠ̃VðMD1

;MD2
;0Þ−2c2Uc

2
DΠ̃VðMU1

;MD1
;0Þ

−2s2Us
2
DΠ̃VðMU2

;MD2
;0Þ−2c2Us

2
DΠ̃VðMU1

;MD2
;0Þ

−2s2Uc
2
DΠ̃VðMU2

;MD1
;0Þ�; ð27Þ

where NC ¼ 3ð1Þ for the VLQ (VLL).
It is generally known that the small T̂ prefers very

degenerate masses of the new fermions in the loop, which is
clearly seen from

lim
ma→mb

Π̃VþAð0Þ¼−m2
a

�
Divþ ln

�
μ2

m2
a

��
¼− lim

ma→mb

Π̃V−Að0Þ:

ð28Þ

As will be shown, however, the crucial condition for the
enhancement of BrðH� → W�γÞ is the sizable mass differ-
ence between the up-type and down-type VLFs. It seems
that the T̂ constraint excludes the possibility of the
enhancement. Here comes the advantage of our model
with vectorlike SUð2ÞL doublet and singlet fermions. The
new fermion spectrum includes U1, U2,D1, andD2, leading

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.00

0.05

0.10

0.15

0.20

0.25

0.30

FIG. 1. The allowed region of (θU , θD) at 2σ by the electroweak
oblique parameter T̂. We set MU1

¼MD1
¼600GeV and MU2

¼
MD2

¼ 1.2 TeV.
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to six terms in Eq. (27). Now each term can be sizable while
T̂ is kept small if the first two terms are canceled by the last
four terms. We find that this cancellation occurs when
MU i

≈MDi
and θU ≈ θD. In Fig. 1, we show the 2σ allowed

region of ðθU ; θDÞ by the electroweak oblique parameter T̂
for MU1

¼ MD1
¼ 600 GeV and MU2

¼ MD2
¼ 1.2 TeV.

In conclusion, we find the following simple ansatz to
satisfy T̂ ¼ 0:

MU1
¼ MD1

; MU2
¼ MD2

; θU ¼ θD: ð29Þ

D. Benchmark scenario for the numerical analysis

Considering all of the constraints discussed above, we
take the following benchmark scenario:

sβ−α¼ 1; ðalignment limitÞ;

MU1
¼MD1

¼
�
600GeV or 1.3 TeV; for theVLQs;

300GeV; for theVLLs;

ðQU ;QDÞ¼

8>>><
>>>:
VLQ∶

2
64
ðX;TÞ∶ð5=3;2=3Þ;
ðT;BÞ∶ð2=3;−1=3Þ;
ðB;YÞ∶ð−1=3;−4=3Þ;

VLL∶ ðN;EÞ∶ð0;−1Þ;
ΔM≡MU2

−MU1
¼MD2

−MD1
⊂ ½0;1.5� TeV;

θU ¼ θD¼ 0.2; ð30Þ

whereQF is the electric charges of the particleF . Note that
the ansatz in Eq. (29) relates the up-type Yukawa coupling
YU with the down-type Yukawa coupling YD as

YD ¼ YU tβ; ð31Þ

which can be clearly seen from Eq. (10).

IV. LOOP INDUCED DECAYS OF THE
CHARGED HIGGS BOSON

In our model, the decays of H� → W�γ and H� →
W�Z occur radiatively through the VLFs as well as the SM
top and bottom quarks, as shown in Fig. 2. The loop-
induced decay amplitude of Hþ → WþV (V ¼ γ, Z) is
parametrized by

M ¼ g2NCMH�

ð16π2Þ ffiffiffi
2

p
cW

Mμνε
μ�
W εν�V ; ð32Þ

where NC is the color factor of the fermion in the loop. We
further express Mμν in terms of three dimensionless form
factors M1;2;3 as

Mμν ¼ gμνM1 þ
p2μp1ν

M2
H�

M2 þ iϵμνρσ
pρ
2p

σ
1

M2
H�

M3; ð33Þ

where p1 and p2 are the momenta of W� and V
respectively.
In our model, each Mq (q ¼ 1, 2, 3) receives the

contributions from various VLF combinations through
the Feynman diagrams (a), (b), and (c) in Fig. 2. Since
there are two up-type VLFs and two down-type VLFs (U1;2

and D1;2), we index the form factors by the superscripts for
the diagrams and by the subscripts for the VLFs:

Mq ¼
X
i;j

MðaÞ
q;ijþ

X
i;j;k

½MðbÞ
q;ijkþMðcÞ

q;ijk�; for q¼ 1;2;3:

ð34Þ

We summarize the indices of i, j, and k for W�γ and W�Z
in Table II.
For Wþγ decay, the Ward identity of pν

2Mμν ¼ 0 from
the gauge invariance relates M1 with M2 as

M1 ¼ −
1

2
ð1 − μWÞM2; for Hþ → Wþγ; ð35Þ

where μi ¼ m2
i =M

2
H� . The partial decay rate for Hþ →

Wþγ is

(a) (b) (c)

FIG. 2. Feynman diagrams for Hþ → Wþγ=WþZ. Here U i and Di denote the up-type and down-type VLFs as well as the SM t and b
quarks, respectively.

TABLE II. The values of indices of VLQs for each diagram.

Hþ → Wþγ Hþ → WþZ

Diagram (a): (i, j) (11),(12),(21),(22) (11),(12),(21),(22)
Diagrams
(b) and (c):

(111),(122),(211),(222) (111), (112),
(121), (122)

(i, j, k) (211), (212),
(221), (222)
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ΓðHþ→WþγÞ¼ g4N2
C

214π5c2W
MH�ð1−μWÞ3½jM2j2þjM3j2�:

ð36Þ

The partial decay rate for Hþ → WþZ is

ΓðHþ→WþZÞ¼ g4N2
Cβ

214π5c2W
MH�

��
6þ β2

2μWμZ

�
jM1j2

þ β4

8μWμZ
jM2j2þβ2jM3j2

þβ2

2

�
1

μWμZ
−

1

μW
−

1

μZ

�
ReðM1M�

2Þ
�
;

ð37Þ

where β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − μW − μZÞ2 − 4μWμZ

p
and the Ward iden-

tity in Eq. (35) does not apply. Note that ΓðH� → W�ZÞ
increases with MH� because of the longitudinal

polarization contribution which is proportional to
1=ðμWμZÞ, i.e., M4

H�=m2
Wm

2
Z. The detailed expressions of

M1,M2, andM3 from the VLF loops as well as the SM t
and b quark loops are shown in Appendix B. Our
calculation of the VLF contributions is new. We checked
that our expressions for the SM contributions are numeri-
cally consistent with those in Ref. [86].
In Fig. 3, we show the branching ratios of H� as a

function of MH� for MU1
¼MD1

¼ 600 GeV, ΔM ¼
600 GeV, tβ ¼ 10, and θU ¼ θD ¼ 0.2. Here we take the
VLQ ðT; BÞ case as a representative. The main decay
modes of the charged Higgs boson in the 2HDM are still
fermionic, tð�Þb for MH� ≳ 135 GeV and τν for lighter
MH� . Nevertheless the radiative decays of Wγ and WZ
modes are not negligible for the intermediate-mass charged
Higgs boson: BrðH� → W�γÞ reaches the maximum at
MH� ≃ 135 GeV and BrðH� → W�ZÞ becomes the largest
at MH� ≃mt.
Figure 4 shows BrðH� → W�γÞ (left panel) and

BrðH� → W�ZÞ (right panel) for other VLF cases. Both
BrðH� → W�γÞ and BrðH� → W�ZÞ are suppressed
above the tb threshold because the tb decay mode is very
dominant. For the intermediate-mass charged Higgs boson
(140 GeV≲MH� ≲ 180 GeV), the radiative decays are
sizable. In the details, the Wγ and WZ modes are different.
BrðH� → W�ZÞ is very similar for all of the VLF cases,
which reaches its maximum of the order of Oð10−3Þ at the
tb threshold. On the other hand, the VLF contributions to
BrðH� → W�γÞ vary dramatically according to the quan-
tum numbers of the VLFs, although its shape as a function
ofMH� is similar for all of the VLF cases. The VLQ ðX; TÞ,
ðB; YÞ, and VLL have very large BrðH� → W�γÞ, exceed-
ing Oð10−2Þ at MH� ≃ 135 GeV.
In order to see the parameter dependence of

BrðH�→W�γÞ, we show the branching ratios of Hþ→
Wþγ as a function of ΔMð≡MF 2

−MF 1
Þ for the fixed

tβ ¼ 10 (left panel), and as a function of tβ for the fixed
ΔM ¼ 600 GeV (right panel) in Fig. 5. We set

FIG. 3. The branching ratios of the charged Higgs boson in the
type-I-II 2HDM as a function of MH� . As a representative, we
take the VLQ ðT; BÞ case. We set MU1

¼ MD1
¼ 600 GeV,

ΔM ¼ 600 GeV, tβ ¼ 10, and θU ¼ θD ¼ 0.2.

FIG. 4. BrðH� → W�γÞ (left panel) and BrðH� → W�ZÞ (right panel) as a function of MH� for the VLQ ðX; TÞ, ðT; BÞ, ðB; YÞ, and
VLL ðN;EÞ cases. We set MU1

¼ MD1
¼ 600 GeV, ΔM ¼ 600 GeV, tβ ¼ 10, and θU ¼ θD ¼ 0.2.
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MH� ¼ 140 GeV, MU1
¼MD1

¼ 600GeV for the VLQs,
MU1

¼MD1
¼300GeV for the VLLs, and θU ¼ θD ¼ 0.2.

Since YDð¼ tβYUÞ is determined by ΔM, tβ, θU and θD in
our ansatz, we additionally show the values of YD in the
plot. Note that too large ΔM or tβ endangers the perturba-
tivity of the VLF Yukawa couplings since the value of YD
increases with ΔM and tβ.
Let us discuss the characteristic features of BrðH� →

W�γÞ. In the ordinary 2HDM without the VLFs
(dashed lines), the branching ratio is very suppressed
like ∼Oð10−4Þ. It would probably be impossible to
discover the charged Higgs boson through the Wγ mode
at the LHC. When the VLFs come in the loop, the
effects are not only dramatic but also very different
according to their electric charges. The ðT; BÞ VLQ
contribution destructively interferes with the SM con-
tributions in most of the parameter space of ΔM and tβ,
yielding smaller BrðHþ → WγÞ than that without the
VLFs. The ðX; TÞ contribution is destructive for small
ΔM or small tβ but rapidly exceeds the SM contributions
for large ΔM or large tβ. Both ðB; YÞ and ðN;EÞ
contributions are always positive. The most remarkable
result is that BrðH� → W�γÞ is highly enhanced, except
for the ðT; BÞ case: 1 order of magnitude enhancement is
easily achieved with moderately large ΔM and tβ. If we
push the parameters further up to the marginal point
satisfying the perturbativity of YD, BrðH� → W�γÞ can
be as large as ∼0.1.
The whole behavior of BrðH� → W�γÞ, especially its

sensitive dependence on the VLF electric charges, is not
easy to understand since it involves the complicated loop
effects from various combinations of the VLFs as in
Fig. 2 as well as the SM quarks. Nevertheless, we find
the reason when the VLF loop effects are dominant.

Since M3ðVLFÞ ¼ 0 and MðaÞ
2 ¼ 0 (see Appendix B),

nonvanishing contributions are from MðbÞ
2 and MðcÞ

2 . As

can be seen in Eq. (B12), MðbÞ
2 is proportional to QU

while MðcÞ
2 is proportional to QD. Here QU (QD) is the

electric charge of the up-type (down-type) fermion. In the
ðT; BÞ case, the sign of QU is opposite to that of QD,

which yields substantial cancellation between MðbÞ
2 and

MðcÞ
2 . And the remaining ðT; BÞ contribution destruc-

tively interferes with the SM contribution. Other cases of
ðX; TÞ, ðB; YÞ, and ðN;EÞ with the same sign QU and QD
can have large branching ratios.
In order to see the VLF mass dependence, we show

BrðH� → W�γÞ for heavy VLQs with MU1
¼ MD1

¼
1.31 TeV in Fig. 6. The shapes of BrðH� → W�γÞ as a
function of ΔM and tβ remain similar to those for light
VLQs. However, the magnitude of BrðHþ → WγÞ is
reduced significantly, by an order of magnitude, for
heavier VLQs with about twice mass. But still BrðHþ →
WγÞ can be an order of magnitude larger than that
without the VLFs.
In Fig. 7, we show that the branching ratios of H� →

W�Z as a function of ΔM for the fixed tβ ¼ 5 (left panels)
and tβ for the fixed ΔM ¼ 500 GeV (right panels). We take
MH� ¼ 180 GeV, MU1

¼ MD1
¼ 600 GeV for the VLQs,

MU1
¼MD1

¼ 300GeV for the VLLs, and θU ¼ θD ¼ 0.2.
The VLQ loop contribution to H� → W�Z is not as large
as that to H� → W�γ, typically a few tens of percent for
YD ≃ 5. We find that there is a strong correlation between
BrðH� → W�ZÞ and the electroweak oblique parameter T̂.
Our ansatz which guarantees T̂ ¼ 0 suppresses new con-
tributions to BrðH� → W�ZÞ.
The reader may question whether the large enhancement

of BrðH� → W�γÞ happens only in the benchmark sce-
nario. To answer the question, we take theMH� ¼ 140 GeV
case and scan all of the parameters in the range of

FIG. 5. BrðHþ → WγÞ as a function of ΔMð≡MF 2
−MF 1

Þ for the fixed tβ ¼ 10 (left panel) and tβ for the fixed ΔM ¼ 600 GeV
(right panel). We set MH� ¼ 140 GeV, MU1

¼ MD1
¼ 600 GeV for the VLQs, MU1

¼ MD1
¼ 300 GeV for the VLLs, and

θU ¼ θD ¼ 0.2. The dashed lines represent the results in the type-I 2HDM without VLFs.
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MF 1
<MF 2

⊂ ½600;3000�GeV ðfor theVLQwith lowmassÞ;
MF 1

<MF 2
⊂ ½1310;5000�GeV

ðfor theVLQwithhighmassÞ;
MF 1

<MF 2
⊂ ½300;1500�GeV ðfor theVLLÞ;

tβ⊂ ½1;50�; θU ;θD⊂ ½−π=2;π=2�: ð38Þ
Note that we independently span θU and θD, not imposing
the condition of θU ¼ θD. The parameters in Eq. (38)
determine YU and YD through Eq. (10). Then we select
the parameter sets that satisfy the constraints from the
Higgs precision data on κg, the upper bound on
Brðt → bH�Þ × BrðH� → τ�νÞ, the electroweak oblique
parameter T̂, and the perturbativity jYU;Dj < 4π. For the
surviving parameter sets, we show the scatter plots of
BrðHþ → WγÞ as a function of jYDj for the VLQs with low

masses (left panel) and with high masses (right panel) in
Fig. 8. It is true that the benchmark scenario in Eq. (30)
yields very large BrðH� → W�γÞ, though not the maxi-
mum. Nonetheless, considerable parameter sets for the
ðX; TÞ, ðB; YÞ, and ðN;EÞ cases allow at least 1 order of
magnitude enhancement of BrðH� → W�γÞ for jYDj≳ 5.
It is fair to say that the VLFs in our model greatly enhance
the branching ratio of H� → W�γ. We caution the reader
that the benchmark point for the ðX; TÞ case does not
represent the whole parameter space: even for large
jYDj≳ 5, the ðX; TÞ contribution to BrðH� → W�γÞ can
be very destructive or very constructive, while the bench-
mark point always enhances the branching ratio. For
heavier VLQ masses (right panel), the range of the scatter
plot is not as wide as that for low VLQ masses. The scatter
ranges of the ðX; TÞ, ðT; BÞ, and ðB; YÞ cases are quite
separated.

FIG. 7. BrðHþ → WþZÞ as a function of ΔM for the fixed tβ ¼ 5 (left panels) and tβ for the fixed ΔM ¼ 500 GeV (right panels). We
setMH� ¼ 180 GeV,MU1

¼ MD1
¼ 600 GeV for the VLQs,MU1

¼ MD1
¼ 300 GeV for the VLLs, and θU ¼ θD ¼ 0.2. The numbers

in the parentheses denote the electric charges of VLQ. The dashed lines represent the result in type-I 2HDM without the VLFs.

FIG. 6. BrðHþ → WγÞ with heavy VLFs in the loop as a function of ΔM for the fixed tβ ¼ 10 (left panels) and tβ for the fixed
ΔM ¼ 600 GeV (right panels). We set MH� ¼ 140 GeV, MU1

¼ MD2
¼ 1.31 TeV for the VLQs, MU1

¼ MD1
¼ 300 GeV for the

VLLs, and θU ¼ θD ¼ 0.2. The dashed lines represent the result of the type-I 2HDM without VLFs.
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V. H� → W�γ MODE AT THE LHC

At the LHC, the charged Higgs boson in the 2HDM is
produced in two ways, through the SM particles or through
the resonant decay of H or A. The first category includes

gg → H�W∓bb̄; qq̄ → HþH−: ð39Þ

The process gg → HþW−bb̄ for MH� ≪ mt is the same as
gg → tt̄ followed by t → Hþb. For MH� ≫ mt, it is
effectively gb̄ → t̄Hþ. For the intermediate mass H�

(140≲MH� ≲200GeV), the full process gg → H�W∓bb̄
at NLO should be considered because of the non-negligible
effects from finite top width, the significant interference
between nonresonant and top-resonant diagrams, and the
sizableK-factor (K ≃ 1.5) [11]. Other production processes
such as qq̄0 → Hþh=HþH, cs̄ → Hþ, and bb̄ → W−Hþ
have very small cross section, 1 order of magnitude smaller
than those in Eq. (39). Note that all of these production
processes occur at tree level: the VLFs do not play a
role here.

In Fig. 9, we show the cross sections of the production
channels in Eq. (39) as a function of MH� at the 13 TeV
LHC. For MH� ≤ 200 GeV, we use the full gg →
H�W∓bb̄ for type-I 2HDM [11]. For MH� ≥ 200 GeV,
the production process of gb̄ → t̄Hþ [87–90] is presented,
by using NNPDF [91] for the parton distribution function
inside the proton. We consider two tβ cases, tβ ¼ 1 (dashed
line) and tβ ¼ 10 (solid line). The production cross section,
inversely proportional to t2β, decreases with increasing tβ,
which is opposite to BrðH� → W�γÞ. The pair production
qq̄ → HþH− [92] via s-channel diagrams mediated by γ
and Z is independent of tβ. The production cross section of
pp → HþH− is very small in the whole range of MH� ,
being Oð1Þ ∼Oð10Þ fb.
Another way to produce the charged Higgs boson at the

LHC is through the resonant decay of other heavy Higgs
bosons:2

gg → H=A → H�W∓: ð40Þ

Note that the VLF contributions to the gluon fusion
production of H or A are essentially negligible: (i) the
scattering amplitude of gg → A is proportional to the
axial-vector coupling of the fermion in the loop, which
vanishes for theVLFs; (ii) the VLF effects on the production
process gg → H are very small because of the relation
yHF 1F 1

¼ −yHF 2F 2
. The decays of H → H�W∓ and A →

H�W∓ occur from the following Lagrangian terms:

L ⊃ i
e

2sW
W−

μ ½sβ−αðHþ∂μH −H∂μHþÞ

− iðHþ∂μA − A∂μHþÞ�: ð41Þ

Figure 10 shows the production cross section
of gg → H=A → HþW− as a function of MH� . We set

FIG. 9. Production cross sections of the charged Higgs boson as
a function of its mass at the 13 TeV LHC. We consider two cases
of tβ ¼ 1 (dashed line) and tβ ¼ 10 (solid line).

FIG. 8. Scatter plots for BrðHþ → WγÞ from the parameter sets which satisfy all of the experimental constraints. We set
MH� ¼ 140 GeV. Dashed lines represent the results of the 2HDM without the VLFs.

2The process gg → H → HþH−, which has more model
dependence, is not considered here.
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MH=A ¼ 2MHþ , MU1
¼MD1

¼ 600GeV, ΔM ¼ 600 GeV,
and θU ¼ θD ¼ 0.2 for two cases of tβ ¼ 1 (dashed line)
and tβ ¼ 10 (solid line). Both gg → H → HþW− and gg →
A → HþW− have sizable cross section of Oð1Þ ∼
Oð10Þ pb for the intermediate-mass charged Higgs boson.
For tβ ¼ 1, gg → A → HþW− is more dominant while for
tβ ¼ 10, gg → H → HþW− is more important. A crucial
factor is the unknown parameter MH=A, which is set to be
2MH� in Fig. 10. With increasing MH=A, σðgg → H=AÞ
drops quickly: if we double MH=A, σðgg → HÞ is about
30% of that withMH ¼ 2MH� and σðgg → AÞ is only 10%.
On the other hand, BrðH=A → HþW−Þ decreases only a
few percent.
In Fig. 11, we show the signal rate σðpp → HþW−bb̄Þ ×

BrðHþ → WþγÞ as a function of MH� at the LHC withffiffiffi
s

p ¼ 13 TeV. We set tβ ¼ 10, MU1
¼ MD1

¼ 600 GeV
for the VLQs, MU1

¼ MD1
¼ 300 GeV for the VLLs,

ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2. The common feature
is that σ × BrðWγÞ drops fast with increasing MH� ,
especially after the tb threshold. In the mass range of
MH� ≲ 160 GeV, the Wγ mode has a sizable σ × Br at the
LHC, except for the ðT; BÞ case.
Figure 12 presents σðgg → H → HþW−Þ × BrðHþ →

WþγÞ (left panel) and σðgg → A → HþW−Þ × BrðHþ →
WþγÞ (right panel) as a function of MH� at the 13 TeV
LHC. We set tβ ¼ 10, MH ¼ MA ¼ 2MH� ,MU1

¼ MD1
¼

600 GeV for the VLQs, MU1
¼ MD1

¼ 300 GeV for the
VLLs, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2. As a reso-
nance production process, the drop in the signal rate σ × Br
with increasing MH� is not as much as in the pp →
HþW−bb̄ process. The ðX; TÞ and ðB; YÞ cases have
σ × Br ≳ 1 fb before the tb threshold.
Now we further investigate the dependence of the model

parameters on the signal rate. The most crucial one is tβ,
because of decreasing σðpp → H�XÞ but increasing
BrðH� → W�γÞ with increasing tβ. In Fig. 13, we show
σðpp → HþW−bb̄Þ × BrðHþ → WþγÞ as a function of tβ

FIG. 11. σðpp → HþW−bb̄Þ × BrðHþ → WþγÞ as a function
of MH� at the LHC with

ffiffiffi
s

p ¼ 13 TeV. We set tβ ¼ 10, MU1
¼

MD1
¼ 600 GeV for the VLQs, MU1

¼ MD1
¼ 300 GeV for the

VLLs, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2.

FIG. 10. Cross sections of the resonance production channels for
the chargedHiggs boson at theLHCasa functionof itsmass.Weuse
the HIGLU Fortran package [93] for estimating NNLO K-factors
for neutral Higgs production. We set MU1

¼MD1
¼600GeV,

MU2
¼MD2

¼1200GeV, θU ¼ θD ¼ 0.2, and MH=A ¼ 2MHþ . We
consider two cases of tβ ¼ 1 (dashed line) and tβ ¼ 10 (solid line).

FIG. 12. σðgg → H → HþW−Þ × BrðHþ → WþγÞ (left panel) and σðgg → A → HþW−Þ × BrðHþ → WþγÞ (right panel) as a
function of MH� at the 13 TeV LHC. We set tβ ¼ 10, MH ¼ MA ¼ 2MH� , MU1

¼ MD1
¼ 600 GeV for the VLQs, MU1

¼ MD1
¼

300 GeV for the VLLs, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2.
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at the 13 TeV LHC. We set MH� ¼ 140 GeV, MU1
¼

MD1
¼ 600 GeV for the VLQs, MU1

¼ MD1
¼ 300 GeV

for the VLLs, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2. All
four VLF cases show similar behaviors of σ × Br about tβ.
Up to some critical value of tβ, σ × Br decreases because
of decreasing σ with increasing tβ. After some critical
value of tβ, σ × Br increases with tβ as the branching ratio
increase is dominant. It is remarkable that there exists a
sizable portion of parameter tβ which allows significant
signal rate for all of the VLF cases. For the ðX; TÞ, ðB; YÞ,
and VLL cases, σ × Br ≳ 10 fb in the whole range
of tβ. The tricky ðT; BÞ case has a chance for the discovery
in the small tβ region: σ × Br ≳ 10ð1Þ fb when
tβ ≲ 1.8ð6.2Þ.

Next we present σðgg → H=A → HþW−Þ × BrðHþ →
WþγÞ as a function of tβ in Fig. 14, the H-resonance one
(left panel) and the A-resonance one (right panel). We set
MH� ¼ 140 GeV, MH ¼ MA ¼ 2MH� , MU1

¼ MD1
¼

600 GeV for the VLQs, MU1
¼ MD1

¼ 300 GeV for the
VLLs, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2. Since the
suppression of the production cross section by large tβ is
weak for the H resonance as shown in Fig. 10, the increase
of σ × Br with respect to tβ is much larger for the gg → H
production channel. Through the H-radiation, σ × Br can
excess ∼10 fb if tβ ≳ 8: even 100 fb is possible if tβ ≳ 13.
The A resonant production of the charged Higgs boson is
also very sizable for the ðX; TÞ and ðB; YÞ cases. σ × Br ≃
10 fb can be achieved for tβ ≳ 12.

VI. CONCLUSIONS

Targeting the intermediated-mass charged Higgs boson
H�, we have explored the theoretical possibility that the
branching ratios of its radiative decays into W�γ and W�Z
are large enough for the LHC discovery. We considered a
two-Higgs-doublet model with a vectorlike fermion (VLF)
SUð2Þ doublet Q and two singlets U and D. Various VLF
cases with different electric charges have been studied,
including the vectorlike lepton ðN;EÞ with the electric
charge ð0;−1Þ as well as the vectorlike quarks ðX; TÞ with
ð5=3; 2=3Þ, ðT; BÞ with ð2=3;−1=3Þ, and ðB; YÞ with
ð−1=3;−4=3Þ. For the large enhancement of the loop-
induced decays, we suggest the type-I-II 2HDM where the
SM fermions are assigned in type-I while the VLFs are in
type-II.
Introducing a VLF doublet and two singlets, which is

necessary for the interaction with the Higgs doublet fields,
plays a crucial role. As being vectorlike, one generation of
the new fermions has two up-type fermions, U1 and U2, and
two down-type fermions, D1 and D2. This new fermion

FIG. 13. σðpp → HþW−bb̄Þ × BrðHþ → WþγÞ as a function
of tβ at the LHC with

ffiffiffi
s

p ¼ 13 TeV. We set MH� ¼ 140 GeV,
MU1

¼ MD1
¼ 600 GeV for the VLQs,MU1

¼ MD1
¼ 300 GeV

for the VLL, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2.

FIG. 14. σðgg → H → HþW−Þ × BrðHþ → WþγÞ (left panel) and σðgg → A → HþW−Þ × BrðHþ → WþγÞ (right panel) as a
function of tβ at the 13 TeV LHC. We set MH� ¼ 140 GeV, MH ¼ MA ¼ 2MH� , MU1

¼ MD1
¼ 600 GeV for the VLQs, MU1

¼
MD1

¼ 300 GeV for the VLLs, ΔM ¼ 600 GeV, and θU ¼ θD ¼ 0.2.
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spectrum allows significant cancellation among different
VLF contributions to the Higgs precision data as well as to
the electroweak oblique parameters, especially T̂. Sizable
cancellation to the h − g − g vertex occurs naturally
because the hF 1F 1 coupling is opposite to hF 2F 2. The
cancellation for the electroweak oblique parameter T̂
requires some fine-tuning. We proposed an ansatz to ensure
T̂ ¼ 0 such that MU1

¼ MD1
, MU2

¼ MD2
, and θU ¼ θD,

which is not so artificial. We have also included the
constraints from direct search bounds on the VLFs and
charged Higgs boson at the LHC.
We presented the loop-induced amplitudes ofH� → W�γ

and H� → W�Z from the VLFs as well as the SM t and b
quarks. The branching ratios of two radiative decays as a
function ofMH� show that theWγ mode is very efficient for
the mass range of ½110; 170� GeV and theWZ mode is good
for MH� ≃mt. We found that BrðH� → W�ZÞ is not
changed much by the VLF contributions, because of the
strong correlation with the electroweak oblique parameter T̂.
On the other hand, theWγ mode can be greatly enhanced for
large ΔMð¼ MU2

−MU1
Þ and large tβ: even 2 orders of

magnitude increase is possible. In the details, the four VLF
cases show different behaviors. In the ðB; YÞ and ðN;EÞ
cases, the branching ratio is enhanced in thewhole parameter
region. In the ðX; TÞ and ðT; BÞ cases, however, the branch-
ing ratio for moderateΔM and tβ is smaller than that without
the VLFs because of the destructive interferencewith the top
and bottom quark contributions. For large ΔM and tβ, the
new physics contributions win the SM ones, enhancing the
branching ratio. But the ðT; BÞ case requires very large ΔM
or tβ for positive contribution, which endangers the pertur-
bativity of the down-type Yukawa coupling.
We have also studied the production of the charged

Higgs boson at the LHC, through the SM particles,
pp → H�W∓bb̄, and the resonant decay of a heavy
Higgs boson H or A, gg → H=A → H�W∓. The produc-
tion cross sections decrease with increasing MH� , more
rapidly for pp → H�W∓bb̄. The signal rate σ × BrðH� →
W�γÞ at the 13 TeV LHC was also calculated. In a large
portion of the parameter space, σ × Br for the intermediate-
mass charged Higgs boson exceeds 10 fb.
In conclusion, the radiative decay modeWγ can serve as

an alternative channel to probe the intermediate-mass
charged Higgs boson. A theoretically viable model in
the extended type-I 2HDM with the vectorlike fermions
was suggested to allow the great enhancement of the Wγ

branching ratio. We expect that this study helps the LHC to
search for the charged Higgs boson.
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APPENDIX A: VACUUM-POLARIZATION
AMPLITUDES OF THE SM GAUGE BOSONS

For the electroweak oblique parameters Ŝ, Y, and W, we
need the first and second derivatives of the transverse
vacuum polarization amplitudes of the SM gauge bosons,
which are explicitly shown in Ref. [85]. However, we found
some typos in their results. The correct ones are

Π̃0
VþAð0Þ¼

1

3

�
Divþ ln

�
μ2

mamb

��
þm4

a−8m2
am2

bþm4
b

9ðm2
a−m2

bÞ2

þðm2
aþm2

bÞðm4
a−4m2

am2
bþm4

bÞ
6ðm2
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bÞ3

ln

�
m2

b

m2
a

�
;

ðA1Þ

Π̃0
V−Að0Þ ¼ mamb
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am2
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��
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Π̃00
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ðm2
a þm2

bÞðm4
a − 8m2

am2
b þm4

bÞ
4ðm2

a −m2
bÞ4

−
3m4

am4
b
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bÞ5
ln

�
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m2
a

�
; ðA3Þ

Π̃00
V−Að0Þ ¼ mamb

�ðm4
a þ 10m2

am2
b þm4

bÞ
3ðm2

a −m2
bÞ4

þ 2ðm2
a þm2

bÞm2
am2

b
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bÞ5
ln

�
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b

m2
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��
: ðA4Þ

In our type-I-II 2HDM, Ŝ is

Ŝ ¼ g2NC

16π2m2
W
½c2Uð2QU − c2UÞΠ̃0

VðMU1
;MU1

; 0Þ þ s2Uð2QU − s2UÞΠ̃0
VðMU2

;MU2
; 0Þ

− c2Dð2QD þ c2DÞΠ̃0
VðMD1

;MD1
; 0Þ − s2Dð2QD þ s2DÞΠ̃0

VðMD2
;MD2

; 0Þ
− 2s2Uc

2
UΠ̃

0
VðMU1

;MU2
; 0Þ − 2s2Dc

2
DΠ̃

0
VðMD1

;MD2
; 0Þ�; ðA5Þ
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where NC ¼ 3ð1Þ for VLQ (VLL) is the color factor. Y and W are

W ¼ g2m2
WNC

32π2
½c4UΠ̃00

VðMU1
;MU1

; 0Þ þ s4UΠ̃
00
VðMU2

;MU2
; 0Þ þ c4DΠ̃00

VðMD1
;MD1

; 0Þ þ s4DΠ̃
00
VðMD2

;MD2
; 0Þ

þ 2s2Uc
2
UΠ̃

00
VðMU1

;MU2
; 0Þ þ 2s2Dc

2
DΠ̃00

VðMD1
;MD2

; 0Þ�; ðA6Þ

Y ¼
�
g0

g

�
2

W: ðA7Þ

APPENDIX B: DECAY FORM FACTORS
FOR H� → W�γ=W�Z

1. Loop function

For the one loop calculation, we express
the result in terms of the loop functions of the
LOOPTOOLS [94]. The two point function defines
Bl’s as

B0ðp2;m2
1;m

2
2Þ≡ μ4−D

iπD=2rΓ

Z
dDq

1

½q2−m2
1�½ðqþpÞ2−m2

2�
;

ðB1Þ

pμB1ðp2; m2
1; m

2
2Þ

≡ μ4−D

iπD=2rΓ

Z
dDq

qμ
½q2 −m2

1�½ðqþ pÞ2 −m2
2�
; ðB2Þ

where μ is the renormalization scale, D ¼ 4 − 2ϵ, and
rΓ ¼ Γ2ð1 − ϵÞΓð1þ ϵÞ=Γð1 − 2ϵÞ.
The tensorial integral for the one-loop three point

function is defined by

T3
μ1…μPðp2

1; p
2
2; ðp1 þ p2Þ2; m2

1; m
2
2; m

2
3Þ≡ μ4−D

iπD=2rΓ

Z
dDq

qμ1 � � � qμP
½q2 −m2

1�½ðqþ p1Þ2 −m2
2�½ðqþ p1 þ p2Þ2 −m2

3�
: ðB3Þ

The decompositions of the tensorial integrals up to
rank 2 are

T3 ¼ C0;

T3
μ ¼ k1μC1 þ k2μC2;

T3
μν ¼ gμνC00 þ

X2
i;j¼1

kiμkjνCij; ðB4Þ

where k1 ¼ p1 and k2 ¼ p1 þ p2. All of the coefficient
functions of Bi, Ci and Cij are numerically computed by
LOOPTOOLS. Note that C00 and Bi have UV divergence
which should be canceled out.

2. Decay Form Factors from the SM quark
contributions

We describe the form factors defined in Eq. (33) for each
single diagram shown in Fig. 2. We compute the diagrams
in the unitary gauge, and use the dimensional regularization
with D ¼ 4 − 2ϵ in the MS scheme. As for the UV
divergence, we show only the 1=ϵ term. Since there is
no tree level coupling for theHþW−V vertex, all of the UV
divergences should be canceled out among themselves after
summing all the diagrams. This cancellation serves as a
validation of the calculation. For notational simplicity, we
introduce the normalized gauge couplings and Yukawa
couplings as

ĝγff ¼ sWcWQf; ĝZWW ¼ c2W; ĝγWW ¼ −sWcW;

ĝLZff ¼ T3
f −Qfs2W; ĝRZff ¼ −Qfs2W;

yLHþtb ¼
ffiffiffi
2

p
Vtbmt

vtβ
; yRHþtb ¼ −

ffiffiffi
2

p
Vtbmb

vtβ
: ðB5Þ

We first present the results for Hþ → Wþγ. In the SM
model, the main contribution is from the top and bottom
quarks. Since the decay involves a photon, M1 is deter-
mined by M2 through the Ward identity in Eq. (35). We
separately present the expressions ofM2 andM3 from the
diagrams (a), (b), and (c) in Fig. 2. M2’s are

MðaÞ
2 ¼ 0;

MðbÞ
2 ¼ 2ĝγttMH�½yLHþtbmtðC1 − C2 − 2C12 − 2C22Þ

− yRHþtbmbðC0 þ C1 þ 3C2 þ 2C12 þ 2C22Þ�;
MðcÞ

2 ¼ MðbÞ
2 ðyLHþtb ↔ yRHþtb; t ↔ bÞ; ðB6Þ

and M3’s are

MðaÞ
3 ¼ 0;

MðbÞ
3 ¼ 2ĝγttMH�½yRHþtbmbðC0 þ C1 þ C2Þ

þ yLHþtbmtðC1 þ C2Þ�;
MðcÞ

3 ¼ −MðbÞ
3 ðyLHþtb ↔ yRHþtb; t ↔ bÞ: ðB7Þ
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Here Cl and Clm are

Cl;lm ¼ Cl;lmðm2
W; 0;M

2
Hþ ; m2

b; m
2
t ; m2

t Þ: ðB8Þ

For Hþ → WþZ, M1 is not related with M2, given by

MðaÞ
1 ¼−

ĝZWW

MH�

�
1−

m2
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m2
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��
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�
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1
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1
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��
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− ĝLZttf1−4C00−M2
HþðC0þC1þ3C2þ2C12þ2C22Þg−2ĝRZttm
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ϵ
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1 ðyLHþtb↔yRHþtb;t↔bÞ: ðB9Þ

The M2 and M3 for H� → W�Z are

MðaÞ
2 ¼ 0;

MðbÞ
2 ¼ −2yRHþtbmbMH� ĝLZttðC0 þ C1 þ 3C2 þ 2C12 þ 2C22Þ þ 2yLHþtbmtMH�½−ĝLZttðC2 þ 2C12 þ 2C22Þ þ ĝRZttC1�;

MðcÞ
2 ¼ MðbÞ

2 ðyLHþtb ↔ yRHþtb; t ↔ bÞ;
MðaÞ

3 ¼ 0;

MðbÞ
3 ¼ 2yRHþtbmbMH� ĝLZttðC0 þ C1 þ C2Þ þ 2yLHþtbmtMH�ðĝLZttC2 þ ĝRZttC1Þ;

MðcÞ
3 ¼ −MðbÞ

3 ðyLHþtb ↔ yRHþtb; t ↔ bÞ: ðB10Þ

The Bl and Clm are as follows:

Bl ¼ BlðM2
Hþ ; m2

b; m
2
t Þ;

Clm ¼ Clmðm2
W;m

2
Z;M

2
Hþ ; m2

b; m
2
t ; m2

t Þ: ðB11Þ

3. Decay Form Factors from the
VLQ contributions

We first present the form factors of M2 and M3 for
H� → W�V (V ¼ γ, Z) through the VLQ loop as

MðaÞ
2;ij ¼ 0;

MðbÞ
2;ijk ¼ 4ĝWDiUk

ĝVUkUj
yH

þ
UjDi

MH�

× ½MUk
C1−MDi

ðC0þC1þ3C2þ2C12þ2C22Þ
−MUj

ðC2þ2C12þ2C22Þ�; ðB12Þ

MðcÞ
2;ijk ¼ 4ĝWDkU i

ĝVDjDk
yH

þ
U iDj

MH�½U ↔ D�;
MðaÞ

3;ij ¼ MðbÞ
3;ijk ¼ MðcÞ

3;ijk ¼ 0; ðB13Þ

where ½U ↔ D� denotes interchanging U and D for the
terms in the square brackets of the previous formula while

remaining the indices. Note that MðbÞ
3;ijk ¼ MðcÞ

3;ijk ¼ 0

because of the vectorlike nature of the VLFs, i.e.,
yLHþUD ¼ yRHþUD. The full expressions of Bl,Cl, andClm are

Bl ¼ BlðM2
H� ;M2

Di
; M2

Uj
Þ;

Cl;lm ¼ Cl;lmðm2
W;m

2
V;M

2
H� ;M2

Di
; M2

Uk
;M2

Uj
Þ: ðB14Þ

For H� → W�Z, M1’s are independent from M2,
given by

Wγ DECAY OF THE ELUSIVE CHARGED HIGGS BOSON … PHYS. REV. D 100, 055006 (2019)

055006-15



MðaÞ
1;ij ¼ 2ĝWDiUj
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