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We present a complete one-loop computation of the H* — W*Z decay in the aligned two-Higgs-
doublet model. The constraints from the electroweak precision observables, perturbative unitarity, vacuum
stability, and flavor physics are all taken into account along with the latest Large Hadron Collider searches
for the charged Higgs. It is observed that a large enhancement of the branching ratio can be obtained in the
limit where there is a large splitting between the charged and pseudoscalar Higgs masses as well as for the
largest allowed values of the alignment parameter ¢,.. We find that the maximum possible branching ratio in

the case of a large mass splitting between my+ and m, is #1073 for my- € (200,700) GeV.
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I. INTRODUCTION

Following the discovery of a Higgs-like particle at the
Large Hadron Collider, we are a step closer to under-
standing the electroweak symmetry breaking (EWSB)
mechanism in the Standard Model (SM). This discovery,
however, raises one important question: that is, whether the
Higgs-like particle is indeed the Higgs of the SM or a
component of an extended scalar sector corresponding to a
richer EWSB scenario than in the SM. One of the simplest
beyond SM scenarios is the two-Higgs-doublet model
(2HDM) in which the SM Higgs doublet is supplemented
with one additional scalar doublet [1,2]. There are many
motivations to introduce extra Higgs doublets, for example,
to explain the electroweak baryogenesis [3], top-bottom
mass hierarchy [4], and neutrino mass generation [5], to
name a few. The discerning feature of the extension with
one extra Higgs doublet is that it leads to four additional
scalar particles beyond the SM, namely, two charged
scalars and two neutral scalars. Various properties of these
additional scalars can be probed through precise determi-
nations of the Higgs properties such as its mass, production
cross section, and decays involving the SM-like Higgs [6].
The direct searches of these scalar particles at the LHC
could help us in acquiring an understanding of the scalar
sector of a more fundamental underlying theory.
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The charged Higgs (H*) is one of the new particles of
the extended Higgs sector of the 2HDM, and if such
particle exists, its direct detection could lead us to a better
understanding of the extended scalar sector. The charged
Higgs is currently been searched at the LHC through
different production and decay modes [7]. The tb decay
mode is considered in the search of a heavy charged Higgs,
whereas the preferred decay mode channel for light charged
Higgs searches is the zv, channel.

Among the various decay channels of the charged Higgs,
the WTZ decay mode is quite interesting because the
H*WTZ vertex does not occur at tree level in general
multi-Higgs doublet models, in contrast to more exotic
scalar sectors (e.g., triplets) in which this decay can occur at
tree level [8—11]. The absence of this tree-level vertex is
due to the weak isospin symmetry of the scalar kinetic
terms [12,13]. The H*W*Z vertex in 2HDM is therefore
loop induced; however, it is well known that an observable
enhancement in the magnitude of the vertex can come from
nondecoupling effects of particles running in the loop.
These are, in particular, the interactions that break custodial
symmetry; for instance, the top and bottom quark-loop
contributions to the HT*W*Z vertex show a quadratic
dependence on the top quark mass [14]." In the context
of 2HDM of type 1II, it is shown in Refs. [15,16] that an
enhancement of H* — W*Z is possible due to the non-
decoupling effect of the heavy Higgs bosons, i.e., a large
mass difference between the CP-odd neutral scalars and
the charged Higgs that breaks the custodial symmetry.

'"The multi-Higgs doublet model being U(1),,, symmetric, the
vertex HEWTy is also loop induced and receives only logarith-
mic mass effects. Therefore, the H* — W*y amplitude is not
sensitive to the nondecoupling effects.
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Thus, the H*W*Z vertex has nontrivial consequences in
the context of custodial symmetry. This decay channel has
been studied in the context of three Higgs doublet models
[17] as well as with in the effective Lagrangian extension of
the 2HDMs [18] and minimal supersymmetric standard
model [19].

In the most general version of 2HDMs, there are large
flavor changing neutral current (FCNC) interactions that
are in conflict with various flavor data. This problem is
usually avoided by the natural flavor conservation hypoth-
esis, implementing a discrete Z, symmetry that allows only
one scalar field to couple to a given type of right-handed
fermion [20,21], and hence evades tree-level FCNC. In the
aligned two-Higgs-doublet model (A2HDM), the FCNC
problem is solved in a more general way by aligning the
Yukawa matrices in the flavor space [22]. It is based on the
assumption that the Yukawa matrices coupled to a given
right-handed fermion have the same flavor structure. These
matrices can then be diagonalized simultaneously leading
to no FCNCs at tree level. The scalar sector in the A2ZHDM
is similar to the scalar sector of the most general 2HDMs,
whereas the Yukawa sector is parametrized in terms of three
complex couplings ¢, 4, known as the alignment param-
eters. The A2ZHDM can be considered as a relatively
general framework, from which all the known versions
of the 2HDM s can be recovered under different limits of the
alignment parameters. Phenomenological analyses of the
A2HDM taking into account the latest LHC results and
flavor physics observables can be found in Refs. [23—42].

In this work, we study the H* — W*Z decay within the
framework of the CP-conserving A2HDM. We take into
account the most recent limits from the LHC along with
theoretical constraints such as vacuum stability, perturba-
tive unitarity, and experimental bounds from charged Higgs
searches at LEP and flavor physics. In the case of the
2HDM of type II, it was shown that with the soft-breaking
parameter being small a large mass difference between the
charged and the CP-odd scalars in the nondecoupling limit
leads to an enhanced contribution to the decay width from
the scalar-loop diagrams [15,16]. However, in the A2HDM,
the scalar-loop diagrams are proportional to the quartic
couplings that are either independent parameters or are
functions of masses. Therefore, a large value of these
independent quartic couplings along with a large mass
splitting in the Higgs sector leads to an enhanced con-
tribution from the Higgs boson—loop diagrams in our case.

The paper is organized as follows. We briefly describe
the A2HDM in Sec. II. The theoretical and experimental
constraints on the parameter space of the A2ZHDM are
discussed in Sec. IIl. We evaluate the decay H* — W*Z
and the relevant branching ratios in the A2HDM in Sec. 1V,
and in Sec. V, we present the results of the LHC production
cross section for the processes gb — H'7 and single
charged Higgs production through WZ fusion with the
subsequent decay of H* to W*Z. We finally summarize

our results in Sec. VI. The analytical results of the various
diagrams contributing to the decay amplitude are listed in
the Appendices.

II. ALIGNED TWO-HIGGS DOUBLET MODEL

The two complex scalar doublets of the A2ZHDM in the
Higgs basis, in which only one doublet acquires a vacuum
expectation value, can be written as [22]

G* H*
(D - . 5 (D - . B
s+, +zG0)] : [%(52—1—153)}

(1)

where v = (vV2Gp)™"/? ~246 GeV, G** denote the
would-be Goldstone bosons, and H* are the charged
Higgs. The three neutral Higgs bosons are denoted by
@9(x) = {h(x), H(x),A(x)}, and they are related to the S;
fields by the transformation qo(]? = R jxSk. The R matrix is
orthogonal and diagonalizes the mass terms in the scalar

potential [32]. The most general scalar potential of the
2HDM is of the form

V= i @@ + i, ®@]0; + [ ®] D, + p;0ID ]
+ A (P]D))? + 1 (P]D,)? + Ay (DD, ) (DI D,)
+ (D] D)) (DI D)) + [(A5 D] D; + 26D| D
+ @)D, ) (®d,) + H.c]. (2)

Because of Hermiticity, all parameters appearing in V are
real except us, 4s, Ag, and Ay that introduce additional
source of CP violation. To reduce the number of indepen-
dent parameters in our analysis, we limit ourselves to the
CP-conserving case, so that 3, 45, 4¢, and 1, are real. The
minimization of the scalar potential leads to the relations

1

H3 = __)“67}2’ (3)

= =102,
M1 1 2

with the charged Higgs mass being given by

1
m?_li = U, + Eﬂyﬂjz. (4)
In the CP-conserving limit, the CP-odd field A directly
corresponds to S3, and the physical neutral Higgs
bosons are related to S; and S, through the following
transformation:

h cosa sinal| /S
=| . _ : (5)
H —sina@ cosa ] \ S,
When m;, < my, the angle & is given by the following
relations:
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—2260* 342045 — 4y)0?
sin25¢:2461}2, 0052&:mA+2(5 21)7). (6)
m3, — mj m¥, —mj,

The range of the mixing angle & is constrained to 0 < & <
z through a phase redefinition of the CP-even fields. The
scalar masses in the CP-conserving limit are given as

1
(E-a).  mh=5(E+a),

with

A
z= méi + (2/11 +E4+/15)1)27

A= /I + 2005 — )07 + 4022, (8)

The Yukawa Lagrangian in the A2HDM in terms of the
fermion mass eigenstates is written as [22]

V2 oo
Ly = _THJF{M[ngCKMmdPR — cumiVexmPLld

_ 1 -
+ /im PRt} — . Z)’? @?[fmyPrf] +He., (9)
o.f

where P; p = (1 F y5)/2 are the chirality projection oper-
ators, my_, 4, are the fermion masses, and Vcgy is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element. The
neutral Higgs couplings are given by

) )
er’,’f =Ri + (R +iRi3)Sar
0
yi' =R + (Rip — iRs3)c). (10)

The parameters ¢ (f = u,d, ¢) represent alignment con-
ditions in the flavor space and are family-universal complex
quantities leading to new sources of CP violation beyond
the CKM matrix. We consider these parameters to be real
for our analysis. All the known versions of the 2HDM with
natural flavor conservation can be recovered by taking
particular limits of the aligned parameters as shown in
Table 1. The most stringent constraints on the modulus of

TABLE L. The couplings ¢; in various types of two-Higgs-
doublet models with Z, symmetry.

Model Sa Su Sr
Type 1 cot cotf} cotf}
Type I —tanf cotf} —tanf
Type X (Iepton specific) cotf} cotf} —tan
Type Y (flipped) —tan f} cotf} cotf

the aligned parameters come from flavor physics to be
discussed in the next sections.

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

In this section, we explore the various theoretical and
experimental constraints on the parameter space of the CP-
conserving A2HDM. In this limit, there are 11 real free
parameters, which include y,, the couplings A;(i = 1...7),
and the three alignment parameters ¢, ,,. Four of the
parameters of the scalar potential can be expressed in terms
of the physical scalar masses and the mixing angle & and
are given by

1
/11 = ﬁ( %00525{ + m%.ISinza)v

1
Ay = — (misin’a + mycos’a + mj = 2m7.), (1)
Je = 1 2 -2~ 2 2~ 2

5 _2—1}2(mhsm a + mycos*a — my),
1

dg = _F(m%[ — m3) cos & sin &. (12)

Taking into account the above relations along with Eq. (4)
leads us to work with a set of parameters that can be related
to the physical masses m,, my,, my, my:, the mixing
parameter cosa, three couplings 4,37, and the Yukawa
parameters ¢, ;.. We have fixed m;, = 125.5 GeV in our
calculation with the assumption that the scalar boson
observed by the ATLAS [43] and the CMS collaborations
[44] corresponds to the lightest CP-even state /i in the
A2HDM. We also set cos & = 0.95 in order to ensure that
the couplings of & to the gauge bosons, A, and 1%,
remain consistent with the LHC data.

The loop induced i — yy decay width receives a con-
tribution from the charged Higgs, making this process
sensitive to A3 7, mg=, and &. The Higgs signal strength in
the diphoton channel has been measured at the LHC, with
the latest results from ATLAS [45] and CMS [46] being
ph, = 1.17503% and p! = 1.12 £ 0.24, respectively. The
Higgs production cross section being the same as in the
SM, the signal strength in the A2HDM reads [32,36]

w _ o(pp— h)xBr(h—2y)
7 a(pp = h)su X Br(h = 2y)gy
~(1-0.15C",)%  with (13)

=)

(14)

2

2
2m T

ch. = XAl (—1 + x+arcsin® <

where x: = 4m7,. /mj. We have imposed the condition
that yf,ly in our case should lie within the 26 range of

the experimental measurements. Additionally, the /11};+ -
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coupling (=45 cos & + 4; sin @) in Eq. (14) is required to be
less than 4z to ensure the validity of perturbation theory.
However, for a light charged Higgs, this cubic coupling
receives a sizable one-loop scalar contribution [32],

(Aot = Aty (1+ A),  with
2()h 2 2
A:U ( [Z+Hz—) Z("’éh>’ (15)
16z my,. My

with

Z(X) = Al dy/ol_y dz[(y +2)* + X(1 =y —z —yz)|7".
(16)

Since a large correction to iﬁﬁ - could invalidate the
perturbation theory, at most 50% corrections are allowed,
1.e., A <0.5. The other theoretical bounds considered are
the perturbativity bounds on the quartic scalar couplings
|4237| < 4z, the requirement of the stability of the scalar
potential [2], and the unitarity of the S-wave scattering
amplitudes of the scalars (4712 Additionally, the electro-
weak precision tests provide important constraints on the
parameters of the A2HDM. The mass splittings between
the additional scalars of the A2ZHDM are constrained by the
S, T, and U parameters [51]. It was shown in Ref. [36] that
in order to satisfy the precision electroweak constraints the
mass differences |my+ — my| and |my+= — my| cannot both
be larger than v at the same time. Taking into account all
these constraints, we perform a scan in the my,, my,
mpy=, Ay 37 parameter space. The points for the scan are
generated in the intervals

lz S (0,471'), 13 (S (—471', 477.'),
my: € (180 GeV, 1 TeV),
my € (180 GeV, 1 TeV),

17 S (—471', 47[),

my4 € (180 GeV, 1 TeV).
(17)

The allowed parameter space for the scalar mass differences
mys —my and my= — my is shown in Fig. 1. This shows
that there can be three possible scenarios:

The one-loop corrections affect the stability of the electro-
weak potential in the presence of large scalar couplings. It was
shown in Ref. [48] that for most values of 1;’s where the scalar
potential is stable at tree level the stability is also maintained at
one loop. The authors also showed that for many values of 4;,
which are excluded by the tree-level stable vacuum conditions,
inclusion of one-loop corrections revives them. We ignore the
one-loop corrections in our work for simplicity, as we expect
including them will result in a small increase in the allowed
parameter space with little effects on our results and conclusions.
Recently, in Refs. [49,50], it was demonstrated that the unitarity
bounds on the quartic scalar couplings gets improved for a finite s
in models with additional scalars coupling to the Higgs. These
issues are interesting but beyond the scope of this work.

S ]
e
T 4
g
|
kS
g ]
400
M- ma (GeV)
FIG. 1. The region of scalar mass splitting in the |my+ — my| vs

the |my- — my| plane, allowed by the Higgs signal strength in the
diphoton channel, perturbativity bounds on the quartic scalar
couplings |4, 3 ;| < 4z, stability of scalar potential, unitarity of S-
wave scattering amplitudes, and electroweak precision data.

(i) Case I: |my+ —my| > 200 GeV and |my= —my| <
40 GeV.
(ii) Case 2: |mpy= — my| > 200 GeV and |my= — my| <
40 GeV.
(iii) Case 3: |my: — my| =~ |my: —my| < 40 GeV.
We will later discuss the decay width of H* — W*Z in
the context of these three scenarios. After discussing the
constraints on the couplings and the physical masses, we
will now study the constraints on the alignment parameters
in the next sections.

A. Impact on ¢, 4, from flavor observables
and direct LHC searches of charged Higgs

First, we discuss the constraints currently available on
the alignment parameters from flavor physics. The inclu-
sive B — X,y branching ratio constrains the ¢, —¢,
parameter space. The alignment parameter for the up quark
is additionally constrained from the BY , — B , mixing and
from the Z — bb decay width. The Z — bb branching ratio
leads to a linear dependence on the charged Higgs mass,
which implies [23]
lc.| < 0.72 +0.0024 m,=GeV™!, (at 95% CL). (18)
The other two alignment parameters ¢, , are constrained
with the requirement that the Yukawa couplings should
remain within the perturbative regime, (\/zgdfmdf /v<1),
leading to absolute upper bounds |¢,| < 50 and |¢,| < 100.
For our analysis, we vary the alignment parameters in the
following region, taking into account the above constraints
as well as the flavor constraints from radiative inclusive
B — X 4y decays [23],
gu e (_3’ 3)a

s € (=50,50), ¢, € (=100, 100).

(19)
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mpy-= 200 GeV

T T T T T

4]

L I

1

-05 00 0.5 1.0
Su

-1.0

my-= 500 GeV
40
20
K 0
-20
-40
I L
Su

FIG.2. The regions in the ¢, — ¢, plane that are allowed by flavor physics data (blue points) and constraints from the 7b decay channel
of the charged Higgs where H= is produced in association with a top quark at the 13 TeV LHC (green points). The regions are shown for

two choices of the charged Higgs mass my= = 200 and 500 GeV.

Apart from the bounds considered before, the direct
searches of new scalars at the LHC and LEP provide
additional constraints on the model parameters. Here, we
will consider the constraints coming from the charged
Higgs searches. The LEP collaborations searched for a
charged Higgs in the eTe™ — H'H~ channel with the
charged Higgses reconstructed from H™ — ¢5 and 77v,.
The nonobservation of any signal at the LEP collaboration
puts a lower bound on the charged Higgs mass: my- >
78.6 GeV [52] at 95% CL in the 2HDM of type II.

The LHC has searched for a light charged Higgs in the
t = H*b channel and has excluded my- € (80, 160) GeV
[53]. The LHC Collaboration has also looked for a heavy
charged Higgs in the pp — 1(b)H* process with H* —
t*v, [53,54], HY — tb [55], and H* — WTZ [56] and has
given a model-independent limit on o(pp — t(b)H*) x
BR(H* — t*v,,tb) as a function of m3;. We use this limit
to constrain the alignment parameters, in addition to the
constraints from flavor observables discussed above.

To implement the LHC bounds, we calculate the process
o(pp — t(b)H*) x BR(H* — 7*u,, tb) in the A2HDM in
MADGRAPH [57]. The dependence of the alignment param-
eters on the production cross section ¢(pp — 1(b)H™)

comes through the vertex A" = ¢, m,P, — ¢ m,Pg. The
decay widths of the charged Higgs to tb and v, are also
sensitive to the alignment parameter and are given by

3A2(m2,.
8xv’m

m?, m3)

3
Hi

x [(m}y. = m7)(migg + micy)

[(H* - 1b) =

—m3(mich + m?c2) + dmimic g,

2.2
F(H:I: - Tj:l/.[) _ m;GfB
8rv my.

with A(a, b, ¢) = (a — b —c)* — 4bc.
In our numerical analysis, we have also added the
branching ratios into cs, ud, and HVys which can be trivially

[m3,. —mz], (20)

obtained from the above formulas. In the limit

mys > my + m, , where ; = h, H, A, the decay H* —

W=g; is kinematically allowed. The corresponding decay

width is given by

’13/2(’“%#’ my,. m3)
1671'1)2"1,31,1

L(H* > Woe;) = R}, (21)

with Ry, = sin(cos)a and Ry = 1.

Compared to the other fermionic modes, H* — tb has
the dominant branching ratio for sizable alignment param-
eters since it depends on the mass of the top quark.
Therefore, the tb decay channel at the LHC can be used
to further constrain the ¢, — ¢, parameter space. The decay
width [(H* — W¥¢;) being independent of the alignment
parameters, when kinematically allowed, the BR(HjE —
W=*g,) will be dominant in the limit of small values of
alignment parameters. Note that, since |¢,| < 100 [24,42]
is a very weak constraint, the BR(H* — 7*v,) could
dominate for a light charged Higgs.

Following these discussions, we now present in Figs. 2
and 3 the constraints on the ¢, — ¢; and ¢, — ¢, parameter
space from the LHC process o(pp — t(b)H*) x
BR(H* — t*v,,th). To obtain the bounds, we simply
demand that the theoretical value of the quantity o(pp —
t(b)H*) x BR(H* — t*v,,tb) is smaller than the LHC
limit. For simplicity, the results are shown for two choices
of the charged Higgs mass, 200 and 500 GeV, and unless
otherwise mentioned, this choice will be used in the
numerical analyses presented in this work. The blue region
is the one allowed by the flavor observables, whereas the
region allowed when including the LHC information is
shown in green. Overall, the green region is allowed by
both the LHC and the flavor physics constraints. It can be
seen from the left plot of Figs. 2 and 3 that only for low
charged Higgs masses (mpy+ < 500 GeV) is the LHC
search currently sensitive to the alignment parameter space
allowed by flavor physics. The allowed range of the aligned

115013-5



ABBAS, DAS, and PATRA

PHYS. REV. D 98, 115013 (2018)

my-= 200 GeV

100 ¢

50}

FIG. 3. The regions in the ¢,

my-= 500 GeV

100

— ¢, plane that are allowed by flavor physics data (blue points) and constraints from the zv, decay

channel of the charged Higgs where H* is produced in association with a top quark at the 13 TeV LHC (green points). The regions are
shown for two choices of the charged Higgs mass my: = 200 and 500 GeV.

parameter ¢, for my+ =200 GeV lies between approx-
imately —40 and 440, and of the parameter ¢; is between
approximately —50 and 450 as can be observed from
Figs. 2 and 3.

IV. H* — W*Z DECAY IN THE A2HDM

In this section, we compute the H*WTZ vertex at one
loop in the A2HDM. We have performed the calculations
analytically, and to reduce any risk of errors, our compu-
tations are tested by specific one-loop open source pack-
ages. The FEYNCALC package [58,59] is used in the
analytical computations. The packages that are being used
to test our analytical results are the publicly available
FEYNRULES [60] model files for 2HDM in which we have
implemented the A2ZHDM. We generate the FEYNARTS [61]
model files in FEYNRULES, and the amplitudes are calcu-
lated using FORMCALC [62]. We have also compared our
results numerically using LoopTooLs [62]. The diagrams
are calculated here in the 't Hooft-Feynman gauge.

The loop contributions of the scalars/bosons to the
H*WT¥Z vertex are shown in Figs. 4 and 5, and the con-
tributions of fermion loops are shown in Fig. 6. We have
parametrized the H* — W*Z amplitude as

M = gmyM,, éyey,  with

g H
M;w = Fg,uv + 2 pZ/tle/ + 2 eﬂupap%p%/’ (22)
my m

W
where €}, , are the polarizations of the gauge bosons and
Pw .z are the momenta. The decay width for A + 5 WtZin
terms of the form factors F, G, and H listed in Eq. (22) is
given as

M2 (1, w,z)

I'HY - WrZ) =
( - ) = mpy= Lo

(IMp? + [Mzr]),
(23)

where w = my,/m? ., z=m3/m;, and A(a,b,c)=
(a—b —c)* —4bc. The amplitudes M;; and My con-
tain the contributions from the longitudinally and trans-
versely polarized gauge bosons and are given by

A(1,w,z)

2_ 9
My -

w—2)F +

Zice

1
M2 = & (2w|]—"|2 Wz |H|2) with

1
F =——1IF, g:—G :—H (25)
gmy g
i,{vvvwW,T n, H,«I(\/\/V\/W,T R wir
+ Pid + - +
o ﬁ.--.<:\ LHE B & nH
1 ~ 1 ~ 1
ho H >wAnn 7, H=" A7, ATz,
(1) (2) (3)
= WW; hH. wr w* Wi
H' -7 o H HY . W= HY VA
4 ) ZI/ VVi ZI/ h7H\ Zz/
(4) (5) (6)
N Gf/lvvvwW‘, N Gi,T\NV\/WN Lok H/:m/\/\/\)/Vu+
ﬁ.--{ hH H - EGO HY . <oe
\\ ~ \\I
A Az hy H™> nArnvz, G* Y wAANZ,
(7) (8) 9)

h, Hx\/\/vwW;,+

W,T
_____< H - wH HT . G
G* %'/bvv\m

(11) (12)

FIG. 4. The boson-loop triangle diagrams for H* — W*Z in
the ’t Hooft-Feynman gauge.
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wir HT

N

i N
+
'"w ﬁi WW

h H, A H*, G GO

Wi Q

Q\”Q» i | 7(' ™

HE % H* | _/G*
(8) Z, (9)
o
Hi: :h, H
_______ é;t_
11
e

H+
H:ELG:E W
HY 7~ .G
|\ Y
h, H Zy

W
Zy (10)

hHAHiGiGOWi

-
where Q = ' '
o

FIG. 5. The boson-loop and tadpole diagrams for HT — WTZ in the 't Hooft-Feynman gauge.

The contributions to F, G, and H from individual diagrams
in Figs. 4-6 are listed in Tables II-IV of Appendix A.
The F term receives contributions from all the diagrams of
Figs. 4, 5, and 6, whereas G only receives contributions
from the boson and fermion triangle diagrams. The
fermion-loop triangle diagrams only contribute to H as
the boson sector in our case has the parity symmetry.
The dominant contributions to the H* W¥Z vertex come
from the top quark mass as well as from the nondecoupling
effects of the masses of the heavy scalars running in the
loop. In the context of the type-I1 2HDM, it was discussed

17

H.___

in Ref. [15] that, with the H*b coupling being propor-
tional to m, cotf and m,, tan 3, the fermion-loop contribu-
tions rapidly decrease for larger tan . The decrease of the
fermion-loop contributions in the case of large tanf is
compensated by the scalar nondecoupling effects, with a
large mass splitting between m, and mpy=. Overall, the
decay width in the 2HDM is proportional to the top quark
contribution in the low tanf region and to the scalar
nondecoupling effects in the large tan f region.

In the A2HDM, the dominant fermionic contributions to
the H*WTZ vertex are proportional to m,c,, m,cs, and

W+
ul7ljl +
H___ G-

dl7 E M
Ui, Vi
Ui, Vi dl, 7
v

(4)
Q Wi
where C = Q

G* U, di, U
M "z

FIG. 6. The fermion-loop diagrams for H* — W Z in the 't Hooft-Feynman gauge. Note that i in u;, d;, £;, and v; stands for the

fermion generation.
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FIG. 7. The decay width I'(H* — W'Z) as a function of mj, for various values of ¢, and ¢; with cos@ = 0.95, |my= — my| >
200 GeV and my = my= &= 15 GeV. The couplings 4; ; ¢ take the values allowed by the theoretical constraints, whereas the alignment

parameter ¢, = 50.

m.c,. Hence, for sufficiently large ¢,, the magnitude of
the H*WTZ vertex could be enhanced even for small
values of the aligned parameter ¢,. This is starkly different
from the results in the 2HDM of type II. The boson-loop
contributions to the H*WTZ vertex are mainly dependent
on the splitting of the charged and pseudoscalar Higgs
masses and the three independent parameters of the scalar
potential 4,3 7.

Since there are too many free parameters involved, we
will show our results for some particular benchmark values.
Our results do not deviate drastically if we change these
benchmark values. We first explore the dependence of the
decay width on the charged Higgs mass and show in Fig. 7
the decay width as a function of m+ for the mass splittings
|mys —my| > 200 GeV and my = my+ + 15 GeV. The
couplings 4, 3 7 are varied in the allowed range, satisfying
the required experimental and theoretical constraints as
discussed before. We have fixed the mixing angle value to
cos & = (.95, in accordance with the latest LHC results for
all our calculations unless otherwise mentioned. The left
plot shows the variation for two choices of ¢, = 0.01 and
1.15, and ¢, is fixed to 0.1. In the plot to the right, we fix ¢,
at 0.01, and ¢, is chosen 5 and —50. We have explicitly
checked that the decay width does not change much with
¢y; therefore, it is kept fixed at 50 for these plots. These
figures show that the decay widths are quite sensitive to ¢,
for a given charged Higgs mass.

We next consider the Higgs effect from the scalar-loop
diagrams and show the dependence of the decay width on
the Higgs mass splittings and the 4,5, parameters. The
bosonic diagrams with the SM-like Higgs # in the loop are
proportional to sin@ and therefore have a very small
contribution. Therefore, a large value of the scalar self-
coupling constant A, (proportional to cos & for the diagrams
with H in the loop) is considered in order to make the
contributions from the boson and fermion-loop diagrams

comparable. The parameter 1, does not contribute to our
process, whereas A5 is always accompanied with sin& in
most of the diagrams that contribute. We therefore work in
the limit where the parameters /, 3 are fixed to zero and a
large nonzero value for 1; ~ 8 is considered.

We now show in Fig. 8§ the ¢, dependence of the decay
width for my+ = 200, 500 GeV with various mass split-
tings between the charged and the CP-odd scalars. The
A 37 parameters are fixed to values as discussed above, and
¢y 1s varied in the range [—50,50]. The decay width
dependence on the different mass splitting scenarios can
be easily interpreted from the figure. The case in which the
additional scalars are degenerate (orange points) is sensitive
to ¢,, as the contribution from scalar-loop diagrams gets
suppressed with respect to the remaining contributions
from the fermions and the gauge boson—loop diagrams. The
top mass contribution to the decay width becomes very
small in the limit where ¢, tends to zero. The blue points in
Fig. 8 with a mass splitting m, — my+ = 200 GeV show
that the decay width is not small for small ¢,. This is
because the top mass effect is dominant at large ¢, whereas
in the low ¢, region, the top mass contribution is decreased
but the nondecoupling effects of heavier scalars increase
the strength of the H*WTZ vertex.

The reason for enhancement for the case in which the
CP-odd scalar is degenerate with the charged Higgs while
there is a large mass splitting between the heavy CP-even
scalar and the charged Higgs (green points) is similar to the
orange region; that is, large values of the aligned parameter
¢, and the mass of the top quark contribute through the
fermionic loop. The results for the decay width shown in
Fig. 8 are sensitive to A, as the HHTH™ vertex in the
scalar-loop diagrams is proportional to ;. Therefore, with
the decrease in the value of A,, the contribution from the
fermionic loop diagrams becomes dominant, and the decay
width becomes sensitive to ¢,, irrespective of the mass
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Decay width T'(H* — W'Z) as a function of ¢, for different mass splittings between charged and CP-odd scalars with

cos @ = 0.95. The parameter ¢, is varied in the allowed range, whereas the other parameters are fixed as discussed in the text. The figures
are shown for two choices of charged Higgs mass my+ = 200 and 500 GeV.

splitting between the scalars. The contribution from the
scalar-loop diagrams is therefore dominant with a large
mass splitting and large allowed values of |1;|, for
cosa = 0.95.

The Higgs mass effect is dominant when the m, — my+
mass splitting is large. We discuss this scenario in details in
the following. We plot the decay width as a function of my,
for different choices of ¢, in Fig. 9. The results remain the
same with the variation of ¢, and ¢,, which we fix at 0.1
and 50 in these figures. The other parameters are similar to
those in the previous figure. We can see from Fig. 9 that
the decay width becomes independent of ¢, for large mass
splitting between my, and mpy+. In the near custodial
symmetry limit (m, ~ mpy+), the nondecoupling effects
of the scalar masses are highly suppressed, and the
decay width receives contribution only from the fermionic
and the gauge boson diagrams, making the decay width
sensitive to ¢,,.

We now consider the branching ratio (BR) for the
process HT — WTZ. The decay is kinematically allowed
when the charged Higgs mass mpy: > my + myz. The
threshold of H* — tb is also very close to my, + my.
The tb mode becomes dominant for large values of ¢, 4
when mpy+ > m;, + m,. We note that for my: around
200 GeV only the decay mode zv, dominates over the
W Z decay for large values of ¢,. This can be seen from the
first plot of Fig. 10 in which we show the branching ratio of
the charged Higgs as a function of my,. The zv, mode is
shown with a green color, and the W*Z mode is in blue.
With ¢, = 50, the leptonic decay channel has a branching
ratio of almost 1, whereas the BR of W*Z increases with
the variation of ¢, = 0.01 (solid) to ¢, = 1.15 (dashed). It
should be noted that the value of 4, 5 are fixed at zero, 4;~
at 8 and ¢, at 0.1. In the limit of vanishing ¢, and my=
around 200 GeV, the BR for W*Z will be 1. For a heavy
charged Higgs, various other decay channels open up, as

0.01 T T T T T T T T T T T T
0.01;\
z z
Zo001 g |
N me=200Gev | N[ my=500GeV
z — =001 Z g |— &=00 .
J — 0l g — ol ]
T 1e06|- - 1= —n
~ L15 ~ L15
i 0.0001 | .
1e_0....I....I....I....I....I....I.... e by b b v by b b0 9
foo 200 300 a0 500 60 700 800 100 200 300 400 500 600 700 800
m, (GeV) m, (GeV)

FIG.9. The decay width '(HT — W*Z) as a function of m, for different values of the Yukawa alignment parameter ¢, with ¢; = 0.1,
¢, =50, cosa = 0.95, myg = my+ + 10 GeV, and 4, 3 = 0. The figures are shown for two values of charged Higgs mass my+ = 200,

500 GeV.
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FIG. 10. The branching ratio T(H™ — W*Z) as a function of

my for 4,3 =0, ¢, =0.1, ¢, =50, my = my+ + 10 GeV, and

cos & = 0.95. The other dominant branching ratios of H" are also shown. In the left plot, the solid lines are for ¢, = 0.01, and the dashed

lines are for ¢, = 1.15.

can be seen from the second and third plots of Fig. 10.
The tb final state has a dominant branching ratio for large
values of ¢,. The BR(H* — W*Z)) is larger than the one
into tb when the alignment parameters are small for the
region where there is a large mass difference between my
and my+, as seen from the second plot of Fig. 10. With
smaller ¢,, a larger value of ¢; will lead to an enhanced
branching ratio of tbh, whereas the W Z will not be affected
significantly.

Finally in Fig. 11, we show the branching ratio as a
function of my: for two different scenarios. The left plot
shows the branching ratio as a function of m = for the case
in which my >my: £2200GeV and my ~ my+ = 10 GeV.
In the right plot, we show the branching ratio for the case in
which the CP-odd scalar and the CP-even heavy scalar are
degenerate in mass (m, ~ my). In these plots, 4, 5 ; and the
alignment parameters are all varied within the region
allowed by the theoretical and experimental constraints.
The branching ratio in the low mass range can be as large as

ma 2 (My+£ 200)GeV, my = (my++ 10) GeV

T T
1073 120
R|8
2 107§
*
z
& ;
et 41
o 1
10 NN NN TN TN TN T N TN T TN TN U TN N SN T N T N U N T ——
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1073, A large branching ratio can be obtained for small
alignment parameters, large 4,, and a large mass difference
|my — my+|. The decay width increases with large ¢,, but
this also leads to the enhancement of the dominant decay
channel 7b.

V. H* PRODUCTION THROUGH WZ
FUSION AT THE LHC

In this section, we explore whether the BR(H* — W*Z)
in the A2HDM could be large enough to be detected at
the LHC. The charged Higgs for the mass range considered
here will be mainly produced through the process pp —
t[p]H* with the dominant decay mode of H* being H* —
tb, if kinematically allowed. The cross section for the
gb — tH* subprocess at the 13 TeV LHC with ¢, =1.15,
¢qs=0.1 will be #4367 b for my+ =200 GeV and ~454 fb
for my+ = 500 GeV. This process has been studied at the
LHC, and we have discussed the constraints on the

Myt My+=m++my =10GeV

T T T T T T T T T T T T T T T
+

10,

BR(H" > W*2)

L " " " L " L " 1 L L " L " L " 1

200 400 600 800 1000
my+ (GeV)

FIG. 11. The branching ratio BR(H* — W Z) as a function of m}; for values of ¢,,, ¢, and ¢, and the A5 ; parameters allowed by the

theoretical and the experimental constraints discussed in the text.
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FIG. 12. The cross section of H™ production in association with
a top quark followed by its decay to W Z as a function of my-.

alignment parameters from this process and the subsequent
decay of the charged Higgs to tb, 7v, in Sec. III A.

We show in Fig. 12 the expected cross section for the
process gb — tHt — tW*Z at \/s = 13 TeV as a function
of my+ with the couplings 4,3, varied in the allowed
range. The alignment parameters are kept fixed as
¢, = 1.15, ¢; = 0.1, and we take |my —mpy=|=200GeV,
|my —mpy:| = 10 GeV. The dominant SM background to
this process will be W*Z + X, which can be reduced with
appropriate kinematic cuts on the final state. The signal in
this final state can be observed at the high-luminosity LHC
for low mpy= and ¢, 2 1.

We next discuss the charged Higgs production through
WZ fusion at the 13 TeV LHC and show in Fig. 13 the
expected cross section assuming G = H = 0 for simplifi-
cation. This is a good approximation as the loop induced F
term is much larger than the G and |H| terms for most of the
parameter space. We have calculated the production cross
section of the charged Higgs through WZ fusion [63] in
MADGRAPH. This process followed by the decay of the
charged Higgs to WZ has been studied by the CMS
Collaboration [56]. We present our results in Fig. 14,

1000

500
|7|%= 1

o [fb]

200

100

200 400 600 800 1000
my: (GeV)

FIG. 13. The cross-section of H" production through WZ
fusion at the 13 TeV LHC, with the form factor F set to unity and
G=H=0.
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FIG. 14. ¢ for H* production through WZ fusion with

subsequent decay of H* to W*Z. The line in green is the current
bound from LHC.

considering the parameter space where a large branching
ratio of H* — W*Z is observed. The 4, 3 ; parameters are
varied, taking into account the theoretical and experimental
constraints, and the mass differences between the additional
Higgs boson are fixed at |my —my=| =200 GeV and
|my —mpy:| =10 GeV. The green line is the current
experimental bound from the LHC. At large my=, we
see that the cross section becomes comparable for ¢, =
0.01 and 1.15. This is because the decay width of the tb
decay channel is proportional to ¢ (m7,. —m7)/my: and
for large my+ will be ~¢c2my=. Therefore, at large mp-, the
branching ratio of W*Z decreases with large ¢,.

We observe in Fig. 13 that the cross section can be as low
as 1 fb as the mass of the charged Higgs goes beyond 1 TeV.
Hence, when the luminosity of the LHC will be 300 fb~!,
300 events with a charged Higgs can be produced for a 1 fb
cross section. A similar conclusion can be drawn from
Fig. 14 for the high-luminosity phase of the LHC. Thus, we
see that the H* — W*Z in the A2HDM is within the reach
of the high-luminosity phase of the LHC [64—66]. On the
other hand, the tH* production channel will be dominant to
produce a sufficient number of charged Higgs only in the
lower mass region as can be seen from Fig 12 for a
luminosity of 300 fb~!. However, as the high-luminosity
phase will move forward, this conclusion about the tH*
production channel will not hold.

VI. SUMMARY

The custodial symmetry of the SM could have interesting
implications if there exists an extended scalar sector. This
may give rise to remarkable signatures such as an enhance-
ment of the HEW*Z vertex. This vertex is absent at tree
level in the 2HDM because of the weak isospin symmetry
of the kinetic terms of the Higgs sector and appears at one
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loop. Furthermore, this vertex was studied in the 2HDM of
type II before the discovery of the SM-like Higgs at the
LHC [15,16].

In this work, we have investigated the H*W*Z vertex
using the ’t Hooft Feynman gauge in the A2HDM. The
computation was performed taking into account the
theoretical constraints such as the vacuum stability,
perturbative unitarity, and the bounds from the electro-
weak precision data. The experimental bounds from flavor
physics observables as well as the direct searches of H* at
the LHC are also taken into account. The latest results
from the charged Higgs searches at the LHC are used to
constrain the alignment parameters, as the production and
decay mode of the charged Higgs are proportional to
them. We find that for my+ < 500 GeV the LHC data
from charged Higgs searches constrain the aligned param-
eters ¢, 4 » allowed by the flavor observables. The param-
eter space for my: > 500 GeV is currently not sensitive to
the LHC results.

We later discuss the nondecoupling effects of heavy
scalars and fermions in the decay width of Ht — W Z and
find that the decay width is more sensitive to m,g,
compared to m,¢s,.. We note that in the A2ZHDM for
cosa tending to 1, the nondecoupling effects from the
boson-loop diagrams are proportional to A4, and a large
mass splitting between the CP-odd Higgs and the charged
Higgs. Hence, large values of the quartic coupling 45 helps
enhance the magnitude of the H*W*Z vertex. An enhance-
ment of this vertex also occurs when the alignment
parameter ¢, is large even if the alignment parameter ¢,
is small.

The dependence of the decay width on each of the
independent parameters is discussed individually. We have
worked for the charged Higgs in the mass range 200—
1000 GeV and found that the maximum obtainable branch-
ing ratio for the process considered here in light of the
recent experimental constraints is around O(1073).

Finally, we also calculate the two charged Higgs pro-
duction modes at the LHC and its subsequent decay to
W+Z. The production modes are (1) H' produced in
association with a top quark (2) H™ produced singly
through WZ fusion. The W*Z final state produced through
WZ fusion in the A2HDM is within the reach of the future
high-luminosity phase of the LHC.
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APPENDIX A: AMPLITUDES FOR H* - W*Z
FOR FEYNMAN DIAGRAMS GIVEN IN
DIAGRAMS FIGS. 4, 5, AND 6

We present in this section the F, G, and H form factors
used to parametrize the one-loop decay amplitude defined
in Eq. (22). We would like to point out that the fermion-
loop contribution to the H™W~Z vertex was calculated
earlier in the unitary gauge [15]. The fermion-loop dia-
grams by themselves form a gauge-invariant subset,
whereas the boson-loop diagrams form another subset so
that they can be independently calculated in an arbitrary
gauge. We perform the calculation for the contributions
from the boson and the fermion-loop diagrams in the ’t
Hooft-Feynman gauge and have explicitly checked that
our results are finite. The F, G, and H terms are listed in
Tables II, III, and IV. Here, we show the contributions
to F, G, and H separately for each diagram. The notation is
as follows: F*I!l indicates the contribution of the first
diagram in Fig. 4, and so on. The same definition holds for
the others. We list the various couplings used for the
computation,

0
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’1264,0 =24 R}, + RLR;1 (A3 + A4 + 245)
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AZ%‘? = 6’11(_R?1 + Ry + 3Ri1R122)
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+ 3’16(3R?2 + R —9R}R;)
+347(=R3, + Riy + 3R} R;) for i # j,

0
}{?} =Ry +¢sRp, (A1)

where R;; denotes the ij element of the orthogonal R
matrix, which determines the neutral CP-even Higgs boson
mass eigenstates defined in Eq. (5).

APPENDIX B: LOOP INTEGRALS

We have used the dimensional regularization scheme for
our calculation, with the approach similar to one given in

115013-12



LOOP INDUCED H* — W*Z DECAYS IN ...

PHYS. REV. D 98, 115013 (2018)

TABLE II. The F and G terms from the boson triangle loop diagrams in Fig. 4 contributing to the decay
+ > WtZ, with ¢ = h and ¢ = H.

Fig. 4 Amplitude Argument
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TABLE III. The F term from the boson-loop diagrams in Fig. 5 contributing to the decay H™ — W*Z, where
P=h,H, A G and ¢ =h, ¢ = H.

Fig. 5 Amplitude Argument
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TABLE IV. The F, G, and H term from the fermion-loop diagrams in Fig. 6 contributing to the decay H™ — W' Z, with go? = h and
@) = H. Here, u represents all the up-type quarks, and d represents the down-type quarks and the fermions.

Fig. 6 Amplitude Argument
Foll] 20 my—m? > My, My,
—eten BTNV, (e (By + Bo) = mie, B} (Pt 1
2 m?
62 —

Fo WLy P {3 (g — g) (& (2 — md . = m3) + mg,)Co O N

+(2g4micy — (g4 + g8 )mie,)Co
=3 (g4 (micy — mic,) — g (micq + mic,))

((mili - m%)vt - m%)CU - (m%{i - m%yi + m%)Clz)

+2g4micy(my,.Cry =5 (m3 + md. —m3)Cyy)
(gA + gv)(mdgd —m3¢,)Co}

62 , )

o 2|V g {mica(gs = 99)(Co + Cri) = migu (94 + ¢9)Cny (Pw» —pgs. mg, my, my)
(g4 + 99) ((mica + mic,)Cra = 2(micy = mig,)(Cor — C3)) }

62 )

HO2) zNCa IV ua? {mdgd(gA g (Co + Cyy) + mie,(¢d + g4)Cy s —poes iy e, ]
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the appendix of Ref. [67]. The integration measure in D dimensions is given by

dPk

dPk = ,3@4-D)/2 .
a (27)P

(B1)

where gu*~P)/2 is the SU(2), gauge coupling constant in D dimensions. The scalar-loop functions appearing are given by
[68,69]
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Ao(m1>:/dD7< :

kz—m1

1

Bo(l,ml,mz)—/dD];

(kK =m})[(k+1)* = m3]”

1

Co(l, s,my, my, ms) :/dec

(K2 =m)[(k+1)*=m3][(k+ 1+ s)* —m3]

(B2)

We use the definitions s; = > + m} — m3 and s, = 5% 4 21 - s + m3 — m3 following Ref. [67]. The loop functions are

B, = - [Ag(my) — Ag(ms) — 5,By).

Co = By(s,my, m3) + miCy, (B3)

{=1s[B\ (I +s,my,m3) — By (s, my,m3) — 5,Cy5)

given by
By = Ag(my) + miBy, =5
Cor — 1
27202 — (Is)7]
+ P[=By (I + s,my,m3) = 5,C1p = 2Cp4]},
Cy =

2(D-2)

X

Cl2

(c2)
C23

with

[1 + Bo(S, my, m3) + 2m%C0 + 51C11 + S2C12]. (B4)

Cn 1 [Bo(l + s,my,m3) = By(s, my, my) —5,Co
( > 2 {Bo(l,ml,mz)—Bo(l+s,m,,m3)—s2C0]’
lx{Bl(H— s,my,m3) + Bo(s,my, m3) —s,Cy; —2Cyy
2 By(l,my,my) = By (I + s,my,m3) — 5,C

J (85)
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