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Abstract: One-loop contributions for the decay process H* — W*Z within the Two-Higgs-Doublet Model
(THDM) are computed in the general Ry gauge, and its phenomenological applications at future muon-TeV col-

liders are investigated. Analytic results are confirmed by several consistency tests, including those of ¢-independ-
ence, renormalization-scale stability, and the ultraviolet finiteness of the one-loop amplitude. We first perform an up-

dated parameter scan of the Type-X THDM in phenomenological studies. The production of charged Higgs boson

pairs at future muon-TeV colliders is then investigated through two processes: putu~ — H*H™ — W*W¥Zh and

utu™ —yy - HYH™ — W*WTZh. Both signal events and their significance are evaluated considering the corres-

ponding Standard Model backgrounds. We find that the signal significances can exceed 50 at several benchmark

points in the viable parameter space of the Type-X THDM.
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I. INTRODUCTION

Searches for additional scalar Higgs boson produc-
tions in many extensions of the Standard Model (SM) are
a key motivation for the construction of future colliders,
including the High-Luminosity LHC (HL-LHC) and pro-
posed lepton colliders such as the International Linear
Collider (ILC) and muon—TeV colliders. The discovery
of the additional scalar Higgs bosons would provide dir-
ect evidence for new physics and would also offer en-
hanced insight into the dynamics of electroweak sym-
metry breaking (EWSB). In all possible production chan-
nels of exotic scalar states, singly charged Higgs boson
productions have recently received particular attention at
colliders. Experimentally, searches for charged Higgs bo-
sons in the light mass regions produced in top-quark de-
cay have been detected at /s =7 and 8 TeV at the LHC
[1-4]. The ATLAS collaboration has pursued additional
explorations of charged Higgs bosons following decay
channels H* —» tv [5] and H* —c¢5 [6]. For heavier
charged Higgs states, both ATLAS and CMS have con-
ducted searches through decay channels such as H* — tb
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[7-9], Ht - W*Z [10, 11] at +/s =8 TeV, and via vector
boson fusion production at +/s =13 TeV [12]. Further-
more, searches for H* — cbh/cs at +/s =8 TeV have been
reported in Refs. [13, 14], while the H* - HW* decay
mode has been studied at +/s = 13 TeV [15, 16]. More re-
cently, both ATLAS and CMS investigated charged
Higgs bosons in association with top quarks and in top-
quark decay, wherein both production channels were ana-
lyzed with the subsequent decay H* — v*v, [17—19].
Theoretically, charged Higgs boson production at the
LHC has been calculated within many BSM scenarios. In
THDM, pp — tH™ — tW~bb production has been com-
puted, including top-quark polarization effects as dis-
cussed in Ref. [20, 21]. Additionally, the decay H* — tb
has been systematically examined in the Minimal Super-
symmetric SM (MSSM) [22]. The production of charged
Higgs boson pairs at the HL-LHC has been investigated
in Ref. [23]. Charged Higgs bosons in the light-mass re-
gions decaying into electroweak vector bosons have been
analyzed based on Run III data [24]. Investigations of the
productions for pp — H*h/A and pp - H*H- with
H* — W*h/A have been carried out in Ref. [25]. Further
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studies on charged Higgs bosons at the LHC have been
reported in Refs. [26—28], including analyses of produc-
tion via vectorlike top-quark pairs [29—34] and studies on
the Wy decay mode [35]. Production of charged Higgs
bosons at future lepton colliders has been studied at u*u~
and e*e” machines [36—39]. Moreover, heavy charged
Higgs states at yy colliders have been probed using mul-
tivariate analyses including the H* — W*H decay chan-
nel [40, 41]. Ref. [42] has shown that new physics ef-
fects from scalar Higgs exchange in the loop can be
probed through electroweak corrections to the process
e~et — hv,v, at e*e” machines.

In comparison with hadron colliders, muon-TeV col-
liders provide a clean leptonic collision environment for
high-precision tests, similar to e"e* collisions. Moreover,
they also open the door to a high-energy frontier from
which to probe physics beyond the SM [43, 44]. Given
that the mass of the muon is greater than that of the the
electron by a factor of roughly 207, the contributions of
neutral-Higgs exchange in the s-channel may be en-
hanced due to resonance effects. Last but not least, the
coupling of charged scalar Higgs bosons to muons is pro-
portional to tanB or cot8 depending on the type of
THDM. As a result, these effects could provide an oppor-
tunity to distinguish among the four types of THDM.
Second, loop—induced decay H* — W*Z is sensitive to
BSM effects and provides important information for dis-
criminating among different types of THDM. This decay
process was computed in Ref. [45]. Alternative calcula-
tions including the CP-violating THDM have been
presented in Refs. [46—50]. In this work, one-loop contri-
butions for decay H* —» W*Z in THDM are computed
and their implications for future muon—TeV colliders are
studied. In contrast to other works, our calculations are
performed in the general R, gauge and the results are
verified through several self-consistency checks such as
the &-independence, renormalization-scale stability, and
ultraviolet (UV) finiteness of the amplitude. Many previ-
ous studies have shown [51] that charged Higgs masses
vary widely from O(100) GeV to approximately1000
GeV in Type-I and Type-X of THDM, whereas they are
typically greater than 500 GeV in the other types of
THDM. Thus, the Type-I and Type-X models are of par-
ticular interest in searching for charged Higgs bosons in
the low-mass regions, especially around the my +m;y
threshold. We emphasize that the phenomenological res-
ults for the Type-I case were presented in our previous
work [52]. In this paper, we present a phenomenological
analysis of the Type-X THDM based on an updated vi-
able parameter space. Charged Higgs pair production is
then studied via w*y” > H*H — W*W*Zh and
urym —>yy—> H"H- —» W*W*Zh, with signals evaluated
with respect to the SM backgrounds.

The remainder of this paper is structured as follows.
In Section II, we review the THDM framework, its con-

straints, and the updated parameter-space scan for the
Type-X THDM. In Section III, we present the one-loop
calculation of H* — W*Z along with numerical checks of
the computation. We then discuss the phenomenological
applications in Section I'V. Section V concludes by sum-
marizing our findings. Analytic expressions and checks
of &-independence are provided in the appendices.

II. THDM AND ITS CONTRAINTS

A detailed review of THDM can be found in Ref.
[53]. It is shown that tree-level flavor-changing neutral
currents can be prevented by applying a discrete Z, sym-
metry in the Lagrangian, as discussed in Ref. [53]. The
different charge quantum numbers of the Z, for scalar
doublets and fermion fields lead to four distinct Yukawa
types (known as Type-I, 11, X, Y) (see also Ref. [54] for
more detail). The Yukawa Lagrangian can be parameter-
ized as
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In the Lagrangian, the CKM matrix elements are denoted
by Vi, €r(vir) represents the left- and right-handed
lepton fields, and P,z = (1 Fy5)/2 denotes the projection
operators. It is easy to check whether the vertices of the
charged Higgs with up- and down-type quarks depend
linearly on cotB in the Type-X THDM. As a result, fermi-
onic loop contributions are thus diminished in the large-1;
regime.

We now turn to the theoretical and experimental
bounds on THDM. Theoretical bounds are obtained by
imposing conditions such as perturbative unitarity, per-
turbativity, and vacuum stability, all of which are taken
into account in the models under consideration. In the ex-
perimental limits, the measured data of the SM-like Higgs
properties, the data of flavor observables, and elec-
troweak precision tests are taken into consideration in the
constraints. We refer to our previous work [52] for fur-
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ther details about these conditions, wherein the Type-I
THDM was studied in greater detail. The parameter space
is scanned as follows. We choose parameters for the
Type-X THDM within the ranges of sz, €[0.97,1],
15 €[0.5,45], my €[130,1000] GeV, my z+ € [130,1000]
GeV, and m?, € [0,10°] GeV?, with the SM-like Higgs
mass fixed at m;, = 125.09 GeV. The sampling points are
first tested against theoretical constraints. The allowed
points are then checked with the Electroweak Precision
Observables (EWPOs). The surviving parameter space is
subsequently passed to HiggsBounds-5.10.1 [55] and
HiggsSignals-2.6.1 [56] to incorporate collider limits
and Higgs precision measurement data, respectively. It is
important to stress that both HiggsBounds-5.10.1 and
HiggsSignals-2.6.1 are incorporated into 2HDMC [57].
Finally, the remaining points are evaluated with
SuperIso v4.1 [58] to include flavor constraints. After
all conditions are imposed, the viable parameter space is
thoroughly examined as discussed below. In Fig. 1, the
left panel shows the scatter plot of the viable parameter
space in the (my,my,my:) plane, whereas the right panel
displays the scatter plot in the (mi,,my-,15) plane. The
results indicate that the data favor the mass region
my > my= = my over other mass patterns. Across the full
charged Higgs mass range, parameter regions with 7; < 10
and larger m?, values are preferred, as shown in the right
panel.

III. ONE-LOOP-INDUCED EXPRESSIONS FOR
H* —» W*Z IN THE GENERAL R,

In this work, we follow the method developed in
Refs. [46, 47] and extend them for calculating the con-
sidered processes in the general R, gauge. Furthermore,
we go beyond previous works by presenting the first res-
ults verified through several self-consistency checks, such
as those of &-independence, renormalization-scale stabil-
ity, and the ultraviolet finiteness of the amplitude. As
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Fig. 1.
right panel.

shown in Refs. [46, 47], all one-loop Feynman diagrams
for this decay process in the 't Hooft-Feynman gauge are
taken into account in the decay rate, and the effects of
renormalization schemes on the obtained results are neg-
ligible. Thus, the effects of renormalization schemes are
also neglected in this work.

First, all one-loop Feynman diagrams are generated in
the general R, gauge and are shown explicitly in Ap-
pendix C. The decay amplitude for H*(p) — W;(p1)Z,(p2)
can be expressed via the form factors 7; (i =1,2,3) fol-
lowing the corresponding Lorentz structures.

Moz = [¢7T1+ P i T2 +1 € p1y pao T3] £5(P)EP2)
©)

where €77 is the completely antisymmetric tensor, p (p;
and p,) is the ingoing (outgoing) momentum, and &;, (&;)
are the polarization vectors for external W* and Z bosons,
respectively. In the above formulas, two relations for on-
shell vector bosons p*fs;(pl) = pyei(p,) =0 have been
utilized for our calculations.

The corresponding form factors 7; are decomposed
into one-loop fermionic (77) and bosonic (7;?) contribu-
tions. The factors are computed from the respective
groups of Feynman diagrams as follows:

(F/B) _ q(F/B) (F/B) (F/B)
7-; _7~i,Trig +7~i,Sclf +7~i,Tad . (4)

The index notations F/B indicate the corresponding con-
tributions from fermion and boson loops. The quantities
'Tifir’iﬁ/)Self/Tad are obtained from the triangle, self-energy,
and tadpole Feynman diagrams, respectively.

Analytical results for 7-1'5'[|fr/jg/)self/Tad in the R, gauge are
presented using scalar Passarino-Veltman functions (PV-
functions) [59] in Appendix A, whereas analytical checks
of &-gauge invariance are provided in Appendix B. In this

200 400 600 800 1000
my=

color online) Scatter plots showing correlations in the parameter space: (my, my=, my) in the left panel and (m2,, my=, 13) in the
p g p p p 12 B
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section, we describe the numerical checks of the self-con-
sistency of the one-loop form factors, including their &-in-
dependence, UV finiteness, and stability under variations
in the renormalization scale u?. Specifically, for &-gauge
invariance, we examine only the form factors 7%, arising
from boson-loop contributions, where &y and &, are var-
ied in comparison with the case &y;;=1 in the 't
Hooft-Feynman gauge. For illustration, we adopt repres-
entative THDM  parameters: mpy: = my = 800 GeV,
my = mpy=+mz, Sg_o =0.98 and the scale of the Z,-sym-
metry m?, =5-10* GeV*. The results of these checks are
summarized in Tables 1, 2, where &y and &, are varied
over wide ranges. These results demonstrate good numer-
ical stability.

We then perform numerical checks of the Cyy- and
u*-independence (See Appendix A for the definitions of
these parameters.) for the form factors 7; = 7" + 7.” with
i=1,2,3. We note that the total one-loop form factor
should be considered in these tests, with gauge paramet-
ers fixed at &y =&, = 100 for example. It should also be
noted that the fermion-loop contribution 7 is evaluated
in the Type-X THDM as an illustrative example. The nu-
merical results for these tests are obtained using the same
parameter point as specified above. By varying Cyy and
u* over wide ranges, the results demonstrate good numer-
ical stability (see Tables 3, 4, 5).

After collecting all the necessary one-loop form
factors and performing the self-consistency checks, the
decay rates are computed in terms of these form factors.

VA(uw, piz)

|2
12877"]’)’11.11

{473 + by M) |75

D ez =

mb. 2
+ m‘z(l _llw—llz) T1 +m§1r A(llw,,uz)(rz‘ }
(5)

Table 1.

The relevant kinematical variables are uy =m?/m?%. for
V =W,Z, and the kinematical function A(x,y) is defined
as A(x,y) = (1 —x—y)> —4xy.

IV. PRODUCTION OF SINGLY CHARGED
HIGGS BOSONS AT MUON-TEV COLLIDERS

Singly charged Higgs boson production at muon—TeV
colliders is investigated in this section. For the phe-
nomenological analysis, we use the following benchmark
configuration: sp_, = 0.98, my = my= +myz = my +my, and
m3, =5x10* GeV?. The charged Higgs mass is scanned
over the range 200 GeV <my: <1000 GeV, whereas
while the mixing parameter is set as 2 <#; < 12. All other
SM parameters are taken from the Particle Data Group
[60].

A. Branching fractions

We first evaluate the branching fractions of the
charged Higgs boson in the Type-X THDM. The one-
loop—induced process H* — W*y has already been repor-
ted in our previous work [52], whereas decay mode
H* — W*Z is considered in this work. The remaining de-
cay channels are taken from Ref. [48]. In Fig. 2, the
branching fractions of the charged Higgs boson are
shown for all considered decay modes within the interval
200 GeV < my= <1000 GeV. At t;=2, the b and Wh
channels are the leading contributions, whereas the
branching ratio of H* — W*Z remains of the order 10~
across the entire mass range. For 73 =4, the b and Wh
channels continue to dominate; however, the H* - W*Z
mode remains around ~ 107*. Next, we consider the
branching fractions at #; = 8. We find that the branching
ratio of H* —» W*Z increases to the order of 1072 in the
low-mass region but decreases to about 10~ at higher

Numerical checks of Ry gauge invariance for the form factor 7} in boson-loop contributions are performed by varying the

&w and & values and by comparing them with the case &z = 1 in the 't Hooft-Feynman gauge. We take the THDM parameters as fol-

lows: the Higgs masses my= =my =800 GeV, my = my= +mz, sso = 0.98, 15= 10, and the scale of the Z,-symmetry m?, =5-10* GeV2.

(éw.£2) (1.1) (10,10%) (10%,10%)
Z 7-B¢¢7A
T i 5072721116 +0i -50.79862234+0i —51.65760847 + 0
gBo—H*
2Tt 50.66247519 +0i 50.66247519 +0i 50.66247519 +0i
(7—B~(/5—Wi
%: 1. Trig 4.197968064 — 1.192202277 3.885889625 — 078641218841 9.769973063 +2.886199131
JBéZ
2Tt 0.0173173496 + 0 0.3215636277 +0i 142510883 +0i
TB,Gﬁ—WtZ
; 1 Trig 4072882533+ 12717711411 ~3.945505715+0.815048537i ~10.70487047 - 3.318528531 i
T s 69.46890566 — 0.023317639 78.17143601 +0.027614876i ~30.76307909 + 04885806253
TP 1 —69.69069235 +0i —78.44135618 +0i 31.12388118 +0i

TlB in Eq. (28) —0.1441197805 + 0.05625122441

—0.1441197805 +0.0562512244 i

—0.1441197808 + 0.0562512244
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(¢w.&2) (1.1 (10,10%) (10%,10%)
.7-B,¢—A
; 2, Trig 8.875933961-1077 +0i 8.875933961-1077 +01i 8.875933958-1077 +0i
7_B,¢)—H1
%: 2,Trig —-4.259326679-1077 +0i —4.259326679-1077 +0i —-4.259326683 - 1077 + 01
7.3,¢7W*
; 2. Trig 3.525339605- 1077 +5.18767908 - 1077 i 3.525339607-1077 +5.18767908 - 10~ i 3.52533961-1077 +5.1876791-1077 i
Bp—Z
2 ig —7.0029171-1078 +0i —7.0029171-1077 +0i —-7.0029174-1077 +0i
TB,J)—W*Z
%: 2.Trig —8.244771-1077 —=4.926311-1077 i —-8.244771-1077 -4.926311-1077 i —-8.244773-1077 —4.926313- 1077 i
Tzl?suf 0 0 0
7B 0 0 0

2,Tad

72 inEq. (28)

—-8.031155-1078 +2.6136808 - 10~81

—-8.031155-1078 +2.6136809 - 10~%1

—-8.031154-1078 +2.613682- 1078

Table 3. Numerical checks of Cyy and the renormalization scale p? are performed for the form factors 77 = 7 F+7F. The bosonic
contribution 77 is evaluated at &y = &z = 100, while the fermionic contribution 77 is calculated in the Type-X THDM. For this analys-
is, we adopt the following set of THDM parameters: mys= = my = 500 GeV, ma = my= +mz, sg-o = 0.98, tg =5, m3, = 5x 10* GeV>.

(Cov.i?) .1 (10*,10°) (105, 108)
TP e 0.0409007639 — 012057752761 0.0409007639 — 0.12057752761 i 0.04090076301 —0.12057752761 i
T ~0.9723666455 + 0.1590201866i 799.5362885 +0.1590201866 i 79940.92392 +0.1590201866 i
TP 10786977518 +0i ~799.4299574 + 0i ~79940.81759 +0i
T8 0.1472318702 +0.03844265898 i 0.1472318702 +0.03844265898 0.1472318695 +0.03844265898
T e 0.4996708114 — 019005144066 i —497.4139502 — 0.190051440661 ~49723.08395 — 0.19005 1440661
Thsar —0.3824890675 + 0.121138537061 375.5060921 +0.12113853706 37537.3078 4 0.12113853706i
T ~0.1133787187 +0i 1219116612 +0i 12185.77995 + 0i
TF 0.00380302517 — 0.06891290359i 0.00380302517 - 0.06891290359 0.00380302519 — 0.06891290359i
T =TF +78 0.1510348954 — 003047024461 0.1510348954 — 00304702446 i 0.1510348947 — 00304702446 i

masses. Finally, we examine the case of #; = 12. The res-
ults show that the H* — W*Z branching ratio can reach
the order of 107! in the low-mass region, whereas it re-
mains at the level of 10™* for larger charged Higgs
masses. As indicated in the previous section, the fermion-
ic-loop contributions are suppressed in the high-z; re-
gime. The interference between the fermionic- and bo-
sonic-loop contributions is small and has the opposite
sign compared with the squared bosonic contributions. As
a result, the decay rates of the H* —» W*Z mode are en-
hanced in the high-7; region compared with the small-#;
regime.

B. Processes uy*'u-— H*H — W*W*Zh
We investigate the potential to probe charged Higgs
pair production by analyzing the process u*u~ — H*H™ —
W=W*Zh at muon—-TeV colliders. It is well known that
initial-state radiation (ISR) effects play a crucial role at

future lepton colliders. These effects must be taken into
account to simulate the signals of the charged Higgs as
well to evaluate the corresponding SM backgrounds. By
applying the factorization theorems for soft and collinear
singularities, the ISR contributions to charged Higgs pair
production can be calculated using the master formula

do(s) = /dxldxzD(xl,s)D(xz,s)dao(xlxzs)®(cuts). (6)

In Eq. (6), doo denotes tree-level differential cross sec-
tions for both signals y~u* — H*H® — W*W*¥Zh and the
SM background process puu* — W=W*Zh. All tree-level
Feynman diagrams for the process u -yt — H*H* within
THDM are shown in Fig. D1. The partonic cross sections
are computed by using FeynArts/FormCalc [61].
O(cuts) represents the appropriate cuts applied in the sim-
ulation, as described explicitly in the following para-
graphs. D(x,,s) is the structure function (SF). Of note, we
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Table 4. Numerical checks of Cyy and the renormalization scale x? are performed for the form factors 75 =77 +7%. The bosonic
contribution 7 ZB is evaluated at &y = &z = 100, while the fermionic contribution 77, ZF is calculated in the Type-X THDM. For this analys-
is, we adopt the following THDM parameters: mgs = my = 500 GeV, my = mp= +mz, sg_o =0.98, 15=5, and m?, = 5x 10* GeV?2.

(Cov.i?) ©0.1) (104,109 (105,10%)
T sert 0 0 0
T rad 0 0 0
T3 = T 1vig -4.46523589-1077 +8.283757782- 10781  —4.46523589- 1077 +8.283757782-10781  —4.465235912-1077 +8.283757782- 10781
T Self 0 0 0
T Tad 0 0 0
T 1.039941873- 1077 + 1.445658912- 1071 1.039941873- 1077 + 1.445658912- 10701 1.039941873- 1077 +1.445658912- 10701

Ta=TF+T7  —-3.425294017- 1077 +1.52849649- 1001  —3.425294017- 1077 +1.52849649- 10701  —3.425294039-10~7 + 1.52849649 - 1076

Table 5. Numerical checks of Cyy and the renormalization scale u? are performed for the form factors 73 = 7- 3F +7 33 . The bosonic
contribution 77 is evaluated at &y =&z = 100, while the fermionic contribution 77 is calculated in the Type-X THDM as an illustrative
example of fermion couplings. For this analysis, we adopt the following THDM parameters: mpy+ =my =500 GeV, mp =mpy= +mz,
$p-a =098, 15=5, and m}, = 5x 10* GeV2.

(ch,uz) 0,1 (10*,10%) (10°,10%)
T 0 0 0
T3 selr 0 0 0
75 Tad 0 0 0
Ty 3.220832776-1077 — 1.274849257-107%1  3.220832776-1077 —1.274849257-10761  3.220832777-1077 — 1.274849257-107°i

T3=TF+T8 3220832776107 — 1.274849257- 1051  3.220832776- 1077 — 1.274849257-10~1  3.220832777-10~7 — 1.274849257- 1075

use the SF functions from Ref. [62], which were origin- where
ally applied for electron beams. However, at high-energy
regions operating at muon—TeV colliders, these SF func-
tions could also be applied to muon beams. For this reas-
on, we apply the SF functions from Ref. [62] with
e =, app roprlate}y. The CXpressions for the SF func- Here, a is the fine-structure constant, and m, denotes the
tions are presented in the following paragraphs. The all-

. . > lepton mass. The symbol I" represents the Gamma func-
order SF functions, which are valid in the soft-photon . . .

tion, and yg is the Euler—Mascheroni constant. Photon ra-

limit, are given b . : : . ..
& Y diation can be considered in the collinear approximation

2
B= f(L_l), L=In(s/m}). (®)

exp lﬁ(é—yb—)} and through collinear logarithmic enhancements, which
Dey(r.s) = 2 41 lﬂ(l —o¥ are inch.@ed in the large—ﬂ factor. Af:cording to Eq. (7),
r <1 L ,3) 2 the additive SF function up to third-order expansion

2 terms is expressed as follows [62].

D,(x,5) = Dgi(x,5)— %ﬂ(l +x)+ %,32 {(1 +x)(—4In(1 —x)+3ln(x))—4% -5 —x}

+ ﬁ 3 {(1 +x) [18£(2) = 6Li(x) — 121n*(1 - x)] + ﬁ {-%(1 +8x+3x%) Inx—6(x+5)(1 - 1) In(1 - x)

} . ©9)

1 1
- 12(1 + x») InxIn(1 — x) + 5(1 +7x)1In’ x - 1(39— 24x—15x%)

[
In this structure function, the Riemann ¢ function is taken more, the factorized SF function up to third order expan-
into account and Li, is the dilogarithm functions. Further- ~ sion terms can be obtained as [63, 64]
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(color online) Charged Higgs decay branching ratios in the Type-X THDM are shown for the benchmark scenario described

above. Each plot is shown for 73 = 2 (top left), 13 = 4 (top right), 13 = 8 (bottom left), and 15 = 12 (bottom right).

Dg(x,5) = Dgr(x, 5)

X {%(1 +x7)— 1’% [(1+3x) Inx+2(1 —x)*]
2
+ ’312 [(1-22+ %(3)62 —4x+1)Inx

1 .
+ 50 +7x%) I x + (1 — x*)Liy(1 —x)] }
(10)

In this work, we consider the ISR effects for both the sig-
nal and the SM background processes. The effects of ISR
on the scattering process utu~ — H*H™ — W*W7¥Zh are
examined as functions of the center-of-mass energy (left
panel) and of the charged Higgs mass at +/s=3 TeV
(right panel). In the left plot, we vary the center-of-mass
energy from 1000 GeV to 5000 GeV and fix my- =300
GeV with #; = 8. We find that the ISR corrections change
from approximately —40% to —20%. For the plot shown
in the panel at right, we examine the ISR corrections at
/s =3000 GeV while varying the charged Higgs mass

and fixing #; = 8. The results indicate that the corrections
range from —20% to —30% for charged Higgs masses in
the interval [300,600] GeV. In Fig. 3, ospi (0isr2) de-
notes the cross-section calculated using the structure
functions from Egs. (9) and (10).

Using the cross section with ISR corrections, we eval-
uate the signal events for u*u~ — H*H™ — W*W*Zh at
Vs =3 TeV and the integrated luminosity of 3000 fb.
The events are generated in the parameter space of my:-
and the mixing angle #; as shown in Fig. 4. In this study,
we vary 300 GeV < my:- <600GeV and 2 <1;<12. The
results indicate that the signal events are significant in re-
gions of low charged Higgs masses and large #; values,
while in other regions the events become negligible. In
the right-panel plot of Fig. 4, the significance of the sig-
nals relative to the SM backgrounds is presented at
£=500 fb'. While the corresponding signal signific-
ances are presented at £=1000 fb ' in the left and at
£=3000 fb" in the right panel of Fig. 5. The SM back-
ground is calculated using the GRACE program [65]. It is
emphasized that the SM background also includes the
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ISR corrections in the evaluation of the significance. To
reduce the SM background, we apply cuts on the invari-
ant masses of the final-state particles: |my), —mpy=| < 10
GeV and |myz—mpy:| <10 GeV. The significances are
shown for 75 =2 (green points), t; =4 (yellow points),
15 =8 (blue points), and 1z; = 12 (black points). Our res-
ults indicate that in the low-mass regions of the charged
Higgs, and for 73 =8 and 10, the significances can ex-
ceed 507, while in other regions they become negligible.

Serveral useful points on the systematic uncertainties
that might affect the significance are discussed in the fol-
lowing paragraphs. It is well known that the one-loop
electroweak radiative corrections to the processes u*u~ —
H*H™ —» W*W¥Zh and u*u~ —» W*W*Zh canbe estim-
ated from the enhancement contributions of the single Su-
dakov logarithm [66].

a(M3)

Ow ~ = ——"—
rsin” Oy,

s
og(M%) ~O0(=10%) at s=3TeV.
(11)

If weak and ISR corrections are included in the signific-
ance calculation, the total electroweak correction can
reach approximately O(-35%). All theoretical uncertain-
ties and detector effects can be incorporated into the sys-
tematic uncertainty fraction of the background yield, de-

0.25 ¢ Osp1
° > Oispz

020 ° ® %

o, "o
0, %e,
Pae000

MEHITH
”uuuuununnn

00000.000000000»60000'
..oooo»»oo

PYLlad
Lad

1000 1500 2000 2500 3000 3500 4000 4500 5000

Vs [GeV]

Fig. 3.

noted by ep. Consequently, the significance is modified
as

Ns
S=————. 12
VNS +83NB ( )

For example, by taking ez =1.3 and g5 =1.5, we verfy
wherher the significances vary only slightly due to the
small SM background after applying the effective cuts
described above. Finally, if we consider the decays
W — ¢y, for € = e,u, 7 with branching fractions of 0.3272,
Z — bb with a branching fraction of 0.1512, and h — bb
with a branching fraction of 0.53 from the Particle Data
Group [60], the significances are subsequently scaled
down by a factor of 0.161927, which reduces them to
around 5o at an integrated luminosity of £ = 3000 fb™'
for the low-mass regions. Details of detector simulations,
b-tagging, etc. will be addressed in our future work.

C. Processes u'u~ > yy—-> H"H — W*W*Zh
We now turn our attention to another process,
uum —>yy— H"H — W*W*Zh. The total cross section
is calculated by convoluting the partonic process
vy - H*H™ — W*W*Zh with the photon structure func-
tion as follows:

* Osp
> Oisp
o, ® 0y

my= [GeV]

(color online) Effects of ISR on the scattering process utu~ — H*H™ — WE*W*Zh are examined as functions of the center-of-

mass energy (left panel) and of the charged Higgs mass at /s =3 TeV (right panel).
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(color online) Event distributions of the process u*u~ — H*H~ — W*W¥Zh at an integrated luminosity of £ = 3000 fb~! includ-

ing ISR corrections are shown in the left panel. The corresponding signal significance taking into account the Standard Model back-

grounds is presented at £ = 500 fb~! in the right panel.
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U~ >HTH™ >W*W*Zh
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Fig. 5.
£=1000 fb" in the left and at £ =3000 b in the right panel.

Xmax Xmax dx
o(s)= dz | 2z —
2mp 2/x X
\R < ‘max

Here, the photon structure function f,,,(x) is used, with x
denoting the energy fraction of the photon emitted by the
incoming lepton. The explicit formulas for fy/u(x) are giv-
en in [67] with the appropriate of m, =m, as in [68] for
example. In the master formulas, we adopt x,,,x = 0.83 as
in [69]. All tree-level Feynman diagrams for the process
vy — H*H* within the THDM are shown in Fig. D2. The
partonic process yy — H*H~ are generated by FeynArts/
FormCalc [61]. The SM background which is the process
vy —» W*W*Zh, is calculated using the the GRACE pro-
gram [65]. To reduce the SM background, we apply cuts
on the invariant masses of the final-state particles:
|mwn —mp:| <10 GeV and and |my; —mpy=| <10 GeV. In
Fig. 6, the numbers of events of the process
uum —>yy— H"H — W*W*Zh atan integrated lumin-
osity of £ =3000fb"" are shown in the left panel of Fig.
6. The signal significances considering the Standard
Model backgrounds are presented at £ =500 fb' in the
right panel of Fig. 6, while the significances are presen-
ted at £ =1000 fb™' on the left panel and at £ = 5000 fb!
on the right panel of Fig. 7. We observe that the events
become significant when the charged Higgs masses are in
the low-mass region and #; = 8,12, whereas they are small
and can be ignored in other regions. For charged Higgs
masses in the low-mass region and #; = 12, the signific-
ance can exceed 50-. In other cases, the significances are
negligible.

f7//l(x)f7/u (Zz/x)) a(§= ZZS).
(13)

V. CONCLUSIONS

In this article, we have calculated one-loop contribu-
tions for the decay process H* — W*Z in the Two-Higgs-
Doublet Model and examined the posibility searches for
charged Higgs pair production at future muon—TeV col-
liders. The computations have been performed in the R
gauge, and the analytical results were verified through

T SHYH™ SWEWTZh
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Significance
S e
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d
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(color online) The corresponding signal significance taking into account the Standard Model backgrounds, is presented at

self-consistency tests such as ¢-independence, ultraviolet
finiteness, and renormalization-scale stability of the pro-
cess amplitude. The numerical results demonstrate good
stability. We have revisited the parameter scan for the
Type-X THDM in the phenomenological results. Based
on the updated viable parameter space, we have analyzed
charged Higgs pair production at future muon—-TeV col-
liders by considering the processes u*u~— H*H™ —
W*W*Zh and p*u~ — yy - H*H- — W*W*Zh. The cor-
responding signal events and statistical significances
were simulated with respect to the relevant SM back-
grounds. Our findings show that the signal significance
can exceed 5o at several benchmark points within the vi-
able parameter space of the Type-X THDM.

APPENDIX A: ONE-LOOP FORM FACTORS IN
THE GENERAL R.-GAUGE

The conventions for one-loop one-, two-, and three-
point tensor integrals with rank P, following Refs. [70,
59, 71], are given by

d%k ey R s
(2n)! {Dy;D,D,;D,D,Ds}’
(A1)

{A;B;C}“‘“T""” - (;12)2_"/2

—1 .

Here, D;' (j=1,---,3) are the Feynman propagators
defined as

D; = (k+q;)* —m;+ip, (A2)

where ¢; = Zpl, p; are the external momenta, and m; are

the 1nterna1 masses in the loops. Dimensional regulariza-
tion for one-loop integrals is performed in a space—time
dimension d = 4 —2¢ (the UV-divergent part is isolated as
Cyy =1/e+log(dn)-Tg, Ty is the Euler—Mascheroni
constant). In the above expressions, the parameter u?
serves as the renormalization scale. Explicit reduction
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(color online) The signal events of the process u*u~ — yy — H*H- — W*W*Zh at an integrated luminosity of £ = 3000 fb™' are

shown in the left panel. The corresponding signal significance taking into account the SM backgrounds is presented at £ =500 fb™! in

Fig. 6.
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in the left panel and at £ = 3000 fb™" in the right panel.

formulas for one-, two-, and three-point tensor integrals
up to rank P =3 are given in Ref. [70].

A" =0, (A3)
AR = g™ A, (A4)
APP =0, (A5)
B =¢"B, (A6)
B" = g"" By +q"'q" B11, (A7)
B ={g,q}""* Boo1 +¢"q"q" B111, (A8)
2
C'=qiCi+q5C =) ¢iCi, (A9)

i=1

ptu= - yy - HY*H- - W=*W7%zh
8T . o tanp=2
% tanB=4
7 % A tanf=8
°, e tanf=12
‘. —_— 20
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(S %o,

= “C.

c b, o,

o3 a . ®op, e

= o,

wn, “aa, o0,

YW Ve,
4a Aay ““"‘0...'
'Aa, o,
1 “‘uuuu.“ " (LTI
o fffffm“_ Addasasanaas
300 350 400 450 500 550 600
my= [GeV]

(color online) The corresponding signal significances taking into account the SM backgrounds are presented at £ = 1000 fb'

2
C" =g"Coo+ > ' q;Cij» (A10)

ij=1

2 2
= Z{g»%}wpcool' + Z 7454, Ciji

i=1 ijk=1

(All)

The detailed expressions for these form factors in the
general R, gauge are given in the following paragraphs.
In the analytical expressions below, we have used the
notations given as follows.

A,j(P) = AIJ(M%,), (AlZ)
Bij.(p*:P1.Py) = Byj..(p": M3 M}), (A13)

Cij.(P1. D3 P3: P1, Py, P3) = Ciypi, p3, 3 M . M3, . M3).
(A14)

The analytic formulas for all form factors are ex-

033108-10



One-loop expressions for H* — W=*Z and their implications at muon-TeV colliders

Chin. Phys. C 50, 033108 (2026)

pressed in terms of PV-functions using the adopted short-
hand notations as presented below in the following para-
graphs.

B .
Form factors T,

The form factor 7/, (i=1,2,3) is expressed in
terms of the main contributions involving scalar Higgs
bosons ¢ = h, H, together with charged particles such as
H*,W*,G*, and neutral particles including A,Z,G° circu-

lating in the loop.

B,p—A
7-1 ,Trig

8AH-W+ * 8pAZ

_ g¢W1 W

2.2
8n? - my,

gow=w=
2 . 12
8% - myy

- gif;f‘ Coo(Z.H*, W:A,$, H),

B,¢p-A
7~2,Trig

8AH-W+ * 84AZ

g(ﬁWi wF

2 . 2
8m* - myy

TB . — Z (7-8,¢—A +7-B,¢—H1 +7—B,¢;—W* +7-B,¢—Z +7-B,¢—W*Z>

i,Trig — i,Trig i,Trig i,Trig i, Trig i,Trig
¢=h,H

(A15)

Each contribution of 7%, and 777, is calculated from
the corresponding Figs. A1, A2, A3, A4 and A5, respect-
ively. In contrast, the form factor 7, makes no contri-
bution in one-loop boson-exchanging diagrams. In Fig.
Al, the contribution in first for exchanging of ¢ and the
pseudo-scalar Higgs A are given as follows.

= [(mi + mé,i —gwm%,v)Co() + 2m%1¢Co()2 + (m%lt - m‘z)v + mé) C()()l] (Z, VV,Hi;A,(]S,ow)

[Zmi,t C()() + (m?_p - m%v + mé) COOI + 2m%,i COOZ] (Z, VV, Hi;A,(ﬁ, W)

(A16)

= |:2 (COO + COOI) + (m,zqt - m%v + mé) Cinn+ (3m§1¢ - m%v + m%) (C12 + C122) + 4(m%_1¢C22 + Cooz)

+2 (3. — i) Cy + 203y, Co | (Z, W, HE1 A, 6, W) + Boww [(mr, = =303 ) Ca

2. 2
8n? - my,

_Z(COO + C001 + 2C0()2) - (mi +m§,1 —é“wm%‘/) C2 - (m,%{i —m%v +m§) C112

- ( i+2m§{i - (fw"r l)m%,-km%)C]z—Zm%Fszz

— (% + 303y — iy Con | (Z W H* 1A, 0.6 W) + 22517 C (2 H* WA, 6. H),

B.o-A
7;,Trig

8AH-W+ " 8¢AZ

=0. (A18)

Following Fig. A2, the one-loop contributions from the
exchange of ¢ and the charged Higgs H* are expressed as
follows.

1,Trig + +
Mg o Bo(H 6 H
1672 - gorrerre 8ot-w+z - Bo(H™;¢, H™)

—4gsu-w - &zm=r= Coo(W,Z, H*; ¢, H* ,H"),
(A19)

9 M i
A

o Z,

4
(A17)

g-Bo-H*
2,Tri;
m = —4gur-w+ - 8z (C2+ Cio + Cnp)

x(W.Z,H*;¢,H*,H"),

(A20)
Tt

——— =0. A21
16772 . g¢H1H¥ ( )
From Fig. A3, we obtain the form factors involving the
neutral scalar Higgs boson ¢ in association with the vec-
tor boson W* and the Goldstone bosons G* in the loop.
The factor is given by

A % Z,

Fig. A1. One-loop triangle Feynman diagrams with ¢ = h, H,A, together with H* or W* propagating in the loop.
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W
o ! Hr W
o *
— > = = Ve C— > = =
H* Z, ¢ &z

Fig. A2. One-loop triangle Feynman diagrams with ¢ = 1, H and H* in the loop.

p W o W

> — — W Gt

W, G7 Z,

Fig. A3. One-loop triangle diagrams with ¢ = h,H and W= in the loop.

e Wi z Z,
H:t
- > — = & H* o
o,
z 7z, wi

Fig. A4. One-loop triangle diagrams with ¢ = i, H and Z as internal lines in the loop.

r+ +
- W o W
H* H*
e > = = 7 - = = = Z,GY
[0 Z, o Z,

Fig. AS. One-loop triangle Feynman diagrams with ¢ = h, H exchanging in association with W* and Z contributions in the loop.

7-13,¢7wi
LTrig _ S¢H W+ " 8ZW=W*

{203, [Ao(W) = Ag(Ew W] + [ 2008, (3. =+ w2 — ) By — 2m3 Boo | (Z: W,&w W)

Qowsws  32m-my,
o+ (2023 (3 = ity — ) Bo + 2.(m3, — i3, ) Boo | (Z: W, W) + 203, Boo(Zs e Wi W)
= sy (G — ) BoH* &y W)+ 2miy | (i =) (i + oy = m3) Co -2, (miye =)
= (1 = i ) Co | (W.Z.H*5 6, W, W) + 23, | (= miy. = m3) Coo = (miye + iy = m3) Conn
2. Coor | (H* Z,W: 6, Wy W)} + % [2m3, [ (3 +m3y —m2) Coon + 2% Coos
+ 2miy [y = (g ) — (1 =y ) iy =) | o2 (o = iy ) = (. + iy )
+m3, (3my. + m%v)] Coo +2miy, (2my — my. —my, —m) Cy +2my, [mi (M} +miy —m3)
e (= iy ) + iy (=i, )| Ca } (W, Z,HE: 6, W, W)

— S8 Z | (1}, Bo — Boo) (W, W)+ Bo(Weh W) (A22)
w
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7.23+¢;;Wi 8oH-W+ " 8ZW+w* 8oH-W+ - 8ZW+w*
Tig Bo+ B )(Z;W,EwW) + Bi(Z; W, W) | — S22 S22 S, C
P St (Bot BO)@ Wy W)+ BIZ: W)} = ST {ami

+ {mﬁ, (Smi —mlzqi +m€V) —m% (mi —m%{i +m%4,)] G+ [mé (m%V —m%) +mi,i (m% - Zm%l,)] Cp,

+ 2}’}1%‘/ (C()() —Coo1 — 2C002) + (m%v - m%) (m; - m%# - m%V)sz - m%v (m,%ii + m%v —m%) Ciz

8oH-W+ * §ZW=W+

o+ 3y (3 — iy — 3y, ) Cray = 20y mly Coms | (W, Z, H 1, W, W) — Ty
w

X {mﬁ,(m%v—m;—mi,i)cl +m€v(m5)—mf,1 —m%V)C“ +m€v(mi—Zmﬁ,+m§)C12—Zm%V(COO—Coog—ZCOOI)

+m%v (m%v —-m + 3m21)C112 +m€v (mi,i +m€v —m%)Cm + Zm%#m%va}(Hi,Z, Wi o, W,Ew W),

(A23)
Tytie ’
T =, A24 Tyt
BowEw* ( ) 2Trig 8oH-W 82211 H (4C2+2C12)
8¢77 167
As shown in Fig. A4, the corresponding one-loop form ¥ (W,H*, 76, H*,Z) (A26)
factors, with both Higgs bosons ¢ and the vector boson Z
exchanged in the loop given as follows.
7.3,?;2 . 7_3,4;72
= e (- B) Z:9.2) I g, (A27)

8¢zz - len?-m} 8yzz

+ Bu(Z:9.8,2)) - S S _ .
Tz In Fig. A5, the form factors corresponding to the neutral
X [BOO(Z;¢,Z)—BOO(Z;¢,§ZZ) scalar Higgs ¢ accompanied by both the vector bosons

W* and Z and the Goldstone bosons G* and G° in the

2 + 7. +
mzCoo(W. H™. Z: ¢, H ’Z)}’ (A25) loop are represented as follows.
|
Bp-WZ
7~l,TIfig _ 8oH-W+ 'gZWiW*§ Bo(Z:6,7) + 8oH-W+ " 8ZW=W+ {[cz m2 (mz ) )
8o7z 162 WEOE T 1672 - m3,m> W2Te T

+mi, (2m§,i - §Wm%‘,)] Coo +miy [(m?,i —my, + mé) Coop +2m3. Com] } (H*\W,Z;¢,EwW,E,7)
% {mg (12 [, (2= 36w) + i (55— 2) + 23] —mlnisty + iy [md, (6w — 1) +m3] | Co

—-m} [m%,i (Zmﬁ, +2m3 — 3mzi) +2&wmy, (mi,i - mﬁ,) + (m%v - m%)z] Ci+ [m% (mé Sy +2my, — 2m§)

—m. [Zma, +m (sa, - 4)] +Eymi, (m%v - mé)] Coo—m3 [mi,i (Zma, +2m3 — 3m12qi) + (m%v - mé)z] Cp

+m [gwm%‘, (m% —my, - 3m§11) +4my,. (mzi +my, — m%)] C+ (m% - m%v) [Zmﬁp Coon + (mzi —my, + mé) Com]

+m [(m%,i —my, +my) (my. —my, —m3) Cyy +2myy. (myy. +my, —m3) sz] }(Z, W,H*;¢,Z,EwW)

8oH- W+ " 8ZW=W*

Tox2-nl, X {2 (mzi +my, — mé) [(ma, - méi)Co - Coo] + [mzi (Zmﬁ, +2m3 — 3m§,¢) + (m%v - m§)2]

X (C2 +C12) + (mlzqi —m%v+m§) [(ma, +m§ —mzi)CQZ —C()()z] —2m§,¢ [(mzt +m%v —m%) (2C1 +C11)
+ (coo+com)}} X (H*\W,Z:,W,Z),

(A28)
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2Trig  _ 8¢H-W* " 8zwEw* 22 (.2 _ 2 2 2 2 2 2 2 2 2
SRR {[mzcw (m¢ —mHi) +my, (ZmHi —fwmw)] Ci+ [chW (m¢ mHi) +my, (4mHi —fwmw)] Cn
8o7z 1672 - my,my

+ [m% (c%vmé +m%,v) —my. (C%Vmé - 3m€v) —my, (fw + 1)} Cia+2mymy. Cyy + iy, (3m§{i —my, +m§) Cin

+miy, (my. —my, +m3) Cia +2my, (Cop + 2Co01 + Conz) } (H*,W,Z;¢,EwW,E,7)

8oH-W+ " 8ZW+W* 2 2 2
1671'2 - m%vmiﬁ {(m - mW) |:2C00 + 2C001 + 4C002 + 2mH+ C222 + ( — My, + mz) C112

+ (3m§{i -my, +m§) Cm] [m(bm%sa, My (m%v mZ) +Eymy, (m%v mz)] G+ [m¢mzsw 3mi. (m%v m%)

+Eymi, (m%v mz)} Cyn— [3mH+m€V —m? (m¢sw + mz) + mfiim%(s%v - 3) —my, (fW + 1)

+mm (& +2) cu} (ZW.H 9. 2.6y W)+ S BT { (m2, —m2 —3m2.) (Cia + Cia)
w
- (m%_lg —m%v +m§) C122 + 2m€v (Cl +2C2) —Zmz: (C1 + 2C11 + Clll) - 2(C00

+2Co01 + Cooz)}(Hi, W.Z;¢,W,2),

(A29)

B . Wt
Form facrorS.Z,Self; Tiser = Tiser-1p + Z ( lBSzfl-IZP + 7:%(:13;& (A30)
Following Fig. A6, the form factors 7%, for ¢=hH

i=1,2,3 are decomposed into two contributions from

one-point (1P) and two-point (2P) Feynman diagrams.  In this equation, the form factors above for i =1 are ob-
These factors are expressed as follows. tained as follows.

B 2
7~I,Se1f—IP _ My Sy,

X{ -+ Ao(&2Z2) + 28G6+6-1-G+ Ao(EwW)
Sowewe 321 Cly (. — Em) 8avcor-6+ Ao(éz 8c+G-u-6+ Ao(§w

+ 8aan-6+ Ao(A) + 28 n+ -6+ Ao(H™®) + grnm-+ Ao(h) + gun -6+ AO(H)} > (A31)

TB o H -W+ + ¥
LSelf-2P _ 8gH- W+ " 8¢H*H . ) {2§me(m‘2y—mz) B\(H*; 6, HY)

SzwEws 1672 -m3, (mi,i —Eym?,

[ (e =)+ iy (o —2) | Butr* 0. 1) (A32)

2 wilz m¢_m12'-li)A0(W) ( mg m[-[i"'é:wmw)AO(é:WW)]

gBo-W*
1.Self-2P SpH-w+ " Spw=w= % {Sz 2 [( 2
Sowews | 32m%- miy (m3y. — Ewm3,)

+ (mi - m%,i) {S%Vm%,tmz +Eyml, (m%v - m%)} Bo(H*;¢,&wW) +2m3, [.fw (m%v - m%) (m%,i +my, — mé)

+SWm12"*mZ} 1(H*: 9, W)+5sz[(m¢ miﬁ)z—m%v(mé+m,2q¢)]Bo(H*;¢,W)

21y () (1 ) BoCH 8,0 . (A33)
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h,H,A, H*, G, G*
Wi

o* G*

—_—_— o = — — —5 —

Zy

- — > - —d

oot g
W*.G* H W/,i

o+ W, G*

 — —>—

[} Zy

Fig. A6. Self-energy Feynman diagram contributions to the external leg H*.

Other values for i = 2,3 have no contribution, or

B¢-H* _ 4Bg¢-W* _
i,Self-2P — 77‘,Sclf—2P =0.

Tgelf—lP = (A34)

Form factors Ty
According to Fig. A7, the form factor 7%, for
i=1,2,3 is expressed in terms of the scalar Higgs

¢ = h, H pole coupling with the bubble diagrams. In these
loops, the neutral and pseudo-scalar Higgs particles

1
Ty = - 8
1,Tad 64 - m3 (m%. — Ewmyy)

h,H,A, the charged Higgs H*, the vector bosons W* and
Z, the Goldstone bosons G* and G°, and the correspond-
ing ghost particles u, and uy are all taken into account.
As a result, the factor is given by

Tha=Y_ T (A35)

¢=h,H

where the form factors are expressed as follows.

[gotr-wez (e = Gumrl) + (= i)y o - e

+&w (mé - m%v)&yﬁH‘ W gZWiW‘] X {4’"% 8¢pzz + 8’"%1/ 8ow=w+ +28sa4 Ao(A) + 284, Ao(h)

2

m
+2 goun Ao(H) + 48 =1+ Ao(H*) = 1284w w=Ag(W) — 68477 Ao(Z) — 8472 mfi Ao(&27)
7

2
my
_zTg(ﬁWiW‘AO(é:WW)},
My,

B¢ _ qB¢ _
7~2,Tad - 73,Tad - 0

LA
Form factors Ty,

The form factors 77/7,;,,

(A36)

(A37)

for i = 1,2,3 as depicted in the corresponding Fig. A8 are given by

? Wi
|
|

=h,H A H ZW* G G uy, us

Fig. A7. Tadpole Feynman diagram contributions with poles ¢ = h,H.
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Wi
t M b

Fig. A8. One-loop triangle Feynman diagrams with fermion loops.

7-lF'l'ri NC
7gW~+t_hg - 8792 . {gi,-,,; m} (85 Bo(Zit,1)— (85, — 85,5) Bo(Z: b.b)| — 8-y m? [ (8% — 85) BoZst.1) — g5 Bo(Z: b. )]

—m;m; (845 8- CoOWZ,H 3 b1, + 855 8- Co(Z. H W3b,b, 1) }

NC
v sl i (20 ) Co+ ACu + 20 o (e~ ~m2)Cy| 2 Wb b1

+8hir &l | (2 + miye +miy —m3) Co = 4Co0 + (e + 3nmsy = m3) Cy + (3miye +myy —m3) G
X (W,ZH*3 b, t,0) = g5y &5y [ (2m7 = mifys =iy +m2) Co + (i = mpy +m2) Cy

— (3. + iy = m2) Ca| (ZH*, Wb, b, 1) — gby; - g%y m? [2(m3, —m?) Co +4Co0 — 2 (midy —m3y ) €y
+ (e +3my —m2) Co| (Z.H* Wb, b,1) + b, gF m? [2m. Cy—4Co0 + (m}y. +miy —m2) Cy

+ 203, C\ | (W.Z, H*1b,1,0) — g 88 m? [2m3 Co + (il +miy —m) C

+2m%~1iC2i| (WZ3Hi;b3t5[)}3

(A38)
T _ N Lol m2x (Co+Ci+3C,+2C1+2C»)(W,Z H;b L m?
ewry 872 — 85 8-y X (Co+ C1 +3Cy+2C 15 +2C) (W, Z, H* ; b,1,0) + g1 5y
X [ggb,; (C1+2C12) — gy (Co+Cy +C2)] (Z,H*,W;b,b,0)+ g5 - 8-y (C2+2C 1) (Z,H* ,W; b, b, 1)
+ 8 5m? [85:C1 = ghi (C2+2C1n +2C0)] (W,Z,H*;b,t,t)}, (A39)
7-:*J'I':Tl'ig NS

; o X { — gL 8 3 (Co+ Cy + Co) (W,Z HE b 1,1) + gy ym? [ 5, C1 — g5 (Co+ i+ Co) | (Z.HE, Wb, b,1)
Wtib

— g (85:C1 +85:Co ) (W.Z H*b,1.0) —m’gh_ ;gL Co(Z. H* \W:b,b.1)| }

(A40)
[
where the color index N§ for quarks such as top quark ¢ 8y i = 8wepp = el ( V2sw).
and bottom quark b exchanging in loop has a value of 3.
These related general couplings for these vector boson - Form factors Ty
fermion vertices are expressed with &7, = e/(swcw)X The form factors T/, for i = 1,2,3, which arise from

(I} =5 Qy), 85,7 =e/(swew) X (=53, Qf) and & 7 =0, a typical topology in Fig. A9, are presented as follows.
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Hi

_—_— o - - — @

t
Fig. A9.

F C
A7.l,Self 2ZVQ

2 (2
gzwEw* - §W+ib 167T2-mW(mHi —myy

W’f

W, G

®— — >— —

Zy

Self-energy Feynman diagram contributions at the external leg H* with fermion loops.

_ 2 2( 2 R 2 L L o2 20 2 o 2 2 2
= 2 ) {szZ(mt 8H1b _mbgH‘tiz>A0(b)_gH-zfzmb [mw(mz _mw) - smeimz}

X (Bo+ By ) (H*;b,1) + sy,mym; g5z (m} —mj —my,. ) Bo(H*; b, 1)

2 R 2002 o\ _ 2. 2 2 ..
+ M8y p [mW (my —m3) - szHimZ]Bl(H+,b,t)},

Tzfs::lf = 7'3750“ =0. (A42)

The general couplings involving the Goldstone bo-
sons G* and quarks f, f* exchanging in the loop are giv-

en by /lG*ff' = —i(mf/ g(L;,ff,PL +m_fgg,ff,PR) , and /lGJrf,f- =

—i<mfgé+ piPLrmy g, f,fPR). Furthermore, the left- and

right-handed couplings satisfy the relations as gg. PP=
R — 1 _ R — oL — 1 _

8617 = Ty 8wesi AN 8Gu g = 8- g = F i 8w

L
Form factors Tp,;:

Regarding to Fig. A10, form factor 7/, for i=1,2,3
is expressed into one-loop contributions by pole ¢ = h, H
and pole 4 as follows.

F _ qFA F.¢
Titad = Titaa + E T fad-

d=hH

(A43)

where the related general couplings for these scalar Higgs
¢ and pseudo-scalar Higgs 4 with fermion f vertices are
introduced with géff = ggff = gys7 and gﬁff = —gﬁff = 8aff
as follows: —imf(géffPLﬂLgf;ffPR) =—imsgyr;, and
my (gﬁ_ffPL+g§f_fPR) =mysgar;ys. Therefore these all
form factors at pole 4 by an analytical relation

b
+
Lo A Wi
e
o

Z,

(A41)

8ﬁff+8§ff =0 and ones for i = 2,3 at pole ¢ have no con-
tribution for fermion tadpole diagrams,

FAl¢ _ q-FAl$ _
2,Tad — 7-3,Tad - O

T = (A44)
and thus the remaining form factor that contributes from

only pole ¢ is obtained as follows.

c
TFJP — NQ
MR 1602 - m3 (m3y. —m3y)

X [(m%,i —m%v)g¢H7W+Z
+ STW (mé _mizr) oW+ " 8ZwEwW=
Cw

+ (m% - m%v)g(/,,.,- w+ * gzwxwx]

X |4m} ggp Ao(B) +4m] gy Ao(D)].  (A43)

APPENDIX B: ANALYTICAL CHECKS OF THE é&-
GAUGE INVARIANCE

In this Appendix, we describe the analytical check
performed to examine the &-gauge invariance of these
form factors. Recollect that two gauge parameters &y,

tb

* Ww=*
| M
¢, A

H* I

e — > — — % — > —

W*,G*

Zy

Fig. A10. Tadpole Feynman diagram contributions with poles ¢ = 4, H,A for fermion loops.
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with V = W,Z arise from the propagators of the vector bo-
sons W* and Z, the Nambu—Goldstone bosons G* and
G°, and the corresponding ghost fields u. and u; in the
general R; gauge. Accordingly, we examine the one-loop
form factors 72 (i=1,2,3) grouped by the bosons ex-
changed in the loop. In particular, 77 is considered as a
representative example for the analytical checks in our
simplified demonstration. The one-loop form factor 722 is
given as follows.

B _ B B B
7-‘2 - 7—‘2,T1'ig + 7MZ,Se:lf + 7—‘Z,Tad' (B 1)

In this case, the form factors 7%, and 7%, do not
contribute in the boson-loop group, as explicitly shown in
the sections mentioned above [see Eqgs. (A34) and (A44)].
As a result, we focus only on the form factor 7%, in Eq.
(28), which can be expressed in the concrete form as fol-
lows.

B,W*
A7-2 Tng

8zw=w= 2Cwm

¢=h.H

1
1672 -m2. - A(H*, W, Z)

BA BH* | ~BW* | ~BZ BW*Z
X (7'2,Trig +T 2 1wig + Totvig + T o tvig + T 2. Trig ) (B2)

B —
7-2,"l'rig -

There are five main contributions in which the scalar
Higgs ¢ appears together with charged and neutral
particles propagating in the loop. These contributions are
expressed in terms of the scalar Passarino—Veltman func-
tions Ay, By, and Cy. They will be examined explicitly in
the following paragraphs for the analytical checks of ¢-
gauge invariance.

Next, we consider the remaining form factors
ﬂ?fZ;’Tzéfig’TzBTZgz, and 72 1xe» which involve vector and
Goldstone boson propagators in terms of the gauge para-
meters &, for V = W,Z. First, we present the representat-
ive form for 7"%{; with the cancellation checks of &-de-
pendence as follows.

= 37 BB L+l Ao(@) + G Aa(W) + - By(W: 6, W) + e Bo(H 16, W)

+ e Bo(Zy W, W) + 5, Co(W, Z, HE 5 ¢, W, W) + ¢z Ao(Ew W) + €y Bo(W3 8, Ew W) + ¢y Bo(H® 38, Ew W)

+Cye Bo(Z; W, EwW) + iy Bo(Z; € W, W) + ¢y

-Co(W.Z,H*: ¢, W.EwW)

+ i Co(H= Z, Wi p, W.Ew W) + i Co(W, Z HE 16, £y W, Ex W) }

Where the corresponding coefficients in the form factors are listed as follows.

e = Cowmiemiy(my —miy. —miy, )(myy. —my, —m3) - AN(H*, W, 2),

1 202 2 2\, 2 2, 2
Cyye = Cowyy (M — M — iy ) (M — My, +myz) - A(H*, W, Z),
2 2n 2 2y 2 2 2\ 2 2, 2
Cye = — Cy(2my, — m3)(my — My —my,)(my. —my, +mz) - A(H*, W, 2),
3
+my (M — 3my,) + (M. +3my,)(mey. — m%v)z] + 205, my.my, [— m; (m‘,;i +16my.my, + 7m‘é‘,)

+m5(my. + m%v)( — My + 12my.miy, + Sm?V) +2mS (M. +miy) — 2mi, (M. —miy,) (myy. — 3m%4,)]

2_ 2 2 2 2
— 6m.my,Ey [cw(mw -m3)+ mwsw] (myy — miy )My —my, —m3),

Clys = C%Vm;(mé —-2m3) [Zm?,i + Mg (3my — 5my,) + 2mi,. (my, — m)(2my, + 3m3) — (my, — m§)3]
+ 2c§,mé(2m§, —m3) [mfi,i +2m.m3 — dmiyy. (my, —m3) +mjy (4m3v +3miy,m3 — 8my,my, + mg)
—mi,(m3y, — m%)g] + Chymy. (Zmév + Smy,m; + m4z) —2ch,mS,. (Smgv +20my,m3, — 2miy,my + mg)
+Chymiys (28m§, — 46mS,m> + 14my,m3, + my,m, + mg) + chymb, (mb, — m%) (2, — m3)
2

2 2 232 2 4 4 2 22 2 2 2 2 2 2
X {mw(mw—mz) —2mH1(4mW+mZ)] = 2migmy, (i — M. — my)éw [CW(mW—mZ)+mWsW}

4 2 o2 2 2 2y2
X {ZmHt — My (my, +my) — (my, —m3) ],

033108-18
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Cy=
- W’:ﬂz = 6m$(2m€v —m3) (M. —my, — my) + mé(Zm%V —m%) x [méi (Smé —10m3, — 7m§1)
H= 1My

+mi, ( 17m3, + 8m§) - m4z] +mye {(1 8y, — 3my,m3 + 2m§) —mi.(2mi, + m%)]

o (18 + VT — ) i -y o (35— 34, — 16m) 3. (B5)

6

ZCEV;Z = Smgmé(Zm%V —m3) (M. —miy, —m3) + mgmé(mev —mZ) X {qui (7m§ —8m3, — 5m§,¢)
Wil
+mi, (13m€v + 7m§) - 2m4z] + mé [m?,i (Zm“;, +my,my — 2m4z)
+ M. ( — 6mS, +23my,my — 13my,my, + 4mg) + M. (6m€v + 15mS,m2 — 12my,mj, + 8my,mS — 2m§)
—myy (Zma, +39my,m5 — 2Tmy,my, + 4mg)} +m (mhy. — )
X [mi,i(szy +m3) +mpy. (= 10my, — Vmiymy + my) +mjy. (14m$, — 17my,m3 + 16my,my — 2m3)
-m}, (6m€v + Smiyym3 — Tm,mj, + ng)] ,
Clye = = 2myemd, [ 3y, — ) + iy 53, | A, W.Z) = 0, (B6)
S
mi,wmﬁv = [k omdy —m2) +miy 53, | x { (2. [ = 2m3 (4= 3&w) = 2m3] + 2miymim3(8 - 3&y)
o+ iy m(7 = 66y) +mi mil | + milym3 | = mi (T +3) + 2l [y (& +9)
+ (A +3)] = 5ni, (3 — ) +milym(6 - 4y) — miEw +3)] } =0, (B7)
Cye =2 [c%v(mév -my)+ m%vsﬁv] Ew—-1)x méimév(mé —my.) [mf,t (2m%,i —my, — m%) — (my, — m%)z] =0, (B8)
Cip- 2

2 2 2 2 2 2[a 20 2 2 2 2042 2
o [cw(mw —-my)+ mwsw] X {4m¢mz [3m¢(mz — My +my,) — my(dmy. +mW)]
Hi
+ Zmémé [(m?,i —my,)(Tmi. + 11my,) + m%] = 2mSm + my.mi,m (2m%v - 3m?,1)
4(n, 2 2 2 2 2 (2 2\2 (4,2 2 2 6 2 4 2 4
+my (ZmHt + mW) (2mHi - 7mW) —-my, (mHi - mW) (4mHi - Smw) +mZ(1 Lmy, = 2my.my + 3meZ) }
2 2 2.2 2 22 2 2 200 2 2
—&Ewmy, { —2my. [3mz(m¢ + mz) + my, (my, + mz)] +mymz(6my — 5my)

+ 6mém§ +m. (my, +6m2) +mi, (my, + 4m§)} =0, (BY)

1 2 2 2 227 2 20 2 2 2_ 2 2 2 2 4
Cye = [cW(mW —mz)+ mwsw] Mg Mz (M= — M) X {6(m¢ —my€w)(—my: + my, + mz) —5S5my,

+ My (M. +4my, — 2m2) + m(dm3, + m%)} =0, (B10)
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= [cév(m%‘, —m3)+ mwsﬂ {3mgm§ (m%v +my— mfp) + mg [m‘},i QQm3, + 5m3) + m,. ( — 4y, + my,my — 7m§)

+2(my, —m3) (my, + m%)] - mﬁ,mi,i [m‘},i (Bmi, +2m3) + m3. ( - 3my, + Smy,m3 — 4m§) +2m3(my, — m%)z]

(B11)

= [cﬁv(m%l, —-my)+ m%vsﬂ {3m¢m2( —my. +my, + m%) + mi [m‘,‘it (5m3 —2my,) + mz. (4m€v + 6my,m, — 7m§)

+my, (1 LmS, — 8miy,m3, + dmy,m, — mz)} +Eymy, {ij, [m%(mi,i + 0y, —2m3) + (M. — m%v)z]

-m} [m‘,‘,i(mg = 5miy, + 3myy.) + miy (= Smiyy 14mi,my, — Smy) + (my, — m3)(Tmy, —m)(my, + mé)}

—m(my. — 3y, (myye — 3m,) + miyy. (miyy. — 8my,) +mS(my. — my,) — my(myy. — 3ms, ) (M. +my,) + 7m§v} =0,

(B12)

2 2 2[ 2 (.2 2 2
e — My — mz) —2my [mHi(mHt +my, —2m3)

Cipe 2
2
2my.
4 2 4 2 (o2 2 2 242 202 2
+ g my, [mHi + my. (my, + mz) — 2(my, —m3) } } = QEw)my, (my; — my. )X
X {mi [m‘},1 —2my,. (my, +m3) +my,(my, + 4m3) + mé]
+mi, [m%,i (M3, +m —2mi. ) + (my, — mé)z] } =0,
13
Cws= 6,2
Zmzi
+2mS —2mS, — 3my,m(5my, + m%)} + mi [m‘,‘,t (6mﬁ, — 4mi,m3 +4m, — 2ms,. m%)
— . (15m€v — Smiy,m3, + my,my, + 2mg) + iy, (9m3v + 16m,m3 — 8my,mj, + mé’)]
—my, [mz,*,t (Smt, +3my,my +mj, — Zm%_,imé) +my. ( —16mS, + Smy,m3 — 3my,m;, + mg)
4_ 6
14
CW1_2(2_2)+22X 2m2 =) | 3md
o = LCwlimy = mz) iy sy, i (my —my.) | 3my (m
i

2

— 2+ )| = [ oy = 2+ () _m;y” — Ew o - i)

X {m4z( = 6, + myy. — 3y, —my) +miy(myy. —my,) (6 + iy, —3miy,) = (mi. - m%v)ﬂ } =0

We note that the kinematical function is defined as
AH*,W,Z) = (m3. —m3, —m3)? — 4m3,m%. Because c3,(m3,—
mz)+miy,st, =0, the coefficients cfy. =cf. =---=clj =
0. While ¢j,. and c},. are independent of &, the remain-
ing coefficients cy2 and c¢j> also do not depend on ¢
Consequently, the form factor 7%, becomes ¢-inde-
pendent. Other form factors are confirmed using the same
procedure, which demonstrates that they are also ¢-inde-

pendent.

APPENDIX C: FEYNMAN DIAGRAMS FOR
H* - W*Z IN THE GENERAL R,

A complete set of one-loop Feynman diagrams relev-
ant to the decay process H* — W*Z in the general R,
gauge is provided in the Appendix.

APPENDIX D: FEYNMAN DIAGRAMS
FOR utu~— H*H AND vy - H*H-
IN THDM
Feynman diagrams for y*u~ — H*H™ and yy - H*H~

in THDM are presented in this appendix. The Feynman
diagrams were generated using FeynArt [61].
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Fig. D1. Feynman diagrams for y*u~ — H*H~ are generated by FeynArts [61].
Y Y —»> H H
H
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Fig. D2. Feynman diagrams for "y~ — H*H~ generated with FeynArts [61].
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