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Abstract:  

 

We investigate the process 𝑒+𝑒− ⟶ 𝐻+𝐻− in the framework of the scotogenic model. 

The process receives different contributions arising from tree-level diagrams mediated 

by photon exchange, Z boson exchange and from the exchange of new singlet right-

handed fermions 𝑁1,2,3. We estimate the size of each contribution and the total cross 

section of the process after applying all dominant constraints on the parameters of the 

model. We show that the dominant contribution to the cross section originate from the 

new singlet right-handed fermions 𝑁1,2,3. Additionally, we show the dependency of the 

cross section on the centre of mass energy for set of benchmark points of the parameter 

space of the model respecting the strong obtained bounds. These predictions can be tested 

in future 𝑒+𝑒− colliders and hence can test the validity of the model or setting further 

strong constraints on the model. 

 

 

1. Introduction 

 
The necessity of the presence of New Physics (NP) 

beyond the standard model (SM) is a consequence of 

the lack of mechanism to generate neutrino masses 

in the SM in addition to the absence of Dark Matter 

(DM) candidate in the SM. Other reasons include the 

non-inclusion of the gravity in the framework of the 

SM and the baryon number asymmetry of the 

Universe that cannot be explained in the SM. 

One of the well-known NP beyond the SM is the 

scotogenic model proposed by Ma in 2006 [1]. The 

scotogenic Model provides a mechanism for the 

generation of small neutrino masses favoured by 

experimental searches.  Not only this, but the model 

also providing a DM candidate that can be any one 

of the new fermionic or scalar particles proposed by 

the model. Explicitly, the DM candidate can be a 

component of (η, Ni), η is a new scalar doublet, or 

can be the lightest one of the three singlet Majorana 

fermions N1,2,3[1].   These are the extra new particles 

added to the particle content of the SM. It should be 

noted that a Z2 symmetry is imposed in the model 

under which all SM particles are even while the new 

extra particles are odd under this symmetry. In Table 

1, we list the quantum numbers of these new extra 

particles.   

Table 1: Quantum numbers of the new extra particles. 

 

 𝐍𝐤 𝛈 

𝐒𝐔(𝟐)𝐋 1 1 

𝐔(𝟏)𝐘 0 0 

𝐙𝟐 -1 -1 
 

In Ref. [2], the process 𝑒+𝑒− ⟶ 𝐻+𝐻− ⟶ ℓ+ℓ′−Ɇ 

was studied for possible collider signatures. With the 

progress in the last decade related to neutrino 

oscillation experiments and different bounds on 

neutrino masses from some cosmological 

observations, one can update the previously imposed 

constraints obtained in that reference. Moreover, 
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other observations like dark matter relic density 

measurement have been updated in the last years and 

thus it turns to be important to include this 

measurement in the analysis of the model for further 

possible strong constraints on the model. 

Having updated constraints allows us to give correct 

predictions of the cross section of the process 

𝑒+𝑒− ⟶ 𝐻+𝐻− for which no analysis and 

predictions were given in Ref. [2]. In fact, our 

concern about studying the cross section of the 

process 𝑒+𝑒− ⟶ 𝐻+𝐻−only as the produced 𝐻+𝐻− 

pair can decay to many final states with different 

combinations of particles. One common effect for all 

such decay modes is the size of the cross section of  

𝑒+𝑒− ⟶ 𝐻+𝐻−. Hence, analysis of this cross 

section turns to be important. In this study, we do 

this analysis and investigate the different individual 

contributions to the cross section that originate from 

Z, photon and the new singlet fermions proposed by 

the scotogenic model. 

2. The scotogenic model 

 
The scotogenic model extends the scalar sector of 

the SM by adding extra scalar doublet denoted by η. 

Thus, the Lagrangian describing the scalar sector of 

the scotogenic model can be written as 

 

ℒ = (𝒟μΦ)†𝒟μΦ + (𝒟μη)†𝒟μη − 𝒱                   (1)  

 

where Φ is the SM Higgs doublet, 𝒟μ denotes the 

covariant derivative including the SM gauge fields 

and the scalar potential 𝒱 has the form [1] 

 

𝒱 = μ1
2Φ†Φ + μ2

2η†η +
1

2
λ1(Φ†Φ)

2
+

1

2
λ2(η†η)

2

+λ3(Φ†Φ)(η†η) + λ4(Φ†η)(η†Φ)

+
1

2
λ5 [(Φ†η)

2
+ (η†Φ)

2
]

 

Upon electroweak symmetry breaking, we can write 

 

Φ = (
0

1

√2
(h + v)) ,   η = (

H+

1

√2
(𝒮 + i𝒫))                (2) 

 

where h stands for the physical Higgs boson and v 

represents the vacuum expectation value (VEV) of 

Φ. One of the consequences of the 𝑍2 symmetry is 

that the VEV of η is zero. The scalar particles masses 

are given as mS
2 = m𝒫

2 + λ5𝑣2 = μ2
2 +

1

2
(λ3 + λ4 +

λ5)𝑣2 and  mH
2 = μ2

2 +
1

2
λ3𝑣2 [2]. In the limit of 

very small λ5 [3], |λ5| ≪ |λ3 + λ4|, one finds that, 

mS
2 ≃ m𝒫

2 . 

 
The masses and interactions of the new singlet 

Majorana fermions, Nk, can be inferred from the 

following Lagrangian 

 

ℒN = −
1

2
Mk𝑁𝑘

𝑐̅̅ ̅̅ PRNk + 

𝒴rk [ℓ̅rH− −
1

√2
�̅�r(𝑆 − i𝒫)] PRNk +  H.c.,            (3) 

 

with ℓ1,2,3 = e, 𝜇, τ, 𝒴rk and 𝑀𝑘 denote the Yukawa 

couplings and masses of 𝑁𝑘, and the superscript c 

refers to the charge conjugation of the field.  In the 

above equation, we have  PR =
1

2
(1 + γ5) and k, r =

1,2,3. The interactions of 𝐻±with photon 𝐴, and 𝑍 

boson relevant to our process can be obtained from 

the Lagrangian ℒ𝐻
± that can be expressed as 

 

ℒ𝐻
±     ⊃     𝑖𝑒(𝐻+𝜕𝜌𝐻− − 𝐻−𝜕𝜌𝐻+)𝐴ρ

+
g

2𝑐𝑤

[𝑖(1 − 2𝑠𝑤
2 )(𝐻+𝜕𝜌𝐻−

− 𝐻−𝜕𝜌𝐻+)]𝑍𝜌 

                                                                              (4) 

where e =  gs𝑤 is the electromagnetic charge, 𝑐𝑤 =
cos 𝜃𝑤 and 𝑠𝑤 = sin 𝜃𝑤 with 𝜃𝑤 being the Weinberg 

angle. 

 

2.1 Neutrino masses generation 

 

Due to the imposed 𝑍2  symmetry, neutrinos masses 

cannot exist at the tree level in the scotogenic model. 

This is not the case at one loop level where neutrinos 

masses can be generated through S, 𝒫, and Nk 

mediating the loop. The mass eigenvalues of the 

light neutrinos  mi can be obtained using the loop 

generated quantity [1] 

      Λk =
𝜆5𝑣2

16𝜋2𝑀𝑘
[

𝑀𝑘
2

𝑚0
2−𝑀𝑘

2 +
2𝑀𝑘

4𝑙𝑛 (𝑀𝑘/𝑚0)

(𝑚0
2−𝑀𝑘

2)
2 ]         (5) 

 

Here 𝑚0 =
1

2
(𝑚𝑆 + 𝑚𝒫) ≃ 𝑚𝑆 ≃ 𝑚𝒫. The neutrino 

mass matrix then becomes  

 

                 ℳv = Y diag(Λ1, Λ2, Λ3)YT,               (6) 

 

which can be diagonalized using 

 

                diag(m1, m2, m3) = 𝒰†ℳv𝒰∗,           (7) 

 

The unitary matrix 𝑈 denotes the well-known 

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) 

matrix. In our study we use the PDG parametrization 

[4] 𝒰 = ũdiag (eiα1/2, eiα2/2, 1), where α1,2 denoting 
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the Majorana CP-violation phases and the matrix ũ 

is expressed in terms of 𝑐𝑚𝑛 = cos θmn ≥ 0, smn =
sin θmn ≥ 0 and a Dirac phase δ. The expression of 

the matrix ũ can be found in Eq. (10) in Ref. [5]. 

Analytic solutions for Eqs.  (7) yield [2] 

 

Ye1 =
−c12c13Y1

c12c23s13eiδ − s12s23
,

Ye2 =
−s12c13Y2

s12c23s13eiδ + c12s23
, 

 

Yμ1 =
(c12s23s13eiδ + s12c23)Y1

c12c23s13eiδ − s12s23
,   Yμ3 =

s23Y3

c23
, 

 

Ye3 =
s13Y3

c23c13eiδ,  Yμ2 =
(s12s23s13eiδ−c12c23)Y2

s12c23s13eiδ+c12s23
,        

Yτk = Yk  ,                                                       (8) 

 

which correspond to the light neutrino mass 

eigenvalues [2] 

 

m1 =
Λ1Ye1

2 e−iα1

c12
2 c13

2 , m2 =
Λ2Ye2

2 e−iα2

s12
2 c13

2 , m3 =
Λ3Y3

2

c13
2 c23

2    (9) 

 

The Majorana CP-violation phases can be calculated 

with the help of the following relations. 

 

α1 = arg(Λ1Ye1
2 ) , α2 = arg(Λ2Ye2

2 ) , arg(Λ3Y3
2) = 0  

                                                                            (10) 
 

2.2 Dark Matter 

The scotogenic model enlarges particle contents of 

the fermionic and scalar sectors of the SM through 

introducing the new particles 𝑁1,2,3 and 𝑆, 𝑃, 𝐻± 

respectively. These new particles are odd under 𝑍2 

symmetry and hence the lightest one among them 

will be stable and can be a DM candidate.  

 

In our study we consider the familiar scenario in 

which 𝑁1 is the DM particle and the second lightest 

particle 𝑁2 is degenerate in mass with 𝑁1. This 

scenario is favored as it ensures the ability of 

satisfying simultaneously the constraints from the 

DM relic density and the Branching ratio (BR) of the 

lepton flavour violation process μ → eγ. 

 

The relic density can be expressed in terms of the 

present DM density relative to its critical value, 

denoted by Ω, and the Hubble parameter, denoted by 

ℎ̂, as Ωℎ̂2. Theoretically, it can be estimated from the 

relation [3, 6] 

 

Ωℎ̂2 =
1.07 × 109𝑥𝑓 G𝑒𝑉−1

√g∗𝑚P1[𝑎𝑒𝑓𝑓 + 3(𝑏𝑒𝑓𝑓 − 𝑎𝑒𝑓𝑓/4)/𝑥𝑓]
 

𝑥𝑓 = ln
0.191(𝑎𝑒𝑓𝑓 + 6𝑏𝑒𝑓𝑓/𝑥𝑓)𝑀1 𝑚P1

√g∗𝑥𝑓

 

                                                                            (11) 

 

here g∗ is the number of relativistic degrees of 

freedom below the freeze-out temperature 𝑇𝑓 =

𝑀1/𝑥𝑓 and 𝑚P1 = 1.22 × 1019 GeV is the Planck 

mass. The expressions of 𝑎𝑒𝑓𝑓 and 𝑏𝑒𝑓𝑓 can be 

inferred from the expansion of the coannihilation 

rate 𝜎𝑒𝑓𝑓𝑣𝑟𝑒𝑙 = 𝑎𝑒𝑓𝑓 + 𝑏𝑒𝑓𝑓𝑣𝑟𝑒𝑙
2  where the 

expansion is performed in terms of the relative speed 

of the annihilating particles in their center-of-mass 

frame denoted by 𝑣𝑟𝑒𝑙 and 𝜎𝑒𝑓𝑓 =
1

4
(𝜎11 + 𝜎12 +

𝜎21 + 𝜎22). The expression of 𝜎ij, for 𝑖, 𝑗 =  1, 2, 

can be obtained from the relation. 

𝜎𝑖𝑗 = 𝜎𝑁𝑖𝑁𝑗→𝓵𝑖
−𝓵𝑗

+ + 𝜎𝑁𝑖𝑁𝑗→𝑣𝑖𝑣𝑗
                     (12) 

 

Above cross sections were computed in Refs. [7, 2] 

and each arises from the t and u channels tree-level 

diagrams mediated by the exchange of 𝐻± and (S, P) 

depending on whether the final states are charged 

leptons or neutral neutrinos. 

 

In our analysis of the resultant constraint, from the 

measured value of the DM relic density, on the 

parameter space of the model under concern we 

consider the case that the DM and the new scalar 

particles are not degenerate in mass to avoid the 

contributions of the coannihilation processes of the 

scalars to the relic density. 

 

2.3 𝒆+(𝒑+)𝒆−(𝒑−) ⟶ 𝑯+𝑯− 

In the scotogenic model under the study in this work, 

the amplitude of the process 𝑒+(𝑝+)𝑒−(𝑝−) ⟶
𝐻+𝐻− receive contributions from the tree-level 

diagrams mediated by the exchange of photon (𝛾), Z 

and 𝑁1,2,3 diagrams. In the limit of massless 𝑒±, the 

resulting cross section is given as [2] 

 

𝜎𝑒+𝑒−→𝐻+𝐻− =
𝜋𝛼2𝛽3

3𝑠
+

𝛼

12

(g𝐿
2+g𝐿g𝑅)𝛽3

𝑠−𝑚𝑍
2 +

(g𝐿
4+g𝐿

2g𝑅
2 )𝛽3𝑠

96𝜋(𝑠−𝑚𝑍
2 )

2 + ∑
|𝑦1𝑘|4

64𝜋𝑠𝑘 (𝜔𝑘 ln
𝜔𝑘+𝛽

𝜔𝑘−𝛽
− 2𝛽) +

[
𝛼

16𝑠
+

g𝐿
2

64𝜋(𝑠−𝑚𝑍
2 )

] ∑ |𝑦1𝑘|2
𝑘 [(𝜔𝑘

2 − 𝛽2) ln
𝜔𝑘+𝛽

𝜔𝑘−𝛽
−

2𝛽𝜔𝑘] + ∑
|𝑦1𝑗𝑦1𝑘|

2

64𝜋𝑠𝑗,𝑘>𝑗 (
𝜔𝑗

2−𝛽2

𝜔𝑗−𝜔𝑘
ln

𝜔𝑗+𝛽

𝜔𝑗−𝛽
+

𝜔𝑘
2−𝛽2

𝜔𝑘−𝜔𝑗
ln

𝜔𝑘+𝛽

𝜔𝑘−𝛽
− 2𝛽)                                               (13) 
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here 𝑗, 𝑘 =  1, 2, 3, 𝑠 = (𝑝+ + 𝑝−)2, 𝛼 =
𝑒2

4𝜋
 , 𝛽 =

√1 −
4𝑚𝐻

2

𝑠
 and 𝜔𝑘 = 1 +

2𝑀𝑘
2

𝑠
−

2𝑚𝐻
2

𝑠
 >  𝛽  . In the 

numerical analysis, we employ the effective values 

𝛼 = 1/128,  g = 0.6517, and 𝑠𝑤
2 = 0.23146 [4]. 

 

2.4 Constraints 

In our study, we adopt the normal ordering (NO) of 

neutrino masses. The mixing angles, the Dirac 

phase, |∆𝑚31
2 | and |∆𝑚21

2 | can be determined from 

various measurements. In our numerical evaluation, 

we employ the results of the fit to the global data on 

neutrino oscillations carried out in Ref. [8]. Using 

the results of the fit allows us to impose the 

constraint 32.0 <  𝑅𝑚 ≡
|∆𝑚31

2 | 

∆𝑚21
2 <  36.0 on the 

parameter space based on the 90% 𝐶𝐿 ranges of the 

data. On the other hand, the CMB temperature, 

polarization and lensing measurements from the 

Planck satellite, BAO observations, 𝐻(𝑧) 

information and Supernovae Ia data constraint result 

in the stringent 2𝜎 upper limit ∑𝑚𝑖 < 0.12eV. 

Possible constraints can be derived from 

Neutrinoless double beta decay experiments. The 

resulted constraint reads |⟨𝑚⟩𝑒𝑒| < 0.06 − 0.2eV at 

the 95% confidence level [9, 10, 11] where ⟨𝑚⟩𝑒𝑒 is 

defined as ⟨m⟩ee = m1𝒰e1
2 + m2𝒰e2

2 + m3𝒰e3
2 . 

The Yukawa interactions including the charged 

Higgs 𝐻± listed in Eq. (3) can generate one loop-

level diagrams that contribute to the lepton flavour 

violation (LFV) processes. A detailed discussion of 

these process can be found in Ref. [12]. Currently, 

the experimental upper bounds on the branching 

ratios of a class of these processes are BR (μ →

eγ) < 4.2 × 10−13 [13], BR(τ → eγ) < 3.3 × 10−8 

[14], and BR (τ → μγ) < 4.4 × 10−8 [14] with the 

most stringent constraint come from BR (μ → eγ). 

The expressions of the branching ratios of these LFV 

processes in the framework of the scotogenic model 

can be found in Ref. [12]. On the other hand, the 

flavour-diagonal counterpart of the aforementioned 

LFV processes can modify the anomalous magnetic 

moment, 𝑎ℓ𝑖
 , as [15] 

∆𝑎ℓ𝑖
=

−𝑚ℓ𝑖
2

16𝜋2𝑚𝐻
2 ∑ |𝑌𝑖𝑘|2ℱ(𝑀𝑘

2/𝑚𝐻
2 )𝑘                    (14) 

It turns out that, the anomalous magnetic moment of 

the muon yields a stronger bound compared to the 

others, electron and tau, on the scotogenic parameter 

space. The difference between the SM prediction 

and the currently experimental value of 𝑎𝜇 reads 

aμ
exp

− aμ
SM = (2.51 ± 0.59) × 10−9 [16]. 

Direct detection of DM through the interaction of N1 

with nucleons, resulting from the Higgs exchange at 

the one-loop level, was discussed in Ref. [17]. To 

avoid the stringent constraints from direct detection 

[18, 19], we can follow Ref. [17, 20] and take 𝜆3,4 =

 0.01. This has a consequence that 𝑚𝑜  ≃ 𝑚𝐻± +

 
1

2
𝜆4𝑣2 ≃ 𝑚𝐻± +  350 G𝑒𝑉. One should remark that 

the strong bounds from the direct detection were not 

taken into account in Refs. [2]. In this study we take 

these bounds into account and employ the latest 

neutrino oscillation data obtained as a result of the 

global analysis presented in Ref. [8]. In the next 

section, we will present our results and will give our 

analysis and discussion of these results. To do this, 

we first set the mixing angles 𝜃12,23,13 and the Dirac 

phase 𝛿 to their central values obtained in the fit to 

the global data on neutrino oscillations performed in 

Ref. [8]. In the second step, we perform a scan over 

the parameter space of the model namely, the masses 

of the new scalars 𝑚𝐻 , 𝑚𝑜 and the new singlet 

fermions 𝑁1,2,3 and the input parameters 

𝑌1,2,3 appearing in the Yukawa couplings listed 

above in Eq. (8). For light dark matter masses 𝑀1 <

100 G𝑒𝑉, lepton flavor violation [21] and direct 

search at LHC [22, 23] mostly exclude the parameter 

space. Concerning the scalar masses, using the data 

on W and Z widths and the null results of direct 

searches for new particles at e+e−colliders we have 

the following upper bounds on the scalar masses [24, 

25, 26] 

mH± + mS,𝒫 > mW± , mH± > 70 GeV, mS + m𝒫 >

mZ                                                                       (15) 

One should remark that there are constrains on the 

charged Higgs mass from the B → τ𝜈, B → sγ and 

from the direct measurements of the charged Higgs 

decays at the LHC. In our analysis, we take into 

account all these constraints.  

3. Results and Discussions 
 

We start our analysis by showing the allowed 

regions in the parameter space of the scotogenic 
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model upon applying the most stringent constraints 

individually and then simultaneously. 

 

 
Figure 1. Region in magenta colour is allowed by 

𝜇 → 𝑒𝛾 constraint for the parameters 𝑀2= 𝑀1, 𝑀3 =
𝑀1 + 380 𝐺𝑒𝑉, 𝑚𝐻 = 𝑀1 + 400  𝐺𝑒𝑉, 𝑌2 = 0.49 

and 𝑌3 = 0.66. 

 

In Fig.1, the region in magenta colour is allowed by 

μ → eγ constraint where we fixed the other 

parameters as 𝑀2= 𝑀1, 𝑀3 = 𝑀1 + 380 𝐺𝑒𝑉, 𝑚𝐻 =

𝑀1 + 400  𝐺𝑒𝑉, 𝑌2 = 0.49 and 𝑌3 = 0.66. Clearly 

from the figure that, satisfying μ → eγ constraint 

requires large charged Higgs mass and also large 

𝑁1,2,3 masses. 

 

Figure 2. Allowed regions after imposing 
|∆𝑚31

2 | 

∆𝑚21
2  

constraints for the choice of the parameters as 𝑀2= 

𝑀1, 𝑀3 = 𝑀1 + 380 𝐺𝑒𝑉, 𝑚𝑜 = 𝑀1 + 750  𝐺𝑒𝑉, 

𝑌2 = 0.49 and  𝑌3 = 0.66. 

 

In Fig.2, we display the allowed regions after taking 

into account the imposed 
|∆𝑚31

2 | 

∆𝑚21
2  constraint. In the 

figure we set the parameters as 𝑀2= 𝑀1, 𝑀3 = 𝑀1 +

380 𝐺𝑒𝑉, 𝑚𝑜 = 𝑀1 + 750  𝐺𝑒𝑉, 𝑌2 = 0.49 and 

𝑌3 = 0.66. The colored regions in the 𝑀1 − 𝑌1 plane 

satisfy the desired constraint. 

We turn now to display the allowed region in the 

𝑀1 − 𝑌1 plane by the DM relic density 

Ωℎ̂2constraints. Our result is presented in Fig.3 

for the set of the parameters 𝑀2= 𝑀1, 𝑀3 = 𝑀1 +
380 𝐺𝑒𝑉, 𝑚𝐻 = 𝑀1 + 400  𝐺𝑒𝑉, 𝑚𝑜 = 𝑀1 +
750  𝐺𝑒𝑉, 𝑌2 = 0.49 and 𝑌3 = 0.66. As can be 

seen from the figure that, large values of DM 

masses 𝑀1 require large values of the parameter 

𝑌1 to satisfy the constraint. This requirement is not 

favored by the other constraints discussed above. 

It should be noted that, in the previous figures 

presented above we discussed the effect of each 

individual constraint on the parameter space. 

However, the parameter space must be subjected 

to all strong constraints at the same time. 

Consequently, in Fig.4, we show our results for 

the allowed region in the 𝑀1 − 𝑌1 plane by the 

dominant constraints arising from μ → eγ, 
|∆𝑚31

2 | 

∆𝑚21
2  

, and Ωℎ̂2. The green colour region in the figure 

simultaneously satisfies all these constraints 

simultaneously. We deduce from this region that; 

it is possible to have points satisfying all 

constraints for masses of the new particles in the 

model with masses close to or higher than 1 TeV. 

Moreover, we can use this region to obtain set of 

benchmark points that satisfy the imposed 

constraints on the parameter space of the model 

and hence can give a prediction of the model to 

the cross section of 𝜎𝑒+𝑒−→𝐻+𝐻− which can be 

tested in future colliders. 

 

 
Figure 3. Allowed regions in the 𝑀1 − 𝑌1 plane by 

𝛺ℎ̂2constraints for the parameters 𝑀2= 𝑀1, 𝑀3 =
𝑀1 + 380 𝐺𝑒𝑉, 𝑚𝐻 = 𝑀1 + 400  𝐺𝑒𝑉, 𝑚𝑜 = 𝑀1 +

750  𝐺𝑒𝑉, 𝑌2 = 0.49 and 𝑌3 = 0.66. 
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Figure 4. Allowed regions in the 𝑀1 − 𝑌1 plane by 

𝜇 → 𝑒𝛾, 
|∆𝑚31

2 | 

∆𝑚21
2  , 𝛺ℎ̂2constraints for the parameters 

𝑀2= 𝑀1, 𝑀3 = 𝑀1 + 380 𝐺𝑒𝑉, 𝑚𝐻 = 𝑀1 + 400  
𝐺𝑒𝑉, 𝑚𝑜 = 𝑀1 + 750  𝐺𝑒𝑉, 𝑌2 = 0.49 and 𝑌3 =

0.66. 

 

In Fig.5, we show our results for the individual 

contributions of Z, photon and new singlet fermions 

𝑁1,2,3 to the cross section of 𝜎𝑒+𝑒−→𝐻+𝐻− as a 

function of the centre of mass energy √𝑠 in red, 

orange and magenta colors respectively. The plots in 

the figure correspond to the one of the allowed 

benchmark points of the parameter space 

namely 𝑀1  =  1005 𝐺𝑒𝑉, 𝑀2  ≃  𝑀1  =

 1005.0000035 𝐺𝑒𝑉, 𝑀3  =  1385 𝐺𝑒𝑉, 𝑚𝐻 =

 1405 𝐺𝑒𝑉, 𝑌1  =  0.4258, 𝑌2  =  0.49 and 𝑌3  =

 0.66. Clearly from the figure that Z contribution to 

the cross section is the least one while contributions 

from the new singlet fermions 𝑁1,2,3  are the 

dominant ones.  It should be noted from the figure 

that we extended the center of mass energies to 

higher values and that the prospective ILC has an 

upper limit of 1 TeV and the CLIC has an upper limit 

to 3 TeV.  Our objective, doing so, is to cover large 

ranges of energies that can be tested in any future 

collider with much higher center of mass energies 

than ILC and CLIC. 

Finally, in Fig.6, we show our results for the total 

cross section of 𝜎𝑒+𝑒−→𝐻+𝐻−  as a function of the 

centre of mass energy √𝑠 in red, orange and magenta 

colors respectively. As above, the figure correspond 

to the one of the allowed benchmark points of the 

parameter space namely 𝑀1  =  1005 𝐺𝑒𝑉, 𝑀2  ≃

 𝑀1 = 1005.0000035 𝐺𝑒𝑉, 𝑀3  =  1385 𝐺𝑒𝑉, 

𝑚𝐻 =  1405 𝐺𝑒𝑉, 𝑌1  =  0.4258, 𝑌2  =  0.49 and 

𝑌3  =  0.66. As can be seen from the figure that, the 

cross section increases with increasing the centre of 

mass energy till it reach to its beak and then starting 

to decrease with increasing the centre of mass 

energy. 

 
Figure 5. Z, photon, and new singlet fermions 𝑁1,2,3  

individual contributions to the cross section of 

𝜎𝑒+𝑒−→𝐻+𝐻− in red, orange, and magenta colours 

respectively. The plots correspond to the allowed 

parameters 𝑀1  =  1005 𝐺𝑒𝑉, 𝑀2  ≃  𝑀1  =
 1005.0000035 𝐺𝑒𝑉, 𝑀3  =  1385 𝐺𝑒𝑉, 𝑚𝐻 =

 1405 𝐺𝑒𝑉, 𝑌1  =  0.4258, 𝑌2  =  0.49 and 𝑌3  =
 0.66. 

 
Figure 6. Total cross section 𝜎𝑒+𝑒−→𝐻+𝐻−. The plots 

correspond to the allowed parameters 𝑀1  =
 1005 𝐺𝑒𝑉, 𝑀2  ≃  𝑀1  =  1005.0000035 𝐺𝑒𝑉, 

𝑀3  =  1385 𝐺𝑒𝑉, 𝑚𝐻 =  1405 𝐺𝑒𝑉, 𝑌1  =  0.4258, 

𝑌2  =  0.49 and 𝑌3  =  0.66. 

 

4. Conclusions 
 

In this work we have studied the process 𝑒+𝑒− ⟶
𝐻+𝐻− in the Scotogenic model. The different 

contributions to the amplitude of the process 

originate from tree-level diagrams mediated by 

photon, Z boson and from the right-handed fermions 

N1,2,3. We have studied the processes that can 

impose strong constraints on the parameter space 

relevant to the process 𝑒+𝑒− ⟶ 𝐻+𝐻−. Moreover, 

we have estimated the size of the individual 

contributions of each of photon, Z boson and the 
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right-handed fermions N1,2,3 to the cross section of 

𝑒+𝑒− ⟶ 𝐻+𝐻−after taking into account all 

stringent constraints on the parameters of the model.  

 

We have shown that the main contribution to the 

cross section arise from the new singlet right-handed 

fermions N1,2,3. Finally, we have shown the 

dependency of the cross section on the centre of 

mass energy for set of benchmark points of the 

parameter space of the model respecting the strong 

obtained bounds. Future 𝑒+𝑒− colliders will search 

for the process 𝑒+𝑒− ⟶ 𝐻+𝐻− and thus can test our 

predictions for either setting more stringent 

constraints or verifying these predictions. 
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