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DOI: 10.22399/ijcesen.1367926 e investigate the process ete™ — H*H™ in the framework of the scotogenic model.
Received : 28 September 2023 The process receives different contributions arising from tree-level diagrams mediated
Accepted : 26 November 2023 by photon exchange, Z boson exchange and from the exchange of new singlet right-

handed fermions N, , ;. We estimate the size of each contribution and the total cross
Keywords 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 N, , ;. 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*te™ colliders and hence can test the validity of the model or setting further
strong constraints on the model.
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1. Introduction fermions N, , 3[1]. These are the extra new particles

added to the particle content of the SM. It should be
The necessity of the presence of New Physics (NP)  noted that a Z, symmetry is imposed in the model
beyond the standard model (SM) is a consequence o ynder which all SM particles are even while the new

the lack of mechanism to generate neutrino masses  extra particles are odd under this symmetry. In Table
in the SM in addition to the absence of Dark Matter 1, we list the quantum numbers of these new extra

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

non-inclusion of the gravity in the framework of the

SM and the baryon number asymmetry of the Table 1: Quantum numbers of the new extra particles.
Universe that cannot be explained in the SM.

Ny n
One of the well-known NP beyond the SM is the S[}J((lz))L é é
scotogenic model proposed by Ma in 2006 [1]. The 7 Y K] X]
scotogenic Model provides a mechanism for the 2
generation of small neutrino masses favoured by In Ref. [2], the process ete™ — HYH™ — ¢+ ¢'"E
experimental searches. Not only this, but the model  yas studied for possible collider signatures. With the

also providing a DM candidate that can be any one  progress in the last decade related to neutrino
of the new fermionic or scalar particles proposed by gscillation experiments and different bounds on
the model. EXleCltIy, the DM candidate can be a neutrino masses from some Cosmological
component of (1, Ni), 1 is a new scalar doublet, or  gpservations, one can update the previously imposed
can be the lightest one of the three singlet Majorana  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
ete” — HYH~ for which no analysis and
predictions were given in Ref. [2]. In fact, our
concern about studying the cross section of the
process ete™ — H*Honly as the produced Ht*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
ete” — HYH~. 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 n.
Thus, the Lagrangian describing the scalar sector of
the scotogenic model can be written as

L= (D"®)'D,® + (D*n)TDyn -V (1)

where @ is the SM Higgs doublet, D" denotes the
covariant derivative including the SM gauge fields
and the scalar potential V has the form [1]

1 1
V= pfdt o+ pinn + 57\1(‘1’“1’)2 + 57\2(ﬂ+n)2
+i3 (@) (™) + A (@) (n' @)

1
525 [(@M)" + (nte)’]

Upon electroweak symmetry breaking, we can write

0 H*
P = (\/—g(h+v)>' n= <\%(5+L‘P)>

where h stands for the physical Higgs boson and v
represents the vacuum expectation value (VEV) of
®. One of the consequences of the Z, symmetry is
that the VEV of n is zero. The scalar particles masses

are given as mé = m3 + Agv? = p3 +%(7\3 + A+
As)vZand mf = g +-A3v? [2]. In the limit of

(2)

369

very small A5 [3], |As| < |A3 4+ A4], one finds that,
2 o 2
mg =~ mp.

The masses and interactions of the new singlet
Majorana fermions, Ny, can be inferred from the
following Lagrangian

j —
[’N = _EMkNIgPRNk-I_

Ve |[2:H™ — 0r(S — iP)| PNy + Hec, (3)

with £, 53 = e, u, T, Yy and M,, denote the Yukawa
couplings and masses of Ny, and the superscript ¢
refers to the charge conjugation of the field. In the

above equation, we have Py = %(1 +vys)andk, r =

1,2,3. The interactions of H*with photon A, and Z
boson relevant to our process can be obtained from

the Lagrangian L,?, that can be expressed as

L )

ie(H*0PH™ — H-0PHY)A,
& [(1—2s2)(HY0PH™

+—=
— H=0°H")]Z,

T+

2¢y,

(4)
wheree = gs,, is the electromagnetic charge, c,,
cos 6, and s,, = sin 6,, with 8,, being the Weinberg
angle.

2.1 Neutrino masses generation

Due to the imposed Z, 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 N
mediating the loop. The mass eigenvalues of the
light neutrinos m; can be obtained using the loop
generated quantity [1]

M
2 2
m2—Mz2

2MEIn(My/mg)
2
(m§-m)

2
Ak _ 1517 [

T 16m2My,

(5)

1 .
Herem, = E(ms + mp) = mg =~ myp. The neutrino
mass matrix then becomes

M, = Ydiag(Ay, Ay, A3)YT, (6)
which can be diagonalized using
diag(mly my, m3) = UTMVU*I (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 = tidiag(e*1/?, e*2/2, 1), where a , denoting
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the Majorana CP-violation phases and the matrix i
is expressed in terms of ¢;;,,, = c0s Oy = 0, Sy =
sin 0,,, = 0 and a Dirac phase 6. The expression of
the matrix @ can be found in Eg. (10) in Ref. [5].
Analytic solutions for Egs. (7) yield [2]

_ —C12€C13Y1
Ye1 = i5 ’
C12C23513€" — 512823
—S12C13Y>
Ye2 - i8 + )]
S12C23513€ C12S523
(c S,2512€% +5,,¢C )Y S,3Y.
_ \C12523513 12C23 ) 11 _S2313
Yin = i5 » Ipz = ’
C12C23513€" — 512823 C23
Y. = S13Y3 — (512523513916—C12C23)Y2
e3 C23C13918’ K2 512C23513918+C12523
Yo = Yk (8)

which correspond to the light neutrino mass
eigenvalues [2]

m _ AgYZeTi m A Y3eTi%2 m,
1~ c2.c2 y M2 = s2._c2 ’
12*13 12+13

_ AsY3

(9)

C13C23

The Majorana CP-violation phases can be calculated
with the help of the following relations.

o = arg(A1Yez1)10(2 = arg(Angz),arg(A3Y§) =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 N;,3 and S,P,H*
respectively. These new particles are odd under Z,
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 N; is the DM particle and the second lightest
particle N, is degenerate in mass with N;. 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 p — ey.

The relic density can be expressed in terms of the
present DM density relative to its critical value,
denoted by Q, and the Hubble parameter, denoted by
h, as Qh2. Theoretically, it can be estimated from the
relation [3, 6]

1.07 x 10%xf GeV !
Vempi|aers +3(besr — acps/4) /%]

QOh? =

370

0191(aeff + 6beff/xf)M1 mpq

+ 8+Xf

Xf—

(11)

here g, is the number of relativistic degrees of
freedom below the freeze-out temperature Ty =
M, /x; and mp; = 1.22 x 10 GeV is the Planck
mass. The expressions of a.rr and b.sr can be
inferred from the expansion of the coannihilation
rate  OpffVrei = Gefr + bepsVfe;  Where the
expansion is performed in terms of the relative speed
of the annihilating particles in their center-of-mass
frame denoted by v, and g.f = %(011 + 0y, +
021 + 033). The expression of oy, for i,j = 1,2,
can be obtained from the relation.
0ij = OnNje7 8} + ONN o) (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.

23e*(py)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 (y), Z
and N, , 5 diagrams. In the limit of massless e*, the
resulting cross section is given as [2]

na?p® | a (gi+gL8r)B>
O-e+€_—>H+H_ = 3s + E s—m% +
(gt +8igh)Bs |y 1kl* ( wi+B )
w,Iln—/——-—2
96m(s—m2)” + 2 641s wi—p B)+

£
16s 647'[(5 m%)

]Zklylkl [(wk B*) In wkﬂ?

lyajyael’ (02-B2 . w+B
Zﬁwk]+zj'k>j 641s wj—wklnwj—ﬁ
k ﬁ l wk+ﬁ 2ﬁ>
Wr— w] Wr—

(13)
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2

here j,k = 1,2,3, s = (py +p_)?, « =

2
/1—4"1—”and wk—1+2M" ZT:” > £ . In the

numerical analysis, we employ the effective values
a=1/128, g = 0.6517, and sZ = 0.23146 [4].

2.4 Constraints

In our study, we adopt the normal ordering (NO) of
neutrino masses. The mixing angles, the Dirac
phase, [AmZ;| and |AmZ, | 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 aIIows us to impose the

constraint 32.0 < Rm =-—* < 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 20 upper limit Ym; < 0.12eV.
Possible constraints can be derived from
Neutrinoless double beta decay experiments. The
resulted constraint reads |(m),.| < 0.06 — 0.2eV at
the 95% confidence level [9, 10, 11] where (m),, is
defined as (m)e. = m;UZ; + m,UZ, + m3UZ.

The Yukawa interactions including the charged
Higgs HZ 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(u —
ey) <4.2x 10713 [13], BR(t —» ey) <3.3x 1078
[14], and BR(t = py) < 4.4 x 1078 [14] with the
most stringent constraint come from BR(u — ey).
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, a,, , as [15]

Aa[i

16”2 2 - Yl Yire 2 F (Mg /mi) (14)

It turns out that, the anomalous magnetic moment of
the muon yields a stronger bound compared to the

371

others, electron and tau, on the scotogenic parameter
space. The difference between the SM prediction
and the currently experimental value of a, reads

ag = (2.51+0.59) x 107° [16].

exp

ay

Direct detection of DM through the interaction of N
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 A3 , =
0.01. This has a consequence thatm, = my+ +

%/141]2 ~ my+ + 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 6, »3 13 and the Dirac
phase 6§ 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 my,m, and the new singlet
the

Y; 23 appearing in the Yukawa couplings listed

fermions  Nj,3and input  parameters
above in Eq. (8). For light dark matter masses M; <
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 ete~colliders we have
the following upper bounds on the scalar masses [24,

25, 26]

Mmy+ + ms;p > mWJ_r, my+ > 70 GeV, g + mep >

mz (15)

One should remark that there are constrains on the
charged Higgs mass from the B — tv, B — sy 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.

> 04

0.2

0.0t
200 400 ©00 200 10001200 1400

My(GeV)

Figure 1. Region in magenta colour is allowed by
u — ey constraint for the parameters M,= M,, M5 =
M; + 380 GeV, my = M; + 400 GeV,Y, = 0.49
and Y; = 0.66.

In Fig.1, the region in magenta colour is allowed by
u— ey constraint where we fixed the other
parameters as M,= M;, M5 = M; + 380 GeV, my =
M; +400 GeV, Y, =0.49 and Y3 = 0.66. Clearly
from the figure that, satisfying p — ey constraint
requires large charged Higgs mass and also large
Nj 2 3 masses.

0.55

0.50

045

5T 0.40
[
035 {

0.30

0.25

200 400 600 800 100012001400
M1(GeV)
Figure 2. Allowed regions after imposing

|am3, |

Am3,

constraints for the choice of the parameters as M,=

My, M3 = M; + 380 GeV, m, = M; + 750 GeV,
Y, =0.49 and Y; = 0.66.

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

. . Am2 .
into account the imposed |Am—321| constraint. In the

21
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figure we set the parameters as M,= M, M3 = M; +
380 GeV, m, = M; + 750 GeV, Y, = 0.49 and
Y3 = 0.66. The colored regions in the M; — Y; plane
satisfy the desired constraint.

We turn now to display the allowed region in the
M; —Y, plane by the DM relic density
Qh?constraints. Our result is presented in Fig.3
for the set of the parameters M,= M, M3 = M; +
380 GeV, my = M; +400 GeV, m, =M, +
750 GeV, Y, = 0.49 and Y; = 0.66. As can be
seen from the figure that, large values of DM
masses M; require large values of the parameter
Y; 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 M; —Y; plane by the
|amZ,|
AmZ,
, and Qh2. 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 o,+,-_+y- Which can be
tested in future colliders.

dominant constraints arising from p — ey,

0.6f

0.5

03]

0.2t
200 400 600

800 1000 1200 1400
M,
Figure 3. Allowed regions in the M; — Y; plane by
Qh?%constraints for the parameters M,= M, M,
M, + 380 GeV, my; = M, + 400 GeV,m, = M; +
750 GeV,Y, = 0.49 and Y3 = 0.66.
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Figure 4. Allowed regions in the M; — Y; plane by

p—ey, — [y ] 31' , RhZ%constraints for the parameters

M,=M,, M3 M, + 380 GeV, my; = M, + 400
GeV,m, = M, + 750 GeV,¥, =049and Y, =
0.66.

In Fig.5, we show our results for the individual
contributions of Z, photon and new singlet fermions
N;,3to the cross section of g,+,-,y+y- 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 M; = 1005 GeV, M, =~ M; =
1005.0000035 GeV, M; = 1385 GeV, my
1405 GeV, Y; = 0.4258, Y, = 0.49 and Y; =
0.66. Clearly from the figure that Z contribution to
the cross section is the least one while contributions
from the new singlet fermions N,,; 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 o,+,-_,yz+y- 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 M; = 1005 GeV, M,
M; = 1005.0000035 GeV, M; = 1385 GeV,
my = 1405 GeV, Y; = 0.4258, ¥, = 0.49 and

~
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Yz = 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.

10y / .
g 4
@
© 0.10

0.01

/—‘ x-\x\

4000 6000 8000 10*
\/; (GeV)

Figure 5. Z, photon, and new singlet fermions N, , 3
individual contributions to the cross section of
O.+e—_p+y- IN red, orange, and magenta colours
respectively. The plots correspond to the allowed
parameters M, = 1005 GeV, M, =~ M; =
1005.0000035 GeV, M; = 1385 GeV,my =

1405 GeV, ¥, = 0.4258,Y, = 0.49 and Y,
0.66.

50} o S o
40}

t / N
I

30} /

a(s)(fb)

20 |/

} |

6000 8000 10¢
J;(GeV)
Figure 6. Total cross section g,+,-_,5+5-. The plots
correspond to the allowed parameters M; =
1005 GeV, M, =~ M; = 1005.0000035 GeV,

M; = 1385 GeV, my = 1405 GeV,Y;, = 0.4258,
Y, = 049 andY; = 0.66.

4000

4. Conclusions

In this work we have studied the process ete™ —
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
N;,3. We have studied the processes that can
impose strong constraints on the parameter space
relevant to the process ete™ — 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 N, , 3 to the cross section of
ete” — HYH™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 N;,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 ete™ — H*H~ and thus can test our
predictions for either setting more stringent
constraints or verifying these predictions.
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