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Abstract: In this paper, beyond standard models are considered with additional scalar triplets without
modification of the gauge group (Higgs Triplet Model—HTM) and with an extended gauge group
SU(2)gr ® SU(2) @ U(1) (Left-Right Symmetric Model—LRSM). These models differ drastically in
possible triplet vacuum expectation values (VEV). Within the HTM, we needed to keep the triplet VEV
at most within the range of GeV to keep the electroweak p parameter strictly close to 1, down to
electronvolts due to the low energy constraints on lepton flavor-violating processes and neutrino
oscillation parameters. For LRSY, the scale connected with the SU(2)y triplet is relevant, and to
provide proper masses of non-standard gauge bosons, VEV should at least be at the TeV level.
Both models predict the existence of doubly charged scalar particles. In this paper, their production
in the e™e™ collider is examined for making a distinction in the s- and t- channels between the two
models in scenarios when masses of doubly charged scalars are the same.

Keywords: theoretical physics; particle physics; beyond Standard Model; scalar sector

1. Introduction

In 2012, the discovery of the neutral scalar particle, called the Higgs boson by the ATLAS [1]
and CMS [2] collaborations, confirmed the mechanism of mass generation in the Standard Model
(SM). However, SM can be an effective theory, similarly to as it was in the past with the Fermi
four-interactions theory, and in particular, the scalar sector of the ultimate theory of elementary
particles interactions may be more complex. One of the prime goals of Beyond Standard Model theories
is a deeper understanding of neutrino tiny mass generation. An additional scalar triplet can explain the
smallness of neutrino masses via the Type II seesaw mechanism. Also, there is a long-standing excess
observed in anomalous magnetic moments of the muon which, if confirmed, cannot be explained
within the Standard Model [3]. Furthermore, there are other phenomena in the universe which cannot
be explained by the SM, that is, dark matter, baryon asymmetry, and dark energy, which call for the
SM extensions and collider studies of possible exotic signals [4,5]. Extended scalar sectors include
additional neutral and charged scalar particles. There are two ways to extend the scalar sector of the
theory: directly, adding scalar fields, or indirectly, by extending the SM gauge group, which demands
proper adjusting of the scalar sector. These additional particles can generate various lepton flavor and
number violating processes, thus leaving signatures in the experiments. There are two facts which
make them worth studying at colliders. Firstly, doubly charged scalars can produce the same sign
dilepton signals at the colliders. Secondly, they are components of the triplet multiplets, an attractive
scenario to explain neutrino masses. We focus on two popular models containing doubly charged
scalars—SM with one extra triplet multiplet (HTM) and the left-right symmetric model (LRSM).
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These two models exhibit two very different scales of spontaneous symmetry breaking scales—eV
(HTM) and TeV (LRSM). Interestingly, though phenomenologically completely different, they can
produce the same type of signatures at colliders when doubly charged scalars interact with leptons.

In this work, we focus on doubly charged scalar particle production in e*e™ collisions within
HTM and LRSM. Our main goal is to initialize the work in order to understand how both models can be
differentiated when the doubly charged scalar H¥* would be discovered. We discuss in detail relevant
parameters of the model, carefully establishing benchmark points which give the same masses of H*=*
in both models, and analyze allowed scenarios for H** decay branching ratios and possible H¥* pair
production in e*e™ colliders.

1.1. Theoretical Introduction to HTM and LRSM

1.1.1. HTM

The HTM is one of the simplest extensions of the Standard Model. This model is based on the
SM gauge group SU(3)c x SU(2)r x U(1)y. An additional SU(2), scalar triplet is introduced in the
particle content. We are following the convention Y = 2Q — T3, where Q denotes the charge and T3 is
the third component of the isospin of the triplet. Depending on the hypercharge Y, the triplet contains
neutral, singly- and doubly-charged scalars. In the studied case, the HTM’s scalar sector is built of one
scalar SU(2); doublet ® (in which the SM Higgs boson is situated) and the triplet A with Y = 2:

cp_l( Vawg, ) A_l( wy ﬁ‘ﬁ:), (1)

V2 \ ve+he +ize V2 \ va+hp+izp —Wy

where vg and v, denotes corresponding VEV, while w, i, z, 0 are unphysical scalar fields. The physical
singly charged state can be expressed by a combination of the doublet and triplet fields, where the
doubly charged scalar field is already physical (see the Equations (A3a) and (A3c) in the Appendix A.1):

H* = —sinfwj+cospws, tanﬁ:‘/E;’A,

Hii — 5:ti_ (2)

The doublet and triplet VEVs vy and v, are bounded by the condition:
v = /0] + 203 ~ 246 GeV, ®3)

where v is the SM electroweak symmetry breaking scale.

In Appendix A.1, the other physical fields and their masses are presented. From those
considerations and from the decay i — <7, it is known that the | My++ — My+ | mass gap does
not overstep ~50 GeV. That conclusion will be important for calculating the H** decays and
branching ratios.

In the HTM, we do not introduce the right-handed neutrino fields. Neutrinos get masses due to the
Type Il see-saw mechanism. As in the SM, left-handed leptons form doublets:

Ly = (?ﬁ) , U=eu1. 4)
L

Apart from the scalar potential presented in Appendix A.1, the Yukawa part of the Lagrangian
should be added:

1
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where C is the charge conjugation operator and hy is the symmetric Yukawa matrix. The Yukawa
lagrangian L% provides massive neutrinos and interaction between triplet fields and leptons,
particularly the H¥* — IT — I'F vertex. In this case, the Yukawa coupling [6] reads:

1 # .
V™ = —— Vs diag{my, ma, m3} Vi, ©)
V20,

where m; denotes neutrino masses, and the PMINS matrix Vpyns is parametrized as follows:

cpcze™ s12€13€™2 s3ei0ce
B . .
Vemns = | (—8512023 — €12523513€°CP )e'™  (c1p003 — 512823513€°CP )e'™2  sp3ci3 | - ()

(512823 — €12023513€7CP )€™ (—c1p823 — 512023513€CP )€™ co3013

This vertex depends on the neutrino parameters, where introducing neutrino masses directly
breaks the lepton number. In Section 1.2, we will analyze the impact of this vertex and the doubly
charged scalar’s contribution to the lepton-number-violating (LNV) and lepton-flavor-violating (LFV)
processes. Note that this coupling is also inversely proportional to the triplet VEV v,, so the constraint
coming from LFV and LNV processes will also bound v.

1.1.2. LRSM

In the case of LRSM, the gauge group is extended by the SU(2)y right-handed group, where it is
now SU(3)c ® SU(2)gr ® SU(2), @ U(1)y [7,8]. There are a few ways to break this gauge symmetry
down to the electroweak scale. For that, new scalar multiplets are introduced. We are following [7-9]
with the scalar sector constructed of one bidoublet and two triplets with Y = 2, one under the SU(2);
and one under the SU(2)g group:

1 wT \/§5++
AL,R = —= ALr . JE’R . (8)
\6 UAp R + hAL,R + 1ZA; g _wAL,R
Again, doubly charged scalar fields are obtained, which are already physical:
Htt = 5++/
M D <9>

For the decomposition of singly-charged and neutral ones, see [9]. The whole scalar sector consists
of two types of doubly charged scalar particles, two singly charged scalars, three neutral scalars (apart
from the SM Higgs particle), and two pseudoscalars. Their masses are analyzed in the Appendix A.2.
The LRSM realises the Type I See-Saw Mechanism. Additional right-handed neutrino fields are also
present here, and form both left- and right-handed lepton doublet multiplets under the SU(2); and

SU(2)g group, respectively:
1/{ 1/(
Lo — i Lim— i )
iL ( ll/ >L/ iR < ll/ >R (10)

This time, the Yukawa Lagrangian contains contributions from Ay and Ag [9]:

Lly = —E%iUzALhMLL — _%iU'ZARhMLL +h.c., (11)

and again, the Hlizi — IT —IT vertex depends on heavy neutrino states masses and mixing. Since no
explicit data for the mixing parameters of heavy neutrinos exists, we safely assumed that their
couplings were diagonal (possible mixings are negligible for our scalar boson studies):
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y LRSM

1
NP

My, M3} (12)

1.2. LFV Bounds on the Triplets VEV

The H¥% — IT —I'F vertex contributes to many LFV and LNV processes. In the Table 1 we present
the most relevant processes with corresponding experimental limits. The theoretical formulas for
branching ratios for low-energy processes used in this publication are [10]:

Table 1. Low-energy LFV processes with H¥* mediation and corresponding experimental limits.

Process: Diagrams: Limits:

/ﬁ BR(p —ey) < 42 x10718  [11]

T r T 0 VR BR(T — e7) 33 x 1078  [12]
BR(T — py) < 44 x 1078 [12]

H¥ <]A
Three body decay: BR(p — eee)

Radjiative decay:
I =1y

ININAIA

) < 1.0 x 10713 [13]
I = Ll BR(T — L11hl3) < ~1078 [14]
# —; Ze\]‘?i“s\rlilm ; S/ v v R(uTAu—e Au) < 7.0 x 1078 [15]

BR(u — e) = 19 ‘(yg%)”‘lz (M%.[i Mi;ii )2 BR(pu — etevy),

BR(T — e7) = [ y:”' <M%1:t i )2 BR(T — ev,vr),

BR(T = py) = 5= \(3”(3;’%);442 1 )2 BR(T — uiuvr), (13)
BR(y — eee) = é \(y;)/gi)mlz BR(y — evv),

BR(t — Lll) = &7‘(3’?&3“ BR(t — piv),  S= { ; i ;;i

The rate of y to e conversion in atomic nuclei [10,16,17] (Zeg, Tcapt and F(g? =~ —m}%) for the
different atomic nuclei can be found in [18]):

* _ (D‘emmy)szeffZ|F(q)\2 y;‘}lyWF(r,sy) _ 3(y‘ry)e}l 2
R(VN - eN ) B 47T4mA:t;trcapt 3 8
o 2s 4s (12541
F(rs) = Insy+ 5 4+ (1= 2) x /(1+ 5 mVE2 2 g
(14+55)-1
2 2
r=——1 ,Sp = TV
AEE AL

The H** and H* contribution to the (g — 2), process are presented by diagrams in Figure 1.
The analytical formulas can be found in Equations (15) (Diagram I) and (16) (Diagrams II and IIT) [19,20].
By g1, we denote the lepton/scalar charge, where 1, is the mass of the lepton/scalar particle.
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xz—x3+’"l 2} ] )
, 15

219 {
[Aay], = _ql}Sinzw/O dx[(nﬂxz + (m? —mz)x—l—Mz(l—x))

[Aay] = —qH
plon, o 2
8 m%x2 + (M2, — m%,)x + (1 —x)m?

mng/oldxl( {63+ )| )1‘ ")

v(q) l\‘\‘\‘wv(q) l\‘\‘\ﬁ (9)

s HEE N s HEN
/ \ / \

| | | |
(k1) H** (ki +q) 11(kr) 1(r) (ki +aq) (k1) v ulki +q)

Figure 1. Singly- and doubly-charged scalars’ contributions to (g —2),.

2. A Case Study: Benchmark Points for the Scenario With my++ = 700 GeV in HTM and LRSM

In this work, we examine the case when a mass of H+ is 700 GeV.
From the LHC data (see Figure 13 in [21]), to keep Mpy++~700 GeV, a doubly charged scalar’s
decays must satisfy the following conditions:

BR(H** — ee) < 0.5 BR(H** — uu) <03,

BR(H** — ey) <05 Y, ,BR(H** = 1I') <0.7. 17

The above limits apply to the doubly charged scalar particles coupling to the left-handed leptons,
but since in the LRSM we assume the degenerated case M HEE = M HE* and the couplings H; ii —1-1

are equal, H2ii has to fulfil the same condition. Those limits were calculated assuming that the doubly
charged scalar particles decay 100% to leptons. In Section 3.2, we show that this assumption is justified
both for HTM and LRSM. Relative leptonic branching ratios do not depend on the triplet VEV, but vary
depending on neutrino parameters, as well as Majorana phases (see Figure 1 in [22]). For further
calculation, we used the neutrino oscillation data from [23,24] within the 2¢ confidence level range
and Majorana phases a1, € (0,277) (see the PMSN matrix parametrisation in Equation (7)).

In the case of LRSM, we covered the vg region examined by the LHC with corresponding heavy
neutrinos’ masses [25,26]. Details are discussed in Section 3.1. Regarding the scalar particles’ masses,
we constructed a scalar mass spectrum in which My+: = 700 GeV. Corresponding parameters of
scalar potentials in both models are given in Table 2.

The mass benchmark points were constructed in order to satisfy several conditions.

For HTM, the potential stability imposed the following relation between the model
parameters [27,28]:

A>0, /\2+ >0, M+ /A Az-l—)\g >O AM+As+ /A /\2+A3 >0

18
MalvA2 F A3 —A3VA >0 or 2A;+Ag+ \/(2M3 —AD(E2+1) >0 18)
On the other hand, from unitarity constraints, we got [29,30]:
Max{‘ s Al 3124 4 3A4], AL+ Adl L A 2A0 — Adl, |3 —2A0], 242],
12(A3 +A2)| , 1 )3)\ + 1645 + 1243 £ /(BA — 1645 — 12A3)2 + 24(Ag +211)? (19)

1 (/\+4A2 +8M3 % /(A — 44y —8A3)2 + 16)\%‘ } > 167 (8n).
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Table 2. Exemplary benchmark points and corresponding potential parameters for HTM (vy = 15 eV)
and LRSM (vg = 7000 GeV) with M HEE = 700 GeV. The scalar potential parameters are defined in
the Appendix A.1, Equations (A1) and (A6).

E p=172x10"7 A=0519 A =0519 Ay =167 A3=0. Ay=0.
e M, =125 My=700 Mpys=700 Mgyes =700
Ay =0.129 p; =0.00375 p; =0.00375 p3—2p; =0.015 a3 =4.0816 21y —A3 =0
% Mg =125 My =10000 My =606 My =606
—

MHlii =700 MHZti =700 MHlt =655 MHzt =10 003

The right side of the above inequality depends on the convention, whether we chose the scattering
matrix element M less than 167t (what corresponds with the Oth partial wave amplitude |ao| < 1,
see Equation (1) in [30]) or 87 (| Re(ag)| < 1). Figure 2 in Reference [27] presents the mass region plot
for heavy neutral scalar My and singly charged scalar My allowed from potential stability, unitarity,
and the T parameter [31,32] for the triplet VEV 1 eV. The calculations for My+ and My=++ in Figure 2
using both M < 1671 and M < 87 constrained the maximum |M++ — Mp+| gap, and thanks to that,
we could determine possible H** decay channels. The mass gap should be less than Myy. Taking those
results into account, we found our choice of a degenerate mass case My++ = Mg+ = My fulfilled the
potential stability, unitarity, and the T parameter restriction and bounds from k — 7y [27,32-34].

1000

900

800 -

WP OB DD B EEEE
HHHHEER PP DD R EE
WP P SO PR E
700 B b b
WP DD DR R R

SRR bbb R
B
bbb bk
600 - Wb S
i
QR b
SR R A
b A
500 - R
S
RO
AR R
B

My [GeV]

Allowed by unitarity and potencial stability, |Re(ag)| < 172+

400 |eepremsEE L Allowed by unitarity and potencial stability, |ag| < 1 E
bbb sk sk ok b
s Allowed by the T-parameter
[ My;t+ = Myt degenerated case
300 | | | | | |
300 400 500 600 700 800 900 1000
My [GeV]

Figure 2. Singly and doubly charged scalars’ mass dependence with limits coming from unitarity,
potential stability, and the T parameter for vy =1 eV.

3. Results and Discussion

In this section, we will apply determined parameters of the HTM and LRSM models and calculate
possible VEV scales, and in order to compare the two models, the H (jﬁ) branching ratios. In numerical
calculations, fortran and Mathematica scripts were used, and the cross-section ete” - H ijzt HfT

(12)7°(12)
process was calculated using MadGraph [35].
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3.1. Limits on the Triplet VEV

The limits on the triplet VEVs come from several sources. Firstly, the additional scalar triplets
under the SU(2); group impact the value of the p parameter which relates masses of W and Z bosons
with gauge SM gauge couplings [36] or gives a ratio of charged and neutral currents (see the Appendix
in [37]). Taking experimental data into account, p**? = 1.00037 £ 0.00023, scalar triplet v, is restricted
from above, and the maximum VEV is of the order of 1.7 GeV. We assumed that for LRSM, the VEV of
the SU(2) scalar triplet is equal to zero. That choice allows for avoidance of the fine-tuning problem
discussed in [8,38]. In HTM, the SU(2) scalar triplet is restricted from the bottom by the low energy
constraints, where it is not possible to set it to zero. In Table 3, we present the lowest limit on the HTM
triplet VEV for Mpg++ = 700 GeV. The limits come from solutions to the relations in Equations (6) and
(7), as well as experimental data on masses and mixing of neutrinos.

Table 3. Lower limits on the triplet vacuum expectation value v, (in eV) for doubly charged scalar’s
mass My=++ = 700 GeV. We calculated the above results by scanning through the entire space of neutrino
oscillation parameters, that is, within a +20 confidence level range of mixing parameters [23,24], as well

as the whole range of Majorana phases «1 5, taking into account the cosmological neutrino mass limit
Y3 my, < 023eV[39].

NH IH
minovy [eV] 093 1.07

In the case of the SU(2)g scalar triplet VEV in LRSM, the p parameter was preserved if vg > x4,
where x. is the SM electroweak symmetry breaking scale (see Equation (42) in [9]). On the other hand,
to provide correct masses of heavy scalars and right-handed gauge bosons, vg had to be at least at
the TeV range. As we were interested in the region potentially examined by the LHC, we needed to
restrict its value to the range vg € 10° + 10* GeV. As the LNV and LFV bounds discussed in Section 1.2
depend on heavy neutrino masses, using the relation between the heavily charged gauge boson’s mass
and SU(2) triplet VEV:

v
M, ~ & = My, =047 0r (20)

We were able to find the parameter space for the triplet VEV vg and heavy neutrino masses.
For that, we used the CMS experimental data from the pp — [Ijj process. Figure 6 in [25] and Figure 7
in [26] present My, — My exclusion plots, assuming My, > My. For convenience, we repeat them
here (see Figure 3). We used these data and exclusion plots for further analysis.

cMs 35.9 fb™ (13 TeV)

_ _ 35.9 (13 Tev) =
< 2 < AASREAARMARRAY: ARaaaaaan =
° cMs =3 /! 2 <t =
& ee channel 5 8 CMS |\ channel / 10 s E L 2
. 3 T T = >
] - - Expected 2 # - - Expected —~ 08§
& -.- - 68% expected @«// g & -.. - 68% expected iz f %
- + 68% expected ] - + 68% expected @ E
—Observs ° bs 4 E T
5 5 100,
E 1 % 0.6~ =
Y = Q
X x
i = F =
% & 0.4 z
. - § I 10 T
Q
o
0.21 ©
| [0 R R ]
1000 1500 2000 2500 3000 3500
1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000 m(W,_) [GeV]
my, (GeV) my (GeV) R
(a) (b) (c)

Figure 3. Upper limit on the pp — 11jj cross-section for different and mass hypotheses, for the electron
(a), muon (b), and taon (c) channels. The thin-dotted (blue) curves in the Figures (a) and (b) indicate
the region in (My,, My;,) parameter space that is expected to be excluded at 68% CL [25,26].
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3.2. Doubly Charged Scalar Particles Decays within the LRSY and HTH

3.2.1. HTM

In the HTM model, the doubly charged scalar can decay to leptons, a W+ boson, and singly
charged scalar particles. Because the singly and doubly charged scalars’ mass gap is less than My,
the H** — H*H* and H** — H*W™ processes are suppressed. There are two possibilities left:
H** — ll.il]-“—L and H¥* — W*W=. Since H¥* — W* — W is proportional to the triplet VEV v,,
and H** — ll.i — l]-i ~ v;l, leptonic channels dominate, from 0 up to aA~10° eV (see Figure 4 in [40]),
so our assumption that doubly charged particles decay purely to leptons is valid for our benchmark

points, especially when we are interested in the low v, values at the range of 1 + 10 eV.

3.2.2. LRSM

In the LRSY, the doubly charged scalar particles can decay to gauge bosons W;, W5, and singly
charged scalars Hi" and Hj . Some of those decays are connected with vertices which are proportional
to the SU(2), triplet VEV vy = 0 or to the W; — W, mixing angle & < 1072 [41,42]. Also,
as MHlizi < MHli (see Equation (A8h)) and MHlizi < My, diagrams involving heavy gauge
bosons are suppressed for the 1.5 TeV e'e™ collision energy, again, leptonic decays of doubly charged
scalar particles dominate.

3.3. Doubly Charged Scalar Particles” Pair Production at Future High Energies

Let us consider the potential production of the doubly charged scalar particle pair at a ete™
collision energy of 1.5 TeV. A TeV energy range of e*e~ coliders has been studied intensively in
the past. Presently, the only considered scenario with such extreme collision energies of leptons is
the CLIC project [43] (in future, extreme energies may become possible in Plasma Wakefield Linear
Colliders [44]). The list of Feynman diagrams is given in Figure 4. In the s-channel, a H** pair
production goes by scalar and gauge bosons (Figure 4a), and in the t-channel, production is connected
with an exchange of the charged lepton (Figure 4b).

For the s-channel, in two considered models, the photon, Z boson, and SM-like Higgs particles
contribute. In HTM, additional scalar H can also couple to leptons and doubly charged scalar particles,
where in LRSM, HY and HY also contribute. Examining couplings carefully, we can find that the scalars’
contribution to this process is negligible. In LRSM the heavy gauge Z; boson is also present in the
s-channel.

. NHE T SHE,

(a) (b)

Figure 4. Feynman diagrams for the (a) s-channel and (b) t-channel pair production of doubly charged
scalar particles in the ete™ collision. The following particles contribute to the diagrams: HTM: 7, Z,
h and H (s-channel); e, y, T (t-channel). LRSM: «y, Z1, Z, Hg, H?, Hg (s-channel); e (t-channel). The LFV
breaking vertex Hlizi — l; — Ij is not present since Yukawa couplings are assumed to be diagonal (see
Equation (12)).
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++ _ 1—1
(12)
Equations (6) and (12)). Figure 5 presents the cross-section for the et e~ — H (ilg) H 7. process and its

(12)
dependence on the triplet VEVs within the HTM (left) and LRSM (right) models.

The t-channel diagram contains the H vertex, which depends on the triplet VEV (see

HTM LRSM
T 1 T T
102 LFV excluded i 100 exc:ugeg
exclude
T channel NH [ 101 Tchamel ¥
10° T channel IH g 1o S channel =
2 S channe| = 10? \ —
gw ] g3 3 F X ¥
o} 104 | 0 104 @ E X%QKX
105 N ﬁxﬁﬁﬁx%’ﬁ
10 1 105 % Q&SE HRoREE BB
*
108 | 107 ¥
[ 10-8 | | | | | | 1
102 101 100 10! 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Va[eV] Vg [GeV]

(a) (b)

Figure 5. Doubly charged particles’ pair production ee™ — HTTH~~ for M HES = 700 GeV and
CM energy 1.5 TeV. (a) Left figure is for the HTM and (b) LRSM. The choice of the parameter space is
discussed in Sections 2 and 3.1. The crossed area is excluded by (a) the LFV processes (b) and (g — 2) "
and FCNC. The maximum for vg = 1900 GeV comes from the Z, resonance.

As expected, the t-channel dominates for the lower triplet VEV v, . The shaded regions correspond
to normal (red area) and inverted (green area) neutrino mass hierarchies, with neutrino parameters
smeared within +2¢ for Majorana phases a1, € (0,27), taking into account the cosmological neutrino
mass limit } ;m,, < 0.23 eV [39]. On the other hand, taking into account LFV processes and limits
given in Table 3, we can see that triplet VEV vy < 1 eV is forbidden by the low energy experiments,
so the whole region where the t-channel could bring a significant contribution is excluded.

In LRSM, we studied possible triplet VEV values using LHC CMS data for possible heavy neutrino
masses N, N, and N within the 68% confidence level, assuming My, > My, (see Figure 3). The result
is given in Figure 5b). We assumed diagonal Yukawa couplings and no LFV in the HlizjE —1—1
vertex. Still, additional constraints came from experimental data which was discussed in Séction 1.2,
such as couplings Ve, and ), couplings which was a constraint by the (g — 2), experiment (see
Equations (15) and (16)), ete~ — IT1~ [45], and the Meller scattering [46]. Both branching ratios
Equation (17) and FCNC limits on the scalar particles masses were also crucial in our analysis (see
Appendix A.1).

Taking the above bounds into account, we excluded the triplet VEV below ~3600 GeV and the
parameter region where the t-channel could dominate over the s-channel. However, in contrast to the
HTM model, the t-channel’s contribution is still comparable with the s-channel, and cannot be neglected.

Regarding the s-channels, both in HTM and LRSY, this channel does not depend on the triplet VEV,
and a significant Z, contribution is excluded by the (g —2), and FCNC conditions, so a heavy gauge
boson contribution does not affect the final results for the s-channel contributions and H, (Jﬁ) H (12)
pair production.

Here, we have focused on the H** pair production process in e*e~ collisions. As signals might
be observable at some regions of model parameters, in future we plan to carefully study subsequent
decays of H**, as well as background processes. It is worth noticing that doubly charged scalars can
exhibit small decay widths, thus having long life-spans [47,48], and they do not leave any signatures
in the detector-charged tracker, or can even escape the detector. However, they can deposit energy on
different sub-detectors. Thus, they can be searched for through displaced secondary vertices analysis.
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This kind of search can be important for feeble interactions of doubly charged scalars, and can be
complementary to same-sign dilepton decay studies of doubly charged scalars with prompt decays.
Studying such scenarios is also on our agenda. Searches for heavy long-lived multi-charged particles
have already been initiated by many collider experiments, such as ATLAS, CMS, and Tevatron [49-52].

4. Summary and Outlook

In this article, we have discussed the present status of the simplest beyond-SM models which
include doubly charged scalar particles. We presented the status of experimental data relevant for the
determination of non-standard spontaneous symmetry breaking and VEVs in both models. We made
a case study for a realistic scenario when a mass of this particle is 700 GeV, taking into account all
relevant experimental constraints, and discussed its decay channels and a possibility of H** pair
production in future e*e™ colliders, as a function of allowed VEV. In HTM, the low-energy experiments,
such as (g — 2),, p-parameter, and LFV and LNV processes put stringent constraints over triplet
VEV such that vy S O (eV), whereas right-handed triplet VEV in LRSM was constrained by the
search for the new charged gauge boson which required vg 2 O (TeV), depending on the mass of
right-handed heavy neutrinos. We provided the benchmark for both the models considering the mass
of a doubly charged scalar to be 700 GeV. In the proposed e e~ colliders, the doubly charged scalar can
be produced in pairs via the Drell-Yan process, heavy neutral bosons, and BSM neutral scalars. In HTM,
pair production is dominated by the t-channel in region v, 2 O (eV), which is excluded by the low
energy experiments. In LRSM, the right-handed breaking scale vg < 3600 GeV is excluded by low energy
constraints, including FCNC, but the t-channel can still be comparable with the s-channel, and provides
appreciable contribution to the doubly charged scalar pair production, in contrast to HITM. The s-channel
contribution to the pair production process is, however, practically the same in both models for the
considered realistic benchmarks. Therefore, the conclusion is that the signals are more promising in the
case of LRSM, where the t-channel can be comparable with s-channel contributions for vg values up to
10 TeV. We plan to study such cases more carefully in the future, paying more attention to the decay
modes, background processes, and scenarios with displaced vertices. However, a more relevant option
in the context of our studies seems to be pp colliders, HL-LHC, and particularly, the FCC-hh collider,
which opens up the window for huge energies of proton—proton collisions up to 100 TeV [4,5,53].
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Appendix A

Appendix A.1. Scalar Particles within the HTM

The most general scalar potential with an additional triplet has the following form [29]:

V =

where:

(A +Aq) 5

The physical fields and their masses are:

where:
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We are following the notation from [29]. We express the lagrangian coefficients A, A;, u (see

Equation (A1)) as the functions of scalar particles’ masses:
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where s, and c, denote sina and cosa (Equations (A3d) and (A5)). We used an approximation
Sa = sina ~ 2% — 0 [27]. Substituting the potential parameters in Equation (A4) by Equation (A6),
relations between masses of physical states are obtained. They are not independent, and we chose
Mpy=++, My and M, = 125 GeV as external parameters for My+ and M 4:
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Appendix A.2. The Mass Spectrum in LRSM

The scalar potential for LRSM with one bidoublet and two triplets is given in Equation (25) in [9].
Scalar particles masses as functions of potential parameters are presented in Equation (A8).

Mgg ~ 2% Ay =125 GeV (A8a)
M%{? ~ %Wﬁ{ > 10 TeV (A8Db)
M%{g ~ 2plv% (A8¢)
M%{g ~ %U%{ (03 —201) > 55.4 GeV (A8d)
Mi? ~ %a% —2k2 (242 — A3) > 10 TeV (A8e)
My = 30k(0s — 201) (A8
M%ili o~ %v% (o3 —2p1) + itxgki > 10 TeV (A8g)
quzi ~ %ag {v%{ + ;Ki] (A8h)
Mﬁlﬁ ~ % {U%z (b3 —201) + asKﬂ (A8i)

1 .
M%{Zﬂ ~ 20,0% + 50637(3_ (ASj)
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where k; = 246 GeV is a combination of bidoublet VEVs. Hg corresponds with the SM Higgs
boson, so it has a mass of 125 GeV. Neutral H) and A{ particles intermediate the Flavor-Changing
Neutral Current (FCNC) processes [54], so their masses (Equations (A8b) and (A8e)) must be higher
than 10 TeV to suppress this effect. Some limits on the other neutral scalar particles comes from
the LEP-II experiment M HY < 55.4 GeV (Equation (A8d)). This time, we cannot assume the mass
degeneration, and from Equatlons (A8g)—(AS8j) it is obvious that MHlii # MHi and M HE* # M H
For M HEE = 700 GeV maximum value of M HE is equal to 655 GeV, so the minimum mass gap is
less than the Wi mass: M HEE T M HE > 45 GeV. The M HE is greater than 10 TeV (to be compared

with Equation (A8b)), so we will ignore the H, =+ H, - + X decay. The whole mass spectrum and
corresponding potential parameters we used in this paper are shown in the Table 2. Those values also
fulfill the potential stability and unitarity bounds (see Equations (5)—(10) and (21) in [55]).
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