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We investigate the possibilities of probing the electroweak scale seesaw scenarios such as type-I, type-II,
and type-III seesaw at e"y and yy colliders. For the case of type-I seesaw, the heavy neutrinos can be
produced at e~y colliders in association with a W boson. We study a variety of final states in this case,
including single and multilepton modes in association with jets to estimate bounds on the light-heavy
neutrino mixing angle. In case of type-II seesaw, doubly charged multiplets of the SU(2), triplet scalar can
be produced in pair at yy collider. We study the multileptonic decay modes coming from this pair
production of doubly charged Higgs and show how one can probe neutrino mass hierarchy. We also study
same-sign W boson production from the doubly charged Higgs to study multilepton modes in association
with missing energy. From the type-III seesaw, we study same-sign dilepton + jets and trilepton + jets
modes at e~y collider which are coming from the neutral and charged component of the triplet fermion in
association with a W boson and a Z boson, respectively. Due to the existing limits on the triplet fermions
from the LHC we choose heavier mass so that the gauge boson originating from the decay of a neutral
multiplet can be sufficiently boosted producing a fat-jet signature in association with same-sign dilepton
and trilepton. Finally, we estimate bounds on the light neutrino-heavy triplet fermion mixing angle and

compare them with the existing bounds.
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I. INTRODUCTION

The tiny neutrino mass and flavor mixing from different
experiments [1] address a long-standing puzzle of the
massless neutrino sector in the Standard Model (SM).
However, within the SM the answer of the origin of the tiny
neutrino mass and flavor mixing is hitherto unknown
despite a variety of proposals to explain these experimental
anomalies. The most amicable idea was introduced by a
dimension-five operator in the context of the SM (com-
monly known as the Weinberg operator [2]) which literally
inaugurated a simple but powerful direction of beyond
the SM (BSM) physics followed by the introduction
of SM singlet-heavy Majorana-type right-handed neutrinos
(RHNSs) [3-8] where a tiny neutrino mass is generated by
the suppression of a lepton-number violating the high-mass
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scale. This scenario is called the canonical seesaw or type-I
seesaw scenario. These RHNs can have masses from eV
upto a very heavy scale [9]. The sterile neutrinos having
mass in the eV to keV scale may lead to effects from the
short-distance neutrino oscillation experiments [10-15] to
cosmology [16,17]. The RHNs having mass in the MeV to
GeV scale may lead to the effects which can be studied in
neutrino beam dump [18-20], near detector [21,22], and
meson decay [23-34] experiments. Heavy neutrinos in
the GeV to TeV scale have been studied extensively in
the context of the high-energy colliders from a variety of
initial states via prompt and displaced vertex searches, see
Refs. [35-104].

Type-II seesaw scenario [105-111] is another attractive
possibility to study neutrino mass generation mechanism
which can explain the origin of tiny neutrino mass and
flavor mixing. This is a UV-complete scenario of the
dimension-five Weinberg operator, where a triplet scalar
field with the hypercharge ¥ = +2 is introduced to the SM
where we find an extended scalar sector [112—117]. In this
case the complex scalar transforms as a triplet under the
SU(2), group which interacts with the SM gauge bosons,
the lepton doublets, and the SM Higgs doublet. The neutral
component of the triplet scalar acquires a vacuum expect-
ation value (VEV) v, which allows us to generate eV-scale
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light neutrino masses through the Yukawa interaction
between lepton doublets and triplet scalar fields. The
type-II seesaw model can naturally allow large neutrino
Yukawa couplings simultaneously with a light seesaw scale
even below the TeV scale. This can be realized with a
relatively small value of induced triplet VEV (v,) which
naturally generates eV-scale neutrino masses with even
O(1) neutrino Yukawa couplings. Also, in this scenario, the
same Yukawa interaction has a significant impact on
charged Higgs phenomenology. The most intriguing
element of this model is the presence of a doubly charged
Higgs, which can have multiple decay modes whose
branching ratios are determined by neutrino-oscillation
data [118,119]. As a result, the detection of this exotic
particle could have a “smoking gun” signature of this
model. Several experimental searches to study a variety of
signatures from the doubly charged Higgs at high-energy
colliders were conducted in [120—124]. Theoretical aspects
of the type-II seesaw and triplet scalar models at different
colliders were discussed in [125-144]. Depending on the
magnitude of the triplet VEV v,, the doubly charged Higgs
mainly decay to same-sign dileptons (v, < 107* GeV) or
gauge bosons (v, > 107 GeV). By studying these lep-
tonic or gauge-boson decay modes, constraints on doubly
charged Higgs properties can be probed by the LHC search.
For the small triplet VEV v, < 107* GeV, the constraint is
my+= > 870 GeV [120,121], whereas for v, > 107 GeV,
the constraint is rather loose, my=+ > 220 GeV [122]. On
the other hand, for the case of singly charged and neutral
scalars, the official LHC searches have been conducted in
the context of type-Il seesaw model through the gluon-
fusion channels in [145-150] which are further suppressed
by O(v3}), rendering them irrelevant for constraining the
type-II seesaw model.

Apart from the type-I and type-Il seesaw scenarios,
type-III seesaw can be considered as another interesting
framework which is realized by extending the SM by an
SU(2), triplet fermion with zero hypercharge. Such a setup
can generate small neutrino mass [151] and flavor mixing
through the seesaw mechanism. The triplet fermion con-
tains singly charged and charge-neutral multiplets. The
light neutrino mass is generated by the vacuum expectation
value of the charge-neutral multiplet after the seesaw
mechanism. These charge-neutral multiplets can mix with
the SM neutrinos through which they interact with the SM
bosons. The charged multiplets of the triplet fermions can
also interact with the SM gauge bosons through such
mixings at the time of their association with the SM
leptons. Therefore, such neutral and charged multiplets
of the triplet fermions can be produced at high-energy
colliders through their interactions with the SM gauge
bosons and such production modes are generally sup-
pressed by the light-heavy mixing square. On the other
hand the charged multiplets of the fermion triplets can
be pair produced directly (i.e., not being suppressed by

light-heavy mixing) from the neutral SM boson mediated
processes. The type-III seesaw scenario has been studied at
high-energy colliders to study a variety of phenomeno-
logical aspects like prompt and displaced signatures from
multilepton and multijet channels [152—-165]. Recently
LHC has studied these triplets from the multilepton mode
at /s = 13 TeV with 138 (139) fb~! luminosity at CMS
(ATLAS) experiment by setting a limit on their masses as
1 TeV from the flavor-democratic scenario [166,167].

These seesaw scenarios can be tested at different high-
energy colliders from a variety of final states. Among these
high-energy machines lepton colliders are interesting ones;
however, they can also be modified in an interesting way.
Commonly we use electron and positron beams to construct
a lepton collider. In some proposals muons and antimuons
are also considered to be a future collider where the muon
mass helps to achieve a high center-of-mass energy [168—
171]. On the other hand in the context of electron positron
colliders, positron beam can be replaced by a backscattered
photon to think about an electron-photon collider which
can have an extremely rich physics potential [172-202] at
different projected luminosities [203-206] including, con-
ceptually, interesting beam-dump facilities [207,208]. In
addition to that, both electrons and positrons can be
replaced by backscattered photons to propose a photon-
photon collider. Taking e~y and yy colliders under con-
sideration we propose some interesting and unique signa-
tures from the seesaw models which could be significant to
test a neutrino mass-generation mechanism in future.

In the case of the type-I seesaw, the SM singlet heavy
neutrino can be produced at ey colliders in association
with W bosons. The heavy neutrino then can decay into a
charged lepton and a W boson. The leptonic decay of the
associated W can produce same-sign dilepton (SSDL) and
hadronic decay can produce multijet signatures provided
that the W boson from the heavy neutrino decays into
jets. In e~y colliders we directly produce the first-
generation heavy neutrino which couples with electron
dominantly. The SSDL signature is unlikely to be
observed from a single heavy neutrino production at the
electron-positron colliders. As a result this mode could be
an interesting complementarity check of the neutrino
mass-generation mechanism. We also consider the oppo-
site-sign dilepton (OSDL) signal to study limits on the
mixing angle and compare them with those obtained from
the SSDL scenarios.

In the case of the type-II seesaw, the triplet scalar has
single- and double-charged multiplets. Doubly charged
multiplets can be produced at the ¢~y collider in association
with charged leptons and at the yy collider in pairs. The
doubly charged multiplet can decay into pair of W bosons
or a pair of charged leptons giving the lepton-number and
flavor-violating signatures which could be probed at these
colliders. The leptonic decay of the doubly charged Higgs
involve the Yukawa coupling which depends on the
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neutrino mass hierarchy. Investigation of such decay
modes from the charged multiplets of the triplet scalar
may enlighten the order of the light neutrino mass at the
e~y and yy colliders.

In the case of the type-Ill seesaw, the triplet fermion
consisting of neutral and charged multiplets can be pro-
duced at the e~y colliders. Due to the high-mass bound on
the triplet fermion from the LHC, we investigate the
boosted decay of the gauge bosons from the neutral and
charged multiplets of the triplet fermion. In the case of
neutral multiplets we study the SSDL signature with a
boosted W boson from the neutral multiplet of the triplet
fermion. On the other hand we investigate the production of
the charged multiplet in association with Z boson.
Considering the leptonic decay mode of the associated Z
boson and boosted Z boson decay from the charged
multiplet of the triplet fermion, we investigate a trilepton
signature with a fat jet. Due to the presence of the visible
final states, we may reconstruct the triplet fermion involved
in the neutrino mass-generation mechanism.

The paper is arranged in the following way. In Sec. IT we
discuss the testable seesaw models at the tree level. We
calculate the production cross sections of the BSM particles
in Sec. III in the context of electron-photon and photon-
photon colliders. In Sec. IV we discuss collider analyses of
different production modes of the BSM particles. Finally
we conclude the article in Sec. V.

II. TESTABLE SEESAW MODELS
AT THE TREE LEVEL

Mechanism of neutrino mass generation has been pro-
posed in many ways which can explain the origin of tiny
neutrino mass and flavor mixing leading to a variety of
reach phenomenology. The common scenarios are known
as type-I seesaw where the SM is extended by SM singlet
heavy-Majorana neutrinos, type-II seesaw where the SM is
extended by SU(2), triplet scalar and type-IIl seesaw
where the SM is extended by SU(2), triplet fermion,
respectively. In the following section we give a compre-
hensive review of type-I, II, and III seesaw mechanisims.

A. Singlet fermion induced tree-level seesaw scenario

In case of type-I seesaw scenario, SM singlet RHNs
(Nfg) are introduced. The RHNs directly couple with the
SM lepton doublets (£7) and the SM Higgs doublet (H).
The relevant part of the interaction Lagrangian is written
below as

_ 1 —
Line D —yT7CHNE — EmgﬂN;ﬁcNﬁ +He., (1)

where @ and f are flavor indices. After the spontaneous
electroweak symmetry breaking through the VEV of the
Higgs field, H = (\/% 0)7, we obtain the Dirac mass matrix

as M, = VLﬁ” We write down the neutrino mass matrix

below using the Dirac and Majorana mass matrices as

MD:< 0 MD). (2)

ML My

Hence, diagonalizing Eq. (2) we obtain the seesaw formula
for the light Majorana neutrinos as

my, ~—MpMy' MY, (3)

For example using My ~ 100 GeV, we may obtain yp ~
107% with m, ~0.1 eV. However, in the general para-
metrization for the seesaw formula [209], Dirac Yukawa
coupling yp can be O(1), and in this paper we consider
such a scenario.

Assuming M M5! < 1, the light neutrino flavor eigen-
states () can be expressed as a combination of the light
(v,,) and heavy (N,,) neutrino mass eigenstates in the
following way:

rx= NUWL + Van’ (4)

where

1
V =MpMy', N = <1 —2€> Upmns,  (5)

with € = V*VT, and Upyys is the usual neutrino mixing
matrix by which the mass matrix m, is diagonalized as

UIY;MNSmu Upmns = diag(ml , My, m3). (6)

In the presence of ¢, the mixing matrix N is not unitary
[210-213]. Replacing the flavor eigenstates from Eq. (4) in
the charged current (CC) interaction of the SM we obtain
the modified form the Lcc in the following as

9

V2

where e denotes the three generations of the charged
leptons in the vector form, and Py g) = 1(1 F y5) are the
projection operators. Similarly, replacing the flavor eigen-
state of the light neutrinos in terms of the mass eigenstates
from Eq. (4) in the SM neutral current (NC) interaction we
obtain

ECC = — Wﬂé}/”PL(NI/m + VNm) + H.C., (7)

Lnc = =5 2Ty PLN N o + Nup PL(VIVIN,,

w

+ {Tur*PL(NTV)N,, + Hc.}], (8)

where c,, = cos @, is the weak mixing angle. Because of
nonunitarity of the matrix N, N'N # 1, the flavor-
changing neutral current occurs.
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The dominant decay modes of the heavy neutrino when
it’s heavier than the SM gauge and scalar bosons are
N — W, v,Z, veh, respectively and the corresponding
partial decay widths are respectively given by

The partial decay width of the heavy neutrino into charged
gauge bosons being twice as large as neutral one owing to
the two degrees of freedom of (W=). When heavy neutrinos
are in the mass range 10 GeV < My < My, they undergo
mainly through three body decay channels. In this case, the

T(N; = £,W) = FVial* (M3, — M§,)* (M3, + 2M5) partial decay widths of N; can be approximately given by
64x M3 M3, '
PV, = 7)1Vl (MY = M52V +205) TN; = tatyve,) =TWNi = 2it57)
. —> U =
' “ 1287¢2, M3M?% ' G?
Vi 2(M2 = M2)? (12 = Val* (g3 MR, (@#5). (10)
[(N; = vh) =4 N_Th (") (9)
327Z'MN v
|
C(N; = €5¢5v,) =T(N; = €5¢50,,)
2 Gt s (15 ‘4
~ | Vil 1090 M3 708 20y +sin*Oy | (a #p), (11)
F(N—)fl/ﬂ+yf) F(N—)fl/ﬂl/f)
2 Gt s (1o ‘4
~ |Vl 9, s M3, 708 20y, + cos 20y, + sin* Oy |, (12)
_ _ 1 G2
F(Ni - V/}V/}Vf,,) = F(Ni — Uplplp, ) |Vm|2 41922 MS (13)
G2
FNi_)f(;QaZIb :FNi_)f(JIrQaQb N V(ll V 2 E Ms.y 14
19273
2 GIZV 2
P(N; = qadave,) = T(Ni = 4odabe,) = NelVail* 1955 M3 20190 + 1941). (15)
where 100 - — — . —
1 4 1 — ew
) u __
gy =5~ 35m Ow. 9a = 75> Vell+elyvy,
2 1 =
d — —— 4+ Zgj —— 1 < ..
9y +3sin" Oy, ga =7 (16) A Velj
2_ 10_1 /—— _:
respectively which come from the interaction between = i ]
Z boson and the quarks. N. =3 is the color factor for o oy
the quarks. In Fig. 1, we show the branching ratios of €
heavy neutrinos N; to various final states with the
assumption V,y =1,V 5y =0, and V_y = 0. For mass 5 N, »
range My < My, three body leptonic or semileptonic final 10 10 100 1000
states dominates, whereas for My. > My, two body decay My [GeV]
channels starts to dominate. Note that for large values of N
My with |[Vy i| # 0, the branching ratios can be obtained as FIG. 1. Branching ratios of N; to different final states

BR(N; - ¢W):BR(N; - v,Z):BR(N; > v,h)=2:1:1.

Note that for sufficiently small mixing and relatively small
My, the heavy neutrinos are long-lived particles that can
travel macroscopic distances before they decay, giving rise

under the assumption V., =1,V,y =0, and V_y =0. We
show the branching ratios to three-body Ileptonic channels
et vy, +v,0C, v,uv and semileptonic channels such as ejj
and v,jj, where £ =e, u, 7, 1 = pu, 7. For relatively large
My, the two body decay channels such as eW, v,Z, and v, h
dominates.
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to displaced vertex signatures. In our study we consider
mass and mixing angle to be free parameter and the mixing
angle is always large enough to have prompt decay.

B. Triplet scalar induced tree-level seesaw scenario

Here we focus on type-II seesaw scenario [105-109]. It
introduces one heavy SU(2), triplet scalar A = (AT, AT,
AT, with hypercharge Y, = 2. Itis convenient to describe
A in its matrix form as

(P N e

The new triplet scalar field A, being a triplet under SU(2),
interacts with the SM gauge bosons. In addition to the
gauge interactions, A has Yukawa interaction with the SM
lepton doublet. The relevant Lagrangian reads as

Ltype n= [iYAaﬂLzJ;C_I ALy + H.c
+(D,®)' (D®) +(D,8)" (D*8) = V(®.4),
(18)

where Yzﬁ is a symmetric complex matrix, L, are lepton
doublets, C is the charge conjugation operator, and D, is
the covariant derivative of the related scalar field. The
scalar potential V(®, A) is given as

V(®,A) = -mid'd + % (D)% + METr[ATA]

+ b [TrATAP + 3 Tr[ATA?

+ [u®Tic,AT® + H.c.]

+ A (OTO)Tr[ATA] + 1, DTAATD. (19)
A tiny induced VEV for the triplet characterizes the
Higgs triplet UV completion of the Weinberg operator.

Minimization of the total potential V(®, A) leads to the
relations

- 1
M3 = M3 - 3 203 (A2 + 43) + v (41 + A4)].

with M2 = VoK (20)
o \/EUA ’
, 1 Uéxl 5
mq):E T—FUA(A] +ﬂ4)_2\/§/“)A . (21)

In the limit M, > vg, which is consistent with all the
existing constraints, we can solve Eq. (20) for v,. Keeping
terms of O(vg/M ) we get the small induced triplet VEV

s
ATV

(22)

The light-neutrino mass can be produced from the type-II
scenario using the Yukawa interaction between the scalar
triplet and SM lepton doublets given in Eq. (18) as

0%
M3

m, =2Y v, =Y, (23)

From the observed light-neutrino mass constraints, the
triplet Yukawa and the triplet VEV can be written using the
Upmns matrix depending on the neutrino oscillation data in
the following way:

1 di
Ya = —=—Upwns" Upyns: (24)

\/EUA

diag - . . .
where m,® is the neutrino mass eigenvalues which

further depends on the neutrino oscillation data and the
normal and inverted orderings of the light-neutrino masses.
Equation (22) explicitly shows that the smallness of the
triplet VEV can be induced either by a small y, or by a large
value for M,. We can write the doublet and triplet neutral
fields as follows after spontaneous symmetry breaking:

Aol ( AT \/§A++>

\/z VA + hA + ”7A —A+
1 2o+

:( V2 ) (25)
V2 \ v+ he + ine

Scalar sector contains ten degrees of freedom, among
which, after EW breaking, seven remain as physical fields
with definite masses: H**, H*, and the neutral Higgs
bosons 4, H°, and A°. The doubly charged Higgs H** is
simply the A** present in A. The physical masses of
doubly charged Higgs bosons H** can be written as

A
mi.. =M3 —vid; — 54 3. (26)

The other mass eigenstates can be obtained by rotating the
gauge eigenstates as shown below:

o%s H* he h
= R , — R s
(o) =) (i) =# )
N AY cos@ —sinf
() v () w0~ (5 ,
na G sind cos@
where .5, and a are the rotation angles with

tan f* = \%A tan f, = % and tan(2a) = -, where
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A
3 B = v(—V2u + (A1 4 24)v4).

C = M3 +2(A + A3)v4.

_r 2
A= —vg,

(27)
The two scalar fields ®* and A* from ® and A mix,

giving H* and the unphysical charged Goldstone G*. The
physical masses of singly charged Higgs bosons H* can be

written as
14 27J2
= (08 -5) (1)

Similarly, n, and 54 will mix and give rise to the CP-odd
scalar A and the neutral Goldstone boson G° which
becomes the longitudinal mode of Z boson. The mass of
this CP-odd Higgs field A has the following mass:

403
m2, = Mi(l +—2A>.
Vo

(28)

(29)

Finally, CP-even fields h, and hg will mix and give rise to
the SM Higgs boson / and a heavy Higgs boson H°. The
masses of & and H° have the following physical masses:

mﬁ—%[A—l—C—\/m} (30)

1
m, _§[A+C+ (A—C)2+4BZ]. (31)

The triplet VEV v, is subject to constraint coming from p
parameter. The p parameter leads to upper bound of
O(1 GeV) on the triplet VEV v, [1]. For vy < vg, the
masses of the physical Higgs bosons can be approximated
as follows:

A
2 2 4,2 2 M2 —
mHﬂ:MA—2vd,, mHi_MA 411¢,

2 2 2 o2 2
my =24vg  and  my, & my, = Mj,

so their mass-squared differences are given by

2N’1_42

2 2
~ — My B Vg

2
My — My, X mH”/AO

We further define the two mass-splittings as follows:

dmy = myo — my-=, dmy = my+ —my==.  (34)

With the assumptions v, < vg and M% > |44|v3, the two

mass-splittings ém; , can be approximated as
14 ’Ué

Am=om,~——

TR (35)

Hence, the masses of all the physical Higgs states can be
written in terms of just two parameters, m -+ and Am. Note
that A, should be small as a relatively large value of this

quartic coupling at the electroweak scale can become
nonperturbative at high energies even below the Planck
scale. Also the mass splitting Am = my+ — my++ affects
the electroweak precision data observables, such as S, 7,
and U parameters. These put a tight constraints on the mass
splitting |Am| <40 GeV [114,117,214,215]. Note that,
three different mass spectra are expected depending on
the value (sign) of A4, as (1) A4, =0: Am ~x 0(myes 2 m e
mHo/Ao), 2) 14 <0: Am < O(I’nHii > myg+ > mH“/A")a
and (3) 44 > 01 Am > 0(myss < mys < mpypo,p0). These
will be important for our later discussions. The Higgs triplet
has, of course, interaction with gauge bosons, as well as
Yukawa couplings to the SM fermions. This opens up a
number of possible decay modes. We write down all
possible partial decay widths of the charged multiplets
H** and H* of the triplet scalar. The relevant partial decay
widths of H** in the case of degenerate scenario (5m ~ 0)
are written below

v
ij
UA

L gyt My
T(H*: - 11 ):m

2

m
N mU:YAUA/\/E,

(36)

44 +yrt) 92”2A _i 12
['(H** - W=W >_—8ﬂm 1 . (24 (ry/2-1)7)],
H** w

(37)

m
where ry = ==

matrix, i, j are the generation indices. For the case of
negative mass splitting (6m < 0), one must also consider

the additional decay channel,
oM
m2.. m2.. )’
Hii Hii

(38)

Here m"” denotes the neutrino mass

9g*m =+ cos? B

F(Hii—)HiWi*)Z 13 .
JT

where tan g, = % and the functions A(x,y), G(x,y) are
given as

Ax,y) = (1 —x—y)? —4xy, (39)

G(x,y) = % {2(—1 +x)3 = 9(=1+x%)y + 6(=1 + x)y?

= 6(1 +x = y)yV/=A(x, y>{tan_1 (3/%)
=i}

31+ (x—y)* - 2y)ylogx] ) (40)
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101 E LAY | LR L | LOEL] LR | LA | 3
N my++=1TeV, Am=0 ]
100 ¢ :
Ht =TT HTt-Wtwt ]
3 [ ]
T 101} .
=4 F 3
@ ]
102 -
0-3 I Ll Ll Ll | ]

10° 10% 10® 104 10?2 10°

vp [GeV]

101 E AL AL T =T UL 3
F my++=1TeV, Am=-20 GeV h
- HT Tswiw
0

10 E H++—’|+|+ E
1’-‘ i ]
T 101} 5
< F 3
() r ]
102 ¢ 3
10-3 I ! | | sl A ]

101° 108 10® 104 102 10°

vp [GeV]

FIG. 2. Branching ratios of H** for mass my:+ = 1 TeV with mass splitting Am ~ 0 (left panel) and Am = —20 GeV (right-panel),
respectively. The red, green, and cyan points stand for the decay mode H** — £+¢%, H** - W*W=*, and H** — H*W*,
respectively. Note that the decay mode H** — H*W** is only open when mass splitting is negative and further dominates in the
intermediate triplet VEV region when mass splitting is relatively large. The Dirac phase dcp is varied in the range [—z:z] and other
oscillation parameters are varied within their 30 ranges whereas the lightest neutrino mass is varied in the range

107% eV < Miightest < 0.1 eV.

The relevant partial decay widths of H* in the case of
degenerate scenario (6m =~ 0) are written below

3m3 ., sin? 2 m?
r — qg) = (B )
8rvg My My
2 2 2 2
X<1_mq_mq/>_ mq mq/:|
mi.  mi. mi . mk,
m2 mzr
x/l%(mzq ,mzq >, (41)
e Mg
m g+ .
F([{i Ed flil/J) 87[1;1]2 (5l-jml Slnzﬂi
@
.. 2\ 2
e ) (1= ), (2)
H:E
F(H* > Wz) = I Ve e [) [y my \ 12
32mcos? O, mys | \m2. m2,

My my _mz\’
X24—F—5|1-—F—— .
4mym7 m My

(43)

For the case of nonzero mass splitting |6m| # 0, one also
has the following decay channels for H*:

F(Hi - HO/Awi*)
2
9g4mHi > mHO/A m%l/ .
- 51273 HiW¥H°/AG 2 m2. )’ for 6m <0,
H* H*
(44)
F(HieHiiWZF*)
9 A + 2 m2 iy 2
_99"'my C(;s /N < i ’mzvv); forsm>0.  (45)
1287 My My

where &pe =, =cosasinf, — V2sinacosf., sinasinfy+

V2cosacosfy, sinfysinf.+v2cospycospy, for =
R’ H A, tan(2a) = 3£, and tanp, = %A In Fig. 2,
we display the branching ratios of H** for my-: =
1 TeV with mass splitting Am ~0 (left panel) and
Am = =20 GeV (right panel), respectively. For the case
of small-mass splitting, depending on the magnitude of the
triplet VEV v,, H** mainly decay to same-sign dileptons
(va <107* GeV) or gauge bosons (v, > 107 GeV). On
the other hand from the right panel of Fig. 2 we see that
with relatively large negative mass splitting, the cascade
decay H** — H*W** quickly dominate over the leptonic
and diboson decay modes in the intermediate triplet VEV
region. The branching ratio of the singly charged Higgs H*
into various channels is depicted in Fig. 3. H* has four
decay modes: (i) leptonic decay, i.e., #*v; (ii) hadronic
decay, i.e., gq’; (iii) diboson decay, i.e., W=Z, W*h; and
(iv) cascade decay, i.e., H/AW** (6m < 0) or H**WT*
(6m > 0). When comparing the left and right panels in
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Branching ratios of H* for mass m - = 250 GeV (top panel) and m+ = 1 TeV (bottom panel) with mass splitting |Am| =

1 GeV (left panel) and |Am| = 20 GeV (right panel). The singly charged Higgs boson H* has four decay modes: (i) #*v (red), (ii) gq
(blue), (iii) W*Z + W*h (magenta), and (iv) H*/AW*(Am < 0) (cyan) or H**W¥*(Am > 0) (cyan). For large mass of H*, hadronic,
and dibosonic decay modes almost coincides. The oscillation parameters are varied again in same manner as in Fig. 2.

Fig. 3, we can see that cascade decays dominate in the
intermediate triplet VEV area for relatively significant
mass splitting. The branching ratio pattern for singly
charged scalar decays is extremely sensitive to mass
splitting and the triplet VEV, as it is for doubly charged
scalar decays. In both Figs. 2 and 3, the band for various
decay modes are due to the variation of oscillation
parameters. The lightest neutrino mass is varied in the
range 107* eV < Miighiest < 0.1 €V. The Dirac phase 6¢p is
varied in the range [—7: z] and other oscillation parameters
are varied within their 30 ranges [118,119].

The tightest constraint on triplet scalar comes basically
from doubly charged Higgs scalar searches at LHC. One
clearly sees from Fig. 2 that the collider search strategy for
the doubly charged Higgs boson crucially depends on the
value of the triplet VEV v, and mass splitting Am. The
direct limit on mpy-+ has been derived from collider
searches of multilepton final states assuming Am = 0.

Stringent constraints on my+= have been placed by the
13 TeV LHC searches by analyzing Drell-Yan production
pp — H*TH™™ and subsequent decay in the H** —
¢+ channel. In addition to this LHC has also studied
the associated production of H**HT through s-channel
W* exchange, followed by H** decay to a charged lepton
pair and H* — #*v. This combined channel of Drell-Yan
production and associated production gives the constraint
my+= > 820 GeV [121] at 95% CL ATLAS searches
only include the Drell-Yan production and the bound is
my+: > 870 GeV at 95% C.L. [120]. LEP has also
searched for H**HTT pair production through s-channel
v/ Z exchange, with subsequent decay of H** into charged
lepton pairs and they put constraint as my+: > 97.3 GeV
[124] at 95% C.L. These limits hold only for small triplet
VEV, v, <107 GeV. For large triplet VEV v, >
107* GeV, H** decay dominantly to diboson mode
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WEW=* and hence a search via pair-production H**HTT,
with subsequent decay into gauge boson and further to
leptonic final states is required. The ATLAS Collaboration
has studied this channel and constrained the doubly charged
Higgs mass around 220 GeV [122]. Searches for singly
charged and neutral scalars [ 145-150], on the other hand, do
not apply to the type-Il seesaw because the involved
couplings are v3 suppressed.

C. Triplet fermion induced tree-level
seesaw scenario

Type-III seesaw is an unique possibility to describe the
origin of tiny neutrino mass and flavor mixing where SM is
extended by zero hypercharge SU(2), triplet fermion (¥).
It allows us to generate tiny but nonzero mass term form the
light neutrinos through the seesaw mechanism. We write
down the Lagrangian in the following way:

- 1 _ o
£ = Low + Tr(Wip"D,¥) - S MTr(P¥ + ¥

—V2(Z,YLWH + H'PY ). (46)
Here D, and M denote the covariant derivative and
Majorana mass term, respectively. Lgy is the relevant part
of the SM Lagrangian involved in the type-IIl seesaw
scenario. In this analysis we consider three generations of
the triplet fremion which are degenerate in mass. Hence we
consider M is proportional to 15,5. Y is the Dirac-Yukawa
coupling among the triplet fermion (¥), SM lepton doublet
(¢1) and SM Higgs doublet (H), respectively. We suppress
the generation indices for simplicity. We represent the SM
candidates, the triplet fermion and its charged conjugate
(¢ = CP7) involved in the type-III seesaw mechanism as

() e (2)
‘I‘z(zzz/i —Zﬁ;\/i) and
Oc —c
o (B2

e _200/\/5 (47)

When electroweak symmetry is broken, h° acquires a
VEVas i’ = iﬁh with v = 246 GeV. To study the mixing
|

between X* and the SM charged leptons we write the four
degrees of freedom of each X in terms of a Dirac spinor
such as ¥ = X3 + X} where as X° are two component
fermions with two degrees of freedom. After electroweak
symmetry breaking the corresponding Lagrangian can be
written as

- my Yj'jv) <eR>
_‘Cmass: z
(er L)( 0o M Tp

1 — 0 Y%;\}_/E 128
A m(,% T (%) ene
20 =y M)\ sy

(48)

where m, is the Dirac mass term of the SM charged lepton.
The 3 x 3 Dirac mass of the triplets can be written as

_Yhw
=7

Diagonalizing the neutrino mass matrix in Eq. (48) we
write the light neutrino mass eigenvalue in the following as

Mp (49)

02
2

m, ~ — YEM_]YD:MDM_IM’IT). (50)
The mixing between the light and heavy mass eigenstates
can be obtained as O(M,M~"). The light neutrino flavor
eigenstate can be written in terms of the light (v,,) and
heavy (X,,) mass eigenstates as
U:Aym+vzin’ (51)

where V.= MpM~" and A = (1 — L&) Upyns respectively
with & = V*VT and Upyys is the 3 x 3 neutrino mixing
matrix which diagonalizes the light neutrino mass matrix in
the following way:

Upyins™, Upnns = diag(my, my, m3). (52)
Due to the presence of ¢ the mixing matrix (\A) becomes
nonunitary, A4 # 1. Replacing the neutrino flavor eigen-
states with the mass eigenstates from Eq. (51) in the SM we
express the charged current (CC) interactions in the
following way:

YiM1y
g . = _ (1+Upuns —2 v
_LCCZT(E' Z)}/MWyPL ? V2 , 50
2 0 V2(1-9)
0 —\/§m Y M2y v
g  _ = _ 4D
+—=(e Z)y"W,Pg . r ( > (53)
V2 g —V2M'Y (1 —5)Viumns V2(1 -9) b
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Similarly, using Eq. (51) in the SM neutral current (NC) interaction for the leptons we obtain the modified NC interaction as

Y, My

1_ 20 —
—Lnc = J (¢ Z)yzZ,p|? cos" — e g (e)
cos By, M“zan ¢ — cos20y, py
g . = 1 —cos?0y myY ,M2v\ [e
(¢ £)'Z,Pr| v
cos Oy M—~“Ypmyv  —cos“Oy =

+ Ubuns YoM ™o
1 = Upyns€Upmns PMNS\/?) l/>’ (54)

+(p X0)*Z,P
(v =0)y " L< MY U y 30
v

where Oy is the weak mixing angle. Now we write down the interaction Lagrangian among the triplet fermion, SM lepton
doublet and SM Higgs doublet (H) in the following:

oY (z £)hp —22(1 - 3e) myYhM™! e
" oMy, \vo(l—e) - M2yYpm2 YpYiM—'v )\
D DIty DY p

_ =22 (1 - 3¢*) MY} m, e
tom (e Z)hPg UT 2ytar-2 ar-ly vyt ( )
w (1—€e)Yy,+miY M2 M7'YpYhv | \Z
B —\/E,m Ulvnsm, Y pM™! v
v X0)hP
+ ( v X ) L <YD _ % _ e/TZYD) UPMNS YDy}”\)/[;*IL' <ZO >
o ﬁTm M_IYDvaf’MNS v
+ (e X0)hPg U <Y+ v, ygg’*yp) M7'YpYie <20 > (55)
PMNS | D T 72 2 V2

The charged multiplets of the triplet fermions also interact with photon (A, ). The corresponding interaction Lagrangian can
be derived from Eq. (46) as

. - 1 0 e . o 1 0 e
—L,sx = gsinfy (e Z)y”A,,PL<O 1><2>+gs1n9W(e Z)y"A,,PR<0 1><2>. (56)

In the Egs. (53)—(55) the parameters € = %2 YHM™2Yp and € = %ZM‘IY Y M~ are the small quantities according to
Refs. [153,211,216]. We neglect the effects of the higher powers (above 1) of € and ¢’ in the calculations. Using Egs. (53)—
(55), we calculate the partial decay widths of (X°) in the following way:

2V 2 M3 M2 2 M2
r(20—>f+W):r(2°—>f—W):g| rxl <—)< ——W) <1+2—”2V>,
M

64r M%V M?
2V 2 M3 MZ 2 MZ
r(zoeyZ):r(zoeaz):% —(1-=5) (1+2-%).
1287cos Oy \ M5 M M
2|V |2 M3 M2 2
(0 = ph) = I(° = ph) = T2l (200 (1 207 57
(B = vh) =T(E" = oh) == M, M2 (57)

Similarly the partial decay widths of () can be calculated in terms of the mixing (V) as
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F(zj:_)l/W) |Vf2|2
32
2
Pzt - ez) = SVal
647cos Oy,
vV 2
[(St = ¢h) = | ezl ( )
A

where My, Mz, and M, are the SM W, Z, and Higgs boson
masses, respectively. The charged and neutral multiplets
>+0 are degenerate in mass at the tree level, however,
radiative corrections induced by the SM gauge boson in the
loop can help in lifting such degeneracy. The estimation of
this mass difference AM can be found in [217] and that is

given by
a2M MW MZ
e (f (7) ~ cos* Oy f (ﬁ)) (59)

where the function f and A are defined as f(r) =
£2rInr—2r+vVr*—4(r* +2)InA) and A = (r* - 2—
rvr* —4)/2, respectively. This mass splitting saturates at
AM =~ 170 MeV for mass M > 500 GeV. If this mass
splitting AM is larger than pion mass, then =* will have
additional decay modes according to [217] and the corre-
sponding partial decay widths can be written as

AM =

272 302 2
r(z*  207%) = 20FVual M5 [y M
P2 AM
2G2 AM?
[t - 2ey,) = —F—|
157

M=t - Ouw,) = 0.120(2* - ev,), (60)

07 T T T

>0 5 vh
S0 vZ ——

0.6 L ¥ 5 W ——

05 [
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—
m
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)-8+
£)0-) (-3
=

which are independent of the free parameters. The value of
the Fermi constant, G, is 1.1663787 x 10~ GeV~2, the
value of the CKM parameter (V) is 0.97420 + 0.00021
and the decay constant of the 7 meson, f,, is 0.13 GeV
[218]. Notice that for vanishing mixing angles V5, the T*
dominantly decay into X°, hence the decay width or the
decay length is determined by AM. Hence it is a constant.
On the contrary, for very large mixing angles, X° decay
width (decay length) is very large (very small). The
branching ratios (Br) of the neutral and charged multiplets
(£0%) of the SU(2), triplet fermion into SM particles are
shown Fig. 4 as a function of M for V, =0.019, V, =0
and V, = 0. The same for V, =V, =0.0001 and V. =0
are shown in Fig. 5. Note that for large values of My with
|V /| # 0, the branching ratios can be obtained as

(58)

BR(X°
BR(Z* -1, W*):BR(Z*

—¢W):BR(Z* -1,Z):BR(Z® - v, h)=2:1:1,
—¢*Z):BR(ZE>£+h) =2:1:1.

III. ELECTRON PHOTON AND PHOTON
PHOTON COLLIDERS

A linear collider with colliding electrons and positrons
can be transformed into an electron-photon collider where

0~7 T T

s Lt ——
stz ——
0.6 EF oW —— ]
0.5 F
04 F ]
—
M
0.3 k ]
0.2 F ]
0.1 ]
0 1 1 1 1 1
500 1000 1500 2000 2500 3000
ME[GGV]

FIG. 4. Branching ratio (Br) of £° (left) and =* (right) into the SM particles as a function of M for V, = 0.019, V,=0,and V., =0.
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FIG. 5. Branching ratio (Br) of Z° (left) and £* (right) into the SM particles as a function of My for V, = V,=0.0001 and V. = 0.

the positron can be replaced by a backward Compton
scattered photon which comes from the collision between
the LASER beam with energy @, focused on a bunch of
positrons (it can potentially be electrons if selected) with
energy E,. The positron beam focused towards the inter-
action point collide with the focused LASER beam at the
conversion region and the scattered high-energy photons
with energy o follow the direction of incident positron
trajectories with a small angular spread. Hence, they are
also focused towards the interaction point. Thus, the
produced photon beam from the Compton backward
scattering can further collide with the oncoming electron
beam or a similar photon beam giving rise to e”y or yy
collisions [175,176]. The distance between the conversion
region and impact point could be O(mm) and the schematic
presentation of the e~y and yy collisions are shown
in Fig. 6.

e bunch

conversion
region

Unlike electron and positron beams, the e~y colliding
beams will not be monochromatic. The full cross section
should be evaluated from the subprocess by convoluting
with the structure function of photons which is basically the
energy spectrum of the photons described by the Compton
distribution as

with

LASER (@)

interaction
point

JW
r(e)

BRI

FIG. 6. Schematic presentation of the proposed e~y and yy colliders in e~e™ collider facilities where positron can be converted into a
beam of high energy photons by Compton back scattering with LASER beams. Similar procedure can be performed with electrons. In
this notation e represents both electron and positron. A pictorial presentation from DESY.
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— E,=46 GeV
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— E,=500 GeV
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FIG. 7. Energy spectrum of photons. Four lines stand for three
different electron beam energies E, = 46 GeV (black), 125 GeV
(red), 250 GeV(green), and 500 GeV(blue), respectively.

4 8 1 8 1
pi) = (1-2-2 V@ 40 ,
(x) < x x? n(l+x)+ 2ty 2(1 + x)?
4Eeco000S2 %
om? 2)
® ) X
VEE ST T (62)

In the above @ is the energy of the incident photon which
is scattered on the positron with energy E, at a small
collision angle o which is shown in Fig. 6. Here w,, is
maximum achievable energy of the scattered photon
and it can be large for large value of x. In Fig. 7 we show
the energy spectrum of the photon for different choices of
electron or positron beam energies E, = 46 GeV, 125 GeV,
250 GeV, and 500 GeV. We see that photon energy
may reach up to 80%(90%) of the energy of the initial
electrons E, = 250 GeV (500 GeV) with LASER energy
wo=1.17eV. Hence, for larger x, the energy spectrum
for the photon beam will be more monochromatic and will
peak at high energy. The total luminosity of the e~y beam is
L,, =«kL,., where k = 1% is the photon-conversion coef-
ficient. This is basically the average number of high-energy
photons per one electron and is defined as [186]

N, 2|v,-7v
K:_y:—| ¢ y|gc/nendedt, (63)
N, N,

where 7, and 7, is the velocity of electrons/ positrons and
incoming photons. o is the cross section of the Compton
scattering.

A. Heavy Majorana neutrino production modes

The heavy neutrinos can be produced at the electron
positron colliders from a variety of production modes. An
interesting production of the heavy neutrinos can be
considered as e"e™ — Nv through ¢ and s channels

exchanging the W and Z bosons, respectively. We mention
these modes because of complementarity with the study of
the heavy neutrino production at the electron-photon
collider. In electron-photon colliders we can produce heavy
neutrinos from e~y — NW~ involving the f-channel and
s-channel processes. In both these cases interference
between these s and ¢ channels take place. In both these
colliders heavy neutrino production cross sections are
suppressed by the square of the light-heavy mixing. For
the process e”e™ — Nu, due to the interaction with the
electron we dominantly produce the first-generation heavy
neutrino (N = Ny), however, in the case of the Z mediated
s-channel process e”et — Nv process, second- or third-
generation RHNs can be produced. In the following we
discuss about the heavy neutrino production cross sections
at the e"e™ and e~y colliders, respectively.

Let us first consider the e~e™ — vN; process.
Corresponding Feynman diagrams are shown in Fig. 8.
We calculate the differential scattering cross section includ-
ing the s-channel, 7-channel processes and the interference
term as

- 327ms s

1 My 2 > i
do I ——= ) (IM > + |IM,]* + 2Re(MiM,)),
(64)

The differential cross sections are with respect to angle
cos@ in the center-of-mass frame. The corresponding
scattering-amplitude modulus squared are given below as
g§| V(,’Nl |2

16((s — m%)? + m2I'%)

X (s 41t =My,)) + 4x1(t = My, ), (65)

|-/\/ls|2 = ((1 - 2xw)2(s + t)

93|V€N] |2
((t = miy)? + myI)

M= (s +1)(s +1 = My,).

(66)
and the interference term can be written as

2Re(MIM,)
Q%Q%Wezvl |2(1 2xw)
A((s = mz)* + mzL2)((1 — myy)* + myTy)
X (s 4+ 1) (s + 1 = M5, ) ((s = mz)(1 — miy)
+ mymzlyly), (67)

X, = sin® Oy, 1 = =1 (s —

with 9z = sinﬁwecosé'w’ 92 = sinef)w’
M%)(1 —cos®) and assuming initial massless states
and neglecting the light neutrino masses, respectively.
The total cross sections normalized by the square of the

mixing for the Nyv mode with respect to My, at different
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FIG. 8.

center-of-mass energies (1/s) are shown in the left panel of
Fig. 9 and those for the N,v are shown in the right panel of
Fig. 9. In the second case, only the Z mediated s-channel
process participates. We find that the cross section can
reach at a maximum value for /s = 91.2 GeV which close
to the Z pole enhances the effect of the Z mediation for
heavy neutrino production of any generation. The cross
section decreases with the increase in /s while going away
from the Z pole.

We now calculate the N;W production cross section
from e~y process. Corresponding Feynman diagrams are
given in Fig. 10. We estimate the differential scattering
cross section of the process ye~ — W™N; including the
s-channel and #z-channel processes and their interference as

10*

1000

100

o [pb]

10}

100 200 300 400 500

WIN1 [GeV]

0.1

1000 1500 2000 2500 3000
My, [GeV]

500

Heavy neutrino production processes at e~e™ colliders in association with neutrino.

do

2
_ g 1’_MN1,m_%V
32xs s s

* (IMP + M, + 2Re(MIM,)).  (68)

and the corresponding scattering-amplitude modulus
squared are given below as

4. 12
9% Ven
2 2
|M|* = W(t(MNI -s)
— m¥,(2m?, + Mlz\,1 -2(s+1)), (69)
1000+
2 10t
& I
° K
0.100
.001
0.00 100 200 300 400 500
My, [GeV]
0.050
0.020}
-Eo.om»
5

0.005F

0.002+

0.001 1000 1500 2000 2500 3000

My,[GeV]

500

FIG. 9. RHN production cross section normalized by the square of the light-heavy neutrino mixing at the linear collider considering
ete™ — vN, (left panel) and e*e™ — uUN, (right panel) process at the different center-of-mass energies.
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FIG. 10. Heavy neutrino production processes at e~y colliders in association with W~.

4. 12
D% Ven,

IMJ? =
T Amy (= miy ) + miy )

+ miy (=3MYy, — My, t 4 55% + 651 + 41°)
—t(=My, + 5> + st + %)),

(=my (MR, + 55 —1)

(70)
and the interference term can be written as

ngwV?N.
dsm3, ((t — m¥y)* + m3T5,)
X (t = miy ) (=4my, (MY, + s —1)
+ myy (MY, = 2M3, (s + 1) + 357)
+2M§, — My (3s + 21) + My st
+ s(s? + st + 212)),

2Re(MIM,) =

(71)

M2 2 2 M? 2
where t:m%‘,—%(\/ﬂ(l, - ,@)—F%Tw—ﬂ%(l,%,’%)cos@).

The total cross section can be obtained being averaged over
the photon spectrum and that can be written as

50 -
10 ;
5
i)
£
)
..... Oeynw(My,=100 GeV)
0.5 — <Oeysnw>(My,=100 GeV)
..... Oey»nw(My, =500 GeV)
0.1 ‘ — <Oeyn,w>(My,=500 GeV)
200 400 600 800 1000
«j See =2E.[GeV]
FIG. 11.

ymax
<6ye—>N|W(vsee)> = / dyFy/e(x’ y)”ye—»N]W(\/ Sey)’

Ymin

(72)

(My, +Myy)?
Sef

Sey = 4yE?. The analytical expression for bare process
Uye—wlw(\/g) can be directly obtained from the differ-
ential scattering cross section in Eq. (68). In the right panel
of Fig. 11, we show the averaged cross section along with
bare cross section for two choices of heavy neutrino masses
My, =100 GeV and My, = 500 GeV, respectively. The
total cross sections averaged over the photon spectrum as a
function of the heavy neutrino mass are shown in the right
panel of Fig. 11 for different /.

_ a2 - x
where s, =4E,, Ymux = Tip Ymin = . and

B. Triplet scalar production modes

Triplet scalar has doubly charged multiplet (H**) which
can be tested at the e~y colliders. The Feynman diagrams of
the doubly charged scalars in association with a charged
lepton (%) are shown in Fig. 12. In this case #* could
be e*, u* or t* which could help in testing the lepton

100
50:
i)
Z
A
2
Z —250 GeV
bﬁ 1 |-500Gev
Voo |-1Tev
' —3TeV
0.1 TTRCT
50 100 500 1000 3000

My, [GeV]

Left panel: Comparison of Ny W production cross section at e~y collider for M, = 100 GeV and M, = 500 GeV. The red

and black dashed lines represent the bare cross section and the red, black solid line represents the total cross section averaged over the
photon spectrum normalized by the square of the mixing. Right panel: Total cross section of the Ny W production mode at e~y colliders
for different /s as a function of the heavy neutrino mass after averaged over photon spectrum normalized by the square of the mixing.
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FIG. 12. Feynman diagrams for the production processes #TH~~ at the e~y colliders where £+ = e™, u™,7".

flavor-violating modes from the type-II seesaw mechanism
at the e~y coilliders. We shown the s-channel and 7-channel
processes in Fig. 12. Finally, we estimate the production
cross section of the £ H~~ process and the corresponding
differential scattering cross section can be written as

where s-channel and two #-channel scattering amplitude
modulus squared terms can be written as

t s
|Ma|2:_g%xw|YeAf|2gv |Mb|2:_g%xw|Y€Af|2;,

(Mzii —5— t)(2M%Fi —s—1)

1 M7
do = -2 M P+ M2+ [IMJ? 2— 442 e?|2
+ 2Re(MEM,) + 2Re(MEM,) + 2Re(M) M.,)),
(73) and the corresponding interference terms can be written as
|
M. —s)(M2.. —t
Re(MM,) = 23w, i M )E w20,
s
M3, —s)(s+ 1) (M7 —s—1)

ZRG(M;EMC) = —Zg%xW|YeAf|2

(2M?

’

S<M§1iiréii + (S + t)z)
P =D+ )M —s—1)

2Re(MIM,) = =263x,|Y{)?

In the upper and bottom left panel of Fig. 13, we
showed the averaged cross section along with bare cross
section for two choices of charged Higgs mass My-—- =
300 GeV and 1000 GeV. The production cross section of
H~¢* as a function of My for different /s are shown
in the upper-right and bottom-right panel. The production
cross section drops with the increase in My and sharply
drops when My-- — \/s. Note that this production cross
section is directly proportional to the Yukawa coupling

(75)

t<M%_Iiiréii + (S + l‘)z)

Y A. The Yukawa coupling Y, is determined by Eq. (24)
and is inversely proportional to v,. Also, current mea-
surements of the neutrino oscillations parameter
[118,119] determine the pattern of the Yukawa coupling
Y, and is different for normal hierarchy (NH) and inverted
hierarchy (IH). This fact is clearly visible when comparing
the upper and lower panel of Fig. 13. Figure 13 is also
suggests that cross section will only be sizable if one
consider very small value of VEV wv,. As the Yukawa
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Production cross section of H~~#" process at the e~y colliders. The upper and lower panel are for normal and inverted

hierarchy. Left panel: comparison of bare and averaged cross section for charged Higgs mass Mg+ = 300 GeV and
M =+ = 1000 GeV. The red and black dashed line represents the bare cross section and the red, black solid line represents the
total cross section averaged over the photon spectrum. Right panel: Cross section for different /s as a function of the charged Higgs

mass after averaged over the photon spectrum.

coupling is inversely proportional to v,, smaller the v,,
larger the Yukawa coupling. But the Yukawa coupling Y
can not be arbitrarily large as there can be potential
problem with constraints coming from charged lepton
flavor violating observables such as y — ey and y — éee.
This actually excludes the region with v, < 107% GeV

Singly and doubly charged Higgs bosons can be pro-
duced in pair at yy colliders. The corresponding Feynman
diagrams are shown in Fig. 14. The differential scattering
cross section for the process yy — HEHT (H**HTT) is
can be written as

2
[219]. With this kind of v,, the cross section will be very do = 1 1= %GMGP + M2+ M2
small and hence we decide not to discuss this production 32zs §
mode further. + 2Re(MIM,) + 2Re(MiM,) + 2Re(MjM.)).
(76)
H+ (H++)
§ S
P 14,‘44,,’_ H* (H*) % H™H™)
.’ T (R g
¢ N '3 IR .’
Ty Ty L? i
‘. L e Yo .
. =l - :
. .\N\N\N- H H™) '\N\,\I"\r H* (H*)
A )
Y e
(@) (b) ©

FIG. 14. Production processes of the singly (H*H¥) and doubly (H**HT¥) charged scalars at the yy colliders.
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Production cross section of H* pair production process at the yy colliders. Left panel: Comparison of bare and averaged cross

section for charged Higgs mass Mg+ = 300 GeV and Mg+ = 1000 GeV. The red and black dashed line represents the bare cross
section and the red, black solid line represents the total cross section averaged over the photon spectrum. Right panel: Cross section for
different /s as a function of the charged Higgs mass after averaging over the photon spectrum.

The respective terms in Eq. (76) are given below

M, P = M+ 1)
MG + (M3 —1)*
Q‘,:(s 4+t - .’)M%)2

|Ma’2 = 4Q4’

M, > = , 77
Ml MGTE + (s 41— M3)? 77)
and the interference terms can be written as
QH (M2 —1)(4M?2 — s+ 41)

2Re(MIM,) ==Kk " ,

MM == g+ (7=

. Q4 (12M2 =55 —41) (s + 1 — M2)

2Re(MiM,) = ,

o(MaM.) 2MGT A+ (s +1=M7)?)
2Re(MjM,)

_ QUMM+ (ME—0)s +1=MD)

2(MTG + (MR —1)?) (ML + (s +1—M3)*)

where My={My: .My}, 1= M3 +5(cos0y/1 -2 1)
and Q; = e(2e) for HX(H**). We show the H* and H**

> |- Oy u-(My-+=300 GeV)
—<Oyysu+u-->(My:+=300 GeV)
"""" Oyyon+ w--(My++=1000 GeV)
1 e —<Oyyonr+ ->(My++=1000 GeV)
— 0.50"
2

&

5 i e e,
o.10 : [ &
0.05
0.01 o B ‘

500 1000 1500 2000 2500 3000

\/ See =2E.[GeV]

pair production cross section in Figs. 15 and 16, respec-
tively. In the left panel of Figs. 15 and 16, we show the
cross section averaged over photon spectrum along with
bare cross section for two choices of charged Higgs mass
My g+ = 300 GeV and 1000 GeV. We also show the
averaged cross section as a function of charged Higgs
mass M y+ and M- for different center-of-mass energies
in the right panel of Figs. 15 and 16. The cross section
decreases with the increase in mass and falls sharply at the

S N
vicinity of -.

C. Triplet fermion production modes

The triplet fermions can also be tested at the e~y collider.
The triplet fermion has neutral and charged multiplets
which can be produced at the e~y colliders in association
with W=, Z, and h bosons, respectively. The Feynman
diagrams of X° production are shown in Fig. 17. The
analytical expressions for this process is same as
e"y - N;W~, see Eqgs. (68) and (72). We have to replace
My, and V,y by My and V,, respectively. The total cross
sections for different center-of-mass energies are shown in
Fig. 18. The production cross section increases with the

0.500 T 11ev
oy —1.5TeV
£ o0.100} —3TeV
A 0.050}
=
T
; 0.010}
3 0.005 |

0.001

400 600 800 1000 1200 1400
My [GeV]

FIG. 16. Same as Fig. 15 but now for process yy — H**HTT,
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FIG. 17. Neutral component of the triplet fermion production at the e~y colliders in association with W~.
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FIG. 18. Total cross section of the WX process in ey colliders

as a function of My for different /s normalized by the square of
the mixing.
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increase in +/s. In case of type-III seesaw the triplet mass is
roughly ruled out below 1 TeV from the LHC searches at
139 fb~! luminosity [166,167]. Hence, we consider lepton
colliders with /s = 1.5 TeV and 3 TeV, respectively.
The charged multiplet of the triplet fermion X* can be
produced in association with Z and % in the e~y collider.
The corresponding Feynman diagrams are shown in
Fig. 19. We first describe the e”y — X~ Z process and
calculate the differential scattering cross section as

1
"~ 32xs

+ 2Re(MIM,)),

do )
s

sz 2
A1 ) (P + P
(79)
considering the s-channel, 7-channel process and their

interference. The corresponding scattering amplitude
modulus squared are given below as

|4 ¥
2+
e » Z
(b)
14 )
T+
€. (d) )

FIG. 19. Charged components of the triplet fermion production at the e~y colliders in association with Z and h.
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FIG. 20. Total production cross section of ZX~ and hX~ production modes at ye colliders as a function of My for different /s
normalized by the square of the mixing.

VZet
IM|? = m(m%(ZMé_ — 5 =21) + (M3~ — 5)(M3- — 5 — 1)), (80)
wSwimnz
2 viet 2 4 2 (a4 2
|IM,|? = G B (T T O = 1)) (4M5-my —m7 (M- — 2sMs- + t(t + 25))
+ (M3 — M%2- (s +41) + t(s + 1)), (81)

and the interference term can be written as

. V2et
2Re(MIM,) = ¢ M2 — 1) (—mb (M2~ +2(s + ¢
e( t) zsc%}‘/‘g%}vm%(M%‘il—%i + (M%‘f _ 1)2) ( z )( mZ( p + (S + ))

+mL(M%- —s5)(t — M%) +2mS + t((My- — 5)? + s1)), (82)

where mj is the Z mass. Next we consider the e”y — X~ h process and calculate the differential scattering cross
section as

| B M%— m}zz 1
do — 32”’17(1’7’_) (IM? + | M,|> + 2Re(MIM,)). (83)

N

We consider the s-channel, 7-channel processes and their interference. The corresponding scattering amplitude modulus
squared are given below as

V2(1 = V2= V2 —V2)2e2 M2
M, = 5 = (M} —1), (84)

Svy

VZ1=VZ-V2-V3)2e M3
vip(METS + (M- —1)?)

M, = (M3 (s +2m3) = 1(s + 2M2)). (85)

and the interference term can be written as

2VI(1 - V2 - Vi —VI)2e?M3-
= - d _—1)(mt — m2(MA- 1)+ M2 (t— 7, 86
s (MATL + (MZ —1)?) (Mg~ — 1)(my — mj (M- + s +1) + Mg-(1 — 5) + s1) (86)

2Re(MIM,)

where m;, is the SM Higgs mass. The ZX~ and AX~ production cross section as a function of triplet mass for different center-
of-mass energies has been shown in the left and right panel of Fig. 20. In the context of type-III seesaw we will consider
e"y — ZW~ and ZX~ modes to probe the triplet fermions at the e~y colliders.

015022-20



TESTING ELECTROWEAK SCALE SEESAW MODELS AT e7y ...

PHYS. REV. D 108, 015022 (2023)

W J

¥ ANV f -J
w /e_ j
e N w+ ' J

FIG. 21.

2
}"V\N\NVV\:W/-”

1% -

e

N

et 4+ 4j (left) and SSDL (right, #~ = ™, u~) final states in the context of e~y colliders. The SSDL signal is obtained

combining SSSF and SSDF signals. The corresponding s-channel processes has been included in the analyses.

IV. DIFFERENT SIGNATURES FORM THE
SEESAW MODELS AT THE COLLIDERS

In the following we consider in detail to study various
final states of the singlet heavy neutrino from type-I seesaw,
triplet scalar from the type-II seesaw and triplet fermion
from type-III seesaw respectively. We use MadGraph [220] to
generate the signal and background events and hadronize
through PYTHIA 8 [221]. We perform the detector simulation
using DELPHES [222]. We used the IDEA card for /s =
91.2 GeV e~e™ colldier, ILC-gen card for /s = 250 GeV
and ILD-card for /s = 500 GeV, 1 TeV and 3 TeV e~ e™,
e~y and yy colliders respectively. To simplify the analysis,
we assumed that heavy neutrinos N,; are too high to
access at the considered colliders or their couplings to
SM particles are zero. Further we assumed that the
heavy neutrino N; is only coupled to electron, i.e.,
Ven, = Ven #0,V,n, = Voy, = 0. Note that our analysis
at ey and yy collider are done assuming unpolarized
electron and photon beams, which is of course not true in
realistic scenario as the backward Compton scattered
photons are in general will be polarized. In the case of
the polarized beam, the signal and background behave
differently for different polarization and this might weaken
our obtained bound discussed below.

A. Different signatures from heavy neutrinos

In our analysis we concentrate on the first generation
RHN which dominantly couples with first generation of the
leptons. We consider the decay mode of the heavy neutrino
as N — eW followed by the hadronic decay of the W
boson. We study the heavy neutrino production at the e~y
colliders and we estimate the bounds on the light-heavy
mixing after studying various possible signal and their SM
backgrounds. We also study final states coming from heavy
neutrino production at the e~e™ collider as a part of the
complementarity study.

1. Heavy neutrinos at e~y colliders

At the e~y collider, we have considered the following set
of signals after the production of the heavy neutrinos in
association with W~:

6]

(@)

015022-21

ey - NW™ = etWFW™ = e 4 4j, where WT
boson coming from N decays and associated W~
boson both decays into jets. The corresponding
Feynman diagram is shown in the left panel of
Fig. 21. We do not show the Feynman diagram for
the s-channel process, however, included in the
analysis. Note that the final state e~ 4 4; is lepton
number conserving (LNC) where as e™ + 4 final
state is lepton number violating (LNV). Hence one
expect no SM background for e + 4; final state. In
our analysis we combine both the LNV and LNC
final state.

ey > NW™ = eWTW™ - ¢7jjf v, where in
this case associated W~ decays leptonically. The
corresponding Feynman diagram is shown in the
right panel of Fig. 21. We will refer to this final state
e~ jj¢ v as the same-sign dilepton. If £~ = e~, we
call it same-sign same flavor (SSSF) scenario and if
¢~ = u~, we call it same-sign different flavor signal.
The SSSF or SSDF signal is very interesting which
may help to probe the Majorana nature of the heavy
neutrino involved in this process. We study the
SSDL mode combining SSSF and SSDF modes,
respectively. In our analysis, we combine LNV and
LNC channels to obtain the final states as e* + 4;.
The LNV signal et + 4; is almost background free
untill some e* + jets events appear from some
radiations, however that effect will be negligible.
For LNC channel e~ + 4, the leading SM back-
ing initial and final state radiations. Generating the
et +4j events we show the distributions of the
polar angle of the lepton, cos 6, , of the signal and
the corresponding generic background in Fig. 22 for
/s =250 GeV, 500 GeV, and 1 TeV respectively.
The polar angle variable for the lepton cos@, in

Fig. 22 is defined as 6, = tan™! (i—i’), where p? is the
z component of the three momentum of the lepton.
This is a very effective cut which reduces the SM
background significantly. Note that the invariant
mass cut of jets m;; which is coming from W boson
is also very effective to reduce SM background. This
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FIG.22. The polar angle (cos 0, ) of the electron for the signal and generic background processes for e~y collider at /s = 250 GeV,
500 GeV, and 1 TeV respectively for the e* + 4 process. The cyan line stands for the leading SM background where as other lines stand

for the signal with different mass of RHN.

is because the invariant mass distribution of jets has
low-energy peaks which come from the hadronic
activity of the low-energy jets. In addition to this one
can also use the invariant mass cut of the RHN. As
the RHN will decay as N — ¢jj, the invariant mass
of ejj will peak at M, ;; ~ M. Although we do not
need to use this cut as it becomes redundant after
using the lepton polar angle cut and invariant mass
m;; cut. We study the e* + 4; signal from the RHN
production in a e~y collider at the /s = 250 GeV,

TABLE I.  Cross sections of the signal (normalized by |V,y|?)
and generic background before and after cuts for e~y collider at
V/s =250 GeV for the final state e* +4j. We have used the
following cuts: 60 GeV < m;; <100 GeV, cos, < 0.94,
p]Tl.leading > 25 GGV, p.;g.(railing > 15 GCV, p.;:é.lmiling > 10 GCV, p]]?.lmiling >
7 GeV and p4 > 12 GeV.

Signal Background
NG My Before After Before After
(GeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
20 4108 63.26 102.86 4.21
40 3629 290.3 102.86 4.21
250 60 2923 426.7 102.86 4.21
80 3460 477.8 102.86 4.21

500 GeV, and 1 TeV. The signal normalized by the
square of the mixing and corresponding generic
background cross sections for the e* + 4 final state
at \/E = 250 GeV, 500 GeV, and 1 TeV are given in
Tables I-III, respectively.

For the case of SSDL signal we again use the
polar angle cut of lepton coming from RHN. We

TABLE II.  Cross sections of the signal (normalized by |V ,y|?)
and generic background before and after cuts for e”y collider at
/s =500 GeV for the final state e* +4j. We have used the
following cuts: cosf, < 0.94, 60 GeV <m;; <100 GeV,
P >30GeV, pp >20GeV, pp" >20GeV, ppttt >
10GeV, and p? > 10 GeV for My, = 100-150 GeV, where as
for My, > 150 GeV we used the following cuts: cos 0, < 0.92,

60GeV <m;;<100GeV, pi > 50 GeV, pl=" > 40 GeV,
Py > 20 GeV, p7™™ > 10 GeV and p} > 40 GeV.

Signal Background
Vs My Before After Before After
(GeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
100 15601 3744 126.32 7.94
150 7279 2984 126.32 7.94
500 200 5677 1446 126.32 1.96
250 3952 1288 126.32 1.96
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TABLEIII.  Cross sections of the signal (normalized by |V,y|?)
and generic background before and after cuts for e”y collider at
Vs =1TeV for the final state e +4j. We have used the
following cuts: cosf,, <0.92, My —40GeV <m,;; <My, +40,

60 GeV < m;; <100 GeV, p’}”e“d‘"g > 60 GeV, p’f"‘“‘““g > 30 GeV,
Pl 5 00 GeV, pli™™ > 10 GeV, and p% > 60 GeV for
My, = 300-400 GeV, whereas for My, > 400 GeV, we have
used the following cuts: cosf,, <0.92, My, —40GeV <m,;; <
My, +40, 60 GeV < m;; < 100 GeV, p?"““‘“"g > 100 GeV,
pEEE 550 GeV, ppti > 30 GeV, pj™ > 10 GeV and
p5 > 120 GeV.

Signal Background
NG My Before After Before After
(TeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
300 11161 1339 94.93 0.241
400 9519 1561 94.93 0.241
1 500 7696 1301 94.93 0.082
600 5648 1174 94.93 0.082
700 3368 720.7 94.93 0.082

have not shown polar angle distribution as its
behavior is almost same as in Fig. 22. In addition
to this we used the leading-lepton energy cut and
the invariant mass of the jets (m;, ;,) are considered
to be 60 GeV < m; ;, < 100 GeV for the W boson
being originated from the RHN decay. The signal
normalized by the square of the mixing and
corresponding generic background cross sections
at /s = 250 GeV, 500 GeV, and 1 TeV before and
after our applied cuts are given in Tables IV-VI,
respectively. When necessary we also use the
invariant mass of ejj which peaks at RHN mass.
The specific cuts we have used for each of the

TABLE IV. Cross sections of the signal (normalized by
|[V.n|?) and generic background before and after cuts for
e~y collider at /s =250 GeV for the SSDL final state. We
have used the following cuts: pjT‘;leading, psz;mﬂmg>lOGeV,

ppriedne pfat e 5 10 GeV, 60 GeV < m; ;, < 100 GeV,
and cos Hll,leading < 0.9, cos lemung < 0.92.
Signal Background
Vs My Before After Before After
(GeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
20 539.18 11.93 2.02 0.105
40 467.44 2471 2.02 0.105
250 60 379.17 47.05 2.02 0.105
80 1676.1 22391 2.02 0.105

TABLE V. Cross sections of the signal (normalized by
|[V.y>) and generic background before and after cuts for
e~y collider at /s =500 GeV for the SSDL final state. We
have used the following cuts: pl/®dne  plmailing 5 0 Gey,

pyrledne prat e 5 10 Gev, 60 GeV < m; ;, < 100 GeV,
My, —40 GeV <myj; <My, +40 GeV, and cos glmadang
0.9, cos leiu_mg < 0.92.
Signal Background

Vs My Before After Before After
(GeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)

100 1480.1 211.82 57.64 5.31

150 931.49 236.61 57.64 7.42
500 200 643.48 189.58 57.64 6.09

250 419.61 135.61 57.64 4.68

center-of-mass energies are mentioned in the
caption of Tables IV-VI, respectively.

We have also considered the center-of-mass
energy /s = 3 TeV for the SSDL signal. As, in
this case, one can consider heavy RHN mass, W
bosons from the RHN decay can be boosted so that
the hadronic jets could be collimated to produce a
boosted jet called a fat jet (/). We have shown the
corresponding results in Table VII. We have used a
high p; cut for the fat jet and the invariant mass cut
60 GeV <m; <100 GeV, My, —40 GeV <m,; <
MN] + 40 GCV

(3) We study another interesting signal in the context of
e~y collider in the form of opposite-sign dilepton
final state considering ey — NW~ — e*WTW~ —
e~¢"jju/etu jju, where in this case associated W~
decays occur either leptonically or hadronically. In
this case we consider 7 = e, u in the following:
(a) Note that the final state ey~ jju is almost back-

ground free and we call it opposite sign different

TABLE VI. Cross sections of the signal (normalized by
|[V,n|?) and generic background before and after cuts for e~y
collider at /s = 1 TeV for the SSDL final state. We have used
the following cuts: pht'™i" > 80 Gev, pl™line 5 20 Gev,
Py = 120GeV, p ™™ >20GeV, Ey g > 120 GeV,
60 GeV <m; ;, <100 GeV, My, —40GeV <myj; <My, +
40GeV and cos Hll.leading < 0.92.

Signal Background
N My Before After Before After
(TeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
300 2596.01 123.3 128.82 1.76
400 21379 307.5 128.82 1.68
500 1699.8 109.5 128.82 0.22
600 1236.02 190.9 128.82 0.37
700 733.0 139.5 128.82 0.25
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TABLE VII. Cross sections of the signal (normalized by
|V,.y|*) and generic background before and after cuts for e~y
collider at /s = 3 TeV for the SSDL final state. We have used
the following cuts: p) > 400 GeV, pi*" > 400 GeV for
My = 1000 GeV, 1500 GeV, and p’ > 800 GeV, pjledine >
800 GeV for My = 2000 GeV, 2500 GeV. We have used the
following additional cuts irrespective of heavy neutrino masses:
60GeV <m; <100GeV, My —40GeV <my; <My, +40GeV,
and cos Hll.leading < 0.92.

Signal Background
Vs My Before After Before After
(TeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
1000 1342.1 167.94 85.47 0.14
3 1500 1128.67 269.75 85.47 0.13
2000 821.51 130.49 85.47 0.012
2500 325.73 77.05 85.47 0.008

flavor signal. In Table VIII, we have shown
the corresponding results for /s =250 GeV,
500 GeV, 1 TeV, and 3 TeV, respectively. As this

TABLE VIII. Cross sections of the signal (normalized by
|V,y|?) before and after cuts for the e~y collider at different
center-of-mass energies for the final state e* ™ jjps. We have
used the following basic cuts: p]} > 10 GeV, p% > 10 GeV, and
[ns;] < 2.5. For /s = 250 GeV, 500 GeV, and 1 TeV we have
demanded at least two jets, whereas for /s = 3 TeV we have
considered final states with one or more jets as for this one has the
possibility of a fat jet. The criteria for a fat jet are same the SSDL
scenario.

Signal
Vs (GeV) My (GeV)  Before cuts (fb)  After cuts (fb)

20 386.6 77.33

40 341.6 102.5

250 60 275.2 110.1
80 195.6 68.46

100 1481 698.3

150 928.5 601.4

500 200 641.1 432.9

250 418.8 283.1

300 1161 678.4

400 954.1 584.1

1000 500 756.9 471.2

600 547.1 339.1

700 3229 190.2

1000 1299 879.3

1500 1085 804.6

3000 2000 783.6 625.4

2500 309.5 262.9

TABLEIX. Cross sections of the signal (normalized by |V,y|?)
before and after cuts for ey collider at different center-of-mass
energies for the final state e=Z*jjpPs. For /s = 250 GeV,
500 GeV, and 1 TeV we have demanded at least two jets,
whereas for /s =3 TeV we have considered final states with
one or more jets as for this one has the possibility of a fat-jet. The
criteria for fat-jet are same the SSDL scenario. For all of
considered center-of-mass energies we used the polar angle cuts
for leptons as | cos 0, | < 0.9, |cosf,,| < 0.92 and invariant mass
cut60 < m; ; < 100 GeV. For /s = 250 GeV and 500 GeV, we
have used the following basic cuts: p; > 10 GeV, pi’ > 10 GeV.
For /s = 1000 GeV, we used the following cuts: p’f‘ > 20 GeV,
PP >10GeV, pi' >90GeV, p??>20GeV for My=
300-500 GeV whereas for My >500GeV, we used pJ}‘ >
20 GeV, p? > 10 GeV, p7' > 150 GeV, p? > 20 GeV. For
/s = 3000 GeV, we used the following cuts: pJ > 180 GeV,

Py > 450 GeV, p7? > 30 GeV, 60 < m; < 100 GeV in mass
range My = 1000-1500 GeV, where as for My > 1500 GeV
we used: pl > 180 GeV, pJ' > 800 GeV, p7* > 40 GeV,
60 < m; < 100 GeV.

Signal Background

N My Before After Before After
(GeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)

20 866.9 83.69 2.08 0.79

40 752.7 121.65 2.08 0.79

250 60 618.2 153.97 2.08 0.79

80 2953 670.28 2.08 0.79

100 2962 490.53 59.78 10.35

150 1860 455.06 59.78 10.35

500 200 1287 371.46 59.78 10.35

250 838.75 253.79 59.78 10.35

300 2318 248.91 141.75 7.38

400 1908 361.26 141.75 7.38

1000 500 1513 375.15 141.75 7.38

600 1095 240.59 141.75 2.58

700 644.5 151.98 141.75 2.58

1000 2591 91.66 120.56 0.34

1500 2168 24291 120.56 0.34

3000 2000 1572 13391 120.56 0.017

2500 616.5 42.46 120.56 0.017

final state is almost background free, we have

used very basic cuts such as pJ. > 10 GeV, p% >
10 GeV and |, ;| < 2.5 to study the events.

(b) On the other hand the final state e~#*jju with
£t = eT,u" has sizable SM background from
the process e”y — e"WTW~. In Table IX, we
show the signal and corresponding backgrounds
for /s = 250 GeV, 500 GeV, 1 TeV, and 3 TeV,
respectively. The specific cuts we have used for
each of the center-of-mass energies are men-
tioned in the caption of Table IX.
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FIG. 23. Limits on mixing angles of the first generation heavy neutrino compared with existing and some prospective bounds. Shaded

regions are already ruled out from different searches. The closed ATLAS contours represent limits from different displaced vertex
searches. The prospective limits obtained from e~y colliders at /s = 250 GeV, 500 GeV, 1 TeV, and 3 TeV are shown by light-blue and
orange thick-dashed lines. In this case “with SSDL” (blue, thick solid) stands for mixings coming from combined e* + 4 and SSDL
modes. On the other hand “with OSDL” (orange, thick dashed) stands for mixings coming from combined e* + 4 and OSDL modes.
The thick light green dot-dashed line represents limits for the e~e* colliders for /s = 91.2 GeV, 250 GeV, 500 GeV, 1 TeV, and 3 TeV

respectively as complementarity.

Using the normalized signal events from Tables [-IX and
the corresponding backgrounds we estimate a 26 contour
on the My, — |V,y|* plane solving the following equation:

S X |VeN|2
\/SX |VeN|2+B,

where S and B stands for signal and corresponding
backgrounds, respectively. We consider 5.6 ab™!, 4 ab™!,
8 ab~!, and 4 ab~! luminosities as benchmarks for the
colliders with center-of-mass energies 250 GeV, 500 GeV,
1 TeV, and 3 TeV respectively. The 2¢ limits are shown in
Fig. 23 by the thick solid (combined e* + 4 and SSDL,
“with SSDL”) blue line. Combining the results given in
Tables VIII and IX and applying Eq. (87) we estimate the
bounds on the mixing angle and they are shown by the
dashed (combined e® +4j and OSDL, “with OSDL”)
orange line.

(87)

2. Heavy neutrinos at e* e~ colliders for complementarity

We consider eTe™ — Nv process followed by N —
e*WT and hadronic decay of the W boson showing e* +

2j + p'ss final state. To study this final state we consider
Vs =91.2 GeV, 250 GeV, and 500 GeV. The distributions
of the polar angle of the electron for the signal and
corresponding backgrounds are same as in Fig. 22. To
study this final state at /s = 91.2 GeV, we consider a
generic background. The signal normalized by the square
of the mixing and generic background cross sections before
and after cuts at \/s = 91.2 GeV are given in Table X. The
selection cuts for the signal and generic background are
mentioned in the caption of Table X. To study the e* +
2j + piiss final state at /s = 250 GeV e~e* collider, in
addition to the generic background we also consider the
background coming from the ZZ final state where one Z
boson decays leptonically and the other hadronically. For
relatively larger center-of-mass energy such as /s =
500 GeV one need to also add another important back-
ground in the form of 77 process. The signal normalized by
the square of the mixing and generic background cross
sections before and after cuts at /s = 250 GeV and /s =
500 GeV for e* +2j + p™s final state are shown in
Tables XI and XII, respectively. Using the normalized
signal events (S) from Tables X—XII and the corresponding
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TABLE X. Cross sections of the signal (normalized by |V,y|?) and generic background before and after cuts for e~e™ collider at

/s = 91.2 GeV for the final state e* + 2j + p‘}‘i“. We have used the following cuts: cos @, < 0.92, p’} > 15 GeV, p’T > 10 GeV,
piss > 15 GeV, and p4 > 10 GeV.

Signal Background
Vs (GeV) My (GeV) Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)
20 370.21 x 10* 93.24 x 10* 0.163
40 282.10 x 10* 105.53 x 10* 2.52 0.163
91.2 60 156.23 x 10* 63.16 x 10* 0.320
80 183.47 x 10* 69.63 x 10* 0.564

TABLE XI. Cross sections of the signal (normalized by |V,y|?) and backgrounds before and after cuts for e~e* collider at /s =

250 GeV for the final state e* + 2j + piS. We have used the following cuts: cos 8, < 0.92, pé'-' > 30 GeV, pé? > 20 GeV, p’; >
10 GeV and piiss > 20 GeV.

Signal Backgrounds
/s (GeV) My (GeV) Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)
100 40510 5502 evjj: 4536 267
Z7: 101 4.6
250 38200 3097 evjj: 4536 99
250 Z7:101 1.3
150 20300 3813 evjj: 4536 92.4
Z7:101 1.3
450 8600 2320 evjj: 4536 60
Z7:101 0.63

backgrounds (B), we estimate the significance of a 2o
contour on the My, — |V,y|* plane solving Eq. (87) with

represented by the thick, darker-green dot-dashed contour
in Fig. 23 as “e~et.” We show these bounds as a part of

luminosities 150 ab~!, 5.6 ab™!, and 4 ab™! for /s =
91.2 GeV [223], 250 GeV, and 500 GeV [224-226],
respectively. In this context we have scaled the previous
/s =1 TeV [225] and 3 TeV [226] results using fat-jet
signatures (hadronic decay of the W boson) from [60] at
8 ab~! and 5 ab~! luminosities, respectively. These are

complementary study.

3. Different limits on light-heavy mixing angle

We compare our results with the existing bounds from a
variety of experiments shown by the shaded-gray region in
Fig. 23. The ATLAS and CMS bounds from the SSDL

TABLE XII. Cross sections of the signal (normalized by |V,y|*) and backgrounds before and after cuts for e"e* collider at /s =
500 GeV for the final state e + 2j + ps. We have used the following cuts: cos 8, < 0.92, p} > 45 GeV, p7 > 10 GeV, pFss > 15
and p% > 50.
Signal Backgrounds
/s (GeV) My (GeV) Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)
100 51028 16409 evjj:2251 841
ZZ:38 1.53
11:198.5 8.8
250 24506 11023 evjj:2251 392.4
Z7:38 0.35
500 17:198.5 2.54
350 15212 6303 evjj:2251 146.3
Z7Z:38 0.2
t7:198.5 0.6
450 4701 2017 evjj:2251 51.0
Z7:38 0.1
11:198.5 0.06
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signal at /s = 8 TeV LHC is shown by the red-dashed and
dotted lines from [227,228] respectively. The bounds from
the L3 detector of LEP are shown by the light-green dot-
dashed line from [229]. The bounds from /s = 13 TeV
LHC using the SSDL searches from CMS [230] using cyan
dot-dashed and trilepton searches from ATLAS [231] using
cyan dashed and CMS [232] brown dot-dashed lines,
respectively. The bounds obtained from the prompt (Pr)
and long-lived (LL) heavy neutrinos searches from
DELPHEI [233] are shown by dot dashed and dashed
lines respectively. The limits from the EWPD [234-236]
for the electron flavor are shown by the solid cyan line.
Bounds on the mixing using long-lived particle (LLP)
searches from the CMS [237] are shown by the solid
magenta line for Dirac type and dot dashed purple line
for Majorana types heavy neutrinos, respectively. The
conservative limits on the heavy neutrino mixing from
the meson decay are shown by light green dashed line from
[31]. The displaced vertex (DV) searches in ATLAS from
the heavy neutrinos are taken from [238] where Dirac (D)
and Majorana (M) types heavy neutrinos were considered
for single flavor (1F) and different neutrino mass hierar-
chies such as NH and IH. The 1F case for the Dirac and
Majorana types neutrinos are shown by purple and magenta
dotted closed curves whereas other DV scenarios are shown
by the red-solid (M-IH), light-red dot-dashed (D-IH), red-
dashed (D-NH) and light-red dashed (M-NH) closed
curves, respectively. The prospective bounds obtained from
the future circular collider for electron positron (FCC-ee)
are shown by the dashed-magenta line from [239]. The
limits on the light-heavy mixing from SHiP are shown by
the darker-red dot-dashed line from [240,241] and those
from the NA62 experiments are shown by darker red
dashed line [242-245]. Prospective upper limits from
MATHUSLA at FCC-hh for the W/Z boson decays for
MATHUSLA surface version are presented by M-WZ-
FCC-hh(S) and forward version M-WZ-FCC-hh(F) and the
lines are shown by orange-dashed and orange dotted-lines,
respectively. The prospective limits for the heavy neutrinos
produced from the W/Z boson decays at the high lumi-
nosity LHC (HL LHC)are presented by M-HL-LHC-WZ
and shown by the solid orange line. The bounds on the
heavy neutrinos obtained from the B/D meson decays are
represented by M-HL-LHC-BD and shown by orange dot
dashed line [246]. The prospective bounds obtained from
the FASER Collaboration with detector radius 20 cm and
1 m are shown by the darker-cyan dashed and dot-dashed
lines being marked as FASER20 and FASERI1, respectively
[247,248]. For My, > 2 GeV we find that recent bounds
from LHC are stronger and rule out many existing results.
Furthermore, EWPD is stronger for heavier RHNs showing
the gray-shaded regions as ruled out parameter space.
For My, <2 GeV we find strong limits from CHARM
[249-251], JNIR [252], PS191 [253], BBN [254,255], and
theoretical bounds can be obtained from the seesaw

scenario [256-258] in the anticlockwise direction. We find
that the prospective limits from the e~y colliders could be
compared with the bounds obtained from e~e™ colliders
from M N, = 80 GeV. Here we would like to mention that
one can also obtain prospective bound on mixing angle
|V,w|? at futuristic muon collider, see Refs. [102-104] for
recent studies. They found that the 3 TeV/10 TeV muon
collider can probe mixing angle as |V,y|* ~1073/107°
for My ~ O(100 GeV)/O(1 TeV).

B. Different signatures from triplet scalars

At yy collider, one can easily produce H* and H** in
pair. We found that yy — H*H~ mode has nearly one order
of magnitude less cross section than the yy — H " TH™~
process. Therefore, we consider only the pair production of
doubly charged scalar multiplet at the yy collider. As shown
in Fig. 2, depending on the choices of v, and Am, H**
decays to either ¢+, WEW*, or H*W** with 100%
branching ratio. In our analysis we will assume the mass
splitting 6m ~0 so that H** either decays to £*¢*
(vp < 107 GeV) or WEW?* (v, > 107* GeV). Hence,
depending on the values of v,, pair production of H**
can produce either four leptons £;¢7¢7 %  or
WEW=WTWT in the final state. The WX W*WTWT mode
can produce several jets in the final state following the
hadronic decay of the four W bosons.

Let us first discuss the leptonic mode yy — H**HFT —
R En at eten collider with /s =3 TeV. In this
case, we assume v, < 107 GeV such that the leptonic
decay from the charged Higgs BR(H** — £*£%) can be
dominant. Note that the doubly charged Higgs boson decay

to the leptonic final state goes as I'Y/ ? x|Y Z 2. Hence, the
it

patterns of various leptonic channels will exactly follow the
pattern of Y, which is determined by oscillation param-
eter. As aresult the BR(H** — ¢;¢7) will also depend on
the ordering of light neutrino mass. Hence, one expects that
collider observables such as the cross section o(yy —
H**HTT - £7¢7¢¢5) may strongly correlate with
neutrino mass ordering. To show that indeed this is the
case, we consider three possible scenarios:

G) yy-H™"H - fi*f;rfi‘f;, where the index i, j
is summed over. We are not considering z channel as
it is harder to detect compare to electron or muon.
Note that this channel is lepton flavor conserving. In
this analysis we consider a generic background of
four-lepton 47 and two-lepton with two W bosons
2£2W where the W bosons decay leptonically. As
for v, < 107 GeV, there exist tight constraints on
the mass of Mp::, we consider relatively high
M =+ . Due to this reason one expects that the lepton
pr distribution will peak at high p7. Also the lepton
polar-angle distribution will be similar as Fig. 22.
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TABLE XIII. Cross sections for the signal and SM backgrounds before and after cuts for f,-*z,”j*fi‘fjf final state from the yy —
H*™+H™ process where both i = j and i # j are possible scenarios. We have used the following cuts: cos 0;,, <0.9,cos0,, <0.92,

Py > 400 GeV and p** > 150 GeV.

Signal (NH) Signal (IH) Background
Before After Before After Before After
Vs (TeV) My (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
900 5.5 2.6 13.536 6.916 4¢:1.4 0.005
202W:3.74 0.0008
3 1000 4.2 22 10.81 5.29 4¢:1.4 0.005
202W:3.74 0.0008
1200 1.91 0.9 4.69 2.34 4¢:1.4 0.0011
202W:3.74 0.00022
1200 0.14 0.07 0.34 0.17 47:14 0.0011
202W:3.74 0.00022
The signal and backgrounds cross sections before case with My++ = 1400 GeV will have low sig-
and after the cuts are given in Table XIII for the NH nificance throughout the considered range of lumi-
and IH cases which affect the branching ratio of the nosity. We find significant improvement in the
charged scalars into leptons depending on the light IH case where 5¢ significance could be achieved
neutrino mass hierarchy as the corresponding Yu- within 10 fb~! luminosity to 20 fb~! luminosity for
kawa couplings carry information from the neutrino M+« =900 GeV, 1000 GeV, and 1200 GeV re-
oscillation data. We estimate the significance (o) of

0 functi f luminosity (£) and it i spectively, however, that could be achieved around
e process as a function of luminosity and it is 300 fb-! luminosity for M. — 1400 GeV.
shown in the top row for the NH (IH) case in the left UMIROSILy 10r M+ ¢

(right) panel of Fig. 24. For the case of NH, the
signal can reach at a significance of 5¢ between
10 tb='-12 fb~! luminosity for M++ = 900 GeV

and 1000 GeV. The signal for M,.- — 1200 GeV final state violates the lepton flavor by one unit. In
can reach at 5'0- at 30 fb=! lumi rljosity A signifi- this case we use the similar mass points and cuts as

cance of 3o can be reached around 150 fb-! shown in Table XIII. For this signal we find that
Juminosity for M- — 1400 GeV. We find slight the important background only comes from 2£2W

improvement in the TH case where more than 5o final state. The signal cross sections before and
significance could be attained around 10 fb~! after cuts are shown in Table XV for the NH and IH

Juminosity for M= — 900 GeV, 1000 GeV, and case. The estimated significance of this signal are
H - ) )

1200 GeV, respectively. However, a 5o significance shown in the bottom row of Fig. 24 at Vs =3 TeV
could be attained around a luminosity slightly for the NH (IH) case in the left (right) panel. In

(iii) Finally we consider yy—>HTH™ >
CHETees +eFeTerer, where i # joand i, j s
summed over the electron and muon channel. This

above 200 fb~! for M- = 1400 GeV. the NH case a 5S¢ significance could be attained
(i) Second we consider the process yy — H*TH™ — with 50 fb~! luminosity to 120 fb~! luminosity for
£H¢re7¢; where i # j and i, j are summed over M= =900 GeV, 1000 GeV, and 1200 GeV, re-
electron and muon channel. This final state violates spectively whereas this signal can be probed at 3o
lepton flavor by two units. In this case we use the significance around 500 fb~' luminosity for M+- =
similar mass points and cuts as shown in Table XIII. 1400 GeV. On the other hand this signal from the
For this signal we find there is no irreducible IH case can be observed with a significance of 5o
backgrounds in this case. The signal cross sections within 60 fb~! luminosity to 150 fb™' luminosity for
before and after cuts are shown in Table XIV for the My =900 GeV, 1000 GeV, and 1200 GeV, re-
NH and IH case. The estimated significance of this spectively whereas the case for M=+ = 1400 GeV
signal are shown in the middle row of Fig. 24 at could be observed at 2¢ significance with a lumi-
Vs =3 TeV for NH (IH) case in the left (right) nosity of 500 fb~!.
panel. The NH cases of Mpy+ =900 GeV, Nextwe consider v, > 107> GeV where H** — W*W*

1000 GeV, and 1200 GeV could be observed at is the dominant mode. We specifically focus on the leptonic
5¢ significance around 100 fb~!' luminosity. The  mode coming from the yy — H**H~~ process followed by
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FIG. 24. Significance of different final states from yy — H™"H~ process at /s =3 TeV as a function of integrated luminosity.

TABLE XIV. Cross sections for the signal £7 ¢} f;f}f before and after cuts, where i # j and i, j are summed over electron and muon
channel. The cuts are same as in Table XIII.

Signal (NH) Signal (IH)
Vs (TeV) M7 (GeV) Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)
900 0.162 0.12 5.31 3.82
3 1000 0.122 0.09 3.99 2.87
1200 0.056 0.04 1.84 1.32
1400 0.0041 0.003 0.13 0.09
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TABLE XV.  Cross sections for the signal and SM backgrounds before and after cuts for £ £ £7¢7 + £ ¢ ¢7¢7, where i # jand i, j
is summed over electron and muon channel. The cuts are same as in Table XIII.

Signal (NH) Signal (IH) Background 2£2W
Before After Before After Before
Vs (TeV) M%E* (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb) cuts (fb) After cuts (fb)
900 1.51 0.67 0.87 0.39 3.74 9.72 x 10~
3 1000 1.13 0.55 0.66 0.32 3.74 9.72 x 104
1200 0.52 0.23 0.31 0.13 3.74 7.48 x 1072
1400 0.04 0.02 0.02 0.01 3.74 7.48 x 1072

TABLE XVI. Cross sections for the signal and SM backgrounds before and after cuts for 4W final state from the yy - H™"H™~
process where W bosons decay leptonically.

Signal Background
Vs (TeV) M7= (GeV) Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)
1 300 1.21 0.08 4W:0.02 0.0004
47:8.0 0.112
W*Z:1.45 0.035
1.5 400 0.88 0.052 4W:0.092 0.0008
47:4.45 0.066
W*Zz:3.21 0.038
3 600 0.42 0.054 4W:1.0 0.0023
47:1.4 0.00027
W*Z:7.2 0.0145
800 0.25 0.05 4W:0.46 0.0023
47:1.4 0.03
4¢:7.2 0.014
H** — WEW* and W* — ¢*vin association with missing for My++ = 600 GeV and 800 GeVat /s = 3 TeV,
momentum where Z = e, u. We generate the SM back- respectively.
grounds like 4W, W*Z, and 47. In this case W and Z bosons  The signal and backgrounds cross sections before and after
decay leptonically taking electrons and muons under con-  the cuts are given in Table XVI. We show the significance of
sideration. We estimate the signal and background cross  this process as a function of the integrated luminosity in
sections before and after the following selection cuts: Fig. 25. The significance can reach at 50 with a luminosity

(i) Transverse momentum for the pr-ordered leptons  between 600 fb~! luminosity to 1 ab=! luminosity.

follow: (1) p?” >80GeV; p?"‘ >30GeV for My+ =

300 GeV at /5= 1 TeV; (2) p* > 100 GeV, p’* >

50 GeV for M y++ = 400 GeV at\/E = 1.5 TeV;and 5

() pi > 150 GeV, py* > 75 GeV for My =

600 GeV and 800 GeV at /s = 3 TeV, respectively.

(i) The energy of the leptons are followed as
() E,,>100GeV and E, 6 >50GeV for
My~ =300GeV at /s=1TeV, (2) E, >
150GeV and E, , >75GeV for My = 400 GeV
at /s =15TeV and (3) E,, > 200 GeV and
Ey,, > 100 GeV  for Mpy++ =600 GeV  and
800 GeV at /s = 3 TeV, respectively. 0.5 L Mw=en0Gel Yo oY Mot oen ‘j.;ﬂ.TeY ) |

(iii) The azimuthal angles of the leptons follow: S0 100 » 500 1000
(1) cos@,, <09, cosl,, <092 for My = LI~

300 GeV at /s=1TeV; (2) cosb, 15 < 088, FIG. 25. Significance of different final states from yy —

cosfy,, <092 for Mpy++=400GeV at Vs = H*"H~~ process at different /s as a function of integrated
1.5 TeV; and (3) cosby , < 0.83, cosbp,, <0.92  luminosity.

Significance[o7]

1 17— HYH™, H > WAW*, W* - ¢4

-+ My=300 GeV, Ys=1TeV - M,;--=400 GeV, s =1.5 TeV
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e x0 w- J
FIG. 26. SSDL + J final state in association with missing
momentum at e~y collider where ¢~ = e, u~. There is an
additional s-channel process giving the same final state which
has been added in the analysis but not shown here.

C. Different signatures from triplet fermions

We study the production of triplet fermion at the e~y
collider. The triplet fermion has neutral and charged
multiplets. The lower limit on the triplet fermion mass
form the LHC is nearly 1 TeV. As a result we consider
My > 1.2 TeV and center-of-mass energy of e~y collider
as 3 TeV. The dominant decay mode of the neutral multiplet
is WT¢ and the second dominant mode of the charged
multiplet is ZZ. Due to the heavy triplet fermion mass
under consideration, these W and Z bosons will be boosted
and produce fat-jets. In this scenario we consider two
different aspects in the following.

1. SSDL mode

We first consider the WX case where W~ decays
leptonically and X° decays into the dominant mode e~ W+
where W decays hadronically. In this analysis we consider
a heavy triplet My > 1.2 TeV. As a result W+ from the X°

decay can be boosted so that the hadronic jets could be
collimated to produce a boosted object called a fat jet (/).
The fat jet topology is a very powerful tool to significantly
reduce the SM backgrounds. In our analysis the jets are
reconstructed by Cambridge-Achen algorithm [259,260]
implemented in the Fastiet [261,262] package with the
radius parameter as R = 0.8. Hence, we consider SSDL +
J signature in association with missing momentum. Again,
as in the case of Type-I seesaw, we have two possibilities
such as SSSF and SSDF depending on the flavor of £~
coming from the associated W~ decay. Hence we consider
both the SSSF and SSDF signals with a fat jet in association
with missing momentum which can be useful to probe the
Majorana nature of X°. The corresponding Feynman
diagram is given in Fig. 26. In Fig. 27, we show the
distributions of the fat-jet transverse momentum (p7),

transverse momenta of the leptons ( p?'z), fat-jet mass
(my), the polar angles of the leptons (cos 6, ,) of the signal

and corresponding backgrounds at /s = 3 TeV. In view of
these distributions we use the following cuts for the signal
and generic background:

(i) The events selected with at least one fat-jets (/) and
leptons (£ = e,u) having transverse momenta
ph>400GeV, pi i 5 400 GeV and p72™ine >
10 GeV, respectively for the neutral component of
the triplet fermion with mass My = 1200 GeV,
1400 GeV, 1600 GeV, and 1800 GeV, respectively.
For Mo = 2000 GeV, 2200 GeV, and 2400 GeV,

the cuts are p’ > 600 GeV, p5'*™ 5 600 GeV
and pP"™ " 5 10 GeV, respectively.

The jet mass (m;) of the fat jet is considered to be
within 60 GeV < m; < 100 GeV.

(i)

— M(%,)= 1200 GeV | ]

F —— M(3,)= 1600 GeV | ] o
oz M(z,)=2000 GeV | | o2

o F e M(zp)=2400Gev | [

S |§ ol — e ] <| 5 o

—l® —| o

— M(Z,)= 1200 GeV — M(Z,)= 1200 GeV E

—— M(Z,)= 1600 GeV —— M(z,)=1600 GeV |

.......... M(5,)= 2000 GeV ol W M(E,)= 2000 GeV | 1

i M(2o)= 2400 GeV ol i M(zg)= 2400 GeV |
— Hljjve AIES
—l %

J| Z, 2
PHGeV] PLIGEV] PGV
2 T T 7 0. T T T T T T T T g
oasf- = M(Z,)= 1200 GeV | 5 018 — M(X,)= 1200 GeV 0.18 — M(Z,)= 1200 GeV |
osf- = M(2g)= 1600 GeV | o 016 — M(z,)= 1600 GeV 016 — M(z,)=1600 GeV |
- “5; .......... M(Z,)= 2000 GeV E < ot~ M(x,)= 2000 GeV i o 0.14] e M(Z)= 2000 GeV |
__g 'E ; i M(20)= 2400 GeV é © 2 0.12| i M(E )= 2400 GeV Ii o 2 012 i M(Eg)= 2400 GeV €
02f— ] 1 =
—~l® JE — lljjve = E 01 — ljve < E 01 — njve =
015~ - 0.08] 0.08|
—] —le
Py == = 0.06] 0.06
Y 0.04
0.05— - =
0.02| . 'ﬁ'f
] 100 200 300 400 500 5 % o1 02 03 04 05 06 07 08 09 1
m;[GeV] cos Gfl cos sz

FIG. 27. The distributions of different kinematic variables from the SSDL signal from type-III seesaw and corresponding generic

background from e~y collider at /s = 3 TeV.
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TABLE XVII. Cross sections of the signal (normalized by |V,z|?) and generic background before and after cuts for e~y collider at
\/s =3 TeV for the SSDL final state.
Signal Background

Vs (TeV) Ms (GeV) Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)
1200 2716.82 3124 95.8 0.204
1400 2527.68 377.15 95.8 0.243

3 1600 2317.24 394.13 95.8 0.252
1800 2068.63 380.31 95.8 0.371
2000 1763.19 711.1 95.8 0.128
2200 1386.45 273.5 95.8 0.102
2400 939.3 204.43 95.82 0.068

(iii) We reconstruct X° considering the electron and
fat-jet system (e~J) and using the invariant mass
cut Mso —40 GeV < my; < Mso + 40 GeV where
Mo is the mass of the neutral component of the
triplet fermion.

The cosine of the polar angle of the leptons are
considered to be cos6;, e < 0.92 and cos H,zmﬂmg <
0.9, respectively.

The signal normalized by the square of the mixing and
corresponding background cross sections for the SSDL
final state at /s = 3 TeV are given in Table XVII.

(iv)

2. Trilepton mode

The charged multiplets of the triplet fermion can also be
produced at the e~y collider in association with Z boson.
2~ decays into e~ Z followed by the hadronic decay mode
of the Z boson. Due to the heavy mass of the triplet fermion
after the recent LHC limits we consider Ms > 1 TeV hence
it can produce a boosted Z boson which can produce a fat
jet after the hadronic decay which could have a unique
feature. The associated Z boson decays into a pair of
charged leptons. Hence we finally observe a trilepton plus
fat-jet signal which could be an interesting signature at the

e 7 0

FIG.28. Feynman diagram for the process e™y — e~ ¢+t¢~ + J.
There is an additional 7-channel process giving same final state
which has been added in the analysis but not shown here.

e~y colliders. In addition to this mode another interesting
channel could be the £~/4 mode where 4 can decay into b-
jets dominantly followed by the £~ — ¢~J mode from the
charged multiplet of the triplet fermion. However, in this
article we finally concentrate on the gauge boson associated
triplet production processes not including the Higgs asso-
ciated channel in further consideration. The corresponding
Feynman diagram is given in Fig. 28. Generating the
trilepton events with jets we show the distributions of
the fat-jet transverse momentum (p?.), transverse momenta

of the leptons (pb;"“), the fat-jet mass (m;), the polar
angles of the leptons (cos 951.23) of the signal and corre-
sponding backgrounds in Fig. 29. In view of these
distributions we use the following cuts to generate trilepton
plus fat-jet events for the signal and generic background:
(i) The events selected with at least one fat jet (/)
and three leptons having transverse momenta
py > 300 GeV, piie>400GeV, pptites
150GeV, and pi*™" 5 75 GeV, respectively
for M5 = 1200 GeV, 1400 GeV, 1600 GeV, and
1800 GeV, respectively.
The jet mass (my) of the fat-jet is considered to be
within 60 GeV < m; < 100 GeV.
We reconstruct X~ considering the electron and fat-
jet system (e”J) and using the invariant mass
cut My- —40 GeV < my; < Ms- + 40 GeV.
The cosine of the polar angle of the leptons
are considered to be cos gll.leuding < 0.9, cos lemmng <
0.92 and cos Hlmmng < 0.94, respectively.
The signal normalized by the square of the mixing and
corresponding background cross sections for the trilepton
plus fat-jet final state at /s =3 TeV are given in
Table XVIIL

(i)
(iii)

@iv)

3. Limits on the mixing angle

For both the case of SSDL + J and e~ ¢¢~ + J, study-
ing the signal (S) and the corresponding backgrounds (B)
we estimate the 2¢ limits on the mixing using Eq. (87)
taking 5 ab™! of integrated luminosity as a benchmark. The
limits coming from SSDL+J and e £7¢~ +J are
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FIG. 29. The distributions of different kinematic variables from the trilepton plus fat-jet signal from the type-IIl seesaw and

corresponding backgrounds from the e~y collider at /s = 3 TeV.

represented by the thick blue and dashed blue line,
respectively in Fig. 30. We compare the results with the
limits from EWPD for electron (V,y = 0.019) and univer-
sal EWPD (Vs = 0.016), respectively from [235]. We find
that the 20 bound on the mixing for the SSDL signal can
reach O(1073) for My = 2 TeV which is well below the
expected limits. The 26 limit on the mixing from the
trilepton plus fat-jet signal can reach up to 2.2 x 10~* for
My = 1.475 TeV which is slightly stronger than the

TABLE XVIII. Cross sections of the signal e"y — e~ ¢¢~ +
J (normalized by |V 5 |?) and generic background before and after
cuts for e~y collider at /s = 3 TeV. In the background column
“” stands for extremely low cross section of the background
e??jj compared to eWWZ.

Signal Background
Vs Ms Before  After Before After
(TeV) (GeV) cuts (fb) cuts (fb) cuts (fb) cuts (fb)
1200 24.67 3.63 -
0.0014
1400 21.23 5.11 -
0.000741
3 1600 16.82 4.06 e/ljj:0.491 -
eWWZ:1.353 0.00115
1800 12.1 2.73

0.00017

EWPD-U limit. We find that the limits almost remain flat
through out the mass range we consider apart from some
heavy masses where the fat-jet signatures become stronger
for the signal over the backgrounds. We do not probe the
energy threshold because the cross section sharply falls
near that region which may provide comparatively weaker
bounds on the mixing.

1 T T T T T
0.100: J
0.010; E
(S
3
>
0.001: J
EWPD-e
10- 4 eTy(3/+J) EWP‘I’J’—U
e”y(SSDL+J)
1 0—5 L L L L L
1250 1500 1750 2000 2250 2500
M;[GeV]

FIG. 30. 20 limits on the mixing angle from SSDL 4 J in
association with missing momentum (thick, blue) and 37 + J
final state (dashed, blue) at the e~y collider with /s = 3 TeV at
5 ab~! luminosity. We compare the results with the limits from
EWPD for electron (black dot-dashed) and universal EWPD
(black dashed).
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V. DISCUSSIONS AND CONCLUSIONS

In this paper we study three types of electroweak scale
seesaw scenarios at electron-photon and photon-photon
colliders at different center-of-mass energies. We have
systemically calculated the cross sections of different
production modes of the BSM particles at these colliders
averaging over photon spectrum for fixed /s as a function
of the corresponding BSM particle mass. First we con-
sider the production of heavy Majorana neutrinos from the
type-1 seesaw scenario at the electron-photon collider in
association with W boson. From this channel we study
e* + 4j scenario where the heavy neutrino dominantly
decays to W¥e®, followed by the hadronic decay of W
bosons produced in this channel. In addition to that we
consider the leptonic decay of the associated W boson so
that SSDL and OSDL modes could be obtained.
Considering these final states in association with two jets
from the hadronic decay of the W boson coming from the
heavy neutrino we estimate the limits on the light-heavy
mixing. Hence combining SSDL mode with e* + 4 and
OSDL mode with e* +4j we estimate limits on the
mixing angle separately for comparison at 2¢ significance.
For completeness we compare the limits with the existing
bounds and prospective limits at electron-positron col-
liders at different center-of-mass energies. Depending on
the center-of-mass energy, heavy neutrino mass and the
choice of the final state signal, the limits on the light-
heavy mixing obtained from electron-photon colliders
could be stronger compared to existing limits. The
obtained limits are stronger than the limits obtained from
the eletroweak precision study. Second, we consider the
type-1I seesaw scenario where we produce doubly charged
scalars at the photon-photon collider studying a variety of
multilepton modes. Studying the signals and SM back-
grounds we find that signals with 5¢ significance could be
obtained at 3 TeV photon-photon collider where the triplet
scalar masses around 1 TeV. Like the singlet fermion we

have studied triplet fermion production in electron photon
collider from the type-IlI seesaw scenario as the third case.
In this case we consider 3 TeV collider as the triplet mass
is greater than 1.2 TeV due to the current LHC limit. We
study SSDL mode from the neutral multiplet and trilepton
mode from the charged multiplet of the triplet fermion in
association with a fat jet. Studying the signal and SM
backgrounds we estimate limits on the light-heavy mix-
ings and find stronger bounds compared to those obtained
from the electroweak precision measurements. We men-
tion that a systematic study involving multivariate analysis
may improve these results. When the electron-positron
collider is built in future, unique opportunities of con-
structing electron-photon and photon-photon colliders
will be possible where one can test electroweak-scale
seesaw scenarios. This will help to fix the neutrino mass-
generation mechanism. In addition to that, possible
studies on the Majorana or Dirac nature of neutrinos
could also be possible.

Finally, we would like to stress that in our study we have
used the cut-based analyses where the cuts do depend on
the mass of the heavy degrees of freedom. This search
strategy is always less efficient than a “bump-hunting”
algorithm or a boosted-decision tree based on general
kinematic variables which are not based on search mass
priors. Also we would like to again mention that if one
considers a polarized beam, the bound might be weaker
compared to what we obtained.
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APPENDIX: PHOTON PDF

Algorithm 1.
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! bcompton (y, epol, apol) describedbelowis the functionwhichgives the energy spectrumof
the photon coming from Compton back-scattering. ! yis the ratiobetween photon energy and
electron energy. epol and apol are the electron and photon polarization.

! The bcompton (y, epol, apol) functiondescribedbelow iswritten basedon the paper hep-ex/
0108012 can be added at line number 101 of PhotonFlux.f file in MadGraph.

real*8 function bcompton (y, epol, apol)

real*8 y, epol, apol
real*8 x, Dx, lee, laa, ymax, r, £
data x / 2.24034d0 /

lee = 0.0d0*epol

apol

laa

Dx = (1d0 - 4d0 / x - 840 / x**2) *dlog (1d0 + x)+0.5d0 + 840 / x - 0.5d0 / (1d0 + x) **2
& + 2d0*lee*laa* ( (1d0 + 2d0 / x)*dlog(1d0 + x) - 2.5d0 + 1d0 / (140 + x)

& -0.5/(1d0+x) **2)

ymax = x / (1d0 + x)
if (y.le.ymax) then
r=y/x/ (140 - y)

f=(1d0 / (1d0 - y) + 1d0 - y - 4d0*r*(1d0 - 1)
& - 2do*lee*laa*r*x* (2d0*r - 1d0) * (2d0 - y)) / Dx
else
f =0do
endif

bcompton = £
lwrite (1, *)y, £
end
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