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We analyze a novel signature of the type-II seesaw model—a same-sign tetralepton signal arising from
the mixing of neutral Higgs bosons and their subsequent decays to singly and doubly charged Higgs bosons.
For this, we consider wide ranges of the triplet vacuum expectation value (vev) and Yukawa couplings that
are consistent with the observed neutrino masses and mixing as well as the LHC search limits. We find that a
doubly charged Higgs boson with mass around 250 GeV and triplet vev around 1074~1072 GeV can give a
significantly large number of events through its decay to same-sign W gauge bosons at the high-luminosity
LHC with 3000 fb~! of data. We also pursue the analysis for a future hadron collider with the c.m. energy of
100 TeV. Considering a heavy Higgs boson of around 900 GeV and an intermediate region of the triplet vev,
where both same-sign dilepton and gauge boson decays can occur, we identify a limited range of the
parameters where the number of same-sign tetralepton events are as large as 1000.
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I. INTRODUCTION

After the discovery of the Standard Model (SM) Higgs
boson, one of the key questions that still remains unex-
plained is the origin of light neutrino masses and mixings.
A number of neutrino oscillation experiments have observed
that the solar and atmospheric neutrino mass splittings are
Am2, ~107° eV? and Am?; ~ 10~* eV2. The Pontecorvo—
Maki—Nakagawa—Sakata (PMNS) mixing angles are
015 ~32° 6,3 ~45° and ;3 ~9° [1]. Once we include
the right-handed neutrinos in the theory, a Dirac mass term
can be generated for light neutrinos. However, to generate
eV neutrino masses, this requires a very large hierarchy of
the Yukawa couplings Y, ~ O(10~!") within the SM. The
light neutrinos being electromagnetic charge neutral can be a
Majorana particle, and their masses can have a different

*ejchun@kias.re.kr

Tsan’f.khan@uni-goettingen.de

*smandal @iopb.res.in

?manimala@iopb.res.in

‘sujayshill @gmail.com
Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2020,/101(7)/075008(14)

075008-1

origin compared to the other SM fermions. One of the
profound mechanisms to generate Majorana masses of light
neutrinos is the seesaw, where tiny eV masses of the
Majorana neutrinos are generated from the lepton number
violating d =5 operator LLHH/A [2,3]. There can be
different UV completed theories behind this operator,
commonly known as type-I, -II, and -III seesaw mecha-
nisms. These different models accommodate extensions of
the SM fermion/scalar contents by SU(2), singlet fermions
[4-10], SU(2), triplet scalar boson [11-14], and SU(2),
triplet fermions [15], respectively. Among these, the type-II
seesaw model, where a triplet scalar field with the hyper-
charge Y = 42 is added to the SM, has an extended scalar
sector. See [ 16—18] for the details of the Higgs spectrum. The
bound from a vacuum stability, perturbativity, and electro-
weak precision test has been studied in [19]. The neutral
component of the triplet acquires a vacuum expectation
value (vev) v, and generates eV scale neutrino masses
through the Yukawa interaction between the lepton doublets
and triplet Higgs field. The same Yukawa interaction also
has a large impact on the charged Higgs phenomenology in
this model. The presence of a doubly charged Higgs that can
have distinct decay modes whose branching ratios are
determined by the observed neutrino oscillation data [20]
is the most appealing feature of this model. Hence, a
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discovery of this exotic particle will be a smoking gun
signature of this model.

A number of searches have been carried out to look for
the signature of the doubly charged Higgs at collider and
noncollider experiments [20]. See [21] for the Tevatron
and [22-34] for the LHC [35-37] for HE-LHC and future
hadron colliders. Depending on the triplet vev, the doubly
charged Higgs boson can decay via distinguished decays
modes. Assuming degenerate charged Higgs masses, it
decays predominantly to same-sign dileptons (gauge
bosons) for w, < (>)107* GeV. For nondegenerate
charged Higgs, in the intermediate range of triplet vev,
the cascade decay to singly charged Higgs can also be
dominant and has been explored in [22-24]. The CMS and
ATLAS Collaborations have searched for the same-sign
dilepton final states and constrained the mass of the doubly
charged Higgs as M -+ >820,870GeV at 95% C.L. [38,39]
assuming Br(H** — #+#%+) =100%. Additionally, ATLAS
also searched pair production of doubly charged Higgs with
subsequent decays into gauge bosons [40]. This search
constrained the mass of doubly charged Higgs My
between 200 and 220 GeV at 95% C.L., relevant for
N 10~* GeV. The vector boson fusion channel, where
the H** is produced in association with two jets, gives
relaxed constraints [41,42]. The collider signatures and the
discovery prospect of this scenario have been discussed in
[43-49]. Previous searches for H* in the pair-production
channel and their subsequent decays into same-sign leptons
at LEP-II has put a constraint My:= > 97.3 GeV at
95% C.L. [50]. For the earlier discussions on the Higgs
triplet model at a linear collider, see [51-55].

Most of the works in the literature explored the dilepton
or gauge boson decay modes of the doubly charged Higgs
leading to multilepton final states. Because of the possible
cascade decays of the charge neutral Higgs into a singly
charged Higgs and the cascade decay of a singly charged
Higgs into a doubly charged Higgs, the model can also lead
to a very unique signature, same-sign tetralepton final
states. This was first proposed in [56] and explored for the
lower triplet vev, where dilepton decay is predominant. In
this work, we consider a wide range of the triplet vev,
particularly focusing on gauge boson decay modes, and
explore the signature for 14 TeV LHC. For the higher range
of the triplet vev, as the LHC constraint on the mass of
doubly charged Higgs is relatively relaxed [40], we there-
fore perform the analysis for the lighter Higgs state, as low
as My ~ 247 GeV. In addition, we also consider a very
high energy pp collider that can operate with c.m. energy
/s =100 TeV and explore this unique signature for a
heavy doubly charged Higgs. We show that for heavier
doubly charged Higgs, there is a very narrow region of the
triplet vev, which can accommodate significantly large
O(10%) same-sign tetralepton signatures.

Our paper is organized as follows: We briefly review the
basics of the type-II seesaw model in Sec. II. In Sec. III, we

discuss the branching ratios of doubly and singly charged
Higgs and the relation between H** and H* decays.
In Secs. IV and V, we present the simulation of same-
sign tetralepton signal at /s = 14 TeV LHC and /s =
100 TeV. Finally, we present our conclusions in Sec. VL

II. MODEL DESCRIPTION

One of the most simplest seesaw models is the type-II
seesaw model [11-14], which, in addition to the SM
particle contents, also contains one SU(2), triplet Higgs

field
AL A+
A= ~(1,3,2).
AO AT

The neutral components of the SM doublet (®) and
triplet Higgs fields are denoted as ®° :%((]50 +iy%)

(2.1)

and A? = % (8° + in®), respectively. The neutral compo-
nent of A acquires vev and generates Majorana masses for
light neutrinos. We denote the vev’s of ¢° and 8° by v¢, and
v, Where v* = v, + v3 = (246 GeV)?2. The kinetic term
for the triplet has the following form
Lin(A) = Tr[(D,A) (D#A)]. (2.2)
In the above, D, is the covariant derivative D,A =
0,8 + i§[t“Wj, Al + igB,A. The new triplet scalar field
A being a triplet under SU(2), interacts with the SM gauge
bosons. In addition to the kinetic term, A has Yukawa
interaction with the SM lepton doublet. The Yukawa
interactions of A with the lepton fields are
Ly(q), A) = YAL_ziTzALL + H.C., (23)
where Y, is a 3 x 3 matrix and ¢ denotes charge con-
jugation. The scalar potential of the Higgs fields ® and A is

V(®,A) =m2®'®+ MiTr(ATA) + (u®Tiz,AT® + H.c.)
A
+Z(<1>T<1>)2 + 21 (®T®)Tr(ATA) + 4,[Tr(ATA)?

+ 3 Tr[(ATA)?] + 1, @TAAT O, (2.4)
where mg, and M, are real parameters with mass dimension
one, and 4, 4,_, are dimensionless quartic Higgs couplings.
Note that y is the parameter with positive mass dimension.
The triplet field A carries lepton number +2, and hence,
the Yukawa term conserves lepton number. However, the
lepton number is violated two units by a nonzero pu.
Therefore, together a nonzero y and a nonzero Y, violate
lepton number symmetry.

The scalar potential that generates the scalar mass matrix
includes trilinear as well as quartic couplings among the
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scalar fields. The scalar mass matrix, after diagonalization,
generates seven physical Higgs states. They are the charged
Higgs bosons H**, H*, and the neutral Higgs bosons A,
H®, and A°. The two charged scalar fields ®* of ® and A*
of A mix to give singly charged states H* and the charged
Goldstone y* bosons. Similarly, the mixing between the
two charge-parity- (CP) odd fields (y° and ") gives rise to
A® and the neutral Goldstone boson p°. Finally, we obtain
the SM Higgs boson (/) and a heavy Higgs boson (H) via
the mixing of the two neutral CP-even states ®° and °. For
the detail description of the charged and neutral mass
matrix, see [16].
The minimization conditions of the potential are

OV(®, A)
31)@

L, e
87JA

These give the following conditions for m3, M?:

1] v32
mg, = 5 —% — 03 (41 + A4) +2V2u04 | (25)
N 1
M? = M3 - 3 203 (A2 + 43) + vg (A + 4],
VI U
with M2 =2 2.6
A \/ZUA ( )

The diagonalization conditions for the neutral and charged

scalar fields are
<¢i> B <cosﬁi —sinﬂi> <;{i )
A*)  \sinf. cosps H*)’
o) (o)
cos fy AY )’

¥\ _ (cosh
()= (o

0 cosa —sina / h°
()= Goe e ) ) e
& sina  cosa H°
where the mixing angles
2 2
tanf. = V20, , tan ffy = ﬂ,
Vo Vo
4 2 (A + Ay) — 2M5
tan2a = 2 Vg (4 +44) 4 (2.8)

Vo ’l)é/{ — 2M2A — 41}2(22 +ﬂ3) ’

All these mixings being proportional to the ratio of Z—: are
very small.

The physical masses of the doubly and singly charged
Higgs bosons H** and H* can be written as

A
2 M2 2 4 2
My = My — vads — 3 Vo,

A4 21]2A

The CP-even and CP-odd neutral Higgs bosons & and H
have the physical masses

(2.9)

my, = T1cos’a + Tssina — T1,sin2a,  (2.10)

m2, = T1sina+ T3,cos’a+ 71, sin2a.  (2.11)

In the above, 7,, 74, and 7, have the following
expressions:

2
% :%’ T3, = M3 +205(4 + 43),
72— s,p A+ A 2.12
12*—E 3 T 0ovA (A + As). (2.12)

The CP-odd Higgs field A° has the following mass

403 ,
[}

2
VoH

\/§'UA .

(2.13)

The difference between the H** and H* masses is
dictated by the coupling 1, of the scalar potential. For a
positive A4, the H** is lighter than H*. The mass differ-
ence AM? is

A
AM? = M2, - M2~

e~ v3 + O(0%). (2.14)

Throughout our analysis, we consider the mass hierarchy
M e+ < M y=. Among the neutral Higgs fields, we identify
h° as the SM Higgs with mass Mo = 125 GeV. The mass
of h° is primarily decided by A, where the mass of H is
primarily decided by M ,. The neutral Higgs mixing angle a
is very small, and hence, cosa ~ 1. On the other hand,
the charged Higgs and CP-odd Higgs mixing angles tan
and tanf, being proportional v,/vg are very small,
tanf ~ 1073, Note that the mass squared difference
between H* and H° in the limit v, < vg is

2

v
M2, — M. ~,14T‘1’+ O(1%). (2.15)

Therefore, the mass difference between M -+, M 5+ and the
mass difference between M o, M+ are almost similar and
dictated by the same set of parameters 4, and electroweak
vev 1. The mass squared difference between H® and A° is
extremely small, as this is proportional to the triplet vev,
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4
M2, — M2, ~20% (A + 43) —

——=UVA.
\/iﬂA

We denote the mass difference between H° and A° by
My — M 40 ~O0M ~ v,, and the mass difference between
H* and H° by My — M0 ~ AM. As we will discuss in
the next subsequent sections, the latter parameter is
important for a few of the decay modes that depend on
charged Higgs and neutral Higgs mass splitting and is one
of the key parameters for our discussion.

Because of the nontrivial representations of A, the Higgs
triplet has interactions with a number of SM fermions and
gauge bosons. This opens up a number of possible decay
modes that can be explored at the LHC and at other future
colliders. In the next section, we summarize the different
direct experimental constraints on the charged Higgs states.

(2.16)

III. DECAY MODES AND EXPERIMENTAL
CONSTRAINTS

We assume the neutral Higgs H° and A° are more
massive than the charged Higgs. Among the charged Higgs,
H* is heavier than H**. The doubly charged Higgs boson
H** of this model can decay into the leptonic or bosonic
states and gives unique signatures at high energy colliders.
The partial decay widths and branching ratios of the H**
depend on the triplet vev v,. For the smaller triplet vev, the
H** predominantly decays into the same-sign leptonic
states H** — [*[*, whereas for larger v,, the gauge boson
mode H** — W*W* becomes dominant [20,22,23]. The
relevant decay widths are calculated to be

F(Hii lili) r M?-:Ii Yij :
v lil; (1 +5U)8ﬂ' (N
My: YA’UA, (31)

- G5 4
=g, \| @t w/ 2= 1)

(3.2)

Here, M, denotes the neutrino mass matrix, i, j are the
generation indices, and I';; and I'y-y- are the partial
decay widths for the H** — [fI} and H** — W*W=*
channels, respectively. The parameter ry represents the

. M
ratio of H** and the W gauge boson masses, ry = —&—.
w

Other than the doubly charged Higgs, the model also
contains a singly charged Higgs. The singly charged Higgs
H* can decay to lv, WZ, Wh, tb final states. Additionally,
for nondegenerate charged Higgs masses and triplet vev v,
between 107 and 1072 GeV, the cascade decay H* —
H**W* can also become dominant. The partial width for

the charged Higgs decaying into H**W~* has the follow-
ing form:

99*M Mj.. M
T(HE — HEEW) = 29 ZH o2p, (=822 20 ),
1287 MH:E MH:t

(3.3)

In the above, S, is the charged Higgs mixing angle. For the
expression of the function G and other partial decay widths
of H* into two fermions mode and two gauge bosons
mode; see [26]. We show the branching ratio of H**
and H* in Fig. 1 for two benchmark values of doubly
charged Higgs mass Mpyz: = 247.3 GeV and My =
894.02 GeV, respectively. In the upper panel of Fig. 1,
we show the variation of the branching ratios of the doubly
charged Higgs boson for the two chosen benchmark mass
points. The lower panel shows the variation of the branch-
ing ratio of singly charged Higgs H* into different
channels. The lower panel has a different response with
the increase of the doubly charged Higgs mass, which also
implies the increase of the masses of different other charged
and neutral Higgs states. From the top panel, this is evident,
that there is hardly any change in the branching ratio of
doubly charged Higgs for the variation of its mass, except a
slight shift in the overlapping region of the two branching
ratios. On the other hand, in the lower panel, the scenario is
completely different, and one can easily see a huge
variation in the branching ratio of the different decay
channels of H* due to the change in mass of the doubly

charged Higgs. This happens because with the increase of
M
M]_;iii

the decrement in the decay width of H™ — HTTW™*
channel occurs due to the phase space suppression.

A number of searches have been proposed at the LHC to
discover H** using multilepton signatures. The searches
in [22-24,47] focused on the pair and associated produc-
tion with the H** decaying into leptonic gauge boson
states. Below we discuss the existing constraints on H**
from the LEP and LHC searches.

(i) Constraint from the LEP-II: The search for
doubly charged Higgs boson H** decaying into
charged leptons has been performed at the LEP-IL.
This constrains the mass My > 97.3 GeV [50]
at 95% C.L.

(i) Constraints from pair and associated production:
Stringent constraints on M ++ have been placed by
the 13 TeV LHC searches. These searches analyzed
the H** — [*I* channel. The CMS Collaboration
looked for different leptonic flavors including
ee,eu, et,pupu, ut, and zz. In addition, the CMS
searches also include the associated production
pp — H**HT and the subsequent decays H* —
[*v. This combined channel of pair production and

the doubly charged Higgs mass, the ratio — 1; hence,
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10 T T T 10F T T T
1 H++ N l+ l+ H++ — W+ W+ 1 H** R 1+ 1+ H++ . W+ W+
= z
= —
m m
0.1F E 0.1F E
0.01 —! e 0.01 ' ' :
10 107 107 1 107 107 107 1
va [GeV] va [GeV]
10 T T T 10F T T T
H —>1'v H' - H"W H —>1I"v H' — WZ + Wh
1F 3
o o
= =
ko =
M m
0.1F i
L H —>qq
H' - H"W’
001 1 1 1
107° 107 107 1

va [GeV]

va [GeV]

Upper panels: The branching ratios of H** for masses M+ = 247.30 GeV and M- = 894.02 GeV. Lower panels:

associated production gives the stringent constraint
M y=e > 820 GeV [39] at 95% C.L. for e, u flavor.
The realistic bound depends on the neutrino mass
matrix [20]. Similar constraints from ATLAS
searches have been placed on the mass of doubly
charged Higgs that takes into account only pair
production. The bound is My:+ > 870 GeV at
95% C.L. [38]. Note that these limits are valid only
for a small triplet vev v, < 107* GeV. Additionally,
ATLAS looked into the pair production of a doubly
charged Higgs with subsequent decays into gauge
bosons, resulting in multilepton final states. The
search in [40] has constrained the mass of doubly

(iii)

075008-5

Branching ratios of H* for the masses M+ = 250.35 GeV and M- = 894.89 GeV. The other relevant parameters are kept fixed at
4i=0.1 (fori=11to 4) and 1 = 0.52.

charged Higgs M-+ between 200 and 220 GeV at
95% C.L. This is valid for the triplet vev
vy > 107* GeV, where the gauge boson decay is
most dominant.

Constraint from vector boson fusion (VBF): For larger
values of the triplet vev v, > 10™* GeV, the leptonic
branching ratio becomes smaller. Instead, the decay
mode H** — W*W=* is dominant. Therefore, the
searches in VBF become more important. A search for
pp — jjH*™ — jjW*W=* at the 8 TeV LHC in the
VBF channel sets a constraint on the triplet vev v, ~
25 GeV for My=: ~ 300 GeV [41]. This constraint
has been updated [42] using 13 TeV data at the LHC.



CHUN, KHAN, MANDAL, MITRA, and SHIL

PHYS. REV. D 101, 075008 (2020)

Such a large triplet vev is anyway excluded by the p
parameter bound [19] in the minimal type-II see-
saw model.

The abovementioned constraints imply that a large
range of the triplet vev v, > 10™* GeV exists, where
low mass of My« > 220 GeV is still allowed. For the
lower triplet vev v, < 107 GeV, the mass constraint is
more conservative My+= > 870 GeV. In our analysis of
tetralepton signatures, we therefore choose both the lighter
and heavier mass points.

IV. LARGE TRIPLET VEV AND SAME-SIGN
TETRALEPTON SIGNATURE FOR /s=14 TeV

We explore the tetralepton signature arising from a lighter
charged Higgs and neutral Higgs decay. We consider
associated production of H* along with H°/A°. For a triplet
vev between 107 GeV < v, < 1073 GeV and assuming
mass hierarchy between singly and doubly charged Higgs
My > M-, the cascade decay of H* into H¥*W* is

subsequent leptonic decay of the produced on-shell W*. For
the signal, therefore, the complete process is [56]
(1) pp = HiHO/HiAO - HTEWEHTWF S
Hiiwi*HiiWZF*WZF* - 4Wi + X,
(i) pp —» HA" - H*WFPHWT -
H¥=WHHSWHWTWT S AW+ + Y.

The Feynman diagrams for the above two processes have
been shown in Fig. 2. Note that this phenomenon of wrong-
sign leptons production occurs as A° can oscillate to A
and vice versa. As a result, H° and A° sharing the same

final states can mix together like in the B — B® system.
Finally, we can write the cross section for these signals as
() o(pp— H*H/A%) x F| x Br(H* - H¥*W=*)? x
Br(H°/A" - H*W=*) x Br(H** - W=W*)2,
(i) o(pp — H°A%) x F, x Br(H°/A® — H*W~*)? x
Br(H* — H*¥W™*) x Br(H** — WfW*)2,
In the above, F;, are

2 2 2
predominant. In the same triplet vev region, H’/A" -  F — x_z’ Fy= 2 —|—x2 X — =,
H*W* decay is also significantly large. We furthermore L4 x 2(1+x7)  2(1+x7)
consider the gauge boson decay modes of H** — W*W+* with x — oM Mpyo — My (4.1)
that has a large branching ratio for v, > 10~ GeV and Lp0)40 L0/ 40 '
e
/Hii
- W
% W —4WE 4+ X
e
W
/Hii w= ]
re
/Hi
P o LI/L W
. W
e HO/I/I/L w
/ WF* we
- . =4W* +Y
N - Hii
VA RN
) > 0 / /Hi 7/2/1/ w
p A /2/1/1/
W

FIG. 2. Feynman diagrams for pp — H*H°/A°, pp — H°A", and the subsequent decays of H°/A? — HE*W~*, H* — HT*W~*,

and H*+ - WEW=,
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when the two decay widths 'y and I'jo are nearly equal,
i.e., ['yo =~ I"40. The generalization of these two processes to
the case of I'jo # I'po is
(i) o(pp = H*H/A%) x G| x Br(H* - H¥*W~)% x
Br(H/A® - H*W—*) x Br(H** - WEW*)2,
(i) o(pp = H°A%) x G, x Br(H’/A®? - H*W~*)2 x
Br(H* — H**W~*) x Br(H** - W¥W*)2,
where G and G, have the following forms:

T 201448 2T 21442 21442
M
with x:(s—,
r
1—*0 1—*0 FO —FO
P=-A1°4  ang y— = 4 (4.2)
2 Iy, +17

Note that, to compute the tetralepton signature, one
needs to take into account the leptonic branching ratios
from W. In our analysis, we consider both the W — [v with
[ =e, p as well as W — zv with the leptonic decays of =
included. To compute the cross section, we implement the
model in FeynRules (v2.3) [57]. The Universal FeynRules
Output (UFO) is then fed into MadGraph5_aMC@NLO (v2.6)
[58] that generates the parton-level events. We use the
default parton distribution function NNPDF23LO1 [59] for
computation. We perform parton showering and hadroniza-
tion with PYTHIAS [60] and analyze the HepMC [61] event
files. The above cross sections pp — H*H® and
pp — HPA® depend on the masses of the neutral
and charged Higgs. We therefore show the variation of
associated production cross section of pp — H*H°/A° and

Opp—ab [Pb]

.,
~.

1 1 1 RN 1
250 500 750 1000 1250 1500
My [GeV]

107

FIG. 3.

pp — HC°A° with the mass of H? in Fig. 3. For c.m. energy
V/s = 14 TeV, the cross section for pp — H°A® varies
between 1 and 70 fb for neutral Higgs mass between 200 and
500 GeV. For pp — HTH°/A", the cross section is very
similar, only lower by a factor of O(1.5). For
pp — H H°/A°, the cross section is smaller due to the
parton distribution function. In addition, we also show the
production cross section for a future pp collider with c.m.
energy /s = 100 TeV. As is evident from the right panel of
Fig. 3, the production cross section is quite large for higher
c.m. energy, and multi-TeV Higgs mass can be probed.

Note that the production cross sections for pp —
H*H/A° depend on both the parameters A, and the triplet
vev v,. For a fixed value of u, the triplet vev primarily
governs the masses of the Higgs H*, H/A°, while the
parameter A, determines their mass difference. In the left
panel of Fig. 4, we show the variation of the production
cross section for the process pp — HTH® in the v, — Ay
plane for a benchmark value of neutral Higgs, Mo ~
253 GeV. For the process pp — H~HP, the plot is very
similar; only the production cross section is relatively
smaller by a factor of 2. The channel pp — H°A? has
the largest cross section, larger than pp — HTH° by
almost a factor of O(1.4-1.7). Since 44 has a very nominal
effect on the mass splitting of H°, A°, the cross section of
this channel is almost fixed in the entire plane of A4 — v4,
and thus does not vary.

The doubly, singly charged, and neutral Higgs bosons
will decay through a number of subsequent decay
modes, leading to the same-sign tetralepton final states.
The two key parameters are again the triplet vev v, and

1 T T T T
N\
I\ 100 TeV
0.1 NN pp— HA® 3
AN N pp—HH ]
\\:\\ e pp—HH’
= 0.01f ‘\_\‘\\ E
= NN, ]
i \\\:\\\

€ 107 E
107k T

1 ()—5 1 1 1 1
500 1000 1500 2000

Mre [GeV]

Left panel: Cross section for associated production H*H®, H°A° vs the mass of H*. The c.m. energy is /s = 14 TeV. The

other parameters are fixed at ;, =0.1 (i =1 to 4), 1 =0.52, v, = 103 GeV, and 4 has been varied between 2 x 10~3 GeV and
4.5 x 1072 GeV to vary the mass of the particles. The production cross sections for H*A% and H~A° are same as H*H® and H~H°,
respectively. Right panel: The same plot for higher c.m. energy /s = 100 TeV.
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FIG. 4. Left panel: Cross section in fb for the channel pp — H* H° for the c.m. energy /s = 14 TeV (M 4 = 253 GeV). Right panel:
Product of branching ratios Br(H* — H**W=*)% x Br(H°/A? > HEW~*) x Br(H** - W*W*)? x Br(W* — #v)* for the process
pp — H¥H/A® with mass of A? being fixed as M 0 = 253 GeV. For the second process pp — H°/A, the behavior of the product of

the branching ratio will be the same.

the coupling A4. Since a number of branching ratios are
involved in the same-sign tetralepton process, we show
the product of these branching ratios. In the right panel
of Fig. 4, we show the variation of the product of branching
ratios Br(H* — H¥W=*)? x Br(H?/A? - H*W~*) x
Br(H** - WEW*)2 x Br(W* — ¢v)* for the process

0.5 140
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100
0.3 80
2
0.2 60
40
0-1 20
0 0

1075 1074 1073 1072 1071
va [GeV]

pp — H*H°/A® in the v, — A, plane. From the top panel
of Fig. 1, it is evident that the doubly charged Higgs H**
decays predominantly to the same-sign W* W= state. For a
smaller range of the triplet vev, it entirely decays to the [£/*
final state. This is reflected in Fig. 4, where there is a
sharp change in the branching ratio around 107 GeV.
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FIG. 5.

This plot represents the number of same-sign tetralepton events for mass Mo ~ M 0 = 253 GeV. Left figure of upper panel:

Number of same-sign tetralepton events £+ £+ ¢+ £+ + X from pp — HTH°/A? followed by subsequent decays of H+, H?, A°. Right
figure of upper panel: Number of same-sign tetralepton events £~¢~¢~¢~ + X from pp — H~H°/A° and subsequent decays. Lower
panel: Number of same-sign tetralepton events £+ £T¢+ + Y or £~¢~¢~¢~ + Y from pp — H°A? and subsequent decays. For the
doubly charged Higgs, we consider the H** — W*W* decay mode. The c.m. energy /s = 14 TeV and we consider luminosity
L = 3000 fb~!. For this range of A4, the masses of H* and H** vary at most by Mo — My++ ~ 32 GeV and Mpyo — M+ ~ 15 GeV,

respectively.
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FIG. 6. Cross section in fb for the channel pp — H*H° for the
mass M 4, = 900 GeV. We consider c.m. energy /s = 100 TeV.

The product goes to zero on the left side of this line (as
shown by the black region). On the right side of this line,
the product can be large, as indicated by the color bar. We
stress that the product of the branching ratios has a
significantly large value for a wide range of the triplet
vev 107 GeV < v, < 1072 GeV. Therefore, in this
region, there will be handful of events for same-sign
tetralepton final states that can be tested at the LHC. In
the next section, we will see how this large range of the
triplet vev shrinks to a very narrow range for higher masses
of the charged and neutral Higgs. This occurs due to
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0.0025
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0.0015
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0.0005

0
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1075 104 1073
va [GeV]

FIG. 7.

significant change in branching ratios of the channel
H* — H**W~* for the same value of /.

In Fig. 5, we show the variation of the number of events
for the same-sign tetralepton signature, where we consider
integrated luminosity £ = 3000 fb~!. This has been
obtained by folding the production cross section with
the overall branching ratio and integrated luminosity. We
also implement a few basic cuts at the PYTHIA level. These
are pr(e*/u*) > 10 GeV, |n(e*/u*)| < 2.5. We obtain a
cut efficiency cqp = 0.62 for My = 253 GeV that we
include in our calculation of total number of events. We
consider the processes pp — HTH?/A° (top left), pp —
H H°/A" (top right), and pp — H°A? (bottom). To
calculate the number of events, we followed the prescrip-
tion given at the beginning of Sec. IV. As we can see from
the bottom left plot of Fig. 1, for the low mass range of the
particle spectrum, the channel H* — H**W~* has a 100%
branching ratio for a wide range of the triplet vev. Hence, in
all three plots, we get a reasonable number of events for
the triplet vev v, ~ 107*~10! GeV. As exhibited in Fig. 3,
the cross section for the different final states has the follow-
ing hierarchies o(pp — H°A) > pp —» o(H H"/A") >
o(pp — H H°/A"). The same hierarchy also translates in
the number of events. All three plots have a similar kind of
morphology in the v, — 44 plane, and the nature of the

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
10-° 1074 1073 1072 107!

va [GeV]

0.045
0.04
0.035
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0.025
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0.015
0.01
0.005

1072 107!

Upper panels: This represents the product of branching ratios Br(H* — H**W~*)? x Br(H°/A® - H*W~*) x Br(H** -

WEWE)2 x Br(W* — £v)* (left figure), Br(H* — H**W~*)2 x Br(H°/A® — H*W~*) x Br(H** — ¢#*£*)? (right figure). Lower
panel: The sum of these two products of branching ratios for the process pp — H*H?/A? with mass of A° being fixed as
M 40 = 900 GeV. For the process pp — H°A?, the product of the branching ratio is very similar.
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variation of the number of events can be understood in the
following way. Since we are considering the H=* — W*W+*
channel, which starts contributing when the triplet vev is
vy > 107 GeV, the number of events N,, > 5 starts
around this region of the triplet vev. As shown in Fig. 4,
the cross section increases with larger A4, while the branching
ratio for the channel H* — H**W~ decreases (bottom
right plot of Fig. 1) for the larger triplet vev, leading to the
specific variation of the number of events shown in Fig. 5.

V. INCLUSIVE SAME-SIGN TETRALEPTON
SIGNATURE FOR /s=100 TeV

We consider a heavier Higgs and analyze its discovery
prospect at a future pp collider that can operate with c.m.
energy /s = 100 TeV. Because of the suppression from a
number of branching ratios, the observation of same-sign
tetralepton final states will be beyond the scope of 13 TeV
LHC. However, this can easily be observed in a future
collider with higher c.m. energy. As a benchmark sample,
we consider neutral Higgs mass Mo, =900 GeV and
variation of the doubly charged Higgs of mass at most by
5 GeV from Mo 0. The chosen value of the doubly
charged Higgs mass is consistent with the constraints from

0.5 500
450
0.4 400
350
0.3 300
3 250
0.2 200
150
0.1 100
50
0 0
107 1074 1073 1072 1071

va [GeV]

13 TeV LHC searches for the entire range of the triplet vev
va ~ 107°—1 GeV. Near the triplet vev v, ~ 107, both the
dilepton and gauge boson modes will substantially con-
tribute. We therefore cover a large range of the triplet vev
va and consider the doubly charged Higgs decaying into
both the same-sign dilepton and gauge boson modes.
Hence, in addition to the gauge bosons discussed in
Sec. IV, the total cross section also contains the following
contribution from the dilepton decay mode:

(i) o(pp — H*H°/A") x G| x Br(H* - H**W~)2x

Br(H/A® - HEW™) x Br(H** — #+¢+)2,
(i) o(pp — H°A") x G, x Br(H°/A" - H*W—)%x
Br(H® — H¥W™)2 x Br(H** — ¢#+¢%)2,

In the above, [ = ¢, u, 7, and we finally consider the
leptonic branching ratios of 7, while calculating the number
of events. The functions G;, have been described in
Sec. IV. We show the variation of the cross section in
Fig. 6. The cross section for the mass M, = 900 GeV
varies around 5 fb. We next show the variation of the
product of branching ratios in Fig. 7 for heavier charged
and neutral Higgs. For the triplet vev smaller than
vy < 107 GeV, the doubly charged Higgs H** — [*[*
is dominant, while around 10™* GeV, both the gauge boson
mode and dilepton are dominant. For a heavier singly
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FIG. 8.

These figures represent the number of events for mass M 40 /M o = 900 GeV. Upper panels: Number of same-sign tetralepton

events £/ ¢ ¢ + X from pp — HTH®/A° and subsequent decays (left) and number of same-sign tetralepton events £~£~¢~¢~ +
X from pp — HH°/A° and subsequent decays (right). Lower panel: Number of same-sign tetralepton events £7/+/t¢T + Y or
£~¢¢~¢~ + Y from pp — H°A® and subsequent decays. We consider luminosity £ = 30 ab~". For this range of 14, the masses of H*
and H** vary at most by Mo — M == ~ 8.4 GeV and M0 — My ~ 4.2 GeV, respectively.
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FIG. 9. Total number of same-sign tetralepton events (¢ ¢"¢ "¢+ + £=¢~¢~¢~) for both the cases of M4 = 253 GeV (left figure)

and M = 900 GeV (right figure).

charged Higgs, the branching ratio for the H* — H**W~*
decay channel is large for a large value of 1. Note that, for
A4 ~ 0.1, the branching ratio becomes more than 1% in a
very small range of the triplet vev (see Fig. 1). This, in turn,
has a large effect on the total branching ratio and is clearly
visible in all three plots of Fig. 7. The region in v,, in which
the overall branching ratio is larger than 0.5% is now
considerably smaller. The left plotin the top panel represents
the overall branching ratio with only the H** — W*W+*
decay included. The plot in the right panel shows the total
branching ratio for H** — [*[*. The product of the
branching ratio is smaller for the case of H** — W*W+
due to additional suppression from Br(W* — #*v)*. In the
lower panel, we show the sum of these two branching ratios.
The higher values of the product of the branching ratios is
governed by H** — [*[* decay mode (relevant for
va <107 GeV). More explicitly, we show the H** —
W* W= dominated branching ratio by the blueish region and
the H** — [*[* dominated branching ratio by yellowish
region. The total cross section has been computed by folding
the branching ratios with the cross section shown in Fig. 6.
In addition, we also include a few preliminary cuts,
pr(et/u*) > 10 GeV, |n(e*/u*)| <2.5. For My =
900 GeV and neutrino oscillation parameters to their best
fit values [1], we obtain the cut efficiencies ¢y = 0.64 in the
H** — [*[* mode and c. = 0.62 in the H*+ — WTW*
mode that have been included in this analysis.

In Fig. 8, we present the number of events for heavier
doubly charged Higgs and charged and neutral Higgs
(~900 GeV). In all three plots, which correspond to
the pp - HYH/A°, pp - H"H°/A®, and pp — HCA°
processes, its possible to achieve a significantly large
number of events in a very narrow region indicated by
the yellow patch. This is contrary to the low mass range
discussed in the previous section, where we get a reason-
able number of events for a wider range of the triplet vev.
Figure 9 represents the variation of the total number of
events for tetraleptons with either +ve or —ve sign of the
leptons. The left panel shows the variation of the sum of the

number of events ([T[[T[* + [7I7[71") for the low mass
of the particles, and its shape is exactly similar to what we
discussed before (see Fig. 5). The figure in the right panel
shows the events for higher mass and also has a similar
shape to that displayed in Fig. 8.

VI. CONCLUSION

The type-II seesaw model is one of the most simplest
models of neutrino mass generation, where the model is
extended by an additional triplet scalar field. Because of an
extended Higgs sector and mixing between the SM doublet
scalar field and triplet scalar, the model contains few addi-
tional Higgs fields, including doubly charged and singly
charged Higgs fields, as well as CP-even and -odd neutral
Higgs fields. In this work, we consider a type-II seesaw
model for neutrino mass generation and analyze a unique
same-sign tetralepton signature at pp colliders. This arises
from the associated production of Higgs fields H* H°, H°A”,
and the subsequent decay of the neutral Higgs field into a
singly charged Higgs state, and the decay of a singly charged
field into a doubly charged Higgs state. More precisely, for
nondegenerate Higgs masses and for an intermediate triplet
vev v, between 1075 GeV < v, < 1072 GeV, the neutral
and charged Higgs H°, A°, H* decay predominantly to
H°/A® - H*W* and H* — H**W*. The subsequent
decays of H** either to same-sign dileptons or to same-
sign gauge bosons lead to the same-sign tetralepton final
states. We analyze this signature for a p p collider, taking into
account two different c.m. energies /s = 14 TeV and
\/E = 100 TeV. In our analysis, we choose those benchmark
mass points that are consistent with the present limits from
the 13 TeV LHC. In particular, for the lower c.m. energy, we
explore the tetralepton signatures from a lighter Higgs state,
and for a higher c.m. energy, we consider a heavier Higgs
states.

As an illustrative example, we first consider a large
triplet vev v, > 107> GeV and a benchmark mass with
Mo 40 = 253 GeV. We vary the mass difference between
doubly charged Higgs and charge neutral Higgs by at most
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5 GeV. In this region of the triplet vev, the gauge boson
decay mode of H** is predominant. The associated
production cross section pp — HTH° varies between
o ~ 17 and 20 fb. The product of different branching ratios
becomes maximal in a region v, ~ 10741072 GeV. To
analyze the signal events, we implement a few basic cuts,
for which we get a cut efficiency c.;; = 0.6. With integrated
luminosity of £ = 3000 fb~!, we find that a doubly
charged Higgs of mass around 257 GeV can lead to 600
events at the future upgrade of the LHC.

Additionally, we also consider heavier neutral and
doubly charged Higgs for which tetralepton signature
can be observed in a pp collider with higher c.m. energy.
For illustration, we consider the mass M o 40 = 900 GeV
and vary the masses of doubly and singly charged Higgs at
most by Mpy+ — My:+ ~5 GeV. We explore the signal
sensitivity for this benchmark point at the 100 TeV pp
collider. We consider both the dilepton and gauge boson

decay modes of the doubly charged Higgs. For heavier
mass, the branching ratio of H* — H**W* is large for a
very large 1,. We find that the production cross section
pp — HTHC varies nominally ¢ ~ 5 fb. We find that in a
narrow region in the 1, — v, plane, the same-sign tetra-
lepton events can be very large N,,,, ~ O(10%).
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