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While the tripletlike Higgses up to a few hundred GeV masses are already excluded for a vast
region of the model parameter space from the LHC searches, strikingly, there is a region of this
parameter space that is beyond the reach of the existing LHC searches, and doubly/singly charged
and neutral Higgses as light as 200 GeV or even lighter are allowed by the LHC data. We study
several search strategies targeting different parts of this LHC elusive parameter space at two
configurations of e~e™ colliders—500 GeV and 1 TeV center of mass energies. We find that a vast
region of this parameter space could be probed with 5¢ statistical significance indicating discovery

with the early e~e™ colliders’ data.
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I. INTRODUCTION

Among several observational and theoretical lacunae
of the Standard Model (SM), the discovery of neutrino
oscillations—necessitating the neutrinos to be massive—
has provided arguably the most irrefutable reason for going
beyond the SM. The widely studied type II seesaw model
[1-6], one of the three UV completions of the so-called
Weinberg operator [7] at the tree level [8], extending the
SM with an SU(2), triplet scalar field with hypercharge
Y =1 offers a well-founded rationale for the observed
neutrino masses and mixings.

The copious production of the tripletlike physical
Higgses, viz. doubly and singly charged Higgses (H**
and H*) and CP-even and CP-odd neutral Higgses (H°
and A°)," and their eventual decays to the SM fermions and
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'While H** is purely a triplet component, the rest are
admixtures of doublet and triplet components. On account of
the small mixings between them—occasioned by the SM Higgs-
to-diphoton decay rate at the LHC as well as the small v,
constraint from the p parameter measurement from the electro-
weak precision data (EWPD), the states with admixtures domi-
nated by the triplet components are dubbed tripletlike.

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,/2022/106(7)/075028(14)

075028-1

bosons offer interesting ways to probe them directly at
colliders. The phenomenology of these states, in particular,
the doubly charged ones, has been studied extensively at
the Large Hadron Collider (LHC) [9-42], e~e™ colliders
[43-48], and e~ p collider [49,50]; see Refs. [51,52] for
comprehensive reviews. The observations being consistent
with the SM expectations, several LHC searches performed
by the CMS and ATLAS collaborations have put stringent
limits on new states [53-62]. For H** decaying exclu-
sively into a same-sign lepton pair, the CMS multilepton
search in Ref. [58] has set a limit of 535-820 GeV. The
ATLAS multilepton search in Ref. [59] has set a limit of
770-870 GeV and 450 GeV for H** decaying, respec-
tively, 100% and 10% into a same-sign light lepton pair. For
H** decaying exclusively into a same-sign W-boson pair,
the ATLAS search in Ref. [62] has set a limit of 350 GeV
and 230 GeV, respectively, for the pair and associated
production modes. Reference [42], incorporating all the
relevant productions and decays for the tripletlike Higgses,
has estimated the most stringent limit on my:+ for a vast
model parameter space by recasting several searches by
CMS and ATLAS as well as studying a new multilepton
search. They have projected a limit of 640(1490) GeV for
H** decaying into a pair of same-sign W-bosons (leptons)
at 3000 fb~! configuration of the LHC (HL-LHC).

Also, CMS and ATLAS have performed several searches
for heavy neutral as well as singly charged resonances
decaying into a pair of SM bosons or leptons [63-80].
Considering their production through gluon-gluon and
vector-boson fusion processes, these searches have put
limits on their production cross sections folded with the

Published by the American Physical Society
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corresponding branching ratio. However, on account of the
small mixing between the triplet Higgs and the SM doublet
Higgs, H*, H°, and A° are fermiophobic to all charged
leptons and quarks [81,82], and their production through
such processes thereby are of little consequence. Therefore,
suppressed production rates for these scalars immune them
from receiving any constraints from these conventional
LHC searches.

Understandably, with the LHC searches being designed
to probe specific parts of the parameter space defined by
the doubly charged Higgs mass (7 ), the mass-splitting
between the doubly and singly charged Higgses (Am =
my+x — my=) and the triplet vacuum expectation value (v,),
the resulted limits are not applicable for the entire param-
eter space. It has been shown in Ref. [42] that while the
tripletlike Higgses up to a few hundred GeV masses are
excluded for Am = 0 and Am < 0 from the LHC searches,
strikingly, there is a region of the parameter space—with
large enough positive Am and moderate v,—that is beyond
the reach of the existing LHC searches, and Higgses as light
as 200 GeV or even lighter are allowed by the LHC data.
The challenges in probing this part of the parameter space
at the LHC arise because the charged Higgses decay
exclusively to the neutral ones and off-shell W-bosons
resulting in soft hadrons or leptons, which are challenging
to reconstruct at the LHC. Thus, charged Higgses’ pro-
ductions only enhance the production of neutral Higgses,
which then decay to vv or bb, 1,77, Zh, hh, thereby
resulting in final states that are challenging to probe at
the LHC owing to the towering background. However,
future lepton colliders [83—86] are expected to have better
prospects for probing this region of the parameter space
owing to a cleaner environment. This work studies several
search strategies targeting different parts of the above-
mentioned LHC elusive parameter space at future e~e™
colliders. To this end, we consider two configurations of
e~et colliders—500 GeV and 1 TeV center of mass
energies (/).

The rest of this work is structured as follows. In Sec. II,
we briefly discuss the type II seesaw model and the
productions and decays of the tripletlike Higgses. We
perform a comprehensive collider analysis for them in
several final states at the 500 GeVand 1 TeV e~e™ colliders
in Sec. III. Finally, we summarize in Sec. IV.

II. THE HIGGS TRIPLET

In addition to the SM field content, the type II seesaw
model employs a SU(2), triplet scalar field with ¥ = 1:

AL < AT /\/j AT )

A0 —At /\/E ’
The scalar potential involving A and the SM Higgs doublet
® = (dF ®7 is given by [82]

A
V(®,A) = —mi® D + 1 (®T®)2 + miTr(ATA)
+ [p(®Tic? AT®) + H.c.] + A, (©T®)Tr(ATA)
+ L [Tr(ATA)]? 4+ 43 Tr[(ATA)?] + L, OTAATD,
where m32, m%, and u are the mass parameters, A and
(i =1,...,4) are the dimensionless quartic couplings. The
neutral components of @ and A can be parametrized as

0 = (v, +h+iZ)/V2 and A = (v, + E+iZ,)/ V2,
where v, and v, are their respective vacuum expectation

values (VEVs) with \/vi +20? = 246 GeV. After the

electroweak symmetry is broken, the degrees of freedom
carrying identical electric charges mix, thereby resulting in
several physical Higgs states:
(i) the neutral states ®° and A° mix into two CP-even
states (h and H®) and two CP-odd states (G
and A?),
(ii) the singly charged states ®* and A* mix into two
mass states G= and H+,
(iii) the doubly charged gauge state A** is aligned with
its mass state H**,
The mass states G° and G* are the so-called would-be
Nambu-Goldstone bosons eaten by the longitudinal modes
of Z and W, and the rest of them are massive with & being
identified as the 125 GeV resonance observed at the LHC.
The Yukawa interaction Y;’jLiTCiJZAL ;j of the triplet
Higgs with the SM lepton doublet leads to the nonzero
masses for the neutrinos after the electroweak symmetry
breaking (Y* is a 3 x 3 symmetric complex matrix, i and j
are the generation indices, and C is the charge-conjugation
matrix):

m, = \/EYDU,.

Consequently, Y* is determined by the neutrino oscillation
parameters up to the triplet VEV. In this work, we take the
best fit values for the neutrino oscillation parameters from
Ref. [87], except for the Dirac and Majorana phases which
we set to zero for simplicity.

In this model, there are only three phenomenologically
relevant parameters, namely the doubly charged Higgs
mass (mg:=), the mass-splitting between the doubly
and singly charged Higgses (Am = my:: — my:), and
v;. The tripletlike singly charged and neutral Higgs masses
are given by

Mys = My== — Am (1)

and

mHo/Ao ~ \/mHit(mHii - 4Am) (2)
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For the sake of completeness, we briefly mention the

relevant constraints on them.

(i) The value of the p parameter from the EWPD [88]
leads to an upper bound of O(1) GeV on v,.

(ii) The EWPD observables, viz. S, T, and U parameters
robustly constrain the mass-splittings requiring
|Am| 540 GeV [39,89-91].

(iii) The SM Higgs-to-diphoton decay rate at the LHC
constrains the CP-even Higgs mixing angle a:
[sina| $0.3 at 95% confidence level [39].

(iv) The upper limits on the lepton flavor violating
decays y~™ — e y[92] and u~ — eTe" e [93] tightly
constrain the v, — my++ parameter space [94-96]:

IT
b, 2 0(10~%) Gev x &V

M pp++

(v) For Am = 0 and large (small) v,, H** with masses
below 420 (955) GeV are excluded from the LHC
searches, while the HL-LHC projection is 640
(1490) GeV. For large enough negative Am and
moderate v,, the exclusion limit (HL-LHC projec-
tion) extends up to 1115 (1555) GeV. However, for
large enough positive Am and moderate v,, triplet-
like Higgses as light as 200 GeV or even lighter are
allowed by the LHC data [42].

The triplet Higgses can be pair produced aplenty at e~e™

colliders through s-channel y/Z exchanges [46]*:

e"et - H"TH— H*H~,H°A°.

We evaluate the leading order production cross sections
using the SARAH 4.14.4 [97,98] generated UFO [99] modules
in MadGraph5_aMC_v2.7.3 [100,101]. Figure 1 shows the total
production cross sections for the tripletlike Higgses as
a function of m++ for Am = 30 GeV” at both the 500 GeV
and 1 TeV e~e™ colliders.

After being produced, the tripletlike Higgses decay
either into a lighter tripletlike Higgs and an off-shell
W-boson or into a pair of SM particles. For the model
parameter space of our interest—with large enough positive
Am and moderate v,—H** and H* undergo the former
decay [21,42,81], thereby enhancing the productions of H°
and A° effectively. Finally, H° and A° decay into a pair of
neutrinos or/and bb, 11, ZZ, Zh, hh. In Fig. 2, we present
their branching fractions as a function of v, for different
values of my+:—200, 250, 350, and 450 GeV with
Am =30 GeV. As these plots suggest, the dominance

2They can also be single or pair produced via vector-boson
fusion processes with two associated forward leptons at e~e™
colliders. However, we do not consider these due to their small
contribution.

3For the sake of definiteness, we consider a mass-splitting of
30 GeV for the rest of this work, then touch on the case for a
smaller mass-splitting in Sec. IV.
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FIG. 1. Total production cross sections for the tripletlike

Higgses at the 500 GeV and 1 TeV e~e* colliders.

of a decay mode over the others depends, naturally, on their
mass and v,.

III. COLLIDER PHENOMENOLOGY

The abundant production of the tripletlike Higgses
followed by their eventual decays to the SM particles will
lead to various final state signatures at e~e™ colliders. For
the parameter space of our interest with Am = 30 GeV and
v, ~ O(107)-O(1073) GeV, both H** and H* decay to
H°/A® and off-shell W-bosons, then the decays of H?/A°
proceed through different modes depending on their mass
and v, (see Fig. 2). Consequently, different parts of this
parameter space concern different decay modes of H?/A°:

(1) v, SO(107*) GeV: Both H? and A° decay invisibly
to neutrinos irrespective of their mass, with the
visible objects coming only from the off-shell
W-bosons. Consequently, the final state comprises
soft leptons and/or jets plus piFiss,

2) v,~O(107)=0(107%) GeV and my++ <290 GeV:
One of A? and H° dominantly decays to vv, and the
other decays to WW or Zh, thereby resulting in
multiple jets in the final state.

(3) v,20(10™*) GeV and my:+ $250 GeV: A° domi-
nantly decays to bb, and H° decays to vv, bb or WW
so that the final state includes at least two b-jets in
addition to other jets or leptons if any.

4) v,20(10™) GeV and my=+ 2250 GeV: H° and
A" decay dominantly into hh/ZZ and Zh, respec-
tively. Consequently, the final state comprises hhhZ
or ZZZh in the final state, in addition to the off-shell
W-bosons coming from the cascade decays of
H** and H*. Further, the hadronic decays of the
h/Z-bosons results in up to eight jets (with two to
six of these being b-jets) but for the soft leptons/jets
coming from the off-shell W-bosons.
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FIG. 2. Branching fractions for the tripletlike CP-even (top panel) and CP-odd (bottom panel) neutral Higgses.

Led the way by the decay patterns of H® and A° as A. Object reconstruction and selection
discussed above (also, see Fig. 2), we define four signal
regions (SRs) targeting different parts of the above-
mentioned parameter space. These SRs are summarized
in Table I, and the corresponding benchmark points

relevant for the subsequent discussion are summarized in

We use MadGraph5_aMC v2.7.3 [100,101] to simulate par-
ton-level events for both signals and backgrounds. We pass
those events into PYTHIA 8.2 [102] to simulate subsequent
decays for the unstable particles, initial and final state

Table II. Before going into the SR-specific selection, we
briefly describe the reconstruction and selection of various

physics objects.

radiations, showering, fragmentation, and hadronization.
Finally, we pass them into DELPHES 3.4.2 [103] with the
default card for the International Linear Collider for
simulating detector effects as well as reconstructing various

TABLE I. SRs targeting different parts of the parameter space.

Parameter space of interest
SR v, (GeV) Am (GeV) my+e (GeV) Final state of interest Vs (GeV)
SR1 >0(107%) 30 <250 >2b-jets 4 anything 500
SR2 O(107) = O(1073) 30 <290 >3 jets + pipiss 500
SR3 SO(1074) 30 <250(500) soft leptons/jets 500(1000)
SR4 >0(107%) 30 2250 >7 jets (with >2b-jets) 1000
TABLE II. Benchmark points used for different SRs.

Benchmark points

SR Name my+ (GeV) Am (GeV) v, (GeV) my: (GeV) mpo, 40 (GeV)
SR1 BPI 230 30 3x 1074 200 165
SR2 BP2 260 30 3x 107 230 195
SR3 BP3 (BP4) 240 (425) 30 1073 210 (395) 175 (363)
SR4 BP5 375 30 3x 107 345 312
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physics objects, viz. photons, electrons, muons, and jets.
Jets are reconstructed using the anti-ky algorithm [104]
with a characteristic radius 0.4 in Fastlet 3.3.2 [105]. Jets
(Ieptons, i.e. electrons and muons, and photons) are requ-
ired to be within the pseudorapidity range || < 2.4(2.5)
and have a transverse momentum p; > 10(5) GeV.
Further, muons (photons and electrons) are required to
be isolated, and this is ensured by demanding the scalar
sum of the prs of all other objects lying within a cone of
radius 0.5 around it to be smaller than 15%(12%) of its py.
Such stringent isolation requirements significantly suppress
the reducible backgrounds. Finally, the missing transverse
momentum vector pF (with magnitude piFis) is estimated
from the momentum imbalance in the transverse direction
associated to all reconstructed objects in an event.

B. SM Backgrounds

While different SM processes serve as the main back-
ground for different SRs, for the sake of completeness, we
consider all the relevant backgrounds across the SRs. These
include diboson (VV with V denoting the gauge bosons),
triboson (VVV) and tetraboson (VVVV) productions,
Higgsstrahlung processes (Vh, VVh, Vhh, tth), multitop
production (¢7, 1ft), top-pair production in association with
gauge bosons (¢7V, t1V'V), dilepton production, and multijet
production. We have generated these backgrounds at least
1000 fb~! luminosity worth of data at the 500 GeV (1 TeV)
e~et collider: 10° events for bb, 7, and VVV each; 107
(3 x 10%) events for VV; and 10> events for other relevant
processes each.

C. SR-specific event selection

We now briefly discuss the SR-specific selection criteria
that would significantly suppress the background without
impinging much on the signal. To achieve this, we use
various kinematic distributions as a guiding premise.

1. SRI: v, 2 O(10~%), Am ~ 30, my-- <250 GeV

In this SR, A° dominantly decays to bb, and H° decays
to v, bb, or WW so that the final state includes at least two
b-jets in addition to other jets or leptons if any. We require
at least two of the jets to be b-tagged. The invariant mass
distribution of these two b-tagged jets are expected to peak
at mpyo,40. The SM processes 7 and bb serve as the main
irreducible backgrounds for this final state. In Fig. 3, we
display two normalized kinematic distributions for the
signal and background events at the 500 GeV e e™
collider. The signal events are shown for a benchmark
point BPI: mpy:x =230 GeV, Am =30 GeV, and
v, ~3x 107* GeV. The left plot shows the distribution
for the angle between the two b-tagged jets (cos ;). In
case of more than two b-tagged jets, the pair with
maximum separation in the azimuth plane is considered.
The background boasts a peak around cos8,, = —1 with

3
0.5 SR sox10 <
0.4 gfcnkaglround 50F P Signal

|| Background

100 200 300 400 500
Ellghnets (Gev)

o

1/N dN/0.04

1/N dN/10.8

N oW A
S

NN
\T-
N N

O

.

FIG. 3. Normalized kinematic distributions for the signal (BPI)
and background at the 500 GeV e~e™ collider. Left: cos 8, and
right: Ejgng jeis-

the most dominant contribution coming from bb events
with the pair of b-jets emanating back-to-back. Displayed
in the right plot is the distribution of the sum of all non
b-tagged jet energies (Ejign jeis)- To improve the signal-to-
background ratio, we impose the following selection cuts:

COS be S [—096, 04] and Elight jets < 250 GeV.

The sensitivity of this search is increased by dividing the
selected events into 8 bins in the range [100,300] GeV
using the invariant mass of the two b-tagged jets (my;,) as
the final discriminating variable between the signal and
background (see Fig. 4). As we expected, the m,, dis-
tribution peaks in the 150-175 GeV bin, thereby recon-
structing the tripletlike neutral Higgses.

2. SR2: v, ~ O(10~4) - O(1073),
Am ~ 30, my+ $290 GeV
In this SR, one of A° and H° dominantly decays to vv,
and the other decays to WW or Zh. We require at least three
jets in the final state. To suppress the background con-

tributions from 7 and bb processes, we apply a b-jet veto.
We display some normalized kinematic distributions for the

30f SR
3 x Signal

25F 7 [ Background

20F

15

Events / 25 GeV

10f

5

0 A 4
100 150 200 250 300
m,, (GeV)

FIG. 4. my, distribution for the signal (BPI) and background.
The events are weighted for 1 fb~! luminosity at the 500 GeV
e~e™ collider.
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FIG.5. Normalized kinematic distributions for the signal (BP2)
and background at the 500 GeV e~e* collider. Left: Ej,;, middle:
Ejeps» and right: piss,

signal and background events at the 500 GeV e~e™ collider
in Fig. 5. The signal events are shown for a benchmark
point BP2: mpy:r =260 GeV, Am =30 GeV, and
v, ~3x107* GeV. The left (middle) plot shows the
distribution for the sum of all jet (lepton) energies, Eje
(Ejeps)- As for the Ejy distribution for the background
events, it is almost a monotonically rising one, peaking at
/s, with most of the contributions coming from WW and 77
productions. Whereas for the signal events, it is a wide one,
extending up to /s with a peak at 1/s/2. Also displayed, in
the right plot, is the pP* distribution. For the signal, this
distribution is almost flat, extending beyond 150 GeV. This
is effectuated by one of the two tripletlike scalars’ decay to
hadronic final state, with the other decaying invisibly. On
the contrary, for the background events, it is almost a
monotonically falling one, falling sharply at very low piFiss,
Guided by these kinematic distributions, we impose the
following selection cuts to improve the signal-to-back-
ground ratio:

Ejers <260GeV, Ejp <120GeV and pi'ss > 40 GeV.

Though the adoption of the cut on Ej., impinges on
the signal strength, this significantly increases the

6F SR2
E 7 Signal

51 [T Background
> f
O 4r
CLQI F
o |
c
g 2t
L

O - VIS III D!
50 100 150 200 250
Migts (GeV)

FIG. 6.  mj distribution for the signal (BP2) and background.
The events are weighted for 1 fb~! luminosity at the 500 GeV
e~e™ collider.

200 SR3 300 SR3
Signal Signal
160 [I7] Background 240 [[7]Background
2 8
5 120 S 180
S S
€ 80 €120

60

200 400 600 800 1000
E,q (GeV)

0 100 200 300 400 500 00

E,, (GeV)

FIG. 7. Normalized E. distribution for the signal (left: BP3,
right: BP4) and background at the 500 GeV (left) and 1 TeV
(right) e~e™ colliders.

signal-to-background ratio, owing to a much diminished
background.

To enhance the sensitivity of this search further, the
selected events are distributed over 8 bins in the range
[50,250] GeV using the invariant mass of all jets, mjes
(see Fig. 6).

3. SR3: v, S O(10~%), Am ~ 30,
and my-- <250(500) GeV

In this SR, H** and H* decay to H°/A° and off-shell
W-bosons. While H? and A° decay to neutrinos, the off-
shell W-bosons decay to soft leptons/jets, thereby resulting
in soft leptons/jets plus p'Fs in the final state.* We require
at least three soft leptons and/or jets in the final state.
In Fig. 7, we display the normalized kinematic distributions
for Eep = Ejeis + Ejeps + p7™ for the signal and back-
ground events at the 500 GeV and 1 TeV e~e™ colliders.
The signal events are shown for a benchmark point
BP3 (BP4): my++ = 240(425) GeV, Am = 30 GeV, and
v, ~ 107 GeV at the 500 GeV (1 TeV) collider. For the
signal, this distribution boasts a peak around 100 GeV,
thereafter falling sharply. This is occasioned by the
softness of the leptons/jets stemming from the off-shell
W-bosons. On the other hand, for the background events, it
is almost a monotonically rising one, peaking at /s, with
bulk of the contributions coming from WW, ZZ, and ff
productions. Guided by these distributions, we apply
the following selection cut to ameliorate the signal-to-
background ratio:

E < 200(250) GeV forthe 500 GeV (1 TeV) collider.

“Note that PSS is estimated against the transverse momentum
imbalance associated to the (visible) reconstructed objects in an
event. Because of the more likely hard jets in the SR2 final state,
p‘}liss tend to be much larger than that for SR3, in which the
leptons/jets emanating from the off-shell W-bosons are more
likely soft owing to the small triplet mass-splitting. Consequently,
while a cut on p¥'ss is found to be effective in enhancing the
signal-to-background ratio for SR2, this is not the case for SR3.
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SR3 15
3 x Signal
|| Background 12

SR3
Signal
|17 Background

100 150
m; (GeV) m; (GeV)

FIG. 8. my distribution for the signal (left: BP3, right: BP4) and
background. The events are weighted for 10 fb~!' luminosity at
the 500 GeV (left) and 1 TeV (right) e~e™ colliders.

Finally, the selected events are distributed over 7 bins in
the range [0,175] GeV using the transverse mass my (see
Fig. 8), where my is defined as

s o
m3 = 2pliss p¥is (1 — cos A¢I—5511}iss‘i',;'_i5),

Zvis

where pYi* (with magnitude p¥®) is the vector sum of the
transverse momenta of all leptons and jets, and A¢ pmis s is

the azimuthal separation between piF'ss and pye.

4. SR4: v, > O(10~%), Am ~ 30, my:+ > 250 GeV

In this SR, H° and A° decay dominantly into 2h/ZZ and
Zh, respectively. Thus, we have hhhZ or ZZZh in the final
state, in addition to the off-shell W-bosons coming from the
cascade decays of H** and H*. The hadronic decays of the
h/Z-bosons result in up to eight jets but for the soft leptons/
jets coming from the off-shell W-bosons. We require at
least seven jets in the final state, with at least two of them to
be b-tagged. This requirement reduces the background
contributions from the diboson and QCD jets (in particular,
bb + jets) production processes to a negligible level, while
keeping only a small fraction of contributions from the
triboson and multitop production processes. Brushing aside
the soft jets/leptons from the off-shell W-bosons, there are
as many as eight hard jets in the final state, in addition to
the others coming from radiations and pileup interactions.
On account of the high-multiplicity signature in the final
state, it is particularly burdensome to correctly associate
the reconstructed jets in an event with the elementary
quarks of that event topology. This makes the kinematic
reconstruction of H°/A® very challenging. To resolve
this combinatorial problem, we use the so-called
y*-minimization method (see for example [106-108]),
i.e. by enumerating and evaluating all possible permuta-
tions in an event,” we identify the best assignment through
minimizing the objective function:

This method requires enumeration and evaluation of
315 (360) distinct permutations for eight (seven) jet events.

o (myg, = muyg)? | (my, = myz)? (myg = myyz)?

Vol +

2 2 2
myz my,z my,z
_ 2 s —m )2
+ (mj7js mh/Z) + (mJ1]2]3J4 m]s]eh]z;)
2 2 ’
mh/Z UHO/AO
and
_ 2 - 2 R 2
o (mjj, —myyz) I (mjj, —myyz) i (mjgj, = myyz)
r= m2 m2 m2
h/Z h/Z h/Z
— PR 2
+ (m.i|j2j3j4 m]5]6]7>
0/2 ’
HO/A°

respectively, for eight and seven jet events with the jets
being denoted as ji, j,, ..., jg. This method enables us to
pair eight (seven) jets in an event in order to reconstruct
four (three) h/Z-boson as well as two (one) H®/A°
candidates. m; ; ;.; and m;_; ; . (m;; ;) are the invariant
masses of the jets associated with the decay products of
HO/A°. The pair of H°/A® being dissimilar in mass, the
right assignment would correspond to the smaller differ-
ence between m; ; ;i and mj ;. (m;;. ). Likewise,
mj i, mj;,,mj,and m; ; are the invariant masses of the
jets associated with the hadronically decaying //Z-bosons
(with mass my ;) from HO/A". Finally, oo/ 0=
(m.iljzjsj4 + mjsjsjﬂs)/z and GIH"/AO = (mjljzjs./ﬁ + m.isjaj7)/2'
In Fig. 9, we display the normalized invariant mass
distributions for the best—assigned6 jet pairs for the signal
and background events at the 1 TeV e~e™ collider. The
signal events are shown for a benchmark point BPS5:
my++=375GeV, Am=30GeV, and v, ~3 x 10~ GeV.
These distributions exemplifies the effectiveness of the -
minimization method.” The signal distributions boasts two
peaks—one at m, and the other at m,,, thereby reconstruct-
ing the h/Z-bosons in the final state reasonably well. On
the other hand, the background distribution boasts an
additional peak at the W-mass—more pronounced than
the other two, with the lion’s share of the contributions
accruing from the f7 events. Finally, H°/A° can be
kinematically reconstructed from two pairs of jets in an

event:
M inv — (m

m 2,

./'1.1'21‘31‘4+ jsjajﬂs)/

and

My = M jjsjss

SThe jet pairs’ assignment corresponding to the minimum
obj760tive function is referred to as the best assignment.

Note that not only does this method cost a considerable
amount of time, but also it obscures the kinematic reconstruction
owing to the incorrect assignments of the reconstructed jets to the
particles in the event topology.

075028-7



ASHANUIJJAMAN, GHOSH, and HUITU PHYS. REV. D 106, 075028 (2022)
70:10° SR4 70510 SR4 7010° S 70210° SR4
R4
7 Signal 7 Signal m | Signal 7 Signal
56 A |[[1]Background 56 [77] Background 56 [171 Background 56 _ |[[[]Background
0 0 0 ]
o o o o
%42 %42 %42 %42 /; i
Z28 Z 28 Z o8 Zo8 % I/%l
14 14 14 14 %7\
50 100 150 200 5 1 200 50 200 50 100 150 200
m;, (GeV) m;; (GeV) m;, (GeV)
FIG. 9. Normalized invariant mass distributions for the best-assigned jet pairs for the signal (BP5) and background at the 1 TeV e~e™
collider.
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FIG. 10. M, distribution for the signal (BP5) and background.
The events are weighted for 1 fb~! luminosity at the 1 TeV e~e*
collider.

respectively, for 8 and 7 jet events. The sensitivity of this
search is increased further by distributing the selected
events into 9 bins in the range [160,520] GeV using the
invariant mass M;,, (see Fig. 10). As we expected, the M,,,
distribution peaks in the 280-320 GeV bin, thereby
reconstructing the H°/A°.

D. Discovery reach

Next, we estimate the discovery reaches of the above
SRs. For each signal model within a SR, the events passing
the corresponding selection cuts discussed above are
divided into several bins using a final discriminating
variable between the signal and background (see Figs. 4,
6, 8, and 10). We feed the expected number of signal and
background events along with the relative background
uncertainties in these bins into a hypothesis tester named
Profile Likelihood Number Counting Combination [109]
which uses a library of C*™ classes RooFit [110] in the ROOT
6.14.04 [111] environment to estimate the discovery signifi-
cance of that signal model. In this hypothesis tester, all the
signal/background bins are treated as independent chan-
nels, and the background uncertainties are included via the
Profile Likelihood Ratio. We assume a flat 5% systematic

uncertainty on the estimated background without going into
the intricacy of estimating the same.®

We repeat the analysis described above not only for the
benchmark points mentioned in Table II, but also for a vast
range of v, and my=+ with Am = 30 GeV. Note that, for a
given SR, we use the same set of selection cuts across
different values of v; and my-=. In Fig. 1 1, we project the
required luminosities for 5o statistical significance for the
discovery of the tripletlike Higgses as a function of their
mass in different SRs at the 500 GeV and 1 TeV e~e™
colliders. Note that, for the 500 GeV configuration, the
required luminosity increases sharply for SR/ and SR3
compared to SR2. This is because of a more enhanced
background-to-signal for SR2 compared to SR/ and SR3,
see Figs. 4, 6. and 8. For SR2, the requirements of b-jet veto

The systematic uncertainties arise from several sources such
as the luminosity measurements, the parton-shower modeling, the
detector response modeling, the description of the differential
cross sections, the higher-order QED and QCD corrections, etc.
The systematic uncertainties in integrated luminosity measure-
ment [112,113] as well as beam energy measurement [114—116]
for future e~e™ colliders are estimated to be <O(0.1%). A
detailed study of potential systematic uncertainties for future
e~ e has not been performed yet. However, given the estimations
of the past detectors at LEP [117-119], the assumption of flat 5%
systematic uncertainty seems to be a reasonable one (if not
conservative) [120,121].

The SRs target different parts of the LHC elusive parameter
space (see Table I and Fig. 2). For example, SR4 requires at least
seven jets in the final state, with at least two of them b-tagged,
thereby concerning only the parameter space where H° and A°
decay dominantly to hh/ZZ and Zh, respectively, ie. v, >
O(10™*) GeV and my-+ > 250 GeV. Consequently, SR4 is not
apposite for the 500 GeV collider, but for the 1 TeV one. On the
other hand, SR2 concerns only the parameter space where one
of A and H° decays to vv and the other decays to WW or Zh so
that the final state includes at least three jets and considerably
large missing transverse momentum, ie. v, ~O(107%) -
O(1073) GeV and my-+ $290 GeV. As we see from Fig. 12,
the 500 GeV collider is adept enough at probing this parameter
space, and thus going for the 1 TeV configuration seems uncalled
for. A similar argument follows for SRI. Therefore, while SR/,
SR2, and SR3 are pertinent for the 500 GeV collider, only SR3
and SR4 pertain to the 1 TeV configuration.
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FIG. 11. Required luminosity for the 5S¢ discovery of the
tripletlike Higgses in different SRs at the 500 GeV (top) and
1 TeV (bottom) e~e™ colliders.

and considerably large ps along with the others turn out
to be very effective in vanquishing the relevant back-
grounds (in particular, /7 and VV) over the signal. On
the contrary, owing to the requirement of two b-jets, the
contamination from the #7 background is inescapable for
SR1. For SR3, the absence of any hard visible objects in the
final state restrict further enhancement of the background-
to-signal ratio.

Also shown, in Fig. 12, are the discovery reaches for the
tripletlike Higgses in the v,-my++ plane in different SRs
at two configurations of e~e™ colliders—500 GeV and
1 TeV e~e™ colliders, respectively, with 500 and 1000 fb!
luminosity data. For the sake of completeness, we also
show the regions that are excluded from the LHC run 2
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FIG. 12. Summary of the discovery reaches for the tripletlike
Higgses in different SRs at the 500 GeV (top) and 1 TeV (bottom)
e~e™ colliders with 500 and 1000 fb~! luminosity data, respec-
tively. The gray hatched and shaded regions are taken from
Ref. [42]. See text for details.

searches (gray hatched) as well as expected to be probed at
the HL-LHC (gray shaded) [42]. For the 500 GeV e~ e*
configuration with 500 fb~! data, SR2 has the maximum
discovery reach of my== ~ 285 GeV because of its small
background, whereas considerably large backgrounds for
both SR/ and SR3 limit their reaches to my+= ~ 245 GeV.
Likewise, for the 1 TeV e~ e™ configuration with 1000 fb!
data, SR4 is the most promising signal region with the
discovery reach of my== ~ 535 GeV because of its small
background and ability to kinematically reconstruct the
neutral Higgses H°/A°, and SR3 has a discovery reach
of my=+ ~485 GeV.
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IV. SUMMARY AND OUTLOOK

While the tripletlike Higgses up to a few hundred GeV
masses are already excluded for a vast region of the model
parameter space from the LHC searches, strikingly, there is
a region of this parameter space—with large enough
positive mass-splitting between the doubly and singly
charged Higgses and moderate triplet Higgs scalar vacuum
expectation value—that is beyond the reach of the existing
LHC searches, and such Higgses as light as 200 GeV or
even lighter are allowed by the LHC data [42]. In this
region of the parameter space, the charged Higgses decay
exclusively to the neutral ones and off-shell W-bosons. The
latter results in soft leptons/jets that are challenging to
reconstruct at the LHC. Furthermore, the neutral Higgses
decay to neutrinos or bb,ti,ZZ,Zh, hh, thereby resulting
in final states that are challenging to probe at the LHC
owing to the towering SM backgrounds. However, owing to
a cleaner environment, future lepton colliders are expected
to have better prospects for probing this LHC elusive
parameter space. In this work, we study several search
strategies targeting different parts of this parameter space at
future e~e™ colliders with 500 GeV and 1 TeV center of
mass energies. We find that a vast region of this parameter
space could be probed with 5o statistical significance with
the early e~e™ colliders’ data. Furthermore, the tripletlike
neutral Higgses could be kinematically reconstructed for a
significant part of this parameter space, particularly those
concerning the SR/ and SR4 signal regions.

In closing this section, a few comments are in order. (i)
For the sake of definiteness, we have shown our findings
for a mass-splitting of 30 GeV. However, the searches
presented above would also be sensitive for smaller

mass-splittings. Brushing aside a little quantitative differ-
ence in production cross sections for the tripletlike Higgses,
the only major difference between a smaller mass-splitting
(say, 10 GeV) and a larger one (say, 30 GeV) is that the
leptons/jets stemming from the off-shell W-bosons would
be softer. Note that only the search in SR3 targets soft
leptons/jets in the final state. Therefore, for a smaller mass-
splitting, the E distribution in Fig. 7 would shift towards
lower values, thus allowing one to impose a stronger cut
on it. While this would impinge only a little on the signal
strength, the same would significantly enhance the signal-
to-background ratio, primarily on account of a much
reduced background. On the other hand, the searches in
SR1, SR2, and SR4 target hard jets/leptons stemming from
the tripletlike Higgses’ decays, thus these are almost
independent of the mass-splitting. (ii) The SR3 region
of parameter space could also be probed by using a search
with a photon and missing transverse momentum in the
final state. Such final states suffer from a large irreducible
background contributions from the t-channel W-exchange
process vy. Though this background could be reduced by a
factor of a few by using polarized beams (positively
polarized for e~ and negatively polarized for e*), on
account of the small signal strength occasioned by the
requirement of an energetic photon, the discovery reach of
such a search would be very limited.
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