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This paper investigates the e~e™ — Zh, sensitivity for a Higgs boson’s rare decay into heavy neutrinos
hy — NN at the proposed electron-positron collider, with the focus on multilepton final states that contain
same-sign lepton pairs. i; — NN decay can derive from Higgs bosons mixing with new physics scalar(s)
in a way that is complementary to the contribution from active-sterile neutrino mixings. We consider the
scenario with a singlet scalar that gives the heavy neutrino mass and has a small mixing with the SM Higgs
boson. We analyze the semileptonic, fully leptonic, and mixed NN decay scenarios, and we categorize the
signal based on the number of leptons in the final state: #*#* with at least three jets, £¥#*# with at least
two jets, and eTetuTuT with at least one jet, each containing one or two same-sign dilepton system(s).
Selection cuts are optimized for the presence of the associated Z boson, which leads to additional
backgrounds at the e~e™ collider. The Standard Model background channels are systematically analyzed.
Sensitivity limits on #; — NN branching fractions are derived for signals with two to four final leptons,
assuming the heavy neutrino masses are between 10 and 60 GeV. With 240 GeV center-of-mass energy
and 5.6 ab~! design luminosity, the #; — NN branching fraction can be probed to 2 x 107 in the
2¢ and 37 channels, and to 6 x 10~ in the 4¢ channel at a 95% confidence level. The 3¢ and 47 channels
expect one background event or fewer, and their sensitivities saturate the statistic limit at 5.6 ab™!
luminosity. A same-sign trilepton (£=£*¢) signal in the 3¢ channel is also discussed. Our search strategy
provides an approach to discovering the singlet scalar and exploring the origin of neutrino masses at future

e~ e™ colliders.
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I. INTRODUCTION

The collider search for massive neutrinos plays an
important role in the testing of neutrino mass models
based on the seesaw mechanism [1-5]. The mass of the
active neutrino v is generated by mixing the left-handed
neutrino (v;) of the Standard Model (SM) with the addi-
tional right-handed neutrino Np, resulting in a heavy
mass eigenstate N that has a small SM v; component.
The heavy N acquires effective couplings to the SM model
gauge bosons via its weakly charged v; component [6] and
is extensively searched at colliders. See the review in
Refs. [7,8] and references therein for collider searches of
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heavy neutrinos. Experimental limits can be found in
Refs. [9-14].

Recent phenomenology studies on heavy neutrino
searches at e~ e colliders vary according to their different
production and decay channels. For the prompt decays of
heavy neutrinos, searches have been investigated under
the symmetry-protected seesaw model in Refs. [15-17]
and the EFT framework in Ref. [18]; heavy neutrinos
from the production process e“et — uN are studied at
center-of-mass energy +/s = 240 GeV [19] and Z-pole
running mode [20,21]; Ref. [22] considers the N produc-
tion from B-meson decays Bt - u™N — ututa,
while Refs. [23,24] consider the lepton-number-violating
final state for the Majorana N from the process
e~et —» C*WTN — ¢+ + 4. For the displaced vertex
searches of long-lived N, Refs. [25,26] consider the
production from e~e™ — vN, while Ref. [27] considers
the production from tau decays at B factories.
Furthermore, limits have also been set indirectly based
on the N’s corrections to the decay branching ratio of the
Z boson into two leptons Br(Z — ¢7¢5) at Z-pole
running mode [28], and to the cross section of the SM
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Higgs boson production process e~e™ — W-WTh; at
/s =3 TeV [29].

While the heavy N, mass scale explains the tiny active
neutrino mass, it also suppresses the left-right neutrino
mixing and makes the weak production of heavy neutrinos
difficult when this mixing is small. Alternatively, heavy
neutrinos can also be produced in case they couple to
beyond-the-Standard Model (BSM) mediators—e.g., extra
gauge bosons or scalars that couple to SM particles.
Currently, such BSM gauge bosons are stringently con-
strained by resonance searches [30,31] and electroweak
precision data [32,33]. In comparison, a mixing between
Higgs bosons with BSM singlet scalar(s) is less constrained
[34], and it is among the major physics goals at future
Higgs factories [35,36].

The right-handed neutrino can obtain its mass by
coupling to BSM scalars with a nonzero vacuum expect-
ation value (VEV). Generally, such scalars mix with the SM
Higgs doublet scalar, so if kinematically allowed, the
physical Higgs boson can decay into heavy neutrinos
through its BSM component. Since this decay occurs
directly through the scalar mixing, it is insensitive to
v; —Np mixing, and thus it is complementary to
|V n|>-based searches. Typical implementations involve
extending the SM’s scalar sector—e.g., from UV-complete
models such as left-right symmetric models [37], U(1)z_,
models [3], next-to-minimal supersymmetric models [38],
or alternatively, rising from effective theory operators [39],
fourth-generation neutrinos [40], etc.

When the Higgs boson decays into heavy neutrinos
h; — NN, a rare multilepton Higgs decay emerges. N
subsequently decays to SM particles through its v; com-
ponent’s weak interaction. The fully leptonic N — ££'D
and semileptonic N — £jj channels are interesting i
collider searches due to the presence of measurable
charged leptons in the final state. When N is a Majorana
fermion, semileptonic NN decay leads to the characteristic
lepton-number-violating (LNV) same-sign (SS) dilepton,
recently studied as a LNV probe for Higgs-BSM scalar
mixing [41-44].

For collider searches, increased lepton multiplicity and
the existence of SS lepton pairs greatly reduce the SM’s
background, particularly for hadron collisions. In our
previous work [45], we demonstrate that a characteristic
signal of two same-sign, same-flavor (SSSF) lepton pairs
plus missing energy from the NN decay can probe the
Higgs-singlet mixing with high precisions at the current
and future pp colliders. At lepton colliders, in comparison,
hadronic backgrounds are controllable, and the dominant
Higgs boson production is the e”et — Zh; channel.

The associated Z boson always appears, and it provides
additional leptons or jets to the final state. This is a
complication at the lepton collider. Lepton colliders are
known for high sensitivity to relatively soft leptons, yet
intrinsic multitau backgrounds for SS dileptons do exist.

Thus, it is of interest to systemically study the multilepton
sensitivity at future lepton colliders, and we will show that
the associated Z boson leads to both signal and extra
background. In addition, a characteristic SS trilepton signal
emerges, unique to the dominant Zh, channel at the e”e™
Higgs factory. In this consecutive work, according to the
semileptonic, fully leptonic, and mixed NN decays, we
categorize the signal based on the number of final-state
leptons at future e~e™ colliders. After simulating the signal
and SM background processes and performing the data
analyses, we forecast the sensitivity limits on Ay - NN
branching fractions for signals with two to four final
leptons, assuming the heavy neutrino masses are between
10 and 60 GeV. Our signal channels at both pp and e~ e™
colliders provide approaches to discovering the singlet
scalar and exploring the origin of neutrino masses.

The proposed lepton collider missions—e.g., the CEPC
[46], ILC [47], and FCC-ee [48]—are designed to yield
O(10%7) Higgs events. Any Higgs decay branching limit
would be statistically capped by the collider’s luminosity
inverse. This study on the relevant backgrounds would also
help in understanding whether future 4; — NN sensitivity
would saturate luminosity limits.

This paper is organized as follows: Sec. II briefly
discusses a minimal singlet extension to the SM that
implements the /; — NN decay channel. Sections III
to V categorize signal channels based on the number of
final-state leptons, analyzing each channel’s SM back-
ground and the event selection strategies. In Sec. VI, we
give the sensitivity limits at a future Higgs factory.

II. MODEL SETUP

For collider search purposes, we adopt the phenomeno-
logical simple extension to the Standard Model that imple-
ments a type-I seesaw mechanism. With a scalar S and a
Majorana fermion Ny that are both SM gauge singlets, the
addition to the interaction Lagrangian is given by

£ :)yDLFINR +y5SNgNR +HC

A
+ SIHPISP + Vs, (1)

where A = io,H*, and H is the SM Higgs doublet, y,, and
yg are the couplings that give the Dirac and Majorana
mass terms after the doublet H and the singlet S obtain
their vacuum expectation values of vy = 246 GeV and vy.
The light neutrino mass eigenstate(s) obtain a mass
m, ~y4vy/(ysvs), and the left-right neutrino mixing
parameter |V y| ~\/m,/my = ypvy/(ysvs) is quite tiny
for vg at weak scales or higher. The smallness of |V .| thus
suppresses the massive eigenstate N’s effective couplings
[6] to weak gauge bosons as |V,y|? ~m,/my. Here we
adopt this singlet scalar extension for its phenomenology
simplicity: it is a low-cost extension to the SM that allows
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us to have an uncharged scalar around the weak scale that is
only constrained by Higgs searches at colliders. Thus, we
focus on the multilepton background analyses and search
strategies. This scenario can also be realized in many
UV-motivated models, like in supersymmetric models
[49-51] and extra-gauge symmetry such as U(1)g_,
extended scenarios [52,53], etc., where additional con-
straints on the new physics sectors would apply. See
Ref. [8] for a recent theory review.

The extended scalar potential would contain S self-
interacting terms V(S) and H, S mixing terms. We would
assume a small mixing term Avgvy < mﬁ, so that the H and
S sectors minimize independently and develop their VEVs
without qualitatively interfering with the electroweak
breaking process. The mass matrix near the minimum
can be written as

| h s
h ‘ m% Avgug (2)

s lvgvg  m?

where & and s are the neutral scalar modes near the
minimum, with (vy 4+ h)/v/2 ~ReH. m, and m, re-
present the i and s masses from H and S potentials
without the mixing term. Diagonalizing into the mass
eigenstates, the scalars then mix by an angle «,

hy cosa —sina h
()= (e ()

) sina  cosa s
where h and s represent the Higgs doublet and singlet
modes around their VEVs. hy, h, are the physical mass
eigenstates. i; is dominated by 4 and identified as the
125 GeV Higgs boson. &, is dominated by the singlet s, and
it picks up a weakly charged & component via mixing. %, is
subject to diphoton resonance searches [54,55], and its
mass range is less stringently constrained when the mixing

angle is small,

AUHUS

a=—5""+ (4)

mg =]

In the small mixing limit (4 — 0), the denominator can be
well approximated by [m$ —mj|~|mj —mj 4 O(sin®a)|
if the scalars are not mass degenerate. Interestingly, if 4,
resides in the mass window 2my < m;, < \/s — my, the
production of Zh, is kinematically viable and h, — NN
decay can also contribute significantly to the signal.
However, this would also require m,, to be comparable
to the Higgs boson’s mass when the center-of-mass energy
\/s is limited, particularly so if the e~e™ energy is just
above the Zh, threshold at the Higgs factory. In this work,
we focus on a 240 GeV eTe™ center-of-mass energy; we

assume m, to be generally outside this rather narrow
window and only include %; production.

In case m; is much heavier than the weak scale, S can be
integrated out in the Lagrangian, and the Higgs doublet can
have an effective dim-5 NN H'H operator with a dimen-
sionful coupling, like in “YSMEFT setups [18,56], where the
only i, decays to NN and any heavy scalars do not appear at
low scale. Note that at a 240 GeV center-of-mass energy, m;
is not necessarily heavy enough for %, to be outside the
collider’s energy reach. An h, below ~300 GeV causes very
significant 4-s mixing in Eq. (4) unless 1 < 1, so when the
mass window opens up for on-shell /2, production—e.g., at
360 GeV or higher—resonant 7, - NN also becomes
relevant, and m,,, alters both the total signal rate and the
kinematics of the decay products [45]. Since we are
generally interested in resonant NN production through
these states, we will allow S to have a weak scale mass. Our
kinematic analysis and search strategies would be applicable
to h, — NN for future lepton collision runs at 360 GeV and
500 GeV center-of-mass energies.

The h; — NN decay branching fraction is

. |sina-yg|*my, 4m3,\ 3/
BR, v =T} H1-=2) . 0)

167z mf,l

which assumes Majorana N throughout this paper,' taking
the total Higgs boson width as I';, ~4 MeV. We would
also assume my < my, /2 so that the heavy neutrinos are
produced on shell. Note that current collider limits do not
exclude a very light singlet-dominated scalar boson,
my < my,, which either indicates for a small vg (requiring
A< 1, plus an overunity yg for a massive N), or requires
V(S) to be rather flat near its minimum with a large wvg.
However, a very light scalar can not on-shell decay into NN
in our mass range of interest; thus, we do not consider this
scenario in this analysis.

Unlike Higgs production in pp collisions, where gluon
fusion dominates, the leading production channel in e~e™
collisions is through the s-channel Z with an associated
final-state Z boson, as shown in Fig. 1. The h; - NN
system leads to the characteristic rare Higgs decay signals
with SS lepton pair(s). Here we do not include the 7; — Nv
channel [20,23,26,57,58], as this i; decay to Nv occurs via
the left-handed component in N, and the effective coupling
is proportional to |V yy|? ~ m, /my. Consider the parameter
range 1 > |sina|?> > m,/my, as will be shown later to be
relevant to collider sensitivity limits; the 7; — NN decay
dominates over h; — Nv. Thus, h; - NN serves as a
complementary search to |V, y|*-based channels in the
presence of Higgs mixing with a BSM scalar.

'For Dirac-type heavy neutrinos, the differences in decay
fraction and kinematics require a separate analysis on cut
efficiencies.
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FIG. 1. Tllustrative processes of SS dilepton production from
semileptonic (upper-left), leptonic (upper-right), and mixed
(lower) decays of the NN system.

The associated Z boson can decay to a lepton or jet pair,
and their invariant mass reconstructs to m . For signal
selection, the decay mode of the Z — jj is favorable, as
it would

(i) demand the SM background to be also accompanied

by one additional Z boson.

(i) remove potential lepton-number uncertainty from

neutrinos in case LNV is required in the final state.
(iii) ensure the leptons are from the NN decay.

The h; — NN branching fraction is proportional to
sin’ a.N decays through its v, component, and its partial
width is suppressed by |V, y|%. N — #W* is the dominant
N-decay channel; its hadronic and leptonic W* — jj, v
decays lead to ‘“‘semileptonic” and “fully leptonic™ final
states; see Ref. [45] for branching fraction calculations. The
N — vhi,vZ* channels are subleading, and they require
missing or wrong-sign leptons to form SS dileptons.

A major SM background consists of z-lepton or on-shell
W-boson decays, where the W£v vertex can couple to any
lepton flavor. Same-sign and same-flavor dileptons require
the presence of same-sign 7 or W pairs, and charge
conservation would demand four W*)#u vertices in a
SM final state. Opposite-sign and same-flavor dileptons
arise from lepton pair production from neutral bosons,
which can be vetoed by lepton charge cuts. Another
background arises from wrong-sign leptons or missed
leptons that can be controlled by stringent lepton cuts in
event analysis. The following sections will discuss the
backgrounds for each channel.

In a final state with three or more leptons, opposite-sign,
same-flavor (OSSF) lepton pairs should be vetoed to
suppress the SM background, which also means that at

least one SSSF lepton pair will be selected. For some signal
processes, this requires N to couple to more than one lepton
flavor, and we assume N couples equally to both e and u
flavors in our analysis.

In this study, we consider heavy Majorana neutrinos for
all three signal channels. The two-lepton channel has no
missing energy in the final state and violates lepton number
apparently. A Majorana N is necessary to produce this
signal. For the three- and four-lepton channels, the final state
has missing energy from neutrino(s) or antineutrino(s).
Since the detectors at colliders cannot identify the
differences between the neutrinos and antineutrinos, the
final state with missing energy can be from LNV or LNC
processes. Therefore, although our analyses is for heavy
Majorana N for all three signal channels, a Dirac N would
also produce the three- and four-lepton signal channels.
Once the heavy neutrinos are discovered from these two
signal channels, more studies are needed to determine their
Majorana or Dirac nature.

For convenience with collider analysis, we assume that
only one heavy neutrino is kinematically accessible in /;
decay and it couples equally to e and y, namely |V, | =
|V,n| and V_y = 0. We ignore V_y in this study for two
reasons: (i) the major SM background contamination is
from channels with multiple z leptons, and (ii) the addi-
tional leptonic = decay branching further reduces the signal
rate. The collider sensitivity on Vy is thus expected to be
less stringent.

We perform cut-and-count analyses on Monte Carlo
simulated signal and background events. For the signal
simulation, the interaction terms in Eq. (1) plus the SM
Lagrangian are implemented in the FeynRules program [59]
to create the model file in the Universal FeynRules Output
(UFO) format [60]. Events are generated by MadGraphs [61]
and showered by the PYTHIA 8 [62,63] package. 7 lepton
decays are handled by TAUOLA [64], as is implemented in
PYTHIA 8. e~e' detector simulation is performed by
DELPHES [65] with CEPC parametrization [66]. At event
generation level, we adopt jet cuts 7(j) < 5.0, pr(j) >
20 GeV and use relatively lenient lepton cuts 7(¢) < 2.5,
pr(¢) > 0.5 GeV. Angular separation cuts AR(j, ),
AR(¢,¢) > 0.3 are also implemented. We note that at
future lepton colliders, the p; triggers for jets could be
lower than 20 GeV. However, for the multijet final state, the
reconstruction quality and efficiency will become worse
when jets py < 10 GeV. Since our signals have harder
pr’s for jets than the background [see, for example, the
pr(j) distributions in Fig. 2], a lower threshold will lead to
more background, and thus we choose 20 GeV as a
benchmark analysis.

III. TWO-LEPTON CHANNEL

The hy = NN — £*¢* +4j,¢ = e, u channel requires
that both N’s decay to a charged lepton and two jets
(W* = gq’), and that one of the N’s decays as its own
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FIG. 2. Normalized distribution of selected kinematic variables
to differentiate signals from the total SM background for the 27
channel. p;(£) panels show the selection N(/) = 2, N(j) applies
cuts (i) and (ii), and Er, p7(j) panels use cuts (1)—(iv).

antiparticle. This final state has no missing energy and
violates lepton number with AL =2, and it is often
considered the ‘“smoking gun” channel of the heavy
Majorana neutrino search with explicit LN'V.

Note that in this channel NN decays to four jets. Unlike
being easily contaminated in pp collision [67,68], the
much cleaner environment in an e~e™ collision is largely
free of fake leptons from soft jets. However, due to the
small energy cap between the Higgs boson and heavy
neutrino, these four jets are relatively soft and can be
difficult to fully reconstruct. With fewer jets, wrong-sign
and unreconstructed leptons become possible backgrounds,

TABLE L.

in addition to intrinsic multiple-z, W backgrounds. The
relevant background channels are listed in Table I.

The background channels contain two or more 7 leptons
or light charged leptons # = e, u, plus Z or WTW~, that
yield dijet resonance near Z mass. The particle signs are
omitted, and any even number of z, £, and W entries must
include an equal number of opposite-sign particles—e.g.,
47 denotes 27727, and 2£2W stands for £~ WW~, etc.
While the SM backgrounds #7 are restricted to same-
flavor, opposite-sign lepton pairs, leptonic W decay can
provide one additional lepton and create a like-sign
dilepton combination in case one lepton is undetected.
Such channels are marked with ¥ in the table.

The signal event contains one SS dilepton, two jets from
Z decay, and a number of soft jets, plus very little missing
energy. We select hadronic Z decay by imposing a charged
lepton number N(#) = 2 to avoid confusion between the
leptons from Z decay and those from NN decay. With a jet
transverse momentum requirement of pg(j) > 20 GeV,
the soft jets from the NN system are not always identifi-
able, especially when the jets are more collimated if N is
light and relatively boosted. Still, having at least one extra
jet in addition to those from Z can be effective in back-
ground rejection, so we consider the jet counting cut
N(j) = 3.

Event selection includes the following cuts:

(i) Exactly two leptons, N(£)=2 with py(£) > 5 GeV.

(i) Two leptons with the same sign.

(iii) Veto 7 leptons, N(z) = 0.

(iv) At least three jets, N(j) > 3.

(v) Small missing energy, £ < 15 GeV.

The histograms of a few crucial kinetic observables for
the signal with different m’s and the total background are
shown in Fig. 2. py(¢,) and py(¢,) correspond to the
samples after requiring N(¢) = 2; N(j) is after selecting

The expected number of signal and background events for the 2Z channel at a future e~¢™ collider with /s = 240 GeV and

5.6 ab~! integrated luminosity. Signal rates assume a benchmark branching fraction BR(h; — NN) = 9.1 x 10™*. Background
channels marked with ¥ require wrong-sign or missing leptons. Empty cells denote event numbers below 1073,

Initial Cuts (i),(i1) Cuts (iii),(iv) Cut (v)

Sig. 10 GeV 10 6.3 0.29 0.18
20 GeV 10 35.9 8.8 6.4
30 GeV 103 72.3 22.6 17.5
40 GeV 10 97.2 32.5 253
50 GeV 10° 112 37.4 28.8
60 GeV 10° 121 40.5 30.2

Bkg. 47 1.69 x 10* 870 4.6 x 1072 7.7 x 1073
2¢7 6.80 x 10° 2.91 x 10° 4.6 0.93
2:7 1.74 x 10° 3.98 x 10°

477 93.0 2.0 0.19 5.9x 1072

202W 4.42 x 103 63.6 0.92 8.2 x 1072
20217 584 13.8 2.0 0.75
4¢7 862 16.5 22 2.1
202w 2.74 x 10* 639 11.7 1.2
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cuts (i) and (ii); and E7, pr(j,), and pr(j3) are after
requiring cuts (i)—(iv). These distributions illustrate the
effectiveness of our selection cuts. The N(j) cut can be very
effective in background rejection, and we select N(j) > 3,
as it yields the best signal significance.

Since the 7-quark background is not a problem in e~e™
collisions, the b-jet veto is not included, but the 7z veto is
still helpful in removing multi-z background events. The
expected number of events at different cut stages for signal
and background channels are listed in Table I. The bench-
mark branching fraction BR(%; — NN) is chosen to be
9.1 x 1074, so that the precut (“initial”’) signal event rate is
around 103, and the signal cut efficiencies can be conven-
iently converted. The expected signal event number N
with selection cuts can be calculated from Eq. (6).

The major background includes 4¢Z,2tZ, 2277, and
2£2W channels. The 4£Z and 2£2tZ channels can fake a
signal by missing two final-state leptons with the same
sign. In the 2£2W channel, W — jj provides the required
jets, and one missed lepton with the opposite sign can result
in a fake signal event. As shown in Table I, these channels
contribute more background events than the “intrinsic” 477
channel, and this shows the complication with selecting
only one pair of same-sign leptons. The 27Z background
events are likely from one wrong-sign lepton.

IV. THREE-LEPTON CHANNEL

When one N decays leptonically and the other N decays
semileptonically, the three leptons in the final state Zh; —
£E¢*¢ + 4j + Fr may contain one SSSF dilepton combi-
nation. Compared to the 2¢ channel, the SSSF dilepton
signal occurs with both lepton-number-violating (AL = 2)
and lepton-number-conserving (AL = 0) decays of NN.
The AL = 2 process is shown in Fig. 1. When N couples
to at least two lepton flavors (e.g., to both e and y), the
AL = 0 process can also obtain the same-sign lepton from
the secondary leptonic W* — Zv vertex instead of the
primary N — /W vertex, and thus this signal does not
confirm that N is Majorana-type.

Similarly to the 2# channel, the SM background includes
channels with multiple z and W bosons. The OSSF lepton
pair (e.g., e*e) should be vetoed to suppress the SM
background.

We select signal events with the following cuts:

(i) Exactly three leptons N(¢) = 3 with p; > 5 GeV.

(i) Veto OSSF lepton pairs.

(iii) Veto 7 leptons, N(z) = 0.

(iv) At least two jets, N(j) > 2.

The distributions of selected kinetic variables in the 37
channel are shown in Fig. 3. p;(¢)), pr(¢>), and py(¢3)
correspond to the samples after requiring N () = 3; N(j)
is after selecting cuts (i) and (ii); and p7(j,) and py(j,) are
after requiring cuts (i)-(iv). The N(j) cut is selected to
optimize the signal significance.

2 o2 > ——— S:10GeV
[ ry —— 5:20GeV
© 015 41 G2 $:30GeV |
[} 1o} ——— $:40 GeV
s = S:50 GeV
g o1 E g ——— S: 60 GeV
B BN = [ o (5 Sp— ol
o 5 5
S 0.05 EREE s

% % 20 40 60 80

(k)
L2~ T T B

2
] — 0.6F
Q =
< S oal
§ 5 04
8 L go
[

Fraction /5 GeV
Fraction /5 GeV

FIG. 3. Normalized distribution of selected kinematic variables
for the 3¢ channel. p;(£) panels show the selection N(I) = 3,
N(j) applies cuts (i) and (ii), and p,(j) panels use cuts (i)—(iv).

Table 1II lists the expected number of events at different
cut stages for a signal with different N masses and back-
ground channels. In clear contrast to the 2Z channel, the
surviving backgrounds are 272W and 272[Z channels. The
combination of the N(j) cut and the increased lepton
number cut effectively removes the background from
leptonic W decays, which leads to a smaller total back-
ground event rate. Because of both a lower leptonic N
decay branching fraction and fewer jets from NN decays,
the signal event rate is also lower compared to the 27
channel.

Interestingly, selecting three leptons will pick
up a same-sign trilepton final state of £¥¢*£* that
derives from leptonic Z decay, as shown in Fig. 4. The
jets from semileptonic NN decay satisfy the jet cuts, and
£+ emerges once the opposite-sign #F misses
detection. Among £*¢+¢* events, a fraction of 1 (x2 +
x2)/ > 4.0 x¢xp have the same flavor for all three leptons
(i.e., SSSF trilepton e*e*e* and p*pu*p*), where x,_,,
denotes the branching fraction of N decay into each lepton
flavor that is proportional to |V, y|*>. At our choice of
x,:x, = 1:1, one quarter of the SS trileptons have the
same flavor.

At my = 60 GeV, this same-charge trilepton final state
CECECT is 7.6% of the /¢ signal events after
selecting cuts (i) and (ii). In comparison, SM events
would need at least three missed or wrong-sign leptons
to fake such a process. The SSSF trilepton background
rate is found to be about 0.1% of the original 37 back-
ground event rate after cuts (i) and (ii). If capped by
luminosity limits, SSSF trilepton signal does not neces-
sarily yield stronger sensitivity, as its expected signal
event rate is small.
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TABLE II.  Similar to Table I, but for the 37 channel. Background channels with ¥ require missing leptons.
*Initial Cut (i) Cut (ii) Cuts (iii),(iv)
Sig. 10 GeV 103 27.9 5.6 23
20 GeV 10° 62.7 13.6 6.6
30 GeV 103 85.8 19.9 10.0
40 GeV 10° 102 24.9 12.7
50 GeV 103 112 27.3 14.1
60 GeV 10° 115 28.2 14.4
Bkg. 4z 1.69 x 10* 614 155 3.8 x 1072
2:7 6.80 x 10° 1.30 x 10* 350 e
¢z 1.74 x 108 5.03 x 10* 121
477 93.0 2.1 0.25 7.3 x 1072
202W 4.42 x 10° 27.8 6.9 0.72
26217 584 46.5 1.1 0.44
4rz7 862 132 0.27 1.4 x 1072
02w 2.74 x 10* 1.30 x 10° 37.8 5.0x 1072

V. FOUR-LEPTON CHANNEL

The fully leptonic NN decay leads to four charged
leptons. When N couples to both the first and second lepton
generations, two SSSF dileptons e*e®uTuT can emerge,
and the two pairs must be in different flavors to avoid the
OSSF dilepton pairs. Due to the presence of (anti)neutrinos,
this final state does not guarantee LNV, and it receives
contributions from both LNV and non-LNV decays of N.
Therefore, similarly to Sec. IV, this signal does not require
that N must be Majorana.

The fully leptonic branching fraction is lower than the
semileptonic branching fraction due to the smaller leptonic
W* — [v branching compared to the hadronic W* — jj
branching, plus the requirement that the two dileptons must
differ in flavor. Having two SSSF dileptons can provide
major reduction on backgrounds, and it is shown that the
SM background can be below the single-event level in pp
collisions [45]. With e~e™ collisions, an even lower
background is expected, and it would be interesting to
investigate at what luminosity level the background
becomes relevant.

€+

I (missed)

FIG. 4. The SS trilepton emerges when Z decays leptonically
and the opposite-sign lepton misses detection.

Similarly to the semileptonic case, the SM background
arises from multiple z, W channels with one associated Z
boson. We consider the following selection cuts in event
analysis:
(i) Exactly four leptons, N(£)=4 with p;(£)>5 GeV.
(i) Exactly two electrons with the same charges, and
exactly two muons with the same charges; the
electrons and muons have opposite charges—i.e.,
exactly e*e®uTuT lepton pairs.

(iii) Veto 7 leptons, N(z) = 0.

(iv) At least one jet, N(j) > 1.

The kinetic distributions of selected observables for the
signal with different N masses and the total background

are shown in Fig. 5. pr(?y), pr(¢2), pr(¢3), pr(€s)
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FIG. 5. Normalized distribution of selected kinematic variables

for the 4¢ channel. p;(¢) panels show the selection N(/) = 4,
N(j) applies cuts (i) and (ii), and pr(j) panels use cuts (i)—(iv).
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TABLE III.  Similar to Table I, but for the 47 channel. Background channels with ¥ require missing leptons or wrong signs.
Initial Cut (i) Cut (ii) Cuts (iii),(iv)
Sig. 10 GeV 103 15.9 1.1 0.71
20 GeV 10 17.5 1.1 0.72
30 GeV 103 22.1 1.3 0.80
40 GeV 10° 26.8 1.5 0.98
50 GeV 103 30.1 1.8 1.2
60 GeV 103 321 2.1 1.3
Bkg. 4t 1.69 x 10* 58.4 6.8
2¢Z 6.80 x 10° 2.26 x 103 9.6
2¢7 1.74 x 10° 7.28 x 10*
47 93.0 0.45 6.4 x 1073 2.8x 1073
202W 4.42 x 10° 1.3 0.17
26217 584 13.8 1.0 x 1072 32x 1073
4z 862 116 7.8 x 107 e
02w 2.74 x 10* 217

correspond to the samples after requiring N(2) = 4; N(j)
is after selecting cuts (i) and (ii); and pz(j;) is after
requiring cuts (i)—(iv).

The expected numbers of events at different cut stages
for signals with different N masses and background
channels are shown in Table III. Due to two SSSF
dileptons, two wrong-sign leptons must occur to fake such
an event. Missing leptons are also less of a problem, as it
would take a 272e2uZ final state with one missed e and one
missed p to fake the signal.

The surviving backgrounds are the 47Z and 2£27Z
channels. The lepton flavor and opposite-sign cuts play
the central role in rejecting the background with same-
flavor, opposite-sign leptons. Stringent lepton counting
removes the background from hadronic 7 decays. The
2712¢7 channel still contributes to background events,
possibly due to wrong-sign leptons.

VI. RESULTS

Signal event samples are generated with the e"et —
Zhy — Z(NN) process, and then we let the Z boson and the
heavy neutrinos decay inclusively. The signal event rate is

Ns:L'UZhl'BR(hl — NN) -1, (6)

where L is the collider luminosity and #, denotes the cut-
based selection efficiency on the generated signal events.
With a design luminosity L = 5.6 ab~! and ozn, = 196 fb
at 240 GeV center-of-mass energy [36], a sample of
1.1 x 10% Zh, events is expected. Since we let N decay
inclusively, 7, already includes the NN system’s combined
branching fraction into the selected final states, thus the
formula above does not explicitly contain the N decay
branching fraction. The signal’s statistic significance is

Cgtat = \/2[(NS +Nb)ln<1 +x—b> —NS]. (7)

The background event rates Ny, for the 27, 3¢, and 4¢
channels are listed in Tables I-III, respectively. Requiring
20 and 5o significance levels, the sensitivity limits on
BR(h; — NN) are shown in Fig. 6.

Given L - 64, ~ 10°, the BR(h; — NN) 5, combination
in Eq. (6) is statistically limited by N;/N, ~ 107°N .
The selection efficiency #, is favorably evaluated via
Monte Carlo, as 7, is weighted between different decay
chains that contribute to the same final state. In our case,
Z — ¢, jj both contribute to the signal channels.

Note that 27 and 37 limits worsen towards lower m,y.
This is caused by N decaying into collimated leptons and
jets when N becomes more boosted at smaller m, resulting
in fewer and softer reconstructed jets; hence, it is hard hit
by the jet selection cuts. Relaxing the jet cuts would help in
recovering more low-my signal events, yet at the cost of

T T T T
Vs =240 GeV, e'e* - Zh, —— et +21j
Lum. =5.6 ab™

L

—=— [F1+22]

Ll

20 30 40 50
my [GeV]

(o]
o

FIG. 6. Sensitivity limits on the decay branching ratio of Higgs
boson to NN for 2£¢—4¢ channels, assuming an my between
10 and 60 GeV. Zh; production assumes a 240 GeV center-of-
mass energy and 5.6 ab~! integrated luminosity at future e~e™
colliders. The solid (dotted) curves correspond to 2o (50)
significance.
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significantly increasing the SM background. The 47
channel has the highest background veto efficiency that
can saturate the luminosity cap (N, < 1) up to 103 ab™!.
Despite the subunity background event rate, the 42 chan-
nel’s sensitivity is less stringent than the 27 and 37
channels’ for larger my because of its much lower signal
selection efficiency.
BR(h; — NN) relates to BSM parameters as

|sina - yg|*> = BR(h; = NN)
r Am2\ =3/2
_h (] _@> ) (8)

my, mhl

X 167

A BR(h; — NN) = 10~* sensitivity limit would corre-
spond to |sina-ys]> <7.3 x 107 at my = 60 GeV, or
< 1.6 x 1077 towards low N mass 2my < my, , where the
decay phase space is least suppressed by the mass gap as

(1 —%) — 1 in Eq. (8).
1

yg 1s a free model parameter given by vy and my. For
ys ~ O(1), this limit constrains | sin a| to be lower than 10~2.
This shows that the future Higgs factory has good sensitivity
to tiny effective mixing angles between the Higgs boson and
the BSM singlet scalar, which is comparable to the projected
| sina|? ~ 10~* sensitivity at the LHC [45].
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