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ABSTRACT: The future muon collider can play as an ideal machine to search for new physics
at high energies. In this work, we study the search potential of the heavy Higgs triplet
in the Type II Seesaw mechanism at muon colliders with high collision energy and high
luminosity. The latest neutrino oscillation data are taken into account for realizing the
leptonic decay modes of the charged Higgs bosons (H**, H7T) in the Type II Seesaw. We
show the impact of neutrino mass and mixing parameters on the purely leptonic decays.
The pair production of doubly charged Higgs H++H "~ is through direct ;™ p~ annihilation
and vector boson fusion (VBF) processes at muon collider. The associated production
H**H¥ can only be induced by VBF processes. We simulate both the purely leptonic
and bosonic signal channels of charged Higgs bosons in Type II Seesaw, together with the
Standard Model backgrounds. We show the required luminosity for the discovery of the
charged Higgses and the reachable limits on the leptonic decay branching fractions.
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1 Introduction

It is well-known that, in the context of the Standard Model (SM), the small but non-zero
neutrino masses can be realized at leading order through a dimension-5 operator [1]

K
KKLKLHH, (1.1)

where £, and H stand for the SM lepton doublet and the Higgs doublet, respectively. There
are only three ultraviolet (UV) completions of this “Weinberg operator” at tree level [2],
known as the Type I [3-9], Type II [9-13] and Type III [14] Seesaw mechanisms. These
mechanisms extend the SM by introducing singlet right-handed neutrinos Ng, SU(2),
scalar triplet A, and SU(2);, fermionic triplet, respectively. Among them, the Type II
Seesaw model has an extended scalar sector with rich phenomena. The leptonic Yuakawa
interaction of the scalar triplet provides the tiny Majorana neutrino masses after the neutral
component of the triplet acquires the vacuum expectation value (vev) va. There are seven
physical mass eigenstates of Higgs boson in the Type II Seesaw, including two singly-charged
Higgs (HT), two doubly-charged Higgs (H**), two CP-even (Hy , Hs) and one CP-odd (A)
neutral Higgs [15-17].

The low-scale Type II Seesaw can be experimentally accessible at high-energy colliders
when the triplet Higgs mass M is at TeV level. The searches of the triplet Higgs have been
studied extensively at the Large Hadron Collider (LHC) [15, 18-59], its upgrades [53, 55, 60—
64], leptonic colliders [65-81] and ep collider [82, 83], in terms of lepton number violation
(LNV) signatures for H** and H*. The decay modes of charged Higgs bosons can be
categorized into leptonic decays and the decays to vector bosons. The comprehensive reviews
of search for LNV at colliders can be found in refs. [84, 85]. Up to now, no significant excess



beyond the SM expectations was observed at the LHC with a centre-of-mass (c.m.) energy
of 13 TeV. The lower limit on the mass of a doubly charged Higgs boson is 900 — 1080 GeV
at the 95% confidence level (CL) from the same-sign lepton channel, depending on specific
models [86]. The vector boson channels exclude the charged Higgs boson lighter than
230 — 350 GeV at 95% CL [87]. However, due to the limitation of the current collision energy,
it will be difficult to observe the charged Higgs bosons with mass larger than 1 TeV. To
search for new electroweak physics, there is an urgent need of the future hadron or lepton
colliders with much higher collision energy and integrated luminosity.

Recently, due to the technological breakthrough of the ionization cooling by the Muon
Ionization Cooling Experiment (MICE) [88], the establishment of the muon collider has
rekindled hope and again received much attention in the community. The key factor
limiting the collision energy is the energy loss during the acceleration, i.e., the synchrotron

radiation. For a circular machine with a radius of R, the energy loss per revolution is given

4
by AFE = %(%) with E being the beam energy and m the mass of colliding particles.

Thus, an accelerator is more efficient for a more massive particle. The muon mass is about
200 times greater than that of electron. Then, the relatively large mass of muon suppresses
the synchrotron radiation. Thus, a muon collider can exceed the energy reach of the eTe™
colliders, and achieve both high energies and high luminosities [89, 90]. It would offer a
great opportunity to provide an unprecedented new energy threshold for new physics search
and a clean environment of leptonic collisions for precision measurements [91-95]. For the
ptp~ annihilation well above the Z pole, the cross section falls off as 1/s with /s being
the c.m. energy. Thus, the annihilation cross sections decrease rapidly with colliding energy
and meanwhile these cross sections are insensitive to the mass of the new physics particles
in final states when producing above threshold. By contrast, the cross sections of vector
boson fusion (VBF) processes typically scale with c.m. energy as In(s) above threshold.
Thus, from logarithmic enhancement, VBF becomes an important channel to search for new
physics particles at high energies. Moreover, the cross sections decrease with larger mass of
new particles due to the suppression of EW PDF threshold and thus the VBF mechanism
is sensitive to the mass of the new physics particles [92, 96].

In this work, we study typical electroweak production channels of triplet Higgs bosons
in Type II Seesaw at future high-energy muon collider. The major pair production channels
of Ht*H~~ include direct u*p~ annihilation and the VBF processes [75, 91, 97]. The
associated production of H¥*HT can only be generated by the VBF processes at muon
collider. The decay modes of the charged Higgs bosons are closely related to the value
of triplet Higgs vev. For va < 1074 GeV, depending on their charges, the charged Higgs
bosons mainly decay to a charged lepton plus a neutrino or a pair of same-sign leptons.
For va > 107*GeV, they decay into SM gauge bosons. More details can be found in
ref. [15]. Four possible signatures of the triplet Higgs will be discussed in detail in this
paper, including both leptonic decay modes and gauge boson decay modes for H*+H~~ or
H**H¥ production. We choose the muon collider with multi-TeV c.m. energies /s and
the integrated luminosity scaling with energy quadratically [89]

2
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In particular, the benchmark choices of the collider energies and the corresponding integrated
luminosities are

Vs=3,10and 30 TeV, L£ =1, 10 and 90 ab~". (1.3)

On the other hand, in recent years, the precision of neutrino mixing parameters has been
significantly improved in neutrino oscillation experiments. For instance, Double Chooz [98],
RENO [99] and in particular Daya Bay [100], have reported non-zero experimental results
of 013 by looking for the disappearance of anti-electron neutrinos. In addition, the long-
baseline neutrino experiments T2K [101, 102] and NOvA [103] suggest a non-zero leptonic
CP phase. These experiments provide us with up-to-date neutrino oscillation experimental
results to investigate the impact on neutrino mass models. As the sign of the neutrino
mass-squared difference AmZ, = m3 — m? (¢ = 1 or 2) has not been determined, two
possible scenarios are considered separately in data analysis, which are commonly called
normal hierarchy (NH) and inverted hierarchy (IH) correspond to positive and negative sign
respectively. The future neutrino oscillation experiments, such as T2HK [104], JUNO [105]
and DUNE [106] will measure some oscillation parameters with better than 0.5% precision,
and the neutrino mass hierarchy will also be revealed. With the development of low-energy
experiments, the theoretical and phenomenological studies of neutrino models will benefit
from the constrained properties of neutrinos. We will investigate the constraints of the
latest neutrino oscillation data on the decay patterns of triplet Higgs bosons. Moreover,
the phenomenological study at high-energy colliders will provide us with more physical
information about a specific neutrino model, and reveal the neutrino properties in a full
UV theory. These studies also work as a supplementary strategy to explore the properties
of neutrinos. We will emphasize the flavor structure of the lepton number violating decays
of the charged Higgs bosons and the implications for neutrino properties.

The rest of this paper is organized as follows. In section 2, we first outline the Type
IT Seesaw model and discuss the constraints from neutrino oscillation experiments. We
show the flavor structure of charged Higgs decay and the impact of neutrino mass and
mixing parameters on the decay branching fractions. In section 3, we perform the collider
simulation of charged Higgs production and decay with different benchmark collision energies
and luminosities. The promising signatures will be considered separately. The projected
discovery bounds are presented in terms of required luminosities and branching ratios.
Finally, we summarize the main results and draw our conclusions in section 4.

2 Type II Seesaw and the impact of neutrino data

In this section, we first briefly review the Type II Seesaw model and then discuss the impact
of neutrino oscillation data on charged Higgs decay.

2.1 Type II Seesaw mechanism

In the Type II Seesaw model, the Higgs sector of the SM is extended by adding an SU(2)y,
scalar triplet A ~ (1,3,1), which can be decomposed as

5+ s+t
s (57, o



In the lepton sector, the scalar triplet A interacts with the SM lepton doublet ¢7, through
the Yukawa interaction
Y, (Y Cioy Aty + hec., (2.2)

where C' represents the charge conjugation operator, oy is the Pauli matrix and the Yukawa
coupling Y}, is a 3 x 3 symmetric complex matrix. In the Higgs sector, the scalar triplet A
also couples with the SM Higgs doublet H via the mixing term

pHT iocy ATH + h.c. . (2.3)
Then the mass matrix of the neutrino is given by the following relations

2
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where the vy and va satisfying \/v3 + U2A ~ 246 GeV are the vevs of the neutral components
of the Higgs doublet and triplet, respectively. M is the mass of the heavy triplet Higgs.
Due to the presence of the triplet A, the lepton number is explicitly broken. After the
electroweak symmetry breaking, there are seven physical massive Higgses, including a SM-
like Higgs H;, a A-like Higgs Hs, a CP-odd scalar A, two singly charged Higgs H* ~ §*
and two doubly charged Higgs H** = §*F with My, ~ My ~ My+ ~ Mp++ = M.
See ref. [15] for detailed discussions. In the physical basis for the leptons, the Yukawa
interaction of the singly and doubly charged Higgs can be respectively written as

vECY,)FHY ¢ and (£ CYST HTT 4, (2.5)
where
N mdiag ; iy Ml/ mdiag
YT =cosf —2— U, and Y = =Up —— U, , 2.6
v + v PMNS v NI PMNS /2 v PMNS (2.6)

with 6, ~ \/2va /vy being the singly charged Higgs mixing angle and Upyns being the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix. The partial width of
doubly charged Higgs decay into same-sign leptons is thus given by

1

NH™ =) = ———

(V)i My, (2.7)
and the partial width of singly charged Higgs decay into the charged lepton and neutrino
can be written as

T(H" — ;) = (V)i * My, (2.8)

1
Ton!
with 4,7 = e, u,7. According to eq. (2.6), the Yukawa matrices that characterize the
strength of the coupling between charged Higgs and leptons are inversely proportional to
va. When vy is below 1074 GeV, the decay modes of charged Higgs are dominated by the

leptonic channels as given in eq. (2.7) and eq. (2.8). Their branching ratios will only depend

'We assume degenerate triplet Higgs spectrum in the following analysis. For the phenomenological
studies of non-degenerate case, see refs. [32-34, 37, 43-45, 52, 59, 66, 107].



on the PMNS matrix and neutrino masses. If va is larger than 10~% GeV, the main decay
modes of charged Higgs will be the gauge boson channels [15], i.e. H* — W*h/Z? and
H** — W*W=*. In this paper, we will discuss both the lepton and gauge boson decay
channels in detail. For the purely leptonic decays, in particular, the branching ratios of the
charged Higgs decay to different lepton flavors can be determined by the experimental data
of neutrino oscillation. In the following subsection, we will focus on this impact and give a
numerical analysis of the branching fractions of triplet Higgs leptonic decay.

In 2021, Fermilab released the result of the muon g—2 measurement and its combination
with the Brookhaven experimental measurement led to a 4.2¢ tension [108-110]

Aay = aS® — a;M = (2.51£0.59) x 1077 (2.9)

The Yukawa interactions of scalar triplet can induce muon magnetic dipole moment at one
loop level. It is given by [73]

oy = (YJYV)“"( My, ) - BJY, ), (2.10)
a 672 mi..  8m3, 16m2m2 ’

where the second equal sign is obtained by degenerate assumption. The muon g — 2 anomaly
would constrain the pu component of the coupling combination (YY) as

(V1Y) /m% = (0.0000118 + 0.0000028) GeV 2. (2.11)

2.2 Impact of neutrino data on charged Higgs decay

The neutrino oscillation experiments provide us with the most precise data of neutrino
masses and mixing so far. If neutrinos are Majorana particles, the neutrino mixing is
characterized by the PMNS matrix

c12€13 512€13 s13e” "0CP

_ i i
Upmvns = | —S12C23 — €12523513€"°CP  c1ac3 — S12523513€"°CF  s93C13

i 5
512823 — €12€23513€"°CP  —C125923 — $12C23513€"°CF  ca3C13
x diag (elq’l/% 1, e’%/z) : (2.12)

where Sij = sin@ij, Cij = COS Hij, 0 S 92']' S 71'/2 and 0 S 5(}}),‘1)2‘ < 27w with 5CP being
the Dirac CP phase and ®; being the Majorana phases. For the neutrino masses, the
oscillation experiments can determine the mass-squared splitting between three neutrino
mass eigenstates up to normal and inverted neutrino mass hierarchies. With the inclusion
of the data on atmospheric neutrinos provided by the Super-Kamiokande collaboration, the
latest best global fit results of the neutrino masses and mixing parameters are shown in
table 1 [111, 112] for both NH and IH. We also adopt the tightest constraint on the sum
of neutrino masses by combining the TT, TE, EE4+lowE+lensing+BAO data [113, 114] at
95% CL,

3
> mi < 0.12 V. (2.13)
=1

2The singly charged Higgs HT can also decay into ¢b if kinematically allowed. This channel is suppressed
compared with W*Z and W H; when my+ > 400 GeV [15].



Parameter Normal Hierarchy | Inverted Hierarchy
sin® 6 0.30410-512 0.304 15913
sin? 03 0.45010:012 0.57010 050
sin? 013 0.02246 7000003 0.0224173.05072

cpl°] 230138 278122
Am3,[107° eV?] 7.4210:30 7.4270:30
Am2,[1073eV?] | +2.51075:027 —2.49070 05

Table 1. The best fit of the neutrino oscillation parameters with 1o range [111, 112]. AmZ, = Am3;
for NH and Am3, = Amj3, for IH.

The neutrino mixing parameters can be varied according to a normal distribution with
central values and 1o ranges given in table 1 for NH and IH. The constraints on neutrino
masses are applicable together with eq. (2.13). We are then able to perform a numerical
analysis of the leptonic decay branching ratios of the charged Higgs bosons based on eq. (2.7)
and eq. (2.8).

Nowadays, we still can not tell the nature of the neutrinos from the neutrino oscillation
experiments or the neutrinoless double beta decay experiments. It means neutrinos can
be either Dirac or Majorana particles. If neutrino has a Dirac nature, the two Majorana
phases in eq. (2.12) can be further absorbed by rephrasing the fields, and we can simply
set them to be zeros in a physical basis. If neutrinos are Majorana particles, the Majorana
phases could have non-vanishing values.

We first consider the case with ®; = &3 = 0. We show the scatter plots of the decay
branching ratios of doubly charged Higgs (H™T — Eff;r) versus the lightest neutrino
mass in figure 1. The lightest neutrino with my) 2 1072 eV would be excluded by the
cosmological data of Y m; < 0.12eV by the Planck collaboration [114], as indicated by the
grey region in the scatter plots. The branching ratios of Ht1 decay into the same flavor
(1 = 7) and different flavor (i # j) like-sign leptons are shown in the upper and lower panels
of figure 1, respectively. The results for the NH and IH scenarios are also shown explicitly
in the left and right panels of figure 1. In the NH case, the leading decay channels are
given by the second and third lepton flavors, i.e., the pu, 77 and p7 channels. Each of their
branching ratios approximately reaches ~ 30%. The remaining flavor combinations relate to
the electron, i.e., the ee, eT and ey channels. Their branching fractions are at least one order
of magnitude smaller than the leading channels. For the IH case, by contrast, the ee channel
dominates the branching ratios with the value close to 50%. The u7, 77 and pu channels
have lower but same order branching ratios. The ex and er channels are suppressed by one
order of magnitude. It is also worth mentioning that some branching ratios of the decay
channels are constrained within very narrow bands, for example the p7 channel in both
NH and IH cases, and the ee channel in IH case. The accuracy is considerably improved
compared with the results from previous neutrino oscillation data [15]. For the singly
charged Higgs H ™, the scatter plots of the branching ratios versus the lightest neutrino



1H

ee b
W ; 1
1071 p— ]
i ’ 27 ]
Disfavored ] om: Disfavored ]
by Cosmology 102 by Cosmology
1 -3 L 1 I
10T 100 1075 107 10-2 10T 100
my [eV] mg [eV]
10° IH .
UT
Disfavored ————\ Disfavored
by Cosmology 10~k by Cosmology |
[acr
M
1072
1078

saal " i 1
1071 1073 102 10T 100
mg [eV]

Figure 1. Scatter plots for the branching ratios of HT* decay into the same flavor (two upper
panels) and different flavor (two lower panels) like-sign leptons versus the lowest neutrino mass for
NH (two left panels) and IH (two right panels) with ®; = &3 = 0. The grey bands correspond to
the current limit on the lightest neutrino mass 7,3y from the cosmological data of ) m; < 0.12eV
by the Planck collaboration [114].

mass are shown in figure 2 for both NH and IH spectra. In the NH case, the uv and v
channels are dominant and comparable. The er channel is one order of magnitude smaller.
By contrast, the er channel is dominant with the branching fraction being ~ 50% in TH
case. The uv and 70 channels are at the same order of magnitude with ev.

Next, we will only focus on some intuitive benchmarks with specific decay branching
ratios and perform a phenomenological study at a muon collider. The benchmarks of doubly
(singly) charged Higgs decay are shown in table 2 (table 3). The lightest neutrino mass is
assumed to have a small value my3) = 10~* for NH (IH) spectrum. They are obtained by
fixing the neutrino mass and mixing parameters to their best-fit values.

Then we consider the case with nonzero Majorana phases (®1,®9 # 0). The effects
of the Majorana phases on the Higgs decays have been investigated in refs. [15, 23-25].
The main conclusion is that the decay branching ratios of doubly charge Higgs slightly
depend on @, in NH case, whereas the dependence on ®; is strong in IH case. The singly
charged Higgs decays do not depend on the Majorana phases. The H™" decay branching
ratios for all channels are shown in figure 3 for the NH case. We can see that the branching
ratios indeed have a rather weak dependence on the Majorana phase ®5. The maximal
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Figure 2. Scatter plots for the H' decay branching ratios to leptons versus the lowest neutrino
mass for NH (left) and TH (right) with &; = ®3 = 0. The grey bands correspond to the current limit
on the lightest neutrino mass m; s from the cosmological data of » m; < 0.12eV by the Planck
collaboration [114].

BR(H™T) ee ep et o Ut TT
NH 0.28% | 1.25% | 4.27% | 25.57% | 35.43% | 33.20%
IH 47.49% | 1.23% | 0.96% | 8.84% | 25.63% | 15.85%

Table 2. Benchmark decay branching ratios of doubly charged Higgs for NH and IH spectra.
They are obtained by fixing the neutrino mass and mixing parameters at their best-fit values, and
the lightest neutrino mass is assumed to be my(3) = 10~*eV for NH (IH). We assume vanishing
Majorana phases.

BR(H) ev pv TV
NH 3.04% | 43.91% | 53.05%
H 48.59% | 22.27% | 29.14%

Table 3. Benchmark decay branching ratios of singly charged Higgs for NH and IH spectra. They
are obtained by fixing the neutrino mass and mixing parameters at their best-fit values, and the
lightest neutrino mass is assumed to be my3) = 10~*eV for NH (IH). We assume vanishing Majorana
phases. The light neutrinos in final states are summed over.

suppression (enhancement) happens when ®3 = 7 for the 77 and up (u7) channels. It
changes the branching ratios by a factor of two at most. For the case of IH spectrum, we
show the scatter plots of the doubly charged Higgs decay branching ratios versus ®; in
figure 4. There is a strong dependence on the Majorana phase ®; for all decay branching
ratios. The leading decay channels swap from ee, um at &1 =0 to ey, er at ®; = . Such a
significant oscillation signal can be used to determine the value of the Majorana phase ®;.

The leptonic Yukawa couplings of charged Higgs bosons are proportional to light
neutrino masses. As a result, their decays may lead to long decay length and displaced
vertex in the detector. The decay length of the charged Higgses is given by L = ~fSecr,
where 7 = 1/T" with T being the total width, « is the boost factor and § is the ratio of

Higgs velocity to the speed of light ¢. The product vf is ,/Ei/Mi — 1 and F is taken to
be /s/2 in the c.m. frame. We take into account the above best-fitted neutrino mass and
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Figure 3. Scatter plots for the same flavor (left) and different flavor (right) leptonic branching
ratios for the H++ decay versus Majorana phase ®5 for the NH spectrum with m; = 0. The other
Majorana phase ®; is uniformly sampled within [0, 27).
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Figure 4. Scatter plots for the same flavor (left) and different flavor (right) leptonic branching
ratios for the H™F decay versus Majorana phase ®; for the IH spectrum with ms = 0. The other
Majorana phase ®; is uniformly sampled within [0, 27).

mixing parameters, and show the decay lengths as a function of the triplet vev in figure 5.
The c.m. energy is taken to be /s = 3, 10, 30 TeV and we assume mp++g+) = 1 TeV. The
decay widths of the H and H™* are approximately the same for large triplet Higgs mass.
We find that the decay length could be as large as 1 mm and there is a clear distinction
between NH and IH when va < 1074 GeV. If the displaced vertex searches can be performed
in future, it could serve as an indication to distinguish the neutrino mass patterns.

3 Testing Type II Seesaw at muon collider

In this section we discuss the productions and signatures of doubly and singly charged
Higgs bosons in Type II Seesaw mechanism at high-energy muon collider.

3.1 Production channels

First of all, the doubly charged Higgs can be produced in pairs by either direct putpu~
annihilation or the fusion of electroweak vector bosons (generally denoted by V')

prpnm, VV - HTTH . (3.1)

-9 —
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Figure 5. The decay length of singly charged Higgs H™ (left) and doubly charged Higgs H"
(right). The c.m. energy is taken to be /s =3, 10, 30 TeV and myg++ = my+ = 1 TeV.

For the VBF processes, the vector bosons are taken as initial partons and produce “inclu-
sive” processes. The Feynman diagrams of these production processes in Type II Seesaw
are collected in figure 6. We use FeynRules UFO file of the Type II Seesaw [63] and
MadGraph5_aMC@NLO [115] to calculate the cross sections and the results are shown
in figure 7, as a function of c.m. energy /s (left panel) and doubly charged Higgs mass
my++ (right panel). The productions are categorized into ;4 p~ annihilation (dashed lines),
VBF (dotted lines) and their sum (solid lines). In the new version of MadGraph5, the
leading-order framework of electroweak parton distribution functions (EW PDFs) were
embedded to calculate the VBF processes [97].

In figure 7, one can see that the doubly charged Higgs can be produced in pairs via
the direct u™p~ annihilation above the kinematic threshold. The cross sections of put ™
annihilation (o2™) behave like o™ ~ 33 /s with the velocity as 8 = /1 —4m2,.. /s. As
a result, the cross sections of u™p~ annihilation decrease with increasing /s well above
threshold, and doubly charged Higgs bosons with different masses tend to be indistinguish-

VBF) are enhanced at high

able at high energies. The cross sections of VBF processes (o
beam energies by collinear logarithm In(3/m2) for photon or In(3/m3,) for massive gauge
boson V with v/3 being the parton-level c.m. energy. It turns out that the VBF processes
dominate at high energies compared with the ;™ p~ annihilation channel. Moreover, the
VBF processes are more sensitive to the Higgs mass and the cross sections decrease along
with increasing mpy+x.

The associated production of doubly and singly charged Higgs can only be induced by

the VBF processes
VV — H*HT, (3.2)

The Feynman diagrams are shown in figure 8. The cross sections of these processes are
shown in figure 9, as a function of c.m. energy /s (left) and heavy Higgs masses mp++
(equal to mp=) (right).> One can see that the VBF cross sections of H¥*HT are a few

3The cross sections of HTTH~ and its charge conjugation are summed over.

~10 -



+
I /,H++ W+ /,H-‘r-‘r

Zlv Z/y

W “H— Wo “H
(a) (b)

Z/y -LLL‘N Lo HTt W “’LL‘N FHT
| L g E

" ﬁ,f’f L P,JJJ .
(c) (d)

84 cHTT W+ ,} . HH+

Z “H W SHTT

(c) @

Figure 6. Feynman diagrams of heavy doubly charged Higgs pair productions in Type II Seesaw.
The diagram (a) is the gy annihilation process (uTp~ — HTTH™7) and the others are though
VBF processes (VV — HTTH~ ).

times smaller than those of H™"H~~. This is due to the absence of dominant v~ fusion in
the associated production.

In the following subsections, we simulate the productions of charged Higgs by using
MadGraph5 aMC@NLO [115]. The simulation of VBF process at muon collider is carried
out according to the descriptions in ref. [97]. The decays of the charged Higgs bosons
are implemented using MadSpin [116]. In the simulation, we independently generate the
events of " p~ annihilation and VBF processes. Then, we pass the parton-level events to
PYTHIA 8 [117] for performing parton shower. For the simulation of detector effects, we
choose the card of muon collider in Delphes 3 [118]. Finally, we combine the results of ™y~
annihilation and VBF processes weighted by their cross sections in local significance analysis.

3.2 HYtH—— — ¢tete—¢—

The decays of doubly charged Higgs H*' are dominated by the leptonic channels when the
vev of A is below va &~ 107 GeV [15]. In this subsection, we take one of the decay channels
H** — y#;* as a benchmark to evaluate the detection effect of the Type II Seesaw at
muon collider. There are four muons in the final states of our signal. The corresponding SM
backgrounds are simply chosen to have four-muon final states. They can also be categorized

- 11 -
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Figure 7. Cross sections of HT+H~~ pair production as a function of the collider energy /s
(left) and heavy Higgs masses mg++ (right) at muon colliders, through p*p~ annihilation (dashed
lines) and VBF (dotted lines) processes. Their sum is shown as solid lines. We have chosen four
benchmark masses of the H** that are 0.5,1,3 and 5TeV in the left panel. In the right panel, the
c.m. energy is assumed to be /s = 3,10,20 or 30 TeV.
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Figure 8. Feynman diagrams of doubly and singly charged Higgs associated productions in Type
IT Seesaw. The diagrams are all produced by VBF processes (only VV — H*TH~ for illustration).

into u™p~ annihilation and VBF processes
e, VV = gt T (3.3)
We have adopted the following basic cuts for the muons in final states
pr(p) > 50 GeV, |n(p)| <2.5, ARy, >04. (3.4)

The first two cuts are essential to avoid the possible collinear divergence in the background

VBF processes.
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Figure 9. Cross sections of H** H¥ associated production as a function of the collider energy
Vs (left) and heavy Higgs masses my++ (equal to my=) (right) at muon colliders only by VBF
processes. The charged Higgs masses and the c.m. energies are assumed to be the same values as
those in figure 7.

We then select the generated events by requiring the number of muons n,+ > 2 and
n,~ = 2. In our signal events, two same-sign muon pairs in the final states can form two
heavy resonances of doubly charged Higgs bosons. As an illustration, we take /s = 10 TeV
for muon collider and mg++ = 3 TeV to show the invariant mass of leading same-sign muons
in figure 10. For this choice, the p*u™ annihilation cross section is dominant. Here we
weight and combine the contributions of gt u™ annihilation and VBF processes. We can
see that the invariant mass plot shows a resonance peak around the expected Higgs mass
of 3TeV in our signal histogram. As a result, we can apply the following invariant mass
window to suppress the background and enhance the signal-to-background ratio

Myt — mpes| < mp=s /5. (3.5)
The background events can then be efficiently suppressed.
We use the following formula to evaluate the significance
Ng
S=———, 3.6
vNg + Np (36)
where Ng and Np are the event numbers of signal and background, respectively. In this

purely leptonic channel, we have

Ng = (o4mmef™ 4 oYBFYBEY S BR2(HH — ptpt) x L,

Np = (Jénneﬁnn + J}\;;/BFGI\B/BF) x L, (3.7)

where the subscript “S” (“B”) stands for the signal (SM background), eg g represent the
efficiencies of the above cuts and £ denotes the integrated luminosity.

In figure 11 we show the reach of doubly charged Higgs in purely leptonic channel. For
Vs = 3TeV, we scan the value of my++ and derive the required luminosities to achieve a
20 or 5o significance. The benchmark decay branching fractions of H*+ — p*u™ in table 2
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Figure 10. The invariant mass of the same-sign muons p*p* in H++H~~ pair production for
/s =10TeV and my++ = 3TeV. The signal and SM background are both shown for comparison.
The contributions of u*p* annihilation and VBF processes are weighted and summed over. The
individual backgrounds are also summed over.

are taken for the two different neutrino mass hierarchies, i.e., NH and IH. The similar
procedures of analysis are performed for /s = 10 TeV and /s = 30 TeV, and the results are
also shown in figure 11. Except for the near threshold regime, the doubly charged Higgs in
NH mass pattern will be discovered with the optimistic integrated luminosity of 1, 10 and
90 ab~! for /s = 3, 10 and 30 TeV, respectively. The 5¢ significance can be reached in IH
for my++ below 1.0 TeV, 3.5 TeV and 10 TeV with the optimistic integrated luminosity and
V/s =3, 10 and 30 TeV, respectively.

In our analysis, we only consider the decay channel of H** — %% for illustration.
For other decay channels, the main difference comes from the branching fractions of doubly
charged Higgs decay into different lepton flavor combinations. As discussed in section 2.2,
different neutrino mass patterns and mixing parameters affect the branching fraction of
decay H** — p*pt. In order to show the sensitivity of muon colliders to charged Higgs
decay, we next fix the integrated luminosity and show the bound on BR(H ™t — putpu™).
The reachable limits of BR(H™" — u*u™) corresponding to 20 or 50 significance are shown
in figure 12 with different collision energies. Taking my++ = 1.3 TeV for illustration, one
can see that BR(H™t — ptpu™) can approach 15.8% (7.6%) for 50 (20) significance for
Vs =3TeV and L = 1 ab™'. For mpy++ = 3TeV at /s = 10TeV and my++ = 10 TeV
at /s = 30 TeV, the reachable limits of the branching fraction are 8.3% (4.2%) and 9.3%
(4.6%) for 50 (20) significance, respectively.

33 HtH~ - WtWtwW-WwW~

In this subsection, we analyze the decay of doubly charged Higgs H¥* into same-sign
W¥ bosons with subsequent decay to leptonic or hadronic products. Here we consider the

leptonic decay of two same-sign W bosons into muon and neutrino (W* — p* (V_u)), and
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Figure 11. The integrated luminosities required for 2o (solid lines) and 50 (dashed lines) significance
versus my++ for HYTH™~ — pTpTp~p~ at muon colliders with /s = 3TeV, 10 TeV and 30 TeV,

in neutrino mass pattern NH (red) or TH (green).

the hadronic decay of the other two W bosons with opposite sign into di-jet (WF — j j).
For heavy Higgs boson decay, the W bosons would be highly boosted and the produced
di-jet can be regarded as a single fat jet J in the detector of muon collider.

The LNV signal then becomes

p T VV s HYTH - - WHWrwow o — ptut (J,f (;/j J J. (3.8)
For these final states, the SM backgrounds could be composed of several processes
Buwi:  ptus VV = WHWHAWw— o w0055,
Buws VV o WEWEWFZ o)) 555,
Bays : VV =t wey Bop wey WE = i =0 0)0b 5. (3.9)

In Byw,1 case, from both ptp~ annihilation and VBF processes, the intermediate states
are four W bosons which are the same as the signal. The jets in the final states can also
be produced from Z boson decay. We thus consider this situation in the Bsyw,» case where
the intermediate states are composed of WE*W=WTZ. Due to the conservation of electric
charge, this background is only achieved through the VBF processes. In the detector of
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Figure 12. The reachable branching ratios of H™ — u*u™ corresponding to 20 (green) and 5o
(red) significance versus mg++ for H¥TH™~ — ptu*tp~p~ at muon colliders with /s = 3 TeV
(L=1ab™ 1), 10TeV (£L =10 ab™') and 30 TeV (£ = 90 ab™ ).

collider, b or b quark is likely to be mistakenly identified as a light jet. Thus, the Buw3
case is also considered and the intermediate states in this case are a pair of ¢ ¢ and W=+

with the ¢(f) quark decaying to the b(b) quark and W= boson. For the three W bosons,

the two with same-sign decay to the leptons (W* — p* (1/;)) and the third one hadronically

decays (W — j j). The backgrounds discussed here will also be used in the analysis of
WEWEWTZ final state in subsection 3.5.

We select the events containing at least two same-sign muons and two fat jets. The fat
jet is reconstructed via the “Valencia” algorithm with R = 0.7 and is identified as W boson
with 65 GeV < M < 95GeV [119]. We also employ the following basic cuts for the muons

and missing neutrinos
pr(p) > 50 GeV, Er >50 GeV, [|n(u)| <25, AR, >04. (3.10)

Then we reconstruct doubly charged Higgs with hadronic decay products and employ the

judicious cuts of invariant mass:
|y s+ — myz+| < mpg++/5, (3.11)

where myy+yy+ is the invariant mass of the two same-sign W bosons identified by fat jets.
The invariant mass distributions of signal and background are shown in the left panel of
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figure 13. We can efficiently reduce the SM backgrounds by the above cut. On the other
hand, due to the missing neutrinos in final states, one cannot directly reconstruct the other
same-sign W pair. We instead define the leptonic transverse mass [15]

mrp = \J (\/mfm + (ZﬁT(M))2 +ET> - (ZﬁT(M) +}3T)2- (3.12)

The distribution of transverse mass is shown in the right panel of figure 13 and there appears
a mild cutoff around doubly charged Higgs mass. We apply the corresponding cut of mp

mH++/5 <mr < Mrg++ . (313)

We also use the significance formula in eq. (3.6) to perform the local significance analysis.
The event numbers of the signal Ng and background Ng in this channel are

Ns = (ofmed™ + oy ") x BR? (H** — W*W*) x BR? (Wi — p* (Ju)>
x BRE(WT = ¢7) x L x 2,
Np = NB4W,1 X2+ NB4W,2 + NB4W,3’ (3'14)

where the factor of 2 takes into account the charge conjugation of final states. Np,y,,, N,y ,
and Np s are the event numbers of background Buaw,1, Baw,2 and Baw 3, respectively.
They are given by

A A VBF _VBF 2 + + (=) 2 (it _
Npjy, = (o e +oyB BT ) xBR (W S uﬂ>xBR (W 5 a7 % L,

NB s = ( VBE VBE ) x BR? (Wi — pt “,3) xBR (W* = ¢¢') xBR(Z — qq) x L,

OB 2 Baw 2

o= (AR, ) <R (00 B0 (372 5)) om0 )

OBaw,3Baw,3

(3.15)

where the decay branching fraction of Ht+ — WTW is assumed to be 100% [15]. The
required luminosities for 20 and 5o significance at muon collider are shown in figure 14, with
Vs = 3, 10 and 30 TeV. It is almost impossible to reach 5o significance with the integrated
luminosity below 1 ab™! for /s = 3TeV or 10 ab™! for \/s = 10 TeV. For /s = 30TeV,
the discovery significance can be reached for my++ lower than 1.7 TeV with £ = 90 ab™!.

3.4 HITHT — ¢ToteFu

For the associated production of H**H¥ only induced by VBF processes at muon collider,
we will start from the channel with leptonic Higgs decay and only consider the decay products
of u* and light neutrinos. The decay modes of this channel are thus H** — p*u* and
H¥ — pFv. The signal is composed of a pair of same-sign muons, another opposite sign
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Figure 13. The invariant mass of W*W=* (left) and the transverse mass my (right) from H** —
WEW* channel, with /s = 10 TeV and mpy++ = 3TeV.
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muon and missing neutrinos. The main SM backgrounds include

(=)
Byi: VV = pptuFu,,
Bsro: VV — WEIWwETwT - NiHiM:F (’/_u) (V_u) (V—#) 7
Baea: VV = ZZW* i) v, (3.16)

In B3/ 3 case, the final neutrino pair comes from one Z boson decay. We first employ the
following basic cuts for the event selection

pr(p) > 50 GeV, Ep>50 GV, |n(p)] <25, AR, >04. (3.17)

Since the kinematics is so different between the signal and the backgrounds, we employ the
judicious cuts to reduce the backgrounds:

« To reconstruct doubly charged Higgs H**, we pair the final muons by taking advantage
of the feature that they have same-sign of electric charge. Then we take the invariant
mass close to mpy++ with

Myt i+ — mH++‘ <mp++/5. (3.18)
The reconstructed mass is shown in the left panel of figure 15.

o For the singly charged Higgs HT, we first define a transverse mass mp constructed
by the opposite sign muon and missing transverse energy K7 [15]

mr(pv) = \/(Br(p) + Er)? — (Br(n) + pr)? . (3.19)

This variable is displayed in the right panel of figure 15. We then impose a cut further
tightened up for heavier Higgs

myp(uTv) > 500 GeV . (3.20)

After employing the above cuts, the SM backgrounds are significantly reduced. The
event numbers of the signal Ng and backgrounds Np in this channel are

N = 0¥ P x BR(H** = jy®) x BR(HF = 7 V) x £,
NB = NB3£,1 + NB3£,2 + NB3L3 ’ (321)

where the branching ratios of the charged Higgses are shown in table 2 and table 3 for both
NH and TH mass patterns. The background event numbers NBMJ, NB%2 and ]\713,31473 are
given by
VBF __VBF
NBS€,1 = OBgp1 " €Bagy X L,
Ng,,, = op - epo x BR? (Wi — %j) x BR (W:F — uT (u,f) x L,

Ng,,, = opn - e X BR (Wi — %;’) x BR (Z — p*uF) x BR(Z — vi) x L.
(3.22)
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Figure 15. The invariant mass of y*u* from H** — p*pu® and the transverse mass mp(u¥rv)
from H¥ — pFv with /s = 10TeV and mpy=+g+) = 1 TeV.
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Figure 16. The integrated luminosities for 2¢ (solid lines) and 50 (dashed lines) significance versus
mre+ ey for HEEHF — % & pty at muon collider with /s = 10 TeV (left) and 30 TeV (right)
for NH (red) or IH (green).

In figure 16, we show the integrated luminosities for 20 (solid lines) and 50 (dashed
lines) significance at muon collider with /s = 10 TeV (left) and /s = 30 TeV (right). For
Vs = 10 TeV with £ = 10 ab™!, the charged Higgs as heavy as 1.7 TeV can be probed with
50 significance in NH. For /s = 30 TeV with £ = 90 ab™!, 50 significance can be reached
for the 5.5 (2.5) TeV charged Higgs in NH (IH). The reachable branching ratio product
of BR(H** — p*Fu®) x BR(HT — pTv) corresponding to 20 and 50 significance is given
in figure 17, with /s = 10 TeV, £ = 10 ab~! (left) and /s = 30 TeV, £ = 90 ab™ ! (right).
For mpz+ ) = 2TeV at /s = 10TeV and 5 TeV at /s = 30 TeV for illustration, one can
see that the product BR(H™" — utu™)xBR(H™ — pu~v) as large as 36.4% (9.2%) and
15.8% (4.8%) can be reached for 50 (20) significance.

3.5 H*¥*HT¥ - WE*wW*w¥Zz

Finally, we consider the gauge boson decay modes in the associated production H¥+*HT via,
only VBF processes at muon collider. For the decay channels of charged Higgses, we choose
H** & W*W#* and HT — W¥Z. The final states are the same as those in subsection 3.3
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Figure 17. The product of reachable branching ratios of H** — p*u* and HF — uFv corre-
sponding to 20 (green) and 50 (red) significance versus my=+g+) for H¥*HF — pFp®pFv at
muon collider with /s = 10TeV, £ = 10 ab™ ! (left) and /s = 30 TeV, £ = 90 ab™ " (right).

and they contain charged leptons, fat jets and missing neutrinos

VV = H*HT - WEWEwWF2z — 4 * (ujf (u;) JJ. (3.23)
This channel is again only produced via VBF process and the two jets in the signal are
from the decays of Z boson and the opposite sign W. The SM backgrounds here completely
agree with the eq. (3.9), i.e., Baw,1, Baw2 and Byw 3. We choose the following basic cuts

pr(p) >50 GeV, |n(u)] <2.5, AR, >04, KEr>50GeV. (3.24)

Then, we follow the same procedure of selections as subsection 3.3. For the two fat

jets, the heavier one with 75GeV < M; < 105GeV and the lighter one with 65 GeV

< Mj < 95GeV are identified as boosted Z and W boson, respectively. The invariant mass

of the reconstructed WT and Z bosons is shown in the left panel of figure 18 and we employ

the same cut as that in eq. (3.11) for the invariant mass. The right panel of figure 18 shows

the leptonic transverse mass eq. (3.12) and the cut in eq. (3.13) is also applicable here.
The event number of the signal is

Ns = odBF . B X BR (H** — W*W™*) x BR (HT — WT2)

x BR? (Wi — ut “,)) x BR (WF = ¢¢') x BR(Z — qq) x L, (3.25)

where the decay branching fraction of H* — W*Z is taken to be 50% [15]. The o¥B¥ is
the cross section of the H** HT production from VBF processes. The O'XBF is quite small
at low energies as we can see in figure 9. It is thus difficult to produce more than one signal
event for /s = 3, 10 TeV. Although the signal event number can be enhanced at /s =
30 TeV with £ = 90 ab™!, there are still many backgrounds after applying the above cuts.
We take my++ = mygs = 3TeV for illustration and summarize the results of the signal and
backgrounds in table 4. One can see that the main background is from the VBF process of

the case Byw,1 (VV = WWWW — ppvuv, jjjj). Although the cuts are efficient for
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Figure 18. The invariant mass of reconstructed W and Z bosons (left) and the transverse mass
of the muons and missing energy from the same-sign W bosons (right) in the signal H**H¥ —
WWWZ = up vy, JJ and SM backgrounds.

o (pb) x € no cuts basic

MW,Z rec. mwyz mr
xBRs (o x 100% x BRs) cuts My, £15 GeV | eq. (3.11) | eq. (3.13)
S 1.15x1077 8.72x1078 5.04x1078 4.85%1078 | 4.80x10~®
Baw,1 2.60x1073 1.41x1073 5.78x104 1.16x1074 | 4.88x107°
Buwa 4.70x107* 1.33x1074 5.12x107° 1.01x1075 | 4.54x107°
Buws 1.78x1074 8.38x107¢ 5.09x1078 — —

Table 4. The rates of o (pb) x € x BRs for the signal H**HT — WWWZ — u p v,v, JJ and
SM backgrounds, before and after selection cuts. We choose mpy++ = mys = 3 TeV at the muon
collider with /s = 30 TeV.

suppressing the backgrounds, the rates of backgrounds are still far larger than the signal.
As we have seen, it is not optimistic to probe the charged Higgs bosons at muon collider
through this channel.

4 Conclusions

In this work, we study the search potential of the heavy Higgs triplet in the Type II Seesaw
mechanism at muon colliders with high collision energy and high luminosity. The latest
neutrino oscillation data are taken into account for the impact of neutrino parameters on
the leptonic decay modes of the heavy charged Higgs (H**, H*) in the Type II Seesaw.
One can distinguish the two neutrino mass hierarchies by investigating the flavor structure
in charged Higgs decay. The benchmark decay branching fractions are taken for both NH
and IH. The decays of doubly charged Higgs moderately depend on the Majorana phase ®o
in NH case, but strongly depend on the ®; phase in IH case. The leptonic decays of the
singly charged Higgs are irrelevant to the Majorana phase.

The pair of the doubly charged Higgs (H*TH ") is produced through putu~ anni-
hilation and VBF processes. For the leptonic decay channel H™TH~~ — pututp~p~,
except for the near threshold regime of mass, the doubly charged Higgs in NH mass pattern
can be discovered with the c.m. energy /s = 3TeV, 10 TeV or 30 TeV and the optimistic
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integrated luminosities. In IH case, the 50 significance for H** can be reached for m ==
below 1TeV, 3.5TeV and 10 TeV given the optimistic integrated luminosity and /s =
3, 10 and 30TeV, respectively. We also obtain the reachable limits of doubly charged
Higgs decay branching fraction with different collision energies. This collider measurement
can provide complementary information for the neutrino properties. For the gauge boson
channel HTTH-~ — WTWTW~W ™, the 50 significance can only be reached for m =
below 1.7 TeV with /s = 30 TeV and £ = 90 ab™ 1.

The associated production of doubly and singly charged Higgs can only be induced
by the VBF processes. In the leptonic decay channel H¥*H¥ — y*u* ¥y, the charged
Higgs as heavy as 1.7 TeV can be probed for 50 significance in NH with /s = 10 TeV and
L =10 ab~!. For \/s = 30 TeV with £ = 90 ab™!, 50 significance can be reached for
the charged Higgs lighter than 5.5 (2.5) TeV in NH (IH). We then show the limits on
the product of branching ratios BR(H** — p*p®) x BR(HT — uTv) with optimistic
integrated luminosities. We also find that it is not optimistic to probe the triplet Higgs
through the bosonic decay channel H**H¥ — WHW*WTZ at muon collider.

Besides the above LNV signatures, the lepton flavor violating processes putpu~ — Zjé;
with ¢ # j may provide a clean and promising test of Yukawa couplings in the Type II
Seesaw as there is no SM contribution in the amplitude level. We once studied the sensitivity
of future ee™ colliders to charged lepton flavor violation from bileptons in refs. [73, 120].
The bileptons in our most general SM gauge invariant Lagrangian include the scalar triplet
in the Type IT Seesaw model. We leave the investigation of the sensitivity of muon colliders
to lepton flavor violation in future studies.
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