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1 Introduction

It is well-known that, in the context of the Standard Model (SM), the small but non-

zero Majorana neutrino masses can be realized at leading order through a dimension-5

operator [1]
κ

Λ
lLlLHH (1.1)

where lL and H stand for the SM lepton doublet and the Higgs doublet, respectively.

Among the only three ultraviolet completions of eq. (1.1) at tree level, known as the

Type I, Type II and Type III Seesaw mechanisms, the Type II Seesaw introduces an

SU(2) Higgs triplet ∆ and the consequent doubly charged Higgs (H±±) decays with the

violation of lepton number after the electroweak symmetry breaking (EWSB) [2–6]. If the

lepton number violation happens at TeV scale, the Seesaw mechanism holds in terms of

a relevant small coupling of the dimension-5 operator [7, 8] and the new Higgs states can

be experimentally accessible at the Large Hadron Collider (LHC) [11–21].1 Up to now, no

significant evidence of doubly charged Higgs was observed at the LHC and thus the lower

limit on doubly charged Higgs mass (MH±±) emerged. Assuming the branching fraction of

H±± decay into same sign dilepton to be BR(H±± → `±`±) = 100% and 10%, the most

stringent lower mass limit by ATLAS is 770–870 GeV and 450 GeV respectively [22], with

36.1 fb−1 of integrated luminosity at 13 TeV LHC.

The relevant signal regions analyzed by ATLAS were defined by the combination of

electron and/or muon final states. In other words, ATLAS only considered the decays of

H±± such as H±± → e±e±, µ±µ± or e±µ±. It was emphasized that, however, governed

by the constraints from neutrino oscillation experiments, the channels with tau lepton

in doubly charged Higgs decays play an important role in distinguishing neutrino mass

1For recent review on TeV seesaw see e.g. refs. [9, 10] and references therein.
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hierarchies and determining mixing parameters [9, 10, 23, 24]. By contrast to ATLAS, CMS

recently performed doubly charged Higgs search using events with tau lepton at the center-

of-mass energy of 13 TeV with 12.9 fb−1 luminosity [25]. The lower bound on the H±± mass

was reported to be about 481-537 (396) GeV assuming BR(H±± → τ±`±(τ±τ±)) = 100%.

In the CMS search and relevant studies [26], hadronic tau leptons were reconstructed

without considering their polarization as chirality does not play any role in their analyses.

The tau leptons before decay are considered to be tagged by a geometrical method.

Actually, the measurement of chirality in doubly charged Higgs search with tau lepton

is important as it can help to discriminate different heavy scalar mediated neutrino mass

mechanisms in which the doubly charged Higgs can couple to either left-handed or right-

handed leptons. For example, H−− from an SU(2)L triplet field in the Type II Seesaw model

only couples to left-handed charged leptons, while the one from an SU(2)L singlet field in

the Zee-Babu model [27–29] only interacts with right-handed charged leptons. Without

the chirality measurement in doubly charged Higgs search, it is impossible to discriminate

these models except for their different production cross sections [22, 26]. Fortunately, it was

pointed out that the chiral properties of the doubly charged Higgs Yukawa interactions can

be determined by looking at the distributions of tau leptons’ decay products [30]. Hence,

it is necessary to investigate the search for doubly charged Higgs at colliders taking into

account of both the neutrino oscillation constraints and the tau polarization.

Recently, several precise reactor measurements lead to more accurate lepton flavor

predictions about the Seesaw models. For instance, Double Chooz [31], RENO [32] and

in particular Daya Bay [33], have reported non-zero measurements of θ13 by looking for

the disappearance of anti-electron neutrino. T2K and NOvA reported on indications of

a non-zero leptonic CP phase [34–36]. These experiments provide us up-to-date neutrino

oscillation results to investigate the impact on neutrino Seesaw models and consequently

examine the lepton flavor signatures to be searched at colliders. Moreover, tau decay

packages like Tauola [37–39] and more recent Taudecay [40] were developed to handle tau

lepton decay. Thus, a detailed assessment of the search sensitivity is timely in order to

seriously consider the channels with tau lepton from the experimental point of view, at the

LHC upgrades such as the High-Luminosity LHC (HL-LHC) and the Higher-Energy LHC

(HE-LHC) and the future 100 TeV pp circular collider (FCC-hh).

This work focuses on the search potential of doubly charged Higgs through tau chan-

nels in Type II seesaw, rather than distinguishing Type II seesaw and Zee-Babu model.

We consider the tau channels followed by tau hadronic decay, because of the implications

of neutrino oscillation data and tau polarization. The collider search for Zee-Babu model

was recently studied in details in ref. [29]. The leptonic signatures in Zee-Babu model are

very similar to those in Type II seesaw when new exotic particle channel is not kinemati-

cally allowed, but with different chirality of doubly charged Higgs and the consequent tau

polarization.

This paper is organized as follows. In section 2, we first outline the Type II Seesaw

model, discuss the constraints from neutrino oscillation experiments and show different

doubly charged Higgs decay patterns. Then we simulate the production of doubly charged

Higgs and its lepton number violating decays with tau lepton(s) in the final states at the

– 2 –
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LHC. The results of projected search for doubly charged Higgs search using tau lepton at

HL-LHC, HE-LHC, and FCC-hh are given in section 3. Finally, in section 4 we summarize

our conclusions.

2 Type II Seesaw with tau lepton at the LHC

2.1 Type II Seesaw model

We first review the lepton flavor physics in the Type II Seesaw mechanism. In Type II

Seesaw an SU(2)L scalar triplet ∆ ∼ (1, 3, 1) which can be decomposed as

∆ =

(
δ+/
√

2 δ++

δ0 −δ+/
√

2

)
(2.1)

interacts with SM lepton doublet lL through a Yukawa coupling Yν

Yν l
T
L C iσ2 ∆ lL + h.c. , (2.2)

and it also couples with the SM Higgs doublet H via the mixing term

µHT iσ2 ∆†H + h.c. . (2.3)

The neutrino mass is then given by

Mν =
√

2Yνv∆, v∆ =
µv2

0√
2M2

∆

, (2.4)

with M∆ being the mass of the heavy triplet Higgs, and v0 and v∆ are the vevs of the neutral

component of the Higgs doublet and triplet respectively satisfying v2
0 + v2

∆ ≈ (246 GeV)2.

As a result, the lepton number is broken by ∆ spontaneously. After the electroweak

symmetry breaking, there are seven physical Higgses, including the singly charged Higgs

H± ≈ δ± and doubly charged Higgs H±± = δ±± with MH± = MH±± = M∆. The Yukawa

interactions of the doubly charged Higgs are

`TL C Y ++
ν H++ `L, Y ++

ν =
Mν√
2v∆

= U∗PMNS

mdiag
ν√

2 v∆

U †PMNS , (2.5)

with UPMNS being the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing ma-

trix and the partial width of doubly charged Higgs decay into same-sign leptons is thus

given by

Γ(H++ → `+i `
+
j ) =

1

4π(1 + δij)
|(Y ++

ν )ij |2MH++ . (2.6)

Note that below v∆ ≈ 10−4 GeV, the decays of doubly charged Higgs H++ are dominated

by the above lepton number violating channels [23, 24]. To focus on the same-sign lep-

tonic decay modes of H++, we assume v∆ . 10−4 GeV in the analysis below. The decay

branching ratios are only governed by eq. (2.6) and thus independent of MH++ .

– 3 –
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In order to understand the implication of the neutrino experiments, we then discuss

the neutrino mass and mixing parameters in the light of oscillation data. The neutrino

mixing matrix can be parameterized as

UPMNS =


c12c13 c13s12 e−iδs13

−c12s13s23e
iδ − c23s12 c12c23 − eiδs12s13s23 c13s23

s12s23 − eiδc12c23s13 −c23s12s13e
iδ − c12s23 c13c23

×diag(eiΦ1/2, 1, eiΦ2/2)

(2.7)

where sij ≡ sin θij , cij ≡ cos θij , 0 ≤ θij ≤ π/2 and 0 ≤ δ,Φi ≤ 2π with δ being the

Dirac CP phase and Φi the Majorana phases. The size of the mass-squared splitting

between three neutrino states is extracted from neutrino oscillation experiments. The sign

of ∆m2
31 = m2

3 − m2
1, however, still remains unknown, which can be either positive, the

Normal Hierarchy (NH), or negative, the Inverted Hierarchy (IH), for the spectrum of the

neutrino masses.

Taking into account the reactor data from the antineutrino disappearance experiments

mentioned above together with other disappearance and appearance results, the latest

global fit of the neutrino masses and mixing parameters, at 3σ level [41, 42], are listed here

6.8× 10−5 eV2 < ∆m2
21 < 8.02× 10−5 eV2,

2.399× 10−3 eV2 < ∆m2
31 < 2.593× 10−3 eV2,

(−2.562× 10−3 eV2 < ∆m2
32 < −2.369× 10−3 eV2),

0.272 < sin2 θ12 < 0.346,

0.418 (0.435) < sin2 θ23 < 0.613 (0.616),

0.01981 (0.02006) < sin2 θ13 < 0.02436 (0.02452),

144◦ (192◦) < δCP < 374◦(354◦), (2.8)

for NH (IH). We also adopt the tightest constraint on the sum of neutrino masses by

combining the Planck+WMAP+highL+BAO data [43] at 95% confidence level (CL),

3∑
i=1

mi < 0.230 eV. (2.9)

We then use the decay width formula in eq. (2.6) and vary the light neutrino masses, mixing

angles and CP phase in the regions given in eqs. (2.8) and (2.9). The allowed values for

different doubly charged Higgs decay patterns can be obtained for NH and IH below. One

can see that the results are considerably improved compared to the old ones in refs. [23, 24].

For simplicity, we ignore the effects of the Majorana phases, i.e. Φ1 = Φ2 = 0 in

eq. (2.7). In the case of the decays into two identical leptons as shown in figure 1 (a, b), in

the NH case, the branching fraction of BR(H++ → τ+τ+) is comparable to that of µ+µ+

channel and differs from BR(H++ → e+e+) by two orders of magnitude. In the neutrino

mass pattern of IH, the branching ratios of e+e+, µ+µ+, τ+τ+ channels remain in the same

order. For both spectra in the case of the decays with different lepton flavors in the final

states, H++ → τ+µ+ is always dominant with at least one order of magnitude larger

– 4 –
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(a) (b)

(c) (d)

Figure 1. Scatter plots for the H++ decay branching fractions to the flavor-diagonal (a, b) and

flavor-off-diagonal (c, d) like-sign dileptons versus the lowest neutrino mass for NH (a, c) and IH

(b, d) with Φ1 = Φ2 = 0.

BR ee eµ eτ µµ µτ ττ

NH 0 2.5% 2.5% 30% 35% 30%

IH 50% 1% 1% 12% 24% 12%

Table 1. Benchmark decay branching ratios of doubly charged Higgs for NH and IH spectra.

branching ratio, compared to e+µ+, e+τ+ as shown in figure 1 (c, d). In our numerical

calculations below, we take two benchmarks of doubly charged Higgs decay branching ratios

for NH and IH, as shown in table 1. They are consistent with the scatter plots in figure 1.

2.2 Testing Type II Seesaw with tau lepton at the LHC

The most appealing production at hadron colliders for triplet Higgs bosons is the pair

production of doubly charged Higgs

pp→ Z∗/γ∗ → H++H−− (2.10)

– 5 –
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Figure 2. The total cross section of pp → H++H−− with collision energy of 14 TeV, 27 TeV and

100 TeV.

followed by lepton number violating decays as discussed in last section. One crucial differ-

ence in the production process between Type II Seesaw and Zee-Babu model is the associ-

ated production of doubly and singly charged Higgses which only appears in Type II Seesaw.

The bounds on the doubly charged Higgs mass from the associated production are stronger

for the triplet case [25]. We show the total cross section of pp → H++H−− with collision

energy of 14 TeV, 27 TeV and 100 TeV respectively, through qq̄ annihilation, and apply an

overall next-to-leading (NLO) QCD K-factor of 1.25 below [44]. The main backgrounds

come from diboson and tt̄X channels [22]. Without loss of generality, we choose ZZ and

tt̄Z events to estimate our background contribution as they produce irreducible background

source. With NLO in QCD their cross sections are σ(ZZ) = 14.4 ± 0.1 pb and σ(tt̄Z) =

0.664±0.006 pb at 14 TeV LHC using MadGraph5 aMC@NLO [45]. LNV-Scalars UFO [26]

is interfaced with MadGraph5 to generate signal events. We also use Taudecay UFO [40]

to simulate tau lepton decay carrying polarization information at parton level. Note that

the coupling of the doubly charged Higgs to Z boson is g
1−2s2W
cW

and g
−2s2W
cW

in the SU(2)L
triplet and singlet case, respectively [26]. The mass bound on MH±± is 500–600 GeV from

the observed limits by CMS [25], given the realistic decay branching ratios as shown in

table 1. Thus, we show the kinematics of tau channels with MH±± = 800 GeV below.

2.2.1 H++H−− → τ±`±`∓`∓

The first signal channel we consider is the pair production of doubly charged Higgs with

one tau lepton in the subsequent decays: pp → H++H−− → τ±`±`∓`∓. Note that we

adopt the τ ’s leading 2-body decay channel, i.e. τ± → π±
(−)
ντ , with the branching fraction

being BR(τ± → π±
(−)
ντ ) = 0.11. The τ -spin correlation is maximized in this decay channel.

– 6 –
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The major SM backgrounds are thus from

• ZZ diboson events with one Z decaying to charged leptons ` = e, µ and the other to

tau lepton pairs. One tau in the pairs has hadronic 2-body decay and the other tau

decays via 3-body leptonic decay mode, i.e. τ± → `±ν`ντ :

ZZ → `+`−τ+τ− → `+`−`∓π± + ν ′s. (2.11)

• tt̄Z events with Z boson decaying to charged leptons ` = e, µ. The W boson from

one top quark leptonically decays to `±ν and the other W is followed by decay to

tau lepton and tau’s hadronic decay:

tt̄Z→`+`− → bb̄τ±`∓`+`− + 2ν → bb̄π±`∓`+`− + ν ′s. (2.12)

• tt̄Z events with Z → τ+τ− and the W bosons’ leptonic decay from two top quarks.

The subsequent channels of the tau leptons are respectively through the 2-body

hadronic decay and the 3-body leptonic decay as above:

tt̄Z→τ+τ− → bb̄`+`−τ+τ− + 2ν → bb̄`+`−π±`∓ + ν ′s. (2.13)

We select events wtih three of the first two generation charged leptons ` = e, µ and one

hadronically decaying τ lepton. The three ` leptons are composed of two same-sign and

one opposite-sign leptons. They and the decay product π± from tau should satisfy the

following basic cuts [22, 25]:

pT (`) ≥ 15 GeV, |η(`)| < 2.5; pT (π) ≥ 20 GeV, |η(π)| < 2.3; ∆R`π,∆R`` ≥ 0.4. (2.14)

In figure 3 we display the distributions of signal (assuming MH±± = 800 GeV) and

backgrounds at the 14 TeV LHC after the basic cuts shown in eq. (2.14), for (a) transverse

momentum for the hardest ` lepton, (b) transverse pion momentum pT (π) and (c) missing

transverse energy ��ET . As the three ` leptons are from the decay of heavy doubly charged

Higgs in our signal, we tighten the selection cuts by imposing:

pmax
T (`) > MH±±/2. (2.15)

This is from a smeared-out distribution of our signal around the Jacobean peak at pT (`) ∼
M`±`±/2. Furthermore, the signal also has a harder pT (π) spectrum compared to the

background. We thus strengthen their transverse momenta and the missing transverse

energy induced by tau decay:

pT (π), ��ET > MH±±/30 + 40 GeV. (2.16)

Note that, for the H−− from an SU(2)L singlet field coupled only with right-handed tau

lepton τ−R , the right-handed τ decays to a left-handed ντ , causing the π− to preferentially

move along the τ− momentum direction. In contrast, the τ− coming from a triplet H−−

decay is left-handed which has the opposite effect on the π−. The similar feature holds

– 7 –
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1τ efficiencies basic cuts p`T pπT +��ET Z veto M`±`±

H++H−−(800) 0.762 0.726 0.503 0.5021 0.5021

κ++κ−−(800) 0.847 0.808 0.505 0.504 0.504

ZZ (800) 0.07 4.8× 10−5 2.7× 10−5 < 1× 10−6 < 1× 10−6

(tt̄Z)1 (800) 0.195 0.0017 5.38× 10−4 2.9× 10−5 1× 10−6

(tt̄Z)2 (800) 0.1685 4.1× 10−4 1.6× 10−4 1.5× 10−4 < 1× 10−6

Table 2. The cut efficiencies for 1τ signal (pp→ H++H−− → τ±`±`∓`∓) and the SM backgrounds

after accumulated cuts with τ± → π±(−)
ντ channel at the 14 TeV LHC. We assume MH±± = 800 GeV.

The efficiencies for the doubly charged Higgs κ±± in Zee-Babu model are also shown.

for the τ+ from H++ decay. This is a well-known result of spin correlation in the τ

decay [46, 47]. Thus, the transverse momentum of π± from doubly charged Higgs decay

to tau lepton in Zee-Babu model yields a harder spectrum than that from Type II Seesaw,

as seen in figure 3 (b). Because of the almost back-to-back same-sign dilepton from each

doubly charged Higgs, the harder transverse momentum of pion yields a larger cancellation

of all objects’ momenta and thus a smaller missing energy as shown in figure 3 (c). The

pT (`) spectrum and the invariant mass of the same-sign leptons are very similar between

Type II Seesaw and Zee-Babu model.

Note that doubly charged Higgs emerges in many other models, such as the left-right

symmetric model [48–52] and the Georgi-Machacek model [53, 54]. The tau polarization

can only help to determine the chirality of the doubly charged Higgs in different models,

if the leptonic channels are allowed. However, for instance, we are unable to use tau

polarization to distinguish ∆±±L in both Type II Seesaw and left-right symmetric model,

or the doubly charged Higgs in Zee-Babu model (denoted by κ±±) and ∆±±R in left-right

symmetric model. One should consider other features in specific models, for instance the

Drell-Yan production of doubly charged Higgs via the new neutral gauge boson ZR in left-

right symmetric model or the fact that the doubly charged Higgs in the quintuplet Higgs

states in Georgi-Machacek model has interactions only with the weak gauge bosons, but

does not couple to SM fermions.

Both the ZZ and the 1st tt̄Z backgrounds have the opposite-sign lepton pairs `+`−

from Z boson decay and can thus be reduced by vetoing the invariant mass of opposite-sign

leptons satisfying

|M`+`− −MZ | < 10 GeV. (2.17)

The invariant mass of the same-sign leptons after basic cuts is shown in figure 3 (d). One can

further apply a doubly charged Higgs resonance window, i.e. |M`±`±−MH±± | < 0.1MH±± ,

to discover signal events. The tt̄Z backgrounds can also be reduced by vetoing extra b-jets

and we find the backgrounds are at negligible level after these requirements.

Given the characteristic features of the signal and backgrounds discussed above, we

can use the Gaussian method to calculate the significance

S/
√
S +B (2.18)

– 8 –
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Figure 3. The normalized differential cross section distributions of signal pp → H++H−− →
τ±`±`∓`∓ with τ± → π±(−)

ντ and backgrounds versus (a) pmax
T (`), (b) pT (π), (c) �ET and (d) M`±`±

at the 14 TeV LHC. We assume MH±± = 800 GeV. The distributions for the doubly charged Higgs

κ±± in Zee-Babu model are also shown.

where S is the signal expectation and B is the sum of background expectations B =∑
i=1,2,3Bi. With the proper branching fractions the discovered signal events for this

channel read as

S = L× σ(pp→ H++H−−)× BR(H++ → τ+`+)× BR(H−− → `−`−)× 2×
×BR(τ+ → π+ν̄τ )× ε1τH±± , (2.19)

– 9 –
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Figure 4. Significance of pp → H++H−− → τ±`±`∓`∓ with τ± → π±(−)
ντ versus integrated

luminosity (fb−1) for NH and IH at 14 TeV LHC. We assume MH±± = 800 GeV.

and the background expectations are

B1 = L× σ(pp→ ZZ)× BR(Z → `+`−)× BR(Z → τ+τ−)× 2×
×BR(τ+ → π+ν̄τ )× BR(τ− → `−ντ ν̄`)× ε1τZZ ,

B2 = L× σ(pp→ tt̄Z)× BR(Z → `+`−)×
×BR(W+ → `+ν`)× BR(W− → τ−ν̄τ )× 2× BR(τ− → π−ντ )× ε1τ(tt̄Z)1

,

B3 = L× σ(pp→ tt̄Z)× BR(Z → τ+τ−)× BR(W+ → `+ν`)× BR(W− → `−ν̄`)×
×2× BR(τ+ → π+ν̄τ )× BR(τ− → `−ντ ν̄`)× ε1τ(tt̄Z)2

, (2.20)

where L is the integrated luminosity and the factor of 2 accounts for the charge-conjugation

of final states. The ε1τH±± , ε
1τ
ZZ , ε

1τ
(tt̄Z)1

, ε1τ(tt̄Z)2
denote the selection efficiencies for our signal

with one tau and the relevant backgrounds, respectively, read from table 2. Figure 4

shows the significance versus integrated luminosity for NH and IH at 14 TeV LHC. For

MH±± = 800 GeV, the luminosity of 2800 (2150) fb−1 is required to reach 3σ significance

for NH (IH). After all kinematic cuts, as seen in table 2, the signal selection efficiencies

for Type II Seesaw and Zee-Babu model are very similar. Given the total production

cross section in Type II Seesaw with an enhancement of 2.5 compared to Zee-Babu model,

assuming the same decay branching ratios of doubly charged Higgs and certain luminosity,

the significance for discovering Type II Seesaw is 1.6 times greater than Zee-Babu model.

2.2.2 H++H−− → `+τ+`−τ−

For the production of H++H−− → `+τ+`−τ−, we require that both tau leptons hadroni-

cally decay to charged pion and neutrino. The signal is thus composed of a pair of opposite-

sign charged leptons and pions plus neutrinos, and the SM backgrounds are

ZZ → `+`−τ+τ−, tt̄Z→`+`− → bb̄τ+τ−ντ ν̄τ `
+`−, tt̄Z→τ+τ− → bb̄`+`−ν`ν̄`τ

+τ− (2.21)

followed by τ± → π±
(−)
ντ . We apply the same basic cuts as eq. (2.14) to the two pairs of

opposite-sign ` lepton and charged pion in this channel.
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Figure 5. The normalized differential cross section distributions of signal pp → H++H−− →
`+τ+`−τ− with τ± → π±(−)

ντ and backgrounds versus (a) �ET and (b) M`±τ± at the 14 TeV LHC.

We assume MH±± = 800 GeV.

As seen from figure 5 (a), the missing energy is harder in this channel as there are more

invisible neutrinos from tau decay. That is also why the kinematical reconstruction of the

same-sign dilepton invariant mass is more complicated. Fortunately all the tau leptons

are very energetic from the decay of a heavy doubly charged Higgs boson, the missing

momentum of neutrinos will be along the direction with the charged track. We thus have

~p(invisible) = k1 ~p(track1) + k2 ~p(track2) (2.22)

where k1 and k2 can be determined from the �pT measurement. The tau and H±± Higgs

pairs’ kinematics can thus be fully reconstructed. The reconstructed Higgs mass from `±τ±

is shown in figure 5 (b). One can see that the invariant mass is broader than that in the

1τ events. We thus modify the ��ET and mass window cut as below

��ET > MH±±/30 + 60 GeV and |M`±τ± −MH±± | < 0.2MH±± . (2.23)

The rest selection requirements are the same as those in 1τ case.

The discovered signal events for this 2τ channel are

S = L× σ(pp→ H++H−−)× BR2(H±± → τ±`±)× BR2(τ+ → π+ν̄τ )× ε2τH±± (2.24)

– 11 –



J
H
E
P
0
9
(
2
0
1
8
)
0
7
9

2τ efficiencies basic cuts p`T pπT +��ET Z veto M`±τ±

H++H−−(800) 0.67 0.51 0.454 0.454 0.45

ZZ (800) 0.0838 4.2× 10−5 3.4× 10−5 3× 10−6 < 1× 10−6

(tt̄Z)1 (800) 0.0733 6.93× 10−4 3.38× 10−4 2× 10−5 9× 10−6

(tt̄Z)2 (800) 0.1847 4× 10−4 2.52× 10−4 2.51× 10−4 7.57× 10−5

Table 3. The cut efficiencies for 2τ signal (pp→ H++H−− → `+τ+`−τ−) and the SM backgrounds

after accumulated cuts with τ± → π±(−)
ντ channel at the 14 TeV LHC. We assume MH±± = 800 GeV.

and those for backgrounds are

B1 = L× σ(pp→ ZZ)× BR(Z → `+`−)× BR(Z → τ+τ−)×
×BR2(τ+ → π+ν̄τ )× ε2τZZ ,

B2 = L× σ(pp→ tt̄Z)× BR(Z → `+`−)× BR2(W± → τ±
(−)
ντ )×

×BR2(τ+ → π+ν̄τ )× ε2τ(tt̄Z)1
,

B3 = L× σ(pp→ tt̄Z)× BR(Z → τ+τ−)× BR2(W± → `±
(−)
ντ )×

×BR2(τ+ → π+ν̄τ )× ε2τ(tt̄Z)2
, (2.25)

where the ε2τH±± , ε
2τ
ZZ , ε

2τ
(tt̄Z)1

, ε2τ(tt̄Z)2
are the cut efficiencies from table 3. For this channel, it

is impossible to discover doubly charged Higgs heavier than 300 GeV at 14 TeV LHC with

luminosity below 3000 fb−1. Upgrades of the LHC are needed to probe the doubly charged

Higgs with decay to tau lepton.

3 Results for the HL-LHC, HE-LHC and FCC-hh

In this section we show the results of projected sensitivity to leptonic processes with tau

lepton in Type II Seesaw, at the high luminosity/energy upgrades of the LHC and the

future FCC-hh. For the HE-LHC and FCC-hh, we require that the decay products of

doubly charged Higgs satisfy the following basic cuts:

pT (`) ≥ 30 GeV, pT (π) ≥ 25 GeV; |η(`, π)| < 2.5; ∆R`π,∆R`` ≥ 0.4. (3.1)

The rest of selection cuts are the same as above.

In figures 6, 7 and 8 we display the 3σ and 5σ significance in the plane of integrated

luminosity versus doubly charged Higgs mass for pp→ H++H−− → τ±`±`∓`∓, `+τ+`−τ−

at the 14 TeV LHC, 27 TeV LHC and 100 TeV FCC-hh, respectively. One can see that the

14 TeV LHC can probe H++ mass up to 365 (655) GeV and 485 (815) GeV with 5σ and

3σ significance respectively for NH through 1τ channel, assuming L = 300 (3000) fb−1,

while for IH the masses of 395 (695) GeV and 515 (855) GeV can be achieved. Note

that, as taking tau polarization effect into account through its hadronic decay product, our

prediction would be more conservative than those LHC made. The discovery mass at the

– 12 –
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MH±± 14 TeV 27 TeV 100 TeV

1τ NH 365 (655) 525 (975) 960 (1930)

1τ IH 395 (695) 567 (1035) 1050 (2070)

2τ NH — — (410) 305 (805)

2τ IH — — (305) — (609)

Table 4. The reachable doubly charged Higgs mass (in the unit of GeV) at 5σ significance for

1τ and 2τ channels and NH and IH neutrino mass patterns, at the 14 TeV LHC, 27 TeV LHC and

FCC-hh. We assume L = 300 (3000) fb−1.

Figure 6. Integrated luminosity versus MH±± at 3σ and 5σ significance for pp → H++H−− →
τ±`±`∓`∓ with τ± → π±(−)

ντ for NH and IH at 14 TeV LHC.

HE-LHC and FCC-hh is above 525 (975) GeV and 960 (1930) GeV respectively, for the

luminosity of 300 (3000) fb−1. The accessible mass for 2τ channel is much lower than 1τ

channel, e.g. 300–400 GeV at HE-LHC and 600–800 GeV at FCC-hh.

Finally, we summarize the reachable doubly charged Higgs mass at 5σ significance for

1τ and 2τ channels and NH and IH neutrino mass patterns, at the 14 TeV LHC, 27 TeV

LHC and 100 TeV FCC-hh, in table 4.

4 Conclusions

Neutrino oscillation measurements indicate that tau lepton plays manifest role in distin-

guishing different neutrino mass patterns. Moreover, tau polarization can help to determine

the chiral property of its parent particle and thus discriminate different heavy scalar me-

diated neutrino mass mechanisms, such as Type II Seesaw and Zee-Babu model. We thus

update the doubly charged Higgs decay patterns in Type II Seesaw in the light of the

latest neutrino oscillation result and examine the lepton flavor signatures with tau lepton

at LHC upgrades, i.e. HL-LHC, HE-LHC and FCC-hh, through leptonic processes from

doubly charged Higgs in the Type II Seesaw. We investigate signal channels with both

one and two tau leptons in final states from doubly charged Higgs pair production, i.e.

– 13 –
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(a) (b)

Figure 7. Integrated luminosity versus MH±± at 3σ and 5σ significance for pp → H++H−− →
τ±`±`∓`∓ (a) and `+τ+`−τ− (b) with τ± → π±(−)

ντ for NH and IH at 27 TeV LHC.

(a) (b)

Figure 8. Integrated luminosity versus MH±± at 3σ and 5σ significance for pp → H++H−− →
τ±`±`∓`∓ (a) and `+τ+`−τ− (b) with τ± → π±(−)

ντ for NH and IH at 100 TeV LHC.

pp → H++H−− → τ±`±`∓`∓, `+τ+`−τ−, and leading SM backgrounds with τ± → π±ν.

Although the importance of tau polarization for doubly charged Higgs was studied be-

fore [30], we alternatively point out that the polarization of tau lepton from doubly charged

Higgs decay can be reflected in the pT distribution of pion which is easier to measure.

With the analysis presented here we have found that, for the 1τ channel, the projected

doubly charged Higgs mass at HL-LHC can reach 655 GeV and 695 GeV for NH and IH

respectively with the luminosity of 3000 fb−1. Higher masses, 975–1930 GeV for NH and

1035–2070 GeV for IH, can be achieved at HE-LHC and FCC-hh. The accessible mass for

2τ channel is much lower than that for 1τ channel.
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[6] R.N. Mohapatra and G. Senjanović, Neutrino masses and mixings in gauge models with

spontaneous parity violation, Phys. Rev. D 23 (1981) 165 [INSPIRE].
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