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When the Standard Model Higgs sector is extended with a complex singlet that breaks global lepton
number symmetry spontaneously, a massless Goldstone boson called the Majoron J arises. In addition to
increasing Higgs invisible decay through mixing, the Majoron can generally have flavor-changing
interactions with fermions. We find that Type-III seesaw model poses such interesting properties with both
charged leptons and neutrinos. This opens up new channels to search for the Majoron. We use the
experimental data such as muonium-antimuonium oscillation and flavor-changing neutrino and charged
lepton decays to put constraints on the couplings. As a novel way to reveal the chiral properties of
these interactions, we propose an experimentally measurable polarization asymmetry of flavor-changing
l → l0J decays.
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I. INTRODUCTION

Since the discovery of the 125-GeV Higgs boson, it is an
intriguing question whether there exists other elementary
scalar bosons in nature. A class of models with an eco-
nomical extension of the Higgs sector in the Standard Model
(SM) involve the introduction of a SUð2ÞL ×Uð1ÞY com-
plex singlet S that induces the breakdown of global lepton
number symmetry Uð1ÞL. Such models are of primary
interest because they can generate neutrino mass [1] and
house a Goldstone boson, generically called the Majoron J,
from the spontaneous symmetry breaking triggered by the
vacuum expectation value (VEV) of S. Due to the singlet
nature of S, the Majoron has no or very weak couplings with
most SM particles and can readily evade stringent constraints
on massless boson searches. The Majoron also has a lot of
implications in astrophysics and cosmology [2–5]. While
most existing phenomenological studies rest on their flavor-
conserving interactions with fermions, we focus in this work
on the flavor-changing couplings as constrained by labo-
ratory experiments and propose a new experimentally
measurable polarization asymmetry to study the chiral
structure of the couplings.
In general, the Majoron can induce flavor-changing

interactions even in the simplest Type-I seesaw model if

the heavy neutrino mass is generated by the VEVof S [1].
In this scenario, the Majoron only interacts with the
neutrinos and the Higgs boson at tree level. In particular,
the Majoron couples to the Higgs boson through mixing,
inducing the Higgs decay to two Majorons manifested as
invisible decay. There are also simple models where the
Majoron can interact with other fermions. In this work, we
use Type-III seesaw model [6], with the VEVof a singlet to
provide the heavy seesaw mass, as a simple explicit
example to demonstrate the possibility of having flavor-
changing interactions between the Majoron and the charged
leptons. Such interactions alone will induce, for example,
the μ → eJ decay, as considered a long time ago [7].
Such interactions open up new channels to search for the
effects of Majoron and may have novel implications on
flavor-changing lepton decays. In particular, if one can
measure the helicity of charged lepton in the final state, the
proposed polarization asymmetry for the flavor-changing
l → l0J decays can reveal the chiral properties of the
interactions without the need to know the initial-state
lepton polarization. With the same Majoron couplings to
neutrinos as in Type-I seesaw model, Type-III seesaw
model serves as a more general framework, which we will
examine in this paper.
The structure of this paper is organized as follows. In

Sec. II, we review the Type-III seesaw model and use it as
an example to motivate the Majoron with flavor-changing
couplings with fermions. Section III shows major exper-
imental constraints on the Majoron and thus the bounds on
the ratio of couplings and the Majoron decay constant. In
Sec. IV, we propose a new observable, the polarization
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asymmetry, in the li → ljJ decays to probe the chiral
nature of the Majoron interactions with the fermions, and
study the experimental feasibility. Section V summarizes
our findings.

II. MAJORON IN TYPE-III SEESAW MODEL

In Type-III seesaw model, besides the three generations
of left-handed lepton doublets LiL∶ð1; 2;−1=2; 1Þ and the
right-handed charged leptons EiR∶ð1; 1;−1; 1Þ in the SM,
there are also three generations of right-handed lepton
triplets ΣiR∶ð1; 3; 0; 1Þ, where the numbers in the paren-
theses indicate their SUð3ÞC, SUð2ÞL, Uð1ÞY , and Uð1ÞL
quantum numbers, respectively. The component fields of
ΣR and its charge conjugated fields ΣL are as follows:

ΣR ¼

0
B@

Σ0
L
cffiffi
2

p Σ−
L
c

Σþ
L
c −Σ0

Lffiffi
2

p c

1
CA; ΣL ¼

0
B@

Σ0
Lffiffi
2

p Σþ
L

Σ−
L − Σ0

Lffiffi
2

p

1
CA: ð1Þ

We will rename them as νR ¼ Σ0
L
c, ψL ¼ Σ−

L, and
ψR ¼ Σþ

L
c. The Higgs sector contains the usual Higgs

doublet H ¼ ðhþ; ðvþ hþ iIÞ= ffiffiffi
2

p ÞT∶ð1; 2; 1=2; 0Þ with
hþ and I to be “eaten” by the Wþ and Z bosons, and an
additional Higgs singlet S ¼ ð1= ffiffiffi

2
p Þðvs þ hs þ iIsÞ∶

ð1; 1; 0;−2Þ. The Yukawa interactions involving the lep-
tons conserve the global lepton number and are given by

LY ¼ −llYeHER − ll

ffiffiffi
2

p
YνΣRH̃ −

1

2
TrΣc

RYsSΣR þH:c:;

ð2Þ

where H̃ ¼ iσ2Hwith σi being the Pauli matrices. Since the
nonzero vs breaks the global lepton number, the imaginary
component of S emerges as a Goldstone boson widely
known as the Majoron J, with J ¼ Is.
The Lagrangian terms relevant to charged lepton and

neutrino masses and the interactions of J to fermions are
given by

−
1

2
ðνL; νcRÞMν

�
νcL
νR

�
− ðEL;ψLÞMc

�
ER

ψR

�

− i
J
2fJ

½νcRMRνR − 2ψLMRψR� þ H:c:; ð3Þ

with

Mν ¼
�
0 MD

MT
D MR

�
; Mc ¼

�
Me

ffiffiffi
2

p
MD

0 MR

�
;

Me ¼
Yevffiffiffi
2

p ; MD ¼ Yνvffiffiffi
2

p ; MR ¼ Ysvsffiffiffi
2

p ; ð4Þ

where fJ ¼ vs is the Majoron decay constant that sets the
seesaw scale. The Majoron interaction terms in the form of
derivative couplings are

∂μJ

2fJ
½νLγμνL þ νRγ

μνR − 2ψLγ
μψL�: ð5Þ

The mass matrix Mν and Mc can be diagonalized in the
forms M̂ν ¼ VνMνVνT and Mc ¼ VeL†M̂cVeR. Here Vν,
VeLðRÞ are 6 × 6 unitary matrices. Breaking Vν into blocks
of 3 × 3 matrices, we have

Vν ¼
�
Vν
LL Vν

LR

Vν
RL Vν

RR

�
; VeLðRÞ ¼

 
VeLðRÞ
LL VeLðRÞ

LR

VeLðRÞ
RL VeLðRÞ

RR

!
:

ð6Þ

Note that M̂ν is diagonalized in the basis ðνL; νcRÞ; there-
fore, νLγ

μνL þ νRγ
μνR ¼ νLγ

μνL − νcRγ
μνcR after rotation

will not be diagonal and lead to flavor-changing J inter-
actions with neutrinos. Also, as VLL;LR;RL;RR are not
separately unitary, there are in general flavor-changing
interactions induced in the charged lepton sector. One can
reduce to Type-I seesaw model by dropping the Majoron
interactions with charged leptons.
Working in the basis where Me and MR are diagonal,

one can approximate [8,9] VLL ¼ ð1 − ϵ=2ÞVPMNS with
ϵ ¼ YDM−2

R Y†
Dv

2=2. A global fit finds that the matrix
elements in ϵ are Oð10−3Þ [10]. Therefore, the couplings
Vν
LLV

ν
LL

† are allowed at the level of 10−3. If different
singlets are introduced for corresponding right-handed
neutrinos to have different lepton numbers, one would
change the Majoron couplings with light neutrinos to
Vν
LLX

ν
RV

ν
LL

†, with Xν
R being a diagonal matrix of generally

different entries [11]. Individual off-diagonal couplings can
now be much larger than 10−3 and should therefore be
constrained by data. There are also constraints from mixing
between heavy and light neutrinos, which can be indepen-
dent of light neutrino mixing [12].
It is worth emphasizing that the Majoron generally also

has flavor-changing interactions with charged leptons. The
sizes of the couplings are model dependent and are a priori
unknown. We will treat them as theory parameters and
constrain them using experimental data. For this purpose,
we generically write the Majoron couplings to the light
charged leptons and neutrinos as

∂μJ

2fJ
½ljγ

μðcejiV þ cejiA γ5Þli þ νLjγ
μcνjiL νLi�; ð7Þ

where i and j are flavor indices for the initial and final
states, respectively. In Type-III seesaw model, ceV ¼ −ceA ¼
−VeL

LRV
eL
LR

† and cνL ¼ Vν
LLV

ν
LL

† − Vν
LRV

ν
LR

†. For on-shell
fermions, we get
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i
2
J½ljðgjie1 þ gjie2γ5Þli þ νjðgjiν1 þ gjiν2γ5Þνi�; ð8Þ

where ν denote the light neutrinos, and gjie1=e2¼
−ðmjc

eji
V=A∓cejiV=AmiÞ=fJ, and gjiν1=ν2¼ðcνjiL mνi ∓mνjc

νji
L Þ=

2fJ with m;mν being the eigen-mass matrices of the
charged leptons and light neutrinos, respectively.
The scalar potential in this model is given by

VðH; SÞ ¼ −μ2H†H þ λðH†HÞ2 − μ2sS†S

þ λsðS†SÞ2 þ λhsðH†HÞðS†SÞ: ð9Þ

Therefore, the Higgs boson naturally mixes with the real
part of S and couples with the Majoron through

1

2
λhsvðh1 cos θ þ h2 sin θÞJ2; ð10Þ

with tan 2θ ¼ λhsvvs=ðλsv2s − λv2Þ, leading to the Higgs
decay to Majorons which increases Higgs invisible width
[13]. Here we assume h1 ≡ h is the observed 125-GeV
Higgs boson.

III. CONSTRAINTS

Because of the flavor-changing Majoron interactions
with neutrinos, decays of the type νi → νjJ can occur,
making neutrinos unstable. The decay width is given
by Γðνi → νjJÞ ¼ ðΔm2

ijÞ3jcν jiL j2=ð32πm3
i f

2
JÞ. At present,

without information of individual neutrino masses, the
measured mass differences imply two mass orderings:
normal hierarchy ðm1 < m2 < m3Þ and inverted hierarchy
ðm3 < m1 < m2Þ. In principle, data on the lifetime-mass
ratio, τi=mi, for neutrinos can constrain the parameters,
yet current data [14] do not give useful constraints. For
example, taking m1 ¼ 0 and m3 ¼ 0, respectively, for
the normal and inverted hierarchy cases, we have
τ3=m3¼1.57×1043ðf2J=GeV4Þ=ð0.91jcν23L j2þjcν13L j2Þ and
τ2=m2¼1.77×1046ðf2J=GeV4Þ=jcν12L j2 in the former case,
and τ2=m2¼1.55×1043ðf2J=GeV4Þ=ð2.59×10−5jcν12L j2þ
jcν32L j2Þ and τ1=m1 ¼ 1.65 × 1043ðf2J=GeV4Þ=jcν 31L j2 in
the latter case. These numbers are orders of magnitude
above the current data [14] if one demands fJ to be as low
as the weak scale and cν jiV;A not to exceed order Oð1Þ. For
nonzerom1 andm3 cases, the situation gets worse. It is thus
clear that currently no constraints can be placed on
neutrino-Majoron flavor-changing interactions.
As the Majoron can also have flavor-changing inter-

actions with the charged leptons, much more severe
constraints can be obtained from related processes.
Concentrating on charged lepton interactions, we will drop
the superscript e in ce jiV;A in the following discussions for
notation simplicity. We will consider three classes of

constraints: (a) muonium-anti-muonium ðM −MÞ oscilla-
tion, (b) li → ljJ decays, and (c) li → ljlkll decays.
Case (a) is induced first by exchanging J to produce the

ðμ̄ðcV þ cAγ5ÞeÞ2 operator which causes muonium and
antimuonium to oscillate. Including both s- and u-channel
contributions and averaging over the spin-0 and -1 con-
tributions, we have the oscillation probability

PðM→MÞ¼2τ2μα
6m6

e

π2f4J
ðjcμeV j4þjcμeA j4− jcμeV j2jcμeA j2Þ: ð11Þ

Since no such oscillation is observed, experiments put a
stringent bound on the spin-0 and spin-1 muonium averaged
oscillation probability, PðM→MÞexp<8.3×10−11=SBðB0Þ
in B0 ¼ 0.1 T [15,16], where SBðB0Þ is the magnetic field
correction factor depending on the interaction type, used
to describe the suppression of conversion in the external
magnetic field B0 due to the removal of degeneracy between
corresponding levels in M and M. The constraints based
upon different correction factors for different interaction
types are given in block I of Table I.
The calculations for case (b) li → ljJ and case

(c) li → ljlkll are straightforward. For case (b), we will
use the strongest experimental bounds available [14] to
constrain the parameters jcjiV=Aj. For case (c), we will only
consider the flavor-changing couplings of the Majoron and
neglect the flavor-conserving ones. Such processes con-
strain the products jcjiV=AjjcklV=Aj. The upper bounds from
cases (b) and (c) are given respectively in blocks II and III
of Table I. From the above, we see that the muonium-
antimuonium oscillation constrains jcV=Aj to be less than
around 0.4 if the Majoron scale fJ is 1 TeV, similar in
magnitude to the constraints from the li → ljlkll decays.
The most stringent constraint on the couplings comes from
μ → eJ with jcV=Aj ≲ 3.6 × 10−7 for fJ ¼ 1 TeV. If one
takes jcV=Aj ≃ 10−3 instead, the best constraint for fJ is
≳3000 TeV. With improved sensitivity in branching ratio
determination, the bounds can be pushed further.
At one loop level, exchanges of Majoron can contribute

to g − 2 of charged leptons and li → ljγ decays. The
Majoron contribution to ðg − 2Þe;μ is generally small,
giving relatively weak bounds on the couplings, as
given in block IV of Table I. Note that because of the
opposite deviations, ðg − 2Þe ððg − 2ÞμÞ constrains the axial
(vector) couplings. Among the li → ljγ constraints, given
in block V, the strongest comes from the μ → eγ decay:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jceτV=AjjcτμV=Aj

q
< 0.011fJ=TeV, assuming that flavor-

conserving couplings are negligible. We note in passing
that for these loop processes, we have explicitly checked
that the same results are obtained by using on-shell current
interactions, Eq. (8), and the derivative Majoron cou-
plings, Eq. (7).
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We now work out the constraint on the coupling between
Higgs and Majoron, λhs, using the invisible Higgs decay
branching ratio bound, Brðh → invisibleÞ < 19%, from the
LHC [23]. This is because λhs can mediate the h → JJ
decay with Γðh → JJÞ ¼ λ2hsv

2 cos2 θ=32πmh. Hence, this
process contributes to the invisible width of Higgs. Due to
Higgs mixing, the width of the usual SM decay modes will
be modified to ΓSM cos2 θ. Using ΓSM ¼ 4.07 MeV [24]
and the modified invisible branching ratio, we obtain a
strong constraint of λhs < 0.014.

IV. POLARIZATION ASYMMETRY

To determine the chiral nature of the Majoron inter-
actions with charged leptons, we propose a novel meas-
urement using the polarizations of the final-state leptons in
the li → ljJ decays. The polarization four-vector spinor is
si ¼ ðn⃗i · p⃗i=mi; n⃗i þ p⃗iðn⃗i · p⃗iÞ=½miðmi þ EiÞ�Þ, where n⃗i
is the polarization of lepton in its rest frame. For high
energy leptons, i.e., Ei;j ≫ mi;j, an initially left-handed
or right-handed lepton liL;iR can lead to a daughter lepton
that is left-handed ljL with n⃗ · p⃗ ¼ −p or right-handed ljR

with n⃗ · p⃗ ¼ p. Therefore, there are all four combinations
of LL, RR, LR, and RL for initial and final lepton
polarizations. The helicity-conserving and helicity-flipping
decay rates are given, respectively, by

ΓLL;RRðli → ljJÞ

¼ mimj

64πEi

�
ðjgjie1j2 − jgjie2j2Þ

�
2 −

2

x2ij

�

þ ðjgjie1j2 þ jgjie2j2Þ
�

2

xij
ln xij þ

xij
2
−

1

2x3ij

�

� Reðgjie1gji�e2 Þ
�
xij −

1

x3ij
−

4

xij
ln xij

��
ð12Þ

and

ΓLR;RLðli → ljJÞ
¼ mimj

64πEi
½jgjie1j2 þ jgjie2j2 ∓ 2Reðgjie1gji�e2 Þ�

×

�
xij
2
−

1

2x3ij
−

2

xij
ln xij

�
; ð13Þ

where xij ≡mi=mj > 1. Our result is more general than
that given in Ref. [25], in which terms proportional to
Reðgjie1gji�e2 Þ vanish under their coupling assumption. More
detailed information about deriving the above results is
given in the Appendix.
In practice, the polarization of initial-state lepton, presum-

ably produced through collisions, is not easy to determine.

TABLE I. Bounds on flavor-changing Majoron couplings with charged leptons. Each bound is obtained by
keeping only one type of interaction at a time.

Process Experimental input Bound (in units of fJ=TeV)

I M → M P < 8.3 × 10−11=SBðB0Þ [15]
SBðB0ÞSS ¼ 0.50 jcμeV j < 0.407
SBðB0ÞPP ¼ 0.9 jcμeA j < 0.351
SBðB0ÞðS�PÞðS�PÞ ¼ 0.35 jcμeV=Aj < 0.444

II μ → eJ Br < 2.6 × 10−6 ð90%C:L:Þ [17] jceμV=Aj < 3.64 × 10−7

τ → μJ Br < 5.7 × 10−3 ð95%C:L:Þ [18] jcμτV=Aj < 6.87 × 10−4

τ → eJ Br < 3.2 × 10−3 ð95%C:L:Þ [18] jceτV=Aj < 5.11 × 10−4

III τ → μeμ̄ Br < 2.7 × 10−8 ð90%C:L:Þ [19] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jcμτV=AjjceμV=Aj

q
< 0.379–0.405

τ → μeē Br < 1.8 × 10−8 ð90%C:L:Þ [19] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jceτV=AjjcμeV=Aj

q
< 0.353–0.355

τ → μμē Br < 1.7 × 10−8 ð90%C:L:Þ [19] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jcμτV=AjjcμeV=Aj

q
< 0.346–0.349

τ → eeμ̄ Br < 1.5 × 10−8 ð90%C:L:Þ [19] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jceτV=AjjceμV=Aj

q
< 0.346–0.347

IV ðg − 2Þe −ð0.88� 0.36Þ × 10−12 [20] jCeμ
A j < 3.21; jCeτ

A j < 0.782
ðg − 2Þμ ð28.02� 7.37Þ × 10−10 [20] jCμτ

V j < 3.07

V μ → eγ Br < 4.2 × 10−13 ð90%C:L:Þ [21] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCeτ

V=AjjCτμ
V=Aj

q
< 0.011

τ → μγ Br < 4.4 × 10−8 ð90%C:L:Þ [22] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCμe

V=AjjCeτ
V=Aj

q
< 5.14

τ → eγ Br < 3.3 × 10−8 ð90%C:L:Þ [22] ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCeμ

V=AjjCμτ
V=Aj

q
< 4.78
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We thus need to average over them. But the polarization of
final-state lepton can be measured. Taking τ → μJ as an
example, we define the polarization asymmetry

A≡ ΓLL þ ΓRL − ΓLR − ΓRR

ΓLL þ ΓRL þ ΓLR þ ΓRR
≈ −2

ReðcμτV cμτ�A Þ
jcμτV j2 þ jcμτA j2

; ð14Þ

where the second expression neglects terms of ordermμ=mτ.
This quantity probes the Majoron interaction in more detail.
As an explicit example, consider the τþ → μþJ decay1

and we measure the longitudinal polarization of μþ,
denoted by PL. Since A ¼ 2PL − 1, the precision on the
asymmetry measurement depends on how accurately PL
can be determined. Assuming cV ¼ −cA, the final-state
antimuon is dominantly right-handed and A ≈ 1, regardless
of how τ is polarized. This value would be reduced by about
3% if corrections from ðm2

μ=m2
τÞ lnðmμ=mτÞ andm2

μ=m2
τ are

taken into account. Currently, BRðτ → μJÞ is constrained
to be less than 5.7 × 10−3. To have an estimate about the
precision one can reach for A, let us take the branching
ratio to be 10−4, which is well below the current bound, as
an example. Given the fact that BELLE II will produce in
total about 45 billion τþτ− pairs [26], one expects to
observe Oð106Þτþ → μþJ decays. The polarization of μ
can be obtained from the μþ → eþνeνμ decay by meas-
uring the energy spectrum of positrons. Without consid-
ering the detection efficiency, the statistical error on the
muon polarization determination is seen to be at
the per mille level. If the decay branching ratio is
different, the statistical error is then scaled by a factor
of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10−4=Brðτ → μJÞ

p
.

Another significant background source is the Michel
decay τþ → μþνμντ with a branching ratio of 17.39%. As
this is a three-body decay while our signal process is a two-
body decay, one can impose a cut on the kinematic variable
x≡ 2Eμ=mτ in the rest frame of τ to remove most of
the background. Assuming that experiment can impose the
cut 0.99 ≤ x ≤ 1, then the branching ratio of the back-
ground is reduced to ≃3.5 × 10−3. Assuming again that
Brðτ → μJÞ ¼ 10−4, we will expect a statistical error of
about 0.3% from BELLE II data. Finally, the systematic
error on the muon PL measurement at Spin Muon
Collaboration had been estimated to be ∼3% [27], making
the total error at a few percent level. We therefore
encourage our experimental colleagues to carry out such
an analysis.
We note in passing that, in fact, the polarization

asymmetry can also be obtained from τ decays at rest,
in which case A¼−2ReðcVc�AÞ=ðjcV j2þjcAj2Þ. Therefore,

one can determine the chirality of Majoron interaction
from τ decays at low speeds, such as those produced at
threshold by BES-III, where 600 million τ pairs have been
obtained [28], and the future Super Tau-Charm Factory,
where a few billion τ pairs per year are expected.
It may be tempting to use μ → eJ to determine the

corresponding A by measuring muon or electron polariza-
tion since a high-luminosity muon beam will be available
in μ − e conversion experiment at COMET and Mu2e.
This turns out to be rather difficult for several reasons. The
branching ratio of μ → eJ is bounded to be smaller than
that of τ → μJ (by a factor of ∼10−3) and, hence, can offset
the gain from high-luminosity muon beam for the μ − e
conversion experiment. Second, the energy of the electron
will be half of the μ − e conversion experiment, and only a
very small fraction of μ → eJ decays resides in the signal
region on target. It is therefore very difficult to measure
such a process at COMETand Mu2e [3]. If the polarization
information of the electron is further required, it would
pose more difficulty as it does not decay. Alternatively,
one may consider using polarized initial-state muons to
construct an analogous asymmetry by summing over the
final-state electron helicities. However, the corresponding
asymmetry is identically zero.

V. CONCLUSION

We have used the type-III seesaw model as an explicit
example to motivate a Majoron with flavor-changing
interactions with SM fermions, though our study is largely
model independent. We have examined existing major
experimental constraints on the Majoron, including the
ratios of the couplings, cl

0l
V=A, the Majoron decay constant,

fJ, and the coupling between the Higgs boson and the
Majoron, λhs. Finally, we propose an experimental observ-
able, the polarization asymmetry, in the li → ljJ decays.
Using the τ → μJ decay as an example, we conclude that
through the measurement of A, it is a promising channel
to probe the chiral nature of Majoron couplings with the
charged leptons. As a final remark, if the Majoron is
replaced by a Majoron-like particle with a finite mass, one
can carry out a similar analysis so long as the decays are
kinematically allowed.
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APPENDIX: DETAILS OF DECAY WIDTH CALCULATIONS

From the interaction Lagrangian given in Eq. (8), we get the decay matrix element

−iM ¼ 1

2
iljðge1 þ ge2γ5Þli: ðA1Þ

The absolute-squared matrix element is given by

jMj2 ¼ 1

16
Tr½ð=pj þmjÞð1þ γ5=sjÞðge1 þ ge2γ5Þð=pi þmiÞð1þ γ5=siÞðg�e1 − g�e2γ5Þ�

¼ 1

4
jge1j2½ðpj · pi þmjmiÞð1 − sj · siÞ þ pj · sipi · sj�

þ 1

4
jge2j2½ðpj · pi −mjmiÞð1þ sj · siÞ − pj · sipi · sj� þ

1

2
Reðge1g�e2Þðmipj · si −mjpi · sjÞ: ðA2Þ

Using the polarization four-vector spinor sμi defined in the main text, we get for different helicity combinations that

jMj2
lL;Ri →lL;Rj

¼ 1

4
jge1j2

�
1

2
ðmi þmjÞ2

�
1 −

EiEj

2mimjjpijjpjj
�
m2

i þm2
j − 2mimj

�
A −

mimj

EiEj

���

þ EiEj

4mimjjpijjpjj
½4m2

i m
2
j þ ðm2

i þm2
jÞ2 − 2mimjðm2

i þm2
jÞA�

�

þ 1

4
jge2j2

�
1

2
ðmi −mjÞ2

�
1þ EiEj

2mimjjpijjpjj
�
m2

i þm2
j − 2mimj

�
A −

mimj

EiEj

���

−
EiEj

4mimjjpijjpjj
½4m2

i m
2
j þ ðm2

i þm2
jÞ2 − 2mimjðm2

i þm2
jÞA�

�

� 1

2
Reðge1g�e2Þ

�
1

2jpij
½2Ejm2

i − ðm2
i þm2

jÞEi� −
1

2jpjj
½2Eim2

j − ðm2
i þm2

jÞEj�
�

ðA3Þ

and

jMj2
lR;Li →lL;R

j
¼ 1

4
jge1j2

�
1

2
ðmi þmjÞ2

�
1þ EiEj

2mimjjpijjpjj
�
m2

i þm2
j − 2mimj

�
A −

mimj

EiEj

���

−
EiEj

4mimjjpijjpjj
½4m2

i m
2
j þ ðm2

i þm2
jÞ2 − 2mimjðm2

i þm2
jÞA�

�

þ 1

4
jge2j2

�
1

2
ðmi −mjÞ2

�
1 −

EiEj

2mimjjpijjpjj
�
m2

i þm2
j − 2mimj

�
A −

mimj

EiEj

���

þ EiEj

4mimjjpijjpjj
½4m2

i m
2
j þ ðm2

i þm2
jÞ2 − 2mimjðm2

i þm2
jÞA�

�

� 1

2
Reðge1g�e2Þ

�
−

1

2jpij
½2Ejm2

i − ðm2
i þm2

jÞEi� −
1

2jpjj
½2Eim2

j − ðm2
i þm2

jÞEj�
�
; ðA4Þ

where

A≡
�
miEj

mjEi
þmjEi

miEj

�
ðA5Þ

and Ei;j and pi;j are the energy and 3-momentum associated with li and lj, respectively. The differential decay rate of the
lepton flavor-changing process is given by

dΓ
dEj

¼ 1

16πEijpij
jMj2: ðA6Þ
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To get the total decay rate of the li → ljJ process, we must
integrate over the allowed energy range for the final-state
lepton lj,

Emax;min
j ¼ Ei

2

�
1þ 1

x2ij

�
� jpij

2

�
1 −

1

x2ij

�
; ðA7Þ

where xij ≡mi=mj and in the lab frame with Ei ≫ mi, the
energy range becomes Ei=x2ij ≤ Ej ≤ Ei. After integrating
over the energy range, we obtain the decay rates for the
helicity-conserving and helicity-flipping processes given in
Eqs. (12) and (13), respectively.
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