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We computed the kinematics of Z-boson decay into a heavy–light neutrino pair when the Z-boson is
produced at rest in eþe− collisions, including the subsequent decay of the heavy neutrino into a visible final
state containing a charged-lepton. We concentrated on heavy-neutrino masses of order dozens of GeV and
the issue of addressing the nature of the neutrinos—Dirac fermions or Majorana fermions. We find that
while it is not possible to tell the nature of the heavy and light neutrinos on an event-by-event basis, the
nature of the neutrinos can nonetheless be inferred given a large-enough sample of heavy–light neutrino
pairs. We identify two observables sensitive to the nature of neutrinos. One is the forward-backward
asymmetry of the daughter-charged-leptons. This asymmetry is exactly zero if the neutrinos are Majorana
fermions and is nonzero (and opposite) for positively- and negatively-charged daughter-leptons if the
neutrinos are Dirac fermions. The other observable is the polarization of the heavy neutrino, imprinted in
the laboratory-frame energy distribution of the daughter-charged-leptons. Dirac neutrinos and antineutrinos
produced in eþe− collisions at the Z-pole are strongly polarized while Majorana neutrinos are at most as
polarized as the Z-bosons.
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I. INTRODUCTION

Spin one-half massive fermions in four spacetime
dimensions can be classified into two types: Majorana
fermions and Dirac fermions. Majorana fermions are self-
conjugate; they are their own antiparticles. Dirac fermions
are not. A massive Dirac field describes four independent
degrees of freedom, a massive Majorana field describes
two independent degrees of freedom. Dirac fields are
complex and can transform under complex representations
of symmetry groups (gauged or global). Majorana fields
are, in some sense, real and can only transform under real
representations of unbroken symmetries (gauged or global).
All known fundamental fermions are massive, except,

at most, the lightest of the three neutrinos. With the
exception of the neutrinos, all have nonzero electric charge.
Hence, the charged leptons (e, μ, τ) and all quarks are
Dirac fermions. Experimental data to date are agnostic
concerning the nature of the neutrinos—Majorana or Dirac
fermions.

The traditional way to probe the nature of neutrinos is to
test the conservation of lepton number (see, for example,
[1,2]). Majorana neutrinos, since they are self-conjugate,
cannot be charged under the lepton-number symmetry, ren-
dering it, necessarily, an approximate symmetry. Evidence
for the violation of lepton-number symmetry (by two units)
would translate, almost necessarily, into proof that neu-
trinos are Majorana fermions [3–5] (see also [6] for a
modern discussion). The most powerful probes of lepton-
number violation are low-energy particle and nuclear
physics processes, including searches for neutrinoless
double-beta decay, ðμ− → eþÞ-conversion in nuclei, and
forbidden meson decays (e.g., Kþ → π−μþμþ). No unam-
biguous experimental evidence for lepton-number violation
has been found yet [7].
The physics behind nonzero neutrino masses remains

unknown but is believed to imply the existence of new
particles (for an overview see, for example, [8]). The
properties—spin, mass, charge—of these new particles is
currently unknown and the subject of extensive theoretical
and experimental particle physics research. Information on
the nature of neutrinos is expected to illuminate the origin
of neutrino masses in a very fundamental way.
New neutral fermions are common side effects of the

mechanism responsible for nonzero neutrino masses. The
popular type-I seesaw mechanism [9–14], for example,
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posits the existence of at least two gauge-singlet fermion
fields in addition to the known matter fields of the Standard
Model. These are allowed nonzero Majorana-mass terms
and couple to the active neutrinos νe, νμ, ντ via Yukawa
interactions. After electroweak symmetry breaking, all
neutral fermions—linear combinations of the active neu-
trinos and the new degrees of freedom—acquire masses, all
are Majorana fermions, and all couple with different
strength to the electroweak gauge bosons and the Higgs
boson. In the traditional type-I seesaw, the neutral fermions
“split” into three mostly-active neutrinos that are very light
and at least two much heavier states that are predominantly
composed of gauge-singlet fermions. We refer to the former
as light neutrinos and the latter as heavy neutrinos. In this
scenario, the couplings of the heavy neutrinos are related to
the light and heavy neutrino masses. Searches for heavy
neutrinos, therefore, allow one to verify whether neutrino
masses have anything to do with the type-I seesaw
mechanism. The discovery of heavy neutrinos, of course,
would not imply that neutrino masses are a consequence of
the type-I seesaw mechanism or one of its variations.
Progress on that front will require the measurement of the
properties of the heavy neutrinos, including their nature.
The type-I seesaw, for example, predicts that the light and
heavy neutrinos are Majorana fermions. There are, how-
ever, perfectly reasonable new-physics models that posit
the existence of heavy Dirac neutrinos, including scenarios
inspired by the dark matter puzzle (see, for example, [15])
and those aimed at explaining the small Dirac neutrino-
masses (see, for example, [16–18]).
Heavy neutrinos produced at colliders allow other

searches for lepton-number violation. For example, in a
high-energy pp collider, heavy neutrinos can be produced
via charged-current processes and decay, for example, into
charged leptons and W-bosons (on or off-shell). We
provide more details in Sec. II but here it suffices to state
that a heavy Dirac neutrino ν4 carries lepton-number and
must decay to a final state with lepton number þ1, e.g.,
ν4 → l−Wð�Þþ. The heavy antineutrino ν̄4 will decay into a
final state with lepton number −1, e.g., ν̄4 → lþWð�Þ−. The
Majorana heavy neutrino, instead, can decay into positively
and negatively charged-leptons with equal probability at
leading order. Hence, if the heavy neutrinos are Majorana
fermions, the following process, and others like it, should
occur:

pp → lþ þ ν4 þ X → lþ þ ðlþWð�Þ−Þ þ X; ð1:1Þ

where X is a state with zero lepton number (e.g., hadrons).
As long as the lepton number of X is known to be zero,1

Eq. (1.1) is a lepton-number violating process. Its

observation would reveal that the heavy neutrinos are
Majorana fermions.
Other than the observation of explicit lepton-number

violation, there are several other ways through which Dirac
and Majorana fermions can be distinguished. In [19] (see
also [20]), a subset of the authors of this manuscript
highlighted that Dirac and Majorana fermions decay
“differently” (see [21,22] for early discussions). In more
detail, it was demonstrated that when a Majorana fermion
decays at rest into a Majorana daughter and a self-conjugate
boson (e.g., Z, h, π0, or γ), the angular distribution of the
daughters is isotropic, regardless of the polarization of the
parent fermion. Instead, if the parent and daughter fermions
are Dirac fermions, the angular distribution of the final state
can be nontrivial. Hence, the observation of a nontrivial
angular distribution of ν4 decays into, for example, νþ γ,
would imply, necessarily, that ν4 are Dirac fermions. When
it comes to distinguishing Majorana fermions from Dirac
fermions, these observables are not only interesting com-
plements to the more familiar searches for lepton-number
violation. There are circumstances when searches for
lepton-number violation are not accessible and kinematical
observables are the best way forward.
Here, we study the production of heavy neutrinos in

the decay of on-shell Z-bosons produced at rest via
electron-positron collisions. In the last several years, elec-
troweak scale circular electron-positron colliders have
been proposed as “Higgs factories”: FCC-ee [23] and
CEPC [24,25]. They offer the possibility of a very high
luminosity run at the Z-pole and the ability to observe over
1012 Z-boson decays.2 Given current constraints on heavy-
neutrino production, there is the possibility to produce and
identify thousands of heavy neutrinos with masses of order
tens of GeV. The experimental conditions are particularly
favorable since there is no pile-up in these machines and the
heavy neutrinos are produced in the simple two-body decay
of a heavy particle at rest. The question of observability of
the process will be quickly reviewed in Sec. II. Immediately
after the discovery of a heavy neutrino candidate from the
observation of a few events, the question would be raised: is
this particle a Majorana fermion or a Dirac fermion? We
find that it is possible to determine the nature of the heavy
neutrinos with lepton-collider data on the Z-pole. This is in
spite of the fact that total lepton number cannot be
measured on an event-by-event basis and hence one is
blind to explicit lepton-number violating effects.
As already advertised, we define heavy neutrinos in

Sec. II, along with other useful information. We discuss
Z-boson decays into a heavy–light neutrino pair in Sec. III

1For example, when there are no light neutrinos in X. These
would manifest themselves as missing transverse energy at
collider experiments like those at the LHC.

2The analysis proposed here could also be done at an eþe−
linear collider, with reduced sensitivity since these expect to
collect of order 109 on-shell Z-decays [26]. The fact that the
electron-beam can be polarized leads to potentially larger for-
ward-backward asymmetries.
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and show, in Sec. IV, how the decays of the heavy neutrinos
might be used, when these are produced in Z-boson decays,
to determine their nature. Some concluding remarks follow
in Sec. V.

II. HEAVY NEUTRINOS

Heavy neutrinos are massive neutral fermions that
couple to the electroweak gauge bosons via mixing with
the active neutrinos. In other words, there are n ≥ 3
neutrinos νi with masses mi (i ¼ 1; 2; 3;…; n) and three
linear combinations of those couple to the charged-leptons
and the W-boson:

−L ⊃
X

α¼e;μ;τ

Xn
i¼1

gffiffiffi
2

p ðUαil̄α=W−PLνiÞ þ H:c:; ð2:1Þ

where PL ¼ ð1 − γ5Þ=2 is the left-chirality-projection oper-
ator, g is the SUð2Þ coupling constant, and Uαi are the
elements of a unitary n × n matrix. We indicate the
summations over α and i explicitly to highlight there are
n neutrinos but only three charged-leptons. Similarly, the
couplings of νi and lα to the Z-boson are

−L ⊃
g

2 cos θW

� X
α¼e;μ;τ

Xn
i;j¼1

ðUαiU�
αjν̄j=ZPLνiÞ

þ
X

α¼e;μ;τ

ðgLl̄α=ZPLlα þ gRl̄α=ZPRlαÞ
�
; ð2:2Þ

where PR ¼ ð1þ γ5Þ=2 is the right-chirality-projection
operator and gL ¼ ð1 − 2 sin2 θWÞ and gR ¼ 2 sin2 θW are
the left- and right-chiral charges of the charged-leptons to
the Z-boson, respectively. As usual, θW is the weak mixing
angle (Weinberg angle).
If n ¼ 3, because U is a unitary matrix,P
α¼e;μ;τ UαiU�

αj ¼ δij and, as is well known, the neu-
trino–Z-boson couplings are diagonal in the mass basis.
This is not the case if n > 3. The coupling between ν4 and
ν1, for example, is proportional to

P
α Uα1U

�
α4. This does

not vanish since the α sum is restricted to e, μ, τ.
We are interested in the decays of the Z-boson into a

heavy neutrino and a light neutrino.3 We define the mass
eigenvalues in such a way that m1;2;3 are the light neutrino
masses and m4;5;… the heavy ones. The partial width of the
Z-boson to decay into a ν4 and any light neutrino is

ΓðZ → ν4νlightÞ ∝
X

α;β¼e;μ;τ

X
i¼1;2;3

UαiU�
βiU

�
α4Uβ4

∼
X

α¼e;μ;τ

jUα4j2 ≡ jU4j2; ð2:3Þ

where we take advantage of the fact that we are interested in
the limit where the 3 × 3 “light” leptonic mixing submatrix
is very close to a unitary matrix. The partial width into two
heavy neutrinos, in this limit, is negligibly small. For
example, ΓðZ → ν4ν4Þ ∝ jU4j4. More quantitatively [27],
under the assumption that the 3 × 3 “light” leptonic mixing
submatrix is very close to a unitary matrix,

BðZ → ν4νlightÞ ¼ 2jU4j2
BðZ → invisibleÞ

3

×

�
1þ m2

4

2M2
Z

��
1 −

m2
4

M2
Z

�
2

; ð2:4Þ

where BðZ → invisibleÞ ≃ 20% is the invisible Z-boson
branching ratio and MZ is the Z-boson mass. For
m4 ¼ 10 GeV, BðZ→ν4νlightÞ≃0.13jU4j2 while BðZ →
ν4νlightÞ ≃ 0.0104jU4j2 for m4 ¼ 79 GeV. Hence, at least
one heavy neutrino would be expected from 1012 Z-boson
decays (Tera-Z) if jU4j2 > 7.5 × 10−12 for m4 ¼ 10 GeV
(or jU4j2 > 9 × 10−11 for m4 ¼ 79 GeV).
The heavy neutrino is potentially observable if it decays

visibly inside the detector-volume. The decay of heavy
neutrinos is mediated by W-boson and Z-boson exchange.
The partial decay-width of the ν4 is proportional to jUα4j2
for the decay into an lα. Summing over all final-state
charged leptons, assuming m4 ≫ mτ, the charged-lepton
partial width is proportional to jU4j2. The partial decay-
width into light neutrinos is also proportional to jU4j2,
including all final-state light neutrinos. For heavy neutrino
masses above 10 GeV but below the W-boson mass, we
roughly estimate, taking into account that, for them4 values
of interest, the charged-current decay mode accounts for the
majority of the decays [27],

cτ4 ∼
10−6

jU4j2
�
10 GeV

m4

�
5

cm: ð2:5Þ

The strongest bounds on the production of heavy
neutrinos in eþe−-scattering followed by visible ν4 decays
come from the DELPHI experiment at LEP [28]. They
constrain jU4j2 to be less than about 10−5 for masses
between roughly 5 GeV and 70 GeV. For smaller masses,
the decay is too slow and the heavy neutrinos decay outside
the detector while for larger masses the phase-space
suppression is too severe. This proves to be the strongest
bound on heavy neutrinos in this mass range, see, for
example, [29–34]. Recent studies of the sensitivity of future
eþe− “Z-factories” to the production of heavy neutrinos
can be found in, for example, [35–39]. They demonstrate

3If the neutrinos are Dirac fermions, henceforth “neutrino” is
meant to stand for both the neutrino and the antineutrino
whenever it does not lead to unnecessary confusion.
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that next-generation eþe− collider could be sensitive to
jU4j2 ≳ 10−11 in the m4 ∼ ½5; 70� GeV mass window.

III. Z-BOSON DECAY TO A HEAVY-LIGHT
NEUTRINO PAIR

We are interested in the processes eþe− → Z → ν4ν̄i
and eþe− → Z → νiν̄4, if the neutrinos are Dirac fermions,
or the process eþe− → Z → ν4νi if they are Majorana
fermions. As mentioned in the previous section, we will
compute the differential cross-section summing over
all light neutrinos νi, i ¼ 1; 2; 3. We assume the collision
happens at the Z-pole and that the Z-bosons are produced
at rest. In our calculations, we ignore the t-channel
W-exchange contribution to neutrino production and
assume the electron and the light neutrinos are massless.
These are very safe assumptions. We allow, however, for
nonzero heavy neutrino masses m4.

If we define the z-axis to coincide with the direction of
the electron three-momentum, the Z-bosons are produced
in eigenstates of Sz with eigenvalues �1. The Sz ¼ 0 frac-
tion of the population is proportional to the electron mass,
hence negligible. Parity violation translates into a slight
asymmetry and the Z-boson population associated to Sz ¼
−1 is slightly larger. In this sense, we say theZ-boson sample
is polarized. Quantitatively, the Z-boson polarization is

PZ ¼ ðg2R − g2LÞ
ðg2L þ g2RÞ

: ð3:1Þ

Numerically, PZ ≃ −0.15.
The parity-violating nature of the weak interactions

implies a potential forward-backward asymmetry of the
νi and the ν4 (and their antiparticles, if applicable) and
nontrivial polarization. If the neutrinos are Dirac fermions,
we find

1

σDðν4Þ
dσDðν4Þ
d cos θ

¼ 3

4ðg2R þ g2LÞ
M2

Z

ð2M2
Z þm2

4Þ
�
g2Rð1 − cos θÞ2 þ g2Lð1þ cos θÞ2 þ m2

4

M2
Z
ðg2R þ g2LÞsin2θ

�
; ð3:2Þ

1

σDðν̄4Þ
dσDðν̄4Þ
d cos θ

¼ 3

4ðg2R þ g2LÞ
M2

Z

ð2M2
Z þm2

4Þ
�
g2Rð1þ cos θÞ2 þ g2Lð1 − cos θÞ2 þ m2

4

M2
Z
ðg2R þ g2LÞsin2θ

�
; ð3:3Þ

where σDðν4Þ, and σDðν̄4Þ are the cross-sections for
eþe− → Z → ν4ν̄i and eþe− → Z → νiν̄4, respectively,
assuming the neutrinos are Dirac fermions. θ is the
angle the heavy neutrino three-momentum defines rela-
tive to the direction of the electron three-momentum. The
term proportional to ðm4=MZÞ2 is the “wrong-helicity”
contribution, where the light neutrino and heavy anti-
neutrino (or vice-versa) are emitted with the same
helicity. This contribution is invariant under cos θ →
− cos θ and vanishes when cos θ ¼ �1. This can be

understood in terms of naive angular momentum con-
servation. When the daughter neutrinos are emitted in the
z-direction, they are eigenstates of Sz with eigenvalue
�1=2. Since they are back-to-back, their helicities must
be opposite to one another. The angular distribution of
the ν4 and ν̄4 are depicted in Fig. 1, for different values
of m4.
Parity violation (g2L ≠ g2R) implies a forward-backward

asymmetry for Dirac-fermion ν4 and ν̄4 production. As
usual, we define

FIG. 1. Normalized differential cross-section for eþe− → Z → ν4ν̄light (left) and eþe− → Z → ν̄4νlight (right) as a function of the
direction of the heavy (anti)neutrino cos θ, for different values of the heavy neutrino mass m4. The neutrinos are assumed to be Dirac
fermions.

BLONDEL, DE GOUVÊA, and KAYSER PHYS. REV. D 104, 055027 (2021)

055027-4



AFB ¼ 1

σ

�Z
1

0

dσ
d cos θ

d cos θ −
Z

0

−1

dσ
d cos θ

d cos θ

�
: ð3:4Þ

For Dirac-fermion ν4 and ν̄4 production we find, respec-
tively,

AD
FBðν4Þ ¼

3

2

M2
Z

ð2M2
Z þm2

4Þ
ðg2L − g2RÞ
ðg2L þ g2RÞ

; ð3:5Þ

AD
FBðν̄4Þ ¼

3

2

M2
Z

ð2M2
Z þm2

4Þ
ðg2R − g2LÞ
ðg2L þ g2RÞ

: ð3:6Þ

The forward-backward asymmetries for ν4 and ν̄4 produc-
tion are depicted in Fig. 2 as a function of m4.

We are also interested in the polarization of the heavy
neutrinos. That of the light neutrinos is simple: if the
neutrinos are Dirac fermions, all light neutrinos are left-
handed—negative helicity—and all light antineutrinos
are right-handed—positive helicity. We computed the
polarization of the heavy neutrino Pðcos θÞ as a function
of the production angle θ of ν4 and ν̄4. The results are
straightforward but a little cumbersome so we do not
write them out explicitly here. Pðcos θÞ is depicted in
Fig. 3 for ν4 and ν̄4, for different values of m4. P ¼ 1
corresponds to a positive-helicity state (right-handed)
while P ¼ −1 corresponds to a negative-helicity state
(left-handed).
Many of the features of Fig. 3 are easy to understand.

For small heavy neutrino masses, m4 ≪ MZ, the helicity
of the heavy neutrino is dictated by the left-chiral nature of
the neutrino–Z-boson coupling. In this limit, all heavy
neutrinos are left-handed (P ¼ −1) while all heavy anti-
neutrinos are right-handed (P ¼ þ1). For cos θ ¼ �1,
as already argued, the helicity of the heavy neutrino and
light antineutrino (and vice-versa) are equal and opposite
because of angular-momentum conservation. Since the
light neutrinos and antineutrinos are always 100% polar-
ized, for cos θ ¼ �1, so are the heavy neutrinos, inde-
pendent from m4. For finite m4, the magnitude of the
polarization decreases as cos2 θ decreases. This is a
reflection of the fact that the “wrong-helicity” distribution
peaks at cos2 θ → 0. Finally, the forward-backward asym-
metry of Pðcos θÞ is a consequence of the nontrivial
polarization of the decaying Z-boson.
If the neutrinos are Majorana fermions, there is only one

process of interest: eþe− → Z → ν4νi, i ¼ 1; 2; 3. In this
case, we find,

1

σMðν4Þ
dσMðν4Þ
dcosθ

¼ 3

4

M2
Z

ð2M2
Z þm2

4Þ
�
1þ cos2θþ m2

4

M2
Z
sin2θ

�
;

ð3:7Þ

where σMðν4Þ is the cross-section for eþe− → Z → ν4νi
assuming the neutrinos are Majorana fermions. This dis-
tribution is invariant under cos θ → − cos θ so the forward-
backward asymmetry vanishes exactly: AM

FBðν4Þ ¼ 0. The
angular distribution of the Majorana ν4 is depicted in Fig. 4,
for different values of m4.
The absence of a forward-backward asymmetry in the

decay of a self-conjugate vector boson (Z-boson) into
two self-conjugate fermions (ν4νlight) is a general leading-
order consequence of the CPT-theorem. Our proof and
notation parallel those at other recent discussions [19,40].
At leading order in perturbation theory, the amplitude for
the decay of a Z-boson at rest in an eigenstante of SZ
with eigenvalue þ1 (denoted by “⇑”) into a ν4 with
helicity λ4 emitted in a direction characterized by the
angle θ and a light neutrino characterized by helicity λν is

FIG. 2. The forward-backward asymmetry AD
FB of heavy

neutrino or antineutrino production in eþe− → Z → ν4ν̄light or
eþe− → Z → ν̄4νlight as a function of the heavy neutrino mass.
The neutrinos are assumed to be Dirac fermions.

FIG. 3. The polarizarion PD of heavy neutrinos (dashed lines)
or antineutrinos (solid lines) produced in eþe− → Z → ν4ν̄light or
eþe− → Z → ν̄4νlight as a function of the direction of the heavy
(anti)neutrino cos θ, for different values of the heavy neutrino
mass m4. The neutrinos are assumed to be Dirac fermions.
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hν4ðθ; λ4Þνlightðπ − θ; λνÞjHintjZð⇑Þi; ð3:8Þ

where Hint is the interaction Hamiltonian. We assume
that Hint is invariant under CPT≡ ζ∶ζHintζ

−1 ¼ Hint.
Taking into account that CPT is an antiunitary operator,

jhν4ðθ; λ4Þνlightðπ − θ; λνÞjHintjZð⇑Þij2
¼ jhζHintζ

−1ζZð⇑Þjζν4ðθ; λ4Þνlightðπ − θ; λνÞij2
¼ jhHintZð⇓Þjν4ðθ;−λ4Þνlightðπ − θ;−λνÞij2
¼ jhν4ðπ − θ;−λ4Þνlightðθ;−λνÞjHintjZð⇑Þij2; ð3:9Þ

where ⇓ indicates an eigenstate of SZ with eigenvalue −1
and we took advantage of the fact that all three parti-
cles are self-conjugate: up to a phase, Z ¼ Z̄, ν4 ¼ ν̄4,
νlight ¼ ν̄light. In the last step, we assume invariance under
a 180°-rotation about the axis perpendicular to the decay
plane. Summing over the final-state helicities λ4, λν, the
probability that ν4 is emitted in the direction θ is equal to
the probability it is emitted in the direction π − θ: the
decay is forward-backward symmetric.
While, for any value of m4, the production of heavy

Majorana neutrinos with both helicities is allowed by the
left-chiral nature of the weak interactions, the probability of
emitting a particular helicity eigenstate can depend on the
production angle θ. The reason for this is that the Z-boson
itself is polarized. We find

PMðcos θÞ ¼
ðg2R − g2LÞ
ðg2L þ g2RÞ

2 cos θ

ð1þ cos2θ þ m2
4

M2
Z
sin2θÞ

; ð3:10Þ

where the M subscript is to indicate this applies to
Majorana neutrinos. PMðcos θÞ is depicted in Fig. 5. It is
clearly proportional to the Z-boson polarization, Eq. (3.1)

and much smaller, in magnitude, than the polarization of
Dirac heavy (anti)neutrinos, Fig. 3.
To summarize, in Z-decays, Majorana- and Dirac-

neutrino production are different. Majorana- and Dirac-
neutrino angular distributions (compare Fig. 1 and Fig. 4)
are different and so are their polarization states (compare
Figs. 3 and 5). This implies it may be possible, exper-
imentally, to determine the nature of ν4 produced in
Z-decay. Of course, the fact that these distributions are
different is not sufficient since the ν4 are not directly
observed in the laboratory. Here we assume the ν4 decay
inside the detector and assume their decay products are
charged particles which can be identified in a collider
experiment. We investigate whether there is enough infor-
mation to distinguish the hypotheses that neutrinos are
Majorana or Dirac fermions in the next section.

IV. HEAVY NEUTRINO DECAYS AND
DISTINGUISHING MAJORANA
FROM DIRAC NEUTRINOS

Heavy neutrino decay is mediated by the charged-current
and neutral-current weak interactions. For neutrinos with
masses below that of the W-boson, one can state that ν4
decays into either lα þW� or νi þ Z�. The neutral-current
decay mode is more rare and contains neutrinos in the final
state. These are bound to manifest themselves as missing
energy, rendering the reconstruction of the νiν4 state from
Z-decay more challenging; the neutrinos also prevent one
from determining the total lepton-number of the ν4 decay
products. The charged-current decay mode is more
common and less challenging. Except for the cases where
the W� manifests itself as leptons, the entire final state is
potentially visible and one can fully reconstruct the four-
momentum of the decaying heavy neutrino. In the charged-
current decay, the total lepton-number of the ν4 decay

FIG. 5. The polarizarion PM of heavy neutrinos produced in
eþe− → Z → ν4νlight as a function of the direction of the heavy
neutrino cos θ, for different values of the heavy neutrino massm4.
The neutrinos are assumed to be Majorana fermions. The range of
PM values here is much smaller than that of PD values in Fig. 3.

FIG. 4. Normalized differential cross-section for eþe− → Z →
ν4νlight as a function of the direction of the heavy neutrino, cos θ,
for different values of the heavy neutrino mass m4. The neutrinos
are assumed to be Majorana fermions.
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products can also be measured. Henceforth, we discuss
exclusively the charged-current decay mode, unless other-
wise noted.
If the heavy neutrinos are Dirac fermions, lepton number

is conserved: ν4 → l−
α ðW�Þþ while ν̄4 → lþ

α ðW�Þ−. If the
neutrinos are Majorana fermions, both decay modes are
accessible with the same partial width (at leading order):
both ν4 → l−

α ðW�Þþ and ν4 → lþ
α ðW�Þ− occur. This fact,

by itself, does not allow to distinguish Majorana from Dirac
neutrinos produced in Z-decay. If the neutrinos are Dirac
fermions, the following two decay-chains occur with the
same probability:

eþe− → Z → ν4ν̄i → l−ðW�Þþν̄i; ð4:1Þ

eþe− → Z → ν̄4νi → lþðW�Þ−νi: ð4:2Þ

Instead, if the neutrinos are Majorana fermions, the
following two decay-chains occur with the same proba-
bility:

eþe− → Z → ν4νi → l−ðW�Þþνi; ð4:3Þ

eþe− → Z → ν4νi → lþðW�Þ−νi: ð4:4Þ

At the end of the day, if one “counts” positively and
negatively charged leptons and the light neutrinos escape
undetected—as is (virtually) always the case—the two
scenarios look, globally, identical.
In more detail, however, the situation is more promising.

In the Dirac fermion case, the l− come from parents that
are produced with a nonzero AFB, Eq. (3.5), while the lþ
come from parents that are produced with the opposite
nonzero AFB, Eq. (3.6). In the Majorana fermion case, both
the lþ and the l−, independently, come from parents that
are produced with zero AFB, as demonstrated in Sec. III.
Therefore, given a large enough daughter-lþ and daughter-
l− final-state sample one can distinguish the nature of the
neutrinos. They are Dirac fermions if the daughter-lþ and
daughter-l− distributions reflect nonzero and opposite AFB,
they are Majorana fermions if both distributions reflect a
zero forward-backward asymmetry. We note that the
production of heavy neutrinos with masses above
100 GeV at high-energy electron–positron colliders, and
whether their nature can be determined using kinematic
variables, has been explored in [41,42]. Similar to what we
report here, there are kinematic production asymmetries
one can exploit when the heavy neutrinos are produced in
processes involving off-shell W- and Z-bosons.
Another important distinction is that the parent ν4 and ν̄4

are both strongly polarized if the neutrinos are Dirac
fermions (Fig. 3). Instead, the Majorana-ν4 are only
modestly polarized (Fig. 5). The kinematics of the final
states of the heavy-neutrino decay depend strongly on the
parent polarization. As a concrete, simple example, we

consider the two-body decay ν4 → lαπ. In the limit where
both the charged-lepton and pion masses are negligible—a
good approximation if m4 ≳ 10 GeV—for ν4 produced in
Z-boson decay at rest,

1

Γðl�Þ
dΓðl�Þ
dEl

¼ 4

ð1 − m2
4

M2
Z
Þ2
�ð1 − α�PÞ

2
−

m2
4

M2
Z

ð1þ α�PÞ
2

þ 2α�P
El

MZ

�
; ð4:5Þ

where ΓðlþÞ and Γðl−Þ refer, respectively, to the lþπ− and
l−πþ final states and El ∈ ½m2

4=ð2MZÞ;MZ=2� is the
charged-lepton energy in the Z-boson rest frame. α� are
the decay-asymmetry parameters, a measure of parity
violation in the weak-interactions. Here, αþ ¼ −α− ¼ 1.
Eq. (4.5) applies to both the Majorana- and Dirac-neutrino
cases. In the Dirac-neutrino case, one decay mode is
accessible to the heavy antineutrino, the other to the heavy
neutrino. We depict these decay distributions in Fig. 6
for different values of the heavy neutrino polarization P
and m4 ¼ 30 GeV.
The Majorana-fermion or Dirac-fermion nature of the

heavy neutrino leaves, therefore, an imprint in the energy
distribution of the final-state leptons. Figure 7 depicts the
lþ and l− energy distributions from ν4 (and ν̄4, in the Dirac
fermion case) integrated over all ν4 production angles θ, for
both hypotheses concerning the nature of the neutrinos and
for different values of m4. In the Dirac-fermion case, the
spectra of both lþ and l− are “hard” [Fig. 7 (left)] while
in the Majorana-fermion case they are flat [Fig. 7 (right)].
We highlight here that in order to distinguish Majorana
neutrinos from Dirac neutrinos using the charged-lepton
energy spectrum, one need-not reconstruct the charge of
the charged leptons.

FIG. 6. Normalized differential decay widths of ν4 → l�π∓ as
a function of the energy of the charged-lepton, for ν4 produced in
Z-decay-at-rest. The different curves correspond to different
values of α�P ∈ ½−1; 1� and m4 ¼ 30 GeV. Se Eq. (4.5).
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The lαπ final state is, for m4 values above several GeV,
relatively rare, well below a percent for m4 > 10 GeV, see,
for example, [43].4 The polarization-dependency of the
daughter-charged-lepton energy spectrum is not, however,
special to the lαπ two-body final state. There are several
other two-body decay modes including two-body decays
into other (pseudo)scalar mesons, lαρ, and two-body
decays into other vector mesons. The branching ratio into
lαρ is expected to be much larger than the one into
(pesudo)scalar mesons. In the limit m4 ≫ mρ, α� ¼ �1

[19] so the results discussed above apply directly.
For relatively heavy m4 ≳ 10 GeV, well above the

narrow hadronic resonances, one can naively consider
the ν4 to decay into lα plus “jets,” ν4 → lαqq̄. For ν4
light enough that one can safely integrate out theW-boson,
one can “map” the kinematics of the three-body ν4 → lαqq̄
decay into the well-known Michel decay of the muon. In
the ν4 decay, the charged-lepton plays the role of the muon-
neutrino in the Michel decay. Hence the differential decay
distribution of the charged lepton from ν4 → lαqq̄ is
peaked toward the maximum energy (here, MZ=2) for
lþ and positive polarization or l− and negative polariza-
tion. Instead, it vanishes at the maximum energy for lþ and
negative polarization or l− and positive polarization,
peaking at some intermediate energy. For P ¼ 0, it falls
somewhere between these two limiting cases as depicted,
for example, in Fig. 9 of [44]. A detailed study of all
accessible, visible ν4 decays is beyond the ambitions of this
manuscript. Detailed discussions can be found in, for
example, [45–66].

It is interesting to appreciate the role of the heavy
neutrino decay in the analysis and in our ability to
distinguish the Majorana-fermion hypothesis from the
Dirac-fermion hypothesis. Imagine, for example, that the
heavy neutrinos were very light and very long-lived but one
constructed a very efficient, humongous neutrino detector
all around the collider experiment. In this case, assuming
jUα4j2 were tiny, it would be best to measure the scattering
of the light neutrinos. The distributions computed here
apply to the light-neutrinos as well: if they are Dirac
fermions, they are produced with nonzero AFB while if they
are Majorana fermions AFB vanishes, and if they are Dirac
fermions, both the neutrinos and antineutrinos are 100%
polarized with equal and opposite helicity while if they are
Majorana fermions, their polarization is at most as large a
that of the Z-boson (see Fig. 5). While all these differences
are present, one would not be able to distinguish the
Majorana-fermion from the Dirac-fermion hypothesis by
measuring the neutrinos via scattering. The reason is that
these neutrinos are ultrarelativistic. When the left-helicity
Majorana-neutrino scatters via charged-current interac-
tions, it behaves exactly like a Dirac-neutrino, i.e., it only
produces negatively-charged leptons, and when the right-
helicity Majorana-neutrino scatters via charged-current
interactions, it behaves exactly like a Dirac-antineutrino,
i.e., it only produces positively-charged leptons. The
angular distribution of right-handed Majorana-neutrinos
is the same as that of Dirac-antineutrinos and that of left-
handed Majorana-neutrinos is the same as that of Dirac-
neutrinos so the result of the scattering experiment is the
same regardless of the nature of the neutrinos.

V. CONCLUDING REMARKS

Information on the nature of the neutrinos—Dirac
fermion versus Majorana fermion—are among the most

FIG. 7. Averaged, normalized differential decay widths of ν4 → l−πþ as a function of the energy of the charged-lepton, averaged over
the heavy-neutrino production angle, for ν4 produced in Z-decay-at-rest assuming the heavy neutrinos are Dirac (left) and Majorana
(right) fermions. The different curves correspond to different values ofm4. The same curves apply, both in the left-hand and in the right-
hand panels, to the lþπ− final-states.

4Very naively we estimate, Bðν4 → lαπÞ ∼ 5%ðmτ=m4Þ2 for
m4 masses larger than several GeV and lighter than the W-boson
mass.
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valuable pieces for solving the neutrino mass puzzle. The
same goes for the discovery of new particles. New neutrino-
like states are often associated with the new physics
responsible for nonzero neutrino masses. Depending on
their masses and couplings, these may be produced and
detected in a variety of experimental setups. New neutral
fermions are not, of course, necessarily directly related to
the origin of neutrino masses. Once one of these is
discovered, measurements of their properties, including
their nature, will be required in order to establish whether
they have anything to do with the new physics uncovered
by neutrino oscillation experiments.
We computed the kinematics of Z-boson decay into a

heavy–light neutrino pair when the Z-boson is produced
at rest in eþe− collisions, including the subsequent
decay of the heavy neutrino into a visible final state
containing charged-leptons. We were interested in heavy
neutrinos—defined in Sec. II—with masses m4 ∼
½10 GeV; 80 GeV� that decay fast enough that their
decay products can be detected in a future Tera-Z-like
experimental setup. We were especially interested in
addressing the nature of the neutrinos, heavy and light,
using this physics process.
Majorana- and Dirac-neutrino production are very differ-

ent. Majorana- and Dirac-neutrino angular distributions
(compare Figs. 1 and 4) are different and so are their
polarization states (compare Figs. 3 and 5). Majorana- and
Dirac-neutrino decays are also very different. Heavy Dirac
neutrinos decay into final states with lepton number þ1,
like μ−πþ while heavy Dirac antineutrinos decay into final
states with lepton number −1, like eþπ−. Instead, Majorana
neutrinos decay into final states with lepton number þ1 or
−1 with equal probability (at the leading order); for
example, both μ−ρþ and μþρ− final states are allowed
and equiprobable. If the heavy neutrinos are Dirac fer-
mions, negatively-charged leptons from heavy-neutrino
decay are produced with a nonzero forward-backward
asymmetry AFB, Eq. (3.5), while positively-charged leptons
are produced with the opposite nonzero AFB, Eq. (3.6). If
the heavy neutrinos are Majorana fermions, both the lþ
and the l− from heavy neutrino decay, independently, are
produced with zero AFB. One can distinguish the nature of
the neutrinos in this way: they are Dirac fermions if the
daughter-lþ and daughter-l− distributions reflect nonzero
and opposite AFB, and they are Majorana fermions if both
distributions reflect a zero forward-backward asymmetry.
Moreover, the decay spectrum of the daughter charged-
leptons depends on the polarization of the parent which, in
turn, depends on the nature of the parent. For the specific
case of two-body decays into charged-leptons, we showed
that the energy spectra of the daughter charged-leptons are
very different even if we integrate over the kinematics
of the parent heavy-neutrino, as depicted in Fig. 7. We
emphasize that if heavy neutrinos are discovered in eþe−
collisions at the Z-pole, there may be no better way to

establish if these are Dirac or Majorana fermions. This is
partly due to the fact that the heavy neutrinos are produced
together with a light neutrino and the total lepton number of
the final states cannot be measured in an event-by-event
basis. This is not special to the production of heavy
neutrinos at lepton colliders. There are circumstances under
which heavy neutrinos are produced at fixed-target experi-
ments in a way that it is not possible to directly search for
the violation of lepton number. In these cases, kinematical
variables also contain information capable of distinguish-
ing the Majorana-fermion from the Dirac-fermion hypoth-
esis [40].
In summary, given enough events, it is possible to

distinguish whether the hypothetical heavy–light neutrino
pairs produced in a Z-factory are Majorana fermions or
Dirac fermions, even though the violation of lepton-
number, or lack thereof, cannot be established in an
event-by-event basis. We estimate semiquantitatively that
around 400 events are required to establish the Majorana
or Dirac nature of the heavy neutrinos using the potential
forward-backward asymmetry alone (assuming that in the
Dirac-fermion case AFB is around 11%, according to
Fig. 2). Significantly fewer events would do the trick if
the electron beams were polarized. In this case, however,
the luminosity would be quite reduced relative to the case
of unpolarized beams: for a circular collider, by about a
factor fifty. For the polarization observable discussed here,
if the ν4 → l�π∓ decays were indeed observed, we
estimate that a handful of events would suffice. The
main challenge of the analysis is the existence of an
irreducible background: Z → Wð�ÞW� followed by Wð�Þ →
lν andWð�Þ → hadrons. This has the same final-state as the
new-physics process of interest here. Most of the back-
ground events, however, contain an on-shell W-boson that
can be tagged and removed. If the heavy neutrino is long
lived, cτ over a few tens of microns, this background
becomes negligible. This occurs for small values of the
relevant mixing parameters, jUα4j ≲ 10−9 for a 50 GeV
heavy neutrino [67]. On the other hand, a different
challenge arises if the mixing parameters are very small
and the heavy lepton is very long lived, escaping the
detector with large probability. To meet this challenge
one needs a detector with a very large radius, sufficient
energy resolution, and affordable cost. A more quantitative
appraisal of the sensitivity at proposed next-generation
lepton colliders, taking into account, for example, different
decay modes and the finite lifetime of the heavy neutrino, is
left for future work.
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