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The Majorana versus Dirac nature of neutrinos remains an open question. This is due, in part, to the
fact that virtually all the experimentally accessible neutrinos are ultra-relativistic. Noting that Majorana
neutrinos can behave quite differently from Dirac ones when they are non-relativistic, we show that, at
leading order, the angular distribution of the daughters in the decay of a heavy neutrino into a lighter one
and a self-conjugate boson is isotropic in the parent’s rest frame if the neutrinos are Majorana fermions,
independent of the parent’s polarization. This result follows from CPT invariance and is independent
of the details of the physics responsible for the decay. In contrast, if the neutrinos are Dirac fermions,
the angular distribution in such a decay is, in general, not isotropic. We explore the feasibility of using
these angular distributions—or, equivalently, the energy distributions of the daughters in the laboratory
frame—in order to address the Majorana versus Dirac nature of neutrinos if a fourth, heavier neutrino
mass eigenstate reveals itself in the current or next-generation of high-energy colliders, intense meson
facilities, or neutrino beam experiments. We also point out how the related decays of a heavy neutrino
into charged daughters can be used for the same purpose.
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1. Introduction

One of the leading unanswered questions about the neutrinos
is whether they are Majorana or Dirac particles. Since all neutrinos
that have been directly observed so far have been ultra-relativistic
in the rest frame of the observing experiment, and ultra-relativistic
Majorana neutrinos will almost always behave just like Dirac ones,
the effort to determine whether neutrinos are Majorana or Dirac
particles has proved very challenging. The most promising ap-
proach, by far, that is presently being pursued is the search for
neutrinoless double beta decay.

In contrast to the behavior of ultra-relativistic neutrinos, that of
non-relativistic ones can depend quite a lot on whether they are
of Majorana or Dirac character. This is illustrated by the capture
rate on tritium of the relic neutrinos from the Big Bang. Many, and
perhaps all, of these very cold neutrinos are non-relativistic. For a
given density, the tritium capture rate of the non-relativistic ones
is twice as large if they are Majorana particles as it is if they are
Dirac particles [1]. Unfortunately, the capture rate also depends on
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other unknowns, including the actual local (not universe-average)
relic neutrino density, so using tritium capture of the relic neu-
trinos to determine whether neutrinos are of Majorana or Dirac
character may prove to be unfeasible. Very low-energy ey — evv
scattering [2] and neutrino pair emission from excited atoms [3-7]
have also been explored as sources of non-relativistic neutrinos ca-
pable of addressing the Majorana versus Dirac question. The rates
for these and related processes, alas, are exceedingly small.

The observation that non-relativistic Majorana and Dirac neutri-
nos can behave quite differently leads us to consider the possibility
that there is a heavy neutrino N whose decays could be stud-
ied. In its rest frame, this neutrino would obviously be totally
non-relativistic. Such a neutrino is being sought experimentally
(for recent experimental efforts, see, for example, [8-12]. Recent
compilations of existing experimental searches and constraints can
be found in, for example, Refs. [13-23].). Given that the leptons
are known to mix, if one neutrino mass eigenstate is a Majorana
fermion, it is very likely that all the mass eigenstates, including N,
are Majorana fermions. Consequently, in this work we assume that
either all neutrino mass eigenstates are Majorana fermions, or else
all of them are Dirac fermions.

If all neutrinos are Majorana fermions, the rate for N to de-
cay into some specific final states is twice as large as it would be
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if all neutrinos were Dirac particles [24]. However, this difference
may not be too useful because the rate for decay into a given final
state also depends on unknown parameters: active-sterile mixing
angles, the existence of other new particles and interactions, etc.
Thus, it is intriguing that the Majorana or Dirac character of neu-
trinos could also be revealed by the angular distribution of the
particle X in a decay of the form N — vy, + X, where v; is a
lighter neutrino and X is a self-conjugate boson. The angular dis-
tributions in decays of this kind, and the laboratory-frame energy
distributions of particle X that correspond to them, are the fo-
cus of this paper. The angular distributions in the related decays
N—¢F+ X*, where ¢, is a charged lepton, can also be revealing,
and will be discussed as well.

If there is a heavy neutrino N, the observation at, for example,
a hadron collider of a lepton-number nonconserving sequence such
as quark + antiquark - W+ — N+u®™ — (et7~)+u™ would tell
us that the neutrinos, including N, are Majorana particles [25].
However, this type of information is not always experimentally
available. For example, if N is discovered at a neutrino oscilla-
tion experiment, manifest lepton-number nonconservation involv-
ing like-sign leptons as in our illustrative sequence may be im-
possible to establish because the detector may not have charge
discrimination. The angular distributions on which we focus here
could nonetheless still be studied.

2. Neutrino decay

Here we consider the two-body decays N — v, + X of a
heavy, polarized, spin one-half, neutral fermion mass eigenstate
N.! A preliminary version of the following discussion was given in
Refs. [26,27]. The daughter fermion v is a lighter neutral fermion,
possibly one of the established light neutrino mass eigenstates
V1, Vo, or v3, and X is a self-conjugate boson. Depending on the
mass of N, X could, for example, be a y, 79, p°, Z°, or HO. If X
is any of these particles, the decay rate I'(N — v, + X) is twice as
large if N and v, are Majorana particles as it is if they are Dirac
particles [24]. However, as already noted, this difference may not
be a useful way to tell whether neutrinos are Majorana or Dirac
particles, because the decay rate I'(N — v; + X) also depends on
other unknown parameters. Thus, it is fortunate that the angular
distribution of the daughters, which in most of these decay modes
does not depend on elusive unknown parameters, is also quite sen-
sitive to whether neutrinos are Majorana or Dirac particles.

2.1. Decay properties

Let us consider, in the parent’s rest frame, the decay N — v; +
X of a heavy neutrino N that is fully polarized by its production
mechanism, with its spin pointing along a direction we shall call
+z. Suppose that the particle X emerges at an angle 6 with respect
to the +z direction (with v; emerging oppositely), and that X and
vy are produced with helicities Ax, and A, respectively (see Fig. 1).
With A = Ax — A,, rotational invariance dictates that the angular
distribution of X is given by

rA=—1/2

dI'(N — v+ X) I‘)L:_;,_]/z r
= 1+ cos®
d(cos9) 2 I+ )+ 2

(1 —cosH) .

1)

Here, I';—y1/2 is the total rate for decays N — v + X yielding
daughter helicity configurations that have A = +1/2, and similarly

! In what follows, nothing precludes N from being one of the established light
neutrino mass eigenstates vq, v, or vs. In this case, in the absence of new, very
light particles, the only accessible two-body decay is N — v; + y.
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Fig. 1. The decay N — v; + X.

for T';—_1/2. We may rewrite the angular distribution of Eq. (2.1)
as

dr'(N—>vy+X) T

=—(14wacosh) , 2.2
d(cos9) 2( + ) (2.2)
where
=T=t12+Ts=12>0, (2.3)
and
a=T=t1/2 = Tr=—12)/T €[-1,+1] (2.4)

is the asymmetry parameter.

For the moment, let us suppose that neutrinos are Dirac par-
ticles, and that the decays described by Egs. (2.1)-(2.4) are those
of neutrinos. For the antineutrino decays, we have, in analogy to
Egs. (2.1) and (2.2),

r=—1/2

di(N— v+ X) Tz r
( 1+ X) I=H2 4 4 osg) 4+

d(cos8) 2

(1 —cosh)

r _
= 5(1 + acosf) , (2.5)

where the parameters [;—+1/2, [ai=—1/2, T, and @ are the N de-
cay analogues of their N decay counterparts.

At leading order in perturbation theory, the N decay amplitude
for given 6 and daughter helicities is

(X(O, Ax) v (T =6, 1) [ Hine | N(Up)) . (2.6)

Here, Hin: is the Hamiltonian, or effective Hamiltonian, that causes
the decay, and the “up” indicates that the parent N spin points in
the 4z direction. We assume that Hjy is invariant under CPT=¢ :
¢ Hinee ~' = Hine. Then, taking into account that CPT is an antiuni-
tary operator,

[(X(O, 2x) (T —0,0) | Hin | N(up))[?
= | (¢Hined TTEN(P) | £ X0, Ax) n(T — 0, 1,)) [
= | (HineN(down) | X(0, —ix) (7w — 0, —4,)) |
= (X(T — 0, —ax) D10, —Av) | Hint | N(up)) [* . (2.7)

Here, the last step assumes invariance under a 180° rotation about
the axis perpendicular to the decay plane.

Owing to the antiunitarity and antilinearity of ¢, the CPT in-
variance of Hint, {Hintl ! = Hint, does not imply that the all-
orders transition operator 7 for N — v 4+ X obeys ¢7¢~ 1 =T,
but only that it obeys ¢7¢~1 = 7T. For this reason, the constraint
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of Eq. (2.7) holds only in lowest order, where 7 = Hjn:, a Her-
mitean operator for which H?Lm = Hint. Henceforth, unless other-
wise noted, we assume that the lowest order result is an excellent
approximation for the full result.

Summed over the helicities for which Ax — 4, =1 = +1/2,
Eq. (2.7) implies that Th—11/2 = l:‘x:_”z. Similarly, summed over
the helicities for which A = —1/2, it implies that ['i—_1, =
T—t1/2. It follows that

r=r, (2.8)
and that
od=—-o . (2.9)

Now, suppose that neutrinos are not Dirac particles, but Ma-
jorana ones. Eq. (2.7) still holds, but with the bars distinguishing
antineutrinos from neutrinos erased. The neutrino decay angular
distribution is described by Egs. (2.1)-(2.4) and now Eq. (2.7),
summed over the helicities for which » = 41/2, implies that
Ca=t1/2 =Ta=-12. That is,

a=0; (2.10)

the angular distribution is isotropic in the case of Majorana neu-
trino decay. This isotropy was noted for the special case where
X =y in Refs. [28,29]. As we see, it holds for any self-conjugate
boson X. As we also see, it is a consequence of rotational and CPT
invariance alone, and does not depend on any further details of the
interactions(s) driving the decay.?

If the transition operator 7 for the decay N — v, + X is CP
invariant, then

[(X(O, ax)n(T —6,0) | T | Nup))?

=|(X(T =6, —Ax) (6, =) | T | N(up)) |* . (2.11)

This is the same constraint that we obtained from CPT invariance,
but since CP, unlike CPT, is a unitary operator, there is no longer
any requirement that 7 be Hermitean so, if CP invariance holds,
the constraint holds to all orders in perturbation theory. Of course,
the transition operator 7 may very well violate CP invariance. If it
does, then the constraint of Eq. (2.11) is invalid, but the CPT con-
straint of Eq. (2.7) on the lowest-order decay amplitude still holds.
For the processes we are considering, the lowest-order amplitude
is likely to be an excellent approximation.

In contrast to its isotropy in the Majorana case, the angular dis-
tribution in N — v; + X need not be isotropic in the Dirac case.
Indeed, as we discuss in Section 3, if one assumes the decay of
the neutrino is governed by the Standard Model weak interactions,
the angular distributions of the various neutrino decay modes are
typically quite far from isotropic and might allow us to determine
whether neutrinos are Majorana or Dirac particles.

2.2. Energy distribution in the laboratory

In the previous subsection, we considered the angular distribu-
tion of the decay of a neutral fermion in its rest frame. Given that
the daughter v; from the N — v; + X decay is likely to fly off the
detector environment undetected, reconstructing the N rest frame
on an event-by-event basis may prove to be, experimentally, very

2 We thank S. Petcov for long-ago discussions of this point for the case where
X=y.

challenging.? Here, instead, we consider the decays in the labora-
tory frame and consider the energy distribution of the X particle,
which “inherits” the properties of the angular distribution of the X
particle in the rest frame of the neutral heavy lepton.

If the neutral heavy lepton has a fixed laboratory energy Ey,
and correspondingly a fixed laboratory three-momentum of mag-
nitude py, the X particle is produced in the decay N — v + X
with laboratory energies Eg(L) that range from

i 1
Eg(L’mm)=§[EN(1+r)_pN 1 -nJ, (212)
to
1
Ex™ = S [En (141 +py (1 =1)], (213)

assuming the daughter v; to be massless. Here, r = mf(/m,z\, <1,
my is the mass of the parent neutrino N, and my is the mass of
the daughter boson X.

If the X particle has the angular distribution, in the parent’s
rest frame,

dnx
dcosOx

o (1+ Acosby), (2.14)
where A =P, « is the decay asymmetry parameter introduced in
the last subsection, and P is the polarization of the N sample, it
is straightforward to compute the energy distribution of X in the
laboratory frame:

dnx (En, Ef) 2 2 EP
i) x 1+A ——
dEY pn(1 =) (1-1 pn

1+r\En

1—r)pn] |
The energy distribution in the laboratory frame is linear in Eg(L) and
the slope of the distribution is proportional to A. Positive (nega-
tive) A implies a harder (softer) energy distribution for X in the
lab frame.

If, in an experimental setup, the N particles enter the detector

as a beam with energy distribution p(Ey), the number of decay X

particles with energy Eg(L) observed inside the detector with total
length ¢p is proportional to

(2.15)

E;\]max)
dny (En, EY
b / dEN%p(EN)[% . (2.16)
E(min) X

Here we assume the decay length of N to be much longer than ¢p.
The integration limits are

. 2
2rEPm — D (1 4y £ (1-1) ((E;“) —m§<>, (217)

where the plus (minus) sign gives the maximum (minimum) value.

Fig. 2 depicts the rate of X particles per unit energy as a func-
tion of the energy E&L), for mxy =100 MeV, my = 300 MeV, and a
flat Ey distribution bounded by 500 MeV and 1000 MeV. The dif-
ferent curves correspond to A =0, +1. If N is a Majorana fermion,

3 If the four-momentum of the X particle were measured and if the direction of
the momentum of the parent particle were known, it would be possible to recon-
struct the four-momentum of N on an event-by-event basis.
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Fig. 2. Laboratory energy distributions of the daughter X boson, assuming myx =
100 MeV, my =300 MeV, and a flat Ey distribution bounded by 500 MeV and
1000 MeV, for A =0, +1, defined in Eq. (2.14). If N is a Majorana fermion, only
A =0 is allowed, while any A € [—1, 1] is possible if A is a Dirac fermion.

only A =0 is allowed, while any A € [-1, 1] is possible if N is a
Dirac fermion. At least in this case, the three curves are quite dis-
tinct and, naively, it seems that distinguishing Dirac from Majorana
neutrinos using this energy distribution is straightforward as long
as |A| is not too small in the Dirac case.

The shapes of the curves in Fig. 2 are easy to understand. For
132 MeV < E§<L) < 456 MeV, the entire nonzero spectrum of N par-
ticles from 500 MeV to 1000 MeV can contribute to the event rate.
That is, for E&” in this range, the effective limits of integration in

Eq. (2.16) do not depend on Eg(L). Moreover, for A =0, Eq. (2.15)
shows that dnx/dEg(L) does not depend on Egg') either. That is why
the A =0 curve in Fig. 2 is flat for 132 MeV < Ey’ < 456 MeV.
From the E;L) dependence of dnx/dEg(L), Eq. (2.15), we see that the
A = —1 curve in Fig. 2 should have a negative slope for Egg') > 132
MeV and the A =41 curve should have a positive slope for Eg(L) <
456 MeV. The three curves meet at one point, ng) ~ 360 MeV.

This is a consequence of the fact that in dnx/dE(L). Eq. (2.15),
the coefficient of A contains two contributions of opposite sign,
one of which depends on EE(L). As a result, when the integral of
Eq. (2.16) is performed, the term proportional to A vanishes at the
point Eg(L) ~ 360 MeV. At this point, the event rate is independent

of A. For larger (smaller) Eg(L) values, the event rate for positive
(negative) values of A exceeds that for A =0.

3. Application—neutral heavy leptons

Neutral heavy leptons, sometimes referred to as sterile neu-
trinos and, when appropriate, right-handed neutrinos, are benign,
well-motivated additions to the Standard Model. They are a natural
side-effect of different mechanisms, including the renowned see-
saw mechanism, that lead to nonzero neutrino masses. They also
serve as a possible solution to the so-called short-baseline neutrino
anomalies, and are an excellent warm dark matter candidate that
is consistent with the observation of the currently unaccounted-for
astrophysical 3.5 keV X-ray line. For recent comprehensive reviews
on neutral heavy leptons, see Refs. [19,30,31].

Neutral heavy leptons are the subject of intense experimental
pursuit. Non-observations translate into constraints on their prop-
erties, especially their masses and how much they mix with the
Standard Model (active) neutrinos. The simplest recipe for neu-
tral heavy leptons, the one we will consider here unless other-
wise noted, is as follows. Add to the Standard Model field con-
tent gauge-singlet fermions. After spontaneous symmetry break-

ing, these mix with the active neutrinos in such a way that
the number of neutrino mass eigenstates is n, an integer larger
than three. As usual, the flavor and mass eigenstates are related
by a unitary matrix U with elements Ugyi: vy = Ugjvi, Where
o=e,U,r1,51,52,..., with s labeling the new fermions, and i =
1,2, 3,...,n labeling the neutrino mass eigenstates, whose masses
are mj3,..n, respectively. We will assume that the neutrino
masses are ordered from smallest to largest. The neutral heavy lep-
tons, or heavy neutrinos, are vq4, vs, ..., vy. Unless otherwise noted,
in this section we will refer to the heavy neutrinos generically as
Vg, rather than as N as in the previous sections, since “v4” is a
more natural notation for our present purpose.

Since the new gauge-singlet fermions do not couple to the
Z-boson or the W-boson, the weak currents of the neutrino mass
eigenstates are proportional to

Ugila V(1 — y5)v; (charged current), (3.1)

where ¢, are charged leptons, @ =e, u, T, or
Z UZUqjbivu (1 — y5)v;j (neutral current). (3.2)

a=e,u,T

Assuming no new interactions, the production and decay of heavy
neutrinos is described by the weak interactions and calculable as
a function of the heavy neutrino masses and the elements of the
mixing matrix. Depending on the heavy neutrino mass, heavy neu-
trinos are best probed by different experiments. For my < 10 eV,
heavy neutrinos can be spotted in neutrino oscillation experiments
with intense beams. For myq <1 GeV, heavy neutrinos are produced
in the decay of charged and neutral mesons and can be looked for
in intense meson facilities, including charm and B-factories. The
existence of heavier neutrinos, mg = 10 GeV, can be effectively in-
vestigated in collider experiments.

The heavy neutrino lifetime and the allowed neutrino decay
modes also depend on the heavy neutrino mass. For masses below
an MeV, only v4 — vy and v4 — vy, [ =1,2,3 are allowed.
Above an MeV, the three-body vs — vieTe™ decay mode is al-
lowed, and for masses above the muon mass many more decay
modes open up, including

Vg — u,zgfe;;, (3.3)
vg = vl (3.4)
vy — LEE, (3.5)

Vg — CFWE, (3.6)
va — 1 Z°, (3.7)
vs — VHO, (3.8)

where £y, £g are charged leptons and HO is the Higgs boson.

Regardless of their masses, the discovery of heavy neutrinos
would modify our understanding of particle physics. It would also
invite several questions, including whether these new neutral par-
ticles are massive Majorana or Dirac fermions.

As with the active neutrinos, one way to probe whether the
heavy neutrinos are Majorana or Dirac fermions is to test whether
they are charged under lepton number or, analogously, whether
they mediate lepton-number violating processes. Heavy Majorana
neutrino exchange could, for example, contribute to a nonzero rate
for neutrinoless double-beta decay. Their contribution, of course,
would be entangled with that of the light neutrinos and could lead
to a significantly enhanced or suppressed rate relative to what is
expected from light neutrino exchange. This contribution, however,
is rather indirect.
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One can also investigate whether the decay of the heavy neu-
trinos violates lepton number. For example, if the neutrino is pro-
duced in a charged-meson decay together with a charged-lepton
and later decays into another charged lepton (e.g. K¥ — vy
followed by v4 — e*7 F), it may be straightforward to spot lepton-
number violating effects. Indeed, same-sign dilepton events in a
hadron collider are among the different clean search channels for
Majorana neutral heavy leptons (e.g. pp — W+ — utv, followed
by v4 — eT plus jets). This strategy, however, may fail in a vari-
ety of ways. If the heavy neutrino is too light, it may be forbidden
from decaying into a final state that easily reveals its lepton num-
ber. For example, if the heavy neutrino mass is below the pion
mass, all information regarding the would-be lepton number of
the final-state is contained in neutrinos, which we assume are not
observable. This includes the three-body decays v4 — viete™ and
Vs — yyute. It is also possible that the detector cannot tell pos-
itively from negatively charged leptons. This is the case of many
neutrino detectors associated with the current and the next gener-
ation of neutrino oscillation experiments (Super- [32] and Hyper-
Kamiokande [33], the short-baseline detectors at Fermilab [34],
NOVA [35], DUNE [36]).

The angular distribution of the daughters of the heavy neutrino
decay, discussed in the previous section, provides another handle
on revealing the nature of neutrinos, including the heavy one. In
order to pursue this avenue, one needs to meet several require-
ments. We discuss some of these in more detail.

The heavy neutrino sample must be polarized. Assuming these are
produced via the weak interactions, as discussed above, this is
almost always the case given the maximally-parity-violating na-
ture of the weak interactions.* Furthermore, if neutrinos are Dirac
fermions, the polarization of a produced sample of V4 particles
will typically be opposite to that of the corresponding sample of
V4 particles. Since in the two-body v4 and V4 decays @ = —«,
Eq. (2.9), the anisotropies with respect to a fixed direction in the
vg and vy decays will then be of the same sign. Thus, even in an
experiment that cannot tag the lepton number of each neutrino,
and hence can only study the sum of the v4 and v4 decays, the
anisotropies in these two decays will not cancel each other. Indeed,
even if these anisotropies were of opposite sign, they would very
likely still not cancel each other, because any accelerator-laboratory
neutrino beam is produced by shooting protons at a fixed target
(a charge-asymmetric initial state), and the parent mesons whose
decays yield the neutrinos are often charge-selected before they
decay. Hence, there will be a different number of v4 particles than
of V4 particles in the beam, and consequently a different number
of v4 decays than of V4 decays.

The angular distribution of the v4 decay products must be anisotropic
in the Dirac case. Fig. 3 depicts the Feynman diagrams we assumed
for each of the decay modes we have considered. In Fig. 3, the
coupling of the y to the neutral leptons is assumed to be via a
transition magnetic dipole moment x and an electric dipole mo-
ment d, while the coupling of the Higgs boson H® to the neutral
leptons is assumed to be via a Yukawa interaction.

A simple illustration of the non-isotropic angular distributions
of Dirac neutrino decays is provided by the decay v4 — v + 7°.

4 One intriguing exception is when the heavy neutrinos are produced via the
two-body-final-state decay of spinless charged mesons (e.g. K* — u*v4) and the
neutrino mass equals that of the charged lepton. In K+ — p* vy, for example, the
spinlessness of the parent meson requires that the u* and v4 emerge with helici-
ties of the same sign, even though the weak interactions would normally produce a
right-handed 1" and a left-handed vy. If the v4 and the ™ have equal mass, then
the probability for the v4 to emerge with disfavored right-handed helicity equals
that for the u* to emerge with disfavored left-handed helicity. Thus, there will be
as many decays with two right-handed daughter leptons as with two left-handed
ones. That is, both the v4 and the u* will be unpolarized.

e V( v,

y -0

7 4

1/4 1/4
Fig. 3. The processes assumed to dominate, in the Dirac case, the decays v4 — v+ X

when X =y, 70, p°, Z9, or HO.

Table 1

Decay asymmetry parameters « for the two-body-final-state decays v4 — v+ bo-
son, as defined in Eq. (2.4), assuming that neutrinos are Dirac fermions, m4, m, and
my are the mass of the heavy neutrino, the neutral p-meson, and the Z-boson, re-
spectively. 1 and d are the magnetic and electric transition dipole moments. Both
are generated at one-loop assuming the heavy neutrinos interact as prescribed by
the weak interactions.

Boson y 70 o° z0 HO°
2
o 23(ud*) ] mg—2my, g —2m} 1
|12 +1d1? m2+2m2 mZ-+2m?

Owing to the chiral structure of the Standard Model neutral weak
current, if v4 and v; are Dirac particles, the amplitude for vs —
v+ 79 is proportional to

_ 1-— 1-—
uu,lﬂn( )/s)uu4 —ma [( 2)/5)

5 (3.9)

¥
uv,:| YolUy, .
Here, u,, and u,, are Dirac wave functions, p; is the momentum
of the 0, my is the mass of v4, and we have neglected the mass
of ;. So long as the vs and 7° masses are not extremely close
to being equal, the daughter v; will be highly relativistic in the v4
rest frame. As a result, the left-handed chiral projection operator in
Eq. (3.9) will make the amplitude for the v; to have right-handed
helicity negligible relative to that for it to have left-handed helicity.
Thus, in essentially every decay, the parameter A = A, — A, will
be +1/2, and therefore the angular distribution of the pions from
v4 — v+ 7% will be proportional to (1 + cos ). This is as far from
isotropy as it is possible to get in the two-body decay of a spin-1/2
particle [see Egs. (2.1)-(2.4)].

We have computed at leading order the decay-asymmetry pa-
rameters « for different neutrino decay final-states, assuming the
neutrinos are Dirac fermions. These are tabulated in Table 1 and
are all, in general, nonzero. Indeed, most are, in fact, order one in
magnitude, with few exceptions.

It is interesting that the asymmetry parameter for the v4 de-
cay into a vector boson V, v4 — v, + V, vanishes for ms = ﬁmv,
where my is the mass of the vector boson. Furthermore, depend-
ing on the relative magnitude of my and my, it can have either
sign. This is easy to understand. Angular momentum conservation
allows one to write
dN(vg—>vi+V) 1

1
= =TIy, =0(1+4cos0 =TI, =—1(1—cos0Oy).
dcos0y 7T o(1+ v)~|—2 ay=—1( v)
(3.10)

The relevant amplitudes are proportional to dot products involving
the polarization four-vectors for V so
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m

Amplitude(Ay = 0) oc — (311)
my

and

Amplitude(hy = —1) x v/2 (3.12)

where the proportionality factors (e.g. interaction strength) are the
same for both amplitudes. Using Egs. (3.11) and (3.12),
_ Fky:O — F)vafl _ mﬁ — 2m‘2,
Diy=0+Tay=—1 m3+2m}

(313)

3.1. An advantageous class of decay modes

Until this point we have focused on the decay modes vq —
Ve + X, where X = X. The theoretical discussion of these modes is
particularly clean. However, with a neutrino-facility detector that
can identify e, u, and 7, but has no electric charge discrimina-
tion, one can also determine whether the neutrinos, such as vyg,
are Majorana or Dirac particles by studying the decay modes

vy — 0+ X*E (3.14)

where ¢, is an e or i, and X is, for example, a 7w or p. If the
detector can measure the ¢, and X momenta, it can determine, in
each event, where in momentum space the v,4 rest frame is. Thus,
it can determine the angular distribution of the daughter X in the
vy test frame directly. In addition, a peak at the v4 mass in the
Iy X invariant mass distribution would help to reduce backgrounds.
Consequently, the decay modes v4 — £J + X* would appear to be
experimentally advantageous.

To be sure, for given ¢, and X, a detector that lacks electric
charge discrimination can measure only the sum of the ¢, X* and
¢4 X~ angular distributions. However, through an analysis similar
to that which we carried out for v4 — vy + X in Sec. 2, we find
that this sum of angular distributions will be isotropic if v4 is a
Majorana fermion, but not isotropic if v4 is a Dirac fermion. In the
latter case, the detector is summing indiscriminately over vy —
¢, +X* and vg — ¢ + X~ events.

We conclude that the angular distributions in (174) — L5+ X+,
as seen in a detector that does not have charge discrimination, can
also be used to determine whether neutrinos are Majorana or Dirac
particles.

As an aside, let us recall that in our discussion of the decays
vs — v + X, where X = X, our working assumption has been
that all neutrinos have the same character: either all of them are
Majorana fermions, or all of them are Dirac fermions. However,
an analysis similar to those already discussed shows that, regard-
less of the character of the daughter neutrino in these decays, the
angular distribution (and the corresponding lab-frame X particle
energy distribution) will depend only on the character of the par-
ent. The angular distribution will be isotropic if the parent is a
Majorana fermion, and not isotropic if it is a Dirac fermion. This
conclusion takes into account the fact that no realistic detector will
detect the daughter neutrino. Thus, just as a detector that lacks
charge discrimination can observe only the sum of the ¢; X* and

¢4 X~ angular distributions in the decays (174) -3+ X%, so, if
V| # 1}, any realistic detector can observe only the sum of the v X
and ;X angular distributions in the decays (174) — (F,) + X.

3.2. Other practical concerns

In order to observe the decay of the heavy neutrino into a par-
ticular final state, it is imperative that the rate of decay into this

final state be great enough. This, in turn, requires that the heavy
neutrino lifetime be short enough. We have estimated the heavy
neutrino lifetime as a function of its mass [24,37,38]. The lifetime
depends on the unknown new mixing parameters (|Ug4|?). These
are constrained by existing data and the current upper bounds
are strongly dependent on my4 [13-22]. Roughly, in the absence
of new interactions, ct4 > 10° m for mg =10 MeV, ct4 > 10> m
for my =100 MeV, and c74 > 10 cm for m4 = 500 MeV.” It is safe
to conclude that a significant number of heavy neutrino decays re-
quires masses larger than tens of MeV.

The mass region between tens of MeV and a few GeV is, not
by chance, the main target of the NA48/2 and NAG62 experiments
at the CERN SPS [10], and the SHiP [11] and DUNE [36] propos-
als. These experiments can look for heavy neutrinos by producing
them in meson-decay processes and observing their decays inside
a large decay volume. Given current constraints on heavy neutri-
nos, both the DUNE and SHiP proposals, for example, are capable
of observing hundreds of heavy neutrino decays assuming these
neutrinos have masses around 500 MeV. For these masses the
dominant decay modes of the heavy neutrino are 7%, wte~, and
atu.

As alluded to earlier, in order to establish whether the heavy
neutrino decay is isotropic in the rest frame of the parent neu-
trino, the initial state of the neutrino—i.e., its momentum—needs
to be well characterized. This is especially challenging if we are in-
terested in the decay of a heavy neutrino into a light neutrino and
another Standard Model particle. Since the final-state neutrino is
not measured, it is, in general, very hard to reconstruct the mo-
mentum of the parent heavy neutrino on an event-by-event basis.
This issue can be bypassed, in principle, in a few ways. For exam-
ple, it may be possible to learn about the kinematical properties
of the heavy neutrino from its production. In case of heavy neutri-
nos produced by meson decays, for example, the neutrinos inherit
the momentum distribution from the parent-mesons.® This is espe-
cially convenient in decay-at-rest-beams, where the parent meson
is stopped before it decays. In this case, if the heavy neutrino is the
product of a two-body decay, it is monochromatic and its energy
is known exactly. On the other hand, the heavy neutrino “beam” is
isotropic and one may need to worry about the reconstruction (or
lack thereof) of the direction of the heavy neutrino momentum.

If v4 is heavy enough to decay into erw, or perhaps even into
uir, then, as we have discussed, its Majorana or Dirac charac-
ter can be determined even in a neutrino-beam or meson-factory
experiment employing detectors without charge discrimination. In
addition, if, for example, we have in such an experiment a v4 beam
of known direction, and both the 7%y and w*e~ decay modes
are observed, we can use the visible final state (7 e™) to re-
construct the energy distribution of the heavy neutrinos and then
use this distribution in order to determine whether the 7%y de-
cay is isotropic. This could help confirm the conclusion concerning
whether v4 is a Majorana or Dirac particle drawn from study of
the e final state alone. One last possibility is that there may be
two heavy neutrinos, v4 and vs. In this case, one can hope to ob-
serve, for example, vs — v40°, followed by v4 — +e~ and fully
reconstruct the momentum of the initial-state vs.

The mass region above tens of GeV is accessible to high-
energy collider experiments, including those at the LHC [8,9,21].

5 These estimates are obtained assuming the square-magnitude of relevant ele-
ments of the mixing matrix |Ug4|? ~ 0.1, which we assume is a loose upper bound
on these new mixing parameters. The lifetime, of course, scales like 1/|Uq4|2.

6 This is analogous to the conditions in long-baseline neutrino experiments.
There, the neutrino energies are not known on an event-by-event basis, but the
neutrino energy distribution is known with some precision. Furthermore, the neu-
trino energy cannot be trivially measured after it scatters in the near or far detector.
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The situation here is qualitatively different. The lepton number
of the initial state—zero—is well known and there are circum-
stances where the lepton number of the final state can be char-
acterized well. Since these v4s are heavy, event topologies similar
to pp = W™ + stuff — €T vy + stuff — ¢7¢'+ + stuff, where ‘stuff
stands for reconstructed particles with zero lepton number, would
unambiguously reveal that v4 is a Majorana fermion. On the other
hand, knowledge of the properties of the heavy neutrinos would
be available and it would be, in principle, possible to reconstruct
the rest frame of the heavy neutral lepton and measure the decay
angular distribution of its daughter boson X in vq4 — v, + X de-
cays. The importance of looking at angular distributions at collider
experiments was also highlighted in Ref. [39]. It should be noted
that if v4 is heavy enough, X = Z% and X = H° may be accessible.
The Higgs-final-state includes information on the neutrino Yukawa
couplings.

4. Discussion and conclusions

Massive neutrinos are either Majorana or Dirac fermions. Given
all neutrino-related information available, these two qualitatively
different hypotheses are both still allowed. The reason for this is
that, in the laboratory reference frame, neutrinos are almost always
ultra-relativistic and, it turns out, it is very difficult to distinguish
Majorana from Dirac neutrinos under these conditions. Experi-
ments with non-relativistic neutrinos, on the other hand, have no
difficulty distinguishing Majorana from Dirac neutrinos.

Here we explored the physics of neutrino decay, concentrating
on how it can be used to establish the nature of the neutrinos. De-
caying neutrinos are, in some sense, always non-relativistic—you
can naturally describe the decay process in their rest frame—and
we anticipate that Majorana and Dirac fermions can be qualita-
tively different. We showed that the angular distribution of the
final state boson in the two-body decay N — v; + X of a polarized
neutrino N into a lighter neutrino v, and a self-conjugate boson
X is isotropic in the parent’s rest frame if neutrinos, including N,
are Majorana fermions. In contrast, if neutrinos are Dirac fermions,
the angular distribution in such decays is almost never isotropic.
This is a very general—albeit approximate—result. It depends only
on CPT-invariance and is exact at leading order. It is also exact to
all orders if CP-invariance is respected in the neutrino sector.

We pointed out that while measuring the angular distribution
of X in the parent neutrino rest frame may be very challeng-
ing, the same information is captured, in the laboratory frame, by
the energy distribution of X, an observable that is, perhaps, more
accessible, even to neutrino-beam experiments. We identified qual-
itative conditions that need to be met in order to attempt such
measurements. We explained that the angular distributions in two-
body decays of a heavy neutrino into charged daughter particles
can also reveal whether neutrinos are Majorana or Dirac particles,
even when these decays are studied by a detector that does not
have charge discrimination.

We did not explore other neutrino decay modes, including
three-body final states (e.g. N — v7¢'~). We expect these also
contain robust information capable of distinguishing Majorana
from Dirac neutrinos. We hope to return to this topic in another
manuscript. We also did not explore the application of this pro-
cedure to resolving the Majorana versus Dirac nature of other
hypothetical particles, including the gauginos in supersymmetric
versions of the Standard Model. This question has been discussed
in the literature—see for example, [40] for a comprehensive dis-
cussion. The observation of the decay x9 — x?Z°, followed by the
measurement of the helicity of the daughter Z-boson, for exam-
ple, was explored in [41,42] as a means to address the nature of
the neutralinos x3, x?.

We left out several possible sources of non-relativistic neutri-
nos from our discussion. The most prominent among them is the
cosmic neutrino background. To detect these background neutrinos
experimentally it may be possible to compensate for their very low
energies using targets with vanishing threshold energies, such as
beta-decaying nuclei [43]. The capture cross section of such neu-
trinos is inversely proportional to the neutrino velocity, as cross
sections of exothermic reactions of non-relativistic particles typi-
cally are. In such cases, the number of capture events converges to
a constant value as the velocity goes to zero, making experimen-
tal investigations somewhat more realistic [44]. Another possible
source of non-relativistic neutrinos was suggested following the
observation of a monochromatic, 3.5 keV emission line in the X-
ray spectrum of galaxy clusters. Such a line may result from the
decay of a 7 keV neutral fermion that decays into a photon and
an active neutrino. Such neutral fermions are candidates for dark
matter particles as they can be resonantly produced in the Early
Universe [31]. Other conventional non-relativistic neutrino sources
have been explored in the literature [2-7]. While intriguing, the
rates for the low-energy processes involving these sources are way
outside the reach of even the most ambitious laboratories.
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