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2.1.1. Motivation for Considering the Possibility that 7J = v 

Electrons and protons are obviously not their own antiparticles, since they are 

electrically charged. Similarly, neutrons are clearly not their own antiparticles, 

since they carry baryon number. By contrast, it is possible that neutrinos are 

their own antiparticles, since they carry neither electric charge, nor, as far as 

we know, any other charge-like attribute. It might be objected that neutrinos 

carry "lepton number", the quantum number that distinguishes an antilepton 

from a lepton. However, as we shall see, there is in reality no evidence that any 

such quantum number exists. Thus, it is indeed possible that neutrinos, unlike 

all the other known fermions, are their own antiparticles. 

From the theoretical standpoint, this possibility is a very attractive one. 

To see why, let us first note that, in general, grand unified theories lead us to 

expect that neutrinos are massive. In any grand unified theory, the neutrino 

of a given generation is placed in a multiplet together with the charged lepton 

and the quarks of the same generation (and sometimes together with additional 

particles as well). Now, the charged lepton and quarks of any generation are all 

known to be massive. Thus, being in a multiplet with them, the neutrino would 

have to be exceptional to be massless. Nevertheless, we know that the neu

trino in each generation is, at the heaviest, much lighter than the corresponding 

charged lepton and quarks. Assuming that the neutrino is indeed massive, we 

have to unders: ,nd why its mass is so much smaller than the masses of these 

other particles. The most popular explanation of this fact is the "see-saw mech

anism" [GEL ;9, YAN i9, MOH 80, ~IOH 81). This predicts that each neutrino 

mass A/v obeys a "see-saw relation" of the form J.Hv1\1 :::::: [Typical quark or 

charged lepton mass]2, where JI is a very large mass scale. Very importantly, 

the see-saw mechanism also predicts that neutrinos are their own antiparticles. 

[For a discussion of neutrino mass terms in gauge field theories, and a detailed 

explanation of the see-saw mechanism, see KAY 88a.] 

2.1.2. The Precise Meaning of 7J = v: Dirac and Majorana Neutrinos 

\Vhat, precisely, do we mean when we say that a neutrino v is its own antiparti

cle? 'vVe do n.m. mean that C Iv) = i7e Iv), where C denotes charge-conjugation 

and i7e is the C-parity of v. After all, the weak interactions which dress the state 
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Iv) are maximally C-nonconserving. Henc~, if Iv) has some definite C-parity at 

one instant, it will not have this same C-parity at a later instant. Thus, a 

neutrino which is its own antiparticle must be defined by its transformation 

properties under CPT, which presumably is completely conserved. Under CPT, 

any neutrino Iv(p, h)) of momentum p and helicity h transforms according to 

CPT Iv(p,h)) = i7~PT Iv(p, -h)). (2.1.1) 

Here the helicity reversal is due to the P operation, and the phase factor i7~PT 

depends on the helicity, as we shall see. If the neutrino is not its own antiparticle, 

then the particles v and v in Eq. (2.1.1) differ. That is, the particles we call 

the "neutrino" and the "antineutrino" interact differently with matter. \Vhen 

this is the case, v is referred to as a Dirac neutrino v D • Obviously, in its rest 

frame such a neutrino consists of four states: two spin states for the neutrino, 

and an additional two for the antineutrino. By contrast, when the neutrino v is 

its own antiparticle, the particles v and v in Eq. (2.1.1) are identical. That is, 

for given momentum and helicity, the particles we call the "neutrino" and the 

"antineutrino" have identical interactions with matter. vVhen this is the case, 

v is called a Majorana neutrino v·\f. In its rest frame, such a neutrino consists 

of only two states: one with spin up, and one with spin down. 

2.1.3. Why We Do Not Know If v = v 

vVhy is it that we do not know whether neutrinos are their own antiparticles? 

The reason is that the experimentally available neutrinos are always polarized, 

and, in particular, the "neutrinos" are polarized oppositely from the "antineu

trinos". The particles we call "neutrinos" are always left-handed, while those 

we refer to as "antineutrinos" are always right-handed. As a result, we have not 

, been able to compare the interactions with matter of neutrinos and antineutrinos 

of the same helicity. To be sure, we know very well that the left-handed neu

trinos interact very differently from the right-handed antineutrinos. However, 

there is no way of knowing whether this difference is due simply to the difference 

in polarization in the two cases, or to a real dIstinction between neutrinos and 

mtineutrinos that goes beyonci:1ere polarization. 

A good illustration of this state of affairs is provided by the neutrinos from 

pIon decay. The neutral lepton emitted in the decay 1r+ - J.l+ + v~, which 

2 

'".I 



" 

by convention we call a neutrino rather than an antineutrino, is always of left

handed (i.e., negative) helicity. Let us indicate this fact by labelling it 1I~(-). 

By contrast, the neutral lepton emitted in the decay 7r- -+ p.- + 77~, which by 

convention we call an antineutrino, is always of right-handed (positive) helicity. 

\Ve shall indicate this fact by labelling it 77~( +). Now, it is observed that when 

a 1I~( -) strikes a nucleon N, the reaction 1I~( -) + N -+ p.- + X may occur, but 

the reaction 1I~( -) + N -+ p.+ + X will not. By contrast, when 77~( +) strikes a 

nucleon, the reaction 77~( +) +N -+ p.+ +X may occur, but 77~( + )+N -+ p.- +X 

will not. Unfortunately, this difference in interaction patterns has two possible 

explanations: (1) The difference may be due simply to the fact that 1I~(-) and 

77~( +) have different polarizations. (2) It may be that there exists a conserved 

lepton number L, with L(lI~) = L(p.-) = +1 but L(77~) = L(p.+) = -1, so that 

the unobserved reactions are forbidden, and 1I~ and 77~ are genuinely different. 

To settle the issue of whether 1I~ and 77~ differ, we must find out how the 

interactions of a 1I~ and a 77~ of the ~ helicity compare .. Suppose, for example, 

that we could somehow reverse the helicity of a 77 ~( +) created in 7r- decay. \Ve 

could then ask whether the resultant left-handed particle, 77 ~( - ), interacts with 

nucleons in the same way as the left-handed 1I~( -) born in 7r+ decay. If the 

answer is yes, then 77~( +) and 1I~( -) differ only in helicity; that is, 1I~ is a 

~lajorana neutrino. If the answer is no, then 1I~( -) and 77~( +) evidently differ 

in a way that goes beyond helicity; that is, 1I~ is a Dirac neutrino. Regrettably, 

the reversal of neutrino helicity is very difficult, and has not been done. 

Indeed, when a neutrino is massless, the reversal of its helicity is completely 

impossible, assuming there are no right-handed currents. For a massless neu

trino, the helicity cannot be reversed by viewing the neutrino from a frame in 

which the direction of its momentum is reversed, since for a massless particle 

there is no such frame. It is not hard to show that, in addition, if all weak 

currents are left-handed, the helicity of a massless neutrino cannot be reversed 

by interactions between the neutrino and matter. Thus, in the massless case 

there is no way to produce a particle such as 77 ~( - ), so it becomes meaning

less to ask how this particle behaves. Consequently, the distinction between a 

:Vlajorana neutrino and a Dirac one disappears. Furthermore, the approach to 
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the massless limit is a smooth one, so that even if, as we suspect, neutrinos 

have nonzero masses, it is nevertheless very difficult to tell whether they are 

Majorana or Dirac particles because their masses are so tiny compared to their 

energies and other mass scales [KAY 88b]. This difficulty has been referred to 

as the "practical Dirac-Majorana confusion theorem" [KAY 82]. 

2.1.4. CP and CPT Properties of Majorana Neutrinos 

'-IVe have defined a Majorana neutrino v M as one which is its own mirror image 

under CPT: 

CPT IvM (p, h) = ~~ PT IvM (p, - h ) ) . (2.1.2) 

To the extent that CP is conse~ed, such a neutrino is also an eigenstate of CP: 

(2.1.3) 

Here the momentum and helicity reversals are due to the P operation, and the 

phase factor iicp is the intrinsic CP-parity of the neutrino vM . Different neutri

nos can have different values of ~cp, but the permissible values of this quantum 

number are ±i, rather than ± 1. An easy way to see this is to consider the 

decay of the neutral weak boson into a pair of identical Majorana neutrinos: 

Zo _ vv. In the standard model, this decay conserves CP. To find the conse

quences of this conservation, it suffices to suppose that the outgoing neutrinos 

are nonrelativistic. Then, since they are identical fermions, they must be in a 

3 PI state, since this is the only antisymmetric nonrelativistic state with total 

angular momentum equal to the spin of the ZOo Now, from Eq. (2.1.3) it follows 

that if the intrinsic CP-parity of v is iicp(v) , then our vv final state, with orbital 

angular momentum L = 1, obeys 

c P Ivv; 3PI ) = i72-p(v) ( _1)L Ivv; 3PI ) 

= -i7bp(v) Ivv; 3PI ). (2.1.4) 

Since the ZO has CP = + 1, conservation of CP in ZO - vv then implies that 

-i7~p(v) = +1. Hence, the allowed values of the intrinsic CP-parity of a Majo

rana neutrino are [KAY 84] 

iicp(v) = ±i. (2.1.5) 
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To illustrate the consequences of ijcp, and of the fact that it is imaginary, let 

us consider the process e-e+ ~ N t N2 , where Nt and N2 are two distinct heavy 

Majorana neutral leptons [PET 86]. Assuming that the process is engendered 

by W boson exchange, the only incoming helicity configuration that couples is 

e-(-)e+(+). In the e-e+ c.m. frame, this state is a CP eigenstate, and it is 

not hard to show that it has CP = +1. Now, consider the process just above 

Nt N2 production threshold, and suppose that the final particles are in a state 

with definite orbital angular momentum L. Then the final state is also a CP 

eigenstate, and from Eq. (2.1.3) its CP is ijcp(Vt)ijCP(V2) ( _l)L. Thus, if CP is 

conserved in our reaction, 

(2.1.6) 

Bearing in mind that the possible values of ijcp are imaginary, we see that if 

. ijcp(vd = ijCP(V2), the allowed partial wave near N tN2 threshold is the p wave, 

while if ijcp(vd = -ijCP(V2), it is the s wave. Had the values of ijcp been real, 

it would have been the other way· around. 

Now what can be said about the CPT phase factor ij&PT in Eq. (2.1.2)? 

\Vith ( = CPT, in the rest frame of v·\1 this equation reads 

(2.1. i) 

where s = ±! is the projection of the spin of vM along some reference direction. 

This equation implies that, as long as we act only on the states IvM(s)), (J = 

-Je., where Jis the angular momentum operator. It follo~s that (J+ = -J_e., 
where J: = Jz ± iJ" are the raising and lowering operators, and we have used 

the fact that ( is antiunitary. If we apply this anticommutation relation to the 

state I v·\I ( -1 ) ), we obtain [KAY 84] 

(2.1.8) 

Thus, 'i( does indeed depend on the direction of the spin: 

-+1/2 --1/2 
77( = -7]( . (2.1.9) 
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However, apart from this constraint, ij( is arbitrary, because the states IvM (8)) 

and IvM ( -8)) appearing in Eq. (2.1.7) can always be redefined through multi

plication by arbitrary phase factors. 

2.1.5. Electromagnetic Properties of Majorana Neutrinos 

How do the electromagnetic properties of neutrinos depend on whether they 

are Dirac or Majorana particles? From Lorentz invariance and current conser

vation, it follows that for any spin-1/2 fermion I, the matrix element of the 

electromagnetic current J:M has the form 

(/(Pf' h f) IJ:MI I(pi, hi)) = iiiAF,~+G(q2,~ -2mfiq~)'5+1\1 O'j.I"q"+EiO'j.I,,q"'S]Ui. 
(2.1.10) 

Here Pi, hi are the initial momentum and helicity of I, Pf, hf are the final ones, 

q = Pi - Pf, mf is the mass of I, and F, G, AI, and E are form factors which 

depend on q2. If I is a Majorana neutrino vM , then the electromagnetic matrix 

element obeys the CPT constraint 

(2.1.11) 

The minus sign in this relation arises from the fact that J:M is CPT-odd, 

and the interchange of the initial and final states from the fact that ( = CPT 

is antiunitary. Using the relation ij~: ij~/ = (_l)h;-h/ which follows from Eq. 

(2.1.9), and writing both the first and third "sides" of the constraint (2.1.11) in 

the form (2.1.10), one can show that this constraint implies that F = AJ = E = 0 

[~IE 82, KAY 83, ~ICK 82]. That is, for a ~Iajorana neutrino, the most general 

form of the electromagnetic matrix element is [KAY 82, NIE 82, SCH 81] 

(2.1.12) 

involving only a G-type form factor. By contrast, for a Dirac neutrino there is 

no analogue of the constraint (2.1.11), and the electromagnetic matrix element 

can have the full structure of Eq. (2.1.10), with all four form factors. 
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The magnetic and electric dipole moments of any fermion are, respectively, 

the values of its kl and E form factors at q2 = o. Thus, a Majorana neutrino has 

no dipole moments. The electric charge radius of any fermion is, apart from a 

numerical factor, the derivative of its F form factor at q2 = o. Thus, a Majorana 

neutrino has no charge radius either. 

The absence of dipole moments is easy to understand. Suppose that some 

Majorana neutrino has a magnetic dipole moment J.lMagS and an electric dipole 

moment J.lElS, where S is the neutrino spin. Then, when this neutrino is at 

rest in static, uniform magnetic and electric fields B and E, it has a dipole 

interaction energy -J.lMagS· B - J.lElS· E. Now, in the CPT-reflected state, the 

spin sis reversed, but (as one may easily show) Band E are unchanged. Thus, 

the dipole interaction energy is reversed. Hence, if the world is to be invariant 

under CPT reflection, J.lMag and J.lEl must vanish. 

The absence of a charge radius is also easy to understand. Suppose, for 

example, that some Majorana neutrino has a charge radius arising from the 

presence, in the (neutral) neutrino, of a positively-charged core surrounded by 

a compensating negatively-charged shell. Under CPT, this charge distribution 

transforms into a negative core surrounded by a positive shell, something quite 

different from its original self. However, a Majorana neutrino must transform 

into itself under CPT, apart from a spin-reversal. Thus, a Majorana neutrino 

actually cannot contain a positive core and negative shell. This illustrates why, 

more generally, such a neutrino cannot have a charge radius. 

Despite the absence of dipole moments and a charge radius, a Majorana 

neutrino can couple to a photon. It does this through its G-type form factor. 

The electromagnetic structure to which this form factor corresponds [RAD 85] 

may be pictured as a torus formed by bending a flexible straight solenoid into 

the shape of a circle and joining the ends. The B field formerly present inside 

the solenoid will now circulate around the interior of the torus. 

Unfortunately, it is extremely unlikely that we will be able to determine 

whether neutrinos are Dirac or ~Iajorana particles by studying their electro

magnetic properties. Indeed, the insensitivity of electromagnetic studies to the 

Dirac-Majorana distinction is an example of the practicai Jirac-Majorana con-
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fusion theorem referred to earlier. It is true that, while a Majorana neutrino 

can never have a magnetic dipole moment, the standard model (with neutrino 

masses added) predicts that a Dirac neutrino of mass iV/v will have a dipole mo

ment J1.Mag = 6 x 1O-19(AJ,,/leV)J1.B, where J1.B is the Bohr magneton [LEE 77]. 

However, for AI" below the existing upper bounds, this moment is far too small 

to be detected experimentally [SHR 82]. It is also true that, while a Major~na V 

neutrino can never have an F-type form factor, the standard model predicts 

that a Dirac neutrino will have one [Section 2.6 of this volume and DEG 88]. 

However, this model also predicts that both a Dirac and a Majorana neutrino 

will have a G-type form factor. Now, the only experimentally available neutrinos 

are highly-relativistic and left-handed. For such neutrinos, the F and G form 

factors lead to electromagnetic matrix elements which are helicity-preserving 

and of identical structure. Furthermore, the standard model (or any model with 

no right-handed currents) predicts that for any highly-relativistic left-handed 

neutrino, the matrix element arising from the G form factor if the neutrino is 

of Majorana character is identical, not only in structure but also in size, with 

that arising from the F and G form factors together if the neutrino is of Dirac 

character [KAY 82, KAY 88b. See also BAR 88]. 

For further discussion of the electromagnetic structure of neutrinos, see 

Section 2.6 of this volume. 

2.1.6. CP Violation When il = l/ 
In the standard model, CP violation in the weak interactions of quarks arises 

from complex phase factors in the quark mixing matrix. However, .unless there 

are at least three generations, all phase factors in this matrix can be rotated 

away, and so have no physical significance. Thus, in the standard model, the 

quark interactions could not violate CP at all if there were fewer than three 

generations [KOB 73]. 

In analogy with the quark interactions, the leptonic interactions can violate 

CP (in the standard model) as a result of complex phase factors in the leptonic 

mixin~ matrix. However, if neutrinos are their own antiparticles, then, for a 

given number of generations, fewer of the phases in the leptonic mixing matrix 

than of those in the quark matrix can be rotated away [BIL 80, SCH 80, DOl 
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81, KOB 80]. In particular, one phase already survives when there are only two 

generations. As a result, even if only two of the three known lepton generations 

mix appreciably, so that in effect there are only two generations, there can still 

be sizeable CP-violating effects in the leptonic sector. 

One can understand why more lepton phases than quark phases have phys

ical significance when neutrinos are their own antiparticles by noting that when 

this is the case, certain leptonic processes have more Feynman diagrams than 

do the analogous quark processes [KAY 88c]. Now, complex phase factors in 

the lepton or quark mixing matrix can lead to physical CP-violating effects only 

when Feynman diagrams, to which these phase factors have imparted complex 

overall phases, interfere with one another. If some leptonic processes involve 

more Feynman diagrams than the corresponding quark processes, there can be 

additional interferences between diagrams in the leptonic case. These additional 

interferences can allow phase factors which have no consequences when they oc

cur in the quark mixing matrix to lead to physical CP-violating effects when 

they occur in the lepton matrix. 

As an illustration, let us compare the radiative decay V2 -+ VI + , of a 

heavy Majorana neutrino into a lighter one with the analogous decay c -+ U + , 
of the charmed quark into the up quark. 'We shall suppose for simplicity that 

only the first two generations exist. Then the quark decay is engendered by 

diagrams in which the c quark turns either into a virtual d~V+ pair, or into a 

virtual sU:+ pair, and the photon is radiated by one of the particles in the pair. 

The pair then coalesces into the daughter u quark. It is very easy to show that 

the interferences between the various diagrams are completely insensitive to any 

complex phase factors in the (tw<rby-two) quark mixing matrix. The related 

neutrino decay arises from diagrams in which the V2 turns either into a virtual 

e-n.:+ pair, or into a virtual J'-~V+ pair, and the photon is radiated by one of 

the charged particles in the pair. The pair then coalesces into the daughter VI. 

SO far, everything is in complete analogy with the quark decay. However, if the 

V2 is its own antiparticle, then, "confused" about whether it is a lepton or an 

antilepton, it can turn not only into the virtual pairs already mentioned, but 

also into e+ ~V- and J'+ ~V-. Thus, there are additional diagrams in which one 
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of these new pairs replaces e-vV+ or 1-'-vV+. These additional diagrams, which 

have no analogue in the quark case, interfere with the diagrams containing e-vV+ 

or 1-'-W+. It is not difficult to show that 'these new interferences are sensitive 

to a complex phase factor in the lepton mixing matrix. Through these added 

interferences, this phase factor, if present, can lead to a physical CP-violating 

effect [KAY 88c]. 

2.1.7. Neutrinoless Double Beta Decay 

In spite of the difficulty of telling whether neutrinos are Majorana or Dirac par

ticles, there is one reaction which could provide evidence that they are Majorana 

particles even if their masses are of order 1 e V or less. This reaction is the nu

clear decay (A, Z) -+ (A, Z 4- 2) + 2e- , known as neutrinoless double beta decay 

(j3f30v). This decay can arise from a diagram in which the parent nucleus emits 

a pair of virtual VV bosons, and then these VV bosons exchange a neutrino lim, 

of mass AIm, to produce the outgoing electrons. The amplitude is a sum over 

the contributions of all the lim that may exist. 

At the vertex where it is emitted, the exchanged lim is created together with 

an e-. Thus, should there be a difference between leptons and antileptons and 

lepton number be conserved, this "lim" would have to be a lim. However, at the 

vertex where it is absorbed, this same particle creates a second e- , so it must be 

a lim. Thus, the diagram vanishes unless lim = lim. Even then, it is suppressed 

by a helicity mismatch at the two vertices touched by the virtual lim. \Vhere 

this particle is emitted, it is behaving like an antineutrino .. Hence, assuming the' 

leptonic weak current is left-handed, the lim will be emitted in a predominantly 

right-handed state. On the other hand, where it is absorbed, it is behaving like 

a neutrino, so the current prefers to absorb it from a left-handed state. 

Now, there is an amplitude of order J/m/[Energy of lim] for the lim to be 

emitted left-handed. If it is a Majorana particle, it can then be reabsorbed 

without further suppression. Thus, in effect, J3/30v is a realization of the type of 

gedanken experiment we described when discussing neutrinos from pion decay. 

In !3/30v, we produce a particle--the exchanged lim-which is identified as an 

antineutrino by the fact that it is emitted together with an e-. However, at 

least some of the" time, this "antineutrino" is produced left-handed. \Ve can 
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then see whether this left-handed "antineutrino" interacts as would a left-handed 

neutrino at the vertex where it is absorbed. 

If the leptonic weak current contains a small right-handed piece, then this 

piece will lead to emission of a virtual LIm ( -) in /3.Bov, just as does the LIm mass. 

As before, if LIm ( -) = Vm ( -), this particle can then be reabsorbed without 

suppression. 

The process f3/3ov can provide evidence that neutrinos are Majorana parti

cles even if their masses are much smaller than those required by any other pro

cess that has been considered. The primary reason for this special sensitivity is 

that the decays which can in principle compete with f3f3ov are highly-suppressed. 

So long as one chooses a parent nucleus which is stable against single beta decay, 

this competing mode is totally absent. Of course, competition with f3f3ov can 

always come from decay by emission of two electrons and two antineutrinos, a 

mode which can occur whether or not neutrinos are i\lajorana particles. How

ever, this mode is phase-space suppressed, typically by six orders of magnitude, 

relative to f3f30v. 

The amplitude A[f3f30,,] for f3f30v can be written in the form 

(2.1.13) 

where N is a very nontrivial nuclear matrix element [HAX 84], and JIelfl the 

effective neutrino mass for neutrinoless double beta decay, contains the particle 

physics of the process. Assuming that there are no right-handed currents, and 

that all neutrino masses are small compared to the typical momentum transfer 

in 1380,,(- 10 MeV), Alelf is given by [00181, \VOL 81, KAY 83, KAY 8~, BIL 

84] 

(2.1.1-1) 
m 

In this sum over neutrino exchange contributions, the contribution of lim is· 

proportional to its mass .\tIm because of the helicity considerations we have 

discussed. The quantity Uern is an element of a unitary mixing matrix describing 

the coupling of neutrinos to charged leptons, and Wern is a phase factor. 

Suppose that f3f30v were actually to be observed. From the observed decay 

rate, and a calculated value for the nuclear matrix element N, one could then 
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obtain an experimental value for Aleff. Since L: IUem l2 = 1, we see from Eq. 
m 

(2.1.14) that this experimental value could not exceed the largest of the actual 

neutrino masses }vIm' That is, the observation of /3/3ov would imply a lower 

bound on neutrino mass: at least one neutrino would have to have a mass no 

smaller than the measured ~\JeJ1' By contrast, the observed absence of f3f3ov 

at some level does not impl.y an upper bound on the masses of any neutrinos. 

This absence only limits lYle/1! and A/ell can be much smaller than the actual 

neutrino masses AIm, due to the possible cancellations in Eq. (2.1.14). 

If right-handed currents, and/or W bosons beyond the known one, do ex

ist, then AIel I can become much more complicated than the expression in Eq. 

(2.1.14). In particular, the contribution to ~Hell of a given Vm exchange need no 

longer vanish with AIm. Nevertheless, a simple argument shows that it is still 

true that the observation of f3/30v would imply nonzero neutrino mass, even if 

the origin of this decay is not neutrino exchange but some more exotic mecha

nism [SCH 82, .TAI< 84]. To be sure, the nonzero mass which would be implied 

according to this argument is of very high order in the weak interaction, and 

consequently could be extremely infinitesimal. However, if one does assume that 

f3i3ov is caused (at least primarily) by neutrino exchange, then, for a broad class 

of gauge theories, the observation of this reaction would imply an experimentally 

interesting lower bound on neutrino mass [KAY 87 , KAY 89]. Namely, even if 

right-handed currents and numerous ~v bosons exist, the bound discussed pre

viously assuming their absence would still hold. That is, at least one neutrino 

would have to have a mass no smaller than the experimentally measured JHel I 

defined by Eq. (2.1.13) and determined from the observed decay amplitude and a 

calculated nuclear matrix element. Now suppose, for example, that 76Ce should 

be seen to undergo neutrinoless double beta decay with a lifetime IGe' If we 

express the observed decay amplitude in terms of TGe, and use for the calculated 

nuclear matrix element N a popular value [HAX 84], then Eq. (2.1.13) implies 

that A/ell ~ 1 eV [1024yr/TG~p/l. Thus, at least one neutrino must have a mass 

.\[ obeying 

(2.1.15) 

Now, the present lower bound on TGe is approximately 1024yr [see Section 2.2 of 

12 
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this volume and CAL 87]. Hence, the observation of neutrinoless double beta 

decay of 76Ge with a lifetime not far beyond the present limit would imply that 

at least one neutrino has a mass exceeding'" 1 e V. A mass of order 1 e V is large 

enough to be sought in neutrino oscillation experiments, and perhaps even in 

future tritium beta decay experiments . 
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