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Fifty years ago, I was a graduate student in Oxford writing a thesis on double beta decay. Two remarkable things happened in short succession in 1956 and early 1957: Cowan and Reines announced the discovery of the neutrino using techniques and facilities developed for the Manhattan Project; and C.S. Wu and her colleagues announced the discovery of parity nonconservation in the nuclear beta decay of 60Co at what was then the National Bureau of Standards and is now the National Institute of Standards and Technology. As you can well imagine, these discoveries generated a great deal of excitement and activity --- it was a great time to be entering the field of weak interactions and neutrino physics.

Even though the existence of the neutrino was widely accepted on the basis of Pauli’s original arguments and Fermi’s original theory, the actual observation of the neutrino opened up a new field of experimental research and gave us confidence in our ability to explore it. Parity nonconservation profoundly altered our understanding of Fermi’s theory of beta decay and proved to be a major step in the development of the Standard Model --- indeed I regard it as the beginning of the Standard Model. It also had some immediate practical consequences due to the helicity of the neutrino.

One was to change the predicted cross-section of the reaction Cowan and Reines observed by a factor of two, and the other was completely to alter the interpretation of double beta decay, as I shall discuss below. In November 1957, as a postdoctoral research associate at Washington University in St. Louis, working with Henry Primakoff, I helped with the Midwest Theory Conference which attracted such illustrious names as T. D.Lee and C. N. Yang, Yochiro Nambu and Dick Dalitz. T. D.Lee gave a beautiful talk on the two-component neutrino and its elegant and powerful implications for nuclear beta decay, pion decay, and the ((( decay sequence.  I had the job of transcribing it from tape --- an arduous, but tremendously instructive task which had a strong influence on my approach to weak interaction physics. 

Fred Reines talked at the same meeting. His measured cross-section appeared to agree with the pre-parity nonconservation prediction and he went to great pains to describe the problems associated with the systematics of the decay, especially the neutron detection efficiency. This was indeed a serious problem for the two-component theory, but ten days after the meeting he called Henry Primakoff  to explain that he had re-analysed the neutron detection efficiency and his cross-section now agreed with the new theoretical prediction.

The study of double beta decay began in 1935 when Maria Goeppert-Mayer applied the then new Fermi theory of nuclear beta decay to calculate the process 

(A,Z) ( (A, Z+2) + two electrons + two neutrinos

as a second-order effect. Her motivation had nothing to do with neutrinos, but rather was concerned with the stability of various even-even nuclei over geological time. These nuclei, consisting of even numbers of protons and neutrons, were forbidden from decaying into their nearest neighbor odd-odd nuclei by energy conservation, but could decay into their next nearest neighbors. She found the lifetime of the parent nucleus to be in excess of 1017 years even if the daughter nucleus “were more stable by 20 times the electron mass.”

In 1939, W. H. Furry showed that Majorana’s “symmetrical” theory of neutrino and anti-neutrino, could give rise to a neutrinoless mode of double beta decay:

(A,Z) ( (A, Z+2) + two electrons

and that its lifetime would be shorter than that for the two-neutrino mode “by a factor which ranges from 105 to 1015 or more.” Prior to the discovery of parity nonconservation, the lifetime of double beta decay was thought to be the distinguishing feature between the two modes. Furry’s work began the long association between nuclear double beta decay, the nature of the neutrino, and the question of lepton number conservation.

Little distinction was drawn between neutrino and anti-neutrino in 1934-5 when Fermi and Goeppert-Mayer were writing their original papers. Beta-minus emitters occurred naturally, but beta-plus emitters had only just been discovered in artificial radio-activity by Joliot and Curie. De Broglie and Wick realized that the neutral particles associated with the two processes could be different; De Broglie coined the term “anti-neutrino” and Wick used “buco di neutrino”. It was not until the work of Majorana in 1937 and its elaboration by Racah that the possibility of a clear physical distinction, or alternatively of a complete identity between neutrino and anti-neutrino became fully appreciated.

Majorana originally proposed his theory for electrons and positrons, but realized that it could also be applied to neutral particles such as neutrons and neutrinos. Racah observed that the neutron cannot be a Majorana particle because it has a magnetic moment which changes sign under charge conjugation. If the neutrino is a Majorana particle, it cannot have a magnetic moment and it will be emitted in both beta-minus and beta-plus decays. As a test of the latter property, Racah proposed taking the neutral particle from one beta-minus decay and seeing whether it could stimulate a second beta-minus decay. Twenty years later, Ray Davis carried out this test using a reactor as the neutrino source and the famous chlorine reaction

neutrino + 37Cl ( electron + 37Ar

as the stimulated emission.

What Furry realized was that the neutrino in the two-stage process need not be real, as in the reactor experiment, but could be virtual, as in neutrinoless double beta decay. The virtual exchange is the more sensitive test because the phase space available to the virtual neutrino is much greater than that for the real one.

In the case where neutrino and anti-neutrino are distinct particles, so-called Dirac particles, we can introduce a formal “lepton number” which changes from +1 for particles to –1 for the corresponding anti-particles. Thus electrons and positrons have lepton number +1 and –1 respectively, and likewise for neutrino and anti-neutrino. Conservation of lepton number requires that the anti-neutrino be emitted in beta-minus decay, and the neutrino in beta-plus decay.

Our understanding of double beta decay changed profoundly when parity nonconservation was discovered in 1957 and the two-component theory of the neutrino was developed. According to this theory, the anti-neutrino has right-handed helicity, with its spin aligned parallel to its momentum, and the neutrino is left-handed, with its spin aligned anti-parallel to its momentum. Therefore, as long as the beta decay interaction is a combination of the helicity-conserving V and A covariants and the neutrino mass is precisely zero, the neutral particle emitted in the first beta-minus decay will be in the wrong helicity state to stimulate a second beta-minus process. The probability for neutrinoless double beta decay via Furry’s mechanism will then be precisely zero irrespective of whether the neutrino is a Majorana particle or not. 

Today we know from neutrino oscillations that the neutrino is likely to have a very small but non-zero mass and so the question of Dirac versus Majorana neutrinos becomes experimentally meaningful. The lifetime is no longer the distinguishing feature --- indeed the phase space advantage of the neutrinoless decay becomes a big help in searching for small Majorana masses --- and we need to observe the energy spectrum of the electron pair. For the two-neutrino decay, the spectrum will be continuous, with a broad peak in the middle; and for the neutrinoless mode it will be a spike at the end point of the spectrum. Experimentally, this adds the challenge of energy resolution to the ever-present challenges of backgrounds from minute traces of natural, or cosmogenically induced radio-activities.

From a theoretical point of view, the occurrence of Majorana neutrinos in the Standard Model and variants requiring no additional particles is quite natural. The only two states are left-handed neutrinos and right-handed anti-neutrinos and the only mass terms that can be constructed from them are so-called Majorana mass terms which give rise to Majorana neutrinos as the corresponding eigenstates (1, (2, (3 .  The flavor eigenstates (e, ((, (( are then orthogonal combinations of the mass eigenstates in which (e is dominated by (1, and  (( and (( are dominated by (2 and (3.  One question concerns the hierarchy of the mass eigenvalues: do they follow the standard expectation that (1 is the lightest and (3 the heaviest, or do they follow an inverted order in which (3 is the lightest and (1 the heaviest? At present we do not know the answer, but the heavier the effective mass for neutrinoless double beta decay, the more likely it is that the hierarchy is inverted.

The effective mass that appears in the amplitude for neutrinoless double beta decay is a sum over the mass eigenvalues times the square of the mixing matrix elements U_(ei) times the Majorana CP phases of the mass eigenstates:

<m((> = 

(U_(e1)(2 m1 exp(i(1) + (U_(e2)(2 m2 exp(i(2) + (U_(e3)(2 m3 exp(i(3)

Since the Majorana phases can be +1, -1, or complex, the various terms in this expression can actually cancel one another out. In practice, the last term can probably be neglected because of the apparently small coupling between the electron neutrino and the third mass eigenstate. It follows that for an inverted mass hierarchy, the first term will make the dominant contribution to <m((>,  whereas for a standard hierarchy, the first and second terms are likely to make roughly equal contributions. This is the basis for my comment at the end of the preceding paragraph.

Over the years, the methods for observing double beta decay have evolved from the geochemical experiments of the 1950’s and 1960’s to the brilliant TPC of Elliott, Hahn, and Moe in the 1980’s to the large scale combined source plus detectors of today. As a result, we have good measurements of the two-neutrino half-lives for several isotopes, but have yet to make a definitive observation of the neutrinoless decay. The two-neutrino measurements provide some insight into the nuclear physics underlying double beta decay, but unfortunately they do not give us very tight constraints on the nuclear matrix elements for neutrinoless double beta decay. There are too many differences in detail between the specific nuclear processes of the two decay modes and the best we can do at present is to predict the neutrinoless matrix elements within a factor of about 3.  This translates into a similar uncertainty in the value of <m((> that can be extracted from future observations.

The past fifty have shown how exceedingly difficult double beta decay experiments are, and how they require great skill, enormous devotion, and painstaking attention to the smallest details. I am full of admiration for everyone engaged in this field, and I hope that they will make a definitive observation of the neutrinoless mode very soon. Such an observation will prove that the neutrino is a Majorana particle even if the underlying decay mechanism is totally different from the one originally envisaged by Furry, and it will demonstrate that lepton number is not, by itself, a conserved quantity 
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