
Lecture #2
a) Basic nuclear physics of the ββββββββ decay
b) Brief history of ββ ββ ββ ββ decay
c) Decay rate formulae
d) Quantum mechanics of Majorana particles
e) See-saw



Whether a nucleus is stable or undergoes weak decay
is determined by the dependence of the atomic mass
MA of the isotope (Z,A) on the nuclear charge Z.

Near its minimum this function is a parabola

MA = const + bsym(N-Z)2/4A2 + bcoul Z2/A1/3 + meZ + δδδδ

Here δδδδ describes nuclear pairing, coupling of nn or pp
pairs to Iπ = 0+. 
For odd A δδδδ = 0 (only one parabola)
For even A δδδδ ~ +12/A1/2 MeV for odd N and odd Z

δδδδ ~ -12/A1/2 MeV for even N, even Z
Thus for even A there are two shifted parabolas

Basic nuclear physics issues



Atomic masses of A=136 nuclei

136Xe and 136Ce are stable against β decay, but unstable
against ββ decay (β−β− for 136Xe and β+β+ for 136Ce)

Double ββ decay is observable because even-even nuclei are more 
bound than the odd-odd ones  ( due to the pairing interaction)



48Ca→48Ti 4.271 0.187
76Ge →76Se 2.040 7.8
82Se→82Kr 2.995 9.2
96Zr→96Mo 3.350 2.8
100Mo→100Ru 3.034 9.6
110Pd→110Cd 2.013 11.8
116Cd→116Sn 2.802 7.5
124Sn→124Te 2.228 5.64
130Te→130Xe 2.533 34.5
136Xe→136Ba 2.479 8.9
150Nd→150Sm 3.367 5.6

Candidate Nuclei for Double Beta Decay
Q (MeV)          Abund.(%)

All candidate
nuclei on this
list have Q > 2MeV.
The nuclei with an
arrow are used
in the present
or planned large
mass experiments.
For most of the
nuclei in this list
the 2νββ decay
has been observed 



Transition (A,Z) -> (A,Z+2) + 2e- + (possibly other neutral particles)
can ago if     MA(Z,A) > MA(Z+2,A), while MA(Z,A)  < MA(Z+1,A)

Transitions (A,Z) -> (A,Z-2) can go three possible ways:

(A,Z) -> (A,Z-2) + 2e+ + … if MA(Z,A) > MA(Z-2,A) + 4me

(two positron emission)

(A,Z) -> (A,Z-2) + e+ + EC + … if MA(Z,A) > MA(Z-2,A) + 2me + Be
(one positron emission + one electron capture)

(A,Z) -> (A,Z-2) +  2EC + … if MA(Z,A) > MA(Z-2,A) + Be(1) + Be(2)
(two electron captures)

Thus the decays with positron emission are disfavored as far as
the phase space is concerned. None was observed so far.



A comment on the two electron capture process:

The neutrinoless process obviously cannot go by itself, it would
violate energy conservation. It could go with emission of a photon,
with low energy preferred  ~1/ω. 

But what if there is a resonance, an energy degeneracy?

From Frekers hep-ex/0506002

Near degeneracy between the 
74Se ground state and an excited
2+ state in 74Ge



Resonance condition: Q ≈ E* + Be(1) + Be(2) = E

The decay rate is then

1/τ = (∆M)2 x Γ/[(Q - E)2 + Γ2/4] ,

where Γ is the final state width and ∆M is the weak 
interaction coupling matrix element. At resonance the 
rate goes like 4/Γ while off resonance it goes like 
Γ/(Q-E)2, large enhancement.

However, Γ ~ O(10eV) is dominated by the electron 
vacancies. It is rather unlikely that one could find such 
a perfect match.



Prehistory of ββββββββ decay (slides by John Wilkerson)



So, at that time it looked as that if the ββββββββ decay is observed with T1/2 << 1020y
neutrinos are Majorana particles but if it is observed with T1/2 > 1020y than 
neutrinos are Dirac particles.
Unfortunately, real life is not that simple. 









1987 First observation of 2νββ decay in a `live’ experiment
Elliott, Hahn, and Moe (this is a composite picture by Mike Moe of a real situation)



That was the size of a ββ experimental group then, here is the size
of another ββ experimental group now (EXO collaboration, May 2008)



2νββ decay rate, spectrum, etc.

Here qR << 1 hence long wavelength approximation is valid, only GT 
operators στ need to be considered.
The phase space is simply:

In a simple approximation (Primakoff-Rosen)

Here K is the sum kinetic energy of the electrons, hence total
rate 1/τ ~ T0

11 , and near T0 the spectrum goes like (T0 - K)5

The fraction of events near the endpoint, in the dimensionless
interval δ= ∆E/Q is F ~ 7Q δ6/me. Thus signal/background is

S/B ~ me/ 7Q δ6 T2ν
1/2/ T0ν

1/2, inversely proportional to ∆E6.



from S. Elliott

One can distinguish the two modes by measuring the sum electron energy. 
Ultimately, though, the 2ν decay is an unavoidable background to the 0νββ.
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The nuclear matrix elements are

And the decay rate is   1/T1/2 = G2ν(Q,Z) (M2ν)2. Knowing the
half-life we can extract M2ν easily.

This is a summary
of present 2νββ
measurements,
mostly from NEMO.



The amplitudes

and

represent the β- and β+ strength of the initial and
Final nucleus respectively.
They can be (at least for the few lowest states)
determined by the appropriate charge exchange
reactions (p,n), (3He,t) and (n,p),(d,2He), etc.
A number of experiments along these lines is 
currently conducted.



An example of such data (D. Frekers, Blaubeuren conf. 2007)



1/T1/2 = G(E,Z) (MGT
2ν)2

easily calculable
phase space factor

Nuclear matrix elements for the 2ν
decay deduced from measured halflives.
Note the pronounced shell dependence.



0νββ decay rate formulae:

The transition amplitude R0ν includes leptons and nucleons, the lepton 
part is a product of two left-handed currents 

The implied contraction over the two neutrino operators is possible
only for Majorana neutrinos. After the substitution for neutrino
propagator the lepton part becomes

and 

Thus the amplitude is proportional to mj, the Majorana neutrino mass. 



After integrating over dq0 , and taking into account the energy
denominator of the second order perturbation we arrive at

This is a `neutrino potential’ (Am is the total energy in the 
virtual nuclear state with respect to (Mi + Mf)/2). The 
constants are added for future convenience. r is the distance 
between the two neutrons that are transformed into protons.  

This H(r, E), together with spin and isospin operators will 
appear in the nuclear matrix elements, In compact form

H(r ) = R/r Φ(ωr)   where Φ (ωr) ≤ 1  is a slowly varying

function. Since r < R the potential is ≥ 1 (but less than 5-10).



The phase space integral is very simple

with the proportionality constant

The single electron spectrum (Primakoff-Rosen approximation) is

peaked, naturally, in the middle at Te = T0/2



In an exact expression we will have the transition operator

With a bit more complicated q dependence:

This comes from the induced pseudoscalar current and  
the use of the Goldberger-Treiman relation.
In the integral over dq the sin(qr)/qr is replaced by 
j0(qr) for F and GT and -j2(qr) for T

with the constant chosen such that we could modify gA if needed

The matrix element that we need to evaluate is then



We see that the `neutrino potentials’ depend on the nuclear
excitation energy En. Thus, formally, one needs to use a slightly
different potential for every state, and integrate over dq.
How important is that dependence?

If it is not very important, e.g. if q >> En, we might do the dq
integrals first and not worry about the intermediate states
at all. This is the closure approximation used in the nuclear 
shell model. 



Without short range correlations

With short range correlations

76Ge

76Ge

100Mo

100Mo

130Te

130Te

How good is the
closure approximation?

Comparison between
the QRPA M0ν with the
proper energies of the 
virtual intermediate 
states (symbols with 
arrows) and the closure
approximation (lines)
with different <En - Ei>.

Note the mild dependence
on <En - Ei> and the fact
that the exact results
are reasonably close
to the closure approximation
results for <En - Ei> < 20 MeV.

Graph by F. Simkovic



A few words about the QM of Majorana particles
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Given all of that we have the machinery 
(except the nuclear matrix elements, to be
discussed next) to determine <mββ> if we
could observe the 0νββ decay.
So, where are we in that quest?



There is a steady progress
in the sensitivity of the
searches for 0νββ decay.
Several experiments that
are funded and almost
ready to go will reach
sensitivity to ~0.1 eV.
There is one (so far
unconfirmed) claim that
the 0νββ decay of 76Ge
was actually observed.
The deduced mass <mββ>
would be then 0.3-0.7 eV.

Moore’s law of 0νββ0νββ0νββ0νββ decay:



spares





slide by B.Kayser



slide by B.Kayser



slide by B.Kayser

The mass eigenstates are explicitly charge conjugation
eigenstates. They do not have fixed chirality.


