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Neutrinolesss Double-Beta Decay

If energetics are right (ordinary
beta decay forbidden). . .

and neutrinos are their own
antiparticles. . .

can observe two neutrons turning
into protons, emitting two
electrons and nothing else.
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Why Double-Beta Decay Is Important
besides the ability to determine whether ν = ν̄

normal inverted
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In usual scenario, rate depends on
square of “effective neutrino mass”

meff ≡
∑
i

miU
2
ei

If lightest neutrino is light:

meff ∝
√

∆m2
sol normal

meff ∝
√

∆m2
atm inverted

!! new expts.

But rate also depends on a nuclear matrix element.
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Other Mechanisms Can Contribute

If neutrinoless decay occurs then
ν’s are Majorana, no matter what:
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For light neutrino exchange, there are no WR’s in the
dominant term, and the propagator is roughly propor-
tional to �m��	 / �q	2, where �q	�100 MeV is a typical
virtual-neutrino momentum. Then, instead of Eq. �41�,
we have
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so that the two amplitudes will be approximately equal
when �assuming that MWR

�mR� �Mohapatra 1999; Cir-
igliano et al., 2004�,

mR � MWL
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�m��	
�1/5

, �43�

which is on the order of 1 TeV for �m��	���matm
2 . Thus

if the heavy mass scale in left-right symmetric models is
about a TeV or less, it will not be so easy to determine
the mass scale of the light neutrinos from double beta
decay. The same statement is true of many other hypo-
thetical lepton-number-violating models �supersymme-
try, leptoquarks, etc.� because they usually generate
double beta decay in a similar way, through graphs in
which heavy particles of some kind play the role of the
WR’s and heavy neutrinos.

Neutrinoless double beta decay in extra-standard
models gives rise to new nuclear matrix elements. The
presence of a single right-handed lepton current causes
the q��� term in the propagator of Eq. �21� to contribute
to the amplitude, giving rise to derivatives of the neu-
trino potential presented here or forcing one of the elec-
trons into a p state. The outgoing p wave leads to a
different dependence on the angle between the two
emitted electrons that could in principle be exploited to
distinguish between the action of right-handed currents
and the neutrino mass in light neutrino exchange. But
the short-range exchange of a heavy particle will not
always manifest something like the q��� term, and often
the only way to distinguish such a process from
neutrino-mass-induced decay is to exploit the different
nuclear matrix elements that enter. Provided the matrix
elements can be accurately calculated, analysis of mea-
sured lifetimes in several isotopes or to several states in
the same istotope can tell you whether long or short
range is responsible. Of course, as already mentioned,
the accuracy with which nuclear matrix elements can be
calculated is a big issue, and we discuss it later. A more
detailed treatment of the matrix elements governing the
various kinds of double beta decay can be found in Hax-
ton and Stephenson �1984�; Doi et al. �1985�; Tomoda
�1991�; Šinkovic and Faessler �2002�.

The implications of some popular extra-standard
models for ���0�� are discussed below. We close this
section with two general points. First, when the lepton
number is spontaneously broken, as it is in most models
that result in a see-saw mass matrix, there must exist one

or more zero-mass bosons, called Majorons, that could
be emitted along with the two electrons in double beta
decay ����0� ,��� �Chikashige et al., 1981; Gelmini and
Roncadelli, 1981; Georgi et al., 1981�. Apparently, how-
ever, it is difficult for such a process to have a very large
amplitude. Second, even if some exotic lepton-number-
violating physics exists and light neutrino exchange is
not responsible for the decay, the occurrence of ���0��
still implies that neutrinos are Majorana particles with
nonzero mass �Schechter and Valle, 1982�. The reason is
that any diagram contributing to the decay can be in-
serted into a neutrino propagator, with outgoing elec-
tron lines closed appropriately as in Fig. 3. If ���0��
decay is observed, we will know for certain that neutri-
nos are their own antiparticles, even if the possibility of
exotic physics or uncertainty in the nuclear matrix ele-
ments prevents an accurate extraction of the neutrino
mass scale from observation.

IV. DOUBLE BETA DECAY AND NEW PHYSICS

Over the past few decades much has been learned
about the neutrino mixing angles and mass eigenvalues.
Table I summarizes our knowledge of these neutrino pa-
rameters. These results have increased the importance
of ���0�� experiments; in the first subsection below, we
explain why. The other subsections discuss other physics
that might be revealed by ���0��.

A. Neutrino mass

If neutrinos are Majorana particles, they will mediate
���0�� at a rate proportional to the square of �m��	, Eq.
�22�. The known values of the mixing-matrix elements in
Eq. �18� allow us to predict the rate of ���0�� under
several scenarios for the neutrino’s mass spectrum. If we
ignore the LSND result �see Sec. IV.C� the oscillation
data are consistent with only three such masses, but
their spectrum can still take four possible forms:

�i� Normal hierarchy Dirac: The two masses with the
smaller splitting indicated by �msol

2 are smaller
than the third mass. The neutrinos are Dirac.

�ii� Inverted hierarchy Dirac: The two masses with
the smaller splitting indicated by �msol

2 are larger
than the third mass. The neutrinos are Dirac.

�iii� Normal hierarchy Majorana: The two masses with
the smaller splitting indicated by �msol

2 are smaller
than the third mass. The neutrinos are Majorana.

�iv� Inverted hierarchy Majorana: The two masses
with the smaller splitting indicated by �msol

2 are
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FIG. 3. Majorana propagator resulting from ���0�� amplitude
�Schechter and Valle, 1982�.

489Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008

but light neutrinos may not drive the decay:
Exchange of heavy right-handed neutrino
in left-right symmetric model.

Amplitude of exotic mechanism:

Z
light
0ν

Z
heavy
0ν

≈
(
WL

WR

)4(meff
〈q2〉

)
mN 〈q2〉≈104 MeV2

≈ 1 if mR ≈ 1 TeV and meff ≈
√

∆m2
atm

So exotic processes can occur with roughly the same rate as
light-ν exchange. Untangling will require multiple measure-
ments and accurate nuclear matrix elements for all processes.
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Light-ν-Exchange Matrix Element

M0ν = MGT
0ν −

g2
V

g2
A

MF
0ν + . . .

with

MGT
0ν =〈F |

∑
i,j

H(rij , E)~σi · ~σjτ+
i τ

+
j |I〉+ . . .

MF
0ν =〈F |

∑
i,j

H(rij , E)τ+
i τ

+
j |I〉+ . . .

H(r, E) ≈ R

r

Corrections are from “forbidden” terms, weak nucleon form
factors, two-body currents. . .



Recent Level of Agreement

Same level of
agreement in 2014.

Not so great.

Results of recent calculations, references and comments on request

proton-neutron (pn) QRPA
Shell Model
Interacting Boson Model
Projected HFB
Generator Coordinates

From P. Vogel, 2010

More computing power and new many-body methods have re-
cently generated major progress in nuclear structure theory.
We have the opportunity to improve all the models above, connect
them to ab initio work. Should push them all as far as possible.
Will require funding, leadership class computing.

Main Message
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“Ab Initio” Shell Model
Partition of Full Hilbert Space

P̂HP̂ P̂HQ̂

Q̂HP̂ Q̂HQ̂

P Q

P

Q

Shell model done here

P = valence space
Q = the rest

Task: Find unitary transformation
to make H block-diagonal in P
and Q, with Heff in P reproducing
d most important eigenvalues.

For transition operator M̂ , must
apply same transformation to get
M̂eff.

As difficult as solving full problem. But idea is that N-body
effective operators may not be important for N > 2 or 3.
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Some Options
Coupled Clusters:

1. Calculate low-lying spectra of 56Ni + 1 and 2 nucleons (and +
3 nucleons in some approximation).

2. Do Lee-Suzuki mapping of lowest eigenstates onto f5/2pg9/2
shell, determine effective Hamiltonian and decay operator.

3. Use these operators in shell-model calculation of matrix
element for 76Ge (with analogous plans for other elements).

Two-body effective Hamiltonian recently done in sd shells
(arXiv:1402.2563). Group now working on single β decay,
Gamow-Teller strength distributions.

In-Medium Similarity Renormalization Group: Differential
flow equation designed to asymptotically decouple
shell-model space from other states. Can obtain both effective
interaction and decay operator. Development at similar stage
(arXiv:1402.1407) as that of coupled-cluster approach.

No-Core Shell Model and Monte-Carlo Schemes: Possible
in principle; A=76 too large?
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Coupled Clusters in sd Shell: Oxygen 3
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FIG. 2. (Color online) Excitation spectra of neutron-rich oxygen isotopes. The left columns (red lines) contain the CCEI
results, the middle columns (black lines) the known experimental data, and the right columns (blue lines) the spectra obtained
with the USD shell-model Hamiltonian [7, 8]. A star next to the excitation levels in the right columns indicates that the level
was included in the fit of the USD Hamiltonian. The gray bands indicate states above the neutron decay threshold.

Λ-CCSD(T) ground-state energies in 21,22,23,24O. Our Λ-
CCSD(T) calculations use the model space mentioned
earlier, while the calculations that determine our CCEI
use Nmax = 12 and N1 + N2 + N3 = 12. We be-
lieve that our CCEI results are converged to within
∼ 100 keV. Both our Λ-CCSD(T) and CCEI results are
in good agreement with experimental binding energies.
Our CCEI and Λ-CCSD(T) calculations also agree well
with a variety of recent calculations in the oxygen iso-
topes that start with the same Hamiltonian [54, 55].

If we look more closely, we see that the reference Λ-
CCSD(T) results in 21,22O are in excellent agreement
with our CCEI results. In 23,24O the CCEI results
start to deviate from the Λ-CCSD(T) reference values.
In 24O the CCEI ground-state is less bound by about
3.5 MeV than obtained with Λ-CCSD(T). The difference
indicates that effective three-body interactions induced
by the Okubo-Lee-Suzuki transformation (which we ne-
glect) start to play a role in the CCEI approach when
the number of valence nucleons gets too large. The prob-
lem can be remedied by including these interactions or
by increasing the valence space size.

Next, we compare low-lying CCEI excited-state en-
ergies in 22O with an EOM coupled-cluster calculation

that includes singles and doubles excitations [56]. EOM-
CCSD can accurately describe low-lying states that are
dominated by one-particle-one-hole excitations [48], and
we therefore choose those states for comparison. In 22O
we obtain low-lying 2+ and 3+ states with 2.5 MeV and
3.5 MeV of excitation energy. The CCEI result for the
same states is 2.7 MeV and 4.0 MeV, though the CCEI
result for the 3+ state in 22O is not yet converged; it
moves down by ∼ 150 keV when we increase the model
space size from N = 10 to N = 12 oscillator shells. The
2+ state changes only by ∼ 5 keV indicating that it, by
contrast, is well converged. Standard EOM-CCSD works
well for states that are dominated by one-particle-one-
hole excitations. In our CCEI calculations, correlations
between all particles in the valence space are treated ex-
actly. Therefore, we expect to see some differences in
the computed spectra. For example, in CCEI we are
able to compute the second 0+ state in 22O, which is
dominated by two-particle-two-hole excitations from the
ground-state.

We turn now to carbon. The Λ-CCSD(T) ground-
state energies of 14,15,16C are −104.0 MeV, −104.2 MeV,
and −106.6 MeV, respectively. In 14C the result
agrees well with the experimental ground-state energy



Improving QRPA: Make More Fermionic
Problem: Calculation of overlap between states in different
nuclei not possible within strict QRPA, which only provides
transition density. Need real expressions for states.

Terasaki and Delion/Schuck both extend QRPA boson vacuum
to quasiparticle coupled-cluster like fermionic state:

|“QRPA”〉 ∝ exp
(
Zpp′nn′α†pα

†
p′α
†
nα
†
n′

)
|HFB〉 .

Terasaki finds correction to norm that alters ββ matrix element
in large-scale calculation. Delion and Schuck derive
self-consistent QRPA with renormalized phonons (not yet
applied to ββ decay).

Ideas need to be explored more carefully, made consistent with
DFT, which also deemphasizes explicit states.



GCM/IBM: Include All Important Degrees of Freedom
Generator Coordinate Method is perhaps best approach if nuclei
don’t have definite shape, can’t be approximated by single mean field.

Construct set of mean fields by constraining coordinate(s), e.g.
quadrupole moment 〈Q0〉. Then diagonalize H in space of
symmetry-restored quasiparticle vacua with different 〈Q0〉.

β2 = deformation
Robledo et al.:
Energy minima at β2 ≈ ±.15

Collective wave functions
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Figure 1: (a)-(c) Collective wave functions, GT intensity with, (d)-(f) full and, (g)-(i) constant spatial
dependence and (j)-(l) pairing energies for (left) A = 48, (middle) A = 76 and (right) A = 150 decays.
Shaded areas corresponds to regions explored by the collective wave functions.

different deformations (β ≈ +0.40 and β ≈ +0.25, respectively). According to Eq. 6, the final results
depend on the convolution of the collective wave functions with the 0νββ matrix elements as a function
of deformation. In Fig. 1(d)-(f) we show schematically -shaded circles- the areas of the GT intensity
explored by the collective wave functions. We observe, on the one hand, that configuration mixing is
very important in the final result because several shapes can contribute to the value of NME, especially
in A = 48 and 76. On the other hand, we see that the regions with largest values of the GT intensity
are excluded by the collective wave functions. For example, calculations assuming spherical symmetry
give systematically larger NME -except for A = 96- as we show in Figure 2.

To summarize, we have presented a method for calculating 0νββ nuclear matrix elements based on
Gogny D1S Energy Density Functional including beyond mean field effects such as symmetry restoration
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Rodriguez and Martinez-Pinedo:
Wave functions peaked at β2 ≈ ±.2

But other important non-shape degrees of freedom still missing.



GCM/IBM: Include All Important Degrees of Freedom
Generator Coordinate Method is perhaps best approach if nuclei
don’t have definite shape, can’t be approximated by single mean field.

Construct set of mean fields by constraining coordinate(s), e.g.
quadrupole moment 〈Q0〉. Then diagonalize H in space of
symmetry-restored quasiparticle vacua with different 〈Q0〉.

β2 = deformation
Robledo et al.:
Energy minima at β2 ≈ ±.15
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GCM Example: Proton-Neutron (pn) Pairing
Can build pn correlations into mean field. Frozen out in mean
field minimum, but included dynamically in GCM.
Collective pn-pairing wave functions
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Proton-neutron pairing significantly reduces matrix element.
Next steps: combine with DFT or ab initio interaction, include
non-collective degrees of freedom (jacking up computing needs).

Can include pn pairing in IBM as well, with spin-1 isoscalar bosons.
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Issue Facing All Models: “gA”
40-year-old problem particularly important in ββ decay

Effective gA needed for two-neutrino decay in shell model and IBM-2

One obtains gA,eff
IBM-2~0.6-0.5. 

The extracted values can be parametrized
 

as
A similar analysis can be done for the ISM 
for which gA,eff

ISM~0.8-0.7.

2 0.2
, 1.269IBM

A effg A−=

0.12
, 1.269ISM

A effg A−=

Effective axial vector coupling constant in nuclei from 2νββ

F. Iachello, MEDEX’13 meeting

If neutrinoless matrix elements quenched by same amount,
experiments are in trouble; rates go like (gA)4.



Resolving the Issue

Typical practice: “Renormalize” gA only for 2ν decay. Assume
0ν decay unaffected.

Better practice: Understand reasons for over-prediction of β
and 2ν ββ rates. Must be due to

1. Many-body weak currents, either modeled explicitly as
π, ρ exchange, etc., or from effective-field-theory fits.
Conventional wisdom says meson-exchange effects in β
decay are small; chiral-EFT folk suggest they may not be.

More careful EFT work, in progress, should settle question.

2. Truncation of model space.

Will be fixed, e.g., in ab-initio shell model.

Ths will all be straightened out soon.
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Confronting Data

All methods will allow calculation of many other observables.
Community should decide on a standard set, periodically
assess published calculations and inform experimentalists.

SciDAC NUCLEI collaboration is attacking ββ decay from
several angles; will assess state of art at annual meetings.



Finally. . .

Theory has developed tools that promise, sincerely, to reduce
the uncertainty in the matrix elements.

Recent progress in ab initio work and density-functional
theory will inform and constrain future calculations.

Investment of targeted resources — into person-power,
collaborations, computing power1 — will speed the process
significantly.

That’s all; thanks.

1See recommendation form computational nuclear physics town meeting
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