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m. Unified description of nuclear reactions 
n. Dynamics of fusion/fission 
o. Cataclysmic astrophysical events 
p. Role of neutrino dynamics in astrophysical phenomena 
q. Neutrino-nucleus interactions 
r. Calculations of nuclear matrix elements for double beta decay 
s. Tests of the Standard Model using nuclei 
t. Computationally enabled nuclear theory 

 
Each application should address the scientific and technical merit of the effort, the 
appropriateness of the proposed method or approach, the background and expertise of the 
participants, the adequacy of the proposed resources, the reasonableness and appropriateness of 
the proposed budget, and any other factors relevant to the proposed project. 
 
In addition, each application should also address the following program policy factors:  

• The particular outstanding scientific opportunity in nuclear physics research afforded by 
the proposed research and its relevance to opportunities identified in the long range plans 
of the community;  

• The specific goals of the collaboration, and a timeline, including milestones, for reaching 
those goals; 

• The relevance and impact of this opportunity on experimental nuclear physics;  
• The opportunities for training and placing permanent researchers in nuclear theory  

 
Collaboration 
 
Topical Collaborations that have a DOE National Laboratory as the Lead Institution should note 
that proposals from a DOE National Laboratory should be submitted in response to the 
companion laboratory announcement (LAB 15-1269) in PAMS. 
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1 Project Objectives

Our collaboration — consisting of Scott Bogner and Witold Nazarewicz at MSU, Joesph Carlson,
Vinczenzo Cirigliano, and Stefano Gandolfi at LANL, Jonathan Engel at UNC (lead PI), Gaute Hagen and
Thomas Papenbrock at ORNL, Wick Haxton at UC Berkeley, Mihai Horoi at Central Michigan, Calvin John-
son at San Diego State, Konstatinos Orginos and André Walker-Loud at William & Mary, Sofia Quaglioni
at LLNL, Michael Ramsey-Musolf at UMass, and James Vary at Iowa State — has several important goals.
First, we want to bring the nuclear theory community’s strongest methods to bear on the several important
topics in fundamental physics. We plan to:

1. Calculate the matrix elements governing neutrinoless double-beta decay, which are needed urgently by
several experimental collaborations. We have a detailed and comprehensive plan to improve the accuracy of
the matrix elements and to quantify their uncertainty.

2. Improve the accuracy of calculations at both the hadronic and nuclear level that are needed to connect
observations of (or limits on) electric-dipole moments with underlying sources of CP violation.

3. Interpret and reconcile experiments that measure parity violation, so that we can solve the decades-old
problem of the renormalization of the weak neutral current in nuclei.

4. Calculate the response of nuclei to various kinds of dark matter so that optimal targets for direct detection
can be identified.

The first two goals, and particularly the first one, will receive the most effort.

Second, and this is just as important, we intend to organize and increase the currently inadequate level of
research in theory for fundamental symmetries, a level that simply cannot support the demands of important
experiments. Our collaboration will fund at least one new faculty member, at UNC (see Appendix 7), or Iowa
state, both of which have expressed strong support for a DOE-supported hire in fundamental symmetries.
(We have budgeted for one hire.) We will train several postdocs and students, bringing young scientists
into our exciting field. Our group includes a number of theorists who until now have worked exclusively in
nuclear-structure theory or lattice QCD; they will apply state-of-the art methods to the fundamental-physics
problems listed above. And we will leverage the Amherst Center for Fundamental Interactions, which will
host twice-yearly collaboration meetings, defraying some of the travel costs. These actions will bring an
unprecedented level of energy and coherence to a field whose efforts have until now been scattered.

2 Background and Introduction

The atomic nucleus is a unique laboratory for probing fundamental symmetries and new physics: new
interactions can be isolated through rare decays, selection rules, and energetics, and symmetry violation
can be enhanced through chance level degeneracies and collective phenomena. Experimentally the field is
vigorous: Next-generation efforts to determine the particle-antiparticle nature of neutrinos and search for
lepton-number violation in double beta (��) decay at sensitivities corresponding to the inverted neutrino-
mass hierarchy will be launched this decade. Heroic efforts are underway to measure the electric dipole
moments (EDMs) of the neutron and atoms at sensitivities approaching 10�30e cm, and thus to search for
the new sources of CP violation needed to explain baryogenesis. Other important experiments search for
dark matter through direct detection and attempt to measure parity violation in n + p ! D + �.

What this vigorous inquiry into fundamental physics lacks is a comprehensive and coordinated effort in
theory. ��-decay experiments, among them MAJORANA [1], EXO [2], CUORE [3] and KamLAND-Zen
[4] (all with US involvement), critically need reliable nuclear matrix elements to determine their levels of
sensitivity and to extract an average neutrino mass (a quantity we still don’t know) should the decay be

1
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Announcement on the selection of Topical Collaborations in Nuclear Theory 
recommended for funding 

 

The Office of Nuclear Physics (NP), on the basis of a peer review, has selected the following 
Topical Collaborations (to start in FY 2016) for funding recommendation: 

• Coordinated Theoretical Approach to Transverse Momentum Dependent Hadron 
Structure in QCD (TMD Collaboration) 
Principal Investigator/Project Director:  Jianwei Qiu 
Lead Institution:  Brookhaven National Laboratory 
Participating Institutions:  Duke University, Jefferson Laboratory, Lawrence Berkeley 
National Laboratory, Lawrence Livermore National Laboratory, Los Alamos National 
Laboratory, MIT, New Mexico State University, Penn State University at Berks, Old 
Dominion University, Temple University, University of Arizona, University of 
Kentucky, University of Maryland, University of Virginia  
 

• Nuclear Theory for Double-Beta Decay and Fundamental Symmetries (DBD 
Collaboration) 
Principal Investigator/Project Director:  Jonathan Engel 
Lead Institution:  University of North Carolina at Chapel Hill 
Participating Institutions:  Central Michigan University, College of William and Mary, 
Iowa State University, Michigan State University, Los Alamos National Laboratory, 
Lawrence Livermore National Laboratory, San Diego State University, University of 
California Berkeley, University of Massachusetts, University of Tennessee 
 

• Beam Energy Scan Theory Collaboration (BEST Collaboration) 
Principal Investigator/Project Director:  Swagato Mukherjee 
Lead Institution:  Brookhaven National Laboratory 
Participating Institutions:  Indiana University, Lawrence Berkeley National Laboratory,  
McGill University, Michigan State University, MIT, North Carolina State University, 
Ohio State University, Stony Brook University, University of Chicago, University of 
Connecticut, University of Houston, University of Illinois at Chicago 

 

Topical Collaborations are fixed-term, multi-institution collaborations established to investigate 
a specific topic in nuclear physics of special interest to the community, which is well aligned 
with programmatic NP goals.   
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What is the origin of simple patterns in complex nuclei?
What are the heaviest nuclei that can exist?

Source: 2006 brochure from the RIA users community

 

 

Nuclear Astrophysics
Nuclear physics and astronomy are inextricably intertwined. In fact, more than ever, astronomical
discoveries are driving the frontiers of nuclear physics while our knowledge of nuclei is driving progress in
understanding the universe.

Because of its powerful technical capabilities, FRIB will forge tighter links
between the two disciplines. Rare isotopes play a critical role in the
evolution of stars and other cosmic phenomena such as novae and
supernovae, but up to now the most interesting rare isotopes have been
largely out of the reach of terrestrial experiments. FRIB will provide
access to most of the rare isotopes important in these astrophysical
processes, thus allowing scientists to address questions such as:

How are the elements from iron to uranium created?
How do stars explode?
What is the nature of neutron star matter?

Recent astronomical missions such as the Hubble Space Telescope, Chandra X-ray Observatory,
Spitzer Space Telescope, and the Sloan Digital Sky Survey have provided new and detailed information
on element synthesis, stellar explosions, and neutron stars over a wide range of wavelengths. However,
scientists attempting to interpret these observations have been constrained by the lack of information on
the physics of unstable nuclei.

FRIB and future astronomy missions such as the Joint Dark Energy Mission, and the Advanced Compton
Telescope will complement each other and provide a potent combination of tools to discover answers to
important questions that confront the field.

Source: 2006 brochure from the RIA users community

 

 

Fundamental Interactions
Nuclear and particle physicists study fundamental interactions for two
basic reasons: to clarify the nature of the most elementary pieces of
matter and determine how they fit together and interact. Most of what
has been learned so far is embodied in the Standard Model of particle
physics, a framework that has been both repeatedly validated by
experimental results and is widely viewed as incomplete.

"[Scientists] have been stuck in that model, like birds in a gilded cage,
ever since [the 1970s]," wrote Dennis Overbye in a July 2006 essay
for The New York Times. "The Standard Model agrees with every
experiment that has been performed since. But it doesn't say anything
about the most familiar force of all, gravity. Nor does it explain why
the universe is matter instead of antimatter, or why we believe there are such things as space and time."

Rare isotopes produced at FRIB's will provide excellent opportunities for scientists to devise experiments
that look beyond the Standard Model and search for subtle indications of hidden interactions and minutely
broken symmetries and thereby help refine the Standard Model and search for new physics beyond it.

Sources: 2006 brochure from the RIA users community, New York Times

 

 

 

Applied Benefits

Nuclei, a laboratory for studying fundamental 
interactions and fundamental symmetries 

-  Double-beta decay: 76Ge, 82Se, 130Te, 136Xe 

-  EDM: 199Hg, 225Ra, 211Rn, etc 

-  PNC: 14N, 18F, 19F, 21Ne (PRL 74, 231 (1995)) 

-  Beta decay: super-allowed, angular correlations, etc  

FRIB and 
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-  Tritium decay: 

 

 

-  Cosmology: CMB power 
spectrum, BAO, etc, 
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Adapted from Avignone, Elliot, Engel, Rev. Mod. 
Phys. 80, 481 (2008) -> RMP08 
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136Xe ββ Experimental Results 
Publication  Experiment T2ν

1/2 T0ν
1/2(lim) T0ν

1/2(Sens)

PRL 110, 062502 KamLAND-Zen > 1.9x1025 y  
 

1.1x1025 y 

PRC 89, 015502  EXO-200 (2.11  0.04  0.21)x1021 y 
Nature 510, 229 EXO-200 >1.1x1025 y  1.9x1025 y 

PRC 85, 045504  KamLAND-Zen (2.38  0.02  0.14)x1021 y   
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arXiv:1402.6956, 
Nature 510, 229 
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2

parameter, Supernovae and Baryonic Acoustic Oscilla-
tions (BAOs).

More recently, by using a new sample of quasar spec-
tra from SDSS-III and Baryon Oscillation Spectroscopic
Survey searches and a novel theoretical framework which
incorporates neutrino non-linearities self consistently,
Palanque-Delabrouille et al. [8] have obtained a new tight
limit on ⌃. This constraint was derived both in frequen-
tist and bayesian statistics by combining the Planck 2013
results [5] with the one-dimensional flux power spectrum
measurement of the Lyman-↵ forest of Ref. [7]. In partic-
ular, from the frequentist interpretation (which is in ex-
cellent agreement with the bayesian results), the authors
compute a probability for ⌃ that can be summarized in
a very a good approximation by:

��2(⌃) =
(⌃� 22meV)2

(62meV)2
. (5)

Starting from the likelihood function L / exp�(��2/2)
with��2 as derived from Fig. 7 of Ref. [8], one can obtain
the following limits:

⌃ < 84meV (1�C.L.)

⌃ < 146meV (2�C.L.)

⌃ < 208meV (3�C.L.)

(6)

which are very close to those predicted by the Gaussian
��2 of Eq. 5.

It is worth noting that, even if this measurement is
compatible with zero at less than 1�, the best fit value is
di↵erent from zero, as expected from the oscillation data
and as evidenced by Eq. 5.

Furthermore, the (atmospheric) mass splitting � ⌘p
�m2 ' 49meV [2] becomes the dominant term of Eqs.

3 and 4 in the limit m ! 0. Under this assumption,
in the case of NH (IH) ⌃ reduces approximately to �
(2�). This explains why this result favors, for the first
time, the NH mass spectrum, as pointed out in Ref. [8]
and as advocated in older theoretical works [9].

It is the first time that some data indicate a prefer-
ence for one specific mass hierarchy. Nonetheless, these
results on ⌃ have to be taken with due caution. In fact,
claims for a non-zero value for the cosmological mass
(from a few eV to hundreds of meV) are already present
in the literature (see e. g. Refs. [10, 11]). In particular,
it has been recently suggested that a total non-zero neu-
trino mass, around 0.3 eV, could alleviate some tensions
present between cluster number counts (selected both in
X-ray and by Sunyaev-Zeldovich e↵ect) and weak lensing
data [12, 13]. In some cases, a sterile neutrino particle
with mass in a similar range is also advocated [14, 15].
However, these possible solutions are not supported by
CMB data or BAOs for either the active or sterile sectors.
In fact, a combination of those data sets strongly disfa-
vors total masses above (0.2-0.3) eV [4]. More precise
measurements from cosmological surveys are expected in

the near future (among the others, DESI1 and the Euclid
satellite2) and they will probably allow more accurate
statements on neutrino masses.

III. CONTRIBUTION OF THE THREE LIGHT
NEUTRINOS TO NEUTRINOLESS DOUBLE

BETA DECAY

The close connection between the neutrino mass mea-
surements obtained in the laboratory and those probed
by cosmological observations was outlined long ago [16].
In the case of 0⌫��, a bound on ⌃ allows the derivation
of a bound on m

��

. This can be done by computing m
as a function of ⌃ and by solving the quartic equation
thus obtained.
It appears therefore useful to adopt the representation

originally introduced in Ref. [17], where m
��

is expressed
as a function of ⌃.
The resulting plot, according to the values of the os-

cillation parameters of Ref. [2], is shown in the left panel
of Fig. 1. The extreme values for m

��

after variation
of the Majorana phases can be easily calculated, see e. g.
Refs. [3, 18]. This variation, together with the uncertain-
ties on the oscillation parameters, results in a widening
of the allowed regions. It is also worth noting that the
error on ⌃ contributes to the total uncertainty. Its e↵ect
is a broadening of the light shaded area on the left side
of the minimum allowed value ⌃(m = 0) for each hierar-
chy. In order to compute this uncertainty, we considered
Gaussian errors on the oscillation parameters, namely

�⌃ =

s✓
@ ⌃

@ �m2
�(�m2)

◆2

+

✓
@ ⌃

@�m2
�(�m2)

◆2

. (7)

The following inequality allows the inclusion of the new
cosmological constraints on ⌃ from Ref. [8]:

(y �m
��

(⌃))2

(n�[m
��

(⌃)])2
+

(⌃� ⌃(0))2

(⌃
n

� ⌃(0))2
< 1 (8)

where m
��

(⌃) is the Majorana E↵ective Mass as a func-
tion of ⌃ and �[m

��

(⌃)] is the 1� associated error, com-
puted as discussed in Ref. [3]. ⌃

n

is the limit on ⌃ derived
from Eq. 5 for the C. L. n = 1, 2, 3, . . . By solving the in-
equality for y, it is thus possible to get the allowed con-
tour for m

��

considering both the constraints from oscil-
lations and from cosmology. In particular, the Majorana
phases are taken into account by computing y along the
two extremes ofm

��

(⌃), namelymmax

��

(⌃) andmmin

��

(⌃),
and then connecting the two contours. The resulting plot
is shown in the right panel of Fig. 1.
The most evident feature of Fig. 1 is the clear di↵er-

ence in terms of expectations for both m
��

and ⌃ in

1
http://desi.lbl.gov/cdr

2
http://www.euclid-ec.org

Σ =m1 +m2 +m3

arXiV:1505.02722 
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SM fermion masses :
ψiLφYijψ jR →Yij < φ >ψiLψ jR = mD( )ijψiLψ jR
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→neutrino is sterile: Dµ = I∂µ
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singlet
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See-saw mechanisms 
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Weinberg’s dimension-5 BSM 
operator contributing to 
Majorana neutrino mass 
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u Left-right (LR) symmetric model(s): 

•  Restore LR symmetry (at some scale), needs 
new iso-triplet Higgs, WR, new ββ-decay 
contributions 

u Super-Symmetric (SUSY) model(s): 

•  Restore fermion-boson symmetry, double the # of 
particles, may contribute to ββ-decay (R-parity) 
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Figure 11: Observed and expected exclusion contour at 95% confidence level as a function of the mass of a heavy
Majorana neutrino and of a WR (left) or Z0 boson (right) within the LRSM. The limits in (a) and (b) show the
scenario where the heavy neutrino has electron flavour and those in (c) and (d) show the scenario where it has muon
flavour. The limits in (e) and (f) show the case of two degenerate neutrinos, one has electron flavour, and the other
muon flavour (no mixing between lepton flavours is assumed).
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heavy right-handed neutrino-exchange mechanism, if the
contributions from � and ⌘ mechanisms are ruled out by
the two-electron angular and energy distributions.

The paper is organized as follows: Section II presents
the general formalism used to describe the neutrinoless
double-beta decay under the assumption that the right-
handed currents would contribute. Section III describes
the associated two-electron angular and energy distribu-
tions. Section IV analyzes the two-electron angular and
energy distributions for di↵erent scenarios that consider
di↵erent relative magnitudes of the � and ⌘ mechanism
amplitudes. Section V considers the possibility of dis-
entangling the mass mechanisms from the heavy right-
handed neutrino-exchange mechanism, if the � and ⌘ con-
tributions could be ruled out by the two-electron energy
and angular distributions. Section VI is devoted to con-
clusions, and Appendices A, B, and C present detailed
formulae used in the formalism.

II. 0⌫�� DECAY FORMALISM

If right-handed currents exist there are several possible
contributions to the neutrinoless double-beta decay rate
[26, 31]. Usually, only the light left-handed neutrino-
exchange mechanism (a.k.a the mass mechanism) is taken
into consideration, but other mechanisms could play a
significant role [5]. One popular model that considers
the right-handed currents contributions is the left-right
symmetric model [19, 20], which assumes the existence of
heavy particles that are not part of the Standard Model
(see also Ref. [22] for a review specific to double-beta
decay).

In the framework of the left-right symmetric model
one can write the electron neutrino fields (see Appendix
A where we use the notations of Ref. [22]) as

⌫0eL =
lightX

k

Uek⌫kL +
heavyX

k

SekN
c
kR,

⌫0eR =
lightX

k

T ⇤
ek⌫

c
iL +

heavyX

k

V ⇤
ekNkR, (1)

where ⌫0 represent flavor states, ⌫ and N represent mass
eigenstates, U and V mixing matrices are almost unitary
while S and T mixing matrices are small. The ⌫0eL elec-
tron neutrino is active for the V �A weak interaction and
sterile for the V +A interaction, and the opposite being
true for ⌫0eR. Then the neutrinoless half-life expression is
given by

h
T 0⌫
1/2

i�1
= G0⌫

01g
4
A | M0⌫⌘⌫ +M0N

�
⌘LNR

+ ⌘RNR

�

+⌘�X� + ⌘⌘X⌘ + · · · |2, (2)

where ⌘⌫ , ⌘LNR
, ⌘LNR

, ⌘�, and ⌘⌘ are neutrino physics pa-
rameters defined in Ref. [22] (see also Appendix A), M0⌫

and M0N are the light and heavy neutrino-exchange nu-
clear matrix elements [5, 6], and X� and X⌘ represent
combinations of NME and phase space factors that will
be analyzed below. G0⌫

01 is a phase space factor [32] that
can be calculated with relatively good precision in most
cases [33, 34]. The ”· · · ” sign stands for other possible
contributions, such as those of R-parity violating SUSY
particle exchange [5, 6], Kaluza-Klein modes [6, 35], etc,
which are neglected here.
The ⌘LNR

term also exists in the seesaw type I mecha-
nisms but its contribution is negligible if the heavy mass
eigenstates are larger than 1 GeV [17]. Assuming a see-
saw type I dominance [36] we will neglect it here. If the
⌘� and ⌘⌘ contributions could be ruled out by the two-
electron energy and angular distributions the remaining
⌘⌫ and ⌘RNR

terms do not interfere, and the half-life be-
comes

h
T 0⌫
1/2

i�1
= G0⌫

01g
4
A

⇣��M0⌫
��2 |⌘⌫ |2 +

��M0N
��2 ��⌘RNR

��2
⌘
.

(3)

Then, the relative contribution of the ⌘⌫ and ⌘RNR
can

be gauged out if one measures the half-life of at least
two isotopes [5, 24], provided that the corresponding
matrix elements M0⌫ and M0N are known with good
precision (see section V below). These matrix elements
were calculated using several methods including inter-
acting shell model (ISM) [6–8, 10–12, 17] (see Ref. [7]
for a review), quasiparticle random phase approximation
(QRPA) [5, 37], and interacting boson model (IBM) [38].
In general, the ISM results for M0⌫ are quite close one
to another, but smaller than the QRPA and IBM results;
the ISM and IBM results for M0N are close, while they
are both smaller than the QRPA results. An explana-
tion of this behavior was recently provided [39], which
suggests a path for improving of these NME.
In what follows we provide an analysis of the two-

electron relative energy and angular distributions using
shell model NME. This analysis could be used to analyze
data that may be provided by the SuperNEMO experi-
ment to identify the relative contributions of ⌘� and ⌘⌘
terms in Eq. (2). A similar analysis using QRPA NME
was given in Ref. [27]. During the preparation of this
manuscript we also found a more general analysis of the
terms contributing to the angular and energy distribu-
tions, for most of the double-beta decay isotopes, based
on improved phase space factors and QRPA NME [30].
However, our analysis is more detailed and more specific
to the decay of the 82Se isotope. The starting point is
provided by the classic paper of Doi, Kotani and Tagasuki
[26], which describes the neutrinoless double-beta decay
process using a low-energy Hamiltonian that includes the
e↵ects of the right-handed currents. The ⌘� and ⌘⌘ terms
in Eq. (2) are related to the � and ⌘ terms in Ref. [26].
With some simplifying notations the half-life expression
[26] (here we omit the contribution from the ⌘LNR

term,
which has the same energy and angular distribution as
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the ⌘⌫ term) is given by

h
T 0⌫
1/2

i�1
=
���M (0⌫)

GT

���
2
{C⌫2 + C⌫�cos�1 + C⌫⌘cos�2

+ C�2 + C⌘2 + C�⌘cos(�1 � �2)
 
, (4)

where �1 and �2 are the relative CP phases (A7). Dif-
ferent processes give rise to several contributions: C⌫2

are from the left-handed leptonic and currents, C�2 from
the right-handed leptonic and right-handed hadronic cur-
rents, and C⌘2 from the right-handed leptonic and left-
handed hadronic currents. Interference between these
terms is represented by the the contributions of C⌫�, C⌫⌘

and C�⌘. The precise definitions are

C⌫2 = C1 h⌫i2 , C⌫� = C2 h⌫i h�i , C⌫⌘ = C3 h⌘i h⌫i ,
C�2 = C4 h�i2 , C⌘2 = C5 h⌘i2 , C�⌘ = C6 h⌘i h�i , (5)

where C1�6 are combinations of nuclear matrix elements
and phase-space factors (PSF). Their expressions can be
found in the Appendix B, Eqs. (B1). M0⌫

GT and the other
nuclear matrix elements that appear in the expressions of
the C factors are presented in Eq. (B4). In the context of
the left-right symmetric model we associate the neutrino
physics parameters h⌫i, h�i, h⌘i, with the corresponding
⌘i parameters defined in Appendix A,

h⌫i = |⌘⌫ | , (6a)

h�i = |⌘�| , (6b)

h⌘i = |⌘⌘| , (6c)

but we leave them in this generic form for the case that
other mechanisms could contribute. For example, any
contribution from a mechanism whose amplitude is pro-
portional with

p
G0⌫

01 , such as ⌘LNR
and ⌘RNR

, may be
added to the h⌫i term with an appropriate redefinition of
the nuclear matrix elements and the interference phases.

III. 0⌫�� DECAY ELECTRONS
DISTRIBUTIONS

The di↵erential decay rate of the 0+ ! 0+ 0⌫�� tran-
sition can be expressed as:

d2W 0⌫
0+!0+

d✏1dcos✓12
=

a0⌫!0⌫(✏1)

2 (meR)2
[A(✏1) +B(✏1)cos✓12] . (7)

✏1 is the energy of the first electron in units of mec2, R is
the nuclear radius (R = r0A1/3, with r0 = 1.2fm), ✓12 is
the angle between the outgoing electrons, and the expres-
sions for the constant a0⌫ and the function !0⌫ are given
in the Appendix C, Eqs. (C2) and (C3), respectively.
The functions A(✏) and B(✏) are defined as combinations
of factors that include PSF and NME:

A(✏1) = |N1(✏1)|2 + |N2(✏1)|2 + |N3(✏1)|2 + |N4(✏1)|2,
(8a)

B(✏1) = �2Re [N?
1 (✏1)N2(✏1) +N?

3 (✏1)N4(✏1)] . (8b)

The detailed expressions of the N1�4(✏1) components are
presented in Eqs. (B7)
The expression of the half-life can be written as follows:

h
T 0⌫
1/2

i�1
=

1

ln2

Z
dW 0⌫

0+!0+ =
a0⌫

ln2 (meR)2

⇥
Z T+1

1
A(✏1)!0⌫(✏1)d✏1, (9)

with the kinetic energy T defined as:

T =
Q��

mec2
. (10)

A. Angular distributions

The integration of Eq. (7) over ✏1 provides the angular
distribution of the electrons. We can now write it as:

dW 0⌫
0+!0+

d⌦
=

a0⌫

4⇡ (meR)2

"Z T+1

1
A(✏1)!0⌫(✏1)d✏1

+
d⌦

2⇡

Z T+1

1
B(✏1)!0⌫(✏1)d✏1

#
, (11)

where d⌦ = 2⇡dcos✓12.

B. Energy distributions

Integrating Eq. (7) over cos✓12, one obtains the single
electron spectrum. When investigating the energy dis-
tribution, it is convenient to express the decay rate as a
function of the di↵erence in the energy of the two outgo-
ing electrons, �t = (✏1�✏2)mec2, where ✏2 = T+2�✏1 is
the kinetic energy of the second electron. We now express
the energy of one electron as:

✏1 =
T + 2 + �t

mec2

2
. (12)

After changing the variable, the energy distribution as a
function of �t is:

2dW 0⌫
0+!0+

d(�t)
=

2a0⌫

(meR)2
!0⌫(�t)

mec2
A(�t). (13)

IV. RESULTS

Here we analyze in detail the two-electron angular and
energy distributions for 82Se, which was chosen as a base-
line isotope by SuperNEMO experiment [27, 29]. We
calculate the 82Se NME of Eq. (B4) using a shell model
approach with the JUN45 [40] e↵ective Hamiltonian in
the jj44 model space [9, 10]. The nuclear structure ef-
fects are taken into account by the inclusion of short-
range correlations with CD-Bonn parametrization, finite
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distribution of the electrons. We can now write it as:
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where d⌦ = 2⇡dcos✓12.

B. Energy distributions

Integrating Eq. (7) over cos✓12, one obtains the single
electron spectrum. When investigating the energy dis-
tribution, it is convenient to express the decay rate as a
function of the di↵erence in the energy of the two outgo-
ing electrons, �t = (✏1�✏2)mec2, where ✏2 = T+2�✏1 is
the kinetic energy of the second electron. We now express
the energy of one electron as:

✏1 =
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2
. (12)

After changing the variable, the energy distribution as a
function of �t is:
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IV. RESULTS

Here we analyze in detail the two-electron angular and
energy distributions for 82Se, which was chosen as a base-
line isotope by SuperNEMO experiment [27, 29]. We
calculate the 82Se NME of Eq. (B4) using a shell model
approach with the JUN45 [40] e↵ective Hamiltonian in
the jj44 model space [9, 10]. The nuclear structure ef-
fects are taken into account by the inclusion of short-
range correlations with CD-Bonn parametrization, finite
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B. Energy distributions

Integrating Eq. (7) over cos✓12, one obtains the single
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tribution, it is convenient to express the decay rate as a
function of the di↵erence in the energy of the two outgo-
ing electrons, �t = (✏1�✏2)mec2, where ✏2 = T+2�✏1 is
the kinetic energy of the second electron. We now express
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IV. RESULTS

Here we analyze in detail the two-electron angular and
energy distributions for 82Se, which was chosen as a base-
line isotope by SuperNEMO experiment [27, 29]. We
calculate the 82Se NME of Eq. (B4) using a shell model
approach with the JUN45 [40] e↵ective Hamiltonian in
the jj44 model space [9, 10]. The nuclear structure ef-
fects are taken into account by the inclusion of short-
range correlations with CD-Bonn parametrization, finite
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FIG. 1: (Color online) Electrons angular distribution
(upper panel) and energy distributions (lower panel) for
the competition between ⌫ and ⌘ mechanisms, Case 1.

nucleon size e↵ects, and higher order corrections of the
nucleon current [14]. Due to the small contribution of
the �P factor (less than 4% when changing from 0.1 to
0.5), we do not calculate it and use a typical shell model
value of 0.5 for the case of 82Se [41]. We point out that
some of the neutrino potentials in Eq. (B5) are divergent
[26], such that the approximations �GT! = 2��GTq and
�F! = 2�F � �Fq [42] are not accurate. This simplifica-
tion was widely used because of the high complexity and
di�culty of the previous shell model calculations with
large model spaces [41, 43], when most of most 0⌫��
decaying isotopes were considered. A solution to this
problem is to first perform the radial integral over the
coordinate space and only after, the second integral over
the momentum space in Eq. (B6). For gA we use the
older value of 1.254 for an easier comparison to other
NME and PSF results in the literature. It was shown in
Ref. [10] that changing to the newer value of 1.27 [44]
changes the result by only 0.5%.

The NME calculated in this work are presented on the
first line of Table I. The second line displays the normal-
ized values �↵ (↵ = F,GT!, F!, GTq, Fq, T,R).

The PSF that enter in the components of Eq. (4) are
calculated in this work using Eq. (C1)(see also Ref. [32]).

FIG. 2: (Color online) Same as Fig. 1 for the
competition between ⌫ and � mechanisms, Case 2.

TABLE I: The 82Se NME corresponding to Eq. (B3).

MGT MF MGT! MF! MGTq MFq MT MR

2.993 -0.633 2.835 -0.618 3.004 -0.487 0.012 3.252

�F �GT! �F! �GTq �Fq �T �R

-0.134 0.947 -0.131 1.003 -0.103 0.004 1.086

The values of the �1± and �2± factors of Eq. (B2) are:
�1+ = 0.717, �1� = 1.338, �2+ = 0.736, �2� = 0.930.

These can be also calculated by a simple manipulation
of Eq. (9), involving Ã±k defined in Appendix B. In the
case of G1, we obtain results which are in good agreement
with those of Ref. [34], having a di↵erence of about 10%.
The results of Ref. [34] have been obtained more rigor-
ously by solving numerically the Dirac equation, and by
including the e↵ects of the finite nuclear size and elec-
tron screening using a Coulomb potential derived from a
realistic proton density distribution in the daughter nu-
cleus. This more rigorous treatment of the finite nuclear
charge can provide di↵erences of up to 30-40% in G1 for
heavy nuclei as compared with Eq. (C1) [33, 34]. How-
ever, given the larger uncertainty in the NME [39], and
because of the small di↵erence in PSF for the case of
82Se, this approximation is satisfactory and we use it in

<η > dominates



INT, Oct. 14, 2015 M. Horoi CMU 



Two Non-Interfering Mechanisms 

INT, Oct. 14, 2015 M. Horoi CMU 

€ 

ην =
mββ

me

≈10−6

€ 

ηNR =
MWL

MWR

# 

$ 
% 

& 

' 
( 

4

Vek
2 mp

Mkk

heavy

∑ ≈10−8

Assume T1/2(76Ge)=22.3x1024 y 

€ 

ην , ηNR ⇐
GGe
0νT1/ 2Ge

0ν[ ]
−1

= MGe
(0ν ) 2ην

2
+ MGe

(0N ) 2ηNR
2

GXe
0νT1/ 2Xe

0ν[ ]
−1

= MXe
(0ν ) 2ην

2
+ MXe

(0N ) 2ηNR
2

& 

' 
( 

) 
( 

€ 

See also PRD 83,113003 (2011)

T1/2
0ν!" #$

−1
≈G0ν M (0ν ) 2 ηνL

2
+ M (0N ) 2 ηNR

2!
"'

#
$( No interference terms!



Two Non-Interfering Mechanisms 

INT, Oct. 14, 2015 M. Horoi CMU 

€ 

See also PRD 83,113003 (2011)

8

TABLE VI: Calculated limits of half-lives ratios, Eq. (14), for di↵erent combinations of isotopes (see text for
details). For example, in the combination Ge/Se (1) corresponds to Ge and (2) to Se.

Ge/Se Ge/Te Ge/Xe Se/Te Se/Xe Te/Xe

Ge Se Ge Te Ge Xe Se Te Se Xe Te Xe

G0⌫
01 ⇥ 1014 0.237 1.018 0.237 1.425 0.237 1.462 1.018 1.425 1.018 1.462 1.425 1.462

M0⌫(1/2) 3.57 3.39 3.57 1.93 3.57 1.76 3.39 1.93 3.39 1.76 1.93 1.76

M0N (1/2) 202 187 202 136 202 143 187 136 187 143 136 143

T ⌫
1/2(1)/T

⌫
1/2(2) 3.87 1.76 1.50 0.45 0.39 0.85

TN
1/2(1)/T

N
1/2(2) 3.68 2.73 3.09 0.74 0.84 1.13

R(N/⌫) present 0.95 1.55 2.06 1.63 2.17 1.33

R(N/⌫) [45] 1.02 1.39 1.42 1.36 1.39 1.03

V. DISENTANGLING THE HEAVY NEUTRINO
CONTRIBUTION

As mentioned in Section II, if the ⌘� and ⌘⌘ contribu-
tions could be ruled out by the two-electron energy and
angular distributions analyzed in the previous section, in
that case, assuming a seesaw type I dominance [36] the
half-life is given by Eq. (3). Then, the relative contri-
bution of the ⌘⌫ and ⌘RNR

terms can be identified if one
measures the half-life of at least two isotopes [5, 24], pro-
vided that the corresponding matrix elements M0⌫ and
M0N are known with good precision. Ref. [5, 24] al-
ready provided some limits of the ratios of the half-lives
of di↵erent isotopes based on older QRPA calculations.
However, based on those calculations, the two limits for

r(⌫/N) ⌘ T ⌫/N
1/2 (1)/T ⌫/N

1/2 (2)

r(⌫/N) =
G0⌫

01(2)
��M0⌫/N (2)

��2

G0⌫
01(1)

��M0⌫/N (1)
��2
, (14)

were too close to allow for a good separation of the con-
tribution of these two mechanisms. In Eq. (14) (1) and
(2) designate members of a pair of isotopes. Below, we
present the results based on our shell model calculations
given in see Tables III and IV of Ref. [7]. In Table VI
Ge, Se, Te, and Xe are short-hand notions for 76Ge, 82Se,
130Te, and 136Xe respectively. In the table we only use
the NME calculated with CD-Bonn short-range correla-
tions. The G0⌫

01 factors from Table III of Ref. [30] were
used (they are very close to those of Ref. [46])

The pre-last line in Table VI presents the ratio of the
ratios of half-lives, R(N/⌫) = r(N)/r(⌫), calculated with
our NME. On can see that the largest ratio is obtained for
the combination 82Se/136Xe. Its magnitude larger than
2 indicates that on can di↵erentiate between these two
limits if the half-lives are known with reasonable uncer-
tainties, and provided that the NME can be calculated
with su�cient precision. The last line in Table VI shows
the same quantity calculated with the recent QRPA NME
taken from Table I (columns d) of Ref. [45]. On can see
that these ratios are not as favorable in identifying the

two limits. This analysis emphasizes again the need of
having reliable NME for all mechanisms.

VI. CONCLUSIONS

In this paper we calculate nuclear matrix ele-
ments, phase space factors, and half-lives for the
0⌫�� (0+ ! 0+) decay of 82Se under di↵erent scenarios
that include, besides the mass mechanism, the mixed
right-handed/left-handed currents contributions known
as ⌘ and � mechanisms. For the mass mechanism dom-
inance scenario the results are consistent with previous
calculations [10] using the same Hamiltonian. Inclusion
of contributions from ⌘ and � mechanisms have the ten-
dency to decrease the half-lives.
We present the two-electrons angular and energy dis-

tributions for five theoretical scenarios of mixing between
mass mechanisms contributions,and ⌘ and � mechanism
contributions. From the figures presented in the paper
one can recover the general conclusion [26] that the en-
ergy distribution can be used to distinguish between the
mass mechanism and the � mechanism, while the angular
distribution can be used in addition to the energy distri-
bution to distinguish between the mass mechanism and
the ⌘ mechanism, but the identification could be more
nuanced due to the lack of knowledge of the interference
phases. In the case of the energy distributions for the
mass mechanism dominance (blue line) and the � mech-
anism dominance (green band in Figure 2 lower panel),
we find similar results to those of Figure 2 in Ref. [27].
However, our results emphasize the significant role of the
interference phases �1 and �2 in identifying the e↵ect.
We also find out from the analysis of Case 3 that if the

e↵ective neutrino mass is very small, close to zero, and
the ⌘ and � mechanisms are competing, then one can
potentially identify this scenario from the � dominance,
Case 2, by comparing the ratio min-to-max in the angu-
lar distributions and/or by the behavior of the angular
correlation coe�cient for almost equal electron energies.
The small interference e↵ects in Case 3 could be also used
as an additional identification tool.

8

TABLE VI: Calculated limits of half-lives ratios, Eq. (14), for di↵erent combinations of isotopes (see text for
details). For example, in the combination Ge/Se (1) corresponds to Ge and (2) to Se.

Ge/Se Ge/Te Ge/Xe Se/Te Se/Xe Te/Xe
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01 ⇥ 1014 0.237 1.018 0.237 1.425 0.237 1.462 1.018 1.425 1.018 1.462 1.425 1.462
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V. DISENTANGLING THE HEAVY NEUTRINO
CONTRIBUTION

As mentioned in Section II, if the ⌘� and ⌘⌘ contribu-
tions could be ruled out by the two-electron energy and
angular distributions analyzed in the previous section, in
that case, assuming a seesaw type I dominance [36] the
half-life is given by Eq. (3). Then, the relative contri-
bution of the ⌘⌫ and ⌘RNR

terms can be identified if one
measures the half-life of at least two isotopes [5, 24], pro-
vided that the corresponding matrix elements M0⌫ and
M0N are known with good precision. Ref. [5, 24] al-
ready provided some limits of the ratios of the half-lives
of di↵erent isotopes based on older QRPA calculations.
However, based on those calculations, the two limits for
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, (14)

were too close to allow for a good separation of the con-
tribution of these two mechanisms. In Eq. (14) (1) and
(2) designate members of a pair of isotopes. Below, we
present the results based on our shell model calculations
given in see Tables III and IV of Ref. [7]. In Table VI
Ge, Se, Te, and Xe are short-hand notions for 76Ge, 82Se,
130Te, and 136Xe respectively. In the table we only use
the NME calculated with CD-Bonn short-range correla-
tions. The G0⌫

01 factors from Table III of Ref. [30] were
used (they are very close to those of Ref. [46])

The pre-last line in Table VI presents the ratio of the
ratios of half-lives, R(N/⌫) = r(N)/r(⌫), calculated with
our NME. On can see that the largest ratio is obtained for
the combination 82Se/136Xe. Its magnitude larger than
2 indicates that on can di↵erentiate between these two
limits if the half-lives are known with reasonable uncer-
tainties, and provided that the NME can be calculated
with su�cient precision. The last line in Table VI shows
the same quantity calculated with the recent QRPA NME
taken from Table I (columns d) of Ref. [45]. On can see
that these ratios are not as favorable in identifying the

two limits. This analysis emphasizes again the need of
having reliable NME for all mechanisms.

VI. CONCLUSIONS

In this paper we calculate nuclear matrix ele-
ments, phase space factors, and half-lives for the
0⌫�� (0+ ! 0+) decay of 82Se under di↵erent scenarios
that include, besides the mass mechanism, the mixed
right-handed/left-handed currents contributions known
as ⌘ and � mechanisms. For the mass mechanism dom-
inance scenario the results are consistent with previous
calculations [10] using the same Hamiltonian. Inclusion
of contributions from ⌘ and � mechanisms have the ten-
dency to decrease the half-lives.
We present the two-electrons angular and energy dis-

tributions for five theoretical scenarios of mixing between
mass mechanisms contributions,and ⌘ and � mechanism
contributions. From the figures presented in the paper
one can recover the general conclusion [26] that the en-
ergy distribution can be used to distinguish between the
mass mechanism and the � mechanism, while the angular
distribution can be used in addition to the energy distri-
bution to distinguish between the mass mechanism and
the ⌘ mechanism, but the identification could be more
nuanced due to the lack of knowledge of the interference
phases. In the case of the energy distributions for the
mass mechanism dominance (blue line) and the � mech-
anism dominance (green band in Figure 2 lower panel),
we find similar results to those of Figure 2 in Ref. [27].
However, our results emphasize the significant role of the
interference phases �1 and �2 in identifying the e↵ect.
We also find out from the analysis of Case 3 that if the

e↵ective neutrino mass is very small, close to zero, and
the ⌘ and � mechanisms are competing, then one can
potentially identify this scenario from the � dominance,
Case 2, by comparing the ratio min-to-max in the angu-
lar distributions and/or by the behavior of the angular
correlation coe�cient for almost equal electron energies.
The small interference e↵ects in Case 3 could be also used
as an additional identification tool.
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TABLE VI: Calculated limits of half-lives ratios, Eq. (14), for di↵erent combinations of isotopes (see text for
details). For example, in the combination Ge/Se (1) corresponds to Ge and (2) to Se.
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V. DISENTANGLING THE HEAVY NEUTRINO
CONTRIBUTION

As mentioned in Section II, if the ⌘� and ⌘⌘ contribu-
tions could be ruled out by the two-electron energy and
angular distributions analyzed in the previous section, in
that case, assuming a seesaw type I dominance [36] the
half-life is given by Eq. (3). Then, the relative contri-
bution of the ⌘⌫ and ⌘RNR

terms can be identified if one
measures the half-life of at least two isotopes [5, 24], pro-
vided that the corresponding matrix elements M0⌫ and
M0N are known with good precision. Ref. [5, 24] al-
ready provided some limits of the ratios of the half-lives
of di↵erent isotopes based on older QRPA calculations.
However, based on those calculations, the two limits for
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, (14)

were too close to allow for a good separation of the con-
tribution of these two mechanisms. In Eq. (14) (1) and
(2) designate members of a pair of isotopes. Below, we
present the results based on our shell model calculations
given in see Tables III and IV of Ref. [7]. In Table VI
Ge, Se, Te, and Xe are short-hand notions for 76Ge, 82Se,
130Te, and 136Xe respectively. In the table we only use
the NME calculated with CD-Bonn short-range correla-
tions. The G0⌫

01 factors from Table III of Ref. [30] were
used (they are very close to those of Ref. [46])

The pre-last line in Table VI presents the ratio of the
ratios of half-lives, R(N/⌫) = r(N)/r(⌫), calculated with
our NME. On can see that the largest ratio is obtained for
the combination 82Se/136Xe. Its magnitude larger than
2 indicates that on can di↵erentiate between these two
limits if the half-lives are known with reasonable uncer-
tainties, and provided that the NME can be calculated
with su�cient precision. The last line in Table VI shows
the same quantity calculated with the recent QRPA NME
taken from Table I (columns d) of Ref. [45]. On can see
that these ratios are not as favorable in identifying the

two limits. This analysis emphasizes again the need of
having reliable NME for all mechanisms.

VI. CONCLUSIONS

In this paper we calculate nuclear matrix ele-
ments, phase space factors, and half-lives for the
0⌫�� (0+ ! 0+) decay of 82Se under di↵erent scenarios
that include, besides the mass mechanism, the mixed
right-handed/left-handed currents contributions known
as ⌘ and � mechanisms. For the mass mechanism dom-
inance scenario the results are consistent with previous
calculations [10] using the same Hamiltonian. Inclusion
of contributions from ⌘ and � mechanisms have the ten-
dency to decrease the half-lives.
We present the two-electrons angular and energy dis-

tributions for five theoretical scenarios of mixing between
mass mechanisms contributions,and ⌘ and � mechanism
contributions. From the figures presented in the paper
one can recover the general conclusion [26] that the en-
ergy distribution can be used to distinguish between the
mass mechanism and the � mechanism, while the angular
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Summary of 0vDBD mechanisms  

•  The mass mechanism (a.k.a. light-neutrino exchange) is 
likely, and the simplest BSM scenario. 

•  Low mass sterile neutrino would complicate analysis 
•  Right-handed heavy-neutrino exchange is possible, and 

requires knowledge of half-lives for more isotopes. 
•  η- and λ- mechanisms are possible, but could be ruled 

in/out by energy and angular distributions. 
•  Left-right symmetric model may be also (un)validated 

at LHC/colliders. 
•  SUSY/R-parity, KK, GUT, etc, scenarios need to be 

checked, but validated by additional means.  
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2v Double Beta Decay (DBD) of 48Ca 
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Shell Model GT Quenching 

core polarization: 
Phys.Rep. 261, 125 
(1995) 
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Closure Approximation and Beyond in Shell Model 
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New Approach to calculate NME: New Tests of 
Nuclear Structure  
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S. Vigdor talk at LRP Town 
Meeting, Chicago, Sep 28-29, 2014 
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The effect of larger model spaces for 48Ca 
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sd − pf
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N = 2€ 

N = 3

 M(0v)  SDPFU  SDPFMUP 
0   0.941  0.623 
0+2  1.182 (26%)  1.004 (61%) 

  

€ 

!ω

  

€ 

!ω

SDPFU: PRC 79, 014310 (2009)  

SDPFMUP: PRC 86, 051301(R) (2012)  

arXiv:1308.3815, PRC 89, 045502 (2014) 

   M(0v) 
0      / GXPF1A   0.733 
0      +2nd  ord./GXPF1A   1.301 (77%) 

  

€ 

!ω

  

€ 

!ω

PRC 87, 064315 (2013) 



Take-Away Points 
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Black box theorem  (all flavors + oscillations) 

Observation of 0νββ will signal New 
Physics Beyond the Standard Model.   

0νββ observed     ó 

at some level 

(i) Neutrinos are Majorana fermions.  

(ii) Lepton number conservation is 
violated by 2 units 

€ 

(iii) mββ = mkUek
2

k=1

3

∑ = c12
2 c13

2m1 + c13
2 s12

2m2e
iφ 2 + s13

2m3e
iφ 3 > 0

Regardless of the dominant 0νββ mechanism! 
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−1(0v) =G0ν (Qββ ) M

0v (0+)[ ] 2 < mββ >

me

% 

& 
' 

( 

) 
* 

2

€ 

φ2 = α2 −α1 φ3 = −α1 − 2δ

Take-Away Points 
The analysis and guidance of the 
experimental efforts need accurate 
Nuclear Matrix Elements. 

€ 

mββ ≡ mv = c12
2 c13

2m1 + c13
2 s12

2m2e
iφ 2 + s13

2m3e
iφ 3
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€ 

Σ = m1 +m2 +m3 from cosmology
€ 

mββ = c12
2 c13

2m1 + c13
2 s12

2m2e
iφ 2 + s13

2m3e
iφ 3

Take-Away Points 
Extracting information about Majorana 
CP-violation phases may require the 
mass hierarchy from LBNE(DUNE), 
cosmology, etc, but also accurate 
Nuclear Matrix Elements. € 

φ2 = α2 −α1 φ3 = −α1 − 2δ
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Take-Away Points 
Alternative mechanisms to 0νββ need 
to be carefully tested: many isotopes, 
energy and angular correlations. 

These analyses also require accurate 
Nuclear Matrix Elements. 

  

€ 

T1/ 2
0ν[ ]−1

= G0ν M jη j
j
∑

2

= G0ν M (0ν )ηνL + M (0 N ) ηNL +ηNR( ) + ˜ X λ < λ > + ˜ X η <η > +M (0 ' λ )η ' λ + M (0 ˜ q )η ˜ q +
2
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ην , ηNR ⇐
GGe
0νT1/ 2Ge

0ν[ ]
−1

= MGe
(0ν ) 2ην

2
+ MGe

(0N ) 2ηNR
2

GXe
0νT1/ 2Xe

0ν[ ]
−1

= MXe
(0ν ) 2ην
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+ MXe

(0N ) 2ηNR
2
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SuperNEMO; 82Se 
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Mmixed (N) = Mno−closure (N) + Mclosure (N = ∞) −Mclosure (N)[ ]

Take-Away Points 
Accurate shell model NME for different decay 
mechanisms were recently calculated. 

The method provides optimal closure energies 
for the mass mechanism. 

Decomposition of the matrix elements can be 
used for selective quenching of classes of 
states, and for testing nuclear structure. 
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