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Double-beta decay
Double-beta decay is a second-order process,
only to be observed when single-β decay is forbidden or suppressed
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Transition Experiment

48Ca→ 48Ti CANDLES
76Ge→ 76Se GERDA, MAJORANA
82Se→ 82Kr SuperNEMO
96Zr→ 96Mo

100Mo→ 100Ru AMoRE
110Pd→ 110Cd
116Cd→ 116Sn COBRA
124Sn→ 124Te
130Te→ 130Xe CUORE, SNO+
136Xe→ 136Ba EXO, KamLAND-Zen,

NEXT
150Nd→ 150Sm

Present half-life limits in 76Ge, 136Xe set to T 0νββ
1/2 > 1025 y, 1026 y!
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Lepton-number conservation
Lepton number is conserved
in all physical processes
observed to date

β decay, ββ decay...

Uncharged massive particles
like Majorana neutrinos (ν)
theoretically allow lepton number violation

Neutrinoless ββ (0νββ) decay
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Neutrino mass hierarchy

The decay lifetime is
(

T 0νββ
1/2

(
0+ → 0+

))−1
= G01

∣∣M0νββ
∣∣2(mββ

me

)2

,

sensitive to absolute neutrino masses, mββ = |∑U2
ek mk |, and hierarchy
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Matrix elements needed to make sure KamLAND-Zen: PRL117 082503(2016)

next generation ton-scale experiments fully explore "inverted hierarchy"
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0νββ decay mechanisms
0νββ process needs massive Majorana neutrinos (ν = ν̄),
but several mechanisms mediating the decay are possible(

T 0νββ
1/2

(
0+ → 0+

))−1
=
∑

i

Gi

∣∣∣M0νββ
i

∣∣∣2 (ηi )
2

Gi is the phase space factor: Qββ , leptons...

M0νββ
i is the nuclear matrix element

ηi describes new physics

Exchange of
Standard Model neutrinos (η = mββ),
sterile neutrinos (η ∼ mν),
left-right symmetric models (η ∼WR mass, WR −WL mixing),
exchange of supersymmetric particles (η ∼ LNV couplings)

0νββ decay constrains new physics models
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0νββ decay and new physics
Calculate nuclear matrix elements for new physics mechanisms
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In heavy-particle exchange, the exchange of pions dominate
Prezeau et al. PRD68 034016(2003)
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Retamosa et al. PRC51 371 (1995)
Hirsch et al. PRL75 17 (1995)
Blennow et al. JHEP07 096 (2010)
Meroni et al. JHEP02 025 (2013)
Hyvärinen et al. PRC91 024613 (2015)
Barea et al. PRC92 092001 (2015)
Horoi et al. PRD93 103014 (2016)
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Nuclear matrix elements
The Nuclear Matrix Element of the process has to be evaluated

〈Final |Hleptons−nucleons| Inital 〉 = 〈Final |
∫

dx jµ(x)Jµ(x) | Initial 〉

Nuclear structure calculation
of the initial and final states:
Ab initio, phenomenological...

Description of the
lepton-nucleus interaction:
Evaluation (non-perturbative)
of the hadronic currents inside nucleus:
phenomenological, effective theory

CDMS Collaboration
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Many-body approaches for 0νββ decay

Several many-body methods used to obtain 0νββ decay matrix elements

• Shell model (phenomenological)
Retamosa, Caurier, Nowacki, Poves, JM, Horoi, Brown, Otsuka, Shimizu...

• Energy density functional
Rodríguez, Martínez-Pinedo, Yao...

• Quasiparticle random phase approximation (QRPA)
Vogel, Engel, Faessler, Šimkovic, Rodin, Fang, Suhonen...

• Interacting boson model
Barea, Kotila, Iachello...

Strong interest in nuclear theory community:
Ab initio shell model, Coupled Cluster, in-medium SRG...
More controlled calculations with estimated uncertainties
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Test of nuclear structure
Spectroscopy well described: masses, spectra, transitions, knockout...
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Shell model:
JM, Caurier, Nowacki, Poves
PRC80 048501 (2009)

Energy Density Functional:
Rodríguez, Martínez-Pinedo
PRL105 252503 (2010)
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Neutrinoless ββ decay operator

The matrix element is M0νββ =
〈
0+

f

∣∣∑
n,m

τ−n τ
−
m

∑
X

HX (r) ΩX
∣∣0+

i

〉
• τ−n τ−m transform two neutrons into two protons

• ΩX is the spin structure:

Fermi (1), Gamow-Teller (σnσm), Tensor
[
Y 2(r̂) [σnσm]2

]0

• H(r) is the neutrino potential, depends on mν

HX (r) =
2
π

R
g2

A (0)

∫ ∞
0

f X (pr)
hX (p2)(√

p2 + m2
ν

)(√
p2 + m2

ν + 〈Em〉 − 1
2 (Ei − Ef )

)p2 dp ∼
R
r

Closure approximation typically used
tested to be valid to ∼ 10%
Muto NPA577 415C(1994)
Sen’kov et al. PRC90 051301(2014)
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0νββ decay nuclear matrix elements
Large difference in nuclear matrix element calculations: factor ∼ 2− 3
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EDF, IBM, QRPA large matrix elements: missing nuclear correlations?
Shell model small matrix elements: small configuration space?
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Favored material for experiment?
From nuclear matrix elements, no preferred candidate for experiment
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Shell model
Solve the many-body problem
"exactly" around the Fermi level

• Excluded orbitals:
orbitals always empty

• Valence space:
configuration space where to
solve the many-body problem

• Inner core:
orbitals always filled

Diagonalize valence space,
other effects in Heff :

H |Ψ〉 = E |Ψ〉 → Heff |Ψ〉eff = E |Ψ〉eff

|Ψ〉eff =
∑
α

cα |φα〉 , |φα〉 = a+
i1a+

i2...a
+
iA |0〉

Exact diagonalization: 1011 dimension Caurier et al. RMP77 427 (2005)

Monte Carlo shell model: 1023 dimension Togashi et al. arXiv:1606.09056
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Shell model configuration space

For 48Ca enlarge configuration space
from pf to sdpf (4 to 7 orbitals)
increases matrix elements
but only moderately ∼ 30%
Iwata et al. PRL116 112502 (2016)

The contributions dominated by
pairing (2p-2h) excitations
enhance the ββ matrix element,
but the contributions dominated by
1p-1h excitations suppress
the ββ matrix element
Otsuka san’s talk
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0νββ decay without correlations
Non-realistic spherical (uncorrelated) mother and daughter nuclei:
• Shell model (SM): zero seniority, neutron and proton J = 0 pairs
• Energy density functional (EDF): only spherical contributions
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In contrast to full
(correlated) calculation
SM and EDF NMEs agree!

NME scale set by
pairing interaction
JM, Rodríguez, Martínez-Pinedo,
Poves PRC90 024311(2014)

NME follows generalized
seniority model:

M0νββ
GT 'απαν

√
Nπ+1

√
Ωπ−Nπ

√
Nν
√

Ων−Nν+1, Barea, Iachello PRC79 044301(2009)
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Deformation and 0νββ decay

0νββ decay is disfavoured by quadrupole correlations
0νββ decay very suppressed when nuclei have different structure
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Pairing correlations and 0νββ decay

0νββ decay is favoured by pairing correlations

Ideal case: superfluid nuclei
reduced with high-seniorities
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Proton-neutron pairing and 0νββ decay
0νββ decay very sensitive to proton-neutron (isoscalar) pairing
Matrix elements too large if proton-neutron correlations are neglected
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H(r)σiσjτiτj operator
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Isoscalar pairing in ββ decay emitters

Estimate isoscalar pairing in 76Ge, 82Se, 124Sn, 130Te, 136Xe decays

JM et al. PRC93 014305 (2016)

(1) Set to zero all interaction
matrix elements receiving
contributions from collective
isoscalar pairing interaction

(2) Subtract isoscalar pairing
assuming pf-shell strength

Estimations suggest
NMEs could be overestimated
without isoscalar pairing
around 10%− 50% effect
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SU(4) symmetry: small matrix elements
Exact SU(4) symmetry⇒ M0νββ = 0
(mother and daughter nuclei in different SU(4) irreps)

SU(4) broken in nuclei
(spin-orbit force...)
but relatively small fraction
of mother and daughter nuclei
in same SU(4) irrep

When neutrino potential is
omitted, 0νββ operator exactly
symmetric under SU(4):
Matrix elements almost vanish
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Gamow-Teller transitions: "quenching"
Single-β decays well described by nuclear structure (shell model)

pn
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e
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−
i |I〉

geff
A = qgA, q ∼ 0.7− 0.8.
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Theory needs to “quench“ στ operator to predict Gamow-Teller lifetimes

This puzzle has been the target of many theoretical efforts:
Arima, Rho, Towner, Bertsch and Hamamoto, Wildenthal and Brown...

Anything missing in the many-body approach? Ejiri san’s talk...

Anything missing in the transition operator? This talk
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Gamow-Teller transitions: "quenching"

The spin-isospin quenching is also present when studying 2νββ decays

J. BAREA, J. KOTILA, AND F. IACHELLO PHYSICAL REVIEW C 91, 034304 (2015)

TABLE IX. IBM-2 matrix elements with Argonne SRC and
isospin restoration for neutrinoless β+β+, ECβ+, and ECEC com-
pared with available QRPA calculations.

Decay 0+
1 0+

2

IBM-2 QRPAa IBM-2 QRPA

58Ni 2.61 1.55 2.44
64Zn 5.44 0.70
78Kr 3.92 4.16 0.90
96Ru 2.85 3.23 4.29b 0.04 2.31b

106Cd 3.59 4.10 7.54c 1.72 0.61c

124Xe 4.74 4.76 0.80
130Ba 4.67 4.95 0.34
136Ce 4.54 3.7 0.38
156Dy 3.17 1.75
164Er 3.95 1.13
180W 4.67 0.31

aReference [28]. No isospin restoration.
bReference [29] (UCOM SRC). No isospin restoration.
cReference [30] (UCOM SRC). No isospin restoration.

TABLE X. NMEs (dimensionless) for heavy neutrino exchange
for neutrinoless β+β+/ECβ+/ECEC decay in IBM-2 with isospin
restoration, Argonne SRC, and gV /gA = 1/1.269.

Nucleus 0+
1 0+

2

M
(0ν)
GT M

(0ν)
F M

(0ν)
T M (0ν) M

(0ν)
GT M

(0ν)
F M

(0ν)
T M (0ν)

58Ni 55.1 −23.1 18.6 88.0 36.3 −15.8 8.33 54.5
64Zn 103 −38.9 −18.5 109 10.1 −3.20 −2.00 10.1
78Kr 89.8 −38.5 −30.6 83.1 21.1 −9.12 −7.22 19.5
96Ru 67.5 −30.6 12.5 99.0 0.32 −0.08 0.32 0.59
106Cd 87.8 −38.1 26.5 138 34.0 −14.7 8.75 51.9
124Xe 105 −47.9 −25.0 110 18.1 −8.24 −4.31 18.9
130Ba 103 −46.4 −23.7 108 8.07 −3.68 −1.90 8.45
136Ce 95.8 −43.2 −21.8 101 8.24 −3.73. −1.89 8.66
156Dy 82.6 −37.0 17.5 123 47.6 −21.4 10.4 71.3
164Er 108 −46.8 32.9 170 23.6 −9.95 5.96 35.8
180W 119 −53.3 28.1 180 10.7 −4.85 2.91 16.6

TABLE XI. Final β+β+, ECβ+, and ECEC IBM-2 matrix
elements with isospin restoration, Argonne SRC, and their error
estimate.

Decay Light neutrino exchange Heavy neutrino exchange

58Ni 2.61(42) 88(25)
64Zn 5.44(87) 109(31)
78Kr 3.92(63) 83(23)
96Ru 2.85(46) 99(28)
106Cd 3.59(57) 138(39)
124Xe 4.74(76) 110(31)
130Ba 4.67(75) 108(30)
136Ce 4.54(73) 101(28)
156Dy 3.17(51) 123(34)
164Er 3.95(63) 170(48)
180W 4.67(75) 180(50)

TABLE XII. 2νβ−β− matrix elements (dimensionless) to the
ground state (columns 2 and 3) and to the first excited state (columns
4 and 5) using the microscopic interacting boson model (IBM-2) with
isospin restoration and Argonne SRC in the closure approximation.

Nucleus 0+
1 0+

2

M
(2ν)
GT M

(2ν)
F M

(2ν)
GT M

(2ν)
F

48Ca 1.64 −0.01 5.07 −0.01
76Ge 4.44 −0.01 2.02 −0.00
82Se 3.59 −0.01 1.05 −0.00
96Zr 2.28 −0.00 0.04 −0.00
100Mo 3.05 −0.00 0.81 −0.00
110Pd 3.08 −0.00 0.38 −0.00
116Cd 2.38 −0.00 0.83 −0.00
124Sn 2.86 −0.01 2.19 −0.00
128Te 3.71 −0.01 2.70 −0.00
130Te 3.39 −0.01 2.64 −0.00
134Xe 3.69 −0.01 2.34 −0.00
136Xe 2.82 −0.01 1.65 −0.00
148Nd 1.31 −0.00 0.18 −0.00
150Nd 1.61 −0.00 0.31 −0.00
154Sm 1.95 −0.00 0.35 −0.00
160Gd 3.08 −0.00 0.53 −0.00
198Pt 1.06 −0.00 0.03 −0.00
232Th 2.75 −0.00 0.08 −0.00
238U 3.35 −0.00 0.24 −0.00

V. RESULTS FOR 2νββ

Isospin restoration has a major consequence on matrix
elements for 2νββ decay, since F matrix elements vanish when
isospin restoration is imposed. 2νββ matrix elements can be
easily calculated in IBM-2 using the closure approximation
(CA). In this approximation the matrix elements M2ν , which

from experimental τ1 2 ISM
gA,effISM 1.269A 0.12

from experimental τ1 2 IBM 2 CA SSD
gA,effIBM 2 1.269A 0.18

Ca Ge Se ZrMo Cd Te Xe Nd

40 60 80 100 120 140 1600.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Mass number

g A
,e
ff

FIG. 5. (Color online) Value of gA,eff extracted from experiment
for IBM-2 and the ISM.

034304-6

In heavier nuclei
quenching is larger
possibly because of
missing spin-orbit partners

Caurier et al. PLB711 62(2012)
Barea et al. PRC91 034304(2015)

If 0νββ decay matrix elements are overpredicted in a similar amount
experiments will not be able to probe the inverted hierarchy region
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"Quenching" in 0νββ vs 2νββ decays
From the theoretical point of view, 0νββ and 2νββ decays are different
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• In 2νββ decay, the momentum transfer to leptons is limited by Qββ ,
while for 0νββ decay larger momentum transfers are permitted

• In 2νββ decay only 1+ multipoles contribute,
but all multipoles relevant in 0νββ decay (neutrino potential)

Does "quenching" depend on multipolarity, or momentum transfer?
Ejiri et al. PLB729 27 (2014)...
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Chiral effective field theory
Chiral EFT: low energy approach to QCD, nuclear structure energies

Approximate chiral symmetry: pion exchanges, contact interactions

Systematic expansion: nuclear forces and electroweak currents
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N LO
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Weinberg, van Kolck, Kaplan, Savage, Epelbaum, Kaiser, Meißner...

Park, Gazit, Klos, Baroni...

Short-range couplings
fitted to experiment once
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2b currents in light nuclei
2b currents (meson-exchange currents) tested in light nuclei:

3H β decay
Gazit et al. PRL103 102502(2009)

A ≤ 9 magnetic moments
8Be EM transitions
Pastore et al. PRC87 035503(2013) =⇒
Pastore et al. PRC90 024321(2014)

3H µ capture
Marcucci et al. PRC83 014002(2011)
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In light nuclei, 2b current effect relatively small
How is the scaling to medium-mass and heavy nuclei?
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Hadronic 1b + 2b weak currents

Include 1b and 2b currents (operators) from chiral EFT
reflect strong interactions between nucleons in nuclei
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2b currents in medium-mass nuclei
Normal-ordered 2b currents modify GT operator
JM, Gazit, Schwenk PRL107 062501 (2011)
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2b currents predict gA quenching q = 0.85...0.66
Quenching reduced at p > 0, relevant for 0νββ decay where p ∼ mπ
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Nuclear matrix elements with 1b+2b currents
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Order Q0+Q2 similar to
phenomenological currents
JM, Poves, Caurier, Nowacki
NPA818 139 (2009)
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Order Q3 2b currents
reduce NMEs
∼ 20%− 50%

Smaller quenching q = 0.96...0.92 Ekström et al. PRL113 262504 (2014)
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Summary

Neutrinoless double-beta decay nuclear matrix elements
key to fully exploit next generation experiments testing inverted hierarchy

• Matrix element differences
between present calculations, factor 2− 3

• New 48Ca shell model result 30% increase,
shell model Monte Carlo underway

• Include isoscalar pairing correlations
in EDF-type and IBM approaches

• Understand gA quenching?
2b currents reduce matrix elements,
further reduction due to many-body methods?

• Ab initio calculations on the way,
estimation of theoretical uncertainties
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