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Motivation for 76Se/76Ge: double beta decay

Neutrinoless double beta decay
0νββ: 2n→ 2p + 2e−

Beyond the Standard model!

▶ Dirac or Majorana particle?

▶ Absolute neutrino masses

▶ Matter-antimatter asymmetry

Half-live of 0νββ
T−1
1/2 = G0ν · |⟨mββ⟩|2 · |M0ν |2

▶ Atomic and kinematics

▶ Majorana neutrino mass

▶ Nuclear matrix element
are poorly known

JJ Gómez-Cadenas et al. Riv. Nuovo Cim. 46,619 (2023)

Predictions of 0νββ need precise knowledge of nuclear structure!

▶ Deformation of initial and final nuclei
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Characterization of the deformation

Deformation parameters (β, γ)

▶ Intrinsic frame

▶ β: magnitude of
deformation

■ β = 0: Spherical

▶ γ: type of deformation

■ γ = 0◦ : Prolate
■ γ = 60◦ : Oblate
■ 0◦ < γ < 60◦ : Triaxial

aaaa β

γ
(β,γ)Δ

β

Δγ

Shape invariants ⟨Qn⟩: coupled
quadrupole operators Q2 = r2Y20

▶ Laboratory frame

▶ ⟨Q2⟩ = ⟨[Q2 × Q2]0⟩ −→ β2

▶ ⟨Q3⟩ = ⟨[[Q2×Q2]2×Q2]0⟩ −→ γ

▶ All ⟨Qn⟩ up to ⟨Q6⟩ are needed
for fluctuations of (β, γ)

K. Kumar, PRL 28, 249 (1972)
D. Cline, Nuclear Structure 313–326 (1985)
A. Poves, et al. PRC 101, 054307 (2020)
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Nuclear shell model

Schrödinger equation

H|Ψ⟩ = E |Ψ⟩

Nuclear shell model (NSM):

▶ Slater determinant
basis {Φi}

▶ Configuration mixing:
|ΨNSM⟩ =

∑︁
i Ci |Φi ⟩

Caurier E., et al. Rev. Mod. Phys. 77, 427 (2005)

Effective H in valence space

▶ Nucleon-nucleon scattering

▶ Fit to selected nuclei near
closed shells

0s1/2

0p3/2
0p1/2

0d5/2 1s1/2
0d3/2

0f7/21p3/2 0f5/2
0g9/21p1/2

pfg space

Inert core

76Ge,76Se

Phenomenological interactions:

▶ JJ4BB1, JUN452, GCN28503,
RGprolate4

1 A. F. Lisetskiy, et al., PRC 70, 044314 (2004)
2 M. Honma, et al. , PRC 80, 064323 (2009)
3 E. Caurier, et al., PRL 100, 052503 (2008)
4 J. Menéndez, et al., PRC 80, 048501 (2009)
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The shapes of 76Ge/76Se

Shape invariants of 76Ge/76Se
for different interactions:
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D. Castillo, D. Frycz, B. Benavente & J. Menéndez

Phys. Lett. B 875, 140306 (2026)

Averaged (β, γ) for interactions:

▶ (β, γ) ≃ (0.24±0.01, 27±2◦)
▶ (β, γ) ≃ (0.29±0.01, 26±3◦)

General characteristics

▶ Mass distribution (ep = en)

▶ 76Se is more deformed

▶ 76Ge and 76Se are almost
maximally triaxial γ ≈ 30◦

We use JJ4BB for this study
(largest β difference)

▶ 76Ge (β, γ) = (0.25, 29◦)

▶ 76Se (β, γ) = (0.30, 29◦)

Experimental estimates (E2):

▶ 76Ge (β, γ) ≈ (0.26, 27◦)

▶ 76Se (β, γ) ≈ (0.29, 24◦)

J. Henderson et al. PRC 99, 054313 (2019)

A.D.Ayangeakaa et al. PRL 123, 102501 (2019)

Dorian Frycz (UB/ICCUB) Nuclear structure of 76Se/76Ge for RIC 23/09/2026 (Heidelberg) 5 / 10



Relativistic Ion collisions (RIC)

Shapes of nuclei have large
impact in RIC analysis

▶ Final particle anisotropy:
dN
dϕ ∝ 1 + 2

∑︁
n vncos [n (ϕ− ϕn)]

▶ Hydrodynamics: ⟨v2n ⟩ ∝ ⟨ε2n⟩
T. Duguet, et. al., PRL 135, 182301 (2025)

Connection to nuclear shape

▶ For a Gaussian density
⟨ε22⟩ = 1

A + 3
4πβ

2
2

S. Bofos, et. al., PLB 879, 140649 (2026)

▶ Shape invariants
⟨Q2⟩ −→ ⟨β22⟩
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seemingly impossible task of ‘figuring out a pocket watch by smashing 
two together and observing the flying debris’. The collective response 
plays a key part.

Our shape-imaging technique focuses on head-on (near-zero impact 
parameter) collisions of prolate-deformed nuclei (Fig. 1d–g). The initial 
configurations lie between two extremes: body–body (top) and tip–tip 
(bottom) collisions (Fig. 1d). Before impact, Lorentz contraction flat-
tens the ground-state nuclei into pancake-like shapes by a factor of 

s mΓ = / > 1001
2 NN 0 , where m0 ≈ 0.94 GeV is the nucleon mass (Fig. 1e).  

The initial impact, lasting τexpo = 2R0/Γ ≲ 0.1 fm/c, acts as an exposure 
time. The shape and size of the overlap region, reflecting the initially 
produced QGP, directly mirror those of the colliding nuclei projected 
on the transverse (xy) plane (Fig. 1e). Body–body collisions create a 
larger, elongated QGP, which undergoes pressure-gradient-driven 
expansion (indicated by arrows) until about 10 fm/c (ref. 7), resulting 
in an inverted, asymmetric distribution (Fig. 1f). By contrast, tip–tip 
collisions form a compact, circular QGP, driving a more rapid but sym-
metric expansion (Fig. 1f). In the final stage, the QGP freezes into thou-
sands of particles, captured as tracks in detectors, whose angular 
distributions reflect the initial QGP shape (Fig. 1g). This flow-assisted 
imaging is similar to the Coulomb explosion imaging in molecule 
structure analysis17–21, in which the spatial arrangement of atoms, ion-
ized by an X-ray laser or through a passage in thin foils, is deduced 
from their mutual Coulomb-repulsion-driven expansion. However, 
the expansion duration in high-energy collisions is 106–109 times 
shorter.

The concept that the dynamics of QGP can be used to image the geo-
metrical properties of its initial condition was widely recognized. This 
understanding has facilitated the determination of the impact para
meter and fluctuations in nucleon positions7, as well as the neutron 
skin of the colliding nuclei22, by measuring higher-order harmonic 
flows. However, our study took a further step to image the shape of the 
colliding nuclei through their impact on the initial condition.

Energy evolution of shapes
A pertinent question is how the shapes observed in high-energy col-
liders compare with those derived from low-energy experiments. For 
well-deformed nuclei such as 238U, we expect them to align at a basic 
level. However, there are other correlations (such as clustering and 
short-range correlations) that manifest at increasingly faster timescales 
from 1,000 to a few fm/c. Moreover, high-energy collisions also probe 
nuclear structure at sub-nucleonic levels, such as quark and gluon 
correlations, as well as modifications caused by dense gluon fields23. 
As a result, the deformations observed at high energy may differ from 
those at low energy, motivating us to examine nuclear phenomena 
across energy scales and discover new phenomena.

Observables
In Fig. 1e, the initial shape of QGP is quantified by the eccentricity, 
ε =

y x

y x2
⟨ ⟩ − ⟨ ⟩

⟨ ⟩ + ⟨ ⟩

2 2
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Fig. 1 | Methods for determining the nuclear shape in low and high energies. 
a, Cartoon of a well-deformed prolate-shaped nucleus. b, Quantum fluctuations 
over Euler angles for this nucleus and associated overall timescale. c, Quantum 
mechanical manifestation of the deformation in terms of the first rotational 
band of 238U. d, Aligning the two nuclei in the head-on body–body configuration 
(top) and tip–tip configuration (bottom). e, High-energy collision of two  
Lorentz-contracted nuclei and resulting 3D profile of the initially produced 
quark–gluon plasma (QGP), in which the arrows indicate the pressure gradients. 

f, The 3D profile of the QGP at the end of the hydrodynamic expansion before it 
freezes out into particles, in which the arrows indicate the velocities of fluid 
cells. g, Charged particle tracks measured in the detector. The timescales 
shown are in units of fm/c—the time for light to travel 1 femtometre. The body–
body configuration has large eccentricity ε2 and small gradient d⊥, leading to 
large elliptic flow v2 and smaller average transverse momentum [pT] and vice 
versa for tip–tip configuration (see main text).

STAR Collaboration, Nature 67, 635 (2024)

▶ We predict final observable ratios using nuclear density
informed by these nuclear structure calculations
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Woods-Saxon density

Shape invariants from JJ4BB

▶ 76Ge (β2, γ) = (0.25, 29◦)

▶ 76Se (β2, γ) = (0.30, 29◦)

Root-mean radius from JJ4BB:

▶ 76Ge rrms = 4.07 fm

▶ 76Se rrms = 4.08 fm

Matching Woods-Saxon and
shape invariants

▶ We fix aWS = 0.52 fm

▶ Parameters to adjust:
(RWS

0 , βWS
2 , γWS)

B. Bally, et al. Eur. Phys. J. A 59, 58 (2023)

Woods-Saxon parametrization:

ρWS(r) =
ρ0

1 + e

(︂
r−RWS

aWS

)︂ ,
RWS = RWS

0

[︂
1 + βWS

2 cos γWS Y20

+ βWS
2 sin γWS Y22 + Y2−2√

2
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Woods-Saxon density of 76Se/Ge

Woods-Saxon integrals:

⟨O⟩WS =

∫︂
d3rρWS(r)O

√︂
⟨r2⟩

WS
≃ rrms ; β2µ ∝ Q2µ = r2Y2µ

⟨β2⟩WS =
√︂
⟨β220⟩WS + 2⟨β222⟩WS ≃ β2

⟨γ⟩WS = atan

(︄√
2⟨Q22⟩WS

⟨Q20⟩WS

)︄
≃ γ

76Ge rrms/R
WS β2/β
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2 γ/γWS
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WS 4.53 fm 0.28 33◦

76Se rrms/R
WS β2/β

WS
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Simulations of 76Se/Ge collisions

▶ SMASH+fluidization
J. Weil et al., PRC 94, 054905 (2016)

▶ Midrapidity η ≤ 0.5

▶ 100.000 events

D. Frycz, A. Reina et al. in preparation

▶ ε1, ε3, ε4 ratios are compatible with
unity at 1σ for S > 500

▶ ε2 ratio: 5 % enhancement in most
central collisions

▶ ⟨ε22⟩ = 1
A + 3

4πβ
2
2 → 13% estimate
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Conclusions

Motivation for 76Se/76Ge:

▶ 0νββ candidate

▶ Knowledge on
76Ge/Se deformation

Shape invariants

▶ Characterization of
the deformation

▶ Connection to
Woods-Saxon density

Relativistic ion collisions:

▶ SMASH simulations

▶ Deformation
difference induces a
5% ε2 enhancement
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THANK YOU!!!

Feel free to ask any questions

Predictions of 76Se/76Ge collisions from nuclear structure calculations

Ángel Reina Ramı́rez1,2, V.K. Magas1,2, D. Frycz1,2, J. Menéndez1,2, J.M. Torres-Rincon1,2, G. Giacalone3
1Departament de Fisica Quantica i Astrofisica, Universitat de Barcelona, Mart́ı i Franquès 1, 08028 Barcelona, Spain

2Institut de Ciències del Cosmos, Universitat de Barcelona, Mart́ı i Franquès 1, 08028 Barcelona, Spain
3Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland

(Dated: September 22, 2026)

...

PACS numbers:

I. INTRODUCTION

The geometry of the initial state in relativistic heavy-
ion collisions is strongly influenced by the intrinsic struc-
ture of the colliding nuclei. In particular, deviations from
spherical symmetry, commonly described in terms of de-
formation parameters such as β2 and β3, can significantly
modify the spatial distribution of matter at the moment
of impact. These modifications are reflected in the ini-
tial anisotropies of the energy density profile, which are
typically quantified by the eccentricity coefficients εn.
During the subsequent hydrodynamic evolution, these
initial-state anisotropies are converted into momentum
anisotropies of the emitted particles, which, thus, carry
important information about the initial geometric con-
figuration of the system.

The azimuthal anisotropy of emitted particles can be
quantified by the Fourier expansion of the particles az-
imuthal distribution as [11]:

dN

d(ϕ− ψn)
=
N

2π

[
1 + 2

∑

n

vncos [n (ϕ− ψn)]
]
, (1)

where N is the multiplicity of the produced particles of
a given type, ϕ is the azimuthal angle of these particles
and ψn defines the nth-order event plane. For a smooth
matter distribution, the second-order event plane ψ2 co-
incides with the reaction plane (the plane defined by the
beam axis and the impact parameter vector). The co-
efficients vn are the so-called flow coefficients: v0 is the
radial flow, v1 is the direct flow, v2 is the elliptic flow, v3
is the triangular flow, etc.

This connection opens the possibility of using flow ob-
servables as probes of nuclear deformation. By compar-
ing theoretical predictions obtained for different deforma-
tion parameters with experimental data, one can attempt
to constrain the intrinsic shape of the colliding nuclei.

However, event-by-event fluctuations in the initial ge-
ometry, arising not only from the stochastic positions of
the nucleons inside each nuclei, but also from the impos-
sibility to control impact parameter and especially the
orientation of the deformed nuclei, introduce substan-
tial variability in the eccentricity coefficients εn. These
limitations must be carefully taken into account when
attempting to infer deformation parameters from exper-
imental measurements.

Therefore, it makes sense to concentrate on contrasting
collisions of two isobar nuclei, since in this way some sys-
tematic uncertainties cancel. The original idea of study-
ing nuclear deformation parameters in heavy ion colli-
sions is rather recent, Ref. [1], and some aspects are still
under debate, see for example refs. [? ]. On the other
side, a dedicated experiment with to two isobar collisions,
96Ru+96Ru and 96Zr+96Zr, performed by STAR Collab-
oration at RHIC@BNL [3] 1 and its posterior theoretical
analysis, see Ref. [2] and references therein, has proved,
in our opinion, the principal possibility of such a study.

In this paper in a view of the New Ion Collisions @
LHC Run 4 initiative [4] we would like to consider an-
other pair of isobar nuclei: 76Se+76Se and 76Ge+76Ge.
The main objective of this work is to look at the pre-
dictions for isobar ratios of 76Se and 76Ge, which can be
made directly from the initial-state model simulations,
before running rather long and costly dynamical simula-
tions of these collisions. In particular, we will simulate
the ratio of the eccentricities of the initial state for dif-
ferent centralities using two rather different models: a
hadronic transport approach SMASH (Simulating Many
Accelerated Strongly Interacting Hadrons) [5, 6] and a
parametric initial condition model TRENTo [7, 8].

A. Initial conditions for relativistic heavy ion
collision simulations

The evolution of the system created in relativistic
heavy ion collision is commonly divided into three differ-
ent stages: an initial stage or pre-equilibrium state, an
intermediate stage, typically simulated with relativistic
hydrodynamics, and a final stage or freeze-out, which can
be simulated with some transport hadron model, such as
SMASH [5, 6].

The initial state describes the first moments of the
collision, i.e. from the time when colliding nuclei pass
through each other till the time when local equilibration
(or at least some pressure isotropization) is established.

1 These isobar collisions were performed at RHIC in 2018, how-
ever the data were publicly released in only in 2021. Ratios of
observables between Ru+Ru and Zr+Zr collisions are obtained
with a relative precision of 0.4% or lower.

Nuclear shapes: the Kumar-Cline lens
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3Facultat de F́ısica, Universitat de Barcelona, c. Mart́ı i Franquès, 1, 08028 Barcelona, Spain
4Departamento de F́ısica Teórica and IFT-UAM/CSIC,
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We present a novel exact framework to calculate nuclear shape invariants up to fourth order for
states with arbitrary total angular momentum, including half-integer values for odd-mass nuclei, in
the laboratory frame of reference. Our approach does not involve summing over excited states, but
calculating sum rules and expectation values of the quadrupole Q and Q2 operators. Within this
framework, we study various systems with the nuclear shell model. For 48Cr and the odd-mass 47Cr
and 49Cr, our results reveal that their rotational bands are remarkably-well described by a common
shape up to the onset of backbending. Likewise, the coexisting deformed and superdeformed states
in 40Ca are associated with a common intrinsic shape across each band. These shapes are robustly
consistent with those obtained in variational deformed Hartree-Fock-Bogoliubov calculations with
the same Hamiltonian. Finally, a comparison of our results with those from summing over excited
states shows that six states are sufficient to converge the shape invariants for the 48Cr ground state.

I. INTRODUCTION

It is common jargon in nuclear structure to refer to
atomic nuclei as spherical or deformed [1–3], and even to
associate them with more complex shapes such as pear-
[4] or bowling pin-like [5]. Nevertheless, the concept
of deformation is defined in the intrinsic frame of ref-
erence of the nucleus, where the shape is characterized
by the Bohr-Mottelson deformation parameters β and
γ [6]. This description is routinely applied in the mean-
field context [7–10], where rotational invariance is broken
and intrinsic states appear naturally. Recently, bases of
deformed states are also used in variational large-scale
shell-model calculations [11–14]. However, for symmetry-
conserving or symmetry-restored frameworks, the link to
deformation remains hidden. For instance, the ground
states of even-even nuclei are rotationally invariant. In
these systems, the traces of deformation are typically
inferred from electromagnetic transitions that connect
them with excited states [15]. The scenario is more com-
plex as different deformations coexist in the same nu-
cleus, a phenomenon known as shape coexistence.

Historically, the relation between intrinsic and labora-
tory frames of reference has been accomplished through
the axial perfect rotor assumption. In this model, the
excitation energies, E, depend on the total angular mo-
mentum, J , as

E(J) =
J(J + 1)

2I
, (1)

where I is the—constant—moment of inertia of the rotor.
The intrinsic quadrupole moment, Q0, proportional to

∗ dorianfrycz@fqa.ub.edu
† alfredo.poves@uam.es
‡ menendez@fqa.ub.edu

β, is extracted from spectroscopic quadrupole moments,
Qspec, and reduced transition probabilities B(E2) from
an initial state with Ji to a final one with Jf [6]

Q0,s =
(J + 1)(2J + 3)

3K2 − J(J + 1)
Qspec , K ̸= 1 , (2)

Q0,t = ±
√

16π B(E2, Ji → Jf )

5|⟨JiK20|JfK⟩|2
, K ̸= 1/2, 1 , (3)

whereK is the third component of J in the intrinsic refer-
ence, and ⟨JiK20|JfK⟩ is a Clebsch-Gordan coefficient.
However, the perfect rotor assumption, Q0,s ≈ Q0,t, fails
in triaxial nuclei, such as those with maximal triaxial-
ity γ = 30◦, where Qspec vanishes [16]. Indeed, previous
studies have highlighted the prevalence of triaxial states
across the nuclear chart [17, 18].
The most robust way to characterize the deforma-

tion of a nuclear state from electromagnetic properties is
through the shape invariants, Qn, which are zero-coupled
products of quadrupole operators [19–21]

Q2 =
√
5 [Q2 ×Q2]

0
, (4)

Q3 =
√
5
[
[Q2 ×Q2]

2 ×Q2

]0
,

Q4 = 5
[
[Q2 ×Q2]

0 × [Q2 ×Q2]
0
]0
,

Q5 = 5

[
[Q2 ×Q2]

0 ×
[
[Q2 ×Q2]

2 ×Q2

]0]0
,

Q6 = 5

[[
[Q2 ×Q2]

2 ×Q2

]0
×
[
[Q2 ×Q2]

2 ×Q2

]0]0
.

where Q2 is the mass quadrupole operator

Q2 =

A∑

i=1

emassr
2
i Y20(θi, ϕi) , (5)
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Shape invariants: Intermediate-state expansion

Intermediate-state expansion:

▶ (Infinite) expansion of
Mif = ⟨i ||Q||f ⟩ ← Qs or B(E2)

▶ Harder convergence for higher ⟨Qn⟩
⟨Q2⟩i ∼

∑︂
MitMti → β

⟨Q3⟩i ∼
∑︂

MiuMutMti → γ

Sum-rule method:

▶ Apply the Q̂20 operator to a state:
Q̂20|0+⟩ = SR(2+)1/2|2+⟩
⟨Q2⟩ ∼ SR(2+), ⟨Q3⟩ ∼ ⟨2+|Q|2+⟩

▶ Apply Q̂20 twice → ⟨Q4⟩, ⟨Q6⟩
Poves, A., Nowacki, F. & Alhassid, Y. Phys. Rev. C 101,

054307 (2020)

▶ NEW!: Extension for J ̸= 0

J. Henderson Phys Rev C 102, 054306 (2020)

0+ 2+ 4+
2+

0+
2+

0+
2+

<Q2> <Q3>

DF, A. Poves, J. Menéndez (in preparation)
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2-body contribution of ⟨Q2⟩
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Intrinsic vs laboratory frame connection
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Future perspectives

Shape invariants:

▶ Odd nuclei

▶ Nuclear vibrations

▶ Multipole deformations

Double-beta decay:

▶ Connection to seniority

▶ Extension to neutrinoless ββ

Relativistic ion collisions:

▶ Shape invariants and observables

▶ Neutrinoless ββ
Y. Li, et al., Phys. Rev. Lett. 135, 022301 (2025)

▶ Two-body correlations

▶ Neutron skin

= 0 20 < 0 20 > 0

30 > 0 40 > 0 40 < 0

Benchmarking Nuclear Matrix Elements of 0νββ Decay
with High-Energy Nuclear Collisions

Yi Li ,1,2 Xin Zhang,3 Giuliano Giacalone ,4,* and Jiangming Yao 1,2,†
1School of Physics and Astronomy, Sun Yat-sen University, Zhuhai 519082, China

2Guangdong Provincial Key Laboratory of Quantum Metrology and Sensing, Sun Yat-sen University, Zhuhai 519082, China
3Department of Physics, Kyoto University, Kyoto 606-8502, Japan

4Theoretical Physics Department, CERN, CH-1211 Genève 23, Switzerland

(Received 5 March 2025; accepted 23 June 2025; published 8 July 2025)

Reducing uncertainties in the nuclear matrix elements (NMEs) remains a critical challenge in designing
and interpreting experiments aimed at discovering neutrinoless double-beta (0νββ) decay. Here, we identify
a class of observables, distinct from those employed in low-energy nuclear structure applications, that are
strongly correlated with the NMEs: momentum correlations among hadrons produced in high-energy
nuclear collisions. Focusing on the 150Nd → 150Sm transition, we combine a Bayesian analysis of the
structure of 150Nd with simulations of high-energy 150Ndþ 150Nd collisions. We reveal prominent
correlations between the NMEs and features of the quark-gluon plasma formed in these processes, such
as spatial gradients and anisotropies, that are accessible via collective flow measurements. Our findings
demonstrate collider experiments involving 0νββ decay candidates as a platform for benchmarking
theoretical predictions of the NMEs.

DOI: 10.1103/zymp-tyjj

Introduction—The discovery of neutrino oscillations
shows that neutrinos are massive particles [1–3], providing
a compelling case for the search for double-beta (0νββ)
decay, a hypothetical nuclear transition [4] in which two
neutrons decay into two protons with the emission of two
electrons but no (anti)neutrinos. Its observation would
allow us to determine the nature of the neutrino (Dirac
or Majorana) [5], and would demonstrate the violation of
the lepton number in nature, shedding light on the origin of
the matter-antimatter asymmetry [6]. Furthermore, if this
process is driven by the standard mechanism of light
Majorana neutrino exchange (left side of Fig. 1), the
half-life of 0νββ decay could give insights into the absolute
neutrino masses and their hierarchy. Achieving reliable
theoretical control over the NMEs for 0νββ decay in
various candidate nuclei—which connect experimental
signals to the effective neutrino mass—is essential for both
the design and interpretation of current and future ton-scale
experiments [7].
Obtaining knowledge of the NMEs for different candi-

date nuclei that is both accurate and consistent across

models poses a major challenge for nuclear theory. The
values predicted by different models vary by factors of 3 or
more, leading to an uncertainty of an order of magnitude in
the half-life for a given effective neutrino mass [7–9].

FIG. 1. Left: the nucleus 150Nd may undergo 0νββ decay, with
two neutrons converting into protons via the emission of two
electrons and the exchange of a light electron neutrino with
Majorana mass mββ. The NME of the transition is highly sensitive
to the geometry of the nucleon distribution. Right: two 150Nd nuclei
boosted at ultrarelativistic speed collide at zero impact parameter,
forming a QGP whose density profile retains information about the
spatial arrangement of the interacting nucleons, opening thus a new
experimental window onto nuclear properties correlated with the
NME. The Lorentz factor is defined as γ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2z=c2

p
.

*Contact author: giuliano.giacalone@cern.ch
†Contact author: yaojm8@sysu.edu.cn
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the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by CERN.
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Motivation for 76Se/76Ge: double beta decay

Neutrinofull double beta decay
2νββ: 2n→ 2p + 2e− + 2ν̄

Standard model process

▶ When single β is forbidden

▶ Very slow but measured

▶ 76Ge→76Se+2e−+2ν̄

Neutrinoless double beta decay
0νββ: 2n→ 2p + 2e−

Beyond the Standard model!

▶ Dirac or Majorana particle?

▶ Absolute neutrino masses

▶ Matter-antimatter asymmetry

Predictions of 0νββ need precise knowledge of nuclear structure!

▶ Deformation of initial and final nuclei
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Deformation and shape coexistence

Deformation is everywhere:

▶ Magic nuclei are spherical

▶ Deformation is enhanced
mid-shell (most nuclei)

Quadrupole deformation:

▶ Most prevalent shape

▶ Prolate: elongated sphere

▶ Oblate: flattened sphere

Shape coexistence:

▶ Different shapes coexist
within the same nucleus at
different energies

▶ Present in most nuclei

P. Möller, et al. Atom. Data Nucl. Data Tabl.

109-110 (2016)

SphericalOblate Prolate
P. Garret, et al., Prog. Part. Nucl. Phys. 124, 103931 (2022)
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Double-beta decays

2νββ decays:
A
ZX →A

Z+2 Y + 2e− + 2ν̄

2νββ e-

e-

ν
ν-76Ge 76Se
-

Nuclear matrix elements:
MGT

2 = ⟨Ψf |ÔGT |Ψi ⟩2 ∼ T−1
1/2

related to half-lives (T1/2)

Half-life predictions for 0+1 → 0+2 :

48Ca 76Ge 82Se 124Sn 130Te 136Xe
1021

1022

1023

1024

1025

1026

1027

1028

1029

T2 1/
2 (

yr
)

GS  GS

MAJORANA

NEMO3

OBELIX

CUORE
EXO200

KamLAND-Zen

PandaX-4T

Int. 1
Int. 2
Int. 3
Int. 4
Total
Lit. NSM

D. Castillo, D. Frycz, B. Benavente & J. Menéndez

arXiv:2507.21868

▶ Large T1/2 uncertainties
→ interactions

▶ Structural differences
→ deformation?
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Deformation impact on 2νββ

Shape invariants for different
interactions:
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Impact of deformation on 2νββ :

▶ Deformation differences of
|Ψf ⟩ and |Ψi ⟩ reduce MGT

▶ δ: polar plane distance

▶ Correlation: MGT with δ

▶ Large impact of triaxiality γ
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Shape invariants

Deformation is characterized in the intrinsic frame: (β, γ)

However, measurements are done in lab frame: (B(E2),Qs)

Conversion from lab to intrinsic frame:

Qs(J) ∼ Q0,s , J ≥ 1/2

B(E2, Ji −→ Jf ) ∼ Q2
0,t

−→ Perfect axial rotor assumption: Q0,s ≃ Q0,s

Shape invariants ⟨Qn⟩: model independent
Couple Q2 (tensor) to obtain a scalar:

▶ ⟨Q2⟩ = ⟨[Q2 × Q2]0⟩ −→ β

▶ ⟨Q3⟩ = ⟨[[Q2 × Q2]2 × Q2]0⟩ −→ γ

▶ All ⟨Qn⟩ up to ⟨Q6⟩ are needed for
fluctuations of (β, γ)
K. Kumar, Phys. Rev. Lett. 28, 249 (1972)

D. Cline, Nuclear Structure 313–326 (1985)
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