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Neutrinoless double-beta decay (0v3/5)

Courtesy of L. Jokiniemi
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e Single beta decay: very common (most nuclei in the nucleart chart)
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e Single beta decay: very common (most nuclei in the nucleart chart)

e Two-neutrino double beta decay: observed for 11 isotopes
— slowest process ever observed (tf/"2 ~10"-10*"y)!
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Neutrinoless double-beta decay (0v3/5)

Courtesy of L. Jokiniemi
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e Single beta decay: very common (most nuclei in the nucleart chart)

e Two-neutrino double beta decay: observed for 11 isotopes
— slowest process ever observed (tf/"2 ~10"-10"y)!

e Neutrinoless double beta decay: not observed (yet?)
— if it exists, even slower (tf/”2 >10%y)!
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Ov33: important topic for nuclear physics

e Experimental and theoretical challenge and priority for nuclear physics
e The NuPECC Long Range Plan 2024 for European Nuclear Physics

e A New Era Of Discovery: The 2023 Long-Range Plan For Nuclear Science
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Major experiments worldwide

| SNOLAB (Canada):
SNO+ (130Te)

| Kamioka (Japan):

> = - = o KamLAND-Zen (136Xe)

T } g Y *————-—-’q

| SURF (USA): : 5 d CNJL(China):
MAJORANA (76Ge) TP 1 y =N \ PandaX-I11-200 ('36Xe)
LZ-nat (13¢Xe) \ 1 o R 2 Ny 1 -

Sppr——
WIPP (USA):
EX0-200 (13¢Xe)

| LNGS (ltaly):
Y | GERDA (75Ge)
: g “| CUORE ('30Te)

| LSC (Spain):
NEXT-100 (1%Xe)
CROSS (1%0Mo)

Current record:
T?,”Z(BGXe) > 3.8 x 10% years -
KamLAND-Zen: arXiv:2406.11438 [hep-ex] | .+

LSM (France):
| CUPID-Mo (1%°Mo)
NEMO-3 (%Mo)
SuperNEMO-D (82Se)

Courtesy of L. Jokiniemi
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Nuclear Matrix Element (NME)

e Assuming light-neutrino exchange, the half-life of the process tf;é is

1 v me
o 6. 2m P (2)
1/2 Me
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Nuclear Matrix Element (NME)

e Assuming light-neutrino exchange, the half-life of the process tf;’2 is

1

0v
t1;2

v mg
-gi6(Q.2) M (222

e gx = axial coupling constant

e G(Q,Z) = phase-space factor for the electrons
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Nuclear Matrix Element (NME)

Assuming light-neutrino exchange, the half-life of the process tf;é is

1

0v
t1;2

v mg
-gi6(Q.2) M (222

e gx = axial coupling constant

G(Q, Z) = phase-space factor for the electrons

Z+2,N-2 ZN\ _ :
o MY = (e \OO”\\IJ, ) = Nuclear matrix element
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Nuclear Matrix Element (NME)

Assuming light-neutrino exchange, the half-life of the process tf;é is

1

0v
t1;2

v mg
-gi6(Q.2) M (222

e gx = axial coupling constant

G(Q, Z) = phase-space factor for the electrons
o M% = (WZHN2 0% W% Ny = Nuclear matrix element

mpg = Y, U%my = effective Majorana mass
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Nuclear Matrix Element (NME)

Assuming light-neutrino exchange, the half-life of the process tf;é is

1

0v
t1;2

v mg
-gi6(Q. 2 (2)
Mme
ga = axial coupling constant
G(Q, Z) = phase-space factor for the electrons
M® = (WZ2N=21 0% |yZ£ Ny = Nuclear matrix element

mpg = Y, U%my = effective Majorana mass

What you can do with a reliable NME:

reliable M® + estimate mgs —> estimate tf}é

reliable M° + measured tf/'} — determine mgs (most useful/likely in practice)
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Candidates for the O3

5X(Z+1,N-1)

Energy

(Z.N) OV B3 ?
(Z+2N-2)

e /3 decay must be forbidden (energy) or extremely hindered (structure)

e Always competing against 2v3(3
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Candidates for the Ov 33

|50Nd/1505
"Mean-field" quadrupole deformation m

Spherical (rigid)
Spherical (soft)

Deformed (soft) ecd/nesn
Deformed (rigid)

96 96
Zr/**Mo 136X /13683

130T/ 130 e

100\ o/"9°RYy

825e/82Kr

76Ge/7Se
48Ca/®Ti

Adapted from NDS-IAEA

e In practice, limited number of candidates

e But nuclei with different masses and structure properties
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Impact of nuclear structure: intrinsic deformation

o Calculation of NME for “Ca — *®Ti + 2e~
e “8Ca: fixed spherical deformation |®;(5; = 0))

o ®Ti: variation of the axial deformation |PF(BF))
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NME: status in 2017
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Engel and Menéndez, Rep. Prog. Phys. 80, 046301 (2017)

e Phenomenological methods (using different pheno. approx. for H or |W}))
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Engel and Menéndez, Rep. Prog. Phys. 80, 046301 (2017)

e Phenomenological methods (using different pheno. approx. for H or |W}))

e Wide spread in the NME values (factor 3 on NME = factor ~ 10 on tf/”Q)
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NME: status in 2017
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Engel and Menéndez, Rep. Prog. Phys. 80, 046301 (2017)

e Phenomenological methods (using different pheno. approx. for H or |W}))
e Wide spread in the NME values (factor 3 on NME = factor ~ 10 on tf/”Q)

e How to evaluate which one is correct (if any)? — Situation unsatisfying!
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NME: push for ab initio calculations

e Profit from progress and advantages of ab initio methods 2N Force aN Force
— Talks by Thomas, Andreas, Gaute, Evgeny o X
o Systematic approach NLO XH 4y
o Predictive power (QCD — YEFT) <A
o Compare different methods based on same inputs NNLO Al 1
o Enables proper uncertainty quantification ’ AA
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NME: push for ab initio calculations

e Profit from progress and advantages of ab initio methods 2N Force aN Force
— Talks by Thomas, Andreas, Gaute, Evgeny o X
o Systematic approach NLO XAk
o Predictive power (QCD — YEFT) <A
o Compare different methods based on same inputs NNLO Al

o Enables proper uncertainty quantification

a  Standard mechanism of exchange light Majorana neutrinos

Long-range (LR) Short-range (SR)

o Consistent derivation of H and 0% _
— see talk by Jordy 2 z z £

@ (2) 3)
comection o current_oneloop dmgxamx
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NME with uncertainty quantification for °Ge — 7°Se + 2e-

e One of the main candidates: °Ge — "®Se + 2e~

e Combines two flavors of In-Medium Similarity Renormalization Group (IMSRG)

o Valence-space IMSRG
¢ In-Medium Generator Coordinate Method — see talk by Thomas

W) = lim Us) Y S (5, P P (5,)

By K==J

e Use an emulator to perform a large number of calculations
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NME with uncertainty quantification for °Ge — 7°Se + 2e-

e One of the main candidates: °Ge — "®Se + 2e~

Combines two flavors of In-Medium Similarity Renormalization Group (IMSRG)

o Valence-space IMSRG
¢ In-Medium Generator Coordinate Method — see talk by Thomas

J
W) = lim U(s) 3 0 £M(8,7) P P 197 (8,7))
Byy K=—J

Use an emulator to perform a large number of calculations

e Uncertainty quantification
o Nuclear Hamiltonian (parameters, order)
o Many-body method
o Operator 0%

o Emulator
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Correlated energy surfaces for °Ge and "6Se

E (MeV) “Ge- J™ = 0F E (MeV) Se_ J7 = 0F
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e Both nuclei exhibit an “intrinsic” triaxial energy minimum
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Figures by S. Bofos
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Low-energy spectrum for 7°Ge
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Belley et al., PRL 132, 182502 (2024)

e Energy spectrum rotational but too spread (IM-GCM)

o Excellent agreement with experiment for E2 electromagnetic transitions

o Similar agreement for "°Se
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NME with uncertainty quantification for °Ge — 7°Se + 2e-

MoV

a 68% confidence interval including gem
68% confidence interval including em and &yerr
68% confidence interval including gem, &xerr and €op

68% confidence interval including ey, &,er7, £0p and eppr |

Mean NME
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Belley et al., PRL 132, 182502 (2024)
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NME: current status
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Adapted from Gémez-Cadenas et al., Nuovo Cimento 46, 619 (2023)

Data partially taken from Belley, PhD thesis, UBC (2024)

e Ab initio method(s) now cover main candidates ... but mostly VS-IMSRG
= need other methods!

e Ab initio calculations tend to give smaller NME
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Upper limit/sensitivity for mgs

W uniform prior I
mggllog (mgg) uniform prior 1000
.
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Shickele et al., arXiv:2606.09288 (2026)




Correlation with other observables

o Alternative: determine M through correlation with other observables
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Correlation with other observables

o Alternative: determine M through correlation with other observables

e NMEs for several other “similar” decays have been considered:

<

Two-neutrino double beta decay 06l @
Jokiniemi et al., PRC 107, 044305 (2023)

Double Gamow-Teller 3 transition
Shimizu et al., PRL 120, 142502 (2018)

Double M1 ~ transition
Romeo et al., PLB 827, 136965 (2022)

o 46<A<60
o T6<A<82
0124<A<136

NSM

Ordinary muon capture h 05

1 1.5 2

Jokiniemi et al., PRC 100, 014619 (2019) A-LS(MO (1b + 2b) + M)
0 0
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Correlation with other observables

o Alternative: determine M through correlation with other observables

e NMEs for several other “similar” decays have been considered:

o Two-neutrino double beta decay 06| @
Jokiniemi et al., PRC 107, 044305 (2023) °

o 46<A<60
o T6<A<82
0124<A<136

o Double Gamow-Teller 8 transition
Shimizu et al., PRL 120, 142502 (2018)

o Double M1 ~ transition
Romeo et al., PLB 827, 136965 (2022)

NSM

o Ordinary muon capture
0 0.5 1 15

2

Jokiniemi et al., PRC 100, 014619 (2019) A-LS(MO (1b + 2b) + M)
0 0

e All these decay are still very difficult to observe!

(and NME is not the observable directly measured)
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Correlation with high-energy observables

657 (a) r=086 | (b) =093
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e Relativistic multi-reference energy density func-

o N N
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tional (EDF) 10

o 10® calculations varying EDF parameters 20 SR-CDFT+TRENTo HINHIING, 5N =5 TeV)
o Compute M® “ Awthm “ae
o Axial def. 8 as input for HIC simulations 201 () =095 | (f) r=-088

7 -

o Strong correlation between variation of M® and
variation of several high-energy observables

15 0 5 5 0 5
A (cov(v, [pr))) [%] A (a{4})[%]

Li et al., PRL 135, 022301 (2025)

Light-lon Collisions 2026 - Heidelberg - 23/09/2026



In preparation: correlation for 7°Ge using YEFT

M9 vs eccentricity, emax=10

e Goal: similar analysis for "°Ge/"®Se but ...
o Using ab initio methods

o Using new eccentricity operator
— see talk by Thomas

e Preliminary results from emulator ey
trained on VS-IMSRG calculations el T

T 00570 0.0575 00580 0585 0,008 —0.006 ~0.00¢ 0002
ik ) i

Courtesy of Ahuja and Belley (PRELIMINARY)
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In preparation: correlation for 7°Ge using YEFT

M9 vs eccentricity, emax=10

e Goal: similar analysis for "°Ge/"®Se but ...

it

o Using ab initio methods

00585

F oosmo] ¥

o Using new eccentricity operator
— see talk by Thomas

= 00575
00570

0002

0004

EcculR?

e Preliminary results from emulator
trained on VS-IMSRG calculations

T 00570 0.0575 00580 0585 0,008 —0.006 ~0.00¢ 0002
ik ) i

Courtesy of Ahuja and Belley (PRELIMINARY)
e Next: train the emulator on PGCM calculations
o Better adapted to deformation/collectivity

o Test triaxial calculation with Hamiltonian EM1.8/2.0 and emax = 8
= (3€3) = 0.0235 and B ~ 0.23
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Outlook

e Evaluation of NME for the Ov( is a priority

— Necessary to extract information about the decay/neutrinos if observed
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Outlook

e Evaluation of NME for the Ov( is a priority
— Necessary to extract information about the decay/neutrinos if observed

e Direct calculation, in particular using ab initio methods

¢ Reduce many-body uncertainty
o Fully account for N2LO terms in M%

Castillo et al., PLB 860, 139181 (2025)
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Outlook

e Evaluation of NME for the Ov( is a priority
— Necessary to extract information about the decay/neutrinos if observed

e Direct calculation, in particular using ab initio methods

¢ Reduce many-body uncertainty

o Fully account for N2LO terms in M%
Castillo et al., PLB 860, 139181 (2025)

e Correlation of NME with other observables

— Correlation with observables from ultra-relativistic ion-ion collisions
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Outlook

e Evaluation of NME for the Ov( is a priority

— Necessary to extract information about the decay/neutrinos if observed

e Direct calculation, in particular using ab initio methods
¢ Reduce many-body uncertainty

o Fully account for N2LO terms in M®”
Castillo et al., PLB 860, 139181 (2025)

e Correlation of NME with other observables

— Correlation with observables from ultra-relativistic ion-ion collisions

Use the fastest nuclear reactions to learn about the slowest nuclear decay?
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