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V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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@ Traditionally, the nuclear current includes the leading-order (LO) transition operators
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Traditional 0vgp-Decay Operators
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@ Traditionally, the nuclear current includes the leading-order (LO) transition operators

20 =1(gv(0)] LO

e

J=1[ga(0)o —gp(0)p(p- 0)]

@ and next-to-next-to-leading-order (N2LO) corrections absorbed into form factors and

induced weak-magnetism terms
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Leading-order short-range
contribution to 0v3p decay
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Ultrasoft-neutrino

contribution to 0v3p decay
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@ Contribution of ultrasoft neutrinos
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@ The N2LO loop corrections read as
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@ In "5Ge:
MY IMY ~ 40%,
loop! M ~ 5%

A. Belley et al. arXiv:2308.15634 (2023)

4] found some errors in the expressions
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Similar effects found in ab initio studies

a  Standard mechanism of exchange light Majorana neutrinos

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

L L b

@ @) (
correction to current  one-loop diagrams

@ [6) ©®
T T
b 76Ge — 765¢ LO.LR(1231+N2LO() |
LOSR(6)
< N2LOG5) E
1 1
6 8 10 extrap

€Max

A. Belley et al. arXiv:2308.15634 (2023)

¥ Discovery,
£ accelerated



& TRIUMF

@ In "5Ge:
MY IMY ~ 40%,
loop! M ~ 5%

A. Belley et al. arXiv:2308.15634 (2023)
@ In 13°Te and 35Xe:

MYV IMYY ~ 20% — 120%

A. Belley et al. arXiv:2307.15156 (2023)

4] found some errors in the expressions

MO
S = N W Ak W
T

Lo

N2LO

Similar effects found in ab initio studies

a  Standard mechanism of exchange light Majorana neutrinos

Long-range (LR)

L

[~
=
)

@

@)

(

correction to current  one-loop diagrams

Short-range (SR)

A. Belley et al. arXiv:2308.15634 (2023)

€Max

@ [6) ©®
T T
b 76Ge — 765¢ LO.LR(1231+N2LO() |
LOSR(6)
< N2LOG5) E
1 1
6 8 10 extrap
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Correlations with Other Observables to Constrain the Matrix Elements
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Correlations with Structure Observables
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X. Zhang, C. C. Wang, C. R. Ding, and J. M. Yao, arXiv:2408:13209[nucl-th]
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Effect of Triaxial Deformation on M of °Ge
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ovpp Decay vs Double-Charge-Exchange

Reactions

v = (2] v

Leading contribution
Mgy = (fl| ety 7075 0 Var (e ||2)

@ Double-Gamow-Teller (DGT) strength function

B(DGT;A) =

- -1 2
O;T. XOkT l
2]i+1|<f||[jzk i1 x ol Pl

211 g
o5
o
20
o—
o9
2QP "’8
(a ]

R ox
Z+23
H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022) 5g 34
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ovpp Decay vs Double-Charge-Exchange

Reactions

v = (2] v

Leading contribution
Mgy = (fl| ety 7075 0 Var (e ||2)

@ Double-Gamow-Teller (DGT) strength function

B(DGT;A) =

- -1 2
O;T. XOkT l
2]i+1|<f||[jzk i1 x ol Pl

» Could we probe 0vgp decay by DGT
reactions?

DGR g
-

1

20

o_

o9

2QP N 8
(ol

A X
7+283
H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022) 28/34
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Correlations Between DGT and 0vgp Decay

Mpgr = —<ogs,f||[zk ojt; x a0
J

+
gs,i

)

S

DGR|
(*He,t)
o
M- (K= k = M*(K)
20P
T AX 2QP
AX
721
B -
Z+2X3

H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022)
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Correlations Between DGT and 0vgp Decay

- ()
Mpgr = —<ogs,f||[zk ojt; x a1 N0g )
]

@ Correlation between M® and Mpgr
found in nuclear shell model and EFT

r T T Ll m
12 Ca & (a) =
o T @ L4 ]
~ 1 [ -
+8 5 [ KB3G O ™ ]
1 08 GxPF1B O =
= [ EDF % ]
3

goep @ ¥ E
2 oaf I? -
= C J
. :
o : -
12  Ge @ (b) =
n %
o Se & % % ]
-~ 1 Sn & * § -
+5 o Te & * 7

o E3
T o8 Xe & % =
= I EDF x an ]
$ o6 area  x A “l x =
5 u A% 1
g 04 n V'V' -
= o A w¥ % 3J
- ol “ X X 4
02~ " N g
c | I RS I |

0 1 2 3 4

MOBR(OZ 5 0%, )

N. Shimizu, J. Menéndez, K. Yako, Phys. Rev. Lett. 120, 142502 (2018)
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Correlations Between DGT and 0vgp Decay

Mpgr = —<ogs,f||[zk ojt; x a0
]

+
gs,i

)

@ Correlation between M° and Mpgr

found in nuclear shell model and EFT

@ Correlation also holds in ab initio
VS-IMSRG

3.5/ ® Abinitio (used in regression)
®  Shell Models + EDF
QRPA

3.0 95% C.I. === 95%P.l.
2.5
2.0
.
8 1s
=
1.0
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0.0p-"”
—osE 5
0.0 0.5 1.0 1.5 2.0 25D
M%‘fﬂ LA-L3 -U'
J. M. Yao, I. Ginnett, A. Belley et al., Phys. Rev. C 106, 014315 (2022) g dh)
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- —1(0
Mpgr = —<ogs_f||[zk oty x o] 1105
J

@ Correlation between M° and Mpgr
found in nuclear shell model and EFT

@ Correlation also holds in ab initio
VS-IMSRG
@ ..and QRPA, when proton-neutron
pairing varied
» Observation of Mpgr — constraints
for M

Correlations Between DGT and 0vgp Decay

EDF
IBM-2
QRPA

VS-IMSRG

A=Y/ M07(1b)

LJ, J. Menéndez, Phys. Rev. C 107, 044316 (2023)
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Probing 0v3p Decay by Gamma Decays

@ Double magnetic dipole (M1) decay
(electromagnetic interaction) can be
related to 0vBp decay (weak
interaction)

T

Y
(T=T;+2)

(T=T;+2) DIAS(0F)

24X

Mass excess

0+ ( - .>
0 =T
245X

Atomic number

(OF M1 11175) (15 11My 110;)
MY (im =y o i
7 En— (Gi+Ep/2

3 A
My =uny/ Y (glli+gsi
i=1
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@ Double magnetic dipole (M1) decay
(electromagnetic interaction) can be
related to 0vBp decay (weak
interaction)

@ Correlation between these processes
observed in NSM
B. Romeo, J. Menéndez, C. Pefia-Garay, Phys. Lett. B 827, 136965

(2022)

Probing 0v3p Decay by Gamma Decays

L L L
1.0 1.5 2.0 25 3.0 35

MO0, —0)

B. Romeo, J. Menéndez, C. Pena-Garay,
Phys. Lett. B 827, 136965 (2022)
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@ Double magnetic dipole (M1) decay
(electromagnetic interaction) can be
related to 0vBp decay (weak
interaction)

@ Correlation between these processes
observed in NSM
B. Romeo, J. Menéndez, C. Peha-Garay, Phys. Lett. B 827, 136965

(2022)

@ Correlation also found in QRPA

Probing 0v3p Decay by Gamma Decays

0 1 2 3 4
AVE 0¥ (1h)

LJ, J. Menéndez, Phys. Rev. C 107, 044316 (2023)
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® How about 2vpp decay?

Probing 0v3p3 Decay by 2v35 Decay
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® How about 2vpp decay?

Probing 0v3p3 Decay by 2v35 Decay

@ 2vfp-decay also correlated with 0vgg-decay!

o fess<a<eo N
o7 oT2<A<84 |
% o o124 < A <136 [] 04

AV/S M (1b)

L Il L Il L Il L L Il L Il L Il L Il L L Il
04 06 08 1 12 14 16 18 2 22
A=V/S P (1b)

LJ, B. Romeo, P. Soriano and J. Menéndez, Phys. Rev. C 107, 044305 (2023)
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“© TRIUMF Probing 0v3p Decay by 2v35 Decay
@ How about 2vpp decay?
@ 2vpp-decay also correlated with 0vpB-decay!
@ We can use the existing data to estimate 0vBp-decay NMEs!

8 ;] — QRPA ~ QRPA(lit.) — NSM - NSM(lit.)

3{&“
TN YIER: | Hg Ik
2r ) L xIxt
r oI ]
0 [ X | | | | | | | |

N P Ty O P Ko Ko 4@
2O WO 987§V x@@ \/\bo S S {b@‘ﬂ"
Nucleus

LJ, B. Romeo, P. Soriano and J. Menéndez, Phys. Rev. C 107, 044305 (2023)
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Summary and Outlook

Outline
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Summary

@ The nuclear matrix elements of 0vB8 decay are sensitive to nuclear structure

@ yEFT corrections to 0vpB-decay seem to respect the power counting, but N2LO
corrections still significant

@ Correlation between 0vg and 2vB decays helped us predict 0vgp-decay NMEs
with uncertainties

@ Correlations with DGT and M1M1 transitions with future data can help us further
constrain the NMEs
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Thank you
Merci
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Spherical proton-neutron quasiparticle
random-phase approximation (pnQRPA)

@ Single-particle bases from Woods-Saxon potential
1% n
chs
5
) @)

pnQRPA

) =
Ot B )

qp
l/ .
(@
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Spherical proton-neutron quasiparticle
random-phase approximation (pnQRPA)

@ Single-particle bases from Woods-Saxon potential
@ Quasiparticle bases from BCS equations with Bonn-A

b
two-body G-matrix O <n.
IBCS
qn
P
) @)

pnQRPA

qp
:
(@

) =
Zon (o0 P2 D)

§ Discovery,
& accelerated



& TRIUMF

Spherical proton-neutron quasiparticle
random-phase approximation (pnQRPA)

@ Single-particle bases from Woods-Saxon potential
@ Quasiparticle bases from BCS equations with Bonn-A

p n
two-body G-matrix (. (.
@ Intermediate states = two-quasiparticle excitations chs
>
) @)

pnQRPA

ap

JE) = ¥ (%mlabal) - ohlahall}) IQRPA) 2 )
pn -

+v ;

@

) =
Zon (o0 P2 D)
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Spherical proton-neutron quasiparticle
random-phase approximation (pnQRPA)

@ Single-particle bases from Woods-Saxon potential
@ Quasiparticle bases from BCS equations with Bonn-A

p n
two-body G-matrix (. (.

@ Intermediate states = two-quasiparticle excitations IB(JS
qn

) (@)

ap

JE) = ¥ (%mlabal) - ohlahall}) IQRPA) 2 )
pn -

+ul

@

@ Adjustable parameters:

pnQRPA >'2§

gn(pn IV pnh ) he §F
Sp (P, J|V|pn.J) Zpn (an (\'er“(\') § 3
ag
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Effective Neutrino Masses

pQRPA
@ Effective neutrino masses combining 100 |
the likelihood functions of GERDA <
("°Ge), CUORE (13°Te), EXO-200 E
(136Xe) and KamLAND-Zen (136Xe) S 1)
S. D. Biller, Phys. Rev. D 104, 012002 (2021) ;
@ Middle bands: 17" NORMAL
Lower bands: M,"" + M 1]
Upper bands: 17" — 11" B 0

mlightest (meV)

LJ, P Soriano and J. Menéndez, Phys. Lett. B 823, 136720 (2021) |
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Traditional nuclear matrix elements of
neutrinoless double-beta decay

f dk elk(x-v) (flJp®) 1my (ml J¥ (y) 1)
“gJ T E nEv+En 1Ei+Ep) - 3 (B - By)

@ Energy of the virtual neutrino typically E, = \/n + k% ~ [k| ~ kg ~ 100 MeV
(“soft neutrinos")
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Traditional nuclear matrix elements of
neutrinoless double-beta decay

f dk elk(x-v) (flJp®) 1my (ml J¥ (y) 1)
“gJ) e E nEv+En 5 (Ei+ Ep) — 3(Ey

- B)

@ Energy of the virtual neutrino typically E, = \/n + k% ~ [k| ~ kg ~ 100 MeV

(“soft neutrinos")
@ Electrons carry away roughly the same amount of energy: E; —

~0 MeV
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Traditional nuclear matrix elements of
neutrinoless double-beta decay

f dk ek~ v) (flJp®) 1my (ml J¥ (y) 1)
“gl)e B 4 Ev+En Y(E;+ Ep) - 3 (E1 - By)

@ Energy of the virtual neutrino typically E, = \/n + k% ~ [k| ~ kg ~ 100 MeV
(“soft neutrinos")

@ Electrons carry away roughly the same amount of energy: E; — E, ~ 0 MeV

f dk eﬂ<<x—v> <f|1y(x) |ny (nl J¥ (y) 1)
~gJ 2 n k| + E, — 5 (E; + Ep)
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Without closure approximation:

v

)

n

(17,00 1) (ml J#(y) 1)

k| + E, — 5 (E; + Ef)

Closure approximation

With closure approximation:
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Without closure approximation:

v

)

n

(17,00 1) (ml J#(y) 1)

k| + E, — 5 (E; + Ef)

@ Intermediate states |n) with all

spin-parities J* up to high energies

Closure approximation

With closure approximation:
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Without closure approximation:

MY T (F1 ) 1) ¢nlJ*(y) |
n  |kl+E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:
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Without closure approximation:

MY T (F1 ) 1) ¢nlJ*(y) |
n  |kl+E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:
@ Assuming that |k| >> E, — 3 (E; + Ep):
E,— L(E;+ Ep) — (E)
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Without closure approximation:

MY Y (F 7.0 11y <nl JH(y) 1)
n |kl +E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:

@ Assuming that |k| >> E, — 3 (E; + Ep):

E,— (E;+ Ep) — (E)
@ Use the relation Y, |n) (n| =1
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Without closure approximation:

MY Y (F 7.0 11y <nl JH(y) 1)
n |kl +E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:

@ Assuming that |k| >> E, — 3 (E; + Ep):

E,— (E;+ Ep) — (E)
@ Use the relation Y, |n) (n| =1

(f1 T TH(y) 1y

v
T KB
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Without closure approximation:

MY Y (F 7.0 11y <nl JH(y) 1)
n |kl +E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:
@ Assuming that |k| >> E, — 3 (E; + Ep):
E,— L(E;+ Ep) — (E)
@ Use the relation Y, |n) (n| =1

(1T JHy) 1y

v
T KB

> Typically used with other nuclear
methods
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Ultrasoft Neutrinos as Closure Correction

|IZI NSM A [ nsm MO - pnQRPA A, H pnQrPA MOSOft|

lwtmui

T
Q 5 o < Q )
ggaC) (\@C? q;»% qb(\) &Q@ 066 Ob’% \‘be&/ N‘b@ﬂ"

Ag = MY

non—cl

v
- Mg

D. Castillo, LJ, P. Soriano, J. Menéndez, Phys. Lett. B 860, 139181 (2025)
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Energy (MeV)

Energy (MeV)
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Y. Wang et al., Science Bulletin 69, 2017-2020 (2024)
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