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» Light-neutrino exchange the most n
commonly studied mechanism

= Does not require introducing
additional particles

» Other exchange mechanisms (sterile-
neutrino, scalar, ...) are also possible

= |n this talk, | will focus on the light-
neutrino exchange
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Nuclear matrix element
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Initial state wave function
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» \What to do?

x Fit to lepton-number violating data

? Determine from lattice QCD
« Cirigliano, Davoudi, Engel, Furnstahl, Hagen et al., J. Phys. G. Nucl. Part. Phys. 49, 120502 (2022)
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= New, unknown, low-energy constantgyNN

» \What to do?

x Fit to lepton-number violating data

? Determine from lattice QCD
« Cirigliano, Davoudi, Engel, Furnstahl, Hagen et al., J. Phys. G. Nucl. Part. Phys. 49, 120502 (2022)

V Fit to charge-independence breaking (CIB) term of NN scattering:
C,+GC
C, ~ = C
1 ) — “~CIB
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018)
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= New, unknown, low-energy constantgyNN

» \What to do?

x Fit to lepton-number violating data

? Determine from lattice QCD
« Cirigliano, Davoudi, Engel, Furnstahl, Hagen et al., J. Phys. G. Nucl. Part. Phys. 49, 120502 (2022)

V Fit to charge-independence breaking (CIB) term of NN scattering:
C,+GC
C, ~ = C
1 ) — “~CIB
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018)

V Fit to synthetic data
Cirigliano, Dekens, de Vries, Hoferichter, Mereghetti, Phys. Rev. Lett. 126, 172002 (2021)
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THE CONTACT TERM
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M = 2g"N—(OF | 3" 7ty | jolar) e~ g7dg | OF)
g} 7
m,n

°He »°Be
- lovl -
- |,0NN| (R56[0.6, 08] fI’Il) 1

~ PRI (Rs€[0.6, 0.8] fm)| -

p@  (m™)

-- lonnl (Rs€[0.6, 0.8] fm)| ]
~ 1R (Rsel0.6, 0.8] fm)|

p@ (m™)

é 4 6 T 8

r (fm)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck,
Phys. Rev. Lett. 120, 202001 (2018)
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= Ab initio calculations showa ~ 10% — 60 % enhancement of the

nuclear matrix elements of light nuclei (A < 12)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018)

- Pv 1
-- lonnl (Rs€[0.6, 0.8] fm) (]

~ 1R (Rsel0.6, 0.8] fm)|

p@ (m™)

r (fm)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck,
Phys. Rev. Lett. 120, 202001 (2018)
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TTEA _
m,n 6 76 (3¢ CL
— | -t C'S,max
l 4 'll - CS min
= Ab initio calculations show a ~ 10% — 60 % enhancement of the & i ’
nuclear matrix elements of light nuclei (A < 12) 0N : "l
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018) \5 2 { *j' \ |
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & Sl N
~ 30% — 80 % enhancements in A = 48...136 nuclei 0 —~ =
Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021) anRPA NSM
0 5% 10 O 5% 10
r(fm) r(fm)

Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)
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= Ab initio calculations show a ~ 10% — 60 % enhancement of the & i -
nuclear matrix elements of light nuclei (A < 12) = : l'.
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018) \5 2 { **,' \ |
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & S [ N
~ 30% — 80 % enhancements in A = 48...136 nuclei 0 —~ =
Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021) anRPA NSM
» [IM-GCM study shows a 43(7)% enh tin 48C
Wirth, Yao, Hergert, Phy‘SYRev. Lett. 127, 242502((20)21)o ancementin a 0 5 10 0 5 10
r(fm) r(fm)

Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)
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= Ab initio calculations show a ~ 10% — 60 % enhancement of the & { ’
nuclear matrix elements of light nuclei (A < 12) = : l'.
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018) \5 2 { **,' \ |
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & S [ N
~ 30% — 80 % enhancements in A = 48...136 nuclei 0 = — =
Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021) anRPA NSM
= IM-GCM study shows a 43(7)% enhancement in 48Ca 0 5 10 0 5 10
Wirth, Yao, Hergert, Phys. Rev. Lett. 127, 242502 (2021)
= NSM with generalized contact formalism gives ~ 25% — 60 % r(fm) r(fm)
?Ve'lb?o?a?oeLTai"A}eJQd:f%?n; aﬁfjféele’cok ,063529(2;§>SXe Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)
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2R _ 1. — g2 /(2N
M = 2g"N—(OF | 3" 7ty | jolar) e~ g7dg | OF)
g} 7
m,n

----Cs max
- C'S min

)

= Ab initio calculations showa ~ 10% — 60 % enhancement of the

nuclear matrix elements of light nuclei (A < 12)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018)

= Nuclear shell model & pnQRPA predict ~ 15% — 50 % &
~ 30% — 80 % enhancements in A = 48...136 nuclei 0 =

Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021) anRPA

NSM
» IM-GCM study shows a 43(7)% enhancement in 48Ca ‘

Wirth, Yao, Hergert, Phys. Rev. Lett. 127, 242502 (2021) O 5 10 0 5 10

= NSM with generalized contact formalism gives ~ 25% — 60 % r(fm) r(fm)

enhancement in 48Ca, 76Ge, 130Te, and 136Xe niemi - 5
Weiss, Soriano, Lovato, Menéndez, Wiringa, Phys. Rev. C 106, 065501 (2022) JOkInIemI’ Sorlano’ Menendez’ PhyS Lett. B 823’ 136720 (202 1)

= VS-IMSRG shows ~ 40% — 90 % enhancement in 76Ge, 130Te,

and 136Xe

Belley, Yao, Bally, Pitcher, Engel, Phys. Rev. Lett. 132, 182502 (2024)
Belley, Miyagi, Stroberg, Holt, arXiv:2307.15156

!
|

Cr/s(r)(fm™)

-
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-
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LOOP CORRECTIONS

T

4R . _ 2 2. b .
Mioep = g7 /| D [dg PPN gV l)
a,b
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4R . _ 2 2. b .
Mige, = prad A [dq g*e” PN anV 5P
a,b

i
i

m
" I —_— (a7b) (Cl,b)
[ With V, , = Vo7 + V.57 + In

— — — p=s = e
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4R L 219 A2. AT
Mige, = E%U DRA [dq g*e” PN anV 5P
a,b

i
|

m
C\AT: — y/(a,b) (a,b)
[ With V, , = Vo7 + V.57 + In

— — — p= = e

= VMC study shows that the loops have a

< 10 % effect on the 1°He — 19Be transition

Pastore, Carlson, Cirigliano, Dekens, Mereghetti, Wiringa, Phys.
Rev. C 97, 014606 (2018)
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LOOP CORRECTIONS .
4R 2 2. . E
My, =—(f1 ), %t [dq g*e= PN gV S i)
A a,b

— A =349 MeV, p = 500 MeV
— A =550 MeV, p = 500 MeV

A =349 MeV, p = 1500 MeV
A =550 MeV, pu = 1500 MeV

m
1 _— (a7b) (Cl,b)
With V, , = V&0 4+ V@D 4 In

g 2.0 | \ \ [ 76 \ \ ‘ \
3 _ 7 : Ge 10.5
£ 1.0 :
= VMC study shows that the loops have a T 00k _ o - 0.0
< 10 % effect on the 1°"He — 1°Be transition . § - |/ 1 / '
gaeiz‘ocreé 7C’aOr43406n0,6C(/ggl7/gjvo, Dekens, Mereghetti, Wiringa, Phys. &) —1.0 - pnQRPA ‘ ‘ ‘N SM
» Nuclear shell model and pnQRPA confirm the 61 2 3 0 1 2 3 4
< 10 % effect in heavier nuclei (A=48...136) r(fm) r(fm)

Castillo, Jokiniemi, Menéndez, Phys. Lett. B 860, 139181 (2025) Castillo, Jokiniemi. Menéndez, Phys. Lett. B 860, 139181 (2025)
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EA a,b
i - ——— A =349 MeV, u = 500 MeV A =349 MeV, pu = 1500 MeV
;: b b m ——— A =550 MeV, u = 500 MeV A =550 MeV, p = 1500 MeV
With Vv,z = V\(,a\’,) -+ VXZ) + In 90 j j
,i - TE - 0.5

= VMC study shows that the loops have a

< 10 % effect on the 1°He — 19Be transition

Pastore, Carlson, Cirigliano, Dekens, Mereghetti, Wiringa, Phys.
Rev. C 97, 014606 (2018)

Consistent with the éecte size of N2LO ofeciions

N> (m)\
<_> ("™ ~se_ 10

A

» Nuclear shell model and pnQRPA confirm the

< 10 % effect in heavier nuclei (A=48...136)
Castillo, Jokiniemi, Menéndez, Phys. Lett. B 860, 139181 (2025)

Castillo, Jokiniemi, Menéndez, Phys. Lett. B 860, 139181 (2025)
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= Contribution from “ultrasoft”
(| k| < kg ~ 100 MeV) neutrinos
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= Contribution from “ultrasoft” o 03] e T
(| k| < kp ~ 100 MeV) neutrinos S T -
= According to the NSM and pnQRPA, % Ol S X
MOV a'at :
ot | 5% —10%
Mo
Castillo, Jokiniemi, Soriano, Menéndez, Phys. Lett. B 860, 139181 E(MeV)
(2025)

Castillo, Jokiniemi, Soriano, Menéndez,
Phys. Lett. B 860, 139181 (2025)
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(| k| < kp ~ 100 MeV) neutrinos S T -
= According to the NSM and pnQRPA, = Ol i X
MOV a'at :
ot | 5% —10%
M{o
Castillo, Jokiniemi, Soriano, Menéndez, Phys. Lett. B 860, 139181 E(MeV)
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Castillo, Jokiniemi, Soriano, Menéndez,
= Can be seen as a “closure correction” Phys. Lett. B 860, 139181 (2025)
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Castillo, Jokiniemi, Soriano, Menéndez, Phys. Lett. B 860, 139181

(2025) ) o . ,
Castillo, Jokiniemi, Soriano, Menéndez,

= Can be seen as a “closure correction” Phys. Lett. B 860, 139181 (2025)
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OUTLINE

1 Introduction
2 Effective field theory for neutrinoless double-beta decay

3 Probing neutrinoless double-beta decay by nuclear observables

4 Current status

5 Summary and Outlook
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PROBING /i DECAYS BY CHARGE-
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» Charge-exchange reactions can

probe virtual transitions to A :
intermediate states ==
(), 3 <
% ( He,t),... Z—|—1?Y (n,p)j
% 0 N (d,*He),
7 zX (t,°He),...
= B
O+
f
712X’

A 4

Atomic number
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EXCHANGE REACTIONS

» Charge-exchange reactions can
probe virtual transitions to
intermediate states

= Available data ends at ~ 5 MeV
(except for 48Ca)
» Measurement of these reactions up

to high energies in 5 triplets would
also help benchmark ab initio
calculations
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Leading component
M = (f11D, 77576, 6,Ver(r) 1)
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2QP
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DOUBLE CHARGE EXCHANGE
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Leading component

MY = (f11 ), 17776, 6,Var(r) | 1)
]k DGR

. Double-Gamow-T?IIer (DGT) strength function
B(DGT; ) =——|(j 6.1 X6, 7 | P
(DGT;2) = ———1 G111 2,65 x o 111 [

2QP

A
Z+2X3
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* DGR
» Double-Gamow-Teller (DGT) strength function
1
B(DGT; ) =——|(j 6, T, X0, T D1
(DGT; 2) 2Ji+1|<J||[§ 1P P or
* Very similar operator structures RATAS
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Mpgr == (f1I[ ) 6,77 x 6, 71 [)
ik

. Correlation between M and Mpr first
found in nuclear shell model and density
functional theory

= Correlation also holds in ab initio VS-IMSRG

= ... and QRPA, when proton-neutron pairing is
varied
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ik

. Correlation between M and Mpr first

found in nuclear shell model and density
functional theory

= Correlation also holds in ab initio VS-IMSRG

= ... and QRPA, when proton-neutron pairing is
varied

. [ Observation of DGT strength would help §
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= 213 decay also correlated with Ovfff decay
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= 213 decay also correlated with Ovfff decay

= We can use existing data to estimate Ovffi-decay NMEs with uncertainties
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