11.06.2025

%ﬁ LOEWE

L7 TECHNISCHE
&/~ UNIVERSITAT
»j S DARMSTADT

Exzellente Forschung fir
Hessens Zukunft

AB INITIO CALCULATIONS ON
NEUTRINOLESS DOUBLE-BETA DECAY

Lotta Jokiniemi (she/her)

Institut fir Kernphysik, Theoriezentrum, TU Darmstadt

<2 TRIUMF

CIPANP 2025, Wisconsin-Madison

" Arthur B.McDonald

Canadian Astroparticle Physic

Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 1



CIPANP 2025 /| AB INITIO CALCULATIONS ON NEUTRINOLESS DOUBLE-BETA DECAY TECHNISCHE

UNIVERSITAT
DARMSTADT

DOUBLE-BETA DECAY

50 — |

s i
o0 S p0-
3) g n
= 3
~ - - =y
-
30 —
I
: : : : > %7 ' 480,
Z - 2 Z - 1 Z Z + 1 Z + 2 ‘ T T [ I I I ]
25 30 35 40 45 50 55 60 65 70 75 80 85 90
# Protons Neutron (N) #
Modified from nndc.bnl.gov/nudat3/
11.06.2025

Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi



CIPANP 2025 / AB INITIO CALCULATIONS ON NEUTRINOLESS DOUBLE-BETA DECAY

NEUTRINOLESS DOUBLE-BETA (0rff)) DECAY

(A, Z) = (A, Z +2) + 2 +27,

n{
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NEUTRINOLESS DOUBLE-BETA (0v/f) DECAY

= Violates lepton-number conservation
P (A, Z) = (A, Z+2) + 2e™+27,
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NEUTRINOLESS DOUBLE-BETA (0v/f) DECAY

= Violates lepton-number conservation

(A, Z) - (A, Z+2)+2e +27,
= Requires that neutrinos are Majorana particles

n{
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NEUTRINOLESS DOUBLE-BETA (0v/f) DECAY

» Violates lepton-number conservation
P (A, Z) = (A, Z+2) + 2e™+27,
= Requires that neutrinos are Majorana particles

= If observed, tf/”z > 10% years n{
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NEUTRINOLESS DOUBLE-BETA (0v/f) DECAY

» Violates lepton-number conservation
P (A, Z) = (A, Z+2) + 2e™+27,
= Requires that neutrinos are Majorana particles

= If observed, tf/”z > 10% years n{

(tlz/”2 ~ 10%° years, Age of the Universe =~ 10'° years)

QLR
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NEUTRINOLESS DOUBLE-BETA (0v/f) DECAY

= Violates lepton-number conservation

(0,20 = A2+ 2+ 20557

» Requires that neutrinos are Majorana particles

= If observed, tf/’“z > 10% years nq

(tlz/’/2 ~ 10%° years, Age of the Universe =~ 10'° years)
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LIGHT-NEUTRINO EXCHANGE
MECHANISM

» Light-neutrino exchange the most n{

commonly studied mechanism \\\/\\/_{// |
W= e

Q.eQ,
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LIGHT-NEUTRINO EXCHANGE
MECHANISM

» Light-neutrino exchange the most nq 1
commonly studied mechanism —
= Does not require introducing W

additional particles

Q.eQ,
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LIGHT-NEUTRINO EXCHANGE
MECHANISM

» Light-neutrino exchange the most n
commonly studied mechanism

= Does not require introducing
additional particles

» Other exchange mechanisms (sterile-
neutrino, scalar, ...) are also possible
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LIGHT-NEUTRINO EXCHANGE
MECHANISM

» Light-neutrino exchange the most n
commonly studied mechanism

= Does not require introducing
additional particles

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

 See talk by S. Urrutia Quiroga §
¢ later in this session
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LIGHT-NEUTRINO EXCHANGE
MECHANISM

» Light-neutrino exchange the most n
commonly studied mechanism

= Does not require introducing
additional particles

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

| See talk by S. Urrutia Quiroga §
[arter in this session

= |n this talk, | will focus on the light-neutrino n
exchange
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HALF-LIFE OF (2} DECAY
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HALF-LIFE OFVﬂﬂ DECAY

Half-life to be measured
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Majorana mass

My = Z U *m
k

Half-life to be measured

Nuclear matrix element
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Majorana mass

gy = ., (U)'my
k

Half-life to be measured

Nuclear matrix element
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THE NUCLEAR MATRIX ELEMENT

Ov __ (A) Ov (A);
M = (P D] 6% $W)
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THE NUCLEAR MATRIX ELEMENT

Operator (nn —» ppr2e”)

Ov __ (A) Ov (A);
M = (P D] 6% $W)
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THE NUCLEAR MATRIX ELEMENT

Operator (nn —» ppr2e”)

Ov _ (A) Ov (A);
M = (PD] 6% wW)

Initial state wave function
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THE NUCLEAR MATRIX ELEMENT

Operator (nn —» ppr2e”)

Ov A) 1 A0V (A);
M = (PD] 6% | wW)

Final stake wave function Initial state wave function
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Operator (mm—-—-—wbpp-r-ze')
Ov _ (A) 1 @m0 (A);
M = (P 6% | P
Final state wave function Initial state wave function
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TRADITIONAL NUCLEAR MATRIX
ELEMENT

) TECHNISCHE
(G)/)~) UNIVERSITAT
»j 7 DARMSTADT

Neubrino

—p” potential

11.06.2025 Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 7



CIPANP 2025 / AB INITIO CALCULATIONS ON NEUTRINOLESS DOUBLE-BETA DECAY

TRADITIONAL NUCLEAR MATRIX
ELEMENT

Neubrino

—p” potential
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TRADITIONAL NUCLEAR MATRIX
ELEMENT

Neubrino

=g potential
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TRADITIONAL NUCLEAR MATRIX
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TRADITIONAL NUCLEAR MATRIX
ELEMENT

Neubrino

Po&am&mt

Usually from pkamomev\otogncai mam:-}-bodj me&kods
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LACK OF RELIABLE UNCERTAINTIES
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LACK OF RELIABLE UNCERTAINTIES
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LACK OF RELIABLE UNCERTAINTIES
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LACK OF RELIABLE UNCERTAINTIES
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AB INITIO NUCLEAR THEORY

Ideally

O “%° 0O
Quantum Chromodynamics quarks gluons
(QCD)

constituent quarks

9‘"9

baryons, mesons

Genuine Ab Initio

protons, neutrons

Figure courtesy of P. Navratil
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AB INITIO NUCLEAR THEORY

Current ab initio 0.
O “u° ©

Quantum Chromodynamics quarks, gluons

(QCD) 9

Chiral Effective

Field Theory —
(parameters fitted <@
to NN data)

baryons, mesons

Current ab initio
nuclear theory

HYYW = py@

protons, neutrons

Figure courtesy of P. Navratil
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AB INITIO NUCLEAR THEORY

Current ab initio 0.
O “u° ©

Quantum Chromodynamics quarks, gluons

(QCD) 9

Chiral Effective
Field Theory
(parameters fitted
to NN data)

constituent quarks

00

Current ab initio
nuclear theory

HYYW = py@

Figure courtesy of P. Navratil

Chiral expansion of nuclear forces
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AB INITIO NUCLEAR THEORY

Current ab initio Chiral expansion of nuclear forces
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Current ab initio Chiral expansion of nuclear forces
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AB INITIO BENCHMARKS IN LIGHT
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AB INITIO RESULTS FOR 43CA, 75GE,
BZSE
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Cirigliano, Dekens, de Vries, Graesser, Mereghetti, JHEP 12, 097 (2018)
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V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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— _NN
o ~ase
= New, unknown, low-energy constanthN

v
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Mg = ngN%;mf DIk~ Jjo(qr) e~7'CN) g2dgq| 0F)

= New, unknown, low-energy constantg,,NN
» \What to do?
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0 NN 2R - ; —q*I(2A%) 2 +
Mg" = 2g, E«)f IZTan Jolgr) e~ 77 g%dq | OF)
S (X
= New, unknown, low-energy constanthN

v
= What to do?
x Fit to lepton-number violating data
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= New, unknown, low-energy constanthN

v
= What to do?
x Fit to lepton-number violating data

? Determine from lattice QCD
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Mg = ngN%;@f DIk~ Jjo(qr) e~7'CN) g2dgq| 0F)

— _NN
= New, unknown, low-energy constanthN

v
= 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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CONTACT TERM - UNKNOWN COUPLING
Mg = ngN%;@f DIk~ Jjo(qr) e~7'CN) g2dgq| 0F)

— _NN
= New, unknown, low-energy constanthN

v
= 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)

C,+GC
= C
) 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)

V Fit to charge-independence breaking (CIB) term of NN scattering:
Cl ~
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THE CONTACT TERM
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-- lonn| (Rs€[0.6, 0.8] fm) (]
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é 4 6 T 8
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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)
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Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck,
Phys. Rev. Lett. 120, 202001 (2018)
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TTEA _
m,n 6 6 e CL
~ ~--- Cs max
e egs . l 4 - C1S min
= Ab initio calculations show a ~ 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) \'5 2 *j' |
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & S| i
~ 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)

Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 15

11.06.2025



CIPANP 2025 / AB INITIO CALCULATIONS ON NEUTRINOLESS DOUBLE-BETA DECAY :“é}_{%‘ TECHNISCHE
cs‘/’e UNIVERSITAT
qﬁ)))j\’ DARMSTADT
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JZ'gA
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= Ab initio calculations show a ~ 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) \'5 2 *j' |
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & S| i
~ 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)
r(fm) r(fm)
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= Ab initio calculations show a ~ 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) \; 2 *i' |
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & S| i
~ 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)

enhancement in 48Ca, 76Ge, 130Te, and 136Xe
Weiss, Soriano, Lovato, Menéndez, Wiringa, Phys. Rev. C 106, 065501 (2022)

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) =
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 % & S| i
~ 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)

enhancement in #8Ca, 7Ge, 1%9Te, and 13Xe Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)

Weiss, Soriano, Lovato, Menéndez, Wiringa, Phys. Rev. C 106, 065501 (2022)

= 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
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T

4R . _ 2 2. b .
Mioep = g7 /| D [dg PPN gV l)
a,b
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— — — p= = e
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4R o 219 A2. AT
Mige, = E%(f DRA [dq g*e” PN anV 5P
a,b

|

m
' 1 _— (a7b) (Cl,b)
| With V, 5 = V&P 4 v@h) 4 n

— — — 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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Ov 4R - - 2 —q*2A%; @b) | ; I
M50, = ﬁ(ﬂ Z 7,7 |dg g°e JlanV, 5710
EA a,b
! - —— A =349 MeV, u = 500 MeV A =349 MeV, p = 1500 MeV
: _ (@b) (@b) m —— A =550 MeV, pu = 500 MeV A =550 MeV, pu = 1500 MeV
With VI/,Z = VV\} + VAA + In . 20T \ 3 76G \ T
. . 7 : € 10.5
£ 1.0y :
= VMC study shows that the loops have a 2 0.0 / _ N ) 0.0
< 10 % effect on the 1°"He — 19Be transition L5 - 1 K '
Zaeitocreé 7(?6;)r43406n0,6c(i£igl7ig;10, Dekens, Mereghetti, Wiringa, Phys. %3 —1.0 j \/ pnQRPA ‘ ‘ ‘N SM
» Nuclear shell model and pnQRPA confirm the 612 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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= 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)

» Nuclear shell model and pnQRPA confirm the

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

Hus +
2(Ee + En — Ez)

X(E,+E,—E)| In 1
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usoft Z(flz al”)(”lZTb_O’bli>
b

¥ (E, + E, — E)[ 1n—— " +1
2(Ee + En _ Ez)

= Contribution from “ultrasoft”
(| k| < kg ~ 100 MeV) neutrinos
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NEUTRINOS

2

= Contribution from “ultrasoft”
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= According to the NSM and pnQRPA,
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WHAT DOES THIS MEAN FOR THE
EXPERIMENTS?

Current best limits

LogLikelihood vs %
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SUMMARY AND OUTLOOK

;-’Oyﬂﬁ decay is a'robustyet challen'gmg probe for ,
¢ BSM physics and neutrino properties

‘- Ab initio methods are becoming capable of
t  computing the needed nuclear matrix elements

f YEFT analysis of the operators allows for
' uncertainty quantification
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