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NEUTRINOLESS DOUBLE-BETA (0rff)) DECAY

(A, Z) = (A, Z +2) + 2 +27,
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= Violates lepton-number conservation
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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{"’f‘z’ v ﬁ}p
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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, t?/yz > 10% years n{4
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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, "% > 10 years n{s

2 v u
(%Y ~ 107 Age of the Uni ~ 1010
127~ years, Age of the Universe = years)

Wendel H. Furry

Maria Goeppert-Mayer FEttore Majorana

\ A Al

Majorana particles ovBpa

/. 2vBa v
- 1935 - 1937 - 1939 - .

19.05.2025 Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

= O Ty
» s



TECHNISCHE
UNIVERSITAT
DARMSTADT

SPRING2025 / PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES

<7
<7
0/
\O|
<=5

HALF-LIFE OF (v DECAY

L — g4G01/|M01/|2 "p
10 A m
1/2 e

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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HALF-LIFE OFVﬂﬂ DECAY

Half-life to be measured

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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Majorana mass

gy = 3, Ua’my
k

HALF-LIFE OF (/i DECAY

Half-life to be measured

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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HALF-LIFE OF (/i DECAY

Half-life to be measured

Nuclear matrix element

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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Majorana mass

gy = 3, Ua’my
k
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Majorana mass
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k

Half-life to be measured

Nuclear matrix element
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CHIRAL EFFECTIVE THEORY FOR 0vff
DECAY

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 0565504 (2019)
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CHIRAL EFFECTIVE THEORY FOR 0vff
DECAY
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V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 0565504 (2019)
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V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 0565504 (2019)
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Ejiri, Jokiniemi, Suhonen, Phys. Rev. C 105, L022501 (2022)
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DOUBLE CHARGE EXCHANGE
REACTIONS

Leading component
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DOUBLE CHARGE EXCHANGE
REACTIONS

Leading component
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DECAY
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. Correlation between M and Mpr first

found in nuclear shell model and density
functional theory

= Correlation also holds in ab initio VS-IMSRG
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Jokiniemi, Romeo, Soriano, Menéndez, Phys Rev. C 107, 044305 (2023)
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PROBING (v DECAY BY 2v[/}f DECAY

= 2uff} decay also correlated with Ovff decay

= We can use existing data to estimate Ovff}-decay NMEs with uncertainties
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Jokiniemi, Romeo, Soriano, Menéndez, Phys Rev. C 107, 044305 (2023)

19.05.2025 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 9



TECHNISCHE
UNIVERSITAT
DARMSTADT

SPRING2025 / PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES

OUTLINE

1 Introduction to double-beta decay

2 Charge-exchange reactions as a probe

3 Muon capture as a probe

4 Summary and Outlook

19.05.2025 Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 10



TECHNISCHE
UNIVERSITAT
DARMSTADT

SPRING2025 / PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES

19.05.2025 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 1



SPRING2025 /| PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES TECHNISCHE

UNIVERSITAT
DARMSTADT

ORDINARY MUON CAPTURE

» Starting point: a muonic atom

19.05.2025 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi



SPRING2025 /| PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES TECHNISCHE

UNIVERSITAT
DARMSTADT

ORDINARY MUON CAPTURE

» Starting point: a muonic atom

= The muon quickly transitions to the lowest,
ls,,, orbit

19.05.2025 Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi



SPRING2025 /| PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES TECHNISCHE

UNIVERSITAT
DARMSTADT

ORDINARY MUON CAPTURE

» Starting point: a muonic atom

= The muon quickly transitions to the lowest,
ls,,, orbit

» From there, the muon can be captured by
the nucleus

19.05.2025 Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi



SPRING2025 /| PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES TECHNISCHE

UNIVERSITAT
DARMSTADT

ORDINARY MUON CAPTURE

» Starting point: a muonic atom

= The muon quickly transitions to the lowest,
ls,,, orbit

» From there, the muon can be captured by
the nucleus

= Ordinary muon capture (OMC)'
uo o+ AXUD) = oy, + 4 YU
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= The muon quickly transitions to the lowest,
ls,,, orbit

» From there, the muon can be captured by
the nucleus

» Ordinary muon capture (OMC):
— A i A TT;
WA AXUT) =y, + 4 YU

» Radiative muon capture (RMC):
— A i A 7;
poo + OXUT) =y + 5 YU oy
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» Starting point: a muonic atom

= The muon quickly transitions to the lowest,
ls,,, orbit

» From there, the muon can be captured by
the nucleus

f . Ofdmry muon’captu re (OMC)N ?‘
M n AX(] f) -y, +4 Y(Jﬂ §

Radlatlve muon capture RMC
po+ éX(]ff) = by + z—1Y(Jiﬂi) T
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Ovff Decay Ordinary Muon Capture
Mi=— =1
Y p p{g v %}n
W= e
W—i—
d /\“\ u
n{’,j A 3}1) _ v
m w

=g~ 1/|r,—r,| = 100 — 200 MeV
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Ovff Decay Ordinary Muon Capture
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M K
=g~ 1/|r,—r,| = 100 — 200 MeV - g~ m,+ E; — E, ~ 100 MeV

= No experimental signal so far
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M K
=g~ 1/|r,—r,| = 100 — 200 MeV - g~ m,+ E; — E, ~ 100 MeV

= No experimental signal so far = Has been measured
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Ovff Decay Ordinary Muon Capture
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=g~ 1/|r,—r,| = 100 — 200 MeV - g~ m,+ E; — E, ~ 100 MeV
= No experimental signal so far = Has been measured
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NO-CORE SHELL MODEL (NCSM)

= Solve the nuclear many-body problem
HYYY(r, 1y, ..., 1) = EYYD(r 1), ....1)

= Two- (NN) and three-body (3N) forces from yEFT: N=N__ +1 W . R -,:

=P S e 3

i=1 i<j=1 1<j<k=l1 N=1 | |
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NO-CORE SHELL MODEL (NCSM)

= Solve the nuclear many-body problem
HYYY,,r,, ...,r,) = EY9YY(r 1), ...,T,)

= TWo- (NN) and three-body (3N) forces from yEFT:

H<A>-z +zvgN<r D+ 3 v

i=1 i<j=1 i<j<k=l1

» Expansion in Harmonic Oscillator (HO) basis:

max

N=0 j
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@ 1.5 F .
MO Deutsch1968 :‘
Z 1 ||—®— NN-N*LO+3Nyy -
D) &
= NN-N*LO+3N7
o 05| ™ NN-N°LO+3Nyy |
: *
A VMC(Ia, Ia*) = b
A  GFMC(Ia, Ia*) - A- 1b + 2b
O ‘ ‘ ‘ ‘ \ \ ‘ ‘
0 2 4 6 8 10 12 14

Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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» Calculations slightly underestimate the o[ ]
experiment
= No-core shell model consistent with other = 1.5 s
ab initio methods: % Deutsch1968 it
Variational Monte Carlo (VMC) and T 1| T NNNTLO4IN .
Green’s Function Monte Carlo (GFMC) ;cg NN-N LO+3Ny
G. B. King et al., Phys. Rev. C 105, L042501 (2022) 0.5 || T NN-N"LO+3Ni
A VMC(Ia, Ia*) —m— 1b
f GF‘MC(Ia,‘Ia*) | | - A-‘ 1b + ;b
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» Calculations slightly underestimate the
experiment

= No-core shell model consistent with other
ab initio methods:
Variational Monte Carlo (VMC) and

Green’s Function Monte Carlo (GFMC)
G. B. King et al., Phys. Rev. C 105, L042501 (2022)

» Slow convergence due to clustering not
captured by the NCSM?

19.05.2025 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

Rate(10%/s)

TECHNISCHE
UNIVERSITAT
DARMSTADT

Deutsch1968 :‘
| —— NN-N*LO+3N,; e
NN-N*LO+3N7
| —— NN-N®LO+3Ny, |
A VMC(Ia, Ia*) —=— 1b
A  GFMC(Ia, Ia*) |  -A-1b+2b

0

2 4 6 8 10 12 14
NmaX

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)

15



SPRING2025 / PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES

MUON CAPTURE TO THE
GROUND STATE OF °HE

» Calculations slightly underestimate the
experiment

= No-core shell model consistent with other
ab initio methods:
Variational Monte Carlo (VMC) and

Green’s Function Monte Carlo (GFMC)
G. B. King et al., Phys. Rev. C 105, L042501 (2022)

» Slow convergence due to clustering not
captured by the NCSM?

= NCSM with continuum (NCSMC) might
give better results?
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« The interaction 8| -
with the subleading 3N term (E7)

most consistent with experiments @ 6L =
Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011) mg NN(AV’8)+3N(TM’(99))
= The results are comparable with earlier ;'é 41

NCSM calculations with more
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A. Hayes et al., Phys. Rev. Lett. 91, 012501 (2003)
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» Significant interaction dependence

= 1he interaction

with the subleading 3N term (E7)

most consistent with experiments
Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011)

= The results are comparable with earlier
NCSM calculations with more
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A. Hayes et al., Phys. Rev. Lett. 91, 012501 (2003) = 1 Hoyes et al. 03 (2008)
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