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DOUBLE-BETA DECAY
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Beta (/) decay

One of the most common
decays
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DOUBLE-BETA DECAY

Beta () decay Two-neutrino double-f

Rarest measured decay

One of the most common
decays
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Beta (,B ) decay Two-neutrino double-f Neutrinoless double-f}

(2Vﬂﬁ) decay (0xp) decay

Rarest measured decay Not yet observed

One of the most common
decays
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DOUBLE-BETA-DECAY CANDIDATES
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NEUTRINOLESS DOUBLE-BETA (0vf/) DECAY -
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NEUTRINOLESS DOUBLE-BETA (0v/}f) DECAY -

» Violates lepton-number conservation

» Requires that neutrinos are Majorana
particles
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NEUTRINOLESS DOUBLE-BETA (0v/3§) DECAY -

» Violates lepton-number conservation

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

particles (-2)
= If observed, t1/2 > 10* years

2w 1020 ~ 1010 ip
(t;, = 107" years, Age of the Universe ~ 10" years)

Majorana partic ovBp

- 1035 - 1937 - 1939 -
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DOUBLE-BETA-DECAY EXPERIMENTS
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0 DECAY MEDIATED BY LIGHT-
NEUTRINO EXCHANGE
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0 DECAY MEDIATED BY LIGHT-
NEUTRINO EXCHANGE
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Nuclear matrix element

Majorana mass
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0 DECAY MEDIATED BY LIGHT-
NEUTRINO EXCHANGE
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Next-generation
experiments

1000
136xe

7GGe 130-|-e

Comb.

Phen.

136Xe

Comb.

Ab Initio

B ‘ 1
. EDF & A
7F BM T 7
- QRPA +o * . -
6 - NSM TTI T x o -
- IMSRG * ]
5F cc T pe = . 107
o | ®a .E “A A ° 4 m3 < ml < m2
>_S - x ;
2 a4l . I N 2 Inverted
I & i
I » T £ Hierarchy
3 i ¥ = I ° ]
: ‘ % x : 1072,
2 - - ¢ ml < m2 < M3
| T A -
B + i
+
1 = —
o Normal
i % | I | | | | | | | Hierarchy
0

Miightest [€V]

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

03.09.2026 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

Shickele, Jokiniemi, Belley, Holt, in preparation



TECHNISCHE
UNIVERSITAT
DARMSTADT

NUCLEAR RESPONSES FOR MUON CAPTURE AND RARE DECAYS

THE NUCLEAR MATRIX ELEMENT
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THE NUCLEAR MATRIX ELEMENT
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THE NUCLEAR MATRIX ELEMENT
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Operator (nn —» ppr2e”)

Ov _ A) | A0 | Q@A)
M = (0] 0| W)

Initial state wave function
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THE NUCLEAR MATRIX ELEMENT

Operator (nn —» ppr2e”)

Ov _ A) | A0 | Q@A)
M= 0 6 )

Final state wave function Initial state wave function
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THE NUCLEAR MATRIX ELEMENT o
Operator (mm»pparze-)
MO — <T}A) | @Ov | TEA»'
Final stake wave function Inikial state wave function
X 7
m ><> - q
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NUCLEAR MATRIX ELEMENT FROM
WEAK CURRENTS

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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NUCLEAR MATRIX ELEMENT FROM
WEAK CURRENTS

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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» Starting from the leading weak currents for one nucleon
jo = T[gv(l?z)]

p(p 6 XPp

)2 + igy(p?)

J=1|ga(p?) — gp(pz)
2 4 m;
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NUCLEAR MATRIX ELEMENT FROM
WEAK CURRENTS
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» Starting from the leading weak currents for one nucleon
jo = T[gv(l?z)]
p(p

)2 + igM(Pz)G . p]

J = T[gA(pz) —~ gp(pz)
mﬂ' mN

» Using second-order perturbation theory in the weak interaction, we get

i TN | gri
/FOUﬁﬂ — Z( k)ka [dX[dyLﬂp(X y)[dpelp (x— y) Z < ]_C|_| jn (X)l a>< a |jm (y) O;|_>

|
nmak ‘/m]g+p2[1/m]g+p2+E£el]
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NUCLEAR MATRIX ELEMENT FROM
WEAK CURRENTS

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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» Starting from the leading weak currents for one nucleon
fo = T[gv(l?z)]
p(p

J= T[gA(pz) - gp(pz) )2 Figy(pH T p]

my Ny

» Using second-order perturbation theory in the weak interaction, we get

i TN | gri
/FOUﬁﬂ — Z( k)ka [dX[dyLﬂp(X y)‘dpelp (x— y) Z < ]_C|_| jn (X)l a>< a |jm (Y) O;|_>

|
nmak ‘/m]g+p2[1/m]g+p2+E£el]

Majorana mass, Mgy
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NUCLEAR MATRIX ELEMENT FROM
WEAK CURRENTS
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» Starting from the leading weak currents for one nucleon
jo = T[gv(l?z)]
p(p

Z + igM(Pz)O- . p]

J= T[gA(pz) —~ gp(pz)
mﬂ' mN

» Using second-order perturbation theory in the weak interaction, we get

i TN | gri
/FOUﬁﬂ — 2( k)ka JdXdeLﬂp(X y)[dpelp (x— y) Z < ]_C|_| jn (X)l a>< a |jm (Y) O;|_>

|
nmak ‘/m]g+p2[1/m]g+p2+Eéel]

Majorana mass, nig Phase-space factor, G%
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WEAK CURRENTS
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» Starting from the leading weak currents for one nucleon
jo = T[gv(l?z)]
p(p

Z + igM(Pz)O- . p]

J= T[gA(pz) —~ gp(pz)
mﬂ' mN

» Using second-order perturbation theory in the weak interaction, we get

2 R 1 J= ]Jz 7
\/ FOvﬁﬂ = 2 (U, k)ka R JdXdeLﬂp(X y)“dpelp (x-y)_ Z <O+ Fh'(X) ] >< | A0 (Y)

2 f |
SA nmak  A/mE+ P2y /mE +p? + E]

07)

Majorana mass, Mg Phase-space factor, el Nuclear matrix element, M Ov
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LIGHT-NEUTRINO EXCHANGE

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

~1.2A'° fm

M = 7 (0F | Y 17 [HE(N1 + Hgr(16, - 6, + Hi(1S,,1]0F)
A

m,n
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LIGHT-NEUTRINO EXCHANGE

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

1.2415 f
MY = 07| Y @B [ He(D1 + Hgy (Do, - 6, + Hy(1)S,,,]107)

g‘% m,n K
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LIGHT-NEUTRINO EXCHANGE

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

1.2413 f
MY = 07| Y i [ He (DL Hor (D6, 6+ Hy(DSl 107)

RN

i = PP  Fermi, Gamow-Teller and
tensor operators
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LIGHT-NEUTRINO EXCHANGE

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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1.2A'3 fm
M = ——(07 | D) Tt [He(P)1 + Hgy(P)o, - 6, + Hy(r)S,,, 11 0F)

EA m,n K
nn — pp Fernii, Gamow-TeIler and
= Neutrino potentials tensor operators
Hy(r) = EJdppsz(pI’) x(p) , where X € {F, GT, T}
7 p(p +(E))
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LIGHT-NEUTRINO EXCHANGE
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1.2413 f
MY = 07| Y e HR D1 He e 6 -+EDS I 1 07)

g‘% m,n K
nn — pp FerMi, Gamow-TeIler and
= Neutrino potentials tensor operators
Hy(r) = EJdppsz(pI’) x(p) , where X € {F, GT, T}
7 p(p +(E))

= Where the & functions contain contributions from vector (V), axial-vector (A), pseudoscalar (P)
and magnetic (M) currents

_JAA , AP , 1PP , .MM
hgr = hgy + hgr + hgr + hgy
hr = hp" + hi® + ™
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR (v} DECAY
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2
M =M +M MY = M - <g—V> MY + My

0 N -
2) 1o i 15%-90% | T
A Jokiniemi, Soriano, Menéndez,
X —_

Phys. Lett. B 823, 136720 (2021)
2 S i
Q i
— NZLO :
A){ .
< '
|

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR (v} DECAY
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2
MO = M M+ M, = = (50) e+

0 T - 1 - 1
2) 1o i 15%-90% | T
A){ Jokiniemi, Soriano, Menéndez,

Phys. Lett. B 823, 136720 (2021)

</%>2 N-LO ‘ M ;

/////////////////////////////
/////////////////////////////

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR O/ DECAY
2
MO = M +MJ Ml Mg | =g (5w
0 T T T S
0 15% — 90 % (]
=] Lo % o ,
A Jokiniemi, Soriano, Menéndez,
4 P ! Phys. Lett. B 823, 136720 (2021)
Castillo, Jokiniemi, Soriano, Menendez, - = .%- -
Q 2 S Phys. Lett. B 860, 139181 (2025) i :
|
== NQLO ! ! I I
A)( T000000000000004500405040500% T : :
Ay ] |
O 5% — 10 % 5% — 10 % R :

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS SRR
FOR 0v3 DECAY

MO = MY M0 M My | g (55) s

o | {: 15%-90% | (]

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

““Castillo, Jokiniemi. Soriano, Menéndez,
2 S Phys. Lett. B 860, 139181 (2025)

/////////////////////////////
/////////////////////////////

5% — 10 %

5% — 10 %

N°LO 3-nucleon potentials Chambers-Wall et al. arxiv:2510.21564
V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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UNCERTAINTY QUANTIFICATION

ADb initio calculations based on consistent Hamiltonians and operators based

on YEFT allow for uncertainty quantification

MOI)

S = N W B~ W

LO

N2LO

a

Standard mechanism of exchange light Majorana neutrinos

Long-range (LR)

Short-range (SR)

=

(2)

correction to current one-loop diagrams

(3)

4) (5) - (6)
N | | ]
< b 76Ge — 76Se LO, LR(1,23)+N2LO(4) E
LO,SR(6) ]
- N2LO(5) _
] |
8 10 extrap
€Max

Belley, Yao, Bally, Pitcher, Engel, et al., Phys. Rev. Lett. 132, 182502 (2024)
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ADb initio calculations based on consistent Hamiltonians and operators based
on YEFT allow for uncertainty quantification
a Standard mechanism of exchange light Majorana neutrinos T T
Long-range (LR) Short-range (SR) Foa 68% confidence interval including ggm 1t b
: : 68% confidence interval including €em and &ygrt
i ~~——_ 68% confidence interval including €em, Exerr @and €op
2 D = 8 68% confidence interval including €em, €yert, €op @and ewsr 7| [ .y
() 3) = Mean NME 1
correction to current one-loop dlagrams i 1T |
2 S— = o | |
(5) (6) OE - 1 1
5 - | I ] B 4
4 3 b 76Ge N 7656 LO,LR(1,2,3)+N2LO(4) E 4_‘ }
F LO,SR(6) ] |
é 3 = N2LO(5) _ | } ‘
=2 ¢ : '
1 F E _ 76Ge - 76Se % %
0k | ' 0 |
6 8 10 extrap & & & i‘“&x{& & & ,\v‘@@ l\é@é’”
€Max A

Belley, Yao, Bally, Pitcher, Engel, et al., Phys. Rev. Lett. 132, 182502 (2024)
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= 213 decay found to be correlated with Ovff decay OFIY a1 Y, e oll0F)
TR FAS VAT i

>
- E,— (E;+Ep/2
T T [T T T T T [ [ T T T T T [ T [ [ T T 71 R — I I I I I I I I I
L T—0 . I |
06l (a) g2 0.60.6 0.7 ¢0.8 ¢2v33 i (b) 1o
i Pt 46 <A<60 |
i ¢ - 1 0T2< A<84 |
0.4 00 7 o 0124 < A< 136 || 0.4
N@ - _ - //,/ 1 N
5| ol | g
= 02 |
e | |
(e > agacs 10
B pnQRPA | NSM |
Lo T b e e e o g ! | ! | ! | ! | ! | ! | ! | ! | ! | ! |
0.5 1 1.5 2 2.9 3 3.5 4 04 06 08 1 12 14 16 1.8 2 22
A~V/6 0¥ (1b) A6 MY (1b)

Jokiniemi, Romeo, Soriano, Menéndez, Phys Rev. C 107, 044305 (2023)
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e
CORRELATIONS BETWEEN (vf/f AND 2./ DECAYS
= 213 decay found to be correlated with Ovff decay ooy OFIZ 7oL (I, 7 ol0f)
= We can use existing data to estimate Ovffi-decay s E,— (E +Ep/2

NMEs with uncertainties

8| |— QRPA == QRPA(lit.) —NSM == NSM(lit.) ||
é.q 4 I § R b § X % N
: ) §I LI L x H }I \
-1 . X ]

O \ \ \ \ \ \ \ \ \

> o 2 < 8 o Q 2 Q
207 WO 997 @V \90@ Q@Q ng& \%0&/ Cﬁr’

Nucleus
Jokiniemi, Romeo, Soriano, Menéndez, Phys Rev. C 107, 044305 (2023)
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= Correlations also found in statistical
shell-model studies in

Horoi, Neacsu, Stoica, Phys. Rev. C 106, 0564302 (2022)

Horoi, Neacsu, arXiv:2605.21657

Neacsu, Horoi, Symmetry 2024, 16(8), 974

Horoi, Neacsu, Stoica, Phys. Rev. C 107, 045501 (2023) 1 ‘ , . _ .
Horoi, Universe 10 (6), 252 Boaf o 100 [ [ O O SN I St el A

g% B 2 8 g
NNNNNN
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0.12— T T T
= In-Medium No-Core Configuration | |20 samples (AN2L0co(394)) -« I
Interaction (IM-NCCI) method: 0.0sk — ]
n-"]
solve HY | W) = E| W) with 5 EXP
o 0.04fr L. - =
E .‘o”,’
— i Tt ~ | R=0.914 o 2 e _
|VY) = Dy| D) + Z a,a| D)+ Z A, 0i0; | @) + . .. L g0l 9WICL) o s ]
m,i mnij [ . /;’:. '
and )(EFX Harzniltonigns \ 00al P 48Cg —48Tj _
p. ;,’., L | L L | L 1 L
H®A — Z 2—l + 2 V};IN(ri — l'j) + 2 Vg}j 0.00 0.50 100 1.50 2.00
m 1%
i=1 i<j=1 i<j<k=1 M

Lian, Ding, Bai, Yao, arXiv:2605.19479
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0.12— . . .
» In-Medium No-Core Configuration | |20 samples <AN2L<E>§(>1<3§9§>3 . I
. .0-4. |
Interaction (IM-NCCI) method: 008l ]
e
solve HY | W) = E| W) with % 0 ou—2F ]
E :‘o’.’,’
_ i Tt - | R=0.914 o o e _
|VY) = Dy| D) + Z a,a| D)+ Z A, 0i0; | @) + . .. L g0l 9WICL) o s ]
m,i mnij i . /;’:. '
and yEFT Hamiltonians - . 4805 48T
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Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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H(o)

C v @

= Start from normal-ordered Hamiltonian

1 1
HO)=E,+ Z fij{a;aj} + 2 Z Fljkl{a;a;alak}( + 36 Z Vlfljklmn{a;a;a]j anamal}>
ij ijkl ijklmn

Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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= Start from normal-ordered Hamiltonian

H) =Ey+ Zfl]{a a;} +— Z szkl{a a. alak}( +— Z kimn1 @ Ta;a]janamal}>

l]kl l]klmn

1
_ Hamiltonian truncated at two-body level: H(s) = e“*He™* = H + [Q,H]y,,+ E[Q, [Q,H]lg o+ .-

Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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= Start from normal-ordered Hamiltonian

H) =Ey+ Zfl]{a a;} +— Z Flel{a a. alak}( +— Z kimn1 @ Ta;a]janamal}>

l]kl l]klmn
1
_ Hamiltonian truncated at two-body level: H(s) = e“*He™* = H + [Q,H]y,,+ E[Q, [Q,H]lg o+ .-

« Operators transformed consistently O(s) = e**0e
Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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dH(s)
ds

= [n(s), H(s)]

= For the multi-shell valence space, we use the generator

’7—2{61 a}+2{cfr Taz.al-}—h.c.,

abij




TECHNISCHE
UNIVERSITAT
DARMSTADT

NUCLEAR RESPONSES FOR MUON CAPTURE AND RARE DECAYS

MULTI-SHELL VALENCE SPACE

Miyagi, Stroberg, Holt, Shimizu, Phys. Rev. C 102, 034320 (2020)

dH(s)
ds

= [n(s), H(s)]

= For the multi-shell valence space, we use the generator

ﬂ_Z{daal}+Z{a aa}—h C.

abij
= where
1 2f;ll 1 2Fabij
Ny = = arctan( - ) Nabii = = arctan( )
2 Jaa = fit + Tgjgit A 2 Jaa T Jop = Jii = Jij + Gapit A
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MULTI-SHELL VALENCE SPACE

Miyagi, Stroberg, Holt, Shimizu, Phys. Rev. C 102, 034320 (2020)

dH(s)
ds

= [n(s), H(s)]

= For the multi-shell valence space, we use the generator

’7—2{%61,}+Z{a aa}—h C.

abij
= where
1 2f;ll 1 2Fabij
Ny = = arctan( - ) Nabii = = arctan( )
2 Jaa = fit + Tgjgit A 2 Jaa T Jop = Jii = Jij + Gapit A

= To remove spurious centre-of-mass motion, we modify the Hamiltonian as
H 111'[1‘ ﬁ
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. . . ) (OFIIGT (I IGT™|0F)
= Two different yEFT NN+3N interactions: M» =y
- — (E; + Ey)/2
= 1.8/2.0 (EM)
Hebeler et al., Phys. Rev. C 83, 031301 (2011) 1.8/2.0 (EM), 1BC AN?LO¢o (394), 1BC
. A_NZLOGO — 1.EI%/IQI.OI (I | .). 1BC+2BC | — ANZILOGO( 4), 1BC+2BC
Jiang et al., Phys. Rev. C 102, 054301 (2020) pf Shell dg/gpf Shell y
—~ 0.10F T -
>
(D)
= _
-~ i 1
= 0.05 Expt. ]
=
N I
0.00 _ -
0 5 10 15 0 5 10 15 20
Eg* (MeV) Eg* (MeV)
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Hebeler et al., Phys. Rev. C 83, 031301 (2011) 1.8/2.0 (EM), 1BC AN2LO¢o (394), 1BC
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Park et al., Phys. Rev. C 67, 055206 (2003) = : —
Krebs et al., Ann. Phys. 378, 317 (2017) —0.05 XPU. _
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= Two different yEFT NN+3N interactions:

M21/= Z

- — (E;+ Ef)/2

= 1.8/2.0 (EM)
Hebeler et al., Phys. Rev. C 83, 031301 (2011) 1.8/2.0 ( ) 1BC AN?LOgo ( ) 1BC
Jiang et al., Phys. Rev. C 102, 054301 (2020) . p f shell By | d3/2p f shell ]

= One- and two-body axial currents = 0107 T -
— ct Iz v
Park et al., Phys. Rev. C 67, 055206 (2003) = : S—
Krebs et al., Ann. Phys. 378, 317 (2017) :/ 0.05 XPpU. _
Klos et al., Eur. Phys. J. A (2018) 54: 76 NE I T
= Two different valence spaces: )

« pf shell (**Ca core)
« d, pf shell (**S core)
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(OFIGT NI IGTI07)

= Two different yEFT NN+3N interactions: M» =y
- E,— (E;+Ep/2
= 1.8/2.0 (EM) 0195
Hebeler et al., Phys. Rev. C 83, 031301 (2011) — i trunc, (250 states) Expt.
m ANZLOGO 0.100 F Exact diag. (40 states) |[4| €  4hw trunc. (100 states)
Jiang et al., Phys. Rev. C 102, 054301 (2020) —~ i :
. < 0.075F s 1 ]
= One- and two-body axial currents = S AR
t 1 ™~ [ y X,
J=Jp+JI5+J% = 0.050F | . 1 :
Park et al., Phys. Rev. C 67, 055206 (2003) S F g ¢ ¢ ¢ ¢ ¢
Krebs et al., Ann. Phys. 378, 317 (2017) E 0.025 F 0 / + .
Klos et al., Eur. Phys. J. A (2018) 54: 76 - ' 100 states ]
| L (d3/2pf shell) ]
= Two different valence spaces: Ot : 1
« pf shell (**Ca core) 0 0 10 RN OIS
- E (MeV) EIENREN) Pt
-~ ’
o
= d3;, pf shell (°“S core) > RN

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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1 N ) 55.0 [4550& (0F) — 48Sc (1+)] 18/2.0 (EM). pf 3
B GT = GT_ l §4-0 —— 1.8/2.0 (EM), dy/apf
(GD) = ———— [{fIGT 1) 3 - :

ANZLOgo (394),
— ANQLOGO (394)7 d3/2pf

vt T,

E& (MeV) E (MeV)

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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BENCHMARKS WITH GAMOW-TELLER
STRENGTHS

1 4 ) %\ 5.0 [480a (0F) — 18Sc (1+)] 1.8/2.0 (EM), pf :
B(GT) = —2J 3 | {(FIIGT™|i) | Z 40 : — 18/2.0 (EM), dupf 3

= Experimental data from = oal
*Ca(p,n)*®Sc and **Ti(n, p)*®Sc ~ Zos)

reactions I
Yako et al., Phys. Rev. Lett. 103, 012503 (2009) 2 of
= 50F

= 4.0F

= 3.0F
= 20F
< 10f
0F

ANZLOgo (394),
— ANQLOGO (394)7 d3/2pf

vt T,

E& (MeV) E (MeV)

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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TOTAL MUON CAPTURE RATES
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SUMMARY

= Next-generation Ovff}-decay experiments likely to fully cover the
inverted-hierarchy band of neutrino masses

» Muon capture a good probe for high-momentum electroweak currents

= Correlations with different observables help constrain the Ovff}-decay

matrix elements

= Important correlations were missing from ab initio calculations of S
decays of 48Ca — How about heavier cases?
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