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Abundance: 10.436(35) % ‘
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1+

cven-cven odd-odd B stable 2vBp 2vECEC

% 2vpp 7/ 2VECEC decays perhaps Brase, Jokiniemi, Kauppinen, Romeo, Kotila, Menéndez, Schwenk,
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» Charge-exchange reactions can
probe virtual transitions to
iIntermediate states

= Available data ends at ~ 5 MeV
(except for 48Ca)

» Measurement of these reactions up

to high energies in f triplets would
also help benchmark ab initio
calculations
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J*T = Plgv(qH)yr™ + igu(q?)

Ordinary Muon Capture

= Has been measured

o
2M

dp — gA@)r%ys — gp(q*)q”ys]¥
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= Two- (NN) and three-body (3N) forces from yEFT:
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NO-CORE SHELL MODEL (NCSM)

» Solve the nuclear many-body problem

HYY @ 1), ... 1)) = EAW(r, 1) .. 1))

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

2 A A
HO =Y 2ot 3 vNa -+ Y v

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

» Expansion in Harmonic Oscillator (HO) basis:
N,

max
A) _ _ HO
lP — -_ CM@NJ' (rl, r2, “ ey rA)
N=0 j
14.07.2026 Institut fur Kernphysik, Theoriezentrum | TU Darm
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°Li(1f5) +p~ — °He(0f) + v

|
2
;‘;{ 1.5
. : & A
% Deutsch1968 A
% 1 || —®— NN-N*LO+3Ny,, N
p= NN-N*LO+3N7,
a= 0.5 || % NN-N?LO+3Niw
' A VMC(Ia, Ia*) = 1
A  GFMC(Ia, Ia*) -4- 1b + 2b
0 2 4 § 8 10 12 14

N max

LJ, P. Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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MUON CAPTURE ON 6LI

°Li(1f5) +p~ — °He(0f) + v

2
= No-core shell model slightly
underestimates the experiment Q 1.5 — ol
» Results consistent with other ab initio %, 1 m— NN.N'LO. 3Nu “
methods: I NN-N*LO+3Nf,,
Variational Monte Carlo (VMC) and = 05 Tiig(lzo:f”
Green’s Function Monte Carlo (GFMC) A GFMC(la, 1a%) A o
G. B. King et al., Phys. Rev. C 105, L042501 (2022) 0 - -

0 2 4 6 8 10 12 14

N max

LJ, P. Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C
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—a— 1b |
-4A- 1b + 2b
8
= 6 H
T~
o
o
N
£ 4
~
2 —#— NN-N4LO+3Nj,; Measday 2001
NN-N*LO+3N}, | Abe 2016
—— NN-N®LO* 43Ny
O I |
0 2 4 6 g 10 12 o0
Nmax

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

14.07.2026 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 22



PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES TECHNISCHE

UNIVERSITAT
DARMSTADT
IQC(U;S) +puT — 12B(1§5) + v,
—&— 1b |
- A= 1b + 2b
C g - - 8
= Significant interaction dependence

w 6 .

T~

I=

b

)

% 4

o

2 —#— NN-N4LO+3Nj,; Measday 2001
NN-N*LO+3N}, | Abe 2016
—#— NN-N®LO*+3Npy
. |
U o 2 4 6 8 10 12 00
Nmax

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

14.07.2026 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 22



PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES TECHNISCHE

UNIVERSITAT
DARMSTADT
MUON CAPTURE ON 12C
PC(0L) +p~ — PBAL) + v
—— 1b |
-4- 1b + 2b
i . . - 8
= Significant interaction dependence
= 1he Interaction 5 6 1
with the subleading 3N term (E7) =)
most consistent with experiments 54
Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011)
2 —#— NN-N4LO+3Nj,; Measday 2001
NN-N*LO+3N}, | Abe 2016
—— NN-N®LO* 43Ny
; |
U 0 2 4 6 g 10 12 o0
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a7y
%“k 7
)2

PC0%) + 1~ — PBAL) + v

I
i g . - 8
= Significant interaction dependence
=« 1he interaction - 6 U
with the subleading 3N term (E7) 2 | mevopeen §E7
most consistent with experiments Z 4
Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011) a
» 3-body forces essential to reproduce 2+ :
the measured rate = 1 Hayos el ol 12 (2003)
-Hl- 1b + 2b J
0 0 2 4 6 g8 10 12 o0
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LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
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0.5
Ji =2]
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=03
S
1
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o
0.1
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Nmax
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I -1 5 ' -1
201 Ji =25 mA- 1b 4+ 2b Ji =07 -A- 1b + 2b
4
—~ 151 . —
= 2
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2 10 T
ln] = 2 |
A 5
g 1
0 1 1 1 0 1 1 1
Jﬂ—"r = ].1_ 0 20 x _
2.00 ! : Jil =3
=150 @ 0151
bl )
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% 1.00 - —& 1b %
~ -A- 1b+2b |
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TOTAL MUON CAPTURE RATES

nw- + 120(0;;) — v, + PB(JT)

Wi = 2, Wi > 1) 4
-

Nmax:
‘ 3
= 9 5
J
‘-\\‘\ 7
<t
=
= Exp.
g‘ 2 Pos.
§ Neg.
N = Both par.

0 l
0 10 20 30 40

E(MeV)

LJ, P. Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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nw- + 120(0;;) — v, + PB(JT)

vvtot.:ZW(i*f) 4
/

Nmax:
= 9 g
T~
5 7
= Rates obtained by summing over ~50 final 5 P
states of each parity g 2 Neg.
E = Both par.
(N

0 l
0 10 20 30 40

E(MeV)
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. 4
vvtot.:ZW(l*f) N
/ 3 f
e 7
» Rates obtained by summing over ~50 final % P
states of each parity ES 2 Nes.
= Summing up the rates up to ~20 MeV, we N —— Doth par
capture ~85% of the total rate in both 2C 1 -
and '°N
i 10 20 30 10

E(MeV)
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TOTAL MUON CAPTURE RATES

97 i Nmax =3
| i
nﬂm 41 :
= :
= Rates obtained by summing over ~50 final X, 3. : B 4 1
states of each parity 3 I Wrotal = 0.674 x 107 s
« Summing up the rates up to ~20 MeV, we = 2] _J:'J -
capture ~85% of the total rate in both 1>C ;’5% 11 R
16 — Zsiaive
and N 04 —— NN — N*LO(500) + 3N}, — geg;tive
= Better estimation of the total rates using 3 ' 50 10 60 20 100
the Lanczos strength function method E—E, [MeV]

underway D. Araujo Najera, M. Gennari, LJ, M. Drissi,

P. Navratil, work in progress o5
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A
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Leading component
M = (fIl Y, 57765 6 Verrlli)

jk GR v
> DGR

(*He,t)
= Double-Gamow-Teller (DGT) strength function M- (K) s M+(K)
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Oy .
My’

Leading component
M = (fIl Y, 57765 6 Verrlli)

jk GR v
> DGR

(He,t)
= Double-Gamow-Teller (DGT) strength function M- (K) s M+(K)
BDGT: 2) = ——— (£l ¥ 0 7 x 0 711y | =
’ - 2]1 i 1 f - O} 7{] Gk Tk l - T AL X, N 20P
J S|
BB -
 Very similar operator structures z+2X3
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DECAY

Mpgr = — (f||[20'j 7 X o, 7 17|i)
ik
GR v
> GR
Y.

s M*(K)

2QP

BB L.

A
7+2

Ejiri, Jokiniemi, Suhonen, Phys. Rev. C 105, L022501 (2022)
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CORRELATIONS BETWEEN DGT AND Ol/ﬂﬂ
DECAY —s

12 ca o (a) =

- Ti % .

~ Cr —

— _ . + & - KB3G © ]

MDGT - - <f||[2 GJ TJ X O, Ty ](O)”l) CT) 08-GxPFIB O I_ —

+ 5 . EDF % -

k ._9 0_5__ ® * _:

« Correlation between M;” and Mp g first 02| JP :
found in nuclear shell model and density of ’ | ; | .
functional theory 2ET e ® L
1 Sn - X%ﬁ‘ =

3 F T e X Ky

‘:T’ 0.8 Xe * -

+ & E EDF % % .

o 06— v A® » -

= 05: QRPA NS = .

S 04 o ' -

I £

o 2 3 TR

M2PR(0g— 03)
Shimizu, Menéndez, Yako, Phys. Rev. Lett. 120, 142502 (2018)
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CORRELATIONS BETWEEN DGT AND 04/

DECAY
Mpgr = — (f||[20'j 7 X o, 7 1||i)
jk

= Correlation between ME” and Mpgr first

found in nuclear shell model and density
functional theory

s Correlation also holds in ab initio VS-IMSRG

MDGT

UNIVERSITAT
DARMSTADT
3.5+ @ Abinitio (used in regression) -
Shell Models + EDF /,x’
x  QRPA -
3.0 L Q f” .”:

95% C.I. -=-= 95% P.. e R otle

2.5}
2.0y

1.5¢

=

0.0 0.5 1.0 1.5 2.0 2.5
M?gfﬁ R E
Yao, Ginnett, Belley et al., Phys. Rev. C 106, 014315 (2022)
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Mpgr = — (f||[20'j 7 X o, 7 17|i)
ik

= Correlation between ME” and Mpgr first

found in nuclear shell model and density
functional theory

s Correlation also holds in ab initio VS-IMSRG

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

Mpar

T " |0 VS-IMSRG
0 1 2 3 1

A~Y6 A0 (1h)
Jokiniemi, Menéndez, Phys. Rev. C 107, 044316 (2024)
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CORRELATIONS BETWEEN DGT AND 04/
DECAY

— —1(0) 11 »
Mpgr = — (f||[20'j 7 X6 7 19i)
. 2
k
= Correlation between ME” and Mpgr first
found in nuclear shell model and density 5 !
functional theory < )
= Correlation also holds in ab initio VS-IMSRG 0 «  NSM
ao  EDF
= ... and QRPA, when proton-neutron pairing is 0 IBM-2
varied 1 ¢ QRPA
) o VS-IMSRG
D Observatlon of DGT strength Would help h 0 ) 1 9 3 4

A~Y6 A0 (1h)
Jokiniemi, Menéndez, Phys. Rev. C 107, 044316 (2024)

i* constraln MY

14.07.2026 Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 28




PROBING NEUTRINOLESS DOUBLE-BETA DECAY BY NUCLEAR OBSERVABLES

TECHNISCHE

UNIVERSITAT
DARMSTADT
ROLE OF THE 1" STATES
1 —‘ o = +
0.8
- 76Ge
5 06 !
S o4 :
0.2 H |]
0 ll B0 B0 AL HH:DDGDD_____
(b) _ QD?T:—
_ dilr =+
0.6
_ - 128Te
£ 04 )
=
0.2
o ML A _HHHUD[DLD_

0123456 7289101112

J

Jokiniemi, Ejiri, Frekers, Suhonen,
Phys. Rev. C 98, 024608 (2018)
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'»j DARMSTADT
ROLE OF THE 1™ STATES
1 —‘ o = +
0.8
6Ge
0.6

MO

= [n the pnQRPA, no closure approximation used: "

Mo — Z Z (— l)jn+jp*+J+f? pr Jn’ J O'z ll H1 L N HHH ﬂ: oo

Jﬂklkszprnnr JR’JP" j (b) " qgﬂi;
0.6 I —=
X (pp": FHy(r, E)fspc(r)Ogei oy |Inn’ = F) i
o | 128Te
X (OFlle) 1T T T TENIE e, a1 107 ) =S | A1
S
o ML A _HHHUD[DLD_
0123435 g 7 8 9 1011 12
Jokiniemi, Ejiri, Frekers, Suhonen,
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ROLE OF THE 1T STATES

Correlakion E,?:la 1+ states otnbj

= [n the pnQRPA, no closure approximation used:
R .
Mp= Y X g e
J7kk, # pp’'nn’ In Jp! j

X (pp’ : FNHy(r, E)fopc(r Ok 75 |Inn’ = F) -
X (OFlle) 1T T T TENIE e, a1 107 )

x  NSM

A&  EDF

o IBM-2

o VS-IMSRG |
o QRPA(1T)

0 1 2 3 4
ATYEMP (1b)
Jokiniemi, Menéndez, Phys. Rev. C 107, 044316 (2023)

= 17 states often not the dominating contributions
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ey SUIE T I A el
u _Z E, - (E;+ Ep)/2

=
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CORRELATIONS BETWEEN Ol/ﬂﬁ AND Zl/ﬂﬁ DECAYS
= 213 decay also correlated with Qvff decay -2,,, v (O}IIZJ,-T;O}II1:)(1IIIZ,;T{6;CII0?)
u £ E,— (E;+ E)/2

- (a) gg"p:“ : ©0.6 00.7 ¢0.8 ¢2v3p3 T (b) 1

46 < A <60
072 < A< 84
0124 < A <136 |{04

0.6 0.6

pnQRPA i
| | | | | |

] | ] ]
2 2.5 3 3.5 4 04 06 08 1 12 14 16 1.8 2 2.2
A~Y/E MY (1b) A~YO M (1b)
Jokiniemi, Romeo, Soriano, Menéndez, Phys Rev. C 107, 044305 (2023)
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CORRELATIONS BETWEEN 023 AND 2133 DECAYS

& I el w0}
= We can use existing data to estimate Ovff-decay HM =2 E,— (E;+E))/2
NMEs with uncertainties -

= 213 decay also correlated with Qvff decay

__ =

g | |— QRPA QRPA(lit.) — NSM NSM(lit.) |-
—~ 6| " i}
'_Q X
S 4 § ) % i x ¥
2 |
- X o
0 : | | < |
O
bibdb} «Q"O@ @}b@ QQ’(\} \/@@ ,\/\,""’Q \jfb&@ \39&/@ @Qﬁ&
Nucleus

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

= 48C3 e R i K L
Horoi, Neacsu, Stoica, Phys. Rev. C 106, 054302 (2022) T I P / NESESE
Horoi, Neacsu, arXiv:2605.21657 PGP I I - I e / s

= 825e S| ||| /\\x-
Neacsu, Horoi, Symmetry 2024, 16(8), 974 s | ; N\ s

- 136X NI P B e N
Horoi, Neacsu, Stoica, Phys. Rev. C 107, 045501 (2023) 1 1 | , . AT .
Horoi, Universe 10 (6), 252 T e R e |

Horor Neacsu arX;v 2605 21 657
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o2+
= In-Medium No-Core Configuration | |20 samples ‘A“zfgq(g?;”g . i
Interaction (IM-NCCI) method: 008l — i
solve HY | W) = E| W) with L | EXp
o 0.04f .y =
Z, - './'/
— T 2 | R=0.914 w o e _
[¥) =Dy| D) + Z ;| @) + Z a;:anaiajlq» HERE T 000} 95%(CL) o T e |
m,i mnij . /;’:: ]
and )(EF'AI' Harzniltoniins . —o0al Ut 48cg 8T ]
H®A — Z 2— + Z V?N(ri — l‘j) + Z V;}j 0.00 0.50 1.00 1.50 2.00
m v
i=1 i<j=1 i<j<k=1 M

Lian, Ding, Bai, Yao, arXiv:2605.19479
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= In-Medium No-Core Configuration
Interaction (IM-NCCI) method:

solve HY | W) = E| W) with

@) + )

mnij

Tt
A, Qi

W) = Dy| @)+ ) aja,

and yEFT Hamiltonians

g = L
i=1 2m

i<j=1

A A
+ ) VN@ -+ Y

i<j<k=1

| D) + ...

3N
Vijk
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02— .
- [20 samples (AN2LOgo(394)) e 1
EM1.8-2.0 m _
0.08 7
"
EXP
0.04F — =
’l’.”r
R=0.914 “
0.00} 95% (CL) ™ .’,// ® .. .
" 48 48T
—0.04F -~ Ca - .
0.00 0.50 1.00 1.50
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21 DECAY WITH VS-IMSRG(2)
H(©) Hls)

c v 8 c v 8

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

HO) =E,+ Zf!-j{a +— Z Fykl{a a. a,ak}( +— Z ijkimn @ T Ta/,:rainain,ial})
ij

zﬂcl gklmn

Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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21 DECAY WITH VS-IMSRG(2)
H(©) Hls)

c_v 8
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= Start from normal-ordered Hamiltonian

HO) =E,+ Zf!-j{a + — Z ngl{a a. a,ak}( +— Z ijkimn @ T Ta;a ama,})
ij

zﬂcl gklmn

1
. Hamiltonian truncated at two-body level: H(s) = eHe = H+[Q, Hly,,+ E[Q, [, H]lg o+ ..

Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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21 DECAY WITH VS-IMSRG(2)
H(©) Hls)

c_v 8
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= Start from normal-ordered Hamiltonian

HO) =E,+ Zf!-j{a + — Z ngl{a a. a,ak}( +— Z ijkimn @ T Ta;a ama,})
ij

zﬂcl gklmn
1
. Hamiltonian truncated at two-body level: H(s) = e“*He ™ = H + [Q, Hlp,+ E[Q’ [Q,H]lp 5+ ...

= Operators transformed consistently O(s) = e“0Oe ™
Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)
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21 DECAY WITH VS-IMSRG(2)
1.8/2.0 (EM), 1BC AN?LOgo (394), 1BC
— 1.8/2.0 (EM), 1BC4+2BC === ANZLOgo (394), 1BC+2BC
C pfshel [ 5 dygapf shell |
E: 0.10 5' E 1 ]
Z 0051 Expt. ]
L] f
N _
0.00 i

5 10 15 20
ES (MeV) B (MeV)

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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2v63 DECAY WITH VS-IMSRG(2)

» Two different yEFT NN+3N interactions:
= 1.8/2.0 (EM)

1.8/2.0 (EM), 1BC
—— 1.8/2.0 (EM), 1BC+2BC
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UNIVERSITAT
DARMSTADT

AN?LOgo (394), 1BC

= ANZLOgo (394), 1BC+2BC

Hebeler et al., Phys. Rev. C 83, 031301 (2011 [ R |
© ezere o IS e (2010 _ pf shell 1 "%, dgjapf shell
« AN“LO¢o 010k b 1 ]
Jiang et al., Phys. Rev. C 102, 054301 (2020) % [ . . T .
E " L "‘n.. Teg®
= I E ' o Expt. ]
N xpt. L Xpt. |
N 0.05 _ I I
=
M i
0.00 _
0 D 10 15 0 5 10 15 20
EX (MeV) E* (MeV)
Li, Jokiniemi, Schwenk, arXiv:2607.11733
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2vf DECAY WITH VS-IMSRG(2)
» Two different yEFT NN+3N interactions: ===+ 1.8/2.0 (EM), 1BC AN?LOgo (394), 1BC
= 1.8/2.0 (EM) — 1.8/2.0 (EM), IBC+2BC === AN’LOco (394), 1BC+2BC
Hebeler et al., Phys. Rev. C 83, 031301 (2011
© ezere o IS e (2010 _ pf shell [ .= dgjpepf shell ]
« AN“LO¢o — 0.10F Je + " -
Jiang et al., Phys. Rev. C 102, 054301 (2020) % . . . . ]
= One- and two-body axial currents < ' [ = TS tarnese '
_ ct 1z = i Expt. 1 Expt. ]
J=Jiw+ I3 +Jip - 0051 IE .
Park et al., Phys. Rev. C 67, 055206 (2003) AN
Krebs et al., Ann. Phys. 378, 317 (2017) =
Klos et al., Eur. Phys. J. A (2018) 54: 76 M |
0.00 i

o 5 10 1, 0 5 10 15 20
ES (MeV) B (MeV)

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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2uff DECAY WITH VS-IMSRG(2)
» Two different yEFT NN+3N interactions: e 1.8/2.0 (EM) 1BC AN2LO(,0 ( ), 1BC
Hebeler et al., Phys. Rev. C 83, 031301 (2011 T l
soeleretal, TS eV (2010 _ pf sholl 1 -‘._ dg/pr qholl _
« AN*LO, —~0.10} LR T ot :
Jiang et al., Phys. Rev. C 102, 054301 (2020) % [ . . T . . ]
= ! . . + -
= One- and two-body axial currents < ' etuneas '
_ ct 1z = [ Expt. |
Park et al., Phys. Rev. C 67, 0565206 (2003) ‘i;
Krebs et al., Ann. Phys. 378, 317 (2017) =
Klos et al., Eur. Phys. J. A (2018) 54: 76 M |
0.00 _

» Two different valence spaces:
PO T T TR TR T N TN SN T T N T S S

« pfshell (*°Ca core) 5 0 15 2_0
« ds, pf shell (°2S core) Ep* (MeV) Ep* (MeV)

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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21 DECAY WITH VS-IMSRG(2)
= Two different yEFT NN+3N interactions: e
[ | == 4hw trunc. (250 states) | Expt. ]
= 1.8/2.0 (EM) 0.100 F Exact diag. (40 states) |+| €  4hw trunc. (100 states) [
Hebeler et al., Phys. Rev. C 83, 031301 (2011) [ 1
2 e i T _
« AN LOGO =2 0075 Jﬁ""—}-_
Jiang et al., Phys. Rev. C 102, 054301 (2020) ﬂ I ‘L 1 i
i Z0.050F | 1 I ]
= One- and tw(? body axial currents N L . t o ¢ . o ¢ |
J = J1b+J +J = 0.025F / 1 ]
Park et al., Phys. Rev C 67 055206 (2003) ' 100 states 1 ]
Krebs et al., Ann. Phys. 378, 317 (2017) [ i ST [dgﬂpf shell]
Klos et al., Eur. Phys. J. A (2018) 54: 76 0 [r=— ‘ 7
» Two different valence spaces: 0 5 10 \\\@ \\\eﬂ O &
« pfshell (*°Ca core) Ep* (MeV) 5 NN CJ\@“b
32 > @f"\’
= d3), pf shell (°“S core) o

Li, Jokiniemi, Schwenk, arXiv:2607.11733
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STRENGTHS

6.0 ——————— .1]?'0. +lB(+ZB(’

E’” [4*(3;1((}1+)_>4830(1+)J —— 18/20 (EM),pf

§4-l'l§ ‘ i ) — 1.8/2.0 (EM), dﬁ,ﬂ;_ré

oo

1 _
B(GT) = —— |(fIGT|Ii) > | =2
(GD) = [IGTID] =

Ll

AN?LOgo (394), pf -

= 0.3F —— AN?LOgo (394), ds/opf
—02f ;
H ]
O 0.1F vt T, E
Nt ]
[) L L L 1 L 1 L 1 P

10 5 10 15 20

E= (MeV) E= (MeV)
Li, Jokiniemi, Schwenk, arXiv:2607.11733
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STRENGTHS
6.0 ——————1———— 1]?'0 ......... R — l.B.CJ.r2B(.J .......
%: 5.0 [48(3;1 ((}fL) _y 48g, (l+)J —— 1.8/2.0 (EM), pf :
< 4.0 N — 1.8/2.0 (EM), ds/spf

1 T r
B(GT) = —— GT|i)|? = 30t
(GT) T | (fIIGT]|7) | So

i .V.
\ L

» Experimental data from
BCa(p, n)*Sc and **Ti(n, p)**Sc

reactions
Yako et al., Phys. Rev. Lett. 103, 012503 (2009)

ANZL()(;(} (3()’1) }'}f .
—— AN?LOgo (394) d3sopf :

vt T, 1

E= (MeV) | ‘ E= (MeV)
Li, Jokiniemi, Schwenk, arXiv:2607.11733
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STRENGTHS
6.0 —————————————— e N IBC+2BC
% 5.0 [48(3;1 ((}fL) _y 48g, (l+)J —— 1.8/2.0 (EM), pf :
< A0p T / A — 18/2.0 (EM), dyyop °

1
B(GT) = ———[{/IIGTI|i) |

» Experimental data from
BCa(p, n)*Sc and **Ti(n, p)**Sc

reactions
Yako et al., Phys. Rev. Lett. 103, 012503 (2009)

= Improvement in M mainly from
better description of the GT
strengths

ANZL()(;(} (3()’1) }'}f
—— AN?LOgo (394) d3sopf :

vt T, 1

E= (MeV) | ‘ E= (MeV)
Li, Jokiniemi, Schwenk, arXiv:2607.11733
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BENCHMARKS WITH GAMOW-TELLER DARMSTADT
STRENGTHS
6.0 p——————————— E— — 1BC+2BC _
2 50H_t Bt | (5Ca (0) = #se (1)) —— 18/20 (BM),pf

= 4.0F N\
T 3 \

1 _
B(GT) = —— |(/IGT|I)|> | =¥
@D =5 IVIGTID | 3

—— 1.8/2.0 (EM), dyopf

» Experimental data from
BCa(p, n)*Sc and **Ti(n, p)**Sc

reactions
Yako et al., Phys. Rev. Lett. 103, 012503 (2009)

= Improvement in M mainly from
better description of the GT
strengths

= The VS-IMSRG(2) calculation with 2“‘1
the pf -shell valence space neglects =,,|
some important higher-body terms g0 LI

0F _ eI A il i e

ANZL()(;(} (3()’1) }'}f .
—— AN?LOgo (394) d3sopf :

E= (MeV) E= (MeV)
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HOW DOES THIS AFFECT 0.4/ DECAY?
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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
decays of 48Ca — How about heavier cases?

- 1.8/2.0 (EM), 1BC
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Jokiniemi, Menéndez, Phys. Rev. C 107, 044316 (2023)
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CHIRAL EFFECTIVE THEORY OPERATORS

FOR 0233 DECAY

Energy

SM-EFT

~ 100 GeV

~ 1GeV

ChiPT : SM-EFT’

~ 100 MeV

Chiral

Many

~ 1 MeV

v

AT I—
dim — 5 dim — 7 dim — 9
l |
dim — 3 dim — 6 dim — 7 dim — 9
mgg 1 v —+ U° d — uer (d — uev) ® du dd — uuee
l | ¢ 1 |
v — v° n — pev T — ev nn — ppee n — prwee T — ee
1 | | P | |
|‘u—_ w33 operators | i w33 operators
w (Long- and pion-range) (short-range)

v

v

M Fi

GT,T

MAAAP.PPMM

AAAPPP AP,PP
Mp,sd, MGT,,-;d ’ MT,sd

body
Methods

|

\

e
15

(0t —0™)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti, JHEP 12, 097 (2018)
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CONTRIBUTION FROM ULTRASOFT

NEUTRINOS //“‘;
Mo, = Zﬁﬂz AN DIEAA 7%
b

X (E, + E, — E)| 1n —1 +1
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CONTRIBUTION FROM ULTRASOFT
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= Contribution from “ultrasoft”
(| k| < kg ~ 100 MeV) neutrinos
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CONTRIBUTION FROM ULTRASOFT

NEUTRINOS
=R UDRT(O)RAAD

¥ (E, {E > E)( In P 4
- 2E, {E, ) E)

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

» According to the NSM and pnQRPA,

MOV
“;jf‘ ~ 5% —10%
A4i1)

Castillo, Jokiniemi, Soriano, Menéndez, Phys. Lett. B 860, 139181
(2025)
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» According to the NSM and pnQRPA,

My
usoft
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MY
LO
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(2025)

» Can be seen as a “closure correction”
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CONTRIBUTION FROM ULTRASOFT
NEUTRINOS

2 : .
Mo = 1Y wofln)nl} 5 olli)
a b 1.5 [oe— '
’Ge NSM
' Hys 3 - - nQRPA |
X (E F + E. In . —|—1 2 B Tl P B
(£ . I)( 2E,RE, 5 E) ) 2% 1 :—---.._‘::n ___________ ]
' S : e eI
= Contribution from “ultrasoft” A 0.5 oot TTTTES
! e
(| k| < kg ~ 100 MeV) neutrinos o g ]

» According to the NSM and pnQRPA,

My
usoft
~ 5% —10%
MY
LO
Castillo, Jokiniemi, Soriano, Menéndez, Phys. Lett. B 860, 139181
(2025)

Castillo, Jokiniemi, Soriano, Menéndez,
» Can be seen as a “closure correction” Phys. Lett. B 860, 139181 (2025)
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? Determine from lattice QCD
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2R R 2/ A2
MY = 263N O T s a2 g2dgilo)
A m.,n

= New, unknown, low-energy constant g},\IN
= 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,+ G
Cl ~

2

Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018)

— CCIB
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2R R 2/ A2
MY = 263N O T s a2 g2dgilo)
A m.,n

= New, unknown, low-energy constant g},\IN
= 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,+ G
Cl ~

2

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)

— CCIB
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25+ - lov] ]
— lonn] (Rse[0.6, 0.8] fm)
R o ~ 2} ~ oI (Rsel0.6, 0.8] fm) |-
Ov _ NN + —— | : —q“/(2AN*) 2 + =
M = 2gMN=—(0F|| Y 7,77 [jo(gr) e q-dqll07) | £
ﬂgA =
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_0_5;...,........,.,
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r (fm)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck,
Phys. Rev. Lett. 120, 202001 (2018)
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= Ab initio calculations show a ~ 10% — 60 % |
enhancement of the nuclear matrix elements of light nuclei 2Be 512C
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Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018) = __ ka"il (Rs€[0.6, 0.8] fim)
£
g
_0_5; T N T ..
0 2 4 6 8

r (fm)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck,
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= Ab initio calculations show a ~ 10% — 60 % &.i ‘
enhancement of the nuclear matrix elements of light nuclei S
% 2[ 1
(A < 12) 3 4
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018) D ' ]
. 0 —— -
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & pnQRPA NSM
~ 30% —_ 80 % enhancements in A = 48 . 136 nuclei 0 5 10 0 5 10
Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)
r(fm) r(fm)

Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)
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= Ab initio calculations showa ~ 10% — 60 % &.i ‘
enhancement of the nuclear matrix elements of light nuclei = 9 1, |
(A < 12) 3 :
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck, Phys. Rev. Lett. 120, 202001 (2018) D ]
. 0 —— =
= Nuclear shell model & pnQRPA predict ~ 15% — 50 % & pnQRPA NSM
~ 30% —_ 80 % enhancements in A — 48 . 136 nuclei 0 5 10 0 5 10
Jokiniemi, Soriano, Menéndez, Phys. Lett. B 823, 136720 (2021)
r(fm) r(fm)

= (Hybrid) ab initio methods have also seen ~ 25% — 90 %

enhancements in 48Ca. 76Ge. 130Te and 136Xe Jokiniemi, Soriano, Meneéndez, Phys. Lett. B 823, 136720 (2021)
Weiss, Soriano, Lovato, Menéndez, Wiringa, Phys. Rev. C 106, 065501 (2022)

Wirth, Yao, Hergert, Phys. Rev. Lett. 127, 242502 (2021)

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

T

4R -
0 — - 2 —q*12A? . ONE
Mig0p = 72 val Zra (7 qu qe? J.,,t(qr)VIf':’2 i)
A a,b
f. _ 2
With V, , = V@b 4 yah 4 Dayah b
il v.2 7 TVV AA 42, usoft T CT
us

—

» 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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T

4R 279 A2
0 - — 2 —q°12A“: NOITE
My, =—(fll ), =% qu g™ jlanV Pl
JrgA a,b
a - > —— A =349 MeV, p = 500 MeV A =349 MeV, p = 1500 MeV
;- m —— A =550 MeV, pu = 500 MeV A =550 MeV, p = 1500 MeV
| \ny: — y/(a,b) (a,b) 7 y/(a,b) (a,b) | | |
(With V, , = Vi + V7 +In = Ve + Ver —~ 20 60y
| | i 7 : 0.5
é/ 1.0 i
= VMC study shows that the loops have a S 0.0 — - 0.0
< 10 % effect on the 1°He — 1°Be transition L5 | 1 7~ '
gZi_to(_'t‘eé fag;zoSnéGC(fgg{’fgj?o, Dekens, Mereghetti, Wiringa, Phys. CQJ_)Q —1.0 1};_. anRP A \ / l NSRI
o 1 2 3 0 1 2 3 4

= Nuclear shell model and pnQRPA confirm the

< 10 % effect in heavier nuclei (A=48...136) r(fm) r(fm)

Castillo, Jokiniemi, Menendez, Phys. Lett. B 860, 139181 (2029) Castillo, Jokiniemi, Menéndez, Phys. Lett. B 860, 139181 (2025)
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| Consistent with the expected size of N2LO corrections §
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T
~5%—-10%
Castillo, Jokiniemi, Menéndez, Phys. Lett. B 860, 139181 (2025)

» 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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