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Nuclear Many-body Methods
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Combined Limits for Effective Majorana Mass

Current Experiments
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@ Idea from:
S. D. Biller, Phys. Rev. D 104, 012002 (2021)

@ Likelihood functions from:
GERDA Collaboration, Phys. Rev. Lett. 125, 252502 (2020)
CUORE Collaboration, arXiv:2404. 04453 (2024)
KamLAND-Zen Collaboration, arXiv:2406.11438 (2024)

EXO-200 Collaboration, Phys. Rev. Lett. 123, 161802 (2019)
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Combined Limits for Effective Majorana Mass
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S. D. Biller, Phys. Rev. D 104, 012002 (2021)
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KamLAND-Zen Collaboration, arXiv:2406.11438 (2024)

EXO-200 Collaboration, Phys. Rev. Lett. 123, 161802 (2019)
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A. Belley, PhD thesis, UBC (2024)
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Combined Limits for Effective Majorana Mass
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@ Likelihood functions constructed from
the predicted sensitivities of
next-generation experiments:
LEGEND-1000 Collaboration, arXiv:2107.11462(2021)
nEXO Collaboration, J. Phys. G: Nucl. Part. Phys. 49 015104 (2022)
SNO-+II Collaboration, Adv. High Energ. Phys. 2016, 6194250 (2016)
CUPID Collaboration, arXiv:2203.08386 (2022)

AMOoRE Collaboration, Eur. Phys. J. C 85, 9 (2025)
NEXT Collaboration, J. High Energ. Phys. 2021, 164 (2021)
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Corrections to 0vpp-Decay Nuclear Matrix Elements
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V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)

TRIUIMectlve Field-Theory Corrections to 0v3S Decay
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V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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TRILEY!(Ie:ctive-Field-Theory Corrections to 0v3S Decay
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V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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Traditional 0vgp-Decay Operators

pov= B[ dk X0
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@ Traditionally, the nuclear current includes the leading-order (LO) transition operators
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Traditional 0vgp-Decay Operators

MO =

R [ dk e ¥ _ (f|Jux)m) (nl ] (y) D

“g) o KT K+ E,-LE+E

@ Traditionally, the nuclear current includes the leading-order (LO) transition operators

20 =1(gv(0)] LO

e

J=1[ga(0)o —gp(0)p(p- 0)]

@ and next-to-next-to-leading-order (N2LO) corrections absorbed into form factors and

induced weak-magnetism terms
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Leading-order short-range
contribution to 0v3p decay

L g G e M e 28]
W:gA | L tMg M yeonT N2Lo| me
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V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. P-.. ...l 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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@ The contact term reads

2R
Mgv = n_g§<0;|r;nT;1T;fj0(qr)hS(q2)qz‘

with

hs(q?) = 2g\N & 71N

Relative effect:
MslML ~15% — 80%

Contact Term in pnQRPA and NSM
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0 5 10 0 5 10
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LJ, P. Soriano and J. Menéndez, Phys. Lett. B 823, 136720 (2021)
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Ultrasoft-neutrino

contribution to 0v3p decay
L_ 4 ~0v v v v Vo2 @ 2
t?yz _gAG0 |MI(3 +Mg +M3soft+M1(\)]2Lo| ( me)

V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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@ Contribution of ultrasoft neutrinos r I
(Ik| << kg =~ 100 MeV) to 0vBp decay: T O

V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018)
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V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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N2LO Loop Corrections in pnQRPA and NSM

@ The N2LO loop corrections read as

4R (-2 @b)
oops = n—g§<0}rl;]rurb/e 22 ju(qn) V.5 q*dqlo})

T
with &
(a,b) _ y,(a,b) (a,b) 7 1/(a,b) (a,b) =
Vv,2 =Viy T Via +ln—2 Vs + Ver %;3
us

Relative effect:
|Zwloops/ML0| <10%

D. Castillo, LJ, P. Soriano, J Menéndez, Phys. Lett. B 860, 139181 (202

fcl%gLo(r)dr=MOV

loops

—— A =349 MeV, p = 500 MeV

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

—— A =550 MeV, p = 500 MeV
T

2.0

1.0

0.0
-1.0

—— 6 T T T
"Ge| 10.5
o 0.0
| ‘/ pnQRPA| V' NSM
0o 1 2 3 0 1 2 3 4
r(fm) r(fm)
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Correlations with Other Observables to Constrain the Matrix Elements
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ovpp Decay vs Double-Charge-Exchange

Reactions

v = (2] v

Leading contribution
Mgy = (fl| ety 7075 0 Var (e ||2)

@ Double-Gamow-Teller (DGT) strength function

B(DGT;A) =

- -1 2
O;T. XOkT l
2]i+1|<f||[jzk i1 x ol Pl

211 g
o5
o
20
o—
o9
2QP "’8
(a ]

R ox
Z+23
H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022) 94 /42
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ovpp Decay vs Double-Charge-Exchange

Reactions

v = (2] v

Leading contribution
Mgy = (fl| ety 7075 0 Var (e ||2)

@ Double-Gamow-Teller (DGT) strength function

B(DGT;A) =

- -1 2
O;T. XOkT l
2]i+1|<f||[jzk i1 x ol Pl

» Could we probe 0vgp decay by DGT
reactions?

DGR g
-

1

20

o_

o9

2QP N 8
(ol

A X
7+283
H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022) 24/42
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Correlations Between DGT and 0vgp Decay

Mpgr = —<ogs,f||[zk ojt; x a0
J

+
gs,i

)

S

DGR|
(*He,t)
o
M- (K= k = M*(K)
20P
T AX 2QP
AX
721
B -
Z+2X3

H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022)
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Correlations Between DGT and 0vgp Decay

- ()
Mpgr = —<ogs,f||[zk ojt; x a1 N0g )
]

@ Correlation between M® and Mpgr
found in nuclear shell model and EFT

r T T Ll m
12 Ca & (a) =
o T @ L4 ]
~ 1 [ -
+8 5 [ KB3G O ™ ]
1 08 GxPF1B O =
= [ EDF % ]
3

goep @ ¥ E
2 oaf I? -
= C J
. :
o : -
12  Ge @ (b) =
n %
o Se & % % ]
-~ 1 Sn & * § -
+5 o Te & * 7

o E3
T o8 Xe & % =
= I EDF x an ]
$ o6 area  x A “l x =
5 u A% 1
g 04 n V'V' -
= o A w¥ % 3J
- ol “ X X 4
02~ " N g
c | I RS I |

0 1 2 3 4

MOBR(OZ 5 0%, )

N. Shimizu, J. Menéndez, K. Yako, Phys. Rev. Lett. 120, 142502 (2018)
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Correlations Between DGT and 0vgp Decay

Mpgr = —<ogs,f||[zk ojt; x a0
]

+
gs,i

)

@ Correlation between M° and Mpgr

found in nuclear shell model and EFT

@ Correlation also holds in ab initio
VS-IMSRG

3.5/ ® Abinitio (used in regression)
®  Shell Models + EDF
QRPA

3.0 95% C.I. === 95%P.l.
2.5
2.0
.
8 1s
=
1.0
0.5
0.0p-"”
—osE 5
0.0 0.5 1.0 1.5 2.0 25D
M%‘fﬂ LA-L3 -U'
J. M. Yao, I. Ginnett, A. Belley et al., Phys. Rev. C 106, 014315 (2022) g dh)
o —
o9
n O
= 0O
(ol
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- —1(0
Mpgr = —<ogs_f||[zk oty x o] 1105
J

@ Correlation between M° and Mpgr
found in nuclear shell model and EFT

@ Correlation also holds in ab initio
VS-IMSRG
@ ..and QRPA, when proton-neutron
pairing varied
» Observation of Mpgr — constraints
for M

Correlations Between DGT and 0vgp Decay

EDF
IBM-2
QRPA

VS-IMSRG

A=Y/ M07(1b)

LJ, J. Menéndez, Phys. Rev. C 107, 044316 (2023)
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® How about 2vpp decay?

Probing 0v3p3 Decay by 2v35 Decay
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“© TRIUMF Probing 0v3p Decay by 2v35 Decay

@ How about 2vpp decay?
@ 2vpp-decay also correlated with 0vpB-decay!

06[ @) [gL0: 00.6 00.7 008 020 | ) I
I o o T o |eas<a<eo
i b il o 0T2< A<8d ||
04/ ) + oo o124 < A < 136 [|04

L L L1 I T I N B N | L Il L Il L Il L Il L Il L Il L Il L Il L
05 1 15 2 25 3 35 4 04 06 08 1 12 14 16 18
A=1/6010v (1b) ATV M (1b)

LJ, B. Romeo, P. Soriano and J. Menéndez, Phys. Rev. C 107, 044305 (2023)
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“© TRIUMF Probing 0v3p Decay by 2v35 Decay
@ How about 2vgp decay?
@ 2vpp-decay also correlated with 0vpB-decay!
@ NMEs with uncertainties based on the correlations and experimental data

8| |—QRPA = QRPA(lit.) — NSM = NSM(lit.) |

—~ 6 [ « E
o Of y i
= F . . ] I;i X « B
Sa 4 o o x o x 3 .
= §I§ §I§ * . I IEP I; i
21 ) x xIaei
FoIx . A

0 % | | | | S | b | | | <
& «\@C’g oV @Q\ &’O \%‘*’&Q) 429(@ @Q’AV

Nucleus

LJ, B. Romeo, P. Soriano and J. Menéndez, Phys. Rev. C 107, 044305 (2023)
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Probing 0v3p3 Decay by 2v35 Decay

@ Correlations survive when adding
approximate two-body currents (2BCs)
and the contact term

1\/1211/(12

Two-Body Currents & Contact Term

0.6 -

0.2

_0o L/
0.2/’

A=YS(MP¥(1b + 2b) + M)

LJ, B. Romeo, P. Soriano and J. Menéndez,
Phys. Rev. C 107, 044305 (2023)
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Probing 0v3p3 Decay by 2v35 Decay

@ Correlations survive when adding
approximate two-body currents (2BCs)
and the contact term

@ Effect of 2BCs larger than in previous
studies
J. Menéndez, D. Gazit, A. Schwenk, Phys. Rev. Lett. 107, 062501 (2011)

J. Engel, F. Simkovic, P. Vogel, Phys. Rev. C 89, 064308 (2014)

Two-Body Currents & Contact Term

8[ (a) |—QRPA == QRPA(lit.)  MP”(1b)qrea
= | —NSM == NSM(lit.) MP(1b)nsm
™ 6 |-

+ L 1 ]
) [ | Y 1
;':‘ 4+ h 7| Y Il 1 1
o [] ]
S Alip| II‘ I'Iﬁ

MR (1b + 2b) + MY
'y o
T T
——t
——t ‘
——t
——t

Do e < O oY ke o e
£ 007 o $V ¢ &Q @?’& ;:9&’ @Q’AV

Nucleus

LJ, B. Romeo, P. Soriano and J. Menéndez,
Phys. Rev. C 107, 044305 (2023)

| S I

iscovery,
accelerated

N
~
<
'
N



& TRIUMF

Probing 0v3p3 Decay by 2v35 Decay

Two-Body Currents & Contact Term

@ Correlations survive when adding
approximate two-body currents (2BCs)
and the contact term

@ Effect of 2BCs larger than in previous
studies
J. Menéndez, D. Gazit, A. Schwenk, Phys. Rev. Lett. 107, 062501 (2011)

J. Engel, F. Simkovic, P. Vogel, Phys. Rev. C 89, 064308 (2014)

@ 2BCs and the contact term largely
cancel each other

MP¥(1b + 2b)

MR (1b + 2b) + MY

N N O oY ke o e
£ 007 o $V ¢ &Q @?’& ;:9&’ @Qﬁv

Nucleus

LJ, B. Romeo, P. Soriano and J. Menéndez,
Phys. Rev. C 107, 044305 (2023)

gl (a) |—QRPA == QRPA(lit.)  MP"(1b)qrea

F —NSM == NSM(lit.) MP(1b)nsm
6l

r l ]
IR M. I' .
2 i Il 3 Il ¢ I Il I'Ir
o=+ v
g (b) .
o 1] 1 1
4r | 1 ] I [ |
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Muon Capture as a Probe of 0v3$ Decay

Outline
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@ A muon can replace an electron in an
atom, forming a muonic atom
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@ A muon can replace an electron in an
atom, forming a muonic atom

» Eventually bound on the 1s,,, orbit

8 Discovery,
% accelerated



AL
« TRIUMF Ordinary Muon Capture (OMC)

@ A muon can replace an electron in an
atom, forming a muonic atom

» Eventually bound on the 1s,,, orbit

@ The muon can then be captured by the
nucleus

B+ AXUTY — v+ 4 Y(]J’ff)
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@ A muon can replace an electron in an
atom, forming a muonic atom

» Eventually bound on the 1s,,, orbit

@ The muon can then be captured by the p{é v in

nucleus

pAXUTY = vk Yu;rf) W

— vy
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L TRIUM
(Q UMF Ordinary Muon Capture (OMC)

@ A muon can replace an electron in an
atom, forming a muonic atom

» Eventually bound on the 1s,,, orbit
d

@ The muon can then be captured by the Miemm in

nucleus

Ordinary = non-radiative y
- ©

Radiative muon capture (RMC):
W HGXUT = v+ 2 Y(/';f) +y
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ip

n{4 v
I
V= 1/%%

e~

0ovpBp Decay vs. Muon Capture

pit \V/ fm
w+
no Yn

[Z‘X(];”) — Z+£1X'(I]Jff) +2e”

B AAXUT) = v+ Y(]]JZf )
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n{4 v itp p{f v Hn
\\W( -
- e
e
d //\\ u — v
="+ —=ip Iz .
XU = L XU +2e” HAZXUT) = vt 4 YU

Both involve hadronic current:

b

(p|j* |p)="¥ gv(qzw“—gA(qz)Y"‘Ys—gp(qZJq“Ys+igM(qz)Zm qp| TV
p
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itp

’I‘L{ﬁ \\v/,/
o

itp

OXUTY = 23X U) +2e

@ g=1/|r; —rz| = 100-200 MeV

ovpp

Decay vs. Muon Capture
p{ﬁv&‘}n

W+

— 14

17 M

B HIXUT) = vt 24 YU

Both involve hadronic current:

(pli*T|p)y =¥ | gv(@ )Y — (@Y™ Y5 — 20 () g Y5 + igu ()

b

+
¥
Zm,,qﬁ
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<~ TRIUMF 0ovpp Decay vs. Muon Capture

n{d v itp p{f v Gn
e
U= 1/% w+
e
d //\\ w _
nff = —=1p I Vi
. _ - i A f
IXUTD = XU +2e B HIXUT) = vt 24 YU
@ g~1/Ir; —rz| ~ 100-200 MeV ® g~ my+M;—My—m,— Ex ~100 MeV

Both involve hadronic current:

b

(plj*"p) =¥ gv(qzw“—gA(qZ)Y“Ys—gp(qZ)q“Ys+igM(qz)Zm qp| TV
p
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n{d v itp p{f v in
V= 1/% wt
I
M //\\ w —

nl == =1 I n

OXUTY = 23X U) +2e XU = vk 2 YO
@ g~=1/lr; —rz| =100 -200 MeV ® g~ my+M;— M;— m,— Ex ~100 MeV
@ Yet hypothetical

Both involve hadronic current:

b

(PlI" Py =¥ | @@y =& @)y ys = 20 " ys + igu () 5 —ap | 75
p
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n{4 v itp p{f v Hn
\\W( -
V= 1/}% w+
//Vvd\ -
d //\\ u — 1
="+ —=ip I "
OXUTY = 23X U) +2e XU = vk 2 YO
@ g~1/|r; —rz| =~ 100-200 MeV ® g= my+M;— Ms—me— Ex ~ 100 MeV
@ Yet hypothetical @ Has been measured!
Both involve hadronic current:
at I a a 2\ A0 i o’ *
(Pl Py =¥ | gv(@ Y™ - e @ ys — ()G ys + igu (@) —qp | TH¥

2my
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@ Solve nuclear many-body problem

HAYYD (1) 1y, 10) = EYYD (11,15, . 10)

Ab initio No-Core Shell Model (NCSM)

E=(Qn+1+3pQ

Figure courtesy of P. Navratil

-
N
|

N
o

¢ Discovery,
% accelerated



AL
«~ TRIUMF Ab initio No-Core Shell Model (NCSM)

@ Solve nuclear many-body problem

N=N,, +1
HYYD (e, r5,..,10) = EYYD (11,15, .. 10) e /]
AFE = NyaxhQ
N=1 3 -
@ Two- (NN) and three-nucleon (3N) forces from N 3
YEFT -
(A) A pZ 4 NN A 3N
l
H =Z§n+'z Vi1 + Z Vi
i=1 i<j=1 i<j<k=1

E=(Qn+1+3pQ

Figure courtesy of P. Navratil
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@ Solve nuclear many-body problem
HYYY ()15, ..,10) = EYYD (11,15, ..., 10)

@ Two- (NN) and three-nucleon (3N) forces from
YEFT

A p2 A A
HY=Y 2L+ Y v™Wr—r) + V3N
2 J ijk
i=1eM =1 i<j<k=1

@ Expansion in harmonic oscillator (HO) basis

] Ninax
6 yo =y ZCM(D%]Q(rl,l‘z,...,I'A)
~ N=0j

Ab initio No-Core Shell Model (NCSM)

E=(Qn+1+3pQ

Figure courtesy of P. Navratil
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Dependency on
the Harmonic-Oscillator Frequency

Nma.x
6 =y ZC]\]]‘@E]Q(I'LI'Z,-MI'A)
N=0'F

@ The expansion depends on the HO
frequency because of the Nyax
truncation
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Dependency on

the Harmonic-Oscillator Frequency

Nma.x
O YW= ) Yy E e,
N=0'7

@ The expansion depends on the HO
frequency because of the Npax
truncation

» Increasing Nmax leads towards
convergenced results

Eys (MeV)

—10

—15

—20

—25

-30

Ground-state energy of °Li

hw (MeV)

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

|~ W Nmax =4

=== Exp.
B Ninax =0
- M- Nmax =2

—8— Nmax =6
—8— Nmax =8
—— Nmax = 10
—— Nmax =12
B Npax =14
Extrap.
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Harmonic-Oscillator Frequency

Dependence of Muon Capture
20(04) + 1~ = PBOLE) + v

SLi(1L) + ™ — SHe(0F) + vy

Measday 2001 Abe 2016 I
< Nmax =0 = M- Npax =2
20 (|- m- Niax =4  —8 Nuax =6

—— Nmax =8

z Q i
E E
T NN-N4LO+3N7,, T
= 10 | 15 N
ot ~
Deutsch1968 -- - Npax = 0
~B- Nuax =2 - B Noax =4
0.5} B Nuax =6 —B— Nuax = 8 |
—8— Nmax = 10 —— Npax = 12
B Np = 14 NN-NLO+3Nj,,
O | T T T T | |
12 14 16 18 20 22 0 14 16 18 20 22
QY (MeV) QY (MeV)

LJ, Navratil, Kotila and Kravvaris, Phys. Rev. C 109, 065501 (2024)
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« TRIUMF Harmonic-Oscillator Frequency

Dependence of Muon Capture

SLi(1) 4+ = — ®He(0k) + v, PC(0g) +um = PB(L) + v

2.5 T T T

Measday 2001 Abe 2016
—— 7 = 14 MeV —— hQ = 16 MeV

20 —#— 1 = 18 MeV —@— Q2 = 20 MeV ||
—m— hQ = 22 MeV

15 - .

10,'\'\.\_\-,

NN-N4LO+3N},,

Rate(103/s)
Rate(103/s)

Deutsch1968 —@— hQ2 = 12 MeV a8
0.5 @ hQ = 14 MeV —m— hQ = 16 MeV B 51 ;7i N

—m— RO = 18 MeV —— hQ = 20 MeV
—m— Q=22 MeV NN-NLO-+3N},;
O - T T T T T T | | | | | | |
0 2 4 6 8 10 12 14 16 0 0 2 4 6 8
Nrnax Nrnax

LJ, Navratil, Kotila and Kravvaris, Phys. Rev. C 109, 065501 (2024)
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@ NCSM slightly underestimating
experiment

Rate(103/s)

Muon Capture on °Li

SLi(1L) + ™ — CHe(0k) + vy

2 —— 1b 1
= -4- 1b + 2b
15F o E—
Ak
Deutsch1968 -
1] =

—#— NN-N*LO+3Nj
—#— NN-N*LO+3Nj,;

0.5 || —8— NN-N*LO+3Np o, s 605, |
A VMC(Ia, Ia%) L042501 (2022)

A GFMC(Ia, Ia*)

L L L L
"0 2 1 6 s 10 12 14
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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@ NCSM slightly underestimating
experiment

@ The results are consistent with the
variational (VMC) and Green’s
function Monte-Carlo (GFMC)
calculations
King et al., Phys. Rev. C 105, L042501 (2022)

Rate(103/s)

Muon Capture on °Li

6Li(lgs) +uT = 6He(()gs) + v,

T T T T
21 —— 1b

-4- 1b + 2b

Deutsch1968
—#— NN-N*LO+3Nj
—#— NN-N*LO+3Nj,;

0.5 NN-N®LO43N G. King et al.,
5 - Inl Phys. Rev. C 105, |

A VMC(Ia, Ia*) L042501 (2022)

A GFMC(Ta, Ta*)
| |

L L
"0 2 1 6 s 10 12 14
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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@ NCSM slightly underestimating
experiment

@ The results are consistent with the
variational (VMC) and Green’s
function Monte-Carlo (GFMC)
calculations
King et al., Phys. Rev. C 105, L042501 (2022)

@ Slow convergence due to
cluster-structure?

Rate(103/s)

Muon Capture on °Li

6Li(lgs) " 6He(Og*S) + v,

T T T T
21 —&— 1b

-4- 1b + 2b

Deutsch1968
—#— NN-N*LO+3Njy
—#— NN-N*LO+3Nj,;

G. King et al.,

0.5 || —#— NN-N®LO+3Ny Phys. Rev. C 105, |

A VMC(Ia, Ia*) L042501 (2022)

A GFMC(Ia, Ta*)

0 L L L L
0 2 4 6 8 10 12 14
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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@ NCSM slightly underestimating
experiment

@ The results are consistent with the
variational (VMC) and Green’s
function Monte-Carlo (GFMC)
calculations
King et al., Phys. Rev. C 105, L042501 (2022)

@ Slow convergence due to
cluster-structure?

» NCSM with continuum (NCSMC)
might give better results?

Rate(103/s)

Muon Capture on °Li

6Li(lgs) " 6He(()gs) + v,

T T T T
21 —&— 1b

-4- 1b + 2b

Deutsch1968

|| —#— NN-N*LO+3N),,
—#— NN-N*LO+3Nj,,
0.5 || —#— NN-N®LO+3Ny
A VMC(Ia, Ia*)

A GFMC(Ia, Ia*)

G. King et al.,
Phys. Rev. C 105, |
L042501 (2022)

L L
"0 2 1 6 s 10 12 14
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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@ The NN-N*LO+3N;  interaction with the
additional spin-orbit 3N-force term most
consistent with experiment

Rate(10%/s)

Muon capture on 2C

BC(0f) +p~ — 2B(AL) + v

—&— 1b
-4A- 1b + 2b

r —@— NN-N*LO+3Ny,,; Measday 2001
—#— NN-N*LO+3N},, Abe 2016
—#— NN-N®LO* 43Ny,
|
0 2 4 6 8
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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@ The NN-N*LO+3N;  interaction with the
additional spin-orbit 3N-force term most
consistent with experiment

@ Capture rates to excited states in 2B
also well reproduced

Rate(10%/s)

Muon capture on 2C

BC(0L) +p~ — 2B(L) + v

—&— 1b
-4A- 1b + 2b

r —@— NN-NYLO+3Ny,,; Measday 2001
—#— NN-N*LO+3N},, Abe 2016
—8— NN-N®LO*+3Ny,,;
|
0 2 4 6 8
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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Muon capture on 2C

B2C(0f) +pm — 2B(AL) + v

T T T
- . . 8 I
@ The NN-N*LO+3N ' interaction with the
additional spin-orbit 3N-force term most
consistent with experiment z 6
. . o
@ Capture rates to excited states in 1“B z
also well reproduced =4
@ Rates comparable with earlier NCSM R
L *
results 2 NN (CD-Bonn)
Hayes et al., Phys. Rev. Lett. 91, 012502 (2003) =R | PR 0. Eoli‘zsnz (2003) | |
"% 2 4 6 8
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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@ The NN-N“L0+3N;“nl interaction with the

TRIUMF

additional spin-orbit 3N-force term most
consistent with experiment

Capture rates to excited states in 2B
also well reproduced

Rates comparable with earlier NCSM
results

Hayes et al., Phys. Rev. Lett. 91, 012502 (2003)

3N-forces essential to reproduce the
measured rate

Muon capture on 2C

B2C(0f) +pm — 2B(AL) + v

*

NN(CD-Bonn)
Hayes et al.
= 1b PRL 91, 012502 (2003)

- M- 1b + 2b

0 2 4 6
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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« U Muon capture on 2C

(b) 2+ (C) 2- Measday 2001

1
0.4 1.5} LA Abe 2016
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Muon capture on '°O
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@ Rates obtained summing over ~ 50
final states of each parity

Total Muon-Capture Rates

po o+ 2C(08) > v + 2B

> Wome(104/s)

Nimax:
3 |
— 35

—7T

Exp.
Pos.
Neg.
Both par.

E(MeV)

LJ, Navratil, Kotila, Kravvaris,

Phys. Rev. C 109, 065501 (2024)
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@ Rates obtained summing over ~ 50
final states of each parity

@ Summing up the rates, we capture
~ 85% of the total rate in both 1B
and 6N

> Wome(104/s)

Total Muon-Capture Rates

po o+ 2C(08) > v + 2B

Nmax:
3 |
— 35
—7T
Exp.
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Neg.
Both par.

40

E(MeV)

LJ, Navratil, Kotila, Kravvaris,

Phys. Rev. C 109, 065501 (2024)
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@ Rates obtained summing over ~ 50
final states of each parity

@ Summing up the rates, we capture
~ 85% of the total rate in both 1B
and 6N

@ Where is the rest?

> Wome(104/s)

Total Muon-Capture Rates

po o+ 2C(08) > v + 2B

Nmax:
3 |
—35
—7T
Exp.
Pos.
Neg.
Both par.

40

E(MeV)

LJ, Navratil, Kotila, Kravvaris,

Phys. Rev. C 109, 065501 (2024)
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Total Muon-Capture Rates with the Lanczos
Strength Function Method

Wiot. = Y Womc(i— ) = Y g(qp (¥ 105 (gp) ¥
f fiJ

@ For each operator (in a g grid), compute pivot
Oy ¥

\/ (2l 01Oy 1))

|y =
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Total Muon-Capture Rates with the Lanczos
Strength Function Method

Wiot. = Y Womc(i— ) = Y g(qp (¥ 105 (gp) ¥
f i

@ For each operator (in a g grid), compute pivot
Oy ¥

\/ (2l 01Oy 1))
@ Construct Lanczos basis {|®;)} recursively:
Bir11@is1) = HIDp) — ;D) — Bir1Pis1
where a; = (®;|H|®;) and i1 S.t. (@ 11Pi1) =1

|y =
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Total Muon-Capture Rates with the Lanczos
Strength Function Method

Wiot. = Y Womc(i— ) = Y g(qp (¥ 105 (gp) ¥
f i

@ For each operator (in a g grid), compute pivot
Oy ¥

\/ (2l 01Oy 1))
@ Construct Lanczos basis {|®;)} recursively:
Bir11Pis1) = HID) — ;D) — Bir1Pir1

where a; = (®;|H|®;) and i1 S.t. (@ 11Pi1) =1
@ Extract strength from the orthonormality of the basis

|y =

(Prl05(GIW ) =/ (Wil O Oy ¥ ) (Do | D)

8 Discovery,
5 accelerated



A

)
©TRIUNJE oy pRELIMINARY: Total Muon-Capture Rates

with the Lanczos Strength Function
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Summary

@ YEFT corrections to 0vpBp-decay seem to respect the power counting, but N°LO
corrections still significant

@ Correlation between 0vg and 2vBp decays helped us predict 0vgp-decay NMEs
with uncertainties

@ Correlations with DGT and M1M1 transitions with future data can help us further
constrain the NMEs

@ Ab initio muon-capture studies could shed light on nuclear-weak current at finite
momentum exchange regime relevant for 0v decay

8 Discovery,
8 accelerated



« TRIUMF

Thank you
Merci

Discovery,

accelerated



	Introduction
	Corrections to 0-Decay Nuclear Matrix Elements
	Correlations with Other Observables to Constrain the Matrix Elements
	Muon Capture as a Probe of 0 Decay
	Summary
	Appendix

