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Neutrinoless double-beta decay
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Corrections to 0vp3p-decay nuclear matrix elements
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TRIU“ﬂﬁective-field-theory corrections to 0vg3p decay
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TRIU“ﬂﬁective-field-theory corrections to 0vg3p decay
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TRIU“ﬂﬁective-field-theory corrections to 0vg3p decay

=gh GOV IMYY + M2 + MO+ M

usoft loops

2]

1
s

V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018), Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)

o 1 E{:

: o
Ly WO g
: >
0 : d,
O % i~ 20
o9
28
(= ]

7/27



9
~

TRIU“elf:fective-field-theory corrections to 0vg3p decay
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Leading-order short-range
contribution to 0v3p decay
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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
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Ultrasoft neutrinos

in pnQRPA and nuclear shell model

@ Contribution of ultrasoft neutrinos
(k| << kg = 100 MeV) to 0vpp decay:

V. Cirigliano et al., Phys. Rev. C 97, 065501 (2018)
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Ultrasoft Neutrinos as Closure Correction
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corrections to 0vg3p decay
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@ The genuine N2LO loop corrections
read as
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Complete N’LO Corrections
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Muon capture as a probe of 0v35 decay
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(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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@ Solve nuclear many-body problem
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Ab initio No-Core Shell Model (NCSM)
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Figure courtesy of P. Navratil
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@ 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

-
N
|

N
o

@ Discovery,
Y accelerated



& TRIUMF

@ NCSM slightly underestimating
experiment

Rate(103/s)

Muon Capture on °Li

SLi(1L) + ™ — CHe(0k) + vy
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Ak
Deutsch1968 -
1] =

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

A GFMC(Ia, Ia*)

L L L L
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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)
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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(L) + v

—&— 1b
-4A- 1b + 2b

—@— NN-NYLO+3Ny,,; Measday 2001
—#— NN-N*LO+3N},, Abe 2016
—#— NN-N®LO*+3Ny,,;
|
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

@ Rates comparable with earlier NCSM

TRIUMF

consistent with experiment

results

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

Rate(10%/s)

Muon capture on 2C

B2C(0f) +pm — PB(AL) + v

*

NN(CD-Bonn)
Hayes et al.

—&—1b PRL 91, 012502 (2003)
-®- 1b + 2b
L l l l
0 2 4 6
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

@ Rates comparable with earlier NCSM

TRIUMF

consistent with experiment

results

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

Rate(10%/s)

Muon capture on 2C

2C(0f) +p~ — PB(AL) + v

*

NN(CD-Bonn)
Hayes et al.

@ 3N-forces essential to reproduce the TE- 1b o ogp FRE O 013602 (2003)
n | | |
measured rate 0 2 4 6
Nmax

LJ, Navratil, Kotila, Kravvaris,
Phys. Rev. C 109, 065501 (2024)
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Rate(10%/s)

Rate(10%/s)

0.4}

Muon capture on 2C

2C(04) +u™ — PBUM + v,

(C) 2; n Measday 2001

1.5 Abe 2016
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—#— NN-N*LO+3N},;, ||
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Rate(103/s)

Nmax Nmax

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

S Womce(10*/s)

=+ 2C(0%) — vy + B(Jf)

Neg.
Both par.
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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 12B
and 6N

E W()M(1(104 /S)

Total Muon-Capture Rates

oo+ 120(0;) = v, + PB(JT)

Neg.
Both par.
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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 12B
and 6N

@ Better estimation with the Lanczos
strength function method underway

Total Muon-Capture Rates

Z WoMc(lO4 /S)

oo+ 120(0;) = v, + PB(JT)

Neg.
Both par.

40
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Summary

@ Observing neutrinoless double-beta decay would be a signal of physics beyond the
Standard Model

@ Currently, the involved nuclear matrix elements form a major obstacle

@ We have explored the chiral-effective-field-theory corrections to the 0vgg-decay
NMEs up to N’LO

@ Ab initio muon-capture studies could shed light on the physics involved in 0v3g decay

@ The no-core shell model describes well the muon-capture rates in light nuclei, 5Li,
12C and %0
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@ Study the effect of vector two-body currents (one-pion-exchange & pion-in-flight)
on OMC rates
@ Study potential OMC candidates *®Ti, “°Ca, °Ti in VS-IMSRG

@ The “brute force" method cannot reach the total muon-capture rates
— use the Lanczos strength-function method, instead (ongoing)
@ Study the effect of exact two-body currents and/or continuum on the OMC rates

@ Extend the NCSM studies to other processes

» SN potential candidate for forbidden g-decay studies (ongoing)
» 12C and 60 are both of interest in neutrino-scattering experiments

(v + *C — u~ + ®N)
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Thank you
Merci
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Effective Neutrino Masses

pQRPA
@ Effective neutrino masses combining 100 |
the likelihood functions of GERDA <
("°Ge), CUORE (13°Te), EXO-200 E
(136Xe) and KamLAND-Zen (136Xe) S 1)
S. D. Biller, Phys. Rev. D 104, 012002 (2021) ;
@ Middle bands: 17" NORMAL
Lower bands: M,"" + M 1]
Upper bands: 17" — 11" B 0

mlightest (meV)

LJ, P Soriano and J. Menéndez, Phys. Lett. B 823, 136720 (2021) |
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OMC operators

@ Rates written in terms of reduced one-body matrix elements:

(el Z Okwux(rSrPs)”qjt)

s=1

V2u+1pn

3 (7l Okuwnax (X5, PP (P fl1 [l a1l 1P )

NME

Okwux (rs, ps)

AH0wul
A1 wul
AN0wu+]
M1 wu]
AN0wupl
M1 wup)

Juw(qrd G-1(r) % OW "(fs)c?wu
Julqrd Gy (@t Mg 0 )

Vw(qrs) G- (rs)+q]w+l(qrs)dr G-1(r9)1? Owu
Uw(grs) G-1(r9) + ]w+1(qrs)d, —1(r)1¥, h,,u
uw(qr) G (1), Owu Mit)0 s Psdun
Guw(qrs) G-1 (r9 %, lqu(l's;ps)

(rs) Owu

(rs, gy

Morita, Fujii, Phys. Rev. 118, 606 (1960)
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OMC operators

@ Rates written in terms of reduced one-body matrix elements:

A 1 .
(¥ 2, Ottt PO = s 31 O I (W 1)ty ol ¥

NME Okwux (rs, ps)
MOWU il gr) G () M #)8 w

. Mi—M; .
M wul  u(qr) G )BT R o)

. . Mp—M;

AN0wu+] [Jw(grs) G-1(rs) F %/]wil(qrs)dirs(;—l(rs)]%wfu (&5)6 wu
AN wu] g G () F Ljum @) £ G 0124, g o)
MOwupl Gl qr G ()Pt (E)0 s Psd

.. Mi—M;
M wupl  iulgr) G (1), EaPs)

Morita, Fujii, Phys. Rev. 118, 606 (1960)
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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

Ground-state energy of °Li

—15}1 |- ®M- Npmax =4

) Nmax HO

— R —8— Npax =6

s vih= 3 Z CNjPpy (F1, T2, ... T ) R NN-NALO+3N7,, |~ Nowws = 8
N=0 j 9 S —8— Npax = 10

20 o @ | Npax =12

B Nmax =14

~.. Extrap.

Egs (MeV)

—25

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

i il e =
truncation

> Increasing Nnax leads towards > 14 16 18 20 22
convergenced results hw (MeV)

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 .
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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

B Ny =8

= = )
E E
T NN-N‘LO+3N;,, T |
5 1 1 15
~ ~
Deutsch1968 -- - Nmax = 0
- M- Nuax=2 - B- Npax =4
05} B Niax =6 —B— Nipax =8 |
—8— Nmax = 10 —— Npax = 12
B Nopox = 14 NN—N4LO+3N1*H1
| T T T T | |
0 12 14 16 18 20 22 0 14 16 18 20 22
QY (MeV) QY (MeV)

LJ, Navratil, Kotila and Kravvaris, arXiv:2403.05776
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Harmonic-Oscillator Frequency
Dependence of Muon Capture

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

2.5 T T T

Abe 2016

Measday 2001
—— /i) = 14 MeV —— 12 = 16 MeV
20 - —m— hQ = 18 MeV —— hQ2 = 20 MeV ||

—— h§) = 22 MeV

NN-N4LO+3N},,

15 - .

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

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— hQ = 18 MeV —— hQ = 20 MeV .
—m— hQ = 22 MeV NN-N*LO+3Nj,
T T T T T T T | | | | | | |
0 0 2 4 6 8 10 12 14 16 0 0 2 4 6 8
Nmax Nrnax

LJ, Navratil, Kotila and Kravvaris, arXiv:2403.05776
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«“ Axial-Vector Two-Body Currents (2BCs)
y
@ One-body (1b) axial-vector currents given by

s T gp
]i,lb = ?l gA”i‘%‘l"’i »

where go = 2mng! ( + m2))ga
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«“ Axial-Vector Two-Body Currents (2BCs)
@ One-body (1b) axial-vector currents given by

s T gp
Ii,lb = ?l (ng.i_ %qal) »

where go = 2mng! ( + m2))ga

@ Additional pion-exchange, pion-pole, and contact two-body (2b) currents
Hoferichter, Klos, Schwenk Phys. Lett. B 746, 410 (2015)

!
8A 3 q C6 P1tP) 02-k

]3 =——=—[11 x712]"|C. (1— ~)(a xk))+— (o1 xqQ+1i

12 2F§1 2 [4 q2+M,,q 1xxke)+rlorxq amy M,2,+k§

8A 3 ( q ) | a2k
—=T15|c3|1— ko +2c) M5 ———
P2 3 @+ M, V)T ”q2+M,2,]M,2,+k§
q 3 q
—dir31- o1+ (1 <=2)—dy(t1 x12)° (0] x02)|1—-
11( q2+M72[q)1 2(T1 X T2 1 2 Qq2+M721

where k; =p’—p; and q=-k; ~k;
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L\ .
Axial-Vector Two-Body Currents (2BCs)
@ Approximate 2BCs by normal-ordering w.r.t. spin-isospin—symmetric reference state
with p =2k /(37%):

Hoferichter, Menéndez, Schwenk, Phys. Rev. D 102,074018 (2020)

ff 3
Joop =2 (- Pyl
J
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« TRIUMF Axial-Vector Two-Body Currents (2BCs)

@ Approximate 2BCs by normal-ordering w.r.t. spin-isospin—symmetric reference state

with p =2k /(37%):

Hoferichter, Menéndez, Schwenk, Phys. Rev. D 102,074018 (2020)

150, = Z(l PyJ;

6ap(q2)
— I?zb an— [6a(q2)a +— Ui)q] )
where
2y__ P L % ‘D
6a(q)——F%[ 855 (0.0~ (polad] — 5 s - )I"(p la) - 2 oo la) - gAAX],
2 2 2
P2y _ P B mgq 1 B 1 06_2 clm,[
5h(a) = 72[[ 2les =200 5 s (e ea= )b (33 - 5257 Jsto
2

D q ]
2 4gahy m2 +q?

2
q 3 P C4 P _
- m(;u{’ (o, 1a) + 17, laD + 117 (p,la) + 7o, D ~ 315 (p,|qm]
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« TRIUMF Axial-Vector Two-Body Currents (2BCs)

@ One-body currents

3 _ - &) )
B =1; (gA(qZ)al 2 40
+ two-body currents
off 6a”(q”)

1, = ety [Sa@t)o i+ 2 @-o)q]

Hoferichter, Klos, Schwenk Phys. Lett. B 746, 410 (2015)
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@ One-body currents

g ()
V=77 (gA(qz)Ui—Wq'Ui)
+ two-body currents
. P 2)
Iffzb SAT; [5a(q )o i+ a,-)q]

Hoferichter, Klos, Schwenk Phys. Lett. B 746, 410 (2015)

@ Two-body currents approximated by

|

81 (G%,2b) — ga () + grb a(g?),
8e(cP,2b) — go(cP) — 22 51 ()

Axial-Vector Two-Body Currents (2BCs)

L T N R B 1 T -
0 200 400 0 200 400
q(MeV) q(MeV)

LJ, Navratil, Kotila, Kravvaris, arXiv:2403:05776 (accepted to
PRC)
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Translationally invariant wave function

@ We are not interested in the motion of the center of mass (CM) of the HO potential
but only the intrinsic motion
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@ We are not interested in the motion of the center of mass (CM) of the HO potential
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@ Translationally invariant wave functions can be achieved in two ways:
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Translationally invariant wave function

@ We are not interested in the motion of the center of mass (CM) of the HO potential
but only the intrinsic motion
@ Translationally invariant wave functions can be achieved in two ways:
» Working with A—1 Jacobi coordinates &= —/A/(A—1)(rs— Rcm):

Nmax
O v'= Y Y w06 & a0

N=0 i
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Translationally invariant wave function

@ We are not interested in the motion of the center of mass (CM) of the HO potential
but only the intrinsic motion
@ Translationally invariant wave functions can be achieved in two ways:
» Working with A—1 Jacobi coordinates &= —/A/(A—1)(rs— Rcm):

6 “I’A ZCNZ(DNI (flr{Zr ){A l)

N=0 i

» Working with A single-particle coordinates and separating the center-of-mass motion:

® vi- cN?eDg‘S T T2, ) = YW oM (Rey)
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Removing Spurious Center-of-Mass Motion

& TRIUMF
SLi(15) + u — “He(0f) + vy

@ OMC operators depend on single-particle e

coordinates rs and ps w. r. t. the center of mass Al '\.\'\‘\'\r\1

o ) ) ) ) —#— NN-N*LO+3Nj1

0 2 4 6 8 10 12

N
2C0L) + 1 —= PBOL) + v

| S

@ o 1
] >Hd3
L J = g
2 q’ e
| veeavion] 32
R 2 4 6 B O Q
Nnax ) 8

LJ, Navratil, Kotila and Kravvaris, arXiv:2403:05776 (accepm 0
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Removing Spurious Center-of-Mass Motion

& TRIUMF
SLI(LL) + = — SHe(0}) + v

@ OMC operators depend on single-particle e

coordinates rg and ps w. r. t. the center of mass il .\'\'\-\-\r\,
@ The CM contamination can be removed as: 5
Navratil, Phys. Rev. C 104, 064322 (2021) ;:—: 1h
A L o]
(Wfll Y Ostrs—Rem, ps—P)IIY) bz ¢ s 8w om
s=1 ‘max
OO0+ = PBL) + v
1 R — — ) :
T VZul Xpn%n,(n,llos(_v Aoy %”S)”p’) | |
(MM (Y plllahaplul ¥, . |
B | o
5 4 -
where 2 e%
——— 2l )
{sz— A/(A—].)(l's_RCM) ’m‘ S qh,
0 . b
75=—\/AI(A= D) (ps—P) Coor e 3 8
O

LJ, Navrétil, Kotila and Kravvaris, arXiv:2403:05776 (accepQ 0

PRC) 37/27



Removing Spurious Center-of-Mass Motion

& TRIUMF
SLI(LL) + = — SHe(0}) + v

@ OMC operators depend on single-particle I

coordinates rs and ps W. r. t. the center of mass A '\.\'\‘\':r\‘ |

@ The CM contamination can be removed as:
Navratil, Phys. Rev. C 104, 064322 (2021) 1F — 4% increase

Rate(10%/s)

A R ol ) ) || NNLO+ 3N
(Wfll Y Ostrs—Rem, ps—P)IIY) O
s=1 nax
BCO%) + 1 = PBOL) + v,
1 e A1 A1 / i :
= x 110, (—\/—z,—\/—n p) o
vV2u+1 pr%n’ $ A5s A sjip sl & Stndad
(MM (Y plllahaplul ¥, 2ol |
h i S
where z = %
21 4
O
&= —/AIA- D (rs—Rep) oo o | 8 ()
0 - - T
ws=—/AI(A=1)(ps—P) Coor e 3 8
3]

LJ, Navrétil, Kotila and Kravvaris, arXiv:2403:05776 (accepQ 0
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Removing Spurious Center-of-Mass Motion

SLi(15) +p~ — E"He(();;) + v

@ OMC operators depend on single-particle e
coordinates rg and ps w. r. t. the center of mass T

@ The CM contamination can be removed as:
Navratil, Phys. Rev. C 104, 064322 (2021)

Rate(10%/s)

' ~4% increase

A L [eweeo]
(\I’fll Z Os(rs_RCM;ps_P)”"p[) 0 2 4 Nﬁ 8 10 12
s=1 "
OO0+ = PBL) + v
1 e ( [A1 [A-1 ) / | -

= Os|—\/ “5¢&s,—\/ =5 —8— Transl. inv.

Tl Xpﬂ%}ﬂ[(ﬂ” s A &s T s|llp) o = Sunderd

(MM (Y plllahaplul ¥, . !
where 2 =9
o)} ~2%increase - ¢ ©
&= —AIA-D(rs—Rey) [ oo | 3 ]
ol— : o
g = —\AIA=1)(ps—P) e o8
0o

LJ, Navrétil, Kotila and Kravvaris, arXiv:2403:05776 (accepm 0

PRC) 37/27
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