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@ Requires that neutrinos are Majorana particles {

@ If observed, 1!}, = 10* years
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TRIUIMectlve Field-Theory Corrections to 0v3S Decay

tOv =g G M ( e )
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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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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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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

(17,00 1) (ml J#(y) 1)

_g_g 212 |k

n

k| + E, — 5 (E; + Ef)

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

2 =1lgv(0)]
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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

2% =1lgv(p?)]

J=1 gA(pZ)a—gp(pz)p(p-a)+igm(p2)m”]
2my
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Leading-order short-range
contribution to 0v3p decay
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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
M= 2001w f jolanhs(?) dqlo?
A m,n

&
with
hs(q?) = 2g)\N e™ /@AY
In pnQRPA:

Mg/ My, ~ 30% — 80%

In NSM:
Ms/ML =~ 15% — 50%

)
« TRI%M‘lIt:act Term in pnQRPA and Nuclear Shell Model

(NSM)
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; —a
T CS,max
4 — CS,min
2 ]
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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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Ultrasoft Neutrinos in pnQRPA and NSM

@ 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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D. Castillo, LJ, P. Soriano, J. Menéndez, arXiv:2408.03373
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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

MOV 4R + - - _ig' (a,b) +

loops — 2<0f|z‘[a7b e 2a ]u(qr)vvrz qqu|0i>
gA a,b

with

V(arh) V(a ,b) + V(a ,b) + ln V(a ,b) + V(a ,b)
us

Cl?)':)p,soft (fmgl)

In pnQRPA:
|Myz10/ M| = 2% — 10%

In NSM:
|MN2L0/ML| ~ 4% —10%

f N2 LO (Ndr= loops

—— A =349 MeV, p = 500 MeV A =349 MeV, g = 1500 MeV
—— A =550 MeV, u = 500 MeV A =550 MeV, p = 1500 MeV
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D. Castillo, LJ, P. Soriano, J Menéndez, arXiv:2408.03373
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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
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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?
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H. Ejiri, LJ, J. Suhonen, Phys. Rev. C 105, L022501 (2022) 18/22
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Correlations Between DGT and 0vgp Decay
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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
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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
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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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Probing 0v3p3 Decay by 2v35 Decay
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® How about 2vpp decay?

Probing 0v3p3 Decay by 2v35 Decay

@ 2vfp-decay also correlated with 0vgg-decay!

o fess<a<eo N
o7 oT2<A<84 |
% o o124 < A <136 [] 04

AV/S M (1b)

L Il L Il L Il L L Il L Il L Il L Il L L Il
04 06 08 1 12 14 16 18 2 22
A=V/S P (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 2vpp decay?
@ 2vpp-decay also correlated with 0vpB-decay!
@ We can use the existing data to estimate 0vBp-decay NMEs!

8 ;] — QRPA ~ QRPA(lit.) — NSM - NSM(lit.)

3{&“
TN YIER: | Hg Ik
2r ) L xIxt
r oI ]
0 [ X | | | | | | | |

N P Ty O P Ko Ko 4@
2O WO 987§V x@@ \/\bo S S {b@‘ﬂ"
Nucleus

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

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

@ Correlation between 0vgp 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

For the Future...

@ Test Mﬁsvoft predictions with data from charge-exchange reactions
(currently limited at ~5 MeV)

@ Study N2LO corrections to M®¥ with consistent Hamiltonians in an ab initio
framework

@ Study correlation between 0vBg and 2vpB decay in an ab initio framework
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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) |

iscovery,
accelerated

D

N
EN
=
N
N



& TRIUMF

Traditional nuclear matrix elements of
neutrinoless double-beta decay

v

_ R [ dk kY (@) 1) (nlJ* 1D
S gJ 2’ B FEA+E,-1E+E) -1 -E)

@ Energy of the virtual neutrino typically E, = \/n + k% ~ [k| ~ kg ~ 100 MeV
(“soft neutrinos")

g Discovery,
® accelerated



& TRIUMF

Traditional nuclear matrix elements of
neutrinoless double-beta decay

f dk elk(x-v) (flJp®) 1my (ml J¥ (y) 1)
“gJ) e E nEv+En 5 (Ei+ Ep) — 3(Ey

- B)

@ Energy of the virtual neutrino typically E, = \/n + k% ~ [k| ~ kg ~ 100 MeV

(“soft neutrinos")
@ Electrons carry away roughly the same amount of energy: E; —

~0 MeV
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Traditional nuclear matrix elements of
neutrinoless double-beta decay

f dk ek~ v) (flJp®) 1my (ml J¥ (y) 1)
“gl)e B 4 Ev+En Y(E;+ Ep) - 3 (E1 - By)

@ Energy of the virtual neutrino typically E, = \/n + k% ~ [k| ~ kg ~ 100 MeV
(“soft neutrinos")

@ Electrons carry away roughly the same amount of energy: E; — E, ~ 0 MeV

f dk eﬂ<<x—v> <f|1y(x) |ny (nl J¥ (y) 1)
~gJ 2 n k| + E, — 5 (E; + Ep)

% Discovery,
® accelerated



& TRIUMF

Without closure approximation:

v

)

n

(17,00 1) (ml J#(y) 1)

k| + E, — 5 (E; + Ef)

Closure approximation

With closure approximation:
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Without closure approximation:

v

)

n

(17,00 1) (ml J#(y) 1)

k| + E, — 5 (E; + Ef)

@ Intermediate states |n) with all

spin-parities J* up to high energies

Closure approximation

With closure approximation:
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Without closure approximation:

MY T (F1 ) 1) ¢nlJ*(y) |
n  |kl+E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:
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Without closure approximation:

MY T (F1 ) 1) ¢nlJ*(y) |
n  |kl+E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:
@ Assuming that |k| >> E, — 3 (E; + Ep):
E,— L(E;+ Ep) — (E)
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Without closure approximation:

MY Y (F 7.0 11y <nl JH(y) 1)
n |kl +E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:

@ Assuming that |k| >> E, — 3 (E; + Ep):

E,— (E;+ Ep) — (E)
@ Use the relation Y, |n) (n| =1
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Without closure approximation:

MY Y (F 7.0 11y <nl JH(y) 1)
n |kl +E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:

@ Assuming that |k| >> E, — 3 (E; + Ep):

E,— (E;+ Ep) — (E)
@ Use the relation Y, |n) (n| =1

(f1 T TH(y) 1y

v
T KB
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Without closure approximation:

MY Y (F 7.0 11y <nl JH(y) 1)
n |kl +E,— %(Ei+Ef)

@ Intermediate states |») with all
spin-parities J* up to high energies
> Typically used in pnQRPA

Closure approximation

With closure approximation:
@ Assuming that |k| >> E, — 3 (E; + Ep):
E,— L(E;+ Ep) — (E)
@ Use the relation Y, |n) (n| =1

(1T JHy) 1y

v
T KB

> Typically used with other nuclear
methods

§ Discovery,
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Ultrasoft Neutrinos as Closure Correction

|IZI NSM A [ nsm MO - pnQRPA Ay H pnQrpPa MO¥

usoft | N

kg,

Ag =

M()v

non—cl

v
- Mg

Q 5 o < Q )
b;bC) (\@Q q;»% qb(\) &Q@ Q@C) Oyfo N‘be&/ x‘b©$

LJ, D. Castillo, P. Soriano, J. Menéndez, in preparation
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@ In %Ge:
MY IMY ~ 40%,
oo/ MY ~ 5%

A. Belley et al. arXiv:2308.15634 (2023)

aThere were some errors found in the paper

MOv

S = N W kA W
T

Lo

N2LO

Similar effects found in ab initio studies

a  Standard mechanism of exchange light Majorana neutrinos

Long-range (LR) Short-range (SR)

L L b

@ @) (
correction to current  one-loop diagrams

@ [6) ©®
T T
b 76Ge — 765¢ LO.LR(1231+N2LO() |
LOSR(6)
< N2LOG5) E
1 1
6 8 10 extrap

€Max

A. Belley et al. arXiv:2308.15634 (2023)
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@ In "%Ge:
MY IMY ~ 40%,
v v a
oo/ MY ~ 5%
A. Belley et al. arXiv:2308.15634 (2023)
@ In 139Te and 36Xe:

MYV IMYY ~ 20% — 120%

A. Belley et al. arXiv:2307.15156 (2023)

aThere were some errors found in the paper

MO
S = N W Ak W
T

Lo

N2LO

Similar effects found in ab initio studies

a  Standard mechanism of exchange light Majorana neutrinos

Long-range (LR)

L

[~
=
)

@

@)

(

correction to current  one-loop diagrams

Short-range (SR)

A. Belley et al. arXiv:2308.15634 (2023)

€Max

@ [6) ©®
T T
b 76Ge — 765¢ LO.LR(1231+N2LO() |
LOSR(6)
< N2LOG5) E
1 1
6 8 10 extrap

8 Discovery,
8 accelerated



& TRIUMF

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)
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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
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