Nuclear matrix elements for Ov 3 decay

Jiangming Yao (S£1LFH)

School of Physics and Astronomy, Sun Yat-sen University

LRI 5 RICARE

Workshop on Neutrinos and related New Physics Research (NuPhyR)
Nov. 30, 2025, Zhuhai

JMYao (nuPhyR@Zhuhai, 2025) 1/26



Outline

@ Significance of the NMEs for 0v33 decay
© Ab initio computations of the NMEs of 0v33 decay
© A strategy to enhance the sensitity of Ov33 decay

e A proposal to reduce the uncertainty of the NMEs

© Summary
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An introduction to Ov3/3 decay

° The tWO modes Of —_ —_ deca : Nuclear Chart: decay mode of the ground state nuclide(NUBASE2020)
B decay

(A, Z) = (A, Z+2)+2e +(27)

M Neutron decay

M Proton decay
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Wordwide experiments searching for Ov33 decay

CDEX-1T AMORE ¢ experlment

China dark-matter experiment d Mo-based Rare process Experiment

TP ("Ge) > 1.0 x 10%yr T ("%Mo) > 2.9 x 10%yr

uuuuuuuuuuuuuuuuuuuuuuuuu

* NvDEX
* CUPID-China
¢ JUNO

+several others

KamLAND-Zen
5 TPr,(***Xe) > 2.3 x 10%yr

T/,("°Ge) > 1.8 x 10°0yr
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Most sensitive measurements and limits on neutrino mass

fuxg
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Isotope Gow MOV Tf}’z (mgg) Experiments with best sensitivity
[10~ 1 yr—1] [min, max] [yr] [meV] References
Bca 2.48 [0.85,2.94] > 5.8-1072  [2841, 9828] CANDLES: PRC78, 058501 (2008)
Ge 0.24 [2.38,6.64] > 1.8-10% [73, 180] GERDA: PRL125, 252502(2020)
82ge 1.01 [272,530] > 4.6-10%* [277, 540] CUPID-0: PRL129, 111801 (2023)
967y 2.06 [2.86, 6.47] > 9.2-10%!  [3557, 8047] NPA847, 168 (2010)
1000 1.59 [3.84,6.59] > 2.9.10% [210, 610] AMoRE-I: PRL134, 082501 (2025)
16y 0.48 [3.29,552] > 2.2-10%  [1766, 2963] PRD 98, 092007 (2018)
130Te 1.42 [1.37, 6.41] > 3.5.10% [70, 250] CUORE: Science (2025)
136xe 1.46 [1.11, 4.77] > 3.8-10% [28, 122] KamLAND-Zen: arXiv:2406.11438v1 (2024)
150N 6.30 [1.71,560] > 2.0-10%2  [1593, 5219] NEMO-3: PRD 94, 072003 (2016)

KamLAND-Zen: PRL130, 051801(2023)
200

If OvB3 decay is driven by exchanging light Majorana neutrinos,

KamLAND-Zen upper limits
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Accurate values of the NMEs M% = <Oﬁ\©0”\0f> are crucial
for designing and interpreting those experiments, as they link
the observed decay rate to the effective neutrino mass (mgg).

V Predictions

Effective Majorana mass (my) (meV)

NO
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100 10! 102
Lightest neutrino mass (meV)
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Current and future experimental measurements

10°

10 minimum: 18.4 £ 1.3 meV'

mgg 99.73% discovery sensitivity [meV]

10' { WM completed
taking data
3 future

6Ge
Se
100Mg
130Te
1360

10° 10

sensitive exposure [mol yr]

@ Lifetime sensitivity of the future ton-scale experiments:

Tf/”2 > 1028yr.

SUN YAT-SEN UNIVERSITY

@ Whether or not the ton-scale experiments are able to cover the entire parameter

space for the 10 case depends strongly on the employed NME, with a large

systematic uncertainty.
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Status of studies on nuclear matrix elements

= Problems to be resolved

QO Uncertainty from nuclear forces

® EDFs: parameters of pairing force and tensor force, etc.
® |SM: parameters of the interaction matrix elements

Size of Single-particle basis

QO Uncertainty from truncations in model space
Number of Slater determinants
- ® EDF: large s.p basis, missing many-body correlation

@ |SM: full many-body correlation, small model space

JMY et al., PPNP 126, 103965 (2022)
10 e R B S ey -
. | Q Uncertainty from transition operators:
N E . mm.féi?l‘&\;f””-; ® axial-vector coupling g : quenching factor
6 Q . B} ® Higher-order operators: two-body currents, etc.
& 8 > o |
: AN e e il ]
o6 . ¥ 2 o N 1
.k . B oS Large model dependence in predicted NMEs,
JE. difficult to constrain or reduce.
20 40 60 80 100 120 140 160
Mass number A
A J
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Ab initio studies of nuclear weak processes fux g

SUN YAT-SEN UNIVERSITY

Q Basic idea and advantages

® Nuclear forces & transition operators: consistently constructed within chiral EFT (N, it)
® The theoretical uncertainty: controlled by the power-counting (Q/A)" with Q = 140 MeV, A = 700 MeV)

® Nuclear wave functions: solved using exact or systematically improvable many-body methods

® Nuclear ab initio methods

Lo . » . v LB % (IMSRG
, e J . :
aem| ¥ H - AR BT R T 775% (GFMC)
\ @
B o | 7] | > o | .5+ J—-I v BEHEER (co)
NLO \ b bt nato
aem| X 4 £] ]~ v SEMIRT T (MBPT)
o | f‘ 7 | o ] :*__I >§< o v' Brueckner Hartree-Fock (BHF)
r).(l“\‘» “«r e : I3 : : : R R X X - o v
Phys. Rep. 503, 1 (2011); 890,1 (2020) E:{jg‘:;;’;;?‘s?ﬁgz ) Frontiers in Physics 8, 379 (2020)
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Transition operators for Ov 33 decay RS 5

SUN YAT-SEN UNIVERSITY

Lepton-number violating operators The OV[33 decay operators in the
for neutrinoless double-beta decay chiral EFT
Power — _ LI .
(A,Z) = (A, Z +2) +2e~ +(27) é Counting: "= AT 2+Zi:(2+d 2+ ne);
g d QSM- .
A Standard mechanism of exchange light Majorana neutrinos
E pm— | I — I | — | Long-range (LR) Short-range (SR)
¥ —| T = T
@ | | i
~100GeV |- v v ¥ ¥ S I D
3 P I O e PR I 5 @ 7O
@ Correction to current  one-loop diagrams
~1GeV _— . -
E In—vpevl Iﬂ—»eul Inn—»ppeel In—>p7ree| Imraeel 9
S} T T v T T S| —o=—

~ 100 MeV v L ) Cirigliano+(2018) | (6)

I 0v55 operators I 0v55 operators I

(Long- and pion-range) (short-range)
C3,C4

two-body currcm

Chiral
EFT

AA,AP,PP,MM AAAP,PP y AP,PP
IMFVMGT.T I IMF»m Mgrsa " s Mrq I

N3LO

Many
body
Methods

~ 1 MeV

007 —+0°)

G. Prézeau, M. Ramsey-Musolf, P. Vogel, PRD68, 034016 (2003); V. Cirigliano et al,, JHEP 12, 097(2018)
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Ab initio studies of 0v3/3 decay in *8Ca

fuxg
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@ Multi-reference in-medium generator
coordinate method (IM-GCM)

JMY et al., PRL124, 232501 (2020)

@ Valence-space shell model+IMSRG
(VS-IMSRG)

A. Belley et al., PRL126, 042502 (2021)

@ Coupled-cluster with singlets, doublets,
and partial triplets (CCSDT1) .

S. Novario et al., PRL126, 182502 (2021)

Ab initio

48Ca~*8Ti

Phenomenological

25 Error bars represent sensitivity to calculation
&= parameters, not et full theory uncertainty!

N3 & A A A - & L
FEEFFFFFFEFESI S
E

arXiv:2212.11099, adapted from J. Phys. G: Nucl. Part. Phys. 49, 120502 (2022)
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Another ab initio study of 0v33 decay in “8Ca RS 5

SUN YAT-SEN UNIVERSITY

IMSRG + Configuration interaction (IMCI-Q) method

4 03 14
35| *®ca=>*sc EXP “8ca ==>“®Ti 485¢(3p3h) + *Ti(3p3h) 1 (C,Cp) = (05,0.5) m : rym
u 48, 48+ . - M L

af . : IM-ITCI@p3h) — | = o2 [ Sel@sn)+ i4pdh) > 08 et
= : 3 EXP — = gi
3 5 IM-ITCI S| ———u
= [EM1.8-2.0,N=6] 5 o1 o
‘5 0.2
o 3845

0 = 2 8oq
o 20 25 30 2 ass I
Ejpy M = \
cetenea,., i, [MeV] & 855 \\
el 5 ~
20 2 30 More many-body correlations reduce & e —
ex the NME for both 2nu and Onu DBD 2 o
© 65|  [N=6,em1.8-2.0]
387
Table: 0v33 matrix elements for **Ca. (hw = 12) 0ph 1pth 2p2h 3p3h 4pah
In comparison with the IM-GCM calculation
Force | Reference state Cut off | omey | oM | e
NME
EM1.8/2.0 | %8Ca (HF) | N=6,IM-ITCI(4pah) | -0.376 | 1.035 | -0.088 | 1.180 ’ . h
‘ 1] Cmax =6 Cmax = 8 Emax = 10
EM1.8/2.0 12 0.85 0.70 0.64
EM1.8/2.0 48Ti (HFB) N=6,IM-ITCI(4p4h) | -0.291 | 0.740 | -0.088 | 0.833 EM1.8/2.0 16 1.03 0.78 0.66
A consistent NME is obtained IMY et al., PRL124, 232501 (2020)

between the two methods

X. Lian, C. R. Ding, C.L. Bai, MY, in preparation (2025)
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@ A contact transition operator which could

either enhance or quench the Ov 35 decay, is
needed to be promoted to LO to ensure
renormalizibility. v. cirigliano et al., PRL120, 202001 (2018)

We determine the unknown LEC g/N of the
contact operator, consistent with the
employed chiral interaction (EM1.8/2.0),
based on the synthetic data for the process
2n — 2p + 2e7. V. Cirigliano et al., PRL126, 172002 (2021)

The contact term turns out to enhance the
NME for *8Ca by 43(7)%, thus reducing the
half-life T{)/Vz significantly.

R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021)
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Promoting the contact transition operator to LO

o L 5He —%Be
4 s o ¢ EM(1.8/2.0)
o ¢ EMN(2.0)
I LNL(2.0)
o ¢ AN?LOGo(2.0)
8He »8Be o ¢ AN?LOgo ()
o6 EM(1.8/2.0)
Y EMN(2.0)
o4 LNL(2.0)
o ANLOGo(2.0)
04 ANLOGo()
IT-NCSM
48Ca »>®Ti  m-Gem
I EM(1.8/2.0)(eysx = 6)
o ¢ EM(1.8/2.0)(ewax = 8)
o EM(1.8/2.0)(eyax = 10)
0 EM(1.8/2.0)(extra.)
1 2 3 4 5 6 7




Convergence of the NMEs with the chiral expansion FTux

a  Standard mechanism of exchange light Majorana neutrinos
Long-range (LR) Short-range (SR) 5 T T T
HEN LO(LR)
3 F = > 4 76Ge — 76Se m LO(SR)
&) @ [E) I +N2LO(FNS)
[correction to current  one-loop diagrams - +N2LO(100P§)
<] a 3r B
3 S
s ) ) E oL — — ]
4 L b 7GGe~;55e LO!FR(I.Z.3)+N2LO(4)_ E—
LOSR(6)
~ 3k N2LO(5) E 1r IM-GCM
a3 3
=2 E
1 0 1 1 1
. , , 0 1 2 3 4
6 8 10 extrap Chiral expansion order v
€Max

@ The contact term enhances the NME by about 30%
@ The two parts of the contributions at N2LO (about 5%) almost cancel out.
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Impact of the LO contact transition operator in pheno. models ¢

Table 2: Long- and short-range OvBf-decay matrix elements MB” and Mé)” calculated with the pnQRPA and nuclear shell
model (NSM) for several nuclei. The ranges cover results for neutrino potentials with the couplings and regulators in Table 1,
combined with Argonne and CD-Bonn short-range correlations.

pnQRPA NSM
Nucleus MYy M M /M (%) MY MY M /M (%)
48 96 — 1. 22 -0. ((23-62 )
Ca — 0.96 05 0 0.65 3 — 6

6Ge 4.72 - 522 1.49 —3.80 3273 3.34—354 0.52—1.49 15 — 42
82G¢ 420—-461 1.27-3.24 30 — 70 3.20 —3.38 0.48 —1.38 15 — 41
967y 422 — 463 1.24—3.19 29 — 69
100Mo  3.40—3.95 1.66 —4.26 49 — 108
160 424 — 457 1.10 — 2.80 26 — 61
124Gy 472 -529 1.69 —4.28 36 — 81 3.20 —3.41 0.54—1.58 17 — 46
128 3.92 —-450 1.37—3.45 35— 77 3.56 —3.80 0.61 —1.76 17 — 46
130e 3.46 —3.89 1.18 —3.05 34— 77 3.26 —3.48 0.57 —1.64 17 — 47
136X 2.53—-2.80 0.76—1.95 \30—70/ 262—279 045-131 \ 17—47 )

Lotta Jokiniemi, Pablo Soriano, Javier Menéndez, Phys.Lett.B 823, 136720(2021)
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Convergence of the NMEs with the expansion order in pheno.

— NSM tot, usoft
— 60 Y NSM N2LO
§ — PnQRPA tot, usoft
4
%S 0 pnQRPA N2LO
A\
Y
A4
\8 20| v 1 Y Y
CHEN U (I (D | SR () |
Sz 0 ¥ ¥ A A A
2 l 3 x A
A

1] 1

—20 A
& O > S < o
2 o oF ¢V \Qq@ QQ’O Ou% &0&/ \,‘:’QAV

Daniel Castillo, Lotta Jokiniemi, Pablo Soriano, Javier Menéndez, Phys.Lett.B 860, 139181(2025)

Overall N2LO contribution (exception: 100Mo):
@ Shell model: around 5% — 10%; pnQRPA: around 10% — 15%

@ Uncertainties: scale dependence of the ultrasoft NMEs and short-range part of the
loop NMEs.

@ Caveat: nuclear forces are not derived from the chiral EFT in pheno. models.

Inconsistence between nuclear forces and transition operators.
JMYao (nuPhyR@Zhuhai, 2025) 15 / 26



The impact of the truncation of nuclear forces on the NMEs Tux 2
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8Ca —*8 Ti+ 2™ "6Ge =" Se + 2e™
12+ ; - : T T T r
emax = 4 Aco(394)| | EMN chiral interactions
10— Eemax =6 4 4 ~
— emax =8
0.8 1 2t 1
3 —~— 3
S 06 — ] =
s ok
0.4+ 1
1 B uQ by the BUQEYE method:
0.2 48Ccy | J. Melendez et al., PRC100,
044001 (2019), arXiv:1904.10581
0.0 . L : ) " \ ,
NLO N2LO N3LO NLO N2LO N3LO N4LC

X order x order

@ The NME converges with the chiral expansion order v of nuclear forces.

@ The EFT truncation error is shrinking with the increase of v.
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Quantification of the uncertainty in the NME of "°Ge fuxe

SUN YAT-SEN UNIVERSITY

’ truncation of transition operators | | Emulator error | @ 68% confidence interval including e ! ®
68% confidence interval including eew and xerr
\ v 68% confidence interval including eew, &err and £op
Oy Ov . . . . 8 68% confidence interval including €em, €xerr, €op and emsr |
MY = M}¥ + e;prr + €mpr + €op + €EM: — Meon -
P - 1
- - J1 |
| truncation of nuclear forces | | many-body truncation | } ]
TABLE I.  The recommended value for the total NME of Ovf$ T } | 1
decay in 7°Ge, together with the uncertainties from different + | 0 l
sources. } T 1
B
0 . . . . . p ]
M €LEC €4EFT EMBT €op €EM 76Ge - 765e “a, %, %,
K3 % o
260128 0.75 0.3 0.88 0.47 < 0.06 = |
136 D TSP F SRS > & @ PR
6 &8 &5 :i;y&,a & & & & ﬁa‘ &

@ Our recommended value M% = 2.60ﬂj§§-

o Together with the best half-life limit: > 1.8 x 10%° yr, it sets the upper limit
(mgg) = 18772%° meV, and the sensitivity of the next-generation experiment
(mgg) = 2272* meV, covering almost the entire range of 1O hierarchy.

A. Belley, JMY et al., PRL132, 182502 (2024)
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Valence-space IMSRG for Ov33 decay

fuxg
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MOV

MOV

48, —o— VS-IMSRG —»— IBM 76 82
Ca -= mGcMm ~9— EDF Ge Se
—e— CCSDT1 94— GCF
—&— QRPA @ EFT >
—<- NSM :
Statistical i, N
uncertainty A > I A v
/ A A >V I
1 i
¥ I ‘q ag
P' + =] -
; ln o s ° g t
T DDI LY
ME M| My MMy M| My MMMy | My
$ wioSR
100Mo0 130Te 136xe =m w/ SR
v v
. Phen’ I
A
>V . ¥ I v
a<d Y3 V I
A A; I B l
f a R i ?
N | ¢ aa
s o P ® s A
M MO | MR MMy MY MER MOV MER M| My m°v
Ab initio Nuclear Models  Ab initio Nuclear Models Ab initio Nuclear Models

A. Belley, PhD thesis (2025)
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Comparison of IM-GCM and VS-IMSRG for 130Xe tuke

4 R
(@) standard mechanism of exchange light Majorana neutrinos The NME by the VS-IMSRG: [1.08-1.90]
a factor of about two uncertainty
Long-range (LR) Short-range (SR)
136xe
o =S (RS —e— VS-IMSRG
- it - IM-GCM
—e— CCSDTL
@ @ @) 4 ® —a orea
correction to current one-loop diagrams —< NSM
—_— s " > IBM
o o : H -9 EDF
= o : : 6 —— GCF
Z | g e o @ EFT
(4) (5) (6) .
% |
IM-GCM calcualtion for each contribution to the NME of 136Xe 3
LO(LR) LO (SR) Part of N°LO Residual N°LO  Total g i
Interaction (1-3) (6) (4) (5) (1-6) 2 + P
EM1.8-2.0 152 0.57(8) —0.67 0.21 1.63(8) H :
N2LOGO394 156  0.50(7) —0.86 021 1.41(7) $ s
0
® The NMEs vary from 1.4 to 1.7 by two different nuclear chiral forces
® The contact term enhances the NME by about 30%-40%
® The net NeLO quenches the NME about 25% M Mu+ME| MY MR+ME
Ab inito Nuclear Models
C.R. Ding, MY, et al. in preparation (2025) A Belley et al, arXiv2307.15156 [nucl-th]
A J
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Effective neutrino mass from current Ov35 decay

SUN YAT-SEN UNIVERSITY

:] NME LR
[ZZ NME LR+SR 100y
[
|
B |
%Mo | | 13076
| |
_ <
136y,
130Te / e
3 vl
- 1365
&
e | Ve ey
Excluded by
cosmological
constraints
Phen. Ab Initio

Miightest [€V]

A.Belley, Ph thesis (2025)

@ Using the NMEs from the phenomenological models, current 136Xe exp touches
the parameter region for the IH case.

@ Using the NMEs from ab initio nuclear models, none of the four candidate nuclei
touches the region.
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Effective neutrino mass from ton-scale Ov55 decay

:| NME LR
[ZZ NME LR+SR

mgg [eV]

1307¢

76Ge Mo '

1oye

Excluded by
cosmological
constraints

Ab Initio

102

Miigntest [€V] A Belley, Ph thesis (2025)

@ Using the NMEs from the phenomenological models with the contribution of
short-range transition operator, future 1°°Mo and 13Xe can cover the IH case.

@ Using the NMEs from ab initio nuclear models, none of the four candidate nuclei
could fully cover the IH case on the ton-scale exp.
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A strategy to enhance the sensitity of 0v (3 decay Tux 2
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Combined multi-transition

analysis :
Y 2 Comparison between the
b.
a. Serevevolie NMEs for both decay modes
136y 1365 .
FV-ex
10.0 — - - - .
o+ V- a. o my * MYy
85 o
o B 751 B
2e * 7
"l \/ 3 sof + + E
Q=2.46 ovpp-gs W2e S
MeV 0.76MeV 0vpp-ex . o
25 . .
L4 1
0.82MeV oof * ) o~ ) M
103 — - - - T - -
0 R _ b .
< R & 107k . . -
C:s:' 8 S 10'f N [] e
= s
b} £
@ = 101 s L L L L | s
S 55 p g
3 £ S So e & & £
= = S S O @ ©
8 Q\"(’ ‘\e‘( Y L &
o oM-2 N
=
H

MR-CDFT |

Some models predicted a larger NME
for the decay to the excited O+ state

| ol
T 2 3 4 S 10T 100 Tot
NME for 0vBB-gs decay (Mg) MOYMOY

ex/Mgs

10-year data acquisition on XLZD and the PandaX-xT Ding, Han, Wang, JMY, arXiv2508.17413 [nucl-th]
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A strategy to enhance the sensitity of 0v (3 decay Tux 2
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Combined multi-transition
analysis

(me¥) RQRPA h. McM - mMcm - RQRPA k. BM-2 | MR-CDFT M IsM
w 102 R% (Tastrow) (ucom) \\\EVIY{)?”W Ideal
g |
Eﬁ \\ 10 range g\\ o
s 10! T
‘% — mg
= — comb
a Mep
10 0 5 10 O 5 10 O 5 10 0 5 10 5 10 0 5 10 O 5 10

Measure time t [yr]

® The combined analysis: can enhance the sensitivity of next-generation
experiments, without requiring a larger detector.

® The effectiveness strongly depends on the NMEs, which currently exhibit
significant discrepancies across different nuclear models.

® [t underscores the importance of achieving theoretically accurate and
systematically quantified NME calculations for the NLDBD.

Ding, Han, Wang, IMY, arXiv2508.17413 [nucl-th]

JMYao (nuPhyR@Zhuhai, 2025) 23 /26



UN YAT-SEN UNIVERSITY

A proposal to reduce the uncertainty of the NMEs fuxe

« angular distribution of heavy-ion collision * observables of interest « Relative variation of an observable
A2 = 58((1).
dNey  dNen ( 0-(O)c
1+ 2v,cosn@ - ) soiprpe ! : A©0) = = =€
pr)) = 5A((@lpr))?)), KO)cl
@p " prdpr o 2
A(cov03, [pr)) = §A(( 6[prl)
where v, is strongly correlated with the initial- 1 ;
state ellipticity parameter, €, AG24p = 3‘3(2< ) “l® r=0m[ ) re-tn
Relativistic EDF ‘ |
C = las.fs. 75050 5 ‘1—1 451 MR-CDFT, "*Nd
¢ |
g \ ) 4
MR-CDFT |
s M B by =fo w @ Ty
| -
SR-CDFT 12 of \ N
pon o ® 13
1% To0
|§ 2] SRCDFT+TRENTo ONG NG, | = 5 TeV
i TRENTo (10° collisions) | s 03
2 s(x) & E/S I A(Slpr)%
i ! ,m Ty IS Py
g Initiabstate properties ||
! (&) (@EIsy) (£oEss) / \

is 3 B 5 ) 3
A (cov(ed, [pr))) %] A(va{4))[%)

Y. Li, X. Zhang, G. Giacalone, JMY, PRL135, 022301 (2025) Open questions: model-dependence? nucleus-dependence?
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Summary

A precise calculation of the NMEs for Q33 decay is crucial to the design and
intepretation of current and next-generation experiments.

@ A large uncertainty exists in the NMEs prediced by pheno. nuclear models. The
inclusion of the contact transition operator can increase the NMEs overally by
20%-80%.

@ Ab initio methods for the NMEs of Ov35 decay: systematically smaller than those
by the pheno. nuclear models.

@ Even though large uncertainties remain in the NMEs by ab initio methods, there is
in principle a way to reduce them.

@ A combined analysis of decays to both ground state and excited state was
proposed to enhance the sensitivity of the next-generation Xe exp.

@ A strategy of using the HI collision exp to reduce the uncertainty in the NMEs
was proposed, though more comprehensive analysis remains to be done.
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