Advances in

ab initio studies of deformed nuclei and

neutrinoless double-beta decay
with renormalization group methods

Jiangming Yao (SE£1LFH)
School of Physics and Astronomy, Sun Yat-sen University

Exploring nuclear physics across energy scales, April 27, 2024, Beijing

JMYao 1/53



Outline

@ Introduction

© Towards ab initio studies of medium-mass/heavy deformed nuclei
@ Processing interactions with renormalization groups
@ The in-medium generator coordinate method (IM-GCM)

© Towards ab initio studies of nuclear matrix elements of 0v3/3 decay
@ Status of studies: recent progress in MR-CDFT
@ Recent progress in ab initio studies of Ov53 decay

@ Summary and perspectives
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Probe new physics at the nuclear energy scale fux
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@ Frontiers in physics @ Low-energy probes

@ Testing fundamental symmetries @ Requiring accurate nuclear matrix elements
and interactions. (NMEs)
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What's ab initio (microscopic) approach to atomic nuclei? @Ftuxs

@ The long-standing goal (tenet) in nuclear physics: Do the same nuclear forces
that explain free-space scattering experiments also explain the properties of finite
nuclei and nuclear matter when applied in nuclear many-body theory?

@ Definition of ab initio theory in nuclear physics: vary with persons

@ We interpret the ab initio method as a systematically improvable approach employing
Lagrangians, Hamiltonians, or energy density functionals derived from the Standard
Model according to the principles of EFT. A Ekstrom et al., Front. Phys. 11, 1120004 (2023)

@ A true ab initio theory should define itself consistently and pass the test of the tenet
with high precision. R. Machleidt, Few-Body Systems 64, 77 (2023)

© In literature, ab initio has been popularly used to label theoretical analyses of nuclei
based on “realistic” nucleon-nucleon, and three-nucleon potentials, with solutions to
the nuclear many-body problem obtained either quasi-exactly or with controlled
approximations.
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ab initio modeling nuclear structure and Ov 33 decay

More fundamental theories

Chiral effective field theory

Neutrinoless double

Rueaioee beta decay operators

Similarity Renormalization Group (SRG)

In-Medium SRG

Many-body methods

Observables
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The basic idea of current efforts:

Construct an EFT at the
nuclear energy scale in terms
of N, 7, (e,v) dofs.

Match the EFT to more
fundamental theories at
higher-energy scales with the
renormalization group (not
work for nuclear force)

Identify the relevant (chiral)
symmetries, and write down
all possible contributions
according to a power
counting rule, (mx, Q)/Ay.




Nuclear forces from the chiral EFT

@ Non-relativistic chiral 2N+3N interactions (Weinberg power counting and others)
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J.-X. Lu et al., PRL128, 142002 (2022)

SEEE

K. Hebeler, Phys. Rep. 890, 1 (2020)

o Relativistic chiral 2N interaction (up to N2LO, different PC from the NR case)
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Preprocessing the nuclear potential with SRG

@ Apply unitary transformations to
decouple high and low-momentum
states k

Hs = UsHUI = Ty + Vs

from which one finds the flow

equation
dHs The fi is usually replaced with
= [7757 Hs], Ns = [Trela Hs] e Tflow parameter s Is usually replaced wit
ds A =s"Y%in units of fm ™" (a measure of the
Evolution of the potential spread of off-diagonal strength).
dVs(k, k')

2 o0
= (k= K)Vs(k, K+~ /0 q°dq(k* + K — 2¢%) Vs(k, q) Vs(q, K)
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Preprocessing the nuclear potential with SRG

k2 (fm?)

0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12

k2 (fm?) k2 (fm?) k2 (fm?) k2 (fm?)
0 4 8 12
A=2.0fm’ A=151m’

A =3.0fm

0.5

0 (fm)

-0.5

H r
H ---Initial
— Evolved
\
\

A=1.60fm-"

120 v

90 — Argonne v ',‘ 'S,

60 — N°LO-500 "
> A=oo L A=3.00fm"! A=2.00fm-!
= 30 \
= ol N a5

-60 A

2
r[fm]

2
r [fm]

2 3 4 1 2
r [fm] r [fm]

2
r[fm]

Local projection of AV18 and N3LO(500 MeV) potentials V/(r).

@ The hard core "disappears” in the SRG softened interactions

S. K. Bogner et al. PPNP (2010); Wendt et al. PRC (2012)
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Preprocessing the Hamiltonian with IMSRG

@ Apply unitary transformations to H in the

configuration space o en lop gy TRMORG ) an) o) o
~ ~ AA U(s)HU' (s) 3
Ai(s) = U(s)Ho U/t (s) -
. s— o0 =
Flow equation
(| H[o") (®|H(0) |¢")
dH(s) .
ds = [T’(S)) H(S)] Core Valence Outside VSHINERC Core Valence Outside
g U(s)HU' (s)
o
@ Generator 7(s): chosen either to decouple H *
a given reference state from its excitations s s oo
2
or to decouple the valence space from the 3

excluded spaces.

H. H t et al., Phys. Rep. 621, 165 (2016); S. R. Strob t
@ Not necessary to construct the whole H cree e T e (2010) e

matrix in the COang Space al.,, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019)
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Extension of IMSRG to heavy nuclei
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The large spin-orbit splittings and the approximate PSS emerge naturally in the ESPE
spectra when the nuclear interaction evolves to a low-momentum scale.
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Advances in the ab initio studies of atomic nuclei LR 4

SUN YAT-SEN UNIVERSITY

First-principles calculations predict the properties
of nearly 700 isotopes between helium and iron
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Extension of the IMSRG for deformed nuclei

many-particle many-hole excitations IMSRG(A)

e From a simple HF reference state |®)
*s ¢ * o to exact ground state |W)

W) = &),

where many-body correlations are
IMSRG(3) built into the correlation operator €,

e Computational scaling O(N?)

@ memory storage N°® 0 = QU Q) - Q) ...+ UAP)

i |
computational chalenge! determined from the IMSRG.
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Extension of the IMSRG for deformed nuclei

Multi-reference: Build collective correlations into the reference state (no core methods)

@ From a correlated reference state |®) to exact ground state |V)

W) = e2[doy), Q=000 L HERb) 4 ...

and the correlated reference state |Pco;) can be chosen as a state with

many-particle many-hole excitations relevant for nuclear collective excitations.
@ IM-NCSM: reference state from NCSM calculation with a small Ny«

E. Gebrerufael et al., PRL118, 152503 (2017)

@ IM-GCM: reference state from PHFB/GCM calculation

JMY et al., PRL124, 232501 (2020)

Cons: produce an effective interaction targeted for individual nucleus.
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The in-medium generator coordinate method (IM-GCM)

The Framework of IM-GCM

Chiral NN+3N
interaction

Observables

n(s)

H(o)

Evolved

\ operators

A correlated

PHFB/GCM
reference state
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Application of IM-GCM to *8Ca and *®Ti T %
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Application of IM-GCM to ®Ge and "°Se

tuxg
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Application of IM-GCM to odd-mass nuclei
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B,
e Weak EM transitions from 7/2] to ground state.

e 7/27 is likely a shape isomer state.
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Application of IM-GCM to 33Mg with shape coexistence WX %
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@ Magnetic dipole moment and spectroscopic quadrupole moment of the ground
state are reasonably reproduced, and the spin parity is 3/27, which is a 2p-2h
excitation compared to the 7/27 state.
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A special decay mode: Ov(33 decay

Nuclear Chart: decay mode of the ground state nuclide(NUBASE2020) ° T h e tWO mo d es Of B - /3 — d ec ay :

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

HL% e
.{7/ V é’ Te=ve
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Status of measurements on Qv decay Fux %
Isotope Goy MO Tf;’z (mgg) Experiments
[10~ % yr— 1] [min, max] [yr] [meV] References
*BCa 2.48 [0.85,2.94] > 5.8-1022  [2841, 9828] CANDLES: PRC78, 058501 (2008)
Ge 0.24 [2.38,6.64] > 1.8-10% [73, 204] GERDA: PRL125, 252502(2020)
82ge 1.01 [2.72,530] > 4.6-10% [277, 540] CUPID-0: PRL129, 111801 (2023)
9%6zy 2.06 [2.86, 6.47] > 9.2-10%  [3557, 8047] NPA847, 168 (2010)
100\ 1.59 [3.84,6.59] > 1.5.10% [310, 540] CUPID-Mo: PRL126, 181802(2021)
H6cq 0.48 [3.29,552] >22-102  [1766, 2963] PRD 98, 092007 (2018)
130T 1.42 [1.37,6.41] > 2.2.10% (88, 413] CUORE: Nature 604, 53(2022)
136 ¢ 1.46 [1.11,477] > 2.3.10% [36, 156] KamLAND-Zen: PRL130, 051801(2023)
150Ny 6.30 [1.71,5.60] > 2.0-10%  [1593, 5219] NEMO-3: PRD 94, 072003 (2016)

Note: g4 = 1.27, Gy, is taken from J. Kotila and F. lachello, Phys. Rev. C 85, 034316 (2012)

Effective Majorana mass (mys) (meV)

200

KamLAND-Zen upper limits
QRPA - IBM
SM  —— EDF

50 |

+-4 @ () (©)

No

0
100

10! 102
Lightest neutrino mass (meV)

_ 2 2 2 2 I'chl 2 i(a31—25)
(mpp) = miciyciz + macizsppe’ ™ + masize

@ The best lifetime sensitivity by KamLAND-Zen reaches the
parameter space of 10 case: (mgg) € [18,50] meV.

@ An uncertainty of a factor of about 3 or even more
(originated from the M%) in the (mgg).
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103

mgg 99.73% discovery sensitivity [meV]

Next-generation of experiments

SUN YAT-SEN UNIVERSITY
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M. Agostini et al.,arXiv:2212.11099v1
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o Lifetime sensitivity of the ton-scale experiments: > 10%8yr.
@ Whether or not the ton-scale experiments are able to cover the entire parameter
space for the 1O case depends strongly on the employed NME.
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Comparison of nuclear models

SUN YAT-SEN UNIVERSITY
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JMY, J. Meng, Y.F. Niu, P. Ring, PPNP 126, 103965 (2022)

@ ISM predicts small NMEs, while IBM and EDF predict large NMEs. Discrepancy
is about a factor of THREE or even larger.

e Statistical (fluctuation in input parameters) and systematical (model
approximations) uncertainties are to be quantified.

o Efforts in resolving the discrepancy: very challenging!
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Emulating GCM with the EC: the Lipkin model

+ The Hamiltonian of the Lipkin model + GCM wave function » EC+GCM wave function
vefp— @ o=+ Ny b2k N,
K —_ 'K .
WEen0) = Y F40: @) 19(@) o) = )| Y g koxn) Wentr)
Q o= q=1 k=1 =1
—c/2 —0-0——00— o ,
Q ; Generalized eigenvalue equation
) 0, ¢)) = [ | @}, (e 0)l-)
H= Z ol Eom— Z c Com Cirm m=1 m ,
" o [W (Xo) - EX Ni& ]g*(x xi) =0,
K= l r=
= &Ko - E(K"K* +K-K-), X= ;(Q -D QY Luo, X Zhang, LH Chen, JMY, arXiv:2404.08581
1.0 D 10 Eceaonch) ‘ ‘ "] 10— ———
5 = D fh NN el . e (@ Q=30, k=1 7 b Q=30 k=1
0.8 Ne ) EC+GCM (3) ]
) -15- EC+GON (4) 15
go o ) wmemee ECHGON (5) t
5" }::; w200 exact energy w ~20-
S04 L o
s -25-
0.2 b
-0k . oraet onorey
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Diagonalization method
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Sensitivity analysis with EC+-MR-CDFT RS 5
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@ 9 parameters (as, fs,7s,ds, v, v, v, aTy,dTy) in the relativistic EDF.

@ 32 training Hamiltonians H(c;) and 32 test Hamiltonians H(c;)

@ Global sensitivity-analysis of 1,310,720 emulations of MR-CDFT calculations
(sampling EDFs around PC-PK1, corresponding f(6) = 1).

@ Posterior distributions of input parameters by Bayesian analysis based on the
Ex(2()-

X. Zhang, C.R. Ding, JMY, in preparation (2024)
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Correlation relation analysis
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Statistical uncertainty in MR-CDFT

probability

MOv
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@ The probability distribution function (pdf) is
largely overlapping with the posterior distribution
derived using the Bayesian method based on the
correlation relation (r = 0.93) between the M%
and E,(27) of 1%Nd.

@ The obtained M% = 5.27 + 0.33, slightly smaller
than the previous value 5.60 [1].

[1] JMY, Song, Hagino, Ring, Meng, PRC91, 024316 (2015).
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Ov 33 decay operators from chiral EFT @ Fux

SUN YAT-SEN UNIVERSITY

o At E ~100 MeV: operators are expressed in terms of nucleons, pions, and leptons,
arranged in the order (Q, mz/Ay)”

v=2A+2L— 2+Z +d—2+ne);

Standard mechanism of exchange light Majorana neutrinos Non-standard mechanisms
Long-range (LR) Short-range (SR) Dimension—(6,7) dimension-9 :
@ @ ® [Cirigliano+2017)] | [Prézeau, Ramsey-Musolf, Vogel (2003)]
ICorrection to current ~ one-loop diagrams
—

o . . ]
= g
z| —o=— 3

@ Cirigliano+(2018) | (6)
:
= H %‘L{
)
z

two body current

JMYao 28 / 53



The Qv decay in the standard mechanism tux %

Ab initio methods for the lightest candidate “3Ca

o Multi-reference in-medium generator 14 r Raman Pritychenko 4
® EMI.8/2.0(12) ¢ emax =6
coordinate method (IM-GCM) 2| ° EMIS2006) B =8
® EM2.0/2.0(16) ® omx =10
JMY et al., PRL124, 232501 (2020) > '
“2 1.0 +
e IMSRG+ISM (VS-IMSRG) ‘
08 + -
A. Belley et al., PRL126, 042502 (2021) : [
X X 0.6 FExtrap. ® 4
@ Coupled-cluster with singlets, doublets, and . - :
X . 75 100 125 150
partial triplets (CCSDT1) . B(E2: 2" - 0") [
S. Novario et al., PRL126, 182502 (2021)
0.10 Ca — Ti E3("®Sc)
8 yrm— 1.8/2.0 (EM) = =102 = + + ‘Npnax(6)
3.0 I Ca-"°Ti 008 £5(15Ca) = 107 - - : S
2.5 K &(*Ti) =107 —___-:::*" —iip
‘ Quenching
factor 0.812




The missing piece in the LO transition operators R -

SUN YAT-SEN UNIVERSITY

New Leading Contribution to Neutrinoless Double- Decay

Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Michael L. Graesser, Emanuele Mereghetti, Saori Pastore, . el
and Ubirajara van Kolck Introducing a contact transition
Phys. Rev. Lett. 120, 202001 - Published 16 May 2018

operator
PhySTCS See Synopsis: A —
) =Sy . NN__(1)+ -(2)+
wii — Wy Vs = —2g) FD+.(2)
Nuclear force 008 —~——, — ipl=10Mev

‘ o —— — Ipl= 1 MeV
S Zoo i e~ . LO

>< ’ g_n.ns e— ™

) - ] ’><‘ . ')< ' >1
Transition operator o0l i

T000s 0010 00s0 0100 0500
— Rs (fm)

Lines fitted to v=a+bnRg
logarithmic dependence on Rs

independent of the cutoff value
R, € [0.05,0.7)fm

LO

e e — ': 10 A € [2,20]fm ™!
(R3] (0 —" || *The transition amplitude is A
T iy lator-dependent! = Small spread
T e ' -
[N i ) *Needs a counter term at LO in =
PR P DA UV divergent order to ensure renormalizability. =R
[pl(MeV)
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The contact transition operator for Ov55 decay fuxe

Toward Complete Leading-Order Predictions for 0
Neutrinoless Double 3 Decay

Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Martin Hoferichter, and Emar
Mereghetti

Phys. Rev. Lett. 126, 172002 (2021) — Published 30 April 2021

a(|k[)

A

pionless and ; Operator product
chiral EFT expansion applicabl

Yuv 4, ik %00 05 1.0 15 20
A / (2m)* k2 + ie / dze IT{Jw(w_)_J_w(O)}In@p K (GeV]

a(lk)) [GeV')

e Cottingham formula w.N. Cottingham, Ann. Phys. 25, 424 (1963) ~ =3

K

2 AEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER

A B n P d4k 1 N ° N E A,',"”:/ dlkl af““(lkl) :.A< +A>. E

v D‘J(Zﬂ)“ et : o :

> f p - : A :

& K\ 1A= dk| as s .

Vo P [t acti :

« Synthetic datum forward Gompton ampliude 3 > — /\ djk| as (|k|),
Au( —i(5150(|P|)+5150(‘p’|)) _ (2271 —0.075 51(4 A[-,r)) % 1072 I\"IGV72

[Ip| = 25 MeV (|p'| =30 MeV)| = —1.95(5), x 1072 MeV~2,

Uncertainty from the estimate of the inelastic contributions

The transition amplitude is observable and thus scheme independent.
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The contact transition operator for Ov55 decay

A recent study in the relativistic chiral EFT

Bethe-Salpeter equation
shows that

- o - o

ey, M1 -
TP =VQe 7P)+/#V(P P )ﬁm”? ,P)
. . v Pt
@ the nn — ppe~ e~ transition amplitude A,

is regulator-independent, thus no need to . . . AL
introduce the contact transition operator. Lippmann-Schwinger equation o -
_ -, 765 = V6" 5+ [ @06 5" TG" )
@ The predicted A, = 0.02085MeV ", about PPt e
10% larger than the value by Cirigliano i b
(2021) ool So o oo
. % o025l 1
@ The discrepancy could be attributed to the §0020 o 1EFT R)
different power counting: the LO of 5250‘015»' o Cwig::zom_
relativistic chiral EFT contains partial N2LO 0-010- el 0
contribution of non-relativstic EFT. S04 1 4 10 40
A (GeV)

Y.L. Yang and P. W. Zhao, arXiv:2308.03356v1 (2023)
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The contact transition operator for Ov(55 decay

Within the non-relativistic chiral EFT,

o The LEC gMN consistent with the employed
chiral interaction (EM1.8/2.0) is determined
based on the synthetic data.

@ The contact term turns out to enhance
(instead of qunech) the NME for *8Ca by
43(7)%, thus the half-life T/7"" is only half
of the previously expected value.

@ The uncertainty (7%) is due to the synthetic
data which can be reduced by using an
accurate value of the LEC (g/'V).

R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021)

6He —%Be
o ¢

coo

IT-NCSM

IM-GCM

3 4

MOI)
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VS-IMSRG method for Ov 35 decay of heavier candidates @Ftux %

With both the long- and short-range transition =~/ Belley et 2l arXiv:2307.15156 (2023)

operators, the VS-IMSRG method is applied to 1307¢ 136y
study the NMEs of heavier candidates: 1 } = anowo s won
o For 139Te, MP¥ ¢ € [1.52,2.40] . =
o For 130Xe, M ¢ € [1.08,1.90] ! N i
The uncertainty is composed of different sources: s| s i i
nuclear interaction, reference-state, basis . | :
extrapolation, closure approximation, and the g ¢
LEC for the short-range transition operators. = i ‘; 3
The values are generally smaller than those from > | K I
phenomenological nuclear models. 2l 1 } ‘: ]
l L1 R
different nuclear many-body solvers, convergence
s mes Luomam | L mem

of NMEs with chiral expansion orders, etc. b inito Nucear Models  Abinito Nuclear Models
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Convergence w.r.t. the chiral expansion order for nuclear forces

2n — 2p + 2e~

N

(b)

P =30MeV/c

I p=25Mev/e

©

— N’LO
N‘LO

0 J
7 P’ =30MeV/c \\?
sal— 10

3

1

T

NLO \
2]
FURY N2LO |

@

p=25MeV/c

Vi
40.010
40.005

10.000

100 200 300
P [MeV/c]

30 40
P MeVel

BCa =8 Ti+ 2~

emax = 4
1.0+ emax = 6
€max = 8

48Ca 1

. .
NLO N2LO
Xx order

N3LO

e The A,(2n — 2p + 2e™) converges quickly w.r.t. the chiral expansion order of
nuclear interactions. Negligible contribution beyond NLO, particular true for low
momentum CasSes. R. Wirth, MY, H. Hergert, PRL127, 242502 (2021)

o Convergence is slightly slower in candidate nucleus *8Ca.

JMYao
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Uncertainty quantification for the NME of "°Ge

Uncertainty from the chiral expansion

T T T T
Aco(394) | EMN chiral interactions |
s T 2 ]
2 - -
3
=
oF ]
ok UQ by the BUQEYE method:
J. Melendez et al., PRC100,
044001 (2019), arXiv:1904.10581
NLO N2LO N3LO N4LO

x order

A. Belley, JMY et al, PRL, in press (2024)
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Uncertainty quantification for the NME of "°Ge

« NME at the LO

i /0y _ f0v Ov
Mro = Mo 1r + MLo sr-

1

Power counting

1/=2A+2L—2+Z(%+d—2+ne)

(@) standard mechanism of exchange light Majorana neutrinos

MEB,LR = MEE),LR(L 2,3) + MI%IELO,LR(Af)-

Long-range (LR)

LO

* The NME (~0.08) at the N2LO is
less than 5% of that at the LO.

* The uncertainty in the SR
transition operator is about 0.13.

* The use of closure
approximation: ~10% error.

A. Belley, JMY et al, PRL, in press (2024)

N2LO

Short-range (SR)

o=
1) (2) A
correction to current  one-loop diagrams
L
(4) (5) (6)
Mo1r(1.23)  Mise M M0(5)

[0.872,1.152] [4.04,432]  0.196
[0.533,0.704] [255,2.72]  0.115
[0.437,0.577] [218,232]  0.090
extrap. [0.399, 0.526] [2.07,2.20]  0.079
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Quantification of statistic uncertainty in the NME of "°Ge ©tuxs

M (MM-DGP)

3 R’*’ €max = 12 "/" 2 P
: : ; : & - Lo
o Emulator, 8188 samples of chiral interactions, phase shift, M% = 3.44711-33.
o Including the g.s. energies of A = 2,3, 4,16 and phase shift: M% = 2.601%:%2,

which gives the effective neutrino mass (mgg) = 187125° meV.

o The next-generation ton-scale Germanium experiment (~ 1.3 x 10%® yr):
(mgg) = 22%2* meV, covering almost the entire range of 10 hierarchy.

A. Belley, JMY et al, PRL, in press (2024)

JMYao 38 /53



Summary and perspective

@ Remarkable advances have been achieved in ab initio studies of nuclear structure
and decays. However, the low-lying states of medium mass deformed nuclei are
still challenging for most ab initio methods.

@ The IM-GCM, a combination of IMSRG and GCM, stands out as a promising
approach for the low-lying states of nuclei with complicated shapes. It has been
successfully applied to describe the low-lying states of Ov33 decay candidate
nuclei *8Ti, 7°Ge, 7°Se, and odd-mass nuclei 33I\/Ig;.

e The NMEs for the 0vf3/3 decay in *®Ca and "®Ge have been determined with
uncertainty quantification. Convergence w.r.t. the chiral expansion order turns
out to be rather rapid.

@ Schiff moments of odd-mass nuclei with octupole correlations, %?>Ra.
@ The NMEs of heavier candidates 82Se, 199Mo, 130Te, 136Xe, with reduced
uncertainty.
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Test of the ECH-MR-CDFT calculation

SUN YAT-SEN UNIVERSITY

TABLE 1. The rms deviations of the observables E(07) (MeV),
E.(2}) MeV), B(E2 : 0] — 2}) (¢*b?) and R, (fm) between the
three types of emulators and the GCM calculations on the 32 testing
points for '*°Nd and '**Sm.

"*'Nd olEQ0D)]  olE.2])] o[B(E2)] oIR,]
GCM(co) 5.9522 0.052 0.517 0.113
GCM(cT) 0.2728 0.006 0.100 0.007
EC+GCM 0.2720 0.007 0.123 0.008
150G

GCM(co) 6.1291 0.081 0.505 0.106
GCM(c) 0.2875 0.186 0.154 0.093
EC+GCM 0.2717 0.040 0.212 0.007
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Quantification of statistic uncertainty in the NME of "°Ge

80
mm Main componentsensitivty | oo T iiiliiiieieereeena...,
LR — ) Total sensitivity 08 P S L ELECEC PO PP PP
70 | 9s%cCl Vol
"
0.6} B
60 | ‘E 1 K
@ 1
v}
250 £ o04f ,’
> 8 I
= o I
2 w 02k
] 2 X
wn 30| .
@ 00}. 76Gleso
g I — O
“| d 150
=05
10{ —0.2- e
- i ,,,,, 5150
nn
Lo w0 w ‘ ‘ ‘ ‘
SRS P A D (P O OO & 0 50 100 150 200 250 300 350
EPEPP S o S T @ Lab. Energy [MeV]

@ The long-range part of the NME is sensitive to the LEC Gg,.

@ The phase shift of the 1Sy channel is linearly correlated to the NME.

@ The neutron-proton phase-shift 6;;?0 at 50 MeV is used to weight the samples.
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Research plans on the measurements of 0v33 decays in China @ t»% %

SUN YAT-SEN UNIVERSITY

Isotope Gow MO (xEFT) TP/VZ (mgg) Worldwide Exps Inside China
[10~ 2 yr— Y [min, max] [yr] [meV] current best limits

76Ge 0.24 2.60 177 > 1.8-10% 18772 GERDA: PRL125, 252502(2020) CDEX

82Se 1.01 > 4.6 - 10% . CUPID-0: PRL129, 111801 (2023) NVDEx

100po 1.59 > 1.5 - 10% CUPID-Mo: PRL126, 181802(2021) CPUID-China

130T 1.42 [1.52, 2.40] >2.2-10%  [236, 373] CUORE: Nature 604, 53(2022) JUNO

136xe 1.46 [1.08, 1.90] >2.3.10%  [91,160]  KamLAND-Zen: PRL130, 051801(2023) PANDAX

Extension of the above uncertainty quantification to heavier candidates: 82Se, 1%Mo
and 130Te, 136Xe.
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SRG scale-dependence of the nn — ppe e~ transition amplituc® 4% #

(b) p=25MeV/c
_ 001t e b
I
N N e
2 | =25
& —0.02F /, SN
/ — 1=20
— A=18
-0.03f ) ) . ]
25 30 35 40 45

P [MeV/c]

Figure: Momentum dependence of the short- and LO long-range parts, as well as the total
amplitude for the EM potential at different SRG scales A\. Shown are the scaled short-range
part —2gNN A5 (dotted lines), the long-range part A, (dashed lines), and the total amplitude
AL —2gM"N As (solid lines).

R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021)
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Two-alpha cluster structure in 8Be

-20
EM(1.8/2.0) . - eMax=2
P eMax=4
=25 —— eMax=6 _|
_____ === eMax=8
%' =30 |
= SBe
W35 |
-0.4 1.0 2.0 3.0 4.0
_40 __
—-45 L 1 L L L
-1 0 1 2 3 4 5

The SRG softened 2N chiral interaction from Entem & Machleidt with 3NF.
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Two-alpha cluster structure in 8Be F X %

SUN YAT-SEN UNIVERSITY

= 212(82=0) —35
—15 F 42(8,=0) o = ]
e ompo) 6/6(spsdf)/g> =1.0
e 8P(By=0) 20 e, —= 6/4(spsdf)/f> =1.0 |
— 212(8:=08) T TS —— 6/2(spsd)/B> =0.8 |
412(8>=0.8) ‘\\ 1
—— 6/2(B2=0.8) —
_ —oa 1 > —45 ]
8/2(B2=10.8) (7]
] £
--------- B wl =50 N
E 8
—-55 Be ]
E EM(1.8/2.0), hQ=16 MeV
—55 EM(1.8/2.0), hQ=16 MeV | —60 | | | |
. ‘ ‘ ‘ ‘ 10~* 1073 102 107! 10° 10'
10-¢ 1073 102 101 10° 100 Flow parameter s

Flow parameter s

@ Starting from the deformed states in

@ Starting from the spherical or two-« different model space, the IMSRG(2)
cluster state, the IMSRG(2) is is converged to the same solution.
converged to different solution.
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Two-alpha cluster structure in 8Be

Exp  GCM/IMSRG Gem Exp  NCSM(4) NCSM(2) GCM/IMSRG
-30 -35
8
Be 4 5Be
—-351 ] _a0f 4+ ]
—_ L 4+ 2+ 1 =
S 40 S
2 —o+ Dgs5f 4T or ]
=-45] 4" 15
> 3> 0+
o o
[5} @ —50 | 0 2+ 5 ]
c c he
w =50 2+ 4w 2
2
] + =55 | o+ o+ 0+ ]
=55 o+ 0 ] 0
EM(1.8/2.0), eMax=6 EM(1.8/2.0), eMax=6
—60 —-60

E2 transition (reference state 5, = 0.8)

o B(E2:2{ — 0]) =5.77*fm*, R, = 2.27 fm (bare operator)
o B(E2:2{ — 0]) =8.76e’fm* , R, = 2.54 fm (evolved operator)
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Benchmark studies of Ov 33 decay in light nuclei

EM1.8/20 E

—
af 1 B VSIMSRG
- 2 ® IMGCM
s * « cosom
s A IENCSM
z
Z -6 a
= « &
R .
i * 4
4 L N
§ 4

(@

e Be SHe SBe MBe W WC 1o 20 TNe

IM-GCM (EM1.8/2.0)

iz [fm]

JMY et al., PRC103, 014315 (2021)

JMYao 48 / 53

6
B VSIMSRG
50 °He—Be e mGem |
< cosom
a . . A mNcsM
4 H B . v NesM
0.4 e Mo
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02 g <
1 X 29 28e 022 |
00— 8e 3 y
0 L)
0 4 8 12 16 20 24 28
Mass number A

S. Pastore et al (2018)

Note: A factor of —gf\ has been
multiplied into the Fermi part.

IT-NCSM and NCSM are
quasi-exact methods, but
limited to light nuclei.

VS-IMSRG, IM-GCM, and
CCSDT1 with some kinds of
truncations can be applied to
heavier candidate nuclei.

Using different ab initio
methods but the same input
to estimate the truncation
errors of the many-body
methods.

SUN YAT-SEN UNIVERSITY



Pairing fluctuation effect in MR-CDFT

tuxg

SUN YAT-SEN UNIVERSITY
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5

Ding, Zhang, JMY, Ring, Meng, PRC108, 054304 (2023)
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Non-standard mechanism and constraints on LNV operators & fu%x %

SUN YAT-SEN UNIVERSITY

P on o P on p= 13 n P on P on g P n P on 0 P on 14
v, e I, e ) SN ’ e ’.—b— e v'.[:e' ><f 'x‘ "<“
pon - ki " N . ”: pon L3 » n P on H Pon . »
@ ® © ® ® © @ ® ©
4
0 SM sQRPA < 1BM2 O CDFT

£

I

@
VA(D)1N

|
<
= Standard momentum-dependent long-range short-range

I,NN IxN I IINN IINN IINN II,NN I xN 117N I an IIINN HIxN Iz
M M M Mg M) Ml Mo My M, M My, My Moy Mo

C.R. Ding, G. Li, JMY, arXiv:2403.17722v1 (2024)

50 / 53




UN YAT-SEN UNIVERSITY

Non-standard mechanism and constraints on LNV operators tux 2
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N BM2 B sQRPA LI N CDFT
1
%o 0
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10-6 I T i
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C.R. Ding, G. Li, JMY, arXiv:2403.17722v1 (2024) R o o
mgs/m, *10 mgg/m, ¥10
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The magic interaction fuxs

The “magic” interaction EM1.8/2.0: The NN (N3LO: D.R. Entem, R. Machleidt, PRC68
041001 (2003)) and local 3N interactions (N2LO: K. Hebeler et al., PRC83, 031301 (R) (2011)).

S A G VA Eyp=31.1-32.5 MeV
TLir n L=44.8—56.2 MeV |

C1,C3,C4 cp Ce

The LECs of the 3N are fitted on top of
the SRG evolved NN interaction.

E/A [MeV]

TABLE 1. Results for the ¢p and ¢z couplings fit to Esy =
—8.482 MeV and to the point charge radius riyy. = 1.464 fm (based
on Ref. [26]) for the NN/3N cutoffs and different EM/EGM/PWA 1 | !
¢; values used. For Vio,x (SRG) interactions, the 3NF fits lead to 0.05 0.10 0.15 0.20
Euy. = —28.22... —28.45 MeV (—28.53... — 28.71 MeV).

<+

n [fm~?]

Viewk SRG A Ay [fm~1]

A or A/ Asxg (fm) ¢ cr o e — 1.8/20 — 2.2/2.0
— 2.0/2 P

1820 EMc's)  +1621  —0.143 41264 —0.120 20720 820
20/20(EMc’s)  +1.705  —0.109  +1271  —0.131 T 2025 — 2.0/2.0 (PWA)
20/25(EMc’s) 40230  —0.538  —0292  —0592
2.2/2.0 (EM ¢;’s) +1.575  —0.102  +1.214  —0.137 C. Drischler et al., PRL122, 042501 (2019)
28/20(BMc’s)  +1463  —0.029 41278  —0.078
20/20(EGM¢’s)  —4381  —1.126  —4.828  —L.152 The saturation properties are

2.0/2.0 (PWA ¢;’s) —2.632 —0.677 —3.007 —0.686 not We” reproduCed.




SUN YAT-SEN UNIVERSITY

Ov33 decay operators from EFT @Fux®

EFT: a model-independent analysis of operators at different energy scales

Cirigliano et al., JHEP (2018)

Energy
2
H

>
|
|
®
51
®
|

SM-EFT

Electroweak symmetry

~100GeV |- breaking
E
o
b
E Match to ChiPT
oo S (LECs In Table 1)
~1GeV
=
2
=
o Construct 0v33
operators (Eq, 24)
~ 100MeV | SMoperators (B9, 2
0vBf operators
(short-range)
NMES (Table 2)
»
°
> > AA,AP,PP.MM AA,AP,PP ) ' AP,PP
58 2 I Mrp, Mgr)p I IMFysdv Mersa , Mz gy ]
s
e
r 22 § | Phase space integrals A
~ 1MeV (Table 4)

Master formula
(Eq.38)

ground state of ground state of
initial nucleus final nucleus
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