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@ Introduction
© Charge-parity violation and atomic EDMs
© Lepton-number violation and 0v3/3 decay

@ Summary and outlook
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Searching for new physics at low-energy scales tuXx%
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@ Open questions: matter—antimatter asymmetry, new CP violation,
Lepton-number violation, Majorana neutrino mass, etc

o Low-energy scales probes: (atomic) EDMs, 0v3/ decay, etc.

@ Physical intepretation: nuclear matrix elements as a "bridge” connecting
measurements and new physics.
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Charge-parity violation and atomic EDMs
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Sources of CP-violation

o The sources Of Ch arge—parity Fundamentaltheory | § CKM SUSY Multi Higgs LR-symmetry etc. |
. . . . Particle Physics Theory
violation (CPV) within the SM 1 e mta
f ' ective rie! Eol’y
(the complex phase of the CKM wisoncoeficents | | Cos Conl19) Co dy d_ semieponic . | .

. . . I Lattice QCD Theory
matrix in weak interactions and ] Nmclens Theoey
the 6 term in QCD) are not tow enereyparameters Nuclear Experiment
Sufﬁcient to eXpIain the Observed 777777777777 Atomic Theory

. Nucleus level hiff moment | +
baryon asymmetry of the universe. == l """ ’ Atomic Experiment
. Molecular Theory
@ Hypothetical new sources of CPV +

Atom/molecule level I [ ]  Molecular Experiment

beyO n d Sta n d a I’d m Od el ( BS M ) y diamagnetic atoms (e.g., Hg, Xe, Ra) . ‘i . )
H H paramagnetic atoms or molecules (e.g., ThO, YbF, Ti) Radmé::l)el;ustry
such as SUSY, multi-Higgs EDMs

mOdeIS’ and LR—Symmetry mOdels' T. Chupp, et al.,, Rev. Mod. Phys. 91, 015001 (2019); credit to Jaideep Singh.

Observation of any sizable EDMs of elementary or composite particles would indicate
new CP violation beyond the SM, potentially solving the baryon asymmetry problem.
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CP violation in chiral EFT Fux g

o At low-energy scales, chiral Lagrangian CP-violating operators
constrained by the symmtries of QCD Energy
r 3
New physics models
EQCD — chFT =L+ Lann+Lr+ (2HDM, leptoquark, etc)
TeV
@ Systematic expansion in the power of g )
'E EsH:ESM+ZG (F)Ci
100 =
Q/N\y ~ mz /Ny GeV . ,
= QD+ % + .E +
. 400 Gem TRy e
Each terms comes with an unknown LEC. QuDN Quib G4
1GeV D) A operators
@ Extension to include CP-violating terms 20 at i N><N ><
EE \*—I— N—‘—V .
100 - 2 N 2 N N N N
Lyerr = Lpcrc + Lpvry + - MeV| =
%E Nuclear Schiff moments & EDMs
ﬁ g'- Atomic/molecular EDMs
J. de Vries et al., arXiv:2001.09050 [nucl-th] &

J.M. Yao (Chiral EFT-X@Nanjing, 2025)



CP violating operators at low-energy scales and EDMs Tux 2
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~(0,1,2) A
di =Zai,cjcj= a,-,dtde+a,-’CSCs+... Qje; € {Wd,SaaO,l,%"'} cj € {de7CS,P,T7dN, 'Er )701,2}
¢ Large model dependence

S. Degenkolb et al,, arXiv2403.02052 [hep-th]
System i | Measured d; [ecm] Upper limit on |d| [ecm] Reference
o Paramagnetic CS, '|'|’ YbF, ThO, HfF+ n | (0.0 11555 £0.2,,.) - 10720 2.2-107% [47]
systems T (—4.0+4.3)-107% 1.1-107% [48]
133¢g (1.8 6.7, £ 1.8,,) - 1072 141072 [49]
constraints on {de, C s} HfF* (1.3 2.0, % 0.6,y - 1075 4.8:107% [50]
ThO (433 3,150 %+ 2.6,5,) - 107 1.1-107% [51]
YbF (—2.4%5.7,50 % 1.505,) - 1072 1.2:107% [52]
® Diamagnetic 19hg (2.20 % 2,755, £ 1.48,,,) - 10720 7.4.10% [53,54]
systems Yb' Xe' Hg, Ra, TIF 0 (—1,76&1.!;2)10’2" 4.8-107% [55,56]
ST (6.8 5.1 £ 1.25,) - 1077 1.5-107% [57]
. _ = 25Ra (46, +0.2,,) - 1072 141072 [58]
constraintson  {dy, g{»?, C1,2,Cr} TIF 17£29)-10 65102 [59]
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CP-violating nuclear force and nuclear Schiff moments Tux 2
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CP-violating nuclear force at LO Nuclear Schiff moment (2rd order perturbation)
1. de Vries et al,, arXiv2001.09050[nucl-th]
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Nuclear Schiff moments in other candidates
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Decomposition of nuclear Schiff moments
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Comparison with other models
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. (@'Xe (b) '*Hg .
of . - 100 ' -
o a0 ~ of B s s ;
? U ]
§ sof @ 5 Iy o 0 @ @
& i R U *5;_‘,\5‘ Q‘?& LR
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T o - . 0 = - - -y
% 0 t ‘a
- -4 1
Q . - e
.’ g ) E
20 \ﬁ’gs@d‘“ o « e et
« B
-30 12
Nucleus ay a @
Kb —-0.0052 +0.0134 —-0.0097 a: exp energy
19Hgb -0.0163 +0.0327 -0.0375 b: calc energy
25Raa +0.15 -1.9 +1.3
29Tha 33 +8.8 =17
29pb —21 +58 =52
29paa +1.8 +12 +10
29pyb 492 +60 +51

® Unified description of different nuclei at the BMF level

® Large contribution from intermediate states in Xe and Hg
® about 2-3 orders-of-magnitude enhancement in Ra,Th, Pa

Zhou, MY, Engel, Meng, arXiv2507.01369 [nucl-th]




Multi-dimensional constraints with new measurements
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New Measurement of the EDM of Yb atoms
(USTC group lead by Prof. Zheng-Tian Lu)

procession _ 2(uB+dE) “

frequency - h

d(*™Yb) = (—0.3 £ 3.7+ 1.2) x 10" Becm
[d(*"'Yb)| < 7.7 x 10~ *8ecm

Nuclear structure factors from
MR-CDFT calculation

systems a_0O(efm3) a_1(efm3) a_2(efm3)

0 129Xe -0.0052 0.0134 -0.0097
1 171Yb -0.0053 0.0126 -0.0168
2 199Hg -0.0163 0.0327 -0.0375
3  205TIF 0.0110 0.0760 0.0232
4 225Ra 0.1500 -1.9000 1.3000

Zhou, IMY, Engel, Meng, arXiv2507.01369 [nucl-th]
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Global analysis of the limits
on the parameter space
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Lepton-number violation and Ov /3 decay Tux g

Lepton-number violating operators The Ov[3 decay operators in the
for neutrinoless double-beta decay chiral EFT
nf
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Theoretical studies of Ov55 decay and neutrino physics fuxe
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@ The Ov3p3 decay rate in the standard mechanism:
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@ Whether or not the ton-scale experiments are able to cover the entire parameter
space for the 1O case depends strongly on the accuracy of the NME.
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A strategy to enhance the sensitity of 0v (3 decay Tux 2

Combined multi-transition analgsis 10-year data acquisition on XLZD and the PandaX-xT
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[The effectiveness strongly depends on the NMEs, which currently exhibit ]

significant discrepancies across different nuclear models. Ding, Han, Wang, IMY, arXiv2508.17413 [nucl-th]
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A proposal to reduce the uncertainty of the NMEs

* angular distribution of heavy-ion collision * observables of interest « Relative variation of an observable
An(2) = —A ((3))
chh chh l AQ©O) = o- (0>C
7o o p (1 + Z; 2 v, cosn(p — ¢n)) AGlpr) = 5A((@1pr1?), © KO)cl
n>
(cov(vz, [pr])) = %A((v;&[pr]))

where v, is strongly correlated with the initial- 1
state ellipticity parameter, €, Aaid) = ;A( ) 5w r=os | () =0

Y. Li, X. Zhang, G. Giacalone, JMY, PRL135, 022301 (2025)
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nuclear structure

heavy-ion collisions.
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Open questions: model-dependence? nucleus-dependence?
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The first-wave of ab initio studies of 0v/33 decay in *Ca tux g

@ Multi-reference in-medium generator . . .
coordinate method (IM-GCM) 14 b Raman pritycherio 4

® EMI1.8/2.0(12) ¢ emax=6

JMY et al., PRL124, 232501 (2020) 2k ® EMI.82.0(16) B =8
- ® EM2.0/2.0(16) ® emax=10
@ Valence-space shell model+IMSRG Ty ]
(VS-IMSRG) ,
08 J
A. Belley et al., PRL126, 042502 (2021) : - .
0.6 kExtrap. * ® 4

@ Coupled-cluster with singlets, doublets, and . . .
partial triplets (CCSDT1) . " 1(1)30(52:2‘ —»0‘;2I22fm4l v

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




The error of EFT truncation on nuclear forces Fux %

48Ca -8 Ti+2e~ 0Ge =70 Se + 2e~
1.2 T T ™ : L X
— emax =4 Ac.o(394)| EMN chiral interactions
10l emax = 6 4 ~

— emax =8

0.8} \ \ al

06 e

MOvEB
/
MOV

04
UQ by the BUQEYE method:

o2r “Ca J. Melendez et al., PRC100,
044001 (2019), arXiv:1904.10581

0.0 L L 1 L
Lo NLO N2Lo N3Lo NLO N2LO N3LO N4LC
X order x order

@ The NME converges with respect to the chiral expansion order x of nuclear forces
for candidate nuclei *8Ca and 7°Ge.

@ The EFT truncation error is shrinking with the increase of x expansion order v.
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Quantification of the uncertainty in the NME of "°Ge fuxe
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’ 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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Extension to the Ov33 decay of 13°Xe F % g
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Lightest neutrino mass (meV)
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Summary and outlook

Nuclear physics plays an important role in the search for new
physics at low-energy scales.

@ Accurate nuclear matrix elements (NMEs) are crucial for designing and
interpreting the experiments, including the searches for atomic EDM, 053 decay,
etc.

@ We developed a novel nuclear ab initio framework which allows us to determine
the values of NMEs and their uncertainties using the operators derived
consistently within the chiral EFT.

o We have successfully applied our method to compute the NMEs of Ov53 decay in
light candidate nuclei. Its application to nuclear Schiff moment is more
challenging, but it is on the way.

Outlook: extending nuclear ab initio methods for Schiff moments,
and reducing the uncertainty in the NMEs of Ov55 decay.
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