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Figure 1 (Color online) EDM and the violation of parity and time-
reversal symmetries: under the parity transformation P, the spin remains
unchanged, while the EDM reverses; under the time-reversal operation T

(equivalent to the CP symmetry operation), the EDM remains unchanged,
while the spin reverses
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Figure 2 (Color online) The connections between the EDM of param-
agnetic or diamagnetic atoms/molecules and the mechanisms of CP vio-
lation in fundamental theories
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Figure 3 (Color online) Schematic diagram of the EDM measurement principle. (a) Under an external electromagnetic field, the neutron spin undergoes
Larmor precession around the direction of the external field; (b) due to the Zeeman and Stark effects, the degeneracy of the two spin states (spin-up and
spin-down) is violated, resulting in corresponding energy level shifts. Reversing the direction of the external electric field shifts the energy level. The neu-
tron’s EDM can be extracted by measuring the difference in frequency (4dE) between the two transitions (shown in solid and dashed lines respectively)

in figure (b)

T, R GEH T CPRECER 3 R ™ A I RE % 5l S

AECPV = ZPWS . S, (3)

Hoh, W NIz A FAE R T2 AR 5 B RR JE, PN R Gt
MR B, — BT &, Welk AL IE LT B8 7 5 £ ~F 77,
DA T R0 2 JE A RS R ) S e B Ay SR L

TEVEL G b, 5T AN RIARAL EE B T, 5 203) i
HRA BT AR X T 5 1k R 55 Ak B A 55 1 1
TEAP << 1), AFEPIEALS S oI B ERSGE L, J5F
K% F 51 S 1 BB G R B rT A 2 SR 7% 1 R A
JRF AR 7 5% B TR R B i EL, 51k
T FIRA S B R T POE R A, AT R 4
REDM, RIS = kS, ks N LA 2%k T T4 43
T, RO F WAL B - P << 1),
WP B J5R % (6 SR 5 S 1 e A% B A FE 32 41 i
SO, AN 5 o AR K. BRI, AT AS TR
SN IS ERERAE T HEAER, S8 FRed
KA.

J5F 1%k REDM S50 Il &3k

H1 TEDM=5ECPRS Sk RN AR A il 58, 78 B 1 A1 70 1
2 HAE SR RN B REZL R 3. DN Ik, ZE0 & 4137
T AU RE SR AL, TR R > B AR 3
W T ITER. T B AR RGNS % B
e BE BN AR A S B =P B, ] % 10 0 A A 4k
5 I 16 T8 B8 DA 6 1 A 38 3 i/ 2k b 22 T A B AR H

1.3

982

TE U5, Kaoid (8] 4 [ JiE 1k 20 AR 2R 00 A A7 45 2 i 5
FIRA BIFO A R 4 b, DLER I 2R G e 2= IR 2%
M. X FNASRL 4 E AT R H
SR G R EZ IR T E TGS, bR E T )
PRowsqu = — =10 DUk, INAE R Y J5 7 55 7
N Z, H it s alnik 4, EDMI & R FE ik
. BeAh, B ) AT, A R HL 3 50 1 A AR E 1 1)
ZAF, B350 B K, EDMA K I 8 A% A Ecpy i
23, MEDM S 56 & 1) R B 8 .

B A S50 R AN Wik 20, Bk v e SR I B
R (¥ S B [N AN W A 4k, EDMS 56 I R B
ZAWRE . Hang THEHEFZE T PR
ZLEDM & [ 52 56 33 g 20-41~561 5§y, 75 B 3 v v
AT RO Hg #5700 45 th T 24 BT e v b FE PR P P A
FAEDMIll & 45 L0253 1% 2 i T-He G R 7L =il Nl
AR, SR P H R T HNE 2, [ 3% 5536 1)
PR R A T AR I [R] 7052531 SR s v v (1 34
JiR S8 R AR T 3 B RER A ERAL SAVE B (H RT
IR FHeMXe G R), H H BT B e it 34 & ket
B ] 7 S 58 o A H b 5 BE 1) 8 e 192931,

YEA R 1k, ATh AR AT S5 A B 3R B4 2 EDM. 4
Bl4fT R, B AT HUREVE R R 25 1 EDM I PR B9 b5 i
BEHPIMSEMNAE4NBEH U L. AR
HERS AL (T Y BE T 2 F A CPRl B IR, TR A8
JEF UL R E T TR E 2 R4 b B 5 o
EDM{E 5121, i i 3 — D32 S EDMSE SR K B, H



Wik

1012k (@) O neutron M '¥Xe
b ‘ 1‘)‘)Hg 0 171Yb
10k % ® PRa A TIF
i o A
o = - *
108 o N
= %OO oEO
n + +
ST e O' o 0o . RaOH*, RaOCH?,
5 ~_AcF, ThO ...
5 !
k] N\
10%F . %(&
102k \5&
109 "
PR AUHERR 4 ) ‘ ‘
1950 1960 1970 1980 1990 2000 2010 2020
£ KRB

B4 (MR )1 iR 57 R REDMSEER I S J2. 0 T8 6] R Gt AruE AL CPA BRI 45 H IEDMTI S A A A, Kb Bl vyl
gyt T H AT S B EDM _E IR ME (dy L) SRR R4S B IVEDM T S {8 (dsw) B LA P 254 R B SCHR[20,41~56]

Figure 4 (Color online) Experimental progress in EDM measurements of neutrons and diamagnetic atoms or molecules. For different systems, the
predicted values of EDM from CP violation mechanisms within the Standard Model differ. Therefore, the y-axis in the figure represents the ratio of the
current experimental upper limit of the EDM (dy1..) to the Standard Model prediction (dsym). The data are taken from the reference [20,41-56]
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Table 1 Candidate octupole-deformed nuclei for nuclear Schiff moment measurement experiments, along with their atomic number, spin, parity, half-
life, octupole deformation parameters, and predicted values of the nuclear Schiff moment

(%3 z - Ti2 Bs IS inee| (e fm*) IS 1ab| (Be fm’)
BTy 87 52 4.801 min 0.13 11 0.20
23gy 87 3/2- 22.00 min 0.18 19 0.60
25R, 88 12+ 14.82d 0.18 23 12
25Ac 89 3/2° 9.9190d 0.18 22 2.7

27T Ac 89 3/2° 21.772 a 0.037 5.1 0.19
29Th 90 5/2* 7916 a 0.115 - 2.0
229py 91 5/2* 1.55d 0.049 7.9 56
ZTNp 93 5/2*% 2.144 x 10° a 0.0054 1.1 0.0034

a) RPRFFE. Al T P

x2 BORIERMSE S FRIE TSR FAERER N R EY

W ANE TR A NUBASE2020 8048 7 B8, JE 112 \ MR AL 2 BU% i R A6 I BER TH BB SCRR [59,60]

Table 2 Sensitivity of some candidate radioactive molecules for detecting the nuclear Schiff moment

N o F ZERTRIN T8 E |Ws| (e/4Ttesa0*)

RaF Cor X231, 12 25560

RaO Co X', 0 45192
RaOH* Co X', 0 ~30000
RaOCH} Cs, X%, 0 56300

AcF Conr X's, 0 8400
ThE* Co XA, 1 45600

ThO Conr X!, 0 17085
ThOH* Con X!z, 0 ~30000

a) RIS RAE I EH SCHR[60,65~69,71]
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Figure 5 (Color online) Schematic diagram of the methods for producing radioactive molecules in the target and ion source (a) or in an RFQ ion trap

(b) at an ISOL radioactive beam facility
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Exploring CP violation in nucleus: new opportunities with
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The origin of the matter-antimatter asymmetry in the Universe remains an unsolved mystery in our understanding of the
world. According to the Sakharov conditions, the simultaneous violation of charge conjugation (C) and charge-parity (CP)
symmetry is indispensable. CP violation has been observed in the decays of mesons and baryons, and can be explained
by the CP violation mechanism (such as Cabibbo-Kobayashi-Maskawa matrix) within the Standard Model. However, the
extent of CP violation provided by the Standard Model is far from sufficient to account for the matter-antimatter asymmetry
in the present universe, revealing the existence of new CP violation mechanisms beyond the Standard Model. Thus, the

search for CP-violation mechanisms beyond the Standard Model is of significant scientific importance.

Exploring experimental signatures of CP violation in low-energy complex systems, such as permanent electric dipole
moment (EDM) in atoms, molecules and nuclei, offers complementary correlations with experimental searches at other
energy scales, collectively providing a stringent benchmark of Standard Model physics and constraining new physics
beyond the Standard Model. In recent years, radioactive molecules, which combine the structural advantages of polar
molecules and heavy octupole-deformed nuclei, have brought new opportunities for measuring the nuclear Schiff moment,
a sensitive probe for nuclear CP violation. Consequently, spectroscopic studies of radioactive molecules have emerged
as a brand new and widely-recognized research frontier, which has subsequently been included in the new long-range
plans for nuclear science in both the United States and Europe, sparking intense international competition. Research on
the production and spectroscopic measurement of radioactive molecules is also being extensively planned and deployed at
major radioactive nuclear beam facilities worldwide.

This paper briefly reviews recent progress in the spectroscopic study of radioactive molecules and summarizes ongoing
and planned research efforts in this field, both domestically and internationally, while also providing perspectives for future

developments.
radioactive molecules, CP violation, permanent electric dipole moment, laser spectroscopy for exotic nuclei
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