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Search for new sources of CP violation at low-energy scales

The sources of charge-parity
violation (CPV) within the SM
(the complex phase of the CKM
matrix in weak interactions and
the θ term in QCD) are not
sufficient to explain the observed
baryon asymmetry of the universe.
Hypothetical new sources of CPV
beyond standard model (BSM),
such as SUSY, multi-Higgs
models, 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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Search for atomic EDM: atoms in an external EM field
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Contributions to atomic EDMs
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Atomic EDM arising from nuclear Schiff moment
The measurements in several diamagnetic atoms are crucial for disentangling the
contributions from different effective operators.
The atomic EDMs have been calculated with different atomic many-body theories.

Different atomic theory calculations: differ by less than 20%
The valence Dirac-Fock+RPA/CI+MBPT calculations: V. A. Dzuba et al., PRA80, 032120 (2009)

dA(129Xe) = +0.38 × 10−17S(e fm3)−1(e cm),
dA(199Hg) = −2.1 × 10−17S(e fm3)−1(e cm),
dA(225Ra) = −8.8 × 10−17S(e fm3)−1(e cm).

The relativistic coupled-cluster calculations: Latha et al, PRL 115, 059902 (2015); B.K. Sahoo, B.P. Das,

PRL120, 203001 (2018);Y. Singh and B. K. Sahoo, PRA 92, 022502 (2015)

dA(129Xe) = +0.34 × 10−17S(e fm3)−1(e cm),
dA(199Hg) = −1.77 × 10−17S(e fm3)−1(e cm),
dA(225Ra) = −6.79 × 10−17S(e fm3)−1(e cm).
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Nuclear Schiff moments induced from P,T-odd nuclear forces

The standard Nπ coupling vertex is

L(int) = igπNNN̄γ5N τ⃗ · π⃗, gπNN = mNgA/fπ ≃ 12.9

The PT-odd Nπ coupling vertex: iso-scalar, iso-vector and iso-tensor

L(int)
PT = ḡ (0)

πNNN̄N τ⃗ · π⃗ + ḡ (1)
πNNN̄Nπz + ḡ (2)

πNNN̄N(3τzπz − τ⃗ · π⃗)

J. Engel, M. J. Ramsey-Musolf, and U. van Kolck, PPNP71, 21 (2013)
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Nuclear Schiff moments and nuclear structure factors

The Schiff moment can be written in terms of nuclear structure factors aα,
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Accurate knowledge of nuclear Schiff moment is essential to connect experimental
signatures (EDM) with the potential new physics (LECs of PT-odd nuclear forces).
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Status of studies on nuclear Schiff moments

E.F. Zhou, JMY, IJMPE (2024)
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The framework of MR-CDFT: relativistic EDF
The covariant density functional theory (CDFT)
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The framework of MR-CDFT: symmetry restoration

Symmetry-breaking and restoration methods

JMYao 11 / 33



The MR-CDFT for high-order deformed nuclei
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For odd-mass nuclei with quadrupole-octupole correlations
Wave function for nuclear low-lying states

|JMKπ, α⟩ =
∑

q
f JKπ
α (q) |NZJKπ; q⟩ , |NZJKπ; q⟩ = P̂J

MK P̂N P̂Z P̂π
∣∣∣Φ(OA)

k

〉
Mean-field wave configurations:

E [Φ] = ⟨Φ(q)| Ĥ −
∑

τ=n,p
λτ N̂τ |Φ(q)⟩

+1
2

∑
λ=1,2,3

Cλ

(
⟨Φ(q)| Q̂λ0 |Φ(q)⟩ − qλ0

)2

For odd-mass nuclei,∣∣∣Φ(OA)
κ (q)

〉
= α†

κ

∣∣∣Φ(κ)(β2, β3)
〉

.

E. F. Zhou, X. Y. Wu, JMY, PRC109, 034305(2024)

JMY, E.F. Zhou, Z.P. Li, PRC92, 041304(R) (2015)
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Energy spectrum and energy surfaces of 129Xe

The ground state dominated by the weakly deformed configuration with
(β20, β30) = (−0.08, 0.08).
The excitation energy of the 1/2−

1 is predicted around 3.2 MeV.
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Electromagnetic properties of 129Xe
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Energy spectrum and energy surfaces of 199Hg

The ground state dominated by the weakly deformed configuration with
(β20, β30) = (−0.05, 0.04).
The first excited state 1/2+ is predicted around 1.6 MeV.
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Electromagnetic properties of 199Hg
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Energy spectrum and energy surfaces of 225Ra

The ground state 1/2+
1 is strongly octupole deformed.

The first 1/2− state is predicted around 0.069 MeV, compared to data 0.055 MeV.
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Electromagnetic properties of 225Ra

JMYao 19 / 33



The matrix element of PT-odd nuclear forces
We compute the two-body matrix element of the PT-violating NN interaction in the
relativistic framework directly,

⟨jl | VPT |ik⟩ =
2∑

α=0
⟨jl |V (α)

PT |ik⟩

= (4π)2igπNN

2∑
α=0

ḡ (α)
πNN

∑
LM

∫ q2dq
(2π)3

1
q2 + m2

π

⟨jl |V (α)
PT (q)|ik⟩

+exch. terms

where

⟨jl |V (0)
PT (q)|ik⟩ = ⟨j |γ0γ5τ⃗ jL(qr1)YLM (̂r1)|i⟩⟨l |γ0τ⃗ jL(qr2)Y ∗

LM (̂r2)|k⟩

⟨jl |V (1)
PT (q)|ik⟩ = ⟨j |γ0γ5τz jL(qr1)YLM (̂r1)|i⟩⟨l |γ0jL(qr2)Y ∗

LM (̂r2)|k⟩

⟨jl |V (2)
PT (q)|ik⟩ = 3⟨j |γ0γ5τz jL(qr1)YLM (̂r1)|i⟩⟨l |γ0τz jL(qr2)Y ∗
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−⟨j |γ0γ5τ⃗ jL(qr1)YLM (̂r1)|i⟩⟨l |γ0τ⃗ jL(qr2)Y ∗

LM (̂r2)|k⟩
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Matrix elements of Schiff operators and P,T-odd nuclear forces

JMYao 21 / 33



Nuclear Schiff moments and E1 transition strengths
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BMF correlations and comparison of NSMs

The inclusion of parity and
particle-number projection (PP+PNP)
does not change significantly aα for the
three nuclei.
The additional angular-momentum
projection (AMP) modifies the values
(a0, a1, a2) of 129Xe and 199Hg by
(25%, 21%, 21%) and (368%, 734%,
1228%), respectively.
For the well-deformed 225Ra, the effect
of AMP is minor. However, the
shape-mixing effect reduces the aα by
(71%, 58%, 55%), respectively.
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Constraints on the PT-odd πNN coupling
Table: The final values for the nuclear structure factors aα (e fm3) by the MR-CDFT
calculation with the extrapolation of Nsh → ∞.

Nuclei a0 a1 a2 d [10−26e fm] S[10−10e fm3]
129Xe −0.0052 +0.0134 −0.0097 < 0.14 Sachdeva:2019PRL < 3.7
199Hg +0.0075 −0.0136 +0.0169 < 7.4 × 10−4 Graner:2016PRL < 3.5 × 10−3
225Ra +0.15 −1.9 +1.3 < 1.4 × 103 Bishof:2016PRC < 1.59 × 103

The ratios aα(225Ra)/aα(199Hg) are 20, 140, and 77, respectively, significantly smaller
than the previous estimation based on different nuclear models for different nuclei.

The constraints are derived through a Monte Carlo
analysis with 109 random samples at the 95%
confidence level.
Incorporating BMF correlations and intermediate-state
contributions to the Schiff moments can change the
constraints on |ḡ (α)

πNN | by a factor of 2–4.
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Summary

Nuclear Schiff Moments (NSMs): Essential for interpreting experiments that
search for CP- (or T-) violating EDMs in certain atoms and molecules.
Existing calculations of NSMs: discrepancies among different nuclear models
are significant, even with different signs.
This work: We have presented the first beyond relativistic mean-field study of
NSMs in 129Xe, 199Hg and 225Ra using the MR-CDFT. This study can in principle
be applied to nuclear Schiff moments of any interesting odd-mass nuclei.
Our findings: A strong correlation between the contributions of nuclear
intermediate states to the Schiff moment and the E1 transition from these
states and the ground state, suggesting that measurements of these transitions
can help constrain nuclear model predictions of NSMs. Beyond-mean-field
effects, together with intermediate-state contributions, can either enhance or
suppress the structure factors by 50% to 400%, and modify the allowed ranges
of the LECs of P,T-odd nuclear forces by a factor up to 4.
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Preliminary results on 171Yb
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Preliminary results on 171Yb
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Preliminary results on 171Yb
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Preliminary results on 171Yb

Table: The structure factors aα (e fm3) in the nuclear Schiff moments of 171Yb from the CDFT
calculation at various levels of approximation.

a0(10−3) a1(10−3) a2(10−3)
RMF −1.4 4.3 −9.2

171Yb(PC-PK1) AMP+PP+PNP −4.8 10.2 −25.1
PGCM(1) 0.12 −0.38 −0.54
PGCM(all) −5.3 12.6 −16.8

The valence Dirac-Fock+RPA/CI+MBPT calculations: V. A. Dzuba et al., PRA80, 032120 (2009)

dA(171Yb) = −2.1 × 10−17S(e fm3)−1(e cm)
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A most recent study on nuclear Schiff moments
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The theta term of QCD

Within the SM, the CP Violation from the topological θ term of QCD Lagrangian

Lθ = θ̄g2
s

32π2 Ga
µνG̃µνa

where Ga
µν is the gluon field strength tensor, G̃µνa = ϵµναβGa

αβ/2 is its dual, and θ̄

is the CP-violating parameter QCD.
This term introduces an asymmetry in the quark electric charge distribution inside
the neutron, and thus induces a nonzero neutron EDM (dn) through quark-gluon
interactions, which would break ime-reversal (T) symmetry.
The strong CP problema rises because experimental constraints (from neutron
EDM searches) suggest θ̄ < 10−10, which is unnaturally small, leading to the
hypothesis of axions as a possible solution.
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The neutron EDM and strong CP problem
The neutron EDM induced by the theta term of QCD is estimated as:

dn = e
mp

gπNN ḡ (0)
πNN

4π2 ln(mρ/mπ) ≈ 10−16θ̄ e · cm

The neutron EDM induced by the CKM C. Y. Seng, Phys. Rev. C 91, 025502 (2015)

dn = (1 − 6) × 10−32e · cm

Current experimental upper limit:
|dn| < 1.8 × 10−26e · cm = 1.8 × 10−13e · fm

This means θ̄ ≲ 10−10, unexpectedly small if CP violation were naturally large in
QCD.
The LEC ḡ (0)

πNN originated from the θ term

ḡ (0)
πNN ≃ −0.027θ

I. B. Khriplovich, S. K. Lamoreaux, CP violation without strangeness: Electric dipole moments of particles, atoms, and molecules, Springer-Verlag

Berlin Heidelberg 1997
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