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Outline

• CP violation beyond the SM and the strong CP phase

• How QCD axion affects the ratios of nuclear/atomic 
EDMs

• Predicted patterns of nuclear/atomic EDMs
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CP violation in the SM and BSM

SM BSM
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Experimental status

→	𝑑! < 4.1×10"#$	𝑒 cm

→	𝑑% < 2.0×10"&'	𝑒 cm

Degenkolb, Elmer, Modak, Mühlleitner, Plehn ‘24

• Up to now, all EDM measurements are consistent with 0:  There are only 
upper limits for EDMs.

• EDMs of charged particles such as electron and proton are currently only 
indirectly measured from atomic or molecular EDMs.
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Experimental limits (2026) 𝑑! < 2.2	×	10"#$	𝑒 cm
𝑑% < 2.0	×	10"#&	𝑒 cm
𝑑' < 4.1×10"()	𝑒 cm

SM predictions 𝑑!	~	𝑑% ∼ (10"(#sin	𝛿*+ + 10",$𝜃̅) 𝑒 cm
𝑑' ∼ (10"--sin	𝛿*+ + 10"#.𝜃̅) 𝑒 cm

𝛿!" = 65.7◦ ± 1.5◦ (PDG 2025)

𝜃̅ ≲ 10",)	 (strong CP problem)

• EDMs from 𝛿!" are very small.
• If 𝜃̅ happens to be near 10#$%, a non-zero nuclear EDM will show up 

in near-future experiments.
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BSM predictions

Typically Λ&'" ≲ 𝑂(100) TeV can give rise to sizable EDMs close to the current 
experimental limits.

𝑑 ∼ ,
/()*
+ 	× sin 𝛿01+× (Loop factors, Gauge/Yukawa couplings, …) 

Λ,-. :  BSM particle mass scale

𝛿,-. ∶  BSM CP phase

Multi-TeV scale new physics (SUSY,  WIMP DM,  Electroweak baryogenesis, …) 
can be probed by EDMs. 
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After EWSB and integrating 
out heavy SM fields

Quark Chromo-EDMs (CEDMs)

Quark EDMs 4-Fermi operators

Around QCD scale ~ 1 GeV 

Gluon Chromo-EDM
(Weinberg operator)

Electron EDM

5 classes of BSM CPV operators around QCD scale
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BSM example :
MSSM with a universal SUSY particle mass

Quark CEDMs domination

!𝑑/	𝑔0	 %𝑞𝜎12𝑖	𝛾3𝐺12𝑞
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BSM example:  Split supersymmetry

𝑍,

Quark and Electron EDMs

Giudice and Romanino ‘05

J Wells ’03
N Arkani-Hamed and S Dimopoulos ’04

Giudice and Romanino ‘04

𝑑/	 %𝑞𝜎12𝑖𝛾3𝐹12𝑞 + 𝑑6	𝑒̅𝜎12𝑖𝛾3𝐹12𝑒
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BSM example :
2 Higgs-doublet models

Quark CEDMs Gluon CEDM 
(Weinberg operator)

S. Weinberg ’89,   Gunion, Wyler ’90 
Chang, Keung, Yuan ’90,  Jung, Pich ‘14

!𝑑/	𝑔0	 %𝑞𝜎12𝑖	𝛾3𝐺12𝑞 𝑤	𝑓789𝐺7𝐺8 1𝐺9 J
H
E
P
0
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(a) (b) (c)

Figure 2. Classes of diagrams contributing to EDMs. (a) Contribution to the coefficient of the
Weinberg operator. (b) Expample of a Barr-Zee diagram, contributing to all (C)EDMs. (c) Generic
four-fermion contribution.

4.2 Charged Higgs contributions in 2HDMs

The Lagrangian for charged Higgs exchange can for vanishing neutrino masses be

parametrized as

LH±
Y =−

√
2

v
H+

{
ū
[
V ςdMdPR − ςuM

†
uV PL

]
d + ν̄ςlMlPRl

}
+ h.c. , (4.1)

where V is the CKM mixing matrix and the form reflects the fact that we will be mostly

concerned with the A2HDM, where ςu,d,l are complex numbers of O(1); for a general

2HDM, they are arbitrary matrices and the dependences on the quark mass matrices are

artificial, i.e. just a possible normalization. Note that we consider the latter form simply as

a phenomenological parametrization. For the contributions calculated explicitly below, this

implies only the generalization of the factors ςu,d,l. However, when these elements are indeed

arbitrary, other contributions are possibly dominant, since especially the suppression for

the one-loop contributions to (C)EDMs explained above can be spoiled. If the scaling does

approximately hold, the bounds obtained below are valid for the corresponding generalized

couplings.

4.3 Neutral Higgs contributions in 2HDMs

The flavour-diagonal Higgs couplings are parametrized analogously as

Lϕ0
i

Y =−1

v

∑

ϕ,f

ϕ0
i f̄ y

ϕ0
i

f MfPRf + h.c. , (4.2)

with the fields ϕ0
i = {h,H,A} denoting the neutral scalar mass eigenstates. Introducing

the notation F (f) for the species of a fermion, e.g. F (u) = F (c) = F (t) = u, we write the

fermion couplings to neutral scalars as

y
ϕ0
i

f = Ri1 + (Ri2 + iRi3)
(
ςF (f)

)
ff

for F (f) = d, l , and (4.3)

y
ϕ0
i

f = Ri1 + (Ri2 − iRi3)
(
ς∗F (f)

)

ff
for F (f) = u , (4.4)

– 19 –

𝑑6	𝑒̅𝜎12𝑖𝛾3𝐹12𝑒

Electron EDM
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Potentially dominant sources for the EDMs

SM BSM

Key question: If non-zero nuclear or atomic EDMs are observed in the future, 
can we experimentally determine the origin of the EDMs among those 

operators? How does QCD axion affect the EDM signals?

A specific BSM scenario can be characterized by typically one or two 
dominant operators among them.



12

Hadronic BSM CPV and strong CP phase

𝑚/

Λ:;<= 𝑔0	 %𝑞𝜎12𝐺12𝑖𝛾3𝑞

For example, let’s consider a quark CEDM.

𝑚/𝛿𝜃	%𝑞𝑖𝛾3𝑞 𝛿𝜃 ∼
𝛼0
4𝜋

>𝑑/ =
𝑚/

Λ,-.&

𝑔0

Hadronic BSM CPV spoils UV solution (like Nelson-Barr) to the 
strong CP problem by radiatively generating a large 𝜃̅.

J. de Vries, P. Draper, K. Fuyuto, J. Kozaczuk, D. Sutherland  ’18
J. de Vries, P. Draper, K. Fuyuto, J. Kozaczuk, B. Lillard  ’21
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Hadronic BSM CPV requires an IR solution to the strong CP problem.

Non-dynamical 𝜃̅
• Simply fine-tuned 𝜃̅	
• Unknown IR mechanism to suppress 𝜃̅	?

vs
Dynamical 𝜃̅ 
(QCD axion)
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Hadronic BSM CPV with QCD axion

𝜃̅ = (
)!
≃ *

+!
")!"

∫ 𝑑,𝑥 𝐺 7𝐺 𝑥 𝑂&'" 0 (-%  +

𝑂,-. =
𝑚/

Λ,-.& 𝑔0 C𝑞𝜎12𝐺12𝑖𝛾'𝑞, …

Other	explicit	PQ	breakings	
(quantum	gravity,	etc)

𝜃̅&'"

𝜃̅&'" ∼ 4𝜋 . 𝑓/0

Λ&'"0 ~10#$% 4𝜋 . 10	TeV
Λ&'"

0

𝑛 = 2 (qCEDM),	1 (gCEDM),	…

The size of 𝜃̅ has a lower bound set by BSM CPV.

𝜃̅&'" ≤ 𝜃̅ < 10#$%
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Hadronic BSM CPV without QCD axion

The size of 𝜃̅ is independent of BSM CPV.  

Given large radiative correction to 𝜃̅ from hadronic BSM CPV,  how to 
solve the strong CP problem without QCD axion?

I. Simply fine-tuned 𝜃̅	
II. Unknown IR mechanism to suppress 𝜃̅?	

No lower bound on 𝜃̅ set by BSM CPV
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𝑑! and 𝑑" from hadronic CPV sources

𝑑h	~	𝑑i	~
𝑒𝑚∗

Λk=
	 𝜃̅ +

𝑒Λk
4𝜋

𝑤 + 𝑒	 !𝑑/ + 𝑑/

Naïve dimensional analysis (NDA)

Λ1 = 4𝜋𝑓/

𝑚∗ ≃
𝑚3𝑚4
𝑚3 +𝑚4

≃ 0.4×10lmn 𝑒	cm 	𝜃̅ + 92	MeV	𝑒	𝑤 + 𝑒	 !𝑑/ + 𝑑/

e.g.  S.  Weinberg ‘89

at 𝜇 = 225 MeV 

In this analysis, we do not include CPV 4-quark operators, which 
are typically small, unless we consider LR symmetric models.
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QCD sum rules 
Pospelov, Ritz ‘99 Hisano, Lee, Nagata, Shimizu ’12
Yamanaka, Hiyama ‘20

Non-perturbative quantity = ∑!𝐶!	⟨𝑂!⟩
Wilson coefficient 

(short-distance interactions)
Quark and Gluon condensates 
(long-distance interactions)

< 𝑂(10%)

• Agree with NDA up to 𝑂(1) factor.
• The major theoretical uncertainty is from the overall normalization 𝜅 

which is uncertain by unknown matrix elements of nucleon’s excited 

states:  the EDM ratio 𝑑5/𝑑. is free from this uncertainty.
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QCD sum rules 
Pospelov, Ritz ‘99 Hisano, Lee, Nagata, Shimizu ’12
Yamanaka, Hiyama ‘20

If QCD axion exists,  𝜃̅ is correlated with BSM CPV parameters.

The semi-leptonic four-fermion interaction can be important in some motivated BSM sce-

narios such as the minimal supersymmetric standard model (MSSM) or the type-II 2 Higgs-

doublet model (2HDM) with a large tan� [1]. On the other hand, we do not include

CP-violating four-quark operators which are typically negligible compared with the above

contributions in the MSSM or 2HDMs [2? ].

We will assume that the strange quark contributions for the quark CEDM and the

quark EDM are related to the down quark contributions as

d̃s =
ms

md
d̃d, ds =

ms

md
dd. (2.4)

Then we have 8 potentially important UV CPV parameters originated from the SM and

some BSM scenarios:

X
UV
i 2

n
✓̄, w, d̃u, d̃d, du, dd, de, Im(C`eqd)

o
. (2.5)

In the case that the strong CP problem is solved by the PQ mechanism, the hadronic

CPV parameters w, d̃u, d̃d give rise to a linear potential to the QCD axion, shifting its

VEV from the CP-conserving value. Therefore one has to replace ✓̄ by the dynamically

determined quantity ✓̄PQ.

✓̄PQ ⌘
hai

fa
= ✓̄UV + ✓̄BSM, (2.6)

✓̄BSM =
m

2
0

2

X

q=u,d,s

d̃q

mq
+O(4⇡f2

⇡w). (2.7)

✓̄ = ✓̄QG +
gs

2

hq̄G
µ⌫
�µ⌫qi

hq̄qi

X

q=u,d,s

d̃q

mq
+O(4⇡f2

⇡w) (2.8)

* Discussion on RG mixing

3 CP-violating observables at IR

Below the QCD scale the UV CPV operators give rise to CPV operators at nuclear level.

At leading order they are1

Ldipole = �
i

2
N̄

✓
dp

1 + ⌧3

2
+ dn

1� ⌧3

2

◆
�
µ⌫
Fµ⌫�5N �

i

2
de ē�

µ⌫
Fµ⌫�5e, (3.1)

L⇡N = ḡ0N̄~⌧ · ~⇡N + ḡ1⇡3N̄N, (3.2)

L4N = C1N̄NDµ(N
†
S
µ
N) + C2N̄~⌧N ·Dµ(N

†
~⌧S

µ
N), (3.3)

LeN = �
GF
p
2
(ēi�5e)N̄(C(0)

S + C
(1)
S ⌧3)N, (3.4)

1In principle, the three-pion operator �⇡⇡
0⇡+⇡� can be considered also. In our previous analysis [3],

however, we found that its contribution to nuclear and atomic EDMs is generally negligible. Thus in this

analysis we will not include it. Also we do not include nuclear spin-dependent interactions ē�µ⌫eN̄Sµv⌫N

and ēe@µN̄SµN , since they are typically negligible compared with the nuclear spin-independent interaction

ēi�5eN̄N .

– 2 –

 dp(✓̄, d̃q, dq) = (u $ d ) (3.12)

 d
PQ
p (✓̄QG, d̃q, dq) = (u $ d ) (3.13)

Here m⇤ ⌘ (
P

q=u,d,sm
�1
q )�1

' mumd/(mu + md), and eq denotes the electromagnetic

(EM) charge of the quark q. The expressions have various susceptibilities of quark conden-

sates defined as [5]:

hq̄�µ⌫qi = eq�Fµ⌫hq̄qi, gshq̄Gµ⌫qi = eqFµ⌫hq̄qi,

gshq̄G
µ⌫
�µ⌫qi = m

2
0hq̄qi, 2gshq̄�5G̃µ⌫qi = ieq⇠Fµ⌫hq̄qi,

(3.14)

whose values are given as2

� = �5.7(6)GeV�2
, m

2
0 = 0.8(1)GeV2

,

 = �0.34(10), ⇠ = �0.74(20).
(3.15)

 d
PQ
n (✓̄QG, d̃q, dq) =

hq̄�µ⌫qi

eqFµ⌫
m⇤(4ed � eu)✓̄QG + (4dd � du)

+
gs

4

 
hq̄Gµ⌫qi

eqFµ⌫
�

hq̄i�5G̃µ⌫qi

eqFµ⌫
+ 2

hq̄�µ⌫qi

eqFµ⌫

hq̄G
µ⌫
�µ⌫qi

hq̄qi

!
(4edd̃d � eud̃u)

(3.16)

For the overall factor cN in Eq. (3.9), c0 = exp(2)/32⇡2 = 0.0234, mN is the nucleon

mass, hq̄qi = �(0.225GeV)3 is the quark condensate, �N = �0.0436(47)(84)GeV3 is the

coupling between the physical nucleon state and the corresponding interpolating field in

the QCD sum rules approach. These values for c0, hq̄qi, and �N were used in [7], and we

obtain cN = 0.12(5) from them. However, cN is subject to large theoretical uncertainty

due to the choice of the Borel mass and the coupling �N . Therefore, we may use the value

of cN which matches the lattice results for quark EDMs as in [11].

The quark EDM contributions to the nucleon EDM have been rather precisely deter-

mined by lattice computations [13, 14].

dp(dq) = g
u
Tdd + g

d
Tdu + g

s
Tds,

dn(dq) = g
u
Tdu + g

d
Tdd + g

s
Tds,

(3.17)

where the tensor charges are

g
u
T = �0.2075(75), g

d
T = 0.729(22), g

s
T = �0.00268(58) (3.18)

at the matching scale µ = 2 GeV using the results of Ref. [14]. In order to use them

to determine cN in Eq. (3.8), we have to renormalize the tensor charges at µ = 1

2In Ref. [11], they use di↵erent values for � using a recent lattice simulation, which are smaller than the

previous estimate by a factor of ⇠ 3. However, as they mentioned also, there are arguments suggesting that

the product of m2
0 and � is fixed as m2

0� ' 6 [12], supporting the original estimate. It requires clarification

by further lattice computations, and here we take the original estimate for �.
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The nucleon EDMs from quark CEDMs significantly change by the 
presence of QCD axion.
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Isospin symmetry

u-quark	(Chromo)EDM

u u dd

d-quark	(Chromo)EDM

Invariant

Invariant

Breaking	unless	
u-quark	(C)EDM	=	
d-quark	(C)EDM
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Since 𝑄6" is approximately an isovector, isospin-conserving CPV parameters 
contribute to 𝑑$ more than 𝑑% so that 𝑑5 ≈ −𝑑.. 
   

𝑑t ∼ 𝑄u<	×	𝛿vw

𝑑t =
𝑑i 0
0 𝑑h

= 𝑑x
1 0
0 1 +	𝑑m

1 0
0 −1

isoscalar isovector

𝑄u< = 2/3 0
0 −1/3 =

1
6

1 0
0 1 +

1
2

1 0
0 −1
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• The isospin-conserving operators (𝜃̅ and gluon CEDM) predict 𝑑%/𝑑3 near −1, 
while the isospin-breaking operators (quark (C)EDMs) predict different values.

• The presence of QCD axion affects the ratio, if quark CEDM is the dominant 
source of nucleon EDMs. In the other cases, QCD axion does not make difference.

The prediction on the ratio 𝑑J/𝑑K from QCD sum rules
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EDMs of light nuclei and diamagnetic atoms

Polarization of nucleus
à  Atomic electric dipole moment

12

PQ mechanism

Hadronic CP violation: from QCD to hadron level

Nucleon EDM

N N

γ

P, CP-odd π-N interaction

N N

π

P, CP-odd contact 
N-N interaction

N

NN

N

Nucleon EDM

N N

γ

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

RGE

QCD calculations

Chiral 
EFT

To nuclear and atomic 
 level calculations

CP-odd nuclear force

TeV scale CPV QCDGeV scale CPV QCDCPV hadron EFTNuclear level  
inputs

+ Processes 
 with W, Z, H

N

NN

N 27

RG mixing among CPV operators
PQ mechanism

Hadronic CP violation: from QCD to hadron level

Nucleon EDM

N N

γ

P, CP-odd π-N interaction

N N

π

P, CP-odd contact 
N-N interaction

N

NN

N

Nucleon EDM

N N

γ

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

RGE

QCD calculations

Chiral 
EFT

To nuclear and atomic 
 level calculations

CP-odd nuclear force

TeV scale CPV QCDGeV scale CPV QCDCPV hadron EFTNuclear level  
inputs

+ Processes 
 with W, Z, H

N

NN

N

PQ mechanism

Hadronic CP violation: from QCD to hadron level

Nucleon EDM

N N

γ

P, CP-odd π-N interaction

N N

π

P, CP-odd contact 
N-N interaction

N

NN

N

Nucleon EDM

N N

γ

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

RGE

QCD calculations

Chiral 
EFT

To nuclear and atomic 
 level calculations

CP-odd nuclear force

TeV scale CPV QCDGeV scale CPV QCDCPV hadron EFTNuclear level  
inputs

+ Processes 
 with W, Z, H

N

NN

N

(Adapted from NodokaYamanaka’s slide)

Above TeV QCD scale (~ 1 GeV)

RGE
(leading log approximation)

QCD 7

PQ mechanism

Hadronic CP violation: from QCD to hadron level

Nucleon EDM

N N

γ

P, CP-odd π-N interaction

N N

π

P, CP-odd contact 
N-N interaction

N

NN

N

Nucleon EDM

N N

γ

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

quark EDM

quark chromo-EDM

P, CP-odd 4-quark  
interaction

q

q

q

q

g

qq

γ

qq

θ-term

g g

g g

g

Weinberg operator

RGE

QCD calculations

Chiral 
EFT

To nuclear and atomic 
 level calculations

CP-odd nuclear force

TeV scale CPV QCDGeV scale CPV QCDCPV hadron EFTNuclear level  
inputs

+ Processes 
 with W, Z, H

N

NN

N 27

RG mixing among CPV operators
PQ mechanism
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Aids from CP-odd nuclear force
EDM/Schiff moment require CP mixing to have finite expectation value

Nuclear CP-odd moments from CP-odd nuclear force

CP-odd nuclear force mixes opposite parity states

s-wave p-wave

+

-

+
-

polarized system

+ =

Parity mixing ⇒ Polarized ground state!

H = Hrealistic

HrealisticHPT

HPT
P, CP-odd 

nuclear force

P, CP-even 
realistic nuclear force 

(known)

Total hamiltonian:

CP mixing is generated by CP-odd nuclear force, mainly via pion-exchange

⇒ θ-term, cEDM, 4-quark interactions are also constrained by atomic EDMs

N

NN

N

π

Nuclear EDM/Schiff moment from nucleon level CP violation

Two leading contributions:

1) Nucleon’s intrinsic EDM:

2) Polarization of the nucleus:

+

-

Contribution from the nucleon EDM 

Contribution from the P, CP-odd nuclear force 

⇒ Spin expectation value (CP-even)

⇒ EDM generated by the CP-even ⇄ CP-odd mixing

p
n

p

May be enhanced by many-body effect!

D(Nedm) =
1

2

AX

i=1

h | [(dp + dn) + (dp � dn)⌧
z
i ]�

z
i | i

D(pol) =
e

2

AX

i=1

h | (1 + ⌧zi )zi | ̃i+ (c.c.)

Polarization of nucleus
à  Atomic electric dipole moment

and electron-gluon interactions. These operators are
induced in the leptoquark model, cf. Eqs. (10) and (12).
They further induce CP-odd electron-nucleon interactions

that, in turn, induce atomic and molecular EDMs. The
CP-violating electron-nucleon interactions take the
form [43]

L ¼ −
GFffiffiffi
2

p
"
ēiγ5eN̄ðCð0Þ

S þ τ3C
ð1Þ
S ÞN þ ēe

∂μ

mN
½N̄ðCð0Þ

P þ τ3C
ð1Þ
P ÞSμN&

− 4ēσμνeN̄ðCð0Þ
T þ τ3C

ð1Þ
T ÞvμSνN

#
þ…; ð39Þ

where N ¼ ðpnÞT is the nonrelativistic nucleon doublet with mass mN , velocity vμ, and the spin Sμ [vμ ¼ ð1; 0Þ and
Sμ ¼ ð0; σ=2Þ in the nucleon rest frame]. The matching coefficients are given by

Cð0Þ
S ¼ v2

$
σπN

mu þmd
ImCð1Þeeuu

lequ þ 16π
9

ðmN − σπN − σsÞCeG

%
;

Cð1Þ
S ¼ v2

1

2

δmN

md −mu
ImCð1Þeeuu

lequ ;

Cð0Þ
P ¼ −8πv2ðΔu þ ΔdÞmNCeG̃; Cð1Þ

P ¼ v2
gAmN

mu þmd
ImCð1Þeeuu

lequ − 8πv2gAmN
md −mu

mu þmd
CeG̃;

Cð0Þ
T ¼ v2ðgdT þ guTÞImCð3Þeeuu

lequ ; Cð1Þ
T ¼ v2ðgdT − guTÞImCð3Þeeuu

lequ : ð40Þ

in terms of the hadronic matrix elements [62–65]

σπN ¼ ð59.1' 3.5Þ MeV; σs ¼ ð41.1þ11.3
−10.0Þ MeV; δmN ¼ ð2.32' 0.17Þ MeV;

gA ¼ 1.27' 0.002; Δu ¼ 0.842' 0.012; Δd ¼ −0.427' 0.013: ð41Þ

Hadronic operators.—More complicated are the purely
hadronic operators such as the quark (chromo-)EDMs and
four-quark operators. We begin with the analysis of quark
EDMs, which are induced in the LQ scenario as well as the
MSSM. Due to the explicit appearance of the electromag-
netic field strength, quark EDMs mainly induce hadronic
operators that contain explicit photons as well (operators
without photons are suppressed by αem=π). The most
important operators are the nucleon EDMs, related to the
quark EDMs by

dnðdqÞ ¼ guTdu þ gdTdd;

dpðdqÞ ¼ guTdd þ gdTdu; ð42Þ

where guT ¼ −0.213' 0.011 and gdT ¼ 0.820' 0.029.
These so-called tensor charges are obtained from lattice-
QCD calculations [66] and have very small theoretical
uncertainties.
The quark chromo-EDMs also contribute to nucleon

EDMs, but there are no lattice-QCD calculations available
at present. The neutron EDM was evaluated using QCD
sum rules [67,68] giving

dnðd̃qÞ ¼ g̃nð4Qdd̃d −Qud̃uÞ; ð43Þ

where g̃n ¼ ð1' 0.5Þ0.55e=Qu. We express the proton
EDM through a quark model relation

dpðd̃qÞ ¼ c̃pg̃nð−4Qdd̃u þQud̃dÞ; ð44Þ

so that dp and dn depend on the same QCD matrix element
g̃n. We use c̃p ¼ 1' 0.2 to account for possible isospin
breaking. These relations are valid only under a Peccei-
Quinn mechanism, that is the expressions take into account
the contribution from the induced θ̄ term.
In addition to nucleon EDMs, the quark chromo-EDMs

also induce CP-violating pion-nucleon interactions. The
most important operators are given by

L ¼ ḡ0N̄τ · πN þ ḡ1N̄π3N ð45Þ

in terms of the pion triplet π⃗. These couplings were
evaluated with QCD sum rules as well but come with
rather large uncertainties [69]. Chiral perturbation theory
can be used to obtain some further insight in these matrix
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Isospin-singlet Isospin-breaking

CP-odd nuclear forces are dominated 
by CPV pion-nucleon couplings.

P and CP-odd nuclear forces

The permanent EDM of a diamagnetic atom or a nucleus is mainly from 
polarization of the nucleus due to P and CP-odd nuclear forces as well 
as n and p EDMs.

In diamagnetic atoms, all electrons are paired.

𝑔̅# 4𝑁	𝜏 ⋅ 𝜋	𝑁
+𝑔̅$𝜋% 4𝑁𝑁

𝐶$ 4𝑁𝑁	𝐷& 𝑁'𝑆&𝑁
+𝐶( 4𝑁𝜏𝑁 ⋅ 𝐷&(𝑁'𝜏	𝑆&𝑁)

𝑑7 = 𝑑7(𝑑., 𝑑5, 𝑔̅%, 𝑔̅$, 𝐶$, 𝐶0)
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In principle, the EDM measurements of those polar molecules or paramagnetic atoms

may be able to determine de, C
(0)
S , and C(1)

S . However, the ratio r = (Z�N)/(Z+N) ' 0.2

in CS = C(0)
S + rC(1)

S is almost the same regardless of atoms or molecules with variations

up to ±0.03. Thus it turns out that we cannot experimentally determine C(0)
S and C(1)

S

separately given the theoretical uncertainties in the coe�cients in Eqs. (3.2-3.5) but only

the combination CS which is almost independent of the systems. Therefore only two

paramagnetic molecular EDMs are enough to determine de and CS .

3.2 Light nuclei and diamagnetic atoms

Light nuclei

dp, dn (3.9)

dD = 0.94(1)(dn + dp) + 0.18(2)ḡ1 e fm (3.10)

dHe = 0.9dn � 0.03(1)dp +
h
0.11(1)ḡ0 + 0.14(2)ḡ1� (0.04(2)C1 � 0.09(2)C2) fm

�3
i
e fm

(3.11)

Diamagnetic atoms

dHg = �2.1(5)⇥ 10�4
⇥
1.9(1)dn + 0.20(6)dp +

�
0.13+0.5

�0.07 ḡ0 + 0.25+0.89
�0.63 ḡ1

�
e fm

⇤

�0.012(12)de +
⇥
�0.028(6)CS + 6⇥ 10�3CP + 1.7CT

⇤
⇥ 10�7e fm (3.12)

dRa = 7.7⇥ 10�4
⇥
(2.5± 7.5)ḡ0 � (65± 40)ḡ1�(1.1(3.3)C1 � 3.2(2.1)C2) fm

�3
⇤
e fm,

�0.054(2)de +
⇥
0.029CS � 6.4⇥ 10�3CP � 1.8CT

⇤
⇥ 10�6e fm (3.13)

dXe = 1.3⇥ 10�5dn � [1.6ḡ0 + 1.7ḡ1]⇥ 10�5 e fm

�1.2(4)⇥ 10�3de +
⇥
�0.006CS + 1.6⇥ 10�3CP + 0.57CT

⇤
⇥ 10�7e fm (3.14)

4 Disentangling the UV sources with EDM measurements

4.1 de and CS

Let us choose HfF+ and ThO to determine de and CS , since EDMs of these molecules are

most accurately measured among paramagnetic systems up to now. Eq. (3.2) and Eq.

(3.3) can be written as

 
!HfF+

!ThO

!
[mrad/s]�1 = MHT

 
de [e cm]�1

CS

!
(4.1)

with

MHT =

 
3.49(14) · 1028 3.20(13) · 108

1.206(49) · 1029 1.816(73) · 109

!
. (4.2)

The determinant of the matrix MHT comes out to be

Det(MHT) = 2.5(4) · 1037. (4.3)
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Light nuclei

Diamagnetic atoms with heavy nuclei

Bsaisou, Meissner, Nogga, Wirzba ‘14

e.g.) Engel, Ramsey-Musolf, Kolck ’13
Fleig, Jung ‘18
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Chiral symmetry

𝑞8 → 𝑈8𝑞8, 𝑞9 → 𝑈9𝑞9

Breaking

Breaking Invariant

No suppression
Chiral suppression (multiplied 
by quark masses)

The CP-violating pion-nucleon couplings may discriminate between 
the QCD 𝜃 and the gluon CEDM.
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Predicted ratios of the EDMs of light nuclei

The helion EDM can distinguish between 𝜃̅ and w (gluon CEDM).



26

Predicted ratios of the EDMs of heavy nuclei

The information can be only suggestive due to large theoretical 
uncertainties in nuclear physics.
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Summary

• Nuclear or atomic EDMs are powerful probes for BSM above TeV scale.

• A key question is the feasibility of identifying the UV source of CP violation via 

EDM measurements:  “The EDM inverse problem”

• Solutions to the strong CP problem including QCD axion crucially affect the 
pattern of nuclear or atomic EDMs. 

• We find that EDM data of light nuclei (n, p, D, He) can identify the leading 
hadronic CP-odd operator, while heavy atoms can provide only suggestive 
information.

• In particular, if quark CEDM is the dominant CP-odd operator responsible for 

nucleon EDMs, it can give us an indirect experimental evidence of QCD axion.
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Predicted ratios of nuclear and atomic EDMs

Assumption: EDMs are originated from a single type of CPV operator

EDM data of at least three nuclei or atoms can determine the CPV source.


