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Outline

• Imprints of microscopic origins of axions in low energy 

axion couplings

• Testing the origin of CP and PQ breaking with electric 

dipole moments of nucleons and atoms
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021
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CPV in the QCD sector

while
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Non-observation 
of neutron EDM

The QCD vacuum energy is minimized at the CP-conserving point (𝜃̅ = 0).

Promote 𝜃̅ to a dynamical field (=QCD axion) :
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[Peccei, Quinn ’77, Weinberg ‘78, Wilczek ’78]

[Vafa,Witten ’84]

[Abel et al ’20]

𝑉!"# ∼ −Λ!"#$ cos 𝜃̅
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QCD axion lagrangian

𝑈 1 %! :
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broken by 𝑐& ≠ 0 non-perturbatively
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The axion couplings to the other SM particles 
𝑐', 𝑐(, 𝑐), 𝑐ℓ, 𝑐+ depend on UV physics.

Talk preparation note

June 9, 2021

L =
1

2
(@µa)

2
+

g
2
s

32⇡2
cG

a

fa
G

µ⌫
G̃µ⌫

+
a

fa

X

A=W,B,...

g
2

A

32⇡2
cAF

Aµ⌫
F̃

A

µ⌫ +
@µa

fa

0

@
X

 =q,`,...

c  
†
�̄
µ
 +

X

�=H,...

c��
†

$
iD

µ
�

1

A
(1)

m
2

a ' c
2

G

mumd

(mu +md)
2

m
2
⇡f

2
⇡

f2
a

(2)

⌦a(t0) = ⇢a(t0)/⇢c(t0) (⇢c(t0) = 3M
2

PH(t0)
2
) (3)

a(x) = fa✓(x) (4)

�a(x) =
HI

2⇡
, �✓(x) =

HI

2⇡fa
(5)

V (a) ' �mu⇤
3

QCD cos

✓
NDW

a(x)

fa
+ ✓QCD

◆
(6)

a(x)

fa
⌘ a(x)

fa
+ 2⇡

✓
i.e.

a(x)

fa
= ✓(x)

◆
(7)

a

fa

~E · ~SN (8)

1



5

Axion-Like Particles (ALPs)

: 𝑓! characterizes typical size of ALP couplings up to the dimensionless 
parameters 𝑐", 𝑐#, 𝑐$ which depend on UV physics. 

i) approximate shift symmetry 𝑈 1 %!
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ii) periodicity

:  ALP can be naturally light. 
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• Cousins of the QCD axion, while not being necessarily involved in solving the 
strong CP problem (so 𝑐! can be 0)

• Ubiquitous in many BSM scenarios, in particular, string theory  
[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]
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Axions in string theory

Ω ∶ harmonic 𝑝-form on 
the compact internal space

4D SUGRA 
effective lagrangian

𝑐! , 𝜔" : 𝑂(1) rational numbers

Conlon, Cremades, Quevedo ‘06
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For 𝜏 ≫ 1,  the matter field normalization is proportional to a 
simple scaling of the internal space volume.

4D axions from 𝑝-form gauge fields

Witten ’84

Model-independent axion from 2-form field

𝑇 → 𝑇 + 𝑖𝑐 From a gauge symmetry

Talk preparation note
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SUSY-preserving 
compactification

Axion chiral superfield
(𝜏 ∶ volume modulus of the 𝑝-cycle dual to Ω)

𝑈 1 "# :  
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Axions from p-form gauge fields have comparable 
strength for axion-matter and axion-gauge couplings.
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The axion couples to SM fields via a heavy BSM fermion charged 
under the SM gauge group. 

Talk preparation note

June 10, 2021

h�i = 1p
2
fa (1)

� ! �e
i↵
(⌘ a

fa
! a

fa
+ ↵), Q ! Qe

�i↵/2
, Q

c ! Q
c
e
�i↵/2

(2)

Le↵(µ > mH±) = �2
@µa

fa

✓
d
c†
R
�̄
µ
d
c

R + e
c†
R
�̄
µ
e
c

R �H
†
d

$
iD

µ
Hd

◆
� g

2
s

32⇡2
6
a

fa
G

µ⌫ eGµ⌫ �
g
2

1

32⇡2
16

a

fa
B

µ⌫ eBµ⌫

(3)

Le↵(µ < mZ) =� @µa

fa

⇣
c
2

�
u
†
�
µ
�5u+ s

2

�
d
†
�
µ
�5d+ s

2

�
e
†
�
µ
�5e

⌘

� g
2
s

32⇡2
6
a

fa
G

µ⌫ eGµ⌫ �
g
2

1

32⇡2
16

a

fa
F

µ⌫ eFµ⌫

(4)

cA = 2 tr(T
2

A(Q)) (5)

Le↵(µ < mQ) =
a

fa

X

A

g
2

A

32⇡2
cAF

Aµ⌫ eFA

µ⌫ (6)

Hd ! Hde
�i2a/fa , d

c

R ! d
c

Re
i2a/fa , e

c

R ! e
c

Re
i2a/fa (7)

yuu
c

RQLHu + ydd
c

RQLHd + yee
c

RLHd + ��
2
HuHd + h.c. (8)

yuu
c

RQLHu + yde
�2ia/fad

c

RQLHd +
��H

2
(fa + ⇢̃)

2
HuHd

(9)

1

𝑎

Ψ!"#

>>
Ψ!"#

𝑎

SM gauge field

SM gauge field

SM fermion

SM fermion

Talk preparation note

October 19, 2022

m =
yp
2
fa (1)

y� BSM 
c

BSM
(2)

µ5 = Ce

ȧ
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“KSVZ-like axions” 
: no tree-level couplings to the SM fermions
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DFSZ axion

Talk preparation note

June 9, 2021
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Talk preparation note

June 10, 2021

yuu
c

RQLHu + ydd
c

RQLHd + yee
c

RLHd + ��
2
HuHd + h.c. (1)

yuu
c

RQLHu + yde
�2ia/fad

c

RQLHd +
��H

2
(fa + ⇢̃)

2
HuHd

(2)

y�QQ
c
+ h.c. (3)

mQ =
yp
2
fa ⇠ fa (4)

� =
1p
2
(⇢+ fa)e

ia/fa
(5)

Q ! Qe
�ia/2fa , Q

c ! Q
c
e
�ia/2fa (6)

Le↵(µ > mQ) =
@µa

fa

⇣
Q

†
�̄
µ
Q+Q

c†
�̄
µ
Q

c

⌘
+

a

fa

X

A

g
2

A

32⇡2
cAF

Aµ⌫ eFA

µ⌫ (7)

cA = 2 tr(T
2

A(Q)) (8)

Le↵(µ < mQ) =
a

fa

X

A

g
2

A

32⇡2
cAF

Aµ⌫ eFA

µ⌫ (9)

1

The axion couples to the SM sector at tree-level through the Higgs portal.

𝑎

SM gauge field

SM gauge field

SM or BSM 
fermion

𝑎

SM fermion

SM fermion

×
𝐴'

>>

“DFSZ-like axions” 
: 𝑂(1) tree-level couplings to the SM fermions
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KSVZ-like axions

𝑎

𝑞, ℓ

𝑞, ℓ
𝑎

𝑞, ℓ, or Ψ()*+,-≫DFSZ-like axions

𝑞, ℓ

𝑎
𝑞, ℓ

Ψ$%&'()

≪ Ψ$%&'()
𝑎

String-theoretic axions
𝑎
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2

𝑎

Summary:  characteristic patterns of axion couplings to 
the SM depending on the microscopic origins
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Uncovering UV physics for axions by 
coupling ratios

For QCD axion (𝑐! ≠ 0), 𝑔$%~
&*

'+
regardless of the classes of models 

Green : DFSZ-like axion (DFSZ-1 with tan 𝛽 = 10 and 𝑚(± = 10TeV)

Red : String-theoretic axion

Black : KSVZ-like axion (dashed : 𝑚# = 10)*𝑓$, solid : 𝑚# = 𝑓$)
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For ALPs with (𝑐! = 0), 

Green : DFSZ-like axion
Red : String-theoretic axion
Black : KSVZ-like axion

(dashed : 𝑚! = 10"#𝑓$,  
solid : 𝑚! = 𝑓$)

𝑐. = 1 (𝑐/ = 𝑐0 = 0) 𝑐0 = 1 (𝑐/ = 𝑐. = 0)
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Outline

• Imprints of microscopic origins of axions in low energy 

axion couplings

• Testing the origin of CP and PQ breaking with electric 

dipole moments of nucleons and atoms
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A fundamental particle or an atom can have electric dipole moment (d) 
and magnetic dipole moment (𝜇) along the direction of its spin.

1  Introduction �

Magnetic and electric dipole moments (MDM and 

EDM) with spin S 

 

H = �µ B · S
S
� d E · S

S

P : E⇥ �E, B⇥ +B, S⇥ +S
T : E⇥ +E, B⇥ �B, S⇥ �S

3 

Under time (T) and space (P) reflections,  

Thus, the EDM is sensitive to CP violation under CPT 

invariance since it is P- and T-odd.  

EDM is known to a good probe to CP violation in 

particle physics models. 

1  Introduction �

Magnetic and electric dipole moments (MDM and 

EDM) with spin S 

 

H = �µ B · S
S
� d E · S

S

P : E⇥ �E, B⇥ +B, S⇥ +S
T : E⇥ +E, B⇥ �B, S⇥ �S

3 

Under time (T) and space (P) reflections,  

Thus, the EDM is sensitive to CP violation under CPT 

invariance since it is P- and T-odd.  

EDM is known to a good probe to CP violation in 

particle physics models. 

A non-zero electric dipole moment breaks 
the 𝑃 and 𝑇(= 𝐶𝑃) invariance, while a 
magnetic dipole moment does not. 

EM dipole moments of a particle
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CP violation is an important condition to generate the asymmetry 
between matter and antimatter. 

Observed asymmetry : 𝑌( =
𝑛(
𝑠
∼ 10DEF

SM prediction : 𝑌(,GH ≲ 10DEI

SM does not provide an enough CP violation, and we need 
new physics beyond the SM involving additional CP violation.

e.g.  Konstandin, Prokopec, G. Schmidt  ‘03
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EDM probe for New Physics

None of electric dipole moments (EDMs) of any fundamental particles 
and atoms has been observed so far.

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

pD(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.)

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

pD(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.)

SM prediction 𝑑+ ∼ (10)*,𝛿-./ + 10)01 𝜃̅) e cm
𝑑2 ∼ (10)33 𝛿-45 + 10),6 𝜃̅) e cm

Experimental status 𝑑7 < 1.8 × 10),1 e cm
𝑑2 < 4.1×10)*8 e cm𝜃̅ ≲ 10)08 ß

Abel et al ‘20
Roussy et al ‘22

Typical BSM 
prediction

𝑑+ ∼
1

16𝜋,
𝑓9
Λ,

𝑑2∼
1

16𝜋,
𝑚2
Λ,

Λ ≳ 𝑂 10~100 TeV

Powerful probe for new physics!

𝛿123~𝑂(1)
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Experimental prospect
EDMs have a bright prospect for experimental progress.     

arXiv:2003.00717 arXiv:2203.08103 

Storage ring EDM 

Abel et al ‘20
Roussy et al ‘22
Graner et al ‘16

2003.00717
EDMs have a bright prospect for experimental progress.     

arXiv:2003.00717 arXiv:2203.08103 

Storage ring EDM 

Abel et al ‘20
Roussy et al ‘22
Graner et al ‘16

2203.08103

Within a decade, the experimental sensitivity on nuclear and atomic 
EDMs is going to be improved by several orders of magnitude.
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CPV effective operators from New Physics

Talk preparation note

February 24, 2023
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1

CPV dimension-6 operators of SM fields

EWSB

Talk preparation note

February 24, 2023
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1

Gluon and Quark Chromo-EDMs

: this work!

Quark and Electron EDMs 4-Fermi operators

e.g.) Split SUSY (Giudice and Romanino ‘05) e.g.) LR symmetric model, 

Leptoquark (de Vries et al ‘21)
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BSM scenarios

K Choi, SHI, H Kim, DY Mo ‘16

K. Choi et al. / Physics Letters B 760 (2016) 666–673 669

Fig. 2. The Barr–Zee diagrams for the EDM and chromo EDM (CEDM) of light fermions. The small cross denotes the S − H mixing.

Leff(mH )

= −dW (mH )
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fabcε
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with

dq(mH ) = 4N F
e2

(4π)4

mq

v

(
6Y 2

(

yS

m(
sαsξ cξ

)

×
[

Q q +
(

t2
w Q q −

T 3
qL

2c2
w

)][

g

(
m2

(

m2
H

)

− g

(
m2

(

m2
S

)]

,

d̃q(mH ) = 4N F
g2

3

(4π)4

mq

v

(
yS

m(
sαsξ cξ

)

×
[

g

(
m2

(

m2
H

)

− g

(
m2

(

m2
S

)]

,

dW (mH ) = −N F
g3

3
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H

)
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(
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(

m2
S

)]
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(19)

where q = u, d, s stands for the light quark species, sα = sinα, sξ =
sin ξS H for the S − H mixing angle ξS H , v = 246 GeV is the SM 
Higgs vacuum value, cw = cos θw , tw = tan θw for the weak mixing 
angle θw , and the loop functions g and h are given by4

g(z) ≡ z
2

1∫

0

dx
1

x(1 − x) − z
ln

x(1 − x)
z

,

h(z) ≡ z2

1∫

0

dx

1∫

0

dy
x3 y3(1 − x)

[zx(1 − xy) + (1 − x)(1 − y)]2 . (20)

Let us recall that the parameter ratio m(/yS has a specific connec-
tion with the diphoton cross section σ (pp → γ γ ), which is given 
by (11). This allows us to estimate the expected size of the EDMs 
in terms of a few model parameters such as α and ξS H .

In order to estimate the resulting neutron EDM, we should 
bring the effective interactions (18) down to the QCD scale through 
the RG evolution. For this, it is convenient to redefine the coeffi-
cients as

C1(µ) = dq(µ)

mq Q q
, C2(µ) = d̃q(µ)

mq
, C3(µ) = dW (µ)

g3
, (21)

4 It is useful to note the asymptotic behavior of the loop functions: h(z % 1) &
z ln(1/z), h(z ' 1) & 1/4, and g(z ' 1) & 1 + (ln z)/2.

which are satisfying the RG equation [27,28]:

µ
∂C
∂µ

= g2
3

16π2 γ C, (22)

with the anomalous dimension matrix

γ ≡




γe γeq 0
0 γq γGq
0 0 γG





=




8C F 8C F 0

0 16C F − 4Nc 2Nc
0 0 Nc + 2n f + β0



 , (23)

where C = (C1, C2, C3)
T , Nc = 3 is the number of color, C F = 4/3

is a quadratic Casimir, n f is the number of active light quarks, and 
β0 = (33 −2n f )/3 is the one-loop beta function coefficient. Solving 
this RG equations, one finds [27]

C1(µ) = ηκe C1(mH ) + γqe

γe − γq
(ηκe − ηκq )C2(mH )

+
[

γGqγqeηκe

(γq − γe)(γG − γe)
+ γGqγqeηκq

(γe − γq)(γG − γq)

+ γGqγqeηκG

(γe − γG)(γq − γG)

]
C3(mH ),

C2(µ) = ηκq C2(mH ) + γGq

γq − γG

[
ηκq − ηκG

]
C3(mH ),

C3(µ) = ηκG C3(mH ), (24)

where η ≡ g2
3(mH )/g2

3(µ) and κx = γx/(2β0). The analytic expres-
sions for Ci(µ ∼ 0QCD) in terms of Ci(mH ) are complicated ex-
cept C3, however fortunately it turns out that the dominant contri-
bution to the neutron EDM comes from C3(µ ∼ 0QCD). From (24), 
we obtain

dW (µ) =
(

g3(mc)

g3(µ)

)(
g3(mb)

g3(mc)

) 33
25

(
g3(mH )

g3(mb)

) 39
23

dW (mH ). (25)

It can be shown numerically that dq(µ) and d̃q(µ) also get a sim-
ilar amount of suppression by the RG evolution compared to the 
high scale values at mH .

Now one can relate the Wilsonian coefficients dW (µ), dq(µ)

and d̃q(µ) at µ ∼ 0QCD to the neutron EDM:

− i
2

dnn̄σµνγ5nFµν , (26)

which is the most ambiguous step. For this, one can take two ap-
proaches, the Naive Dimensional Analysis (NDA) [29] or the QCD 
sum rule [30–32], essentially yielding similar results. As for the 
neutron EDM estimated by the NDA, one finds

dn/e = O(dq(µ)) + O(d̃q(µ)/
√

6) + O( fπdW (µ)), (27)

Ψ

ℎ

𝑞

⟨ℎ⟩𝑆
𝛾4

• 2-Higgs doublet models

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

• Split SUSY with light gluinos

Hisano, Kobayashi, 
Kuramoto, Kuwahara ‘15

• Vector-like Quarks

�5
S

 
�5

 

H
† H

S

Q̄L

H

qR

Figure 3. The diagrams for the dimension-six CPV operators from a VLQ and a singlet scalar.
The blob in the third diagram is from the second diagram. If the VLQ is charged under the
electroweak gauge groups, the gluon lines can be replaced by the electroweak gauge bosons.

the weak scale the following operators in Eq. (2.5) are generated3
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The sizes of the Wilsonian coe�cients are roughly
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g
3
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(4⇡)4
y
2
 

⇤2
s2↵, d̃q ⇠

g
2
s

(4⇡)4
y 
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e
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(4⇡)4
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⇤

mq

v
s↵s⇠ (4.10)

where ⇤ ⇠ m ⇠ mS and ⇠ is the Higgs-singlet scalar mixing angle s⇠ ⇠ ASHv/m
2
S
.

Therefore, the quark EDMs are relatively small compared with the quark CEDMs by the

factor ↵/↵s, and the quark EDMs’ contribution to the nuclear and atomic EDMs can be

neglected.

In Fig. 4, we estimate the neutron EDM from the CPV VLQs in terms of VLQ mass

mQ and singlet scalar mass mS assuming the CP angle ↵ = 1, no S-H mixing (⇠ = 0),

and the Yukawa coupling y = 1. Even without S-H mixing, non-zero quark CEDMs are

induced by the RGE from the Weinberg operator as can be seen from Eq. (2.12). However,

the figure shows that the neutron EDM is dominantly given by the Weinberg operator with

about 10% correction from the RGE-induced quark CEDMs.

In Fig. 5, on the other hand, we consider a non-vanishing S-H mixing ⇠ ' v/mS

for which sizable quark CEDMs are generated at the UV scale ⇤ = min(m ,mS). For

this case, the corrections from the RGE are not important for neutron EDM, and the

neutron EDM is mostly determined by the quark CEDMs in viable parameter space with

dn < 10�26
e cm. The contribution from the Weinberg operator is rather small below 5%.

4.2 Supersymmetry

In supersymmetric extensions of the SM, the dominant CP violating operator depends on

the mass spectrum of supersymmetric particles. The split supersymmetry (SUSY) scenario

3
If the VLQ  is charged under the electromagnetism U(1)em, the electron EDM is also generated, which

we are not concerned with here.
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• MSSM 
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Characteristic CPV signal of string theory?

A large QCD 𝜃-parameter from QG correction to the 
QCD axion potential 

Talk preparation note

July 5, 2023
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e.g. D3-brane instantons in Type IIB string

A sizable 𝜃̅ ∼ 10)08 is easily realized in string theory. 

Demirtas, Gendler, Long, 
McAllister, Moritz ‘21

Talk preparation note

July 5, 2023

〈θ̄〉 ∼
m3/2M

3
Pl

m2
πf

2
π

e−τ δCP,string +

(
ΛQCD

ΛBSM

)N

δCP,BSM (1)

−N4
axion ! ln〈θ̄〉 ! 0 (2)

−105 ! log10〈θ̄〉 ∼ 58− 0.4τ + log10

( m3/2

10TeV

)
! 0 (3)

V (θ̄) % VQCD(θ̄) + VQG(θ̄) + VBSM(θ̄) (4)

VQCD(θ̄) % −
mumd

(mu +md)2
m2
πf

2
π cos θ̄ (5)

VQCD(θ̄) ∼ −m2
πf

2
π cos θ̄ (6)

VQG(θ̄) ∼ −m3/2M
3
Pl exp(−τ) cos(θ̄ + δCP,string) (7)

VBSM(θ̄) ∼ −m2
πf

2
π

(
ΛQCD

ΛBSM

)N

cos(θ̄ + δCP,BSM) (8)

θGG̃+ (mqqLq
c
R + h.c.) −→

(
|mq|e

iθ̄qLq
c
R + h.c.

)
(9)

1

Talk preparation note

July 5, 2023

〈θ̄〉 ∼
m3/2M

3
Pl

m2
πf

2
π

e−τ δCP,string +

(
ΛQCD

ΛBSM

)N

δCP,BSM (1)

−N4
axion ! ln〈θ̄〉 ! 0 (2)

−105 ! log10〈θ̄〉 ∼ 58− 0.4τ + log10

( m3/2

10TeV

)
! 0 (3)

V (θ̄) % VQCD(θ̄) + VQG(θ̄) (4)

V (θ̄) % VQCD(θ̄) + VQG(θ̄) + VBSM(θ̄) (5)

VQCD(θ̄) % −
mumd

(mu +md)2
m2
πf

2
π cos θ̄ (6)

VQCD(θ̄) ∼ −m2
πf

2
π cos θ̄ (7)

VQG(θ̄) ∼ −m3/2M
3
Pl exp(−τ) cos(θ̄ + δCP,string) (8)

VBSM(θ̄) ∼ −m2
πf

2
π

(
ΛQCD

ΛBSM

)N

cos(θ̄ + δCP,BSM) (9)

1

Nearly flat logarithmic distribution 
over the landscape
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BSM contribution to ⟨𝜃̅⟩
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The BSM contribution can also easily give rise to 𝜃̅ ∼ 10)08.
[e.g. For 𝑁 = 2 (dimension 6 operator), Λ=>/~100TeV]  

Can we experimentally distinguish string-induced 𝜃̅ from 
BSM-induced 𝜃̅ ?
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Do they predict different EDM signals?

String

𝜃-parameter
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Estimation of the nucleon EDMs

QCD sum 
rules 

Pospelov, Ritz ‘99 
Hisano, Lee, Nagata, 
Shimizu ’12
Hisano, Kobayashi, 
Kuramoto, Kuwahara ‘15
Yamanaka, Hiyama ‘20

𝑑7 = 0.31×10)01 𝑒 𝑐𝑚 𝜃̅ + 𝑒 20 MeV 𝑑?
+𝑒(−0.13 Q𝑑@ + 0.16 Q𝑑A − 0.0066 Q𝑑B)

−𝑒 0.15 MeV 𝐶,

𝑑% = −0.46×10)01 𝑒 𝑐𝑚 𝜃̅ − 𝑒 18 MeV 𝑑?

+𝑒(−0.17 Q𝑑@ + 0.12 Q𝑑A + 0.0098 Q𝑑B)

+𝑒 1.1 MeV 𝐶, Q𝑑C ≡ 𝑚C𝐶,

𝑑&(𝜃̅, 𝑑') ≈ −𝑑((𝜃̅, 𝑑') while 𝑑&( 6𝑑)) ≈ −7𝑑(( 6𝑑))

𝑑+~
𝑒
ΛD

(
𝑚∗
ΛD

𝜃̅ +
ΛD,

4𝜋
𝑑? +

ΛD
4𝜋

Q𝑑C)Naïve dimensional 
analysis (NDA)

Λ- = 4𝜋𝑓.
𝑚∗ ≡ 𝑡𝑟𝑀0

12 12
≃

𝑚3𝑚4
𝑚3 +𝑚4

Agrees 
more or 

less
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If there exists the QCD axion (i.e. dynamical 𝜃̅),

𝑑P
%! ≈ −𝑑Q

%! regardless of the CPV sources

𝜃̅ = 𝜃̅#! +
ΛD,

4𝜋 𝑑F +
0.8 GeV,

2 W
C

Q𝑑C
𝑚C

𝑑7
"# = 0.31×10)01 𝑒 𝑐𝑚 𝜃̅#! + 𝑒 20 MeV 𝑑? + 𝑒(0.15 Q𝑑@ + 0.29 Q𝑑A)

+𝑒 1.7 MeV 𝐶,

Q𝑑C ≡ 𝑚C𝐶,

𝑑%
"# = −0.46×10)01 𝑒 𝑐𝑚 𝜃̅#! − 𝑒 18 MeV 𝑑? − 𝑒(0.58 Q𝑑@ + 0.073 Q𝑑A)

−𝑒 1.7 MeV 𝐶,

QCD sum rule (Pospelov, Ritz ’00)NDA
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Nucleon EDM profile
Choi, SHI, Jodlowski in preparation

• If the QCD axion exists, the nucleon EDM profile is hard to distinguish the 
𝜃-dominant CPV (string scenario) from the BSM CPV scenarios.

• If the large ratio 𝑑𝑝/𝑑𝑛 (red band) is observed, it implies that the QCD axion 
may not really exist.

-1.0 -0.5 0.0 0.5 1.0
-4

-2

0

2

4

Figure 1. The predicted ratios of the proton EDM to the neutron EDM depending on the
di↵erent origins of CP violation. The shaded region denotes the case where the nucleon EDMs are
dominantly given by: the SM QCD ✓̄-parameter (gray), the Weinberg operator (i.e. gluon CEDM)
(green) regardless of the PQ mechanism, and the quark CEDMs (red/blue) without/with the PQ
mechanism.

3.2 Atomic EDMs

In the previous subsection, we have discussed that the nucleon EDMs cannot distinguish

CPV new physics dominated by the gluon and quark CEDMs from the SM CP violation

dominated by the QCD ✓̄-parameter, if the PQ mechanism resolves the strong CP problem.

In this subsection, we examine whether atomic EDMs are capable of distinguishing them

by means of other hadronic CPV observables.

Diamagnetic atomic EDMs are sensitive to CP-odd nuclear forces like CPV pion-

nucleon couplings. For instance, the EDMs of diamagnetic light nuclei such as Deutron

and Helium [31], Radium [5], and Xenon [32] are generated by nucleon EDMs and CPV

pion-nucleon interactions as

dD = 0.94(1)(dn + dp) + 0.18(2)ḡ1 e fm, (3.20)

dHe = 0.9dn � 0.05dp + [0.10(3)ḡ0 + 0.14(3)ḡ1] e fm, (3.21)

dRa = 7.7⇥ 10�4 [(2.5± 7.5)ḡ0 � (65± 40)ḡ1] e fm, (3.22)

dXe = 1.3⇥ 10�5
dn � 10�5 [1.6ḡ0 + 1.7ḡ1] e fm, (3.23)

where ḡ0 is isospin-conserving CPV pion-nucleon coupling, while ḡ1 is an isospin-breaking

one as follows.

ḡ0N̄
~�

2
· ~⇡N + ḡ1⇡3N̄N. (3.24)

Here N = (p n)T is the isospin-doublet nucleon field, and ~⇡ is the isospin-triplet pion field.

– 9 –

Gluon CEDM

Quark CEDM (without axion)

Quark CEDM (with axion)
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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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Atomic EDMs from CP-odd nuclear force

Equation (51) is in agreement with estimates from QCD
sum rules and chiral perturbation theory. The proton EDM
was calculated on the lattice as well but the result has a
larger uncertainty. Instead we apply a relation dp ¼ −ð1#
0.5Þdn which covers various estimates from the chiral
perturbation theory, QCD sum rules, and the lattice results.
The CP-odd pion-nucleon couplings are better under

control. Reference [84] found

ḡ0 ¼ −ð14.7# 2.3Þ × 10−3θ̄;

ḡ1 ¼ ð3.4# 2.4Þ × 10−3θ̄; ð52Þ

through chiral symmetry relations between CP-odd pion-
nucleon interactions and quark-mass corrections to baryon
masses.
Finally, Ref. [85] noticed that a nonzero θ̄ term induced

CP-odd electron-nucleon interactions through electromag-
netic loops. They obtained2

CS ¼ −ð3# 1.5Þ × 10−2θ̄; ð53Þ

where CS is a linear combination of Cð0Þ
S and Cð1Þ

S appearing
in Eq. (39). We will discuss this combination in more detail
in the next section.

C. EDMs of nuclei, atoms, and molecules

We are now in the position to calculate EDMs of various
systems. The nucleon EDMs have already been discussed
above so we turn to larger systems. We begin with para-
magnetic systems that are mainly sensitive to (semi)
leptonic CP-violating operators. The most stringent limits
are from polar molecules due to huge innermolecular
electric fields induced by relatively small external electric
fields. A nonzero electron EDM and/or electron-nucleon
interactions affect the frequency associated with the
response of paramagnetic polar molecules to such an
applied external field. The frequency ω is given by

ω ¼ αdede þ αCS
CS; ð54Þ

where the coefficient CS is given by

CS ≡ Cð0Þ
S þ Z − N

Z þ N
Cð1Þ
S : ð55Þ

Here, Z and N are the proton and neutron numbers of the
heaviest atom of the molecule. The parameters αde and αCS

depend on the paramagnetic molecular system of interest.
As an example, Table II presents the values of αde and αCS

in ThO, HfFþ, and BaF systems [86–93].
EDMs of nuclei are only sensitive to hadronic sources of

CP violation. So far no nuclear EDMs have been measured,
but there are plans to measure the EDMs of light nuclei in
storage rings [94]. Anticipating such measurements we
consider the deuteron EDM [95–97]

dD ¼ ð0.94# 0.01Þðdn þ dpÞ þ ½ð0.18# 0.02Þḡ1'e fm:

ð56Þ

Diamagnetic atomic EDMs are sensitive to nuclear CP
violation and electron-nucleon interactions. 225Ra, due to
its octopole deformation, is mainly sensitive to CP-odd
nuclear forces that are, in turn, dominated by one-pion-
exchange processes involving ḡ0;1. We use [98,99]

dRa ¼ ð7.7 × 10−4Þ × ½ð2.5# 7.5Þḡ0 − ð65# 40Þḡ1'e fm:

ð57Þ

The situation is more complicated for the diamagnetic atom
199Hg. This system gets relevant contributions from the
nucleon EDMs, theCP-violating nuclear force, the electron
EDM, and from CP-odd electron-nucleon interactions. We
write [98,100–103]

dHg ¼ ð0.012# 0.012Þde −
!
ð0.028# 0.006ÞCS −

1

3
ð3.6# 0.4Þ

"
CT þ Zα

5mNR
CP

#$
× 10−20 e cm

− ð2.1# 0.5Þ × 10−4½ð1.9# 0.1Þdn þ ð0.20# 0.06Þdp þ ð0.13þ0.5
−0.07ḡ0 þ 0.25þ0.89

−0.63 ḡ1Þe fm'; ð58Þ

where R ≃ 1.2A1=3 fm is the nuclear radius, and CP;T ¼
ðCðnÞ

P;Thσ⃗niþ CðpÞ
P;Thσ⃗piÞ=ðhσ⃗niþ hσ⃗piÞ, with Cðn;pÞ

P;T ¼
Cð0Þ
P;T ∓ Cð1Þ

P;T . For
199Hg we have [104]

hσ⃗ni ¼ −0.3249# 0.0515; hσ⃗pi ¼ 0.0031# 0.0118:

ð59Þ

TABLE II. Input parameters for EDMs of paramagnetic
molecules.

αde αCS

ThO ð120.6#4.9Þ mrad=s
10−27 e cm

ð181.6# 7.3Þ × 107 mrad=s

HfFþ ð34.9#1.4Þ mrad=s
10−27 e cm

ð32.0# 1.3Þ × 107 mrad=s

BaF ð19.7#0.75Þ mrad=s
10−27 e cm

ð12.7# 0.18Þ × 107 mrad=s

2We expect that the same electromagnetic two-loop diagrams
discussed in Ref. [85] lead to contributions to CP and CT of
similar size. However, these interactions mainly contribute to
diamagnetic systems where the CP violation is dominated by
purely hadronic interactions. As such, we do not include
corrections from θ̄ to CP;T in our analysis.
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Equation (51) is in agreement with estimates from QCD
sum rules and chiral perturbation theory. The proton EDM
was calculated on the lattice as well but the result has a
larger uncertainty. Instead we apply a relation dp ¼ −ð1#
0.5Þdn which covers various estimates from the chiral
perturbation theory, QCD sum rules, and the lattice results.
The CP-odd pion-nucleon couplings are better under

control. Reference [84] found

ḡ0 ¼ −ð14.7# 2.3Þ × 10−3θ̄;

ḡ1 ¼ ð3.4# 2.4Þ × 10−3θ̄; ð52Þ

through chiral symmetry relations between CP-odd pion-
nucleon interactions and quark-mass corrections to baryon
masses.
Finally, Ref. [85] noticed that a nonzero θ̄ term induced

CP-odd electron-nucleon interactions through electromag-
netic loops. They obtained2

CS ¼ −ð3# 1.5Þ × 10−2θ̄; ð53Þ

where CS is a linear combination of Cð0Þ
S and Cð1Þ

S appearing
in Eq. (39). We will discuss this combination in more detail
in the next section.

C. EDMs of nuclei, atoms, and molecules

We are now in the position to calculate EDMs of various
systems. The nucleon EDMs have already been discussed
above so we turn to larger systems. We begin with para-
magnetic systems that are mainly sensitive to (semi)
leptonic CP-violating operators. The most stringent limits
are from polar molecules due to huge innermolecular
electric fields induced by relatively small external electric
fields. A nonzero electron EDM and/or electron-nucleon
interactions affect the frequency associated with the
response of paramagnetic polar molecules to such an
applied external field. The frequency ω is given by

ω ¼ αdede þ αCS
CS; ð54Þ

where the coefficient CS is given by

CS ≡ Cð0Þ
S þ Z − N

Z þ N
Cð1Þ
S : ð55Þ

Here, Z and N are the proton and neutron numbers of the
heaviest atom of the molecule. The parameters αde and αCS

depend on the paramagnetic molecular system of interest.
As an example, Table II presents the values of αde and αCS

in ThO, HfFþ, and BaF systems [86–93].
EDMs of nuclei are only sensitive to hadronic sources of

CP violation. So far no nuclear EDMs have been measured,
but there are plans to measure the EDMs of light nuclei in
storage rings [94]. Anticipating such measurements we
consider the deuteron EDM [95–97]

dD ¼ ð0.94# 0.01Þðdn þ dpÞ þ ½ð0.18# 0.02Þḡ1'e fm:

ð56Þ

Diamagnetic atomic EDMs are sensitive to nuclear CP
violation and electron-nucleon interactions. 225Ra, due to
its octopole deformation, is mainly sensitive to CP-odd
nuclear forces that are, in turn, dominated by one-pion-
exchange processes involving ḡ0;1. We use [98,99]

dRa ¼ ð7.7 × 10−4Þ × ½ð2.5# 7.5Þḡ0 − ð65# 40Þḡ1'e fm:

ð57Þ

The situation is more complicated for the diamagnetic atom
199Hg. This system gets relevant contributions from the
nucleon EDMs, theCP-violating nuclear force, the electron
EDM, and from CP-odd electron-nucleon interactions. We
write [98,100–103]

dHg ¼ ð0.012# 0.012Þde −
!
ð0.028# 0.006ÞCS −

1

3
ð3.6# 0.4Þ

"
CT þ Zα

5mNR
CP

#$
× 10−20 e cm

− ð2.1# 0.5Þ × 10−4½ð1.9# 0.1Þdn þ ð0.20# 0.06Þdp þ ð0.13þ0.5
−0.07ḡ0 þ 0.25þ0.89

−0.63 ḡ1Þe fm'; ð58Þ

where R ≃ 1.2A1=3 fm is the nuclear radius, and CP;T ¼
ðCðnÞ

P;Thσ⃗niþ CðpÞ
P;Thσ⃗piÞ=ðhσ⃗niþ hσ⃗piÞ, with Cðn;pÞ

P;T ¼
Cð0Þ
P;T ∓ Cð1Þ

P;T . For
199Hg we have [104]

hσ⃗ni ¼ −0.3249# 0.0515; hσ⃗pi ¼ 0.0031# 0.0118:

ð59Þ

TABLE II. Input parameters for EDMs of paramagnetic
molecules.

αde αCS

ThO ð120.6#4.9Þ mrad=s
10−27 e cm

ð181.6# 7.3Þ × 107 mrad=s

HfFþ ð34.9#1.4Þ mrad=s
10−27 e cm

ð32.0# 1.3Þ × 107 mrad=s

BaF ð19.7#0.75Þ mrad=s
10−27 e cm

ð12.7# 0.18Þ × 107 mrad=s

2We expect that the same electromagnetic two-loop diagrams
discussed in Ref. [85] lead to contributions to CP and CT of
similar size. However, these interactions mainly contribute to
diamagnetic systems where the CP violation is dominated by
purely hadronic interactions. As such, we do not include
corrections from θ̄ to CP;T in our analysis.
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Storage ring experiment is going to measure the EDMs 
of such light nuclei. F. Abusaif et al. (CPEDM Collaboration) ‘19

de Vries, Draper, Fuyuto, Kozaczuk, Lillard ’21
Osamura, Gubler, Yamanaka ‘22

Diamagnetic atomic EDMs are particularly sensitive to 
CP-odd forces.

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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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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𝑔̅0 = 3.4 ± 2.4 ×10)*𝜃̅ ± 2.2 ± 1.6 ×10)*GeV,𝑑F
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RGE effect

γ
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Renormalization group evolution

Change of energy scale modifies the coupling constants, mixes operators

Note:  
this analysis is perturbative, large uncertainty due to nonperturbative effect below µ = 1 GeV

1) Example 1: quark EDM
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2) Example 2: Weinberg operator
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(Adapted from NodokaYamanaka)

The radiatively induced quark-CEDM from the gluon CEDM is important 
(even dominant) for 𝑔̅0, while not for 𝑑+ :
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Eq. (3.28) and Eq. (3.29), which gives ḡ1(�d̃q) ⇠ O(10)ḡ1(w). For ḡ0, if we use the NDA

estimation,

ḡ0(w) ⇠ (mu +md)O(4⇡f⇡w), (3.30)

which is comparable to ḡ0(�d̃q) as can be seen from Eq. (2.20) and Eq. (3.27). As the

diamagnetic atomic EDMs in Eqs. (3.20)-(3.23) have better or comparable sensitivity on

ḡ1 compared to ḡ0 and also ḡ1(d̃q) is predicted to be an order of magnitude larger than

ḡ0(d̃q) in Eq. (3.27) and Eq. (3.28), we can ignore ḡ0(w) and ḡ1(w) in order to estimate

such diamagnetic atomic EDMs from the gluon CEDM generated above TeV scale, unless

ḡ0(w) is unreasonably bigger than the NDA estimation Eq. (3.30).

In fact, therefore, Eq. (3.27) and Eq. (3.28) may be enough in order to estimate the

contributions to ḡ0 and ḡ1 from the gluon CEDM operator generated above TeV scale be-

cause of the large RG-induced quark CEDM contributions. Since ḡ1(d̃q) is more important

than ḡ0(d̃q) for the diamagnetic atomic EDMs in Eqs. (3.20)-(3.23), let us consider the

ratio ḡ1/(mndn) which may have certain characteristic values depending on CPV origins.

Assuming the relation Eq. (3.11) for the gauge and Higgs mediated CPV, we find

eḡ1(✓̄)

mndn(✓̄)
⇡ �(3.7± 3.4), (3.31)

eḡ1(C2)

mndn(C2)
⇡ (2.3± 2.2)⇥ 103, (3.32)

eḡ
PQ
1 (C2)

mnd
PQ
n (C2)

⇡ �(1.00± 0.89)⇥ 102, (3.33)

eḡ1(�C2, w)

mndn(�C2, w)
'

eḡ
PQ
1 (�C2, w)

mnd
PQ
n (�C2, w)

⇡ �(5.1± 2.5) r(⇤), (3.34)

where C2 ⌘ (d̃q/mq)1 GeV, �C2(⇤) ⌘ (�d̃q/mq)1 GeV is the RG-induced quark CEDM

coe�cient renormalized at 1 GeV from the gluon CEDM generated at some high scale ⇤,

and r(⇤) ⌘ (�C2(⇤)/w)1 GeV = 0.41 (for ⇤ = 1 TeV), 0.53 (for ⇤ = 10 TeV), and so on

as given in Eq. (2.20).

We see that the quark CEDM-dominated CPV scenarios predict the clear di↵erent

ratios from the ✓̄-dominant case regardless of the PQ mechanism. Moreover, the predicted

central values are quite di↵erent depending on whether the PQ mechanism is working or

not, although they are subject to the large uncertainties. On the other hand, the gluon

CEDM-dominated CPV scenarios at high scales predict similar values for the ratio as the

✓̄-dominant case. Thus it would be still challenging to discriminate the gluon CEDM-

dominant scenarios from the SM CPV even via hadronic CPV observables sensitive to

the coupling ḡ1. Yet if we look at some diamagnetic atoms such as He (Eq. (3.21)) and

Xe (Eq. (3.23)) which are equally sensitive to ḡ0 as well as ḡ1, the ✓̄-dominant scenario

would be distinguishable from the gluon CEDM-dominant cases by the relatively large

ḡ0(✓̄) compared to ḡ1(✓̄).

In Fig. 2, we examine whether the above characteristic patterns can be observed in the

ratios of various diamagnetic atomic EDMs to the neutron EDM. As anticipated, the quark

– 11 –

Q𝑑C = 𝑚C𝐶,

• The ratio 𝑔̅0/𝑑7 can clearly distinguish quark CEDM-dominant CPV (with 
/ without axion) from the others including the 𝜃-dominant CPV.

• For the gluon CEDM-dominant CPV, on the other hand, 𝑔̅0 is not enough, 
and one may need 𝑔̅8.

Nuclear and Atomic EDMs’ profile
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• 𝑑7 has no limit yet but to be probed up to 1089: e cm in a storage ring experiment  
F. Abusaif et al. (CPEDM Collaboration) ‘19

• 𝑑;< < 1.4×1089= e cm  (to be improved up to 1×1089> e cm)    M Bishof et al ‘16
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Figure 2. The EDMs of light diamagnetic nuclei which are sensitive to the CPV pion-nucleon
couplings compared to the neutron EDM from the same CPV source. The shaded region denotes
the case where the neutron EDMs are dominantly given by: the SM QCD ✓̄-parameter (gray), the
Weinberg operator (i.e. gluon CEDM) (green/orange) without/with the PQ mechanism, and the
quark CEDMs (red/blue) without/with the PQ mechanism. In the Weinberg operator-dominant
case (green/orange), the RG-induced quark CEDMs are important for CPV pion-nucleon couplings.
For the plots, we consider the BSM scale ⇤ = 1 TeV.

CEDM-dominant scenarios show clear di↵erent patterns from the other scenarios, while the

gluon CEDM-dominant case is more or less overlapping with the ✓̄-dominance. Yet we find

that He and Xe can may distinguish between the gluon CEDM and the ✓̄-parameter via

their sensitivity on the coupling ḡ0.

4 BSM examples

Here we discuss specific BSM examples which communicate with the SM sector mainly

through gauge and Higgs interactions. As we have discussed in section 2, their CP violation

will be therefore manifested dominantly via the gluon and quark CEDMs.

4.1 Vector-like Quarks

Vector-Like Quarks (VLQs) may be among the simplest new physics scenarios which trans-

mit CPV to the SM by gauge and Higgs interactions. For CP violation, we consider a

general renormalizable lagarangian for a VLQ  +  
c with a real singlet scalar [38]

L � � (m   
c + y S  

c + h.c.)�
1

2
m

2
SS

2
�ASHS|H|

2 + · · · , (4.1)

where the vector-like quark mass m and the Yukawa coupling y are complex parameters,

and H is the SM doublet Higgs field. Here we will discuss this model in some details,

– 12 –
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Conclusions
• Axions, once discovered, may give us a clue of UV physics including string

theory by the characteristic pattern of low energy couplings to SM particles.

• The measurement of the axion-electron coupling is particularly important
for pinning down the microscopic origin of the QCD axion.

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

and/or string theory.

• CPV from string theory may be imprinted in a large QCD 𝜃-parameter if

there exists the QCD axion.

• We find that the CPV from BSM scenarios dominated by gluon or quark

CEDMs can be experimentally discriminated from the 𝜃-dominant CPV by

characteristic EDM profiles.

• Interestingly, quark CEDMs may tell us whether the QCD axion really exists

or not.
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Running of axion couplings by Yukawa interactions
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .
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and gGUT and ghid are the gauge couplings around the string scale for the visible E6 and

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

This result shows that the order of magnitude estimate (2.33) is valid even when the e↵ects

of flux densities are properly taken into account.

3 Running of the axion couplings

The low energy axion couplings can be substantially di↵erent from the UV boundary values

discussed in the previous section because of the subsequent renormalization group evolu-

tion. In this section we will present the RG equations of axion couplings to the SM particles

at leading order in dimensionless couplings (i.e. Yukawa and gauge couplings) in a generic

way that can be applied to the SM, the minimal supersymmetric standard model (MSSM),

and the two Higgs doublet models (2HDMs). We will then provide a semi-analytic formula

for the solution of the RG equations as well as the numerical results.

3.1 RG equations

In the Georgi-Kaplan-Randall (GKR) field basis [26], the axion couplings to the SM fields

and an additional Higgs doublet field in supersymmetric models or 2HDMs can be generally

written
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where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3) are the left-handed quarks and leptons in the

SM and H↵ (↵ = 1, 2) denote the two Higgs doublets in the model. The axion couplings

to  i and H↵ get renormalized by the Yukawa interactions involving H↵ and  i, which is
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-

viously given in [21–25] for the SM or its supersymmetric extensions. Here we provide a

general expression which can be applied to general 2HDMs as well:
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where

⇠y =

(
1 for non-SUSY models

2 for SUSY models
(3.4)

Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG

running of axion couplings is given in [15, 24, 25] for the SM. Here we generalize the formula

for SUSY models using a connection between the beta function of an axion coupling and

the anomalous dimension of a chiral superfield as described in [21, 58]:
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where

⇠g =
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(3.6)
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .

determined at leading order by the diagrams in Fig. 1. For general 2HDMs, the Yukawa

couplings can be written

LYukawa =
X

f,F,↵,i,j

(yfF↵)ijfiFjH↵, (3.2)

where fi = {u
c

i
, d

c

i
, e

c

i
} are SU(2)L-singlet fields, and Fi = {Qi, Li} are SU(2)L-doublet

fields. The Yukawa-induced RG running of axion couplings at leading order are previously

given in [21–25] for the SM or its supersymmetric extensions. Here we provide a general

expression which can be applied to general 2HDMs as well:

dcF
d ln µ

����
1�loop

=
⇠y

16⇡2

X

f,↵

✓
1

2
{cF ,y†

fF↵
yfF↵} + y†

fF↵
cT
f
yfF↵ + cH↵

y†
fF↵

yfF↵

◆
,

dcT
f

d ln µ

�����
1�loop

=
⇠y

16⇡2

X

F,↵

✓
1

2
{cT

f
,yfF↵y

†
fF↵

} + yfF↵cFy
†
fF↵

+ cH↵
yfF↵y

†
fF↵

◆
,

dcH↵

d ln µ

����
1�loop

=
1

8⇡2

X

f,F

⇣
cH↵

tr(y†
fF↵

yfF↵) + tr(yfF↵cFy
†
fF↵

) + tr(y†
fF↵

cT
f
yfF↵)

⌘
,

(3.3)

where

⇠y =

(
1 for non-SUSY models

2 for SUSY models
(3.4)

Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG

running of axion couplings is given in [15, 24, 25] for the SM. Here we generalize the formula

for SUSY models using a connection between the beta function of an axion coupling and

the anomalous dimension of a chiral superfield as described in [21, 57]:

dc 
d ln µ

����
2�loop

= �⇠g

X

A

3

2

✓
g
2
A

8⇡2

◆2

A( )
⇣
cA � 2

X

 0

tr(c 0) A( 0)
⌘

,

dcH↵

d ln µ

����
2�loop

= �⇠H

X

A

3

2

✓
g
2
A

8⇡2

◆2

A(H↵)
⇣
cA � 2

X

 0

tr(c 0) A( 0)
⌘
, (3.5)

– 15 –

Srednicki ’85,  S Chang and K Choi ’93
K Choi, SHI, CS Shin ’20,  

Chala, Guedes, Ramos, Santiago ‘20
Bauer, Neubert, Renner, Schnubel, Thamm ‘20

Talk preparation note

June 10, 2021

dcQ3

d lnµ
⇡ 1

8⇡2
y
2

t nt

dcuc

3

d lnµ
⇡ 1

4⇡2
y
2

t nt

dcHu

d lnµ
⇡ 3

8⇡2
y
2

t nt

(1)

ytu
c

3QL3Hu (2)

@µa

fa

0

@
X

 

c  
†
�̄
µ
 +

X

↵=1,2

cH↵
H

†
↵

$
iD

µ
H↵

1

A+

X

A

g
2

A

32⇡2
cA

a

fa
F

Aµ⌫ eFA

µ⌫ (3)

@µa

2fa

X

 =u,d,e

C  
†
�
µ
�5 +

e
2

32⇡2

a

fa
c�F

µ⌫ eFµ⌫ (4)

c� ⇠ O(1) (5)

C[m1m2..mp]
(x

µ
, y

m
) = a(x

µ
)⌦[m1m2..mp]

(y
m
) (6)

K = K0(T + T
⇤
) + ZI(T + T

⇤
)�

⇤
I�I

FA = cAT

(7)

ZI / (T + T
⇤
)
!I !I ⇠ O(1) (8)

1

Talk preparation note

June 10, 2021

CA(�) : quadratic Casimir

TA(�) : Dynkin index

(1)

c̃A ⌘ cA �
X

 0

c 0
(2)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( ) c̃A

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵) c̃A (3)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( )

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
1

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵)

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
(4)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( )

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
1

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵)

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
(5)

nt ⌘ cQ3 + cuc

3
+ cHu

(6)

dcQ3

d lnµ
⇡ ⇠y

16⇡2
y
2

t nt

dcuc

3

d lnµ
⇡ ⇠y

8⇡2
y
2

t nt

dcHu

d lnµ
⇡ 3⇠y

16⇡2
y
2

t nt

(7)

1

Talk preparation note

June 10, 2021

CA(�) : quadratic Casimir

TA(�) : Dynkin index

(1)

c̃A ⌘ cA �
X

 0

c 0
(2)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( ) c̃A

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵) c̃A (3)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( )

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
1

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵)

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
(4)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( )

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
1

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵)

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
(5)

nt ⌘ cQ3 + cuc

3
+ cHu

(6)

dcQ3

d lnµ
⇡ ⇠y

16⇡2
y
2

t nt

dcuc

3

d lnµ
⇡ ⇠y

8⇡2
y
2

t nt

dcHu

d lnµ
⇡ 3⇠y

16⇡2
y
2

t nt

(7)

1

<latexit sha1_base64="sXWrbto/17tXaYgquP/00OLZKkY=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKYo8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXBonhw2rNq3sL4HXiF6QGBVrD6tdgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMLp4xwFGtXyuKF+nsiI9KYmQxdpyR2Yla9XPzP66c2agQZV0lqmaLLRVEqsI1x/jgecc2oFTNHCNXc3YrphGhCrYun4kLwV19eJ52run9T9x6ua81GEUcZzuAcLsGHW2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8ASKPjkQ=</latexit>

 

<latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>

a

<latexit sha1_base64="tRUuQ68skmgI68xFb2QUjCXl9IE=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJimKXLW5cVrAPaGKYTCft0MmDmYlQQjb+ihsXirj1M9z5N07bLLT1wOUezrmXmXv8hDOpLOvbKK2tb2xulbcrO7t7+wfm4VFXxqkgtENiHou+jyXlLKIdxRSn/URQHPqc9vzJzczvPVIhWRzdq2lC3RCPIhYwgpWWPPPECQQm2chrPdTzrOEkTHfitTyzatWsOdAqsQtShQJtz/xyhjFJQxopwrGUA9tKlJthoRjhNK84qaQJJhM8ogNNIxxS6WbzA3J0rpUhCmKhK1Jorv7eyHAo5TT09WSI1VguezPxP2+QqqDhZixKUkUjsngoSDlSMZqlgYZMUKL4VBNMBNN/RWSMdSJKZ1bRIdjLJ6+Sbr1mX9Wsu8tqs1HEUYZTOIMLsOEamnALbegAgRye4RXejCfjxXg3PhajJaPYOYY/MD5/ABYrlgo=</latexit>

g
2
A

8⇡2
cA

<latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>

a

<latexit sha1_base64="nHVr8BPdIT9nsKmdangdSEbZoIQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbRU9kVxR4LXjxWsB/SLiWbZtvQJBuSrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJJqQpsk4YnuRNhQziRtWmY57ShNsYg4bUfj25nffqLasEQ+2ImiocBDyWJGsHXSI+lnPWXY+bRfrvhVfw60SoKcVCBHo1/+6g0SkgoqLeHYmG7gKxtmWFtGOJ2WeqmhCpMxHtKuoxILasJsfvAUnTllgOJEu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauNamDGpUkslWSyKU45sgmbfowHTlFg+cQQTzdytiIywxsS6jEouhGD55VXSuqwG11X//qpSr+VxFOEETuECAriBOtxBA5pAQMAzvMKbp70X7937WLQWvHzmGP7A+/wBwHCQVw==</latexit>

c �

<latexit sha1_base64="XKqhQ6Pf7i0BubHDxUT3FgNxV84=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ6Koko9ljw4rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k91IjLvqVqltz5yCrxCtIFQo0+5Wv3iBhWcwVMkmN6XpuikFONQom+bTcywxPKRvTIe9aqmjMTZDPj52Sc6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYVQPcqHSDLlii0VRJgkmZPY5GQjNGcqJJZRpYW8lbEQ1ZWjzKdsQvOWXV0nrqubd1NyH62qjXsRRglM4g0vw4BYacA9N8IGBgGd4hTdHOS/Ou/OxaF1zipkT+APn8weEPY51</latexit>

 
�

<latexit sha1_base64="sXWrbto/17tXaYgquP/00OLZKkY=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKYo8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXBonhw2rNq3sL4HXiF6QGBVrD6tdgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMLp4xwFGtXyuKF+nsiI9KYmQxdpyR2Yla9XPzP66c2agQZV0lqmaLLRVEqsI1x/jgecc2oFTNHCNXc3YrphGhCrYun4kLwV19eJ52run9T9x6ua81GEUcZzuAcLsGHW2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8ASKPjkQ=</latexit>

 

Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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Numerical results

the top Yukawa interaction even when nt(fa) and Ct(mBSM) vanish. As we will see below,

they give rise to an important radiative correction to Ce for KSVZ-like axions.

Eqs. (3.36), (3.37), (3.38) and (3.39) show that the radiative corrections to C ( =

u, d, e) induced by the top Yukawa interaction and the SM gauge interactions originate

mainly from the four UV parameters {nt(fa), c̃G(fa), c̃W (fa), c̃B(fa)} in the MSSM case or

from {Ct(fa), c̃G(fa), c̃W (fa), c̃B(fa)} in the SM case. Then one can parameterize the low

energy axion couplings to the light quarks and electron as

Cu(2 GeV) = Cu(fa) +�Cu,

Cd(2 GeV) = Cd(fa) +�Cd,

Ce(me) = Ce(fa) +�Ce, (3.45)

where C (fa) ( = u, d, e) are identified as the tree-level values C
0
 and

SM : �C = r
t

 Ct(fa) + r
G

 c̃G(fa) + r
W

 c̃W (fa) + r
B

 c̃B(fa),

MSSM : �C = r
t

 nt(fa) + r
G

 c̃G(fa) + r
W

 c̃W (fa) + r
B

 c̃B(fa). (3.46)

To compute the coe�cients r
X

 (X = t, G, W, B) in this parameterization, we solve

the RG equations in a fully numerical way with the running SM gauge couplings and top

Yukawa coupling at two-loop order. The resulting r
X

 are depicted in Fig. 4 for the SM

case (left panel) and the MSSM case (right panel). For the MSSM, we choose tan � = 10

and the SUSY particle masses mSUSY = 10 TeV. Our results show that

r
t

u,d,e
⇠ few ⇥ 10�1

, r
G

u,d
⇠ 10�2

, r
G

e ⇠ few ⇥ 10�4
� 10�3

,

r
W

u,d,e
⇠ few ⇥ 10�4

� 10�3
, r

B

u,d
⇠ few ⇥ 10�5

� 10�4
, r

B

e ⇠ 10�4 (3.47)

for 107 GeV . fa . 1016 GeV. For example, for fa = 1010 GeV in the SM case, we find

Cu(2 GeV) ' Cu(fa) � 0.28 Ct(fa) + [17.8 c̃G(fa) + 0.33 c̃W (fa) + 0.032 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.30 Ct(fa) + [19.5 c̃G(fa) + 0.48 c̃W (fa) + 0.017 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 Ct(fa) + [0.80 c̃G(fa) + 0.54 c̃W (fa) + 0.13 c̃B(fa)] ⇥ 10�3
,

(3.48)

and for fa = 1010 GeV, mSUSY = 10 TeV and tan � = 10 in the MSSM case,

Cu(2 GeV) ' Cu(fa) � 0.28 nt(fa) + [17.7 c̃G(fa) + 0.52 c̃W (fa) + 0.036 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.31 nt(fa) + [19.4 c̃G(fa) + 0.23 c̃W (fa) + 0.0047 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 nt(fa) + [0.81 c̃G(fa) + 0.28 c̃W (fa) + 0.10 c̃B(fa)] ⇥ 10�3
.

(3.49)

Here the di↵erence in the value of r
W

 between the SM case and the MSSM case is mainly

due to a di↵erent running of the gauge couplings and top Yukawa coupling.

A particularly interesting aspect of our results is that the axion-electron coupling Ce

receives a large radiative correction from the UV parameter c̃G(fa), which was first shown

– 23 –

For 𝑚LM5 = 1008 GeV and tan 𝛽 = 10, 
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .

and gGUT and ghid are the gauge couplings around the string scale for the visible E6 and

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

This result shows that the order of magnitude estimate (2.33) is valid even when the e↵ects

of flux densities are properly taken into account.

3 Running of the axion couplings

The low energy axion couplings can be substantially di↵erent from the UV boundary values

discussed in the previous section because of the subsequent renormalization group evolu-

tion. In this section we will present the RG equations of axion couplings to the SM particles

at leading order in dimensionless couplings (i.e. Yukawa and gauge couplings) in a generic

way that can be applied to the SM, the minimal supersymmetric standard model (MSSM),

and the two Higgs doublet models (2HDMs). We will then provide a semi-analytic formula

for the solution of the RG equations as well as the numerical results.

3.1 RG equations

In the Georgi-Kaplan-Randall (GKR) field basis [26], the axion couplings to the SM fields

and an additional Higgs doublet field in supersymmetric models or 2HDMs can be generally

written

La =
@µa

fa

2

4
X

 

(c )ij 
†
i
�̄
µ
 j +

X

↵=1,2

cH↵
H

†
↵

$
iD

µ
H↵

3

5 +
a

fa

X

A

cA
g
2
A

32⇡2
F

Aµ⌫ eFA

µ⌫ , (3.1)

where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3) are the left-handed quarks and leptons in the

SM and H↵ (↵ = 1, 2) denote the two Higgs doublets in the model. The axion couplings

to  i and H↵ get renormalized by the Yukawa interactions involving H↵ and  i, which is

determined at leading order by the diagrams in Fig. 1. For general 2HDMs, the Yukawa

couplings can be written as

LYukawa =
X

f,F,↵,i,j

(yfF↵)ijfiFjH↵, (3.2)

where fi = {u
c

i
, d

c

i
, e

c

i
} are SU(2)L-singlet fermions, and Fi = {Qi, Li} are SU(2)L-doublet

fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-

viously given in [21–25] for the SM or its supersymmetric extensions. Here we provide a
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general expression which can be applied to general 2HDMs as well:
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(3.3)

where

⇠y =

(
1 for non-SUSY models

2 for SUSY models
(3.4)

Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG

running of axion couplings is given in [15, 24, 25] for the SM. Here we generalize the formula

for SUSY models using a connection between the beta function of an axion coupling and

the anomalous dimension of a chiral superfield as described in [21, 58]:
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where

⇠g =

(
1 for non-SUSY models

2/3 for SUSY models
, ⇠H =

(
0 for non-SUSY models

2/3 for SUSY models
(3.6)

The di↵erence between non-SUSY models and SUSY modes is due to the presence of the

axion-gaugino couplings in SUSY models. Here CA(�) and TA(�) are the quadratic Casimir

and Dynkin index of the field � charged under the gauge group A.
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Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

and for fa = 1010 GeV, mSUSY = 10 TeV and tan � = 10 in the MSSM case,

Cu(2 GeV) ' Cu(fa) � 0.28 nt(fa) + [17.7 c̃G(fa) + 0.53 c̃W (fa) + 0.051 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.31 nt(fa) + [19.4 c̃G(fa) + 0.24 c̃W (fa) + 0.020 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 nt(fa) + [0.81 c̃G(fa) + 0.30 c̃W (fa) + 0.118 c̃B(fa)] ⇥ 10�3
.

(3.49)

A particularly interesting aspect of our results is that the axion-electron coupling Ce

receives a large radiative correction from the UV parameter c̃G(fa), which was first shown

in [25] for the SM case to our knowledge. This has a crucial implication for KSVZ-like

QCD axions, which was not noticed before. For KSVZ-like axions, nt(fa) = Ct(fa) = 0

so that there is no one-loop level radiative correction from the Yukawa interactions. In

the previous literature, the leading contribution to Ce in KSVZ axion model was thought

to be from non-zero cW or cB as in the second diagram of Fig. 3, or from the axion-pion

mixing below the QCD scale as in the third digram of Fig. 3 for a minimal KSVZ model

with cW = cB = 0 [19, 20]. But the results Eq. (3.48) and Eq. (3.49) indicate that

there is a larger contribution from the axion-gluon coupling cG. This radiative correction

is originated from the first diagram of Fig. 3 involving the exotic heavy quark (Q,Q
c),

gluons, top quark and Higgs doublet at three-loop level. This process is encoded in It and

I
SM
t (Eq. (3.41) and Eq. (3.42)) of Eq. (3.38). Although it is a three-loop process, it beats

the contributions from the second and third diagrams in Fig. 3 because ↵
2
s � ↵

2
2,1 and

yt ⇠ O(1). For instance, for KSVZ-like axions with mQ = 1010 GeV, we find

Ce(me) '

h
0.83 cG � 0.03 cG + 0.54 cW + 0.135 cB

i
⇥ 10�3 (SM)

Ce(me) '

h
0.84 cG � 0.03 cG + 0.28 cW + 0.104 cB

i
⇥ 10�3 (MSSM) (3.50)

where the first term in the square bracket denotes the contribution from the first diagram

in Fig. 3, the second is the contribution from the axion-pion mixing represented by the

last diagram in Fig. 3, and the last two terms are the contributions from the two-loop

diagrams involving the electroweak gauge bosons. Here the first term / cG plays an even

more important role than the third term / cW in the MSSM case, which is essentially due

to the SUSY e↵ects on the running of the gauge couplings and top Yukawa coupling.
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Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

in [25] for the SM case to our knowledge. This has an important implication for KSVZ-like

QCD axions. For KSVZ-like axions, nt(fa) = Ct(fa) = 0 so that there is no one-loop level

radiative correction from the Yukawa interactions. In the previous literature, the leading

contribution to Ce in KSVZ axion model was thought to be from non-zero cW or cB as in

the second diagram of Fig. 3, or from the axion-pion mixing below the QCD scale as in

the third digram of Fig. 3 for a minimal KSVZ model with cW = cB = 0 [19, 20]. But

the results Eq. (3.48) and Eq. (3.49) indicate that there is a larger contribution from the

axion-gluon coupling cG. This radiative correction is originated from the first diagram of

Fig. 3 involving the exotic heavy quark (Q,Q
c), gluons, top quark and Higgs doublet at

three-loop level. This process is encoded in It and I
SM
t (Eq. (3.41) and Eq. (3.42)) of Eq.

(3.38). Although it is a three-loop process, it beats the contributions from the second and

third diagrams in Fig. 3 because ↵
2
s � ↵

2
2,1 and yt ⇠ O(1). For instance, for KSVZ-like

axions with mQ = 1010 GeV, we find

Ce(me) '

h
0.84 cG � 0.03 cG + 0.28 cW + 0.10 cB

i
⇥ 10�3 (KSVZ with MSSM)

Ce(me) '

h
0.83 cG � 0.03 cG + 0.54 cW + 0.13 cB

i
⇥ 10�3 (KSVZ with SM), (3.50)

where the first term in the square bracket denotes the contribution from the first diagram

in Fig. 3, the second is the contribution from the axion-pion mixing represented by the

last diagram in Fig. 3, and the last two terms are the contributions from the two-loop

diagrams involving the electroweak gauge bosons.

4 Distinguishing the axions by low energy precision physics

Based on the results of the previous sections, we are going to discuss a possibility to

distinguish the di↵erent classes of axion models experimentally. As discussed in section 2,

one can consider three classes of axion models: KSVZ-like, DFSZ-like, and string-theoretic

axions. They may show di↵erent patterns of the low energy axion couplings to the nucleons

and electron after properly taking into account the relevant radiative corrections. To

include string-theoretic axions in a consistent manner, in the following we discuss the

coupling patterns in the MSSM framework which assumes N = 1 SUSY at scales around

fa. As a benchmark example, we consider a specific parameter point with fa = 1010 GeV,
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it is at three-loop level.
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Consequences in low energy observables

where e and gs are the electromagnetic and color gauge couplings, respectively, and

c� = cW + cB, C = C
0
 +�C , (2.4)

with

C
0
u = cQ1(fa) + cuc

1
(fa) + cH(fa),

C
0
d

= cQ1(fa) + cdc1
(fa) � cH(fa),

C
0
e = cL1(fa) + cec1

(fa) � cH(fa). (2.5)

Here C
0
 ( = u, d, e) denote the axion couplings to the light quarks and electron evaluated

at tree-level, which can be interpreted as the couplings at the UV boundary scale µ = fa in

our approximation, �C are radiative corrections to C received over the scales from fa

to µ = O(1) GeV, which will be extensively discussed in section 3, c�(fa) and c (fa) are

the axion couplings at µ = fa including the couplings to the Higgs doublet H and the three

generations of chiral quarks and leptons  = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3), which would be

determined by the underlying UV-completed axion model, and the e↵ects of flavor mixing

are ignored for simplicity.

In regard to the experimental verification of axions, the most relevant couplings are

those to the photon, nucleons and electron at scales well below GeV:
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which are determined by the couplings in (2.3) as follows:
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with �u = 0.897(27) and �d = �0.376(27) at µ = 2 GeV in MS, and mu/md = 0.48(3)

[3, 27]. One of our primary concerns is if string-theoretic axions can be discriminated from

field-theoretic axions by having a distinguishable pattern of gaX (X = �, p, n, e).

2.1 Field-theoretic axions: KSVZ-like and DFSZ-like axions

Field-theoretic axion models have a UV completion with a linearly realized Peccei-Quinn

symmetry:

U(1)PQ : � ! e
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Axion couplings to the photon, electron, neutron, and proton below GeV
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and ma/m⇡ = O(✏). In order to work with canonical propagators

one can perform: i) an orthogonal transformation to diagonalize the kinetic term, ii) a rescaling to make
the kinetic term canonical and iii) an orthogonal transformation to re-diagonalize the mass term (which
does not affect the canonical kinetic term). The net effect of these operations is to shift the current basis
fields by a ! a� ✏⇡0 and ⇡0

! ⇡0 + (m2

a
/m2

⇡
)✏a. Since the axion component into the current pion field is

suppressed at the level of ✏3, this redefinition has no practical consequences for experimental sensitivities and
astrophysical bounds, which are sensitive at most to O(✏2) effects. This justifies the fact that the correction
due to kinetic mixing is generally ignored in the literature.

The second addend in Eq. (55) gives instead the axion-pion coupling (see also [26, 110]), defined via the
Lagrangian term

L
int

a
�

Ca⇡

faf⇡
@µa(2@

µ⇡0⇡+⇡�
� ⇡0@

µ⇡+⇡�
� ⇡0⇡

+@µ⇡�) , (57)

with
Ca⇡ = �

1

3

✓
c0
u
� c0

d
�

md �mu

mu +md

◆
. (58)

Note that once the canonical axion and pion field are properly identified, the only linear coupling of the
axion to the pions is the one in Eq. (57). The axion-pion coupling in Eq. (58) generalizes the expressions
available in the literature in the case of KSVZ [110] and DFSZ [26] axions.

2.5.3. Axion-photon coupling
With the choice of Qa = M�1

q
/TrM�1

q
to ensure no axion-pion mass mixing, the LO axion-photon
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The same result can be obtained via another choice of Qa (e.g. the one leading to the �PT potential in
Eq. (54)), but requires the inclusion of a non-zero axion-pion mixing.

2.5.4. Axion-nucleon coupling
Following [47] we derive the axion coupling to nucleons (protons and neutrons), via an effective theory

at energies ⌧ ⇤QCD, relevant for momentum exchanges of the order of the axion mass, where the nucleons
are non-relativistic. This approach turns out to yield a more reliable approximation than current algebra
techniques [111] or the chiral EFT for nucleons [104, 112]. Our goal is to match the quark current operator
in Eq. (40) with a non-relativistic axion-nucleon Lagrangian. Using iso-spin as an active flavour symmetry
and the axion as an external current, the LO effective axion-nucleon Lagrangian reads

LN = N̄vµ@µN + 2gA
cu � cd

2

@µa

2fa
N̄Sµ�3N + 2gud

0

cu + cd
2

@µa

2fa
N̄SµN + . . .

= N̄vµ@µN + 2gA
cu � cd

2

@µa

2fa
(p̄Sµp� n̄Sµn) + 2gud

0

cu + cd
2

@µa

2fa
(p̄Sµp+ n̄Sµn) + . . . , (60)

where N = (p, n)T is the iso-spin doublet field, vµ is the four-velocity of the non-relativistic nucleon and
Sµ the spin operator. The couplings gA and gud

0
correspond respectively to the axial iso-vector and axial

iso-scalar combinations, while the dots in Eq. (60) denote higher order terms, including non-derivative axion
couplings which for hai = 0 (no extra sources of CP violation) are at least quadratic in a. Matching the two
effective Lagrangians over a single-nucleon matrix element, for example hp|La|pi = hp|LN |pi, at the LO in
the isospin breaking effects, we get

@µa

2fa
cu hp|ū�
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iso-scalar combinations, while the dots in Eq. (60) denote higher order terms, including non-derivative axion
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where e and gs are the electromagnetic and color gauge couplings, respectively, and

c� = cW + cB, C = C
0
 +�C , (2.4)

with

C
0
u = cQ1(fa) + cuc

1
(fa) + cH(fa),

C
0
d

= cQ1(fa) + cdc1
(fa) � cH(fa),

C
0
e = cL1(fa) + cec1

(fa) � cH(fa). (2.5)

Here C
0
 ( = u, d, e) denote the axion couplings to the light quarks and electron evaluated

at tree-level, which can be interpreted as the couplings at the UV boundary scale µ = fa in

our approximation, �C are radiative corrections to C received over the scales from fa

to µ = O(1) GeV, which will be extensively discussed in section 3, c�(fa) and c (fa) are

the axion couplings at µ = fa including the couplings to the Higgs doublet H and the 3-

generations of chiral quarks and leptons  = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3), which would be

determined by the underlying UV-completed axion model, and the e↵ects of flavor mixing

are ignored for simplicity.

In regard to the experimental verification of axions, the most relevant couplings are

those to the photon, nucleons and electron at scales well below GeV:
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which are determined by the couplings in (2.3) as follows:
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with �u = 0.897(27) and �d = �0.376(27) at µ = 2 GeV in MS, and mu/md = 0.48(3)

[3, 27]. One of our primary concerns is if string-theoretic axions can be discriminated from

field-theoretic axions by having a distinguishable pattern of gaX (X = �, p, n, e).

2.1 Field-theoretic axions: KSVZ-like and DFSZ-like axions

Field-theoretic axion models have a UV completion with a linearly realized Peccei-Quinn

symmetry:

U(1)PQ : � ! e
i↵
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Taking into account the radiative corrections with the choice of parameters 

𝑓$ = 1008 GeV,  𝑡N = 10,  and 𝑚MOMP = 10TeV, 

with the proportionality coe�cients r
X

 (X = t, G, W, B) that depend on the scale fa at

which the axion couplings start to run. In Fig. 4, we show our results for r
X

 as a function

of fa in the SM and the MSSM. For the MSSM, we choose the parameters tan � = 10 and

mSUSY = 10 TeV the mass scale of SUSY particles. Our analysis shows that c̃G(fa) plays

an even more important role for the axion-electron coupling Ce in SUSY models as the

plot for r
X
e in Fig. 4 shows the ratio r

G
e /r

W
e is larger in the MSSM than in the SM. This is

due to the SUSY e↵ects on the running of the gauge couplings and top Yukawa coupling.

4 Distinguishing the axions by low energy precision physics

* section 3 finished, section 4 in progress

Based on the results of the previous sections, we are going to discuss possibility to

distinguish the di↵erent classes of axion models experimentally. As discussed in section 2,

one can consider three classes of axion models: KSVZ-like, DFSZ-like, and string-theoretic

axions. They may show di↵erent patterns of the low energy axion couplings to the nucleons

and electron after properly taking into account the relevant radiative corrections. To be

specific, we will discuss those predicted coupling patterns in the MSSM framework in order

to include the string theoretic axions.

We parametrize the low energy axion couplings to the nucleons and electron as

X

 =p,n,e
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where the right-hand side is obtained from the left-hand side upon integration by parts

and applying the equation of motion. From
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From the discussion of UV boundary values in section 2 and the relevant radiative

corrections in section 3, we find that for each class of the models, those couplings are

approximately given by
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Figure 4. Radiative corrections to the axion-light quark coupling �Cu,d and the axion-
electron coupling �Ce from the four UV parameters {Ct(fa), c̃G(fa), c̃W (fa), c̃B(fa)} for the
SM or {nt(fa), c̃G(fa), c̃W (fa), c̃B(fa)} for the MSSM : �C = r

t
 [nt(fa) or Ct(fa)] +P

A=G,W,B r
A
 c̃A(fa). For the MSSM, we take the parameters tan � = 10 and mSUSY = 10 TeV the

mass scale of SUSY particles.
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where we assume tan � > 10. Here for the DFSZ-like axions, we assume that their tree

level couplings are typically of O(1) so that radiative corrections are not important. On the

other hand, for all classes of models, the low energy axion photon-coupling is determined

as

ga� =
↵em

2⇡fa
c� (4.8)

with

c� ' cW + cB � 1.92cG (4.9)

from Eq. (3.34). From Eqs. (4.5)-(4.7), one can find that the couplings show qualitatively

di↵erent patterns depending on whether cG 6= 0 (as for the QCD axion) or cG = 0. So we

will consider the two cases independently.

Figure 5. The predicted ratios of the axion couplings when cG 6= 0 (like the QCD axion) from the
minimal models within the MSSM framework (green: DFSZ-like axions, black: KSVZ-like axions,
red: string theoretic axions). For the KSVZ-like axions, the heaviest exotic quark is assumed to
have a mass between 10�3

fa (dashed black) and fa (solid black). For the MSSM parameters, we
take tan � = 10 and mSUSY = 10 TeV the mass scale of SUSY particles.

In case cG 6= 0 which includes the QCD axion, the axion-proton coupling gap is of order

unity regardless of those types of models. On the other hand, the axion-neutron coupling

gan is an order of magnitude smaller for KSVZ-like axions and string theoretic axions than

DFSZ-like axions. So it can discriminate between those two type of models. To completely

distinguish among the three types of models, one may need to measure the axion-electron

coupling gae as this coupling is predicted to be of di↵erent orders of magnitude depending

on models. In Fig. 5, we numerically plot the predicted coupling ratios c�gan/ga� and

c�gae/ga� for each model. The ratio depends on the scale fa at which the axion couplings

– 26 –

For the string-theoretic model, a universal scaling weight 𝜔Q is assumed. 

Ex) 𝜔Q =
0
,
, 𝜔Q𝑔!OR, ∼ 0.25 in a type-IIB string Large Volume Scenario
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Laboratory searches for axion DM
-photonic probes
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Speed of light changes depending on polarization
in the presence of axion dark matter!

2

A = 0. Then the EoM for gauge field reads

Äi −∇2Ai + gaγ ȧεijk∂jAk = 0 . (2)

The present background axion field is written as

a(t) = a0 cos(mt+ δτ (t)) , (3)

with its constant amplitude a0, its mass m and a phase
factor δτ (t). In this experiment, we search for the ax-
ion dark matter with the mass m ! 10−10eV and the
corresponding frequency f is given by

f =
m

2π
# 2.4Hz

( m

10−14eV

)

. (4)

The phase factor δτ can be assumed to be a constant
value within the coherence timescale of dark matter τ .
We decompose Ai into two helicity modes with wave

number k :

Ai(t,x) =
∑

λ=±

∫

d3k

(2π)3
Aλ

k(t)e
λ
i (k̂)e

ik·x , (5)

where eλi (k̂) = eλ∗i (−k̂) is the circular polarization vector
which obeys eλi (k̂)e

∗λ′

i (k̂) = δλ
′λ, and εijmkje±m(k̂) =

±ke±i (k̂). Then one finds EoMs for the two polarization
modes as

Ä±

k + ω2
±A

±

k = 0 , (6)

with

ω2
± ≡ k2

(

1±
gaγa0m

k
sin(mt+ δτ )

)

. (7)

From (7), we obtain their phase velocities as

c± ≡
ω±

k
=

(

1±
gaγa0m

k
sin(mt+ δτ )

)1/2
, (8)

and define their difference as δc ≡ |c+ − c−|. The tiny
coupling gaγ allows us to approximate δc by

δc #
gaγa0m

k
sin(mt+ δτ ) ≡ δc0 sin(mt+ δτ ) . (9)

Assuming the laser light with the wavelength λ = 2π/k =
1550 nm, we can estimate

δc0 # 3× 10−24

(

gaγ
10−12 GeV−1

)

, (10)

where we used the present energy density of the axion
dark matter, ρa = m2a20/2 # 0.3 GeV/cm3.

III. SEARCH FOR AXION DARK MATTER

USING OPTICAL RING CAVITY

In this section, we describe our experiment to detect
δc caused by the axion dark matter. The set up of our

laser(1550nm)

mirror

photodetector 
A/B

left-handed 
photon

right-handed 
photon

1/4 waveplate

frequency
lock signal

A B

FIG. 1: The layout of our double-pass bow-tie cavity. The
left-handed beam (solid line) is injected to the resonant cav-
ity, while the transmit beam reflected by the mirror on the
far right goes to the cavity as the right-handed beam (dashed
line). The photodetector A is used to lock the laser frequency
at the resonant frequency for the injected beam from the left,
and the photodetector B monitors the modulation of the reso-
nant frequency difference of two optical paths from the beam
coming from the right.

experiment is schematically illustrated in Figure 1. First,
a laser beam which is circularly polarized by a 1/4 wave-
plate enters our bow-tie cavity. For the illustrative pur-
pose, let us assume the incident beam has the left-handed
polarization. The incident beam to the cavity is partially
reflected by the input mirror and goes to the photodetec-
tor A, while the other part enters the cavity. Since the
reflection off of a mirror flips the circular-polarization of
photon, the beam changes its polarization each time it is
reflected by a mirror. It should be noted that the beam
that enters the cavity from the left has the right-handed
polarization most of the time, because the bow-tie op-
tical path is stretched in the longitudinal direction. It
eventually goes to either the photodetector A or the mir-
ror on the far right. The beam which is reflected from
the mirror on the far right is partially reflected into the
photodetector B or re-enters the cavity. Then it has the
left-handed polarization most of the time while traveling
inside the cavity in the opposite direction. Finally some
part of the beam goes into the photodetector B.

From each photodetector, we can obtain the signal
which is proportional to the frequency difference between
the laser frequency and the cavity resonant frequency us-
ing, for example, Pound-Drever-Hall method [25]. Using
this error signal taken by the photodetector A, the in-
cident laser frequency is stabilized to the resonance of
the (almost) right-handed polarized beam. We can also
obtain the second error signal from the photodetector
B, which is proportional to the resonant frequency dif-

where

circular polarized modes
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The signal should be counted as a loss of the axion-induced EM field 
inside the cavity.

: signal power
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

where v = k/! is the axion DM velocity. As explained in sec. 4.1, the velocity of the ALP field takes
a coherence time (4.10) to change and sweeps values according to a velocity distribution like (4.2) but
the Sun orbital motion around the Galaxy ensures that a non-zero velocity is singled out on average,
v� ⇠ 220 km/s ⇠ 0.7 ⇥ 10�3. This Ba field is therefore smaller than Ea by factor ⇠ �v ⇠ 10�3 in the
DM field. On the other hand, the axion-induced Ea-field can produce a current in a conductor or similar
that induces a new B-field. For instance, in the dish antenna concept, EM waves are radiated o↵ the
disk and they feature B-fields of size |B| = |Ea|. Regardless of its origin, the small oscillating magnetic
field could be measured by a carefully placed pick-up coil and associated amplifying LC circuit. The
amplified signal can then be detected by a sensitive magnetometer like a SQUID. The first proposal
by Sikivie [591] considered measuring the small intrinsic B-field, while further ideas were presented to
measured the secondary B created by Ea [151,592]. The signal strength depends on the magnetic flux
going through the pick-up coil, which, for relevant configurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional to BeVBe

, where VBe
is the total volume

of the magnet. This method could achieve competitive sensitivity for very low masses ma . 10�6 eV,
if implemented in magnet volumes of few m3 volumes and few T fields.

Particularly appealing is the implementation of this concept in a toroidal magnet geometry providing
a toroidal23 oscillating Ea because the pickup coil can then be placed in the centre of the toroid, where
the static background magnetic field is practically zero [592]. As proposed in [592], the concept allows
for a non-resonance (i.e. broadband) mode of operation, in which the coil is inductively coupled to the
SQUID without a tunable capacitor, see Fig. 23. This mode of operation has the advantage of probing
large ranges in ma at once (something particularly useful also in the search for hidden photons [151]),
and is more e�cient than the narrowband mode for lower axion masses. When in narrowband mode,
the amplifying resonance is produced externally by the LC circuit and not by mechanical modification
of the cavity, which makes tuning in principle easier than in conventional haloscopes.

Two teams are already developing experimental setups implementing this concept. The DM-
Radio [594] team is setting up a pathfinder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = �ga�Bea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

where v = k/! is the axion DM velocity. As explained in sec. 4.1, the velocity of the ALP field takes
a coherence time (4.10) to change and sweeps values according to a velocity distribution like (4.2) but
the Sun orbital motion around the Galaxy ensures that a non-zero velocity is singled out on average,
v� ⇠ 220 km/s ⇠ 0.7 ⇥ 10�3. This Ba field is therefore smaller than Ea by factor ⇠ �v ⇠ 10�3 in the
DM field. On the other hand, the axion-induced Ea-field can produce a current in a conductor or similar
that induces a new B-field. For instance, in the dish antenna concept, EM waves are radiated o↵ the
disk and they feature B-fields of size |B| = |Ea|. Regardless of its origin, the small oscillating magnetic
field could be measured by a carefully placed pick-up coil and associated amplifying LC circuit. The
amplified signal can then be detected by a sensitive magnetometer like a SQUID. The first proposal
by Sikivie [591] considered measuring the small intrinsic B-field, while further ideas were presented to
measured the secondary B created by Ea [151,592]. The signal strength depends on the magnetic flux
going through the pick-up coil, which, for relevant configurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional to BeVBe

, where VBe
is the total volume

of the magnet. This method could achieve competitive sensitivity for very low masses ma . 10�6 eV,
if implemented in magnet volumes of few m3 volumes and few T fields.

Particularly appealing is the implementation of this concept in a toroidal magnet geometry providing
a toroidal23 oscillating Ea because the pickup coil can then be placed in the centre of the toroid, where
the static background magnetic field is practically zero [592]. As proposed in [592], the concept allows
for a non-resonance (i.e. broadband) mode of operation, in which the coil is inductively coupled to the
SQUID without a tunable capacitor, see Fig. 23. This mode of operation has the advantage of probing
large ranges in ma at once (something particularly useful also in the search for hidden photons [151]),
and is more e�cient than the narrowband mode for lower axion masses. When in narrowband mode,
the amplifying resonance is produced externally by the LC circuit and not by mechanical modification
of the cavity, which makes tuning in principle easier than in conventional haloscopes.

Two teams are already developing experimental setups implementing this concept. The DM-
Radio [594] team is setting up a pathfinder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = �ga�Bea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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It tries to detect axion-induced tiny oscillating B-field with
a highly sensitive superconducting coil.
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Laboratory searches for axion DM
-nucleonic probes

The best experimental sensitivity on 𝑔$+
is obtained when 𝜌$ = 𝜌T5.

Background axion DM field
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𝑔$+ is determined for 𝑐$C~𝑂 1 .
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CASPEr-Wind
This tiny axion-induced oscillating 

effective B-field can be detected by NMR.

:#4. ≡ .2
: Larmor frequency

When /, = m", resonant transverse magnetization of molecules occurs.
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Figure 1: A sketch of the geometry for this storage ring proposal (left figure) and the directions of the

proton’s spin ~�, velocity ~� and precession, as well as the axion field gradient seen by the proton (right figure).
The proton’s spin must be oriented radially and will then precess around its velocity (out of the plane of the
ring).

boost the signal and be able to add it up over the entire integration time of the storage in the ring (⇠ 1000 s
for the proton EDM experiment).

The proton storage ring EDM proposal uses this ‘frozen spin’ method [12, 14]. In that proposal the
proton is placed in a ring with a large electric field (either all electric or a hybrid electric-magnetic design)
and its spin is aligned with its velocity. The proton is given the ‘magic momentum’ so that the ring’s
electromagnetic fields cause the spin to precess by 2⇡ in exactly the time the proton orbits the ring once,
thus keeping the spin and velocity always aligned. This can be seen easily in the proton’s rest frame where
the large radial electric field looks like it has a large magnetic component perpendicular to the plane of the
ring. If the proton has an EDM, then its spin will also precess around the large electric field and thus out
of the plane of the ring. The protons spins are measured continuously over the period of about 1000 s that
they spend in the ring.

Our proposal is to use the same storage ring to search for time-varying dark energy (with axionic cou-
plings) and axion (or vector) dark matter. Note that for the axion case, as in Fig. 1, the proton’s spin must
be oriented radially (instead of tangentially as in the EDM case) so that it will precess around the proton’s
velocity, out of the plane of the ring. The signal of axion dark matter or dark energy then is a small rising
component of the proton’s spin out of the plane as a function of time. Thus the same storage ring can be
used to search for dark matter and dark energy as will be used for the proton EDM. We are just searching
for a di↵erent signal with a di↵erent dependence on the spin orientation of the proton and also, in the case
of dark matter, with a fixed temporal frequency (see Section 2).

In Figure 2 we show an estimate for the sensitivity of this proposal to axion dark matter. Figure 3 shows
the sensitivity to time-varying dark energy, assuming it has an axion-like coupling. We have assumed similar
numbers to the storage ring EDM proposal, namely the spin coherence time of the proton beam in the ring
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Effect of the QCD axion

When the PQ mechanism is working (i.e. 𝜃̅ dynamical),
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(9)

1

Talk preparation note

March 8, 2023

✓GG̃+ (mqqLq
c

R + h.c.) �!
⇣
|mq|ei✓̄qLqcR + h.c.

⌘
(1)

qL ! qLe
�i✓ (2)

✓̄ = ✓ + arg(mq) (3)

⇣
|mq|ei✓̄qLqcR + h.c.

⌘
+ VQG(✓̄) +

⇣
id̃qqL�

µ⌫
Gµ⌫q

c

R + h.c.
⌘
+ dWGGG̃ (4)

V (✓̄) ⇡ �
⇤3
�

(4⇡)2
|mq| cos ✓̄ + VQG(✓̄)±

⇤5
�

(4⇡)3
d̃q sin ✓̄ ±

⇤5
�

(4⇡)3
|mq|dW sin ✓̄ (5)

@
✓̄
V = 0 (6)

h✓̄i ⇡ (4⇡)2
@
✓̄
VQG

|mq|⇤3
�

±
⇤2
�

4⇡

d̃q

|mq|
±

⇤2
�

4⇡
dW (7)

f
abc

G
a
G

b eGc + |H|2G eG+HQ̄L�
µ⌫
Gµ⌫dR

+HQ̄L�
µ⌫
Bµ⌫dR + L̄LeRd̄RQL + · · ·

(8)

f
abc

G
a
G

b eGc + q̄�
µ⌫
i�5Gµ⌫q

+ q̄�
µ⌫
i�5Fµ⌫q + ē�
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µ⌫
i�5Fµ⌫e+ q̄qq̄q + ēeq̄q
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(a) (b) (c)

Weinberg operator contribution to hadronic CP violation

Nucleon EDM:

Contact (up to 20%)Chiral rotation of g-2 (leading)

Chiral rotation of nucleon g-2 is leading
U. Haisch et al., JHEP 1911 (2019) 154. 
NY and E. Hiyama, Phys. Rev. D 103, 035023 (2021).

CP-odd nuclear force:
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Contact π-exchange
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Chiral rotation

π-exchange is subleading in chiral EFT

N. Osamura, P. Gubler, NY, JHEP 2206 (2022) 072 
NY and M. Oka, PRD 106, 075021 (2022) 

However, π-exchange is large for some nuclei
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CPV

The QCD sum rules indicate that the nucleon EDMs are dominated by 
the CP phase of the nucleon mass.
(Maybe due to the isospin-singlet nature of the CPV sources)
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RG mixing among CPV operators
PQ mechanism

Hadronic CP violation: from QCD to hadron level
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Above TeV QCD scale (~ 1 GeV)

RGE
(leading log approximation)



48

RGE at 1-loop

In order to estimate the resulting neutron EDM, we should bring the e↵ective interac-

tions (18) down to the QCD scale through the RG evolution. For this, it is convenient to

redefine the coe�cients as

C1(µ) =
dq(µ)

m Qq

, C2(µ) =
d̃q(µ)

m 

, C3(µ) =
dW (µ)

g3
(23)

which are satisfying the RG equation [10, 11]:
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where C = (C1, C2, C3)T , Nc = 3 is the number of color, CF = 4/3 is a quadratic Casimir,

nf is the number of active light quarks, and �0 = (33 � 2nf )/3 is the one-loop beta

function coe�cient. Solving this RG equations, one finds [10]

C1(µ) = ⌘
eC1(mH) +
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C3(µ) = ⌘
GC3(mH) (26)

where ⌘ ⌘ g
2

3
(mH)/g23(µ) and x = �x/(2�0). The analytic expressions for Ci(µ ⇠ ⇤QCD)

in terms of Ci(mH) are complicated except C3, however fortunately it turns out that the

dominant contribution to the neutron EDM comes from C3(µ ⇠ ⇤QCD). From (26, we

obtain

dW (µ) =
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It can be shown numerically that dq(µ) and d̃q(µ) also get a similar amount of suppression

by the RG evolution compared to the high scale values at mH .

10

In order to estimate the resulting neutron EDM, we should bring the e↵ective interac-

tions (18) down to the QCD scale through the RG evolution. For this, it is convenient to

redefine the coe�cients as

C1(µ) =
dq(µ)

m Qq

, C2(µ) =
d̃q(µ)

m 

, C3(µ) =
dW (µ)

g3
(23)

which are satisfying the RG equation [10, 11]:

µ
@C

@µ
=

g
2

3

16⇡2
�C (24)

with the anomalous dimension matrix

� ⌘

0

BBB@

�e �eq 0

0 �q �Gq

0 0 �G

1

CCCA
=

0

BBB@

8CF 8CF 0

0 16CF � 4Nc 2Nc

0 0 Nc + 2nf + �0

1

CCCA
(25)

where C = (C1, C2, C3)T , Nc = 3 is the number of color, CF = 4/3 is a quadratic Casimir,

nf is the number of active light quarks, and �0 = (33 � 2nf )/3 is the one-loop beta

function coe�cient. Solving this RG equations, one finds [10]

C1(µ) = ⌘
eC1(mH) +

�qe

�e � �q
(⌘e � ⌘

q)C2(mH)

+


�Gq�qe⌘

e

(�q � �e)(�G � �e)
+

�Gq�qe⌘
q

(�e � �q)(�G � �q)
+

�Gq�qe⌘
G

(�e � �G)(�q � �G)

�
C3(mH),

C2(µ) = ⌘
qC2(mH) +

�Gq

�q � �G
[⌘q � ⌘

G ]C3(mH),

C3(µ) = ⌘
GC3(mH) (26)

where ⌘ ⌘ g
2

3
(mH)/g23(µ) and x = �x/(2�0). The analytic expressions for Ci(µ ⇠ ⇤QCD)

in terms of Ci(mH) are complicated except C3, however fortunately it turns out that the

dominant contribution to the neutron EDM comes from C3(µ ⇠ ⇤QCD). From (26, we

obtain

dW (µ) =

✓
g3(mc)

g3(µ)

◆✓
g3(mb)

g3(mc)

◆ 33

25

✓
g3(mH)

g3(mb)

◆ 39

23

dW (mH). (27)

It can be shown numerically that dq(µ) and d̃q(µ) also get a similar amount of suppression

by the RG evolution compared to the high scale values at mH .

10

• 𝑛𝑓 = number of light quarks
• 𝛽0 = (33 − 2𝑛𝑓)/3

Let us recall that the parameter ratio m /yS has a specific connection with the diphoton

cross section �(pp ! ��), which is given by (11). This allows us to estimate the expected

size of the EDMs in terms of a few model parameters such as ↵ and ⇠SH .
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• 𝐶U =
3
* (quadratic Casimir)

• 𝑁V = 3
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PQ mechanism

Hadronic CP violation: from QCD to hadron level
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Neutron EDM from VLQs

I) Weinberg operator dominance (no s-h mixing)

|𝑑7| < 1.8×10),1 e cm      Abel et al ‘20

𝑦M = 𝛼 = 1
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Neutron EDM from VLQs
II) quark CEDM dominance (with a sizable s-h mixing)

𝑆, 𝐻 , → 𝜃BW ∼ ⟨𝑆⟩⟨𝐻⟩/𝑚M
, ∼ 𝑣/𝑚M𝑦M = 𝛼 = 1

|𝑑7| < 1.8×10),1 e cm      Abel et al ‘20


