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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
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CPV in the QCD sector

while
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Non-observation 
of neutron EDM

TheQCD vacuumenergyis minimizedat the CP-conservingpoint ( !" # $%.

Promote !" to a dynamicalfield (=QCD axion) :
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[Peccei,Quinn Õ77, WeinbergÔ78, WilczekÕ78]

[Vafa,Witten Õ84]

[Abel et al Õ20]
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QCD axion lagrangian
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broken by , & - . non-perturbatively
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The axion couplings to the other SM particles 
, ' / , ( / , ) / , * / , + depend on UV physics.
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Axion-Like Particles (ALPs)

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

i) approximate shift symmetry * + %!
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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 &! can be 0)

! Ubiquitous in many BSM scenarios, in particular, string theory  
[Arvanitaki,Dimopoulos,Dubovsky,Kaloper,Marsh-Russell,Ô09]
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Axions in string theory

, - harmonic . -form on 
the compact internal space

4D SUGRA 
effective lagrangian

/ ! 01 " : 2 345rational numbers

Conlon, Cremades, Quevedo Ô06
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For 6 7 4,  the matter field normalization is proportional to a 
simple scaling of the internal space volume.

4D axions f'() * -form gauge fields

Witten Õ84

Model-independent axion from 2-form field

+ , + - .& From a gauge symmetry
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SUSY-preserving 
compactification

Axion chiral superfield
!6 - volume modulus of the . -cycle dual to , )

/ 0 "# 9""

Talk preparation note

June 10, 2021

C[m1m2..m p ](x
µ , ym ) = a(xµ)! [m1m2..m p ](y

m ) (1)

K = K 0(T! + T !
! ) + ZI (T! + T !

! )" !
I " I

FA = c!
A T!

(2)

ZI ! (T! + T !
! )" I (3)

T = ! + ia (4)

a! " a! + const (5)

"C[m1m2..m p ] = #[m1 # m2,..,m p ] (6)

a
f a

"
a
f a

+ $ (7)

#" $=
1

%
2

f a (8)

" " " ei ! (&
a
f a

"
a
f a

+ $), Q " Qe" i ! / 2, Qc " Qce" i ! / 2 (9)

1

89 # ! # " $ # #
: ; %# !

<# " $%# # &

Talk preparation note

July 6, 2023

K = K 0(T + T! ) + ZI (T + T! )! !
I egA VA ! I + á á á (1)

FA =
cA

8! 2 T + á á á (2)

ZI ! (T + T! )! I (3)

"µ"#$ #" B #$(x) = #µa(x) (4)

"ø$# $
m3/ 2M 3

Pl

m2
%f 2

%
e" &%CP (5)

"ø$# $
m3/ 2M 3

Pl

m2
%f 2

%
e" &%CP,string +

!
" QCD

" BSM

" N

%CP,BSM (6)

%N 4
axion ! ln"ø$#! 0 (7)

%105 ! log10"ø$# $ 58%0.4&+ log 10

# m3/ 2

10 TeV

$
! 0 (8)

V (ø$) & VQCD (ø$) + VQG(ø$) (9)

1

Talk preparation note

July 6, 2023

K = K 0(T + T! ) + ZI (T + T! )! !
I egA VA ! I + á á á (1)

FA =
cA

8! 2 T + á á á (2)

ZI ! (T + T! )! I (3)

"µ"#$ #" B #$(x) = #µa(x) (4)

"ø$# $
m3/ 2M 3

Pl

m2
%f 2

%
e" &%CP (5)

"ø$# $
m3/ 2M 3

Pl

m2
%f 2

%
e" &%CP,string +

!
" QCD

" BSM

" N

%CP,BSM (6)

%N 4
axion ! ln"ø$#! 0 (7)

%105 ! log10"ø$# $ 58%0.4&+ log 10

# m3/ 2

10 TeV

$
! 0 (8)

V (ø$) & VQCD (ø$) + VQG(ø$) (9)

1

Talk preparation note

July 6, 2023

K = K 0(T + T! ) + ZI (T + T! )! !
I egA VA ! I + á á á (1)

FA =
cA

8! 2 T + á á á (2)

ZI ! (T + T! )! I (3)

"µ"#$ #" B #$(x) = #µa(x) (4)

"ø$# $
m3/ 2M 3

Pl

m2
%f 2

%
e" &%CP (5)

"ø$# $
m3/ 2M 3

Pl

m2
%f 2

%
e" &%CP,string +

!
" QCD

" BSM

" N

%CP,BSM (6)

%N 4
axion ! ln"ø$#! 0 (7)

%105 ! log10"ø$# $ 58%0.4&+ log 10

# m3/ 2

10 TeV

$
! 0 (8)

V (ø$) & VQCD (ø$) + VQG(ø$) (9)

1

Periodicity : + 1 + - 23.
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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 the SM sector at tree-level through the Higgs portal.
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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 (&! 5 $%'" 6$%7
& *

' +
regardless of the classes of models 

Green : DFSZ-like axion (DFSZ-1 with 89: ; # 0$ and < ( , # 0$ TeV)

Red : String-theoretic axion

Black : KSVZ-like axion (dashed : < # # 0$) * =$ '"solid : < # # =$:
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For ALPs with (&! # $%'"

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

(dashed : ! ! " #$" #%$+,,

solid : ! ! " %$-

/ . : 4 3/ / : / 0 : C5 / 0 : 4 3/ / : / . : C5
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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 (( ) along the direction of its spin.

1  Introduction ��

Magnetic and electric dipole moments (MDM and 
EDM) with spin S 

 

H = ! µ B á
S
S

! d E á
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 á
S
S

! d E á
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 ) and * %+ ,) ' invariance, while a 
magnetic dipole momentdoes 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 : 0( 1
2(

3
" +. DEF

SM prediction : 0( 0GH 4 +. DEI

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  Ô03



!'

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) NucleonÕs intrinsic EDM:

2) Polarization of the nucleus:

+

-

Contribution from the nucleon EDM 

Contribution from the P, CP-odd nuclear force  

<z Spin expectation value (CP-even)

<z EDM generated by the CP-even  v  CP-odd mixing

p

n

pD (Nedm) =
1
2

A!

i =1

! ! | [(dp + dn ) + ( dp " dn )" z
i ]#z

i |! #

D (pol) =
e
2

A!

i =1

! ! | (1 + " z
i )zi | ÷! " + (c .c.)

Nuclear EDM/Schiff moment from nucleon level CP violation

Two leading contributions:

1) NucleonÕs intrinsic EDM:

2) Polarization of the nucleus:

+

-

Contribution from the nucleon EDM 

Contribution from the P, CP-odd nuclear force  

<z Spin expectation value (CP-even)

<z EDM generated by the CP-even  v  CP-odd mixing

p

n

pD (Nedm) =
1
2

A!

i =1

! ! | [(dp + dn ) + ( dp " dn )" z
i ]#z

i |! #

D (pol) =
e
2

A!

i =1

! ! | (1 + " z
i )zi | ÷! " + (c .c.)

SM prediction >+ ? @0$) *, A- ./ - 0$) 01 !" %-";,

>2 ? @0$) 33 A-45 - 0$) ,6 !" %-";,

Experimental status >7 B 0CDE 0$) ,1 -";,
>2 B FC0E0$) *8 -";,!" G 0$) 08 !

Abel et al Ô20
Roussyet al Ô22

Typical BSM 
prediction

>+ ?
0

0H3,

=9

I ,

>2?
0

0H3,

< 2

I ,

- . $ &/ 0 &// !"#

Powerful probe for new physics!

8123 J 2 345
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Experimental prospect
!"#$ %&'( &)*+,-%. /+0$/(1.)20+)(3/(+,4(5.&6)/+0-+($$7)))))

&+8,'9:;;<7;;=>=) &+8,'9::;<7;?>;<)

@.0+&-()+,5-)!"#)

A*(6 (. &6B:;
C0D$$E(.)&6)B::
F+&5(+)(.)&6)B>G

2003.00717
!"#$ %&'( &)*+,-%. /+0$/(1.)20+)(3/(+,4(5.&6)/+0-+($$7)))))

&+8,'9:;;<7;;=>=) &+8,'9::;<7;?>;<)

@.0+&-()+,5-)!"#)

A*(6 (. &6B:;
C0D$$E(.)&6)B::
F+&5(+)(.)&6)B>G

2203.08103

Within a decade, the experimental sensitivity on nuclear and atomic 
EDMs is going to be improved by several orders of magnitude.



!)

CPV effective operators from New Physics

Talk preparation note

February 24, 2023

f abcGaGb !Gc + |H |2G !G + H øQL ! µ! Gµ! dR

+ H øQL ! µ! Bµ! dR + øL L eR ødRQL + á á á
(1)

N ! Ne! i " 5# / 2 (2)

|mN | øN ei " 5# N +
1
2

µN gs øN ! µ! NFµ! (3)

|mN | øNN +
1
2

µN gs øN ! µ! NFµ! "
1
2

" µN gs øN ! µ! i#5NFµ! (4)

(mq)ij øqi qj +
g2
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1
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dwGG ÷G (7)
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1

CPV dimension-6 operators of SM fields

EWSB
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f abcGaGb !Gc + |H |2G !G + H øQL ! µ! Gµ! dR

+ H øQL ! µ! Bµ! dR + øL L eR ødRQL + á á á
(1)
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|mN | øN ei " 5# N +
1
2
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|mN | øNN +
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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 RomaninoÔ05) e.g.) LR symmetric model, 

Leptoquark (de Vries et al Ô21)
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BSM scenarios

K Choi, SHI, H Kim, DY Mo Ô16

K. Choi et al. / Physics Letters B 760 (2016) 666Ð673 669

Fig. 2. The BarrÐZee diagrams for the EDM and chromo EDM (CEDM) of light fermions. The small cross denotes the S! H mixing.
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where  q = u, d, s stands for  the light  quark  species, s) = sin ) , s* =
sin *S H for  the S ! H mixing  angle *S H, v = 246 GeV is the SM 
Higgs vacuum  value, cw = cos+w , t w = tan +w for  the weak mixing  
angle +w , 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( / y S has a speciÞc connec-
tion  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 *S 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 redeÞne the coe! -
cients  as

C1(µ ) =
dq(µ )
mq Qq

, C2(µ ) =
÷dq(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

16' 2
&C, (22)

with  the anomalous  dimension  matrix

& #
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-

.

=

+

,
8CF 8CF 0

0 16CF ! 4Nc 2Nc

0 0 Nc + 2n f + - 0

-

. , (23)

where  C = (C1, C2, C3)T , Nc = 3 is the number  of color,  CF = 4/ 3
is a quadratic  Casimir, n f is the number  of active  light  quarks, and 
- 0 = (33 ! 2n f )/ 3 is the one-loop  beta function  coe! cient.  Solving 
this  RG equations,  one Þnds [27]

C1(µ ) = . / e C1(mH) +
&qe
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(. / e ! . / q )C2(mH)
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0
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&Gq
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1
. / q ! . / G

2
C3(mH),

C3(µ ) = . / GC3(mH), (24)

where  . # g2
3(mH )/ g2

3(µ ) and / x = &x/( 2- 0). The analytic  expres-
sions for  Ci (µ  ( 0 QCD) 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  ( 0 QCD). 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 ÷dq(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  coe! cients dW (µ ), dq(µ )
and ÷dq(µ ) at µ  ( 0 QCD to the neutron  EDM:

!
i

2
dn øn$µ" &5nFµ" , (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 [30Ð32] , essentially  yielding  similar  results.  As for  the 
neutron  EDM estimated  by the NDA, one Þnds

dn/ e = O(dq(µ )) + O(÷dq(µ )/
)

6) + O( f ' dW (µ )), (27)

B

K

?

LKM
N

O4

! 2-Higgs doublet models

S. Weinberg Õ89
Gunion, Wyler Ô90
Chang, Keung, Yuan Õ90
Jung, PichÔ14

! Split SUSY with light gluinos

Hisano, Kobayashi, 
Kuramoto, KuwaharaÔ15

! Vector-like Quarks

! 5
S

! ! 5

!

H   H
S

øQL

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

L CPV (µ = mW ) =
1
3!

wf abc! !"#$ Ga
µ! Gb

"# Gcµ
$ !

i
2

!

q

"
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#
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The sizes of the Wilsonian coe! cients are roughly

w "
g3

s

(4$)4

y2
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" 2 s2! , ÷dq "
g2

s

(4$)4

y&

"
mq

v
s! s' , dq "

e2

(4$)4

y&

"
mq

v
s! s' (4.10)

where " " m& " mS and %is the Higgs-singlet scalar mixing angles' " ASHv/m 2
S.

Therefore, the quark EDMs are relatively small compared with the quark CEDMs by the
factor &/ &s, and the quark EDMsÕ 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 massmS 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 Þgure 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-vanishingS-H mixing %# v/m S

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 ecm. 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

3If the VLQ ! is charged under the electromagnetismU(1)em , the electron EDM is also generated, which
we are not concerned with here.
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Characteristic CPV signal of string theory!

A large QCD 1-parameter from QG correction to the 
QCD axion potential 
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e.g. D3-brane instantons in Type IIB string

A sizable !" ? 0$) 08 is easily realized in string theory. 

Demirtas, Gendler, Long, 
McAllister, Moritz Ô21
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Nearly flat logarithmic distribution 
over the landscape
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Do they predict different EDM signals!

String

) -parameter

Talk preparation note

February 22, 2023

(mq)ij øqi qj +
g2

s

32! 2 " G ÷G (1)

ø" = " + Arg det( mq) (2)

1
3!

dwGG ÷G (3)

!
1
2

÷dqgsøq#µ! i$5qGµ! (4)

÷dq "
g2

s

16! 2 s" s2#
mq

v
1

m$
(5)

g2
s

16! 2 sin%
1

! 2 |H |2Gaµ! !Ga
µ! (6)

ASH S|H |2 + á á á (7)

#S$= ASH
|H |2

m2
S

+ á á á (8)

dW "
g3

s

(16! 2)2 sin 2%
1

! 2 (! " m$ " mS) (9)

1

BSM

Gluon CEDM

Quark CEDMs

Talk preparation note

February 22, 2023

(mq)ij øqi qj +
g2

s

32! 2 " G ÷G (1)

ø" = " + Arg det( mq) (2)

1
3!

dwGG ÷G (3)

!
1
2

÷dqgsøq#µ! i$5qGµ! (4)

÷dq "
g2

s

16! 2 s" s2#
mq

v
1

m$
(5)

g2
s

16! 2 sin%
1

! 2 |H |2Gaµ! !Ga
µ! (6)

ASH S|H |2 + á á á (7)

#S$= ASH
|H |2

m2
S

+ á á á (8)

dW "
g3

s

(16! 2)2 sin 2%
1

! 2 (! " m$ " mS) (9)

1

Talk preparation note

February 22, 2023

(mq)ij øqi qj +
g2

s

32! 2 " G ÷G (1)

ø" = " + Arg det( mq) (2)

1
3!

dwGG ÷G (3)

÷dqøq# áGi$5q (4)

!
1
2

÷dqgsøq#µ! i$5qGµ! (5)

÷dq "
g2

s

16! 2 s" s2#
mq

v
1

m$
(6)

g2
s

16! 2 sin%
1

! 2 |H |2Gaµ! !Ga
µ! (7)

ASH S|H |2 + á á á (8)

#S$= ASH
|H |2

m2
S

+ á á á (9)

1

vs



"$

Estimation of the nucleon EDMs

QCD sum 
rules 

Pospelov, Ritz Ô99 
Hisano, Lee, Nagata, 
Shimizu Õ12
Hisano, Kobayashi, 
Kuramoto, KuwaharaÔ15
Yamanaka, HiyamaÔ20
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If there exists the QCD axion (i.e. dynamical () ),
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Nucleon EDM profile
Choi, SHI, Jodlowskiin preparation

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

! If the large ratio >5X>6 (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 ø! -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 ø! -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)øg1 efm, (3.20)

dHe = 0 .9dn ! 0.05dp + [0 .10(3)øg0 + 0 .14(3)øg1] efm, (3.21)

dRa = 7 .7 " 10! 4 [(2.5 ± 7.5)øg0 ! (65 ± 40)øg1] efm, (3.22)

dXe = 1 .3 " 10! 5dn ! 10! 5 [1.6øg0 + 1 .7øg1] efm, (3.23)

where øg0 is isospin-conserving CPV pion-nucleon coupling, while øg1 is an isospin-breaking
one as follows.

øg0 øN
"#
2

á"$ N + øg1$3 øNN. (3.24)

Here N = ( p n)T is the isospin-doublet nucleon Þeld, and"$ is the isospin-triplet pion Þeld.

Ð 9 Ð

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 <z 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

<z ! -term, cEDM, 4-quark interactions are also constrained by atomic EDMs

N

NN

N

"

Nuclear EDM/Schiff moment from nucleon level CP violation

Two leading contributions:

1) NucleonÕs intrinsic EDM:

2) Polarization of the nucleus:

+

-

Contribution from the nucleon EDM 

Contribution from the P, CP-odd nuclear force  

<z Spin expectation value (CP-even)

<z EDM generated by the CP-even  v  CP-odd mixing

p

n

p

May be enhanced by many-body effect!
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1
2
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i =1
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i ]#z

i |! #

D (pol) =
e
2

A!

i =1

! ! | (1 + " z
i )zi | ÷! " + (c .c.)

Polarization of nucleus
" Atomic electric dipole moment

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

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

L ! !
GF!!!

2
p

"
øei! 5e øN"C"0#

S $ "3C
"1#
S #N $ øee

! #

mN
%øN"C"0#

P $ "3C"1#
P #S#N&

! 4øe$#%e øN"C"0#
T $ "3C

"1#
T #v#S%N

#
$ É ; "39#

whereN ! " pn#T is the nonrelativistic nucleon doublet with massmN, velocity v#, and the spinS# [v# ! " 1; 0# and
S# ! " 0; ! =2# in the nucleon rest frame]. The matching coefficients are given by

C"0#
S ! v2

$
$&N

mu $ md
ImC"1#eeuu

lequ $
16&
9

"mN ! $&N ! $s#CeG

%
;

C"1#
S ! v2 1

2
' mN

md ! mu
ImC"1#eeuu

lequ ;

C"0#
P ! ! 8&v2"! u $ ! d#mNCe÷G; C"1#

P ! v2 gAmN

mu $ md
ImC"1#eeuu

lequ ! 8&v2gAmN
md ! mu

mu $ md
Ce ÷G;

C"0#
T ! v2"gd

T $ gu
T#ImC"3#eeuu

lequ ; C"1#
T ! v2"gd

T ! gu
T#ImC"3#eeuu

lequ : "40#

in terms of the hadronic matrix elements[62Ð65]

$&N ! " 59.1 ' 3.5# MeV; $s ! " 41.1$ 11.3
! 10.0# MeV; ' mN ! " 2.32 ' 0.17# MeV;

gA ! 1.27 ' 0.002; ! u ! 0.842' 0.012; ! d ! ! 0.427' 0.013: "41#

Hadronic operators.Ñ 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( em=&). The most
important operators are the nucleon EDMs, related to the
quark EDMs by

dn"dq# ! gu
Tdu $ gd

Tdd;

dp"dq# ! gu
Tdd $ gd

Tdu; "42#

where gu
T ! ! 0.213' 0.011 and gd

T ! 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

dn" ÷dq# ! ÷gn"4Qd
÷dd ! Qu

÷du#; "43#

where ÷gn ! " 1 ' 0.5#0.55e=Qu. We express the proton
EDM through a quark model relation

dp"÷dq# ! ÷cp ÷gn"! 4Qd
÷du $ Qu

÷dd#; "44#

so thatdp anddn depend on the same QCD matrix element
÷gn. We use÷cp ! 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 inducedø) term.

In addition to nucleon EDMs, the quark chromo-EDMs
also induceCP-violating pion-nucleon interactions. The
most important operators are given by

L ! øg0
øN" á&N $ øg1

øN&3N "45#

in terms of the pion triplet!&. 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

JORDY DE VRIESet al. PHYS. REV. D104, 055039 (2021)
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Isospin-singlet Isospin-breaking

CP-odd nuclear forces are dominated 
by CPV pion-nucleon couplings.
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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 relationdp ! ! "1 #
0.5$dn 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

øg0 ! ! "14.7 # 2.3$! 10! 3ø! ;

øg1 ! " 3.4 # 2.4$! 10! 3ø! ; "52$

through chiral symmetry relations betweenCP-odd pion-
nucleon interactions and quark-mass corrections to baryon
masses.

Finally, Ref.[85] noticed that a nonzeroø! term induced
CP-odd electron-nucleon interactions through electromag-
netic loops. They obtained2

CS ! ! "3 # 1.5$! 10! 2ø! ; "53$

whereCS is a linear combination ofC"0$
S andC"1$

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)
leptonicCP-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" is given by

" ! #de
de %#CS

CS; "54$

where the coefficientCS is given by

CS ! C"0$
S %

Z ! N
Z %N

C"1$
S : "55$

Here,Z andN are the proton and neutron numbers of the
heaviest atom of the molecule. The parameters#de

and#CS

depend on the paramagnetic molecular system of interest.
As an example, TableII presents the values of#de

and#CS

in ThO, HfF%, and BaF systems[86Ð93].
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[95Ð97]

dD ! " 0.94# 0.01$"dn %dp$ % &"0.18# 0.02$øg1'e fm:

"56$

Diamagnetic atomic EDMs are sensitive to nuclearCP
violation and electron-nucleon interactions.225Ra, due to
its octopole deformation, is mainly sensitive toCP-odd
nuclear forces that are, in turn, dominated by one-pion-
exchange processes involvingøg0;1. We use[98,99]

dRa ! " 7.7 ! 10! 4$! &"2.5 # 7.5$øg0 ! "65# 40$øg1'e fm:

"57$

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 fromCP-odd electron-nucleon interactions. We
write [98,100Ð103]

dHg ! " 0.012# 0.012$de !
!
"0.028# 0.006$CS !

1
3

"3.6 # 0.4$
"

CT %
Z#

5mNR
CP

#$
! 10! 20 e cm

! "2.1 # 0.5$! 10! 4&"1.9 # 0.1$dn % "0.20# 0.06$dp % "0.13%0.5
! 0.07øg0 %0.25%0.89

! 0.63øg1$efm'; "58$

whereR " 1.2A1=3 fm is the nuclear radius, andCP;T !
"C"n$

P;Th!$ni %C"p$
P;Th!$pi $="h!$ni %h!$pi $, with C"n;p$

P;T !

C"0$
P;T " C"1$

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

h!$ni ! ! 0.3249# 0.0515; h!$pi ! 0.0031# 0.0118:

"59$

TABLE II. Input parameters for EDMs of paramagnetic
molecules.

#de
#CS

ThO "120.6# 4.9$ mrad=s
10! 27 ecm

"181.6 # 7.3$! 107 mrad=s

HfF% "34.9# 1.4$ mrad=s
10! 27 ecm

"32.0 # 1.3$! 107 mrad=s

BaF "19.7# 0.75$ mrad=s
10! 27 ecm

"12.7 # 0.18$! 107 mrad=s

2We expect that the same electromagnetic two-loop diagrams
discussed in Ref.[85] lead to contributions toCP and CT of
similar size. However, these interactions mainly contribute to
diamagnetic systems where theCP violation is dominated by
purely hadronic interactions. As such, we do not include
corrections fromø! to CP;T in our analysis.
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2We expect that the same electromagnetic two-loop diagrams
discussed in Ref.[85] lead to contributions toCP and CT of
similar size. However, these interactions mainly contribute to
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purely hadronic interactions. As such, we do not include
corrections fromø! to CP;T in our analysis.
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Storage ring experiment is going to measure the EDMs 
of such light nuclei. F. Abusaifet al. (CPEDM Collaboration) Ô19

de Vries, Draper, Fuyuto, Kozaczuk, LillardÕ21
Osamura, Gubler, Yamanaka Ô22

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 induceCP-odd electron-nucleon interactions

that, in turn, induce atomic and molecular EDMs. The
CP-violating electron-nucleon interactions take the
form [43]
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whereN ! " pn#T is the nonrelativistic nucleon doublet with massmN, velocity v#, and the spinS# [v# ! " 1; 0# and
S# ! " 0; ! =2# in the nucleon rest frame]. The matching coefficients are given by
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in terms of the hadronic matrix elements[62Ð65]

$&N ! " 59.1 ' 3.5# MeV; $s ! " 41.1$ 11.3
! 10.0# MeV; ' mN ! " 2.32 ' 0.17# MeV;

gA ! 1.27 ' 0.002; ! u ! 0.842' 0.012; ! d ! ! 0.427' 0.013: "41#

Hadronic operators.Ñ 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( em=&). The most
important operators are the nucleon EDMs, related to the
quark EDMs by

dn"dq# ! gu
Tdu $ gd

Tdd;

dp"dq# ! gu
Tdd $ gd

Tdu; "42#

where gu
T ! ! 0.213' 0.011 and gd

T ! 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

dn" ÷dq# ! ÷gn"4Qd
÷dd ! Qu

÷du#; "43#

where ÷gn ! " 1 ' 0.5#0.55e=Qu. We express the proton
EDM through a quark model relation

dp"÷dq# ! ÷cp ÷gn"! 4Qd
÷du $ Qu

÷dd#; "44#

so thatdp anddn depend on the same QCD matrix element
÷gn. We use÷cp ! 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 inducedø) term.

In addition to nucleon EDMs, the quark chromo-EDMs
also induceCP-violating pion-nucleon interactions. The
most important operators are given by

L ! øg0
øN" á&N $ øg1

øN&3N "45#

in terms of the pion triplet!&. 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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RGE effect
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Note:  
this analysis is perturbative, large uncertainty due to nonperturbative effect below µ = 1 GeV
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Eq. (3.28) and Eq. (3.29), which gives øg1(! ÷dq) ! O(10)øg1(w). For øg0, if we use the NDA
estimation,

øg0(w) ! (mu + md)O(4! f ! w), (3.30)

which is comparable to øg0(! ÷dq) 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
øg1 compared to øg0 and also øg1( ÷dq) is predicted to be an order of magnitude larger than
øg0( ÷dq) in Eq. ( 3.27) and Eq. (3.28), we can ignore øg0(w) and øg1(w) in order to estimate
such diamagnetic atomic EDMs from the gluon CEDM generated above TeV scale, unless
øg0(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 øg0 and øg1 from the gluon CEDM operator generated above TeV scale be-
cause of the large RG-induced quark CEDM contributions. Since øg1( ÷dq) is more important
than øg0( ÷dq) for the diamagnetic atomic EDMs in Eqs. (3.20)-(3.23), let us consider the
ratio øg1/ (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 Þnd

eøg1(ø" )
mndn(ø" )

" # (3.7 ± 3.4), (3.31)

eøg1(C2)
mndn(C2)

" (2.3 ± 2.2) $ 103, (3.32)

eøgPQ
1 (C2)

mndPQ
n (C2)

" # (1.00± 0.89) $ 102, (3.33)

eøg1(! C2, w)
mndn(! C2, w)

%
eøgPQ

1 (! C2, w)

mndPQ
n (! C2, w)

" # (5.1 ± 2.5) r (" ), (3.34)

where C2 & ( ÷dq/m q)1 GeV, ! C2(" ) & (! ÷dq/m q)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$erent
ratios from the ø" -dominant case regardless of the PQ mechanism. Moreover, the predicted
central values are quite di$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
ø" -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 øg1. Yet if we look at some diamagnetic atoms such as He (Eq. (3.21)) and
Xe (Eq. (3.23)) which are equally sensitive to øg0 as well as øg1, the ø" -dominant scenario
would be distinguishable from the gluon CEDM-dominant cases by the relatively large
øg0(ø" ) compared to øg1(ø" ).

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
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Q>C # < CS,

! The ratio !60X>7 can clearly distinguish quark CEDM-dominant CPV (with 
/ without axion) from the others including the " -dominant CPV.

! For the gluon CEDM-dominant CPV, on the other hand, !60 is not enough, 
and one may need !68.

Nuclear and Atomic EDMsÕ profile
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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 QCDø! -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 theø! -dominance. Yet we Þnd
that He and Xe can may distinguish between the gluon CEDM and theø! -parameter via
their sensitivity on the coupling øg0.

4 BSM examples

Here we discuss speciÞc BSM examples which communicate with the SM sector mainly
through gauge and Higgs interactions. As we have discussed in section2, 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

m2
SS2 " ASH S|H |2 + á á á, (4.1)

where the vector-like quark massm! and the Yukawa coupling y! are complex parameters,
and H is the SM doublet Higgs Þeld. Here we will discuss this model in some details,
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##

Conclusions
! Axions,once discovered,may give us a clue of UV physicsincludingstring

theory by the characteristicpatternof low energycouplingsto SMparticles.

! The measurementof the axion-electron couplingis particularly important
for pinningdown the microscopicorigin of the QCD axion.

! Nuclear and atomic EDMsare powerful probes for BSMaboveTeV scale

and/orstringtheory.

! CPV from string theory may be imprinted in a large QCD " -parameterif

there existsthe QCD axion.

! We find that the CPV from BSMscenariosdominatedby gluon or quark

CEDMscan be experimentallydiscriminatedfrom the " -dominantCPV by

characteristicEDMprofiles.

! Interestingly,quarkCEDMsmaytell us whether the QCD axionreallyexists

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 ofc! .
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and gGUT and ghid are the gauge couplings around the string scale for the visibleE6 and
the hidden E8, respectively, which are determined by

Re(FE6 ) =
1

g2
GUT

, Re(FE8 ) =
1

g2
hid

. (2.67)

This result shows that the order of magnitude estimate (2.33) is valid even when the e! ects
of ßux 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) Þeld basis [26], the axion couplings to the SM Þelds
and an additional Higgs doublet Þeld in supersymmetric models or 2HDMs can be generally
written

L a =
" µa
f a

%

&
'

"

(c" )ij #  
i ø$µ#j +

'

#=1 ,2

cH ! H  
#

!
iD µH#

(

) +
a
f a

'

A

cA
g2

A

32%2 F Aµ $ *F A
µ$, (3.1)

where #i = { Qi , uc
i , dc

i , L i , ec
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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where f i = { uc
i , dc

i , ec
i } are SU(2)L -singlet fermions, andFi = { Qi , L i } are SU(2)L -doublet

fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-
viously given in [21Ð25] 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 superÞeld as described in [21, 58]:

dc"

d ln µ

!
!
!
!
gauge

= ! ! g

"

A

3
2

#
g2

A

8" 2

$ 2

CA (# )
%

cA ! 2
"

" !

tr( c" ! )TA (# !)
&

1,

dcH !

d ln µ

!
!
!
!
gauge

= ! ! H

"

A

3
2

#
g2

A

8" 2

$ 2

CA (H! )
%

cA ! 2
"

" !

tr( c" ! )TA (# !)
&

, (3.5)
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2/ 3 for SUSY models
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(3.6)

Ð 15 Ð

nt ! cQ3 + cuc
3

+ cH u
(89)

dcQ3

d ln µ
"

! y

16" 2 y2
t nt

dcuc
3

d ln µ
"

! y

8" 2 y2
t nt

dcH u

d ln µ
"

3
8" 2 y2

t nt

(90)

yt uc
3QL 3Hu (91)

L #
#s

4"
a(x)
f a

Gµ! !Gµ! (92)

$µa
f a

"

#
$

"

c" %  ø&µ%+
$

#=1 ,2

cH ! H  
#

!
iD µH#

%

& +
$

A

g2
A

32" 2 cA
a
f a

F Aµ ! !F A
µ! (93)

$µa
2f a

$

! = u,d,e

C! !   ' µ ' 5! +
e2

32" 2

a
f a

c$F µ! !Fµ! (94)

c$ $ O(1) (95)

C[m1m2..m p ](x
µ , ym ) = a(xµ)" [m1m2..m p ](y

m ) (96)

K = K 0(T + T" ) + ZI (T + T" )# "
I # I

FA = cA T
(97)

ZI % (T + T" )%I ( I $ O(1) (98)

L e" =
M 2

P

4
$2

&K 0 ($µa)2 +
( I

2)
$µa

'
% 

I ø&µ%I + *  
I

!
iD µ* I

(
&

1
4

cA ) F Aµ ! F A
µ! +

cA

4
aF Aµ ! !F A

µ! (99)

9

?7@8
9A8B:

[ J # &@7
8 - &#7

- &( 9

# $ for KSVZ-like models

5 $ for the DFSZ model 

below\ # ) K,



#&

Running of axion couplings by gauge interactions

<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>

g2
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 ofc! .

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

L Yukawa =
!

f,F, ! ,i,j

(y fF ! )ij f i Fj H ! , (3.2)

where f i = { uc
i , dc

i , ec
i } are SU(2)L -singlet Þelds, andFi = { Qi , L i } are SU(2)L -doublet

Þelds. The Yukawa-induced RG running of axion couplings at leading order are previously
given in [21Ð25] 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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(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 superÞeld as described in [21, 57]:
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Figure 2 . Diagrams for the gauge-induced renormalization group running ofc! .

where f i = { uc
i , dc

i , ec
i } are SU(2)L -singlet fermions, andFi = { Qi , L i } are SU(2)L -doublet

fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-
viously given in [21Ð25] 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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(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 superÞeld 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)
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CA (! ) : quadratic Casimir

TA (! ) : Dynkin index
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Numerical results

the top Yukawa interaction even when nt (f a) 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 (f a), ÷cG(f a), ÷cW (f a), ÷cB (f a)} in the MSSM case or
from { Ct (f a), ÷cG(f a), ÷cW (f a), ÷cB (f a)} in the SM case. Then one can parameterize the low
energy axion couplings to the light quarks and electron as

Cu(2 GeV) = Cu(f a) + " Cu,

Cd(2 GeV) = Cd(f a) + " Cd,

Ce(me) = Ce(f a) + " Ce, (3.45)

where C! (f a) ( ! = u, d, e) are identiÞed as the tree-level valuesC0
! and

SM : " C! = r t
! Ct (f a) + r G

! ÷cG(f a) + r W
! ÷cW (f a) + r B

! ÷cB (f a),

MSSM : " C! = r t
! nt (f a) + r G

! ÷cG(f a) + r W
! ÷cW (f a) + r B

! ÷cB (f a). (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 massesmSUSY = 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 ! f a ! 1016 GeV. For example, for f a = 1010 GeV in the SM case, we Þnd

Cu(2 GeV) $ Cu(f a) # 0.28Ct (f a) + [17 .8 ÷cG(f a) + 0 .33 ÷cW (f a) + 0 .032 ÷cB (f a)] " 10! 3 ,

Cd(2 GeV) $ Cd(f a) + 0 .30Ct (f a) + [19 .5 ÷cG(f a) + 0 .48 ÷cW (f a) + 0 .017 ÷cB (f a)] " 10! 3 ,

Ce(me) $ Ce(f a) + 0 .29Ct (f a) + [0 .80 ÷cG(f a) + 0 .54 ÷cW (f a) + 0 .13 ÷cB (f a)] " 10! 3 ,

(3.48)

and for f a = 1010 GeV, mSUSY = 10 TeV and tan ! = 10 in the MSSM case,

Cu(2 GeV) $ Cu(f a) # 0.28nt (f a) + [17 .7 ÷cG(f a) + 0 .52 ÷cW (f a) + 0 .036 ÷cB (f a)] " 10! 3 ,

Cd(2 GeV) $ Cd(f a) + 0 .31nt (f a) + [19 .4 ÷cG(f a) + 0 .23 ÷cW (f a) + 0 .0047 ÷cB (f a)] " 10! 3 ,

Ce(me) $ Ce(f a) + 0 .29nt (f a) + [0 .81 ÷cG(f a) + 0 .28 ÷cW (f a) + 0 .10 ÷cB (f a)] " 10! 3 .

(3.49)

Here the di$erence in the value ofr 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 ÷cG(f a), which was Þrst shown
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Figure 1 . Diagrams for the Yukawa-induced renormalization group running ofc! .

and gGUT and ghid are the gauge couplings around the string scale for the visibleE6 and
the hidden E8, respectively, which are determined by

Re(FE6 ) =
1

g2
GUT

, Re(FE8 ) =
1

g2
hid

. (2.67)

This result shows that the order of magnitude estimate (2.33) is valid even when the e! ects
of ßux 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) Þeld basis [26], the axion couplings to the SM Þelds
and an additional Higgs doublet Þeld in supersymmetric models or 2HDMs can be generally
written

L a =
! µa
f a

!

"
#

!

(c! )ij "  
i ø#µ" j +

#

" =1 ,2

cH ! H  
"

!
iD µH"

$

%+
a
f a

#

A

cA
g2

A

32$2 F Aµ # &F A
µ#, (3.1)

where " i = { Qi , uc
i , dc

i , L i , ec
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

L Yukawa =
#

f,F, " ,i,j

(y fF " )ij f i Fj H" , (3.2)

where f i = { uc
i , dc

i , ec
i } are SU(2)L -singlet fermions, andFi = { Qi , L i } are SU(2)L -doublet

fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-
viously given in [21Ð25] for the SM or its supersymmetric extensions. Here we provide a
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Figure 2 . Diagrams for the gauge-induced renormalization group running ofc! .

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 superÞeld 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. HereCA (" ) and TA (" ) are the quadratic Casimir
and Dynkin index of the Þeld " charged under the gauge groupA.
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%&! in KSVZ-like models

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a <latexit sha1_base64="wrnIffaghTGDSUgYy5vnXS1qW40=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FL4KXFu0HdpeSTbNtaJJdkqxQlv4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdjm6mfvuJKs1i+WDGCQ0EHkgWMYKNlfxGL/OVQHf3rcdJr1xxq+4MaJl4OalAjnqv/OX3Y5IKKg3hWOuu5yYmyLAyjHA6KfmppgkmIzygXUslFlQH2ezmCTqxSh9FsbIlDZqpvycyLLQei9B2CmyGetGbiv953dREV0HGZJIaKsl8UZRyZGI0DQD1maLE8LElmChmb0VkiBUmxsZUsiF4iy8vk9ZZ1buouo3zSu06j6MIR3AMp+DBJdTgFurQBAIJPMMrvDmp8+K8Ox/z1oKTzxzCHzifP2r8kUc=</latexit>

QKSVZ

<latexit sha1_base64="W+cQxzCzyNjJHqtlVZvJXMOej10=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVbVxWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4XuM/A==</latexit>

t<latexit sha1_base64="qmqxvw54qUUoUaz9MnxwYmJpOwM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPbLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzceM7w==</latexit>g

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="DKkiHAaUWutCbLfoJYSrOdDI+vc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/cA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDuhOM4g==</latexit>

Z

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>e

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>e

<latexit sha1_base64="LjlI99Rb63sGO0xHntxg0rvPMsY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUoP1yxa26Ocgq8RakAgvU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wf5oVNyZpUBCWNlSxqSq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5Va7WkeRxFO4BTOwYNrqMEd1KEJDBCe4RXenAfnxXl3PuatBWcR4TH8gfP5A+oVjWc=</latexit>a
<latexit sha1_base64="cn0Sdq/vwrfytfLvXGIvvMP3by4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozouiy4EZw06J9YGcomTTThiaZIckIZSj4K9y4UMStf8ad/8Z02oW2Hgh8nHNDbk6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxxdT/P2I1WaxfLejBMaCDyQLGIEG2v5jV7mK4Fu71oPk1654lbdXGgZvDlUYK56r/zl92OSCioN4VjrrucmJsiwMoxwOin5qaYJJiM8oF2LEguqgyzfeYJOrNNHUazskQbl7u8bGRZaj0VoJwU2Q72YTc3/sm5qoqsgYzJJDZVk9lCUcmRiNC0A9ZmixPCxBUwUs7siMsQKE2NrKtkSvMUvL0PrrOpdVN3GeaVWe5rVUYQjOIZT8OASanADdWgCgQSe4RXenNR5cd6dj9lowZlXeAh/5Hz+AJBikcU=</latexit>

QKSVZ

<latexit sha1_base64="YBRBGTiZ0EAkgfaBVAFwadSg+iI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwUcqMKLosunFZwT6gHUomzbSxmWRIMkIZCn6CGxeKuPV/3Pk3po+Fth64cDjnXu69J0wEN9bzvlFuZXVtfSO/Wdja3tndK+4fNIxKNWV1qoTSrZAYJrhkdcutYK1EMxKHgjXD4c3Ebz4ybbiS93aUsCAmfckjTol1UqNZ7pTxdbdY8ireFHiZ+HNSgjlq3eJXp6doGjNpqSDGtH0vsUFGtOVUsHGhkxqWEDokfdZ2VJKYmSCbXjvGJ07p4UhpV9Liqfp7IiOxMaM4dJ0xsQOz6E3E/7x2aqOrIOMySS2TdLYoSgW2Ck9exz2uGbVi5AihmrtbMR0QTah1ARVcCP7iy8ukcVbxLyre3XmpWn2axZGHIziGU/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrzaF5hIfwB+jzBzzpjqU=</latexit>

W, B

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>e

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>e

<latexit sha1_base64="LjlI99Rb63sGO0xHntxg0rvPMsY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUoP1yxa26Ocgq8RakAgvU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wf5oVNyZpUBCWNlSxqSq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5Va7WkeRxFO4BTOwYNrqMEd1KEJDBCe4RXenAfnxXl3PuatBWcR4TH8gfP5A+oVjWc=</latexit>a
<latexit sha1_base64="cn0Sdq/vwrfytfLvXGIvvMP3by4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozouiy4EZw06J9YGcomTTThiaZIckIZSj4K9y4UMStf8ad/8Z02oW2Hgh8nHNDbk6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxxdT/P2I1WaxfLejBMaCDyQLGIEG2v5jV7mK4Fu71oPk1654lbdXGgZvDlUYK56r/zl92OSCioN4VjrrucmJsiwMoxwOin5qaYJJiM8oF2LEguqgyzfeYJOrNNHUazskQbl7u8bGRZaj0VoJwU2Q72YTc3/sm5qoqsgYzJJDZVk9lCUcmRiNC0A9ZmixPCxBUwUs7siMsQKE2NrKtkSvMUvL0PrrOpdVN3GeaVWe5rVUYQjOIZT8OASanADdWgCgQSe4RXenNR5cd6dj9lowZlXeAh/5Hz+AJBikcU=</latexit>

QKSVZ

<latexit sha1_base64="WiaA2WqmPm+n9SJBQuepfVXqrpE=">AAAB7XicbVDJSgNBEK1xjXGLevTSGAQPIcyIoseAF48RzALJEHp6epI2Pd1DL0IYAn6CFw+KePV/vPk3dpaDJj4oeLxXRVW9KONMG9//9lZW19Y3Ngtbxe2d3b390sFhU0urCG0QyaVqR1hTzgRtGGY4bWeK4jTitBUNbyZ+65EqzaS4N6OMhinuC5Ywgo2TmrbSraC4Vyr7VX8KtEyCOSnDHPVe6asbS2JTKgzhWOtO4GcmzLEyjHA6LnatphkmQ9ynHUcFTqkO8+m1Y3TqlBglUrkSBk3V3xM5TrUepZHrTLEZ6EVvIv7ndaxJrsOcicwaKshsUWI5MhJNXkcxU5QYPnIEE8XcrYgMsMLEuICKLoRg8eVl0jyvBpdV/+6iXKs9zeIowDGcwBkEcAU1uIU6NIDAAzzDK7x50nvx3r2PWeuKN4/wCP7A+/wBnn+O5Q==</latexit>

u, d

<latexit sha1_base64="ieF5TIsT5kCo9ifHZvOijeXk31w=">AAAB7XicbVDJSgNBEK1xjXGLevQyGARPYUYUPQa8eIxgFkiGUNPpSdr0MnT3CGEI+AlePCji1f/x5t/YWQ6a+KDg8V4VVfXilDNjg+DbW1ldW9/YLGwVt3d29/ZLB4cNozJNaJ0ornQrRkM5k7RumeW0lWqKIua0GQ9vJn7zkWrDlLy3o5RGAvuSJYygdVKj00chsFsqB5VgCn+ZhHNShjlq3dJXp6dIJqi0hKMx7TBIbZSjtoxwOi52MkNTJEPs07ajEgU1UT69duyfOqXnJ0q7ktafqr8nchTGjETsOgXagVn0JuJ/XjuzyXWUM5lmlkoyW5Rk3LfKn7zu95imxPKRI0g0c7f6ZIAaiXUBFV0I4eLLy6RxXgkvK8HdRblafZrFUYBjOIEzCOEKqnALNagDgQd4hld485T34r17H7PWFW8e4RH8gff5A62jj5c=</latexit>!

<latexit sha1_base64="ieF5TIsT5kCo9ifHZvOijeXk31w=">AAAB7XicbVDJSgNBEK1xjXGLevQyGARPYUYUPQa8eIxgFkiGUNPpSdr0MnT3CGEI+AlePCji1f/x5t/YWQ6a+KDg8V4VVfXilDNjg+DbW1ldW9/YLGwVt3d29/ZLB4cNozJNaJ0ornQrRkM5k7RumeW0lWqKIua0GQ9vJn7zkWrDlLy3o5RGAvuSJYygdVKj00chsFsqB5VgCn+ZhHNShjlq3dJXp6dIJqi0hKMx7TBIbZSjtoxwOi52MkNTJEPs07ajEgU1UT69duyfOqXnJ0q7ktafqr8nchTGjETsOgXagVn0JuJ/XjuzyXWUM5lmlkoyW5Rk3LfKn7zu95imxPKRI0g0c7f6ZIAaiXUBFV0I4eLLy6RxXgkvK8HdRblafZrFUYBjOIEzCOEKqnALNagDgQd4hld485T34r17H7PWFW8e4RH8gff5A62jj5c=</latexit>!

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>e
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Figure 3 . Diagrams for the radiative corrections to the axion-electron couplingCe in KSVZ-like
models.

and for f a = 1010 GeV, mSUSY = 10 TeV and tan ! = 10 in the MSSM case,

Cu(2 GeV) ! Cu(f a) " 0.28nt (f a) + [17 .7 ÷cG(f a) + 0 .53 ÷cW (f a) + 0 .051 ÷cB (f a)] # 10! 3 ,

Cd(2 GeV) ! Cd(f a) + 0 .31nt (f a) + [19 .4 ÷cG(f a) + 0 .24 ÷cW (f a) + 0 .020 ÷cB (f a)] # 10! 3 ,

Ce(me) ! Ce(f a) + 0 .29nt (f a) + [0 .81 ÷cG(f a) + 0 .30 ÷cW (f a) + 0 .118 ÷cB (f a)] # 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 ÷cG(f a), which was Þrst 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 (f a) = Ct (f a) = 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-zerocW 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 Þrst diagram of Fig. 3 involving the exotic heavy quark (Q, Qc),
gluons, top quark and Higgs doublet at three-loop level. This process is encoded inI t 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 Þnd

Ce(me) !
!
0.83cG " 0.03cG + 0 .54cW + 0 .135cB

"
# 10! 3 (SM)

Ce(me) !
!
0.84cG " 0.03cG + 0 .28cW + 0 .104cB

"
# 10! 3 (MSSM) (3.50)

where the Þrst term in the square bracket denotes the contribution from the Þrst 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 Þrst 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 couplingCe 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 (f a) = Ct (f a) = 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-zerocW 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 Þrst diagram of
Fig. 3 involving the exotic heavy quark (Q, Qc), gluons, top quark and Higgs doublet at
three-loop level. This process is encoded inI t 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 Þnd

Ce(me) #
!
0.84cG $ 0.03cG + 0 .28cW + 0 .10cB

"
%10! 3 (KSVZ with MSSM)

Ce(me) #
!
0.83cG $ 0.03cG + 0 .54cW + 0 .13cB

"
%10! 3 (KSVZ with SM) , (3.50)

where the Þrst term in the square bracket denotes the contribution from the Þrst 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 section2,
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 assumesN = 1 SUSY at scales around
f a. As a benchmark example, we consider a speciÞc parameter point withf a = 1010 GeV,
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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! = C0
! + ! C! , (2.4)

with

C0
u = cQ1 (f a) + cuc

1
(f a) + cH (f a),

C0
d = cQ1 (f a) + cdc

1
(f a) ! cH (f a),

C0
e = cL 1 (f a) + cec

1
(f a) ! cH (f a). (2.5)

HereC0
! (" = 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 scaleµ = f a in
our approximation, ! C! are radiative corrections to C! received over the scales fromf a

to µ = O(1) GeV, which will be extensively discussed in section3, c" (f a) and c# (f a) are
the axion couplings atµ = f a including the couplings to the Higgs doubletH and the three
generations of chiral quarks and leptons! = { Qi , uc

i , dc
i , L i , ec

i } (i = 1 , 2, 3), which would be
determined by the underlying UV-completed axion model, and the e#ects of ßavor mixing
are ignored for simplicity.

In regard to the experimental veriÞcation of axions, the most relevant couplings are
those to the photon, nucleons and electron at scales well below GeV:

1
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ga! a "E á"B + #µa
!

gae

2me
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(2.6)

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/m d = 0 .48(3)
[3, 27]. One of our primary concerns is if string-theoretic axions can be discriminated from
Þeld-theoretic axions by having a distinguishable pattern ofgaX (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 : ' # ei $ ' , ( # eiq! $ ( , ! # eiq" $ ! , (2.8)
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Axion couplings to the photon, electron, neutron, and proton below GeV

with ! = ! 1
2

!
m d ! m u
m u + m d

+ c0
d ! c0

u

"
f !
f a

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 a! ect the canonical kinetic term). The net e! ect of these operations is to shift the current basis
Þelds bya " a ! !" 0 and " 0 " " 0 + ( m2

a/m 2
! )!a. Since the axion component into the current pion Þeld is

suppressed at the level of! 3, this redeÞnition has no practical consequences for experimental sensitivities and
astrophysical bounds, which are sensitive at most toO(! 2) e! ects. This justiÞes 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]), deÞned via the
Lagrangian term

L int
a #

Ca!

f a f !
#µ a(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 Þeld are properly identiÞed, 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 / Tr M ! 1
q to ensure no axion-pion mass mixing, the LO axion-photon

coupling in Eq. (41) becomes

ga" = g0
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$
2" f a

#
2
3

4md + mu

mu + md

$
. (59)

The same result can be obtained via another choice ofQa (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 e! ective 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 ßavour symmetry
and the axion as an external current, the LO e! ective axion-nucleon Lagrangian reads

L N = øNvµ #µ N + 2gA
cu ! cd

2
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2
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2
#µ a
2f a
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where N = ( p, n)T is the iso-spin doublet Þeld,vµ is the four-velocity of the non-relativistic nucleon and
Sµ the spin operator. The couplingsgA 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 %a&= 0 (no extra sources of CP violation) are at least quadratic ina. Matching the two
e! ective Lagrangians over a single-nucleon matrix element, for example%p|L a|p&= %p|L N |p&, at the LO in
the isospin breaking e! ects, we get
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where e and gs are the electromagnetic and color gauge couplings, respectively, and

c! = cW + cB , C! = C0
! + ! C! , (2.4)

with

C0
u = cQ1 (f a) + cuc

1
(f a) + cH (f a),

C0
d = cQ1 (f a) + cdc

1
(f a) ! cH (f a),

C0
e = cL 1 (f a) + cec

1
(f a) ! cH (f a). (2.5)

HereC0
! (" = 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 scaleµ = f a in
our approximation, ! C! are radiative corrections to C! received over the scales fromf a

to µ = O(1) GeV, which will be extensively discussed in section3, c" (f a) and c# (f a) are
the axion couplings at µ = f a including the couplings to the Higgs doublet H and the 3-
generations of chiral quarks and leptons! = { Qi , uc

i , dc
i , L i , ec

i } (i = 1 , 2, 3), which would be
determined by the underlying UV-completed axion model, and the e#ects of ßavor mixing
are ignored for simplicity.

In regard to the experimental veriÞcation 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/m d = 0 .48(3)
[3, 27]. One of our primary concerns is if string-theoretic axions can be discriminated from
Þeld-theoretic axions by having a distinguishable pattern ofgaX (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 : ' # ei $ ' , ( # eiq! $ ( , ! # eiq" $ ! , (2.8)
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Taking into account the radiative corrections with the choice of parameters 

=$ # 0$08 GeV,  _N # 0$,  and < MOMP# 0$ TeV, 

with the proportionality coe ! cients r X
! (X = t, G, W, B ) that depend on the scalef a at

which the axion couplings start to run. In Fig. 4, we show our results forr X
! as a function

of f a 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 ÷cG(f a) plays
an even more important role for the axion-electron couplingCe 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 Þnished, 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 section2,
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
speciÞc, 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

!

! = p,n,e

" µa
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ga! ø# #µ#5# ! "
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! = p,n,e

ga! aø# i#5# , (4.1)

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 section2 and the relevant radiative
corrections in section 3, we Þnd that for each class of the models, those couplings are
approximately given by
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O(1), DFSZ-like

" 0.48cG + (0 .5cW + 0 .05cB ) $ 10! 3, KSVZ-like
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GUT $ 10! 2, String

(4.5)
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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 (f a), ÷cG (f a), ÷cW (f a), ÷cB (f a)} for the
SM or { nt (f a), ÷cG (f a), ÷cW (f a), ÷cB (f a)} for the MSSM : ! C! = r t

! [nt (f a) or Ct (f a)] +!
A = G,W,B r A

! ÷cA (f a). For the MSSM, we take the parameters tan! = 10 and mSUSY = 10 TeV the
mass scale of SUSY particles.

gan !
mn

f a

"
##$

##%

O(1), DFSZ-like

" 0.03cG + (0 .5cW " 0.15cB ) # 10! 4, KSVZ-like

" 0.03cG + 0 .63" I g2
GUT # 10! 2, String

(4.6)
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where we assume tan" > 10. Here for the DFSZ-like axions, we assume that their tree
level couplings are typically ofO(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$f a
c! (4.8)

with

c! ! cW + cB # 1.92cG (4.9)

from Eq. (3.34). From Eqs. (4.5)-(4.7), one can Þnd that the couplings show qualitatively
di! erent patterns depending on whethercG $= 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 whencG $= 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! 3f a (dashed black) andf a (solid black). For the MSSM parameters, we
take tan " = 10 and mSUSY = 10 TeV the mass scale of SUSY particles.

In casecG $= 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 /g a! and
c! gae/g a! for each model. The ratio depends on the scalef a at which the axion couplings
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For the string-theoretic model, a universal scaling weight ` Qis assumed. 
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Speed of light changesdependingon polarization
in the presenceof axiondark matter!

2

A = 0. Then the EoM for gauge Þeld reads

¬Ai ! " 2Ai + ga! úa! ijk " j Ak = 0 . (2)

The present background axion Þeld is written as

a(t) = a0 cos(mt + #" (t)) , (3)

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

f =
m
2$

# 2.4 Hz
! m

10! 14eV

"
. (4)

The phase factor #" can be assumed to be a constant
value within the coherence timescale of dark matter%.

We decomposeAi into two helicity modes with wave
number k :

Ai (t, x ) =
#

#= ±

$
d3k

(2$)3 A#
k (t)e#

i (ök )ei k áx , (5)

wheree#
i (ök ) = e#"

i (! ök) is the circular polarization vector
which obeys e#

i (ök )e" # !

i (ök ) = ##! # , and ! ijm kj e±
m (ök ) =

± ke±
i (ök ). Then one Þnds EoMs for the two polarization

modes as

¬A±
k + &2

± A±
k = 0 , (6)
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!
1 ±
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From (7), we obtain their phase velocities as
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k
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!
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ga! a0m
k

sin(mt + #" )
" 1/ 2

, (8)

and deÞne their di! erence as#c $ |c+ ! c! |. The tiny
coupling ga! allows us to approximate#c by

#c #
ga! a0m

k
sin(mt + #" ) $ #c0 sin(mt + #" ) . (9)

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

#c0 # 3 %10! 24
%

ga!

10! 12 GeV! 1

&
, (10)

where we used the present energy density of the axion
dark matter, ( a = m2a2

0/ 2 # 0.3 GeV/ cm3.

III. SEARCH FOR AXION DARK MATTER
USING OPTICAL RING CAVITY

In this section, we describe our experiment to detect
#c caused by the axion dark matter. The set up of our
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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 reßected 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 di! erence 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
reßected by the input mirror and goes to the photodetec-
tor A, while the other part enters the cavity. Since the
reßection o! of a mirror ßips the circular-polarization of
photon, the beam changes its polarization each time it is
reßected 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 reßected from
the mirror on the far right is partially reßected 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 di! erence 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

circularpolarizedmodes
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The signal should be counted as a loss of the axion-induced EM field 
inside the cavity.
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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 Þeld excites an oscillatingEa Þeld along the Þeld lines
of a static toroidal ÞeldBe. The oscillating Ea induces an oscillatingBa Þeld along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

wherev = k/ ! is the axion DM velocity. As explained in sec.4.1, the velocity of the ALP Þeld 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 B a Þeld is therefore smaller thanEa by factor ! " v ! 10" 3 in the
DM Þeld. On the other hand, the axion-inducedEa-Þeld can produce a current in a conductor or similar
that induces a newB-Þeld. For instance, in the dish antenna concept, EM waves are radiated o! the
disk and they featureB-Þelds of size|B | = |Ea|. Regardless of its origin, the small oscillating magnetic
Þeld could be measured by a carefully placed pick-up coil and associated amplifyingLC circuit. The
ampliÞed signal can then be detected by a sensitive magnetometer like a SQUID. The Þrst proposal
by Sikivie [591] considered measuring the small intrinsicB-Þeld, while further ideas were presented to
measured the secondaryB created byEa [151,592]. The signal strength depends on the magnetic ßux
going through the pick-up coil, which, for relevant conÞgurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional toBeVB e, whereVB e is the total volume
of the magnet. This method could achieve competitive sensitivity for very low massesma ! 10" 6 eV,
if implemented in magnet volumes of few m3 volumes and few T Þelds.

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 Þeld 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 inma 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 theLC circuit and not by mechanical modiÞcation
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 pathÞnder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = # ga! B ea has been obtained for a homogeneous backgroundB e Þeld and not valid for
a toroidal Þeld. 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 Þeld excites an oscillatingEa Þeld along the Þeld lines
of a static toroidal ÞeldBe. The oscillating Ea induces an oscillatingBa Þeld along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

wherev = k/ ! is the axion DM velocity. As explained in sec.4.1, the velocity of the ALP Þeld 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 B a Þeld is therefore smaller thanEa by factor ! " v ! 10" 3 in the
DM Þeld. On the other hand, the axion-inducedEa-Þeld can produce a current in a conductor or similar
that induces a newB-Þeld. For instance, in the dish antenna concept, EM waves are radiated o! the
disk and they featureB-Þelds of size|B | = |Ea|. Regardless of its origin, the small oscillating magnetic
Þeld could be measured by a carefully placed pick-up coil and associated amplifyingLC circuit. The
ampliÞed signal can then be detected by a sensitive magnetometer like a SQUID. The Þrst proposal
by Sikivie [591] considered measuring the small intrinsicB-Þeld, while further ideas were presented to
measured the secondaryB created byEa [151,592]. The signal strength depends on the magnetic ßux
going through the pick-up coil, which, for relevant conÞgurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional toBeVB e, whereVB e is the total volume
of the magnet. This method could achieve competitive sensitivity for very low massesma ! 10" 6 eV,
if implemented in magnet volumes of few m3 volumes and few T Þelds.

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 Þeld 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 inma 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 theLC circuit and not by mechanical modiÞcation
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 pathÞnder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = # ga! B ea has been obtained for a homogeneous backgroundB e Þeld and not valid for
a toroidal Þeld. 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 detectaxion-inducedtiny oscillatingB-fieldwith
a highlysensitive superconductingcoil.
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Laboratory searches for axion DM
-nucleonic probes

The best experimental sensitivity on 6$+
is obtained when b$ # bT5 .

Background axion DM field

Talk preparation note

February 1, 2021

! a =
1
2

m2
aa2

0 (1)

gaN =
mN

f a
caq ! O(1) (2)

caq
" µa
f a

øq#µ#5q (3)

gaN
" µa
2mN

øN #µ#5N (4)

gaN " a # gaN
!

2! a$v sinmat (5)

a # a0 cos(mat $ $p á$x) =
%

2! a

ma
cos(mat $ $p á$x) (6)

$p & ma$v (v ' 10! 3c) (7)

$Be! (8)

gaN
" a
mN

á$SN (9)

1

Talk preparation note

February 1, 2021

! a =
1
2

m2
aa2

0 (1)

gaN =
mN

f a
caq ! O(1) (2)

caq
" µa
f a

øq#µ#5q (3)

gaN
" µa
2mN

øN #µ#5N (4)

gaN " a # gaN
!

2! a$v sinmat (5)

a # a0 cos [ma(t $ $v á$x)] (6)

a # a0 cos(mat $ $p á$x) =
%

2! a

ma
cos(mat $ $p á$x) (7)

$p & ma$v (v ' 10! 3c) (8)

$Be! (9)

1

Talk preparation note

February 1, 2021

! a =
1
2

m2
aa2

0 (1)

gaN =
mN

f a
caq ! O(1) (2)

caq
" µa
f a

øq#µ#5q (3)

gaN
" µa
2mN

øN #µ#5N (4)

gaN " a # gaN
!

2! a$v sinmat (5)

a # a0 cos [ma(t $ $v á$x)] (6)

a # a0 cos(mat $ $p á$x) =
%

2! a

ma
cos(mat $ $p á$x) (7)

$p & ma$v (v ' 10! 3c) (8)

|$v| ' 10! 3c (9)

1

Talk preparation note

January 31, 2021

f a ! 1017 GeV
!

10! 22 eV
ma

" 1/ 4 #
! a

! DM
(1)

ga!

4
aF ÷F (2)

" # "B =
# "E
#t

$ ga! #t a "B (3)

a ! a0 cosmat =
%

2! a

ma
cosmat (4)

ga! #t a = $ ga!
$

2! a sinmat (5)

f a

f wgc
! Sins

f a

M P
!

f a

M P
ln

!
m3/ 2M P

m2
a

"
&

f a

M P
# (100 & 200) (6)

& f a (7)

ma ' H (t) (8)

a(t) ( a0(t) cos(mat) (9)

1

Misalignment axion DM

Given axion DM mass, 
6$+ is determined for &$C7 c 0 C

Talk preparation note

January 31, 2021

gaN
! µa
2mN

øN " µ" 5N (1)

ga! =
e2

4#2

1
f a

ca! (2)

f a ! 1017 GeV
!

10! 22 eV
ma

" 1/ 4 #
$a

$DM
(3)

ga!

4
aF ÷F (4)

" # %B =
! %E
! t

$ ga! ! t a%B (5)

a ! a0 cosmat =
%

2$a

ma
cosmat (6)

ga! ! t a = $ ga!
$

2$a sinmat (7)

f a

f wgc
! Sins

f a

M P
!

f a

M P
ln

!
m3/ 2M P

m2
a

"
&

f a

M P
# (100 & 200) (8)

& f a (9)

1

Talk preparation note

January 31, 2021

gaN
! µa
2mN

øN " µ" 5N (1)

#Be! (2)

gaN
! a
mN

á#SN (3)

ga! =
e2

4$2

1
f a

ca! (4)

f a " 1017 GeV
!

10! 22 eV
ma

" 1/ 4 #
%a

%DM
(5)

ga!

4
aF ÷F (6)

! # #B =
! #E
! t

$ ga! ! t a#B (7)

a " a0 cosmat =
%

2%a

ma
cosmat (8)

ga! ! t a = $ ga!
$

2%a sinmat (9)

1

Talk preparation note

January 31, 2021

gaN =
mN

f a
caq ! O(1) (1)

caq
! µa
f a

øq" µ" 5q (2)

gaN
! µa
2mN

øN " µ" 5N (3)

gaN " a # gaN
!

2#a$v sinmat (4)

a # a0 cos(mat $ $p á$x) (5)

$p % ma$v (v & 10! 3c) (6)

$Be! (7)

gaN
" a
mN

á$SN (8)

ga! =
e2

4%2

1
f a

ca! (9)

1

Talk preparation note

March 23, 2021

gaN
! a

! N mN
á! N "SN (1)

"Be! " gaN

#
2#a

mN
"va sinmat (2)

ga! =
e2

8$2

1
f a

ca! (3)

! $ "B =
%"E
%t

%ga! "B %t a (4)

"Je! " ga!
!

2#a "B sinmat (5)

"Je! = %ga! "B %t a " ga!
!

2#a "B sinmat (6)

L =
1
2

(%µa)2 + ! 4
a cos

"
NDW

a
f a

#
+

e2

32$2 c!
a
f a

F ÷F + cN
%µa
f a

øN ! µ ! 5N (7)

#a

#DM
&

$
ma

1µeV

"
f a

1013 GeV

# 2

(8)

#a

#DM
'

$
ma

1µeV

"
f a&ini

1013 GeV

# 2

$
$

ma

ma,osc
(9)

1

Talk preparation note

March 23, 2021

gaN
! a

! N mN
á! N "SN (1)

"Be! " gaN

#
2#a

! N mN
"va sinmat (2)

ga! =
e2

8$2

1
f a

ca! (3)

! $ "B =
%"E
%t

%ga! "B %t a (4)

"Je! " ga!
!

2#a "B sinmat (5)

"Je! = %ga! "B %t a " ga!
!

2#a "B sinmat (6)

L =
1
2

(%µa)2 + ! 4
a cos

"
NDW

a
f a

#
+

e2

32$2 c!
a
f a

F ÷F + cN
%µa
f a

øN ! µ ! 5N (7)

#a

#DM
&

$
ma

1µeV

"
f a

1013 GeV

# 2

(8)

#a

#DM
'

$
ma

1µeV

"
f a&ini

1013 GeV

# 2

$
$

ma

ma,osc
(9)

1

OB : nucleon
gyromagnetic

ratio



$$

!"#$%&'

"()*+,- .*/+

!"#
$%"&'()'*

+,-
.!

0'!12+ 34-5

!"
#

$%
&

'(

0,6/7-(*,6(*(+.

8)*)+(

0,6/7-(*,6(*(+.

1+,*,- !*,+/7( 94-7

! !"
! !

!"
#

!"
$

! !"
!

)

)*
#

)*
$

! !" ! #$ ! #" ! $ "

! #%

! #&

! #!

! #"

! '

!"# !" !! ! " $%#

!"
#

!"
!!

#$
"

Current and future limits on ' "$

Bloch, Hochberg, 
Kuflik, VolanskyÔ19

Graham, Haciomeroglu, 
Kaplan, Omarov, 
Rajendran, SemertzidisÔ20

Kimball et al Ô17

!"

CASPEr-Wind
This tiny axion-induced oscillating 

effective B-field can be detected by NMR.
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: Larmor frequency

When ! ! " # " , resonanttransversemagnetizationof moleculesoccurs.
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Figure 1: A sketch of the geometry for this storage ring proposal (left Þgure) and the directions of the
protonÕs spin!" , velocity !# and precession, as well as the axion Þeld gradient seen by the proton (right Þgure).
The protonÕs 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 Ôfrozen spinÕ method [12, 14]. In that proposal the
proton is placed in a ring with a large electric Þeld (either all electric or a hybrid electric-magnetic design)
and its spin is aligned with its velocity. The proton is given the Ômagic momentumÕ so that the ringÕs
electromagnetic Þelds 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 protonÕs rest frame where
the large radial electric Þeld 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 Þeld 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 protonÕs spin must
be oriented radially (instead of tangentially as in the EDM case) so that it will precess around the protonÕs
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 protonÕs 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 Þxed 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. !" dynamical),
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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
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CP-odd nuclear force:

N

NN

N

Contact ! -exchange

N

NN

N

Chiral rotation

! -exchange  is subleading in chiral EFT

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

However, ! -exchange  is large for some nuclei

N

NN

N

!

(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:

N

NN

N

Contact ! -exchange

N

NN

N

Chiral rotation

! -exchange  is subleading in chiral EFT

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

However, ! -exchange  is large for some nuclei

N

NN

N

!

7

JJ JJ JJ

deO

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 (~ " GeV)

RGE
(leading log approximation)
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RGE at ! -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

redeÞne the coe" cients as

C1(µ) =
dq(µ)
m! Qq

, C2(µ) =
÷dq(µ)
m!

, C3(µ) =
dW (µ)

g3
(23)

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

µ
! C
! µ

=
g2

3

16" 2
# C (24)

with the anomalous dimension matrix

# !

!

"
"
"
#

#e #eq 0

0 #q #Gq

0 0 #G

$

%
%
%
&

=

!

"
"
"
#

8CF 8CF 0

0 16CF " 4Nc 2Nc

0 0 Nc + 2nf + $0

$

%
%
%
&

(25)

whereC = ( 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 Þnds [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) = %! q C2(mH ) +
#Gq

#q " #G
[%! q " %! G ] C3(mH ),

C3(µ) = %! G C3(mH ) (26)

where%! g2
3(mH )/g 2

3(µ) and &x = #x/ (2$0). The analytic expressions forCi (µ # # QCD )

in terms of Ci (mH ) are complicated exceptC3, however fortunately it turns out that the

dominant contribution to the neutron EDM comes fromC3(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 thatdq(µ) and ÷dq(µ) also get a similar amount of suppression

by the RG evolution compared to the high scale values atmH .
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Let us recall that the parameter ratiom! /y S has a speciÞc 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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Neutron EDM from VLQs

I) Weinberg operator dominance (no s-h mixing)
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Neutron EDM from VLQs
II) quark CEDM dominance (with a sizable s-h mixing)
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