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Outline

• Classification of possible UV physics for axions

• Distinctive patterns of low energy axion couplings 
to SM particles depending on the UV origins

• Measurement of the key discriminator (axion-
electron coupling) by the chiral magnetic effect
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021

yuHQLu
c

R + ydH
⇤
QLd

c

R +
g
2
s

32⇡2
✓GG̃ (1)

✓̄ = arg det

⇣
e
i✓
yuyd

⌘
< 10

�10
(2)

�CKM = arg det

h
yuy

†
y, ydy

†
d

i
⇠ O(1) (3)

V = � cos

✓
✓̄ +

a

fa

◆
(4)

✓̄e↵ = h✓̄ +
a

fa
i < 10

�10
(5)

g
2
s

32⇡2

✓
✓̄ +

a

fa

◆
GG̃ (6)

Rscr ⇠
R�
10

✓
fa

TeV

◆✓
v

m�,0

◆
7
✓
1 g/cm

3

⇢

◆
(7)

m� ⇠ m�,0 ⇥

r
µb

⇤
⇠ 1 keV

⇣
m�,o

v

⌘r
MPl

⇤
(8)

m
2

�
' m

2

�,0

µb

⇤
< m

2

�,0

v

⇤
(9)

1

CPV in the QCD sector

while
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Non-observation 
of neutron EDM
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The QCD vacuum energy is minimized at the CP-conserving point (�̅� = 0).

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

[Vafa,Witten ’84]

[Abel et al ’20]
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QCD axion lagrangian
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broken by 𝑐# ≠ 0 non-perturbatively
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The axion couplings to the other SM particles 
𝑐$, 𝑐%, 𝑐&, 𝑐ℓ, 𝑐( are UV model-dependent.
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Axion-Like Particles (ALPs)

: 𝑓) characterizes typical size of ALP couplings 
up to the dimensionless coefficients 𝑐*, 𝑐+, 𝑐,. 

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

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

• Ubiquitous in many BSM scenarios, in particular, string theory  
[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]
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KSVZ-like models
Kim ’79, Shifman,Vainshtein, Zakharov ’80
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The axion couples to SM fields via a heavy BSM fermion charged 
under the SM gauge group. 
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“KSVZ-like models” 
: no tree-level couplings to the SM fermions
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DFSZ-like models
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Dine, Fischler, Srednicki ’81, Zhitnitsky ’80
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The axion couples to the SM sector at tree-level (e.g. via Higgs portal).
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SM gauge field

SM gauge field

SM or BSM 
fermion

𝑎

SM fermion

SM fermion

×
𝐴!

>>

“DFSZ-like models” 
: 𝑂(1) tree-level couplings to the SM fermions
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String-theoretic models

4D axions identified as zero modes of 
higher-dimensional 𝑝-form gauge field

Ω ∶ harmonic 𝑝-form on 
the compact internal space

• Simplified 5D toy model

Talk preparation note

October 20, 2022
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ȧ

f
(7)

µL � µR = µ5vF 6= µ5 (8)

j
3
= j

3

L + j
3

R =
e
2

2⇡2
(µL � µR)B (9)

1

Witten ’84



9

Talk preparation note

October 20, 2022

FMN = @MAN � @NAM
(1)

S =

Z
d
4
xdy

✓
� 1

4g
2

5

F
MN

FMN + c1✏
MNPQR

AMG
a

NPG
a

QR +
c2

⇤
FMN  ̄�

M
�
N
 

◆
(2)

A[m1m2..mp]
(x

µ
, y

m
) = a(x

µ
)⌦[m1m2..mp]

(y
m
) (3)

AM (x
µ
, y) (4)

A5(x
µ
, y) = a(x

µ
)⌦5(y) (5)

@
2

y⌦5(y) = 0 (6)

m =
yp
2
fa (7)

y� BSM 
c

BSM + h.c. (8)

µ5 = Ce

ȧ
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5D Chern-Simon term
(axion-gauge field coupling)

5D gauge-matter coupling
(axion-matter coupling)

𝑀": 5D Planck mass (String scale)
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Integrating out the extra dimension

𝜅 ∼ 𝑂 1

String-theoretic axion couplings to matter 
fields and gauge fields are comparable.
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Axon-matter couplings are 
suppressed by the 1-loop factor.
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KSVZ-like models
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𝑎

Summary:  characteristic patterns of axion couplings to 
the SM depending on the microscopic origins
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Distinguishing the models of an axion by 
coupling ratios

For QCD axion (𝑐! ≠ 0), 𝑔"#~
$*

%+
regardless of the classes of models 

Green : DFSZ-like model
Red : String-theoretic model

Black : KSVZ-like model (dashed : 𝑚& = 10'(𝑓", solid : 𝑚& = 𝑓")

K Choi, SHI, HJ Kim, H Seong ‘21
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For ALPs with (𝑐! = 0), 

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

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

𝑐+ = 1 (𝑐, = 𝑐- = 0) 𝑐- = 1 (𝑐, = 𝑐+ = 0)



14

Take-home message I

• In principle, we have three possible classes of UV physics for an axion : 
KSVZ-like, DFSZ-like, and string-theoretic. 

• Those three classes of UV physics may be experimentally distinguishable by 

measuring the ratio of an axion-fermion coupling to the axion-photon 
coupling.

• For the QCD axion, the measurement of the axion-electron coupling is crucial
for the distinction.
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Momentum direction

Spin direction

𝑒 ↑
#

𝑒 ↓
#

𝑒 ↓
%

𝑒 ↑
%

𝐵

𝑒 ↑
#

𝑒 ↑
%

𝑒 ↑
#

𝑒 ↑
%

Helicity 
imbalance
𝜇↑ > 𝜇↓

Net current  𝐽 = 0 Net current  𝐽 ∝ 𝜇↑ − 𝜇↓ 𝐵

Chiral Magnetic Effect (CME) in a nutshell

• The magnetic field aligns the spin directions depending on particles and antiparticles.
• The helicity imbalance causes a non-zero electric current along the B-field direction.

Kharzeev, McLerran, Warringa ‘08
Fukushima, Kharzeev, Warringa ‘08 
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• Chiral chemical potential

• (Vector) chemical potential
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It makes helicity imbalance for both massless and massive 
fermions.

It makes charge imbalance (i.e. particles vs antiparticles).

The charge imbalance alone cannot induce a current. However,  𝜇 might be still 
relevant for the magnitude of the current for a given helicity imbalance.
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Time-varying axion field as a source for 𝜇!
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slow-roll : dark energy

damped harmonic 
oscillator : cold dark matter 

Cosmological evolution of an axion field

Talk preparation note

January 29, 2021
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Misalignment production of axion dark matter and 
chiral chemical potential

Present oscillation amplitude 𝑎+ ≪ 𝑓"𝜃,-,
~𝑓.𝜃/0/

Talk preparation note

October 20, 2022
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ȧ

fa
(4)

c 
@µa

fa
 ̄�

µ
�
5
 (5)

c 
ȧ
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The axion dark matter background gives rise to an oscillating 
chiral chemical potential for fermions coupled to the axion.
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CME-induced current

I. Energy balance argument 

𝑒 ↑
#

𝑒 ↓
#

𝑒 ↓
%

𝑒 ↑
%

𝐵

𝑒 ↑
#

𝑒 ↑
%

𝐸

𝑒 ↓# 𝑒 ↓
%

Momentum direction

Spin direction

Δ𝑃I↑ = 𝑒𝐸𝑡
Δ𝑃I↓ = −𝑒𝐸𝑡

Nielsen and Ninomiya ‘83
Fukushima, Kharzeev, Warringa ‘08 



21

Density change of 
helicity-up fermion states 

Transverse number density 
in the lowest Landau level

Longitudinal number 
density

Density change of 
helicity-down fermion states 

which reproduces the chiral anomaly equation in massless limit
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Aharonov and Casher ‘79
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Energy cost per unit time needed for 
making helicity imbalance

Talk preparation note

September 7, 2022
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This energy cost has to be supplied 
by the electric power.

ℇ : Energy cost for converting a helicity-
down state to a helicity-up state
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In the original formula by (FKW ’08) the 𝑣I dependence is 
missing (Hong, SHI, Jeong, Yeom ’22).

Dirac eq. 

where 𝑝I is the Fermi momentum when 𝜇L = 0.
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CME-induced current

II. Field-theoretic calculation DK Hong, SHI, KS Jeong, D Yeom ‘22

current in helicity imbalanced medium. At one-loop the current is given by

hj
µ
i = e
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Tr
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where S
n=0
F (p) is the LLL electron propagator in cold medium. Defining p̃q = (p0 + µ +

µ5�5, 0, 0, pz) and ~p? = (0, px, py, 0), the LLL propagator in medium under an external

magnetic field along z direction can be written as [41]
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where hj
µ(µ0)i is the induced current for the medium of chemical potential µ0. Following [27],

we shift p0 ! p
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agreeing with Eq. (13), where in the second line the current is doubly expanded in powers

of Fermi velocity, vF , and the ratio, r = µ5/µ.

We find that the chiral magnetic e↵ects are realized in the electron Fermi liquid like

metal. The medium dependence of CME appears only in the Fermi velocity, as the modes

near the Fermi surface flip the helicity, creating a net current along the magnetic field, in

the presence of the axial chemical potential. Interpreting as the axial chemical potential

the time-derivative of the coherent axions or ALP in Eq. (8), µ5 = Ce ȧ(t)/f , the anomalous

electric currents in conductors, which we call axionic CME, are given for ~B = Bk̂ as
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: the electron propagator in the lowest Landau level in a dense medium

𝑃': spin projection operator
H±: helicity projection operator
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~�. As the induced current

vanishes in vacuum, we may write
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where hj
µ(µ0)i is the induced current for the medium of chemical potential µ0. Following [27],

we shift p0 ! p
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agreeing with Eq. (13), where in the second line the current is doubly expanded in powers

of Fermi velocity, vF , and the ratio, r = µ5/µ.

We find that the chiral magnetic e↵ects are realized in the electron Fermi liquid like

metal. The medium dependence of CME appears only in the Fermi velocity, as the modes

near the Fermi surface flip the helicity, creating a net current along the magnetic field, in

the presence of the axial chemical potential. Interpreting as the axial chemical potential

the time-derivative of the coherent axions or ALP in Eq. (8), µ5 = Ce ȧ(t)/f , the anomalous

electric currents in conductors, which we call axionic CME, are given for ~B = Bk̂ as
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current in helicity imbalanced medium. At one-loop the current is given by
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The field-theoretic calculation reproduces the CME formula
obtained by the energy balance argument :

ℇ



28

CME and chiral anomaly in (1+1)D

Since only the electrons in the lowest Landau level (i.e. transverse zero
modes) contribute to the CME current, the physics may be understood in

terms of electrons moving in (1+1)D spacetime.

𝛾/ 𝛾0𝛾1

AXIAL ANOMALY AND CME

CME is the anomalous transport of electrons in the LLL due to the axial chemical po-

tential. To see its relation with the axial anomaly, we calculate the anomalous two-point

function of LLL electron currents with µ, ⌫ = 0, 3,

�µ⌫(q1)�
(2)(q1 + q2) ⌘

Z
⇧id

2
xie

iqi·xi h0|Tjµ(x1)j
⌫
5 (x2) |0i . (19)

When the medium is absent, the two-point function is given as
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where ✏
µ⌫ is the anti-symmetric tensor in (1+1) dimensions with ✏

03 = 1. The (vacuum)

two-point function vanishes in the infrared, not contributing to the axial anomaly, because

the loop function H(q2,m2) does not have a pole at q
2 = 0 for massive electrons [42]. In

medium, however, it does not vanish in the infrared because of the gapless modes at the

Fermi surface. We first note that the anomalous correlators for the LLL electrons are related

to the vector correlators because of the identity Tr (�µ
�
⌫
�52P�) = sign(eB)Tr (�µ

�
⌫
�
0
�
3).

From the Hard Dense Loop results of the vector correlator [43, 44] one finds the anomalous

correlator to be for q0/µ, |~q|/µ ! 0
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V̄ · q

◆�
, (21)

where V µ = (1, 0, 0, vF ) and V̄
µ = (1, 0, 0,�vF ) . Treating µ5 as a perturbation, we find from

the anomalous two-point function, Eq. (21), that the induced current under the external

magnetic field becomes at the leading order in µ5

⌦
j
3
↵
= �eµ5 lim

q0!0
lim
q3!0

�30(q) =
e
2
B

2⇡2
vFµ5 , (22)

which reproduces the result of CME, Eq. (13). 3 We also recover the (1+1) dimensional

medium axial anomaly in the background of external gauge fields Aµ with field strength Fµ⌫

h@⌫j
⌫
5 iA = ie
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Fµ⌫ , (23)

where |eB| /(2⇡) is the density of gapless modes at the Fermi points, |pz| = pF . We note

that our anomaly result is consistent with our CME result, Eq. (22). Both vanish when

matter disappears, vF ! 0 or µ ! m.

3 In a system with finite density the order of static limit and the homogeneous limit often does not commute

and should be taken carefully [45].
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AXIAL ANOMALY AND CME
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In the vacuum,

The chiral anomaly diagram vanishes as 𝑞 → 0 when there is
no massless charged fermion.

: No pole at 𝑞2 = 0
for massive electrons

Coleman and Grossman ‘82
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In a medium,

The CME can be understood as (1+1)D chiral anomaly in a
medium induced by gapless modes at the Fermi surface.

: a pole at 𝑞2 = 0
even for massive electrons

j =

Z
d⇢ v

= e · eB
2⇡

·
 Z

p
"
F

0

dpz

2⇡

pzp
p2z +m2

�
Z

p
#
F

0

dpz

2⇡

pzp
p2z +m2

!

=
e
2

4⇡2
·
✓q

(p
"
F
)2 +m2 �

q
(p

#
F
)2 +m2

◆
·B

(52)

j = ⇢v = e(nR � nL) vF

= e

✓
(p

R

F
� p

L

F
)

2⇡

eB

2⇡

◆
vF

=
e
2

2⇡2
· 1
2
(p

R

F � p
L

F )vF ·B

(53)

p
R

F =

p
µ2 �m2 + µ5

p
L

F =

p
µ2 �m2 � µ5

(54)

�
µ⌫
(q) =

eB

4⇡2
(✏

⌫↵
q↵q

µ
+ ✏

µ⌫
q
2
)F (q

2
,m

2
, µ) (55)

F (q
2
,m

2
, µ) =

1

q2

✓
O
✓

q
2

m2

◆
+

pF

µ
+O

✓
q

µ

◆◆
(56)

ELR =
1

2
(p

R

F � p
L

F )vF (57)

H(q
2
,m

2
) =

1

q2

 
1� 1p

⌧(1� ⌧)
tan

�1

r
⌧

1� ⌧

!
' � 1

4m2
(q ! 0) (58)

⌧ ⌘ q
2

4m2
(59)

~j ' e
2

2⇡2
µ5vF

~B (60)

~j =
e
2

2⇡2
ELR ~B (61)

6

j =

Z
d⇢ v

= e · eB
2⇡

·
 Z

p
"
F

0

dpz

2⇡

pzp
p2z +m2

�
Z

p
#
F

0

dpz

2⇡

pzp
p2z +m2

!

=
e
2

4⇡2
·
✓q

(p
"
F
)2 +m2 �

q
(p

#
F
)2 +m2

◆
·B

(52)

j = ⇢v = e(nR � nL) vF

= e

✓
(p

R

F
� p

L

F
)

2⇡

eB

2⇡

◆
vF

=
e
2

2⇡2
· 1
2
(p

R

F � p
L

F )vF ·B

(53)

p
R

F =

p
µ2 �m2 + µ5

p
L

F =

p
µ2 �m2 � µ5

(54)

�
µ⌫
(q) =

eB

4⇡2
(✏

⌫↵
q↵q

µ
+ ✏

µ⌫
q
2
)F (q

2
,m

2
, µ) (55)

F (q
2
,m

2
, µ) =

1

q2

✓
O
✓

q
2

m2

◆
+

pF

µ
+O

✓
q

µ

◆◆
(56)

ELR =
1

2
(p

R

F � p
L

F )vF (57)

H(q
2
,m

2
) =

1

q2

 
1� 1p

⌧(1� ⌧)
tan

�1

r
⌧

1� ⌧

!
' � 1

4m2
(q ! 0) (58)

⌧ ⌘ q
2

4m2
(59)

~j ' e
2

2⇡2
µ5vF

~B (60)

~j =
e
2

2⇡2
ELR ~B (61)

6

AXIAL ANOMALY AND CME

CME is the anomalous transport of electrons in the LLL due to the axial chemical po-

tential. To see its relation with the axial anomaly, we calculate the anomalous two-point

function of LLL electron currents with µ, ⌫ = 0, 3,

�µ⌫(q1)�
(2)(q1 + q2) ⌘
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⇧id
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xie

iqi·xi h0|Tjµ(x1)j
⌫
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When the medium is absent, the two-point function is given as
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µ + ✏
µ⌫
q
2
�
H(q2,m2) , (20)

where ✏
µ⌫ is the anti-symmetric tensor in (1+1) dimensions with ✏

03 = 1. The (vacuum)

two-point function vanishes in the infrared, not contributing to the axial anomaly, because

the loop function H(q2,m2) does not have a pole at q
2 = 0 for massive electrons [42]. In

medium, however, it does not vanish in the infrared because of the gapless modes at the

Fermi surface. We first note that the anomalous correlators for the LLL electrons are related

to the vector correlators because of the identity Tr (�µ
�
⌫
�52P�) = sign(eB)Tr (�µ

�
⌫
�
0
�
3).

From the Hard Dense Loop results of the vector correlator [43, 44] one finds the anomalous

correlator to be for q0/µ, |~q|/µ ! 0
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where V µ = (1, 0, 0, vF ) and V̄
µ = (1, 0, 0,�vF ) . Treating µ5 as a perturbation, we find from

the anomalous two-point function, Eq. (21), that the induced current under the external

magnetic field becomes at the leading order in µ5

⌦
j
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= �eµ5 lim

q0!0
lim
q3!0

�30(q) =
e
2
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vFµ5 , (22)

which reproduces the result of CME, Eq. (13). 3 We also recover the (1+1) dimensional

medium axial anomaly in the background of external gauge fields Aµ with field strength Fµ⌫

h@⌫j
⌫
5 iA = ie

Z
d2
q

4⇡2
lim
q0!0

lim
q3!0

e
iq·x

q⌫Aµ(q)�
µ⌫(q) =

e
2
B

4⇡2
vF ✏

µ⌫
Fµ⌫ , (23)

where |eB| /(2⇡) is the density of gapless modes at the Fermi points, |pz| = pF . We note

that our anomaly result is consistent with our CME result, Eq. (22). Both vanish when

matter disappears, vF ! 0 or µ ! m.

3 In a system with finite density the order of static limit and the homogeneous limit often does not commute

and should be taken carefully [45].
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Fermi surface. We first note that the anomalous correlators for the LLL electrons are related

to the vector correlators because of the identity Tr (�µ
�
⌫
�52P�) = sign(eB)Tr (�µ

�
⌫
�
0
�
3).

From the Hard Dense Loop results of the vector correlator [43, 44] one finds the anomalous

correlator to be for q0/µ, |~q|/µ ! 0

�µ⌫(q) =
eB

2⇡2vF


�⌘

µ0
✏
⌫0 +

q
0

2

✓
V

µ
✏
⌫↵
V↵

V · q
+

V̄
µ
✏
⌫↵
V̄↵

V̄ · q

◆�
, (21)

where V µ = (1, 0, 0, vF ) and V̄
µ = (1, 0, 0,�vF ) . Treating µ5 as a perturbation, we find from

the anomalous two-point function, Eq. (21), that the induced current under the external

magnetic field becomes at the leading order in µ5

⌦
j
3
↵
= �eµ5 lim

q0!0
lim
q3!0

�30(q) =
e
2
B

2⇡2
vFµ5 , (22)

which reproduces the result of CME, Eq. (13). 3 We also recover the (1+1) dimensional

medium axial anomaly in the background of external gauge fields Aµ with field strength Fµ⌫

h@⌫j
⌫
5 iA = ie

Z
d2
q

4⇡2
lim
q0!0

lim
q3!0

e
iq·x

q⌫Aµ(q)�
µ⌫(q) =

e
2
B

4⇡2
vF ✏

µ⌫
Fµ⌫ , (23)

where |eB| /(2⇡) is the density of gapless modes at the Fermi points, |pz| = pF . We note

that our anomaly result is consistent with our CME result, Eq. (22). Both vanish when

matter disappears, vF ! 0 or µ ! m.

3 In a system with finite density the order of static limit and the homogeneous limit often does not commute

and should be taken carefully [45].
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FIG. 1. The chiral magnetic e↵ets in the chirally imbalanced medium with µ5 6= 0 under an

external magnetic field ~B.

Axions couple to electrons with strength Ce/f directly at the tree level (DFSZ model [27,

28]) or induced by heavy exotic quarks in loops (KSVZ model [29, 30]) 2,

Lint = Ce
@µa

f
 ̄�µ�5 . (5)

On the other hand, if the axion is originated from a zero mode of a higher dimensional form

field in string theory, Ce is typically of one-loop order [22]: the strength of the axion-electron

coupling varies as

Ce '

8
>>>><

>>>>:

O(1) DFSZ-like models

O(10�4
⇠ 10�3) KSVZ-like models

O(10�3
⇠ 10�2) string-theoretic axions .

(6)

Here the precise numerical value of Ce depends on model parameters such as f and/or the

ratio of vacuum expectation values of two Higgs doublets. Thus, in principle, a precise

measurement of the axion-electron coupling can tell us which class of high energy physics is

underlying as a microscopic origin for the axion.

If the axions are the main component of dark matter, produced by the vacuum misalign-

ment, they are almost a coherent classical field, given as

a(t) =

p
2⇢DM

ma
sin (mat) , (7)

2 See e.g. [22, 31–33] for the discussion of the axion-electron coupling in the DFSZ model and the KSVZ

model.

4

The measurement of the axion-electron coupling will give us an important 
clue for underlying high energy physics.

<latexit sha1_base64="Ex7hfqRW6/Xtq59RAV1JiRQz2OY=">AAAB/HicbVDJSgNBEO2JW4xbNEcvjUHwFGYkqAeRoBePEcwCmSH0dGqSNj0L3TWBIcRf8eJBEa9+iDf/xs5y0OiDgsd7VVTV8xMpNNr2l5VbWV1b38hvFra2d3b3ivsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PKHN1O/NQKlRRzdY5aAF7J+JALBGRqpWyy5EgK8dEfA6YOrRH+AV91i2a7YM9C/xFmQMlmg3i1+ur2YpyFEyCXTuuPYCXpjplBwCZOCm2pIGB+yPnQMjVgI2hvPjp/QY6P0aBArUxHSmfpzYsxCrbPQN50hw4Fe9qbif14nxeDCG4soSREiPl8UpJJiTKdJ0J5QwFFmhjCuhLmV8gFTjKPJq2BCcJZf/kuapxXnrFK9q5Zr14s48uSQHJET4pBzUiO3pE4ahJOMPJEX8mo9Ws/Wm/U+b81Zi5kS+QXr4xtRBpSR</latexit>D
~j
E

<latexit sha1_base64="9YJDnIQ/PJ9oBeip+Mo/dzWSdL0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeABz1GMA9IljA7mU2GzM4sM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uKJXCou9/e4W19Y3NreJ2aWd3b/+gfHjUtDozjDeYltq0I2q5FIo3UKDk7dRwmkSSt6LR7cxvPXFjhVaPOE55mNCBErFgFJ3U6moUCbe9csWv+nOQVRLkpAI56r3yV7evWZZwhUxSazuBn2I4oQYFk3xa6maWp5SN6IB3HFXULQkn83On5MwpfRJr40ohmau/JyY0sXacRK4zoTi0y95M/M/rZBjfhBOh0gy5YotFcSYJajL7nfSF4Qzl2BHKjHC3EjakhjJ0CZVcCMHyy6ukeVENrqqXD5eV2l0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+AIpaj7s=</latexit>

�

<latexit sha1_base64="Dh+gf8j7kez00H95vYxP4uIoUxc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48VTFtoQ9lstu3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSgwFo2glv8+iBAfVmlt3FyDrxCtIDQq0BtWvfpSwLOYKmaTG9Dw3xSCnGgWTfFbpZ4anlE3oiPcsVTTmJsgXx87IhVUiMky0LYVkof6eyGlszDQObWdMcWxWvbn4n9fLcHgb5EKlGXLFlouGmSSYkPnnJBKaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd27rjceGrVmt4ijDGdwDpfgwQ004R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfilo7R</latexit>· <latexit sha1_base64="zSOQ9Q4OgDN63e34lsDTZYssq/w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhyLXjxWMG2hDWWz3bRLdzdhdyOE0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjfzO09UaRbLR5MlNBB4JFnECDZW8vsiHVwOqjW37s6BVolXkBoUaA2qX/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92is6sMkRRrGxJg+bq74kcC60zEdpOgc1YL3sz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD4VG4K3/PIqaV/Uvat646FRa94WcZThBE7hHDy4hibcQwt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+AI1Yjoc=</latexit>µ5

<latexit sha1_base64="ECQBK7w1n/Xpge0MILjgG/kbfzE=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8ELx4xkUcCGzI79MLI7M5mZpaEEP7BiweN8er/ePNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8tUMWwwKaRqB1Sj4DE2DDcC24lCGgUCW8Hobu63xqg0l/GjmSToR3QQ85AzaqzU7I6RkVqvWHLL7gJknXgZKUGGeq/41e1LlkYYGyao1h3PTYw/pcpwJnBW6KYaE8pGdIAdS2Maofani2tn5MIqfRJKZSs2ZKH+npjSSOtJFNjOiJqhXvXm4n9eJzXhrT/lcZIajNlyUZgKYiSZv076XCEzYmIJZYrbWwkbUkWZsQEVbAje6svrpHlV9q7LlYdKqVrL4sjDGZzDJXhwA1W4hzo0gMETPMMrvDnSeXHenY9la87JZk7hD5zPH/Oljrs=</latexit>

~B

FIG. 1. The chiral magnetic e↵ets in the chirally imbalanced medium with µ5 6= 0 under an

external magnetic field ~B.

Axions couple to electrons with strength Ce/f directly at the tree level (DFSZ model [27,

28]) or induced by heavy exotic quarks in loops (KSVZ model [29, 30]) 2,

Lint = Ce
@µa

f
 ̄�µ�5 . (5)

On the other hand, if the axion is originated from a zero mode of a higher dimensional form

field in string theory, Ce is typically of one-loop order [22]: the strength of the axion-electron

coupling varies as

Ce '

8
>>>><

>>>>:

O(1) DFSZ-like models

O(10�4
⇠ 10�3) KSVZ-like models

O(10�3
⇠ 10�2) string-theoretic axions .

(6)

Here the precise numerical value of Ce depends on model parameters such as f and/or the

ratio of vacuum expectation values of two Higgs doublets. Thus, in principle, a precise

measurement of the axion-electron coupling can tell us which class of high energy physics is

underlying as a microscopic origin for the axion.

If the axions are the main component of dark matter, produced by the vacuum misalign-

ment, they are almost a coherent classical field, given as

a(t) =

p
2⇢DM

ma
sin (mat) , (7)

2 See e.g. [22, 31–33] for the discussion of the axion-electron coupling in the DFSZ model and the KSVZ

model.
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FIG. 1. The chiral magnetic e↵ets in the chirally imbalanced medium with µ5 6= 0 under an

external magnetic field ~B.

Axions couple to electrons with strength Ce/f directly at the tree level (DFSZ model [27,

28]) or induced by heavy exotic quarks in loops (KSVZ model [29, 30]) 2,

Lint = Ce
@µa

f
 ̄�µ�5 . (5)

On the other hand, if the axion is originated from a zero mode of a higher dimensional form

field in string theory, Ce is typically of one-loop order [22]: the strength of the axion-electron

coupling varies as

Ce '

8
>>>><

>>>>:

O(1) DFSZ-like models

O(10�4
⇠ 10�3) KSVZ-like models

O(10�3
⇠ 10�2) string-theoretic axions .

(6)

Here the precise numerical value of Ce depends on model parameters such as f and/or the

ratio of vacuum expectation values of two Higgs doublets. Thus, in principle, a precise

measurement of the axion-electron coupling can tell us which class of high energy physics is

underlying as a microscopic origin for the axion.

If the axions are the main component of dark matter, produced by the vacuum misalign-

ment, they are almost a coherent classical field, given as

a(t) =

p
2⇢DM

ma
sin (mat) , (7)

2 See e.g. [22, 31–33] for the discussion of the axion-electron coupling in the DFSZ model and the KSVZ

model.
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FIG. 1. The chiral magnetic e↵ets in the chirally imbalanced medium with µ5 6= 0 under an

external magnetic field ~B.

Axions couple to electrons with strength Ce/f directly at the tree level (DFSZ model [27,

28]) or induced by heavy exotic quarks in loops (KSVZ model [29, 30]) 2,

Lint = Ce
@µa

f
 ̄�µ�5 . (5)

On the other hand, if the axion is originated from a zero mode of a higher dimensional form

field in string theory, Ce is typically of one-loop order [22]: the strength of the axion-electron

coupling varies as

Ce '

8
>>>><

>>>>:

O(1) DFSZ-like models

O(10�4
⇠ 10�3) KSVZ-like models

O(10�3
⇠ 10�2) string-theoretic axions .

(6)

Here the precise numerical value of Ce depends on model parameters such as f and/or the

ratio of vacuum expectation values of two Higgs doublets. Thus, in principle, a precise

measurement of the axion-electron coupling can tell us which class of high energy physics is

underlying as a microscopic origin for the axion.

If the axions are the main component of dark matter, produced by the vacuum misalign-

ment, they are almost a coherent classical field, given as

a(t) =

p
2⇢DM

ma
sin (mat) , (7)

2 See e.g. [22, 31–33] for the discussion of the axion-electron coupling in the DFSZ model and the KSVZ

model.

4

The axion dark matter field induces an oscillating chiral chemical potential 
if the axion couples to the electrons.

will be induced under the external magnetic field. The anomalous electric currents in con-

ductors, j3 = e (�3
L +�3

R), which we call axionic CME, therefore become

j3 =
e2

2⇡2
µ5vFB =6.8 ⇥ 10�15Am�2 cos (mat)

⇥

⇣ vF
10�2

⌘
·

⇣ ⇢DM

0.4GeV cm�3

⌘1/2

·

✓
1012 GeV

f/Ce

◆
·

✓
B

10Tesla

◆

where we used the axion induced chemical potential in Eq. (8) for µ5(⌘ µL � µR).

III. EXPERIMENTAL SETUP AND CONCLUSION

The experiment, shown in Fig. 2, to measure the electric current due to ADM in medium

will be quite di↵erent to ABRACADABRA [13] or to the one proposed by Sikivie et al. [9].

First of all one needs to place a conductor instead of cavity inside the solenoid. The conductor

will transport non-dissipatively the electric charges along the external magnetic field without

any supply of external voltages. We measure the electric current transported by the charge

carriers of the conductor, generated by CME. If one assumes the same sensitivity as in

the ABRACADABRA-10 cm [36] which has probed the anomalous axion-photon coupling

ga�� ⇠ 10�10 GeV�1, one finds f/Ce > 108 GeV for the axionic CME.
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FIG. 2. A simplified schematic of LACME, where we use an I-V amplifier to amplify the current

of electric charge carriers and the voltemeter to read out the current.

In Fig. 3, we show the axion-electron coupling that can be probed by the axionic chiral

magnetic e↵ect. For the plot, we assume that the axion-induced alternating electric current

may be measurable up to j = 10�13A/m2.

To conclude we show that the chiral magnetic e↵ect is realized in a Fermi liquid of

electrons by demonstrating a non-dissipative electric current generates spontaneously along

the external magnetic field if the medium is chirally imbalanced due to axion or axion-like
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wherema is the axion mass and ⇢DM ⇡ 0.4 GeV cm�3 is the local dark matter energy density.

The coherent axion field therefore acts as an axial chemical potential, generating the chiral

imbalance in the medium of electrons,

µ5 = Ce

p
⇢DM

f
cos (mat) ⇠ 0.25 ⇥ 10�23 eV ·

⇣ ⇢DM

0.4 GeV cm�3

⌘1/2
·

✓
1012 GeV

f/Ce

◆
. (8)

The electrons in metal or a conductor under an external magnetic field, ~B = Bẑ, are

e↵ectively described at su�ciently low temperature (T ⌧ µBB) by a Lagrangian density

with a chemical potential, µ,

Le↵ =  †

iDt +

1

2m

⇣
~� · ~D

⌘2
� µB~� · ~B + µ

�
 + · · · (9)

where  is the two-component spinor of electrons with spin up and down, �i’s are the Pauli

matrices, Dµ = @µ + ieAµ is the covariant derivative, µB is the Bohr magneton and the

ellipsis denotes the higher-order interactions generated by phonons. For the electrons near

the Fermi surface the left (right)-handed positive-energy spinor is nothing but the electron

with spin (anti)-parallel to the Fermi momentum [34]. In the chirally imbalanced medium,

the anomalous current for the left-handed electrons  L is given by

�i
L(µL, B) ⌘

D
 †

L�
i L

E
= �i

Z
d4p

(2⇡)4
TrL

 
�i

(1 + i✏)p0 �
~p2

2m + µB~� · ~B + µL

!
, (10)

where TrL is the trace over the left-handed electrons with the chemical potential µL. Since

the anomalous current is absent in vacuum, µL = 0, we may write, following [21],

�i
L(µL, B) =

Z µL

0

dµ0 @

@µ0�
i
L(µ

0, B) = �⇡µL

Z
d3p

(2⇡)4
TrL


�i�

✓
µL �

~p2

2m
+ µB~� · ~B

◆�
,

(11)

where we have integrated over p0 after shifting p0 ! p0 � µ0. Noting TrL (�i) = 0 and

TrL (�i�3) = 4⇡�i3 upon integrating over the Fermi surface, we get

�i
L(µL, B) =

1

4⇡2
µLeB �i3 , (12)

where only the modes at the Fermi surface contribute 3. Similarly for the right-handed elec-

trons with the chemical potential µR, the anomalous currents �i
R(µR, B) = �

1
4⇡2µReB �i3

3 The temperature should be low enough so that among modes near the Fermi surface the modes at the

lower states, split by the external magnetic field, are dominantly occupied, namely T ⌧ µBB.
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CME current measurement by modified 
axion haloscopes

Existing haloscopes for the axion-photon coupling may be used for 
detecting the CME current by replacing the “vacuum” with a “conductor”.
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

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

, where VBe
is the total volume

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

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

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

23In earnest, the solution Ea = �ga�Bea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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Conclusions

• Axions are theoretically well-motivated new particles which may be an
important clue for underlying UV physics when they are discovered.

• The underlying UV physics may be distinguishable by precision
measurements of low energy axion couplings.

• The measurement of the axion-electron coupling is particularly important

for pinning down the microscopic origin of the QCD axion.

• The chiral magnetic effect (CME) offers an intriguing possibility for the

measurement of the axion-electron coupling, when the axion comprises a

major fraction of dark matter.

• We have newly computed the CME-induced current and claim that it is

proportional to the Fermi velocity of the electrons.
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String-theoretic models

4D axions identified as zero modes of 
higher-dimensional 𝑝-form gauge field

Ω ∶ harmonic 𝑝-form on 
the compact internal space
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String-theoretic axion couplings to matter fields and gauge fields are 
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Running of axion couplings by Yukawa interactions

<latexit sha1_base64="ae8ajdW4o9mU+lxHYXRIE3nJyyE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW7Ae0sWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu1hzyOIpzAKZyDB9dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AzRuNBQ==</latexit>

a

<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>

 
<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>

 

<latexit sha1_base64="P1JxmEd8VJh66xXATZPZ65DiPTU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix46bEF+wFtLJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+W9mSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrD3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBpzeM7A==</latexit>

H

<latexit sha1_base64="nwryPKdi7hqAghxJdOaBppVHjEM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ6Kokoeix48VjBtIU2ls120i7dbMLuRiihv8GLB0W8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkp+N9X8rFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dkJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZiW6CnMs0MyjZfFGUCWISMv2c9LlCZsTYEsoUt7cSNqSKMmPzKdsQvMWXl0nzouZd1dz7y2r9sYijBMdwAufgwTXU4Q4a4AMDDs/wCm+OdF6cd+dj3rriFDNH8AfO5w+Pq46b</latexit>

 
�

<latexit sha1_base64="ae8ajdW4o9mU+lxHYXRIE3nJyyE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW7Ae0sWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu1hzyOIpzAKZyDB9dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AzRuNBQ==</latexit>

a

<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>

 
<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>

 

<latexit sha1_base64="P1JxmEd8VJh66xXATZPZ65DiPTU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix46bEF+wFtLJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+W9mSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrD3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBpzeM7A==</latexit>

H

<latexit sha1_base64="nwryPKdi7hqAghxJdOaBppVHjEM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ6Kokoeix48VjBtIU2ls120i7dbMLuRiihv8GLB0W8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkp+N9X8rFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dkJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZiW6CnMs0MyjZfFGUCWISMv2c9LlCZsTYEsoUt7cSNqSKMmPzKdsQvMWXl0nzouZd1dz7y2r9sYijBMdwAufgwTXU4Q4a4AMDDs/wCm+OdF6cd+dj3rriFDNH8AfO5w+Pq46b</latexit>

 
�

<latexit sha1_base64="ae8ajdW4o9mU+lxHYXRIE3nJyyE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW7Ae0sWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu1hzyOIpzAKZyDB9dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AzRuNBQ==</latexit>

a

<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>

 
<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>

 

<latexit sha1_base64="P1JxmEd8VJh66xXATZPZ65DiPTU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix46bEF+wFtLJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+W9mSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrD3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBpzeM7A==</latexit>

H

<latexit sha1_base64="nwryPKdi7hqAghxJdOaBppVHjEM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ6Kokoeix48VjBtIU2ls120i7dbMLuRiihv8GLB0W8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkp+N9X8rFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dkJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZiW6CnMs0MyjZfFGUCWISMv2c9LlCZsTYEsoUt7cSNqSKMmPzKdsQvMWXl0nzouZd1dz7y2r9sYijBMdwAufgwTXU4Q4a4AMDDs/wCm+OdF6cd+dj3rriFDNH8AfO5w+Pq46b</latexit>

 
�

<latexit sha1_base64="ae8ajdW4o9mU+lxHYXRIE3nJyyE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW7Ae0sWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu1hzyOIpzAKZyDB9dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AzRuNBQ==</latexit>

a

<latexit sha1_base64="sSCj8CC7DHwtKrwJX6Pfwl/AXNk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSNcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OE9WGKflgpwkNBR5JFjOCbS71E8MG1Zpf9+dAqyQoSA0KNAfVr/5QkVRQaQnHxvQCP7FhhrVlhNNZpZ8ammAywSPac1RiQU2YzW+doTOnDFGstCtp0Vz9PZFhYcxURK5TYDs2y14u/uf1UhvfhBmTSWqpJItFccqRVSh/HA2ZpsTyqSOYaOZuRWSMNSbWxVNxIQTLL6+S9kU9uKr795e1xmMRRxlO4BTOIYBraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/AC39jmo=</latexit>
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .
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and gGUT and ghid are the gauge couplings around the string scale for the visible E6 and

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

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

of flux densities are properly taken into account.

3 Running of the axion couplings

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

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

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

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

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

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

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

3.1 RG equations

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

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

written
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where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

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

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

to  i and H↵ get renormalized by the Yukawa interactions involving H↵ and  i, which is
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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(3.4)

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

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

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

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

the anomalous dimension of a chiral superfield as described in [21, 58]:
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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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
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Gauge interactions also give rise to a running of axion couplings which is determined

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

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

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

the anomalous dimension of a chiral superfield as described in [21, 58]:
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⌘
, (3.5)

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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Numerical results

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

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

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

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

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

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

energy axion couplings to the light quarks and electron as

Cu(2 GeV) = Cu(fa) +�Cu,

Cd(2 GeV) = Cd(fa) +�Cd,

Ce(me) = Ce(fa) +�Ce, (3.45)

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

SM : �C = r
t

 Ct(fa) + r
G

 c̃G(fa) + r
W

 c̃W (fa) + r
B

 c̃B(fa),

MSSM : �C = r
t

 nt(fa) + r
G

 c̃G(fa) + r
W

 c̃W (fa) + r
B

 c̃B(fa). (3.46)

To compute the coe�cients r
X

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

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

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

 are depicted in Fig. 4 for the SM

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

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

r
t

u,d,e
⇠ few ⇥ 10�1

, r
G

u,d
⇠ 10�2

, r
G

e ⇠ few ⇥ 10�4
� 10�3

,

r
W

u,d,e
⇠ few ⇥ 10�4

� 10�3
, r

B

u,d
⇠ few ⇥ 10�5

� 10�4
, r

B

e ⇠ 10�4 (3.47)

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

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

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

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

(3.48)

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

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

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

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

(3.49)

Here the di↵erence in the value of r
W

 between the SM case and the MSSM case is mainly

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

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

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

– 23 –
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .

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

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

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

of flux densities are properly taken into account.

3 Running of the axion couplings

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

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

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

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

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

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

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

3.1 RG equations

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

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

written

La =
@µa

fa

2

4
X

 

(c )ij 
†
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�̄
µ
 j +

X

↵=1,2

cH↵
H

†
↵

$
iD

µ
H↵

3

5 +
a

fa

X

A

cA
g
2
A

32⇡2
F

Aµ⌫ eFA

µ⌫ , (3.1)

where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

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

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

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

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

couplings can be written as

LYukawa =
X

f,F,↵,i,j

(yfF↵)ijfiFjH↵, (3.2)

where fi = {u
c

i
, d

c

i
, e

c

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

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

viously given in [21–25] for the SM or its supersymmetric extensions. Here we provide a
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .

general expression which can be applied to general 2HDMs as well:
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(3.3)

where

⇠y =

(
1 for non-SUSY models

2 for SUSY models
(3.4)

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

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

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

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

the anomalous dimension of a chiral superfield as described in [21, 58]:
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, (3.5)

where

⇠g =

(
1 for non-SUSY models

2/3 for SUSY models
, ⇠H =

(
0 for non-SUSY models

2/3 for SUSY models
(3.6)

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

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

and Dynkin index of the field � charged under the gauge group A.
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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

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

e

Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

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

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

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

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

(3.49)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2
2,1 and

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

Ce(me) '

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

i
⇥ 10�3 (SM)

Ce(me) '

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

i
⇥ 10�3 (MSSM) (3.50)

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

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

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

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

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

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

– 24 –

Srednicki ’85
S Chang and K Choi ’93

Bauer, Neubert, Renner, Schnubel, Thamm ‘20

<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 coupling Ce in KSVZ-like
models.

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

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

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

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

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

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

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

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

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

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

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

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

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

axions with mQ = 1010 GeV, we find

Ce(me) '

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

i
⇥ 10�3 (KSVZ with MSSM)

Ce(me) '

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

i
⇥ 10�3 (KSVZ with SM), (3.50)

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

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

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

diagrams involving the electroweak gauge bosons.

4 Distinguishing the axions by low energy precision physics

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

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

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

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

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

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

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

fa. As a benchmark example, we consider a specific parameter point with fa = 1010 GeV,
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Consequences in low energy observables

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

c� = cW + cB, C = C
0
 +�C , (2.4)

with

C
0
u = cQ1(fa) + cuc

1
(fa) + cH(fa),

C
0
d

= cQ1(fa) + cdc1
(fa) � cH(fa),

C
0
e = cL1(fa) + cec1

(fa) � cH(fa). (2.5)

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

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

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

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

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

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

i
, d

c

i
, Li, e

c

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

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

are ignored for simplicity.

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

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

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

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

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

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

symmetry:

U(1)PQ : � ! e
i↵
�, �! e

iq�↵�,  ! e
iq ↵ , (2.8)
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Axion couplings to the photon, electron, neutron, and proton below GeV

with ✏ = �
1

2

⇣
md�mu

mu+md

+ c0
d
� c0

u

⌘
f⇡

fa
and ma/m⇡ = O(✏). In order to work with canonical propagators

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

! ⇡0 + (m2

a
/m2

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

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

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

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

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

q
/TrM�1

q
to ensure no axion-pion mass mixing, the LO axion-photon

coupling in Eq. (41) becomes
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◆
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The same result can be obtained via another choice of Qa (e.g. the one leading to the �PT potential in
Eq. (54)), but requires the inclusion of a non-zero axion-pion mixing.

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

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

0
correspond respectively to the axial iso-vector and axial

iso-scalar combinations, while the dots in Eq. (60) denote higher order terms, including non-derivative axion
couplings which for hai = 0 (no extra sources of CP violation) are at least quadratic in a. Matching the two
effective Lagrangians over a single-nucleon matrix element, for example hp|La|pi = hp|LN |pi, at the LO in
the isospin breaking effects, we get
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Note that once the canonical axion and pion field are properly identified, the only linear coupling of the
axion to the pions is the one in Eq. (57). The axion-pion coupling in Eq. (58) generalizes the expressions
available in the literature in the case of KSVZ [110] and DFSZ [26] axions.
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The same result can be obtained via another choice of Qa (e.g. the one leading to the �PT potential in
Eq. (54)), but requires the inclusion of a non-zero axion-pion mixing.

2.5.4. Axion-nucleon coupling
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in Eq. (40) with a non-relativistic axion-nucleon Lagrangian. Using iso-spin as an active flavour symmetry
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iso-scalar combinations, while the dots in Eq. (60) denote higher order terms, including non-derivative axion
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where e and gs are the electromagnetic and color gauge couplings, respectively, and

c� = cW + cB, C = C
0
 +�C , (2.4)

with

C
0
u = cQ1(fa) + cuc

1
(fa) + cH(fa),

C
0
d

= cQ1(fa) + cdc1
(fa) � cH(fa),

C
0
e = cL1(fa) + cec1

(fa) � cH(fa). (2.5)

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

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

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

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

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

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

i
, d

c

i
, Li, e

c

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

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

are ignored for simplicity.

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

those to the photon, nucleons and electron at scales well below GeV:

1

4
ga�a

~E · ~B + @µa


gae

2me

ē�
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which are determined by the couplings in (2.3) as follows:
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with �u = 0.897(27) and �d = �0.376(27) at µ = 2 GeV in MS, and mu/md = 0.48(3)

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

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

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

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

symmetry:

U(1)PQ : � ! e
i↵
�, �! e

iq�↵�,  ! e
iq ↵ , (2.8)
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Taking into account the radiative corrections with the choice of parameters 

𝑓" = 105+ GeV,  𝑡6 = 10,  and 𝑚7879 = 10TeV, 

with the proportionality coe�cients r
X

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

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

 as a function

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

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

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

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

G
e /r

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

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

4 Distinguishing the axions by low energy precision physics

* section 3 finished, section 4 in progress

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

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

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

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

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

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

to include the string theoretic axions.

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

X
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where the right-hand side is obtained from the left-hand side upon integration by parts

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

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

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

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

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

mass scale of SUSY particles.
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mn

fa

8
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where we assume tan � > 10. Here for the DFSZ-like axions, we assume that their tree

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

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

as

ga� =
↵em

2⇡fa
c� (4.8)

with

c� ' cW + cB � 1.92cG (4.9)

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

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

will consider the two cases independently.

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

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

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

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

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

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

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

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

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

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

– 26 –

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

Ex) 𝜔: =
5
2
, 𝜔:𝑔!8;2 ∼ 0.25 in a type-IIB string Large Volume Scenario
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Laboratory searches for axion DM
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Current and future limits on 𝑔"#

20

Optical Ring Cavity (DANCE)
Dark matter Axion search with riNg Cavity Experiment

Obata, Fujita, Michimura ‘18
Michimura et al ‘19

Speed of light changes depending on polarization
in the presence of axion dark matter!

2

A = 0. Then the EoM for gauge field reads

Äi −∇2Ai + gaγ ȧεijk∂jAk = 0 . (2)

The present background axion field is written as

a(t) = a0 cos(mt+ δτ (t)) , (3)

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

f =
m

2π
# 2.4Hz

( m

10−14eV

)

. (4)

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

number k :

Ai(t,x) =
∑

λ=±

∫

d3k

(2π)3
Aλ

k(t)e
λ
i (k̂)e

ik·x , (5)

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

∗λ′

i (k̂) = δλ
′λ, and εijmkje±m(k̂) =

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

Ä±

k + ω2
±A

±

k = 0 , (6)

with

ω2
± ≡ k2

(

1±
gaγa0m

k
sin(mt+ δτ )

)

. (7)

From (7), we obtain their phase velocities as

c± ≡
ω±

k
=

(

1±
gaγa0m

k
sin(mt+ δτ )

)1/2
, (8)

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

δc #
gaγa0m

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

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

δc0 # 3× 10−24

(

gaγ
10−12 GeV−1

)

, (10)

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

III. SEARCH FOR AXION DARK MATTER

USING OPTICAL RING CAVITY

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

laser(1550nm)

mirror

photodetector 
A/B

left-handed 
photon

right-handed 
photon

1/4 waveplate

frequency
lock signal

A B

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

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

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

where

circular polarized modes
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The signal should be counted as a loss of the axion-induced EM field 
inside the cavity.
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

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

, where VBe
is the total volume

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

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

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

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

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

, where VBe
is the total volume

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

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

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

23In earnest, the solution Ea = �ga�Bea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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A Broadband/Resonant Approach to Cosmic Axion Detection

with an Amplifying B-field Ring Apparatus
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It tries to detect axion-induced tiny oscillating B-field with
a highly sensitive superconducting coil.
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Laboratory searches for axion DM
-nucleonic probes

The best experimental sensitivity on 𝑔"?
is obtained when 𝜌" = 𝜌=>.

Background axion DM field
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CASPEr-Wind
This tiny axion-induced oscillating 

effective B-field can be detected by NMR.

:#4. ≡ .2
: Larmor frequency

When /, = m", resonant transverse magnetization of molecules occurs.
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Atomic Clock, 5th force
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Figure 1: A sketch of the geometry for this storage ring proposal (left figure) and the directions of the

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

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

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

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

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