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Outline

• 3 possible classes of microscopic origins of axions

• (Measurable) distinctive patterns of axion couplings 

depending on the microscopic origins

• Measuring the axion-electron coupling by the chiral 

magnetic effect
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021
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CPV in the QCD sector

while
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Non-observation 
of neutron EDM

Talk preparation note

March 20, 2021

VQCD = �⇤
4

QCD cos ✓̄ (1)

yuHQLu
c

R + ydH
⇤
QLd

c

R +
g
2
s

32⇡2
✓GG̃ (2)

✓̄ = ✓ + arg det (yuyd) < 10
�10 (3)

�CKM = arg det

h
yuy

†
u, ydy

†
d

i
⇠ O(1) (4)

V = � cos

✓
✓̄ +

a

fa

◆
(5)

✓̄e↵ = h✓̄ +
a

fa
i < 10

�10
(6)

g
2
s

32⇡2

✓
✓̄ +

a

fa

◆
GG̃ (7)

Rscr ⇠
R�
10

✓
fa

TeV

◆✓
v

m�,0

◆
7
✓
1 g/cm

3

⇢

◆
(8)

m� ⇠ m�,0 ⇥

r
µb

⇤
⇠ 1 keV

⇣
m�,o

v

⌘r
MPl

⇤
(9)

1

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

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

[Vafa,Witten ’84]

[Abel et al ’20]
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QCD axion lagrangian

𝑈 1 !" :

⇢� ⇡ 1

2
m

2

�
A

2
(t) / 1

R3
(373)

�(x) ! �(x)e
i↵ (374)

a(x) ! a(x) + ↵fa (375)

a(x) ! a(x) + ↵ (376)

�(x) =
1p
2
(fa + ⇢(x))e

i✓(x)
(377)

✓(x) ! ✓(x) + 2⇡n (378)

✓(x) =
a(x)

fa

(379)

fa =

p
2h�(x)i (380)

a(x) ! a(x) + 2⇡nfa (381)

a(x) ! a(x) + c (382)

ga� =
↵

2⇡fa
ca� ⇠ O(10

�3
)

fa

(383)

34

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.

Talk preparation note

June 9, 2021

L =
1

2
(@µa)

2
+

g
2
s

32⇡2
cG

a

fa
G

µ⌫
G̃µ⌫

+
a

fa

X

A=W,B,...

g
2

A

32⇡2
cAF

Aµ⌫
F̃

A

µ⌫ +
@µa

fa

0

@
X

 =q,`,...

c  
†
�̄
µ
 +

X

�=H,...

c��
†

$
iD

µ
�

1

A
(1)

m
2

a ' c
2

G

mumd

(mu +md)
2

m
2
⇡f

2
⇡

f2
a

(2)

⌦a(t0) = ⇢a(t0)/⇢c(t0) (⇢c(t0) = 3M
2

PH(t0)
2
) (3)

a(x) = fa✓(x) (4)

�a(x) =
HI

2⇡
, �✓(x) =

HI

2⇡fa
(5)

V (a) ' �mu⇤
3

QCD cos

✓
NDW

a(x)

fa
+ ✓QCD

◆
(6)

a(x)

fa
⌘ a(x)

fa
+ 2⇡

✓
i.e.

a(x)

fa
= ✓(x)

◆
(7)

a

fa

~E · ~SN (8)

1



5

Axion-Like Particles (ALPs)

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

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

:  ALP can be naturally light. 
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ē�

µ
�
5
e+ cN

@µa

fa
N̄�

µ
�
5
N (7)

g
2
s

32⇡2

✓
a

fa
+ ✓̄

◆
GG̃+

e
2

32⇡2
c�

a

fa
FF̃ +

X

 

c 
@µa

fa
 ̄�

µ
�
5
 (8)

VQCD = �⇤
4

QCD cos ✓̄ (9)

1

• Cousins of the QCD axion, while not being necessarily involved in 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 model
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 model
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Dine, Fischler, Srednicki ’81, Zhitnitsky ’80
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The axion couples to the SM sector at tree-level through the Higgs portal.
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“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
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Integrating over 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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ä+ (3H+ �a)ȧ+m
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Summary:  characteristic patterns of axion couplings to 
the SM depending on the microscopic origins
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Running of axion couplings by Yukawa interactions
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .
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and gGUT and ghid are the gauge couplings around the string scale for the visible E6 and

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

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

of flux densities are properly taken into account.

3 Running of the axion couplings

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

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

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

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

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

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

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

3.1 RG equations

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

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

written
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where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

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

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

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

����
Yukawa

=
⇠y

16⇡2

X

f,↵

✓
1

2
{cF ,y†

fF↵
yfF↵} + y†

fF↵
cT
f
yfF↵ + cH↵

y†
fF↵

yfF↵

◆
,

dcT
f

d ln µ

�����
Yukawa

=
⇠y

16⇡2

X

F,↵

✓
1

2
{cT

f
,yfF↵y

†
fF↵

} + yfF↵cFy
†
fF↵

+ cH↵
yfF↵y

†
fF↵

◆
,

dcH↵

d ln µ

����
Yukawa

=
1

8⇡2

X

f,F

⇣
cH↵

tr(y†
fF↵

yfF↵) + tr(yfF↵cFy
†
fF↵

) + tr(y†
fF↵

cT
f
yfF↵)

⌘
,

(3.3)
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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]:

dc 
d ln µ

����
gauge

= �⇠g

X

A

3

2

✓
g
2
A

8⇡2

◆2

CA( )
⇣
cA � 2

X

 0

tr(c 0)TA( 0)
⌘

1,

dcH↵

d ln µ

����
gauge

= �⇠H

X

A

3

2

✓
g
2
A

8⇡2

◆2

CA(H↵)
⇣
cA � 2

X

 0

tr(c 0)TA( 0)
⌘
, (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)

– 15 –

Talk preparation note

June 10, 2021

CA(�) : quadratic Casimir

TA(�) : Dynkin index

(1)

c̃A ⌘ cA �
X

 0

c 0
(2)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( ) c̃A

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵) c̃A (3)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( )

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
1

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵)

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
(4)

dc 

d lnµ

����
gauge

= �⇠g
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA( )

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
1

dcH↵

d lnµ

����
gauge

= �⇠H
X

A

3

2

✓
g
2

A

8⇡2

◆2

CA(H↵)

⇣
cA � 2

X

 0

tr(c 0)TA( 
0
)

⌘
(5)

nt ⌘ cQ3 + cuc

3
+ cHu

(6)

dcQ3

d lnµ
⇡ ⇠y

16⇡2
y
2

t nt

dcuc

3

d lnµ
⇡ ⇠y

8⇡2
y
2

t nt

dcHu

d lnµ
⇡ 3⇠y

16⇡2
y
2

t nt

(7)

1



14

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)

– 4 –

Axion couplings to the photon, electron, neutron, and proton below GeV

with ✏ = �
1

2
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md�mu
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+ 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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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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with ✏ = �
1

2

⇣
md�mu

mu+md

+ c0
d
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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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a
�

Ca⇡

faf⇡
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Ca⇡ = �
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u
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d
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md �mu

mu +md

◆
. (58)

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

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

q
/TrM�1

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

coupling in Eq. (41) becomes
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✓
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4md +mu
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◆
. (59)

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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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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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�
µ
�5e +

gan

2mn

n̄�
µ
�5n +

gap

2mp

p̄�
µ
�5p

�
(2.6)

which are determined by the couplings in (2.3) as follows:

ga� '
↵em

2⇡

1

fa

⇣
cW + cB �

2

3

mu + 4md

mu + md

cG

⌘
'

↵em

2⇡

1

fa

⇣
cW + cB � 1.92cG

⌘
,

gap '
mp

fa

✓
Cu�u + Cd�d �

⇣
md

mu + md

�u +
mu

mu + md

�d

⌘
cG

◆
,

'
mp

fa

⇣
0.90(3) Cu(2 GeV) � 0.38(2) Cd(2 GeV) � 0.48(3) cG

⌘
,

gan '
mn

fa

✓
Cd�u + Cu�d �

⇣
mu

mu + md

�u +
md

mu + md

�d

⌘
cG

◆
,

'
mn

fa

⇣
0.90(3) Cd(2 GeV) � 0.38(2) Cu(2 GeV) � 0.04(3) cG

⌘
,

gae '
me

fa
Ce(me), (2.7)

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)

– 4 –
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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")
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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)
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Take-home message I

• In principle, we have 3 possible classes of UV physics for an axion : KSVZ-like, 
DFSZ-like, and string-theoretic. 

• Those 3 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"%

Chiral chemical 
potential
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.
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• Chiral chemical potential

• (Vector) chemical potential
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It makes helicity imbalance.

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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Suppose that we have an axion-fermion coupling:
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slow-roll : dark energy

damped harmonic 
oscillator : cold dark matter 

Cosmological evolution of an axion field

Talk preparation note
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Misalignment production of axion dark matter and 
chiral chemical potential

Present oscillation amplitude 𝑎+ ≪ 𝑓"𝜃,-,
~𝑓-𝜃./.
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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
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Δ𝑃IJ = 𝑒𝐸𝑡
Δ𝑃IK = −𝑒𝐸𝑡

Nielsen and Ninomiya ‘83
Fukushima, Kharzeev, Warringa ‘08 
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Density change of 
right-handed fermion states 

The density of Landau levels in 
the transverse direction

Longitudinal phase 
space density

Density change of 
left-handed fermion states 
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which partially reproduces the axial anomaly equation
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Energy cost per unit time needed for adding a right-
handed fermion and removing a left-handed fermion 
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=

This energy cost has to be supplied 
by the electric power.
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ℇ!" : Energy cost for converting a 
left mode to a right mode
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Essentially

Landau level 
quantization

ℇKJ
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Fermi surface (𝜔 = 𝜇)
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Therefore,

(Caveat) 𝑣I dependence is missing in the original literature of 
Fukushima, Kharzeev, Warringa (0808.3382). 
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CME-induced current

II. Effective lagrangian approach for non-relativistic fermions

DK Hong, SHI, KS Jeong, D Yeom ‘22

EFTs for non-relativistic fermions

• Integrating out the heavy fermion

Let us begin with the relativistic lagrangian
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which is suppressed by the Fermi velocity vF .

1

EFTs for non-relativistic fermions

• Integrating out the heavy fermion

Let us begin with the relativistic lagrangian

L = i ̄�µDµ �m ̄ + µ5 ̄�
0�5 (1)

where

Dµ = @µ + ieAµ. (2)

Let us write

 = e�imt
 ̃ (3)

so that

i@t = (m+ i@t) ̃. (4)

In terms of  ̃ the lagrangian reads

L = i ̃† ⇥i@t + i�0�i@i +m
�
1� �0

�
� eAµ�

0�µ
⇤
 ̃+ @µ✓ ̃

†�0�µ�5 ̃. (5)

It suggests that we decompose the field  ̃ by the operators P± ⌘ (1± �0)/2 as

 ⌘ P+ ̃, � ⌘ P� ̃, (6)

which means

 ̃ =

 
 

�

!
. (7)

Here we use the standard representation of the � matrices:

�0 =

 
1 0

0 �1

!
, �i =

 
0 �i

��i 0

!
, �5 =

 
0 1

1 0

!
. (8)

In terms of the decomposed fields  and �, the lagragian reads

L = †i@t + �†i@t�+ 2m�†�� eA0( 
† + �†�) + ~r✓ · ( †~� + �†~��)

+  †
h
i~� ·

⇣
~r+ ie ~A

⌘
+ ✓̇
i
�+ h.c.

(9)

We may integrate out the heavy field �. The equation of motion for � is

(2m+ i@t + ~r✓ · ~� � eA0)� = �
h
i~� ·

⇣
~r+ ie ~A

⌘
+ ✓̇
i
 , (10)

which yields

� ' � 1

2m

h
i~� ·

⇣
~r+ ie ~A

⌘
+ ✓̇
i
 . (11)

After integrating out �, the e↵ective lagrangian is given by

Le↵ =  †

i@t +

1

2m

⇣
~� ·
⇣
~r+ ie ~A

⌘
� i✓̇

⌘2
� eA0 +

~r✓ · ~�
�
 (12)

Therefore the leading e↵ective chiral chemical potential may be

µ5 =
pF
m
✓̇, (13)

which is suppressed by the Fermi velocity vF .

1

EFTs for non-relativistic fermions

• Integrating out the heavy fermion

Let us begin with the relativistic lagrangian

L = i ̄�µDµ �m ̄ + µ5 ̄�
0�5 (1)

where

Dµ = @µ + ieAµ. (2)

Let us write

 = e�imt
 ̃ (3)

so that

i@t = (m+ i@t) ̃. (4)

In terms of  ̃ the lagrangian reads

L = i ̃† ⇥i@t + i�0�i@i +m
�
1� �0

�
� eAµ�

0�µ
⇤
 ̃+ @µ✓ ̃

†�0�µ�5 ̃. (5)

It suggests that we decompose the field  ̃ by the operators P± ⌘ (1± �0)/2 as

 ⌘ P+ ̃, � ⌘ P� ̃, (6)

which means

 ̃ =

 
 

�

!
. (7)

Here we use the standard representation of the � matrices:

�0 =

 
1 0

0 �1

!
, �i =

 
0 �i

��i 0

!
, �5 =

 
0 1

1 0

!
. (8)

In terms of the decomposed fields  and �, the lagragian reads

L = †i@t + �†i@t�+ 2m�†�� eA0( 
† + �†�) + ~r✓ · ( †~� + �†~��)

+  †
h
i~� ·

⇣
~r+ ie ~A

⌘
+ ✓̇
i
�+ h.c.

(9)

We may integrate out the heavy field �. The equation of motion for � is

(2m+ i@t + ~r✓ · ~� � eA0)� = �
h
i~� ·

⇣
~r+ ie ~A

⌘
+ ✓̇
i
 , (10)

which yields

� ' � 1

2m

h
i~� ·

⇣
~r+ ie ~A

⌘
+ ✓̇
i
 . (11)

After integrating out �, the e↵ective lagrangian is given by

Le↵ =  †

i@t +

1

2m

⇣
~� ·
⇣
~r+ ie ~A

⌘
� i✓̇

⌘2
� eA0 +

~r✓ · ~�
�
 (12)

Therefore the leading e↵ective chiral chemical potential may be

µ5 =
pF
m
✓̇, (13)

which is suppressed by the Fermi velocity vF .

1

With the standard rep of the 𝛾 matrices, 𝜒 can be integrated out for 
the momentum scale below 𝑚.

After integrating out �, the e↵ective lagrangian is given by

Le↵ =  †

i@t +

1

2m

⇣
~� ·

⇣
~r+ ie ~A

⌘
� iµ5

⌘2
�
 (12)

Le↵ =  †

"
i@t +

1

2m
(~� · ~D)

2
+ µ5

(�i~r)

m
· ~�

#
 (13)

Therefore the leading e↵ective chiral chemical potential may be

µ5 =
pF
m
✓̇, (14)

which is suppressed by the Fermi velocity vF .

2

(Caveat) This part was not noticed in our draft v1. 
(to be corrected : thanks to K. Choi)  
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~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.

4

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�32 GeV ·

⇣ ⇢DM

0.4 GeV cm�3

⌘1/2
·

✓
1012 GeV

f/Ce

◆
. (8)

The electrons in metal or a conductor under an (weak) external magnetic field, ~Bext = 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~� · ~Bext + 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 3 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, ~� · ~p L(R) = ±pF L(R) [34, 36, 37]. In

the chirally imbalanced medium, the anomalous current for the left-handed electrons  L is

given by

~jL(µL, B) ⌘

⌧
�S

� ~A

�

~A=0

= e
D
 †

L~�vF L

E
= �ie

Z

p

TrL

 
�ivF

(1 + i✏)p0 �
~p2

2m + µB~� · ~Bext + µL

!
,

(10)

where vF is the Fermi velocity of electrons and 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],

jiL(µL, B) =

Z µL

0

dµ0 @

@µ0 j
i
L(µ

0, B) = �e

Z µL

0

dµ0
Z

d3p

16⇡3
TrL


�ivF �

✓
µ0

�
~p2

2m
+ µB~� · ~Bext

◆�
,

(11)

where we have integrated over p0 after shifting p0 ! p0 � µ0. We see that only modes

near the Fermi surface contribute to the anomalous currents 4. Noting TrL (�i) = 0 and

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

3 Here we are assuming the weak magnetic field and neglecting the higher-order contributions in the mag-

netic field that a↵ect the electron mass and the magnetic moments [35].
4 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.

5

in B as the anomaly is proportional to the magnetic field without any corrections [21],

jiL(µL, B) =
e2

2⇡2
µLB �i3 . (12)

Similarly for the right-handed electrons with the chemical potential µR, the anomalous

currents jiR(µR, B) = �
e2

2⇡2µReB �i3 will be induced under the external magnetic field. The

anomalous electric currents in conductors in the background of axion or ALP dark matter,

which we call axionic CME, therefore become

j3 =
e2

2⇡2
µ5B = 6.8⇥ 10�13 cos (mat)·

⇣ ⇢DM

0.4GeV cm�3

⌘1/2

·

✓
1012 GeV

f/Ce

◆
·

✓
B

10Tesla

◆
Am�2 ,

(13)

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 similar to ABRACADABRA [13] or to the one proposed by Sikivie et al. [9]. The main

di↵erence is however that one needs to place a conductor instead of cavity inside the solenoid.

The conductor will transport non-dissipatively the electric charges along the external mag-

netic field without any supply of external voltages. With the superconducting pick-up loop

we then 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 [39] 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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<latexit sha1_base64="MFoILQeYqcoBEu5m46rJHDjnvKc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0N/NbT9xYodUjjlMeJnSgRCwYRSe1uhpFwm2vXPGr/hxklQQ5qUCOeq/81e1rliVcIZPU2k7gpxhOqEHBJJ+WupnlKWUjOuAdRxV1S8LJ/NwpOXNKn8TauFJI5urviQlNrB0nketMKA7tsjcT//M6GcY34USoNEOu2GJRnEmCmsx+J31hOEM5doQyI9ythA2poQxdQiUXQrD88ippXlSDq+rlw2WldpvHUYQTOIVzCOAaanAPdWgAgxE8wyu8ean34r17H4vWgpfPHMMfeJ8/iNmPtg==</latexit>
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<latexit sha1_base64="MFoILQeYqcoBEu5m46rJHDjnvKc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0N/NbT9xYodUjjlMeJnSgRCwYRSe1uhpFwm2vXPGr/hxklQQ5qUCOeq/81e1rliVcIZPU2k7gpxhOqEHBJJ+WupnlKWUjOuAdRxV1S8LJ/NwpOXNKn8TauFJI5urviQlNrB0nketMKA7tsjcT//M6GcY34USoNEOu2GJRnEmCmsx+J31hOEM5doQyI9ythA2poQxdQiUXQrD88ippXlSDq+rlw2WldpvHUYQTOIVzCOAaanAPdWgAgxE8wyu8ean34r17H4vWgpfPHMMfeJ8/iNmPtg==</latexit>
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<latexit sha1_base64="2M9Uun3jhzFBOkbVOCuyBd1NlPo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF0xbaUDabTbt0sxt2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelAlu0PO+ndLa+sbmVnm7srO7t39QPTxqGZVrygKqhNKdiBgmuGQBchSsk2lG0kiwdjS6m/ntJ6YNV/IRxxkLUzKQPOGUoJWCnooV9qs1r+7N4a4SvyA1KNDsV796saJ5yiRSQYzp+l6G4YRo5FSwaaWXG5YROiID1rVUkpSZcDI/duqeWSV2E6VtSXTn6u+JCUmNGaeR7UwJDs2yNxP/87o5JjfhhMssRybpYlGSCxeVO/vcjblmFMXYEkI1t7e6dEg0oWjzqdgQ/OWXV0nrou5f1S8fLmuN2yKOMpzAKZyDD9fQgHtoQgAUODzDK7w50nlx3p2PRWvJKWaO4Q+czx/uTI7H</latexit>
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<latexit sha1_base64="2M9Uun3jhzFBOkbVOCuyBd1NlPo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF0xbaUDabTbt0sxt2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelAlu0PO+ndLa+sbmVnm7srO7t39QPTxqGZVrygKqhNKdiBgmuGQBchSsk2lG0kiwdjS6m/ntJ6YNV/IRxxkLUzKQPOGUoJWCnooV9qs1r+7N4a4SvyA1KNDsV796saJ5yiRSQYzp+l6G4YRo5FSwaaWXG5YROiID1rVUkpSZcDI/duqeWSV2E6VtSXTn6u+JCUmNGaeR7UwJDs2yNxP/87o5JjfhhMssRybpYlGSCxeVO/vcjblmFMXYEkI1t7e6dEg0oWjzqdgQ/OWXV0nrou5f1S8fLmuN2yKOMpzAKZyDD9fQgHtoQgAUODzDK7w50nlx3p2PRWvJKWaO4Q+czx/uTI7H</latexit>
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<latexit sha1_base64="2M9Uun3jhzFBOkbVOCuyBd1NlPo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF0xbaUDabTbt0sxt2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelAlu0PO+ndLa+sbmVnm7srO7t39QPTxqGZVrygKqhNKdiBgmuGQBchSsk2lG0kiwdjS6m/ntJ6YNV/IRxxkLUzKQPOGUoJWCnooV9qs1r+7N4a4SvyA1KNDsV796saJ5yiRSQYzp+l6G4YRo5FSwaaWXG5YROiID1rVUkpSZcDI/duqeWSV2E6VtSXTn6u+JCUmNGaeR7UwJDs2yNxP/87o5JjfhhMssRybpYlGSCxeVO/vcjblmFMXYEkI1t7e6dEg0oWjzqdgQ/OWXV0nrou5f1S8fLmuN2yKOMpzAKZyDD9fQgHtoQgAUODzDK7w50nlx3p2PRWvJKWaO4Q+czx/uTI7H</latexit>
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Conductor

Solenoid
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FIG. 2. A simplified schematic of LACME, where we use a superconducting quantum interference

device (SQUID) to pick up the magnetic flux, generated by the electric currents in the conductor,

to read out the CME current.
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~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.

4

The measurement of the axion-electron coupling will give us an important 
clue for underlying high energy physics.
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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
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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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and the RG running of axion couplings starts from the scale µ = mQ(⌧ fa) at which

Q+Q
c is integrated out, yielding c̃A(mQ) = cA. For this case, the coe�cients in Eq. (4.4)

depends on mQ rather than fa. In the following analysis, we will also consider the case

mQ ⌧ fa.

String-theoretic axions have a distinctive feature that their couplings to matter fields

are suppressed by 1/⌧ where ⌧ denotes the moduli partner whose vacuum expectation value

can be identified as the Euclidean action of the brane instanton coupled to string-theoretic

axion. As a consequence, C
0
 ( = u, d, e) are numerically of O(g2GUT/8⇡

2) for light string-

theoretic axions which couple to the gluons or the photon, including a QCD axion and an

ultralight ALP coupled to the photon (See Eqs. (2.34) and (2.35)). As discussed in section

2, one can parameterize the string-theoretic axion couplings to matter fields at µ ⇠ fa as
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where the model-dependent coe�cients !� and ! are expected to be of order unity. We

then find for string-theoretic axions with fa = 1010 GeV, mSUSY = 10 TeV and tan � = 10,
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Figure 5. The predicted ratios of the axion couplings from the minimal QCD axion models
within the MSSM framework (green: DFSZ-like axions, black: KSVZ-like axions, red: string-
theoretic axions). For KSVZ-like axions, the heavy 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.
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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.

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�32 GeV ·

⇣ ⇢DM

0.4 GeV cm�3

⌘1/2
·

✓
1012 GeV

f/Ce

◆
. (8)

The electrons in metal or a conductor under an (weak) external magnetic field, ~Bext = 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~� · ~Bext + 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 3 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, ~� · ~p L(R) = ±pF L(R) [34, 36, 37]. In

the chirally imbalanced medium, the anomalous current for the left-handed electrons  L is

given by

~jL(µL, B) ⌘

⌧
�S

� ~A

�

~A=0

= e
D
 †

L~�vF L

E
= �ie

Z

p

TrL

 
�ivF

(1 + i✏)p0 �
~p2

2m + µB~� · ~Bext + µL

!
,

(10)

where vF is the Fermi velocity of electrons and 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],

jiL(µL, B) =

Z µL

0

dµ0 @

@µ0 j
i
L(µ

0, B) = �e

Z µL

0

dµ0
Z

d3p

16⇡3
TrL


�ivF �

✓
µ0

�
~p2

2m
+ µB~� · ~Bext

◆�
,

(11)

where we have integrated over p0 after shifting p0 ! p0 � µ0. We see that only modes

near the Fermi surface contribute to the anomalous currents 4. Noting TrL (�i) = 0 and

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

3 Here we are assuming the weak magnetic field and neglecting the higher-order contributions in the mag-

netic field that a↵ect the electron mass and the magnetic moments [35].
4 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.

5

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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I-V VConductor

Solenoid

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

6

CME

DK Hong, SHI, KS Jeong, D Yeom ‘22



32

in B as the anomaly is proportional to the magnetic field without any corrections [21],

jiL(µL, B) =
e2

2⇡2
µLB �i3 . (12)

Similarly for the right-handed electrons with the chemical potential µR, the anomalous

currents jiR(µR, B) = �
e2

2⇡2µReB �i3 will be induced under the external magnetic field. The

anomalous electric currents in conductors in the background of axion or ALP dark matter,

which we call axionic CME, therefore become

j3 =
e2

2⇡2
µ5B = 6.8⇥ 10�13 cos (mat)·

⇣ ⇢DM

0.4GeV cm�3

⌘1/2

·

✓
1012 GeV

f/Ce

◆
·

✓
B

10Tesla

◆
Am�2 ,

(13)

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 similar to ABRACADABRA [13] or to the one proposed by Sikivie et al. [9]. The main

di↵erence is however that one needs to place a conductor instead of cavity inside the solenoid.

The conductor will transport non-dissipatively the electric charges along the external mag-

netic field without any supply of external voltages. With the superconducting pick-up loop

we then 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 [39] 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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Lin

FIG. 2. A simplified schematic of LACME, where we use a superconducting quantum interference

device (SQUID) to pick up the magnetic flux, generated by the electric currents in the conductor,

to read out the CME current.

6

Such a tiny CME-induced 
current may be measurable by 
exploiting a highly sensitive 
superconducting SQUID coil 
or a semiconductor diode.
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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.

• At the moment, the size of the induced current seems rather controversial 

for the case of massive 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
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SUSY-preserving 
compactification

Axion chiral superfield (𝜏 ∶ volume 
modulus of 𝑝-cycle dual to Ω)
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Speed of light changes depending on polarization
in the presence of axion dark matter!

2

A = 0. Then the EoM for gauge field reads

Äi −∇2Ai + gaγ ȧεijk∂jAk = 0 . (2)

The present background axion field is written as

a(t) = a0 cos(mt+ δτ (t)) , (3)

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

f =
m

2π
# 2.4Hz

( m

10−14eV

)

. (4)

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

number k :

Ai(t,x) =
∑

λ=±

∫

d3k

(2π)3
Aλ

k(t)e
λ
i (k̂)e

ik·x , (5)

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

∗λ′

i (k̂) = δλ
′λ, and εijmkje±m(k̂) =

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

Ä±

k + ω2
±A

±

k = 0 , (6)

with

ω2
± ≡ k2

(

1±
gaγa0m

k
sin(mt+ δτ )

)

. (7)

From (7), we obtain their phase velocities as

c± ≡
ω±

k
=

(

1±
gaγa0m

k
sin(mt+ δτ )

)1/2
, (8)

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

δc #
gaγa0m

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

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

δc0 # 3× 10−24

(

gaγ
10−12 GeV−1

)

, (10)

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

III. SEARCH FOR AXION DARK MATTER

USING OPTICAL RING CAVITY

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

laser(1550nm)

mirror

photodetector 
A/B

left-handed 
photon

right-handed 
photon

1/4 waveplate

frequency
lock signal

A B

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

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

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

where

circular polarized modes

Talk preparation note

August 12, 2020

@
2

t
~A�r

2 ~A+ g��@t�r⇥ ~A = 0 (1)

@
2

t
~A
±
+ !

2

± ~A
±
= 0 (2)

!
2

± = k
2

✓
1± g��

p
2⇢DM

k
sin(m�t)

◆
(3)

~Je↵ = g��
~B0 @t� (4)

~Je↵ = g��
~B0

p
2⇢DM sin(m�t) (5)

�(t) = �0 cos(m�t) =

p
2⇢DM

m�

cos(m�t) (6)

Lcav ⇠
1

m�

(7)

E(!, k) =
!
2

!2 � k2 + i!�k

⇥ g��Bext�0 �! Qg��Bext�0 (8)

Ps ⇠ Qg
2

��
B

2

ext

⇢DM

m�

Vcav (9)

1

q = k� � k� ⇡
m

2

�

2!

(290)

⌧ ⇠
2⇡

m�v
2
⇠ 10 s

✓
10

�10
eV

m�

◆
(291)

�c =

���
!+

k
�

!�
k

��� = �c0 sin(m�t) (292)

!
2

± = k
2

✓
1± g��

p
2⇢DM

k
sin(m�t)

◆
(293)

�c0 ' g��

p
2⇢DM

k
= 1.8⇥ 10

�24

✓
�

1064 nm

◆✓
g��

10�12GeV
�1

◆
(294)

@
2

t
~A�r

2 ~A+ g��@t�r⇥ ~A = 0 (295)

@
2

t
~A�r

2 ~A+ ga�@tar⇥ ~A = 0 (296)

@
2

t
~A
±
+ !

2

± ~A
±
= 0 (297)

!
2

± = k
2

✓
1± g��

p
2⇢DM

k
sin(m�t)

◆
(298)

~Je↵ = g��
~B0 @t� (299)

~Je↵ = g��
~B0

p
2⇢DM sin(m�t) (300)

�(t) = �0 cos(m�t) =

p
2⇢DM

m�

cos(m�t) (301)

27

Talk preparation note

February 16, 2021

~Je↵ = �ga�
~B0@ta (1)

a(t) ⇡ a0 cosmat =

p
2⇢a

ma

cosmat (2)

gaN ⇠ caq
mN

fa
(3)

H(t) =
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The signal should be counted as a loss of the axion-induced EM field 
inside the cavity.

: signal power
DM-indu

mag

SQUID

M
Bext

Toroid

SQUID
pick-up

loop
E *

uced oscillating
gnetic flux

Superconducting
pick-up coil

SQUID

al magnet

B0

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].
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if implemented in magnet volumes of few m3 volumes and few T fields.

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

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

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

The best experimental sensitivity on 𝑔%)
is obtained when 𝜌% = 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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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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Dirac equation for a massless fermion

Fermi surface
At low temperatures and 
low 𝜇, only the right chiral 
modes are occupied for a 
positive 𝜇+.
à helicity imbalance

3

R+R
−

L
−

L+

µ5−µ5

ω

p3

FIG. 1: Spectrum of massless Dirac fermions with right- and
left-handed chirality in the presence of an chiral chemical po-
tential µ5. The subscript ± denotes the eigenvalue of the
spin in the z-direction. The chiral chemical potential induces
a nonzero density of right-handed particles and left-handed
anti-particles.

grangian density the following term is added

µ5ψ̄γ
0γ5ψ. (2)

The energy spectrum of the free Dirac equation in the
presence of a chiral chemical potential is for massless
modes (with px = py = 0 for simplicity),

ωR± = ±p3 − µ5, (3)

ωL± = ∓p3 + µ5. (4)

Here ± represents the spin in the z-direction and R, L the
chirality. The momentum in the z-direction is given by
p3; let us stress that in our notation p3 does not denote
the third component of a four-vector with metric conven-
tion. We have displayed the massless energy spectrum in
Fig. 1. In the massless limit one can distinguish modes
with right-handed chirality from modes with left-handed
chirality. It should be mentioned that p3 is restricted to
be positive for the R+ and L− particle modes so that
the helicity is positive for R+ and negative for L−, re-
spectively, and p3 is negative for the R− and L+ particle
modes (see Fig. 1). If the chiral chemical potential is
positive some of the right-handed particle modes will be-
come occupied while some of the left-handed anti-particle
modes will be filled as well. A net chirality is created in
this way.

The chiral chemical potential lifts the degeneracy be-
tween modes with right- and left-handed chirality. A dif-
ference between the total number of particles plus anti-
particles with right-handed and left-handed helicity is
created. The magnetic field will lift the degeneracy in
spin depending on the charge of the particle. Hence par-
ticles with right-handed helicity will tend to move op-
posite to anti-particles with right-handed helicity. As a
result an electromagnetic current is generated along the
magnetic field, which is the Chiral Magnetic Effect [29]
(see also Refs. [29, 30] for a pictorial representation of the

Chiral Magnetic Effect). We will compute this induced
electromagnetic current in the next section.

The effect of a finite amount of topological charge
change can also be mimicked by an effective theta an-
gle, which could depend on space-time (see for example
[27, 28, 48]). One adds to the Lagrangian of QCD the
following term,

g2

32π2
θ(x, t)Fµν

a F̃ a
µν . (5)

By performing an axial U(1) rotation this term can be
transformed into the following fermionic contribution

1

2Nf
∂µθ ψ̄γ

µγ5ψ. (6)

Identifying this with Eq. (2) we see that µ5 = ∂0θ/2Nf .
We can also identify µ5 with the time component of an
axial vector field A5

µ. The effective theta angle results
in a difference between the rates of changing left-handed
into right-handed and changing right-handed into left-
handed particles. The chiral chemical potential, how-
ever, is a more static quantity; it is the energy neces-
sary to put a right-handed quark on its Fermi surface
or to remove a left-handed quark from its Fermi surface.
It describes the difference between the number of right-
and left-handed fermions. An effective theta angle to
describe spontaneous P and CP-violating processes has
been discussed often in the literature (for examples see
Refs. [27, 28, 48, 49]). The chiral chemical potential
has on the other hand only been used in a few papers
[15, 46, 50, 51].

Let us finally point out that the chiral chemical poten-
tial has no sign problem, i.e. the fermionic determinant
with µ5 is real and positive. In the presence of a chi-
ral chemical potential the fermionic determinant reads in
Euclidean space-time,

detM(µ5) ≡ det
(

/D + µ5γ
0
Eγ

5 + m
)

, (7)

where /D = γµ
EDµ. Here we have chosen a representation

in which all γE matrices are Hermitian, γ0
E = γ0, γi

E =
iγi. Since /D and γ0

Eγ
5 are anti-Hermitian the eigenvalues

of M(µ5) are of the form iλn+m, where λn ∈ R. Because
γ5 anticommutes with /D + µ5γ0

Eγ
5, all eigenvalues come

in pairs, which means that if iλn + m is an eigenvalue,
also −iλn + m is an eigenvalue. Since the determinant
is the product of all eigenvalues we see that the deter-
minant is the product over all n of λ2

n + m2. Hence the
determinant is real and also positive semi-definite. This
is very interesting because it allows for a lattice QCD
simulation of chirally asymmetric systems. The lattice
QCD can then simulate the Chiral Magnetic Effect by
introducing a space-dependent phase on the link variable
which amounts to the external magnetic field.
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• The difference between the L-mode and the R-mode disappears for 𝜇+ = 0.
• Without a magnetic field, the spin directions of particles will not be fixed. 
• The occupation number difference depends on the chemical potential 𝜇

and the fermion mass 𝑚.
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