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Outline

• QCD axion and ALPs

• Experimental test of underlying UV physics for axions and 
importance of measuring the axion-electron coupling 

• Chiral Magnetic Effect (CME) 

• Probing the axion-electron coupling by CMEs
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021
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CP violation in the QCD

while
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Non-observation 
of neutron EDM

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]

𝑉!"# ≃ −𝑚$
%𝑓$% cos �̅�
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QCD axion lagrangian

i) approximate 𝑈 1 &' :
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34

𝑈 1 !" dominantly broken by 𝑐# 
(QCD instantons)
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By the periodicity, the size of axion couplings are mostly determined 
by 𝑓$ up to model-dependent constants 𝑐# , 𝑐%, 𝑐&, 𝑐'
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dictated by
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ii) periodicity :
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Axion-Like Particles (ALPs)

: 𝑓$	characterizes typical size of ALP couplings 
up to model-dependent constants 𝑐%, 𝑐&, 𝑐'. 

i) approximate 𝑈 1 &'
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ii) periodicity

:  ALP can be naturally light. 
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• Share the same symmetric properties with QCD axion, but do not necessarily 
couple to gluons. 

• Particularly motivated in string theory.  

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]
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KSVZ-like models
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𝑎

Characteristic patterns of axion couplings to the SM 
depending on classes of axion models

K Choi, SHI, HJ Kim, H Seong ‘21
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Experimental test of the classes of axion models

For QCD axion (𝑐! ≠ 0), 𝑔"#~
$'

%(
  regardless of the classes of models 

K Choi, SHI, HJ Kim, H Seong ‘21

We need to measure the axion-electron coupling to determine 
the underlying UV physics for QCD axion.

DFSZ

String

KSVZ

DFSZ

String

KSVZ
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For ALPs with (𝑐! = 0), the axion-nucleon couplings can do the test as well. 

𝑐' = 1	(𝑐( = 𝑐) = 0) 𝑐) = 1	(𝑐( = 𝑐' = 0)

DFSZ

String

KSVZ



9

Experimental test of the axion-electron coupling?

Red giants

XENONnT

Solar neutrinos

Q
C
D
ax
io
n

Mis
alig
nme

nt A
LP D

M

DFS
Z-lik

e

Stri
ng-

theo
retic

KSV
Z-lik

e

QUAX

-20 -15 -10 -5 0
-20

-18

-16

-14

-12

-10

-8

Log10[ma / eV]

Lo
g 1
0[
g a
e]

Currently only the QUAX experiment can cover a limited parameter space.

See also So Chigusa’s talk
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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 EM charge.
• On top of that, if there is a helicity imbalance, a non-zero electric current is 

generated along the B-field direction.

Kharzeev, McLerran, Warringa ‘08
Fukushima, Kharzeev, Warringa ‘08 

Momentum

Spin

In thermal equilibrium
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• Chiral chemical potential

• (Vector) chemical potential
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It makes chiral imbalance, leading to helicity imbalance.

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

The charge imbalance alone does not induce a current. However,  𝜇 might be still 
relevant for the magnitude of the current for a given helicity imbalance.
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Axion background as 𝜇!

Talk preparation note

October 20, 2022
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Suppose that we have an axion-electron coupling with 
time-varying axion field background.

Talk preparation note
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On the other hand,
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QUAX and (NV Center) are looking for 
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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+,+

Talk preparation note

October 20, 2022
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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

Energy balance argument 

𝑒	↑
*

𝑒	↓
*

𝑒	↓
,

𝑒	↑
,

𝐵

𝑒	↑
*

𝑒	↑
,

𝐸

𝑒	↓* 𝑒	↓
,

Δ𝑃9↑ = 𝑒𝐸𝑡
Δ𝑃9↓ = −𝑒𝐸𝑡

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

Momentum Spin
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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

~j =
e
2

2⇡2
ELR ~B (53)

Z
d
3
x~j · ~E (54)

ELR
d

dt
(NR �NL) =

e
2

2⇡2
ELR

Z
d
3
x ~E · ~B (55)

@µ( ̄�
µ
�
5
 ) =

e
2

2⇡2

~E · ~B + 2m ̄i�
5
 (56)

d

dt
(nR � nL) =

e
2

2⇡2

~E · ~B (57)

�P
R

F

2⇡
· eB
2⇡

=
e
2

4⇡2

~E · ~Bt (58)

�P
L

F

2⇡
· eB
2⇡

= � e
2

4⇡2

~E · ~Bt (59)

2�NCS = �(NL �NR) (60)

q
µ
2

5
+m2 (61)

NCS ⌘ g
2

32⇡2

Z
d
3
xJ

0

CS
(62)

@µ( ̄�
µ
�
5
 ) = 2m ̄ � e

2
Q

2

 

8⇡2
F

µ⌫ eFµ⌫�
g
2

16⇡2
G

µ⌫a eGa

µ⌫
(63)

6

~j =
e
2

2⇡2
ELR ~B (53)

Z
d
3
x~j · ~E (54)

ELR
d

dt
(NR �NL) =

e
2

2⇡2
ELR

Z
d
3
x ~E · ~B (55)

@µ( ̄�
µ
�
5
 ) =

e
2

2⇡2

~E · ~B + 2m ̄i�
5
 (56)

d

dt
(n" � n#) =

e
2

2⇡2

~E · ~B (57)

�P
"
F

2⇡
· eB
2⇡

=
e
2

4⇡2

~E · ~Bt (58)

�P
#
F

2⇡
· eB
2⇡

= � e
2

4⇡2

~E · ~Bt (59)

2�NCS = �(NL �NR) (60)

q
µ
2

5
+m2 (61)

NCS ⌘ g
2

32⇡2

Z
d
3
xJ

0

CS
(62)

@µ( ̄�
µ
�
5
 ) = 2m ̄ � e

2
Q

2

 

8⇡2
F

µ⌫ eFµ⌫�
g
2

16⇡2
G

µ⌫a eGa

µ⌫
(63)

6

~j =
e
2

2⇡2
ELR ~B (53)

Z
d
3
x~j · ~E (54)

ELR
d

dt
(NR �NL) =

e
2

2⇡2
ELR

Z
d
3
x ~E · ~B (55)

@µ( ̄�
µ
�
5
 ) =

e
2

2⇡2

~E · ~B + 2m ̄i�
5
 (56)

d

dt
(n" � n#) =

e
2

2⇡2

~E · ~B (57)

�P
"
F

2⇡
· eB
2⇡

=
e
2

4⇡2

~E · ~Bt (58)

�P
#
F

2⇡
· eB
2⇡

= � e
2

4⇡2

~E · ~Bt (59)

2�NCS = �(NL �NR) (60)

q
µ
2

5
+m2 (61)

NCS ⌘ g
2

32⇡2

Z
d
3
xJ

0

CS
(62)

@µ( ̄�
µ
�
5
 ) = 2m ̄ � e

2
Q

2

 

8⇡2
F

µ⌫ eFµ⌫�
g
2

16⇡2
G

µ⌫a eGa

µ⌫
(63)

6

~j =
e
2

2⇡2
ELR ~B (53)

Z
d
3
x~j · ~E (54)

ELR
d

dt
(NR �NL) =

e
2

2⇡2
ELR

Z
d
3
x ~E · ~B (55)

@µ( ̄�
µ
�
5
 ) =

e
2

2⇡2

~E · ~B + 2m ̄i�
5
 (56)

d

dt
(n" � n#) =

e
2

2⇡2

~E · ~B (57)

�P
"
F

2⇡
· eB
2⇡

=
e
2

4⇡2

~E · ~Bt (58)

�P
#
F

2⇡
· eB
2⇡

= � e
2

4⇡2

~E · ~Bt (59)

2�NCS = �(NL �NR) (60)

q
µ
2

5
+m2 (61)

NCS ⌘ g
2

32⇡2

Z
d
3
xJ

0

CS
(62)

@µ( ̄�
µ
�
5
 ) = 2m ̄ � e

2
Q

2

 

8⇡2
F

µ⌫ eFµ⌫�
g
2

16⇡2
G

µ⌫a eGa

µ⌫
(63)

6

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 
flipping a helicity-down 
state to a helicity-up 

state
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In the original formula by (FKW ’08) the 𝑣9 dependence is 
missing (Hong, SHI, Jeong, Yeom ’22).

Dirac eq. 

where 𝑝9 is the Fermi momentum when 𝜇< = 0.
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CME-induced current

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

hj
µ
i = e
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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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where hj
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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
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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. 

𝛾0 𝛾1𝛾2

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

2
xie
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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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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⌫
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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].

7
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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 𝑞( = 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 𝑞( = 0
 even for massive electrons
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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,
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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
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⌫
�52P�) = sign(eB)Tr (�µ

�
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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

⌦
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= �eµ5 lim

q0!0
lim
q3!0

�30(q) =
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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⌫
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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].

7

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

�µ⌫
vac(q) =

eB

4⇡2

�
✏
⌫↵
q↵q

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

�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.
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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

6

CME

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.

5
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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”.

Talk preparation note

August 11, 2020

~Je↵ (1)

L �
g��

4
�F

µ⌫ eFµ⌫ =
g��

4
�~E · ~B (2)

r · ~E = ⇢� g��
~B ·r�

r⇥ ~B = @t
~E + ~J + g��(

~B@t�� ~E ⇥r�)

r · ~B = 0

r⇥ ~E = �@t
~B

(3)

gp a  ̄i�
5
 $

gp

m 

@µa  ̄�
µ
�
5
 '

gp

� m 

ra · �  ̄~� (4)

gp a f̄i�
5
f $

gp

mf

@µa f̄�
µ
�
5
f '

gp

�fmf

ra · �f f̄~�f (5)

gs a  ̄ (6)

gp a  ̄i�
5
 + gs a  ̄ (7)

~µf
(8)

1

Axion-induced

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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Projected sensitivity from existing axion haloscopes
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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 measurement of the axion-electron coupling is particularly important

for determining the microscopic origin of axions.

• 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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Laboratory searches for axion DM
-photonic probes
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The best experimental sensitivity on 𝑔"3 
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Background axion DM field
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Given axion DM mass, 
𝑔"3 is determined for 𝑐"3~𝑂 1 .
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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
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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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ABRACADABRA
A Broadband/Resonant Approach to Cosmic Axion Detection

with an Amplifying B-field Ring Apparatus

Kahn, Safdi, Thaler ‘16
Ouellet et al ‘19
Salemi et al ‘21

It tries to detect axion-induced tiny oscillating B-field with
a highly sensitive superconducting coil.
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:  Detection coil at the
center free of noise
from B0 by the
toroidal geometry
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Laboratory searches for axion DM
-nucleonic probes

The best experimental sensitivity on 𝑔"6 
is obtained when 𝜌" = 𝜌45.

Background axion DM field
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Misalignment axion DM

Given axion DM mass, 
𝑔"6 is determined for 𝑐"7~𝑂 1 .
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CASPEr-Wind
This tiny axion-induced oscillating 

effective B-field can be detected by NMR.

:#4. ≡ .2
: Larmor frequency

When /, = m", resonant transverse magnetization of molecules occurs.
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5 Testability by Higgs mixing

Atomic Clock, 5th force

*Non-DM heavy ALPs : Colliders, EDMs, Beam dumps, Far detectors (LLP searches), Rare

meson decays, Astro/Cosmology
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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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