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Axion as a window to BSM

I Axion is one of the prime candidates for BSM.

I It could solve the strong CP problem.

I It is also an excellent candidate for Dark matter.
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The strong CP and axions
I QCD contains the θ term that breaks CP:

LQCD ⊃
θ

16π2
εµναβ TrFµνFαβ .

I The physical parameter for strong CP-violation

θ̄ = θ + ArgDetMq .

I The strong interaction preserves CP. Its bound comes from

dn =

(
const.

mN

)(
mq θ̄

mN

)
< 2.9× 10−26 e · cm

I hQCD calculation (DKH+Kim+Siwach+Yee, 2007):

dn = 1.08× 10−16θ̄ e · cm
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The strong CP and axions

I The strong CP problem is solved if θ is a dynamical field,
θ = a(x)/f , because Evac(θ) ≥ Evac(0) by Vafa-Witten.

I Since the θ shifts under U(1)A rotation of colored fermions,
the axions can be realized as the NG boson of PQ mechanism.

I When QCD confines, the axion potential develops:

V (a/f ) ∼ mqΛ3
QCDF (a/f )

I The axion mass is then

ma ∼

√
mqΛ3

QCD

f
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Axion as Dark matter

I The axion solves the strong CP problem dynamically.
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Axion as Dark matter

I For T � f and H � ma, the axions are homogeneous and
behave collectively as CDM, assuming inflation occurs after
PQ symmetry breaking (Preskill+Wise+Wilczek,
Abbott+Sikivie, Dine+Fischler 1983):

a(t) =

√
2ρa
ma

sin (mat)

I For a large decay constant, axions are weakly coupled to SM
particles and may constitue DM, ρa ≈ ρDM. (Turner 1986)

Ωah
2 ≈ 0.23× 10±0.6

(
f

1012 GeV

)1.175

θ2
i F (θi ) ,
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Existing experiments and proposals

I From its coupling to SM particles we can measure them.

I For example, axions couple to photons: Sikivie ’83, RBF-UF,
ADMX, HAYSTAC, CAPP, · · · .

Lint 3 gaγγ
a

2f
εµνρσFµνFρσ .
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Existing experiments and proposals
I Axions couple to photons, modifying Maxwell equations:

ABRACADABRA ’16, DMRadio, · · ·
∇ × ~B = gaγγ ȧ~B .
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Existing experiments and proposals

I Axions couple to gluons and hadrons: CASPER, spin torsion,
· · ·

Lint 3
cN
f
∂µaN̄γ

µγ5N + i
gd
2
a(t)N̄σµνγ5NF

µν
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Existing experiments and proposals

I Axions couple to both electrons and photons: CAST

Lint 3 gaγ
a

2f
εµνρσFµνFρσ +

gae
2m

∂µaψ̄γ
µγ5ψ .

 [eV]am
-310 -210 -110

]
-1

 [G
eV

γag
aeg

-2310

-2210

-2110

-2010

-1910
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Existing experiments and proposals

I Axions couple to electrons: QUAX-ae (2019)

Lint 3
gaee
2m

∂µa ψ̄γ
µγ5ψ .

12/40



Introduction
The Chiral Magnetic Effects

Axial anomaly, CME in medium
Conclusion

Motivation
A proposal for new experiment for axion DM

Low temperature Axion Chiral Magnetic Effect

I Electrons couple to axion DM: LACME (our proposal)

Lint = Ce
∂µa

f
ψ̄γµγ5ψ ≈

Ce

f

√
2ρDM cos(mat)ψ†γ5ψ .

I Axion DM acts as an axial chemical potential for electrons.

µ5 = Ce

√
2ρDM

f
cos (mat)

I The axial chemical potential induces a helicity imbalance if
B 6= 0. ⇒ Chiral Magnetic Effects
(Fukushima+Kharzeev+Warringa 2008).
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chiral magnetic effects in chiral medium

I CME is a current flow due to the helicity imbalance in
(polarized) medium by the axial chemical potential µ5 and B:

〈
~j
〉

= vF
e2

2π2
µ5
~B

<latexit sha1_base64="oi2vgEWKYxa+rsi6hhoG14dYTRQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi8cEzAOSJcxOepMxM7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXmHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDZpzGPVCYlGziQ2DTMcO4lCIkKO7XB8N/PbT6g0i+WDmSQYCDKULGKUGCs1RL9c8areHO4q8XNSgRz1fvmrN4hpKlAayonWXd9LTJARZRjlOC31Uo0JoWMyxK6lkgjUQTY/dOqeWWXgRrGyJY07V39PZERoPRGh7RTEjPSyNxP/87qpiW6DjMkkNSjpYlGUctfE7uxrd8AUUsMnlhCqmL3VpSOiCDU2m5INwV9+eZW0Lqr+dfWqcVmp1fI4inACp3AOPtxADe6hDk2ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD2DOM+Q==</latexit>m

<latexit sha1_base64="cUiJfLoJ5+itpvzk2KA5MYyoJcI=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkUQhJIUXxuhIILLCvYBbVom00k7dGYSZyaFEvonblwo4tY/ceffOG2z0NYDFw7n3Mu99wQxo0q77reVW1ldW9/Ibxa2tnd29+z9g7qKEolJDUcsks0AKcKoIDVNNSPNWBLEA0YawfB26jdGRCoaiUc9jonPUV/QkGKkjdS17bubtnqSOuWd8lncKU+6dtEtuTM4y8TLSBEyVLv2V7sX4YQToTFDSrU8N9Z+iqSmmJFJoZ0oEiM8RH3SMlQgTpSfzi6fOCdG6TlhJE0J7czU3xMp4kqNeWA6OdIDtehNxf+8VqLDaz+lIk40EXi+KEyYoyNnGoPTo5JgzcaGICypudXBAyQR1iasggnBW3x5mdTLJe+ydPFwXqxUsjjycATHcAoeXEEF7qEKNcAwgmd4hTcrtV6sd+tj3pqzsplD+APr8wfEhZMb</latexit>

E =
p

m2 + p2

<latexit sha1_base64="4URJOcqNtpXNU0jrEbNwI4tLK74=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUY8BLx4juEkgWcLsZDYZMjO7zEMIS77BiwdFvPpB3vwbJ8keNFrQUFR1090VZ5xp4/tfXmltfWNzq7xd2dnd2z+oHh61dWoVoSFJeaq6MdaUM0lDwwyn3UxRLGJOO/Hkdu53HqnSLJUPZprRSOCRZAkj2Dgp7As7aAyqNb/uL4D+kqAgNSjQGlQ/+8OUWEGlIRxr3Qv8zEQ5VoYRTmeVvtU0w2SCR7TnqMSC6ihfHDtDZ04ZoiRVrqRBC/XnRI6F1lMRu06BzVivenPxP69nTXIT5Uxm1lBJlosSy5FJ0fxzNGSKEsOnjmCimLsVkTFWmBiXT8WFEKy+/Je0L+rBVb1xf1lrNos4ynACp3AOAVxDE+6gBSEQYPAEL/DqSe/Ze/Pel60lr5g5hl/wPr4BjRCOhg==</latexit>µ5

<latexit sha1_base64="EGEOy+A4cBSI8V3X1pNygSqinuo=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTia1lw47KifUATymQyaYdOMmHmplhCf8WNC0Xc+iPu/BunbRbaeuDC4Zx7ufeeIBVcg+N8W6W19Y3NrfJ2ZWd3b//APqy2tcwUZS0qhVTdgGgmeMJawEGwbqoYiQPBOsHoduZ3xkxpLpNHmKTMj8kg4RGnBIzUt6vekAB+8GgoAXtjRnHat2tO3ZkDrxK3IDVUoNm3v7xQ0ixmCVBBtO65Tgp+ThRwKti04mWapYSOyID1DE1IzLSfz2+f4lOjhDiSylQCeK7+nshJrPUkDkxnTGCol72Z+J/XyyC68XOepBmwhC4WRZnAIPEsCBxyxSiIiSGEKm5uxXRIFKFg4qqYENzll1dJ+7zuXtUv7y9qjUYRRxkdoxN0hlx0jRroDjVRC1H0hJ7RK3qzptaL9W59LFpLVjFzhP7A+vwB+gOTww==</latexit>
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µ+

Figure: chiral medium

I In the original formula by (FKW 2008) the vF dependence is
missing (DKH+Im+Jeong+Yeom 2022).
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chiral magnetic effects in chiral medium

I CME is a current flow due to the helicity imbalance in
(polarized) medium by the axial chemical potential µ5 and B:

〈
~j
〉

= vF
e2
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<latexit sha1_base64="l45q7uYHg6mPbKYMU/EQXnq4hgE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgJWFX4uMYEMRjBPOAZA2zk9lkzOzMMjMrhCX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcScaeO6305uZXVtfSO/Wdja3tndK+4fNLVMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC0fXUbz1RpZkU92YcUz/CA8FCRrCxUrMc924eyr1iya24M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsIrP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukeVbxLirnd9VSrZbFkYcjOIZT8OASanALdWgAgUd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/qxCOiw==</latexit>�p�F

<latexit sha1_base64="lCI6TGuqeadFUMEw1dydlUbWrlA=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBiyVbtLa3ghePFdy20K4lm6ZtaDa7JFmhLP0NXjwo4tUf5M1/Y7atoKIPBh7vzTAzL4gF1wbjDye3srq2vpHfLGxt7+zuFfcPWjpKFGUejUSkOgHRTHDJPMONYJ1YMRIGgrWDyVXmt++Z0jySt2YaMz8kI8mHnBJjJa8XJndn/WIJl7FFtYoy4tawa0m9XqtU6sidWxiXYIlmv/jeG0Q0CZk0VBCtuy6OjZ8SZTgVbFboJZrFhE7IiHUtlSRk2k/nx87QiVUGaBgpW9Kgufp9IiWh1tMwsJ0hMWP928vEv7xuYoY1P+UyTgyTdLFomAhkIpR9jgZcMWrE1BJCFbe3IjomilBj8ynYEL4+Rf+TVqXsVssXN+elRmMZRx6O4BhOwYVLaMA1NMEDChwe4AmeHek8Oi/O66I15yxnDuEHnLdP1rCOug==</latexit>

µ�

<latexit sha1_base64="2C/auCHzo8eWWyq3hGkMajwhIj4=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwjAzfboruHFZwWkL7VgyaaYNTTJDkhFK6Te4caGIWz/InX9jpq2gogcuHM65l3vvCRNGlXacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJSY+jlksuyFShFFBfE01I91EEsRDRjrh5CrzO/dEKhqLWz1NSMDRSNCIYqSN5Pd5encxKJYc+7JR86oedGzHqXvlWka8esUrQ9coGUpghdag+N4fxjjlRGjMkFI910l0MENSU8zIvNBPFUkQnqAR6RkqECcqmC2OncMzowxhFEtTQsOF+n1ihrhSUx6aTo70WP32MvEvr5fqqBHMqEhSTQReLopSBnUMs8/hkEqCNZsagrCk5laIx0girE0+BRPC16fwf9L2bLdmV28qpWZzFUcenIBTcA5cUAdNcA1awAcYUPAAnsCzJaxH68V6XbbmrNXMMfgB6+0T30yOvw==</latexit>

µ+

Figure: chiral medium

I In the original formula by (FKW 2008) the vF dependence is
missing (DKH+Im+Jeong+Yeom 2022).
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Motivation
A proposal for new experiment for axion DM

Axionic Chiral Magnetic Effects

I We propose a new experiment (LACME) to detect this
non-dissipative currents in a conductor:

j3 = 6.8× 10−15Am−2
( vF
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SQUID

G Detector
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Lin
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~j = vF
e2µ5

2⇡2
~B
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Introduction
The Chiral Magnetic Effects

Axial anomaly, CME in medium
Conclusion

Motivation
A proposal for new experiment for axion DM

Axionic Chiral Magnetic Effects

I Projection of LACME, assuming 10−13Am−2 sensitivity and
vF = 0.01 (gae = 2Ceme/f ):
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The Chiral Magnetic Effects

Axial anomaly, CME in medium
Conclusion

Motivation
A proposal for new experiment for axion DM

Normal medium: What is the chemical potential?

I The chemical potential couples to a conserved number density
to keep the average number constant.

L = Lvac + µψ̄γ0ψ ⇒
δ

δµ
Z =

〈
ψ†ψ

〉
= ρ0 .

I This is a normal medium, which has a finite fermion number
density,

ρ0 =
p3
F

3π2
.
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Introduction
The Chiral Magnetic Effects

Axial anomaly, CME in medium
Conclusion

Motivation
A proposal for new experiment for axion DM

Normal medium

I Consider a cold medium of (free) electrons :

L = ψ̄
(
i /∂ −m + µγ0

)
ψ

w�

E = −µ±
√

m2 + ~p2 ,
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Introduction
The Chiral Magnetic Effects

Axial anomaly, CME in medium
Conclusion

Motivation
A proposal for new experiment for axion DM

Normal medium

I The current density in cold medium: jµ = ψ̄γµψ with ~α = γ0~γ

〈jµ〉 = −ie
∫

d4p

(2π)4
Tr

[
γµγ0 1

(1 + iε)p0 − ~p · ~α−mγ0 + µ

]

=

∫ µ

0
dµ′

∂

∂µ′
〈
jµ(µ′)

〉

I Since the integration is finite, we shift p0 → p′0 = p0 + µ′ and
use

1

x + iε
= P

1

x
− πisgn (ε) δ(x)

I The µ′ dependence appears only in

−πisgn
(
p′0 − µ′

)
δ
(
µ′ − ~α · ~p −mγ0

)
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Normal medium

I Taking derivative with respect to µ′ and integrating over p′0,
we get

〈jµ(µ)〉 = e

∫ µ

0
dµ′
∫

d3p

(2π)3
Tr
[
γµγ0δ

(
µ′ − ~α · ~p −mγ0

)]

= e

∫

0<|~p|<pF

d3p

(2π)3
Tr

[
γµγ0 1 + γ0

2

]
= e

p3
F

3π2
δµ0 ,

where we have performed the Foldy-Wouthysen transformation
for the δ function and the positive energy projection.
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chiral chiral medium: What is the axial chemical potential?

I Now let us consider a chiral medium with µ5 6= 0 and µ 6= 0.

I Since the axial current is not conserved because of the
anomaly and the mass term, what is the meaning of the axial
chemical potential?

∂µj
µ
5 = 2mψ̄ψ +

e2

8π2
Fµν F̃

µν 6= 0 .

I Unlike µ, the axial chemical potential can not keep the axial
number density constant. The mass term always flips the
chirality.

ρA =
〈
ψ†γ5ψ

〉
=
δZ
δµ5

= ρL − ρR 6= constant .
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chiral chiral medium: What is the axial chemical potential?

I To see the meaning of µ5, let’s consider the medium with µ5.

L = Ψ̄
(
i /∂ −m + µγ0 + µ5γ

0γ5

)
Ψ

I Now, we take a non-relativistic limit by subtracting out the
rest mass and integrating out the negative states, χ:

Ψ ≡
(
ψ
χ

)
e−imt (µNR ≡ µ−m)

⇒ LNR = ψ†

[
i∂0 −

(i~σ · ~∇+ µ5)2

2m

]
ψ + µNRψ

†ψ + · · ·
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chiral chiral medium: What is the axial chemical potential?

I Now since we are interested in modes near the Fermi surface,
we expand the electron field as, following HDET (DKH ’00),

ψ(x) =
∑

~vF

ψ(~vF , x)e i~pF ·~x .

I The effective Lagrangian for modes near the Fermi sea
becomes

Leff =
∑

~vF

[
ψ†
(
i∂0 − i~σ · ~vF~σ · ~∇

)
ψ + µ5~vF · ψ†~σψ

]
+ · · · ,

where we used µNR ≡ p2
F/2m .
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chiral chiral medium: What is the axial chemical potential?

I We now clearly see that the axial chemical potential µ5

controls the spin density along the Fermi velocity.

I Since the spin symmetry is conserved in the NR limit, we see
that µ5vF is the spin chemical potential in NR medium that
keeps constant the number of spins along the Fermi
momentum direction.

I The axial chemical potential therefore generates the helicity
imbalance in medium for a given momentum.
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chiral magnetic effects

I In normal Fermi liquid the Fermi surface is isotropic and we
do not see any net helicity imbalance even if µ5 6= 0.

I However, if we apply magnetic fields, the spectrum of
electrons in medium is quantized (n = 1, 2, · · · ) :

En(pz) = ±
√

p2
z + m2 + 2 |eB| n ,

where 2n = 2nr + 1 + |mL| − sign(eB) (mL + 2sz) .

I For the lowest Landau level (LLL) electrons, the spins are
always anti-parallel to the magnetic field. The axial chemical
potential then generates net helicity imbalance:

ρn=0
h=+1 − ρn=0

h=−1 =
|eB|
4π2

(
p+
F − p−F

)
=
|eB|
2π2

µ5 .
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chiral magnetic effects

I Summing up all currents, we find with r = µ5/µ

〈
j3
〉

=
e2B

4π2

[∫ p+
F

0

pzdpz√
p2
z + m2

−
∫ p−F

0

pzdpz√
p2
z + m2

]

=
e2B

2π2
· 2vFµ5√

1 + r2 + 2vF r +
√

1 + r22vF r

≈ vF
e2B

2π2
µ5 ,

26/40



Introduction
The Chiral Magnetic Effects

Axial anomaly, CME in medium
Conclusion

Motivation
A proposal for new experiment for axion DM

Axion-electron coupling

I The axion-electron coupling depends on the UV model.

I The strength of the axion-electron coupling varies as

Ce '





O(1) DFSZ-like models

O(10−4 ∼ 10−3) KSVZ-like models

O(10−3 ∼ 10−2) String-theoretic axions .

I The precise measurement of the axion-electron coupling can
uncover its microscopic origin.
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Axion-electron coupling (A slide from Sang Hui Im)
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Axionic Chiral Magnetic Effects
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Axionic Chiral Magnetic Effects

I ABRACADABRA-10 cm has put a bound (2021)

gaγγ < 3.2× 10−11GeV−1

I If we assume the same sensitivity for LACME,

f

Ce
> 106GeV

I It will be then comparable to or better than QUAX sensitivity:

gaee ≡ me ·
Ce

f
∼ 10−9 .
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Chiral magnetic effects in medium

I Now consider chirally imbalanced medium:

L = ψ̄
(
i /∂ −m + µγ0 + µ5γ

0γ5

)
ψ

I While the vector chemical potential shifts the ground state
energy to populate the electrons up to the Fermi momentum
pF , the axial chemical potential shifts the momentum in the
direction of spin to populate more the positive helicity states.

I If we transform the electron field, ψ → ψ′ = e−iµ5
~Σ·~xψ, we

absorb µ5 into the momentum along the spin direction :

L = ψ̄′
(
iγ′ · ∂ −m + µγ0

)
ψ′ .
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<latexit sha1_base64="EGEOy+A4cBSI8V3X1pNygSqinuo=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTia1lw47KifUATymQyaYdOMmHmplhCf8WNC0Xc+iPu/BunbRbaeuDC4Zx7ufeeIBVcg+N8W6W19Y3NrfJ2ZWd3b//APqy2tcwUZS0qhVTdgGgmeMJawEGwbqoYiQPBOsHoduZ3xkxpLpNHmKTMj8kg4RGnBIzUt6vekAB+8GgoAXtjRnHat2tO3ZkDrxK3IDVUoNm3v7xQ0ixmCVBBtO65Tgp+ThRwKti04mWapYSOyID1DE1IzLSfz2+f4lOjhDiSylQCeK7+nshJrPUkDkxnTGCol72Z+J/XyyC68XOepBmwhC4WRZnAIPEsCBxyxSiIiSGEKm5uxXRIFKFg4qqYENzll1dJ+7zuXtUv7y9qjUYRRxkdoxN0hlx0jRroDjVRC1H0hJ7RK3qzptaL9W59LFpLVjFzhP7A+vwB+gOTww==</latexit>

Ŝ · ~p

<latexit sha1_base64="4URJOcqNtpXNU0jrEbNwI4tLK74=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUY8BLx4juEkgWcLsZDYZMjO7zEMIS77BiwdFvPpB3vwbJ8keNFrQUFR1090VZ5xp4/tfXmltfWNzq7xd2dnd2z+oHh61dWoVoSFJeaq6MdaUM0lDwwyn3UxRLGJOO/Hkdu53HqnSLJUPZprRSOCRZAkj2Dgp7As7aAyqNb/uL4D+kqAgNSjQGlQ/+8OUWEGlIRxr3Qv8zEQ5VoYRTmeVvtU0w2SCR7TnqMSC6ihfHDtDZ04ZoiRVrqRBC/XnRI6F1lMRu06BzVivenPxP69nTXIT5Uxm1lBJlosSy5FJ0fxzNGSKEsOnjmCimLsVkTFWmBiXT8WFEKy+/Je0L+rBVb1xf1lrNos4ynACp3AOAVxDE+6gBSEQYPAEL/DqSe/Ze/Pel60lr5g5hl/wPr4BjRCOhg==</latexit>µ5

<latexit sha1_base64="gj+pZB9mgbb1pQqsk/3JjUceCQA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2NBEI8VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dpaWV1bX1gsbxc2t7Z3d0t5+XSeZYuizRCSqGVKNgkv0DTcCm6lCGocCG+HgZuI3nlBpnsgHM0wxiGlP8ogzaqzkp53bx9NOqexW3CnIIvFyUoYctU7pq91NWBajNExQrVuem5pgRJXhTOC42M40ppQNaA9blkoaow5G02PH5NgqXRIlypY0ZKr+nhjRWOthHNrOmJq+nvcm4n9eKzPRdTDiMs0MSjZbFGWCmIRMPiddrpAZMbSEMsXtrYT1qaLM2HyKNgRv/uVFUj+reJeVi/vzcrWax1GAQziCE/DgCqpwBzXwgQGHZ3iFN0c6L8678zFrXXLymQP4A+fzBz4HjlI=</latexit>

p+
F

<latexit sha1_base64="a2GG7ykuAw2S2fPFeERau15H+tk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr4sQEMFjBdMW2lA22027dHcTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpRypo3rfjulldW19Y3yZmVre2d3r7p/0NRJpggNSMIT1Y6wppxJGhhmOG2nimIRcdqKRrdTv/VElWaJfDTjlIYCDySLGcHGSsHdTVdkvWrNrbszoGXiFaQGBRq96le3n5BMUGkIx1p3PDc1YY6VYYTTSaWbaZpiMsID2rFUYkF1mM+OnaATq/RRnChb0qCZ+nsix0LrsYhsp8BmqBe9qfif18lMfB3mTKaZoZLMF8UZRyZB089RnylKDB9bgoli9lZEhlhhYmw+FRuCt/jyMmme1b3L+sXDec33izjKcATHcAoeXIEP99CAAAgweIZXeHOk8+K8Ox/z1pJTzBzCHzifP3C4jnQ=</latexit>

E = µ

<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·

<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·
<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·

<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·
<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>· <latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·

<latexit sha1_base64="464/dlFSXM6apboLc9c1H4w2D40=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv5XcYV61Vrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/Os46z</latexit>�
<latexit sha1_base64="464/dlFSXM6apboLc9c1H4w2D40=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv5XcYV61Vrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/Os46z</latexit>�

<latexit sha1_base64="464/dlFSXM6apboLc9c1H4w2D40=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv5XcYV61Vrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/Os46z</latexit>�
<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·<latexit sha1_base64="ATgO8Viu6FbuKpjf/JK33jBZK7s=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha8eKxg2kIby2azaZdudsPuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMsENet63s7K6tr6xWdoqb+/s7u1XDg6bRuWasoAqoXQ7IoYJLlmAHAVrZ5qRNBKsFQ1vp37riWnDlXzAUcbClPQlTzglaKWgS2OFvUrVq3kzuMvEL0gVCjR6la9urGieMolUEGM6vpdhOCYaORVsUu7mhmWEDkmfdSyVJGUmHM+OnbinVondRGlbEt2Z+ntiTFJjRmlkO1OCA7PoTcX/vE6OyU045jLLkUk6X5TkwkXlTj93Y64ZRTGyhFDN7a0uHRBNKNp8yjYEf/HlZdI8r/lXtcv7i2r9sYijBMdwAmfgwzXU4Q4aEAAFDs/wCm+OdF6cd+dj3rriFDNH8AfO5w/kto7Y</latexit>·

<latexit sha1_base64="lsZqO14Dm/8blGqh7hqNcFlMitA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NAEI8RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh6R32ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5l9eL+vFKr5XEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wch+o21</latexit>pF
<latexit sha1_base64="+oT7mJPGG5h6upL4/NoBKuY3+18=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgxpKIr2VAEJcV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+ctFlo64ELh3Pu5d57woQzbVz32ymtrK6tb5Q3K1vbO7t71f2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Db3209UaRbLRzNJaCDwULKIEWxy6Szp3/WrNbfuzoCWiVeQGhRo9KtfvUFMUkGlIRxr3fXcxAQZVoYRTqeVXqppgskYD2nXUokF1UE2u3WKTqwyQFGsbEmDZurviQwLrScitJ0Cm5Fe9HLxP6+bmugmyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPBUbgrf48jJpnde9q/rlw0XN94s4ynAEx3AKHlyDD/fQgCYQGMEzvMKbI5wX5935mLeWnGLmEP7A+fwBi52N7A==</latexit>�pF

<latexit sha1_base64="l45q7uYHg6mPbKYMU/EQXnq4hgE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgJWFX4uMYEMRjBPOAZA2zk9lkzOzMMjMrhCX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcScaeO6305uZXVtfSO/Wdja3tndK+4fNLVMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC0fXUbz1RpZkU92YcUz/CA8FCRrCxUrMc924eyr1iya24M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsIrP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukeVbxLirnd9VSrZbFkYcjOIZT8OASanALdWgAgUd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/qxCOiw==</latexit>�p�F

<latexit sha1_base64="lCI6TGuqeadFUMEw1dydlUbWrlA=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBiyVbtLa3ghePFdy20K4lm6ZtaDa7JFmhLP0NXjwo4tUf5M1/Y7atoKIPBh7vzTAzL4gF1wbjDye3srq2vpHfLGxt7+zuFfcPWjpKFGUejUSkOgHRTHDJPMONYJ1YMRIGgrWDyVXmt++Z0jySt2YaMz8kI8mHnBJjJa8XJndn/WIJl7FFtYoy4tawa0m9XqtU6sidWxiXYIlmv/jeG0Q0CZk0VBCtuy6OjZ8SZTgVbFboJZrFhE7IiHUtlSRk2k/nx87QiVUGaBgpW9Kgufp9IiWh1tMwsJ0hMWP928vEv7xuYoY1P+UyTgyTdLFomAhkIpR9jgZcMWrE1BJCFbe3IjomilBj8ynYEL4+Rf+TVqXsVssXN+elRmMZRx6O4BhOwYVLaMA1NMEDChwe4AmeHek8Oi/O66I15yxnDuEHnLdP1rCOug==</latexit>
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Chiral magnetic effects in medium

I Because of the spin symmetry in the rest frame of medium,
the axial chemical potential alone does not create net chiral
imbalance unless mass vanishes, m = 0.

I However, under the magnetic field the spin degeneracy is
lifted. The electrons in LLL states have their spin always
anti-parallel to the magnetic field and indeed we have helicity
imbalance under the magnetic field if µ5 6= 0.

I The LLL propagator with p̃q = (p0 + µ+ µ5γ5, 0, 0, pz)

Sn=0
F =

[
2i (/̃pq + m)P−H+ e−p

2
⊥/|eB|

[(1+iε) p0 + µ+]2 − p2
z−m2

+
2i (/̃pq + m)P−H− e

−p2
⊥/|eB|

[(1+iε) p0 + µ−]2 − p2
z−m2

]
.
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Chiral magnetic effects in medium

I At one-loop the current is given by

〈jµ〉 = e
〈
Ψ̄γµΨ

〉
= −e

∫
d4p

(2π)4
Tr
[
γµSn=0

F (p, µ, µ5)
]
.

I The medium contribution is then
〈
j3
〉

=

∫ µ

0
dµ′

∂

∂µ′
〈
jµ(µ′)

〉

=
e2B

4π2

[∫ µ+

0
dp0

∫

pz>0
|pz |δ

(
p2
‖ −m2

)
−
∫ µ−

0
dp0

∫

pz>0
|pz | δ

(
p2
‖ −m2

)]

=
e2B

4π2

[√
(pF + µ5)2 + m2 −

√
(pF − µ5)2 + m2

]

=
e2B

2π2
µ5vF

[
1 +O(v2

F , r
2)
]
.
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Axial anomaly in medium

I CME is closely related to axial ABJ anomaly in 2D. To see
this we consider the anomalous two-point function of LLL
electrons in medium:

Γµν(q1)δ(2)(q1 + q2) ≡
∫

Πid
2xie

iqi ·xi 〈0|Tjµ(x1)jν5 (x2) |0〉 .

Figure: ABJ anomaly in 2D
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Axial anomaly in medium

I In the HDL approximation or for q/µ→ 0, we find

Γµν(q) =
eB

2π2vF

[
−ηµ0εν0 +

q0

2

(
V µεναVα
V · q +

V̄ µεναV̄α

V̄ · q

)]
,

where V µ = (1, 0, 0, vF ) and V̄ µ = (1, 0, 0,−vF ) .

I The vector current is conserved:

qµΓµν(q) = 0 .

I The axial current is however anomalous:

〈∂ν jν5 〉A = ie

∫
d2q

4π2
lim
q0→0

lim
q3→0

e iq·xqνAµ(q)Γµν(q) =
e2B

4π2
vF ε

µνFµν .
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Axial anomaly in medium

I The ABJ anomaly becomes in the rest frame of the medium

〈∂ν jν5 〉A =
e2

16π2
vF ε

µνρσFµνFρσ .

I The anomaly is due to the gapless modes at the Fermi sea,
which exists even for m 6= 0. (Cf. Coleman+Grossman ’82)

I The anomaly should survive in the superfluid phase, where the
electrons are gapped, and the axial supercurrent should have
the anomalous coupling. (DKH+Im to appear.)

〈
ψT
L γ

0CψL

〉
= ∆L(pF ),

〈
ψT
R γ

0CψR

〉
= −∆R(pF ) .
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Axial anomaly and CME in medium

I From the anomalous two-point function one can calculate the
CME, in the leading order in µ5.

〈
j3
〉

= −eµ5 lim
q0→0

lim
q3→0

Γ30(q) =
e2B

2π2
vFµ5 ,

which agrees with our direct calculations!
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Conclusion

I We show that dark matter axions or axion-like particles (ALP)
induce non-dissipative alternating electric currents in
conductors along the external magnetic fields due to the axial
anomaly, realizing the chiral magnetic effects.

~j = vF
e2

2π2

Ce

f
ȧ~B . (LACME) .

I We propose a new experiment to measure this current in
medium to detect the dark matter axions or ALP. (LACME)

I This non-dissipative currents are the electron medium effects,
directly proportional to the axion or ALP coupling to
electrons, which depends on their microscopic physics.
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Conclusion

I Our experiment is complementary to existing experiments.

I We also find the fermi liquid suffers from the axial ABJ
anomaly

〈∂µjµ5 〉 = vF
e2

16π2
εµνρσFµνFρσ .

I Its observational consequence in superfluid is under
investigations. (DKH+Im to appear)
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