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» Axion is one of the prime candidates for BSM.
» It could solve the strong CP problem.

» It is also an excellent candidate for Dark matter.
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» The physical parameter for strong CP-violation
0 = 60 + ArgDetM, .

» The strong interaction preserves CP. Its bound comes from

. 0
dn = <const > <mq) <29x10%¢-cm
mpy mpy

» hQCD calculation (DKH-+Kim+Siwach+Yee, 2007):
dp =1.08x107"% e cm
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» The strong CP problem is solved if 6 is a dynamical field,
0 = a(x)/f, because Eyac(0) > Evac(0) by Vafa-Witten.

» Since the 6 shifts under U(1)4 rotation of colored fermions,
the axions can be realized as the NG boson of PQ mechanism.

» When QCD confines, the axion potential develops:

V(a/f) ~ mghocnF(a/f)

» The axion mass is then

/ qu?QCD
my ~ —F
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Axion as Dark matter

» The axion solves the strong CP problem dynamically.
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» For T <« f and H < my,, the axions are homogeneous and
behave collectively as CDM, assuming inflation occurs after
PQ symmetry breaking (Preskill+Wise+Wilczek,
Abbott+Sikivie, Dine+Fischler 1983):
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» For T <« f and H < my,, the axions are homogeneous and
behave collectively as CDM, assuming inflation occurs after
PQ symmetry breaking (Preskill+Wise+Wilczek,
Abbott+Sikivie, Dine+Fischler 1983):

V2pa4

ma

a(t) =

sin (m,t)

» For a large decay constant, axions are weakly coupled to SM
particles and may constitue DM, p, ~ ppyr. (Turner 1986)

p

Q.h* ~0.23 x 10790 | ———
02310 1012 GeV

1.175
) 07 F(67) .
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Existing experiments and proposals

» From its coupling to SM particles we can measure them.
» For example, axions couple to photons: Sikivie '83, RBF-UF,
ADMX, HAYSTAC, CAPP, ---.
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Existing experiments and proposals

> Axions couple to photons, modifying Maxwell equations:
ABRACADABRA '16, DMRadio, - - -

V x B’:gawa'é.

_— Magnetizing
_ coil

i

. Pickup coil

Permeability-sensing coil

Calibration loop
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Existing experiments and proposals

» Axions couple to gluons and hadrons: CASPER, spin torsion,
o] V) gd \ g
Lint O T@an 5N + lia(t)NJW%NF
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Spin rotates about nuclear spin polarization

daricmattar; velocity, AL Fi ‘_“;H-i‘? Precessing Mﬁnswmetsr ﬁ A
When ALP frequency Detection sensitivity determined
= Larmor Frequency by magnetometer noise limits
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Existing experiments and proposals

» Axions couple to both electrons and photons: CAST
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s and proposals

» Axions couple to electrons: QUAX-ae (2019)
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ow temperature xion hiral agnetic ffect

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

oua - C
Ling = Ce%qm"%i/) ~ Te\/ 2pp cos(mat) st
» Axion DM acts as an axial chemical potential for electrons.

V2pDM
f

us = Ce cos (m,t)

» The axial chemical potential induces a helicity imbalance if

B # 0. = Chiral Magnetic Effects
(Fukushima+Kharzeev+Warringa 2008).
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chiral magnetic effects in chiral medium

» CME is a current flow due to the helicity imbalance in
(polarized) medium by the axial chemical potential 15 and B:
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Figure: chiral medium
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Figure: chiral medium

» In the original formula by (FKW 2008) the vr dependence is
missing (DKH+Im+Jeong+Yeom 2022).
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Axionic Chiral Magnetic Effects

» We propose a new experiment (LACME) to detect this
non-dissipative currents in a conductor:
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Axionic Chiral Magnetic Effects

» Projection of LACME, assuming 10"3Am~2 sensitivity and
vk = 0.01 (gae = 2Ceme/f):

Stellar cooling (TRGB)
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Normal medium: What is the chemical potential?

» The chemical potential couples to a conserved number density
to keep the average number constant.
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Normal medium: What is the chemical potential?

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

_ z O = [ute) —
L—Lvac+ﬂ¢70¢z>az_<ww>_p0-

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

3
_ PF
PO= 302
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Normal medium

» Consider a cold medium of (free) electrons :
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Normal medium

> The current density in cold medium: j# = ¢yHe) with @ = 1°%
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Normal medium

> The current density in cold medium: j# = ¢yHe) with @ = 1°%

d4 1
g*y = —ie/ F'D Tr [’y“’yo

(2m)* (L+ie)po—p-ad—mP°+p
_ /Md fi“( ")
W U
> Since the integration is finite, we shift pg — pj = po + ' and
use .

1 .
i P; — misgn (€) 0(x)

» The 1/ dependence appears only in

—

—misgn (py — 1) 6 (' — @ - f— my°)
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Normal medium

> Taking derivative with respect to 4/ and integrating over pj,
we get

) = /dﬂ/ TP T [y (i~ p )]

a3 14+ A0 3
_ e/ p3TI‘ |:,y,u,>/0 + :| :epiauo’
o<|gl<pr (27)

where we have performed the Foldy-Wouthysen transformation
for the § function and the positive energy projection.
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» Since the axial current is not conserved because of the
anomaly and the mass term, what is the meaning of the axial
chemical potential?
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chiral chiral medium: What is the axial chemical potential?

» Now let us consider a chiral medium with ps # 0 and p # 0.

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

2
" 0 € =y
8/1‘],‘:5) = 2m1/)1b + @F/LVFH # 0.

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

0Z

PA = <¢T”/51/1> = (57 = pL — pRr # constant .
M5
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chiral chiral medium: What is the axial chemical potential?

» To see the meaning of us, let's consider the medium with us.
L=V (i — m+ p° + psy’ys) ¥

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

v= ()™ Gan=p-m)

(i7 -V + ps)?

5 ¥+ pxret 4
m

:>£NR = wT [iao
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chiral chiral medium: What is the axial chemical potential?

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

Y(x) =Y (e, x)ePr¥.
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chiral chiral medium: What is the axial chemical potential?

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

Y(x) =Y (e, x)ePr¥.

» The effective Lagrangian for modes near the Fermi sea
becomes

Lg = Z[W <i80—iE-\?FE-ﬁ)gbjLME,VF.@pT&w]+...7

VE

where we used ung = p2/2m.
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chiral chiral medium: What is the axial chemical potential?

> We now clearly see that the axial chemical potential us
controls the spin density along the Fermi velocity.

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

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

» In normal Fermi liquid the Fermi surface is isotropic and we
do not see any net helicity imbalance even if us # 0.

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

Ex(pz) = i\/pﬁ +m? +2[eB|n,

where 2n = 2n, + 1 + |my| — sign(eB) (m; + 2s;) .

» 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:

. _ eB _ eB
=0 n=0 __ | ’ ( + ) — 27r2/‘5'

Ph=+1" Ph=—1= 25 \PF ~ PF
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chiral magnetic effects

» Summing up all currents, we find with r = s/

<_/3> = ezB [ P}' pzdpz _ Pr Pzdpz
w2 | Jo JpZim Jo JEim
B e’B 2VE s
N 27T2.\/1+r2+2VFr+\/1+r22v;:r
e’B
~ VFFM&
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Axion-electron coupling

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

» The strength of the axion-electron coupling varies as

O(1) DFSZ-like models
Co~{ O(10* ~1073) KSVZ-like models
O(1073 ~ 1072)  String-theoretic axions.

» 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)

Distinguishing the models of an axion by
coupling ratios

m,
i p

For QCD axion (¢ # 0), Sy~ regardless of the classes of models

L T T R e
ST 3
> 107
g 1072} 1
|
[l
= 1073} 3
S o b mean o e e 10 Pttt v s omt s it s s+ s

108 100 102 10" 106 108 100 102 10 10
fa [GeV] fa [GeV]

Green : DFSZ-like model
Red : String-theoretic model
Black : KSVZ-like model (dashed : my = 1073, solid : my = f,)
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Axionic Chiral Magnetic Effects

Figure: ABRACADABRA

000010/000/0000000)

Conductor
- s = Detector
—_— j=up o2 B
Solenoid Liy,
sQuib

Figure: LACME
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Axionic Chiral Magnetic Effects

» ABRACADABRA-10 cm has put a bound (2021)
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Axionic Chiral Magnetic Effects

» ABRACADABRA-10 cm has put a bound (2021)
8oy < 32 x 1071 GeV !

» If we assume the same sensitivity for LACME,

f
— > 10°
Ce> 0°GeV

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

C _
gaeezme-Tem/lO 9.
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Chiral magnetic effects in medium

» Now consider chirally imbalanced medium:

L =4 (i = m+ p° + psy°vs) ¥
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Chiral magnetic effects in medium

» Now consider chirally imbalanced medium:
L =4 (i = m+ p° + psy°vs) ¥

» While the vector chemical potential shifts the ground state
energy to populate the electrons up to the Fermi momentum
pr, the axial chemical potential shifts the momentum in the
direction of spin to populate more the positive helicity states.
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Chiral magnetic effects in medium

» Now consider chirally imbalanced medium:

L =4 (i = m+ p° + psy°vs) ¥

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

> If we transform the electron field, 1 — ¢/ = e~ M=%}, we
absorb s into the momentum along the spin direction :

L= (iv-0—m+py°) .
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Chiral magnetic effects in medium

Figure: chiral medium
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Chiral magnetic effects in medium

» 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.
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anti-parallel to the magpnetic field and indeed we have helicity
imbalance under the magnetic field if us # 0.
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Chiral magnetic effects in medium

» 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.

» However, under the magnetic field the spin degeneracy is
lifted. The electrons in LLL states have their spin always
anti-parallel to the magpnetic field and indeed we have helicity
imbalance under the magnetic field if us # 0.

» The LLL propagator with 5, = (po + 1 + s7s,0,0, p;)
2i (p + m)P_Hy e PL/IBl 2 (f + m)P_H_ e PL/IE]
L[(1+ie) po + py P = p2—m?  [(1+i€) po + p-J* — p2—m?

n=0
F
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Chiral magnetic effects in medium

P At one-loop the current is given by

4
() = e () = —e [ S B [ SE(p )]

(2m)
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Chiral magnetic effects in medium

P At one-loop the current is given by

. . d*p e
() = e (Wyrw) = —e/ 2n) Tr [v*SE=°(p, 1, pis)] -
» The medium contribution is then

(3 = /OM du’% G(u'))

= S p? — m? Ha 5 p2 — m?
= d z - - z -
I” 4r2 |:/ P /pz>‘0p | <p” ) /0 Po /pJfO | ('D” >:|

= 47r2 [\/(PF + p5)” + m? — \/(PF — pis)” + mQ]
o2

B
= SaHsVF [1+(9(v§,r2)] .
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Axial anomaly in medium

» 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:

M (q1)6® (a1 + a2) = /l'lid2X;e"”'X’ (0] Tj*(x1)is (x2) 10) -

Figure: ABJ anomaly in 2D
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Axial anomaly in medium

» In the HDL approximation or for q/u — 0, we find

eB 0 Ve \7;1,611(1 \_/
ruu(q)zzﬂ—z‘/’: {_n;LOEyO_i_qQ( V.qa_"_ \_/qa)} :

where V# = (1,0,0, vg) and V#* = (1,0,0, —vg).

36/40



Axial anomaly, CME in medium

Axial anomaly in medium

» In the HDL approximation or for q/u — 0, we find

0 L VL VIR ZRY,
eB _UMOEZ/O n qa VHEe*V, n V’_E Va 7
2 V.q V.gq

where V# = (1,0,0, vg) and V#* = (1,0,0, —vg).
» The vector current is conserved:

qurﬂy(q) =0.
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Axial anomaly in medium

» In the HDL approximation or for q/u — 0, we find

B 0 Ve \7;1, ro \_/
©C |ogpoe0 (L Yo T E Yol
2 V.q V.gq

where V# = (1,0,0, vg) and V#* = (1,0,0, —vg).
» The vector current is conserved:
qurﬂy(q) =0.
» The axial current is however anomalous:

HZ : d2q . . iq-x v ezB v
(Ouis)a = ie [ 7 lim lim €9%q, A (q)"(q) = 5 vee™ Fu .

36/40



Axial anomaly, CME in medium

Axial anomaly in medium

> The ABJ anomaly becomes in the rest frame of the medium
2

1672

(Ovje ) p = VEEPTF L F o .
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> The anomaly is due to the gapless modes at the Fermi sea,
which exists even for m # 0. (Cf. Coleman+Grossman '82)
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Axial anomaly in medium

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

2
. e
<8V./El>/>A = 1672 VFGHVpO-F,U,VFpO' .

> The anomaly is due to the gapless modes at the Fermi sea,
which exists even for m # 0. (Cf. Coleman+Grossman '82)

» 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.)

(¥I2°CuL) = Bulpr), (VA1 Cur) = —Br(pr).
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Axial anomaly and CME in medium

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

7 lim lim 1%(q) = &2
= —€ 11m 11m = ——=V, N
J quoﬁo%%o q 52 FH5

which agrees with our direct calculations!
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Conclusion

Conclusion

» 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.

2
€ CeiB. (LACME).

J= VP e
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Conclusion

Conclusion

» 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.

e C.. =
———3B. (LACME).
For2 £ ° ( )

j=v
> We propose a new experiment to measure this current in
medium to detect the dark matter axions or ALP. (LACME)
» 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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» Our experiment is complementary to existing experiments.

» We also find the fermi liquid suffers from the axial ABJ

anomaly
2

1672

s =L
(0,4t = v P Fpo .
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Conclusion

Conclusion

» Our experiment is complementary to existing experiments.

» We also find the fermi liquid suffers from the axial ABJ

anomaly
2

<6M-jg> = VF 1672

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

Vpo
e"PTF L Foo -
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