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Outline

e 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



Strong CP problem and QCD axion
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Non-observation

‘ 0 = 0 + arg det (yuyq) < 1071Y  of neutron EDM

[Abel et al ’20]
CP violation in the QCD

while Jdckn = arg det [yuyq];aydyji} ~ 0(1)

The QCD vacuum energy is minimized at the CP-conserving point (8 = 0).

_ [Vafa, Witten ’84]
Vocp = —mafiF cos 6
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[Peccei, Quinn ’77, Weinberg ‘78, Wilczek 78] 3



QCD axion lagrangian
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U(1)po dominantly broken by ¢, » m2 = ¢ Mmymq M f7
(QCD instantons) (mu +ma)* f3

By the periodicity, the size of axion couplings are mostly determined
by f, up to model-dependent constants ¢, C4, Cyr Cp



Axion-Like Particles (ALPs)

* 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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i) approximate U(1)py a(z) — a(z) +c (c € R)

: ALP can be naturally light.

i) periodicity C‘](j?) _ a](jf) Lo

. fo characterizes typical size of ALP couplings
up to model-dependent constants cg4, Cy), Cg- 5



Characteristic patterns of axion couplings to the SM
depending on classes of axion models
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K Choi, SHI, HJ Kim, H Seong 21 g, 2
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Experimental test of the classes of axion models

K Choi, SHI, H) Kim, H Seong 21
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We need to measure the axion-electron coupling to determine
the underlying UV physics for QCD axion.



For ALPs with (c; = 0), the axion-nucleon couplings can do the test as well.
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Experimental test of the axion-electron coupling?
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See also So Chigusa’s talk

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



Chiral Magnetic Effect (CME) in a nutshell

Kharzeev, McLerran,Warringa ‘08

Fukushima, Kharzeev,Warringa ‘08
In thermal equilibrium

t . :
B ?
T Momentum v ? !
" Spin T He||=C|ty
@ |mbalance
. Hr > m
Net current f =0 Net current joc (ur — u1y) B

* 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.



* Chiral chemical potential

L5 ps(ng—ne) = ps (Vhor —vfon) (v
= u5Un"y 0 VR

It makes chiral imbalance, leading to helicity imbalance.

* (Vector) chemical potential
£ g+ 1) = p (Vfon + 0] o)
= U~
It makes charge imbalance (i.e. particles vs antiparticles).

The charge imbalance alone does not induce a current. However, p might be still

relevant for the magnitude of the current for a given helicity imbalance.
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Axion background as g

Suppose that we have an axion-electron coupling with
time-varying axion field background.

Oua - a -

fa a
a
ps(t) = co—
Ja
Va Va =
On the other hand, cgy— 7 \I/*yfy5\If ~ 200 — 7 S,
H_/

QUAX and (NV Center) are looking for B g
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Cosmological evolution of an axion field

a(t) + 3Ha(t) + mZa(t) =0

TZ
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| | alt) ~ a (+20 m2.  H(t)?

ini

a
slow-roll : dark energy

a(t) ~ ag(t) cos(mgt)

damped harmonic

oscillator : cold dark matter
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Misalignment production of axion dark matter and
chiral chemical potential

Present oscillation amplitude ay < f,0in;

a(t,T) ~ agcosmgt

1 » us(t) =~ —cy sin mt
pa:_m2 ; () Ja ‘

2 CI,aO

ps(t) = C\If%

The axion dark matter background gives rise to an oscillating
chiral chemical potential for fermions coupled to the axion. 14



CME-induced current

Energy balance argument Nielsen and Ninomiya ‘83
Fukushima, Kharzeev, Warringa ‘08

T Momentum ' Spin
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Density change of AP} eB ez .
helicity-up fermion states o ' o — mE - Bt

N

Longitudinal number  Transverse number density
density in the lowest Landau level

Aharonov and Casher ‘79

Density change of AP} eB e2 - o
helicity-down fermion states ~ 9- ~ 9- A2

— EB
» dt " ni) 272

which reproduces the chiral anomaly equation in massless limit
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Energy cost per unit time needed for
making helicity imbalance

by the electric power.
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Alternatively
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. m E—pG— h=p-5 helicity
Dirac eq. A e
E+p-0+4 us —m :

» b= \/(|p‘h+u5)2+m2 p%:pp—[%

where pr is the Fermi momentum when - = 0.

» E = \/(p})2 +m? — \/(piﬂ)Q +m? ~ 2usvp

2 e? =
g ~ 2—7T2,U5UFB

In the original formula by (FKWV °08) the vr dependence is
missing (Hong, SHI, Jeong, Yeom 22).
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From DK Hong’s slide

Figure: chiral medium

20



CME-induced current

Field-theoretic calculation

% (") = e (Uy*T) = —6/ LI Y SE (s 1, 1)
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: the electron propagator in the lowest Landau level in a dense medium

P_: spin projection operator ly = \/pzj«52 +m2

H. : helicity projection operator
T Y Prol P : chemical potential for

the helicity eigenstates 21



The field-theoretic calculation reproduces the CME formula
obtained by the energy balance argument :
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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.

yH Y Vs

D ()0 (g1 + g2) = / Mid*a;e™ " (0] T (1) (22) |0)
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In the vacuum,

B
F\L;ayc( )_ Z_ﬂa (Eyaqaqu+euuq2) H(qZ,mQ)
9 oy 1 1

:No pole at g2 = 0
for massive electrons

ﬂ
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4
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The chiral anomaly diagram vanishes as g — 0 when there is

no massless charged fermion. -, - o5
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In 2 medium,
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The CME can be understood as (I+1)D chiral anomaly in a
medium induced by gapless modes at the Fermi surface.
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Detecting axion dark matter via the CME

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

B PDM 93 ( PDM >1/2 10'? GeV
= Ce ot) ~ 0.25 x 10 V. 2
ts = Ce === cos (mal) 8 V04 Gevem—s 7/C.

2

» j* = %,L%UFB —6.8 x 107" Am™? cos (m,t)
-
y ( Vp ) ( PDM )1/2 10" GeV B
CME 10—2 0.4 GeVcm—3 f/Ce 10 Tesla
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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”.

. 2 C,
Jeff = gay a B “ ]CME—;Tzf vpaB
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Kahn, Safdi, Thaler ‘16
27

Microwave resonant cavity



Projected sensitivity from existing axion haloscopes

-8
-10
; :
_12: Red giants E .': : Mim-"wave
r—l8 l--.. " E Ca"itie ~1
o S A
S _1al N TR A
3 “l : :“'
+ l‘: ¥
SRF ‘t . a: :
-16 ot SN
cavity R
-18}
=20}

Log-m[ma / eV]



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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Back-up slides
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Laboratory searches for axion DM
-photonic probes

- . E .
%CLFF » V X B = %—t—gchata

. . J.q effective current
Background axion DM field ©

a = ag cos [mg(t — v )] » Jof ™ Gary \/ﬂé Sin Mgt

1 3 ~ 1073
Pa = 57712@(2) A~ 107
The best experimental sensitivity on g,

is obtained when p, = ppy-

Misalignment axion DM
1

10— 22 1/4 6
=107 Gev VAT
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Given axion DM mass,
Jay is determined for ¢, ~0(1). 31




Current and future limits on g,,
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Laboratory searches for axion DM
-nucleonic probes
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Given axion DM mass,
Jan is determined for c,,~0(1). 33




Current and future limits on g,y
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