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Outline

* 3 possible classes of microscopic origins of axions

* (Measurable) distinctive patterns of axion couplings

depending on the microscopic origins

* Measuring the axion-electron coupling by the chiral

magnetic effect



Strong CP problem and QCD axion

g2
3272

Y HQru$ + ygH*Qrds + 0GG

Non-observation

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

[Abel et al ’20]
CPV in the QCD sector

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

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

B [Vafa, Witten ’84]
Vocp = —A4QCD cos 6

2
_ g2 a -
Promote 6 to a dynamical field (=QCD axion) : 3, 5 (9 + f_) GG

[Peccei, Quinn ’77, Weinberg ‘78, Wilczek 78] 3



QCD axion lagrangian
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U)pg: a(r) — a(r)+

broken by c; # 0 non-perturbatively
» m2 ~ C2 My Mg m?rf?%
“ G (M + md)2 fg

The axion couplings to the other SM particles
Cw, Cp, Cq, Cp, Cy are UV model-dependent.




Axion-Like Particles (ALPs)

Cousins of the QCD axion, while not being necessarily involved in the strong
CP problem (so ¢; can be 0)
Ubiquitous in many BSM scenarios, in particular, string theory

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]

1 1 oy Mg
5(8,@) — —m2a2 + ]? ng; cA FA’WFA f_a (Z cwﬁ&“@b + Z c¢¢TiD“gb>
a a 1/} ¢

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

: ALP can be naturally light.

i) periodicity C‘](j?) _ a](jf) Lo

. fq characterizes typical size of ALP couplings
up to dimensionless parameters ¢4, Cypr Cp- 5




KSVZ model

Kim ’79, Shifman, Vainshtein, Zakharov 80

The axion couples to SM fields via a heavy BSM fermion charged

under the SM gauge group.

y(I)\IfBSM\If%SM + h.c.

SM gauge field

SM gauge field
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“KSVZ-like models”
: no tree-level couplings to the SM fermions 6

\\SM fermion



DFSZ model

Dine, Fischler, Srednicki ‘81, Zhitnitsky '80

The axion couples to the SM sector at tree-level through the Higgs portal.

Y QLHy + y4dZQLHg + yeeR LHg + A H, Hy + h.c.

1 .
@ = —— _|_ a eq’a/fa
\/i(p fa)
SM or BSM

SM fermion fermion SM gauge field
- - x. -
R >> h

SM fermion SM gauge field

“DFSZ-like models”
: 0(1) tree-level couplings to the SM fermions 7



String-theoretic models

) : harmonic p-form on

no,my U m
14["77117712--77%9](aj Y = ala )Q[mlmQ“mp]<y ) the compact internal space

4D axions identified as zero modes of
higher-dimensional p-form gauge field

Simplified 5D toy model

Our 4D world AM(ZEM,ZU) M=012735
/

) Asy) = a(=")s(y)

Compact extra dimension



Fyn = 0mAN —ONAn M5s: 5D Planck mass (String scale)

5. /- L un MNPen a €2 O~~M N
N J J
Y Y
5D Chern-Simon term 5D gauge-matter coupling
(axion-gauge field coupling) (axion-matter coupling)

¢ ~ ¢~ 0(1)

‘ Integrating over the extra dimension

1 1 B )
Seft = /d4x (——F/“/F/W + §/€M528:“CL(9MCL + ClaGa,uVGZV + C2aua\p,y,u75\lj 4. )

442
K~ 0(1) \/’

SM fermion Otring-theoretic axion couplings to matter
fields and gauge fields are comparable.

SM fermion
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Seg = / d*x (——FWF
442

— 4 __Fl/
Seff /da:( 4g

K~c~cy~0(1)

Canonical
normalization
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Axon-matter couplings are
suppressed by the 1-loop factor.
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Summary: characteristic patterns of axion couplings to
the SM depending on the microscopic origins

q,t
DFSZ-like models @ -----
a
q,f
q,f
KSVZ-like models
a
q,t
q,t
String-theoretic models --C-l--
q,t



Running of axion couplings by Yukawa interactions

K Choi, SHI, CB Park,SYun ’I7, Camalich, Pospelov,Vuong, Ziegler, Zupan 20
Heiles, Konig, Neubert ’20, Chala, Guedes, Ramos, Santiago 20
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2Tt g, =
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Running of axion couplings by gauge interactions

Srednicki ’85, S Chang and K Choi '93

" K Choi, SHI, CS Shin 20,
Chala, Guedes, Ramos, Santiago 20
94 s Bauer, Neubert, Renner, Schnubel, Thamm 20
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Consequences in low energy observables

Axion couplings to the photon, electron, neutron, and proton below GeV
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Distinguishing the models of an axion by
coupling ratios

For QCD axion (c; # 0),
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Green : DFSZ-like model
Red : String-theoretic model
Black : KSVZ-like model (dashed : my = 1073f,, solid : my = f,,)
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For ALPs with (c; = 0),
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Take-home message |

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

* Those 3 classes of UV physics may be experimentally distinguishable by

measuring the ratio of an axion-fermion coupling to the axion-photon

coupling.

* For the QCD axion, the measurement of the axion-electron coupling is crucial

for the distinction.
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Chiral Magnetic Effect (CME) in a nutshell

—— Momentum direction

KX,
b

Net current | =0

The magnetic field aligns the spin directions depending on particles and antiparticles.
The helicity imbalance causes a non-zero electric current along the B-field direction.

-> ?é

Chiral chemlcal
potentlal

MR >HL

1
A\ 4

Net current foc (Up — ur) B
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* Chiral chemical potential

L5 ps(nr —ne) = s (Vhwon — )

= VL
= s ¥y U =

YR

It makes 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 cannot induce a current. However, u might be still
relevant for the magnitude of the current for a given helicity imbalance.
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Time-varying axion field as a source for ps

Suppose that we have an axion-fermion coupling;

0,0 - a -
Cw ;Q\Iﬂy“yf’\p _ 2 qu—a\IwO’y5\If

a

ps(t) = C\Ifﬁ
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Cosmological evolution of an axion field

me < H(t) /\/\
1

| | ma ma
. slow-roll : dark energy
me > H(t)
a(t) =~ agp(t) cos(mgt)
1, 5 1 damped harmonic
~ — t —
Pa Qm“a0< ) o R3 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. -



CME-induced current

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

—— Momentum direction
------ Spin direction
0

A A

E| B

SMEET
e e

23
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Density change of APE eB € 5 o

right-handed fermion states ot  9r  An2 L - Bt
Longitudinal phase The density of Landau levels in
space density the transverse direction
Density change of APEL eB B e? 7. B
left-handed fermion states  9p 27~ 472

—(ng—ng)=-—E-B
» —(nr—nr) = 5

which partially reproduces the axial anomaly equation

2
3M(\Tffy“fy5\11) — %E . B 4+ 2my¥
T
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d e -
— — : —E .
dt (ng =) 272

—

B

—(Ngr— Np) = — d°zE - B
» 5LRdt( r— NL) 27T25LR/ T
J

\

Y

Energy cost per unit time needed for adding a right-
handed fermion and removing a left-handed fermion

/dgxf-ﬁ

|-
T = o

—

SLRB

This energy cost has to be supplied

by the electric power.

E.r : Energy cost for converting a
left mode to a right mode
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Essentially

j=pv=e(ng—nr)vp
— e ((p? —pp) 63) Landau level

2T 27 quantization
2
e 1 5 I
~ 92 5(191? —pp)vr - B
N J




Fermi surface (w = u)

wr =V (|ps] = p5)? + m? » PR = V12 —m? + ps
wr, =/ (|p:| + p5)? + m? pp =V p2 —m? — s
1
ELR = 5(191}; — pp)UF » ELR = UsVF

Therefore,

(Caveat) vr dependence is missing in the original literature of
Fukushima, Kharzeev,Warringa (0808.3382).



CME-induced current

|l. Effective lagrangian approach for non-relativistic fermions

DK Hong, SHI, KS Jeong, D Yeom 22

L=iVy"D, U —mU¥ + 115U~V W

U = ¢ "M U = v
X

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

s v/

» Left = WL ( : )

-0

1 .
i0y + — (& - D)* + s

2m 4

(Caveat) This part was not noticed in our draft v1.

(to be corrected : thanks to K. Choi)
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(to be corrected)

|
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The axion-electron coupling

Oua

— LAy
Lint = Ce 7 VY s

__ 10" g e
( S 00
O(1) DFSZ-like models 3
% 107" 3
Ce>~ ¢ O(107* ~ 1073) KSVZ-like models 5 R ]
1072 =
= B 3
O(1073 ~ 107%) string-theoretic axions < osl _
\ F

~ 10—4 ;T:I:Iﬂ |

fa [GeV]

The measurement of the axion-electron coupling will give us an important
clue for underlying high energy physics.

K Choi, SHI, H] Kim, H Seong 21
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Detecting axion dark matter via the CME
DK Hong, SHI, KS Jeong, D Yeom 22
o Out L
C Ay WP s =Cog
f
V2pDM

a(t) = - sin (mgt)

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

e N o 12 (101 GeV
p5 = Ce f cos (mat) ~ 0.25 x 107 GeV (0.4 GeV cm‘?’) f/Ce

2
» j* = %,L%UFB —6.8 x 107" Am™? cos (m,t)
m
y ( Vp ) ( PDM >1/2 10" GeV B
CME 10—2 0.4 GeVcm—3 f/Ce 10 Tesla
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Log10[gae]

|
N
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-18}

-20!

(0/0.0/0/0.00,0000000.0

Conductor

IIEIRIRIRIRIRIIIICICICI)
Solenoid Lin3

SQUID

Detector

Stellar cooling (TRGB)

~20

~15 ~10 5
Logyglm, / eV]

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

32



Conclusions

Axions are theoretically well-motivated new particles which may be an
important clue for underlying UV physics when they are discovered.

The underlying UV physics may be distinguishable by precision

measurements of low energy axion couplings.

The measurement of the axion-electron coupling is particularly important

for pinning down the microscopic origin of the QCD axion.

The chiral magnetic effect (CME) offers an intriguing possibility for the
measurement of the axion-electron coupling, when the axion comprises a

major fraction of dark matter.

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

for the case of massive fermions.
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Back-up slides
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String-theoretic models

m ) : harmonic p-form on

C ot y"™) = a(zh)Q
[m1m2--mp]< y") (") [mamz..mp (y the compact internal space

4D axions identified as zero modes of
higher-dimensional p-form gauge field

Axion chiral superfield (7 : volume

o :
I'=7+ia modulus of p-cycle dual to ()

=

3 U(1)pg: a — a-+ const

SUSY-preserving
compactification  \- : remnant of a higher-dimensional gauge symmetry
5C[m1m2..mp] — a[ml*/\7712,..,77110]
» K=Ko(T+T*)+ Z (T +T%)®;¥,
scaling weight
4D Low energy Fa=cal Zr o< (T+T7)%" wr~0O(1) DA

of @,

effective action ca~ O(1) Conlon, Cremades, Quevedo ‘06 35



K = KO(T + T*) + Z](T + T*)(I)7(I)[

Fa=cal Zroc (T+ T wy~0O(1) ca~0(1)

‘ T =71+1a

M? &
Log = =07 Ko (9ua)” + ;—iaua (zp}&“m + qﬁ}z’D%I) icATFAWFA + R I
~0(1) —l: ~0(1)
T = 5 ~ O(1)
CAGA

String-theoretic axion couplings to matter fields and gauge fields are
comparable to each other.

Canonical a _ Mp |0%Ky
. . a % 2 fCL - 2
normalization ST fa 7 2

cAgAa
672,

FA,U,V FA

1 1
Log = ——FA“”FA + = (0ua)* + wr

4g% 9 (1&}6“@[)} + ¢}iBM¢I)

CA
3212 fq
~0(g*?/16m?)
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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
’ ( ) PDM 82 Ja

Given axion DM mass,
Jay is determined for ¢, ~0(1). 37




Current and future limits on g,,
Choi, SHI, Shin ’20

Obata, Fujita, Michimura ‘18 -1o}:
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Laboratory searches for axion DM
-nucleonic probes

Va - :
8Ma _ 7“75]\[ l JaN NSy YN .nucleoh

Imn VNN gyromagnetic
— ratio
Beff

Background axion DM field
=y V 2pa/ — .

a = ag cos [mg(t — U - T)] eff =~ JaN Vg SN Mg

TNMN
_ 1 2.2 3] ~ 10”3 .
Pa = 5Ma0 The best experimental sensitivity on g,n

is obtained when p, = ppy.
Misalignment axion DM

1/4
fa ~ 1017 GeV (10 22 ) » gaN - Ca,q >< O( )
\/ PDM

Given axion DM mass,
Jan is determined for c,,~0(1). 39




Current and future limits on g,y

-8f

Bloch, Hochberg,
Kuflik, Volansky ‘19

gff Caellle
BN L 1
Beff CaNTMN

Graham, Haciomeroglu, -14

Kaplan, Omarov,
Rajendran, Semertzidis 20

-16}

Comagnetometers

SN1987A

| Choi, SHI, Shin "20

™ Kimball etal ‘17
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Dirac equation for a massless fermion

0 w — p0° + (9
W+ p0® — s 0 YR

' WR:’pzl_,U%

wr, = ’pzl + 5

At low temperatures and

low p, only the right chiral
modes are occupied for a
positive Us.

—> helicity imbalance
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Dirac equation for a massive fermion

Fermi surface

—m w—p:0°+ps | (Y1

W ‘|—sz3 — M5

—m

YR

pz| — MS)Q + m?

pz‘ + /~L5)2 + m2

W
L-mode
\ R-mode
Cm i
- ﬂ5 ﬂ5 Pz

=0

Helicity eigenstates

Qualitatively the same

as the massless case
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L-mode

™~

Fermi surface

— ,L'L5 /i5 Pz

The difference between the L-mode and the R-mode disappears for us = 0.
Without a magnetic field, the spin directions of particles will not be fixed.
The occupation number difference depends on the chemical potential u

and the fermion mass m.

](,Ll5, B: U, m, T) — MSB X f(,u; m, T)
+ possible higher order terms in (us, B)
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