Probing microscopic origins of axions by

the chiral magnetic effect

Sang Hui Im (IBS-CTPU)

e K Choi, SHI, HJ Kim, H Seong, JHEP 08 (2021) 058, 2106.05816
* DK Hong, SHI, KS Jeong, D Yeom, 2207.06884

The 5® NPKI workshop, Busan, Korea
June 5th, 2023



Outline

* Classification of possible UV physics for axions

* Distinctive patterns of low energy axion couplings

to SM particles depending on the UV origins

* Measurement of the key discriminator (axion-

electron coupling) by the chiral magnetic effect



Strong CP problem and QCD axion
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QCD axion lagrangian
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The axion couplings to the other SM particles
He SoSie & & are UV model-dependent.




Axion-Like Particles (ALPs)

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

[Arvanitakj Dimopoulos DubovskyKaloper MarshRussellD9]
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i) approximate shift symmetry ! (") a(x) ! a(x)+ c (c" R)

: ALP can be naturally light.
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: 'y characterizes typical size of ALP couplings
up to the dimensionless coefficients # &, & . s

ii) periodicity + 21



KSVZ-like models

Kim ’79, Shifman, Vainshtein, Zakharov 80

The axioncouples to SM fields via a heavy BSM feimiged
under the SM gauge group.
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DFSZ-like models

Dine, Fischler, Srednicki ‘81, Zhitnitsky '80

The axioncouples to the SM sector at-legel (e.g. via Higgs portal).
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String-theoretic models ~ Witten 84

0 1harmonic2-form on
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A[mlmz--mp](x yT) = alxrt)! [mlmZ--mp](y ) the compact internal space

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

I Simplified 5D toy model
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Fun = 'MAN! 'NAM 3.; 5D Planck mass (String scale
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5D Chern-Simon term 5D gaugematter coupling
(axion-gauge field coupling) (axionrmatter coupling)
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‘ Integrating out the extra dimension
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SM fermion String-theoretic axion couplings to matter
| fields and gauge fields are comparable.
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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

A6
DFSZ-like models  ----- ! ---- @GBCD%&O*
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KSVZ -like models

String -theoretic models
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Distinguishing the models of an axion by

coupling ratios

K Choi, SHI, HJ Kim, I$eond)21
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For ALPs with (& # $%
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Takehome message |

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

* Those three 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 axat@ctron coupling is crucial

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

o KharzeeyMcLerranwarringaO08
—— Momentum direction Fukushim&harzeeywarringaD08

------ Spin direction
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Net current 9# $ Net current 92 (. )3 . %) A

I The magnetic field aligns the spin directions depending on particles and antiparticl
I The helicity imbalance causes a fmmmo electric current along the Held direction.
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I Chiral chemical potential

LD ps(nr™ nu)=ps Tplr™ ! 1y w0

I
:p5!g"0"5! | :$.L&
'R
It makes helicity imbalanés- both massless and massive

fermions.

I (Vector) chemical potential
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vl #R#R + #L#L

L ! p(ng+ n)
= p@ 9
It makes charge imbalang@ee. particles vs antiparticles).

The charge imbalance alone cannot induce a.ddiske&er, . 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 far

Suppose that we have an axi@rmion coupling:
#,a a8 . 0u5
ikl ENVENST c —W9 !

Hs(t) = © -

a
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Cosmological evolution of an axion field
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slow-roll : dark energy

mg! H(t)
a(t) " aog(t) cos(mat)
1 damped harmonic
| v T2 2 4 = P
a 2maao(t) # R3 oscillator : cold dark matter
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Misalignment production of axion dark matter and
chiral chemical potential
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The axion dark matter background gives rise to an oscillating
chiral chemical potential for fermions coupled to the axion.



CMEInduced current

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

——  Momentum direction
—————— Spin direction

A A '
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Density change of "Pg ,eB
helicity-up fermion states o 3-2

N

Longitudinal number Transverse number density
density In the lowest.andau level

Aharonovand Casher O79

Density change of " P ,eB

helicity-down fermion states Px a2"

e?
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which reproduces the chiral anomaly equation in massless limit

# (PS5 ) = +2mBigS|
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EE(N!! N.) = 4?22E. d*xE aB

2 dt
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Energy cost per unit time needed for
making helicity imbalance

++

This energy cost has to be supplied
3 p gy PP
d Xi Ak by the electric power.

i _ e’ ) 7 : Energy cost for converting a helicity-
42 down state to a helicity-up state
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Essentially |

j= d&v 9:) 8
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In the original formula by (FKWV °08) the 1, dependence is
missing (Hong, SHI, Jeong, Yeom 22).
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From Deog Ki Hong’s slide

Figure chiral medium
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CMEInduced current

ll. Field-theoretic calculation DK Hong, SHI, KS Jeong, D Yeom 22
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: the electron propagator in the lowest Landau level in a dense medium
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,* 1 Spin projection operator U, = pJE,z + m2

< : helicity projection operator

: chemical potential for
the helicity eigenstates 26



The field-theoretic calculation reproduces the CME formula
obtained by the energy balance argument :
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N J
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0
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CME and chiral anomaly it¥#"$%

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.

() @ @)l i 0| TR (x)j 4 (xz) [0
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In the vacuum,

!b‘éc(q)- $qq”+$*q#H(q m?)
. (8
H(qz,mz):q—lz 1! ##(11! #)tan#l 1!## " Rlz(q# 0)
7 :No poleat >° # $

#9$ am2 for massive electrons

The chiral anomaly diagram vanishes as 5 6 %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 gaplessnodesat the Fermsurface ,



The axionelectron coupling
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i O(1) DFSZ-like models ‘
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Ce” , O(10 “# 10 %) KSVZ-like models - B
$ O(10 3 # 10 ?) string-theoretic axions X 10_.,,’ ___________
10“:t """"" .

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
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The axion dark matter field induces an oscillating chiral chemical potential
if the axion couples to the electrons.
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CME current measurement by modified
axionhaloscopes

Existinghaloscopedgor the axionphoton coupling may be used for
detecting the CME current by replacing the Ovacuwiti©a OconductorO.
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Microwave resonant cavity Kahn.SafdiThaler O16
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Projected sensitivity from existing axion ha
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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 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.

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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String-theoretic models

C xH yM) = a(xH)! m 0 1harmonic2-form on
mamz..mp) (X7, Y7) = XY fmymz.mpi(y ) the compact internal space

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

Axion chiralsuperfield: X 1volume

4 = | I
T=t+la modulus of2-cycle dual ta0)

=

3 ?(, )34 : a# a+const

SUSYpreserving
compactification - : remnant of a highedimensional gauge symmetry
I'C[mlmz..mp] - #[ml! m2,..,Mp]
» K=KoT+T)+ Z(T+TH"|",
_ " scaling weight
4D Low energy Fa = CaT ZV (T+T) 1" 0@ Ongl ’

effective action ca! O(1) Conlon, Cremades, Quevedo 006 37



K= KoM+ T+ 2T+ Ty |7,
Fa = Cal Zt (T+TH' 1" 0@) o ! OQ)
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M22 '

! 1 C
La = 7" #Ko("ua)?+ 22" a3 #'$, +&iDM& # ZCAHF AR + Thar AR,
@ E/F T @ E/F
#= 1 o)
Cadxp

String-theoretic axion couplings to matter fields and gauge fields are
comparable to each other.
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Running of axion couplings by Yukawa interactic

K Choi, SHI, CB Park, S Yun OT#malichPospelowuong Ziegler, Zupan 020
Heiles K3nig, Neubert ©20,Chala Guedes, Ramos, Santiago 020
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fa . | 32027, H
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C 3 n .y 2 n
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dlin v 8" 2 ly =

2 for SUSY models
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Running of axion couplings by gauge interactior

SrednickiD85, S Chang and K Choi 09
K Choi, SHI, CS Shin 020,
Chala Guedes, Ramos, Santiago O2(

giAZCA Bauer, Neubert, Renne®chnubeThamm(20
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d-----
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" a. # # | # gz a
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fa . - 3227, K
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o | gt g S !
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i Lo = "1, E 8':6\2 Ca(H-)en Ca(!) : quadratic Casimir
ny gauge A
, . 1 fornon-SUSY models 0  for non-SUSY models
9 2/ 3 for SUSY models LN 2/ 3 for SUSY models
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Numerical results

For-- # ,$°" GeV, @# ,$, and + 7579 # ,$ TeV,
Cu(2GeV) $ Cu(f ) #0280, (f o)} ['i'%"%;;;{f' )40 '55&;’{%’;51'5'658&,;’&25?"I(}'"é',‘ |
Cq(2GeV) $ Cy(f )+o 31nt(fa)-+ [19 deg(f )+o 236w () +0.0047cs (fa)] 10 3

_________________

____________________________________________________
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f # L$
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" in KSVZ-like models

SrednickiD85
S Chang and K Choi O9:
Bauer, Neubert, Renne&chnubeThammO20

e//

Previously ignored because " 's *y20 n fa g5 3
it is at three-loop level.
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Consequences in low energy observables

Axion couplings to the photon, electron, neutron, and proton below GeV

1 11 , 11
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2mp 2myp
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fa marmg 4 me PP . g
mn# $ o &
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a
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Taking into account the radiative corrections with the choice of parameters
# .$°" GeV, @# ,$, and + 7579 # ,$ TeV,

&
'( 0(1), DFSZ-like
Jap # f " 0.48cc + (0.5cy +0.05c8) $ 10 3, KSVZ-like
a
) . 0486 +0.7$, g2y $ 10 2, String
g o), DFSZ-like
Jan ! f " " 0.03cg +(0.50 " 0.15cg) # 10 4, KSVZ-like
a
" 0.03cg +0.63" g3, # 10 2, String
!
# O(1), DFSZ-like
Jae ! (cg +0.40y +0.15c5) " 10 3, KSVZ-like

fa
s (cc +0.4cy +0.15cg) " 10 3+ 1 g, " 10 2, String

For the string-theoretic model, a universal scaling weight A. is assumed.

Ex) A. # gBA:) !28; C $EFin a type-lIB string Large Volume Scenario

44



Laboratory searches for axion DM
-photonic probes
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Current and future limits on #.4

Choi, SHI, Shin 20

Obata, FujitaMichimuraD18 #|

I"HS%&()*+,

1.1/0("

12,34'& 53/6

#9%&(

F#$%8&%'
| (@
4

B-field —>

\\
Axion ~~H<

Marsh, Fong,

Lentz,Smejkal

AliO18
ADMX,

™ |BscaPP.

MADMAXE

¥ I'73,-
;:gf%#&'( =4;|: \ .
. \\.\ P e
Foogel” T i
z. |
I n n n
- Pl n | D
KahnSafdiThaler O16 ¢
| #0, H
PSR &SI '2&7(;15227//(%6 I # (/;j ..
0 %08+ yz <2 > / \ s =
R >< >< \ N\ ‘
% ! !" * * t . L
\ 8% re I #$ I #" I'$ $

/ "s

)*+*- 83 9865&(

46



Laboratory searches for axion DM
-nucleonic probes
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Current and future limits on #ug

Bloch, Hochberg,
Kuflik VolanskyD19
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