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What is axion?

QCD axion Peccei & Quinn (1977); Weinberg, Wilczek (1978); ...

» Suggested to solve strong CP problem
» Mass & decay constant are related to each other in QCD energy scale

AQCD 1012GeV (typical) QCD axion window
Mg = ~ 6 pueV 9 19
Ja fa 107 GeV < £, <10 °GeV

Axion-like particle (ALP) svrcek & witten (2006); Arvanitaki+ (2010); ..

» Predicted by theories beyond the standard model (e.g. string theory)
» Mass & decay constant are treated as independent parameters

MMain focus of this talk 2/28



Axion as dark matter, dark energy

Cosmological axion background V(p)
. . . 2 -
Evolution: © + 3H Y +m,p =0 \/>90
me > H
o~ a 320, cos(mgt) > paoxa >, P, ocsin(2mgt) ~ 0

Ultralight axion DM mass (roughly): 10_22€V S myg, 5 eV

Note: behaves as a classical field (different from the particle DM such as WIMP)

my, < H

© >~ const. Axion dark energy mass: m, < Hy ~ 10 2%eV
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Conventional Axion Search

B Axion generically couples to photon via the topological term

%aFMﬁ’W = go0l - B

a : axion
v : photon
B : magnetic field

B Axion is converted into photon under the background magnetic field
(“axion-photon conversion” or “Primakoff effect”)

4/28



axion-photon coupling |ga,| (GeV™!)

Overview of Target Spaces
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New search methods for axions without
using external magnetic field
-Photon’s birefringence effect-

" A
Axion as a birefringent material "~ S e~/ >§
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Photon’s birefringence by axion

Carroll, Field & Jackiw (1990); Harari & Sikivie (1992); Carroll (1998); ...

Axion behaves as a birefringent material in our universe

» Axion differentiates the phase velocities of circular-polarized photon

1 .
LD 190 Fuw ™, Fu = 0,A, - 9,4,

Dispersion relation: AE/R -+ wi/RAE/R — O, CL/R = WIIJZC/R — \/1 + ga;sﬁ

m /\ — leading to the rotation of
U linear-polarization direction
Cr, > CR

>
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Photon’s birefringence by axion DM

V|
\'/ o(t) \ ]/ o(t) \/ o) \/ o(t) \'/ oy

» Axion DM induces the polarization rotation oscillating in time
with a frequency of axion mass:

» Possible to observe by several experimental/astrophysical approaches! 8 /28



Probing axions with birefringence

Dark energy Fuzzy DM QCD axion DM (Axion mass)

: : : P MyleV]

10-33 10722 10~6
(tosc ~ hour — year) (tosc ~ ms — hour)
. x + Experimental search

Astrophysical search

‘\uﬁ

Credit: EHT

7.9 billion light-years
4.6 billion light-years

Lensing galaxy bends the polarized light rays

‘-’

Credit: Y. Urakawa 9/28
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Experimental birefringence search

Resonant cavity experiment

Laser

="

Detection port (b) Detection port (a)

B The presence of axion dark matter acts on the laser in the resonator,
creating a new polarization state.

B By separating the polarized state of the light that comes out, we can explore
the ALP dark matter!
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Axion DM search with GW detectors

Nagano, Fujita, Michimura & 10 (2019);...
-9
10

[GeV ']

B Complemental search
by installing
polarization optics at
different ports

B Assuming

* Axionis 100% in DM
e 1-year observation
e shot noise is primary

B sensitive to

10~ eV <m, <10~ eV

Nagano, Nakatsuka, Morisaki, Fujita, Michimura, 10 (2021)

Axion mass [eV]
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Axion DM search with KAGRA

_____

B RRET
FREIETSH / L

XMASS.
W = Kamland

SR

. Super
= Kamiokande

B The polarization optics have been installed at 3-km arm cavity transmission of KAGRA.

B Ready for first data taking in O4 run (starting in May 2023) 12 /28



Bowtie ring cavity method

In the case of GW laser-interferometers...

'\J:," (sil' B As a demerit of linear cavity,
€ ¢ ljaser the sensitivity is lost by a
ﬁ_ﬂ —>—[ parity-flipping effect on the
(\@ ," (\ I:l‘ Photo Detector reflection of mirror
—f I 10, Fujita, Michimura (2018);...

B A bowtie-like mirror configuration

- N can prevent the linear polarization
{ / )
‘sf s “f / o ‘ ‘

o
277
/
]
\\—"

from flipping

Credit: Yuka Oshima
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DANCE Dark matter Axion search with riNg Cavity Experiment

Frequency servo _~

l' - PBS
Laser __ Faraday __ N
1064 nm isolator EOM

v S-pol.

Michimura+ (2019);...

M i B New table-top experimental

Bow-tie cavity project to search for axion DM
EEZIHWP with an optical ring (bowtie-like)
P-pol. ¥ CaV|ty

!)Axion signal

Dance Act-1 (Tokyo University)

B First-step prototype experiment

Design goal

Round-trip: 1m
Laser power: 1W
Finesse: 3000
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Design sensitivity of DANCE

Axion-photon coupling g,y [GeV 1]

Frequency [HZ]
102 10! 10° 10! 102 103 104 105 106 107

SN1987A

Assuming...
1072 - NGC1275

;_I \
13

03 DANCE Act-1
1 (L=1m,Pyans=1W, 7=3 x 10°)

v' quantum shot noise
v 1-year observation

v" Axion is 100% in DM
DANCE

-15 |
10 (L=10 M, Pyans = 100 W, 7= 10°5)
10_16 17 I—16 I—15 I—14 I-13 I—12 I-11 I-10 I-9 I—S -7
10 10 10 10 10 10 10 10 10 10 10

Axion mass m [eV]
Oshima+ (2021) 15/ 28



First results of DANCE (May, 2021)

Oshima, Fujimoto, Kume, Morisaki, Nagano, Fujita, 10, Nishizawa, Michimura, Ando (2023)

10— . . . .
) B Rotation angle of linear polarization:
=
8L 10
3 Py(t)
= 1%
= o(t) = — 20pwp
P.(t) + By (1)
5
©
PUMELL W WELU R I ST T 3 B Observed for 2 weeks, and analyzed
10 10 10 10 10 10 10 10 .
Frequency [Hz] two sets of continuous 24-hour data
Frequency [Hz]
L S S S O S S
'; 10_1 —— This work We need to---
[} 10 Current shot noise
9 1072 w —— Final design
& v reduce classical noises
g, v Improve the experimental parameters
Q.
3 10°
§ 107 Laser power: 0.2 W => 1 W
g o] g : Observation time: 24 hour - 1 year
2 ey — foem Resonant freq. difference: 3MHz - 0 Hz
é 10_” -17 '—16 I—15 l—14 '—13 l—12 '—11 ’—10 |—9 l—8 -7
10 10 10 10 10 10 10 10 10 10 10

Axion mass m, (V] Takidera+, in progress 16/28



Astrophysical birefringence search

B A couple of axion DM searches with birefringence:

> Protoplanetary disk
Fujita, Tazaki, Toma (2019);

» Strong gravitational lenses

Basu, Goswami, Schwarz, Urakawa (2021);

7.9 billion light-years

» Pulsar polarimetry rryeep—

Casti”0+ (2022),' e ' e :V“Te)lescope
: 'y

> Event Horizon Telescope

Chen+ (2020,2021);

(Note: search for axion cloud around spinning BH)

B Sensitiveto 10 ““eV < m, <107 eV

(~years) (~hours)




Birefringence in CMB

Quadrupole
Anisotropy
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Generation EB correlation function

Lue, Wang & Kamionkowski (1999); Feng+ (2005,2006); Liu, Lee & Ng (2006); ...

B Parity-violating interaction

1 ~
€.8. /:'int — Zga'yQOF,uVFW/

produces the parity-odd EB correlation

1
CfB,O _ 5 sin(45) (CKEE,CMB _ CfB,CMB)

[
N measured value 4 COS(46)CéE’B,CMB

(B is assumed to be constant) Musually assume 0

Credit: Y. Minami

History of measurements (WMAP, Planck, ACT,...)

Non-zero <EB> has been detected.
But, not reliable estimates due to the miscalibration of instrumental angle “a” . 19/28



Isotropic cosmic birefringence (ICB)

Minami, Komatsu (2020); (Planck PR3)

calibrate the systematic angle by using the polarizations from the galactic foregrounds:

i
b 5= 0.35 £ 0.14 deg (2.40)
\JI jﬁ{ 1 (upgrade!)
\ f / | ﬁa Eskilt & Komatsu (2022); (Planck/WMAP)
Ng LS B =0.34 £ 0.09 deg (3.60)

B Linear polarization rotation is potentially caused by the axion-photon interaction

1 - ; -
Lint = 7967 0FuF" > wym =ky[1£ % ~ &+ %qb

tobs tobs )
b= / dt(wr, —wr) = %/ dtgp = &% [P(tobs) — P(temit)]

DO | =

temit temit
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ICB from cosmological axion background

Fujita, Murai, Nakatsuka & Tsujikawa (2020);...
_ Yad A
B =2

Constraints on the axion-photon coupling

‘ i/ Ho
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| |

Time evolution of axion with different mass
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Any other explanations on ICB?

B Faraday rotation due to (cosmological) magnetic field and free electron:

SYNCHROTRON
E EMISSION

FARADAY
ROTATION

Karl & Novikov (2004);

B Via loop-interactions, neutrino-antineutrino background asymmetry
could provide a difference of photon’s propagation between two helicities. 22 /28



Rotation angle at horizon size

d=0q/(l/¢ (g =H;!
o/(t/ln) L 0 Planck/WMAP: (3 ~ 0.005[rad]

10° - -
(B = 1nG)
10-20 .. ——z
Faraday rotation in IGMF
KA
o Neutrino gas in electric plasma
107 T XK
———————————————— B e
Neutrino gas in vacuum
-60 ] -
10 0 2 4 6
10 10 10 10

Dvornikov&Semikoz (2021); w, eV 23/28



Another important observational fact

Eskilt (2022);
B Constraint on a frequency-dependence of the birefringence angle B:

0.0

B Consistent with
frequency-independent

B, =5 . n
= Planck DR4 polarization maps
v = PO\ S = 150Gz ( p ps)
l{j. -
= —== 0.33°+0.10°
Q
=, B For a nearly full-sky measurement,
R
U~
oT4] o
8 Bo = 0.29°+0.10°
L < - +0.48
£ n=-0.35,
&
Q
=
L
_O
E
o
&)

—0.5

3044 70 100 143 217 353
Frequency, v [GHz] 24 /28



ICB from effective Lagrangian approach

B To explain this, we need to consider:

1 1~
L=—FF —-FOF
4 4

B On a cosmological background

Credit: Y. Minami

the rotation angle is given by its field displacement

1 [ 005 1
B = _/ t % =3 96 (t0) — ¢ (tLss))
t

b58 (present) (last scattering surface)

~

(0) = O(w) , it leads to a frequency-dependent birefringence

H
G}
|
G}
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Why axion is necessary to explain ICB?

Nakai, Namba, 10, Qiu, Saito (2023);

-

Chern Simons-type effective operator: Log = — Z F F, L

is possible to explain measured ICB angle in the EFT of Standard Model (SMEFT)?

\_

/

B Homogeneous & neutral background: Higgs, quark/gluons, neutrino

v’ Higgs vev, quark/gluon condensates: time-independent in CMB epoch - no ICB

v" How about cosmic neutrino background?

B~

—0.008°

137 1

TLSS

+Ch)y#

N4+ N*

A

(too small)

SMEFT is hard to explain ICB = Need for a new (light) particle
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Summary Overview

1 Protoplanetary
Gay[GeV™] disk (AB Aur) CMB (S4) ,
. . o ,fr-';"
1o-10 [CAST (solar axion helioscope) -, 4 -zct 7
S P Alupa
v /) mme=mT N4
10—12 _ /'”j/, KAGRA ff’f"/
_ / // ,', Strong lense
) < 1| (SKA)
107 ;
CM B Pulsars (SKA) .-
| \ DANCE
[ 8 lanc whap ME7(EHT)  Experimenta
10° )
As-rr‘ophysical QCD Axion
10—20
1 o'-32' 1 o'-27' 1 ol-zzl 1 0117' 1 o'-12 '10'-7' MaleV]
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Thank you very much!



