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Motivation for Axion

0
In QCD, We have the Lo = QCD.gs Ga Gauz/
Lagrangian that 327

However, a quark axial rotation will shift this theta term and the quark
mass phase. (axial U(1) is anomalous under SU(3) QCD instanton)
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Physical: et = 6 + argdet M,

This \theta term also contribute to the neutron EDM
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Motivation for Axion

Therefore, we obtain

dnlg=—1 ~ (0.5-1.5) x 10" ecm x 6. D
0

Yohei Ema, Ting Gao, Maxim Pospelov and Adam Ritz, Phys. Rev. D |10, 034028 (2024)

Consider the current limit
d,| <1.8x10*°e-cm (90% CL
NnEDM Collaboration, Phys. Rev. Lett. 124, 081803 (2020)

6qep| < 107 Why it is so small?

One natural question is that is the theta term zero?

If yes, is there a symmetry to protect it!

Dynamical tunning from symmetry



Motivation for Axion

Consider theta as a dynamical field,
introduce the “axion” a

a 1 ~
— 40 GG
LD ( f. + ) 392
The anomalous axial U(l) symmetry
is the shift symmetry fro axion

"

a—>a+afe, 0—0—a PQsymmetry

Peccei
Dirac Medal 2000
Below QCD scale, described by the Chiral perturbation theory

2

Jr t ; Generated by the Ve (2T@)T
EX - 4 Tr[MqE +2Mq] QCD instanton effect =) p< fr )

E(0) = m2 f2 cos().

(a) = —0f,.

dm,my a 0
v 2 2[4 u .2 -2 a &
7rf”\/ (My + Mmg)? > (2]”0L 2) dn X £, -0=0.
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Motivation for Axion

Expanding on small theta, we have

. mwfw mqyMqg
- f/N '\ 2(my +my)

1012 GeV
fIN

Mg 5 ~ 6 ueV

The strong dynamics of QCD generates a potential for the axion, which relaxes it to the value
that cancels the 6 term, explaining why we do not see a nonzero neutron EDM. The axion mass
is of order m, f;/f. The axion is very light and very weakly coupled when f is a UV scale.

Light axion, high breaking scale

PQ symmetry may also be anomalous under SU(2)

a 1 ~ a 1 ~
L BB WWw.
- fB 32m? i fw 32m?
0,0 QTJF’Q Quark couplings are there, or

fQ generated by the RG runing



KSVZ Axion, DFSZ

Original PQ break at the EWV scale

Ruled out by various experiments

“Invisible” axion: Small PQ symmetry breaking
KSVZ axion
DFSZ axion )
Vpqv(0) = 2|c|Mf1>1 (\/ij]v\ﬁq) cos (nf + ).

Axion quality problem:

Need many powers

¢ Large explicit PQV terms. of suppression

@ Gravitational breaking of PQ symmetry.

Extra dimension (gauged PQ in the 5-th dim), string theory, etc
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Axion cosmology

A=

0+ 3HO+m2(T)0 =0
‘Friction” “Oscillation”

Hubble term
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Axion cosmology

Axion mass at finite T

A9
V ~ mumdeTe—&rz/gg(T) COS (f -+ 9) ~ mumdms— COS (f + 9)

o (T)? ~ muo}z;ms é,i Too light, non-thermal
a = 0y fa, H > my(T). H(T.) = mq(Te).

a TC C
azﬁofa\/Tn( )(R(T))3/2cosmat, T < T..

Energy conservation

ma(Tc) AQC’D ° 9 A faAQC'D
my T. 07eCh T M,

~ GOAQCD ~ PDM " eV AQC’D7

T, ~ GeV and f, ~ 1011 GeV. f, ~ 1012 GeV

Lattice simulation suggests a slightly large f

12



Axion Cosmology

0, h? = 0.0167 fa o
@ 0N 101 QeV

To have different f a

@ Initial theta small for large f a, or damp the E out
of axion,

® theta ~ \pi for small f_a, or some other particles
decay into axion

Except misalignhment from post-inflation, the axion can also
produced fro the decay of topological defects

Axion mini-cluster, axion star, etc.

13



Spectrum of Ultra-light Dark Matter

The Virial Theorem: the velocity of dark matter near Earth
is approximately 107-3 boosted by gravity.

Axion DM as an example, same for

2 .
a(t) = V2pDM cos(mat + ¢) other kinds (DPDM, etc)

Mgy

To ~ l/ma(v%M) ~ Qa/Mqg ~ 106/maL
~ GHz —~2
Frequency: Wa = “ 106 eV Bandwidth of axion
DM is |07-6
1079 eV Detector bandwidth < [0A-6
Coherence: 7, ~ ms m accelerate the scan rate
A ~ l/ma\/(v%M) ~ 10% /m,
1076 eV

Max Exp. Size: )\, ~ 200 m

Ma Momentum width | 0A-3

(14,
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Chendra, NuSTAR,
Fermi, Planck,
INTEGRAL
AMM-Newton
eROSITA, COBE,
HINODE, LISA,

Axion | A oA R |
Darkphoton ., <4 oA )

(MUSE/VIMOS)

Scalar/vector o picer

(Antarctica)

. \
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Astro-particle detection
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Stellar cooling

, L v P2
e Compton scattering: v +e~ — e~ + b;

e ¢ — N bremsstrahlung: e~ + N — e~ + N + b; \\

S
e ¢ — ¢ bremsstrahlung: e~ +e~ — e~ +e~ + b, D1

€

D1 P3

D1 D3
e N — N bremsstrahlung: N+ N — N + N + b; n\/

e pion-proton scattering: 7~ +p* — n+ b, , g A
where N can be proton or neutron and p* is proton. T

D2 P4
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SN 1987A [ !
NGC1275 —1ZS
< 3 Galaxy M87 -—138>
g 2 super star clusters __1493’
E . f=10"Gev| g
-3L : : ' = - |0910(_f2"(7)a/ev)
~22 -20 -18 -16 -14
Log,o[ma(eV)]
O 7S {EAB AR RE Y R (B vE é;AST , sg;:"’”; ;"(87' '59':‘(' y RIS 1T Y BB DR T d 7,
T #a T 'F. Chen, J. Shu, X. Xue, Q. Yuan, Y. NV X X
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*&TE Bl PR ) 4 () AR A Y-f. Chen, ... J. Shu., et al, Nature
T Astronomy (2022) 5, 592-598

Super-radiance slow down BH spin rotation, ref?
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Current status

® Axon dark matter detection competition :

~ Traditional resonant cavity: ADMX, CAPP, HAYSTACK
~ LC circuit: DM Radio, ABRACADABRA
~ Nuclear Magnetic Resonance: CASPER, Spin amplifier (USTC)

&

1018 XMM-Newton

to be explored! 10_19 IIIImTl‘EI,IIIIﬂ'I'IIIIIM Illlmc;llll'ﬂ‘ LBUALLLLLL BRI BLLALALLLL SRR BALLLLY LAUALLLL BUUALLLLL) BSLAUALLLLL BRAL
X 3 J . . 6 A i i P
xQ/\le/\ A0 A0 7107107 40710740 0 40 0 AT AT A AT 40 40 S 4T

m, [eV]

10-° :
10—7 4\’?’
10-8 l
SO ar v SN1987A
. . . 107 CAST &
©® The main experimental limits — |, . ; Horizontal branch s,
|> 10—11 'Fff;:%e;f:\“e Fermi X gg % 10,
come from the resonant cavity, @ w02 o & &,
‘L_D‘ 10-13 ) OO&‘%« &
: — 10 &8
CAST, and stellar cooling. g %
E 10—15 .
10-16 J &
A huge parameter space 07 JE o
o 2.
:




Inverse Primakoff Effect

-7
\\ Under strong
D\ magnetic field
(4 ~mmmeeeee / / background
Wave-like //; Y

dark matter

VxB~oE+J +gaWB8ta

Axion dark matter induces an effective current
under strong magnetic field.

Jeft (t) ~ Ggary~Bo(t)\/ppMmCOs Mt




Cavity with static B field

My
(5’,52 | 0 O + mi) E, ~m,cosm,t
1

Qq ~ 10°
Quantum amplifier to
readout the signal. m, ~ GHz ~ 1076 eV

. & IL@ ~ (axion
o~~~ | WS mass)/-1
Axion 1L -

£ :

L.“:f‘:.t' decreases with axion

Mmass

Wq ~ Mg

e.g. ADMX, HAYSTACK



Resonant EM detection of
axion dark matter

Cavity mode equation Source: a

(almost monochromatic)

> (0;-’ | ;’2 Oy + w> E, = gur 0 (Bdsa)

n P Mode: B
Signal Mode: E Hp OEE

© Traditional resonant detection matches axion mass with the
resonant frequency by using a static B field.

W1 My 0:(B) ~0

meg

(()’ | Q O + '”a> E1 = gayyB{/pDMMG cOS ML
1




SRF with AC B field

Signal Mode: E; bt

Z 8t2 | “n 875 + w,,% En = gawﬁt(B&ga)

Pump Mode: B,

ia«n
m, {
wo

Scanning the axion mass by tuning the differences
between two quasi-degenerate modes

A.Berlin, R.T. D’Agnolo, et al, JHEP07(2020)no.07, 088.

(almost monochromatic)

W =wnp T m,




Axion Dark Matter Detection Using SRF

Hard to scan for a broad mass window in traditional cavity!

w1 = Mg H(B) ~0

narrow mass window due to size of the cavity w1 ~wo+me  0(B) ~ iwyB

The AC magnetic field inside the SRF and
two nearly degenerate modes enable the
o6 Scan of axion mass from the

CAST frequency splitting.
108

: Much broader detection mass

10 .
10~ — window at lower frequency.

frequency = m,/2n

Hz kHz MHz GHz

SN1987A y

10—10

[GeV]

Only gray region is
excluded.

Large unexplored

0 % 0 o parameter space!

m, [eV]
A.Betlin, R'T. D’Agnolo, et al, JHEP07(2020)n0.07, 088. @



Broadband case

For ultra-light axion, W1 = W + Mg == Wy

Two degenerate and transverse modes can reach the ultra-light region!

frequency = mg/2n

109 HEz mHz Hz kHz MHz GHz
10~10
10~11
10-12
f-,:*: 1518 tint = 1 day
CE 10-14 e=10—510
§ 1075 i
10716
10-17
10-18 mechanical noise
10719 T _
10—22 1018 10716 10714 10712 10710 308 106 104
mq [eV]

A.Berlin, R.T. D’Agnolo, et al, [arXiv:2007.15656 [hep-ph]].



Axion search
TDR like

SHANHE collaboration

2= Fermilab
arXiv:2207.11346

Using the existing 1.3G cavity as a pathfinder

300K

VNA

= _ Spectrum
Analyzer

VTS

New designed cavity )
will be operated in '
the future.




LC Circuit with static B field

©® Resonant conversion L el J_
happens when =l L e

\/E DM Radio science: axions

Frequency

My = W =

kHz MHz GHz THz

© Scan the mass from 100 Hz

. 10—10
to 100 MHz by tuning the o
1 a | DM RADIO 3
Capac |t0 I C 3 o— 50L DETECTOR * o
(&) > QCO
o & 1w B=0.1T
< =
2‘ Qo 107'° 1 m® DETECTOR
O b=41 Now funded
<>E< 10-18 by Moor-e
Foundation!

e.g. DM radio, ADMX-SLIC Ve e

Mass

Assumptions: T=10 mK, Q=106, 3.5 year integration time,
guantum-limited readout



® ABRACADABRA: no capacitor, simultaneous scan of

Broadband Detection

broad frequencies using SQUID. [Y.Kahn, B. Safdi, ].
Thaler 16’]

Pickup Loop

M
¥ %

L;

S

SQUID

Gary [1/GeV]

ABRA-10cm (100x Noise)
ABRA-10cm
10~ 14

—
————— e
———— 1
______ =

e
o~ e
——— =
s

10—]6 -

10—18

ABRA-75cm R SO e

......
Framy e e R
________

10728 o 1o-U 102 107 107°
---- Broadband 50 Detection Threshold Broadband 1o Expected Constraint QCD Axion
—-=- Broadband Expected Constraint Broadband 20 Expected Constraint HEl CAST
---- Resonant 50 Detection Threshold Hl Resonant 1o Expected Constraint Hl ADMX
Resonant Expected Constraint I Resonant 20 Expected Constraint 8 ADMX Projection

(39,



Higher Frequency Electromagnetic Resonant Detection

o ————

IREREERENREAE

e
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\ Induced field

|

\

\\ §b+

. JPolariton

1 Dielectric Haloscope: discontinuity of E-field leads to
¥ coherent emission of photons from each surface, up to 50
GHz. [A.Caldwell et al 17’]

2.Plasma Haloscope: using tunable cryogenic plasma to match
@ axion mass, up to 100 GHz. [M.Lawson et al 19']

3.Topological Insulator: quasiparticle in it mixing with E field
¥ becomes polariton whose frequency can be tuned by magnetic field,
up to THz. [D.J.E.Marsh et al 19']




Birefringent effect

different phase velocities for
+/- helicities

Measure the change of
ga')'Aa(tobesa xobs;temitaxemit) the POSition angle:

obs
Ja~ / ds n* 0,a

emit Requires polarimetric
ga~|a(tobs: Xobs) — a(temit, Xemit)), measurements



GW Interferometers and Birefringent Cavity

9 Interferometer: using vertically polarized laser and measuring the horizontal
component, resonant when baseline matches A .. [DeRocco, Hook 18]

mirror

Very Long Baseline
(aLIGO: 4km)

4k
FFFFFFFF
cawi

107°

T

Photon reflects many times
(aLIGO: typically 500 times)

-

(@]
A
o

—_ —
Q o
oL
N -

Designed to detect
tiny signals

s

o
-
w

-

(=
-
N

Fabry-Pérot
cavity

Linear Polarized Laser is used

‘—' photodetector

Coupling constant [GeV™]

o8

o
-
&)]

3
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&
(0]

Helioscope

Cosmic Explorer

A7 [
10
10-18

10-15

10-12 10-11

AXion mass [e

10-14 10-13

m Birefringent cavity: using mirror to accumulate the axion induced
sideband. [Liu, Elwood et al 18]

Laser

[GeV~]

£f=2m

ADBC Experiment
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10°Sh st Yool
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10714
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f=2m,T =max(357,1s), Ap

10-10

107

AR TR TR
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=4
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Integrated Limits, Tiora = 30 days | ~§
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10°8
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1071°
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Light Shining Through Walls [Redondo, Ringwald 107

1 | | |
Xe] (=} ~ (o))

-10

-11

-12

Log(gaﬂ/GeV' Y

Low Opacity Hints
-13 Meyer et al. 2013

_14

-15

-16 : ; : ' 4
-10 -8 -6 -4 -2 0 2
Log(ma/eV)

a Photons convert into axions in B field, pass through a
wall and convert back into photons.

u Both optical and SRF cavity [Janish et al 19].

g Not dependent on if axion is the major dark matter.




Cosmic axion backgrounds

AXxion can also be served as the
cosmic backgrounds.

- CaB Landscape 2 = : i 8
_ SE k e 10~
L Javy = Yayy o ?j\ E
m, < 1 neV E = "{?x
3 a 3
T wE | bound very weak!
- 1 T 109 |
i | &KX ] > I
] l QU ) . .
r | SO O, L tee s
F | ] - 1 o 7
" | | - - -

r . s 10710 1 , -.
. I . . . L CAST (2017 ;
.. ’.‘," l| /// i H“ Pr()f(‘l'l'(‘,d ’(."—_\\\ .. 2 T r AAAAAAAAAAAAAAAAAAAAA R e E__)____——"'
B 1 i i ,,/..; \\ - e s
"COS ,l,/,“’m : /, | = . ] : ”’—__,
C ‘\‘Q{C\Sprjn //f lllg :j &Q'.\"b‘}// \\\ E 10_11 : /”’ = TD\/I — 1.8 tU
- =S e | > \ 3 3 - 2 3

L DTSR} 3 N v | W ADMX (this work) Proj. (Abs. Power, R=L) |
E . /’/ ! ‘:%‘ ~~~~~ ':r~g~ ’ ’ ) : ‘\‘ | == Proj. (Abs. Power) == Proj. (Abs. Power, 10 mK) |

1079 1078 1077 1076 1075 104 1073 102 0 | 20 ‘ 40 e,
w eV
[ ] mpwm [/,LGV]

® Relativistic T. Nitta et al. (ADMX), Phys. Rev. Lett. 131, 101002 (2023)

@® Anisotropic

The Cosmic Axion Background

Jeff A. Dror,!2:3:* Hitoshi Murayama,? 34T and Nicholas L. Rodd?3:%



Nuclear Magnetic Resonance Budker, Grahametal 13]

@ CASPEr Electric: axion gluon coupling leads to oscillating
EDM.

@ CASPEr-Wind: axion nucleonscoupling ~Va - on leads to

precession of the spin, proportional to axion DM velocity
(wind).

Larmor frequency (Hz)

~10° 10° 105

R 5[ ] ' | ‘
?‘5 1071 / SN1987A
= = 1n[ CASPEr-e
Bod B o0 10 " 5mm
’ 1 j = —é* CASPEr-e
SQUID S 107"°] cavities
= _
(or better beyond SQL) / ’ 1 é .'
AA7 e S
/ E ’
Y 2 ,”_ : 1 1 1
D = 1 107° 107 ik

A

: : mass (eV)
Planck scale GUT scale

Larmor frequency 2 UBext = ms leads to NMR-like
resonant enhancement.




Axion-Induced Fifth Force [Moody, Wiczek, 84]

Monopole-Dipole axion exchange

Axion-mediated monopole-dipole interaction betweennucleons:

QCDAxionmy in eV
o> 107 100

Experimental Bounds -

Astrophysical and Experimental Bounds

[ARIADNE 14]

Force Range in cm @
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| Summary and outlook




Summary and outlook

® Axion is very theory motivated particle, even though its
invisible property needs some care.

© Natural wave-like.

©® Astro-particle and quantum search can be boomed in
the future.
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