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Axions are light Pseudo-scalars

* (Goldstone bosons from new symmetries, naturally light.
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Axions are light Pseudo-scalars

* (Goldstone bosons from new symmetries, naturally light.
* Couplings to SM are naturally small.

* Axion’s mass comes from breaking of the new symmetry.

Spontaneous a Explicit

breaking breaking
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Axions can solve the Strong CP problem

Peccei & Quinn (1977)
Weinberg (1978)
Wilczek (1978)

e« QCDAxion My fa ~ My fr

Kim (1979),
Dine et. al (1981)

U(L)pp +
QCD instantons
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Axion Like Particles

Peccei & Quinn (1977)
Weinberg (1978)
Wilczek (1978)

e« QCDAxion My fa ~ My fr

Kim (1979),
Dine et. al (1981)

Svrcek & Witten (2006), Arvanitaki et. al (2009)

 Many axion-like particles (ALPs) from string theories

f is usually at Grand Unification scale: 10'® GeV

Masses of ALPs independently span a vast range.
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Axions can be Dark Matter (DM)

Preskill et. al (1983), Abbott & Sikivi (1983), Dine & Fischler (1983)

Large occupation number

Cold dark matter v~ 10 3¢

Behave like wave

apm(t) ~ ag cos (mgt)

PDM = 51,0
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This Talk

* Axion-photon coupling

+ Superconducting radio-frequency (SRF) cavity, < ~10ueV

CG, Roni Harnik (JHEP 2021)

4+ Microring resonator, 0.1~10eV, DM

Nikita Blinov, CG, Ryan Janish, Roni Harnik, Neil Sinclair (In progress)

* Axion-nucleon coupling

+ Superfluid Helium Three, ~0.1ueV, DM

CG, William Halperin, Yonatan Kahn, Man Nguyen, Jan Schutte-Engel, John William Scott (2208.14454)

Joshua Foster, CG, Yonatan Kahn, Jan Schitte-Engel (In progress)
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https://arxiv.org/abs/2208.14454

Axion’s Two Photon Vertex

g ~
[fint D ]aFqu S <{::\V/\/\W/: Y

= qgal - B "
a ------ A
g X 1/ f . y
7_‘_O
Axion searches usually rely on axion-photon DA A A Tk a
conversion in a background magnetic field.
B
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Sources of Axion Detection

SN 1987A

+ Axion dark matter

+ Other astronomical sources, e.g. SN 1987A
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Very narrow

From The Review of Particle Physics (2020) e\ ERECFIEE DM

Astro

Relies on

modeling of
astrophysics

UNIVERSITY OF

ILLINOIS

AAAAAAAAAAAAAAA

scanning

LSW (OSQAR and Others)

ABRACADABRA

ermi

SN1987A
gammas

Chandra

Haloscopes
(ADMX and Others)

Helioscopes (CAST)

1071

012 107 10°®  10°°

1074 1072 10O

Axion Mass (eV)
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Broadband,
pretty robust

QCD

axion
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Very narrow
From The Review of Particle Physics (2020) [LEUSICIGIRERTIES - )|

scanning
10°° e
LSW (OSQAR and Others) . PVLAS
pe Broadband,
106 pretty robust
- Helioscopes (CAST)
i 10—10 _______________ S
)
e
3 s D
kS Chandra .
axion
Haloscopes
Astro Sy (ADMX and Others)
Relies on \/
modeling of
astrophysics 10-16 | | | | | , | , . . . .
1012 1010 108 107 104 1072 10°
Axion Mass (eV)
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Light-Shining-Through-Walls (LSW)

gall - B
.......... Optical
\m barrier
X
L
. . 4
Tiny signal rate x g
[ Want large number of photons to source the axion
[JWant a low noise detector
ILLINOIS aF Fermilab
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Light-Shining-Through-Walls (LSW)
galk - B

.......... Optical
barrier

* Tiny signal rate g*

Quality

Cavity

High M Want large number of photons to source the axion
M Want a low noise detector

IIIIIIIIIIII
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Quality Factor of Cavities

o o energy stored
= 27
@ energy dissipated per cycle

The higher the Q is, the lower the loss is, and the
larger the number of photons are stored in a cavity.

IIIIIIIIIIII
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Quality Factor of Cavities

Earth lonosphere ADMX
Q=3 0~ 107
Ph Re. Lt. 127 (2021)
High quality cavities have O > 107 ~ 10!2
(depending on the resonant frequencies).
ILLINOIS a¢ Fermilab
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Superconducting Radio-frequency Cavities

+ Superconducting radio frequency
(SRF) cavity has a resonance

frequency around GHz (10ueV)

650 MHz cavities at Fernilab W

+ 0 = 10', can store 10?° photons
with a field of peak amplitude

Epeak = 80MVm ™!

IIIIIIIIIIII
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Superconducting Radio-frequency Cavities

' Temperature range
> 75/120 | szo5 5nm " explored in SRF
* N-Doped 107 g s a A 51 s s S S
I . z v :
® 120C ® 26GH:z i
A N‘lnfused A 5 GHZ :
B 800CHT v 1.3 GHz-after heat treatment i
" |[——TLS model fit :
Sy ] wscce =
v | 'V
v °
M I
k :
| B !
1018 ':-“ .I. : =
. gt ' v
‘ g™ @ E
N . | - @ :
R ‘/./ 1
Lo |
10° F Wﬁﬁ‘w“JTLS-dominated regime :
] T o -
0.01 0.1 1
Temperature (K)
102 + : - ! ! : A. Romanenko and D. |. Schuster
0 10 20 30 40 50 Phys. Rev. Lett. 119, 264801 — Published 28 December 2017
Eacc(MVIm)
https://accelconf.web.cern.ch/srf2019/papers/mop031.pdf
UNIVERSITY OF * [ |
I ILLINOIS a¢ Fermilab

18 Christina Gao | Axion Detection using Quantum Technologies and Systems



SRF Cavities - Dark SRF

N
i‘ |
e

A

——

Emitter :
N CMB
f~1.3 GHz
9 sf ~1 Hz )
10 O~ 10°
tint ~ 30 min
10—10 - N
- DarkSRF - Preliminary
Receiver 10—9 10—8 10—7 10—6 “H‘ 10—5

A dark photon LSW search at Fermilab using SRF cavities.
Demonstrated high Q and frequency control.

Dark SRF - A. Grasselino, R. Harnik, S. Posen, Z. Liu, A. Romanenko (to appear).
I ILLINOIS 3F Fermilab
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Superconducting Radio-frequency Cavities

Snowmass white paper

“Searches for New Particles, Dark Matter,
and Gravitational Waves with SRF Cavities”
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Review of Cavity Axion Searches

CLEl 'B()

+ a quiet cavity + static B

*+ signal w1 is a cavity mode, enhanced by Q.

* tiny Y = large B desired, but large B may
X By penetrate SRF cavity.

IIIIIIIIIIII
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Review of Cavity Axion Searches

CLEl 'B()

W1 = Wp T Wq < + static B — active cavity mode wo

*+ signal w1 = 2nd cavity mode

+ frequency matching: w1 = wp = wq,

+ new DM axion search strategies

Sikivie (2010), Berlin et. al (2019)
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Our proposal
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LSW Axion Searches with SRF Cavities
a E1 ' B()

W1
oooooooooooooooooooooooo o o o g
wWo W

+ 2 active cavity modes to source axion in the emitter.

+ 3rd active mode in the receliver, satistying frequency matching.

2= Fermilab
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Signal Field
a E1 ' B()
FEq7

<

By (Ey)
Maxwell’'s equations
V-E=—-g,,B-Va VxB=0E—qg,, (ExVa— Boa)
............ nrvensiy or
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A

energy

time

IGN

Signal Power

CLEl 'B()

Z;peak
2
4 ~ QVEpeaknOl/d
Epeak Epea,k
< d >
() = quality factor
1 , Qv3g 7701 Epeak V = volume of cavity
|E1 ‘ X 5 o1 = geometric factor
T Jv d Epeak = field amplitude

Christina Gao | Axion Detection using Quantum Technologies and Systems
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Jar (GeV 1]

Sensitivity of the LSW Axion Search

10~

10—10

—- 650 MHz Cavity
signal mode

rT

L'Bo11

r1

L' Ep12

rT

1 Ro14

rT

L' Ep1g

CAST (95% CL)

" [ [ ] l§.§
...lllllllllllll
-llI-lll"l.
'--..-----------.-..
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...llll...
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10—11
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ALPS II
= t. =1 year |
L1 RN RN I
10~7 10~ 1075
m, [eV]
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SNR =

E

P bkg

0 = 10"

eak = SOMVm™

S1
~\/tnAO; > 5
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Axion Searches at Optical Frequency

107° -
LSW (OSQAR and Others) . PVLAS
10-8- ¥ . 2
ABRACADABRA ' | Helioscopes (CAST)
L 10710, .
% e e = — === |; . Horizontal Branch Stars~ _ |
=
= - SN1987A
-1z gammas
5 10 Chandra
>y
Haloscopes
1014 - 650 MHz Cavity AX and Others)
signal mode 0
| — TEOll .......... TE014
— == TEgp2 = TEqs
10—16 ' ,' ! ! . - ;
1012 1010 108 10°° 10~ 1077 10°

Axion Mass (eV)
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Axion Searches at Optical Frequency

Optical Cavity: eV

Evanescent
field

microring resonator Luo+ (2019)

O ~ 10’

can be mass produced
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Axion DM Searches on a Chip

CCD _

K~~~ .f\/\/\/\/

Signal photons can be resonantly produced if frequency and momentum match.
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Axion DM Searches on a Chip

K~~~ .f\/\/\/\/

Signal photons can be resonantly produced if frequency and momentum match.
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Axion DM Searches on a Chip

Signal photons can be resonantly produced if frequency and momentum match.

IIIIIIIIIIII
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Axion DM Searches on a Chip

SNSPD + cavity, 30 days

Preliminary '
CAST
10~
A million to a billion T

rings integrated = 1010 L

(printed) on to chips <) - STT TR e
- I
= 10-11 = lcm3, 10 T

10-12E CCD + waveguide, 3 yr

Background: dark count
101 10Y

Mg (eV)

IIIIIIIIIIII
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Axion Nucleon Coupling
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Axions nucleon coupling

Ling D gaNaMCLNV'uWE)N JaN — 27, CN

 Ja N constrained by astrophysical processes, such as star
cooling.

Beznogov et. al 2018)  Jann < 2.8 X 10_1OG6V_1 (90%CL) m, < 10keV

.

- N

IIIIIIIIIIII
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Axions couple to nuclear spins

Ling D gaNﬁuaNV””YSN JaN — 27, CN

e JaN allows us to search for axion DM using Nuclear
Magnetic Resonance (NMR).

Heff D § ) (gaNﬁa) CLDM(t) ~ ap COS (mat)

B ~10719T (g )

10-19GeV—1

AdDM

IIIIIIIIIIII
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Nuclear magnetic resonance

e Resonance condition: w =wr =By

By

A

B | coswt
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NMR: axion DM search

* Tune boto match axion mass with
Larmor frequency Wi

By

Lo
ey

By, ~ sin(mgt)
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NMR: axion DM search

* Tune 5o to match axion mass with |
Larmor frequency wr CASPEr-gradient

e CASPEr-gradient 5

Jan < 5 x 107°GeV " (95%C.L.)

| Hyperpolarized }}
liquid
Xenon

mg € (1le—22,1.3e—17) U (1.8e—16,7.8e—14)eV

o
Py

 Many challenges to improve sensitivity, but

direct evidence of 9aN is crucial for testing Bapy ~ sin(mat)
QCD axion.
ILLINOIS aF Fermilab
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Superfluid Helium 3
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Properties of “He

0.05
HELIUM-2

0.04 bec (Solid) ) Spm 172

* Very low temperature, superfluid phase (~
Bose Einstein Condensate)

-
o
@

0.02

Pressure - kbar

Fermi liquid

0.01

0 0.001 0.002 0.003

Temperature - K
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Properties of “He

0.05
HELIUM-2
¢ Spin 1/2
0.04 bee (Solid)
i * Very low temperature, superfluid phase (~
£ 5.03 Bose Einstein Condensate)
. » Cooper pairs: S =1 L =1 magnons
3 0.02
8o
 Our setup is based on the B phase, almost a
o Fermi liquid perfect magnon BEC
0

0 0.001 0.002 0.003
Temperature - K
UNIVERSITY OF * [
ILLINOIS 2¢ Fermilab
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Pulsed NMR

T iiiiNGIS 2% Fermilab
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Bonkov & Volovik (2018)
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Pulsed NMR with “He — B

pumping N magnons

S

= & L2

/“ f >

P ~ o
)
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Pulsed NMR with SHe — B magnon BEC formed

with the same N

Bonkov & Volovik (2018) pumping N magnons

) R _ - -
e N =Vn, nx1-—-cospf > "
Bo(2) \

: Fomin (1984) / B
= N ] ) .
h 4 : o VHPD: 7ncO<]-—COS]_O4 ol = >
) V\ﬁu ) Nc ) :"; .
i
i

~ e Leggett angle

! l

(-i
“ /\\
{ A A A

— ~
/

/ -
I ILLINOIS - aF Fermilab
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Pulsed NMR with SHe — B magnon BEC formed

with the same N

Bonkov & Volovik (2018) pumping N magnons

) R _ - -
e N =Vn, nx1-—-cospf > "
Bo(2) \

: Fomin (1984) / B
= N ] ) .
h 4 : o VHPD: 7ncO<]-—COS]_O4 ol = >
) V\ﬁu ) Nc ) :"; .
i
i

~ e Leggett angle

3 wr, = YB(zwa)

! l

(-i
“ /\\
{ A A A

— ~
/

/ -
I ILLINOIS - aF Fermilab
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Pulsed NMR with “He — B

Bonkov & Volovik (2018)

N=Vn, nx1—cospf

Fomin (1984)
N O
VHPD — —, N X 1 —cos 104
Yz

Leggett angle

wr, = YB(zwa)

Decay of HPD —7 Uwall — Wr, (t)
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coherent decay of BEC:

N decreases
Varp decreases

& &
) )
< ~iy

/ . / -

)
- —ps - _._ _
104>
~ > r ~
I )
~ - = ~ _;, et
< T ™

\/ 1' \/ i )
O N

4 4 4 A
r A @ A
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Adding axions
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Axion DM detection with HPD

ECLDM ~ ”Y_lgaNg\/,ODM COS(mat —+ ¢a)

IIIIIIIIIIII
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Axion DM detection with HPD

EQDM ™ 7_1gaN77\//0DM COS(mat T ¢a)

1 dN 1

dBg

dz | =

IIIIIIIIIIII

ILLINOIS

AAAAAA -CHAMPAIGN

50

N dt 11

%7_&@) e No axion: N ~e VT
g ——
<*\4>
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~ vB, cos(mgt + ¢g) sin (wr, (t)t)
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Axion DM detection with HPD

EQDM ™ 7_1gaN?7\/IODM COS(mat T ¢a)

1 dN 1

dBg

dz | =

IIIIIIIIIIII
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N dt 11

o . i ~J _t/Tl
%>~Ba(t) NO axion: N €
—— Ama

e When wi(t) = m,

Ta = axion coherence time

Christina Gao | Axion Detection using Quantum Technologies and Systems

~ vB, cos(mgt + ¢g) sin (wr, (t)t)

N, ~ ~yB,7,s1n ¢,
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Axion DM detection with HPD

EQDM ™ 7_1gaN77\/IODM COS(mat T ¢a)

B(z) ;ICZ;X N ;1 VB, cos(mgt + ¢g) sin (wp, (¢)t)
= S
% L B, (1) » No axion: N ~e ¥/
ZV <¢W%>L e When wr(t) = mq = Am,
4
<> N, ~ yBoresind,

IIIIIIIIIIII
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Since "¢ is fixed by Leggett angle, N, — AVupp — Awr,

Christina Gao | Axion Detection using Quantum Technologies and Systems
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Resonant frequency shift

EQDM ™ 7_1gaN77\/IODM COS(mat T ¢a)

dBy
dz |

IIIIIIIIIIII
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DM
AwL

0
Wr,

~ vYB,0zoT,

~3x 101 JaN
(10_1OG6V1

Christina Gao | Axion Detection using Quantum Technologies and Systems

)(

_ dB 1

- dz BO

<0

10~ eV ( Q20 )
my 0.02
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Resonant frequency shift

éaDM ™~ 7_19(1]\717\/ PDM COS(mCLt -+ ¢a)

mg ~ 107 eV JoN = O X 107 °GeV ™1
x107°

1 l e 1T * Frequency can increase or
j 11 decrease depending on the
o 2T ~d T iInstantaneous phase.
> 1
s L 1 e« The frequency shift is permanent
] | after wp <mg
‘> | Monochromatic
T Z;Z/ : 1+ Resonance only works for |
b —3/0 transverse component of the axion
B e e e A R R 1 | wind.
—0.2 —0.1 0.0 0.1 0.2
At |sec]
ILLINOIS aF Fermilab
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Resonant frequency shift

. 20DM
BazgaNN\/ 5 U

EQDM ~ fy_lgaNﬁ1 / PDM Cos(mat -+ ¢a) Foster et. al (2018)

- A L (1+v2/2)t+ o,
g ~ 10_7€V JaN — D X 10_5G€V_1 & ;aﬂ \/f(vj) LR (m ( +UJ/ ) +¢J)

XIQ_GI | | | | | | | | | | | | | | | | | | | | |
A | | B b x107 B
i Il 2 ]
_ T B _
= [ T -

=

~— - 4 N — i
< | | A _
SIS -+ -
| - i —
S | Monochromatic AN [ Finite Width i
-2 i ¢ =1/2 Example 1 |
- = — Example 2 -
4 | — ¢ =231/2 ——  Example 3 1

| ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
—0.2 —0.1 0.0 0.1 0.2 —0.1 0.0 0.1 0.2

At [sec] At [sec]
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Scan axion mass

_ dB 1

éa ™ ’7_1ga]\ﬂ7\/ PDM COS(mat + ¢a)
oM wr, = YB(Zwall) =5
0

Boy(z)

 Decay of HPD naturally sweeps through
many axion masses.

 Choosing large gradient &x covers more
axion masses, but spends less time on
each mass.

dBy
dz |

 Choosing small & may result in more than
one axion coherence time spent on each
axion mass.

ILLINOIS 2F Fermilab
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Signal to noise

Bopy ~ 3 Lgun® cos(mgt + ¢q db 1
Y~ GgaNT+/PDM COS( Ga) Wy — ’YB(Zwall) -
dz B() 20
Bo(2)
Aw%cochastic T
— — W% Tl
!
dB L S—
| = = >B o(?)
*W%
+— A,DM
‘ SNR ~ N1/4 , N = number of experiments
Awstochastlc
ILLINOIS 3¢ Fermilab
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Axion nucleon coupling limit
me/(2m) MHZ]

AAAAAA -CHAMPAIGN

10" 10!
L] ! I I I I I I T _
1077 E SHe HPD (87;167 Ig};r}l)??? %07 a2y, tint) SN 1987A = SNR ~ vB, \/VHpDnM (Tltint)1/4 X min[\/ﬁ, \/TaI-
- —— (10, 10, 0.55, 0.005, 10 min) Neutron star coofin -
1077 —— (100, 100, [0.5,0.55], 0.01, 1.3 years) = N = tine /T
- —— (1000, 100, [0.05,0.55], 0.2, 1.5 years) -
10—11§ E
R - Bo < 0.55T 3He _
= el M T e to prevent “He — B
O, ma/(27) [MHZ] = from destabilization
B 16.0 16.5 17.0 17.5 18.0 B
<. 13 _ R
= 107 10 - = _ _
S F — | - -+ very compelling reach even with
0L SNR — : _ a conservative setup
— - 1071 E —
— £ - ] -
1071 RIS Zo e NINSNSESENSESINN S - * more careful statistical treatment
- QCD Axion 6 68 0 e i e - FGQUired
1071 I | " IeVI | | 1OI =
107° 10=7
mg [eV] _
ILLINOIS 2= Fermilab
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Backups

I ILLINOIS 3F Fermilab
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Setup

wo Axion frequency
W4

+ Fundamental frequency: 650
MHZz

Signal frequency
W1

*+ Quality factor Q = 10! w1

+ Eea = 80 MVm~! (or 0.26
Tesla) for all active modes

Ongoing work at Fermilab SQMS center.
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