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1022

10720 eV
Hu, Barkana, Gruzinov '00

Hui, Ostriker, Tremaine, Witten ‘17
A~ 1/mv ~ kpc

Consistent with CMB
Reduced population of halos smaller than

10—22 eV) 4/3

101 M (
m
Centiral core in galactic halos

but more detailed analyses show tension

Bar, Blas, Blum, Sybiriakov '18
ey, S22 Z20IEN, Spergel 19
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Very good particle physics motivations:

e Jop-Down Motivation from String
Theory

eStrong CP

e(Generically predicted in a class of
solutions to the Hierarchy Problem

eSimple and predictive cosmology
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MISALIGNMENT

PQ breaking before inflation

T > AQCD
Via) =0




MISALIGNMENT

PQ breaking before inflation

& . Abell370 B .




MISALIGNMENT

PQ breaking before inflation

N U

m2 f26?

2

Pa —




MISALIGNMENT

-

30DUCTION

22y

Huge occupation number in a De Broglie volume (+ coherent state)

classical field

N U

0=alf,

0 +3HO+m2(T)0 =0




AXION COSMOLOGY
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AXION COSMOLOGY IN
GALAXY

Different axions take different paths
to reach our galactic potential well where they virialize:

T, ~ 1/ma<v%)M> ~ Qu/Mg ~ 1()6/ma

Ag ~ 1/ma\/<v%M> ~ 10° /my,

. .. . Abell370 } ..




AXION COSMOLOGY IN

A A

I N VA
Lots of axions in each velocity bin that we can resolve (even more in a De Broglie
volume):
—6 2
DM 10 eV car V
dN, = 'O—Vf(v)dv ~ 10*° , —
Mg g tint m
SO in each bin we are summing over a multitude of plane waves with different phases:
_ " -
a(t) E Re |e™v? E e'Pi
v 5 1=1 _
CL Theorem : Gaussian Random Field
2\ _ PDM
(a(t)) = 0 (Ja(®)?) = 225

a



R SamRNINTNINESS B aaeTwm

B

AXION DARK MATTE
DETECTION




STATISTICS INTERLUDE
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Time: Gaussian Random Field

(a(t +7)a(t’ + 7)) = (a(t)a(t"))

Mean (a(t)) = 0

Variance (|a(t)|%) = 223

~ my A

Frequency: Gaussian Random Field

Mean (a(w)) =0

Variance (a(w)a”(w')) = 6(w — w')S, (w)

P v
' /-’_—\k§ <
RCely \‘\.‘

3 / ' 4 \\_
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STATISTICS INTERLUDE

It ||V {

Data: d(w) = n(w) + s(w) s(w) ~ a(w) :

Noise: Gaussian Colored <n(w)> =0 <n(w)n(w’)> — 5(w — w’)Sn (w)

Likelihood:
1 [ de . d(@)d* (@)
Lld(w)] = =e J g ) F 5 @)
Z
Only the matters.

A ‘deterministic’ axion gives the same result (see next slide)




AXION COSI\/\OLOGY IN

1076 eV

Coherence: 7, >~ ms

1076 eV

Maq

Max Exp. Size: )\, ~ 200 m




AXION DETECTION
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AXION DETECTION
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Copper Graphene



AXION DETECTION

VxB:é’tE%—J%—gawB@tCL VXE:—atB

Cavity:

(%5
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AXION DETECTION
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AXION DETECTION

VxB:é’tE%—J%—gawB@tCL VXE:—atB

Cavity:

at + W ) En — gawﬁt (Bé}’ta)

(5’2 0 20 +m > E1 = ga~vBy/pDMmMg COS MG
1




AXION DETECTION

Resonant for many cycles

Q, ~ 10°
|deal for

my, ~ GHz ~ 107% eV

m
((9752 - —0, + mi) E{ ~ m,cosmy,t

Problems:

1. ~ (axion
mass)/-1

Power

decreases with axion
Frequency MAass

Wa ™~ Mg




LOW MASS AXION
) I\

A. Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou '19



LOW MASS AXION

D )N

p, ) mesw

dw o
Psig ¢ ppy W1 Min (m—ch Ql)

0 Wsig W W1 W

ma ma

A. Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou '19



OUR ANCESTORS

mIGINERIN R A

IY
With a different geometry, —
viable also for gravitational waves! HU oray
Radicati, Pegoraro, Picasso /8

. . Iy
Radicatl 1 -
. || antisymmetrical ‘;’9_@
level we
// | \\ W=Wq transition induced by
the gravitational wave
Menotti ==

Barbieri

ZAAN

RTD

\\ MAGO ‘05




SIGNAL POWER




SIGNAL POWER AT LOW
MA




SIGNAL POWER AT LOW
MA

S
2(82 5 W

w1 ~wy+mg  0(B) ~iwyB

n

Static: Oscillating:
E, ~ MaGayy/ IODMB Ey o WoZGayy+/PDMB
m2 — w? + 1 Ql (wWo + me)? — w? + 0 g:" 2 )t

= B




SIGNAL POWER AT LOW
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SIGNAL POWER AT LOW

A

Power = Energy/Time

Energy Time
- Q2 -
w2 B2V min “ min |7,. 7.| = min
1~a , as 'r
m2’ w2

a

1

Static: w; ~ m,

P ~ maBCQLV min |Qg, Q|

Naively no reason to build resonators with Q > 1016

Qa

Q

wl_




SIGNAL POWER AT LOW

Energy

w? B2V min

Qs QQ'

27
T, wl_

A

Power = Energy/Time

Time

min |7,, 7] = min

Oscillating: w, > m,

Great advantage of high-Q resonators at low ma

Qa

Q

g

wl_




SUPERCONDUCTING
RADIOFREQUENCY CAVITIES
P

1014
Chou et al, Science (2010)
Al-Mg atomic clock_/

Q-factor

Niobium superconducting RF cavities

12
Romanenko et al, Appl Phys Lett (2014) 10

1010 Crystalline optical resonator
Grudinin et al, Phys Rev A (2006)
Devoret & Schoelkopf, Science (2013)

Best superconducting qubits

Optical whispering-gallery resonator
Yang et al, Nat Photon (2018)

Quartz clock, High-Q Copper RF/MW cavity

Best pendulum clock

energy stored

Galileo’s pendulum Q=27
e energy loss per cycle
<100 )

From Anna Grassellino, Fermilab

= B




NOISE AND SENSITIVITY
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OSCILLATOR NOISE

Sphase (Cd)

Cavity Response

10MHz 3 OT SC-Cut

Vibrations lzj e — o
105 \\-\"
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VIBRATIONAL NOISE

W) = (M) () ~ G%_d “Wo p (.S, (w —WO)/VQ/?’) (wWn/Qn) Wt w?
Smech (W) = Z Smech( ) Pin Zl [(aﬂ —w2)?2 + (w wn/Qn)2] [(wg — w2)2 + (wg wn/Qn)Q]

S (W) = : S i ()

- M? (w? —w2)? + (Wnw/Qm)?

min
w,, =~ kHz

Class.Quant.Grav. 20 (2003) 3505-3522,
gr-qc/0502054




SENSITIVITY
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frequency = m,/2n
Hz kHz MHz GHz

10-10 CAST

SN1987A y




ROBUSTNESS TO LOADING

frequency = m,/2n

Hz kHz

MHz GHz

10—10

SN1987A y ) ‘§§ i
S 22
10—12 = 89 ]
=
- _
|
~14
% 10 €14 = 10_3 /M
U _
-16 g~1
g 10 €1q=107" ALP D
N _
1018 - Qi = 1012 _
€ =
|1(1 . grms = 1071 nm -
10-20 te=10" s B
| | | | | | | | |
10~ 14 10~12 10~ 10 10~8 1076 10~4

Demonstrated m, [eV]
forsa.different geometry,
but same setup

Class.Quant.Grav. 20 (2003) 3505-3522, gr-qc/ ‘
aY~al 1ol |




ROBUSTNESS TO ATTENUATION

OF VIBRATIONS

2 . e 7L
'-3%___ -,-‘.: R a‘ >

'/ % 4

frequency = m,/2n

Hz kHz MHz GHz
SN1987A y ) gﬁ 1
5%
~12 1 1
10 gﬂ
T ~14
% 10 Grms = 1 pum ‘0‘1‘\00
U -
& 10—16 ¢rms = 10nm p DM 0~V
S i
10718 — > 2 = 1002 |
| ¢rms = 10~ nm 7
u €1q =10 7
10-20 te =107 s B
| l | | l | l | l
10~ 14 10~12 10~ 10 1078 1076 10~4
Demonstrated my [eV]

In similar cavities

https://indico.physics.lbl.eov/indico/event/939/contributions/
4371/attachments/2162/2812/DarkSRF-Aspen.pdf



https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf
https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf

INTEGRATION TIME

frequency = m,/2n
Hz kHz MHz GHz

CAST

SN1987A y _ §§ -
10-12 d sensitivity with a 1 I
. <
— 100 times _
Lojo-14 orter experiment! %
>

O 3 i

e 1016 te =510 DM~

g te = 105 5 ALE
> _
10-18 el Qg = 1012 -
Eld =10 7 —
10—20 drms = 107! nm —
| | | | | | | | |

10~ 14 1012 10~10 10~8 107 104




THE POWER OF Q

frequency = m,/2n
Hz kHz MHz GHz

10-10 CAST

SN1987A y

10—12

10-14

10—16

Jayy [Gev_l |

10—18

10—20

10~ 14 1012 10~10 10~8 107 104




BROADBAND APPROACH




BROADBAND APPROACH

PRELIMINARY!
frequency = m,/2n
uHz mHz Hz kHz MHz GHz

1079

CAST
SN1987A vy

10-11

ADMX

resonant

cavties
Cood ol 1

~12
10 -3 10
10~

10—14 ’g?
%

10—15

Gayy [GeV]

10—17
10—18 %@&' .*

10—19 Lo 1o Hh il 1- o 1ol 1
10722 10720 10718 10716 4p-14 10712 10710 10% 106 94

mq [eV]

tint ~byears B~02T V =m"




CONCLUSION

* Light Dark Matter candidates behaving as a
classical field are appealing theoretically (strong CP
problem, Higgs mass, generically expected from
string theory), maybe as appealing as WIMPs were In
the past

* We are just starfing to explore them experimentally
(In this talk







frequency = m, /21 frequency = m,/2r

Hz kHz MHz GHz Hz kHz MHz GHz
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BROADBAND APPROACH

PRELIMINARY!
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BROADBAND APPROACH

PRELIMINARY!

1 | | ||||||| | T T T Tl
L << mHz 5 mHz

1072 £
_drive noise

1076

100 mHz

| 20 mHz
|
| 300 mHz —
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102 103
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BROADBAND APPROACH

PRELIMINARY!
frequency = mg/2nr
9 uHz mHz Hz kHz MHz GHz
10~
10-10 CAST
10—11 SN1987A Y w Sz
S 85
a 23
10-12 |
2 = :
O WHE E
s 0 ;
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= 5 =
10—17 =§ ALP DM( E:
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tint ~byears B~02T V =m"



BROADBAND APPROACH

PRELIMINARY!
frequency = mg/2nr
uHz mHz Hz kHz MHz GHz

1079
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BROADBAND APPROACH

PRELIMINARY!
frequency = mg/2n
uHz mHz Hz kHz MHz GHz

1079

10-10 CAST
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| 1=
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=
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BROADBAND APPROACH

PRELIMINARY!
frequency = mg/2n
uHz mHz Hz kHz MHz GHz

1079

CAST

SN1987A y

-13
10 50 wq/ Q¢

10—10
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ADMX
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OVERCOUPLING

Q1

Ssig(w) >Q 1
cp

Ssig(w)

Quantum noise floor
(amplifier)
@

Snoise(w) — Sql(w) | Qcpl

(Sth(w) + Sphase(w) T Sfr}e)ch(w)) | QOI S]fr?e)ch(w)

Overcoupling preserves the SNR in each frequency bin, but allows for bigger
scan steps




SIGNAL POWER AT LOW

Energy

w? B2V min

Qs Q2

2 )
m2’ w?

VA

Power = Energy/Time

Time

min |7,, 7] = min

Ratio: Oscillating/Static

2 (w1/Q1)
o (Ma/Qa)

Great advantages of our setup at low ma

Qa

0

g

wl_




SUPERCONDUCTING

/ % “.

1014
Chou et al, Science (2010)
Al-Mg atomic clock—/

Q-factor

Niobium superconducting RF cavities

12
Romanenko et al, Appl Phys Lett (2014) 10
1010 Crystalline optical resonator
Grudinin et al, Phys Rev A (2006)
Devoret & Schoelkopf, Science (2013)

Best superconducting qubits

Optical whispering-gallery resonator
Yang et al, Nat Photon (2018)

Quartz clock, High-Q Copper RF/MW cavity

Best pendulum clock

energy stored

Galileo's pendulum Q=27
e energy loss per cycle
<100 )

From Anna Grassellino, Fermilab



