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Outline

* Axion lecture #1: Current/ Past generation axion experiments
* Theory motivation
e “Light Shining Through Walls”
* Solar axions

 Sikivie haloscope (resonant cavity) technique and current results
e ADMNX, HAYSTAC

e Axion lecture #2: Future experiments, R&D

e Higher frequency and mass
* High frequency R&D- Magnets, Cavities & Electronics
* Broadband detectors- dish antenna
* Open resonators- Madmax, Orpheus

* Lower frequency

e LC circuits
« ABRACADABRA, DM Radio



Haloscope Technique

e Axions from galaxy halo convert to microwave
photons in a magnetic field.

 Signal power:

: 2
P=4.102 W (—— 2 Ve (ﬂ_r)2
200 ¢) \ 8 Tesla) ™ \0.97

fa ( M ) min(Qy,, Q)
0.5-1024 g/em® ) \1 GHz 1 x 105

Form Factor C,, overlap of cavity mode E - B,
Dark Matter Density p,
Axion Mass m,

Resonator Quality Factor Q_~10° ) —
Axion Q from velocity dispersion Q, ~10° See Pierre Sikivie,
Couplings to Photon g, ~0.97 for KSVZ model “Experimental Tests of the

~0.36 for DFSZ
Iy or Invisible Axion” 1983 PRL
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Noise Performance of Microstrip Squid Amplifiers

1 Noise Power

. . = 700 ==
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Cryogenic Electronics System Package- 2017/2018
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MSA Operation in ADMX 2017/ 2018 Runs

« Amplifier package at higher temperature than resonator due to thermal short.

 Causes distinctive “dip” in noise power at cavity resonance.

* Typical system noise temperature was ~500 mK.

Digitized Power (Arb. Units)
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Example Cavity Noise Measurement

Multiple MSA Biases

Bias #4 (Optimal)

On Resonance
150 mK Cavity

Off Resonance A
300 mK Attenuator

672.25 672.3 672.35

Frequency (MHz)

672.4

672.45

SQUID
300 mK

- Upper
coldfinger

- lower
coldfinger

Cavity
150 mK



Signal to Noise

. 1 Noise Power
* Tnoise = :
kp Bandwidth

* Suppose we have Ty,ise = 0.5 Kelvin
* Pooise = kpTnoise * Bandwidth = 0.5 - 1.4 X 10"%3W /Hz - Bandwidth

* Bandwidth of axion is due to halo velocity dispersion L;r—f~10‘6

* ~1kHz at 1 GHz axion frequency
2 1023w ~20
* S0 Pypise~10°Hz - = 107“"W

Hz
* Still about three orders of magnitude larger than the signal!




Noise reduction by averaging

World’'s Most Sensitive RF Receiver
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We are systematics-limited for signals of 10-26 W
— 0.1% of DFSZ axion power!
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Experiment Operation Procedure

by Back round-Subtracted
St Raw Spectra

o* The cavity frequency is scanned over a region until the
desired SNR is achieved.

* Convolution with filter matched to expected axion line
shape.

AN AN

* Typically we have ~10° independent measurements on each
axion linewidth, averaged to reduce noise by V106

* We then examine the combined power spectrum for signs of
excess

Single Spectrum SNR (offset)

* Excess power regions can be statistical fluctuations,
synthetically injected signals, RF interference, or axions 80 Signal Signal

Optimally Filtered

* Excess power regions are rescanned to see if they persist 60 | Combined Spactra

40 SIMULATED SIGNALS
NOT A REAL AXION

* Persistent candidates are subjected to a variety of
confirmation tests: for example: magnet field changes or
probing with other cavity modes.

Combined SNR

L.Nw

647.99 648 648.01
Frequency (MHz)

* We do blind signal injection, so we always have candidates




Predicted Axion Signal Shape

Recent N-Body models
actually suggest the axion
lineshape is narrower than
the standard virialized
model.

Our analysis searches for
both.

Probability Density / Hz

Line Shapes For 600 MHz Axion
0.003

‘Maxwell-Boltzman
N-Body ———

0.0025 |

Lineshape scaled to current

0.002 | -
ADMX run

0.0015
0.001

0.0005 |

0

0 100 200 300 400 500 600 700 800 900 1000
Hz Offset

Adapted from: Lentz et al. Ap.J. 845 (2017)
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You might have an axion if the signal...

* Can’t be seen in the room outside of the magnetic field
* Persists all the time

* Follows the Lorentzian lineshape of the cavity

* |s suppressed in non TM010 modes

* Scales with the B? of the magnet

* Has a tiny daily and annual frequency modulation

No candidates passed tests in 2017 run.
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First ADMX-G2 Result (Data from 2017 Run)
* Exclude DFSZ models at 90% CL from 2.66-2.82 ueV.
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2018 Operations

Fridge Temperature (K)

Improved performance in 2018 running— lower temperatures
and more efficient data collection.
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Setup: Cavity B LAYSTACD

Resonant Microwave Cavity MY S

TM010-|Ike mOde A [ A [ A
3.6-5.8 GHz

=P =]
< <
» »

Piezo electric motor controls position of rod

10.2 cm
Rapidis, Patras 2018, June 17-22, 2018

S. Al Kenany, et al, NIM A854, (2017) 11-24.



Setup: Magnet & Cryogenics HAYSTAC ©

& He3/He* dilution
refrigerator

ol 1TSS

i 9.4 Tesla Magnet
10L Magnet

rve

Josephson
Parametric
Amplifiers
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‘Results of Phase | - HAYSTACC

Frequency (GHz)
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Rapidis, Patras 2018, June 17-22, 2018 L. Zhong, et al, Phys. Rev. D 97, 092001, (2018)
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How to Speed up Axion Searches

» Effective scan rate of ADMX in 2018 was = 1 MHz/ day
 As we move up in frequency,

* Expected axion coupling increases
Cavity volume decreases, decreasing signal
Cavity Q decreases, decreasing signal
Quantum limit increases, increasing noise

Scan Rate Vs Frequency & other parameters
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Higher Magnetic
Field Increases
Signal

Arrays of Quantum Sensors
Cryogenic RF Reduce Noise
Resonators Increase (qubits, etc.)
Volume




Beyond the Quantum Limit

< A0

{aPla)
=|ajsmb

\ (

. Quantum limit comes from trying to measure both
amplitude and phase of a harmonic oscillator (mode of Rl i3k
E fleld) Phase space area is still (z‘r.l;;\t[:;, A

¥h but is squeezed in
radial (amplitude)
direction. Phase of
wave is randomized.

. Can we avoid measuring both amplitude and phase?

. Various proposals

. “Squeezing the vacuum” using Josephson
Parametric Amplifiers (Haystac)
. Qubit single microwave photon detectors (R&D at

Lawrence Livermore National Lab and Fermilab)
. Single microwave photon counting using Rydberg
atoms (R&D at Yale)

Qubit SpecIroscopy
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w—t = YBCO: B | Tape plane ”
Bi-2212: OST NHMFL 100 bar O
wefee Bi-2223: B 1 Tape plane (prod.)

st e NbaSn: Internal Sn RRP®

wen w Nb-TELHC 4.2 K

« )« Nb-Te iseult/INUMAC MRI 4.22 K

20 25
Applied Magnetic Field (T)

The High-Temperature
Superconductors (HTS) REBCO,
Bi2212, Bi2223 will
superconduct at fields >100T.

For >25 T Solenoids, HTS is
required.

At 4 K, extremely high
combinations of field and
current-density attained!

(B12212, Bi2223, & REBCO
superconduct at > 100 T!)
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Korean Institute for Basic Sciences Axion Institute

research program

L. oo CAPP’s Axion Research
e New Institute ‘

dedicated to o
! =
axion research. vl .
* 5 separate e — =T
haloscope 5 i cvruros)
ects, 5
projects. ki
5 CAPP/CAST
<>’:< ARIADNE & GNOME



rators and \I;! nets

Multiple 3

experiments Refrigerators
lanned for CAPP
P ) Vendor Mocel S Tx Cooling power  Installa B field Bore Material Vendor  Delivery
Center for Axion (mK) tion (cm)
ISi BlueFors LD400 |0 ISuW@20mK 2016 SUN/ %
and I-DreC|S|on saoie SR B ik 26T 3.5 HTS ~ SUNAM 2016
Physics Research,
KO Fea. BlueFors LD400 () 18}1\\’(1_)' 20 2016 I8T 7 HTS SUNAM 2017
(BF4) S80uW@ 100
aT 12 NbTi ~ Cryo- 2017
Two high field HTS Janis HE3 300  25aW@300mK 2017 Magnetics
magnets already BlueFors LD400 10  ISuW@20mK 2017 8T 12 NbTi  AMI 2016
received. (BFS) HWGLOK
BlueFors LD400 |0 I8uW(@20mK 2017 8T 165 NbTi AMI 2017
(BF6) S580uW@ 100K
Leiden DRS10 100 ImW @100mK 2018 BNL/CAPP
00
Oxford Kelvino <3() 400 (@120mK 2017
X

june 19th 2018 14th PATRAS Workshop, DESY 8



CAPP-PACE R&D

25T 10cm bore HTS magnet by BNL

* The first (of 24) pancake wound! - test will follow
* 5 km of SC tape will be delivered next 5 months




-
Y a0
>
é KSVZ
10 "
= = DFSZ
L]
o

10°* P
’ - 12T, 20w borw LTS aokenodd
R, 0 e TS e

- VY, 20 v bove HTH selenond
i 1

L 1 ' 1 1 i A l
10°
m, (eV)

June 19th 2018 14th PATRAS Workshop, DESY 27



 World’s highest
field “user”
magnet- 32 Tesla

with 32 mm bore.

e National High
Magnetic Field
Lab, Florida.

MagLab 32 T SC USER MAGNET

2003: 1% 25 T SC test coil

2008: 1% 35 T SC test coil Total field 32T
i o Field inner YBCO coils 17 T
o Field outer LTS coils 15T
Cold inner bore 32 mm
Current 172 A
Inductance 619 H
Stored Energy 9.15MJ
Uniformity 5x104 1 cm DSV

680 mm

e Commercial Supply:
— 15T, 250 mm bore LTS coils
— Cryostat

v — (Dilution Refrigerator)

* In-House development:
- 17T, 34 mm bore YBCO coils

YBCO Nb,Sn NbTi . 10
3 ' Markiewicz, Weijers, et al., Mark Bird



Some ADMX Magnet Concepts:

2015 —-2017 (Tanner)

» 2015 developed 24 T, 16 cm diameter version using

e ADMX magnet Insulated REBCO technology, similar to 32 T magnet.

conceptual

design studies at
NHMFL

* 2017 developed 30 T, 16 cm diameter version using NI-
REBCO technology, similar to 26 T magnet tested at
Maglab.

* NI-REBCO enables higher current density
and higher fields from smaller magnets.

Potential 24 T’ 16 cm Potential 30 T, 16 cm

Ins- REBCO + LTS all NI-REBCO ,
Huub Weiiers Seungyong Hahn, Denis Marklewicz Mark Blrd; NHMFL

Existing 32 T Magnet

Weijers, Markiewicz, et al.




GADMX

Challenge of higher frequency axion searches AXION DARK MATTER € PERMAENT

« Scaling single cavity to higher frequencies (f) — Volume ~ (f)3 !
* Quality factor also goes down as frequency increases (Q_ ~ 10° - (f)2/3)
« Need to move to multi-cavity array’s.

Frequency ~ 540 MHz Frequency ~ 2.4 GHz Frequency ~ 10 GHz
Q, — 100,000 Axion Mass ~ 9 peV Axign Ma:s ~ 36 peV
Axion Mass ~ 2 peV Q, - 60,000 Q, — 25,000

Volume — 135 liters Volume ~ 2.6 liters Volume — 0.025 liters

1” diameter

16" diameter 5” diameter



Tuning Cavities with Miniature Cryogenic Piezoelectric
Actuators N A
S s

Cryogenic Piezo Actuators
(Attocube)- tested to 31
Teslaand 10 mK
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ADMX 1-2 and 2-4 GHz Cavity Arrays

* Near term plan is to build arrays of power-combined higher frequency cavities
e 4- Cavity array for 1.5- 2.5 GHz
e 14- Cavity array for ~2.5-5 GHz

4- Cavity Array 14- Cavity
. (2x7) Array

Fine Tuning Linear Stage
Coarse Tuning Rotary Stage |
' Fine Tuning Rod
Upper Wheel

Upper Beating
Cavny—

' Coarse Tuning Rod
A-.l_b

(‘Atlcd!_y Coq;_»loo Amenna 1

— Antenna Actisator ‘



R&D Towards Large Volume, High Frequency Resonators

* Challenging to fill a large volume with small tunable structures
(“Swiss Watch” problem)
» Number of elements goes as f >
* Explore systems that allow simultaneous tuning of many elements
with only a few mechanical motions.
* Photonic bandgap cavity
* “Comb Cavity”
* Electronicfine tuning using nonlinear dielectrics

—_
el e RL
—
—_
~
e SRS
—
-

-—
- e

241 cell Comb Cavity (4-8 GHz)




Maxwell’s Equations With an Axion

V-E = pg—gnB-Va

VxB—-E = J+|g,,(Ba-E x Va) B,
V-B = 0

VXxE+B = 0

A
v

a

 The a field is now a classical field oscillating with a frequency
corresponding to the axion mass (f = mgc?/h).

* In the presence of a uniform background magnetic field B,, a small
oscillating parallel electric field E, field appears:

E(l' (ZL) — _(]avBca(t)

Irastorza & Redondo 2006



Radiation from a Conducting Surface in a Magnetic Field

* A conducting surface must have no parallel E field at boundary.
* An outgoing wave cancels parallel component of axion-induced E field.

. pIA — 11 a4 TG0 - W Gar 10~ e\ B.|°
* Power of emitted wave “+/t T 5Fe T m2 \ 2 x 10-14GeV-1 ( 107

X B COS wi

Conducting slab



Conceptual Design for BRASS

O Broadband Radiometric Axion/ALP SearcheS:
-- Flat, permanently magnetized surface (Halbach array; 100 m?, B~1T)

-- Focusing the signal with a parabolic reflector
-- Broadband recording (16+ GHz bandwidth, spectral resolution of 10°7).

-- Correlating signals from multiple modules

-- Natural synergy with VLBl and ALMA/APEX developments at MPIfR

Magnetized Surface
(Halbach array, ~1T)

Parabolic reflector
D~8m,f~12.5m

Detection Chamber
T = 300K

Correlator /
Spectral
analyzer

Receiver
module

Detector Room 5

Thoise = 4K

Magnetized Surface
(Halbach array, ~1T)

Parabolic reflector
D~8m,f~12.5m

Detection Chamber
T =~ 300K




BRASS on Axion/ALP Dark Matter

O BRASS: Assuming 4K and 5hv detection sensitivity.
BRASS-6: T, =40 K, Band 1: 18 — 32 GHz.

-10

Logy g [GeV™'|

I
—
o

|
—
PES




% ' AD a AX A new road to Dark Matter Axion detection B. Majorovits

Experimental approaches: Effect of Dielectric

Mixing of axion with photon in extrenal B-field YY===== \C
- Sources oscillating E-field

At surfaces with transition of €: Discontinuity of E-field

- Emission of photons B

WALV B,

electromag. wave emission, \NVWWW\W’
scaled y

field
strength

d

D. Horns, J. Jaeckel, A.
Lindner, A. Lobanov, J.

2
E ~2. 10—27 w ﬂ ( g m )2 Redondo and A. Ringwald
P Al mi\10T arya JCAP 1304 (2013) 016 JarXiv:
(C2A) ) oy 1212.2970].
Wi/ 14th PATRAS workshop, Hamburg, 18-22 June 2018 https:/madmax.mpp.mpg.de/ 34
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' i i i B. Maj its
% AD AX A new road to Dark Matter Axion detection ajorovi

Experimental approaches o----- \C
Dielectric haloscopes:

 Mixing of axion with photon in extrenal B-field B
- Sources oscillating E-field

 Many surfaces with transition of ¢:
e - Coherent emission of photons from each surface
e |Interference effects can be exploited A. Caldwell et al, Phys. Rev. Lett. 118, 091801 (2017)

e 1111111

- L Y Y
100000f- 80 discs

§ eooooE = = =T T
= soooof- =
- C ~{t -
; 20000 |- E B I e
B ot,_\ J
| S (VR | T ey e PV Wiy Oy vyl [ v (B (il | - d - - “ -
24.90 24.95 25.00 25,05 25.10 Mirror Dielectric Disks Receiver
Frequency » (GHz| “Quasi broadband” approaCh
2
P —27w [ Bl 22 Also works for kinetic mixing
ul ~2-10727 28— | (gap,ma) B . . )
A : m“\10T a Sensitive to hidden photon,
o cavity )
G no B-field needed

7

G20y
&7/ 14th PATRAS workshop, Hamburg, 18-22 June 2018 https:// madmax.mpp.mpg.de/ 35



Az i i B. Majorovits
% 2 /\ AD } } AX A new road to Dark Matter Axion detection j
Ap-Dyg=4£ AL/ ~

M) ax

MAgnetized Disc and Mi

rror Axion eXperiment

10 T dipole Horn
magnet antenna
(+ receiver)

80 adjustable :

Separate
dielectric discs Parabolic cryogenic
@: ~Im Mirror volume

&30/ 14th PATRAS workshop, Hamburg, 18-22 June 2018 https:/madmax.mpp.mpg.de/ 36



B. Majorovits

% ﬂ /\ AD AX A new road to Dark Matter Axion detection

/\/\AD‘ HM/\ AX sensitivity projection

st U

CAST Limit |
‘ransparency |

Photon coupling g, [GeV’]

1011 I z
| 5 = I 1axo projection 5,
—_— ——-r-—-g.g -“ ------ T—------
ALPs good | & E |

‘ Dark Matter| 2 % B |

€ ; z -

o candidates | 5 ._ 1

vy

b, 1013 A % |
| ~§ T 7
| < ‘ 7 o - QCD Dark Matter Axion
I ug ;f & Pre-inflationary scenario
I . i
| b7 o
| e Q QCD Dark Matter Axion

1 0“‘* | Post-inflationary scenario
- QCD Axions
not Dark Matter
T ey TuTrTT 'Y TvyTTYTTYYTYT T YT YT owTrmmm

106 105 104 103 102 0.1 1

Mass [eV]

#5'.2/14th PATRAS workshop, Hamburg, 18-22 June 2018 https://madmax.mpp.mpg.de/ 37



Open resonator design with dipole magnet
Orpheus Project (UW)

Open resonator would usually not couple to axion
field (positive and negative E-fields cancel).

Manipulating modes with dielectrics or alternating
the magnetic field leads to a net axion coupling.

10710 §
- T
g E o
3 $
42 B
g 10 ©
2 z
g 10"3 - g limit so far)
3 :
8 10°14 ' 3 H-S Design Target
S A, § 1012 (4K, 1T Field)
Z 108 B |2
Phys. Rev. D 91, 011701 (2015). 107} QCD Axion Dark Matter
10.16 4 et i s aasl YT Y Y S T W AL L SN Ul WY W W1 )
5 (4 10 68 70 72 74 76 78
10 Axion Mass (ueV)

Axion Mass ma (eV)



Low Frequency Experiments with LC Circuits

“Axion Current” J, = gg,Ba can source an oscillating magnetic field.

N\

VxB-E =

J +|gay(Ba

Collect the magnetic flux with a

transformer coil and measure with a

SQUID.

Can be resonant or non resonant.

— E x Va)

Ja

9[;:1

a
o

4
g ")
—
B,

Il
in

_©+

SQUID

Sikivie, Sullivan and Tanner, 2014



LC Circuit projections using various magnets

10° 10° 10° 10" v(Hz)

['—T' LILALLLL I AL I L LL  L LAY R A LU B LR LALLL S S R AL

F Tokyo helkascope
: -
-IOE CAST _HB stars
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<16
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10

10%°

it st srued b o drool ool sl oo ool b poud

Lovoqool vonnepntd ¢ nppnd o stpnned oo nnroed poprpod 8osxand

-10 -8 -6 -4
10 10 10 10 my(eV)
Proposal for Axion Dark Matter Detection Using an LC Circuit
PRL 112, 131301 (2014)



ABRACADABRA Experiment

A Broadband/Resonant Approach to Cosmic Axion Detection
with an Amplifying B-field Ring Apparatus

Theory: Experiment:

ﬂ Prototype specs:
@ Ro=3cm, Row=6cm, h=12cm, 3 ~
( V=680 cmi®, Buax = 1 T, G = 0,085 Mo it

Toroidal geometry for
zero-field detection

M -
(oHIo G)Htid
L,

Interchangeable readout:
broadband (low freq.) or ABRA-10cm @ MIT

Nt (high freq.)

YK, Safdi, Thaler, Phys. Rev. Lett. 2016

*figures from Yoni Kahn



Thank you!



Extra Slides



Axion modifies Maxwell’s Equations

« In a constant background B field, the oscillating axion field acts as an
exotic, space-filling current source

7 a [ \/2p = )
Ja({) — _g‘}( < /a) Bo,rnaezm.“t

2
U3 AQCD

which couples to EM via Faraday’s law:

ﬁ @ B-;, B (IE,- - J-(;
dt

* In the presence of a constant background magnetic field, the
response of the electric



