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It’s the Axion.
Embrace It.
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@ Some preliminaries on the particle physics &
cosmology of the axion

@ The microwave cavity search for axionic dark
Mmatter

@ Where we are today - ADMX & HAYSTAC

@ Towards improved sensitivity, higher & lower
masses

@ Whre nridlathe raxie n e teound. amd whatthen?
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The Axion, Particle Physics &
Cosmology



"TSP's™ Conundrum (1)

TSP’s Hypothesis
& First Experiment
(unsuccessful)

y

* Thinking Snookers Player
Pierre Sikivie, Physics Today, Dec. 1996

“The Pool-Table Analogy to Axion Physics”

A High-Q Search for
Relic Oscillations

.......... (4)




The Axion

The Strong-CP Problem

. :.ngCD= — i Gé

3212
— Explicitly CP-violating

- But neutron e.d.m.
ldhl <1025 e - cm
— 0<10-10
— Strong-CP preserving
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The Axion

The Strong-CP Problem

. ’;£QCD= — i Gé

3212
— Explicitly CP-violating

- But neutron e.d.m.
ldhl <1025 e - cm
— 0< 1010
— Strong-CP preserving
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Peccei-Quinn / Weinberg-Wilczek

- 0 a dynamical variable

- T =f, spontaneous symmetry

breaking

01 (x)

- T<1GeV V (6)

SN 2N

— 0 dynamically - 0
— Remnant oscillation = Axion




Why not just look for an unidentified radio line at which E,

(from anybody"s halo, inb/udihg our own)

Problematically, the lifetime 7~ 10°° sec




The Primakoff Effect r siivie, Phys. Rev. Lett. 51
(1983) 1415

Classical EM Sea of virtual photons Primakoff Effect



Axion phenomenology & the canonical

limits

1078

10-1¢

Bad news — All couplings are extraordinarily weak

Horizontal Branch
Star limit

Sn1987a

107¢

Good news — Parameter space is bounded

Light cousin of % J™= 0~

1 .
m,, g, ocf, .. Jayy ° M,

Q_ ocf,® — m,>1ueV

Sn1987a v pulse precludes
NN—NNa for m_ ~10--9 eV

Horizontal Branch Stars
preclude g, ., > 107'° GeV~!

G.G. Raffelt “Stars as Laboratories for
Fundamental Physics” U. Chicago Press (1996)



Microwave cavity searches for DM
axions



The microwave cavity axion search - Your car radio on

steroids

p,~ 10 cm3

Fore.g., m =10 ueV: >
Apeg ~ 100 m

Magnet
Cavity

Preamplifier

Local

Power

FFT

Oscillator




Signal to Noise & detectability

Pre-amp ‘-\\% I\‘x ______ -
i
Magnet Cavity Bandwidth: Av_ /v, =Q ' ~10™4
. . 6
av,— ) Axion Bandwidth: Av,/v, ~ ﬁz ~10
Cavity B
Conversion Power: P~ g2 (pa/Ma) B2QuVCpm  ~ 10 watt
Signal to Noise Ratio: SNR = P I
: ' = kTs \| Bva
System Noise T ture: klc=h 1 1 KT,
ystem Noise Temperature: s =\ + 5 + kT

Note T¢ = T + T, , for T>>hv



Linear amplifiers are subject to the Standard Quantum

Iy > T,  where kBTSQL = hv

0.5 2.1 24
) 20.7 240
20 82.8 960

The SQL can be evaded by
@ Squeezed-vacuum state receiver (e.g. GEO, LIGO)

@ Single-photon detectors (e.g. qubits, bolometers)



Thirty Years in One Slide



Published Haloscopes
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UF / RBF ADMX @ LLNL ADMX @ UW HAYSTAC
1985 - 1990 1995 - 2010 2016 - present 2015 - present
HEMT HEMT, SQUID SQUID + dil. JPA + dil. fridge
fridge
f ~ 2.5 GHz ~ 0.5 GHz ~ 0.5 GHz ~ 6 GHz
V~5L ~ 200 L ~ 150 L ~15L
Teo~ 5-20K ~ 3K ~ 500 mK ~ 600 mK
T /T 10N __BEN 10N 1N D )




The most
important
qualification for a
fusion scientist is
the
gift of
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Ditto, Dark




ADMX
&

HAYSTAC



Axion Dark Matter eXperiment (ADMX)

Field Cancellation Coil

SQUID Amplifier
package

Refrigeration

Antennas

8 Tesla Magnet

Microwave cavity

'._'!
e

UW, UF, LLNL, UCB, NRAO, Sheffield, FNAL, LANL, PNNL, ...



Even at T.,. ~ 3K ADMX was the world’s quietest radio
receiver

.IDD
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ot
10" 10 10° 10* 10° 10° 107
Time (s)
Dicke Radiometer equation:

—_— \)
n kT \Av |
Systematics-limited for signals of 1€

power.
Last signal received from Pioneer 10 (6 billion miles away) ~ 10-2!
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The Breakthrough Technology: Microstrip SQUID
amplifiers John Clarke et al. 1998

Nb coil isolated 4: S f|=ﬁB4MHz i
from washer \ Nb washer '

& SQUID L1-3, f= 842 MHz

2- B SQUID K42, f =702 MHz GEAS §

Nb counter |
electrode e
out

Josephson
junctions

Noise Temperature (mK)

resistive shunt

2 4 68 2 4 68 2 4

100 1000

Physical Temperature (mK)

High frequency SQUID

amplifiers have
become

a cornerstone of QI/QC

560 | 660 | ?EI}U | BEI}O
Frequency (MHz)




ADMX Gen.2 preliminary result - DFSZ

reached

Cavity Frequency (MHz)
640 650 660 670 680 690 700

—l

o
4
&)

ADMX 2004

Axion Coupling ayy | (GeV'1) 100% Dark Matter

T. ~ 300-500 mK
DFSZ ~10 X Teqy
90% Sensitivity Estimate
Will improve
BI‘aVO ADMX ! by next run
10-16 | | | | | |
2.65 2.7 2.75 2.8 2.85

Axion Mass (ueV)



The situation 30 years later - We need to pick up the

pace!
{024 : . _
1u—25 -
1u—!Ei _
= 27
il 10 HEMT
E 1-28 AL SQUID
LL'; 2007-09
T 1u-EEI

10731 SQUID + Fridge
- 2017 (prelim.)
32 i i i i i i i
w 1 2 5 10 20

mg(ueV)



Motivation & philosophy HA YST'AC@‘

* Concept born at Sikivie festschrift in
2010 i

I Serves both as Data Pathfinder "&
Innovation Test—bed in the 10- 50 ueV
mass range |

* Develop new cavity &_'a'mpl,i_ﬁefr- .
technologies in ‘the 3-12 GHz range

* Small, agile platform that can be
quickly reconﬁguréd to try new things

* Work _W|__th__the greatest deg ree____gff"——j;r

was our




The team HA YST‘A‘C/,?\\_JK
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Konrad W. Lehnert, Daniel Palken, William F. Kindel, Maxime
Malnou, M.A. Anil
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Integration at Yale HAYSTA are

Josephson Parametric Amplifier . 3He/*He Dilution

UL DEEREEEEREEE = .
BEBEEEREEEEEEE ~ ey ? Refrigerator 9.4 Tesla, 10 Liter Magnet
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Microwave Cavity (copper)




Cu body with off-axis tuning rod
Tunable over 3.6 - 5.8 GHz

Q. ~ 20,000

Stepping motors and Kevlar lines used for motion
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. - O

ts| mag | det | HFW WD HV | spot| 10 um

D Ya - %
% |4 684 x| TLD|31.9 ym | 5.0 mm | 10.0kV | 3.0 | JILA
Yoo H
i i i i | i
: * EEEEEECaEEan:
‘ ¥ = TT IR LR L
o - o i T ,..miig: :: :-:
- ey, r— | - i i i I :
o Em"":: wnaas
y - o L i
. | e e - - :
-
0 of= . .
i ! - -

1

|

L

P

-
-
-
-
-
.
-
-
i
’
’

B
i




One of the myriad of challenges: i GVECE i WY
Magnetic shielding of the JPA H A Y S T A Cf@
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“It takes a licking & keeps on ti NGVt TV SENE
(Timex watch commercial, 1950’s) HA Y S T AC {\i’l—/

@Experienced a (; "~
magnet quench #
in early March l
2016

@surprisingly littiedk
damage . ,,F

@Repairs
completed, |
experlment back

_ m— = — e o M

Experiment rebuilt with much less mass of copper



What the data looks like HAYSTAC
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22 -5 Av= 100 Hz -
3 8 5 (C) V= Z
02 of
® 5 Av=5 kHz _ .
5.7161 5.718 -6 4 -2 0 2 4 6
Frequency (GHz) Power excess (0)

Toys~ 3 X T, for first run; ‘hot rod’ implicated, thermal link

iImproved
T .. ~2xT.. for second runin 2017



Results from 2016-17 runs

B. Brubaker et al., Phys. Rev. Lett. 118 (2017) O HAY ST A CQX/

Frequency (GHz)
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2r This work
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PRL Editor’s Suggestion & APS Highlight
See also S. Al Kenany et al., Nucl. Instr. Meth. Res. Sec. A 854 (2017) 11



Innovations: Deeper, Higher, Lower



Squeezed-vacuum state receiviig FiAREN TAC J

“Accelerating dark-matter axion searches with quantum
information technology”
(S. Girvin, K. Lehnert & students), arXiv:1607.02529v1

Evading the Standard Quantum Linmr 7. - hv( . /:T 4 %)+ KT
eIkl _
' \d) =~ _
L ‘— @ ——— Squeezing —
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Squeezed-state receiver
being prepared at JILA
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Lehnert group has built squeezed-state receivers; achieved T¢,c ~ Y4 T,
[F. Mallet et al., PRL 106 (2011) 220502]. Integration in HAYSTAC this y



Rydberg single-quantum detection (s. Matsuki et al., Kyoto)

Conversion Cavity |[ | CARRACK CO||ab0rati0n
X T -
] ¢ A\
a 4 "3 .~ Theory
Pump ————{ - '
lasers 5 -
‘ " \ T Selective field ™ 5 f
o
< | Y ~ ionization i Q ¢
- Vo 2 o
] * J Detection Cavity er - L
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L i
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— : ° , 100 1000
e g il Temperature (mK)
Ve M. Tada et al., Phys. Lett. A (2002)

The blackbody spectrum has been measured at 2527 MHz
a factor of ~2 below the standard quantum limit (~120mK)



Cavity R&D at Berkele |—| A Y S T A C

ngh vibration /solatlon des:gned by Al Kenany &

VNA

Stepper Motor CF\% }

. ?E
Sapphire bead

e=11.5

Be]fkﬁley Bead Perturbation

UNIVERSITY OF CALIFORNIA

Technlque for Electric Field



Example: Two-level mixing
of TM,,, and TE modes
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Combining Precision Metrology,|
Simulations & Field Mapping in
Study of Tuning Rod Misalignmeg

Field Mpping\

A (kHz)

-50

0.8

_ 1.6
Y change [mils]

-0.8

X change [mils]

HAYSTAC &

Samantha Lewis & Nicholas Rapidis

Measured field
localization as a function
of rod tilt in (x,y); each
step is 1.5 mrad

Laser Metrology
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A TM,,, cavity based on oINS, Sy
Diele(?’gric Bragg Resonat Y S T AC@.’—/'

Dielectric shell

Tuning roc @
kcam pivot

Inspired by DBR of Tabor &
Flory (IEEE, 1995), but in fact
steals a leaf out of the book of

Rybkapetrad'simanovskaia




Els-
> 10
8 5 |
=
w g
-2 -1 0 1 =
y position (Inches)
2'1{10 -~ -
°
= 0
L
_1_I. L1 . al A
2 -1 0 1 4

x position (inches)



23‘(10? -~

51
o
£ o |
L
=Ji | - i I
-2 -1 0 1 =
v y position (inches)
I'H:IO - - -
2.
S
D
&
o 0
_‘|.. Ll . M '}
-2 -1 0 1 2

X position (inches)



®

——

o
-

2 - —
- ‘
s
20
"
L
¥ M
2 a4 o 1 2
<107 y position (inches)
2.
- E
u-JD
gL | _—e— - )
-2 -1 0 1 2

X position (inches)




5 %107

1.5, — -

m = N
> 05
=
2 0
= |
W.05 f
gL Ll - J
-2 -1 0 1 2
<107 y position (inches)
2 — n—
E ,
-
A 2,
W
-] L - - -

" 0 ; 2
X position (inches)



x

—

=]
-

15¢ — —
!
S o0s.
® 0
by 2
Ww.ns5.
AL L. - 11 .
-2 -1 0 1 2
y position (inches)
2}10 - - -
1

E-field (V/m)
. ™ o
I -

Berkeley

mmmcm




g 0.5
©
0
N
L 0.5
Al | | L . 1 J
-2 -1 0 1 2
10" y position (inches)
pr JPa B - I
o
2o
L
L L. |- o]

2 1 0 ; 2
x position (inches)




Mechanical motion } ' A Y S T A C \ﬂ

Divisions

1 0.0000
i1 =78.435 de

Scale/Div
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Bane of the search - thicket of TE-TM,,, mode
crossings

5.75 piAANAN

4.25

3.75

0 45 90 135 180
O (degrees)



Cutting down the TE forest: 1 hoR A ok e
Photonic Band Gap resonato HA Y Sk Acﬁ%l/'
0

25.0 5

200F TM band
© L 150 gaps 100
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PBG Fixed-Frequency Prototy HA YS T A C/@_A/

Simulation

TMO1OTMO11 TMO12

3 3.5 4 4.5 3] 9.5 6
Frequency (GHz)
- Measurement -
ey
3 3.5 4 4.5 5 9.5 6
%¢. 0 Frequency (GHz)
‘.‘&*3?;,7/_\'(;,_./ 7 . ]
®e302¢80” No TE modes in evidence; tunable PBG
®e%ats similarly shows good behavior, but more

<tiidies heina done



Slotted cavities - even simplerfig¥a YSTA C 1

™ @ An undergraduate
¥ project

& ___ °Simple idea: TM surface
~ currents in barrel are
axial, TE are
circumferential

¢ Cut longitudinal slots in
the barrel to frustrate TE
modes

¢ Simulation optimizes the
width & depth of slots

TFEF mndec comnlatralyy




Excluded g, vs. m, with all experimental & observational constraints
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Final observations

@ Progress over the past thirty years has been solid.

@ The axion search is the one experiment where
sensitivity is not the problem, but mass coverage -
both in extent and in speed - continues to be. We
have not turned the corner yet.

@ The goal posts have moved; we have much more
ground to cover than we thought a decade ago: at
least neV to meV.

@ The state of R&D is excellent; there is now a critical
mass community to tackle the problems, and the
agencies are to be thanked for their increased
support.

iR DavrkFi~iilavivy mAFAwvrmIiArFIiy s, A FleA marallAL tatiFiaEFiviAae~e Iy y



And profound gratitude to our sponsors
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When shall the axion be found?
And then what?



The Study of Unique Quantum System

4X Power

N N |
|
|
N TN A I 10-100 m Thermal
~_ ~_ I 1000's km Non-thermal
> / ~ |

Separation |

And should the axion posses fine-structure, it would constitute
a “movie” of the formation of our Milky Way galaxy

Modulation of fine structure may enable precision geolocation without GPS



Late-infall axions pass through our position with specific velocities




Axionic phase space in a Sikivie infall

model
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* Model begins with

— Zero Temperature CDM
— Hubble expansion
— Initial density perturbationr =0

« Grows self-consistent potential




Sikivie infall model (II)
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‘ Modulation of one infall line \

Frequency

Annual Modulation: Earth’s orbit around Sun

Intensity (Arb. Units )

1
JBE-6

1.50E-6

£ [0E-6

Vector DM Flow is uniquely
determined

2b

2a

Time (seconds) x 10°

Intensity (Arb. Units)




Backup Slides



Primakoff effect (1951)

Problem: How to accurately measure the lifetime

of the neutral pion, T_5 which was known to be
very short?



Primakoff - experiment (1965): T~87x107"
SeC




‘The Florida Experlment Wllllamson HaII c. 1989
v




Development of cavities with thin film coatings of
Type-ll superconductors, e.g. Nb,Ti, ,N by RF plasma

deposition

RF plasma deposition technology pioneered
by Ka-Ngo Leung



Thin films of the desired stoichiometry, thickness and
transition temperature have been successfully made - RF

cavity prototype is next
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Higher Frequencies - Open Resonators (Orpheus,
MADMAX)

g n
>
8 \
- ALPS
& 108 - 7
Reflector g CAST
£
Wire Planes 510" -Orpheus exp’t: G. Rybka et -
Reflector 8 al . |
C .
w. ide Output s 10712 | N
aveguice Outpu : Phys. Rev. P91:-0%1701(R) i
(2015) |
10714 - QCD Axion Dark Matter 0
\ \ | | |
Resonant Mode in Periodic Dielectric Loaded Waveguide 68 70 72 74 76 8
) T
TEO19S 10
100
T 4 T
N s
2 - 1o
5 2 = Eupaciad zarmifvity
5 |;ng::1 o2 olpmpos=d t=chriqu=
[ O -_—
g E" 10 i3
2 =
o] ) =)
> S 1o
= \ \ -
= 4 Shorter wavelength Longer wavelength ERTea:
in dielectric In vacuum
6 1 1 . L | 1|:|-1|:|| L1 1l
0 2 4 6 8 10 12 14

10 1|:r4 10
Asion Ma= my [=V)

Position (cm)



Lower Frequencies - Lumped Parameter
Oscillators

Tunable In a nutshell - Break the

Superconducting Shield high Q resonator

relationship between cavity
diameter & frequency.

B, toroid LC project (U. Florida): Sikivie et
inside al., Phys. Rev. Lett. 112, 131301
= (2014)

sSUDad DM Radio (SLAC): Chaudhuri et
coupling coil Superconducting toroid with slit a I , wy -ﬁ g B ms H cﬁﬁ D Kﬁ Rha'l O)
(2015
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Final provocative thought (“Throw deep, Mr. Presic
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