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Self Introduction
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ATLAS experiment: W/Z/t Jets, Vector Boson Scattering, etc
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Strong CP Problem & PQ solution

Neutron

Time
trans.

—

#Z =—d-E
Non zerod — T (CP) violation
d| ~0-3.6x107%¢.cm

0 =0+ det(M), det(M) # O

Recent limits: < 1.8 x 107%° e - cm
—0 < 10719 BSM must exist




Strong CP Problem & PQ solution

Neutron -
ime = e P added U,(1) in SM
trans. Y5 )
% ' % F &Y 0 x a(t, x)
A ccci "2 Welen Ouinn

% — — d . E PQ symmetry breaking QCD cross over

Non zerod — T (CP) violation
ld| ~0-3.6x107'%¢.cm

0 =0+ det(M), det(M) # O

Recent limits: < 1.8 x 107%° ¢ - cm Existence of PQ symmetry

—0 < 1071% BSM must exist solves the Strong CP problem
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1invisible” Axion Dark Matter

PQ Symmetry breaklng% NG-bOSOn, AXiOI"I Weinberg, Wilczek 78

. 12
Mass of Axion: m == _ 6 ueV 10~ GeV
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1invisible” Axion Dark Matter

PQ Symmetry breaklﬂg% NG-bOSOn, AXiOI"I Weinberg, Wilczek 78
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Wavelike Dark Matter

m, = O(1) ueV/c*, p, ~ 0.45 GeV/ce, A, Broglie = O(100) m > dpy (Mmean DM distance)




Wavelike Dark Matter

m, = O(1) ueV/c*, p, ~ 0.45 GeV/ce, A, Broglie = 0(100) m > dpy (Mmean DM distance)

Ax10n/////// :
C .
(ﬁ > |

tC =>> tObS’ P xt

t < t,., Pxy/t (ADMX case)

— - Axion DM is like a bunch of
O(100 m) gigantic slow laser pulses
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1invisible” Axion Dark Matter

PQ Symmetry breaklﬂg% NG'bOSOn, AXiOn Weinberg, Wilczek 78
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ETWT, 25 075, (1 1B, 9 0281

_ 12
Mass of Axion: m, m}’f’f ~ 6/46\7(10 fGeV)

Benchmark Models
KSVZ: Heavy quark carries PQ-charge Coupling is so small

DFSZ: a Higgs doublet carries PQ-charge — “Invisible” Axion

CP COLGATE-PALMOLIVE

VoLuME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OCTOBER 1983

Experimental Tests of the “‘Invisible’’ Axion

Physics Deparviment, Untversity of Flovida, Gainesville, Flovida 32611
(Received 13 July 1983) |
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Couplings & Experiments|  woremeers

conservations

Cavity: ADMX, HAYSTAC, CAPP
<( Dish Antenna: MADMAX, Orpheus

. BRASS
gdW Plasma: Alpha Boundary Condition :
Lumped Element: ABRA, DM-radio, SHAFT Cavity, dish
Helioscope: CAST (Masetve photon): Plasms

Laser: Alps, DANCE etc:--

8aff  WIMP searches (LUX, XENON1T), CASPEr-wind Indirect searches

gdgg CASPEr-electric - stelar cooling
- suUpernova
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Resonant Cavity Haloscope

Only successful “invisible” axion dark matter detection technique so far
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Sensitivity, Scan Speed . Lol

VB2 [dVe, | E(x) |*

Signal
Physics determines Experiment determines
2
k 2
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AXiOIl & QIS (Quantum Information Sience)

u u u u u
s s 17 03 uantum amplifier is ubiquitous tool
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Axion & QIS

B-field:
- Essential for axion search: design 8 T
- Enemy of Josephson junction: require <0.01 T

o0000
80000 == Uncompensated
| ICompensated

Bucking
coll

70000 "
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40000
30000

20000 \\\\\
10000 -

e

Field (Gauss)

0 e _

'1 0000 T T T T
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Distance from 8T magnet center (cm)

Bucking coil + u-metal shield creates
a sub Gauss region next to the 8 T region.




Axion & QIS

Quantum Amp.
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PHYSICAL REVIEW LETTERS 120, 151301 (2018)

Search for Invisible Axion Dark Matter with the Axion Dark Matter Experiment

N. Du,1 N. Force,1 R. Khatiwada,1 E. Lentz,1 R. Ottens,1 L.J Rosenberg,1 G. Rybka,l’* G. Calrosi,2 N. Woollett,2 ,
D. Bowring,3 A. S. Chou,3 A. Sonnenschein,3 W. Wester,3 C. Boutan,4 N. S. Oblath,4 R. Bradley,5 E.J. DaW,6 A. V. Dixit,’
J. Clarke,8 S.R. O’Ke:lley,8 N. Crisosto,9 J. R. Gleason,9 S. Jois,9 P. Sikivie,9 L. Stern,9 N. S. Sullivan,9 D.B Tanner,9

(ADMX Collaboration) and G. C. Hilton'"

Quantum Amp
+ 100 mK temp
- T, ~afew 100 mK

Y 1/T%, -> 100x FOM
dt d

Enabling “invisible” axion search
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Axion & QIS -

Current axion search will

hit standard quantum limit : ' . |
dark photon search with qubit

IIIII

1 g 30 dB NbTi VNV
AnAg¢ > —. ~30 mK@1GHz, ~300 mK@10GHz - KMASS Cryo
— 2 " p) [ BP Filter Attenuator
: W:: XMA Copper
( K& Filter MXC shield CryoThreZFc)ied
T Attenuator

/ | Eccosor b (

Copper box K&L Filter NN/

Microwave

Qubit subverts the limit achieved 1000x ! s
(Ignore phase) Scan Speed .than / *C .30d3é] Ben Palmer)
current ADMX oo o s N O B

JPA
LNF4-8 GHz

Eccosor b .
1TdB@w, Dua.l Junction
Circulator

MXC Plate 8 mK

j
¢

Akash et.al., Phys. Rev. Lett. 126, 141302

. Next innovation In axion search
Qubit .
could come from QIS again




ADMX experiment

@University of Washington, Seattle, United States, ~50 collaborators from

UW, FNAL, LLNL, LBNL, PNNL, LANL, Florida, UWA, Wash U, Sheffield, Chicago, IIT, Berkeley

* S : ) J ™ R " \ s v e
g\la ‘/ - d : ~ : :
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ADMX experiment

Dilution

Cavity Refrigerator
- Copper plated
- Sapphire axles

Qunloadw-I 6Ok, 130 L
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Inside the ADMX

An 1deal

e e | EEER] Tl F S

4 o |
IBM Q System One ADMX-Gen2 Runl1C



Inside the ADMX

u-metal shield

20
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Parametric Amplifier

Jjump Jjump

crouch

https://www.nytimes.com/interactive/2014/02/18/sports/olympics/mens-ski-halfpipe.html
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Parametric Amplifier

Nonlinear C or L oscillation
transfers energy to amplitude
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Josephson Parametric Amplifier

. . Gain
Josephson Junction Is - . Pump: 1.022100 GHz; 1111 dBm
. \ N\ Widler
Nonlinear Inductor 11| 2o o
VUV J Non-linear ®pume ﬁ gls_
| Medium | s
L] AN, VUV 10 |
C - .
Wyg;j —
" wSignaI/\/\/\/\/\ ° 0.98 1.00 1.02 1.04 1.06
Frequency [GHZz]

Bias Current (mA)
o

Minimum Noise (]SCE}LZ) .
Tidler ™~ Thottest part 100 mK > 9 4

This 1s way smaller than HFET (~1K)
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Re C e nt PHYSICAL REVIEW LETTERS 120, 151301 (2018)

Editors' Suggestion Featured in Physics

I‘ e S ults Search for Invisible Axion Dark Matter with the Axion Dark Matter Experiment

N. Du,1 N. Force:,1 R. Khatiwada,l E. Lentz,1 R. Ottens,1 L.J Rosenberg,1 G. Rybka,l’* G. Calrosi,2 N. Woollett,2
D. Bowring,3 A.S. Chou,3 A. Sonnenschein,3 W. Westelr,3 C. Boutan,4 N.S. Oblath,4 R. Bradley,5 E.J. Daw,6 A. V. Dixit,7
20 1 8 o J. Clarke,8 S.R. O’Kelley,8 N. Cl‘iSOStO,9 J.R. Gleason,9 S. Jois,9 P. Sikivie,9 L. Stern,9 N.S. Sullivan,9 D.B Tanner,9
| )

FI s _t D F S Z I | m | _t 2 | 7_ 2 | 8 ,L[ ev I (ADMX Collaboration) and G. C. Hilton"

PHYSICAL REVIEW LETTERS 124, 101303 (2020)

Editors' Suggestion

Extended Search for the Invisible Axion with the Axion Dark Matter Experiment

2 02 0 : T. Braine,1 R. Cervantes,1 N. Crisosto,1 N. Du ,1’* S. Kimes,1 L.J. Rosenberg,1 G. Rybka,1 J. Yang,1 D. Bowring,2
A.S. Chou,2 R. Khatiwada,2 A. Sonnenschein,2 W. Wester,2 G. Carosi,3 N. Woollett,3 L.D. Duffy,4 R. Bradley,5

C. Boutan,6 M.]J ones,6 B. H. LaRoque,6 N.S. Oblath,6 M. S. Taubrnan,6 J. Clalrke,7 A. Dove,7 A. Eddins,7 S.R. O’Kelley,7

EXte n d tO 2 . 8_3 . 3 u eV S. Nawaz,7 L. Siddiqi,7 N. Stevenson,7 A. Agrawal,8 A. V. Dixit,8 J.R. Gleason,9 S. Jois,9 P. Sikivie,9 J. A. Solomon,9

N.S. Sullivan,” D. B. Tanner,” E. Lentz,'"’ E.J. Daw,'' J. H. Buckley,'* P. M. Harrington, '
E. A. Henriksen,12 and K. W. Murch'?

(ADMX Collaboration)

2 02 1 . Search for “Invisible” Axion Dark Matter in the 3.3-4.2 peV Mass Range
h‘t‘tDS://arXiV_Orq/Ddf/Z] 1 006096Ddf C. Bartram,! T. Braine,! E. Burns,! R. Cervantes,! N. Crisosto,! N. Du,! H. Korandla,! G. Leum,' P.
- — = ! ' Mohapatra,! T. Nitta,!»* L. J Rosenberg,! G. Rybka,! J. Yang,! John Clarke,? I. Siddiqi,> A. Agrawal,?
T = A. V. Dixit,® M. H. Awida,* A. S. Chou,* M. Hollister,* S. Knirck,* A. Sonnenschein,* W. Wester,*
h IS ta I k J. R. Gleason,” A. T. Hipp,® S. Jois,® P. Sikivie,” N. S. Sullivan,® D. B. Tanner,” E. Lentz,° R. Khatiwada,”* G.

Carosi,® N. Robertson,® N. Woollett,® L. D. Duffy,” C. Boutan,!® M. Jones,'° B. H. LaRoque,!° N.

S. Oblath,!® M. S. Taubman,!® E. J. Daw,! M. G. Perry,!! J. H. Buckley,'? C. Gaikwad,'? J. Hoffman,'?
(Acce pted by PI z L) K. W. Murch,'? M. Goryachev,'® B. T. McAllister,'? A. Quiskamp,’® C. Thomson,'* and M. E. Tobar!?

(ADMX Collaboration)



https://arxiv.org/pdf/2110.06096.pdf

Data-taking Summary

10—16

3.0

ADMX (2019)

Axion Mass (pueV)
3.4 3.6 3.8 4.0 4.2

~800 - ~1020 MHz

&X——rrm—>
This work (2019-21)

700 750

800 8950) 900 950 1000
Frequency (MHz)

Period:
October 2019 - May 2021

Frequency range:
~800 - ~1020 MHz

— The widest coverage (for DFSZ)

Noise Temperature:
Measured with SNRI and y-factor
measurements

— ~600 mK (expected: ~300 mK)

20



Synthetic Axion Generator (SAG)

Artificial signal injection system to test RF system and analyzers

Waveform
Generator

Play Waveform

Power

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Bolzmann

Ll b Lo s L a0

frequency

Maxwell- -

Mixing

Bandpass filter

Schematic from C. Boutan

LO
(~GHz)

1>

or

Attenuator

500MHz-2GHz

Injection

300 K

Input antenna



JPA Operation

Bias Current (mA)
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Repeating:

Bias Current (mA)

15

14.5

14

Pump Power (dBm)

13.5

13

20 dB

O dB

Frequency moving — Fine tuning bias current & pump power
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Malfunction & Solution

Trapped flux quanta

o ;p;
PRI |
" | . . ) | j..

-
w

Bias Current (mA)
o
w o

-l=-

-1.5- [ ' 1 [ 1
0.88 0.98 1B 1.18 1.28

Frequency (MHz)

Has to go above critical
temperature of Al

dB

main magnet current

30 . m
> JF

LRIl

200
May 24

215

AMpSs

!

May 10
2020

May 17

SQUID is the most sensitive
magnetic field sensor

29

— Have to modity magnet current

to get highest performance
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Observed Excesses

Found 15 excesses in 800-1020 MHz

Frequency At Same  Not Enhanced
MHz| Persistence Frequency in Air on Resonance

839.669
840.268
860.000
891.070
896.448
974.989
974.999
960.000
930.000
990.000
990.031
1000.000
1000.013
1010.000
1020.000

Power (dB)

9999999999999999999999999999999999999

Frequency (MHz)

14 excesses were identified as
non-axion-like excesses right away.

NXNX NN X NNNNN

ANANANANRY . N N
XXX NX X X NNNNX NN

XXXXXXXXXX\XXXX
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Observed Excesses

Found 15 excesses in 800-1020 MHz

Frequency At Same  Not Enhanced
MHz| Persistence Frequency in Air on Resonance

839.669
840.268
860.000
891.070
896.448
974.989
974.999

5000 896,448 MHzZ

980.000
990.000 IS really axion-like!
990.031 X v

1000.000
1000.013
1010.000
1020.000

X

X NNNNSN
NN NNNNKX
AN N NS NN

9999999999999999999999999999999999999

Frequency (MHz)

14 excesses were identified as
non-axion-like excesses right away.

X X X X X X X X X X N\N\X X X
Power (dB)

NNNNS

X
v

X

X

NENEN




SNR

Power [Watt]
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Stringent Axion Tests

x 1021 candidate: 896.448 MHz
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x 103
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Digitization window
4r e 1S following resonant

— Test1: Persistance

x 1027
feandidate — Sloventz peak = —},119+ 80Hz
| Qpe = 78699+ 1495 u| .‘1
QS = 8432541975 :
Q08 = 9014642339 / + ‘,
" x}/NDF=717/229

best fit maxbolz (width=0.54)
+ predicted maxbolz (width=1)

+ ¢ data
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D
=
DO

Normalized to Area
-]
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.

=
-

+'+||+
t fo T Mg

30

20
bins

Test3: Signal Shape

10000 20000 0

—20000 —10000 0 10

fa - fO (HZ)

Test2: Cavity Enhancement

AXion Is expected to be
maxwell-boltzman distribution

AXion IS enhanced by cavity
Lorentzian shape.
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Stringent Axion Tests

x 102!
Test4: Disappearance in TMO11 | S e
i |
Vim \ " : ;%“ S A T TM1,
400 = N T B-field =1 B s st

6 = 1 %

. =

E-field .
350 l 1 l T E 9 TMOlO

R IRAL A

300 11 l l l . . :
, @' | e Y E
| j l | l \ Q) e f+
=) REANEE B - =
200 l l l l Q 2210 Tot;f%io_Qll
Y P~ %3 _ ‘\ Power [Wat]
150 lT 11 ! l Tl IRTRRAR! 8. : 0642 89644 [8.5])646 8.9'641%
@ frequency [Hz x 108
v ! Tager I
o lf 17 ! 1 ‘1 | TT TT TT S It turns out to be blinded synthetic signal
50 ”" | (not axion).

— We verify our procedure to detect axions



Results

Ruled out:

KSVZ axions
300 — 1020 MHz

DFSZ axions
~ 970 MHz
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Axion Mass (ueV)
2.0 2.8 3.0 3.2 3.4 3.0 3.3 4.0 4.2

1075 -
| Doubled exclus!

Jayy (GeVT)
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’ H H ‘J“ il Ly ‘

N
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ADMX (this work)
ADMX (2019)

" N-body
B Maxwellian

650 700 750 300 300 900 950 1000
Frequency (MHz)

N-body: 0.6 GeV/cc
Maxwellian: 0.45 GeV/cc
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AD MX Sidecar - Pathfinder experiment on top of

the ADMX main cavity
- 4-7 GHz tuning range
- Clamshell cavity
- Plezo electronic tuning
- Traveling Wave Josephson
300k Parametric Amplifier (TWPA)

dojop
laddals

TWPA

Piezo
Actuator (1K)

yeys gLb

Gear
bhox 1K

100 mK

~—
tuning rod




Gain [dB]

Traveling Wave Parametric Amplifier

..........

LT IE T IE T TIE"L 52 O(100) Josephson junctions in series

\“'- —‘— | e .._..ln‘_ '-_ — ‘\‘ ) 3! ’0—‘ ———. Rt RN e — —'
- -

Gaih

2 Pump: 1.022100 GHz; -11.11 dBm 25 Pros:

25 20 - Broadband gain (several GHz)

& £15 - A bit more B-field tolerance than JPA
JPA

101 § CO”S.'

; 5 - Decent gain;: TWPA ~15 dB, JPA ~ 30 dB
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4-Cavity Electronics

Fabricated and tested at Wash U Fabricated at Berkeley and tested at Wash U
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First test
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INnsertion loss

Continue to use JPA
Promising performance
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ADMX EFR (18-Cavity)
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Summary

Quantum amplifiers make
‘Invisible™ axion visible. (if it exists)

Ruled out one of the “Invisible”
axion model in m, =3.2 —4.1 ueV
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