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Axions as Dark Matter
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HAloscope at Yale Sensitive To Axion CDM

» Located at Yale’s Wright Lab »”

« Copper Microwave Cavity A \x_ ,
« V: 1.5L W
* v.. 3.6-5.8GHz ’ 4

« Q: ~45k Tuning Rod F
« 8T Superconducting Solenoid B l L
e Dilution Fridge ~60mK
« Josephson Parametric Amplifier (JPA)

dv o nQB4V?2(C? dv _14
dt NZ dt
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Josephson Parametric Amplifier (JPA)

* Phase Sensitive Amplifier

« Can operate In Phase Insensitive Mode ® H=—
* Near Quantum limited amplifiers 2
* Phase sensitive mode can produce [)? ?] _t
“Squeezed” States m St

14 14
I—»X o— I;’/ > Q

Pump tone:
cos(2mfyt + 6)
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Squeezed State Recelver (SSR)

& S F N

Vacuum Squeezed Vacuum + Cavity Noise Amplify SQ Quad
(+Axion Signal)
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PSD/vacuum
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Bandwidth Enhancement

SQ off, 2.0 X overcoupled SQon, 7.1 X overcoupled
-------- cavity noise —— cavity noise
-------- reflected noise — reflected noise
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HAYSTAC Timeline

* Operating since 2016

 Two Phases
* Phase l: Single JPA, Phase-Insensitive Measurement

* Phase ll: Two JPAs, Phase-Sensitive Measurement

Name Amplifier | Dates Freq. Range Sensitivity Publication

Phase Jan. 2016 — Phys. Rev. D 97
Insensitive | Jan. 2017 (2018)

Sept. 2019 — | 4.100-4.140 GHz, Nature 590
April 2020 4,145-4.178 GHz (2021)

Phase | 5.6-5.8 GHz 2.70x | gy

Phase I :
July 2021 — arxiv:2301.09721

Nov. 2091 4.459-4.523 GHz (2023)
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Bucking Coils
JPAs

Field Compensatio
Coils —
Attocube —

Tuning Axle —

Main Magnet Coil |

Cavity  —

10.2 cm

JPAs In HAYSTAC

JPA Magnetic Shielding
Y
60 cm
= -
254 cm - :
| <.
B JPA S
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JPAs In HAYSTAC

Bucking Coils ‘
JPAs ] S ’ JPA Magnetic Shielding
Field Compensatio , - 2=
Coils —
Attocube —
45p
e 3 = 0T
o B=84T
Tuning Axle —| 60 cm 5 44}
T
.9. 43F
>
Main Maguet Coil | 2 42k
| S
= 41F
= = g_)
254 cm LL 4 L
CaVIty ] : I .d ?I g 3.9 2 O o
S - 1 0.5 0 0.5 1 15
| JPA Shield | coil current [mA]
102 cm
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Tuning with SSR

Pump 2 v,

* Five parameter optimization pp

« JPAs tuned to match Cavity
Resonance
* I,,: Squeezer Flux Bias
* Lyyp: Amplifier Flux Bias

« Amplifiers share same Pump
Source
* Pp: Amplifier Gain
« A: Squeezer Gain
* 0: Phase difference
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Phase Il Timeline

Counts / max
1

Phase-lla 0.6
Phase-lla (rescans) 53 508 04
Phase-llb 51 791 64

Phase-llb (rescans) 48 799 v

0 /2 s 3nf2 2x
* Phase lla (Sept 2019 — April 2020): , ¢ (rad)
* First Quantum enhanced axion search
e Scan rate enhanced by ~2x
« K.M. Backes et al., Nature 590 (2021)
* Phase Ilb (July 2021 — Nov 2021):
« Upgraded search at higher frequency with SSR
e arXiv:2301.09721 (2023, Accepted to PRD)

Counts / max
1
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0.6

0.4

0.2
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https://www.nature.com/articles/s41586-021-03226-7
https://arxiv.org/abs/2301.09721

Higher Frequency JPAS

New pair of JPAs to extend
frequency above 4.2GHz
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Improvements for Phase Ilb

Reduced DAQ Deadtime

Improved DAQ routine to
reduce deadtime from Iin-situ
processing (1.6x speed up)

DAQ
Tuning
Livetime

Michael Jewell, Yale University
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Results From HAYSTAC Phase Il

U 2
Hw * No statistically significant signals in Phase Il

K.M.Backes et al.,
Nature 590 (2021)

2.5
10! e 137MHz of scanned parameter space

* Exclude couplings at 90% CL using Bayesian Analysis
* Phase lla: 1.95x | g£sVZ|
* Phase llIb: 2.06x |gksvZ|
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Results From HAYSTAC
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Continued Phase Il Operation

« Using the same cavity/JPAs there are still ~450MHz between 4.2 —
4. 7GHz to be searched

Vs [GHZ]
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Beyond Phase Il

7-Rod Cavity CEASFIRE Single Photon Counting
Repurpose cavity for higher || Improve the level of Use Rydberg atoms as single
frequency (~7GHz) squeezing with entangled photon counters for >10GHz

states

axion port _ 22 SSS o nC-(n+1)C 1195

AL W 540_ s nS-nP 1170
Ra WA %35- s S nS=(n+1)P 5%
\ SN S 300 o, S, ) 1205
K¢ %25_ C{"["r?cl\”"}'”n_fssss 7 nDgp=(n+1)Fpo los ﬁ
loss port g h n‘é fg Fcc“[ccccisssssss%s .70 _E
WA Yy E’W- 40 peV CCC[Cf%rrbi::ifsﬁs”ssss45 G

£ 5 P
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WB N Principal quantum number n
N measurement
port
M. Simanovskaia et al, Rev. Sci.Instrum. (2021) K. Wurtz et al, PRX Quant. 2 (2021) Y. Zhu et al, Phys. Rev. A (2021)
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https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.040350
https://aip.scitation.org/doi/10.1063/5.0016125
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.105.042808

Conclusion

« HAYSTAC is continuing to search for axions with m, > 10 yeV

« Completed two runs with Squeezed State Receiver
» Covering 137MHz between 4.10GHz and 4.52GHz
» Achieving sensitivity ~2 x |g;°V4|

. Con_tinuinfg search with current setup + developing new ideas to search
at higher frequency
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Detector Calibration

Tmc
A

Sin : Tmc or TVTS a
wn
(a8
D
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Limiting Factor

* SSR is limited by loss between two JPAS
» Loss is dominated by triple junction circulator
« 4dB of Squeezing is roughly best we can do currently

Rm / Kl
9
(b)
2.9

Y Y Y "y 1.1
T
] (3 o+
X X X X

Vacuum Squeezed + Cavity Noise Amplify SQ Quad 0 5 10 15
Vacuum + Vacuum Km /K1

M. Malnou et al., Phys. Rev. X 9, 021023 (2019)
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System Diagram
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Tuning with SSR
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First Demonstration

2

« Demonstration by Colorado Group S = 002"" = 4.5dB
* SSR speed up for “Fake” Axion signal 2 1x Osfgeed
(b) B,

Counts
1000

500

0

T 3m/2 2
0 (rad)

M. Malnou et al., Phys. Rev. X 9, 021023 (2019)
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Quantum Limit for Haloscopes

. G . hv. o 501 _ L
Cavity Hamiltonian: g = _—¢(g2 + p2) |X, V] =+
2
_ 1
Vacuum Fluctuations: N, = Ehvc W
. . 1
Linear Amplifier: Ny = Ehvc

L)

Total SQL: Niotar = hv,

C. M. Caves. Phys. Rev. D, 26 1817-1839, (1982)
H. A. Haus and J. A. Mullen. Phys. Rev., 128 2407-2413, Dec 1962.
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Haloscope At Yale Sensitive To Axion CDM

JPA

JPA Shield

I
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Extending Beyond 4.2GHz

* Previous search limited by JPA Range
* Max Frequency ~4.2GHz

* New JPAs designed to extend to 4.6-4.7GHz

/
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Improved Livetime

* |deally always recording cavity field < 1hr of data @ 10 MS/s

EPB4VZCZ « ~100GB per tuning
« >100TB for Phase lla

dt
* Phase lla operation ~48% livetime

Livetime
~48%

DAQ
Deadtime
~40%
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Improving Livetime

Phase lla Phase IIb
 DAQ Deadtime DAQ 40 10
 Parallelization of FFT Tuning 12 8
« Optimization of Data Transfer Y - 48 82
* Tuning Stablilization
* Reinstalled cavity has less mode drift . After Tuning
after tuning Stabilization \
 Better rod alignment * 150
* Phase llb achieved 78% average &£
livetime 3
. 0 i : Before
82% after tuning improvement 0| Tuning |
Stabilization
0

00 02 04 06 08 1.0
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Operating JPAs Near Magnet

« JPAs are extremely sensitive to stray B-Fields
e << 1 flux quantum (~2G)

JPA Magnetic Shielding

—B = 0T

Field Compensation Coil
o B=84T
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Single Photon Detection

 Ultimate goal of “Squeezing” is Single Photon Detection
» Lose Spectral Information

* Only shot noise limited
« Payoff >~10GHz (S. K. Lamoreaux et al., Phys. Rev. D 88, 035020 (2013))
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