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The CAPP-MAX experiment

Principle

= Detection of resonant axion-photon conversion in a microwave cavity

In a static magnetic field (Sikivie effect)

Cryostat
Magnet

Resonator
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Analysis
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ADC

Sketch of a conceptualized axion haloscope experimental setup




The CAPP-MAX experiment

Goal

= Search for axion dark matter around 1 — 2 GHz with DFSZ sensitivity
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The CAPP-MAX experiment

Goal

= Search for axion dark matter around 1 — 2 GHz with DFSZ sensitivity

Achieved
= 1St physics run/ 1.09 — 1.11 GHz / DFSZ sensitivity

Frequency (GHz)
1.09 1.10 1.11
Frequency (GHz)
Lol o 0.7 0.8 0.9 1.0 1.1
' >
o6
s g4l
SRS g2
A EH ‘
= = 3.0 35 40 45
é\ mg (peV)
7 1ot
&
UQ}‘;’
- Phys. Rev. Lett. 130,
0.9
071002
This Work
752 754 756 758

Saebyeok Ahn | CAPP-MAX results Ma (4eV)



The CAPP-MAX experiment

Goal

= Search for axion dark matter around 1 — 2 GHz with DFSZ sensitivity

Achieved
= 18t physics run/ 1.09 — 1.11 GHz / DFSZ sensitivitv

First Search for the Sagittarius Tidal Stream of Axion Dark Matter around 4.55 eV

Andrew K. Yi,1*? Saebyveok Ahn.'? Caglar Kutlu,»? JinMyeong Kim,"? Byeong Rok Ko.?* Boris L. Ivanov.? HeeSu
Byun,? Arjan F. van Loo.** SeongTae Park,? Junu Jeong,? Ohjoon Kwon,? Yasunobu Nakamura.®* Sergey V.
Uchaikin,? Jihoon Choi.?' T Soohyung Lee,? MyeongJae Lee.? ¥ Yun Chang Shin,? Jinsu Kim,"? Doyu Lee.? ¥ Danho
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Seong.”? DongMin Kim,? Woohyun Chung.? Andrei Matlashov,? SungWoo Youn,? and Yannis K. Semertzidis® !

'Dept. of Physics, Korea Advanced Institute of Science and Technology, Daejeon 34141, Republic of Korea
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Institute for Basic Science, Daejeon 34051, Republic of Keorea
“RIKEN Center for Quantum Computing (RQC), Wako, Saitama 351-0198, Japan
i Dept. of Applied Physics, Graduate School of Engineering,
The University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan

We report the first search for the Sagittarius tidal stream of axion dark matter around 4.55 peV
using CAPP-12TB haloscope data acquired in March of 2022, Our result excluded the Sagittar-
ius tidal stream of Dine-Fischler-Srednicki-Zhitnitskii and Kim-Shifman-Vainshtein-Zakharov axion
dark matter densities of p, = 0.15 and = 0.02 GeV /em®, respectively, over a mass range from 4.51

(-

to 4.59 peV at a 90% confidence level. . arX|V230201502
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The CAPP-MAX experiment

Goal

= Search for axion dark matter around 1 — 2 GHz with DFSZ sensitivity
Achieved

= 1St physics run/ 1.09 — 1.11 GHz / DFSZ sensitivity

Recent progress

= 2"d physics run/1.06 — 1.12 GHz
« Same system, different scanning speed
= 34 physics run/1.025—-1.18 GHz

« Parallel/serial JPAs in the system
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Physics run calendar

Grey band: 18t run
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Physics run calendar

Grey band: 18t run
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Physics run calendar

Grey band: 15t run
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Physics run calendar

Grey band: 18t run
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Grey band: 18t run
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Physics run calendar

Grey band: 18t run
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Experimental parameters

Axion-photon
conversion power

PHY = 2251 x 1024 [W] (Oggy6)

|

DFSZ model
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Experimental parameters

Axion-photon
conversion power

B 2
P =2251x 10724 W] (=& By ) ( e )

0.36 1031 T
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Experimental parameters

Axion-photon
conversion power

Payy — 2251 % 10_24 [W] ( gy ) Bavg 2( V ) C QL ( 1% )
0.36 10.31T 36.85L/\0.6/\35000/\1.1 GHz

Cavity parameters
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Experimental parameters

Axion-photon
conversion power

2
B g B.v |4 C QL 4
P = 2251 x 10724 [W] (- S ( )
(W] (o 36) 1031 T/ \36.85L/\0.6/\35000 (1.1 GHZ)

Home-made light cavity with OFHC copper = ”l/_\
sheet (ULC) \n ;__f-:tz' s

« Low weight (totally ~ 5 kq)
 Easy to tune
« Gain volumes (thin walls)

e Low cost
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Frequency [MHz]

Experimental parameters

Axion-photon
conversion power

PQYV — 991 % 10_24 W ( g]/ )2 Bavg 2( V ) C QL ( 1% )
a =™ (W] 0.36 10.31T 36.85L/\0.6/\35000/ \1.1 GHz
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Experimental parameters

Axion-photon
conversion power

Payy — 2251 % 10_24 [W] ( gy ) Bavg 2( V ) C QL ( 1% )
0.36 10.31T 36.85L/\0.6/\35000/\1.1 GHz

e Data
pol5 fit

Geometrical factor
(0.55, 0.75) &

Geometrical factor

1025 1050 1075 1100 1125 1150 1175
Frequency [MHZz]
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The cryogenic system

= Wet-type LEIDEN dilution fridge
« Base temperature of 5.4 mK (bare)
» Typical MXC temp. of < 30 mK (physics run)

Liquid Helium liquefier/Re-liquefier loop




Experimental parameters

Low temperature readout

Attenuator

=
‘ Heater\ é
=

WEAK
= =
BYPASS
= =
STRONG
=

1

J9|dnod
[euonoallq
‘ \

Switch

Circulator

-
®

N4
Q1> >

H : 50 Q terminator

25 mK

=

=

PUMP

180 mK

750 mK

4.2 K



Experimental parameters

Low temperature readout Attenuator WEAK
Noise source for § $ $ $
NT calibration
BYPASS
‘Heater\ é é $ $
o .
I i = E|—{*] Additona —{
— 2z amplification
Cavity X Q) with HEMTS
Circulator HEMT
FHELOOO @' !
\J .
Switch HEMT
\ T/
JPA = = = PUMP =
First stage
H : 50 Q terminator amplification :
with JPA — Typical Ty s of — 42k
150 ~ 300 mK
180 m.. C—e e s

25 mK




Experimental parameters

Room temperature chain / Digitizer

Process | Process 2, 3,4, ...
—
IMAGE REJECTION MIXER

DAQ Storage
c Dl
ISOLATOR vy IF
AMPLIFIER (w]
= —
w (o]
= —
2 A = DA
5 . - N
RF LOCAL © IF IF ®
-
AMPLIFIER OSCILLATOR BANDPASS BANDPASS
2 FILTER FILTER
] /2 -®— /2 w )
Q i
PHASE MIXER Anti-aliasing
SHIFTER D A Q
Timey
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Digitizer DAQ

Post-processing of the timestream bit

Time

Digitized voltage

Vertical average W

(a) /

k

P21

Pzz

: —__‘E—-—-—-
I TS
N \-‘“——P

Horizontal

» P15

P1a

—* P

Pas

Ilp

l

(b)

vertical average

l

k

N
EXli = ) Puic/N
n=1

N
E[X?], = ) pR/N
n=1
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(c)

overlapping

’_'_,_,__-—-—-—I'

Multiply

elements /

Vertical average

/

k

N
E[XY]; = Z PniPam—k /N

n=1

= Chopping the digitized voltage into
spectrum unit (based on target RBW)

» FFT each voltage sequence

(a) Mean of the spectrum
« Used for the main analysis of axion
signal hypothesis testing

(b) Mean of squared spectrum
 Used for variance estimation

(c) Mean of product of mirror pairs
« Used for estimation of JPA induced
correlation



Measurements

Measurement routines

JPA off noise/gain

Saebyeok Ahn | CAPP-MAX results

=

Iterating every 5 — 10 MHz

Possible HEMT/JPA drifts
Discussion on data

Finding JPA working |:>
points

Physics run




Measurements

JPA off noise measurement

= Noise source temperature
0.401 . r3.05
e Noise power u
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Measurements

JPA'’s passive
resonances on the

] eaks
JPA off noise measurements P
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Measurements

JPA working point calibration

1120

150+

100+

50+

Phase [deg]
o

_50_

—1001

—150+

1100
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o
[0 2]
o

Resonance frequency [MHz]
o
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e

1040

1112 1114 1116 1118 1120
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1020

Bias current [uA]

-1 lz(f_fl)] ~100 -75 -50 -25 O 25 50 75 100
T
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(Flux bias — passive resonance) mapping
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Measurements

3 JPA flux sweep

1.20

Frequecy [GHz]

1.05

I

1.00 y
—-1000 -750
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Measurements

JPA working point calibration Corresponding to a fixed fpassive,
preliminarily measured

—10- 30

= Sweeping the

frequency/power of the pump 25
tone
» Calibrating the gain of the JPA  E 20
at a fixed offset frequency D, -
o il
: : 3 15 ¢
= Given target gain -> lowest a s
pump tone power E
a -10
-5
—20_ . : : : : 0
-0.8 -0.4 0.0 0.4 0.8
Detuning
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Measurements

JPA working point calibration

= |teration over some picked-up target
frequencies (typically 1:20 sampling)

Pump Power

» Up-sampling at each target scanning
frequencies to generate a look-up table
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Measurements

JPA working point calibration

JPA working points from LUT | run 5 & 6

— : RUNS
E -
E RUNG |1
2, _
5
S 0 F
S :RUNG J21
E /

—~101 4
E S .- £
o JB”
Y - o
o =201 ¢ f;
g .:_-}'—,,_'—- - ! /
o : ;
o .-r"'
2 30 / | ) RUNG J2
=
('

1040 1060 1080 1100 1120 1140 1160 1180
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Measurements

Physics run

Sjuawainseaw ureb/buluny vdr

Time
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e0001
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Cavity resonance tuning

M e aS u re m e n tS Transmission/reflection measurements.
Tuning step = 10 kHz

Physics run m

Cavity tuning/characterization
JPA off power
JPA tuning/gain measurements
Cavity characterization
Cavity tuning/characterization
JPA off power
JPA tuning/gain measurements

>

el el Time
Sa | CAPP-MAX results ro0o2




Measurements

Physics run

JPA off power baseline measurement
for NT calibration (~ 1/20 data acquisition time)

Cavity tuning/characterization
JPA off power
JPA tuning/gain measurements
Cavity characterization
Cavity tuning/characterization
JPA off power
JPA tuning/gain measurements

>

el el Time
Sa | CAPP-MAX results ro0o2




M easureme ntS JPA gain tuning with LUT/fine tuning

JPA gain characterization (on/off)
Physics run JPA target gain of 16 — 22 dB depending on the range

Cavity tuning/characterization
JPA off power
JPA tuning/gain measurements
Cavity characterization
Cavity tuning/characterization
JPA off power
JPA tuning/gain measurements

>

el el Time
Sa | CAPP-MAX results ro0o2




Measurements

Physics data taking:192 s of acquisition
= 1920 total spectra with RBW =10 Hz =192 s

PhySICS run » 128 average sub-spectra x 15 sets = 1920

2 2

c c
. 2 S =
2 o 2 ©
© - c © ul
| @ 2 sl ¢ | 3
g S S O) Nl gl S S
s| © = s|ls| Q9 D
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3 : % =
O + @) +—

5 5

™ ™
[ ]

>

e0001 e0001 Time
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Datasets at a glance

Run 5 & 6 frequency coverage

mmm Run 5
~ 20000 sets in total @ Run 6 HEMT
B Run 61
BEE Run 6 21
Run 6 J22
1067
3
945
g & % B8 EEE ¢
894 919 1085
1020 1040 1060 1080 1100 1120 1140 1160 1180

Frequency [MHZz]
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Data at a glance

Power spectral density
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Data at a glance

Cavity is tuned to here
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Data at a glance

=

o
.I_.
=

-100 kHz

5 5

€ o JPA gain is tuned to — 100 kHz
‘N O =]
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: 9]
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>, 7 : =
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Data at a glance

-300 kHz -100 kHz +100 kHz

(D) : C > c :

c Q 2 O : e
_ g € o B Single tone injection

S O i =3 =
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= 3 § |
= S g lf_%’ c = Cross-check of the JPA gain
> & & = . )
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kT 3 § O fluctuation
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= s
o
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Data at a glance

mOverlap

-300 kHz -100 kHz +100 kHz

o i i > c i

c o Q o . .. .

= = o g Single tone injection

O : o =
T 108 % % £ i = Through the WEAK line
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> 2 @i = L )
= 1079 Z o i s = Monitoring the JPA gain
_GE 3 3 © fluctuation
— 3
© 10710 £ |
0 T:
0 :
Q. t
. 10711 /J\_" /\
2 5 ; JPA on
g / : : \
* 10-12 . ANALYSIS BAND: JPA off
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Noise temperature calibration

SNRI method, or spectra comparison method

SNR] = SNRon _ Gon Goff _ ﬁ
SNRoge  Pon/ Posr R

G,: JPA gain (JPA on/off S-parameter ratio)
R: JPA on/off PSD ratio
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Noise temperature calibration

SNRI method, or spectra comparison method

SNR] = SNRon _ Gon Goff _ G]
SNRoff Pon Poff

> |

JPA on/off Ratio [dB]
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Noise temperature calibration

SNRI method, or spectra comparison method

SNR] = SNRon _ Gon /Goff _ &

SNRosr  Pon/ Porr R

sys = Tsys/SNRI
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Spectrum statistics

Mean and variance
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Spectrum statistics
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X: signal side || Y: idler pair
cov(XY) = E[XY] — E[X]E[Y]
cov(XY)
OxOy

Pxy =

= Could gain some statistics from
overlapping both sides (from uncorrelated
parts)

» |nformative (related to the total system

noise)
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Spectrum statistics
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Correlation typically ~ 0.8 at

Spectru m statistics symmetry center, ~0.7 at the target
frequency
1
0. . . 2 \72
Reduction of uncertainty (1—+p) by
signal/idler side overlap
0.7 : :
e " = For the case of asymmetric noise
g .. spectrum, optimal weighted
© 0.6 AN average/sum is needed
© 0.5 1120 §
:
= o
Z 04 60 °
03100 —75 —50 —25 0 25 50 75 100

Frequency offset [kHz]
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Data analysis

= Overall, based on the HAYSTAC analysis procedure

= Baseline removal — Vertical combination — Convolving with normalized axion

line shape (boosted Maxwellian)

« Weighted combination (sum/average) subject to maximizing the SNR

» O itself represents the expected SNR

Baseline
removal /
Noise
calibration

Sideband
weighted sum

]
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Aligning in RF /
vertical comb.

Horizontal comb.




Data analysis

Grand spectrum

40 -
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Normalized excess

Peak exclusion strategy

» Use of aerial antenna: taking data with aerial antenna at each DAQ

= Use of higher TM-like modes (C ~ 0)
» Whether it is enhanced at the cavity
» Rescan for the remained peaks

If survived after all, magnetic field dependence test
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Sensitivity (preliminary) 214/3 phys. run
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Challenges

= JPA passive resonance vibration / drift
« Leads to difficulties in JPA tuning / some bad runs due to drift
* May leads complexities in spectrum statistics
»= Overlap of resonances between two series/parallel JPAs
= Warm resonator parts => excess noise at the resonance frequency

« Getting better with adjustment / careful tuning
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Future plan

= 2nd /[ 3rd physics run (finished)

« Analysis / simulation / combining data / publication
= 4%Min1.2-1.5GHz

« With 6 JPAs (2 holders x 3 parallel)

« With a superconducting tuning rod
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Measurements

JPA off noise measurements
Y factor measurements at an LO freq,.
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Data analysis

JPA gain / baseline estimation

Symmetrized JPAgainlexp 7781 run1 - 10 averaged

24

Ratio [dB]

JPA gain baseline estimation

Sym. data
— Fit
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