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Strong CP Problem Dark Matter Problem

Electric dipole moment
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Image: NASA, ESA, CSA, STScl, CXC; Science: James Jee (Yonsei University, UC Davis), Sangjun Cha (Yonsei University), Kyle Finner (Caltech/IPAC)
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Axion—-Photon Coupling

* Axion decays into two photons: L., = g4,/ aE - B

* Fora peV-scale QCD axion, spontaneous two-photon decay lifetime is far longer than the
age of the Universe.
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Axion—-Photon Coupling

* |Instead, we can convert axions into photons in a strong static magnetic field.

Inverse Primakoff process

)4
AN\NNNNV/
a
————— »----Yayya
External static magnetic field
B
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Microwave Cavity Haloscope

* A high-Q microwave cavity resonantly enhances axion—-photon conversion [PRL 51,1415 (1983)].

mgcC ~ Tuning rod

* Since we don’t know the axion mass a priori, the cavity must be tunable.
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ADMX “insert”

\—“ AXION DARK MATTER EXPERIMENT

12-50 K

* 7.6 T magnet with a roughly 0.6 m
bore diameter, >1 MJ stored
energy.

Field-Free Region

Quantum Amplifier
Package

4K

Cavity and tuning rod

Antennas

Mixing
Chamber
1K
Microwave

Cavity ‘

100-250 mK
Tuning Rods

“Magnet
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Jdayy Parameter Space

* Jayy IS axion—photon coupling constant.

e Benchmark QCD axion models:

10°°
KSVZ and DFSZ.
10~
* Current physics target: achieve DFSZ o
sensitivity for about 1.0-1.4 GHzrange. °
:% 1017
* Toreachthe DFSZ sensitivity, we must |
know the signal power and noise
fluctuation level precisely. 10°21
1072
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Signal Power

* On cavity resonance, the expected axion signal power is approximately,

_ g Pa v BO . V C Q
PADMX ~ 10 23 Y )4 ( ) (—)
sig (o 36) 0.45 GeV/cm? (1 GHZ) 7.6 T) \1061L/\0.4/\ 45000
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Signal Power

* On cavity resonance, the expected axion signal power is approximately,

2
g p % (Bo) ( V ) C Q
ADMX _ —23 |4 a _—
~ 1
PSlg 0 W(036) <0.45 GeV/cm?’)(lGHz) 7.6 T 106 L/\0.4/\45 000

- AN /)
h'd h'd

Input model parameters Detector parameters

* Large, strong magnet B*V

* Form factor (mode overlap) C
Axion couples most strongly to TM,,, mode in ADMX setup.

* (Loaded) quality factor Q = wU /Pyyss
21 X stored energy / lost energy per cycle.

* The antenna coupling (5 is assumed to be around 2.
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Signal Power

* On cavity resonance, the expected axion signal power is approxizmately,
pADMX _ {0-23 W ( 9y )2 Pa ( v )( B, ) ( 4 ) C Q
>16 0.36 0.45 GeV/cm3 /) \1 GHz/ \7.6 T 106 L/ \0.4/\45 000

* The signal power corresponds to only 10-20 photons per second.

* How can we reduce the noise fluctuations to this signal scale?

T

- ~ Signal pawer, Pgigna) / bin

Normalized PSD

Noise fluctuation, 6 P,ise
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Frequency offset (kHz)
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Noise

» System noise temperature: ~0.6 K
Resolution bandwidth: 100 Hz
. . . Integration time: 100 s
* Dicke radiometer equation:
P %10-21 candidate: 896.448 MHz
__ Y noise __ | —23 °T

VT Av —

* Forasingle scan, we have DFSZ signal-to-noise ratio (SNR) of: S OER S
pDFSZ £, e
signal B
SNR = : <1 =
6Pnoise,1kHz

* Reliable exclusion or discovery requires substantially higher SNR. 'L
— Combine statistics to increase SNR ol

8.9640 89642 8.9644 89646 8.9648 8.9650
frequency [Hz| x 108
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Cold RF Chain

* The cold RF chain effectively looks as follows:
Circulators 2"d stage amplifier: HFET (HEMT)

O—O—O—>—

. 15t stage amplifier:
Cavity Josephson Parametric Amplifier (JPA)

Noise source

* The cavity physical temperature and the added noise of the first stage amplifier are the
dominant factors that determine the system noise temperature.

Listen to Kieran’s talk (next talk) for more details on our JPA and noise calibrations
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Challenges

Magnet quench (Jan. 2026)
* magnetized the JPA. After
repair and other upgrades,
data taking in June 2026.
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PSD (dBm/Hz)

-97.35

-97.40

-97.45

-97.50

Hot cavity

* Cavity effective temperature
appears hotter than the
temperature sensor. Typically
indicates hot-rod problem.

(f

Hooorrtr o

-0.2 -0.1 0.0 0.1 0.2

Offset from cavity frequency (MHz)

Noise model discrepancy

* Discrepancies between the
noise model and the SNRI
measurements can be due
to the cavity-JPA interaction.

System Noise Comparison
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Working on model analysis and upgrade planning
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Data Taking

* Each scan follows this sequence:

JPA calibration

Cavity

Tuning

and tuning

characterization

1.12748 Tuning rod steps NN 101
175 A - r
g VNA reflection :
1.1273B 15.0— — 9
) 0 125 E g -
T 1.12728 g 2 E T 8-
b 10,0E - UZJ .
75 — 7=
1.12718 . = .
‘ sol E -/ SNRIvs. bias current
Cavity frequency g E 6
1.1278 251 | IR | | P s L v vy by ey ey by sl
80 -60 -40 -20 0 20 40 60 80 4.635 4.640 4.645 4.650 4.655

12:00 18:00 00:00 06:00

Sep 1, 2026 Sep 2, 2026 Bias current (mA)

Frequency offset (kHz)

e Measure SNRI
* Periodically re-bias JPA

e Measure cavity
resonance, Q-factor,
antenna coupling

e Monitor mode crossing

e Tune the cavity resonance

CPAD 2026 Workshop
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PSD (W/Hz)

Digitization
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Frequency offset from JPA resonance (MHz)

¢ 100-second digitization
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Preliminary Result

* Highlighting our first frequency interval: 1250-1270 MHz.

° ) ° o [ ]
Published in 2025 (not quite DFSZ) Preliminary
Axion mass (ueV) Axion mass (ueV)
5.16 5.18 5.20 5.22 5.24 5.26 5.16 5.18 5.20 5.22 5.24 5.26
T T . Tt " 7 T T T 7 " 1 " T T T T
Part 1 Limit
o ké&i ........................................................................................................ o ké&i ........................................................................................................
- -
g 10—15__ = g 10—15__ —
S b & [ orsz MR TIRATIRERI W
250 1255 1260 1266 1270 250 1255 1260 1265 1270
Frequency (MHz) Frequency (MHz)

* Assuming axion constitute the entirety of the local dark matter (DM) halo, and ata DFSZ
coupling, we excluded the DM density (previously) 0.49 GeV/cm?3 — (now) 0.22 GeV/cm3.
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Looking Forward: Run-2A

* We will have four cavity array to search for higher frequency.

* Cavity and 4K teststand at Fermilab.
* Ongoing: commissioning of amplifier chain and dark photon search.

Piezoelectric (rotary) actuator
— Stepper motor array

Run-1D Run-2A
(1.0-1.4 GHz) (1.4-2.0 GHz)

Cavity G&

Magnet bore

@Fermilab
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Summary

« ADMX searches for axion dark matter at the DFSZ sensitivity.
o Microwave cavity resonator(s) as our coherent detector.
o Employs quantum amplifier package (such as JPA) to achieve quantum-limited noise.

* Currently, we are taking data over 1.0-1.4 GHz range ensuring the DFSZ sensitivity.

* The next run (2A) will be using four cavity array to maximize the signal power in a given
volume.

Thank you for your attention!
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Backup



*Details of ADMX noise calibration can be found in [PRD 111, 092012 (2025)]

Noise Calibration

* We heat a noise source and measure output power versus source temperature.

Calibration example

Power

o
o

Noise source Amplifier

AN — ]S
e

4
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o

b
o

w
w

Normalized Power (arb. units)
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mK Attenuator Temperature (K)

o
ey
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>
—Tadded Noise source temperature

* The narrowband JPA must be retuned with frequency. Repeating a full thermal calibration at
every setting is impractical.
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Signal-to-Noise Ratio Improvement (SNRI)

* We measure the SNR improvement with the JPA on versus off.

Reflection (dB)

PSD (dBm/Hz)

Frequency Shift (MHz)
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VNA

10F e — Already-calibrated

- | (broadband)
o /\
-0:— G':25.9d8\/ J
| G _ Tiffen
20 -

| V SNRI = =
80E L ISR [ &0 ) S B L P()n/POff Tsys

Digitizer

T T T T T T[T T [T T T
80— JPA off M E

- —— JPAon SNRIlis 25.9 — 15.9 = 10.0 dB in this example
851 Cavity Band B

- Noise increment: 15.9 dB

: ! eff
90— mll

: T THFET
95 — oo | — SySs —

E. [ P e e e e e e b gy P P y SNRI
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Strong CP Problem

* QCD Lagrangian admits the CP-odd term:
2
=~ Ys
LD6O
3212

* Itintroduces a nonzero neutron electric dipole moment (nEDM):
d, ~0(107%) x 0 e-cm

* The 2020 neutron EDM measurement gives [PRL 124, 081803 (2020)]:
|ld,| <1.8x107%°e-cm (90% C.L.)

a ~auv
GWG K

* [timplies
6] < 10710

* But @ is a dimensionless angular parameter, whose natural domainis —m < 8 < .
The Standard Model does not provide an explanation for this small value.

Strong CP problem: Why is the physical CP-violating angle so small?
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The Peccei-Quinn Solution

* Spontaneous breaking of the Peccei—Quinn symmetry introduces the axion field a(x),
making the effective CP angle dynamical [PrL 38,1440 (1977)].

_ a(x) axion field
Omis = 0 +
Ja

* Ois can take any value when universe is hot enough, but after the QCD transition, the
axion “rolls down” the potential and 6,,;; relaxes toward zero and oscillates about the

minimum.
Before QCD transition After QCD transition

Adapted from Sci. Adv. 8, eabj3618 (2022)
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Axion Dark Matter

Hot universe,

* Axions can be produced nonthermally as coherent field massless axion
oscillations.
o Negligible initial momentum — cold
o Extremely weak interactions — long-lived

o Adequate misalignment (or topological defects) — observed DM
abundance

* Under standard cosmological assumptions, QCD axion dark
matter naturally lies in the peV-sub-meV regime.

* 1 pueV — ~240 MHz, turning the search into a measurement of Axioh acqulres ass
an oscillating field of a “microwave” frequency.

tcold Oz 0

Axion field, 6

Adapted from Sci. Adv. 8, eabj3618 (2022)
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Receiver Chain

* The digitizer records a band containing the cavity feature and its idler image produced by

the JPA.
{} Mixing Digitizer

O—O—{>

JPA

Cold Warm :
Local oscillator
Cavity———
le12 \ —
121 A Cavity feature
- |d ler I +150 kHz offset from
1 the JPAresonance
£ B N
s :
3 101 : 1 MHz digitized bandwidth
0.9 | -
- I
i

7 | 1 ‘ | 1 | | 1 1 1 1 1 1 | 1 1 1 ‘ 1 |
0.4 0.2 0.0 0.2 0.4
Frequency offset from JPA resonance (MHz)
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Analysis Pipeline

Response : : .
and DFSZ Axion Grand Candidate Discovery or

raw spectra removal o lineshape fit spectrum rescan exclusion
normalization

DQC-passed Baseline
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Analysis Pipeline

DQC-passed Baseline Zingpssze Axion Grand Candidate Discovery or
raw spectra removal o lineshape fit spectrum rescan exclusion
normalization
P,

raw

Cavity (signal) band

P
1=
Mo

* Apply data-quality cuts and retain the
+ 100 kHz band around the cavity
resonance.

1.2

1.1

PSD (W/Hz)

0.9

IIII|IIII|IIII|IIII|I_I.

1 | 1 1 | 1 1 | | 1 | 1 | 1
0.4 0.2 0.0 0.2 0.4
Frequency offset from JPA resonance (MHz)
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Analysis Pipeline

DQC-passed Baseline Zingpssze Axion Grand Candidate Discovery or
raw spectra removal o lineshape fit spectrum rescan exclusion
normalization
P
P,

raw

X = -1
raw B
 We conventionally estimate the ol g
] . . . 00 aw spectrum -
receiver baseline with a Savitzky- 1sb — Filtered baseline
Golay smoothing filter. F ol ]
g 1.1 :— —:
* Define the fractional excess x: @ 1.05F 3
o : n
x —_ PI‘aW —_— 1 1.003— —f
B 0_95:| L v e b e e e e e e by | .
* This procedure could attenuate the & 0025t 1| wdniens Tt aiddl ot aikdar e tly
narrow axion signal. < 00001 -
s F ]
* Can a physical baseline model goosp 0
] ) -100 75 -50 25 0 25 50 75 100
preserve more of the axion Slgnal? Frequency offset from cavity resonance (kHz)
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Feed-forward Model: Cavity

* The temperature contrast sets whether the cavity feature is a peak or a dip.

to-14 | | Cavity band

Input noise: 14350 -
S ~ kpTin 1.430 =
N B ]
. L - =
Cavity S 14251 ]
- N 7
Near-perfect reflector (R = 1), off-resonance D 1.420 —
Near-perfect absorber (R = 0), on-resonance - :
(near critical coupling, p = 1) 1.415 :_ _:
(R = |T|? is the cavity reflectance) - .
1410 L o L L

0.4 -0.2 0.0 0.2 0.4

Cavity output:

S(w) ~ R(w) kgTiy + (1 _ R(a))) KgTeay Frequency offset (MHz)

On Kim (onkim@uw.edu) CPAD 2026 Workshop 2026 Oct. 215t



Feed-forward Model: JPA

* The JPA mixes the signal and idler bands, producing a mirrored cavity feature.

Cavity band

—

e—|13|

- —— Te<Tn ]

Input noise: 2.6~ Teav=Tin ]
S ~ kgTiy JPA 2_43_ — Teav>Tin
N i

Cavity = 221 B

JPA output: tEJ 20F B
S(w) ~ G(w) Scav(w) + E;i(a)i) Scav(wi)j 1_8:— _:
Y B _

idler 1.6 =

1 | | 1 | 1
0.0 0.2 0.4

1 | 1
0.4 0.2
Frequency offset (MHz)

* A hotter cavity reproduces the broad cat-ear structure in the forward model.
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Hot Cavity

* A cavity hotter than the input noise source can produce a peak, but the cavity sensor reads
a lower temperature.

024 —— Noise source temperature sensor
— Cavity temperature sensor
0.22
0.2
hY4

0.18

O'IGVW

0.14
Dec 28 Jan 4 Jan 11 Jan 18
2025 2026
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Hot Rod

* A simple hypothesis: poor thermalization leaves the tuning rod hotter than the cavity walls.

Tuning rod
(no temp. sensor)
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Hot Rod

* A simple hypothesis: poor thermalization leaves the tuning rod hotter than the cavity walls.

* To test for excess cavity noise, we recorded JPA-off spectra at several antenna couplings.

T T T T T T T T T T T T | T T T | T T T |_

-97.30 Antenna Coupling—

- —— B=06 -

A 97.35 1 1o -

N R —

T - — =22

5 -97.40 :— _:

Tuning rod o n §
A 9745 -

(no temp. sensor) D - .
-97.50 — 1

-97.55 1

| | | | 1 1 | | | | | | | 1 | |
1266.0 1266.2 1266.4 1266.6 1266.8 1267.0
Frequency (MHz)
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Hot Rod

* The fit suggests an effective cavity-mode temperature ~0.1 K above the sensor reading.

: . Baseline-subtracted =~ —— thed ———- i
On-Resonance Peak/Baseline Ratio aseline-subtracte Smoothed (SG) Model Fit
[ | T T T | T T T T | T T T T | T T T T | ]

- _ =0.56 =1.00
0,066 ¢ Measured peaks - 0.10 F=0p _ — P00 —
e e ---- Fit (AT =105 mK) 7 - 1F .
0.064 - R = 005 {\ 1F A E
L ’ ~ — C 1 C ]
o 0062 |/ f -4 g %0 1F E
= -l o - = - S .
o 0.060— - 2 005 T 7 [ R T R

EU 7 ™ ] 2 146 221

| ~ — (1] = |. = L.
0058: \\\ : i-i 010__| T T \ﬁ T T T T T w__ __l Iﬁ| T __
0.056 \+ -4 2 - 10 ]
- \\\ . Dc_-_; 0.05— - - ]
0.054 AN - /\ 1F J \ .
1 o ol ol 1] 0.001 g H F . B
0.5 1.0 1.5 2.0 2.5 r 1 r 7
. 0.05— 1 ]

Antenna Coupling g 166,00 126640  1266.80 156600 126640  1266.80

Fit model uses:
S(®) ~ R(w) kpTin + (1 = R(0)) kp(Teay + AT)

Sensor

Frequency (MHz)
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Analysis Pipeline

DQC-passed Baseline Zinglr:];; Axion Grand Candidate Discovery or
raw spectra removal o lineshape fit spectrum rescan exclusion
normalization
P
P,

_ _raw 1 . X kBTsysAv
raw X="p U = ""pprsz
* Normalize the fractional excess Response and DFSZ normalization

by the expected DFSZ signal 20T T T T
power, including the cavity @ | i
b] - |
response. g or ]
x k T A‘V _20_ | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I_
u = B Sys '8 _I | T T T T | T T T T | T T T T | T T T T T T T T | T T T T | T T | T T T T | I_
pDFSZ Sc 2 -
SO ]
ON L _
'ECLE 1__ ]
°a T .
O L _

D_ 1 | 1 1 1 1 | 1 I I 1 | 1 1 1 1 | I 1 1 1 | 1 1 1 1 | I 1

400 75 50 25 0 25 50 75 100
Offset from cavity resonance (kHz)
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Analysis Pipeline

DQC-passed Baseline
raw spectra removal

Response
and DFSZ

normalization

Axion Grand Candidate Discovery or
lineshape fit spectrum rescan exclusion

_ Paw x kpToysAv o _ Y. Ku/aj
Praw X = B N u= PDFSZ _ZKZ/GL%
Normalized native-bin excess
* Aroughly 1 kHz halo signal spans about - | | | | 1 unceriainty 1
ten 100 HZ blnS. %’ 0 'hll| le .[ ‘ﬂ I|n||l M, I bt ‘!"!l' d\ i L .|||I”M .|£
) -5;_1_ | i | i | | | | | | | i | |
- Axiqn Iipes?apg kgrnell w [
* Apply the standard halo model lineshape sosk E
kernel (K') as a matched-template fit N J\ .
0.00 .
2 o | | | | | | | | - | | | | | |
. 2 Ku/o-u g 2_ . T T I‘:It T?SU|T T f i
— 2 3 - E
Z KZ/O-U £8  of .
T ]
% 2 —:
£ a0 T2 0 T 20

Frequency offset from cavity resonance (kHz)
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Analysis Pipeline

DQC-passed Baseline Zingpssze Axion Grand Candidate Discovery or
raw spectra removal o lineshape fit spectrum rescan exclusion
normalization
P
P,

_raw 4 X kpTsysAv 4 = M Y d/og
raw T 7B "= T poFsz Y K2/o? > 1/02
Simulation
* Combine overlapping fitted spectra at Ot VS VNSO R N
each physical frequency using inverse- B e e
variance weights: ]| e
Y d/og g T e
> 5 FOPRSUA SOMARGAN PO NS

* We search the grand spectrum for Tohe e o e w0

e e e e e e e~

significant excesses. ; - Injected axon -

5— —

Excess

..““\“..g““\....\“‘
-100 -50 0 50 100

Frequency offset to injected axion (kHz)

On Kim (onkim@uw.edu) CPAD 2026 Workshop 2026 Oct. 215t



Analysis Pipeline

DQC-passed Baseline :2?828826 Axion Grand Candidate Discovery or
raw spectra removal o lineshape fit spectrum rescan exclusion
normalization

* Rescan targets include excess-power candidates and frequencies with insufficient sensitivity.
o Most of the time, large excess candidates are statistical flukes.
o Rescan (take more data) around candidates.

* Persistent excesses receive dedicated follow-up checks. It can be
o Blind synthetic axion injection (SAG).
o Ambient RF interference (RFI).
o Or axion!

* Test whether the excess follows the expected axion response.
o Reduce B — axion power o< B?.
o Change cavity mode to TM,,; — form factor is near-zero.

o ldentify or remove source of RFI.
o SAG turned off.
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Analysis Pipeline

DQC-passed Baseline Eingpssg Axion Grand Candidate Discovery or
raw spectra removal o lineshape fit spectrum rescan exclusion
normalization

Axion Mass (ueV)

» Assume a local axion density 0.45 GeV/cm?. 10 100

. o = o o = e e =)
e Seta 90% credible upper limit with a flat 100 7

prior in nonnegative signal power. i 4 ////////

______ | ksVZ
-------------------------------- DFSZ

KSVZ —

DFSZ

Run-1D Part 1
CAPP

1 | 1 | | | | | 1 | 1 | | | | 1 1 | | ‘ 1 1 1 | ‘ | 1 1 | ‘ |
1078 1000 1050 1100 1150 1200 1250 1300 —]

L L ‘ L 1 L L L 1 L 1 ‘
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WEAK BYPASS our PUMP DC BIAS

System Noise Calibration

mK attenuator Hot loa \

?‘y.

wdl - _aoll

1. Hot load: connected by the RF switch.
2. mK attenuator (new in Part 2):
no switch needed. The concept worked!
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