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Concept
Axion converts  
into photon ∝ C010B2QV

Spectrum after JPA Spectrum at digitizer

Want to back to spectrum right after conversion for both shape and scale

~20 dB gain 30+40 dB gain

JPA standing wave 
distortion

Warm electronics  
distortion
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Warm Electronics Shape

10

Source Fractional Uncertainty

B2 ⇤V ⇤ f 0.05

Q 0.011

Coupling 0.0055

RF model fit 0.029

Temperature Sensors 0.05

SNRI measurement 0.042

total on power 0.088

TABLE I. Dominant sources of systematic uncertainty. The
uncertainties were added in quadrature to attain the uncer-
tainty on the total axion power from the cavity, shown in the
bottom row. For the first entry, B is the magnetic field, V is
the volume, and f is the form factor.

V. AXION SEARCH DATA-PROCESSING651

A. Baseline Removal652

The first step in processing the raw spectra was to653

remove the fixed baseline imposed on the spectra from654

the warm electronics. A nonflat power spectrum had655

three possible underlying causes:656

1. Frequency dependent gain variations after mixing657

2. Frequency dependent gain variations before mixing658

3. Frequency dependent noise variations.659

The last of these was subdominant because most noise660

sources are approximately the same temperature. Gain661

variations before mixing, attributable to interactions of662

RF devices in the cold space, were evident, but small663

compared to gain variations after mixing. Such gain vari-664

ations were primarily determined by filters in the receiver665

chain. The characteristic shape of these gain variations666

can be seen in Fig. 11. The upwards trend to the far right667

and left were a result of digitizing in the final two-pole668

filter, between the two poles. The baseline was averaged669

and smoothed using a Savitzky-Golay filter [26, 27] be-670

cause it was su�cient to smooth over the range of in-671

terest. For these purposes, the Savitzky-Golay filter was672

computationally simple and well-understood.673

The average baseline is shown in blue and the filtered674

background is shown in orange. The y-axis was normal-675

ized as the original scale is arbitrary and a combination676

of the gain and attenuation on the output line.677

B. Spectrum Processing678

An example spectrum after the baseline removal pro-679

cedure is shown in Fig. 13. Each raw spectrum consisted680

of 512 bins, with bin widths of 95 Hz, for a total spec-681

trum width of 48.8 kHz. A single spectrum is represen-682

tative of axion search data acquired over an integration683

FIG. 11. Filtered background shape (orange) and the average
baseline (blue) from the warm electronics.

FIG. 12. Histogram of individual bin deviations about the
mean for the first nibble of Run 1B. Orange shows a Gaussian
fit to the data.

time of 100 s. The power, P , will be subscripted by the684

bin number, i, and superscripted by the spectrum num-685

ber, j, to define the smallest discretization of measured686

power in the proceeding analysis steps. The processing687

of a single raw spectrum proceeded as follows. A sin-688

gle raw spectrum was first divided by the baseline and689

convolved with a six-order Padé filter to remove resid-690

ual shape from the cryogenic receiver transfer function.691

The use of a Padé filter can be motivated by deriving the692

shape of the power spectrum at the output of the last-693

stage cold amplifier [28]. The power in each bin was then694

divided by the mean for the entire spectrum to created a695

normalized spectrum. In the absence of an axion signal,696

the power in each bin could then be represented as a ran-697

dom sample from a Gaussian distribution with a mean698

of µ = 1. Evidence that this was indeed the case can699

be seen in Fig. 12. Subtracting 1 from each bin shifted700

the mean of the normalized spectrum to µ = 0, which701

gave a more intuitive meaning to the data, enabling us702

to search for power fluctuations above zero. An exam-703

ple of such a filtered spectrum is shown in Fig. 14. The704

gray band highlights the 1� error bar, which implies 60%705

of the data should fall within this region. Another fea-706707

ture of the raw data that must be considered is inherited708

from the microwave cavity itself: the Lorentzian shape.709

Power measured closer to cavity resonance is enhanced710

by the high-Q of the cavity, whereas power measured711

further from resonance is not. This enhancement follows712

the Lorentzian shape of the cavity, which varies depend-713

ing on the coupling and frequency at the the time of the714

scan. The filtered spectra were therefore scaled by their715

respective Lorentzian shapes. The result of this step can716

Take an average of several digitizer measurements with JPA off.
Warm electronics shape (including HFET) is very stable.

Praw Praw/freceiverfreceiver
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JPA Shape: Model
Praw/freceiver

cavity
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130 mK

160 mK
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ftrans.
frefl.

TJPA + THFET/GJPATCavity
TAttenuator

Sometimes can be modeled.
But not always success…
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JPA Shape: pade approximation
Praw/freceiver fpade Praw/( freceiver fpade) − 1

fpade(x) =
a + bx + cx2 + dx3

1 + ex + fx2

Now we get correct shape 
(Scale is normalized  
 by standard deviation)
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Scaling spectrum

- Those values are smoothed 15 or 30 minutes. 
- Cut abnormal parameters

cut value

Q [20000, 160000]

χ2/
NDF <20

Tsys [0.1, 20] K

SNRI <40 dB

f0 [750, 1022] MHz

- Assume spectrum is made by  
background + maybe a few signals (negligible). 
standard deviation should be  

- Signal is enhanced by cavity, magnetic field,  
form factor,…. 

kbTsysb [W]

kbTsysb/(
β

1 + β
C010VQB2florentzian)

Multiply
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Scale spectrum

Finally we got correct  
scale and shape.

[W]

kbTsysb/(
β

1 + β
C010VQB2florentzian)

Praw/( freceiver fpade) − 1 ×
And optimal filtering: 
folding with predicted  
axion spectrum

Nick, Hima,  
Chelsea
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Grand Spectrum
Combining each spectrum, then we get one grand spectrum.

Find axion from that or  
Get limit to compare it to expected axion power

[W]
axion?
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Candidate Inspection

SAG off

SAG on

SAG on

SAG on

SAG Axion? Looks RFI

must be RFI

delta
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Software Synthetic Signals
To check we can detect signal with the analysis method, 
we injected software synthetic signals into raw data or simulation.

ϵ = Ndetect /Ninject ∼ 90 %  for DFSZ signalcfudge = Pdetected/Pinjected ∼ 0.8
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Improving Background Modeling
Signal distorts  
background estimation

injected  
a ksvz*10 signal

made by Chelsea

New: Ignore significant peak

Distortion from DFSZ level isn’t corrected 
by new pade filter.

This is cause of fudge factor = 0.8 
We’re working on it
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Bayesian Analysis 
Pros (compared to p-value):  

• Most important: Logical interpretation. Bayesian approach answers the question:

•  How does our belief in the axion’s existence change as a result of what was 

measured? 
• P-value answers: What is the probability we would have measured something 

more extreme (a lower power) than we did? 

• Simplicity: 

• Very easy to combine with other experiments: just multiple prior updates in any 

space that overlaps

• Nice scaling with N

• Incorporates logarithmic priors

• No longer need to do Monte Carlo technique

• No need to do the truncated Gaussian for a CDF to deal with negative power 

fluctuations


Chelsea’s slide

Subaggregated updates are the individual updates averaged over 1% 
of the frequency range

HAYSTAC people uses Bayesian 
based analysis framework.

MADMAX collaboration curious 
about this, maybe collaborate.
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Summary
- Introduce analysis flow 
- Software synthetic signal test 
→ detection efficiency ~ 90 %, fudge factor for DFSZ ~ 0.8 

- An improvement of background modeling is introduced 
→ fudge factor  for large signals ~ 1, for DFSZ ~ 0.8 
→ We’re working on further improving 

- We’re are testing bayesian analysis for ADMX
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Backup
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Define Rescan Region
Conditions: 
-  

-  

-

SNRDFSZ < 3

Pmeasured/PDFSZ + ΔP/PDFSZ × 1.281 > 0.85

Pmeasured/ΔP > 3.4σ


