PHYSICAL REVIEW D 108, L021304 (2023)

Search for the Sagittarius tidal stream
of axion dark matter around 4.55 peV
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We report the first search for the Sagittarius tidal stream of axion dark matter around 4.55 peV using
CAPP-12 TB haloscope data acquired in March of 2022. Our result excluded the Sagittarius tidal stream of
Dine-Fischler-Srednicki-Zhitnitskii and Kim-Shifman-Vainshtein-Zakharov axion dark matter densities
of p,>0.184 and >0.025 GeV/cm?, respectively, over a mass range from 4.51 to 4.59 peV at a

90% confidence level.
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Approximately 85% of matter in our Universe consists of
cold dark matter (CDM) according to the standard model of
big bang cosmology and precision cosmological measure-
ments [1]. Despite the strong evidence of the existence of
dark matter [2], its nature remains unknown to date and
falls into a category that is beyond the standard model of
particle physics (SM). One of the strongest CDM candi-
dates is the axion [3], which results from the breakdown of
a new form of global symmetry introduced by Peccei and
Quinn [4] to solve the strong CP problem in the SM [5].
The axion is predicted to be massive, abundant, and
nonrelativistic and interacts very weakly with the SM [6].

A direct axion detection method by Sikivie [7], also known
as the axion haloscope, uses the axion-photon coupling
Gayy = ;’fi, where « is the fine structure constant, g, is a

model-dependent coupling constant, and f, is the axion
decay constant. The Kim-Shifman-Vainshtein-Zakharov
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(KSVZ) model [8] and the Dine-Fischler-Srednicki-
Zhitnitskii (DFSZ) model [9] predict the g,,, with g, =
—0.97 and 0.36, respectively. Thanks to the resonant con-
version of axions to photons in a microwave cavity, the axion
haloscope provides the most sensitive axion dark matter
search via g,, in the microwave region.

On the assumption that axions contribute to 100% of the
local dark matter density and their signal shape follows the
blue dashed line in Fig. 1(a) according to the standard halo
model (SHM) [10], the CAPP-12 TB experiment recently
collected data sensitive to DFSZ axion dark matter, whose
mass is around 4.55 peV [11]. Complementary to the
SHM, dark matter of a tidal stream from the Sagittarius
dwarf galaxy would have a velocity v of about 300 km/s
and a velocity dispersion év of about 20 km/s in our Solar
System [12]. Only the 4096-bin search in Ref. [13]
corresponds to a search for the Sagittarius tidal stream
of axion dark matter to date. Another dark matter stream
referred to as the “big flow” would possess v ~ 480 km/s
and 6v <53 m/s [14], and the relevant experimental
searches can be found in Refs. [13,15,16]. For dark matter
around 4.55 peV, the signal widths from the Sagittarius
tidal flow and the big flow would be ~150 and <0.62 Hz,
respectively. The former fits the black solid line in Fig. 1(a),
while the latter is much less than the frequency resolution
bandwidth (RBW) Af = 10 Hz of the CAPP-12 TB data

© 2023 American Physical Society
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FIG. 1. Axion signal shapes for a corresponding frequency of

1.1 GHz following the SHM [blue dashed line in (a)] and the
Sagittarius tidal stream model [black solid line in (a)]. The red
solid line in (b) is the dark matter shape considered in this work
assuming axion dark matter makes up 100% of the local dark
matter density, where the Sagittarius tidal stream model and the
SHM contribute 23% and 77%, respectively, and only the red
hatched region corresponds to the signal model.

acquired in March of 2022 [11]. Considering such signal
widths and Af = 10 Hz, this search seeks dark matter of
the tidal stream [12] around 4.55 peV for the first time,
utilizing the same data for our previous work [11]. This
collateral search without a dedicated rescan is comple-
mentary to our recent SHM search [11].

The experimental parameters of the CAPP-12 TB halo-
scope can be represented by the expected axion signal
power given in Eq. (1) and the schematic shown in Fig. 2,
where Eq. (1) is valid when the axion mass m, matches the
frequency of the cavity mode v (m, = hv/c*) and the
cavity mode coupling to the receiver is 2:
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FIG. 2. Schematic of the CAPP-12 TB experiment, where
HEMT and IF stand for high-electron-mobility transistor and
intermediate frequency, respectively.

Equation (1) also uses the experimental parameters
achieved by the CAPP-12 TB experiment which are the
rms magnetic field over a cavity volume B, of 10.31 T, a
cavity volume V of 36.85 L, a cavity-mode-dependent form
factor C [17] of 0.6, and a loaded quality factor of the cavity
mode Q; of 35000. Assuming axion dark matter makes up
100% of the local dark matter, where the Sagittarius tidal
stream model and the SHM contribute 23% and 77% [12],
respectively, the detected signal power of DFSZ axion dark
matter of the tidal stream with the SHM contribution denoted
as the red hatched in Fig. 1(b) is then expected to be 5.69 yW
for the axion frequency of 1.1 GHz. This mixed signal is also
similar to that in Ref. [18] and its power can be obtained by
plugging in p, = 0.114 GeV/cm?’ in Eq. (1), which is the
model considered in this work. Figure 2 not only shows the
signal line from the cavity to the fast data acquisition (DAQ)
system [19], but also another key experimental parameter, the
25 mK physical temperature of both the cavity and the
Josephson parametric amplifier (JPA). The fast digitizer and
the signal generator used an external reference clock [20] to
set the frequencies.

The overall operation of the CAPP-12 TB experiment
and the relevant measurements can be found in the
literature [11]. Here, we describe the achieved crucial
experimental parameters [11] in addition to those shown
in Eq. (1) and Fig. 2. The JPA used by CAPP-12 TB [21,22]
provided gains and noise temperatures of about 17 dB and
60 mK, respectively, at the target frequencies over the
search range, where the target frequency is the central
frequency of each individual power spectrum and v was
tuned to it. The gains and noise temperatures of the receiver
chain other than the JPA were about 104 dB and 1.2 K,
respectively. The total gains of the receiver chain were close
to 121 dB around v. The total gain in the measured power
was removed to obtain the total system noise temperature
T, from the cavity and the receiver chain. The gain
corrected power of each power spectrum was then para-
metrized using a Savitzky-Golay (SG) filter [23], and the
extracted 7', around v was approximately 215 mK as a
roughly Lorentzian peak [11].

For each frequency step, we took 40 power spectra, with
each being the average of 128 individual spectra [19].
Individual spectra with an analysis frequency span of
150 kHz were measured over a 0.1 s interval; hence,
Af =10 Hz, as mentioned above, and the integrated time
At for the measurement of the power at each frequency Py,
was 512 s. During this DAQ duration of 512 s, v drifts with a
spread of about 290 Hz due to our experimental imperfec-
tions, while the axion signal shape is almost invariant under
Earth motions as explained below. As our cavity bandwidth
is about 31 kHz for v around 1.1 GHz, the axion signal power
atv and that at 290 Hz away from v differ by less than 0.1% in
the case of v drift, which is negligible to our result.

The 150 kHz analysis span and our frequency tuning
steps of 10 kHz create 15 power spectra overlaps in most of
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Triangles in (a) show the normalized power excess distribution of the normalized grand power spectrum from the CAPP-12 TB

data after applying a frequency-independent scale factor of 0.74. (b)—(d) show the normalized power excess distributions of 10 000
normalized grand power spectra from the 10 000 simulated CAPP-12 TB experiments. Rectangles in (b)—(d) are from all frequencies of
the normalized grand spectra, while the circles there are from the frequency with the simulated axion signals. (b) and (c) were obtained
without a filtering procedure, while (d) was obtained with filtering. (b) was obtained after background subtraction with a perfect fit,
while (c) and (d) were obtained with our SG filter with d = 4 and W = 37. Lines are a Gaussian fit resulting in ¢ (mean) and ¢ (width),
except for the Crystal Ball line shape [27] fit to the circle distribution in (d).

the frequency range, meaning that the total Az for the P,
measurement is at least 7680 s. During the P, measure-
ment time of 10 000 s considering the cavity tuning and the
relevant measurements conservatively, the rotational and
orbital motions of Earth with corresponding speeds of 0.4
and 30 km/s can shift the signal frequency at most by
about 1.07 and 0.22 Hz, respectively. Hence, the signal
broadening caused by the motions of Earth are negligible
compared to the RBW of 10 Hz and to the expected signal
width of about 150 Hz.

Given that the signal frequency shifts are much less than
the RBW of 10 Hz for the duration of the P;, measurement,
P can be calculated as the weighted average of the powers
measured from all spectra having that frequency, which
allows us to use, without a further RBW reduction process,
the similar analysis procedure for the axion dark matter
search of the SHM [24-26]. Owing to the absence of a
dedicated rescan schedule, our analysis strategy here seeks
to let the most significant power excess have significance
under a certain threshold value and as small as possible.
Having a narrower signal window and lower p,, the signal-
to-noise ratio (SNR) is naively expected to be consistent
approximately with that in our previous work [11]. If a
threshold of 3.718 of the normalized power excess to get a
one-side 90% upper limit corresponding to the expected
SNR of 5 would be applicable without rescanning, we
could expect a search sensitive to the Sagittarius tidal
stream of DFSZ axion dark matter considered in this study
at a 90% confidence level (CL).

First, we applied a similar filtering procedure in Ref. [25]
to remove narrow spikes in each power spectrum. Each
power spectrum was parametrized via SG smoothing with a
polynomial of degree 4 (d =4) in a 75-point window
QW +1="175) at Af = 10 Hz for both the filtering (see
the details in Appendix A) and background subtraction
thereafter, where the 75-point window corresponds to
5 times the signal window used for this search. We found
that the normalized power excess obtained right after
background subtraction from each power spectrum follows

a Gaussian distribution whose width is not 1, but 0.97. This
narrower Gaussian width resulted from the SG filter
parameters of d =4 and W = 37 used in this work,
because we found no such bias for SG parameters of
d =4 and W = 1000 used in our previous work [11]. Our
simulation data explained below also predict the bias
induced from the SG filter with d =4 and W = 37, and
thus a possible systematic effect is discussed there as well.
After filtering and background subtraction, all of the power
spectra were combined as a single power spectrum. We then
summed three nonoverlapping spectral lines so that
Af = 30 Hz, and this spectrum is referred to as the “com-
bined power spectrum” (see the details in Appendix B). This
RBW reduction to 30 Hz ensures a smaller threshold value
because it decreases the significance of power excess, albeit it
was a compromise with the decrease in SNR that accom-
panies this process [11]. Our “grand power spectrum’ was
constructed from the combined power spectrum by coadding
[24] five continuously adjacent 30 Hz power spectral lines.
Each spectral line was weighted by the signal shape [25],
which is indicated by the red hatched region in Fig. 1(b).
Figure 3(a) shows the normalized power excess distribution
from the grand power spectrum following the standard
Gaussian after correcting for a frequency-independent scale
factor of 0.74 to remove the known bias in power excess
induced by background subtraction [26]. From such a
standard Gaussian distribution, we found that the greatest
significance of the power excess is less than 5.4 and thus were
able to exclude all of the power excess by applying a
threshold of 5.4 without rescanning. For the most significant
power excess, we calculated the y> probability to check the
signal compatibility (see the details in Appendix C). Fromit,
we concluded that the excess is not compatible with the signal
model in this work and thus no dark matter of the tidal stream
was found around 4.55 peV.

We estimated the SNR efficiency and other possible
systematic effects with 10000 simulated CAPP-12 TB
experiments with simulated axion signals at an arbitrary
frequency within the search range. The input signal power
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and shape of the simulated axion signals follow Eq. (1) and
the red hatched region in Fig. 1(b), respectively. In order to
avoid the aforementioned bias observed in the power
excess immediately after background subtraction by the
SG filter above, we instead used backgrounds parametrized
by another SG filter with d =4 and W = 1000 as our
simulation inputs. Figures 3(b) and 3(c) show the distribu-
tions of the normalized power excess from 10000 grand
power spectra from the 10000 simulated CAPP-12 TB
experiments without the filtering procedure, where the
former was obtained by background subtraction using the
simulation inputs, i.e., a perfect fit, and the latter was
obtained using the SG filter with d =4 and W = 37. The
rectangles in Figs. 3(c) and 3(d) show a width of 0.74,
agreeing with the CAPP-12 TB data. The circles in Figs. 3(b)
and 3(c) are from the frequency with the simulated axion
signals. From these, we estimated that our background
subtraction efficiency was about 72%. Figure 3(d) is identical
to Fig. 3(c), but with the filtering procedure applied. The
filtering efficiency was extracted and determined to be
about 92% from the distributions of the circles in
Figs. 3(c) and 3(d). A fast Fourier transform (FFT) returns
discrete power lines only at the set frequencies and thus can
be inefficient unless the input signal frequencies match those
frequencies. The efficiency depends on the number of
spectral lines with the signal power; e.g., it is at worst
40.5% for a single spectral line search [13]. For the search
here with 15 spectral lines, the minimum efficiency was
estimated to be about 97% for the 5 Hz offset between the
input and the set frequencies, which included at most 0.1%
inefficiency due to the RBW reduction from 10 to 30 Hz. Our
total SNR efficiency is approximately 64% taking into
account the three sources, 72% from background subtraction,
92% from narrow spike filtering, and 97% from FFT
with maximum signal misalignment. Further frequency-
dependent SNR degradation due to the additional line
attenuation insensitive to our noise calibration [11] was also
reflected in our exclusion limits.

The 10000 simulated CAPP-12 TB experiments were
also used to estimate a possible systematic effect that can
come from the bias observed in the power excess right after
background subtraction using our SG filter with d = 4 and
W = 37. Using the large-statistic simulation data, we were
able to separate the systematic effects from the statistical
fluctuations by comparing the results with the perfect fit and
our SG filter. The noise fluctuations resulting from the perfect
fit follow the radiometer equation [28], whereas we found
that those resulting from the SG filter do not. The additional
contribution to the noise fluctuations resulting from the SG
filter was extracted and found to be about 0.5% of the
statistical fluctuations. The systematic uncertainty of 6% in
the noise temperature measurement was dominant [11] and
this factor was taken into account in our exclusion limits.

For4.51 < m, < 4.59 peV, we set the 90% upper limits
of the densities of axion dark matter of the Sagittarius tidal
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FIG. 4. Assuming axion dark matter makes up 100% of the
local dark matter density, the blue hatched region shows the
exclusion limits for the axion dark matter densities, pPF% in left
and pXSVZ in right, at a 90% CL [11] and the red solid line shows
those achieved by this work. The former used the SHM [10]
contribution of 100% [blue dashed line in Fig. 1(a)] and the latter
the Sagittarius tidal stream model and the SHM contributions of
23% and 77%, respectively [12], but only considering the red
hatched region in Fig. 1(b). No results are available around an
axion mass of 4.527 peV due to mode crossing. The spikes are
less sensitive frequency points with fewer statistics resulting from
the filtering procedure mentioned in the text.

stream [12], as shown in Fig. 4. Dark matter of the tidal
streams was ruled out for densities of p, 2 0.184 and
>0.025 GeV/cm? for DFSZ and KSVZ axions, respec-
tively, at a 90% CL over the search range. The exclusion
limits for DFSZ axions are less sensitive than the afore-
mentioned expected value of 0.114 GeV/cm?, which
resulted from the lower SNR efficiency and the larger
threshold compared to our previous axion dark matter
search of the SHM [11]. This was an inevitable side effect
of reprocessing the data from Ref. [11] without additional
scanning time. Nevertheless, our result excluded the
Sagittarius tidal stream of KSVZ axion dark matter for
the first time, down to about 5.6% of the local dark matter
density assuming the dark matter model considered in this
work [12].

In summary, we report the first search for the Sagittarius
tidal stream of axion dark matter around 4.55 peV using
CAPP-12 TB haloscope data acquired in March of 2022. We
excluded the Sagittarius tidal stream of DFSZ and KSVZ
axion dark matter densities of pP¥5% > 0.184 GeV/cm? and
pESVZ >.025 GeV/cm?, respectively, over a mass range
from 4.51 to 4.59 peV at a 90% CL.

This work was supported by the Institute for Basic
Science (IBS) under Project Code No. IBS-R017-D1-2023-
a00 and Japan Science and Technology Agency ERATO
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fellowship.

APPENDIX A: NARROW SPIKE FILTERING

As depicted in Fig. 5, the 40 power spectra taken at each
tuning step were sampled into four groups and the ten
power spectra in each group were averaged to result in
four power spectra so that narrow spikes which may not
show up in a single spectrum would do so after ten
averages. In order to obtain a threshold value as small as
possible, we applied tighter filtering conditions. Each of
the four power spectra was fitted using the SG filter with
d =4 and W = 37 and the normalized power excesses
over 3.5 were then removed in each of the four power
spectra. A neighboring frequency point on both sides of
the narrow spike passing the threshold 3.5 was also
eliminated. After averaging the four power spectra, filter-
ing was applied again to the averaged power spectrum
using the same conditions described above.

APPENDIX B: COMBINED POWER SPECTRUM

Figure 6 illustrates the construction of the combined
power spectrum. Each of the consecutive background-
subtracted power spectra corresponds to a power excess
shown in Fig. 5. All of them and the associated errors were
rescaled by the expected total axion signal power, where the
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FIG. 5.

rescaling across the spectrum follows the cavity line shape
reflecting the corresponding Q; [11,25]. The excess at each
frequency was then obtained as the weighted average of the
excess from all the relevant individual spectra that are
combined.

APPENDIX C: SIGNAL COMPATIBILITY TEST

We checked the signal compatibility by comparing the
two signal shapes; one is from data and the other from the
model considered in this work. Data points are red solid
triangles with error bars in Fig. 7 from the combined power
spectrum which retains the signal line shape. The simu-
lation expectations including our signal model reflecting
the significance of the excess observed from data are blue
solid circles in Fig. 7. Our 3> = Y, (‘i";—e")z, where d; and e;

2
dj
are data and the expectations, respectively, and o, the d;
errors. Note that the o, are the rescaled errors after the
background estimation from the fit shown as the red dashed
line in Fig. 5, while the d; and e; are the rescaled power
excesses after background subtraction by the fit. The y> was
built with five continuously neighboring excesses, where
the frequency with the greatest significance was aligned
with the second of the five excesses according to the signal
shape, as denoted by the red hatched region in Fig. 1(b).
The calculated y? probability with a degree of freedom of 4
was about 1.8 x 107, which implies the two signal shapes
are not compatible with each other.
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Procedure of the narrow spike filtering. Red dashed lines show the background fits by our SG filter with d =4 and W = 37.
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Sum three lines
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FIG. 6. Construction of the combined power spectrum.
(a) shows the background-subtracted power spectra shown in
Fig. 5 for consecutive frequency steps. (b) and (c) are the
combined power spectrum with A f of 10 and 30 Hz, respectively,
where the excess at each frequency was obtained as the weighted

average of the excess from all the relevant individual spectra
shown in (a).

L L 1 L
1099.4682

L L 1 L
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Frequency (MHz)

FIG. 7. Red solid triangles with error bars are data from the
combined power spectrum and blue solid circles the simulation
expectations. The signal compatibility was checked with five
continuously neighboring excesses from the third to the seventh
excess corresponding to the signal region. Note that the excesses
and errors are dimensionless due to the rescaling mentioned in
Appendix B and the negative excesses can be found due to
background subtraction in the presence of axion signal, as also
seen in Ref. [26].
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