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Among the various candidates for dark matter (DM), ultralight vector DM can be probed by laser
interferometric gravitational wave detectors through the measurement of oscillating length changes in the
arm cavities. In this context, KAGRA has a unique feature due to differing compositions of its mirrors,
enhancing the signal of vector DM in the length change in the auxiliary channels. Here we present the result
of a search for U(1),_; gauge boson DM using the KAGRA data from auxiliary length channels during the
first joint observation run together with GEO600. By applying our search pipeline, which takes into
account the stochastic nature of ultralight DM, upper bounds on the coupling strength between the U(1)_,
gauge boson and ordinary matter are obtained for a range of DM masses. While our constraints are less
stringent than those derived from previous experiments, this study demonstrates the applicability of our
method to the lower-mass vector DM search, which is made difficult in this measurement by the short
observation time compared to the auto-correlation timescale of DM.
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I. INTRODUCTION

Recently, a number of novel dark matter (DM) searches
using laser interferometric gravitational wave (GW) detec-
tors have been proposed [1-6] and conducted [7-11].
Because of their extremely high sensitivity to the dif-
ferential length changes of their arms in the frequency
range O(10 — 10%) Hz, they can probe the interaction
between the detector and DMs, which have masses of
O(1074-107") eV/c? and therefore oscillate coherently
within this frequency band. Vector DM (or so-called dark
photon DM) interacts with test masses of the interferom-
eter, for example, via a coupling to the baryon (B) or baryon
minus lepton (B — L) number current. Because of the
nonrelativistic dispersion (under the standard halo model
[12,13]), the vector DM field exerted on the test masses
behave as an oscillating dark electric force, inducing a
measurable change in the differential length of the arm
cavity. Vector DMs of this type, which we refer to as U(1),
and U(1),_, gauge boson, were previously searched in
Ref. [9] by using the latest observational data from the
Advanced LIGO [14-16] and Virgo [17,18] detectors.
Remarkably, the constraint on the coupling strength of
vector DM to baryons from GW interferometers surpasses
those from existing experiments such as the Eot-Wash
torsion balance [19,20] and MICROSCOPE [21-23], by
orders of magnitude for certain frequency bands. Similarly,
dilatonic DM, whose interaction alters the apparent elec-
tron mass or the fine structure constant, was probed with
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data from the GEO600 interferometer [10,24,25]. These
searches highlight the potential of GW detectors as direct
probes of ultralight DM.

A Japanese laser interferometric GW detector, KAGRA
[26-28], can also probe the vector DM interaction, but in a
relatively unique way compared to the previous searches.
For the Advanced LIGO and Virgo detectors, all the mirrors
(including test masses) are made of the same material
(fused silica), in other words, they have a common charge-
to-mass ratio with respect to the dark electric field. Because
the spatial variation scale (so-called coherence length) of
the ultralight DM field is O(10°-10%) km in our target
mass range, all mirrors of each detector, which are
separated only a few kilo-meters, respond to the vector
field nearly identically. In contrast, KAGRA employs
sapphire for cryogenic test masses and fused silica for
room temperature auxiliary mirrors. Therefore, owing to
the difference in the charge-to-mass ratios, those mirrors
respond differently to the vector field, and the vector DM
signal in the (differential) length change can be enhanced
for auxiliary length monitors [3,29]. Especially in the case
of U(1)g_,, where the difference in charge-mass ratio is
relatively large, these channels are shown to have better
sensitivity to vector DM than existing experiments in
certain low frequency bands, when KAGRA reaches design
sensitivity [3].

In this work, we conduct an ultralight vector DM search
with KAGRA using the data of its auxiliary length change
monitors during the first joint observation run together
with GEO600 (O3GK) [30]. Although the detector was in
operation for two weeks during O3GK, the durations of the
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contiguous data segments were at most about 7 hours [31].
For our target mass range, this duration can be comparable
to or smaller than the so-called coherence time, within
which the amplitude and the phase of DM can be regarded
as a constant. Since each such measurement is one
realization of a random field, their stochasticity needs to
be taken into account, especially when setting the upper
bound on the coupling strength of the ultralight DM.
Therefore, our pipeline is constructed based on a recent
study [32], which thoroughly investigates the stochastic
nature of the ultralight vector DM. Using the detection
statistic discussed in Ref. [32], we numerically derive upper
limits on the coupling strength incorporating the stochastic
nature of the DM. On the other hand, various noise lines
[31] result in a false detection as a DM signal. In order to
distinguish outliers, we have implemented veto procedures
making use of expected features of ultralight DM signals.

The rest of the paper is organized as follows. We first
introduce our model of ultralight vector DM and discuss its
stochastic nature in Sec. II. After describing our search
method in Sec. III, the results of our analysis using O3GK
data are presented in Sec. IV. Section V provides a
discussion of these results and of the prospects for future
searches.

II. DARK MATTER SEARCH WITH KAGRA

A. Vector dark matter model

In this work, we consider a ultralight vector dark matter
field A, (¢, x), which is regarded as a gauge boson of U(1),
gauge symmetry with D being a label for a charge, such as
B and B — L. We assume it interacts with ordinary matter
through the coupling to the U(l), current J%,. The
Lagrangian density £ is then given as

2 2\ 2
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where F,, =d,A, —d,A, is the field strength, ¢ is the
speed of light, 7 is the reduced Planck constant, m, is the
mass of the vector field, g is the permittivity of vacuum
and €p is the gauge coupling constant normalized by the
electromagnetic coupling constant. Since the temporal
component of the vector field A, is negligibly small, we
consider only its spatial components A= (A, Ay A;) in
the following discussion.

Assuming the standard halo model, the local density of
DM is ppy ~ 0.4 GeV/cm?, and its virial velocity is v,;, =~
220 km/sec around the solar system in our Galaxy [12,13].
These profiles imply that DM would have an extremely
large number density for the mass range 10722 eV/c? <
m < 1 eV/c? and behave as a classical wave oscillating at
about the Compton frequency f. = myc?/2xh. Then, one
can describe it as the superposition of plane waves with
different velocities 17<,-.n) and phases 6; ,) as

N
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where 0;,) is a random variable following a uniform

distribution over [0,2z] and A = \/2ppyh®/eo3m;c’.
Note that, for simplicity, the absence of correlation between

the direction of A and 7 is assumed. Here ¥(;,») follows the
DM velocity distribution of the standard halo model [13]:
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with the solar velocity | 7| ~ 232 km/sec. This distribution
results in the velocity dispersion of the DM as
v? = v} + (3/2)v%, =~ O(1075¢?). In such a nonrelativis-
tic regime, the time derivative of the field dominates
over the spatial derivative. Hence, it can be regarded as
a oscillating dark “electric” field, which induces dis-
placements of the test masses in GW interferometers
as 8%; = epe(Q/M)A,.

Another feature is that there appears a length scale,
called “coherence length,” which is evaluated as L =
2xh/myV 0 ~ 107 km (1073 eV - ¢=2/m,). This scale
characterizes the spatial variation of the ultralight DMs.
As we will see below, the separation of test masses here is
much shorter than L, we can take X = 0 in Eq. (2) without
loss of generality and hereafter neglect the position
dependence of the vector field.

B. Auxiliary length channels of KAGRA

From April 7 to April 21, 2020, KAGRA conducted its
first joint observation run (O3GK) [30,31], together with
GEOG600. The configuration of KAGRA interferometer
during O3GK is shown in Fig. 1. Similarly to that of
LIGO and Virgo, it is based on a Michelson interferometer
with a Fabry-Pérot cavity in two perpendicular arms. Each
arm cavity is formed by the input test mass (ITM) and the
end test mass (ETM). The main channel to monitor the
differential changes caused by GWs is called the differ-
ential arm length (DARM). The differential length between
the beam splitter (BS) and two ITMs are controlled so that
the Michelson fringe will be at the dark fringe at the anti-
symmetric port, and the channel to monitor the differential
Michelson interferometer length is called MICH. The
power recycling mirror (PRM) and two ITMs form a
power recycling cavity to effectively enhance the input
power. The channel to monitor the power recycling cavity
length is called PRCL.

During O3GK, a signal recycling mirror (SRM) was
tilted, and the signal recycling cavity was not formed [33].
Instead, this tilted SRM introduced an optical loss of 70%,
which led to degraded shot noise for the DARM readout.
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FIG. 1. The schematic of the KAGRA interferometer. ITM
(ETM): input (end) test mass, BS: beam splitter, PRM: power
recycling mirror, SRM: signal recycling mirror.

Two auxiliary channels, MICH and PRCL were recorded
using different interferometer sensing ports, and were
not affected by this optical loss. Using the length symbols
in Fig. 1, changes in DARM, MICH and PRCL can be
written as

OLparM = 5(Lx - Ly)? (4)
OLmicy = 5(lx - ly>7 (5)
OLprer = O[(Lx + 1y) /2 + 1], (6)

respectively. Note that each length parameter is given as
L,=L,=3000m, [, =267m, [,=233m and
[, =41.6 m, all of which are much shorter than the
coherence length of DM.

Previous vector DM searches using LIGO and Virgo
focused on DARM channels with the highest displacement
sensitivity. This sensitivity is equivalent to the sensitivity to
vector DM interactions for both LIGO and Virgo employ-
ing room temperature fused silica mirrors for all the
mirrors. This situation, however, drastically changes for
KAGRA, which employs cryogenic sapphire mirrors for
the test masses. As pointed out in Ref. [3], MICH and
PRCL contain both the fused silica mirrors such as PRM
and BS, and the sapphire test masses that respond differ-
ently to the vector DM due to the different charge-to-mass
ratio. This results in the enhancement of the (differential)
length change caused by vector DM in those channels.
Since the difference becomes larger especially for the
U(1)g_, gauge boson, hereafter we focus on the D =
B — L case.

C. Signal in the KAGRA'’s auxiliary length channels

Since the frequency of each plane wave is localized

near the Compton frequency as f; = foy/1 +v7/c* ~
fe(140(1079)), it is convenient to work in the Fourier
space. Let us consider the Fourier transform of the signal in
X channel with duration 7" and center time

to+T/2

hx(f:19) = [—T/2

To simplify the discussion, 7T is taken to be much shorter
than the timescale of Earth’s rotation. As discussed in [32],
the oscillating length changes of an arm cavity can be
decomposed into three contributions referred to as charge
asymmetry, spatial difference and finite light traveling time
[8]. For auxiliary length monitors of interest here, the
dominant contribution is the one from charge asymmetry
expressed as

dthy (t)e—2zrif(t—t0+T/2) ) (7)

itrin) = 15258 (22 ) KwAriw). ®)

where A(Qp/M) is the difference of charge to mass ratio
between two mirrors (BS and ITMX/Y) and in our case, it
is A(Qp_;/M)~0.009/m, with m, being the neutron
mass [3]. The vector /() is given as

i — n'(t) —mi(t), (X = MICH)
x(1) = 2(ni(t) + mi(r)), (X =PRCL),

where n' and m' are unit vectors pointing along the
orthogonal arm axes depicted in Fig. 1. Here A;(f;1,) is
the Fourier transform of the field amplitude. Since it is a
superposition of a huge number of partial waves, the central
limit theorem assures that A,(f;f,) and consequently
EX( fsto) follow a Gaussian distribution. Note that, when
the DM density and the distance between the test masses
are fixed, this type of contribution results in a larger field
amplitude and hence in a larger signal for the lower
frequencies [3,32]. This is the reason why MICH and
SRCL (not available in O3GK) has, under the design
sensitivity, the capability of limiting the DM coupling
beyond existing limits in the lower frequency band.

At this point, it is convenient to introduce the so-called
coherence time

1071 eV - ¢
T =2n/myv%, ~ 0.3 day <#> (10)
my

which quantifies the characteristic correlation lifetime of
the DM field at different times (A% (f; )y (f;1,)). Let T
be the duration of a single chunk of data and N, be the
number of equal-length chunks. For higher mass ranges, in
general, the coherence time becomes shorter than the
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duration of each chunk as 7 < 7. In this case, the amplitude
and phase of the DM randomly evolve within the chunks.
While this decoherence reduces the growth of the signal-to-
noise (SNR) ratio in amplitude as o« (N, T)"/* [32], each
data chunk can be regarded as an independent measurement
of DM, and in fact the statistical treatment can be simplified
[32]. For a lower mass range (z > T), however, the
correlation of the DM field between different data chunks
cannot be neglected. This issue will be addressed in the
following section describing the search pipeline.

Finally, let us give a concrete expression of the signal
covariance (/i (f:1o)hx(f:1;)) used in our analysis. By
combining Eqgs. (2) and (3), it is derived as

; 3 €22 A2T2 3, Op\ 12
o (f 1)y (ft :u{A<_D)}
(hx(fsto)hx(f3it1)) 22203 M
1,2
) —2+27ifpm (11 —1p)
x L (o) Ly (11 )e ™

X (I(x.) = 1(x)). (1)
Here I(x) is a function of the DM frequency and the time
X? X
I(x) =+ {\/EXeXZ/“{erf (% - E)
Ferf( S 4 ) 4e~/¥ sinh(x) |, (12)
X 2 ’

where we use the following parametrization,

o) 2

X = % v, X = ‘o . (13)
Vi Uvir\/l - iﬂ'U%h_C_zfc(tl - tO)

and

+1/(2 2
%E\/2<ff—i(n_l>’ xiE%vi. (14)

For #, = t;, our I(x) coincides with the function A (f,) in
Ref. [32], which gives the deterministic part of the
spectral shape.

III. SEARCH METHOD

A. Detection statistics

Here we introduce, and slightly extend, the detection
statistic discussed in Ref. [32]. It is based on the existing
methods of continuous GW searches [34-36] that also
look for a narrow band signal similarly to our case.
For comprehensive reviews of those method, see e.g.
Refs. [37-39] The search method discussed in Ref. [32]
is generally applicable to the ultralight DM searches using a
single detector and interested readers could refer to

Ref. [40] for the application of this detection statistic to
the ultralight axion search.

As we discussed in Sec. II, the spectrum of the DM
signal is localized within the narrow frequency band. From
Egs. (2) and (3), the frequency f.(1 + k%02 /c?) above
which the fraction of signal power becomes 1% can be
derived. Note that the value of x does not depend on the
DM mass due to the dispersion f.(1 +”(2i.n)/202) in

Eq. (2). We numerically find the value x = 3.17, which
is determined by the observed virial velocity and character-
istics of the standard halo model [32].

Following Ref. [32], we sum up the spectra over this
frequency range for each single data chunk

Z 4|a(fn;ti)‘2 (15)

pi(fc) . ’
faansfc(lJFszsir/Cz) TS(fnr tl)

which guarantees that the fractional loss of signal power
becomes less than 1%. Here T again is the duration of the
data chunks, &’( fast;) represents the Fourier transform of
the ith data chunk and S(f,;t;) is the one-sided noise
power spectral density (PSD) around ¢ = ¢;. The number of
bins involved in p;(f.) is given as

ve b o

where [x] represents the minimum integer larger than x.
Therefore, when T is fixed, Ny;, will increase as f,
increases. Note that in order to neglect the effect of
Earth’s rotation as in Sec. II, 7" should be small enough
and hereafter we take 7 =30 min. In Fig. 2, we pre-
sent the normalized spectra of the simulated vector DM
signal, which is generated from the covariance (11), for two
different signal frequencies f. = 20 Hz and f. = 600 Hz.
Here the spectra | Ay (f;1,;)|* is averaged over 100 chunks
and normalized by the total power to show the fractional
power at each frequency bin. One can clearly see that most
of the power of DM signal is localized in this narrow band
consisting of Ny, bins (left side of the orange line).

In our pipeline, S(f,;1;) is estimated from d(f,;t;) by
applying the running median and then converting it to the
mean value by multiplying a correction factor (see
Appendix A of Ref. [41]). In the median estimation, 180
neighboring frequency bins corresponding to 0.1 Hz band
width are involved so that the effect of DM signal with
narrow bandwidth can be smeared out. By performing the
summation over all chunks, we can define the detection
statistics p as

o) =d ), (17)

042001-4



ULTRALIGHT VECTOR DARK MATTER SEARCH USING DATA ...

PHYS. REV. D 110, 042001 (2024)

Simulated signal with f. =20Hz

100.

lo—L

10—2_

10—3.

Fractional power

10744

10—5.
20.000 20.001 20.002 20.003 20.004 20.005
Frequency[Hz]

Simulated signal with f. = 600Hz

10—L

10—2_

10—3.

Fractional power

10744

600.000 600.005 600.010 600.015 600.020 600.025
Frequency[Hz]

FIG. 2. The spectra of simulated vector DM signal normalized
by the total power for nominal signal frequencies of 20 Hz and
600 Hz. Here the spectra is averaged over 100 half-hour chunks
of simulated signal data. The orange line indicates N;,-th bin
above which the fraction of power is less than 1%.

where N, represents the number of chunks. Under the
assumption of the stationarity and Gaussian distribution of
noise, p follows a y? distribution with 2N,;, N, degrees of
freedom in the absence of signal. We chose the threshold to
be the 95% percentile of this distribution.

B. Upper limit estimation

In this study, we derive upper limits based on the
frequentist’s method where f% confidence level upper
limit is derived through the integration of the likelihood

function £(p(f.);€h") as

p

t-g5= [ . as)

One might expect the central limit theorem to be applicable
to p(f.) since the number of chunks is relatively large.

There is, however, a nonvanishing cross-correlation between
different segments (p;p;)|; 4; # 0 for |t; — ;| < . This cor-
relation prevents the convergence to a Gaussian distribution
especially for lower-mass DM and makes the analytical
expression of L(p(f.);ep) complicated [32]. In fact, this
analytical expression suffers from numerical instability for
intermediate regimes where the coherence time and the
duration of chunks are comparable. In our pipeline, therefore,
the 95% upper limit on the coupling constant was numeri-
cally derived as follows.

Assuming that only Gaussian noise 7i(f,; ;) and ultra-
light DM signals are present in the data, it can be expressed
as d(f,:t;) = it(fpt;) + hy(fo:t;). Therefore, depend-
ence of p on the coupling constant can be decomposed as

4 T -
p(fesep) = ZT_S(WZ + 2Re[fi* hy] + |hx[?)
ti»fn
=N?+epN - S+ €3S (19)

Here N? represents contributions from 2NN, unit
Gaussian variables since the noise component in p is
normalized by the PSD. On the other hand, S? represents
contributions solely from the Gaussian signal 7y (f,:?;)
(also normalized by noise PSD) whose correlation function
is given as Eq. (11) under the standard halo model
assumption. A/ - S is the contribution from the cross term
of the unit Gaussian and the normalized signal. For a fixed
DM mass (or f.), we simulated 10° realizations of
N?,8* N -S from the covariance of the DM signal
(11) and the estimated noise PSD S,(f,;t;). Then we
can obtain a histogram of p that approximates the like-
lihood L(p(f.);ep) and depends on the value of €p. Then
the value of ¢p, for which the observed value of the
detection statistics pgs(f.) coincides with the 5% percen-
tile of this realization, is identified as the 95% upper limit.
We would like to emphasize that our method does not suffer
from the numerical instability mentioned above and that it
is applicable to arbitrary masses of DM.

IV. ANALYSIS

A. Data

We analyzed the O3GK data collected from the
KAGRA detector in the observation mode, and the data
from GEOG600 is not used. During the O3GK run, the
KAGRA detector had duty factors, the fraction of time
the detector is in the observing mode to the total time, of
~53%. The length channels considered in this study are the
differential Michelson interferometer length (MICH) and
the power recycling cavity length (PRCL). For both the
MICH and PRCL channels, calibrations of data were
performed offline for this study, whose parameters and
information are summarized in Ref. [42]. For the frequency

042001-5



A.G. ABAC et al.

PHYS. REV. D 110, 042001 (2024)

10—11 ]
107124
N
&
E 10—13 ]
=)
7))
<
10—14 ]
10—15 ]
10! 102 103
Frequency[Hz]
FIG. 3. ASDs of the MICH and PRCL estimated from the first

30 min chunk during O3GK.

band we used for the analysis, calibration uncertainty in
MICH and PRCL channels are 20-30% in amplitude.

The amplitude spectral densities (ASDs), derived from
S(fn:t;), of these channels during O3GK are plotted in
Fig. 3. We should note that, for the last few days of O3GK,
alignments of mirrors were dithered at significantly large
amplitude for the beam position control [31]. These
injected lines were accompanied by a large number of
sidebands. Since our pipeline simply searches power
excesses within narrow bandwidth, it is not straightforward
to distinguish those noise lines from the DM signals. Hence
the segments from the last three days of the O3GK, where
the efficiency of the DM search was spoiled, were not
included in our analysis. Consequently, the number of
30 minute chunks subject to our pipeline was 217.

Another limitation is that the vibration isolation systems
for mirrors in MICH and PRCL were simplified compared
to those in the full-design [31]. Consequently, there are
many noise peaks in the lower frequency range, where the
KAGRA'’s auxiliary degrees of freedom become more and
more sensitive. Although our pipeline can be used in the
lower frequency range <10 Hz, the analysis was performed
over the frequency range from 15 Hz to 1015 Hz for this
demonstration analysis.

B. Candidates and veto procedure

In Fig. 4, the detection statistics p(f.) computed in our
pipeline are shown respectively for MICH and PRCL. As
expected from the many lines in ASDs shown in Fig. 3,
more non-Gaussian power excess within an expected signal
bandwidth is observed in the PRCL data. Under the 5%
false-alarm-probability derived from 2 distribution for
Gaussian noise, 1944 and 4133 lines are identified as
candidates for MICH and PRCL, respectively. These
candidates are then subject to the veto analysis as follows.
First, according to the expected narrow band feature of DM

—— MICH SNR
108
threshold
107
106
Q
10°
104
|
10°
0 200 400 600 800 1000
Frequency[Hz]
10°
—— PRCL SNR
108 ---= threshold
107
106
Q
10°
104
NP 0 N PN TAANCI  TIT
103 ’
10? . i . i
0 200 400 600 800 1000

Frequency[Hz]

FIG. 4. The detection statistics p computed from 217 half-hour
chunks during O3GK with MICH (top panel) and PRCL (bottom
panel) channel. A step appears about every 200 Hz because of the
increase in Ny;,, which varies from 1 to 6. The step height
depends on the number of chunks.

signal, the peak of p(f.) should also have a comparable
width if it has DM origin. As illustrated in the top panel of
Fig. 5, we vetoed candidates if the peak width of p(f,.) is
more than two times broader than the expected DM signal
width Af = f.x*v2 /c?~107°f.. One may wonder
whether we could reduce this broadening factor of 2 in
our width criterion. Indeed, the power of the DM signal
rapidly falls for higher frequencies as shown in Fig. 2.
However, if the SNR is sufficiently large, a part of the high
frequency tail can also be detected in our pipeline. While
such a high SNR is not plausible for current detector
sensitivity, we conservatively set the broadening factor to
be 2. We also vetoed lines that were less than the peak
width away from the vetoed peaks of p, as there is a
possibility that they originated from the same source as
those broad peaks. Note that to automate the analysis as
much as possible, this veto is solely based on p(f), not on
the spectrum of the data. While we believe that this is
sufficient for our present demonstrative study, we plan to
check the consistency of the spectral shape of candidates
that could not be vetoed in future analysis.

Second, in contrast to transient noise, expected to
produce outliers in the O3GK data, DM signals should
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FIG. 5. A schematic picture of the veto procedure. For both

cases, the vertical red lines denote surviving candidates after two
veto procedure. Top panel: green vertical bands indicate the broad
peak structures vetoed by the bandwidth criterion. Bottom panel:
the yellow vertical lines represent candidates with power excess
that fails coincidence requirements.

be more persistent on average, albeit with random statistical
fluctuations. In the analysis, we chronologically divide the
whole data chunks into two subsets and perform the same
analyses within the first half 108 chunks and the second
half 108 chunks. Then we take a coincidence between the
candidates found in those two subsets to exclude transients
that only appear during a limited duration. However, it must
be noted that this procedure inevitably vetoes weaker DM
signals with which p(f.) exceeds the detection threshold
only after summing over all the chunks. Furthermore,
unless the signal coherence time is sufficiently shorter
than the data length of the subset, the field amplitude [and
therefore the value of p(f.)] can be significantly different
for each subset. By examining the spectrum, we found that
in the case of present data, such lines with the values of p
close to the threshold are mostly sidebands of more intense
lines, but this issue must be considered in future studies.
For possible improvements to our veto procedure, see the
discussion below.

After applying these two veto procedures, 77 lines
remain as candidates in the MICH data while 202 lines
remain in the PRCL data. Many of them are in the low

frequency range below 100 Hz, where there are many lines
due to injected signals and the suspension noise. By
referring to, for example, the Appendix A. of Ref. [31]
discussing the noise lines of DARM during O3GK, we
found that 57 out of 77 lines in the MICH data and 54 out of
202 lines in the PRCL data come from known lines. Note
that there were few dedicated studies of the line identi-
fication for MICH and PRCL channels during O3GK, and
lines of unknown origin still remain. Therefore, for our
future reference, the candidate lines identified in this study
are listed in Ref. [43].

C. Upper limit

There are several lines that have passed our pipeline
detection criteria, but they cannot be claimed as DM signals
given the current level of displacement sensitivity shown
in Fig. 3 and the much shorter total observation time,
compared to those assumed in Ref. [3]. With the scaling of
SNR (N, T)!/4, their prediction on upper limits derived
by setting SNR =1 can be scaled to give an order of
magnitude estimate of the upper limits we can derive from
p. By comparing the design sensitivity (Fig. 2 in Ref. [3])
with our Fig. 3 and considering another suppression factor
of (Ng, -30 min/1 yr)'/4 ~0.01'/# that comes from the
difference between the real and assumed observation time,
we expect that the upper limit on €z_; from O3GK data will
be at best O(1072°). This is much weaker than those
derived from the Eo6t-Wash torsion balance [19,20] and
MICROSCOPE [21-23], predicting 1072* to 10723 in the
frequency band of our interest.

Therefore, the upper limit estimation here should be
considered as a demonstration of our pipeline, which
can accurately analyze low-frequency regions and high-
frequency regions as well. As such a demonstration, upper
limits on the coupling constant are derived over the whole
frequency range analyzed in this study. Note that in
principle, upper limits can be derived even for p(f,.) that
exceed the detection threshold.

In Fig. 6, 95% upper limits on the coupling constant €5_;
are shown. Here the constraint is smoothed by collecting
the maximum value of p(f.) within a 0.1 Hz bandwidth.
For clarity, uncertainty of the calibration is not displayed.
Let us stress that the stochastic nature of DM is properly
taken into account in deriving this bound, by using the
covariance of DM signal (11) for simulating the realization
of p(f.). As demonstrated in Ref. [32], for example,
incorrect deterministic treatment predicts a noncentral y?
distribution of p(f.) and overestimates the upper bound by
up to a factor of 3 in low mass (or long coherence time)
regions. We also found that our result is consistent with the
above rough estimate on the upper limit based on the SNR
scaling, which is also a consequence of the stochastic
nature of ultralight DMs [3,32].

As expected, these upper limits derived from the
KAGRA O3GK data are weaker than previous published
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FIG. 6. 95% upper limit on the B — L gauge coupling constant
derived from MICH data (blue line) and PRCL data (orange line).
Many narrow peaks observed in lower mass range are due to
unknown line artifacts in the lower frequency range.

limits by several orders of magnitude. Again, this is owing
to both the current noise level of the KAGRA detector and
the limited duration of the measurement time. In order to
reach the unexplored parameter space, reduction of the
dominant low-frequency noise and longer stable detector
operation are indispensable.

V. DISCUSSION

In this work, an ultralight vector DM search with
KAGRA was conducted for the first time by using the
KAGRA data from the O3GK run. Our pipeline design is
guided by a recent study on the stochastic nature of the
ultralight vector DM [32]. Consequently, the KAGRA
03GK data, which has a relatively short measurement
time compared to the DM coherence time for low DM
masses, can be analyzed.

We found that our pipeline can discriminate candidates
for vector DM signal from the broad peaks and transient
lines, which are expected to have an instrumental origin.
Nonetheless, there are several lines with unspecified origin
meeting our criteria, especially for the lower frequency
range. We expect that the number of such lines will
decrease in upcoming observations because of, for exam-
ple, an updated system for the suspension control and an
improved understanding of the noise. Although the upper
limits derived in this analysis are weaker than previous
ones, they are found to be consistent with the prediction
given in prior studies [3,32]. Achieving the designed
sensitivity and future upgrades of the KAGRA detector
[44] will allow us to fully appreciate its unique feature as a
vector DM detector exploiting the mirrors made of different
materials to yield new constraints.

There are several directions for improving our DM
search pipeline. First, as outlined in Sec. II, our analysis is
performed assuming the equilibration of vector polarization.

Depending on the production mechanism, however, only a
specific polarization mode might be produced. Therefore, the
formalism beyond this assumption may allow us to probe
the cosmological origin of vector DM. Second, while the
bandwidth criterion for the veto analysis is relatively robust,
the appropriateness of taking coincidence between subsets of
whole data should depend on the strength and coherence time
of the signal being searched for. Since the covariance of the
vector DM signal is known, it is possible to implement a test
to check whether the candidates follow a distribution con-
sistent with the given covariance. In addition to the use of
spectral information mentioned in Sec. III B, this could
provide a more robust way to distinguish a DM signal from
the noise lines. Finally, our pipeline can be extended to
include the analysis of the DARM channel data, which has
been used in DM searches in other GW detectors.
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