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NEWAGE is a direction-sensitive dark matter search experiment with a 3D tracking detec-
tor based on a gaseous micro time projection chamber. A direction-sensitive dark matter
search was carried out at Kamioka Observatory with a total live time of 318.0 days resulting
in an exposure of 3.18 kg-days. A new gamma-ray rejection and a head—tail determination
analysis were implemented for this work. No significant non-isotropic signal from the di-
rectional analysis was found and a 90% confidence level upper limit on a spin-dependent
weakly interactive massive particle (WIMP)—proton cross section of 25.7 pb for a WIMP
mass of 150 GeV/c? was derived. This analysis marks the most stringent upper limit in the
direction-sensitive dark matter searches.

Subject Index F41

1. Introduction

The existence of dark matter in the universe is nowadays widely believed, because dark matter
naturally explains the observational results on various scales of the universe. Weakly interactive
massive particles (WIMPs), which are promising candidates for dark matter, have been searched
for by a number of direct search experiments pursuing the nuclear recoil by WIMPs[1]. How-
ever, no conclusive evidence of the direct detection of WIMPs has yet been obtained.

There are two possible characteristic signatures for the direct detection of dark matter. One
is the annual modulation in the energy spectrum caused by the Earth’s motion around the Sun.
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The modulation amplitude is expected to be a few per cent [2]. The other is the directional non-
isotropy of the nuclei recoils. Since the solar system is orbiting in the Milky Way, the incoming
direction of the dark matter is biased to the direction of the solar system’s motion. The direc-
tional distribution of the nuclear recoil also has an asymmetry and this asymmetric ratio can be
as large as tenfold in some cases [3]. Thus, observation of a non-isotropic signal for the nuclear
recoil direction distribution is expected to be strong evidence of dark matter detection.
NEWAGE (NEw generation WIMP search with an Advanced Gaseous tracker Experiment)
is a direction-sensitive direct WIMP search experiment using a low-pressure gaseous micro time
projection chamber (u-TPC) for the detection of 3D tracks of recoil nuclei. NEWAGE started
direction-sensitive direct WIMP searches in an underground laboratory in 2007 and has up-
dated the results since then. In 2020, head-tail determinations of the nuclear tracks were imple-
mented and a limit by a vector-like tracking analysis was obtained (NEWAGE2020 results [4]).
In 2021, the limit was updated by installing a low alpha-ray emission rate detector called the
LA u-PIC[5,6]. Here the limit was obtained without the vector-like analysis (NEWAGE2021 re-
sults) because of the limited statistics. In this paper, we report the result of a direction-sensitive
dark matter search with a new gamma-ray rejection cut and a vector analysis for 3D tracks
(3D-vector analysis) for a data-set 2.4 times larger than NEWAGE2021 results in total.

2. Detector

A gaseous time projection chamber, NEWAGE-0.3b”, was used for this study. An overview of
the detector is given in Sect. 2.1. Energy calibration using alpha rays is discussed in Sect. 2.2.
Event selections already implemented in our previous analysis are summarized in Sect. 2.3. An
event selection newly added for this work utilizing the track information for a better gamma-
ray rejection is described in Sect. 2.4. The reconstruction method of the 3D-vector tracks is
explained in Sect. 2.5 as the head-tail analysis. Finally, the detector performances on the effi-
ciencies and the angular resolution of the nuclear recoil are shown in Sects. 2.6 and 2.7, respec-
tively.

2.1. NEWAGE-0.3b”

NEWAGE-0.3b”, refurbished in 2018 by replacing the readout device (micro pixel chamber, -
PIC) with a low alpha-emission rate one (LA u-PIC [5]), was used for this work. Figure 1 shows
schematic drawings of the NEWAGE-0.3b” detector and its detection scheme. The detection
volume was 31 x 31 x 41 cm? in size and was filled with low-pressure CF, gas at 76 Torr (0.1 atm)
for this work. The location of (0, 0, 0) in the detector coordinate is set at the center of the TPC.
The LA u-PIC has a pixel structure of 768 x 768 with a pitch of 400 um. The amplified charge
at each pixel is read through 768 anode (hereafter X-axis) and 768 cathode (hereafter Y-axis)
strips. Signals read through the strips are processed by amplifier—shaper—discriminator chips
(SONY CXA3653Q[7]). The processed signals are then divided into two. One is compared with
a threshold voltage in the chips and the time-over-thresholds (TOTs) of 768 4 768 strips are
recorded with a 100 MHz frequency clock. The other 768 cathode strips were grouped into four
channels and their waveforms were recorded with 100 MHz flash analog-to-digital converters
(FADC:s). A detected track is parameterized with its energy, length, elevation angle 6., azimuth
angle @,,; (see Fig. 1), and some other parameters defined in the following subsections.
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Fig. 1. Schematic drawings of the NEWAGE-0.3b” detector and its detection scheme. A recoil nucleus
shown with red markers passes through the gas volume and ionizes the gas molecules (blue). The ionized
electrons are drifted toward the readout plane by the electric field, amplified by the GEM [§], and fur-
ther amplified by the LA u-PIC before being detected. The image on the left is a magnified view of the
LA p-PIC with an electrode structure of a 400 um pitch. X, Y, and Z indicate the axes in the detector
coordinates. ¢,,; and 6 denote the azimuth and elevation angles of the detector coordinate, respectively.

2.2.  Energy calibration

The energy calibration was performed with alpha rays produced by '°B(n, «)’Li reactions. A
glass plate coated with a '°B layer was set in the TPC volume as illustrated in Fig. 1. Thermal
neutrons were irradiated from the outside of the chamber, captured in the °B layer, and then
produced alpha rays and 7Li nuclei. Because our '°B layer has a sub-micron thickness, alpha
rays and "Li nuclei deposit some energy in the !B layer. Consequently alpha rays and ’Li nuclei
produce continuous spectra up to 1.5 and 0.8 MeV, respectively. Since the energy of the charged
particle is not only converted to ionization but also partially deposited to other components
such as phonons, it does not necessarily correspond to the detected energy. In order to take this
effect, or the ionization quenching factor, into account, ionization quenching factors in CF4
gas at 0.1 atm were calculated with SRIM [9]. Figure 2 shows the ionization quenching factors
for alpha rays (He) and C and F nuclei as functions of their recoil energies in CF4 gas at 0.1
atm. In the rest of this paper, the unit of detected energy is expressed as the electron equivalent
energy (i.e., keV,.), which takes the ionization quenching factor into account.

The obtained spectrum is a sum of the thermal neutron capture events and elastic scattering
events by fast neutrons. By comparing these spectra with the Monte Carlo (MC) simulation
results by Geant4[10], the gas gain and the energy resolution were determined. Figure 3 shows
one of the calibration results. The 1.5 and 0.8 MeV edges of the thermal neutrons were observed
and are consistent with our MC modeling.

Although the energy calibration was performed using alpha rays with an energy of ~1.5 MeV,
the region of interest in energy is about 50 keV,.. In order to compensate this difference of
energy scale, an additional study has previously been performed using a smaller detector with
the same components as the NEWAGE-0.3”. The study validates the linearity of the energy
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Fig. 2. Ionization quenching factors for He, C, and F nuclei as a function of their recoil energy in a gas
of 0.1 atm CF4 calculated with SRIM [9].
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Fig. 3. Energy spectrum of alpha rays from a '°B glass plate. The black plot shows the measured data.
The orange, red, and blue histograms are the simulated results for thermal neutrons, fast neutrons, and
their sum, respectively.

scale using a > Fe source in addition to the '°B plate, corresponding to the energy range between
5.9keV and 1.5 MeV.

The detector gas contains rare gas radon isotopes, 2>°Rn and ?>’Rn, emitted from the detector
materials as natural contaminations. The high-energy calibration was performed by the alpha
rays from radon isotopes and their progenies. >°Rn and its progeny produce alpha rays with
energies of 6.05, 6.29, 6.78, and 8.79 MeV, while ?*Rn and its progeny produce alpha rays with
energies of 5.49, 6.00, and 7.69 MeV. Because the ratio of 2°Rn to >*?Rn was not known, the
measured spectra were fitted with the simulated spectra of 2>’Rn and ?**Rn separately and the
difference was treated as the systematic error of the energy scale.

2.3. Standard event selections
Several event selections have been established as standard event selections by the
NEWAGE2021 analysis. These selections aim to cut non-physical electronics noise events and
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Fig. 4. TOTsum/energy distributions as functions of energy (after the fiducial volume cut). The left and
right panels show the distributions corresponding to gas gains of 1200 and 1800, respectively. The graded
black distribution is obtained with a >>Cf neutron source. The blue point distribution is obtained with a
137Cs gamma-ray source. The dashed red lines indicate the cut lines. Each calibration run with the source
was conducted at a common live time of 0.18 days.

electron track events mainly originating from ambient gamma rays. The standard event selec-
tions are briefly explained here, while details can be found in Ref. [6].

Fiducial volume cut

A fiducial volume of 28 x 24 x 41 cm® was defined in the detection volume of
31 x 31 x 41 cm?®. Any events were required to be fully contained in the fiducial vol-
ume so as to discriminate the events from the walls of the TPC field cage and the !°B glass

plate.
Length—energy cut

The amount of energy loss by a charged particle per unit length depends on the particle
type. Electron events were discriminated by setting a maximum track length for a given

energy.
TOTsum/energy cut

The energy deposition on each strip was recorded as TOT. The total TOTs of all strips

were defined as TOTsum. Since nuclear recoil events have larger TOTsum values than
electron recoil events for a given energy, electron events were discriminated by setting a
minimum TOTsum/energy value for a given energy. (See the left panel of Fig. 4, for in-
stance.)
Roundness cut

“Roundness” was defined as the root-mean-square deviation of a track from the best-
fitting straight line. Nuclear recoil events with a short drift distance have small roundnesses
because they are less affected by the gas diffusion. Background events in the gas region
between the LA u-PIC and the GEM were discriminated by setting a minimum roundness
value.

2.4. TOTsum—length cut

The detector was operated at a higher gas gain (typically 1800) than that of NEWAGE2021
(1200), aiming for a better detection efficiency of nuclear recoil events. One of the expected
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drawbacks of the high-gain operation was the increase of the background gamma-ray events
in contrast to the detection efficiency improvement of nuclear recoils owing to the increase of
the number of hit strips. Figure 4 shows the TOTsum/energy distributions as functions of the
energy after the fiducial volume cut. The gas gains of the left and right panels are 1200 and
1800, respectively. It should be noted that each calibration run with the source was conducted
at a common live time of 0.18 days. It is therefore clearly seen that the detection efficiency of
electron events (137Cs data) is significantly larger in a measurement at a high gas gain because
the number of events shown is greater. It is also seen that the TOTsum/energy of electron events
in the high-gain data have a large component that exceeds the selection line of TOTsum/energy
selection shown with a red line. This result indicates that the standard event selections were not
sufficient for the high-gain operation data.

A new cut, the TOTsum-length cut, was implemented in order to improve the discrimination
power against the gamma-ray events. Nuclear recoil events have large TOTsums and short track
lengths. On the other hand, the electron recoil events have smaller TOTsums and longer tracks.
Figure 5 shows the track length distributions as a function of TOTsum for the irradiation with
a 22Cf source and a '*’Cs source for the cases with gas gains of 1200 and 1800. Since our
energy threshold is set to be 50 keV,,, the data in an energy range of 50-60 keV,, are selected.
We confirmed a good separation of the electron (seen in both plots) and nuclear distributions
(seen only in the 2>>Cf plot) in this parameter space even for high-gain operation data. In order
to discriminate electron events, an empirical function written by

L= (S/B)" (1)

was introduced. Here, L is the track length, S'is the TOTsum, and @ and 8 are the parameters for
the cut definition. Here o was fixed within a run while g was an energy-dependent parameter.

We first determined « and § values in the 50-60 keV,. energy range for each period. The
period is a set of data taken under the same detector conditions and will be summarized in
Sect. 3. The parameters were determined so that they would give the best rejection of gamma-
ray events while retaining the selection efficiency of nuclear recoil events to be greater than 50%.
Here, the selection efficiency for a specific selection is defined as the ratio of the remaining
number of events to that before the selection. We then fixed @ and determined g for a given
energy. Figure 6 shows the energy dependence of 8. The black and blue dots represent the data
with 222Cf and ¥’Cs sources, respectively. The distribution of B values of the nuclear recoil
events was fitted with a Gaussian in every 10 keV energy bin. The region between the mean and
upper 3o of the Gaussian indicated with red lines in Fig. 6 was set as the nuclear recoil region
and the rest was rejected. Gamma-ray rejection powers with and without this cut are shown in
Fig. 7. A gamma-ray rejection power of 8.8 x 10~7 was achieved, which is about two orders of
magnitude better than that in NEWAGE2021.

2.5. Head-tail analysis

The importance of track sense recognition, or head-tail determination, has been stressed for
years[11,12]. We started to use head—tail determination for the direction-sensitive dark matter
search analysis with a limited efficiency in Ref. [4]. An analysis update improved the efficiency
and head-tail determinations for 3D tracks, or 3D-vector analysis, were used for this work.
The first step in reconstructing the direction of a track is to obtain the relative arrival times of
ionized electrons in the readout strips. These relative arrival times on X or Y strips are converted
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Fig. 5. Distributions of track length as a function of TOTsum in the energy range of 50-60 keV,, after
the fiducial volume cut. The upper and lower plots are the results measured with gas gains of 1200 and
1800, respectively. The left plots (black gradient) are the data with a 2>Cf neutron source and the right
(blue gradient) are the data with a '37Cs gamma-ray source. The red line in the figure is L = (S/8)%. Since
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Fig. 7. Gamma-ray rejection powers. The magenta dots are the result using the TOTsum-length cut, the
green ones are those without the TOTsum-length cut. The TOTsum-length cut introduced in this study
improved the results by two orders of magnitude in the energy range of 50-70 keV,,.
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Fig. 8. TOT values of an event along each X (left panel) and Y (right panel) strip.

into relative Z positions taking account the drift velocity. A charge detected on the strip, or a
hit, is thus assigned an (X, Z) or (Y, Z) hit position. The angles of a track in the X—Z and
Y-Z planes are known by fitting the hit positions with straight lines. 3D-axial directions of
the tracks in the detector coordinate system are determined from these two angles in the X—Z
and Y-Z planes. These reconstructed tracks are not 3D-vector ones at this stage because the
head-tail of the track is not determined yet.

The head-tail of a track can be determined by observing the asymmetry of the energy depo-
sition along its trajectory. The fluorine nuclear track with an energy value of interest (less than
400 keV,,) is known to deposit a large amount of energy at the starting point and less around
its end point. This phenomenon can be observed as large TOTs at the starting point and small
TOTs around the end point.

Figure 8 shows observed TOT distributions of an event along X and Y strips. This event was
obtained with a 23?Cf source placed at (25 cm, 0 cm, 0 cm) so that we expect to observe fluorine
nucleus tracks running from the +X to — X directions. An asymmetry of the TOT distribution
along the X-axis is seen while that along the Y-axis is more symmetric. This asymmetry is
quantified by skewness parameters as defined by the following equations:

<TOT(x) - (x— <x>)*>
< (TOT(x)- (x— < x >)?)32 >’

skewness x =

2)
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The distributions before and after the correction are shown in the upper and lower figures, respectively.

<TOT(y)-(y—<y>) > 3)
<(TOT()  (v— <y > >
Here TOT(x) is the TOT observed on a strip placed on x position, and <> represents the means
value. The ability to determine the head-tail, called the head-tail power Py, is defined as

N true
N “4)
where N is the total number of events, and Ny 1s the number of events for which head-tails
were correctly determined by the skewness. Determinations of Ny are discussed later.

In our previous work, we selected events with small 6. and large skewness to increase the
head-tail power at a cost of lowering the selection efficiency to less than one half [4]. The anal-
ysis was updated so that the the selection efficiency was recovered while Py, was retained; the
use of skewness x and skewness y were determined according to the azimuth direction of the
tracks. For the tracks along the X-coordinate direction (0° < |¢,,i| < 45°), skewness x was used,
and skewness y was used for the tracks with 45° < |¢,,;| < 90°). In addition, the number of hit
strips was increased by operation at high gas gains.

The original values of skewness were found to be correlated with 6. in the measurement
using the 2>>Cf source. The upper panels of Fig. 9 show the correlation between sin 6. and
skewness in the 2>2Cf run. Here, since nuclear recoils scatter toward the direction of emitted
neutrons from the 2>>Cf source, sin 6. was determined in a range of [—1, 1]. The skewness
values were corrected according to sin 6 with cubic functions, which are empirically decided,
and the corrected skewness values shown in the lower panels of Fig. 9 were used for further
discussions.

skewness y =

Pht:

Figures 10 and 11 show skewness distributions of a >>Cf source data after all cuts for three
energy ranges. Neutron irradiation data from the +X and — X directions are shown by red and

9/19

$202 I1dy L0 uo Jasn auuepy sjuedIs| Jo Aysieaiun 8qoy Aq £09/822/104€01/01/£Z0Z/1011e/de1d/woo dnoolwspeoe//:sdpy wolj papeojumoq



PTEP 2023, 103F01 T. Shimada et al.

pmm 252Cf (25.5,0,0) cm pmm 252Cf (-25.5,0,0) cm

100-200 keVee

50-100 keVee

200-400 keVee

Normalized counts
o
=
o
1

0.00 - 1
-0.2 0.0 0.2-0.2 0.0 0.2-0.2 0.0 0.2
skewness x skewness x skewness x
252Cf (0,25.5,0) cm 252¢f (0,-25.5,0) cm
0.20 1 ”
) 50-100 keVee 1D0-200 keVee 200-400 keVee
S 0157 - ;
o
o
el
.OE) 0.10 A .
g
5 0.05 A .
2
0.00 - ‘ - — : ‘ !
-0.2 0.0 0.2-0.2 0.0 0.2-0.2 0.0 0.2
skewness x skewness x skewness x

Fig. 10. Distributions of skewness x for three energy ranges. In the top panel, the red and blue histograms
show the neutron radiation data from the +X and —X directions, respectively. The pink and cyan his-
tograms in the bottom panel indicate the neutron radiation data from the 4+ Y and — Y directions, respec-
tively. All histograms are normalized to unity.
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Fig. 11. Distributions of skewness y for three energy ranges. In the top panel, the red and blue histograms
show the neutron radiation data from the +X and — X directions, respectively. The pink and cyan his-
tograms in the bottom panel indicate the neutron radiation data from the 4+ Y and — Y directions, respec-
tively. All histograms are normalized to unity.
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Table 1. Head-tail powers (%) for each direction and energy range.

Energy range Pre (+x) () P (=x) () Pu () (0)  Pri (=) (Vo) Pry (average) (%0)

50-100 keV,, 522+0.9 533+1.2 522+ 1.1 51.9+0.9 524+1.1
100-200 keV,, 526+ 1.4 532+1.2 535+1.2 525+1.0 529+1.2
200-400 keV,, 533+£1.6 524+ 1.0 549 £238 53.8 £ 1.6 53.6£2.0

blue histograms in the upper panels of Fig. 10. They show different skewness x distributions as
expected, while the skewness x distributions for the + Y direction irradiation data (lower panels
of Fig. 10) did not show significant difference. The same trend was confirmed for skewness y as
shown in Fig. 11. Ny, was defined by discriminating at skewness = 0. For instance, Nye(+X)
is defined as the number of events of skewness x < 0 of the red histograms in the top panel
of Fig. 10. On the other hand, Nyu.(—x) is defined as the number of events of skewness x
> 0 of the blue histogram. Py, = 50% indicates that the detector has no sensitivity for the
head-tail information. Averaged Py values for the 50-100, 100-200, and 200-400 keV,, energy
ranges were (52.4 £+ 1.1)%, (52.9 £ 1.4)%, and (53.6 =+ 2.0)%, respectively. The details of Py, are
summarized in Table 1. The error of P}, in each irradiation direction is the standard deviation
of the head-tail power determined for each period. The overall head—tail power error is the
standard deviation of the Py values in each irradiation direction. Head-tail powers equivalent
to those of Ref. [4] were achieved without any specific selection for the head-tail determination.

2.6. Efficiencies

There are two types of efficiencies relevant to this study: detection—selection and directional
efficiencies. The former, or the “absolute” efficiency, determines the number of detected-and-
selected events while the latter, or the “relative” one, determines the directional distribution of
these events without changing the total number of events. In order to determine the efficiencies
including directionality, an isotropic data-set needs to be used. The isotropic data-set was made
by summing up the time-normalized data obtained by irradiating the detector with neutrons
from a >32Cf source placed at six positions in the +X, &Y, and £Z directions.

The detection—selection efficiency is defined as the number of nuclear recoil events after all
selections divided by the expected number of nuclear recoils in the fiducial volume. Here, the ex-
pected number of nuclear recoils is estimated by the Geant4 simulation. The results are shown
in Fig. 12. It should be noted that the increase of the detection efficiency seen below 100 keV,,
is due to contamination by gamma-ray events and is not real. The contamination is removed
with the selections to a negligible level. The detection efficiency is about 60% above 200 keV ...
The main reason for not reaching 100% is that the gas gain is not high enough to trigger all the
nuclear recoil events. A detection—selection efficiency above 200 keV,, is half of the detection
efficiency because of the mean value for the TOTsum-length selection. A 20% reduction of the
detection—selection efficiency from NEWAGE2021 should also attribute to the additional cut,
which still gives a large advantage in the signal-to-noise ratio if we consider the gain on the
rejection shown in Fig. 7. The detection—selection efficiency shown in Fig. 12, or the “abso-
lute” efficiency, can be used to calculate the expected number of events for a given WIMP or
background model. It can also be used to unfold the measured energy spectrum and obtain an
“effective” spectrum for the comparison of the background rates.
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Fig. 12. Nuclear recoil efficiencies as a function of the energy. The cyan and blue histograms are the detec-
tion and detection—selection efficiencies of nuclear recoil of this study, respectively. The gray histogram
is the result of NEWAGE2021 [6].

50-100 keVee

Direction efficiency (%)

Fig. 13. Directional efficiency in the detector coordinate system. The axes of the white and black labels
are the azimuth angle ¢,,; and the elevation angle 6, respectively. The color gradation indicates the
relative reconstruction efficiency.

The directional efficiency is defined as the number of recoil events in a angular distribution,
divided by the number of total recoil events. Thus the directional efficiency is expressed as
a sky map, or the relative response in the elevation (f)—azimuth (¢,,) plane, for isotropic
recoils. The possible non-homogeneity of the directional efficiency mainly originates from the
reconstruction algorithm. The 3D recoil direction, including the sense (head-tail) of the track,
is reconstructed from the TOT distributions of the X and Y strips. Figure 13 shows the obtained
0cle—Pazi distributions of the isotropic recoil calibration data. Since the purpose of this map is to
identify the “relative” or reconstruction efficiency of the directions, the color map is a relative
one to be used with the total number of events being conserved. It is seen that the tracks tend
to be reconstructed to align with the strips, i.e., ¢.,; = 0, 90, 180° for the tracks parallel to
the detection plane, or the tracks with 6. ~ 0. The directional efficiencies shown in Fig. 13, or
the relative efficiency, can be used to give an expected recoil distribution for a given number of
expected events calculated by the detection—selection efficiency.
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Table 2. Summary of the measurement periods with gas gains (at the start of each run), live times, and
exposures. RUN22-1 and RUN22-2 are the data analyzed in NEWAGE2021 [6].

Period Date Gas gain Live time (days) Exposure (kg-days)
RUN20-1 2017/12/12-2018/01/18 2000 13.5 0.135
RUN20-2 2018/01/23-2018/02/23 1750 20.0 0.200
RUN21 2018/02/28-2018/06/01 1550 58.6 0.586
RUN22-1 2018/06/06-2018/08/24 1110 52.5 0.525
RUN22-2 2018/09/20-2018/11/29 1200 60.5 0.605
RUN23 2018/12/05-2019/04/12 1750 459 0.459
RUN24 2019/04/26-2019/06/27 1800 49.4 0.494
RUN25 2020/03/04-2020/03/26 1950 17.6 0.176
Total 2017/12/12-2020/03/26 318.0 3.180

2.7.  Angular resolution
The angular resolution was evaluated by comparing the distribution of the recoil angle y of
neutron irradiation data with the simulated ones smeared by various angular resolutions. Here
y is the angle between the incoming neutron direction and the reconstructed nuclear recoil
direction. Since the head-tails of the tracks are determined and considered in the analysis in-
dependently of the effect of the angular resolution, the angular resolution was evaluated with
the distribution of the absolute value of cosy. The X«fng value defined by Eq. (5) was calculated
for a given angular resolution o 4p,:
- Noin (Ndata — yMC (Gang))2
Kang = Z Nl_data ’ (5)

i

where N¥ is the number of events in the ith bin of the histogram of measured |cos y|, NM©
is the number of events in the ith bin of the histogram of the |cos y| distribution simulated by
Geant4 smeared with the angular resolution, and Ny, is the number of bins in that histogram.
The angular resolution at the minimum ang value was adopted. The angular resolution was
S8. lf;g degree in the energy range of 50-100 keV,,.

3. Experiment
A direction-sensitive dark matter search was performed in Laboratory B, Kamioka Observa-
tory (36.25'N, 137.18°E), located 2700 m water equivalent underground. The measurement was
carried out from December 12, 2017 to March 26, 2020, subdivided into eight periods. The pe-
riod was renewed when the detector was evacuated and filled with new CF,4 gas. The period
information is summarized in Table 2. The Z-axis of the NEWAGE-0.3b” detector was aligned
in the direction of S30°E. The target gas was CF,4 at 76 Torr (0.1 atm) with a mass of 10 g in
an effective volume of 28 x 24 x 41 cm?® (27.6 L). The total live time is 318 days corresponding
to an exposure of 3.18 kg-days, an exposure 2.4 times greater than that of NEWAGE2021.
Various environmental parameters were monitored during the measurement to confirm the
stability of the detector. Figure 14 shows the time dependences of the integrated exposure,
the gas gain, and the energy resolution. Energy calibrations and efficiency measurements were
performed approximately every two weeks. The energy scale was corrected by the monitored
gas gain. The mean value of the energy resolution was 12.4% with a standard deviation of 3.0%
during the measurement. No variation of the energy resolution beyond errors was observed.
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Fig. 14. Cumulative exposure, gas gains, and energy resolutions during the measurement.
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Fig. 15. Energy spectra after each selection step. The grey, orange, blue, magenta, and green lines are
the energy spectra after no cut, the fiducial volume cut, length—energy cut, TOTsum/energy cut, and
TOTsum-length cut, respectively. The black dots with error bars are the final data sample after the round-
ness cut. The fill-stacked green and red spectra are the expected gamma-ray and radon background ones
estimated by the simulation. The gray shaded area is the 1o error in the background. The dashed blue
line shows the expected spectrum by WIMPs assuming a mass of 150 GeV and a cross section of 14.3 pb.

The event selections described in Sects. 2.3 and 2.4 were applied to the data. Figure 15 shows
the energy spectrum after each event selection. The statistical errors are shown for the spectrum
after all selections. We confirm that the background in this work and that in NEWAGE2021
were consistent.

Figure 16 shows the directions of measured nuclear recoil events in the detector coordinate
(a) and the galactic coordinate (b), respectively. The cos 6 cygnus value was calculated for each
event in Fig. 16(b) and distributions are shown in Fig. 17. cos 8 cygnus is binned by four and
the energy is binned every 10 keV,,.

4. Results

A directional WIMP search analysis was performed with an assumption of the standard halo
model. Here the Maxwell distribution, with a velocity dispersion of 220 kms~! and an escape
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Fig. 16. (a) Nuclear recoil directions of the final data sample in the detector coordinate. The X-axis and
Y-axis are ¢,,; and 0 in the detector coordinate system, respectively. (b) Nuclear recoil directions of
the final data sample in the galactic coordinate. The X-axis and Y-axis are the longitude and latitude
of the galactic coordinate, respectively. The direction of the galactic center is (0,0) and that of Cygnus
is (=90,0). The orange, red, pink, purple, and blue points indicate the energy ranges of 50-60, 60-70,
70-80, 80-90, and 90-100 keV,,, respectively. The color contours in the background are the directional
efficiencies in each coordinate system.

velocity of 650 kms~!, was assumed[13]. A local density of 0.3 GeV/c?/cm? was assumed.
The spin parameter A2J(J + 1) for '°F of 0.647 was used in this analysis[14]. Considering the
nuclear quenching factor, the simulated energy spectrum by the WIMP-nuclear scattering was
rescaled by SRIM [9], which represented the observed alpha ray in the previous experiment [15].
The spectra of cos 6 cygnus for each energy bin as shown in Fig. 17 were simultaneously com-
pared with sum distributions of the WIMP signal and isotropic background using the binned
likelihood ratio method.
A statistic value x? was defined as follows:

n m Nde}ta
I,
=230 D (NN - V) N In S ) [+ ok + g (©)
i=0 j=0 i,j
where
NMC = NPM(oy—p. my. &6) + NP (8E. &8G). %
3

ap = -, )

OE
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Fig. 17. cos O cygnus distributions (identical black histograms in both panels) for the final date sample
in the 50-100 keV,, energy range. The best-fitting and 90% upper limit distributions for a WIMP mass
of 150 GeV/c? are shown with color histograms in the left and right panels, respectively.

e = 29 ©)
OBG

The subscripts i and j are the bin numbers of cosfcygnus and the energy, respectively. The
expected and measured numbers of events in bins 7, j are described as N}"”}C and Nf'jm, respec-
tively. N} is written as in Eq. (7), where NPM is the expected number of WIMP-nucleus
scatterings, and Ni],st is the expected number of background events. o ,_, is the WIMP-proton
cross section. ]\71-‘?’]-G was estimated using the Geant4 simulation based on the flux measurements
of the ambient gamma rays, the ambient neutrons, the alpha rays from the radon, and the alpha
rays from the LAu-PIC surface. The dominant background components in the energy range
of 50-100 keV,, were the ambient gamma rays and the alpha rays from the radon (see Ref. [6]
for details). The expected background spectra are shown in Fig. 15 for reference. The largest
systematic uncertainty of the expected rate arises from the energy scale uncertainty. This un-
certainty was estimated from the discrepancy of the energy calibration between the '°B, °Rn,
and >’Rn measurements discussed in Sect. 2.2. The uncertainty was evaluated in each run. The
weighted averages of the energy scale uncertainty were +13.2% and —2.3%. The uncertainties
of the background rate are the measurement errors of radioactivities for the ambient gamma
rays and the radons. Here the ambient gamma-ray flux was measured with a Csl scintillator [16]
and the radon background was estimated with the high energy spectrum of this work. Nuisance
parameters ag and apg considering the systematic uncertainty from the energy scale o and
the background estimation o g are defined as in Egs. (8) and (9). Possible shifts of the energy
scale and the number of expected backgrounds are expressed as &g and &pg.

%2 was minimized for a given WIMP mass with o x—p> and pull-terms ag and apg as fitting
parameters. We first explain the procedure for the case with a WIMP mass of 150 GeV/c?. A
minimum yx?>/NDF of 20.4/17 was obtained for o ,_,=14.6 pb. The left panel in Fig. 17 shows
the cosfcygnus distributions of the best-fitting case. A chi-squared distribution was created
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Fig. 18. 90% C.L. upper limits of the spin-dependent WIMP-proton scattering cross section as a func-
tion of the WIMP mass. The red line is the result of this work. The limit calculated without the
head-tail information was almost identical to this work. The green line is the result of our previous
work (NEWAGE2021 [6]) and the purple line is the result with the 3D-vector directional analysis for
NEWAGE2020 [4]. The gray line is the result of NEWAGE2015[17]. The solid light-blue line shows the
results from the directional analysis of DMTPC[18]. The blue line is the limit curve for DRIFT[19]. It
should be noted that the upper limit of DRIFT 2017 comes from the only energy information. The gray
area is an interpretation of the allowed region of DAMA/LIBRA [20].

from a dummy sample of the isotropic background model using Monte Carlo simulations. This
test gave a p-value of 0.60 for the measured result. The observed distribution was thus found to
be consistent with the background-only model. Since no significant WIMP excess was obtained,
an upper limit at the 90% confidence level (C.L.) was set for the spin-dependent WIMP—proton
scattering cross section. The likelihood ratio £ is defined as

L= exp<— XZ(GXPZ) — Xiin).

Here, x*(0y—,) and x2. are the value of x? and the minimum value of x? calculated by vary-
limit

ing o —p, respectively. The 90% C.L. upper limit of the WIMP-proton cross section, o,™, is

(10)

determined as follows:
limit
foox*p Ldoy—p _
Jo~ Ldoy—,
Using the above equation, the 90% C.L. upper limit of the spin-dependent cross section was
found to be 25.7 pb for a WIMP mass of 150 GeV/c?. The cos 6cygnus distributions with the
upper limit of 90% C.L. are shown in the right panels of Fig. 17.

The upper limits of the cross sections were obtained for other WIMP masses by the same
procedure. Figure 18 shows the upper limits at 90% C.L. of the spin-dependent WIMP—proton
cross sections as a function of the WIMP mass. Compared to the NEWAGE2020 results, which
were analyzed by the 3D-vector method using the standard p-PIC, this upper limit is updated
by about one order of magnitude. This is due to the reduction of surface background events
with the LAu-PIC. Furthermore, compared to the NEWAGE2021 result, the statistics of the
2.4 factor and an updated analysis including the background estimation, improved the limits
by a factor of about two for WIMPs heavier than 100 GeV/c?. In the NEWAGE2021 analy-
sis, the exclusion limit in the WIMP mass below 100 GeV/c? was better than expected due to
the statistical fluctuation. This work improved the statistical uncertainty, in addition to the im-

0.9. (11
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provement of background estimation. This results in the update of the exclusion limit curve in
any WIMP mass region. We marked the most stringent limit via directional analysis.

The 3D-vector method was successfully implemented in the analysis without impact on the
upper limit of the WIMP-proton cross section in the background-dominant analysis. The di-
rectional analysis including head—tail information demonstrates the possibility of revealing the
properties of WIMPs.

5. Discussions

A new limit by a directional dark matter search with a 3D-vector analysis was obtained by
this work. Although we started to search the region of one of the interpretations of the
DAMA/LIBRA’s annual modulation signal [20], a significant improvement of the sensitivity
is needed for a search of the region of more interest. The improvements can be realized mainly
in three aspects: the detection—selection efficiency, the energy threshold, and the backgrounds.

The detection—selection efficiency at 50-60 keV,, is 12.5%, which indicates that the statistics
can be increased by a factor of eight at most for the same exposure by an improvement of the
detection—selection efficiency. A measurement with a higher gas gain will increase the trigger
efficiency. A better gamma-ray rejection analysis, e.g., introducing machine-learning methods,
would compensate the expected increase of the gamma-ray background rate and allow us to
operate the detector at a higher gas gain. Shielding the detector is an independent hardware
approach to reduce the gamma-ray background events.

The current energy threshold (50 keV,.) is mainly limited by the track length of the recoil
events. The typical length of the track of fluorine nuclear recoil below 50 keV,, in CF4 gas at
76 Torr (0.1 atm) is less than 1 mm. This is comparable to the strip pitch of 0.4 mm and one can
deduce that the angular resolution and gamma-ray rejection both get worse below this point.
One solution is to operate the CF4 gas at a lower pressure than 76 Torr to allow the nuclei
and electrons a longer run and improve the angular resolution and gamma-ray rejection below
50 keV,..

The remaining background sources are the ambient gamma rays and internal radons as
shown in Fig. 15. We have already discussed the gamma-ray reduction above so we discuss
the reduction of radon background here. The LA u-PIC significantly reduced the surface alpha
rays in NEWAGE2021, but still contains some material that emits radon gas[5]. A new ver-
sion of the u-PIC series, LBGu-PIC, is currently being developed. The material used for the
LBGu-PIC is carefully selected so that the total radon emission is less than 1/10 of that of the
LAu-PIC.

With the improvements described above, we aim to explore the region claimed by
DAMA/LIBRA [20] and to improve the sensitivity to reach limits by other direct search ex-
periments.

6. Conclusion

A direction-sensitive direct dark matter search was carried out at Kamioka Observatory with a
total live time of 318.0 days corresponding to an exposure of 3.18 kg-days. A new gamma-ray
rejection cut, which improved the gamma-ray rejection power to 8.8 x 1077 while maintain-
ing the detection—selection efficiency of the nuclear recoil at about 20%, was introduced. This
enabled us to use high gas gain data, which were not used in the previous study due to the dete-
rioration of the gamma-ray rejection power. The exposure was increased by a factor of 2.4. A
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3D-vector reconstruction with a head—tail determination power of 52.4% in the energy range
of 50-100 keV was also used for this study. As a result of the directional WIMP search analy-
sis, an upper limit for the spin-dependent WIMP—proton cross section of 25.7 pb for a WIMP
mass of 150 GeV/c?> was derived. This limit marked the best direction-sensitive limit.
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