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内容

• 検出原理の紹介
• 暗黒物質直接探索の動向 + 伏見さん(NaI)+中さん(方向)

• 暗黒物質探索実験 (現状)

• LXeTPC, LArTPC
•幅広い質量領域へのチャレンジ

• 暗黒物質探索実験 (近い将来 2020-)

• WIMP以外のターゲットは?

• pp solar neutrino, 二重ベータ崩壊、捕獲, 超新星
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DM探索　
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fast neutron
WIMP

electronic recoilnuclear recoil

-U/Th/40K etc background

Interaction with dark matter
Goodman and Witten PRD(1985)
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WIMPとターゲット原子核の弾性散乱
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fast neutron
WIMP

electronic recoilnuclear recoil

-U/Th/40K etc background
- light mass DM ( < 1 GeV)

Interaction with dark matter
Goodman and Witten PRD(1985)

�5

最近ではModelと実験の進展があり反跳電子もチャンネルも
開拓されている
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WIMP 原子核の弾性散乱
検出器に落とすエネルギー

簡単のために
Mw = 100 GeV/c2  , MT  = 100 GeV/c2 , r = 1
とすると
(WIMP velocity: v~  220 km/sec = 0.75 X 10-3 )
                            = 1/2 x 100 x GeV/c2 (0.75 x 10 -3) c2
                                           = 30 keV
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Figure 14. Xe recoil tracks in liquid xenon simulated with TRIM [62] compared with the thermalization
distance (calculated in [134]). The projectile trajectory is shown in red; trajectories of secondary atoms/ions
are in gray with end points in green (this shows the number of secondary atomic recoils in the cascade). No
electron tracks are shown.

recoils. The extent of these cascades is in the .100 nm scale, which is much smaller than the
electron thermalization distance (rth ⇠4 µm in liquid xenon [134]). Therefore, the distribution of
thermalized electrons looks more like a sphere surrounding a tree-like core of positive ions at its
center with size .1/40 of that of the sphere. In this sense, the recombination should be similar to
that for low energy electrons with the difference that, for the same particle energy, only a fraction
⇠0.2 goes into ionizations/excitations in the case of nuclear recoils.

This picture is qualitatively consistent with the trend observed for recoils of different energies
in Figure 13. More electrons per keV can be extracted for lower recoil energies because less charge
is distributed over approximately a constant volume with radius ⇠ rth. Thus, the electron density
should be roughly proportional to the recoil energy, something which is not fully confirmed by
the data. The energy dependence of Lindhard’s energy partition function may partially explain the
absence of strict proportionality since the electronic component of the energy losses decreases with
decreasing energy [81]).

A loose distribution of the thermalized ionization electrons may explain the relatively large
charge yield from nuclear recoil tracks and its weak variation with field: practically all electrons
escape recombination even at very low field (⇠0.1 kV/cm), as argued in [61]. Considering a con-
stant ratio Nex/Ni = 0.06, both for electrons and nuclear recoils, those authors concluded that the
fraction of escaping electrons increases with decreasing recoil energy from ⇠0.15 for 70 keV to
0.7±0.2 for 4 keV.

The measured charge yield, although higher than one might expect on the basis of the dE/dx
argument (cf. a-particles), is still lower than for electrons even taking into account the energy
partition between electronic and nuclear parts. This may be explained by assuming a much higher
Nex/Ni ratio for nuclear recoils as proposed in [75] and [74] where it was estimated to be Nex/Ni ⇠ 1
(cf. ⇠0.1 for other particles — see Table 2). This would also explain lower S2/S1 ratios observed

– 31 –
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非相対論的速度
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観測される頻度
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R0: Event rate 

Expected spectrum:

Maxwellian distribution for DM velocity 
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暗黒物質の密度や断面積
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Integral spectrum 
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直接探索から得られるもの
•我々の周りにDMが存在!
•DMの質量と断面積
•　例えば200 ton x year exposure　(cross section ~XENON1T sensitivity )
•100 GeV 以上は上限値が困難

•他の原子核と合わせれば可能。例えばAr

The projected sensitivity critically depends on the ability to discriminate NR signals from
ER background, as the background from low-energetic solar neutrinos cannot be mitigated
by other methods. Our study assumes an ER rejection level of 99.98% at 30% nuclear recoil
acceptance, which is a factor 5 above the one of XENON100 [25] and has already been achieved
by ZEPLIN-III [50]. Crucial requirements for reaching this rejection level include a uniform
and high light yield for S1 and an S2 signal detection with uniform electron extraction and
gas amplification. The statistical fluctuations in the S1 signal close to threshold significantly
affect the width of the electronic and nuclear recoil distributions. Uniformity in S1 and
S2 signal detection minimises any instrument-related fluctuations affecting the width of the
S2/S1 distributions and hence the ER rejection power. While an increased light yield will also
reduce the energy threshold, the dominating CNNS background will render thresholds below
5 keV nuclear recoil energy (5 keVnr) less relevant for the WIMP search at spin-independent
cross sections below ⇠10�45cm2. A further consideration is that the steeply falling CNNS
spectrum requires the best possible energy resolution also at threshold. An energy scale
derived from the charge signal or from a combination of light and charge is therefore necessary
to optimise the sensitivity, as discussed in Section 5.7.

We have studied the reconstruction of WIMP properties, namely mass and scattering
cross section, from the measured recoil spectra. In a numerical model, we have incorporated
realistic detector parameters, backgrounds and astrophysical uncertainties [42]. Our primary
study was directed towards spin-independent WIMP-nucleon interactions; however, given
DARWIN’s excellent sensitivity to spin-dependent interactions, especially for 129Xe [51], it
can be extended to axial vector couplings as well. Figure 3 (left) shows the reconstructed
parameters for three hypothetical particle masses and a fixed cross section of 2⇥ 10�47 cm2,
assuming an exposures of 200 t⇥y [42]. The corresponding number of events are 154, 224
and 60, for WIMP masses of 20 GeV/c2, 100 GeV/c2 and 500 GeV/c2, respectively. Us-
ing the same exposure, Figure 3 (right) shows the reconstructed mass and cross section

Figure 3. The 1� and 2� credible regions of the marginal posterior probabilities for simulations of
WIMP signals assuming various masses and spin-independent (scalar) cross sections with DARWIN’s
LXe target. The width and length of these contours demonstrate how well the WIMP parameters
can be reconstructed in DARWIN after a 200 t⇥y exposure. The ‘⇥’ indicate the simulated bench-
mark models. (left) Reconstruction for three different WIMP masses of 20 GeV/c2, 100GeV/c2 and
500 GeV/c2 and a cross section of 2⇥ 10�47 cm2, close to the sensitivity limit of XENON1T. (right)
Reconstruction for cross sections of 2 ⇥ 10�46 cm2, 2 ⇥ 10�47 cm2 and 2 ⇥ 10�48 cm2 for a WIMP
mass of 100GeV/c2. The black curve indicates where the WIMP sensitivity will start to be limited
by neutrino-nucleus coherent scattering. Figure adapted from [42].
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希ガス液体による探索
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暗黒物質直接探索は激しい国際競争
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Area corresponds to number of people based on most recent publication from any experiment that has published scientific papers in the last two 
years.  This relied on Inspire-HEP.  I almost certainly missed an experiment .  Number of authors also does not correspond to FTEs since not all 
experiments require collaborators be 100% committed to that experiment.  See gist for calculation notes.  16/March/2019

But 1249 Dark Matter users spread out

Chris Tunnel@HOW 2019
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LHCb:
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Σ Dark Matter:
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ATLAS + CMS:
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DUNE:
1099

Dark Matter Detection community big
Area corresponds to number of people based on most recent publication from any experiment that has published scientific papers in the last two 
years.  This relied on Inspire-HEP.  I almost certainly missed an experiment .  Number of authors also does not correspond to FTEs since not all 
experiments require collaborators be 100% committed to that experiment.  See gist for calculation notes.  16/March/2019

Chris Tunnel@HOW 2019

過去2年のauthor リストから
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30年に及ぶ暗黒物質探索
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Coherent Neutrino Scattering
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Figure 1. History and projected evolution with time of spin-independent WIMP-nucleon cross section
limits for a 50GeV WIMP. The shapes correspond to technologies: cryogenic solid state (blue circles), crystal
detectors (purple squares), liquid argon (brown diamonds), liquid xenon (green triangles), and threshold
detectors (orange inverted triangle). Below the yellow dashed line, WIMP sensitivity is limited by coherent
neutrino-nucleus scattering.

of material screening, radiopure passive shielding and active veto detectors, has resulted in projected
background levels of ⇠1 event/ton of target mass/year. Innovations in all of these areas are continuing, and
promise to increase the rate of progress in the next two decades. Ultimately, direct detection experiments
will start to see signals from coherent scattering of solar, atmospheric and di↵use supernova neutrinos.
Although interesting in their own right, these neutrino signals will eventually require background subtraction
or directional capability in WIMP direct detection detectors to separate them from the dark matter signals.

A Roadmap for Direct Detection

Discovery

Search for WIMPS over a wide mass range (1 GeV to 100 TeV), with at least an order of magnitude
improvement in sensitivity in each generation, until we encounter the coherent neutrino scattering signal

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

Check any evidence for WIMP signals using experiments with complementary technologies, and also with
an experiment using the original target material, but having better sensitivity

Study

If a signal is confirmed, study it with multiple technologies in order to extract maximal information about
WIMP properties

R&D

Maintain a robust detector R&D program on technologies that can enable discovery, confirmation and
study of WIMPs.

Community Planning Study: Snowmass 2013

Ge

極低温検出器

希ガス液体
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LUX

DarkSide-50

from arXiv:1310.8327v1 
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of material screening, radiopure passive shielding and active veto detectors, has resulted in projected
background levels of ⇠1 event/ton of target mass/year. Innovations in all of these areas are continuing, and
promise to increase the rate of progress in the next two decades. Ultimately, direct detection experiments
will start to see signals from coherent scattering of solar, atmospheric and di↵use supernova neutrinos.
Although interesting in their own right, these neutrino signals will eventually require background subtraction
or directional capability in WIMP direct detection detectors to separate them from the dark matter signals.

A Roadmap for Direct Detection

Discovery

Search for WIMPS over a wide mass range (1 GeV to 100 TeV), with at least an order of magnitude
improvement in sensitivity in each generation, until we encounter the coherent neutrino scattering signal

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

Check any evidence for WIMP signals using experiments with complementary technologies, and also with
an experiment using the original target material, but having better sensitivity

Study

If a signal is confirmed, study it with multiple technologies in order to extract maximal information about
WIMP properties

R&D

Maintain a robust detector R&D program on technologies that can enable discovery, confirmation and
study of WIMPs.

Community Planning Study: Snowmass 2013
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Liquid Rare Gas
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Z(A) Boiling Point
at 1 atm [K]

Density 
[g/cm3]

ionization
[ e-/keV]

scintillation 
[photon/keV]

Ar 18(40) 87.3 1.40 42 40
Xe 54(131) 165 3.06 64 46

液体キセノン (-100℃）
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Dual-phase Time Projection Chamber(LXe, LAr)

S2S1 time

Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)

7

background-like

signal-like
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S2
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JPS 2007 Masaki Yamashita
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波形弁別(LAr: DarkSide, DEAP..)
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Pulse Shape Discrimination (PSD)

WIMPs collide with argon nuclei → nuclear recoils

LAr scintillates ~40 photons/keV.

Singlet state with τ = 6 ns.

Triplet state with τ = 1.6 µs.

Use pulse shape to distinguish:
Nuclear recoils (e.g. WIMPs) – mostly prompt light
Electronic recoils (e.g. Ar39) – mostly late light

fprompt = ratio of light in first 100 ns. to total for event
Nuclear recoil

Electronic recoil

PSD references:
McKinsey & Coakley, Astropart. Phys. 22, 355 (2005)
Boulay and Hime, Astropart. Phys. 25, 179 (2006)
Lippincott et al., Phys.Rev.C 78: 035801 (2008)

µCLEAN 
data

19 May 2015 6

VII. UNBLINDING

Unblinding consisted of changing the access permissions
of the open SLAD (see Sec. V), the blinded versions of
which had been used for the background predictions, and
running the analysis code applying all cuts to it. Figure 11
shows f90 vs S1 after all analysis cuts. With the analysis
cuts applied and the data fully unblinded, no events are
observed in the predefined DM search region.
After unblinding, we tabulated events surviving each cut,

as shown in Table V. The order that the cuts were applied is
not meaningful—the order shown in the table was chosen
to be informative. Each of the last two events in Table V
was cut by both the prompt and delayed veto cuts. They are
the events in the box in Fig. 6 labeled “Radiogenic” and
“Fission candidate.”

VIII. WIMP SENSITIVITY AND LIMIT

A limit on spin-independent DM-nucleon scattering is
derived assuming the standard isothermal WIMP halo
model, with vescape¼544 km=sec [42], v0 ¼ 220 km= sec
[42], vEarth ¼ 232 km= sec [43], and ρDM ¼ 0.3 GeV=
ðc2 cm3Þ [44]. The background- and signal-free result is
consistent with up to 2.3 DM-induced scatters (90% C.L.),
which sets an upper limit on the spin-independent DM-
nucleon cross section at 1.14 × 10−44 cm2 (3.78×
10−44 cm2, 3.43×10−43 cm2) for 100GeV=c2 (1TeV=c2,
10 TeV=c2) DM particles. The minimum upper limit is
1.09 × 10−44 cm2 at 126 GeV=c2. Figure 12 compares this
limit to those obtained by other experiments.
Figure 13 demonstrates available improvements in back-

ground rejection, which we do not use in this analysis. If we
require S2/S1 lower than the median value for nuclear
recoils and also radial fiducialization to about 8 cm from
the wall (r < 10 cm), we obtain an even greater separation
between the events surviving the selection and the pre-
viously defined DM search region. In a multiton detector
[48], these cuts would provide exceptional background
rejection at the cost of an affordable loss in detection
efficiency.
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FIG. 11. Observed events in the f90 vs S1 plane surviving all
cuts in the energy region of interest. The solid blue outline
indicates the DM search region. The 1%, 50%, and 99% f90
acceptance contours for nuclear recoils, as derived from fits to our
241AmBe calibration data, are shown as the dashed lines.

FIG. 12. Spin-independent DM-nucleon cross section
90% C.L. exclusion limits from the analysis detailed in this
paper, compared to our previous result [17] and selected results
from other experiments using argon (WARP [45], DEAP-3600
[2]) and xenon (LUX [46], XENON1T [1], PandaX-II [47]).

FIG. 13. Distribution of events in the f90 vs S1 plane that
survive all analysis cuts and that in addition survive tightened
radial and S2/S1 cuts (see text for details).

DARKSIDE-50 532-DAY DARK MATTER SEARCH WITH … PHYS. REV. D 98, 102006 (2018)
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有効体積カット
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Xe
High                Z(=54)
High Density  ~3g/cc

MeV ガンマ線が 

数keV有効体積にエネルギーを落とし 

その後、検出器を~1m 通り抜けるの
は非常にまれ 
= > ~ 105 減らす   

(内部バックグラウンド削減が鍵とな
る, Kr, Rn,)

LXe

Backgrounds

Edges Homogeneous

ER Materials (β, γ) 85Kr, 222Rn

Other Surface (210Pb) Accidental
coincidence

NR Neutrons ν-nucleus
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Low-energy (cS1 < 200 p.e.) event distribution
Fiducial volume of 1.3 tons (red line)

Xenon1T

XMASS
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WIMP(200GeV)領域

XENON1T (PRL2018)  1 ton year exposure

time-coincident 214Bi − 214Po decays, respectively, simi-
larly to the method used in Ref. [25]. The correspon-
ding event rates in the ROI are (71! 8) and
ð29! 4Þ events=ðton yr keVeeÞ. The total ER background
rate is stable throughout both science runs and measured as
½82þ 5

−3ðsystÞ ! 3ðstatÞ& events=ðton yr keVeeÞ after correc-
ting for efficiency, which is the lowest background
achieved in a dark matter detector to date.
The NR background includes contributions from radio-

genic neutrons originating from detector materials, coher-
ent elastic neutrino nucleus scattering (CEνNS) mainly
from 8B solar neutrinos, and cosmogenic neutrons from
secondary particles produced by muon showers outside the
TPC (negligible due to the muon veto [11]). The CEνNS
rate is constrained by 8B solar neutrino flux [26] and cross-
section [27] measurements. The rate of radiogenic neutrons
is modeled with GEANT4 MC [28,29] using the measured
radioactivity of materials [30], assuming a normalization
uncertainty of 50% based on the uncertainty in the
SOURCES 4A [31] code and the difference between the
GEANT4 and MCNP particle propagation simulation codes
[32]. Fast neutrons have a mean free path of∼15 cm in LXe
and produce ∼5 times more multiple-scatter than single-
scatter events in the detector, allowing for background
suppression. A dedicated search for multiple-scatter events
finds nine neutron candidates, consistent with the expect-
ation of (6.4! 3.2) derived from the GEANT4 and detector
response simulation described below, which is used to
further constrain the expected single-scatter neutron event
rate in DM search data.
The detector response to ERs and NRs is modeled

similarly to the method described in Refs. [5,33]. All
220Rn, 241AmBe, and neutron generator calibration data
from both science runs are simultaneously fitted to account

for correlations of model parameters across different
sources and runs. To fit the 220Rn data, the parametrization
of the ER recombination model is improved from Ref. [5]
by modifying the Thomas-Imel model [34]. These mod-
ifications include a power-law field dependence similar to
Ref. [35] to account for the different drift fields in each
science run, an exponential energy dependence to extend
the applicability to high energy (up to ∼20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low energy (≲2 keVee). The resulting
light and charge yields after fitting are consistent with
measurements [33,36–38]. The fit posterior is used to
predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection
of 99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for stat-
istical inference via variation of the recombination and its
fluctuation, as these show the most dominant effect on
sensitivity (here defined as the median of an ensemble of
confidence intervals derived under the background-
only hypothesis [39,40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into an
uncertainty of 15% (3%) on the total efficiency for
6 ð200Þ GeV=c2 WIMPs.
Energy deposits in charge- or light-insensitive regions

produce lone S1 or S2, respectively, that may accidentally
coincide and mimic a real interaction. The lone-S1 spec-
trum is derived from S1 occurring before the main S1 in
high-energy events and has a rate of [0.7, 1.1] Hz. The
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FIG. 4. Background and 200 GeV=c2 WIMP signal best-fit
predictions, assuming σSI ¼ 4.7 × 10−47 cm2, compared to DM
search data in the 0.9 ton (solid lines and markers) and 1.3 tons
(dotted lines and hollow markers) masses. The horizontal axis
is the projection along the ER mean (μER), shown in Fig. 3,
normalized to the ER 1σ quantile (σER). Shaded bands indicate
the 68% Poisson probability region for the total BG expectations.

TABLE I. Best-fit, including a 200 GeV=c2 WIMP signal plus
background, expected event counts with 278.8 days live time in
the 1.3 tons fiducial mass, 0.9 ton reference mass, and 0.65 ton
core mass, for the full (cS1, cS2b) ROI and, for illustration, in the
NR signal reference region. The table lists each background (BG)
component separately and in total, as well as the expectation for
the WIMP signal assuming the best-fit σSI ¼ 4.7 × 10−47 cm2.
The observed events from data are also shown for comparison.
Although the number of events in the reference region in the
1.3 tons fiducial mass indicate an excess compared to the
background expectation, the likelihood analysis, which considers
both the full parameter space and the event distribution, finds no
significant WIMP-like contribution.

Mass (ton) 1.3 1.3 0.9 0.65

(cS1, cS2b) Full Reference Reference Reference

ER 627! 18 1.62! 0.30 1.12! 0.21 0.60! 0.13
Neutron 1.43! 0.66 0.77! 0.35 0.41! 0.19 0.14! 0.07
CEνNS 0.05! 0.01 0.03! 0.01 0.02 0.01
AC 0.47þ 0.27

−0.00 0.10þ 0.06
−0.00 0.06þ 0.03

−0.00 0.04þ 0.02
−0.00

Surface 106! 8 4.84! 0.40 0.02 0.01

Total BG 735! 20 7.36! 0.61 1.62! 0.28 0.80! 0.14
WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2
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details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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exclusion curves rapidly diverge because of the effective
threshold due to the absence of the fluctuations in the
energy quenching process. Without additional constraints
on the quenching fluctuations, it is impossible to claim an
exclusion in this mass range.
Our exclusion limit above 1.8 GeV=c2 is compared with

the 90% C.L. exclusion limits from Refs. [21,59–73], the
region of claimed discovery of Refs. [17,74–76], and the
neutrino floor for LAr experiments [77]. Improved ioniza-
tion yield measurement and assessment of a realistic
ionization fluctuation model, which are left for future
work, may be used to determine the actual sensitivity of
the present experiment within the range indicated by the
two curves below the 1.8 GeV=c2 DM mass.
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The acceptance of the cuts defined above is estimated
using a dedicated MC simulation that reproduces the spatial
distribution of S2 light predicted by G4DS [31] and the S2
timing distribution measured in a study of diffusion during
electron drift [36]. Figure 1 shows the effect of the above
cuts on a sample of simulated low-energy S2-only events
that are uniformly distributed throughout the detector. The
figure shows the fraction of events surviving in sequence
the fiducial volume cut, the simulated trigger condition, and
the S2 identification cut. The hardware trigger efficiency is
100% for S2 pulses above 30 PE, which is well below the
analysis threshold of Ne− ¼ 4e− or recoil energy of
0.1 keVee. The trigger efficiency decreases below this
point due to the slow timescale of S2 pulses. The detector
acceptance is 0.43" 0.01 above 30 PE with the dominant
acceptance loss due to the restricted fiducial region. This
matches the acceptance of (0.42" 0.01) found with the
same cuts applied to 39Ar events from the DarkSide-50
campaign with an AAr target [19].
The S2 photoelectron yield per extracted ionization

electron η is determined by studying single-electron events
obtained during a short period of time in which the inline
argon purification getter was turned off for maintenance
purposes (Fig. 2). These runs have a significantly enhanced

single-electron event rate. The observation of strong time
and space correlations between single-electron events and
preceding large ionization events leads us to believe that
these events are from electrons captured by and sub-
sequently released from trace impurities in the argon
[37–39]. We obtain ηc ¼ ð23" 1ÞPE=e− for events local-
ized beneath the central PMT, where the error combines
variation throughout the entire campaign as well as
systematics.
The rates at which ionization electrons are trapped

and subsequently released are found to be ð3.5" 0.3Þ ×
10−5 e−=e− when the getter is off and ð0.5" 0.1Þ ×
10−5 e−=e− when the getter is active normalized to the
total yield of ionization electrons. The electron lifetime was
∼10 ms over the entire data taking period, equivalent to
∼30 ppt O2 contamination. We ignore data taken where the
getter is off and, to reduce spurious events from these
delayed electrons in standard running, we reject events that
occur less than 2.5 ms after a preceding trigger. The
resulting loss of exposure is about 1%.
Because of an observed radial variation in the electro-

luminescence yield, a correction is applied to the S2
photoelectron yield for events that originate under the
six PMTs surrounding the central one. This correction to
the number of extracted electrons Ne− was determined
using calibrations performed with a monoenergetic
(41.5 keV) 83mKr source to be Ne− ¼ S2=ð0.76ηcÞ.
The Ne− distributions expected for different numbers of

extracted electrons are modeled with G4DS and are well
described by Gaussians. The simulated responses for one
and two electrons are in good agreement with the getter-off
data. Figure 2 shows the comparison of the G4DS one- and
two-electron distributions with the event distribution in data.
A direct Ne− energy calibration for very low-energy

electron recoils is available from 37Ar (t1=2 ¼ 35.04 d,
electron capture 100%) produced in the UAr by cosmic
rays during refining and transport [20]. Figure 3 shows

FIG. 1. Acceptance of the basic cuts described in the text as a
function of the number of PE in the pulses.

FIG. 2. (Filled symbols) DarkSide-50 (DS-50) experimental
Ne− spectra obtained during the last 100 days of data taking and
(open symbols) during the short period where the getter was off
for maintenance. Both the single- and double-electron peaks are
seen to be strongly enhanced in the absence of argon purification.
The smooth black curve shows a weighted sum of the G4DS one-,
two-, and three-electron responses.

FIG. 3. Spectrum showing cosmogenic 37Ar contributions and
their decay as discussed in the text. (Black) First 100 days of
present exposure. (Dark blue) Last 500 days. (Red and cyan,
respectively) The contributions to the dark blue spectrum from
events with only an S2 pulse and from events with a single S1 and
a single S2 pulse. (Inset) Normalized difference of black minus
dark blue, showing the two peaks from 37Ar decay.
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are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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The green and yellow bands for each result show the ± 1 σ and ± 2 σ expected sensitivity of 90% CL upper limits for the null-amplitude case, respectively.

rate among all the PMTs changed more than 500 Hz from the
nominal values were removed from the analysis. Furthermore,
the event with this light emission has characteristic timing and
angular distributions of hit PMTs; the time difference between
the PMT emitting the light and other PMTs receiving the light
after emission distributed more than 35 ns and the latter PMTs
were located within 50 degrees from the former PMT. There-
fore, if any pair of hits in the events agrees with these condi-
tions, the event was eliminated from the analysis. This event
selection, referred to as a flasher cut, was applied only for three
PMT hit events, and the uncertainty due to the weak flash effect
after this cut is 0.4% at maximum.

The χ2 and expected event rate functions for the time varia-
tion fitting are the same as those in the sub-GeV DM analysis
except for the energy range. Most of the uncertainty for elastic
nuclear recoil signal is discussed in [18], only the uncertainty of
the xenon scintillation efficiency for nuclear recoil is different.
As discussed above in section 4, the measurements for energy
below 3 keVnr in [27] are considered.

From the multi-GeV DM analysis, we obtained the best-fit
cross section between 4 and 20 GeV DM mass. The best-fit
cross section is -3.8+2.0

−4.5
× 10−42 cm2 at 8 GeV, and no significant

signal was found in this analysis including other mass. Because
of this, a 90% CL upper limit on the DM-nucleon cross section

was determined. The 90% CL sensitivity at 8 GeV was 5.4+2.7
−1.7

× 10−42 cm2, and the upper limit was 2.9 × 10−42 cm2 (p-value:
0.11). The result of the DM search via the nuclear recoil signal
is plotted in the multi-GeV region of Fig. 5. The upper limits
and allowed regions determined by other experiments are also
shown.

Compared with the result from the previous analysis of
XMASS data [18], the result of the present analysis is ap-
proximately 6.7 times better at 8 GeV. Because both the low-
threshold data and the new scintillation efficiency below 3
keVnrin [27] improve the sensitivity. The search for DM mass
below 3 GeV was not performed via nuclear recoil. This is be-
cause the maximum recoil energy is below 1 keVnr, which is
the lowest calibrated energy in [27].

7. Conclusion

We carried out the annual modulation analysis for XMASS-
I data to search for the sub-GeV and multi-GeV DM via the
bremsstrahlung effect and elastic nuclear recoil, respectively.
The former search limits the parameter space of DM with a
mass of 0.5 GeV to below 1.6 × 10−33 cm2 at 90% CL. This is
the first experimental result for a sub-GeV DM search focused
on annual modulation and bremsstrahlung photons emitted by
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II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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only has a small background from leakage of ER events into
the NR band. However, both the sub-GeV signal and most
backgrounds are in the ER band, so ER-NR discrimination
cannot be used to reduce backgrounds in this analysis. The
ER band is populated significantly, with contributions from
γ rays and β particles from radioactive contamination within
the xenon, detector instrumentation, and external environ-
mental sources as described in [24]. For further information
about the background model, refer to [6,19] as the back-
ground model used in this Letter is identical.
Results.—The sub-GeV DM signal hypotheses are tested

with a two-sided profile likelihood ratio (PLR) statistic. For
each DM mass, a scan over the SI DM-nucleon cross
section is performed to construct a 90% confidence inter-
val, with the test statistic distribution evaluated by
Monte Carlo sampling using the ROOSTATS package
[25]. Systematic uncertainties in background rates are
treated as nuisance parameters with Gaussian constraints
in the likelihood. Six nuisance parameters are included for

low-z-origin γ rays, other γ rays, β particles, 127Xe, 37Ar,
and wall counts, as described in [6] (cf. Table I). Systematic
uncertainties from light yield have been studied but were
not included in the final PLR statistic since their effects
were negligible. This is expected as the error on light yield
obtained from the tritium measurements ranges from 10%
at low energies to sub 1% at higher energies. Moreover,
slightly changing the light yield is not expected to change
the limit significantly since only a small fraction of events
near the applied energy threshold are affected.

FIG. 5. Contours containing 95% of the expected DM signal
from the bremsstrahlung and Migdal effects using NEST package
v2.0 [22]. The solid amber contour indicates a bremsstrahlung
signal of mDM ¼ 0.4 GeV=c2 assuming a heavy scalar mediator
(7.9 events). The other two contours are for the Migdal effect:
The dashed teal contour is for mDM ¼ 1 GeV=c2 assuming a
heavy scalar mediator (10.8 events), and the dash-dot light blue
contour is formDM ¼ 5 GeV=c2 assuming a light vector mediator
(11.5 events). The number in parentheses indicates the expected
number of signal events within the contour for a given signal
model with a cross section at the 90% C.L. upper limit. The
contours are overlaid on 591 events observed in the region of
interest from the 2013 LUX exposure of 95 live days and 145 kg
fiducial mass (cf. Ref. [6]). Points at radius <18 cm are black;
those at 18–20 cm are gray since they are more likely to be caused
by radio contaminants near the detector walls. Distributions of
uniform-in-energy electron recoils (blue) and an example signal
frommDM ¼ 50 GeV=c2 (red) are indicated by 50th (solid), 10th,
and 90th (dashed) percentiles of S2 at given S1. Gray lines, with
an ER scale of keVee at the top and Lindhard-model NR scale of
keVnr at the bottom, are contours of the linear-combined S1-and-
S2 energy estimator [26].

FIG. 6. Upper limits on the SI DM-nucleon cross section at
90% C.L. as calculated using the bremsstrahlung and Migdal
effect signal models assuming a scalar mediator (coupling
proportional to A2). The 1- and 2-σ ranges of background-only
trials for this result are presented as green and yellow bands,
respectively, with the median limit shown as a black dashed line.
The top figure presents the limit for a light mediator with
qref ¼ 1 MeV. Also shown is a limit from PandaX-II [10] (pink),
but note that Ref. [10] uses a slightly different definition of Fmed
in their signal model. The bottom figure shows limits for a heavy
mediator along with limits from the SI analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [28] (orange), XENON100 S2-
only [29] (pink), CDEX-10 [30] (purple), CDMSlite [31] (teal),
CRESST-II [32] (dark blue), CRESST-III [33] (light blue),
CRESST-surface [34] (cyan), DarkSide-50 [35] (green),
NEWS-G [36] (brown), and XMASS [37] (lavender).
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FIG. 4. The di↵erential event rates expected at the single-phase experiments with the liquid Xe

target. The black lines show the conventional atomic recoil spectrum with the electron cloud

una↵ected, which are almost the same as the ones in the conventional analysis. The green, blue,

and pink lines show the rates with the ionization from n = 3, 4, and 5, respectively. Here, we do

not take the energy resolution into account. Since we apply the estimations for the isolated atoms,

the ionization spectrum from the valence electrons, i.e. n = 5, are not reliable.

The figures show that the electronic energy from the ionizations can be larger than the

maximum value of the (electron equivalent) nuclear recoil energy for a rather light dark

matter. As discussed in the previous section, the shape of the energy spectrum of the

electronic injections is not sensitive to the incident dark matter velocity as long as they are

kinematically allowed. The nuclear recoil energy, on the other hand, depends on the dark
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FIG. 1. Illustration of electron emission from nuclear re-
coils. If a DM particle scatters o↵ a nucleus (panel 1), we
can assume that immediately after the collision the nucleus
moves relative to the surrounding electron cloud (panel 2).
The electrons eventually catch up with the nucleus, but indi-
vidual electrons may be left behind and are emitted, leading
to ionisation of the recoiling atom (panel 3).

given by

d2Rnr

dER dv
=

⇢ �N

2µ2
N mDM

f(v)

v
, (1)

where ⇢ denotes the local DM density, �N the DM-
nucleus scattering cross section1, mDM the DM mass,
µN = mN mDM/(mN + mDM) the DM-nucleus reduced
mass and f(v) =

R
v2 f(v) d⌦v the DM speed distribu-

tion in the laboratory frame [51]. We neglect nuclear
form factors since we are only interested in small momen-
tum transfers. The di↵erential event rate for a nuclear
recoil of energy ER to be accompanied by an ionisation
electron with energy Ee is

d3Rion

dER dEe dv
=

d2Rnr

dER dv
⇥ |Zion(ER, Ee)|

2 , (2)

where the transition rate is given by

|Zion(ER, Ee)|
2 =

X

nl

1

2⇡

dpcqe(nl ! Ee)

dEe
. (3)

In this expression n and l denote the initial quan-
tum numbers of the electron being emitted, qe =
me

p
2ER/mN is the momentum of each electron in the

rest frame of the nucleus immediately after the scatter-
ing process, and pcqe(nl ! Ee) quantifies the probability
to emit an electron with final kinetic energy Ee. We can
make the dependence of pcqe(nl ! Ee) on qe explicit by
writing

pcqe(nl ! Ee) =

✓
qe

vref me

◆
pcvref

(nl ! Ee) , (4)

where vref is a fixed reference velocity. The functions
pcvref

(nl ! Ee) depend on the target material under con-
sideration. We use the functions from ref. [44], which
have been calculated taking vref = 10�3.

1 We have absorbed the coherent enhancement factor into our def-
inition of �N .

If the emitted electron comes from an inner orbital,
the remaining ion will be in an excited state. To return
to the ground state, further electronic energy will be re-
leased in the form of photons or additional electrons.2

The total electronic energy deposited in the detector is
hence approximately given by EEM = Ee + Enl, where
Enl is the (positive) binding energy of the electron before
emission.
We integrate eq. (2) over the nuclear recoil energy and

the DM velocity to calculate the energy spectrum, in-
cluding only those combinations of ER, EEM and v that
satisfy energy and momentum conservation. The result-
ing calculation is identical to the case of inelastic DM [54],
with the DM mass splitting �m being replaced by the
total electronic energy EEM.3 We find

vmin =

s
mNER

2µ2
+

EEM
p
2mNER

. (5)

The maximum electronic and nuclear recoil energy for
a given DM mass are given by

ER,max =
2µ2

N v2max

mN
, EEM,max =

µN v2max

2
. (6)

For vmax ⇡ 800 km/s, mDM ⌧ mN (and hence µN ⇡

mDM), we generically find EEM,max � ER,max. For
concreteness, for mDM = 0.5GeV and mN = 120GeV
(the approximate xenon atom mass), we find ER,max ⇡

0.03 keV while EEM,max ⇡ 1.8 keV. The electronic en-
ergy is therefore much easier to detect than the nuclear
recoil energy.

Sensitivity of liquid xenon detectors.— Having ob-
tained the relevant formulae for the distribution of elec-
tronic and nuclear recoil energy at the interaction point
where the DM-nucleus scattering occurs, we now convert
these energies into observables accessible for direct detec-
tion experiments. The focus of this discussion will be on
liquid xenon detectors, but we note that the dominance
of the electronic energy EEM resulting from the Migdal
e↵ect is not limited to xenon. These detectors convert
the atomic excitations and ionisations at the interaction
point into a primary (S1) and a secondary (S2) scintil-
lation signal [55]. A specific detector can be character-
ized by two functions: pdf(S1,S2|ER, EEM) quantifies the
probability to obtain specific S1 and S2 values for given
ER and EEM; and ✏(S1,S2) quantifies the probability that
a signal with given S1 and S2 will be detected and will
satisfy all selection cuts. Using these two functions, we
can write

d2R

dS1 dS2
= ✏(S1,S2)

Z
dER dEEM

d2R

dER dEEM

⇥ pdf(S1,S2|ER, EEM) , (7)

2 In contrast, the probability to obtain double ionisation from the
Migdal e↵ect itself is exceedingly small [52, 53].

3 We neglect the di↵erence in mass between the original atom and
the recoiling excited state.

arXiv:1711.09906v2 



Kamioka Observatory, ICRR, The University of Tokyo Masaki Yamashita

近い将来   2020-2025

Markus Horn - LUX-ZEPLIN Dark Matter experiment

LZ Design
• 10 t liquid Xenon  

(7 t active, 5.6 t fid.Vol.) 

• 494 3” PMTs 

• 50 kV cathode 

• Xenon skin detector  
(131 1” & 2” PMTs) 

• liquid scintillator outer 
detector (120 8” PMTs) 

• high purity water shield 

• 4850L Sanford Lab
 7

Technical Design Report, arXiv:1703.09144 

From XENON1T to XENONnT

Guillaume Plante - XENON Dark Matter 2016 - UCLA - February 19, 2016 7 / 17

• Upgrades required for XENONnT

• Larger cryostat inner vessel

• New TPC

• Additional ∼200 PMTs, PMTs with lower ra-
dioactivity currently under development

• Additional DAQ electronics

• LXe

• Target mass of ∼6 tons, sensitivity to spin-
independent WIMP-nucleon elastic scattering
cross sections of 1.6× 10−48 cm2

Markus Horn - LUX-ZEPLIN Dark Matter experiment

Status update - PMT arrays

• Top & Bottom array checkouts complete - June ‘19

 14

! M. Kapust

12 The DarkSide Collaboration: DarkSide-20k

Fig. 3. Cross sectional view of the DarkSide-20k experiment through its center plane, showing the water tank and
the WCV detector, the stainless steel sphere and LSV detector, and the cryostat and LAr TPC.

100 t yr, accumulated during a run of approximately 5 yr, free of instrumental background, giving a sensitivity
to WIMP-nucleon interaction cross sections of 1.2⇥ 10�47 cm2 (1.1⇥ 10�46 cm2) for WIMPs of 1TeV/c2

(10TeV/c2) mass. This is a factor of 170 improvement over the corresponding currently published limits,
and covers a large fraction of the mass-cross section parameter space currently preferred by supersymmetric
theories [78]. The projected sensitivity of DarkSide-20k is compared with other current and planned projects
in Table 1.

In the longer term, the aim of the DarkSide collaboration is to develop a path towards a dark matter
detector to be built with a 300 t (200 t) active (fiducial) mass of depleted argon (DAr), UAr with an 39Ar
content further depleted by processing the UAr through a cryogenic distillation column. For now, this ultimate
experiment is called Argo. A successful DarkSide-20k experiment would represent a fundamental milestone
toward the realization of Argo. Argo is conceived to accumulate an exposure of 1000 t yr, free of background
other than that induced by coherent scattering of neutrinos, and thus be sensitive to dark matter cross
sections at the “neutrino floor” [17].

As well as providing the most sensitive WIMP search, Argo would carry out an ambitious program of
precision measurements on low energy solar neutrinos (7Be, pep, and CNO neutrinos) through neutrino-
electron elastic scattering [80]. LAr has a scintillation light yield ten times larger than that of the organic
liquid scintillator target used for solar neutrino spectroscopy in Borexino [81], resulting in much better energy
resolution. Currently, Borexino provides the most sensitive measurement of the low energy solar neutrino
spectra, but is still unable to measure the CNO neutrinos. The higher energy resolution and tighter control
of surface backgrounds could make a precision measurement of the CNO neutrino flux possible in Argo [80].
The use of the two-phase argon technology allows for a sharp definition of the fiducial volume, significantly
reducing the systematic error that dominates the measurement of 7Be neutrinos in Borexino. The anticipated
precision of the rates are 2% for 7Be, 10% for pep, and 15% for CNO neutrinos [80].

XENONnT (5.9ton)

2019-

LZ(7ton)

2020-

DarkSide-20k(39ton)

2022-

PandaX-xT facilities

2018/7/24 Yong Yang, SJTU 27

• Intermediate stage: 
• PandaX-4T (4-ton in sensitive region) with SI sensitivity ~10-47 cm2

• On-site assembly and commissioning: 2019-2020

TPC Drift region: F ~1.2m, H ~1.2m

512

PandaX-IV(4ton)

2019-

active mass
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G2実験でのチャレンジ

•大量の液体キセノン純化

•neutron Veto 検出器
–どちらもこのフェーズの新しいチャレンジ
–DM検出感度の上げるために必要
–日本グループの貢献

�27
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Challenge for G2(1)

�28

XENONnT: Cryogenic LXe Purification

XENON Collaboration Meeting - Firenze - January 12 - 14, 2018 7 / 16

• Discussed how such a system could be integrated into XENONnT at last collaboration meeting

• Side benefit: XENON1T LXe “fast” recovery slowness is solved

LXe Purification 

2019.06.04 Kai Martens, Kavli IPMU, @JHW2019 17

New: Liquid Phase Purification
electronegative contaminants:
– limit the electron lifetime → limit S2 for long drift
– continually re-supplied from detector materials...

→ need to be removed continually!

XENON up to 1T, XMASS, … so far all used hot zirconium getters
→ gas phase: too slow

1.5 m drift, ~10-48 cm2  
→  > 1 ms required ! 

liquid
purification:
(installed at XENONnT)

liquid
pumps

adsorbant
containers

Made
in

Kamioka

3 m

we have an 80% – 90% eQcient Cu adsobant ✓

Purity monitor
20cm drift
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Challenge: neutron veto 

地下実験室

放射線シールド

材料選別

粒子弁別

有効体積カット

中性子veto
 29

Uwe Oberlack IDM 2018 24-07-18 27

Neutron Veto
Option Gd-doped water 

● Dope water with Gd 0.2% (double of LS)

● Measure Cherenkov light from Compton 

electrons of 8 MeV gamma-ray cascade 

after n-capture

● Add inner high light-yield volume, 

optically separated from MV, shielded 

from external radioactivity

● Crucial: low PMT thresholds

● Experience of Japanese collaborators 

involved with Super-K

(being transformed to SK-Gd)

Monte Carlo 
simulations:

● 120 8” PMTs + high-reflectivity Tyvek

● Coincidence window with TPC S1 

signal of 150 μs seems feasible 

(LS: 300 μs)

       PRELIMINARY

PRELIMINARY

multiple

single

次世代 
(XENONnT, LZ 
DS-20K)

•  8 neutron/20 ton-year  single scatter of neutrons 
•TPCだけでは識別は不可能
•U/Th からのfissionや (α,n) 反応　( Cryostat, PMT, PTFE)

•  >85% neutron tagging efficiency for DM discovery. 
•XENONnT (Water +Gd) (EGADS, SK-Gdの技術) 　

•n  + Gd  - > total 8 MeV gamam
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Challenge for G2(2)

�30

Markus Horn - LUX-ZEPLIN Dark Matter experiment

Status update - Outer Detector

• 4 side tanks at SURF inside water tank  
(top & bottom tanks expected June ’19) 

• Gd-LS production installation at BNL ongoing 

• OD PMTs tests complete (Korea),  
mock ladder assembly tested March ‘19

 17

nVeto design
• Gd-loaded Water:  

0.2% of Gd in mass  
-> 3.4 t of Gd-sulphate-octahydrate;


• Cerenkov light is seen by additional  
120 PMTs placed in water around  
the cryostat;


• high-reflectivity foil to confine an  
inner nVeto region with high light  
collection efficiency.

!2
Groups involved: INFN - Mainz - Japan

Water+Gd 液体シンチレータ+Gd

XENONnT LZ反射材

LZ Technical Design Report 4.4 Mechanical Systems

be installed as a water displacer around the outer vessel of the cryostat. This maintains low absorption of
gammas between the scintillator and the LXe skin detector.

The vessels will be cleaned inside and leak-checked at the fabrication vendor. They will be wrapped in
protective sheets at that time, and placed in double bags before being crated for shipping. The protective
sheets will be removed after they are installed in the water tank. The final cleaning of the outside of the
vessel will be done at that time.

Figure 4.4.2: Two steps in the assembly sequence. The figure on the left shows one of the quadrant
vessels at the point of maximum height above the water tank. The one on the right slows the four
quadrant vessels in the tank, with one already moved into final location.

As a feasibility study, a mock side vessel was slung under the Yates cage, taken down the shaft, and
transported to the cart-wash area just outside the LUX experimental hall. We have studied the process of
installing the acrylic vessels into the LUX/LZ water tank using a detailed computer model. The acrylic
vessel will be transported in a horizontal position to the deck immediately above the water tank. The
vessel will then be rotated using lifting eyes at the top and bottom. The left-hand drawing in Figure 4.4.2
demonstrates one step of this process, near the point that requires maximum clearance above the deck. The
vessel is lowered in vertical position into the water tank and then transported radially outward to near the
wall of the tank.

The right-hand drawing in Figure 4.4.2 shows the assembly step at which all of the quadrant vessels are in
the tank, and the first one is being brought into place around the cryostat. A white diffuse reflector, Tyvek,
is strapped with the foam around the cryostat.

The vessels will be fabricated by Reynolds Polymer Technology of Grand Junction, Colorado. Fabrication
will take place during calendar 2017.

4.4.2 PMT Supports

The LAB scintillation light is viewed by 120 8 inch PMTs in a cylindrical array of 20 ladders with six
PMTs each. Figure 4.4.3 shows the plan view of the PMT support system. The PMT faces are positioned
84 cm from the outer-detector tank wall. The water between the PMTs and the scintillator vessel shields the
active detector elements from radioactivity in the PMT assemblies. In this location, the PMTs also see the
Cherenkov light from cosmic-ray muons passing through the water.

The PMT ladders are attached to the top and bottom of the water tank, at a radius of 282 cm. The
PMT frame has been adapted from from the Daya Bay desin. A FINEMET magnetic shield to isolate the

121
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Markus Horn - LUX-ZEPLIN Dark Matter experiment

Sensitivity projection
• Spin-dependent WIMP sensitivity projection (1000d)

 10

LZ projected WIMP sensitivity, arXiv:1802.06039 

WIMP-neutron WIMP-proton
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DMの他には探索できる?
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Figure 5. (left) Differential electron recoil spectra for pp- (blue) and 7Be neutrinos (red) in liquid
xenon. The sum contribution (solid line) is split into the contributions from ⌫e (dashed) and the
other flavours (dotted). Figure adapted from [48]. (right) Survival probability of solar, electron-
neutrinos. The expected sensitivity of DARWIN (red) is shown together with existing measurements
from Borexino and the MSW neutrino oscillation prediction (±1�, green) for the large mixing angle
scenario [68]. The precise measurement of the pp-flux with sub-percent precision with DARWIN will
allow for testing neutrino and solar models.

and n7Be = 0.9 events/day. These numbers assume a fiducial target mass of 30 tons of natural
xenon and take into account the most recent values for the neutrino mixing angles [69]. More
than 2⇥103 pp-neutrino events will be observed per year, allowing for a measurement of the
flux with 2% statistical precision. A precision below 1% would be reached after 5 years of
data taking. DARWIN would therefore address one of the remaining experimental challenges
in the field of solar neutrinos, namely the comparison of the Sun’s neutrino and electro-
magnetic luminosities with a precision of <1% [70]. The high statistics measurement of the
pp-neutrino flux would open the possibility to test the solar model and neutrino properties,
see Figure 5 (right). For example, non-standard neutrino interactions [71, 72] can modify the
survival probability of electron neutrinos in the transition region around 1 MeV but also at
pp-neutrino energies.

3.2.3 Neutrinoless double-beta decay

The question about whether neutrinos are Majorana fermions (i.e., their own antiparticles) is
of intense scientific interest [73]. The most practical investigation of the Majorana nature of
neutrinos, and of lepton number violation, is through the search for neutrinoless double-beta
decay (0⌫��). 136Xe is an interesting 0⌫��-decay candidate and has an abundance of 8.9%
in natural xenon. Its Q��-value is at 2.458MeV, well above the energy-range expected from
a WIMP recoil signal.

Two experiments, EXO-200 [74] and KamLAND-Zen [75, 76], have already reported very
competitive lower limits on the half-life using a few hundred kilograms of 136Xe. Even with-
out isotopic enrichment, DARWIN’s target contains more than 3.5 t of 136Xe and can be used
to perform a search for its 0⌫��-decay in an ultra-low background environment. The main
challenge for this measurement will be to optimise the detector’s sensors and readout elec-
tronics to perform at both the O(10) keV energy-scale and at the O(1)MeV scale relevant for
the expected 0⌫��-decay peak. Once a resolution �/E⇠ 1-2% at ⇠2.5 MeV is achieved and
the background is reduced by a strong fiducialisation or the selection of ultra-low radioactiv-

– 9 –

solar ν( >1keVを観測できる。）
pp neutrino
XENOnT(4 ton) :    　~ 1 event/day
DARWIN(FV 30 ton):  ~8 event/day

                 ~SK(8B)
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Figure 5. Energy spectrum of the total ER background rate in the 1 t fiducial volume (black), and
the separate contributions from detector components (purple), 10 µBq/kg of 222Rn (red), 0.2 ppt of
natKr (blue), solar neutrinos (green) and 136Xe double-beta decay (brown). The right plot shows the
zoom at low energies.

Given that the shape of the energy spectrum at low energies is not well known [51], we
consider a 50% uncertainty.

3.5 Solar neutrinos

Solar neutrinos scatter elastically off the electrons of the medium, producing ER in the low
energy region. We considered neutrinos from all nuclear reactions in the Sun [52, 53], taking
into account neutrino oscillation ⌫e ! ⌫µ,⌧ with an electron neutrino survival probability
Pee = 0.55 [1] and the reduced cross section for ⌫µ,⌧ . The resulting recoil energy spectrum is
shown in figure 5 (green line), together with the other ER backgrounds. Most of the interac-
tions (92%) come from pp neutrinos, 7Be contributes with 7%, while pep and all the others
sources contribute less than 1%. Below 100 keV the differential rate is slightly decreasing,
which we parameterize as (9.155� 0.036 ·E/keV) · 10�6 (kg ·day · keV)�1. The average back-
ground rate in the energy region (1, 12) keV is 8.9 · 10�6 (kg · day · keV)�1. This background
source cannot be reduced and the only way to mitigate its impact is to improve the ER
rejection [54]. We estimate a total 2% uncertainty on the ER background events from solar
neutrinos, obtained by combining the ⇠ 1% error in the flux from the pp chain and ⇠ 10% in
the 7Be [53], and adding the ⇠ 2% uncertainty in the oscillation parameter sin2(2✓12) [1].

3.6 Summary of ER backgrounds

The ER background spectrum in 1 t FV is summarized in figure 5. The average rate of the
total background in the (1, 12) keV range is (1.80 ± 0.15) · 10�4 (kg · day · keV)�1. Most of
the background (⇠ 85%) comes from 222Rn, where we assumed a 10 µBq/kg contamination.
Solar neutrinos, 85Kr (assuming a natKr/Xe concentration of 0.2 ppt), and ER from the
materials contribute each with (4 � 5)%. Even with the 8.9% natural abundance of 136Xe,
its contribution to the total ER background is subdominant, less than 2%. The results are
summarized in table 2, together with their uncertainties. For energies larger than 500 keV
the radiation from materials becomes dominant.

The dependence of the background rates on the fiducial mass is shown in figure 4: due
to the large contribution of background from 222Rn which is almost uniformly distributed in

– 12 –

ER: solar ν main BG

ARTICLE
doi:10.1038/nature13702

Neutrinos from the primary
proton–proton fusion process in the Sun
Borexino Collaboration*

In the core of the Sun, energy is released through sequences of nuclear reactions that convert hydrogen into helium. The
primary reaction is thought to be the fusion of two protons with the emission of a low-energy neutrino. These so-called
pp neutrinos constitute nearly the entirety of the solar neutrino flux, vastly outnumbering those emitted in the reactions
that follow. Although solar neutrinos from secondary processes have been observed, proving the nuclear origin of the
Sun’s energy and contributing to the discovery of neutrino oscillations, those from proton–proton fusion have hitherto
eluded direct detection. Here we report spectral observations of pp neutrinos, demonstrating that about 99 per cent of
the power of the Sun, 3.84 3 1033 ergs per second, is generated by the proton–proton fusion process.

We have known for 75 years that the energy generated by stars comes
from the fusion of light nuclei into heavier ones1–3. In the Sun, hydrogen
is transformed into helium predominantly via the pp cycle4,5, a chain of
reactions releasing 26.73 MeV and electron neutrinos ne, and summar-
ized as

4p R 4He 1 2e1 1 2ne

The cycle begins with the fusion of two protons into a deuteron, which
occurs 99.76% of the time6 by means of the primary reaction

p 1 p R 2H 1 e1 1 ne

Neutrinos produced in this step are referred to as pp neutrinos. Some
of the nuclear reactions that follow also produce neutrinos of various
energies. 4He may also be formed through the CNO (carbon–nitrogen–
oxygen) cycle2, which is thought to be predominant in heavy stars, but
to produce at most 1% of the Sun’s energy7,8. Present models of the Sun9

precisely predict the flux and energy distribution of emitted neutrinos
(Fig. 1). So far, only the radiochemical gallium experiments (after the first
observation by GALLEX10,11 and, later, by SAGE12) have been sensitive to
pp solar neutrinos (0 , E , 420 keV). However, by measuring only an
integrated flux of all solar electron neutrinos above an energy threshold
(233 keV), the pp neutrino flux could be extracted only indirectly, by
combining the GALLEX and SAGE measurements with those of other
experiments13–17.

The Borexino experiment came online in 2007 with high sensitivity
to all solar neutrino components, particularly those below 2 MeV (Fig. 1).
Borexino has made the first measurement of 7Be neutrinos17 and proton–
electron–proton (pep) neutrinos18, measured 8B neutrinos19 at a lower en-
ergy threshold than other experiments, and set the best available limit on
the solar CNO neutrino component18. The detection of pep neutrinos
itself indirectly indicates the existence of pp neutrinos, because the p
1 e 1 p R 2H 1 ne reaction is a rare (0.24%; ref. 6) alternative first step
of the pp cycle. Attempts to measure pp neutrinos directly over the past
30 years (see ref. 20 for a recent review) have been hindered by the in-
ability to sufficiently suppress radioactive backgrounds in this low-energy
region. The Borexino detector, which is designed to minimize back-
grounds from radioactive isotopes both within, and external to, the liquid
scintillator target, made it possible to search for the very low-energy pp

neutrinos. The measured solar pp neutrino flux is (6.6 6 0.7) 3
1010 cm22 s21, in good agreement with the prediction of the standard
solar model9 (SSM) (5.98 3 (1 6 0.006) 3 1010 cm22 s21).

The observation of pp neutrinos provides us with a direct glimpse at
the keystone fusion process that keeps the Sun shining and strongly re-
inforces our theories on the origin of almost the entirety of the Sun’s en-
ergy. Their measured flux can also be used to infer the total energy radiated
by the Sun, 3.84 3 1033 erg s21. However, because photons produced in
the Sun’s core take a very long time (at least a hundred thousand years;
ref. 21) to reach the surface, neutrino and optical observations in com-
bination provide experimental confirmation that the Sun has been in
thermodynamic equilibrium over such a timescale.

Searching for pp neutrinos with Borexino
The Borexino experiment (Methods) detects solar neutrinos by mea-
suring the energy deposited in the liquid scintillator target by recoiling
electrons undergoing neutrino–electron elastic scattering:

nx 1 e R nx 1 e (1)

where x denotes one of the three neutrino flavours (e, m, t). The
detector is fully described in ref. 22.

The solar neutrino flux reaching the Earth is composed not only of
electron neutrinos produced in the nuclear reactions in the Sun, but,
owing to the process of flavour oscillations (Methods), also of muon
and tau neutrinos. The pp neutrino energy spectrum extends up to
420 keV, yielding a maximum electron recoil energy of Emax 5 264 keV
(ref. 23). The expected flux of pp neutrinos is calculated in the frame-
work of the SSM (Methods). The most recent calculations are those
of ref. 9 (other models, such as the one described in ref. 24, give similar
results). The predictions for the total flux of pp neutrinos at Earth9 range
between 5.98 3 (1 6 0.006) 3 1010 cm22 s21, for the high-metallicity
model, and 6.03 3 (1 6 0.006) 3 1010 cm22 s21, for the low-metallicity
model. The latest values of the neutrino oscillation parameters25 are
needed to calculate the relative proportions of the three flavours within
the solar neutrino flux at Earth. For reference, when combining them
with the high-metallicity SSM prediction (assumed throughout this
paper unless otherwise specified) and using neutrino–electron scatter-
ing cross-sections derived from refs 25, 26 (also P. Langacker and J.
Erler, personal communication), we expect the pp neutrino interaction

*Lists of participants and their affiliations appear at the end of the paper.
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2重ベータ崩壊
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Neutrinoless Double Beta Decay

• 136Xe abundance in natural xenon 8.9%
• 40t of Xe has 3.6t of 136Xe

• Q-value (2458.7±0.6) keV
• MC assuming 

• T1/2 = 1.6×1025 yr (superseded)
• Energy resolution (σ/μ) at Qββ 1%

T1/2 = 1.6×1025 yr

0.1 μBq/kg

214Bi → 214Po + e– + γ (2448 keV)

Intrinsic BG only

T1/2 = 2.11×1021 yr

4.6 events/year within ±3σ

JCAP 01, 044 (2014)

T1/2 > 8.5×1027 yr (140t x yr)

T1/2 > 5.6×1026 yr (30t x yr)

current limit (KamLAND-Zen)

DARWIN (JCAP, 2014), arXiv:1606.07001
)

EXO-200(2018)

Kamland-Zen(PII　2016) XENONnT
DARWIN

Inverted Hierarchy

実験 検出媒体 エネルギー 
分解能(σ)

KamLAND-Zen 液体シンチレー
タ

4.7%

EXO-200 液体キセノン 1.23%

XENON1T 液体キセノン 0.9%

• 136Xeが候補 
• 自然存在比8.8%(XENONnT, 500 kg 136Xe)　　

e.g. EXO-200 ~200kg, KamLAND-Zen 400kg 
• 高エネルギー分解能

136Xe � 136Ba + 2e- 　Q:2458 keV
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Summary

•  XENONnT(2019-),  LZ(2020-) , PandaX-IV(2020)  
•  DarkSide-20k (2022) 

–暗黒物質直接探索 5年でσ ~10-47 - 10-48 cm2  

•広い質量領域への改善( < 1GeV) 

•暗黒物質検出器 => 低バックグラウンド環境 
– DM 
–二重ベータ崩壊、二重電子捕獲などの稀崩壊 
– pp太陽ニュートリノ 
–超新星ニュートリノ
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