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Wino DM@DARWIN

Pure wino DM scenario can be fully explored by the DARWIN experiment
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Summary (A dream)
• At 202X, finite values for EDMs are discovered. 

• At 202X, peak on gamma ray spectrum from galactic center are 
discovered around 3TeV at CTA.

• At 202X, DARWIN finds excess of counting rate, which is larger 
than neutrino BGs.

• At 20XX, wino is discovered at 100TeV pp collider. 
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Nuclear Recoil BG
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•Radiogenic neutrons: spontaneous fission or (α, n) reaction from the U and Th:  ~ 2 events/(200  t・year)  

•Coherent v-N scattering (irreducible)  

- XENONnT(20 t ・year) ~1 neutrino  
- DARWIN (200 t・year) ~ 10 neutrinos 

•Cosmogenic/Radiogenic neutrons: ~ 0.4 events/(200  t・year) with 12m diameter water tank
4 DARWIN’s science channels

Figure 4.16: Comparison of the background rates from the irreducible CE⌫NS and radiogenic
neutrons assuming di↵erent fiducial volumes. A 28 t fiducial volume reduces the neutron back-
ground rate to 11% of the CE⌫NS rate in the WIMP ROI, a 24 t volume leads to only 4%.

below 6% of the CE⌫NS background, assuming LNGS as the experiment’s location.
The Borexino water tank (ø18⇥ 18m) would reduce this rate to a negligible level
and thus confirms the general validity of the assumption made in [142] to neglect
this background source. Besides the installation of a very large water tank, the
cosmogenic neutron background rate could also be decreased by selecting a labo-
ratory with a larger rock overburden. Examples are SURF (4300m.w.e. [188]) or
SNOLAB (6000m.w.e. [189]) due to their lower muon flux, which would result in an
approximate reduction of muon-induced NRs by a factor of 6 and 100, respectively.

Assuming material activities found by the LZ and XENON1T experiments, ra-
diogenic neutrons contribute significantly to the total NR background at the 50%
level of the CE⌫NS rate. This background contribution is a factor of 17 higher than
assumed in [142] and does not allow DARWIN to reach its envisaged WIMP sensi-
tivity. By assuming improved material activities and geometries and more stringent
fiducial volume cuts, the radiogenic neutron background rate could be pushed below
10% of the CE⌫NS rate. This study shows that the radioactive contaminations in
the main materials/components PTFE, PMTs, and in particular the titanium cryo-
stat have to be improved. For each of these materials, studies are currently ongoing.
The impact of this background on the WIMP sensitivity is subject of follow-up
investigations.

4.4 Neutrinoless double beta decay of 136Xe

DARWIN’s primary science goal is the direct detection of WIMPs with expected
recoil energies of a few keVNR. However, its low-background environment and good
energy resolution also allow competitive searches of physics objectives in the MeVER

range, such as the neutrinoless double beta decay (0⌫��) of 136Xe with a Q value
of (2457.83 ± 0.37) keV [87]. This decay is a yet-unobserved process beyond the
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New Photosensor R&Ds @ Nagoya Univ.

SiPM (S12572-015C-STD) Hybrid (XE5859)PMT (R13111)

5

1. Ultra low-radioactive PMT: 3inch R13111 developed by XMASS 

• Lowest radioactivity ever achieved 

2. SiPM with lower DC rate (~ 0.01Hz/mm2) 

• A dedicated SiPM with less DC rate available: ~50 times less @ LXe temperature 

3. Hybrid-detector (PMT/SiPM): XE5859 

• Photocathode (converts a photon to an photoelectron) + SiPM (photoelectron detector) 

(Ozaki et al, JINST 15 P09027)

(XMASS collaboration, JINST 16 P03014)



SiPM (S12572-015C-STD) Hybrid (XE5859)PMT (R13111)

PMT SiPM 
S13370 (VUV4)

Hybrid 
XE5859

Operation voltage ～1500V ～50V Photocathode: < 2 kV 
SiPM: 50-60 V

Single Photon Gain ～5×106 ～2×106 ～2×106

DC rate@165 K ～0.01 Hz/mm2 ～1Hz/mm2 ～0.01 Hz/mm2

Radioactivity High Very low Very low

QE 30 - 40% 25% ?

6New Photosensor R&Ds @ Nagoya Univ.



Low DC Rate SiPM 7

5New Photosensors: New SiPM with lower DC rate 

1. SiPM with lower DC rate (~ 0.01Hz/mm2) 

2. Hybrid-detector (PMT/SiPM) for ultra-low BG: similar to VSiPMT (Napoli)

With the strong cooperation with Hamamatsu, we are developing two different types of photosensors

• At LXe temperature, high DC rate mainly originates from the carriers that are generated by band-
to-band tunneling effect.  

• To suppress the tunneling effect, we have developed a new SiPM with lowered electric field 
strength (reduced doping concentration) in cooperation with Hamamatsu, and characterized its 
performance in a temperature range of 153 K to 298 K.

Eg

: hole
: electron
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Conduction-band

P-type N-typeE

Eg：Band-gap energy

Dark pulses of SiPMs mainly originate from  

1. Carriers generated thermally:                                        
strong temperature dependence 

2. Band-to-band tunneling effect (weak dependence 
on temperature) 
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Dark pulses of SiPMs originate from  

1. Thermally generated carriers: strong temperature-dependence 

2. Band-to-band tunneling effect: weak temperature dependence
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•At LXe temperature (-100℃), high DC rate is mainly from 
band-to-band tunneling effect  

•To suppress the tunneling effect, we have developed a new SiPM 
with lowered electric field strength with Hamamatsu

S12572-015C-SPL 
SPL

S12572-015C-STD 
STD

Operation Voltage ～100V ～65V
Gain ～1.4×105 ～2.3×105

Size 3mm×3mm
Number of pixels 40000

Pixel piches 15μm
Fill factor 53%
Package Ceramic
Trench No trench

Wavelength 300 - 900 nm 



Low DC Rate SiPM

56 第 6章 低ダークカウントレート SiPMの性能評価

図 6.22 図 6.21で求めた Pulse areaの分布。赤色の領域は [µ1p.e. − 4σ1p.e., µ1p.e. + 4σ1p.e.]、赤色の領域は
[µ1p.e. + 4σ1p.e., µ2p.e. − 4σ2p.e.]を示す。

図 6.23 アフターパルス確率とオーバー電圧の関係。

6.8 検出効率（PDE） 61

図 6.28 SPLの STDに対する相対 PDEとオーバー電圧の関係。STDの Vover = 4 Vの時の PDEの平均を 1とした。

図 6.29 LEDの波長（横軸）とオーバー電圧 4 Vの時の SPLの PDE（上）と STDに対する相対 PDE（下）。
黒点線は浜松ホトニクスの STDの PDEの測定結果 [61]。相対 PDEは STDの Vover = 4 Vの時の PDEの平
均を 1とした。マーカーが重なってしまうため SPL-2の点は +10 nmしてプロットした。
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6New Photosensors: New SiPM with lower DC rate 
• To suppress the tunneling effect, we have developed a new SiPM with lowered electric field 
strength in cooperation with Hamamatsu, and characterized its performance in a temperature 
range of 153 K to 298 K.

SiPM Hamamatsu 
S12572-015C-SPL

Hamamatsu 
S12572-015C-STD

Operation Voltage ～100 V ～65 V
Gain ～1.4×105 ～2.3×105

Size of photosensitive surface 3 mm × 3 mm
Number of pixels 40000
pixel pitch 15 μm
Fill factor 53%

Sensitivity to VUV light No

New(SPL) Old(STD)

1 kΩ
51 Ω

51 Ω

10 nF

10 nF
0.1 μF

SiPM

SiPM

GND

GND

GND

Bias Voltage

Signal

Signal

Figure 2. (Left): Readout schematic of SiPMs. It is possible to readout two SiPMs using a common bias
voltage. (Right): Typical waveforms of single p.e. for SPL (red) and STD (blue) at a temperature of 163 K
and 164 K, and a bias voltage of 94.6 V (SPL) and 60.0 V (STD), respectively.

4 Measurements and Results

4.1 Gain vs voltages, breakdown voltage, and single photoelectron spectrum

To investigate the single p.e. gain, resolution, and breakdown voltage (+br) properties of both
SiPMs, we measured their responses to the blue light (_ ⇠ 375 nm) from an LED. The function
generator inputs square pulses with a frequency of 460 Hz and width of 30 ns to the LED. We
obtained 40,000 triggered events for each temperature and bias voltage. Figure 3 shows a pulse area
spectrum of SPL-1 at a temperature of 163 K and a bias voltage of 94.6 V.

Figure 3. Pulse area spectrum of SPL-1 at a temperature of 163 K and a bias voltage of 94.6 V with a fitted
Gaussian function (red line). The first and second peaks correspond to pedestal and single p.e., respectively.

At this temperature, single p.e. gains of SPL-1 and STD-1 at a bias voltage of 94.6 V (SPL) and
60.0 V (STD) are estimated to be 1.6 ⇥ 105 and 2.0 ⇥ 105, respectively. The single p.e. resolutions
(
f1?.4.

`1?.4.
) of SPL-1 and STD-1 are measured to be 17.9 % and 18.8 %, respectively, where `1?.4.

(f1?.4.) is mean (standard deviation) of the single p.e. pulse area obtained by fitting with Gaussian
function as shown in figure 3. Figure 4 shows a single p.e. gain of SPL-1 and STD-1 as a function

– 4 –
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S12572-015C-SPL 
SPL

S12572-015C-STD 
STD

Operation Voltage ～100V ～65V
Gain ～1.4×105 ～2.3×105

Size 3mm×3mm
Number of pixels 40000

Pixel piches 15μm
Fill factor 53%
Package Ceramic
Trench No trench

Wavelength 300 - 900 nm 

•Breakdown voltage becomes larger a bit, but no significant changes in 
other performances.

•E-field(↘︎)、depletion layer(↗︎)、 Doping concentration(↘︎)

•To suppress the tunneling effect, we have developed a new SiPM 
with lowered electric field strength with Hamamatsu



Low DC Rate SiPM 9

7New Photosensors: New SiPM with lower DC rate 
• To suppress the tunneling effect, we have developed a new SiPM with lowered electric field 
strength in cooperation with Hamamatsu, and characterized its performance in a temperature 
range of 153 K to 298 K.

Figure 6. (Left): Pulse height distribution of SPL-1 acquired with self-trigger at a temperature of 163 K
and an over-voltage of 6.0 V. Red dashed and solid lines show a self-trigger threshold of 25 mV and a half
p.e. pulse height, respectively; (Right): Dark count rate of SPL and STD as a function of over-voltage at 298
K, 163 K (SPL), and 164 K (STD).

4.2 Dark count rate and cross-talk probability

DCR is defined as the number of pulses per second whose height is larger than 0.5 p.e. In this study,
it is normalized by the active area and the fill factor for each SiPMs. At a temperature between
198 K and 298 K, we acquired data with a random trigger because of high values of DCR. Below
198 K, data were obtained with a self-trigger with a threshold of 25 mV. Figure 6 (left) shows a
pulse height distribution of SPL-1 at 163 K and an over-voltage of 6.0 V, where over-voltage is
defined as +bias � +br. The peak around 60 mV corresponds to the mean of the single p.e. pulse
height. A red dashed line in figure 6 shows the self-trigger threshold of 25 mV. The remaining noise
contribution is discarded by requiring that pulse area is larger than `1?.4. � 3f1?.4.. For the data
acquired with self-trigger, deadtime of the DRS4 evaluation board (⇠ 3 ms) is taken into account
when calculating the DCR. Figure 6 (right) shows DCRs for SPL and STD that are expressed as a
function of over-voltage at temperatures of 298 K, 163 K(SPL), and 164 K(STD).

DCR, as a function of temperature is also shown in figure 7 at over-voltages of 5.0 V and 7.0 V,
respectively. As discussed in section 2, between 200 K and 300 K, the contribution from thermally
generated carriers is dominant; therefore, the DCR shows a rapid decrease with temperature.
However, at temperatures below 200 K, the contribution from carriers originating from the band-to-
band tunneling e�ect is dominant; therefore, the DCR has less temperature dependence. At room
temperature, the DCR of SPL is found to be higher than that of STD. This can be originated from
the fact that the depletion layer of SPL is thicker than that of SPL as discussed in section 4.1. The
DCR for SPL-1(-2) at approximately 165 K is measured to be 0.11–0.24 (0.018–0.071) Hz/mm2

depending on over-voltage, less by a factor of 6–60 compared with that of STD, indicating that the
modified inner field structure reduced the DCR.

Cross-talk probability (CTP) is calculated as #1.5
#0.5

, where #1.5 and #0.5 are the number of pulses
per second whose pulse heights are larger than 1.5 p.e. and 0.5 p.e., respectively [30]. Cross-talk
occurs when multiplied electrons in a cell enter and fire a neighboring cell. Figure 8 shows the
CTPs for SPL and STD at di�erent temperatures as a function of over-voltage. It can be seen from
the figure 8 that the CTP increases with over-voltage for both SiPMs. Moreover, the CTP of STD is

– 6 –

• By modifying the inner electric field structure, the DCR at the LXe temperature could be reduced 
by a factor of 6‒60 compared to that of STD that depended on over-voltage  

• According to Hamamatsu, similar reduction is possible for VUV-type SiPM 
• We are currently working together with Hamamatsu for developing a VUV-sensitive SiPM with 
lower DC rate (~0.01Hz/mm2)

Tunnel effect

Thermal excitation

Published in JINST 16 P03014 (2007.13537)

•E-field(↘︎)、depletion layer(↗︎)、 Doping concentration(↘︎)

•To suppress the tunneling effect, we have developed a new SiPM 
with lowered electric field strength with Hamamatsu

6.6 ダークカウントレート・クロストーク確率 53

(a) SPL-1、STD-1 (b) SPL-2、STD-2

図 6.18 ダークカウントレートと温度の関係を式 4.2でフィットした図（a）SPL-1、（b）STD-1

図 6.19 ダークカウントレートとオーバー電圧の関係

液体キセノン温度付近では、どのオーバー電圧でも SPLは STDよりもダークカウントレートが小さいことがわか
る。また、SPL-1と SPL-2の間には個体差があった。この原因はわかっていないが、SPL-1と SPL-2は同じ製造
工程で制作されたものであるため、製造工程に由来する個体差である可能性がある。
図 6.20 はクロストーク確率とオーバー電圧の関係である。クロストーク確率は式 4.3 を用いて計算した。SPL
と STDはトレンチがなく、クロストーク確率は 20 % から 60 % 程度であった。オーバー電圧 5 V 程度では SPL
と STDは共に 20–30 %程度であったが、SPLの方がオーバー電圧の増加に対してクロストーク確率の傾きが大き
かった。

•By modifying inner field configuration, DC rate can be reduced by a factor 
of 6-60 w.r.t. a standard SiPM

•Recently developed a SiPM dedicated for VUV light. Both Gain and 
PDE are similar level that achieved for VUV4 SiPMs.

VUV 4 
S13360 New

V(break down) ~53V ~93V
Gain ～1.4×105 ～2.3×105

Active area 3×3mm2
Pixel piches 50/100μm
Package Ceramic
Trench With Trench

•Breakdown voltage becomes larger a bit, but no significant changes in 
other performances.



Hybrid Photosensor (= PMT + SiPM)

　　　　　　　　　　　　Hamamatsu XE5859

Photocathode Bialkari (φ 46 mm)

Window Quartz

SiPM  S13370 (VUV4): 3 mm×3 mm

SiPM pixel size 50 μm × 50 μm  
(fill factor = 60%)

Photocathode 
HV  < 2kV

SiPM
Hybrid Hybrid

SiPM SiPM
Hybrid

• SiPM: for detecting photo-electron (not photon!)  

• O(100) times less DC rate is possible w.r.t. SiPM because of 
photo-sensitive area difference  

• Goal: Quartz + Photocathode + SiPM only  
̶> lower # of neutron and material BGs (ideal also for 0νbb)  

Hybrid (XE5859)
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PDE for Hybrid Photosensor

PDE = QE ⋅ ϵcollection ⋅ FF ⋅ Ptrigger

HV

PDE
Ptrigger ∼ 1

Ptrigger ∼ 0

0 < Ptrigger < 10 < Ptrigger < 1

• Photoelectrons need to reach avalanche layer  
• Penetration depth depends on kinetic energy of electrons

Ptrigger ∼ 1

：electrons mostly stop in SiO2 or P+ layer

：some electrons can reach avalanche layer

：All electrons can reach avalanche layer

Ptrigger ∼ 0

0 < Ptrigger < 1{

11

• Photocathode uniformity has been measured using a motorized linear stage 
and non-uniformity of PDE has been found probably because the focusing 
electric-field is not well optimized. 

PDE = QE ⋅ ϵcollection ⋅ FF ⋅ Ptrigger

:~14% @ 405 nm LED 
 : collection eff. 

 : SiPM Fill Factor = 60% (50 um pixel) 
 : Probability for photoelectrons to reach  

           avalanche layers in each SiPM pixel

QE
ϵcollection

FF
Ptrigger

Hybrid Photosensor: PDE

Avalanche region

SiO2
P+

P-

N++

×

e-
VUV-SiPM

• PDE can be improved by  

• using larger SiPMs (6 mm × 6 mm) 

• optimizing the focusing field 

• applying higher voltage (~2 kV) 

• optimization of SiPMs inside the tube 
• thickness of SiO2 & P+ layer is important 

since range for 1.5 keV e- in Si is O(10) nm 
• Measured with electron microscope (TEM) & 

secondary ion mass spectrometry (SIMS)

QE Bialkali 35%

ε(collection) Collection eff. for photoelectron ~100%

FF fill factor for SiPM (50μm pixel) 60%

P(trigger)
Probability for a photoelectron to reach 

an avalanche layer ？

0 < Ptrigger < 1

11



PDE for Hybrid Photosensor

11

• Photocathode uniformity has been measured using a motorized linear stage 
and non-uniformity of PDE has been found probably because the focusing 
electric-field is not well optimized. 

PDE = QE ⋅ ϵcollection ⋅ FF ⋅ Ptrigger
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• PDE can be improved by  

• using larger SiPMs (6 mm × 6 mm) 

• optimizing the focusing field 

• applying higher voltage (~2 kV) 

• optimization of SiPMs inside the tube 
• thickness of SiO2 & P+ layer is important 

since range for 1.5 keV e- in Si is O(10) nm 
• Measured with electron microscope (TEM) & 

secondary ion mass spectrometry (SIMS)

0 < Ptrigger < 1
• Kinetic energy of photoelectron: 1.5 keV (low-energy) 
̶> Range in Si = O(10) nm 

• Cannot reach avalanche layer because of thick SiO2/P+ layer

Why P(trigger) < 1 ?

How can we improve PDE?

plastic scintillator

Put a thin plastic scintillator in front of SiPM to convert a photoelectron 
into O(10) UV photons (ABALONE-like detector)

(VUV photon  -> photoelectron -> UV photons)

Plastic scintillator candidates: 

• EJ-212(t=100 um): ~10 photons/keV 

- Wavelength: 400 - 550 nm 

- Currently testing the concept with a dedicated detector

12



Summary

SiPM (S12572-015C-STD) Hybrid (XE5859)PMT (R13111)

13

1. Ultra low-radioactive PMT: 3-inch R13111 developed by XMASS already available 

2. SiPM with lower DC rate: currently characterizing a dedicated VUV SiPM 

3. Hybrid-detector (PMT/SiPM): currently developing a new hybrid photodetector with plastic scintillator

For future direct DM experiments such as DARWIN, we are developing three different types of 
photodetectors: 

plastic scintillator



Back Up



15Low BG PMTs: R13111

• Glass material was synthesized using low-radioactive-contamination material  

• Photocathode was produced with 39K-enriched potassium 

• Purest grade of aluminum material used for the vacuum seal.  

• TTS is ~2 ns, better than other PMTs  for LXe DM detector

JINST 15 P09027

Lowest radioactivity among PMTs for LXe DM detector.



What’s the Target DC Rate for DARWIN? 16

• Lone-S1 rate in 1T&nT ~ 1 Hz. 

• 3-fold accidental coincidence rate with 100 ns window for 1,900 PMTs 
is ~2.2Hz, while it is ~ 106 Hz for 60,000 SiPMs

•need to increase from 3-fold to 8/9-fold to achieve O(1) Hz

•DC rate for new photosensor should be less than 0.01Hz/mm2 if we 
want to keep 3-fold coincidence

12×12mm2 SiPM 
0.8 Hz/mm2

3-inch PMT  
0.01 Hz/mm2

N-fold accidental 
coin. rate 60,000 channels 1,900 channels 493 channels

3-fold 8.8 × 105 Hz 2.2 Hz 0.04 Hz

6-fold 5.2 × 103 Hz << 1 << 1

9-fold 5.5 Hz << 1 << 1


