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• Cosmic rays & cosmic activation of detector materials


• Natural (238U, 232Th, 40K) & anthropogenic (85Kr, 137Cs) radioactivity: 


• Ultimately: neutrino-nucleus scattering (solar, atmospheric and supernovae neutrinos)

F. Ruppin  et al., 1408.3581
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.
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Motivation

• LXe Detector	for	measuring	rare	physics	events

• Dark	Matter	Direction	Detection
– Xenon	detectors	leading	sensitivity	for	massive	DM	
– Cross-check	with	indirect	detection	and	collider	search

• Neutrino	detection
– Neutrino-nucleus	coherent scattering
– Solar	pp,	8B,	DSNB

• Neutrinoless double	beta	decay
– 136Xe → 136Ba + 2e-

– Majorana neutrino?	Anti-matter?	Neutrino	mass?

• Cosmic rays & cosmic activation of detector materials


• Natural (238U, 232Th, 40K) & anthropogenic (85Kr, 137Cs) radioactivity: 


• Ultimately: neutrino-nucleus scattering (solar, atmospheric and supernovae neutrinos)

F. Ruppin  et al., 1408.3581
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.

neutrino-nucleus cross section with the neutrino flux as

dR⌫

dEr
= MT ⇥

X

A

fA

Z

Emin
⌫

dN

dE⌫

d�(E⌫ , Er)

dEr
dE⌫ (4)

where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:

d�(E⌫ , Er)

dEr
=

G
2
f

4⇡
Q

2
!mN

✓
1� mNEr

2E2
⌫

◆
F

2
SI(Er) (5)

where mN is the nucleus mass, Gf is the Fermi coupling
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coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
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that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
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fluxes of low energy neutrinos following the pp-chain [19]
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(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
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maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
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line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
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Interesting	Signatures	from	Indirect	Search

•
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of the proton background for DAMPE is estimated to be less than 3% in 
the energy range 50 GeV to 1 TeV (see Table 1). The systematic uncer-
tainties of the flux measurement have been evaluated, with dominant 
contributions from the background subtraction and the instrumental 
effective acceptance (the product of the fiducial instrumental acceptance 
and the particle selection efficiency). More details on the systematic  
uncertainties can be found in Methods.

A spectral hardening at about 50 GeV is shown in our data, in agree-
ment with that of AMS-0214 and Fermi-LAT16. The data in the energy 
range 55 GeV to 2.63 TeV fit much better to a smoothly broken power- 
law model (the fit yields χ2 =   23.3 for 18 degrees of freedom) than to 
a single power-law model (which yields χ2 =   70.2 for 20 degrees of 
freedom). Our direct detection of a spectral break at E ≈  0.9 TeV, with 
the spectral index changing from γ 1 ≈  3.1 to γ 2 ≈  3.9 (see Methods for 
details), confirms the previous evidence found by the ground-based 
indirect measurement of the H.E.S.S. Collaboration17,18. The AMS-02 
data also predict a teraelectronvolt spectral softening with the so-called 
minimal model24. Our results are consistent with the latest CRE spectra  
measured by Fermi-LAT16 in a wide energy range, although the tera-
electronvolt break has not been detected by Fermi-LAT, possibly 
owing to higher particle background contamination and/or lower 
 instrumental energy resolution. We note that the CRE flux measured 
by DAMPE is overall higher than the one reported by AMS-02 for 
energies exceeding 70 GeV. The difference might be due in part to the 
uncertainty in the absolute energy scale, which would coherently shift 
the CRE spectrum up or down. With increased statistics and improved 
understanding of the detector’s performance, more consistent measure-
ments among different experiments may be achieved in the near future.
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Figure 2 | The CRE spectrum (multiplied by E3) measured by DAMPE. 
The red dashed line represents a smoothly broken power-law model that 
best fits the DAMPE data in the range 55 GeV to 2.63 TeV. Also shown are 
the direct measurements from the space-borne experiments AMS-0214  
and Fermi-LAT16, and the indirect measurement by the H.E.S.S. 
Collaboration (the grey band represents its systematic errors apart from 
the approximately 15% energy scale uncertainty)17,18. The error bars  
(±  1σ) of DAMPE, AMS-02 and Fermi-LAT include both systematic and 
statistical uncertainties added in quadrature.

Table 1 | The CRE flux (in units of m−2 s−1 sr−1 GeV−1) with 1σ statistical and systematic errors

Energy range (GeV) 〈E〉 (GeV) Acceptance (m2 ×   sr) Counts Background fraction Φ  (e+  +  e− ) ±   σstat ±   σsys

24.0–27.5 25.7 ±   0.3 0.256 ±   0.007 377,469 (2.6 ±   0.3)% (1.16 ±   0.00 ±   0.03)×  10− 2

27.5–31.6 29.5 ±   0.4 0.259 ±   0.007 279,458 (2.5 ±   0.3)% (7.38 ±   0.02 ±   0.19)×  10− 3

31.6–36.3 33.9 ±   0.4 0.261 ±   0.007 208,809 (2.4 ±   0.2)% (4.76 ±   0.02 ±   0.13)×  10− 3

36.3–41.7 38.9 ±   0.5 0.264 ±   0.007 156,489 (2.4 ±   0.2)% (3.08 ±   0.01 ±   0.08)×  10− 3

41.7–47.9 44.6 ±   0.6 0.266 ±   0.007 117,246 (2.3 ±   0.2)% (2.00 ±   0.01 ±   0.05)×  10− 3

47.9–55.0 51.2 ±   0.6 0.269 ±   0.007 87,259 (2.3 ±   0.2)% (1.28 ±   0.01 ±   0.03)×  10− 3

55.0–63.1 58.8 ±   0.7 0.272 ±   0.007 65,860 (2.2 ±   0.2)% (8.32 ±   0.04 ±   0.21)×  10− 4

63.1–72.4 67.6 ±   0.8 0.275 ±   0.007 49,600 (2.1 ±   0.2)% (5.42 ±   0.03 ±   0.13)×  10− 4

72.4–83.2 77.6 ±   1.0 0.277 ±   0.007 37,522 (2.1 ±   0.2)% (3.54 ±   0.02 ±   0.09)×  10− 4

83.2–95.5 89.1 ±   1.1 0.279 ±   0.007 28,325 (2.1 ±   0.1)% (2.31 ±   0.01 ±   0.06)×  10− 4

95.5–109.7 102.2 ±   1.3 0.283 ±   0.007 21,644 (2.0 ±   0.1)% (1.52 ±   0.01 ±   0.04)×  10− 4

109.7–125.9 117.4 ±   1.5 0.282 ±   0.007 16,319 (2.0 ±   0.1)% (1.00 ±   0.01 ±   0.02)×  10− 4

125.9–144.5 134.8 ±   1.7 0.286 ±   0.007 12,337 (2.0 ±   0.1)% (6.49 ±   0.06 ±   0.16)×  10− 5

144.5–166.0 154.8 ±   1.9 0.287 ±   0.007 9,079 (2.0 ±   0.1)% (4.14 ±   0.04 ±   0.10)×  10− 5

166.0–190.6 177.7 ±   2.2 0.288 ±   0.007 7,007 (1.9 ±   0.1)% (2.78 ±   0.03 ±   0.07)×  10− 5

190.6–218.8 204.0 ±   2.6 0.288 ±   0.007 5,256 (2.0 ±   0.1)% (1.81 ±   0.03 ±   0.05)×  10− 5

218.8–251.2 234.2 ±   2.9 0.290 ±   0.007 4,002 (1.9 ±   0.1)% (1.20 ±   0.02 ±   0.03)×  10− 5

251.2–288.4 268.9 ±   3.4 0.291 ±   0.007 2,926 (2.0 ±   0.2)% (7.59 ±   0.14 ±   0.19)×  10− 6

288.4–331.1 308.8 ±   3.9 0.291 ±   0.007 2,136 (2.1 ±   0.2)% (4.81 ±   0.11 ±   0.12)×  10− 6

331.1–380.2 354.5 ±   4.4 0.290 ±   0.007 1,648 (2.1 ±   0.2)% (3.25 ±   0.08 ±   0.08)×  10− 6

380.2–436.5 407.1 ±   5.1 0.292 ±   0.007 1,240 (2.0 ±   0.2)% (2.12 ±   0.06 ±   0.05)×  10− 6

436.5–501.2 467.4 ±   5.8 0.291 ±   0.007 889 (2.2 ±   0.2)% (1.32 ±   0.05 ±   0.03)×  10− 6

501.2–575.4 536.6 ±   6.7 0.289 ±   0.007 650 (2.2 ±   0.2)% (8.49 ±   0.34 ±   0.21)×  10− 7

575.4–660.7 616.1 ±   7.7 0.288 ±   0.007 536 (2.0 ±   0.2)% (6.13 ±   0.27 ±   0.15)×  10− 7

660.7–758.6 707.4 ±   8.8 0.285 ±   0.007 390 (2.0 ±   0.2)% (3.92 ±   0.20 ±   0.10)×  10− 7

758.6–871.0 812.2 ±   10.2 0.284 ±   0.007 271 (2.3 ±   0.3)% (2.38 ±   0.15 ±   0.06)×  10− 7

871.0–1,000.0 932.5 ±   11.7 0.278 ±   0.008 195 (2.3 ±   0.3)% (1.52 ±   0.11 ±   0.04)×  10− 7

1,000.0–1,148.2 1,070.7 ±   13.4 0.276 ±   0.008 136 (2.6 ±   0.4)% (9.29 ±   0.82 ±   0.27)×  10− 8

1,148.2–1,318.3 1,229.3 ±   15.4 0.274 ±   0.009 74 (3.6 ±   0.5)% (4.38 ±   0.53 ±   0.14)×  10− 8

1,318.3–1,513.6 1,411.4 ±   17.6 0.267 ±   0.009 93 (2.2 ±   0.4)% (4.99 ±   0.53 ±   0.17)×  10− 8

1,513.6–1,737.8 1,620.5 ±   20.3 0.263 ±   0.010 33 (5.0 ±   0.9)% (1.52 ±   0.28 ±   0.06)×  10− 8

1,737.8–1,995.3 1,860.6 ±   23.3 0.255 ±   0.011 26 (5.4 ±   0.9)% (1.07 ±   0.22 ±   0.05)×  10− 8

1,995.3–2,290.9 2,136.3 ±   26.7 0.249 ±   0.012 17 (5.8 ±   0.9)% (6.24 ±   1.61 ±   0.30)×  10− 9

2,290.9–2,630.3 2,452.8 ±   30.7 0.243 ±   0.014 12 (7.9 ±   1.1)% (3.84 ±   1.20 ±   0.21)×  10− 9

2,630.3–3,019.9 2,816.1 ±   35.2 0.233 ±   0.015 4 (18.2 ±   2.5)% (1.03 ±   0.63 ±   0.07)×  10− 9

3,019.9–3,467.4 3,233.4 ±   40.4 0.227 ±   0.017 4 (15.4 ±   2.4)% (9.53 ±   5.64 ±   0.70)×  10− 10

3,467.4–3,981.1 3,712.4 ±   46.4 0.218 ±   0.018 4 (11.2 ±   2.6)% (9.07 ±   5.12 ±   0.77)×  10− 10

3,981.1–4,570.9 4,262.4 ±   53.3 0.210 ±   0.020 3 (11.4 ±   4.0)% (6.15 ±   4.02 ±   0.60)×  10− 10

〈 E〉  is the representative value of the energy in the bin, calculated in the same way as in ref. 14.
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Phase I: 
120 kg DM
2009-2014

PandaX-III: 
200 kg to 1 ton 

136Xe 0vDBD
Future

PandaX-xT: 
multi-ton DM

Future

Phase II: 
500 kg DM 
2014-2018

PandaX Experiment

• Particle	and Astrophysical	Xenon	Experiments
– Formed	in	2009,	~50	people

• PandaX-II	580kg	results	published	at	PRLs
– World-leading	exclusion	limit

• Future:	PandaX-xT multi-ton	DM	experiments
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Multi-ton	Xenon	Detectors in the	World

•

LZ, 7-ton, in preparation, 
Sanford Lab

XENON1T
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PandaX-4T	Experiment

• Propose	4-ton	liquid	xenon	experiment
• Located	in	CJPL-II	B2	hall
• Onsite	assembly	and	commissioning:	2019-2020
• To	push	the	DM	SI	sensitivity	down	to	~10-47 cm2
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PandaX-4T	Key	Technologies

•
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• Large-scale	TPC

• Electronics	and	DAQ

• Xenon	handling

• Background	control
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Large	Scale	Time	Projection	Chamber

• Drift	region:	F ~1.2m，H	~1.2m
– Xenon	in	sensitive	region～4ton

• Design	goal:
– High	signal	efficiency
– Uniform	E field	in	a	large	volume
– Veto	ability
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Top	PMT	array,	3”

Top	Cu	plate

Teflon	
supporter

Electrodes	
and	shaping	
rings

Bottom	Cu	
plate

Bottom	PMT	array	
3”Veto	System
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TPC:	Signal	Collection	Efficiency

• High	reflectivity	of	PTFE (full	coverage):	>98%
• PMT	dense	array:	169	in	circular	array	and	199	in	hexagonal	array

In	PandaX-II,	photon	detection	efficiency	
reaches	11.76%

10

PMT	supporter

PTFE	structure



Electric	Field

• Uniform	electric	field	in	a	large	volume
– To	ensure	ER/NR	separation,	energy	and	position	resolution,	signal	

efficiency,	etc

• We	have	accumulated	a	lot	experience	in	PandaX-I	and	II
Drift Field Design (V/cm) Actual run (V/cm)

LUX 400 180

XENON1T 400 120

PandaX-II 400 400

11



Electric	Field

• Four	electrodes:	anode,	gate,	cathode	and	screen		

TPMT

Anode
Gate

Cathode

Bttm Screen
BPMT

11mm

1200mm

100mm

46mm

-650V

-650V

Edrift

Eextraction

-55	kV

-5	kV

Extraction	field:	6000	V/cm

Drift	field:	400	V/cm

Gate	electrode:	-5	kV

Cathode	electrode:	-55	kV

12



Electrodes	and	Shaping	Rings

• F=1.2m	Electrodes:	
– Designed	two	types:	mesh	and	wire
– High	light	transparency	~	90%
– Small	deformation	~1mm

• Shaping	rings:	59	sets
– Deformation	of	E	field	<	1%	

13

HV	test	on	mesh	electrode

Wire	electrode	and	force	monitor



PMTs

• PMT:	Hamamatsu	R11410	with	QE	>	30%
– Very	low	dark	noise	rate	(~50Hz	in	LXe)

• 1500V	High	voltage	distribution	R&D
– Optimize	the	base	with	high	amplification

• Rigorous	quality	control	in	low	temperature

上海交通大学博士学位论文 第三章 T�N0�tAB实验的设置

用沉银的工艺，并且不使用任何添加剂，比如含铅的阻燃剂等，以保证印刷电路的放射

性纯度。在焊接电阻电容元件时，我们特意从 Hn,�cAKCI@�nUjg?�N0w � ?�aL�N公司选
购了不含铅的焊锡（bCIA7Rc）。另外，我们还选用了 KCIAK�u公司的插脚焊接在分压器
的基座上。最后，所有电子元件的焊接都是手工完成。在材料器件选取过程中，我们着

重测量各元件的放射性。而当分压基座完成后，我们进一步利用材料检测站测量了其成

品的总体放射性，结果如表Y kĢ:所示。

V�W V$W

图 kĢlS光电管分压基座成品（�）`49lzA:zf，（$）`SS:SzAKQ/

Bj3L VL#\gU,cW 60+R 40F 137+c 210T$ 232i@ 235m 238m
S英寸基座 <zYze <lY:: zYk9±zYzO <lYkS zYek±zYS4 <zYS4 <zYkl
k英寸基座 <zYzf <SYl9 zYkk±zYz4 SSYfS±lYle zYSf±zYS9 zYke±zYSO SYS:±zYS:

表 kĢ:光电管基座的放射性测量结果

前文提到，我们采用正高压的光电管基座，同时利用一根同轴线缆既给光电管提供

直流高压，也读取光电管产生的信号。加载在高压上的信号则在探测器外解耦分离出来。

参考大亚湾实验的设计)Szl*，我们研发了 T�N0�tAB使用的信号解耦器（03,RnUI3a $Ru）。
图Y kĢllV�W给出了信号解耦器的设计电路图。其后端连接光电管，左侧连接给光电管供
电的高压源，前端则连接电子学设备。这里关键的解耦电容器（+:）数值的选择是基于
bTB+2软件模拟以及实验验证得到的。最终我们选定电容为 Szz N7、可以耐 lzzz伏直
流电压的电容器作为信号解耦元件。+:值的选择标准主要是尽可能减少 bl信号的失真
情况。实验中，我们选用了 +�2M的 bvS9leH+高压机箱和 �SOkl�T :4道高压插件来

ġ eO ġ

分压基座 电磁屏蔽连通器

光电管测试单元
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Collaborating	with	SDU	

For	178nm	VUV	light



• More	channels
– 512	channels (including	3”	PMT	and	1”	veto	PMT)
– Calibration	run	2GB/s,	physics	run	0.4GB/s

FADC (模数转换）

light

PMT

Decoupler

HV+signal

signal

Electronics	and	DAQ

Trigger-less	data-taking
High	speed	parallel	readout

15
Collaborating	with	USTC

读出服务器 万兆交换机

    数据库服务器

        软件触发服务器
  磁盘阵列



Xenon	Handling:	Storage,	Cooling	and	Purification

• Storage:	6	ton	xenon
– 6 set 4x4	(50kg,	40L)
– Filling	speed：600－1000kg/day

• Cooling	bus:
– PandaX-II:	one	cold	head	(180W)
– PandaX-4T:	three	cold	heads	(620W)

• Online	purification
– PandaX-II:	one	circulation	loop	(50	slpm)
– PandaX-4T:	two	circulation	loops	(100	slpm x	2)

16
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Background	Control

• Current	background	level	at	PandaX-II:	0.8	mDRU

• PandaX-4T	key	issue:	Background	control
– Materials:	0.01	mDRU
– natKr:	0.1	ppt
– 222Rn:	1	µBq/kg	
– Total	ER	background:	0.04	mDRU
– Total	NR	background:	0.5	event	/	ton	/	year

17

with a 45% uncertainty estimated based on the variation of
the isolated S1 rate in a given run period.
The neutron background, dominated by the radioactivity

of the polytetrafluoroethylene (PTFE) materials, was esti-
mated following the same approach as in Ref. [8], but with
updated detector responses. The uncertainty is estimated
to be 50% using the AmBe calibration data based on the
ratio of detected single scatter NR events to the 4.4 MeV γ
events.
The S1 and S2 range cuts were identical to those in Run

9, i.e., from 3 to 45 PE for S1, from 100 (raw) to 10 000 PE
for S2, and above the 99.99% NR acceptance curve in
Fig. 2. Remaining cuts were also kept the same as those in
Run 9 except for the drift time cut. The lower cut was
updated from 18 to 20 μs by scaling with the new drift
speed (weaker field). The upper cut of 350 μs (310 μs in
Run 9) was chosen since the rate of 127Xe-induced “γ-X”
events was reduced to be negligible. The same radius-
square cut, r2 < 720 cm2, was used. The FVwas computed
geometrically, and the drift field uniformity was supported
by the small position bias for events originating at the
wall. Within the FV, the target mass was 361.5! 23.5 kg
(328.9 kg in Run 9), where the uncertainty was estimated
using tritium and radon events. The survival events after
successive cuts are shown in Table II. The vertex distri-
bution of events falling into the S1 and S2 windows is
shown in Fig. 3. The distribution of events close to the
PTFE wall with an abnormally small S2 and a nonuniform
vertical distribution was attributed to the loss of electrons
on the wall due to the local field irregularity. In Fig. 3(a),

the red cluster close to Z ¼ 30 cm is due to the peripheral
top PMTwith high noise and a high ZLE threshold [located
in the upper right corner in Fig. 3(b)], causing a biased
reconstructed position particularly for wall events with
suppressed S2 deep in the TPC. In the FV, the residual
events are uniformly distributed. In total, there are 177 final
candidate events. The distribution of log10ðS2=S1Þ vs S1 of
these events is shown in Fig. 4, mostly consistent with the
ER background. For reference, no events are identified
below the NR median line, with a 1.8! 0.5 expected
background, indicating a downward fluctuation of the
background. In combination with the below-NR events
in Run 9 (Table III), the probability of observing one or less
events when five are expected is 7.2%.

TABLE I. Summary of ER backgrounds from different com-
ponents in Run 9 and Run 10. The tritium background for Run 10
in the table is based on the best fit to the data.

Item Run 9 (mDRU) Run 10 (mDRU)
85Kr 1.19! 0.20 0.20! 0.07
127Xe 0.42! 0.10 0.021! 0.005
3H 0 0.27! 0.08
222Rn 0.13! 0.07 0.12! 0.06
220Rn 0.01! 0.01 0.02! 0.01
ER (material) 0.20! 0.10 0.20! 0.10
Solar ν 0.01 0.01
136Xe 0.0022 0.0022
Total 1.96! 0.25 0.79! 0.16

TABLE II. Number of events in Run 9 and Run 10 after
successive analysis selections.

Cut Run 9 Run 10

All triggers 24 502 402 18 369 083
Quality cuts 5 160 513 3 070 111
S1 and S2 range 131 097 111 854
FV cut 398 178
BDT cut 389 177

FIG. 3. The position distributions for events within the S1 and
S2 range cuts. (a) z vs r2 and (b) y vs x. The drift time cut between
20 and 350 μs is applied for (b). The gray and red points are
events above and below the NR median, respectively. The dashed
box (a) and circle (b) represent the FV cut. The gray background
circles in (b) indicate locations of the top PMTs.
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Detector	Material

• 5m	pure	water	shielding
• Low	radioactive	materials

– Obtaining	the	lowest	60Co	in	SS

• TPC	veto	facility:	~140	1”	PMTs
– Assume	60	keVee veto	threshold
– 60%	ER	background,	15%	NR	background

5Page .

▪ 欧洲：XENONnT（6吨），DARWIN（30吨）

▪ 美国：LZ（7吨）

▪ 中国：PandaX-30T（30吨）

液氙暗物质直接探测未来计划
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Veto)System

• Xenon)in)skin)area:)1)ton
• Suppress)gamma)background)

– Compton)scattering)in)skin)area
– Veto)efficiency)50%)(50keVee)

• 1”)PMT:)
– 72)top)and)72)bottom

上海交通大学博士学位论文 第三章 T�N0�tAB实验的设置

kYlY: 光电倍增管系统（TKi bwcj3L）

在 T�N0�tAB 实验中，我们使用光电倍增管（U@RjRLnIjCUIC3a jn$3c，TKic）或简称
光电管，来测量探测器液氙内能量沉淀所产生的初级光信号（bS）以及电离的电子进
一步在氙气中电致发光产生的比例发光信号（bl）。所以，光电管也被称作寻找rBKTc
暗物质的“眼睛”。我们所使用的光电管都是从日本滨松光电子公司（?�L�L�jcn）购
买。顶部光电管我们选用的是 `49lzA:zf系列；而底部光电管则是选用 `SS:SzAKQ/。
图Y kĢS4给出了这些光电管的实物照片。在 T�N0�tAB实验中，`49lzA:zf光电倍管的系
列编号为 Hpuuuu，而 `SS:SzAKQ/的系列编号有两种，xFuuuu和 F�uuuu。光电管本
来是 iT+中的一部分，但是由于其特别重要，所以我们在本章节中单独予以介绍。

V�W `49lzA:zf V$W `SS:SzAKQ/

图 kĢS4 T�N0�tAB实验中使用的一英寸和三英寸光电倍增管实物照片。

`49lzA:zf是一英寸的方形光电管，有 Sz个达拿级。其外形尺寸为 l9Ye×l9Ye LL2，最

小的有效光电接收面为 lzY9×lzY9 LL2，即最小光电覆盖面>fkYfX，光电管高度为 l4Yk
LL。`49lzA:zf光电管能够在ASSzo+到 Z9zo+的温度范围内正常工作，并且可以承受
最小 9个大气压的绝对压强。`49lzA:zf光电管最高可以加 Ozz伏的电压，而在 4zz伏
电压下工作时，其典型的单光电子增益为 SYz×Sz6，即达拿级可以将一个光电子放大 Sz6

倍。`SS:SzAKQ/使用陶瓷芯柱绝缘，是 k英寸的圆形光电管。其直径为 ef LL，高
Slk LL。最小的有效光电面直径为 f: LL，即最小光电覆盖面 >ezYOX。`SS:SzAKQ/
型光电管同样可以在ASSzo+到 Z9zo+的温度范围内正常工作，并能够承受 k个大气压
的绝对压强。其有 Sl个达拿级，最高能加 Se9z伏的电压。在 S9zzp电压下工作时，典
型的单光电子增益为 9Yz×106。不论是 `49lzA:zf还是 `SS:SzAKQ/，其响应速度都很
快，分别为 SY4 Nc和 9Y9 Nc。

ġ e9 ġ
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Collaborating	with	PKU



85Kr	Control

• 85Kr	could	be	a	major	background	
• Distillation	is	very	effective	in	removing	it

• Distillation tower	at	CJPL
– Online	distillation	continuously	->	natKr below	0.1	ppt

• natKr measurement	system
– To	reach	a	sensitivity	of	0.1-0.01	ppt

KrMeasurement Distillation Tower @ CJPL-II

PandaX-II Run	8	 Run	9	 Run	10

Kr	level 437 ± 13	ppt 44.5 ± 6.2 ppt 6.6 ± 2.2	ppt
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222Rn	Control

• Current	level	at	PandaX-II:	8.6µBq/kg
– Internal	Rn	emanation	is	primarily	from	

the	plumbing	(warm	section)
– Consistent	with	findings	from	XENON1T

• PandaX-4T:
– Plumbing	length	similar	to	PandaX-II
– The	goal	is	to	reach	1µBq/kg

• To	use	Rn	emanation	measurement	
chamber	to	screen	components

• Rn	filtration/distillation	plan	in	
consideration

Name: der Referentin / des Referenten

21Rn budget at XENON1T

Total : 37.4    CRY:  16.4 (43.8%)     PUR: 14.6 (39%)

Michael Murra - Online krypton and radon removal for the XENON1T experiment – XeSAT 2017 Khon Kaen

xenon1T	Rn	budget

20

Rn	emanation	
measurement



Background	Simulation

• Simulate	the	ER	and	NR	backgrounds
– Detector	materials:	inner/outer	vessels,	

flanges,	copper	plates,	electrodes,	PTFE	
materials,	PMTs	etc

– Radioactivity	in	xenon:	85Kr,	222Rn,	136Xe
– Neutrino:	electron	scattering	and	coherent	

nucleus	scattering	

21

TPC schematic

1. Inner Vessel
2. Xenon
3. Xenon SD and Skin
4. PTFE reflector
5. PTFE holder
6. PTFE Rib
7. Shaping Ring
8. Resistor
9. Flow Chamber
10. Hoist Rod
11. Electrode Ring
12. TPC PMT
13. Veto PMT
14. Cu Plate

ER	from	materials NR	from	materials



Background	Simulation

•

ER Energy [keV]
0 500 1000 1500 2000 2500

ER
 R

at
e[

m
D

R
U

]

-410

-310

-210

-110

1

10

210

310
Total Materials

Kr85 Rn222

Xe136 Neutrino

Assuming natKr ~ 0.1 ppt,  222Rn ~1 µBq/kg
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Chinese Physics C Vol. xx, No. x (xxxx) xxxxxx

Dark Matter Background with Veto

Source ER in mDRU NR in mDRU

Materials 0.0118±0.0021 0.00006± 0.00006
222Rn 0.0114±0.0012 -
85Kr 0.0053±0.0011 -
136Xe 0.0023±0.0003 -

Neutrino 0.0090±0.0002 0.00008± 0.00004

Sum 0.040 ±0.003 0.00014± 0.00007

2-year yield 832.2± 62.4 2.9±1.5

after selection 2.1±0.2 1.2±0.6

4 Physics Reach of PandaX-4T

With the background estimation, we calculate the
dark matter sensitivity of PandaX-4T experiment. All
the e�ciencies in collecting the signals must be taken
into account, together with the signal statistical fluc-
tuations. Here we use the averaged e�ciency param-
eters obtained in the newest run of PandaX-II experi-
ment [9, 12], where the averaged photon detection e�-
ciency (PDE) is 11.76%, the averaged electron extrac-
tion e�ciency (EEE) is 51.57%, and the single electron
gain (SEG) is 25.6% and their fraction uncertainties are
5%, 6% and 3% respectively. Here we consider the spin-
independent and spin-dependent WIMP-nucleon interac-
tions.

4.1 WIMP-nucleon Interaction: Spin-
Independent

For simplicity, we do a counting experiment with CLs
method to calculate the dark matter signal exclusion
limit at 90% C.L. assuming no signal in two years expo-
sure. The sensitivity of WIMP-nucleon spin-independent
interaction is predicted in Figure 12 within 2.85⇥ 730
tonne-days. For dark matter mass of m� = 40 GeV/c2,
the sensitivity could reach 4.5 ·10�48 cm2.
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Fig. 12. PandaX-4T sensitivity (at 90% C.L.) to

WIMP-nucleon recoil. This is the case for spin-

independent. The background from ER and

NR in the range of (1 keV, 10 keV) is consid-

ered. The sensitivities are drawn from exposure

of 2.85⇥ 730 tonne-days. We compare the re-

sult with existing experiment results: LUX [10],

XENON1T [11], PandaX-II [9, 12].

4.2 WIMP-neutron Interaction: Spin-
Dependent

Theoretical physicists construct a lot of models,
which are involved in the so called spin-dependent in-
teraction. We draw the sensitivity in Figure 13 within
2.85⇥730 tonne-days exposure by considering the cases
for proton and neutron scattering respectively.
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Fig. 13. PandaX-4T sensitivity (at 90% C.L.) to

WIMP-nucleon recoil for spin-dependent interac-

tion. The first is for the WIMP-proton interac-

tion and the second is for the WIMP-neutron in-

teraction. The background from ER and NR in

the range of (1 keV,10 keV) is considered and the

sensitivities are drawn from exposure of 2.85⇥730

tonne-days. We compare the results with several

nearest results of other experiments: LUX [23],

XENON100 [24], PandaX-II [22], CMS [25, 26],

ATLAS [27], PICO [28, 29], IceCube [30] and

Super-K [31].

5 Conclusion

PandaX-4T is the next generation dark matter de-
tector with ton scale liquid xenon. The main task of the
detector is designed to search for the dark matter via
their elastic scattering o↵ xenon nuclei. It is located at
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ER	 NR	

Total	ER	background:	0.04	mDRU
Total	NR	background:	0.5	event	/	ton	/	year



Expected	Sensitivity

• With	exposure	reaching	6	ton-year
• DM	SI	sensitivity	could	reach	~10-47cm2
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PandaX-30T

• To	reach	the	neutrino	floor	with	200	ton-year	exposure
• Diameter	2.4m,	Height	2.4m	
• Sensitive	volume:	30	ton
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Summary	and	Outlook

• PandaX experiment	with	580kg	Xenon	has	reached	the	world	
frontier	of	dark	matter	direct	detection.
• PandaX-4T	could	be	a	multi-purpose	detector	for	rare	signal	
searches	like	dark	matter,	neutrino,	etc
• The	sensitivity	to	SI	DM	could	reach	~10-47cm2 with	6ton-year
• Future PandaX-30T	could	go	1-2	more	orders	of	sensitivity	to	DM,	
capable	of	observing	CNS.

• 目前加入PandaX-4T的单位有:	上海交大，山大，北大，
上海应物所，中科大，南开，雅砻水电

• 我们欢迎更多的合作单位!

• 谢谢!
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Detector	Principle

• Double	phase	Xenon	Time	Projection	Chamber
– Mature	technique
– Sensitive	to	massive	DM	candidate	
– Self-shielding	property
– Signal/background	discrimination
– …

• Dark	matter	detection	in	Xenon	detector
– Incoming	DM	collides	with	Xenon	atom
– Two	signatures

• S1：scintillation	light	in	LXe upon	scattering
• S2：scintillation	light	in	GXe due	to	ionization	electron

– Reconstruct	the	collision	energy	and	3-D	position

3-2 

signal to reject electronic backgrounds; 
however, this achieved modest rejection 
efficiencies and only at relatively high recoil 
energies. When the first double-phase Xe 
detectors were deployed for dark-matter 
searches, in the ZEPLIN-II/III [9,10] and 
XENON10 [11] experiments, the increase in 
engineering complexity soon paid off in 
sensitivity, and this technique has been at the 
forefront of the field ever since. 
Comprehensive reviews on the application of 
the noble liquids to rare-event searches can 
be found in the literature [12,13]. 
The TPC configuration at the core of double-
phase detectors, illustrated in Figure 3.1.2, 
has several notable advantages for WIMP 
searches, in that two signatures are detected 
for every interaction: a prompt scintillation 
signal (S1) and the delayed ionization 
response, detected via electroluminescence in 
a thin gaseous phase above the liquid (S2). 
These permit precise event localization in 
three dimensions (to within a few mm [14]) 
and discrimination between electron and 
nuclear recoil events (potentially reaching 99.99% rejection [15]).   
Both channels are sensitive to very low NR energies. The S2 response enables detection of single 
ionization electrons extracted from the liquid surface due to the high photon yield that can be achieved 
with proportional scintillation in the gas [16-18]. In LUX we have demonstrated sufficient S1 light 
collection to achieve a NR energy threshold below 5 keV [4]. 
The combination of accurate 3-D imaging capability within a monolithic volume of a readily purifiable, 
highly self-shielding liquid is nearly an ideal architecture for minimizing backgrounds. It allows optimal 
exploitation of the powerful attenuation of external gamma rays and neutrons into LXe, distinguishes 
multiply-scattered backgrounds from single-site signals, and precisely tags events on the surrounding 
surfaces. This latter feature is important, given the difficulty of achieving contamination-free surfaces. 
The low surface-to-volume ratio of the large, homogeneous TPC lowers surface backgrounds in 
comparison to signal, and stands in stark contrast to the high surface-to-volume ratio of segmented 
detectors. 
These concepts are illustrated in Figure 3.1.3, which shows neutron interactions occurring just a few 
millimeters apart in the ZEPLIN-III detector. The S1 signals are essentially time-coincident, but the S2 
pulses have different time delays corresponding to different vertical coordinates, making the rejection of 
such multiple scatters extremely efficient. The figure shows also a pulse observed in delayed coincidence 
in the surrounding veto detector, indicating radiative capture of this neutron on the gadolinium-loaded 
plastic installed around the WIMP target. LZ will utilize a similar anticoincidence detection technique to 
characterize the radiation environment around the Xe detector and to further reduce backgrounds. 
Nevertheless, when the first tonne-scale Xe experiments were proposed just over a decade ago, it was 
unclear whether LXe technology could be monolithically scaled as now proposed for LZ, or if it would be 
necessary to replicate smaller devices with target masses of a few hundred kilograms each. The latter 
option, while conceptually simple, fails to fully exploit the power of self-shielding. Since then, several 

Figure"3.1.2.""Operating"principle"of"the"doubleOphase"Xe"
TPC."Each"particle"interaction"in"the"LXe"(the"WIMP"
target)"produces"two"signatures:"one"from"prompt"
scintillation"(S1)"and"a"second,"delayed"one"from"
ionization,"via"electroluminescence"in"the"vapor"phase"
(S2)."This"allows"precise"vertex"location"in"three"
dimensions"and"discrimination"between"nuclear"and"
electron"recoils."
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PandaX-II	Detection	Efficiency

•
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