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SEARCHING FOR LOW MASS DARK
MATTER WITH THE PANDAX
LIQUID XENON DETECTOR

ABSTRACT

Numbers of astronomical observations, associated with large-scale
simulations, show the evidence of the existence of dark matter. Over the
last 30 years, direct searching of dark matter candidate particles, the weak-
ly interacting massive particles (WIMPs), have attracted great attention.
Among various techniques used in the dark matter searching experiments,
dual-phase time projection chamber using liquid xenon as target material
(LXe-TPC) is the most promising one so far. It has the advantages of
strong rejection level for gamma background rays and high 3-D position

sensitivity.

The great rejection power against the gamma background of LXe-
TPC comes from the distinct charge-to-photon ratio between the electron
recoil and nuclear recoil events induced by gamma rays and WIMPs (as
well as neutrons), respectively, in liquid xenon. However, there're still
several properties missing in our understanding of the signals in liquid
xenon, one of which is the limitation of the rejection power in low energy.
In the present thesis, the construction of a mini LXe-TPC is introduced
in Chapter 3, including the crogenic, recirculation, data taking and offline
analysis systems. Using such a detector, we reached very high energy
resolution, allowing to investigate the property of the low energy region in

LXe for both electron and nuclear recoils with a minimum detector-induced
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fluctuation. Such properties were very poorly measured previously, and
out results bring new prospect of LXe-TPC and help in optimizing it. The
measurements of the low energy events in such a detector and the model of
the recombination fluctuation in low energy region in LXe are illustrated
in Chapter 4.

Chapter 5 will be devoted to illustrate the PandaX Rawdata Proces-
sor (PRP), one of the data processing and offline analysis systems of a
large underground experiment for dark matter direct searching — PandaX.
PandaX is the first dark matter searching experiment using time projec-
tion chamber as its detection technique in China. It is located in China
Jinping underground Lab (CJPL) in Sichuan. The lab has a world-record
depth of about 6900 meter water equivalence, and provides an extremely
low muon-induced background. PandaX has published its first paper in
Augest this year, excluding all the previously reported positive results for
low mass dark matter around 10 GeV. The analyses of the low mass dark
matter signals in PandaX first scientific data are illustrated in Chapter 5

as well.

KEY WORDS: dark matter, LXe-TPC, PandaX
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Figure 1-1: The rotation curves of several high-luminosity galaxies measured by Rubin et al. [¥] .
(Right) The galaxy rotation curve (black rectangles) from NGC 2403. The fit (solid line) takes
into accout the contributions from three components: disk galaxy of luminous matters (dashed),

the halo of dark matter (dashed dotted) and galactic gases (dotted). Without the contribution

of a dark halo, the flat rotation curve cannot be compensated. The image is from [ .
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Figure 1-2: (Left) Tllustration of the gravitational lensing. (Right) An example of the strong
gravitational lensing observed. (Image source: ESA /Hubble & NASA derivative work)
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Figure 1-3: The Bullet Cluster. The red contour shows the X-rays emitting from hot gas, while
the blue contour shows the reconstructed distribution of mass according to gravitational lensing
observations. (Image source: Chandra X-Ray observatory: 1E 0657-56)
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Figure 1-4: The whole sky map of temperature difference from Planck collaboration ['] .
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Figure 1-5: The power spectrum of CMB anisotropy obtained by Planck collaboration '],

Oh? = 0.02207 £ 0.00033, Q.2 = 0.1196 £ 0.0031, Q24 = 0.686 + 0.020.
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Figure 1-6: The evolution of dark matter number density. The solid line shows the falling
equilibrium density as the Universe expanded and cooled down. The dashed lines shows the
freeze-out density as for different (o,v). Figure is from ['*
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Figure 1-7: Signal Detection channels in a collision of dark matter with ordinary matter. Clas-
sification of past and present dark matter search experiments is shown as well.
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Figure 1-8: Left: The differential rates of WIMP recoils in different target materials: Si (red),
Ar (magenta), Ge (yellow) and Xe (blue). The WIMP mass and cross section are fixed to
100 GeV/cm?® and 107% cm?, respectively. Right: The differential rates of WIMP recoils in
silicon and xenon for WIMPs with varied mass: 5 (solid lines), 10 (dashed lines) and 100 (dotted
lines) GeV/c3.
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Figure 1-9: The annual modulation signal observed by DAMA /LIBRA. Image taken from [*] .
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Figure 1-10: Top panel: Typical events (image of bubbles) in SDD. A) Minimum ionization
cosmic rays. B) Neutrons can produce bubbles, but most probably multi-site bubbles for neutron
has short free length. C) WIMP signal is supposed to have a single site bubble. Lower panel:The
event rate under distince operating temperature, which represents the energy complementary

cumulative rate. The images are from [28] .
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Figure 1-11: Left: Geometry of XMASS spheric inner volume. Image taken from [°) . Right:
Scetch of DAMA /LIBRA detector. Tmage from °]
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Figure 1-12: The scatter plot of the prompt fraction verse energy for electronic and nuclear
recoils in liquid argon. The plot is from ['® |
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Figure 1-13: Left: The scetch of CRESST detector. Right: The low energy event distribution
in light verse phonon space from CRESST. The upper data band mainly consists of background
gamma events, and the lower dashed red lines indicate the region for WIMP detection. The plots
are from 131 |
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Figure 1-14: The ionization yield verse full recoil energy (ionization plus phonon) in CDMS
germanium detector. The upper band of black dots correspond to calibration events from !*3Ba
gamma source. The lower band of gray dots is of calibration events from 2*2Cf, a neutron source.
The image is taken from 34 .
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Figure 1-15: The diagram of a TPC.
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Figure 1-16: The distribution of the events from gamma (top pannel) and neutron (bottom
panel) calibration data in Logio(S2/S1) verse S1 space in a dual-phase LXe-TPC. The red and
blue lines represent the mean Log;¢(S2/S1) as a function of S1 in neutron and gamma calibrations,
respe[cti]vely. The separation is notable and siginficant for a discrimination. The image is taken
from 14 .
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Figure 2-2: Measured Townsend’s first coef-

ficients for several noble gases. The image is
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Figure 2-3: The drift velocities of electrons in
Ar and Xe under gas and liquid phases. The
image is from '], The original data can be
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Figure 2—4: The electron diffusion coefficients
in liquid argon and xenon under different ap-
plied fields. The coefficient reaches a max-
imum at zero field in liquid xenon which is
about 80 cm?/s. The image is from (921 .
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Figure 2-5: The diagram of the PMT. The image is taken from (7]
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Figure 2-6: The equivalent circuit of a PMT base (left), and a decoupler (right) if the base is on
positive voltage.
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Figure 2-7: The S1 pulse shapes of a negative base output with varied 7. The image is taken
from [08] |
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Figure 2-8: The S1 pulse shapes of a positive-voltage base with varied 75.
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Figure 3—-1: The diagram of the experimental systes in lab for the prototype mini TPC. From
left to right are the emergency storage tank, the cryogenic chamber, and the gas storage and
recirculation crate.
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Figure 3-2: (a) The original design of the cryogenic system, including a PTR, a heat exchanger,
a heater, the inner chamber and outer vacuum chamber. (b) The picture of the cryogenic system.
(¢) The bottom extender designer for high voltage.
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Figure 3-3: (Left) The diagram of the gas storage and recirculation system. (Right) The picture
of the system.
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Figure 3-4: (Left) The diagram of the prototype mini-TPC. (Right) The picture of the assembled
TPC.
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Figure 3-5: (Top) The diagram of the DAQ. (Bottom) A sample waveform of the typical event.
The inlets show the zoomed S1 and S2 signal from each PMT. The total S1 is 625 PE and an S2
response of 273,748 PE is observed by the bottom PMT.
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Figure 3-6: (Left) The field strength in the main detector region (drift region, proportional
scintillation region and the below-cathode region) from the result of 3-D field simulation using
COMSOL software. In the shown plot, the gate is set to be -4kV and the cathode is at -5kV.
(Right) The black and red circles represent the mean field strength and the relative variance
of the field strength, respectively, in the fiducial volume from the field simulation. The black
dashed line is the calculated field strength with the parallel plate approximation.
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Figure 3-7: (Top) The waveforms with only LED; and both LEDs on, respectively, are shown.
(Bottom) The green and blue areas represent the signal distributions with only LED; and both
LEDs on, respectively.
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Figure 3-8: The results of the linearity test for R8520 and R11410 signals are shown in blue and
red solid lines, respectively. The open circle, rectangle and triangle represent the linearity of the
bottom PMT responses to the S2 signals from 164, 236 and 662 keV gamma rays (under different
PMT gains), respectively, in the performance runs for the mini-TPC.
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Figure 3-9: The time distribution of the S2 after pulses with the cathode at -4.3kV. Two
peaks, which correspond to the after pulses from the gate and cathode, respectively, are fitted
by Gaussians.
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Figure 3-11: The black solid line is the previously measured electron drift velocity in liquid xenon
as a function of field, the same as the one shown in Fig. 2-3, which is originally from [*>-6% | The
dots, rectangles and triangles represent the drift fields as a function of drift field, derived based
on the time difference of the gate and cathode APs in data with varied gate HVs and liquid
levels.
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Figure 3-12: In the top panel shows the X-Y positions, which are reconstructed using CoG
method, of gamma events from one neutron-activated xenon calibration. In the bottom panel
shows the X-Ys of the same events using a different reconstruction method, which is based on a
simple least-x? comparison of the S2 hit patterns in data and simulation.
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Figure 3-13: In the left panel shows the S2 verse S1 of the background in the FV after the
injection of the activated xenon gas into prototype mini-TPC. In the right panel shows the
rate evolution of the selected events of 12"Xe (magenta triangles) and 1 Xe (blue triangles),
respectively, and the exponential fits (solide lines).
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Figure 3-14: (Top panel) The position dependence of the S1 signal

in the selected volume

(|Yeog| <4.88mm) for 164 keV gamma rays. The blue solid lines indicate the defined FV. The
positions of the gate and cathode mesh are represented by the black dashed lines. (Bottom panel)
In the left plot shows the dependence on drift time of the S2 signal from 164keV events. The
exponential function is used to fit the S2 medians (blue rectangles) to get the electron lifetime.
In the right plot shows the X-Y dependence of the S2 signal. The blue circle indicates the radius

cut of the FV selection.
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Figure 3-15: It shows the S2-S1 space of activated xenon data under drift field of 1 kV/cm before
(left) and after (right) the correction according to the signals’ position-dependences shown in Fig.
3-14.
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Figure 3-16: (Top) The data are from activated xenon under drift field of 2kV/cm. In the left
plot shows the S1-S2 space, and in the right plot shows the spectrum of the combined energy
defined by 2-D Gaussian fitting 164 keV events. The fit using double Gaussian of the spectrum
gives resolutions (o/E) of 2.35% and 2.17% for 164keV and 236keV, respectively. Under a
236 keV “local” energy scale, the resolution of 236 keV line is reduced to 2.10%. (Bottom) The
data are from the '37Cs calibration under 500 V/cm field, after the activated xenon. Therefore
in the S1-S2 profile shown in the left plot, the activated xenon lines (164 and 236 keV) are also
visible. The 662 keV “local” combined energy spectrum is shown in the right plot. The standard
deviations of 164 and 236keV are 4.36 and 6.70keV with mean reconstructed energies of 170
and 243 keV. The resolution of the 662keV line, using an exponential plus Gaussian for fitting,
is 1.60% which is the best one obtained in the run.
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Figure 3-17: In the left panel shows the combined energy resolutions measured for 164, 236,
662 keV gamma rays at varied drift fields. In the right panel, the energy resolutions of the
prototype mini-TPC are compared with the resolutions measured in [74-76] " The dashed line
indicates o/E = (0.65/VE + 0.83)%.
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Figure 4-1: The evolution of the S1 light yield (upper) and S2 yield (lower) for 662 keV gamma
rays under a drift field of 1kV/cm. Typical S1 and S2 spectra, with fits from an exponential
function plus a Gaussian, are shown in the insets, respectively. The decreasing of the S2 yield
over time is modelled by a linear function with a dereasing rate of 3.1+0.2 PE/keV /day.
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Figure 4-4: It shows the energy spectrum of ER (left) and NR (right) in the mini-TPC from
the Geant4 simulation.
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Figure 4-5: The simulated S1-S2 distribution of ER with “flat” spectrum under a field of
500V /cm based on NEST v0.98 590 . a) is with “pure” statistical fluctuation, b) is with 10% of
the recombination systematic fluctuation. c¢) is with extra 10% S1 systematic fluctuation based
on b). d) is with extra 10% S2 systematic fluctuation based on c).
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Figure 4-6: The simulated S1-S2 distribution of NR with the spectrum shown in Fig. 4-4, under
a field of 500V /cm based on NEST v1.0 8981 a) is with “pure” statistical fluctuation, b)
is with 10% of the recombination systematic fluctuation. c¢) is with extra 10% S1 systematic
fluctuation based on b). d) is with extra 10% S2 systematic fluctuation based on c).
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Figure 4-7: The measured (left) low energy ER and NR bands under a field of 200 V/cm, along
with the bands from simulation (right) taking into account the detection efficiencies (PDE and
EAF) and signal fluctuations. The blue and red lines are the means of the ER and NR bands,
respectively. Solid lines are from the data and dashed lines are from the simulation. The input
of scintillation and ionization yields to the simulation is based on the NEST V1.0 5%51] for NRs,
and based on the NEST v0.98 "% for ERs.
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Figure 4-8: The measured mean values of ER (blue data points) and NR (red data points)
from Logiq(S2/S1) bands for drift fields from 200 V/cm to 4.2 kV/ecm. The red dashed lines
are the NR band mean lines from simulation using NEST model [5°:%1) . The blue dashed lines
are the ER band mean lines from simulation using the photon and electron response obtained
in this work, as shown in Fig. 4-9. For comparison, the ER band mean lines from simulation
using the NEST model are shown as the green dashed lines, which are consistently lower than
the measured values from this work.
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Figure 4-9: The best-fit values of 4¢/N; obtained by comparing Monte Carlo (MC) and data.
The inlet shows the x? of the scanned 4¢/N; to the ER means in 200 V/cm data, which obtains
a minimum y? at 4¢/N;=0.0212 with a statistical uncertainty of 0.0003. The red dashed line
represents the prediction by NEST. The black rectangles are from E. Dahl [57] (ER only data).
The blue shadows represent the systematic uncertainties, which are induced by the uncertainties
of the PDE and CA. A fit through our data points gives 4¢/N; = 0.037E~0-19¢,
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Figure 4-10: The comparison of photon and electron yields derived from our measurement and
NEST to the fixed energy measurements in %) and [5¢! . The red circle is the measured ionization
yield of 2.82keV gamma under a field of 3.75kV /cm 551 and the blue rectangles are the mea-
sured photon yields under a field of 450 V/cm [¥9] . The blue shadows represent the systematic
uncertainties of the photon yields from [®6] . The statistical and systematic uncertainties of the
photon yield from (6] are the propagations of the uncertainties of the relative yield R, and the
S1 quenching under 450 V/cm q(450).
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Figure 4-12: Log;0(S2/S1) in the flattened band space for ER (blue) and NR (red) at Sl
window of 8-12PE, 12-16 PE, 16-20 PE, 20-24 PE, 24-28 PE and 28-32 PE. The distributions
are normalized. The solid lines represent the Gaussian fit to the distributions.
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Figure 4-13: The leakage fractions (black circles) for S1 ranging from 8 to 12PE, 12 to 16 PE,
16 to 20 PE, 20 to 24 PE, 24 to 28 PE and 28 to 32PE (from left to right, top to bottom), at
different scanned drift fields, along with the band separations (blue circles) and ER band widths
(red circles).
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Figure 4-15: The Aa/a (assumed to be
energy-independent in the energy region of in-
terest) in this work (blue circles) obtained by
fitting the RF using Eq. 4-8. The average val-
L L ue over fields is 37.3+0.4%. The Aa/a of
20° 310° Field[V/crlr(l]j 210° 310° 38.5% for LUX (red dot), of 48.3+0.3% for
XENON100 (black dot) and of 67.5£1.2% for
ZEPLIN-IIT (magenta retangle) are shown as
well.
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Figure 4-16: (Top) The band widths from LUX [*8] (red dashed line), XENON100 7 (black
circles), ZEPLIN-III *°] (magenta triangles), and the data with drift fields of 200V /cm (blue
circles), 500 V/cm (green circles) and 4.2kV/cm (yellow circles), respectively, in this study.
(Bottom) The recombination fluctuations of LUX (red dashed line), XENON100 (black circles),
ZEPLIN-TIT (magenta triangles) and this work (blue, green and yellow circles for 200V /cm,
500 V/cm and 4.2kV/cm, respectively) are obtained through MC-data comparison of the ER
Band widths. They are modelled and fitted (solid lines) using Eq. 4-8 with £ based on low energy
scale obtained in Sec. 4.3, assuming a constant Aa/a.
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LEARZE RN BN APandaX SLLG R E M R 0 RA 2 —HIPRP (PandaX
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Hh E T 2 AR AR TS AT DA R 28 A AR

PandaX 5L A 2 )2 SRl EE 14, CABH 4 & [l 2R 53 04 )15 5K B4 5 J3CH 1 A
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Design & Installation

Top view —

Side view

50 mm Cu Vessel

50 mm Cu

200 mm inner PE
200 mm Pb

400 mm outer PE

B 5-1: PandaX B #k & #) 7 & B,
Figure 5-1: The shielding structure of PandaX.

PandaX-Ia

B 5-2: PandaX M4 44,

Figure 5-2: The structure of PandaX inner
vessel.
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Figure 5-3: The PandaX TPC.

PandaXfff F “AH BRI (R B2 EHROR, Wit FITPCII 53R, — B4R
AR BIX AR R ER B, SN ER B N60E K. X FE 1 R TR 4544
A R F 98 WA NSRS CTETPCl BE 1 (R S B, 3 mr BRI 38 B A4 (1) 01 R 4 %
R I PGS P PRI 1 B 2 BRI . AT (S PandaX — HHXHIC R 2R Y0 A B il R
. A PandaXAE TPCTH S A 73 7 A7 B A 143 Hamamatsu R8520 PMT LA
J37/Hamamatsu R11410 PMT. TiEPMTH 3 oh g £ ik PMT FAZ5 S 9 4ok
HEHEGIA B, 1R EPMT R F Hamamatsufi 50T K& 8 ZCEPMTRE N 1 A LA
BIE LGS E. AN TETPCIERRS X 0 A B ar f g 51, fEPandaX
TPCH 4 22 2545 144 1 vy 26 TG S840 BT 1) 1R FE 3% B8 JE 3R (shaping ring). 7 3 [H]
1R R FE BH

KT PandaX SLIRHEAF B E R I/ 480 PAZ: W PandaX 3 AR 183 ), TiPandaX R
28 1 — L RRAE S BAE RS- 1R A gl %5, &t 24 H K, PandaXSLis—
H1T2014485 H 46 R4 1E I W 0 L 2R U s 28 — e 88l © 12014488 H &
F BT T8 AT R E I AR 1A, AR A K i B g AT



% 5-1: PandaX#£ M| 2 o948 % 24,

Table 5-1: Parameters of PandaX-I Detector.

i3 2
TPCH1%[cm] 60
I KIEEE K E [em] 15
FHAR % 1] FL A [ BF [mum] 8
A% =2 PMT L5 FELAR [A] BE [cm] 5
FHAR SRR /i 1 % MRS MR (200pmZ2 %8, SmmlEfE) /92%
PAR TTHLRAN OR3P Rl R A il 2 | IR FEAR (200pm22 %8, SmmlAIFE) /96%
TPC R i & kg ~120
TESPMTHH /2R A 143 /R8520
JRAIPMTHH /25 37/R11410
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Analyser) ', JE B ) LIS 2 J5 HP0EE 7 B 8% AH o< R,

5.2.1 I
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Figure 5-4: The typical waveform, summed over all PMTs, of a single-site event (top panel) and
of a double-site event (bottom panel), from PandaX-I data.
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BOMBEE B2 i AN E, “ReEse” FARXNEPS2, FAEEPRPH, ki
)24 2 B A — ) i 3% FH DAHERR — B89k 2 53 A K T AR
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SE X RIS1ERS2k i A, R FE—PMTHE S KT 0.3PENA N2 —4
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184 3.5

Figure 5-5: The comparison of two waveforms that have different entropies. The left one is from
a good signal pulse with an entropy of 2.2, and the right one is from a noise with the entropy of
3.5.

S2Bk AT EETRTE SRk T W /N2 30 A, EESZ IR T Y EUE H
Rrsmi. AEREEWIM RIS R 2 REIL Tt s — SR AM BRI TS
T AR, EATTRIS2RK R 1 BT EEBCRAEN B AIAR Y B, 5 A m ik
MZEBGZ. ProAEPRPH, FXFAERSTIRTT () kg k5 —4



K AR ZERE . 56 ERE T AN IR RS2k Al — AN R AR RIS
G B RARy AR FD RS2 B ZE A

cccccc

< smf—

T o = 0 = i ey h
Tieftrs] Tief ]

B 5-6: AANTRREFAES2E M. ABH—EFS2, mABH— “TR” FH S22, €A
RS e EEN., BEfLE by R Ry ARKEZS2RT G KRG T ARAENS20 RS F
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Figure 5-6: The comparison of two waveforms that have different S2 y2. The left one is from a
good S2 pulse, and the right one is from a “gas” S2. Their charge values are the same. The blue
and red dashed-dotted lines represent the low-width boundaries and the edges of the S2 pulse,
respectively.
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right edge

R= > D, (5-2)

left edge
HrhD, A
0 ¢ = left or right edge,
1 sign(vi — vi—1) # sign(vig — vs), (5-3)
0 sign(v; — vi—1) = sign(vipr — ;).
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Figure 5-7: A normal S1 pulse (left) with R of 8 along with a noise pulse having R of 17.
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Figure 5-8: An example of the S2 hit pattern on top and bottom PMT array in PandaX. The stars
are the reconstructed position by neural network using the top and bottom pattern, respectively.
Because of the dense arrangement and large size of the bottom PMTs, the reconstructed X-Y
position through bottom pattern is likely to be “pushed” towards the center
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Figure 5-9: The S1 asymmetry as a function
of S1 charge area
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Figure 5-10: The S1 height-to-area ratio as a
function of S1 charge area.
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0s/Abs ratio

Figure 5-11: The S1 positive-to-absolute
0 charge area as a function of the S1 charge.
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Figure 5-12: The S2 coincidence as a function
10 of S2 charge area.
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Figure 5-13: The S2 top-to-bottom asymme-
try as a function of S2 charge area.
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Figure 5-14: The S2 x? as a function of S2
charge area.
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Figure 5-15: (Left) One S2 top hit pattern that indicates this S2 is actually a multi-site. (Right)
The difference of reconstructed positions using NN and CoG. An upperlimit of 40 mm is set.
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Figure 5-16: Left panel: The Z distribution of the background events. Red dashed lines represent
the selection of events on the drift time. Right panel: The spatial distribution of the background
events in PandaX. The blue dashed lines indicate the fiducial volume selected.
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Figure 5-17: The charge spectra of a top R8520 PMT (left) and a bottom R11410 PMT (right),
respectively. The fits give a gain of 2.01x107 e~ for the top PMT, and 3.75x107 e~ for the
bottom PMT.
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il 77 FE2-5802-14, afibih 7y AMREFHPDERICA.  PDER I [ 5 & M6 R A R
(light collection efficiency: LCE) FIPMTHI&ETHFE (QE) MIIRiA:

a = LCE x QE. (5-6)
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Figure 5-18: The decay schemes of the metastable 2"Xe and '3!™Xe that are produced by
neutron-nucleus inelastic scatterings. The schemes are taken from the talk 101 .
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Table 5-2: Calculated PDE and CA.

Light yield [PE/keV] || NEST photon yield [ph/keV] PDE [%)]

@ 40keV | @ 80keV || @ 40keV @ 80keV @ 40keV | @ 80keV

4.80+0.04 | 4.4240.11 44.1 40.0 10.9£0.1 11.14+0.3
S2 yield [PE/keV] NEST charge yield [e™ /keV] CA [PE/e™]

@ 40keV | @ 80keV || @ 40keV @ 80keV @ 40keV @ 80keV
378+1 483+3 28.9 33.0 13.08+0.03 | 14.64£0.09
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Figure 5-19: The S2 vs S1 space in the fiducial volume of the PandaX LXe-TPC after exposed
to neutron source (top panel). The marginalized S1 and S2 spectra are shown in the bottom left
and right, respectively.
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Figure 5-20: The (r,z) dependence of the S1 signal in PandaX LXe-TPC. The map is obtained

through neutron-1?Xe inelastic scattering.
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Figure 5-21: The distribution of S2 verse drift time of neutron-?*Xe inelasic events.
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Figure 5-22: The X-Y dependence of the S2 signal in PandaX LXe-TPC. The map is obtained
through neutron-12Xe inelastic scattering.
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Figure 5-24: The event distribution of the drift time verse the S2 charge area.
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Figure 5-25: The spectra of small S2s. The left panel is for total S2 charge, and the right panel
is for the S2 charge from bottom PMTs.
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Figure 5-26: The ER and NR bands from ®°Co (top panel) and ?*2Cf (bottom panel) calibration
data, respectively, in the fiducial volume are shown. The blue and red solid lines represent the
fit to the Gaussian means of the ER and NRs, respectively. The dashed-dotted blue lines are the
+20 boundaries of the ER band, and dashed-dotted magenta line corresponds to the software
threshold of 300 PE on S2 (bottom). The dashed-dotted gray lines in top and bottom panel
indicate the combined energy scale for ER and NR, respectively.
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Figure 5-2T: The distribution of the
“flattened” log parameter Logio(S2/S1) -
(Log10(S2/S1))¢,(S1) of ERs with S1 in range
of 2 to 30 PE. The Gaussian fit shows a band
L i width of 0.137+0.008.
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Figure 5-28: The simulated spectra of dark count based on Eq. 5-15 and a coincidence level of
>1.
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Figure 5-29: (Left panel) The probability of the dark count to appear in the first half record-
ed window, as a function of the set threshold. (Right panel) The S1 threshold, to make the
probability 0.01, as a function of dark rate level.
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Figure 5-30: The evolutions of the light yields and the electron lifetimes are shown in the left
plots of the top and bottom panel, respectively. An S1 spectrum from '37Cs data is shown in
the right plot of the top panel. The spectrum is fitted by an exponential plus Gaussian to get
the light yield for the 662keV gamma rays. In the right plot of the bottom panel shows the
event distribution from !37Cs data of Logio(S2/S1) verse the drift time. The medians of the
distribution are fitted by a linear function in order to get the value of the electron liftetime. The
dashed gray lines indicate the time points that either the compressor or the recirculation pump
was stopped.
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Figure 5-31: The fit using Eq. 5-19 to the 7. evolution after the compressor stopped on March
1st.
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Figure 5-32: The decay scheme of 8°Kr. The
scheme is taken from [102]
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Figure 5-33: One waveform of the delayed coincidence event.
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N(K.) = O/ K24+ 2K2m.c2(Q — K.)*(K, + m.c*)F(K,), (5-21)

— 115 —



CARWH 2%, Ko e WK Frshat. QNN ILGE, MoK sE
BRBEQMENIT3keV.  F(K. )N KR EL-

1
o(Ke—Bp)/AT 4 1’

F(K.) = (5-22)
HAPE NPOKAES, 5ERNRE TR R, kEBURKZ AL, TREE. #
WAR LT, KTH{EKZ1750.014 eV H 2K RELE 5 K 2 Ahs 2 H0AE T LA AR
B ERELT, JUADEILHT B ORAE R DUEPRL 5 1 K o8 U #2320,
111377 FE5- 217 R 95 K R O 6 73 A ) DL

F | | 180 T

6L . F e .
107 | I 1601 | |
10°E | I 1401~ | |

| o i
= F I I = 1oof-1 I
g sl \ g r -
S0 S, 80F |
2 S F :
< E I < r; I
a4 102? ! 60 !
g I 40 I

10 | 20f |

N T T U P | I ST N oblt i L

0 100 200 300 400 500 600 700 800 0 20 40 60 80 100 120 140 160 180 200

Deposit energy[keV] Deposit energy[keV]

B 5-34: (AR) BEed&REERMIFEIRNE FHI5H0514ke VIR, EIRN B ITAAE
g, EHARENRE, ALK RESHE (0/E) HEBEMRE. (FE) &k X ARIE
FARLE T H W NBE, LGN RN ESHEREEORE. ERETYT, ZEEX
D AREA A A AT e D fe WIS HY it S Ik b T IR,

Figure 5-34: (Left panel) The blue curve corresponds to the original simulated spectrum of
deposit energy by 514keV gamma source that is uniformly distributed in liquid xenon. The
red curve represents the spectrum after an energy smearing with 16% resolution (o/E). (Right
panel) The blue curve is the calculated spectrum of a beta decay energy, following Fermi’s theory.
The red curve is the smeared spectrum (16% resolution). In both panels, the black dashed lines
represents the lower and upper limit of the energy cut.
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Table 5-3: The efficiencies of detecting ®Kr metastable decay.

Gamma efficiency[%)] Intr1ns1§1d§tect10n Energ;(f3 3se61€ctlon Bottom—;g—;op ratio
Beta efficiency[%] Intrmsifl((i)%tectlon Energ;{; 7se11ect10n Bottom—;g—;op ratio
Time separation efficiency|%)] 68.6
Total efficiency e [%] | 34.2 |

18 ZEIR 77 & S a0 A, BB AR R B T WA B AL F RS &
(accidental overlap)e M SR HIRSFAGTH, FE120A T LSRN REX, ERUHEE
B L AR & F N SS1 ik AE B (400-700keV) MBI H0.41 Hz, 2 I
EES1H % RE R (10-200keV) HISEHIH N0.58Hz. LA H MBS HAE 5 (HEH
2. 76085 2H0.055 8 Ko

MIEIRFF S5 5 MR, EEIRIM #3120 kg RETIX IR A F A A H 0] LS Y-

Rdc—%-m-[m-g. (5-23)
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Figure 5-35: (Left panel) The distribution of time distances between two S2s in double-scatter
events with the drift time of the first S2 in range of 5 to 15 us. (Right panel) The exponential
attenuation constants with different drift time constrains of the first S2.
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Figure 5-36: (Top panel) The comparison of the E,,.. spectra from MC (red) and neutron
calibration data (blue). (Bottom panel) The gray line bars represent the efficiency of the S2
software threshold, and the red dashed-dotted line is the Fermi-Dirac fit to the gray. The black
circles and the green bars are the acceptances of the cuts and the WIMP detection window,
respectively.
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Figure 5-37: (Top panel) The stars correspond to the low energy events in dark matter search
that appeared in the fiducial volume after all the cuts. The magenta dashed-dotted line represents
the S2 software threshold of 300 PE. The blue and red solid lines are the medians of ER and NR
bands, respectively. The blue dashed-dotted lines are the +20 boundaries of the ER band. The
detection window is defined as the below-NR-median region with S1 in range of 2 to 30 PE, which
are indicated by the green dashed lines. The gray dashed-dotted lines represent the combined
NR energy scale E,,,... (Bottom panel) The upperlimit of PandaX first result is shown, with red
line representing the upperlimit from PRP with UDM cuts and red line the UDM upperlimit
with PRP cuts. The upperlimits given by CDEX ['°°] and the first result of XENON100 [*4]
are also plotted. The parameter regions of light dark matter given by DAMA 3] | CoGeNT [* |
CRESST-1I15 and CDMS-Si (%] are shown with different colors in the plot.
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Figure 6-1: The projected sensitivity of PandaX-II is shown as the red dashed line in the plot.
The photon detection efficiency is assumed to be 10%, and 1 background is expected in 1-year
detection with 300 kg volume.
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