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The nature of dark matter is a crucial problem for both cosmology and particle physics. The
weakly interactive massive particle (WIMP) is one of the top dark matter candidates searched
for decades because of the so-called “WIMP-miracle’. Dual phase liquid xenon time projection
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WIMP-nucleus scattering cross section for years because of the strong background suppression
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AND Astrophysical Xenon (PandaX) collaboration is now running PandaX-4T experiment at the
B2 Hall of China Jinping Underground Laboratory after the PandaX-II experiment. The strongest
limit back to the release time was published with the 0.63 tonne-year exposure on the standard
thermal WIMP search with a lowest excluded cross section (90% C.L.) of 3.8 x 10~*" cm? at a
dark matter mass of 40 GeV/c?.

In this thesis, I discuss research and developments correlated to PandaX experiments. I



present the whole procedure of 83Rb/*3*™Kr calibration in the PandaX-II detector from sources
production with 3.4/20 MeV protons bombardment on natural krypton to the data analysis after
injection into the PandaX-II detector, which becomes crucial for the increasingly larger detectors.
With the 83" Kr events, I present the developments on the horizontal position construction algorithms
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on electronic absorption of sub-MeV fermionic dark matter which shares similarities with sterile
neutrino dark matter. Such dark matter with a 60 keV/c? mass can explain the low-energy ER

excess reported by XENONIT collaboration, but is only marginally allowed by our constraints.
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Chapter 1: Introduction

Lambda cold dark matter (ACDM) model has been widely accepted as the standard model
of Big Bang cosmology. With the comic microwave anisotropies and baryon acoustic oscillation
measurements, the mass-energy densities of baryon matter, non-baryon cold DM and dark energy
are pinpointed more and more accurately [6]. However, the success of ACDM leads to a series of
problems unsolved including the missing baryon problem, the baryon asymmetry, and the nature
of DM and dark energy, etc.

The standard model (SM) of particle physics was established as a theory of electromagnetic,
weak and strong interactions, which has achieved great successes in predicting fundamental
particles like charm quarks [46, 47], W and Z [48] and Higgs [49], but still has imperfectness
such as not including non-zero neutrino mass [50, 51], a lack of unified description of the three
fundamental interactions and the exclusion of gravity. The nature of DM is a crucial problem for
both cosmology and particle physics. The weakly interacting massive particles (WIMP) is one
of the most promising DM candidates because of the WIMP-miracle. A GeV-scale WIMP with a
self-annihilating rate on the electro-weak scale can produce the DM relic density observe at the
current epoch, and some theories beyond SM like supersymmetry (SUSY) [52] already provide
such DM candidate.

Dual-phase liquid xenon time projection chambers (LXeTPCs) are used in the Particle and



astrophysical Xenon (PandaX) projects to directly search DM scattering with nuclei or electrons,
running at the China Jinping Underground Laboratory [53, 54]. The capability of reconstructing
vertexes in TPCs suppresses backgrounds with volume fiducialization. Collecting scintillation
and 1onization signals for the events helps to reduce the electron recoiling backgrounds further
for nuclear recoiling signals. The LXeTPCs including LUX [55], XENON [56], PandaX [34]
collaborations have led the sensitivities of the GeV-scale WIMP search for the last decade with
the strong background suppression and coherence amplification. In the near future, the scientific
data from LUX-ZEPLIN (LZ) [57], XENONnT [58], PandaX-4T [2] will further search the
unexplored parameter space for the GeV-scale WIMP with LXeTPCs.

As no solid evidence has been found, DM search is a growingly complex community.
Besides direct searches, they can be searched with missing transverse momentum if created with
standard model particles in colliders, or with annihilation into traceable signals in the telescopes.
Generalizing the possible mass range of WIMP, sub-GeV DM searches become popular with
frontier techniques in semiconductors [59], cryogenic crystals [60] as well as colliders [15].
sub-MeV DM models serve as one main motivation for the pioneering R&Ds to measure the
energy deposition smaller than 0.1 eV with Dirac materials [61], superconductors [62] and doped
semiconductors [63], etc.

Another top DM candidate extending to the smaller mass range is wave-like QCD axions [64]
which is proposed to explain the extraordinarily small neutron electric dipole moment. Generalizing
from the golden mass range 1075 to 10~ eV, the possible mass range can be as small as 102! eV [65].
Other dark matter models are also searched actively including keV sterile neutrino dark matter [66],
WIMPZilla [67], primordial black holes (PBH) [9], etc.

In this chapter, the astronomical and cosmological evidences in the history to support the
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existence of DM are reviewed first. Then, the WIMP and QCD axions as the top DM candidates
are discussed in details, and short summaries are provided for some other DM models. Finally, I

briefly introduce the principle and advantages of LXeTPCs.

1.1 Astronomical and Cosmological evidence of dark matter

The existence of dark matter is well-accepted in the community nowadays because of
extensive complementary astronomical and cosmological observations. The concept was proposed
around a century ago by Fritz Zwicky [68] and Jan Oort [69] with different works. Zwicky
estimated the mass of galaxies and clusters with the virial theorem according to the radial velocity,
and Jan Oort found the stars having higher velocities than expected in the Milky Way (MW)
Galaxy with the Doppler shifts in the spectra. I review a couple of observations without the

attempt to be complete.

1.1.1 Rotational curves

Dark matter started to be widely accepted in 1970s because of the measurements of the
rotational curves in different galaxies by Vera Rubin and other astronomers. It is suggested by
Newtonian dynamics that the circular velocity of a star at a distance r without any dark matter
should be:

v(r)= o (7‘)’ (1.1)

r

where M (r) is the total mass in the sphere with radius 7, which should have been approximately
equal to a constant when r is large enough to reach outside of the optical disk because stars are

distributed so sparse that the average density among the dark space is negligible. The circular



velocity should have decreased with greater . However, as typical rotational curves in Fig. 1.1 [3]
show, the velocities appear to be flat when r increases. Therefore, introducing dark matter in the
space is a promising way to explain the discrepancy, and it is usually referred as the dark matter

halo in the literature.
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Figure 1.1: The rotational curves along the south-west (SW) and the north-east (NE) major axis
in M31 [3]

The velocities in the MW nowadays reach a much better resolution to provide the speed
distribution of the DM flux going through the earth. The speed distribution in the lab-frame on
the earth in the standard halo model (SHM) is presented in the Fig. 1.2 where the uncertainty
band accounts for different parameters including the annual variation, the local standard velocity
vp (=238 km/s) the galactic escape velocity ves. and the sun’s peculiar velocity vpec. It should be
noted that recent studies released by the Gaia mission and the Sloan Digital Sky Survey (SDSS) [70]
have put the SHM into question, which suggest that DM streams with specific directions are
preferred. These work may be used to re-interpret the direct detection data with the SHM. But
generally, it is more suggested to stay with the SHM to make the results of different collaborations
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comparable.
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Figure 1.2: The standard hale model speed distribution in the lab-frame on the earth [4].

1.1.2 Bullet cluster

Figure 1.3 is a composite image of the galaxy cluster 1E 065756 a.k.a. ‘Bullet Cluster’
which provides another evidence of the dark matter with the two large galaxies cluster passing
through each other [5]. The pink profiles are the X-rays observed by Chandra which follow the
hot gas that contains most of the baryonic matter in the two clusters. The one with a bullet shape
indicates an active movement toward right. The blue profiles follow the mass distribution of the
two clusters after gravitational lensing correction which don’t follow the visible baryon matter.
The separation between the blue and the red reflects the major massive component in the two
clusters is non-baryonic matter. Moreover, the elliptical shape in the blue clumps indicates that
the non-baryon matter passes through each other with a much weaker interaction compared to the

baryonic matter.



Figure 1.3: Bullet cluster [5].

1.1.3 Cosmic microwave background

Together with the mass power spectrum, the temperature anisotropies in the cosmic microwave
background (CMB) strongly supports the ACDM. The latest result released by planck [6] updates

the relic densities of baryon matter and DM in the base ACDM to

O,h? = 0.0224 + 0.0001

Y

Q.h% = 0.1204 £+ 0.001

(1.2)

where the (2, and €2, are defined as the ratio of the baryon density and DM density to the critical
density for a flat universe, respectively, and h(= 0.674 £ 0.005) is the Hubble constant with a
unit of 100 km/s/Mpc.

The seven visible peaks in the temperature angular power spectrum shown in the Fig. 1.4

can pin down a number of important parameters in the thermal history of the universe. The
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Figure 1.4: The temperature angular power spectrum released by planck 2018 data [6]

position of the first peak is sensitive to the curvature of the universe which evaluates the optical
horizontal after the recombination era at around 380,000 years after the Big Bang. The amplitude
of the first peak is strongly correlated to the baryon density. The disappearance of peaks at the [
larger than 2000 is due to the silk damping, which corresponds to a higher red shift z while the
photon energy density is larger than the matter. If the the photons diffuse away, the amplitude of
the fluctuation will be severely reduced because a noticeable fraction of the baryon and photon
densities fluctuating together via adiabatic fluctuations. Even though there are some cosmological
inconsistencies like the lithium abundance, the great agreement in general between the CMB and

Big Bang Nucleosynthesis (BBN) [71] are used to confine the allowed parameter space of DM

models.
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1.2 Dark matter candidates

As mentioned above, the two top cold DM candidates are the standard thermal relic WIMPs
and QCD axions for being able to solve some other big mysteries in the same time. With WIMPs
representing the particle-like candidates, a wider mass range is allowed more than the GeV-scale.
Similarly, wave-like candidates with QCD axions as the representative also cover a wide possible
mass range. Dark photons cover a very wide range all the way from wave-like mass range to
particle-like mass range, which is not further discussed in this thesis but should be noted as a
viable candidate. Another interpretation of the DM without any new particle is the Massive

Compact Halo Objects (MACHOs).

1.2.1 Particle-like

The top particle-like DM candidate is the thermal relic WIMPs on the GeV scale. The
extension to lower masses larger than O(1) MeV/c? could be fairly good freezing-out light DM
candidates which won’t affect the BBN observations. For further extensions onto sub-MeV DM
models, the freezing-in mechanism has been taken as a standard thermal production [72]. If we
explore a smaller mass range, keV sterile neutrino is another well-motivated DM candidate that

has been proposed to solve several important mysteries together.

1.2.1.1 Weakly interacting massive particles

The standard thermal relic WIMPs refer to a hypothetical particle with a mass from 1 GeV
to 100 TeV, interacting with the standard model particles via gravitation and a possible weak-scale

interaction. The so-called “WIMP miracle’ refers to the coincidence that the thermal relic of DM



density €2, in Eq. 1.2 can be explained by a new particle with a mass O(100) GeV/c? and the
self-annihilating cross section on the weak interaction scale, and well-motivated theories call for
such a new particle as well. The promising WIMP candidates include the lightest supersymmetric
particle (LSP) in the minimal supersymmetric SM (MSSM) [52], inert Higgs doublet [73], the
lightest Kaluza-Klein particle (LKP) [74] arising from universal extra dimension (UED).
Conventionally, there are three ways to detect the non-gravitational interaction between
the hypothetical WIMP and the visible sector [75]. Direct detection experiments measuring the
recoiling energy of the nuclei or electrons search for WIMPs in an nearly model-independent
way for the spin-independent case. Indirect detection experiments [76] is complementary to the
direct detection which search for annihilation or decay signals through visible photons, neutrinos
and charged cosmic rays. Colliders are able to search for DM through the transverse missing
momentum with the possible generation of DM on the final states. Both indirect detection and
creation often require more concrete models to interpret the results. Section 1.3 provides more

details about the experiments on the WIMP search.

1.2.1.2 Light dark matter particles

With the GeV-scale WIMP search window likely to be closed up in the following one
decade or two, other particle-like DM candidates are attracting more and more attentions in case
no WIMP is found.

Sub-GeV DM

The sub-GeV DM often refer to a DM particle with a mass in the range from 1 MeV/c?

to 1 GeV/c?. For a freeze-out DM particle, BBN [71] puts constraints for DM mass less than



O(1) MeV/c?. CMB [77] and large-scale structures (LSS) [78] put a limit on DM-nucleon cross
section of ~ 1072 ¢cm?. The supernova SN1987A cooling [79] excludes some parameter space
at a much smaller cross section region between 10~*7 and 10~%° cm?.

Even though the DM-nucleon recoiling energy falls below the energy threshold of the ton-
scale noble detectors, Xe and Ar detectors are likely to still be competitive for the sub-GeV DM
search with the DM-electron scattering, Migdal and bremsstrahlung effects [80, 81], cosmic-ray
boosted stream [82] and absorption of DM on nuclear targets [83].

Besides the ton-scale Xe and Ar detectors, semiconductor detectors with energy thresholds
around O(10) eV detecting electronic excitations in Si and Ge are likely to be the most sensitive
sub-GeV direct detection experiments including SENSEI [59], DAMIC [84], SuperCDMS [60],
CDEX [85], Edelweiss [86]. Skipper CCD [87] is developed in recent years used in SENSEI
and will also be used in the future DAMIC and Oscura [88], which helps to reach a single
electron resolution with only the readout method changed compared to a normal CCD, with a
120 to 140 K running temperature for the electronics reachable cryogenic requirement in a large
volume. CDMS is using superconductors (Si and Ge) under a temperature lower than 100 mK
with the photon readout by the temperature edge sensors (TES). In the future, we can expect
that a germanium detector with an exposure of 50 kg-year and a CCD silicon detector with an
exposure of 1 kg-year and a dark current rate of O(10~7) counts/pixel/day to reach 104! cm?
sensitivities on the DM-electron scattering (for a heavy mediator).

Sub-MeV and keV DM

KeV sterile neutrino DM is a well-motivated DM candidate locating in this mass range
which can also be made to connect to the neutrino mass origin and baryogenesis[66, 89, 90,

91]. Particular interests arose from the ~3.5 keV unidentified excess in X-ray spectrum from
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satellites [42, 92, 93]. However, later analyses have challenged the sterile neutrino interpretation
because no such excess is observed in some other X-ray data sets [94], and in tension with the
DM profiles at the center of galaxies [95]. To date the standard Dodelson-Widrow sterile neutrino
DM [96] as the major specie is strongly excluded by the structure formation constraints and X-ray
limits [97, 98, 99]. However, a general sub-MeV DM is still a well-defined DM candidate with
the possibilities to be warm or cold, depending on the initial conditions in the thermal history.

To detect DM in this mass range, a direct detection will require a O(1) meV energy
threshold. The promising experiments in the next generation experiments including 3D Dirac
materials [61], graphene trapping [100] and fine semiconductor doping [63]. Of course, the
similar extensions for the noble-gas detectors to sub-GeV sensitivities apply for the Si and Ge
semiconductors to gain sensitivities in this sub-MeV region. DM absorption generally opens up
the sensitivities for the detectors with O(1) keV energy threshold [101].

In chapter 7 of this thesis, I discuss a search on the absorption signal of a sub-MeV
fermionic DM on electron targets with the PandaX-4T data which shares the similar signal in
the direct detection experiments as the keV sterile neutrino DM. Conventionally, the keV sterile
neutrino DM has been strongly constraint with astrophysical X-ray telescopes on the decay
channel y — ~v [102]. But this search is on a new kind of interaction instead of the weak

interaction where in some parameter space, PandaX-4T data become competitive.

1.2.1.3 Heavy dark matter particles

A super heavy DM particle (m, > 10'° GeV/c?) can be a sufficiently good DM candidate.

DM candidates with mass close to the grand unified theory (GUT) energy level particles are
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not conventional DM candidates because the standard interactions have heavy particles decaying
away at the early universe, but some special mechanisms can make the super-heavy particle
stable or hold a lifetime much longer than the age of the universe. The standard thermal freeze-
out of a super-heavy DM particle cannot give a right thermal relic. However, some other thermal
histories can open up a wide parameter space. For instance, WIMPZilla [67] is a super-heavy
DM candidate which is expected to super weakly interacting to the SM particles, and undergoes
a non-equilibrium freeze-out (the interaction rate is much smaller than the expansion of the
universe). Another example is the super-heavy gravitino in the supersymmetric theories which
is supposed to interact strongly with regular matter, creating a multi-scattering track in the DM
direct detectors but may evade the detector with a very low density. The multiplicity makes it

searchable with the current particle radiation detectors [103].

1.2.2 Wave-like

Taking a DM local density p, as 0.3 GeV/cm® and a DM flux around 250 km/s, the de

Broglie wavelength of a very light DM is

2 10722 250 k 106 250 k
Mg = 28— 048 kpe x 0oV 290 M/S g0 km x 00V 200km/s
N My v My
The number density estimated with \gp is
1 5 3
np:p—ngx OeV/cm’ (1.4)
my my
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which leads to the number of DM particles in the volume \3; to be

10 eV

my

250 km/s
v

)t ( )3 (1.5)

Nag =1, - Xjp = (

If m, < 10 eV, the DM is better described by classical waves similar to photons described by
the electromagnetic fields. Because of the Pauli exclusion principle, such a light DM candidate
must be bosonic. The well-motivated DM candidates in this wide range are QCD axions [64] in
1 ~ 100 peV and fuzzy CDM [104] in 10722 ~ 1072° eV. A wave-like DM between these two
ends is also a sufficiently good DM candidate, and often called axion-like particles (ALP) [105].

The existing QCD axion searches and ALP searches are summarized in the Fig. 1.5 [7].
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Figure 1.5: The axion search with the decay channel of @ — 7y limits on the effective coupling
constant go~ [7].
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1.2.2.1 QCD axion

QCD axion is regarded as one top DM candidate for solving two important problems
together: the nature of DM and the strong CP problem [64, 106]. The strong CP problem
arises from the fact that no experiment present to violate the CP symmetry in the the quantum
chromodynamics (QCD). After the CP violation was confirmed in 1960s [107, 108, 109], it
became intuitive to predict a CP violation phase ¢ in the SU(3) strong interaction. The # should
be a number randomly selected from —m to 7 and very unlikely to be extremely close to 0,
but is constraint by the neutron electric dipole moment as § < 107°, A new spontaneously
broken global symmetry U(1)pqg was proposed by Helen Quinn and Roberto Peccei [64] in
the late 1970s to solve the problem. Briefly, while the universe cools below the symmetry-
breaking scale f,, a new vacuum expectation value leads to a new 6. = 0. This pseudo-Nambu
Goldstone boson of U(1)pq 18 QCD axion. QCD axion can explain the whole DM relic with
two benchmark models: the Kim-Shifman-Vainshtein-Zakharov (KSVZ) and the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ). The latter is more compelling for being easily included into the
minimum supersymmetric GUT based on SU(S).

QCD axion often refers to the mass range from 1 to 100 peV. If the PQ symmetry breaks
before the inflation, the relic axion abundance is only related to the mass of the axion field and
the initial # which is the same throughout the whole universe. The €. in the ACDM can naturally
be explained by an axion mass around O(1) ueV. In the post-inflationary scenario, different part
of the universe will have different values of the initial # randomly selected between —7 and 7.
Most theoretical calculations predict that the axion mass in the O(1-100) peV range.

Axion Dark Matter eXperiment (ADMX) [8] is the first experiment reaching the sensitivity
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to the DFSZ model with the decay channel of QCD axion into two photons. A haloscope is built
on the ground with a resonant cavity immersed in a 7.5 T superconducting magnetic field under
a temperature below 100 mK. Josephson Parametric Amplifiers (JPAs) are used to achieve ultra-
low noises close to the quantum limit. Because of the resonance only applied for a narrow photon
frequency, different axion masses are searched step-by-step with the cavity resonant frequency
tuned with a dielectric rod by a 10 Hz step, which results in the spikes in the limit Fig. 1.6. Quite
a large golden mass range of QCD axion from 1 to 50 eV can be searched with the haloscope

which is about a matter of time.
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Figure 1.6: Zoom-in AMDX’s 90% C.L. upper limits on g, [8].

For the high mass end which corresponds to higher resonant frequencies and smaller resonance
wavelength, it is more difficult to reach the similar level of sensitivities because a smaller cavity
means a smaller energy in the haloscope. A brute-force solution might be a stronger magnetic
field which is still quite limited. Some quantum techniques like quantum squeezing technology,
backaction evasion and entangled cavities are promising to lower down the noises and increase
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the signal-to-noise ratio in the resonance. HAYSTAC [110] appears to be one pioneer in applying

the novel quantum technologies in the fundamental particle physics experiment.

1.2.2.2 Ultra-light dark matter

Fuzzy DM, very light bosons or ALPs in the mass range 10722 to 10~%° eV, can explain
the small scale observations (< 10 kpc) which is problematic for CDM. The O(1) kpc Agp
prevents the density to increase sharply within the small scale (< 1 kpc). Moreover, the DM
relic density can be naturally explained by a fuzzy DM with a decay length f close to but below
the Planck scale. Earth-based experiments are not sensitive to search for this ultra-light DM, but
astrophysical observations are actively setting limits on the smallest allowed mass including the
DM density profile in the dwarf satellites [111], the abundance of the dwarf galaxies [112], the
matter power spectrum viewed by the Lyman-« forest [113]. In general, the mass region over
1 x 1072 eV is not excluded.

In this wide mass range between 1072° to 107% eV, the ALP with 1 to 10 neV is actively
searched by ABRACADABRA-10cm [114] on the g, with the RLC resonance. The preference
comes from the f, scale on the GUT scale around 10" to 10'® GeV. Figure 1.7 shows the
projection of the future family expriments of the upgraded ABRACADABRA-10cm including

DMRadio-50L, DMRadio-50L-m? and DMRadio-GUT [115].

1.2.3 Massive Compact Halo Objects

MACHO s [116] may explain the DM relic without introducing any new interaction beyond

SM, including PBHs [9], brown and white dwarfs and neutron stars. Baryonic DM candidates
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Figure 1.7: The projections of the DMRadio family searching for f, on the GUT scale.

like MACHOs were challenged to make up the major DM density, but recent works alleviate
constraints on the limits of PBHs, making it a vaible candidate to comprise all of the DM.
PBHs could form through the gravitational collapse of density perturbations during inflation
while the whole universe was dense. These astronomical objects can be searched observationally
by gravitational microlensing, gravitational wave detection, and pulsar timing and ~-rays of

BH evaporation. Figure 1.8 presents the current limit of PBH on the DM fraction and future

projections.

1.3 WIMP search

As this thesis is mainly related to PandaX detectors for the GeV-scale WIMP search,

I would like to introduce the experiments that are promising to hunt WIMPs with different

channels.
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1.3.1 Direct detection

0—32
%* LUX (M)
N @, CRESST (Surf)
10~
—36
10 (P@/"o
o /V/} EDELWEISS (Surf)
g 10 0
54 \ NEWS-G
:‘ @ CRESST-III DAMA/Na
5 10 \ DAMIC DAMA/I )
3= CDMSIité ‘ \‘\‘ = CosmE
2 1 DarkSide-50 (S2)
v 10 N SuperCDMS .\(S\C\C'SO
2 XENONIT (S2) ~—2 EDELWEISS AP0 Dar
S 1o e B B ¥ xEN
U 25 v-floor _ = XENO
10—46 \ = — . PA\'\d\X Al
\
3 P
107 R
10—50 I| 1 1 Illllll 1 1 IlllIII 1 1 llIlllI 1 1 IIlIlII 1 |
0.1 0305 1 35 10 30 50 100 300 1000 3000 10*

WIMP mass [GeV/c?]

Figure 1.9: The status of the spin-independent WIMP-nucleon cross section unitl April 2021
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plot) [10].
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Direct detection dark matter experiments refer to the measurement of the recoiling between
the dark matter particle and a SM particle or the absorption of a dark matter particle. Figure 1.9
is a summary of the status of the spin-independent (SI) WIMP-nucleus cross section by April
2021, after which the commissioning data of PandaX-4T with a 0.63 tonne-year exposure have
put the strongest constraint on the GeV-scale SI WIMP-nucleus cross section as discussed later
in chapter 2 by the time the author is writing this thesis'. The mass range of WIMP around
100 GeV/c? is strongly constrained by the LXeTPCs including XENON100 [117], XENONIT [56],
LUX [55], PandaX-II [34], PandaX-4T [2] in the past decade, because of the coherence factor
A? (A is the atomic mass) in the xenon isotopes, the scalability of a monolithic piece and the
feasibility to keep lowering down the backgrounds. In a higher mass region over 1 TeV, liquid
argon detectors like Darkside-20t are expected to be competitive for the smaller loss of the
coherence with a larger momentum transfer ¢ compared to xenon which is often factorized in
a finite form factor related to ¢. In a lower mass region lower than 10 GeV, calorimeters with
a lower energy threshold is preferred. Experiments working on germanium (Ge), silicon (Si) or
other crystals like CaWO, are expected to reach a better sensitivity including CRESST [118],
SuperCDMS [60] and DAMIC [84]. Some novel techniques in the noble-gas detectors including
ionization only (S2-only) analysis [119], Migdal effect [80] and bremsstrahlung [81] help to
reach a lower energy threshold. Even with a higher background level than the conventional
analysis and non-ideal efficiencies, because of the ton-scale target, noble-gas detectors can still
be very competitive in this low-mass range.

A non-reducible physics background in the direct detection is the coherent elastic neutrino-

IRight before this thesis is submitted, LZ released the first science run result which put the strongest limit on
searches for the standard thermal relic WIMPs
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nucleus scattering (CEvNS) [120], which is often called as ‘neutrino floor’ and marked as the
orange dashed line on Fig. 1.9. But this line is not hard and solid. The most important composition
in the plot is the solar neutrino flux. By adding other astrophysical origins of the neutrino flux, the
neutrino signal might be larger than the line in Fig. 1.9. Plus, the uncertainties in the theoretical
calculation are pointed out to span for an order of magnitude. It has been suggested to name it as

‘neutrino fog’ instead [121].
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Figure 1.10: Limits of the (a) SD WIMP-neutron and (b) WIMP-proton scattering cross section
as a function of WIMP mass published by the PandaX-II 56 tonne-day exposure
overlain with some other works by April 2019 [11].

The spin-dependent (SD) WIMP-nucleus scattering refers to the coupling between the
WIMP and the unpaired nuclear spin where the large A coherence doesn’t apply anymore. The
nucleus targets with an odd proton number or an odd neutron number effectively search for
SD WIMP-neutron or WIMP-proton interactions (Fig. 1.10) [11]. As the calculation is related
to nuclear models, more theoretical uncertainties are carried in compared to the SI case. The
strongest direct detection limits on the WIMP-proton interaction is from PICO-60 [122] which
builds a bubble chamber with target as CsFg, and their complete data set has put 2.5 x 104 cm?

for a 25 GeV WIMP (overlain on the Fig. 1.13).
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1.3.2 Indirect detection

If WIMPs decay or annihilate into lighter SM particles, the traces will live in the universe.
So far the competitive channels include y-rays, neutrinos or charged comic particles on the final
states. The standard WIMP mass range is correlated to the y-ray detection ranging from 100 MeV
to 100 TeV. Probing ~-rays from the galactic center (GC) should provide the strongest DM signal
but with large uncertainties in the DM profile in the region close to the GC. Complementary
to the GC ~-rays, dwarf galaxies provide a robust DM density determination and negligible
astrophysical background. Both are very important for the y-ray detection in the DM indirect
experiments. The DM searches of AMS-02 [12, 13] on different channels are compared to those

of Fermi-LAT [123] and WMAP [124] in the Fig. 1.11.
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Figure 1.11: (a) AMS-02 positron (different channels labeled), Fermi-LAT (bb channel) and
WMAP (cyan) limits on annihilation cross-section versus mass [12]. (b) AMS-
02 antiproton-to-proton ratio (different channels labeled) limits. The grey lines

correspond to the thermal relic cross section [13].
High energy neutrino telescopes including IceCube [125]and SuperK [126] can be very
competitive for the SD WIMP-proton search with the DM annihilation in the sun. The results

of IceCube and SuperK are overlain on Fig. 1.10(b). Their best sensitivities are reached via the
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77~ in the DM decay that can create high energy neutrino flux in a nearly background-free
region. SuperK presents a better sensitivity compared to IceCube on the low-mass WIMP with a

lower neutrino energy threshold.
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Figure 1.12: The projected sensitivities on antideuteron fluxes as a function of the kinetic energy
per nucleon of AMS-02 after 5 years of operation and GAPS after three 35-day
flights overlain with the limit from BESS and the predicted signals of the benchmark
WIMP models [14].

Charged antimatter is also a sensitive indirect detection channel for the local DM. AMS-

02 with a broad spectrum on different cosmic rays has reported sensitive searches on different

annihilation channels (ete™, ete™ v, u"pu~ and etc.) with the position flux and antiproton-to-

proton ratio as shown in Fig. 1.11, which is better than the Fermi-LAT dwarf galaxies searches.

While comparing the observations of different DM halos, ov is often used instead of 0. GAPS [14]

can be complementary with more sensitive searches on the antimatter using an exotic atom

technique that can identify the antiprotons and antideuterons with fingerprint-like features. As
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shown in Fig. 1.12, the projected sensitivity of GAPS is in a different energy window, and the
DM annihilation signals are often a continuous spectrum with respect to the kinetic energy per

nucleon.

1.3.3 Particle collision

The Large Hardon Collider (LHC) can reach a 13 TeV center-of-mass (COM) energy using
proton-proton collisions, which is high enough to search quite a large region of WIMPs with
the missing transverse momentum. Because of the high energy, the mediator in the interaction
might not be able to parameterized into an effective coupling constant. The complexity make
the WIMP search at the LHC to be a multi-dimensional parameter space at least including the
coupling constant to the quark g, of the mediator, the mediator type and mass, the coupling
constant to the xx generation g, and the DM mass m,. On one hand, the higher energy brings
the potential to view more details in the interaction. On the other hand, compared to DM
direct detection experiments, the data are often interpreted with some pre-assumptions of the
models and parameters. In the Fig. 1.13, the ATLAS result with 139 fb~! luminosity presents
the strongest SI WIMP-nucleon scattering for the 1 GeV/c? WIMP searching on the production
of one Z boson with an invisible intermediate mediator decaying into a pair of yx on the final
state [15]. For the SD WIMP-nucleon scattering on the right plot of the Fig. 1.13, the ATLAS
limit is the strongest for a wide range of the m, all the way up to the energy limited by the
collision energy. But the interpretation is conditional and requires slicing down the high-dimensional
parameter space. Very similar limits are released by the CMS detector (137 fb~1) searching on

the leptonically decaying Z boson with y on the final states, which is also constraint with the
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missing transverse momentum.
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Figure 1.13: ATLAS 90% C.L. limits on the SI (left) and SD (right) DM-nucleon scattering
compared to other direct detection experiments [15].

1.4 Dual-phase liquid-xenon time projection chamber

TPCs are particle detectors able to extract the vertex information with the help of electric
and magnetic fields. The history can be traced back to 1970s when a gaseous TPC was developed
to view the out-going particles from the electron-positron collisions. In the past decades, LArTPCs
and LXeTPCs have been developed for low energy neutrino interaction measurements [127] and
particle-physics rare-event searches, along with other applications such as Compton telescopes in
astrophysics [128] and the positron emission tomography in medical physics [128]. This section
mainly focuses on the discussion of the LXeTPCs developed for DM direct detection including
the principle and the major advantages followed by a brief introduction to use LXeTPCs to search
for two-neutrino and neutrino-less double beta decays, not tightly relevant to this thesis but too

important to be overlooked.

To date, there are three ton-scale LXeTPCs actively search for the standard WIMP throughout
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the world including PandaX-4T at CJPL-II, XENON-nT at LNGS and LZ at SURF, which makes

it possible to cross check the potential discoveries among one another without any waiting period.

1.4.1 Principle

Figure 4.1 is a sketch of the LXeTPC. The energy transferred from the in-coming particle
to the xenon nuclei or the electrons. The former is NR, and the latter is ER. The standard WIMP
with a GeV-scale mass can scatter off xenon nucleus with more effective momentum transfer for
kinematics, which generates a NR signal. Generally, NR events within the SM scope include
neutrons, « particles and nuclei with a large atomic number like 2°°Pb in the 2'°Pb decay. ER
events generally include 3 particles, X-rays and 7-rays, whose responses share similarities if it
is single-site. The decay of ®*™Kr which includes an intermediate state with a half-life T}, =
156 ns appears to have very different ER responses which cannot be fully understood so far. If
the same amount of single-site events mentioned above appear in the LXeTPC, neutron events
will be the most important and dreadful backgrounds. But as discussed in more details in chapter
2, so far, ER backgrounds from the ?*?Rn decay chain is the most important background limiting
the sensitivity for PandaX-4T.

A TPC is able to collect a prompt scintillation S1 and a delayed ionization S2 of the
recoiling, and the property of S2/51 presents a strong power to separate the major ERs from NRs
as is shown in the right plot of the Fig. 4.1. S1 is from the decay of the excited dimers Xe} back
to the ground state. For LXe, the wavelength of the scintillation photons is centered at 178 nm,
which is detected by the photomultiplier tubes (PMT) specially developed by Hamamatsu Photonics

Co. in 1990s. In principle, the de-excitations of singlet (7, = 4 ns) and triplet states (77, =
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Figure 1.14: A schematic view of a LXeTPC [16].

21 — 27 ns) have different half-lives can also be utilized to distinguish different recoiling types by
different ratios of the excited singlet and triplet states via the S1-only pulse shape discrimination
(PSD) [128]. However, the smaller difference in the half-lives makes PSD much less effective in
comparison to the 52/51 ratio.

The ionization signal S2 doesn’t count the part recombined back into scintillation right after
the recoiling which is effectively counted in S1 instead. The ionized free-electrons are drifted
upward in the electric field applied which should be ideally higher than 500 V/cm but ton-scale
detectors have verified that a drifting electric field as low as 100 V/cm is sufficient [28]. Since
the electrons moving upward may be absorbed by electron-negative gases, the electron lifetime
T. (usually has a unit of us) which describes the amount of electrons survive to the gas phase
is a crucial quantity to monitor the data quality. At the liquid-gas interface, the electrons are

extracted out with a electric field to generate the proportional scintillation which typically higher
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than 1 kV/cm and lower than the avalanche field (1 MV/cm). This delayed scintillation is the
so-called S2.

The recoiling energy is reconstructed with S1 and S2 which sums up the part of scintillation
and ionization yields after efficiency corrections. ERs have most energy deposited in these two
channels, but for NRs, taking a 50 keV,, recoiling as an example, 80% of the recoiling energy
is converted into heat and not detected by the LXeTPC. For clarification, the equivalent electron
recoiling energy is used with a unit keV,, and the NR energy with keV,; .

As the scintillation photons are viewed by the PMTs, which convert photons into electrons
with the photoelectric effect. The number of initial electrons entering the first dynode of the PMT
is recalculated with a unit defined as photoelectrons (PEs). With the PMTs typically holding
30 — 35% quantum efficiencies, the energy threshold is around O(1) keV,, by accounting for the
work function of LXe about 13.7 eV and the detectability of O(1) PE in S1 and O(1) electrons
converted from S2. The details of the energy reconstruction based on the noble element simulation

techniques (NEST) is presented in chapter 6.

1.4.2 Advantages

Besides the S2/S51 discrimination power, the best sensitivities reached by LXeTPCs in the

past decade to search for the standard WIMPs also come from the the following features at least.

1.42.1 A large atomic mass in Xe

The average atomic mass of natural Xe is A = 131.3, which is larger than many other

materials used in particle detectors including silicon, germanium and iodine. For the ST WIMP-
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nucleus scattering, the cross section is

2
ST — a2t 51 (1.6)

2 n
n

where 0 is the ST WIMP-nucleon (proton/neutron) cross section, i, is the reduced mass of the
WIMP-nucleus system and i, is the reduced mass of the WIMP-nucleon system.

A larger atomic mass also means a stronger stopping power of the penetrable radioactivities
including gammas and neutrons as well as the unavoidable radioactivities from the detector

materials. Together with the vertex information, a clean data set can be selected.

1.4.2.2 Effective volume fiducialization

A reliable position reconstruction of the events makes the self-shielding of LXe effective.
The delayed time of S2 is used to reconstructed the vertical position with the known drifting
electron velocity. The S2 distribution in the top array of PMTs has the best resolution to the
horizontal position with a large angular coverage by assuming that the center of the electron
clouds staying the same during drifting. Even if the drifting electric field is so low that the
electron clouds shift inward while reach the gas phase, with a reliable map of the static electric
field in LXe, the origin vertex can be inferred. Compared to the sensitive region viewed by
spherically distributed light sensors [129], the risk of wrongly reconstructing the events at a very
large radius to the center is lower. Even though non-negligible statistical uncertainties in the
horizontal position reconstruction especially for small S2 is still limiting the advantage of the
strong stopping power of LXe, the data with a much smaller backgrounds (more than 90% come

from the border region) at the center of the detector can be selected easily by the effective and
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robust volume fiducialization. More details about the horizontal position reconstruction can be

found in chapter 4.

1.4.2.3 Viable in situ purification

The impurities mixed in the Xe can be divided into two categories. The electron-negative
impurities that are composited of non noble-gas elements, and the noble-gas impurities. The
electron-negative elements whose absorption spectra overlapped with the scintillation spectrum
of xenon (peaked at 178 nm) will affect the 7.. Because of different chemical properties between
these electron-negative impurities and xenon, the techniques to reduces these impurities have
been well-developed. In PandaX, hot zirconium getters in the xenon circulation system are
sufficient to preserve a large enough electron lifetime.

But getters are not enough to fully remove all the non noble-gas impurities like the tritiated
methane (CH3T). In the PandaX-II stage, after using CH3T as a ER calibration source, they stayed
in the Xe with a non-negligible level. But because of a large mass different between CH3T and
Xe, it can be reduced via distillation.

The long-lived noble-gas radioactivities compared to the detector operation can be notorious,
including 8°Kr and ?*?Rn. Distillation can separate different components with the differences in
the boiling points, and has been used to effectively reduce the ®°Kr level in PandaX experiments
as well as XENON. The activated charcoal has been used to reduce the %°Kr level as well as ?*?Rn
in LUX and LZ.

In brief, because LXe can be purified in situ with the circulation system, any novel

technology developed to reduce the radioactivities can be applied right away, which brings the
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potential to reach a background level dominated by the irreducible physics backgrounds from

solar neutrinos and double decays of 3%Xe.

1.4.3 Double beta decay searches with Xe

Two-neutrino double beta decay (2v/33) process is predicted in the SM as a second-order
weak-interaction process with a half-life orders of magnitude longer than the age of the universe.
EX0-200 [130] has successfully measured the first 233 ever seen with 80% enriched **Xe.
Also, the double-decay of '**Xe reported by XENONIT [131] is the longest lifetime measured
directly. The 2v313 of 13*Xe can also be searched with ton-scale LXeTPCs [132]. The measurements
of 2v 33 half-lives are important for understanding nuclear structure models better.

The success of 2v3 3 measurements also pave the way to search for neutrinoless double beta
decay (Ov(3), which is another important rare-event search for new physics. After the neutrino
oscillation is measured, the neutrino mass becomes the first verification of new physics beyond
SM. Then, the Ov/33 search which once shew up in the last century before the establishment of
SM becomes interesting again, which is now tightly related to three important problems including
the existence of Majorana particles, the hierarchy of the three neutrinos and the absolute mass
of the neutrinos. LXeTPCs can be competitive in searching for Ov33 with enriched 3¢Xe as

proposed by nEXO [133] with all the technologies available at hand.

1.5 Summary

The whole thesis is organized as eight Chapters. After this introduction chapter, Chapter 2

summarizes the final analysis with the complete PandaX-II exposure and the R&Ds in the season
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finale of PandaX-II. Chapter 3 presents the details about the 83™Kr calibration including the
generation with the proton bombardment on natural krypton, and the injection into the PandaX-
IT experiment. Chapter 4 describe the development on the horizontal position reconstruction
algorithms with the help of 83™Kr. Chapter 5 overview the subsystems of PandaX-4T and its
comissioning data (Run 1). Chapter 6 presents the details in the fast detector simulation used in
the PandaX-4T, and the application of the reweighting technique in the profile likelihood ratio
analysis to test dark matter models. Chapter 7 presents details of a search on an alternative sub-
MeV fermionic DM model with the PandaX-4T commissioning data which share similarities to
keV sterile neutrino DM search in the direct detection experiments. Chapter 8 provides a brief

summary of the thesis and the outlook for the future.
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Chapter 2:  Overview of PandaX-II experiment

This chapter mainly introduces the China Jinping Underground Laboratory (CJPL), the
PandaX-II final data analysis and the hardware R&Ds during the end-of-run period of PandaX-II.
Chapter 5 provides a more systematic summary on the hardware subsystems and data analysis
procedure of PandaX-4T experiment to search for WIMPs.

All the PandaX detectors take scientific data at CJPL with a 6800 m.w.e shielding [53, 54].
PandaX collaboration was established back to 2009. PandaX-I, the pathfinder, took more than
5 years before taking data, with details presented in the dissertations [134, 135, 136, 137, 138,
139, 140, 141, 142]. PandaX-II built a new dual-phase liquid xenon time projection chamber
(LXeTPC) with 1.1 tonne xenon in the pressure container, whose details can be found in the
dissertations [138, 141, 143, 144, 145, 146, 147]. Some important developments for controlling
backgrounds for PandaX experiments deserve acknowledgements including the two distillation
towers [145, 148, 149] and high purified germanium detectors (HPGes) [150]. PandaX-4T
has published the commissioning data result on GeV-scale WIMP search in 2021. Designs of
PandaX-I and PandaX-II mainly focus on the energy window below 100 keV,.'. PandaX-4T
upgrades include designs for search on neutrinoless double beta decay (Ov/33) with O(1) MeV

energy deposition. PandaX-III focuses on searching for Ov33 with enriched '**Xe which is still

The subscript ‘ee’ is for equivalent ER energy deposition.
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under preparation and beyond the discussion of this thesis.
In this chapter, section 2.1 introduces the CJPL. Then, section 2.2 discusses the final
analysis of PandaX-II. Section 2.3 presents the R&Ds studied with PandaX-II detector in the

last running year.

2.1 China Jinping Underground Laboratory

To reduce the amount of the penetrable radioactivities including neutrons and gammas,
direct dark matter search experiments resort to underground laboratories for lower secondary
particles generated by cosmic rays. CJPL is at the middle of the tunnel going through Jinping
mountain in Sichuan province of China (Fig. 2.1). The 2400 m rock shielding, equivalent to

6800 m of water, makes it the deepest underground lab in the world to-date.

Each experimental hall:
_ = 65m (L) x 14 m (H) x 14 m (W)

Co-developed by Tsingh®
University and Yalong River
Hydropewer Inc.

2400 m

.\\”\

Figure 2.1: Location of China Jinping Underground Laboratory with the site of PandaX-4T
marked at the upper-right corner.
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CJPL phase I and II occupies 4000 m*® and 330, 000 m?, respectively. CJPL-II is divided
in to four halls (A, B, C, D) as indicated in Fig. 2.1, accommodating PandaX, CDEX and JUNA
already. PandaX-I and PandaX-II was built in CJPL-I, and PandaX-4T in the B2 hall of CJPL-II.

The cosmic muon flux at CJPL-I measured by JNE Collaboration is (3.61 £ 0.19.; +
0.105yst) X 1071 em ™25~ [151], which is the second smallest, being slightly higher than Sudbury
Neutrino Observatory (SNO) (3.31 =+ 0.01gpa £ 0.0955s¢) x 1071% cm™2s7! [152] w.r.t. existing
measurements. The estimated muon flux with Monte Carlo (MC) simulation of CJPL-1I is (2.3 —
4.0) x 1071 em2s~!, which means two muons per meter square are expected to reach the lab

every week.

2.2 PandaX-II final analysis

In this section, the hardware of the PandaX-II detector is first reviewed and then the data
taking history. The final analysis is more complicated because the deterioration of photomultiplier
tubes (PMTs), calibration for the long run data and increasing importance of backgrounds accumulated

over time which were negligible before.

2.2.1 Detector assembly and data taking history

Figure 2.2 shows the workspace of PandaX-II. The four dewar vessels to retrieve 1.1 tonne
xenon can be seen besides the stairs, the cooling bus is on the second floor, the shielding can be
barely seen which is behind the stair, and the data acquisition (DAQ) system is invisible in this
picture and close to the white wall.

The multi-layer passive shielding to stop the ambient radioactivities is shown in Fig. 2.3
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Figure 2.2: A view of the PandaX-II workspace.

with the materials used in different layers marked. Polythene is used to stop neutrons with
collisions on hydrogen which is preferred because of a mass similar to neutron. Lead is used to
attenuate ~y-rays with its high density and atomic number. The inner copper stops the radioactivities
from the other shielding materials.

The cryogenic system which can be found in Fig. 2.4 includes a cooling bus and a circulation
purifier. The cooling bus working at 178.5 K (1.2 barG) consists of a heat exchanger, a pulse tube
refrigerator (PTR), an emergency cooling component and sensors. If problems like PTR failure
happen or the xenon gas pressure is higher than 1.5 barG, the emergency cooling will be triggered
with the liquid nitrogen cooling.

Two circulation loops are connected to the cryogenic system with a total mass flow rate of
approximately 560 kg/day through hot getters to remove non-noble gaseous impurities which can
also be found in Fig. 2.4. And two kinds of circulation pumps, Q-Drive and KNF, are used in the

35



Vacuum Vessel

inner diameter 1240mm

inner height 1750mm
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200mm Pb
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Figure 2.3: Sketch of the PandaX-II passive shielding

loops.

The sketch of the TPC can also be seen in Fig. 2.4. The PandaX-II TPC is a dodecagonal
chamber with a 646 mm diameter and a height of 719.9 mm out of which the maximum drifting
distance is 600 mm defined by the distance from the bottom cathode mesh to the top gate
grid. A total of 580 kg of liquid xenon is contained in the sensitive volume. Two arrays of
Hamamatsu R11410 photomultiplier tubes (PMTs) located at the top (55) and bottom (55) of the
TPC, respectively. Recoiling events produce the prompt scintillation photons (S1) and delayed
electroluminescence photons (52).

Immediately after 79.6 days of data collection in Run 9, an ER calibration with tritiated
methane and a subsequent distillation campaign were performed, after which Run 10 collected

DM search data for 77.1 days. Run 10 ended with a power failure, and Run 11 started right after
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Figure 2.4: Schematics of cryogenics and circulation system in PandaX-II (also in Fig. 3.11).
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the recovery, collecting a total of 244.2 days of data from July 17, 2017 to Aug. 16, 2018. The

evolution of the electron lifetime can also be found in Fig. 2.5.
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Figure 2.5: The accumulation of DM exposure (black line) and the evolution of the electron
lifetime (blue curve, right axis) in PandaX-II.

2.2.2 Data analysis with the complete PandaX-II exposure

As more systematically discussed in section 5.2, the main data analysis for the GeV-
scale WIMP search has three main parts including waveform processing to interpret the data
scientifically, background estimation and signal modeling before search for any suspicious exotic
features over the backgrounds. In this section, only specific handling for the long run data and
important parameters/results are presented, mainly following the publication [40]. It’s suggested

to read chapter 5 first for readers who are unfamiliar with LXeTPCs.
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2.2.2.1 Data processing and quality cuts

The data processing chain is very similar to PandaX-4T in section . The dissertation [141]
presents more information of the PandaX-II data processing chain. Specific handling is required
for the final analysis due to decrease of PMT gains, increase of PMT noises and unavoidable
inhibition of some PMTs. Seven 3-inch PMTs are fully inhibited in this analysis for all data sets,

whose history can be found in Tab. 2.12.

Index Timing Position Reason
1 Run 9 Bottom 52 Afterpulsing
2 Run 10 Bottom 46 Failure in PMT base
3 Run 10 Top 26 Failure in PMT base
4 Run 11 Top 16 High discharge rate
5,6,7 Software after Run 11 Top 1, 28, 46 High noises

Table 2.1: The 7 inhibited 3-inch PMTs in the complete data set out of 110 with a position map
in Fig. 4.2 for both top and bottom arrays.

Low-gain PMTs

PMT gains were calibrated twice a week with blue light-emitting diodes (LEDs) inside the
detector by fitting the single photoelectron (SPE) peak in the spectrum (see example in PandaX-
4T in Fig. 5.22). After a vacuum failure between Run 9 and 10, degradation in some high-voltage
feedthroughs limited a number of PMTs to run at lower voltages and reduced gains. The average
gain changed from 1.41x10° in Run 9 to 0.96x10° in Run 11. The LED calibration became
problematic for low-gain PMTs with SPE peaks close to baseline noises, leading to failed fits and
jumps.

If more than two other PMTs work properly with the same distance to the TPC center

2Top 1 was not turned off while the horizontal algorithm was studied as presented in chapter 4 but prohibited in
the PandaX-II final analysis.
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Figure 2.6: An example of gain correction to low gain PMTs. (a) The S1 charge distribution of o
events in the low gain Ch.10707 (yellow line) and the other reference PMTs located
at the same radius (green lines). (b) The evolution of gain of Ch.10707. The yellow
open circles represent gains obtained in the LED calibration and the green dots are the

corrected gains. The tendency in green dots is reasonable w.r.t. the supply voltages
of Ch.10707.

(within the same group as shown in Fig. 4.2), we can monitor and correct the gains with horizontally
uniformly distributed events. We use the S1 of alpha events for the gain correction. An example
is shown in Fig. 2.6.

Quality cuts

The cuts developed in Ref. [153] are preserved with some updates according to the PMT
conditions. The S2 top-bottom asymmetric (TBA) cut need modification more than slight changes

in the values of the outlier cuts, and two addition cuts are further developed:

1. The previous S2 TBA outlier cuts become problematic for the events with horizontal
positions close to inhibited top PMTs as shown at the top of Fig. 2.7 and left of Fig. 2.8.

The made-up qS2_ibad is calculated as

qS2_ibad = qngmaxw

: 2.1
Nimmas (T3 Y) @D
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with the knowledge of reconstructed horizontal position (z,y) and photon acceptance
function (PAF), n;(z,y), where i is the index of the PMT (chapter 4 has more details).
52T .« 18 the maximum hit in S2 collected by the i,,,, PMT. If an inhibited channel,
Tbad, 1S NEeXt to the 7., then qS2_ibad is calculated and used to fix the S2 TBA outlier cuts

as shown in Fig. 2.8 (red lines).

2. Because a top PMT close to the TPC center is off (46 in Fig. 4.2), some events in the gas
xenon happen right under Top 46 are not removed by old quality cuts (these events can
have physical S2s with electrons in the gas drifted towards the anode). They have a typical
drifting time about 40 ps in PandaX-II detector. Due to longer tracks and weak drift fields,
these S2s have larger width in comparison with the normal events. A cut on the S2 widths

is developed and applied.

3. We observed that occasional mini-discharges occurred in the detector, resulting in waveforms
containing ‘trains’ of small pulses. An extra cut for waveform cleanliness is developed to

remove such events.

By analyzing the NR and ER calibration data, the inefficiency of the two new cuts for single-

scattering events is estimated to be less than 5%.

2.2.2.2 Detector response calibration

The main calibration includes detector uniformity, baseline suppression (BLS) and energy
reconstruction.

Uniformity calibration

Detector uniformity is calibrated with uniformly distributed mono-energetic peaks in the
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y [mm]
gzsby/Lesb

y [mm]
gzsb/(peai zsb+1zsb)

Figure 2.7: S2 TBA before (top) and after (bottom) fixing with qS2_ibad. The qS2T and qS2B
are the sum top and bottom S2 charges, respectively.
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qS2T/qS2B
(qS2T+qS2_ibad)/qS2B

r [mm]

Figure 2.8: S2 TBA as a function of r = \/x2 + y? before (left) and after (right) fixing with
gS2_ibad. The red lines on the right plot cut the outliers.

detector. PandaX-II has used ' Xe, tritium, 83 Kr and « events as summarized in Tab. 2.2. A
more detailed example can be found in section 5.2.1.3 for PandaX-4T Run 1, and the PandaX-II

uniformity calibration can be found in the publications [34, 40, 153].

Item Run 9 Run 10 Run 11
S1 three-dimensional 13Imye 83mKy 83mKr

S2 electron lifetime (vertical) 13Im¥e 13Im¥e internal o
S2 horizontal BlmyYe and tritium  3'"™Xe  83™Kr

Table 2.2: Uniformity calibration events used in the three runs.

BLS nonlinearity

The BLS threshold for each digitizer channel was set at an amplitude of 2.75 mV above the
baseline. For comparison, the SPE for a gain of 10° corresponds to a mean amplitude of 4.4 mV
in the digitizer. The channel-wise BLS inefficiency is negligible for Run 9, since all PMTs were
operating under the normal gain, but becomes more significant during Run 10 and 11 due to the
low-gain PMTs as discussed before. Consequently, the detected S1 and S2 are suppressed from
the original S1, and S2,. As long as S1 and S2 fall into selection windows, BLS does not cause
an event loss but rather a nonlinearity in S1 and S2, which is more visible for small signals and
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approaching unity for large ones.

In Run 10, we adopted the single-channel BLS efficiency from the LED calibration as in
Ref. [34]. In Run 11, we performed direct measurement using neutron calibration data with
the BLS firmware disabled. All thresholdless waveforms were saved as S1, and S2,, and the
software threshold for pulse identification is very low with negligible inefficiency.. We then
applied the BLS algorithm on the data as that in the firmware and obtained S1 and 52, from
which the BLS nonlinearities f; = 55—110 and fo = 35—220 were determined in an event-by-event
manner. The distributions of f; and f; are modeled into smooth probability density functions
(PDFs) and fed into our fast detector simulation [40]. An example of BLS in PandaX-4T Run 1
can be found in Fig. 6.10(a) and Fig. 6.10(b).

Energy reconstruction with mono-energetic peaks

As discussed later in section 5.2.3, ER mono-energertic peaks are used to calibrate universal
detector parameters in the ER equivalent energy reconstruction F..(Eq. 5.3) including G1 and
G2. Together with the small S2s in the detector, photo detection efficiency (PDE), electron
extraction efficiency (EEE) and single electron gain (SEG) are determined. In PandaX-II Run
9, we select the prompt de-excitation gamma rays from the neutron calibration, 39.6 keV,, from
129%e, and 80.2 keV,. from '3!Xe, both corrected for the small shifts caused by the mixture of
NR energy. ER peaks due to the same neutron illumination, 164 keV.. (:*'™Xe) and 236 keV..
(12mXe), are also selected. For higher energy gamma peaks, we only select the 662 keV,, peak
from '37Cs to avoid potential bias in energy due to the saturation of S2. In Run 10, to avoid
BLS nonlinearities at lower energies, higher energy peaks are selected, including 164 keV..,
236 keV,, and 662 keV,,, together with gammas of 1173 keV,, and 1332 keV,, from °Co. The

calibrated parameters in different run sets are summarized in Tab. 2.3. For Run 11, since the field
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configurations stays the same as in Run 10, the PDE and EEE are obtained by scaling the Run 10
values according to the average S1 and S2 from the 164 keV,, peak in the detector. The deviation

of the F. for different events from the expectation can be found in Fig. 2.9.
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Figure 2.9: Fractional difference between the reconstructed energy F.. and expected energy
FEexpeer for characteristic gamma peaks in Run 9 (blue circles), Run 10 (magenta
squares), and Run 11 (green diamonds). Closed symbols represent points used in the
fits, and open symbols are those test peaks.

Run PDE (%) EEE (%) SEG (PE/e™)
9 115+02 463+14 244404
10 121405 50.8+21 23.7+08
11 120405 475420 235408

Table 2.3: Summary of PDE, EEE and SEG in PandaX-II.

The low-energy ER and NR energy responses are calibrated based on NEST2 in the PandaX-
IT final analysis, which integrates all the aforementioned calibrated information into the fast
simulation. An iterative fitting of the charge yield (CY) and light yield (LY) is carried out

according to the centroids of our data in PandaX-II final analysis with the definitions as

S2 S1

CY = FEE x SEG/EEQ’ LY = 5pg/ Fee:

(2.2)
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But in PandaX-4T Run 1 (see chapter 6 for details), the degrees of freedom are merged with those
on the recombination ratio of the initial ionization yield. The comparison of CY and LY of our
calibration data and the other experiments can be found in Fig. 2.10. The agreement between the
tuned NEST2 and our calibration data can be found in Fig. 2.11.

With the detector responses calibrated, we could predict the signal distributions in the
observable space (S1, S2, vertexes and etc.) with the theoretical energy spectrum as an input
(see an example in section 5.2.3). It’s worthwhile to mention the Run 11 data was blinded
while the selection cuts for final candidates are set. The signal window to search for DM
candidates and the fiducial radius are optimized by requiring the best DM sensitivity at the
mass of 40 GeV/c? optimized with a below-NR-median (BNM) signal acceptance within which
the background is evaluated with a cut-and-count approach. For S1, we inherit the range of
[3,45] PE as in the previous analysis, as the sensitivity flattens for upper cuts from 45 to 70
PE. As was done previously, S2 is selected between 100 (raw) and 10000 PE, together with the
99.99% NR acceptance line and an additional 99.9% ER acceptance cut to eliminate a few events
with unphysically large sizes of S2. All runs share the same selection cuts on the fiducial radius,
i.e., R? < 720 cm?®. The range of the drift time is determined to be (18,310) s in Run 9, and
(50,350) s in Runs 10 and 11, based on the vertical distribution of events with S1 between
50 and 70 PE. The xenon mass within the FV is estimated to be 328.9 + 9.9 kg in Run 9 and
328.6 £9.9 kg in Runs 10 and 11, where the uncertainties are estimated using a 5S-mm resolution
in the position reconstruction.

We also compare the aforementioned ER model with the ER event distributions in Runs 10
and 11, by selecting the events within S1 € (45,200) PE (outside DM search window). Although

the band centroid agree well, the observed width in the data is larger than that from the calibration
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Figure 2.10: (a) Charge yield of NR and (b) light yield of ER from PandaX-II calibration data
compared with results from the worldwide data (ER: Refs. [17, 18, 19, 20], NR:
Refs. [21, 22, 23, 24, 25, 26]).
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Figure 2.11: The comparison of model simulation and calibration data in the projection of
deposited energy, S1 and 52, in Run 9 and Runs 10/11.

(Fig. 2.12), presumably due to the accumulated fluctuations over time. For conservativeness,

we increase the fluctuations in the ER model for Runs 10 and 11 accordingly, leading to larger
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leakage ratios to the region below NR median. This problem showing up becomes one motivation
for the author to study how to add the uncertainties in the detector responses into the later excess

searching in the profile likelihood ratio (PLR) analysis (see chapter 6).

0.5 T T T T T T T
#9Rn calibration
04l Rn calibration fitting _|
+ Run1ldata
—— Run 11 datafitting
0.3 —

02 _//i _
o/ T\

0 — I ! ! ! ! X&‘-T

-04 03 -02 01 0 01 02 03 6.4
Dispersion

Figure 2.12: Comparison of the distribution of events away from the median of ER band with
S1 € (45,200) PE between the ?*°Rn calibration data (magenta dots) and Run 11
DM search data (green dots). The fitted Gaussian functions are overlaid.

2.2.2.3 Background

The four main backgrounds including ER, neutron, accidental and surface events are summarized
in Tab. 2.4.

The radioactivity input of *H takes the best fit in Ref. [154]. Others are estimated independently
similar to the previous work [34] except 22Rn and ??°Rn which incorporates the development in
section 2.3.1 [27].

The neutron background from detector materials is evaluated based on a new method with
smaller uncertainties discussed in Ref. [155], using the high-energy gammas to constrain the
low-energy single-scattering neutrons.

Accidental backgrounds are produced by the random coincidence of isolated S1 and S2 [156].

49



The rates of isolated S1s and S2s are estimated first in the time window nothing should appear
but noises. Then, the contamination for DM search is estimated with simulation of randomly
paired isolated S1s and S2s which survive the same data quality cuts. A boosted decision tree
(BDT) cut is developed using the AmBe and accidental samples as the training data for the signal
and background, respectively.

Surface backgrounds are estimated in the search window of S1 within 3-45 PE and S2
within 100(raw)-10000 PE . The 3-decay of daughter 2'°Pb (T, /2=22.2'y) on the PTFE surface
is observed, presumably due to the radon plate-out. A data-driven surface background model

is developed to estimate the surface background in the present analysis (see section 4.4.4 for

details).
Item Run 9 Run 10 Run 11, span 1 Run 11, span 2
85Kr 1.19+0.2 0.18 = 0.05 0.20 + 0.06 0.40 & 0.07
Flat ER 222Rn 0.19+0.10 0.17+0.02 0.19 +0.02 0.19 4+ 0.02
components 220Rn 0.01 +£0.01 0.01 +0.01 0.01 £0.01 0.01 +0.01
(mDRU)  ER (material) 0.20 £0.10 0.20 £+ 0.10 0.20 £+ 0.10 0.20 £+ 0.10
Solar v 0.01 0.01 0.01 0.01

136Xe 0.0022 0.0022 0.0022 0.0022

Total flat ER (mDRU) 1.61 £0.24 0.57 +0.11 0.73 £ 0.08 1.03 £ 0.08
127X e (mDRU) 0.14 +£0.03 0.0069 £ 0.0017 < 0.0001
3H (mDRU) 0 0.11
Neutron (mDRU) 0.0022 £ 0.0011

Accidental (event/day)

0.014 £ 0.004

Surface (event/day)

0.041 £ 0.008

0.063 £ 0.0013

Table 2.4: Backgrounds in the dark matter search runs inside the FV (1 mDRU = 1 x
1073 evt/keV./day/kg) in 0-25 keV,.. The total flat ER backgrounds of Run 9 and
10 are sums of the independent estimations, and that of Run 11 is estimated with data
in the region of 20-25 keV,..
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2.2.2.4 Limit and sensitivity

After settling the data processing and the signal response model, the data candidates are
selected as summarized in Tab. 2.5. A post-unblinding event-by-event waveform check removes

two spurious events (Fig. 2.13) in Run 11. The final number of candidates is 1220.

Cut Run 9 Run 10 Run 11
All triggers 24502402 18369083 49885025
Single S2 cut 9806452 6731811 20896629
Quality cut 331996 543393 2708838
DM search window 76036 74829 257111
FV cut 392 145 710
BDT cut 384 143 695
Post-unblinding cuts 384 143 693

Table 2.5: Number of events in Runs 9, 10, and 11 after successive selection cuts.

Without any excess found for ST WIMP-nucleus scattering search, limits and sensitivities
are set with PLR analysis, which is introduced in detail in section 6.4.1. Instead of simply
dividing the data into three runs, we separated the data into 14, 4, and 6 sets in Runs 9, 10,
and 11 (so n runs up to 24), respectively, according to different operating conditions, such as the
drift/extraction fields and electron lifetime, which affect the expected signal distributions. The
PDFs for signals and backgrounds are extended to four dimensions (S1, S2, r, z). Except for
the surface background, the signal distributions of DM and other backgrounds are treated to be
independent from their spatial distributions. The distribution of the candidates can be found in
Fig. 2.14.

The best fit of the candidates for a 400 GeV/c? WIMP is provided in Tab. 2.6. The result of
PandaX-II complete data set can be found in Fig. 5.31. A more intuitive view of how much the

candidates look like backgrounds and DM is shown in Fig. 2.15.
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Figure 2.13: (a) The full waveform of event 167193 in run 20922. The second small S2 was split
into a few S'1s in our clustering algorithm, so that it was incorrectly recognized as
a single scattering events; (b) The partial waveform of event 112727 in run 22940.

Two of the three hits in the reconstructed S1 are due to the coherent noise pickup in
channel 10506 and 10507.
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ER Accidental Neutron Surface Total fitted Total observed

Run 9 381.5 2.20 0.77 2.13 387 £ 23 384
Below NR median 2.7 0.46 0.37 2.12 5.6 £0.5 4
Run 10 141.7 1.08 0.48 266 1459416 143
Below NR median 1.7 0.24 0.22 2.65 4.8+£0.6 0
Run 11, span 1 216.5 1.04 0.60 6.24 224 £ 22 224
Below NR median 4.2 0.32 0.32 6.22 11.1+1.1 13
Run 11, span 2 448.2 1.60 0.92 9.58 460 £ 35 469
Below NR median  8.26 0.50 0.50 9.54 188 £ 1.7 21
Total 1187.9 59 2.77 20.6 1217 £+ 60 1220
Below NR median  16.8 1.52 1.42 20.5 40.3£3.1 38

Table 2.6: The best fit total and below-NR-median background events in Run 9, Run 10 and Run
11 in the FV with the signal model m, = 400 GeV/c?. The BNM backgrounds are
estimated with the PDFs.

2.3 R&Ds in the PandaX-II finale

The schedule at the end of PandaX-II phase is presented in Fig. 2.16. Some of the hardware
R&Ds results have been published, including developments of injected calibration sources (*3™Kr [157]
and ?°Rn [27]) and a study on detector responses under different drifting electric fields [28]. The
unpublished work includes runs with low-gain PMTs for a better energy resolution in MeV scale,
the removal of CH;T after injection and a study of 2?2Rn emanation of the circulation system in
PandaX-II. During this period, some other hardware preparations for PandaX-4T upgrade are not
discussed in this thesis but listed in Fig. 2.16 such as new circulation pumps, a new trigger board

and a study on the cross talks among the PMTs.

2.3.1 End-of-run calibration campaign

Internal calibration sources are important to calibrate the uniformity of detector responses,

especially for ton-scale LXeTPCs.
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Figure 2.15: The normalized likelihoods of the most likely DM events for m,, = 400 GeV/c?.

2.3.1.1 83Ky calibration

83mKr was developed at the beginning of this century as a synthetic calibration source,
and has been widely used in different experiments nowadays for calibration in the keV-scale
energy window. But while we started to prepare for *3™Kr sources for PandaX, there was no
easy access in China. We followed the previous work [158] to generate and store the 8*Rb/®3™Kr
sources first with 3.5 MeV proton beams and then 20 MeV. As there was no available yield data
of 3.5 MeV protons bombarding on natural Kr (***Kr) for *Rb generation, we published the
work as a procedure to prepare very safe and soft-radioactive $3Rb/33"Kr sources with the yield
measured, which agrees with a phenomenological extension from higher proton energy data.

More details are presented in chapter 3.
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Figure 2.16: The schedule of the R&Ds and calibration data taking in the last running year of

PandaX-II.
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2.3.1.2 220Rnp calibration

220Rn provides electron recoiling (ER) calibration for LXeTPCs spreading very large energy
range, serving for detector calibration from keV to MeV scale as shown in Tab. 2.7 [27]. In the
energy threshold of LXeTPC (below 20 keV.,,), the continuous 3-decay mainly from 2'2Pb in
the chain can be fairly taken as a uniform distribution as shown in Fig. 2.17. Moreover, the

MeV-scale signals are important to validate the dark matter search detector for the Ov 33 search.

Isotope “Rm <Py  44Ph 212B; 4P
Half-life 55s 0.14s 10.6h 61 m 299 ns
Decay mode o o B B (64.1%) a

E (o) or Q-value [MeV] 6.288 6.778 0.574 2.254 8.784

Table 2.7: Decay data of ?2°Rn and its progenies.
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Figure 2.17: The wide energy spectrum of ??°Rn calibration data (red) compared to the data for
the dark matter runs (black) [27].

An ideal #2°Rn source is expected to introduce a significant amount of ?2°Rn with durable
amount of **?Rn (7} /> = 3.8 day) contamination. Three different ***Th-based sources are tested

with the PandaX-II detector (Tab. 2.8), among which the tungsten electrodes and lantern mantles
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both satisfy the ?*?Rn contamination requirement, and can be commercially prepared easily. The
filtration has been verified to avoid thorium particulate contamination with a 0.4 ym-rated gasket-
type filter and a 3 nm-rated filter mounted at the downstream of the source chamber, and a 0.4 ym-

rated filter at the upstream.

Campaigns 2017 2018 2019
Thoriated Source Tungsten electrodes Lantern mantles Coated resin
Duration [days] 35 20 2.1
Live Time [days] 18.9 11.9 1.3
Injected 22°Rn [Bq] 2.521 4 0.001 31.7+£0.3 45.5+0.2
Injected 222Rn [Bq] (1.60 £ 0.02) x 102 0.28 £ 0.04 6.140.1
220Rn from thorium 0.20£0.03 -0.01+0.06

particulate [uBq/kg]

Table 2.8: Overview of the 22°Rn calibration sources.

2.3.2 Different drifting electric fields in a large TPC

A high drifting electric field (> 1 kV/cm) is preferred to avoid the marginal effect at the
boundary of the TPC for a large fiducial volume. However, the growing size of TPC makes it
harder to reach such a high drifting electric field with the cathode high voltage (HV) often limited
up to —50 kV. The three drifting electric fields tested besides zero cover 317 V/cm (PandaX-II),
81 V/cm (XENONIT) and 180 V/cm (LUX) in Ref. [28]. The data taken to study the detector
responses include 9.4 keV. (33Kr), 32.1 keV,. (33"Kr), 41.5 keV.. (*3™Kr), 164 keV,, (331 Xe)
and 236 keV.. (1*"Xe and '2"Xe). Their light yields under different drifting electric fields
in the unit of photons/keV,., are compared to NESTv2.1.0 and other works in Fig. 2.18. The
uncertainties in Fig. 2.18 are mainly related to PDE which converts the observable S1 to photon

numbers. The spatial non-uniformity in the detector response can be traced by the 3™ Kr injection
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data as shown in Fig. 2.19 where the marginal effect starts to be non-negligible below 100 V/cm.
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Figure 2.18: Light yields measured by PandaX-II detector under different drifting electric fields
and different energy depositions compared with other works [28].
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Figure 2.19: The ®¥"Kr event distribution under different drifting electric fields (Zy = 0
corresponds to the liquid-gas interface) [28]. The magenta dashed lines mark the
fiducial volume for the dark matter search in PandaX-II. For clarification, the R>
refers to the horizontal position at the anode.
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2.3.3 Low gain in PMTs for ER signals in MeV

Hamamatsu R11410 3-inch PMTs are specifically designed for LXeTPCs to collect 178 nm
scintillation photons, and the materials have been screened for a low radioactivity. The normal
voltages over PMTs are optimized for responses in keV scale, and will have saturation effects
for energy depositions over about 200 keV,, where the waveforms are distorted (yellow line in
Fig. 2.20). For even higher energy depositions, digitizer saturation also appears with a truncation

(black line in Fig. 2.20).
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Figure 2.20: Examples of saturated and normal waveforms of PMTs. Yellow line: an asymmetric
waveform due to PMT saturation. Black line: an asymmetric waveform with

digitizer truncation. The others are norm waveforms [29].
Lowering down the voltages applied on PMTs leads to lower gains that are beneficial for
signals in MeV range like the O3 search. In PandaX-II data taking, the threshold of the single

photoelectron (SPE) is set at 20 ADC, which corresponds to 0.4 SPE in Run 9 and 0.6 SPE in

Run 10 for the voltages of PMTs tuning down gradually over time to avoid discharges [34]. In
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Run 11, 20 ADC is still preserved as the threshold but corresponding to various SPE for different
PMTs.

The lowest averaged gain reached for the PMTs in this R&D is 7 ADC/PE, which only
presents a slightly better energy resolution if no extensive efforts are put in. The energy resolution
of 2%TI at 2615 keV reduces from 6.95% to 6.45%. Later studies reveal that a better energy
resolution can be reached after optimizing the lower-level data processing including the clustering
algorithm and desaturation of the waveforms with rising edge of the S2.

The Ov 33 search with PandaX-II data was published without lowering gains in PMTs [29]
which puts a lower limit (90% C.L.) on the Ov33 decay half-life of *Xe as 2.4 x 10% yr,

corresponding to an upper limit an effective Majorana neutrino mass mgs < (1.3 — 3.5) eV/c?.

2.3.4 CHj3T calibration

CHj3T was first injected into PandaX-II detector at the end of Run 9, which became one
major ER background afterwards. The Getter (hot purifier) with a hydrogen removal unit at the
downstream was expected to remove CH3T to negligible level but failed to. In PandaX-II, a
tritium removal compaign was done with the distillation of xenon and a nitrogen flushing of the
detector heated up to 80°C. The total ER backgrounds below 10 keV .. were reduced by half.

The goal of this R&D is to keep the contamination of CH3T calibration lower than 0.1 uBg/kg
in the PandaX-II detector by loading methane (CH,) before injecting CH3T and extracting liquid
xenon for more efficient purification. Figure 2.21 sketches the circulation for methane and
tritiated methane. As shown in Fig. 2.22, methane was first injected into detector to coat the

surface of the tubes and vessels. The amount of CH, was monitored with xenon samples extracted
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out which measured by residue gas analyzer (RGA). However, the first group of tritium injected
was not fully reduced to the required level by directly monitoring the total event rate in the low
energy window. Also the two later methane injections clearly brought more tritium into the

detector, especially the second jump in May, 2019 (Fig. 2.22).

Tritium
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getter \ 4 Liq uid
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‘ . . .
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Liquid + Gas Sampling Methane/
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Figure 2.21: The schematics of the circulation of the CH3T calibration R&D.

At least we learned that methane cannot protect the surface from absorbing CH3T, and
liquid circulation doesn’t dramatically enhance the tritium removal ability. Several scenarios
may explain the residue tritium after calibration which are not tested, including the possible dead
corners with trapping tritium or the purification of tritium with the Getter reaching equilibrium.
We observed that tritium dropped by itself while no circulation was on after mid-May, 2019
(Fig. 2.22), which means tritium started to separate in the liquid and gas spontaneously. After
turning circulation back on, a more-than-one-order drop of the low-energy event rate was observed

(Fig. 2.23), which means Getters are effective in reducing tritium but not enough.
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Figure 2.22: The time evolution of methane (blue, monitored by RGA) and tritium (green,
monitored by the low energy event rate). The thoron calibration refers to
228Th/?2°Rn sources injected into the detector.
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Figure 2.23: The time evolution of tritium after turning the circulation with hot purifiers on again.

2.3.5 222Rp without active circulation

The daughters of 22Rn are expected to be the major ER backgrounds in PandaX-4T. Recent
studies reveal that radon out-gassing highly depends on the temperature, which is naturally

suppressed under a low temperature [159]. Figure 2.24 tracks the change of ???Rn with 2!Bi-

63



214Ppg (B-ar) coincidence, where the the extremely high starting radioactivity was from the injected
228Th/??Rn source (magenta line marked in Fig. 2.22). Cooling bus was still working with an
estimated flow rate 10 SPLM. The stable radioactivity of ?*?Rn tracked by 2'*Bi-?1“Po was only
about one-third of the average Run 11 level, which verified the argument that components under
room temperature were the major >2Rn sources. Last but not least, the electron lifetime was

amazingly kept over 1 ms during the one-month silent run.
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Figure 2.24: The time evolution of ??2Rn tracked with 2!*Bi-?'“Po and the evolution of electron
lifetime after stopping the active circulation in PandaX-II.
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Chapter 3:  83Rb/%"Kr calibration for PandaX detectors

Since the recoil energy of the xenon atoms in the interaction with 100 GeV/c? WIMPs is
mostly below 10 keV.., it is very important to calibrate the detector response in this low-energy
range. In the PandaX-I project [160], ®°Co and ?*2Cf sources outside the detector were used
to calibrate the low-energy electron recoils (ERs) and nuclear recoils (NRs). While the detectors
become larger and larger, the non-uniformity of the spatial response should be considered seriously.
Gaseous calibration sources which generate spatially uniform distribution in the detector are
preferred. Tritium (77, = 12.3 y) carried by tritiated methane was used to calibrate the ERs
in PandaX-II [161], but there were problems in removing it completely. Gammas of activated
xenon are also used to calibrate the detector uniformity. However, these gammas have energies
over 100 keV,., and the gammas in the neutron calibration runs are mixed with NR events. We
need to find better sources to do the spatial calibration for future detectors.

83mKr (Ty/ = 1.83 h) is an ideal source to calibrate the spatial response in liquid xenon
(LXe). It has a long enough half-life such that we can inject it into xenon uniformly. On the other
hand, the half-life of 83" Kr is short compared with the detector operation time, so the source
only has a short-term effect on the detector. Moreover, the isotope has energy peaks less than
100 keV., which is close to the energy range we are interested in.

83mKr has been used as a calibration source for different experiments in recent years, such
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as tritium S decay experiments [162], electron-positron colliders [163] and a heavy-ion detector,
ALICE, at CERN [164]. An experiment at Yale University reported the first use of *™Kr in the
in liquid noble element detectors for spatial and energy calibration [165, 166].

Since ®™Kr is short-lived, one has to use the mother isotope, **Rb (T}, = 86.2 day), to
make sources, which decays into the excited energy levels of 33Kr through pure electron capture.
83Rb can be synthesized by protons bombarding on krypton or a-particles on bromine. “**Kr(p,
xn)®*Rb is preferred because it yields fewer unwanted radioactive isotopes.

According to the safety requirement and the accessibility of proton beams, we tried to
produce 3Rb with a 3.4 MeV proton beam at the threshold of " Kr(p,xn)**Rb, even though the
experimental data on the reaction below 5 MeV did not seem to exist. The radioactivity level
of #mKr in PandaX-II detector is the best at several tens Bq during calibration. This intensity
can provide several hundred thousand events within one day, which is statically enough for the
correction of the spatial response. Meanwhile, the activity is low enough to sustain a high trigger
efficiency of the data acquisition system. Because the half-life of ®*™Kr is long enough compared
with the time in the pipes before entering the detector, we expect that a significant amount
of 83mKr decays inside the detector. Moreover, 74% of the %*Rb decays produces ®*™Kr, and
therefore, a ®3Rb source on the level of several hundred Becquerel should be sufficient.

83Rb is a synthetic radioisotope that can be produced by proton beams bombarding natural
krypton with peak production rate at around 20 MeV proton energy. Due to limited access to such
a high energy proton facility in China, a lower energy proton beam was used first. We successfully
produced ®*Rb/**"Kr with the 3.4 MeV proton beam at the China Institute of Atomic Energy, and
reported the first measurement of the yield of the "**Kr(p, xn)**Rb reaction for proton energy

below 5 MeV. Another production performed with a recently available 20 MeV proton beam at
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the Institute of Modern Physics, Chinese Academy of Sciences is discussed in this chapter as
well.

The injection test of 83Rb/*™Kr in the PandaX-II detector was carried out in the R&D
stage at the end of PandaX-II. A calibration module is constructed to induce the radioactive gas
into PandaX-II detector. The rubidium carried zeolite source is put in a chamber mounted with
filters, which is implemented in the circulation loop of the PandaX-II detector.

It is important to make sure that the injection of ®™Kr does not contaminate the detector.
Rubidium isotopes, including 33Rb, 34Rb and %°Rb, will cause low energy ERs for months if
they enter the detector. Moreover the zeolite carries electronegative gases that may affect the
electron lifetime in xenon for days as reported by [167]. Our calibration module succeeds in
inducing ™Kr into the sensitive volume during calibration, and no significant contaminations
were noticed. The upper limit of the **Rb leakage is 5 zBg/h at the 90% confidence level (C.L.).
No significant drop of the electron lifetime has been observed.

This chapter is largely follows the publications [157] where the author is one major contributor.
The bombarding chamber design and experiment setup to produce 3>Rb/%"Kr with 3.4 MeV and
20 MeV proton beams are demonstrated in section 3.1 and 3.2, respectively. The contamination
tests before the first injection are described in section 3.3. Some short analyses with the 83" Kr
events are presented in section 3.4 including the energy spectrum and half-life as well as the

contamination evaluation.
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3.1 Production of ®*Rb/**"Kr with 3.4 MeV protons

In this section, we describe the generation of 3 Rb/**™Kr by the 3.4 MeV proton beam at
the China Institute of Atomic Energy, although no data with proton energy lower than 5 MeV
for "*Kr(p, xn)®3Rb is found in the literature. We first present our theoretical expectation on the
yield. Then we describe the design of the target cells in details. Following this, we report the
storage and measurement. Finally, we compare the measured yield of "**Kr(p, xn)®*Rb with our

theoretical analysis.

3.1.1 Theoretical consideration

natKr(p, xn)®Rb data reported before have proton energy higher than 5 MeV. As the
theoretical energy threshold for the reaction ®3Kr(p,n)%3Rb is 1.7 MeV, it is possible to produce
useful 83Rb/**™Kr sources with the 3.4 MeV proton beam.

According to the textbook [168], the cross section near the reaction threshold is proportional
to the velocity of the proton. But the data don’t fit the simple theory, so we relax the power of
the proton velocity as a new fitting parameter to extend the former work to the range under
consideration. The fitting of the "*'Kr(p, xn)**Rb yield is based on the data in [30, 31, 32] using
the function y = a - (E — Ey,)®, where y is the yield, Ey, is the threshold of the proton energy,
and a and b are fitting parameters. This work is also overlain on Fig. 3.1 which will be discussed
later. According to the analysis, 1 A protons bombarding on 1 bar natural krypton for several
hours can generate several hundred Becquerel ®*Rb.

Besides *’Rb, the appearance of *°Rb (T, = 18.6 d) is also expected because the threshold

of the proton energy for 8Kr(p,n)**Rb is 1.3 MeV. Based on the data in [30, 31], we expect the
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thick target yield of "**Kr(p, xn)*Rb with 3 MeV protons is in the range [0.17, 1.6] MBg/C.

Figure 3.1:

Figure 3.2:
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This measurement compared to the theoretical extensions on the yields of proton
beams bombarding on 1 bar *Kr according to former works [30, 31, 32] for ®3Rb.
The lines are fitted with the function y = a-(E — Ey;,)°, where y is the yield, Ey, is the
threshold of the proton energy with a unit of MeV, and a and b are fitting parameters.

(a) The whole view of the first "®Kr chamber. (b) The whole view of the second
1atKr chamber. (c) The Al window. (d) The positions where we used PTFE gaskets
to electrically insulate the " Kr chamber (the middle flange is the Al window) (e)
The inner Al dump with Kapton tape wrapped to avoid possible activation of stainless
steel. (f) The wrapped bolt and the paper gasket to insulate the ***Kr chamber.
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3.1.2 Design of the target cells

In this work, two target cells are prepared for the proton beam bombardment (Fig. 3.2). The
first one is studied in detail in the next subsection and the other serves as the calibration source
to be used in section 3.3. The details of the target cell design are presented here.

(I) We use a 20 pm aluminum (Al) foil as the window to separate the gas and vacuum based
on the work in [158]. The diameter of the window is chosen to be 10 mm, which prevents the foil
from breaking due to the force on the edge. This design is able to hold at least 1.5 bar pressure
drop.

(II) In order to monitor whether the beam hits on the Al foil, the current of the **'Kr
chamber to the ground during the bombardment is measured, which requires the "*Kr chamber
to be insulated to the upstream part. We used polytetrafluoroethylene (PTFE) gaskets to seal
the CF35 flanges instead of copper gaskets. Moreover, the bolts and the flange are wrapped by
Kapton tape (Fig. 3.2(e)). We use paper gaskets to insulate the stainless steel (SS) bolts and the
flange, as shown in Fig. 3.2(f).

(III) The Al foil may be potentially melted due to the energy deposition of the proton
beam. The heat effect was estimated to check whether water cooling is needed . According to
the stopping power of proton in Al provided by PSTAR [33], 3.4 MeV proton beam deposits
0.4 MeV in 20 um Al. A conservative heat estimation is done by considering the conduction of
the heat. Assuming a 10 pA proton beam with a 2 mm diameter and 300 K room temperature
boundary condition, the equilibrium temperature at the center of the Al foil is 360 K, which is far
below the working temperature limits of both PTFE and Al. Hence a simple target cell without

water cooling is enough.
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(IV) To determine the length of the target cell, we calculate the effective penetration length
of the proton beam in " Kr, with the stopping power ‘fl—f from PSTAR [33]. The effective reaction

length is calculated by taking the numerical integral

L /3 Y e s G.1)
eff fr— E— = . cim. .
1.7 MeV dE

Hence the target cells with 10 cm are long enough.

(V) An Al dump is put in the target cell (Fig. 3.2(e)) to avoid activation of the stainless
steel. The smaller the atomic mass of the dump element is, the fewer the products are generated
during the bombardment. Also Al has a higher thermal conductivity compared to SS. The side
close to the window for the Al dump is insulated by Kapton tape.

The beam bombardment was taken place on Jun 20, 2018 from 9:50 am to 10:29 am for
the first chamber and from 12:05 pm to 15:00 pm for the second one . Both had 1 bar krypton
gas inside. The average proton current was 1.5 pA for the first cell, and 1.6 ©A for the second.

The operation was stable.

3.1.3 Preparation and measurement of the 33Rb/%"'Kr sources

After the bombardment, the target cells were exposed to air before further processing to
ensure the rubidium was fully oxidized. The first cell has three parts: the Al window (include
the foil and the flange), the Al dump, and the CF35-straight tube. Different parts of the first
target cell were washed by 60 ml to 150 ml deionized water separately, to study the distribution
of the 83Rb produced. Zeolite beads (Merck 2 mm diameter, 0.5 nm molecular sieve) were used

to absorb rubidium in each solution. The solutions were gently heated in water bath at 70~80°C
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until dried. Then the zeolite was baked at 300°C under pumping for further degassing. It was

finally stored in a sealed plastic bag (Fig. 3.3).

Figure 3.3: The storage of the baked zeolite.

After being degassed, the zeolite samples were measured by a germanium detector at
Shanghai Jiao Tong University which moved to CJPL later (JP-II). The spectra of the samples are
shown in Fig. 3.4, and compared with the MC simulation done by the GEANT4 package [169].
The radioactivity estimated from each sample is listed in Tab. 3.1. The uncertainty of our
measurement is dominated by the detector efficiency of the detector, which is highly geometry-
dependent. Compared with the systematics, the statistical uncertainties are minor (generally 5%).

By measuring the gamma peaks of each part before and after washing, we determine the
transfering efficiency is (66+2)% for the Al window, (83£6)% for the Al dump, and (92+1)%
for the CF35-straight tube.

The rubidium distribution in Al window, Al dump and CF35-straight tube when generated

was separately 100 : 13 : 20 for ®*Rb, 100 : 23 : 19 for 84Rb, 100 : 12 : 18 for *Rb (the decay
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Figure 3.4: The comparison between the simulation and the measurement for different zeolite
beads samples. Sample 1, sample 2, sample 3 absorbs rubidium from the Al window,
the Al dump and the CF35-straight tube respectively.

Table 3.1: The radioactivity of the three zeolite samples on the date when they were measured.

Isotope Al window (Bq) Aldump (Bq) CF35-straight tube (Bq)
(Jul3012PM)  (Jul 18 12PM) (Jul 31 12 PM)

5Rb 534 £27 95+04 14.7+ 0.6
81Rb 3.68 £0.14 1.35 £ 0.06 0.95 £0.05
86Rb 62.6 £ 1.7 152 £0.6 153 £0.6

of the isotopes has been considered). According to the data, the rubidium was mainly produced

near the Al window.

To calculate the yield for the rubidium isotopes, the radioactivity of each zeolite sample in
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Tab. 3.1 is summed and corrected for the half-lifes of the decays and the transferring efficiencies.
The total radioactivity generated in the first target cell is 149.2 Bq for *3Rb, 18.3 Bq for 8Rb,
and 545.6 Bq for Rb, respectively. The charge of the protons used is 3.5 x 10~3 C. Therefore,
the thick target yield at 3 MeV (effective energy) proton bombardment is 0.041 MBg/C for 3Rb,
0.005 MBg/C for Rb and 0.16 MBg/C for 3°Rb.

The comparison between our theoretical analysis and the measurement of the thick target
yield for 8Rb is shown in Fig. 3.5. The thick target yield of 8°Rb is slightly smaller than the
prediction range. We observed 3Rb in the bombardment even though the theoretical threshold
of the reaction *Kr(p,n)**Rb is 3.46 MeV [30, 170]. The protons are accelerated with a tandem
pelletron (1.7 MV, Model 5SDH, National Electrostatics Corp.) [171], which has the highest
energy of incoming protons as 3.4 MeV with an uncertainty of 1 keV, which is below the
theoretical threshold 3.46 MeV. Theoretically, the *Kr(p,n)3*Rb reaction is unlikely to happen in

this bombardment.
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Figure 3.5: The thick target yield integrated for #3Rb. The black point marks our measurement
with 3 MeV effective proton energy bombarding on 1 bar "**Kr. The interpretation as
the thin target yield can be found in Fig. 3.1
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3.2 Production of 3*Rb/*¥"Kr with 20 MeV protons

Sustainable ®3Rb/**™Kr sources for three years requires a MBq level radioactivities for
the 86 day half-life of 3Rb. Moreover, to minimize the yields of other by-products is preferred.
According to the yields of rubidium isotopes for protons bombarding on "*'Kr in Fig. 3.6, a proton
energy at 20 MeV is the optimized energy to produce 33Rb/**™Kr sources. After the success with
3.4 MeV protons, we were able to convince Chinese ADS Front End demo linac (CAFE) at the
Institute of Modern Physics, Chinese Academy of Sciences with proton energy up to 25 MeV to

cooperate in the 83Rb/%3™Kr sources production.
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Figure 3.6: The thin target yields of rubidium isotopes with protons bombardments on "**Kr [30,
31, 32]. Plots from left to right are for 33Rb, 84Rb, %Rb, respectively.

3.2.1 Upgrading consideration

A higher proton energy needs a longer dumper, and more importantly, a more powerful
cooling system is potentially needed, which is the main consideration before starting the experiment
at CAFE. Following the track of the protons, the Al window, the **'Kr and the Al dumper all need
taking care of.
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3.2.1.1 Al dump

By putting in the stopping power of the Al, the energy deposited by one proton on the Al
foil is

Az

E=20 MeV

dE
Sln= <%>
Al

= 19.7 MeV - em?/g x 2.7 g/cm?® x 20 ym (3-2)

= 0.11 MeV.

Similarly, for a 20 MeV proton, the energy loss going through a 30 cm "**Kr cell under 1 bar is

dE
AFg, = | —
" (dx)Kr

= 14.9 MeV - em?/g x 0.0034 g/cm® x 30 cm (3-3)

- Ax

E=20 MeV

= 1.5 MeV.

The energy of the proton stays around 20 MeV after passing through the gas, so it is necessary to
put a dumper at the end of the target cell to avoid activation on the SS as discussed above For the

Al dump, the minimum length is

20 MeV
dz
Ly = — | dE =0.21 4
o= () e momen oy

by using the stopping power from PSTAR as shown in Fig. 3.7.
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Figure 3.7: The stopping power in Al as a function of the proton energy [33].

3.2.1.2 Heatload

The heat load is estimated with the maximum load of a f = 50 Hz proton pulse with

100 A and 1000 ps width of each pulse. The energy deposition on the Al foil for one pulse is
AFEy=0.11 MeV x 100 pA x 1000 us = 1.1 x 1072 J. (3.5)

Then the power is P = f - AFEy, = 5.5 W. The width of the proton beam o, is 1 to 2.5 mm and
the thickness of the foil is d = 20 um. The volume carrying the initial head load is V' = wdo? =
4.02 x 107 to 6.84 x 10719 m3. If we only consider the conduction only for the heat diffusion,
then the equations at the equilibrium are

P
K\WVT+—-=0, 0<r<o,
v , (3.6)

V*T =0, r > o,
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where Ky = 230 W/(m) is the thermal conductivity of Al. The radial analytical solution is

P r? P R
T(r)=— — In | — Ty, 0 -
(r) 4Kyrd o2 + 2K ymd . (ar) + 4Kgrd + 1o, sr=oe
, 3.7
P R
T(r)= In| — T ,
(T.) 2K07Td n <O'7-) _I_ 05 r>ao

where it is assumed that the edge of the Al foil connected to the CF35 flange is at the room
temperature 7y = 293 K with a radius R = 10 mm. The highest temperature is at the center of
the foil 7°(0) which is 447 K (392 K) for 0, = 1 mm (o, = 2.5 mm). The calculation actually
says the Al foil is strong enough and won’t melt.

However, to ensure everything functioning, CAFE sets a secure increase in temperature as
50 K, which requires external cooling. The 20 MeV proton beam with an average 5 1A current

creates a 100 W head load. The convention-only cooling power ¢ of the water is

G=he S-AT, (3.8)

where h. is the convection heat transfer coefficient and S is the contacting surface area. For
the Al dump (Al foil), ¢ ~ 100 (5.5) W and Sqump (fory = 1.19 x 107* m? requires h, >
1680 (84) W/(m? - K), which can be easily reached by the adjusting the flow rate up to 400 cm?®/s
of the water cooling system at CAFE.

Last but not least, my coworkers at CAFE helped to upgrade the PTFE sealing O ring to

indium wire sealing which would have a better heat conductivity.
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Figure 3.8: (a) The design (marked size in millimeter) and zoom-in cross sections for (b) the Al
window CF35 and (c) the CF35 connected to the Al dump.

3.2.1.3 CAFE target cell

Figure 3.8 shows the final design of the target cell with zoom-in cross sections for the Al
foil CF35 holder and the CF35 connected to the Al dump which reveals the water cooling loop.

The assembled target cell ready to be connected to the accelerator is shown in Fig. 3.9.
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Figure 3.9: The assembled target cell for the 20 MeV proton bombardment.

3.2.2 Production

The experiment at CAFE was carried out on Dec. 2, 2018 to Dec. 7 2018 at CAFE
with an average 1 uA 20 MeV proton beams. Multiple *3Rb/®*™Kr sources from several kilo
to mega Becquerel were obtained in the processing procedure. The Al window and the target
chamber were washed by deionized water separately (the chamber was washed three times). The
radioactivity ratio of the final zeolite samples is 1%¢ : 2°¢ : 3 : window = 1 : 0.050 : 0.0032 :
0.052. The transferring efficiency of the main target chamber in one wash was determined to be
90% as before. The strongest 8>Rb/*3™Kr source obtained is approximately 10 MBgq.

The initial proton energy calculated with the time of incident protons flying through a
2.47 m vacuum chamber is 20.37 £ 0.03 MeV. The 1.4 MeV proton energy loss in the 25 cm
target cell filled with 1.1 bar krypton gas dominates the energy spread in Fig. 3.10.

We validate the systematic uncertainties by measuring the detecting efficiency of a millimeter-
scale source. Compared to the rubidium sources, the cylindrical shaped calibration source with
a 3 mm radius and 6 mm height is small enough to be regarded as a point source. The typical

size difference among the ®*Rb/%3™Kr sources is 3 cm. According to the measurements with
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the calibration source, a 3 cm horizontal deviation to the surface center reduces the detecting
efficiency to 60% and a 3 cm vertical deviation to 40%. Therefore, the systematic uncertainties

are set to 60% in Fig. 3.10.
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Figure 3.10: Comparison of the (a) "'Kr(p, xn)**Rb, (b) "*'Kr(p, xn)**Rb and (c)

natKr(p, xn)*°Rb cross sections at 20 MeV between this work and previous
measurements [30, 31, 32].

3.3 Contamination tests before injection

We made a calibration module, consisting of 30 Bq ®*Rb absorbed by 1 g zeolite and a SS
chamber with three standard CF35 flange connections with two mounted by 0.2 xm membrane
filters (Merck, FGLP01300) for injection, and the other one by a 0.1 mm SS filter for pumping.
The location of the module in the PandaX-II circulation loop is shown in Fig. 3.11 and marked
with the dash line. There are two by-passes (V14 and V15). One is used for vacuum pumping
because both ends of the 83Rb/*™Kr source have 0.2 um filters. The other is used for by-passing
the total calibration module in the LOOP2. The 3¥"Kr-carried xenon flows into the detector
directly after passing the heat exchanger, guided by the blue arrow route in Fig. 3.11.

Two kinds of contaminations can be potentially brought into the detector by the rubidium
sources. One is the radioactivity due to rubidium leakage, which can cause ER backgrounds for
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Figure 3.11: The schematic of the purification system for PandaX-II. The orange arrows indicate
the purification LOOPI for daily purification. The blue arrows show the LOOP2
which induces ®¥™Kr into detector. The red arrows form a self-circulating route
in LOOP2, reducing electro-negative gases released by the source before injection
with the help of Getter 2. The black dash line marks the calibration module.

months. The other is the electronegative impurities in the zeolite beads, which may result in a

significant drop of the electron lifetime in LXe.
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To keep the radioactivity contamination in the acceptable range, flushing and vacuuming
tests are designed to validate a ten-hour safe injection for the 30 Bq ®*Rb source. To prevent a
significant drop of the electron lifetime, the residues of zeolite under vacuuming must meet the

inlet requirements of the Getter used to purify the electronegative impurites.

3.3.1 Radioactivity contamination test

When xenon passes through the calibration module, it may wash off rubidium atoms,
carrying them into the detector, resulting in ER backgrounds. In our recent published paper [34],
the total ER backgrounds in the PandaX-II detector in the WIMP search window (0 ~ 10 keV) is
0.79 £ 0.16 mDRU (1 mDRU = 103 events/day/kg/keV). We set 0.1 mDRU as the maximum
acceptable contamination from %3Rb.

We use a Monte Carlo (MC) simulation program with GEANT4 package to estimate the
contamination of rubidium isotopes in the PandaX-II detector. Based on this, we calculated the
acceptable level of the calibration module and conducted flushing and vacuuming tests to check.

The PandaX-II detector is breifly summarized here again for a quick view, and more details
can be found in Chapter 2. The detector contains a dodecagonal time projection chamber (TPC),
which has two arrays of photomultiplier tubes (PMTs), one in the gas phase on the top and the
other immersed in the LXe at the bottom. The TPC is surrounded by PTFE walls, inside which
there is the sensitive volume of the detector. A typical radioactive event in the LXe generates
photons detectable by the PMTs promptly. Ionized electrons drift upward through a vertical
electric field (400 V/cm), and produce the second scintillation signal under the extracting el