ABSTRACT

Title of Dissertation: Searches on Weakly Interacting Massive Particles
and sub-MeV Fermionic Dark Matter
in PandaX-II and PandaX-4T

Dan Zhang
Doctor of Philosophy, 2022

Dissertation Directed by: Professor Xiangdong Ji
Department of Physics

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
chambers (LXeTPCs) have led the most sensitive searches on the GeV-scale spin-independent
WIMP-nucleus scattering cross section for years because of the strong background suppression
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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"MKr 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 83MKr events, I present the developments on the horizontal position construction algorithms
in PandaX-II, which is important to fully take advantage of the self-shielding ability of xenon,
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detector response modeling more robustly. The methodology is applied on the spin-independent
WIMP search to prove consistency with the template morphing method. Then, I conduct a search
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 CDM) 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 succe<3DM 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 uni ed 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 ducialization. Collecting scintillation
and ionization 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 ampli cation. In the near future, the scienti c
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 rand@ °to 10 # eV, the possible mass range can be as smalhad 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 rst. 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, |

brie y 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. | 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 distaneghout any dark matter

should be:
r

GM (r)
r

v(r)= : (1.1

whereM (r) is the total mass in the sphere with radiysvhich should have been approximately
eqgual to a constant whenis 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 greatdiowever, as typical rotational curves in Fig. 1.1 [3]
show, the velocities appear to be at wheincreases. 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.

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 ux 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
Vo (=238km/s) the galactic escape velocity. and the sun's peculiar velocityec. 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 speci ¢ directions are
preferred. These work may be used to re-interpret the direct detection data with the SHM. But
generally, itis more suggested to stay with the SHM to make the results of different collaborations
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comparable.

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 pro les 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 pro les 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 re ects 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 th€DM. The latest result released phanck [6] updates
the relic densities of baryon matter and DM in the ba§&¥bM to

oh? = 0:0224 0:0001
; (1.2)

ch?=0:1204 0:001
where the ,and . are de ned as the ratio of the baryon density and DM density to the critical
density for a at universe, respectively, ahg= 0:674 0:005 is the Hubble constant with a
unit of 200 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



Figure 1.4: The temperature angular power spectrum releasgidibgk 2018 data [6]

position of the rst 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 rst peak is strongly correlated to the baryon density. The disappearance of peakk at the
larger than 2000 is due to the silk damping, which corresponds to a higher red saiie the

photon energy density is larger than the matter. If the the photons diffuse away, the amplitude of
the uctuation will be severely reduced because a noticeable fraction of the baryon and photon
densities uctuating together via adiabatic uctuations. 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 con ne the allowed parameter space of DM

models.



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 patrticle is the Massive

Compact Halo Objects (MACHOSs).

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 tf@afl) 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

8



density . in Eq. 1.2 can be explained by a new particle with a n2§500) 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 nal 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/&. 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 10 2° c?. The supernova SN1987A cooling [79] excludes some parameter space
at a much smaller cross section region betweerf18nd10 ° cn?.

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
aroundO(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 5¢/&gr and a CCD silicon detector with an
exposure of 1 kgear and a dark current rate (10 ’) counts/pixel/day to reachO 4! cn?
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 th&.5 keV unidenti ed excess in X-ray spectrum from

10



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 pro les 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-de ned 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 requir®(d) meV energy
threshold. The promising experiments in the next generation experiments including 3D Dirac
materials [61], graphene trapping [100] and ne 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 wi(1) keV energy threshold [101].

In chapter 7 of this thesis, | 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 ! [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 particlenf > 10° GeV/) can be a suf ciently good DM candidate.

DM candidates with mass close to the grand uni ed 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 patrticle 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 patrticles, 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 as 0.3 GeV/crhand a DM ux around 250 km/s, the de

Broglie wavelength of a very light DM is

22 6
2 - 0:48 kpc 10 eV 250 knes 149 km 10 °eV 250 km:s: (1.3)
m v m Y, m v

dB

The number density estimated withg is

_ 3 10 ev=cm®

n = m— - , (14)
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which leads to the number of DM particles in the volungg to be

10V, (250 knws,, (L5)

Neg=n 3=
ae = (— v

If m 10eV, the DM is better described by classical waves similar to photons described by
the electromagnetic elds. 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 eV and fuzzy CDM [104]in10 2?2 10 ?° eV. A wave-like DM between these two
ends is also a suf ciently 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].

Figure 1.5: The axion search with the decay channal bf  limits on the effective coupling
constang, [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 con rmed in 1960s [107, 108, 109], it
became intuitive to predict a CP violation phas@a the SU3) strong interaction. The should
be a number randomly selected from to and very unlikely to be extremely close to O,
but is constraint by the neutron electric dipole moment as 10 °. A new spontaneously
broken global symmetry U(k) was proposed by Helen Quinn and Roberto Peccei [64] in
the late 1970s to solve the problem. Briey, while the universe cools below the symmetry-
breaking scalé,, a new vacuum expectation value leads to a ngw= 0. This pseudo-Nambu
Goldstone boson of U(dy is 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(5).

QCD axion often refers to the mass range from 1 to 180. If the PQ symmetry breaks
before the in ation, the relic axion abundance is only related to the mass of the axion eld and
the initial which is the same throughout the whole universe. Then the CDM can naturally
be explained by an axion mass aroudll) eV. In the post-in ationary scenario, different part
of the universe will have different values of the initiakandomly selected between and .

Most theoretical calculations predict that the axion mass irfQfi100) eV range.

Axion Dark Matter eXperiment (ADMX) [8] is the rst 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 eld under
a temperature below 100 mK. Josephson Parametric Ampli ers (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 8¥ can be searched with the haloscope

which is about a matter of time.

Figure 1.6: Zoom-in AMDX's 90% C.L. upper limits og, [8].

For the high mass end which corresponds to higher resonant frequencies and smaller resonance
wavelength, it is more dif cult 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
eld 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 rarige?? to 10 ?° eV, can explain
the small scale observations (10 kpc) which is problematic for CDM. Th®(1) kpc 48
prevents the density to increase sharply within the small sealé kpc). Moreover, the DM
relic density can be naturally explained by a fuzzy DM with a decay lehgtlose 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 pro le in the dwarf satellites [111], the abundance of the dwarf galaxies [112], the
matter power spectrum viewed by the Lymarferest [113]. In general, the mass region over
1 10 2 eVis not excluded.

In this wide mass range betwe&f 2° to 10 © eV, the ALP with 1 to 10 neV is actively
searched by ABRACADABRA-10cm [114] on tlig  with the RLC resonance. The preference
comes from the , scale on the GUT scale arourdd'® to 10'® GeV. Figure 1.7 shows the
projection of the future family expriments of the upgraded ABRACADABRA-10cm including

DMRadio-50L, DMRadio-50L-rand DMRadio-GUT [115].

1.2.3 Massive Compact Halo Objects

MACHOSs [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 searchingffpon 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.
PBHSs could form through the gravitational collapse of density perturbations during in ation
while the whole universe was dense. These astronomical objects can be searched observationally
by gravitational microlensing, gravitational wave detection, and pulsar timing am&ys 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,
| would like to introduce the experiments that are promising to hunt WIMPs with different

channels.

17



Figure 1.8: Existing limits on the DM fraction vs PBH mass (blue for more conservative
assumptions and gray for less) and selected projections for future expectations

(gold) [9].

1.3.1 Direct detection

Figure 1.9: The status of the spin-independent WIMP-nucleon cross section unitl April 2021
(PandaX-4T commissioning data and the rst result of LZ are not included on this
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 tpeaeexposure 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 thési¥he mass range of WIMP around
100 GeV/@ is strongly constrained by the LXeTPCs including XENON100 [117], XENON1T [56],
LUX [55], PandaX-Il [34], PandaX-4T [2] in the past decade, because of the coherence factor
AZ (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 trangfezompared to xenon which is often factorized in
a nite form factor related tay. 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 CaWgare 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 §2-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 ef ciencies, 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 rst science run result which put the strongest limit on
searches for the standard thermal relic WIMPs
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nucleus scattering (CENS) [120], which is often called as "neutrino oor' 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 plotis the solar neutrino ux. By adding other astrophysical origins of the neutrino ux, 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].

(@) (b)
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-Il 56 tatanyeexposure
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 lakgeoherence 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 Sl case. The
strongest direct detection limits on the WIMP-proton interaction is from PICO-60 [122] which
builds a bubble chamber with target asFg, and their complete data set has it 10 4 cn?

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 includeays, neutrinos or charged comic particles on the nal
states. The standard WIMP mass range is correlated totag 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 pro le 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 thay 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.

(a) (b)
Figure 1.11: (a) AMS-02 positron (different channels labeled), Fermi-LAI 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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* in the DM decay that can create high energy neutrino ux 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.

Figure 1.12: The projected sensitivities on antideuteron uxes as a function of the kinetic energy
per nucleon of AMS-02 after 5 years of operation and GAPS after three 35-day
ights 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 channelse{e ,e"e , * and etc.) with the position ux 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 halasjs often used instead of 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 ngerprint-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 quauk of the mediator, the mediator type and mass, the coupling
constant to the generatiorg and the DM massn . 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 lliminosity presents
the strongest SI WIMP-nucleon scattering for the 1 GEWIBMP searching on the production
of one Z boson with an invisible intermediate mediator decaying into a pair adn the nal
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 tine 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 (157sflarching on

the leptonically decaying Z boson with on the nal states, which is also constraint with the
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missing transverse momentum.

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 elds. 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-1l, 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 IfR&Pb in the?'°Pb decay. ER
events generally include particles, X-rays and-rays, whose responses share similarities if it
is single-site. The decay 8#™Kr which includes an intermediate state with a half-lifg, =
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 th&Rn decay chain is the most important background limiting
the sensitivity for PandaX-4T.

A TPC is able to collect a prompt scintillatioBl and a delayed ionizatio82 of the
recoiling, and the property &2=S1 presents a strong power to separate the major ERs from NRs
as is shown in the right plot of the Fig. 4.31 is from the decay of the excited dimers Xeack
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 singlBt-{ = 4 ns) and triplet statesl(-, =
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Figure 1.14: A schematic view of a LXeTPC [16].

21 27ns) have different half-lives can also be utilized to distinguish different recoiling types by
different ratios of the excited singlet and triplet states viaShenly pulse shape discrimination
(PSD) [128]. However, the smaller difference in the half-lives makes PSD much less effective in
comparison to th&2=S1 ratio.

The ionization signab2 doesn't count the part recombined back into scintillation right after
the recoiling which is effectively counted 81 instead. The ionized free-electrons are drifted
upward in the electric eld applied which should be ideally higher than 500 V/cm but ton-scale
detectors have veri ed that a drifting electric eld as low as 100 V/cm is suf cient [28]. Since
the electrons moving upward may be absorbed by electron-negative gases, the electron lifetime

e (usually has a unit of s) 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 eld to generate the proportional scintillation which typically higher
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than 1 kvV/cm and lower than the avalanche eldNIV/cm). This delayed scintillation is the
so-calledS2.

The recoiling energy is reconstructed w&th andS2 which sums up the part of scintillation
and ionization yields after ef ciency corrections. ERs have most energy deposited in these two
channels, but for NRs, taking a 50 kg\fecoiling as an example, 80% of the recoiling energy
is converted into heat and not detected by the LXeTPC. For clari cation, the equivalent electron
recoiling energy is used with a unit keVand the NR energy with key .

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 rst dynode of the PMT
is recalculated with a unit de ned as photoelectrons (PEs). With the PMTs typically holding
30 3%% quantum ef ciencies, the energy threshold is aro@{d) keVee by accounting for the
work function of LXe about 13.7 eV and the detectability®fl) PE inS1 andO(1) electrons
converted fronB2. The details of the energy reconstruction based on the noble element simulation

techniques (NEST) is presented in chapter 6.

1.4.2 Advantages

Besides th&2=S1 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.

1.4.2.1 A large atomic mass in Xe

The average atomic mass of natural XeAis= 131:3, which is larger than many other

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

S =Az S 16)

where 7' is the SI WIMP-nucleon (proton/neutron) cross sectionis the reduced mass of the
WIMP-nucleus system and, 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 ducialization

A reliable position reconstruction of the events makes the self-shielding of LXe effective.
The delayed time 062 is used to reconstructed the vertical position with the known drifting
electron velocity. TheS2 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 eld is so low that the
electron clouds shift inward while reach the gas phase, with a reliable map of the static electric
eld 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 snt® 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 ducialization. More details about the horizontal position reconstruction can be

found in chapter 4.

1.4.2.3 Viablan situ puri cation

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 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
suf cient 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 (CHIT). In the PandaX-Il stage, after using €Has a ER calibration source, they stayed
in the Xe with a non-negligible level. But because of a large mass different betwegh &id
Xe, it can be reduced via distillation.

The long-lived noble-gas radioactivities compared to the detector operation can be notorious,
including®Kr and??2Rn. Distillation can separate different components with the differences in
the boiling points, and has been used to effectively reduc&#rdevel in PandaX experiments
as well as XENON. The activated charcoal has been used to redu®&thevel as well ag??Rn
in LUX and LZ.

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

technology developed to reduce the radioactivities can be applied right away, which brings the

29



potential to reach a background level dominated by the irreducible physics backgrounds from

solar neutrinos and double decays #¥e.

1.4.3 Double beta decay searches with Xe

Two-neutrino double beta decay (2 ) 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.
EXO-200 [130] has successfully measured the rst 2 ever seen with 80% enrichéd®Xe.

Also, the double-decay df*Xe reported by XENONL1T [131] is the longest lifetime measured
directly. The2  of 13*Xe can also be searched with ton-scale LXeTPCs [132]. The measurements
of 2 half-lives are important for understanding nuclear structure models better.

The success &f measurements also pave the way to search for neutrinoless double beta
decay (0 ), which is another important rare-event search for new physics. After the neutrino
oscillation is measured, the neutrino mass becomes the rst veri cation of new physics beyond
SM. Then, the 0  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 Owith enriched!*®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 nal analysis with the complete PandaX-Il exposure and the R&Ds in the season
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nale of PandaX-Il. Chapter 3 presents the details about®Heér calibration including the
generation with the proton bombardment on natural krypton, and the injection into the PandaX-

Il experiment. Chapter 4 describe the development on the horizontal position reconstruction
algorithms with the help of*™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 pro le 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-Il experiment

This chapter mainly introduces the China Jinping Underground Laboratory (CJPL), the
PandaX-Il nal 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 scienti ¢ data at CJPL with a 6800 m.w.e shielding [53, 54].
PandaX collaboration was established back to 2009. PandaX-I, the path nder, took more than
5 years before taking data, with details presented in the dissertations [134, 135, 136, 137, 138,
139, 140, 141, 142]. PandaX-Il 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 puri ed germanium detectors (HPGes) [150]. PandaX-4T
has published the commissioning data result on GeV-scale WIMP search in 2021. Designs of
PandaX-1 and PandaX-Il mainly focus on the energy window below 10Qd&eWandaX-4T
upgrades include designs for search on neutrinoless double beta G@ecay yith O(1) MeV

energy deposition. PandaX-lll focuses on searchin@for 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 nal
analysis of PandaX-Il. 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.

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 | and Il occupies 400§ and 330, 000 iy respectively. CIPL-Il 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-Il was built in CJPL-I, and PandaX-4T in the B2 hall of CJPL-II.
The cosmic muon ux at CJPL-I measured by JNE Collaboratio(@Bi§1  0:19%;
0:10ys) 10 *°cm 2s ![151], which is the second smallest, being slightly higher than Sudbury
Neutrino Observatory (SNQB:31  0:0Ly  0:09ys) 10 *°cm 2s ! [152] w.r.t. existing
measurements. The estimated muon ux with Monte Carlo (MC) simulation of CIPL(213s
4:0) 10 %cm 2s !, which means two muons per meter square are expected to reach the lab

every week.

2.2 PandaX-Il nal analysis

In this section, the hardware of the PandaX-Il detector is rst reviewed and then the data
taking history. The nal analysis is more complicated because the deterioration of photomultiplier
tubes (PMTSs), 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-Il. The four dewar vessels to retrieve 1.1 tonne
xenon can be seen besides the stairs, the cooling bus is on the second oor, 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-Il 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 -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
puri er. 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 ow 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
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Figure 2.3: Sketch of the PandaX-Il passive shielding

loops.

The sketch of the TPC can also be seen in Fig. 2.4. The PandaX-Il 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 de ned 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 pho&¥)sa6d delayed
electroluminescence photorfs?).

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-Il (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.

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-Il 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
scienti cally, background estimation and signal modeling before search for any suspicious exotic
features over the backgrounds. In this section, only speci ¢ handling for the long run data and
important parameters/results are presented, mainly following the publication [40]. It's suggested

to read chapter 5 rst 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-Il data processing chain. Speci ¢ handling is required
for the nal 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. 2.1

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 (LEDSs) inside the
detector by tting 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 1.4110° in Run 9 to 0.96 1¢° in Run 11. The LED calibration became
problematic for low-gain PMTs with SPE peaks close to baseline noises, leading to failed ts 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-Il nal analysis.
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(a) (b)
Figure 2.6: An example of gain correction to low gain PMTs. (a) $Sheharge distribution of
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 tB4 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 modi cation more than slight changes

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

1. The previousS2 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 gqSihad is calculated as

qS2ibad = qS2T g 1o XiY). 2.1)

imax ()
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