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The linear velocity of stars (rotation curve) in M33 (dots) compared with the
contribution of the stellar disk (short dashed line) and the gases (long dashed
line). The dash-dotted line is the contribution of the DM halo needed to explain
the observed rotation curve. Plot taken from Ref. [5]. . . . . ... ... ... ..
The image of a galaxy in the background is distorted into three arcs due to the
strong gravitational field of galaxy ESO325G004. Plot taken from Ref. [10] . . .
The Bullet Cluster 1E0657-558. Left: a blender of X-ray and optical images.
Right: the colored image of the Bullet Cluster and the weak gravitational lensing
contour (green). The left plot was downloaded from Ref. [15]. The right plot was
taken from Ref. [14]. . . . . . . . .
CMB map. Plot from NASA Website [25] . . . . ... ... ... ... .....
The temperature power spectrum of CMB. This spectrum represents the CMB
fluctuations on different angular scales. Top: the dots are the spherical harmonic
decomposition of CMB data, and the blue line is the fitting with the ACDM
model. Bottom: the dots with error bars are the residuals with respect to the
model. Different algorithms were used for the fittings of [ > 30 and [ < 30. Plot
is taken from Planck [21]. . . . . .. ..o Lo
The galaxy distribution in space from simulation vs data. The blue plots are the
structures observed in four different galaxies, and the red ones are the correspond-
ing simulations. The simulation successfully recreated the web-like structures and
the "Great Wall" structure. Plot were taken from Ref. [29]. . . .. .. ... ..
Comoving number density evolution in the history of the universe. Time is repre-
sented as x = m/T on the z-axis: as a simple explanation, the temperature of the
universe monotonically decreases, and thus, we can use 1/T" to represent time.
The solid line shows the equilibrium number density curve. The dashed lines
represent the different relic number densities with different annihilation cross-
sections. The larger the cross-section, the lower the relic number density. Plot
taken from Ref. [32] . . . . . . ..o
Mlustration of an LDM particle scattering off an orbital electron, deposition ¢
momentum, exciting the atom X into X*, in which the electron can be either
unbound or bound at a higher-energy state. N7 is the ensemble of the nucleus and
the electron cloud, except for the orbital electron participating in the scattering
process. Plot taken from Ref. [37]. . . . .. ... ... o000
Differential rate for LDM-electron scattering in different orbitals. The LDM par-
ticle is asummed to be 500 eV and with a nominal cross-section oye = 10738 em?.
The interaction is assumed to happen via a heavy mediator (Fpp; = 1).

DP absorption rate as a function of DP mass. " = 10715 was used. I used the
same rate calculation as presented in Ref. [52]. . . . . . .. ... ..o

ALP absorption rate as a function of ALP energy. goe’ = 1071 was used. I used
the same rate calculation as presented in Ref. [52]. . . ... ... ... ... ..

3D rendering of XENONnT TPC (left) and NV (right) [61]. . . .. .. ... ..
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A detail of the anode grid. It is composed of parallel wires that are 5 mm apart.
Besides them, four perpendicular wires (2 are shown in the picture) were added
to mitigate sagging. . . . . . . ..o
Photo of the XENONnT Experiment. Taken in the summer of 2022.. . . . . . .
Data taking during SRO. . . . . . . . . ..
[lustration of an event from energy deposition to S1-S2 production. Picture by
Dr. Lutz Althueser. . . . . . . . . . . . .
The FV (blue line) defined in the WIMP search [66], defined in the rz space.
The two dashed horizontal lines mark the z positions of the cathode and an-
ode. The boundary of the FV was carefully optimized to exclude the abundant
radio-impurity backgrounds at the outskirt of the detector (the faint black dots
clustered at the edge and top corner of the detector and at the bottom of the
detector near the cathode). Based on the population within the FV, we per-
formed the statistical inference based on the likelihood test and estimated the
probability of observing a signal induced by WIMP-nucleon interaction. There
was no significant excess observed during SRO of XENONnT. . . . . .. .. ..
Birk/Doke model and TT model combined in NEST model, overlayed with exper-
imental measurements. The blue dotted line is the TI model only, and the red
dotted line is the Birk/Doke model only. The TI model is effective at low energy,

while the Birk/Doke model works at higher energy. This is Figure. 5 in Ref. [76].

Example of waveforms of an S1-S2 pair recorded in XENONnT. The top right
plot is the response of the top PMT array to the S2 signal, used for reconstructing
the S2 zy positions, with a darker color indicating more light received. The gray
vertical lines mark the center of gravity of the waveforms, and the gray horizontal
lines mark the amplitude of the maximum of the waveforms. The time difference
between the S1 and the S2 is shown in the bottom plot. At the bottom, an
"unidentified" waveform that was classified as neither S2 nor S2 is shown. This
waveform was generated mostly from electronic noises. . . . . .. .. ...
XENONnT SRO ER/NR calibration results. The NR and ER bands are the
orange and blue bands, respectively. 229Rn was used for the ER band calibraiton
and AmBe was used for NR. The solid lines are the center of the bands, and the
dashed lines are the 1 o ranges. The gray dashed lines mark the equivalent NR
energy levels. . . . . . .
Tlustration of 83™MKr S1s and S2s. While the two Sls are sometimes separated
and can be distinguished due to the sharpness of the S1 shape, S2s from the
two-step decay are normally overlapped and thus merged into an S1 equivalent
to 41.6 keV deposition. Quite often, even the Sls are merged, giving an S1-S2
pair of 41.6 keV. Top: 83MKr events with separable S1s; bottom: events with
merged S1s. The axes are not toscale. . . . . .. .. ... ... ... ......
SEG zy distribution. The color map is SEG values at different locations. The
black dashed lines mark the position of gate transverse wires. Left: fine binning
strategy; right: coarse binning, as A and B partitions have similar trends, while
C and D partitions show no sign of evolution; thus, they were merged. . . . . .
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SEG and REE correction for AB partition. . . . . . . . .. ... ... ... ..
Example of fitting REE trend with a power law and stitching multiple ramp-up
occasions into an empirical trend. Top left: sample fitting results of REE trends
using 83MKr runs; Top right: raw REE values as a function of delay time from
the nearest ramp up of anode; bottom left: shifted REE values with respect to
their fitted a’s and ¢’s; bottom right: smoothened REE trend, normalized with
respect to the largest raw REE value after smoothening. . . . . . . . .. .. ..
Example of electron lifetime fitting with 83™Kr S2s. . . . . . . .. ... ... ..
S2__cor_map(zyps, Yops) for the top (left) and bottom (right) PMT arrays.

SEG evolution in each partition throughout SRO. The black arrows (same in all
subplots) indicate the period where SEG correction reference values were set, as
it was the longest stable background data-taking period. . . . . ... ... ...
83mMKy ¢S, vs ¢S24, plots. Normally, we cannot see standalone S1}, paired with
the merged S2s. Therefore, this plot was produced with true S15-S2 pairs, true
merged S1-S2 pairs, and the second largest S1s that accompany the identified
Sla’s as Sly, population. . . . . ..o

[lustration of electron production during scintillation (left), the diffusion of the
electron cloud after drifting in LXe (center), and the secondary scintillation pro-
cess of individual electrons (right). At low energy deposition, the dimensions of
the track are negligible to the diffusion process, and therefore, the initial state of
the electron cloud is assumed to be point-like. The plot is not to scale. . . . . .
Mlustration of a point-like electron cloud diffusing into a Gaussian cluster after
drifting under an external field £ in the longitudinal direction. The plot shows
two snapshots of the z-distribution of the electrons, one at the energy deposition
time and the other at a later time after drifting. The black lines are individual
electrons, and the red vertical line indicates the expected location of the electrons
z = p&GT. Starting from a point-like distribution, the electron cloud diffuses and
is observed at a later time, with the counts’ distribution in the blue histogram. .
prot(At|N, o = 30) evaluated at different N. Top: values of the function at small
N. Bottom: evaluated at large N . . . . . . . .. . .. ... .. ... .. .. ..
pp(AtIN, o = 30,p = 0.5) evaluated at different N. Top: values of the function
at small N. Bottom: evaluated at large N. . . . . . . ... ... ... ... ...
Left: average single electron waveform from SRO background data; right: aver-
age SPE response across all PMTs normalized to 1. Notice that sometimes a
photon can result in "negative" PMT responses because a photon might not trig-
ger a photoelectron when hitting the PMT cathode, and the baseline fluctuation
dominates and gives a negative yield. . . . . . . ... ..o
Comparison between Mathematica evaluations of Eqn. 3.14 (solid lines) and sim-
ulated populations (dots) at different N. For this specific simulation, the SE
shape and SPE shape were assumed to be point-like. . . . . . . ... ... ...
r50p values from simulations of realistic electron cloud shape with SE shape and

SPE responses (Fig. 3.5). Different N was simulated with a constant ¢ = 5000 ns. 74
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Left: the 150, values of 83mKy and 37Ar (K-shell) as functions of drift time; right:
the r5g, values 1D distribution in the sampled drift time slice. . . . . . .. ..
Left: best MCMC results of 75, values vs real data for 83mKy and 37 Ar (K-shell),
and their corresponding best-fitted diffusion constant o; right: o(t;) and a square
root fitting. . . . . ... L
Simulated r50), vs drift time of SE to 9¢™ population with the square root corre-
lation function Eqn. 3.19. With a constant ¢ in each drift time slice, the resulting
r50p distributions differ dramatically across different N’s. Due to the use of log-
scaled binning, the color bars are normalized to the size of each bin in the unit
of [usIns™1].
Mlustration of pulse merging for building an S2 signal. Each small red spike
indicates a cluster of light associated with an ionization signal. The horizontal
segments indicate the merging window around each pulse. Note that the smaller
the signal size, the larger the merging window. In the scenario shown in the
picture, the 4th and 5th signals will be merged as one lies within the other’s
merging window. In contrast, all other signals remain separated and are treated
by the standard algorithm as individual S2 signals associated with multiple energy
depositions. The blue spike is an S1 that is neither merged to the ionization pulse
in front of it nor is associated with a merging window to combine other pulses
around it. . . ... L
Two examples of simulated 3 e~ waveforms. Left: event happening at the top of
the TPC with small diffusion; right event happening at the bottom of the TPC
with large diffusion. Vertical red dashed lines are markers of the beginning and
end of individual electrons/electron groups. The maximum gap is indicated with
the black arrow. . . . . . ..
Maximum gaps within S2s of different sizes. Simulations were done with events
throughout the full drift time (left) and only near the cathode (right). In both
figures, the 99 percentile lines of both simulations are plotted as comparisons to
the full distributions. The cyan curve is the XENONnT merging curve. Due to
the limited simulations across a large S2 size range, the simulations contain more
entries with S2s between 1 e~ and 1007, and for larger S2s, I used log-binning.
This resulted in the artificial "boundary" near 3000 PE. . . . . . . ... .. ..
Results of simulation of 700 Hz independent all-SE peaklets. Left: Simulated
distribution of gaps between adjacent peaklets; right: number of electrons in
each recognized S2 after merging with 25 ps window. The red vertical line is the
XENONNT merging window for S2s at SE size. . . . . . . . ... ... ... ..
Results of simulation of 350 Hz independent all-2 e~ peaklets. Left: illustration
of crosstalks between events due to the diffusion process during drifting. The
two peaklets (of two electrons) from two closed-by events are observed alternat-
ingly, causing wrong recognition of event reconstructions. The horizontal lines are
peaklet merging windows centered at each observed "SE" signal (~ 25us). Right:
number of electrons in each recognized S2 after merging with 25 ps window.
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3.16 Rates of observing peaklets of NV electrons with a flat interaction rate of 0.015
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events per kg-day. Since the SE population cannot be further split, contributions
towards the rate spectrum from N > 1 are plotted in blue dots, and the individual
bin of SE events is added to the first bin in yellow. The simulation was done up
t0 100 €. . . L

LY and CY evolution throughout SR0. Despite being stable, the LY (~ 9.7 PE/keV,

measured with 5.5 MeV 2?2Rn «) is much lower than the CY (~ 250 PE/keV).
S1 and S2 detection efficiency in the unit of PE. S1 detection efficiency approaches
100% at 10 PEand S2 at 5PE . . . . . . . .. ...
Spatial (left) and time (right) correlations between small S2s and their preceding
large S2s as observed in XENONIT [52]. In the left plot, the 2D histogram shows a
clear peak near Ax = Ay = 0 ¢m, indicating a strong spatial correlation between
the small S2s and their preceding large S2s. Such correlation is straightforwardly
shown in a direct comparison between the spatial difference distribution of purely
random pairing between small S2s and large S2s (the orange dashed line in the
bottom panel) and the distribution from data (black dots with errorbars, with
two fittings from assumed functions in yellow and green). The small S2s within a
position-correlated radius, indicated with the red circle, are considered position-
correlated DEs, and the ones outside the blue circle are the position-uncorrelated
small S2s. In the right plot, time delayed from preceding large S2s of both the
position-correlated DEs and uncorrelated small S2s of sizes 1 to 3 e~ ’s are plotted.
The gray vertical line indicates the one full drift time in XENON1T. While the
rates of the position-correlated DEs (red dots at the top) exhibit strong decreasing
trends as the time delay from the preceding large S2s increases, the rates of the
position-uncorrelated small S2s (blue dots at the bottom) are relatively constant.
(While there is a decreasing trend in the blue dots, due to the log-scale of the
y-axis, the dependence of the rates of delay time from preceding Primary S2s is
much weaker for the position-uncorrelated small S2s compared to the position-
correlated DES). . . . . . ..
S2 area distribution of 10 TED runs without data selection. The vertical line
marks the lower bound of the few-electron analysis at 10 PE. While the Single
Electron population is visible on the right of the red line (centered at around
32 PE), there are two prominent populations on the left-hand side: the peak
near 0 PE is the baseline fluctuation population, and the one centered at around
2 PFE is pileups of lone-hits. The blue dashed line indicates the lower bound for
counting 1 e~ discussed in Sec. 4.3 . . . . . . ... Lo
Event rates of radioactive impurities inside the detector and Solar neutrinos, as
a function of ER energy. . . . . . . .. ..o
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These plots were obtained with the complex procedure described later in this
chapter. While it is complicated to justify the units without having presented the
full treatment, we reported them here to share the main outcomes. The vertical
axis of both plots is normalized to the total electron count of the corresponding
primary S2s (6;52 ) and per unit of surface (this will be more clear later). Since
the rates depend on the time delay from the primary S2, we selected small S2
within a fixed window from three full drift times to 10 s to ensure to select the
late delayed electrons (i.e. no photoionization). The small S2s are split into two
groups, position uncorrelated and position correlated, according to the relative
distance between their x-y and the x-y of the primary large S2. Left: positioned
correlated small S2s have a much higher rate, and their rate increases with the
drift time of the primary S2, i.e., with the path traveled by the ionization cloud
of the primary interaction Right: the rate of position-correlated small S2s is
independent of the size of S2 (which is not the case in the position-uncorrelated
population.) . . ..o
[lustration of the photoionization/photoelectric effect following an S2, the de-
layed release of electrons trapped at the liquid-gas interface, and the hypothetical
spontaneous release of electrons trapped by electronegative impurities. . . . . .
An example of the steps of quantizing an S2 waveform. The blue spiky waveform
is the original waveform of the S2 signal, and the orange one is after smoothening.
The red vertical lines are the "returning to" and 'leaving" baseline points. The
x-axis is the relative time of the waveform with respect to the beginning of itself
plus the epoch time of the beginning. . . . . . . . . . ... ... ... ... ...
An example result of the quantization and counting of a waveform. The green
shaded region marks each identified subset, and the values are the areas within.
The waveform shown in this plot is assigned a total of 5e~. . . . . . . . .. ..
Frequencies of getting different values of Ne yee with S2s from a fixed Neyprye = 2,
i.e., composed of exactly two electrons, generated at different depth (drift time).
At the top of the TPC (top left), due to a minimal diffusion process, lots of
the S2 waveforms are compact, resulting in a relatively high rate of misclassified
Ne rec = 1 for the under-fluctuated S2s. On the contrary, at the bottom of the
TPC (bottom right), benefitted from the diffusion process, the waveforms of the
two individual electrons are more likely to be separated, and the quantization
process functioned well in this situation, rendering a much lower misclassified
Nerec = 1 rate. However, the longer diffusion process and the more separated
waveforms do not benefit the misclassification rates for the over-fluctuated S2s,
as the Negec > 2 rates (yellow histograms) are relatively constant throughout
the TPC. . . . . . e
The frequencies of of getting different values of Ne e with S2s from Ne tyye = 1
to 4, averaging over the whole drifting region. For larger Ne ¢7y¢’s, the results are
summarized in Appendix. A. . . . . ..
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An illustration of three pS2s (red), their correlated sS2s, including photoioniza-
tion/photoelectric electrons (S2PH, black) and the DEs (blue), and numerous
low-energy depositions sS2s (green). As an example, if the second pS2 is removed
by some peak selection criterion (the transparent red dot), its correlated DEs (the
following blue dots) and S2PHs (the black dots) will be wrongly associated with
the first pS2. Therefore, when removing the second pS2, its associated sS2s and
S2PHs must be removed together. . . . . . . ..o 116
The r — z distribution of 33™Kr events in the TPC. The vertical dashed line
marks the location of the fiducial radius. Because 3™Kr is diffused inside the
liquid xenon, it is assumed to be uniformly distributed, and the contraction at
the bottom of the TPC results from the distortion in the drifting field. The dark
band on the right-hand side marks the boundary of the TPC. . . . . . ... .. 119
The fiducial area defined for the few-electron analysis. We excluded two trans-
verse wire regions (the red-shaded stripes) and the high single electron intensity
region (the red-shaded circles). The fiducial radius of 39.5 ¢m is indicated as the
black circle. The 2D histograms on the left are the average Single Electron Gain
values at a different position, and on the right is the number of single electron S2s.120
S2 width distribution of 52 signals with Ne trye = 1 to 4 and their corresponding
top and bottom 1% cuts. It is worth noting that the peaks below the bottom
1% cut threshold (the red lines on the left in each plot) in Ne trye = 3 and 4
(and larger, summarized in Appendix. B) are results of a positive b value from
the fitting of Eqn. 3.18 to the S2 width (r50))-drift time relation, documented in
Eqn. 3.19. For drift time below b, the diffusion ¢ is taken to be 0, and the S2
width is equivalent to that of a single electron S2. . . . . . ... ... .. ... 121
Applying the N trye-dependent S2 width cut on real data through Ne e with
no other cuts applied. The shaded red population is excluded, and the green
population is the sS2s that pass the cut. 20 TED datasets are shown in this plot. 122
Top: simulated S2 aft vs. S2 area. The shaded regions are excluded. The plot
is taken from Dr. Jacques Pienaar’s study note. Bottom left: cut acceptance
for S2 aft cut vs. S2 area, calculated by Dr. Jacques Pienaar. Bottom right:
Applying S2 aft cut on real peaks identified as sS2, with no other cut applied.
The red-shaded regions are excluded. 20 TED datasets are shown in the bottom
right plot. . . . . . 123
An example of S2 hit pattern from one 83™Kr S2 observed at (58.80,-0.82) cm
(left) and the fgop,,(z,y) evaluated at the same location (right), scaled to the total

area of the observed $3™Kr S2 on the left. fsanp(z,y) was obtained by averaging

a sufficient amount of $3™Kr S2 hit patterns similar to the one shown at the top.
The plots are from a study note by Dr.Andrii Terliuk and Dr.Giovanni Volta. . . 125
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Left: Reduced-y2 vs. S2 area with Reduced-x? calculated from the CNN gen-
erated log-likelihood function. The cyan dots are the 98% acceptance points in
each slice of the S2 area, and the orange line is the smoothened S2 hit pattern cut
threshold. The non-uniform binning was due to the lack of statistics at the larger
S2 area region. The plot is taken from Dr. Jacques Pienaar’s study note. Right:
S2 hit pattern cut acceptance computed with the smoothened cut threshold. This
plot is recreated based on Dr. Jacques Pienaar’s study. . . .. ... .. .. ..
Applying S2 hit pattern cut on real peaks identified as sS2, with no other cut
applied. The red-shaded regions are excluded. 20 TED datasets are shown in the
bottom right plot. . . . . . . ...
Number of contributing channels vs S2 area. The labeled populations 1 and 2
are both sinusoidal waveforms, similar to the one shown in Fig. 2.8. The cut is
defined as the red line. Plot from Dr. Jacques Pienaar’s study note. . . . . ..
After pulse area vs. the characteristic delay times from previous S1/S2 signals of
different ions. The delay time is related to the charge-mass ratio of the ion. This
plot was taken from Luisa Hotzsch’s study note. . . . . . ... ... ... ...
An example waveform of the S2 of a single electron followed by an after-pulse.
The green regions are the identified subsets of the waveform by the reconstruction
algorithm introduced in Sec. 4.3. The gap between the two identified regions is
used to design the cut against single electron S2s contaminated by after-pulses. .
Left: the time gap between two identified "single electron" pieces as shown in
Fig. 4.23 vs. S2 area for the S2s. The red line is the cut boundary, and the peak
is excluded if it is below the line. Right: after applying all other cuts discussed
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ABSTRACT

A substantial body of astrophysical and astronomical evidence suggests that a significant
portion of the mass/energy content of the Universe exists in the form of an exotic type
of matter, the nature of which remains a mystery. This additional component, known as
Dark Matter (DM), is estimated to make up about 24% of the cosmic mass/energy content,
outnumbering baryonic matter by a factor of five. Dark Matter is believed to consist of a
new type of elementary particle that has eluded direct detection so far due to its extremely
weak interaction with ordinary matter.

The XENON Collaboration, dedicated to Dark Matter searches, has constructed an ultra-
low background detector, the XENONnT detector, situated in the Laboratori Nazionali
del Gran Sasso. This detector is designed to be sensitive to potential rare and low-energy
interactions of DM particles with xenon atoms within its target. In this work, I concentrated
on analyzing low-energy ionization signals related to interactions within the detector’s active
volume, seeking evidence of Dark Matter and, more broadly, Physics Beyond the Standard
Model. In particular, to further lower the detector’s threshold and enhance its sensitivity,
I established a new model to accurately characterize the shape of ionization signals in the
lowest possible energy regime, ranging from one to a few ionization electrons. To veto a
substantial instrumental background that was caused by large ionization signals, I developed
a framework to comprehensively capture the correlations among signals. This new analysis
was initially tested on a small subset of the XENONnNT Science Run 0 data during calibration,
enabling us to establish competitive constraints on various physics beyond the Standard
Model. In particular, we focused on three theoretical models: 1) the light Dark Matter,
interacting with ordinary matter via electron scattering; 2) the dark photon, kinetically
mixed with the Standard Model photons; and 3) the axion-like particles, coupling to the
electrons. In the imminent future, we aim to apply it to the Science Run 0 official dataset,
which is blinded at the moment, to enhance these constraints further and explore territories

xxil



previously untouched.

Finally, beyond the scope of the analysis of the ionization signal in XENONnT, I proposed
a new mathematical method for revealing the time correlation between two populations in a
dataset under the existence of both correlated and uncorrelated populations. This method
provides a novel approach to modeling the time-correlated instrumental backgrounds and

can potentially improve the detector sensitivity.
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CHAPTER 1
THE DARK MATTER PUZZLE

Precise measurements allowed the development of our current standard model of cosmology
(ACDM), in which a cosmological constant (A), more often referred to as the dark energy,
and a Cold Dark Matter (CDM) component (i.e., with typical speed much less than the
speed of light, or non-relativistic) are proposed as part of our universe besides the baryonic
matters that we are familiar to (i.e., atoms). The existence of dark energy is required to
explain the observed accelerating expansion of the universe and is responsible for ~70%
of the energy/mass content of the universe [1] with its nature yet to be discovered. The
CDM, or simply DM, is responsible for ~26% [2] of the universe and is approximately five
times more than the baryonic matter. Despite its evident gravitational effects on galactic
and cosmological scales, this type of matter has not yet been directly detected in laboratory
setups. The overwhelming gravitational effect and yet inert nature of DM hint at a new
species of elementary particle beyond the Standard Model (BSM).

In this chapter, I will briefly review several evidences of the existence of DM (in Sec. 1.1)
and introduce the WIMP Miracle following a mechanism that can straightforwardly explain
the observed DM energy density today, for which the definition will become clearer later (in
Sec. 1.2). Finally, I will discuss in more detail three specific types of elementary particles,
predicted by some BSM models (Sec. 1.3): light dark matter, dark photon, and axion-like

particle, which are the models tested in Ch. 4.



1.1 Evidence of Dark Matter

Since the first observation that led to the formation of the modern concept! of DM by the
Swiss-American astronomer Fritz Zwicky in 1937 [4], all evidence for DM’s existence has been
inferred from its gravitational effects at various scales. These effects are observed throughout

the universe.

1.1.1 Rotation Curve

The velocities of stars as a function of their distances from the center of the galaxy, or the
rotational curve, can be easily derived from Newtonian Mechanics. The tangential (linear)
velocity vy of a rigid body with mass m under the influence of centripetal force F' can be
expressed as

FR

=4/ = 1.1
Ut m ( )

where R is the distance between the moving body and the axis of rotation. In the scope of
stars moving in a galaxy, the centripetal force is provided by the gravitational force of the
total masses inside its orbit. If we denote the mass density of the galaxy (p) as a function
of the distance from the center, or core, of the galaxy (R, which is the same as the distance
between the considered star and the center of the galaxy, i.e., the axis of rotation), the total
mass (M) providing the gravitational potential for a star at a distance R from the core of

the galaxy can be expressed as

R
47?/7" dr p(r (1.2)
0

1. There have been discussions about the term Dark Matter since the early 19th century. For example,
Opik mentioned the idea of DM in an attempt to explain the unobserved light-absorbing medium near the
Sun [3]. However, early references to the existence of DM were either wrong or hinted at a less concrete
concept of DM.



Here, for simplicity, a spherically symmetric galaxy is assumed. The linear velocity (v¢) of

the star we are considering can then be expressed as

u(r) =/ CUE (13)

where G = 6.67 x 10711 (N - m2/kg?) is the gravitational constant. Eqn. 1.3 provides a
method of establishing the relation between the mass content of the galaxy and the velocities
of stars.

As carefully measured in Ref. [5], the observable part of the galaxy M33 (stellar disk?
and interstellar gases3) amounts to an insufficient total mass to support the linear velocities
of the stars at the outskirts of the galaxy. In a typical spiral galaxy, the increment of masses
from stars and interstellar gases at large radius is negligible, and the linear speed of the stars
on the outskirts of the galaxy should roughly follow \/m, which is depicted in Fig. 1.1 as
the dashed lines by calculating the expected linear velocities given the observed total masses
of the baryonic matters in the galaxy. However, the actually observed linear velocities of
stars increase at roughly a constant rate, suggesting the presence of an additional, dominant
mass component, dark matter (DM), with a constant mass density (so the increment of mass
with radius would be ~ r3), which prevents these stars from escaping the galaxy. This is a

direct proof of the existence of DM inside galaxies.

1.1.2  Gravitational Lensing

Predicted by the General Relativity proposed by Albert Einstein, the gravitational field on
the galactic scale can function as a lens and bend the light from background galaxies [9].

Such an effect will render a point-like light source to appear as a slightly distorted line, a

2. The masses of stars in a distant galaxy are often obtained by the luminosity-to-mass ratio [6, 7],
expressed by an empirical power law L ~ m? where L is the surface luminosity and m the mass of the star.
This provides us with a second way of measuring the mass of the galaxy.

3. The measurement of the masses of gases was mostly through the infrared emission [8].

3
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Figure 1.1: The linear velocity of stars (rotation curve) in M33 (dots) compared with the
contribution of the stellar disk (short dashed line) and the gases (long dashed line). The
dash-dotted line is the contribution of the DM halo needed to explain the observed rotation
curve. Plot taken from Ref. [5].

ring, or multiple arcs depending on the exact locations of the object, the observer, and the
mass that provides the strong gravitational field in between.

If light passes close to a mass deep within a gravitational field, strong gravitational lensing
can occur, complicating the resultant image. As shown in Fig. 1.2, the image of a distant
galaxy is distorted by the gravitational field of galaxy ESO325G004 [10]. This effect can
help estimate the lens’ mass [11] and reveal non-luminous massive components, like the DM
components [12].

When light travels far from the center of the lens, only minor image distortion of back-
ground objects occurs, a phenomenon known as weak gravitational lensing. A significant
indication of dark matter (DM) from weak gravitational lensing is the Bullet Cluster merger
event ((1E065756)) [13]. The left plot of Fig. 1.3 shows the X-ray image of the two galaxies,
by which we can see the centers of the baryonic matter (with an X-ray image mostly, we
are looking at interstellar dust). On the contrary, the gravitational centers, indicated by
weak lensing effects on background galaxies, appear significantly shifted and further apart,
as shown on the right [14]. This discrepancy between the visible centers and the gravitational

4



Figure 1.2: The image of a galaxy in the background is distorted into three arcs due to the
strong gravitational field of galaxy ESO325G004. Plot taken from Ref. [10]

centers strongly suggests the existence of DM, which differs from the baryonic matters by
their inert nature: when the gases pass each other, frictions slow them down, and part of
the potential energy is turned into heat, while the DM in the two galaxies pass each other
with minimal interactions, resulting in less mechanical energy loss and thus can be more
separated after the passing each other. This is evidence of the existence of DM on the scale

of galaxies.

1.1.3 Cosmic Microwave Background

One of the evidence of DM on the cosmological scale exists in the Cosmic Microwave Back-
ground (CMB), predicted by Ralph A. Alpher and Robert Herman in 1948 [16] and first
detected by Arno Penzias and Robert Wilson in 1964 at Bell Telephone Laboratories [17].

CMB is microwave radiation that permeates the whole universe with incredible uniformity:.
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Figure 1.3: The Bullet Cluster 1E0657-558. Left: a blender of X-ray and optical images.
Right: the colored image of the Bullet Cluster and the weak gravitational lensing contour
(green). The left plot was downloaded from Ref. [15]. The right plot was taken from Ref. [14].

Such uniformity tells that the CMB is not associated with any stars or interstellar dust,
which only occupy a negligible portion of the whole universe and are localized within galax-
ies. According to the Standard Cosmological Model (ACMD), in the early stage of the
universe, right after the Big Bang, fundamental particles existed in plasma states and in-
teracted with each other vigorously. Within the first 1076 s, quarks and gluons condensed
and formed protons and neutrons. While protons are the nuclei of hydrogen atoms, within a
few minutes, the neutrons combined with protons and formed heavier nuclei. After around
380000 years from the Big Bang, the universe cooled down to ~3000 °K, which allowed
nuclei to combine with the electrons and form atoms. At this point, the universe became
transparent to photons. These photons, after being decoupled from the fermions, travel in
space with almost no interaction with other particles, and their wavelengths are dilated by
the expansion of the universe. Today, the whole universe glows (radiates) as a blackbody
with temperature 2.73 °K [18]. Such radiation is the CMB, as shown in Fig. 1.4. More
thorough discussions about the early history of the universe can be found in Ref. [19, 20].
Precise measurements [2, 21] showed that there is fluctuation in the CMB. The analysis
of such a fluctuation was carried out in the temperature power spectrum, i.e., the parameter

space of the coefficients of spherical harmonic decomposition of the CMB distribution [21] as

6



Figure 1.4: CMB map. Plot from NASA Website [25]

shown in Fig. 1.5. The fluctuation arises as a result of the acoustic oscillations (compression
and dilation of matters — baryonic and dark), driven by the gravitational pulling of baryons
with the tendency to form clusters and the pressure of photons that tends to separate the
baryons and makes the universe more homogeneous. The pattern of this acoustic oscillation
at the time when the universe became transparent to the photons (i.e., around 380000 years
after the Big Bang) is then recorded by the photons that scattered with the baryons for a last
time. The first peak at around [ = 250 (corresponding to an angular range of 1°) indicates
that the curvature of the universe is consistent with 0 (the universe is flat) [22], and the
second peak indicates that the baryonic matter constitutes 5% of the universe. The third
peak can be used to infer the content of DM [23] and indicates a ~26% DM contribution to
the whole universe. Also, the fitting of the temperature power spectrum tells that the DM
has to be cold (non-relativistic), or at least the major contribution should be cold instead
of hot (relativistic). A more detailed introduction to the interpretation of CMB and its

temperature power spectrum can be found in Ref. [24].
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Figure 1.5: The temperature power spectrum of CMB. This spectrum represents the CMB
fluctuations on different angular scales. Top: the dots are the spherical harmonic decompo-
sition of CMB data, and the blue line is the fitting with the ACDM model. Bottom: the
dots with error bars are the residuals with respect to the model. Different algorithms were
used for the fittings of I > 30 and [ < 30. Plot is taken from Planck [21].

1.1.4 Structure Formation

Another evidence of DM on the cosmological scale is the Structure Formation, which means
the formation process of galaxies, galaxy clusters, and larger structures in the universe.
At the early stage of the universe, the acoustic oscillations created small ripples that finally
evolved into the structure of the universe today. Complicated models were adopted to explain
the process [26, 27, 28], and the current best theory (again, ACDM) explains the structure
on large scales satisfactorily. Fig. 1.6 [29] shows comparisons between the observed galactic
structures (blue) and simulations (red).

In simple words, the existence of DM (more specifically, the dominance of DM) is needed
in the early stage of structure formation before the decoupling of photons and baryons. Dur-
ing this stage, DM condensed into clusters under the influence of the gravitational effect,
while the baryonic matter was still not combined into atoms due to the pressure of photons
because DM does not interact (or at least extremely weakly) with photons. These DM clus-

ters function as gravitational potential wells and promote the baryonic structure formation
8



Figure 1.6: The galaxy distribution in space from simulation vs data. The blue plots are
the structures observed in four different galaxies, and the red ones are the corresponding
simulations. The simulation successfully recreated the web-like structures and the "Great
Wall" structure. Plot were taken from Ref. [29].

process. Without the participation of DM, the condensation of baryonic matters would occur

much later than what was observed.

1.2 The WIMP Miracle

Despite the compelling evidence, the nature of dark matter (DM) remains elusive. Efforts to
reveal its nature have varied, from modifying Newtonian Dynamics [30] and extending these

modifications to General Relativity [31] to hypothesizing non-luminous objects like brown
9



dwarfs and neutron stars in galaxies. However, while these efforts explain some phenomena,
they fail to fully account for the observed missing mass across all scales. Although we have
little knowledge of the nature of the DM, if it exists in the form of matter, it has to meet

the following criteria:

1. Having a relatively long lifetime. Due to a lack of observed reduction of baryonic
matters in the universe, the conversion from baryonic matter to the DM — if such
a conversion channel exists — is extremely rare, i.e., the production rate of DM is
negligible compared to the existing amount. Therefore, short-lived DM candidates

would have decayed away;

2. Interacting weakly with the baryonic matters. Otherwise, we should’ve observed phe-

nomena from their interactions with atoms besides the gravitational effects;

3. Travelling at a speed much less than the speed of light (cold). Such a feature is
required by the ACDM model to describe the current hierarchical structure of the
universe [21]. This feature excludes hot (relativistic) DM, like neutrinos, from being
a major component of the DM population, as they can easily escape from potential
wells and do not contribute to the early stage of galaxy formations, during which the

DM component was assumed to have played a crucial role;
4. Interacting gravitationally;

Therefore, it is natural to hypothesize that DM is composed of one or multiple new species
of fundamental particles beyond the SM. Such a type of particle is referred to as the Weakly
Interacting Massive Particles. Most of the time, the word "weakly" specifically points toward
the DM candidates that interact with ordinary matters through the weak force. There are
also DM candidates that do not interact through this channel, like the milli-charged particles

and Axion-like particles, which can couple with the SM photons. These candidates are

10



conventionally not referred to as WIMPs, although they interact weakly and are assumed
non-relativistic.

Although the focus of this work is not on the search for WIMPs with masses on a TeV
scale, it is important to mention this well-motivated DM candidate. Broader and more
detailed discussions can be found in Ref. [32, 33, 34, 35]. Here, I will briefly describe a
simple mechanism of WIMP that can intuitively explain the DM energy density we observe
today.

In a wide range of theoretical models, dark matter particles are thought to have been
in thermal equilibrium with all other species in the early Universe, when the average tem-
perature was much higher than the mass of the particles, and interactions among them
were vigorous. For such a thermal DM, the creation and annihilation from and to ordinary
species were at equilibrium. Specifically, the conversion of the DM particles () and their

antiparticles into the SM fermions (f) and the reverse process can be expressed as

Xx & [T (1.4)

The rate of the annihilation process (I') can be expressed as [33]

I' = (ov)ny, (1.5)

where (ov) is called the thermally averaged annihilation cross-section, and ny is the number
density of DM particles. As the universe cools down, the average kinetic energy of the
SM fermions becomes much lower than double the mass of DM particles (my), and the
creation process stops. In this phase, the annihilation process dominates, and the amount
of DM decreases. As the universe expands and n, decreases, the annihilation also stops,

leaving a constant (relic) DM mass in the universe, or equivalently, a constant DM number

11
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Figure 1.7: Comoving number density evolution in the history of the universe. Time is
represented as x = m/T on the x-axis: as a simple explanation, the temperature of the
universe monotonically decreases, and thus, we can use 1/7" to represent time. The solid line
shows the equilibrium number density curve. The dashed lines represent the different relic
number densities with different annihilation cross-sections. The larger the cross-section, the
lower the relic number density. Plot taken from Ref. [32]

density (n®) in a comoving volume?. Such a process is called freeze-out. Fig. 1.7 shows
the evolution of the comoving number density of DM particles. The solid line shows the
equilibrium number density curve. The dashed lines represent the different relic number
densities with different annihilation cross-sections. The larger the cross-section, the lower
the relic number density, as the DM particles can more easily annihilate away.

Following the calculation in Ref. [32] and Ref. [35], and using the measured DM critical
density (Qxh2 = 0.12, where h2 = Hy/(100 km-s—1-Mpc—1) and Hy is the Hubble Constant)

4. The comoving volume is defined as the proper volume factoring out the cosmological expansion factor,
a(t), and the two quantities are set equal at the present time, i.e. a(t = now) = 1. Due to this definition,
the comoving volume is constant and independent from the expansion of the universe.

12



from Ref. [2], we can establish the equation

3x 10727 em3 . 571

{ov)

QO h% =012~ = (ov) ~ 25 x 10720 em3 . 571, (1.6)

From the particle physics perspective, we can also probe the annihilation cross-section of
XX — ff. Assuming the annihilation process happens through an s-channel vector mediator

V' with mass my,

=I
—

X f
and following the derivations in Ref. [33], the thermally averaged annihilation cross-section

can be expressed as

2
(ov) ~ M . (1.7)

327Tm%<

If the DM particle is fermionic, the square of the matrix |./\/l\2 can be expressed as
32m4
2 2 2
IMI* = g9 — (1.8)
(s —mi)

gy and gy are the coupling strength of the mediator V' to the DM particle and the final state
fermion, respectively. In the limit that the mass of the mediator is much less than the DM
particle mass, and the coupling between V' and the SM fermions (g f) is small, the creation

of the SM fermions would be suppressed while a new process is allowed and expressed as

7TCY2

X
— ~Y _’ 1-9
<Uv>xx—>VV = g( (1.9)

where o, = gi /(4m). The DM particle x and the mediator V' form a dark sector, and if

long-lived, they can be a generic explanation for the DM population. Relating Eqn.1.9 and
13



Eqn.1.6, a DM candidate of masses in the order of T'elV and a coupling strength oy ~ 0.03,
which is of the scale of the weak interaction, can reproduce the observed DM energy density
observed today.

The coincidence of an unknown DM candidate interacting on the weak scale and pro-
ducing the observed relic DM abundance while following a straightforward mechanism is
called the WIMP miracle. A lot of theoretical frameworks predict candidates for WIMPs,
like Supersymmetry, which proposes a bosonic counterpart for each fermion in the SM and

vice versa.

1.3 Searches for the Candidates of Dark Matter

In addition to the WIMPs discussed previously, other BSM particle candidates could serve
as DM. Because we focused on the interactions that deposit sub-keV energy in our detector,
while the WIMPs of T'eV masses feature 1-100 kel energy transfer to nuclei [36], they are
excluded from our analysis.

Broadly speaking, there are two channels in which a DM particle can interact with an SM
fermion (in this work, we will only talk about electrons): scattering, which will produce a
continuous spectrum, and absorption, which will produce a mono-energetic absorption peak
with energy characteristic equal to the DM particle. The characteristics of an unknown DM
particle () scattering off an orbital electron can be captured by the interaction cross-section,
the kinematic process, and the ionization process of the orbital electron, and thus can be
derived in a model-independent way [37, 38, 39]. Therefore, we use the term Light Dark
Matter (LDM) to capture the DM candidates that transfer their energy to the SM matters
in this channel. The absorption, however, requires a concrete physical model to describe the
exact process. Therefore, we chose the Dark Photon (DP) and Axion-like Particles (ALPs)

as our physics model for the discussion.

14
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Figure 1.8: Ilustration of an LDM particle scattering off an orbital electron, deposition ¢
momentum, exciting the atom X into X™, in which the electron can be either unbound
or bound at a higher-energy state. N is the ensemble of the nucleus and the electron
cloud, except for the orbital electron participating in the scattering process. Plot taken from
Ref. [37].

1.3.1 Light Dark Matter

There are lots of hypotheses on the nature of LDM, similar to that of the WIMPs. The way
in which they interact with ordinary matters depends on the exact model proposed [40, 41,
33]. However, in the most generic way, we can assume that the LDM particle of mass m, on
the scale of MeV can scatter off electrons on the orbitals of atoms, like xenon, as depicted
in Fig. 1.8. In the rest of this subsection, I will introduce the derivation of the differential
rate of LDM-electron scattering following the discussions in Ref. [37] and Ref. [38].

For a scattering process depicted in Fig. 1.8, we can parametrize the process by defining
the scattering cross-section (Gye) at a reference momentum transfer (¢ = ame, where a is
the fine-structure constant and me is the mass of an electron) as

- fiye| M(q = Oéme)‘Q

: (1.10)

167Tm?<mg

where fiye is the reduced mass of an electron and an LDM particle of mass my. |M|>?
averages over all initial states and summing over all final states, for which the specific value
is not of concern here and can only be obtained with a concrete physics model. |M(q)[? at

an arbitrary momentum transfer ¢ can be captured by accounting for the variations from
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the reference value with a DM form factor, Fpyr(q), defined as

1 For a heavy vector mediator or magnetic dipole moment coupling
Fpu(q) = % For electric dipole moment coupling
2
(%) For a massless or extremely light vector mediator
\
(1.11)
With the DM form factor, | M(q)|? can then be expressed as
M(q)? = M(q = 2|k 2 1.12
(M(q)|” = [M(q = ame)|[*[Fpar(a)| (1.12)

The scattering process excites the orbital electron from one state to another. In the
scope of this analysis, we are only interested in the full ionization process, i.e., the electron
transit from the ground state to an unbound state with momentum 7. The amplitude of
such a process for an electron with quantum numbers (n, 1), where n is the principle quantum
number and [ the orbital angular momentum quantum number, is described by the so-called

ionization form factor (fl%(p’, q)):

nl (1 |2 2p/3 3. 1% : 2
fion(pvq)‘ = (27)3 Z Z /d Tﬁbp/’l/’m/(r)@/)n,l(r) exp(iqgr)| , (1.13)

deg.states ' ,;m/

where gb;,’ V! and @Dn’ ; are the wavefunctions of an unbound electron and the orbital electron,
respectively. The formula averages over the whole phase space and sums over all degeneracies
of the initial and final electron states, yielding the amplitude of getting a final state electron
with momentum p’ from an initial momentum transfer ¢. The final unbound electron will
carry an energy of (p')?/(2me). Such energy will be exhausted in the electronic recoil (ER)
and produce further v or e~ signals. The details of this ER process will be discussed in
Sec. 2.2.1. Exact calculations of the ionization form factor and discussions on corrections to
heavy atoms like xenon can be found in Ref. [39, 42, 43].
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Collecting the various components above, the thermally averaged cross-section for an
LDM to scatter off and free an orbital electron with the quantum numbers (n,l) evaluated

in an infinitesimal segment of the energy of the unbound electron (FEg,) can be expressed as:

(o u) Ty /

2
= F 2 (Umin)dq. 1.14
dln E,, 8“?(@ fzon( )‘ [Fpar (@)™ n(wmin)dg ( )

This quantity is called the differential averaged cross-section. 1n(ty;,) is the mean inverse

speed function that embeds the kinetic energy distribution of the halo DM, defined as

Umam 2
- 20,2 d 1 . 15
R e (1.15)
Umin

220km/s
c

where a = , and Uy, is defined by the minimum velocity required for a DM particle

with mass m,, given a momentum transfer of ¢ and a binding energy of EN that can

binding’

result in a final electron kinetic energy FEe,:

‘ Ebzndzng ’ + Eer

= . 1.16
Umin q + 2mX ( )

Umag 18 defined as a hard cutoff for the allowed DM velocity at 544 km/s (the escaping
velocity from the galaxy) + 232 km/s (the linear velocity of the earth).
Eventually, we can express the expected interaction rate (R) as a function of the final

electron kinetic energy (or the ER energy):

dR pX ZOTL
= 1.1
n7

py is the local DM energy density and is independently measured to be ~ 0.3 GeV/ em? [44].

The DM particle mass m, is treated as a free parameter. N7 is the number density per mass
11, In our situation, the target is the orbital electrons
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Figure 1.9: Differential rate for LDM-electron scattering in different orbitals. The LDM
particle is asummed to be 500 eV and with a nominal cross-section 7y, = 10738 ¢m?2. The
interaction is assumed to happen via a heavy mediator (Fpys = 1).

1 and for the orbital electrons, we

of xenon atoms. The Np for xenon atoms is ~ 45.87 kg™
need to multiply the number of electrons within each orbital.
The calculation of the differential rate for each orbital is summarized in the wimprates

package [45]. Fig. 1.9 shows the rates of a LDM particle of mass 500 el and a nominal

cross-section 10738 e¢m? scattering off the two outermost shells through a heavy mediator

(Fpy =1).

1.3.2 Dark Photon

As mentioned in the WIMP miracle case (Sec. 1.2), the DM particle and the massive vector
mediator form a dark sector. However, there is no reason to rule out the possibility that the
mediator by itself constitutes the entirety of the DM population. One mechanism for such
a mediator to exist is through a second U(1) gauge group, namely U(1)p. This additional

symmetry would result in a new gauge field, A’, which can interact with the SM particles
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via a kinetic mixing [40, 46]. Such a new vector boson can gain its mass (m4/) through
the Stiickelberg mechanism [47] or the Higgs mechanism with an extra Higgs field [48]. The
corresponding particle is called the Dark Photon (DP).

At low energy, the kinetic mixing between the DP and the SM particles is dominated by

the mixing with the SM photon, with the relevant Lagrangian expressed as [48]:

- / € / L oo g
ﬁN _ZFMVF/JV_ §F’LLVFNV—|—§mA/A‘uAM, (118)
where € is the kinetic mixing strength, Fj,,, and F, /’w are the SM photon and DP ten-
sors, respectively. The absorption cross-section of the DP by an SM electron (o 4/) can
be expressed by the photoelectric absorption cross-section of an SM photon of energy m 4
(opp(E =my)) as [48]

O'A/(mA/)UA/ ~ EQUPE(E = mA/), (1.19)

where vy is the DP velocity. The values of opp(F) for different elements with a wide
range of photon energies have been measured, for example, in Ref. [49]. Using Eqn. 1.17 but
treating it as a mono-energetic peak, we can get the rate of interaction (R) as a function of
myr:

R= NT%EQJPE(E:mA/). (1.20)

Eqn. 1.19 is only correct if the mass of the DP particle is much larger than the first
ionization energy if the medium, or otherwise polarizations of the medium would distort the
interaction and an in-medium correction to the absorption rate is needed. As calculated in
Ref. [50], with the longitudinal and transverse polarization functions Il 7, the rate of DP

absorption after correction is:

62m4/“1,

Ry = ‘2% (Mz7) (1.21)

’mi, — HL,T
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Figure 1.10: DP absorption rate as a function of DP mass. €%/ = 1071 was used. I used
the same rate calculation as presented in Ref. [52].

where & (H L,T) is the imaginary part of the polarization functions. Using the refractive index
values of xenon tabulated in Ref. [49] and extrapolate to low-energy DP using the relation
discussed in Ref. [51], Fig. 1.10 shows the absorption rate of DP particles as a function of the
DP mass, with nominal mixing strength € = 10~15. Despite the complicated expression, we
can straightforwardly read from Eqn. 1.21 that given a DP mass, the absorption rate scales

as the square of the mixing strength, i.e.

R~ é2.

1.3.3 Auxion-like Particles

The original Axion was proposed by Roberto Peccei and Helen Quinn [53, 54] in the hope

of solving the strong CP problem®, which has a coupled particle mass m, and its decay

5. The formulation of the Quantum Chromodynamics does not manifestly preserve the charge conjugation
symmetry and parity symmetry (CP). However, no violation of such symmetry has ever been observed in
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constant fg [34]

9
mg = 5.691(51) (mfﬂ) meV. (1.22)
a

For a decay constant long enough such that the axion can be a DM candidate, the corre-
sponding axion mass is on the scale of peV’ [55] and is beyond the reach of a particle detector
like XENONNT.

In a more general sense, a group of similarly defined pseudo-scalar fields with decoupled
masses and decay constants called axion-like particles (ALPs) is useful as potential DM
candidates. A minimal Lagrangian defining the pseudoscalar field of ALP a interacting with

the SM particles, in particular the coupling to the SM electron, can be expressed as [48]
£~ L0000 — Lm2a? 1 igeeae 1.23
~ 50u00"a — gmga + iggeaeyse. (1.23)

It can interact with electrons and be absorbed through the "axioelectric" effect. The cross-

section of absorption o 4 can be expressed in relation to the photoelectric cross-section opp

as [56, 57]

3 g2, E2 1 2

where E and v, are the APL’s energy and velocity, and gqe the coupling strength between
ALP and the SM electron. For a non-relativistic ALP model, E ~ m,.

The formulation of o 4 is similar to o4 in the DP absorption scenario. The same in-
medium correction is needed for the final absorption rate of the ALPs by the SM electrons
in a detector. Fig. 1.11 shows the absorption rate of ALP particles as a function of the
ALP mass, with nominal coupling strength gse = 1071, Again, given an ALP mass, the

absorption rate scales as the square of the coupling strength, i.e.

R~ 96216-

interactions only involving strong interaction. This is the so-called strong CP problem.
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Figure 1.11: ALP absorption rate as a function of ALP energy. gggf = 10~ was used. I
used the same rate calculation as presented in Ref. [52].
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CHAPTER 2
THE XENONNT EXPERIMENT

XENON Collaboration has been dedicated to the search for a well-motivated DM particle
model, the Weakly Interactive Massive Particles (WIMPs). A family of two-phase liquid
xenon detectors, known as Time Projection Chamber (TPC), and their supporting infras-
tructures, were built and ran for over 15 years starting from XENON10 [58] to nowadays
gigantic XENONNT [59]. Benefitting from considerable exposure and accurate event energy
and position reconstruction, XENON achieved an ultra-low background rate and has set the

most stringent limits for DM-nucleon cross sections.

2.1 XENONNT Detector

The XENONNT experiment is operated at Laboratori Nazionali del Gran Sasso (LNGS),
located beneath the Gran Sasso mountain in Italy below 3600 m of water-equivalent rocks to
shield it from cosmogenic background. The experimental setup is constituted by three nested
detectors (see Fig. 2.1 right): the Liquid Xenon Time Projection Chamber (LXe TPC), the
Neutron Veto (NV), and the Muon Veto (MV). The XENONnT detector is located in Hall
B of INFN Laboratori Nazionali del Gran Sasso (LNGS) in Assergi, Italy, under the Gran
Sasso mountain.

The two-phase Time Projection Chamber is the core detector designed to be sensitive
to potential low-energy interactions of Dark Matter particles with the liquid xenon target.
The latter encompasses ~6.4 tons of xenon in the liquid phase above which a gaseous xenon
pocket is maintained. This active volume, as shown in Fig. 2.1, is surrounded by a cylindrical
134 em-high structure composed of 24 diamond-polished PTFE panels to enhance reflectivity.
A total of 494 3 Hamamatsu R11410-21 Photomultiplier Tubes (PMTs), split into two arrays,

read out the active volume from its top and bottom and detect the light produced within
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Figure 2.1: 3D rendering of XENONnT TPC (left) and NV (right) [61].

it (252 at the top and 242 at the bottom). A cathode parallel-wire grid, placed 60 mm
above the bottom PMT array, and a gate grid, located 148.6 cm above it and 3 mm below
the liquid-gas interface, define the drift electric field (£;). To minimize edge effects in the
field, two concentric sets of copper field shaping rings (FSRs) surround the active volume
(see Fig. 2.1 right). A third grid, the anode, is located in the gas phase, 8 mm above the
gate and, together with the gate grid, allows to establish a strong extraction electric field
(Eext) in the thin layer of liquid above the gate and a multiplication electric field (&,,1¢)
in the gas. Two additional grounded screening grids are placed 5.3 mm above the bottom
PMT array and 40.7 mm below the top PMT array to protect the PMTs from strong electric
fields. The grids are composed of parallel stainless steel (SS) wires stretched on metal SS
frames. Besides the parallel wires, the gate and anode grids feature respectively 2 and 4
perpendicular wires that were added to minimize the wire-plane sagging. A photograph of a
detail of the anode grid is shown in Fig. 2.2. Materials used to construct the detector were
extensively assayed in order to select the most radiopure materials [60].

To maintain the xenon gas at its evaporation temperature and allow both phases to co-

exist, the TPC is inserted within a cryostat. A cryogenic and a purification plant are used
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Figure 2.2: A detail of the anode grid. It is composed of parallel wires that are 5 mm apart.
Besides them, four perpendicular wires (2 are shown in the picture) were added to mitigate

sagging.

to continuously cool down and purify the xenon gas from electronegative impurities from
material outgassing [62]. The system is also equipped with a krypton and radon cryogenic
distillation column. The first is designed to be operated in batch mode and remove traces of
the radioactive isotope SKr from natural xenon before the physics run starts [63]. The second
is operated online and allows for continuous removal of 222Rn emanated from materials both
in gaseous and liquid phase and mixing with the xenon gas [64, 65].

The cryostat is located at the center of a water tank of 10 m diameter and 10 m height
and fixed in place by metal support (see Fig. 2.1 left). The water tank is split into two
volumes and equipped with photomultipliers to be operated as Neutron and Muon Vetoes.

The Neutron Veto surrounds the cryostat and was designed to tag neutrons after their
interaction inside the TPC. External or internal (from the TPC materials) radiogenic neu-
trons represent an extremely dangerous background since these neutral particles can produce
Nuclear Recoils inside the TPC active volume, mimicking a WIMP signature. The NV region
is encompassed by an octagonal-based structure composed of high reflectivity PTFE panels
(that optically separate it from the Muon Veto) and read out by 120 Hamamatsu R5912-

100-10 8 PMTs installed on the panels (see Fig. 2.1 left). When operated with pure water,
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Figure 2.3: Photo of the XENONnT Experiment. Taken in the summer of 2022.

NV can tag neutrons by the emission of Cherenkov light associated when they are captured
by hydrogen. This is the condition in which the NV was operated during XENONnT Science
Run 0. At a later stage, to increase tagging efficiency, the water was doped with Gd-salt.
As shown in Fig. 2.1 on the left, the Muon Veto surrounds the NV. It is equipped with 84
Hamamatsu R5912ASSY 8 PMTs installed along the internal wall of the water tank, whose
surface is covered with high-reflective 3M foil. This water Cherenkov detector is used to
tag muons crossing the water tank and is potentially capable of tagging the Cherenkov light
emission of cosmogenic neutrons and, hence, actively suppressing the neutron background.
A photo of the whole structure is shown in Fig. 2.3. The detector was commissioned in
the Winter of 2021. The first science run, called Science Run 0 (SR0), started on May 3rd,

2021. Tt started with a complete set of calibrations including 220Rn, 83™Kr and AmBe. A
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Figure 2.4: Data taking during SRO.

total of 97.1 days of low-background science data were acquired from July 6th to November
10th, 2021, with bi-weekly 33™Kr calibration runs to track the behavior of the detector. The
low-background science data were followed by two weeks of data taking acquired in similar
conditions but bypassing the purification getter with the goal of enhancing traces of Tritium
in the TPC if any. These two weeks are referred to as Tritium Enhanced Data (TED) runs.
It turned out after analyses that no tritium rate increase — except purity drop — was detected
during TED data, making them ideal to test the analysis presented in this work. Finally, an
37 Ar calibration was performed to study the response of the detector even at lower energies.
Science Run 0 data were used to search for WIMPs and other Dark Matter models. During
the SRO period of XENONNT, the temperature of liquid xenon was kept at 176.84 °K, and
the pressure of gaseous xenon was maintained at around 2.48 atm. To date, no discovery has
been made, but world-leading stringent constraints on a wide range of models were set [66,
67).

Science Run 0 was followed by other science runs, but in this work, we will only consider

SRO. The data-taking periods and live-time accumulation is shown in Fig. 2.4.
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2.2 The TPC Working Principle

When a particle crosses the TPC, it can deposit a fraction of its energy interacting with the
xenon medium. More specifically, if the primary particle is neutral, as in the case of dark

matter, the visible energy associated with its interaction can lead to:

 a Nuclear Recoil (NR): the primary neutral particle scatters off the xenon atom nucleus
by interacting with its constituents. The recoiling nucleus acts as the primary ionizing
particle, losing its kinetic energy by ionizing, exciting, and heating the liquid xenon
medium. At the energies of interest, the resulting track has a typical dimension of less
than 1 um for NR in the range of 1-100 keV (estimated from Fig. 5 of Ref. [68]). This
is the expected signature of a WIMP, but a neutron would generate a similar process,

becoming a dominant background for the search;

 an Electron Recoil (ER): the primary neutral particle scatters off an orbital electron of
the xenon atom. The recoiling electron ionizes and excites the liquid xenon medium.
Unlike the NR case, the track is slightly more extended for ER in the range 1-100 keV/,
ranging from less than 1 ps to 400us [68]. Electron recoils are the typical signature

for light-dark matter candidates, i.e., Axion-like particles.

The nature and energy of the ionizing particle (ER or NR) ultimately define the dimension
and structure of the ionization track, leading (in the presence of a field) to different relative
ratios of scintillation light and free ionization charge. Although electron recoils are intrinsi-
cally different from nuclear recoils, the statistical fluctuations associated with the low-energy
regime can sometimes lead to very similar responses. For these reasons, the more abundant
ERs associated with surviving gamma and beta contamination also become a dominant
background for WIMP searches.

The de-excitation of the excited Xe atoms, called excimers (Xe*), will produce a prompt

scintillation light, called S1, that will bounce inside the TPC and eventually be detected by
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PMTs. The ionization electrons, if the energy deposition happens inside the active volume
of the TPC, will drift up to the gate under the effect of £;, from which they will be accel-
erated and extracted into gaseous Xe (GXe). In GXe, the electrons will create a secondary
scintillation light, called S2, that is very localized and can be used to determine the (z,y)
location of the energy deposition (detailed discussion in Sec. 3.1.3). Part of the ionization
electrons may recombine with their positively charged counterparts if an insufficient £; was
presented, thus contributing to S1. Such recombination is directly related to the strength of
&4, as a stronger drifting field separates the ionization electrons from the xenon ions more
effectively, reducing the chances of the recombination between the two [69]. The decay of

excimers and the process of recombination are described as:
Xe* 4+ Xe — Xey — 2Xe + 7, (2.1)

Xet + Xe — Xe;'

Xe; +e = X"+ Xe
(2.2)

Xe™ — Xe* + heat
Xe* 4+ Xe— Xes —2Xe+ry

The time difference between S1 and S2, or drift time (¢), is generally used to characterize the
location z where the energy deposition occurs. A schematic graph of the energy deposition
and the S1-S2 generation and detection process is shown in Fig. 2.5. Traditionally, the drift
time is defined either by the time difference between the beginning of S1 and S2 signals
or between the center of gravity! of the two. The difference between the two definitions is

negligible because the duration of S1 and S2 signals? are much smaller than the drift time3.

1. The timestamp that separates the signal into two equal parts by area

2. The duration of an S1 signal is in the order of a few hundred nanoseconds [70], and an S2 signal is
typically less than 30us, more discussions in Ch. 3

3. The maximum drift time in XENONnT TPC is about 2.3 ms [70]
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Figure 2.5: Ilustration of an event from energy deposition to S1-S2 production. Picture by
Dr. Lutz Althueser.

For an unambiguous definition, in this literature, I will use the first definition, which is the
time difference between the beginning of the two signals.

The response of the top PMT array to an S2 signal, called the S2 hit pattern, features
strong clustered patterns around the location where the electrons are extracted and acceler-
ated in the gas, as depicted on the right of Fig. 2.5. Such a clustered pattern allows us to
reconstruct the xy location of the electron extraction and, thus, the location of the S2 signal.
After correcting with respect to the drifting field distortion [71], we can trace back the zy
location of the interaction in the liquid. With the full 3-dimensional position reconstruction,
we are able to optimize our signal-to-background ratio by fiducialization, i.e., using a volume

within which we can exclude the majority of the backgrounds and thus improve the search
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Figure 2.6: The FV (blue line) defined in the WIMP search [66], defined in the 7z space. The
two dashed horizontal lines mark the z positions of the cathode and anode. The boundary
of the FV was carefully optimized to exclude the abundant radio-impurity backgrounds at
the outskirt of the detector (the faint black dots clustered at the edge and top corner of the
detector and at the bottom of the detector near the cathode). Based on the population within
the FV, we performed the statistical inference based on the likelihood test and estimated

the probability of observing a signal induced by WIMP-nucleon interaction. There was no
significant excess observed during SR0O of XENONnT.

results for rare interactions. Such volume is called the fiducial volume (FV). As an illustra-
tion, the F'V we used to search for WIMP Dark Matter Nuclear Recoil signals, overlaid with
the final observed events, is shown in Fig. 2.6.

While most of the information can be found in Ref. [72], here I briefly introduce the

process from energy deposition to S1 and S2 signals for both electronic and nuclear recoils.

2.2.1 FElectronic Recoil

After an initial deposition of energy £, a total of N; excimers and electron-ion pairs, col-
lectively called quanta (and thus the subscript g), are generated. The distribution of Ny is

described by Gaussian distribution, with a fano factor in its variance. Since N4 has to be an

31



integer, it was floored from the Gaussian distribution (denoted as Norm).

Ny = floor <Norm (%, f%)) : (2.3)

W is an empirical value that describes the average energy needed to produce a quanta.
As measured with 1 MeV conversion electrons from 207Bi [73], the expectation value of
W is normally around 13.8¢V/quanta. More recent measurements indicated a lower W at
11.2eV/quanta [74], with a possible explanation that the silicon photomultipliers (SiPMs)
they used respond to the infrared light of xenon scintillation [75]. In XENONnT, the best-
fitted value for W was 13.7 + 0.2 eV /quanta [72].

The distribution of the sub-components (the excimers and the electron-ion pairs) is de-
scribed by a binomial distribution (denoted as Binom) and expressed in terms of the number

of electron-ion pairs as

1
L+ (%)

N; = Binom | Ng,

Ne,: and N; are the number of excimers and electron-ion pairs, respectively. The excimer-

electron ratio term <]>7\?f> is treated as a variable and was measured to have a lower bound
of 0.06 and an upper bound of 0.2 [73, 72]. With no further information, the distribution of
this ratio term was assumed to be flat.

While Ng, directly contributes to S1, the electron-ion pairs undergo a recombination
process. In XENONnT, we used a modified Thomas-Imel (TI) model [69, 72]. The expected
recombination rate, given the energy deposition £, £;, W value and the excimer-charge ratio

is expressed as

(2.5)

- log (14 (N;)s)
"= exp (~F50) +1 <1_ ) (Ni)s < )
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1 _E s
¢ = 1’767“6 wgder, (26)

_E 1
W Nez\’
1—|—<Ti>

with fluctuations in the recombination rate, interpreted as Gaussian standard deviation, as

(Ni) (2.7)

_E
Ar = qo (1—6 ‘13) ) (2.8)

where qg, q1, 92, 93, Ver, Wer and dey are free parameters to be fitted and F is the deposited
energy. It is worth mentioning that the TI model was derived with the assumption that
electron-ion pairs are uniformly distributed within a box. The ions were assumed to be fixed
in position, i.e., they don’t move and diffuse, while the charges only move under £;, and
no diffusion was considered. This model works best if the spatial span of the recoil process,
called track, is short. For long track recoils (typically a result of high energy depositions), the
Doke/Birk’s (DB) law [67] better describes the process as it was based on calculations of the
rate of a train of electrons captured by fixed ions. As shown in Fig. 2.7 (Fig. 5 in Ref. [76]),
the TT model fits experimental data well below ~10 keV', while the DB law performs better
above. Due to the difficulty of finding the exact switching point of these two models, an
exponential term was added in Eqn. 2.6 to solve this discrepancy and suppress the prediction
of the TT model at high energy depositions.

With a sampled recombination rate r from Norm((r), Ar), the final charge yield (CY)
that contributes to S2 is then

Ne = Binom(N;, 1 — 1) (2.9)

and the light yield (LY) that will contribute to S1 is
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model works at higher energy. This is Figure. 5 in Ref. [76].
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2.2.2  Nuclear Recoil

While NR is, for the most part, similar to the ER process, the major differences are that
1. there are two quenching steps, 2. the expectation of excimer-charge ratio has a different
form, and 3. the recombination is described differently.

The two quenching steps will effectively reduce the CY and LY, compared to ER. First,
when energy deposition happens, part of E will be converted into kinetic energy of Xe atom

and thus lost. This is described by Lindhard Quenching factor (L) [77, 78]:

Kg(e)

ahwa et (2.11)

where k is a proportionality constant between the electron stopping power and the velocity
of the recoiling nucleus, and g(€) is proportional to the ratio of electronic stopping power to

nuclear-stopping power, defined as

11.5F 7
= 73 2.12
T Thev (2.12)
g(e) = 3615 +0.7¢90 4 ¢ (2.13)

where Z = 54 is the atomic number of the Xe atom. Second, if excimer density is high, the

inverse of step 2 in Eqn. 2.2 could happen through bi-excitonic interaction

Xe* + Xe* — Xes™ — Xet + Xe+e ™. (2.14)

This path will effectively turn Eqn. 2.1 to Eqn. 2.2. While effectively reducing the number
of participating excimers by half and introducing more heat loss in step 3 of Eqn. 2.2, it will

also provide extra charge yields if the electron-ion pairs do not recombine. Such quenching
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is called Penning Effect [79], and can be expressed as

1

Ji= 1—1—7]6/\7

(2.15)

where n and A\ are free parameters to be fitted. A remark is that this excimer reduction
quenching is assumed to only happen to N¢g, as the density of excimers introduced by the
recombination of electron-ion pairs is not large enough.

The excimer-charge ratio for NR, instead of a uniform distribution, is parametrized as

<]>7V€f> —a&;* (1 - e—ﬁ€> , (2.16)

where «, § and ( are free parameters to be fitted. Besides this different excimer-charge ratio,

the definition of ¢ is also different in the recombination rate of NR from Eqn. 2.6, while the

expression for (r) is the same as in Eqn. 2.5.
_ —d

The fluctuation of the recombination rate of NR is usually smaller and thus is ignored. The

best-fitted ER and NR parameters are summarized in Tab. 2.1.

2.2.8 81 and S2 Signals

From LY, the photons reflect around in the TPC and eventually are received by PMTs at the
top and the bottom. Such reflections grant a position-dependent LCE that quantifies the
attenuation from LY to S1 yield. Each photon the PMT receives will trigger a photoionization
on the PMT cathode and produce photoelectrons (PE). With ~20% chance, one photon can
produce two PE in a PMT. Such a phenomenon is called Double Photoelectron (DPE)

production. Each PE is then amplified in the PMT by a series of diodes, set at ascending
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Parameters Prior Marginal Posterior Unit
W 13.7 £ 0.2 13.7702 eV

f 0.059 0.059 -

ER parameters

(New/Ni)  0.06-0.20 0.130-04 _
" free 0.1370:03 ]
0 free 0.34f8:8$ i
w free 574_%3 kel
90 free 1.3270:47 eV
q1 free 0.471“8:8; kel
12 free 0.030 1000 ;
q3 free 0.471L8:§(1) kel

NR parameters

¢ 0.047 0.047 -
5 0.062 0.062 -
« free 0.927:8:82 -
o free 00160001 -
s 239750 334749 -
K 0.1390-008 0.13810-J0 -
7 3.3710,0 10.0758 -
A 1.147547 1.40705% -

Table 2.1: Prior and best fitted posterior values for NR and ER parameters [72].
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voltages, and eventually collected on the PMT anode [80], causing a voltage drop. The
collection of all voltage drops from the photons from this LY forms an S1 signal.

From CY, the free electrons first drift up in LXe. During this process, part of the electrons
is lost to electronegative impurities in LXe and on the drifting path, which is described as
an electron lifetime attenuation, expressed as an exponential function of the drift time ¢,

with an electron lifetime 7¢:

N& =N, e 7, (2.18)

where N, is the initial number of electrons (CY) inside the liquid. Ng is the number of
electrons reaching the liquid surface after drifting for ¢; time. In the SRO of XENONNT,
Te was consistently larger than 10 ms. After reaching the liquid surface, the electrons are
extracted to GXe by the extraction field £, with an associated efficiency, namely the
extraction efficiency (EE). The extraction efficiency depends largely on the magnitude of the
extraction field strength [81], and in SRO, it was estimated to be around 0.54 [70] (explained
later in Eqn. 2.22). The electron lifetime and the extraction attenuations are captured by a

two-step binomial process:

d q
Ng = Binom(Neg, e 7e) (2.19)
N&®' = Binom(N¢, EE), (2.20)

where Ngxt is the number of electrons successfully extracted to GXe, respectively. Each
extracted electron will then undergo the secondary scintillation process, during which it
is accelerated by the extraction field &+ in GXe and produces scintillation photons. The
photons are then received by the PMTs with a position-dependent LCE, and the propagation
of the signal thereafter follows the same path as discussed for the S1 signal.

To properly quantify the size of S1 and S2 signals, dedicated calibration is designed and
carried out to measure the magnitude of the voltage drop corresponding to a single PE. While

the details of this calibration are not of interest in this study, it is important to clarify that
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such magnitude is defined as the area of the voltage drop from the baseline, calculated by
integrating the voltage drop along the time axis. To convert the unit of such integral ([V - s])
into the unit of charge?*, the internal resistance of the PMT circuit is divided®. However,
from the standpoint of a calibration practice, since the resistance is a constant, its exact
value functions as a constant scaling of the voltage drop area. Therefore, the mean area of
the voltage drop from a single photoelectron is defined to be 1 PES, where PE represents
a unit of charge. Retrospectively, the amplitude of the original waveform is inverted by
baseline subtraction and converted to the unit [PE/ns|. An example of waveforms of an
S1-S2 pair is shown in Fig. 2.8. For this reason, the size of S1 and S2 signals is also referred
to as S1 and S2 area. More details of this calibration can be found in Ref. [83, 84].

Unlike the S1 signals for which we can directly calculate the number of photons generated
in liquid, the fundamental unit of S2s is the number of electrons extracted into GXe. The
S2 area of a single electron, or equivalently the average amount of photoelectrons produced
by a single electron during the secondary scintillation process, named single electron gain
(SEG), bridges the number of electrons to the photoelectrons detected by the PMTs and is
calibrated by selecting the S2s of one electron population from the data. The nominal values
of SEG can be found in Tab. 2.2, and more discussions on the model of SEG can be found
in Sec. 3.1.3.

There is a formulation that directly establishes a relation between S1/S2 areas and the
initial energy deposition, bypassing the microphysical pictures of ER and NR processes,
with two new variables g1 [PE/v| and go [PE/e™|, representing the average PE response

per photon and per electron generated in liquid, respectively. A canonical formula that

4. Photoelectron, or PE, is a unit of charge, and to draw an equivalence between the two quantities, such
conversion is necessary.

5. [V/Q-s=A-5=C]

6. In reality, voltage drops are recorded by digitizers, an analog-to-digital conversion device, in the unit
of ADC counts. The model of digitizers used in XENONnT is V1724 by CAEN ([82], featuring a 14-bit
resolution over 2.25 peak-to-peak voltage range. Therefore, the calibration actually maps from the unit
[ADC - ns] to the unit of [PE]
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Figure 2.8: Example of waveforms of an S1-S2 pair recorded in XENONnT. The top right
plot is the response of the top PMT array to the S2 signal, used for reconstructing the S2 xy
positions, with a darker color indicating more light received. The gray vertical lines mark
the center of gravity of the waveforms, and the gray horizontal lines mark the amplitude of
the maximum of the waveforms. The time difference between the S1 and the S2 is shown in
the bottom plot. At the bottom, an "unidentified" waveform that was classified as neither
S2 nor S2 is shown. This waveform was generated mostly from electronic noises.

relates directly £, W, S1 and S2 is usually used:

E—-W (:S_1+CSQ

) (2.21)
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Figure 2.9: XENONnT SRO ER/NR calibration results. The NR and ER bands are the
orange and blue bands, respectively. 220Rn was used for the ER band calibraiton and
AmBe was used for NR. The solid lines are the center of the bands, and the dashed lines
are the 1 o ranges. The gray dashed lines mark the equivalent NR energy levels.

where ¢ means corrected, which will become clear in the next section (Sec. 2.3). The values of
g1 and g9 are obtained by fitting the Eqn. 2.21 to various mono-energetic radioactive sources
and their corresponding S1-S2 signals, as explained in Ref. [70] and Ref. [85]. The values of
g1 and g9 in SRO of XENONnT were calculated to be 0.15 PE/v and 16.45 PE/e™ [72],
respectively. Because go represents the average number of PE responses per electron gener-
ated in liquid, it differs from the value of SEG by the effect of extraction. Therefore, the

extraction efficiency (EE) can be obtained by taking the division between the two

%
EE = <. (2.22)

and we can obtain the value of EE to be 0.54.

At the end, the XENONnT SR0 ER/NR calibration is shown in Fig. 2.9. 220Rn was used
for the ER band calibraiton and AmBe was used for NR. The solid lines are the center of the
bands, and the dashed lines are the 1 ¢ ranges. The gray dashed lines mark the equivalent

NR energy levels.
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2.3 Signal Corrections

In a typical TPC detector, energy depositions at different (z,y, z) locations result in different
S1-S2 pairs, even if the same amount of energy is deposited into the medium. This is because
of non-uniformity in detector response to the energy deposition caused by variations in the
drifting electric field (&), the extraction electric field (Eqz¢), and the position-dependent
light collection efficiency (LCE), etc. To accurately identify the nature of the interaction
induced by the primary particle (NR vs. ER), the energy deposition and the relation between
the sizes of S1 and S2 signals need to be precisely reconstructed. For this purpose, the non-
uniformity induced by the detector responses needs to be flattened since it is not related to
the nature of the interaction but an artifact of the unideal detector condition.

Such non-uniformity can be calibrated with mono-energetic sources. In XENONnT, we
used $MKr as our calibration source. 83™Kr has a characteristic two-step decay that emits
two photons with a half-life of ~157 ns. The two steps each carry energies of ~9.4 keV
and 32.2 keV, respectively. Benefitted from the sharpness of Sls (~150 ns wide for the
central 50% area range), such shortly gapped decays produce quite often two distinctive Sls,
enabling precise event selections for signals from 8™Kr just from such S1 time correlation
besides other signal quality cuts. For convenient reference, these two Sls are called Sl
(32.2 keV') and S1y, (9.4 keV'). However, due to the long duration of S2s (detailed discussion
in Ch. 3), the two S2s from such two-step decays are normally merged, resulting in one S2
with a characteristic energy of 41.6 keV'. Such topology is schematically shown in Fig. 2.10.

With a pure population of 33™Kr and the premise that the same energy deposition
should yield the same S1-S2 responses, corrections for S1 and S2 signals were studied and
applied. This is well-documented in Ref. [70]. In this section, I will focus on the details of
S2 corrections.

Given an energy deposition, the S2 signal yield is influenced by the following factors:

1. The strength of the drifting field £; at the location of the energy deposition influ-
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Figure 2.10: Illustration of 833™Kr S1s and S2s. While the two S1s are sometimes separated
and can be distinguished due to the sharpness of the S1 shape, S2s from the two-step decay
are normally overlapped and thus merged into an S1 equivalent to 41.6 kel deposition.
Quite often, even the Sls are merged, giving an S1-S2 pair of 41.6 keV. Top: 33™Kr events
with separable S1s; bottom: events with merged S1s. The axes are not to scale.

ences the charge yield. Unavoidably, non-uniform &, in the drift region would cause a

variation in the charge yield and, thus, the eventual S2 area;

2. The drift time t; of the electron cloud determines the amount of electro-negative
impurities the electrons can encounter, to which the electrons are attached and lost.
The longer the drift time, the deeper the energy deposition is in the TPC, and a
larger drifting path is covered. Consequently, a larger electron lifetime attenuation is

expected;

3. The strength of the extraction field &.,+ at the location where the electrons reach the

liquid-gas interface influences the extraction efficiency and, therefore, the S2 area;
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4. The light collection efficiency along the path of the secondary scintillation process of

a certain electron determines the fraction of photons that can be received by PMTs.

5. The locality of photon emission during the secondary scintillation process, combined
with the differences in the responses of individual PMT, can also induce non-uniformity

in the S2 area.

To handle these factors, a 3-dimensional spatial correction is needed for S2 signals. The
fluctuation in the strength of gy is a function of (z,y). The light collection efficiency and
the locality of photon emission are both associated with the thin GXe region at the top of
the detector’ and can also be regarded as only dependent on (z,y). The drift time of the
electron cloud is only z-dependent. The only factor that depends on (x,y, z) is the non-
uniform charge yield due to the fluctuation in £;. However, in the SRO of XENONRT, the
effect on the charge yield due to the fluctuation in £; across the whole drifting region was
less than 8%, much smaller than the effect of the rest four factors. Thus, the influence of the
fluctuation in &£; was ignored, and the 3-dimensional corrections are decoupled into (x,y)
and z corrections. The development of these spatial corrections is discussed in Sec. 2.3.2.

Besides the spatial corrections, due to frequent high-intensity single electron bursts during
the summer of 2021, the gate and anode electrodes were ramped down to protect the PMT
arrays from intensive lights and back up after a few hours. This practice disturbed the
equilibrium between gravity, electrostatic force, and wire tensions in the electrodes, resulting
in dynamic responses up to three days after each ramp-up in the detector. The effects of
such dynamics were observed as evolutions in the single electron gain (SEG) values and the
number of extracted electrons in a 83™Kr merged S2s. Therefore, dedicated corrections were

developed to handle this time-dependent evolution and discussed in Sec. 2.3.1.

7. around 5 mm for XENONnT
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Figure 2.11: SEG zy distribution. The color map is SEG values at different locations. The
black dashed lines mark the position of gate transverse wires. Left: fine binning strategy;
right: coarse binning, as A and B partitions have similar trends, while C and D partitions
show no sign of evolution; thus, they were merged.

2.3.1 Time Dependent Corrections for S2

SEG, by definition, is the S2 value of the single electron population, which can be obtained
run-by-run for monitoring purposes. The exact SEG model will be discussed in Sec. 3.1.3.
Due to the observed SEG expectation value difference in different regions of the TPC, I
divided the TPC xy plane into ten partitions, as shown in Fig. 2.11 (left). SEG was calcu-
lated for each run (roughly 30 minutes long) within each partition, and the time evolutions
throughout SRO are shown in Fig. 2.16. It is pretty clear that the A and B partitions, which
are at the center of the detector where the parallel wires are the longest, showed a clear corre-
lation of SEG relaxation after each anode ramp-up (marked as vertical red dashed lines). In
contrast, the C and D partitions didn’t show such a trend. Due to the xy spatial correction
on S2 that will be discussed in the next section, we didn’t want to interfere too much with
the spatial variation of SEG. Therefore, the A and B partitions, called AB partitions, were
merged; the same was true for CD. Such merging is shown in Fig. 2.11 (right). Since no

evolution was observed in the CD partition, only the AB partition was corrected for SEG.
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Figure 2.12: SEG and REE correction for AB partition.

Such correction is shown in Fig. 2.12 (top).

A period between 2021-07-05 and 2021-08-08 indicated in black arrows in Fig. 2.16, was
chosen as the reference period for nominal SEG evaluation as it was the longest stable
background data-taking period. The nominal SEG values were calculated by the number of
SE observed and the SEG value from each run within this period:

>N SEG;
J
(SEG) = ——=—F—. (2.23)
2N
J

Nj is the number of entries, and j runs through each run in the reference period. Also, an

estimation of the uncertainty of the nominal SEG can be calculated with

> N;(SEG; — (SEG))?

2.24
T () 220

Y

O(SEG) =
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where M is the number of runs in this reference period. For a proper description of the

SE population, the standard deviation (std) of SEG also needs to be quantified from such a

period. Due to a lack of established formula, a simple derivation is shown below.

S (i — (2))?)

2 Nj
J

\

> o3 (Nj 1) 222 (w5 = (2) ) ((2)5 — (x)
J

7t
+ o2 +2 : (2.25)
(x) M >N
J

Index j runs across different populations and i across different data inside each population.

r; ; here is a generic variable and indicates the i-th datapoint inside j-th population. (z);

and 0 are the mean value and std of {; ;} inside j-th population. (z) is the overall mean.

It is clear that the last term of Eqn. 2.25 yields 0 as both Z(m” (z);) and Z(( )i — (7))

give 0. Replacing z with the SEG, plugging in Eqn. 2.24 for the second term and o; with

the standard deviation of SEG within each run, we can get an expression of the nominal
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(SEG) ospay (9)SEG  (0)gpq

Whole TPC || 31.15 0.97 6.616 0.005
AB 30.09 0.09 7.351 0.003

CD 32.04 0.09 5. 787 0.002

Table 2.2: SEG nominal values and nominal stds, with their uncertainties for the whole
TPC, AB partition, and CD partition.

standard deviation of SEG:

ZO’?(NJ — 1)
J

- 2 - 2.26
J
To complete the picture, the uncertainty of the nominal std, namely (o) gpq CALL be obtained

by error propagation. I will omit the expression for this quantity. The relevant values of
SEG are summarized in Tab. 2.2.

Since there are no objective ways to obtain EE, a relative extraction efficiency (REE)
was calculated after spatially corrected (next section) S2s of 83MKr events and the SEG for
each run. By dividing SEG from spatially corrected S2s, the expected number of electrons
can be obtained from this mono-energetic source. However, it is a little more complicated
than SEG correction, as we do not always have a calibration source. Therefore, modeling

the REE trend is necessary. An empirical power law was adapted to fit such trends as

EE(t) = ¢ — (t;ay, (2.27)

where t is the time delay from each ramp-up of anode mesh, and a,b, c,d are four free
parameters. A sample of the fitting is shown in Fig. 2.13. Although not fully understood,

with the hypothesis that such a trend is physically driven and should be roughly the same
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Figure 2.13: Example of fitting REE trend with a power law and stitching multiple ramp-
up occasions into an empirical trend. Top left: sample fitting results of REE trends using
83MKy runs; Top right: raw REE values as a function of delay time from the nearest ramp
up of anode; bottom left: shifted REE values with respect to their fitted a’s and ¢’s; bottom
right: smoothened REE trend, normalized with respect to the largest raw REE value after
smoothening.

after each ramp-up, a and ¢ parameters can be understood as relative time shifts and leveling.
Throughout SRO, we had a total of 26 ramp-up occasions (red vertical lines in Fig. 2.16),
and 5 of them had immediate 33™Kr calibrations, most of which were at the beginning of
May 2021. A sample of REE evolution and a group of fitted parameters were obtained for
these five ramp-ups. Then, the trends were shifted with respect to their fitted a’s and ¢’s to
create a more consistent trend. This process is shown in steps in Fig. 2.13. Then, such a
smoothened trend is extrapolated as a function after each ramp-up, with a delay time longer
than three days set to 1, as shown in Fig. 2.12. Again, the correction factors in the CD

partition were set to be one due to no evolution observed and thus were not plotted.
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These two time-dependent corrections for S2s helped restore lots of background data
from the durable effect of ramping electrodes, and restored data constitutes about 7.1% of

total exposure.

2.83.2  Spatial Dependent Corrections for S2

The correction to the xy fluctuation is a conclusive data-driven coefficient map, called
S2__cor_map(zyps, Yops)- Because the fluctuations on zy are related to the location of elec-
tron extraction at the liquid surface, such correction is related to the observed locations
(thus z,ps, Yobs)- The z attenuation comes from the electron attachment to electro-negative
impurities through drifting, as described in Eqn. 2.19 and can be expressed as a function of
dt as
tq

S2(dt) = S2¢e” e, (2.28)
where 7¢ is the electron lifetime. For the zy correction and z correction, the merged 83™Kr
S2s were used for map generation and electron lifetime fitting.

The fitting of electron lifetime is straightforward: within each slice of dt, calculate the
mean value of $2s of 83MKr, then fit the obtained trend with Eqn. 2.28. An example is shown
in Fig. 2.14. To monitor the purity inside the TPC, 37 Ar and 5.5 MeV « from emanated 222Rn
were also used as cross-checks. Especially since the o source is in the detector background
and cannot be removed, it provides a vital monitoring capability outside calibration periods.
One electron lifetime value was obtained for each 6 hours of data taking. The z correction,
namely electron lifetime correction, is then using the observed S2s and dividing by such
exponential.

Traditionally, S2_cor_map(zps, Yobs) Was obtained simply by taking all S2s, applying
the electron lifetime correction, binning them into zy blocks, calculating the mean values
(or other statistical expectation values) within each xy bin, and normalize the resulted map

with respect to the mean of the whole population. In this way, all observed S2s should
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Figure 2.14: Example of electron lifetime fitting with 83™Kr S2s.

divide such map based on their (x4, Yops) locations to be corrected for secondary scintil-
lation process-related fluctuations. However, the generation of such a map was a bit more
complicated due to time-dependent evolutions discussed before, and a naive binning can no
longer work because the absolute yield of S2s from a mono-energetic source has a time evolu-
tion component. This problem can be bypassed with a weighted map: within each run, the
S2s from 83MKr events were binned and normalized to the mean value of the population in
this run. This will result in numerous xy maps of relative S2 sizes evaluated at (s, Yobs),
ci(Tobs, Yobs), Where i represents each run. Then, these individual maps are combined as a
weighted mean to give the final spatial correction map (S2_cor_map(zps, Yobs)), With the

number of events from each run (N;(xps, Yobs)) as weight, as given in:

Z Ci (Iobsa yobs)Ni (xobw yobs)

Z Ni (xobsa yobs)
1

S2_cor_map(ops, Yohs) = (2.29)
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Figure 2.15: S2_cor_map(xps, Yops) for the top (left) and bottom (right) PMT arrays.

There is one nuance about the entanglement between the electron lifetime correction
and the S2__cor_map(x s, Yops) correction: while doing the electron lifetime fitting, it was
assumed that the xy correction has been applied, and vice versa for the zy map establishment.
Although the two corrections are from different sources, one must happen before the other.
An iteration process was adopted for decoupling the two, and the evolution of the xy map
and electron lifetime were studied. As it was shown, no matter whether starting from a no-z-
correction map or a no-xy-correction electron lifetime, after about eight iterations, both the
map and electron lifetimes (reminder: electron lifetimes were obtained for every 6 hours)
converge to precisely the same values. The currently used maps and electron lifetime values
were the converged ones after iterations.

Two maps were generated for top and bottom PMT arrays, and their S2 contributions
were corrected independently. The two maps applied to SRO are shown in Fig. 2.15. Even-

tually, the corrected S2 (cS2) can be expressed as

dt

S2(obs, Yobs, dt)e™™
9 df 1) — obsy» Yobs» 2.30
©S2(Tobs: Yobs a1 1) S2_ cor_map(Typs; Yops ) SEGe(t) REE(t)’ g

where the subscript ¢ of SEG and REE means the normalized correction values.
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Figure 2.16: SEG evolution in each partition throughout SR0O. The black arrows (same in
all subplots) indicate the period where SEG correction reference values were set, as it was
the longest stable background data-taking period.

The distribution of ¢S1-¢S2 pairs of 833™Kr population from SR calibration data is shown

in Fig. 2.17.
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CHAPTER 3
MODELING THE S2 SIGNAL SHAPE

When electronic and nuclear recoils are induced within the active volume, excimers, and
electron-ion pairs are produced along the ionization track [68] until their kinetic energy is
fully transferred. As summarized in Sec. 2.2, the associated recombination and de-excitation
lead to the prompt emission of UV photons, i.e., primary scintillation. On the other side,
under the effect of the electric field &;, the ionization electrons surviving to recombination
are drifted towards the liquid-gas interface and then extracted into gas by Eept where they
get accelerated (by Egz¢) to induce electroluminescence i.e. secondary scintillation (S2). The
shape of the S2 signal is intimately related to all these processes. First, during drifting, the
compact ionization electron cloud undergoes longitudinal and transverse diffusion [86]. As
shown in Fig. 3.1, longitudinal diffusion induces a spread of the cloud along the
z (drift) direction, staggering the arrival times of the individual electrons at the
liquid-gas interface. The arrival time of individual electrons should be combined with the
time profile of the light production mechanism, ultimately determining the emission of S2
photons during the electron acceleration in the gas pocket.

As described in Sec. 2.2, the dimensions of the tracks produced by low-energy ERs and
NRs of interest are sub-millimeter and negligible with respect to the typical longitudinal
diffusion observed in XENONNT. Therefore, from now on, the initial state of the electron
cloud is assumed to be point-like.

In the rest of this chapter, I will discuss and model the S2 pulse shape, with particular
emphasis on its time profile. In Sec. 3.1, I will establish a semi-analytical model for the S2
signal duration in two steps: first I will derive an analytical description of the shape of the
electron cloud within S2 signals before entering the GXe (Sec. 3.1.1 and Sec. 3.1.2), followed
by a Monte Carlo method incorporating the secondary scintillation process (Sec. 3.1.3). In

Sec. 3.2, I will then build on the previous model and focus on the discrete nature of the
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Figure 3.1: Ilustration of electron production during scintillation (left), the diffusion of
the electron cloud after drifting in LXe (center), and the secondary scintillation process
of individual electrons (right). At low energy deposition, the dimensions of the track are
negligible to the diffusion process, and therefore, the initial state of the electron cloud is
assumed to be point-like. The plot is not to scale.

diffusion process, discussing how it can impact and bias the reconstruction of S2s. With the
model of the diffusion process and understanding of the discreteness of the electron cloud,
I will propose a new way to analyze the data to mitigate the bias. This will enable a more
realistic description of the ultra-low energy regime where the small number of ionization

electrons enhances the impact of discreteness.

3.1 Duration of the S2 Signal

According to the studies presented in Ref. [86], a point-like electron cloud that drifts in liquid
xenon under the effect of an electric field £; can be described by the following numerical

spatial density:

n(p, 2 T) =ng

1 p? 1 (z — pET)?
_— _exp(- R Hel ) 1
axDpT P ( 4DHT> 8 eXp( - B

where:
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« ng is the initial (and total) number of drifting electrons. In our experiment, ny equals
the initial charge yield attenuated by the electron lifetime and the extraction efficiency

(Sec. 2.2.3);

o & is the external field under which the electron is drifted. In the SRO of XENONnT,

this corresponds to the drifting field £; = 22.92 V/cm;

e Dy and Dy represent the coefficients of horizontal and longitudinal electron diffusion,
respectively, quantified in units of em? /s. In XENONnT SRO, D, was empirically de-
termined to approximate 45 ¢m? /s. Conversely, Dy has not been precisely quantified
within the scope of XENONNT measurements. The exclusion of Dy from this analysis

is reasoned in the following paragraphs;

o u denotes the electron mobility coefficient, expressed in units of em?/(V - s). The
product of p and the electric field strength £, denoted as p€, characterizes the drift
velocity (vg): the mean velocity at which electrons propagate through the medium.
This movement occurs under the influence of a constant electric field and as the elec-
trons scatter off the medium’s atoms. In the SR0O of XENONnT, v,; was evaluated to

be 0.675 mm/us on average;

o T is the time the electron cloud drifts from the compact initial cluster. 7" = 0 corre-
sponds to the timestamp when the point-like electron cloud is created. The quantity
puET marks the expected z location of the electron cloud (the location of the red vertical

line in Fig. 3.2);

e (p,z) is the cylindrical coordinates. z is aligned with the direction of drift (longitudi-
nal), and p is perpendicular to z in the zy plane (horizontal). Given T' > 0, Eqn. 3.1
describes a 3-dimensional Gaussian distribution centered at (0, uET), with standard
deviations of /2DgT in p direction and /2D T along z-axis. At T' = 0, Eqn. 3.1

converges to a 3-dimensional Dirac Delta function §(p, z), symbolizing the point-like
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Figure 3.2: Illustration of a point-like electron cloud diffusing into a Gaussian cluster after
drifting under an external field £ in the longitudinal direction. The plot shows two snapshots
of the z-distribution of the electrons, one at the energy deposition time and the other at
a later time after drifting. The black lines are individual electrons, and the red vertical
line indicates the expected location of the electrons z = p& 7. Starting from a point-like
distribution, the electron cloud diffuses and is observed at a later time, with the counts’
distribution in the blue histogram.

initial distribution of the electron cloud. Consequently, the coordinates (0,0) denote

the inception point of the electron cloud, equivalently, the site of energy deposition.

Although Dj and Dy differ, and their exact correlation depends on the property of
the medium, the two quantities are of the same order [86]. In the case of XENONnT,
the maximum expected longitudinal and transverse diffusion obtained from Eqn. 3.2 for a
point-like electron cloud generated at the bottom of the TPC active volume is of the order
of 0.45 cm. Such value is at the same scale as the xy position reconstruction, and hence,
transverse diffusion can be safely ignored [70]. On the opposite side, the resolution on the
z-position reconstruction is much smaller; hence, longitudinal diffusion shall be considered.

It is worth stressing that the parameter T is defined as a generic time at which we want
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to evaluate the cloud diffusion. It corresponds to the timestamp at which the center of the
3D Gaussian distribution reaches z = p&T. For the scope of developing the diffusion-only
contribution to the S2 shape, we are interested in evaluating the diffusion that a point-like
electron cloud will undergo before the S2 signal starts to be produced (we will focus in
Sec. 3.1.3 on the impact of the light formation on the S2 shape). This means that, for each
energy deposition, we should evaluate the longitudinal diffusion of the cloud at the moment
T at which the center of the Gaussian reaches the z value corresponding to the liquid-gas
interface. This is conceptually different from the mean of the drifting time of each electron
in the cloud — when the number of electrons in the cloud is large, the latter can be a good
estimator of T'.

From an experimental standpoint, the observable that best approaches this time is the
drift time ¢4, defined as the time difference between the start of the detected S1 signal and
the start of the detected S2 signal (see Sec. 2.2). In principle, T" and t; differ since the
evaluation of ¢, involves the light production mechanism of both S1 and S2 and the diffusion
process itself for S2. Nevertheless, since the formation time of both S1 and S2 signals, in
the order of a few hundred ns and tens of us, respectively, is much faster than the typical T
values, such difference is negligible, and the drift time (¢,;) can be safely used as an estimator
for T.

Implementing all the discussions above, Eqn. 3.1 can be simplified to

no (2 — Mgdtd)z)
) = _ _ 3.2
n(z;tq) T P ( D1, (3.2)

An illustration of the impact of longitudinal diffusion on the spatial distribution of the
electron cloud is sketched in Fig. 3.2, showing the z-distribution of the electrons both at
the initial time when it is created as a very sharp cluster and at a later time after diffusion

kicked in.
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For each S2, the drift time ¢ is fixed!, and Eqn. 3.2 is effectively a 1-dimensional Gaussian
along the z-axis with a shifted center at u&;t,, instead of a wave function in which 7 is
allowed to evolve. Therefore, to describe the shape of S2 signals, only the denominator of
the exponential matters. Since S2 signals are recorded along the time axis in the unit of
PE/ns (Fig. 2.5), the spatial parameter (z — u&4ty) is often replaced by wv4t, where t is a
generic time variable and vt characterizes the spatial deviation from z = p&4t;. With this

replacement, Eqn. 3.2 can be further reduced to

n v 2
n(titg) = ———exp (_il;lz)%) : (3.3)

VArDrt,

As discussed in Sec. 2.2.3, the S2 signal waveform is recorded as voltage drop over time (and
normalized to charge per time in the unit of [PE/ns], see Fig. 2.8). Therefore it is more
intuitive to use ¢, instead of vt as the parameter to describe the shape of S2 signals. From
now on, I will refer to the S2 signal shape in the scope of this time parameter instead of the
spatial parameters discussed thus far.

The standard deviation oy, of the distribution in Eqn. 3.3,

2Dt
V.  vd

plus proper modeling of the secondary scintillation process, can be used for large S2 signals

to establish the relationship between S2 signal duration and the drift time. As discussed in
Ref. [87], if we assume the secondary scintillation process is uniform and can be described

by a boxcar function, the relation can be modeled as

Oe = \/O’%-{-O’%. (3.5)

1. This drift time is for the electron cloud, not individual electrons

60



oe is defined as the time interval encompassing the central 68% (1 o) area of an S2 signal.
Given a waveform shown in Fig. 2.82, o, is determined by measuring the time difference
between two points: one preceding and the other following the signal’s center of gravity
(indicated by the gray vertical line). These points are chosen such that the areas they
enclose with the center, on either side, represent 34% of the signal’s total area (thus sum up
to 68% between the two points).

However, Eqn. 3.4 is valid only within the domain where the number of electrons in the
electron cloud is sufficiently large, facilitating a distribution that approximates a Gaussian
form as delineated in Eqn. 3.3. This model does not accurately capture the characteristics
of the S2 signal’s (diffusion-only) duration when the electron count is minimal, leading to
significant deviations from the Gaussian profile for individual electron clouds. Addition-
ally, the applicability of Eqn. 3.5 presupposes a uniform secondary scintillation process, an

assumption that does not universally hold as evidenced in Fig. 3.5.

3.1.1 Diffusion-Driven S2 Signal Full Duration: The Ideal Case

Let’s start by deriving the time gap between the extraction of the first and last electron in
the electron cloud, which is intimately related to the S2 signal duration (I will embed the
light production mechanism later in the chapter). Attenuation associated with the electron
lifetime (7¢) and extraction efficiency (EE) are ignored to simplify the calculation.

Let’s define the probability density function of an electron reaching the liquid-gas inter-
face (and subsequently, extracted)3 at time ¢ as* Prob(t, §), with shape parameters 6. Let’s

assume that the first of N electrons belonging to an initially point-like electron cloud is

2. While the discussion primarily addresses S2 signals, the principle applies equally to S1 signals.

3. Here, I acknowledge the existence of electron trapping at the liquid surface and the delay time caused
by the trapping. However, it is a much longer process (> 200us [88, 89]) and will lead to splitting of the
electron cloud, which, to the first order, in the derivation of this section, can be treated as several independent
events.

4. same definition as in Eqn. 3.3 as a relative time, marking the deviation from the conceptual drifting
time T' = td
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extracted in gas at t = tg. In order to observe a total S2 duration equal to At, the electron

cloud must meet the following criteria:

1. Exactly 1 electron is extracted at time tg + At:

« the probability of observing the first electron at ¢ty and the last one at to + At,

within an infinitesimal window dt(, is given by the combined probability

Prob(tg, 0) - Prob(tg + At, §) diy.

e given N electrons, we have N choices for the first electron, and N — 1 for the last

electron.
2. All other electrons shall be extracted between (tg,ty + At):

« the probability for this to happen can be expressed by the combined probability

N—2 to+At
11 / dt; Prob(t;,0)
=1 i,

Combining all terms, the probability of observing a total duration equal to At given

the first electron extracted at t = t( can be expressed by the following probability density

function
to+ At
prot.0(At|N, tg,0) = N(N — 1) - Prob(tg, §) - Prob(ty + At, 6)dt / I dtiProb(t;, 6)
o =1
(3.6)
A A to+A\ N2
— N(N — 1) - Prob(to, ) - Prob(t + At, )dty (Ato ) . (37

where A§8+At is the integral of the electron cloud density function Prob(t, é) between tj and

to+At and N —2 is the number of electrons that are extracted in between the two boundaries.
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Now, integrating over all possible t(, the probability density function of observing At, given

Prob(t, é), can be expressed as
0
A 5 iy [ qto+Ar) N2
prot (AN, ) = N(N —1) [ dty Prob(to, ) - Prob(ty + At, §) (Ato ) . (38)
—0o0

Equation 3.8 can be re-written, using the Gaussian of Eqn. 3.3 as electron cloud density
function with 6 = o, as

1T )P grAn? N
piot(ALIN, o) = N(N — 1)— / dtg "2 2 (ARFANTT (39)
—00

Aro?

Changing the variable from g to tg — —Aft helps to further merge terms and simplify the
equation. Eventually, the probability density function of observing a total duration of At,

given N electrons in a cloud and with a diffusion characterized by o, can be expressed as:

A2 0

- 2 N-2
N(N —1)e 402 _ % to+ At
_ ) 2
ptot(At|Na 0‘) - 27T022N_2 / dtO e o At _% ) (310)
—0o0
. to—&-g . . . .
with At 2, being expressed as a difference between two points on an error function:
0~

At At
At a7 Erf 3o Erf 5 . (3.11)

Few considerations about Eqn. 3.10:

o While a closed form for p;,; was not found, we can easily solve Eqn. 3.10 numerically.
Outcomes of such evaluation with an assumption of ¢ = 30 a.u. (arbitrary unit),

calculated for different N values, are shown in Fig. 3.3. It was also checked that the

5. Here I use a generic o rather than o,, of Eqn. 3.5 since: 1) the quantity described here by ¢ turns out
to not be an observable (see Sec. 3.1.3) and 2) to lighten the nomenclatures.
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formula, if integrated over At from 0 to infinity, yields 1 for different N values.

— . . . . 1 A2 .

o For a 2¢~ cloud, i.e. N = 2, the formula simplifies to /r exp( 402>. This is a
simple Gaussian, centered at At = 0 and with std v/20. This is exactly what we would
expect from subtracting two independent Gaussian variables. Since At can only be
non-negative, the normalization factor #% manifestly shows that such distribution

should be single-sided;

o As N goes up, the area term plays a bigger role: the more we sample, the more the
total distribution follows the actual diffusion Gaussian, which makes the total duration

go to infinity.

3.1.2  Diffusion-Driven S2 Signal Percentile Duration

In the real detector, we typically cannot precisely evaluate the full duration of a signal due

to a few unavoidable issues:

1. For large numbers of electrons, as pointed out at the end of the previous section,
the S2-signal full duration goes to infinity. 'Infinite" continuous data taking is not

affordable;

2. Even accepting a limited maximum full duration, it is not trivial to precisely define the
start and the end of an S2 signal. The sparse nature of low-energy signals overlapped
to a "noisy"0 environment, makes it hard to precisely determine the boundaries of a

signal.

The above considerations imply that the full duration of the S2 signal (introduced in

Sec. 3.1.1) is not a good experimental observable, and hence we should redefine in our model

6. In this case, "noisy" refers to the fact that in a TPC, you can have accidental pile-up between the signal
generated by energy deposition you are interested in and a spare emission of a single photoelectron or of a
single electron as well as another physical energy deposition happening closely.
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Figure 3.3: piot(At|N, 0 = 30) evaluated at different N. Top: values of the function at small
N. Bottom: evaluated at large N

a new set of variables that will allow an easier comparison with the data. Although the exact
start and end of the S2 signal can be fuzzy due to the more dispersed nature of the cloud
at its boundaries (see Fig. 3.2), we can typically well identify experimentally the central
bulk of the electron cloud since given the Gaussian profile of the cloud, a larger fraction
of electrons will typically reach the gas pocket with similar arrival times. Each electron,
while accelerating in the gas, will produce light, and the emitted photons, once detected,
will tend to overlap in time, creating higher peaks in the sum waveforms, making them easier

to identify. The variable used in the data to capture the shape of the S2 pulse around its
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maximum is referred to as 750, (790p), representing the duration of the S2 signal containing,
with respect to its center, 50% (90%) of its total area. For easy reference, 750, (rgpp) is
called "the range of the central 50% (90%) area'”.

Let’s start from a general percentile p, where r;, denotes the range of the central p area
(with p=0.5 or 0.9 corresponds to the two cases mentioned above)®. For an S2 signal to
attain a specific 1, value, it must fulfill certain conditions. Without the loss of generality,
here I use At again, similar to its previous definition in Sec. 3.1.1 but with a key difference:
it now signifies the time gap between the two very electrons that satisfy upcoming criteria,
not just the first and last extracted electrons. Similar to the derivation of the full duration
in the previous section, starting from an anchor timestamp g, for r, = At, the ensemble of

the electrons within the S2 signal has to have the following features:
1. Exactly one e~ is observed at tp, and another at to + At:

 the probability of this to happen, once the combinatoric terms are accounted for
is
N(N —1) - Prob(tg, 8) - Prob(ty + At, 6)

2. Exactly 1%”]\7 e~ are observed before tp, and exactly %N e~ are observed after

to + At:

o The probability of each e arriving before ¢, in analogy to the previous section, is
1-p

=N

just the (At_ooo) 2 Similarly the probability of each e™ arriving after tg+ At
2N

is given by (A%’ L At) ;

» For the electrons observed before ?(, there are a total of ( E ]%,) combinations;
2

7. With this convention, o, defined in Eqn. 3.5 is called the range of the central 68% area

8. Although 7, is defined with respect to S2 area, here we omit the light formation process. This simpli-
fication treats the secondary scintillation process as point-like, using SEG (PE/e™)) as the S2 area’s unit
instead of PE
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N—2-LPN
o For the electrons observed after ty + At, there are a total of t( 1—p ]\27 ) =

1+ °
EN-2

( Ly ) combinations.

3. The rest (pN — 2) e~ strictly in between the two boundaries (to ensure that counting
the two electrons on the boundaries, there are a total p/N electrons included to meet

the definition of rp):

e The probability of this happening is another area term, raised to the correspond-

pN—2
ing power: (AégJFAt)

e There is no combinatoric term because all the rest of the electrons should be in

this step

Multiplying all terms together, we can get a similar expression as Eqn. 3.6:

1+p
oo = AN, 0, tg) =N(N — 1>( ) (

x (a,)

The combinatoric factors can be combined as

) - Prob(tg, §) - Prob(tg + At, 0)dt

=N to+rAn\PN 2
(45ae) T (a2 (3.12)

N—Q) (#N%) N!

1— n = . (3.13)
=N\ SN

oo () o

Integrating over ¢ty and introducing the Gaussian as the electron cloud density function
returns the probability density of observing pN electrons within [tg, tg + At] given a diffusion

characterized by o.

pplrp = AN, 0, p) = (L—TpN)!f (pN — 2)!
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The Prob(tg, ) terms can be evaluated in the same way, and the area terms will result in
similar expressions as Fqn. 3.11.

There is one trivial limitation to the choice of p, given N: since electrons are assumed
to be point-like, they are not divisive, and thus %N € ZF. Some numerical evaluations of

Eqn. 3.14 are shown in Fig. 3.4. Unlike the total duration, the expectation of r}, (ry), doesn’t

go infinite as N increases. This is intuitive: the larger the N, the closer the electron cloud
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would resemble the underlying Gaussian (or some other) distribution. Thus, (r,) should
asymptotically approach the corresponding width that covers p percent of the area under
such a distribution, while the farthest gap goes to infinity.

It should be noted that a numerical evaluation of the integration of Eqn. 3.14 gives 1 with
an extensive range of testing parameter values (I, o, p), which indicates that p,(At|N, o, p)

is a normalized probability density function.

3.1.3 Implementing The Single Electron Response

To reach a realistic description of the shape of the S2 signal, we need to convolve the electron
cloud diffusion model with the secondary scintillation process. Each electron travels through
the gas pocket under the effect of &,,,;+ and, along its path, it induces the formations of
excited dimers that lead to the emission of UV light?.

The photon yield of this process is related to the strength of &,,,;;, the length of the
path traveled in the gas pocket, and the gas pressure. Using a formulation similar to the one
introduced in Ref. [91, 92, 93], the number of photons per unit of the path can be expressed

as:

dNPh _ (agmult(z)

P 1
- - +b) : (3.15)

where N,y is the number of emitted photons, z is the length of the path travelled in gas
(z = 0 corresponds the liquid-gas interface) and P is the gas pressure. The constants a and
b are free parameters empirically obtained from measurements (Fig. 3 in Ref. [92] and Fig. 6
in Ref. [93]).

Several other mechanisms affect the measurements of the secondary scintillation light
such as the light collection efficiency [61], the PMT single photoelectron (SPE) response [94,

95], signal propagation in electronics, digitizer baseline fluctuations [82], and peak identifi-

9. The decay time for the dimers in GXe is around 5 ns (singlet) and 100 ns (triplet) [90], and thus is
ignored in this study
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cation during data processing [70]. Some of these effects are position-dependent within the
detector, and their net effect is that the Single Electron Gain (SEG), i.e., the number of S2
photoelectrons per extracted electron (PE/e™), varies throughout the zy plane, leading to
slightly different average values across it.

To properly account for all these effects in the model, I extracted from XENONnT data
a few quantities that will be later used in Monte Carlo to produce realistic fluctuations

associated with the various above-mentioned processes:

« A normalized waveform template corresponding to the average shape of the S2 signal
produced by a single electron (see left plot of Fig. 3.5)10. Its features are very well
understood and stem out from the convolution of the various effects involved in the
S2 signal formation, i.e., excimers production throughout the electron path in the gas

(before reaching the anode wire) and their successive decay;

o A two-dimensional map capturing the variation of the Single Electron Gain throughout
the xy plane due to some of the position-dependent effects mentioned above, as depicted
in Fig. 2.11. This map was further elaborated, and SEG in different macro-regions of

the detector was defined;

o A two-dimensional map capturing the standard deviation of the Single Electron Gain
throughout the xy plane. We will refer to this quantity as oqgg. In analogy with the

SEG, the map was further elaborated. See Sec. 2.3.1 and Tab. 2.2.

For simplicity, the zy dependences are absorbed into the fluctuations of the SEG and ogpg.
Their distributions are expressed as two Gaussians, centered at (SEG) and (0)gpqg, with

standard deviations 0(SEG) and T () respectively. See Sec. 2.3.1 and Tab. 2.2 for the

SEG’

exact values, and Sec. 2.3.1 for the derivations.

10. This template was generated by identifying in the tails of large S2 signals, the smallest peaks corre-
sponding to the more sparse single electrons that, being extracted far from others can be easily identified.
Such pieces of waveform were then aligned in time and averaged out to produce a typical time template.
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Figure 3.5: Left: average single electron waveform from SR0 background data; right: average
SPE response across all PMTs normalized to 1. Notice that sometimes a photon can result in
"negative" PMT responses because a photon might not trigger a photoelectron when hitting
the PMT cathode, and the baseline fluctuation dominates and gives a negative yield.

The MC approach aims to reproduce synthetic data mimicking final S2 signal shapes,
i.e., "waveforms" associated with ionization clouds produced in the liquid at different depths,
diffusing while drifting through the xenon and extracted in the gas in a specific location

(x0,yo) of the zy plane. These data are produced by executing the following procedure:

1. The arrival time of N electrons is sampled out of a generic Gaussian diffusion model
(such Gaussian model, described by the standard deviation ¢ and centered at 0, will

be given a physical meaning in the next section);

2. An (zq,yg) location is randomly selected and. Equivalently, a value of SEG is sam-
pled from a Gaussian distribution, centered at (SEG) with standard deviation O(SEG)-

Similarly, a value of oqrq is sampled from its Gaussian distribution;

3. Given the SEG and O(SEG)> & value of the number of expected photons from the

1

electron!! is sampled out from the associated Gaussian distribution;

11. By definition, this can also be called the Single Electron Gain. However, by the definition of Sec. 2.3.1
and Tab. 2.2, the value of SEG for is a weighted value (Eqn. 2.23), and to obtain an instance of the expected
number of photons from a simulated electron, we need to sample it out from a Gaussian.
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4. Subsequently, the actual number of detected photons (or photoelectrons) generated for
the very simulated electron, denoted N., is sampled from a Poisson distribution with

expectation equals the expected number of photons from the last step;

5. The detection time of each detected photon is sampled out from the single electron S2

signal template, which is treated as a probability density function (see Fig. 3.5 left);

6. As introduced in Sec. 2.2.3, each photoelectron results in a voltage drop in the PMTs
and can vary in size. To incorporate such fluctuation, the size of each photoelectron is
described by a normalized photoelectron template whose amplitude is scaled according
to a charge value sampled out of the single photoelectron (SPE) distribution during
the calibration period (see Fig. 3.5 right), describing the average charge response of

the PMTs to an individual photon.

This simulation process aims to reproduce the shape of the S2 waveform for electron clouds.
The combination of Step.3 and Step.4 is a combination of Poisson and Gaussian (Pois-

son&Gaussian) distribution, which can be expressed as
(0.}
Prob (NV = x;SEG, JSEG) = /d:r/Poisson(:B, z")Gaussian (:v/; SEG, USEG) ) (3.16)
0

The sampling of all electrons and summing up the contributions from every individual can

be schematically expressed as

0 /N,—1 Ny—1
Prob(SEG = ; Ny) = / I[ dai SPE(;) | SPE [z — > ;|- (3.17)
0\ i=1 i=1

As a first exercise, we can turn off the SE shape and SPE response to simulate the
diffusion-only part of the model. Figure 3.4 shows the comparison between the distributions

of r50, obtained from the numerical solution of Eqn. 3.14 (solid lines) and those obtained

72



— N=4 — N=100

— N=16 — N=144
N=36 — pPp(AtIN,0=30,p=0.5)
N=64 t Simulation
0.10
0.08
T
2 006
>
[&]
c
o)
& 0.04
go
i
0.02 H
0.00
T T T T T T
0 20 40 60 80 100
I'sop [NS]

Figure 3.6: Comparison between Mathematica evaluations of Eqn. 3.14 (solid lines) and
simulated populations (dots) at different N. For this specific simulation, the SE shape and
SPE shape were assumed to be point-like.

analyzing the synthetic data from this MC (dots). The comparison spans electron clouds
from 4 to 144 electrons and assumes a diffusion described by ¢ = 50 a.u.. The matching is
excellent.

The 750, duration distributions obtained by the full simulation, enabling SE shape and
SPE response, are shown in Fig. 3.7, assuming for the diffusion a more realistic ¢ = 5000 ns,

which roughly corresponds to the center of the XENONnT TPC.

3.1.4 Establishing Diffusion - Drift Time Relation

Sec. 3.1.3 describes a way of developing synthetic data that, beyond the formulations, can be
used to extract the correlation between the duration, expressed in the form of 750, and the
drift time. The idea here is to transform the MC simulation described in the previous section

into a Markov Chain MC (MCMC), used to fit XENONNT calibration data and extract from
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Figure 3.7: 750, values from simulations of realistic electron cloud shape with SE shape and
SPE responses (Fig. 3.5). Different N was simulated with a constant ¢ = 5000 ns.

the best fit the relation between 750, and the drift time ¢;. The data used for this study
are those acquired while spiking the xenon gas with gaseous radio-isotopes,37Ar and $MKr,
that diffuse uniformly within the active volume. The 37Ar radio-isotope decays through
electron capture emitting, among the rest, x-rays associated to the K-shell (~2.7 keV) and
L-shell (~0.26 keV) electron captures. The former decays are well within the reach of the
detector, and being mono-energetic, they are easy to identify and select. Similarly, 83™Kr
decays (~ 41.6 keV from the merged two-step decay) lead to the emission of mono-energetic
lines that are ideal for characterizing the detector response.

Fig. 3.8 shows the 2D histograms of the r5(;, duration vs drift time ¢, for both the 83my
interactions and the 37Ar (K-shell) interactions. The figure also reports the 50p duration
histograms for a specific value of the drift time. As evident from the plot, the two populations
feature much narrower duration for 83™Kr than for 37 Ar. If the model presented in Sec. 3.1.3
is correct, interactions occurring at the same depth in the detector, i.e. same drift time, shall
undergo a diffusion process governed by the same identical o(t,;) (unique for all energies)
and the different duration of the associated S2 signal shall stem out simply from the different
numbers of electrons (N’s) produced during the 33™Kr than for 37 Ar decays (smaller in the
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Figure 3.8: Left: the rsg, values of 83mpy and 37Ar (K-shell) as functions of drift time;
right: the r5g, values 1D distribution in the sampled drift time slice.

case of 37Ar given the lower energy).
Given this observation, we can run our MCMC separately the on the 83mKr and 37 Ar data
to confirm that the model properly describes the data and extract the desired dependence of

the desired dependence of the diffusion from the drift time. The ingredients of this procedure

are:

o The number of electrons in each slice of drift time (N(t;)) for both populations can
be easily obtained by the average S2 signal area in each slice of drift time divided by

the corresponding single electron gain (the latter being independent of the drift time);

« The observed 750, duration distribution in each slice of drift time can be extracted

from the data as shown in Fig. 3.8.

The only unknown and free parameter of the MCMC is the diffusion constant in each slice of
drift time, o(tg). The left plot of Fig. 3.9 shows the 750, duration distribution compared to
the distribution from the model obtained with the o best-fit value (for the specific t; slice).
The right plot shows the best-fit value of ¢ (dots) as function of the fitted ¢; slice, both

for 83MKr and 37Ar. Although fitted independently, the two calibration data returns values
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Figure 3.9: Left: best MCMC results of 750, values vs real data for 83MKy and 37Ar (K-
shell), and their corresponding best-fitted diffusion constant o; right: o(t;) and a square
root fitting.

surprisingly similar, indicating that the assumption that the diffusion constant is a unique
property of the detector holds properly.

The observed values of the diffusion constant as a function of the drift time can be fitted
by

O'(td) = ay/ td - b, (318)

where a and b are the free fit parameters. The parameter a has the unit of ns/,/is and
describes the increment of diffusion constant ¢ as a function of the square root of the drift
time. The parameter b has the unit of ps. The value ¢t; = b marks the time required for the
electrons to drift from the gate to the liquid-gas interface (under the extraction field &gy,
not the drifting field &.). Because the extraction field above the gate is much stronger than
the drifting field, and the liquid above the gate is thin (~ 3 mm) compared to the drift
region, we assumed during that time the electron cloud remains point-like and is described
by the single electron shape shown on the left of Fig. 3.5.

The nominal values for ¢ and b are taken as the mean values of the the two fits. The
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absolute difference can be taken as an estimate of the systematic uncertainty, while the

individual uncertainties on the fitted parameters are combined as a statistical uncertainty:

anom = 145.18 £ 1.63 (sys) & 0.81 (stat) ns/\/us (319)
. 3.19

bnom = 14.10 £ 2.88 (sys) & 7.01 (stat) ps

With the square root correlation of Eqn. 3.18, the r5p, duration of S2 signals can be
modeled for different numbers of electrons and used to develop data selection criteria (see
Sec. 4.4). The modeled distributions of 750, duration of S2 signals for the case of ionization
cloud containing from 1 up to 9 ™ are shown in Fig. 3.10. As expected, 750, duration of 52
signals composed of one electron is independent of the drifting. It is worth noting that for
N = 2 a peak at small 750, values is visible throughout the full drift time range. Intuitively,
the time gap between the two electrons after drifting can be described by Eqn. 3.10 and is
peaked at At = 0 for all ¢’s, as shown in Fig. 3.3. Although this function describes the total
duration, the value of 750, for a two-electron S2 signal must have partial contributions from
both electron responses, the duration of which is then governed by the time gap between
the two and should be peaked at 0, and the final shape should feature a peak resembling
the 750, duration of single electron S2s. As N goes larger, the 150, vs drift time correlation
converges to a nice band that can be described by a square root function, with the shape of

the band well-described by a direct fitting of the band [70].

3.2 Time Gap Between Adjacent Electrons Inside the S2 Signal

The model presented up to now, although embedding as many realistic effects as possible, is
glancing at one aspect that plays an important role in the case of small electron multiplicities.
This has to do with the reconstruction algorithm that takes the recorded waveforms from
the PMTs and tries to identify patterns that we call S1 and S2 signals. Such an algorithm

is typically trained for interactions presenting both an S1 and S2, and hence, it typically
7
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Figure 3.10: Simulated rsg, vs drift time of SE to 9¢™ population with the square root
correlation function Eqn. 3.19. With a constant o in each drift time slice, the resulting r5q),
distributions differ dramatically across different N’s. Due to the use of log-scaled binning,
the color bars are normalized to the size of each bin in the unit of [us~tns™1.

performs better for S2 signals larger than the ones we are interested in here. Large S2 signals
are generated by larger numbers of electrons, and the associated S2 photoelectrons tend to
overlap in time and generate "connected" pulses rather than isolated ones. The algorithm
starts failing when lower numbers of electrons (and hence of S2 photoelectrons) are involved,
and empty gaps start to appear between the single electron S2 signals. For these cases, we
need to put extra care and improve the performance of the algorithm to properly execute
the merging of Single Electron S2 signals if they belong to a single low-energy deposition.

This signal merging process is illustrated in Fig. 3.11. As a first step, single pulses above
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Figure 3.11: Illustration of pulse merging for building an S2 signal. Each small red spike
indicates a cluster of light associated with an ionization signal. The horizontal segments
indicate the merging window around each pulse. Note that the smaller the signal size, the
larger the merging window. In the scenario shown in the picture, the 4th and 5th signals will
be merged as one lies within the other’s merging window. In contrast, all other signals remain
separated and are treated by the standard algorithm as individual S2 signals associated with
multiple energy depositions. The blue spike is an S1 that is neither merged to the ionization
pulse in front of it nor is associated with a merging window to combine other pulses around
it.

the threshold are identified by the reconstruction code and, based on the time profile, tagged
as ionization signals or primary scintillation signals. Tonization signals that are near are then

merged by the algorithm to form the S2 "peak" with a merging window correlated with the

pulse sizes. There are several rules regarding this merging algorithm:

1. only ionization signals are merged (not signals whose time profile resembles the primary

scintillation);
2. the larger the pulse size, the shorter the merging window;

3. small signals are merged into large signals but not the opposite, i.e., if a large S2 lies
within the merging window of a nearby small 52, as long as the small S2 is outside the

merging window of the large one, they will not be merged.
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This procedure faces difficulties that are ultimately not solvable:

 there is no objective way of obtaining the true rate of S2s inside the detector, i.e.,
one cannot judge the extent of over-merging / under-merging simply by the number

of reconstructed S2s;

o with the knowledge of the electron diffusion process presented in Sec. 3.1.4, it is clear
that the merging window should be drift time-dependent, especially for small S2s. This

cannot be implemented because:

— before fully reconstructing the S2 peak and pairing it with the S1 peak, the drift

time is not defined;

— there is a large number of S2 signals without an associated S1. For these interac-

tions, the drift time cannot be evaluated.

Utilizing the Monte Carlo method and the established diffusion correlation as discussed
in Sec. 3.1.3 and Sec. 3.1.4, such merging practice can be studied and, to a certain degree,
optimized. In this section, I will introduce a systematic method of establishing the merging

strategy.

3.2.1 Optimizing The Merging Algorithm with the Diffusion Model

The basic idea is to set a proper merging window curve as a function of the signal size
equipped with the diffusion relation discussed in Sec. 3.1.4. Based on the number of electrons
N, gaps between individual electrons (groups) can be simulated, and merging windows can
be properly adapted.

An illustration of the procedure followed to define the optimal merging window is shown
in Fig. 3.12, in which, as an example, two S2 signals produced by 3 electrons produced in
different regions of the TPC are simulated. For each simulated S2 signal, the maximum gap

between the 3 electrons is stored. The procedure is repeatedly simulating the S2 signals
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for ionization clouds from 1 to up to 10000 e, spanning the 0-400,000 PE range in the S2
signal area. Given the impact of the drift time on the recorded maximum gap, two separate
simulations are performed. In one, whose results are shown in the left plot of Fig. 3.13,
the electron clouds are generated uniformly in the entire TPC active volume. In the other,
shown on the right, the electron clouds are generated only near the cathode. As expected,
the average maximum gap is larger for interactions coming predominately from the bottom
of the TPC. This is more clear when comparing the two 99% percentile curves extracted
from the left plot (green curve) and right plot (blue curve).

The difference between the blue and green curves shows that two different approaches
could be used to improve the traditional merging window indicated in light blue in Fig. 3.13.
Using the blue curve extracted from the model simulating interactions near the cathode
would be the “conservative" approach, ensuring minimal under-merging cases. On the other
side, using the green curve extracted from the model simulating interactions in the full TPC
would be the “aggressive" approach, preventing over-merging but causing to split more often
interactions from the cathode (more severely affected by diffusion). For the sake of the
present S2-only analysis, we adopted the conservative approach, ignoring the over-merging
issues because the S2s are large enough for traditional WIMP search to be away from the
few-electron regime [66] (>200 PE — that is more than 6 electrons).

Fig. 3.13 is limited to a per-event level, and the crosstalks amongst events haven’t been
considered. This is the source of over-merging: electrons from different energy depositions
are merged. Due to the ultra-low event rate in XENONnT detector [72], it is not crucial
for big S2s, as it is rare to have two physical large S2s happening within their merging
window, and it is not harmful if a few SE signals are merged inside. But this merging
artifact is potentially detrimental in the S2-only studies, where the focus is on small S2s: if
two physical events produce two SE S2s and they are merged, not only will we misidentify

a 2 e~ event, but also the two original events are lost.
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Figure 3.12: Two examples of simulated 3 e~ waveforms. Left: event happening at the
top of the TPC with small diffusion; right event happening at the bottom of the TPC with
large diffusion. Vertical red dashed lines are markers of the beginning and end of individual
electrons/electron groups. The maximum gap is indicated with the black arrow.
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Figure 3.13: Maximum gaps within S2s of different sizes. Simulations were done with events
throughout the full drift time (left) and only near the cathode (right). In both figures, the 99
percentile lines of both simulations are plotted as comparisons to the full distributions. The
cyan curve is the XENONnT merging curve. Due to the limited simulations across a large
S2 size range, the simulations contain more entries with S2s between 1 e~ and 100~ , and
for larger S2s, I used log-binning. This resulted in the artificial "boundary" near 3000 PE.

Here, I give a quick quantitative estimation of such merging. From a TED run of 30
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Figure 3.14: Results of simulation of 700 Hz independent all-SE peaklets. Left: Simulated
distribution of gaps between adjacent peaklets; right: number of electrons in each recognized
S2 after merging with 25 us window. The red vertical line is the XENONnT merging window
for S2s at SE size.

minutes in SRO, the rate of inseparable waveform pieces (called peauklets)l2 with sizes less
than 300 PE (roughly 10 e™) is ~700 Hz. Assuming they all come from independent sources
and ignoring their intrinsic durations, i.e., treating all peaklets as point-like SEs, a quick
estimation of gaps between adjacent peaklets is shown in the left plot of Fig. 3.14, with
the red vertical line marking the merging window of ~100PE S2s. Because all peaklets are
uncorrelated and follow a Poisson distribution, the distribution of the gaps follows an ex-
pected exponential distribution. With the XENONnT merging window, 12.54 Hz (1.79%)
SE peaklets will be merged and wrongly form larger S2s. The merging results in this sim-
plified scenario are shown in the right plot of Fig. 3.14. Out of the merged 1.79% peaklets,
most form 2 e~ S2s, and some form larger ones. One critical remark is that, after merging,
a non-existent large S2 emerged, and the SE components were lost.

A more interesting and chaotic simulation is to assume that all peaklets come from 2 e~

events and incorporate the diffusion process. Of course, in this scenario, the total rate of

12. Inseparable means there are no clear clusters within the waveform. e.g., each piece between the red
dashed lines (or between the red dashed lines and the beginning/end of the waveform) in Fig. 3.12 would
count as an inseparable waveform piece, or peaklets.
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Figure 3.15: Results of simulation of 350 Hz independent all-2 e~ peaklets. Left: illustration
of crosstalks between events due to the diffusion process during drifting. The two peaklets
(of two electrons) from two closed-by events are observed alternatingly, causing wrong recog-
nition of event reconstructions. The horizontal lines are peaklet merging windows centered
at each observed "SE" signal (~ 25us). Right: number of electrons in each recognized S2
after merging with 25 ps window.

events should be halved to 350 Hz. The events were sampled randomly throughout the entire
drift region with the diffusion relation (Eqn. 3.18 with nominal values from Eqn. 3.19). The
individual signals (2 electrons from one event) are sorted by their observed time. To better
understand the procedure, a piece of real simulation is shown in the left plot of Fig. 3.15,
with samely colored peaks indicating signals from the same events. The red horizontal bars
centered at each peaklet are the merging windows. This piece is specially picked to show
because of the overlap of two 2 e~ events. The results of the merging of nearby peaklets are
shown in the right plot of Fig. 3.15. Because the merging windows were designed at 99% of
the diffusion distribution, some 2 e~ events from the bottom of the detector can be split and
recognized as two independent S2s (events). Moreover, crosstalks beyond merging between
events happen as odd-numbered e~ S2s emerge with minimal frequencies.

There is a more severe problem: the merging window is assumed to be dependent on the
actual size of the event. In real data, only peaklets are observed firsthand, and there is no

way to estimate the actual size of the event before merging peaklets up. Thus, in practice,
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the merging window was decided based on the size of the peaklets, which is an unavoidable
compromise.

In conclusion, with the two simple simulations under idealized assumptions, mergings
of events that produce only a few electrons cause a few percent loss of observations and a
systematic bias of shifting the expected S2s spectrum larger. This observation leads to the

proposal of the next section.

3.2.2  Decomposing S2s: A Proposal of An Unbiased Approach

The source of the dilemma introduced in Sec. 3.2.1 is exactly the merging practice. While it
is physically motivated that signals inside the detector should be assembled to form "events",
why can’t we simply use the unmerged signals for analyses? That is, instead of trying am-
biguously to reconstruct the original complete S2s, utilizing the expectation of the diffusion
model to profile the peaklets. To swap from reconstructed events to peaklets only, the

following changes in the streamlining of analyses need to be done:

1. For signal characteristics (for example, the Dark Matter - electron scattering rate as
a function of ER energy), there needs to be one more step after the process discussed
in Sec. 2.2 that converts energy to S1-S2 yields: the diffusion relation needs to be

implemented to decompose the S2s into peaklets;

2. From the data side, only naturally connected signals should be counted towards one

peaklet, and no further merging needs to be conducted.

To illustrate the idea, I will focus on the S2-only analysis perspective, where Sls are
ignored, and the focus is on the smallest S2 signals between SE and 5 e~. Let’s assume
there is an ideal new particle model that has an entirely flat characteristic energy spectrum

in the unit of [k;g_l day™1 - k:eV_l]. Furthermore, it has a nominal rate of 1 event per
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(kg - day - keV] at some nominal cross-section:
R=1kg ' day™ ' kev 1, (3.20)

where R is the rate of ABSMP-electron interaction. From the process described in Sec. 2.2,
the expected CY at this nominal cross-section can be expressed using a simplified binomial

process as shown in Eqn. 3.21

1

()

where Rj¢(N) is the rate of an interaction producing a CY of N electrons. Ignoring the

o0
E
Rpe(N) = R/dE Binomial | N; Ny = floor <W) .D (3.21)
0

electron lifetime attenuation (Eqn. 2.19) and extraction efficiency attenuations (Eqn. 2.20)
discussed in Sec. 2.3, the expected S2 spectrum in the unit of number of electrons observed
is 0.015 per kg - day. Now, the atomization requires further anatomy of these events. While
the SE population is unaffected, larger S2s will likely separate into multiple small S2s. For

a simple implementation of such practice:

 Within each event, if the gaps between electrons are smaller than SE width (r1ggp ~

2us), they are merged as one peaklet, with the number of merged electrons as N
o Otherwise, signals from each electron are regarded as individual peaklets of SE;

o Because of the ultra-low event rate and a much smaller "merging window" compared
to the discussion in Sec. 3.2.1 (2us vs 25us), the mergings across different events are

ignored.

Fig. 3.16 shows a simulation result up to 100 e~. A boost in small S2s is observed,
especially in the SE population, as many S2s composed of a few electrons after the diffusion
process have separable waveforms. There is a deficiency in large S2s as the rate of peaklets

drops below the true event rate because:
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Figure 3.16: Rates of observing peaklets of NV electrons with a flat interaction rate of 0.015
events per kg - day. Since the SE population cannot be further split, contributions towards
the rate spectrum from N > 1 are plotted in blue dots, and the individual bin of SE events
is added to the first bin in yellow. The simulation was done up to 100 e™.

1. They are broken into smaller S2s and boosting their bins, thus reducing the count in

their bin;

2. Simulation terminated at 100 e, so there are not enough larger S2s to be broken up

and fill these bins.

Surprisingly, the spectrum of true events is turned from flat to a peak at SE simply from
the atomization process. With the rates used in the example, the contribution in the SE
bin from N > 1 events is much larger than the actual true rate of the SE event. With an
infinitely flat signal spectrum, the rate of observing any N peaklet would eventually go to
infinity. In real-world models, there is always some roll-off at some point to prevent this
from happening.

More complicated detector conditions can be implemented with a more comprehensive
simulation to make the effect of this atomization practice more realistic. In conclusion, this
method bypasses the dilemma of uncontrolled merging discussed in Sec. 3.2.1, which can be

much more dangerous than what was depicted in Fig. 3.14 and Fig. 3.15 as there are all sorts
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of correlated junk signal productions when some physical event happens.
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CHAPTER 4
S2-ONLY (FEW ELECTRON) ANALYSIS

In an LXe TPC, the simultaneous measurement of the prompt scintillation light (S1) and
the delayed ionization signal (S2) allows for precise 3D position reconstruction of the energy
deposition. However, this is possible only if the interaction generates S1 and S2 signals above
their corresponding detection thresholds.

Thanks to the charge-to-light amplification mechanism occurring in gas, one ioniza-
tion quanta — one single free electron — produces on average an S2 signal of about 32 PE
(Tab. 2.2), well above the S2 light detection threshold. On the other side, for S1 signals,
the light quanta — a single UV photon — often escapes detection due to the non-unitary light
collection efficiency and PMT efficiency. Finally, for typical particles of interest, the relative
ratio of photons to free ionization electrons is such that, while the energy of the deposition
decreases, the S1 signal is the first to fall below the detection threshold. This behavior is
evident in the ER/NR band of Fig. 2.9: on the left end of both the ER and NR bands, while
the ¢S1 signals approaches 0 PE, the ¢S2 signals have an average value of about ~ 1000 PE
(=30 ¢7) and ~ 600 PE (=19 ¢7) for ER and NR respectively. To be more quantitative,
the light yield per unit of deposited energy is significantly smaller than the charge yield, as
shown in Fig. 4.1 for various reference ER energies!.

Beyond the aspects mentioned above related to the xenon micro-physics and the detector
response, the detection efficiencies of S1 and S2 signals near the threshold are also impacted
by the interplay between their different time evolution and the performance of the peak
identification algorithm. The results of this complex process are shown in Fig.. 4.2. For S1
signals, the efficiency reaches 100% at about ten detected photons; for S2 signals, such value

is reached around five detected photons (x5 PFE). Considering that, as mentioned above,

1. Notice that in Fig. 4.1, the charge yield has the unit of PE/keV, different from the unit e /keV
defined in Sec. 2.2.1.
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Figure 4.1: LY and CY evolution throughout SR0. Despite being stable, the LY (~
9.7 PE/keV, measured with 5.5 MeV 222Rn «) is much lower than the CY (~ 250 PE/keV).

each e” produces an S2 signal of 32 PE on average, and it is safe to assume that ionization
signals of even a single electron — as long as the electron survives the drift in the liquid
and is successfully extracted into the gas — can be detected with close to 100% detection
efficiency. The above considerations are at the basis of the so-called S2-only analyses, where
the requirement for detecting the S1 is dropped in favor of the capability of reducing the
ultimate energy threshold of the detector. But this does not come without drawbacks. Not
requiring the detection of S1 means losing the z coordinate of the interaction normally
extracted from the time delay of the S1 and S2 signal. This prevents us from applying
position-dependent corrections, like the electron lifetime correction discussed in Sec. 2.3,
with the net effect of degrading the detector energy resolution and forcing us to incorporate
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Figure 4.2: S1 and S2 detection efficiency in the unit of PE. S1 detection efficiency approaches
100% at 10 PE and S2 at 5 PE

such nuisances into the detector response models rather than correcting for them. The
absence of the z coordinate also prevents defining boundaries of the fiducial volume (see
Sec. 2.2) along the drift direction (while we can still fiducialize in the x-y plane). At the
same time, as shown by this work, the benefits are also evident, and S2-only analyses allow
us to extend the physics reach of the detector and its sensitivity to light DM.

The analysis presented in this work focuses on the lowest regime of S2 signals correspond-
ing to ionization signals of up to five electrons extracted in the gas. Incorporating the Single
Electron Gain and its standard deviations listed in Tab. 2.2, this corresponds to a region of
interest in the S2 space from 10 to 174 PE2. To differentiate from the more traditional S2-
only analyses, which typically focus on larger S2 signals and consider interactions through
both NR and ER channels, this analysis is often referred to as the few-electron analysis.

Challenges arise in this ultra-low energy regime:

2. The choice of 10 PE as the lower bound, instead of 0 PFE, is because the "S2s" from random pileups of
lone-hits, a type of single photon response within single PMTs, dominates the region below 10PE, as shown
in Fig. 4.4. The exact sources of lone-hits are still unclear, but such a population is certainly not the S2
signals of under-fluctuated single electrons. It will be clear after the discussion about statistical inferences
in Sec. 4.6 that the exact value of the bounds of the few-electron analysis does not matter as long as we
do not include dominant un-modeled backgrounds in our final dataset. Thus, 10 PFE is a sufficiently good
separation point between the pileup population and the true Single Electron S2s
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Figure 4.3: Spatial (left) and time (right) correlations between small S2s and their preceding
large S2s as observed in XENONIT [52]. In the left plot, the 2D histogram shows a clear peak
near Ax = Ay = 0 cm, indicating a strong spatial correlation between the small S2s and
their preceding large S2s. Such correlation is straightforwardly shown in a direct comparison
between the spatial difference distribution of purely random pairing between small S2s and
large S2s (the orange dashed line in the bottom panel) and the distribution from data (black
dots with errorbars, with two fittings from assumed functions in yellow and green). The small
S2s within a position-correlated radius, indicated with the red circle, are considered position-
correlated DEs, and the ones outside the blue circle are the position-uncorrelated small S2s.
In the right plot, time delayed from preceding large S2s of both the position-correlated DEs
and uncorrelated small S2s of sizes 1 to 3 e™’s are plotted. The gray vertical line indicates
the one full drift time in XENONI1T. While the rates of the position-correlated DEs (red
dots at the top) exhibit strong decreasing trends as the time delay from the preceding large
S2s increases, the rates of the position-uncorrelated small S2s (blue dots at the bottom) are
relatively constant. (While there is a decreasing trend in the blue dots, due to the log-scale
of the y-axis, the dependence of the rates of delay time from preceding Primary S2s is much
weaker for the position-uncorrelated small S2s compared to the position-correlated DEs).

o The existence of a substantial instrumental background. As depicted in Fig. 4.3, it has
been observed [52] that, after large S2 signals, there is a train of much smaller S2 signals
that are spatially correlated with it, i.e., the primary large S2 signal and the following
small S2 signals have a similar (x,y). These spatially correlated small S2 signals can
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last for seconds after large S2 signals and are generally small (< 10 e7), ending up
in the ROI for this search. The rate of these secondary S2s is strongly related to the
arrival time of the primary large S2 signal and its amplitude. The larger the primary
52, the higher the rate of small S2s. The larger the delay with respect to the primary
S2, the smaller the rate of small S2s. This indicates that such delayed small S2s are
an artifact produced by the first primary S2 and do not correspond to independent
low-energy depositions. This component is hereafter referred to as Delayed Electrons
(DE), and we will present in Sec. 4.1 known origins for these electrons. Therefore,
to analyze the smallest S2s in our detector, such a small S2 population needs to be

properly removed or accurately modeled as a background;

The limitations of the S1-S2 signal classification. The reconstruction algorithms de-
veloped to identify the S1 and S2 peaks in the waveforms were not optimized for
ultra-small S2 signals. The standard peak classification has three categories: "S1',
'S2", and "unidentified". The identification of S1 and S2 signals, examples of which
are shown in Fig. 2.8 is performed based on the time profile of the light signals (see
Sec. 2.2.1, Sec.2.2.2, Sec.2.2.3), with the S1 peaks being typically narrow and spiked
while S2 peaks being broader and relatively flat [70, 85]. Reconstructed peaks not
matching the above criterion, one example of which is shown in Fig. 2.8 at the bottom,
are labeled as "unidentified". While performing well enough for S1-S2 analysis, this
classification strategy is based solely on the characteristics of individual waveforms
and doesn’t consider correlation amongst adjacent peaks. To properly characterize the
spatial and time correlations mentioned in the first point, a systematic infrastructure

for defining such correlations needs to be built over the traditional classification;

The requirement of precise modeling of the shape of S2 signals in the detector. As dis-

cussed extensively in Ch. 3, when analyzing waveforms, a merging step is implemented
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'3 and form peaks that we call S2s. Such a merging step

to combine nearby "peaklets
was tuned and optimized for the traditional S1-S2 studies in which the size of S2 sig-
nals is large and far from the discrete regime, and it was designed to ensure minimal
under-merging in those energy regions. But, as explained in Sec. 3.2.1, this leads to
some over-merging, i.e., we cannot distinguish a 2 e~ peak from a wrongly constructed
peak of two independent single e~ peaks. Such an effect can be modeled with the

results of the independent study of the diffusion of the electron cloud in liquid and its

impact on S2 signal shape, as discussed in Ch. 3.

In the scope of the few-electron study, since we are differentiating the so-called 'large
S2s" and the smaller ones, the boundary between the small S2 and large S2 was set at
10 e™. Incorporating the Single Electron Gain and its standard deviation listed in Tab. 2.2,
the boundary is set at 340 PE. The reason for choosing 10 e~ as the boundary is that
since we are focusing on the S2s consisting of 1 e~ to 5 e, to ensure that the leakages of
under-fluctuated S2s consisting of larger than 5 e~ are properly accounted for into our signal
models within our region of interest, we need to include S2s comprised of up to 10 e™.

In the rest of this chapter, I will discuss the efforts to address the challenges listed above
and the details of the few-electron analysis. More specifically, in Sec. 4.2, I will introduce a
new peak classification infrastructure (named subtyping) based on time and size correlations
between peaks and their nearby neighbors that expands the traditional S1-S2 classification
into multiple physically motivated subcategories. In Sec. 4.3, I will introduce an algorithm
that restores the number of electrons from waveforms of S2 signals in order to be used with
the model of S2 signal shape developed in Sec. 3.1.3% In Sec. 4.4, I will first introduce a
standard set of selection criteria for S2 signals to select legit S2 signals and then a peak

selection criteria designed to minimize the background. The selection criteria are developed

3. A waveform that is indivisible, full definition and discussion in Sec. 3.2.1

4. The number of electron (N) dependence in Eqn.3.14 indicates the requirement of this parameter, which
is not readily available from traditional analysis framework
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Figure 4.4: S2 area distribution of 10 TED runs without data selection. The vertical line
marks the lower bound of the few-electron analysis at 10 PE. While the Single Electron
population is visible on the right of the red line (centered at around 32 PE), there are two
prominent populations on the left-hand side: the peak near 0 PFE is the baseline fluctuation
population, and the one centered at around 2 PFE is pileups of lone-hits. The blue dashed
line indicates the lower bound for counting 1 e~ discussed in Sec. 4.3

using the TED dataset, i.e., unblinded data acquired in conditions similar to those of the
physics runs. In Sec. 4.5, a new dedicated XENONnNT detector response model is used to
describe the S2 signal spectra from a set of DM candidates and BSM hypothesis. Finally,
in Sec. 4.6, I will perform the statistical inference on the data and, applying the Yellin
Optimal Interval, present preliminary5 constraints on three new physics channels: light Dark
Matter interacting via electron scattering, Dark Photon absorption, and Axion-like Particle
absorption. The results refer to the TED data, but the analysis will soon be extended to the
full SRO data, which is still blinded.

5. At the time this thesis was written, we are at the final stage of the unblinding of XENONnT SRO
scientific data. These results were obtained from the TED data in an unblinded manner.
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Figure 4.5: Event rates of radioactive impurities inside the detector and Solar neutrinos, as
a function of ER energy.

4.1 Origin of Small S2 Signals

Two types of backgrounds affect the few-electron analysis producing S2 signal within the
ROLI: ultra-low energy physical interactions from radioactive contaminants and neutrinos as
well as “instrumental” sources responsible for the emission spurious electrons even in absence
of an actual interaction within the active volume.

The amount of radioactive contaminants within the XENONnT detector and solar neu-
trinos interacting with xenon orbital electrons responsible for energy deposition of more than
1 keV was precisely measured in the context of the DM searches presented in Ref. [66] and
Ref. [67]. The extrapolation of those radioactive components to energies below 1 keV, as
well as the signals from neutrinos, are shown in Fig. 4.5. The isotopes that contribute the
most are 130Xe, 214Ph, 133Xe and 3H [67], which undergo 3~ decays and generate the the
electronic recoil.

On the other hand, due to a lack of z information, the volume cannot be fiducialized

along the drift axis, causing Compton scatterings from gammas emitted near the top and
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the bottom of the detector not to be removed. Besides, the small S2s from interactions
through the NR channel, i.e., from neutrons or neutrinos (through CEvNS [96, 97]), cannot
be distinguished from the small S2s from interactions in the ER channel since, in the absence
of Sls, there is no way to discriminate NR and ER.

Furthermore, there was mention of the lights generated when the positively charged ions
(Xe™, Xe%‘) reach the cathode, mimicking S2 signals [98]. Efforts were made to search for
such a signal in the XENONnT detector. However, due to its slow drifting speed (because
the ions are much heavier than the electrons), the time correlation between such a signal and
the S1 and S2 generated from the same energy deposition is too blurry to be spotted, and
we didn’t find direct evidence of such signal. Nevertheless, I document it here as a potential
contamination source, acknowledging that we know very little about such a source.

In addition to the physical low-energy depositions mentioned above, various instrumental
effects can produce spurious electrons generating small S2 signals.

The first one is called the Fowler-Nordheim electron emission or field electron emission [99,
100] from metal surfaces. While this emission would happen both on the wires and on the
grid frames, the dangerous emitted electrons are those that can be emitted inside the active
volume and, hence, those from the wires. The electron emission rate depends on the electric
field value around the wire [101]. In XENONnT, the radius of the cathode wire is ~ 150 pm,
and the radius of the gate wire is ~ 100 ps. With nominal field strength around the wires
to be ~ 200 kV/em for the cathode and ~ 60 kV/cm for the gate, we expect conservatively
the rate of the spurious electron emission to be less than 210 Hz as reported in Ref. [101].
Nevertheless, this rate is hard to quantify and represents a background inside our ROI that
will generate single electrons not correlated in space and time with other interactions within
the TPC, making them an irreducible background.

For all the above-mentioned reasons, it is extremely challenging to have a trustworthy

and fully comprehensive model for the physical backgrounds. Consequently, the few-electron
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analysis aims to set strong constraints on theoretical models in the form of upper limits.
Similar conclusions are true also for the instrumental background that we will describe
below. However, for some of its components, i.e., delayed electrons, we were able to develop
data selection criteria leveraging their spatial and time correlation with neighbor interactions
that allowed us to improve the signal-to-background and enhance the physics reach of this
search.

A second broad category of instrumental background dominates over all other components
due to long trains of small S2s produced right after a preceding large S1 or S2 signal. These

small S2s, often referred as delayed electrons presents the following features:

o their rate is maximum immediately after a preceding large signal and starts to drop
after one full drift time, which is the time needed by electrons produced at the cathode

to reach the liquid/gas interface.

« after one full drift time, the rate continues to drop but with a much longer decay time,

and small S2s can extend up to seconds after the preceding large S2s.

« a large fraction of these delayed electrons presents an x-y position that is compatible

with that of the preceding large S2.

These features were observed in the XENONIT single electron population, as depicted in
Fig. 4.3. Numerous studies on the nature of these single-to-a-few electron background were
conducted, both in large experiments (XENON [93, 52|, LZ [102], DarkSide [39] and Pan-
daX [103]) and in small local labs (Ref. [104, 105, 88, 89]). Several explanations with

convincing evidence were proposed:

e when a large S1 and S2 occurs, it can induce, at some level, photoionization. When
large S1 or S2 photons travel inside the detector, they can hit surfaces (i.e., metal wires)
or electronegative impurities in the LXe and induce single electron emissions. The

emitted electrons are then drifted by the electric field towards the liquid/gas interface,
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generating small S2s. Since the time required for the photon to hit the electrode
or electronegative impurities (in the order of ns) is negligible compared to the full
drift time (in the order of us to ms), the bulk of the electrons from photoionization
are observed within one full drift time from the preceding large signals. The rate
of emission is moderate; otherwise, the detector would not operate correctly, but it
is still not negligible for the single electron analysis. Also, small S2s can produce
photoionization, but the smaller the number of photons emitted, the smaller the rate
of emitted electrons. This process implies a strong time correlation with the primary

larger signal but no spatial correlation;

as shown in Ref. [88, 89] a fraction of the electrons produced during an energy deposi-
tion can remain temporarily trapped at the liquid/gas interface, leading to a delayed
emission of the electrons in the gas, causing spurious small S2s even milliseconds after
the original S2. Such a background is strongly related to the intensity of the extrac-
tion field, Eq4¢, responsible for accelerating the electrons and providing them the right
amount of vertical momentum to overcome the potential barrier at the interface. Given
a large ensemble of electrons reaching the interface, some of them will be immediately
extracted in gas, and some others will have to be re-accelerated more and more until
they are emitted, leading to a longer extraction time. The extraction efficiency as a
function of the £y value is described in Ref. [81]. At XENONNT working configura-
tion Eeyyt is set at ~ 3.9 kV/cm, leading to an average extraction efficiency of about
~ 0.54 (Sec. 2.2.3). This process implies both a time correlation and a strong space

correlation with the primary larger signal.

These two explanations are both physically well-motivated and capable of explaining a large

fraction of the observed features. However, they both fail to justify the component of small

S2 showing up at the few seconds scale. A promising explanation for such long delayed

electrons, initially described in Ref. [88; 89], is that electrons, while drifting towards the
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interface, can get temporarily trapped by electronegative impurities, forming a metastable
object that will release the electron at a much later time. Although the releasing mechanism
is not fully understood, such a hypothesis seems strongly corroborated by my analysis of

XENONT data:

« XENONnNT data indicates that the rate of small S2s beyond the photoionization regime
- at time delays larger than one full drift after the primary large S2 - is strongly
correlated to the length of the path length traveled by the electron cloud of the primary
S2 travels (hence to the drift time of the primary S2). The left plot of Fig. 4.6 illustrates
this correlation. Specifically, a higher average rate of late delayed electrons is observed
for primary S2 signals with larger drift times. This, combined with the observations
that such delayed electrons share the same x-y of the primary S2, strongly supports
the hypothesis that they might be attached along their drift path and re-emitted at a

later.

o The right plot of Fig. 4.6 shows another expected behavior: the rate of these late
delayed electrons, once normalized with the primary S2 amplitude and averaged out in
the full drift time, is constant and does not depend on the primary S2 amplitude. This
observation corroborates the hypothesis that the drifting electrons have a constant

attachment probability per unit of drift length.

Delayed electrons from photoionization, trapping at the liquid/gas surface, and impurity
attachment are the dominant backgrounds to this search. The bulk of these few-electron
analysis aims to characterize such background and suppress it by vetoing, in a smart way,
time periods (after a large S1 or S2) and spatial region of the detector based on the primary
signal position (this is not possible for primary S1). A schematic illustration showing the
three components of the DE population can be found in Fig. 4.7.

In summary, the radioactive impurities, the Solar neutrino, and the field electron emis-

sion backgrounds are subdominant compared to the DEs. Thus, we focused our effort on
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Figure 4.6: These plots were obtained with the complex procedure described later in this
chapter. While it is complicated to justify the units without having presented the full
treatment, we reported them here to share the main outcomes. The vertical axis of both
plots is normalized to the total electron count of the corresponding primary S2s (6;528) and
per unit of surface (this will be more clear later). Since the rates depend on the time delay
from the primary S2, we selected small S2 within a fixed window from three full drift times
to 10 s to ensure to select the late delayed electrons (i.e. no photoionization). The small
S2s are split into two groups, position uncorrelated and position correlated, according to the
relative distance between their x-y and the x-y of the primary large S2. Left: positioned
correlated small S2s have a much higher rate, and their rate increases with the drift time of
the primary S2, i.e., with the path traveled by the ionization cloud of the primary interaction
Right: the rate of position-correlated small S2s is independent of the size of S2 (which is not
the case in the position-uncorrelated population.)

effective removal strategies for this DE background. The field electron emission background
is hard to quantify once the detector is built, and the impact, although estimated to be
minimal, remained unknown to us. Therefore, the few-electron analysis does not have a full

background model and thus is only capable of setting an upper limit on BSM models.

4.2 Data Analysis Framework: Peak Subtyping

Limited by the electron drift velocity in liquid xenon, the corresponding S2 after an S1

should be observed within the maximum drift time allowed by the TPC depth (namely, the
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Figure 4.7: Tllustration of the photoionization/photoelectric effect following an S2, the de-
layed release of electrons trapped at the liquid-gas interface, and the hypothetical sponta-
neous release of electrons trapped by electronegative impurities.

full drift time). Therefore, from each S1, all S2s within 1.2 full drift timeS afterward are
scanned, with the largest S2 above 10 e~ registered as the primary S2 (pS2), which means it
is regarded as the corresponding S2s from the same energy deposition as the S1. Notice that
only the large S2s are recognized as pS2s. If there are some small S2s within one full drift
time from an S1, they are not classified as pS2s as they are regarded as incapable of creating

DE trains’. Suppose such pS2 exists for the S1, motivated by the well-known photoelectric

6. Using 1.2 instead of exactly one full drift time is to allow uncertainties in drifting velocity and event
reconstructions. First, the drifting field is inevitably non-uniform, especially near the edge of the TPC,
rendering a different drifting velocity of the electron cloud and, thus, a different time required for an electron
to drift from the bottom of the TPC. Second, as discussed in Sec. 2.2, the definition of "drift time" has an
ambiguity with respect to the definition of observation time of S1 and S2. As a reminder, in this thesis, the
drift time is defined to be the time difference between the beginning time of a pair of S1 and S2

7. This practice effectively ignores the correct S1-S2 pairing if the S2 is below 10 e~. However, this is
not a concern in the few-electron analysis, as the S2s of this size are regarded as not capable of generating
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and photoionization process introduced in Sec. 4.1, the scan window is extended to 2.4 full
drift times after this pS2 (same reason for not using exactly two full drift time). All S2s

between the initial S1 and the end of the scan window are sorted as follows:
o If the S2 is smaller than either half the size of the pS2 or 10 e™:

— If the S2 is before the pS2, it is classified as photoionization induced by S1, namely
S1PH;

— If the S2 is after the pS2, it is classified as induced by S2, namely S2PH;
o If the S2 is larger than both half the size of the pS2 and 10 e™:

— If the S2 is before the pS2, it is classified as other large S2 after an S1, namely
S10l1S2;

— If the S2 is after the pS2, it is classified as other large S2 after an S1, namely
S20152.

If no pS2 is identified for an S1, all S2s after such an S1 and within one full drift time will
be classified as SIPH, and such an S1 will be labeled as a lone S1, that is, a loneS1.

This step iterates through all S1s, which means if two S1s coincide, the latter might over-
write the classification of the first. I enforced that pS2s will not be rewritten as S1(S2)olS2.
Another nuance is that small S2s have a non-negligible chance of being misclassified as Sls.
To bookkeep this fact and enable further studies, loneS1s smaller than half the Single Elec-
tron Gain (31.9 PFE) are labeled as small loneS1s, namely sloneS1ls. And their associated
S1PHs are relabeled sIS1PHs accordingly.

After exhausting all S1s and their associated S2s, all that is left are S1-less S2s that could
originate from several sources: 1. the S2 is from an energy deposition event, but the S1 is

too weak and not detected; 2. the energy deposition happened too close to the gate or even

delayed electron tails shown in Fig. 4.3 and thus will not contaminate the population of our interest
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above the gate, that the S1 and S2 are too closed in time and merged; 3. the S2 is from some
electron emissions, like electrode emission or DEs, and not from energy depositions; 4. some
other edge cases where Sls are lost with some preceding S2s, or misclassified as S2s [67]. All

these S2s are sorted as follows:
1. Starting from the first unsorted S2:

o If it is an small S2 (smaller than 10 e~ ), motivated by the misclassification of

Sls, establish a scan window of 1.2 full drift time;

— If there is a pS2 spotted within the window (> 10 e ), label this small S2
fake S2, as if it is an S1 but misidentified as an S2. Then repeat the operation
for the S1-pS2 pair, with the exception that now the S1olS2 and SIPH are
named fakeS20lS2 and fakeS2PH;

— If there is no pS2 spotted, label this small S2 as s52;
o If it is an large S2 (larger than 10 e™), label it as a lonepS2:

— Scan 2 full drift time after it, and label all S2s smaller than half the size of
this lonepS2 or 10 e~ S2PHs, all S2s larger than both half the size of this

lonepS2 and 10 e~ S20lS2s;
2. Jump to the next unsorted S2 and start again;

The above iteration should exhaust all remaining S2s. As a summary, all subtyping
nomenclatures and their corresponding codes are shown in Tab. 4.1. While all subtypings
are physically motivated and worth extensive exploration, in the scope of the few-electron
analysis, we focused on the small S2s that are sufficiently separated from any preceding
large S2s (sS2, index 21). In order to model the Delayed Electron population mentioned in
the introduction and shown in Fig. 4.3, we considered all primary S2s (pS2, index 22, and

lonepS2, index 25) to study their correlations with the sS2 population. In the rest of the
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chapter, I will refer to all primary S2s with index 22 or 25 as "pS2" and all small S2s with index
21 as "sS2". Notice that the photoionization electrons mentioned in Sec. 4.1 are effectively
vetoed by excluding the SIPH and S2PH populations, as we used the conservative two full

drift time window to incorporate the iterative behavior of the photoionization process.

4.3 Retrieving The Number of Electrons From Waveforms

The parameter 50, or more usually called the S2 width, and its relation with the drift time
of an S2 is usually used to separate S2s generated in the drifting region from S2s constructed
from pileups of noises®. As extensively discussed in Sec. 3.1.3 and shown in Fig. 3.10, the S2
width has a nontrivial dependence on the number of electrons (V) inside the electron cloud
of an S2 signal. Such a number is not directly observable inside a TPC, as the secondary
scintillation process turns each extracted electron into a train of photons, and waveforms of
S2 signals are recorded in the form of voltage drops (discussed in Sec. 2.2.3) and expressed in
the unit of PE/ns. To use the models derived in Ch. 3, we need to reconstruct the number
of electrons from S2 waveforms.

The method of retrieving the number of electrons from S2 waveforms involves two steps:
the quantization of the original S2 waveform, which means breaking the waveform into pieces
and counting single electron contributions, which turns each piece of the original waveform
into the number of electrons. The quantization step follows an intuitive waveform breaking-

up idea:

1. The waveform is smoothened with a moving average window of length 2 ps,% as shown

in Fig. 4.8 As explained above, each electron is converted into a train of photons

8. More often, the relation between the S2 width and the drift time is used to choose the good S1-S2 pairs
from accidental coincidences [67, 66]. The inverse of such a relation can also be used to infer the z-position of
an event [106]. However, as illustrated in Fig. 3.10, such inverse-relation is not usable for the S2s consisting
of a small number of electrons

9. The moving average is equivalent to a low-pass filter. The 2 us window length was chosen to be closer
to the average full duration of the S2s of a single electron, as shown in Fig. 3.5
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Subtypes | Codes Descriptions
Unidentified 0 Unidentified peaks
S1 11 Sls with pS2s identified
loneS1 12 S1s without pS2s identified and with a size > 0.5 SEG
sloneS1 13 S1s without pS2s identified and with a size < 0.5 SEG
g9 01 sS52s that are not within 2 full drift time after or
s
1.2 full drift time before a large S2
pS2 22 large S2s identified after an S1 or a fakeS2
large S2s without an identified preceding S1 and a fakeS2,
lonepS2 25 ) )
and not identified as olS2s
310192 961 large S2s between S1 and pS2, with area
larger than half the area of the pS2
990192 962 large S2s within 2 full drift time after a pS2 or a lonepS2, with area
larger than half the areas of the pS2
s1pH! 571 S2s between S1 and pS2 that are‘ either sS2s or
large S2s smaller than half the size of the pS2
S1PH2 271 sS2s within 1.2 full drift time after loneS1
SOPT 579 S2s within 2 full drift time after a pS2 or a lonepS2
that are either sS2s or large S2s smaller than half the size of the pS2
sISTPH 273 S1PH after a sloneS1
fakeS2 28 sS2s with a large S2 spotted within 1.2 full drift time
fakeS20152 29 S101S2 but between a fakeS2 and a pS2
fakeS2PH 20 S1PH but between a fakeS2 and a pS2

Table 4.1: Summary of subtypes. The missing indices, 23 and 24, were historical subtypes
not used for scientific purposes.
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through the secondary scintillation process. Thus, the waveform of its S2 signal is
spiky. This smoothening step is to avoid the valleys between individual photons to

cause over-breaking of the waveform;

2. Whenever the smoothened waveform passes through a chosen threshold, the timestamp
is marked as either the "returning to baseline" point or the "leaving baseline" point.
These points, as the names indicate, mark the beginnings or ends of subsets of the
waveform!Y, shown as the red dashed vertical lines in Fig. 4.8. The threshold was set
at 0.0001 PE/ns as it was tested to be low enough that the smoothened waveform
properly returns to the baseline below this value, and it is not too low that minor

fluctuations in the baseline can cross it

After the quantization step, within each subset of the waveforms, the counting step is
simply taking the areall and dividing it by the Single Electron Gain. To better account for
the under-fluctuations of the S2s of single electrons, one electron is counted towards an S2
if the area of a subset is larger than 8 PE 12 An example result of the quantization and
counting of a waveform is shown in Fig. 4.9, in which 5 e™’s are reconstructed from an S2

waveform.

4.3.1  Quantifying The Biases In The Reconstructed Number of Electrons

The reconstruction algorithm described above provides a new parameter space called the

reconstructed number of electrons, denoted Ne pee. This parameter is inherently different

10. It is worth mentioning that because of the way that the waveforms are stored, the beginning of a
waveform always starts above the baseline and thus is never registered as a "leaving baseline" point by this
algorithm. However, because of extra placeholders at the end of the waveforms, the end of each waveform is
always registered as a "return to baseline" point. Thus, starting from the beginning of the waveform, the first
marked timestep would be a "returning to baseline" point, and the waveform piece between the beginning
and this first marker will be regarded as the first subset of this waveform. Then, the waveform piece between
the second and the third marker will be regarded as the second subset, and so on

11. integration of the amplitude over the duration

12. As shown in Fig. 4.4 in the introduction, the boundary between the lone-hit pileups and the S2s of
single electrons is at 8 PE
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Figure 4.8: An example of the steps of quantizing an S2 waveform. The blue spiky waveform
is the original waveform of the S2 signal, and the orange one is after smoothening. The red
vertical lines are the "returning to" and "leaving" baseline points. The z-axis is the relative
time of the waveform with respect to the beginning of itself plus the epoch time of the
beginning.
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Figure 4.9: An example result of the quantization and counting of a waveform. The green
shaded region marks each identified subset, and the values are the areas within. The wave-
form shown in this plot is assigned a total of 5 e™.

from the true number of electrons of an observed S2 (denoted Nty respectively):

o Asshown in Fig. 3.10, at the top of the TPC, diffusion of the electron cloud is minimal,

and very often, the resulted S2s are very compact in duration and do not have visible
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separable subsets. For such compact S2s, the quantization process does not work, and
only the counting step takes effect. On the contrary, the S2s from the bottom of the
TPC tend to be more diffused and thus will more often result in separable waveforms.

Thus, the efficiency of this reconstruction algorithm is z-dependent;

o Within each subset of a waveform, due to the relatively large standard deviation of the
single electron gain (Tab. 2.2), we cannot tell if a subset of the waveform is from two
under-fluctuated e~ ’s, merged, or an over-fluctuated e~. With the method of counting
step being a simple rounding (except for the lower bound of the single electron at 8 PE),

such misclassification needs to be properly quantified;

» In some edge cases, the waveform of a single electron can be slightly gapped, resulting
in a false counting of extra subsets of its waveform. Depending on the exact values of

the area within each subset, the N¢ rec can be 0, 1, 2, or larger.

Here, I take the S2s from two electrons, i.e., Ne trye = 2, as an example to discuss all
possible scenarios qualitatively. We can start the discussion in segments of the S2 area (of

the sum of the two electrons):

o if both e ’s under-fluctuate and the S2 area is less than 8 PFE, i.e., the sum of the
photoelectrons from the two electrons is less than 8 PE, it will be identified as 0 e,

i.e., Nerec = 0, no matter the waveform is merged or has visible separation;
o if the total area is in [8,16) PE:

— if the waveforms of the two electrons are visibly separated, and their individual
subset of waveforms have further separations, the areas of all subsets might fall

below the 8 PE threshold, resulting in Ne yec = 0;
— however, as long as one subset has an area larger than 8 PE, N¢ yec = 1;

— if the waveforms of the two electrons are merged, Ne yec = 1;
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o if the total area is in [16,24) PFE, similar to the cases above:

— if the waveforms of the two electrons are merged, Ne yec = 1;

— if the waveform is separated into more than two subsets, there is a probability of
all subsets falling below 8 PE, rendering an Ne e = 0; at the same time, there
is also a probability of having exactly one subset above 8 PE and all the rest

below it, rendering an Ne ree = 1;

— different from the case above, now there can be two subsets above the 8 PFE

threshold, yielding an Ne yec = 2 for the S2;

o if the total area is in [24,32) PE: besides the scenarios discussed above that can happen
for the S2s in this area range, there can be a maximum of three subsets above the 8 PE

threshold and an Ne yec = 3;

As a summary, qualitatively, for an S2 with area A, there can be at most floor(A/8) recon-
structed number of electrons, and conceptually at a minimum of 0.

To quantitatively measure the reconstruction biases also involving the diffusion of the
drifting process, we can use the same simulation procedure discussed in Sec. 3.1.3 to gener-
ate z (drift time)-dependent S2 waveforms with fixed numbers of electrons, i.e., with fixed

13 and

Ne true- Then we can apply the reconstruction algorithm to the simulated waveforms
analyze the results. Two example simulated waveforms of Ne ¢y = 3 are shown in Fig. 3.12,
and as predicted above, in the plot on the left, the waveforms of two electrons are merged
and inseparable, while the third is visibly separated. On the other hand, in the plot on the

right, all three electrons are reasonably separated and properly reconstructed. Again, using

Ne true = 2 population as an example, Fig. 4.10 shows the reconstruction results in four

13. The red dashed lines in Fig. 3.12 are exactly obtained with this reconstruction algorithm
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slices of the full drift time (0 to 2300 us), expressed in the frequencies of getting different
Nwec’sM. The results match the expectation from the qualitative analysis above: at the
top of the TPC (top left), due to a minimal diffusion process, lots of the S2 waveforms
are compact, resulting in a relatively high rate of misclassified N¢yee = 1 for the under-
fluctuated S2s; on the contrary, at the bottom of the TPC (bottom right), benefitted from
the diffusion process, the waveforms of the two individual electrons are more likely to be
separated, and the quantization process functioned well in this situation, rendering a much
lower misclassified Ne rec = 1 rate. However, the longer diffusion process and the more
separated waveforms do not benefit the misclassification rates for the over-fluctuated S2s, as
the Ne ree > 2 rates (yellow histograms) are relatively constant throughout the TPC.

In the scope of the few-electron analysis (or, in general, the S2-only analysis), we don’t
have the drift time information for the S2s. Therefore, the best we can do is use an average
reconstruction bias, i.e., ignoring the drift time dependence of the reconstruction bias. The
results are shown in Fig. 4.11 (and the rest, up to Ne trye = 9, are shown in Appendix. A).
As will be discussed in more detail in Sec. 4.5.2, the frequencies in this figure will be turned
into matrices of a tensor representation of the detector response model.

Ideally, we should use Ne trye; however, because Ne tyye is not observable, whenever we
develop quantities that depend on the number of electrons, Ne rec is used. Such differences
triggered the development of the Tensor representation for the detector response model in

Sec. 4.5.2.

4.4 Data Selection And Exposure Calculation

To select a good subset of data in which we can search for interactions beyond the Standard
Model (BSM), dedicated event selection criteria, more often referred to as cuts, were devel-

oped to distinguish interaction-induced S2s from pileups of S2s, pileups of noises that mimic

14. The reconstruction results of Ne trye = 1 to 9 are summarized in the Appendix. A.
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Figure 4.10: Frequencies of getting different values of Ne e with S2s from a fixed Ne;rye = 2,
i.e., composed of exactly two electrons, generated at different depth (drift time). At the top of
the TPC (top left), due to a minimal diffusion process, lots of the S2 waveforms are compact,
resulting in a relatively high rate of misclassified Neyee = 1 for the under-fluctuated S2s.
On the contrary, at the bottom of the TPC (bottom right), benefitted from the diffusion
process, the waveforms of the two individual electrons are more likely to be separated, and the
quantization process functioned well in this situation, rendering a much lower misclassified
Ne rec = 1 rate. However, the longer diffusion process and the more separated waveforms
do not benefit the misclassification rates for the over-fluctuated S2s, as the N¢ yec > 2 rates
(yellow histograms) are relatively constant throughout the TPC.

S2s, S2s contaminated by noises or misidentifications. Because of the use of the reconstruc-
tion algorithm discussed in Sec. 4.3, we have three parameter spaces that we apply cuts in
the true number of electrons (Ng trye), the reconstructed number of electrons (Ne rec), and

the S2 area. The reason for having these three parameters is discussed in Sec. 4.5.2. Because
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Figure 4.11: The frequencies of of getting different values of Ne jec with S2s from N¢ e = 1
to 4, averaging over the whole drifting region. For larger Ne t7y¢’s, the results are summarized
in Appendix. A.

of the interplay among the three parameter spaces, we need to estimate the cut acceptances,
defined as the fraction of good S2 peaks accepted by the cut, for each cut with respect to its
relevant parameter space.

On the other hand, the exposure is defined as the mass of liquid xenon defined by the

fiducial area (Ay) and the height of the TPC (H) exposed for the total exposure time (tezp).
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With pr,x. the mass density of liquid xenon, the exposure can be expressed as

PLXxe Was measured to be 2.86 g/cm3 during XENONnT SRO, and L = 148.6 cm. The
optimization of exposure is intricate for the few-electron analysis. Because we do not have
a full description 15 of our background, we optimized our background-to-noise ratio by
tuning the total amount of the final sS2 population, with which we set our limits on BSM
interactions, and the total exposure, which determines the total amount of BSM interactions
we expect to observe within our detector with a given interaction strength. The tuning
between these two parameters is achieved with proper choices of Ry and fegp, the latter of
which is determined by summing up the exposure time after each pS2 that passed the cuts
and allowed by the delay time cut thresholds (more details later in this section).

We applied cuts to both sS2 and pS2 populations. As discussed in Sec. 4.4.1, while the
cuts applied to sS2s remove the sS2s directly, the ones applied to pS2s remove the pS2s,
the sS2 between the removed pS2 and its next pS2, and the exposure time between the two
pS2s. In this section, I will summarize all the cuts we applied in this analysis and their cut
acceptances on small sS2s. Because the cuts on pS2s effectively reduce the total exposure
time, we don’t include the cut acceptances for them. These cuts were developed against the
TED datasets. After that, I will describe the method for calculating the total exposure after
applying the cuts, particularly the Delay Time Cut and the Position Correlation Cut. The
application of the cut acceptances to their corresponding parameter spaces will be introduced

in Sec. 4.5.2.

15. As discussed in Sec. 3.2.2, it is ultimately not distinguishable between pileups of single electron noises
from true multi-electron S2s. Beyond this, single electron events from physical interactions are identical to
the single electron backgrounds — both are observed as single electron S2s, and it is challenging to map out
all sources for such tiny signals. This is a key bottleneck of this few-electron analysis. Some efforts are
discussed in Ch. 5 beyond the scope of this analysis
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4.4.1 Standard Procedure for Primary-S2-related Data Selection

One key to the few-electron analysis is correctly associating sS2s and pS2s and mapping out
the spatial and time correlations. To do that, sS2s and their nearest (in time) preceding pS2s
need to be paired up for later studies. One intricate problem arises when cuts are applied
to the pS2 population, as illustrated in Fig. 4.12, that the sS2s (DEs and S2PH) associated
with the removed ones will be wrongly paired to their previous pS2s, causing them to fall
into the position-uncorrelated population and leading to biases in the modeling of the spatial
and time correlations. To mitigate such bias, I introduce the standard operation procedure

of the cut handling:

o For each pS2 that fails the cuts:

— all sS2s between this removed pS2 and the next pS2 are removed to avoid wrong

pairings between the sS2s and the pS2s before the removed one;

— the exposure time between this removed pS2 and the next pS2 is also removed.
After removing this pS2 that fails the selection criteria and its associating sS2s,
they are excluded from the model-building process for the spatial and time cor-
relations between the sS2s and pS2s. Thus, the final established models of the
correlations and the peak selection criteria derived from these models might not
describe the correlation between the removed populations. Therefore, the expo-
sure after the removed pS2 until the next pS2 that passes the selection criteria

should be excluded from the analysis, the same as the sS2 population within;

o For sS2s that fail the cuts, only the sS2s themselves are removed.

4.4.2  Data Selection Criteria (Cuts)

The development of cuts on sS2 and pS2 populations follows identical procedures. However,

different sets of cuts were applied to the two populations, summarized in Tab. 4.2. For
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Figure 4.12: An illustration of three pS2s (red), their correlated sS2s, including photoion-
ization/photoelectric electrons (S2PH, black) and the DEs (blue), and numerous low-energy
depositions sS2s (green). As an example, if the second pS2 is removed by some peak selection
criterion (the transparent red dot), its correlated DEs (the following blue dots) and S2PHs
(the black dots) will be wrongly associated with the first pS2. Therefore, when removing
the second pS2, its associated sS52s and S2PHs must be removed together.

sS2s, we designed stringent cuts to ensure the removal of all unphysical S2s, with proper
estimation of cut acceptances to be applied to the BSM interaction spectra expectations in
Sec. 4.5.3. For pS2s, a subset of cuts was applied to include as many pS2s as possible while

ensuring only pS2s of good quality are included in the spatial and time correlation modeling.

Cut #1: Run Selection

We focused on the science data taken during the Science Run 0 (SR0) of XENONnT and
used the data from the Tritium-Enhanced period (TED) for calibration purposes. During
the TED period, the getter was bypassed, but otherwise, the detector was kept in the same

condition as during the science data-taking period. There are a total of 14.31 days of TED
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S2 Region of Interest
Fiducial Radius
52 N Contributing Channel Cut
After Pulse Cut
$52s Position-Correlation Cut
Time-Correlation Cut
S2 Width Cut
S2 Area Fraction Top Cut pS2s
S2 Hit Pattern Cut

Table 4.2: Summary of cuts and whether they are applied to sS2 or pS2 populations.

data and 97.09 days of science data. Because we don’t have a full background model,
the few-electron analysis is background-limited, which means increasing the exposure will
simultaneously increase the number of background events. For this reason, we decided to
unblind only part of the science runs for our search, keeping the rest blinded for future
improvements. We unblinded an equal amount of the science data as the TED runs between
September and December of 2021, during which the detector was at its highest purity (thus
the longest electron lifetime to, which means more signals, especially the ones composed of
single-to-a-few electrons, from the bottom of the detector will survive the drifting process
and be detected). We also avoided up to three days after the anode ramp-up period [70],

during which the Single Electron Gain and the extraction efficiency were not stable.

Cut #2: S2 Region of Interest

As mentioned in the introduction of this chapter, we focused on the ER channels that can
create S2s between 1 e~ and 5 e, which corresponds to S2 areas between 10 PE and
174 PE. The 10 PE lower bound was decided to avoid the lone-hit pileups, and the 174 PE
upper bound was chosen to include the 5 e~ population up to one sigma above the mean,

given the standard deviation of the Single Electron Gain in Tab. 2.2.
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Cut #3: Fiducial Area

Due to a lack of z information, we can only set a fiducial area defined by a fiducial radius
and the full height of the TPC. We used the TED data to optimize the fiducial radius that
provides the best constraints on the dark matter electron scattering cross-section. While the
procedure will be discussed in Sec. 4.6, the exact value we used was 39.5 ¢m, significantly
smaller than the radius of the TPC (66.4 cm).

Because of the lack of z information, we cannot correct peak position with respect to
the known distortion in the drifting field £; [70]. Without such distortion correction, the
reconstructed detector geometry is skewed, and we can observe a clear contraction of the
r distribution at the bottom of the TPC from the uniformly distributed 83™Kr events, as
shown in Fig. 4.13. Marked as a gray vertical line in Fig. 4.13, the fiducial radius effectively
includes more xenon liquid at the bottom of the detector than at the top. As estimated from
the 3™Kr population, a correction factor of 1.19 was applied to the total mass of liquid
xenon within the fiducial radius.

As mentioned in Sec. 2.3, high-intensity single electron bursts happened randomly in time
during SRO periods, sometimes forcing us to ramp down the anode and gate voltages. Such a
population exists persistently during the data-taking period throughout the SR0 and affects
a localized region in the xy plane. We excluded the high-intensity single electron bursts by
removing two disks, centered at (8,-15) and (7,-16), with a radius of 10 ¢m. Besides, the
transverse wire regions were also excluded from our fiducial area, as the single electron and
extraction behaviors in those regions are drastically different from the rest of the TPC as a
result of the distortion in &gyt and &,,,;+ caused by the transverse wires. Compared to the
wire regions defined for larger S2s, we excluded broader regions as the S2s of single electrons,
due to their small S2 size, have a worse position-reconstruction precision [70]. The excluded
regions and the final fiducial area are shown in Fig. 4.14. The total value of the fiducial

area is ~ 2768 ¢m?2, corresponding to a total liquid xenon mass of 1.4 ¢ (with the correction
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Figure 4.13: The r — z distribution of 33™Kr events in the TPC. The vertical dashed line
marks the location of the fiducial radius. Because 83™Kr is diffused inside the liquid xenon,
it is assumed to be uniformly distributed, and the contraction at the bottom of the TPC
results from the distortion in the drifting field. The dark band on the right-hand side marks
the boundary of the TPC.

factor discussed above).

Cut #4: S2 Width

The S2 width cut aims to remove S2 signals that are wider than the maximum that the
diffusion process allows. As a sanity cut, S2s with tiny widths are also removed. Because
we don’t have the z information, the full power of the model developed in Sec. 3.1.3 and
shown in Fig. 3.10 cannot be utilized. Here, we ignore the drift time dependence of the S2
pulse shape and simulate a sufficient amount of S2 pulse shapes for each number of electrons
(Ne true) evenly sampled from the whole drift region (drift time between 0 and 2300 us)

using the model explained in Sec. 3.1.3. The top and bottom 1% of the populations are
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Figure 4.14: The fiducial area defined for the few-electron analysis. We excluded two trans-
verse wire regions (the red-shaded stripes) and the high single electron intensity region (the
red-shaded circles). The fiducial radius of 39.5 ¢m is indicated as the black circle. The 2D
histograms on the left are the average Single Electron Gain values at a different position,
and on the right is the number of single electron S2s.

excluded from our data. The simulated S2 width distribution and the designated locations
of cuts for Ne trye = 1 to 4 are shown in Fig. 4.15. The distributions and cuts for Ne tyye up
to 10 are summarized in Appendix. B.

Then, with the reconstruction algorithm introduced in Sec. 4.3, we can apply the cut
boundaries to the real data in Ne re. space. The result is shown in Fig. 4.16. Since the
cut is developed in each Ng tyye, the cut acceptances are taken as 98% for all Ne true values
and applied to the true number of electron parameter space. The discrepancies between
Ne,rec and Ne trye are incorporated by the detector response mode that will be discussed in
Sev. 4.5.2, based on the bias calculation in Sec. 4.3.1.

This cut is also applied to the pS2 population. We simulated and calculated the cut
thresholds for up to Ne true = 99. Because the S2 width distribution varies very little with
respect to the number of electrons for large S2s, as can be told from N = 8 and N = 9 cases

in Fig. 3.10, we used the cut thresholds from Ne tye = 99 for all larger S2s.
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Figure 4.15: S2 width distribution of S2 signals with N¢ ¢4 = 1 to 4 and their corresponding
top and bottom 1% cuts. It is worth noting that the peaks below the bottom 1% cut threshold
(the red lines on the left in each plot) in Nerye = 3 and 4 (and larger, summarized in
Appendix. B) are results of a positive b value from the fitting of Eqn. 3.18 to the S2 width
(750p)-drift time relation, documented in Eqn. 3.19. For drift time below b, the diffusion o
is taken to be 0, and the S2 width is equivalent to that of a single electron S2.

Cut #5: S2 Area Fraction Top

The S2 area fraction top (aft) is defined as the fraction of the S2 area contribution of the top
PMT arrays with respect to the total value. This parameter is important for distinguishing
misclassified S1s from real S2s. Due to the proximity of the gas gap in which S2s are
converted to photons, the expectation of S2 aft is significantly larger than that of the Sls,
for which the photons are generated in the liquid and relatively closer to the bottom PMTs.

Also, there are known top PMTs that experience higher after-pulse (more description in the

After Pulse cut section) rates compared to the bottom ones [80], which can create fake S2s
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Figure 4.16: Applying the Ne tye-dependent S2 width cut on real data through Ne yec with
no other cuts applied. The shaded red population is excluded, and the green population is
the sS2s that pass the cut. 20 TED datasets are shown in this plot.

with exceptionally high S2 aft values.

Such a parameter, to the first order, can be described by a continuous binomial distri-
bution because for each detected photon, there are only two choices: either by a top PMT
or a bottom PMT. The expectation of S2 aft is estimated at 0.75 with S2s between 10° and
105 PE. This region of S2s is chosen for the estimation of S2 aft because 1. the S2s are
large enough that the patterns of PMT responses are statistically stable, and 2. the S2s are
not too large that the PMTs saturate and bias the estimation of the S2 aft. Then, with
different values of the S2 area, the 1% and 99% thresholds are calculated with respect to the
continuous binomial distribution and set as cut boundaries. These two boundaries are then
used as the cut thresholds for both sS2s and pS2s.

PMTs are slightly different from each other in terms of the response to a detected photon,
which induces an xy fluctuation in the real S2 aft values, as photons generated at different

locations will more likely be received by the PMTs in that region. To incorporate such
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Figure 4.17: Top: simulated S2 aft vs. S2 area. The shaded regions are excluded. The plot
is taken from Dr. Jacques Pienaar’s study note. Bottom left: cut acceptance for S2 aft cut
vs. S2 area, calculated by Dr. Jacques Pienaar. Bottom right: Applying S2 aft cut on real
peaks identified as s52, with no other cut applied. The red-shaded regions are excluded. 20
TED datasets are shown in the bottom right plot.

fluctuation, the cut acceptances are estimated with a full chain simulation program!6 [107]
by computing the ratio of the simulated S2s that pass the cut in each slice of S2 area. The
simulated results, the cut boundaries, and the cut acceptance as a function of the S2 area
are shown in Fig. 4.17.

To emphasize, the S2 aft cut acceptance is applied to the S2 area parameter space, as it

depends on the number of photons generated instead of the number of electrons inside an

16. This full chain simulation program is different from, and much more complete and complicated than
the detector response model discussed in Sec. 4.5. For a minimum comparison, the full chain simulation takes
into consideration the propagation of each photon and calculates the probability of it hitting each individual
PMT, whereas, in the detector response model, we only consider the final S2 area yield, with information
like S2 aft and S2 width captured by efficiencies
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S2 signal.

Cut #6: S2 Hit Pattern

Due to the proximity of the gaseous xenon layer — where the electrons are converted to
photons, generating S2 signals — to the top PMT array, the responses of the top PMT to
S2 signals exhibit distinct, localized patterns, referred to as "S2 hit patterns', as illustrated
in Fig. 2.8. To differentiate between a localized S2 signal and overlapping S2 signals from
various zy positions (pileups), we assigned a machine-learning-based, data-driven likelihood
value to each S2 signal. Although a detailed discussion of the machine-learning algorithm
is outside the scope of this analysis, I will provide an overview of how this parameter was
developed and the criteria for its application.

One way to establish the expectation of S2 hit patterns is by utilizing the S2s of 83™MKr
and looking at their average behaviors. At each (x.pg,Yops) location, we can obtain an
expected fraction of light received by each top PMT by taking the average across all S2s.
The result of this practice is a map that translates a spatial location to the expected response

of each top PMT, denoted fgop,(z,y):

Fonp 1 R® = (0,17
o (4.2)

(x,y) — expected fraction of light received by each top PMT

An example of the data-driven fgop,,(z,y) evaluated at a specific (z,y) location is shown in
Fig. 4.18, along with an example of S2 hit pattern from one $3™Kr S2.

Using the function fgop,,(z,y), we can determine the expected contribution of each top
PMT to any given S2 signal observed at coordinates (x,y). Suppose a top PMT, indexed
by ¢, contributes a fraction k; to the area of an observed S2, while the expected fractional
contribution from this PMT, based on the S2’s position, is denoted as fgop,(7,y);. For

simplicity, let’s refer to feop,(7,y); as A;, noting that both k; and A; depend on the S2’s
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Figure 4.18: An example of S2 hit pattern from one 33™Kr S2 observed at (58.80,-0.82) ¢m
(left) and the fgop,(z,y) evaluated at the same location (right), scaled to the total area of

the observed 83™Kr S2 on the left. fs2np(2,y) was obtained by averaging a sufficient amount

of 83MKr S2 hit patterns similar to the one shown at the top. The plots are from a study
note by Dr.Andrii Terliuk and Dr.Giovanni Volta.

location.1” From here, we define a log-likelihood function (log L) that leverages the Poisson
likelihood, adjusted by a data-driven expansion to account for variability. This expansion
introduces a per-PMT width o; to the model,!® facilitating a more nuanced comparison

between observed and expected S2 contributions!?:

952 A .
log L = ; {[f(/fz‘, i) = f(N; )\i)]m - 510g(27r g(Nisoi,7)) | (4.3)

17. This means that k; and \; vary with position.
18. o; is also influenced by the S2’s position, indicating its dependency on location.

19. Formula from a study note of Shenyang Shi, a collaborator in XENON Collaboration
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where f(k;\) is a modified Poisson log-likelihood function, defined as

F(k; A) = klog(A

~—

—logl'(k+1) — A

I'(z)= [ t“ e ldt

o —
=
Nain?

and g(\;0,7) is the data-driven broadening function, defined as
9N, 7) = 12X + (6N)2 +0.2. (4.5)

In our analysis, the S2 hit patterns function fsop,(7,y) is modeled by fitting the 83mKy S2
locations and their hit patterns with the Convolutional Neuron Network (CNN), instead of
taking the average behaviors of 83MKr S2s.

To develop the cut, we further defined the Reduced-y? with N degrees of freedom as
Y?/N = —2log L. (4.6)

After filtering out S2 signals affected by after-pulses? or those associated with distinctly
separated PMT clusters2!, we isolated a subset of S2 signals from the TED dataset, presumed
to be free of pileup effects. We then analyzed this subset by calculating the y2 /N metric for
each S2 signal. For different S2 area segments, we determined the points of 98% acceptance.
These points were subsequently smoothed across the S2 area spectrum to establish our S2
hit pattern discrimination criterion. This cut is applied to both sS2 and pS2 populations.

Given the smoothing process, we specifically calculated the acceptance rate based on the

20. The exclusion of S2 signals compromised by after-pulses involved monitoring the maximum contribution
from any single PMT. After-pulses originate within the PMTs themselves; thus, an S2 signal contaminated
by an after-pulse is likely to exhibit an unusually high contribution from a single PMT.

21. We identified and removed S2 signals associated with spatially isolated PMT clusters by assessing
the deviation of these clusters from the signal’s "barycentre", which is determined by the weighted average
position of the S2 signal.
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Figure 4.19: Left: Reduced-y2 vs. S2 area with Reduced-y? calculated from the CNN
generated log-likelihood function. The cyan dots are the 98% acceptance points in each
slice of the S2 area, and the orange line is the smoothened S2 hit pattern cut threshold.
The non-uniform binning was due to the lack of statistics at the larger S2 area region. The
plot is taken from Dr. Jacques Pienaar’s study note. Right: S2 hit pattern cut acceptance
computed with the smoothened cut threshold. This plot is recreated based on Dr. Jacques
Pienaar’s study.

refined cut threshold. The relationship between X2 /N and S2 area, alongside the defined cut
thresholds, and the final acceptance rates are shown in Fig. 4.19. The final data selection
result on 20 TED datasets is shown in Fig. 4.20.

To emphasize, the cut acceptance should be applied to the S2 area parameter space.

Cut #7: S2 N Contributing Channels

The S2 N Contributing Channels, as the name indicates, is defined as the number of PMTs
contributing to an S2 signal. As shown in Fig. 4.21, there are two populations mixed inside
the population of small S2s with large amounts of contributing PMTs, where on average
each PMT contributes less than 1 PE. This cut aims to remove noises that were classified
as small S2s but with an unreasonably large number of triggered PMTs.

Further checks showed that both populations are mostly sinusoidal noises similar to the
one shown in Fig. 2.8 at the bottom. It was found that there is a time correlation between

the occurrence of waveforms inside population 2 and data transferring from the digitizer’s
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Figure 4.20: Applying S2 hit pattern cut on real peaks identified as sS2, with no other cut
applied. The red-shaded regions are excluded. 20 TED datasets are shown in the bottom
right plot.

internal storage to the computer hard drive. Thus, such noise might be related to the jittering
of the electronics. On the other hand, waveforms inside population 1 are distributed quite
evenly in our datasets. The origin of population 1 remains a mystery, but for the scope of the
few-electron analysis, both populations can be safely removed as they are not from physical
interactions inside the detector. For this reason, the cut acceptance was assumed to be 1,
i.e., no S2s from energy deposition would be removed from this cut. The cut was defined as

the red line shown in Fig. 4.21, expressed as
S2 area = 0.8 x N Channel + 20. (4.7)

The noises of both populations 1 and 2 are small in area. Therefore, this cut was only

applied to the sS2 population.
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Figure 4.21: Number of contributing channels vs S2 area. The labeled populations 1 and 2
are both sinusoidal waveforms, similar to the one shown in Fig. 2.8. The cut is defined as
the red line. Plot from Dr. Jacques Pienaar’s study note.

Cut #8: After Pulses

After-pulse refers to any kind of PMT pulse generated inside a PMT that is delayed in time
by an actual detected photon. There are various types of after-pulses. One example is that
some PMTs suffered from minor leakage and the gases that leaked in. Such gases can be
ionized by the initial photoelectrons from actual detected photons and form positive ions, like
H™, He™, etc. These ions then drift between PMT diodes and cause photoelectron emissions
when they hit one. This type of after-pulse features a constant time delay from a preceding
S1 or S2 signal. The sizes of after-pulses vs. the characteristic delay time from preceding
signals of various ions that are known to cause after-pulses are shown in Fig. 4.2222.

After-pulses pose a significant risk to single-electron S2 signals. As Fig. 4.23 shows, they

can be mistakenly identified by the reconstruction algorithm (Sec. 4.3) as an extra electron,

inadvertently increasing the reconstructed electron count, Ne rec, from 1 to 2. Consequently,

22. There are two low-intensity after-pulses, the A1 and A2 populations, that do not feature characteristic
delay time from preceding signals. The source of these two populations remains unknown. However, due to
their low intensity and lack of features, we will ignore them for this analysis
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Figure 4.22: After pulse area vs. the characteristic delay times from previous S1/S2 signals
of different ions. The delay time is related to the charge-mass ratio of the ion. This plot was
taken from Luisa Hotzsch’s study note.

such an S2 signal affected by after-pulses might erroneously pass other cuts, for example,
the S2 width criteria set for single-electron signals, as the thresholds for single electron S2s
are much more lenient for signals from 2 electrons due to diffusion effects, as depicted in
Fig. 3.10 and Fig. 4.15. While larger S2 signals may also encounter this issue, the impact
is less pronounced. This is because the S2 width criteria for Ne ¢pye > 1 are similar, and
thus, the presence of an after-pulse within a larger S2 signal does not significantly alter its
survival rate as it does with single-electron S2 signals.

Using the after-pulse’s characteristic time delayed from the preceding signal, a dedicated
cut for the single-electron S2s inflicted by after-pulses was designed with the byproduct of
the Quantization process of the reconstruction algorithm discussed in Sec. 4.3. As shown
in Fig. 4.23, with the two identified "single electron" pieces (clearly, the second one is an
after-pulse) within a waveform, we can calculate the time gap between the end of the first
piece and the beginning of the second, as indicated by the black arrow. It was found that

there are two distinctive clusters in the space of this time gap vs. the S2 area, as shown in
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Figure 4.23: An example waveform of the S2 of a single electron followed by an after-pulse.
The green regions are the identified subsets of the waveform by the reconstruction algorithm
introduced in Sec. 4.3. The gap between the two identified regions is used to design the cut
against single electron S2s contaminated by after-pulses.

Fig. 4.24 on the left. The single electron S2s contaminated with an after-pulse corresponds
to the population in the cluster at the bottom corner, featuring a relatively small gap value,
whereas the true multi-electron S2s are in the top cluster (the clean single electron S2s would
not appear on this plot because there would be no identified second piece). We simply drew
a straight line in the time gap vs S2 area space that separates the bottom corner from the
main population, indicated as the red line in the left plot of Fig. 4.24. (It appears to be a
curve on a log-linear plot).

Because the after pulses are small in area, and their waveforms can be separated only for
small S2s like the ones from single electrons, this cut is not applicable to large S2s. Thus,
this cut is only applied to sS2s.

Similar to the cut acceptance estimation for the S2 width cut, we ignored the drift time
dependence of the S2 pulse shape and simulated a sufficient amount of S2 pulse shapes for
each number of electrons (Ne trye) evenly sampled from the whole drift region, between 0

and 2300 us, using the model explained in Sec. 3.1.3. Then, by using the reconstruction
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Figure 4.24: Left: the time gap between two identified "single electron" pieces as shown in
Fig. 4.23 vs. S2 area for the S2s. The red line is the cut boundary, and the peak is excluded
if it is below the line. Right: after applying all other cuts discussed previously, the results
of applying the after-pulse cut. The red population passed all previously discussed cuts and
is excluded by the after-pulse cut. Clearly, the excluded population features a much larger
S2 width than the single electron S2s and a much smaller S2 area than the true two-electron
S2s. 20 TED datasets are shown in two plots. Both plots are motivated by Dr. Jacques
Pienaar’s study.

algorithm, we can calculate the time gap between two identified single electron pieces?3

without the after-pulse contamination. Then, we applied the cut and estimated the fraction
that passed the cut. This would give us the fraction of S2s removed by this cut without after-
pulse contamination, i.e. good S2s. The results of applying the cut on simulated data with
Nerec = 2 and 3 are shown in Fig. 4.25. As the simulation showed, except for Ne yec = 2
and 3 populations, the cut doesn’t remove any peaks from the populations with other Ne rec
values.

The cut acceptances are summarized in Tab. 4.3. These acceptances should be applied

to the reconstructed number of electron parameter space.

23. As a reminder, it was reasoned in Sec. 4.3.1 that the two identified pieces are not necessarily the
waveforms corresponding to two electrons. Therefore, it is necessary to estimate the cut acceptance with
the simulation
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Figure 4.25: Results of applying the after-pulse cut on simulated S2 signals with Ne yee = 2
and 3. For other Ne rec values, no peak was removed.

Ne rec 2 3 Other values
Acceptance || 0.964 0.998 1

Table 4.3: Cut acceptances for the after-pulse cut for each value of Ne rec.

Cut #9: Primary S2 Shadow

If two pS2s occur close together in time, the DEs triggered by the first pS2 can be detected
after the second pS2 has been observed. This overlapping effect is illustrated in Fig. 4.26:
the dashed lines show the expected DE rate as a function of delay time from the pS2s,
the large dashed triangles represent the pS2s, and the small solid triangles signify the DEs
generated by the pS2s, matched by color. In the examples given, after associating sS2s (only
DEs in the case here) with their preceding pS2s, DEs and pS2s of different colors are paired
together. These pairs exhibit no temporal or spatial separation correlations between the
DEs and pS2s, resulting in what are known as accidental coincidences or ACs. These ACs
can skew the accurate estimation of the true spatial and temporal correlations between DEs
and pS2s. An example of the distribution of spatial separations of ACs is shown in Fig. 4.28
on the right.

A close inspection of the situation told us that only the DE population of the latter
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Figure 4.26: Illustration of overlap of DE tails from pS2s that are close in time. The plot
was taken from Dr. Jacques Pienaar’s study note.

pS2 is contaminated by the existence of the DEs from the first one, while the DEs of the
first pS2, although they lose part of their population to the ACs, are paired correctly with
their corresponding pS2 and can be used to study the underlying correlations. Therefore,
we designed a cut targeting the pS2s that are contaminated by their predecessors. Such
contamination is called the Primary S2 Shadow as if the first pS2 casts a shadow onto the
second one.

In various studies [104, 105, 52], it has been observed that the frequency of delayed
electrons adheres to a power-law distribution in relation to the time elapsed since pS2 events,
characterized by an exponent less than -1. It’s worth noting that other research, such
as experiments conducted by LUX [102] and several smaller-scale detectors [88, 89], have
documented an exponential dependency. Here, we used the power-law model. Adopting
a conservative approach24 by choosing -1 as the exponent that suggests a more gradual

reduction in the rate of delayed electrons — thereby implying a larger area of overlap than

24. Since removing pS2s doesn’t bias our final population of sS2s, within which we establish constraints,
it doesn’t matter if we cut away slightly more pS2s when preparing the data. The effect of excluding pS2s
would be reducing the allowed exposure time.
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what is reported in the referenced literature — and acknowledging a direct proportional
relationship with the magnitude of the antecedent pS2 (evidence in Fig. 4.6, right), enables
the calculation of the proportion of delayed electrons present within a predetermined interval
following each pS2. This calculation incorporates effects from all preceding pS2 events. With
the interval defined between 2 ms and 200 ms after the considered pS2, such a proportion,

named Shadow Fraction, is defined for the i-th pS2 with area S2; and observed at t; as

t;+200 ms
[ St tat
ti+2 ms
t;+200 ms t;+200 ms
> Spttat+ [ S2¢tdt
k<i t;+2 ms t;+2 ms

Shadow Fraction = (4.8)

For a realistic computing time, we limited the summation to pS2s within 5 s before the
considered pS2. Intuitively, The smaller the shadow fraction value, the more overlaps the
pS2 experiences, either because there are lots of pS2s before it within a short time window
or it is after a significantly larger pS2s. Ideally, if there is no other pS2 within 5 s preceding
this pS2, then the shadow value of it should be 1. The distribution of the shadow fraction
is shown in Fig. 4.27. There is a natural separation point at 0.04 in the distribution. Fur-
ther studies showed that the pS2s with a shadow fraction less than 0.04 are mostly large
photoionization /photoelectric that is slightly beyond the threshold of 10 e~, and thus are
misclassified by the peak-subtyping algorithm discussed in Sec. 4.2 as pS2s instead of S2PHs.
The pS2s with a shadow fraction larger than 0.04 were found to be regular S2s. We took
this 0.04 as the cut threshold and excluded pS2s with shadow fraction values less than that.

As mentioned in Sec. 4.4.1, when removing pS2s by cuts, the whole population of sS2
and the exposure time between the removed pS2s and their succeeding ones are removed.
Thus, this Primary S2 Shadow cut is an exposure cut, which reduces the total exposure by
effectively "blinding" the whole detector for a duration of time. For this type of cut, we don’t

need to include the cut acceptance (or equivalently, for this period of exposure time, the cut
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Figure 4.27: The distribution of the shadow fraction of pS2s. The smaller the value, the
more overlaps the pS2 experiences (either there are lots of pS2s before it within a short time
window, or it is after a significantly larger pS2s). There is a natural separation point at 0.04,
and it was taken as the cut threshold. The plot was taken from Dr. Jacques Pienaar’s study
note.

acceptance is 0 because all good S2s are removed by this type of cut).

Cut #10: Position-Correlated Small S2s

After pairing the sS2s with their preceding pS2s and applying all the cuts discussed above
(as a reminder, the proper way of handling cuts is discussed in Sec. 4.4.1: sS2s failing the
cuts are removed directly, and the pS2s failed the cut are removed, along with their paired
s52s and the exposure window), we can study the displacements of the sS2s from their
preceding pS2s, denoted (Az, Ay), and the distances between the two, denoted Ar. The
distributions of (Az, Ay) is shown in Fig. 4.28 on the left. Similar to the observation in the
XENONIT (Fig. 4.3 left), there is a prominent peak around Az = Ay = 0, confirming the
existence of the DE population. As a comparison, the distribution of (Ax, Ay) of pairings
between randomly sampled sS2s and pS2s are shown on the right, which doesn’t show such a

concentrated distribution near the origin. We need to remove such a population to improve
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Figure 4.28: Distribution of (Az, Ay) in between sS2s and their preceding pS2s in TED data
(top left) and pairings of randomly sampled sS2s and pS2s with 109 entries (top right). The
comparison in Ar between real data and random pairing simulation is shown at the bottom.
The Ar distribution of the random pairing simulation is obtained from a total of 105 entries
and normalized to match the amplitude of the real data. Notice that because the fiducial
radius was defined at 39.5 ¢m and applied only to the sS2 population, the maximum Ar
between an sS2 and a pS2 is the sum of the radius of TPC and the fiducial radius (~ 105 c¢m).

our signal-to-noise ratio for the Few-Electron analysis. This cut is named the position-
correlation cut and was developed by discriminating the position-correlated DE population
and the position-uncorrelated background.

To model the spatial correlation between the sS2s and the pS2s accounting for both a

correlated DE population and an uncorrelated background (radioactive impurities, spurious
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electron emissions, etc.) population, we defined the distance gap Ar = /(Az)2 + (Ay)?
and fitted the distribution of it with the sum of a Gaussian function and the model of the
uncorrelated population. The spatial correlation between DEs and the pS2s is captured by
the standard deviation, or o, of the Gaussian in the unit of ¢m, as it describes how dispersed
the DEs are from their progenitors. The model of the uncorrelated population, namely the
uncorrelated model, was obtained by computing the Ar distribution of the pairings between
randomly sampled sS2s and pS2s depicted in the right plot of Fig. 4.28. With a free amplitude
factor a for the Gaussian and a scaling factor b of the uncorrelated model, the distribution

of Ar can be expressed as

_ (Ar)2
Distribution of Ar =a-e 202 +b- (Uncorrelated Model), (4.9)

where a, o and b are free parameters to fit. Notice that this distribution is not normalized
and is not a probability density function. An example of the fitting is shown in Fig. 4.29.

We examined the dependence of o with the size of the pS2s, the size of the sS2s, and the
time gap between sS2s and pS2s. As shown in Fig. 4.30, no strong correlation was observed
between the spatial dispersion of the DEs and the signal size of the preceding pS2s or the
time delayed. However, the fitted o’s are inversely correlated with the size of the sS2s, as
shown in Fig. 4.31. This is expected because of the reduced position reconstruction precision
at low-energy S2 [70]%5.

To remove the DEs while keeping most of the uncorrelated population for the dark
matter search, we chose the cut threshold for each slice of sS2 area such that 99% of the
DE population, described by the Gaussian component, is removed. Such cut threshold is

called the position-correlation radius (r.), within which we consider the sS2 population is

25. The position reconstruction for S2s was developed with machine-learning based models. The precision
of the reconstruction model depends on the size of the S2 signal. In our ROI, the radial uncertainties of the
reconstructed xy positions range from ~ 5 ¢m near the 10 PE threshold to ~ 1 ¢m at 174 PE. More details
can be found in the cited literature
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Figure 4.29: Fitting of the Ar distribution with a Gaussian function plus the uncorrelated
model. On the top, the black histogram is the distribution of Ar observed in data, the
deep blue one is the distribution of the uncorrelated population, scaled by the fitted scaling
factor b, and the light blue one is the fitting result. At the bottom, the percentage difference
between the distribution of Ar and the fitted results are shown. The plot was taken from
Noah Hood’s study note.
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Figure 4.30: We fitted the Gaussian o for different sub-populations. Left: the fitting was
performed in each bin of the pS2 area. Right: the fitting was done with respect to the sS2
population inside each bin of the delay time from their progenitors. No clear dependence
was found in these two parameter spaces. The plots were prepared by Noah Hood.

dominated by the DEs that are spatially correlated with the preceding pS2s. The value of r,
as a function of the size of the sS2, is shown in Fig. 4.32. Due to a lack of statistics for larger

s52s beyond the 174 PFE, and the curve flattens at large areas, for sS2s between 174 PE and
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Figure 4.31: Left: the distribution of Az in each bin of the sS2 area. The amplitude of each
bin was normalized within each slice of the sS2 area. A clear narrowing can be seen as the

sS2 becomes larger. Right: the fitted o inside each sS2 area bin. The plots were prepared
by Noah Hood.
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Figure 4.32: Left: an example of setting the position-correlation radius with the fitted
Gaussian description of the DE population. The vertical red dashed line indicates the 99%
exclusion radius for the DEs. In this example, around 10% of the position-uncorrelated sS2
population is excluded. Right: the 99% DE exclusion threshold as a function of the size of
sS2 signals. The black line is the values derived from fitted o’s within each bin of the sS2
area, and the blue line is the smoothened curve. We adopted the blue line as our position-
correlation cut threshold. For sS2s above 174 PE, we took the last value of the smoothened
curve and extrapolated. The plots were taken from Noah Hood’s study note.

340 PE, we simply took the last data point of the smoothened curve and extrapolated.

This cut effectively reduces the fiducial area for each pS2 since it removes a cylindrical
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volume of liquid xenon, and due to a lack of z information, the full height of the TPC
needs to be vetoed. The location and the bottom area of this cylinder is defined by the zy
position of each pS2 and r.. The left plot of Fig. 4.33 shows the concept of removing the area
(cylinder) around a pS2 at the origin (the black dot) with r. = 10 ¢m, looking down from
the top of the detector. The red-shaded region is vetoed to suppress the DE events related
to this pS2. For easy reference, we define the region inside the fiducial area and outside the
vetoed disk (the blue region in Fig. 4.33) the Reduced Fiducial Area, namely RFA. Due to the
irregular shape of RFA (and it depends on the position of the pS2), to accurately estimate it
for each pS2, we used a Monte Carlo method that samples a large number of random points
inside the square containing the RFA and calculate the fraction that lies within the RFA.
We used 10° points for this simulation and estimated to yield uncertainties of less than 2%
on individual RFA estimation. Such uncertainty is further suppressed as we compute the
RFA for thousands of pS2s.

Along the time axis, this cylindrical liquid xenon volume is vetoed until the next pS2,
as depicted in Fig. 4.34. I will leave the discussion of this operation to the next section, in
which I will introduce the time-correlation cut.

In summary, the position-correlation cut is an exposure cut. It removes a cylinder of
radius r. and the full TPC height around each pS2 (this provides the removed liquid xenon
mass) for a duration between the considered pS2 and the next one (this provides the exposure
time). The correlation-radius r. is sS2 area dependent; thus, for each value of sS2 area, we
cut away different amounts of exposure. Similar to the three parameter spaces (Ne trye,
Nerec and S2 area) that the cut acceptances need to be applied to deliberately, this sS2
area-dependent exposure also needs to be applied to its corresponding parameter space, and
that is the S2 area space. The full exposure calculation also involves discussion in the time-
correlation section, but to better illustrate this sS2 area dependence, the total exposure for

reconstructed-three-electron (Ne ree = 3) 85925 as a function of sS2 area is shown in Fig. 4.35.
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Figure 4.33: Example of vetoed region (red) around a pS2 at (0,0) with 7. = 10 e¢m, and its
relation with the fiducial area. The liquid xenon volume of the full height of the TPC under

this vetoed region is excluded from our exposure calculation. The Reduced Fiducial Area
(RFA) is the blue region.
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Figure 4.34: Vetoing of the position-correlation cylinder along the time axis. Depicted in
(x,y,t) coordinates, the whole cylinder under each pS2 with radius 7. (the cross-sections of
the cylinders in the plot) is removed for the whole period until the next pS2 (the height of
the cylinders). As vividly shown, DEs from the second pS2 leaked into the exposure time of
the third and are not removed by this position-correlation cut. This population is the main
target of the time-correlation cut, discussed in the next section.

Cut #11: Time-Correlated Small S2s

While the majority of DEs will be removed effectively with the position-correlation cut, DEs
still leak because the time vetoing of the cylinder is limited by the time gap between two
pS2s. Efforts have been made to mitigate this leakage through the Primary S2 Shadow cut
have been made, as exemplified by the potential removal of the third pS2 in Figure 4.34,
which was close to the second pS2, along with the leaked DEs of the second pS2. However,
the complete elimination of such leakage remains challenging. As will be demonstrated in
this section, the DE rate decreases with the time gap between DEs and their progenitors.
Therefore, detecting a small mixture of DEs from the tail end of one pS2 to the onset of the

next one is difficult, especially after implementing the Primary S2 Shadow cut. Nevertheless,
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Figure 4.35: Total exposure as a function of sS2 area for three reconstructed electrons
(Neree = 3) s52s calculated from TED dataset. The full calculation involves the vetoing
strategy discussed in the Time-Correlated Small S2s section, which grants the exposure value
the Ne rec dependence.
the existence of such remnants cannot be disregarded and must be acknowledged as a type
of background. This residual background exists within the position-uncorrelated population,
and we need to cautiously handle it to maximize the signal-to-background ratio through a
thorough investigation of the time profile of such DE population.

When studying the distributions of time gaps between sS2s and pS2s, biases occur because

the time gap between two pS2s limits the largest delay time that can be observed. Such an

effect is illustrated in Fig. 4.12 and leads to two biases:

o After each pS2, the furthest sS2 that can be observed is limited to the time gap between

this pS2 and the next.
To solve this bias, a "live-time score' (s;) was assigned to each sS2 as the following:
1. For a certain sS2, mark the time gap between it and its preceding pS2 (At);

2. For the whole pool of pS2s (that passed the data selection), count the total amount

of time gap between pS2s that is larger than At, and define the inverse of this
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value as the live-time score (s;)

This live-time score represents the chance of observing an sS2 in an infinitesimal time slot
(At, At + dt) after a pS2 if the gap between two adjacent pS2s is large enough to allow it.
Then, instead of counting the number of sS2s observed within (At, At + dt), we can sum
up the probability of observing an sS2 within this window, and this quantity is not biased
by the distribution of gaps between pS2s. Notice that the unit of the sum of live-time score
within (At, At 4+ dt) should read "the expected rate of sS2s per pS2 observed". Thus, the unit
of the sum of live-time scores is per pS2, represented as (pS 2)_1. Such per pS2 can be easily
translated into the usual unit Hz of rate by multiplying the rate of pS2s, or into the usual
unit of total count by multiplying the total amount of pS2s, etc.26. For simplicity, I will still
refer to the sum of live-time within each time window as "rate", with the unit of (ps2)~!. As
a comparison, the un-normalized distribution of time gaps between sS2s and their preceding
pS2s and the unbiased delayed electron rate per pS2 are shown in Fig. 4.36 on the left and
right, respectively, with all the cuts, except for the position-correlation cut, applied to both
sS52s and pS2s.

With this unbiased measurement of the sS2 rate as a function of delay time from the
preceding pS2s, we can look into the time profiles of the position-correlated and uncorrelated
sS2s by applying the position-correlation cut discussed in the previous section. In Fig. 4.37,
besides the s52s, I also included the S2PH (see Sec. 4.2) in the plot to illustrate the regions
that is dominated by the photoionization/photoelectric electrons induced by S2 signals (delay
time from preceding pS2s < 1 full drift time). Besides the live-time score, the rate of sS2s

are normalized with respect to an extra area normalization:

o The position-correlated sS2s are defined as the ones observed within the position-

correlation disk of radius r. (as a reminder, r. depends on the sS2 area) and centered

26. In Sec. 4.1, the unit of €, i an extra normalization with respect to the number of electrons inside
the pS2. The area normalization cm~2 will be explained shortly.
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Figure 4.36: Un-normalized total counts of time gap of sS2s from their preceding pS2s from
50 TED runs (left) and the probability of observing an sS2 as a function of delay time after
an pS2 (right). All cuts were applied except the position-correlation cut. The s~1 unit in
the y-axes came from bin-width normalization with respect to the log-binning of x-axes.

at the preceding pS2 location. Therefore, the area on the liquid-gas interface where
we observe the position-correlated sS2s is the overlapped region between the position-
correlation disk and the fiducial area. For simplicity, we didn’t consider the complicated
geometry of the fiducial area but only calculated the overlapped area between the
position-correlation disk of pS2s and the disk defined by the fiducial radius (39.5 cm).
One example is the shaded region in Fig. 4.33. Thus, for a position-correlated sS2,
the area normalization factor is the inverse of the area of the corresponding position-

correlation disk;

o For the position-uncorrelated sS2s, they are the opposite of the position-correlated
ones, and thus, the area normalization is (1 - the inverse of the area of the corresponding
position-correlation disk). One example is the blue region outside the shaded region in
Fig. 4.33 (again, for simplicity, we didn’t subtract the complicated white region that

was excluded for the transverse wire and high SE intensity regions).

Fig. 4.37 shows the rates of the position-correlated and uncorrelated sS2s as a function of
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delay time from the preceding pS2s after the area normalization and with the live-time
score implementation. Indeed, the implementation of the position-correlation cut success-
fully removed a substantial part of the DE population, leaving only a trace of the leakages
discussed at the beginning of this section. The high rate of the position-uncorrelated popu-
lation within one full drift time corresponds to the photoionization/photoelectric electrons,
as expected from the electron drifting mechanism inside the TPC (thus concentrated within
one full drift time) and the isotropic photon emission (thus position-uncorrelated, or weakly
correlated with their preceding pS2s). The rate of the position-uncorrelated sS2s drops sig-
nificantly and immediately after one full drift time, marking the end of the photoionization
dominant regime (we did not observe a significant iterative behavior of the photoionization
electrons).

On the other hand, the position-correlated trend exhibits a weird pattern within two full
drift time. There are hypotheses about such behavior, like the biases caused by the arbitrary
separation between S2PH and S20lS2 (see Sec. 4.2), but none was satisfactory to explain
such weird behavior. More studies are being conducted at the time this thesis is written,
and their results will shine more light on the future improvement of this analysis. However,
for the scope of this analysis, such population is removed by the position-correlation cut and
the definition of sS2 (as a reminder, below 2.4 full drift time, the small S2s are defined as
S2PH, see Sec. 4.2), and does not contaminate our ROIL.

As mentioned at the beginning of this section, the rate of the DEs (position-correlated
$52s beyond two full drift time) decreases as the delay time from the preceding pS2s increases.
At the tail of the DEs, the rate is comparable to the rate of the position-uncorrelated
population right after the photoionization-dominant region. Moreover, the distribution of
the time gaps between two independent and random (the population doesn’t carry a feature
itself, like monotonically decreasing) populations, e.g. the irreducible radioactive background

and the pS2s, or sS2s from DM interactions and the pS2s, should be flat as depicted in
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Figure 4.37: Rates of sS2s as a function of the delay time from the preceding pS2s for both
position-correlated and uncorrelated populations, normalized with respect to the position-
correlation (uncorrelation) disks. The vertical lines mark the locations where the delay from
the pS2s equals one full drift time and two full drift time. The s~ unit comes from the
bin-width normalization, and the (pS2)~! comes from the live-time score summation.

Fig. 5.5, whereas the trend of the position-uncorrelated sS2s is not. All these prove the
existence of DE leakage. Currently, such leakage is not reducible, as we are capped by the
s52-pS2 pairing strategy. While some efforts are discussed in Ch. 5, which is beyond the
scope of the current few-electron analysis, we chose to remove a significant exposure time
after each pS2 to increase the signal-to-noise ratio and optimize the final dataset for the
constraint setting.

The removal of exposure time is applied on the delay time (from preceding pS2) space,
named the delay time cut. It removes a fixed amount of time (thus the exposure) after each
pS2. The removal amount was optimized with respect to two-parameter spaces, as listed

below:

1. As depicted in Fig. 4.6 on the right, the expected DE rate is proportional to the

size of the corresponding pS2 (the plot shows that, on average, the same fraction of
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electrons from the preceding pS2s becomes DEs for pS2s of all sizes). Therefore, we
studied the position-uncorrelated sS2 trends with different sizes of preceding pS2s.
More specifically, we chose five pS2 intervals between [340, 100000, 180000, 280000,
440000, 4000000] PE;

2. It was found that for DEs of different Ve yec’s, the trends are different. Therefore, for

each value of Ne ree from 1 to 10, we studied the position-uncorrelated sS2 trends.

The optimization of signal-to-noise ratio follows a simple logic [52]: the more delay time we
cut away after each pS2, the less exposure we would be left with and thus the less expected
interactions from BSM interactions; in the meanwhile a smaller portion of DE leakage would
be mixed into the final dataset, leaving us a cleaner final sS2 population to set constraints
on the expected interactions from BSM physics. The procedures of this optimization were

divided into two categories for sS2s with different Ne yec:

e For Nepec = 1 and 2, the rate trends of the position-uncorrelated sS2s in all pS2 bins
are always decreasing, hinting at a dominant DE leakage even at a large delay time.
Because we don’t have the full background model, we optimized the delay time cut
thresholds by maximizing the ratio between the exposure (in the unit of [kg - day],
linearly related to the total number of events from BSM interactions) and the 90%
Confidence Level (CL) Poisson Upper Limit (UL) based on the final amount of sS2 (n)

(position-uncorrelated and after all cuts):

Exposure

90% CL UL,

The calculation of the 90% CL UL can be found in Appendix. D. To estimate the rate

of position-uncorrelated sS2s, we fitted the tail of the rate vs delay time trend with a
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power law function with amplitude A and power ~:
At

and extrapolated the fitted function. An example can be found in the top plot of
Fig. 4.38 where we fitted the rate trend of position-uncorrelated sS2s for Neyee = 1
and with pS2s with area in [340,1e5] PE. The expected amount of sS2s (n) can be
obtained by integrating the fitted power law over the allowed exposure time window:
for each pS2, the allowed exposure time window is defined as the time window between
the delay time cut threshold and the next pS2. The 90% CL UL then can be calculated
from this n and expressed as a function of the delay time cut threshold, as shown in
Fig. 4.39 on the top. Similarly, we can calculate the total exposure by multiplying the
number of pS2s in each pS2 bin by the length of the allowed exposure time window
and the mass of liquid xenon under the fiducial area, as shown in the middle plot of
Fig. 4.39. Eventually, taking the ratio of the two and we can find the optimal delay

time cut threshold for each N¢ rec inside each pS2 bin.

e For large Nerec’s, we observed a flat rate region after the decreasing trend of rate,
as shown in the bottom plot of Fig. 4.38 in which the position-uncorrelated sS2s of
Nerec = 3 is plotted, hinting at the diminish of the DE leakage in the position-
uncorrelated population. This implies that all the backgrounds in this region are
forming random pairs with their preceding pS2s2?. We then fitted the tail of the
DE leakage trend with an exponential with scaling A and exponent 1/7 plus a flat

background B (¢ is the delay time from the preceding pS2s):

A-er+B

27. As will be discussed in Sec. 5.3, such a flat rate spectrum doesn’t necessarily imply a DE-free region.

150



o]
10 '\ X2 Ngor = 100.4 /27 = 3.7
" amplitude = 5.382E — 05 + 1.993E — 06
\ power = —1.139E + 00 + 7.055€ — 03
10 = Fitted Model
ol ® Data
g 107° 3§
I
]
a
1077 3
1078 5 ; +
10° 10! 102 103

Delay Time [ms]

6 ]
10 Yngr=75.8/42 =18
tau = 2.452F + 01 + 3.334F + 00
'Y scale = 1.143F — 08 + 2.102E - 09
107 4 ° const = 1.711E — 10+ 1.888E — 11
=== Fitted Model
o ® Data
W
£ 107
o
M
o
1072
[ ]
10710 § #
M
107 10! 10? 10°

Delay Time [ms]

Figure 4.38: Example of fitting the tails of position-uncorrelated sS2 trend vs delay time
from the preceding pS2s. Top: fitting the power law to the tail of sS2s with N¢ yec = 1 and
in the pS2 bin of [340,1e5] PE. The blue fitted line is then extrapolated to estimate the
expected rate of position-uncorrelated sS2s. Bottom: fitting the tail of the DE leakage trend
with an exponential (tau and scale in the plot) plus a flat background (const in the plot).
To be conservative, we took the delay time cut at ten times the fitted 7 values from the
exponential (so for this fitting, the delay time cut for sS2s of N¢ rec = 3 was set at 0.245 s).
The plots were taken from Dr. Jacques Pienaar’s study note.

and took conservatively ten times the fitted 7 value as the delay time cut threshold.

Due to the lack of statistics, for Neyee = 3 to 5, we could not separate the population
into the five pS2 bins, and thus an overall fitting was carried out. For Ne yec = 6 to 10, we
couldn’t even distinguish the number of electrons for sS2, and thus a single binning with
Ne rec between 6 and 10, and all the pS2 values were used with one fitting. The optimal
delay time cut for sS2s with Ne yec from 1 to 10 and inside the 5 pS2 bins are summarized

in Tab. 4.4. The relevant cut development plots are summarized in Appendix. C.
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Figure 4.39: Delay time cut threshold optimization for sS2s with Neree = 1 in the five
pS2 bins. Top: the 90% CL UL calculated from the expected total amount of position-
uncorrelated sS2s vs the delay time cut threshold. Middle: the total exposure based on the
number of pS2s within each pS2 bin vs the delay time cut threshold. Bottom: the ratio
of the two, with which the maximum point for each curve is taken as the delay time cut
threshold for sS2s with Ne¢ yec = 1 in that pS2 bin. The plots were taken from Dr. Jacques
Pienaar’s study note.
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Cut Threshold Primary S2 Area Bins [PFE]
[s] (340, 1e5] | [leb, 1.8¢€5] | [1.8e5, 2.8e5] | [2.8€b, 4.4€5] | [4.4eb, 4eb]
1 1.160 1.328 1.624 1.320 1.696
2 0.568 0.656 0.644 0.760 0.920
3 0.245
Neree | 0.229
) 0.239
6-10 0.232

Table 4.4: Optimized delay time cut threshold to different pS2 sizes and sS2s of different
Ne rec’s. For s52s with Ne rec between 3 and 5, there were not enough statistics to probe the
distribution in each pS2 area bin. For N ree between 6 and 10, the statistics became even
less, and we could only treat the population as one. The table was taken from Dr. Jacques
Pienaar’s study note.

4.4.8  FExposure Calculation

The concept of exposure has been mentioned and calculated in the previous sections. How-
ever, after all the dedications to the cuts, especially the position-correlation cut and the
delay time cut, have been cleared, it is worth summarizing it here clearly for easy reference.

Fig. 4.40 depicts the application of the position-correlation cut, the delay time cut, and
the resulting exposure on a section of the detector running time (simulated for illustration
purposes only). Around the three illustrating pS2s, first, the position-correlation cylinders
(mass) are removed for the time spans between them and their next pS2s. Then, the whole
detector (mass) is removed for the time span defined by the delay time cut threshold. The
unshaded white region labeled at the center of the figure is the survived exposure (mass
X time), within which we search for the BSM interaction signals using the survived sS2
populations.

One key aspect — and the only one — of the exposure calculation Fig. 4.40 fails to show is
the Ne rec and sS2 area dependences (when computing the exposure after each pS2, the pS2
will lie within one of the five pS2 bins, and thus this dependence is automatically resolved

when iterating over all pS2s). For the position-correlation cut, the cut radius r. is sS2 area
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Figure 4.40: Tllustration of the position-correlation cut and the delay time cut. After each
pS2, the position-correlated cylinder is removed for the time span between it and the next
pS2. Moreover, the time slot after each pS2, up to the delay time cut threshold, is also
removed. In this very configuration, the only exposure we will be searching for BSM interac-
tion signals is the white region labeled as "exposure', using the survived sS2 signals within.

dependent. This means at the same location — or more specifically, the same distance from
a preceding pS2 — whether an S2 signal from a hypothetical interaction will be removed or
not depends on the signal size, and a larger S2 signal is less likely to be removed than a
smaller one because r. is smaller for larger S2s (Fig. 4.32). Similarly, the delay time cut
threshold is Ne ree dependent, i.e., at the same delay time from a preceding pS2, a larger
S2 composed of (actually, reconstructed as) more electrons might survive the delay time cut
while a smaller one might not, because the delay time cut threshold is, in general, smaller
for larger S2s than the smaller ones. Therefore, the exposure calculated should bear these
two dependences and become a matrix, as shown in Fig. 4.41.

This matrix will be applied to the detector response model, discussed in Sec. 4.5.2.
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Figure 4.41: Total exposure calculated from TED datasets, with all cuts (on pS2), the
position-correlation cut and delay time cut applied. Two zoomed-in plots focus the Ne pec = 1
and 2, and Ne ree > 2.

Nerec 1 2 3 4 5) 6-10
Exposure [kg - day] | 9.8 | 258.7 | 2389.1 | 2604.0 | 2469.2 | 2562.5

Table 4.5: Exposures for different Ne rec’s.

4.4.4  Summary

After implementing all the cuts discussed in Sec. 4.4, the peaks survived for the whole TED
period is shown in Fig. 4.42.

The total exposure, although represented as a matrix in Fig. 4.41, can still be expressed
as real numbers if we weigh it with the Single Electron Gain PDFs (discussed in Sec. 4.5.2).

The total exposures (for the TED period) for each value of Ne rec is summarized in Tab. 4.5.
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Figure 4.42: The final distribution of peaks in S2 area space (left) and xy space, overlapped
with the fiducial area. The vertical lines are the individual S2 area values of the remained
S2 peaks.

4.5 Detector Response Model

To obtain the expected S2 spectra from physics beyond the Standard Model, we need the
response model of our detector, which converts the energy deposition from an incoming
particle to the final S2 area. In the few-electron analysis, we only consider interactions
through the ER channel. The microphysics of ER and from electrons to S2 signals have been
discussed in Sec. 2.2. As described by the TI-model, at low-energy ER, the recombination
rate is approximately 0, as shown in Fig. 4.43. Therefore, we assumed zero-recombination
and adopted a fast two-step binomial process to convert ER energy to the final number of

extracted electrons (following the definitions in Sec. 2.2.1, Eqn. 2.7, and Sec. 2.2.3) described

as:
Ne = Binom | floor (%) ’;N
L+ <T~’C> , (4.10)
N = Binom(Ne, EE - (EL))
where:

o N is the number of free electrons generated at the energy deposition site, subsequently
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drifted up to the liquid surface;

o N¢%is the number of electrons successfully reaching the liquid surface and extracted

into the gas;

e F is the initial kinetic energy of the primary ionization particle. In our case, the

primary ionization particle is the ionization electron;

o W is the average energy needed to produce an excimer/an electron-ion pair. We took

the value 13.7 eV/quanta from Tab. 2.1;

. <%’”> is the expected production ratio between excimer and electron-ion pair. It was
(2
taken as a uniform distribution between 0.06 and 0.2. We took the average of 0.13 as

our nominal value;

« EE is the average extraction efficiency. During SR0 of XENONNT, the average extrac-

tion efficiency was evaluated to be 0.54;

o EL is the average electron lifetime attenuation, defined as

where v = 0.0675 ¢m/us is the electron drift velocity, and (7) is the average electron
lifetime during the considered time period. The variable z, although being integrated
over, should be expressed in the unit of c¢m so the limits of the integral represent the
top and the bottom of the detector. For TED datasets (1) ~ 8.8 ms, and the value of

EL is ~ 0.88.

What'’s left is a numerical mechanism that turns the number of extracted electrons to
the S2 area. Mostly, we used the single electron gain values reported in Tab. 2.2 and

the Poisson&Gaussian model introduced in Sec. 3.1.3. However, there are several details
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Figure 4.43: Recombination rate vs energy deposited through the ER channel.

that need to be well-documented, including the aforementioned differences between N yec,
the number of electrons reconstructed from S2 waveforms, and Ne ytye, the true number
of electrons constituting the S2. Before discussing this important aspect of the detector
response model, I will first quantify the data-processing biases (Sec. 4.5.1). Then, I will
apply such bias as a correction to the Poisson&Gaussian model and develop the detector
response model, incorporating the three parameter spaces (Netrue, Negec, and S2 area)

where the cuts are developed and depend on (Sec. 4.5.2).

4.5.1 Reconstruction Bias on S2 Signal Area

Recalling Sec. 2.2.3, the S2 signals are recorded in the format of voltage drops over time,
in the unit of ADC/sample, for which sample is the time resolution of the digitizer. For
the specific digitizer we used in XENONnT (CAEN V1724), 1 sample = 10 ns. Then,
a waveform processing pipeline [108, 109] reads the recorded waveform drop, recognizes
pulses within, groups pulses into peaks, and eventually calculates relevant peak properties
and classifies them into "S1", "S2", or "unidentified". The exact detail of such a processing

pipeline is not the focus of this analysis and more details can be found in the two cited public
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GitHub repositories. However, there are several sources of biases that are worth mentioning

inside this pipeline:

o The pulses are identified with a "hit-finding threshold", which means the ADC value
has to momentarily pass such a threshold for the pulse to be identified and processed.
Depending on the exact situations inside the PMT and the transmission of electrons
between diodes, each detected photon will result in different voltage drops. Therefore,
some photons might be detected by the PMT (i.e., generated photoelectrons at the
photo-cathode) but not recognized by the processor, leading to a loss in the final S2

area, and in some extreme cases, the loss of the whole S2;

o After recognizing pulses, the processor groups them up with a merging window to form
"peaklets'; as first defined in Sec. 3.2.1. Following the same rationale of the discussions
in the same section, such merging practice might lead to over-merging in some cases

and under-merging in others, which is ultimately unsolvable;

« For "peaklets" that are close in time and bear the shape characteristics of an S2 signal
(wide and flat), they are merged together to form peaks. Discussions about this practice
can be found in Sec. 3.2.1. Under the scope of the few-electron analysis, the final peak
rate is extremely low, and the over-merging or under-merging biases discussed in the

mentioned section do not concern us.

To quantify the biases induced during the peak processing pipeline within the ROI of the few-
electron analysis, we used a dedicated waveform simulator called WFSim [107], which was
designed to simulate realistic signal formations and PMT responses for both S1 and S2 signals
based on both model-driven [110, 111, 112, 113] and data-driven detector characterization
parameters. S2s composed of 1 to 10 e™’s were simulated and fed through the peak processing

pipeline. The results are twofold:

1. The S2 identification efficiency, defined as the rate of successfully identifying the S2
159



sim center -
sim 1sig i
1

sim center
sim 1sig
— 1

1.05

rec area/true area
-
(=]
o
counts/bin
rec area/true area
-
o
o
=
-2
counts/bin

10°

T T T 100 0.80 T T
200 300 500 0 5 10
true area[PE] true area[PE]

20 25

Figure 4.44: S2 reconstruction bias, calculated as the ratio of the simulated number of
photoelectrons triggered in the PMT (true area) and the reconstructed S2 area in the unit
of PE (rec area). On the right, I zoomed in to the lower boundary of the ROI, which is
defined at the reconstructed S2 area equals 10 PE (notice that the 10 PE threshold should
be defined in the true area space).

peak and reconstructing as an S2 signal (instead of misclassifying as S1 or unidentified),
as a function of the S2 area (reconstructed by the pipeline) is shown in Fig. 4.2. Above
~ b PE, all S2s were successfully identified and classified. Thus, the identification

efficiency is treated as 1 inside our ROI,

2. The S2 reconstruction bias, defined as the ratio between the reconstructed S2 area and
the initial number of photoelectrons is shown in Fig. 4.44. The reconstruction bias
within our ROI is systematically reducing the S2 areas and is less than 3%, with an

added S2 area fluctuation of less than 5%.

The S2 reconstruction bias curves reported in Fig. 4.44 cannot be directly applied to our
detector response model. When doing the simulation, the best estimator for the average
number of photons a single electron can produce is the actual measured SEG value, reported
in Tab. 2.2. However, the actual measured SEG is already 'reconstructed’, i.e., the value
itself already bears the reconstruction bias inside, and applying such a bias would be double-
counting the effect. To handle such nuance, we then normalized the bias curve and the

associated fluctuation curves with the reconstruction bias at SEG (31.9 PE) being 1, as
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Figure 4.45: Normalized S2 reconstruction bias (cyan) vs the original S2 reconstruction bias.
The normalization was set at SEG such that the bias should be evaluated to 1 at S2 area =
31.9 PE.

shown in Fig. 4.45. Then, S2s smaller than 31.9 PE would be biased down, and the larger

ones would be biased up.

4.5.2 Tensor Representation of The Detector Response Model

As introduced in the S2 Width cut discussion in Sec. 4.4, in order to properly describe the S2
pulse shape using the model developed in Ch. 3, we need the know the number of electrons
consisting of each S2. However, after extraction, electrons are turned into photons and,
subsequently, voltage drops in the PMTs, through which we lose the "counting' capability
of each individual electron. To reconstruct the number of electrons from S2 waveforms,
an algorithm was developed and discussed in Sec. 4.3. However, as mentioned in the very
section, the reconstructed number of electrons, or Ne rec, is not necessarily the same as the
number of electrons extracted for an S2, for which the latter we refer to as the true number
of electrons, or N¢ trye. The reconstruction biases are discussed in detail in Sec. 4.3.1. To

build a robust detector response model and apply all the cut acceptances correctly for the
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final prediction of expected S2 area spectra from novel BSM models, such nuance needs to
be handled with care.
With the Ne ree reconstruction algorithm in place, the full road map from energy depo-

sition to the final S2 area spectrum is illustrated in Fig. 4.46:

1. Starting from the rate of energy depositions as a function of energy deposited through
ER channel, usually in the unit of [kg~tday™1] (or [ton tyear™1]), we can compute
the rate of observing the true number of electrons (the number of electrons extracted
into GXe, N true) using the two-step binomial process discussed at the beginning of
this section. The result of this step is the rate of observing S2s with each Ne ty4e, in

the unit of [kg~tday~];

2. After obtaining the rate of observing S2s with each N¢ t7y¢, the cut acceptance of S2
Width Cut is applied. From the perspective of each individual energy deposition, the
cut acceptance is simply a binomial process determining whether the S2 signal with
its Ne true passes the cut or not. For a rate, the cut acceptance would simply be an
attenuation factor. The result of this step should be an attenuated rate of observing

S2 signals with each Ne ¢rye, in the unit of [k’g_lday—l];

3. Based on the reconstruction bias discussed in Sec. 4.3.1, S2s with a certain Ne tyqe
can be reconstructed into different Ne rec based on the actual shape and size of its
waveform. Such misclassification is documented in Appendix. A. Such reconstruction
bias, in the form of a tensor, converts the rate of observing S2s with a certain N e
to the rate of observing S2s with a certain Ng ec in the unit of [kg_lday_l]. This
triggers the development of the Tensor Representation of the detector response model.
I will defer the full discussion of such implementation to slightly later after introducing

the S2 area;

4. Building from the rate of observing S2s with a certain Ne rec, we apply the cut accep-
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tances of the after pulse cut, and also the time-axis of the exposure calculation. The
time axis of the exposure is determined by the delay time cut threshold, which in turn
depends on Ng pec. is represented as each individual curve of Fig. 4.41. Clearly, this
time component (or the dependence on Ne re:) cannot be decoupled from the mass
component (or the dependence on the S2 area). Nevertheless, I will bypass this obsta-
cle and finish the road map, leaving the discussion of this to the introduction of the

tensor representation;

5. Next, we need to convert the rate to the total expected number of observations in the
S2 area space. However, such practice is tricky: the Single Electron Response model
(the Poisson&Gaussian described in Sec. 3.1.3 functions on each physical electron,
i.e., it should be applied to the true number of electron axis. But we also need to
incorporate the cut acceptances and the time axis of the exposure, which are applied
to the reconstructed number of the electron axis. Therefore, we need to alter the
original Single Electron Response model with the reconstruction biases, as shown in
Fig. 4.47. With this conversion matrix, the rate of observing S2s with a certain Ne rec
(again, with the conceptual dilemma of applying the time-axis to the rate) can be

converted to the rate of observing S2s with a certain S2 area;

6. Eventually, we can apply the acceptances that depend on the S2 area to the final
spectrum, including those of the S2 Hit Pattern cut and the S2 aft cut. The region
of interest is also defined in the S2 area space. The final component is the mass (or
spatial) axis of the exposure calculation, as shown in each curve of Fig. 4.41. At the
end of this step we would get the expected number of observations with S2s of a certain

area.

Since we cannot decouple the mass and time components of the exposure, and the ac-

ceptances of cuts need to be applied properly, we developed a tensor representation for the
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Figure 4.46: Flowchart of the detector response model. The processes above the arrows
indicate the models we used to transition from the previous parameter space to the next
one. The bullet points below each parameter space indicate the relevant cuts developed
under them, for which the acceptances should be applied to the same parameter spaces.
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Figure 4.47: Single Electron Model. The solid lines are the Poisson&Gaussian model for
each value of Ne trye. The dashed lines are the ones altered by the tensor (obtained by
convoluting the solid curve with the curves in Appendix. A respectively then summing up
the resulted spectra of the same Ne,rec)- Calling back to the intro section of this chapter,
although we focused on the ROI of (10, 174) PFE, nominally corresponding to 1 e~ to 5 e~
S2s, the S2 area spectrum from up to 10 e~ can have small contributions to the ROIL. Thus,
when doing the models and cut acceptances, we included up to 10 e~ population.
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detector response model, expressed as:

where

(Npg)” = (Aro M) (Ding(E - M) o A4,) T3 o (App)”, (4.11)

The o index runs across all the bins of S2 area. In our analysis, instead of using
continuous S2 area values, we used binned spectrum with equal bin widths for fast

computation;

The p index runs across the true number of electron axis, i.e. Ne ¢rye = 1 to 10;
The v index runs across Ne rec = 1 to 10;

The symbol o represents element-wise product, e.g., (a,b) o (¢,d) = (ac, bd);

(Npg)? is the expected number of observations of S2 signal with an area ¢ (equiva-

lently the bin center of the o-th S2 area bin);

7;”’0 is the tensor. Illustratively, each p value represents the reconstruction bias plot
with Ne trye = poin Appendix. A, each v value represents a probability density function
(PDF) with Neyee = v in that plot, and each o corresponds to the value of the PDF

at S2 area = o;

M is a matrix representing the Single Electron model (Poisson&Gaussian). Illustra-

tively, each row of it represents a PDF of a value of N te (each curve in Fig. 4.47);

E is the exposure matrix that depends on Ne rec (time) and S2 area (mass). Arranged
similarly to M, each row of it represents a curve of a N¢ rec value in Fig. 4.41. Thus

the diagonal of ET . M is the exposure for each Ne rec;

(A¢)* is the cut acceptance depending on the true number of electrons, evaluated at

Ne true = p. (Np)# is the expected number of observations of S2 signal with N tyye =
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(. The product of the two is the attenuated expected number of observing an S2 with

Ne,true = H;

o (A;)y is the cut acceptance depending on the reconstructed number of electrons, eval-
uated at Negpee = v. The term (Diag(ET - M) oAT>V represents the attenuated
exposure for each Ne rec. Notice that instead of absorbing the cut acceptance attenu-
ation to the number of observations like in the case of N¢ 7y, here we absorbed it to

the exposure, which is equivalent;
o (Apg)? is the cut acceptance depending on the S2 area, evaluated at area = o;

« Same and staggered indices are contracted. Specifically, ;1 and v are contracted, while
o is only involved in the element-wise product. Therefore, the result of (Npg)? is the

expected number of observation spectrum in the S2 area space, in the unit of [PFE *1].

This tensor representation handles the cut acceptance in the three correlated parameter
spaces (Ne true, Neyrec and S2 area) in a covariant way. The s2 reconstruction bias from the
peak processing pipeline, discussed in Sec. 4.5.1, is absorbed in the tensor term (7°) and the

matrix term (M).

4.5.8 The Model of the BSM Interactions

With the BSM models introduced in Sec. 1.3, we can feed the expected recoil energy spectra
through the detector response model and get the expected S2 area spectra with some nominal

interaction strengths. There are several extra treatments that need to be mentioned:

1. While implementing the differential rate as shown in Fig. 1.9 into Eqn. 4.10, we also
need to account for the initial electron (the primary ionization particle) that is inducing
the ER process. Since we are ignoring the recombination process, the initial electron
should always survive and become a part of the initial electron cloud, i.e., we need to

add 1 to N, before accounting for the drifting and extraction attenuations;
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Table 4.6: Additional quanta results from the cascade process of electrons from outer shells
falling to the vacancies of different shells. Only the most conservative additional quanta are
recorded here. Table taken from Ref. [38].

2. As depicted in Fig. 1.9, LDM can scatter off electrons from all orbitals, with a de-
creasing rate for the inner shells as they have higher binding energy. Effectively, we
only considered the interactions with the two outermost shells of the xenon atom (s
and p shells). If a p shell electron is excited, there can be a sequence of cascade of
s shell electrons to fill in the vacancy. Such a process, in addition to the ER process
and the primary ionization electron, can induce further quanta and, subsequently, ad-
ditional electrons. In this work. we quote the conservative additional quanta proposed
in Ref. [38], and the exact values are summarized in Tab. 4.6. These additional quanta

are added to the ER quanta yield Ny = floor (E/W).

3. A similar bonus quanta can also happen to the absorption of DP or ALPs. In this case,
while the binding energy is deducted from the energy remaining for the ER process,
bonus quanta can benefit the final charge yield if the interaction is with electrons on

an inner shell;

4. At the moment this thesis was written, we only considered absorptions of DP and ALP
by the electrons on the outermost shell with equal probability for each orbital electron.
Despite the bonus quanta introduced above, considering the absorption by outermost

shell electrons gives us an optimistic signal yield.

The expected S2 spectra for the three BSM models are summarized in Fig. 4.48. Due to
(and benefited from) the massive increase of the total exposure from Ne yec = 1 t0 Ne pee = 2

(20 times as listed in Tab. 4.5), the number of expected observations from interactions that
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Figure 4.48: Expected S2 area spectra from different BSM physics interactions at nominal
interaction strengths (under TED exposure).

28 are boosted significantly, resulting in the cusps near S2 area =

produces two electrons
40 PE. Similarly, the cusps near S2 area = 80 PF are also resulted from the increase of the
total exposure from Ne ree = 2 to Ne pee = 3 (10 times from the table). While the resolution
of S2s with sizes down to single electron allows us to probe interactions that deposit minimal

energies to the xenon orbital electrons, such a boost in the expectation spectra allows us to

set more stringent limits to the models that allow higher energy interactions.

28. To be precise, produces a certain S2s that are reconstructed as two electrons, i.e., N¢ yec = 2.
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The DM-electron scattering energy spectra transition smoothly from low-mass DM parti-
cles to higher-masse ones, shifting the expected S2 spectra gradually to have a larger weight
on the S2s with a larger number of electrons. Thus, within the range of DM masses we
considered, the huge total exposure for Ne rec > 1 benefits all models, especially for the light
masses because the originally low-rate region is boosted. The same statement is true also
for the DP particles with low masses, or ALPs with low masses.

On the other hand, the peak of the expected S2 area spectra for DP with higher masses
(and similarly, ALP with higher energy) is beyond our ROI, and we are only capturing the
tail of the whole distribution. Although the tails still get a boost in the total expected
number of observations, the missing peak inside our ROI would make us less competitive
with respect to the experiments with an ROI covering the location of the peak, e.g., the

traditional S2-only analysis where the ROI is beyond 5 e™.

4.6 The Statistical Inference Framework

Thus far, T have illustrated the efforts to mitigate the substantial background called the
Delayed Electrons (DEs), a remnant from large S2s that contaminates the ROI of the few-
electron analysis between 1 e~ and 5 e~. The final dataset and the exposures were fine-tuned
to provide the cleanest space in the detector and time during SR0 of XENONNT for the search
of physics Beyond the Standard Model. Nevertheless, as mentioned in Sec. 4.1, there are
still traces of independent backgrounds remaining, for which accurate quantification is hard.
Therefore, we have to acknowledge that part — if not all — of the remained S2 population
shown in Fig. 4.42 might be from contributions of all sources that are not quantified. To cope
with such an unknown contribution, a conservative approach of an upper limit (UL)-only
inference was adopted.

We used Yellin’s Optimal Interval Method introduced in Ref. [114] as our statistical tool

for setting the UL. To understand it, first, we need to introduce the Maximum Gap Method,
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which is also introduced in Ref. [114]. Here, I will briefly introduce the methods.

4.6.1  Maximum Gap Method

The Maximum Gap Method, as the name indicates, looks at the gaps between observed
events where no observation is recorded (regions between the vertical lines in the left plot of
Fig. 4.42) and calculates the maximum probability of no observation allowed by the physics
model we would like to test. Without the loss of generality, let’s use a generic Model A
with a parameter of interest o (e.g., the light dark matter model with the dark matter
electron scattering cross section o), which predicts an expected number of observations in
the S2 area space (e.g., any one line in Fig. 4.48). Let’s use the nomenclature introduced in
Eqn. 4.11 and express the expected number of events from interactions predicted by Model
A as a function of S2 area, as Npg(S2) [PE~!. Then within the gap between the i-th and

(i + 1)-th data point, the total number (z;) of expected events can be obtained by

5241
T; = / Npp(S2) dS2, (4.12)
S52;

and the maximum of all z; is named the "maximum gap", denoted as x. Such a process is
illustrated in Fig. 4.49. Notice that by definition, our Npg(S2) has the unit of counts/PE,
and thus is equivalent to the dN/dFE in the figure taken from Ref. [114].

The value of x is directly influenced by the parameter o. If the chosen o value allows
interactions predicted by Model A to happen frequently, i.e., we would have calculated a
large z, it is quite unlikely to observe 0 events within the gap that the z is computed from.
From this fact, we can reject values of ¢ with the values of z and thus set upper limits.
As reasoned in Ref. [114], the distribution of this variable z, independent from the shape of
Npp(S2), is always uniformly distributed with unity density. Also, with a fixed ROI, the
total expected number of events, yu, is also independent of the Npg(S2) shape. Thus, we
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Figure 4.49: Tllustration of the maximum gap method. In our case, F is the S2 area, dN/dE
is the Npp(S2). Figure taken from Ref. [114].

can reject the hypothesis (Model A with specific o value being true) with confidence level

(CL) Cp:

m T — k‘efk‘x
C’O(x,u)zz(k Z') (1+ i ) (4.13)

k=0 ko
The full derivation of Eqn. 4.13 can be found in Appendix.A of Ref. [114]. To find the desired

90% CL UL, we just tune the o value such that p and x gives a Cq(x, 1) at 0.9.

4.6.2  Optimal Interval Method with Pmax

The Optimal Interval Method goes beyond the Maximum Gap Method and only looks at gaps
between adjacent observations (thus, the 0-event gaps). In the Optimal Interval Method, all
possible gaps are investigated. For the gaps containing n observed events, we can obtain a
Maximum Gap value x,, (the x found Maximum Gap Method would be z( by this definition).

Then, we need to compare the set of z,’s. A penalty term is needed to disfavor the large
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n values because otherwise, the gap with the largest x;,, would be the whole ROI. In our
analysis, we adopted a method called Pmax, which utilizes the Poisson p-value (actually, 1

- the p-value) for the penalty term, defined as:

— ()* o,
pmaxr = HlllaX Z ol e . (4.14)
h !

all n
>n

The determination of CL is achieved by Monte Carlo. For a sufficiently large amount of o
values sampled, we simulate the event distribution predicted by Model A with the sampled
o and compute Tpgma value. Then the 90 percentile value of Tjq, and its corresponding o
value is taken as the 90% CL UL. More details regarding the Pmax variables can be found
in Ref. [115].

4.7 Constraints On Physics Beyond the Standard Model

Here, I report the preliminary limits on the cross-section of Dark Matter electron scattering
through heavy and light mediators, the kinetic mixing between the dark photon and the
SM photon, and the coupling strength between Axion-like particles with the SM electron.
These preliminary results were obtained from the TED dataset. We are aiming to unblind
the science runs of SRO soon.

For the LDM-electron scattering cross section, we achieved world-leading results in the
LDM mass range of (7, 25) MeV for the interaction that happens through a heavy me-
diator and (20, 100) MeV for the light mediator. For the dark photon absorption, we
achieved leading results in the UL of the kinetic mixing parameter in the boson mass range
of (0.01, 0.2) keV. In a similar range (in the unit of energy), we set the most stringent
limit for the Axion-like particle-electron coupling strength. Such stringent constraints ben-
efited mostly from our huge target mass, high liquid purity, and high detection efficiency

down to single electrons. We were able to probe theoretically an energy deposition as low
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Figure 4.50: Upper limits of DM - electron cross-section oy with heavy mediator (top) and
light mediator (bottom) assumptions. The results of this analysis are shown in red.

as ~ 9.276 eV [116], the band gap of liquid xenon, with which the xenon atom can be just
ionized and the electron can be potentially detected??.

However, the minimum energy required to produce an electron in liquid xenon (the band
gap at 9.276 eV') and the kinetic energy required for the ionization electron to be multiplied

through electronic recoil (~ 13.7 eV per quanta with ~ 0.88 of the cases such quanta is an

29. If the deposited energy is just above the band gap, the ionization electron would be kicked out with
almost 0 kinetic energy, and thus does not trigger the ER process. However, the very ionization electron can
drift up and be detected
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Figure 4.51: Upper limits of dark photon kinetic mixing strength (e) with the SM photon
(top) and the coupling strength between Axion-like Particles and the SM electron (gqe)
(bottom). The results of this analysis are shown in red.

electron) made us not competitive to the detectors featuring a much smaller energy expense
for interactions that deposit less energy. For example, the skipper CCD technology used
in Sensei [117] and DAMIC-M [118] features triggering energy as low as 4 eV [119], which
makes them sensitive to interactions with much lighter dark matter particles, with which the
interaction would be too weak to create ionization signals in a typical liquid xenon detector.

On the other hand, for interactions that deposit more energy, i.e., heavier dark matter

masses, more massive vector bosons, and ALP with higher energy, we are limited by the
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lack of a full background model. Analyses from other experiments, like PandaX-4T [120],
or other channels within XENON Collaboration, like the traditional S2-only analysis [106],
either assumed full background model by excluding the lowest part of their ROI or performed
partial background subtraction.

Looking back at the whole analysis framework, there are several points that we can

improve for future studies:

o The delay time cut removes a tremendous amount of exposure, which intuitively is
unnecessary. From the illustration of Fig. 4.40, for the purpose of removing the Delayed
Electrons that are position correlated, we could simply remove a cylinder extending
beyond the time gap between two primary S2s. This potentially can help us retrieve
a considerable amount of exposure, thus increasing our sensitivity. An effort in this

direction is elaborated in Ch. 5;

e As mentioned in Sec. 4.1, there are lots of background sources that can contaminate
our ROI, for which we didn’t quantify because proper removal of the dominant DE
background was more rewarding. With dedicated modeling for the part — if not all can
be modeled — of such background sources, we could further suppress the final event

rate;

e The ambiguities of peak reconstruction discussed in Sec. 3.2.2 is unavoidable in the
data processing pipeline. Such a proposal can be tested against data and might improve

the results by getting rid of the biases in peaklet merging.
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CHAPTER 5
A NEW MODEL FOR TIME CORRELATED BACKGROUND

One major task of the few-electron analysis discussed in Ch. 4 was to remove the DE (delayed
electron) population. However, with the method described in Sec. 4.4 (more specifically, the
time and spatial correlation vetos) the final strategy of DE removal was based on optimizing
the signal-to-background ratio. Such a strategy, while effective, is hardly satisfactory because
we can never claim a full removal of the DEs and assign cut acceptances. This unknown
contribution of DEs limited the few-electron analysis to be background-limited and have no
power to claim discovery!.

In this chapter, I will introduce a method for obtaining a description of the time profile
of these delayed electrons independently of their origin. In Sec. 5.1, I will set up a new
framework involving a generic set of definitions and a new method of pairing up small S2s
(sS2s) and primary S2s (pS2s) that creates an analyzable structure. In Sec. 5.2, I will discuss
the situation in which only random pairings can happen, assuming no DE population in the
detector, and derive analytical expressions for the spatial and time correlations between
sS2s, from independent small energy depositions or irreducible backgrounds, and pS2s. In
Sec. 5.3, I will turn to discuss the other scenario, where only pS2s and their DEs exist in the
detector, with no other independent event creating sS2s, and derive analytical expressions
for the correlations. Finally, in Sec. 5.4, I will combine the discussions and propose two

strategies to establish a model-independent time correlation function.

1. Also, I acknowledge the other not quantified sources of irreducible backgrounds. However, those are
from sources we might be able to measure or estimate, either using projections from the S1-S2 analyses or by
measurements of detector components. In contrast, the DE population is related to an unknown mechanism
in the liquid that could very much vary from detector to detector, and thus, it is hard to quantify or be
inferred from results of dedicated small-scale investigations.

176



5.1 New Framework Setup

The real situation is schematically shown in Fig. 5.1. Three major components need to be

considered (besides noises and junk signals that can be safely removed with quality cuts):
1. pS2s: large physical S2s that has the potential to deposit small amount of e~ in LXe;

2. DEs: the delayed electrons associated with pS2s, featuring strong time and spatial

correlations with their pS2s;

3. Signals: in this chapter, I define it as small S2s from either real energy deposition or

independent irreducible backgrounds.

I will use small S2s (sS2s) to refer to both DEs and signals for simple nomenclature.

First, I introduce a new practice for matching up pS2s and sS2s: for each sS2, scan
backward in time with a fixed window and sort the pS2s inside this window by their spatial
distance from this sS2. We also need to define the relevant parameters. First, a spatial
correlation function, P.(r), has to be assumed, which describes the spatial diffusion of DEs
to their pS2 as a probability function. Also, we have to assume a time correlation function,
Py(t), that describes the distribution of DEs after their pS2 as a probability function. Notice
that » and ¢ are the distance and time gap between an sS2 and its paired pS2.
Ry, 1s a radius within which we analyze $82s%, and to simplify the calculation, such R fa 18
assumed to be much smaller than the detector radius (R,), within which pS2s can happen
(more explanation later). Furthermore, we have to assume some constants: rate of pS2 fp,
rate of DE fpg, and rate of signal fs. One last parameter we will need is the scanning
window, w, which is from each DE how far back in time we search for pS2 to pair with.

To facilitate the derivations, here I assumed no pS2 size dependence, no DE size depen-

dence, and no detector condition variations for the two correlation functions and rates of the

2. Tt is exactly the definition of the Fiducial Area (FA), elaborated in Sec. 4.4. For simplicity, the FA is
assumed to be a disk without punctures with radius R¢,.
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Figure 5.1: Drawing of pS2s (red) and their DE (blue) trends in TPC, together with un-
correlated signals (green). The leakage from pS2s into the later ones will be recognized as
"uncorrelated" signals most of the time. Also, the uncorrelated signals will boost the esti-
mation of the DE trend. It is worth mentioning that the height of the TPC, z, is a fourth
dimension not shown in this plot, while the vertical direction in the plot is time.

relevant populations, as all these are worthy parameters to look into after some simple model
is established. Also, the pS2s distribution is assumed to be random and uniform. After we
pair up sS2s and pS2s and arrange the pS2s with their distances from the sS2s, we can take

the nearest pS2s seen by an sS2 as an example. Three scenarios can happen:
1. the considered sS2 is a DE, and it is correctly paired with its pS2;
2. the considered sS2 is a DE, but it is wrongly paired with some other pS2;
3. the considered sS2 is a signal, and it is wrongly paired with some preceding pS2.
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The latter two situations can similarly be accidental coincidences (AC). These three scenarios
can be propagated to higher orders of paired pS2s. It is necessary to notice that not only
the signals can form AC by default, but also DEs.

These set the foundation for analyses that will be explored in later sections.

5.2 Random Pairing between Signals and Primary S2s

The pairings between the signals and pS2s are simply matching two random populations
inside two concentric circles (reminder, pS2s can happen within the full TPC radius Ry
while sS2s are constrained inside a smaller FA Ry,). Therefore observing the nearest pS2

before a given signal at distance r, with a scan window w, can be understood as

1. observe 1 pS2 within an rdr annulus. If we have m pS2s in the scan window, we have

R(r;z,y)rdr
WR?I

that calculates the angle of the segment of a circle centered at (z,y) (location of the

m choices to be the nearest pS2, which is m , where R(r;z,y) is a function

signal) with radius 7 inside TPC. It is a measure depending on (7, z,y) when doing

integrations. For easy reference I define Dr(r;x,y) = R(r; x, y)rdr;
2. observe 0 pS2 within r;

3. observe all the rest outside r, which can be simply expressed as the reciprocal of the

7er

is a function that calculates the intersection area of a circle centered at (x,y) with

m—1
area of TPC subtracted by a circle of radius . (1 — w) , where Aj(r;z,y)

radius r» with TPC;

4. Finally we assign the probability of observing m pS2s within w and sum over all

possible situations: ) Poisson(m; fyw).
m>1
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The TPC is always assumed to be a circle centered at (0,0) with radius R;. Combining the

steps above, an expression for observing the nearest pS2 at a distance r can be expressed as

m—1
Dr(r; Ag(r;
psr(ri@,y; 1L, w)Dr(ryz,y) = Y mPoisson(m; fpw)—r(T’g’y) (1 - —I<T’x’y)>
™R

2
1 p TR
1 A ( . ) m—1
=psr(riz,y; L w) = Z mPoisson(m; fyw)—; <1 - AR r,g,y ) : (5.1)
1 7TRd 7TRd

psr(r;x,y; 1,w) is the probability of observing the nearest pS2 given a signal at (z,y) at
a distance r, with a scan window w. The 1 here indicates "nearest", or spatially the first
pS2, compared to later pS2s with higher orders. An example of R(r;z,y) and Aj(r;z,y) is
shown in Fig. 5.2. Notice that ps,(r;x,y; 1, w) doesn’t directly depend on R(r;z,y). If we

assume Iy to be sufficiently large (R; > 7 + Ry, ), the two functions can be simplified to

R(r;z,y) = 2w 52)

Ap(riz,y) =,

This assumption is a good approximation if R¢, is set to be extremely small, i.e., we choose

a very small FA. And Eqn. 5.1 can be simplified to

m—1
1 2
psr(r;1,w) = Z mPoisson(m; fpw)w—}_{2 (1 : ) : (5.3)

T p2
m>1 d Rd

It is worth mentioning that Eqn. 5.1 is not a normalized probability density function,
i.e., the integration over r might be smaller than one because there might be a case that
there is zero pS2 before a given signal. This formula describes a probability of paired
population. This will be true for all p functions in this section.

As for the time gap between a signal and its nearest pS2, since pS2 is completely random

from the viewpoint of signals, the distribution of such gap is simply the probability of
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Figure 5.2: Illustration of R(r;x,y) and Ar(r;z,y) with a signal happening at the edge.

observing a pS2 within an infinitesimal timepiece dt out of the full window w. In a scenario
where multiple pS2s are observed because pS2s are independent events, anyone can be the
nearest to this signal. Thus, the distribution of the time gap is independent of n, except
for the probability of observing n pS2s within w as a prior. An illustration is shown in
Fig. 5.3. The probability of observing the nearest pS2 in an infinitesimal delay time tdt can

be expressed as

dt )
ps,t(t; 1, w)dt = - Z>1 Poisson(m; fyw). (5.4)
m>

The distribution of spatially farther pS2s can be derived with a similar logic. While the
generalization of ps¢(t;n,w)dt is simply limiting the occasion that allows an observation of

n-th pS2, expressed as

dt )
ps.t(t;n, w)dt = o Z Poisson(m; fyw). (5.5)

m>n
The generalization of ps ;- (7;z,y;n,w) needs to consider the distribution of pS2s inside 7:
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Figure 5.3: Example of spatial and temporal correlation between a signal and pS2s within
w window before it. Left: the green dot indicates the (z,y) location of a signal, and the
solid red dot is its nearest pS2 within a scan window w before the signal. Other shallower
red dots are other pS2s in this window. Right: the green line is the reference location of the

signal (r = 0).

observe n — 1 pS2 within 7:

possible situations:

. observe 1 pS2 within a rdr: m

(m—1)!

Dr(ryz,y)

R2

(n—

observe all the rest outside 7: (1 - AI—’T

(

(r;z,y)

DItm—n)! \ ~ 7R3

>m—n
’

7er

> Poisson(m; fyw).

m>n

Combining the terms gives

psr(r;x,y;n, w)Dr(r;x,y) (r; o, y)

= ps,r(r; T, y;m,w) =

’D .
Z Poisson(m; fpw)r(r—,g,y)
s TRy
n—1
m! Ap(riz,y)
x | | 2
(n—1)!(m —n)! TR2
m—n
(1 B AI(T;%Z/))
2
TR
1
Z Poisson(m; fyw)—s;
s TR
n—1
o At )\ (| Aoy
(n—1)!(m —n)! 7rR(2i 7TRL21

given m observed pS2s;

n—1
A1<r;x,y>) .
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Finally we assign the probability of observing m pS2s within w and sum over all

(5.6)



Taking n = 1 in Eqn.5.6 and Eqn. 5.5 reduces them into Eqn. 5.1 and Eqn. 5.4. This
concludes the calculation of both spatial and time gap distributions of signals matching with

pS2s. A few remarks:

1. because both signals and pS2s are independent, and there is no correlation between

the distribution of spatial gap r and time gap t;

2. the time gap distribution ps ¢(t; n, w) is independent of ¢ and is a flat line. This is true

for arbitrary choice of n.

It is hard to estimate Eqn. 5.6 in full form. But after implementing Eqn. 5.2, it is much
more simplified and can be analyzed in Mathematica [121]. Notice that now Eqn. 5.6 is
independent of (z,y). With R; = 65 cm and f, = 6 Hz, Fig. 5.4 shows values of ps (r;n =
1,w = 1 s).The larger the n value, the further the average expectation of spatial gap is.
Also, the longer the scan window w is, the shorter the minimum spatial gap between the
signal and a pS2s is because more pS2s would be within the window. Remember the prior
effectiveness of Eqn. 5.2 requires Ry > r + Ry,, which means at large r ~ R, independent
of the choice of Ry,, Eqn. 5.2 would not be a good approximation to Eqn. 5.6. Eventually,
as a summary, the probability of observing the n-th pS2 having a spatial and time gap at

(r,t) from random signal-pS2 pairs within a time window w can be expressed as

1

Poisson(m; fpw
e > (m; fpw)
m>n

n—1 m—n
L m Aq(r;z,y) R IGER)
n!(m —n)! WRC% WRC% '

It is important to notice that the summations overall contributing m in Eqn. 5.5 and Eqn. 5.6

ps(r.t;x, y;n,w) =

(5.7)

are universal, so they are merged into one for Eqn. 5.7. However, when decoupling the spatial
and temporal parts, such iteration needs to be returned to properly handle "not-observed
pairs".
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Figure 5.4: Evaluation of ps,(r; x,y;n,w) with Eqn. 5.2 implemented. Left: Fixing n = 1
and scan different w; right: fixing w = 1 s and scan a few different n. The larger the n,
the further the average expectation of spatial gap is. The longer the scan window w is, the
shorter the minimum spatial gap between the signal and a pS2s is because more pS2s would
be within the window.

MC is straightforward to construct for such a procedure. We can simply simulate two
independent populations of pS2s and signals with different rates f, and fs and conduct the
practice of matching pS2s before signals in ascending order of spatial gap. Intuitively, we
should expect for each n-th nearest pS2 an average fs/fp number of signals, up to a factor
of no observation (1 - the Poisson term in Eqn. 5.5). With f, = 4.7 Hz, fs = 1.6 Hz, Ry, =
53.5 cm and R; = 65 cm (estimated from XENON SRO TED runs), the results of this MC is
shown in Fig. 5.5. The time gap distributions are flat and independent from ¢ as predicted.
Moreover, if corrected by division with respect to the coefficient % > Poisson(m; fyw) in
Eqn. 5.5, the expected fs/f rate can be restored, both for differegtlzucl and different n, as
shown in Fig. 5.6. The distribution of r is shown in Fig. 5.7. Compared with Fig. 5.4,
simulation and mathematical evaluation results are very similar. The requirement that

Rgq> Ry, +r is not assumed in the MC results, making it closer to a real-world detector

setup than the depictions in Fig. 5.4.
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Figure 5.5: Time gap distribution from pairings between simulated signals and pS2s. Left:
time gap distribution of 1st to 10th pS2 with a fixed w = 1 s; right: time gap distribution
of 1st pS2 with different w’s.
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Figure 5.6: Corrected counts of signal per pS2 with correction factor. Left: time gap distri-
bution of 1st to 10th pS2 with a fixed w = 1 s; right: time gap distribution of 1st pS2 with
different scan windows.

5.3 Pairing Between Delayed Electrons and Primary S2s

DEs are remnants of pS2s and have temporal and spatial correlations with their pS2s. How-
ever, in a detector setting, there is no way to know which pS2 caused a certain DE. For each

DE, if looking backward by w window, both the correlated pS2 and some other random ones
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Figure 5.7: Spatial gap distribution from pairings between simulated signals and pS2s. Left:
spatial gap distribution of 1st pS2 with different w; right: spatial gap distribution of 1st to
10th pS2 with a fixed w =1 s.

can be seen:
1. expectation of seeing m-pS2 randomly is Poisson(m; fyw);
w
2. expectation of seeing the correlated pS2 is [ dt'Py(t').
0

Since the practice of pairing sorts pS2s seen by an sS2 is with their spatial distance, the two
cases need to be discussed separately. Still starting from the discussion of the nearest pS2

seen by a DE at (z,y) and discuss the distribution of observing it at a spatial and time gap

(r,1):
1. The nearest pS2 is indeed the correlated one. Assume a total m pS2s are observed
within the scan window w:
(a) Observing it at a time gap tdt is simply Py(t)dt;

(b) All other pS2s in the window fall outside the radius of the correlated one 7.

Because all the rest are independent events, the probability of this happening is

-1
L A\
WR?l !
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(c) The correlated one lies within Dr(r; z,y): Pr(r)Dr(r;z,y);

(d) m can be as low as 1;
2. Some random pS2 happens to be closer to the DE:

w

(a) If the correlated pS2 is not observed, which has a probability of 1 — [ dt’ P(t),
0

the situation goes back to random pairing as Eqn. 5.7. This allows m to be as

low as 1;

w
(b) If the correlated pS2 is observed, which happens as [ dt’ P;(¢'):
0

T

i. This correlated pS2 needs to lie outside r: 1 — [ R(r;z,y)r" dr' P-(r');
0

ii. The rest reduces to the random pair scenario;

iii. This only allows m to be as low as 2, with 1 correlated pS2 and a nearest

random pS2;

(¢) For both scenarios, the key is to have at least one random pS2 to be the nearest

one, so the time gap distribution is Eqn. 5.4 with m starting at 1.

For the first scenario where the correlated pS2 is indeed the nearest one, the probability

of observing it at (r,¢) can be expressed as (after canceling the measure terms)

m—1
1 : Aq(r;a,y)
p%%(r,t;x,y; L, w) = P(t)Pr(r) Z Poisson(m — 1; fyw) (1 — 7r—R621> . (5.8)

For the second scenario where the correlated pS2 is not the nearest one, we need to sum the

cases of observation and no observation. The time gap distribution is simply a random pair
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situation described as Eqn. 5.4. The spatial component is derived as follows:

w m—1
(2) ) ) _ / I'D (4 : ) m Ap(r;z,y)
rix,y; 1, w)= 11— dt’ Py(t Poisson(m; fpw)——= | 1 — ————=
pDE,r( Y ) +(T) Z (m; fp )ﬂ_RQ ( T R2
0 m>1 d d
r

0
1 A ) m—2
X Z Poisson(m — 1; fpw)m — <1 . I(T,$,y)>

2
TRy
r w
=1{[1 —/R(r';x,y)r’ dr/P,n(r’)/ dt’' Py(t)
0 0
P _— (5.9)
X Z Poisson(m; fyw)m (1 — %)
TR
m>1 d
Summing up the two components gives the final distribution of spatial and time gap of

nearest pS2 observed by a DE; expressed as

pOE(r, 2,53 1,w) = P(t)Pr(r) > Poisson(m; fyw) (1 - w)

2
i 7TRd
T w
1
+ wwR% 1-— /R(r’;x,y)r' dr'PT(r/)/ dt’Pt(t/)
0 0

m—1
X Z Poisson(m; fyw)m (1 _ w>

2
i TR

= peor(r t; 2, y; 1, w) + pac(r, ti oz, y; 1, w). (5.10)

[t is important to notice that even if we have fully correlated DE (i.e., absolutely no signal),
we would see some ACs forming a flat background in ¢ distribution that looks like what the

signals would have formed. A few qualitative observations:

e pAc has no explicit ¢ dependence. This means similar to signal-pS2 pairing situation,
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the AC distribution for DE-pS2 pairing is also a flat trend, resembling Fig. 5.5;
o if fpw < 1, the distribution is dominated by pcor;

« at large ¢ we should expect p 40 to dominate, as tlim Py(t) = 0. Of course, observation
— 00
of large t is only enabled if w is large enough. In turn, a large w boosts the Poisson

terms and allows more random pS2s to be observed, thus boosting the AC population;

o in cases where the correlated pS2 is observed within the window but is overcome by
AC, such pS2 would be pushed to higher n-th pS2s. This is an important phenomenon
with large w. In this case, the function P:(¢) and Py(r) can be divided into branches

that would show up in n > 1 pS2s-DE pairs.

The extension of Eqn. 5.10 to n-th pS2 needs to consider also that the correlated pS2, if

observed, is pushed to which rank. The full scenarios are

1. The correlated pS2 is the n-th pS2. This is only allowed if m is larger than or equal

to n:

(a) This scenario will just follow P:(t)Py(r) distribution;

n—1
(b) There has to be (n — 1) random pS2s within 7: (n—(T)l!ZT}L)ln)! (Aligg’y)> ;

m—-n
(c) The rest has to be all outside 7: (1 — %) ;
d

2. The correlated pS2 is not the n-th pS2, the time gap distribution will be then reduced

to random pairing case in Eqn. 5.5:

(a) The correlated pS2 is observed and closer to the DE than n-th pS2. This allows
m to be as low as n. Be careful here as if n = 1, this scenario is prohibited:
r w
i. For this to happen: [R(r';z,y)r" dr'Pp(r') [ dt' P:(t');
0 0

Dr(r;zy) .
Dririzy)

ii. Observe a random pS2 at Dr(r;x,y): (m — 1) oy
d
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n—2
iii. There has to be (n —2) random pS2s within r: ( (m—2)! (AI(T;x’y)> ;

n—2)!(m—n)! TR?

m-—n
iv. The rest has to be outside r: (1 — %) ;
d

(b) The correlated pS2 is observed and farther to the DE than n-th pS2.This allows

m to be as low as n + 1:
i. For this to happen: (1 — fR 'y, y)r’ dr! Pe(r! ) [ dt'P(t');

Dr(r;x,y) .

ii. Observe a random pS2 at Dr(r;x,y): (m — 1) o
d

n—1
1 (m—2)! Ar(riz,y) .
iii. There has to be (n—1) random pS2s within r: =) (m—n—1)] ( R >

Ao (e m—n—1
iv. The rest has to be outside r: (1 — %) ;
d

(¢) The correlated pS2 is not observed, then this is reduced to a random pairing

w
scenario with a factor 1 — [ dt’ Pi(t'). This allows m to be as low as n.

All these scenarios give rise to the following distributions:

T w
pac(r tiz,yin > 1Lw) = —— /R(T’;x,y)r' d?“'Pr(T')/ dt’ Py(t")
wr Ry
0 0
' (m —1)!
X Z Poisson(m — 1; fyw) (= 2)1m — )l
m>n
n—2 m—n
oA y) _ Arrsa,y)
wﬂRfl WR?Z
- . (5.11)

+ 1— /R(r'; z,y)r’ dr/Pr(r/)/ dt' Py (t")

L 0
m!

(n—1)!(m —n)!

X Z Poisson(m; fyw)

m>n
n—1 m—n

L[ Arlriz.y) A y) ,

7rR(21 7rR62i ’
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(m—1)!

peor (T, x, y;myw) =Py (t) Pr(r) Z Poisson(m — 1; fyw)

_ | _ |
= (n—1)Y(m —n)!
n—1 men (5.12)
" <AI(7"55L‘7?J>> (1 3 AI(T§$79)> ,
2 2 )
7TRd 7TRd
ppE(T, 6z, y;n,w) = peor(r, t; 2, y;n, w) + pac(r, &z, y;n,w). (5.13)

For the n = 1 case, the first bracket in Eqn. 5.11 is prohibited and should be set to 0. In
this way pac(r,t;x,y;n = 1, w) is consistent with Eqn. 5.10. A close inspection of Eqn. 5.11
shows no t dependence, which is expected as AC is, by definition, random pairing.

It is hard to analyze the r distribution, but we can still try to extract information based
on simple observations. Firstly, an integration over ¢ and r should give unity subtracted by
cases that are not allowed, i.e., when m < n. Since the only explicit ¢ dependence comes

from pcor, the integration can be separated into three components as

w n—1

/dt/DT(T;:U,y)ﬂDE(T,t;x,y;n,w) =1— ) Poisson(m; fpw)
T

0 m=0

= ci(nw;z,y) [ dtB(t) + ca(n,wiz,y) - (5.14)

St~

P,

where ¢q(n,w;x,y) and co(n,w;z,y) are integration results from r dependent parts in

Eqn. 5.12 and Eqn. 5.11. They only depend on the actual position of the observed DE,

the n index considered, and the w window (besides the detector-specific fp, but it is not

treated as a variable). Notice that }Udt% = 1. While the ¢ and r dependencies are decou-
0

pled, since what we are interested in is the P;(t) function, we can integrate over Dr without
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disturbing ¢; and co.

[ Prtvszpons(r i yin,w) = extnwi ) Pl + 20
J

= peort(t; T, Y5, w) + pac, (t T, Y5 n, w). (5.15)

Notice that although pac ¢ has no explicit ¢ dependence, I added in the argument for consis-
tency. Unless we know the exact Py(r), it is hard to guess what ¢1 (n, w; x, y) and ca(n, w; x, y)
are. However, the analysis can still go further if we assume a large w and a reasonably de-
creasing Py(t). For a large w where P;(w) ~ 0 and }UdtPt(t) = 1, Eqn. 5.14 is reduced
to "

Focusing only on the AC term (Eqn. 5.11), we can rearrange Eqn. 5.14 and drop the time

integral, which will result in a time correlation function for the ACs as

pACt(t; T, y;m,w) = /DTPAC(T,t;x,y;n,w)
'

w
1
= — P—/dt/Drpcor(r,t;x,y;n,w)
w
0o
1 w
= — Z Poisson(m; fyw) [ 1 — cl(n,w;x,y)/dtpt(t) ) (5.17)
w m>n 0

Eqn. 5.17 has the same form as Eqn. 5.5, except for the extra coefficients where the correlated
pS2 is paired with DE on its n-th position.
Implementing Eqn. 5.2 to Eqn. 5.13 and use Mathematica [121] to evaluate the functions.

The time correlation function P(t) is assumed to be exponential, and the spatial correlation
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Figure 5.8: pac, peor, and ppg with large R, condition (Eqn. 5.2) implementation, in the
sequence from left to right, and from top to bottom. The scan window w is fixed at 1 s, and
the functions are evaluated at ¢t = 0.01 s.

function is a 2-D Gaussian. They are summarized as

1
Pi(t;7 =0.01s) = Zem7
T

. 2 (5.18)

Py(r;o = 5em) = e 202,

B V2m3g2

With a fixed w = 1 s and different n, pcor, pac, and their sum ppg are evaluated at a fixed
t = 0.01 s and the results are shown in Fig. 5.8. It is clear that for n = 1, i.e. the nearest
pS2 distribution, the correlated pS2-DE pair dominates completely. At large n, AC is, in
general, more dominant than in the nearest pS2 distribution.

For ¢ distribution, I integrated over r as discussed and plotted peor,t, pAC.¢; and ppg ¢ in

Fig. 5.9. The shape of ppg ; proves that the AC flat background overwhelms the correlated
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Figure 5.9: paC 45 Peor,t, and ppg; with large R condition (Eqn. 5.2) implementation, in
the sequence from left to right, and from top to bottom. The scan window w is fixed at 1 s.
These plots prove that at small t, pecor dominates the DE-pS2 pairing distribution, and at
large t, AC dominates. Also trends of P;(t) show up in larger n’s, with decreasing strengths
as AC becomes dominant. With large w, more AC can happen and make P;(t) contribution
in n = 1 suppressed.

pS2-DE distribution at large ¢, as ppc has no ¢ dependence, and peor drops with Py(t).
Evaluations of ppg ; and ppg with fixed n = 1 are shown in Fig. 5.10. ppg is evaluated
with a fixed t = 0.01 s. A larger w enables more AC to happen and thus reduces the

contribution of peor,t in ppg - This results in both a suppressed time gap distribution and

a bounded spatial gap distribution:

o A large w makes it less likely to not observe the correlated pS2, and thus the spatial
gap distribution of the nearest pS2 is bounded by P,(r), and will only be suppressed

if a random pS2 gets even closer than the correlated pS2;
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Figure 5.10: Spatial (left) and time (right) gap distributions of the nearest pS2-DE pairings
for different scan windows w with large R; condition (Eqn. 5.2) implementation.

o However, if w is small, there is still a good chance that the correlated pS2 is not
observed within the scan window, and the result is the AC tail at large r in the left

plot of Fig. 5.10;

o A large w enables more AC, and thus, it is more likely to have a random pS2 being
closer to the DE than the correlated one. This boosts the AC flat background. (The
overall lower flat parts in ppg; for larger w’s in the right plot in Fig. 5.10 are caused

by the % factor from ppc ¢, which doesn’t affect the peor,¢ component).

Notice that the valid range of ¢ only spans from 0 to w.

It is instructive to compare Fig. 5.10 to the pure AC cases (signal-pS2 pairing) in Fig. 5.4:

o For small w, the Poisson term suppresses the AC rates as the chance of forming a
random pairing is small. However, for ppg there is a strong peak near » = 0 due to
the dominant peor that follows Pi(t) time correlation function, which is supposed to

be much stronger than Poisson statistics at small ¢;

o Asw goes up and AC increases accordingly, the spatial gap gets dominated by random
pairing, and ppglt (ppEg evaluated at a fixed ¢, as opposing to ppg,, where we integrate

pDE over t) becomes similar to ps,. But with a proper choice of w, ps;, has a more
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Figure 5.11: Spatial (left) and time (right) gap distribution for n =1 ton =5 fromw =1s
MC. For spatial gap distribution, the time gap was limited to between 0 and 0.05 s. The
distributions share a similar shape as ppg in Fig. 5.8 and ppg; in Fig. 5.9. Since in the
simulation, there is no approximation as Eqn. 5.2, and the normalization of the trend is
arbitrary, the exact distribution doesn’t match the analytical results numerically.

extended distribution than ppgl: (for example, compare the two w = 10 s lines).

A simple MC can be constructed for this DE-only scenario. With f, = 4.7 Hz, fpp =
35fp (so for each pS2, a total of 35 DEs is expected), Ry, =53.5 cm and Ry = 65 cm, the
resulted distributions are shown in Fig. 5.11 and Fig. 5.12. Compared to the formulations,
this MC is closer to a real-world scenario without the assumption of Eqn. 5.2. While the
absolute values don’t match with their counterparts in Fig. 5.8, Fig. 5.9, and Fig. 5.10, the

main features are consistent:
1. The suppression of time and spatial gap distributions by ACs with the increasing w;

2. The flat AC background in time gap distribution and their relative intensity with

different n;

3. The shape of spatial gap distribution with different n.
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Figure 5.12: Spatial (left) and time (right) gap distribution for the nearest pS2-DE pairings
with different w from MC. For spatial gap distribution, the time gap was limited to between
0 and 0.05 s. The distributions share a similar narrowing down with increasing w as ppg
and ppg; in Fig. 5.10.

5.4 Two Strategies For P;(t) Reconstruction

All these calculations are for the sole purpose of obtaining an accurate and unbiased time
correlation function P(t). In this section, I will provide two methods. The first one is related
closely to the formulations of Sec. 5.3, and the second one is more empirical and intuitive
but lacks rigorous proof. Both strategies were tested on simulated populations as described

in Sec. 5.3.

5.4.1 Strategy 1: Obtaining Py(t) with Individual n

This strategy utilizes a combination of Eqn. 5.5, Eqn. 5.15, Eqn. 5.16 and Eqn. 5.17.
ca(n,wiz,y) can be obtained from simulated results or actual data from experiments by eval-
uating the flat background at large ¢ from time gap distributions. I will drop the (z,y)
dependence of ¢; and c9 because, normally, it is not possible to have enough statistics for

any satisfactory position resolution. (This (z,y) dependence drop was implicitly carried out

in all previous simulation handling). Since the variables when dealing with data are normally
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observed counts, for example, as in the right plot in Fig. 5.11, the actual computation is the

following:
w
Cnorm = /pE = lim [ dt {Observed Counts [3_1N " ]
fp W—00 52
0
2 raw(n, w) = w x {Flat Background [s_lN];SIQ]}
o €2 raw(n, W)
ca(n, w) = —————
Cnorm
Cl(”a w) =P - CQ(nu U))
B 1 {Observed Counts [s_lN_Sl2]} co(n, w)
Pt(t) = Pt(t)’n,w = c (n w) c o w
1(n, norm (5.19)
{Observed Counts - Flat Background}[ “Iy-1)
— s .

CnormP — 2 raw P52

{Observed Counts [s_lNZ;S}Q]} is just the raw observed time gap distribution in the unit
of absolute rate [s_le_Sl2]. For example, each curve in the right plot in Fig. 5.12 is the
{Observed Counts [silNgb}z]} for w = 1 and each corresponding n. It, by definition, equals
PDE,t(t;n, w) - fpE/ fp, while from data, the individual components in this expression cannot
be obtained. {Flat Background [3_1Np_512]} can be obtained by taking the average of the
flat region at large ¢, for example the average value between 1s and 100s for the w = 100 s

curve in the right plot of Fig. 5.12. Fig. 5.13 shows some results of practicing Eqn. 5.19 with

w = 100 s. The effectiveness, as well as the limitations of this method, are shown clearly:

o For large w and small n, the reconstruction is very satisfactory, because the prior of

Eqn. 5.16 is true and c¢yorm is closed to unbiased;

o For large n, the calculation of ¢jorm, starts to be smaller than the true value, because
w
J dt ppg+(t;n,w) < 1as there are more DEs with no n-th pS2. The reconstructed Py (t)
0

is thus different than the true function (being larger or smaller depends on the actual
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Figure 5.13: Reconstruct P(¢) from the simulated population, with no knowledge of
pre-defined values (fp, fpp, Pi(t), etc.). The top panels are reconstructed Pi(t)|nw’s
(colored) and the true Pi(t) (black), and the bottom panels are difference ratios
(Pe(t)|nw — Pe(t)) /Pi(t). Left: reconstruction with small n; right: reconstruction with
large n.

relation between the flat AC rate and the P;(t) branch amplitude). This sometimes
leads to too large AC flat background estimation and results in unphysical negative

values;

o For really large n where there are no longer P:(t) branches left, the reconstructed

quantity doesn’t represent any physical correlation but statistical fluctuations.

The reconstructed time correlation function with n = 1 is within 0.15% statistical fluctuation
from the true P;(t) (examined that all DEs have paired pS2s, so no systematic bias). The
reconstructed Py(t) and their difference ratio with the true Py(t) are shown in Fig. 5.13.
However, thus far, only DE-pS2 pairing has been considered, with no addition of signal-
pS2 pairing. Adding in a flat signal background will effectively lift the whole distribution and

cause a bias, as shown in Fig. 5.14 on the right. Such bias can be probed with an extra term
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in Eqn. 5.19. Define ¢ to be the added flat signal background, i.e., according to Eqn. 5.5:

Js
w fp

§= Z Poisson(m; fyw). (5.20)

m>n

Then the modified parameters in Eqn. 5.19 will carry this extra component as:

w

C;wrm = lim dt {6 + Observed Counts} = wd + cporm

W—+00
0

cé,raw(n, w) = w x {0 + flat background} = wé + ¢ yq (M, w)

Cl2,1"aw (n, w) o wd + C2,raw (n,w)

Chorm WO+ Cnorm

w6 + €2 raw (N, W)
wo + Cporm

1 ({5 + Observed Counts} b (n, w)>

cl2(n, w) =

& (n,w) =P — ch(n,w) = P

P{(t)|nw =
e c’l(n,w) éwrm

_ {Observed Counts - Flat Background}
CnormP — C2.raw — wé(1 —P)

C w

(5.21)

Compared with Eqn. 5.19, the term wé (1 — P) in the denominator is the bias term. In the
limits of P — 1 or wd < cporm, this term is negligible. However, if this is not the case,
the reconstructed Py (t)|n,w would be systematically larger than the true time correlation

function. It is, in general, safe to use n = 1 and large w trends to reconstruct Py(t).

5.4.2 Strategy 2: Summing Over All n’s

There is another strategy for P(t) reconstruction. Intuitively, when scanning backward, as
long as w is large enough and all DEs see their correlated pS2, it is only a matter of how
far this correlated pS2 is pushed to higher rank by ACs. As shown in Eqn. 5.15, the shape
of P(t) is maintained with a coefficient c¢j(n,w) (ignoring xy dependence as discussed).

Ideally, we should be able to obtain the full P;(¢) by summing up branches from all n’s.
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Figure 5.14: Left: Spatial gap distribution (unnormalized) from simulation for the nearest
pS2-sS2 pairings with the presence of an independent background (green) with a scan window
of 0.1 s, compared with DE-only (orange), background-only (blue), and the true P(r)
(black). It is clear that without the presence, the spatial gap distribution with small w
would be a good estimator for the true P,(r) as the orange line overlaps with the black line
perfectly. However, the existence of the background makes the spatial gap distribution more
extended to larger r. Right: observed time gap distribution.

Such a strategy can be formalized into a procedure described as

IDE

7 = peort(t;n, w) = ({Observed Counts} — {Flat Background}) [s™ N-&]
p

pSQ

= IDEp 1y = DB pyy) —fDEchorttnw (5.22)
Fo Fp n>1

This equation directly gives the Py(t) with the absolute rate of DE per pS2, and the cal-
culation procedure is much simpler. However with a general form of P.(r), the arc length
function R(r;x,y) and the area overlap function Ay(r;x,y), I couldn’t find a way to prove

that

Z c1(n,w) =1 (5.23)

n>1
Therefore this strategy, although tested against multiple w’s with sufficiently large n’s with

accurate reconstructed P(t)’s, is regarded empirical and awaits further proof. If Eqn. 5.23
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Figure 5.15: Reconstruction of P(t) by summing up contributions from all n’s. The true
Py(t) is shown in black lines. Left: examples peor¢(t;n,w = 10) obtained by {Observed
Counts} minus {Flat Background} for several n’s with w = 10 s; right: reconstructed
Py(t)|’s from w = 10 s (dark red dots) and w = 100 s (dark blue dots) with a bottom panel
of difference ratios (P(t)|n,w — Pi(t)) /P(t).

is true, this strategy provides an unbiased method of obtaining P;(t). It is robust if a flat
signal background is present: unlike the first strategy, where the flat background component
causes a bias, this strategy subtracts all ACs from DEs or signals indistinguishably. The only
requirement is to have information up to a sufficiently large n. Two results from w = 10 s
and w = 100 s from the MC population are shown in Fig. 5.15. Both w = 10 s and

w = 100 s trends achieved satisfactory reconstruction results (The observations are all 0

above 1 s because of the choice of Py(t), so I only plotted up to 1 s in Fig. 5.15).

5.4.8 Conclusion

In conclusion, strategy 1 utilizes some arithmetic relations depicted in Eqn. 5.19 and can
reconstruct P(t) from each n, with a strong power with small n and large w. Strategy 2 uses

trends from all n’s and reconstructs P;(t) by summing up contributions from all n’s. Strategy
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1, because of the bias introduced by the unknown signal background, has a potential bias of
overestimating the true P(t), i.e. Py(t)[p=1,, > P(t) (only n = 1 should be used in actual
experiments as shown in Fig. 5.13). Strategy 2, on the contrary, tends to underestimate P (t)
because of an incomplete inclusion of n’s. Due to limited computer power, only a limited
amount of n can be saved in real data. It might be beneficial to combine the two methods,
taking the nominal time correlation function to be the mean of the two and treating the

individual results as uncertainties.

By () In=1,w + Pr(t)w

o . (5.24)
5P(t) = - f“)'n:m; ol

5.5 Estimation of P,(r)

The involvement of Pr(r) in Eqn. 5.11 makes it hard to reconstruct this position correlation
function. However, as observed in Sec. 4.4 (in the Position-Correlated Small S2 subsection),
the position correlation between DEs and pS2s is independent of the delay time. We can
utilize this observed fact and the fact that with a small w, Eqn 5.10 is dominated by peor
due to the Poisson term (at small w, fyw ~ 0, thus Poisson(m > 0, fyw) ~ 0) to get a
good estimation of P.(r) by simply looking at the r distribution from small scan windows,
as shown on the left in Fig. 5.12.

However, with the existence of an independent background (Eqn. 5.7 and Fig. 5.7), the
observed spatial gap distribution will be a mixture of the DE and background distributions,
as shown in Fig. 5.14 on the left. (Another good example from real data is Fig. 4.28, although
such a plot was not obtained by pairing sS2s with pS2s with a fixed scan window, but looking
at the immediate preceding pS2s from each sS2). Because we have no way to know a priori
the amplitude of fpg and fs, we cannot ignore the contribution to the reconstructed Py (r)

from the backgrounds. The best practice is to use the same method discussed in Sec. 4.4
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in the Position-Correlated Small S2 subsection: we can construct a background model by

randomly pairing up sS2s and pS2s and then subtract it from the reconstructed P(r).
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CHAPTER 6
SUMMARY AND OUTLOOKS

In this work, I summarized the efforts of understanding and modeling the low-energy S2
signals inside XENONNT detector during SR0O. I started with a full description and derivation
of a semi-analytical model that describes the pulse shape of the low-energy S2s (and more
broadly, all S2 signals) in Ch. 3. Then utilizing the model, I discussed the details of the
Few-Electron analysis using XENONnT SRO data, by which we established competitive
constraints on the cross-section of the dark-matter electron scattering, the kinetic mixing
angle of dark photon and the Standard Model photon, and the coupling strength between
Axion-like Particles and the Standard Model electron in Ch. 4. Eventually, I discussed a
mathematical model that aimed to provide a novel way to establish an empirical and model-
independent description of the Delayed Electron and their preceding Primary S2s in Ch. 5,
which remains the greatest obstacle on the path of searching for light dark matter signals
using the two phase TPC detectors.

In the future, I hope to

1. verify experimentally! the S2 Pulse Shape model developed in Ch. 3 with dedicated

small-scale detector design and operation;

2. develop further the semi-analytical model, discussed in Ch. 5, for a more robust pro-

filing of the DE population;

3. verify the source of the DE population experimentally with innovative small-scale de-

tector design.

1. I designed and operated a small local detector, from which we obtained promising data that can be
used to verify this model. We are in the process of analysing the data.
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APPENDIX A
RESULTS OF RECONSTRUCTING THE NUMBER OF
ELECTRONS

This is a summary of plots showing the results of the reconstruction algorithm that retrieves

the number of electrons from S2 waveforms, discussed in Sec. 4.3.
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= 1 to Nerec, with and without drift time dependence.
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Figure A.2: Map from Ne trye
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This is a summary of S2 width distributions for different N¢ #/ye and their cut boundaries,

APPENDIX B

S2 WIDTH DISTRIBUTION AND CUTS

discussed in Sec. 4.4.
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Figure B.1: S2 width distributions ignoring drift time dependence and their cuts (continued).
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Figure B.2: S2 width distributions ignoring drift time dependence and their cuts.




These thresholds were optimized by Dr. Jacques Pienaar

APPENDIX C

DELAY TIME CUT THRESHOLDS DEVELOPMENT

study note.
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Figure C.1: Fitting the trends of sS2 with Ne yec = 1 with power law in the five pS2 bins.
All the plots were taken from Dr. Jacques Pienaar’s study note
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Figure C.2: Fitting the trends of sS2 with Ne yec = 2 with power law in the five pS2 bins.
All the plots were taken from Dr. Jacques Pienaar’s study note
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Figure C.4: Fitting the trend of sS2 between N¢ e = 6 and 10 with exponential. No binning
in pS2s nor in Ne rec due to a lack of statistics. All the plots were taken from Dr. Jacques

Pienaar’s study note
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Figure C.5: 90% CL UL from expected sS2 rate fitting for Ne rec = 1 and 2. All the plots
were taken from Dr. Jacques Pienaar’s study note
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were taken from Dr. Jacques Pienaar’s study note
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APPENDIX D
CLOSED-FORM FOR POISSON UPPER LIMIT

I acknowledge my lack of in-depth understanding of the statistical concepts. However, I will
document some calculations of the Poisson upper limit (UL) with a predetermined confidence
level (CL). For more rigorous discussions, please refer to [115, 122].

The whole setup is based on the fact that we don’t have a full background model. Sup-
pose, after dedicated developments of cuts, cut acceptances, and signal model calculations,
we observed n total events from the experiment, and a total of u observations are expected
from a specific BSM model. Due to a lack of background information, we cannot know
how many events, out of the n observed ones, are from the BSM interaction. Assuming the
BSM model is true (the hypothesis), the probability of observing n total events, without a

quantifiable background, is the p-value of Poisson distribution:

n
pnip) = (%6‘“) =1—F2(282(n+1)) (D.1)
k=0

The function F,2(x;2(n + 1)) is the cumulative density function of the x? distribution with
2(n + 1) degrees of freedom, evaluated at x. Intuitively, the above formula means observing
n events can only happen if the number of observed events from BSM is less than or equal
to n.

We are able to reject the hypothesis with (1 —«) CL if the p-value is less than a. Setting
Egn. D.1 = 1 — a, we can establish the relation between the confidence level o and the

expected number of events u:
Lo
= §FX2 (1—-a;2(n+1)) (D.2)

For different usages, Eqn. D.2 can provide either a p value that satisfies the required rejection
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CL «, or the rejection CL « if p cannot change.

For the concern of this thesis, in which we set constraints on BSM models without the
full background model, we adjust the parameters in the BSM model and change the expected
numbers to meet the CL. Typically, we set 1 — a to be 0.9 (the 90% CL UL).

This summarizes the naive review of the definition of Poisson Upper Limit.
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