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ABSTRACT

Fundamental particles are always observed to carry charges which are integral
multiples of one-third charge of electron, e/3. While this is a well established exper-
imental fact, the theoretical understanding for the charge quantization phenomenon
is lacking. On the other hand, there exist numerous theoretical models that natu-
rally allow for existence of particles with fractional electromagnetic charge. These
particles, if existing, hint towards existence of physics beyond the standard model.
Multiple high energy, optical, cosmological and astrophysical considerations restrict
the allowable mass-charge parameter space for these fractional charges. Still, a huge
unexplored region remains.

The Cryogenic Dark Matter Search (CDMS-II), located at Soudan mines in north-
ern Minnesota, employs germanium and silicon crystals to perform direct searches
for a leading candidate to dark matter called Weakly Interacting Massive Parti-
cles (WIMPs). Alternately, the low detection threshold allows search for fractional
electromagnetic-charged particles, or Lightly Ionizing Particles (LIPs), moving at
relativistic speed. Background rejection is obtained by requiring that the magnitude
and location of energy deposited in each detector be consistent with corresponding
“signatures” resulting from the passage of a fractionally charged particle. In this
dissertation, the CDMS-II data is analyzed to search for LIPs, with an expected
background of 0.078+0.078 events. No candidate events are observed, allowing ex-
clusion of new parameter space for charges between e/6 and e/200.

With primary aim to increase sensitivity to detect WIMPs, it is necessary to
expand the detector count and mass by more than two orders of magnitude over

CDMS-II. This also increases sensitivity to detect LIPs. It becomes imperative
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to obtain repeatability in the detection sensor quality over multiple detectors. In
this dissertation, we also describe the improvements and process flow optimizations
implemented to obtain higher yield in fabrication of useful detectors with homoge-
neous sensor properties within each detector and among different batches. It also
allows for reduction in fabrication time, cost and removal of avoidable cost-intensive
steps like ion-implantation. Most important is the control in obtaining tungsten
thin film with desired superconducting transition temperature and improvements in

photolithographic steps for sensor fabrication.
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in black and those rejected are shown in red. The path of LIPs within
the LIP-detector is dashed. . . . . . . . . . .. ... .. ... .. ...

Generalized oscillator strength (f(E, K)) for Silicon for an energy
transfer £ of 652.8eV to the 2p-shell electrons, calculated with Her-
manSkilman potential [277]. The horizontal and vertical line define
the PAI approximation. Along with the definitions from Eq. (4.14), P
is the momentum transferred by incident particle, K = P/h, aq is the
Bohr radius, f(E, K) = s5x=c(E, K). Figure taken from [279]. . . .
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4.3

4.4

4.5

4.6

4.7

4.8

4.9

The aim of figure is to illustrate the closeness of cross-section estima-
tion obtained from PAI model with those obtained from more rigorous
calculations. It shows the ratio of differential collision cross-sections
% to the Rutherford cross-section for single collisions in silicon by
particles with 5 -~ = 4. The solid line is obtained with the a more
accurate “BetheFano theory” [277]. The cross-section calculated with
PAT model is shown by the dashed line. The different peak corre-
spond to resonant excitation of K, L, M shell electrons. Figure taken

from [279]. . . . .

The energy dependent variation in ratio of differential cross-section
to Rutherford cross-section for silicon obtained in this dissertation
(Blue), and cross-checked against published result from [279] (Red).
Similar result for germanium are also shown. . . . . . . ... ... ..

The variation of energy deposition probability by massive particle of
charge e inside silicon and germanium substrate for various interac-

tions: 1 (blue), 5 (red), 10 (cyan), 100 (magenta), 1000 (black).

Energy deposition probability by LIP of fractional charge fe, for f=1/6
(green), f=1/10 (red), f=1/20 (blue) in silicon (solid) and germanium
(dashed) detectors of 1cm thickness. The LIPs are vertically incident
on the detectors, i.e.6=0/ . . . ... ... ... L.

Obtaining detector noise by study of noise pulses. The figure shows re-
sults from one of the detectors used for LIPs analysis, T4Z1. The noise
behavior is assumed to be same for a detector through different runs,
but different from others for each detector. For this detector, the total
phonon noise pulses correspond to an energy level of 0.03+0.55keV for
1o width. However, LIPs analysis defines deposited energy as half of
total phonon energy, and noise in corresponding measurement would
be 0.01£0.28keV. Figure taken from [288]. . . . . .. ... ... ...

The change in LIPs energy deposition curve (blue) for f=1/20 passing
through lcm silicon detector at =0 after convolution it with energy
dependent detector resolution (cyan), corresponding to (v/A;=0.41keV,
Ay=0.05keV, and A3=0.0054). . . . . . . ...

Stopping power (= (dE/dx)) for positive muons in copper as a function
of 8-~ over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). For the analysis purposes, LIPs are
considered minimum ionizing. Figure taken from [14]. . . . . . . . ..
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4.10

4.11

4.12

4.13

4.14

4.15

For both silicon (solid) and germanium (dashed) detectors of lcm
thickness and an incidence of LIPs of f=1/6 (green), f=1/10 (red),
f=1/20 (blue) at 6=0, 90% or more or probability to deposit energy
above the lower analysis threshold (2.5keV) occurs within 200keV (sil-
icon), or 400keV (germanium). . . . . . . ...

The simulated (lines, with error bar) and observed number of events
(shifted, diamond) for multiple detector hit due to photon background,
shown separately for Tower 2 (red) and Tower 4 (blue). The result for
observing simultaneous hits in 5 consecutive detectors is not shown,
and may be used for future analysis (Section 4.6). The result for 6
detector hit was obtained only after the entire analysis routine was
developed. Figure taken from [293], based on results from [294].

The energy distribution of s simultaneously interacting with 5 or 6
Z1P detectors of Tower 2 and Tower 4. The case for 5 consecutive
detector hit is considered because they have very high probability of
also causing a 6 detector hit due to statistical fluctuations. Figure
taken from [295]. . . . ..o

Efficiency of LIPs detection due to the simultaneous application of
charge threshold and yield criteria. Going left to right, the columns
represent Tower 2 (R125), and Tower 4 (R125, R126, R127). Each
row represents the detector in the tower, with first detector placed
at top, e.g. element in first row and first column represent result
for T271 for run R125. The horizontal axis corresponds to energy
deposition in detector and spans from 2.5keV to 200keV (silicon), or
400keV (germanium), with vertical grids representing 10 and 100keV
mark. The vertical axis span detection efficiency from 0.7 to 1, with
horizontal grids representing 0.8 and 0.9 efficiency mark. . . . . . . .

Difference between the maximum and minimum start time of charge
and phonon pulse, separately, for event comprising of 3 consecutive
detector hit simultaneously by a single . Figure taken from [296]. . .

Rationale behind definition of energy consistency, exemplified using
a gaussian distributed energy deposition probability spectrum. The
circles (red o) correspond to actual energy depositions in conformation
with the gaussian shaped probability distribution (blue). It is observed
that the corresponding cumulative probabilities (red *) are uniformly
distributed. . . . . ..o
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4.16

4.17

4.18

4.19

4.20

4.21

Distribution of energy consistency test statistic (£,) for photon back-
ground induced events instead modeled as occurring due to LIP of
fractional charge e/15 incident at =0 (red). The E. distribution
for valid LIP-induced events (green), with similar charge and incident
angle is also shown. Figure taken from [297]. . . . . . . ... ... ..

The variation of vy (the maximum value of x?/degree-of-freedom cor-
responding to simultaneous maximization for selection of LIP induced
event and minimization in selection of background induced events)
for different towers, Tower-2 (blue) and Tower-4 (red), and fractional
charges. To use values that are “easier to work with”, vy is instead
chosen to be 2.35 for Tower-2 and 2.5 for Tower-4, for all fractional
charges. . . . . . .

LIP acceptance efficiency for the combined track linearity and energy
consistency criteria, for events occurring in Tower-2 (blue) and Tower-
4 (red), as a function of LIP charge. LEFT: Calculated using the newly
defined tracking cut. RIGHT: Calculated using “old” tracking cut. . .

Background estimate for LIPs analysis at different fractional charges
(black). Separate background estimates for Tower-2 (blue) and Tower-
4 (red) alone are also shown. . . . . . .. ... ...

The variation in difference of track x?/degree-of-freedom (LEFT) and
E. (RIGHT) from corresponding cutoff for the two events satisfying
all LIPs search criteria, except the combined tracking and energy con-
sistency cut. One of the event occurs in Tower-2 (blue), and the other
in Tower-4 (red). Values greater than zero indicate that the event is
rejected by corresponding criteria. Thus, both the events are rejected
as being LIP-induced for any fractional charge. . . . . . . . .. .. ..

The variation in difference of track x?/degree-of-freedom (LEFT) and
E. (RIGHT) from corresponding cutoff for the three events satisfy-
ing all LIPs search criteria, except being slightly outside the analysis
threshold and failing the combined tracking and energy consistency
cut. All 3 events occur in Tower-4. Values greater than zero indicate
that the event is rejected by corresponding criteria. Thus, even if the
upper analysis threshold is increased to make these events valid, they
are rejected as being LIP-induced for any fractional charge. . . . . . .
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4.22

4.23

5.1

5.2

5.3

5.4

5.5

The 90% confident exclusion plot for LIP flux (lower bound to ex-
cluded LIP flux) corresponding to different fractional charges, incident
on Tower-2 and Tower-4, based on the LIPs analysis. The two set of
results correspond to analysis performed using “old” tracking criteria
(red, with 1o error in broken, magenta lines) and the new tracking
criteria (blue, with 1o error in broken, cyan lines). lo error bars, in
broken lines, are also shown, but they get hidden due to the enormity
of ordinate scales. The 90% Confidence Level limits for LIP flux from
MACRO (grey), LSD (maroon +) and Kamiokande (purple X) are
also shown (based on data from [10]). . . . . . .. ... ... ... ..

Fractional error corresponding to lo variation in estimation of 90%
confident excluded LIPs flux, calculated using “old” tracking criteria
(red) and new tracking criteria (blue). . . . . ... ... ... ...

The green shaded regions represent 68% (light green) and 95 % (dark
green) confidence interval on phenomenologically favored parameter
space for WIMP existence relating the cross-section for its scalar in-
teraction with nucleus and WIMP mass. The favored regions are
determined from profile likelihood fits including LHC and direct de-
tection constraints [343]. The solid and dashed curves indicate the
current and future sensitivity for CDMS, assuming ~0 background
operation can be maintained. Plot taken from [344] . . . . .. .. ..

Examples of defects on crystal surface (scratches and surface chips)
are shown. . . . . . .. L L

Variation of superconducting transition temperature (7,.) among as-
fabricated phonon measurement channels corresponding to different
detectors used in CDMS-II experiment. Figure taken from [306]. . . .

LEFT: Variation of tungsten 7, (in mK) within a single test-wafer.
The map is generated after cryogenic measurements. The variations
are normalized out by doping magnetic °°Fe ions (via an ion implan-
tation step). RIGHT: The variation in 7, within the same test-wafer
after ion implantation step. Figure taken from [306]. . . .. ... ..

To improve the throughput rate of polished crystal the following were
installed in the CDMS detector fabrication lab at TAMU: A 2-spindle
polisher (to polish crystals), inspection microscope (to verify that pol-
ished crystals are scratch-free) and a table-top michelson interferom-
eter (to verify surface flatness). Figure taken from [306]. . . ... ..
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5.6

5.7

5.8

5.9

5.10

A schematic of contact between the aluminum quasiparticle-collection
layer, through which the quasiparticles diffuse into the first tungsten
layer (deposited immediately after the aluminum layer without letting
the substrate be exposed to atmospheric oxygen. The aluminum layer
is itself deposited after covering the crystal surface with a thin layer of
amorphous silicon, or aSi). If the first tungsten layer is not deposited
immediately after the aluminum layer without exposing the latter to
oxygen, then a stable, passive layer of aluminum oxide would form,
preventing the diffusion of quasiparticles to TES. The figure is not to

The aluminum layer is etched after the tungsten layer has been etched.
Isotropic etching of aluminum layer creates an overhanging tungsten
structure. . . . . ... Lo Lo

In the schematic (top row), the crystal, with amorphous silicon layer
(blue) is shown in blue, the aluminum film is shown in light grey,
first tungsten layer in dark blue and second tungsten layer in black.
Due to exposure of aluminum to atmospheric oxygen, a stable, verti-
cal layer of aluminum oxide is assumed to be present, shown in dark
gray. LEFT: Schematic (top row) and SEM images corresponding to
deposition of second tungsten layer without a full removal of overhang
from first tungsten layer. In this case, there is a bare contact be-
tween the wall of aluminum film (or aluminum oxide) and the second
tungsten layer. RIGHT: A conformal deposition after overhand etch
optimization. The figures in top row are not to scale. The remaining
4 SEM figures have different scales. Thus, it is removed for keeping
the figures unambiguous despite being placed beside each other.

The semi-automated, Semiconductor Engineering Group Inc (SEGI)
sputter deposition system at CDMS detector fabrication lab in TAMU,
contains 2 separate chambers; the “Load Lock” where the user may
load upto 4 crystals and 4 wafers for simultaneous processing, and
a “Process chamber” where actual thin film deposition occurs. The
opening of load lock, through which the substrate is put inside the ma-
chine, is encased in a class-100 clean tent. The plumbing on extreme
right connect to the in-situ residual gas analyzer (RGA). . . . . . ..

Comparison of gas levels in deposition chamber, before and after alu-
minum bury. A reduction in water vapor and oxygen levels is found,
along with suppression of gases with heavy molecular mass (formed
from the decomposition of pump oil vapors) . . . . .. ... ... ..
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5.11

5.12

5.13

5.14

6.1

C.1

C.2

Before the actual process of film deposition starts, if the substrate is
placed before the target (LEFT), the thickness of deposited film will
always be greater than, or equal to the thickness of film deposited on
substrate, if placed after the target (RIGHT). The difference in film
thickness for the two cases depends inversely on the rotation speed.

A schematic showing the formation of “craters” in silicon dioxide
(Si03) bed-layer wherever there is a hole in the above amorphous
silicon (aSi) layer. Also shown are the results of etch pit study as the
deposition power for aSi layer is varied from 2kW to 500W. As few as
l-crater/cm? was found in film deposited at 500W. Some wafer cleav-
age dust is also found (and cross verified using SEM). Figure taken
from [307]. . . . .

Variation of T, with sheet resistance of tungsten thin film deposited di-
rectly on silicon test wafers, without an additional layer of amorphous
silicon. All films are of 404+4nm thickness. . . . . . .. .. ... ...

Suggested modification in design of aluminum fins (grey) that in-
teract with phonons, form quasiparticles and funnel them to TES
(dark blue). A top view is shown. The existing design allows a two-
dimensional diffusion of quasiparticles, allowing a possibility for them
to spend more time in aluminum film, rather than quickly diffusing to
TES. This is prevented in the suggested design. . . . . . . ... ...

The 90% confident exclusion plot for LIP flux (lower bound to ex-
cluded LIP flux) corresponding to different fractional charges, incident
on Tower-2 and Tower-4, based on the LIPs analysis. The two set of
results correspond to analysis performed using “old” tracking criteria
(red, with 1o error in broken, magenta lines) and the new tracking
criteria (blue, with 1o error in broken, cyan lines). lo error bars, in
broken lines, are also shown, but they get hidden due to the enormity
of ordinate scales. The 90% Confidence Level limits for LIP flux from
MACRO (grey), LSD (maroon +) and Kamiokande (purple X) are
also shown (based on data from [10]). . . . . ... ... ... ... ..

Schematic of the modern Millikan liquid drop method used to search
for fractional charge elementary particles [209,222]. . . . . .. .. ..

The result for search of FCPs in meteoritic materials [209,223]. The
sensitivity of experiment reduces for fractional charges close to an
integer. For | Qiotar — n |> 0.25, where n is any integer (i.e. in
the region suffiently far away from any integer value), the experiment
strongly rejects the presence of FCPs . . . . . . ... ... ... ...
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D.1

E.1

B2

F.1

F.2

F.3

FA4

F.5

Nuclear reactions guiding the evolution of primordial light nuclei dur-
ing BBN [104] . . . . . . . .

The Wilkinson Microwave Anisotropy Probe 5-year data all-sky map
of the cosmic microwave background primary anisotropy. A Mollweide
equal-area projection is used to display the entire sky in galactic coor-
dinates, with temperature differences given in units of thermodynamic
temperature. Figure taken from [139].. . . . . . ... ... ... ...

The angular power spectrum of CMB primary temperature anisotropy
as a function of multipole moment. The black error bars up to ! ~ 1200
are derived from the WMAP 7-year data [133], while the lighter col-
ored error bars for [ > 690 are derived from data obtained by the
ACBAR [142] and QUaD [143] experiments. The solid curve repre-
sents the best-fit ACDM model to only the WMAP data [130, 136].

Constraints on “mass-charge” parameter space for FCPs from various
high-energy experiments, precision optical experiments, cosmological
and astrophysical considerations [15,17,88]. Each of the constraints
(and more) are described in this appendix. . . . . . ... ...

The blue shaded region shows the “mass-charge” parameter space ex-
clusion for FCPs from analysis of various accelerator based experi-
ments [17,89]. The red shaded region shows the exclusion from dedi-
cated experiment done at SLAC to search for FCPs [87]. . . . . . ..

The blue shaded exclusion limit arises from the bound on the energy
loss caused by Schwinger pair production of FCPs in accelerator cav-
ities developed for TESLA (Ey = 25MV/m, L., = 10cm) [193,200].
In near future (Ey = 50MV/m, L, = 10em), the bounds can be
improved by factor of 4. . . . . .. ..o

LEFT: Vertex correction to the muon anomalous magnetic moment
with an additional vacuum-polarization insertion in the photon line
due to electron-positron loop and other non-QED virtual process in-
cluding virtual FCPs. RIGHT: Vacuum polarization correction to the
muonic hydrogen Lamb shift due to electron-positron loop and extra
corrections from non-QED virtual process . . . . .. ... ... ...

Excluded “Masscharge” parameter space from study of possible o-Ps
decay into FCPs. . . . . . . . . ...
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F.6 The blue shaded region represent the excluded “mass-charge” from
vacuum birefringence experiments and applies only to pure FCPs. Im-
provements in above sensitivities can be achieved by interferometric
measurements (using gravitational wave interferometers) [205]. The
red shaded region represent the excluded “mass-charge” from vacuum
dichroism considerations and applies only to FCPs arising from ki-
netic mixing [193]. [194] describes procedure to test for pure FCPs,
but hasn’t been experimentally performed. The results from these ex-
periments can also be used to constrain the coupling between normal
and hidden sector photon [192]. . . . . . . ... ... ... ... ...

F.7 The blue shaded region corresponds to the “mass-charge” parameter
space exclusion obtained from the Cavendish type tests of Coulomb’s
law [193]. . . . o o

F.8 The blue shaded region (including the region hidden below the red
shaded area) is excluded by requiring the relic abundance of FCPs to
be less than critical density, in models without paraphoton. The red
shaded region shows the exclusion region in models with paraphoton
(assuming o/ = 0.1). Below the dashed black line, the FCPs cannot
be thermally produced in the Early Universe [73]. . . . . ... .. ..

F.9 The blue shaded region corresponds to the “mass-charge” parameter
space excluded from BBN considerations [17,112]. . . . . . .. .. ..

F.10 FIRAS data compared to the energy-dependent depletion of the CMB
spectrum due to vy — fepfep. The distortion in the photon energy
spectrum is plotted for fermion (scalar) FCPs with M., = 0.1eV and
q=10""e (¢ = 1.7-107"¢), chosen such that the two cases give roughly
equal effects, excluded at about 3 standard deviations [149]. . . . . .

F.11 The blue shaded region is excluded by requiring match within allowed
variations in the CMB energy spectrum, assuming FCPs as scalar
particles. The excluded limits drops further down by a factor of 2 for
fermionic FCPs [15,149]. . . . . . . . . ... ... L.

F.12 The blue shaded region corresponds to excluded “mass-charge” pa-
rameter space for FCPs by requiring that the decrement in flux of
CMB photons is not larger than the observed SZ effect. It is applica-
ble for models with a very weak hidden sector coupling, or no hidden
sector (paraphoton) present [152]. . . . . . ... ... L.
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F.13 The Wilkinson Microwave Anisotropy Probe 5-year data all-sky map
of the cosmic microwave background primary anisotropy. A Mollweide
equal-area projection is used to display the entire sky in galactic coor-
dinates, with temperature differences given in units of thermodynamic
temperature. Figure taken from [139].. . . . . . ... ... ... ...

F.14 The angular power spectrum of CMB primary temperature anisotropy
as a function of multipole moment. The black error bars up to [ ~ 1200
are derived from the WMAP 7-year data [133], while the lighter col-
ored error bars for [ > 690 are derived from data obtained by the
ACBAR [142] and QUaD [143] experiments. The solid curve repre-
sents the best-fit ACDM model to only the WMAP data [130, 136].
Figure taken from [130]. . . . . . .. ... ... ... ... ... ...

F.15 The two different CMB anisotropy spectra are compared with ex-
tended WMAP dataset. Solid line represents the best fit model with-
out FCPs, Qph? = 0.022. Dashed line corresponds to model with
QOphi =0.014, Qghd = 0.007 [154] . . . . . . ... ... ... ...

F.16 The region above the black dashed line represents FCPs that are cou-
pled to baryons. Requiring that the presence of FCPs do not con-
tribute to WMAP anisotropies beyond possible errors, the blue shaded
region (including the region hidden below red shade) corresponds to
the “mass-charge” parameter space excluded in models without a
paraphoton. The red shaded region corresponds to the “mass-charge”
parameter space excluded in models with a paraphoton [154] . . . . .

F.17 The blue shaded region corresponds to “mass-charge” parameter space
exclusion for pure FCPs from Supernova dimming consideration [15] .

F.18 LEFT: The plausible “mass-charge” parameter space for FCPs shown
in yellow shaded region is based on 511keV Galactic emission line,
having an observed ray-profile of full width at half maximum of ~ 6°
with a 4°—9° 20 confidence interval [177]. The blue region corresponds
to the parameter space excluded by search for FCPs at SLAC [87].
RIGHT: Same curve is expanded for region m < 4MeV based on
recently given strong constraints on the light DM mass [178,179]. By
requiring that pfe,/perir < 1, this region is ruled out in models without
paraphoton, as discussed in Appendix F.3.1 . . . .. ... ... ...
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F.19 The blue shaded region corresponds to “mass-charge” parameter space

G.1

G.2

G.3

exclusion for pure FCPs from Astrophysical considerations [15-17].
The black shaded region/curve corresponds to constraints from study-
ing energy loss from sun. The green shaded region/curve corresponds
to constraints from Red Giants, the red region/curve from White
Dwarfs and the blue region/curve from Supernova SN1987A . . . . .

Schematic of charge readout circuit. The detector (blue) has capac-
itance Cy = 93pF for the inner electrode (36pF for the outer). The
phonon face is held at ground, while the charge faced is biased through
Ry, = 40M$2, typically at V,, = —3V for germanium. This DC bias is
decoupled from the amplifier through C. = 300pF. Charge collected
across the detector is measured by the image charges transferred to
the feedback capacitor Cy, = 1pF', which then drains through the
feedback resistor, Ry, = 40M 2, with characteristic time of 40us. The
stray capacitance to ground, CCy = 75pF' is comparable to the detec-
tor capacitance, but still small relative to C,, causes a small loss in
charge signal. Figure taken from [239]. . . . .. ... ... ... ...

Measured ionization noise spectrum in the inner charge electrode (for
one of the germanium detectors) overlaid with model predictions. The
noise spectrum is rolled off at high frequencies by a low pass filter. The
total contribution from the Jonhson and FET noise well match the
shape of the measured charge noise at high frequency. Figure taken
from [231]. . . . .o

Position-based calibration of charge energy. The 356keV *3Ba line
appears as a concentration of events above which only the weaker
384keV line is seen. LEFT: These events are selected, following which
their position dependence is obtained (red line). RIGHT: Observed
charge energy spectrum before (blue) and after (red) applying the
position-dependent charge calibration and preliminary absolute cali-
bration. The dashed lines show the location of the expected emissions
from the source. After correction, a clear 356keV peak is observed.
Figure taken from [239]. . . . . . .. ... ... Lo
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H.1

H.2

H.3

HA4

I.1

Schematic of phonon readout circuit. The TES, typically operated
at Rrgs ~ 100 — 200mS2, is wired in series with the input coil,
L; = 250nH and voltage biased by connecting a shunt resistor, R, =
25mf). At output end, the amplifier adjusts the current through the
feedback coil, Ly, = L;/10, to cancel the flux change through the
SQUID array (represented here as a single SQUID, Z,,) from the in-
put coil, giving a factor of 10 gain in the feedback current. This is
measured as voltage across Ry, = 1.2k€). Figure taken from [239].

The predicted and observed noise in a ZIP detector phonon channel.
The major contribution the phonon noise is from shunt resistance.
The discrepancy at around 100 kHz is from SQUID resonances which
extends the noise bandwidth beyond the L/R cutoff. Figure taken
from [231]. Ry and RpES is the noise from the shunt resistor and the
phonon channel respectively. “Phonon” represents the noise due to
thermal fluctuations in the conductance between the electron system
in the TES and the substrate. . . . . . . ... ... .. ... .....

The same event processed using constant cutoff Butterworth filter
(LEFT), and pulse-specific filter (RIGHT), before finding the 20%
times. The high-frequency noise is greatly suppressed for the latter
case. The ‘signal-to-noise’ quantity is simply the ratio between the
pulse amplitude and the noise rms (as measured by the first 500 bins
of the corresponding trace), which is then mapped into a Butterworth
cutoff frequency using an empirically-defined mapping function. Fig-
ure taken from [236]. . . ... ..o Lo

Phonon calibration for one of the germanium detector. LEFT: Rel-
ative calibration done by requiring that on average all sensors con-
tribute equally to the summed phonon energy. RIGHT: Preliminary
absolute phonon calibration is performed by requiring the phonon en-
ergy to match the precalibrated charge energy for electromagnetic
recoils type events (with yield of unity). Figure taken from [239].. . .

Muon flux versus depth for a selection of underground laboratories.
At a depth of 2090 meters water equivalent (mwe), the muon flux at
Soudan is suppressed by more than 4 orders of magnitude relative to
the surface. Figure taken from [239] . . . . . .. ... ... ... ...
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I.2

L3

I4

L5

J.1

J.2

J.3

J.4

Left: A layout of SUL on the 27th level of Soudan mine. CDMS
experiment resides in Soudan 2 cavern (length 71.6m, height 11.2m).
Right: A schematic view of the CDMS layout in the Soudan 2 cavern,
looking East. The mechanical section is also called Cryopad, contain-
ing necessary equipment for cryogenic operation. The RF-shield clean
room, or RF room houses detectors, the fridge and necessary shield.

Detector pulses go to the DAQ, or electronics room. Figure taken
from [233]. . . ..

Schematic top and side view of the shielding around the detector (kept
inside set of nested copper cans called Icebox). The e-stem contains
connection carrying electrical signals to/from detector. The C-stem
contains connections to the dilution refrigerator. Figure taken from

CAD drawing of assembled tower and cross-sectional view specifying
the temperature stages and cold hardware components. Photograph
showing the 5 towers installed in the Soudan icebox. The SQUET
cards at the top of the towers and the striplines are visible above the
4 K radiation shield. Figure taken from [239]. . . ... ... ... ..

Photographs of various cold hardware components: (a) DIB, (b) Side
coax, (¢)SQUET board, (d) stripline. Figure taken from [239].

Different region of DC plasma between cathode and anode. Go-
ing from cathode(LEFT) to anode(RIGHT), there is (1)Aston Dark
Space, (2)Cathodic Glow, (3) Cathode/Crookes/Hittorf Dark Space,
(4)Negative Glow, (5)Faraday Dark Space, (6)Positive Column, (7)An-
odic Glow, (8)Anode Dark Space. Figure taken from [347] . . . . ..

Most general of outcomes as a target material is hit by an incident
ion. The ejection of neutral, positive or negative charged atom(s) of
target material, is called “Sputtering”. . . . . .. ... ... L.

Summary of Sputter Parameters impacting Film Microstructure. 7,
refers to the film’s superconducting transition temperature. Figure
taken from [339]. . . . ...

The Standard Zone Diagram for Metallic Thin films relating the crys-
tal microstructure with the deposition pressure and substrate temper-
ature, other factors being same [336,350]. T,, refers to the substrate
melting point. Figure taken from [339]. . . . . . ... ... ... ...
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4.1

4.2

4.3

4.4

4.5

4.6

4.7

LIST OF TABLES

List of CDMS-II detectors names, material used as substrates, thick-
nesses and masses. The difference between boules A, B and C are
the doping type and the impurity concentrations. Boule A has an
impurity concentration of 9.5-10° — 10*em =3, Boule B has 2.7- 10! —
4.7-10"em™3), and Boule C has 8.5-10'° — 1.9 - 10" em ™2 [231]. The
CDMS-IT experiment employs 30 ZIP detectors stacked in 5 vertical
towers, each containing 6 detectors. The name “T1Z1” refers to the
substrate corresponding to Detector-1 in Tower-1. . . . . . . . . . ..

Phonon noise in various detectors used for LIPs analysis, correspond-
ing to zero energy deposition. Results taken from [288]. . . . . . . ..

Aj estimation for different germanium detectors used in LIPs analy-
sis, using measured width of 10.36keV line, Eq. (4.20), results from
Table 4.1. Results taken from [289]. . . . . . ... ... .. ... ...

Yield based resolution for different detectors and runs used in LIPs
analysis, reported at corresponding analysis threshold for the detec-
tor (200keV for silicon, 400keV for germanium, as discussed in Sec-
tion 4.5.4). Results taken from [305] . . . . . .. ... ... ... ...

The efficiency of “Good Events” criteria for different detectors and
runs used in LIPs analysis. results taken from [304] . . . . ... ...

Minimum charge signal measured by a detector for it to be asserted
with 40 confident that the event is not noise-induced. Different limits
exist, and are reported for different runs. . . . . .. ...

Value of coefficients A;, Ay used to reconstruct angular location of
event occurrence inside a detector [301]. . . . ... ... L.

Coeflicients A3 — Ag describing the detector, energy and recon-
structed radial dependent reconstructed radial resolution for Tower-2
detectors [302], and definitions from Eq. (4.28, 4.29) follow. A linear
extrapolation is done to obtained the correction factor for radial loca-
tions r > 43mm, while simultaneously ensuring that the extrapolation
does not cause the value to drop below that for 38 < r < 43mm

XXI1X

Page

61

107

. 122



4.8

4.9

5.1

5.2

Coeflicients A3 — Ag describing the detector, energy and reconstructed
radial dependent reconstructed radial resolution for Tower-4 detectors
[302], and definitions from Eq. (4.28, 4.29) follow. . . . . .. ... ..

Value of radial dependent correction factor, Fac(rrecons), used to cor-
rect reconstructed angular resolution [303]. A linear extrapolation is
done to obtained the correction factor for radial locations r > 43mm,
while simultaneously ensuring that the extrapolation does not cause
the value to drop below that for 38 <r <43mm. . . ... ... ...

The T, for 4 phonon measurement channels, fabricated on germanium
crystals at TAMU. All measurements are in mK. “-” means that due
to certain wiring problems, a successful reading was not obtained.

The minimum and maximum 7, of tungsten film (deposited over amor-
phous silicon layer) in a test wafer. All of the deposition were done
using same process parameters and staggered over several days. All
measurements are in mK. “” means that due to certain problems, a
reading was not obtained. . . . . ... ...

XXX

164



1. INTRODUCTION

It is an experimentally known fact that all elementary particles discovered so
far have electric charges in multiples of e/3, where e is the electron charge. For
example, the upper limit on the electron-proton charge difference is < 1072!e [46].
Despite the obviousness, there is an absence of a theoretical motivation behind this
apparent quantization of electric charges. On the other hand, it is theoretically
consistent for a free, unbound particles with electric charge ee, where € is any real
number, to fit nicely within the framework of Quantum Electro Dynamics (QED).
Since the Abelian theory of QED has no nontrivial commutation relations between
its generators, there is no algebraic quantization of the charge eigenvalues [73]. In a
seminal work by Dirac, it is described that the existence of magnetic monopoles would
imply the observed charge quantization [3]. However, with the continuing absence
of experimental evidence for monopoles, there is presently no explanation for charge
quantization in the quantum theory of electrodynamics. This opens the possibility
of encountering exotic particle species with fractional electromagnetic charge, or
detecting existent particles, like neutrons, or neutrinos to have such a low value of
electric change that it was, up to present, assumed to be neutral. We refer these
particles as the Fractionally Charged Particles (FCPs).

FCPs can be introduced into the standard model of elementary particle physics
(SM) in a variety of ways (for a review on SM, readers may refer [33]). It was shown by
Foot et al. that charge quantization is not inherent without the additional constraint
of equity of lepton quantum numbers among different flavors (family) of leptons [5].
Charge non-quantization (resulting from non-equality of lepton quantum number

among different flavors) can show up as small charge difference between two of three



charged leptons, and a finite charge on two out of three neutrinos (which is currently
assumed to be neutral). To be in agreement with experimental evidence sensitive
to neutrino charge, these deviations must be of order 10~%¢ or smaller. There are
other experiments which seek to obtain limits on “charge quantization hypothesis by
constraining charge difference between proton and electron and charge of a neutron.
One method to obtain FCP is to add an SU(3)¢ X SU(2),, singlet Dirac fermion
with hypercharge Y = 2e. This is not simple if the hypercharge U(1)y is embedded
in a grand unified gauge group [4,17]. Another mechanism for introducing FCPs, but
without compromising quantization of SM symmetries is described by Holdom [6]. Tt
is done by introducing a separate U(1) interaction, mediated by a separate vector bo-
son called “paraphoton, and allowing a dynamical mixing of paraphoton and photon.
Any particle charged under paraphoton (thus, having a “paracharge) accumulates
fractional electric charge due to this mixing. The novelty of this mechanism is that
it allows for existence of exotic FCPs without inherently violating the electromag-
netic charge quantization. Thus, allowing for existene of FCPs, without disregarding
the results obtained from neutrinos and charge-neutrality experiments. A related,
important point to note is that the presence of extra U(1) sector(s) is inescapable in
string-theory landscape [56-63]. Thus, a search for FCP helps to validate string the-
ory. An indirect search for paraphoton (by searching for FCPs) helps in identifying
new mechanism by which particles interact with one another (beyond the currently
known methods of gravitational, weak, electromagnetic and strong interaction).
Multiple experiments have been performed to restrict the allowable “mass-charge”
parameter space of FCPs; using high energy and high-precision optical experiments,
and from cosmological and astronomical observations. Since these results do not di-
rectly relate to the one presented in this dissertation, they are mentioned separately

in Appendix F for completeness of discussion. Readers may refer [15,17,88] for re-



view on these experiments. Exclusions based on high energy experiments employ
results from accelerator-based experiments, Lamb-shift experiments and observing
decay of ortho-positronium into invisible products. They conclude an absence of
FCP in certain parameter-space by negation (i.e., had those particles been present,
the observed result would be different than experimental result obtained). Exclu-
sions from precision experiments are based on results from spectroscopic experiments
measuring vacuum birefringence and dichroism, and Cavendish like experiments and
experiments based on creating FCPs through Schwinger mechanism in regions with
high electric field. Cosmology based exclusions are done based on constraints arising
out of framework of Big Bang Nucleosynthesis (BBN), modeling of observed Cosmic
Microwave Background (CMB) considerations. It is also required that the contribu-
tion of mass density from FCPs to be sufficiently low to not overclose the universe.
Exclusions based on astrophysical arguments are based on studying the alteration in
stellar evolution (of sun, red giants, white dwarfs, supernova) caused by the presence
of FCPs. Fig. 1.1 below shows all the constraints in a single plot.

If isolatable FCPs exist, there should be some relic abundance left over from the
early Universe, located on Earth or outer space. Since the accelerator and colliders
searches are not able to observe them, it implies that the FCPs are likely to be heavy.
Therefore, it is likely that the geochemical and geophysical processes occurring during
Earth’s early history may have sunk them deep. Thus, model independent searched
are done using the carbonaceous chondritic meteorites [7,209], which are some of
the most primordial and unprocessed sources of materials inside the solar system.
At over 4.5 Gyrs old, these meteorites are some of the oldest dated objects in the
solar system. It is also believed that they have undergone very little processing since
formation [7]. Thus, if FCPs exist, these objects are likely to contain them at roughly

the same abundance. Fractional charges are detected using an experimental set-up
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Figure 1.1: Constraints on “mass-charge” parameter space for FCPs from various
high-energy experiments, precision optical experiments, cosmological and astrophys-
ical considerations [15,17,88].

similar to Millikan oil drop method. Since these results too don’t directly relate to
the one presented in this dissertation, it is discussed separately in Appendix C.
The nature of experiment and result described in the dissertation relates to search
for FCPs produced by interaction of cosmic rays and earth’s atmosphere. Suitable
constraints can be placed by searching for interactions between cosmogenically pro-
duced FCP with detectors placed either on earth’s surface or underground. The main
philosophy behind such experiments is to search for particles traveling in straight
line, but depositing energies much less than that expected for a particle with charge
e (like, cosmic muon). This is because the fractional charge of the particles reduce

their electromagnetic interaction probability with the detector. Since these parti-



cles deposit less energy, they are also called Lightly lonizing Particles (LIPs). Such
an attempt was done using Liquid Scintillation Detector (LSD) at Mount Blanc
laboratory [8], Kamiokande-II detector [9], and by the Monopole Astrophysics and
Cosmic Ray Observatory (MACRO) [10]. Results from these experiments are shown
in Fig. 1.2. The advantage of this process is that extremely high energy cosmic rays
can create massive FCPs which cannot be created through by current particle ac-
celerators. Details of theoretical and experimental motivation to search for LIPs is

discussed in Section 2.
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Figure 1.2: The 90% Confidence Level MACRO flux exclusion limits for FCPs (red)
compared with previous limits from Kamiokande (blue X) and LSD (black +) [10].

The dissertation performs a search for FCP using data obtained from Cryogenic



Dark Matter Search experiment (CDMS) [11-13]. In performing this search, it is
assumed that the FCP only interacts electromagnetically with CDMS detectors. We
also assume that the particles are massive and relativistic (they are at minimum
ionizing point on the Bethe-Bloch curve [14] and that their incident flux on CDMS
detectors is sufficiently low that no more than a single FCP interacts with the de-
tectors at a given time. It is also suggested that these particles are of cosmogenic
origins (therefore, being able to move relativistically despite being massive).

The CDMS detectors are installed at the Soudan Underground Lab in northern
Minnesota at a depth of 2090 meters water equivalent (mwe). As mentioned, the
main aim of detectors is to search for Weakly Interacting Massive Particles (WIMPs)
[1,2,14], which are a leading candidate to DM. WIMP induced interaction occur
with an extremely low expected interaction probability of < levent/(kg day), with
typical deposited energies of 10-100 keV. Thus, it is necessary to use highly sensitive
detectors for WIMP detection. CDMS detectors use charge and phonon sensors which
measure the electron-hole pair and phonons generated inside detector as a particle
interacts with it. The sensitivity of detectors allows us to search for LIPs with
very low fractional charges (LIPs interaction probability decreases with reduction
of fractional charge). CDMS detectors are Germanium, or Silicon crystals with
electrodes instrumented on one side (to collect holes created when external particle
interacts with detectors). The other side of crystal is instrumented with sensors to
collect phonons. The entire set-up is cryogenically cooled to 50mK. Low temperature
enables the electron-hole pairs created during particle interaction to not get trapped
within the crystal before they are collected by the electrode and also increases the
responsivity to phonon detection.

Dark matter searches are performed deep underground to prevent getting fake

signals from cosmogenic neutrons, or from neutrons formed due to interaction of



high energy cosmic muons with surrounding rocks. These depths are sufficient to
reduce surface-level muon flux by a factor of ~50,000 near the detectors. One may
ask whether any underground experiment (like, CDMS) is bound to not observe any
LIPs? To answer, it is observed that despite the reduction in muon flux, cosmic
muons are still observed by CDMS detectors. Since LIPs interact progressively less
(due to their reduced charge), we expect more of them to reach our detectors. Thus,
the underground location of detectors do not pre-empt particle observation, if they
exist.

The CDMS detectors are arranged in 5 towers, with each tower containing ver-
tical stack of 6 detectors. Fake LIPs signals are tremendously reduced by requiring
all 6 detectors in a tower show energy deposition signal from LIP interaction. It
is also required that the energy deposited in each detector be sufficiently far from
inherent noise levels in all detectors. A “Tracking criterion is applied requiring
that interaction-location in each detector follows a straight line (as expected for a
relativistic, massive particle moving in a straight line and not deviating as it in-
teracts with detectors). An “Energy similarity criterion is applied requiring energy
deposited in each detector follow a statistical distribution as expected from a LIP
signal corresponding to certain fractional charge. Monte-Carlo studies estimate the
total background for LIPs analysis to be 0.074%0.053 events. With such a low back-
ground, the analysis is almost background free (observing a single candidate event
would signal detection of LIPs). After analyzing the data, we obtain 0 candidates.
The analysis concludes by asking the question “What is the flux of LIPs on our de-
tectors (which we can state with 90% confidence), given the probability to observe
LIPs in our detector and observing no events when detectors are run for certain
days? A “Limit-curve addressing the above question is developed, and is presented

in the dissertation.



Details of CDMS experimental setup is discussed in Section 3. Details of CDMS
data analysis to search for LIPs is presented in Section 4. Section 4 also provides
a description of future efforts towards obtaining improvement in future analyses to
search for LIPs. These are not meant to be an exhaustive set of guidelines for
improvement (discouraging alternate explorations and improvements), but simply
as an initial guidance. As example, future analyzers may relax the criteria for a
valid LIP to be an event which interacts with all 6 detectors of a tower. Since CDMS
holds data from runs carried out at Stanford Underground Facility (SUF) which has a
modest overburden of ~17m.w.e., a future LIP analysis using the corresponding data
may be more likely to detect candidates (since they experience much less overburden
as compared to detectors at Soudan mine).

In addition to analyzing CDMS data to search for LIPs, the dissertation also
suggests improvement in various aspects of detector fabrication procedure. Exis-
tent CDMS detectors’ phonon sensors show a response that varies with location.
The sensor response also changes among different detectors. These variations reduce
the sensitivity of detectors towards WIMP detection. The variation in response of
phonon sensors is primarily linked to variation in the superconducting critical tran-
sition temperature (7.) of deposited tungsten thin-film (a tungsten strip performs
the task of measuring phonon signals and converting it to measurable electrical sig-
nals), and so, multiple steps are taken to reduce the variation in 7T, of fabricated
sensors. Although effective, these efforts are extremely costly and time consuming,
and negatively affect the feasibility for an experiment employing multiple detectors.
With CDMS moving into a next SuperCDMS phase (using 2140 detectors to detect
WIMP), and with the eventual aim of advancing to an experiment employing ~1ton
detector mass, it becomes imperative to advance the fabrication procedure and bring

down the cost and time required to produce multiple detectors.



Another major problem relates to the fact that in the current detector fabrication
scheme, only ~30% of all detectors made are deemed as “nice detectors. The rejec-
tion of ~70% of fabricated detectors may be due to presence of undesirable charge
and/or phonon collection characteristics which only get apparent after a detector is
fabricated and sent through cryogenic testing and again hurts the feasibility for a
1ton experiment. The dissertation describes various efforts undertaken in the CDMS
detector fabrication lab at TAMU towards obtaining the goal of faster and cheaper
production of detectors with homogeneous set of properties, both within a detector
and among multiple detector.

The detector fabrication lab at TAMU uses Semiconductor Engineering Group
Inc. (SEGI) sputter deposition system deposits the thin film in an extremely clean
environment, monitored using an in-situ residual gas analyzer (RGA). This ensures
that the quality of deposited film is uniform across the detector, and among different
batches. Scanning electron microscopy is performed to optimize various steps, like
ensuring that deposited film is of correct thickness, to optimize the etching time for
certain thin films, etc. A simple 4-probe sheet-resistance measurement is found to
correlate with the T, of deposited tungsten film (this allows an easy identification of
sample with poor film properties without performing cryogenic measurements).

With above mentioned improvements, the group was able to demonstrate a higher
yield for production of sensors with better control on its properties and with uniform
T.. The achieved uniformity necessitates the incorporating an ion implantation step
(ion implantation is used to homogenize the T, variations in existent CDMS detec-
tors). A description of future efforts towards improvement of fabrication process is
also added at end. These are not meant to be an exhaustive set of guidelines for
improvement (discouraging alternate explorations and improvements), but simply as

an initial guidance.



Finally, a conclusion to the dissertation is put in Section 6.

The dissertation is prepared with topics to interest readers from different science
background. To not overwhelm a reader by its length, only the details directly
connected to the final results are described in the body of dissertation. However,
to ensure that associated and essential details are not ignored, even if they do not

directly relate to the final results, they are mentioned separately in appendices.

e The idea of existence of free, elementary FCPs is itself an interesting (and
baffling) idea to pique the scientific interest of readers. This, combined with
the description of various experiments used to search for existence of FCPs may
form an interesting reading for a general audience (discussed in Section 2.5,
Appendix C and F). It introduces readers to interesting physical phenomenon
and how the results may be interpreted /analyzed with a totally new perspective

to allow a search for FCPs.

e These readers may also find interest in statistical methods developed to perform
analysis of CDMS data, and to allow interpretation of the results in context of

LIPs search. This is one of the main topic of this dissertation.

e The theoretical motivation for the search may interest readers with inter-
est/expertise in Quantum field theories (discussed in Section 2). Introduction
to concept of magnetic monopole and its relation with electric charge quan-
tization, conclusions put forth by Foot et al. [5] and Holdom [6] regarding
possibilities of observing FCPs allow readers to appreciate the hidden richness

inside the SM (and its extensions).

e The operating principle of CDMS experiment is also a fascinating scientific

reading (discussed in Section 3, Appendix I, Appendix G and Appendix H).
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e The detectors used by CDMS are fabricated on high purity germanium /silicon
crystals and employ sensors obtained by patterning thin films. Currently, there
exists variation variations in detector properties. Section 5 describes multiple
efforts undertaken by our group to fabricate detectors with homogeneous prop-
erties and less variations. The section may be of interest to material scientists
and readers with general interest in the field of semiconductor detector fabri-

cation.

e For a CDMS member, the thesis is combination of all above, providing details
on 3 important topics of detector development, interpreting WIMP search data
analysis as caused by FCP, and discussions of relevant particle physics covered
in sections detailing electromagnetic interaction of particles with detectors. It
takes additional importance due to theoretical and experimental discussions

suggesting FCPs as possible DM candidates [70,177].

11



2. MOTIVATION FOR FRACTIONALLY CHARGED PARTICLES

There is huge empirical evidence that fundamental particles are quantized in units
of e/3 (where e is the charge of an electron). Up to a long time, before discovery
of quarks (which have charges of e/3 and 2¢/3), all elementary particles listed were
either electromagnetically neutral, or had charges in multiple of e. Since quarks are
never obtained as free particles in nature (they always combine with antiquarks to
give mesons, or other quarks to give hadrons), all freely existing particles in nature
still have charges in multiple of e. Although above is a well-known fact, there is
a complete lack of theoretical formulation to support this quantization. It may be
mathematically described by noting that the Abelian theory of QED has no nontrivial
commutation relations between its generators allowing for algebraic dequantization
of the charge eigenvalues. In other words, since electromagnetic force carrier (pho-
ton) does not exhibit self-interaction, the particles are theoretically allowed to have
any electromagnetic charge. While charge quantization seems inexplicable, various
phenomenological and sting theory motivated models naturally support the existence
of FCPs. A successful FCP search experiment is physically important as it signals
towards existence of new, undiscovered mechanism of interaction between particles
which is beyond the scope SM.

To understand the theoretical and experimental motivation behind existence of
FCPs, we start by Section 2.1 with a discussion on relating charge quantization to
existence of magnetic monopoles. Section 2.2 suggests charge quantization feature
due to compactness of electromagnetic group. However, there exists no proof that
the minimum charge quantum should be e/3. Section 2.3 describes theoretical pos-

sibility of charge dequantization within SM. Section 2.4 describes a phenomenologi-
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cal construction involving a new, undiscovered “hidden photon” which dynamically
interacts with electromagnetic photon to naturally allow for existence of FCPs. Sec-
tion 2.5 discusses the experimental results detecting presence of FCPs in cosmic rays.
Possible future efforts are described in Section 2.6.

While this section introduce the theoretical motivation towards FCP search, the
next major section (Section 3) describes the the general set up of CDMS experiment,
proving an understanding of the detector working principle, installation and data
processing which is necessary to design an analysis paradigm to allow interpretation
of CDMS data as being caused by FCPs against backgrounds (the set of events

measured by detector, but not induced by FCPs are called “Backgrounds”).
2.1 Magnetic Monopoles and Charge Quantization

In 1864, while publishing the unified theory of electromagnetic force [19], Maxwell
did not include isolated magnetic charges from his four equations because no isolated
magnetic pole had ever been observed by the time. In reviewing the Maxwell’s equa-
tions by Pierre Curie,no reasons were found as to why they should not exist [20].
Magnetic monopoles [21] would complete the symmetry between the electric and
magnetic components of Maxwell’s equations. Maxwells equations suggest that diver-
gence of electric field related to electric charge, but magnetic fields are divergence-less
(magnetic monopole/ charges have not been experimentally found during the time).

Dirac has shown that the existence of magnetic monopoles would impose a con-

straint on the possible values of electric and magnetic charge [3]:

nhc

where, e is electric charge, g is magnetic charge, n is an integer and c is the speed of

light in vacuum. Thus, the existence of particles with nonzero 9 leads immediately
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to quantization of both types of charge.

It was later discovered by Polyakov [22] and 't Hooft [23] that general ideas
about the unification of the fundamental interactions naturally lead to existence of
monopoles. They showed that any ”unified theory” naturally contain monopoles.
Since it is a deeply held belief that the observed strong, weak and electromagnetic
gauge interactions having three apparently independent gauge coupling constants
become unified at extremely high energies into a single gauge interaction with just
one gauge coupling constant [24,25], such a "unified gauge theory” would naturally
contain magnetic monopoles. Thus, while Dirac had demonstrated the consistency of
magnetic monopoles with quantum electrodynamics, 't Hooft and Polyakov demon-
strated the necessity of monopoles in grand unified gauge theories. Today, magnetic-
monopole solutions are found in many modern theories such as grand unified theories,
string theory and M-theory.

While magnetic monopoles signal the presence of charge quantization, they may
also acquire an electric charge in the presence of CP violations due to the Witten
eect [31]. The Witten effect [30] refers to the shift of the allowed electric charges
carried by magnetic monopoles. Since CP violation is a non-quantized parameter,
the acquired electric charge may take any value.

The experimental search for magnetic monopoles is discussed in Appendix A.
2.2  “Compactness” Restrictions on Allowable Fractional Charges

It is already described that since electromagnetic force carrier (photon) does not
exhibit self-interaction, the particles are theoretically allowed to have any electro-
magnetic charge. However, restrictions on allowable fractional charges are placed
following the logical relationship between the quantization of the electric charge and

the mathematical concept of the compactness of the electromagnetic gauge group [32]
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(For Lie groups, compactness has a determining influence on the nature of the rep-
resentations of the group).
Consider a space-time-independent gauge transformation on charged fields 1;, of

charge e;

Yy — U = Yjexp(ie;a) (2.2)

For finite values of «, if the different es (= ey, ey, ...) of different fields (differ-
ent fields correspond to different representations of electromagnetic group) are not
commensurate with each other, the transformation Eq. (2.2) is different for all real
values of «, and the gauge group must be defined so as to include all real values of .
Hence, the group is not compact [32].

On the other hand, if and only if all different e’s are integral multiples of a
universal unit of charge, then for two values of «a different by an integral multiple
of 2m /e, the transformations Eq. (2.2) for any fields v, are the same. Hence the
gauge group as defined by Eq. (2.2) is compact. Thus, the requirement of compact
electromagnetic gauge forces quantization of electric charge, but it does not prove

that e/3 is the fundamental unit.
2.3 Charge Dequantization Within the Standard Model

The following section is based on the review by Foot et al. [5] (also described
in [16]) which asks whether or not the SM criteria are sufficient to naturally produce
charge quantization. Alternate models are also studied (by adding new particles to
know SM particles) to explore different criteria which may/ may not produce charge
quantization.

The standard model of particle physics [33] is a Yang-Mills theory that appears
to successfully describe three non-gravitational forces (the strong, weak and electro-

magnetic forces) under the gauge group [SU(3)¢ X SU(2)r, X U(1)y]. Under this
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gauge group, the quarks and leptons of each generation transform as

1 4 2
- ~(3,1,= dp~(3,1,— =
3) U’R(ayg) R(77 3)

fr~(1,2,-1) er~(1,1,-2) (2.3)

QLN(ga 2a

where, the ), denotes left handed quark-doublet, ugr,dr denote right handed up
and down quark, fr denote left handed lepton-doublet and e denote right handed
electron. The first two numbers in bracket denote the multiplet of particles under
the SU(3)c and SU(2);, symmetry. The third number denotes the hypercharge
associated with the particles under U(1)y symmetry.

There is also a Higgs doublet ¢ which can be defined through the Yukawa inter-

action Lagrangian (Ly.,x),

Lyue = M froer + MoQrodr + A\sQ o ugr + other — terms (2.4)

where, A1, A2, A3 are corresponding interaction strength. ¢ transforms under SM as
o~ (1,2,1).

The authors consider different examples to conclude that “If a Lagrangian con-
tains global symmetries which are anomaly free (and hence gaugeable) and indepen-
dent of the standard hypercharge Y, then that Lagrangian does not yield electric-
charge quantization”. The examples considered [5] study the single generation SM
and three generation SM. These are described below (Section 2.3.1 and Section 2.3.2).
The three generation SM seem to favor charge dequantization which may manifest
in various ways. Based on their conclusion, the authors describe alternate models
where charge quantization may/ may-not occur. It is discussed in Section 2.3.3 Var-

ious experimental results constrain the limits of charge dequantization observed in
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SM particles. As mentioned in Section 1, the experimental limits on SM particle
charge dequantization does not directly relate to the result presented in dissertation.

However, for completeness it is mentioned in Appendix B.
2.3.1 Single Generation Standard Model

Consider a toy model asserting that only the first generation SM particles exist
(only one generation of quarks and leptons). If we leave the 5 possible hypercharge
values in Eq. (2.3) (left handed quark and lepton doublet, right handed up quark,
right handed down quark and right handed electron. Higgs boson hypercharge is set
to +1) undetermined, then there are two possible categories of constraints that may

be applied.

QLN(3727y1) URN(37 17?J2) dRN<37 17y3)

fLN(1727y4) 63’\/(1,172/5) (25>

Three constraints on hypercharge values apply by requiring that the classical
structure of the part of Lagrangian describing the Yukawa interactions between SM
particles and Higgs boson (Ly ), described in Eq. (2.4), be symmetric under action

of U(l)y

y=ys+1 Br=y2—1 Ys=ys+1 (2.6)

Two extra constraints follow by requiring cancellation of the gauge anomalies
(which is necessary to ensure the renormalizability of the theory) [34-36]. Rise of

gauge anomalies may be understood by studying fermionic triangle Feynman diagram
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with gauge bosons on the external lines. Their amplitudes are proportional to
Trace(T*{T®,T°}) = Ad** (2.7)

where A is a representation-dependent anomaly coefficient, and d®* is a set of num-
bers characteristic of the group. In this equation, 7%, T® and T° denote the generators
in the appropriate representations of the Lie algebra of the gauge group. Theories
are anomalous if the anomaly coefficient does not vanish when it is summed over
the chiral fermions of the theory (the left- and right-handed fermions enter with a
relative minus sign).

There are two anomaly equations in the SM which are independent of the classi-
cal constraints, Eq. (2.6). The first of these arises when two of the external lines in
the triangle graph are from SU(2); gauge bosons with the third being U(1)y (The
anomaly cancellation equations are the same whether or not spontaneous gauge sym-
metry breaking occurs. So, we may work in the weak eigenstate basis). The second
triangle anomaly arises when all three external lines are U(1)y gauge bosons. Eval-

uating these anomalies by using eqs. (2.4) to (2.6) leads to the equations

Yo=Y ys = —1 (2.8)

from [SU(2);]2U(1)y and [U(1)y]® anomaly cancellation, respectively.

For 5 unknown hypercharge values, we get 5 constraints eqs. (2.6) and (2.8).
Thus for the toy-model case of SM restricted to only one generation we see that the
consistency conditions of gauge invariance and anomaly cancellation of the Yukawa
Lagrangian assign correct hypercharge to elementary SM particles. After the electro-

weak symmetry breaking, the electric charge associated with a particle (@) depends
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on its hypercharge (Y) and SU(2), isospin (/3).

Q:h+§ (2.9)

Since the hypercharge and isospin is fixed, the electric charges of the particles have

their standard, quantized values in the one-generation SM.
2.3.2  Three Generation Standard Model

In the three-generation SM the picture is a bit more complicated. Since there is
no a priori reason to assume that the generations are perfect copies of one another,
the hypercharge values can differ between generations. Therefore, both hypercharge
and electric charges (through Eq. (2.9)) may depend on a free continuous parameter,
€.

To analyze charge quantization in this model, all anomaly-free global U(1) sym-
metries need to be found. The SM Lagrangian with three generations has four
global U(1) symmetries: electron-lepton number (L.), muon-lepton number (L),
tau-lepton number (L,) and baryon number (B). The most general linear combina-

tion of U(1) conserved charges (L') may be constructed where
L'=aL.+pBL,+ L, + B (2.10)
Two independent anomaly cancellation constraints may be placed on L':
UMW) =+ 8+ =0[SUQ) PUN)y =30 +a+B8+y=0  (2.11)

All other gauge anomaly equations are not independent of above constraints.

Despite above constraints, there are still 2 free parameters through which an infi-
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nite number of gaugeable, anomaly free global U(1) symmetries may be constructed.

It can be parametrized as

L' =aL.+ BL,+ (—a® — B3Y3L, + %[—a —B—(=a® = pHY3B (2.12)

This leads to hypercharge (and hence electric-charge) dequantization (where L’ de-

pends on two continuous free parameters)

I/

With faith in quantum gravity, one may insist on a further restriction: the can-
cellation of the mixed gauge-gravitational anomaly [37-39]. This requirement is
equivalent to

Trace(L') =0 (2.14)

which gives the constraint

a+pB+y=0 (2.15)

Along with the gauge anomaly cancellation criteria, Eq. (2.15) reduces the possibil-

ities for L’ to three discrete sets:

U'=L.—L, ~=0
—L.—L (=0

=L,— L a=0 (2.16)

This is clearly insufficient to uniquely determine the hypercharge, and the electric

charge. Therefore, it follows that the three-generation SM does not enforce charge
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quantization.
2.3.3 Some Simple Extensions of the SM

By applying the result obtained from above discussions, that “If a Lagrangian
contains global symmetries which are anomaly free (and hence gaugeable) and inde-
pendent of the standard hypercharge Y, then that Lagrangian does not yield electric-
charge quantization” to some simple SM extensions, the following conclusion can be

made regarding charge quantization [5, 16]:

e In the SM with only one generation, plus a massless right-handed neutrino,
charge is not quantized. It is because the difference between baryon and lepton

number, or (B L) is anomaly free.

e In the SM with only one generation, plus a right-handed Majorana neutrino,
charge is quantized. It is because the Majorana mass term breaks the (B - L)

symmetry.

e In the three-generation SM with Dirac neutrinos, charge is not quantized. It

is because (B L) is anomaly free.

e In the three-generation SM with three right-handed Majorana neutrinos, charge
is quantized. It is because no global U(1) symmetries other than U(1)y are

unbroken.

e In the three-generation SM with exactly one right-handed neutrino (with or
without Majorana mass), charge is quantized. It is because no anomaly free

global U(1) symmetries other than U(1)y are unbroken.

e In the three-generation SM with an extra Higgs doublet, charge is quantized.

It is because no anomaly-free global U(1) symmetries other than U(1)y are
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unbroken.

There are many other extensions of the lepton and neutrino sector, in particular,

which lead to electric-charge quantization [40].
2.4 Multiple U(1)s and Charge Dequantization

Previous subsection concludes that if there are unbroken, anomaly free U(1) sym-
metries besides the U(1)y symmetry in the SM, then it is possible to have charge de-
quantization. On similar lines, there exists phenomenological possibility of obtaining
FCPs if multiple, conserved U(1) fields exists (other than photon), and can dynam-
ically interact with photon [6,16]. Such a model remains in concordance with SM
charge quantization constraints obtained through multiple experiments (described in
Appendix B) by introducing new, exotic particles carrying fractional charges.

The phenomenological construction starts with the assumption that at low energy
scales, the description of complete set of interactions between particles in the universe
contains, but is not limited to, two (or more) U(1) gauge groups (U(1)4 X U(1)p).
Each group has its own photon and its own electric charge. In the most general
case, the part of Lagrangian describing the evolution of two gauge fields will contain
terms [6]

) 1. 1. .

where the first two terms represent kinetic energy of the two U(1) gauge fields, and
the last term represents mixing between two types of photons, x is a free parameter
representing the mixing strength. At tree level, such mixing between two groups is
disallowed within the framework of a GUT. It is because each is a free field in itself.
However, an effective mixing of the form can be induced by radiative corrections
corresponding to higher order terms in perturbative expansion of Lagrangian.

One of the physical manifestations of such mixing is a nonzero coupling between
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the fermions charged under U(1)p and the photon of U(1),4, amounting to an ap-
parent electric charge of type A for the B-type fermions. If type A bosons are the
photons corresponding to electromagnetic charge, then the fermions charged under
type B bosons develop fractional electromagnetic charge.

A suggested model for observing dynamical mixing of multiple U(1) gauge bosons
is described below in Section 2.4.1. Following it, a discussion on various phenomeno-
logical constructions that can be made to implement dynamical mixing is provided
in Section 2.4.2. Few of the experimental constraints on “mass-charge” parameter
space for FCPs may change depending on whether or not the particles get their frac-
tional charge due to coupling with hidden photon sector. Since these observations
do not directly relate to the result presented in the dissertation, they are described

separately in Appendix F.
2.4.1 Implementing Dynamical Mizing of U(1) Gauge Bosons

Holdom describes a means of obtaining above mentioned kinetic mixing at loop
level [6].

Consider a toy model with four fermions fi, fo, fi2, fi» having charges (eq,0),
(0,e2), (e1,e2), (e1,—e2) under a vector gauge symmetry [U(1)4 X U(1)p], with cor-
responding gauge fields A4, and Ap,. Assume that the mass of fermions order with
respect to each other as mfy, > mjs > my ~ my. The mass splitting (inequality
on mass assignment) and the charge assignments contribute to a nonzero dynamical
mixing between the gauge bosons corresponding to U(1)4 and U(1)p, as shown in
Fig. 2.1. For a most general form of Lagrangian describing the evolution of the gauge
field kinetic terms, Eq. (2.17), the dynamical mixing coefficient y depends on mass

of fermions that simultaneously charged under both U(1)4 and U(1)p gauge groups,
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and is given by:

_ (e, (M
X = (67r2) In <m12) (2.18)

x can be of order 1077, for natural values of a2 ~ a (with a = % being the
electromagnetic fine-structure constant), and nearly degenerate masses, % ~ 1.0002

[56]

A "f\‘l‘ "/\‘I‘ 'ﬂ‘ ‘ﬂ' \f\ ."f\"‘. .‘[\‘w ."/\'w c’/\". N
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Agy,

Figure 2.1: Dynamical mixing of fields belonging to two U(1) groups mediated by
virtual fermions charged under both fields [6]

In order to regain diagonal kinetic terms with conventional normalization, new
gauge fields A;lu and Ajgu may be defined, which respectively do and do not interact
with the fermion f;. Defining f; as the electromagnetically charged fermion which
experiences no charge and does not interact with any other “hidden boson” field,
the A’AM would correspond to the electromagnetic field. The orthonormal partner
to the photon, the paraphoton would, by definition, not couple to known fermions.
In order to obtain above redefinition of Ap, (as the field which does not interact
with fermion f;), the effect of interaction between A, and Apg, bosons needs to
be absorbed within the definition of newly constructed A’y field. This allows A’ ,
field to interact with fermions which did couple to the paraphoton and impart it a

fractional electromagnetic charge (like, for fermion f5), or have their original photon

couplings altered (like, for fermion fi5 and fj,). Thus ratio of coupling by Ay, to fo
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and f; is in ratio

/
e = —BX (2.19)
€a

where, e is the charge of f; under A, and €, is the charge of f; under A/, fields.

Note that the appearance of fractional charge is due to field redefinition and does
not violate the principle of charge quantization. Therefore, the construction does not
violate the charge quantization criteria put by Dirac (discussed in Section 2.1), or the
existence of a charge quantum by requiring compactness of U(1)q group (discussed

in Section 2.2).
2.4.2 Phenomenological Constructions

Based on above discussion, there are different possibilities for the generation of
e charge shifts [6]. As mentioned, such a model remains in concordance with SM
charge quantization constraints obtained through multiple experiments (discussed in
Section 2.3 and Appendix B) by introducing new, exotic particles carrying fractional
charges.

A least exotic possibility is to consider new families of fermions with SM quantum
numbers alongwith a new vectorial paraphoton charge. A simple way to cancel
anomalies is to have two such families with paraphoton charge +1 and -1 respectively.
Mass splittings among the parafermions can yield a mixing between the photon and
the paraphoton. The parafermions would then experience e charge shifts with respect
to the standard photon.

One may consider U(1)y hypercharge becoming mixed with a second U(1) (as
described in Section 2.3). The fermions responsible for the mixing would have to
couple to both U(1)’s and according to the above example they must be massive
and not break the U(1) gauge symmetries (the necessity for unbroken symmetry is

discussed later in this section). As example, there may be fermions with a gauged (B
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L) symmetry but are singlet under SU(2),. This situation would lead to hypercharge
shifts for those fermions coupling to the second U(1). When [SU(2);, X U(1)y] breaks
to electromagnetism, the low energy fermions would be left with electromagnetic
charge shifts. A fractional charge of € ~ 107® — 1072 can be generated via these
mechanisms [65].

There exists possibilities for mixing of U(1)’s without involving massive fermions.
Consider a gauge group [G; X Gy X G3] where the G;’s are simple nonabelian groups.
Due to formation of condensate, or otherwise, the group can break down to [H X
U(1)4 X U(1)p]. Here H has no abelian factors and the U(1) fields can be written
in terms of GG; fields.

Many SM extensions coming from string theory predict additional hidden U(1)
factors which can give rise to the kinetic-mixing phenomenon (x # 0) [56-63]. The
string scale~ 10" GeV predicts the existence of particles with € > 107 %, thus
making the region e~107 — 107%¢ of great interest for searching for FCPs. The
required FCPs obtained from String theory are a generic (not being model-specific)
and testable prediction of a large class of string theory models [56,64].

In adding to possible mechanism for obtaining photon mixing, it is possible to
obtain a “magnetic mixing” in settings where the hidden sector at low energies con-
tains a U(1) gauge factor with magnetic monopoles, for instance 't Hooft-Polyakov
monopoles of an underlying non-abelian gauge group [69]. In the presence of CP
violation these monopoles may generally acquire small electric charges under the vis-
ible electromagnetic gauge group due to “magnetic mixing” (in addition to acquiring
an electric charge in the hidden sector due to the Witten eect [30]). This “mag-
netic mixing” is shown to often arises as a natural partner of kinetic mixing. Both
kinetic and magnetic mixing are naturally induced radiatively even if the multiple

low-energy U(1) gauge groups arise from a single non-abelian gauge group below a
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symmetry-breaking energy scale.

A related phenomenological question is whether the paraphoton can gain a large
mass and still leave the “parafermions” obtain fractional electromagnetic charge [6]
The answer is no. The operator whose vacuum expectation value breaks the symme-
try obviously has the charge of the broken U(1) and no charge under the unbroken
U(1). Orthonormal gauge fields are then chosen with respectively do and do not
couple to this charge. The unbroken U(1) is analogous to the A, field which did
not couple to the fermion f;. Thus the unbroken U(1), as for A%, does not end up
with e charge shifts. Although the fractional charge is “undone” by an on-shell mass-
less photon, this is not the case for off shell or for massive photons (as, for instance,
in a plasma) [66]. Despite the model’s inability to create fractional charges, hidden
sector heavy photons are experimentally interesting pursuit. One of the major mo-
tivation for the heavy bosons is their ability to describe dark matter annihilation
results observed by ground, space and satellite borne detectors [70]

Similarly, consider models containing more than one paraphoton with at least one
paraphoton being exactly massless and one light, keV>>m., # 0, and the fermion
transforming in the bifundamental representation of these two U(1) factors [67]. In
vacuum, the fermion acquires an electric charge ¢ due to a kinetic-mixing between
the photon and the two paraphotons. However, this electric charge is reduced in the
stellar plasma by a multiplicative factor (TZJ—;’/)?, where w, ~few keV is the plasma
frequency. This charge screening mechanism is caused by a partial cancellation be-
tween two paraphotons interacting with the bifundamental fermion [56,67]. Kinetic-
mixing could be avoided in theories with dynamical mixing of multiple U(1) gauge
field bosons if the particle spectrum has some particular properties, as discussed

in [56,68].
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2.5  Experimental Limits from Cosmic Ray Based Searches

Cosmic Rays are relativistic particles have been observed with energies ranging
over more than 12 orders of magnitude, extending to tens of joules per particle
[224]. These particles are continuously incident on the Earths atmosphere. The high
energy cosmic rays are capable of creating massive FCPs through interaction with
Earth’s atmosphere, if they exist. The particles created are themselves extremely
energetic. Thus, they pass through a sequence of detectors along their path of travel.
However, due to their fractional electromagnetic charge, they interact very less with
the detectors and deposit very low energies. Additionally, it may be required that
the particle track follows a straight line due to its high energy. For cosmogenic FCP
searches, the conditions for productions of the fractionally charged particles may
vary. This implies that the range of mass of particle in unknown. Therefore, the
search sensitivity is usually given in terms of the limit on incoming flux of FCPs
detected (with units of em™2sr~ts™!) [209].

“This mode of cosmogenic FCP search is discussed because it directly relates to
the form of result presented in this dissertation”.

Search for cosmogenic FCPs was done by Liquid Scintillation Detector at Mont-
Blanc (LSD) [8], Kamiokande detector [9] and at Monopole and Cosmic Ray Obser-
vatory (MACRO) [10]. These experiments conclude by setting a “limit curve” on the
flux of FCPs. It implies the following “In running the detector for a certain period of
time and their being a calculated probability to observe FCP events; Observance of
N events in teh detector imply that the flux of FCPs cannot be higher than a certain
value, else more events would have been observed”. Thus, the flux of FCPs above
a certain value (shown in the “limit curve”) is experimentally excluded. Owing to

non-observance of events, limiting flux rates for the fractionally charged particles
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may be deduced, which is shown in Fig. 2.2 below.
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Figure 2.2: The 90% Confidence Level MACRO flux upper limits for FCPs (red)
compared with previous limits from LSD (black +) and Kamiokande (blue X) [10].

FCPs, due to their fractional charge, interact less with any medium and create
less ionization as it passes through it. If is for this reason, they are also called Lightly
Ionizing Particles (LIPs), as mentioned in [10]. Since the results presented in this

dissertation is similar to the result from MACRO [10], we use similar terminology
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and hereby refer FCPs as LIPs.

Cosmic rays can also interact with bulk materials on Earth and create FCPs
trapped inside them. Alternately, one can also study for presence of FCPs in ancient

meteoritic materials where any relic density of FCP would get trapped and remain
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preserved. Since these experiments do not directly relate to the result presented in
the dissertation, it is discussed in Appendix C. Additionally, there exists a vast set
of experiments where the rate/cross-section for FCP production and/or detection
is theoretically calculated. An analysis of the result yield constraint on the “mass-
charge” parameter space for FCPs. These experiments also don’t directly relate to
the one described in the dissertation. However, to provide a complete picture of FCP

search efforts, they are described in Appendix F.
2.6 Future Efforts

Most of the results presented in Appendix F are dependent on the value of Hubble
constant. Recent results from Planck collaboration show a change in estimated
value of Hubble constant [99], which appear to be slightly different from the values
determined through studies of supernova. Possible future studies may try to update

the results, based on newly obtained value of Hubble constant.
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3. THE CRYOGENIC DARK MATTER SEARCH (CDMS) EXPERIMENT

As discussed in the introduction (Section 1), to search for FCPs, the dissertation
analyzes data obtained by the Cryogenic Dark Matter Search (CDMS) detectors
which are installed at the Soudan Underground Labs (SUL) in northern Minnesota.
The main aim of CDMS detectors is to search for WIMPs with an extremely low ex-
pected interaction probability of < levent/(kg day), with typical deposited energies
of 10-100 keV. To be sensitivity to these rare occurrences, the CDMS collaboration
uses Z-sensitive Ionization and Phonon (ZIP) detectors.

The ZIP detectors are fabricated on germanium (Ge) or silicon (Si) substrate and
cryogenically operated at 40 mK. The substrates are 3inch diameter and 1em thick,
high purity crystals. The ZIP detectors have the capability to measure the ionization
(electron-hole pairs) and the athermal phonons created as a particle interacts with
the germanium/ silicon substrate. One (plane) side of the cylindrical crystal is
instrumented with electrodes to collect the holes generated as a particle interacts
within substrate. The other side is instrumented with sensors to detect athermal
phonons, also generated due to interaction. A schematic along with pictures of
fabricated charge and phonon sensor is shown in Fig. 3.1.

The interactions between the crystal substrate and the incoming particle can be of
two type, where an incoming particle interacts electromagnetically with the charged
electron sea, or be typical of an uncharged particle (e.g., neutron) interacting with
the substrate nuclei (LIPs are electromagnetically charged particles. They interact
with the electron sea inside the crystal. Nuclear recoils are more relevant to WIMP
detection. They will be marginally discussed, simply for completeness purposes).

The high sensitivity of these detectors allow them to be used for searching parti-
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Figure 3.1: Left to right: Schematic of ZIP detector, with phonon sensors (4 inde-
pendent phonon measurement channels arranged in quadrants) and charge sensors
(2 concentric aluminum electrodes); A picture of fabricated charge electrodes (taken
from [239]); A picture of fabricated phonon sensors (taken from [231]). The sections
below discuss relevant details on corresponding signal generation and measurement.

cles with low fractional charges. Following the theoretical motivation for FCP search
as discussed in previous section, it is desired to perform such a search using these
sensitive ZIP detectors. An understanding of the detector working principle, in-
stallation and data processing is necessary to design an analysis paradigm to allow
interpretation of CDMS data as being caused by FCPs against backgrounds (the set
of events measured by detector, but not induced by FCPs are called “Backgrounds”).

Before proceeding with further details, it is desired to reiterate the statement
made in Section 2.5 that a FCP, due to its fractional charge, interacts less with any
medium and create less ionization as it passes through it. If is for this reason that
it is also called a Lightly Ionizing Particles (LIPs), as mentioned in [10]. Since the
results presented in this dissertation is similar to the result from MACRO [10], we
use similar terminology and hereby refer FCPs as LIPs.

The sections below describes the basic principles guiding ionization (Section 3.1)
and phonon collection (Section 3.2) in ZIP detectors. A related idea of detector ion-
ization yield is described in Section 3.3. Lastly, the detector installation at Soudan

Underground Labs (SUL) is described in Section 3.4, along with the details of sub-
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strates on which the ZIP detectors were fabricated (discussed in Section 3.5),. This is
done because the unique configuration of detector arrangement is one of the factors
which allows for LIPs search using CDMS data. Detailed descriptions of the CDMS-
IT detectors and experimental installation at the SUL can also be found in [227-231],
and also discussed in relevant appendices (mentioned appropriately in the details
below).

While this section introduces the basics of detector operation and installation,
the next major section (Section 4) outlines the usage of these details to construct

an analysis framework allowing an interpretation of CDMS data as being caused by

LIPs.
3.1 Tonization Signal

This section describes the basic principle behind generation of ionization signal
in the ZIP detector substrate (germanium, or silicon crystal) due to interaction with
a penetrating particle. However a complete discussion warrants additional details
on the transport, readout electronics, noise characteristics, processing and calibra-
tion of obtained signal, etc. Since these are important details, but do not directly
relate to the results discussed in the dissertation, they are mentioned separately in

Appendix G.
3.1.1 Generation of lonization

Electrons and holes, free to correspondingly move in the conduction and valence
bands, contribute to conduction of electrical current inside semiconducting materi-
als. Conduction electrons can be generated by exciting electrons from the valence
band into the conduction band. An equal number of holes are created in the valence
band from this process. Electron excitation can be accomplished through thermal

agitation or through electromagnetic excitation (optical excitation and excitation by
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interaction with penetrating particles [253]). At low temperatures, the thermal en-
ergy is insufficient to excite the electrons over the bandgap into the conduction band.
By further ensuring that the substrate is kept away from high energy optical radia-
tions, the only possibility to obtain electron-hole pairs (ehp) is from an interaction
with a energetic penetrating particle.

Energy lost by an incoming electromagnetically charged particle is directly im-
parted to electrons, exciting it to levels much higher than conduction band minimum.
Interactions with uncharged particles, like neutrons, cause energy to be imparted to
substrate nucleus, which is then transferred to electrons and in creating high fre-
quency athermal phonons. The excited “hot” electron, formed in both scenarios,
relaxes by exciting additional electrons (Additional additional high frequency ather-
mal phonons are also created, discussed in Section 3.2. A Monte Carlo of such
relaxation in silicon is discussed in [244]. Similar calculations for nuclear recoil type
events are discussed in [236]). Thus, a track of ehp are formed in the vicinity of
particle track. Shedding of original energy in creating phonons causes an increase
in the total energy required to produce a single ehp in germanium (silicon) to 3eV
(3.83eV), even though the corresponding bandgap (i.e., minimum energy needed to

excite an electron to conduction band and create an ehp) is 0.7437¢V (1.170eV) [252].
3.1.2  ITonization Collection and Shockley Ramo Theorem

An external electric field is applied to prevent the ehp from recombining with
each other before they are measured. A bias of -3V (-4V) is applied to charge mea-
surement electrodes fabricated on one of the faces of cylindrical germanium (silicon)
crystals, while keeping the other surface grounded (The reason for different bias val-
ues is discussed in Section 3.2.1). As discussed in Appendix G.3, it is preferred to

measure holes because the movement of electrons inside the substrate is anisotropic.
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For this reason, a negative bias is applied. Additionally, the charge electrode is not
made as a single unit over one of the crystal surface, but consists of two concentric
electrodes, with the inner electrode occupying ~85% of total surface. this is pri-
marily done for the purpose of obtaining background reduction in WIMP analysis.
Cryogenic operation of detector also allows for a negligible probability of ionization
signal annihilation by recombining with thermally excited charges, and, the “detector

leakage current” due to drifting thermal charges is also low.
3.1.2.1 Shockley Ramo Theorem

However, it is a false understanding that ionization sensing works as: the biased
electrodes attract charge to the electrode, the charge enters the metal, and a current
is produced. In reality, the electrode senses the electric current induced by a charge
moving near an electrode formed due to the instantaneous change in the number of
electric field lines terminating on the electrode. This instantaneous current I is given
by

T o e(E stcetrode - 0) (3.1)

where, A is the area of electrode, o is the electron velocity and ﬁelectrode is the
electric field at the location of the charge only due to the sensing electrode and
assuming all other conductors are grounded (this is not the drift field), also called
“weighing field” or “Ramo field”.

Since CDMS experiment reads out the electrode current on large timescales, the
effect of the total current induced by the entire drift process of both electrons and
holes which is measured. For a ehp created at same point a, with electron drifting

from point a to point b, and hole drifting from point a to point ¢, the integral version
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of the Shockley Ramo theorem becomes

/ T o (=) {Viamo(@) — Viamo(®)} + (46) {Viamo(@) — Viamol€)}

X (6) {‘/ramo(b) - ‘/ramO(c)} (32)

The final charge signal, then, is seen to be simply proportional to the number of
charge carriers created, and the Ramo voltage successfully crossed without trap-
ping. If the charge signal is not trapped, then the ionization signal approximately

independent of the depth from crystal surface where it is created.
3.2 Phonon Signal

The phonon physics of ZIP detectors is much more involved than ionization sig-
nal. The phonons measured by the ZIP detectors are generated through several
distinct processes, with each having very different energy spectrum and transport
properties. They are measured at small time scale (on the order of 1-100us), before
they equilibrate and cause a rise in crystal temperature (This occurs on the order of
milli-seconds). For this reason, these are called “athermal phonons”. Since phonon
is technical term for vibrations/sound inside the crystal, the set of phonon detectors
employed by ZIP detectors effectively act as microphones. By comparing the amount
and delay in arrival of phonons at different detectors, the location of event occur-
rence inside a detector can be triangulated. This additional information is otherwise
lost if one opts to detect thermal phonon. This section discusses these different pro-
cesses for phonon generation and how they relate to the actual recoil energy (i.e., the
energy lost by the penetrating particle). It also introduces various physical quan-
tities of interest which may be inferred from the phonon pulse. The section also

describes the physics employed by the ZIP detector’s phonon read out technology,
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called Quasiparticle trap assisted Electrothermal feedback Transition edge sensors
(or simply QETS).

In addition to the bare details mentioned in this section, a complete discussion
warrants additional details on the transport, readout electronics, noise characteris-
tics, processing and calibration of obtained signal, etc. Since these are important
details, but do not directly relate to the results discussed in the dissertation, they are
mentioned separately in Appendix H. Since phonon interaction in the ZIP detectors
is an interesting, but involved topic interested readers may also refer to [235] and
CDMS theses on Detector Monte Carlo efforts [236, 237], presenting an extensive

study of phonon physics.
3.2.1 Phonon Generation

The phonons generated by a particle interaction originate from three distinct

mechanisms: primary phonons, recombination phonons and Luke phonons.
3.2.1.1 Primary Phonons

A penetrating particle interacts with the crystal either electromagnetically or
through nuclear recoils. The energy lost by the incoming particle is correspondingly
gained by the recoiling electron or nucleus inside the substrate. In relaxing back to
equilibrium, this initially displaced electron or nucleus deposits part of its kinetic
energy as phonons [227,240,241,258]. By subtracting the energy used to create an
ionization signal (in exciting Ng electron across the bandgap), one may estimate the

the amount of recoil energy deposited as primary phonons.

EPrimary = ERecoit — NQEg (33)

where Ey is the energy band gap of the crystal.
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3.2.1.2 Recombination Phonons

Once the charged particles(ehp) are generated, they may recombine if there is
not enough external electric field to drift them apart. In doing so, they release
the corresponding ionization energy back to the phonon system. Even when the
carriers do not recombine inside the crystal and are effectively mobilized towards
their respective electrodes, the corresponding ionization energy still appears in the
phonon system. This occurs because the electrons and holes recombine with free
charges at their respective electrodes, and each created pair releases the bandgap
energy in phonons [232]. This fails if charges are trapped on ionized impurities and
are prevented from recombining. Thus, the recombination phonons have a total
energy

ERecomy = NQEg (34)

3.2.1.8 Luke Phonons

Luke phonons (also commonly referred to as Neganov-Trofimov-Luke phonons)
are emitted analogous to Cerenkov radiation, but instead when the charge carriers
travel at the speed of sound in the crystal. This mechanism for energy dissipation
inside the crystal via phonon radiation was proposed by Neganov, Trofimov and
Luke [260,261]. The radiation of Luke phonons contributes towards additional energy
deposited in the crystal (not part of energy lost by incident particle), and is equal
to the work done on each charge by external electric field:

2Ng

Erwe=Ya | E.dz (3.5)

path

where, the sum is over each charge i (there are Ny electrons and N holes, so a total

_>
of 2Ny charged particles), and ¢; fpath ﬁ.daz denotes the work done by the applied
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electric field over the charged species i. If the electric field is uniform and the charge

carrier has elementary charge e (the charge of an electron), Eq. (3.5) becomes:
Eruke = €V} Z % (36)
—~ a

where V, is the applied bias voltage, a is the thickness of the crystal and d; is the
distance traveled by charge carrier 7. If the detector always has complete charge

collection, one obtains:

Eruke = eVuNg (3.7)

This is because the work done is independent of the position of the creation of the
charge pairs, which in turn is because the sum of the path lengths of the two charges
of a pair is always the thickness of the crystal (in the absence of trapping).

As discussed in Section 3.1, it takes an energy E.p, of 3eV (3.83e¢V) to produce
a single ehp in germanium (silicon) crystal. The measured ionization energy in the
ZIP detector is then given by Eg = NgFEe,. The Luke contribution to the phonon

signal becomes
eV
Eehp

Eruke = Eqg (3.8)

Thus, for case of complete ionization collection, if the ZIP detectors are biased at -3V
(-4V) for germanium (silicon), then the Luke phonon contribution is same as ioniza-
tion energy. The operation of detector at the specific bias has one more important
consequence. Although a relatively modest electric field of ~200mV /cm is suffi-
cient to achieve nearly full charge collection [238], the production of Luke phonons
allow increased sensitivity to measurement of events with low recoil energy. Addi-
tional phonon energy makes it easier to detect these events over the phonon noise.

However, an extremely large electric field will cause the recoil phonon contribution
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to total phonon measurement to be undermined by the presence of Luke phonons.
This hampers the original motivation of ZIP detectors to detect WIMP, as the ratio
of Tonization to Recoil energy is a useful measure in distinguishing nuclear recoil
(characteristic of WIMP signal), against possible electromagnetic backgrounds. It is
further discussed in Section 3.3.

Eq. (3.8) is initially obtained assuming complete charge collection. However, this
formula also remains true for case involving incomplete collection of charges during
to trapping of ehp. This is because when some charges get trapped in the crystal, the
loss in the ionization signal is in the same proportion as the loss to Luke phonons.
In case when total ionization signal is collected and the detectors are operated under
a bias of 3V (4V) for germanium (silicon) crystals, the total phonon energy is given

by:

ETotal = EPfrimary + ERecombination + ELuke

= ERecoil + EQ (39)

Since the ZIP detectors measure the total phonon energy (and not the recoil and
Luke phonons separately), it is necessary to use both ionization and total phonon
energy measurements to estimate the recoil energy, using Eq. (3.9). However, such

an estimation is more noisy than the charge and total phonon estimation alone.
3.2.2  Phonon Detection

As described in Appendix H.1, the phonons generated from particle interaction
inside the crystal quickly downconvert to <1THz ballistic phonons, of wavelength
comparable to crystal thickness. These ballistic phonons are collected in “Quasiparti-

cle trap assisted Electrothermal feedback Transition edge sensors” (QETs) patterned
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on the detector surface. The QET comprises of the main sensing element which is
a ~250pm long, 1uym wide, 40nm thick tungsten (W) transition edge sensor (TES)
with superconducting transition temperature 7, ~ 80mK; fed by a set of 10 alu-
minum (Al) phonon collector fins, each ~350um long, 50um wide and 300nm thick.
The entirety of aluminum fins cover ~15% of detector face. The TES serves as a
sensitive thermometer and the fins act as a reservoir, concentrating phonon energy
from a wide area onto the tiny TES. Detailed descriptions of the CDMs-1T QETs can

be found in a number of papers and CDMS theses [241, 243, 257-259].
3.2.2.1 Phonon Transfer to TES

At the 40mK operating temperature of ZIP detectors, the aluminum fins are
superconducting (7, =1.2K), and contain pair of electrons bound into “Cooper-
pairs”. Phonons with at least twice the superconducting gap energy (2A=0.36meV
or 87GHz) they can excite a Cooper pair to generate quasiparticles. This mini-
mum energy is much greater than the typical energy ~3.4ueV of thermal phonons at
40mK. Therefore, only energetic, athermal phonons can create quasiparticles. Since
the ballistic phonons have frequency <1THz, they create quasiparticles well above
the superconducting bandgap. These energetic quasiparticles relax by emitting ad-
ditional pair-breaking phonons and creating a cascade in which ~60% of the initial
phonon energy is converted into quasiparticles at the gap energy, while the remaining
energy is lost as sub-gap phonons [250].

These quasiparticles can then diffuse into tungsten transition edge sensors (TESSs)
connected to the end of the fin. Since the tungsten transition temperature is much
lower than aluminum, it has a lower value of bandgap ~25ueV. Thus, the phonons
again relax by rapidly emitting phonons and fall below the gap of the aluminum,

thereby getting trapped in tungsten TES [251]. This allows phonon energy incident
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on a large fraction of the detector surface area to be concentrated in small volume
TESs. As the quasiparticles diffuse in tungsten TES, they transfer their energy to the
electron system in tungsten film. The CDMS-II ZIP detector QET design was the re-
sult of a quasiparticle collection optimization [241], yielding a quasiparticle-collection
efficiency of nearly 25%. A schematic representation of the phonon trapping process

is shown in Fig. 3.2.
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Figure 3.2: A Schematic of athermal phonon collection and quasiparticle diffusion
in a QET. ~1THz ballistic phonons arriving at aluminum fins excite the cooper
pair beyond superconducting bandgap (~90THz) to create quasiparticles. These
quasiparticles diffuse into the tungsten TES (dark blue) and get trapped. The upper
part of the figure shows the downconversion process, where energetic quasiparticles
quickly downconvert to the gap edge by emitting phonons and creating additional
quasiparticles. Note that the bandgap in the Al/W interface region is suppressed
(compared to Al bandgap) due to the proximity effect (by presence of low bandgap
material, tungsten). Figure from [239].
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3.2.2.2  Phonon Measurement by TES

The TES are kept in a negative electrothermal feedback (ETF') loop to allow for
stable operation. In a negative ETF, the TES is voltage biased, just sufficiently that
the current flowing through it heats it via Joule heating (P = I[?R). The circuit
providing the voltage bias is described in Appendix H.2. Due to the deposition of
energy by quasiparticles, the sensor temperature and hence, its resistance increases.
However, since the sensor is biased at a fixed voltage, an increase in its resistance

V2
R

causes a reduction in Joule heating (P = *=), allowing the sensor to cool back to
its equilibrium point. The change in current through TES, as its resistance changes,
is measured to generate the measured phonon signal, as described in Appendix H.3.
The operation of TES, as described above, also requires that it is kept at cryogenic
temperatures. At low temperatures, the coupling of the electron and phonon systems
is small (with thermal conductance G oc T®). This provides a weak thermal link
between the electron system in the TES and the bath, allowing the TES to self-heat
into its transition, even though the substrate is maintained at 50mK. To be able
to use TES (when the substrate is at 50mk), it is fabricated using tungsten thin
films with a superconducting transition temperature (7,.) ~80mK. Operation at low
temperatures also allow for an extremely low sensor heat capacity. This helps in
obtaining larger temperature excursions for a given amount of energy deposited by
quasiparticles. Additional details on rather extensive topic of TES dynamics can be
found in [226,235].

To measure phonons generated anywhere inside the substrate, one of the faces
of silicon or germanium crystal (with the other face containing the ionization elec-

trodes) is instrumented with multiple phonon sensors. There are 4 such “channels”

for phonon measurement arranged in a quadrant, which collect the signal from 1036
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TES to create a corresponding electrical trace. To allow each TES in a channel
to operate independently from other sensors, and to be kept in a negative ETF
configuration, they are wired parallel to each other. The arrangement of phonon
measurement channels and TES is shown in Fig. 3.3. The intrinsically high resis-
tance of tungsten film ensures that the overall resistance of the channel remains
sufficiently high, despite the TES being operated in parallel to each other. A low
channel resistance affects the electrical readout scheme and associated noise band-

width, correspondingly discussed in Appendix H.3 and Appendix H.4.

[ [ 1
TRy

Figure 3.3: Physical layout of phonon sensors in ZIP detectors. One of the detector
is patterned with athermal phonon sensors divided into 4 quadrants labeled (A, B,
C, D). Each quadrant consists of 37 identical tiles consisting of 28 TESs each, giving
at total of 1036 TESs per quadrant, wired in parallel. The zoomed regions show
the Al absorbing fins(gray), 8 of which are connected to each TES (blue). Figure
from [239].

During operation, the TES is biased along its superconducting transition where
the slope (dR/dT) is sharpest, as shown in Fig. 3.4. This allows for maximal sen-
sitivity as any small temperature excursions about this point produces the largest
change in sensor resistance and electrical signal. For the TES in CDMS-II, the ETF

provides a characteristic recovery time of < 40us, while phonon-mediated events
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have a longer fall time ~250us.
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Figure 3.4: Resistance (R) of TES, as function of the temperature (T). To be kept
active and maximally sensitive, the TES is kept at the superconducting transition
edge, biased along the R(T) curve where the slope is largest. The value of Tc and the
transition width are characteristics of the tungsten films used for the ZIPs. Figure
from [231].

The above discussions make an implicit assumption about the phonon signal not
being large. When an event deposits large phonon energy, then the TES may be
driven outside the superconducting transition edge and become normal. In normal
state, the change in sensor resistance due to temperature excursions is greatly re-
duced, which in turn reduces TES responsiveness to phonon signal. An extreme
example of such a situation is shown in Fig. 3.5 where an entire phonon channel is
driven to saturation. This is countered by applying additional corrections to quan-

tities obtained after processing of phonon pulse, described in Appendix H.7.
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Figure 3.5: Example of pulses which saturates a phonon sensor by driving the tung-
sten completely normal. Figure from [243].

3.2.8  Information from Phonon Signal

As mentioned above, phonon sensors are fabricated on one of the faces of silicon or
germanium crystal (with the other face containing the ionization electrodes). There
are 4 such “channels” for phonon measurement arranged in a quadrant, with each
phonon measurement channel comprises of 1036 tungsten QETs wired in parallel
to each other (to keep them in a negative ETF configuration). This section looks
at typical phonon pulse (obtained from phonon readout electronics) and introduces
readers to various physically relevant feature on the pulse. A typical example of
phonon pulse, observed by ZIP detectors is shown in Fig. 3.6. The features to note

are:
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e The temporal separation between the charge pulse and the phonon pulses.
There is also a separation between the start-time of pulses corresponding to

different phonon channels.

e The difference in height (amplitude) of different phonon pulses.
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Figure 3.6: A typical CDMS-II event. The charge signals, being fast, are used to
tag the start of an event. “QI, QO” represents the charge signal traces in inner and
outer electrode. “PA, PB, PC, PD” represents phonon signal traces in the 4 phonon
channels. Depending on event location inside the detector, the amplitude of phonon
pulse (and their time-delay from charge pulse) is different. Figure from [236].

3.2.3.1 Basic Features in Phonon Pulse and its Physical Significance

Depending on proximity of different phonon measurement channels to the location

of event occurrence within the crystal (the event is the interaction of a penetrating
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particle with the crystal), they receive a larger flux of phonons if the channels are
located closer to the event occurrence location. Similarly, phonons arrive sooner
to a phonon measurement channel located closer to the event occurrence location.
This accounts for the observed behavior among phonon signals. Thus, the difference
between phonon amplitude and arrival time at different channels can be used as a
measure of the lateral location of event occurrence.

Another feature which is noticed is that the charge pulses arrive before the phonon
pulse. This is because the phonon propagation speed (~bmm/us in germanium and
~8mm/pus in silicon [231])is much slower than the drift speed of charge carriers
(ehp). It is for this reason that the charge pulse is used to denote the moment
of event occurrence within the crystal. It is also known that the temporal delay
of a fastest phonon pulse in comparison to the charge pulse would relate to the
depth of event occurrence inside the crystal. While irrelevant to LIPs analysis,
this information is used to distinguish valid WIMP scatter events from possible
electromagnetic backgrounds occurring close to the flat surface of the crystal [228-
231]. Due to the detector’s ability to provide an estimate for the depth of event
occurrence, they are termed as being sensitive along “Z-direction”, giving them the
name of “Z-sensitive Ionization and Phonon” detectors, or ZIP detectors.

While multiple measurements can be made out of the phonon pulses, two mea-
surements of primary importance to LIPs analysis are described below. These are

“Amplitude Based Position” and “Phonon Delay Based Position” estimation.
3.2.3.2  Amplitude Based Position Reconstruction

As mentioned above, the relative phonon amplitude in each channel can be used

to construct a quantity which relates to the lateral position of event occurrence within
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the detector. These quantities, labeled (xppart,yppart), are defined as

pc + pd — pa — pb

pt

d — pc — pb
yppartzpa+p ptpc P (3.10)

xppart =

where pa, pb, pc, pd are the phonon energies deposited in 4 phonon channels, usually
labelled as phonon channel A, B, C and D; pt = pa 4+ pb 4+ pc + pd, is the sum of the
four phonon energy from the four channels, and is the total phonon energy deposited
(The procedure to obtain phonon energy, or amplitude estimation is described in
Appendix H.5.1). Fig. 3.3 shows the convention for choosing (x,y) direction in re-
lation to four phonon sensors. The corresponding combination of positive/negative
sign with phonon channels are used to obtain the definition of (xppart,yppart).

Fig. 3.7 shows a typical example of distribution of (xppart,yppart). It has a
characteristic square shape and is traditionally referred as a “box plot”. The box
like shape is because of fact that as the lateral location of event occurrence inside the
detector moves away from the boundary between two phonon measurement channels,
a majority of phonon energy from the event gets absorbed in the single, closest
phonon channel. Thus, even if the events are widely distributed within the lateral
region spanned by a single phonon channel, they all tend to deposit a large portion
of total phonon energy in the corresponding phonon channel and get reconstructed

to almost similar values of (xppart,yppart).
3.2.3.83 Delay Based Position Reconstruction

Similar to the amplitude based position estimation, it is possible to estimate the
lateral position of event by measuring the relative delay in arrival of phonon pulses at

different channels. The phonon-delay based position estimation quantities, labeled
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Figure 3.7: A typical “box plot”. The (xppart,yppart) are quantities constructed
using phonon amplitude, defined in Eq. (3.10). They relate to the location of event
occurrence inside the detector.

(xdel,ydel), are defined as

rdel =

ydel =

PAr20 — PDr20
PBr20 — PCr20

PBr20 — PAr20
PCr20 — PDr20

Interaction in Channel A or D

Interaction in Channel B or C

Interaction in Channel A or B
(3.11)
Interaction in Channel D or C

where, 20 represent the time required by phonon pulse in correponding channel to

rise to 20% of its maximum amplitude from a common reference (Obtained using
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a “Walk” algorithm, described in Appendix H.5.2). The procedure is used to de-
termine PAr20, PBr20, PCr20 and PDr20 for phonon channels A, B, C and D
correspondingly. As shown in Fig. 3.3, the definition for (xdel,ydel) follows from the
arrangement of phonon measurement channel on the crystal surface.

Fig. 3.8 shows the distribution of (xdel,ydel). It is traditionally termed as “de-
lay plot”. Unlike phonon amplitudes, the phonon delay varies smoothly for events
distributed within the lateral region spanned by a single phonon channel. Thus, the
delay-plots do not show the box-like form exhibited by box-plots, constructed using
(xppart,yppart). The smallness of values spanned by the silicon detector’s delay-plot
is because the phonons cover similar detector size with a faster speed (Phonon speed

for silicon is ~8mm/us, and germanium ~5mm/us).
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Figure 3.8: A typical “delay plot”. The (xdel,ydel) are quantities constructed using
phonon delay relative to charge signal, defined in Eq. (3.11). They relate to the
location of event occurrence inside the detector. The smallness of values spanned by
the silicon detector’s delay-plot is because the phonons cover similar detector size
with a faster speed.
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3.2.3.4 Foldback

After being created at the site of interaction, the phonons quickly downconvert
into low energy, large wavelength ballistic phonons. As the ballistic phonons propa-
gate, they reflect from crystal surface till they are absorbed by the phonon sensors.
This phonon reflection creates a “Foldback” feature in the delay and amplitude based
position estimation. Phonons from the events occurring close to the curved cylindri-
cal surface of the crystal, reflect from the curved surface and get distributed among
the 4 phonon measurement channels in such a manner that an estimation of am-
plitude based position (xppart,yppart) places such events as occurring in the bulk
of crystal (closer to the cylindrical axis). This feature, where the events occurring
at large radii get estimated as occurring close to the cylindrical axis of detector, is
called “Foldback”. Presence of foldback, both in amplitude and delay based position
estimation, is shown in Fig. 3.9. Due to foldback, the delay/amplitude based posi-
tion estimation and the physical location of event occurrence do not relate through

a functional dependence.
3.3 Yield of Ionization versus Phonon Signal

For the set of interactions between a substrate and uncharged particle occurs via
a nuclear recoil type event and the energy lost by incident particle is lost to the
substrate nuclei. Such a recoil creates low ionization signal, and proportionately
higher phonon signal (This is not relate to nucleus being lattice bound [236]). The
“quenching” of ionization signal as compared to phonon signal for nuclear recoils is
energy dependent and different for silicon and germanium targets, as explained in
the papers by Lindhard [254,255]. Conversely, an electromagnetic recoil type event
deposits energy in the electron sea of the substrate. Since electrons are light and not

bound inside the crystal, they can move a longer distance and create more ehp. A
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Figure 3.9: Left to right: Exhibiting “Foldback” in distribution of (xppart, yppart),
(xdel,ydel) and for a small subset of events, the distribution of (rdel,rppart) is shown.
(xppart,yppart) is defined in Eq. (3.10). (xdel,ydel) is defined in Eq. (3.11). Two new
quantities are defined, rppart = \/xppart? + yppart? and rdel = /xdel® + ydel?.
The events in red occur at high radius, close to circular boundary of detector, and
are selected by requiring large ionization signal in outer charge electrode. The events
in blue are required to have large ionization signal in inner charge electrode. Figure
taken from [236]

quantity, “Yield” (Y'), or ionization yield, can be defined as the ratio of ionization
to recoil phonon energy.

Y = Eq/Epecoit (3.12)

3.83.1 Distinction by Yield

An example of the ionization yield measured for nuclear recoils from the 2*>Cf neu-
tron source and electron recoils from the ¥3Ba gamma source is shown in Fig. 3.10.
The yield for electromagnetic recoil type events is 1, and the yield for nuclear re-
coil type events is ~1/3. Thus, the ionization yield can distinguish between nuclear
and electromagnetic recoil type events. Above ~5keV, there is a clear separation
between the bulk of the nuclear and electromagnetic recoil distributions. However,
at low energies the populations begin to merge because the ionization signal starts
to become comparable to noise. The increased fluctuation in ionization signal (Eq)

and in estimation of recoil phonon (Noise in charge signal affects estimation of re-
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coil phonon because latter is obtained by subtracting ionization from total phonon
energy) causes a widening and merging of the two yield bands.

Although an electromagnetic event has a yield of unity, it is possible to obtain
similar type events which have lower yield. These are events where the ionization

signal is incompletely measured.

Tonization yield

100

Recoil energy [keV]

Figure 3.10: Ionization yield versus recoil energy for 33Ba calibration data (red),
which primarily consists of electromagnetic recoil events from Compton scattering
of ~vs; and #2Cf calibration data (blue), which primarily produces neutron-induced
nuclear recoils. The black lines indicate the 20 confidence yield bands for the
corresponding type of recoils. Figure taken from [239].

3.3.2  Charge Trapping

There are 2 main processes causing charge trapping. “Sidewall Trapping”, dis-

cussed below, can cause valid electromagnetic recoil type events to have incomplete
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charge collection and have yield as low as 0.1.

e Trapping on Charged Impuritities: Charged impurities in the crystal bulk
can trap ehp formed from particle interaction. These are discussed in detail
in Appendix G.1. However, they do not affect the data because their effects
are “neutralized” before detector starts taking data, and it remains maintains

for~8 hours more. Detector neutralization is discussed in Appendix G.2.

e Sidewall Trapping: An additional trapping is due to “Sidewall trapping”.
At the bare cylindrical surfaces of the crystal, the periodicity in atomic ar-
rangement in lost and the energy levels become much harder to predict. The
irregularity in spatial topology and presence of dangling bonds at the sidewall
create a highly irregular band structure in which drifting charges get trapped.

The loss in ionization collection can cause yield to go as low as 0.1 or lower.

3.3.83 Surface Fvents

These low-yield events are due to interactions occurring very near the surface of
the detector, where the ionization can be incompletely collected. When an event
occurs near the surface of the detector, the charges produced are hot (energy much
higher than band minimum) and they may diffuse into the wrong electrode before
the drift field has a significant effect on their motion. As an example, for an event
occurring near the negatively biased electrode, the electrons formed may be energetic
enough to diffuse into the negatively biased electrode, rather than drifting towards
the detector face which is grounded. The charge cloud produced by a recoiling
particle may also shield itself because the separating charges have dipole fields that
counter the drift field [232]. The region with incomplete ionization collection is

termed as “dead layer”, and exists within 10-20um of the detector surface [238].
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The effect of the incomplete ionization collection (from events occurring close to
detector surface) is clearly seen in a plot of the ionization yield for calibrations using
a collimated '"°Cd source, shown in Fig. 3.11. This source has x-ray and v lines at
22keV and 88keV, as well as mono-energetic electrons at 63, 85 and 88 keV due to
internal conversion of the . The 88 keV ~ and 22 keV x-rays primarily interact in
the bulk of the detector and lie around an ionization yield of 1. In contrast, the range
of mono-energetic electrons, also shown in Fig. 3.11, does not allow them to go past
the dead layer. These electrons interact within the dead layer and have suppressed
ionization yield. In addition to the fully collected events, a broad energy distribution
of low-yield events is seen due to back-scatter of electrons that do not deposit their

full energy in a single detector.

Electron Range vs. Energy
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Figure 3.11: Left: Data for a collimated °°Cd source. Fully collected bulk electro-
magnetic recoils appear in the corresponding 20 band (red), including v and x-ray
lines at 88 and 22keV. Surface events, primarily due to the internally converted elec-
tron from the source have reduced ionization collection and can leak into the band
(green) corresponding to 20 nuclear recoil type events. Figure taken from [239].
Right: Electron range inside silicon and germanium. Figure taken from [237].
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3.4 Installation

This section describes the installation of ZIP detectors, fabricated on germanium
and silicon crystals, in Soudan Underground Labs in Northern Minnesota. In par-
ticular the section describes the key features of detector installation which allows
the possibility to analyze the data for LIPs, even though the data was obtained
with an original motivation to search for WIMPs. A detailed discussion on detector
installation is provided in Appendix I

The CDMS collaboration fabricated 30 of these detectors among which 19 of them
were made of Ge and 11 were made of Si. These detectors are installed in Soudan
Underground Labs (SUL), situated in northern Minnesota. The lab is on the 27th
level of a decommissioned iron mine, at a depth of 714 m below the surface. The
rock overburden at the SUL provides a cosmic ray flux that is equivalent to 2090
meters of water overburden, reducing the muon flux by a factor of 5-10* relative to
the flux at the surface (the remaining muon flux is <1 per minute). The reduction
in muon flux is imperative to obtain a reduction in cosmogenic neutron (produced
interaction of high energy, cosmic muons with materials surrounding the detectors,
through muon-induced nuclear disintegration or various secondary processes within
muon-induced hadronic and electromagnetic showers), which is a major background
for WIMP analysis. Since LIPs are fractionally charged, their flux will not be as
much reduced as muon flux. This allows a possibility to detect LIPs despite the
detectors being installed underground.

Since the mine rocks contain trace amount of radioactive elements, additional
concentric layers of shielding are installed covering the entire detector. On the out-
ermost is a hem thick layer of plastic scintillator panels allowing a minimum ionizing

muon to deposit sufficient energy to be detected. These cosmic muons can interact
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with other materials around the detectors and create cosmogenic neutrons. Going
from outside to inside, after the scintillator layer, there are layers of 40cm thick outer
polyethylene layer, 18cm thick outer Lead layer, an inner 4.5cm thick layer of “an-
cient lead” with low radioactivity levels (lower ?'°Pb) and a 10cm thick innermost
layer of polyethylene. The layers serve to reduce backgrounds from energetic x-rays,
~-rays and radiogenic neutrons. Immediately inside the innermost polyethylene layer
is a 2mm thick mu-metal shield to prevent the inside region from external magnetic
field. This is necessary because QET signals are read out using SQUIDs, which
would respond to external magnetic field and its variations. Inside the mu-metal
shield are set of concentric copper cans called “Icebox”, and the detectors are kept
inside the innermost can. The region between the mu-metal and outermost can is
purged with nitrogen (from boiling-off liquid nitrogen) to prevent radioactive radon
gas from entering the region. A 3He-*He dilution refrigerator from Oxford Instru-
ments is thermally connected to various layers of the icebox, and used to cool the
detectors to ~40mK (The detectors are kept separate from the fridge to prevent the
exposure of former from radioactive contaminants in latter). The setup of different
layers of shielding around detectors provide a low background environment suitable
for detection of particles with small interactions cross-section. Traditionally, it is
employed for WIMP analysis, but is used for LIPs analysis presented in this disser-
tation.

The CDMS-II experiment employs 30 ZIP detectors made using silicon or ger-
manium substrate, and stacked inside the innermost can in 5 vertical towers, each
containing 6 detectors, as shown in Fig. 3.12. The ZIP detectors in a tower are
arranged adjacent to other detectors and are vacuum separated by ~2.2mm. The
vertical arrangement of multiple detectors within a tower allows discrimination of

relativistic LIP signal by requiring them to interact with all detectors in a tower
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along a straight path.
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Figure 3.12: Arrangement of 30 ZIP detectors in 5 vertical towers (T), each contain-
ing 6 ZIP detectors (Z). The detectors are fabricated on either silicon (orange) or
germanium (green) substrate. Adapted from [231].

ZIP detectors are fabricated on cylindrical crystal of high purity germanium or
silicon. The substrate is either made of p-type or n-type semiconductor crystal. It
is 1 ecm thick and 3 inches in diameter. The outer edge of the crystal has five flats,
as shown in Fig. 3.13, in order to facilitate alignment and handling. There are two

major flats at the north and south positions, separated by 7.22 ¢m; two minor flats
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T4

3.5 ZIP Detector Substrate
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at east and west, separated by 7.55 cm; and a small fifth flat at the northwest, with
a distance of 3.77 cm to the center. The exact position of the fifth flat indicates
the orientation of the crystal axis, [242]. The cylinder axis of each detector is either
oriented along a (100) crystal axis (centered at 45°) or (111) [228,231] (centered at

30°).

3.77cm

' 7.22cm
ﬂEL
7.55cm

k 3.81cm

Figure 3.13: Geometry of a ZIP detector substrate as seen from the top, showing all
flats. The major flats are at top and bottom, and the minor flats are at right and
left. The small fifth flat is at 45° in top left position, indicating a (100) crystal axis.
Figure from [231,242].

The substrate material used to make the ZIP detectors are prepared with low
impurity and dislocation concentrations (~10"impurities/cm?® and less than 5000
dislocations/cm? for Ge) to ensure that the electron hole pairs created due to inter-
action of a particle within the substrate gets collected at the electrode and does not
get trapped within these defects. A detailed information on material property used

to fabricate the 30 ZIP detectors is listed in Table 3.1.



Table 3.1: List of CDMS-II detectors names, material used as substrates, thicknesses
and masses. The difference between boules A, B and C are the doping type and
the impurity concentrations. Boule A has an impurity concentration of 9.5-101° —
10"em ™3, Boule B has 2.7 - 101 — 4.7 - 10Ye¢m™3), and Boule C has 8.5 - 1010 —
1.9 - 10"em™3 [231]. The CDMS-II experiment employs 30 ZIP detectors stacked
in 5 vertical towers, each containing 6 detectors. The name “T'17Z1” refers to the
substrate corresponding to Detector-1 in Tower-1.

Detector Name Material Thickness (cm) | Mass (g)
T17Z1 Ge (n-type boule A) 9.65+0.05 230.5
T17Z2 Ge (n-type boule A) 9.53+0.23 227.6
T1Z3 Ge (n-type boule A) 9.18+0.05 219.3
T1Z4 Si (n-type boule A) 10.00£0.05 104.6
T175 Ge (n-type boule A) 9.18+0.05 219.3
T176 Si (n-type boule A) 10.0040.05 104.6
T271 Si (n-type boule A) 9.70+£0.05 101.4
1272 Si (n-type boule B) 10.00£0.05 140.6
T273 Ge (n-type boule A) 9.18+0.05 219.3
T274 Si (n-type boule B) 10.00£0.05 104.6
T275 Ge (n-type boule B) 10.00£0.05 238.9
T2Z6 Si (n-type boule B) | 10.0040.05 104.6
T371 Si (n-type boule B) 10.00£0.05 104.6
T372 Ge (n-type boule B) 9.6840.05 231.2
T3Z3 Si (n-type boule A) 10.0040.05 104.6
T37Z4 Ge (p-type boule C) 10.00+0.05 238.9
T3Z5 Ge (p-type boule C) | 10.00£0.05 | 238.9
T376 Ge (n-type boule B) 9.7040.05 231.7
T471 Si (p-type boule A) 9.70+0.05 101.4
T472 Ge (n-type boule A) 10.00£0.05 238.9
T473 Si (n-type boule A) 9.70+0.05 1014
T474 Ge (p-type boule C) 9.82+0.23 234.6
T475 Ge (p-type boule C) 9.7140.05 231.9
T476 Ge (p-type boule C) 10.00+£0.05 238.9
T571 Ge (n-type boule A) 9.40+0.23 224.5
T572 Ge (p-type boule C) 9.61+0.23 229.5
T523 Si (n-type boule B) |  9.7040.05 101.4
T57Z4 Ge (n-type boule B) 9.4040.05 224.5
T57Z5 Ge (p-type boule C) 9.8340.05 234.8
T576 Ge (n-type boule B) 9.3640.05 223.6
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4. ANALYSIS

This section describes the analysis of data obtained by CDMS detectors, to search
for lightly ionizing particles (LIPs).

Section 4.1 describes the mathematical calculation underlying the LIPs analysis
and the corresponding physical quantity of interest reported by the analysis. Per-
forming the analysis requires modeling the interaction of LIPs with CDMS detectors,
and is described in Section 4.2. Additionally, an understanding of the detector work-
ing principle, installation and data processing (provided in previous chapter, Sec-
tion 3), is necessary to design an analysis paradigm to allow interpretation of CDMS
data towards a LIPs search. It is described in Section 4.4. Section 4.5 applies this
knowledge on the physical data, performs an analysis to search for LIPs and presents
the corresponding result. Since this is a first effort towards performing a LIPs search
on CDMS data, few aspects of the analysis still have scope for improvement, and is

described in Section 4.6.
4.1 Mathematical Framework

The science question asked by LIPs analysis is as follows, “Given that the detector
are operated for a certain number of time, and have a certain efficiency (probablity)
towards observation of LIPs incident at any angle (from the vertical); If a certain
number of valid signals N are observed, then it implies that the total flux of incident
LIPs passing through detectors would be less than or equal to a certain amount.
Stated with 90% confidence, what is that flux value? The remainder of the section

elaborates this question, introducing and mathematically defining related terms.
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4.1.1 LIP Detector

The detection-unit used in LIPs analysis is not just one ZIP detector, which is
the unit used in WIMP analysis [11], but a vertical stack of 6 ZIP detectors arranged
in a tower (as shown in Fig. 3.12, and described in Appendix 1.4). It is required
that only an “event” where simultaneous non-zero signal is generated in all 6 ZIP
detectors of a tower is considered as being caused by a LIP. The detailed reasoning

behind employing such a criteria is described in Section 4.5.6.
4.1.2  Flux

It is the primary quantity of interest sought in the LIPs analysis, and is labeled as
I%° (the superscript 90 denotes that the reported flux value can be stated with 90%
statistical confidence). It denotes the effective flux of LIPs passing through the “LIP
detector” (vertical stack of 6 ZIP detectors in a tower), and includes contribution
both from vertically incident LIPs and from those which strike the detectors at a
certain angle from vertical (polar angle). However, the contributions from the latter
are weighted by a cos(f) factor, where 6 is the polar angle, as shown in Eq. (4.1).
This weighting is done because the LIP detector is only sensitive to vertically incident
LIPs; horizontally incident LIPs strike only 1 detector (out of a stack of 6 ZIP
detectors) and are inherently rejected based on the requirement for a valid LIPs
signal to interact with all 6 vertically stacked ZIP detectors. It if for same reason

that the subscriptv is used in the label I9°.

®/2 pon
I = /9:0 /¢:0 I,°(0, ¢)cos(0) - sin(0)d(0) - d(o) (4.1)

where, € is the polar angle, ¢ is the azimuthal angle. I°(6, ¢) is the corresponding

angle dependent LIP flux interacting with the LIP-detector. However, its exact
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nature is not of interest. The # integral is stopped at m/2 by asserting that only
downward going LIPs exist, i.e. no LIPs are coming out from Earth (as described in
Section 4.3)

By basic definition of flux, it can be written that:

0 = (N—go> (4.2)

T -0

where, 7 is time for which the detectors are kept running. N is the 90% con-
fidence estimate on the number of events observed within the CDMS data due to
possible LIP interaction with the LIP-detector. The estimate for N depends on
the number of events observed in the data and the total background estimate for
the analysis (backgrounds are detected events which aren’t caused by LIP, but still
leave a deposition signal in detector similar to a LIP). Consider an example: the
total background level is much less than a single event, and =0. Thus, the total
events observed is only due to LIPs. Also consider that after the analysis, 0 events
are found. However, one may say that the process of observing LIP induced event is
probabilistic in nature, and it is just by chance that 0 events were seen. Assuming
Poisson distribution (since the probability of observing LIPs is very small, and only
0 events were obtained), one may assert that even if the actual number of events ob-
served were 2.3, there is a 90% probability to observe only 0 events, as was reported
by the analysis. Thus, with 90% confidence, one may say that the observance of 0
events is due to statistical fluctuation where the actual number of events should have
been <2.3. In this example, N%9=2.3, not 0. ¢ is the cross-section for the same (LIP
interaction with the LIP-detector). The cross-section (o) changes for particles with
different electromagnetic charges fe, where e is the charge of electron and f is the

ratio of charge of LIP to the charge of electron. To show this dependence explicitly,
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the cross-section is henceforth written as o(f) to denote the same. In general, the
same is also true for N%° (if the criteria used to select possible LIP event is dependent

upon its fractional charge). Thus, the dependence also shows up in the value of flux

- (240 13)

inferred from the analysis.

4.1.8 LIP Interaction Cross-section

Stated simply, the cross-section (o (f)) for interaction between LIP and LIP-
detector is the product of cross-sectional area of the LIP-detector, A, (same as cross-
sectional area of 3-inch diameter ZIP detector), and the charge dependent probability
for LIP interaction with LIP-detector, P(f). Thus, one may rearrange Eq. (4.3) to

obtain

N (f)=L"(f) 7-A-P(f) (4.4)

and interpret it as, “The LIP-induced events observed in LIP-detector depends on
the time for which the detector is operated and the rate of incidence of LIPs over
the detector of area A, scaled by the probability that a LIP also interacts with the
LIP-detector after being incident on it”. Without loss of generality, one may assert
that the probability for LIP interaction (with LIP-detector) is also dependent upon
the polar (6) angle of the incident LIP (since the detector is cylindrically symmetric,

there is no intrinsic dependence on the azimuthal angle, ¢).

w/2 27
P(f) = / /¢ PO 1) sin(@)6) - d(0)
w/2

P [ /9 P(:) - sin()d(0) (4.5)
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The 6 integral is stopped at /2 for similar reason applied in Eq. (4.1), i.e., by
asserting that only downward going LIPs exist and no LIPs are coming out from

Earth (as described in Section 4.3).
4.1.4  Interaction Probability

There are 3 main considerations which guide the structure of interaction proba-
bility (P(0; f)), described below.

The LIP flux incident on LIP-detector with non-zero polar angle is scaled by a
cos(0) factor, as shown in Eq. (4.1). Similar considerations require that a cos(f)
factor be included in the definition of P(0; f).

While defining a LIP-detector, it is mentioned that for an events to considered
as being caused by a LIP, simultaneous non-zero signal must be observed in all 6
ZIP detectors of a tower (a detailed reasoning behind employing such a criteria is
described in Section 4.5.6). However, LIPs incident with non-zero polar angle won’t
simultaneously pass through the vertically arranged stack of ZIP detector, as shown
in Fig. 4.1. A suitable factor, F'(#) is introduced to account for this effect, defined in

Eq. (4.6). It being a geometric factor, is not dependent on the charge of LIP, or fe.

FO) =2 [RQ Ly ReH- sméa) .tcm(e)] R0 < tan-! (%)

2R
_ -1
=0 0 > tan ( 7 ) (4.6)

where, R is the radius of each ZIP detector, H is the height of tower (i.e. height

of 6 ZIP detectors and the sum of gap between 5 detectors), 6 is the polar angle in

Htan(0) )

radians and « is defined such that a = cos™! < R

Ezcluding above factors, the requirement for a valid LIP signal to interact with

each LIP detector itself occurs with a probability. Since a LIP-detector is made of 6
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Figure 4.1: For non-vertically incident LIPs (at angle #), not all particles incident at
top surface of uppermost detector also exit through the bottom surface of lowermost
detector of the tower. This introduces a theta-dependent geometric efficiency in
detection of LIPs by the stack of 6 ZIP detectors, also called “LIP-detector”. Valid
LIP signal are shown in black and those rejected are shown in red. The path of LIPs
within the LIP-detector is dashed.

stacked ZIP detectors, the LIP interaction probability for all 6 ZIP detector need to

be multiplied with each other.

P(0; f) o< TI_, Py1p,(6; f) (4.7)

Calculation of LIP interaction probability for each ZIP detector involves multiple

factors, described below:

e There is a certain probability for LIPs to deposit energy inside the detector,
Ppet (Epep, f,0). However, the probability distribution gets smeared due to
finite energy resolution of the detector, Resope:(Enres). In the following anal-
ysis, it is empirically obtained by analyzing the data collected by detector

itself, as described in Section 4.2.4. So, it depends on the energy measured by
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the detector. But, to a first approximation, Resopei(Enres) = Resopet(Epep)-
By performing the resolution smearing, one obtains the probability distribu-
tion corresponding to energy measured by detector as it interacts with LIP,

PDet (EM687 f: 9)

PDet (EM687 fa 0) = PDet (EDep) f7 9) * ReSODet(EMES) (48)

where ‘x’” denotes the convolution operation. Additionally, it needs to be noted
that the probability for deposition for certain energy inside detector depends on
the material used to construct the detector (germanium/silicon substrate) and
on the number of interactions a LIP undergoes inside the detector (discussed
in Section 4.2). The latter depends on detector thickness and the quantity
f?/cos(0) instead of independent dependence on f and . For different detec-
tors made of same material (Si/Ge) and same thickness (1cm), the probability

distribution for measured energy is Ppes (Enses, f2/cos(0))

It is also required that the detector be able to measure the deposited energy,
which may not always occur. This introduces a detection efficiency factor,
Effpet(Epes). Primarily, it is not due to the inability of the detector to
measure the deposited energy, but due to the variations in associated physical
properties of the event making it resemble closer to a background than to a
LIP signal. The variations may occur due to detector resolution. A calculation
of this efficiency factor is done using data collected by detector itself. So, it

depends on the energy measured by the detector.

Even if an there is a non-zero probability of energy deposition by LIPs as it

interacts with detectors, and also that the detector is able to measure it; such
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a capability won’t be of any use if the energy range is outside the analysis
region, bounded by some upper and lower energy threshold for LIPs analysis
(Eh pigh and Eyp 101). The thresholds may themselves be set separately for each

detector.

Using above considerations, the probability for LIP interaction within a single ZIP

detector is:

Eth,high;i

Pain(6: ) = / Pous, (Brtess £/05(0)) - Ef fou (Ertes) - d(Enres)  (4.9)

Eth,low;i

Combining all the above consideration, Eq. (4.6 - 4.9), one obtains:
P(0; f) = [T, Pzrp,(0; f)] - F(0) - cos(6) (4.10)

4.1.5 FExtra LIP-detector Efficiencies

The above calculation assumes that if a LIP event is detected by each ZIP detector
(making up the LIP-detector), then the event is automatically selected as a valid
LIP event. There exist additional analysis criteria which prevent it from always
happening. As an example, one may require that the energy deposition in all 6
detectors occur with a distribution as expected for an event caused by LIP of certain
fractional charge. If the criteria is not met, then the event is labeled as being caused
by a background and not by a LIP. Thus, even though every detector comprising the
LIP-detector signaled the occurrence of an interaction within it, the event may still
get discarded. More of such criteria are qualitatively described in Section 4.4. It is
possible that the statistical criteria mistakes an actual LIP induced event as occurring
due to background. This introduces a corresponding efficiency factor (efficiency of

the statistical criteria to identify an event as being caused by LIP), and is labeled
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as Ef frrp—pet- In the current analysis, the construction of such criteria is done in a
manner that the corresponding efficiencies are at most dependent upon the fractional

charge of the LIP (described in Section 4.5).
4.1.6  FEquation of Interest

Combining Eq. (4.3 - 4.5) and Eq. (4.10), and the E'f fr1p_pe: factor, one gets:

NP (f)
T 2m A Effrip-per [ /2 A5 Py, (0; £)} - F(0) - cos(6) - sm(e)d(e)]

(4.11)

The 6 integral is stopped at m/2 for similar reason applied in Eq. (4.1), (4.5), i.e.,
by asserting that only downward going LIPs exist and no LIPs are coming out from

Earth (as described in Section 4.3).
4.2 Modeling LIPs Interaction with Detectors

The term “Modeling LIPs Interactions” imply obtaining an understanding of
energy loss process as a LIP interacts with the 1cm thick crystal substrate. The in-
teraction of LIP within the substrate is a statistical process with inherent fluctuation
in the distance between two consecutive collisions and the energy deposited in each
collision. Tt is due to these fluctuations that the existent details/estimates on average
stopping power (average energy lost by an incident particle as it travels through the
substrate), described by “Bethe Equation” [14,278], may not be used for this analy-
sis. Average stopping power estimate inherently assumes that the detector is of very
long length and has no minimum or maximum threshold (i.e. all energies deposited

in the detector are finally measured). However, the CDMS detector substrates are of
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finite thickness and the number of interactions occurring inside them will statistically
fluctuate, specially for very low fractional charges where <1 interaction may occur
on average inside the substrate. In each interaction, the physical value of energy
lost by the LIP can vary. Lastly, there may exist lower and upper threshold to the
event energy, i.e. events with energy deposition in a detector being outside the range
bound by the lower and upper threshold are not used in LIPs analysis (described in
Section 4.5.4). To account for these effects towards calculation of LIPs flux incident
on detector (the final science goal of the analysis), I2°(f) , it is necessary to model

the energy loss and associated fluctuations as LIPs interact within a detector.
4.2.1 Collision Cross-section

As the LIP interacts and passes through a detector, the energy lost is imparted
to electrons, either creating an excitation of bound and unbound atomic states or as
Rutherford-like scatters imparting large energy to them. The excited “hot” electron
then relaxes by exciting additional electrons and/or phonons. A Monte Carlo of
such relaxation in silicon is discussed in [244]. In this section, it is the former process
which is of interest, i.e. understanding the process by which LIPs lose energy in the
detector, and not the processes guiding the redistribution of the deposited energy
(via creation of multiple electron-hole pairs (ehp) in the vicinity of particle track, and
in creation of phonons, measured by the detector). This also allows an understanding
of the probability distribution for LIPs to deposit a given energy in a single collision
with the electrons of the detector substrate.

Assuming that the electrons are freely existing, its interaction with a heavy LIPs
(more massive than electrons) of charge fe is described by the Rutherford differential

cross-section (dependent upon the energy transferred F in a single collision and the
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ratio of speed of incident heavy particle to speed of light in vacuum £) [11,271]

(daR<E; B f)) _ 2mrmecf? (1= BB/ Ba) (412

dE oR E?
where, 7., m,. is the classical radius and mass of electron, ¢ is the speed of light in
vacuum, and E,,q, ~ 2m.32c*y? is the maximum energy transfer possible in a single

collision, v = \/11? The differential cross-section changes insignificantly with [~

in the relativistic region (v 2 4) [272]. Within a single collision, these kind of “hard
interactions” are the primary reasons for transfer of high energy to the electron, but
they occur with a very small probability.

However, the electrons in a real detector are bound inside the atom and the atoms
are bound inside crystal. In interacting with atoms, the incident particle undergoes
additional “soft interaction” in which the atom as a whole absorbs a virtual photon,
in addition to Rutherford scattering (In quantum field theory, the electromagnetic
interaction between charged particles are postulated to occur via exchange of virtual
electromagnetic photons, or simply, “virtual photons”). The energies involved in such
collisions are characterized by the atomic structure of the material and the collision
cross-section sharply increases in the region of the photo absorption edges, i.e. when
the energy of virtual photon is sufficient to ionize the electrons from an atomic orbital
[272]. Since the electromagnetic field of a moving charged particle can be described as
expanding in the transverse dimension as its velocity approaches the phase velocity
of light in the medium, the energy loss cross-section grows logarithmically with the
B~ of the particle. In a medium of finite density, the dielectric properties modify this
electromagnetic field, limiting its expansion, and stopping the logarithmic growth in
the cross-section [272]. These effects (in addition to the Rutherford cross-section)

are accounted in the final collision cross-section by introducing an energy dependent
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“inelastic form factor”,

(dffc(fé@, f)) _ [FF(E). (dJR(fE;’B7f)) (4.13)

A detailed understanding of the “inelastic form factor” is one of the continuing
studies in high energy physics, extending over the entire last century, starting with
studies on classical stopping of a fast heavy charged particle by an electron bound
in a harmonic potential [273,274], derivation of an expression for a cross-section
(doubly differential in energy loss F and momentum transfer K') using the first Born
approximation for inelastic scattering on free atoms [275] and extension of the same
for solids [276]. Additional details may be obtained in [14,278]. In the dissertation,
an approximate method, known as Photo Absorption Ionization, or, PAI model [272]
(also called Fermi Virtual Photon method, FVP, or WeizsdickerWilliams approxima-

tion) is used to obtain the inelastic form factor, as described in Section 4.2.2.
4.2.2  Photo Approzimation Ionization Model (PAI)

The details of the Photo Approximation Ionization Model (PAI) is discussed
in [272]. Utilizing concepts from the semiclassical radiation theory, it obtains the
energy loss as the the work done against the incident LIP by an electric field generated
inside the substrate with given dielectric constant (assumed to be isotropic), as the
particle passes through it. The energy loss is dictated by the imaginary part of
complex dielectric constant of the substrate es(FE, P), which depends on both the
energy, F, and momentum, P, transferred to the substrate as the particle interacts
with it via virtual photons. The particular feature of the PAI model is that it
approximates es(E, P) as shown in Eq. (4.14). The first terms corresponds to the
case when the momentum transferred by the virtual photon is much less than the

energy, creating a dipole-like excitation of the atom. [272] refers it as the “resonance
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region”. The second case is for the case of large momentum transfer and allows
the approximated form of complex dielectric constant to match the “Bethe sum

rule” [275]. [272] refers it as the “quasi-free region”.

(B, P) = % {GV(E) “H (E - P—Q) — /OE o (E)-6 (E— 5—2) -dE] (4.14)

2m m

where N is the number of electrons per unit volume of the material comprising the
detector substrate, Z is its substrate’s atomic number, m is the mass of electron, ¢
is the speed of light in vacuum, and o, (E) is the photoattenuation cross-section and
o, (E) = £2 (%), €1(E) and e(E) are the real and imaginary part of dielec-
tric constant as experienced by a photon inside the detector substrate (It should be
noted that [272] describes 0., (E) as the photoabsorption cross-section. However, co-
herent scattering inside a silicon/germanium substrate can be measured as phonons.
Thus, for the purpose of this dissertation, the photoattenuation cross-section is used).
Fig. 4.2 provides an example showing the difference between the approximation and
estimates based on rigorous calculations.

As referred from [272], the above approximation is used to construct the differ-

ential cross-section for energy lost by a LIP (of charge fe) to a single electron inside

the substrate do(F; f)/dFE, and is given by

do(E (B 172 1
0o (5B
a o,(E) 2mc? B a 1 [Po/(E) .
321 EZ l”( E )+B27rﬁ/0 7
do(E; f) do(FE)
— f? (—dE > (4.15)

where the definitions from Eq. (4.14) follow, along with « is the fine structure con-
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Figure 4.2: Generalized oscillator strength (f(F, K)) for Silicon for an energy transfer
E of 652.8eV to the 2p-shell electrons, calculated with HermanSkilman potential
[277]. The horizontal and vertical line define the PAI approximation. Along with
the definitions from Eq. (4.14), P is the momentum transferred by incident particle,
K = P/h, ay is the Bohr radius, f(E, K) = ;5= (&, K). Figure taken from [279].

stant, [ is the ratio of speed of particle to speed of light in vacuum (the follow-
ing calculations assume § = 0.95. A reason is mentioned in Section 4.3), © =
arg (1 — €;8% + iex3?), and % is the differential cross-section for energy lost by a
incident heavy particle of charge e to an electron inside the substrate, via electro-
magnetic interactions. The ratio of the differential cross-section with the integrated
interaction cross-section gives the probability for corresponding energy deposition
within a single collision.

The interpretation of various terms in Eq. (4.15) follows from [272]. The first two

terms are referred to as the transverse cross-section. They come from the magnetic

vector potential term (in the Coulomb gauge) for which the electric field is transverse
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to the direction of virtual photon momentum. For e3(E) = 0, the ln(l_ﬁ%EJ factor is

responsible for the logarithmic rise in the cross-section for energy loss, as described
in Section 4.2.1. In the similar limit, the second term describes the emission of
Cerenkov radiation. The third and fourth terms are known as the longitudinal cross-
section. They come from the electrostatic term (in the Coulomb gauge), which
has the electric field parallel to the direction of virtual photon momentum. In a
nonrelativistic theory, these are the only appearing terms. Since, their dependence
on velocity is solely through the 1/3? factor, they become effectively constant in the
relativistic region. The third term comes from the resonance region while the fourth
represents Rutherford scattering from those electrons that are quasi-free for an energy
transfer F. For a low density medium the longitudinal cross-section does not depend
on either ¢; or density. Although the PAI model is not as accurate as other existent
theoretical treatments, its resourcefulness lies in its ease of application for various
materials. Fig. 4.3 shows the ratio of energy dependent collision cross-section to
Rutherford cross-section, obtained by the PAI model and by a more accurate Betha-
Fano theory [277].

The ease of using PAI model can be seen from Eq. (4.15), where only the complex
dielectric constant of the medium is needed to obtain the distribution. For the model

applied in this dissertation, the data for dielectric constant are obtained from:

e For silicon and germanium, in 0-10eV range, the only available data from [282]
is used. However, it is assumed that no energy deposition occurs less than
the material bandgap (E,). E, = 1.17¢V for siliocon, and E, = 0.74eV for

germanium [290].

e For silicon, in 10-30eV, the data from [285] is preferred against [282] because

it is more recent, and against [283] as the latter gives negative refractive index
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Figure 4.3: The aim of figure is to illustrate the closeness of cross-section estimation
obtained from PAI model with those obtained from more rigorous calculations. It
shows the ratio of differential collision cross-sections d‘;(]f) to the Rutherford cross-
section for single collisions in silicon by particles with -~ = 4. The solid line
is obtained with the a more accurate “BetheFano theory” [277]. The cross-section
calculated with PAI model is shown by the dashed line. The different peak correspond

to resonant excitation of K, L, M shell electrons. Figure taken from [279].

when applied using Kramers-Kronig relationship [282,287]. For germanium, in

10-30eV, the more recent data from [285] is preferred against [282].

e For silicon and germanium, in 30-1000eV, the data from [286] is preferred
against [283] because the latter produces a result where ratio of differential col-
lision cross-section to Rutherford cross-section does not asymptote to 1 (large
energy transfer occur through Rutherford type colllisions, as mentioned in Sec-

tion 4.2.1).

e For silicon and germanium, above 1keV, the data from [282] is preferred against
[283] because the former is more recent and finely binned. The data from [286]
is not used because the definition of Eq. (4.14) is as a photoattenuation cross-

section, not photoabsorption cross-section.
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Fig. 4.4 below shows the energy dependent variation in ratio of differential cross-
section to Rutherford cross-section for silicon, obtained from data/methodology em-
ployed in this dissertation against a published result [279]. Similar result for ger-

manium is also shown, although no published result to perform a cross-check was

obtained.
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Figure 4.4: The energy dependent variation in ratio of differential cross-section to
Rutherford cross-section for silicon obtained in this dissertation (Blue), and cross-
checked against published result from [279] (Red). Similar result for germanium are
also shown.

4.2.83  Fluctuation in Interactions

In addition to the energy deposition process being probabilistic in nature, the
total number of interaction encountered by a LIP within the detector substrate also
fluctuates. Hence, it is necessary to obtain the probability distribution for the number
of interactions incurred as LIPs passes through a detector substrate. Additionally, it
is also required to model the effect of these fluctuation on the total energy deposited

by LIPs in the substrate.

78



Following [279], the probability for occurrence of N-interaction as a LIP passes
through a substrate (vertically, or at a different angle, shown in Eq. (4.17)) is modeled
as a Poisson distribution, with mean number of interactions dependent upon the
fractional charge of LIP, the total collision cross-section for a LIP to experience an
interaction and effective length traveled by LIP inside the substrate (depends on

both the substrate thickness and the polar angle of incidence, shown in Eq. (4.16).

NA~Z-p/E’”“ (dU(E; f)
0

mmtr(f,m):{ e - )dE]-t/cos(e) (4.16)

n

N(f ) = =t emmo (4.17)

where definition of Eq. (4.12) follows, and N4 is the Avogadro number, m;,, is the
mean number of interactions experienced by LIPs as it passes through a detector of
thickness t-cm, atomic number Z (14 for silicon, 32 for germanium), density p-g/cm?
(2.33g/cm? for silicon, 5.323g/cm? for germanium [291]), molar mass m,,-g/moles
(this is same as mass number, 28.0855¢g/mol for silicon, 72.64g/mol for germanium
[292]), collision cross-section <%) and at a polar angle f-radians, traveling an
effective length of z = t/cos(f)-cm inside the detector. The term in [] is the mean
number of interaction within lem (5.98-10° for silicon and 1.42-107 for germanium).
The probability distribution for actual number of interactions experienced by LIPs
is given by N(f, ).

Following [279] again, the probability for a certain energy deposition after exact
N-collisions, Ppe: n(E), is simply the N-convolution of the probability spectrum for
energy deposition in a single collision, Ppey—1(E), and is shown in Eq. (4.18) (as

mentioned in Section 4.2.2, the probability for certain energy deposition within a

single collision, Ppe; y—=1(F), is given by the ratio of differential cross-section to the
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integrated cross-section). Fig. 4.5 shows the variation of energy deposition prob-
ability as the LIP undergoes different number of interaction with the a detector

substrate.

PDet,N(E) = PDet,N:l(E) * PDet,N:l(E) Xx PDet,N:l(E) ... N —times (418)
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Figure 4.5: The variation of energy deposition probability by massive particle of
charge e inside silicon and germanium substrate for various interactions: 1 (blue), 5
(red), 10 (cyan), 100 (magenta), 1000 (black).

By combining the definitions in Eq. (4.17, 4.18, 4.9), one obtains the total prob-
ability for certain energy deposition F, as a LIP of given fractional charge fe passes

through a detector at a polar angle 6.

Ppet(E, f,0) i N(f,z =t/cos(0)) - Ppetn(F) (4.19)
N=0
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Employing the results from PAI model and Eq. (4.19), one obtains the probability
for LIPs to deposit energy in detectors. Result for specific examples are shown in

Fig. 4.6.

Energy (keV)

Figure 4.6: Energy deposition probability by LIP of fractional charge fe, for f=1/6
(green), f=1/10 (red), f=1/20 (blue) in silicon (solid) and germanium (dashed) de-

tectors of 1cm thickness. The LIPs are vertically incident on the detectors, i.e.0=0/

4.2.4 Detector Resolution and LIPs Energy Measurement Probability

As mentioned in Section 4.1.4, and described by Eq. (4.8), the energy deposition
measured by detector is similar to the energy deposited by LIPs, up to the detec-

tor energy resolution. For LIPs analysis, the half of total phonon energy if used as
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estimator of energy deposited in detectors (defined later, in Section 4.4.5 and Sec-
tion 4.5.3). This energy dependence of CDMS detector resolution (Resope:(Enses),

as defined in Eq. (4.8)) is characterized as [136]:

Resope(Epres) = VAL + Ay - E+ Ay - E2 (4.20)

where A; are free parameters, and FE is the recoil phonon energy. The constant term
corresponds to the detector noise resolution when no energy is deposited. The term
x VE is associated with (not-quite-Poisson) fluctuations in the number of phonons
and charge carriers produced during an interaction of a given energy (the Fano
factor [281]), and guides the resolution variation for energy deposition ~ 10—100keV/ .
The third term oc E is the result of the fluctuation in phonon estimate from template-
based pulse-fitting method.

Ay is easily obtained by studying the energy distribution corresponding to noise
pulses, shown in Fig. 4.7. The results for zero-energy detector resolution is given in
Table 4.1. A; is simply the square of the noise-width values.

A is obtained by studying the resolution of 10.36keV in various germanium
detectors used in LIPs analysis, assuming A; = 0 (typically A3 < 0.03 [136]) and
subtracting the effect of A; ("'Ge is produced by thermal neutron capture during
neutron calibrations and decays by electron capture to *Ga with a half-life of ~11
days. Most of the time, this decay proceeds via capture of a K-shell electron, followed
by emission of 10.36 keV of energy in x-rays and Auger electrons [239]). As estimation
for different germanium detectors used in LIPs analysis is presented in Table 4.2. For
LIPs analysis, a conservative estimate (allowing largest resolution) of Ay = 0.05keV
is chosen, and the same number is also used for applied to silicon detectors (because

there are no 10.36keV lines in silicon).
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Figure 4.7: Obtaining detector noise by study of noise pulses. The figure shows
results from one of the detectors used for LIPs analysis, T4Z1. The noise behavior is
assumed to be same for a detector through different runs, but different from others
for each detector. For this detector, the total phonon noise pulses correspond to an
energy level of 0.03+0.55keV for 1o width. However, LIPs analysis defines deposited

energy as half of total phonon energy, and noise in corresponding measurement would
be 0.01+0.28keV. Figure taken from [288].

As estimation is done by asserting that the variation of electromagnetic recoil

yield band at high energies is only due to resolution in phonon estimation:

AE'ph(mon — Lyphonon * AY (421>

Table 4.3 shows that almost every detector can be conservatively asserted to have
a yield-based resolution of ~15keV at 200keV (silicon)/400keV (germanium). This

result provides an estimates of A3 = 0.0054 for silicon detectors and A3z = 0.0013
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Table 4.1: Phonon noise in various detectors used for LIPs analysis, corresponding
to zero energy deposition. Results taken from [288].

Detector Name | Noise (Mean+1c width; keV)
T271 0+0.09
T272 0=£0.06
T273 0£0.26
T274 0+£0.07
T275 0+£0.15
T276 0+£0.07
T471 0.01£0.28
T472 0+0.34
T473 0£0.06
T474 0£0.28
T475 0+0.26
T476 0+0.41

Table 4.2: Aj estimation for different germanium detectors used in LIPs analysis,
using measured width of 10.36keV line, Eq. (4.20), results from Table 4.1. Results
taken from [289].

Detector Name | Resolution (keV) | As(keV)
T273 0.39 0.01
T275 0.47 0.02
T472 0.72 0.04
T474 0.67 0.04
T475 0.57 0.03
T476 0.65 0.03

for germanium detectors. It should be noted that the ionization yield is dependent
upon both charge and phonon measurements. Thus, by asserting that the variation in
yield is only due to phonon resolution, one obtains a “larger than actual” resolution
estimation. Also, this procedure cannot be used to determine resolution at low
energies (i.e. in de