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(solid lines). . . . . . . L
Left: An illustration of the parameters used in the decay-e water transparency
measurement, modified from [120]. d; is the distance between j’th hit PMT,
and Nejff is the effective hit value of that PMT. NV, is the number of hit PMTs
within a 10° wedge of the ring defined by the Cherenkov cone. Right: A
typical AN/ distribution in d from decay-e (blue histogram) [118]. The red
line is a linear fit to the distribution between 1200 cm and 3500 cm, from
which the water transparency is extracted. . . . . . . . ... ... ... ...
Fractional change of ;s between the original absolute energy scale calibration
and the WT measured by decay-e [42]. . . . ... ... ... ... ......
Time variation of the number of effective hit PMTs N.g before (black) and
after (red) applying the water transparency corrections derived from decay
electron data in SK-IV [48]. . . . . . ... . o
Left: The measured water transparency after applying the gain correction,
using laser calibration data (blue) and the WT after combining the laser cali-
bration data with the decay electron data (black). Right: The time variation
of N.g after applying the gain-corrected WT. The N.g is stable within 0.5%.
Figures courtesy of L. Wan. . . . . . . . .. .. .00
The z-position dependence for the calibrations that determine the absolute
energy scale of SK-IV [42]. Both figures compare data and MC without TBA
correction applied. Left: the z-position dependence of the LINAC calibration
for two x-positions and two energies. Right: The z-dependence of the DT
calibration at all positions. . . . . . . . . ... ...
The time variation of the top-bottom asymmetry since the start of SK-IV
[112]. The red dots (blue line) represents the nickel source (Xe lamp) data. .
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5.20 The standard z-dependence of the water temperature in the SK detector [42].
Below z = —11 m, the temperature is constant due to convection, and so the
time-varying absorption coefficient a, is assumed to be constant in z.

5.21 Schematic of the LINAC calibration system, including the calibration posi-
tions (labeled 1-9) of the beam pipe injection sites along the z-axis of the SK
tank [115]. . . . o o

5.22 The percent difference between the N.g peak position of the 2012 LINAC
calibration data and SKDETSIM MC for LINAC calibration positions denoted
in Fig. 5.21 [48]. . . . . . . .

5.23 Left: Illustration of the DT generator calibration system and procedure [116].
Right: Photo of the torpedo that houses the DT generator hanging from
the crane above the central SK calibration port (x = 0,y = 0). The black
umbilical cable bundle and interlock, housed in a white PVC pipe, are visible
aswell. . . .o

5.24 The stability of the SK-IV energy scale using the DT calibration data after
applying the gain correction. The data is from the central calibration port
corresponding to the z-axis of the SK detector, (z = 0,y = 0), at three
z-positions. The N is stable within +0.5%. Figure courtesy of L. Wan.

5.25 Difference in mean N.g between DT calibration data and simulation for SK-
IV, binned by zenith angle [42]. The aggregate uncertainty due to position
dependencies correlated to the zenith direction is approximately £0.1% after
subtracting the absolute offset. . . . . . . . . ... ... ... ... ...

6.1 Left: Illustration of the three cases for incident photons on PMTs [48]. Right:
PMT response to unpolarized 420 nm light. The black area is the case when
the photon is absorbed without a photoelectron being produced. The white
region is when the photon is transmitted through the PMT without being
absorbed by the photocathode. Figure modified from [43]. . . . .. ... ..

6.2 Left: Visual definition of the spherical coordinate angles (6;, ¢;) with the ori-
gin located at the center of the j'th hit PMT. Right: The correction function
S(6,¢) that describes the effective photocathode coverage of a PMT in SK.
Both figures taken from [48]. . . . . . ..o oo

6.3 The top panel shows the relationship between true electron total energy from
MC and Neg (red squares) with the best fit (blue line). The bottom panel is
the ratio of the fit to the MC points as a function of Neg. Figure from [48]. .

6.4 Energy distributions of recoil electrons generated for the ®B solar neutrino
MC [43]. The MC results (black errors) and their resulting Gaussian fit (red
curve) are shown. . . . . . . ...

6.5 Energy resolution function (Eq. 6.14) for SK-I (dotted gray line), SK-II (short-
dashed blue line), SK-III (long-dashed red line), and SK-IV (solid green line).
The coefficients for each SK-Phase (Table 6.1) are obtained via sets of mono-
energetic electron MC (black circles). . . . . ... ...

6.6 The systematic uncertainty on the energy resolution, Eq. 6.17, as a function
of recoil electron kinetic energy from each LINAC calibration performed in
SK-IV. Figure courtesy of M. Hasegawa. . . . . . . .. ... ... ......
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6.7

6.8

6.9

6.10

6.11

6.12

7.1

7.2

Left: The probability density function of the timing residuals (Eq. 5.5) for the
single-pe signal, used in the BONSAI program for event vertex reconstruction
via maximum likelihood fit. The additional peaks are a result of after-pulsing
of the PMTs. Right: The vertex resolution for SK-I (dotted), SK-II (dashed-
dotted), SK-III (dashed), and SK-IV (solid) data periods [42]. . . . ... ..
The vertex shift of Ni calibration events in SK-IV [42]. The origin of the arrows
corresponds to the position of the Ni-Cf source. The direction indicates the
averaged vertex shift at that position. The arrow’s length corresponds to the
magnitude of the shift, scaled up by a factor of 20. . . . . . . ... ... ..
Left: The two-dimensional likelihood function used in the reconstruction of
event direction. The color is the value of the likelihood function f(Egps, cos fgir)
in Eq. 6.19. The x-axis is the reconstructed energy of the recoil electron. The
y-axis is the cosine of the opening angle between the reconstructed direction
of an event and the direction from the vertex to each hit PMT. The red band
is around the expected 42° degree opening angle of the Cherenkov cone [44].
Right: The absolute angular resolution of SK-I (dashed line) and SK-III/TV
(solid line) as a function of the true total recoil electron energy from MC.
Both figures taken from [95]. . . . . . ..o oL
The systematic uncertainty on the angular resolution as a function of recoil
electron kinetic energy from each LINAC calibration performed in SK-IV.
The linear interpolation line is used to estimate the systematic uncertainty
for intermediate energies. Figure courtesy of M. Hasegawa. . . . . . . . . ..
Left: Schematic for the event direction candidates used to determine the
multiple scattering goodness (MSG) from Cherenkov cone projections onto
the PMT surface of the SK inner detector. Figure modified from [42]. Right:
HNlustration of the calculation for MSG. . . . . . ... ... ... ... ....
The MSG distributions from LINAC data (points) and MC (histograms) cor-
responding to 4.38 MeV and 8.16 MeV electrons, normalized by the number
of events [42]. . . . ...

The energy spectrum after each reduction step for the 34-hit SLE trigger
threshold data period of SK-IV. The final solar neutrino sample after all cuts
is shown for the SK-IV 34-hit SLE trigger threshold (red) and the SK-III final
data sample (black). The horizontal axis is the recoil electron kinetic energy
(T.), and the vertical axis is the number of events normalized to the exposure.
The outset is the effect of the different pre-reduction criteria after changing
the SK-IV SLE trigger threshold from 34 hits to 31 hits. Figure courtesy of
M. Hasegawa. . . . . . . . . .
[ustration of several reconstructed parameters used in SK analyses. The
angle 6; is the angle between the reconstructed direction (dashed line) from
the reconstructed vertex (circle) and the j’th hit PMT. The parameter deg is
the distance from the reconstructed vertex to the point on the PMT structure
(pwan) opposite the reconstructed direction of the event. The parameter fy.y is
the effective distance between the reconstructed vertex and the PMT structure
along the reconstructed direction. . . . . . . . . ... ...
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7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

The correlation between g2 and gip for background data sample (left) and

solar neutrino MC (right), where the solid (dashed) line corresponds to g% =

g3 — gip = 0.10 (0.25), the pre-reduction (solar analysis) cut value [48]. . . 212
The cut criteria to remove flasher events [43]. The x-axis is the maximum
charge of a hit PMT for the event, while the y-axis corresponds to the number

of hits in the 24 surrounding PMTs. The top (bottom) panel shows a run with
(without) flasher events. . . . . . . .. .. 217
Typical distribution of the time difference between low energy events and
their preceding muon [48]. Events below the 50 us cut (red dashed line) are
removed. The peak near 1 us is caused by ringing induced by highly energetic
muons. The peak around 15 ps is caused by after-pulsing. . . . .. ... .. 218
Scatter plot of the maximum total energy for the # emitted by the spallation
products in Table 7.4 and the spallation radioisotope’s half-life in seconds [124].221
The normalized distributions for the spallation log likelihood from the spallation-
like (random) sample in black (red) for SK-IV, where the gray region corre-
sponds to the events removed by the spallation cut [48]. . . . . . .. ... .. 222
The percentage of dead time incurred in the solar neutrino analysis by the
spallation cut (spallation dead time) as a function of z (r?) is shown in the

top left (right) plot of the figure. The bottom left plot is the distribution of

the spallation dead time, while the bottom right plot is the time variation of

the peak for the fit to the spallation dead time for the first half of SK-IV [48]. 223
Left: The Lyattern distribution of data (black error bars) and solar neutrino MC

(red) for the three energy regions (recoil electron kinetic energy), with the cut

value (blue dashed line) and removed region (gray background) shown. Right:
Small hit cluster removal (Sec. 7.4.9). The top (bottom) panel showing the
cluster size of solar neutrino MC (data) events in the edge region as a function

of cluster radius. Events to the left of the cut (dashed black line) are removed.

Both plots from [42]. . . . . . .. 225
The vertex distributions in r? versus z for the three lowest energy bins (total
reconstructed energy) in the solar neutrino analysis [48]. The fiducial volume

lies to the left of the black line for the two lowest energy bins, and above the
black line in the 5.0 - 5.5 MeV bin (total energy). The event rate (color) is in

units of event/day/bin. . . . .. ..o oo 229
The correlation between MSG versus patlik using B MC for the 6.5 - 7.0
MeV total energy bin. The horizontal green dashed lines are the MSG bin
partitions, while the red line is the patlik cut for that energy range. The gray

area is the events removed by the patlik cut. The correlation factor of 0.869
assumes a linear correlation between the two parameters. . . . . . . . . . .. 233
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7.12 The comparison of the fraction of total background events removed in each T,

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

bin by the patlik cut (brown) and the equivalent MSG cut (olive). The data
used is the background of the solar neutrino final sample, which corresponds
to cosfgun < 0.0. The equivalent MSG cut was determined by tuning the
parameter so it removes the same number of events from the ®B MC as the
corresponding patlik cut. The vertical axis is the fraction of events removed.
Below T, = 5.99 MeV, patlik is not used. The equivalent MSG cut in that
energy range corresponds to patlik =-1.88.. . . . . . . ... ... ... ...

Left: TIllustration of the definitions of fg,, (the zenith angle 6), which is
the angle between the solar incident neutrino direction and the reconstructed
recoil electron direction (the positive z-axis). Right: The cos sy, distribution
for the final solar data sample for recoil electrons with reconstructed energy
between 3.49 and 19.49 MeV, after all cuts [42]. The data (error bars) and
best fit (black line) are displayed, along with the solar neutrino signal (dark
shaded region) and background (light shaded region) components of the fit. .
The fitted background shape PDFs in cosfs,, from which the background
weights b;; are extracted. . . . . .. ..o 000000
The signal shape PDFs using the new method for modeling the signal distribu-
tion from solar neutrino MC. Both distributions ignore MSG. The background
shape of the 4.49-4.99 MeV bin is due to Rn backgrounds near the edges of
the tight fiducial volume. . . . . . . . . . . ..o
The energy distribution from MC of the expected ®B event rate in SK [48].
This distribution is made from the Y; factors multiplied by the exposure for
each energy bin. The MC assumes the Winter06 °B neutrino energy spectrum
[45] and the ®B flux measured by SNO [47]. The drop in the expected rate
below 5 MeV comes from the tighter fiducial volume cut. . . . . ... ...
The percentage difference between the original spectrum and the shifted en-
ergy spectrum. The shift in the spectrum is the result of shifting the energy
resolution (left) or the ®B neutrino spectrum (right) [48]. The trigger efficiency
and reduction efficiency are taken into account. . . . . . .. ... ... ...
The cos Osy, distribution of data in the energy and MSG bin with the poorest
understood background. The red outlined band corresponds to +1c of the
standard method, while the dark black histogram shows the shape from the
scramble method. Plot courtesy of M. Smy. . . . . .. .. ... ... .. ..
The energy dependence of the vertex shift systematic uncertainty from [42]
(left) and for all of SK-IV (right). . . . . . .. .. ... ... . ... ... ..
Left: The artificial shift of the reconstructed vertex and the definition of the
resulting shift in the direction g, Right: the systematic uncertainty in the
external event (y-ray) cut. The shift in the uncertainty below 7.49 MeV is
because of the differing criteria in that energy region outlined in Table 7.2. The
dark gray data corresponds to the SK-IV 1664-day analysis and is published
in [42] (courtesy Y. Nakano). The red data corresponds to preliminary results
for the entire SK-IV data set (courtesy M. Hasegawa). . . ... .. ... ..
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8.9 Left: The comparison of number of extracted solar neutrino events divided
by the live time for each phase. Right: The comparison of the solar neutrino
fluxes for each phase. The y-axis is the ratio of the observed flux divided by
the expected flux from the MC assuming no oscillations and a total ®B flux
of 5.25 x 10%/cm?/s. The unit of the y-axis is Data/MC (unoscillated).

8.10 The Day and Night cosfg,, distributions for solar neutrino recoil electron
candidates with energy T, > 4.49 MeV. The Day (Night) information is color-
coded in red (blue). The best fit to the background (signal plus background)
is given in light (dark) gray. . . . . .. ... ... ...

8.11 The zenith angle dependence of the SK-IV 1664-day solar neutrino interaction
rate ratio [42]. The y-axis is the number of events from data divided by the
expected number of MC events assuming no oscillations, with an assumed
B (hep) flux of 5.25x10°/(cm? s) (8x10%/(cm? s)). The errors are statistical
only. The day data is equally divided into 5 sub-bins. The night data is divided
into five mantle bins and a single core bin. The red (blue) line corresponds
to the predicted results of one day bin and 1000 night bins, from the best fit
oscillation parameters using all solar (solar + KamLAND) data. . . . . . . .

8.12 An event display for a solar neutrino candidate event. This event is very low
energy and has traveled through the Earth. There is a very high likelihood
this is an actual solar neutrino, as very stringent cuts were applied, including
large MSG, large cos fsu,, and very good event reconstruction quality. . . . .

8.13 Mlustration of the Night zenith bins (M1 - M5) and the Core bin. The Sun is
included to illustrate SK’s lack of sensitivity to the inner core. The ecliptic
plane is denoted by the orange line and the neutrino path by the green ray. .

8.14 The zenith angle dependence of the SK-I (top left), SK-II (top right), and
SK-III (bottom left) flux determined from the neutrino interaction rate ratio,
data/MC(unoscillated), assuming a B flux of 5.25 x 10%/(cm? s) [48]. . . . .

9.1 The linear scaling functions used in LINAC MC to estimate the systematic
uncertainty from MSG on the solar neutrino energy spectrum [48]. The lines
are linear fits to the LINAC data divided by MC data points. The red, black,
and blue coloring correspond to 4.89, 8.67, and 16.1 MeV (in-tank energy)
LINAC events respectively. . . . . . . . . . ... o

9.2 The cos fsy, distributions in each energy-MSG sub-bin from the results of the
solar neutrino analysis. The rows correspond to energy bins starting at 3.49
MeV and increase by 0.5 MeV going down. The columns from left to right
correspond to the MSG bins: MSG € [0.00,0.35), MSG € [0.35,0.45), and
MSG € [0.45, 1.00). . . . . . o

9.3 The cos fsy, distributions in each energy-MSG sub-bin from the results of the
solar neutrino analysis. The rows correspond to energy bins starting at 5.49
MeV and increase by 0.5 MeV going down. The columns from left to right
correspond to the MSG bins: MSG € [0.00,0.35), MSG € [0.35,0.45), and
MSG € [0.45, 1.00). . . . . . .

9.4 Signal Extraction cos fs,, distributions for the 7.49 MeV to 19.49 MeV recoil
electron kinetic energy bins, with MSG € [0,1].. . . . . . ... ... ... ..
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9.5

9.6

10.1

10.2

10.3

10.4

10.5

10.6

10.7

The solar neutrino recoil electron spectra for SK-I (top left), SK-II (top right),
SK-IIT (bottom left), and SK-IV 1664-day results (bottom right). The red
component of the error bars is the energy-uncorrelated systematic uncertainty,
and the blue component is the total by combining the red with the statistical
error in quadrature. The gray band is the total energy correlated systematic
uncertainties. The dotted green line denotes the region over which MSG is
applied for SK-II/IIL/IV. © . o 00000000 275
The energy dependence of the cos fs,, distribution in Fig. 8.11 for the single
day bin, five mantle bins, and single core bin [42]. The green (blue) line
corresponds to the predicted results of one day bin and 1000 night bins, from
the best fit oscillation parameters using all solar (solar + KamLAND) data.
Errors are statistical uncertainties only. The top three energy bins use MSG. 277

A block diagram of the analysis framework used for the SK solar neutrino NSI
analysis. . . ... 281
The cosfy distribution of the live times for the SK solar neutrino analysis.
The black (red) lines correspond to the LE (SLE) trigger threshold. The live
time of the single Day zenith bin has been divided by 1000 to normalize it to
the zenith binning on the Night side. In SK-IV, the live times of the SLE and
LE trigger thresholds are the same. The live time for the 31-hit SLE threshold
isnot displayed. . . . . . ... 282
[lustration of the angle ~ between the direction of neutrino propagation
(dashed line) from the v, creation point (square) and the solar radius vec-
tor (solid ray). . . . . . . .. 283
The P, for ®B (top) and hep (bottom) solar neutrinos as a function of £, and
sin? ;5. A typical LMA value of Am2, has been used to convert P,.(E,/Am3,)
to a function of E,. The dashed line corresponds to the best fit LMA value
Of SIN? Ora. « o o 285
The dependence of P..(E,/Am2,) on sin’, [44]. The top of the figure shows a
typical small mixing angle (SMA) solar neutrino solution P,... The night-time
survival probabiltiy of a neutrino passing through the Earth’s core is plotted
on top of the day P,.. with the difference between the two probabilty curves
shaded in gray. The bottom plot shows a typical P.. curve for a large mixing
angle (LMA) solution as a solid line and a darkside (or beyond maximal
mixing) P.. as a dash-dotted line. Several of the solar neutrino species are
labeled for the various corresponding solar neutrino solutions. . . . . . . .. 287
The mass density profile from the Preliminary Reference Earth Model [125]
as a function of distance from the Earth’s center (left) and cos 67 (right). The
red region denotes the inner core, and the blue region denotes the outer core.
The mantle region is denoted by the white region, which also includes the crust.288
The energy-correlated systematic uncertainties for the SK-TIV phase [42]. These
uncertainties are used in the solar neutrino oscillation analysis. The red, blue,
and black lines correspond to the absolute energy scale, energy resolution, and
B spectrum shape, respectively. . . . . . . .. ... 294
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10.8

10.9

The energy dependence of the single day and 1000 night bin predictions used in
Eq.10.17: p;z/pian. These predictions are for (sin? 615, Am3,) = (0.314, 4.84 x
107° eV?). Figure taken from [48].. . . . . . . . .. ... ... ...,
The predicted day-night asymmetry of the recoil electron spectrum in SK-IV
for the LMA (red) and LOW (blue) solutions. The horizontal lines are the
corresponding integrated day-night asymmetry values. The data point is the
SK-IV 1664-day Apyx measurement of -4.9 4+ 2.88% (statistical and systematic
errors combined in quadrature). . . . .. ..o

10.10The SK-I energy-dependent zenith spectrum, along with the best-fit predic-

tions for the LMA solution (red lines) and the LOW solution (green lines)
[44]. These results assume a ®*B flux of 5.076x10%/(cm? s) and a hep flux of
32x10%/(cm? s). The predictions are for sin®#;, = 0.342 and typical LMA
and LOW AmZ, values. The difference in zenith-dependent behavior of the
LMA and LOW predictions is removed when using the integrated Apn. . . .

10.11Comparison between using integrated Apyn (black lines) and Lpy (colored

lines) in the solar oscillation analysis. Sin%6;3 = 0.020 is fixed. The allowed
values of (sin? 65, Am2,) are displayed by the one to five o contours (two
d.o.f.). The blue, teal, green, yellow, and red lines correspond to the 1, 2, 3, 4,
and 5 o contours respectively. Left: the allowed parameters of (sin® 615, Am3,)
and labels for the various solar neutrino “solutions” in the parameter space.
Right: A zoomed view of the LMA region. . . . . .. .. ... ... .....

10.12The SK Spectra and best-fit predictions (top two rows). The red (blue) lines

correspond to the best fit for the LMA (LOW) solution from Table 10.3. The
solid (dashed) lines correspond to SK-Only (SK4+SNO) best fits using the inte-
grated Apn. The green lines correspond to the predictions for a constant value
of P.. = 0.317 (Sec. 10.2.3). The bottom left plot contains the measured val-
ues of the SK day-night rate asymmetry, along with the predicted integrated
Apn from the best fit. All errors are statistical and energy-uncorrelated sys-

tematic errors combined in quadrature. The bottom right plot is the combined
SK-I/II/II1/IV spectrum (see caption for Fig. 10.13). . . .. ... ... ..

10.13The SK-I/II/I11/IV1664-day combined recoil electron spectrum. This spec-

trum is the combination of a given energy bin for each phase weighted by
the statistical and energy-uncorrelated error. It is provided for illustrative
purposes and should not be used for analysis. The red (blue) lines corre-
spond to the best fit for the LMA (LOW) solution from Table 10.3. The
solid (dashed) lines correspond to SK-Only (SK4+SNO) best fits using the in-
tegrated Apyn. The green lines correspond to the predictions for a constant
value of P, = 0.317 (Sec. 10.2.3). All errors are the combined statistical and
energy-uncorrelated systematic errors corresponding to the weighted sum of
the errors from each phase. . . . . . . . . .. ...

10.14The results of the fit to SNO’s data (1-5¢ included regions). Here, sin? ;3 =

0.020. . . .

10.15The SK-Only (integrated Apyx) and SNO 1-50 included regions for the LMA

(left) and LOW (right) solutions. The LMA vertical axis is linear scale, while
the LOW vertical axis is logarithmic scale. . . . . ... ... ... ... ...
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10.16The SK+Borexino "Be Apy results (1-5¢ included regions, solid lines), and

the excluded Borexino "Be Apy regions (1-5¢ included regions, dashed lines).

10.17The SK+Borexino "Be Apy results (1-5¢ included regions, solid lines), and

11.1

11.2

11.3

11.4

11.5

the excluded Borexino "Be Apy regions (1-5¢ included regions, dashed lines).

The allowed regions for the solar neutrino oscillation parameters (sin? 6,5, Am32,)
and NSI parameters published by Gonzalez-Garcia and Maltoni [17]. These
contours are the result of fitting to all available solar and KamLAND data.
The left side shows the results for NSI with u-quarks, and the right side
shows the results for NSI with d-quarks. The top row shows the allowed re-
gions of (sin? 012, Am2,), and the bottom row shows the allowed regions of
(e, €l). Here, D (N) stands for the diagonal (non-diagonal) component in
the two-flavor NSI matter potential. It should be noted that e/, = —2¢/ and
6{2 = 2(—:&. The regions of color denote their results using the polynomial fits
to SNO’s data, while the black lines denote fits to SNO’s measured fluxes and
spectra. The green shaded regions denote the constraints from atmospheric
and long baseline data. . . . . . . . . ... oo L
8B solar neutrino P2 (E, /Am2,). The top four panels are for (v d) NSI, and
the bottom four panels are for (v u) NSI. The left (right) side is the effect
that NSI has on an LMA (darkside) P,... The first, second, third, and fourth
rows correspond to NSI with €f;, €, €, and €}, respectively, while holding
the other NSI term to zero. . . . . . . . . . . . ... ... ..
The effect of €}, on the SK-IV recoil electron spectrum predictions for the LMA
region (top-right) and LOW region (bottom-left), and the darkside equivalents
(darkside LMA = top-right and darkside LOW = bottom-right). On the left
sin? @15 = 0.334, and on the right sin® 6,5 = 0.799. The top row corresponds
to Am32, = 4.07 x 107° eV?2, while the bottom row corresponds to Am32, =
1.26 x 10~7 eV2. The spectral predictions include the induced recoil electrons
from both ®B and hep neutrinos. . . . . . . ...
The 1-30 (2 d.o.f.) allowed regions of (sin® 65, Am32,) for various values of €},
in the SK-Only case. The minimum x? is with respect to the NSI parameters
given in each plot. The 1 (cyan), 2 (green) and 3 (red) o allowed regions for
the given NSI case are displayed. The no-NSI contours (black) are displayed
for reference. . . . . . . L
The effect of €}, on the SK-IV recoil electron spectrum predictions for the LMA
region (top-right) and LOW region (bottom-left), and the darkside equivalents
(darkside LMA = top-right and darkside LOW = bottom-right). On the left
sin? f15 = 0.334, and on the right sin? 0, = 0.799. The top row corresponds
to Am2, = 4.07 x 107° eV?2, while the bottom row corresponds to Am3, =
1.26 x 10~7 eV2. The spectral predictions include the induced recoil electrons
from both ®B and hep neutrinos. . . . . . . . ...
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11.6

11.7

11.8

11.9

The 1-30 (2 d.o.f.) allowed regions of (sin? 65, Am32,) for various values of €%,
in the SK-Only case. The minimum y? is with respect to the NSI parameters
given in each plot. The 1 (cyan), 2 (green) and 3 (red) o allowed regions for
the given NSI case are displayed. The no-NSI contours (black) are displayed
for reference. . . . . ..
The predicted recoil electron spectrum for sets of (e}, €},) at the no-NSI LMA
best-fit point. The red (blue) line corresponds to the day (night) spectrum due
to ®B neutrinos. The solid black lines correspond to the day and night com-
bined rate. The dashed line is the combined rate including the contribution
of hep neutrinos to the spectrum. . . . . . . . . .. ... ... ... ... ..
The predicted recoil electron spectrum for sets of (e, €},) at the darkside
LMA point of sin® 6@, = 0.799. The value of Am3, is the same as the LMA
best-fit point for no-NSI. The red (blue) line corresponds to the day (night)
spectrum due to ®B neutrinos. The solid black lines correspond to the day
and night combined rate. The dashed line is the combined rate including the
contribution of hep neutrinos to the spectrum. . . . . . . ... ... ... ..
The simultaneous effect of non-zero (€}, €}5) on the oscillation contours. The
minimum x? is with respect to the NSI parameters given in each plot. . . . .
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11.11The SK-Only (top row) results and SK+ Borexino A{B¢ results (bottom row)
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11.12The SK-Only (top row) results and SK+ Borexino AB¢ results (bottom row)
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(right). The top row contains the results from the SK-Only fit, and the
bottom row contains the results from the SK + Borexino A];Bf\? fit. The u-
quark (d-quark) case is plotted with a solid blue (black dashed) line. All
non-displayed parameters are profiled over. . . . . . . . ... ... L.
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f =, d. The case for NSI with u-quarks is plotted on the left, and the case
for NSI with d-quarks is plotted on the right. The 1 (blue), 2 (teal) and 3
(green) o confidence level allowed regions for the parameters are obtained by
profiling over the non-displayed parameters. The top row contains the allowed
values of (sin® 615, Am2,), and the bottom row contains the allowed values of
(elf’ld, e‘féd). The best-fit point is denoted by a yellow triangle. Differences in
the allowed regions between the up and down quark cases are due to their
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11.15The SK + SNO + Borexino A5 results for the allowed values of (sin? 015, Am32,)
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(teal) and 3 (green) o confidence level allowed regions for the parameters are
obtained by profiling over the non-displayed parameters. The best-fit point is
denoted by a yellow triangle. Differences in the allowed regions between the
up and down quark cases are due to their differing densities in the Sun (and
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11.16The SK + SNO + Borexino A% one-dimensional Ay? limits for the NSI
parameters e, (left) and e/, (right). The u-quark (d-quark) case is plotted
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11.17The SK Spectra with the best-fit NSI predictions for SK-Only (blue) and
SK + Borexino A5¢ (red). The data (black lines) includes statistical and
energy-uncorrelated errors added in quadrature. The best fit predictions and
data for the integrated Apy are plotted in the bottom left panel. The bottom
right panel is the SK-I/II/II1/IV combined spectra, which is provided for
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quarks (down quarks). The LMA best fit for no-NSI (solid gray line) is plotted
for comparison. . . . . ... oL
11.18The SK Spectra with the best-fit NSI predictions for SK + Borexino A;5¢ (red)
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lines) includes statistical and energy-uncorrelated errors added in quadrature.
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spectra, which is provided for illustrative purposes. The solid (dashed) lines
correspond to NSI with up quarks (down quarks). The LMA best fit for
no-NSI (solid gray line) is plotted for comparison. . . . . . ... ... ...
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and constant-value P.. spectra (solid green line) are plotted for comparison.
All errors are the combined statistical and energy-uncorrelated systematic
errors corresponding to the weighted sum of the errors from each phase. . . . 353
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plus energy-uncorrelated systematic errors added in quadrature. . . . . . . .
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Relevant information from the Preliminary Reference Earth Model [125] for
determining the matter potential of neutrinos propagating through the Earth’s
mantle and/or core. The ratio Y. of electrons to the matter density p is
given in the second column. The third (fourth) column contains the ratio
Y.(Ya) = nu@y/ne of the up (down) quark number density to the electron
number density. . . . ... L
The best fit parameters for the oscillation analysis using Lpy, and the best fit
LOW and LMA parameters using integrated Apy. Sin%6;3 = 0.020 is fixed.
The final column is the x? value and the number of degrees of freedom for
the fit, including 612 and Am3, as free parameters. The total SK fit has 83
spectral data points and 4 day-night rate asymmetry data points. The SNO
fit has 6 data points. The combined SK+SNO fit has 92 data points, since the
8B NC measurement from SNO is used as a constraint. Also included are the
constraints from the fit to SNO’s data and the combined SK+SNO fit. For
the LOW solution using Lpy, uncertainties in the oscillation parameters are
not included, as the region is excluded at greater than 3¢ by the LMA best
fit using SK data alone. The y? values between both methods should not be
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Results from fitting SK data to a constant P,. = 0.317, independent of en-
ergy. The predicted recoil electron spectra include energy-dependent ES cross
sections and day/night corrections. For comparison, the best fit in the LMA
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11.1

11.2

The results of the SK solar neutrino NSI analysis. Each line corresponds to
the best fit for the given data set stated in the first column. SK-Only denotes
the use of the SK recoil electron spectra and integrated Apn data for SK-
I/I1/I11/IV while using the SNO NC measurement. The SK-Only result is in
an LOW-like solution of the (sin® 15, Am2,) parameter space. SK+Borexino
denotes the combined x? of SK-Only result and Borexino’s measure of the
day-night asymmetry for 862 keV "Be solar neutrinos. The SK+Borexino
result removes LOW-like solutions and the best fit is in an LM A-like solution.
SK+SNO denotes the combined fit to SK and SNO data. Combined denotes
the combined fit to the SK, SNO, and Borexino measurements. The second
column corresponds to the fermion f with which the NSI occur, for the no-
NSI case (-), or for up (u) or down (d) quarks. The third and fourth columns
are the resulting best-fit NSI parameters €/, and e/, (f = u,d) for the fit.
Similarly, the fifth and sixth columns are the best-fit sin? 81, and Am2,. The
value of sin?#;3 = 0.020 is fixed for this analysis. Results with Am2, < 107
eV? are in LOW-like solutions, while above this value, they are in LMA-like
solutions. The last column contains the y? for the given best-fit point and
the number of degrees of freedom (NDF'). With no-NSI, there are two degrees
of freedom from sin?6;, and Am2,. With NSI, two additional degrees of
freedom are added: (e, €l,), where f = u, d. The bottom table contains the
log-likelihood ratio (1 d.o.f) of the NSI best fit and the no-NSI best fit and the
corresponding o-value for SK-Only, SK and Borexino A];Bl\?, and the combined
fit of SK+SNO with Borexino AfR¢. . . . . . ... ... ...
The comparisons between the fits to spectra from a constant P,, = 0.317
and the best-fit spectra from the no-NSI case (LMA and LOW), and between
the spectra from a constant P,. and spectra with NSI effects (SK-Only and
SK + Borexino A];Bf\?). The first table contains the results for fitting to the
full spectra. The second table is the results of fitting to the spectra above
4.49 MeV. The difference in the spectral fit x? to the constant P,. spectral
fit is given as AxZous = Xopee — Xeonst- Better fits will have positive values of
Ax2 ., and poorer fits will have negative values. Dashes indicate fits that
are unaffected by changing the lower threshold of the spectral fit. For the
4.49 MeV threshold, three spectral data points have been removed from the
fit: one from SK-III and two from SK-IV. For the 4.99 MeV threshold case
and the 5.49 MeV threshold case, refer to Table 11.3. . . . . . . . .. .. ..
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11.3 The comparisons between the fits to spectra from a constant P,. = 0.317 and
the best-fit spectra from the no-NSI case (LMA and LOW), and between the
spectra from a constant P.. and spectra with NSI effects (SK-Only and SK +
Borexino A5¢). The first table contains the results for fitting to the spectra
above 4.99 MeV. The second table is the results of fitting to the spectra above
5.49 MeV. The difference in the spectral fit y? to the constant P.. spectral
fit is given as AxZous = Xopee — Xeonst- Better fits will have positive values of
AX2, ., and poorer fits will have negative values. Dashes indicate fits that are
unaffected by changing the lower threshold of the spectral fit. For the 4.99
MeV (5.49 MeV) threshold case, six (nine) spectral data points have been
removed from the fit: one, three, and four (two, four, and five) from SK-I,
SK-IIT, and SK-IV respectively. For the 4.49 MeV threshold and full spectral
comparisons, refer to Table 11.2. . . . . . . . . . ... ... ... .. 350
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Non-Standard Interactions (NSI) between neutrinos and matter affect neutrino flavor oscil-
lations. Due to the high matter density in the core of the Sun, solar neutrinos are well suited
to probe these interactions. Using the 277 kton-yr exposure of Super-Kamiokande to ®B
solar neutrinos, we search for the presence of NSI. Our data favors the presence of NSI with
down quarks at 1.8, and with up quarks at 1.6, with the best-fit effective NSI parameters
being (e}, €fy) = (-3.3, -3.1) for d-quarks and (¥, €%,) = (-2.5, -3.1) for u-quarks. After
combining with data from the Sudbury Neutrino Observatory and Borexino, the significance

increases by 0.1c.
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Chapter 1

Introduction

1.1 The History, Prediction, and Discovery of the Neu-

trino

The events that led to the prediction and eventual discovery of the neutrino started with
the campaign to characterize radioactivity at the end of the nineteenth and beginning of the
twentieth century [1][2]. Distinctive differences between the three types of radiation emitted
from the nucleus of the atom, a = *He nucleus, v = photon, and 3 = electron, drove the
pursuit to characterize the emitted radiation and sources, i.e. the decays responsible for
their emission. This effort resulted in the discovery by Lise Meitner and Otto Hahn that,
instead of a mono-energetic 8 being emitted in a radioactive process, the S-decay electrons
have a continuous spectra. The implications of the continuous 3 spectra along with the
requirement of energy and momentum conservation led Wolfgang Pauli (December 1930 [3])
to postulate the existence of a yet to be discovered particle inside the nucleus alongside

protons, which he called the neutron. This new particle would have the following properties:

1.

5; it would have a speed less than the

it would be electrically neutral and have a spin of



speed of light and have a mass similar to that of an electron. It would be emitted along
with the electron during the -decay, carrying away the excess energy and momentum, and

subsequently producing the continuous [ spectrum that was being observed.

Later, in 1932, James Chadwick discovered a neutral particle emitted from *Be decay.
This neutral particle, which acquires the name neutron, is seen to have the same approximate
mass as the proton, though it differed from Pauli’s neutral particle because it has such a
large mass. Because of this large mass, the neutron cannot be the solution to the §-decay
energy spectrum problem. In the mean time (1931), Enrico Fermi adopted Pauli’s ideas of a
yet-to-be-discovered, light and electrically neutral, spin 1/2 particle to construct a successful
model of f-decay, which he published in 1934 [4]. In several conferences in 1932 and 1933,
and again in his paper, he re-christened the particle the "neutrino,” or ”small neutral one”
in Italian, to differentiate this particle from the heavier neutron. His model has the neutron
discovered by Chadwick decaying into three particles (a proton, a f-ray electron, and the
(anti-)neutrino) via the reaction n — p* + e~ + 7. Although Fermi did not believe that it
would be possible for the particle to be detected, this model launched the field of neutrino

physics.

With a new particle theoretically motivated, Hans Bethe and Rudolf Peierls (1934)
determined the cross section between neutrinos and matter to be incredibly small, about
107 smaller than the cross section between electrons and matter. This small cross section
means that the neutrino could travel through a light year of lead before being absorbed, or,
more practically, pass through the Earth without a deviation of its trajectory. The small
cross section would make neutrinos very difficult to detect, unless sources with extremely high
fluxes could be found or incredibly large volume detectors built, allowing for the statistical
nature of quantum mechanics to give a few neutrino-matter interactions on a reasonable

timescale in order to prove their existence.



1.2 The First Detection of Neutrinos and Antineutri-

nos

In 1954, Ray Davis Jr. approached the neutrino detection problem by following the sug-
gestion made by Pontecorvo in 1946 to use the radiochemical process *’Cl(7,e™) — *"Ar
[5]. The number of neutrino interactions can be determined by counting the number of *"Ar
decays back to ¥’Cl, which has a half-life of 34 days. Davis placed his detector filled with
carbon tetrachloride (dry cleaning fluid) near a nuclear reactor to achieve a high neutrino
flux and attempted to count the number of interactions by extracting any produced *7Ar.
Since the fission rate of the reactor was known by measuring its power output, the theo-
retical rate of (anti)neutrino production could be determined from nuclear fission models.
Davis’ first detector was a 200 L steel drum shielded by concrete, which he replaced with an
unshielded 3900 L tank. The experiment produced a null result, since the reactors emit only
antineutrinos and thus cannot produce 3’Ar in the detector. The possible explanations for
this result based on knowledge at the time were that either the interactions of neutrinos and
antineutrinos with matter were truly different, or that Fermi’s 5 decay model was incorrect
or incomplete [6]. While Davis did not detect neutrinos with this experiment, he did place
an upper limit for neutrinos produced by CNO fusion in the Sun [5], and would later be the

first to detect solar neutrinos in the Homestake Experiment [7] (Sec. 3.3.1).

Fred Reines and Clyde Cowan decided to tackle the problem of direct detection of
neutrinos using the inverse [ decay reaction p* + 7, — n + e™ [8]. The antineutrino source
originally was going to be from the detonation of a nuclear bomb. A detector would be placed
under the blast and be allowed to free-fall away from the explosion through a vacuum tunnel
before coming to rest on a bed of feathers and foam rubber. Fig. 1.1 shows a schematic
of the proposed nuclear explosion-sourced neutrino experiment. However, it would be very

difficult to create a detector that would survive a nuclear blast and be able to capture the



burst of antineutrinos in the very short time window the blast provides.

Nuclear
explosive

/Fireball

Buried signal line
for triggering release

ayt
, AN
Back fill —— Vacuum
pump
Suspended EJ ‘
detector Vacuum
line
Vacuum —-
tank & Feathers and

foam rubber

Figure 1.1: Illustration of the experiment proposed by Reines and Cowan for detecting
antineutrinos from a nuclear explosion with a liquid scintillator detector. Figure from [8].

Reines and Cowan turned instead to Davis’ approach, using the large and sustained
flux of antineutrinos from the nuclear fission process produced in a nuclear reactor. Their
new detector for this task had two tanks filled with 200 L of water. Water has a characteristic
time associated with the light produced downstream by the products produced in the inverse
[ decay: prompt vy-rays emitted from the annihilation of the positron, and the v emitted by
the de-excitation of the nucleus that captures the neutron. The water tanks were sandwiched
above and below by tanks filled with an organic liquid scintillator, that, after being excited
by the ~-rays, emitted flashes of light. This light was detected by photomultiplier tubes on
both the sides of the liquid scintillator tanks. The delay between the two sets of s is on
the order of 200 microseconds, allowing for a delayed coincidence criteria that can be used

to verify the inverse [ reaction and to veto background.

After realizing that cosmic rays were a significant background on the surface, Reines

and Cowan moved the experiment in 1956, placing it under the Savannah River reactor



located in South Carolina [9][8]. The experiment was placed 11 m away from the reactor, and
the massive concrete building housing the reactor provided 12 m of overburden, adequately
shielding the detector from cosmic rays. They modified their experiment by doping the
water with cadmium chloride to take advantage of the neutron-philic property of cadmium
to increase the neutron capture efficiency, further reducing the characteristic delay time and
allowing for the possibility of a clear delayed coincidence signal. As the reactor had a regular
on/off cycle to maximize plutonium production, they compared their data between the on and
off periods to prove the counts (and thus the incident antineutrinos) were coming from the
reactor. With the reactor off, they observed a fifth the number of delayed coincidence events
compared to the reactor-on rate [9]. With the successful detection of the first antineutrinos,
the Fermi model of 8 decay was confirmed, and the difference between interactions of matter

with neutrinos and antineutrinos was established [10].

In 1953, E. J. Konopinski and H. M. Hahmoud [11] applied the interaction law for
[ decay to muon processes. They argued that the two neutrinos produced in muon decay
would necessarily need to be distinct from one another: p~ — e~ + 7, + v, and p* — et +
Ve + 1. This framework led to the eventual establishment of a quantity for particle physics
processes known as lepton number. The distinction between the two types of neutrinos was
experimentally verified in 1962 by Leon Lederman, Melvin Schwartz, and Jack Steinberger
[12] using a technique developed by Schwartz to create a pure neutrino beam. Schwartz’s
technique is still used to this day. This technique involves firing relativistic protons at a
fixed target, beryllium in their experiment, which produces a shower of particles, similar
to the process that seeds cosmic ray showers. A beam dump of 13.5 m of steel harvested
from naval battleships was set up behind the target, which absorbs almost all of the shower
while the neutrinos passed right on through. The neutrinos originate from pions, created
in the proton-target collisions, decaying to muons through the process 7+ — p= +v,. A
ten-ton spark chamber comprised of aluminum plates and gas was placed downstream of the

neutrino beam, allowing for the neutrinos to capture on protons in the aluminum plates. The



charged leptons produced by the interaction between the neutrino and the proton would be
distinguishable between muons and electrons by whether or not the charged lepton escapes
the spark chamber (with a large enough track length). Electrons would not be able to escape
due to interactions in the chamber, but muons minimally interact and would escape. Their
experiment verified that the neutrinos produced in the pion decay subsequently create muons
in the spark chamber, differentiating that type of neutrino from the neutrino produced in
decay. The neutrinos were given their designations based on the charged lepton associated
with them in the particle interaction: electron neutrino v, for the neutrinos involved in 3

decay and muon neutrino v, for the neutrinos involved with pion decay.

With the charged leptons (e~, e, p~, and p*) and the neutrinos (ve, 7, v, and 7,
respectively) now firmly associated, the experimental evidence pointed to a conservation of
lepton family number similar to what Konopinski and Hahmoud argued for previously. In
an interaction involving leptons, the lepton numbers L., are set to +1 for leptons and -1 for
antileptons; L. and L, must be conserved in an interaction. The number of lepton families
would increase by one in 1975, with the discovery by Martin Perl of another heavier charged
lepton, the tau. Its neutrino partner, v, was eventually found by the DONUT experiment
twenty-five years later in 1997 (announced in 2000 [13][14]) at Fermilab, via the decay of

charmed mesons.

As of early 2019, only three flavors of leptons have been discovered: the electron (e),
the muon (u), and the tau (7). These three lepton families have been incorporated into
the theoretical framework of the Standard Model of Particle Physics (SM). Various theories
beyond the standard model predict one, two, or more neutrinos, usually right-handed (the
opposite chirality of normal neutrinos) sterile neutrinos that do not interact with particles

outside of the leptonic sector, solely interacting with the neutrinos themselves.



1.3 v’s and the Standard Model of Particle Physics

The Standard Model of Particle Physics is the theoretical framework in which particle inter-
actions are described through three of the four known fundamental forces: Electromagnetism,
Strong, and Weak interactions; the force of Gravity is not included in the SM. The SM unifies
the non-Abelian gauge theories of electroweak and strong interactions. Left-handed neutri-
nos (e, vy, v;) and right-handed antineutrinos (7, 7, 7-) enter into the SM along with the

charged leptons (e®,u®,7%) through the Glashow-Weinberg-Salam (GWS) model.

The GWS model is the direct product of the groups SU(2) ® U(1), where SU(2) belongs
to the weak isospin and U(1) belongs to the hypercharge [10]. The leptons are all fermions
with a spin angular momentum of //2. The effective gauge bosons from the SU(2) ® U(1)
group are the charged gauge bosons W that mediate the charged current (CC) interactions
in radioactivity, the Z° that mediates the neutral current (NC) interactions in radioactivity,
and the massless photon that mediates electromagnetic (EM) interactions. The W# are
formed by the doublets from the SU(2) group. The photon and the Z° are formed by
combinations of the U(1) field and the singlet from the SU(2) group mixed together by the

Weinburg weak mixing angle 6y .

The Z and W= bosons are very massive (O(100) GeV) compared to the leptons, and
especially so compared to neutrinos. Since neutrinos are electrically neutral particles, they do
not interact directly with the electromagnetic force but only have interactions through weak
processes in the SM. Since the neutrino cross section with matter goes as G4 E, o< E, /My, 4,
weak interactions involving neutrinos are heavily suppressed by the masses of the W and
Z bosons [15]. This allows for the neutrino to take on the almost incorporeal property of
being able to travel through vast quantities of matter without any discernible interactions
occurring along the way, lending to the neutrino’s nickname: the ”ghost” particle. As stated

previously, each generation (or flavor) of leptons are given a quantum number, known as its



lepton number, whose values are L, = +1 for leptons, and L, = —1 for antileptons, where
a = e, u, T denotes the generation and flavor. In the SM, the total lepton numbers for each
family are all conserved in a particle interaction, and, consequently, so is the total lepton

number L =" L,.

Because neutrinos have been shown experimentally to have small but non-vanishing
mass, they can interact via gravity, though on scales other than cosmological ones, this
effect can be neglected. The SM assumes neutrinos are massless, and there is no mass
term present for the Higgs field to couple to unless right-handed neutrinos vg (left-handed
antineutrinos 77,) are introduced into the SM. However, if the neutrino is its own antiparticle,
i.e. the neutrino is a Majorana field and not a Dirac field, the mass can be generated in a
similar way to adding in vg. Other possible methods of generating neutrino mass exist as

well.

Within the SM, the neutrinos undergo elastic scattering with the charged leptons,
leading to an effective matter potential due to the local electron density. Because neutrinos
have been experimentally determined to have mass, the neutrinos will oscillate between flavor
states, violating the family lepton number conservation, though the total lepton number will
be conserved. The SM Lagrangian pertaining to weak interactions for a-flavored neutrinos

with matter in the low-energy regime is given by [10]:

_Gr

—,Cya = \/il/l(l—’yg,)l/aZNf{(Saf—i—]gfL —QQfSiDQQW}. (11)
f

In this equation, G'r is the Fermi coupling constant and 6y is the Weinberg angle. The
index f denotes the fermions with left-handed fields (f,) and electrical charge ) present
in the matter. The term I3y, is the eigenvalue for the third weak isospin component of f.
The eigenvalues for the fermions are: Q. = —1, Is,, = —3 for electrons, @, = +1,T5,, = +3

for protons, and @, = 0,l3,, = —3 for neutrons. For the up (u) and down (d) quarks



that make up protons and neutrons, their quantum numbers are ), = —1—%, Ts,, = —i—% and
Qq = —%, Tsq, = —% respectively. Since the CC interactions occur through the J, term, the
fermionic content of the matter will set the CC interactions available to v,. Specifically the

Kronecker delta is only non-zero for electron neutrinos: a = f = e.

With the introduction of non-standard interactions (NSI) between neutrinos and mat-
ter, new four-fermion terms will appear as additions to the SM Lagrangian and appear in the
neutrino propagation Hamiltonian as terms that add in interactions between (anti)neutrinos
and quarks [16][17]. Additional flavor-violating interactions between electrons and neutrinos
is also possible depending on the nature of the NSI introduced [16]. Because ordinary solar
and terrestrial matter is dominated by protons, neutrons, and electrons, the NSI that pertain
to neutrino propagation will be due to the up (u) and down (d) quark densities, as well as the
electron density. Both the solar plasma and the Earth matter are electrically neutral, mean-
ing the number density of protons and electrons is the same, though the neutron content
can vary relative to the other two. The effects on neutrino oscillations due to introduction

of NSI between neutrinos and matter into the SM will be discussed in Sec. 2.4.

1.4 Neutrino Sources

There are various sources throughout the universe that produce neutrinos, from the origin of
the universe itself to natural and man-made processes that occur here on Earth. Neutrinos
produced in the early universe, known as the cosmic neutrino background, were created
during the inflationary period of the early universe as they separated from matter while
the universe cooled down, about one second after the Big Bang. These Big Bang neutrinos
are believed to exist, though they have yet to be directly detected. Other, high-energy
neutrinos produced in the cosmos are known as astrophysical neutrinos. Electron neutrinos

are produced in the core of stars from the fusion processes that drive the nuclear furnace in



their cores. Neutrinos coming from our Sun are called solar neutrinos, and are a rich source

used to study the properties of both the Sun and neutrinos.

Additionally, both neutrinos and antineutrinos are produced in vast quantities during
certain types of supernovae (core-collapse), with almost 99% of the energy of the explosion
carried away by neutrinos. In 1987, a burst of supernova (anti)neutrinos was detected by
several terrestrial experiments. The neutrinos and antineutrinos produced by all of the su-
pernovae throughout the history of the universe are still flying around and create a diffuse
supernova neutrino background (DNSB) [18]. The detection of the DSNB is one of the
primary physics goals for Super-Kamiokande (SK) [19], in addition to supernova burst an-
tineutrinos. Other astrophysical neutrino sources exist. Recently, the IceCube collaboration
has reported that blazars are a source of high energy astrophysical neutrinos [20], though

the flux from blazars are not yet well understood.

Here on Earth, atmospheric neutrinos come from the collisions of cosmic rays (either
highly relativistic protons or other light nuclei) with nuclei in the atmosphere. These colli-
sions produce many neutrinos and antineutrinos of both electron and muon flavors through
charged pion (7%) and kaon (K*) decay. Rarely, tau atmospheric (anti)neutrinos from the
cosmic seeding event are produced as well. Harnessing the same production mechanisms
from cosmic rays that produce (anti)neutrinos, man-made (anti)neutrino beams give a con-
trolled source for the study of high energy muon accelerator (anti)neutrinos, using the same
methods as pioneered by Schwartz. Within the Earth itself, geoneutrinos are produced from
the nuclear fission of radioisotope decays within the crust and mantle. Geoneutrinos are pre-
dominantly s with a very small v, component due to “°K beta capture [21]. Additionally,
the fissionable materials in man-made nuclear reactors, as well as those in nuclear explosions,

produce large quantities of electron antineutrinos known as reactor antineutrinos.

Because the reactions that produce neutrinos are known, including the number and

flavor content an interaction produces, their rates and fluxes from various sources can be

10



predicted. This allows one to test the theories governing the fundamental interactions and
properties of neutrinos. The only caveat to this approach is if some process occurs which
changes what would be seen in a detector away from the source, assuming details about
the source are well enough understood. If the medium interacts with neutrinos in ways
not expected by the theory, or if neutrinos contain additional properties not covered by the
theory that cause them to behave differently even in vacuum, then what would be predicted
will not match the results coming from the detector. Situations like these have driven the

field of neutrino physics forward, leading to the discovery of neutrino mass and oscillations.

Solar neutrinos serve as proof that the energy production in the Sun is due to pp fusion.
Measurements of solar neutrinos, specifically the spectral data for ®B, show neutrinos interact

with matter in the core of the Sun and hint of v, regeneration due to terrestrial matter.
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Chapter 2

Neutrino Propagation, Oscillations,

and Interactions

To more conveniently discuss topics related to solar neutrinos, the formalism for neutrino
propagation, oscillation, and interactions is gathered and discussed first in this chapter.
This discussion includes the properties of solar neutrinos in vacuum and in matter, with
and without Non-Standard Interactions (NSI), as well as their their interactions in Super-
Kamiokande (SK). First, details about the propagation and oscillation of neutrinos through
vacuum and matter will be discussed. The cross section calculations for neutrino-electron
elastic scattering (ES) in SK will then be covered. Finally, the inclusion of NSI into the
neutrino propagation formalism and its effects on neutrino oscillation. In this chapter, the
book Neutrino Physics, 2™ Ed. by Kai Zuber [10] is used to cross-check or as a reference

for details of the mathematics for the topics discussed here.
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2.1 Neutrino Propagation in Vacuum: Neutrino Mass

and Oscillations

Theories predicting the existence of a non-zero neutrino mass and the phenomenology that
would result if neutrinos are massive were first proposed by Pontecorvo in 1958 in the con-
text of Majorana neutrinos, where neutrinos alternated between their normal and antimatter
states (v <» 7). The framework for neutrino flavor mixing was established by Maki, Naka-
gawa, and Sakata in 1962 [22] and requires non-zero neutrino mass as well. With a non-zero
rest mass, the mass and weak eigenstates do not need be the same, and can be connected
with a unitary mixing matrix in a similar manner to what occurs in the quark sector with
the Cabibbo-Kobayashi-Masakawa (CKM) matrix. This unitary mixing matrix is known as
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, denoted by Upyns. Neutrinos are
created in a definite flavor state (a superposition of the mass states) based on the type of
interaction that produced the neutrino. Due to the time evolution of the mass eigenstates,
the superposition of the flavor eigenstates changes, resulting in the phenomenon of neutrino

oscillation.

Assuming there are n orthonormal mass eigenstates |v;), we can rotate them into n
orthonormal flavor eigenstates |v,) with a unitary n X n mixing matrix U. Since each
eigenstate basis is an orthonormal basis, and because U is unitary, we have the following
identities:

(Valvg) = 0ap  and  (v|vj) = 0y (2.1)

and

U =1,  (UN=U% Y UulUl =6, Z *Usi = 0o (2.2)

where d,, is the standard Kronecker delta. Then, the rotational transformation between the

13



neutrino bases are

|Va) = Z Uailvi), and inverting |v;) = Z Usi |Va) - (2.3)

[e%

In the case of antineutrinos, the unitary matrix becomes conjugated, i.e. U,; ++ U}, swap
places in Eq. 2.3. Since U is an n X n unitary matrix, it has the additional properties that
n

there are (n — 1)? independent parameters, which will be separated into %(n — 1) neutrino

mixing angles of an n X n rotational matrix and 1(n — 2)(n — 1) CP-violating phases.

Let the neutrino |v;) be approximated as a plane wave emitted at time ¢ = 0 with
momentum p from a source located at the origin. Then the neutrino wavefunction at position
T is

vi(z,0)) = e/ 1) . (2.4)
The vacuum Hamiltonian acting on the neutrino wave function gives the time evolution for
|v;(z,0)), which is given by

Hyoo lvi(z, 1)) = ih% lvi(x,t)) = E; |vi(x, 1)), (2.5)

since the neutrino energy F; should not change after emission into vacuum. Now, rewriting
the above equation using the time evolution operator and inserting the plane wave approxi-

mation from Eq. 2.4 gives

lvi(z, 1)) = e tHit/h |vi(z,0)) = e~ iBit/hgipr/h lvi) . (2.6)

For relativistic neutrinos with non-zero mass and the same momentum p, each neutrino
will have a different energy E; due to Einstein’s equation E? = (¢p)? + m2ct. Because the
neutrino mass is so small when compared to the momentum of the relativistic neutrino,

the neutrino energy is approximately equal to the magnitude of the neutrino momentum,

14



2
E; ~ c¢p. This is demonstrated in Eq. 2.7 after Taylor expanding F; in (”ZC> :

1 [me]” 2
E; = \/p*c + mict ~ [ple( 1+ 5 {m C} = [ple+ ¢! (2.7)
21 p 2¢|p|

The pc term ends up being just an overall phase factor in the Hamiltonian and will cancel

out, meaning that it can be neglected to simplify the form of the vacuum Hamiltonian for

Schrodinger’s equation:

m204 . c4m2»
Hvac |V1($, t)> = El |UZ(ZE,t)> = Zle |VZ([L', t)> = H;j = (SZ]TPJ (28)

where Hiij are the matrix elements of the Hamiltonian mass matrix H*, which is diagonal in
the mass basis |v;). Converting to the flavor basis using U, the mass matrix for the flavor
eigenstates can be determined

H*=UHU". (2.9)

Now, to look in greater detail at the time evolution of the flavor states, let L = x = ct
be the distance between the source of the emitted neutrino and the point of detection, and
let £ = c¢p denote the energy of the emitted neutrino for p > m;, which is the case for the
relativistic neutrino. Then, using Eq. 2.7, one defines the phase for the massive neutrinos

—1¢; as the argument of the exponential term in Eq. 2.6, which can be simplified as

241  EL m2t L
& = [Eit/H] — pa/hi = {Eﬁw} mic

28 |he e = 2h B (2.10)

after factoring out —i. Assuming the flavor eigenstates of the neutrino are coherent super-
positions of the mass eigenstates, one can use the mixing matrix U and Eq. 2.3 to transform

the flavor state to the mass bases. Then one can propagate the neutrino via Eq. 2.6 to get

Va(z, 1)) = Z Ui lvi(x, t)) = Z Ui exp{—i¢; } i), (2.11)

15



where Eq. 2.10 was used to simplify the exponential. Transforming the result of Eq. 2.11

back into the flavor basis, one obtains

Vo (1)) ZUM exp{—i¢;} (Z U lvs) ) = Uail exp{—io;} |vg) . (2.12)
i,

If the neutrino masses are different and non-zero, then the phase factor exp{—i¢;} in
Eq. 2.12 will create interference terms in the final state transition and survival probabilities,
which means that the flavor content of the neutrino is different between the initial and
final states. The survival probability for a neutrino is the probability that the neutrino is
detected in the same flavor state it was produced in, whereas the transition probability is
the probability that the neutrino has oscillated away from the flavor state it was produced
in. Both are a function of time or distance. To see the conversion between neutrino flavor
states v, — v, we form the time dependent transition amplitude A(a — () (Eq. 2.13), and

determine the transition probability P(v, — vg)(t) (Eq. 2.14):
Ala — B) = (vg|va(z, 1)) ZUMUBz exp{—ip;} (2.13)

P(vy — 1v3)(t) = |A(a — B)| Z UaiU3:Uz;Uss exp{—iA¢;;}, (2.14)

where the term A¢;; = ¢; — ¢;. Writing out Ag;;:

AmZ.ctL
Ag; E; — E)t/h = —2— 2.1
by = (B Ep)t/h= ==, (215)
the position term cancels and the dependence on the squared mass splitting term,
AmZ; = m; —m3, (2.16)

16



is explicit. The A¢;; term can be rewritten in terms of natural units (¢ = h = 1) to give

L
Agij ~ 2.534 x Amf@, (2.17)

where Am?j is in square electron Volts (eV?), L is in meters, and E has units of MeV.

As can be seen when rewriting Eq. 2.14 in terms of the squared mass splittings, if
the neutrino mass is zero, or when the neutrino masses are all degenerate (Am?j = 0), the
transition probability reduces to just P(v, — v3)(t) = dap, which means that there would be
no mixing of the flavor states. For non-degenerate, non-zero neutrino masses, the neutrino

flavor survival probability is:

P(ve = va)(t) =1 =Y P(ve — vp)(t), (2.18)
a#p

using the fact that the total probability must be equal to unity.

2.1.1 Oscillations with Three Neutrinos

With the experimental verification that there are (at least) three flavors of neutrinos, the
weak eigenstates are v,,v,, and v, and have three corresponding mass eigenstates vy, 1s,
and vs3. The Upyns mixing matrix (Eq. 2.21) will be a 3 X 3 matrix with a single CP-
violating phase d¢p, and three mixing angles 615, 53, and 63, producing the mass eigenstate

superpositions for the flavor eigenstates.

Ve n U Ue Ue 14!
v | =Upnns| o | = (U U Uus| | 12 (2.19)
Vr V3 U U U Vs
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The Uppyns matrix can be decomposed into three submatricies (2.20), corresponding to
the sources whose transition probabilities the parameters primarily impact: solar neutrinos
(left matrix), atmospheric and reactor neutrinos (central matrix), and atmospheric neutrinos

and neutrino beams (right matrix):

C12 S12 0 C13 0 5136_16013 1 0 0
Upymns = | —s19 ¢ O 0 1 0 0 co3 So3| = (2.20)
0 0 1 —Slgelécp 0 C13 0 —S8923 Co3
—id
C12€13 C12€13 513€
8 6
—512C23 — C12523513€" C12C23 — S12523513€" 523C13 (2-21)
0 0
512523 — €12523513€ —C12523 — 512€23513€ C23C13

where ¢;; = cos(f;;) and s;; = sin(6;;), and § = dcp. The three squared mass splittings are
then

2 _ 2 2 2 _ 2 2 2 _ 2 2
Ams =m5;—mj, Amj =m35—mj, and Am3, =m3—m;. (2.22)

The measured value of Am3,; for the vy and v, neutrinos is on the order of 107° eV. It is

2

usually referred to as AmZ ,,

since it plays the dominant part in the study of solar neutrinos
(discussed later). Likewise, 015 = 0y, is often referred to as the solar mixing angle. From
atmospheric neutrino studies, it has been seen that the mass squared splittings between v3

and the other mass states are approximately the same, i.e. Am3, &~ AmZ, and are of order

of 1072 eV. The atmospheric mass splitting is assigned as Am?, = Am?3,.

Based on the solar neutrino data, my > m;. Because the magnitude of Am?Z,,, is known
but not the sign of the splitting, there is an issue of knowing whether the 3 mass state is
heavier or lighter than v, and 5. This gives a choice to the mass ordering of the neutrinos:
either the normal ordering m; < my < mg or the inverted mass ordering ms < m; < mo.

The neutrino mass ordering is important for atmospheric and neutrino beam analyses, since
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2

it alters the oscillation transition probabilities due to their dependence on the sign of Am;,

especially in the presence of matter. Because the analysis presented in this work considers
only solar neutrinos, a simplification to studying oscillations in a two-neutrino approximation

is used, and little else about the three-neutrino framework will be discussed unless necessary.

2.1.2 Oscillations in the Two-Neutrino Approximation

Solar neutrinos are created in purely the electron neutrino flavor eigenstate v, via charged
current (CC) reactions. As the Sun does not produce antineutrinos, solar neutrino measure-
ments are insensitive to dcp. When studying solar neutrinos, the neutrino mass ordering
and atmospheric mass splitting are not so important, but there is a slight dependence on
the f13 mixing angle. The reactor long baseline antineutrino experiment Daya Bay [23] gives
sin? 013 ~ 0.0215, and other reactor antineutrino experiments, RENO [24][25] and Double
Chooz [26] [27], measure similar values, all of which are summarized in Table 2.1. Because
013 ~ 8.3°, and thus U,z is relatively small, the resulting contribution to v, from the mass

eigenstate vz is small as well, though non-zero [10][28]. By inverting Eq 2.19, we get
lv3) = c13 [323 |v,) + o3 \VT>] + 51367 |1,) =~ S93 lv,) + cos V7)), (2.23)

which shows that vy is predominantly a superposition of v, and v;, and in almost equal
amounts since 3 ~ T based on the current global measurements [29]. The ;3 mixing angle
has the largest errors of the neutrino mixing angle and carries an additional dependence
on the mass ordering. With the lack of significant contribution from the 653 mixing angle
and third mass state, as well as the large difference in scales between Am?, —and Am?2,
the three-flavor framework can be reduced to two flavors using the assumption of taking

Am3, — oo, while correcting for the effects the neglected neutrino state has on the neutrino

oscillations through 6,3 [28].
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Table 2.1: The experimental measurements of sin?(26;3) from the reactor long baseline an-
tineutrino experiments Daya Bay [23], RENO [25] and Double Chooz [27]. A combined value
of the measurement based on experimental errors and ignoring correlations is given. Daya
Bay has also made an independent measurement of sin®(20;3) = 0.083 % 0.018 based on
hydrogen capture of antineutrino-induced neutrons [30].

Experiment sin?(26;3)

Daya Bay 0.0841 = 0.0027 (stat)£0.0019(syst)
RENO 0.086 = 0.006(stat)=£0.005(syst)
Double Chooz 0.09010 035 (total)
Combined 0.0844 £ 0.0042(total)

For two-flavor eigenstates (v.,7,) and mass eigenstates (v,1,), the mixing matrix is
reduced to a 2 X 2 rotation matrix of a single angle 6 = 6, without any CP-violating complex

phases:

. s(6 sin(0 v 1%
v _ [ eosto) sn@)| () _ [ .
Yy —sin(f) cos(@)| \ vo 2

Then the mixed waveforms for the flavor states are

Ve) = cos(0) [v1) +sin(0) [vo)  and  |v.) = —sin(0) |v1) + cos(0) |va) . (2.25)

The Hamiltonian mass matrix H* is now

H' = — (2.26)

1 |mé, mZ, ,
HY = — =UH U = (2.27)
2F 2 2
Mye My,
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2.2 | 2.2 2 2
1 cgmi + sgms  spco(mz — m7)

HS = 5F (2.28)
—sgcg(m3 —m?)  s2m? + cim

where ¢y = cos(#) and sy = sin(6).

Rewriting Eq. 2.14 in terms of real components, the oscillation transition probability

from v, to v, in vacuum is

) Am2,c*L
P(Ve — VH) = —4(U61U#1U62U#2) Sll’l2 <ﬁ> (229)
which is just
2 4
P(v, — v,) = sin®(20) sin® (%) (2.30)

Since there is no dcp phase, the transition probabilities for the two-neutrino case are

all equal, regardless if the particle is a neutrino or antineutrino:

P(v. = v,) =Py, > v.) =P, = v,) =P, = ). (2.31)

Finally, the two-flavor electron neutrino survival probability P is simply given by

P2 =Py, = v,)=1-Pv. = v,). (2.32)

To account for the effect the third generation of neutrinos has on the electron survival proba-
bility, the two-flavor survival probability P2/ is modified by ”three-flavorizing” it [31][28][32]
via

P3 = cos?(013) P2 + sin®(6,3), (2.33)

which just returns P3/ = P% when 6,3 — 0. Now that the necessary equations for vacuum
oscillations in the two neutrino flavor approximation have been developed, the effects on the

neutrino wavefunction due to matter need to be incorporated.
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2.2 Neutrino Propagation in Matter in the Two-Flavor

Approximation

While neutrinos can be produced in vacuum, and space-faring neutrinos propagate through
vacuum to reach Earth, many neutrinos are produced in matter. Regardless of the source,
neutrinos will travel through matter to reach terrestrial detectors here on Earth, be it the
Earth’s atmosphere (which has a negligible effect on the neutrinos due to the low density) or
the "Earth matter” that makes up the crust, mantle, and core. For neutrinos propagating
through the Sun or the Earth, based on the Lagrangian in Eq. 1.1, matter affects the
neutrino propagation via coherent forward ES [10]. All neutrino flavors can experience NC
ES interactions, which is diagonal and symmetric in the Hamiltonian and leads to an overall
phase shift whose effect on the oscillation washes out [33]. However, only v, can undergo CC
ES interactions with the electrons in the matter, and, as such, v, feel an effective potential
V' on their wavefunction from the electron number density N, in matter, since v-fermion
interactions occur in the flavor basis. The form of the potential can be determined from the

contribution of CC ES in matter to the interaction Hamiltonian:

Hoe = E [é’y“(l - ”y5)1/6] [1?6%(1 - ”y5)e]. (2.34)

By noting that only the zero’th component of the averaged electron four-current density
survives and is N, and also replacing the (1 — 75) — 2 for left-handed neutrinos, Eq. 2.34
can be reduced to

Hee = \/§GFN617€701/6 = Ve (2.35)
using a Friez transformation [10]. The potential is then V = v2GN,.

The effective v, mass m?, from H?, . (Eq. 2.27) is therefore modified in the presence of
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matter by V:
m2, — mze@ff =m2, + A where A=2FEV, (2.36)

and H?® becomes

1 [mi+A m?

mat = Yo ) :“ = HS,. + Vit (2.37)
e L

where V4 is the matter potential for the two-neutrino flavor case (v.,v,):

All O

Vmat: .
2F 00

(2.38)

The rows and columns of V,,,; are indexed corresponding to incoming/outgoing v, and v,,.

For three neutrino flavors, the matter potential still only has interactions of electrons
with electron neutrinos. Then the matrix V,,, is simply extended to include the third

generation, i.e. Vi, — V3.

mat-*
100
A
Vit =550 0 0], (2.39)
00 0

where the rows and columns are indexed to additionally include the incoming/outgoing
v,. Properly including the effect from three neutrino flavors (613 # 0) in the two-flavor
approximation, V., can be three-flavorized (Eq. between Eq. 9 and 10 in [28]). This is
done by taking

N, — N, cos? 0,3 = A = 2v2GrEN. cos® ;3. (2.40)

Writing V. explicitly to show the dependence on 6;3:

cos? 3 0

Vinat = V2Gp N, : (2.41)
0 0
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The cos? ;3 term will be kept separate from the extra parameters introduced by NSI to keep

them independent of one another. It is worth noting that the matter potential V,,,; does not

2

2im) from

have a dependence on the other neutrino oscillation parameters (623, dcp, and Am

the three-flavor scenario, and returns to a pure two-flavor scenario for 6,35 — 0.

Transforming H® , to the mass basis v1, 1, the effective mass basis Hamiltonian is now

mat

, , A 10
H . =UH U=H +-—U' U (2.42)
2F
00
where the second term becomes
A 10 A | cos?(0 Lsin(26
Zut U= (B12) ~ 3sin(20rc) (2.43)
0O 0 %sin(2012) sin2(912)
Therefore, H:, , can be written as
A .
. 1 |m?+ Acos?(612) £ sin(2612) (2.44)

mat — o
2E 4 sin(26;5) m? + Asin®(6,3)

which shows that H! , is not diagonal. To get the eigenstates vi's" of the effective mass

Hamiltonian in matter, one needs to diagonalize H’ where the eigenvalues are

mat?

2 2 . . .
A= (m;g“t, %) for the neutrinos in matter. In the usual way, the eigenvalues are

obtained from

Det{H} ,, — \>} =0, (2.45)
which gives the characteristic equation:
0= (2EX)* + (2EX){m] 4+ mj + A} + mim3 + A(m3cly, + misty). (2.46)

Again, s2, = sin? 6, and 2, = cos?#15. Solving the quadratic equation piece by piece, we
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et that —b = A +m? + m2, and ¢ = m?m2 + A(m2 cos? 615 + m? sin? 65), and the radical
g 1 2 1My 2 1

expression is

b> —4c = (mi+mj — 2m3m3) + 2Am3 (1 — 2s2,) + 2Am3(1 — 2¢3,) + A2 =
Am3, + 2Am3{cos(2015)} + 2Am3{— cos(20,5)} + A? = (2.47)
Am3,{cos?(2015) + cos?(2012)} — 2A cos(2015) Am3, + A2 =

[A — Am3, cos(2015)]° + [Am2, sin(26;)]2.

Then, the effective masses for a neutrino propagating through matter are given by:

[y

2 _
ml,mat -

m2+mi+ A — \/[A — Am2, cos(2015)] + [Am2, sin(260,5)]2

|

(2.48)

N[

m%mat =2{mi+mi+A+ \/[A — Am, cos(2912)]2 + [Am?, sin(26;5)]?

The effective squared mass splitting is easily written as

A 2
Am%Q,mat = m%,mat - m%,mat = Am%l\/(m — COsS 2912) + Sln2(2912) (249)

21

and explicitly writing out the dependence on 6,3

2
2vV2GrEN, .
Am3,, = Amj, <\/_A—FQ cos? f13 — cos 2912> + sin?(261) (2.50)
’ M

With the eigenvalues obtained, the rotation matrix for neutrinos in matter U, is
defined by the matter mixing angle 6,,,;. The angle 6,,,; is given by treating the two parts
of the radical in the effective mass splitting as legs of a triangle with the mass splitting as

the hypotenuse. Then the tangent function is

in 20
a0 20,0y = — 2

) 2.51
ﬁ — cos 2019 ( )
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with the other trigonometric functions given as

sin 2019
(A/Am%l —cos 2012 ) 2—i—sin2 (2612)
A/Am%l—cos 2012
\/(A/Am%1 —cos 2912)2+sin2 (26012)

sin 260,,4: =
% (2.52)
c0S 20,0t =

For constant electron density along the neutrino’s trajectory, the transition and survival
probabilities for neutrino oscillation due to matter can be written in the new matter basis,

following the same arguments used for vacuum oscillations, to obtain

L
P o = P (Ve = v,) = sin®(20,4) sin® (EAmngat) (2.53)
Pe?’e]jmat = [1 — P‘ff:mat(cos2 6’13)] cos* 615 + sin? 0. (2.54)

When the neutrino is in vacuum, A — 0, and the original parameters and probabilities
for the mixing angle and the mass eigenvalues (and splitting) are recovered: mimat — m?,

AM3) pay — ANy, Ot — 012, and pAar Pj£’3f. In Eq. 2.51, tan 20,,,: diverges when

afl,mat
the denominator goes to zero, which occurs when a neutrino propagates through a critical
electron density N

it Am3, cos 201y
¢ 2\/§GFE cos? 913 ’

(2.55)

known as the resonance region. As neutrinos propagate through matter in the Sun and
the Earth, the electron density is not constant, but is variable and large, especially in the
solar core. This variable density can greatly affect neutrino oscillations, most importantly
in the resonance region. In the resonance region, the oscillation amplitude of the transition
probability is maximal and independent of 5 (i.e. when sin®(26,,,;) = 1 in the case of
constant NV, ), meaning that the mass eigenstates are maximally mixed. The effect on neutrino
oscillation due to solar neutrinos propagating through a resonance region in solar matter is

known as the MSW effect and MSW resonance respectively. The MSW effect and resonance
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is named after L. Wolfenstein, who first theorized of the effect in [33], and after S. P. Mikheyev

and A. Y. Smirnov, who further refined the theory in [34].

2.3 Neutrino-Electron Elastic Scattering

Solar neutrinos interact via elastic scattering with the electrons in the water of SK [35], with
electrons in the heavy water (D2O) of the Sudbury Neutrino Observatory (SNO) detector
[36], and with the electrons in the liquid scintillator in the Borexino detector [37]. Details
pertaining to these detectors will be discussed in the next chapter. The neutrino-electron

elastic scattering, (v e), is an electroweak process described by the reaction
v+e —v+e (ve), (2.56)

and involves the three active neutrino flavors, v., v, and v,. Elastic scattering can happen
through neutral current (NC) interactions mediated by the neutral Z° gauge boson, while
only the v, can ES through charge current (CC) interactions mediated by the charged gauge
boson W~. When discussing the axial (g4) and vector (gy) couplings, they will be written
in forms from the predictions of the Glashow-Salam-Weinberg (GSW) model ([38][39][40]

respectively).

The Lagrangian for electron-neutrino NC ES interactions in Eq. 2.34 can be re-written

in terms of the axial and vector couplings as

c- —%mu —)llEvaloy — gars)el (2.57)

where

1 1
gv =735 +2sin*0y  and g4 = 3 (2.58)

27



and where fyy is the Weinberg angle (sin? 0y, = 0.2317 [41]). For electron-v, CC ES interac-

tions, after applying a Fierz transformation [10], the Lagrangian can be written as

L= —72[176%(1 — 5 Ve][E7all — 75 )e]. (2.59)

The differential cross section for (v e) ES is then

do Me

where m, is the electron mass, and the coefficient ¢y = G%m,/(27) = 4.31 x 107* cm? /MeV.
The inelasticity y is the ratio between the electron kinetic energy 7, and the neutrino energy
E,, y = T./E,, which has the range 0 < y < 1. Tt is also useful to define two additional

couplings for the (v, e) cross section:
Gy = gy +1 and Gy = ga+ 1. (2.61)

The T, parameters are different for (v. e) and (v, , e) ES cross sections. This difference
comes from (v, e) ES interactions having both NC and CC components, while (v, , ) ES

interactions only occur through NC interactions. For v,, they are defined as
T, =Gy +Ga YTy=Gy—Gy, and T3 =G4 — Gy, (2.62)
while for v, -, they are defined as
Ti=gv+ga, To=gv—ga and T3=g3 —gi. (2.63)

For antineutrinos, the signs on the G4 and g4 terms in T; and T, can be flipped to obtain

the proper (v e) ES cross sections.
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The differential cross sections in Eq. 2.60 are modified for SK analyses to include
radiative corrections from one-loop electroweak, QCD and QED processes by numerical
methods, based on the work by Bahcall et al. [41]. The radiative-corrected cross sections
for the case of an incident neutrino with E, = 10 MeV is shown in the left of Fig. 2.1
for (v, e) elastic scattering (the solid line), and (v, . €) elastic scattering (the dashed line).
As seen in Fig. 2.2, the cross section for (v, , e) ES (dashed line), which occurs via NC
interactions only, is about a factor six smaller than that for (v. e) ES (solid line), since the
(ve €) ES includes CC interactions in addition to the NC interactions. The total cross section
is obtained by integrating the differential cross section from 7T, = 0 to Tiyax, Where Tiay is

the limit from conservation of four momentum:

2E?
Toax = ———2—. 2.64
2E, +m, ( )
< [T T 5 107
© 100 - 1 s
= Sl
e 3
© >
g r 1§
e 810 |
= " E o
=t 12
[0} 50 ~ . €10 L
© i ] 10}
© ,
250 e * w0
: TR N S N S S R | I T S S I 10-57 L L L L L L . I‘ ]
Oo 2.5 5 7.5 10 0 25 5 75 10 125 15 175 20
Recoil Electron Kinetic Energy(MeV) electron total energy

Figure 2.1: Left: The differential cross sections including radiative corrections from [41] of
(v e) elastic scattering (ES), solid line, and (v, , ) ES, dashed line, for an incident neutrino
energy of F, = 10 MeV, with the x-axis being the recoil electron kinetic energy 7, [42].
Right: The expected number of (v ¢) ES events per day in SK as a function of 7, due to *B
(black) and hep (red) neutrinos [43].
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Figure 2.2: The elastic scattering cross section for (v, e) interaction (solid line), and for
(v,- €) interaction (dashed line) as a function of neutrino energy [44].

The energy spectrum for the recoil electrons from solar neutrinos with energy F, ob-

served by SK is described by the differential equation

do
dT.,

E,
FS(Te)dTe = / ¢S<Eu) dEl/dTea (265)
0

where ¢(FE,) is the solar neutrino spectrum of a given solar neutrino ”species” S (S = *B and
hep for SK). For a given reaction in the thermonuclear fusion process in the Sun, the neutrino
produced in that stage may be referred to as a ”"species” in this work and named after the
parent particle(s) involved in the reaction. For example, the neutrino species produced in
the ®B decay is known as a ”Boron-8 neutrino,” while a neutrino produced by *He-proton
fusion is known as a ”hep” neutrino. For the neutrino produced by /3 capture on "Be
in the pp-fusion chain, these neutrinos are called ”Beryllium-7 neutrinos.” The production
mechanisms for the solar neutrinos will be discussed in Sec. 3.2. SK uses the hep neutrino
spectrum predicted by Bachall in [41] and the ®B neutrino spectrum measured by Winter et
al. [45], which will be described in Sec. 3.2.1. The right side of Fig. 2.1 shows the recoil
electron spectrum expected to be seen in SK using these two neutrino spectra. The total
rate due to ES of incident solar neutrinos of species S is obtained by integrating the recoil

electron energy spectrum in Eq. 2.65 out to infinity (7, — oo) and multiplying by both
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the flux for the species, assuming a particular Standard Solar Model (SSM) (®3°M) and the

number of targets N in a detector:

[e’e} 0 d EV
Ry = dFMN / . / 70¢S(EV) Z(T >dEl,dTe. (2.66)

For electrons in SK’s 32.5 kton inner detector, N = N, = 1.086 x 103*. For the solar neutrino
fluxes predicted by the BP2004 SSM [46], the ®B flux is 5.79 x 10® cm™2s~! and the hep
flux is 7.88 x 10® cm™2s7! (see Sec. 3.2 and Table 3.2). The Sudbury Neutrino Observatory
(SNO) measures a ®*B flux of 5.25 x 10¢ cm~2s~! via the NC interaction rate [47] (see Sec

3.3.4 and Table 3.5).

The energy spectrum described in Eq. 2.65 determines the energy distribution of the
recoil electrons in the SK detector Monte Carlo simulation of B and hep solar neutrinos
(see Sec. 6.1). Since the angle between an incident neutrino and a recoil electron in (v e)

ES is given by

1 ] E,
coslps = + (me/Ey) : (2.67)
V14 2(me/T,)
Eq. 2.65 can be modified to obtain the angular distribution of the recoil electrons:
Flops)dins = | 6B 97 9T a5 49 (2.68)
ES ES — . v dTe deES vWUES- .

For the solar neutrino energies SK is sensitive to, the angular distribution in Eq. 2.68 will
be concentrated at zero, and the recoil electron will scatter along the same direction as the
incident neutrino. However, recoil electrons undergo multiple Coulomb scattering in the
water in various amounts, which has an affect on the reconstructed direction, discussed later

in Sec. 6.4.1 and Sec. 7.5.

The expected distribution in the recoil angle 6gg in SK based on Eq. 2.68, is shown

in Fig. 2.3 for four recoil electron energies (T.) (color, dashed lines) where the y-axis is
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the events in the fiducial volume per day per degree; the solid black line is the event rate
integrated over the full ®B and hep spectra. This angular distribution is used to simulate the
response of the SK detector to solar neutrinos (see Ch. 6), and as a handle for statistically

selecting the solar neutrino signal from the background in the final data sample.
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Figure 2.3: The expected distribution in the recoil angle fgg in SK based on Eq. 2.68 for
four recoil electron energies (7,) (color, dashed lines) where the y-axis is the events in the
fiducial volume per day per degree [48]. The solid black line is the event rate integrated over
the full ®B and hep spectra [46].

2.4 Non-Standard Neutrino-Matter Interactions

In this section, the formalism for non-standard interactions (NSI) for neutrinos will be dis-
cussed. NSI is a generalized extension to the interactions between neutrinos and fermions
in matter beyond the electroweak interactions allowed by the SM for neutrino interactions
[16][17]. These interactions can be described by an effective four-fermion operator of the

form

L = —2V2Gres (2" vs) (f1uPf), (2.69)
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where P is the parity operator (P = L, R) and the indices o, = e, p, 7. The index f
corresponds to the fermions within the traversed matter: electrons (e), up-quarks (u), and
down-quarks (d). The chiral couplings from the standard (v e) ES Lagrangian in Eq. 2.57,

gr, and gg, are defined as
1 1, 1 L
gL = 5(9&/ +9ga) = —5 tsin Ow and gg= 5(9‘/ — ga) = sin” by, (2.70)

and the vector and axial couplings from Eq. 2.58 can be re-written in terms of the chiral
couplings:
gv =9r+gr and ga=gL — gr. (2.71)

The vector and axial couplings of the NSI parameters ei:g are defined in an analogous way

to Eq. 2.71:

ef’g/ = eg’g and ei’ﬁA = eiﬁL — ei’/f. (2.72)

o

As it is the vector couplings that will have an effect on the neutrino propagation and oscil-

lations, efw = 6£’/;/, unless otherwise stated.

When the matter potential of the Hamiltonian in Eq. 2.39 is expanded to include NSI

described by Eq. 2.69, it becomes

1+ €e €cp €er

HNSI — \OGpN.(r) | & (2.73)

mat e Cup Epr

where the diagonal (off-diagonal) terms are real (complex). These €,5 parameters are the
sum of the contributions from each fermion-neutrino interactions scaled by Y}, the ratio of

the local fermion density Ny by the local electron density V:

€af = egﬁ + eiﬂYd + €apYu = Z Yfefw (2.74)
f=eu,d
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and
_ Ny

Y N

(2.75)

It is important to note that each NSI parameter eiﬁ can be allowed to take on differing

values relative to one another. The eﬁﬁ can be rotated into the mass basis e{j using Upnins:

e, = UiaUpel,. (2.76)
aB

After reducing the NSI matter potential to the two-flavor approximation for solar

neutrinos, the effective NSI matter potential in Eq. 2.73 becomes

2
GrN, |cos” 13 + €11 €12

\/§ 2 ’
— COS 013 — €11

*
€12

VNSI = (277)

which is the NSI analogue of Eq. 2.41. This notation follows the convention for the two-flavor
NSI parameters €;; and €35 established by Friedland et al. in [16], though the three-neutrino
derivation of these effective NSI parameters from the work of Gonzalez-Garcia and Maltoni
[17] is used in the analysis presented in this work. The other difference between Eq. 2.77
and in [16] is the choice of conjugation for €19, where we follow here the choice in [17]. In this
notation, the contribution from each fermion to the NSI parameter €4, (j = 1,2) is formed

in the same way as in Eq. 2.78:

ey =€ +elYate Yo=Y Yyel, (2.78)

f=eu,d
where the Y} are the same fermion-to-electron ratios defined in Eq. 2.75. The condition for
the two-flavor approximation for solar neutrinos is that #1353 < 1 is satisfied by the choice
that sin ;3 = 0.020, the analysis bin corresponding to reactor neutrino measurements (see

Sec. 2.1.2). However, a second condition arises due to the NSI that must be satisfied to use
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the two-flavor NSI approximation [16][17]. This second condition is that, in the presence
of NSI, Gr 3, eiﬁ < Am2,/E,. In the approximation of v3 single mass state domination

(Am3, — o00), this additional condition is satisfied.

With NSI present, the effective squared mass splitting in matter Am3, .., in Eq. 2.50

becomes

2

2
Am%\]gl = \/|:(A(0082913 + 611) - Am%l COS(2012>:| + |:A€12 + Am%l Sin(2912) ) (279)

where, here, A is defined slightly differently to remove the dependence on cos?f5: A =
2v/2GpN,E,. Similarly, in the presence of NSI the effective mixing angle in matter €,

from Eq. 2.51 becomes

A(cos? b3 + €11) — AmZ, cos(2012)
A€12 + Am%l sin(2012)

tan(2@NSI) = (280)

Taking both €;; — 0 and €;5 — 0 returns the squared mass splitting and the effective mixing

angle back to their original forms in Eq. 2.50 and Eq. 2.51 respectively.

This characterization of the effective NSI parameters can be transformed into the no-

tation used by Gonzalez-Garcia and Maltoni in [17] via the following equations:
el, = —2¢f and €, = 2¢f, (2.81)

where D (N) stands for diagonal (non-diagonal), and, from their work, the full three-flavor

NSI contributions to the two-flavor effective parameters eg and eé is given by

Eé = —%6{1 — 013813Re[€i5CP(8236£‘u + 023657—)] — (]. + 8%3)023823R€[€£T] (2 82)

_%<€£e - 6;{#) + M(EZT - Ezu)
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and

1 —q *
eﬁ - 56{2 = 013(c23egﬂ — 323e£7) + g15e 0P [8336{” — 0336{” + co3893(€rr — E;{u)]’ (2.83)

where s;; (¢;;) = sinf;; (cosb;;). Taking 613 — 0 and also setting the muon-related terms to
zero, the equations for e{ ;in [16] are recovered from EI{I,Dv up to the factor of £2 denoted in the
relations in Eq. 2.81. Setting the muon-related terms to zero is motivated by experimental

constraints from atmospheric neutrino data and neutrino beam data, an argument used in

Friedland et al. [16], and will discussed in Ch. 11.

As for modifications to SM neutrino interactions, the NSI Lagrangian described in Eq.
2.69 leaves neutrino-nucleon CC reactions unchanged, such as the processes that produce
neutrinos in the Sun [16]. This means that detectors using the same kind of neutrino-
nucleon CC reactions to observe neutrinos will also remain unchanged, such as the radio-
chemical experiments, SNO, and KamLAND, all of which are described in the next chapter.
Conversely, NC reactions are dependent on the axial current could be affected by NSI, such
as those reactions measured in SNO for the ®B solar neutrino flux. Also, the extra coupling
of all neutrino flavors with electrons, the €, term can modify the (v e) ES cross sections

and affect the (v e) ES rates one would expect to observe in the water of SK or in the heavy

water (D20O) in SNO.

Because of these possible effects on the ES rates in SK and SNO, as well as on the NC
interaction rate in SNO, two assumptions are made about the NSI parameters so that the
data from these experiments can be used for the analysis presented in this work. Specifically,
the first assumption is that all electron-related NSI terms are set to zero: i.e. eiBL = eZ’g =0,
so that the (v e) cross sections and the ES rate in SK (and SNO) remain unaffected. The
second assumption is that only the vector component of the NSI parameters can be extracted

from the effective parameters 6{1 and 6{2 tested in this analysis (i.e. ei’/‘; = 0), which is the
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same procedure used in [17]. Further details on why these assumptions are necessary will be

described in Ch. 11, as will current constraints to efyﬁ from experiments.

While the reduction of the parameter space to only two additional sets of effective NSI
parameters 6{1 and 6{2 (f = u,d) simplifies things somewhat, this still amounts to a total
of four additional parameters on top of the three from the PMNS matrix (and the neutrino

energy) when determining the different neutrino oscillation probabilities:
P(013,9127Amgl/EV,e‘fl,e‘fQ,él‘l,511’“2). (2.84)

To test the NSI experimentally, only the effect from one quark in matter on the neutrino
wavefunction and resulting oscillations will be considered at a time. That is, only NSI
interactions between solar neutrinos and u-quarks (d-quarks) are considered so that the

other interaction is turned off, i.e. €f; =0 (}; = 0).
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Chapter 3

Solar Neutrinos

Neutrinos are produced in the core of stars during the fusion of four protons into a *He

nucleus (an « particle), two v.s, and two positrons
4p — *He + 2™ + 2. (3.1)

The daughter positrons annihilate with electrons in the solar plasma, yielding photons (7s)
that carry away the rest of the energy in the fusion reaction. The net release of energy @)

from this process is

Q = 4m, — mag, + 2m, = 26.73 MeV. (3.2)

The neutrinos created from this thermonuclear fusion process in the Sun are the only way
to study the chemical composition and the processes that govern the mechanisms for energy

production in the Sun’s core.

This process occurs in the majority of stars through the Carbon-Nitrogen-Oxygen
(CNO) fusion chain, first described by C. F. von Weizsicher in 1937 [49] and 1938 [50], and

later developed independently by Hans Bethe in 1939 [51]. Based on Bethe’s work in [51],
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another possible way this process can occur in the Sun is via initial fusion by sets of proton
pairs, known as pp-fusion, since the Sun is of lower than average stellar mass. Based on
current knowledge, the pp chain (Fig. 3.4) produces 98.4% of the solar luminosity, with the
CNO cycle (Fig. 3.5) making up the remaining luminosity [51]. These processes will be

discussed in Sec. 3.2.

3.1 The Standard Solar Model and Neutrino Produc-

tion in the Sun

Before discussing neutrino production in the Sun, it is useful to discuss Standard Solar Mod-
els (SSMs). SSMs are constructed to replicate measurements of the Sun’s current radius
and mass, as well the surface luminosity, spectroscopy, and temperature, based on using fun-
damental knowledge from thermodynamics and nuclear and particle physics in conjunction

with the process described in Eq. 3.1 [52][53].

The assumptions that are used when constructing the SSMs include:

Helium production from hydrogen fusion (Eq. 3.1) via the pp-fusion chain (98%) and

with a small contribution from the CNO-cycle (2%).

A spherical sun

Quasi-static evolution in hydrodynamic equilibrium taking place over 4.6 billion years

Thermal equilibrium

When entering the main sequence, the sun was highly convective and had a uniform

composition

Reproduce the current state of the Sun
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The quasi-static evolution requires the inward attraction of gravity to be balanced out by
the radiation pressure (hydrodynamic equilibrium), which requires the equation of state
to be a function of temperature, density, and isotopic chemical composition. The thermal
equilibrium requires that the energy output from the luminosity corresponds to the rate
of energy that is generated from the fusion processes, and that radiation and convection
processes transport energy through the Sun [10]. In the equation of state, the ratio of initial
4He/ H is tuned to reproduce the present day measurements. Additionally, the oscillations
of the Sun’s surface and shape (helioseismology) are used to test the description of the solar

core predicted by SSMs [54].

Since SSMs attempt to accurately model the behavior of the solar core, they predict
the rates and locations of nuclear processes that produce solar neutrinos, and, consequently,
predict the relative amount of neutrino production at those locations and the resulting total
flux for each solar neutrino species. The production mechanisms for the solar neutrinos will
be discussed in Sec. 3.2. Each SSM predicts as a function of the solar radius (r = R/Rsun) the
isotopic chemical abundances, fraction of neutrino species production, and electron density,

as well as other important parameters (matter density, temperature, pressure, etc.).

Using measurements from solar neutrino experiments and adhering to a specific neu-
trino theory or model, the predictions of a given SSM can be tested to ascertain its accuracy,
or conversely, assuming the validity of a specific SSM, a neutrino theory can be investigated.
To test the strength of NSI between solar matter and solar neutrinos, the validity of the
BP2004 SSM developed in 2004 by John N. Bahcall and Marc H. Pinsonneault [46] will
be assumed (tables from Bahcall’s website [55]). The temperature (matter density) radial

profile derived from BP2004 is shown on the left (right) in Fig 3.1.

The electron density profile drives the matter effects to the neutrino oscillations in the
MSW resonance region of critical electron density (for given oscillation parameters). The

density in the Sun’s core is approximately 100 times that of water. For reference, the Earth’s
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solid inner core is ~10 times that of water. Because of the large pathlengths solar neutrinos
may take through the high density environment in the solar core, this environment makes
an excellent place to test the effects that matter may impose on neutrino oscillations. As
the majority of higher energy solar neutrinos are produced in the high densities of the solar
core, the adiabatic transition of high electron density in the solar core to the lower density
farther out in the Sun causes adiabatic flavor conversion for solar neutrinos, which is the
MSW effect referred to earlier. The MSW effect leads to a suppression of the P, for higher
energy °B (and hep) solar neutrinos compared to the P.. expected by vacuum-dominated
oscillations, especially in the Large Mixing Angle (LMA) solution of the Upyng parameter
space associated with solar neutrinos. While all solar neutrinos are created purely in the
v, flavor eigenstate by the CC fusion processes in the Sun, most ®B and hep neutrinos are
produced in the v, mass eigenstate. Most °B and hep neutrinos also leave the Sun in the v,

mass eigenstate.

Temperature Profile from BP2004 Mass Density Profile from BP2004

10°

1072

Ly b L T I R S S S R SO A AR
0.2 0.4 0.6 0.8 0.2 0.4 0.6

5

=3

1
r=R/R

1
r=R/R sun

'sun

Figure 3.1: The temperature (left) and mass density (right) profiles as a function of r =
R/R. in the BP2004 SSM [55).

The prediction by the BP2004 SSM of the distribution of isotopes in the Sun (by mass
fraction X;) as a function of r is illustrated in Fig 3.2, as well as the integrated mass profile

(the integral of the mass within radius r divided by the total solar mass Mgy,). The electron
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BP2004 Profiles of the Relative Abundance of Isotopes inthe Sun
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Figure 3.2: The mass fractions X; from the BP2004 SSM for each isotope ¢ as a function of r =
R/R. The y-axis values for the solid colored lines are the fractions each isotope contributes
to the mass shell at r, and the dashed black line represents the fractional integrated mass of
the Sun [ M/Mg up to r [55].
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number density N, is derived from the local mass fractions X;(r) of an isotope i and matter

density p,,(r) for the spherical shell defined by the radial bin r, and is given by the equation:

Ne(r) = Napm(r ZX (3.3)

D>|N

where Z; (A;) is the atomic number (atomic weight) for a given isotope and i runs over the
isotopes relevant in the Sun which are listed in Table 3.1. The radial profiles for the number
density for down quarks (d) and up quarks (u), Ny(r) and N, (r) respectively, are derived in
a similar fashion to N.(r) and are important when introducing NSI effects to solar neutrino

oscillations:

(3.4)

:>|m

NQ( NApm anX

where q = d, u, n! is the number of g-quarks for a given isotope i found in Table 3.1. The
left plot in Fig 3.3 shows the radial profile for electron number density N,[MeV~?], while the
right plot in the same figure shows the ratios of the quark-to-electron number densities in

(solid colored lines) and the up-to-down quark ratio (dotted line) as a function of r.

Table 3.1: Information for Isotopes Used in the BP2004 SSM. The parameters Z (A) corre-
spond to the Atomic Number (Weight) of the isotope. The number of up (down) quarks n*
(n) per isotope are given as well, relevant for NSI. Color corresponds to Fig. 3.2.

Isotope 7 A Z/A n* n®  Color
H 1 1.0078 09922 2 1  Green
*He 3  3.0160 0.6631 5 4 Magenta
‘He 4 4.0026 04997 6 6 Red
e 1

2 12.0 0.5 18 18  Purple
YN 14 14.0031 0.4999 21 21 Teal
%0 16 15.9949 0.5002 24 24 Orange

Other SSMs, including some newer models, were investigated in the context of neutrino
oscillations due to non-zero neutrino mass and no NSI, to determine the impact the solar

model has on the NSI and standard Super-Kamiokande Solar Neutrino Oscillation analyses.
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Figure 3.3: The electron and quark density profiles derived from the matter density and
isotopic mass fractions (X;) given in the BP2004 SSM tables available in [55]. Left: The
electron number density profile N, derived from Eq. 3.3. Right: The ratio of the number
density of d-quarks Ny (green) and u-quarks N, (red) to the electron number density N, as
a function of r; the dotted line is the radial profile of N, /Nj.

However, since the SNO neutral current measurement is used as a constraint, the difference
in the one, two, and three ¢ included regions of the (sin®f;5, Am2,) parameter space (for

the no-NSI case) are not affected.

3.1.1 The Solar Neutrino Problem

The original solar models by Bahcall in 1964 [56] and by Kuzmin and Zatsepin in 1965 [52]
were designed to use neutrino spectroscopy to understand the core of the Sun. Soon after,
Ray Davis Jr. led a team to measure the solar neutrino flux with the Homestake Experiment
and compared their results to Bahcall’s solar model. It was found that the predicted flux
was three times larger than what was seen in Homestake [7]. This discrepancy became what

is known as the Solar Neutrino Problem.

Davis’ group led a campaign to determine where their knowledge of their detector was
lacking, and to better understand the experiment’s efficiencies. However, this endeavor by

Davis’ group did not resolve the discrepancy between the flux predictions and measurements.
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Meanwhile, the theorists worked on cross-checking the SSM. It was found that the neutrino
flux dependence in the SSM on the temperature and pressure profile was not correct, though

fixing it did not resolve the discrepancy either [54].

As time moved on, various other experiments with differing detection media, energy
thresholds, and systematics were conducted to resolve this problem (see Sec 3.3). However,
the correlations between the fluxes of different solar neutrino species from the SSMs compli-
cates the picture further. It was found that, for the lower energy neutrinos with £, < 1 MeV
(namely the pp neutrinos), the flux agreed better with the SSM predictions [10], although
the measurements of the “Be solar neutrino flux was nearly zero at the time (®rg, ~ 0)
[54]. However, for the ®B neutrinos, the discrepancy became larger. Rectifying the ratio of
the ®7p,/Psp solar neutrino fluxes by adjusting parameters in the SSMs had the effect of

increasing the ratio, as opposed to decreasing the ratio to near zero [54].

This implied that the problem lay not so much with variations in the solar models,
but with some assumption of the particle physics for neutrinos. Specifically, the problem
pointed to an energy-dependent effect on the fluxes, which non-zero neutrino masses could
solve. Eventually, in the 21st century, the Borexino experiment measured the "Be solar
neutrino flux and found it to be in agreement with the predictions from the SSMs (Sec.

3.3.5).

3.2 Neutrino Production in the Sun

The elemental composition of the Sun determines the percentage of the luminosity produced
by either the pp or CNO branch of the solar fusion process. If the number of heavier elements
(the metalicity) is larger, as it is in the case of more massive stars, the contribution from

the CNO cycle will also be larger. Likewise, the production rate of each neutrino species
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will follow the rate of the thermonuclear process which creates that specific neutrino species.
Since the pp-chain dominates in the Sun, the neutrinos it produces dominate the total flux,
while the CNO neutrinos are produced at a significantly reduced rate. Table 3.2 summarizes
the labels, reactions, end-point or mono-energy, and the expected flux at Earth for each

neutrino species.

I} + I} — D + €+ _|_ Ve 99.77%, 0.23%, _p + e + LO —_ D + Ve

ey e

3He + *He — *He + 2p|, 84.92% [D +p — 3He +~ 2.4x10~°%

!
115.08% SHe+p — a+ et + 1
999% BHC -+ 4H() — 7B() + ¥ Olcfr/{
! }
Be+e — Li+ ve Be+p— B+~

|

B — ®Be* +et + ve

) '

Li+p — 2'He
8Be* — 2%He

Figure 3.4: The proton-proton (pp) fusion chain, which produces about 98.4% of the energy
in the Sun. The reactions that produce neutrinos are colored and correspond to Table 3.2

The neutrino production is very sensitive to the temperature profile of the Sun (i.e.
how the temperature changes as a function of r) because the temperature drives the nuclear
reactions, as well as the pressure and density profiles, which determine what neutrino species
(if any) are produced. If the temperature drops too low, the rate of fusion processes slows
down and eventually stops. The low neutrino production in the center of the Sun is due to
the small amount of material within the shell, and therefore we see a drop-off of neutrino
production reflected in Fig 3.6. This figure shows the fraction of neutrino flux production

within the spherical shell with radius r for each species in the pp-chain [55].

The width of each curve in Fig 3.6 shows the strength of the temperature dependence.
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Figure 3.5: The Carbon-Nitrogen-Oxygen (CNO) fusion cycle in stars. The CNO fusion cycle
is important for higher mass stars, but only accounts for 1.6% of the energy production in
the Sun. The reactions that produce neutrinos are colored and correspond to Table 3.2.
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Figure 3.6: The relative flux fraction profiles for each spherical shell of radius r predicted by
the BP2004 SSM [55] for the pp-chain neutrino species. The color corresponds to Table 3.2,
where pp (brown), pep (green), "Be (purple), ®B (blue) and hep (red) are all shown in this
figure.
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Table 3.2: The pp and CNO reactions, the neutrino species produced, their mono-energetic
or endpoint energies F, [10], and predicted flux from BP2004 [46]. The last column is the
reference color related to Fig. 3.4, Fig. 3.5, and Fig. 3.6.

. . mono/endpoint Flux Reference
V. Species Reaction E, [MeV] em~2s1] Color
pp Chain Fig. 3.4
pp p+p—=>D+et +u, < 0.42 5.94(140.01)x10'° Brown
pep pt+te +p—>D+ur, = 1.442 1.40(140.02)x108 Green
Be Be+e — Li+v, =0862 0384 4.86(1+0.12)x10°  Purple
°B B — ®Be* + et + 1, < 14.06 5.79(1 £ 0.23)x106 Blue
hep SHe+p — a+et +u, < 18.77 7.88(140.16)x10? Red

CNO .

Cycle Fig. 3.5
BN BN = BC+et +u, <1.27 5.71(11530)x108 Cyan
50 Y0 = PN+ et + v, < 1.73 5.03(11333)x10%  Magenta
I F = "0+ et + 1, < 1.74 5.91(140.44)x10°  Orange

The radial window defined by the curves and therefore the production zones of the neutrino
species directly corresponds to the temperature over which the reactions can occur to pro-
duce neutrinos. The ®B neutrinos (as well as "Be neutrinos) are especially sensitive to the
temperature profile, and to the corresponding density profiles of “He, *He in the Sun, given

as the width of the zone is very narrow.

3.2.1 Solar Neutrino Energy Spectrum

The resulting energy spectrum for the solar neutrino fluxes seen at Earth for each of the
different solar neutrino species is shown in in Fig. 3.7, which is derived from a later SSM by
Bahcall and A. M. Serenelli, the BS2005 OPAL Opacity Project SSM (BS05 OP or BS2005
OP)[57] .

In Super-Kamiokande, the ®B neutrinos dominate the solar neutrino signal, with a less
significant contribution by hep neutrinos. These are the only solar neutrino species who

have endpoint energies high enough to produce a signal above the energy threshold for the
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Figure 3.7: The Energy Spectrum for Solar Neutrino Fluxes from the BS2005 OP SSM
(Figure 2 in [57]), with the neutrino energy range for the solar neutrino experiments shown
above.
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Figure 3.8: Top Panel: The Winter06 ®B normalized neutrino energy spectrum. Bottom
Panel: The ratio between the Winter06 spectrum and the measurement by Ortiz et al. [58]
with £10 experimental uncertainty (dashed lines) and the 10 experimental uncertainty of
the Winter06 spectrum (dark gray band) [45].

detector (Sec. 3.3.7, Ch. 6, and Ch. 8 through Ch. 10). Similarly, the ®*B neutrinos are the
primary signal in the Sudbury Neutrino Observatory (SNO). To understand the spectrum
for this solar neutrino species, W. T. Winter, S. J. Freedman, K. E. Rehm, and J. P. Schiffer
[45] measured the broad « energy spectra resulting from the B decay to the unstable excited
state ®Be*, and its subsequent de-excitation to two a particles, a method pioneered by J.
Napolitano, S. J. Freedman and J. Camp [59]. While doing this, Winter et al. simultaneously
measured the 1 energy spectrum to accurately predict the ®B neutrino spectrum. This °B
neutrino spectrum will be referred to by the label ”Winter06 spectrum,” which is plotted in
the top panel of Fig. 3.8. The bottom panel shows the ratio between the Winter06 spectrum
and the o spectrum measurement of ®B decay performed by Ortiz et al. in [58]. The figure
also displays the +10 experimental uncertainty of the Winter06 (Ortiz) spectrum as a dark

gray band (as dashed lines).

The Winter06 spectrum is adopted in the Super-Kamiokande (SK) solar neutrino anal-

ysis and in this analysis as the predicted spectrum for ®B solar neutrinos. For the hep solar
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neutrino spectrum, the prediction by J. N. Bahcall et al. [41] is used.

3.3 Solar Neutrino Experiments

Experiments designed to detect solar neutrinos usually fall into two different categories, ra-
diochemical and real-time experiments. Both types of experiments have their strengths and
drawbacks, and have differing sensitivities to the various solar neutrino species. Radiochem-
ical experiments include the Davis Homestake Experiment, which used 3"Cl in cleaning fluid
as the target, and the Gallium experiments GALLEX/GNO and SAGE. The real-time ex-
periments include Kamiokande, SK, SNO, and Borexino. Each experiment will be discussed

here, though a detailed discussion of SK will begin after this chapter.

Solar neutrino radiochemical experiments count the number of daughter isotopes pro-
duced through neutrino capture on the parent nuclei via CC processes. These daughter
isotopes could be unstable, but must be long enough lived to survive extraction from the
parent bulk material to be counted via their subsequent decay. The total rate of produc-
tion of the unstable daughters is the product of the number of parent atoms in the bulk
material with the energy integral of the neutrino flux and the neutrino cross section on the
parent isotope. The drawback to this method is that only the time-averaged flux due to
the measured production rate of the daughter isotopes can be determined. One benefit is
that the radiochemical experiments are sensitive to the lower energy solar neutrinos, and can
have, in general, lower energy thresholds than real-time experiments (prior to Borexino). A
second benefit is that the radiochemical experiments have powerful background reduction

techniques.

The measurements by real-time experiments record the time, energy, and direction of

the neutrino interaction in the detection medium. The real-time experiments based on water
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or heavy water look for the Cherenkov light created by electrons moving at super-luminal
speeds in the detector medium or for de-excitation gammas from downstream processes.
In water (SK) and heavy water (SNO), the incident neutrino can elastically scatter (ES)
off an electron causing the electron to recoil. If the velocity of the recoil electron is high
enough that it is super-luminal, it is above Cherenkov threshold and emits Cherenkov light
until it slows down to sub-luminal speeds relative to the index of refraction in the water (or
heavy water). In heavy water, the neutrino can also either break up the deuterium through
a CC or a NC process producing an electron, or it can scatter via the NC process. The
real-time experiments SK and SNO are sensitive to the higher energy solar neutrino species,
8B and hep, as the energy threshold is higher for these experiments. The ®B flux is very
low and the hep rate is much lower when compared to the other solar neutrino species.
SK and SNO must be scaled to the kiloton range or larger to measure these high energy
solar neutrinos. The size of a detector depends on the neutrino cross sections relative to
interactions with the detection medium. The other real-time experiment Borexino, on the
other hand, looks instead at scintillation light from the elastic scattered events in liquid
scintillator, which lowers the energy threshold for detecting solar neutrinos while losing the

directional information.

3.3.1 The Davis Homestake Experiment

The Chlorine experiment by Ray Davis Jr. [60][7] ran from 1968 to 1994 in the Homestake
gold mine located in South Dakota. This mine provided the experiment an overburden
equivalent to having of 4100 meters of water above it (meter water equivelent or mwe),
shielding it from the majority of cosmic rays. The detector was filled with 615 tons of the
cleaning fluid perchloro-ethylene (C5Cly), specifically having the target of *"Cl which has
a natural abundance of ~24%. Neutrinos interact with the target 3’Cl and produce 3"Ar

via the reaction *'Cl + v — *"Ar + ¢~. The energy threshold for this reaction (and the
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experiment) is 0.814 MeV, which is above the pp neutrino detection threshold.

To extract the 3"Ar from the C,Cly bulk, helium was bubbled through the cleaning fluid
approximately every nine to ten weeks. Then the argon was collected in cold charcoal traps
and further purified. After purification, the argon was injected into proportional counters
which were placed into low activity lead shielding to perform the counting experiment of
argon decays. Detection of 3"Ar, which has a half-life of 35 days, occurs by looking for a
2.82 keV v or an Auger electron with the proportional counters, either of which is emitted
from the atom as it decays back to chlorine: *’Ar — 3'Cl + v, + e~. Both the energy and
pulse shape information acquired by the proportional counters were used to further reduce

any remaining background [10].
The final result [7] from the Homestake’s data set spanning more than twenty years is
2.56 £ 0.16(stat) £ 0.15(sys) SNU (3.5)
where

1 SNU = 107 captures per target atom per second. (3.6)

Homestake’s measurement of the solar flux disagreed with Bahcall’s SSMs, consistently mea-
suring a third of the SSMs’ predicted rate, and started the issue of the Solar Neutrino Problem

described earlier.

3.3.2 Kamiokande

The Kamioka Nucleon Decay Experiment (KamiokaNDE), the predecessor to Super-
Kamiokande, was located within the same mine as SK and also had a 1000 mwe overburden
from the mountain. The Kamiokande experiment was a 3-kton water Cherenkov detector

employing 948 twenty-inch (50 cm) photomultiplier tubes (PMTs), which gave the detector
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a photocathode coverage of 20% and allowed for efficient detection of Cherenkov light. The
first run of Kamiokande had large backgrounds at low energies due to radon within the wa-
ter sourced from within the mine, as well as gamma rays coming from the rock surrounding
the cylindrical tank. This background swamped any solar signal, as the endpoint of the
background is tens of MeV, above the endpoint energies of solar neutrinos. Additionally,
Kamiokande-I had no timestamps for its events, so it would not be able to correlate the

direction of the Sun relative to any ES recoil electron events it would record.

Several upgrades between the experiment’s first and second phase (Kamiokande-1I [61])
were implemented to allow for the detection of solar neutrinos. To combat the radon back-
ground coming from the water, a water purification system was constructed to clean and
recirculate water from the tank to keep the water transparent and remove radioactive con-
taminants like uranium, radium, and radon. After the radon from the initial filling of the
detector with the mine water decayed away, the only significant source of radon diffusing into
the water would be from the air above the tank or the rock surrounding it. New electronics
assigned timestamps to events and had improved timing. This yielded better time resolu-
tion for events and allowing researchers to better distinguish between events in the detector.
Additionally, an instrumented 1.5 m veto layer was introduced, allowing additional shielding
from and a veto tag for the background gamma rays. Kamiokande-II ran from November
1985 to April 1990, with a live time, i.e. the total amount of time the detector was ”live” and
collecting data, of 1043 days. The experiment had an initial threshold of 9.3 MeV, which

was reduced to 7.5 MeV following a campaign of increasing the gain on the PMTs.

For their solar neutrino analysis, the experiment looked for Cherenkov light produced
by the electrons recoiling from the ES of neutrinos within the inner 680-ton fiducial volume.
The ES reaction

vi+e —vr+e  where f=ep1 (ES) (3.7)
and its cross sections are described in Sec. 2.3. This reaction does not have a lower energy
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threshold. However, the recoil electrons must have enough energy not only to produce
Cherenkov light, but to produce enough light that will make it to enough of the PMTs
in order to reconstruct the event. The recoil electron direction and the incident neutrino
direction are highly correlated, and the electron will recoil away from the incoming neutrino.
With these upgrades, Kamiokande was able to detect electrons recoiling away from the
direction of the Sun in real time, showing clear evidence that the Sun does indeed produce

neutrinos, specifically *B v,s.

In 1990, Kamiokande underwent an additional upgrade for its third phase (Kamiokande-
I11 [62]), where newer electronics were once again installed. Additionally, an aluminized plas-
tic cone was placed around each inner detector PMT to increase light collection and increase
the coverage of the detector to 25%. All of the PMTs that had died during the course of the
experiment up to this point were also replaced. Kamiokande-IIT had an analysis threshold
of 7.5 MeV and ran until February 1995, with a live time of 1036 days.

Table 3.3: Measurements reported by the Kamiokande Collaboration [63] of the average *B
flux in terms of the ratio between measurement and theory (gg]t\j) and the measured flux.
The theoretical flux is the prediction from an SSM assuming no neutrino oscillations. The
live time for each phase is given as well.

Experimental Data Flux +(Stat)£(Sys) Live Time

Phase ssar T Stat £ sys x10° [em™2s71] [days]
Kamiokande-II ~ 0.46 +0.05+0.06 2.67 £0.29 +£0.35 1043
Kamiokande-TIT ~ 0.496750}5+0.048  2.827023 +0.27 1036

Combined 0.49270055 +£0.058  2.80 £0.19+£0.33 2079

The final results reported by Kamiokande [63] after Kamiokande-III concluded are in
the form of a ratio between the measured flux from the data divided by the theoretical flux

from the SSM, all averaged over the recoil electron energy: ?gf\j, where the SSM ®B flux

assumes no neutrino oscillations. For Kamiokande-II, the SSM flux value ¢5°™(®B) = 5.8 x
10% em™2s72 from the J. N. Bahcall and R. K. Ulrich SSM [64] is used, while Kamiokande-
I1I uses the SSM flux value ¢3°M(®B) = 5.7 x 105 cm~2s72 from the J. N. Bahcall and M.
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H. Pinsonneault SSM [65]. The final results from Kamiokande-II and Kamiokande-III are

consistent and are summarized in table Table 3.3.

Interestingly, measurements performed by the first half of Kamiokande-II overlapped
with measurements performed by the Homestake experiment from August 1986 to March
1988, which meant that the flux measurements by the two were directly comparable as they
were measuring the ”same” Sun, i.e. the instantaneous state of the Sun was the same for
both experiments. Homestake measured a flux of 4.2 + 0.7 SNU, which is consistent with
the Kamiokande-II measurement from the this period. This deepened the Solar Neutrino
Problem even though the ®B neutrinos had a deficit of around one-half instead of one-third

61].

3.3.3 The "'Ga Experiments: GALLEX/GNO and SAGE

The Gallium experiments all have similar technology and methodology [10]. The bulk target
material for the solar neutrinos is a gallium doped compound or solution. The specific
reaction for solar neutrinos is the CC-mediated transmutation of *’Ga, which has a relative

abundance of 39.9%, into "'Ge via inverse beta decay:
"NGa+rv, = "Ge+e™, Einreshod = 233 keV. (3.8)

Similar to the Homestake experiment, the unstable "Ge isotope is extracted periodically. It
is counted by employing proportional counters to capture both the energy and pulse shape
of the decay of the germanium back to gallium. The proportional counters were injected
with a mixture of a noble gas (xenon and/or argon) and germane gas (GeH,), where the
germane came from the chemical purification of the germanium. The signature of this decay

is as follows: two mono-energy lines at 1.2 keV and 10.37 keV from the Auger electrons, and
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~-rays produced in the decay:

MGe+e” — "Ga+ r,. (3.9)

The SSM from Bahcall, Pinsonneault, and Basu [66] predicts the rate of "'Ga transmutation

to "Ge to be 12872 SNU.

The GALLium EXperiment (GALLEX) [67] ran from 1991 to 1997 in the underground
Gran Sasso National Lab (LNGS) in Italy. The target mass was 101 tons of GaCl; solution
containing 30.3 tons of gallium. Every three weeks, nitrogen gas was flushed through the
tank to extract the GeCly, which was then concentrated chemically into germane gas before
being combined with argon/xenon gas and pumped into the proportional counters. The
original GALLEX analysis used the rise time (RT) of the pulses read out from proportional
chambers to count the germanium isotopes, thereby measuring the pp solar neutrino induced

production of "'Ge. The final GALLEX(RT) result [67] is shown in Table 3.4.

GALLEX had four experimental phases over its run period before being shut down
in 1997 for maintenance and upgrades. Simultaneously, the collaboration reformed into the
Gallium Neutrino Observatory (GNO) [68], which collected data between 1998 and 2003 in
three periods. For the GNO analysis, the full pulse shape (PS) data and the energy measure-
ments collected by the proportional counters were used to determine the production rate of
Ge. A re-analysis of the GALLEX data was published in 2010 [69], after performing source
calibrations to the proportional counters used in these experiments, as well as analyzing
GALLEX pulse shape (PS) data with the same method as GNO to reduce errors and use
the full information recorded. The results for the production rate of 'Ge agree with the
original analysis. The final result from the GNO experiment and the combined results with

GALLEX RT and PS analyses are given in Table 3.4.

The other gallium experiment, the Soviet-American Gallium Experiment (SAGE) [70],
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Table 3.4: Results from GALLEX rise-time (RT) analysis, GALLEX re-analyzed pulse shape
(PS) analysis, GNO, and SAGE for the measure of "'Ge from ™Ga transmutation induced by
pp solar neutrinos via Eq. 3.8. An expected value of 1282 SNU from Bahcall, Pinsonneault,
and Basu’s SSM [66] (assuming no oscillations), with the central value of the Data/SSM
ratio given in the third column. The last column contains the live time for each experiment
in days. For the All Gallium Experiments Combined weighted result, the statistical and
systematic errors are combined in quadrature.

Experiment Rate + Stat + Sys. [SNU] L& Jive time [days]
GALLEX(RT) 775462 753 0.605 1687
GALLEX(PS) 73.4 0 3T 0.573 -

GNO 62.9 135425 0.491 1594
GALLEX(RT)+GNO 69.3+4.1+3.6 0.541 3281
GALLEX(PS)+GNO 67.6 + 4.0 & 3.2 0.528 -

SAGE 65.4 T35 T2 0.511 1999.8

All Ga Combined (PS) 66.1 £+ 3.1 0.516 -

was located under the Russian Caucasus mountains in the Baksan Neutrino Observatory.
The experiment had a 4700 mwe overburden and ran from 1990 until 2007, with 57 tons of
molten gallium-germanium alloy (50 tons of gallium) contained in seven chemical reactors
as the target material. In a similar process to GALLEX/GNO, the "Ge was extracted
from the alloy monthly, chemically refined into germane, and injected into the proportional
counters in a mixture with xenon gas. The SAGE analysis uses both pulse shape and energy
measurements, and the current results from SAGE [70] are given in Table 3.4. In order
to combine with the results from GALLEX/GNO, the last line in the table, SAGE was
calibrated in a similar manner. A preliminary result from the re-analysis thesis in [69] was
used to obtain the combined result, where the central value for the GALLEX results was

73.1 SNU instead of 73.4 SNU.

The Gallium experiments provided the first observations of pp neutrinos, which exper-
imentally confirmed that hydrogen thermonuclear fusion is the driving process powering the

Sun, specifically through the pp-fusion chain [10]. Additionally, the deficit of ~3 in the flux
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measured by the Gallium experiments relative to the SSM predictions indicates the transfor-
mation of pp neutrino states between their production in the solar core and arrival at Earth

due to neutrino vacuum oscillations arising from non-zero neutrino masses [68].

3.3.4 The Sudbury Neutrino Observatory (SNO)

The Sudbury Neutrino Observatory (SNO) [36] was a real-time Cherenkov detector designed
by University of California Irvine professor Herb Chen [71] to simultaneously measure both
the total flux of all active neutrino flavors and the electron flavor component independently
for ®B (and hep) solar neutrinos [47]. To achieve this simultaneous measurement, SNO
employed a target of 1 kt of heavy water (D,O, where D is the deuteron D=2H) purified to
99.92% for the first experimental phase (Phase-I). The heavy water was held in a transparent
acrylic vessel (diameter = 12 m), which was surrounded by a stainless steel geodesic structure
(diameter = 17.8 m) that acted as the support for the PMT array (9456 inward-facing and
91 outward-facing 20 cm PMTs). To increase the 4w photocathode coverage, each PMT was

mounted with a non-imaging light collector, bringing the total coverage to 55%.

The two concentric structures were housed in a 30 m barrel-shaped cavity filled with
purified water that both acted as a shield against the external radioactive background from
the mine rock and as a veto against cosmogenic sources (muons). The water between the
PMT array and the acrylic vessel served as an additional buffer and veto against radioactivity
originating from the support structure and PMTs. The PMT array detected the Cherenkov
light from the heavy water in the acrylic vessel and from the purified water in the veto region.
The experiment was located at the SNOLAB facility in the Creighton mine near Sudbury,
Ontario, Canada at a depth of 2092 m with a 5890 4+ 94 mwe overburden. This overburden
reduced the muon rate from cosmic radiation to ~3 events per hour. Both the D;O and

H50O were purified to get rid of radioisotope impurities and bacteria while also ensuring good
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transparency for light collection. It was important for SNO to have stringent limits on their
radioactive backgrounds, as gammas with energy > 2.2 MeV will have enough energy to
overcome the deuteron’s binding energy and cause it to break up, releasing a neutron which

would be a background to their NC measurement.

During the life of the SNO experiment, three separate phases were performed, with the
first phase (SNO Phase-I, Nov 1999 to May 2001) only using ultrapure DO as described ear-
lier. The later two phases were designed to improve the NC flux measurement by increasing
the efficiency of neutron detection in SNO. In SNO Phase-II, sometimes referred to as the
”Salt” phase (July 2001 to Aug 2003), 2 tons of NaCl was added to the heavy water. In SNO
Phase-I1I, or the SNO-NCD phase (Nov 2001 to Nov 2006), a Neutral Current Detection
(NCD) array comprised of helium-filled proportional counters was introduced into the DoO

after removing the NaCl used in Phase-II.

By using heavy water, the SNO detector is sensitive to solar neutrinos through three
kinds of reactions: NC (CC) interactions between all active (electron flavor) neutrinos and the
deuterium in the medium, and through neutrino-electron ES interactions between neutrinos
and the atomic electrons in the medium (Sec. 2.3). The total flux for B neutrinos (®y¢) can
be determined regardless of the flavor state of the neutrinos (unless the neutrino oscillates

into a sterile neutrino state) by measuring the rate of NC reactions,

d+v — p+n+v Ethreshold = 2.225 MeV. (310)

This channel is sensitive to all the active flavor states f = e, u, 7 equally, making it indepen-
dent of any oscillation effects between the active neutrino flavor states. The ejected neutron
captures on the heavy water deuterons, which releases a single 6.25 MeV photon that creates
Compton electrons or pair produces e~et. These e* produce Cherenkov radiation, which is

picked up by the PMTs. The electron neutrino flux can be directly measured through the
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CC reactions

d—+ Ve —p+p+e Ethreshold = 1.442 MeV, (311)

which are only sensitive to the v, state. The energy resolution of SNO for the protons
produced by two reactions is very tight, meaning the correlation between neutrino energy
and the effective energy seen by the detector is strong. By comparing the NC to the CC
reaction rates, the amount of oscillation away from the v, flavor eigenstate can be directly
measured independently of the flux. Furthermore, by comparing the energy dependence of
the two measurements while considering the energy dependence of the respective reaction
cross sections, the energy dependence of the solar neutrino survival probability P,..(FE,) can

be determined.

Additionally, in the same way Kamiokande and SK detect neutrinos, SNO sees the
Cherenkov light from the ES of neutrinos with electrons in the heavy water (Eq. 3.7), which
are predominantly due to ®°B v.s. This allows for the comparison against other (light) water
Cherenkov detectors and a measurement of the flux independent from the deuterium NC and
CC processes. The Cherenkov radiation produced by the ES recoil electrons is picked up by
the PMT array and correlated to the incident neutrino energy through the total amount of

light detected.

The results for the 306.4 days of live time of SNO Phase-I are published in [72], where
the analysis had an energy threshold of T,s; = E.;y — m. > 5.0 MeV, corresponding to the
recoil electron kinetic energy. The fluxes are measured under the assumption that the solar
B flux is solely comprised of v.s and has an undistorted spectrum (no flavor oscillations).
Then the fluxes for the three reactions in SNO Phase-I are given in Table 3.5. The total
flux ®nc measured by SNO agrees well with the SSMs, while the ®gg flux still agrees well
with Kamiokande and Super-Kamiokande. Also, since ®n¢ is so much larger than ®¢¢, the

solar neutrino flux must have additional active flavor components. SNO decomposed their

61



measurements into the flavor components, yielding
®,, = 1.76 4+ 0.05(stat) # 0.09(sys) x 10® cm s~ (3.12)

and

D,,,, =3.41 £ 0.45(stat) "5 (sys) x 109 em ™27, (3.13)

The independent measurements of the three reactions and the relative flavor composition of
the flux, all independent of SSMs, confirmed the SSM predictions and confirmed that the

solar neutrino problem was due to neutrino oscillations.

The addition of the NaCl to the heavy water in SNO Phase-II allowed for neutron
capture on *°Cl which has a larger neutron capture cross section than deuterium. This
neutron capture process results in *°Cl and a vy-cascade with 8.6 MeV of energy to be
released. The higher energy and number of photons released from this process are more
likely to be picked up by the PMTs than in the case of neutrons capturing on deuterons,
allowing for an increase in the efficiency of identifying NC events via more efficient neutron
detection. The SNO Salt Phase measurements of the relevant fluxes are published by the
SNO collaboration in Table XXII of [73] and aggregated into Table 3.5. The results for the
combined analysis of Phase-I and Phase-IT with a low energy threshold of T.;f = 3.5 MeV
while simultaneously fitting the rates for all interactions are published in [74]. SNO measures

+0.132

a total ®B solar neutrino flux of @' = 51407015 (stat) " 177 (sys) x 106 cm ™2

s~! with no
constraint on the *B neutrino energy spectrum. When SNO does constrain the ®B neutrino
energy spectrum using the energy-dependent P.. and A from Eq. 3.16, they measure

o = 5.046f8:1§g(stat)fgﬁgg(sys) x 108 cm 257!,

The NDC array introduced in SNO Phase-III is another relatively independent way
of measuring the ®B solar neutrino NC rate in SNO[75][76]. The NDCs consisted of 40

proportional counters made from helium-filled nickel tubes, with thirty-six of the NDCs being
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filled with *He and the remaining four filled with *He. The ®*He facilitates the detection of

neutrons via tritium production
SHe+n — *H™ +p (3.14)

with a total kinetic energy of 764 keV, and a back-to-back emission of the negatively charged
triton and proton [75]. The neutrons come from the breakup of the deuterium in SNO’s heavy
water through the NC reaction in Eq. 3.10. The anode wires of the NDCs were held to 1950
V, which results in a gain of ~220 for the gas. Since the daughter particles have charge,
the helium gas is ionized by the interaction. This primary ionization causes an avalanche
of secondary set of ionizations, leading to a current pulse in the anode of the NDC. The
resulting set of waveforms for the measured current are read out and stored, and analyzed
offline. The four NDCs that were filled with “He are used for background studies, as “He is

insensitive to the neutrons.

The analysis to measure the NC flux in SNO Phase-III has a higher energy threshold
of Teyp = 6.0 MeV to further reduce the backgrounds for the measurement. With the
NDC’s, SNO Phase-ITI measured ® = 5.547033 (stat) "o as (sys) x 10° cm~2s~" with a
live time of 385.17 4 0.14 days. The measurements of the ®B solar neutrino flux based on
NC, CC, and ES interactions in SNO Phase-III were published by the collaboration in [75]
and again in Table XVII of [76], and are transcribed here in Table 3.5. The successor to
SNO, SNO+ [77], has also measured the *B v, flux as 2.537931 (stat) 012 (sys) x 10% cm 25~

with 0.9 kt x 76.89 days exposure using ultrapure water [78].
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Table 3.5: Experimental Results from SNO for the measured fluxes of the specific interactions
(NC,CC,ES) for each experimental phase (I,IT,IIT) and the measured flavor component of the
flux for ®B neutrinos. The NC measurements for the reactions assume the constraint of an
undistorted ®B neutrino energy spectrum comprised solely of v,, while the flavor components
are extracted directly from the reactions in SNO. The subscript "uncon” corresponds to not
using the above constraint to the ®B energy spectrum for measuring the fluxes. The effective
energy threshold T.;r = E¢rp — 0.511 MeV is given in the second to last column. The live
time for the measurement is given in the last column. All three SNO phases have a maximum
energy cutoff of T,;s = 20.0 MeV for their analyses.

Flux SNO Flux+(stat)=£(sys) Terr Live Time
Measurement Phase x10° cm™2s7! [MeV] [days]
CcC 1[72] 1.76 T5:08 +0.09 5.0 306.4
ES - 2.39 1022 4+ 0.12 - —

NC - 5.09 T35 Tos - -

Ve - 1.76 4 0.05 = 0.09 ~ -

Vs - 3.41+£0.45 T8 - -

cC 11[73] 1.72+0.05 £0.11 5.5 391
CCluncon - 1.68 +0.06 398 — -

ES - 2.34 +0.23 1015 - -
ESuncon - 2.35+0.2240.15 - -

NC — 4.8140.19 1928 — -
NCluncon - 4.9440.21 7538 - -

NC I4+11 [74]  5.140 +09.160 +0.132 3.5 697.4
NCuncon - 5.046 0155 0103 - -
CCluncon ITI [75][76]  1.67 *00> 001 6.0  385.17+0.14
NCur [+II4+101 [47) 5.254£0.16 T3 L 30 1053.9

SNO 3-Phase Results: CIDSESMLL, P.., Apn, and Oscillation Contour Results

The combined analysis of all three phases was published in [47] in 2013 and gives a total *B
neutrino flux of

DR, = 5.25 £ 0.16(stat) " 5 (sys) x 10° em 257! (3.15)

(also listed at the end of Table 3.5) using a maximum likelihood (ML) fit method. All three

phases have a maximum energy cutoff of Tty = 20.0 MeV, while the 3.5 MeV low energy
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Table 3.6: The SNO collaboration combined result for all three experimental phases, pub-
lished in [47]. The units for the *B flux ®sy are x10°® cm~2s7'. The quadratic parameteri-
zation to the day survival probability spectrum P2 and the linear parameterization for the
day-night asymmetry spectrum A.. are both functions of the neutrino energy FE, centered
around 10 MeV and are given in Eq. 3.16. The parameterizations are all independent of
any solar model, and are determined by a maximum likelihood fit to an average day and
night flux, the survival probability spectra for day and night, and the day-night asymmetry
spectrum. The correlation matrix from the maximum likelihood fit for the parameters is
given in the right-hand side of the table.

Parameter | Best Fit + (stat) £ (sys) | ®sp Co a1 o ag a
Dsp 525 +0.1670 13 1.000 -0.723 0.302 -0.168 0.028 -0.012
co 0.317+0.016 £0.009 | -0.723 1.000 -0.299 -0.366 -0.376 0.129
¢ 0.003973995 4+ 0.0045 | 0.302 -0.299 1.000 -0.206 0.219 -0.677
Co —0.0010 £ 0.0.002915:501% | -0.168 -0.366 -0.206 1.000 0.008 -0.035
ao 0.046 & 0.0.03110 013 0.028 -0.376 0.219 0.008 1.000 -0.297
a —0.016 +0.0.0251951% | -0.012 0.129 -0.677 -0.035 -0.297 1.000

threshold analysis for Phase-1 and Phase-II and the 6.0 MeV energy threshold for Phase-III
are used in this combined flux analysis. The total Day (Night) live time of SNO for Phase-I

is 119.9 (157.4) days, 176.5 (214.9) days for Phase-1I, and 176.6 (208.6) days for Phase-III.

To parameterize the ®°B solar neutrino signal, SNO performs a ML fit to extract the

signal from the following data:

e An average ®sp for both day and night.
e The day (night) solar v, survival probability PP (PY) spectrum as a function of E,,.

e The day-night asymmetry spectrum A..(FE,) defined by A..(F,) =

It should be noted that SNO’s definition of A.. is opposite in sign than the definition used
by SK, and is based on the survival probabilities instead of the day and night rates like in
SK. A constant value of A.. = 0 (ap = a; = 0) corresponds to an absence of matter effects
on solar neutrino oscillations as neutrinos traverse through Earth’s matter on their way to

the detector (during the night). SNO also uses the assumption of a constant flux for B solar
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neutrinos in this combined analysis. The use of the neutrino energy, E, in units of MeV, is
to disentangle the fit results from the detector response. To be independent of theoretical
models, a quadratic (linear) fit of the day survival probability P?(E,) (day-night asymmetry
Ace(E,)) spectrum, centered around 10 MeV, is used:

PP2(E,) = co+ c1(E, — 10) + co(E, — 10)?
(B) = co + e, — 10) + el B, ~ 10 -

Aee(E,) = ap + a1 (E, — 10)

For the survival probability spectrum, the SNO energy resolution of 7, is broad and makes

the measure of P2(E,) insensitive to sharp distortions.

(a) 0.6 || SNO-Only (2v)
0.5 10 . Minimum
— 068.27% C.L.
0.4 — 9500%C.L.
_"u . — 99.73%C.L.
o 0.3
0.2 107
0.1 = Minimum
| 1 | ! 1 L 1 1 1 1 1 L P +0.033
5 6 7 8 90 10 11 12 13 14 15 = tan®(f12) = 0.4277¢ 3
Y e 100 2 1.92 -
E, [MeV] £ 107 Amgy = 5.627) 755 < 1077 eV?
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1072 107! 10°

i
(=]
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Figure 3.9: SNO Results - The combined results of all 3 phases of the SNO experiment.
These results are published in [47]. Left: The day survival probability spectrum P2 (top)
and the day-night asymmetry spectrum A.. (bottom). The solid lines corresponding to the
best fits from Table 3.6 and the bands representing the root mean square (RMS) spread due
to the correlated uncertainties from the parameters. The colors correspond to the maximum
likelihood (Bayseian) fit in red (blue). Right: The resulting 1, 2, and 3-0 contours for
the SNO 2-flavor solar neutrino oscillation analysis using only SNO data and assuming the
BS2005(OP) SSM.

The parameterized results and correlation matrix for the ®B solar neutrino data from

the maximum likelihood fit, sometimes referred to as SNO-Poly, are listed in Tables VII and

66



VIII of [47], and are listed in Table 3.6, as these results are used for including SNO data into
the SK NSI analysis (SK-+SNO), which is one of the primary results of the analysis presented
in this work. The SNO-Poly results for P2(E,) and A..(E,) are shown on the left side of Fig
3.9 (Fig. 10 of [47]) with the solid lines corresponding to the best fits from Table 3.6 and the
bands representing the root mean square (RMS) spread due to the correlated uncertainties

from the parameters. The colors correspond to the maximum likelihood (Bayesian) fit in red

(blue).

Using the SNO-Poly result, SNO performs a x? fit to the P2 and A.. predictions
from SSMs based on the neutrino oscillation parameters, taking the minimum x? as their
best fit and the uncertainties from the corresponding deviations in x?. SNO checked the
consistency of the best fit oscillation parameters using the SNO-Poly method by simulating
their data and comparing the best fit and uncertainties. In these tests, SNO found that the
Ax? method from fitting expectations to the SNO-Poly data resulted in unbiased best fit
neutrino oscillation parameters with consistent uncertainties [47]. The resulting contours for
SNO'’s two-flavor solar neutrino oscillation analysis (613 = 0) is displayed on right side of Fig.
3.9 (Fig. 14 of [47]). The best fit oscillation parameters assuming the BS2005(OP) SSM [57]
to this fit are tan?(615) = 0.42710 05 or sin®(f15) = 0.29915:01%, and Am2, = 5.6271 52 x 107°
eV? where the uncertainties are the +1¢ errors after profiling (or minimizing) over the other

parameters.

3.3.5 Borexino

The Boron solar neutrino Experiment (Borexino [37]) is located at LNGS in Italy and has
been running since 2007 [79][80][81][82][83]. The experiment is a calorimeter filled with 278
tons liquid scintillator in its spherical nylon film (radius = 4.25 m), and is designed to

perform real-time measurements of low energy solar neutrinos.
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The scintillation light comes from (v, e) ES events and from NC interactions (all
flavors) in Borexino’s 100-ton fiducial volume. Scintillation light in Borexino is recorded
by 2212 PMTs on the surface of the spherical stainless steel vessel (radius = 6.85 m) that
encloses the non-scintillating buffer material, an additional nylon outer film (radius = 5.50
m), and the inner nylon film containing the liquid scintillator. The energy, position, time,
and the pulse shape of each event are recorded by the timing and number of photons hitting
the PMTSs, which is then used to reconstruct events. The stainless steel vessel is immersed
in a water tank that acts as a veto for cosmic rays and as a shield from excess radiation from

the surrounding mine environment.

One of the primary goals for the experiment is low-energy solar neutrino spectroscopy,
specifically the flux measurement of the "Be solar neutrino line at 862 keV [80] and the
corresponding day-night asymmetry rate [84]. To do this, Borexino has been made as clean
as possible, resulting in the most radio-pure liquid scintillator calorimeter in the world. This
feat was accomplished by constructing the detector out of low activity materials (Phase-I).
The results from Borexino Phase-I for their measurement of the 862 keV "Be solar neutrino
flux of (4.43 £ 0.22) x 10°/(cm? s) [79] agrees with the BP2004 SSM prediction of (4.86 +
0.58) x 10%/(cm? s) [46]. In 2010, Borexino began undertaking a lengthy campaign to purify
the liquid scintillator in order to improve their measurements by reducing the amount of
contamination in their liquid scintillator due to ¥Kr and ?!°Bi [83]. Borexino Phase-II

began in December 2011 after their purification campaign was completed.

In 2018, Borexino published simultaneous fit of the rates for all of the solar neutrino
species (both pp-chain and CNO-cycle neutrinos) in [83], by combining their unpublished
analyses in [81] and [85]. In their analysis, they define a low energy region (LER) from
0.19 to 2.93 MeV (recoil electron kinetic energy) and a high energy region (HER) from 3.2
to 16.3 MeV, which is sub-divided into two regions, HER-I and HER-II, at 5.7 MeV. The

highest energy region HER-II uses the total scintillator volume since the energy is above the
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radioisotope backgrounds, while the HER-I region retains a z > 2.5 m cut. The LER has an
exposure of 1291.51 days x 71.3 tons, using Borexino Phase-II data taken from December
2011 to May 2016, after their purification campaign completed. The HER-I (HER-II) data
set includes the data from Phase I and additional data from Phase-II through December
2016, resulting in an exposure of 2062.4 days x 227.8 (266.0) tons. The LER is used to
measure the pep, pp, and "Be neutrino fluxes, and uses either a high metalicity SSM (HZ) or
low metalicity SSM (LZ) for the pep flux. Due to the reduction of the threshold during phase
I1, the combination of the 0.862 MeV and the 0.384 MeV lines from the “Be neutrinos is able
to be taken into account in this fit. The relevant radio-isotope backgrounds are applied to
these data sets to extract the fluxes for the solar neutrino species. The best fit MSW-LMA
oscillation parameters to all other solar neutrino experiments [86] are used to predict the
interaction rates and fluxes expected to be measured in Borexino. With these expected rates
and fluxes, Borexino extracts their measured event rates and fluxes. Their analysis uses

the following best fit values with one-sigma errors for the relevant oscillation parameters:

sin?(f15) = 0.30675012 and Am3, = 7.507012 x 107° eV

The Borexino measurements of the various solar neutrino rates and fluxes are given in
Table II of [83] and are collected below in Table 3.7. Their global analysis also shows the
first bo rejection of pep neutrino absence from the total solar neutrino flux and places an
upper limit on the CNO neutrino rate of 8.1 counts per day per 100 tons (cpd/100 t) at the
95% confidence level [81].

Borexino "Be Day-Night Asymmetry Measurement

In addition to measuring the pp-chain neutrino fluxes, in 2012, Borexino made a measure of
the 862 keV "Be solar neutrino day-night asymmetry (Ag,) [84]. Their analysis uses data
taken between May 2007 and May 2010 (740.88 days live) in a window in recoil electron

kinetic energy between 550 and 800 keV, though there is a Compton-like electron scattering

69



Table 3.7: Experimental Results from Borexino for the rates and fluxes of low energy solar
neutrinos via global fit [83] to Borexino Phase-II data assuming the MSW-LMA oscillation
parameters [81], and measurements of the ®B rate and unoscillated flux from both Borexino
phases [85]. The pure v, °B flux from the HER analysis is reported as HER(v,) [85]. The
upper limit to the CNO measurements is given as well. The region of recoil electron kinetic
energy over which the analysis was performed is given in column 2, and the last column is
the exposure for the analysis in ton-years.

Solar v Energy  Rate + Stat £ Sys.  Flux: @fﬁs + Stat £ Sys. Exposure

Species  Region [cpd/100 t] [em™2 s71] [ton-year]
PP LER 134+ 1075, (6.1£0.5703) x 1010 252.11
"Be LER 483 +1.1751 (4.99 £0.1170:08) x 10 252.11

pep (HZ)  LER 2.43 +0.3610 55 (1.27 £ 0.1915%) x 10® 252.11
1 PP (LZ)  LER 2.65 +0.3610 3] (1.39 £ 0.19199%%) x 10® 252.11
CNO LER < 8.1 (95% C.L.) < 7.9x 10 (95% C.L.) 252.11
B HER-T  0.136 +0.013 £ 0.003 (5.77 £0.56 4 0.15) x 106  1286.28
°B HER-II  0.087%501% + 0.005 (5.567003 £0.33) x 105 1501.98
°B HER 0.22375:512 4 0.006 (5.687030 £ 0.03) x 10°  1286.28
B HER(v.) - (2.557010 £ 0.07) x 10°  1286.28
hep  HER-III < 0.002 (90% C.L.)  <22x 10° (90%C.L.) 800

"shoulder” around 665 keV due to conservation of 4-momentum. The exposure during the
day (night) is 360.25 (380.63) days x 132.5 tons, where the fiducial mass is defined by the
spherical volume formed by 3.3 m radius that maximizes the detector’s sensitivity to the
day-night effect. The fiducial volume encloses 4.978 x 103! electrons and gives a signal-to-
background ratio of 0.70 £ 0.04 within the energy window of the analysis. The rate during
the night is combined with the zenith information from the event timing, and the spectrum

information is used while accounting for the low energy 2'°Po background.

Borexino’s definition and measurement of the Borexino 862 keV "Be Ay, is

AlBeso2ieV _ o N TTD ) 091 4 0.012(stat) £ 0.007(sys). (3.17)
N + 7D

This formula for Ay, is opposite in sign to the way SK measures the day-night asymmetry

(Eq. 3.19), where the day (night) rate is given by rp(ry). This lack of a difference in day
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and night rates agrees with the MSW hypothesis, as the "Be neutrinos are too low in energy
to incur measurable effects on the survival probability due to matter in the Sun, much less

in the Earth.

D onF 1073 A 1
[ 20 C f ) ) ) o 3
e [ -=-- Ideal exposure function (3 years of live time) r ]
) C [ ]
> 18 I ]
< C . . LMA
© 166 Experimental exposure function 1074 @ 4107
14 ; i I ]
- i, i —~ 10-5L 110-5
12— e < 10 3 E 10
- L [ ]
10— Ry L ]
- g 6 6
- < =0l = =0
8l 10 110
6 :_ LOW region excluded
- at greaterthan 3o by
aF- 107~ Borexino’Be Ay, 107’
2 NIGHT P~
L :I L1l I Ll | Ll l Ll | L1 I L1l l L1l l Lol 10_8- N N N o ]0—8
-180 -160 -140 -120 -100 -80 -60 -40 -20 0 107! 1
6, (deg) tan’6 |,

Figure 3.10: Borexino "Be Ay, - Borexino’s live time dependence on the solar zenith angle
and the solar neutrino oscillation parameter space allowed regions without (center) and with
(right) Borexino’s Ay, fit. Both figures from [84]. Left: The solar zenith angle 6, [deg]
dependence of Borexino’s live time (or exposure) in days. Right: The resulting 1, 2, and 3-¢
contours (as of 2012) for all solar neutrino experiments after including the Borexino "Be Ag,
fit. Only the LMA region survives at 3o, while the LOW region is excluded at greater than
30.

The effect from the 384 keV "Be solar neutrinos is taken into account in the systematic
error by lowering the lower energy bound to 250 keV and taking the difference in the central
values. It was found that the Ay, measurement with the 250 keV lower energy bound is
consistent with Ay, measurement with the 550 keV lower energy bound. Borexino’s resulting
Agn, measurement disfavors the region Am3, < 2x 1075 eV? at greater than 30 by itself, with
the LOW solution being excluded at greater than 8.50, while being in agreement with the
LMA solution (which gives a x? fit of approximately zero). Fig. 3.10 shows the distribution

of the exposure Borexino has to solar neutrinos as a function of degrees in zenith angle
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(left), and the allowed 1 to 3 o regions of the solar neutrino oscillation parameter space after

including Borexino’s Agy, fit (right).
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Figure 3.11: Oscillation predictions of Apx (a) and the spectral distortion of the elastic
scattering rate (b) [87].

The measurement of the day-night asymmetry Apy from the solar neutrino analysis
of Super-Kamiokande, which uses an unbinned maximum log-likelihood fit to all signal and
background events extracted from SK, excludes the LOW solution at greater than 3o through
the zenith information. However, in the work presented here, this measurement is neglected
in favor of a quicker computation of the integrated (in energy and zenith angle) ES rate
during the day and night, which is then used to form Apy. Using the integrated Apy has
the unfortunate effect of returning the LOW solution, as the zenith information is what

leads to ruling it out. To exclude the LOW solution again without the large computational
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resources necessary for implementing the Apy likelihood measurement, the Borexino 'Be
Agn, measurement is used. Because the predicted asymmetry of the elastic scattering rate
(left side in fig 3.11) is of the order of one to ten percent in the LOW solution region, the
sub-percent asymmetry and incredibly small errors of Borexino’s measurement (Eq. 3.17)
are able to strongly exclude this region independently of SK, which further restricts the
allowed regions of both the solar oscillation parameter space and the NSI parameter space.
Further details of these three day-night asymmetries, including how they are predicted and

fit in the NSI analysis, will be discussed in Ch. 10.

3.3.6 KamLAND Reactor Antineutrinos and Solar Neutrino Flux

Measurements

While itself not designed as a solar neutrino experiment, the Kamioka Liquid Scintillator
Antineutrino Detector, or KamLAND [88][89], has contributed to the study of solar neutrinos
through the precise measurement of the mass splitting Am3, and mixing angle 615 using
nuclear reactor antineutrinos. KamLAND also published a measurement of the solar neutrino
fluxes for "Be [90] and for ®B [91] using their detector. KamLAND sits in the experimental
cavern that once housed the Kamiokande Detector, in the Kamioka mine of Gifu, Japan,
where the experiment collected data from March 2002 to September 2011. While employing
similar liquid scintillator (LS) technology as Borexino, the detector is much larger though
not as radio-pure. The inner detector (ID) weighed in at 1 kiloton of ultrapure LS and the
experiment’s outer detector (OD) was a 3.2 kton pure water buffer. The OD was used for
shielding against mine backgrounds (neutrons and 7s) and as muon veto by utilizing the
muon-induced Cherenkov light. The LS was contained in a transparent balloon (radius =
6.5 m) suspended in a stainless steel shell (radius = 9 m) filled with mineral oil. The shell
acts as the structure for the array of 1879 PMTs that provide 34% photocathode coverage.

The detector employs two different PMT setups in the array to pick up the scintillation light
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from the LS: 554 twenty-inch PMTs recycled from Kamiokande and 1325 new PMTs with
better single-photoelectron and timing resolution than the Kamiokande tubes. The newer
style tubes are also 50 cm (20 inches) in diameter, but have had their photocathode masked
to reduce the diameter to 43.2 cm. The fiducial volume of KamLAND is defined by a sphere
with a radius of 6 m concentric with the LS balloon. The 2011 Japanese earthquake and
disaster at Fukushima resulted in all the Japanese commercial nuclear reactors to be shut
off. The lack of a reactor antineutrino flux allowed KamLAND to take pure background
data for their reactor antineutrino measurement. It also allowed KamLAND to better study

low energy geological antineutrino (geoneutrinos) fluxes.

The KamLAND experiment sees electron antineutrinos 7, produced by the 56 Japanese
nuclear power reactors, and several additional reactors on the Korean peninsula, with the
nominal distance (baseline) to the reactors being approximately 180 km based on the flux
weighted average. Detailed proprietary operational data for each commercial reactor was
given to KamLAND by a Japanese power company consortium, including fuel replacement,
fuel reshuffling, and the time variation of thermal power output. This detailed reactor
information allowed KamLAND to make accurate predictions of the 7, flux at the detector
from each of the reactors. KamLAND detects scintillation light produced by the 7, through
the inverse f-decay

Vo +p— et +n. (3.18)

This process has a delayed coincidence signature in KamLAND due to prompt Cherenkov
light and subsequent ~ys from ete™ annihilation of the ejected positron and the delayed light
from the neutron capture on a proton or **C nucleus in the scintillator. The average capture
time for neutrons in KamLAND is 207.5 £ 2.8us. The analysis in [89] uses an un-binned
maximum-likelihood fit (UMLF') to both the event rate and prompt energy (E,) spectrum
shape. The UMLF extracts the neutrino oscillation parameters and the fluxes for the reactor

antineutrinos and geoneutrinos. The time variation of both the event rate and the prompt
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energy spectrum shape are considered. The E, for events lie in the range of 0.9 to 8.5 MeV.

The results of this analysis are summarized in Table 3.8.

Table 3.8: KamLAND-only measurements from [89] for the neutrino oscillation parameters
015, 013 and Am?2, are shown with the total error of the measurement. KamLAND extracts
these parameters using an unbinned maximum-likelihood fit to the antineutrino event rate
and energy spectrum shape, including time variations. The electron antineutrino sources are
Japanese nuclear reactors and geoneutrinos, both of which are fit to simultaneously in the
analysis.

sin(f13)£ total Am2,+ total x107° [eV?] tan?(f5)+ total sin®(f;5)+ total
0.01070.0% 7547018 0.481790% 0.325" 0058

3.3.7 Super-Kamiokande

The Super-Kamiokande experiment [35] is the world’s largest ring imaging water Cherenkov
detector and is the successor to the Kamiokande and the Irvine-Michigan-Brookhaven (IMB)
experiments. SK observes neutrinos of all kinds from a multitude of sources, as well as
searches for nucleon decay and other rare processes. The experiment is located in the
Kamioka mine in the Gifu prefecture of Japan, 1 km underground, the same mine that
housed the Kamiokande experiment previously. The detector is filled with 50 kilotons of
ultrapure water in which the neutrinos and antineutrinos interact (as well as muons sourced
by cosmic radiation) and is the bulk material under observation from which nucleon decay

may occur.

The SK experiment has been running over twenty years, with data collection starting
in 1996. The experiment has gone through four experimental phases, SK-I, SK-II, SK-III,
and SK-IV. The SK-IV phase ended in May 2018 to refurbish the detector and upgrade
the experiment to the SK-Gd Experiment. The SK-Gd experiment entails doping the SK

ultrapure water with Gadolinium Sulfate Gd2(SO4)3 to better search for and measure the

5



Diffuse Supernova Neutrino Background (DSNB). The idea for SK-Gd was proposed by John
Beacom and Mark Vagins [19].

SK was the first experiment to show evidence that neutrino flavor oscillations induced
by non-zero neutrino mass are the reason for the difference between measurements and
predictions of atmospheric neutrinos originally hinted at by Kamiokande data. SK also
was the first experiment to show that at least one of the neutrinos has a finite neutrino
mass [92]. Together with SNO, SK also gave the first experimental indication of neutrino
flavor conversion in the Sun, due to non-zero neutrino mass and the MSW effect, could
solve the Solar Neutrino Problem. These two sets of evidence have shown that neutrino
oscillations arise from non-zero neutrino mass which is not predicted by the Standard Model
of Particle Physics. Arthur McDonald of the SNO collaboration and Takaaki Kajita of the
Super-Kamiokande collaboration won the 2015 Nobel Prize in Physics for this work [93] .
A detailed discussion of the detector will be covered in later chapters, where we discuss
its calibration, data acquisition, and the data analysis for solar neutrino measurements and

results.

The results for SK-I [44], SK-IT [94], SK-IIT [95], and the 1664 day data set from SK-IV
[42] are given in Table 3.9, with the flux values extracted from Table VI in the SK-IV paper.
The revised SK-III values are used in Table 3.9. The ®B v, flux measurements from the SK,

SNO, and Borexino experiments, as well as KamLAND and SNO+, are plotted in Fig. 3.13.

The day-night asymmetry values given in the table are calculated from the day-night

rate asymmetry

Ta — Th
Y

Tq+ Tn

Apy =2 (3.19)

where 74 (r,) is the energy averaged day (night) scattering rate in SK and Apy = 0 cor-
responds to no Earth-matter effects on neutrino oscillations. The values of Apy for each

SK-Phase in Table 3.9 are taken from [96] for SK-I/II/III, and from the SK-IV(1664d) so-
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Figure 3.12: Combined Results for the Super-Kamiokande Solar Oscillation Anal-
ysis - Solar neutrinos oscillation parameter constraints using SK recoil electron spectrum
and day-night data from SK-I/II/III/IV(1664d) data set. The 1-50 confidence levels are
shown, with 1-30 region shaded. The NC is constrained to the SNO results, and 63 is
constrained by short baseline measurements of reactor antineutrinos (51“2%1.%%)2. Fig. 33
of [42].
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Figure 3.13: The ®B flux measurements for SK, SNO, and Borexino solar neutrino experi-
ments (and KamLAND). The initial SNO+ measurement is provided as well. Figure courtesy
of Y. Nakano. These values are reported in the corresponding section for each experiment
in this chapter.
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Table 3.9: Super-Kamiokande results from the Solar Neutrino Analysis and Solar Neutrino
Oscillation Analysis for each experimental phase [42]. The total live time for each phase,
the energy averaged ®B flux and corresponding number of extracted signal events from the
recoil electron data are given in the top table. The bottom table gives the energy averaged
day-night rate asymmetry, as well as the live time for the day and night data sets for each
SK-Phase. The energy window over which the measurements are averaged for each SK-Phase
is given in each table.

Solar Neutrino Flux & Signal Events

SK Live Time Energy Window (IJSEBS +(stat)+(sys) # Signal Events
Phase [days] FEiotar [MeV] x10%[cm?s™!] Ngigt(stat)£(sys)
SK-I 1496.12 5.0 - 20 2.380 £0.024 T00% 22,404 + 226 1)
SK-II 791.79 7.0 - 20 2.41 40.05 F18 7212 F329 Tisss
SK-III 548.53 5.0 - 20 2.404 £0.039 £0.053 8148 T35 + 176
SK-IV(1664d)  1663.91 4.0 - 20 2.308 £0.020 T0%0 31,891 353 4 543
SK Combined  4500.34 <20 2.345 £ 0.014 £0.036 69,655 700 a0 s

Day-Night Rate Asymmetry

SK live day live night Energy Window %Apn
Phase [days] [days] Eiotar [MeV] +(stat)+(sys)
SK-I 733.15 762.97 5.0 - 20 —214+204+1.3
SK-II 383.58 408.21 7.0 - 20 —5.5+4.24+3.7
SK-IIT 264.05 284.47 5.0 - 20 —-594+324+1.3
SK-IV(1664d)  797.43 866.48 5.0 — 20 —49+18+14
SK Combined 2178.21  2322.13 <20 —41+£124+0..8

lar analysis [42] for SK-IV and the combined result. SK obtains the measurements of the
solar neutrino oscillation parameters by fitting to the recoil electron spectral data combined
with the day-night data from all four phases, while constraining the total average *B solar
neutrino flux and sin? §;5. The total average *B solar neutrino flux is constrained to SNO’s
NC measurement of 5.25 & 0.1670 13 x 106 cm—2 s7! [47]. The neutrino mixing angle 6,3
is constrained to the short baseline measurements of antineutrinos from nuclear reactors:
sin?0y3 = 0.0219 % 0.0014 for the SK-IV 1664d solar analysis in [42]. Fig. 3.12 shows
the 1 — 50 confidence level contours of the solar neutrino oscillation parameters Am3,; and
tan?(012). The resulting best fit values and the total error for the oscillation parameters are

sin®(612) = 0.33475527 and Am32, = 4.8755 x 107° [eV?].
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3.4 Combined Results from all Solar Neutrino Exper-

iments with KamLAND

Combining all the solar neutrino experimental data together (Solar) along with KamLAND
[42] yields a value of sin? §;3 = 0.0284-0.015, which is in good agreement with measurements
from experiments measuring antineutrinos produced by nuclear reactors at shorter baselines
[23][24][25][26][27] (see Table 2.1). Constraining the value of ;3 to these short baseline
measurements, the Solar + KamLAND data yields measurements for the solar mixing angle

of sin? §15 = 0.30775015 and the solar squared mass splitting of 7.497013 x 107° [eV?].

The allowed contours for sin? ;5 and sin? 6,5 are shown in the Fig. 3.14 (Fig. 35 of
[42]) where green corresponds to the fit to the Solar data (1-5¢ lines, 1-30 shaded), blue to
KamLAND (1-30), red is the combined result (1-30). The reactor neutrino constraint on 6;3
is denoted by the gold lines. Fig. 3.15 (Fig. 34 of [42]) shows the allowed contours for sin® #;,
and Am3, which includes the reactor antineutrino constraint to ;3. The solid green lines
are again from the fit to the Solar data (1-50 lines, 1-30 shaded), blue to KamLAND (1-
30), red is the combined result (1-30). The dashed green lines correspond to the SK4+SNO
combined fit and are shown for comparison. The SK+SNO combined fit in Fig. 3.15 show
that the driving force behind the solar neutrino oscillation parameter fit from the Solar data

set is dominated by these two experiments when using the reactor neutrino constraint on

013.
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Figure 3.14: The allowed regions for the neutrino mixing angles sin? 6, and sin? 6,5 from the
global fit to all Solar and KamLAND data (Fig. 35 of [42]). Contour lines (shaded regions)
represent the 1 — —50 (1 — —30) allowed region confidence levels. The colors correspond
to all Solar data (green), KamLAND data only (blue), and Solar+KamLAND data (red).
The best fit to the oscillation parameters is given in the plot. The gold lines are the reactor

antineutrino data measurement of sin? 613 = 0.0219 #+ 0.0014, which is used as a constraint
in 3.15.
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Figure 3.15: The allowed regions for the solar neutrino oscillation parameters sin?#;, and
Am3, from the global fit to all Solar and KamLAND data with the reactor antineutrino
constraint on 613 (Fig. 34 of [42]). Contour lines (shaded regions) represent the 1-5¢ (1-30)
allowed region confidence levels. The colors correspond to all Solar data (green), KamLAND
data only (blue), and Solar+KamLAND data (red). The best fit to the oscillation parameters
is given in the plot. The solid green lines correspond to the fit to the Solar data. The dashed
green lines correspond to the SK4+SNO combined fit and are shown for comparison.
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Chapter 4

The Super-Kamiokande Experiment

4.1 Overview

Super-Kamiokande (SK) [35] is a 50-kiloton, ultrapure water Cherenkov detector built 1000
m (2700 meters-water-equivalent) underground within the Japanese mountain Ikenoyama.
It resides in the ”Kamioka mine”, a zinc mine owned by the Kamioka Mining and Smelting
Company. The experiment has been running since April 1996 and has just begun its fifth
phase, SK-V. As relativistic charged particles traverse through the ultrapure water in SK,
Cherenkov light is emitted from them while their velocity is greater than the speed of light in
the water. This Cherenkov light is observed by photomultiplier tubes (PMTs) which are set
into the detector structure and arranged in so-called ”super module” sub-structures, denoted
by a rectangle inside the SK tank in Fig. 4.2. A layer, or super-layer, in SK refers to the 2.1

m tall band of super modules that make up the PMT support structure of SK.

SK is divided into an Inner Detector (ID) and an Outer Detector (OD) which are
optically separated from each other. During SK-III, SK-IV, and SK-V, the ID is observed by

11,129 inward-facing 50 cm diameter PMTs, while the OD employs 1885 outward-facing PMT
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assemblies composed of a 20.3 cm diameter PMT and a wavelength shifting plate. During
SK-I (SK-II), the number of ID PMTs was 11,146 (5182). Each super module contains two
OD PMT assemblies and a four-by-three array of ID PMTs, with the exception of special
super modules near the corners of the cylinder. The OD is used as a veto trigger and as a
buffer from environmental backgrounds. The ID PMTs are used to detect the Cherenkov
light or light-cones produced, for example, by recoil electrons from elastic scattering (ES) of
neutrinos or from muons entering the detector. Their phtotcathode covers 40% (19%) of the

cylindrical surface of the detector structure for SK-I/II1/IV/V (SK-II).

The Kamioka mine is located in Japan in the Gifu prefecture near the city of Kamioka,
shown in Fig. 4.1. The detector itself is located at 36°25’33” N, 137°18’37” E, 371.8 m above
sea level. The underground experimental areas in the mine form the Kamioka Observatory,
overseen by the University of Tokyo’s Institute for Cosmic Ray Research (ICRR). In addition
to SK, the Kamioka Observatory contains several high-precision low-energy experiments.
With the exception of the KAGRA experiment [97], a gravity wave interferometer experiment
which has its own dedicated tunnel system, the underground experiments are all accessed
via a 1.8 km horizontal tunnel. The overburden reduces the cosmic muon rate to 2.2 Hz
(6 x 1078 /cm? s sr), and only muons with an energy above 1.3 TeV will penetrate to the

detector, greatly reducing overall backgrounds to many of the SK analyses [35].

Other than SK and KAGRA, ICRR manages many other noteworthy experiments in
the mine, including the following: the XMASS experiment [98], a low-mass dark matter
detector; CANDLES [99], which searches for double beta decay via **Ca; NEWAGE [100], a
small, direction-sensitive dark matter detector; and the EGADS experiment [101]. EGADS
stands for Evaluating Gadolinium’s Action on Detector Systems and it is a gadolinium
sulfate (Gd(SOy)s) doped water Cherenkov detector whose detector components are the
same as in SK. As its name suggests, EAGDS has been an R&D test bed for the planned

upgrade of Super-Kamiokande during its fifth experimental phase. EGADS also serves as
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Figure 4.1: The location of the Super-Kamiokande Experiment within Japan [35].

a supernova burst monitor and is a part of the SNEWS network, described later, alongside
SK. The EGADS experiment has shown that with long-term exposure to 0.20% Gdz(SOy4)3
solution, the detector components used in SK are unaffected. Of equal importance, EGADS
has shown that the optical transparency of the water can be maintained at similar levels to

the ultrapure water transparencies in SK by the ”Band-Pass” water system, described later.

The Kamioka Observatory originally housed the predecessor to SK, the Kamioka-
Nucleon-Decay-Experiment (KamiokaNDE), whose name SK pays homage to. However,
the "NDE” at the end of Super-Kamiokande now has a dual meaning: the original acronym,
as well as Neutrino Detection Experiment. The reactor antineutrino experiment KamLAND,
a separate institutional entity from ICRR, now occupies the experimental cavern once home
to Kamiokande. There are four primary SK experimental areas, with Fig. 4.2 showing the
schematic layout of the SK experiment in the mine. The first area is the SK cavern in which
the detector tank sits, with the dome above the tank housing the front-end electronics, cal-
ibration devices, and other detector systems. The second area houses the linear accelerator
(LINAC), a medical particle accelerator used for energy calibrations, along with its control

room. The third area is the SK control room, where shift workers reside and is the location
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Figure 4.2: The layout of the Super-Kamiokande Experiment within the Ikenoyama Kamioka
mine [35]. The rectangular coordinate system used in SK is inset into the detector for
reference.

of the online computer system. The online computer system builds the detector events by
collecting data coming from the front-end electronics on top of the tank. After building the
events, the system ships the data to storage computers for further processing and analy-
sis. These storage computers are located in the ICRR office-laboratory, or the Kenkyuto,
located in Higashi-Mozumi down Route 41 toward Toyama City. The final area is the SK
water system which cleans the water to minimize contaminants and maintain the ultrapure
water transparency. While this water system was used prior to 2019, a new water system
for SK-Gd has been constructed that will purify the water without removing the added
Gda(SOy)3.

The inner surface of the dome, as well as the entrance area and control room, is covered
in "Mineguard,” a polyurethane epoxy made by the Canadian company Urylon Plastics
Incorporated and the Mining Industry Research Organization of Canada [102]. The coating

has two primary components: Polyol Resin and Diphenylmethane Disocyante. It is used as a
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seal against the radon gas emitting from the rock in the mine, which is a serious background
in low energy analyses like the solar neutrino analysis. Radon gas is also a health hazard for
humans. While Mineguard blocks the radon gas produced in the mine rock from entering
into the SK dome, it itself produces radon in much smaller quantities. Because Mineguard
produces radon, a special formulation of Mineguard-C6 was created for in-tank use in SK to

seal the water leak in the tank walls (see Sec. 4.2.1 and Sec. 4.2.2.).

The SK collaboration was created by the union of the Kamiokande and Irvine-Michigan-
Brookhaven (IMB) collaborations. Both collaborations performed searches for proton decay
theorized from grand unified theory models and had the serendipity to see supernova burst
neutrino events from the 1987a type-Ila supernova. They additionally made measurements
related to atmospheric neutrinos produced in cosmic ray showers, and Kamiokande made
measurements of solar neutrinos. SK was designed as a scaled up version of Kamiokande
to improve searches for nucleon decay, as well as to detect neutrinos from various sources,
including supernova neutrinos, the B solar neutrinos produced in the core of the Sun from fu-
sion processes, atmospheric neutrinos, and neutrinos produced in man-made neutrino beams

(i.e. by the K2K and T2K experiments [103]).

In addition to external collaborations with the T2K (and previously the KEK) exper-
iment, SK sends signals to the SuperNova Early Warning System (SNEWS [104]), as the
neutrino burst from a supernova arrives prior to the optical component. SNEWS is a col-
laboration between many neutrino, gravity wave, and telescope experiments that alert the
community of astronomers and physicists that a supernova burst has been detected. When
SK detects a supernova burst, the collaboration gives the community the reconstructed di-
rection of the supernova in order for the optical telescope experiments to train their ”eyes”

on the supernova in time to catch the full optical component of the explosion.

Currently, the Super-Kamiokande Collaboration has ~150 collaborators, with scientists

and engineers from Japan, the United States, Canada, China, Korea, Poland, Spain, France,
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the United Kingdom, and Italy. The primary funding for the SK experiment comes from
Japan’s Ministry of Education, Culture, Sports, Science and Technology, with additional
significant support by the U.S. Department of Energy and National Science Foundation.
Additional funding is provided by the Spanish Ministry of Science and Innovation, the Na-
tional Science Foundation of China, the Research Foundation of Korea, and the Korean
Ministry of Science and Technology. Though a detailed, but limited, overview of the SK

Experiment will be described here, further details can be found in [35].

4.2 The Experimental Phases of Super-Kamiokande

The SK experiment has been collecting data since 1996 over the course of four completed
experimental phases known as SK-I through SK-IV and just recently began SK-V. The ex-
periment has made many measurements of the properties of solar and atmospheric neutrinos,
as well as searched for neutrino sources from the cosmos, sterile neutrinos, and nucleon de-
cay. SK has been the far detector for two different neutrino beam experiments: the KEK
to Kamioka (K2K) experiment (June 1999 to November 2004) and currently for the Tokai
to Kamioka (T2K) experiment. Details of each SK-Phase prior to SK-V which are relevant
to SK low energy analyses are summarized in Table 4.1. Because it takes several months to
fully clean the water to the ultrapure status desired for analyses, the actual data period is

delayed by several months relative to the start of each SK-Phase.

The SK-I Phase ran for five years, starting in April 1996 and ending in July 2001.
The SK-I phase had 11,146 ID PMTs yielding a photocathode coverage of 40% and 1885
OD PMTs. At the end of this phase, the tank was drained to refurbish the detector and to
replace bad PMTs that were either dead or had a high dark rate. Once the refurbishment
work was completed in September 2001, the detector began refilling with water. During

this refilling, one of the 50 cm PMTs on the bottom imploded and created an energetic
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shockwave, setting off a chain reaction that destroyed all of the PMTs below the waterline.
As the detector was about 30 m full, almost 6800 ID and 1100 OD PMTs were destroyed.
The tank was drained, and the glass and photocathode residue was cleaned up. To collect
data while the Hamamatsu Company manufactured replacement PMTs, the surviving 1D
PMTs and spares were redistributed throughout the detector, and destroyed or damaged
OD PMTs were replaced with new ones. To prevent a chain reaction from occurring again,
protective cases, also called PMT housings, were manufactured to encapsulate and shield
the 50 cm PMTs. These cases consist of a fiber reinforced plastic (FRP or fiberglass) hull
and an acrylic window. The PMT cases were installed in the process of redistributing the

ID PMTs.

This second phase, SK-II, ran for three years from October 2002 to October 2005.
The reduction in the number of PMTs, 5182 ID tubes and 1885 OD tubes, resulted in a
reduced photocathode coverage of 19%, similar to the original Kamiokande Experiment, and
an increase in the energy threshold for low energy analyses. Once Hamamatsu finished with
the production of the new 50 cmm PMTs in October 2005, the SK-II phase ended, and the
detector was once again reopened to install the new tubes, along with newly made PMT
housings for them. This once again brought the photocathode coverage back up to the 40%
mark from SK-I. This refurbishment period is known as the full reconstruction and lasted
until July 2006, when the refilling of the tank with pure water had been completed and data
collection began. At that time, the SK-III data period started, lasting for three years. In
August 2008, the detector was turned off to upgrade the front-end electronics. A method
of precision control of the water temperature within the water system and the SK tank to
prevent convection within the ID was developed during SK-III, reducing backgrounds for the

SK low energy analyses.

The original front-end electronics, specifically the data acquisition system (DAQ), were

replaced with upgraded Ethernet capable electronics after the end of SK-III. More on the SK
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Table 4.1: Summary of the pertinent information of each SK-Phase for the SK Solar Neutrino
and NSI analysis, with the live time of the solar neutrino data set given in days for the day,
night and total data sets. The dates given in the Phase Start (Data Start) row are the
beginning dates for the respective SK-Phase (Solar data set). The details of these analyses
per SK-Phase, including the SK day-night rate asymmetry Apy, is given in Table 3.9. SK-V
started in Feb. 2019, but the official Data Start date has yet to be determined. In the
analysis presented in this work, the published results of SK-IV(1664d) are used (up to Feb.
1, 2014), as the data set and results for the whole of SK-IV have yet to be finalized.

Information SK-1 SK-II SK-III SK-IV SK-V
Phase Start April 1996 Oct. 2002 July 2006 Sep. 2008 Feb. 2019
Data Start Nov. 1996 Dec. 2002 Oct. 2006 Oct. 2008

End Date July 2001 Oct. 2005 Aug. 2008 Dec. 2018

Live time 1496.12 791.79 548.53 2859.68

Day Live 733.15 383.58 264.05 1381.32

Night Live 762.97 408.21 284.47 1478.36

# 1D PMTs 11,146 5182 11,129 11,129 11,129
PMT Coverage 40% 19% 40% 40% 40%
# OD PMTs 1885 1885 1885 1885 ~1865
DAQ ATM ATM ATM QBEE QBEE

electronics and DAQ will be discussed later in Sec. 4.5. Once the upgrade to the front-end
electronics was complete in September 2008, the SK-IV phase started. SK-IV saw several
additional improvements to the overall detector and data quality, including a replacement of
the high voltage system for the ID PMTs and further improvement of the water temperature

control method began in SK-III.

The Wideband Intelligent Trigger (WIT) [105][106], an ultra-low energy DAQ system,
was introduced during this phase. The WIT system is used to push the trigger threshold
down as low as possible. It simultaneously triggers on and reconstructs low energy recoil
electrons down to 2.5 MeV in kinetic energy with almost 100% efficiency, while rejecting
events near the PMT structure. Although WIT is currently running and collecting data, the
data it has collected for SK-IV has not yet been analyzed and merged into the official SK

solar neutrino analysis.

SK-IV also saw the radon measurement system in the mine upgraded, and saw the
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removal of the membrane degasifier system from the SK water system since it had been
been discovered to be a radon source. In February 2018, the water system was intentionally
altered to better understand water convection in SK. Because of this work and subsequent
calibrations preparing for the next SK-Phase, the data from 2018 is currently excluded from
the low energy analyses. The preliminary full data set for the low energy analyses includes

all data collected from October 2008 until December 31, 2017.

The SK-IV phase officially ended in May 2018 to perform detector maintenance and to
prepare to upgrade the detector to the SK-V phase, the SK-Gd Experiment. SK-V officially
started in February 2019. A goodly portion of my time during my PhD has been involved in
performing R&D at UCI and in Japan at EGADS for the SK-Gd upgrade for SK, including

the efforts in preparing for and participating in the 2018 SK detector maintenance.

4.2.1 The 2018 SK Detector Maintenance

The 2018 detector maintenance lasted from the end of May 2018 until mid October 2018, with
many more tasks than previous maintenance periods. UCI led the effort for the replacement
of OD PMTs, the cleaning of the structure, and the replacement of the OD Tyvek. While
most collaborators outside of ICRR participated in the maintenance for one to three weeks,
UCI maintained a presence on-site the full time. For myself, I spent ten weeks working 100%

time in the tank as a specialist, while training and leading teams in the OD work.

Work began on the top of the detector after some initial draining of the water to expose
the top and initial portions of the detector wall. Continued periods of draining allowed for
access to all of SK from floating platforms and inflatable rafts in the ID, and an annulus-
shaped floating floor in the OD that spanned the entire OD region, similar to previous
maintenances. Since only the OD top could be reached from the tank top by ladders, four

hoist-operated window-washing baskets, or ”gondolas,” were used to access the various parts
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of SK during the maintenance. Two of the gondolas granted access into the detector from
the tank top, one for an ID floating platform and the other for the OD floating floor which
brought workers and equipment in and out of the tank. The other two gondolas were set
up inside the OD on a track that allowed them to scroll azimuthally in addition to their
movement up and down. The azimuthal gondolas provided access to the whole height of
the OD barrel above the floating floor. After the tank was fully drained, the bottom of the
detector, the OD bottom, was accessed by both the ID and OD gondolas, as well as the
inclined pit, a tunnel outside the detector that starts near the SK water system and winds
its way down to the access hatch at the bottom of the SK tank wall (the dashed tunnel

shown in Fig. 4.2).

The primary maintenance task was to prepare the detector for the introduction of the
gadolinium sulfate during the upcoming SK-V phase, the SK-Gd experiment. This included
sealing a long-standing leak in the stainless steel walls of the detector, so that no gadolinium
sulfate would seep into the environment (see Sec. 4.2.2), and removing any rust found in
the tank. With the addition of the Gdy(SOy); into the SK water, the pH of the resulting
solution will drop, thus becoming an acidic environment. This could liberate the rust off of
the stainless steel of the structure and into the water, drastically decreasing the transparency
of the water. Other tasks included the usual replacement of dead or noisy ID and OD PMTs,
though it was found that for about twenty OD PMTs the signal cable had been flooded with

water, and it was decided not to recover them.

The majority of the work during this refurbishment occurred in the OD, including
detector upgrades and a painstaking cleaning of the stainless steel detector support structure
and stainless steel outer wall. The black-white Tyvek that serves as an optical barrier between
the dead region of the PMT support structure and aids in light collection in the OD was
largely left in place in the OD top, but was completely removed in the OD barrel and bottom

regions to clean the support structure. The white Tyvek that is used as a reflector on the
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outer surface of the OD was also fully removed and replaced.

With the various Tyvek removed, the exposed support structure and outer wall were
wiped down to remove any biologically produced films (bio-film) and to remove diesel fume
residue originating from the original detector construction. The PMT glass left over from
the 2001 accident, itself a radioactive source and a sharps danger for the cleaners wiping
down the structure, was removed as best as possible by vacuum cleaners. The residue on the
structure was very dark in color, and measurements with a germanium detector found it to
be very radioactive. This residue is a source that contributes to the radioactive backgrounds
in the SK low energy analysis. Because of the drop in pH that will occur when adding in
the Gdg(SOy4)s, the dark radioactive substance would spread through the detector. It would
lead to reduction in the quality of the transparency in SK and an increase in radioactive
backgrounds away from the PMT wall. To alleviate this danger, as much of the residue was

removed from the structure as was possible.

All the rust found in the tank was removed and the affected areas re-passivated by
electric rust-removal machines. The outer wall was steam-cleaned to further sterilize and
remove any residual bio-film. A special tape was used to remove any excess residue, glass,
and lint left over from the wiping and steam-cleaning of the structure and outer wall. Once
the outer wall was clean, workers from Mitsui & Co., the company that built the SK steel
structure, applied a special epoxy, Mineguard-C6 (see Sec. 4.2.2), to the weld seams to
seal any holes. With all cleaning and PMT replacement work completed on the support

structure, the black-white Tyvek was replaced for the exposed layer.

Every three days the water was drained by ~2 m to expose the next horizontal weld
seam, which could include part or all of the next super-layer, and maintenance would com-
mence for the newly exposed parts of the detector. Once the detector was fully drained and
the work on the bottom was finished, the outer white-white wall Tyvek was replaced, and

the detector was sealed up to begin the refilling process. The top OD region took about
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three-and-a-half weeks to complete in total, while the bottom OD region, due to the exten-
sive application of Mineguard-C6 on the entire OD floor, took almost a month and a half to
complete. With the tank drained and the OD floor work complete, the black-white Tyvek

on the floor was replaced, as well as the white Tyvek on the outer walls of the OD.

On the top and bottom of the OD, plumbing was removed, added, or altered for
the installation of the new water purification system. A new light injection system used
for calibration purposes was also installed into the structure along the whole height of the
detector, as well as along the top and bottom. This new light injection system uses optical
fiber guides to direct laser light of varying wavelengths into the ID at the PMT wall at
various heights. The broken fiber optic cables in the OD light injection system that was

already in place were replaced. The OD light injection system is used for OD calibrations.

In the ID, the SK Calibration working group photographed the orientation of the
dynode for each PMT to better understand and simulate their response. They also took
measurements of the residual B-field in the ID region near the PMTs at every water level
with the compensation coils used to negate the Earth’s magnetic field turned on. These coils
negate the Earth’s B-field within the tank as to ensure the electrons produced by the PMT
photocathode make it to the PMT dynode, which will be discussed in greater detail later
(Sec 4.4). These two tasks were performed to better simulate these aspects of the detector

and to reduce systematic uncertainties.

Once all the maintenance work was completed, the tank was refilled, and the final work

on the OD top was completed in late December of 2018.
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4.2.2 The SK-Gd Upgrade for Super-Kamiokande

The SK-Gd experiment is an idea proposed by John Beacom and Mark Vagins [19] that en-
tails doping the SK ultrapure water with 0.2% Gdy(SO4)3 to better search for and measure
the Diffuse Supernova Neutrino Background (DSNB) [18]. Both neutrinos and antineutri-
nos are produced by all core-collapse supernova throughout the history of the cosmos and

comprise the DSNB. The DSNB antineutrinos interact in SK via the S-decay reaction

Ue+p—et +n 4.1
p : (

where the Cherenkov light from the prompt positron will be detected by the PMTs. The s
produced from the annihilation of the positron are below Cherenkov and thus invisible to SK.
Due to the lack of a magnetic field in the tank, positrons and electrons are indistinguishable

from one another in SK.

Without a positive identification of the prompt positrons, these inverse S-decay (IBD)
events are difficult to distinguish from events caused by radioactive $-decays due to spallation
(or solar neutrino elastic scattering recoil electrons). The detection of the associated neutron
in the IBD event, within the expected capture time, would uniquely identify the event.
The neutron will eventually (~200 us) capture on the hydrogen in the water, but the long
capture time and the small amount of energy released (a 2.2 MeV 7) make for a small
detection efficiency (~20%) in SK. Gadolinium has a much higher neutron capture cross
section, so the addition of a small concentration of Gd results in a shorter capture time
and a larger light yield from the neutron capture (8 MeV ~ cascade). This increases the
overall neutron detection efficiency and lower backgrounds to the DSNB analysis [19]. The
percent of neutron captures as a function of Gd concentration in water is plotted in Fig.
4.3, where the horizontal axis is in logarithmic scaling. Since approximately half of the

mass of gadolinium sulfate is due to the Gd, 0.10% Gd corresponds to a solution of 0.20%
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Figure 4.3: The percent of neutron captures on gadolinium in water as a function of Gd con-
centration [107]. A concentration of 0.10% Gd corresponds to a solution of 0.20% Gdz(SOy4)s.

The Band-Pass Water System

While details of the SK water system are described in Sec. 4.6.1, it is useful to briefly dis-
cuss them here as well, prior to discussing the Band-Pass water system. Standard ultrapure
water systems, like the one SK employed prior to SK-V, consist of de-ionization resin (DI),
ultraviolet light (UV) to kill bacteria, and several types of filters to remove particulates,
including the bacteria, and even ions from the water. Mechanical filters are passive elements
made from polypropylene that catch particles larger than the filter’s pore size. The ultra-
filter (UF) is a membrane filter with a pore size of ~ 10 nm, smaller than the 0.2-micron
mechanical filter used to catch bacteria. Reverse osmosis membranes filter water by pressur-
izing water against a semipermeable membrane high enough to overcome osmotic pressure,
which allows the solvent (water) through but not the solute (inorganic materials). Water
systems sometimes employ ”total organic carbon” 185 nm lamps (TOC) tuned to the typical

energy level of the chemical bonds in organic compounds to ionize them. With the organic
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compounds ionized, the DI will remove them. A schematic of the standard SK water system
used during SK-I — SK-IV is given in Fig. 4.21. At UCI, a simplified version of the standard
water system, where the UF and RO membranes have been removed from the water system,

has been used for SK-related studies (described later).

|= == === O NV
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I UF €= = L4 Filters Band-Pass L
I » NF1 ====» NI_:Z ................ * RO
I : : E
| — . I
I Buffer Tank (Toc) DI
v
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Figure 4.4: Ilustration of a standard water system, the Band-Pass water system, and the
Fast Recirc water system. The solid lines correspond to a standard water system and the
dotted lines correspond to the addition of the Band-Pass system to a standard water system.
The dashed lines on the left side of the figure correspond to the Fast Recirc system. The
red lines correspond to the water stream rejected by the UF and NF membranes. Blue lines
denote purified water. A schematic of the standard SK water system used during SK-I —
SK-1V is given in Fig. 4.21.

While the standard water system maintains ultrapure quality water, the design also re-

d*? ions by the DI. A new type of water filtration system that retains the Gdy(SOy)3

moves G
while maintaining the ultrapure water quality was conceptualized by Mark Vagins and de-
signed by Roy Hall of South Coast Water. This new water system is known as the Band-Pass
system. In addition to mechanical filters, the Band-Pass system employs stages of mem-
branes, UF and nanofilters (NF), that allow only a specific range of particle sizes through,
similar to an electronic band pass filter. The UF membrane has a larger pore size than the
Gd and sulfate ions, allowing these ions to pass through, while trapping impurities larger
than the ions in a continuous loop. The NF membranes filter out the Gd and sulfate ions,

as their pore sizes are smaller than these ions. Two stages of NF membranes are used to

ensure as much of the gadolinium sulfate is removed from the water stream prior to using
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RO, TOC and DI to achieve the ultrapure quality. The Gd and sulfate ions removed by
the NF are sent to a collection tank where they are recombined with the purified water.
The water in the collection tank is then sent through TOC and a special anion resin before
returning the now cleaned solution to the tank. The original intent behind using this anion
resin, AmberJet, is to extract any uranium introduced with the gadolinium sulfate through
absorption into the resin beads. It was found that AmberJet also improves the water quality.
The AmberJet is treated so that it leaves the Gd alone, while still removing anions from
the water. A prototype system was built at UCI and demonstrated that water transparency

could be maintained at levels comparable to the SK-III and SK-IV measured values.

An independent, fast re-circulation water system (Fast Recirc) that uses UF, UV,
TOC, and AmberJet has also been used with the EGADS detector as an alternative method
of maintaining the water transparency. Both the Band-Pass and Fast Recirc can be used
simultaneously, producing the highest water transparency. An illustration of these three

types of water systems is shown in Fig. 4.4.

EGADS Water Transparency Tests

The EGADS experiment, described previously, uses a scaled up version of the UCI Band-Pass
system prototype to maintain high levels of water transparency with both ultrapure water
and 0.2% Gdz(SOy)s solution. The detector is fully instrumented with the same equipment
and materials as SK, and ran with the 0.2% Gd2(SO4)3 solution continuously for ~3 years.

UCI, along with Roy Hall, is responsible for maintaining the EGADS water systems.

The water transparency for the detector is measured with the Underground Device
Evaluating Attenuation Lengths (UDEAL) designed by Michael Smy. UDEAL works by
firing seven lasers of different wavelengths through a vertical water column of variable height

(a maximum height of 8.2 m). The laser beams traverse the water, and the amount of light
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lost in the water is determined by two integrating spheres which measure the light intensity
before and after passing through the water column. Before injection into the water, a beam-
splitter sends 10% of a laser beam into the 4 inch diameter integrating sphere as a reference,
while the lower 12 inch integrating sphere receives the light transmitted through the water
column. The integrating spheres sample the laser light intensity using photodiodes. The
light extinction curve for each laser is formed through taking these measurements as a func-
tion of height. The curve is fitted with an exponential function from which the attenuation

length 1/a()) is extracted, where « is the attenuation coefficient.

The parameter used to describe the water transparency measurement from UDEAL is
the percent of Cherenkov light left after traveling through 15 m of water (%LL15m), as 15
m is the average distance Cherenkov light travels in SK. To construct this parameter, the
a(\) measurements of the seven lasers from a run are combined with weights based on the
convolution of the Cherenkov spectrum with the PMT response illustrated in Fig. 4.14. The

%LL15m value is given by
7
%LL15m = 100 w; x e~ 0 (4.2)

where L = 15 m, the index ¢ runs over the lasers of wavelength A, w is the weight for a given
laser, and « is the measured attenuation coefficient for a given laser. The list of the A and

w for each laser used in UDEAL is given in Table 4.2.

Table 4.2: The wavelength of the lasers used in UDEAL and their weights in the %LL15m
calculation (Eq. 4.2).

Anm] 337 375 405 445 473 532 595
w 0.252 0.253 0.206 0.141 0.106 0.039 0.003

While I continually monitor the UDEAL system, in 2012 I upgraded it to automatically

run every day, sampling positions in the bottom, middle, and top of the detector volume.
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Blue band: SK-III and SK-IV water transparency values
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Figure 4.5: Water transparency %LL15m and gadolinium sulfate concentration measure-
ments in EGADS. The dense set of data points arranged higher on the plot correspond to
the UDEAL %LL15m measurements (left axis) at various positions (marker and line colors)
while the blue band corresponds to the SK-III and SK-IV. The slightly sparser set of data
points are measurements of the gadolinium sulfate concentration of the solution in EGADS
in ppm for the same sampling points. Other details related to maintenance and how the
Band-Pass and Fast Recirc were running are also denoted in the figure. Figure courtesy of
Lluis Marti Magro and Mark Vagins.
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The results of these daily runs for a recently completed EGADS phase are shown in Fig.
4.5 and demonstrate the ability of the EGADS water systems to maintain the same water
transparency as the ultrapure water in SK-III and SK-IV. In the figure, the dense set of data
points arranged higher on the plot correspond to the UDEAL %LL15m measurements (left
axis) at the top (green), center (red) and bottom (blue), while the blue band corresponds
to the SK-IIT and SK-IV measured values. The slightly sparser set of data points below the
%LL15m data are concentration measurements in ppm of the gadolinium sulfate solution in
EGADS for the top, center, and bottom sampling points. Other details related to mainte-
nance and how the Band-Pass and Fast Recirc were running are also denoted in the figure.
These results were used when simulating the effect that a 0.2% Gd2(SO4);3 solution would

have on light propagation in SK, described in Sec. 5.2.1.

Soak Study Tests at UCI

For the SK-Gd experiment, the small leak in the SK tank wall, amounting to a loss of ~3
tons of water per day, had to be sealed during the 2018 maintenance to ensure that no
gadolinium sulfate introduced into the detector will leak into the environment. Several new
cracks and holes were discovered in the weld seams and steel plates of the OD during the
maintenance. To stop any leaks, all of the weld seams in the OD wall and the entire surface
of the OD floor needed to be covered with a sealing material like a glue or an epoxy. The

sealing material needed to meet the four requirements for use in SK:

e It will not dissolve in ultrapure water or the 0.2% Gdy(SO,)3 solution.

e The optical transparency of the water with and without Gd must be maintained with
the introduction of the sealing material. Any emanations from the sealing material
must be removable by the water system.

e [t must have very low radioactivity so that it does not add significant additional back-
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grounds into the detector.

e [t must have the proper mechanical properties, and it must adhere to the stainless
steel wall. It must maintain its integrity if it stretches for several millimeters due to

pressure-induced distortions of the tank wall.

Turnover Rate of Soak Tank is 3 per day, which is
roughly 100 times more frequent than SK.

760 L Soak Tank

Flow Rate:
~0.95 L/min

IDEAL (6.4m)

Soak Plates
30.7cmx91.5cmx

Figure 4.6: Illustration of the setup for the UCI soak studies including IDEAL, the Soak
Tank with inserted soak plates covered in sealing material, and the water purification sytem.

Extensive soak studies (optical transparency measurements for various sealing materi-
als) were carried out at UCI by myself over the course of several years using the Irvine Device
Evaluating Attenuation Lengths (IDEAL) and the UCI water systems. An illustration of the
UCI soak study is given in Fig. 4.6. IDEAL is the prototype for UDEAL and works in the
same way, though it has a 6.4 m pipe. The water column in the IDEAL pipe comes from the
”soak” tank in the UCI water system. The soak tank houses stainless steel plates covered in
the sealing material to be soaked and studied. The surface area of the plates, water volume
of the tank, and turnover rate for cleaning of the water are designed to scale to the same
parameters in SK. The UCI water system is designed to mimic either SK’s standard ”simple”

water system or to clean the water with the Band-Pass system.
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The various UCI water systems were upgraded and maintained in large part by myself

since 2012, along with the help of our project engineer Jeff Griskivich. The %LL15m results

of soak studies for various sealing materials performed at UCI with ultrapure water cleaned

by a simplified water system (described previously) are given in Fig. 4.7.

Ultrapure Water Soak Studies at UCI using IDEAL

*Note: the y axis is zero suppressed in all graphs.
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Figure 4.7: %LL15m results for various UCI soak studies using sealing materials immersed
in ultrapure water. The ultrapure water was cleaned by a simplified water system for these
studies using only UV, mechanical filters, TOC and DI. The light blue band corresponds to
the SK-IIT and SK-IV water transparency measurements.

The sealing material candidate that was used to seal the leak in SK during the 2018

maintenance is a type of Mineguard epoxy known as Mineguard-C6, specially designed to

meet the four criteria previously described. Mineguard-C6 replaces some of the materials in

the original formulation. It uses fumed silica and calcium carbonate to reduce the epoxy’s
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radioactivity. Additionally, polyurea is used in the Mineguard-C6 instead of polyeurothane
to avoid issues with hydrolysis as polyeurothane breaks down in water. In the first test
soaking Mineguard-C6 plates in ultrapure water, the simple water system was used and
maintained SK level water transparencies. A second long-term test was performed using
the Band-Pass. New Mineguard-C6 plates were soaked in ultrapure water and in the three
progressively stronger concentrations of Gds(SO4)s solution that mimic the planned intro-
duction of gadolinium sulfate into SK for the SK-Gd experiment. The results from these
studies (Fig. 4.8) showed that the effects on the water transparency due to the Mineguard-C6

were minimal in ultrapure water.

While the initial results for the Mineguard-C6 in various concentrations of gadolinium
sulfate were acceptable, it was found that the TOC lamp used in conjunction with the
AmberJet in the Band-Pass system had been burned out for a long time. After replacing the
quartz housing and the bulb, the %LL15m measurements of Mineguard-C6 plates soaked in
a 0.2% Gdz(SO4)3 solution returned to SK quality transparency levels. To verify the lamp
replacement is what had brought the transparency up, the lamp was turned off manually,
resulting in the drop in the transparency on the right of the figure. This showed the necessity

of using TOC to remove emanations from the Mineguard-C6.

Current Status of SK-Gd

Currently, SK is operated with pure water, utilizing a Fast Recirc water system that also
employs DI resin. In this way, the SK water has been returned to ultrapure quality as quickly
as possible. Baseline detector calibration measurements to determine the results of the 2018
refurbishment are currently being performed with in SK with ultrapure water. Gadolinium
sulfate will be added once the new Band-Pass water system for SK-Gd is completed. The
leak has been reduced at least by a factor of 200 (~17 L per day), about a factor of ten lower

than the target rate. After the pure water phase, the detector will be loaded with enough
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Figure 4.8: The Mineguard-C6 soak study at UCI utilizing the Band-Pass water system
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gadolinium sulfate to bring it to a 0.02% Gda(SO4)3 solution first, then increased to 0.1%,

and finally to the target concentration of 0.2%.

4.3 Detector Tank and Structure

The 50,000 m® tank is an upright cylinder with a height of 41.4 m and a diameter of 39.3 m,
filled with ultrapure water during SK-I/II/III/IV, as well as currently in SK-V. The structure
and outer wall of SK are made from SUS 304 stainless steel (SS) alloy. The coordinate systems
used in SK are shown in Fig. 4.9, where z, y, and 2z are the standard rectangular Cartesian
coordinates, and r ,z, and ¢ are the standard cylindrical coordinates. The remaining spherical
coordinate # is not shown but is important when determining background shapes (Sec. 8.1)

in the SK solar neutrino analysis.

SK detector

Barrel

Figure 4.9: The definition of the Cartesian and cylindrical coordinate systems used in Super-
Kamiokande [43].

The SS plates that make up the cylinder’s outer surface are between 3 to 4.5 mm thick.
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The wall behind the plates was back-filled with 40 to 50 cm thick reinforced concrete that was
applied to the excavated cavity to provide structural integrity. A large domed cavity above
where the tank sits was included in the excavation. As stated previously, many detector
systems and calibration-related devices/equipment are housed within the dome, including
the trays for the PMT cables, the electronic huts and their air conditioning systems, and areas
for storage. The structure for a heavy lift crane used during the initial detector construction
resides about 4 m from the tank top and has been procured for the ID and OD gondolas

used during SK detector maintenance.

A cylindrical SS support structure is concentric within the SK-tank and holds in place
the PMT assemblies for both the ID and OD tubes. The support structure is 55 cm thick
with a height (width) of 2.1 (2.8) m and provides support to the SS plates of the tank top.
The 55 cm width of the support structure is a ”dead” region, as both the ID (OD) PMTs
face inward (outward) from the dead region, and it is sealed light tight to optically isolate
the ID from the OD. The support structure resides approximately 2.5 m from the outer wall
in the barrel region and has a 2.6 m region above (below) the tank floor (ceiling). The ID
region defined by the support structure has a height (diameter) of 36.2 (33.8) m, and has a
volume of 32,000 m3. A cross section of the SK tank and dome is shown in Fig. 4.10 where

details of the SK dome, tank, and PMT support structure can be seen.

Super modules are the individual building blocks of the support structure, and provide
the support frame for the PMT assemblies. Each ID PMT assembly is made of three 50
cm PMTs arranged in a row and fixed together by attaching the fiberglass tube housings
to stainless steel bars. Four of these assemblies are bolted into the super module next to
one another, as shown in Fig. 4.11, and the gaps between the PMTs are covered with
opaque black sheets. The black sheets are made from polyethylene terephthalate (PET)
and help to optically separate the ID and OD and also reduce the low energy background

events emanating from the PMT housings in the dead region. The OD PMT assemblies are
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Figure 4.10: A cross section of the Super-Kamiokande detector [35].
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Side Module

Figure 4.11: Schematic view of super modules that comprise the PMT support structure in
SK, with the black sheet (black-white Tyvek) for the ID (OD) shown as well. The wavelength
shifter plate for the OD PMTs and the FRP housings, acrylic windows for the ID PMTs are

not shown [35].
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attached in several different ways. In general, the OD PMT is either bolted to a wavelength
shifter plate (waveplate) adjoined to the face of the 20.3 cm PMT or is bolted directly to
the super module structure. In the first case, it is the waveplate that is bolted to the super
module. Details about the OD PMT assembly will be described later in Sec. 4.4. A square
sheet of black-white Tyvek is placed between the waveplate and the PMT and is mated to
the super-module-sized black-white Tyvek that is hung on each super module in the OD

region.

Two types of Tyvek manufactured by the DuPont company are used in SK:

e White Tyvek: Hung on the outside wall, the ceiling, and the floor of the detector.

e Black-white Tyvek: Hung on OD side of the PMT structure and helps to optically

separate the ID and OD.

The white Tyvek (Type 1073B Tyvek) is a standard product which is made from high-
density polyethylene fibers pressed together to form thick, paper-like sheets [35]. It reflects
between 80% to 90% of light for wavelengths between 340 nm and 400 nm respectively
and is deployed in the OD to maximize the amount of light the OD PMTs acquire. While
the Tyvek allows for multiple reflections of Cherenkov photons, primarily diffuse reflections,
the detection efficiency in the OD is more important for fulfilling the veto task the OD is
designed for than having a precise pattern reconstruction. The black-white Tyvek is custom
manufactured for us by DuPont. It is a laminate of three fabrics: the white Tyvek previously
described, and a central (outer) layer of white (black) low-density polyethylene. The black
side of the black-white Tyvek faces the dead region of the support structure, while the white

side faces the OD region to enable light reflection.

110



4.4 Super-Kamiokande Photomultiplier Tubes

As stated previously, SK employs two types of PMTs, 50 cm (20 inch) PMTs in the ID,
and 20.3 cm (8 inch) PMTs in the OD, developed by Hamamatsu Photonics K.K. The
back of the PMT is coated with silver reflector up to the hemisphere of the tube where the
photocathode coat begins for the PMT’s forward region. The silver reflector blocks light from
the backwards region of the PMT. When a photon hits the photocathode, a photoelectron
(pe) is produced and flies to the first dynode, located at the back of the PMT. The high
voltage (HV) on the dynodes, provided by the HV power supplies on the tank top in the
electronic huts, causes an avalanche of secondary electrons. This avalanche cascades from
the front dynode through the dynode chain liberating more and more electrons until, finally,
it reaches the anode with enough current (or charge) to send a signal up the PMT cable for

readout to the front-end electronics.

The cables of the PMTs are run up through the OD region along the support structure
wall between the super modules. These cables are run out of the tank through sealed, light-
tight cable ports, along cable trays to take up any excess cable, and finally into the electronic
huts where the cables are plugged into the front-end electronics. The PMT cables provide
both the HV needed for the PMTs to work and the path for the PMT signal extraction. All
of the PMT cables in SK are of the same length, and the length acts as a physical signal
delay for the detector readout. By constructing the detector with a uniform PMT cable
length, the signal attenuation of all the PMTs is the same, which ensures that the detector
response is uniform. The known length of the cables ensures the timestamp precision for a
PMT ”hit.” A ”hit PMT” is a PMT that has a signal sent to the front-end electronics which

passes the charge threshold described in Sec. 4.5.
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ID PMTs: Hamamatsu 50 cm PMT

The ID PMTs are 50 ¢cm (20 inch) diameter Hamamatsu R3600 PMTs and are described
in detail in [108]. The ID PMTs have bialkali (Sb-K-Cs) photocathodes with a quantum
efficiency that is maximized in the UV region (360 nm — 400 nm) at 21%. Their total
range of acceptance is from 280 nm to 660 nm, sufficiently covering the relative Cherenkov
spectrum in pure water, both of which are shown in Fig. 4.14. A ”Venetian blind”-style
dynode is employed in the 50 cm PMT, which has an optimized voltage step-up ratio across
the plates in the dynode to minimize the response time. This setup results in a good 1 pe
peak, but loses the 2 pe peak from the recharging time of the dynode. These PMTs are run
at a voltage between 1.7 — 2 kV to ensure a gain of 107. The average transit time for the ID
PMTs is around 100 ns, seen in Fig. 4.13. By fitting this distribution with an asymmetric
Gaussian, the spread in the timing is 2.2 ns (10), though, in general, the average spread in

the transit time is ~3 ns [108].

The acrylic window on the PMT housing is UV transparent (95% for A > 350 nm [48])
and has holes in it to allow water to fill the housing, which is necessary to prevent total
reflection of the Cherenkov light. The ID PMT cable has a dedicated HV line and a separate
coaxial signal cable bound within the cable jacket which runs up into the electronic hut for

the detector quadrant that the PMT is located in.

Within the tank, on the outer surfaces, a series of 26 coils are arranged in an enclosed
grid-like pattern to counter adverse effects on the PMTs the Earth’s geo-magnetic field can
cause. The reduction of the Earth’s B-field is especially important for the 50 cm tubes due
to the photoelectron’s long transit distance between the photocathode and the dynode. The
larger B-field would curl the photoelectron trajectory and cause the photoelectron to miss
hitting the dynode and thus being lost. The Earth’s B-field has a strength of 450 mG at

SK, oriented an angle of 45° with respect to the x-y plane of SK. After the compensation,
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the field is reduced by a factor of nine to an average of 50 mG.

Hamamatsu 20.3 cm PMTs and OD PMT Assembly

The OD PMTs are 20.3 cm (8 inch) diameter Hamamatsu PMTs, with two PMTSs set into
the diagonal of the external face of the super module, providing a photocathode coverage of
~0.5%. Several different models of the Hamamatsu 20.3 cm PMTs are currently used: model
R1408, the only OD PMT type used in SK-I, were originally were deployed in IMB; model
R5902 are a newer generation from Hamamatsu and were purchased as a replacement for
dead OD PMTs. The OD PMTs have a single coaxial cable that delivers the HV to the PMT
and carries the analog signal to the DAQ. To increase the efficiency of the light collection in
the OD, wavelength shifter plates (waveplates) are attached to each PMT. Reflective tape

on the outside edges of the plates increase its efficiency.

Originally, the PMTs and waveplates deployed in the OD had seen use in the IMB

detector. Many of the IMB PMTs eventually failed due to either leaks in the housings,
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Figure 4.15: Super-Kamiokande 20.3 ¢cm (8 inch) PMT in the OD top with wavelength
shifting plate and black-white Tyvek.

which introduced water into the PMT base region, or due to nicks in the cable jacket caused
by flying glass from the 2001 accident, which allowed water into the PMT base and cable. In
either case, this led to dead PMTs and flooded cables, as found during the various detector
refurbishments. Due to the failure rate of the unpotted IMB-style housings, replacement
OD PMTs have their bases potted to the PMT with epoxy by Hamamatsu, which results in
a water-tight seal. The potting of the bases was a success, as the failure rate of the newer

potted base PMTs is very low, especially compared to the OD PMTs with IMB-style bases.

The square waveplates are doped acrylic panels 60 cm on edge and 1.3 cm thick. They
are coupled to the PMTs by physical contact and partially through the water which fills
the gap. The waveplates increase the coverage of the PMTs to ~10% of the OD surface.
The doping material, 50 mg/1 of bis-MSB, absorbs UV light and isotropically re-emits 55%
of the photons into a wavelength in the blue-green region [35]. A study of bis-MSB doped
wavelength shifter plastic was performed by L.P. Boivin and D.S. Hanna in [109]. In their
study, they measured the normalized spectral distribution of the shifted light emitted from
the other end of a 12 cm doped wavelength shifter plastic bar being irradiated by 365 nm

light. This distribution is shown in Fig. 4.16.
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Figure 4.16: The normalized spectral distribution of light emitted by bis-MSG doped wave-
length shifter plastic when exposed to 365 nm light [109].

The 20.3 cm PMTs have a different wavelength sensitivity than the ID PMTs and
are less sensitive to the UV Cherenkov photons. The waveplates shift the UV light to
wavelengths more appropriate for these PMTSs, increasing the collection efficiency by 150%
[35]. A black plastic sheet is wrapped around the back of the PMT to block light and low
energy background events coming from the dead region. Fig. 4.15 is a photo taken during
the 2018 detector refurbishment of an OD PMT assembly installed on the top face of the
OD with the black-white Tyvek. The OD PMTs are important as a veto and calorimeter
system for SK high energy analyses. However, for SK low energy analyses, the OD PMTs
are primarily used only as a Boolean veto for events, while the OD itself is used as a buffer

against ys from the rock that would be a source of background.
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4.5 Super-Kamiokande Front-end Electronics, Data Ac-

quisition and Triggering Systems

The front-end electronics for SK include an HV system for the PMTs and the data acquisi-
tion system (DAQ) that digitizes the analog signal from the PMTs. The original front-end
electronics used prior to SK-IV were Analogue Timing Modules (ATMs) that collected the
time and charge information from the PMTs. The ATMs were replaced at the beginning of
SK-IV with QBEEs, charge-to-time based electronics that use Ethernet readout modules.
The basic information in SK data is the charge (Q), time (T), and PMT cable number. The
cable number corresponds to the physical location of a PMT in the detector. The electronic
crates that power the ATM and QBEE boards are designed via Tristan KEK Online (TKO)
Standards, and are referred to as TKO crates. In the case of the ATM boards, TKO crates

also receive the data from the ATMs and pass it on to the central electronics hut.

The electronics are housed in four electronics huts on the detector top, one per detector
quadrant, and the information is sent to the trigger system located in the fifth central
electronics hut that also houses the control electronics. The trigger system delivers the
relevant information, ID and OD Q-T information along with trigger flags and timestamps,
to online event builder computers in the control room. The online event builders merge all
of the data streams to form a completed full-detector event and then send the information

to the Kenkyuto via fiber optic lines.

Because precise real-world timing is necessary for many real-time analyses, like the
K2K/T2K neutrino beam, supernova, and gamma ray burst analyses, SK also employs two
Global Positioning Systems (GPS) that provide timestamps for data in SK. The GPS an-
tennae were originally located on the roof of the Radon Hut, but were moved to the roof of
the Kenkyuto during SK-IV to achieve better communication with the GPS satellites. The

GPS timestamps are sent to the central hut via fiber optic lines, and the resulting accuracy
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between the two GPS clocks is approximately 60 ns.

4.5.1 SK-I to SK-IIT DAQ and Hardware Trigger

For SK-I, SK-II, and SK-III, the DAQ), illustrated in Fig. 4.17, consists of 946 ATMs, each
of which integrates the T and Q information for 12 ID PMTs which is then digitized with an
onboard Analog to Digital Converter (ADC) module. At the ATM board, each PMT signal

is amplified by a factor of 100 before being divided into four signals (quarter-signals).

One of the quarter-signals is summed with the corresponding quarter-signals from
the other eleven PMTs to form the PMTSUM signal for the ATM board. The PMTSUM
signal is then sent to a flash ADC to save the PMTSUM waveform information. Onboard
discriminators receive the second quarter-signal from the PMTs and will generate two -15
mV deep, 200 ns wide square-wave pulses if the signal is above a threshold corresponding to
0.23 p.e., for each of the 12 PMTs. The timing width of the first (second) pulse is 200 ns (900
ns). The timing of the first pulse is set to 200 ns, as that time span is the upper duration
for the light from events in SK to take the longest path in the ID (the full diagonal) and hit
the PMTs. The 200 ns pulse from each PMT is then summed together to form the HITSUM
pulse, which is then sent to the hardware trigger system in the central hut. The top third
of Fig. 4.18 shows schematically the PMT analog signal passing the ATM thresholds and
being added into the HITSUM. The DC component due to dark noise is filtered out by a
capacitor, so that only the AC component is passed and makes it into the HITSUM. In the
central hut, all of the HITSUM pulses from the various ATM boards are summed together.
If the level of this summed HITSUM is above the hardware trigger threshold, the hardware
trigger issues a global trigger, saving the collected event data and sending it to the online

computers.

The global trigger has three trigger levels it will issue, dependent on whether the
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Figure 4.17: A schematic of the SK-I/II/III ID DAQ [43].
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summed HITSUM voltage passes their threshold: the super low energy (SLE) trigger, the
low energy (LE) trigger, and the high energy (HE) trigger. The average number of ID PMT
hits, or simply hits for short, that is due to dark noise within 200 ns is ~19 hits, and the
trigger thresholds are set to take these dark hits into account. The voltage thresholds for the
HE, LE, and SLE triggers are set corresponding to the number of hits above dark noise: 31,
28, and 15 hits respectively. Other global triggers exist as well, such as for calibration flags,
OD activity, etc., but they will be described only as necessary and when the need arises.
Table 4.3 lists the threshold values, both voltage and total hits, for each SK-Phase, though
the last threshold value for the SLE trigger is listed. The SLE threshold was changed often
as the background changed during SK-I and SK-III. An overview of the waveform signals

and the timing process that generates a global trigger is shown in Fig. 4.18.

PMT analog signal
------- l[%""'""'"""""""""" ATM threshold

1 200nsec width

HITSUM

—start stop | TDC start and stop

1
' 400nsec width

ADC gate

---------------------- r===== Trigger threshold

| Global trigger

Figure 4.18: An illustration of the waveforms and timing that generate the global trigger
[43].

—u—Lu_l—u—ILf Sum of HITSUM

The 900 ns pulse generated by the ATM discriminators is known as the ”selfgate signal”
and is used as a trigger to initiate signal integration with the charge-to-analog converter
(QAC) and time-to-analog converter (TAC). The remaining two PMT quarter-signals are

sent to the QAC and TAC. The QAC integrates the charge of one of the quarter-signals for
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Table 4.3: The final trigger thresholds of the global trigger for each SK-Phase in mV for
SK-I/II/IIT and total PMT hits for SK-IV. The SK-IV QBEE Discriminator Threshold is
-0.69 mV, which is the same for all trigger levels, as the trigger levels are software based
instead of hardware based as in SK-I/II/III. The number of coincident PMT hits within a
200 ns sliding time window for the SK-IV thresholds are set as to mimic the hardware trigger
in the previous SK-Phases. *As the SK-IV SLE threshold was lowered two thirds of the way
through the data period, both are listed.

Phase HE LE SLE
SK-I -340 mV  -320 mV ~ -186 mV
SK-II  -180 mV -152mV  -110 mV
SK-IIT -320 mV -302 mV  -186 mV
SK-IV 50 hits 47 hits  34/31* hits

400 ns when triggered by the selfgate signal, and the TAC generates the timing information
for the hit PMTs. The QAC and TAC output is then digitized by an ADC if a global trigger

has been issued within 1.3 us.

4.5.2 SK-IV DAQ and Software Trigger

As the ATMs were no longer supported by the manufacturing company, and to further
reduce the dead time (time during which the detector does not collect data), the ATMs
were replaced with the QBEE boards [110]. The QBEE boards were designed to use the
same LeCroy MQT200 charge-to-time conversion (QTC) modules used in the OD and to be
swapped with the ATM boards in the TKO crates. While the TKO crate powers the QBEE
boards, the readout uses the faster Ethernet output. Each QBEE board has 8 QTC chips,

with three input channels per QTC chip.

The QTC chips have three gain ranges for the PMT readout (small, medium, and large)
and cover a dynamic charge range of 0.2 to 2500 pC, wider than that of the ATMs, though
the T and Q resolutions are comparable. The QTC output is a square waveform whose

leading edge corresponds to the hit arrival time, and the width to the PMT’s integrated
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Figure 4.19: Left: A block diagram of the QBEE signal processing flow [43]. Right: A
picture of the QBEE board with the components labeled [110]. The sub-board on the left is
the network interface card on the right. The System Interface Control (SIC) and Data Sort
Mapping (DSM) arrays in the right picture are Field Programmable Gate Arrays (FPGAs)
and correspond to the blue FPGA and olive colored FPGASs respectively in the diagram on
the left.

charge. The output is sent via Ethernet to the central hut, where the data flow for issuing

a global trigger, assigning flags, etc., resumes.

In addition to the front-end electronics, the online computers responsible for building
the events were upgraded. A block diagram of the data flow for the signal processing in the
QBEE is shown on the left side of Fig. 4.19, and a labeled picture of the QBEE board is
shown on the right. A schematic view of the SK-IV DAQ and Online System is illustrated

in Fig. 4.20.

With the new electronics, a software trigger was implemented to check for the number
of coincident PMT hits within a 200 ns sliding time window. The SK-IV trigger thresholds,
the minimum required number of coincident PMT hits, are set as to mimic the HITSUM
hardware trigger used in the previous SK-Phases. The effective energy threshold from the
software trigger threshold is directly correlated, as the number of coincident hit PMTs are
used to determine the energy estimator N.g for low energy events (see Sec. 6.2). Although

lowering the trigger threshold means that more low energy events can be acquired, the
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Figure 4.20: A schematic view of the SK-IV DAQ and Online System [110].

Disk

background rate in the detector rises exponentially with decreasing energy.

4.5.3 High Voltage Systems

The HV supply system for the ID PMTs originally consisted of CAEN Cocomponents in-
stalled in 1995: a distributor (A933K), a controller (SY527), and an interface module (V288).
While the CAEN system had good performance, the failure rate was high for HV modules,
and the company dropped repair support. The HV system was upgraded due to these issues
during SK-IV in 2013 and replaced with "iSeg” modules made by the German manufacturer
iseg Spezialektronic GmbH. As both the CAEN system and iSeg modules have the feature
that the individual PMT voltages can be set and turned off independently, each PMT has
its HV set individually to ensure that the gain is the same for all PMTs, while the HV
system monitors the status. For both HV systems, the HV monitor gives updates every 10

minutes to SK ”shifters” (collaborators who monitor the detector systems live) as part of a
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slow control system that warns shifters of any major problems.

The average dark rate for the ID PMTs depends on when the PMTs were manufactured,
corresponding to their installation in SK, and varies as a function of time. In SK-IV, the
running averages for each batch vary between 3.8 kHz and 7.4 kHz. For a random 50 ns time
window (used to determine the energy estimator Neg in Sec. 6.2), this dark rate corresponds
to ~3 accidental hits. The dark rate is implemented in the detector simulations for SK
analyses based on the measured average dark rate of ~5.94 kHz, or the measured dark rate
for a given time period. Because it has been seen that the gain for the PMTs has varied,

this problem is addressed via an offline correction and will be discussed in Sec 6.2.2.

The HV system for the OD PMTs uses a LeCroy 1454 HV Mainframe in each of the
four electronics huts. Forty of the HV channels in each OD HV supply are connected to
"paddle cards” that deliver HV to 12 OD PMTs, making the OD HV system somewhat
complicated. When the HV is off, individual OD PMTs can be turned off via dip switches
on paddle cards in the OD HV electronics. In general, the supplied HV is approximately
1.8 kV. To match the optimal operating voltage for each PMT, Zener diodes are inserted
into the paddle cards to scale down and regulate the supplied HV. The signals from the OD
PMTs that pass threshold are transferred from the paddle cards to the OD DAQ.

In SK-I to SK-III, the QTCs were used to measure the hit time and charge and pass
the information to time-to-digital converters (TDCs). At the beginning of SK-IV, the OD
DAQ was upgraded to use the QBEE boards described earlier, which have the OD QTCs
integrated into them. The information from the OD DAQ is collected and sent to the central
hut, where the data is aggregated with the various trigger and timestamp information. The
central hut then sends the OD information to the online event builder computers in the
control room, where it is merged with the ID data. The OD trigger threshold is 19 (22) hits
within 200 ns for SK-I/II/III (SK-IV), and, after a global trigger is issued, the OD data saved

for a window of 10 us before to 6 us after the global trigger. The OD trigger is important
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for the solar neutrino analysis, as a cut is applied based if an OD trigger was issued and also
based on the number of hit OD PMTs if no OD trigger was issued. Details of this cut are

described in Sec. 7.4.5

4.6 Background Reduction

To reduce the backgrounds for the various analyses, both the water in SK and the air in
and around the detector are purified. Every component in the water system is there to
increase the optical transparency of the water and remove anything that would contribute
to the radioactive backgrounds, especially radon. The environment in the mine outside of
the experimental areas is rich in radon gas, which can work its way into the water in the
detector. The air system itself is employed specifically to reduce the radon concentration in

and around the detector.

For the low energy analyses, radioactive contaminants in the ID water volume can add
to the backgrounds, such as the radioactive daughters of **Rn. **?Rn is produced from the
decay of 23U, and has a half-life of 7 = 3.8 days, after which it a-decays. In the ?*Rn decay
chain, ?"Bi (7 = 20 min) is produced, which S-decays with a Q-value of 3.272 MeV [111].
It is possible that the 3 decay of ?'*Bi is one of the main backgrounds for the solar neutrino
analysis, as the [ is indistinguishable from a recoil electron. The radioactive backgrounds
from the decay of **?Rn in the SK water are collectively referred to as the “radon background”

or shorthanded to radon. The Rn background in SK-IV has been studied in [48].

4.6.1 Super-Kamiokande Water System

Because SK is a very large water Cherenkov detector whose PMTs need to receive the light

from events that occur within the ID, the light in the water must be able to make it to the
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PMTs. The average path length for light in SK is ~15 m, but it can travel up to 50 m, the
diagonal of the ID. To maximize the measured light intensity, i.e. the observed number of
photons that hit PMTs, impurities that often scatter or absorb the light in the water must
be removed. Bacteria is introduced into the detector through the contact of people or by
objects inserted into the detector and will grow in the water. The bacteria’s waste products
can impair the water transparency and can create bio-film that may adhere to the surfaces

of detector equipment and alter the equipment’s optical response to Cherenkov light.

The SK water purification system (SK water system) removes these contaminants from
the water and additionally removes radioactive backgrounds. The SK water system is shown
schematically in Fig. 4.21. SK continually recirculates its water through the water system at
60 tons per hour to maintain the high optical transparencies and low radioactive backgrounds
needed for quality data collection. Rain and melt water from snow on the mountain seep
into the mine, creating several streams that maintain a temperature between 10.5 and 11 °C,
several of which are used to cool the water treated by the water system via a heat exchanger,
discussed momentarily. To fill the SK tank, the water is originally sourced from two of the

mine streams and passed through the water system to clean it up while filling.

During normal SK operation, the water from the water system is injected at the tank
bottom after it is cooled to between 13.24 and 13.06 °C. The introduction of the cooled
water at the bottom of the detector reduces convection in the detector volume and limits
the distance that the Rn background influences. The Rn comes from the support structure
and PMT housings and can also come from leaks in the water system and from the air.
The Rn reduction is leveraged to maximize the fiducial volume for SK low energy analyses.
Controlling the input water temperature and reducing convection creates a laminar flow in
the upper 3/4 of the detector (z > —10). This restricts the detector-based radon backgrounds
to the bottom of the detector (z < —7.5) where they decay away, while creating a low

background region in the upper half of the detector. The The water system finally extracts
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Figure 4.21: A schematic diagram of the SK water purification system used in SK-I — SK-IV
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found to be a source of radon.
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Figure 4.22: Left: The rates and locations of the water injection and extraction points in
the SK tank [112]. Right: The water injection and extraction for SK after the plumbing
upgrades performed during the 2018 detector maintenance; figure courtesy of H. Sekiya.
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the aged water from the top of the tank, shown in Fig. 4.22. The flow rates allow the water

system to clean a full ID volume, called a turnover, in ~1 month.

The temperature of the supply water from the water system that feeds the SK tank is
plotted in in Fig. 4.23 for the SK-III and SK-IV periods. The control over the supply water
temperature during SK-IIT and the beginning of the SK-IV period was too chaotic to reduce
convection, and a new temperature control system was installed in 2009 which controls the
temperature to within an accuracy of 0.01 °C. At the end of SK-IV, as stated previously,

convection studies were performed by raising the water temperature.
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Figure 4.23: The variation of the supply water temperature as a function of time. The blue
background denotes the new temperature control system installed in November 2009, and

the green background denotes use of the prior system. Figure courtesy of H. Sekiya and R.
Wendell.

The primary components of the SK water system, following the extraction of water

from the SK tank, are as follows:

e 1 um Filters: Several polypropylene mesh filters with pore sizes of ~1 pym that removes

small particles and dust that degrade the water transparency and are radon sources.

e Heat Exchanger (HE): As stated earlier, the water temperature in the ID is controlled very

precisely to reduce convection. Several heat sources, such as the pumps and friction in
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the filtration units of the water system, the PMTs, and rock that surrounds the tank
emit heat into the water, etc., continually supply heat to the water. To combat this,
heat exchangers are used in various locations in the water system to regulate the water
temperature and precisely control it using the cooler mine stream water. Additionally,
with the water temperature below 13.5 °C, bacterial growth is suppressed and PMT

dark noise is reduced.

e Exchange Resin: an ion exchange resin bed that removes lighter and heavy ions from the
water. The original ion exchange resin system removed ions like Na*, C1=, Ca*2, but
was found to be a significant radon source. It was swapped for the Cartridge Polisher
sometime in SK-I, whose resin eliminates these lighter ions, as well as heavy ions that

include radioactive species.

e UV Sterilizer: A UV lamp sits along the central axis of a shell through which the water

flows. The UV light delivered by the lamp (254 nm) kills bacteria in the water.

e Rn-free-air Dissolving Tank: dissolves air with very low radon concentration from the
radon-reduced air purification system (Sec. 4.6.2) into the water to increase the vacuum

degasifier’s radon removal efficiency.

e Reverse Osmosis (RO): Installed in SK-III, this staged membrane filtration system has
hollow shells containing a cloth membrane. The membrane has a pore size of ~1 nm
that rejects contaminants heavier than 1000 the molecular weight of water into a waste
stream known as the reject stream. The stream of RO water that passes through the

membrane is known as the product stream.

e Vacuum Degasifier: Removes dissolved gasses like COs from the water that can impact
water transparency, the radon gas that adds to the background event rate in the low

energy region, and oxygen that encourages bacterial reproduction in the water.

e Ultra Filter (UF): A membrane filtration system similar to the RO system but whose
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membrane pore size is ~10 nm. The UF removes ultra-fine particles from the water.

Anything that makes it through the UF is removed by the RO.

e UF Reject Tank: The reject stream of the RO and UF membranes are sent to this tank.
When filled, the water is sent through another set of ROs, and the reject stream of
this system is sent back to the tank, effectively trapping and concentrating the waste

into this tank.

e Membrane Degasifier: An additional, large vacuum degasifier system that employs mem-
branes to remove any leftover radon dissolved in the water. The system was installed
during the first refurbishment between SK-I and SK-II. It has been bypassed in the
water system since May 2014, as rubber seals critical to the system were found to be

themselves a radon source.

4.6.2 Air Purification Systems for Radon Reduction

The level of radon gas is very high in the Kamioka mine. It is both a health hazard for
workers in the ICRR experimental areas including at SK and a major background for low
energy analyses. Because of this, several steps have been taken to reduce the concentrations
of Rn in and around SK. The walls of the SK experimental area are sealed with Mineguard,
and the access to the mine is restricted by two sets of doors to form simple airlocks. The SK
experimental area has two sets of Rn-reducing airlocks: one in the LINAC room area and

one at the entrance next to the control room.

Located in the "Radon Hut” at the entrance of the mine, a massive air blower intakes
fresh air with low radon concentrations through a 10-micron filter. Since the mine stays
approximately the same temperature all year, the seasons affect the air flow through the
mine. In the winter, air is sucked into the mine from the Mozumi entrance, and in the summer

the airflow is reversed, causing a large concentration of radon rich air at the mine entrance.
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Figure 4.24: Schematic view of the SK radon reduced air purification system [35].

To ensure the air pumped into the ICRR experimental areas has a low concentration of radon
year round, the intake for the air system is located up the side of the mountain away from
the mine entrance. UCI maintains the Radon Hut, performing maintenance of the system bi-
annually or more frequently, depending on the weather and environmental factors that affect

the system (bugs, pollen, snow, rain, etc.). The ICRR experimental areas, including the
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Figure 4.25: Rn gas levels in the air in the mine near the SK entrance (red) and in the
SK Dome (green). The readings are from the year 2017 and show the seasonal variation of
the radon level. The dotted black line is the maximum radon concentration allowed in the
ICRR experimental areas (150 Bq/m?®). The dropout in the mine tunnel data between mid
Aug. and Mid Sep., as well as the period around early Nov. is due to maintenance. Figure
courtesy G. Pronost.

dome above the SK tank and connected areas, are over-pressurized with this good air. This

allows the double-door system in SK, described earlier, to function properly as an airlock,
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reducing the flow of radon-rich air from the mine to drift into SK and the tank.

An additional system, the radon-reduced air purification system, conditions the air
supplyied from the Radon Hut with additional filtration using activated charcoal. This
system lowers the radon concentration to a few mBqg/m?, then pumps it into the top of the
SK tank above the water. The air is supplied at over-pressure to create a buffer against
the dome air that has a residual radon level between 30 and 100 Bq/m®. It additionally
supplies air to the water system Rn-free-air Dissolving Tank, discussed earlier. The radon
concentration in the buffer gas is constantly monitored by a highly sensitive detector system
to determine where sources of Rn backgrounds in SK may originate and to what extent they

contribute [113].

A new radon monitoring system [114] was deployed in 2016 throughout the ICRR
experimental areas, including SK, as well as in the mine and Radon Hut. This system
measures the radon concentration in the air in real-time using 21 one-liter radon detectors
and Raspberry Pi electronic readouts. With this system, both the seasonal and day-night
variations in the radon concentration can be monitored. Fig. 4.25 shows the daily averaged

radon levels in the SK dome and outside the front SK entrance in the mine.
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Chapter 5

Super-Kamiokande Calibration

Details for the calibration of the SK detector for SK-I are reported in [35] and for SK-IV
in [112]. A specific focus on the LINAC calibration (Sec. 5.3.1) is reported in [115], and
a report on using N produced by the deuterium-tritium fusion neutron generator as a
calibration source (Sec. 5.3.2) is detailed in [116]. All calibration in SK involves simulating
aspects of the detector and/or the detector in full, such as the behavior of Cherenkov light
in water, the behavior and response of the PMTSs, or how to understand the relationship
between Chereknov light produced by an event and its energy. The SK detector simulator is
a heavily customized Geant3 [117] Monte Carlo (MC) simulation, called SKDETSIM. In this
work, the SKDETSIM MC simulated data will be simply referred to as MC. A description

of SKDETSIM and how it is used to generate solar neutrino MC is given in Sec 6.1.

5.1 PMT Calibration

The timing behavior of PMTs depends on the height of the measured pulse. As PMTs are

the active detection equipment in SK (see Sec. 4.4), the behaviors of their timing (T) and
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charge (Q) are very important to characterize. In high energy analyses, the combined T and
Q behavior of a PMT is important. For low energy analyses, T and Q are treated fairly
independently, as these analyses use single photoelectron (pe) statistics, and the occupancy
(density distribution of hit PMTSs) is more important than . While the general methods
apply to both the ID and OD PMTs, only the calibrations related to the ID will be discussed.

The OD is generally only used as a veto for some of the SK low energy analyses.

Because low energy events in SK produce single pe PMT hits, low energy analyses
heavily rely on PMT calibration to make sense of the data, specifically the ” QE” calibration.
QE refers to the product of the PMT quantum efficiency, the fraction of incident photons
that produce photoelectrons in the photocathode via the photoelectric effect, and the PMT’s
collection efficiency. The collection efficiency is the fraction of the number of photoelectrons
produced in the PMT to the corresponding amount of charge eventually read out by the
front-end electronics. Photoelectrons must make it to the first dynode to start an avalanche
(or cascade) of electrons in the dynode chain, and the subsequent charge must pass the read-
out threshold in order for the PMT hit to be measured by the front-end electronics. Each
PMT is hand made and may have a unique QE, as the environment in which PMTs were
produced varied from one production run to another. As such, it is necessary to calibrate

this parameter for each individual PMT.

The second important parameter to discuss when talking about PMTs is the ”gain,”
defined as the conversion factor from the number of photoelectrons to the charge (in units of
pC). The gain is divided into the absolute gain, which is applied to all the ID PMTs in SK,
and the relative gain specific to individual ID PMTs. First, the absolute gain calibration

will be discussed.
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5.1.1 Absolute Gain

The absolute gain translates from the charge obtained from the electronics that read out the
PMT signals to the number of pe. The number of pe for an event is important, as it is used
in SK analyses as a measure of an event’s energy. This absolute gain is dependent on the
HYV that is supplied to the PMTs, which is established at the beginning of both SK-II and

SK-III. For SK-V, a similar procedure has been adopted.

The initial HV was determined by guiding the light from a Xe flash lamp into a scintil-
lator ball to produce a uniform light source. The light from the Xe source is filtered to pass
only UV light, which is then injected into several fiber optic lines. One of these lines is used
as a reference monitor for the light intensity. The other line is connected to the scintillator
ball which has been placed in a dark box containing the ID PMT that will be tested and
installed in SK. The scintillator ball itself is 5 ¢cm in diameter and made of acrylic. It is
doped with 15 ppm of POPOP used as a wavelength shifter that causes the ball to emit
the light at 440 nm, and with 2000 ppm MgO that acts as a diffuser. The scintillator ball
has an angular uniformity of better than 1%. The HV for each ID PMT was set to ensure
the same observed charge response Q°™ (Eq. 5.1) as signal output for the same incident
light intensity. The incident light intensity emitted from the scintillator ball produces ~30
photoelectrons in an ID PMT. For PMT j in SK, the charge response Q?bs is proportional to
the product of the PMT’s QE;, the total (or absolute) gain A;, and the number of photons
N ] from the Xe source that strike the photocathode and cause an avalanche in the PMT’s
dynode:

Q" o< NJ x A; x QE;. (5.1)

For SK-III, only 420 ”standard” reference PMTs underwent this procedure. These
standard PMTs are strategically mounted in the ID to understand the geometrical relation-

ship between PMTSs in similar positions in the detector and the Xe scintillator ball used
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in-tank [112], shown schematically in Fig. 5.1. The setup for the Xe scintillator ball source
was relocated to the tank after initial testing of the standard PMTs. The monitor dark box
was placed on the tank top and the scintillator ball was installed in the detector tank near
the center: (z,y,z) = (353.5,—70.7,0.0) cm. After the system was installed into SK, the
HV settings for the rest of the ID PMTs were calibrated in situ in similar fashion using the
Xe light source and scintillator ball. Their HV values were set to give the same Q°™ as the
reference PMTs corresponding to their geometric position relative to the scintillator ball.
The scintillator ball remains in the tank to enable real-time monitoring of the relative gain

for the ID PMTs during years of continuous running.
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Figure 5.1: The ”"standard PMTs” used as reference PMTs in SK-III and SK-IV, and their
grouping relationship with other PMTs [112]. Left: location of the 420 standard ID PMTs
in red, with the other ID PMTs in black. Right: The standard reference PMTs (red) and
the PMTs they are correspondingly grouped with on the detector wall (yellow) at the same
z-position, and on the detector top/bottom (blue) at the same r position.

After setting the HV for all of the PMTs in SK, the absolute gain of the detector is
determined using a Ni-Cf source. This is referred to as the "nickel source” calibration. The
Ni source is a 3.5 kg polyethylene ball containing 6.5 kg of NiO wool surrounding a ***Cf

source inserted into the center of the sphere. This sphere is small and light enough to be

136



deployed in any free calibration port on the detector top via a small hand-operated crane.
When the Ni source is submersed, it fills with water. The %?Cf has a half life of 2.65 years
and decays by either a-decay (96.9%) or by spontaneous fission (3.1%) that has an average
of 3.8 neutrons per decay. The neutrons emitted by the **?Cf thermalize in the water inside
the ball and capture on the Ni. The reaction 58Ni(n, 7)59Ni isotropically produces 9 MeV
gamma rays (67.9%). The Ni source provides a stable and uniform light source in the range
of Cherenkov light with 99% of the observed signal being single photoelectrons. A typical
distribution of charge due to single-pe from the Ni source calibration data taken during the

SK-IIT is plotted in Fig. 5.2.
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Figure 5.2: Charge distribution in pC for single photoelectrons resulting from Ni-Cf source
("nickel source”) calibration in SK-IIT [112]. The left (right) is the linear (logarithmic)
distribution of the charges after the relative gain correction is applied. In the left figure, the
blue region represents the distribution with normal PMT gain, while the green region results
from doubling the gain while lowering the trigger threshold by half; the red, lower region
below 0.25 pC is linearly extrapolated from the higher charge region.

This calibration is performed once a month to keep track of the drift in the absolute
gain of the detector. The results of the calibration are summarized in Table 5.1 for each

phase. Differences between SK-II and SK-III arise from the different PMTs produced before
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and after the accident, with the newer PMTs having a lower gain than that of the older
ones. Between SK-IIT and SK-IV, differences arise due to the differing performances of the
front-end electronics, as well as a steady increase in the long-term gain during SK-IV. The

increase in gain amounts to ~2-3% per year relative to the initial value for SK-IV.

Table 5.1: The absolute gain for each SK-Phase in pC/photoelectron

Phase  Absolute Gain [pC/pe]

SK-I 2.055
SK-I1 2.297
SK-IIT 2.243
SK-1V 2.645

Gain Drift in SK-IV

The increasing drift in the gain causes the observed hit rate of a PMT to increase due to Q°
passing the hit-based trigger threshold for readout in the readout electronics more quickly
and/or more often. For an event, this means that the calculated number of effective hit PMTs
(Neg) increases, and so does Q°™ per hit PMT. The N.g is used by low energy analyses to
determine the observed total energy for physics events, while accounting for corrections to
the hit rate and minimizing any detector-related factors (PMTs, the water transparency, or

geometrical dependencies).

The drift in the gain during the latter half of SK-IV has led the low energy group of
SK to apply a time-dependent gain correction to both the data and MC. This is determined
by assuming the fractional difference in the hit rate (HR) and the gain (G) are linearly

correlated, i.e.

FHR
Cqg=— 5.2
G FG ) ( )
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where
HR(t) — HR(0)
HR(0)

G(t) — G(0)
G(0)

Fyr = and Fg = (5.3)

The gain correction parameter Cg is tuned for each different PMT manufacturing batch
separately using the decay-e sample (Sec. 5.2.2) and MC to minimize the time variation of the
water transparency and Neg [118]. The best fit for the gain correction is Cg = 0.226 £ 0.003.
Sec. 6.2 discusses how N is derived, and the gain correction of N.g is discussed in Sec.

6.2.2.

5.1.2 Relative Gain

For each individual PMT, the relative gain is determined by normalization with the average
gain over all the PMTs. The gain of each PMT is obtained using a single light source with
a high and a low intensity setting. The light source for the relative gain calibration is a
nitrogen-laser-driven dye laser with a neutral density filter wheel containing two different
filters for the low and high intensity settings. The filter wheel is set between the fiber optical
cable that feeds into the diffuser ball and the dye laser. This ”laser calibration” is also used

in the timing calibration (Sec. 5.1.4).

The high intensity setting corresponds to Q;?bs for the jth ID PMT from Eq. 5.1, and
the low intensity setting is low enough to only have a few hit PMTs record the flash. In
the low intensity case, PMT hits are considered to be single-pe hits independent of the total

absolute gain A; and are set in photon counting mode, i.e.
obs —
N7™ oc Nj x QE;  where NJ =1 X aj. (5.4)

The parameter a; is the acceptance of the j'th ID PMT, and I corresponds to the intensity

of the light source for either the low or high setting. The charge threshold for the electronics
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is set low enough so that any relative change in gain makes minimal impact on Nj‘?bs, with
AN]‘?bs = 1.5% for a 10% change in the gain G;. The gain for the j'th ID PMT is given by
G x Q?bS/N;’bS.

The relative gain distribution for all of the ID PMTs at the start of SK-III can be seen
in Fig 5.3, where the mean lies at G=1. The RMS of the distribution (5.9%) is assumed
to be due to differences in the QE of each PMT, as Q°" was set to be the same across all
PMTs at the beginning of SK-III. The relative gain factors G; are used as a fine correction
to the absolute gain to more accurately convert Q;-’bs into the number of observed pe in the
j'th PMT for each event. Once the relative gain is determined for each PMT, the absolute
gain is determined using the nickel source calibration and correcting for the relative gain

correction for each PMT.
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Figure 5.3: The distribution of the relative gain for each PMT at the beginning of SK-III
measured with laser calibration data [112].

5.1.3 QE Calibration

As stated earlier, QE refers to the product of the PMT quantum efficiency, the fraction
of incident photons that produce photoelectrons in the photocathode via the photoelectric
effect, and the PMT’s collection efficiency. The wavelength dependence of the quantum

efficiency for the 50 cm PMTs as measured by Hamamatsu is shown in Fig. 4.14.
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To determine the QE for each PMT, the effect from the gain for a given PMT needs to
be mitigated, and the number of photons reaching the PMT must be reasonably well known.
The nickel source described in the previous subsection (Sec. 5.1.2) is able to satisfy these
criteria and is employed in this calibration. In order to use Eq. 5.4 to extract QE;, SKDET-
SIM is used to predict the number of incident photons, and the ratio between observation
and prediction is formed. Additional requirements on the stability of the water transparency
throughout the detector is absolutely necessary. Any non-uniformity in the water quality
and transparency will alter the probability of a photon striking a PMT, if it makes it to the
PMT wall at all. These non-uniformities can cause a deviation along the photon track as it
propagates through the detector to the j7'th PMT and will cause discrepancies between the

observations from calibration data and the predictions from SKDETSIM.

Other complications to this calibration come in the form of PMT dark noise and ra-
dioactive backgrounds. To remove (or minimize) these effects, hit PMTs are removed from
consideration if the timing for their registered hits falls outside the timing window of an
event. For each PMT hit, the time-of-flight (TOF) is calculated from the vertex subtracted
timing distribution: T-TOF in nanoseconds. The timing of the hits is separated into sev-
eral categories to facilitate the background subtraction. The T-TOF distribution is the
distribution of the timing residuals for an event with vertex ¢’ in the tank and is given by:

[0 — hy
b)

Cwater

tresidual = (t] - tO) - (55)

where ¢; is the hit time for the j'th PMT, ¢ is the emission time (adjusted to minimize all
timing residuals), h is the distance vector to each PMT, and cyater is the group velocity of
light in the SK water [94]. Consequently, T = (¢; — %), and TOF = |7 — ﬁj|/cwater. So-called
"on-time hits” occur within a 300 ns wide time window, and so-called ”off-time hits” occur
150 ns to 450 ns after the end of the on-time hit period. The difference in the on-time and

off-time hits gives the true hit rate, i.e. the true number of hits for the total time window.
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Figure 5.4: The positional dependence of the PMT hit ”probability” for data (red) and MC
(blue) [112]. The vertical axis is the number of hits after normalizing to the average value of
all PMTs. The upper figure corresponds to the barrel PMTs as a function of height z, and
the bottom figures are the top (left) and bottom (right) PMTs as a function of r%. Here,

MC is not corrected by the QE factor.
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Additional effects due to the relative geometry between the nickel ball and the j’th
PMT are taken into account as well. To account for any position dependence, the hit

probability is corrected by the factor:

2

R2
Nqbs J )
5oy (56)

where R; is the distance between the source and the PMT. The dependence of the j’th

PMT"’s acceptance a on the incident angle 0; is

a(f;) = 0.205 + 0.524 cos 0; + 0.39 cos® 0; — 0.132 cos” 0. (5.7)

Any scattering or absorption in the water, or reflection from neighboring PMT glass or from
the black sheet is not included in this correction. The corrected hit probabilities are shown
in Fig. 5.4 after normalizing to the average number of hits in all PMTs. After accounting for
these additional effects in MC, all remaining differences are absorbed into the QE; factor for
each PMT. In creating MC for the QE calibration, the QE of each PMT is set to the same
number. After forming the ratio of the nickel calibration data to the QE calibration MC for
each PMT, these values are stored in the "QE-table.” The table is used in data analyses and

in SKDETSIM to weigh the production of photoelectrons for each PMT.

Additional differences between PMTs used in SK-I/II and SK-III/IV exist, due in
large part to differences in the manufacturing process. These differences are considered
when creating the QE; and the relative gain G; factors. Discussion of these details is beyond

the scope of this analysis. For further details, please see [112].
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5.1.4 PMT Timing Calibration

To have an accurate and precise reconstruction of the track directions and vertices for events
in SK, both the PMTs and the readout electronics must be calibrated properly. Several

factors contribute to the response time of the readout electronics:

e Timing responses due to the spread in the transit time of the photoelectrons in the

PMTs.
e The length of the signal cable connecting the PMT and readout electronics.

e The time it takes the electronics to process the received PMT signal.

During signal processing in the readout electronics, the rise time for larger pulses is quicker
than that of smaller pulses, causing the stronger pulse to cross the threshold for readout
earlier. This leads to a dependence in the readout time for a given pulse based on the pulse’s
height. This effect is known as the "time-walk” effect and is shown schematically in Fig.

5.5.

time walk TQm a p

time

threshold

Figure 5.5: The "time-walk” effect due to higher charged signals passing the discriminator
threshold more quickly than lower charged signals, which leads to an offset in the readout
time for a given PMT and readout electronic set [43].

To account for the time-walk effect, the "timing calibration system” injects fast light

pulses into SK at varying intensities through a small diffuser ball located in the center of the
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tank. A schematic of the timing calibration system is shown in Fig. 5.6. The laser used to
calibrate the TQ-map in the PMT timing calibration at the beginning of SK-IV is a gas flow
nitrogen laser designed by Usho Optical Systems Company (USHO KEC-100). This laser
is a fast pulse laser (0.4 ns at FWHM) with a wavelength of 337 nm. It is used to pump a
dye that shifts the light to 398 nm, approximately corresponding to the maximum response
of the convolution of the Cherenkov spectrum, the PMT quantum efficiency, and the light
absorption spectrum. The dye pulse has a width of 0.2 ns FWHM, and a variable optical
filter is used to control the intensity. The variable intensity 398 nm light is monitored by a
2-in PMT, and the light is transported to the diffuser ball in the center of the SK detector
via optical fiber. The diffuser ball is designed to emit light isotropically and has a variation

in photon emission time of less that 0.2 ns.

N Laser |
337nm, _pulse width 0.4nsec
P

Dye Laser }
398nm, pulse width 0. 2nsec

Optical fiber
Al
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CE IR SRR

Diffuser ball

Figure 5.6: Left: Schematic overview of the SK timing calibration system. Right: Cross-
section of the diffuser ball used in the timing calibration system, seen in the figure on the
right. Both plots are taken from [112].

The variable intensity light produced by the timing calibration system leaves an imprint
in the T and Q information read out by the front-end electronics. The calibration data is

used to map the strength of the variability in the T and @ information for each pair of
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PMT and readout electronics. Doing this forms a unique set of calibration constants for
each PMT called the "TQ-map.” Here, T is the signal response time from the time when a
PMT is hit to the time of electronic readout. T is determined by subtracting the readout
time by the time-of-flight subtraction (T-TOF) from the source position to the PMT, as the
emission time of the calibration light is known. In this way, the TQ-map takes into account

the overall process time and time-walk effect.
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Figure 5.7: A typical TQ-map for readout channel (cable) number 10 [112]. The horizontal
top axis is the charge Q in pC with a combined linear and log scale corresponding to the
bottom horizontal axis (Qbin). The vertical axis is the time-of-flight subtracted timing T
for the hits, where larger (smaller) T correspond to earlier (later) hits.

To create the TQ-map for a given PMT, the Q-axis (in units of pC) of the two-
dimensional TQ distribution is divided into 180 ”Qbins.” The Qbins are defined in the
following way: linearly from 0 to 10 in 0.2 pc wide bins and logarithmically from 10 to 3981
pC in 50 x log(pC) wide bins [112]. For reference, the amount of Q [pC] per pe is 2.645 during
SK-IV (see Table 5.1). The two-dimensional TQ distribution for the PMT corresponding to
cable (or channel) number 10 is plotted in Fig 5.7. The timing distribution of each Qbin is fit

with an asymmetric Gaussian, where the asymmetry comes in due to early (late) hits from
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from direct (indirect) light and from asymmetric time responses of the PMTs themselves.
The set of peaks and standard deviations from these asymmetric Gaussian fits are themselves
fit with different polynomials for certain ranges of Qbins. The fits for the ranges of Qbins

are given by:

Fi(z) = P3(x) Qbin < 10
Fy(z) = F1(10) + (z — 10) x [F{(10) + (z — 10) x P*(z —10)] 10 > Qbin <50  (5.8)
F3(x) = Fy(50) + (x — 50) x P%(x — 50) Qbin > 50

where z is a continuous parameter corresponding to the Qbins. FJ is a derivation of Fj
introduced to enforce continuity between F; and Fy at Qbin = 10. The three polynomial
functions are constructed to satisfy the boundary conditions at x = 10 and = = 50, i.e.
F1(10) = F5(10) and F5(50) = F3(50). These fifteen fit parameters, four from the first and
second region each and seven from the last region, are saved as the functional TQ-map for
each PMT. The TQ-maps are used to correct the time response for each set of PMT and

readout electronics.
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Figure 5.8: Left: The fitted asymmetric Gaussian (blue) for data (red) from the timing
distribution of all PMTs for Qbin = 14. Right: The asymmetric timing resolutions o, for
late hits (blue square) and o; for early hits (red triangle) as a function of charge (in units of
photoelectrons) for SK-IV. Both figures are taken from [112].

Once the final TQ-map for each PMT has been created from these polynomial fits,
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the timing resolution of SK is evaluated after applying each PMT’s TQ-map. The timing
distribution using all ID PMTs is formed for each Qbin and is fit by an asymmetric Gaussian
fQPIn - This asymmetric Gaussian fit is a separate procedure from the asymmetric Gaussian
fit to the timing of individual PMTs described earlier. For a given Qbin, the fit fQP" ig
described by two Gaussian fits f"™:

—(t = Tpea)”

ﬁm:&xm{ - }+&, (5.9)

g

where the index ¢ = 1 (2) denotes the later (earlier) hits. The two Gaussian functions are
matched at ¢ = Tpeqr by requiring A; + By = Ay + By. The results of this fit (blue) to
the timing distribution data (red) in Qbin = 14 are shown in the left side of Fig. 5.8. The
two timing resolutions o; from Eq. 5.9 are designated as o1 = o0, and 07 = o}, and the
timing resolution for SK-IV is plotted in the right side of Fig 5.8. The SKDETSIM software
takes advantage of both o; to more accurately reproduce the timing distributions found in
the data. The asymmetry is especially important in being able to produce accurate MC

simulations with SKDETSIM for calibration sources like the LINAC.

For continuous monitoring of the TQ-map in real-time, the laser component of the
timing calibration system was replaced with a laser that is better suited for continuous
running. The new laser component consists of a sealed nitrogen gas laser (Laser Science
Instruments VSL-337 N?) and dye (DLM-120). The N? laser emits 337.1 nm light, and the
dye shifts it to the desired 398 nm. For continuous running, the intensity is held at a constant
level that achieves ~99% occupancy in the ID PMTs with a maximum average Q of ~20
pe per PMT. This calibration occurs with a frequency of approximately 0.03 Hz, and the

long-term stability of the timing response in SK-IV is within £0.1 ns.
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5.2 Water Transparency and Photon Tracking Calibra-

tion

As stated early on, the detection medium of SK is water that has been purified to minimize
the loss of light from physics events in the detector propagating to the PMTs. Small changes
in the water transparency (WT) can cause greater attenuation of the light and impact physics
results. To accurately simulate events using SKDETSIM, the various behaviors of photons
in the water (scattering, absorption, and reflection) must be well understood. This includes

reflections off the black sheet and PMT surfaces described earlier.

The WT is tracked using two separate methods: (1) data from real-time laser cal-
ibration light at various wavelengths is used to obtain the wavelength dependence of the
attenuation coefficients for scattering and absorption in light propagation; (2) Michel elec-
trons produced by muon decays within the ID are used to track the time variation of the
absorption coefficient. Michel electrons will be referred to as ”"decay-e.” An additional pa-
rameter for the variability in the WT as a function of height, known as the top-bottom
asymmetry, is also determined to better understand data and to more accurately simulate

the photon propagation in SKDETSIM.

The path length for photons is modeled as an exponential I(A) = Io(\) exp[L X qorar(N)]
where L is the track length and ;4 (\) is the total attenuation coefficient. The wavelength-
dependent water transparency is defined as Lyr(A) = 1/ota(A). The total attenuation
coefficient g 1s defined as

atotal<)‘) = Olabs()\> + aSCt()\)’ where (510)

asct()\) = Oésym<)‘) + aasym()‘)'

In SKDETSIM, the components of the oy, correspond to the total absorption ags, the
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symmetric component of scattering sy, (symmetric Mie scattering plus Rayleigh scatter-
ing), and the asymmetric component of Mie (forward) scattering cggsym. The attenuation
coefficients for water are referred to in this work as ”W'T coefficients.” The three WT coef-
ficients are described in SKDETSIM through WT parameters that are tuned to match MC
to results from calibration data. The SK W'T is generally quoted at a reference wavelength

of A =400 nm, with the average value of the WT for SK-IV being 120 m.

5.2.1 Real-time Tracking of the Water Transparency by Laser

Light

The laser injection system fires a collimated laser beam into the top of the SK detector
at multiple wavelengths using either a nitrogen laser (337.1 nm) or laser diodes (LD) with
wavelengths 375 nm, 405 nm, 445 nm, and 473 nm. Previously, in addition to the 337 nm
wavelength produced by the nitrogen laser, the other wavelengths (365 nm, 400 nm, and 420
nm) used in the calibration were produced by a N? dye-laser system. The dye-laser system
was replaced in 2009 with the current set of LDs. The 473 nm LD was installed at that
time as well. When performing the WT calibration, laser light is injected once per minute
into the detector. Hit patterns in six individual regions of the ID are analyzed to extract
the WT coefficients. These regions of the detector correspond to the top PMTs and PMTs
in the five regions of the barrel (B1 - B5). The barrel regions are illustrated in Fig. 5.9.
This figure illustrates the setup for the light injection system for the WT calibration. By
grouping the PMTs by region, the scattering and reflection angle with respect to the PMTs
is indirectly measured in aggregate. The laser light is used to determine cugy, (), Qtasym(N),
and agps(A) by comparing the timing and spatial distributions between the laser data and
corresponding MC. Before applying W'T corrections in the reconstruction of physics events,
the WT is fixed to Ly7(400nm) = 90 m, as the correct WT can only be applied offline after

the calibration data has been analyzed.
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Figure 5.9: Illustration of the real-time light injection system used for water transparency
measurements. The definition of the barrel regions are shown, along with the laser wave-
lengths. The dates for the exchange of each dye laser with a laser diode and the corresponding
wavelength change due to the exchange. Figure modified from [112].

The data for each of the six regions shown in Fig. 5.10 are compared against MC for
PMT T-TOF hit distributions. In the figure, the data (black circles) for the 405 nm LD is
shown, along with the best-fit tuned MC (red). The green region is due to scattered light.
The number of scattered photons and shape of their distribution are used to tune the WT
parameters that describe the WT coefficients agps, Qsym, and ogeym in SKDETSIM. The
peak in the yellow region is due to the reflected light of the beam-spot off the bottom black
sheet and PMTs. The distribution of the reflected light is used in SKDETSIM to model and

tune reflection effects due to these surfaces.

A second calibration for determining the angular dependence of the black sheet re-
flectivity is used to tune the corresponding model in SKDETSIM. More information on the
measurements and modeling of light reflection off the black sheet and PMTs in SK can be
found in [112].
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Figure 5.10: Typical result for the T-TOF PMT timing distributions from the 405 laser
diode for the water transparency calibration [112]. The data (black) and MC (red, best
fit tune) for each region (listed on the right next to the plot) is shown. The shape of the
distribution and number of photons in the green region is used to extract the best fit tune for
the parameters of functions that model the water transparency coefficients ayps, Qsym, and
Qgsym i1 SKDETSIM. The information in the yellow region is used to model in SKDETSIM
the reflection off the PMT glass and the black sheet in the detector.
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Figure 5.11: Left: The various fitted functions (lines) of each water transparency coefficient.
These coefficients are based on the best fit water transparency parameters obtained from
the measured coefficient data (circles) taken in April 2009. The total attenuation coefficient,
defined in Eq. 5.10, is shown in black. Right: The time dependence for the measured
water transparency coefficients as a function of the date in SK-IV for each laser wavelength.
The vertical black line represents the change in the wavelength due to the exchange of the
laser diodes in the calibration system. The overall height for each data period is the total
attenuation coefficient. The symmetric scattering (purple) dominates for lower wavelengths,
while the absorption (blue) dominates for larger wavelengths. The contribution due to
asymmetric Mie scattering (black) is an order of magnitude smaller than the other two
effects. The symmetric scattering coefficient is considered to be stable, though the absorption
coefficient varies with time. Both figures taken from [112].
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Water Transparency Coefficients and Parameters

Functions are used to describe each W'T coefficient in order to obtain the proper wavelength
dependence outside of the calibration wavelengths. The functions are fit to the calibration
data using sets of WT parameters A;, S;, and M; that describe agps(A), Qsym(A), and agsym ()
respectively. The function used to describe the absorption WT coefficient is an ad hoc

piecewise function:

Ao x [ + Aa(g55)™]  if A < 463.9nm

Qabs(A) = (5.11)

AOX/\_ZH(U +PF()) if A > 463.9nm

where the WT parameter A;(t) is varied with time based on decay electron data, described
in Sec. 5.2.2. The function PF()\) has been experimentally measured by Pope and Fry using
their integrating cavity absorption meter (ICAM) device [119]. The symmetric scattering

WT coefficient is given by the function

So Sy
Qgym (A) = It (1 + E)v (5.12)
while the asymmetric scattering WT coefficient is given by the function

Qasym(N) = My [1 + % X (X — M2)21. (5.13)

To tune the parameters for SKDETSIM, many timing distributions are created based on
various sets of WT parameters, and the set that minimizes the x? value when taking the

difference between data and MC is selected.

Typical values for the WT parameters based on laser calibration data from April 2009
are listed in Table 5.2. The fitted functions of the WT coefficients based on Table 5.2

are shown in the left side of Fig. 5.11, while the time dependence of the measured WT
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Table 5.2: Standard values of the water transparency parameters used to describe the various
water transparency coefficients. These values are based on the April 2009 laser calibration
data.

Xgbs
Ay Ay Aoy As
0.624 2.961 x 107 3.24 x 1072 10.94

Osym

So S1
8.514 x 107 1.138 x 10

Agsym
My M, M>
1.002 x 107*  4.623 x 10° 392

coefficients for SK-IV is shown on the right side of the figure. Figure 5.12 shows the actual
time variation of the three WT coefficients for each laser wavelength during the whole of
SK-IV. Since the majority of the Cherenkov spectrum is below 445 nm, the dominant effect
on the total attenuation WT coefficient is due to the symmetric scattering W'T' coeflicient.
The symmetric scattering WT coefficient is stable, with the %\g = 0.3% between October

2008 and November 2012 (see the purple contribution in the right plot of Fig. 5.11).

All but one of the WT parameters are fixed to the value in Table 5.2. The absorption
WT coefficient has a higher variation with time and has a strong impact on SK low energy
analyses. The WT parameter A;(t) is adjusted to account for variations in light absorption,
based on the decay electron measurements around a given time period. In the SK low
energy analyses, all of the WT parameters are tracked and averaged in approximately five-
day intervals to model the actual WT conditions for a given date. For low energy events, the
WT variations affect the number of effective hits N.g and subsequent reconstructed energy
(Sec. 6.2), as well as the reconstructed vertex (Sec. 6.3) and directional information (Sec.
6.4). The time-dependent WT is used in simulating events for specific dates in SKDETSIM

or when reconstructing and analyzing data.
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Figure 5.12: The time variation of the three water transparency coefficients for each wave-
length used in the laser calibration system for all of SK-IV. The top, center, and bottom
plot is of (aps; Qgsym, and oy, respectively.
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Effects of Gadolinium Sulfate on Water Transparency for SK-V /SK-Gd

As an aside, for SK-Gd, enough gadolinium sulfate (Gdy(SOy4)3) will be added into the
SK water to form a 0.2% solution. The resulting effect on the WT, the ”Gd-effect,” has
been estimated using wavelength-dependent WT measurements performed by myself in the
EGADS experiment. The effect on the WT of introducing gadolinium sulfate in EGADS is
discussed in Sec. 4.2.2, and the WT results are plotted in Fig. 4.5. The total attenuation
coefficient is measured daily at three tank positions (top, center, bottom) for Gda(SO4)s
solutions in EGADS with the UDEAL system described in Sec. 4.2.2. UDEAL measures
Qotal(A) at the same wavelengths as the laser calibration system in SK, plus two additional
wavelengths, 532 nm and 595 nm. By measuring the amount of light lost when transmitting
the laser beams through the water column (supplied from EGADS) at various heights, the
extinction curve of each wavelength can be formed and ayeq () extracted. Below 337 nm, an
atomic absorption spectrometer (AAS) is used to measure the total attenuation coefficient
by scanning across multiple wavelengths. The AAS measurement is then matched up to the

UDEAL measurement at 337 nm.

The Gd-effect on the WT is determined by subtracting the total attenuation coeffi-
cient for ultrapure EGADS water (ajr;(A)) from the average stable value with the 0.2%

to

gadolinium solution:
A (A) = g “EOP () = aju (). (5.14)

The wavelength dependence between the reference measurements provided by UDEAL is ap-
proximated by linear interpolation. Above 445 nm, the overall effect is small. The EGADS
collaboration measured the scattering component of the light attenuation for 0.2% gadolin-

ium sulfate solution to be approximately 10%. The rest of the WT loss is due to absorption.

I have implemented the wavelength dependence of the Gd-effect in SKDETSIM by
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modifying the WT coefficients agps and oy, To include the measured scattering compo-
nent, 90% (10%) of the Gd-effect is added to the WT coefficient cugps (ovsym). However,
absorption lines that occur below 337 nm are treated as purely absorption without any scat-
tering component. Fig. 5.13 shows the application of the Gd-effect to the WT coefficients
in SKDETSIM.
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Figure 5.13: The water transparency coefficients from SKDETSIM with pure water (dotted
lines) and with the 0.20% Gdj (SO4); ” Gd-effect” measured in EGADS applied (solid lines).

5.2.2 Time Dependence of Water Transparency using Decay Elec-

trons

The WT is checked independently from the laser calibration using electrons produced by

muon decay within the SK detector:

o= VU +e. (5.15)
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The decay electrons (decay-e), also known as Michel electrons, have a well known energy
spectrum. The overburden of rock cuts the muon rate down to about two per second in the
detector. The time dependence of the mean energy of the decay-e is measured to track the
time variation of the WT. To properly select decay-e, the following criteria must be met for

a candidate event:

The time difference (At) between the parent muon event and the decay-e candidate is

3.0 us < At < 8.0us.

The candidate decay-e must lie in the 22.5-kiloton fiducial volume, i.e. the recon-

structed vertex must be farther than 2 m away from the PMT structure.

The number of hit PMTs must be greater than 50.

The distance between the reconstructed vertex of the candidate decay-e and the stop-

ping point of the cosmic-ray muon is less than 2.50 m [118].

Around 1500 decay-e events per day pass the selection criteria. For these selected decay-e

events, the distance between each hit PMT and the event vertex is calculated.

The PMT selection criteria for the decay-e WT measurement is illustrated on the left
of Fig. 5.14 [120]. In the figure, d; is the distance between j’th hit PMT, and N is the
effective hit value of that PMT (Eq. 6.5 in Sec. 6.2). N; is the number of hit PMTs
within a 10° wedge of the ring defined by the Cherenkov cone. To remove hits due to noise
and indirect light, only PMTs whose hits have a residual timing (T-TOF) within 50 ns are
considered. To ensure only direct light is used, only PMTs within the Cherenkov light cone
relative to the reconstructed direction of the decay-e are considered. The Cherenkov light
cone is azimuthally symmetric with an opening angle between 32° and 52°, which defines a

ring as shown in Fig. 5.14. This ring is broken into 36 equal bins, and the hit PMT's on this
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Figure 5.14: Left: An illustration of the parameters used in the decay-e water transparency
measurement, modified from [120]. d; is the distance between j’th hit PMT, and N’ is the
effective hit value of that PMT. NV, is the number of hit PMTs within a 10° wedge of the
ring defined by the Cherenkov cone. Right: A typical ANY; distribution in d from decay-e
(blue histogram) [118]. The red line is a linear fit to the distribution between 1200 cm and
3500 c¢m, from which the water transparency is extracted.

ring are grouped together to get:
N
ANl = 3 N exp(d;/A). (5.16)
j=1

where ). is the relative water transparency. By assuming the size of each 10° bin is small,
the average distance is d; = Zjvzl d;/N and total Neg is Neg(d;) = Zj\;l Ngff. Using the

average distance, the exponential in Eq. 5.16 can be factored out of the sum, yielding:

ANZg = Neg(d;) x exp(d;/X.). (5.17)

Since the effective hit value for the PMTs in each 10° bin have been corrected by the
attenuation due to the water transparency, exp (Ji / )\e), each of the AN/, should be equal.
By using the AN/, from all the decay-e events in a single day, the collected effective hit
values can be averaged over the Michel spectrum. The aggregate In(AN!;) distribution for a

given day is then binned in d. An example In(ANY;) distribution is plotted on the right side
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of Fig. 5.14 [118]. This distribution is fit with a linear function in the range between 1200
and 3500 cm. The resulting slope is, by definition, the inverse of the attenuation length ..
After averaging over a week of data, A, is used as an input to track the WT coefficient vy,

through the WT parameter A;(t).

To extract agus from \., many mono-energetic electron MC samples are generated
across a wide range of energies. The A, value and A; WT parameters are varied indepen-
dently while generating these MC samples. The energy is reconstructed for all sets of MC,
and the consistency of the reconstructed energy to the true energy is used to establish the
correlations between ag,s and A.. The results must also be consistent with the WT from
the laser calibration. By doing this, o, can be tracked with the measurement of \.. The
actual change in g, from the original absolute energy scale calibration can be determined,

illustrated as the fractional change of the absorption coefficient in Fig. 5.15.

1.8_ T T T T ]
1.6]

8
6F .
4

Fractional Change in Abs. Coeff.

27771000 12000 13000 14000 15000
WT (cm)

Figure 5.15: Fractional change of ay;s between the original absolute energy scale calibration
and the WT measured by decay-e [42].

For low energy events, the WT is used not only for SKDETSIM but also for offline
reconstruction of the event data recorded by SK. The WT affects, among other physical
parameters, the reconstructed vertex, direction, and energy of data and MC events. This
method requires a sliding window of seven days before and after the day one desires to

simulate WT conditions, and it is also affected by PMT gain. The impact on the effective
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number of PMTs Ngg hit from decay-e is shown for a period of SK-IV in Fig. 5.16 when
using the standard WT assumption of 90 m (black) and after applying the correction due to
the measured WT (red).
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Figure 5.16: Time variation of the number of effective hit PMTs N.g before (black) and

after (red) applying the water transparency corrections derived from decay electron data in
SK-TV [48].
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Figure 5.17: Left: The measured water transparency after applying the gain correction,
using laser calibration data (blue) and the WT after combining the laser calibration data
with the decay electron data (black). Right: The time variation of N.g after applying the
gain-corrected WT. The N is stable within 0.5%. Figures courtesy of L. Wan.

The amount of observed charge each PMT contributes will change with any drift in its
gain. The number of effective PMT hits N.g and resulting reconstructed energy for events

is also slightly affected. For the discussion on the determination of the N.g and energy
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reconstruction for events, please refer to Sec. 6.2 on event energy reconstruction. It is
relevant to say here that the energy estimator N.g and the resulting reconstructed energy
are calculated using the WT information. During the second half of the SK-IV period, the
gain of the PMTs began to drift upwards. This increase in the gain can cause the number
of PMTs that pass the readout threshold to increase. That would cause more PMTs to
be considered in an event than would have been with the original level of gain, and more
events would pass the hit-based trigger threshold. This effect has a small, though significant,
impact on low energy analyses because the energy reconstruction is highly dependent on the
number of hit PMTs (Sec. 6.2). Much work has gone into correcting for the drift in the
PMT gain (see the discussion in the last paragraph of Sec. 5.1.1), and the mean energy of
the decay-e becomes stable after this correction is applied. Likewise, after applying the gain
correction, the WT (Neg) is stable, as can be seen on the left (right) side of Fig. 5.17. With
a stable gain-corrected WT, the WT-corrected mean energy of the decay-e sample is stable

within +0.5%.

5.2.3 Position Dependence and Top-Bottom Asymmetry

After correcting the various calibration data sets for the WT, an asymmetry between the
number of hit PMTs in the top and bottom of the detector is still seen. Both Ni source
calibration data and Xe lamp calibration data show the average hit rate in the top region is
~5% less than the bottom region (Fig. 5.19). This position dependence is called the Top-
Bottom Asymmetry (TBA) and can vary in time. The water transparency of SK retains a
z-dependence due to injection of fresh, clean water from the water purification system at the
bottom and removal of the older water by the purification system at the top of the tank.
While it is thought that the TBA is due to the WT, the TBA correction is applied separately
from W'T corrections. Fig. 5.18 shows the effect the TBA has on the calibrations that set

the SK absolute energy scale, described in the next section (Sec. 5.3). The left figure is the
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z-position dependence of the LINAC calibration at two x-positions and two energies when
comparing data and MC without TBA correction applied. The right figure is similar to the

left but is for the DT calibration at all positions.
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Figure 5.18: The z-position dependence for the calibrations that determine the absolute
energy scale of SK-IV [42]. Both figures compare data and MC without TBA correction
applied. Left: the z-position dependence of the LINAC calibration for two z-positions and
two energies. Right: The z-dependence of the DT calibration at all positions.

The TBA is determined using the monthly Ni source calibration and monitored using
the real-time Xe lamp system (Sec. 5.1.1), which occurs once every second. Using the Ni
source calibration data, the TBA is formed by evaluating the difference between the average
hit rate (HR) in the top and bottom regions of the detector divided by the average HR in

the barrel region:

< HRtop > — < HRpottom >

TBA =
< HRbarrel >

(5.18)

When using the Xe lamp data to track the TBA, the average HR in Eq. 5.18 is replaced with
the average charge Q. This analysis is similar to the QE measurement previously described,
but the QE; for each PMT is applied here. The TBA results, shown in Fig. 5.19, from the
nickel source (red dots) and Xe lamp (blue line) calibration data are consistent with one
another and show the same variation in time. A similar z-dependence for the WT is found

in the decay-e data.
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Figure 5.19: The time variation of the top-bottom asymmetry since the start of SK-IV [112].
The red dots (blue line) represents the nickel source (Xe lamp) data.
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Figure 5.20: The standard z-dependence of the water temperature in the SK detector [42].
Below z = —11 m, the temperature is constant due to convection, and so the time-varying
absorption coefficient oy, is assumed to be constant in z.
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Since the time dependence on the WT is primarily due to the absorption coefficient,
the TBA effect is implemented by multiplying the function A(z,t) to ags in the detector

MC simulations, where

l+2zxp(t) z>-11m
Az, t) = (5.19)

1—-11xp6(t) z2<—-11m

As seen in Fig. 5.20, below z = -11 m, the water temperature is stable in that region due to
convection. Below this height, the absorption coefficient is assumed to be constant in z due
to the constant temperature, while above this height, the absorption coefficient is assumed
to change linearly. The functional form for (¢) is derived from MC fits to the nickel data

that incorporates the time-dependent TBA measurement:
B =[-0.163 x TBA*(t) — 3.676 x TBA(t)] x 107 m™". (5.20)

To model the time dependence of the TBA, the gain correction is applied here as well.

5.3 Absolute Energy Scale Calibration

The absolute energy scale is the determination of the correlation between the observed
amount of Cherenkov light emitted by a charged particle, recoil electrons in the case of solar
neutrinos, and the observed energy for that particle. This correlation includes position and
directional dependencies, as well as the time dependence of the energy scale. The calibration
of the absolute energy scale is the most important calibration for all low energy analyses.
Small changes in the observed energy of a low energy event can shift the distribution of
events in the associated energy spectrum, or events could be inappropriately excluded from

an analysis.
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As SK studies the energy spectrum of solar neutrinos through the recoil electron en-
ergy spectrum, understanding the relationship between the electron energy interpreted by
SK from the PMT data and the true energy of the electron is incredibly important. The
absolute energy scale tunes SKDETSIM to model the detector’s response. Two calibration
methods are used to calibrate the absolute energy scale, a linear accelerator (LINAC) that in-
jects single, mono-energetic electrons into the detector and a deuterium-tritium (DT) fusion

neutron generator that produces '°N in the detector.

5.3.1 LINAC Calibration

The LINAC calibration [115] uses a recycled medical accelerator, a Mitsubishi ML-15MIII
electron linear accelerator (the LINAC) housed above the SK tank. The schematic for the
LINAC calibration system with the location of the steering magnets and the injection points
in the tank is shown in Fig. 5.21. The LINAC has been modified to produce single, mono-
energetic electrons with a slow rate of injection, fired downward into SK. An electron gun,
steering magnets, and collimators reduce the number of electrons that make it into the tank.
Approximately 0.1 electrons per bunch are injected into the tank by the LINAC, which

simplifies the calibration for single electron events.

The electron gun uses a filament at the beginning stage of the accelerator to produce
an electron beam. The momentum for the electron beam can be tuned to standard target
energies between 4.4 and 18 MeV (total energy). The electron beam momentum is selected
by tuning the current of the D1 magnet (Fig. 5.21), bending the electron beam produced
by the LINAC, and narrowing down the associated collimators to only allow the part of the
beam with desired momentum down the beam pipe. The actual beam energy of the electron
beam is measured on the tank top by a Ge detector. During the 2016 LINAC calibration,

the filament burned out and was replaced. The new filament slightly changed the available
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electron energies delivered by the LINAC.
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Figure 5.21: Schematic of the LINAC calibration system, including the calibration positions
(labeled 1-9) of the beam pipe injection sites along the z-axis of the SK tank [115].

The 90° bending magnet, D3 in Fig. 5.21, is mounted to a cart. This cart also
houses additional collimators and a set of quadrupole steering magnets that direct the e-
beam toward the end of the beam pipe inside the SK tank. The beam pipe is capped by a
titanium window at the end that ensures vacuum and withstands the water pressure at the
bottom of the SK tank. A scintillation counter array is located toward the end of the beam
pipe as well. The central counter is located just before the titanium window and records the
number of electrons passing through the end of the beam pipe. Four outer counters help to

guide the beam into the central counter and titanium window.

The LINAC cart is set on rails fixed to the negative z-axis of the detector tank and
can be rolled over the calibration ports set between the rails on the tank top. The rail for
the LINAC cart fixes the available injection sites in the y-axis to be located at y = —70.7
cm. Calibration ports fix the available z-positions. Due to time constraints, only two or

three x-positions are used: -388.9 cm, -813.1 c¢m, and -1237 cm. The length of the sections
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of beam pipe inserted into the tank sets the z-positions to 1197 cm, -6 cm, and -1209 cm.
This results in a total of 9 in-tank positions for which the LINAC calibration is performed
(see Fig. 5.21). While calibration is performed at six (1-3 and 7-9), or all nine positions,
the energy settings of the electron beam are prioritized to get the best data sample across
the full energy range. Due to the difficulty of getting low energy electrons down the beam
pipe and into the tank, the lower energy LINAC calibration data suffers from poor statistics.

This leads to a larger uncertainty in the energy scale at low energies.

LINAC calibration usually takes place over the course of approximately one month
during the summer. Due to time constraints and significantly incurred ”dead time” to
supernova, LINAC calibration is not often performed. For SK, the dead time to supernova is
when the detector is not recording data and can miss a supernova burst. Dead time can be
caused by power outages, computer downtime, electronic malfunctions, a global veto signal
being issued to the DAQ, or the HV to the ID is off. Inserting or extracting the LINAC beam
pipe can take up to an hour depending on the z-position. During this time, the detector is
open, and the HV to the PMTs must be off to protect the PMTs from over-exposure to the

light in the SK dome.

During SK-IV, the initial full LINAC calibration was performed in 2009. Due to high
variability in the W, a limited calibration was performed in 2010 for only two energies. The
second full calibration was performed in 2012. In 2016, another full LINAC calibration was
attempted, but due to various complications, a second calibration was performed in 2017.
The 2009, 2010, and 2012 calibrations only used two of the calibration ports (x = -388.9 cm
and x = -1237 cm). This was enough to establish the COREPMT parameter (Cpyr) used in
SKDETSIM to set the absolute energy scale with Caary '° and determine its time variation
by comparing to C332. The 2016 and 2017 calibrations used the three z-axis calibration
ports, and the third COREPMT parameter, CE,?\}[%_”, was derived for SK-IV, after correcting

for the drift in the PMT gain in the WT and TBA described earlier.
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Figure 5.22: The percent difference between the N.g peak position of the 2012 LINAC
calibration data and SKDETSIM MC for LINAC calibration positions denoted in Fig. 5.21
[48].

The Cpyr parameter is obtained by using LINAC data and tuning SKDETSIM to
match the response of the detector, while also comparing the peak of the N.g distribution
between LINAC data and MC (Fig. 5.22). Once Cpyr is determined, the percent difference
between the Neg of the LINAC data and MC is evaluated, and the energy scale is determined

to be ~0.53% for all LINAC energies and injection positions.

Germanium Detectors in the LINAC Calibration

A Ge crystal detector is used to independently measure the electron beam energy with high

resolution. The Ge detector is calibrated using several sources:

Natural radioactivity including “°K at 1.46 MeV and *°*T1 at 2.61 MeV.

A sealed “’Co source (1.17 MeV and 1.33 MeV).

A sealed ®"Cs source at 0.662 MeV.

The Ni-Cf source (s up to 9 MeV) used in the Ni calibration.
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When measuring the electron beam energy, the settings for the electron beam remain the
same as during injection, though the 90° bending magnet (D3) that sends the beam down

into the tank is turned off to redirect the beam into the Ge detector.

The results from the Ge measurement of the beam energy at each position are used in
SKDETSIM. One can then compare the MC with the LINAC calibration data and determine
the uncertainty in the electron beam energy. For larger electron momenta, the penetration of
the electrons into the Ge crystal could reach inactive elements. This energy loss is estimated

using a Monte Carlo simulation of the Ge detector.

During the 2017 LINAC calibration, a second Ge detector with different detector geom-
etry and materials was used to cross-check the electron beam energy. This second Ge detector
was found to agree with the original one to ~0.1%. With the Ge detector measurements,

the electron beam energy is determined at the order of ~ 0.1% level.

5.3.2 DT Generator N Calibration

Because of the limited access and large dead time associated with the LINAC, more fre-
quent calibrations are performed using a deuterium-tritium (DT) fusion neutron generator
to produce '°N in the water [116]. The DT generator can be deployed in many more loca-
tions throughout the detector by using a mobile crane. The crane raises and lowers the DT
generator ”"torpedo” which houses the DT generator. An illustration of the DT calibration
is shown in Fig. 5.23, along with a picture of the DT crane and the DT generator torpedo.
A black umbilical carries the HV and signal information between the DT generator and the
operational electronics on the tank top. Attached to the umbilical is the interlock that, un-
less submerged in water, prevents the DT generator from firing and releasing a deadly dose
of neutrons. The DT calibration is performed once every three months. It is also performed

immediately after each LINAC calibration to match detector conditions as best as possible.
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The insertion and removal of the DT generator torpedo takes a combined ~15 minutes, in-
curring much less dead time than the LINAC. Some additional dead time is incurred by the

DT calibration during a global veto issued to the DAQ.

The DT generator produces neutrons through the reaction

H+%H — *H+n (5.21)

with an energy of 14.2 MeV, large enough to generate '°N in the water through the (n,p)
reaction with '°0:

%0 +n — N +p. (5.22)

The N subsequently decays isotropically with a half-life of 7.13 seconds by /3 emission and
a total endpoint energy of 10.4 MeV. The primary decay mode (66%) is via a 6.1 MeV ~
and a 4.3 MeV 3, with the next most common mode (28%) being a 10.41 MeV . Because
the '°N decays are isotropic, where the LINAC events are only downward, they are useful to
calibrate the directional and positional dependence of the energy scale. This knowledge is
crucial to the solar neutrino analysis, as the neutrino events occur throughout the detector

and are incident from the Sun.

DT calibration is performed for the central port, the ports used in the LINAC cali-
bration, the corresponding ports on the positive z-axis, and the two extreme ID ports on
the +y-axis. When performing the DT calibration, the DT generator torpedo is inserted in
a calibration port while the detector PMT HV is turned off. Once the DT generator is far
enough into the tank that the interlock is below the top of the calibration port, a light-block

is installed and the HV is turned back on.

The tip of the DT generator is then lowered into the desired z-position via the crane,
and a run starts (panel a in Fig. 5.23). The DT system sends a global veto signal to the SK

DAQ), and the generator fires, producing a neutron cloud (~ 10° n) at the tip of the torpedo
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Figure 5.23: Left: Ilustration of the DT generator calibration system and procedure [116].
Right: Photo of the torpedo that houses the DT generator hanging from the crane above the
central SK calibration port (x = 0,y = 0). The black umbilical cable bundle and interlock,
housed in a white PVC pipe, are visible as well.
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Figure 5.24: The stability of the SK-IV energy scale using the DT calibration data after
applying the gain correction. The data is from the central calibration port corresponding to
the z-axis of the SK detector, (z = 0,y = 0), at three z-positions. The Nz is stable within
+0.5%. Figure courtesy of L. Wan.
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(panel b in Fig. 5.23). The veto signal remains active for a few seconds while the crane pulls
the torpedo as far back as possible to reduce shadowing of PMTs by the torpedo (panel c
in Fig. 5.23). The two positions on the y-axis have shorter overhead clearance due to air
ducts that cool the electronic huts, and the torpedo shadowing is much more significant for
the associated DT calibration data. While the veto is active and the crane is pulling up
the torpedo, the neutron cloud produces 10* '°N events in the water (panel ¢ in Fig. 5.23).
The super low energy (SLE) event rate spikes up around 20 kHz above the average rate (
~10-12 kHz), which can cause the DAQ to slow down and crash if the veto signal was turned
off. After the few seconds it takes to lift the torpedo up and the '°N to begin to decay, the
veto is turned off and the SK DAQ starts to record the DT calibration data. This step is
repeated 19 more times before moving on to the next z-position. Once data is collected for

all z-positions, the DT generator torpedo is removed from the tank.

Once all the DT data is collected, the peak and shape of the reconstructed energy
distribution is compared to MC to estimate the various dependencies of the energy scale on
the position, direction, and time-varying detector conditions. The directional dependence
of the zenith scale, with respect to the detector zenith angle, is shown in Fig. 5.25. The
last two zenith bins, 0.6 < cosfz,, < 1, are affected by the shadowing of PMTs by the
DT generator torpedo. The data is fit with an exponential plus a constant to determine
the systematic uncertainty on the day-night asymmetry. The uncertainty is due to the
directional dependence of the bias on the reconstructed energy and estimated to be £0.1%.
After correcting for the gain variation, the variation of the energy scale using DT calibration
data is stable within +0.5% for all of SK-IV. This stability of the average energy scale (Ng)
measured with the DT calibration data is shown Fig. 5.24 for the top (black), center (red),

and bottom (blue) positions in the z-axis of the SK tank.

With the Wideband Intelligent Trigger (WIT) system [105][106] online toward the end

of SK-IV and running in SK-V, an effort is underway to extract °N events produced by
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Figure 5.25: Difference in mean N,z between DT calibration data and simulation for SK-
IV, binned by zenith angle [42]. The aggregate uncertainty due to position dependencies
correlated to the zenith direction is approximately 40.1% after subtracting the absolute
offset.

cosmic ray muons via neutron tagging techniques. Muons can create '°N by being captured
by the oxygen in the water and by producing spallation-induced neutrons that then capture
on the oxygen nucleus (Eq. 5.22). The muon-induced '°N forms a background that must
be removed for the solar neutrino analysis (Sec 7.4.12). This data set of '°N events would
uniformly and isotropically fill the detector for the full time the WIT system is online. A
clean data set of N events would improve the '°N cut that is applied in the solar neutrino
analysis (Sec. 7.4.12). With a muon-induced '°N sample, a third calibration method of the
absolute energy scale independent of the DT and LINAC calibrations could be performed.
This calibration will not suffer from the drawbacks inherent with the other two: directional
dependencies, shadowing in the case of the DT generator torpedo, and the incurred dead

time when opening the detector to perform the LINAC and DT calibrations.
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5.3.3 Systematic Uncertainty of the Energy Scale

Four different sources contribute to the determination of the systematic uncertainty for the
absolute energy scale. The uncertainty due to the energy determination for the electron beam
produced by the LINAC using the Ge detector is 0.21%. During the LINAC calibration,
which takes place over the course of a month, the LINAC beam pipe is being constantly
inserted and removed. This causes changes to the WT beyond normal time variations. The
uncertainty due to changes in the water transparency during the LINAC data collection can
account for variations in the energy scale of 0.20%. The directional and position dependencies
for the energy scale, which contribute 0.10% and 0.44% to the uncertainty respectively, are
determined by comparing the DT calibration data and MC produced by SKDETSIM. The
four errors are combined in quadrature, yielding a total estimated uncertainty of 0.54% for

the energy scale, using the SK-IV 1664-day data period analyzed in [42].

After considering the total SK-IV data period and implementing the gain correction,
the preliminary systematic uncertainty in the position dependence increases to 0.46%, while
the preliminary systematic uncertainty in the water transparency decreases to 0.11%, giving a
preliminary total systematic uncertainty for the energy scale of 0.53%. The SK-IV systematic

uncertainties for the energy scale are summarized in Table 5.3.

Table 5.3: Summary of the systematic uncertainties for the energy scale [%] in SK-IV for
the 1664-day period and the full SK-IV data period (preliminary).

Error SK-IV 1664 days All SK-IV
Position Dependence 0.44 0.46
Direction Dependence 0.10 0.10
Water Transparency 0.20 0.11
LINAC Energy 0.21 0.21
Total 0.54 0.53
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Chapter 6

Event Simulation and Reconstruction

Many of the details presented in this and subsequent chapters can be found in the Super-
Kamiokande solar neutrino analysis publications for SK-I [44], SK-IT [94], SK-III [95], and
SK-IV [42]. The systematic uncertainty for the recoil electron spectrum shape and ES rate

for each phase due to the reconstructed event information will be discussed in Ch. 8.

6.1 Event Simulation

The SK detector simulation software, SKDETSIM, is a heavily customized Geant3 [117]
Monte Carlo (MC) simulation that fully simulates the detector’s response based on calibra-
tions performed in the detector, or based on measurements made elsewhere. SKDETSIM
includes physics descriptions of the full geometry and material makeup of each of the com-
ponents of the detector, as well as including time-dependent effects such as dark noise rate,
water transparency (WT), top-bottom asymmetry (TBA), live and dead PMTs, and other
environmental variables. For any desired type of simulation (solar neutrinos, calibration,

etc.), these time-dependent variables are set to correspond to the same period desired to be
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simulated.

While data periods are described by real world time, the data is broken into chunks
called "runs” to better manage everything. A run in SK is the period of time, a maximum of
24 hours, during which data is taken where all the DAQ triggering logic and PMT hit-based
trigger threshold criteria are fixed. When changing the trigger logic or the threshold settings,
a new run is begun in order to separate and organize data under what set of conditions the
data is taken. Runs are further broken up into ”subruns,” where a subrun is the smallest
packet of events in the data collected by the DAQ that contains all events passing trigger
and threshold requirements. A subrun contains approximately 30 to 90 seconds of sequential

events.

6.1.1 Solar Neutrino and Electron Simulation

Since solar neutrinos are detected by the recoil electrons induced by neutrino - electron (v e)
elastic scattering (ES) in SK, it is necessary to simulate the detector’s response to charged
electrons at varying energies and the Cherenkov photons they emit. The solar neutrino data
varies as a function of the date and time it is taken, based on the detector’s live time. To
mimic the solar neutrino data, the solar neutrino MC uses the timestamps of each subrun
from SK data and tracks the position of the Sun at these times. Because the position of the
Sun is well known from millennia of human observation, the true vector from the Sun can be
accurately modeled. The subrun timestamps and the Sun’s position at those times are used
to match the zenith distribution of the MC to the data, as true solar neutrinos will always

come from the Sun.

The event rate in the solar neutrino MC is generated according to the total expected
number of (v, e) ES interactions in SK by °B and hep solar neutrinos. The expected rate is

325.6 events per day (assuming BP2004 SSM) before any energy threshold requirements [44].
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In SK-I/II/1I1, the ®B (hep) neutrinos are generated with a rate of approximately 0.2 (0.02)
Hz. All events are considered to occur at the beginning of a subrun, using the timestamp of
the subrun’s first event. In SK-IV, the event generation rate was increased to ~2 (~0.2) Hz
for ®B (hep) neutrinos to achieve better MC statistics and because of larger disk space (data
storage) availability. Originally, the timing distribution of the SK-IV MC was the same as
in the previous SK phases. A study has been performed on the effect that bunching the
solar neutrino events at the start of a subrun has on the SK-IV solar neutrino results. It was
found that this choice of having all events occur at the time corresponding to the first event
in a subrun did not affect the SK-IV results. This is because the subruns have a small timing
width, and SK’s has poor angular resolution for recoil electrons (see Sec. 6.4). However, the
MC events are now equally distributed throughout the duration of the given subrun they
model in order to more accurately mimic the incident neutrino distribution corresponding

to the Sun’s location.

The energy spectrum of the ®B solar neutrinos, shown in Fig. 3.8, is taken from the
results of the Winter06 measurement [45] of the spectra of the B decay products (2 a’s
and a 1), described in Sec. 3.2.1. The neutrino energy spectrum used for the hep species
is taken from the predictions of Bahcall et al. given in [41]. The systematic uncertainties
of these flux calculations are included later when applying the energy-correlated systematic

uncertainties of the recoil electron spectrum.

The angular distribution and energy spectrum of the electrons recoiling due to (v €) ES
is modeled in SKDETSIM based on the differential cross section of this process for both the
ve and v, channels. The cross section calculations include electroweak radiative corrections
from [41] and are further described in Sec. 2.3. Eq. 2.68 describes the angular distribution,
while the energy spectrum of the recoil electrons is described by Eq. 2.65. The angular
distribution is integrated over the recoil electron kinetic energy 7, from zero to Thax (Eq.

2.64), where Ty, is the maximum energy allowed by the conservation of four-momentum.
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The resulting energy spectra for the ®B and hep induced recoil electrons is shown in Fig.
2.1. The total ES rate is given by Eq. 2.66, and the fluxes are from BP2004 in Table 3.2.
Only (v. e) ES events are generated for the solar neutrino MC used in the solar neutrino
signal extraction (Sec. 8.1). The contributions from (v, , e¢) NC interactions are included
when determining the expected recoil electron spectra in solar neutrino oscillation analysis

(Sec. 10.1).

The electron’s trajectory through the water is tracked over the short path it travels
(a few centimeters), and all emitted Cherenkov photons are tracked from their production
until their termination. Any scattering or absorption of the Cherenkov photons in the water
and any reflection from a surface in the detector (PMT or black sheet) are included in the
simulation. The simulated behavior of the photons, described in Sec. 6.1.2, is modeled after
the calibrations discussed in Sec. 5.2. During the simulation, the water transparency, top-
bottom asymmetry, and other time-varying factors are set based on the date the simulation

MC is to be modeled after.
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Figure 6.1: Left: Illustration of the three cases for incident photons on PMTs [48]. Right:
PMT response to unpolarized 420 nm light. The black area is the case when the photon is
absorbed without a photoelectron being produced. The white region is when the photon is
transmitted through the PMT without being absorbed by the photocathode. Figure modified
from [43].
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6.1.2 Cherenkov Photon Production, Tracking, and Detection

The number of Cherenkov photons N produced per unit length dx and unit wavelength dA,

is modeled after the differential equation:

d’N 2o
_ _ -2 6.1
dr dx  Nn() (1 (M8 ) (6.1)
where n(A) is the index of refraction for ultrapure water, a ~ % is the fine structure

constant, and £ is the photon velocity in the medium in units of ¢ (the speed of light in
vacuum). The environmental variables that affect n, such as the water temperature and
pressure, are included in the simulation based on their measurements in SK for the date

desired to be simulated.

Cherenkov light is emitted by a charged particle if it is traveling faster than the speed
of light relative to the medium: § > 1/n. In terms of energy, a charged particle will emit
Cherenkov light only if it has a total energy greater than the Cherenkov threshold Ecr. For

charged particles with mass m, Ecr is

Eor = ——. 6.2
e (6.2

The opening angle 6¢ of the Cherenkov cone is

cos O =

() (6:3)

which yields 6 ~ 42° for the water medium. For electrons, Fqr = 0.767 MeV, for muons

Ecr = 157.4 MeV, and for pions Ecr = 207.9 MeV [48].

For each photon produced that makes it through the water to a PMT, SKDETSIM

determines one of three outcomes for the incident photon (see illustration on the left side of
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Fig. 6.1):

1. The photon is reflected off the PMT (red area).

2. The photon transmits through the PMT without being absorbed by the photocathode

(white area).

3. The photon is absorbed by the photocathode (black and green areas), and the proba-

bility of photoelectron (pe) production is considered (green area).

Each one of these processes has a dependence on the incident angle 6, of the Cherenkov
photon to the j'th ID PMT in SK. The probability that a photoelectron is created from an

absorbed photon is directly related to the j'th PMT’s charge response function (Eq. 5.1):

P(”}/ — pe) = €qe(N) X P(Obs)(ﬁj, )\) X CPMT X QEj, (64)

where the quantum efficiency €g(y) is measured by Hamamatsu and shown in Fig. 4.14.
The factor QE; is obtained from the QEtable described in Sec. 5.1.3, and the COREPMT
parameter Cpyr is derived from LINAC data (Sec. 5.3.1). The two-dimensional function
Plobs) (05, A) is the probability density function (PDF) of the PMT-response at a given wave-
length for photon-PMT interaction and photoelectron production. This PDF is illustrated
in Fig. 6.1. After the photoelectrons are generated, the output charge and response of the
front-end read-out electronics is simulated for PMT j. Once the charge exceeds the PMT’s
threshold, the photon is considered to be detected. This step in the simulation takes the

PMT timing resolution into account using the TQmap (Sec. 5.1.4).
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6.2 Energy Reconstruction

The amount of Cherenkov photons produced by a charged particle in SK is approximately
proportional to the amount of energy deposited within the detector. The reconstructed
energy a particle deposits in the detector is proportional to the number of photoelectrons
produced in the hit PMTs by Cherenkov photons. For electrons with energy less than 100
MeV, on average, PMTs will only see a single photoelectron per PMT, if any. For higher
energy events, such as cosmic-ray muons, hit PMTs result in having a higher charge from
multiple photoelectron production per PMT. For low energy events, counting the number of
hit PMTs with a single photoelectron (single-pe) signal is proportional to the energy of the
charged particle: ~6 hit PMTs per MeV.

To reconstruct the energy of a contained event in SK, such as an electron, the infor-
mation must be obtained from the PMTs hit by the light emitted from the event. A timing
coincidence criteria of 50 ns between the event and the hit PMTs is established to remove
dark noise and light from other low energy or background events. The PMT timing residuals
relative to an event, T-TOF given by Eq. 5.5, must fall within the timing window for said
event. N is the number of hit PMTs within this 50-ns window. The energy estimator Neg
is a correction to Ns5q that takes into account environmental and geometrical factors for each
hit PMT [95]. The environmental factors include WT, TBA, the average dark noise rate
(Rgark) for the PMTs, the number of functioning PMTs in the ID (N,jve), and the PMT
gain. Most of these corrections are tracked as a function of time. The corrections ensure

that N.g is independent of location inside the detector.
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6.2.1 The Energy Estimator Ncg

As stated earlier, the energy estimator N.g is a correction to Nsg determined from the
effective hit of the 5’th PMT (NZ;) within a 50-ns window of (T-TOF). Ng and N7, are
defined by the following equations:

Nog =SV N2 and
7o (6.5)

alive

Ne]ff = (X] + €tail — €dark) X ]\J[Van X S‘l(Gj,gbj) X exp(%) X QLE]

where Ny is the total number of ID PMTs. All other components will be discussed below

(see [95] for more details).

X;: PMT Occupancy

The X; occupancy term is used to estimate effects from multiple photoelectrons within the
7’th hit PMT, which can occur when an event near the PMT is directed toward the PMT
structure. In this scenario, the Cherenkov cone does not have the distance to expand and

only strikes a few PMTs. X corrects for this effect, and is defined as

—log(l —z;)/x;, z; <1
X; = e (6.6)

3.0, .I'j =1

where z; is the ratio of hit PMTs surrounding a central PMT (a 3x3 grid with the j’th
PMT in the center) divided by the total number of live PMTs within the grid. The ratio z;
is the occupancy and is formed for each hit PMT in an event. When z; < 1, the number of
photons per single PMT is estimated by Poisson statistics as having a behavior approximated
as —log(1l — z;). When each PMT in the 3x3 grid is live and is hit (z; = 1), X is set to 3.

This value was determined by MC studies.
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€qark: Dark Noise

To account for the time-dependent dark noise rate of the ID PMTs, the correction term €gar.

is defined as
Nalive X Rdark X 50 ns
Nso '

€dark =

(6.7)

€gark corrects for dark noise hits within the 50-ns time window. Nujve and Rga. have the time
dependence for the given data period taken into account run-by-run. The average measured

dark noise rate for a run is ~5.94 kHz in SK-IV.

€tails Late Light Arrival

The €53 term is used to correct for the possible late arrival of Cherenkov light from an event,
as some photons may arrive at a PMT outside the 50-ns time window because of scattering
or reflection. Doubling the allowed time window, the number of effective hits in 100 ns (Nyog)
is formed in the same fashion as N5;. With these two hit rates, the correction due to late

hits can be described as

Nigo = Nso — Nalive X Raarkc X (100 ns — 50 ns)
€tail = N50 .

(6.8)

Nan/Native: Dead PMT Correction

The effect of dead PMTs on N.g for a given run is accounted for by this scale factor, as the

photons that strike dead PMT's are not collected.
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S(0;,¢;): PMT Photocathode Coverage

This term is the effective photocathode area of the j’th PMT from a given location in SK,
where 0; is the glancing angle. It includes shadowing effects from other PMTs. The function
is derived from MC simulation for each SK-Phase to determine the directional cross section
of each PMT as viewed from the angles (6;, ¢;). A visual definition of (6;, ¢;) is shown in the
left of Fig. 6.2. The angles (6;, ¢;) are the spherical coordinates centered around the PMT.

The effective photocathode coverage function S(6, ¢) is shown in the right side of Fig. 6.2.

The MC derivation S(6;, ¢;) includes the PMT acrylic shielding for all phases after SK-I.

Figure 6.2: Left: Visual definition of the spherical coordinate angles (6;, ¢;) with the origin
located at the center of the j’th hit PMT. Right: The correction function S(#,¢) that
describes the effective photocathode coverage of a PMT in SK. Both figures taken from [48].

exp(rj/w(t)): Water Transparency Correction

The exponential term corrects for effects from the WT, described in Sec. 5.2. Here, r; is
the vector from the reconstructed vertex position to j'th PMT. The function w(t) is the

time-dependent WT based on the data or run period.
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QE;: PMT QE Correction

The final term is the correction on N.g due to the QE factor of each PMT described in Sec.

5.1.3.

6.2.2 SK-IV Gain Correction to Ngg

Details of the SK-IV PMT gain correction for low energy analyses are discussed in [118]. To
account for the drift in the gain discussed in Ch. 5, a correction is applied to the factors of
Neg impacted by the gain: the occupancy (X;) and the PMT dark noise parameter (€gak)
through the dark noise rate Rg.k. The time-dependent fractional hit rate Fyr and gain
drift function Fg are defined in Eq. 5.3. They are assumed to be linearly correlated, i.e.
Co = Fur/Fe (Eq. 5.2). The factor Cg is obtained from the decay-e data sample and
applied to Neg, assuming an unchanged WT function w(t). The occupancy term X(z;)
in Ngg is modified to include the QE factor for each tested PMT and to apply the gain

correction:
X (IJ/ QEj)

T Fox Co (6.9)

)((17) —
The PMT dark rate term is considered now for each PMT individually instead of a detector-
averaged dark rate, in addition to applying the gain correction:

J
Cdark
ark —> ————— 6.10
Cdark 1+ FG X CG ( )

A new WT function w'(t) is then determined using the corrected Neg (assuming the old
WT function) to account for the gain drift. The newly-corrected WT function (Fig. 5.17,
left) is then applied in the N.g calculation, and N.g becomes relatively invariant in time

(Fig. 5.17, right). By applying the gain correction to Neg, the energy scale, WT, TBA, and
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other affected parameters are stabilized.

6.2.3 Energy Reconstruction of e from N.g

After calculating N.g, the reconstructed energy of an e* (an electron or positron) is acquired
for different energy regimes. This boundary is at Neg = 189.8 or E,.. ~ 25 MeV. For
Neg < 189.8, the function is a fourth order polynomial, while above this value the relationship

is defined as a simple linear function:

4

0.82 + 0.13Nog — 1.11 x 107*N2, +
Neg < 189.8
Eree = 4 1.25 x 107N3, — 1.25 x 1079N4] (6.11)
25.0 4 0.138(Neg — 189.8) Neg > 189.8

where the values for the coefficients used here are the best fit from Fig. 6.3. The values of
these coefficients are usual for SK-IV data. These coefficients are obtained through fitting
to the LINAC calibration data and associated MC, as the beam energy is measured by the
Ge detector (see Sec. 5.3.1). This method of determining the energy from Nz assumes the
charged particle emitting Cherenkov light is an e* and is not used for pions, muons, or other

charged particles.

Energy Resolution and Systematic Errors

To predict the recoil electron energy spectrum that should be observed in SK, the theoretical
energy spectrum F'(F) given in Eq. 2.65 needs to be distorted by including the detector
energy resolution:

F(Eyps) = /0 T F(E)R(E, B )dE, (6.12)
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Figure 6.3: The top panel shows the relationship between true electron total energy from
MC and Neg (red squares) with the best fit (blue line). The bottom panel is the ratio of the
fit to the MC points as a function of Ng. Figure from [48].
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Figure 6.4: Energy distributions of recoil electrons generated for the *B solar neutrino MC
[43]. The MC results (black errors) and their resulting Gaussian fit (red curve) are shown.
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Figure 6.5: Energy resolution function (Eq. 6.14) for SK-I (dotted gray line), SK-IT (short-
dashed blue line), SK-III (long-dashed red line), and SK-IV (solid green line). The coefficients
for each SK-Phase (Table 6.1) are obtained via sets of mono-energetic electron MC (black
circles).
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where, here the F is the true total energy of the e*, E., is the observed total energy of
the electron, and R(E, Eu.) is the detector energy response (or performance) function. The

energy response function is defined as

(BB
R<E7Eobs) - \/%O'(E) p( O'2<E) > (613)

where the sigma function o(E [MeV]) is the energy resolution for each SK-Phase is

o(E) =co+ cVE + &, E. (6.14)

These coefficients ¢, are determined using multiple mono-energetic electron MC sam-
ples (Fig. 6.4). The resulting energy distributions are fit with R(FE, Eys). Then, the energy

resolution difference
o(E)
Eobs

A0-(E10bs) = (615)

is formed and fitted by Eq. 6.14. The coefficients ¢, for each phase are given in Table 6.1, and
the associated curves for the energy resolution are plotted in Fig 6.5. The 5% improvement

in SK-IIT over SK-I is a result of the improvement in the vertex reconstruction.

Table 6.1: The coefficients of the energy resolution function o(E) (Eq. 6.14) for each SK-
Phase.

SK-Phase Co c1 Cy

SK-T [44] 0.2468 0.1492 0.0690
SK-IT [94]  0.0536 0.5200 0.0458
SK-IIT [95] -0.123  0.376  0.0349
SK-IV -0.0664 0.329 0.0422

The energy resolution is checked with the LINAC calibration by comparing the event
energy and the ”in-tank energy” determined by LINAC MC. The LINAC MC is a Geant3

MC simulation of the behavior for LINAC beam electrons. It simulates the effect that the
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counter and titanium window have on the electron energy as it passes through to enter the
tank. Once the electron enters the tank, the simulation is continued with SKDETSIM. The
in-tank energy is the energy of the simulated LINAC electron when it enters the tank. The
distribution of the energy for LINAC electrons (data) should peak at the same point as the

in-tank energy from MC.

The percent difference in the Ao (FEys) between the LINAC data and MC is evaluated
at several energies and used to form a function to describe the percent difference in the

energy resolution:

(

1.00% Eogps < 4.89 MeV

Aorinac =} 0.60% E,. > 6.81 MeV (6.16)

interpolation 4.89 < E,, < 6.81 MeV
\

The Ao (Eus) for the 2009-2010 SK-IV LINAC calibration are listed in Table 6.2 with their

corresponding in-tank energies.

Table 6.2: The percent difference of Ao (FE,s) at different in-tank energies of LINAC electron
events taken during the 2009-2010 LINAC calibration.

Energy [MeV] 4.38 6.28 8.16 12.93 15.58
Ac(Egps) %] -2.53 090 -0.95 1.03 0.76

The systematic uncertainty of the energy resolution is given by using the ratios of the
RMS and the mean from the reconstructed energy distribution at each LINAC energy for

LINAC data and MC:

RMSMC/meanMC

1 (6.17)

RMSpara/meanpara

After the SK-IV 1664 days solar paper, the RMS (mean) terms in the equation were replaced

by using the o (peak) information obtained by fitting the corresponding reconstructed dis-
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Figure 6.6: The systematic uncertainty on the energy resolution, Eq. 6.17, as a function
of recoil electron kinetic energy from each LINAC calibration performed in SK-IV. Figure
courtesy of M. Hasegawa.

tributions with Gaussian functions. This systematic uncertainty is plotted as a function of
energy in Fig. 6.6 for all the SK-IV LINAC data, though only data from the 2009-2010 and
the 2012 LINAC calibration was used in the SK-IV 1664 days solar paper [42].

6.3 Vertex Reconstruction

Inside the SK detector, electrons with £ < 20 MeV only travel several to ~10 cm. Because
SK’s vertex resolution is much larger (~50 cm at ~10 MeV), an event can be considered to
be a point source. While only the times, charges, and geometry of the hit PMTs exist at the
detector level, the timing and hit pattern are used to reconstruct the vertex for an event.
The charge (or PMT signal pulse height) is due to a single photon for low energy events and

carries no information relevant to the vertex.

The vertex fitter for SK-I uses a timing-based hit selection that employs a grid search
over locations in the detector to maximize a "truncated y?” goodness of fit. Details about

the vertex fitter used for vertex reconstruction in SK-I can be found in [44]. The vertex
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fitter used after SK-I is BONSAI, or Branch Optimization Navigating Successive Annealing
Iterations [121]. BONSAI uses the timing residuals to reconstruct the vertex position by
maximizing a likelihood PDF based on data from the LINAC calibration described in Sec.

5.3.1. The likelihood function to be maximized is described by
L(#,to) = » 1og[P(t — tror — to)], (6.18)

where the PDF P(t —ttop — to) is given in the left side of Fig. 6.7. t1or is the time of flight,
t is the time of readout at the front-end electronics, and t; is the time of emission. This
method uses all the hit PMTs (V) in an event. BONSAT maximizes the likelihood based
on searching through a list of vertex positions based on PMT hit combinations of four or
more. These hit combinations define a unique vertex position due to timing constraints. A
version of BONSALI is used as an online vertex fitter. It reduces the amount of data stored
by removing events reconstructed very close to the SK PMT structure as these events are
likely to be background. The actual vertex reconstruction used in analyses is performed
offline after the relevant environment information (WT, TBA, etc.) becomes available [94].
Based on the fitted vertex, one calculates the reconstructed energy, direction, and other

event variables.

The resulting vertex resolution is taken as the distance for which 68% of the recon-
structed LINAC event vertices agree with MC, shown in the right side of Fig. 6.7. The
improvement seen in the figure between SK-I and SK-III comes from the change in the algo-
rithm used, where the resolution is 100 (125) cm at 5 MeV in SK-III (SK-I) [95]. The greater
improvement seen for the vertex resolution in SK-IV over SK-III is because of the improved
front-end electronics [48] and better agreement in the timing residuals between data and MC
[42]. The improved electronics result in a sharpening of the timing peak as well [43]. The
poorer SK-II resolution is because of the halved photocathode coverage. The poorer vertex

resolution at lower energies is a result of the reduction in the amount of Cherenkov light
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Figure 6.7: Left: The probability density function of the timing residuals (Eq. 5.5) for the
single-pe signal, used in the BONSAI program for event vertex reconstruction via maximum
likelihood fit. The additional peaks are a result of after-pulsing of the PMTs. Right: The
vertex resolution for SK-I (dotted), SK-II (dashed-dotted), SK-III (dashed), and SK-IV
(solid) data periods [42].

(number of photons) produced. The vertex resolution of SK-IV is limited by the width of

the PMT timing resolution.

6.3.1 Vertex Shift

The bias in the reconstructed vertex is known as the ”vertex shift.” Due to the vertex shift,
events near the boundary of the fiducial volume may move in or out of the allowed region.
The vertex shift is checked at several positions in the tank using vs from the nickel source
calibration data (see Sec. 5.1.1), as the source location is known precisely. The vertex shift
measured by the Ni calibration data is plotted in Fig. 6.8. The origin of the arrows is the
location of the Ni source, and the direction indicates the average vertex shift at that position.
The length of the arrow corresponds to the magnitude of the vertex shift, scaled up by a
factor of 20 in order to make the shift easier to see . As seen in the figure, the vertex shift is

position-dependent. As an example, the far radial region of the tight fiducial volume (Sec.
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7.4.11), events are shifted in the z-direction by +0.7 cm (-2.7 cm) for z > 0 (2 < 0) and are

then shifted radially outward by 1.78 cm.

In SK-1V, the effect is much smaller than in previous phases because of the better front-
end electronics and the resulting improved understanding of the timing residuals. The effect

of the vertex shift is included in the systematic uncertainty for the solar analysis results.
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Figure 6.8: The vertex shift of Ni calibration events in SK-IV [42]. The origin of the arrows
corresponds to the position of the Ni-Cf source. The direction indicates the averaged vertex
shift at that position. The arrow’s length corresponds to the magnitude of the shift, scaled
up by a factor of 20.

6.4 Direction Reconstruction

Neutrino-electron elastic scattering is predominantly forward, i.e. the recoil electron pre-

serves the incident direction of the solar neutrinos. This ”directionality” is vital for extract-
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ing a solar neutrino signal from SK. A maximum likelihood method comparing data to MC
is used to reconstruct the recoil electron direction and is based on the PMT hit pattern a

Cherenkov ring causes [44]. The likelihood function is

cos 0;

) (6.19)

L(d) = Zlog [f(E, cosb;)] x

J
where N3 is the number of hit PMTs within a 30-ns window. The angle ¢; is the opening
angle between the event direction and the direction from the vertex to the j'th PMT. The
angular acceptance a(6;) for the j’th PMT is derived by MC (see Sec. 5.1.3) and given by
Eq. 5.7. The likelihood function f(E,cosf;) depends on the reconstructed event energy

and will be discussed next. L(d) is maximized using a grid search method with varying step

sizes: 20°, 9°, 4°, and 1.6° [44].
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Figure 6.9: Left: The two-dimensional likelihood function used in the reconstruction of event
direction. The color is the value of the likelihood function f(Fops, cosfqi) in Eq. 6.19. The
x-axis is the reconstructed energy of the recoil electron. The y-axis is the cosine of the
opening angle between the reconstructed direction of an event and the direction from the
vertex to each hit PMT. The red band is around the expected 42° degree opening angle of
the Cherenkov cone [44]. Right: The absolute angular resolution of SK-I (dashed line) and
SK-III/IV (solid line) as a function of the true total recoil electron energy from MC. Both
figures taken from [95].

The two-dimensional likelihood function f(E,cos#;) is constructed using the electron
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MC. The function is shown in the left side of Fig. 6.9. The peak in f (red band) is around
the expected opening angle of the Cherenkov cone (cos42° ~ 0.74), and the width in cos O,
is due to multiple Coulomb scattering of the recoil electrons and scattering of the Cherenkov
photons [44]. The right side of the figure shows the comparison between SK-III (solid line)
and SK-I (dashed line) for the absolute angular resolution as a function of true recoil electron
total energy. The absolute angular resolution is defined as the angle of the cone around the

true direction that contains 68.3% of the reconstructed directions [115].

The energy dependence of f was incorporated into the likelihood function during SK-
ITI. This improved the angular resolution over SK-I by ~10% at 10 MeV. This resolution
is close to the limit one could achieve due to the multiple Coulomb scattering experienced
by electrons. The improved vertex fitting BONSAI gave over the SK-I vertex fitter also

contributes to the improved angular resolution, especially for the low energy region below
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Figure 6.10: The systematic uncertainty on the angular resolution as a function of recoil
electron kinetic energy from each LINAC calibration performed in SK-IV. The linear inter-
polation line is used to estimate the systematic uncertainty for intermediate energies. Figure
courtesy of M. Hasegawa.

The angular resolution from the MC is estimated by comparing the difference between
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the reconstructed directions of LINAC data and LINAC MC at various energies [115]. The
angular resolution is plotted for each SK-IV LINAC calibration in Fig.6.10, and the angular
resolutions for §; at various LINAC energies are listed for each SK-Phase in Table 6.3. These
differences are used when determining the effect the angular resolution has on the systematic

error of the flux and the recoil electron spectrum.

Table 6.3: The percent difference of the angular resolution between LINAC data and MC
for each SK-Phase at different in-tank energies of LINAC electron events taken during the
2009-2010 and the 2012 LINAC calibrations [42].

Energy [MeV] SK-T[%] SK-II [%] SK-III [%] SK-IV [%]

4.0 0.64
4.4 -1.64 0.74 0.68
5.3 -1.38
6.3 2.32 5.93 0.02
8.2 2.33 7.10 0.40 0.06
10.3 1.52
12.9 1.07 6.50 -0.27 0.22
15.6 0.88 e 0.39 e
18.2 0.31

6.4.1 Multiple Coulomb Scattering of Recoil Electrons

Recoil electrons experience multiple Coulomb scattering in SK’s water, resulting in a ”wan-
dering” of the Cherenkov cone. This wandering of the cone translates the amount of multiple
scattering experienced by electrons into the PMT hit pattern [42]. The amount of multiple
scattering incurred by electrons is directly correlated to their energy: lower energy electrons
experience a larger amount of multiple scattering than higher energy ones. This effect causes
the Cherenkov light from lower energy electrons to be emitted more isotropically than those

with higher energy, which is reflected in the PMT hit pattern.

Recoil electrons induced by ®B solar neutrinos tend to have higher energies than Rn
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backgrounds, i.e. s produced from the decay of *'Bi (Rn background). These recoil
electrons incur less multiple Coulomb scattering than the background fs. In addition to a
B, most radioactive backgrounds emit multiple vs. The light due to the § and s tends to

be more isotropic than the Cherenkov light resulting from a multiply-scattered electron.

Test Cone ==sss=ss
True Cone  m—
Candidate Cluster More scattering — Poor MSG
Cone
True Direction e
Candidate Dir. X

Less scattering —» Good MSG

Max[Z(unit vectors)] ==

MSG = #Unit Vectors mm)

Figure 6.11: Left: Schematic for the event direction candidates used to determine the mul-
tiple scattering goodness (MSG) from Cherenkov cone projections onto the PMT surface of
the SK inner detector. Figure modified from [42]. Right: Illustration of the calculation for
MSG.

The multiple scattering goodness (MSG) is a directionality-based ”goodness of fit”
criteria that characterizes the anisotropy in the PMT hit pattern. MSG takes advantage
of the difference between the hit pattern distribution due to the more anisotropic signal
of recoil electrons and the more isotropic radioactive backgrounds. A schematic of the
directional information used to determine MSG is shown on the left side of Fig. 6.11, where
the true event direction (Cherenkov cone) is represented by the black circle (cone). Using

the information in the figure, MSG is defined in the following way:

1. Multiple projections of the Cherenkov cone with an opening angle of 42° (dotted gray

circles) are made. These projections originate at the reconstructed vertex and are
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centered around each PMT (grey dot) with a T-TOF less than 20 ns.

. "Event Direction Candidates” are defined by pairs of these Cherenkov cones that over-
lap twice (the black x’s). The cone pairs are then used to construct vectors originating
from the event vertex to the two points of overlap, which will be the candidate direc-
tions for the event. These candidate directions will cluster (the x’s in the blue ring)

around the true event direction (the black dot).

. Direction candidates are associated with other direction candidates within a 28.4° cone

(blue circle) to form a ”cluster” and construct a so-called ”central event direction.”

. After a direction candidate is used to form a cluster, it no longer is used to form other

clusters.

. The central event directions are then combined in a vector sum to refine the event

direction.

. This procedure is then repeated over several iterations using the refined event direc-
tions while checking other possible cluster assignments (permutations) for direction

candidates, until the magnitude of the vector sum is maximized.

. MSG is defined as the ratio of the maximized magnitude of the vector sum divided by
the number of event direction candidates within the 20-ns timing window, illustrated

in the right side of Fig. 6.11.

With this definition of MSG, electrons experiencing less multiple Coulomb scatter-

ing will have a larger MSG value, as the electron’s path will be more directional and the

Cherenkov cone pattern will be tighter, while events incurring more multiple Coulomb scat-

tering will have a smaller MSG value. Fig. 6.12 shows this energy dependence of the MSG

distribution for electrons using LINAC data (points) and MC (histogram) for two differ-

ent energies: T, = 4.38 MeV (filled circles and solid line) and T, = 8.16 MeV (bars and
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Figure 6.12: The MSG distributions from LINAC data (points) and MC (histograms) cor-
responding to 4.38 MeV and 8.16 MeV electrons, normalized by the number of events [42].

dotted line). The difference in the MSG distributions for each energy and the agreement
between LINAC data and MC corroborate the idea that lower energy electrons experience
more multiple Coulomb scattering than higher energy ones. MSG is used to improve the
signal extraction for lower energy recoil electrons in the SK solar neutrino analysis, discussed

in Sec. 9.1.

202



Chapter 7

Data Reduction

The data-taking period for each SK-Phase is given in Table 4.1, with the respective trigger
threshold listed in Table 4.3. The trigger threshold for SK-I, SK-II, and SK-III is set by the
discriminator voltage of the HITSUM signal (see Sec. 4.5.1). In SK-IV, the trigger threshold
is defined by the minimum number of coincident PMT hits within ~200 ns required for an
event (Sec. 4.5.2). The trigger system for SK is described in Sec. 4.5. For low energy
analyses, the effective number of hit PMTs (Ng) in an event is directly correlated to the
event’s observed energy. SK has progressively lowered the trigger threshold to detect ever
lower energy recoil electrons. However, lowering the trigger threshold significantly increases

the super-low energy (SLE) event rate in SK.

As stated in Sec. 6.1.1, ~326 ®B-induced v, elastic scattering interactions per day
are expected in SK. This rate ignores any detector efficiencies or energy thresholds [44].
However, even the low energy (LE) trigger rate in SK is much higher, approximately 2 x 10°
events per day with the 47-hit trigger threshold in SK-IV. On average during SK-IV, the
LE trigger rate is stable at ~45 Hz, while the high energy (HE) trigger rate, which has a

threshold of 50 hits, is stable around ~11 Hz. The SLE trigger is set to a threshold of 34
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hits for the first half of SK-IV, with a trigger rate of 4.4 kHz, but was lowered to 31 hits to
increase the detection efficiency of recoil electrons with 3.5 < T, < 4.5 to 100%, and increase

exposure to even lower energy events. Unfortunately, the SLE trigger rate increased to ~11

kHz.

Because the event rate due to low energy radioactive backgrounds in SK is very high,
especially near the PMT structure, obvious backgrounds are removed using pre-reduction
cuts online (Sec. 7.2). For the solar analysis, more stringent cuts are applied (Sec. 7.4).
The solar analysis cuts are designed to remove radioactive backgrounds, calibration events,

noisy events, or bad events with poor reconstruction.

7.1 Summary of the Data Reduction Steps

Before discussing the details involved in the data reduction steps for the solar neutrino
analysis, a summary will be given here. The impact each reduction step has on the recoil

electron energy spectrum can be seen in Fig. 7.1.

The first reduction step is the result of applying:

1. The pre-reduction (Sec. 7.2).
2. The removal of bad runs (Sec. 7.3) and bad subruns (Sec. 7.3.1).

3. The removal of noise or calibration events:

(a) The cut on the total number of hit PMTs (Np) (Sec. 7.4.1).
(b) The removal of calibration triggered/source events (Sec. 7.4.2).
(¢) The removal of flashing PMTs (Sec. 7.4.3).

(d) Muon-related event removal (Sec. 7.4.4).
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Figure 7.1: The energy spectrum after each reduction step for the 34-hit SLE trigger thresh-
old data period of SK-IV. The final solar neutrino sample after all cuts is shown for the SK-IV
34-hit SLE trigger threshold (red) and the SK-III final data sample (black). The horizontal
axis is the recoil electron kinetic energy (7¢), and the vertical axis is the number of events
normalized to the exposure. The outset is the effect of the different pre-reduction criteria
after changing the SK-IV SLE trigger threshold from 34 hits to 31 hits. Figure courtesy of
M. Hasegawa.
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(e) The removal of events that trigger the OD (7.4.5).

The second reduction step is the spallation cut described in Sec. 7.4.7. The third reduction

step is the “ambient background cut,” which includes:

1. The event reconstruction quality (g%) cut (Sec. 7.4.6).
2. The patlik (Lpattern) cut (Sec. 7.4.8).

3. The tight fiducial volume cut (Sec. 7.4.11).

The fourth reduction step is the external event cut described in 7.4.10. The final reduction
comes from applying the '°N cut described in Sec. 7.4.12 and the small hit cluster removal

from Sec. 7.4.9.

The differences between the SK-IV (34-hit trigger threshold) and SK-III final data
samples in the lower energy region are due to changes in the cut criteria of the solar neutrino

analysis:

e For total energy £ = 4.0 - 5.0 MeV, the tight fiducial volume cut in SK-IV is more
constraining than in SK-III. The corresponding SK-III (SK-IV) fiducial volume is 12.3
kton (8.85 kton). The SK-IV cut reduces the event rate by removing more events

originating near the PMT structure and ID bottom.

e For E = 5.0 - 5.5 MeV, the event quality cut is looser: g% = 0.25 in SK-IIT and
g% = 0.29 in SK-IV.

e For £ =5.5-6.5 MeV, the small hit cluster cut is completely removed, which increases

the event rate in these two energy bins relative to SK-III.

The first two items listed above result in a lower efficiency for SK-IV than SK-III in the

corresponding energy range. However, the trade-off is approximately a 40% reduction in the
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corresponding background. The outset of Fig. 7.1 shows the effect of changing the software
trigger threshold from 34 hits to 31 hits and tightening the pre-reduction cut criteria. The

pre-reduction cut criteria were changed to handle the increase in the SLE event rate (Sec.

7.2).

7.2 Pre-Reduction

The high trigger rate must be managed properly by the DAQ and online computers. Without
any data reduction, several hundred gigabytes of data would need to be recorded per day.
Obvious backgrounds are removed using pre-reduction cuts via the online computers in
the "real-time process.” The real-time process applies a simplified reconstruction of events
immediately after they are recorded by the DAQ. The reconstruction assumes a W'T of 90
m because the WT data has not yet been analyzed at the time of pre-reduction. These cuts

are looser versions of the cuts used in the solar neutrino analysis.

By removing the obvious background events, along with external and ambient events,
the total amount of data is drastically reduced while avoiding any significant removal of true
solar neutrino events. The data collected is reduced to 1% of the total event rate in the case
of SK-IV for the 34-hit trigger threshold [42]. Table 7.1 gives a summary of the number of
events removed for each step in the pre-reduction and the percentage of events left. This

data was collected during SK-IV over a 24-hour period with the 34-hit trigger threshold.

Loose Fiducial Volume Cut

While the background events occur throughout the detector, they are heavily concentrated
near the PMT structure. Additionally, the determination of the energy scale breaks down

in the region close to the PMTs. A fiducial volume cut is applied requiring events to have
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Table 7.1: Summary of the number of events removed by each pre-reduction step and the
percentage remaining. This data was taken from a standard 24 hour run during SK-IV with
the 34-hit SLE trigger threshold [43].

Pre-Reduction Step Number of Events % Remaining
Initial Uncut 197,524 100.0
Loose Fiducial Volume Cut 28,161 14.2
Loose External Cut 14,864 7.5
Loose Energy Cut 6,872 3.5
Loose Reco. Quality Cut 2,057 1.0

a reconstructed vertex greater than 200 cm away from the PMT structure. Otherwise the
events are removed. More accurately, the loose fiducial volume cut removes events whose
reconstructed vertex has a radial coordinate (r) with a magnitude r > 14.9 m and a z

position with absolute value |z| > 16.1 m.

Loose External Cut

The PMTs and PMT structure produce events that predominantly point inwards into the
ID. These external events are major backgrounds to the solar neutrino analysis. Their
directional behavior can be leveraged to reduce this background by placing requirements on
the distance (deg) between the reconstructed vertex of an event and the point on the wall
(pwan) backwards projection along the event direction. The definitions for deg and pyay are

illustrated in Fig. 7.2.

The requirement on deg for the 34-hit SLE threshold period for SK-IV is deg > 400
cm. Because the SLE data acquisition rate increased so dramatically by lowering the SLE
trigger threshold from 34 hits to 31 hits, a separate energy-dependent cut was created for
the online pre-reduction and was applied during the 31-hit SLE threshold era. For this new
cut, an event is rejected if it has £ < 5.0 MeV and deg < 7.0 m or if it has 5.0 > F < 8.0

MeV and deg < 5.0 m. Here E corresponds to the total energy of an event. Table 7.2 has the
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Figure 7.2: Illustration of several reconstructed parameters used in SK analyses. The angle ¢,
is the angle between the reconstructed direction (dashed line) from the reconstructed vertex
(circle) and the j’th hit PMT. The parameter deg is the distance from the reconstructed
vertex to the point on the PMT structure (pyan) opposite the reconstructed direction of the
event. The parameter fyan is the effective distance between the reconstructed vertex and
the PMT structure along the reconstructed direction.
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summary of the external cuts used in both the pre-reduction and the solar neutrino analysis.

Table 7.2: Summary of the external event cut for pre-reduction (PRE) and for the solar
neutrino analysis (SNA). The PRE criteria here is for the SK-IV 31-hit SLE trigger threshold
era, as the 34-hit era only removes events with deg < 400 cm. Events are rejected if they
meet the criteria. The first column has the energy range (total event energy F), the second
column has the dqg criteria for event rejection, and the final column has the py.y criteria.

Energy Range [MeV] deg < [cm]  pyan

PRE
E >80 400 any
55 < E < 8.0 500 any
40< FE <55 700 any
SNA
E >8.0 400 any
55 < E < 8.0 650 any
40< E <55 1000 top

1200 barrel
1300 bottom

Loose Energy Cut

If the reconstructed total energy is too low, below 3.0 MeV total energy, the event is removed.
To cut out cosmic-ray muons, events with more than 2000 pe are removed from the low
energy data set. The muon data is retained elsewhere for spallation, atmospheric neutrino,

and other cosmic-ray-related studies.

Loose Cut to Event Reconstruction Quality

Events with a poor quality of reconstruction or those that are mis-reconstructed (a com-

pletely bad fit) are removed by the parameter g%, which is a combination of a pair of
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goodness parameters [94]. The parameter g% is defined by

9% = Gvr — JAD- (7.1)

The goodness parameter gyt corresponds to the vertex reconstruction quality, and it is based
on the timing information of the hit PMTs. The goodness parameter gap corresponds to
the directional reconstruction quality, and it is based on how closely the PMT hit pattern

reflects the azimuthal symmetry a Cherenkov cone should produce.

The goodness parameter gy is defined using two timing residual Gaussian distributions
to form a weighted average Gaussian. The first timing distribution has a width of w = 60
ns that allows it to encompass selected PMT hits. The second timing distribution has a
width of 0 = 5 ns corresponding to the characteristic PMT timing resolution for single-pe

statistics. The goodness gyt is given by

gur = tht Zﬁf’é‘g(w) X Gj(0), where Gj(u) = exp {_ %(Mﬂ (7.2)

U
J J J

and tg is emission time defined by the peak of the timing distribution. The effective hit time

—»

7;(7)

(ﬁ]) of the j’th hit PMT (see Sec. 5.1.3).

t; — | — h;] is the TOF between the reconstructed vertex (7) and the vector location

The goodness parameter gap is defined as

maX[qﬁ}Jniform _ ¢?ata] _ min[qb][_lniform _ ¢})ata]

= (7.3)

gAD =

The ordered set ¢; corresponds to the azimuthal angle between the best fit reconstructed
direction and the direction from the vertex to the j'th PMT (¢ — ﬁ]) for all hit PMTs in
an event (Npi). All of the hits are ordered by their azimuthal angle from 0 to 27, and

the ordered set ¢; is formed. The ordered set ¢?m corresponds to the actual hit PMTs in
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the event. The ordered set qb}miform is formed under the assumption that the hit PMTs are
uniformly distributed along a Cherenkov cone, i.e. ¢;"™ = 21 x (j/Np). The maximum
(minimum) functions extract the maximum and minimum deviations for all PMTs in the
event. A large difference in gap corresponds to a divergence from the expected hit pattern
of a Cherenkov-like event and indicates background events or noisy events such as hit cluster

events.
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Figure 7.3: The correlation between g2 and gip, for background data sample (left) and
solar neutrino MC (right), where the solid (dashed) line corresponds to g% = g3 — gip =
0.10 (0.25), the pre-reduction (solar analysis) cut value [48].

The values of both gyt and gap range between 0 and 1. The best quality of reconstruc-
tion is when gyt = 1 and gap = 0. For the pre-reduction, the requirement of g% > 0.10 (0.15)
is applied to remove poorly reconstructed events during the 34-hit (31-hit) SLE threshold
period. Fig. 7.3 shows the difference between the background data sample from the solar
neutrino final data sample (left) and the solar neutrino MC (right). The pre-reduction cut
(solid line) for the 34-hit SLE threshold period and the solar analysis cut (dashed line) are

plotted as well.
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7.3 Run Selection

As previously mentioned in Sec. 6.1, the SK data stream is broken into "runs” to organize
the data based on real-world time and detector conditions. Detector conditions include the
detector trigger logic, the trigger threshold conditions, if T2K starts or stops the neutrino
beam, detector calibration (like Ni source, LINAC, DT), etc. The maximum live time for
a run is 24 hours, and runs are broken down into units called ”subruns,” which can last
between ~30 and ~90 seconds. The SK-IV run period used in this analysis spans from run

number 61525 to run number 72333, the same data period used in [42].

To ensure the quality of data used in analyses, several criteria are considered offline
(i.e. after data has been taken and saved) when deciding if data from a given run should not

be included. A run is labeled as a "bad run” if it meets the following criteria:

If the total time for a run is less than five minutes, the run is rejected. There is

insufficient pedestal data to judge whether a run is good or bad otherwise.

e [f the HV has been turned back on within 15 minutes of the start of a run, the PMTs

may still be too noisy.
e [f there is a problem with hardware or software during a run.

e If any calibration (DT, Ni, LINAC, etc.) or detector maintenance is performed during

a rumn.

Usually, if something happens within the detector that results in poor data quality during
a short period of time, most of a run can be saved. Only subruns that meet these bad run

criteria will be removed (bad subruns).
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7.3.1 Bad Subrun Cut for the Solar Neutrino Analysis

To ensure other "bad run” style problems do not occur at the subrun level, three additional
criteria are implemented [48]. Two are based on ID PMT channels and one on the OD

trigger rate.

Bad Channel Cut

Slowly over time, the number of ID PMT channel failures increases. Two requirements are
implemented based on the total number of bad ID channels in a subrun (bad channel cut)

48]

e [f the number of bad channels is less than 10, which can happen for very short runs,
the subrun is removed. There is not enough information collected to determine the

quality of the run or subrun.

e If a QBEE in the front-end electronics has problems, the 24 PMTs connected to the
board are dead and are considered to be bad channels. The number of bad channels
must not fluctuate too high above the monthly average number of bad channels: Ny,q <

monthly average + (1.5 x 24).

OD Trigger Rate

Since the OD trigger rate can fluctuate upwards because of noisy OD PMTs, a bad-subrun
criterion based on the OD trigger rate is used. The average OD rate measured in SK is
relatively steady at 1.954 + 0.180 Hz and corresponds to the muon rate in the OD. If the
OD rate fluctuates by 5o to 2.847 Hz, the subrun is labeled as bad and is removed from the

solar neutrino analysis.
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7.4 Solar Neutrino Analysis Cuts

For the solar analysis, the cut values are tuned in different energy regions to optimize the

significance:

S
VBG + S’

where S (BG) is the number of signal (background) events. In the lower energy regions,

(7.4)

significance =

the background dominates the signal, and significance ~ S/v/BG. These cuts are applied
offline after determining and accounting for the various detector environment details from

calibrations (noise rate, WT, TBA, gain correction, energy scale and resolution, etc.).

7.4.1 Number of Hit PMTs

Since solar neutrinos do not produce recoil electrons above ~20 MeV, a cut is made on the
total number of hit PMTs allowed for an event: Ny, < 400. This value corresponds to
roughly 60 MeV for electrons. The cut helps to remove high energy events such as decay

electrons, cosmic-ray muons, and atmospheric neutrinos.

7.4.2 Calibration Source Cut

Since multiple types of automated calibrations are performed routinely within SK, events
caused by the calibration sources are flagged and removed. These scheduled triggers oc-
cur anywhere between once a second (laser calibration for WT measurements), 30 minutes
(pedestal events), or once every several weeks (LED-bursts used for supernova burst detec-

tion system testing).

Additionally, any light emitted from the material that makes up the calibration devices

or the sensors is removed. If an event has a reconstructed vertex closer than 2 m from a
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calibration device or within 1 m of the cable of a device, the event is removed. The cables
for all calibration devices are parallel to the z-axis. Table 7.3 lists the various calibration

sources/devices removed by this cut.

Table 7.3: The positions of the automated calibration sources and devices installed in SK.

Source x [em] y [em] 2z [em]
Xenon light 353.5  -70.7 0
LED 35.5 -350 150
TQ Diffuser Ball -176.8  -70.7 100
Supernova Burst Test -35.3  353.5 100

Water Temp. Sensor (1)  -35 1200 -2000
Water Temp. Sensor (2) 70.7 -777.7 -2000

7.4.3 PMT Flasher Cut

Occasionally, during data collection, an arc discharge occurs on the dynode of a PMT. This
causes a flash that is seen by many other PMTs around the flasher, while the flashing PMT
sees a large number of pe. If the charge readout from a given PMT exceeds 50 pe while the
number of hits in the 24 surrounding PMTs exceeds three, the event is labeled as a flasher
event and removed. An example of a run with (without) a significant flasher is displayed in
the top (bottom) of Fig. 7.4, with the red line corresponding to the flasher cut criteria. In
both cases, all events in the top right are removed by the cut. Sometimes, flasher events will
only occur several times within a run, and the flashing PMT will cease the flashing behavior.

The lower panel is an example of a run with a minimal number of flashing PMTs.

7.4.4 Time Difference Cut to Muons

Several backgrounds in the solar neutrino analysis are caused by cosmic-ray muons. These

background events can be removed by a cut on the time difference between an LE (or SLE)
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Figure 7.4: The cut criteria to remove flasher events [43]. The x-axis is the maximum charge
of a hit PMT for the event, while the y-axis corresponds to the number of hits in the 24
surrounding PMTs. The top (bottom) panel shows a run with (without) flasher events.

triggered event and the previous cosmic-ray muon: At = tg. —t,. t, is the time that the

muon passes through the detector, and tg, is the time of the low energy event.

A typical distribution of this time difference is plotted in Fig. 7.5. ”Ringing” noise
in the PMT cables induced by very energetic muons typically occurs around 1 us after the
muon, and after-pulsing of PMTs occurs within 15 ps. Decay-e produced by muons have
a lifetime of 2.2 ps. To remove these backgrounds, any event occurring within 50 us after
the muon, At < 50 us, is removed (red line). During the SK-IV phase, untagged muons,
typically not energetic enough to produce Cherenkov radiation, are also taken into account

when calculating the time difference to the previous event.

7.4.5 OD Event Cut

The recoil electron Cherenkov light from a solar neutrino ES should be fully contained in the
ID, as the ID and OD are optically separated. Low energy events do not have enough energy

to penetrate through the dead region of the PMT structure and create light in both the ID
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Figure 7.5: Typical distribution of the time difference between low energy events and their
preceding muon [48]. Events below the 50 us cut (red dashed line) are removed. The peak
near 1 ps is caused by ringing induced by highly energetic muons. The peak around 15 us
is caused by after-pulsing.

and OD. If the total charge measured in the OD for an event is 2 20 pe, the OD is triggered
and the event is flagged. Any event flagged with an OD trigger is due to a high energy event

and not a solar neutrino, and so it is cut. Additionally, any event with Np; > 20 in the OD

is cut, even if a trigger is not issued by the OD.

7.4.6 Event Quality Cut

As described earlier in Sec. 7.2, the event reconstruction quality (¢%) (Eq. 7.1) is optimized
by energy region to maximize the efficiency of extracting the solar neutrino signal, i.e. the

significance (S) (Eq. 7.4). The energy dependent criteria for the cut on g% that maximizes

S is found to be

(

0.29, 3.5<T, <45 MeV
9> 9025 45<T, <7.0MeV (7.5)
0.20, T, > 7.0 MeV
\
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where T, is the recoil electron kinetic energy.

Fig. 7.3 shows the difference between the background data sample from the solar
neutrino final data sample (left) and the solar neutrino MC (right), along with the solar
neutrino cut (dashed line) for the 5.0 to 7.0 MeV region. The cut requirement increases in

severity as the energy becomes lower because there is more background.

7.4.7 Spallation Cut

When cosmic-ray muons pass through the water of SK, there is a chance that they collide
with an oxygen nucleus and break it apart. This breakup results in hadronic cascades or
electromagnetic showers, and it is known as “spallation.” Sometimes, multiple muons pass
through SK at the same time, referred to as “muon bundles.” These muon bundles are
seeded by the same cosmic-ray interaction. Single muons and muon bundles are treated the

same in this cut.

Besides producing n, p, 7%, etc., these collisions produce radioactive nuclei (the spal-
lation products). These spallation products eventually 3*-decay and can also release 7s
and neutrons. The %s mimic solar neutrino ES interactions and are a major source of

background for the solar neutrino analysis.

These processes are known as nuclear spallation reactions. The daughter isotopes have
a wide range of lifetimes, from half-lives tens of ms long, up to 7.13 s or 13.8 s, and a broad
range of energy modes available to the s and s (4-20 MeV). The long life of some of these
isotopes makes correlations between them and their parent muon(s) difficult to form. A list
of the spallation products that g decay is given in Table 7.4, and a scatter plot of those
entries shown in Fig. 7.6. The horizontal axis of the scatter plot is the maximum total

energy of the 4% in MeV, and the vertical axis is the spallation product half-life in seconds.
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Recent work by S. Li and J. Beacom has given the muon-induced nuclear spallation reactions

seen in SK a better theoretical foundation [122]. SK has also made measurements of the

production rates and half-lives of the spallation-induced isotopes [123]. The production rates

from [123] are transcribed in Table 7.4. When the fitted rates are consistent with zero, the

upper 90% confidence level is listed.

Table 7.4: List of possible muon-induced spallation products that can occur in SK. The
primary process (fourth column) and the SK results for the fits to the production rates of
selected isotopes (fifth column) are transcribed from [123]. The production rates are for all
decay modes of a given isotope and integrated over their entire energy spectrum. When the
fitted rates are consistent with zero, the upper 90% confidence level is listed.

712 Decay Kinetic Energy Primary Measured Rate

Isotope  [sec]  Mode [MeV] Process [kton~'day~!]
8He 0.119 8~ 9.67 + 0.98(7) 10 (7n=, 3H + 4p + n)®He <14

B~ n 16%
8Li 0.838 B~ ~13 YO(r=,a+2H+p+n)’Li  834+03+0.3
B 0.77 lias 13.9 6O+, a4 2p + 2n)°B 8.3+0.3+0.3
9Li 0178 B~ 13.6 (50.5%) %0(r~, a4+ 2p +n)°Li 0.940.3+0.3

B~ n 49.5%
’C 0127 Bt n 3~15 %0 (n, a + 4n)°C <14
Ui 0.0085 3~ 16~20 (~50%) 6o (r+, 5p + 70 + 7 ) HLi -

B~ n ~16 (~50%)
HBe 13.8 B~ 11.51 (54.7%) 160(n, a + 2p) ' Be < 16.9

9.41 4+ 2.1(7) (31.4%)
12Be 0.0236 B~ 11.71 BO(r~, a4 p+n)?Be -
2 0.0202 3~ 13.37 %0(n,a +p)'*B 19.8+0.14+1.0
12N 0.0110 B 16.32 160 (7, 2p + 2n) 12N 2.840.1+0.1
13 0.0174 B~ 13.44 160(r=,2p +n)1°B -
130 0.0086 Bt 13.2 or 16.7 YO(r=,u= +p+2n+7)30 -
4 0.0138 B~ 14.55 + 6.09(7) 160(n, 3p) 1B -
15¢ 2.449  f~ 9.77 (36.8%) 160 (n, 2p)15C < 6.7
4.47 + 5.30(7)

16¢ 0.747 B~ n ~4 B0(r=,n +p)'oC -
i\ 7.13 B~ 10.42 (28.0%) 160 (n, 2p) 1N 39.74+3.3+28

4.29 + 6.13(7) (66.2%)

To statistically remove spallation-induced [ events, several likelihood functions f are
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Figure 7.6: Scatter plot of the maximum total energy for the g emitted by the spallation
products in Table 7.4 and the spallation radioisotope’s half-life in seconds [124].

determined, and these functions are used to define the spallation likelihood:

LSPal = f(AT) X f(AL) X f(Qres)- (76)

Here, AT is the time difference between the spallation candidate event and the muon event
that precedes it, and the temporal likelihood function f(AT) is created by incorporating the
various half-lives of the spallation radioisotopes. The distance between the reconstructed

muon track and the candidate event vertex is AL. The residual charge of the preceding

muon (Qyes) is
dQ

Qres = Qobs —dx Wa (77)

where Qo1 is the muon’s observed charge, d is the distance the muon traveled in the water,

and % ~ 26.78 pe/cm is the minimum ionizing amount of charge per unit length expected

to be deposited in the water by the muon.

The spatial and residual charge likelihood functions, f(AL) and f(Qyes) respectively,
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are determined using two sets of real data: a random sample, and a spallation-like sample.
The random sample is generated by taking low energy events (7, < 4.5 MeV), then randomly
distributing the event vertices to mimic the signal distribution, while keeping the event timing
unaltered. The spallation-like sample is generated by taking events occurring shortly after
muons (AT < 0.1s) and with higher energy (7. > 7.5 MeV). The cut on log(Lgpa) is set so
that the dead time of the random sample is 20%, where, for SK-IV, events with log(Lspa) >
4.52 are removed. Figure 7.7 shows the distribution for log(Lspya) of the spallation-like
(random) sample in black (red) for SK-IV, where the gray region corresponds to the events

removed by the spallation cut.

T T ‘ ‘ T ‘
0.1— Runs: 61525-72333 N
- Spallation-like Sample -
0.08— Random Sample N
0.06 —
0.04 - -
0.02- }
- ]
% 0 12

lOg [Lspal]

Figure 7.7: The normalized distributions for the spallation log likelihood from the spallation-
like (random) sample in black (red) for SK-IV, where the gray region corresponds to the
events removed by the spallation cut [48].

As the log(Lspa) has a time dependence because of the delayed decays, it causes ad-
ditional, position-dependent dead time to the solar neutrino analysis. Solar neutrino MC is

used to extract the dead time as polynomial functions of the detector coordinates z and r?
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Figure 7.8: The percentage of dead time incurred in the solar neutrino analysis by the
spallation cut (spallation dead time) as a function of z (r?) is shown in the top left (right)
plot of the figure. The bottom left plot is the distribution of the spallation dead time, while
the bottom right plot is the time variation of the peak for the fit to the spallation dead time
for the first half of SK-IV [48].
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(tdead(y2 2)). The spallation dead time polynomial functions are defined by:

1 —tdead = 0.79143 — 0.93206 x 107° - 2 4+ 0.98724 x 10711 - 22 — 0.30075 x 107 - 2% +
0.16359 x 1071 . 24 — 0.26618 x 10718 - 25 — 0.63656 x 10722 - 26 and

1 — ¢dgad = 0.77799 4 0.18903 x 107" - 2 4 0.22175 x 1071 - 4.
(7.8)

The resulting percent dead time as a function of detector coordinates for ¢4 (¢dgad) ig

plotted in the top left (top right) of Fig. 7.8.

These functions are multiplied together and scaled by a normalization factor to form

the total spallation dead time:

tdead(12 2) = 5.08691 x tdoad x dgad, (7.9)

The normalization factor comes from requiring the total dead time to match the dead time
of the random sample: [  tdq(r?, 2)) = 20% . The resulting distribution of the percent
tdead for SK-TV is given in the bottom left of Fig. 7.8. The time variation in the percent
tdead g stable within £0.3% and is shown in the lower right part of the figure for the first
half of SK-IV .

7.4.8 Hit Pattern Cut

Sometimes, the spallation products discussed in the previous subsection decay into multiple
Ps and/or ~ys, which causes the patterns produced by the Cherenkov light to be smeared out
or poorly defined. The Cherenkov ring pattern in the hit PMTs is better defined (clearer)
when only a single electron is emitting Cherenkov light. Events with multiple s and/or vs
can be distinguished from the single electron events by creating a likelihood function that

accounts for these differences in the respective PMT hit pattern.
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The hit pattern likelihood function, ”patlik,” is defined as

Nso

. 1
Lpattern<E7 U) = N_50 Z log[P(Ea COs 6j> fwall)]a (710)
J

where F is the total energy of an event, Njy is the number of hit PMTs in the T-TOF 50
ns time window, and the function P; is the probability density function (PDF) of the hit
pattern at the j'th hit PMT. P; is a function of the event energy and the event variables 6;

and fyan. These event variables are defined in Fig. 7.2.
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Figure 7.9: Left: The Lpattern distribution of data (black error bars) and solar neutrino MC
(red) for the three energy regions (recoil electron kinetic energy), with the cut value (blue
dashed line) and removed region (gray background) shown. Right: Small hit cluster removal
(Sec. 7.4.9). The top (bottom) panel showing the cluster size of solar neutrino MC (data)
events in the edge region as a function of cluster radius. Events to the left of the cut (dashed
black line) are removed. Both plots from [42].

Since Lpattern 1S dependent on the event energy, different cuts on patlik are applied to
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maximize the significance for three different energy ranges:

.

—1.88, 6.5 < FE <8.0MeV

Lpattern > ¢ —1.86, 8.0 < F < 12.0 MeV (7.11)

~1.95, E>12.0 MeV

\

The left side of Fig. 7.9 shows the data (black) and MC (red) patlik distributions for these
three energy regions with the corresponding patlik cut value (blue dashed line) and the
events removed by the cut (gray background). The patlik cut is not applied below E = 6.5
MeV since events do not emit enough light to form PMT hit patterns distinct enough from

one another to distinguish between the classification of events with patlik.

7.4.9 Cut on Events with Small Hit Clustering

Radioactive background events that originate from the PMT glass or shielding are sometimes
correlated to an upward fluctuation of PMT dark noise, causing them to pass the trigger
threshold. In this situation, these events have a reconstructed vertex close to the wall
with a small clustered hit pattern and with a total energy less than 5.5 MeV. Only events
reconstructed within certain locations in the ID, known as the edge region, are affected by
this cut. Events are retained if they meet the following criteria:

Eital =4.0—-5.0MeV: 72 <120m?and —3.0m<z<+13m (712)

Fiota = 5.0—55MeV: r2<155m?and —75m<z<+13m

where FEloa is the total reconstructed energy of an event, and (r2, z) is the reconstructed
vertex position in the SK cylindrical coordinate system. If an event does not meet the above

criteria, it is removed.
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The clusters are characterized by first determining the set of PMTs with timing resid-
uals less than 20 ns relative to the event (Nyg). One then searches for the smallest sphere
around any of the PMTs in the Ny set that encloses at least 20% of all the PMTs in the

set. The radius of this sphere (reuster) 1S used to construct the cut parameter Peygger:

_ NQD

P, cluster —

X Tcluster- (713)
eff

The right side of Fig. 7.9 shows the two-dimensional distribution of cluster radius
versus Nag/Neg for solar neutrino MC events (top plot) and data events (bottom plot) in
the edge region. Real solar neutrino events in the edge region have similar characteristics as
the backgrounds but have larger clusters and larger Peusier values [95]. Events in the edge
region with Ppuster < 75 cm are removed. The dashed line in the two plots shows the effect

of this cut, with events to the left of the line being removed.

7.4.10 External Event (y-ray) Cut

As mentioned in the pre-reduction cuts, external radioactivity and ~-rays originate from the
rock wall around SK, the PMT glass and shielding, and other detector components. These
events point inward into SK, and some can be rejected using the reconstructed parameter
der. The parameter dqg is the minimum effective distance between the reconstructed vertex
and the PMT structure opposite the event direction (see Fig. 7.2). A loose version of the cut
is applied during pre-reduction. After the WT has been applied for the event reconstruction,
events with £ > 8.0 MeV are removed if dog < 400 cm. The solar neutrino analysis imposes
a stronger set of cuts on d.g at energies below 8.0 MeV. For events with total energy between

5.5 < E < 8.0 MeV, events are rejected if deg < 650 cm.

For events with energy between 4.0 MeV and 5.5 MeV, the d.g cut is tuned using a

227



central inner volume: |z| < 10 m and r* < 13 m? This inner volume is removed from
the region in the ID where the vertices of external events are reconstructed. In this energy
region, the cut is also dependent on which surface pya.y lies (top, barrel, or bottom). Again,
Pwan is the position on the wall opposite of the reconstructed event direction (see Fig. 7.2).

Events with 4.0 < F < 5.5 MeV are rejected if:

degg < 1000cm, for pywan at top
dog < 1200cm,  for pyan at barrel (7.14)

degg < 1300cm, for py.n at bottom

The harsher cut for the bottom region is due to the high concentration of background in the
bottom of the ID. Table 7.2 summarizes the external event cut. Because of the non-uniform
distribution of backgrounds in the outer regions of the ID, further energy-dependent fiducial

volume requirements will be applied next (Sec. 7.4.11).

7.4.11 Tight Fiducial Volume Cuts

While solar neutrinos are expected to interact uniformly throughout the volume of SK, re-
gions with high event rates are likely due to radioactive backgrounds. These backgrounds are
assumed to come from the PMTs, their housings, the SK structure, and the “Rn background”
inside the tank. The Rn background comes from the daughters of the **Rn decay chain. In
the lowest energy bin of the solar neutrino analysis, £ = 4.0 - 4.5 MeV (total energy), the
B decay of **Bi is thought to be a significant contributor to the Rn background [113]. The
3-decay of 'Bi has a Q-value of 3.27 MeV (the total energy released in the decay). Because
of the poor energy resolution of ~20% around E ~ 4.5 MeV, the reconstructed energy of

these fs may be well above the 4.0 MeV energy threshold.

Because the distribution of backgrounds in the ID is not uniform, further energy-
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dependent fiducial volume requirements are applied to maintain the uniformity of vertex
distributions. Having uniform vertex distributions helps to keep the shapes of the background
distributions uniform, which allows the shapes to be modeled. Doing this helps to minimize

the associated systematic uncertainties.

4.0 MeV < E < 4.5 MeV 4.5 MeV < FE < 5.0 MeV 50MeV < E <5.5 MeV

100 150 200 50 100 150 200

r’[m?] r[m’]

Figure 7.10: The vertex distributions in r? versus z for the three lowest energy bins (total

reconstructed energy) in the solar neutrino analysis [48]. The fiducial volume lies to the left
of the black line for the two lowest energy bins, and above the black line in the 5.0 - 5.5 MeV
bin (total energy). The event rate (color) is in units of event/day/bin.

The standard fiducial volume cut is a 2-m wall cut that is applied at all energies. This
cut rejects events with a reconstructed vertex less than 2 m away from the PMT structure,
yielding a fiducial volume of 22.46 ktons. Below E = 5.5 MeV, more stringent, or "tight,”
fiducial volume cuts are applied to reject the increased background and reduce the systematic
uncertainty. The tight fiducial volume (TFV) cut was studied in depth to simultaneously
maximize the fiducial volume and the significance at low energies [48]. The TFV cut rejects

events that lie outside of the following regions:

z>—"7.5m, 5.0 < FE < 5.5 MeV
(7.15)

P (590 x |2 —4.25]') < 150.0, 4.0 < E < 5.0 MeV

Below £ = 5.0 MeV, the TFV has a total volume of 8.85 kton, while the total volume
of the TFV for the £ = 5.0 - 5.5 MeV bin is 16.54 kton. Prior to SK-IV, the £ = 5.0 - 5.5

MeV bin had an additional requirement that would remove events with 2 > 180 m?. This
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requirement has been removed for SK-IV based on the work in [48]. The vertex distributions
for the three lowest energy bins in the solar neutrino analysis are shown in Fig. 7.10 with

the TFV boundary denoted by a black line.

7.4.12 N Cut

1N can be be produced in the SK water from fast neutrons produced by spallation (Sec.
7.4.7) or the DT generator (Sec. 5.3.2). It can also be produced when a low energy 11~ stops
in SK by capturing on an *°0 nucleus [116]. Muon-induced °N occurs uniformly throughout
the detector. As discussed in the DT generator calibration, '°N has a half-life of 7.13 seconds
and subsequently decays to 3s. The radioisotope’s primary decay mode (66%) is to emit a
S with endpoint energy of 4.3 MeV and a 6.1 MeV . A secondary decay mode (28%) is
to a 8 with an endpoint of 10.41 MeV. Since the decay modes mimic the signal of a solar
neutrino, these events need to be rejected. While the spallation cut does remove some of
these events, additional consideration is given to '®N because of its long half-life. To remove
events produced by '°N, the correlation between captured (or stopping) muons and the event

candidates is considered by applying the following criteria:

1. Muons in the stopping muon data sample are selected if there is not an accompanying

event which occurs within 100 us of the muon.

2. The distance between the reconstructed vertex of the candidate event and the stopping
point of the muon must be less than 250 cm. The time difference between the two must

be between 100 us and 30 seconds.

If candidate events meet these criteria, they are rejected. The resulting dead time of ~0.53%
incurred from the '°N cut is estimated by accidental coincidence between the random sample

events (events that occur prior to muons) and the stopping muons that pass criterion 1. The
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16N cut is the final reduction step for the solar neutrino analysis on the data, after which

the final solar neutrino sample data set is obtained.

7.5 Multiple Scattering Goodness (MSGQG)

Even after applying all the cuts in the solar neutrino analysis, background events still con-
taminate the final data sample. As described in Sec. 7.4.11, it is believed that the S decay
of "B produced by the Rn background contributes significantly. The poor energy resolu-
tion below £ = 4.5 MeV (total energy) can allow the § to reconstruct above the 4.0 MeV
threshold. The multiple scattering goodness (MSG) parameter (Sec. 6.4.1) is used in the
solar neutrino analysis. Instead of using it as a cut, it is used to bin events with F < 8.0
MeV. During solar neutrino signal extraction (Sec. 8.1), candidate events are further sep-
arated into MSG bins when extracting the (v e) ES-induced recoil electron spectra (Sec.
9.1). Three MSG bins are used: low (0 < MSG < 0.35), middle (0.35 < MSG < 0.45), and
high (0.45 < MSG < 1). By binning in MSG, the impact of signal-like events is improved
while reducing the impact of background-like events. This method of including MSG into

the signal extraction has a minimal impact on the systematic error.

While the physics motivation of MSG and the Cherenkov hit pattern likelihood (patlik,
Sec. 7.4.8) are different, both are based on PMT timing and hit patterns and may have
good correlation. A study is currently underway to determine if the systematic error can be
reduced by removing one parameter from the solar neutrino analysis by cutting or binning on
the other parameter at equivalent values. Another option is to bin with the patlik parameter
instead of cutting on it. Other possibilities include using the two-dimensional distribution of
the parameters for various energies and form a third parameter out of the two, similar to the
idea for g%. The left side of Fig. 7.11 shows the two-dimensional distribution of patlik and
MSG for the E = 6.5 - 7.0 MeV bin using the ®B solar neutrino MC. The horizontal dashed
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lines (green) are the bin partitions for the MSG, and the vertical line (red) is the patlik cut
for that energy. Events in the gray region are removed by the patlik cut. The correlation

coefficient for the plotted distribution is 0.87, assuming a linear correlation.

In one approach, I determined an equivalent MSG value to the patlik cut for each
energy bin by requiring the MSG value to remove the same amount of MC events as the
patlik cut. Events from the so-called “solar background region” of the final data sample
are used to compare the removal efficiency of each cut. In the solar neutrino analysis, the
solar background region is defined by cosfs,, < 0.0. The parameter cosfg,, is the dot
product of the vector pointing from the Sun and the reconstructed event direction. Signal-
like events have large cosfs,, values, and events with cosfs,, < 0.0 are more likely to be
due to background. The removal efficiency for each energy bin in the solar neutrino analysis
is plotted in Fig. 7.12. In this study, the patlik value was assumed to be the same below
E = 6.5 MeV as for the £ = 6.5 - 7.5 MeV bins. In general, it seems that the equivalent
MSG cut has improved background reduction in some energy ranges. However, the effects on
the systematic error are still being determined. Additionally, it has been found that flasher
events and other poorly reconstructed events tend to lie outside of the typical MSG versus
patlik distribution. This information may be leveraged to institute an automated way of

cross-checking for bad subruns.
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Figure 7.11: The correlation between MSG versus patlik using *B MC for the 6.5 - 7.0 MeV
total energy bin. The horizontal green dashed lines are the MSG bin partitions, while the
red line is the patlik cut for that energy range. The gray area is the events removed by
the patlik cut. The correlation factor of 0.869 assumes a linear correlation between the two
parameters.
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Figure 7.12: The comparison of the fraction of total background events removed in each
T. bin by the patlik cut (brown) and the equivalent MSG cut (olive). The data used is
the background of the solar neutrino final sample, which corresponds to cosfg,, < 0.0. The
equivalent MSG cut was determined by tuning the parameter so it removes the same number
of events from the ®B MC as the corresponding patlik cut. The vertical axis is the fraction
of events removed. Below T, = 5.99 MeV, patlik is not used. The equivalent MSG cut in
that energy range corresponds to patlik = -1.88.
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Chapter 8

The Solar Neutrino Total Flux

Analysis

When discussing energy in the solar neutrino analysis, the recoil electron kinetic energy (77)
will be used and not the total energy, unless otherwise explicitly stated. The final solar
data sample referred to in this chapter is the sample of candidate recoil electron events after
all reduction cuts have been applied (see Sec. 7.1). The left side of Fig. 8.1 illustrates
the various parameters that will be used to discuss solar neutrinos in this and subsequent
chapters. fg,, is the angle between the recoil electron direction (7.) and the incident solar
neutrino direction (r,). The zenith angle (67) is the angle between the upward direction

along the z-axis of a detector and 7.

8.1 Signal Extraction Method

Because the (v e) elastic scattering (ES) process is highly forward peaked, the direction 7.

of the recoil electrons and incident solar neutrino direction r, are highly correlated. The
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angular distribution of this process is described by Eq. 2.68. By binning candidate ES
events from the final solar neutrino sample in cos fs,,, a peak in the forward region appears

(cosfsun = 0.8). This "solar peak” is a clear signature of solar neutrinos.

The cos fs,, distribution of the final solar data sample is plotted on the right side of
Fig. 8.1. The data (black error bars) is for recoil electron events which have reconstructed

energy between 3.49 and 19.49 MeV. The solar peak is clear in this distribution.

**1 SK-IV 1664 days
| 3.49-19.49 MeV
£ 0 ~32,000 Vvgqar €Xtracted
Emiﬁt ﬁ ST
04 05 0 0.5 1

cosBq,,

Figure 8.1: Left: Illustration of the definitions of s, (the zenith angle 67), which is the angle
between the solar incident neutrino direction and the reconstructed recoil electron direction
(the positive z-axis). Right: The cosfs,, distribution for the final solar data sample for
recoil electrons with reconstructed energy between 3.49 and 19.49 MeV, after all cuts [42].
The data (error bars) and best fit (black line) are displayed, along with the solar neutrino
signal (dark shaded region) and background (light shaded region) components of the fit.

8.1.1 Extended Maximum Likelihood Fit for Solar Neutrinos

An extended maximum likelihood fit is employed to extract the number of solar neutrino

interactions from the final solar data sample. This fit is used in the solar neutrino analyses

for all SK-Phases: SK-I [44], SK-IT [94], SK-III [95], and SK-IV [42]. The likelihood function
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is defined as:

Npin 14

LFlux = 67(21' Bit5) H H (Bz X bij + S x Y; X Sij), (81)

i=1 j=1

and the fit is maximized using the free parameters S and B;. The parts that comprise Ly

are as follows:

The index 7 labels the analysis bins, up to the maximum number of bins Ny;,. These

bins can correspond to energy, MSG, etc., or a combination of these parameters.

The index j labels the observed events, up to the maximum number of observed events
n; in bin 1.

S and B; are free parameters for the fit. S is the number of solar neutrino events

summed over all bins, while B; is the number of background events in bin 7.

Y; is the fraction of expected signal events in bin ¢, determined from the solar neutrino

MC.

The background weights b;; are determined from expected background shape proba-
bility density functions (PDFs). The background shape PDFs are constructed from

data.

The signal weights s;; are determined from the predicted signal shape PDFs, con-

structed from the solar neutrino MC.

In the plot on the right side of Fig. 8.1, the best fit (black line) is shown for recoil electron

events with energy between 3.49 and 19.49 MeV. The dark (light) shaded region corresponds

to the signal (background) component of the fit.

The likelihood function is used in the energy spectrum analysis to extract the number

of signal events S; within each bin as well.
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Solar Analysis Binning

The flux and spectrum analyses of SK-IV have a maximum of Ny, = 23 bins. These bins
are energy bins spanning the energy range from 3.49 MeV to 19.49 MeV. The first twenty
bins range from 3.49 to 13.49 MeV with width of 0.5 MeV. Two bins with a width of 1 MeV
span the range between 13.49 and 15.49 MeV. The final energy bin covers the range from
15.49 to 19.49 MeV. In SK-III, Ny, = 22 as the 3.49 - 3.99 MeV bin was below the analysis
threshold. In SK-I (SK-II), Ny, = 21 (17) as bins below 4.49 (6.49) MeV were below the

analysis threshold.

After the SK-IV 1664-day paper [42], the total flux analysis has been changed to include
MSG. For SK-II/III/IV, the energy bins below 7.49 MeV are sub-divided into three MSG
bins: 0 < MSG < 0.35, 0.35 < MSG < 0.45, and MSG > 0.45. This gives Ny, = 39 for
SK-IV. MSG has been incorporated into the SK solar neutrino spectrum analysis (Ch. 9)

since the beginning of SK-IV.

Background PDFs

The background shape PDF's are used to determine the background weights b;;. These PDFs
are constructed using the zenith (67) and azimuthal background shape distributions of the
final solar data sample. Sets of the background shape distributions are formed by binning the
data in energy (or MSG). Below 7.49 MeV, events are collected in 0.5 MeV wide bins. Above
this energy, two other energy bins are used: 7.49 - 9.49 MeV and 9.49 - 21.49 MeV. When
including MSG, the energy bins below 7.49 MeV are sub-divided as previously described.

These bins will be indexed here by e.

After converting the distribution of events in the detector coordinates to cos fs,,, each
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background shape is fit with:

8
1
Zp&k X Cosk(stun), (8.2)
De)9 k=0

and the parameters p.o_s are obtained during the fit to bin e. The parameter p.g is a
normalization factor to ensure the integral of the polynomial over the distribution equals
to one. The background shape PDFs are the normalized background polynomial functions.
The background weight b;; is extracted from the PDFs. The background shape PDFs for
each bin using the full SK-IV data set are plotted in Fig. 8.2. These background shapes are
not broken down by MSG.

Signal PDFs

The signal shape PDF's used to determine the signal weights s;; are created from the cos fgun
distributions of the solar neutrino MC. Similar to the background shape PDF determination,
events are grouped with the same energy-MSG bins e. In a given bin e, the distribution is

fit with three exponential functions plus a Gaussian function:

2 Sun- 2
1[cer — cos@
Z exp(Ceok + Ceair1 X COS 8?““) + Cep €Xp ( —5 [7—]] ) : (8.3)

k=0 Ce,8
where the parameters c,.o_g are obtained from the fit.

The two-dimensional signal shape PDFs are constructed by interpolating in energy.
The signal weight s;; is extracted from these signal shape PDFs. By using this method for

the signal and background shape PDFs, the analysis is unbinned in energy and cos fsy,.

After the SK-IV 1664-day solar analysis, the signal shape PDFs were updated to use
a different fit to the MC cos fg,, distributions. The new signal shapes for each bin use a

set of four polynomial functions that are fit to different regions in the cos fg,, distribution.
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Figure 8.2: The fitted background shape PDF's in cos fg,,, from which the background weights
b;; are extracted.
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These regions overlap to allow for a transition function to smoothly go between the fitted
polynomials. Table 8.1 lists the minimum, maximum, and centroid for these fits in cos fs,y,.
The degree of a polynomial is not determined a priori. It is varied to optimize the fit in
each region of the distribution, though the maximum degree of a polynomial is twelve. The
full distribution is normalized so that the area under the curve is one. This method was
adopted to better model the distribution. The effect on the systematic error is currently
being investigated. The signal PDFs from this method are plotted in Fig. 8.3, and are
divided at 7.49 MeV.

Table 8.1: The boundaries and centroid for the new polynomial functions used to fit the
background shapes. This description for the signal shapes was applied after the 1664-day
solar analysis. The values in the table correspond to cos fgsyy,.

Lower Bound Centroid Upper Bound

-1.00 -0.375 0.25
0.00 0.375 0.75
0.50 0.700 0.90
0.85 0.925 1.00
PDF for Signal, 3.49 to 7.49 MeV, all MSG PDF for Signal, 7.49 to 19.49 MeV, all MSG

Figure 8.3: The signal shape PDF's using the new method for modeling the signal distribution
from solar neutrino MC. Both distributions ignore MSG. The background shape of the 4.49-
4.99 MeV bin is due to Rn backgrounds near the edges of the tight fiducial volume.
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Expected Fraction of Signal Events

The expected fraction of signal events is determined from the solar neutrino MC (Sec. 6.1),
using both ®B and hep simulated events. The total number of generated events for a given
bin is

Nigenerated _ N;B + 0.1 x Nihep’ (84)

where the scale factor is applied to normalize the hep generation rate to 0.2 Hz. The number
of hep events is over-produced in the simulation by a factor of 10 to get good statistics (2 Hz),
but needs to be scaled down to correspond to the desired generation rate. For comparison,

the ®B generation rate is 2 Hz.

After these events are generated, they are reconstructed in the same manner as data
(Ch. 6), and the analysis cuts discussed in Ch. 7.1 are then applied. The remaining number

of events in a given bin is N2t <uts For a given bin, Y; is:

Nafter cuts
_ )

T Ngenerated' (85)

In Fig. 8.4, the expected energy distribution for the Y; divided by the exposure (live time x

fiducial volume) of each energy bin is plotted.

8.2 Systematic Uncertainties of the Total Flux

The systematic uncertainty for the signal extraction method is estimated to be 0.7%. This
uncertainty is determined by applying the extraction to simulated dummy data for which
the total number of signal events S and background events B; are known. The percentage
difference between the true S and extracted S is taken as the uncertainty on the total flux

measurement using this method.

242



o
@

0.25

o
N

IIII|IIIIIIIII?IIII'IIIIlIIII

Expected 8B event rate [Event/day/kton]
- <

e
o
a

IIII|IIII|IIII|IIII|IIII|IIII

ol e b b L LT e L L
2 4 6 8 10 12 14 16 18 20

Recoil electron kinetic energy [MeV]

o
o

Figure 8.4: The energy distribution from MC of the expected ®B event rate in SK [48]. This
distribution is made from the Y; factors multiplied by the exposure for each energy bin.
The MC assumes the Winter06 B neutrino energy spectrum [45] and the ®*B flux measured
by SNO [47]. The drop in the expected rate below 5 MeV comes from the tighter fiducial
volume cut.

The different effects that the components of the signal extraction have on the total flux

are considered separately. The systematic uncertainties for SK-IV will be discussed here.

Details for the other SK-Phases can be found in [44][94][95].

In general, systematic effects are determined by first considering the effect that shifting
an aspect of the extended maximum likelihood method has on the recoil spectrum F'. Then,
the modified Y;, s;;, and/or b;; are determined. Finally, L,y is re-minimized to get the

modified S, which is then compared to the original result for S.

8.2.1 Energy Scale

The systematic uncertainty of the energy scale is summarized in Sec. 5.3.3 and has an
estimated total uncertainty of 0.54%. To determine the impact it has on the systematic

uncertainty of the total flux, the following actions are performed. The energies of the MC

Y. +Escale

f ) are used in the signal

events are shifted by £0.54%, and the new signal fractions (
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extraction. This results in a difference of £1.2% in the number of extracted signal events.
The difference is taken as the systematic uncertainty on the SK-IV total neutrino flux coming

from the energy scale.

8.2.2 Energy Resolution

The resolution of the reconstructed energy is detailed in Sec. 6.2.3. It is based on the
relationships between the observed total energy (E,s) and the true total energy (F) of
the recoil electrons. To ascertain the systematic uncertainty, the energy resolution function
o(E) (Eq. 6.14) is fluctuated by Aopinac (Eq. 6.16). Aopinac is the percentage difference
of the energy resolution between the LINAC data and MC. ¢(F) is replaced in the response
function R(E, Eyps) (Eq. 6.13) by 0% = o(E) x (1 & Aopivac), resulting in a shift in the

energy spectrum Fi (Eos) (Eq. 6.12).

The ratios between st;s and the un-altered spectrum F' are used as weights to modify

the signal fractions: Y;***. The percentage difference between Fg, and F is shown on the

Y EE - The energy

left plot of Fig. 8.5. The signal extraction is performed with the new
resolution uncertainty is £1.0% below 4.89 MeV and +0.6% above 6.81 MeV [42]. The
difference in the resulting signal, +0.15%, is taken as the systematic uncertainty on the total

flux from the energy resolution.

8.2.3 °B Neutrino Spectrum Shape

There is an uncertainty in the shape of the ®B neutrino spectrum due to theoretical and
experimental uncertainties from Winter06 [45]. The uncertainty in the *B neutrino spectrum
shape leads to a shift in its spectrum by ~=4100 keV. The effect this uncertainty has on the

total flux is determined in a similar fashion as the systematic uncertainty of the energy
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Figure 8.5: The percentage difference between the original spectrum and the shifted energy
spectrum. The shift in the spectrum is the result of shifting the energy resolution (left) or
the ®B neutrino spectrum (right) [48]. The trigger efficiency and reduction efficiency are
taken into account.

resolution (Sec. 8.2.2). Here, ®(F,) is modified in the estimation of the recoil electron
spectrum Fys(Eops) (Eq. 6.12). Sets of MC events are created by distorting ®(E,) based
on the uncertainties of the spectrum shape. The subsequent effects of distorting the °B
neutrino spectrum on F' and Y; are determined. The difference in the signal compared to
the original total flux is 0.35%. This value is taken as the systematic error due to the *B
solar neutrino spectrum. The percentage difference between F modified by the ®B neutrino

spectrum shape uncertainties and the original F' is plotted on the right plot of Fig. 8.5.

8.2.4 Cross Section

As stated in Sec. 2.3 and in Sec. 6.1.1, the cross section calculations for the (v e) ES
process include the radiative corrections from Bahcall et al. [41]. Bahcall et al. introduce
two parameters to characterize the radiative corrections in their analysis: p and x(T.). The
error on p is due to the lack of precision on the top quark mass and the Higgs mass. Their
paper was published in 1995, prior to the improved measurements from the Large Hadron

Collider experiments. The uncertainty in the x(7.) function is from one-loop corrections of
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the ES interaction from quantum chromodynamic processes.

The 1o theoretical uncertainties given in their paper for the two parameters are used
to shift the parameters in the cross section numerical calculation. New recoil electron MC
spectra F' are created, the new Y; are determined, and the effect on the total extracted flux
is analyzed. A change in S of £0.5% is seen by fluctuating the cross section. This change is

taken as the systematic uncertainty due to the (v e) ES cross section uncertainties.

8.2.5 Trigger Efficiency

Low energy events in SK pass the trigger threshold after a minimum number of PMTs are
hit within a certain time window (see Sec. 4.5). The trigger efficiency depends on several
factors: the vertex position, the water transparency (WT), the number of hit PMTs, and the
response of the front-end electronics. By comparing the difference of the trigger efficiency
between Ni-source calibration data and corresponding MC, the trigger efficiency can be
estimated as a function of energy. These differences in the trigger efficiency are applied to

the signal extraction method by changing the extracted number of events correspondingly.

For the data used in the SK-IV 1664-day solar neutrino analysis and in the analysis
presented in this work, the trigger threshold was set to 34 hits. The trigger efficiency for the
two lowest energy bins in SK-IV are listed in Table 8.2, along with the difference in efficiency.
The trigger efficiency is 100% with negligible uncertainty above T, = 4.49 MeV [42]. The
resulting systematic uncertainty for the total flux measurement due to the uncertainty of
the trigger efficiency is +0.1%. After changing the SLE trigger threshold from 34-hits to 31-
hits, the trigger efficiency is improved below T, = 4.49 MeV. Above this energy, the trigger
efficiency is 100% with negligible uncertainty. The preliminary systematic uncertainty for

all of SK-IV remains +0.1%.
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Table 8.2: The trigger efficiencies (eryers) of the two lowest energy bins for the 34-hit thresh-
old used in the SK-IV 1664-day solar analysis and the 31-hit trigger threshold. 34-hit table
is Table 7.2 from [48]. The third column is the difference between the trigger efficiencies
from Ni calibration MC and data: Aerygpg = G%SEH — e%agtgﬁ. Aergrs is used to estimate the

systematic uncertainty for these bins in the solar neutrino energy spectrum analysis.

Efficiency of the 34-hit Trigger Threshold for SK-IV (1664 days) [48]
T. [MeV] Data[%)] MC[%] A€Tygrs
3.49-3.99 89.36 +0.22 92.42+0.24 3.43+0.37
3.99-449 99.18 £0.22 100.0+=0.21 0.86£0.31

Efficiency of the 31-hit Trigger Threshold for SK-IV (Preliminary)
Te [MGV] Data[%] MC[%] AETrgEﬂ?
3.49-399 98.724+0.22 100.0+0.13 1.2840.26
3.99-449 99.314+0.16 100.0+0.10 0.69 +0.19

8.2.6 Angular Resolution

The angular resolution of the directional reconstruction is determined by comparing LINAC
data and LINAC MC (Sec. 6.4). The uncertainties in the angular resolution between the
LINAC data and MC are detailed in Table 6.3 for various energies and for each SK-Phase.
By using the uncertainty in the angular resolution, the reconstructed directions of the solar
neutrino MC are shifted. This varies the signal shape PDFs and has a corresponding effect

on the signal weights: sﬁfgi

. The new signal weights are then used to extract S, resulting in
a shift of +£0.1%. This uncertainty is taken as the systematic error due to the uncertainty

in the angular resolution.

8.2.7 Background Shape

The background shape PDFs are dependent on the # and ¢ detector coordinates. The
background shapes in cosfs,, are not flat due to the geometry of the detector structure

and a possible non-uniform distribution of background events. Prior to SK-IV, the effect
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that varying background shape distributions have on solar neutrino signal extraction was
determined by flattening the shape of the ¢ distribution. The background shapes in cos s,
are then reformed, and the PDF's are remade. The background weights b;; are consequently
affected by this procedure. The difference in the total flux extracted using the modified and
unmodified b;; is £0.1%, which is taken as the systematic error from the uncertainty in the

background shape.

Because the flat-¢ method of determining the systematic uncertainty for the back-
ground shapes is not well motivated, two other studies have been performed to determine
how the uncertainty in the background shapes affect the systematic uncertainty on the flux
and energy spectrum. The impact that the correlations between the uncertainties in 67 and
¢ have on the cos g, distribution is determined taking the 1o uncertainties and propagating
them through to the cosfg,, distribution. Fig. 8.6 shows the results of this method for the
low MSG sample (MSG < 0.35) of the 3.49 - 3.99 MeV energy bin. This method is denoted
by the red band and labeled as the “standard method.” This bin has the poorest understood
background shape. It was determined that the systematic error on the total flux by applying
this method is £0.1%. This is the systematic uncertainty used in the SK-IV 1664-day solar

analysis and the analysis presented in this work.

The second method is the “complete scramble method,” which was incorporated into
the solar analysis since the publication of the SK-IV 1664-day solar analysis. The standard
definition of the cos fg,, distribution is ) y i r] over all events j. In the complete scramble

method, all events within a given bin have their 7%

] and 7“;»’ scrambled:

N N
1
Complete Scramble Method: N Z Z ey (8.6)
ik

Both j and k run over the full set of N events, and the distribution is normalized to the

original number of events N. The dark black histogram in Fig. 8.6 shows the resulting
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background shape from the scramble method. It was determined that the systematic error

on the total flux from applying the scramble method is ~0.2%.
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Figure 8.6: The cos gy, distribution of data in the energy and MSG bin with the poorest
understood background. The red outlined band corresponds to £1¢ of the standard method,
while the dark black histogram shows the shape from the scramble method. Plot courtesy
of M. Smy.

8.2.8 Reduction Steps

In general, the systematic uncertainty due to the inefficiency of a reduction cut is determined

with calibration data and MC by using the equation

€Data — €
Systematic Uncertainty = M, where €= B (8.7)

EMC

B (A) is the number of events before (after) a cut is applied for data and for MC.
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Reconstruction Goodness and Event Quality Cut

The estimated uncertainty that the event quality cut (Sec. 7.4.6) gives to the total flux is
determined using LINAC calibration data and corresponding MC. The event quality cut is
based on the reconstruction goodness g% (Sec. 7.2). LINAC events must have: a recon-
structed vertex <200 cm from the end of the beam pipe; reconstructed energy between 3.49
to 19.49 MeV; and a downward reconstructed direction. These events are counted (B) and
then have the event quality cut criteria from the solar neutrino analysis applied. Events with
g% > 0.25 are included and counted as part of A. These removed LINAC events correspond

to equivalent recoil electron events in the solar analysis.

The systematic uncertainty of this cut can be determined from the cut inefficiency after
comparing data and MC using Eq. 8.7. The systematic uncertainty from the inefficiency of

the event quality cut is estimated at £0.1% for the SK-IV 1664-day solar analysis.

Hit Pattern

The hit pattern cut (patlik) inefficiency is determined in the same manner as the event
quality cut, but over a more restricted energy range: 5.99 to 19.49 MeV. Eq. 8.7 is used to
estimate the inefficiency of the patlik cut, and the resulting systematic uncertainty in the

total flux is estimated at +0.5%.

Small Hit Cluster

Using DT calibration data and associated MC, the systematic uncertainty of the small hit
cluster cut can be estimated. The DT data is taken close to the walls and is used to create
an event sample after applying the external event cut. By comparing this event sample to

MC, the systematic uncertainty of the small hit cluster cut is estimated to be +0.4%.
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Fiducial Volume and Vertex Shift

The vertex shift is discussed in Sec. 6.3.1, along with the method by which events are shifted.
The effect on the elastic scattering rate is determined by artificially shifting the vertices of
the solar neutrino MC events in specific ways. These shifts are based on the results of the
nickel source calibration, near the boundaries of the fiducial volume, for each bin in the
signal extraction. The number of events included by the fiducial volume cut are compared
to the un-shifted number, and the resulting systematic effect on the total rate is +2%. The
energy dependence of the vertex shift systematic uncertainty is shown in Fig. 8.7, where the

increase in the uncertainty below 4.99 MeV comes from the tight fiducial volume cut.
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Figure 8.7: The energy dependence of the vertex shift systematic uncertainty from [42] (left)
and for all of SK-IV (right).

External Event Cut

The external event cut (Sec. 7.4.10) depends on both the reconstructed vertex and direction
of an event to calculate the cut parameter deg (and pyan). To estimate the efficiency of this
cut, the solar neutrino MC is modified by artificially shifting the reconstructed vertices and
directions of the events. The vertices are shifted based on the vertex shift, and the direction

is shifted based on the angular resolution. This procedure is illustrated on the left of Fig.

251



< 020 , , R e
) - 0180 SK-IV 1664 day results 3
Shifted Position S - All SK-IV *preliminary 3
50.161 E
2014 E
LA © C == o .
. & ‘ Artificially Eoaof =TT E
eshlft 4 e 20.12*4_ .
,’ Shift 2 o L =
}/ VREEREN 2 o - I _+_+++ —+ .
’ \ 30.08— =
‘ ' 50,06, eyt E
) 50.06 - + _|_ :
L LoEs $0.04 =
Original Position % " °F ]
“o.02f- =
o‘zl L vl v b e by v b b by L 1:

4 6 8 10 12 14 16 18

Recoil electon kinetic energy[MeV]

Figure 8.8: Left: The artificial shift of the reconstructed vertex and the definition of the
resulting shift in the direction fg;¢. Right: the systematic uncertainty in the external event
(v-ray) cut. The shift in the uncertainty below 7.49 MeV is because of the differing criteria
in that energy region outlined in Table 7.2. The dark gray data corresponds to the SK-IV
1664-day analysis and is published in [42] (courtesy Y. Nakano). The red data corresponds
to preliminary results for the entire SK-IV data set (courtesy M. Hasegawa).

8.8. The efficiency of this cut for each energy bin is shown in the right of Fig. 8.8. The
systematic uncertainty on the total flux caused by the external event cut is estimated at

+0.1%.

Second Vertex Fit

Prior to SK-IV, a second vertex fitter (CLUSFIT) was employed to further remove ambient
events. The fiducial volume cut was re-applied based on its vertex reconstruction. The
estimated systematic uncertainty on the total flux from using the second fitter for SK-I,

SK-II, and SK-IIT is ££0.5%, +1.0%, and +0.5% respectively.
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Live time

The uncertainty in the live time calculation is caused by the event-rate-dependent timing
accuracy of the main DAQ computer that receives the information from the front-end elec-
tronics [44]. The uncertainty on the total flux due to the live time calculation is estimated
at £0.1% for each SK-Phase, as well as for the uncertainty on the day-night asymmetry

measurements.

Spallation Cut

The spallation cut is discussed in Sec. 7.4.7. It incurs a dead time, which is taken into
account in the calculation of the expected number of solar neutrino events. The spallation-
induced dead time for the MC is calculated by applying the position-dependent function
tdead ¢4 the simulated events. The systematic uncertainty of the spallation cut is estimated
by determining the difference between the dead time of the random sample and the MC
simulated events. The stability of the dead time over the data period, shown in the lower
right of Fig. 7.8, is used to estimate the systematic uncertainty of the cut on the total flux

measurement: +0.2%.

8.2.9 Summary of the Systematic Uncertainty for the Total Flux

The systematic uncertainties for the total flux measurement by SK are summarized in Table
8.3. The SK-IV uncertainties for the 1664-day data period are given, and the full data period
uncertainties are given in parentheses if they differ. After adding all uncertainties in quadra-
ture, the total uncertainty in the flux measurement for SK-IV is +1.7%. The uncertainty of

the energy scale dominates the systematic uncertainty of the total flux measurement.

Compared to the previous SK-Periods, SK-IV has the smallest uncertainty due to the
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lower uncertainties from the energy scale and resolution. This improvement develops from
the higher statistics below 4.49 MeV. By lowering the energy threshold and measuring a wider
range of energy, the energy scale is better determined. The corresponding reduction in the
uncertainty for the reconstructed energy of the recoil electron spectra lowers the systematic

uncertainty in the flux and energy spectrum analysis.

The live time for the energy bins is the same across SK-IV, where as previous phases
have smaller live times below 5.99 MeV. For SK-III, the live time below 5.99 MeV is ap-
proximately half of the full data period. For SK-IV, further reductions in the uncertainties
are from a better understanding and control over the vertex shift, the trigger efficiency, and
the angular resolution. The removal of the second vertex fit also makes the total systematic

uncertainty lower in SK-IV.

Differences in the systematic uncertainties for SK-IV, between the 1664-day analysis
and the (preliminary) full SK-IV data, primarily originate from the lowering of the SLE
trigger threshold from 34 hits to 31 hits within 200 ns and the associated changes in the pre-
reduction to deal with the increased noise rate. More calibration and statistics for the full
SK-IV period also contribute. MSG was applied to the total flux after the 1664-day analysis
for SK-II, SK-III, and SK-IV, and it introduced an additional 0.4% systematic uncertainty

to the total flux, though the total error is not impacted.

8.3 Results of the Total Flux Measurement by SK

Using the extended maximum likelihood method for events from 3.49 MeV to 19.49 MeV, the
number of solar neutrino events extracted (N,) from the SK-IV 1664-day solar neutrino data
sample (right side of Fig. 8.1) is 31,8911253 (stat)+543(syst.). This is the largest number

of solar neutrinos extracted from any SK-Phase. The data is denoted by the points with
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Table 8.3: List of the systematic errors (in percent) on the total flux measurement for each
phase of SK [42]. The threshold corresponds to the recoil electron kinetic energy. The SK-IV
values are for the 1664-day solar sample. The SK-IV values in parentheses are preliminary
uncertainties if there has been a change.

Uncertainty SK-I SK-II SK-III SK-IV 1664 days (all)
Threshold [MeV] 449 649  3.99 3.49
Trigger efficiency 0.4 0.5 0.5 0.1
Angular resolution 1.2 3.0 0.7 0.1
Reconstruction goodness (¢%) 13 3.0 0.4 0.1
Hit pattern (patlik) 0.8 . 0.3 0.5
Small hit cluster e . 0.5 2 (0.4)
External event (v-ray) cut 0.5 1.0 0.3 0.1
Vertex shift 1.3 1.1 0.5 0.2
Second vertex fit 0.5 1.0 0.5 .
Background shape 0.1 0.4 0.1 0.1
Live time 0.1 0.1 0.1 0.1
Spallation cut 0.2 0.4 0.2 0.2
Signal extraction 0.7 0.7 0.7 0.7
Cross section 0.5 0.5 0.5 0.5
Energy scale 1.6 32 1.2 5 (1.0)
Energy resolution 03 03 0.2 3 (0.1)
B spectrum e 19 o2 03
Total tas o AT 2.2 1.7 (1.6)

errors, and the best fit to the background (signal plus background) is given by the light gray
(dark gray) region. While the live time of the SK-IV 1664-day analysis is only ~11% longer
than the live time of SK-I, the number of solar neutrinos extracted per day is much larger:
~19.2 events per day for SK-IV compared to ~15.0 events per day in SK-I, an increase of
~28.0%. The higher event rate is due to the lowering of the detector threshold, relaxing the
patlik cut, and the removal of the second vertex fit. The improvement in understanding the
systematic uncertainties leads to smaller uncertainties in the signal extraction. The large
number of events combined with the smaller errors also makes SK-IV the most precise data

set, of each SK-Phase.

Including the complete SK-IV data set, which includes the lower SLE threshold, the
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total number of extracted solar neutrino events per day in SK-IV is ~19.4, and the number
of extracted solar neutrinos is 55,7291 30; (stat)4543(syst.). Across all phases of the SK
experiment, the total number of signal events extracted is 93,74575759(stat) Ti9505(syst.).
These extracted events are predominantly ®B neutrinos with a small amount of hep neutrinos.
This is the largest data set of ®B and hep solar neutrinos in the world. For comparison,
Borexino extracts ~0.5 ®B neutrinos per day in their HER analysis [83]. The average solar

neutrino extraction rate for SNO is ~9.3 events per day, which includes NC, CC, and ES
events [72][73][76][47].

The number of extracted events IV, can be converted into a measurement of the absolute
flux by comparing to the expected number of solar neutrino interactions in the SK fiducial
volume Neyp,. Nexp can be determined by applying the total cut efficiency €., and live time

Tiive to the expected rate Rey, for SK, given Eq. 2.66:

Nexp = Rexp X Tiive X €cut (88>

where T}, = 1663.91 days for the SK-IV 1664-day data set. The total cut efficiency €.,; =
0.14983 is given by the ratio of the number of solar neutrino MC events passing all solar

analysis cuts divided by the total MC events generated.

Using the BP2004 SSM flux & = 5.79 £ 1.33 x 10°/(cm? s) [46], the expected event
rate is 326.1 events/day/kton [44]. However, for generating the SK-IV solar neutrino MC,
the expected event rate was changed to correspond to the SNO NC measurement of the °B
flux YO NC = 5.25x 10%/(cm? s) [76]. The total expected rate in the SK ID fiducial volume
is Rexp = 295.4 events/day/32.5 kton, with ®B (hep) neutrinos contributing a rate of 294.73
(0.64) events/day/32.5 kton. The total rate assumes 1.086 x 103* electrons in the 32.5 kton

fiducial volume, and it uses the Winter06 ®B neutrino spectrum [45]. The hep rate assumes

the BP2004 flux of ®" = 7.88 +1.26 x 10%/(cm? s).
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The number of expected events in SK for the 1664-day data set is Ney, = 73,636
events (assuming no neutrino oscillations). Dividing the number of extracted events (Table
8.4) by Nexp gives 0.433. This corresponds to a pure v, ¥B solar neutrino flux of ®sp =
(2.308+0.020(stat) oo (syst)) x 106/(cm? s) [42]. The flux measurement is the most precise
for SK, relative to the other phases, as shown in the right side of Fig 8.9. The figure also shows
that the total flux measured in each phase of SK is consistent within 1o of the combined SK
total flux (black dashed line). The total uncertainty on the combination of the SK phases
(red lines) assumes no correlations between phases except for the uncertainty on the *B

neutrino spectrum.

Extracted Neutrino Rate for each SK Phase (SK-1V 1664d) Flux ratio for each SK Phase (SK-IV 1664d)
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Figure 8.9: Left: The comparison of number of extracted solar neutrino events divided by
the live time for each phase. Right: The comparison of the solar neutrino fluxes for each
phase. The y-axis is the ratio of the observed flux divided by the expected flux from the MC
assuming no oscillations and a total *B flux of 5.25 x 106/cm?/s. The unit of the y-axis is
Data/MC (unoscillated).

The result of the total lux measurement, assuming a pure v, flavor content, is given for
all SK-Phases in Table 8.4, along with the number of solar neutrino signal events extracted.
The live time and the lowest energy threshold for each SK-Phase is given as well. The gain
correction is applied for the full SK-IV preliminary results, but not for the SK-IV 1664-day
results since the gain was stable up to that time. The preliminary total flux measurement

for the full SK-IV period (and corresponding SK combined total flux) uses the systematic
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Table 8.4: Super-Kamiokande results from the Solar Neutrino Analysis for each experimental
phase [42] and the preliminary results including all of SK-IV at the bottom. The total live
time for each phase, the energy averaged ®B flux assuming a pure v, flavor content and
corresponding number of extracted signal events from the recoil electron data are given.
The T, energy threshold for each SK-Phase is given in the third column.

Solar Neutrino Total Flux & Signal Events

SK Live Time Threshold ®§5+(stat)+(sys) # Signal Events
Phase [days] T, [MeV]  x10°[cm?s™!] Ngigt(stat) £ (sys)
SK-I 1496.12 449  2.380 4 0.0247051 22,404 £ 2267752
SK-1I 791.79 6.49  2.4140.05%01 72120132 0 e
SK-I1I 548.53 3.99 2.404 4 0.039 + 0.053 84007137 + 176
SK-IV(1664d)  1663.91 3.49 2.308 4- 0.0201 0930 31,891735% 4 543
Combined 4500.34 — 2.345 £0.014700% 69,907 750350
SK-1V 2859.70 349 2289+ 0.015+0.036 55729739 + 543
Combined 5696.14 — 2.330 +0.013 £0.036 93, 745" 5759 T 19803

uncertainties from the SK-IV 1664-day result.

8.4 Day, Night, and Zenith Flux Measurements

The exposure of the SK detector (live time) to a given zenith direction is well understood.
Since the location of the Sun relative to SK at any given time is well known, it is known
what path the solar neutrino takes. The zenith angle 07 is displayed in the diagram on
the left side of Fig. 8.1, with cosfy < 0 corresponding to the “Day” (D) time sample and
cos Bz > 0 corresponding to the “Night” (N) time sample. The ”All” sample is the total flux
results, as it contains both the Day and Night samples, i.e. it encompasses cosfz € [—1,1].
While the total flux analysis has a lower threshold of 3.49 MeV for SK-IV, the SK-IV zenith
(and day-night asymmetry) analysis maintains a threshold of 4.49 MeV. The slightly higer
threshold is due to concerns about systematic uncertainties from the background shape of

the lower energies. An effort is currently underway to include data below 4.49 MeV in this
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part of the solar neutrino analysis.

To extract the solar neutrino signal for the Day sample and the Night sample, the
Yipn are created independently of each other for each bin 7. The signal shape PDFs from
the total flux extraction are used to extract the Day and Night solar neutrino signals. The
shape of the expected signal does not vary enough to discern between the two samples.
The background shapes are correlated through the zenith binning, and are treated as such
during the signal extraction. The total number of signal events extracted for the Day bin
is 13,924.271%830(stat.), and the total number of signal events extracted for the Night bin is

15,764.91 1% 5 (stat.).

The cos sy, distributions for solar neutrino recoil electron candidates for the Day (red)
and Night (blue) samples are plotted in Fig. 8.10 for recoil electrons with kinetic energy
greater than 4.49 MeV. This is the energy threshold for the SK-IV day-night asymmetry
analysis. An event display of a solar neutrino candidate recoil electron event is given in Fig.
8.12. This event is very low energy and has traveled through the Earth. There is a very
high likelihood this is an actual solar neutrino, as very stringent cuts were applied, including
large MSG, large cos fs,,, and very good event reconstruction quality. While this event is
currently excluded from the zenith-dependent solar analyses, it is included in the total flux

and in the spectral analysis (Ch. 9).

When solar neutrinos travel through the Earth, the effects of the matter potential
on the neutrino wavefunction regenerate solar neutrinos into the electron flavor eigenstate.
This regeneration causes an increase in the solar neutrino rate detected during the night. SK
has three measurements of the zenith dependence on the rate. The first is the asymmetry
in the day and night rate (or flux) Apy, and the second is a binned zenith distribution
(later sub-divided by energy and MSG in Sec. 9.3.1). The third measurement, the day-
night amplitude-fit method, is described in [96]. The details of the day-night amplitude-fit

measurement are beyond the scope of the analysis presented in this work and will not be
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Figure 8.10: The Day and Night cosfs,, distributions for solar neutrino recoil electron
candidates with energy 7, > 4.49 MeV. The Day (Night) information is color-coded in red
(blue). The best fit to the background (signal plus background) is given in light (dark) gray.

discussed.

8.4.1 Day-Night Asymmetry Apy

The asymmetry between the day and night flux (or event rate) is termed the ”day-night
asymmetry,” denoted by Apy. It is a useful way to measure the size of the effect that
matter in the Earth has on solar neutrino oscillations. The day-night asymmetry is defined

for the rate in Eq. 3.19, and is similarly defined for the flux:

Op — Py

Apy = D= 0N
DN %(®D+¢N)

(8.9)
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Figure 8.11: The zenith angle dependence of the SK-IV 1664-day solar neutrino interaction
rate ratio [42]. The y-axis is the number of events from data divided by the expected number
of MC events assuming no oscillations, with an assumed *B (hep) flux of 5.25x106/(cm? s)
(8%10%/(cm? s)). The errors are statistical only. The day data is equally divided into 5
sub-bins. The night data is divided into five mantle bins and a single core bin. The red
(blue) line corresponds to the predicted results of one day bin and 1000 night bins, from the
best fit oscillation parameters using all solar (solar + KamLAND) data.
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Figure 8.12: An event display for a solar neutrino candidate event. This event is very low
energy and has traveled through the Earth. There is a very high likelihood this is an actual
solar neutrino, as very stringent cuts were applied, including large MSG, large cos 0s,,, and
very good event reconstruction quality.
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The day and night live time for the 1664-day solar analysis day-night asymmetry is 797.43

and 866.48 days respectively, and the measured flux above 4.49 MeV is

dp = (2.2501 0 550 (stat.) 4= 0.038(syst.)) x 106/(cm? s),

(8.10)
O = (2.364 £ 0.029(stat.) & 0.040(syst.)) x 10%/(cm? s).
The percent day-night asymmetry in the flux is then
Apn = —4.9 + 1.8(stat.) £ 1.4(syst.)%. (8.11)

The combined asymmetry for each phase is Apy = —4.1 £ 1.2 £ 0.8%, but this ignores
any correlations between phases. The combined SK day-night asymmetry gives significance
of 2.840 from no day-night effect (Apy = 0). The day-night asymmetry results for each
SK-Phase and the combined result are given in Table 3.9, along with the day and night live

times and the analysis threshold for each phase.

Day-Night Asymmetry Systematic Errors

The primary systematic uncertainties in the day-night asymmetry come from the energy
scale, the energy resolution, and the non-flat background shape of the cos flg,, distribution.
Systematic effects in the reconstruction of Ng, and the reconstructed vertex and direction,
differ for upward-going and downward-going events. These effects are caused from differences
in the detector response as a function of the zenith angle. Also, there is an additional effect
from the top-bottom asymmetry. The effect on N.g as a function of cosfy can be seen in

Fig. 5.25.

The background shape should vary more slowly than variations in Apy, but the dif-
ferent zenith bins need to use different background shape distributions. This is because

directional biases from event reconstruction enter into the distributions, since the direction
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fitter prefers directions along and perpendicular to the detector symmetry axis [42].

Using the Apy from SK-I as an example, the day-night asymmetry in fractional form is
—0.02140.020(stat.)+0.013(syst.). The energy scale and resolution contribute £0.012 to the
systematic uncertainty while the non-flat background contributes +0.004 [44]. Improvements
between the SK-I and SK-IV systematic error primarily come from the improvements in the
understanding of the absolute energy scale, since the systematic uncertainties from the energy

resolution and the background shape are similar for SK-I and SK-IV.

8.4.2 Zenith Flux Measurements

Beyond the Day and Night binned samples, the Night solar sample can be further separated
in zenith binning. For the Day bin, it is considered singly, as any matter effect on solar
neutrino oscillation due to the atmosphere is negligible. However, it is sometimes divided
into five equal sub-bins in cosf (Fig 8.11). This division of the Day bins is performed to
check for systematic effects in the Night bins with similar exposure time of the Sun. The
Night sub-binning, on the other hand, corresponds to differing matter densities in the Earth
and is divided into five "Mantle” bins (M1 - M5) and a single ”"Core” bin. The boundaries
in cosfy that define the mantle bins are cosfz = 0, 0.16, 0.33, 0.5, 0.67, and 0.84. Zenith
directions with cos #7 > 0.84 are considered to be part of the core bin. The Mantle and Core
bins are illustrated in Fig. 8.13. Because the latitude of SK is too far from the equator, solar
neutrinos arriving in SK only pass through the outer core of the Earth and not the inner
core. The ecliptic plane and the Sun are given as a cartoon in the figure to demonstrate this

lack of sensitivity to the inner core.

The zenith sub-divisions of the Night bin have their own correlated background shapes,
but have independent Y;z. They use the same signal shapes as the Day and Night bins.

Fig. 8.11 shows the breakdown of the SK-IV 1664-day data set (in the ratio of data to
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Equator - -
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Zenith Bins —
Neutrino Path —

Figure 8.13: Illustration of the Night zenith bins (M1 - M5) and the Core bin. The Sun is
included to illustrate SK’s lack of sensitivity to the inner core. The ecliptic plane is denoted
by the orange line and the neutrino path by the green ray.
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unoscillated solar neutrino MC interaction rate) as a function of the zenith direction. Fig.

8.14 shows the similar zenith angle dependence of the flux for SK-I/II/III, assuming a °B

flux of 5.25 x 10%/(cm? s).
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Figure 8.14: The zenith angle dependence of the SK-I (top left), SK-II (top right),
and SK-III (bottom left) flux determined from the neutrino interaction rate ratio,
data/MC(unoscillated), assuming a B flux of 5.25 x 105/(cm? s) [48].
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Chapter 9

The Solar Neutrino Spectrum

Analysis

The signal extraction method for the neutrino spectrum uses a modified version of the
method used in the total flux analysis. The extended maximum likelihood fit (Eq. 8.1) is
described in Sec 8.1. Above 7.49 MeV, the likelihood is fit only to a single bin at a time
while holding the Y; = 1. This extracts the signal and background events independently of
constraints on the spectrum shape. The energy bins below 7.49 MeV are divided up into
three MSG sub-samples with boundaries at MSG values of 0.35 and 0.45. Below 7.49 MeV,
the index ¢ will denote energy-MSG sub-bins. Since MSG is not used above 7.49 MeV, ¢ will

denote energy bins only.

9.1 MSG in the Signal Extraction

For the energy-MSG sub-bins, the background shape PDFs, signal shape PDFs, and Y;

factors are defined independently for each sub-bin. Each of the background shapes for the
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sub-samples are derived from fitting to the corresponding background distributions in the
final solar data sample. The sub-sample Y; factors and signal shape PDFs are determined
from the solar neutrino MC in the same way as in the flux analysis. For a given energy bin,
the three MSG sub-bins are simultaneously fit for three background B;s and a single signal
S.

By dividing these lower energy bins into the three MSG samples, background-like events
preferentially fall into the lowest MSG bin. Signal-like events are evenly divided among the
three MSG bins. This creates a distinction in the signal-to-background ratio in each MSG bin
and leads to better signal extraction from the highest MSG bin. This causes the statistical
precision of the number of signal events extracted to increase by up to 10% in the energy
bins below 7.5 MeV [42]. By looking at the results in the lowest energy ranges (Fig. 9.2),

the solar peak is more pronounced in the highest MSG bin.

9.2 Systematic Uncertainties for the Solar Neutrino

Spectrum

The energy-uncorrelated systematic uncertainties for each energy bin are determined using
the same methods as in the total flux analysis (Sec. 8.2). The additional systematic un-
certainty from including MSG in the signal extraction is treated as energy-uncorrelated and
will be discussed shortly. When listing the uncertainties for the energy spectrum, the results
from the SK-IV 1664-day solar neutrino analysis are used. The total energy-uncorrelated
systematic uncertainty for each energy is provided in Table 9.1. They are determined by
adding the components of the systematic uncertainty from each source in quadrature. The
systematic uncertainties above 7.49 MeV are the same value for each energy bin, and the

final column is simply a contraction to save space.
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9.2.1 Systematic Uncertainty from Multiple Scattering Goodness

o183 ——
B
I
Rz e

03 04 _ 05 _ 06
Multiple Scattering Goodness

Figure 9.1: The linear scaling functions used in LINAC MC to estimate the systematic
uncertainty from MSG on the solar neutrino energy spectrum [48]. The lines are linear fits
to the LINAC data divided by MC data points. The red, black, and blue coloring correspond
to 4.89, 8.67, and 16.1 MeV (in-tank energy) LINAC events respectively.

Using LINAC data and MC, the systematic uncertainty on the energy spectrum can
be estimated by adjusting the MSG distributions in each energy-MSG sub-bin of the solar
neutrino MC. The ratio between LINAC data and MC is formed as a function of MSG for
various energies, and linear scaling functions are fit to these distributions. The results of this
process are plotted in Fig. 9.1. After adjusting the solar neutrino MC with the linear scaling
functions, the new signal shapes and signal event expectations Y; are re-calculated for all
sub-samples. The cos sy, distributions are then refit with these new inputs. The change in
the number of extracted solar neutrino events is taken as the systematic uncertainty due to

MSG.
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Table 9.1: List of the energy-uncorrelated systematic uncertainties [%] on the spectrum
shape measurement for SK-IV [42]. The energy corresponds to the recoil electron kinetic
energy in MeV. The SK-IV values are for the 1664-day solar sample. Above 7.49 MeV, the
table is contracted as the uncertainties are the same in each energy bin.

Energy 3.49- 3.99- 4.49- 4.99- 549- 599- 6.49- 6.99- 7.49-
[MeV] 3.99 449 499 549 599 649 699 749 195
Trigger Efficiency 2408 - - - - - - -
Rec. Goodness (¢%) 4+0.6 4+0.7 0% +04 +£0.2 401 40.1 40.1 +0.1
Hit Pattern - - - - - +0.6 £0.6 =£0.6 04
External Event Cut 4+0.1 4+0.1 +0.1 +0.1 +0.1 40.1 4+0.1 40.1 +0.1
Vertex Shift +0.4 404 402 +02 =+02 402 402 402 +0.2
Background Shape 429 +1.0 +0.8 +0.2 =+0.1 =40.1 4+0.1 0.1 0.1
Signal Extraction ~ 4+2.1 421 #+21 +0.7 +£0.7 40.7 +0.7 +0.7 +0.7

Cross Section 402 402 402 +02 +02 £02 +02 £02 =£02
MSG 404 404 403 £0.3 £03 £1.7 +£1.7 +£17 -
Total o496 21 4£09 409 +£20 20 +19 F09

9.3 Results of the Solar Neutrino Spectrum Analysis

The SK-IV 1664-day solar neutrino analysis result is given here in terms of the cos sy,
distributions for each bin i. The energy-MSG sub-bin is displayed for T, < 7.49 MeV. Fig.
9.2 contains the cos fs,, distributions for each energy-MSG sub-bin from the 3.49 - 3.99 MeV
bin to the 4.99 - 5.49 MeV bin (in descending order). The left-to-right columns correspond
to the MSG ranges: MSG € [0.00,0.35), MSG € [0.35,0.45), and MSG € [0.45, 1.00]. Fig. 9.3
contains the energy-MSG sub-bins from the 5.49 - 5.99 MeV bin to the 6.99 - 7.49 MeV bin
(in descending order), with the columns corresponding to the three MSG ranges mentioned
for the previous figure. The cos sy, distributions for the energy bins above T, = 7.49 MeV,
where MSG is not applied, are displayed in Fig. 9.4, with energy increasing from left-to-right,

top-to-bottom.

The energy-dependent measurements of the solar neutrino recoil electron spectrum for

each SK-Phase are given in Table 9.2 and plotted in Fig. 9.5. These measurements are
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Table 9.2: The solar neutrino recoil electron spectra from the SK-I, SK-II, SK-III, and
SK-IV 1664-day solar analyses in the ratio of the extracted number of events to the pre-
dicted unoscillated number of events. The uncertainty is statistical plus energy-uncorrelated
systematic errors added in quadrature.

T, Bin [MeV] SK-1 SK-II SK-III  SK-IV (1664 days)
3.49-3.99 - — — 0.4596 7005%
3.99-4.49 - - 0.44760 0005 0.415150:0507
4.49-4.99 0.452910:0450 — 04715500002 0.4894700550
4.99-5.49 04297100558 — 0.420000575  0.4515%00183
5.49-5.99  0.44917000% - 0.4569 0035 0.4307 0017
5.99-6.49 0.443670:0121 — 043271005 0.4423700100
6.49-6.99 0.4606+00157  0.438670.01% 0503770025 0.44561) 01
6.99-7.49 04758 00i0 044767 o047 04244700550 0.4394%001%
749799 0ABGTTNS 046097002 04673700 045440t
7.99-8.49 0.43067 00101 04729700508 0.4686%0103.:  0.43877 0015
8.49-8.99 0.4536%0 0,5 0.463370030 0.42007002%0  0.4433F0:01%
8.99-9.49 0.4635 0018 0.4987700%; 0444300250 0.43067001%
9.49-9.99 0.456170:0700  0.474270038%  0.4234700507  0.424870 0177
9.99-1049  0.4087%0o0s 0481170050  0.5294% 009 0.4060% 515
10.49-10.99  0.4718700%%  0.4525700550  0.48107005%7 0430570057
10.99-11.49  0.43877 006 0.4693700506  0.3912%00s0e 04585100300
11.49-11.99  0.4603%0 0307 0.4824T0103; 04785500355 0.4207 050
11991249 046547008 041947005 04245700000 0422370000
124912.99 0460650017 0461700002 040037000 044540018
12.99-13.49  0.581970057)  0.443770000%  0.42237000%  0.4618%0074
13.49-14.49  0.4747700250  0.43037008%8  0.66307 00005 0485710056,
14.49-15.49  0.7236701572  0.5625% 00005  0.7134103008  0.411370020
15.49-19.49  0.5747101550 0.647715755  0.2124%0H1F  0.344775 1510

described in terms of data divided by the expected unoscillated rate from SSM predictions.
The ratio of the measured rate over unoscillated rate is simply referred to as the “rate ratios”
(df;). The indices correspond to the SK-Phase P, the energy bin ¢, and the zenith bin Z (if
broken down by zenith bin). Details on the SSM predictions are discussed in Sec. 10.1, with

the definition of the rate ratios given in Sec. 10.1.3.
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Figure 9.2: The cosfs,, distributions in each energy-MSG sub-bin from the results of the

solar neutrino analysis.

The rows correspond to energy bins starting at 3.49 MeV and

increase by 0.5 MeV going down. The columns from left to right correspond to the MSG
bins: MSG € [0.00,0.35), MSG € [0.35,0.45), and MSG € [0.45, 1.00].
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Figure 9.3: The cosfs,, distributions in each energy-MSG sub-bin from the results of the
solar neutrino analysis. The rows correspond to energy bins starting at 5.49 MeV and
increase by 0.5 MeV going down. The columns from left to right correspond to the MSG
bins: MSG € [0.00,0.35), MSG € [0.35,0.45), and MSG € [0.45, 1.00].
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Figure 9.4: Signal Extraction cosfg,, distributions for the 7.49 MeV to 19.49 MeV recoil
electron kinetic energy bins, with MSG € [0,1].
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Figure 9.5: The solar neutrino recoil electron spectra for SK-I (top left), SK-II (top right),
SK-IIT (bottom left), and SK-IV 1664-day results (bottom right). The red component of the
error bars is the energy-uncorrelated systematic uncertainty, and the blue component is the
total by combining the red with the statistical error in quadrature. The gray band is the
total energy correlated systematic uncertainties. The dotted green line denotes the region
over which MSG is applied for SK-II/III/TV.
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9.3.1 Solar Neutrino Zenith Energy Spectrum

In addition to extracting the solar signal by energy and MSG sub-bins, the zenith dependence
of the data can be included to construct the day, night, and zenith dependent energy spectra.
The SK-IV 1664-day measurement of the energy dependence of the zenith distribution is

plotted in Fig. 9.6.

Table 9.3 contains the observed solar neutrino interaction rate in SK for each energy
bin at one astronomical unit (AU) using the ”All,” ”Day,” and ”Night,” data samples. The
All sample contains all zenith bins, while the Day and Night samples contain the events with
cos bz € [-1,0] and cos 0z € (0, 1] respectively. The rates are in units of events/kton/day and
assume a °B solar neutrino flux of 5.25 x 10/(cm? s). The rates have also been corrected

for reduction efficiencies.
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Figure 9.6: The energy dependence of the cosfg,, distribution in Fig. 8.11 for the single
day bin, five mantle bins, and single core bin [42]. The green (blue) line corresponds to the
predicted results of one day bin and 1000 night bins, from the best fit oscillation parameters
using all solar (solar + KamLAND) data. Errors are statistical uncertainties only. The top
three energy bins use MSG.
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Table 9.3: The event rates observed for each energy bin in units of [events/kton/yr] at 1
AU. The errors are statistical uncertainty only. The expected event rates assume a °B solar
neutrino flux of 5.25 x 109/(cm? s), and the values include the correction to account for the
reduction efficiences. Table taken from [42].

Kinetic Energy Observed Rate Expected Rate
T. All Day Night *B  hep
MeV] cosfy € [-1,1] cosfz € [-1,0] cosby € (0,1]

3.49-3.99 92.2+108 96.0715% 81.5M 130 196.8 0.346
3.99-4.49 76.772 64.6179 85.2+69 182.8 0.335
4.49-4.99 82.1753 79.473% 84.6175% 167.8 0.323
4.99-5.49 69.3721 65.9752 72.5759 153.3 0.312
5.49-5.99 59.61718 58.3155 60.5753 137.8 0.298
5.99-6.49 542771 51.0755 56.975°0 121.9 0.282
6.49-6.99 47.8113 45.7119 49.971 106.8 0.266
6.99-7.49 40.6117% 41.8117 39.577¢ 92.1 0.250
7.49-7.99 35.7715 35.0772 36.1777 78.0 0.232
7.99-8.49 29.1709 28.671% 28.9113 65.2 0.214
8.49-8.99 24.010% 24.1117 23.7111 53.4 0.197
8.99-9.49 18.5%01 17.9%59 19.2%59 42,9 0.179
9.49-9.99 14.5708 14.5753 14.4758 33.8 0.162
9.99-10.49 10.7102 10.2497 11.1497 26.0 0.144
10.49-11.99 8.431043 7.73195% 9.2370-% 19.55 0.128
11.99-11.49 6.607037 6.6070% 6.7210 5% 14.34 0.112
11.49-12.99 4.407038 3.837 03 4.897010 10.24 0.097
12.99-12.49 3.0470:38 3.04103% 3.0670:35 7.10 0.083
12.49-13.99 2.1410%% 2.411031 1.9375:22 4.80 0.070
13.99-13.49 1.477547 1.4870:2 1.471035 3.11 0.059
13.49-14.49 1.597017 1.547937 1.631025 3.18 0.088
14.49-15.49 0.4691) 0% 0.4861017 0.493%0181  1.117 0.056
15.49-19.49 0.18610022 0.15070 508 0.20370H3  0.464 0.064
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Chapter 10

SK Solar Neutrino Oscillation

Analysis

The kinematic reconstruction of the neutrino energy in neutrino-electron elastic scattering
interactions in water is prevented by multiple Coulomb scattering of the recoil electrons.
However, the recoil electron spectrum can still be used to statistically extract information
about the neutrino spectrum, since the electron energy places a lower limit on the neutrino
energy. The energy dependence of the elastic scattering cross section (Eq. 2.60) can, in
principle, disentangle the v, component of the solar neutrino flux from the v, . component.
The (v, e) neutral current ES cross section has a softer dependence on the neutrino en-
ergy and is a factor of ~6 smaller than the (v, e) ES cross section (CC+NC interactions).
This means that the recoil electron spectrum depends not only on the flavor content of
the flux, but also on the energy dependence of the ES cross section from each neutrino
flavor. Because the recoil electron spectrum is dependent on the flavor content of the so-
lar neutrinos, one can predict the recoil electron spectra caused by the survival probability

P..(E,/Am2,, 03,09, eqﬁd, eqf’d). Details about neutrino oscillations are discussed in Ch. 2.
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The energy-dependent shape of P..(F,) will leave an imprint on the spectrum of recoil
electrons in SK. P..(E,) transitions from vacuum-dominated oscillations at low neutrino
energy to matter-dominated oscillations at larger energies. Even with a flat P..(FE,), the
spectral distortions caused by the (v, , e) NC interactions will be small, and P..(E,) can be

inferred.

These predicted spectra are compared to the spectra measured by SK. This compari-
son constrains the oscillation parameters that drive the flavor content through the survival
probability (P..) and the various transition probabilities. While ®B solar neutrinos are the
dominant signal for the recoil electron spectrum, the rarer hep process also contributes. Be-
cause the end-point energy of the hep neutrinos is larger than that of the ®B, hep neutrinos
will distort the higher energy bins of the recoil electron spectra. Therefore, it is necessary
to include the hep neutrino spectral predictions when trying to constrain the oscillation

parameters.

Additional effects from the Earth-matter interactions with solar neutrinos are another
signature of matter-effects on neutrino oscillations. These Earth-matter effects must be incor-
porated into the spectral predictions when trying to compare to the All spectra (Day+Night).
The matter effects can also be used to further constrain the oscillation parameters using the

day-night asymmetry measured by SK.

Prior to discussing the effects NSI has on the allowed oscillation parameters for solar
neutrinos (Ch. 11), the standard case of neutrino oscillations without NSI (i.e. no-NSI) will
be covered in this chapter. Also, the solar neutrino recoil electron spectrum will be referred
to simply as the "spectrum” in this chapter. When discussing other spectra, such as the
neutrino spectra, they will be denoted as such. A block diagram of the analysis framework
used for the NSI analysis is illustrated in Fig. 10.1. This framework is used to produce the

results described in this chapter.
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Input & Tables

Input & Tables Programs
Calculate Earth Matter
CalculateSolar Transition Probabilities
lar Model (BP0O4 Earth Model (PREM)
Solar Model (BP04) I Probabilities P, P, for Spherical Earth I
SK Energy Resolution
(Ve.x €) ES cross sections S K S N O
SK Energy Scale SK I-IV(1664d) Predictions: SNO Phase 1,2,3 SNO Prediction File assuming:
SK LiveTime File 1 Recoil Electron Spectra & Quadratic Fit to P, & b8spectrum-winter2006
b8spectrum-winter2006 g p‘ Linear Fit to Apy SNO LiveTime (3 phases)
: | Integrated Day & Night Rate
hep spectrum (Bahcall et al) | l
- : 2 2
Spectrum Predictions |: X’ fit to Data x*fit to Data _ S
SK Spect Dat : SK Spectra SK Spectra + SNO Polynomial Polynomial Fits
pectrum Ua '-f‘ : Calculate Nuisance Calculate Nuisance Data = snoresults.txt
from Solar Analysis | : Parameters 3 & n Parameters B & n
H N o~ " Borexino
: - Borexino ’Be Ay,
SK Fitted Day Night % Integrated Agy, & combined x* Predictions & y2 Fit
Asvmmetry from SK-IV Use B & n along with Predicted Day/Night Flux to get ¥* fit to X :
Y b Measured SK Phases Ay, and add to y?fit to Data Vad
1670d Solar Paper ———
Generate Ax? Contours

Profile over non-displayed parameters

Figure 10.1: A block diagram of the analysis framework used for the SK solar neutrino NSI

analysis.

10.1 SK Recoil Electron Spectrum Predictions

To create the SK spectrum predictions, several ingredients are first needed.

e An SSM (see Sec. 3.1 and Sec. 3.2) and a model of the Earth’s matter density, which
will be used to determine the various probabilities.

e The solar neutrino energy spectrum and flux, discussed in Sec. 3.2.1.

e The (v e) cross sections, discussed in Sec. 2.3.

e The detector response function, discussed in Sec. 6.2.3.

e The exposure or live time of a detector as a function of zenith bin in cos 6.

As stated previously, the Winter06 ®B neutrino spectrum [45] and the predicted hep
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neutrino spectrum from [41] are used in the SK analyses. The numerical calculations for the
(v e) ES cross section including radiative corrections are from [41]. Fig. 10.2 shows the cos 0y
distribution of the live time for each SK phase, where the single Day bin has been divided by
1000 to normalize it to the Night zenith binning. The process used to calculate the survival
and transition probabilities for the analysis presented in this work will be discussed next.
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Figure 10.2: The cos 07 distribution of the live times for the SK solar neutrino analysis. The
black (red) lines correspond to the LE (SLE) trigger threshold. The live time of the single
Day zenith bin has been divided by 1000 to normalize it to the zenith binning on the Night
side. In SK-IV, the live times of the SLE and LE trigger thresholds are the same. The live
time for the 31-hit SLE threshold is not displayed.

10.1.1 Solar Neutrino Survival Probability P.. Calculation

As discussed in Sec. 2.1.2, solar neutrinos are produced by the fusion process in the solar
core as V.. They exit the Sun in either the v, or v mass eigenstate, with probabilities P,
and P, respectively. Since P; + P, = 1, only one of these probabilities, P, will be used. Two

sets of radial profiles are needed from an SSM to calculate Ps.
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A radial profile is the dependence of a given parameter on the fraction of the solar

radius r = R/Rgu,. These sets of radial profiles are:

1. The fractional contribution each isotope gives to the solar mass. These fractional con-
tributions are determined for spherical shells at r (Fig. 3.2). The metalicity of the Sun,
the relative abundance of isotopes larger than helium, is given by these distributions

in the SSM table.

2. The fraction of the total flux produced within a spherical shell at r for a solar neutrino

species s (Fig. 3.6).

The first set will be referred to as the “mass fraction profiles,” and the second set will be
referred to as the “fractional flux profiles.” The BP2004 SSM profiles are used in the SK
solar neutrino oscillation analysis and the solar neutrino NSI analysis. The mass fraction
profiles are used to extract the Sun’s density profile for electrons, u-quarks, and d-quarks.
These density profiles are plotted in Fig. 3.3. With the fermion density profiles, the matter
potential (as a function of r) can be used when propagating the neutrino wavefunction
through the Sun. The fractional flux profiles are used when calculating P, for each solar

neutrino species.

Figure 10.3: Illustration of the angle v between the direction of neutrino propagation (dashed
line) from the v, creation point (square) and the solar radius vector (solid ray).

To properly account for variations in the matter density along the potential paths a

solar neutrino may take out of the Sun, two sets of binning related to the production location
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and neutrino trajectory are used. The first is a binning in the solar radius r that is indexed
by k. The radial binning is evenly broken into 16 bins from r = 0 to r = 0.32, with the
production (or creation) point of a v, being in the center of a bin, i.e. at r = [0.01, 0.03, ...,
0.31]. The second binning is for the neutrino’s trajectory through the Sun, defined by cos~y
(Fig. 10.3). The binning of cos~ is defined by cosy = [-1.0, -0.8, ..., 0.8, 1.0]. In all, solar
neutrinos are propagated along 176 trajectories through the Sun. For each set of radial-cos~y
bins, the neutrino’s path is divided into 5000 steps. The matter density along the path is
averaged for each step. °B solar neutrinos are typically produced around r = 0.04, well
within the boundary of the solar core (r < 0.19). The minimum (maximum) pathlength
through the solar core is ~1.04x10° (1.60x10°) km, or 8.19 (12.6) times the diameter of the

Earth.

After propagating the neutrino wavefunction along the 11 cosy directions, P, is cal-
culated by averaging over all directions for a given radial bin k. Pj for each neutrino species
can be calculated using their fractional flux profiles and the set of P»j. The relative con-
tribution to the flux of a solar neutrino species by a given radial bin is extracted from the
fractional flux profile. Based on these contributions, a weight f; is determined. The BP2004
SSM f;; weights for each radial bin are given in Table 10.1 for the pp-chain solar neutrinos.
The probabilities are calculated as functions of E,/Am3,. The distinction between the P,
for each solar neutrino species comes from their fractional flux profile. The probability P;

for each species is determined by:

Py(E,/Am3,, 013,010, €11 €15) = > fiPoe (10.1)
k

The propagation of the v; and v from the Sun to the Earth can be treated as incoherent
for values of E,/Am3, tested in the SK oscillation [44] and NSI analysis. This means that

the solar neutrinos will reach the Earth in the same mass eigenstate they possessed when
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they exited the Sun. The survival probability for solar neutrinos arriving at the Earth during
the day is then given by
P3P = gin 013 + cos* 05 x PXfaver,

(10.2)

where  PZavor — gin? 01, Py + cos? 015 Py, = cos? 015 — cos(2012) Ps (cos? 6;3).

Here, the dependence of P; on the other oscillation parameters has been suppressed in the
expression for clarity. Fig. 10.4 displays the difference in the BP2004 ®*B and hep neutrino
P..(E,) across the range of sin? 015 values for a typical LMA value of Am2,. For solar
neutrinos detected by SK during the night, the Earth matter effects must be taken into

account.

BP2004 °B P,, Poo

sin%@,,

15 2 20 25
E, (Am3, = 4.83x1075 eV?)

BP2004 hep P, Pee

sin%@,,

E’: (Ams, = 4.83x10°5 evz)25
Figure 10.4: The P, for ®B (top) and hep (bottom) solar neutrinos as a function of £, and

sin? f15. A typical LMA value of Am2, has been used to convert P..(E,/Am2,) to a function
of E,. The dashed line corresponds to the best fit LMA value of sin® 6.
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Table 10.1: The f;” weights extracted from the BP2004 SSM [46] ratio flux fraction tables
[55] for the pp-chain solar neutrinos. This table corresponds to Fig. 3.6.

r-range k pp pep Be *B hep

0.00-0.02 1 4.64x107° 1.24x1072 9.70x1072 7.29x1072 1.60x1073
0.02-0.04 2 2.54x1072 4.21x1072 1.30x10~' 2.65x10~t 9.70x1073
0.04-0.06 3 6.60x1072 1.03x10~! 2.46x10~' 3.56x107! 2.89x1072
0.06-0.08 4 9.95x1072 1.41x10~' 2.37x107" 2.06x10~" 5.09x1072
0.08-0.10 5 1.19x107!' 1.52x10~! 1.65x107" 7.46x107%2 7.18x1072
0.10-0.12 6 1.27x107!' 1.44x107! 9.70x1072 2.01x1072 9.01x1072
0.12-0.14 7 1.25x107!' 1.24x10~! 5.13x1072 4.41x107% 1.05x107!
0.14-0.16 8 1.14x107' 9.92x1072 2.52x1072 8.35x10™* 1.14x107!
0.16-0.18 9 9.77x1072 7.30x1072 1.16x107%2 1.40x10™* 1.16x107!
0.18-0.20 10 7.74x1072 4.94x1072 5.05x107% 2.14x107° 1.11x107!
0.20-0.22 11 5.63x1072 3.04x1072 2.05x107% 2.96x107¢ 9.70x1072
0.22-0.24 12 3.77x1072 1.71x107%2 7.76x107* 3.79x1077 7.86x1072
0.24-0.26 13 2.34x1072 8.84x1072 2.80x10™* 4.58x10~% 6.00x1072
0.26-0.28 14 1.38x1072 4.32x107% 9.27x10™° 5.15x1072 4.11x1072
0.28-0.30 15 7.91x1072 2.03x107™% 2.08x107° 4.06x1071° 1.86x1072
0.30-0.32 16 4.35x107% 9.14x10™* 3.00x107¢ 2.01x10~" 5.43x1073

The shape of solar neutrino P,. is determined by the MSW effect due to the electron
density in the Sun. The oscillation parameters (sin® 69, Am3,) tune the shape in specific
ways. The squared mass splitting will stretch or compress the shape of P,., since it is
calculated as a function of E,/Am3,. The deviation between the vacuum-dominated P,, and
the matter dominated P, is tuned by the value of sin?#;,. Maximal mixing (P.. = 0.50)
occurs when sin? 6, = 0.5. At maximal mixing, there is no difference between vacuum-
dominated and matter-dominated oscillations for neutrinos arriving during the day. By
increasing sin® 65, the value of matter-dominated P,. increases and can surpass the value of
the vacuum-dominated P... Conversely, decreasing sin®#;, deepens the offset between the
two regions of P,.. The dependence on the mixing angle 6,5 is illustrated in Fig. 10.5, where
several survival probability curves are plotted as functions of E,/Am3,. The top of the
figure shows a typical small mixing angle (SMA) solar neutrino solution P,... The night-time

survival probabiltiy of a neutrino passing through the Earth’s core is plotted on top of the

day P.. with the difference between the two probabilty curves shaded in gray. The bottom
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plot shows a typical P.. curve for a large mixing angle (LMA) solution as a solid line and a
darkside (or beyond maximal mixing) P.. as a dash-dotted line. Several of the solar neutrino

species are labeled for the various corresponding solar neutrino solutions.
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Figure 10.5: The dependence of P..(FE,/Am3,) on sinf, [44]. The top of the figure shows
a typical small mixing angle (SMA) solar neutrino solution P,.. The night-time survival
probabiltiy of a neutrino passing through the Earth’s core is plotted on top of the day P,.
with the difference between the two probabilty curves shaded in gray. The bottom plot shows
a typical P, curve for a large mixing angle (LMA) solution as a solid line and a darkside
(or beyond maximal mixing) P,. as a dash-dotted line. Several of the solar neutrino species
are labeled for the various corresponding solar neutrino solutions.

10.1.2 Solar Neutrino Transition Probability /. Calculation

The terrestrial matter effects are taken into account by propagating the neutrino wavefunc-
tion through the Earth along the 1000 cos#y Night zenith bins (Z). Along the neutrino
trajectory, in each of these zenith bins, regions of constant density are first determined by
interpolating the matter density profile given by the Preliminary Reference Earth Model
(PREM model) [125]. In the PREM model, the Earth is treated as a sphere and the matter
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density is given in units of g/cm?. The matter density profile given by the PREM model is
plotted in Fig. 10.6. To determine the regions of constant density along a zenith direction,
the running average of the mass density is tracked while stepping through the Earth in one
meter increments. If the current density fluctuates more than 0.001 g/cm?, a new region

of constant density is defined. The distance and averaged density of the previous region is

saved.
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Figure 10.6: The mass density profile from the Preliminary Reference Earth Model [125] as a
function of distance from the Earth’s center (left) and cos 7 (right). The red region denotes
the inner core, and the blue region denotes the outer core. The mantle region is denoted by
the white region, which also includes the crust.

The content of electrons (and quarks) is different between the mantle and core. The
PREM model gives the ratios Y,, (the ratio of neutrons to electrons) and Y. (the ratio of
the electron to matter density) based on assumptions about the chemical composition of
the mantle and core. The PREM model also assumes that the Earth is electrically neutral.
For the mantle (core) region, the PREM model gives Y, = 0.497 (0.468) and Y, = 1.012
(1.137). The number density n. of electrons is obtained by multiplying Y, by the mass
density and Avogadro’s number Ny = 6.022 x 10%3. The quark-to-electron ratios, Y; and
Y,, are listed in Table 10.2. These ratios are obtained by solving the system of equations:

Y, =nn/n.=2Y;+Y, and n, =n, - 1 =Y;+2Y,.
As seen in Fig. 10.6, there is an inner and outer part to the Earth’s core, which are
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Table 10.2: Relevant information from the Preliminary Reference Earth Model [125] for
determining the matter potential of neutrinos propagating through the Earth’s mantle and/or
core. The ratio Y, of electrons to the matter density p is given in the second column. The
third (fourth) column contains the ratio Y;,(Yy) = nyq)/ne of the up (down) quark number
density to the electron number density.

Region Y, [mol/g] Y, Yy
Mantle 0.497 3.012  3.024
Core 0.468 3.137 3.274

thought to be predominantly composed of a solid and a molten iron-nickel alloy respectively.
The PREM model assumes the Y, and Y,, to be the same in the inner and outer core. The
Earth’s outer (inner) core is only traversed for neutrino trajectories with cosfz; > 0.838
(0.982). Based on the cos 07 distribution of the SK live time (Fig. 10.2), SK’s solar neutrino
analysis has sensitivity to the outer core. Because of the relative geometry between SK, the

Earth, and the Sun, SK has no sensitivity to neutrinos traversing the inner core (see Fig.

8.13).

The process of calculating the probability of a solar neutrino propagating along a zenith

bin Z and arriving at SK in the v, flavor eigenstate is as follows:

1. Assume the neutrino begins in the v, mass eigenstate.

2. The neutrino wavefunction is propagated through the Earth along a given zenith bin.
The various regions of constant density, defined by the PREM model, supply the
densities for the local matter potentials and the pathlengths for propagation. The
local matter density is multiplied by N4 and the Y} factors in Table 10.2 to obtain the
local fermion number densities. These are assigned to the local matter potential. The

quark contribution to the matter potential is only non-zero with the introduction of

NSI.

3. After the neutrino exits the Earth, the transition probability P, can be determined
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by taking the electron component of the neutrino wavefunction.

4. The transition probability Ps. is then combined with the probability P; to get the

effective two-flavor electron neutrino survival probability

2-flavor,Z,s _ ps . pZ s ., pPZ _
Pee _Pl P1€+P2 P2e_

(10.3)
(1-P5)(1—P{)+Ps-PL=1+2P;-PL— P; — PL.
5. PZfavorZs jg then three-flavorized via Eq. 2.33:
Peze’s = COS4 913 . Pe2€-ﬂavor,Z,s + SiIl4 913. (104)

This procedure is performed for all zenith bins. Once the zenith-dependent P%* are cal-
culated (one for the Day and 1000 for the Night), one can determine the corresponding

spectrum that should be seen in SK.

10.1.3 Calculation of the Spectrum Predictions

With all the ingredients prepared, the prediction for the solar-neutrino-induced (v e) ES
recoil electron event rate can be determined. For SK-Phase P, energy bin i, and zenith bin

Z, the expected event rate is calculated by modifying Eq. 2.66 in the following manner:

ngigh
R‘fis = gSMNiP/ dEObs/ dEy/ dEe (Peze’sMP + |:1 - P@Ze,s} MP> (105)

low
Ei

where ®%q), is the flux from the SSM and s corresponds to the ®B or hep solar neutrino
species. NI is the number of target electrons within the fiducial volume for energy bin i
(Sec. 7.4.11). Here, E, is the true total energy of the recoil electron in SK, E,; is the
observed total energy of the recoil electron, and E\'®" (E!") is the upper (lower) energy

bound for the i’th energy bin. The function M = MP*(R(E., Es), ¢°(E,), diEea(,, ¢)ES)
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corresponds to “transfer matrices,” first employed by the Minos experiment to propagate
the neutrino spectrum from the near detector to the far detector [126]. In the SK spectral
predictions, these matrices transfer the following effects onto the expected rate of ES events
in SK: the SK energy resolution from the detector response (Eq. 6.13), the solar neutrino
spectrum ¢°(E, ), and the ES differential cross sections (Sec. 2.3). The function ¢*(E,) is
the energy spectrum for s = (®B, hep) solar neutrinos. It is useful to define Bf Z’OSC and

H f Z’OSC as the ®B and hep solar-neutrino-induced event rates corresponding to Eq. 10.5.

The unoscillated event rate is obtained by setting Am3, = 0, which yields P, = 1.
There are no matter-induced effects on P,. in this case. The event rate is minimally depen-
dent on the zenith direction through the square of the distance between SK and the neutrino’s
production point in the Sun. However, the unoscillated event rate will be dependent on en-
ergy and energy-related effects such as the cross section and the fiducial volume for the ¢’th
energy bin. It is useful to define the unoscillated rates as Bf , UNOSC (Hf - UNOSCY expected

to be induced by B (hep) solar neutrinos. Then, the rate ratios for each energy-zenith bin

set in a given SK-Phase are defined as:

B.P’OSC s
b, = —sovosee—povosa expected °B rate ratio
’ B, ; +H;;

HP,osé (10.6)

hfz = BP,UNOSQZ 7P ONGST expected hep rate ratio
’ iZ iZ

+

The rate ratios for the data can be similarly defined:

P
Di 4

dP _
i 7, = JPMC, 7 P,MC
v B, “+H;;

measured data rate ratio (10.7)

The data rate (D) is the extracted solar neutrino signal (Ch. 9) divided by the corresponding
live time. It is divided by the rates derived from the SK solar neutrino MC (Sec. 6.1). The
statistical uncertainty for the data rate ratio (Uf ,) is likewise formed from the statistical

error on the extracted signal.
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To combine any zenith-energy bin sets, the number of expected events needs to be
determined from the corresponding oscillated and unoscillated expected event rates. The
expected number of events for a zenith-energy bin is

Nfzs = Rzz Tizs (10.8)

1,

where 71 7 1s the corresponding live time. This calculation is performed for both the oscillated
and unoscillated expectations. The combined rate ratio (pfomb) for the set of zenith-energy
bins one wishes to combine is:

P,S,OSC
P,s Zz Z N

b = .
com ZZ . NPs UNOSC

(10.9)

Here, ¢ runs over the desired energy bins, and Z runs over the desired zenith bins. The
expected number of events cannot be combined across SK-Phases, since M and the live

times are different for each phase.

This method is used to predict the rate ratios for each energy bin of the combined
spectrum (pfiu, All = Day+Night) by summing over the 1001 zenith bins. It is also used to
form the Night spectrum by summing over the 1000 Night zenith bins. For each SK-Phase,

the predicted ®B rate ratio is b/, and the predicted hep rate ratio is h!.

In the “integrated day-night asymmetry” predictions, the total Day rate and total
Night rate are compared to determine if there is any extra rate during the day or night. The
total Day rate is formed by summing over the energy bins for Z=Day, while the total Night
rate is formed by summing over the energy and the 1000 Night zenith bins. These are then
combined to get the day-night asymmetry, which is compared to the measured differences in

the day and night rates from data.
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10.2 The y? Fit of Spectrum Predictions to Data

With the predicted b and h! spectra for each SK-Phase, one can compare to the spectra
measured by SK. The spectrum comparison is a minimized y? fit between the predicted

spectrum and the measured spectrum. The predicted spectrum ! is given by
ri =6-b +n-h, (10.10)

where B and 7 are nuisance parameters that scale the ®B and hep rates respectively. These
two nuisance parameters are sometimes referred to as the “flux scaling parameters,” and
they are constrained by measurements of the corresponding solar neutrino fluxes. Details of

the solar oscillation analysis can be found in [44] and in [42].

Energy-Correlated Systematic Uncertainties in the Oscillation Analysis

The energy-correlated uncertainties from the ®B neutrino spectrum shape, absolute energy
scale, and energy resolution (Sec. 8.2.2) will shift all the energy bins of the spectra in a
correlated manner. These energy-correlated systematic uncertainties for SK-IV are plotted
in Fig. 10.7. In the solar oscillation analysis, a spectral distortion factor corresponding
to the energy-correlated systematic uncertainties is applied to 7¥. This is then fit to the
measurement d” + of. The spectral distortion factor f'(7,ep, pp) describes the following

effects:

e A systematic shift of the ®B neutrino spectrum based on the Winter06 uncertainties
(Sec. 8.2.3). The uncertainty in the ®B neutrino spectrum shape leads to a shift in the

spectrum by ~=100 keV. The shift is scaled by the constrained nuisance parameter 7.

e A deviation of the SK energy scale in phase P (Sec. 8.2.1) is described by the con-
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strained nuisance parameter ep. The uncertainty for the SK-IV absolute energy scale

is +0.54%.

e A systematic change in the energy resolution of SK described by the constrained nui-

sance parameter pp. The energy resolution uncertainty is +1.0% below 4.89 MeV and

+0.6% above 6.81 MeV [42].

These three systematic nuisance parameters are assumed to be standard Gaussian variables,
and are constrained to 0 & 1. When combining a combined SK spectra fit that includes all
experimental phases, the nuisance parameters 3, n, and 7 are applied simultaneously across

each phase.

10_||||||||||||||||||||||||||

----------------

Systematic uncertainty [%]

1

F 8
|III|III|III|III

N

F g
(2]

8 10 12 14 16 18
Recoil electron kinetic energy [MeV]

Figure 10.7: The energy-correlated systematic uncertainties for the SK-IV phase [42]. These
uncertainties are used in the solar neutrino oscillation analysis. The red, blue, and black
lines correspond to the absolute energy scale, energy resolution, and ®B spectrum shape,
respectively.
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The y? Fit

The x2,.. fit to be minimized is

S (AP — fF P2
=3 (5 (10.11)

o
=1 v

where Np is the number of energy bins for phase P. The spectrum is dependent on the set

of oscillation parameters (including NSI) and nuisance parameters:

p_ P
rf =1l (013, 019, Am3,, €], €]y; B,1)

for f = u or d. Minimizing over the five nuisance parameters gives:

_ 2 _ 2
oo = i g+ 724 4 LN G (10.12)
’ T:vaeP:BJ] ’ 0‘5 0‘7]

where 3y &= og and 7 £ o, are priors for the fit. The constraint on 3 is motivated by the
SNO NC measurement of the ®*B solar neutrino flux: (5.25 + 0.20) x 10°/(cm? s) [47]. A

weak constraint corresponding to a hep flux of (8 £ 16) x 10%/(cm? s) [41] is applied to 7.

After obtaining the minimum xZ,.. p, the energy-independent systematic uncertainties
on the total rate (Sec. 8.2) need to be included. These uncertainties are applied indepen-
dently of fI. An additional parameter ap is used to incorporate these uncertainties by

1/2

scaling the a posteriori constraints on the total flux parameters by a~"/*, without affecting

the minimum 2. The form of this parameter was chosen to be:

2
UP,stat

ap =

(10.13)
0123,stat + 0123,syst

Eq. 10.12 is quadratic in nature due to its dependence on 5 and 1. A 2 x 2 curvature

matrix Cp is defined to describe the (3,7n) parameter space and find the minimum. It can
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be used to rewrite Eq. 10.12 in its quadratic form, along with the best fit flux parameters

ﬁmin and Tlmin-

2 2 6 - Briin
Xspec,ap - XP,mln (5 ﬁmm’ n— nmm) (aPCP) ’ n— T]PA ) (1014>

if ap = 1.

To obtain the y? for all phases combined, arp will take on the form in Eq. 10.13. The
systematic uncertainty parameter ap scales the curvature matrix to account for the energy-
uncorrelated uncertainties on the total rate in the spectrum x? fit. By scaling the curvature
matrix in this way, the minimum y? and the best-fit (8,7n) are preserved. However, this
enlarges the uncertainty of the x? constraints on the flux parameters. The SK combined
spectrum x? is then obtained by minimizing the following function over all nuisance param-

eters:

4
2 : (5 50) (n—mno)? < 2 2 2)
2 .= min |7 + Soecap T €p T . 10.15
X P T7pP)EP7B)77 0-/8 0-2 ; X pec.ap P pP ( )

The best-fit flux nuisance parameters are used when incorporating the day-night asymmetry

in the SK solar neutrino oscillation analysis and the NSI analysis.

When including multiple values of 6,3, an additional constraining term is added to

2 _ ain2 pbes
the SK x2,c.: (Mf. The value of sin? #’$** and its uncertainty are based on the

T 12 gbest
global best fits from re;}tor long baseline antineutrino measurements (Table 2.1): sin? 65 =
0.0216 4 0.0003. In the oscillation analysis, the set of tested values for sin? ;3 is: sin® ;5 =
[0.000, 0.005,0.010, . ..,0.045,0.050]. The penalty from the constraint is added to the szec
at the end when profiling over the non-displayed parameters. Profiling over non-displayed
parameters involves collecting the set of y? values from the fits for each point corresponding

to the displayed parameter space. The minimum x? value from each set is selected for the x?

at that point. For the analysis presented in this work, the 63 constraint is dropped because
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0,5 is set to sin? 613 = 0.020.

10.2.1 Day-Night Asymmetry in the Oscillation Analysis

The SK solar neutrino oscillation has been expanded to allow time-varying signals for the
Day and 1000 Night bins. This day-night time-variation effect is incorporated by defining
the likelihood:

log Lpn = 10g Lyith — 108 Luitnout (10.16)

which is the difference in the likelihood with and without the predicted variation between

the day and night spectra. It comes from

1

log Lyith = (10g Lyith — 108 Luithout) + 108 Lyithout = 10g Lpx — §X§pec,

since the errors of the energy bins used in the unbinned maximum likelihood fit are Gaussian.
This method incorporates the day-night asymmetry into the oscillation analysis in a very
precise way. The threshold for the time-variation and day-night asymmetry analysis is 5.0

MeV (7.0 MeV) total energy for SK-I/I11/IV (SK-II). Lyithout is simply the sum of the log

P

likelihoods from Eq. 8.1 for each phase: log Lyithout = Z;Zl log Ly iihout- 108 Lyith is also

calculated by summing over each phase.

To determine the time-variation likelihood (L), the predicted spectra for each zenith
bin and for all phases are recalculated with the best-fit flux and nuisance parameters from the
X3pec Minimization [43]. The likelihood in Eq. 8.1 is modified to include the zenith-dependent

rate ratios to create Lyiip:

Npin 14
LE = e~ (ZiBitS)p H H (Bi b+ S Y8 /)z_z) i (10.17)
i1 1 pPial /) p

Here, (piz = DBmin - biz + Mmin - hiz) is the predicted zenith rate ratio spectra, and

297



(Pi,al = DBmin * bian + Mmin - hian) is the predicted spectra after combining over all 1001
zenith bins. The energy-dependent zenith spectrum predictions (p;z/p;an) are plotted in

Fig 10.8 for (sin® 619, Am2,) = (0.314,4.84 x 107° eV?).

The spectrum prediction and the signal extraction are performed for each set of oscil-
lation parameters, and they are performed independently for each phase. Every candidate
recoil electron event in the final solar neutrino sample with an energy above the thresh-
old is fit to minimize the likelihood. The total log likelihood with the time-variation is
log Lyith = Zézl log LT, . Because the uncertainties in each spectral bin are approxi-
mately Gaussian, the time-variation likelihood can be combined with Xgpec to get the total
x> X* = X3pee — 2log Lpx. The results for the SK solar neutrino oscillation analysis are

discussed in Sec. 3.3.7.
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Figure 10.8: The energy dependence of the single day and 1000 night bin predictions used
in Eq.10.17: piz/pian- These predictions are for (sin? 615, Am32,) = (0.314,4.84 x 107° eV?).
Figure taken from [48].

Integrated Day-Night Asymmetry

This method of including the day-night variation is very time consuming. The spectral
predictions for all four SK-Phases take approximately one week to generate, with no NSI

and only one 6,3 value. Re-running the predictions two more times while performing the
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signal extraction for each prediction takes much longer. Because the parameter space is much
larger by including the NSI parameters, also including the day-night variations in the solar
neutrino NSI analysis is impractical. Instead, we choose to use the day-night asymmetry
(Apn) of the rates. For each SK-Phase, the measured day-night asymmetry of the rates in
SK, the threshold for the Apyx analysis, and the live time for the day and night periods are
detailed in Table 3.9. In the standard oscillation analysis, the predicted Apy is not used in

the likelihood or the 2, as the effect is incorporated by the time-variation method.

Apn is predicted during this procedure when calculating L. To predict Apy, all
energy bins above threshold are combined to form the day and night rate ratios: bp, bx, hp,
and hy. In effect, the rate ratios have been integrated over energy. The night rate ratios are
formed by combining over the 1000 zenith bins. As such, the name “integrated day-night
asymmetry” is used here to differentiate this method from other SK analyses related to the
day-night asymmetry, such as the amplitude fit method described in [96]. The integrated

day-night asymmetry of the data for each phase is:

dpy — dy;

AP,data o
DN - ’
3(dfy + dX)

(10.18)

where D (N) stands for the Day (Night) zenith bin and d corresponds to Eq. 10.7. The

statistical uncertainty for Apy is

5Ai,data —_ : 4 :
df” +dg

Vg db,® +db? - 6dE. . (10.19)

The spectrum prediction software was modified to save the total rate ratio (above
threshold) for the day and night of b and h. That way, (Bumin,min) may be applied in
the calculation for the asymmetry after the SK combined y? spectral fit is complete. The
software was additionally modified to save the day and night spectra of the two species,

although they are not used in this analysis.
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The predicted asymmetry for b and h (Eq. 10.6) is

(bg - b{\?)ﬁmin + (h]]; - hﬁ)nmin

AP,pred -9 '
PN (b]]; + blj\?)ﬁmin + (h]]; + hﬁ)nmin

(10.20)

The predicted values of Apy from this simpler method agree with the corresponding values

predicted during the determination of Lpy.

A simple 2 fit between the predictions and the measured asymmetry is performed

separately for each phase. These are added to the SK combined x? fit to the spectrum Xgpecz

4

X§+A - Xgpec + Z XI%(ADN> (1021)
pP=1

10.2.2 Results of the SK Solar Neutrino Oscillation Analysis using

Integrated Apn

The number of spectral data points fit in the oscillation analysis changes between each phase
and corresponds to the lower energy threshold of the spectrum analysis. The spectral data
for each SK-Phase is found in Table 9.2. SK-I has a threshold 4.49 MeV and 21 data points.
The threshold of SK-IT is 6.49 MeV, and the total number of SK-II data points is 17. SK-III
(SK-IV) has a threshold of 3.99 (3.49) MeV and 22 (23) data points. In all, the total number
of spectral data points used in the SK combined spectral fit is 83. Including the integrated

Apn, the total number of SK data points in the final fit is 87.

By using the integrated Apy method for including the day-night asymmetry into the
total x2, the energy and zenith-dependence of the asymmetry is removed. The energy de-
pendence of the day-night asymmetry for the LOW and LMA solutions are opposite in slope:
negative for LMA and positive for LOW. This behavior can be observed in Fig. 10.9. This
figure shows the LMA (LOW) solution for sin?#;, = 0.334 in red (blue) along with the
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results of using the integrated Apy denoted by the horizontal lines. It should be noted that
the lower statistics at higher energies cause the higher energy bins to have less of an impact
on the day-night asymmetry. The zenith dependence of typical LMA and LOW solutions is
also different, as illustrated in Fig. 10.10 for several energy ranges of SK-I data [44]. It is
the combined zenith and energy dependence of the predictions that, when compared to SK

data, disfavors the LOW solution and prefers the LMA solution.
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Figure 10.9: The predicted day-night asymmetry of the recoil electron spectrum in SK-IV
for the LMA (red) and LOW (blue) solutions. The horizontal lines are the correspond-
ing integrated day-night asymmetry values. The data point is the SK-IV 1664-day Apn
measurement of -4.9 + 2.88% (statistical and systematic errors combined in quadrature).

The use of the integrated Apx impacts the allowed regions of the (sin? 65, Am3,)
parameter space compared to using Lpy. The results of the two methods are plotted in Fig.
10.11. The resulting one through five o included regions (with two degrees of freedom) from
using integrated Apx (Lpy) in the analysis are plotted in black (colored) lines. The left side
of the figure includes the whole (sin® 65, Am2,) parameter space (log-scale vertical axis),
and the right side of the figure is zoomed into the LMA region (linear scale vertical axis).

The regions of the (sin? 615, Am2,) parameter space referred to in this work are labeled on
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Figure 10.10: The SK-I energy-dependent zenith spectrum, along with the best-fit predictions
for the LMA solution (red lines) and the LOW solution (green lines) [44]. These results
assume a °B flux of 5.076x10°/(cm? s) and a hep flux of 32x10%/(cm? s). The predictions
are for sin? 0y, = 0.342 and typical LMA and LOW Am2, values. The difference in zenith-
dependent behavior of the LMA and LOW predictions is removed when using the integrated
ADN-

the left side of the plot, and maximal neutrino flavor-mixing is denoted by the dashed line.

Using either method, the SMA solution (sin? 615 ~ 1072 ~ 1072) is still excluded at
greater than 50 by SK data. In the LMA region, the shapes of the contours are similar,
though they are shifted because they prefer smaller values of Am2,. The rougher shapes
using the Lpy method are predominantly due to the zenith dependence. The best fit LMA
sin? ;5 is the same in both cases. However, a consequence of this method is the return
of the LOW solution. The LOW solution is normally excluded at greater than 3¢ by the
zenith dependence of the time-variation method. The removal of the zenith information from
the integrated Apyn actually results in the LOW solution being slightly preferred over the
LMA solution. The best fit parameters for both the LMA and LOW solutions using the two

methods are written in Table 10.3. In the case reporting the x? for the LOW solution using
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Figure 10.11: Comparison between using integrated Apy (black lines) and Lpyn (colored
lines) in the solar oscillation analysis. Sin?6;3 = 0.020 is fixed. The allowed values of
(sin? 015, Am2,) are displayed by the one to five o contours (two d.o.f.). The blue, teal,
green, yellow, and red lines correspond to the 1, 2, 3, 4, and 5 ¢ contours respectively.
Left: the allowed parameters of (sin®6;5, Am2,) and labels for the various solar neutrino
“solutions” in the parameter space. Right: A zoomed view of the LMA region.

Lpy, the same oscillation parameters as the best fit for the integrated Apy method are used.
The SK-Only best fit for the LMA (LOW) solution is plotted as a solid red (blue) line in Fig.
10.12 for each phase of SK. The day-night rate asymmetry is also plotted for each phase,
along with the predictions for the integrated Apy from the best fit x§, ,. A zoomed-in plot
for SK-I/II/TII/TV illustration is given in Fig. 10.13. The low energy upturn on the LOW

solution comes from the day-night effect and the energy dependence of the ES cross section.

While the shift in Am3, is inherent to using the integrated Apy method, Borexino’s
measurement of the small day-night asymmetry for 862 keV "Be solar neutrinos strongly
constrains the LOW solution. When combining it with the total SK x? from the combined
spectral fit and the integrated Apy, the LOW solution is disfavored at greater than 50 (two
degrees of freedom). Additionally, the inclusion of Borexino’s data to the fit does not affect
the x? in the LMA region. Details of the inclusion of Borexino’s measurement for use in the

NSI analysis are discussed in Sec. 10.3.3.

303



%0-5_|"'| L B B I B ] %05_| 1 T i B
o] L SK-I el o] - SK-1I ]
50.55} T - 50.55_— | ]
P —L S _‘_ ;
< 051 - < 0.5 -[- -H. -I. J_l .
a o

0.45)- Ll T++'L M’LMP-&"" E 0.a5] [ 'L I :
TR T ; - T ST :
0.4f '[' — 0.4 3
0.353— —f o.asf— —

| I NI A I L L L L | IR I TR 1 L L L L I
¢ Flaecml Electron I1(2;net|1t? En;sgy [I'ﬁe\f] ! Flecml Elec]clqon Il?netlg;En;?gy [MeV]
%O-GJ 1 ""I"""| B 80-5_|"'| L L ]
] - SK-I . o] - SK-IV 3
50.55} {- 3 50.55: =
I: 1O b :
g 0.5:_ -I.l-[..l-'l- ,[. ------------- _ g 051 -[. l I'J-’l_' ‘T......__
CAT . I | ] bt o bl ' ]
0.45 LT s e L — 0.45FF"~+—T z —
C T . TTT Tl l .
IJ[H i LI. ! ] MilL J[HJFHI I
0.35:_I..I...I...I...I...I...I...I.._: 0.35:_I...I...I...I...I...I..I..I._:

4 & 8 10 12 14 16 18 4 & 8 10 12 14_ 16 18
Recoil Electron Kinetic Energy [MeV] Recoil Electron Kinetic Energy [MeV]
= ] o 06— T T ]
{ﬂ 'D IebRELLLE SEELEELLLLL sCELLEREELLLLLLLELEERELLLLLLLEELED -1 § :SK-I!IIJIII{IV - E
) 2:_ B 20.55 .
F ] 2 L ]
af E 0-51 5
-6 - ] 0.45H4T%ﬁ+{'_li‘llill'[tﬂ-[-[-rr“"‘ 3
: ] P T :
a3 E 0.4_1 I -
10 - C ]
. 0.35[ 3

a2 SO LN IO LS T ]

4
SK-Phase Recoil Electron Kinetic Energy [MeV]

Figure 10.12: The SK Spectra and best-fit predictions (top two rows). The red (blue)
lines correspond to the best fit for the LMA (LOW) solution from Table 10.3. The solid
(dashed) lines correspond to SK-Only (SK+SNO) best fits using the integrated Apy. The
green lines correspond to the predictions for a constant value of P.. = 0.317 (Sec. 10.2.3).
The bottom left plot contains the measured values of the SK day-night rate asymmetry,
along with the predicted integrated Apy from the best fit. All errors are statistical and
energy-uncorrelated systematic errors combined in quadrature. The bottom right plot is the
combined SK-I/II/III/IV spectrum (see caption for Fig. 10.13).
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Figure 10.13: The SK-I/II/III/IV1664-day combined recoil electron spectrum. This spec-
trum is the combination of a given energy bin for each phase weighted by the statistical and
energy-uncorrelated error. It is provided for illustrative purposes and should not be used
for analysis. The red (blue) lines correspond to the best fit for the LMA (LOW) solution
from Table 10.3. The solid (dashed) lines correspond to SK-Only (SK4+SNO) best fits using
the integrated Apn. The green lines correspond to the predictions for a constant value of
P.. = 0.317 (Sec. 10.2.3). All errors are the combined statistical and energy-uncorrelated
systematic errors corresponding to the weighted sum of the errors from each phase.
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Table 10.3: The best fit parameters for the oscillation analysis using Lpy, and the best
fit LOW and LMA parameters using integrated Apy. Sin%6;3 = 0.020 is fixed. The final
column is the y? value and the number of degrees of freedom for the fit, including 6,5 and
Am3, as free parameters. The total SK fit has 83 spectral data points and 4 day-night
rate asymmetry data points. The SNO fit has 6 data points. The combined SK+4SNO fit
has 92 data points, since the B NC measurement from SNO is used as a constraint. Also
included are the constraints from the fit to SNO’s data and the combined SK+4-SNO fit. For
the LOW solution using Lpy, uncertainties in the oscillation parameters are not included,
as the region is excluded at greater than 30 by the LMA best fit using SK data alone. The
x? values between both methods should not be directly compared.

Data Method Region  sin” 6y Am3, [eV?] x*/NDF
SK-Only Integrated LMA  0.334705;0 4.077012 x 107°  69.59/85
Apn LOW  0.344%001 1267933 5 10-7  69.43/85

SNO LMA  0.314759019 5507157 x 10->  1.29/6
LOW  0.314%0010  1.26%9%2 x 10-7  0.92/6

SK+SNO Integrated LMA  0.31470%19 490711 % 1075 76.00/90
Apx LOW  0.31473%10  1.387013 % 10°7  76.16/90

SK-Only  Lpx LMA 033479050 4797130 x107°  58.73
LOW 0.334 1.26 x 1077 91.10

SK+SNO  Lpy LMA  0.31470010  4.847051 < 1075 64.06
LOW 0.314 1.38 x 1077 104.54

Constant P,. Fit to SK Spectrum

In addition to using solar neutrino P..(FE,) to predict the recoil electron spectra, one may
substitute the survival probabilities by polynomial and exponential functions for use in the
predictions. These functional descriptions provide a model-independent method of describing
the shape of P..(F,). A quadratic function has been employed by SNO to describe their

measurement of P2 (E,) [47]. SK has performed fits to spectral predictions created from

these functional forms of P..(E,). Details of SK’s fits and results are published in [42].

A survival probability of P.. = 0.317 corresponds to the survival probability above ~6

MeV for the best fit to all solar neutrino data. This value is used as a constant P.. fit,
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Table 10.4: Results from fitting SK data to a constant P,. = 0.317, independent of en-
ergy. The predicted recoil electron spectra include energy-dependent ES cross sections and
day /night corrections. For comparison, the best fit in the LMA region to all four phases of
SK is Xgpec = 68.38.

Fit  SK-I SK-II SK-III SK-IV | Combined
Xopee 1892 530 27.94 1550 69.30

independent of energy, to SK’s data. The constant P.. fit yields an average spectrum value
of r = 0.4268, assuming no oscillations (Eq. 10.10). The differences in the ES cross sections
between v, and v, , lead to an upturn at low energy, even for this constant value of P...
Additional effects on the spectrum are introduced by day/night corrections to the rates and
produce a downturn at low energy. These day/night corrections are on the order of ~1.5%.

The resulting recoil electron spectra are plotted as green lines in Fig. 10.12 and Fig. 10.13.

The results for the spectral fit Xgpec to the constant P,. are given in Table 10.4. The
x? values in the table do not include Lpy or the integrated Apy. The flat-fit results can be
used to compare how well the fits for the predicted spectra favor or disfavor a flat spectrum
and lack of a strong upturn of P, predicted by the MSW effect (in the LMA region). The
best fit to all four phases of SK using the solar neutrino P, calculations is x2,.. = 68.38 for
the LMA solution. The best fit favors the MSW upturn at about 0.960 compared to the

constant P, fit.
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10.3 SK+SNO-+Borexino A% Solar Neutrino Oscilla-

tion Analysis

10.3.1 SNO’s Polynomial ®B Solar Neutrino Analysis

SNO’s suggested procedure of analyzing their data and combining with other experiments
is described in [47]. Their procedure entails a simultaneous fit to the *B P2%(E,) and the
asymmetry in the day and night ®B survival probabilities A..(E,) centered around E, = 10
MeV (Eq. 3.16) and the ®B flux. This fit includes correlations between all six parameters.
Table 3.6 details the measured values of the fit coefficients for the SNO data and contains
the corresponding correlation matrix. The SNO analysis is discussed in Sec. 3.3.4. The

results of SNO’s three-phase analysis [47] are displayed in Fig. 3.9 for sin® ;3 = 0.

For each set of oscillation parameters, SNO simultaneously fits P2#(E, ) with quadratic

_ o PN(B)-PR(E,)

PN (BP0 (B, with a linear function. In the

functions and the asymmetry A..(E,)
SK+SNO combined solar neutrino oscillation analysis, the day and 1000 night zenith bin
survival probabilities used in the SK analyses are used to predict SNO’s polynomial coef-
ficients. The corresponding 1000 night P% are combined based on SNO’s cos ) exposure.
SNO’s procedure of simultaneously fitting the two polynomial functions is repeated here.
The resulting coefficients are compared against the corresponding measurements by SNO
(Table 3.6). SNO’s contours have been carefully reproduced in the SK solar neutrino oscilla-
tion analysis using SNO’s prescribed procedure. The 1-50 allowed SNO contours produced
by the SK analysis are plotted in Fig. 10.14 for sin® #;3 = 0.020. SNO has a slight preference
for LOW solution over the LMA, but excludes the SMA solution at 3c. The best fit points

for SNO in the LMA and LOW solutions are given in Table 10.3.
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Figure 10.14: The results of the fit to SNO’s data (1-5¢ included regions). Here, sin®#3 =
0.020.

10.3.2 SK+SNO Combined Analysis

SNO measures a similar energy range of ®B solar neutrinos as SK. A combined analysis
profits from correlations and is better than simply adding the x? of both experiments. The
results of the fit to SNO’s measurements can be described using a x? of the same form as
Eq. 10.14, and the x? is minimized in the same way. Because the SNO data is being fit
to, the 3 parameter is constrained directly through SNO’s ®B flux measurement. The 7
parameter is constrained based on the BS2005 SSM [57] hep flux constraint used by SNO

[47]: (7.9 +1.2) x 103/(cm? s).

By comparing the SK and SNO allowed contours (Fig. 10.15), we see that the SK 1-30
contours in the LMA region provide a tighter constraint to Am3, than SNO’s. In the LOW
region, the constraint on Am?2, is more comparable between the two experiments. We also
see that SNO’s contours more tightly constrain sin?#;5 in the LMA and LOW regions than
SK. While the SMA solution is only excluded by SNO at greater than 30, SK excludes it
at greater than 50. With the replacement of —2log Lpy by the sum of the integrated Apy

x2s, SK no longer disfavors the LOW solution at greater than 3o, and both SK and SNO
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Figure 10.15: The SK-Only (integrated Apy) and SNO 1-5¢ included regions for the LMA
(left) and LOW (right) solutions. The LMA vertical axis is linear scale, while the LOW
vertical axis is logarithmic scale.

include parts of the LOW solution at better than 1o. The Borexino day-night asymmetry
measurements discussed earlier will be used to exclude the LOW solution at greater than bo

in the final combined fit across experiments.

The SK and SNO analyses can be combined by using an SK-like x? fit to the SNO
coefficients and adding this fit to the SK combined spectral fit xZ,.. o, as a fifth phase. When
performing this combined fit, SNO’s ®B flux measurement is used to directly constrain .
The hep flux constraint is set to correspond to the constraint used in SNO’s analysis. The
resulting SK+SNO X3k qpecisno 18 fit to the 83 data points from SK and the five coeffi-
cients from SNO. The best-fit nuisance parameters (SBumin, min) from the minimized x? fit to
SK+SNO are applied to fit the SK integrated Apn. The total x§, , is given by Eq. 10.21,
where xZ,cc = X8k specsno- The combination of SK and SNO slightly favors the LMA so-
lution over the LOW Solution. The predicted SK-IV spectrum for the best fit to SK4+SNO

data in the LMA (LOW) solution is plotted as red (blue) dashed lines in Fig. ?7.
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10.3.3 The AB%SI measurement by Borexino

Borexino’s measurement of the day-night asymmetry for 862 keV "Be solar neutrinos (A;Bl\?)
[84] is discussed in Sec. 3.3.5. Using the SK-like definition of Apy = —Aq, (Eq. 3.17),

Borexino measures a day-night asymmetry of
AS?\? = —0.001 £ 0.012(stat) £ 0.007(sys). (10.22)

The same analysis framework used in the SK and SNO predictions is used to determine the
survival probabilities. Mono-energetic ‘Be 862 keV solar neutrinos are used to calculate the
P, and PP% probabilities. The zenith-dependent probabilities are combined to form PYeht
using the zenith distribution in Fig. 3.10. Instead of using 1000 night zenith bins, the PZ

are generated corresponding to the binning in 6y from the figure.

Since the neutrinos are mono-energetic, the differential rate with respect to the recoil
electron kinetic energy 7. is proportional to the combination of the survival probabilities

and differential cross sections:

dR do do
PZ Y 4 (1- P2~ 10.23
o | (1 p2) 2 (10.23
Here, ‘ilUT”; is the differential cross section corresponding to (v, e) ES, and d;T”: corresponds

to the (v,, e) ES cross sections. Because the Borexino analysis sets the range of T, €
[550 keV, 800 keV], we integrate the cross sections over T,, up to T ~665 keV. As used
in the spectrum predictions, the (v e) cross sections include the radiative corrections from

[41).

When calculating the predicted A8, both the flux and the number of target electrons

in the detector’s fiducial volume (V,) cancel. After integrating over 7., the predicted day-
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night asymmetry simply becomes

"Be o [Uyepelg + O-Vz(l — Pe]g)] — [OVePeNe + 0-1/1(1 _ Pel\;)}
ADN N [UVePc!:e) + O-V;c(l — Pe]:e))} + [UVePeN + O-Vx(]- . Peli)} : (1024)

e

Because the reaction that produces "Be solar neutrinos is the parent reaction to the one that
produces B solar neutrinos, the production location of the two species of solar neutrinos is
similar. However, the energy of the neutrinos differs by approximately an order of magnitude.
This means that the shape of equivalent levels of the day-night asymmetry for “Be 862 keV
solar neutrinos will be similar to that of ®B solar neutrinos, except shifted down by about
one order of magnitude. The shape of the contours of equal values in Apy are also in good

agreement with Fig. 3.11, after accounting for the shift in E,, between the two species.

A simple ¥? fit of the predicted “Be day-night asymmetry to the Borexino measurement
is performed, denoted as 2., The results of the fit to the Borexino AfR¢ measurement
are plotted in Fig. 10.16. The 1-50 exclusion contours are given, along with the resulting
LMA solution of SK+Borexino A3, The 3¢ exclusion contours reported by the Borexino

collaboration (right side of Fig. 3.10 [84]) were accurately reproduced.

R 7
10.4 Results of the SK+SNO+Borexino Ap Solar Neu-
trino Oscillation Analysis
Because the ratio in Eq. 10.24 removes any dependence on the flux, the correlations in the
flux between the "Be and the 8B (and hep) neutrinos from the SSM cancel. Therefore, the

day-night asymmetry xprp,, can simply be added to the total xg,, from the SK combined
spectral fit or the SK4+SNO fit:

X(zzomb = X%+A + X2B7BeA' (1025>
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Figure 10.16: The SK+Borexino ‘Be Apy results (1-50 included regions, solid lines), and
the excluded Borexino "‘Be Apy regions (1-5¢ included regions, dashed lines).

The results of the oscillation analysis, the 1-50 included regions of the (sin? 65, Am2,)
parameter space (two degrees of freedom), are plotted in Fig. 10.17. The top-left plot is the
SK-Only with integrated Apyn results, while the bottom-left includes the fit to the Borexino
AP, The center plots are the SNO results without (center-top) and with (center-bottom)
the fit to the Borexino AB¢. The top-right plot is the SK+SNO results without Borexino.
The results of the combined fit (SK+SNO+Borexino Af¥) are given in the bottom-right

plot.

The LOW solution in the combined fit is excluded at greater than 50, while leaving
the x2 ., in the LMA region unaltered from the x3,, value. Once including NSI in the
matter potential, the .5, removes any LOW-equivalent solutions that return due to the
change in the method of including the SK Apy into the NSI analysis. When including
the data from SNO, the same procedure for combining y? applies. In the no-NSI case for
SK+SNO, the LOW solution is again excluded while leaving the x3x_ gno unchanged in the
LMA region. The x? for the SK+Borexino LOW solution becomes 625.47, and the 2 for
the SK+SNO+Borexino fit is 758.50. When combing SK x?s (or SK+SNO) with Borexino
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in the NSI analysis, LOW-like solutions are strongly disfavored, and only LM A-like solutions

remain.
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Figure 10.17: The SK+Borexino ‘Be Apy results (1-5¢0 included regions, solid lines), and
the excluded Borexino "Be Apy regions (1-5¢ included regions, dashed lines).
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Chapter 11

The Solar Neutrino NSI Analysis

The formalism of including NSI into neutrino-matter interactions is discussed in Sec. 2.4.
The addition of the effective two-flavor NSI parameters €/, and e/, (f = e, u, d) into
the matter potential (Eq. 2.77) influences the neutrino wavefunction as a solar neutrino

propagates through matter.

The NSI Lagrangian (Eq. 2.69) is constructed to leave the charge current interactions
that produce solar neutrinos unaffected. This means that the (v, D) CC interactions in SNO,
the CC antineutrino interactions in the liquid scintillator of KamLAND, and the CC reactions
detected by the radiochemical experiments will remain unchanged by the introduction of NSI
[16]. Neutrino-electron elastic scattering reactions can be affected by the extra coupling with

electrons through €;; (a, 8 = e, u, 7) from the NSI matter potential in Eq. 2.73:

1+€ee €ep  €er

HNSE— \/20GEN.(r) | ¢ : (11.1)

mat

These €, parameters are the sum of the contributions from each fermion-neutrino interac-
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tions scaled by Y7, the ratio of the local fermion density N by the local electron density V.
(Eq. 2.78):

Cap = o+ EbgYateigYu= Y Vel (11.2)
f=e,u,d

where Yy = Ny/N, for f = e, u, d. The €3 parameters would modify the cross sections
through both the axial and vector currents. The neutrino-electron ES cross sections in SK,
Borexino, and SNO (D50), and, therefore, the detection reactions, would also be affected by
€5~ In this analysis, any extra contribution due to NSI with electrons in matter is neglected
(€55 = €71 = €7, = 0) so that the ES cross sections remain unaffected. Only the NSI between

solar neutrinos and a single type of quark (u or d) is considered at a time.

The neutral current reaction in SNO could also be affected by NSI, since that reaction
is dependent on the axial current. This analysis uses the NC constraint from SNO, as well
as their data in the combined fit (SK+SNO+Borexino Ap%). Any extracted dependence of
the ef;/j from either 6{1 or 6{2 would have to be the vector component exg (Eq. 2.72). The
axial component would need to be set to zero: eg’ﬁf =0— efbf = ei’ﬁf . This is the same

procedure used by Gonzalez-Garcia and Maltoni [17].

Current experimental constraints to flavor-dependent NSI (ef;ﬁ) have been performed
by SK using atmospheric data [127] and by the neutrino beam experiments NuTeV [128][129]
and CHARM-II [130][131]. These analyses constrain the u-related terms to be approximately
zero, i.e. €,, = €g, ~ 0. Additional constraints have been published by the COHERENT
neutrino-nucleus elastic scattering experiment [132] for electron-flavor vector-coupled NSI

€

ee ? ee

4V cuVy  The results of the analysis presented in this work can be used in

parameters: (e
conjunction with the results from these works to obtain limits on exg , for f = uord. The
dependence of 6{1 and 6{1 on 63;,3 and the parameters of Upyns are given by Eq. 2.82 and

Eq. 2.83 respectively. These effective NSI terms modify the two-flavor matter potential in
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Eq. 2.41 to become:

GpN, |cos® b3 + Y of Vel

Vst = (11.3)

Y
V2 Yyels —cos? b3 — Yyel,

where the NSI parameters in Eq. 2.77 have been written explicitly in terms of €], and e/,
(f = u, d). Explicitly writing the effective mixing angle in matter (Eq. 2.80) in terms of €/

and 6{2, one obtains:

A(cos? b1 + Yyel ) — Am2, cos(2615)
AYyel, + Am3, sin(2605,)

tan(QQNSI) = s (114)

where A = 2v/2GpN,E,. Similarly, writing out the explicit dependence of the effective

squared mass splitting in matter (Eq. 2.79) in terms of €/, and €/,, one gets:

Amig = \/[(A(0052913 +Yyel)) — Amd, cos(2612)}2 + [AYyel, + Am3, sin(2912)]2. (11.5)

It is the effective NSI parameters e/, and e/, (f = u or d) that will be tested in the analysis
presented in this work. The extraction of constraints on efiﬁ is beyond the results of this
analysis, which focuses solely on constraints solar neutrino data place on 6{1 and 6{2 for f=u

or d.

Solar neutrino data, including data from SK and SNO, has been used by theorists
to constrain the NSI parameters ¢/, and ¢/, in Friedland et al. [16] and Gonzalez-Garcia
and Maltoni [17]. These analyses constrain Am3, using fits to KamLAND data (assuming
CPT-invariance and antineutrino-NSI interactions in the Earth’s crust). The impact that
NSI has on the regions of (sin?#65, Am2,) allowed by KamLAND’s reactor antineutrino
measurements are somewhat insensitive to NSI due to the short path of the antineutrino

through the Earth’s crust. However, NSI does weaken their constraint on Am3,, and the

“darkside” region (sin? ;5 > 0.5) agrees with KamLAND’s data for more negative values of
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e, [17][133]. Fig. 11.1 shows the results from Gonzalez-Garcia and Maltoni [17], which uses
fits to all available solar and KamLAND data. The left side shows the results for NSI with
u-quarks, and the right side shows the results for NSI with d-quarks. The top row shows
the allowed regions of (sin® 65, Am2,), and the bottom row shows the allowed regions of
(e],,€l)). One should note that e/, = —2¢/ and e/, = 2¢/, (Eq. 2.81). The regions of color
denote their results using the polynomial fits to SNO’s data, while the black lines denote
fits to SNO’s measured fluxes and spectra. The green shaded regions denote the constraints
from atmospheric and long baseline data. Without NSI, the combined solar and KamLAND
measurements constrain Am3; to be between ~6.9x107° and ~8.2x107° eV? at 30. The
slightly weakened Am3, constraints for the combined solar and KamLAND measurements

are evidenced in this plot.

In both Friedland et al. and in Gonzalez-Garcia and Maltoni, their analysis employs
an analytic approximation of P,. instead of tracing the neutrino wavefunction through the
Sun (or the Earth). This approximation agrees well with the wavefunction-tracing method
for the LMA and darkside regions but breaks down when the adiabaticity of neutrino flavor
transition is violated. This violation occurs for small values of sin? 6,5 < 0.08, which cor-
responds to part of the small mixing angle (SMA) solution of the solar neutrino oscillation
parameter space. The analytic method works by considering the effect of the local electron
density (and quark density) where the neutrino is created on the matter potential, as the
local densities are the dominant contribution to the MSW effect. The survival probability is
calculated assuming the exponential solar mass density profile, and the analytic approxima-
tion averages out any directional information [16]. The analytic approximation also assumes

incoherent propagation of the neutrino mass eigenstate from the Sun to the Earth.

To avoid the breakdown of the analytic approximation, and to test a wider region of the
parameter space, the standard method employed by SK of tracing the neutrino wavefunction

through matter (Sec. 10.1) is used in the analysis presented here. The implementation of
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Figure 11.1: The allowed regions for the solar neutrino oscillation parameters (sin? 615, Am3,)
and NSI parameters published by Gonzalez-Garcia and Maltoni [17]. These contours are the
result of fitting to all available solar and KamLAND data. The left side shows the results
for NSI with u-quarks, and the right side shows the results for NSI with d-quarks. The top
row shows the allowed regions of (sin?#),, Am2,), and the bottom row shows the allowed
regions of (¢f,el). Here, D (N) stands for the diagonal (non-diagonal) component in the
two-flavor NSI matter potential. It should be noted that 6{1 = —26]’; and 6{2 = 26@. The
regions of color denote their results using the polynomial fits to SNO’s data, while the black
lines denote fits to SNO’s measured fluxes and spectra. The green shaded regions denote the

constraints from atmospheric and long baseline data.
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NSI into the tracing method of determining P,. was compared to the analytic approxima-
tion in LMA-like regions for various sets of (6{1, 6{2) values. The comparisons showed good
agreement of less than ~1% deviation in the tested regions. In the analysis presented in this

work, KamLAND reactor antineutrino data is not used.

With these choices, we look at the effect the NSI parameters have on SK’s predicted
recoil electron spectra. We can then use SK’s spectra and Apy data, SNO’s measured
neutrino spectrum, and Borexino’s Apy measurement of “Be solar neutrinos to constrain
the allowed values of (¢, €?) and (sin? 615, AmZ,). In this analysis, the tested values of
sin® 015 are between 1074 and 1, and the tested values of Am3, are between 10~ and 1073

eV2. The methods of creating the predictions for the three experiments and performing the

fits to the data are the same methods used in the no-NSI case described in Ch. 10.

11.1 The Effects of NSI on F.,. and Recoil Electron

Spectra Predictions

Fig. 11.2 displays the effects that NSI has on the survival probabilities as a function of
E,/Am3,. The top four panels are for d-quark NSI, and the bottom four panels are for
u-quark NSI. The left side is for sin? 6, = 0.334, which corresponds to the best fit LMA
point in the no-NSI case. The right side is for a darkside value of sin?6;5 = 0.799. The
first and third panels are for non-zero values of 6{1, and the second and fourth rows are for

non-zero values of 6{2.

When analyzing the effect of 6{1 and 6{2 on the oscillation probabilities and the result-
ing recoil electron spectral predictions, it is helpful to look at the best fit in the LMA and
an equivalent point in the darkside region. Additionally, when one NSI parameter is being

evaluated, the other parameter is held to zero. While the effect of NSI on LOW-like solutions
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will be discussed, KamLAND’s constraints on Am3, (assuming CPT-invariance) would re-
move these solutions from consideration, making them less interesting than the LMA region.
Because KamL AND data is not used in this analysis, and in the case of CPT violation, the

Borexino A/5¢ measurement removes LOW-like solutions independently of KamLAND.

For this reason, the primary focus of this analysis will be on LMA-like solutions. To
simplify the discussion, the NSI between u-quarks and solar neutrinos will be used for exam-
ple survival probabilities, spectra, and contours. Small differences between using up or down
quarks for NSI interactions occur due to the differences in the abundances of the quarks in
the Sun where the neutrinos are produced. The differing densities can be seen on the left
side of Fig. 3.3. These small differences have a small, though non-negligible, impact on
the best-fit points with NSI and the allowed parameters. One aspect of these differences is
evidenced in Fig. 11.2 (first and third row) by how rapidly the onset of transitioning between
an LMA-like P,, and a darkside-like P,. occurs for a step-size of Ae{l = 0.1. In the d-quark
case (first row), the transition is slower, taking five steps. In the u-quark case (third row),
the transition is more rapid, occurring in only three steps. The smaller d-quark density

causes a slightly finer scanning of the NSI effects than with the larger u-quark density.

The Effect due to e{l

The NSI parameter e, shifts the onset of the MSW effect (matter-dominated oscillations)
for P..(E,/Am3;). For values of sinf;5 < 0.5, positive values of NSI shift the onset of the
MSW effect to smaller values of (E,/Am3,). Large values of 6{1 compress the transition
region of the MSW effect to smaller (E,/AmZ,). Large values of e, also affect the LOW
solution by bringing the P,, out of the suppressed MSW region, which normally occurs at
higher (E,/Am3,), to lower values of (E,/Am3,). The LMA region is shifted towards smaller

values of sin® ;5 and to larger values of Am3,.
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Figure 11.2: ®B solar neutrino P2%(F,/Am3,). The top four panels are for (v d) NSI, and
the bottom four panels are for (v u) NSI. The left (right) side is the effect that NSI has on
an LMA (darkside) P... The first, second, third, and fourth rows correspond to NSI with
ed), ey, €v), and €Y, respectively, while holding the other NSI term to zero.
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The situation is reversed for darkside P... Large positive values of 6{1 tend to slowly
increase P, in the MSW region of (E,/Am3,), while negative values suppress P,.. The effect
that 6{1 has on the ®B solar neutrino survival probability can be seen in the first and third
row of Fig. 11.2. The left side panels of the figure are for the best-fit LMA (sin® 6,5 = 0.334).
The effect that €}, has on the spectral predictions in the four regions of interest (LMA, LOW,
darkside LMA, darkside LOW) is displayed in Fig. 11.3. The plotted spectral predictions

are the combined ®B and hep total rates.

For negative values of 6{1, the effects are reversed. The MSW effect on the LMA P, is
delayed to larger E,/Am3, and eventually causes the shape to be more darkside-like. The
darkside P,. becomes suppressed until it has a similar shape to the no-NSI LMA P,., and the
LMA-like region shifts toward larger values of sin? #;5. When the LMA-like region gets close
to the maximal mixing boundary at sin?6;5 = 0.5, the preferred solution is at small values
of sin? ;5 (the SMA-like solution) where the measured recoil electron spectra do not agree
well with the predictions. This occurs because, at maximal mixing, P?% = 0.5, independent
of any matter effects in the Sun. Any Earth-matter-induced effects are only on the level of a
few percent. The SK data strongly disfavors maximal mixing case. For NSI-affected spectra,
this situation occurs around 5{1 ~ —(0.4. Beyond 5{1 ~ —0.4, the LMA-like region is in the
darkside of the sin? 6y, space. For more negative values of e/, the darkside LMA-like region
begins to be pulled to higher values of Am3,, similar to large positive values of 6{1. The
effects on the LOW solution are similar. Fig. 11.4 shows the effect of €}, on the 1-30 allowed
contours in the (sin? 615, Am2,) parameter space. These allowed regions are with respect to
the minimum x? for the given pair of NSI parameters used to create the spectral and Apy

predictions.
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Figure 11.3: The effect of €}; on the SK-IV recoil electron spectrum predictions for the LMA
region (top-right) and LOW region (bottom-left), and the darkside equivalents (darkside
LMA = top-right and darkside LOW = bottom-right). On the left sin® ;5 = 0.334, and on
the right sin? 61, = 0.799. The top row corresponds to Am32, = 4.07 x 107° eV?2, while the
bottom row corresponds to Am3, = 1.26 x 1077 eV2 The spectral predictions include the
induced recoil electrons from both *B and hep neutrinos.
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Figure 11.4: The 1-30 (2 d.o.f.) allowed regions of (sin®#5, Am2,) for various values of
€}, in the SK-Only case. The minimum x? is with respect to the NSI parameters given in
each plot. The 1 (cyan), 2 (green) and 3 (red) o allowed regions for the given NSI case are
displayed. The no-NSI contours (black) are displayed for reference.
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The Effect due to 6{2

The NSI parameter €/, alters the shape of the transition between vacuum-dominated and
matter-dominated oscillations caused by the MSW effect. In the LMA region, more positive
values of 6{2 cause the upturn to become shallower, resulting in an increase to P,... Negative
values of 6{2 cause the upturn to distort into a downturn before rising back up to the corre-
sponding vacuum-dominated value of P,.. This downturn distortion effect can also cause an
upswing to larger P,. values at smaller E,/Am3, than the downturn before returning to the
vacuum-dominated values. It also causes the P,. value in the matter-dominated region to
be larger than when NSI is not present. The NSI parameter 6{2 can also cause the onset of
small rapid transitions in P... Rapid distortions are averaged out when creating the spectral
predictions due to energy resolution effects. The effect that 6{2 has on the ®*B solar neutrino

survival probability can be seen in the second and fourth rows of Fig. 11.2.

For the darkside P,., large magnitudes of 6{2 distort the hump in the onset of the MSW
region into a soft downturn. More negative values of 6{2 cause more of a hump in P,. before
falling to lower values that match the positive e/, of the same magnitude. The effect that ¥,
has on the spectral predictions in the four regions of interest (LMA, LOW, darkside LMA,

darkside LOW) is displayed in Fig. 11.5.

The effect of 6{2 on the LMA-like region is complicated, as the LMA-like solution is
distorted. Negative values of 6{2 stretch and break apart the region, while shifting it to
lower values of sin®#5. Positive values of 6{2 stretch the allowed region in sin®6;5. The
predicted spectra do not agree well with the no-NSI LOW-like spectra, and that region
becomes disfavored. Fig. 11.6 shows the effect of €}, on the 1-30 allowed contours in the
(sin? 015, Am2,) parameter space. These allowed regions are with respect to the minimum

x? for the given pair of NSI parameters used to create the predictions.
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Figure 11.5: The effect of €}, on the SK-IV recoil electron spectrum predictions for the LMA
region (top-right) and LOW region (bottom-left), and the darkside equivalents (darkside
LMA = top-right and darkside LOW = bottom-right). On the left sin® 6,5 = 0.334, and on
the right sin?#;, = 0.799. The top row corresponds to Am32, = 4.07 x 107° eV?, while the
bottom row corresponds to Am3, = 1.26 x 1077 eV2 The spectral predictions include the
induced recoil electrons from both *B and hep neutrinos.
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Figure 11.6: The 1-30 (2 d.o.f.) allowed regions of (sin®#5, Am2,) for various values of
€}y in the SK-Only case. The minimum x? is with respect to the NSI parameters given in
each plot. The 1 (cyan), 2 (green) and 3 (red) o allowed regions for the given NSI case are
displayed. The no-NSI contours (black) are displayed for reference.
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The combined effect of (¢f,,¢l,)

While a single NSI parameter may be tested at a time, the simultaneous effect of both
parameters for a given quark are considered in the analysis presented in this work. When
allowing both parameters to be non-zero, the combined effects previously described may
occur. The simultaneous effect of both NSI parameters (e}, €]5) on the no-NSI LMA best-fit
spectral predictions are plotted in Fig. 11.7. The blue lines are the predicted Night spectra
induced by ®B solar neutrinos and the red lines are the predicted Day spectra induced by
®B solar neutrinos. The solid-black lines are the total spectra induced by ®B solar neutrinos,
and the dashed-black lines are the total spectra induced by both ®B and hep solar neutrinos.

Fig. 11.8 shows these effects for the darkside LMA spectral predictions.

In both sets of spectral plots, the day-night asymmetry (the difference between the
red and blue lines divided by the solid black lines in each bin) can be affected by the NSI
parameters and can even become zero. In Fig. 11.7, the bottom-center panel displays a case
(0.0, -1.0) when NSI causes the Apx to become zero and even removes spectral distortions.
A similar effect can be seen in the bottom left panel (-1.0, -1.0) of the darkside LMA spectral

examples in Fig. 11.8.

Fig. 11.9 shows the effect of both (e},,€}y) on the 1-3¢ allowed contours in the
(sin? 015, Am2,) parameter space. These allowed regions are with respect to the minimum y?
for the given pair of NSI parameters used to create the predictions. The plots for the LMA
and darkside spectra and the plots for the (sin® 65, Am3,) parameter space all correspond

to the same set of (e}, €}y) values.

For negative values of both 6{1 and 6{2, the LMA and LOW solutions shift to the
darkside, as expected, but also begin to merge. This situation can be seen for the case of
(e}, €ly) = (—1.0,—1.0), which is plotted in the lower left of Fig. 11.9. A zoomed-in version

of this plot is given in Fig. 11.10. The LMA-like solution is denoted by the black lines
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resulting from including the fit to Borexino’s A;B§ data. As this plot indicates, LOW-like
solutions, such as the lower-left peninsula, are removed by including the fit to Borexino’s

7
ApRR¢ measurement.

330



0.9

0.8

0.7

Rate Ratio OSC/UNOSC

0.6

0.5

0.4

0.3

0.9

0.8

0.7

Rate Ratio OSC/UNOSC

0.6

0.5

04

0.3

0.9

0.8

0.7

Rate Ratio OSC/UNOSC

0.6

0.5

0.3

(-1.0, 1.0)

|

T T T T

ol b b b b by b a Ly
8 10 12 14 16 18
Recoil Electron Kinetic Energy [MeV]

(-1.0, 0.0)

}

|

ol b b b Lo by Lo a Iy
8 10 12 16 18
Recoil Electron Kinetic Energy [MeV]

L L e e

(-1.0, -1.0)

}

|

I

L

ol b b b b e be v n by
10 12 14 16 18
Recoil Electron Kinetic Energy [MeV]

Rate Ratio OSC/UNOSC Rate Ratio OSC/UNOSC

Rate Ratio OSC/UNOSC

0.9
wal (0.0, 1.0) ]
0rf- .
0.6/ .
[ s j
r [—r—
04 .
el bbb b Lo Lo e
03 10 12 14 16 18
Recoil Electron Kinetic Energy [MeV]
0.9y o R
oa (0.0,0.0) E
]
0.6 .
0.5 .
F W :
0.4 —
Dol bbb b benn Lo e
03 4 10 12 16 18
Recoil Electron Kinetic Energy [MeV]
0.9
osh (0.0,-1.0) E
3
]
k. ]
0.5 o ]
04 3
Celown bbb b b b e
03 4 6 10 12 14 16 18

Recoil Electron Kinetic Energy [MeV]

Rate Ratio OSC/UNOSC

\

|

Bovon b lv il

Rate Ratio OSC/UNOSC

Rate Ratio OSC/UNOSC

\

0.97

0.8

0.7

0.6

0.5

0.4

0.3

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.9

0.8

0.7

0.6

0.5

0.4

(1.0, 1.0)

t
i

|

I

sl

10 12 14 16 18
Recoil Electron Kinetic Energy [MeV]

e b b b Lo Lo Lo n Lo

e Pl i e b b L

8 10 12 16
Recoil Electron Kinetic Energy [MeV]

L e

(1.0, -1.0)

|

i

cod b il e b b by

/f

el b b Lo Lo Lo Lo a L

10 12 14 16 18
Recoil Electron Kinetic Energy [MeV]

Figure 11.7: The predicted recoil electron spectrum for sets of (€}, €}y) at the no-NSI LMA
best-fit point. The red (blue) line corresponds to the day (night) spectrum due to *B neu-
trinos. The solid black lines correspond to the day and night combined rate. The dashed
line is the combined rate including the contribution of hep neutrinos to the spectrum.
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Figure 11.8: The predicted recoil electron spectrum for sets of (e}, €}y) at the darkside LMA
point of sin?#, = 0.799. The value of Am?2, is the same as the LMA best-fit point for
no-NSI. The red (blue) line corresponds to the day (night) spectrum due to ®B neutrinos.
The solid black lines correspond to the day and night combined rate. The dashed line is the
combined rate including the contribution of hep neutrinos to the spectrum.
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Figure 11.9: The simultaneous effect of non-zero (€}, €}y) on the oscillation contours. The
minimum x? is with respect to the NSI parameters given in each plot.
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Figure 11.10: The SK-Only 1 (cyan) 2 (green) and 3 (red) o included regions for (e}, €}y) =
(—1.0,—1.0). The black dashed lines are the LMA-like included regions from SK+Borexino
Ag?\?. The region without the black dashed lines in the lower right of the figure corresponds
to the NSI-equivalent LOW solution that is removed by including the fit to Borexino’s data.

11.2 Results of the Solar Neutrino NSI Analysis

The NSI parameter e‘ll’ld is allowed to range between —6. and +6., while ellléd can range between
—7. and +5. Positive values of 6{2 are not as well favored by SK data as are negative values.
The very large values of the NSI parameters were chosen in an attempt to see if the NSI
contours would close at two o (with 2 d.o.f.). However, they do not close for large values of
e{l or 6{2, since, based on the work by Gonzalez-Garcia and Maltoni [17], it seems that tight
constraints on Am2, are needed. For parameter estimation, the two-dimensional contours are
drawn for the one, two, and three ¢ included confidence regions for two degrees of freedom.
This corresponds to Ax? values of 2.296, 6.180, and 11.829 respectively. The non-displayed
parameters are profiled over. When profiling, for each pair of displayed parameters, the
minimum y? value for the corresponding set of non-displayed parameters is chosen as the
x? for that pair of displayed parameters. The results for SK-Only (including the SNO NC
constraint) will be reported first, followed by SK with the addition of the fit to Borexino’s

A3 measurement, and finally the combined result of SK+SNO and the fit to A, The
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results for each case are given in Table 11.1, along with SK4+SNO.
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Table 11.1: The results of the SK solar neutrino NSI analysis. Each line corresponds to the
best fit for the given data set stated in the first column. SK-Only denotes the use of the
SK recoil electron spectra and integrated Apy data for SK-I1/I1/I11/TV while using the SNO
NC measurement. The SK-Only result is in an LOW-like solution of the (sin? 69, Am3,)
parameter space. SK+Borexino denotes the combined x? of SK-Only result and Borexino’s
measure of the day-night asymmetry for 862 keV "Be solar neutrinos. The SK+Borexino
result removes LOW-like solutions and the best fit is in an LMA-like solution. SK+SNO
denotes the combined fit to SK and SNO data. Combined denotes the combined fit to the
SK, SNO, and Borexino measurements. The second column corresponds to the fermion f
with which the NSI occur, for the no-NSI case (-), or for up (u) or down (d) quarks. The
third and fourth columns are the resulting best-fit NSI parameters €], and €/, (f = u,d) for
the fit. Similarly, the fifth and sixth columns are the best-fit sin® ;5 and Am2,. The value
of sin® f;3 = 0.020 is fixed for this analysis. Results with Am2, < 1075 eV? are in LOW-like
solutions, while above this value, they are in LMA-like solutions. The last column contains
the x? for the given best-fit point and the number of degrees of freedom (NDF). With no-NSI,
there are two degrees of freedom from sin? ;5 and Am32,. With NSI, two additional degrees
of freedom are added: (6{1, 6{2), where f =u, d. The bottom table contains the log-likelihood
ratio (1 d.o.f) of the NSI best fit and the no-NSI best fit and the corresponding o-value for
SK-Only, SK and Borexino A;3¢, and the combined fit of SK+SNO with Borexino A5¢.

_Quark NSI  Fitted Data €/ el sin? 012 AmZ, [eV?] x%/NDF
11 12 21

- SK-Only 0 0  0.3442 1.258 x 107 69.43/85
- SK+Borexino 0 0 0.3339 4.073 x 10° 69.59/86
- SK+SNO 0 0 03137 4.897 x 10° 75.99/90
- Combined 0 0 03137 4.897 x 10° 76.00/91

SK-Only  -25 -3.1 0.8519 1.148 x 10 66.77/83
SK+Borexino 5.1 -6.4 0.1864 5.957 x 10°  66.80/84
SK+SNO  -22 -1.4 0.9380 1.259 x 10°® 72.27/88
Combined 0.5 -1.0 0.1935 1.175 x 10° 72.95/89
SK-Only  -3.3 -3.1 0.8835 1.202x 10° 66.18/83
SK+Borexino -2.4 -2.0 0.8340 2.113 x 10° 66.83/84
SK+SNO  -3.3 -3.1 0.8835 1.202 x 106 70.60/88
Combined  -5.1 -6.7 0.7992 8.035 x 10° 72.23/89

Qe 22 <2

1 D.O.F. Log-Likelihood Ratio (LLR = log £L(NSI-best) — log £(0.0,0.0)) and o-value.

NSI SK+SNO+Borexino

Quark f SK-Only SK+Borexino (Combined Fit)
LLR o LLR o LLR o

u 1.33 1.63 1.40 1.67 1.53 1.75

d 1.63 1.80 1.38 1.66 1.89 1.94
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11.2.1 SK-Only Results

Using SK solar neutrino data (and SNO’s NC constraint), the allowed 1-30 regions (2 d.o.f.)
for NSI between solar neutrinos u-quarks or d-quarks are plotted in the top row of Fig.
11.11. The results for the up-quark (down-quark) case are given in the left (right) column.
The best-fit point is denoted by the yellow triangle. The top row of Fig. 11.12 contains the
allowed values of sin® 1, and Am2, from the SK-Only fit, with the u-quark (d-quark) results

plotted on the left (right) side of the figure.

Similar to the case with no-NSI, the best-fit point in either case prefers a LOW-like
solution, as evidenced by the best fit being disfavored by more than 50 when including the
fit to Borexino’s A];Bl\?. For the u-quark best fit to SK-Only, the Ag?\}” fit adds 69.8 units of x2,
while for the d-quark best fit, the fit adds 35.7 units of x?. The expansion of the contours is
expected due to the introduction of the two extra parameters, and the disjointed nature is

expected due to the effects of €/,

The corresponding one-dimensional Ay? values for the NSI parameters are plotted in
the top row of Fig. 11.13. The ¢/, (¢f,) parameter is plotted on the left side (right side)
of the figure. The up quark (down quark) results are plotted as a solid blue (black dashed)

line. All non-displayed parameters are profiled over.

The resulting SK-Only best fit for up-quark NSI is at (e}, e}y, sin® 019, Am3;) =
(—2.5,—3.1,0.8519, 1.148 x 109 eV?) with a x? value of 66.77. The d-quark NSI best-fit
location is at (€3, €%y, sin? 019, Am2,) = (—3.3, —3.1,0.8835,1.202 x 10° eV?) with a x? value
of 66.18. The d-quark NSI scenario is slightly favorable to the u-quark scenario, and both

are slightly favorable to the case with No-NSI. The one-dimensional log-likelihood ratio

LLR = log £L(NSI-best) — log £(0.0,0.0) (11.6)
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for the u-quark (d-quark) best fit is 1.3 (1.6). The corresponding o-value is 1.60 for NSI

with up quarks and 1.8¢ for NSI with down quarks.
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Figure 11.11: The SK-Only (top row) results and SK+ Borexino A5¢ results (bottom row)
for the allowed values of (€l,,€l,), where f = u, d. The case for NSI with u-quarks is plotted
on the left, and the case for NSI with d-quarks is plotted on the right. The 1 (blue), 2
(teal) and 3 (green) o confidence level allowed regions for the parameters are obtained by
profiling over the non-displayed parameters. The top row contains the allowed values of
(sin? 015, AmZ,), and the bottom row contains the allowed values of (€85, i), The best-fit
point is denoted by a yellow triangle. Differences in the allowed regions between the up and
down quark cases are due to their differing densities in the Sun (and Earth).
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Figure 11.12: The SK-Only (top row) results and SK+ Borexino A;5¢ results (bottom row)
for the allowed values of (sin? 65, Am2,) in the case of NSI with u-quarks (left) and d-quarks
(right). The 1 (blue), 2 (teal) and 3 (green) o confidence level allowed regions for the
parameters are obtained by profiling over the non-displayed parameters. The best-fit point
is denoted by a yellow triangle. Differences in the allowed regions between the up and down
quark cases are due to their differing densities in the Sun (and Earth). The best-fit point is
in the LOW-like solution on the darkside in both NSI cases for SK-Only. For SK+ Borexino
A;)Bl\}*, LOWe-like solutions are removed. The u-quark best-fit point is on the standard LMA
side, while the d-quark best-fit point is in the darkside LMA region.
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Figure 11.13: The one-dimensional Ax? limits for the NSI parameters 6{1 (left) and (—:{2
(right). The top row contains the results from the SK-Only fit, and the bottom row contains
the results from the SK + Borexino A5¢ fit. The u-quark (d-quark) case is plotted with a
solid blue (black dashed) line. All non-displayed parameters are profiled over.
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11.2.2 SK+Borexino A5

As stated earlier, the addition of the fit to Borexino’s measurement of nearly zero A{R¢ [84]
removes LOW-like solutions. The allowed NSI contours are plotted in the bottom row of
Fig. 11.11, and the allowed (sin? 6,5, Am2,) contours are plotted in the bottom row of Fig.
11.12. The 1o allowed NSI parameters for the u-quark case change a little, and the best fit
shifts from the darkside LMA to a value of sin®#;5 more similar to standard LMA values.
This shift between the standard LMA region and the darkside LMA is reflected in the shift
of the best fit in €}, from a negative value to a positive value. For the d-quark NSI case,
the removal of the LOW-like solutions brings back standard LMA regions of sin®#;,, and
equivalently allows for more positive values of €J;. The corresponding one-dimensional Ay?
values for the NSI parameters are plotted in the bottom row of Fig. 11.13. The €], (¢],)
parameter is plotted on the left side (right side) of the figure. The up quark (down quark)

results are plotted as a solid blue (black dashed) line.

The best fit to both SK data and Borexino’s day-night asymmetry in the up-quark NSI
scenario is at (e}, €ly, sin? 015, Am3,) = (5.1, —6.4,0.1864, 5.957 x 10° eV?) with a x? value
of 66.80. It prefers a value of sin? ;5 less than 0.5, closer to the no-NSI LMA region. The
best fit for down quark is at (—2.4, —2.0,0.8340,2.113 x 10 eV?) with a x? value of 66.83.
The d-quark best fit prefers the darkside LMA solution. By removing LOW-like solutions,
the u-quark NSI scenario is barely favorable to the d-quark scenario, since their x? values
differ by only 0.06. Again, both NSI cases are slightly favorable to the case without NSI.

The resulting LLR for NSI with either up quarks or down quarks is 1.4 (1.70).
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11.2.3 SK+SNO+Borexino A

With the combined fit to SK+SNO and including the fit to Borexino’s A{R¢, the tension
in sin” Ay, between the two experiments becomes important. The tension comes from the
average value of P,. allowed by the ES rate in SK and the P,. allowed by the rate of (v D)
CC reactions in SNO. These two reactions have different effects at low and high energies.
SK has a much larger exposure (fiducial volume x live time) than SNO and also has a higher
rate of low energy solar neutrino-induced ES recoil electrons. This allows SK to place tighter
constraints than SNO on the low energy side of the recoil electron spectrum and P,.. In
SNO, the 1.4 MeV nuclear threshold of the deuteron breakup is an effective neutrino-energy
threshold, and the low energy measurements get smeared out by ES. This weakens SNO’s
ability to constrain the low energy side of the P... However, it creates a stronger constraint
on the higher energy side of P,.. The energy of the protons produced by the (v d) CC
reaction in SNO is tightly correlated to the neutrino energy, which gives SNO more statistics

for higher energy solar neutrinos.

The allowed NSI contours are given in Fig. 11.14, and the allowed (sin® 605, Am2,)
contours are plotted in Fig. 11.15. One can see there are now holes (2 < o < 3 regions, i.e.
green regions) which appear in the 20 included regions (teal). These holes appear due to the
squeezing of the LMA-side and darkside contours in Am?,, in large part from constraining the
larger values of Am3,. In the u-quark case, the hole that appears at (e}, €}y) = (—3.5, —2.5)

is a result of the shrinking peninsula just below Am2, = 107, near sin® ;5 ~ 0.86.

In the d-quark case, all of the large holes are predominantly a result of the tighter
constraints at large Am?2,. The diagonal holes are also caused, in part, by this effect. The
tightened contour around (sin? 6o, Am2,) ~ (0.12,3 x 1075) contributes to the diagonal
holes for €§; > 0. The lower bound of the horn-like shape on the darkside between 0.66 <

sin? 02, < 0.75 and 107> < Am2, < 10~* eV? contributes to the diagonal hole near (-1.5,-2.5)
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in the corresponding NSI parameter space.

For the up-quark NSI scenario, the best-fit point to the combined fit again prefers a
sin? 05 value near the no-NSI LMA region. It is located at (0.5, —1.0,0.1935, 1.175x 10 eV?)
and has a x? value of 72.95. The down quark best fit also prefers the darkside LMA, and it
is located at (—5.1, —6.7,0.7992, 8.035 x 10 eV?) with a x? value of 72.23. In the combined
result, the d-quark NSI scenario is once again more favorable to the u-quark scenario. Their
x? values differ by 0.72 units. Similar to the previous fits, both NSI scenarios are slightly
more favorable than without NSI. The LLR for the u-quark best fit and the no-NSI best fit
is 1.5 (1.80). For d-quark NSI, the LLR is 1.9 (1.90). In both cases, no-NSI is still included

at better than the 95% confidence level.

The one-dimensional Ay? results for the NSI parameters from the combined fit are
plotted in Fig. 11.16. The ¢!, (el,) parameter is plotted on the left side (right side) of the

figure. The up quark (down quark) results are plotted as a solid blue (black dashed) line.
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Figure 11.14: The SK + SNO + Borexino A/5¢ results for allowed values of (ef,, ¢f,), where
f = u, d. The case for NSI with u-quarks is plotted on the left, and the case for NSI with d-
quarks is plotted on the right. The 1 (blue), 2 (teal) and 3 (green) o confidence level allowed
regions for the parameters are obtained by profiling over the non-displayed parameters. The
top row contains the allowed values of (sin? 65, Am3,), and the bottom row contains the
allowed values of (%, €%5"). The best-fit point is denoted by a yellow triangle. Differences in
the allowed regions between the up and down quark cases are due to their differing densities
in the Sun (and Earth).
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Figure 11.15:

Solar Osc. Parameters SK+SNO+BBe7A NSI: u-quarks, min (0.1935,1.175e-5)
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solution on the darkside in both cases.
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The SK + SNO + Borexino AB¢ results for the allowed values of
(sin? 015, Am2,) in the case of NSI with u-quarks (top) and d-quarks (bottom). The 1 (blue),
2 (teal) and 3 (green) o confidence level allowed regions for the parameters are obtained
by profiling over the non-displayed parameters. The best-fit point is denoted by a yellow
triangle. Differences in the allowed regions between the up and down quark cases are due
to their differing densities in the Sun (and Earth). The best-fit point is in the LMA-like
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Figure 11.16: The SK + SNO + Borexino A} one-dimensional Ay? limits for the NSI
parameters €/, (left) and e/, (right). The u-quark (d-quark) case is plotted with a solid blue
(black dashed) line. All non-displayed parameters are profiled over.

11.2.4 The Best-Fit Recoil Electron Spectra and Integrated Apn

Results

The spectral results for NSI with u-quarks (d-quarks) for each SK-Phase are plotted in Fig.
11.17 with the SK-Only results as solid (dashed) blue lines, and with the SK + Borexino
AB?\? results as solid (dashed) red lines. The day-night asymmetry results are plotted in the
bottom-left panel of the figure. The bottom-right panel contains the illustrative combination
of SK-I/II/II1/IV spectra and best fits. The best fit LMA result (SK 4 Borexino A;5¢) from
the no-NSI case (gray lines) is plotted for comparison. A zoomed version of the lower right
panel from Fig. 11.17 is given in Fig. 11.19 along with the constant-value P.. spectrum

(green) for comparison.

The results for the combined fit to SK+SNO + Borexino A data are plotted in Fig.
11.18 as the solid (dashed) blue lines for the u-quark (d-quark) NSI case. The red lines and

gray lines still correspond to the SK + Borexino AB¢ results with and without NSI from
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Fig. 11.17. A zoomed version of the lower right panel from Fig. 11.18 is given in Fig. 11.20

along with the constant-value P,. spectrum (green) for comparison.

Common examples of best-fit survival probabilities are given in Fig. 11.21. The no-NSI
P.. are for the best fit to all solar data (green) and to all solar and KamLAND data (blue).
The NSI survival probabilities are common examples for good fits for SK4+SNO + Borexino
AP, The dashed black lines are for the SK+SNO quadratic fit results published in the
SK-IV 1664 day paper [42], while the blue band is for an updated result that includes most

of the full SK-IV data set (~2800 days).

The SK-Only best fit with u-quark NSI prediction has a slight downturn below 6.99
MeV, while the SK+Borexino Ag?\? prediction is relatively flat below this energy. The be-
havior of the d-quark NSI best fits is the opposite to that of the u-quark NSI best fit in both
cases. By including the combined fit with SNO, the spectra have a slight upturn, though
not to the same scale as the no-NSI LMA case. In all cases, the shape of the spectrum at

low energy is flat or has a downturn.

Comparisons of the SK-Only NSI results (and SK + Borexino A];Ef@) with the spectrum
due to a constant P,. = 0.317 (Sec. 10.2.3) demonstrate the central energy region of the
spectra has an improved fit over both the no-NSI and constant P.. cases. The energy bins
below 4.99 MeV were removed energy bin by energy bin and the fit re-performed for the
best-fit results and the constant P,. spectra. The results of the no-NSI (LMA and LOW),
SK-Only, and SK + Borexino A];Bl\‘f were checked for both quarks and are reported in Table
11.2 and Table 11.3. As the lower energy bins were removed from the fit, the SK-I/11/I11/IV
combined spectral fit was consistently better with the NSI cases than with either the constant
P, case or the no-NSI cases. This indicates that the central energy region of the spectral
fits, specifically for SK-I and SK-IV, are the dominant contribution to the better x? from

the spectral fit.
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Table 11.2: The comparisons between the fits to spectra from a constant P.. = 0.317 and
the best-fit spectra from the no-NSI case (LMA and LOW), and between the spectra from
a constant P, and spectra with NSI effects (SK-Only and SK + Borexino A5¢). The first
table contains the results for fitting to the full spectra. The second table is the results of
fitting to the spectra above 4.49 MeV. The difference in the spectral fit x? to the constant
P.. spectral fit is given as AxZ . = XZpee — Xeonst- Better fits will have positive values of
AX2 .« and poorer fits will have negative values. Dashes indicate fits that are unaffected by
changing the lower threshold of the spectral fit. For the 4.49 MeV threshold, three spectral
data points have been removed from the fit: one from SK-III and two from SK-IV. For the
4.99 MeV threshold case and the 5.49 MeV threshold case, refer to Table 11.3.

Full Spectral Fits with no ®B flux constraint

Prediction SK-I/1I/111/IV SK-I SK-II SK-IIT SK-IV
Constant P, 69.30 18.92 5.30 27.94 15.5

X2 Axgons‘c X2 AXgonst X2 AXzonst X2 AX(Q:onst X2 AX(2zonst
No-NSI LOW 68.26 1.04 19.32 —-0.40 5.45 -0.15 27.97 —-0.03 13.97 1.54
No-NSI LMA 68.38 0.92 19.39 —-047 543 -0.13 2814 -0.20 13.79 1.71
d SK-Only 65.36 3.94 17.82 1.10 5.27 0.03 2746 0.48 13.40 2.10
d SK+-Borexino 64.14 5.16 17.29 1.63 5.08 0.22 27.32 0.62 1293 2.57
u SK-Only 65.71  3.59 18.06 0.87 5.24 0.06 2775 0.19  13.13 2.37

u SK+Borexino 64.61 4.69 17.40 1.52 5.07 0.23 27.18 0.76  13.61 1.89

Fits for T, > 4.49 (no ®B flux constraint)

Prediction SK-I/11/III/IV  SK-I SK-II SK-III SK-1V
Constant P.. 68.16 - - 27.94 14.31

X2 Axgonst X2 Axgonst X2 AX(z:onst
No-NSI LOW 66.76 1.40 - - 27.96 —0.02 12.68 1.63
No-NSI LMA 66.74 1.42 - - 28.12 —0.19 12.39 1.91
d SK-Only 64.36 3.80 - - 27.46 0.48 12.53 1.78
d SK+Borexino 63.08 5.07 - - 27.32 0.62 12.01 2.30
u SK-Only 64.55 3.61 - - 27.74 0.19 12.14 2.17
u SK+Borexino 63.66 4.50 - - 27.18 0.76 12.77 1.53
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Table 11.3: The comparisons between the fits to spectra from a constant P.,. = 0.317 and
the best-fit spectra from the no-NSI case (LMA and LOW), and between the spectra from
a constant P, and spectra with NSI effects (SK-Only and SK + Borexino A5¢). The first
table contains the results for fitting to the spectra above 4.99 MeV. The second table is the
results of fitting to the spectra above 5.49 MeV. The difference in the spectral fit x? to the
constant P, spectral fit is given as AxZ . = Xipee — Xoonst- Better fits will have positive
values of Ax?2 .. and poorer fits will have negative values. Dashes indicate fits that are
unaffected by changing the lower threshold of the spectral fit. For the 4.99 MeV (5.49 MeV)
threshold case, six (nine) spectral data points have been removed from the fit: one, three,
and four (two, four, and five) from SK-I, SK-III, and SK-IV respectively. For the 4.49 MeV
threshold and full spectral comparisons, refer to Table 11.2.

Fits for T, > 4.99 (no ®B flux constraint)

Prediction SK-1/1I/II1/IV SK-I SK-II SK-IIT SK-IV
Constant P 63.98 19.39 - 27.78 9.86

X2 AXzonst X2 AXgonst X2 AXgonst X2 AXgonst
No-NSI LOW 63.69 0.29 19.33  0.06 - 2789 —0.11 9.25 0.62
No-NSI LMA 63.89 0.08 19.40 —0.01 - 28.07 —0.29 9.16 0.70
d SK-Only 60.39 3.59 17.80 1.58 - 27.32 0.46 8.28 1.58
d SK+Borexino 99.23 4.74 17.29 2.10 - 27.20 0.58 7.85 2.01
u SK-Only 60.96 3.01 18.05 1.33 - 27.64 0.14 8.22 1.65
u SK+Borexino 59.37 4.61 17.38 2.01 - 27.02 0.76 8.24 1.62

Fits for T, > 5.49 (no ®B flux constraint)

Prediction SK-I/1I/I11/TV SK-I SK-II SK-III SK-1V
Constant P, 62.50 18.73 - 27.17 9.02

X* AXZonst X7 AXZonst X* AXeonst X0 AxXonst
No-NSI LOW 61.98 0.51 18.26 0.47 - 27.02 0.15 8.90 0.12
No-NSI LMA 62.05 0.44 18.21 0.52 - 27.12 0.05 8.90 0.13
d SK-Only 57.69 4.80 16.45 2.28 - 26.45 0.71 7.28 1.74
d SK+Borexino 58.90 3.59 17.02 1.71 - 26.61 0.55 7.69 1.33
u SK-Only 57.90 4.59 16.74 1.99 - 26.41 0.75 7.39 1.63
u SK+Borexino 59.40 3.10 17.15 1.58 - 26.84 0.33 7.76 1.26
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Figure 11.17: The SK Spectra with the best-fit NSI predictions for SK-Only (blue) and SK
+ Borexino A% (red). The data (black lines) includes statistical and energy-uncorrelated
errors added in quadrature. The best fit predictions and data for the integrated Apy are
plotted in the bottom left panel. The bottom right panel is the SK-I/11/II1/TV combined
spectra, which is provided for illustrative purposes. The solid (dashed) lines correspond to
NSI with up quarks (down quarks). The LMA best fit for no-NSI (solid gray line) is plotted

for comparison.
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Figure 11.18: The SK Spectra with the best-fit NSI predictions for SK + Borexino AB¢ (red)

and the combined fit to SK+SNO + Borexino A/5¢ (blue). The data (black lines) includes
statistical and energy-uncorrelated errors added in quadrature. The best fit predictions and
data for the integrated Apn are plotted in the bottom left panel. The bottom right panel
is the SK-I/II/III/IV combined spectra, which is provided for illustrative purposes. The
solid (dashed) lines correspond to NSI with up quarks (down quarks). The LMA best fit for

no-NSI (solid gray line) is plotted for comparison.
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Figure 11.19: The SK-I/II/III/IV1664-day combined recoil electron spectrum. This spec-
trum is the combination of a given energy bin for each phase weighted by the statistical and
energy-uncorrelated error. It is provided for illustrative purposes and should not be used
for analysis. The best-fit NSI predictions for SK + Borexino A;Bl\‘f are plotted in red, and
the combined fit to SK+SNO + Borexino A3 are plotted blue. The solid (dashed) lines
correspond to NSI with up quarks (down quarks). The LMA best fit for no-NSI (solid gray
line) and constant-value P, spectra (solid green line) are plotted for comparison. All errors
are the combined statistical and energy-uncorrelated systematic errors corresponding to the
weighted sum of the errors from each phase.
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Figure 11.20: The SK-I/II/III/IV1664-day combined recoil electron spectrum. This spec-
trum is the combination of a given energy bin for each phase weighted by the statistical and
energy-uncorrelated error. It is provided for illustrative purposes and should not be used for
analysis. The best-fit NSI predictions for SK + Borexino Ag?\? are plotted in red, and the
combined best fits to SK+SNO + Borexino A;Ef\? are plotted blue. The solid (dashed) lines
correspond to NSI with up quarks (down quarks). The LMA best fit for no-NSI (solid gray
line) and constant-value P.. spectra (solid green line) are plotted for comparison. All errors
are the combined statistical and energy-uncorrelated systematic errors corresponding to the
weighted sum of the errors from each phase.
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Figure 11.21: The best fit P.,. with and without NSI. The NSI survival probabilities are
common examples for good fits for SK+SNO + Borexino A5¢.

11.3 Conclusion and Discussion

Super-Kamiokande data shows a preference for non-standard interactions between °B (and
hep) solar neutrinos and up and down quarks in the matter the neutrinos traverse. The
results for each combination of fits to data (SK, SNO, and Borexino) are summarized in
Table 11.1 for no-NSI, NSI with up quarks, and NSI with down quarks. The fit to SK-I,
SK-II, SK-ITI, and SK-IV spectral and integrated day-night rate asymmetry data prefers the
LOW solution with no-NSI at x3,, = 69.43. In the LMA region, the best-fit point with
no NSI gives 3,4 = 69.59. This value is unaffected by including Borexino data (less than

0.01%).

With the two additional degrees of freedom from the NSI parameters, the best-fit x3, »
is 66.77 (66.18) for u-quarks (d-quarks). In both cases, the darkside LOW-like solution is
preferred. SK data is better fit by NSI spectral predictions than no-NSI LOW spectral
predictions. The one-dimensional log-likelihood ratio (LLR) comparing NSI to no-NSI (Eq.
11.6) is LLR = 1.3 for up quark NSI and LLR = 1.6 for down quark NSI. The LLR values
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result in a o-value of 1.60 (1.80) for u-quarks (d-quarks). The results for the different
data-sets that are fit to and the NSI scenario are listed in Table 11.1. The top sub-table
includes the best-fit NSI, sin? 6,5, and Am2, values, and the x?/NDF for each fit. The bottom

sub-table contains the log-likelihood ratios and corresponding o-values for each case.

Using the fit to Borexino’s A/53¢ removes LOW and LOW-like solutions. After remov-
ing LOW-like solutions, the LLR is slightly improved in the u-quark case and the o-value
increases by 0.04c0. In the down quark case, the LLR decreases to 1.4 and has a correspond-
ingly lower o-value of 1.70. After performing a combined fit to SK and SNO’s data and
incorporating Borexino’s A5¢, the LLR value is better in both cases: LLR = 1.5 (1.70) for
u-quarks and LLR = 1.9 (1.90) for d-quarks. Compared to the SK-Only fit, the combined

fit increases the confidence level for the up-quark NSI and down-quark NSI by 0.10.

The allowed regions for the parameters in all of the cases are reported, as well as the
one-dimensional results for the NSI parameters. In all cases, 6{2 > 0.1 is disfavored at more
than 1.50. Without including SNO data, the NSI best fits prefer flatter spectra at low energy
or downturns. By including SNO, the best fits yield spectra with slight upturns, but not
as strong as the standard MSW LMA predictions (no-NSI). By comparing to a constant
P.. spectral prediction, the better results for the fits using the predictions with NSI can be
attributed to the NSI predictions being a better fit for the shape of the spectra above 4.99

MeV than the predicted spectra without NSI (or the constant P.. spectra).

11.3.1 Discussion

The analysis would most benefit from including an NSI analysis of KamLAND’s data,
since it would greatly constrain the Am3, values and could possibly disfavor large values
of NSI. Fig. 11.22 shows the effect on the allowed NSI-parameter contours from constraining

6.0 x 107 eV? < Am?, < 9.0 x 107° eV?. To properly compare constraints from this anal-
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ysis to those performed externally, a KamLAND NSI analysis is crucial. Additionally, an
incorporation of ef; 5 NSI parameter limits measured in SK’s atmospheric NSI analysis [127]
and those measured by long baseline neutrino experiments may impact the allowed values

of 6{1 and 6{2.

An additional benefit of constraining the squared mass splitting would be the reduced
calculation time required for this analysis. The framework for this analysis is also currently
prepared to test the case for allowing NSI with both quarks at the same magnitude: €;; =

e; X (Ya£Y,) for j=1,2. In these two scenarios, €i; would be the free NSI parameters.

SK also has an additional ~1300 days of SK-IV data, which includes ~1000 days of
low energy, 31-hit trigger threshold data that could be used in this analysis. Several years of
even lower energy solar neutrino data (below 3.49 MeV) from the SK Wideband Intelligent
Trigger needs to be analyzed and could be incorporated into this analysis. The low energy
behavior of the spectra would help to further constrain the shape of the upturn, and the
larger statistics for high energy recoil electrons can further constrain the tilt of the spectrum.
The smaller statistical errors in the central part of the spectrum will also impact the allowed
shape for the NSI spectra. The NSI analysis is ready to be applied to the full SK-I1/11/111/IV
solar neutrino data set after the SK-IV data set and systematic errors are finalized. The
SK-IV spectral and integrated Apy predictions would need to be recalculated with the new

full SK-IV period results before performing the x2 . fits.
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Figure 11.22: The effect on the allowed NSI parameters when enforcing simple constraint:
Am?, € (6 x 107°,9 x 107°) eV®. A KamLAND NSI analysis would help to constrain
the allowed values of Am?,. However, KamLAND NSI analysis would do more than just
constrain the squared mass splitting, as the predicted antineutrino spectra and flux would
be changed by the NSI parameters and could be disfavored by fits to their data.
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