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1 Executive Summary

We present here the characteristics and physics program of a fourth-generation, 200 kt
water Cherenkov detector. The detector would be located underground with an overburden
of 4300 meters water equivalent, and have an effective photocathode coverage of roughly the
equivalent of the Super-Kamiokande II detector.

One of the biggest mysteries of the new physics of the lepton sector is why the mixing is
so different than in the quark sector. While small mixing in the quark sector ‘makes sense’—
the weak flavor eigenstates are nearly the same as the strong eigenstates—neutrinos are a
perplexing mix of two large and one small angle. A v, for example, is nearly an equal mixture
of v, and v,, at odds with our intuition that the hierarchy of neutrino mass eigenstates should
‘look like’ the charged flavor eigenstates. A major future goal of the neutrino program is to
determine how fundamental the differences between the mixing in the quark and lepton
sectors really are, and whether this can help point us toward a more complete theory of
flavor.

We have therefore focused LBNE on the area of neutrino mixing that is least known.
The primary physics is aimed at v, appearance measurements, with the highest priority
being a search for a Standard Model-like CP-violating asymmetry in the oscillation v, — v,
with a beam originating at Fermi National Accelerator Laboratory. Other beam-related v,
appearance measurements include a resolution of the neutrino mass hierarchy, precision
measurement of 613, and observation of the matter effect. (These beam-related measurements
can all be made at much shallower depth than 4300 m.w.e.). We anticipate that in five years
of running a 700 kW beam in neutrino mode, and five years of running in antineutrino mode,
we will be able to make a 3o discovery of CP violation, for 50% of all dcp values, for values
of sin? 20,3 > 0.03. If the value of 05 is below the sensitive range of experiments such as
T2K, NOvA, or the reactor antineutrino experiments such as Daya Bay, we expect in the
normal hierarchy scenario to be sensitive to values of sin? 263 ~ 0.002 — 0.008, depending
on the value of d¢op. For a 2 MW beam, like that discussed for Project X, we push both
the 50% CP coverage point and the three sigma resolution of the mass hierarchy down
to values near sin?26;3 = 0.01. The 30 discovery point for non-zero 63 moves down to
sin? 2015 ~ 0.001 — 0.004 in the 2 MW beam scenario.
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The large mass and depth of the water Cherenkov detector will also allow a search for
proton decay, which in e*7® mode would push the lifetime sensitivity to nearly 10%° years in
10 years of running. Supernova burst neutrinos can also be observed should such an event
happen during the detector’s lifetime, with a total event count above threshold expected to
be ~ 30, 000 for a supernova within a 10 kpc radius of Earth. Observation of such supernova
neutrinos could also provide sensitivity to neutrino parameters: just a few thousand events
are likely to be enough to distinguish the mass hierarchy at the 30 level. We expect a handful
of events for a supernova as distant as the Andromeda galaxy.

A rich program of additional neutrino physics and astrophysics is possible with a large
water Cherenkov detector located deep underground, as demonstrated by experiments like
SNO and Super-Kamiokande. Remarkably, the dynamic range of the physics accessible in
these detectors extends from a few MeV to hundreds of TeV. With enhancements to the
detector such as increased photocathode coverage and a consequent lowering of the energy
threshold, we would expect the experiment to be able to make the first 30 observation of
the day/night asymmetry in the solar neutrino flux, a ‘smoking gun’ signature of the matter
effect. Loading the water with a nucleus that has a high neutron capture cross section,
such as Gd, could also enable an observation of the relic supernova neutrino background,
and possibly allow observation of other low-energy antineutrino sources. A Gd-loaded water
detector could also be used as a target for lower-energy antineutrino beams, like those that
could be produced by stopped pions created by low-cost cyclotrons. Lastly, as the SNO+
experiment has shown, water Cherenkov detectors can be converted to liquid scintillator
detectors allowing even lower energy neutrino measurements like the flux of geoneutrinos, or
precision neutrino measurements using small modular reactors.

Table 1-1 is a partial summary of the wide-ranging physics capabilities of this detector,
including the reach possible with marginal detector enhancements. The water Cherenkov
detector provides a unique opportunity for an experiment with a broad physics impact that
will be both scientifically compelling and internationally competitive.

The long experimental record of large water Cherenkov experiments significantly re-
duces the risk of both the design and the physics extraction from the detector. Members
of the LBNE collaboration come from nearly every large-scale Cherenkov experiment ever
built—IMB, Kamiokande, Super-Kamiokande, SNO, MiniBooNE, Auger, and ICECUBE.
There are just three major challenges in constructing the 200 kt detector we envision here:
the excavation and maintenance of a large cavity, ensuring the photomultiplier tube array is
robust against implosion failure, and a reasonable cost.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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Physics Sensitivity Workable Additional Marginal
Depth Requirements Det. Cost
Beam v, appearance with 200 kt/700kW (2 MW), 5 + 5 years livetime
013 # 0 sin? 2015 > 0.007(0.004) 800 ft None 0
30, all écp
Mass Hierarchy 30 resolution 800 ft None 0
all 5cp,
for sin? 2913 > 004(001)
CP Violation 3o discovery 800 ft None 0
for 50% dcp range
sin? 26;3 > 0.03(0.01)
Beam v, disappearance with 200 kt/700kW, 5 + 5 years livetime
d(Am3,) <0.013 x 107% eV? (v) 800 ft None 0
<0.015 x 1073 eV? (v)
(sin? 203) < 0.005 (v) 800 ft None 0
< 0.007 (v)
Non-Accelerator, 200 kt, 10 years livetime
Proton Decay (eTn%) 0.6 x 10%® years 4300 ft  None 0
Supernova Bursts 30,000 events 3850 ft None 0
at 10 kpc
Solar v Day/Night 0.5% on Apn 4300 ft 1.5x PMT coverage $50M
Supernova Bursts IBD tagging 3850 ft 2x PMT Coverage $120M
Gd loading
Relic Supernova vs 9-50 events/yr 4300 ft 2x PMT coverage $120M
40 event bkd Gd loading
dcp (Daedalus [1]) 30 discovery 4300 ft 2x PMT coverage  $120M
for 100% dcp range Gd loading
SiIl2 2013 > (0.004
Proton Decay (K*7) 1.0 x 10 years 4300 ft 100kt scintillator $100M
Geoneutrinos 3770 events/year 4300 ft 100kt scintillator $150M

1.5x PMT coverage

Table 1-1: Summary of sensitivities for priimary physics and for additional physics made possible
with enhancements to the detector configuration. Marginal cost column refers detector enhancement
costs for each physics topic (they are not additive). Additional physics such at atmospheric neutrinos
are not shown. Possible cost savings by going to a shallower depth have not been evaluated or

LLBMNEIWeiss Gherenkov Detector
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2 Physics Goals

The primary physics goal of LBNE is to measure the oscillations of accelerator-generated
neutrinos. Oscillations occur due to the quantum mechanical mixing between the flavor states
of the neutrinos (e, p, 7) and the mass states. Although to date all experimental results are
satisfactorily described by the independent mixing of two flavors, the simplest explanation
for neutrino flavor transformation is to borrow the three-flavor mixing structure already
seen in the quark sector. The new scenario thus adds at least seven new parameters to the
Standard Model, or nine if neutrinos turn out to be Majorana particles.

The three flavor-mixing scenario for neutrinos can be described by three mixing angles
(012, 623 and 613) and one CP-violating phase (d¢p). The probability for neutrino oscillation
also depends on the difference in the squares of the masses, Amfj =m? — m?; with three
neutrinos, there are two independent mass squared differences (Am3; and Am3,). Oscillations
of a muon neutrino beam over a long baseline can be studied to measure 03, 613, dcp
and Am3,. In fact, all the neutrino oscillation parameters can be studied in a large water
Cherenkov detector, as 615 and Am32, can be explored with solar neutrinos.

The entire complement of all neutrino experiments to date has measured just four of the
mixing parameters: two angles, fa3 and 6, and two mass differences, Am3,; and AmZ,. The
sign of Am?2, is known, but not that of Am2,. Limits have been placed on the third mixing
angle, 63, which is much smaller than the others, and therefore the mixing is quantitatively
quite unlike the quark sector. A major future goal of the neutrino program is to determine
how fundamental the differences between the mixing in the quark and lepton sectors really
are, and whether this can help point us toward a more complete theory of flavor.

Observation of v, — v, oscillations are the key to measuring 63 and determining
the mass hierarchy (the sign of Am2,). The signature of CP violation is a difference in the
probability for v, — v, and 7, — 7, transitions. The signal for v, — v, oscillations is an
excess of v,-like interactions over the background expected from beam v, and v..

The study of the disappearance of v, probes 653 and |Am3,|. Experiments suggest that
023 is very close to maximal (sin?(2643) > 0.92 at 90% confidence level). A precision test of
whether 6,3 is significantly different from maximal can also be done with LBNE.
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One of the key predictions of Grand Unified Theories (GUTS) is a finite nucleon lifetime.
The primary requirements for a proton decay search are detector mass and livetime. In
addition, a low background rate and significant detection efficiency are desirable. There are
two important modes that will be studied: p — en® and p — vK+. These are the generic
decay modes predicted by many models.

In a water Cherenkov detector, the signature for the e™n® channel is 3 electron-like
rings—1 from the positron and 2 from the decay of the 7° into two gammas. The current
limit on this decay mode set by Super-Kamiokande is 1.2 x 1034 years at the 90% confidence
level [2,3]. The detection efficiency (~ 37%) for this mode is dominated by pion absorption
in the nucleus and cannot be significantly improved. An order of magnitude improvement
in this mode by Super-Kamiokande, which currently has no nucleon decay candidates, can
only be achieved by running Super-Kamiokande for an additional 30-40 more years. The
sensitivity would be extended by a larger water Cherenkov detector at Homestake.

The K*v channel is more difficult to observe in a water Cherenkov detector, as neither
of the final state particles are visible — the KT is produced with a momentum that is
below the Cherenkov threshold. The kaon decays with a lifetime 12.4 ns by K+ — pty,
or K* — 77 When a proton bound in an oxygen atom decays, it produces a nitrogen
ion in an excited state that decays about a third of the time via a detectable photon of ~6
MeV. The signature of this decay in a water Cherenkov detector is the delayed coincidence
between the proton decay tagged by the 6 MeV photon and the kaon decay. Thus the energy
threshold, which depends on the photocathode coverage, must be low enough to detect the
6 MeV gamma. Super-Kamiokande used this method to set a limit of 2.3 x 103 years [4].
Th K*v mode could also be explored further with a detector at Homestake if adequate
phototube coverage can be implemented.

A large water Cherenkov detector for LBNE would have the potential to study neutrinos
from natural sources, for example:

e Supernova neutrinos — Studying the neutrinos emitted during a supernova could pro-
vide significant insight into these events. A nearby supernova would produce a large
burst of neutrino events in a large-scale water Cherenkov detector, providing detailed
timing and spectral information. There is a precedent for the detection of neutrinos
from supernova bursts — 19 events were seen in water Cherenkov detectors (IMB and
Kamiokande) from SN1987A.

e Relic supernova antineutrinos (also called the diffuse supernova neutrino background)
— Since nearby supernovae are rare, identifying the antineutrinos from far away super-
novae might provide the best chance to study them. The shape of the supernova relic
neutrino spectrum will provide a test of the uniformity of neutrino emissions in core-
collapse supernovae. Super—-Kamiokande has set the best limit on the flux of supernova
relic neutrinos [84], but the measurement is background limited. Reducing background

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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and lowering the energy threshold are key to observing these neutrinos. The Super—
Kamiokande limit is very close to theoretical predictions, and thus the discovery of
relic supernova neutrinos is within reach.

e Solar neutrinos—Study neutrino oscillations (612, Am2,) and get a better understand-
ing of the solar neutrino spectrum. One important goal is the search for the as yet un-
observed day/night asymmetry of solar neutrinos, a signature prediction of the MSW
or matter effect. Predictions based on the best-fit values of the mixing parameters (in
the ‘LMA’ region) show that the asymmetry should be detectable if a measurement can
be made with a statistical precision better than 1%, and a large-scale water Cherenkov
detector with a low energy threshold would make this possible.

e Atmospheric neutrinos — Atmospheric neutrinos are unique among sources used to
study oscillations: the oscillated flux contains neutrinos and antineutrinos of all flavors,
matter effects may play a significant role, and the oscillation phenomenology plays out
over several decades in energy and path length. These characteristics of the atmospheric
flux make it an ideal source for studying a wide range of oscillation and mixing effects.
The large size of the water Cherenkov detector aids in the study of these events, because
even at very high energies the events can be contained within the detector volume.

LBNE Water Cherenkov Detector
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3 Depth Requirements

In 2008, the LBNE science collaboration undertook a detailed study of the depth re-
quirements for the main physics topics of interest with large detectors [5]. The topics con-
sidered were accelerator-generated neutrinos, supernovae, solar and atmospheric neutrinos,
and nucleon decay. The requirement on the depth of the detector is guided by the rate of
the desired signals and the rate of backgrounds from cosmic rays over a very wide range of
energies from solar neutrino energies of 5 MeV to high energies in the range of hundreds of

GeV.

To meet the requirements for the neutrino beam physics, a water Cherenkov detector
does not need to be deeper than about 1000 meter water equivalent (mwe). The small duty
cycle of beam events means that the integrated beam-gated livetime of the experiment is
just 100 sec per year or so (10usec/pulse x107 pulses/year) and therefore the background
from cosmic ray events is negligible. At 1000 mwe, the number of cosmic ray events in a 200
kt water Cherenkov detector is about equal to the number of charged current events (see
Table 3-1) and can be eliminated from topological considerations (even without a full veto).
At the 4850L, the number of cosmic ray events is negligible.

Table 3—1: The rate of cosmic ray muons in a 65 m height/diameter detector assuming a
cos?@ distribution (there will be a small correction at the deepest levels). The second column
is the number of cosmic rays in 10-microsecond-long pulses for 107 pulses, corresponding
to approximately one year of running, versus depth in meters-water-equivalent (mwe). The
4850L is equivalent to 4290 mwe.

Rate(Hz) | In-time cosmic/yr | Depth (mwe)
3600 Hz 360,000 265

188 Hz 18,800 880

5.0 Hz 200 2300

1.4 Hz 140 2960
0.58 Hz o8 3490
0.47 Hz 47 3620
0.16 Hz 16 4290
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Table 3-2 shows the overburden required for different physics processes for the water
Cherenkov detector.

Table 3-2: Depth requirements for physics measurements. The depth requirements in meters-
water-equivalent (mwe) for different physics measurements. Given the average rock density
of about 2.7 t/m? at Homestake, 1 mwe ~ 1 ft. overburden.

Physics WCh depth

Long-Baseline Accelerator 800

p—etm >3,000

p— KTv >3,000

Day/Night 8B Solar ~ 4,300
Supernova Burst 3,500
Relic Supernova 4,300
Atmospheric v 2,400

The rock (“Yates formation” or amphibolite) at the 4850L is extremely competent
and very well suited for the excavation of large caverns. This level of the Homestake mine
has access to both the Ross and Yates Shaft and other infrastructure at the 4850L. Hence
the broad physics program available to the detector and practical considerations of the
underground environment converge on the 4850L for the location of the water Cherenkov
detector

Although it is possible to perform the neutrino beam measurements at the 1000 mwe
depth, the shallower depth would lead to a narrower physics program. Given the anticipated
> 30 year lifetime of the experiment, the proposed depth of 4850 was chosen to maximize
opportunities for non-accelerator-based measurements, with particular emphasis on minimiz-
ing background in proton decay. We feel the rich program of physics possible at the greater
depth will provide many opportunities for graduate students and post-docs to engage in
research that is both scientifically compelling and internationally competitive. An additional
advantage of the broader program is that, even when the beam is unavailable, the detector
can continue to make precision measurements of neutrinos from extra-terrestrial sources or
continue the search for nucleon decay.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0



4 Detector Reference Design

4.1 Introduction

The LBNE collaboration is compromised of members who have spent the past few
decades on the design and optimization of several different large-scale Cherenkov detectors.
The LBNE water Cherenkov detector will be a fourth-generation instrument, born of a
unique combination of the best ideas from the collaboration’s prior experience. Our combined
expertise has lead us to a current reference design that optimizes mass and light collection,
water purity, and careful control and measurement of systematic uncertainties, all with the
restriction of reasonable cost. We anticipate that this reference design will evolve as we
continue to exchange old ideas from our knowledge of prior detectors and generate new ideas
specific to LBNE’s physics goals.

4.2 Detector Elements

The LBNE water Cherenkov reference design at the Homestake mine requires a large
excavated cavity in the very strong and stable Yates (or amphibolite) rock formation. The
cavity will be lined with a smooth, watertight liner and then filled with extremely pure
ASTM Type-1 water. About 29,000 PMTs, with additional light collectors, will detect the
Cherenkov light from relativistic charged particles or gamma rays, and each will be connected
via a single cable carrying both high-voltage (HV) and signal to readout electronics above the
water. An extensive water-purification plant has been designed to fill the detector in about
three months’ time, and to repurify one volume of water in about one month. The size of a
water Cherenkov detector is determined by three factors. First is the maximum transverse
diameter of the cavern allowed by the rock properties and appropriate ground support.
Current studies indicate this distance is 65 meters. Second is the maximum depth of the
water limited by the pressure tolerance of the PMTs (and ultimately the rock properties).
Finally, the maximum path length for Cherenkov light is limited by the attenuation lengths
of water and by Rayleigh scattering to be ~80-100 m over the Cherenkov wavelength region
of interest. The good uniformity of rock stress in the horizontal plane on the 4850L of the

11
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Homestake mine leads to the current reference design of a cylindrical cavern, with a water
diameter of 65 m and depth of ~80 m. The total mass of water is 260 kt, and with a 2.0 m
fiducial cut around the boundaries yields a fiducial volume of 200 kt.

4.3 Cavern Size and Shape

The maximum diameter of the cavern is determined by rock conditions. In 2010 the
LBNE project commissioned a report from Golder Associates [6] on alternative cavern shapes
as part of a value engineering exercise. The purpose was to find the cavern shape appropriate
for the rock conditions at the 4850L providing the cavern with smallest surface to volume
ratio. This minimizes the cost of the PMTs, which are the dominant cost driver of the WCD
technical components. Several cavern shapes were considered, and the result of the report
was that given the roughly equal stresses in the horizontal plane a right circular cylinder was
the best shape. Their analysis included the known properties of the rock and its environment
from mapping of the existing drifts and analysis of cores from bore holes drilled as part of
the geotech investigation for DUSEL. The report concluded: a “domed, upright, cylindrical
caverns are feasible up to spans of about 217 ft (66 m).” They further conclude that no
additional ‘special’ costs are incurred going from a 100kt to a 300kt cavity (the costs scale
linearly), indicating that even at 300kt, there is no need for the development of new ground
support techniques.

The Golder report and the plans therein were further reviewed by the DUSEL Large
Cavity Advisory Board (LCAB) in April 2011, whose members are Evert Hoek, Ed Cording,
and Derek Martin. They make the following points in their executive summary:

e A combination of favorable rock mass strength and structural conditions and an in situ
stress field that is reasonably benign means that a stable 65 m diameter 102 m high
vertical cylindrical cavern can be constructed at the selected location on the 4850 level
of the Homestake mine.

e The hemispherical shape of the cavern dome and the cylindrical shape of the main
body of the cavern are both close to optimum in terms of inducing a stress field that
will support potentially unstable wedges while, at the same time, not overstress the
intact rock surrounding the cavern. The chosen cavern shape has significant advantages
compared to alternative cavern shapes, such as a letter-box cavern, since it avoids the
formation of tensile stress regions and deep zones of low confining pressures in large
planar walls.

e The increased size of the 200 Kt cavern, compared to the 100 Kt cavern considered
to date, means that access for construction of the dome can be provided by a simple
ramp from the 4850 level. Consequently, the halo drift proposed for the 100 Kt cavern
is no longer required.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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e While the combination of cavern size and depth below surface of the 200 Kt WCD is
beyond precedent, the factors that control the stability of the cavern are well within our
experience and technical knowledge base. It has been demonstrated that structurally
controlled gravity-driven wedge instability can be controlled by a carefully designed
excavation sequence and the installation of grouted rockbolts and cables as was done
in the Norwegian Ice Hockey cavern. In fact, the Norwegian cavern has approximately
the same width as the 200Kt WCD, but its letterbox configuration is a more severe
geometry that can produce larger wedges than the axisymmetric configuration of the
WCD. It has also been demonstrated that adverse in situ stress conditions giving rise
to spalling and even rockbursting can also be controlled by carefully designed exca-
vation and support installation methods such as those used for the Sudbury Neutrino
Observatory cavern. Even though the WCD is located at significant depth, the rock
strength is sufficient so that stress-induced spalling will be limited and rock bursting
will not develop, as demonstrated by both analyses and the extensive experience in
mining and driving drifts at the 4850 level.

e Based on analyses of rock strength, in situ stresses, and structural features mapped
and laser scanned in existing excavations on the 4850 level, it has been concluded that
a pattern of 15 m long 50 ton capacity cables on a 2.5 x 2.5 m grid would provide
adequate support for any potential gravity driven wedge failures in the rock mass
surrounding the 200 Kt WCD cavern. Untensioned grouted rockbolts of 5 m length
and spaced on a 2.5 x 2.5 m grid, centered on the midpoints of the cable pattern, and
a layer of shotcrete installed close to the advancing excavation front would provide
support for small-scale wedges and breakouts and limit loosening of the rock near the
excavation surface. It is possible that a reduction of both cable length and capacity
of the cables may be achieved by further optimization studies and further exploration
at the selected cavern site. However, it is recommended that the sizes and capacities
listed above be used in present cost estimates.

e The LCAB recommends that the double corrosion protection system that has been
proposed for the cavern designs considered to date should be eliminated and that
standard cement grout installation procedures should be used. These procedures were
used for both the 62 m span Norwegian Ice Hockey cavern and the 2070 m deep Sudbury
Neutrino Observatory cavern and have been used for many of the large underground
powerhouse caverns constructed and operating over the past 50 years.

There is clearly value in making the cavity as large as possible up to the constraints
given by rock mechanics, light attenuation in water and PMT mechanical stability under
pressure, since the surface to volume ratio is a major cost driver. A 65 m diameter cavity is
technically feasible and would allow a scientifically compelling and internationally competi-
tive experiment to be launched at DUSEL in a single cavity.

Based on these analyses, the reference design for the 200kt LBNE water Cherenkov
detector is a cavern with a free diameter of 65 m.

LBNE Water Cherenkov Detector
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The two other drivers for the cavern dimensions are the maximum working pressure for
the PMTs under water and the attenuation and scattering of light. Table 4—1 lists physics
and safety requirements for the water Cherenkov detector. Various design specifications and
the dimensions of the chamber are shown in Table 4-2. For our reference design, LBNE has
assumed a technically feasible 65 m diameter excavation as shown in Figures 4-1 and 4-2.

20M
=T/ q 8 E NN {5 48501
A5 M
200 KTON FIDUCIAL VVCLIUME
802 M NEAT LINE
726 M 813 M
Y
A
! 42M
: B L 547
593
BEOM

Figure 4-1: Cross-sectional view of 200 kt cavity, with dimensions labelled.

Once the cavern is excavated, it must be prepared to hold water, divert native water in
a systematic way so it can be collected without pressure buildup, and anticipate and collect
leaks from the detector volume. The main function of the watertight liner is to provide an
absolute barrier between the highly purified water (ASTM Type 1, ultra purified water) in the
detector and any underground water that might seep into the excavations. We have selected a
liner attached directly to the shotcrete selected for the case study as it maximizes the fiducial
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Table 4-1: List of requirements for the water Cherenkov detector

[tem ‘ Value ‘ Reason

Fiducial volume of WCh de- | 200 kt Neutrino oscillation param-

tector eter measurement, proton
decay

Maximum distance between | 5 km Neutrino beam opening an-

cavities perpendicular to gle

neutrino beam

Maximum depth of water | ~100 m PMT collapse under water

above lowest PMT pressure

Depth of cavity below sur- | 4850L Cosmogenic background to

face proton decay

Maximum distance between | 80-100 m Water attenuation length

any two PMTs at peak PMT wavelength
sensitivity when convolved
with Cherenkov light spec-
trum

FV cut 2m from PMT photocathode,
top bottom and sides Cos-
mic ray rejection

Cavity lifetime > 30 years Proton decay, neutrino os-

cillation parameter
surement

mea-

Egress (From all drifts and
cavities during all phases of
construction and operation)

Dual egress

Personnel safety

Water temperature 13 °C £+ 2°C Reduce biological growth

Temperature 22°C + 4°C Standard ventilation air
temperature

Humidity of dome air 40% +10% RH. | Standard ventilation air
temperature

Code requirements

TBD

Personnel, equipment, or fa-
cility safety
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Figure 4-2: Illustration of the full complex for the 200kt water Cherenkov detector at the
4850L, showing the detector itself, the utility drift containing the water repurification plant,
electrical systems and other infrastructure, and the secondary access drift from the 4850L.
The Davis chamber, Majorana transition cavity, Yates shaft and an area of refuge are visible
in the background.
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Table 4-2: Water Cherenkov Cavern Physics Specification

’ Item \ Specification ‘

Shape An unobstructed right cylindrical
volume free of rock outcroppings
or ground support

Free diameter 65 m (maximum allowed by
geotech analysis of rock condi-
tions)

Top of right cylindrical Level with the 4850L

Free height from (possibly vir- | 81.3m*
tual) flat floor to 4850L

Fiducial volume dimensions 59.3 m diameter by 72.8 m high,
200 kt FV

Lifetime >30 years

Water temperature 13°C 4+ 2°C

Dome air temperature, relative | 22°C +4°C, 40% + 10% RH

humidity

volume for a constant excavation size, and is cheaper to build. Magnetic ‘compensation’ coils
will be embedded in the wall to partially cancel the Earth’s magnetic field, thus improving
PMT efficiency and charge response.

4.4 Photodetectors

The photomultiplier tubes (PMTs) are the only active element in the water Cherenkov
detector, and as such they have a direct impact on the physics reach of the experiment. The
total number of photons detected, their times of arrival, and the angular positions relative to
a hypothesized Cherenkov cone (or cones) determine the detector’s energy and position reso-
lution, its efficiency for particle identification and ultimately background rejection. We have
been examining PMTs made by two vendors: Hamamatsu Corporation, and ADIT/ETL. For
our reference design, we have selected 12” photomultiplier tubes with high quantum efficiency
(HQE) photocathodes, that are being developed by Hamamatsu Corporation. Figure 4-3 is
a photograph of a sample 12”7 PMT, with a standard efficiency photocathode.

Several studies [8,9,2], have shown that the photodetection efficiency of Super-Kamiokande II,
in which roughly half of the PMTs had been removed, is capable of providing the necessary
reconstruction and particle identification to achieve the LBNE accelerator physics, super-
nova burst, and proton decay physics goals. Scaling from the Super-K II coverage to the
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Figure 4-3: Hamamatsu R11781 127 PMT, designed for LBNE.

needed coverage for the LBNE water Cherenkov detector requires a knowledge of the rela-
tive active areas of the Super-K 20” PMTs, the relative quantum efficiency as a function of
wavelength of the Super-K and LBNE PMTs, the wavelength spectrum of Cherenkov light
and the optical properties (attenuation lengths) of the water.

We have recently received newly-developed high quantum efficiency 12”7 PMTs from
Hamamatsu, and tests of these tubes will be starting very soon. We have already made direct
comparisons using a Cherenkov source between a Super-K 20” PMT and a 10” high quantum
efficiency PMT produced by Hamamatsu, and found that the scaling between the two was
roughly what we would expect based on a direct comparison of Hamamatsu’s published
quantum efficiency curves for the two PMTs. We have also compared 10” HQE PMTs with
12”7 standard quantum efficiency PMTs, illuminated simultaneously by the same Cherenkov
source, and also find that the scaling between them agrees with the expected differences in
quantum efficiency and PMT area. Hamamatsu has previously provided ‘enhanced quantum
efficiency’ (EQE) versions of the 12”7 PMTs, and our initial tests of these tubes show that
they have quantum efficiencies as much as 35% higher than the standard 12”7 PMTs, for
about a ~29% absolute quantum efficiency.

The agreement to date between our measurements and Hamamatsu’s claimed efficien-
cies gives us confidence that their published efficiency curves are generally correct, and we
have used them to write a simple parameterized simulation that distributes event vertices
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throughout the 200 kt detector volume, produces Cherenkov light and propagates the photons
through the optical transmission of the water. For this simulation, we have conservatively
assumed that the newly received HQE PMTs from Hamamatsu will not achieve the same
34% quantum efficiency as the 10”7 PMTs, but that they will be no better than 30%. We
have run the same simulation for Super-K 20” PMTs and 12”7 HQE tubes, and as shown
in Figure 4-4 find that to provide equivalent photodetection efficiency as Super-K II we
would need roughly 37,000 127 HQE PMTs, without any additional light collection such as
Winston cones. We have checked the parameterized simulation against the complete hit-level
simulation (‘WCSim’), described in Section 5.2 developed for LBNE for the 10” HQE case,
and find very good agreement.

| 200 kiloton Detector with 12" HQE PMTs _ #|PMTs (thousands)
30 35 40 45 50

- -
() £

-

o o e
B = o«
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Figure 4-4: Number of 127 HQE PMTs needed to provide the same number of pe/MeV
as Super-K II. This does not include any additional enhancement from light collectors, and
assumes that the quantum efficiency of the 12” tubes is slightly below that of the off-the-shelf
10" HQE PMTs.

To further reduce the number of PMTs and thus reduce overall costs, our reference
design assumes that some kind of light enhancement will be used: either reflective Winston
concentrators like those used for SNO, or wavelength-shifter plates like those used in IMB,
or a combination of the two. While SNO achieved roughly a 50% improvement in light
collection with the Winston cones, we conservatively assume that any LBNE light collection
will have roughly a 40% improvement. We have made measurements with several LBNE-
designed reflective Winston cone light collectors, and found that for a standard shape we
do, indeed, see roughly a 40% light collection improvement, and for a ‘wide’ Winston cone
we see as much as a factor of three improvement, albeit with some degradation to the width
of the prompt time peak (which moves from about 1.4 ns to 1.7 ns). With the therefore
conservative assumption of a 40% improvement from light collectors, the total number of
127 HQE PMTs that will be needed for the LBNE 200 kt detector is 29,000. We note that
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given the small statistics to date in our comparisons, and the tube-to-tube variations in real
PMTs, that this number currently has an uncertainty associated with it of 10-15%. As we
test more PMTs and more fully develop the PMT model in our simulation, we will reduce
the uncertainty.

We have been pursuing an instense R&D effort on the photomultiplier tubes, examining
their charge and timing characteristics, behavior in various magnetic fields, and the collection
efficiency and mean photoelectron transit time across the face of the PMT. Figure 4-5 shows
the single-photoelectron charge and timing spectra for a 12” ‘enhanced’ quantum efficiency

ZN-EQE-0103 v1.28 ZN-EQE-0103 v1.28
2000 |— Entries 1500000 ® . Hits above noise 20729
t{ F Electronic Noise Width ~ 0.19 PE < Prompt Sigma 149 ns
é 1800 | Charge Peak 1.54 pC 107 FWHM* 3.50 ns
: F Charge FWHM* 1.32 pC E Dark Rate 5149 hits/s
1800 = Peak-to-Valley 245 L Late Ratio 447%
1400 - High Charge 3.02% r Prompt Coincidence Rate 1.38 %
F Operating Voltage 1730V r Total Coincidence Rate 1.44 %
1200 - 10
1000 [~ E
800 L
600 —
E 107 -
400 E k JIl‘”
00 vl e e B gt
£ , ‘ L1 X A N L L W
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Figure 4-5: Single photoelectron charge (left) and transit time (right) distributions, measured
using a Cherenkov source, for a 12”7 ‘enhanced’ quantum efficiency PMT.

PMT, and we see that overall its performance is excellent. In Figure 4-6 we show scans across
the face of a 12”7 PMT using a Cherenkov source placed at normal incidence, measuring the
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Figure 4-6: PMT collection efficiency measured (left) and mean transit time (right) measured
relative to the center of the tube, for a standard quantum efficiency 127 PMT, mesaured using
a Cherenkov source at normal incidence to the tube scanned over its face.
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efficiency as a function of position relative to the center, and the mean transit time relative
to the center. While we see that the efficiency looks reasonably flat across the PMT, out to
nearly the full 12”7 diameter, the mean transit time does show large shifts near the edge. We
have presented these results to the manufacturer (Hamamatsu) who confirmed the timing
shifts with their own electron optics simulation, and are looking in to ways of compensating
for it.

The most attractive approach for mounting the PMTs within the cavity is to use a
vertical string, and lower this string into the detector volume from a work area supported
from the deck, see Figure 4-7. The typical number of tubes per string is ~90. The tube mount
takes into account both empty and filled conditions of the cavern, and the design avoids
torques on the tube due to the buoyancy of the spherical section or the long power/signal
cable at the end of the tube. It also should allow the installation of additional PMTs relatively
easily, if funding becomes available and the physics case is strong.

Figure 4-7: Stage for deploying PMT strings and lowering them into the detector. In this
figure, there are three vertical strings of PMTs that have already been installed, and a
fourth string under installation. The PMTs, their enclosure and cable spool are delivered to
the working platform as a single unit. The PMT and enclosure are attached to the support
cables (yellow), and the PMT signal cable and its spool (blue lines) is placed on a shelf with
custom rollers. The string is lowered by one unit, and the next PMT assembly is installed.
PMT string ends are supported from the ring truss at the bottom perimeter of the cavern, and
the PMT signal cables are routed to the deck (heavy dark blue lines). The cable penetration
enclosures are not shown.
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The procurement schedule for the PMTs is such that some fraction of them will have
to be stored for a few years or more. SNO PMTs that have been stored in air for over two
decades have been found to perform within specification, and we do not think any special
handling will be needed for the three years of storage of LBNE PMTs. Nevertheless, we will
include a program of long-term testing and helium immersion as soon as production-quality
PMTs are available, to get an early idea of whether anything needs to be done to ensure the
tubes do not degrade in any way before they are submersed in water.

Our initial requests for production schedules from Hamamatsu were for 100,000 PMTs,
and they provided a schedule for delivery of these PMTs. Our numbers now are below 1/3 of
that, and therefore we see no reason why demand for large-area PMTs by other experiments
would affect our delivery schedule. In fact, if other experiments were moving ahead and chose
the same PMT model, the costs would likely go down and provide an opportunity for LBNE
to have larger coverage for the same total PMT cost. In addition, as stated above, we are
also pursuing another vendor (ADIT/ETL) who is working on an 11”7 PMT that would suit
our needs.

4.5 PMT Implosion Mitigation

The larger-sized cavity envisioned for LBNE makes minimization of the risk of PMT
implosion a high priority. As is well known, the largest water Cherenkov detector built to
date—Super-Kamiokande—suffered a catastrophic failure of PMTs, after a period of main-
tenance on the detector. Subsequent mitigation of this problem by Super-Kamiokande was
done by adding acrylic shields to prevent the propagation of an implosion to other tubes,
but to date no new tubes have been known to implode. It is the danger of propagation—not
the failure of a single tube—that is the critical issue. We have been investigating a number
of approaches to mitigate the problem for LBNE, ranging from total tube enclosure, encase-
ment in a shock-wave-dampening shield, to a shock-wave deflector between tubes. We have
therefore begun very detailed shock-wave measurements of PMT implosions at the Naval
Underwater Weapons Research Lab, and have been developing numerical studies using in-
dustrial software, and comparing the simulation results to our measurements. We plan on
doing these tests for all potential PMT types from both vendors.

For the reference design described in this case study, the maximum pressure exerted
by water on the PMT will be approximately 80 m of water or 7.8 bar. The two alternatives
for PMT placement in water are: The electronic high voltage base for the PMT can be
encapsulated to be water-tight and the PMT placed so that the glass bulb of the PMT is in
contact with the water and is subject to the full static load (PMT in contact with water). As
an alternative, the PMT can be completely encased in a pressure housing that does not allow
the water to be in contact with the glass and the PMT is not subjected to the full static
load (PMT in pressure vessel). Our current preferred alternative is to place the PMTs in
contact with water because this minimizes the cost, maximizes the light gathering capacity,
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and simplifies the eventual in-situ determination of PMT optical properties.

The first phase of our shock-wave program was completed in December 2010. To date,
our work includes:

e Pressure tests of ten Hamamastsu 10-inch R7081 tubes, in which none imploded below a
pressure of 10 bar. Examination of the failure modes of the six bare tubes indicates that
base encapsulation of the tubes should protect the base of the tubes; this observation
was confirmed by our own and vendor’s simulation. Nevertheless we have found by
simulation that the bulb design of the 10 inch tube is not optimized and tests of the
4 encapsulated R7081 tubes show a failure point on the dome where the shape is not
spherical. The 12” tubes with new design are expected to have better performance. This
has been confirmed by a single test that showed no failure up to 20 bars of pressure.
More statistics on this design are planned both in our own labs and at the vendor. We
also plan similar pressure testing on optimized bulb design from ETL. 30 HPK 12”
bulbs, and 10 11”7 ETL bulbs are planned to be tested by December 2011.

o We have received samples of crushed glass specially formulated for underwater PMTs
from both vendors. This glass is under examination by our collaborators at Alfred Uni-
versity to understand the surface stress corrosion in the ultra-pure water environment.
With this work we will be able to understand the performance of the glass over the
30-year lifetime using techniques that mimic the aging process. The accelerated aging
techniques developed by Alfred University colleagues will either follow the same proto-
col as ISO-720 or will be a standardized protocol developed at PNNL for long lifetime
testing of glass.

e We have refurbished a 15-meter diameter pressure chamber (Propulsion Noise Test
System) at the Naval Undersea Warfare Center (NUWC) in Rhode Island. The chamber
can be pressurized up to 7 bar as currently configured. This chamber was chosen
because it is large enough to produce the expected shock wave after implosion with no
disturbance from wall reflections for at least 10 milliseconds. We have performed two
implosion tests of 10” R7081 tubes with encapsulated bases, recording visual data with
high-speed video as well as the pressure and shock wave field using shock sensors and
accelerometers. These events were also simulated using the industrial hydrodynamic
code LS-DYNA. The simulations are in agreement with data within 5% for the time
scale of the event and within 20% for the amplitude of the shock wave. A second
campaign of testing is planned for October 2011 when we will be testing the response
of several PMTs to an initiated implosion using prototype mitigation schemes.

We have obtained mechanical samples of the new 12-inch Hamamatsu PMT design.
We have received 11-inch PMT test samples from ADIT/ETL. In the second phase of our
program we will place complete PMT assemblies in a new controlled slow rise pressure
chamber at BNL and examine the static load performance of the assemblies to a maximum
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pressure of 15.5 bar. In the second phase we expect to obtain low statistics data that can
be used for evaluation of the static performance for the long term with the help of Alfred
University. Lastly, we are now confident that the dynamic simulation models using LS-DYNA
are highly predictive and therefore the initial design for the PMT assembly and support
structure will be based on these numerical simulations. After the simulations, we will perform
full-scale implosion testing at the NUWC facility to understand coupled implosion failures.
Before CD2, we expect to make decisions regarding housing for the PMT (in contact with
water or in a pressure housing) and have a good understanding of the long term performance
of the tube assemblies at pressure.

4.6 Readout electronics

There are two possible approaches to the readout electronics. One is to locate electronics
for batches of tubes (e.g., 16 tubes per batch) underwater, adjacent to the tubes. This reduces
the cable length between tube and readout electronics but makes access to the electronics
and maintenance extremely difficult. The other approach is to locate the electronics on a
deck directly above the water detector and link each tube to the electronics with a cable.
To minimize total cable length, and the associated costs including storage and installation,
we have opted for four different cable lengths. Any up/down asymmetry caused by these
will have to be understood through the calibration program. The electronics is planned to
capture only the time (resolution 0.1 nsec) and total charge (0.2 photo electron threshold
and ~14 bit dynamic range) of each PMT hit, and time of the PMT pulse above threshold.
Complete pulse shape information (i.e. using waveform digitizers) is not needed for any of the
physics goals, from the high priority topics of neutrino oscillation physics and proton decay
to other measurements involving extraterrestrial neutrinos. The reference design assumes
the detector will be hardware-triggered—that is, the trigger will be based on a multiplicity
of PMTs firing in coincidence. Super-Kamiokande, however, has successfully implemented a
software trigger that counts detected hits and reduces the data set on that basis, and this
is a possiblity for LBNE as well. Some combination is also possible: a very loose Level 1
hardware trigger, and an on-line or ‘near-line’ software Level 2 trigger.

The burst capabilities of the electronics can easily be made large enough to handle
even a nearby supernova explosion. The SNO electronics could burst-trigger at rates up to
2.5 MHz and the buffers held up to ~ 10000 supernova-sized events at the front end (or
a million events at the trigger level) assuming no readout at all. Were a star as close as
Betelgeuse (about 200 pc) to undergo supernova explosion, this would create as many as
75 million events in a 200 kt water detector, over about 30 seconds. While the highest rate
of neutrino emission occurs during the ‘breakout’ or ‘neutronization’ burst, which typically
lasts 4 ms, these are primarily v.s and therefore interact in a light water detector only via the
small elastic scattering cross section. The v,.s arrive more slowly, and thus their rate over the
30 s in this scenario is roughly 2.5 MHz, already the capabilities SNO had with electronics
built nearly 15 years ago. As for storage, these events will typically have roughly 50 PMTs

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0



Chapter 4: Detector Reference Design 4-25

hit (depending on the PMT coverage) and, for three measured variables from each hit (time,
charge, and time-over-threshold) digitized at 12 bits, we would need a total of 16 GBytes
for this very extreme case. A hardware buffer this large is not unreasonable—roughly the
equivalent of 8 common desktop PCs.

4.7 Water fill, recycling, and cooling

The surface-water processing system has been designed to purify about 1,000 liters/minute
of fill water, resulting in a total fill time of several months. An adequate supply of industrial
water at Homestake is available to fill the detector on this time scale. In addition, the sys-
tem will recycle the detector water through a repurification system at a rate about five times
higher. Figure 4-8 shows a 3D-CAD isometric drawing of the repurification plant located on
the 4850L near the detector. The purification requirements for this detector are within the
normal range of commercial systems and are similar to those of previous water Cherenkov
detectors.

Split-stream To detector
chiller
Membrane
de-gassifiers
0.1 filters

P
ZE

Uranium
removal

Figure 4-8: Drawing of 4500 Ipm water recirculation system

The planned temperature of the water is about 13° C. This will reduce the photo-
multiplier dark rates and inhibit biological growth in the detector. This water temperature
requires both that the initial fill water be cooled from its surface temperature and that the
recycled water be cooled to remove the thermal energy due to heat flow from the rock and
heat input from the photomultiplier bases. The internal rock temperature prior to excava-
tion at the 4850L is about 33°C. As the excavation proceeds and increasing cavity surface
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area is exposed to air, the near-surface rock will cool with the surface rock approaching the
ventilation air temperature. Reasonable estimates are that by the time the detector is filled
with water, the heat flow from the rock will be between 50 and 100 kW (no special insulation
layer is needed). The photomultiplier bases are likely to add another 3 kW to this heat flow
(see Table 4-3). If left uninsulated, a significant heat flow into the detector will come through
the top surface from the room air contact. Insulation at this surface will be necessary.

Table 4-3: Temperatures and thermal flux in the water Cherenkov reference design. Adding
insulation on the deck at the 4850L can significantly reduce the thermal load on the water-
cooling system.

’ Item \ Value ‘
Ambient rock temperature | 33.4°C at 4850L
Water temperature 13°C + 2°C
Heat influx from rock 77T kW
Heat influx from PMTs (29k 3kW
@ 100mW each)

Heat influx from dome (no 46 kW
insulation)
Estimated total heat inflow ~126 kW

4.8 Fiducial volume definition

The photomultiplier-tube-mounting structure will include a black plastic shield at the
equatorial plane of the photomultiplier tubes, that is, at the largest diameter of these tubes.
This light barrier will separate any Cherenkov light generated in the outer annular region
of the detector from light that is generated in the central detector cylinder. The present
plan is to then define the fiducial-volume limit to be 2 meters radially inward from this light
barrier. Since this is a software definition, it can be dynamically varied once the detector is
in operation and events are being reconstructed. It is obviously possible to define different
fiducial volumes for different signals.

4.9 Veto

Although the cosmic-ray-muon flux is very low at the depth of this detector, about four
muons per day per m?, the large aperture of each module, about 3300 m?, will still result in
a significant muon flux through the detector (approximately 0.16 Hz). At the depth of this
detector array, the muons are very peaked in the vertical direction. Thus, a veto counter in
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the water placed directly above the top set of photomultiplier tubes and directly beneath the
top deck of the detector can tag a significant fraction of the incident high-energy cosmic-ray
muons.

A black plastic sheet separates the active volume of the water forward of the PMTs
from the annular volume near the cavern wall. This will prevent reflections from structures
supported by the cavern wall from creating false signals in the detector. This annular volume
behind the PMTs is being considered as "thin veto’ for cosmic rays or through going particles.
We are studying whether this would allow using more of the fiducial volume for the long-
baseline physics by allowing us to tag muons created in the surrounding rock by the neutrino
beam, versus those that are fully contained in the detector.

4.10 Calibrations and monitoring

Water Cherenkov detectors are typically calibrated by a variety of ‘sources’, which can
range from optical (e.g., diffuse ‘laserballs’, LEDs) to low-energy radioactive (e.g., **N) to
linear accelerators. Naturally occurring events that are easily tagged (through-going muons,
Michel electrons) can also be used. The goals are to measure detector parameters, determine
necessary corrections to things like PMT timing, and to test the detector model and the
performance of reconstruction and particle ID. The design of the cavern deck includes several
access ports for precisely lowering sources into the detector volume.

Detector performance characteristics such as energy scale and linearity, energy resolu-
tion, directional dependencies of energy scale and resolution, and the stability of the energy
calibrations must all be well understood in order to achieve the physics goals. The goal
for energy scale uncertainty is 2% or better in all energy regions (MeV to GeV), a level
already exceeded by existing water Cherenkov experiments. The energy calibration can be
accomplished by a combination of naturally occurring events inside the detector as well as
dedicated sources deployed at various locations inside the detector volume. Cosmic muons
can be used in the energy range of hundreds of MeV to several GeV. For low-energy calibra-
tion, radioactive gamma and beta sources, a low-energy linac (5-16 MeV) as well as Michel
electrons can be used as sources. While not part of our costing at this point, we have also
been examining the possibilities of a small, higher-energy accelerator that would allow us to
test the detector’s response up to energies near 1 GeV.

A centrally located LED diffuser ball will be used for timing and charge calibration.
The PMT timing should be calibrated to better than 1 ns over a pulse height range of
1-1000 photoelectron (PE). After charge calibration, the uncertainty in number of PE in
each PMT over the range of 1-1000 PE should be < 10%. The water transparency needs
to be continuously monitored. An attenuation length of 100 m or more must be measured
to 5-10%. Muons or LEDs inside the detector could be used. Alternatively, the attenuation
length could be measured for samples of water in an external system, specially designed or

LBNE Water Cherenkov Detector



4-28 Chapter 4: Detector Reference Design

commercially available. Other environmental variables that will require monitoring include
water temperature, the flow rate and pattern of water circulation, water level, pH, resistivity,
total dissolved solids, radon, magnetic fields, and biologics.

4.11 Overall Underground Layout and Facility Resource
Requirements

Figure4-9 shows a plan view of the 4850L and 5060L large cavity and related spaces.
Explicit space has been provided to accommodate the water-purification plant, including
maintenance considerations. Apart from the large cavity (LC), there is about 5170 m? of
other space on the 4850L related to LBNE activities, not including the mucking or drifts for
geotechnical investigation. Figure 4-10 is an isometric view of the dome area, showing the
cable penetrations and electronics racks and magnetic compensation for the Earth’s magnetic
field. The magnetic field compensation maximizes the PMT efficiency and also reduces the
asymmetries in the detector efficiency. If the Earth’s field is not compensated, there is a
10-15% efficiency loss per PMT.

The utility drift holds the electrical room for the large cavity and the water repu-
rification system. The control room, room for calibration equipment and other storage are
located on the deck. The occupancy in the lab is expected to vary from a peak of ~ 50 during
the most intense installation activity to just 1 or 2 during normal operations. Not shown
in the diagram is a radon-abatement system (or LN2 plant) for suppressing radon between
the deck and the water. (Experience has shown that Radon abatement outside the tank is
not necessary). On the 5060L, sumps are needed to collect native and detector water, and
pumps to recirculate the water to the purification system. In the event Gd is added to the
water, there will be a small Gd recovery plant at this level to remove Gd from water leaking
from the detector volume. Table 4—4 lists the facilities requirements for the water Cherenkov
detector.

4.12 Conventional Facilities

The conventional facilities portion of the LBNE Water Cherenkov Detector sub-project
must provide a cost-effective total solution that meets the requirements for each phase of the
project: the excavation of the Large Cavity, construction of the vessel, liner and deck, instal-
lation of detector components, and detector operation. The surface conventional facilities
include all necessary space and infrastructure from accommodation of excavation workers
to the supply of water and electrical power for the experiment. Underground facilities for
the WCD project require consideration of everything from the shaft cage and rock skipping
capacity to occupancy requirements for areas of refuge through detector operation. Methods
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Table 4-4: Facilities requirements for the water Cherenkov detector.

’ Layout ‘
| Requirement | Value/Descriptiol} Comment/Justification |
Depth 4850 at deck top, base at 5117L
Footprint [m?| 3316 without utility or H20 purifica-
tion areas
Max. Height [m] above | 22 Top of dome at 86 m, springline
4850L at 81.3 m
Deck ~ Weight  (metric | 590
tons=1000 kg)
Total Surface area [m?] 3181
’ Utilities
Underground Power [kW]| 933 Does not include surface power
requirements.
Emergency Power [kW] 110 Sump pump + partial control sys-

tem

Power for 200 kt

UPS [kW] 5kW

Chilled Water [kW]| 595

Waste Heat to Air [kW] 317 Heat for 200 kt detector

Low Conductivity Water | 0

Needs

Surface Power kW] 771

Network 10 Gb/s 1 dedicated line
| Environment

Temp. Min |C] 18

Temp. Max [C] 25

Humidity Min |%] 30

Humidity Max [%] 50

Rn Background [Bq/m3]

OHSA limits in
occupied spaces
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I

Figure 4-9: Plan view of the 4850L showing the Large Cavity (LC), the facilities related to
the LBNE experiment, the Davis Campus (upper left), the Yate and Ross Shafts.

to achieve the life safety requirements change from phase to phase; and must be met through-
out all phases. Paths for the ventilation air change as the excavation proceeds. Excavation
sequencing must be considered accordingly. The methods of fire protection also change dur-
ing the project, notably during installation of the PMTs when their cables are exposed to
air before the Detector is filled with water. Temporary fire suppression is required during
this part of the installation. Two egress paths are established with Areas of Refuge located
and equipped to meet the occupancy during any phase. The Ross and Yates shafts are the
primary and secondary means of egress for the entire underground facility, therefore proper
scheduling of their maintenance and refurbishment is paramount.

For these configurations there is the “LBNE-Only” scenario where it is assumed that
the LBNE Water Cherenkov Detector is the only experiment at Homestake. However, the
placement of the Water Cherenkov Detector at the 4850 Level at Homestake is highly com-
patible with other experiments on the campus at this Level. In the LBNE-Only scenario
careful consideration had to be made for maintenance, partial refurbishment and/or full re-
furbishment of one or both shafts. Decisions were made based on safety, cost and schedule on
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PMT Electronics Racks
PMT Cable Risers,

Excess-

cable tray,

Main Tunnel (Half Shown)

Z ///{ ja

Secondary Egress

Magnetic Compensation Coils
(most omitted for visibility)

One Ring of Wall PMTs

Water Recirculation
Manifolds

Excavation Tunnel

Vessel Wall
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Figure 4-10: Isometric view of the dome of the water Cherenkov detector. There is a ‘balcony’
(green) around the perimeter of the cavity about 4 m above the 4850L. The balcony supports
the cable penetrations around the perimeter and the eight sets of electronics racks. The
structure is supported by large trusses that are in turn mostly supported from the rock

above the dome. The total load on the rock above the dome is

600 T. The trusses are

oriented so as not to obscure the entrance from the utility drift, the calibration drift, or
calibration ports in the deck itself. The narrow, circumferential black lines and the red lines
running down the side of the cylindrical volume represent the magnetic compensation cables
for canceling the Earth’s magnetic field within the cavern. Only a few of the coils are shown.
The structures at the bottom of the cavern are the PMT supports and water distribution
system. This system is approximately repeated at the top of the cavern.
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whether to partially refurbish both the Yates and Ross; or, fully refurbish one or both shafts.
Refurbishment also reduces future shaft maintenance, improving reliability and increasing
safety.

The LBNE-Only scenario does not require the enlargement of the East or West Access
Drifts for hauling rock or ventilation except for truck by-pass areas in the west drift. The
Detector operation configuration is to have the water purification system in the main utilities
drift as shown in Figure 4-9. Mechanical, electrical and plumbing facilities services in both
Detector sizes are to be in the Yates shaft. Detector vessel, liner and deck construction are
highly integrated with the large cavity excavation. Vessel construction begins after beneficial
occupancy of the large cavity. Both the excavation and the vessel have water drainage incor-
porated. The excavation surface finish and waviness are critical to vessel installation, and, if
value engineering of an option without a vessel is approved, critical to the liner installation.

Operation of the Water Cherenkov Detector requires surface facilities. Buildings will
be re-used as necessary to house the Detector fill water pre-purification system. Existing in-
dustrial water supply is used for fill. An existing substation on the Yates surface campus has
adequate capacity for placement of additional transformers and backup generators needed by
the experiment and life safety systems including the hoists, ventilation, fire protection and
lighting. LBNE sponsered un-interruptible power supply capability is required for an orderly
shutdown of the Detector computing and water system controls. Underground operations of
the Detector have sustaining facilities requirements as well. Fire protection systems, com-
munications infrastructure, areas of refuge are all needed for operations. Ventilation air is
drawn through the spaces by the existing Oro Hondo shaft fans with a single new ventilation
borehole required from 4850L to 3850L. Local cooling is to be provided by the experiment for
electronics. The experiment has no additional heating and cooling requirements. The water
recirculation system has a single chiller for removing heat in the water entering from the
cavity rock, PMTs and other sources.

4.13 Installation

The installation effort provides the overall planning, scheduling, staging, and work
planning for final assembly of all WCD equipment - above and below ground - at Homestake.
Major systems that will be installed include:

Photomultiplier tubes

Water system

Electronics DAQ system

Magnetic compensation
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e Deck
e Gas Blanket

e Vessel/liner

The Installation activities include management oversight, installation labor, materials
and general use equipment required to perform these functions. For example, warehous-
ing and storage, local transport, lift trucks and forklifts, man-lift, scaffolding and ladders,
hand-tools, meters and o-scopes, fall-protection, PPE and general lifting equipment. Custom
equipment and specialized labor remain the responsibility of each subsystem. All equipment
ready for installation into the detector will be delivered to a central warehouse near Rapid
City, SD. This equipment will be inventoried and stored. For example, the PMTs will be de-
livered from the manufacturer to a facility in which they will have bases attached, mounted
in assemblies, and characterized. The PMTs will then be packaged and readied for assem-
bly into the detector and delivered to the central warehouse. The PMTs may reside in this
warehouse up to 3 years during which they will periodically undergo a series of tests to make
sure they are still functional. These tests will not require removing the PMTs from their
protective packaging.

The installation sequence is as follows

1. The large cavity will be excavated with ground support and rock stabilization. i.e. rock
bolts, shotcrete and native water drainage.

2. Magnetic compensation system installed.
3. Water liner with additional drainage layer for leaks is installed.
4. Balcony - supporting the electronics, infrastructure and utilities installation.
5. Deck will be built on the floor of the vessel.
6. Deck will be raised 10 feet and the PMTs will be mounted to the bottom.
7. Deck will be hoisted into position at 4850.
8. Wall PMTs will be deployed via wired and the signal cables tied into place.
9. Floor PMT’s are mounted and the cables tied into place.
10. Deck annulus PMT’s installed.
11. PMT survey is completed.

12. Electronics installation and checkout is complete.

LBNE Water Cherenkov Detector
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13.
14.
15.

16.

Deck is closed and made light and gas tight.
Water system installation, fill detector with water and leakcheck.
Final checkout of systems.

Ready for operations.

The estimated duration for installation of the technical components is ~ 2 yr. There-

after the detector is ready for first light and operations. Even without beam, the detector is
still active for extraterrestrial neutrino observation and proton decay.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0



5 Experimental Approach

The members of the LBNE collaboration have long experience designing, building, and
extracting physics both from large scale water Cherenkov detectors and long- (and short-)
baseline neutrino experiments. Our approaches to operation, calibration, simulation, and
data analysis overlap in many ways but are also in many ways distinct: each collaborator’s
past experience is brought to the table and debated, and we believe that this process of
creating an experiment from the best of these different approaches will add great strength
to the physics program of LBNE.

We describe here the results (to date) of our developing plan for extracting the physics
from the LBNE water Cherenkov detector, starting with our assumptions and simulation
of the beam, to calibrations, detector simulations, and reconstruction of events, including
rejection of backgrounds. We focus here on the physics associated with the beam, but include
a few details relevant to non-accelerator physics and lower energies.

5.1 The LBNE Beam Design and Simulation

The LBNE beamline will be a new neutrino beamline located at Fermi National Accel-
erator Laboratory that utilizes the 700 kW 120 GeV proton beam from the Fermilab Main
Injector (MI) accelerator. The NuMI (Neutrinos at the Main Injector) [10] beamline from
the MI is currently the most powerful neutrino beamline in operation. The NuMI beamline
has been operational since Jan 21, 2005 and delivered in excess of 1 x 10?* protons-on-target
(POT) to the MINOS long-baseline neutrino experiment [11]. The GEANT3/FLUKAOS
[12] [13] based simulation of the NuMI beamline has been validated using data from the
MINOS experiment. We have used the NuMI beamline simulation to optimize and validate
the LBNE beamline design.

We studied the physics performance of several conventional horn-focused neutrino beam
designs using a detailed beam simulation. Our studies considered different decay pipe geome-
tries and different conventional focusing horn designs (BNL-AGS, NuMI, T2K) and different
beam tunes (horn/target placement and horn currents). For the physics sensitivity studies
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reported here, we chose a beam tune and design that maximized the number of oscillated v,
appearing at the Far Detector. We assumed a helium-filled decay pipe with a length of 280 m
and a radius of 2 m. The current conceptual design of the LBNE decay pipe has limited the
length to 250 m or less to reduce costs. The target simulated is a solid carbon/graphite
cylinder 0.6 cm in radius, 80 cm long with a density of 2.1 g/cm? *. We assume the same two
focusing parabolic horn designs as used for the NuMI neutrino beam, without modification.
The target is inserted 50 cm into NuMI horn 1. The horn current is 250 kA and the horns
are 6 m apart. In Figure 5-1 different beam tunes obtained from moving the target w.r.t to
the first horn, or going off-axis are shown. The target partially inserted into horn 1 (50 cm
in) is the Low-Energy (LE) beam tune that produced the largest rate of v, appearance at
a detector located 1300 km from the target. This is the default beam used in most of the
long-baseline physics studies reported in this chapter. The off-axis beam is used to estimate
sensitivities at very short baselines, and the beam with the target pulled out 1.5 m - the
Medium Energy (ME) beam tune - is used to maximize v, appearance rates. A tunable
beam is also desirable for constraining the focusing uncertainties on the near to far detector
extrapolation. For this reason, a beam with at least 2 tunes (LE, ME) is being considered
for LBNE.

LBNE Beam Tunes

v,CC events/GeV/KT/1E20 POT

St

Figure 5—1: Different possible LBNE beam spectra at a baseline of 1300km. The LE beam is
as described in this section. The ME tune is produced by pulling the target out 1.5m from
horn 1. The off-axis tune is 2° off-axis to the LE tune.

In Fig. 5-2, the v, — v, oscillation probability for the LBNE to Homestake baseline
of 1300 km for different mixing parameters is shown as colored curves. The total CC v,

*Recent target irradiation studies at BNL indicate that a carbon-composite material with this density is a
good target material candidate, provided the material is clad.
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spectrum from the LBNE LE candidate beam design is shown as the black solid histogram.
At the second oscillation maximum, where CP effects are the largest, the current LBNE

v, CC spectrum at 1300km, A m;: 2.5e-03 eV’ v, CC spectrum at 1300km, A m;: -2.5e-03 eV’
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Figure 5-2: The v, — v, oscillation probability for the LBNE to DUSEL baseline of 1300 km
for different mixing parameter with normal hierarchy (left) and inverted hierarchy (right), is
shown as colored curves. The unoscillated CC v, spectrum from an LBNE candidate beam
is shown as the solid black histogram.

beam designs do not produce as much on-axis flux as we would like. We are therefore re-
examining and re-designing the target and focusing system to better optimize this, and thus
maximize our sensitivity to the CP phase and the mass hierarchy.

5.2 Detector Simulation

The performance assumptions we used to evaluate physics sensitivities are based on
Super-K detector simulation and reconstruction algorithms. Super-K had several run periods
with different detector configurations. In the SK-I period, the photocathode coverage was
40%. During the SK-II period, the coverage was reduced to 20%. Atmospheric neutrino Monte
Carlo from the SK-II period was fully reconstructed with the Super-K tools and re-weighted
to the LBNE beam flux in order to calculate the sensitivity of the experiment. These Monte
Carlo simulations and tools have been extensively validated against beam and atmospheric
data sets and are state-of-the-art in their performance. From this work, we conclude that
a WC detector with the same performance characteristics as Super-K II will perform at
the level required to meet our physics objectives. We would expect a detector with higher
light collection would perform better; our motivation for choosing Super-K II is that is the
minimum coverage (and hence lowest cost) that we know can achieve our physics goals.

In order test more precisely the effects of varying detector geometries and phototube
coverages for LBNE, we have designed an extremely flexible GEANT4 based simulation
framework (WCSim). This code was built on the base used to design the 2KM complex for the
T2K experiment [14]. In that context, the simulation was shown to match the performance
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of Super-K for the T2K v, appearance search at the better than 10% level.

The simulation code is based on the modern and modular GEANT4 system. The code
allows us to easily simulate many detector options creating any size water Cherenkov detector
with any needed tube response we need, but also, most critically, it allows us to also simulate
the Super-Kamiokande detector itself. Then, we can do a direct comparison with the Super-K
Monte Carlo simulation. The Super-K simulation has been validated with data from Super-
K, K2K and T2K and calibrated with a variety of sources to the 1% level. Therefore, if we
obtain the same response between the two simulations, we can be quite confident in our
results.

The output of the Monte Carlo simulation includes both true raw hit information,
and digitized times and charges. WCSim includes the water, black sheet, Tyvek, and tube
characteristics of the Super-K detector along with the simulation of its digitizer. Optical
parameters were tuned for agreement with Super—Kamiokande, running a geometry based
on Super-Kamiokande. With little tuning, the energy scale agreement was found to be at
the 10% level, with the worst performance at low energy. After tuning, we then switched the
simulation to the geometry and coverage to the LBNE configuration to study the response,
confident that we are correctly simulating the basic response of the detector. An example of
this work can be seen in Fig. 5-3 which shows good agreement between the two simulations.
After some basic initial tuning, the raw charge scale difference between two simulations for
15 GeV muons was ~5%.

The output of the simulation has also been used extensively for low energy studies
and set several design requirements necessary for the case of the inclusion of gadolinium
into the design. The hits were taken from the Monte Carlo simulation and vertex resolution
along with radioactive background and dark noise were simulated and then used to calculate
the neutron tagging efficiency. This information was used to set the requirements on the
radioactivity levels of the concrete used in the detector walls, along with their thickness.
Finally, the Monte Carlo simulation is also now being used to study the inclusion of various
veto options.

5.3 Reconstruction

Reconstruction affects nearly every physics topic LBNE will address. We focus here
on some of the details of the reconstruction of beam events, and discuss a few specifics of
low-energy reconstruction later, in Section 10.2.1.

In the v, appearance analysis an excess of electron-like events are searched for in a
mostly pure v, beam. Various backgrounds which look like v, events are also reduced when
possible. Principally, these backgrounds are intrinsic electron neutrino contamination in the
beam from kaon and muon decay, and the mis-identification of neutral current produced 7%s
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Figure 5-3: Comparison of Super-K Monte Carlo simulation with the WCSim GEANT4 sim-
ulation with nominal tuning. Shown is a comparison of collected raw charge per pathlength
from the PMTs for 15 GeV through-going muons. The average difference is ~5%. The per-
centage difference between the same events simulated in the two Monte Carlos simulations is
shown. The width of the distribution is primarily due to the natural flucation in the number
of detected photons in the two different detectors.

in which one of the two rings was not identified. In a WC detector the proton from a neutrino
interaction is often not identified, but using only the lepton, the neutrino energy for single-
ring beam neutrino events can be reconstructed assuming the event was a charged-current
quasi-elastic interaction, 1, +n — 17 + p using the following formula:

1,2
EleptonmN - §ml€pton

my — Elepton + Diepton COS elepton

E, = (5.1)

where Eiepton, Miepton, Diepton, a0d Giepron are the electron or muon energy, mass, momentum,
and angle with respect to the beam direction and my is the nucleon mass. (The binding
energy of oxygen is ignored in this expression.)

Typical momentum resolutions are ~3% (~4.5%) for 1 GeV/c electrons in SK-T (SK-IT)
and the electron angular resolution is ~ 3° (1.5°) for sub-GeV rings (multi-GeV rings) [16].
Taking into account these resolutions, the Fermi motion, and the effect of contamination

from non-quasi-elastic events in the selected sample, the electron neutrino energy resolution
is expected to be ~10% at 1 GeV.
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In order to reconstruct the energy and also specify whether a particle came from a
muon or electron neutrino, several steps are undertaken. It should be noted that at high
energy, many events are not quasi-elastic but rather from single-pion, multi-pion, and deep-
inelastic scattering interactions. Therefore in many events there will be large numbers of
particles, above Cherenkov threshold all producing light. In order to identify all of these
particles several algorithms are run, most employing likelihoods to compare the observed
with expected hypotheses. At least for the case of Super-K, which was used to generate
the sensitivities, the algorithm is a general one and the same code is used to find all event
categories.

The full reconstruction chain used by Super-Kamiokande is quite complex but roughly
it follows the following steps: First, a vertex is found using mostly timing information. Then,
a simple ring-finder finds the most energetic ring. At this point a recursive Hough-based
ring-finder is employed. Fixing the information from the ring that is already known, a Hough
algorithm picks possible other ring positions in the event. A likelihood comparison against the
data is then used to determine if the addition of any of those rings increases the agreement
with the event pattern. If so, the best new ring found is fixed and the process repeats
until no new rings need to be added. At this point, the rings need to have their particle
identifications assigned on the basis of expected light patterns. Then, the charge must be
correctly apportioned between the rings and the parameters such as the vertex positions and
ring directions can be refit with the improved information now available. Additional steps
exist including, for example, the identification of decay electrons.

As already mentioned, one of the key factors for a v, appearance search in a WCD is
the rejection of backgrounds due to 7¥s. The signal for a v, interaction is a single electron-like
ring. CC interactions from v, that are intrinsic to the beam form an irreducible background
as the signature is exactly the same as the signal. On the other hand, if a 7% is produced,
it can decay via 7 — 7v. The s form two fuzzy (electron-like) Cherenkov rings. If the
opening angle between the two gammas is small, the rings overlap and will sometimes be
reconstructed as one electron-like ring. In addition, if the decay is asymmetric, a small low-
energy ring might be missed. In this way, the 7% can generate an event topology that mimics
the v, signal. In lower energy off-axis experiments such as T2K, a dedicated algorithm is used
to eliminate these events. All one-ring e-like events are examined and assuming there is a
second ring from a 7° decay present, the most likely 2nd ring is identified using a likelihood.
Then, the probability that the 2nd ring is real and the two rings have an invariant mass of

a 7¥ is considered. Those events consistent with neutral current background are removed.

At higher energy, with a wide-band beam, the NC background is more pernicious as
there is a larger high-energy tail to make neutral current events which feed down into the
signal region. For this case, instead of making a simple cut as described above, a likelihood
consisting of several variables is constructed to remove the neutral current background. That
is the approach taken in our LBNE studies.

A study of ve.-appearance background rejection in a large WCD using simulation and
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reconstruction tools from SK-I is described in detail in [15]. By developing a likelihood
function based on nine discriminating variables, the authors demonstrate an improvement in
the signal-to-background ratio over the standard Super-Kamiokande analysis for this energy
range. Similar results were found in an independent study [16]. The signal and background
efficiencies assumed in our v, appearance studies of Chapter 6 come from the analysis in
[15].

We know based on the physics publications by the T2K collaboration that v, ap-
pearance measurements are possible in a large water Cherenkov detector. To apply these
techniques to LBNE, we have been using reconstruction/particle ID tools developed by
Super-Kamiokande and run on LBNE-simulated events, as well as developing our own LBNE-
specific set of reconstruction tools. Throughout, we have assumed the same light collection
as Super-Kamiokande II, which studies have shown is near the minimum needed to achieve
the long-baseline physics goals. Reconstruction in LBNE will be in some ways more diffi-
cult than Super-Kamiokande II, and in others somewhat better. The issues that will make
reconstruction and particle ID more difficult are:

e The larger detector size means there will be more Rayleigh scattering and attenuation,
adding further position-dependence to energy and position reconstruction.

e The use of light enhancement—either Winston cones or wavelength-shifting plates—
in place of additional PMTs adds further ‘late light’, decreasing the ratio of prompt
to late light as compared to Super-Kamiokande II, thus making position and time
reconstruction poorer.

e The additional scattering and attenuation will provide more smearing to Cherenkov
rings, making separation of neutral current 7° events from appearance electrons harder.

e The wideband beam will produce harder 7° events which are more likely to leak into
the v, appearance signal box.

Issues that will make reconstruction in LBNE better than in Super-Kamiokande IT will be:

e The better timing of our reference design PMTs—1.3 ns for the width of the transit time
jitter compared to about 2.5 ns for Super-Kamiokande II—will provide a sharper rising
edge on the prompt time distribution and thus better position and time reconstruction.

e The smaller size of the PMTs will mean more effective pixels, thus providing better
angular information.

e The better charge response of the reference design PMTs will help to identify multiple
hits on PMTs.
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e More sophisticated analysis techniques are already being developed, which will use
more of the information in reconstruction and thus provide better position, energy,
and particle ID information.

A large part of the effort now underway is studying exactly how the first list will affect
our background rejection, as well as optimizing items on the second list. We note that as
far as light enhancement is concerned, both SNO and IMB successfully reconstructed events
with high precision using different light enhancement approaches.

5.3.1 Super-K based reconstruction tools

We have compared the results of our reconstruction of LBNE simulated events using
Super-Kamiokande reconstruction tools, examining GeV scale muons, electrons, 7%, and
low-energy electrons and positrons.

For example, Fig. 54 shows the invariant mass distribution for reconstructed 7% in
both Monte Carlo simulations in the Super-K configuration. The relative difference in the
fitted peak between the two is 1.4%. It should be noted achieving this agreement indicates
that ring-counting, particle ID and photo-electron to energy conversion are all working well.

Mass of the n°

F |
70—
= —  SKdetsim
60:—
50 — WCSIm
40;—
30?
200 g +
i Mgl
e I ks e Chr e
0 50 100 150 200 250 300 350 400

7° mass (in MeV)

Figure 5-4: Comparison of the invariant mass peak for 2-ring e-like events from 7° decays
in the Super-K configuration of WCSim compared with the standard Super-K Monte Carlo
output. The fitted peaks agree to better than 2%.

Good agreement between the two Monte Carlo simulations when running in the WCSim
Super-K mode was found. For example, for 1 GeV electrons vertex resolution was 35 vs 34 cm
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in the two simulations, the angular resolution for single ring events was 1.8 vs 1.5 degrees and
the particle mis-identification based on the pattern alone was 2.8 vs. 3.1%. After tuning and
comparing with Super-K configuration, the GEANT4 simulator was then used to simulate
the geometry relevant for the LBNE experiment.

In the LBNE configuration, lower physical PMT coverage area with higher quantum
efficiencies in a larger tank are used. For example, Tab. 5-1 shows a comparison between
some critical parameters in the reconstructed 12% HQE configuration and the standard SK-
IT output. The results vary as a function of input energy and particle type and we have
chosen one point that shows some discrepancies, but overall the agreement is very good at
this stage.

skdetsim (SK-II mode) | WCSim 12% HQE | Difference (sigma)
Vertex Resolution | 36.0 + 2.3 cm 31.9 + 2.5 cm -1.7
Angular Resolution | 1.0 £ 0.2 deg 1.2 £ 0.3 deg 1.0
Energy Resolution | 2.6 + 1.2 % 25+ 08 % 0.1
Particle MisID 2.5 + 0.3% 3.1+ 0.4% 2.0

Table 5-1: Comparison between SK-II and WCSim for a 150kton 12% physical photocath-
ode coverage using high quantum efficiency (HQE) PMTs configuration with preliminary
SK reconstruction. The comparisons are shown for reconstructed monochromatic 1.5 GeV
electrons.

We know that we have more work to do to optimize the code for this low coverage
case, but these results already leave us confident that we can obtain similar basic responses
between the two detectors.

5.3.2 LBNE based reconstruction tools

Work has also begun on standalone reconstruction tools usable by the LBNE collabo-
ration as a whole. A few are already complete and available, such as versions of low-energy
event and muon fitters which were independently written by LBNE members for the IMB
and Super-K collaborations. Additionally, completely new algorithms based on many of state-
of-the-art ideas developed by IMB, Super-K and MiniBooNE are now being implemented
within LBNE. As an example, Fig. 5-5 shows a reconstructed ring processed from the WCSim
output.

We have recently also developed a new tool called Chroma which does very fast ray-
tracing using GPUs—200 times faster than GEANT4. This speed allows likelihoods to be
calculated using an entirely Monte Carlo approach, including all effects (scattering, reflec-
tions, etc.) that are included in the simulation. Different event hypotheses (say, 7% compared
to electron events) are handled easily, simply by flipping a simulation switch. To deal with
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Figure 5-5: A reconstructed Cherenkov ring from a 1.2 GeV muon simulated using WCSim
by the new standalone LNBE tools utilizing a Hough algorithm.
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the associated fluctuations in the likelihood space, we have developed a stochastic gradient
descent method (a ‘fuzzy fitter’) that is robust to these variations. We are currently opti-
mizing the fitter to increase its speed further, but our initial results look very promising.
Figure 5-6 shows a 1.5 GeV electron event and the associated hit PMTs in LBNE, rendered
by the Chroma photon propagation code.

Figure 5-6: A 1.5 GeV electron track shown in the LBNE detector, rendered using the Chroma
photon propagation code (left) and the associated Cherenkov ring viewed from outside the
detector (right). The green PMTs are hit by a single photon, red by two photons, and blue
by three photons.

5.3.3 Future Work

We believe that the use of re-weighted Super-K simulation combined with the validated
output of our GEANT4-based simulation makes a case that a detector with HQE PMTs with
the same light collection efficiency as SK-II will meet our performance goals.

Our main R&D task as we move towards CD2 is to show that if the number of photo-
tubes is reduced even further, and the missing photons are still collected by a light collection
system we can achieve the same performance. The work to implement these options into the
Monte Carlo to do this study has also begun.

5.4 Calibrations

One of the advantages of the water Cherenkov technique is the simplicity of the de-
tector. The response is determined by known physics (particle passage through water and
the generation of Cherenkov light) and detector parameters (optics and PMT response).
The calibration program must thus do three things: measure parameters like bulk optical
properties (such as scattering and attenuation lengths), generate corrections to things like
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PMT times and charges, and provide tests of the detector model and accuracy of energy,
position reconstruction, and particle ID. By creating as physical a model of the detector as
possible, we will have confidence that extrapolating tests done with calibration sources (say
MeV-scale electrons or cosmic muons) to real beam events will be accurate. Our program is
thus aimed at measuring physical parameters, including those describing the photomultiplier
behavior, as precisely as possible.

The vertex and angular resolution functions will be confirmed using a combination of
radioactive sources and muons (in conjunction with a top veto). Understanding the efficiency
of the particle-identification algorithms will require a detailed understanding of the detector
performance — including the propagation of light within the detector. Therefore the primary
determination of the particle identification will use a complete Monte Carlo simulation of
the WCD. To ensure that the simulation correctly characterizes the behavior of the detector,
we will deploy several systems that will allow for a direct comparison with the Monte Carlo
and to monitor the stability over time.

Vertex resolution varies as a function of energy and depends on whether the event is
e-like or p-like. Based on experience from similar WCDs such as Super-Kamiokande ([106],
[110], the vertex resolution for both e-like and pu-like events should be determined with
less than 30 cm uncertainty in the high-energy range. As the particle energy decreases,
the amount of emitted Cherenkov light decreases as well, increasing the uncertainty in the
vertex resolution. Thus the vertex resolution in the low energy range should be better than
200 cm, although this requirement may vary, depending on the detector photo coverage and
physics goals. Another important element for differentiating between e-like and p-like events
and determination of their energy is the angular resolution, which should be better than 3°
for e-like and 1.8° for p-like events in the high energy range. Angular resolution becomes
significantly worse in the low energy range for the same reasons as the vertex resolution.

Particle misidentification for e-like and p-like is crucial for the v, appearance search
and thus should be less than 1% for all particle types. Finally, the Cherenkov ring finding
algorithm should achieve more than 90% efficiency while rejecting 99% of the background
at neutrino energies of 1 GeV.

We will utilize several approaches using hardware systems and software algorithms for
calibration and monitoring of the vertex resolution uncertainty, angular resolution uncer-
tainty and particle identification efficiency throughout the energy range of interest:

e Cherenkov Simulating Light Pulser (CSLP) which are battery operated light pulsers
that emit light cones with several tunable parameters: light intensity, light-cone direc-
tion, cone opening, thickness of the cone envelope and sharpness of the cone envelope.
In this way, a CSLP will be able to simulate light cones produced by electrons and
gammas of various energies (different cone opening and fuzziness). The CSLP cones
provide a control data sample of known energy and direction for single and two ring

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0



Chapter 5: Experimental Approach 5-47

events providing a way to monitor particle ID for electrons versus 7°.

e Naturally occurring events inside the detector (e.g., Michel electrons) with dedicated
software to utilize these events. The non-exhaustive list, for both high and low energy
includes: cosmic muons (number of photo-electrons as a function of track length, num-
ber of photo-electrons as a function of Cherenkov angle for low energy muons, spectrum
of Michel electrons, stopping muons) and neutral pions (reconstruction of 7y invariant
mass). For vertex and angular resolution a veto region will help better determine the
position of entering muons.

e Injection of downward-going electrons of known energy and position via a LINAC will
provide vertex-resolution calibration as a function of energy and position the low energy
range (5 MeV — 16 MeV).

e Radioactive sources deployed at various locations inside the detector volume provide
a valuable tool for determination of vertex shifting and resolution in the lowest energy
range. Uniform gamma sources will be designed and deployed to assess any vertex shift
in the detector. Various radioactive sources will be used to calibrate vertex resolution
as a function of energy in the low energy regime up to 20 MeV, where vertex reso-
lution deteriorates quickly with decreasing energy. In the case of gadolinium loading,
deployment of neutron sources will also be needed to measure the neutron capture
efficiency.

e We have been discussing the possibility of a high energy accelerator that would allow us
to directly test both our detector simulation model and our reconstruction and particle
ID efficiencies. We have not included this option in our costing at this stage.
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6 Long-Baseline Neutrino Physics

Long-baseline neutrino oscillation physics is the primary focus of LBNE. While our
highest priority is a search for CP violation in the lepton sector, the great strength of the
long-baseline, on-axis, wideband-beam approach is that it will allow us to make precision
measurements of nearly all elements of the PMNS matrix as well as resolving the mass
hierarchy, in a single experiment.

Appearance measurements of v, — v, alone will allow:

An observation of v, appearance *

e a more precise measurement of #,3 or extension of the limit beyond current experiments,

a determination of the neutrino mass hierarchy, i.e, whether the mass ordering is nor-
mal: Am3, > 0 or inverted: Am3, < 0 (assuming 6,3 # 0),

e a measurement of leptonic CP violation through measurement of the CP violating
phase, dcp (assuming 643 # 0), and

a search for non-standard neutrino interactions that interfere with neutrino oscillations.

In addition to precision measurements of the unknown neutrino matrix parameters accessi-
ble through v, — v, oscillations such as 63, the mass hierarchy, and J.,, LBNE will enable
precision measurements of the atmospheric neutrino oscillation parameters: Am2,, a3 for
both neutrinos and anti-neutrinos with a degree of precision that exceeds current experi-
ments. LBNE can also make an observation of v, appearance with sufficient statistics to
test the 3-flavor model of neutrino oscillations, and to extend the search for non-standard

interactions in the v, appearance channel.

The measurement capabilities of an LBNE Water Cherenkov detector (WCD) to the dif-
ferent physics associated with v, oscillations are discussed in Section 6.1. The LBNE detailed
beam and WC detector simulation used to estimate the performance parameters used in the

*If 013 is 0, v,s will appear due to v,, oscillations from the solar oscillation term.
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physics sensitivity calculations are presented in Sections 5.1 and 5.2. The beam and detector
performance parameters obtained from the simulations described in Sections 5.1and 5.2 are
implemented into the General Long-Baseline Experiment Simulator (GLoBES) [17] frame-
work which is used to calculate the physics sensitivities discussed in this section. Although
many of these studies were done with the initial 280 m decay pipe, we have found that the
much-lower cost 250 m decay pipe described in the previous chapter has a very small impact
on our ultimate oscillation sensitivities.

We have not explicitly investigated near-detector configurations in our studies, but
instead have assumed that any near detector will be able to provide the normalization for
background processes to 5% and signal to 1%. We further assume, based on the work de-
scribed in the previous chapter and the references therein, that our acceptance for v, signal
events is 15%, and the background leakage from NC 7¥s is 0.6%.

6.1 Long-Baseline v, — 1. Oscillations

A large WC detector (WCD) operating at a long baseline will be able to significantly
extend the sensitivity to v, — v, oscillations. For the mass hierarchy and CP violation we
will demonstrate that such an experiment can extend the 3¢ sensitivity almost an order of
magnitude beyond current neutrino oscillation experiments. Figure 6-1 and Table 6-1 give
the expected event rates for v, appearance measurements in a 200 kton WC detector at
a baseline of 1300 km (FNAL-Homestake) from the the LBNE beamline target (see Sec-
tion 5.1) for normal and inverted mass hierarchies. The appearance rates are higher for
the normal mass hierarchy in the case of neutrinos and for the inverted hierarchy in the
case of antineutrinos. From Figure 6-1, we also see the effect of the dcp phase: larger neu-
trinos rates are expected for negative phases (both normal and inverted hierarchies), while
larger antineutrino rates expected for positive phases. By exploiting such differences in the
neutrino and antineutrino v, appearance spectra observed at these large distances, separate
information on 6,3, the mass hierarchy, and CP violation can be obtained. In addition, a very
long-baseline experiment exploiting a wide-band neutrino beam, such as the on-axis LBNE
beam, can resolve the oscillation parameter degeneracies in the v, appearance spectrum and
allow a precision measurement of the value of 6;3 and the dcp phase.

The sensitivities to 013 # 0, our ability to resolve the neutrino mass hierarchy, and our
ability to determine CP is violated are summarized in the following sections. The sensitivities
are all estimated assuming a 1300 km baseline from the LBNE beam at Fermilab which
corresponds to the location of the Homestake mine. A discussion of the impact of different
baselines on the oscillation sensitivities will also be discussed in Section 6.5.
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| | WC (v mode) | WC (v mode) |

Normal mass hierarchy:
Oscillated v, +7, 484 180
Beam v.+7, 218 115
NC Bkd 276 118
Mis-identified v, CC 15 7
Inverted mass hierarchy:
Oscillated v, +7, 212 261
Beam v.+7, 221 114
NC Bkd 276 118
Mis-identified v, CC 15 7

Table 6-1: Number of v, and 7, events expected in a 200 kton WC detector in 5 years each
of neutrino and antineutrino running in a 700 kW beam. Rates have been integrated over the
region from 0.5 — 12 GeV. In correspondence with Figure 6-1, this assumes sin? 26,5 = 0.04
and dcp = 0. ‘NC’ refers to backgrounds from neutral current events looking like v, events.

6.1.1 Sensitivity to 0,3 # 0

Based on current projections, upcoming reactor and accelerator-based experiments
should be able to distinguish 63 from zero at the 3¢ level for sin? 265 values down to
0.02 before LBNE is in operation [18]. Figure 6-2 shows the sensitivity of LBNE to 6,3 # 0.
The results are dependent on both the value of dcp and the mass hierarchy. As can be seen,
the sensitivity is better for normal mass hierarchy unless dcp=45 — 180°, in which case the
sensitivity is better for inverted mass hierarchy.

Of course, the sensitivity of LBNE to determining a non-zero value of #;3 also increases
with longer exposure, for a constant beam power. Figure 6-3 shows the sensitivity in a WC
detector as a function of exposure at the 30 level. LBNE can probe sin? 263 down to the
10723 level with reasonable detector and beam assumptions. For example, with a standard
2000 kt-yr exposure to a 700 kW beam, and normal mass hierarchy, a WC detector is sensitive
to sin? 2013 # 0 at 30 down to a sin? 26,5 value of 0.008 for 100% of all possible dcp values.
Note: the sensitivity is worse for an inverted mass hierarchy.

In Figure 6-4 we show the LBNE discovery reach for non-zero 6,3 compared to other
long-baseline experiments. The NOvA and T2K sensitivities were provided to us by Joachim
Kopp.
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Figure 6-1: The expected v, spectra in a 200 kton WC detector assuming sin? 26,3 = 0.04
and 5 years of neutrino (top) and antineutrino (bottom) running in a 700 kW beam for
normal (left) and inverted (right) mass hierarchies. The black points assume dcp = 0 while
the pink and green lines are for dcp = £90°. The different background contributions are
indicated by the hatched histograms with intrinsic v, events shown in blue and the total
background contribution including intrinsic v,, NC, and mis-identified v, CC events in red.
In the case of antineutrino running, the signal and background distributions explicitly include
an additional contribution from neutrinos in the beam. Error bars are statistics only.

6.1.2 v, Appearance if 6,3 =0

In Figure 5-2 the appearance probability of v, when 613 = 0 is overlaid with the
LBNE beam spectrum used in this study. From the figures, we can see that the probability
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Figure 6-2: 30 (red) and 50 (blue) sensitivity of LBNE to sinf;3 # 0 as a function of dcp
for a 200 kton WC detector assuming 5+5 years of v and 7 running in a 700 kW beam.
Curves are shown for both normal (solid) and inverted (dashed) mass hierarchies. Here, the
discovery reach for sin? 26,5 is defined as the minimum value of sin? 26,3 for which LBNE
can rule out sin® 26,5 = 0 at the 30 and 50 levels.

of v, — v, appearing from mixing in the 1 — 2 sector (solar term) is 1 to 2 % for 0.5 <
E, < 0.8 GeV when 613 = 0. The beam v, contamination in this energy range is less than
< 1%. This appearance signal is taken into account properly in estimating the sensitivities
to 013 # 0. For very low values of sin?26,3, LBNE can play a very important role in the
study of 3 flavor oscillations, by observing v, appearance from mixing in the 1 — 2 sectors.
All previous and current experiments studying the mixing in the 1 — 2 (solar, reactors) are
disappearance experiments (with the exception of SNO, which is an inclusive, rather than
exclusive, appearance experiment). The appearance probability in this low energy range is
also sensitive to the sin®26y3 octant. Currently, using the LBNE LE beam tune, we can
expect to see an appearance signal of ~ 40 v, events in a 200 kt WC detector in the region
0.5 —2 GeV if #13 = 0, assuming a 700 kW beam running for 5 years in neutrino mode. The
total background in that region is &~ 200 events (see Figure 6-1).

There is a significant ongoing effort on increasing the neutrino flux in this region (< 2
GeV) as well as reducing the NC backgrounds from higher energy neutrinos by optimizing
the LBNE beam target and focusing designs. This should improve the sensitivity to v,
appearance regardless of the value of 6;3.
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Figure 6-3: Sensitivity of LBNE for determining non-zero 6,3 at the 3o level as a function of
exposure for a WC detector with a baseline of 1300 km. The plot gives projections assuming
dcp = 0 for both normal (solid) and inverted (dashed) mass hierarchies.

6.1.3 Mass Hierarchy

While the primary goal of upcoming neutrino oscillation experiments is discovery of
613, they may also provide information on the mass hierarchy and CP violation if 6,3 is large.
Nevertheless, the next generation of experiments (like NoVA and T2K) may not be able to
resolve these issues even with increased beam power, because of the inherent degeneracies
between CP-violating asymmetries and matter effects. An experiment like LBNE is needed
to take the next step in physics reach [18].

Figure 6-5 shows LBNE’s projected sensitivity to the mass ordering as a function of
013 and dcp for a 200 kton WC detector.

To get a sense for how this changes with detector mass and/or beam power, Figure 6-6
shows the sensitivity for resolving the mass hierarchy as a function of exposure. With an
exposure of 2000 kt-yrs, a WC detector can resolve the mass hierarchy at 3o for 100% of all
dcp values for a sin? 260;3 value down to 0.04. The sensitivity improves with larger exposures.
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Figure 6-4: 30 sensitivity of LBNE to sinf3 # 0 as a function of dcp for a 200 kton
WC detector assuming 5+5 years of v and 7 running in a 700 kW beam, compared to the
sensitivies of the NOvA and T2K experiments, assuming a normal hierarchy. The discovery
reach for sin? 26,5 is defined as the minimum value of sin? 26,5 for which LBNE can rule out
sin? 2015 = 0 at the 30 and 50 levels.
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Figure 6-5: Resolution of the mass hierarchy for a 200 kton WC detector assuming 5+5
years of v and ¥ running in a 700 kW beam. To the right of the curves, the normal (solid)
or inverted (dashed) mass hierarchy can be excluded at the 30 (red) or 50 (blue) level for
the indicated values of true sin?26;3 and dcp. Here, the mass hierarchy discovery reach is
defined as the minimum value of sin? 26,5 for which the wrong hierarchy can be excluded for
a given value of dcp.
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Figure 6-6: Resolution of mass hierarch for a 200 kton WC detector at 30 as a function
of exposure. The plot gives the projections assuming dcp = 0 for both normal (solid) and
inverted (dashed) mass hierarchies.

Figure 6-7 shows the 30 mass hierarchy ‘discovery’ potential of LBNE in the dcp—
sin? 26,3 plane with a 700 kW beam, compared to the NOvA experiment and T2K experi-
ments. The NOvA and T2K sensitivities were provided to us by Joachim Kopp.

6.1.4 CP Violation

Figure 6-8 summarizes the CP violation reach of LBNE. An LBNE WC detector can
make a 30 discovery of CP violation for 50% of all dcp values for sin? 26,3 values down to
0.03 assuming an exposure of 2000 kt-yrs.

Figure 6-9 shows the resolution on LBNE’s ability to measure dcp as a function of
exposure. Assuming a normal mass hierarchy, sin? 20,3 = 0.01, and dcp = 0, a WC detector
can measure dcp to within £19° (at 1o) in a 2000 kt-yr exposure. From Figure 6-9, we
see that higher mass (or equivalently, higher beam power) provides a rapid improvement in
resolution in the early years of running.
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Figure 6-7: 30 sensitivity of LBNE to resolving the mass hierarchy as a function of dcp for a

200 kton WC detector assuming 5+5 years of v and 7 running in a 700 kW beam, compared
to the sensitivies of the NOvA and T2K experiments, assuming a normal hierarchy.
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Figure 6-8: 30 (red) and 5o (blue) sensitivity of LBNE to CP violation for a 200 kton WC
detector assuming 5+5 years of v and 7 running in a 700 kW beam. Curves are shown for
both normal (solid) and inverted (dashed) mass hierarchies. Here, we define the CP violation
discovery potential as the range of dcp values as a function of sin? 26,3 for which one can
exclude the CP conserving solutions for dcp = 0° and dcp = 180°.

Figure 6-10 shows the 30 discovery reach for LBNE, compared to the NOvA and T2K
experiments. As is clear from the figure, neither NOvA nor T2K can make a 30 discovery
for the values of 0,3 examined here. The sensitivities for NOvA and T2K were provided to
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Figure 6-9: 1o resolution on the measurement of cp in a WC detector assuming sin? 2605 =
0.01 and normal mass hierarchy. Projections for both dcp = 0 (black) and dcp = —90° (gray)
are separately shown.

us by Joachim Kopp.

6.1.5 Future Improvements

As discussed in Section 5.3, we have been studying improving the sensitivities to the
v, — V. oscillation parameters by studying the latest improvements to the WC detector
response function and optimized efficiency from the T2KK collaboration. The updated Super-
K response function from the latest T2KK optimization study [16] significantly increased the
v, signal efficiency in a wider-band beam (1° off-axis) at a 270 kt WC detector located at a
baseline of 1050 km in Korea. The signal and background selection were optimized for the
T2KK experiment. For LBNE, we are currently working with T2KK/LBNE collaborators
to reoptimize the Super-K response for the higher energy on-axis LBNE beam. The v, —
v, signal and background event numbers in LBNE with the T2KK WC detector signal
and background efficiency numbers are shown in Table 6.1.5. As we can see from these
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Figure 6-10: 30 discovery reach of LBNE for dcp for a 200 kton WC detector assuming 5+5
years of v and 7 running in a 700 kW beam, compared to the sensitivies of the NOvA and
T2K experiments, assuming a normal hierarchy.

preliminary studies the efficiency of the v, signal is increased by a factor 2.3. The background
acceptance is high at this signal efficiency, so we are studying varying the T2KK selection
criteria to optimize S/v/B for LBNE.

Oscillated v, Signal NC+ v, CC Beam v,

LBNE 200 kt Detector (default efficiency) 484 291 218
LBNE 200 kt Detector (T2KK efficiency) 1105 1733 362
T2KK 270 kt Detector in Korea 212 200 100

Table 6-2: Number of expected v, events in the LBNE 200 kt WC detector from 5 years
of neutrino running in a 700 kW beam with the default WC detector response extrapolated
from Super-K and optimized for low background, compared to the rates obtained with the
higher signal efficiency response from the T2KK study [16]. The last line is the expected
off-axis event numbers in the 270kt WC detector in Korea in the T2KK experiment from
reference [16] - scaled to 7T00kW, 5 years neutrino running. These numbers assume, normal
hierarchy, sin® 26,3 = 0.04 and d¢cp = 0.
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6.2 Beam Upgrades

The possibility of a more intense beam, of up to 2 MW [20], could significantly im-
prove the experiment’s sensitivity to v, appearance physics, with no changes to the detector
necessary.

In Figures 6-11 and 6-12 we show the improvements to CP violation coverage, ;3
sensitivity, and the mass hierarchy, with a 2 MW beam. As can be seen, for CP violation,
the 50% coverage point moves downward to near sin® 20,5 ~ 0.01 in this scenario.
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Figure 6-11: Phase coverage for 30 discovery of CP violation, under the assumption of a

2 MW beam.

6.3 1, and 7, Disappearance

In addition to the v, appearance measurements, LBNE will also be able to provide
precise measurement of the atmospheric oscillation parameters through observation of both
Vmu and v, disappearance. The most precise constraint on the atmospheric mass splitting is
currently set by the MINOS experiment while the most precise constraint on the atmospheric
neutrino mixing angle is currently set by the Super-K +experiment.

In the coming years, next generation experiments, such as T2K and NOvA, will be
able to push beyond the current values and obtain even more precise measurements of these

parameters. For example, with an exposure of 3.75 MW x107 sec, T2K hopes to achieve
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Figure 6-12: 30 discovery reach for sin? 26,3, and the mass hierarchy (at 95% C.L.), under
the assumption of a 2 MW beam.

a 1% (4%) measurement of sin? 2053 (Am32,) [21]. For maximal mixing and after 6 years of
v+7 running, NoVA plans to measure sin? 26,3 to ~ 0.3% and Am3, to ~ 1% [23].

LBNE will also provide a sensitive test of the atmospheric oscillation parameters
through its measurement of v, and 7, disappearance. One advantage of the long baseline in
LBNE is that the multiple oscillation pattern in the spectrum will be clearly detectable. This
should offer some advantage when it comes to reducing systematics. As such, LBNE should
be the first experiment to observe the bi-modal structure in Am3, (note that KAMLAND
has already observed this for Am3;). Figure 6-13 and Table 6-3 show the expected v, and
7, event rates at the LBNE far detector site for a 200 kton WC detector. The statistics and
the size of the expected signal are large.

Using the assumptions from Section 5.3, Figure 6-14 shows the expected resolutions
on sin? 203 and Am2, achievable in LBNE as a function of exposure. As can be seen, quick
gains are made in the first years of running. In 5 years of neutrino running and for maximal
mixing, sub-% level measurements of AmZ, and sin® 20,3 are possible (at 1o) with a 200 kt
WC detector. Measurements of these parameters in the antineutrino disappearance channel
are also possible at the 1% level assuming a similar exposure.

Table 6-4 summarizes the physics reach of an LBNE WC detector to v, and 7, dis-
appearance parameters for exposures of both a single 100 kton module and two 100 kton
modules to 5 years of 700 kW beam.
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| | WC (v mode) | WC (v mode) |

No oscillations:
QE signal 27,947 18,220
non-QFE background 5,884 3,767
wrong-sign background — 2,725
With oscillations:

QE signal 8,955 5,500
non-QE background 1,888 1,133
wrong-sign background — 1,366

Table 6-3: Number of v, and 7, events expected in a 200 kton WC detector for 5 years each
of neutrino and antineutrino running in a 700 kW beam. Rates have been integrated over
the region from 0 — 10 GeV. The signal samples are assumed to be v, (7,) QE events in the
case of neutrino (antineutrino) mode running. Wrong-sign backgrounds refer to v, events in
the antineutrino mode beam.

‘ Spectrum for WC detector (200 kt), v, disappearance, neutrino mode for 5 years

‘ Spectrum for WC detector (200 kt), 7y, disappearance, anti-neutrino mode for 5 years |

Signal v, NON_OSCILLATED|

——— Signalv, OSCILLATED
Background vy (21%)
e

Signal V; NON_OSCILLATED
—— Signal v; OSCILLATED

Background vucc

Events/0.125 GeV
Events/0.125 GeV

400

300

//2/ 4 6 8 1‘0 lb

Energy (GeV) Energy (GeV)
Figure 6-13: Number of events expected with (red) and without (black) oscillations as ob-
served by a 200 kt WC detector in 5 years of neutrino (left) and 5 years of antineutrino
(right) running in a 120 GeV 700 kW beam. In the current set of assumptions, a v, QE
sample is used for the signal channel. The backgrounds are assumed to be predominantly
from CC 7t events. In the case of antineutrino running, there is an additional contribution
from v, events which is taken into account and shown in green.

‘ d(sin?2043) (v)  6(Am3,) (v) ‘ d(sin?2043) (V)  6(Am3,) (7)
500 kt-yrs WC 0.007 0.019 0.009 0.022
1000 kt-yrs WC 0.005 0.013 0.007 0.015

Table 6-4: 1o resolution on the measurement of v, (and 7,) disappearance parameters in
LBNE assuming an exposure of 500 and 1000 kt-yrs of WC (e.g., 100 kt or 200 kt of WC
in 5 years of v (or 7) running at 700 kW). Values are quoted for sin® 263 = 1.0. Units on
§(Am3,) are in 1073eV2,
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Resolution on sin 2(2923) at 1o in function of time for WC detector in neutrino mode |

Resolution on sin %(26,,) at 1a in function of time for WC detector in anti-neutrino mode

~.018F —— sin“(20,;) = 0.93 = = —— sin“(20,;) = 0.93
- thad = ) - < E ) -
& C sin®(26,,) = 0.95 &0.018— sin®(26,,) = 0.95
°20.016 [~ sin?(26,,) = 0.98 c E sin?(26,,) = 0.98
& F —— sin%(26,,) = 1.00 20.0161— —— sin%(26,,) = 1.00
©0.014F °© E
r 0.014F
0'012§ 0.012F
0,01 0.01E
0.008— 0,008
0.006]— 0,006/
0.004— 0,004;
0.0021— 0.002(—
S I I I I I I IV I I Bl b b e L L
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
kt-years kt-years
Resolution on A mZ; in function of time for WC detector in neutrino mode | ‘ Resolution on A mZ; in function of time for WC detector in anti-neutrino mode |
x10° x10”
R0.05 —— sin’(26,,) = 0.93 I —— sin®(26,,) = 0.93
. 0.05— . 2
g —— sin%(28,) = 0.95 EOUE —— sin%(26,) = 0.95
1 r sin?(26,,) = 0.98 v sin?(26,,) = 0.98
0.04 —— sin?(28,,) = 1.00 0,04 —— sin?(26,) = 1.00
0.03(— 0.03—
0.02 0.02-
0.01— 0_01;
I S S S AUV AFUPAVEN AUAN AUAVN AVAVAT A R R SO NN AN AN (AN AN AN STAVAVEN S
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
kt-years kt-years

Figure 6-14: Resolution on sin? a3 (top) and AmZ, (bottom) as a function of exposure that
could be achieved in LBNE at the 1o level for a WC detector running in neutrino (left) and
antineutrino (right) mode assuming a 700 kW beam.

6.3.1 Resolving the 0,3 Octant

Current experimental results tell us that sin® 26,3 is near maximal (sin? 6,3 > 0.91 at
90% CL [19]), however there exist two solutions of 6,3 for a given set of measured oscillation
parameters, known as the 3 octant ambiguity. Determining whether 63 is greater than
or less than 7/4 will help tell us whether the third neutrino mass eigenstate couples more
strongly to v, or v,. Figure 6-15 displays the capability of LBNE to resolve the 03 octant
with a 200 kt WC detector. LBNE is able to resolve the 6,35 octant degeneracy for 63 values
less than 40° at 90% CL and 90% of dcp values if sin® 20,5 is greater than 0.070.

6.3.2 v, Appearance

The LBNE baseline at 1300 km will be longer than any long-baseline experiment cur-
rently in operation. As a result, the oscillation probability occurs at higher energy and in
particular the energy range is favorable to v, — v, appearance since there is a large appear-
ance probability above the 7 CC production threshold of 3.4 GeV. In this respect LBNE has
a unique ability compared to current long-baseline experiments, since oscillation between all
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6-64 Chapter 6: Long-Baseline Neutrino Physics
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Figure 6-15: Sensitivity of LBNE to resolve the 653 octant degeneracy for 545 years of v+nu
running at 700 kW and normal mass hierarchy. The blue band shows the results for 200 kt
WC and the green for 34 kt LAr. The width of the bands corresponds to the impact of
different true values for dcp, ranging from a 10% to 90% fraction of dcp. In the region above
the bands, the determination of the fa3 octant is possible at 90% CL (lower bands) and 3¢
(upper bands).

three flavors of neutrinos can be observed with significant statistics in a single experiment.
To increase the v, CC appearance signal, we are considering several high energy beam tunes
produced by moving the target further upstream of horn 1. The Super-K collaboration has
recently announced the observation of a v, signal from atmospheric oscillations [22]. We are
currently estimating the statistical significance with which v, appearance can be established
in the LBNE WC detector.

In Table 6-5, the v, and v, CC appearance rates for several LBNE beam tunes are
shown.

Target Position | v, CC v, CCosc v, CC beam v, —v. CC v, — v, CC
0 20K 7.8K 220 400 100
-0.3 m 29K 11K 260 560 140
-1.5m 44K 28K 320 480 640
-2.5m 47K 35K 280 340 800

Table 6-5: v,,v,, v, appearance rates per 100 kt. MW.yr at the far detector in LBNE
for different beam tunes obtained by moving the target w.r.t. horn 1. Normal hierarchy,
sin? 2013 = 0.04, 8., = 0. The rates are integrated in the region 0-20 GeV.
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6.4 Neutrino Physics Beyond Standard Mixing

In addition to precision measurements of the standard three-flavor neutrino oscillation
parameters, LBNE is also well-suited for new physics searches in the neutrino sector. For
example, the experiment is sensitive to non-standard neutrino interactions and active-sterile
neutrino mixing, provided that these effects are not too weak.

6.4.1 Non-standard Interactions

Theories beyond the Standard Model can induce Lagrangian operators that couple
neutrinos to normal matter in non-standard ways. In the low-energy effective theory relevant
to neutrino oscillation experiments, these non-standard interactions manifest themselves as
4-fermion operators, either of the charged current (CC) type or of the NC type. NC NSI
can be understood as non-standard matter effects that are visible only in a far detector at
a sufficiently long baseline. This is where LBNE has a unique advantage compared to other
long-baseline experiments (except atmospheric neutrino experiments, which are, however,
limited by systematic effects, and solar neutrino experiments that probe a different region
of parameter space). They can be parameterized as new contributions to the MSW matrix
in the neutrino propagation Hamiltonian:

0
H=U Am3, /2E U+ Vasw (6.1)
Am3,/2E
with
) 1+¢€ GZL en
Visw = V2GpN. | en e e | . (6.2)
€er € €or

Here, U is the leptonic mixing matrix, and the e-parameters give the magnitude of the
NSI relative to standard weak interactions. For new physics scales of few x 100 GeV, we
expect |e| < 0.01. Model-independent bounds on NST are typically of order 0.01-1 [26,27,28].
To assess the sensitivity of LBNE to NC NSI, we define the NSI discovery reach in the
following way: We simulate the expected event spectra, assuming given “true” values for the
NSI parameters, and then attempt a fit assuming no NSI. If the fit is incompatible with
the simulated data at a given confidence level, we say that the chosen “true” values of the
NSI parameters are within the experimental discovery reach. In Fig. 6-16, we show the NSI
discovery reach of LBNE for the case where only one of the €5 parameters is non-negligible
at a time.

We conclude from the figure that LBNE will be able to improve model-independent
bounds on NSI in the e—u sector by a factor of 2, and in the e-7 sectors by an order
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NC NSI discovery reach (30 C.L.)
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Figure 6-16: NSI discovery reach in a 200kt WC detector. The left and right edges of the
error bars correspond to the most favorable and the most unfavorable values for the complex
phase of the respective NSI parameters. Red arrows indicate the current model-independent
limits on the different parameters at 3 o [26,27,28|.

of magnitude. Bounds on non-standard effects in the pu—7 sector are already quite strong
because of the sensitivity of atmospheric neutrino experiments, but LBNE may be able to
improve also some of the bounds in this sector, and in any case, LBNE bounds will be more
robust than the ones derived from atmospheric neutrino oscillations [35].
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6.4.2 Long Range Lepton Flavor Interactions

1400 — ]
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Figure 6-17: The number of v, (left) and v, (right) CC interactions in a 200 kton detector
located at 1300 km from the LBNE beam for sin? 2653 = 0.9, Am3, = 2.4 x 1072 eV2. The
experiment assumes 5+5 yrs of running in neutrino+anti-neutrino mode at 700 kW. The
dashed black line is the unoscillated interaction rate, the solid black line is the oscillated
spectrum with no new physics. The red curves are the oscillated spectra with LRI with
o' =1.0,0.5,0.1 x 10752 (thick solid, dashed, and dotted) [37].

LBNE will be able to measure the oscillation of v, — v, and v, — v, with a precision
that exceeds any previous or currently planned long-baseline neutrino oscillation experi-
ments. The expected precision is < 1% on the mass-difference squared, and sin? 2653. Long
range lepton flavor interactions (LRI) caused by the collective effect of particles in the Sun
and the Earth can manifest themselves as a difference in v, /v, oscillations in terrestial
neutrino experiments [37]. The precision measurement of v, disappearance in both neutri-
nos and anti-neutrinos using a wide-band beam in LBNE, make it a unique laboratory to
explore long range lepton flavor interactions. The strength of the LRI interaction is given
by an effective fine structure constant o', whose values are constrained to be in the range
< O(107%—107*7) by precision measurements of gravity. Figure 6-17 displays the oscillated
v, and D, spectra expected in a 200 kt LBNE detector with different values of o/ < 10752,
The large mass of the WC detector coupled with the excellent v, PID capabilities and ex-
cellent energy resolution achievable with large statistics of QE events (see Figure 6-13)
indicate that LBNE is sensitive to small asymmetries in the oscillations of neutrinos and
anti-neutrinos at a level sufficient to probe current models of long-range interactions with
effective coupling constants at least an order of magnitude below that excluded by precision
tests of gravity.
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6.5 Variation of Physics Sensitivities with Baseline

We have studied the impact of the baseline on oscillation physics sensitivities with a
200 kt WC detector assuming 5+5 years of v and 7 running in a 120 GeV 700 kW beam. To
try and keep L/E near the optimal for each baseline, we considered 3 different beam tunes:
i) a narrow band 2° off-axis beam similar to the T2K beam for baselines of 300 and 500 km,
ii) the default LE wide-band on-axis beam for baselines from 500 to 2000 kms, and iii) the
ME wide-band beam tune for baselines greater than 2000 km. The beam spectra are shown
in Figure 5-1. The results of the sensitivity vs baseline studies are shown in Figure 6-18
for the v, — v, oscillation physics.

From the study, we observe that for a normal hierarchy the 3o sensitivity to 613 # 0 at
dep = 0 with a 200kt WC detector is almost constant as a function of baseline (300-3000km)
with the best matched beam tune and is achieved for values of sin? 26,3 between 0.003 and
0.0045. The statement is not true for the inverted hierarchy, where the sensitivity to non-zero
013 is usually worse for the same beam tune compared to the normal hierarchy. The studies
show that we can resolve 613 # 0 at ., = 0 for both mass hierarchies for sin? 26,3 <= 0.006
using the same wide-band beam tune for baselines >= 1300 km. For the sensitivity to the
mass hierarchy at 3o for at d., = 0, the sensitivity for both normal and inverted hierarchy is
almost identical and improves rapidly with baseline until a baseline of around 1500 where it
begins to plateau. The MH sensitivity is achieved for values of sin? 20,5 between 0.015 to 0.006
for baselines from 1500km to 3000km respectively. The 1o resolution of the measurement
dep at dgp = 0 as a function of baseline demonstrates that the best resolution of <= 20° is
achieved at baselines between 1000 to 1500km. While the resolution of this one point is also
<= 20° for baselines < 500km , we cannot resolve the parameter degeneracies with baselines
shorter than 1000km. The 1o resolution of the measurement o, at d., = 0 gets significantly
worse at baselines > 2000 km.

We conclude that to obtain the best sensitivity to 613! = 0, resolving the mass hierarchy,
and measuring the oscillation parameters - particularly d., - with the highest precision in
the same experiment with the same beam requires baselines between 1300 and 1700 km.

6.6 Summary of Long-Baseline Physics Capabilities

LBNE is sensitive to non-zero 63 (at the 3¢ level) down to sin® 26,3 = 0.005 for a single
100 kton WC module operating for 10 years (5+5 years v+7) and down to sin? 20,3 = 0.003
for 200 ktons operating in this same time. This assumes dcp = 0 and normal mass hierarchy
(Figure 6-3). As one might expect, the 200 kton configuration reaches a sensitivity almost
a factor of two higher than the 100 kton case; of course, higher beam power could also
provide the same sensitivity in the case of a smaller detector. Additionally, the 1000 kton-yr
exposure provides a 25° measurement of dcp, whereas an 19° accuracy can be achieved in
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Figure 6-18: The physics sensitivities of a 200kt WC detector vs baseline and sin® 26,3
assuming 5+5 years of v and 7 running in a 700 kW beam. The different colors correspond
to different beam spectra used as shown in Figure 5-1. The top figure is the 30 discovery
reach for 013 # 0, at 0., = 0. The middle figure is the sensitivity at 30 to the mass hierarchy
resolution at d., = 0. The bottom figure shows the 1o resolution on dcp, at d., = 0. The
solid lines are for normal hierarchy and the dotted lines are for inverted hierarchy.

2000 kton-yrs. This assumes normal mass hierarchy, sin? 26,5 = 0.01, and dcp = 0. Figure
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Figure 6-19: 30 discovery potential of LBNE for determining sin? 26,3 # 0, the mass hierarchy
(blue), and CP violation (green) as a function of sin? 2613 and the fraction of dcp coverage.
In the top figure, the sensitivities are shown for both normal (solid) and inverted (dashed)
mass hierarchies for a 200 kton WC detector in 5+5 years of v+7 running in a 700 kW beam.
The bottom figure shows the discovery potential for 5+5 yrs running with a 700 kW (solid)
and 2 MW (dashed) beam at normal hierarchy.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0



Chapter 6: Long-Baseline Neutrino Physics 6-71

6-19 summarizes the value of sin? 26,3 at which 30 sensitivity can be achieved as a function
of the fraction of d., values covered. The sensitivity is shown for 10 yrs of running in both a
700 kW beam and a 2 MW beam, such as could be available from the proposed ProjectX at
Fermilab [20]. Table 6-6 summarizes the sensitivity of a WC detector in LBNE to measure
non-zero sin’ 263, the mass hierarchy, and CP violation assuming a run time of 5 years
each in neutrino and antineutrino modes at 700 kW for detectors with masses of 100 kton,
150 kton, and 200 kton. We also considered the case where a 2MW ProjectX beam at 120
GeV coupled with a 200 kton WCD detector. We find that the greatest impact of the detector

sin?20;3 # 0 Mass Hierarchy CP violation
1000 kt-yrs WC (700kW) 0.010 0.06 0.09
1500 kt-yrs WC (700kW) 0.009 0.05 0.06
2000 kt-yrs WC (700kW) 0.008 0.04 0.03
2000 kt-yrs WC (2MW) 0.005 0.02 0.015

Table 6-6: Sensitivity comparisons for 1000 kt-yr, 1500 kt-yr, and 2000 kt-yr exposures of
a WC detector (e.g., 100 kton, 150 kton, 200 kton) of WC in 5+5 years of v + 7 running at
700 kW and for 2000 kt-yr at 2 MW. These numbers represent the value of sin? 26,53 where a
30 determination of sin? 203 # 0, the sign of Am3;, and CP violation can be made for 100%
of the possible values of dcp. For CP violation, the values are quoted for 50% of possible d¢p
values. All assume a normal mass hierarchy.

mass is on the sensitivity to CP violation with large gains in sensitivity (larger than expected
from simple statistics) as the detector mass is increased. Figure 6-20, shows the impact of
the detector mass on the sensitivity to CPV as a function of d., and sin? 26;3.

From the study of the sensitivity variations with baseline and detector mass, we con-
clude that best sensitivities to the v, — v, oscillation parameters - including the ability to
carry out precision measurements of the CP phase and 6,3 for values of sin® 26,5 > 0.01 - re-
quires a wide-band beam coupled to baselines between 1300 and 1700km and a WC detector
of at least 200 kton in mass.

LBNE will also actively search for new physics manifesting itself as non-standard matter
effects and has enhanced sensitivity due to the very long baseline of the experiment. LBNE
will be able to improve model-independent bounds on NSI in the e—u sector by a factor of
2, and in the e—7 sectors by an order of magnitude.
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Figure 6-20: The sensitivity of a 100, 150, and 200 kton WC detector at 1300km to CP
violation at 3c0. The plot on the left is the 30 sensitivity contour as a function of J., and
sin? 26,5. The plot on the right is the 3¢ sensitivity as a function of sin? 26,5 and the fraction
of dcp coverage. The experiment assumes 5+5 years of v and 7 running in a 700 kW beam.
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{ Proton Decay

Proton decay, bound neutron decay, and similar processes such as dinucleon decay and
neutron-antineutron oscillation test the apparent but unexplained conservation law of baryon
number. These decays are already known to be rare based on decades of prior searches, all of
which have been negative. If measurable event rates or even single candidate events are found,
one immediately concludes that they must have proceeded via unknown virtual processes
based on physics beyond the standard model. The impact of demonstrating the existence of
a baryon number violating process would be profound.

The class of theories known as Grand Unified Theories (GUTs) make predictions about
baryon number violation and the life of the proton that may be within reach of the LBNE
detectors. Early GUTs were the original motivation for putting kiloton-scale detectors un-
derground. The 22.5 kiloton Super-Kamiokande experiment extended the search for proton
decay by more than an order of magnitude. Although there has been no sign of proton decay,
the strict limits from these experiments constrain the construction of contemporary GUTs
and indeed, a tension between experiment and theory is now commonly discussed. It is very
natural to continue the search with 100-kiloton-scale detectors.

7.1 Motivation and Scientific Impact of Future Measure-
ments

The grand unified theoretical motivation for the study of proton decay has a long and
distinguished history [38,39,40], and has been reviewed many times [41,42,43]. Contemporary
reviews [44,45,46] discuss the strict limits already set by Super-Kamiokande and the context
of proposed multi-100-kiloton scale experiments such as Hyper-Kamiokande and LBNE. Here
are some of the key points related to scientific impact:

e Conservation of baryon number is unexplained, corresponding to no known long-range
force.
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e Baryon number non-conservation has cosmological consequences, such as a role in in-
flation and the baryon asymmetry of the universe.

e Proton decay is predicted by a wide range of GUTs.

e Grand unified theories are also often able to accommodate massive neutrinos with
characteristics as discovered over the last decade.

e GUTs incorporate other unexplained features of the standard model such as the rela-
tionship of quark and lepton electric charges.

e The unification scale is suggested experimentally and theoretically by the apparent
convergence of the running coupling constants of the Standard Model. It is in excess
of 10% GeV.

e The unification scale is not accessible by any accelerator experiment, and can only be
probed by virtual processes such a proton decay.

e The dominant proton decay mode is often sufficient to roughly identify the likely char-
acteristics of the GUT, such as gauge mediation or the involvement of supersymmetry.

e GUTs usually predict the relative branching fractions of different nucleon decay modes,
requiring a sizeable sample of proton decay events to more fully explore.

In summary, the observation of even a single unambiguous proton decay event would strongly
corroborate that the ideas of unification are correct and would give strong guidance as to
which ideas are correct. One or two events would also give guidance to the larger size detector
needed to explore the physics in more detail.

From the body of literature, two decay modes emerge that dominate our experimen-
tal design. First, there is the decay mode of p — e*7® that arises from gauge mediation.
This is the most famous proton decay mode, often predicted to have the highest branching
fraction, and also demonstrably the most straightforward experimental signature for a wa-
ter Cherenkov detector. The total mass of the proton is converted into the electromagnetic
shower energy of the positron and the two photons from 7° decay, with a net momentum
vector near zero.

The second key mode is p — KTv. This mode is dominant in most supersymmetric-
GUTs, which also often favor several other modes involving kaons in the final state. The
decay mode with a charged kaon is notable because it presents the unique opportunity for
a liquid argon TPC or a scintillation detector to detect it with high efficiency, although
water Cherenkov detectors can search for it with 10-15% efficiency and maintain relatively
low background rates. We discuss the sensitivity to this mode with a ‘scintillator fill’ of the
LBNE water Cherenkov detector, in Section 11.5.1.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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There are a number of other proton decay channels to consider, but they will not
influence the design of a next-generation experiment beyond the above decay modes. There
are 27 allowed modes of proton or bound neutron into anti-lepton plus meson (conserving
B — L). The most stringent limits besides p — e*7? include p — p™7° and p — e,
both of which must have partial lifetimes greater than 4 x 1033 years. Any experiment that
will do well for e*7? will do well for these decay modes. The decay p — va™ or n — vr
may have large theoretically predicted branching fractions but are experimentally difficult
due to sizeable backgrounds from atmospheric neutrino interactions. The decay p — p™K°
is detected relatively efficiently by either water Cherenkov or LAr TPC detectors. There
are a number of other possibilities such as modes that conserve B + L, or violate only
baryon number, or that decay into only leptons. These possibilities are less well-motivated
theoretically, as they do not appear in a wide range of theories. In any case, they can be
accommodated with equal ease or difficulty by a large water Cherenkov detector.

Figure 7-1 shows experimental limits, dominated by recent results from Super-Kamiokande,
compared to the ranges of lifetimes predicted by an assortment of GUTs. At this time, the the-
ory literature does not include attempts to precisely predict lifetimes, concentrating instead
on suggesting the dominant decay modes and relative branching fractions. The uncertainty
in the lifetime predictions come from details of the theory, such as unknown heavy particles
masses and coupling constants, as well as poorly known details of matrix elements for quarks
within the nucleon.

It is apparent from this figure that a continued search for proton decay is by no means
assured of success. In addition to the lifetime ranges shown, there are models that predict
essentially no proton decay or lifetimes out of reach of likely experiments. With that caveat,
an experiment with sensitivity between 103 and 10%® years is searching in the right territory
over a wide range of GUTs and even if no proton decay is detected, the stringent lifetime
limits will restrict efforts to build grand unified theories. Minimal SU(5) was ruled out by
the early work of IMB and Kamiokande; minimal SUSY SU(5) is considered to be ruled
out by Super-Kamiokande. In most cases, another order of magnitude in limit will not rule
out specific theories, but will constrain their allowed parameters, perhaps leading to the
conclusion that some are fine-tuned.

7.2 Sensitivity of Reference Configurations

The experimental requirements of the search for proton decay can be found in the basic
formula for the partial lifetime 7 for branching fraction B:

B_nobs_nbg7 ‘

where N is the number of nucleons exposed, At is the exposure time, € is the detection effi-
ciency, neps is the observed number of events, and ny, is the estimated number of background
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Figure 7-1: Proton decay lifetime limits compared to lifetime ranges predicted by Grand Uni-
fied Theories. The upper section is for p — e*7", most commonly caused by gauge mediation.
The lower section is for SUSY motivated models, which commonly predict decay modes with
kaons in the final state. The marker symbols indicate published limits by experiments, as
indicated by the sequence and colors on top of the figure.

events. To measure 7/B, one would like the numerator to be as large as possible, which calls
for the largest possible exposure of nucleons as well as the highest possible efficiency.

The sensitivity for a detector configuration is determined by the detector mass, effi-
ciency, expected background, and running time, following Eq. 7.1. For the purpose of gen-
erating sensitivity curves, we calculate the 90% C.L. lifetime limit one would publish after
a given exposure under the assumption that the number of detected events exactly equals
the number of background events, and the background is subtracted. The efficiency and
background estimates are drawn from Table 7-1.

The lifetime limit is calculated for the 90% confidence level based on the Poisson
processes with background method from the 1996 Review of Particle Properties [48]. This
method does not take into account systematic uncertainty; doing so typically weakens these
limits by 20%.
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Mode | Efficiency | Background Rate (evts/100 kt-y)
p—etn | 45% + 19% 0.2(+£40%)
p— vK*+ | 134% + 22% 0.67(£30%) (SK1)
p— vK*+ | 10.6% + 22% 0.83(£30%) (SK2)

Table 7-1: Efficiency and background numbers used for sensitivity calculations for a water
Cherenkov detector. The numbers are based on published or preliminary Super-Kamiokande
studies. The systematic uncertainties are included for reference but play no role in the sen-
sitivity calculation.

7.3 Proton decay to et 7’

For the decay of a free proton, the momentum should be zero within the limits of
detector resolution; for the decay of a bound proton, the momentum is smeared up to the
Fermi level (225 MeV/c in °0). No muon-decay electron should be present, a requirement
that eliminates a great deal of atmospheric neutrino background. Compared to other possible
nucleon decay modes, this is a very clean signature.

For etn%, the detection efficiency is dominated by nuclear absorption when the proton
decays in 160, with 37% of the pions being absorbed or undergoing charge exchange; in either
case the signature is lost. Decay of the free proton is detected efficiently, however, with an
experimental efficiency of 87%. Overall, a proton decay to et 7 in water event will pass the
standard set of Super-Kamiokande cuts with an efficiency of 45%.

Figure 7-2 shows the 90% sensitivity curve for p — e™7% plotted as a function of
calendar year. The leftmost curve is that for Super-K. The first smooth section reflects the
initial running period known as Super-K-I (SK1) that started in May 1996. Then there is a
flat period reflecting a planned small shutdown in 2001 that was lengthened due to the PMT
chain reaction accident. The subsequent smooth curve is SK2, followed by a brief shutdown,
and then SK3 changing smoothly into SK4 in 2008. The Super-K official limit as of early
2011 (SK1+42+3+4) is 1.2 x 10** years [2,3].

The efficiencies and background rates for the curves were taken to be identical to
those for Super-K. Based on the SK2 studies of p — e*7? [2], the efficiency and background
rates for 20% photocoverage were indistinguishable from 40% photocoverage (SK1 and SK3).
Therefore, we take the LBNE curves to represent configurations with either 15%-HQE or
30%-HQE.

After 10 years, a 200 kt water Cherenkov detector would have an expected background
of 4 events given our assumed background rate. This has a significant impact on the 90%

C.L. limit we would set, or conversely, the ability to identify one or two candidate events in
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Figure 7-2: Proton decay lifetime limit for p — e*n% as a function of time for Super-
Kamiokande compared to 300 kt of water Cherenkov detector starting in 2019. The water
Cherenkov detector is assumed to commission 100 kt each year for the first three years; the
limits from the partial detector masses of 100 kt or 200 kt is indicated with dashed lines. All
limits use the same detection efficiency of 45% and background rate of 0.2 events/100 kt-
years; systematic uncertainties are not included. The limits are at the 90% C.L., calculated
for a poisson process including background assuming the detected events equals the expected
background.

such an exposure. It is possible that atmospheric neutrino backgrounds could be reduced in
a detector with gadolinium, assuming (a) that proton decay does not eject neutrons from a
160 nucleus and (b) atmospheric neutrino interactions are frequently accompanied by ejected
neutrons. If the background rate could be convincingly reduced by a factor of 2, from 0.2
events to 0.1 events per 100 kt-years, then a 200 x 10 kt-year exposure would set a limit of
0.8 x 10% years instead of 0.6 x 103 years. A 300 kt detector with reduced background rates
would reach the milestone of 10% years in 10 years running.

7.4 Proton decay to v K"

Figure 7-3 shows the 90% sensitivity curve for p — vK™T plotted as a function of
calendar year. The leftmost curve is that for Super-K as described above. The Super-K
analysis is described in several publications [49,4].

The Super-K analysis uses three methods: (i) gamma tag with K+ — p + v, (ii)
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Figure 7-3: Proton decay lifetime limit for p — vK* as a function of time for Super-
Kamiokande compared to 300 kt of water Cherenkov detector starting in 2019. The water
Cherenkov detector is assumed to commission 100 kt each year for the first three years; the
limits from the partial detector masses of 100 kt or 200 kt is indicated with dashed lines. The
bold lines use the efficiency and background numbers for the SK1 analysis; the thin lines use
the efficiency and background numbers for the SK2 analysis. The limits are at the 90% C.L.,
calculated for a poisson process including background assuming the detected events equals
the expected background.

Kt — 77% and (iii) a background limited search for a monoenergetic muon. For the
purpose of the Super-K and LBNE water Cherenkov curves, only (i) and (ii) are used, because
they are relatively background free. The SK1 analysis has a relatively high background rate
of 0.67 events per 100 kt-year. It is likely that some re-optimization would occur for large
exposures, but for the sake of argument, these numbers are assumed to not change the
sensitivity much, as the most likely alteration would be some loss in efficiency in exchange
for lower background. It is also possible that the LBNE detector with smaller PMTs and
better timing could result in a sharper set of cuts to find the gamma ray tag. In other words,
there is some hope that the LBNE detector would perform slightly better than Super-K for
p — vK 7T, which is not likely to be true for e* 7.

As seen in Table 7-1, the performance of the Super-K analysis is markedly worse
for SK2 (20% photocoverage) than SK1 (40% photocoverage). The efficiency is lower and
the background rate is slightly higher. To study this difference, two sets of LBNE water
Cherenkov curves are provided in Fig. 7-3, one set for each case.

After 10 years, a 200 kt water Cherenkov detector would have an expected background
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of roughly 10 to 20 events depending on photocathode coverage and any possible enhance-
ment via neutron tagging. This has a significant impact on the 90% C.L. limit we would set,
or conversely, the ability to identify a small number of candidate events in such an exposure.
Therefore the expected improvement in the limit over the long Super-Kamiokande run circa
2030 would be no better than roughly a factor of two.
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8 Supernova Burst Neutrinos

8.1 Motivation and Scientific Impact of Future Measure-
ments

A nearby core collapse supernova will provide a wealth of information via its neutrino
signal (see [50,51] for reviews). The neutrinos are emitted in a burst of a few tens of seconds
duration, with about half in the first second. Energies are in the few tens of MeV range, and
luminosity is divided roughly equally between flavors. The baseline model of core collapse
was confirmed by the observation of 19 neutrino events in two water Cherenkov detectors for
SN1987A in the Large Magellanic Cloud, 55 kpc away [52,53]. An observed high-statistics
core collapse neutrino signal will shed light on a variety of physics and astrophysics topics.

Core collapses are rare events: the expected rate is 2-3 per century in the Milky Way.
The large LBNE detector(s), once constructed, may operate for decades. On this time scale,
there is a significant likelihood of a supernova exploding in our galaxy. In a 20-year run of
an experiment, the probability of observing a collapse event is about 40%. The detection of
the neutrino burst from such an event would dramatically expand the science reach of these
detectors: from measuring the neutrino mass hierarchy and 6,3 mixing angle, to observing
the development of the explosion in the core of the star, to probing the equation of state
of matter at nuclear densities, to constraining physics beyond the Standard Model. Each of
these questions represents an important outstanding problem in modern physics, worthy of a
separate, dedicated experiment. The possibility to target them all at once is very attractive,
especially since it may come only at incremental cost to the project. The expected harvest
of physics is rich enough that it is essential to prepare to collect as much information as
possible when a burst happens.

In contrast to SN1987A, for which only 19 neutrinos were observed, the LBNE water
Cherenkov detector would register tens of thousands of interactions from the burst. The high
event rates imply that it should be possible to measure not only the time-integrated spectra,
but also their second-by-second evolution. The oscillation patterns come out very different
for the normal and inverted mass hierarchies. There are also several smoking gun physics
signatures one can look for: for example, the expanding shock and turbulence leave a unique
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imprint in the neutrino signal. The supernova signal also has a very high sensitivity to values
of 613, down to the levels inaccessible in any laboratory experiment. Additional information
on oscillation parameters, free of supernova model-dependence, will be available if Earth
matter effects can be observed in detectors at different locations around the Earth [54,55].
The observation of this potentially copious source of neutrinos will also allow limits on
coupling to axions, large extra dimensions, and other exotic physics (e.g. [56,57]).

As a final note, because the neutrinos emerge promptly after core collapse, in contrast to
the electromagnetic radiation which must beat its way out of the stellar envelope, an observed
neutrino signal can provide a prompt supernova alert [58,59]. This will allow astronomers
to find the supernova in early light turn-on stages, which may yield information about the
progenitor (in turn important for understanding oscillations).

Several other experiments sensitive to supernova neutrinos will be online over the next
few decades [50,60]. However one should not consider these to be “competition” for a su-
pernova detection by LBNE: more experiments online during a supernova burst will only
enhance the science yield from a supernova, and the ability to measure fluxes at different
locations around the Earth will make the whole more than the sum of the parts [54].

8.2 Supernova Neutrino Interaction Rates

The total number of events expected scales as 1/R?, where R is the distance to the
supernova (a distance of 10 kpe, which is a bit beyond the center of the Milky Way, is usually
taken as a standard). In water, a few hundred events per kton within a few tens of seconds
are expected at this distance; at underground sites under consideration for next-generation
detectors, one expects a clean signal out to Andromeda. See Fig. 8-1.

Some of the cross-sections for interactions in water— in particular, charged current
inverse beta decay v, + p — e* 4+ n (IBD) and elastic scattering (ES) of neutrinos on
electrons v, , + e~ — V., + e, are known to few percent or better level. In contrast, other
interactions on O nuclei have relatively large uncertainties, and cross-sections have never
been measured in the few tens-of-MeV energy range.

IBD is overwhelmingly dominant in the supernova neutrino energy regime: water
Cherenkov detectors are primarily sensitive to the v, component of the flux. The primary
observable is the Cherenkov radiation of the IBD positron. In principle one may also exploit
the delayed coincidence between the positron signal and a signal from capture of a neutron
to tag the interaction, in the presence of Gd doping (see Section 11.2).

Elastic scattering, although a relatively small component of the signal, is of significance

because of its directionality. IBD positrons are emitted nearly isotropically, so are of little use
for pointing. In contrast, electrons are kicked in the direction of the incoming neutrino, and
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Figure 8-1: Approximate number of events detected in 30 seconds as a function of distance
to the supernova for Super-K (dashed line) and a 200 kton water detector (solid line).
The horizontal green lines indicate cosmic muon rates at SK depth (~2300 meters water
equivalent (mwe)) and the Homestake mine depth (4290 mwe). (Note that cosmic muons
can be effectively vetoed through several orders of magnitude.)

the Cherenkov light cone allows determination of the charged particle direction. The pointing
quality scales approximately as ~ 25°/ V/N; degradation by isotropic background results in
about 5 degrees pointing accuracy for a few hundred kton detector at 10 kpc [67,68]. The
pointing quality can be improved somewhat with the addition of Gd to reduce the isotropic
background; the angular information can be also used to select a flavor-enhanced sample
(see Section 11.2). Furthermore, if the direction to the supernova is known, neutrino energy
can be more precisely reconstructed for ES events.

There are also non-negligible contributions from charged current interactions on oxy-
gen, v, +10 — e” +1°F, 0, +1 0 — et +'° N, as well as neutral current excitations [65].
These reactions have diverse final states, including ejected nucleons and deexcitation gam-
mas. These interactions are also asymmetric, and this asymmetry could potentially be of use
in disentangling flavor components.

The predicted event rate from a supernova burst may be calculated by folding expected
neutrino differential spectra with cross-sections for the relevant channels, and with detector
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response. We have performed the event rate computation by using detector responses esti-
mated with WCSim, making use of the GLoBES software [17]. We employ only the front-end
rate engine part of GLoBES, and not the oscillation sensitivity part. GLoBES takes as in-
put fluxes, cross sections, “smearing matrices” and post-smearing efficiencies. The smearing
matrices incorporate both interaction product spectra and detector response.

Figure 82 shows the resulting differential energy spectra for the different channels.
The plot on the left shows the interaction rates as a function of neutrino energy. The plot on
the right shows the distribution of observed event energies in the detector. Table 8-1 shows
the breakdown of detected event channels, for two different specific supernova neutrino flux
models, the “Livermore” [61] and “GKVM” models [62]. We note that different flux models
can give substantially different event rates. In particular, because of the thresholds of the
160 interactions, the rates of the CC interactions on oxygen are quite sensitive to the v, and
V. spectra.
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Figure 8-2: Event rates in 200 kton of water, for the Livermore model (events per 0.5 MeV).
Left: interaction rates as a function of neutrino energy. Right: observed event rates as a
function of detected energy.

8.3 Mass Hierarchy Sensitivity

There will likely be significant and observable imprints of oscillation parameters on the
observed spectrum of burst supernova neutrino events. For oscillation sensitivity, ability to
measure and tag the different flavor components of the spectrum is essential.

We have attempted a simple quantification of the relative sensitivity of the different
single detector configurations to mass hierarchy using a flux provided by Huaiyu Duan [63],
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Channel Events, “Livermore” model | Events, “GKVM” model
Uet+p—et+n 50272 30442
Vp+e — v, +e” 1198 774
Ve +100 e +F 170 748
Ve +160 — et +16N 1379 968
v, +190 — v, +16 0~ 2 0.5
Total 53021 32932

Table 8-1: Event rates for different models in 200 kton of water.
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Figure 8-3: Example fits to the expected spectral shapes for normal and inverted hierarchies
for the Duan model, for 4000 water events. Left plots: true hierarchy is inverted. Right plots:
true hierarchy is normal. The x?/dof is given for the fit to the “wrong” hierarchy.

for which there are clear differences in hierarchy for both 7, and v, fluxes. Because fluxes with
oscillation signatures are at this time only available representing a fraction of the total flux,
we cannot evaluate the full statistical sensitivity. Nevertheless we have done the following:
we have determined the minimum statistics for which normal hierarchy is distinguishable
from inverted hierarchy, for the Duan multi-angle spectrum [63]. Approximately 3500 water
Cherenkov events are required to distinguish the hierarchy at 3o for this model; for a 200
kton detector, all core collapse supernovae within the galaxy will produce at least this many
events. Figure 8-3 shows examples of observed spectra for the different configurations and
hierarchies, for statistics near distinguishability. Although this study was done for a single
model, we expect multiple signatures of oscillation physics in the full time and spectral
structure of the flux.

As part of the larger LBNE physics study, we also considered LAr in combination
with WC. For LAr, the sample represents a nearly-pure v, sample, even in the absence of
tagging using gammas. The WC sample represents a nearly-pure 7, sample. Flavor-enhanced
samples in WC can be obtained using neutron tagging, or by selecting ES events using the
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angular distribution: see section 11.2. Although ES and non-7, components can be identified
with reasonable statistical significance in WC, spectral information in these samples is weak
compared to that from LAr and a clean v, sample from LAr could be used to help disentangle
flavor components in WC. Therefore, for supernova burst physics we prefer a configuration
with both WC and LAr detectors.
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O Atmospheric Neutrinos

9.1 Introduction and Physics Motivation

Atmospheric neutrinos have played a crucial role in the discovery of neutrino oscillations
and the measurement of neutrino masses and mixing parameters. Atmospheric neutrinos are
sensitive, at least in principle, to all of the physics remaining to be discovered in the PMNS
matrix; the flux consists of neutrinos and anti-neutrinos of all flavors, and passes through
significant densities of material, introducing modifications due to matter effects. The size
of the earth is nearly optimal for the study of the large neutrino mass splitting, with large
oscillation probabilities in the dominant channel. Three-flavor matter-enhanced atmospheric
neutrino mixing is described by a rich phenomenology [99,100,101,102,103,104,105] and offers
significant opportunities for discovery. In addition to the precision measurements of the
dominant oscillation parameters [106,107], the Super-Kamiokande experiment has already
carried out studies searching for tau appearance [108], mixing at the solar mass scale [109],
three flavor oscillations [110] , as well as more exotic scenarios [111,112,113].

The very high-statistics sample that will be available with the large LBNE detector
can provide an important complementary measurement of the oscillation parameters as de-
termined using neutrinos from the accelerator beam.

9.1.1 Confirmatory Role

Atmospheric neutrinos have the potential to play a vital role in the context of a com-
prehensive program to study the lepton sector because all of the physics that one might
hope to examine with beam neutrinos can also be explored (albeit with reduced precision)
using atmospheric neutrinos. This includes oscillations at the large Am?, tau appearance,
v, — V. mixing in the presence of a non-zero 6;3, the CP-violating phase, and the study of
the mass hierarchy. Because these phenomena play out over a wide range of energy and path
lengths, atmospheric neutrinos are very sensitive to alternative explanations or subdominant
new physics effects that predict something other than the characteristic (L/E) dependence
predicted by oscillations in the presence of matter. This power has already been exploited
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by Super-Kamiokande in fits that compare their data binned in terms of energy and zenith
angle to a host of new physics including CPT violation [116,117], Lorentz invariance viola-
tion [118,119], non-standard interactions [120], Mass Varying Neutrinos (MaVaNs) [121], and
sterile neutrinos [111,112,113]. In numerous cases the best limits on exotic scenarios come
from atmospheric neutrino analyses.

The breadth of physics available with atmospheri neutrinos make them an important
part of the overall physics mission of LBNE. One concrete example is the study of v, ap-
pearance in the atmospheric neutrino flux. While a large fraction of the muon neutrinos are
thought to oscillate to tau neutrinos, the overall rate of tau interactions is small due to the
energy threshold for tau production. Tau events are expected at a rate of around 1 event per
kiloton-year in the oscillated atmospheric flux. These events can be identified on a statistical
basis in water Cerenkov detectors [108]. A recent paper estimates that with a set of simple
cuts on visible energy, reconstructed zenith angle, and energy of the highest energy pion
in events lacking a charged lepton, a 4.3 o excess over background can be identified in a
100 kt-yr exposure [122], or 6 months of running with the LBNE water Cherenkov detector.
Confirmation of the appearance of tau neutrinos at the expected level in the atmospheric
flux will be an important consistency check on our overall oscillation picture.

9.1.2 PMNS Matrix Measurements

The key observable for atmospheric neutrinos will be the data binned in (energy,zenith
angle) for events separated by flavor, and ideally by neutrino/anti-neutrino. For upgoing
neutrinos (cos(#) < 0), oscillations at the atmospheric mass splitting introduce large effects
and matter effects introduce significant distortions of the spectrum, particularly for neutrinos
which pass through the Earth’s core. Mixing involving electron neutrinos is enhanced for
non-zero ;3 for neutrinos (anti-neutrinos) due to matter effects if the hierarchy is normal
(inverted).

The two key measurements, and the data samples that would be used to study them,
are:

e Octant of #,3: Upward-going, sub-GeV electron neutrinos are affected by sub-dominant
oscillations at the solar mass scale. This may allow the ability to determine whether
B3 is less than or greater than 45 degrees, even if 613 is zero. Recent work suggests that
the effects for ~ sub-GeV (E<100 MeV) neutrinos may be as large as 10-15% [99].

e Mass hierarchy and #,35: A non-zero 6,3, combined with matter effects, leads to a com-
plicated structure of oscillation peaks for upgoing, roughly 1-10 GeV electron and muon
neutrinos. Matter effects lead to an enhancement for electron neutrinos if the hierarchy
is normal, and anti-neutrinos if the hierarchy is inverted.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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Many of the possible signatures in the atmospheric neutrino flux appear in the few
hundred MeV to few GeV energy range. Key performance characteristics for the detector
include being able to distinguish v, CC, v, CC, and NC events at these energies, as well as
being able to accurately determine the energy and direction of the incoming neutrino.

Atmospheric neutrinos, when combined with beam neutrinos in a global analysis, may
help to resolve some degeneracies. In particular if 693 is not 45°, and 6,3 is small, the analysis
of atmospheric neutrinos may contribute significantly to resolving degeneracies present in
the analysis of beam data alone [123].

9.2 Evaluation of Physics Sensitivities

In this section we will evaluate atmospheric neutrino physics sensitivities for water
Cerenkov and liquid argon detectors. We will begin by describing the key detector perfor-
mance characteristics, describe the tools developed for carrying out these studies, and present
results on two key measurements: the octant of A3 and resolution of the mass hierarchy.

Due to the success of the Super-Kamiokande experiment, the performance of water
Cerenkov detectors for measurements of atmospheric neutrinos, and the ways in which the
data are to be analyzed, are well understood.

9.2.1 Method and Tools

For sensitivity studies we have developed a fast, four-vector level simulation tool that
performs event classification, measurement, binning, and statistical analysis. This is done
with a set of software based on the MINOS atmospheric analysis framework.

The simulation proceeds in several steps:

Event Generation: Four-vector level events are generated using the GENIE neutrino
event generator [127]. For this purpose new flux drivers were developed which implement
both the Bartol [128] and FLUKA 3-d [129] flux calculations at the Soudan, MN site, which
is a reasonable approximation for the geomagnetic latitude of DUSEL. Figure 9-1 shows
the two inputs to the event rate calculation and event generation, the Bartol flux and the
GENIE cross sections. The event rate on water varies over the solar cycle, from a minimum
of 288 (275) events/kton-yr to a maximum of 331 (303) events/kton-yr as calculated using
the Bartol (FLUKA) flux. Predicted event rates in liquid argon differ from these values by
less than 2%.

GENIE is then used to generate large samples of interactions. These simulations include

LBNE Water Cherenkov Detector
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Figure 9-1: The Bartol 3d atmospheric flux (left) and the GENIE neutrino-water cross
sections (right).

all known scattering mechanisms of relevance in this energy range as well as a simulation
of nuclear effects including fermi motion, Pauli blocking, and intranuclear rescattering. The
output of these events are a set of 4-vector for particles emerging from the struck nucleus.
These can either be input to a detector simulation or to a fast parametrized simulation of
detector response. Figure 9-2 shows such an event input to the WCSim detector simulation
described in Section 5.2.

Pseudo-Reconstruction Events are passed through a fast parametrized ‘pseudo-reconstruction’.
In atmospheric neutrino analyses events are categorized in a number of ways: containment
(fully /partially contained), flavor (e-like/mu-like/NC-like), energy (sub/Multi-GeV), topol-
ogy (single/multi-ring, QEL /non-QEL), and neutrino/antineutrino tag. The classification is
made based on truth level characteristics, accounting for detection thresholds and misiden-
tification via the following steps:

1. Classify containment by simulating vertex and end points for each event using a toy
detector geometry. For a 100 kton fiducial mass WC detector the geometry is a cylinder
with 26.5m radius and 60m height. A fiducial volume cut is then placed on the vertex
(2 m) and track end positions (0.5 m) to determine if the event is fully or partially
contained.

2. Simulate trigger by selecting those events containing particles above threshold ('visible’
particles), here taken to be 50 MeV. Charged particles in are required to be above
Cerenkov threshold.

3. Assign neutrino flavor to events using true — reconstructed classification matrices,
giving probabilities for different reconstructed event types. These matrices are adapted

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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Figure 9-2: A simulated 1 GeV v, CC interaction in a water Cerenkov detector. This event
was produced using the GENIE atmospheric neutrino flux driver to produce final state four-
vectors, which were converted into Nuance tracker format for input into the WCSim detector
simulation and reconstruction.

from versions in the literatur [131].

4. Smear energy and angle of leptons and hadronic final states, using the resolution func-
tions given in Table 9-1.

5. Apply minimum energy cuts of 100 MeV for selected FC and 300 MeV for PC events.
Figure 9-3 shows the simulated zenith angle distributions for the analysis categories
defined above, for five years of data taking.

Sensitivity Evaluation: Binned pseudo-reconstructed data are then compared to oscil-
lation hypotheses and relevant statistics are calculated. Three-flavor oscillation probabilities
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Resolution WC

FC Lepton
Energy: 2% + 2% /VE
Angle: 2°

PC Lepton
Energy: 50%
Angle: 2°

Hadronic System

Energy: 30% + 30%/VE
Angle: 45° +15°//E

Table 9—1: Summary of resolution functions taken from, or tuned to, Super-Kamiokande

resolution plots [134].
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Figure 9-3: Simulated zenith angle distributions for 500 kTon-yrs of atmospheric neutrino
data in a water Cerenkov detector. No oscillations (solid blue), with oscillations (black), NC
contribution (dashed blue).

including matter effects [135] incorporating the PREM earth model are calculated using code
provided by Mark Messier [136]. Neutrino production heights as a function of energy and
zenith angle are calculated using parametrizations and code developed by the MINOS and
Soudan 2 experiments [137].

The effect that oscillations would have on the experimental distributions in a water
Cerenkov detector are shown in Figure 9-4. The low energy (0 < E, < 1 GeV) sample (left
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figure in each plot) is sensitive to the octant of 6,3 in changes in the rate of upward-going
electron like events. The high energy (4 < FE, < 12 GeV) sample is sensitive to the mass
hierarchy and non-zero 63 via changes in the rate of upward-going electron-like events. In
all of these plots, the default values for oscillation parameters are Am32, = 2.3 x 1072 eV?,
sin? fo3 = 0.5, Am?, = 7.5 x 1075 eV?, sin?60y, = 0.31, sin®613 = 0, dcp = 0, and normal
hierarchy. The changes from these default values are shown on each plot.
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Figure 9—4: Zenith angle distributions for a low energy (left) and high energy (right) WC
e-like data sample. Oscillation parameter values are given in the text.

Data in each of the analysis categories (FC/PC, e-like/mu-like/NC-like) are binned in
energy and zenith angle with Alog,(F) = 0.2 and A cosf = 0.1. For some input true value
of the oscillation parameter, the log-likelihood difference is computed between this ‘expected’
data and data for any other set of oscillation parameters. For the sensitivities computed here,
log-likelihood curves were generated in this way for a single parameter, using statistical errors
only for the chosen exposure.

To validate the method as well as the misidentification matrix and resolution functions
for WC, a simulation was done of the Super-Kamiokande detector geometry for a 7.68 year
exposure, in order to compare with published results [138]. Even with perfect parametriza-
tions of detector performance one would not expect complete agreement, in part because we
are comparing an expected sensitivity to a result derived from actual data. This comparison
does yield results in reasonable agreement, giving us confidence in our ability to accurately
calculate WC sensitivities for larger detectors and exposures.
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9.2.2 Physics Sensitivities

Figure 9-5 shows the sensitivity to the octant of 6,5 for 500kt-years of a water Cherenkov
detector, compared to 5 years of running for a 17 kton LAr detector. In this case the like-
lihood difference is calculated between the value of 6,3 in the correct octant to that in the
wrong octant. As this plot indicates, the large mass of the water Cherenkov detector out-

weights the advantages in purity and directional resolution of the liquid argon detector for
this measurement.
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Figure 9-5: Sensitivity to the octant of 6,3 for five years of running with a 100 kTon fiducial
mass water Cerenkov detector (blue) or a 17 kton fiducial mass liquid argon detector (red).

9.3 Comments on Configuration Options

Configuration options that are designed primarily to improve capabilities for lower
energy neutrinos are not expected to have a significant effect on the study of atmospheric
neutrinos, for example by loading the water Cherenkov detector with gadolinium.

We have included the data taken during the reduced coverage of Super-K II, and thus
find that this coverage is good enough to accomplish the atmospheric neutrino physics goals.
Studies [134] of the comparisons between Super-K II's reduced coverage and that of the
other phases indicate that the differences are small as far as atmospheric neutrino analyses

are concerned, and for the conclusions here we are considering them to be a relatively small
perturbation.
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A remarkably rich physics program is made possible by locating a large water Cherenkov
detector underground. We have already outlined much of this physics in the preceding sec-
tions, but an enhanced design could extend this program further. Such enhancements range
from increasing the photocathode coverage in order to better separate low-energy events
from backgrounds, to ‘loading’” the detector with a high-neutron capture nucleus such as
gadolinium, to replacing some part of the water volume with contained (“bagged”) liquid
scintillator. We briefly discuss some of the technical aspects of these enhancements below,
along with possible costs, and in the next chapter discuss the long-range physics program
that each might enable.

10.1 High Coverage/Low Threshold

The energy threshold of a water Cherenkov detector is ultimately determined by its
energy resolution, which in turn depends on the number of detected PMT hits/MeV. Ob-
serving events in the energy regime of 4-5 MeV, which corresponds to the higher-energy
solar neutrinos (¥ B and hep) and to the observed energy from neutron captures on gadolin-
ium, requires an energy resolution narrow enough to separate the events from ‘supported’
uranium and thorium chain daughters (particularly ?!“Bi and 2°®T1), daughters that come
from ‘unsupported’ radon decays, from PMT (-v decays within the photomultiplier tube
glass, and s from the rock wall. It also requires enough PMT hits to reliably reconstruct
the position of an event, to impose a reasonable fiducial volume cut (getting away from the
PMT radioactivity) or to correlate a neutron capture event with its primary.

We anticipate that with the nominal Super-K II level of PMT coverage discussed in
the previous sections, the number of hits/MeV at low energies is roughly 3, resulting in an
energy resolution of about 1 MeV near the 3 MeV endpoint of the 2'4Bi spectrum or at the
energy of the primary 7 ray from the decay of 2°*T1. We have performed a Monte Carlo
simulation-based study of the trigger rates due to radioactivity in the water, PMT glass,
and surrounding rock, as a function of the concentration of the higher-radioactivity rhyolite.
With a photocathode coverage like that of Super-K II, the detector trigger rates are already
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above 2 kHz at an energy threshold of 7 MeV, even in optimistic scenarios. At 2 kHz, even a
solar neutrino day/night measurement for which the asymmetry grows with energy (but the
number of events rapidly drops) would be difficult. We therefore feel that to have a viable
solar neutrino program, the PMT coverage needs to be increased, likely by at least 50% or
so, to 43,500 12” HQE PMTs, for the 200 kt detector.

The energy threshold requirements for observing events associated with gadolinium
capture are more strict, as half of the capture events occur below 4 MeV (where we would
observe fewer than 12 hits and thus have a hard time distinguishing the capture events from
accidental coincidences). On the other hand, the coincidence tag for these events means that
a higher background rate can be tolerated compared to the solar neutrino measurements.
Our Monte Carlo radioactivity study shows that we can get down to a threshold of 4-5 MeV
with a doubling of the PMT coverage compared to the nominal Super-K II levels, with a
trigger rate slightly in excess of 10 kHz—small enough compared to the ~ 180us neutron
capture time that accidentals should not be a major problem when position reconstruction
cuts are applied.

The photomultiplier tube costs are dominated by the PMT costs themselves, and we
therefore scale these costs with the number of PMTs—doubling the coverage would cost an
additional $100 M.

10.2 Gadolinium Loading

Adding 0.2% by mass of a soluble gadolinium compound like GdCls or Gdy(SOy4)3
to water Cherenkov detectors has been suggested [86]. The neutrons produced by inverse
beta reactions would thermalize in the water and then be captured on gadolinium, emitting
an 8 MeV gamma cascade in the process. In coincidence with the prompt positron signal,
this delayed neutron capture signal would serve to dramatically lower backgrounds from
spallation and atmospheric neutrinos, at the same time allowing an enlarged energy window
for detection of the relic neutrinos. Another advantage of the capture on gadolinium is that
the isotropy of the y-ray cascade distinguishes these events from typical Cherenkov events.
As the SNO collaboration has shown [89], measures of ‘isotropy’ of the hit distribution can
provide excellent discrimination between neutron capture events and single-electron or y-ray
Cherenkov events, even for the much less isotropic capture signal on NaCl.

As discussed in the next chapter, being able to detect neutrons in a water Cherenkov
experiment opens up the possibility for tagging 7, events, which is useful in observations of
supernova bursts or in searches for relic supernova antineutrinos. It can also help tag an-
tineutrino events from stopped pion beams. The SNO Collaboration has successfully tagged
neutron events using capture on chlorine; the neutron ID is expected to be much better for
gadolinium because of the higher isotropy of the consequent ~ cascade.

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0
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To be able to load the detector with gadolinium, we need to ensure that all materials
(PMTs and their mounting assemblies, vessel liner, cables, etc.) are compatible with gadolin-
ium. In addition, a way of purifying Gd-loaded water, and the ability to re-capture waste is
needed. Lastly, a Gd-load requires additional calibrations of the neutron capture efficiency.
We expect that the total marginal cost of gadolinium loading would be ~ $20M, but this
has not had the benefit of full project-costing that the rest of the detector has had. We do
not anticipate any special veto requirements for running with Gd.

10.2.1 Low Energy Reconstruction and Neutron Tagging

The performance of water Cherenkov detectors to neutron capture on gadolinium has
been measured in Super-Kamiokande [88] and was found to be consistent with the SK detec-
tor simulation, which was used to tune WCSim for a 100 kton LBNE detector. Performance
of the 200 kton version is expected to be similar, if light collection is increased to account
for the longer attenuation distances.

The test source deployed in Super-Kamiokande was an AmBe source encased in a BGO
crystal. The BGO allows tagging of a neutron event by observing the associated 4.4 MeV
y-ray created by the (a,n) reaction on “Be. Figure 10-1 shows the reconstructed effective
energy spectrum from the Compton-scattered capture gamma cascade after a neutron cap-
ture on gadolinium. Although the cascade energy is around 8 MeV, the visibile energy is
4.3 MeV due to below Cherenkov threshold electrons. The figure also shows the predicted
spectrum from the SK detector simulation, which agrees very well with the data. The overall
SK efficiency was 67%, which included a 10% loss due to capture on hydrogen.

The response of the LBNE water detector to neutron capture on gadolinium has been
simulated, taking into account background gammas from measured U/Th/K concentrations
in the Homestake rock, measured radioactivity of PMT glass, expected radon concentration
in the water, U/Th/K levels in typical shotcrete and expected dark noiseln this study, we
assumed “worst case” rock based on local measurements from core samples and the Davis
cavern: 40% rhyolite and 60% amphibolite. Radon levels are assumed controlled to SK levels
(2 mBq/ m3), and PMT glass U/Th/K is assumed the same as measured for Hamamatsu
7081 10 inch PMTs used in Double Chooz, which were standard off-the-shelf items. Dark
noise is the measured dark noise of the 7081 PMTs at the expected 13 degrees C.

The basic idea is that the initial neutrino event (e.g. those from supernovae, atmospheric
neutrino interactions, relic SN) would deposit enough prompt energy to be easily detected
and the vertex fit. Therefore one can look for later coincident light pulses that are consistent
with origin at the prompt vertex and with energy ( 4.3 MeV) and timing (7 30usec) consistent
with capture on gadolinium. It is not necessary to actually trigger separately on the neutron
capture events. In the simulation, a vertex resolution of 50 cm is assumed - typical of that
expected for SN neutrino events.

LBNE Water Cherenkov Detector
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Figure 10-1: The measured visible energy spectrum of the gamma cascade from neutron
capture on gadolinium in Super-Kamiokande.

We determined the rejection and the background of false neutron captures by using
two sets of simulated events. The first set includes only gammas from the various radioactive
materials listed above plus dark noise, and the second adds to this background sample a
neutron capture near the primary event vertex. A likelihood fit is done to both sets of
data, looking for events consistent with the timing and angular hit distribution of a neutron
capture event, and a cut is placed on this likelihood to reject accidental backgrounds. From
this we determine (a) how often the “no neutron” set is fit as having a neutron capture, and
(b) how ofen a data set with a neutron capture is missed. Note: these likelihood cuts look at
the visible energy spectrum, the time after the prompt event, and the isotropy of the in-time
light (actual cascades are fairly isotropic due to multiple gammas, while background events
from a single gamma are more directional). This type of likelihood variable was first used by
SNO [160] to detect neutron capture, whereas the energy/timing part is original to LBNE.

Figure 10-2 shows a typical case of the stream of vertex corrected PMT hit times.
There is a “floor” of dark noise with occasional gammas from the rock, PMT glass, or radon
in the water (e.g. the peak at 55 psec). Actual neutron capture events tend to occur early in
the window and have anumber of hits consistent with the 4.3 MeV effective energy. In this
case the 13 hit peak at 8 usec is a neutron capture on gadolinium.

Figure 10-3 shows the gadolinium detection efficiency and expected background as
a function of coverage for HQE PMTs. For an assumed 2m fiducial volume cut, This is
moderately dependent on the shielding buffer space between the liner and black sheet of the
PMT plane.Two values are shown: 50cm (left) and 80cm (right). The current design has the
80cm value. The results are presented in two ways. The top plots show background levels

Case Study: A 200 kt Water Cherenkov Detector at a 4850 ft Depth for LBNE V. 1.0



Chapter 10: Detector Enhancements 10-99

Hits
Entries 8255
Mean 49.92
RMS 29.21

TTT [T T[T [ TTT[TTy

Figure 10-2: Example of a typical simulated timing steam of PMT hits for LBNE.

for a fixed agging efficiency, which would be relevant for proton decay candidate rejection
(low signal). The bottom plots show a fixed background acceptance, which would be relevant
for SN event validation (high signal). As an example, if one desired 5% background at 12%
coverage, then the tagging efficiency would be 54%. This would be the case for the current
detector nominal coverage. If PMT coverage were doubled, efficiency would rise to 74%, which
is consistent with the efficiency measured by SK. Studies done with Super-Kamiokande data
have shown that the background can be as low as 1074, as is discussed in the next chapter.

Note that the likelihood does not actually fit the vertex of the neutron capture event or
make a cut on distance from a wall. Further work in this area will improve the preliminary
results presented here and should allow background rates much less than 0.1%, which is more
than sufficient for the supernova and proton decay physics. This has yet to be definitively
show with hit-level simulations, but work on this is proceeding. Since doubling the HQE
coverage would provide us with roughly SK light collection, there is confidence that < 0.1%
levels would certainly be achieved in that case. It should be noted that the major (13%)
background after the likelihood cut is dark noise, so lowering the detector temperature
might turn out to be an effective option to be optimized against just increased coverage.
After dark noise the next most dominant backgrounds are gammas from shotcrete (9%) and
the surrounding rock (4%). Gammas from PMT glass and radon are insignificant.

10.3 Scintillator Fill

Although the LBNE water Cherenkov detector will run as a water Cherenkov detector
for at least a decade, it is possible that a new program of physics could be achieved by
deploying a scintillator volume within the detector. As the SNO+ collaboration has shown,
a scintillator volume within a water volume is a viable technical option, if a suitable contain-
ment (such as a bag like that used by KamLAND or Borexino) can be designed. Other than
the scintillator process systems, the bag, and any associated safety precautions, the detector
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Figure 10-3: Results of gadolinium tagging study, showing hte background acceptance (top)
and trigger efficiency (bottom) as a function of the photocathode coverage, assuming high
quantum efficiency tubes.

would not need to be changed—the same cavity, the same PMTs, and the same electronics
(perhaps with minor upgrades) could be used. The physics program with scintillator could
include the kinds of geo-neutrino measurements already made by KamLAND or Borexino,
the low-energy solar neutrinos that have been measured by Borexino and which will be stud-
ied by SNO+, or, given the depth and enormous shielding available in the LBNE cavity,
a neutrinoless double beta-decay search like that planned for SNO+ and KamLAND-Zen.
Scintillator could also provide enhanced sensitivity to the proton decay mode p — Ktnu, as
discussed in Section 11.5. A scintillator fill, were it to happen, would occur after the primary
LBNE physics program has concluded—at the earliest, probably in 2030.
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11 Physics with Enhanced Scenarios

11.1 High PMT Coverage and Solar Day/Night

Neutrinos from ®B decay within the Sun have been studied in great detail over the
past decade by the Sudbury Neutrino Observatory (SNO) and the Super-Kamiokande Col-
laborations. With the additional reactor antineutrino disappearance measurements by the
KamLAND collaboration, it has become clear that at energies above ~ 3 MeV, solar neutrino
flavor transformation is dominated by the Mikheyev-Smirnov-Wolfenstein (MSW) mecha-
nism or ‘matter effect’. Nevertheless, some of the most interesting predictions of the MSW
mechanism have remained elusive, because the mixing parameters are in a region that makes
much of the phenomenology unobservable by existing detectors.

The most direct and convincing demonstration of the matter effect would be the ob-
servation of a change in the flavor content of a neutrino beam with and without intervening
matter. The solar ®B neutrino beam provides us with just such a possibility: neutrinos from
the Sun pass through the dense core of the Earth at night, and the difference between the
forward scattering amplitude of v.s and the other flavors leads to a flavor transformation
similar to that which occurs within the Sun. As the beam from the Sun arrives at the Earth,
it is nearly a pure v, state and therefore its flavor content is only ~1/3 v,. The flavor trans-
formation within the Earth thus leads to a net gain in v, content — the Sun ‘shines brighter’
in .8 at night than during the day.

Fortunately, for the best fit values of the mixing parameters, the Day-Night v, flux
asymmetry is largest at energies higher than 5 MeV. These energies are accessible by a large
detector with reasonable light collection coverage—roughly 1.5 times the light collection of
Super-K II, when the large detector (and consequent light attenuation) is included— and
no special requirements on the purity of detector materials. At the nominal coverage for
LBNE;, it will be very difficult to see events below about 7 MeV, because of the amount of
background leakage. We thus have not investigated this scenario here.

Figure 11-1 shows the solar v, survival probability as a function of energy, for both
‘day’ and ‘night’ neutrinos, for the central LMA region. For the discussion here, we will

101



11-102 Chapter 11: Physics with Enhanced Scenarios

assume that there will be an analysis cut at 7 MeV, above which radioactive backgrounds
become unimportant and only spallation events remain as important backgrounds. We note
that the flat shape of do/dT, for the reaction v, + ¢ — v, + e smears out much of shape
difference seen in the (neutrino energy) plot of Figure 11-1.

v, Survival Probability
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Figure 11-1: Electron neutrino survival probability as a function of energy, for day and
night [159].

A measurement of the day-night asymmetry can take several forms. At its simplest, an
integral asymmetry measurement can be made:

2 night _ _iday
[ 2ot — glov)

ZLZ'ght + ¢gay (11]‘)

Currently, the measurements by the Super-Kamiokande and SNO Collaborations on
this integral asymmetry have found A = 0.021 & 0.0270913 [162] and A = —0.037 & 0.063 £
0.032 [160], respectively, each within 1o of A = 0 when both statistics and systematics
are included. A more recent analysis by Super-Kamiokande [161] combining all results has
reduced the uncertainties to 1.6%), and a recent analysis for SNO using the energy-dependence
of the day-night survival probability [89], had a 4.0% uncertainty on the ‘constant’ (non-
energy varying term) of the day-night asymmetry, still larger than the central value of 3.2%.
Note that the SNO data should show a larger asymmetry because of the v, ‘purity’ of the
CC reaction on deuterons, compared to the neutral-current dilution of the asymmetry in the
ES reaction used by Super-K and eventually by LBNE.

For a 200 kton water Cherenkov detector, the event rate in the detector with all effi-
ciencies included is roughly 86 events/day, and consequently the statistical precision on this
asymmetry after 10 years should be ~ 0.5%, depending on the achievable analysis energy
threshold and the size of systematic uncertainties. For the current best fit LMA parameters,
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the integral asymmetry is expected to be near 0.02. More sophisticated analyses, involving
fits to the energy and zenith-angle dependent survival probabilities, have already provided
noticeably better measurements of the asymmetries in both Super-Kamiokande and SNO,
and could be applied in a larger detector as well.

11.2 Gadolinium and Supernova Bursts

The addition of Gd to a water detector will not substantially change supernova burst
event rates, but will enhance ability to determine the flavor composition of an observed signal
by allowing tagging of IBD events (although note that interactions on '*O may produce
ejected neutrons as well). To get some general idea of the value of neutron tagging of v,
we performed a simple study: we looked at flavor composition for tagged and untagged
events. We assume that 67% of the true IBD events will be tagged; we also assume that
no events without a neutron will be falsely tagged as having a neutron (the false tagging
rate should be ~ 107* according to reference [87]). We also take into account CC and
NC reactions of neutrinos on 160, for which some final states have neutrons; to estimate
this contribution we use tables II, III and IV from reference [65]. Figure 11-2 shows the
contributions of the different interaction channels for tagged and untagged events, for the
GKVM flux. The neutron-tagged event rate is a nearly-pure IBD sample. The untagged
event rate has contributions from elastic scattering (ES), and from CC and NC interactions
on %0, but is dominated by untagged IBD.

We point out that the SNO collaboration did very successful neutron tagging in their
antineutrino searches, using neutron captures on chlorine. Studies many years ago by SNO
also showed that gadolinium captures are easier to tag because the event isotropy—due to
the higher-multiplicity of the v cascade—was much higher than for chlorine.
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Figure 11-2: Total events in 100 kton of water showing contributions from the different
interaction channels, for neutron-tagged (left) and untagged (right) events.

Figure 11-3 shows the contributions of the different neutrino flavors for tagged and
untagged events. The tagged sample is nearly pure .. The untagged sample has contributions
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from other flavors, and large contamination from untagged IBD v,.
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Figure 11-3: Total events in 100 kton of water showing contributions from the different
flavors, for neutron-tagged (left) and untagged (right).

As noted earlier, neutron-tagging will also improve the quality of information obtained
from ES events (pointing and flavor content) by suppression of isotropic IBD background.

As briefly mentioned in Section 8, the additional v, flux information from LAr or
another v.-sensitive detector would allow disentangling of all flavor components of the flux,
which will be crucial for learning about oscillation parameters from the supernova signal.

11.3 Gadolinium and Relic Supernova Neutrinos

Galactic supernovas are relatively rare, occurring somewhere between once and four
times a century (Section 8.1). However, while nearby supernovas are rare, supernovas them-
selves are not—there are tens of thousands of neutrino-producing explosions every hour in
the universe as a whole.

All of the neutrinos which have been emitted by every supernova since the onset of
stellar formation suffuse the universe. These supernova relic neutrinos [SRN], also known as
the diffuse supernova neutrino background [DSNB], have not yet been observed. However,
with the appropriate technology—a very large water Cherenkov detector with good PMT
coverage and gadolinium loading—the relic neutrinos can play a unique and powerful role in
the physics output that can be expected from LBNE.

In particular, such a physics program could yield

e Understanding supernovas, central to understanding many aspects of the present phys-
ical universe, requires the detection of their neutrino emissions. More supernova neu-
trino data is strongly needed, but galactic supernova explosions are rare; the SRN will
provide a continuous stream of input to theoretical and computational models.
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e The shape of the SRN spectrum will provide a test of the uniformity of neutrino
emissions in core-collapse supernovas, determining both the total and average neutrino
energy emitted.

e Was SN1987A a “normal” explosion or not? The sparse, 23-year-old data concerning a
single neutrino burst cannot say, but the SRN data can.

e How common are optically dark explosions? No one knows. Comparing the SRN rate
with optical data of distant supernovas can tell us, and is probably the only way to get
this information.

The only significant competition for relic antineutrino discovery comes from the Super—
Kamiokande experiment. As a light water Cherenkov detector, Super-K’s sensitivity to the
SRN is strictly to antineutrinos, through the inverse beta reaction, 7, +p — e* + n.

The most stringent limit on the relic neutrino flux comes from the SNO experiment,
which observed v.s through the charged-current reaction on deuterons, v, +d — e~ +p+ p.
The SNO analysis was limited not by spallation backgrounds but by the tail of the ®B and
hep solar neutrino spectrum from charged-current reactions. The SNO limit, in the energy
range 21 MeV< T, <35 MeV, is < 70 ecm~2s71. It is unlikely that LBNE or any another
water Cherenkov detector will be able to repeat such a measurement, without a nucleus with
a high charged-current cross section for v,s.

Super-Kamiokande currently has the world’s most stringent upper limits on the relic
antineutrino flux, published in 2003: < 1.2 7, cm™2 s~! for F, > 19.3 MeV, based on 92
kt-years of data. The measurement is limited by spallation backgrounds. The limit is close
to many predictions for the expected flux, but after eight more years of Super-K data-taking
and intensive efforts to improve the relic analysis, it now appears unlikely that any existing,
unmodified detector will be able to make this discovery.

Fifteen years from now, Super-K will have only roughly doubled its present (as yet
largely unpublished) statistics. In the useful energy range shown on the left in Fig. 11-4 one
expects between 0.25 and 2.8 signal events per year depending on the model [78,79,82 85],
as compared to a measured 14 background events. In the most optimistic models, Super-K
could have a 3.30 effect, but in the more pessimistic models, then, data taking periods of
many decades would be required to see this kind of significance.

Photon detection is critical to this search, even in the absence of neutron capture with
dissolved gadolinium. The right panel of Figure 11-4 shows the data for the reduced (~ 15%)
coverage Super-K II data set, compared to that for the 40% coverage in SK-I. The figure
shows how much lower quality this data set was for the SK—II phase relic search as compared
to the SK-I data. Due to impaired energy resolution, spallation events with true energies
below 19 MeV can be seen leaking into the signal region, reflected in the poorer upper limit
on the SRN flux: < 3.7 7, cm 2 s7! for E, > 19.3 MeV.
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Figure 11-4: (Left) The data (points) from the 2003 Super—Kamiokande relic search. The
dashed histogram peak centered around 42 MeV is that expected from decays of sub-
Cherenkov muons into electrons, while the dotted line slanting down from right to left is
that expected to be produced by atmospheric electron neutrinos and antineutrinos. The
(green) lower solid line is the sum of these two backgrounds, while the (red) upper solid line
represents the 90% upper limit on potential excess caused by the relic neutrinos. (Right)
The Super—Kamiokande-II relic search. The reduced photocathode coverage of SK-IT (19%
vs. SK-I's 40%) and shorter running time makes this a much less useful data set than that
seen on the left.

Moving from Kamioka to Homestake means that there will be about a factor of 15 less
spallation, but a factor of 1.5 more atmospheric neutrinos (see Wurm et al). This will serve
to make the baseline configuration’s performance very similar to Super-K-I's. The spallation
leakage in Fig. 11-4 will be nearly eliminated, but the backgrounds per unit volume seen in
Fig. 11-4 are increased by 50%.

Doubling the number of PMTs, to 58,000 12”7 HQE PMTs, combined with the lower
expected spallation rates at the deep site in the Homestake mine, mean that the energy
window for a relic search can be extended 2.5 MeV below that used in SK-I and shown in
Fig. 11-4. The higher atmospheric backgrounds are nonetheless troublesome. The enlarged
energy window means that we should expect 214 background events per year in 200 kt, while
at the same time increasing the expected relic flux by a factor of 1.4, making the predicted
range of relic events per year fall between 3 and 35. In the best case, a 3.0-0 discovery level
would take 2.0 years of running at 80% livetime, but at the bottom of the predicted SRN
range, getting to 3.0-0 would take two and a half centuries of data.
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Figure 11-5: Super—K relic flux limit from 2003 compared with some theoretically predicted
ranges.

Inspired by the 2003 Super—K SRN limit, adding 0.2% by mass of a soluble gadolinium
compound like GdCl; or Gda(SOy4)3 to water Cherenkov detectors has been suggested [86].
The neutrons produced by inverse beta reactions would thermalize in the water and then be
captured on gadolinium, emitting an 8 MeV gamma cascade in the process. In coincidence
with the prompt position signal, this delayed neutron capture signal would serve to dra-
matically lower backgrounds from spallation and atmospheric neutrinos, at the same time
allowing an enlarged energy window for detection of the relic neutrinos. Figure 11-7 shows
the expected signals in a gadolinium-loaded Super—K. Such a 22.5 kt detector would expect
to see between 1 and 5.6 relic events a year, with about 4 background events.

The coincident detection made possible by gadolinium greatly reduces backgrounds
from spallation, which is rarely accompanied by a neutron within the expected timing win-
dow [90]. This allows the SRN window to be opened all the way down to the irreducible wall
formed by the antineutrinos from nuclear power reactors around the United States. Note
that, primarily due to the remoteness of its South Dakota location, this reactor flux is a fac-
tor of 24 times lower in Homestake than it is in Kamioka [91]. An energy window for LBNE
down to 11.3 MeV means that we would expect between 9 and 50 SRN events per year in 200
kilotons of Gd-loaded detector. The coincident technique reduces the atmospheric neutrino
background by about a factor of five, and so we would expect 43 background events a year
across the entire energy spectrum, with 87% of this background in the bins above 19 MeV.
For the most favorable models of the relic flux, a 3.0-0 signal could be observed in just 0.19
years (71 days) of running at 80% livetime. Even in the most pessimistic case it would still
only take LBNE 6.0 years to reach the 3.0-0 level.

In addition to observing a relic supernova signal, this enhanced configuration would be
able to extract spectral information in addition to a simple flux measurement. The spectrum
is a necessary input for the supernova modelers as it encodes the total neutrino energy and the
average neutrino energy of bursts. In concert with astronomical observations it also provides
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Figure 11-6: Experimental SRN limits are approaching theoretical curves. The Super-K v,

lines have been theoretically extracted based on the measured 7, results.

a way to determine the rate of invisible explosions. On the other hand, a non-observation
could indicate the existence of new physics, such as neutrino decay.

From Table 11-1 one can see that if the actual relic flux in the universe is at the high
end of predictions we could observe the relic flux with any configuration. However, it should
be noted that if the flux is very high then a long-running Super—K could make the discovery
before LBNE is fully operational. This risk is even greater if the initial LBNE configuration
has modest SRN sensitivity, extending the time needed for discovery.

Therefore, the best option for timely supernova relic neutrino flux discovery requires

Reference Expected Expected Years of LBNE Data | Years of LBNE Data
Configuration Annual Annual Needed for a 3.0-0 Needed for a 3.0-0
Number SRN Signal | Background Signal Assuming Signal Assuming
(events/year) | (events/year) | Maximum SRN Flux | Minimum SRN Flux
Baseline 227 187 2.9 226
+ PMTs 3-35 214 2.0 268
+ PMTs + Gd 9-50 43 0.19 1.3
Table 11-1: Summary of sensitivities to detecting the supernova relic neutrino flux for

different possible LBNE water Cherenkov detector configurations.
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Figure 11-7: Expected spectrum of positrons seen in coincidence with neutron capture signals
in a gadolinium-loaded Super-Kamiokande detector. The band shows the theoretical range of
predictions for the diffuse supernova neutrino background (relic) flux. GADZOOKS! stands
for Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande, Super!.

increased PMT density and gadolinium loading. No matter where in the range of model
predictions the true SRN flux lies, this configuration would need no more than a year and
a half, and in most cases much less, to make a 3.0-0 discovery. Furthermore, only this
configuration will allow us to extract useful physics data in the form of spectral information.
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11.4 DAEJ/ALUS

The DAESALUS (Decay At rest Experiment for dcp studies At the Laboratory for
Underground Science) proposal [1] describes a complementary approach to the LBNE science
goal to measure CP violation in the neutrino sector. Where LBNE has a fixed source of
neutrinos at Fermilab, and near and far detectors between which neutrino oscillations are
measured, DAESALUS uses an ensemble of near (1.5 km) , mid (8 km) and far (20 km)
cyclotrons on the surface to produce neutrinos from pion decay at rest that are detected
in the LBNE Water Cherenkov detector at DUSEL (see Figure 11-8). Timing between the
accelerator beam batches allows the experiment to determine the neutrino source among the
near, mid and far cyclotrons.

Oscillation Off Flux
Maximum (r/2)  Maximum (n/4) Normalization
20 km 8 km 1.5 km

..... g

ks
ik

Figure 11-8: Schematic diagram showing the relationship of the LBNE water Cherenkov
detectors to three complexes of cyclotrons at 1.5 km, 8 km and 20 km. The oscillation
maximum refers to a 7, energy of 40 MeV. The flux is determined from the near accelerator
on the surface at 1.5 km from the detector. In this cartoon, the mid and far neutrino flux
is increased by adding accelerators, where each cyclotron drawn indicates ~1MW of beam
power. The actual experiment would be phased, and the ultimate design would depend on
cost, sensitivity and choice of cyclotron technology.

Oscillations of the 7, to . are detected in the water Cherenkov detector via inverse
beta decay: . +p — n+e'. Because 7~ are mostly captured before decay, the fraction of 7,
background in the beam is less than ~ 4 x 10~%. Since the neutrino source is near the detector,
there is no interference between the CP violation and matter effects. Hence, DAESALUS is
sensitive only to CP violation, and not the mass hierarchy. As in the case of electron anti-
neutrinos from supernova, the products of the inverse beta decay for this experiment are also
detected as a double delayed-coincidence signal, with the prompt positron detected through
its Cherenkov radiation, and the neutron via delayed capture after ~30 psec on Gd in the
water, releasing a cascade of photons with total energy ~8 MeV of energy of which ~4-5 MeV
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is detected by the PMTs.

The CP measurement sensitivity of DAEJALUS running alone as a function of exposure
and for a large water Cherenkov detector can be found in [1]. Perhaps mor relevant is the com-
bined DAEJALUS and LBNE sensitivities. The DAESALUS results can be combined with
LBNE measurements to improve the sensitivity for LBNE measurements of sin’26;3 and dcp
by statistically combining the results for both neutrino and anti-neutrino running. However,
this may not be the best way to optimize the combined sensitivity. Since DAESALUS uses
anti-neutrinos only, better sensitivity can be realized by running the LBNE experiment with
a neutrino beam only. The combined 3¢ sensitivity limits of the two experiments are shown
in Figure 11-9 for three different running scenarios: DAESALUS alone for 10 years, LBNE
for 5 years of neutrino running and 5 years of anti-neutrino running (3 x 102! POT each), and
10 years of combined running, where LBNE runs using neutrino beam only (6 x 10*! POT).
As can be seen, this last case has much improved sensitivity over either experiment alone,
with a factor of 2-3 in the 3¢ limits on sin?260,5 # 0, and a roughly equivalent improvement
in the limit on dcp than either experiment alone.

The neutrinos from the DAESALUS targets are in the same energy range and use the
same inverse beta decay detection method (water with gadolinium doping) as diffuse neu-
trinos from relic supernova. Whether DAESALUS operations are compatible with this mea-
surement in LBNE is under intense investigation; indeed many members of the DAESIALUS
collaboration are also LBNE members.

Figure 11-9: Combined sensitivity limits for DAESALUS and LBNE for sin? 26,3 # 0 [1]. (left)
Combined 30 sensitivity limits for DAEdALUS plus LBNE running, assuming 200 kt water
Cherenkov fiducial mass for three running scenarios. (right) Combined 3o sensitivity for dcp
for DAEJALUS and LBNE in three different running scenarios. [Courtesy DAESALUS|
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Other physics topics are described in Reference [1]. The DAEJALUS collaboration pro-
poses to construct the experiment in a phased approach, with Phase 0 defined as installation
of a cyclotron at the near location only. Other than observing the resultant beam at LBNE,
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and understanding the cyclotron operations at high intensity, the proton source can be used
to detect hitherto unobserved coherent neutrino-nucleus scattering, measure sin?6y, in neu-
trino scattering, and search for non-standard neutrino-nucleus interactions as well as other
processes. With a neutrino detector near the cyclotron, the LBNE + DAEJALUS collab-
orations will be able to study the full spectrum of neutrino physics, from the oscillation
parameters of the mixing matrix through to a consistent picture that accepts or reject the
LSND result.

11.5 Physics in a Scintillator Fill

The existence of a large cavity deep underground would allow the possibility of a scin-
tillator fill for the detector to address additional physics topics. Such a fill could take place
after the conclusion of the beam physics program, or perhaps during an interim time between
the 700 kW fill and Project X. Additionally, it might be the the discovery of SUSY at the
LHC might motivate an early sensitive search for SUSY-motivated proton decay at a higher
priority than is currently planned.

Studies of large scintillator detectors have been carried out the the Low Energy Neu-
trino Astrophysics (LENA) collaboration [164] and by the HanoHano collaboration [165].
The 100-200 kton scale of the cavity considered here is comparable top the 50 kton size be-
ing considered for LENA. Currently, the largest underground monolithic scintillator detector
is KamLAND [166], with a fiducial volume of only 1 kton.

Photomultiplier coverage for use in a scintillator fill can be estimated from running
experiments. For reactor antineutrinos, Double Chooz has a coverage (~ 12%) comparable
to that being considered for our baseline design, and thus no further enhancement is likely
to be needed. For proton decay sensitivity for p — vK™' no additional light collection is
needed, since the K deposits 105 MeV /c in kinetic energy. For geoneutrinos, coverage must
be similar to Borexino, at least 30%. In this case, perhaps a factor of three increase in
light collection would have to be added. The development of large, inexpensive microchannel
plates as envisioned by the LAPPD Project would be a crucial step towards making this
affordable.

11.5.1 Proton Decay in a Scintillator Fill

The signal for p — vK ™ in a scintillating detector is a triple coincidence signal. Initially
there is a near-monoenergetic K of kinetic energy 105 MeV, smeared only by Fermi motion
for those protons inside the nucleus. This kaon will come to rest roughly 90% of the time,
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detector background events | background events | 90% c.l. limit
expected seen (x10%4yr)
200 ktons WC 42 42 1.5
34 ktons LAr 0 0 5.8
200 ktons LS 1 1 19

Table 11-2: Sensitivity to p — vK ™ for 200 ktons water Cherenkov, 34 ktons Liquid Argon,
and 200 ktons Liquid Scintillator.

and then decay with a mean lifetime of 12.8 ns, then 64% of the time the decay is to u*v,,
and for this decay muon will be monoenergetic with an energy of 152 MeV. Finally, the u*
will decay 100% of the time via u* — e*v,v, with a mean lifetime of 2.2 us. Due to the fact
that in scintillator detectors, the light yield is typically several hundred photoelectrons per
MeV, these are all very large signals.

Including a 21% branching ratio for K+ — 7+ 7, published studiesoverall efficiency of
65% can be reached with an expected background rate of 0.1/100ktons/year. Due to the
large mass and good efficiency, this option offers the highest sensitivity to this proton decay
mode of any proposed technology. Table 11-2 show the sensitivity after ten years of 200
ktons of water, 34 ktons of liquid argon, and 200 ktons of liquid scintillator (assuming 0 or
1 background events are seen from an expected background of 1).

11.5.2 Reactor Antineutrinos

The 1 kton KamLAND detector is located in one of the highest reactor antineutrino
areas of the world, with an expected rate of 160 events/year (including the effects of neutrino
oscillations). Although the reactor flux at Homestake is exceptionally low ((ony 7% that of
KamLAND) the detector size is more than 100 times larger, even with a substantial fiducial
volume cut of 50% of detector mass. Therefore in one year more than 2000 reactor events
would be expected from distant reactors (mostly in Illinois and Minnesota). Although not
well-studied, there is the potential for a very long-baseline reactor neutrino experiment in
addition to a beam experiment. Figure 11-10 shows the spectrum of reactor neutrino events
expected. The periodic wiggles are due to the solar neutrino oscillation parameters.
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Figure 11-10: The spectrum (top) of reactor neutrino events at Homestake. A 200 kton
detector would have 170 x 1032 free protons, so even with a substantial cut on the fiducial
volume the expected rate is quite high. The distance-intensity spectrum shows that the
periodic wiggles are caused by clustering of reactor distances around 500-1000 km distant.

11.5.3 Geoneutrinos

The average heat flux out of the earth is measured to be 0.08 W/m?, or about 40 TW
total. Due to the difficulties in measuring this average due to local variations, the uncertainty
in this number is about 20%. Note that the energy impinging on the earth from the sun is
10* times larger, requiring that the geothermal outflow be measured from deep boreholes, as
satellite and surface measurements are not possible.

The sources of geothermal energy are thought to be:

radioactive decay, mostly 238U, 232Th, and “°K.

residual heat from planetary accretion

tidal friction from the moon

gravitational energy from iron settling to the earth’s core

There is great uncertainty in the amount of heat coming from radioactive decay, any-
where from 50% to 80% of the total heat budget. This uncertainty translates into uncertainty
in the earth’s structure and internal chemical composition. Recent studies [91] have shown
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detector free protons | geoneutrino events | reactor events | S/ VB
(x10%2) per year per year
KamLAND 0.62 21.4 128 1.9
Borexino 0.18 7.33 5.36 3.2
SNO+ 0.57 29.0 24.9 5.8
LBNE100 73.4 3770 661 146
Table 11-3:

that a 10% measurement of the heat from radioactive decay in the crsut and mantle would
lead to a differentiation between many models. It is possible to make such measurements by
detecting the antineutrinos from U/Th decay (antineutrinos from *°K are all below the 1.8
MeV inverse beta decay threshold) at different locations on earth, thereby getting differing
fractions of crust and mantle contributions.

Recently, preliminary measurements have been made by KamLAND and Borexino,
but these have uncertainties of roughly 40% and 30%, respectively. This is partially due to
statistics and partially due to the reactor neutrino backgrounds. At KamLAND for example,
the reactor rate in the energy range of geoneutrinos is six times larger than the geoneutrino
rate. Table 11-3 shows the expected geoneutrino rate, the expected reactor background rate
in the energy range of geoneutrinos, and the S/+/B for four important sites. It is clear that
the DUSEL site and 200 ktons of liquid scintillator would have insignificant systematic un-
certainties compared to current measurements. Systematic uncertainty is estimated to be
roughly 5%. Therefore a DUSEL large scintillator detector would make a definitive measure-
ment of crustal antineutrinos, plus make a first determination of the component from the
crust (factor of two). This measurement would need roughly six months.

What would be needed in addition to scintillator is depth (e.g. KamLAND is at 2200
m.w.e and is not limited by cosmogenic backgrounds), and a radiologically clean environ-
ment. This might be achieved by a balloon of scintillator in the water, since even 100 ktons
would still lead to a systematics limited result with the time of roughly a year. Studies of
geoneutrinos can only be done with detectors at great depth in order to reduce the spallation
background.

LBNE Water Cherenkov Detector
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