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Long-Baseline Neutrino Oscillations 

• With location at SURF 
and a water-based target, 
complementary to DUNE 

• Nine-sample likelihood fit 
with systematics at 
DUNE CDR levels 

• Further gains possible 
with fast timing and 
WbLS-based PID
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Fig. 6 Expected event rates in antineutrino mode as a function of
reconstructed neutrino energy for Theia-100 after 3.5 years in the
LBNF beam for the three selected antineutrino-mode samples: one ring
(top left), two ring (top right), three ring (bottom) with zero Michel

electrons. Note that the vertical scale is different compared to Fig. 5.
Samples with Michel electrons are not considered for antineutrino mode

Fig. 7 Sensitivity to CP violation (i.e.: determination that δCP != 0 or
π ) (left) and sensitivity to determination of the neutrino mass ordering
(right), as a function of the true value of δCP , for theTheia 70-kt fiducial
volume detector (pink). Also shown are sensitivity curves for a 10-kt
(fiducial) LArTPC (blue dashed) compared to a 17-kt (fiducial) Theia-

25 WCD detector (pink dashed). Seven years of exposure to the LBNF
beam with equal running in neutrino and antineutrino mode is assumed.
LArTPC sensitivity is based on detector performance described by [73]
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Supernova & DSNB Neutrinos
• Large-stats ν̅e IBD 

complementary to DUNE 
• Scintillation enhances n 

tag for low-background ES 
• Pointing <1° achievable  
• Excellent DSNB potential:  

O(100) events in Theia100 
→ 5σ discovery in 1 year

30

1. DSNB signal and background levels

For IBD events, the prompt energy of the positron signal translates almost directly to the incident

neutrino energy, while the delayed neutron capture provides a fast coincidence tag to reduce the ample

single-event backgrounds. Figure 13a) depicts the visible energy spectrum (scintillation only) for the

prompt positrons. The chosen detector configuration corresponds to a WbLS of 10% organic fraction

and 70% photocoverage, resulting in a photoelectron yield of 120 (80) for scintillation (Cherenkov)

component. The DSNB model is based on work by the Garching group [94].

Figure 13a) shows as well the relevant background spectra: IBDs from reactor and atmospheric

⌫̄e’s constitute an indistinguishable background that overwhelms the signal at low and high energies,

effectively limiting the detection to an energy window of 10–30 MeV.

Even within this window, several further background sources contribute, all of cosmogenic origin:

cosmogenic �n-emitters, primarily 9Li, are created by muon spallation on the oxygen (and carbon)

nuclei of the target; fast neutrons are induced by muons in the rock surrounding the detector and are

able to enter the detector unnoticed. The combination of a prompt signal created by elastic scattering

off protons and the subsequent neutron capture may mimic the IBD signature. Finally, NC reactions

of atmospheric neutrinos (atm-NC) resemble the IBD coincidence in case a prompt signal is generated

due to the recoils and possible de-excitation of the fragments of the target nucleus and a delayed signal

FIG. 13: The visible energy spectrum from scintillation expected for the DSNB signal and its ample
backgrounds: While panel (a) includes reactor neutrinos, cosmogenic Li-9, fast neutrons as well as
atmospheric neutrino CC and NC interaction rates before application of discrimination techniques,
panel (b) illustrates that � within the observational window from ⇠8 to 30 MeV � all backgrounds
can be greatly reduced by ring counting, Cherenkov/scintillation ratio and delayed decay cuts to

obtain a signal-to-background ratio >1.

DSNB signal after cuts

Nucleon Decay
• Very low backgrounds 

and low thresholds 
• Tagging of sub-

Cherenkov mesons 
(K+) with WbLS 

• Complementary to 
DUNE, HK searches, 
leading in invisible 
nucleon decays 20
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Solar Neutrinos
• Probe CNO neutrinos and the MSW transition 
• 5–10% measurement of CNO achievable with a low-

energy ES channel

25 kton, 5% WbLS

• Potential high-
precision CC using 
7Li loading and 
deexcitation ɣ tag

Eur. Phys. J. C (2020) 80 :416 Page 15 of 31 416

Fig. 8 Energy spectrum of expected signals for a 25 kiloton, 5% WbLS
loaded detector

The dependence of the CNO sensitivity on various back-
ground assumptions has been explored in [81], including the
cosmogenic rate, alpha rejection, BiPo coincidence rejec-
tion, and the level of background in water for the low energy
backgrounds 210Bi, 39Ar, 85Kr and 40K. As the dominant
low-energy background, additional attention was paid here
to 40K, beyond the previous work. This isotope has a some-
what complicated decay scheme involving β− decay to 40Ca,
and electron captures to the ground and Jπ = 2+ states
of 40Ar, as well as β+ decay to the ground state of 40Ar
[96]. In order to evaluate any impact of additional uncer-
tainties on this decay, we consider altering the branching
fractions consistent with tabulated uncertainties, as well as
changing the spectral shape associated with the β− decay to
an experimentally determined one [97]. We find that propa-

Fig. 9 Fractional uncertainty on the CNO normalization parameter as
a function of angular resolution and WbLS scintillator fraction, for
Theia-100

gating these effects changes the final results to the optimal
cases for Theia-25 and Theia-100 at the 0.1% level or less.
The impact of uncertainties on energy scale and resolution
were considered in [81] and found to be small.

Varying the energy threshold is found to have an under-
standably large effect on the sensitivity. For the 5% WbLS
detector with 25◦ degree angular resolution, the CNO uncer-
tainty climbs to 34% (15%) for the 25-kton (100-kton) detec-
tor if the threshold is raised from 0.6 MeV to 1 MeV.

3.2.2 Additional possibilities for solar neutrinos

Other studies of interest include probing the 8B transition
region between 1 and 5 MeV for potential non-standard
effects, as well as precision measurements of the pp, pep
and the individual CNO constituent fluxes to refine stellar
modeling. The prospects for these studies could potentially

Table 4 Fractional uncertainty, as a percentage, on the fitted CNO normalization parameter for various detector configurations scanned over size,
WbLS scintillator fraction and assumed angular resolution. The quoted results are the average of 100 such fits

Target mass WbLS 25◦ 35◦ 45◦ 55◦ 60◦ 65◦

100 kt 0.5% 4.7% 6.8% 8.6% 10.5% 12.1% 13.6%

100 kt 1% 4.5% 6.4% 8.0% 10.0% 11.5% 12.9%

100 kt 2% 4.1% 5.9% 7.5% 9.3% 10.6% 12.3%

100 kt 3% 3.7% 5.3% 6.9% 8.4% 9.8% 11.3%

100 kt 4% 3.6% 5.2% 6.6% 8.0% 9.5% 10.9%

100 kt 5% 3.4% 4.9% 6.3% 7.4% 8.7% 9.9%

25 kt 0.5% 11.1% 16.2% 20.6% 24.1 28.4% 32.8%

25 kt 1% 10.0% 14.1% 18.1% 22.1% 25.8% 29.6%

25 kt 2% 8.7% 12.6% 16.1% 19.7% 23.1% 26.4%

25 kt 3% 8.0% 11.6% 14.9% 18.0% 21.5% 24.2%

25 kt 4% 7.7% 11.1% 14.3% 17.4% 20.4% 23.0%

25 kt 5% 7.2% 10.2% 12.9% 15.5% 18.0% 20.3%
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Fig. 18 Energy spectra near the NLDBD endpoint for events within
the 7-m fiducial volume and for 10 years data taking. A rejection factor
of 92.5% is assumed for 10C, of 99.9% for 214Bi, of 50% for the balloon

backgrounds, and 50% for the 8B solar neutrinos. (Left panel) 5% natTe
loading and (Right panel) 3% enrXe loading

tation, establish a confidence region using the Feldman-
Cousins frequentist approach, and derive an expected limit
on the NLDBD half-life:

T̂ 0νββ
1/2 (α) = N · ε · t · ln 2

FC(n = b, b;α) (1)

where N is the number of atoms of active NLDBD isotope,
ε is the efficiency, t the live time, and b the expected back-
ground. ‘FC’ refers to a Feldman–Cousins interval at confi-
dence level α.

The expected event rates per year for a natTe or enrXe
loaded Theia detector are given in Table 7, for a fiducial vol-
ume radius cut of 7 m (67% acceptance) and an asymmetric
energy region, from −σ/2 → 2σ , to maximize signal accep-
tance (ε = 66.9%) while removing much of the steeply-
falling two-neutrino DBD background. Figure 18 shows the
background spectra near the endpoint in the Te (Fig. 18(left
panel)) and Xe (Fig. 18(right panel)) cases. A 75% signal effi-
ciency, following the 50% reduction in the 8B solar neutrino
events, is applied.

The expected sensitivity (90% CL) for 10 years of data
taking, using phase space factors from [145] and matrix ele-
ment from [146] (gA = 1.269) is:

Te : T 0νββ
1/2 > 1.1 × 1028 y, mββ < 6.3 meV

Xe : T 0νββ
1/2 > 2.0 × 1028 y, mββ < 5.6 meV.

It should be noted that for the case of Xenon, the use
of a more realistic light yield of about 1500 nhits/MeV, as
obtained from [123], would increase the half-life limit to
2.1 × 1028 years, corresponding to mββ < 5.4 meV. Unfor-
tunately, the required mass of Xe to reach the normal hier-

Fig. 19 Discovery sensitivity (3σ ) for proposed future experiments.
The grey shaded region corresponds to the parameter region allowed in
the Inverted Hierarchy of the neutrino mass. The red error bars show the
mββ values such that an experiment can make at least a 3σ discovery,
within the range of the nuclear matrix elements for a given isotope. The
parameters of the other experiments are taken from Refs. [147–151]

archy is about 10 times the world annual production, which
makes the use of Xe likely impractical.

A comparison of this sensitivity to other experiments is
shown in Fig. 19.

3.6.4 Alternative isotopes

A few alternative isotopes have been explored, which would
be favorable in terms of annual abundance and costs: 100Mo,
82Se and 150Nd. For these isotopes the main limiting factor
is leakage of the 2νββ into the signal ROI, which is sub-
stantially higher than for Te due to the shorter half-life of
the corresponding decay mode. A loading of 2% for Se and
Nd, and of 3% for Mo, has been chosen based on results of
stability tests in table-top experiments, for which the cock-
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Neutrinoless Double-Beta Decay
• Large mass of Te or Xe 

loaded in an inner LS balloon 
• Liquid Scintillator scalability, 

additional Cherenkov solar 
neutrino rejection and PID 

• One-bin counting analysis: 
• 5% natTe: T1/2 > 1.1×1028 y 
• 3% enrXe: T1/2 > 2.0×1028 y
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Signal and backgrounds near Qββ

Geoneutrinos & Reactor Antineutrinos 31
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FIG. 12: The detected energy spectrum of the predicted rate of antineutrinos from nuclear power
reactors and Earth, assuming a 50 kT water target.

distributions reveal the initial partitioning and subsequent transport of these trace elements between

metallic core, silicate mantle, and crust types [72]. Ongoing observations at underground sites in Japan

[73] and Italy [74] record the energies, but not the directions, of geo-neutrinos from uranium and

thorium. Without directions pointing back to source regions, disentangling the signals from various

reservoirs requires resolution of differing rates or energy spectra at separate sites. Due to limited

statistics and perhaps insufficient geological contrast, the observations at Japan and Italy do not yet

measure distinct rates or energy spectra [75]. The large exposure possible with Theia enables these

measurements, representing an opportunity to significantly advance observational neutrino geophysics.

The predicted rate of detected geo-neutrino events per kT-year in Theia is 26.5 (20.7 U and 5.8 Th),

which corresponds to a flux of 4.90 ± 0.13 ⇥ 10
6 cm�2 s�1, assuming perfect background suppression,

Th/U = 3.9, and statistical uncertainty only. Systematic uncertainty from incomplete knowledge of

the distributions of uranium and thorium abundances is much larger and asymmetric at about the 25%

level. For comparison, reported observed rates of geo-neutrino events from KamLAND and Borexino

correspond to 3.4 ± 0.8 ⇥ 10
6 cm�2 s�1 [73] and 5.0 ± 1.3 ⇥ 10

6 cm�2 s�1 [74], respectively. While

consistent with the Borexino measurement, a measurement of the predicted Theia rate would be

almost 2� greater than the KamLAND measurement after an exposure of 50 kT-y. This would provide

the first evidence for surface variation of the geo-neutrino flux. With thousands of geo-neutrino events

Theia would precisely measure the uranium and thorium components of the energy spectrum with

50 kt water target 
at SURF

• High-stats geoneutrinos 
complementary to 
KamLAND, Borexino 

• 1H capture tagging 
• Low NC rates relative 

to LS detectors 
• Directionality potential

Pursuing a suite of enabling technologies:
WbLS: Water-Based 
Liquid Scintillators

LS 1% 0.5% H2O
See NIM A 660, 51 (2011)

Water with a small 
admixture of  liquid 

scintillator (LS) 
enables combined 
Cherenkov + 
Scintillation 
measurements

Advanced Vertex 
Reconstruction

JINST 13, P07005 (2018)

Fully leveraging photon 
information to enable 

tracking and particle ID

Next-Generation 
Photon Detectors

Exploring novel photon 
detectors with fast timing 

and spectral sorting

Top: LAPPD 
NIM A 958, 162834 (2020)

Right: Dichroicon 
PRD 101, 072002 (2020)

Deep Underground 
≳ 4000 mwe

Outer H2O Shielding 
Active veto system

Photodetector Array 
20-90% active coverage 
(phased)

Target Volume 
Novel LS such as WbLS, 
isotope loading

Inner Balloon 
Deployable inner volume

Theia100 Concept 
100 kton, 80 kton fiducial

A detector combining 
large mass, an 

underground location, 
novel target, and fast 

photon detectors

Example Configurations 
Theia25 — 25 kton, DUNE module-like 
Theia100 — 100 kton, new SURF cavern
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Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned
fourth DUNE cavern; lower left panel: an interior view of Theia-25
modeled using the Chroma optical simulation package [27]; lower mid-
dle panel: exterior view of Theia-100 in Chroma; lower right panel:

an interior view of Theia-100 in Chroma. In all cases, Theia has been
modelled with 86% coverage using standard 10-inch PMTs, and 4%
coverage with LAPPDs, uniformly distributed, for illustrative purposes

loaded scintillator would make a long-baseline analysis more
complex from an optical standpoint, or reduce fiducial mass.

A major advantage of Theia is that the target can be mod-
ified in a phased program to address the science priorities. In
addition, since a major cost of Theia is expected to be pho-
tosensors, investments in Theia-25 instrumentation can be
transferred directly over to Theia-100. Thus, Theia can be
realized in phases, with an initial phase consisting of lightly-

doped scintillator and very fast photosensors, followed by
a second phase with enhanced photon detection to enable a
very low energy solar neutrino program, followed by a third
phase that could include doping with a 0νββ isotope and
perhaps an internal containment vessel. Table 2 lists the pri-
mary physics targets and the general configuration required
to achieve those physics goals for each phase.
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Theia25

THEIA: An Advanced Optical Detector Concept 
Andrew Mastbaum (Rutgers University), for the THEIA Collaboration
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