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THEIA Detector

● THEIA25:
20m × 18m × 70m   25kt≙

● Photosensors:
22500 × 10″ PMTs (25% cov.)
700 × 8″ LAPPDs (3% cov.)

● Location: 
SURF (4300 m.w.e.)

● Radiopurity:
10-15g/g 238U, 232Th, 40K

● THEIA100:
50m × 50m    100kt≙
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Water-based Liquid Scintillators

● Cherenkov:
– Directional Information
– Particle Identification

● Scintillation:
– Energy Resolution
– Low Threshold

● C/S-ratio:
– Background Rejection

3 



● Angular Emission ● Wavelength ● Timing Profile

Separating Scintillation And Cherenkov 
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● ~ 10% LS inside Surfactant 
Micelle Dissolved in Water

● Water-based Slow Scintillator  
to Delay LS Emission Further 
Away From Cherenkov Light

● Possibility of Metal Loading 
(e.g. Gadolinium for n Capture)

WbLS Recipe
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(Galactic) Supernova Neutrinos

IBD 19,800

NCO 1,100

ES 960

   O 440

   O 340

ν e
ν e

ν e+ p⃗ n+e
+

ν e+e⃗ e+ν e
16O(ν e , e

+)16N
16O(ν e , e

−)16F

16O(ν ,ν )16O∗

● 100kt WbLS (10% LS)
● 10kpc Distance
● GVKM Model
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From Cherenkov Direction:

<1° (THEIA100)       2° (THEIA25)

Pointing Accuracy
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Diffuse Supernova Neutrino Background
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FIG. 3. Thevisiblescintillation energy spectrumexpected for
the DSNB signal and its ample backgrounds. The presented
spectra include reactor neutrinos, cosmogenic 9Li, fast neu-
trons as well as atmospheric neutrino charged-current (CC)
and neutral-current (NC) interaction rates. Weassumea ba-
sic event selection of IBD-like coincidence signals (with only
a single accompanying neutron capture). The energy scale is
based on the number of scintillation photons detected. The
upper axis lists the corresponding visible scintillation energy.
Expected rates according to the three DSNB models are in-
dicated in blue (cf. FIG.2).

tion [46]. For lower neutrino energies, weextrapolatethe
FLUKA simulations performed for the location of the
Gran SassoNational Laboratories [47] that areat nearly
the same geographical latitude (42.5◦ N vs. 44.4◦ N).
TheFLUKA f uxes arescaled tomatch theatmospheric
HKKM spectrum between 100MeV and 200MeV. Us-
ing the IBD cross-section from [34], the rate of atmo-
spheric neutrino reactions below 100MeV is calculated
to (48± 17)/ (100kt·yrs). The relative error of 35% re-
f ects theuncertainty ofl ow-energy atmospheric f ux pre-
dictions [47, 48].

B . Cosmogenic Backgrounds

I n-situ production of 9L i. Cosmic muons create a
variety of radioisotopesby spallation on theoxygen (and
carbon) nuclei of the WbLS target. Of those, only βn-
emitters can mimic the IBD signature and are thus po-
tential contributors to thebackground. Theonly isotope
produced with a relevant cross-section and suf ciently
high endpoint energy (Q = 13.6MeV) to reach into the
observation window is 9Li. In ∼50% of all cases, 9Li de-
cays to an excited state of 9Be that de-excites via emis-
sion of aneutron [49]. Thedecay schemeof theβ−-decay
of 9Li was implemented according to [50, 51]. Since this
background scales to f rst order with the muon f ux, a
deep location likeSURF translatestoasubstantial reduc-
tion in the9Li production rate.Weestimatetheexpected
background rate by adopting the 9Li yield measured for
water and the organic component of the WbLS in SK
[52]andBorexino [53], respectively. Accordingto [54], we
scale this rate to the lower muon f ux and higher muon
meanenergy at SURF, i.e. R 9L i ∝ Φµ ·hEµ i0.75, assuming
amuonf uxofΦµ =4.2×10−9 cm−2 s−1 andmeanmuon
energy of hEµ i = 293GeV [55]. The resulting IBD-like
background rateisapproximately (530±106)/ (100ktyr),
therelativeuncertainty of 20%in linewith themeasured
values [52, 53].

Fast Neutrons. High-energy neutrons induced by cos-
mic muons can mimic the IBD signature. The prompt
signal is provided by the elastic scattering of the neu-
tron on a freeproton in the target material, followed by
the thermalization of theneutron and its captureon hy-
drogen. Muons crossing thetarget volumecan beclearly
identif ed, permitting a suppression of the trailing neu-
tron signalsby ashort vetoof thedetector followingeach
muon event (∆ t ∼ 1µs). On the other hand, neutrons
induced by muons passing through the rock layer sur-
rounding thedetector provideno immediatebackground
tag. The reconstructed vertex positions will usually be
close to thevergeof thedetection volume, though.
Weestimatethefast neutron production ratebased on

prior work for the LENA experiment at the Pyhäsalmi
mine [29]. At this location, rock overburden (4kmw.e.)
and mean muon energy of 300GeV are comparable to
SURF, so that we scale the rate by a factor 0.5 to
take into account the lower muon f ux. Due to the rel-

●      Flux:  (100 cm𝒪 -2s-1) 
  ~          evts/(100 kt yr)≙

● Backgrounds:
– 9Li (μ-induced)

530±106/(100 kt yr)
– Fast n (μ-induced)

113.2/(100 kt yr)
– Atm ν (                        )

48±17/(100 kt yr)

ν e

17−8
+34
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FIG. 6. The Cherenkov-to-scintillation (C/ S) ratio of ers
a powerful tool to discriminate prompt positrons of DSNB
events (blue) and hadronic prompt events of atmospheric NC
reactions (black). Atmospheric NC events lead to a signif -
cantly reduced emission of Cherenkov photons. Thelower plot
presents a zoom-in for C/ S values greater than 0.5. Thegray
shaded area indicates the limits of the observation window.
The red line corresponds to the C/ S cut threshold reaching
82% signal ef ciency.

signal S over theNC background B, represented by the
signal signif canceS/

√
S +B and visualized in f g.7. For

theshown conf guration, wereach an optimum in DSNB
signal acceptanceof 82%, leavingaresidual of only 3.5%
for atmosphericNC backgroundeventsand∼ 1%for fast
neutron events (not shown).
Given the importanceof this discrimination technique

for theDSNB detection, we also investigated its depen-
denceon the light collection. SinceTheia25 plans for an
initial coverage of 25%, the number of photo electrons
collected would be reduced by a factor three compared
to 75% coverage of Theia100. While the larger uncer-
tainty in photon statistics translates to a slight weaken-
ing of thediscrimination power, theef ectiveS/B values
areonly mildly af ected: for theoptimum threshold, the
signal acceptance is 78%whilea background residual of
3.7% is permitted.

FIG. 7. The optimum choice of a cut on the C/ S ratio de-
pends on theoptimization of the signal-to-background (S/ B)
ratio. The rate of surviving DSNB events as a function of
the residual rate of atmospheric NC events is indicated by
the solid line. While not shown, the corresponding C/ S cut
threshold is increasingly relaxed fromleft to right. Thedashed
line indicates thecorresponding signif canceof thesignal over
background S/

√
S +B (scale on the right y-axis). Themax-

imum of the curve (82% signal ef ciency at 3.5% residual
background, indicated by thegrey line) is chosen for the fur-
ther analysis.

D . Delayed Decays

As displayed in tab. I, a signif cant fraction of theNC
reactions of atmospheric neutrinos on 16O (with a sin-
gleneutron in thef nal state) leavesbehind a radioactive
isotope. In principle, its decay can beused to reject the
original IBD-like interactions by means of a delayed co-
incidence tag. In water, thedominant isotopecreated is
15O with a branching ratio of ∼49%. 15O undergoes a
β+-decay with an endpoint of 2.8MeV and a lifetimeof
2.9min [67]. For both detector conf gurations of Theia,
thiswill produceasizablesignal visibleat high ef ciency.
Given the relatively long lifetime of 15O and low de-

cay energy, a ref ned selection condition must beapplied
for the delayed coincidence to prevent a high rate of
accidental coincidences of DSNB neutrino events with
radioactive decays intrinsic to the scintillator. In accor-
dancewith [16], weassumea contamination of thewater
with elements of the 238U/ 232Th chains on the level of
10−15g/g. To reducetherateof accidental coincidences,
weimposeamaximumdelay timeof 10min (about 3 life
times of 15O) and a spatial distance of 1m between the
vertices. This is suf cient to reduce the probability of
accidental coincidences of signal events to 1%, while the
veto ef ciency for delayed-decay NC interactions is still
at 95%.
Beyond 15O and the low-yield isotope (in water) 12B,

none of the other isotopes created permits a similar ve-
toing technique. While 14N, 13C, 12C, 10B, and 9Beare
stable, 8Bealmost immediately decays into two alphas.

● Quality Cuts:
– 9Li, τ=257ms:

2s time cut, 5m radius 
cut around μ track

– Fast n: 
1.5m FVC (THEIA25)
2.5m FVC (THEIA100)

– Atm. NC:
Energy-dep. C/S cut

Background Rejection
9 
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Arguably, WbLS can be regarded as the only tech-
niquethat will providereasonably high ef ciency for the
delayed-decay veto. For pure Cherenkov detectors, tag-
ging ef ciency for
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FIG. 8. The visible scintillation energy spectrum expected
for DSNB signal and backgrounds after all selection cuts.
The background components include IBDs from reactor and
atmospheric neutrinos as well as a residual of IBD-like NC
interactions of atmospheric neutrinos. The signal dominates
w.r.t. to thebackgrounds over theentire observation window
(white region). Expected rates according to the three DSNB
models are indicated in blue (cf. FIG.2).

• βn emitters: The ef ciency of the spatial cut sur-
rounding muon tracks can be calculated based on
theacquired lateral distribution. The contribution
is, in any case, negligible.

• Fast neutrons can beconstrained based on theex-
pected exponential radial profl eand theratemea-
sured in theWbLS target outside the f ducial vol-
ume.

• Atmospheric NC events: Duetothelargereduction
factor for this background, it is hard to estimate
from f rst principles how well the relative uncer-
tainty on the residual ratecan beestimated. How-
ever, both theevent rates beforeand after theap-
plication of background rejection cuts can be con-
strained by extrapolation from theenergy window
above∼30MeV.

While it is most likely that the uncertainty on the NC
background ratewill remain thedominant sourceof sys-
tematicuncertainty, it ishard toconstrain itsvaluebased
onpresent knowledge. Therefore, wedecided to leavethis
quantity as an open parameter in thesensitivity studies,
varyingtherelativeuncertainty in a rangefrom5to20%
of thepredicted NC ratevalue. Fig.9displays theDSNB
detection signif cance as a function of the acquired ex-
posure, varying thesystematic uncertainty on theatmo-
spheric NC background rates. Even under quiteunfavor-
ableconditions, a 5σ-discovery can beachieved based on
a live exposure of 190kt·yrs. This translates to ∼2.4yrs
(9.5yrs) of measuring time for Theia100 (Theia25).

●      Flux:
 (100 cm𝒪 -2s-1)  ≙

~          evts /(100 kt yr)
● Backgrounds:

9±2 evts /(100 kt yr)
● Discovery:

5σ after 190 kt yr
  2.4yr (THEIA100)≙
  9.5yr (THEIA25)≙

ν e

17−8
+34

Expected DSNB Results
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Technology Experiment FM Start Energy Window Signal Signal BG S√
S+B

t[yr]

[kt] [MeV] Ef ciency [/ (100kt yr)] for 3(5)σ

WbLS
Theia25 20 2030

8−30 0.8
17.2 9.5 3.3 4.1 (11.4)

Theia100 80 2035 17.5 9.1 3.4 1.0 (2.7)

LS J UNO 17.0 2021 10.2−29.2 0.5 9.6 4.2 2.6 7.9 (22.0)

WCD
SK-Gd 22.5 2021 10−30 0.7 12.9 14.0 2.5 6.5 (18.0)

HK 187 2027 20−30 0.9 4.0 39.3 0.6 13.0 (36.2)

HK-Gd 187 2033 10−30 0.67 12.4 14.0 2.4 0.8 (2.3)

LAr DUNE 20+20 2026 16−40 11.4 6.0 2.7 3.0 (8.4)

TABLE IV. Comparison of neutrino observatories aiming at the detection of the DSNB signal. The f rst columns list experi-
mental technique, abbreviation of theexperiment (see text), f ducial mass (FM), projected start of data taking, and observation
energy window. For better comparability, the expected signal rate was recalculated for the DSNB f ducial model assumed
throughout the paper, using information from [70–73]. Background (BG) rates are scaled from the same sources. The given
rates for DUNE arebased on [74]. The corresponding signal signif canceover background and the required measuring time for
3(5)σ is calculated in the last columns. For comparison, we show the expected performance of Theia25 and Theia100. The
WbLS technique of ers the best signal acceptance and highest signal signif cance.
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FIG. 11. Projections for the signal rates (left panel) and signal signif cance (right panel) of the relevant DSNB observatories
over the next two decades. Optimistic scenarios correspond to dashed lines. The optimistic sum includes Theia100, and a
second tank for Gd-loaded HyperK . DUNE is not added to the overall sum, due to dif erent neutrino channel. Once initiated,
Theia100 and HK-Gd soon dominate the scene regarding both collected signal statistics and signif cance of the detection.
Theia25makes a slower start but provides an increasingly relevant contribution over ten years of data taking. See the text for
a more detailed discussion.

with (HK-Gd) or without gadolinium (HK) all promise
genuine sensitivity to the DSNB signal [72, 75]. More-
over, J UNO will of er thepossibility for DSNB search in
an organic liquid scintillator (oLS) [14], whiletheDUNE
liquid-argon (LAr) TPCs promise sensitivity to the νe
f ux component of theDSNB [74].

Signal over background. Tab. IV permits a coarse
comparison of these experiments concerning their
prospects for a DSNB detection: The experiments are
sorted by theunderlyingdetector technology. Thecenter
columns list the f ducial masses foreseen, the scheduled
start of operation, and the observation window. To im-
prove comparability, we used the cross-sections, masses
and ef ciencies given in the relevant experimental ref-

erences [70–73] and calculated the expected event rates
for the f ducial DSNB model [11] used throughout the
present paper. Background rates were scaled for expo-
sure. Based on this, we show the number of signal and
background rates for a uniformexposureof 100kt·yrs in
the third and second to last column. Finally, the sig-
nif cance of the signal over background, S/

√
S +B, is

displayed in the last column.
This comparison illustrates the exceptional perfor-

mance of WbLS as a target material: With ∼17 events
detected in 100kt·yrs, WbLS is leading in signal accep-
tance, i.e. thedetection ef ciency per unit exposure, and
thus permits a fast accumulation of statistics. More im-
portantly, WbLS features also the largest signal signif -
cance over background of ∼3.4, thereby shortening the

Signal SignificanceSignal Rate

Detector Comparison
11 



Thank You For Your Attention!





GVKM Model

● ArXiv:0902.0317
● Core-Collapse Supernova
● 3-Flavor Framework
● ν-Matter- & ν-ν-Coupling
● Adiabatic Density Profile
● Multiple Resonances

● ∆m12
2 = 8 × 10−5eV2

● sin22θ12 = 0.83
● |∆m23

2| = 3 × 10−3eV2

● sin22θ23 = 1
● δCP=0
● Depends on MO and θ13
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9Li-Background

● Created by Cosmic μ
● Spallation on 16O/12C
● Only 9Li with Sufficient 

Energy to Mimick ν-Signal
●

● Solution:
– Place Detector Underground

(Reduce μ Rate)
– Veto Around μ-Tracks

(In THEIA: 5m, 2s)

15 

9Li 5⃗0%
9Be+β−

9Li 5⃗0%
9Be∗+β−

→9Be∗⃗
8Be+n



Fast-n-Background

● Created by Cosmic μ
● μ Produce n by Reaction with 

Surrounding Material (Rock)
● Elastic Scattering of n 

Mimicks β Signal
● Thermalization+Capture of n 

as Delayed Coincidence

● Solution:
– Place Detector Underground

(Reduce μ Rate)
– Veto Around μ-Tracks

(In THEIA: 5m, 2s)
– Fiducial Volume Cut to Remove 

n from Surrounding Rock
(In THEIA: 1.5m/2.5m)
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Atmospheric-ν-Background

● From Decay of π, Created in 
Atmosphere by Cosmic Rays

●

● Possible NC or CC Interaction

● Solution:
– If NC: Cut on C/S Ratio

(Recoil Not Large Enough for 
Much Cherenkov Light)

– If CC: Expected Background 
Rate Below DSNB Signal

17 

π⃗μ+ν μ

μ⃗ e+ν e+ν μ
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