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Hybrid neutrino detection

Combined Cherenkov + scintillation light event detection

® Higher light yield —> low threshold + improved
vertex, energy resolution NomalOrderng T 17
. ) ) ) . ) 6f 7 years CP violafi--o-lg]UNewkt(coR)
® Direction resolution & ring imaging from ]
Cherenkov component |
% 4
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® Particle ID (full waveform analysis) T

® Better signal efficiency 2

® Improved background discrimination T
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Hybrid detectors at Snowmass

Neutrino Frontier report (also BSM, terrestrial & astrophysical sections)

* NF: Detectors: one of 5 priorities for development

e Pursuit of hybrid Cherenkov/scintillation Detectors: Many different technologies are being developed for these,
including water-based liquid scintillator, slow fluors, fast timing with LAPPDs and other devices, and spectral
photon sorting with dichroicons. At very large scales like the proposed Theia detector, these could have very
broad physics programs.

* NF: Long-term outlook
ordering region. These next-generation LAr detector ideas go by different names, such as “SLoMo”, “SoLAr”, and
“LArXe.” Another idea is the proposed Theia detector, which is a hybrid Cherenkov/scintillation detector that could
do precision measurements of very low-energy solar neutrinos, diffuse supernova neutrino detection, perform searches
for sterile neutrinos, and also push well beyond DUNE in precision tests of the three-flavor mixing model (including,
for example, studies of the second oscillation maximum). On the low-threshold side, much will depend on what the
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Neutrino Frontier report (also BSM, terrestrial & astrophysical sections)

* NF: Detectors: one of 5 priorities for development

e Pursuit of hybrid Cherenkov/scintillation Detectors: Many different technologies are being developed for these,
including water-based liquid scintillator, slow fluors, fast timing with LAPPDs and other devices, and spectral
photon sorting with dichroicons. At very large scales like the proposed Theia detector, these could have very

broad physics programs.

* NF: Long-term outlook

ordering region. These next-generation LAr detector ideas go by different names, such as “SLoMo”, “SoLAr”, and
“LArXe.” Another idea is the proposed Theia detector, which is a hybrid Cherenkov/scintillation detector that could
do precision measurements of very low-energy solar neutrinos, diffuse supernova neutrino detection, perform searches
for sterile neutrinos, and also push well beyond DUNE in precision tests of the three-flavor mixing model (including,
for example, studies of the second oscillation maximum). On the low-threshold side, much will depend on what the

Instrumentation Frontier report (also photon detectors & spectral sorting)
* IF: Going beyond DUNE

Of particular community interest is the development of hybrid Cherenkov-scintillation detectors, which can
simultaneously exploit the advantages of Cherenkov light’s reconstruction of direction and related high-
energy particle identification (PID) and the advantages of scintillation light, high light-yield, low-threshold
detection with low-energy PID. Hybrid Cherenkov-scintillation detectors could have an exceptionally broad
dynamic range in a single experiment, allowing them to have both high-energy, accelerator-based sensitivity
while also achieving a broad low-energy neutrino physics and astrophysics program. Recently the Borexino
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THEIA as a DUNE module in Phase 11

Long-baseline sensitivity comparable to a LAr DUNE module
Complementary supernova sensitivity (primarily anti-Vv, fast response: can act as trigger)
+ broad additional physics program

Broad physics
program:
Cutting-edge - Studying neutrino

developments in g N | Theia-25 fundamental
target material and B properties and
photon detection Large, multipurpose astrophysical
detector objects

e Baseline: 25ktonne
(17kt FV)

e |deal: 100 ktonne

(70kt FV) /

THEIA: An advanced optical neutrino detector
Eur. Phys. J. C 80, 416 (2020)

20m
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(Phased) Physics program

Primary physics

Reach Exposure/assumptions
goal
Long.-bas.ellne >50 for 30% of ocp 524kt-MW-year
oscillations

Diffuse Supernova

""""""""""""" <I(2)° pointing
20K(5K) events

.. Neutrino | R B
CNO neutrinos <5(10)% 300(62.5)kt-year
Geoneutrinos <7% 25 kt-year
OB Tia> 1.1 x 1028 year (90%C.L) 800 kt-year (Multi-tonne loaded

LS in suspended vessel search )
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2-1N-1

1 GeV

- Long Wavelengths (tresig < 3.0 ns) = +  Short Wavelengths (All)

BNL 30-ton deployment demonstrator
?

- Eos: 4-ton technology demonstrator
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How can it be done?

Angular distribution
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T. Kaptanoglu et al.
—> Phys. Rev. D 101, 072002 (2020)
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Enabling technology

k? Brookhaven

National Laboratory
, |

We focus our studies on three technologies that optimize
hybrid Cherenkov/scintillation detection:

|. Novel targets, such as water-based liquid scintillator (VWbLS)
or slow scintillator. Enhances Cherenkov detection by
modifying the scintillation signal

2. Fast photon detectors such as Large-Area Picosecond
Photon Detectors (LAPPDs). Fast-timing discrimination for
vertex resolution and Cherenkov/scintillation separation

3. Dichroicons (“chromatic quantum sensing”).
Cherenkov/scintillation separation via spectral sorting

We seek to characterize behavior, understand and model performance at a microphysical
level, and use results to extrapolate performance to kton scales.
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Builds on core
waomense | 1€Chnical accomplishments

BNL (Yeh et al.)
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Builds on core
waomense | 1€Chnical accomplishments

BNL (Yeh et al.)

Engineering WbLS properties: -
Bourret (LBNL)

Example: N
slowing down decay time ©/[o>\©
e Standard PPO ——

2ns H

* New carbazole
15ns O O
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Builds on core

BNL (Yeh et al.)

Engineering WbLS properties:
Bourret (LBNL)

2 350ECherenkov © Towards
Example: gm% LA e
slowing down decay time ©/()\© gm? \ OO M.
Q 2001 A hth s
e Standard PPO —— S o 2
2ns e 54203
* New carbazole ; | WMWW##W
1 5 ns E Scmtlllatlon
0 5 10 15 20
Time (ns)
10 Eos @ CPAD, G. D. Orebi Gann
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Builds on core
waomense | 1€Chnical accomplishments

BNL (Yeh et al.)

Engineering WbLS properties: s Proton LY: Goldblum (LBNL)
Bourl"et (LBNL) @ e - — % _+_ WbLS _‘_._;_4_
. S goof e > LABPPO =
Exan‘1ple. ) e ¢t . B ™ g 10! - -+ von Krosigk et al. ,-,.f._;"
slowing down decay time g = W S - o
e Standard PPO —— 8 2005 oy ) 8 —?."-v"".
50 oas E > "
2ns ool T 5405y © iﬁv:‘
L] E & 1R L g —;—-i
New carbazole o | ;WMWW##M s | "
15ns Ll Scmtlllatlon _SIO 1 =
Time (ns) *_c? 1ot

Kinetic energy [MeV]
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Builds on core
(WDb)LS
development at
BNL (Yeh et al.)

Technical accomplishments

Engineering WbBLS properties:

Proton LY: Goldblum (LBNL) CHESS detector: LBNL

c
o
Bourret (LBNL o '3
( ) 2 350ECherenkov o + WbLS :.r:‘::‘: 0.8 %
o F =
Example: S 2 w00} [ 3 + LABPPO . - s 2
. . A > el <10 -4+ von Krosigk et al. —g® 04 &
slowing down decay time - g N . N
d - [
« Standard PPO —— 8 Acenaprihene s T i
b primary fluor: 4g B (] n
2ns B 190 fe=2.14£0.19 ns ] 2 +":i. 02
N 1000 tuy =454 %03 ns ] o :ﬁ:ﬁ . 0.4
* New carbazole ok S FETNTETT h 06
: . i ™ T 1004 . .
15ns e ‘Scmtlllatlon s 10 - Prellmlnary Cogr?w?ce'rrag Tog Support
0 5 10 15 20 _‘g . — TS \ i /
Time (ns = Target . PMT Holder
(ns) - Kinetic energy [MeV]
P ti
Medium . 20"
6.5 cm
e
\/ PMT Array
Lower
Cosmic Tag
NIMA 889 69 (2018); INST 14T05001 (2019); Phys. Rev. D 105 (7) 2022; Phys. Rev. C 95
055801 (2017); Eur. Phys. Jour. C 80 867 (2020); Mat.Adv. | 71 (2020); Eur. Phys. Jour. C 82
169 (2022); NIMA 947, 162604 (2019); arXiv:1902.06912; JINST 13 PO7005 (2018);
JINST9 P06012 (2014); NIMA 943 162420 (2019); Eur. Phys. Jour.C 77 811 (2017);
arxiv:1908.03564; arXiv:1502.01 132; arXiv:1707.08222; NIMA 972 164106 (2020);
Astropart. Phys. 109 33 (2019); NIMA 852 15 (2017); NIMA 712 162 (2013); Phys. Rev. D
97 052006 (2018):1INST14 | (2019): Phys. Rev.D 101 072002 (2020): arXiv:2006.00173
10 Eos @ CPAD, G. D. Orebi Gann



Builds on core
(Wb)LS

waomense | 1€Chnical accomplishments

BNL (Yeh et al.)

Engineering WbLS properties:

Proton LY: Goldblum (LBNL) CHESS detector: LBNL

=
o
Bourret (LBNL) O 8 T wots - i 2
. 2 g00f > |- LABPPO =t o6 =
Exan?ple' . / Qj 2 . i" 101/ + vonKrosigketal. _..iﬁ_"" 4 &
slowing down decay time - g OO 5 o 02 ¢
* Standard PPO —— ST s 8 v o 3
2ns = 190 foe=2.14£0.19 ns ] 2 ..."':i. 02
N 100 Yay =454 £ 0.3 ns . ‘é’ _t“i' 04
o New Ca rba ZOIQ soF : ;- .:::::35'.;&1': ;ﬁ‘iﬁéﬁﬂ li: o , :i -0.6
15ns E ‘Scmtlllatlon | ] _;IO e - Upper T Susbort
0 Cosmic Tag g Supp
0 5 10 15 20 _‘g‘ TS et \ ‘ > /
. o arge older
Time (ns) - Kinetic energy [MeV] : PHT Fold
Extensive international Porgaon
effort in Germany (Mainz, |
Munich), UK, China
Additional work on: slow
LS, alternative fluors,
alternative surfactants
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Builds on core
(WDb)LS
development at
BNL (Yeh et al.)

Technical accomplishments

Engineering WbBLS properties:

Bourret (LBNL)
Example:

N
slowing down decay time 4 =
e Standard PPO ——

[ Cherenkov
300f .

Acenaphthene
(primary fluor: 4g/L)

Counts /0.10 ns
3
o
T

2ns s

* New carbazole il AR i
15ns 0 Scintillation i

0 5 10 15 20

Extensive international

effort in Germany (Mainz,

Munich), UK, China

Additional work on: slow
LS, alternative fluors,
alternative surfactants

Scattering & attenuation: UC Davis,

UC Berkeley+LLNL

Time (ns)

Light yield relative to 477 keV electron

100.

Proton LY: Goldblum (LBNL) CHESS detector: LBNL

10!
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Preliminary oo \ /Tag Support
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PMT Array

NIMA 889 69 (2018); JINST 14T05001 (2019); Phys. Rev.D 105 (7) 2022; Phys. Rev. C 95
055801 (2017); Eur. Phys. Jour. C 80 867 (2020); Mat.Adv. | 71 (2020); Eur. Phys. Jour. C 82
169 (2022); NIMA 947, 162604 (2019); arXiv:1902.06912; JINSTI3 P07005 (2018);
JINST9 P06012 (2014); NIMA 943 162420 (2019); Eur. Phys. Jour.C 77 811 (2017);
arxiv:1908.03564; arXiv:1502.01 132; arXiv:1707.08222; NIMA 972 164106 (2020);
Astropart. Phys. 109 33 (2019); NIMA 852 15 (2017); NIMA 712 162 (2013); Phys. Rev. D
97 052006 (2018):1INST14 | (2019): Phys. Rev.D 101 072002 (2020): arXiv:2006.00173
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Builds on core

waomense | 1€Chnical accomplishments

BNL (Yeh et al.)

Engineering WbBLS properties:

Bourret (LBNL)
Example:

2ns

* New carbazole 50;_
s (OO

N
slowing down decay time 4 =
e Standard PPO ——

Extensive international
effort in Germany (Mainz,
Munich), UK, China

Additional work on: slow
LS, alternative fluors,
alternative surfactants

300f
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n
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o
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Scattering & attenuation: UC Davis,

UC Berkeley+LLNL

Nanofiltration: UC Davis

Proton LY: Goldblum (LBNL) CHESS detector: LBNL
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: ‘ > Prel’mmary Cosmic Tag Tag Support
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0 5 10 15 20 s — —— : \ /
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Medium
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Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.

NIMA 889 69 (2018); JINST 14T05001 (2019); Phys. Rev.D 105 (7) 2022; Phys. Rev. C 95
055801 (2017); Eur. Phys. Jour. C 80 867 (2020); Mat.Adv. | 71 (2020); Eur. Phys. Jour. C 82
169 (2022); NIMA 947, 162604 (2019); arXiv:1902.06912; JINSTI3 P07005 (2018);
JINST9 P06012 (2014); NIMA 943 162420 (2019); Eur. Phys. Jour. C 77 811 (2017);
arxiv:1908.03564; arXiv:1502.01 132; arXiv:1707.08222; NIMA 972 164106 (2020);
Astropart. Phys. 109 33 (2019); NIMA 852 15 (2017); NIMA 712 162 (2013); Phys. Rev. D
97 052006 (2018):1INST14 | (2019): Phys. Rev.D 101 072002 (2020): arXiv:2006.00173
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development at
BNL (Yeh et al.)

Builds on core

e | Technical accomplishments

Engineering WbBLS properties:
Bourret (LBNL)

Example:
slowing down decay time

2ns
New carbazole

o — :

B
o
Standard PPO —— )\©

Extensive international

effort in Germany (Mainz,

Munich), UK, China

Additional work on: slow

LS, alternative fluors,
alternative surfactants
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Scattering & attenuation: UC Davis,
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Nanofiltration: UC Davis
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Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.

NIMA 889 69 (2018); JINST 14T05001 (2019); Phys. Rev.D 105 (7) 2022; Phys. Rev. C 95
055801 (2017); Eur. Phys. Jour. C 80 867 (2020); Mat.Adv. | 71 (2020); Eur. Phys. Jour. C 82
169 (2022); NIMA 947, 162604 (2019); arXiv:1902.06912; JINSTI3 P07005 (2018);
JINST9 P06012 (2014); NIMA 943 162420 (2019); Eur. Phys. Jour. C 77 811 (2017);
arxiv:1908.03564; arXiv:1502.01 132; arXiv:1707.08222; NIMA 972 164106 (2020);
Astropart. Phys. 109 33 (2019); NIMA 852 15 (2017); NIMA 712 162 (2013); Phys. Rev. D
97 052006 (2018):1INST14 | (2019): Phys. Rev.D 101 072002 (2020): arXiv:2006.00173
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Builds on core
(WDb)LS

waomense | 1€Chnical accomplishments

BNL (Yeh et al.)

Engineering WbBLS properties:
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LS, alternative fluors,
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Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.

NIMA 889 69 (2018); JINST 14T05001 (2019); Phys. Rev.D 105 (7) 2022; Phys. Rev. C 95
055801 (2017); Eur. Phys. Jour. C 80 867 (2020); Mat.Adv. | 71 (2020); Eur. Phys. Jour. C 82
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Builds on core
(WDb)LS

BNL (Yeh et al.)

Engineering WbBLS properties:
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Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.

NIMA 889 69 (2018); JINST 14T05001 (2019); Phys. Rev.D 105 (7) 2022; Phys. Rev. C 95
055801 (2017); Eur. Phys. Jour. C 80 867 (2020); Mat.Adv. | 71 (2020); Eur. Phys. Jour. C 82
169 (2022); NIMA 947, 162604 (2019); arXiv:1902.06912; JINSTI3 P07005 (2018);
JINST9 P06012 (2014); NIMA 943 162420 (2019); Eur. Phys. Jour.C 77 811 (2017);
arxiv:1908.03564; arXiv:1502.01 132; arXiv:1707.08222; NIMA 972 164106 (2020);
Astropart. Phys. 109 33 (2019); NIMA 852 15 (2017); NIMA 712 162 (2013); Phys. Rev. D
97 052006 (2018):1INST14 | (2019): Phys. Rev.D 101 072002 (2020): arXiv:2006.00173

SLIPS concept: Oxford, UK
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Demonstrators

Demonstration
Data-driven demonstration of next-generation
detector capabilities  Develop R&D
v Demonstrate Cher+scint reconstruction infrastructure —
testbed for future
T .
v Demonstrate Cher+scint particle ID S
v Enable broad, world-leading physics & nonproliferation program
“ Us O onhe ' ’&
Broad R&D |
o ALHO
program
siife
¢ PDIr-EU gigie
Gnaad
Ch/S separation, . L
microphysical - Broad phy
parameter - program: C
measurements lext-cen N

Phys. Rev. D 103 052004 (2021), Mat. Adv. 1 (2020) 71-76, Eur. Phys. J. C (2020) 80: 867, Eur. Phys. J. C g .ii
(2020) 80: 416, Eur. Phys. J. C (2018) 78: 435, Phys. Rev. C95 055801 (2017), Eur. Phys. J. C (Aoki7) 77- 811 Eos @ CPAD, G. D. Orebi Gann



Demonstrators

Demonstration
Data-driven demonstration of next-generation
detector capabilities  Develop R&D
v Demonstrate Cher+scint reconstruction infrastructure —
, , testbed for future
v Demonstrate Cher+scint particle ID .
v Enable broad, world-leading physics & nonproliferation program
US O @ 8
Broad R&D Critical ton — 10s arnatic
program of tons scale . offc
demonstration of erme
detector eiule e
performance | e
Ch/S separation, capabilities .
microphysical Broad phy
parameter Importance for ? brogra Py
measurements programs in OHEP lext-gen N
+ ONP. NNSA olar, geo, [

& international partners

Phys. Rev. D 103 052004 (2021), Mat. Adv. 1 (2020) 71-76, Eur. Phys. J. C (2020) 80: 867, Eur. Phys. J. C u o
(2020) 80: 416, Eur. Phys. J. C (2018) 78: 435, Phys. Rev. C95 055801 (2017), Eur. Phys. J. C (Aoki7) 77- 811 Eos @ CPAD, G. D. Orebi Gann



The path to THEIA

Theia-25

12 Eos @ CPAD, G. D. Orebi Gann



The path to THEIA

. High-energy event
reconstruction,
neutrino detection

ANNIE: 365 kg

electronics
racks

Front Veto
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The path to THEIA

. High-energy event
reconstruction,
neutrino detection

ANNIE: 365 kg

electronics
racks

Front Veto

AT | Muon Range
| ! \H [l

SN

photosensors
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Low-energy event
reconstruction,

model validation
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The path to THEIA

. High-energy event . Low-energy event
reconstruction, | reconstruction, EoS:
neutrino detection 7 model validation 4 ton
/ B
AN N I E: 365 kg - Cherenkov Phtnrajectorl i

electronics
racks

Front Veto

Y (mm)

Muon Range
Detector
(MRD)

- -y
e wm e

=25 o 25
X (mm)

~

OIS

i

Theia-25

BNL: |- and 30-ton

. Deployment, purification,
 recirculation, transparency

12 Eos @ CPAD, G. D. Orebi Gann




The path to THEIA

. High-energy event . Low-energy event
reconstruction, | reconstruction, EosS:
neutrino detection 7 model validation 4 ton
/ B
AN N I E: 365 kg - Cherenkov Phtnrajectorl i

electronics
racks

Front Veto

Y (mm)

Muon Range
Detector
(MRD)

- -y
e wm e

=25 o 25
X (mm)

~

OIS

i

Theia-25"9"...
NuDot: | ton

BNL: |- and 30-ton

. Deployment, purification,

| | Isotope loading,
recirculation, transparency

NLDBD topology
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Eos (Dawn)

Funded by NNSA,
DNN R&D
FY22-24




NS

EOS: performance demonstrator

e Demonstrate event
reconstruction using hybrid
Cherenkov + scintillation
sighatures

e Validate models to support
large-scale detector
performance predictions

* Provide a flexible testbed to
demonstrate impact of novel

technology

Cherenkov Photon Trajectories
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Rutgers, 2022

University of Colorado

4-ton target mass
water, WbLS, organic LS

200 8- PMTs.
R14688-100, 900ps FWHM

CAENV1730 readout

Dichroicon deployment for
spectral sorting

Deployable sources for studies
of vertex, energy, direction
reconstruction & PID

|Germany | |Portugal |
Siff
m Sl
I~
R H  omawes GUTENBERG _‘4
BERKELEY LAB [N -\ Gy UNIVERSITAT Wz |
P & Lawrence Livermore @ PRISMA {
enn National Laboratory TI m 5
BOSTON g @ TECHNISCHE COIMBRA
UN VERSIT UNIVERSITAT
onen
BROOKHPAEN F ilab /
Fermilab ey 4
NATIONAL LABORATORY urke ?
- TYVASKYI AN YLIOPISTO
N2 n A UNIVERSITY OF JYVASKYLA
RUTGERs § W
OOOOOOOOOOO ) p——

SCHOOL OF MINES
& TECHN!

BARTOSZEK M
ENGINEERING P N

Boulder

Eos @ CPAD, G. D. Orebi Gann



EOS Detector design

| |-ft (30-ton) steel
outer vessel (OV)

12-" PMTs for light
collection

200x 8- fast PMTs
+ B shielding

4-ton acrylic inner
vessel (V)

Water buffer region
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Muon veto system
surrounding detector

Edge ports for
additional calibration,
Sensors, access

Central-axis
calibration source
deployment

Dichroicon
deployment
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Assembly & status

Suspend detector assembly from
the lid of the OV

IV under contract, delivery due
May ’23 (Reynolds Polymer)

OV: contract with seismic engineer
to determine anchorage req; build-
to-print RFP on completion

PSUP design complete, moving to
prototype and purchase

Hamamatsu PMTs (200x fast 87),
batch delivery Nov ’22 — Jul ’23
(16 received)

Digitisers & HV boards (CAEN),
first batch received

==t

_41'
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Schedule: 3-year life cycle

T
4

Project phases
(high-level milestones)

[Nov | Dec | Jon | Feb Mar | Aot May | un | Jul | Aug | Seo | Oct Now Dec | Jan | Feo  Mar | Apr May Jun | Jul |Avg | Sep Oct|Nov | Dec | Jan | Feb Mar | Aor May [sun tul | Aug Sep |

® FY22 Detector design and procurement;

O FY23 Detector construction and installation;

e FY24QI-2 Detector commissioning and

calibration;

e FY24Q3-4 Data taking and data analysis for
primary objective. (Aggressive project scope).

Proposed filling scheme

® |nitial pure water fill to baseline

performance

® Inject small (~1%) fraction LS for testing

® Increase %LS to study dependence of
performance on Chr/scint ratio

Eos @ CPAD, G.D. Orebi Gann 17



Thanks to the EOS team!

\

A
f(reeeee "'I

BERKELEY LAB

540N

& Penn |4

Lawrence Livermore
UNIVERSITY 0f PENNSYLVANIA Natlonal Laboratory

BOSTON @ 5@@
UNIVERSITY °
PennSian

BROOKHAVEN 2= Fermilab

NATIONAL LABORATORY

gp RUTGERS JIOWA

SOUTH DAKOTA

BARTOSZEK
ENGINEERING

)

University of Colorado
Boulder

SCHOOL OF MINES
& TECHNOLOGY

Germany

sonannes GUTENBERG
UNIVERSITAT MAINZ

@ PRiISMA*
TUTI

TECHNISCHE
UNIVERSITAT
MUNCHEN

Turkey

@

RGSea rchU nive(s'\w

UNIVERSIDADE B

COIMBRA

Finland

¢

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

Canada

SNes

Eos @ CPAD, G. D. Orebi Gann



BNL 1- & 30-ton demonstrators
FY 22-24

* First ton-scale deployment of WbLS

e First demonstration of:

* Ton-scale production

e Optical transparency in an operating
detector

e Optical stability over time

e Recirculation of WbLS (nanofiltration)

Together these prototypes will demonstrate
the feasibility and capabilities of hybrid
detectors for fundamental physics

19 Eos @ CPAD, G. D. Orebi Gann



Take-home message

B: Cherenkov, R: Scintillation
20000

A hybrid detector module would add
to the LBL program at DUNE and
bring a broad program of additional
physics

Major technological developments
have been achieved since last
Snhowmass

Results from existing large detectors
demonstrate the feasibility of this
concept

Prototypes underway will
demonstrate the full range of
capabilities

Brings a new community of physicists
to the facility and the program

20 Eos @ CPAD, G. D. Orebi Gann
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90

80t
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601
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407
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201
10t

Model validation

A number of metrics are considered for detector performance:

|. Energy resolution Reduce flux uncertainty, increase background rejection
2. Vertex resolution Reduce flux uncertainty, increase background rejection
3. Angular resolution Elastic scattering event ID, physics scope
4. Cherenkov (C) / scintillation (S) separation Particle & event ID

These tools can be used to define “desired” properties for VWWbLS

: : : 90 :
— PMT — PMT
---- FastPMT ] [ ---- FastPMT
—-— FasterPMT 1 kt 80 —-— FasterPMT 50 kt
....... LAPPD 1 70_ LAPPD
Angular Res. (deg) Angular Res. (deg)
® Position Res. (cm) ® Position Res. (cm)
B Energy Res. (%) ] 607 B Energy Res. (%)
50¢
40¢
30¢
20t
10
101 100 101 102 050 100 101 102
Scintillator Fraction Scintillator Fraction

Impact of target properties and photon detector response on
detector performance for (left) |-kton and (right) 50-kton detectors
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Signal Separation

24 Eos @ CPAD, G. D. Orebi Gann



Signal Separation

B: Cherenkov, R: Scintillation

Eos @ CPAD, G. D. Orebi Gann



Signal Separation

B: Cherenkov, R: Scintillation B: Cherenkov, R: Scintillation
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Ring Imaging
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Ring Imaging

B: Cherenkov, R: Scintillation
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Ring Imaging

B: Cherenkov, R: Scintillation B: Cherenkov, R: Scintillation
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Full-scale demonstrations

Integrated directionality at Borexino:
® consider earliest photons in the event

® take angle between early photons and solar
direction

® 60 angular excess caused by Cherenkov photons

Measurement of primarily 7Be v demonstrates
first directional detection of sub-MeV neutrinos

26
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Full-scale demonstrations

Integrated directionality at Borexino:

® consider earliest photons in the event

® take angle between early photons and solar

direction

® 60 angular excess caused by Cherenkov photons

Measurement of primarily 7Be v demonstrates
first directional detection of sub-MeV neutrinos

Event-level directionality at SNO+:

® Partial-filled detector (365 t LAB + 0.6 g/L PPO)

® JoF and angular reconstruction

® Demonstration with > 5MeV 8B v

First event-by-event demonstration of directional

reconstruction for 8B solar v in slow LS

26
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The challenge of backgrounds
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Solar Neutrinos

Flux (108 cm=2s7)

Dominant background: natural
radioactivity e.g. 2!0Bi

Theia offers unique low-threshold,
directional detection

Particle and event ID from LS time profile,
quenching, Ch/S ratio

~— Borexinoresult  Experiments

e P.. with B16 GS98 SSM

® Unique few-% level sensitivity to CNO v

® Precision pp: luminosity, understand solar

energy production

® Unique probe of matter effect / matter-

vacuum transition

® Potential Li loading for CC (Haxton)

0.8— C e

— High-Zmodel E Conservative —— SNO *B quadratic it (2011) . :
. : : ; ——  SK B quadratic fit (2016) 0.7
10 Low-Z model I Aggressive ] Borexino Be (2018) .
: i ] ¢ Borexino pp (2018) 0.6
i ; ; : ; ; | @ Borexino pep (2018)
8 LT ] $  Borexino *B HER (2018) 0’05
f f f . Borexino *B HER 1 (2018)
Borexino *B HER 11 (2018) 0.4
°r T B $  KamLAND "Be (2014) g
N o s e ; _
: 02— R :
g 1 10
2+ - Neutrino energy [MeV]
: : Ann. Rev. Nucl. 71: 491 (2021) :
0 . ‘ . :
SNO+ UG-LArTPC = = Theia-WbLS ,
Large LXe Jinping Theia-LS
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Anti-v Detection

® Geo-V observation by KL, Borexino (< 220 ev) N Ty

—— Geo 232Th
Reactor cores

50 A

® THEIA: large statistics, complementary site: 218 ev/yr (25 kt) ,,.

® Full spectral analysis with BDT for bkg rejection ;Z”'

® Future improvements: PID (p/et, e-/et) “j:

® Could offer first evidence for surface variation 0 2 : : ; o
® U/Th ratio to 15% precision in 10 years AntmeumEnergw)g;gg;:mm

® Reactor v prospects: ~ 20 reactor ev/kt-yr : m(o)

® Demonstrate techniques for remote reactor monitoring %BTW

® Range & direction at >|000km standoff
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oVvpp with hybrid detectors

SNO+ Collaboration

25-100 kton hybrid optical neutrino detector Cosmogenic

8-m radius balloon with high-LY LS and isotope 4
7-m fiducial, 3% mtTe (or enrXe), 10 years

sves Background reduction
via event imaging: PID,
multi-site, directionality

(o, n)

External y

70m

Balloon for Ovpp
. Internal Th chain
isotope loaded

18rIniquid scintillator Tin> .1 (200) % 1028 yrs
90% CL for Te (Xe)

mppg < 6.3 (5.6) meV

Internal U chain

THEIA25

-
<

60m

1072

THeEIA 100

v

3 o discovery sensitivity on m[jlj [eV]

Builds on critical developments by KLZ & SNO+ collaborations
Phys.Rev.Lett.| 10 : 062502 (2013);Adv.High Energy Phys. 2016 (2016) 6194250; Phys. Rev. D 87 no. 7 : 071301 (2013)
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Hybrid detector development
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