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Outline

* Basics of hybrid optical detection
e BNL1T

e BNL 30T
e EOS

* Next steps (Theia)
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ICRR, University of Tokyo

Optical Neutrino Detectors

* Target materials
* Water 29320095 332832
* Liquid Scintillator SR

* Photon detectors '.f:.fj_?_
* PMTs -
« SiPMs [
 LAPPDs | Hg bt Dentimiin

Amanda Il Array
(precursor to IceCube)

IceTo|

P
__— 81 Stations

324 optical sensors

1450m |
DeepCore

8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m

G Ranucci et al 2016 J.
Phys.: Conf.
Ser. 675 012036

2450 m

2820 m

Karen Andeen and
Matthias Plum for the
IceCube Collaboration
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Pure Water (Cherenkov)

* Pros .
* Directionality (cone) L
* Cheap
. Optically clear (big detectors) ~— wmon

hadrons

* Cons
* Cherenkov energy threshold

N Y GeV muons
2835 m.a.s.l

* Examples
* Super-K
* lceCube

1450 m

2450 m

IceCube
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Credit: Roy Kaltschmidt

e
Liquid Scintillator

* Pros
* No energy threshold
* Better vertex resolution

e Cons
Borexino Detector

* No directionality (isotropic) tainless Steel Sph
External water tank —, am::lson ;eute':\l::: ol
ylon Inner Vessel

Ropes—
Fiducial volume

* Expensive
* High attenuation (detector size limit) imema

H Back et

Steel plates
al 2012 JINST 7 P10018

for extra
shielding
_ _ — PMTs

* Examples
* Daya Bay
* Borexino
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Water-based Liquid Scintillator (WbLS)

 Best of both worlds | ; = . ]
* Directionality ; ' ' ‘

X. Xiang, et al. 2024
JINST 19 P0O6033

]

* Low energy P Resatell e

. Ch Liquid 10% 1%
eap Scintillator: WbLS . WbLS

e Scalable

e Tunable

M. Yeh, S. Hans, W. Beriguete, R.
Rosero, L. Hu, R. L. Hahn, M. V.
Diwan, D. E. Jaffe, S. H. Kettell, and
L. Littenberg, A new water-based

liquid scintillator and potential
WDLS = water + applications, Nucl. Instr. Meth. A,
w vol. 660, no. 1, pp. 51-56, 2011.

solvent + fluor + Q:\‘j\:b
Solvent
surfactant ®

AN +
NS

ﬁ’:/,:’/:’ Fluor \:\\:\\:\‘:b
J. Klein, et al. Future ﬁ;{;@) 4'7;73?{1}'.
Advances in Photon-Based

Neutrino Detectors: A

SNOWMASS White Paper.
(2022).

water
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Water-based Liquid Scintillator (WbLS)

* Best of both worlds
* Directionality
* Low energy
* Cheap
* Scalable
* Tunable

* Need to separate v
Cherenkov and _M

Scintillation S R

#l h

> 0¢

scatd

A

o ° d° 1%0° ;7&-,

* Time Time Wavelength Angle
* Wavelength

* Topology
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WDbLS what’s been done?

Cosmic muon

* Tabletop experiments ]
« CHESS (Liter scale) cosmic tag

Target

J. Caravaca, B. J. Land, M. Yeh,

. o . Propagation and G. D. Orebi Gann.
---- Linear fit with intercept constrained to zero et medium Characterization of water-based
4 . . . . Pl . . L
1079 —--~ Linear fit with intercept floated e liquid scintillator for Cherenkov
______ i PRt and scintillation separation. Eur.
S Linear reference e Phys. J. C, 80(9):867, 2020.
g }  Measured light yield e \
= et
~ e
= P
; r’»::F—j"‘/ .
T 10° 1
<L '+‘4 - -
E .--;’a"".-f' -
o e
_l __a" ‘I' -
S
10? = ' —— - —— Lower
100 10! 102

cosmic tag
WbLS concentration [%]
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WDbLS what’s being done?

BNL1T BNL 30T ANNIE (FNAL) Eos (LBNL)

Ton-scale production, circulation, Neutron detection Event reconstruction,
optical stability + high energy PID, WbLS
neutrinos performance
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WDbLS what’s being done?

BNL1T BNL 30T Eos (LBNL)

Event reconstruction,
PID, WbLS
performance

Ton-scale production, circulation,
optical stability
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BNL 1T Design

* Acrylic tank
* 1.3m tall
* 1m diameter

e 58 PMTs
e 30 2” diameter tubes on bottom
e 28 3” diameter tubes on side

e Detector enclosed in dark hut
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BNL 1T Design

* Acrylic tank
e 1.3m tall
* 1m diameter

e 58 PMTs

e 30 2” diameter tubes on bottom
e 28 3” diameter tubes on side

e Detector enclosed in dark hut

* Scintillating paddles
» 20ntop
3 on bottom
Used to tag muons
8x8 hodoscopes on top/bottom

Adam Baldoni -

BNL seminar -

May 29 2025
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BNL 1T Calibration

* Alpha Lightbulb

e 210Pph needle source inside
plastic scintillator

* Triggered by small (0.5” PMT)
next to scintillator

* Entire apparatus in acrylic I ‘ Z

tube

EJ228 wit\
 Lowered to center of detector

#Pb210 source
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BNL 1T Calibration

* Alpha Lightbulb

e 210PppH needle source inside

plastic scintillator

* Triggered by small (0.5” PMT)

next to scintillator

* Entire apparatus in acrylic

tube

 Lowered to center of detector

 Used for calibration
e Gain
* Timing (Time of Flight)

Adam Baldoni -
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TS

BNL 1T Data Acquisition (DAQ)

N
55

a5
* CAEN Digitizers g

* Convert analog voltages to digital
signals

e 64500 MHz channels
* 6462.5MHz channels

T e, e TR
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BNL 1T Data Acquisition (DAQ)

* CAEN Digitizers

* Convert analog voltages to digital
signals

e 64500 MHz channels
* 6462.5MHz channels

* Trigger
* Discriminators
* Logic Gates
* Prescalers
e Fanlns/Quts B
* Signal Converters (NIM <->TTL) oL
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* CAEN Digitizers

* Convert analog voltages to digital
signals

e 64500 MHz channels
* 6462.5MHz channels

* Trigger
* Discriminators
Logic Gates
Prescalers
Fan Ins/Outs
Signal Converters (NIM <->TTL)

e HV
* Supply all PMTs
* Supply paddles and hodoscopes
75 channels
« Some CAEN, some LeCroy

Adam Baldoni - BNL seminar - May 29 2025




_

BNL1T

Simulation

 Geant4-based Markov
Chain Monte Carlo (MCMCQC)

* Physics process simulator

* Photon propagation

* “As Microphysical as

Reasonably Achievable”

* Model detector geometry

* Tanks

e PMTs

* Target material

* Optical coupling

* Input detector parameters
* PMT specs
* Material properties

* Particle generators
* Sources
* Backgrounds

e
e
e
e
g
7y
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RatPac?2

* New version compatible with latest Geant4 and ROOT

* Used as a base for different experiments

* Experiments add their own geometry/properties/generators/data
structure

* Eos, BNL 1T & 30T, BUTTON, LiquidO, ANNIE, SNO+, MiniCLEAN, nuDOT,
LLNL Testbed, Theia, JSNS, DEAP, XLZD (considering)

* Very active development
{0 16 Open + 222 Closed

I RATPAC2 v3.0.0 release v

#275 by JameslieranShen was merged 5 days ago
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1T Results

* Light yield increase from waterto 1%
WDbLS

* Lightyield stabilized in 20 minutes
after injection

10% A

Count /10 PE

107

X. Xiang, et al. 2024
JINST 19 P06033
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V 1 Cherenkov + Scintillation Stability (1% WbLS)

— T I;;tsalope -0.10 + 0.18, Intercept 150.54 + 2.36
WDLS stability Side Do - ey oy,
PMTs & ’ | ‘| ]
« 1% WbLS light yield is stable
within a few percent over °

weeks PP TICILELELSTIIESEEESESE

X. Xiang, et al.
M I 2024 JINST19
* A multi-month stability test % 0 Cherenkov + Scintillation Stability (1% WbLS)
M M —_ —— Fit Slope 0.00 + 0.10, Intercept 213.90 + 1.27
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e WbLS

Va Y2 Full water [ \

0.35% 0.55%
water 0.75%
water wate 0.45% 0.65% 1%

Tagged Crossing muons

1T recentresults = P?:l =

200 A

Empty

Sid
* Current 1T run PI:/ITes
starting in April
2024

e Various water fills
* Empty
e Y4 fill
o 15 fill
* Full

* Increasing WbLS ]
concentrations Bottom £

) PMTs :
* 0.1% Iincrements

from 0.35% to °
0.75%

Gaussian Mean [PE]
- -
(=] w
o o

w
o

o

400 4

100 [
* Currently at 1% B
0 : . . . - . . . . v . ’
Q‘\r Q'\r 6\/ 0‘\ 0& Q‘\ Q"t 0'\/ 0'\' 0‘\, Q\' 6\ Q‘\r
' ' &Qo, h°b bpf\ 996 qu QQ Q‘\, “\"L ,,)e” "Q’L 0)0'5 ‘)Qb 60‘7
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BNL 30T Design

* Bigger version of 1T
* PMTs are submerged

e Stainless steel tank
e 3m tall
e 3.3m diameter

* 36 10” PMTs

* 16 scintillating paddles

* 8ontop
e 8 on bottom

* Similar alpha lightbulb \ /

Adam Baldoni - BNL seminar - May 29 2025
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30T fill plan

e Started with pure water

* Injected 0.35% WbLS April 1
* Injected 0.7% WDbLS April 23
* Injected 1% WDbLS May 7
Plan to dope with Gd

* Neutron capture

* Performance and stability of
nanofiltration
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30T Results

I IIH]I|

Water, 0.35%, 0.7%, 1%
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Eos Design (UCB & LBNL)

Stainless steel outer
tank

Acrylic inner tank
* 4 Tonvolume

200+ PMTs
 Fast 8” tubes
e 12” tubes
* 10” tubes

Muon paddles

 Surround all sides of
detector

e Used to veto muons

| 1-ft (30-ton) steel
outer vessel (OV)

12-" PMTs for light
collection

200x 8-" fast PMTs
+ B shielding

4-ton acrylic inner
vessel (IV)

Water buffer region

'\
'I
A FS

Adam Baldoni - BNL seminar - May 29 2025

T. Anderson et
al 2023 JINST 18 P02009

Muon veto system
surrounding detector

Edge ports for
additional calibration,
Sensors, access

Central-axis
calibration source
deployment

Dichroicon
deployment
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Eos Design

e Stainless steel outer tank

* Acrylic inner tank
* 4 Tonvolume

e 200+ PMTs
 Fast 8” tubes
e 12” tubes
* 10” tubes

* Muon paddles

e Surround all sides of
detector

e Used to veto muons

Adam Baldoni - BNL seminar - May 29 2025
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. . 4,
Eos Dichroicons

e Cherenkov/Scintillation
separation

* Use wavelength

* Long pass & short pass o w0 sw e Now)
filters

scad

o<

* Short wavelength scintillation
* Long wavelength Cherenkov

e Two PMTs

e Cherenkov PMT in front
e Scintillation PMT behind

transmitted

Adam Baldoni - BNL seminar - May 29 2025

Scintillation

Tanner Kaptanoglu, Meng Luo,
Benjamin Land, Amanda
Bacon, and Joshua R. Klein
Phys. Rev. D 101,

072002 (2020).

/B Cherenkov
[ ¥ light reflected
>
Red sensitive
 photodetector

Standard
Reflector

A

'Bluo's'onsltlv'lvo' :
photodetector
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Eos Dichroicons

 Cherenkov/Scintillation
separation
* Use wavelength

* Long pass & short pass
filters
* Short wavelength scintillation
* Long wavelength Cherenkov

e Two PMTs
e Cherenkov PMT in front
e Scintillation PMT behind

Adam Baldoni - BNL seminar - May 29 2025 31
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Eos calibration

 Laser ball

* Fiber optic connected to Teflon
ball

* Used for timing & gain calibration

e Barrel lasers

e Used for attenuation
measurement

* Used for timing calibration

Adam Baldoni - BNL seminar - May 29 2025 32
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Eos calibration

 Laser ball

* Fiber optic connected to Teflon
ball

* Used for timing & gain calibration

e Barrel lasers

e Used for attenuation
measurement

* Used for timing calibration

* Deployment
* Source Container
* Deployment tower

Adam Baldoni - BNL seminar - May 29 2025
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Eos calibration

 Laser ball

* Fiber optic connected to Teflon

ball

* Used for timing & gain calibration

e Barrel lasers

e Used for attenuation
measurement

* Used for timing calibration

* Deployment
* Source Container
* Deployment tower

 Directional source
e Collimated beta source

* Triggered using scintillating fiber

gate and SiPMs

Inner Plastic

Shield

55 mm<

Fiber gate

“and SiPM

Full Radioactive
Source

Active Ar.ea

{Smm damet:- )
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° ° 6 mm
Eos calibration L o
—— 3.7 MBq A
* Laser ball 3 mm
. kF)ibuer optic connected to Teflon
a

_—~"" SS plug cap

* Used for timing & gain calibration / /;}/
* Barrel lasers Z Vsl
* Used for attenuation 7 / |
measurement / g Vo
* Used for timing calibration é////é///\ Cs137
* Deployment

 Source Container
* Deployment tower

Directional source
 Collimated beta source
* Triggered using scintillating fiber
gate and SiPMs
Other radioactive sources

* Variety of high and low energy
gamma and neutron sources

¢ ACI'yliC Cherenkov source Adam Baldoni - BNL seminar - May 29 2025 35
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Eos DAQ
orre

 CAEN Digitizers ‘ i
e 272 500 MHz channels | B 00

—
.
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* CAEN HV

e 336 channels
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Eos DAQ

;“*."‘7"' ‘ oA _ | . : = ' (7»(

”

‘g"w %

* High Voltage Splitter
Summers

* Splits PMT HV and
signal voltages

e Custom boards
e 272 channels
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* Trigger

 Custom trigger boards
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Eos results

Water 1% WDbLS

* Event displays from
directional source

events
e Clear llght spot in eoce0e _eeses
water e aaes o eess

"e00s " o0 o060
ee © ®  eseee0®
(&)

* WbLS adds isotropic
scintillation light
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Eos results

x2 / ndf 34.02/38
Prob 0.654
N 202.8 + 9.6
ﬂ T @'(91.3\4 14.9
N

I? RELIMINARY

* Using AmBe source
* Emits gammas and neutrons

* Results in agreement with the
~200 us neutron capture time

Counts / 10 us
2
=

100

Black acrylic

1.5 mm lead

3.7 MBq AmBe 0 | | | | | | |
0 50 100 150 200 250 300 350 400

At (us)
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Eos reconstruction

 Event reconstruction :
* Vertex, direction, energy, PID 300
* Traditional likelihood methods -

* Machine learning methods 150

100~

* Machine learning waveform feature

extraction

300 ~

RMSE (mm)
=
w
o

| ®-pc=cg--a-0-o-F/

RMSE - X Position

~@- HITMAN MC .- -
~@- HITMAN Data - el o-"°
4 -@ SeedNDestroy MC - - _.e” <
- SeedNDestroy Data -:’_ - -
J =&~ GraphNeT Data /’

/

~~E._

PRELIMINARY
-600 -400 -200 0 200 400 600
RMSE - Y Position
~8 HITMAN MC I
~@- HITMAN Data .,/" e
~® SeedNDestroy MC m-" ’,..-".'
- SeedNDestroy Data F:_.—’.
—&— GraphNeT Data #
7/

s !
- - /
. = Ll s S e P
-—-m_ /

PRELIMINARY
0 T T T T T T T
-600 -400 -200 0 200 400 600
RMSE - Z Position
350
300 A
250 A
200 A
150
-8~ HITMAN MC
100 - ~@- HITMAN Data
-@® SeedNDestroy MC
50 A PRELI M I NARY -3 SeedNDestroy Data
—a&— GraphNeT Data
0 T T T T T T T
—-600 -400 -200 0 200 400 600
Laserball Z Position (mm)
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Future: Thela

* BIG
e 25 kT
* 100 kT

e Part of DUNE?

* 1 of 3 options for
DUNE Phase |l

H

Adam Baldoni - BNL seminar - May 29 2025

Y Theia-25 .,o,,

Large, multipurpose
detector
* Baseline: 25 ktonne

(17 kt FV)

* |deal: 100 ktonne

(70 kt FV)
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Future: Thela

* BIG
e 25 kT
* 100 kT

e Part of DUNE?

* 1 of 3 options for
DUNE Phase |l

e | ots of cool science

e Neutrino mass
ordering

e CPviolation

CP Violation Sensitivity

7,
CP Violation Sensitivity —— Theia 70 kt
Normal Ordering .- Theia 17 kt

6f 7years = ... DUNE 10 kt (CDR)

0" 08060402 0 0204 0608
Scpln

Mass Ordering Sensitivity

30
" Mass Ordering Sensitivity —— Theia 70 kt
- Normal Ordering @~ ---e- Theia 17 kt
25 [ 7years = =00 e DUNE 10 kt (CDR)

1 -08-06-04-02 0 0.2 0.4 06 08 1

SCP/n

Eur. Phys. J. C 80, 416 (2020).
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Summary

* Studying neutrino interactions could help us see BSM physics

* Optical detectors using water or liquid scintillator are common
methods to detect neutrino interactions

* Water-based Liquid Scintillator (WbLS) combines these two target
materials for better event reconstruction and PID

* Ton-scale WDbLS detectors have been built and are currently
running (BNL 1T, BNL 30T, Eos, e.g.)

e Results from these detectors will inform decisions about
constructing a kiloton-scale WbLS detector (Theia)

Adam Baldoni - BNL seminar - May 29 2025 45
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Questions?
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