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Hybrid Cherenkov/Scintillation Detector

— Enhanced sensitivity to broad physics program
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Hybrid Cherenkov-scintillation detection

courtesy of Ben Land
Michael Wurm (Mainz)

THEIA

MeV-GeV neutrino experiments use

—> Scintillation: enables good energy
resolution and low thresholds

— Cherenkov effect: particularly
useful for reconstruction of
direction and (multiple) tracks

—> Cherenkov photons are produced
in liquid scintillators (~5%),
but the majority is scattered or
absorbed before reaching PMTs

How to extract the Cherenkov signal?
— enhance liquid transparency and/or

- slow down scintillation emission



Water-based liquid scintillators (WbLS)

—> WbLS: water + tensid + solvent (LAB) + fluor (PPO)
- low organic fraction = high transparency

*" Hydrophobic tail

Hydrophilic medium (water)

WbLS mycels

Water-based Ligquid Scintillafor

Water-like

= 570% water

= Cherenkov+
scintillation

= cost-effective

Attenuation length (m)
Water (SK,SNO)

Scintillator

Borexino
KamLAND

a

|
104
Photon yield (MeV)

1
108

Minfang Yeh, BNL ] . . .
- properties of target medium can be adjusted to physics goal

- water content offers additional options for metal loading

Michael Wurm (Mainz) THEIA 4



Photo Sensors for Separating Chertons and Scintons

LAPPDs
tts~60ps

Cherenkov

Wavelength

seend

Dichroicons

’1:‘ spectral

3 sortin
Scintillation A &

PMT granularity
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THEIA's Phased Physics Program

scintillator properties will be adjusted to physics requirements,

S
e.g. 1% WbLS - 10% WbLS = slow scintillator 0
Primary physics Reach Exposure|_ --~~~ - S~
goal /
SnvrT Long-baseline >56 for 30% of Scp 524kt-MW-year
located | OSC A ONS | e e
at SURF | Nucleon decay
— >3. 34 X
— p—VK? T>3.8 x 1034year 800 kt-year
Mom | e | <I@)° pointing | oo o
rom
Phase | | Supernova burst 20K (5K) events 100(25)kt, 10kpc SN

Diffuse Supernova |
. Neutrino | R el
CNO neutrinos <5(10)% 300(62.5)kt-year
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THEIA Detector at SNOLAB

80m

woe

Basic concept

for horizontal cavern 20m

PMT array with interspaced LAPPDs

Michael Wurm (Mainz)

THEIA Detector Specifications

= Detector mass: baseline 25 kt - ideal 100 kt

= Dimensions: 20m x 20m x 80m - 32,000 m?3

= Target medium: WbLS with organic fraction 5-10%

= Photosensors: fast PMT array aiming at 40% optical
coverage, e.g. 25,000 10”’-PMTs,
potentially adding LAPPDs/dichroicons

= BB phase: balloon (2,000 m3) of slow scintillator,
re-arrange PMTs to increase coverage

Advantages of SNOLAB as detector site

= Depth and rock shielding
— suppression of muon-induced C/Te spallation isotopes
- excellent performance for astro-v & BB program

» Infrastructure and experience
- existing infrastructure for low-BG experiments
- ample experience from SNO+

THEIA & EOS



Astrophysical neutrinos at low energies

‘Supernova Neutrinos
_high statistics and flavor-resolved
" observation of neutrino burst

Solar Neutrinos
precision measurements
of CNO neutrinos and

P..(E) with Li/Cl loading

Diffuse Supernova Neutrinos
average SN neutrino spectrum
fraction of dark/BH-forming SNe .

- Geoneutrinos
crust/mantle

contributions
U/Th ratio

Michael Wurm (Mainz) THEIA & EOS



Astrophysical neutrinos at low energies

Solar Neutrinos

precision measurements
of CNO neutrinos and

P..(E) with Li/Cl loading

Michael Wurm (Mainz)

- Geoneutrinos

crust/mantle
contributions
U/Th ratio

.. " .- 'Supernova Neutrinos
L ~high statistics and flavor-resolved
~ observation of neutrino burst

Diffuse Supernova Neutrinos
average SN neutrino spectrum
fraction of dark/BH-forming SNe .

Hybrid detectors offer

particle 1D,
discriminating isotropic BGs

good energy resolution,
low threshold,

pulse shape discrimination

= C/S ratio:
BG discrimination for
particles with low/no
Cherenkov light output

THEIA & EOS




Supernova Neutrinos in THEIA

Event rates for THEIA-25 THEIA: Hi-gh-statis-tics (~5k events) flavor-
GVKM SN model @ 10kpc resolved information on core-collapse SNe
with complementarity to SK, JUNO and DUNE

Reaction Rate

(IBD) e +p—n+et 4.950 Note: unlike pure Cherenkov detectors,

(ES) v4e—etw 240 channels separated based on event signature!
(2e0) 90(ve,e™)1F 85 = signal is dominated by IBDs (V,s)

(7:0) °0(7e, e)!°N 110 = Electron Scattering (ES) and CC on oxygen
(NCO) O(v, v)"°0* 275 provide v,-specific information

= ES signal: excellent pointing capability,

(Prompt) event energy spectra ~2° due to IBD background suppression

assuming 10%of WbLS (200p.e./MeV)

3 = NC on oxygen > all-flavor (v +v +v,) rate

= 10°F
- E
g C

- CEnwies 1850 | & 4F SK (22.5kt)

‘2 . g;@g;ng:gcreco v ;:ndf 745.2/1322 54; /| full 1BD BG

3 . . - norm 211+ 14.89 3 22°.Skt

8 10° d|1fé(_3, on.over _-/e© 007116 +0.8934 F ~"1.10% BG

IBR 1 9(9) —0.1858 = 0.8493 2 [22.5kt

o () 10.09 = 0.6791 no BG

const. 0.8535 + 0.03136

T IIIIIIII

10 /|| THEIA
E F ~H 100kt
C 2 no BG
B e 100kt
i ‘ | E \7 10% BG
T Y 80 100 0 i “abtcoobcc b cnee 001|100k, full BG
.- s - = -4 -3 -2 -1 0 1 2 3
visible energy (MeV) ~80 =50 A (°)
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Diffuse Supernova Neutrino Background

THEIA: Expgllent backgrou_nd discrimination Cherenkov/scintillation ratio for BG discrimination
and conditions means rapid collection of o w0 m s iwegieiogmen e
DSNB statistics and first go at spectroscopy %OQS
S09F o : DSNB
%) Foo

G 08|
. e AtmNC

" In THEIA, v, component detectable via IBD, 2;
~5 ev. for 25 kt-yrs on hydrogen 05
- en par with SK-Gd, HK and JUNO g:

= THEIA combines discrimination capabilities of | o2}

. . 01F
Cherenkov and scintillator detectors ool
) 2000 4000 6000 8000 10000

= For atmospheric neutrino backgrounds, scintillation p.e.
Cherenkov/scintillation ratio as powerful tool Global DSNB event statistics collected

—_
o
w

F —sum .
r—7Thei@25 __.-"T

— signal efficiency: 80% ]_
: S:B>2:1 [ T--Theia100 )
—> residual background: 1.3% —NO R
. . " BUNE
- will improve BG estimates for water/LS jop b Erpe s -

= THEIA-100: 50 observation of DSNB in 5 yrs

= With other experiments, DSNB spectroscopy: 10
— average SN neutrino spectrum :
— fraction of dark (black hole-forming) SNe o0

DSNB events

-
-
-

“““““

n 1 1 n n n n 1
2030 2035 2040 2045
year

L L L
2025
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Solar Neutrinos in THEIA

THEIA: Low-energy threshold combined with directionality and/or isotope
loading (Li) to perform precision spectroscopy of low-energy solar neutrinos

" Precise measurement of CNO neutrino flux stellar physics, solar metallicity
= Spectral upturn of low-energy B neutrinos matter effects, BSM physics?

— require efficient BG discrimination and sufficient light yield in 1-3 MeV range

= THEIA25: 2D directional & spectral fit >
. . o

- CNO flux at 10% level after 5 yrs _ o >Pectral fit (cf. Borexino) 2
g - m—Sum e U chain 3

8, - i -

10 Directional fit (cf. Super-Kamiokande) = ~ o e o

g —_ = p 'U
u')'5800_ — Sum 8 ' O
Vol S 3
w L ===+ Backgrounds 210° S
%5780__ +Data o (0)
2 t o =
- - =)
£5760 — 10%E i
3 L S
- 0
5740__ 103 1 g
5720_— > 2
: 10 = B

- - &

5700 , 44 g C AT g T :
A 08 e ¥

1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 O.gos Gsu: Energy (MeV) g




Second Phase: BB Search with Theia

In continuation of SNO+ physics program: 1628 |
THEIA: 50t of *°Te in 2kt balloon with slow O g
scintillator to reach mass range mgz~5meV | — FasterPMT
= —— LAPPD
>1.2¢
Detector geometry 3
install balloon (2,000 m3) g L
of loaded slow scintillator z . 0v2B sensitivity as
2 |sotope mgss: _3O~6Q t function of angular cut
—> organic: high light yield 0.0l on solar 8B-v direction |
2 high photo-coverage 0.0 0.2 0.4 0.6 0.8 1.0
(for WbLS phase) I Cut value (cosBsun)
K gOOd energy resolution Cherenkov-scintillation ratio for
- ’8Kr in hybrid scintillator
T
T Y =0 f TG .
Enhanced background discrimination e e ‘ ‘
200 ¢
= suppression of solar 8B-neutrinos — M, 5
based on directionality ﬁq\:/ 3
: . Q
* hybrid detector offers ratio of ratio of Cherenkovto 3 100
Cherenkov to scintillation photons scintillation photons  §
depends on particle 5 50
—> et/e’/y discrimination type and energy — e i
B 0 ' A
0 1000 2000 3000 4000 5000 G000 7000

—> potential 2B-/2B* signatures .
combined C+S photons

Michael Wurm (Mainz) Hybrid Detectors



Neutrinoless Double-Beta Decay Sensitivity

Assumptions e Sumn. back
compared to current scintillator-based .« 2000 m30fLS % E _31;13(;’; g“::’)“
double-beta experiments e mass: ~50t 5, :Zvﬁﬁ me
—> substantially larger isotope mass * 1,200 pe/MeV & — ok
- better energy resolution * AE/Qgp~ 1.8% Ay

" 2ldpy:

1 — Balloon **Bi
— Balloon 2%*T1

* ROI BG count:

- enhanced background discrimination 0.03 events/yr

compared to other experimental techniques
—> sensitivity sufficient to reach into the

mgg Mass range of normal ordering _ _
d sg
£10'E 52
ere s L 2090
Sensitivity (90% CL) 2 b K
o > <0
from spectral fit: g [ 83
c I~ 5
= Te-130: T/, > 1.1x1028 yrs, 4 2z
Mgp < 6.3 meV : =5
. 2 10 c 2
= Xe-136: T1/2 > 2.0x10%8 yrs, ° s % 8
Mmgg < 5.6 meV ° CE]
Gl
: : : i S m‘
A N NN T N N ZE
L&ar. CUpy. CUp SNO.  Pan.y. Kamy NExo "Ex CUpp Thei. NEyy Ther. 2 2
"7 ot kg Ty 0 "0 ol 5 &

€n
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Current Status of Hybrid Scintillator Program

Borexino 4(

SNO+

~\

Lab-Scale Setups

» &

D

Re-analyzing data from
existing LS Detectors

.

Full-scale THEIA <
CURRENT MULTI-TON-SCALE SETUPS

' ‘ SANDI2 [\
UCB: CHESS -
Tsinghua U. PReT g o | {

MZ: SCHLYP
Mz/TU: DISCO

BNL Prototypes
SANDI in ANNIE
EOS
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THEIA Community

= THEIA consortium: 117 authors, 48 institutions,
many groups from US/Germany, 3 Canadian institutes

" main experimental effort in demonstrator development

o ANNIE WbLS+LAPPDs, GeV reco 4 BUTTON (UK):
o BNL-1T/30T WAbLS circulation/purification WbLS with low
background levels
o EOS MeV reco with WbLS/slow LS
J, BNL-30T facility
o BUTTON low-background WbLS eeealeWhLS
purification

= plus large international community working on bench-top
experiments for both water-based and slow scintillators

= effort embedded in international R&D programs like DRD2

Authors of Theia
White Paper:
groups from 35+
institutions and
eight countries
(CA, CN, DE, FI,
IT, KR, UK, US)

Michael Wurm (Mainz) THEIA & EOS



Estimated Timeline for THEIA

= US/German groups funded for demonstrators
but no dedicated funding for a THEIA design

= from start of preparative funding

o conceptual design . 3yrs
o technical design . 2yrs
o detector construction : 5yrs

— 10 years until start of data taking

= most relevant additional time scales

o preparation of cavern :  5yrs
o delivery of 25 kPMTs :  5yrs

= duration of operation
o astroneutrino program : 10 yrs
o BB-search . 5yrs

Michael Wurm (Mainz) THEIA & EOS

Potential SNOLAB support

= current phase:
general information

= design phase: input from lab
scientists and significant
involvement of lab engineers

= realization phase: access for
construction crew and scientists
for detector installation (25-50)

= operation phase:
less than 10 people underground

17



Conclusions

= hybrid Cherenkov/scintillation detectors offer a large dynamic range,
enhanced event reconstruction and new background discrimination capabilities

keV MeV GeV TeV
<€ > <€ >
Solar vs Long Baseline
<> | — >
Geo, reactor V’s Atmospheric v’s
A S
DSNB

“Nbumtvs > > afuture Iarge—-volume detector
(kt++ scale) will offer a broad

5vﬂ2 range of world-leading physics
= several ton-scale WbLS demonstrators running and providing first physics data

" strong international team with track record from various scintillator experiments
ready to start into the design phase for a full-scale detector

= SNOLAB is ideal location in terms of background levels, infrastructure and expertise

» THEIA can be in many respects the continuation of the SNO(+) program at SNOLAB

Michael Wurm (Mainz) THEIA & EOS 18



Thank you!

EPJC 80, 416 (2020), arXiv:1911.03501

Eur. Phys. J. C (2020) 80:416 THE EURQ
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Light propagation in organic scintillators

solvent
absorption fluor How to improve the (relative)
fluor emission Cherenkov photoelectron yield?
absorption /
— 1
?; / LAB absorption - reduce fluor concentration
‘; 1 —— PPO absorption . L ) .
B R — PPO emssion — impacts scintillation yield
5 —— Cherenkov spectrum — slows down scintillation
=Y (good! > see next slide)
2 Cherenkov
2 ‘\ emission
g— -> reduce Rayleigh scattering
§ > Rayleigh scattering — new transparent solvent,
“ off solvent (~1/1%) e.g. LAB (~20m)
and/or
— dilution of solvent:
Water-based scintillators
. Oil-diluted LS (LSND ...)
O _I\ _I_J-/II, 1 - l\ | — LJ \':\'i'—"!‘\l—-} | I I | | | I I | |

300 350 400 450 500 550 600
wavelength [nm]




Separating Chertons and Scintons

-> how to resolve the Cherenkov/scintillation signals?

Timing Large Area Picosecond Photon Detectors

. ” = Area: 20-by-20 cm?
instantaneous chertons oo
vs. delayed “scintons” * Amplification of p.e.

- ns resolution or better by two MCP layers

top window

photocathode (pc)

=Flat geometry: e

1
ultrafast timing ~65ps e L

inter-mcp gap -

R
= Strip readout: VIIIIIII%IIIVIIIIIIIIIIIIIIIIIIIIII

#

spatial resolution ~1cm

anode readout

= Commercial production
by Incom, Ltd.

J 64 psec resolution
[\ <4% late/after pulses

LAPPDs: ~60p5 t|m|ng - : oo - 64500 : o000 65500 . 86000 66500
time (psec)

Michael Wurm (Mainz) Hybrid Detectors 22




Separating Chertons and Scintons

Michael Wurm (Mainz)

Spectrum

UV/blue scintillation vs.
blue/green Cherenkov
- wavelength-sensitivity

4

Dichroic filters

Reflective
Tubing

Dichroicons [arXiv:1912.10333]

Dichroic

"two PMTs in sequence shortpass filter
separated by a Winston ‘
cone assembled from
shortpass filters (<460nm)

=front PMT collects Chertons,
back PMT scintons

—R1408
R2257

sample pulse

Hybrid Detectors

Masked
R1408

S

Red sensitive
photodetector

Blue sensitive
photodetector

23



Lab Setups for C/S Separation

CHESS Setup at UC Berkeley P
[arXiv:1610.02011,2006.00173] |

Upper

PMT array illuminated by il

small LS target excited et
by cosmic muons and  Propagation

. . medium
radioactive sources

— C/S separation
using hit pattern

il 147 o LAPPD 93
- /|2 p " ;

WbLS time profile with LAPPD
[arXiv:2110.13222]

3000 ‘ — Fit
— ———- Ch'ere.:nk(?v
o Scintillation
42 2000 ~ '/\‘ . . ---- Dark hits
5 3 1500 \ t Data
ower ! ¢
cosmic tag ° 1000 - “\ .}%\‘
500 ‘\‘ \,
Result for 5%-WbLS: 0 kS Bt
timing of C/S components PMT hit pattern 2 250 }

P 14 Tf; 0-**"—1“#“##—’# #L”*'”~w~a--~wv--w
2.4 [h T o o Rl |
3 1 38 -36 -34 ~32 -30 -28
g_ At [ns]
go — C/S separation based on timing
= F 1
= H 0.4
e | 5% WhLS
=107E H = . .

T | 0 rise time: 20910 ps
270 T2 F 6 8 o fast decay time: 2.25%0.01 ns
Hit Time Residuals [ns]

Michael Wurm (Mainz) Hybrid Detectors
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LAPPD Performance

. . LAPPD37 QE 365nm 11/24/18 QE [%]
= uniformly flat light sensor, 00 — i

p.€. ampllfled by two QE, =2426:+247
stacked MCP layers
- excellent timing!

= LAPPDs produced
commercially by Incom
(several 10s per year)

duantum
Efficiency: 24%ps o 25 50 75 100

X [mm]

Spatial resolution

LAPPD 25 ANNIE Praliminary

Time resolution:
64 psec (10)

64500 65000 65500
time (psec)

along strlps: 7mm " APPDa

2500 - —8—data ]
= Gauss Fit |

2000 ]
Sigma: 0.036ns |

Counts
o
o
o

Spatial resolution

across strips: Smm |’

09 10 11 12 13
AT at strip ends [ns]
Michael Wurm (Mainz) THEIA Concept
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Charge (pC) LAPPD31

| <4% late/after pulses

66000 66500

o—e—a Strip15L Q

_ e Stript4lL_ Q

*—a—a Strip13L_Q
e—e—eStrip12L_Q

e Strip11L_Q




ANNIE Experiment

Accelerator Neutrino Nucleus Interaction Experiment

27-ton (Gd-loaded) Water Cherenkov Detector
running in the Fermilab BNB neutrino beam

= measurement of GeV neutrino differential
cross-sections and neutron multiplicity

= physics data taking started in early 2021

= R&D program for new technologies
- Gd-water = LAPPDs = WbLS

neutron capture time following beam events ANNIE

2 Detector
> h_time_neutrons_data
8 Entries 1769 LayO Ut
Mean 3.181e+04
Std Dev 1.575e+04
%2 I ndf 14.16 /20

const 13.92 + 12.32
A 198.5 = 17.2
2.855e+04 = 6.991e+03

T= 29i7 us + Front Veto

electronics
racks

Gd-loaded
_|_ water volume

---------------

Muon Range
Detector
gueeeee : (MRD)

TTT [T T T[T T T[T T T[T T T[T T [T
[T R l I

R R TR T S S NN S S S
50000 60000 70000
t [ns]

cluster

_.
>
<1
3

photosensors

DD

neutron Gd
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= major milestone: 15t LAPPD installed in March 2022,
detected first light from neutrinos

= 4+ LAPPDs more are currenlty installed

140 yS -

events / 125 ns

18 20

electronics
racks

event time distribution
around the BNB beam spill
as observed by the LAPPD Front Veto

>)
’]’ Gd-loaded
water volume

2 gy
= puenene : ' (MRD)
°’ hit multiplicity on Eaneni j‘ | ........
LAPPD strip readout ? .
g 7 first
for on-beam and % LAPPD
16 off-beam events ;

strip multiplicity
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ANNIE+SANDI: WbDLS test deployment

SANDI vessel at Davis
; |4 "

- next step: SANDI
acrylic vessel with 365 kg of WbLS submerged in ANNIE

= resolve scintillation light from hadronic recoils,
improve neutrino energy determination

= higher light output for neutron captures on gadolinium
—> improved neutron detection efficiency & vertex reco

= first attempt of C/S separation for neutrinos with LAPPDs
- test WbLS performance for future use in long-baseline exp.s!

Preparations are on-going
= 3'x 3" vessel & WbLS (BNL, M. Yeh) already on-site ANNIE vs. SANDI WhLS vessel

= deployment before end of November
electronics
racks
100 1 water: 14.4% WhbLS wols_true Front Veto
->WbLS: 10.6% e
RMS= 0.106
® u= -0.016  ——
SANDI IT |I \_! |‘ i! F Muon Range
60 ; (A ] Detector
h ittt 4~ (ro)
MC with idealized reco | water 5 MHHH ﬁ
and machine learning Gl b Fg l ‘H;W; ?
— resolution dominated by 2 e g \ il ’
Muon Range Detector L
’ -0'6 0'4 -0r2 0'0 0'2 0‘4 06 a ‘ z‘ it
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EOS: WbLS performance demonstrator

= Stand-alone hybrid detector optimized for MeV energy reconstruction
= Demonstrate event reconstruction using hybrid Cherenkov + scintillation signatures
= Validate models to support large-scale detector performance predictions

= Provide a flexible testbed to demonstrate impact of novel technology:
targets, photon detectors, readout, reconstruction algorithms

—> Start of installation this summer at UC Berkeley
—> Closely coupled to 30-ton demonstrator at BNL for WbLS production & stability

Muon veto system
surrounding detector

EOS Detector Layout

~| |-ft steel outer

. I (O
= stand-alone hybrid detector msseliSN) Edge ports for
" . additional calibration,
= {a rget mass: 4 ton of Water, 12- PMT;fngclt'ig:: Sensors, access
WbDLS or slow scintillator
” Central-axis
= 200 faSt 8“ PMTs: tts Of 900 PS 200x 8- fast‘PM‘Ts calibration source
+ B shielding deployment
= CAEN V1730 readout )
4-ton acrylic inner ‘
= plus deployment of vessel (V) I N
10 dichroicons .‘ deployment
. ff i
for spectral sorting Mk i AP
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Alternative: Slow Scintillators

General idea
organic scintillators modified for slow(er)
scintillation emission

Options

(i.e. PPO) content
- longer emission but lower light yield

selected for long emission times,
e.g. di-phenyl-antracene/hexatriene

" use to slow light transfer to fluor

Consequences
= C/S separation can rely on regular PMTs
= high scintillation light yields can be maintained

= gquality of vertex reconstruction (and with this
indirectly C/S separation) suffers
- effects have to be balanced

Michael Wurm (Mainz) Hybrid Detectors
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arXiv:1511.09339, arXiv:1607.01671

- = Scintillation

Cherenkov 4+ Scintillation

Time [ns)

Decay time/LY vs. PPO concentration

=

© LAB

............. *—I O LAB+PPO
A LAB-+PPO-+bis-MSB

aervl 708 0778

I N R R

0

3

6 9
Light yield [10° photons/MeV]

12

15

30



Directionality,fﬁ.ﬁ're'sé"n_t-d;ay scmtljla\t_o( detectors
‘..;J' I ¢ T : N Y

BOREXINO

= new analysis technique tested in the spectral
region of sub-MeV solar ’Be neutrinos

= CID: use integrated angular distributions of
early PMT hits relative to direction of the Sun

pure signal
" hits of events

| Phase-| data: 19904 events v
[ Best fit: 11513 solar-v + background
:_ Solar-v signal MC

- B background MC ?i
[ best fit

2
n
n
o
(=]

-> observation of significant (>6c!) angular
excess caused by Cherenkov photons

- rate: 1.13%952 of (oscillated) SSM prediction

-t
©
o
(=]

1** hits of events / 0.

first directional detection of sub-MeV solar neutrinos!

SNO+

= partial fill of detector with 365 t of
slow scintillator: LAB + 0.6 g/| PPO

SNO+ Preliminary - first demonstration of
Partial Fill (365 t) event-by-event directional reconstruction
of solar 8B neutrinos in slow scintillator

= MC/data: ~40% of events with E>5MeV are
05 06 04 03 0 02 04 06 o8 reconstructed with cos6s,,>0.8

B s QT e GRS
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Hybrid Detector for Long-Baseline Neutrinos

CP Violation Sensitivity Theia 70 kt
Normal Ordering Theia 17 kt

As the fourth DUNE Module of Opportunity: = [EEECSSaka DUNE 10 Kt (COR)
What would a large WbLS detector add to the

existing liquid-argon modules?

‘buniim I

;alsanJO/Vl y13qozi3

Added value for a 8§.p measurement

= Comparable statistics ~ 63704 06 08
~1.7:1in mass for WbLS : LAr e
but better active volume ratio maximum =07 NH

8., =0°1IH
8., =90°, NH
8., =270°, NH

e.g. cross-sections (simpler nuclei)

in final state

—> aids energy reco of hadronic recoils
- neutrino/antineutrino discrimination

" Improved energy resolution for low
energies (2" oscillation maximum)

= Fast timing: v energy measurement
using initial /K time-of-flight difference
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Reconstruction with FiTQun

FiTQun: maximum likelihood reconstruction tool
for final state particle types and kinematics,
officially used in T2K, Super-K and Hyper-K

Current FitQun Performance

= factor 4 suppression of m° background compared to previous SK algorithms
= fits up to six Cherenkov rings simultaneously
= up to now: designed and used by Water Cherenkov detectors

FitQun for event reconstruction in WbLS

= expectation: scintillation light will not degrade Cherenkov ring reconstruction
= improvements in vertex resolution, sub-Cherenkov PID and neutrino energy reco
[https://indico.kps.or.kr/event/30/contributions/233/]

Further development plans

= Simulation with RATPAC: tool for scintillation sim = particle profiles for FiTQun
= Include Scintillation signal in FiTQun profile builder and fitter
= Performance evaluation: Fit for neutrino interactions in WbLS with FiTQun

[Performance in Theia: arXiv:1911.03501]
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