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Hybrid Cherenkov/Scintillation Detectors

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

courtesy of Ben Land
Michael Wurm (Mainz)

Hybrid Detectors

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

Attenuation length (m)
Water (SK,SNO)

Water-like

= 570% water

= Cherenkov+
scintillation

= cost-effective

Water-based Ligquid Scintillafor

Hydrophobic tail

Hydrophilic medium (water)

WbLS mycels

Scintillator

Borexino
KamLAND

a

Minfang Yeh, BNL

|
104
Photon yield (MeV)

|
10%

— properties of target medium can be adjusted to physics goal
- water content offers additional options for metal loading
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Separating Chertons and Scintons

- how to resolve the Cherenkov/scintillation signals?

Timing Spectrum

Angular distribution

“instantaneous chertons” UV/blue scintillation vs.
vs. delayed “scintons” blue/green Cherenkov
— ns resolution or better - wavelength-sensitivity

increased PMT hit density
under Cherenkov angle
- sufficient granularity

&

# 4
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Separating Chertons and Scintons

- how to resolve the Cherenkov/scintillation signals?

Timing Spectrum Angular distribution

“instantaneous chertons” UV/blue scintillation vs.
vs. delayed “scintons” blue/green Cherenkov
-> ns resolution or better - wavelength-sensitivity

increased PMT hit density
under Cherenkov angle
- sufficient granularity

# 4 #

LAPPDs: ~60ps timing Dichroic filters
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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.

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

LAPPDS: ~60p5 tlmlng - . == .. 64500 : 65000 - ess . 66000 66500
time (psec)
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Separating Chertons and Scintons

Reflective
Tubing

Masked
R1408

Spectrum

UV/blue scintillation vs.
blue/green Cherenkov I
-> wavelength-sensitivity "two PMTs in sequence shortpass filters
separated by a Winston |
cone assembled from
4 shortpass filters (<460nm)

=front PMT collects Chertons,

Dichroicons [add Ref]

back PMT scintons

Red sensitive
photodetector

—R1408

_ Blue sensitive
R2257 photodetector

. . le pul
Dichroic filters e
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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
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Slow Scintillator — Example Pulse

arXiv:1511.09339, arXiv:1607.01671
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Cherenkov 4+ Scintillation

Time [ns)

Decay time/LY vs. PPO concentration
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Development Path of Hybrid Detectors

Borexino
SNO+

Lab-Scale Setups

Re-analyzing data from
existing LS Detectors

Ton-Scale Setups

UCB: CHESS
Tsinghua U.
MZ: SCHLYP
Mz/TU: DISCO

Jinping 1t
ANNIE/SANDI
EOS \\
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Future full-scale
hybrid detectors
Jinping 500t

Theia 25/100




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]
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ANNIE Experiment WP e

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

electronics
racks

T= 29i7 us + Front Veto

Gd-loaded
_|_ water volume

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

Muon Range
Detector
grenees : (MRD)
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neutron Gd
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= major milestone: 15t LAPPD installed in March 2022,
detected first light from neutrinos

= currently: in-situ timing calibration

= 4+ LAPPDs more to be installed for next beam year

AI»
e
%,

140
120
100
80
60

events / 125 ns

18 20

electronics
racks

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

B ¢

9,
’]’ Gd-loaded

water volume
Muon Range

Detector
grenees : ' (MRD)

events / us

photosensorsg [

hit multiplicity on
LAPPD strip readout
for on-beam and

strip multiplicity
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ANNIE+SANDI: WbDLS test deployment

- 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 already on-site at Fermilab

= (Gd-loaded) WbLS to be

produced at BNL (M. Yeh)

wo{ water: 14.4% WhbLS whis_true
->WbLS: 10.6% —
RMS= 0,106
® u=-0.016
60
40 4 water
. . . 20 RMS=0.144
MC with idealized reco u=-0.029
and machine learning ,L__ : } ' ' :
-0.6 -0.4 -0.2 00 02 04 06
AE/E
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EOS: WbLS performance demonstrator

Detector Layout

—

= stand-alone hybrid detector
= target mass: 4 ton (water, WbLS, LS)

= 200 fast 8 PMTs (tts of 900 ps)
with CAEN V1730 readout

= plus deployment of 4 dichroicons
for spectral sorting

—> start in 2023/24 (UC Berkeley)
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Demonstrator program

= event reconstruction using hybrid
Cherenkov/scintillation signatures

= validate models to support large-scale
detector performance predictions

closely concted to BNL effort on a
s> o 30-ton tank for demonstration of WbLS
Vy Qy production, transparency and stability
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Jinping 1-Ton Prototype

Detector Layout
= acrylic sphere containing 1t of slow scintillator

= fast 8 PMTs for light read-out
(new fast MCP-PMT being developed, 6=1.5ns)

= detector running since 2018

Project program ?&
= event reconstruction in slow scintillator ?@

" background levels in Jinping laboratory =~ _ a2
: . . 4

and radiopurity of detector materials 1%
RO~

fast 8 |

MCP-PMT 9
0 %
/6‘0€ ;»f}.
4000 b JeYeccccfeccasaiocdorcccnsccdesascannad L eveaned : .........
3000 - .......... ....... m eané‘:ZO?-
E N R B angular resolution
8 2000 it p .
for cosmic muons
1000 .......................................................
0°
0 i i H i ! - 102
0 30 60 90 120 150 180 Osh— 315°
AO [degree] 0.6
0.4
0.2
10
90° g 70°
study of low-energy
LS event reconstruction, . A 10°

incl. total reflection

180°

liquid handling system @ Jinping

aT.-',",h‘

.'n‘ i

1-t6n prot?type
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Directionalityin’present-day scin.,tilla\tct detectors
dd T ¢ gh “(m.":.r..- \ e\ Y
BOREXINO " hits of events pure signal

= new analysis technique tested in the spectral ohase.! data: 19904 events
region of sub-MeV solar ’Be neutrinos 2 Best fit: 11513 solar-v + background

» CID: use integrated angular distributions of 8 E‘L'ZL: fi”nj ';:Z
early PMT hits relative to direction of the Sun °

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

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

first directional detection of sub-MeV solar neutrinos!

- »
A photo: BOREXING calbration
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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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Future Large-Scale Hybrid Detectors

Jinping Neutrino Experiment
= 500t - 4kt
= slow scintillator
® Jinping lab >>
excellent shielding

Theia
25kt/100kt

water-based LS
SURF >> LBNF

several stages

18m

THEIA25

20m
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Hybrid Detectors for Long-Baseline Neutrinos

CP Violation Sensitivity Theia 70 kt
Normal Ordering Theia 17 kt

e.g. in context of DUNE Module of Opportunity: St O DUNE 10 Kt (COR)
What would a large WbLS detector add to the

existing liquid-argon modules?

Added value for a 8§.p measurement

13155510\ Y35GDZ[3 "BUBIA S

q1 -08-06-04-02 0 0.2 04 0.6 08 1

= Comparable statistics Set
~1.7:1 in mass for WbLS : LAr = R
but better active volume ratio A

3 90°, NH

-
.
cp=
» = 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

Michael Wurm (Mainz) Intensity Frontier : SHiP and THEIA 20



Astrophysical neutrinos at low energies

Solar Neutrinos
precision measurements
of CNO neutrinos and

P..(E) with Li/Cl loading

Geoneutrinos
crust/mantle contribution
U/Th ratio

Michael Wurm (Mainz)

‘Supernova Neutrinos
_high-statistics v, signal
" resolved detection channels
- ‘excellent pointing
pre-SN signal

Diffuse Supernova Neutrinos
C/S-based discrimination
of atmospheric NC events .
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Astrophysical neutrinos at low energies

Solar Neutrinos
precision measurements
of CNO neutrinos and

P..(E) with Li/Cl loading

Geoneutrinos
crust/mantle contribution
U/Th ratio

Michael Wurm (Mainz)

‘Supernova Neutrinos
"~ high-statistics v, signal
" resolved detection channels
- ‘excellent pointing
pre-SN signal

Diffuse Supernova Neutrinos
C/S-based discrimination
of atmospheric NC events .

Hybrid Detectors

C/S ratio

-> excellent S:B ratio
visible scintillation energy (MeV)
10 20 30 40 50 60 70

LI L L L L L L L L L L L L ) L L L L B L B

e DSNB

(=}

® © o

o
a
TTTT T T T T[T T T[T T T T[T T T T[T T T [TT T [ TT T T TTTT[TTTT
I I T I T T I T I

o O =

e AtmNC

8000 10000
scintillation p.e.

0 2000 4000 6000
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Neutrinoless Double-Beta Decay

-=> Enhanced background discrimination ~ pMT

FastPMT
—— FasterPMT
—— LAPPD

—_
[°8)

= based on C/S ratio
o e*/e’/y discrimination

[ [
- N

0vBB half-life (yr)

—
[=]

Ov2pB sensitivity as
—> sensitivity in large-scale detector can reach function of angular cut
. . on solar 8B-v direction
mgg in range of normal mass ordering

o
©

0.4 0.6
Cut value (cosOsun)

Sensitivity (90% CL) from spectral fit:
= Te: Ty, > 1.1x10%8 yrs, mgg < 6.3 meV
= Xe: Ty, >2.0x10% yrs, mgg < 5.6 meV

K/IC sudy: signal separation based on C—
truth C/S photons detected (e.g.1%6Cd-2[*)

2ou
after fiducial volume cut (R<1m) for light uniformity
external gammas still under investigation
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Cherenkov photons

1000 2000 3000 4000
combmed c+s photows

Plot by Yu. G. Kolomensky using methodology from
Agostini, Benato, Detwiler: PhysRevD.96.053001

LEGE,V "P/D Cupyp, ’VO+/, ahda,\,"*’m 4;“’IL")rr ,;’E)fo Cupyp, T’T’ela NE)(TBO% Ye
z €n

Michael Wurm (Mainz) Hybrid Detectors 23



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 < Atmosbheric v's —>

—> p
DSNB

“SNburstvs ~ —> a future large-volume detector

W (kt++ scale) will offer a broad
VB range of world-leading physics

= with ANNIE, EOS and Jinping prototype, three ton-scale demonstrator experiments
are either running or close to completion and provide first physics data

= data of existing scintillator neutrino experiments can be re-evaluated
with hybrid detection methods to enhance physics reach
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