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OVERVIEW

1. Introduction
Detector innovations and discoveries in neutrino physics
[imitations of Cher/Scint detectors
Analysis retinements in Borexino and SNO+

2. Overview ot hybrid technology developments
Technology testbeds
Water-based liquid scintillators
Slow and loaded scintillators
Dichroicons

LLAPPDs and fast PMTS
Other ideas

3. Path forward

Integration into large scale detectors
What’s the best compromise between low and high energy goals?
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T. INTRODUCTION



DETECTORS AND PHYSICS

* Physics discoveries are based on innovations in detector (and sources) technology

DISCOVERY OF

Nuclear reactors * FElectron neutrinos
HE syncrotron < Muon meutrinos

Radiochemical technique ¢ Solar Neutrinos
Ultra-pure liquid scintillators « Low energy solar neutrinos

Large water Cherenkov detectors ¢ Neutrino oscillations
Huge water/ice detectors * HE astronomical neutrinos

LLoaded liquid scintillators + Best double-beta decay limit
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A RICH HISTORY A. MASTBAUM

1980s—: Rise of the Cherenkov Giants

Massive Directional Detectors

2000s—: Pioneering Liquid Scintillator

~ Pushing the Envelope of Threshold and Backgrounds
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CALIBRATABLE DETECTORS
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* Single tech experiments
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WATER CHERENKOV, HIGH ENERGY =

Very good detectors for HE leptons Final states involving hadrons
(other than pions...) are hard for
water Cherenkov detectors

Momentum Resolution [%]
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Momentum resolution of true single-electron Momentum resolution of true single-muon events.
events.

But

ma — e s e e 103, 112008 (2021)

NEED MORE INFORMATION TO RESOLVE COMPLEX TOPOLOGIES
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WATER CHERENKOV, LOW ENERGY

ol /] ([

Great SK results 1n solar
neutrinos, due to huge statistics

Event/bin

Lowest threshold: 3.5 MeV

SK-IV (2970 days) Backgrounds rise dramatically
3.49-3.99 MeV below 4 MeV

—— Observed data

-08 06 -04 -02 O 02 04 06 08 1

cos 0, PHYS.REV.LETT 132, 241803 (2024)

DIRECTIONALITY NOT ENOUGH WHEN BACKGROUNDS TOO HIGH

NEED CLEANER MATERIALS
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SCINTILLATOR, SOLAR

Bo#exino., low energy | SNO+. 8B
ploneering measurements using T
control and Bi210 constraint

pep: +16% - 18%
CNO: +18% -12%

ogood prospects for 2.5 MeV bin,

pushing into transition region

3.0 MeV is not impossible but hard

[\
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SNO+ Preliminary 4 Data
0.00 <R< 3.15m —— Oscillated B

200
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—— Internal 2*?Th-chain

—— Sum

— 14 —_1c
20pg  -—--Pile-up

210B; ---- External background
— Total fit: P = 0.7
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Events/0.1 MeV

' D. COOKMAN / JM,
RINO 2024

[E
-

Events per day x 100t x N,

5.0 5.5 6.0
Energy [MeV]

HIGH BACKGROUNDS, NEED MORE EXPERIMENTAL HANDLES

BETTER DIRECTIONALITY WOULD SURELY HELP
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DIRECTIONALITY IN BOREXINO AND SNO+

USE EARLIEST HITS IN BOTH CASES BEaZaliiini P B S (S CACH i OATF0

NP _Hit=1to 4 Combined CID CNO-v rate posterior distribution
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___|LZ-SSM 68% CI

i reconstruction

Statistically observe excess in the
direction of the Sun

Improve CNO measurement
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In partial till phase, low
PPO concentration 0.6 g/1
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First event-by event
reconstruction!
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SCINTILLATION, DOUBLE BETA DECAY

Kam[LAND-Zen, 136Xe
World-leading DBD sensitivity
Limiting background is Xe cosmogenics
K2-Zen can improve, but not by much

SNO+, BUTe

Limiting background will be
0.5%: solar neutrinos

1.5%: ZVBB
— Total 3Xe OVBB (90%CL.UL)

----- Total (Ovpp UL.) —— Xenon spallation products ROl 242 - 2,50 MV 050 - 150]
—— “*Xe 2vpp — Carbon spallation + “'Xe
—— IB/Extemal RI Th chain
Intemal RI
Solar Neutmino ES + CC External

—+— Data
’

(o, n)

Events / 005 MeV

Cosmogenic

Visible Energy (MeV)

HIGH BACKGROUNDS, NEED MORE EXPERIMENTAL HANDLES
BETTER DIRECTIONALITY WOULD SURELY HELP
BETTER TIMING CAN HELP FOR MULTI-SITE REJECTION
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LIQUID ARGON, LOW ENERGIES

Solar neutrinos

main reaction 1s CC, not ES HD Background Model v3

S . .
that’s nice in itself, can combine with > SUNE Work In Progress R —
SK/HK ES and make a model- 7 le+1 — Ar39, DUNE Bkg.v3
. - Kr85, DUNE Bkg.v3
independent measurement of full | —— Ar42, DUNE Bkg.v3

- - N Rn22X, DUNE Bkg.v3
flux. First time after SNO il i S
best detector to measure hep it ..

. - — Gamma, DUNE Bkg.v3

can also see day—mght ; — Neutron, DUNE BKg.v3

b8, CC B16-GS98
hep, CC B16-GS98

Double-beta decay (with Xe doping)
Backgrounds are simply too high
below 5.0 MeV...

10.0
True Particle K.E. (MeV)
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2. OVERVIEW OF HYBRID
TECHNOLOGIES



EXAMPLE: 1 GEV MUON

_Ge - Long Wavelengths (tesig < 3.0 ns) _Ge +  Short Wavelengths (All)
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N

20 30 time(ns)

Ratio

Reduce the amount of
scintillation light produced,
so Cherenkov photons are a
larger fraction of the total.

Any sample of photons is
relatively Cherenkov-rich.

J. Maneira (LIP)

20 30 tisse(ns)

Timing

Cherenkov light is produced
promptly, while scintillator
rise times are typically on
the order of nanoseconds.

Early photons are
Cherenkov-rich.

300

Wavelength

Scintillation light is emitted
over a frequency band, while
the Cherenkov spectrum is

steeply falling.
Photons outside the
scintillation band are
Cherenkov-rich.

Overview - Hybrid Detectors - Philadelphia - June 2025

Figures:
M. Wurm

Cherenkov light is emitted at

a specific angle with respect
to the particle track, while
scintillation light is isotropic.

Photons in the Cherenkov
cone are Cherenkov-rich.




WbLS R&D
(BNL, Mainz)

(Wb) SCINTILLATOR

LAPPD R&D
(lowa State, LBNL)

FAST DETECTORS

J. Maneira (LIP)

@ e

WbBLS tuning Slow LS Attenuation
(LBNL) (Oxford, Mainz) (UC.B, LLNL, Davis)

Fast PMTS Dichroicons
(Penn, LBNL) (Penn, LBNL)

SPECTRAL
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Hadron LY
(LBNL)

Filtration




TECHNOLOGY TESTBEDS



BNL 1 TON, 30 TON M. YEH, A. BALDONI, R. WANG

- BNL 1 T detector * BNL 30 T detector
» Actylic tank 1.3m tall, 1m diameter * Steel tank, 36 PMTs
- 58 PMTs * Muon taggers
- 30 2” diameter tubes on bottom * WbLS increasing from 0.35% to 1%

+ 28 3” diameter tubes on side

© 1% WbLS (DIN+PPO)

il.al \z.“"v‘- M

L

@9 0000
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ANN I E R. SVOBODA, A. WEINSTEIN

Broad physics program with beam vy, in water f" L_A 1.3 4

“.‘QIP??F?@

Testbed for hybrid detector technologies
WbLS
LAPPDs

10%WOLS
r |

1%wWbLs ’ HR20 |

MRD

Muon Range
Detector

ANNIE Phase ||
Date: 2021/4/7-14:51
ANNIE Run: 2630 (Beam)
ANNIE Event: 5301
PMTs: 82 hits / 2024 p.e.
LAPPDs: 0 module(s) / 0 hits

Deployed Targets "~ Trger Beam
First Water-Based
Liquid S:t;)nct;lll:t(rma ‘ - BASELI N E PERFORMANCE

{ece JHarom taid ' ' ENERGY RESOLUTION ON SINGLE

Neutrino

Beam 1] TRACK MUONS IS ABOUT 12%

132 PMTs
g" -11" LAPPDs

. ~100 ps timing
Highest Gd , , o (s€8 AWeinstein
concentration (0.1%) First v in LAPPDs

Water Tank
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J. Maneira (LIP)

~ | | -ft steel outer

vessel (OV)

|2-" PMTs for light
collection

200x 8-" fast PMTs +
B shielding

4-ton acrylic inner '

vessel (IV)

Water buffer region

Overview - Hybrid Detectors - Philadelphia - June 2025

Muon veto system
surrounding detector

Edge ports for

additional calibration,
Sensors, access

Central-axis calibration
source deployment

Dichroicon deployment
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L. PICKARD

THE EOS CALIBRATION SOURCE ARRAY

¢ :

Data
"TMC

005

Laserball

) Isotropic light
source

) Picosecond
lasers

) Four
wavelengths
(374,408, 442
and 515 nm)

o AmBe b

Y 4.4 MeV gamma coincident with neutron

|4 cm

Black acrylic
1.5 mm lead

3.7 MBq AmBe
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X {mm) Delaved x (mm)

Cosmics

) Michel electron and neutron followers

. —ape—"

Cherenkov

) 90Sr source
inUVT
acrylic
housing

) Cherenkov
only light
production

.
-

Y
N

Directional

) Directional e- from 20Sr or 196Ru

\_

Thorium

> Primarily 2.6
MeV gammas
from 208T]

J. Maneira (LIP)
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T II

Z Std Dev (mm)

Reconstruction of
events from laserball
source

—a&——  ML-based reconstruction MC
—a—— ML-based reconstruction data

----@---- Likelihood-based reconstruction MC

Prellmlnary ----#---- Likelihood-based reconstruction data
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Z Position (mm)
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EOS DIRECTIONAL SOURCE S.Y. JEON

—

P u

fiber + SiPM
trigger

i
_

Clear Cherenkov ring!

Full Run Single Event

« \:ue

beta source

RESOLUTION = 42°
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17693 Michel Candidate Events From Eos Run 3056 (Water Fill)
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BUTTON J. GOODING

New detector / test facility just/almost complete
(@Boulby mine, UK. 1.1 km deep, low background rock salt

Flexibility to test ditferent photosensors and media
H>O — Gd-H20 -> WbLS -> Gd-WbLS -> future fills (I.S?)

Signal/HV
Cable

NOW: PMTS
POWERED ON!

'  | ‘- , 3 \ > , - ; .A 5 2
AmBe o\ . FUTURE: 1 KT
source ' . 2 | TR ,.;’. S
S ¢ "EEEINIE
2 g . - o \,(}, VS d o t4) _— o :
AMBE AND sk ] AR ;f;i‘;*;ﬁt(‘
: :.v - v - ,. / Ty e o " ' ‘, . A ' ' ._;'i;‘A"A A ‘ {
71a T A = = /e n - v XL - '/“ : =1L'A»A Aolo
‘ o vy = A vdwleole (
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-’.LA A VA A k (
_/‘. LAVA Aol
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* New detector (@ Univ. of Delaware, testing
Ch/Sc separation in LAB/PPO through
fast t1m1ng (small and blg PMTS)

= AT, ‘, ‘PP “V‘ | =

. 0.9m dlamefteerﬁicSphere
0 ‘800L of Linear Alkyl Benzene(lAB) o |
o 6-inch dlameternﬁforcallbratibn to 0'-‘
insert calibration devices // e - %
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Being commissioned now,
with cosmic muons,
directional source
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WATER BASED
LIQUID SCINTILLATOR



WATER-BASED LS @ BNL

Advantages w/r LS

Cost, attenuation length, scalability, satety,
possible metal-loading (Gd, Te, Li)

Advantages w/r water

Calorimetry from scintillation light

Molecule
PPO

PBD
butyl-PBD
BPO

p-TP
TBP
bis-MSB
POPOP
PMP

chemical formula
C1sH{1NO
CooH14N20
Co4H2oN2O
Co1H15NO
CisHig

CosHoo

CogHoo
Co4H16N2O2

M. YEH

abs. max.

303 nm
302 nm
302 nm
320 nm
276 nm
347 nm
345 nm
360 nm
295 nm

cIn. 1max.

358 nm
358 nm
361 nm
384 nm
338 nm
455 nm
418 nm
411 nm
425 nm

CigHa0N2

WY
(0)
-

Cherenk(lv

Trying several combinations ot solvent,
tluor

-
-

Channel
500

(W
9
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|
|
|
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100000
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-
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Photon/MeV
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SCINTILLATOR TESTS @CHESS

E. CALLAGHAN

Extensive characterization of several mixtures 55 s

lllllllll

'''''''''

llllllll

LAPPD for tast, PMT tor slow, components =t = NE -
Good MC agreement =

lllllllll

Mo dinx
b

LIGHT YIELD

Material | Sz [photons/MeV] | (N), [photons]
VRN — 1% WbLS 257 4 44352 58 4+2+6

7/ N\ O N 5% WhbLS 754 4+ 10+73 281 4+ 3 £+ 28
y A8\ Tje oichioicor -t 10% WbLS | 1380+ 144134 | 516 +8 + 153
| N ! LAB + 2 g/L PPO

llllll

s

20 n
fe (=)

90
Light yield Sr source | mp Spelegl from SNO-+ detector
" setup e 1200
AV

- X 0
Ch iy a0 ! f T .
’, citilaton Q 1 "!i"
’ ) . a0
a0 Damk =tix @n N ) J
: ) Das 4 A e ]
] R, : R uw
9 " e 3w . Chamakoy 1 g 40
' L)
&0 \ ! cnzliwnn
. \ o3 \ Dk b o3
200 [ 1 !
5 \ Dwta
\ .
U] Q (]
x 20 X ion X 1,
B - -
- \ h - 0 ' . e Q
0 1 19
= ] X 3 ) ¥

T4 LAPPD
/ ~{"_measurements

T [rigccr PMT

N / A -
Mg I
By R /. J -
i‘:"‘\‘\ s ",‘. \‘ e
B A T

BETA TIMING

Slower German | Slow German | 0.1% GdWbLS

6679 + 268 9345 + 375

| : ALFA/BETA PSD
4.64_1((,%%)2 140 + 40 120 =43 : S EEM S HARD

. 11.7 £ 3.2 13.0 + 3.4 1.74 +0.03
18.170°2 29.1 +3.5 26.3 + 4.6 11.1+0.8
78.9%03 21.0+6 440 +7 91.6 +1.6

2706.0/2388 X 2618.3/2388
Purity in MC [%]
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Side
PMTs

Gaussian Mean of Side [PE]

v
W
UV
=
wr
=
v
C
e

=
o))
o

150 1

140 -

130 1

Wavelength (nm)
WtBLS 240 340 440 540
Empty V4 % Full water r035% - 1 TON 10 e
water water ' ) 0.75%
e 40 8% T ™) IGHT INCREASE AS WATER ~ 1 | s
y t
P\Q\\{ REPLACED BY WBLS § o}
\$ o :
VK = 0.0 1
N\l AR - NG
QQ& ot SRS T - (é 0.001 : — ’/\M/‘//
O 3 e
1 = i
ik c S Racl T g 0.0001 g_
iy < 0.00001 i
Prelimin:  0.000001
> Wat?r Dyta Water Data « GAWbDLS base + GAWbLS full - Pope & Fry
< B " g~ Water MC WBLS MC_ = L et X 30 TON
Cherenkov + Scintillation Stability (1% WbLS) | | ;-' " “k | / Water MC Cherenkov
—— Fit Slope -0.10 + 0.18, Intercept 150.54 + 2.36 {02 : }iy q? " e Water MC Sci+Reem X GD-LOADED WBLS
t  Data N , WbLS MC Total
— WbLS MC Cherenkov
| ) 2 ) - e M WbLS MC Sci+Reem
+ o } R
’ ‘} !} } ‘[ MW} | WbLS Data
/ 30 TON
1T TON | 1w  LIGHT DOUBLES IN WBLS
TABLE OVER A FEW WEEKS i'f MC COMPARISONS
ONGOING

SRS

LUy

PE number
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No FMV trigger: neutrino candidates

U—

L,
M
v 1
u 21
Upstream

o

— —
7 _.“.
RSl

Ho

2 2 A B 8L
FrovuUvryt

]

v, beam

OONBANNNNNNNNNNNNN

FMV signal, no MRD trigger, event coincidence:

SIOONNNNNNNNNNNNNNNN

Downstream

/

F

L

N
R

J. Maneira (LIP)

3000

1500

Upstream charge [p.e.]

Entries / 20 p.e.

Neutrino candidate events

2500}

2000+

1000+

—

500}

e ANNIE w/o WbBLS vessel
e ANNIE with WbLS vessel

80
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40
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Downstream charge [p.e.]

M .
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o

|

200 400 600
Charge [p.e.]

— ANNIE w/o WbDLS vessel
| — ANNIE with WbLS vessel
il 1] h

800

1000

AR A ObO0ODA
D A-.

upstream peaks, SANDI at -0.75m

70 - e with SANDI
double Gaussian fit
60 - w/o SANDI

—— Gaussian fit

ANNIE

500 750 1000 1250 1500 1750 2000 2250 2500

cluster charge (p.e.)
£0.06 EOS
Th source

’ — WDLS

Arb. Unit

— Water

. 2.6 MeVy

*, 15 nhit > 60 nhit
4

60 80

100

\is
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MORE
SCINTILLATOR
DEVELOPMENT



i
=

SLOW SCINTILLATORS H. STEIGER

-

ol /] ([

S
<
N

. Slow scintillators: improve Cherenkov separation
i 1. Lower the fluor concentration. LLow light yields,
g excellent transparency

2. Slow tluors. Several problems: expensive, toxic,

emission deep in the UV, some loss in LY
3. Multi-solvent cocktails (e.g. LAB/DIN)

0.2 ns

Arb. Units /
<
=
o)

S
=

© LAB
O LAB+PPO
A [ AB+PPO+bis-MSB

"o
Q
=
)
=
0
c
O
-+
o
i -
<L
O
2
>
ra—
s
R
—

-#l- PPO (100% LAB) |
PPO (90% LAB + 10% DIN)
¥ . PPO (80% LAB +20% DIN) _
BPO (90% LAB + 10% DIN)

| g
7»
c

h—
~—
c
:',-J
~—
N
o
@)
Q
Q
-

o p—

~—
>
:',-J
Q

a

1.0 15 2.0 2.9
Wavelength shifter concentration (g/L)

Light yield [10° photons/MeV]
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LOADING VIA THE METHOD OF |.A.
SUSLOV ET AL., DIPHENYLTELLURIUM
DICARBOXYLATES

LOADING WITH DIOLS (SNO+
TECHNIQUE) BETTER LY

®  LAB +2.5¢/l PPO + 3 mg/l BisMSB
®  90% LAB + 10% DIN + 2.5g/I PPO + 3 mg/l BisMSB
= 90% LAB + 10% DIN + 2.5g/l BPO + 3 mg/l BisMSB

Light Yield [%]

>,
O
Q
>_
-
-
D
-
Q
P
-
©
Q
i

JUNO LS loaded with Te-diol
= 90% LAB + 10% DIN + 29/l BPO loaded with Te-diol

03 04 05 06 07 08 09 10 11 40 ™ T 1 | T T | T I
-1 00 01 02 03 04 05 06 O,7 08 09 10 11

Tellurium Loading [%] C(Te) [%]
0
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The Periodic Table of the Elements — A, . A . o) s : gAg A —— -
—Q —Q 6 I . . . . ! ! T
: 3 Q e trans-Stilbene Photoluminescence
E'f = 1HEHHE R here = 310 NM
sTrlslzlalalE s E s e e Bl D C ‘ —Q ——RA
s EEEFEEE IR TR R \ J (/ ) 4 L - <0.1 OD Solution| _
¢ ¢ 2 S
g <
2 ®
C .
~ =
O
2+ zZ -
O 1

287 477 536 i Accessible only through ultrafast techniques:
' = 2 * Transient absorption (pump & probe experiments) m non-radiative processes
- S 3 * Ultrafast luminescence (time & wavelength resolved) » radiative processes
208 | © 3 -
= = =
c 06| o
|0 fs ps ns s ms S
[ I
04} |m
f \ \_Q'b \(\Qo 0(\' \Q}
" i o) R (\"’
¢ N 2 &
02 && NN o cranca
kQ/ \7\ .\Q} Q}% minescence
.) b@ (\(_)\ rb‘& Q/(\
0.0 — 1 Sra— 1 | 1 I 1 1 IS ) | I \e(\ b‘e Qg}' ’b& %
250 300 350 400 450 500 550 600 650 700 750 «@& Q\\Qo (}\’b‘ 66,00
¢ Charge trapping/release

Wavelength (nm)

Afterglow
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PHOTON SENSORS



DICHROICONS

I J »Jd
—~

Quantum Efficiency (%
2

-y

- R7600-U20 Q.E.
R2257 Q.E.

----------  Cherenkov
— PPO

R——

600 700
Wavelength (nm)

Likelihood Purity Fit
Short-conc. Dichroicon 10% Whls

ot

Counts per 0.30 ns [arb.]
= o

Purity Time Cuts
P=0.862+0.004
Cher

Scint

Fit

Data

S gy

A ,
li ' s

Aperture PMT ‘.Outer PMTé

[ Tongconc. | Short-conc.
10% WbLS 0.862 + 0.004
0.832 & 0.002

Several promising results coming
out of tests at Penn

Now several of these are in Eos,
more results soon

J. Maneira (LIP)

Overview - Hybrid Detectors - Philadelphia - June 2025
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DICHROICONS IN EOS L. PICKARD

Data vs MC

Normalized mean hit

Optical calibration G 8
using laserball Di chréi con

performance |
Preliminary—+—|

450 475 500 525
Wavelength [nm]
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LAPPD CONCEPT, DEVELOPMENT

. A. WEINSTEIN
Large Area Picosecond Photo-Detectors

Photocathode + microchannel plate amplification
+ strips readout

Excellent timing (~50 ps), high QE (~30%), e - B

’

25
S
"

position sensitive, large area (e.g. 20x20 cm) . ' e \~6¢ o0 sen

Starting to be used in several HEP applications I R TR
pfRICH and DIRC (subdetectors of EIC gp det.) |
Fermilab test beam facility

Charged particle For B33 glass, fused silica

Window windows, spot size of 3-5 mm

E. Angelico thesis Example

Photocathode field configuration

Indiumseal 2400V

-2200V

Readout stripline (wraps around back of£CB) Proposed LAPPD stations
Unterminated to create reflection(reduces the # channels)

N. J. Pastka BTTB12

Capacitively coupled pickup board ~80 m
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LAPPD PERFORMANCE WANNIE

A. WEINSTEIN,

LLAPPDs packaged together with R. SVOBODA

electronics 1n underwarer housing NEUTRINO BEAM TIMING!

3 deployed in ANNIE at the same time

P
-
<
(S

2.0 —
ANNIE Preliminary

1.5

W
-

1.0
0.5

IMPROVING RESOLUTION

-
-

0.0

- >
T E
£ cv
'q—) 20 8
S £
: 2
[

Q <

100 Reconstruction resolution of variable Ar

-0.5
0 5 10 15 20

Transverse Position from LAPPD edge (cm)

o

80

/2 cm

60

— o Timing 1n each strip correlated to

—<4W angle of muon relative to wall
They work !

% P(‘(_‘)Ddbl'l[y
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HAMMAMATSU R14688 PMTS

T. KAPTANOGLU,
Fos lceCube LBNE Hyper-K & JUNO L. PICKARD

TTS~1.0ns TTS~3.0-3.9ns TTS~3.0ns TTS~3.0ns

H 1
= » '_{ % &
| Team -
L™ / Operating Voltage 1840 V
Entries 999606
Electronics Noise Width 0.017 pC
Charge Peak 1.459 pC
Charge FWHM 0.833 pC
i Peak-to-valley 4.483
’ e High Charge Tail 3.502%
8-inch PMT 10-inch PMT 12-inch PMT  20-inch PMT |
-inc -Inc -inc -Inc | ' Peak/Valley > 4
R14688 (R5912) R/7081 R11780 R12860 |
T. Kaptanoglu et al, NIM A 19 02 (2024) IceCube Collaboration, NIM A 618 (2010) J.Brack et al., NIMA 712 (2013) C Bronner et al_, J. Phys.: Conf. Ser. 1468 : ' EXC ellent

(2020)

50 ps

prospects for
PE counting

e e o
3

— == U} oTn

—— g = <30 Cii

= P

4 5 6

— -60 cCim Charge (pC)

Zz=30cm

z =60 cm

Laserball timing Excellent candidate for a

sirtars future hybrid detector !
Y Preliminary

S S N B S e e o T RN
G, 4 ) 8 10 12 14
Time (ns)
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ELECTRONICS



i
=

-

DIGITIZATION C. GRACE

ol /] ([

Switched Capacitor Array decouples fast sampling
(into an “analog memory”) from slow readout

v

—
St,

Pulse sampling always
better, but expensive

N
o

Typical values:

« St.= 0.5 ns (2 GSPS)
« St;= 30 ns (33 MHz)
— TSR = 60

N
o

- Single Threshold
Multiple Thresholds
Constant fraction

Pulse sampling

-
o))

' . . Other approaches
: e NeuPix for custom pulse-shape discrimination
TDC with FPGA can be an alternative for high
W w0 s w0 number of channels

Number of photoelectrons

J. Maneira (LIP) Overview - Hybrid Detectors - Philadelphia - June 2025 45



NOT DIGITIZATION A. NIKOLICA

Lo | T T T T T T T T T T T T T T T T T T T T T™ ™

timeout

| Block diagram (very simplified)

S TEEN SN SEEN GEEN SEEE NS SN BN BN BN SR S S S . .

I

| APP ASIC
S~ 1
- ]
5 10

|_l-' -._
Timsa (ns)

Can we do peak measurment and

photoelectron counting without

Transient Analysis 'tran'": time = (0 s -> 300 ns)

expensive tull digitization?
Exploring Analog Photon Processor |. "1 Qpix: Peaksvalley Detector

™ /STORAGE_CAP_U1 520.0 § PMT signal: two peaks 5mv, 35mv

m /STORAGE_CAP_U2
 900.0 M5: 156.6187ns
E 479.1276mV |
> 480.0 T
460.0 ' "
440.0 4 M4: 150.7808ns B dx:5.837913ns dy:5.21181mV s:892.753kV/s
e 5250 3 473.9158mV
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PHOTON COUNTING INSTRUMENTATION Si#gjl

J. CATES
BGO —|— SlPM detector used  {Opti i Bias Signal processing chain

. | x16
» / I ‘ ’I‘ : , o= o
1n OF—PE ~[Depthof % —— ool Amplifiers Comparator

. ' mtera'ctlon') n [ .. p_l>.“_{>.{ ,_[2:8
Readout electronics and 7 == N
. . . - bGL S P * Measured 16 channel
mgnal pI‘OC€SSIHg chain e S\ SPTR = 60+7 ps FWHM

16 T (5 GS/Sa)

P es ; 16 E
16%1 2-mm SiPMs ' K (0.75 GS/Sa)

* Broadcom AFBR-S4N22P014M
* Overvoltage=16V

: ® o * 0 * o o o T .
> ¢ ° L . . . e
B e e 5 . P S .L4,LE AND (5 GS/Sa)
. bl i : (Energy qualified)
2.68 mm . i B i
e e <

2x CAEN V1742

= Trigger

Digitizer used as TDC

!
‘‘‘‘‘‘‘‘
a I

pu—

LAPPD with Segmented Readout

Amplitude [V]

Could be applied to
EOS and segmented
LAPPDs
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ARAPUCAS



X-ARAPUCA

Large Area Photon Detectors developed for LAt scintillation (128 nm)
First use ot dichroic filters (?), coupled to WLS and S1PM

P-terphenyl layer

A=128 nm dichroic filter X-ARAPUCAS IN DUNE

v' Bar shaped modules| v* Square modules
v 200 x 10 cm? " 60 x 60 cm?

v 4 independent read- | v' 2 independent read- g

B out channels out channels
B v 4 x48 SiPMs "2 x 80 SiPMs
! ganged together ganged together

Efficiencies around 2% - 4%

E. SEGRETO NNN24

550

waelength (nm)

~ dichroic |

filter

A.A. MACHADO ET AL 2018 JINST 13 C04026
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C-ARAPUCA A. FAUTH, A. MACHADO ET AL.

HTTPS://DOI.ORG/10.1002/ASNA.20240123

Developed for water Cherenkov
Simpler design (no P'TB), low pass tilters

Cherenkov photons

- dichroic filter _Eo

5 Lt N COULD THIS BE USED FOR HYBRID
1" | DETECTORS? PHOTON DETECTION

EFFICIENCY IS MAIN CHALLENGE,
BUT GEOMETRY IS SIMPLE

dichroic filter

20%; 5V

Q0
Q

~J
Q

L&)
o

N
Q

B
o

w
Q

N
o

=
Qo

efficiency (¢
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ANALYSIS AND SIMULATION
FOR A HYBRID DETECTOR



RM AN/ o

K. DE HOLTON EOS readout through wavetorm digitization 0.5 GHz
Several methods being explores to estimate number of

Board 24190, Channel 1, Waveform 23 Photon Number Predichions

photoelectrons and timing i ——

0.8 1

e~ 1C -

| MPE f
_ | arriving at the same time
' 2

100 125 150
Time (ns)

° A Board 24190, Channel 1, Waveform 33 ‘ Proton Number Predictions
Convolutlonal Neural I Y R X a A
¢ BUL o8
= | ‘

Network shows promise i+

| MPE '
1 arriving at different times

! ) -
J 23 >0 75 100 125 150 175 200 l1 2 3 4 3 ¢ 7 8 9
Time (ns) Predicted Number of Pholors

Board 24190, Channel 1, Waveform 0 Photon Number Predictions

Board 24100, Channe!l 1, Waveform 26 i Photon Number Predictions

Ny e o '.'\.‘.‘o "\.ﬁfg’ fo
| N APV, | o1 preteninty o o0 LA
I@f ’ o V0 ".'

Probability

Voltage (mV)
A

— Waveform 4
X Truth SPE

Reco

High MPE | °

‘ 1] 1] T . 13
40 60 2 75 100 125 150 175 0 1 2 3 4 5 6 7 8 9 10
Time (ns) Predicted Number of Photons 2

waveform sample bin

S 100 2 150 175 200 . 1 2 3 4 5 ¢ ;7 8 9 0
Time (ns) Predicoed number of Pholors
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Cherenkov

4.0} — LAr [M. Babicz (2020))
water [ratpac)
1% WDLS [ratpac]

el [ D1rcctionality performance, with scintillation light oft

o 1 '

S 30l | ] n1DIrCosT | n1DIrCosT
Rt B L = Entries 2000 = Entries 2000
o : Meoan 0.7397 - -~ Mean 0.9768
E ‘ :— Sid Dev 0.3304 - Sid Dev 0.03486
s ' [ 700 p—

= [ | R | l =

P | \ | * B | ¥ 800 p—

§ |\ | T wp Water w : LAB+PPO

= 2.0H \ ' L F

C— } N\ { S00}%

1 ) ~ & o o — — : J‘ :_
= - = 1" 300 —
! S—— ADS J‘li - -
100 200 300 400 500 600 700 — | o0 —
wavelength [nm] - J{I =

N 1 _—_— |

- ‘ 'ﬂlJ\‘ 1[“1{‘ - J‘

A.A_Ax“J'l.AA‘-}nJL"_fnlh!'h{ul‘d_‘l )"(n'{‘r P llx. - . 2 l.; l,xll.,.l l o PR o B | WY i

08 06 -y 2 0 02 ']4 06 { 1 1 04 06 08

cont!

Interestmg 1?81ght: Simple sum of vec}ggg from re%)n posmon to h|t PI\/ITS I
LAB+PPO 1s the best. - ~dl - | P

160 — Sid Dev _ 0.1442 “l-_ Sid Dev _ 0.3739
Likely due to highest | |
e " 1% WbLS F LAr
refractive index o J - |
80 — | 30:__ J |
+ M
- dir -
40— T = ‘
E i E
[ wl s With Iowera s I t'(j% Miﬁel
g i g e g e peer coroocn RiIIEIY L Bl ulmulhrlr;mm 9
1 -08 D6 -0 4 02 0 4 04 06 08 1 1 08 -06 -0 4 0

coot!
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MACHINE LEARNING 8. NACHMAN

A world of opportunities in simulation, reconstruction, inference
Many developments in HEP. Neutrino Physics example:

Inference - differential cross-sections 12

for neutrino example, see 12K study in 2504.06857

Detector-level Particle-level

U f’

Y)

x10~%° 0.80 < cos 6, < 0.85

-1 (GeV/c)~

c
e
9
o
-
4
™~
.
o=
o

00 02 04 06 08 10 12 1.4
pu [GeV/c]

Simulation
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LBL CPV SENSITIVITY J—

Long-baseline Analysis Workflow

i - : : 1a25 g y
Flux weight Pre-cut selection Ring reconstruction Energy reconstruction The1a25 geometry

) ) . . . ) ) , _ S0/ 7 g ' . . S & .= i
Atmospheric neutrino flux Fully contained Fiducial Estimate each ring’s PID Energy estimated based on 5% Water-based Liquid Scmtillator

weighted to the DUNE flux volume events selected and kinematics the ring number and decay

- 40% photo-coverage with ~ 46.000 10-
Reconstructed “Mean” Charge number of the event

E - 2M, Ey — mf
"7 2(M, — Ey + pycos ;)

mch PMTs or ~12.000 20-inch PMTs

Ratpac-two 1s used to simulate the PMT

2
]

(po +Pu —pr —p;) = m’ _
charge and time.

Cherenkov + scintillation light

0 background reduction Systematic Model Oscillation Analysis
DUNE Senaltivity

BDT used to reduce the NC TDR flux systematics apph'c?d | e
TDR LAr detector systematics appliedf | TDR Cafana is iecod Ordrig

s, » 0088 20003

background , | § st necs revedd
| TVA response lor iasakr Q0T = . s | used to estimate [ T @ e

St the CP violation,
sensitivity with 2
a pure water

- . - detector

IHEIA25

—pndiccniasiadyin. .

RS FTTE FETS FEFL FETE STV FEREETEE RS FEeS
~~~~~ -1 08-06-04 —02_0/-02 04 06 08 1
l* ~

~o TDR 10kt LAr
— 10Kt water true
- 17Kt water reconstructed

Even without scintillation light, the LLBI. CP sensitivity
for 17kt water detector 1s similar to 10kt LLAr detector
Next: add scintillation light to fiTQun reconstruction
software

0.5 -
CP violation phase (n)
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NEW IDEAS



N - 2
Spallation betas!?!

L | ] ™rnr l Ve I T ™r—r _7

(a) |

: '.AIIIC|
' '| :’:'.Ap‘l‘ A .,
M iBCl i |’ ! . =

'” ,lllLlLA Jllllllll
- 10 15

dN/dE [MeV~!day~!(10kton)~!]

Liquid Argon Hybrid detector:
Backgrounds are very high below 5 MeVm but...

Cherenkov/Scintillation identification benefits from a
very good spectral separation (scintillation 1s 128 nm).

"
‘.z‘:.:‘.‘w d" ; >
820t a0 eatas e tatet s ieteiniey ‘
2 ..3.53:.:.:232502"' :’}"’sfg‘"“
o%a B S st e ettt
sessstanitaimntn it
026202262626 24208805 000t i _J’, i

with Cherenkoy 5-MeV electrons with Scintillation
er Me\ at the center urity Scintillation Hits per MeV

urity

)
et 2L
DD DRSS EDE

erenkov

|
ey

Preliminary ! Preliminary
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\W

i
o

-
17 P

F Wlll

COHERENT CAPTAIN MILLS pommwmse

7 ton acttve LAt volume, 200 87 PMTs,
50% photocoverage, 2 ns, LLos Alamos
160 PMTs coated w/ TPB, 40 uncoated

Calibration with Na22 source
Cherenkov: early hits in uncoated PMTs

Sodium -6.0 to 0.0 ns, Only Uncoated PMTs Sodium -6.0 to 0.0 ns, Only Uncoated PMTs
[ Data (Stats. Uncer.) Prellmlnafy 1754 3 Data (Stats. Uncer.)

| Simulalion (All Hils) Simulation (All Hits)
(1 Simulation (Scintillation + Random Bkgd.) [ Simulation (Scintillation + Random Bkgd.)
Simulation (Random Bkgd.) Simulation (Random Bkagd.)

Cherenkov +
—}— Scintillation + Bkgd. o
Preliminary

Work in Progress
CHERENKOV ANGLE

NEvents

)
e
C
Q
>
L
=

0 ,
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Cos[Angular Opening]
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TIME SORTING BEAM NEUTRINOS

T e U M. WETSTEIN
\ .
l.... ..,.-V ' _

Inifinitesimal proton bunches "realistic scenario”

..............................

—
-

Low energy pions are slower
LLow energy neutrinos arrive later .
Split the events in time slices, each »

has a different energy spectrum A5 0 65 1 18 -1 08 05 1
Possibly powerful tool to constrain

systematics, combine with PRISM
Requires sub-ns timing

counts (arb. units)

-
&
- -

counts (arb. units)

1.5
neutrino armival time (ns)

ounts (arb. units
counts (arb. units)

5 6 7 8
neutrino energy (GeV)

neutnno energy (GeV)
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3. PATH FORWARD



BACK TO PRYSICS



WHAT PHYSICS CAN WE EXPECT?

Precision pep and low energy 8B: MSW transition region
Precision CNO: solar model metallicity

Double beta decay:
lower solar neutrino background a “slam dunk”
more than that will be hard. Even 1f you identity 2 rings, some backgrounds have them

Supernova neutrinos: directionality

High energy: Beam, atmospherics, proton decay
should improve over water Cherenkov
stimilar performance as LLAr, with a simpler detector
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SOLAR NEUTRINOS

Future solar neutrinos T RAPTAROGLY

The Jinping detector In China Is planning on building a roughly SNO+-size
detector and fill with slow LS (potential for Li loading) (CNO and éB upturn).

JUNO claims sensitivity to CNO flux similar to BX (10-15% In 5 years).

(JUNO collaboration hitps://arxiv.org/pdf/2303.03910)

DUNE plans to measure the hep neutrinos and the day-night asymmetry.

(Beacom et al., https://arxiv.org/abs/1808.08232)

Precision measurements of the Am?-21 from SNO+, JUNO, and DUNE may resolve
current Solar/KamLAND tension.

THEIA should be creative and ambitious for : -y _
what solar neutrino measurements can be v % MY TAKE: ONLY CNO AND 8B

made with a future hybrid detector. . % ~ UPTURN ARE REAL OPPORTUNITIES
o TO MAKE A DIFFERENCE
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5% natTe in LAB+PPO with a PMT coverage of 90% (light level of 1200 ph/MeV)
90% CL. 10-year limit: T1/2 > 1028 yrs (mpp< 6.3 meV)
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FEttect ot directionality cut not game-changing. Need to explore other advantages of
hybrid detectors, such as multi-site gamma rejection.
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With light Majorana neutrinos, K, varies little,
has ~10% uncertainty | RESTIN

K,, depends on energy. @ Qg K>, 2 Ky, - ..

Full range -1 < K, < +1 for models such as R-

parity violating SUSY or Left-Right Symmetric Possible smoking gun for DBD
Probe underlying physics

Can Hybrid detectors do it?

A. ALI ET AL., ARXIV:0706.4165
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NOW ADD ALL THIS INTO
A COHERENT DETECTOR!



PANEL DISCUSSIONS

Scintillator and photon sensors panel discussion
Emphaysis on safety and regulations issues. it’s a big deal. ..
Pure LS: Better cleanliness, LY. WbLS: Better cost, Ch rings.

Can photon sensors compensater
Discussion on dynamic range

Wrap-up panel discussion
A lot of progress in recent years. Technologies are essentially ready

Define a few realistic scenarios based on location
SNOLAB: prioritize DBD. What do you need tfor solar?
SURF: prioritize LLBL.. What do you need tor DBD, solar?
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COMPROMISES, COMPROMISES

Ditterent physics push in different directions.
HE needs bigger detectors and ring identification, LLE needs more light, better purity
So where’s the advantage in putting it all together?

Biggest synergy is in the photon detectors. They give advantages at both scales
The compromise lies essentially in the choice of target material

Table adapted from G. Orebi Gann
Priorities

Physics Cleanliness
NLDEBD Very high
Low-E solar v (<1 MeV) Very high
High-E solar v (>1 MeV) High

Medium
Long-baseline v Very high L ow
Nucleon decay > 100 kt Low
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MANY THANKS!

To Gabriel and Josh for the invitation, for such a great, focused, workshop and the
warm welcome to Philadelphial

To all of you who provided material for this talk!

Last but not least, to my funding agency in Portugal, FCT - Fundacao para a Ciéncia
e a Tecnologia, via the project PTDC/FIS-PAR /2679 /2021

S REPUBLICA

PORTUGUESA

I J. Maneira (LIP) Overview - Hybrid Detectors - Philadelphia - June 2025



