»~---":‘:._ ‘,_5&. Orebl Gann
C Berkeley & LBNL

Snowmass
; ZOth ]uly, 2022

“ ‘BEKELEY [WN=) *"\\

: My@odplrtures ~ |



Theia as a DUNE module in Phase 11

Long-baseline sensitivity comparable to a LAr DUNE module
Complementary supernova sensitivity (primarily anti-v, 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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Challenges

® Near detector: many options, thanks to the
flexible design of this highly sophisticated
facility

® SAND:planned C & H targets

® Potential alternative target options for
ND-GAr?

® Additional module for DUNE-PRISM? proiiny

® (Cavern shape: letterbox suboptimal

e Utilities: UG deployment, sacrifice mass!?

AANNNNMANSE

® Program of prototypes for necessary
technological demonstrations
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Overview

THEIA detector

Hybrid neutrino detection concept
Detector development

Prototypes (T Kaptanoglu, 7/24 @ 10.48am)

Physics program (Z. Bagdasarian, L. Pickard, 7/24 @10.00, 10.20am)
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Theia
Detector
Concept




THEIA

® |arge-scale detector (25-100 kton)
® Novel LS target e.g. VWbLS

® Fast, high-efficiency (spectrally
sensitive!) photon detection with
high coverage

® Deep underground
® |sotope loading (Gd,Te, Li...)
® Flexible! Target, loading, configuration

B Broad physics program!

White paper - Eur. Phys. |. C 80,416 (2020) 6
& arXiv:2202.12839 [hep-ex] )
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THEIA

® |arge-scale detector (25-100 kton)

A€

® Novel LS target e.g. WbLS
® Fast, high-efficiency (spectrally

sensitive!) photon detection with

nigh coverage

60m

® Deep underground
® |sotope loading (Gd,Te, Li...)
® Flexible! Target, loading, configuration v

B Broad physics program!

White paper - Eur. Phys. |. C 80,416 (2020)
& arXiv:2202.12839 [hep-ex]
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Hybrid neutrino detection

- Enhanced sensitivity to broad physics program

Novel target media:
Water-based/Slow Scintillato

g

" Supernova neutrinos

Novel light sensors: Ny . :
fast PMTs, LAPPDs, dichroicons Diffuse SN neutrinos

ure signal
1 hits of events P / :
U
Phase-l data: 19904 events s

Best fit: 11513 solar-v + background
Large volume detector Neutrinoless

Solar-v signal MC

B background MC I
g able to exploit both Double-Beta Decay

Cherenkov+Scintillation
signals

2o
g g

P
8

—

g

1* hits of events / 0.
g

g

-1 08 -06 -04 -02 [] 02 04 06 08

cos O
Novel reconstruction techniques
Hybrid Detectors

Michael Wurm (Mainz) :
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White paper - Eur. Phys. J. C 80, 416 & arXiv:2202.12839 [hep-ex]




Hybrid neutrino detection

Water

Hybrid

Detector Scintillator Cherenkov
High light yield Simultaneous
Target Radiopure Optical transparency Cherenkov/
properties Species-dependent Cherenkov topology scintillation
response detection

Low threshold Sca'ab'f & R Additional

Detector Good resolution O .VO Lllme - event and

capabilities Pulse-shape njectlona senerlwty particle ID
Ring-based particle from C/S ratio

discrimination , , .
identification

Sensitive to
broad

High energy, day/
night asymmetry,
nucleon decay

NLDBD, CNO

PhySICS SCope neutrinos, anti-V

Increasing energy
threshold
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How can it be done?

Angular distribution

-

Cherenkov N

Scintillation
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How can it be done?

Angular distribution

Cherenkov N

Scintillation
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How can it be done?

Angular distribution

-

ﬂ scad

A

o o o It:o'::’&
#, Timing

Cherenkov

Scintillation M

: . >
0 0 20 30 time(ns)

X
2

avelength

soand

T. Kaptanoglu et al.
—> Phys. Rev. D 101, 072002 (2020)
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Builds on core
(Wb)LS

Detector development |wime..

BNL (Yeh et al.)

CHESS detector: LBNL

1 —~

08 «

als (ns

0.6 6
0.4 m

Hit T1m

0
-0.2
-04

-0.6

/Tag Support

PMT Holder

Upper

Cosmic Tag \

Target

Lower
Cosmic Tag
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Builds on core
(Wb)LS

Detector development |wime..

BNL (Yeh et al.)

CHESS detector: LBNL Engineering WbBLS properties:
2 Bourret (LBNL)
06“ Example: y
ZZ‘; slowing down decay time @/[O)\Q
0 3 . Standard PPO —
o 2ns ;
06 * New carbazole

i 15ns -

Cosmic Tag \

Target

/Tag Support

PMT Holder

Propagation

Medium
N
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Detector development

Builds on core
(WDb)LS
development at
BNL (Yeh et al.)

CHESS detector: LBNL Engineering WbLS properties: s Proton LY: Goldblum (LBNL)
L E Bourret (LBNL) g T e
0.6 5 . % LABPPO =t
o4 E Example. ) j Q‘ ~ ot 4+ von Krosigk et al. A,“"‘:_'_;'.
02 2 slowing down decay time - 5 e
0 2  Standard PPO —— £ lf\_,:’.”"‘".
o 2ns " 3 ooy
06 * New carbazole : L
ColerE)wFi)ce;ag Tag Support 15ns _n_; 10°4 . " "
Target \ . / PMT Holder _§‘ 10!

Kinetic energy [MeV]

Propagation

Medium
N

PMT Array

Lower
Cosmic Tag
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Builds on core
(Wb)LS

Detector development |wime..

BNL (Yeh et al.)

CHESS detector: LBNL Engineering WbLS properties: s Proton LY: Goldblum (LBNL)
L E Bourret (LBNL) 3 + wbls L=
E . > 4 LABPPO gl

Zj E Example. . / 'tj % 104 -+ von Krosigk et al. +:_‘i.:"i.
02 2 slowing down decay time . 5 o
0 3 e Standard PPO —— £ S
o 2ns E oo
04 - g {ﬁ'
06 * New carbazole s :ﬁ

cOlanF;‘i):;'ag Tag Support 15nS Q O "%100- . " Preliminary

Nl s £ ———
Target 1) PMT Holder =

Kinetic energy [MeV]

Propagation
Medium

Scattering & attenuation: UC Davis,
UC Be

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; JINST13 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);JINST14 | (2019); Phys. Rev. D
101 072002 (2020); arXiv:2006.00173

PMT Array
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Detector development

Builds on core
(Wb)LS
development at
BNL (Yeh et al.)

CHESS detector: LBNL

Cosmic Tag \

Target

Propagation
Medium

30 cm

Upper

Lower
Cosmic Tag

0.8
0.6
0.4
0.2

Hit Time Residuals (ns)

0

s &
£ )

-0.6

/Tag Support

PMT Holder

PMT Array

Engineering WbBLS properties:

Bourret (LBNL)

Example:
slowing down decay time
e Standard PPO ——
2ns
* New carbazole
15ns

—_

+ WbLS L
+  LABPPO -
104 -# von Krosigk et al. -

n

= Preliminary

Proton LY: Goldblum (LBNL)

16
Kinetic energy [MeV]

Light yield relative to 477 keV electron
\ 4
%

Scattering & attenuation: UC Davis,

UC Berkeley+LLNL
1 top and 1 bottom PMT ——— ., B
coupled to integrating —— 7;4 1 = ' -

Nanofiltration: UC Davis
d

v

)
H
58

r + organics) |

d

Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.

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; JINST13 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 |5
(2017);NIMA 712 162 (2013); Phys. Rev. D 97
052006 (2018);JINST14 1 (2019); Phys. Rev. D
101 072002 (2020); arXiv:2006.00173
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Detector development

Builds on core
(Wb)LS
development at
BNL (Yeh et al.)

CHESS detector: LBNL

I %
oS
08 «
g
06 S
3
04 ¢
Q
02 E
H
0o =
T
-02
-04
-0.6
Upper
Cosmic Tag \ /Tag Support
Target . PMT Holder

Propagation
Medium

PMT Array

Engineering WbBLS properties: s Proton LY: Goldblum (LBNL)
Bourret (LBNL) " T wos - :
E le: % 4+ LABPPO g Extensive
sy B S10{ # vonkmsigketal - international effort
slowing down decay time . 5 "
e Standard PPO —— S ﬁ;».*-"' in Germany (Mainz,
2ns . E ﬁ* Munich), UK, China
* New carbazole : L
21007 Wt Prelimi o
15ns : L S i Additional work on:
] , - Kinetic energy [MeV] slow LS, alternative
Scattering & attenuation: UC Davis, fluors. alternative
UC Be Nanofiltration: UC Davis e

Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.

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; JINST13 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);JINST14 | (2019); Phys. Rev. D
101 072002 (2020); arXiv:2006.00173
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Detector development

Builds on core
(Wb)LS
development at
BNL (Yeh et al.)

CHESS detector: LBNL

0.8
0.6
0.4
0.2

Hit Time Residuals (ns)

0

s &
£ )

-0.6

/Tag Support

PMT Holder

Upper

Cosmic Tag \

Target

Propagation

! 30
Medium em

,;'
-~
N
G
Lower /
Cosmic Tag

LAPPDs: ANNIE, CHESS

PMT Array

Kesiduals

Engineering WbBLS properties:

Bourret (LBNL)
Example:

2ns
* New carbazole
15ns

Scattering & attenuation: UC Davis,
UC Be

- Cherenkov
\ Scintillation
\ —--- Dark hits

{ Data

b d bbb it it b e bt
Ty rﬁﬁ*fﬁﬂw LAV AR BB SRR
1

-38 —36 —34 —32 —30 —28

At [ns]

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

Light yield relative to 477 keV electron

Proton LY: Goldblum (LBNL)

109

—_

+ WbLs -
4 LABPPO T

:‘;ﬁ'
-# von Krosigk et al. -
n

= Preliminary

Extensive
international effort

in Germany (Mainz,
Munich), UK, China

Additional work on:

B3
Kinetic energy [MeV]

Nanofiltration: UC Davis

y
Feed
(water + organics)
’ \
= =
]

Preliminary design for a two-staged
nanofiltration concept for large scale
WbLS purification.

slow LS, alternative
fluors, alternative
surfactants

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 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 |5
(2017); NIMA 712 162 (2013); Phys. Rev. D 97
052006 (2018);JINST14 | (2019); Phys. Rev. D
101 072002 (2020); arXiv:2006.00173
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Detector development

Builds on core
(Wb)LS
development at
BNL (Yeh et al.)

CHESS detector: LBNL

1

o 2
o ®

S ¢
)

[=) [=)
S
Hit Time Residuals (ns)

-0.2

-04
-0.6
Upper
Cosmic Tag \ /Tag Support

Target PMT Holder

Propagation

! 30
Medium em

,;'
-~
N
g
PMT Array
Lower
Cosmic Tag

LAPPDs: ANNIE, CHESS

1 top and 1 bottom PMT
coupled to integrating

Engineering WbBLS properties: s Proton LY: Goldblum (LBNL)
Bourret (LBNL) "  wols - :
E le: % -+ LABPPO g Extensive
ampe: I\ S10{ # vonkmsigketal - international effort
slowing down decay time . 5 "
e Standard PPO —— S e in Germany (Mainz,
2ns . E {{.“' Munich), UK, China
* New carbazole : L
_;100_ - [ P I . .
15ns : L S i Additional work on:
] , - Kinetic energy [MeV] slow LS, alternative
Scattering & attenuation: UC Davis, fluors. alternative
uc B" keley+LLNL Nanofiltration: UC Davis e

Feed
(water + organics

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 PO7005
(2018); JINST9 P06012 (2014); NIMA 943
162420 (2019); Eur. Phys. Jour.C 77 811 (2017);
arxiv:1908.03564; arXiv:1502.01 132;

Dichroicon: Penn, CHESS

Short-Pass
Dichroic
Filter

- Cherenkov

Cherenkov light

Example full-scale design

Scintillation light

Scintillation
—--- Dark hits %
+ Data Long-Pass
Dichroic
Filter
by bt l
. R TR R A
R —
H +. . . . Red-Sensitive PMT
—-34 -32 —30 —-28 PMT
At [ns]

T. Kaptanoglu, Nucl. Instrum. Meth. A889 (2018) 69-77
T. Kaptanoglu, M. Luo, J. Klein, JINST 14 no. 05 T05001 (2019)

Preliminary design for a two-staged
nanofiltration concept for large scale
WbLS purification.

—_

Q
o
©

ns [

.30

Normalized Counts per 0

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); INSTI4 | (2019); Phys. Rev. D
101 072002 (2020); arXiv:2006.00173

Atmospheric Muons Incident on LABPPO Targe
Aperture PMT

[ No Dichroicon

0.35F

1 Wwith Dichroicon

e
W
S

e
o
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e
[}
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o
=
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e
=
o

o
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o
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Prototypes

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 S

v Enable broad, world-leading physics & nonproliferation program

Broad R&D
program

Ch/S separation,

microphysical ktonne-scale
parameter demonstration o
measurements

remote reactor
monitoring using
antineutrinos

Phys. Rev. D 103 052004 (2021), Mat. Adv. 1 (2020) 71-76, Eur. Phys. J. C (2020) 80: 867, Eur. Phys. J. C . .
(2020) 80: 416, Eur. Phys. J. C (2018) 78: 435, Phys. Rev. C95 055801 (2017), Eur. Phys. J. C (zlcﬁ 7)77: 811 Theia @ Snowmass, G. D. Orebi Gann



Prototypes

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 S

v Enable broad, world-leading physics & nonproliferation program

Broad R&D Critical ton — 10s
program of tons scale
demonstration of
detector
performance
Ch/S separation, capabilities
microphysical ktonne-scale
parameter Importance for demonstration of
measurements programs in OHEP remote reactor

+ ONP, NNSA

. . monitoring using
& international partners

antineutrinos

Phys. Rev. D 103 052004 (2021), Mat. Adv. 1 (2020) 71-76, Eur. Phys. J. C (2020) 80: 867, Eur. Phys. J. C . B o
(2020) 80: 416, Eur. Phys. J. C (2018) 78: 435, Phys. Rev. C95 055801 (2017), Eur. Phys. J. C (4887) 77: 811 Theia @ Snowmass, G. D. Orebi Gann



ANNIE, NuDot, Eos, BNL

ANNIE:WhbLS

Front Veto

wbLS vessel

photosensors

ANENNRV AN RN YANNNNV AN

in a 'V beam

electronics

365 kg WbHLS +
LAPPDs

Muon Range

| e Ch/S separation

High- and low-
energy events

First neutrinos detected with an LAPPD!

140

120
100
80
60
40
20

events /125 ns

FWHM = 1.6 ps

time (us)
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ANNIE, NuDot, Eos, BNL

ANNIE:WDLS in a V beam

electronics

Front Veto

365 kg WbHLS +
LAPPDs
=" Ch/S separation
High- and low-
energy events

wbLS vessel

NN

ane
NS AN

DNOONANNNNN

photosensors

=S

NOANNNN

SANNNNVANS

First neutrinos detected with an LAPPD!
140
120
100
80
60
40
20F

FWHM = 1.6 ps

events /125 ns

NuDot:

LS + isotope for
2Vbb event
reconstruction
Ton scale
Highly
intstrumented
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ANNIE, NuDot, Eos, BNL

ANNIE:WbLS in a vV beam EOs: Low-energy event
reconstruction and model validation

Cherenkov Photon Trajectories

100
16
75
14
50
12
0
2
5
25 s
106
4
3
o "]
g £
s
2
-25
6 5
H
-50 4
-75 2
-100 0
-100 -75 =50 =25 0 25 50 75 100

electronics

Front Veto

365 kg WbHLS +

R MuonRange LAPPDS
N "= Ch/S separation

High- and low-

wbLS vessel

»oANNNANY

==
NSSNN
Y (mm)

photosensors

..... : ; energy events
First neutrinos detected with an LAPPD!
140
2 * 4-ton target mass
S e0c FHM = 16 s e 200 8- PMTs
I m e Dichroicon deployment for
i SR S U SR A | spectral sorting
e * Vertex, energy, direction, PID
NuDot:
LS + isotope for
2Vbb event
reconstruction
Ton scale
Highly
intstrumented
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ANNIE, NuDot, Eos, BNL

ANNIE:WbLS in a V beam Eos: Low-energy event BNL: |- and 30-ton
reconstruction and model validation

Cherenkov Photon Trajectories

100
16
75
14
50
12
0
2
5
25 s
106
4
3
o "]
g £
s
2
-25
6 5
H
-50 4
-75 2
-100 0
-100 -75 =50 =25 0 25 50 75 100

electronics

Front Veto

365 kg WbHLS +
= LAPPDs

i ﬁ%&%‘?‘?’geCh/S separation
i High- and low-
I energy events

wbLS vessel

Y (mm)

photosensors

X (mm)

First neutrinos detected with an LAPPD!

s 282 * First ton-scale deployment
; 1202 * 4-ton target mass e Optical transparency in an
= o RIS s e 200 8-” PMTs operating detector
: ig v W e Dichroicon deployment for e Optical stability over time

T spectral sorting e Recirculation of WbLS

e * Vertex, energy, direction, PID (nanofiltration)
NuDot: |
LS + isotope for
2Vbb event
reconstruction
Ton scale
Highly
intstrumented
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Full-scale demonstrations

® |Integrated directionality at Borexino: e
. . . 3 - —— Best fit: 10887 solar-v + background
® consider earliest photons in the event 2 200 —— Solar-v signal MC
g - —— B background MC #
® take angle between early photons and solar S 2u00f
direCtiOn E zoooﬁ $_|
o B
® 60 angular excess caused by Cherenkov photons £ 10f- | !
® Measurement of primarily 7Be V demonstrates ..
. . . . -1 -08 -06 -04 -0.2 0 02 04 06 08 1
first directional detection of sub-MeV neutrinos cos

PRD 105.052002, PRL 128 (2022) 9, 091803

|5 Theia @ Snowmass, G. D. Orebi Gann



Full-scale demonstrations

® |Integrated directionality at Borexino: e
. . . 3 - —— Best fit: 10887 solar-v + background
® consider earliest photons in the event 2 200 —— Solar-v signal MC
g - —— B background MC #
® take angle between early photons and solar S 2u00f
o B
® 60 angular excess caused by Cherenkov photons £ s} | !
® Measurement of primarily 7Be V demonstrates ..

. . . . -1 I—08| I —0.6I —0.4I1 —0.2I 0 0.2 04 0.6 0.8 1
first directional detection of sub-MeV neutrinos U
PRD 105.052002, PRL 128 (2022) 9, 091803

® Event-level directionality at SNO+: ;
® Partial-filled detector (365 t LAB + 0.6 g/L PPO) o= MC

® JoF and angular reconstruction

Events / 0.1
~
1

4 _ SNO+ Preliminary

® Demonstration with > 5MeV 8B v L Partial Fill (365 1)
® First event-by-event demonstration of directional ’F l_\
LY -
reconstruction for 8B solar V in slow LS N S sanut BN DU B Seteee

-1 08 -06 -04 -02 0 0.2 04 0.6 0.8 1
cos(6y,,)

SNO+, L. Lebanowski APS talk

|5 Theia @ Snowmass, G. D. Orebi Gann
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N oUW N

Solar neutrinos (solar metallicity, luminosity)
Geo-neutrinos (& reactor neutrinos)

Supernova burst neutrinos & DSNB

Physics Program

. Neutrinoless double beta decay

Source-based sterile searches

Nucleon d

Long-base

ecay

ine physics (mass hierarchy, CP violation)
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N oUW N

Physics Program

Neutrinoless double beta decay

Solar neutrinos (solar metallicity, luminosity)

Geo-neutrinos (& reactor neutrinos)

Supernova burst neutrinos & DSNB

Source-based sterile searches

Nucleon d

Long-base

ecay

ip === ===
Nuclear :
Physics

o 3

¢ ] |
.'f

ine physics (mass hierarchy, CP violation)
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N oUW N

Neutrinoless double beta decay

Physics Program

Solar neutrinos (solar metallicity, luminosity)

Geo-neutrinos (& reactor neutrinos)
Supernova burst neutrinos & DSNB

Source-based sterile searches

Nucleon d

Long-base

ip === ===
Nuclear :
Physics

o 3

« ]
&

r-----

1 High- :
ecay Ener.gy :
ine physics (mass hierarchy, CP violation) _Pby.SI.C "
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N oUW N

Physics Program

Physics over
| 5 orders of
Neutrinoless double beta decay L SN magnitude

Solar neutrinos (solar metallicity, luminosity)

ip === ===
Nuclear :
Physics

o 3

Geo-neutrinos (& reactor neutrinos) 1
.7|
Supernova burst neutrinos & DSNB ju

r-----

Source-based sterile searches

1 High- :
Nucleon decay Ener.gy :
Long-baseline physics (mass hierarchy, CP violation) @ _Pby_chs_ l

|7 Theia @ Snowmass, G. D. Orebi Gann



Physics Program

Physics over

| 5 orders of
ﬁl. Neutrinoless double beta decay L SN magnitude

Solar neutrinos (solar metallicity, luminosity)

ip === ===
Nuclear :
Physics

o 3

Geo-neutrinos (& reactor neutrinos) 11
-4 |

r-----

2
3
4. Supernova burst neutrinos & DSNB
5. Source-based sterile searches

6

1 High- :
Nucleon decay Ener.gy :
ikl Long-baseline physics (mass hierarchy, CP violation) #ewe _PIJ):S'fS_ 1

ﬁ Remarkably, the same detector could show that }
 neutrinos and antineutrinos are the same, and that j

“neutrinos” and “antineutrinos’ oscillate differently {
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Physics Program

Physics over

| 5 orders of
ﬁl. Neutrinoless double beta decay L SN magnitude

Solar neutrinos (solar metallicity, luminosity)

ip === ===
Nuclear :
Physics

o 3

Geo-neutrinos (& reactor neutrinos) 11
-4 |

———
High-

Energy

Physics

2
3
4. Supernova burst neutrinos & DSNB
5. Source-based sterile searches

6

Nucleon decay

ikl Long-baseline physics (mass hierarchy, CP violation)

{ Remarkably, the same detector could show that }§ Ny
| : : : i{Matter-dominated;
| neutrinos and antineutrinos are the same,and thatjy . .~

“neutrinos” and “antineutrinos’ oscillate differently {

|7 Theia @ Snowmass, G. D. Orebi Gann



(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 )

Theia @ Snowmass, G. D. Orebi Gann



Take-home message

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 Snowmass

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

Timely to pursue serious engineering
design studies to evolve the concept

Depends on an open process for
determining the future of Module 4

B: Cherenkov, R: Scintillation

20000
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Take-home message

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 Snowmass

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

Timely to pursue serious engineering
design studies to evolve the concept

Depends on an open process for
determining the future of Module 4

Building for Discovery

fl Strategic Plan for U.S. Particle Physics in the Global Context

Executive Summary

Particle physics explores the fundamental constituents of mat-
ter and energy. It reveals the profound connections underlying
everything we see, including the smallest and the largest struc-
tures in the Universe. The field is highly successful. Investments
have been rewarded recently with discoveries of the heaviest
elementary particle (the top quark), the tiny masses of neutri-
nos, the accelerated expansion of the Universe, and the Higgs
boson. Current opportunities will exploit these and other dis-
coveries to push the frontiers of science into new territory at
the highest energies and earliest times imaginable. For all these
reasons, research in particle physics inspires young people to
engage with science.

Particle physics is global. The United States and major players

Snowmass, the yearlong community-wide study, preceded the
formation of our new P5. A vast number of scientific opportu-
nities were investigated, discussed, and summarized in
Snowmass reports. We distilled those essential inputs into five
intertwined science Drivers for the field:

» Use the Higgs boson as a new tool for discovery
 Pursue the physics associated with neutrino mass

« Identify the new physics of dark matter

» Understand cosmic acceleration: dark energy and inflation

» Explore the unknown: new particles, interactions,
and physical principles.

Theia @ Snowmass, G. D. Orebi Gann



Take-home message

Building for Discovery

® A hybrid detector module would add to . , —
fl Strategic Plan for U.S. Particle Physics in the Global Context
the LBL program at DUNE and bring a
broad program of additional physics
® Major technological developments have __
L] L] °
been achieved since last Snowmass Executive Summary
Particle physics explores the fundamental constituents of mat- ~ Snowmass, the yearlong community-wide study, preceded the
M M ter and energy. It reveals the profound connections underlying ~ formation of our new P5. A vast number of scientific opportu-
® Res u Its fro m eXI Stl ng |arge d ete Cto rs everything we see, including the smallest and the largest struc-  nities were investigated, discussed, and summarized in
o1 ol . tures in the Universe. The field is highly successful. Investments ~ Snowmass reports. We distilled those essential inputs into five
d emon St rate th e feaS| bl I |ty Of th IS have been rewarded recently with discoveries of the heaviest  intertwined science Drivers for the field:
elementary particle (the top quark), the tiny masses of neutri- . .
. . . » Use the Higgs boson as a new tool for discovery
nos, the accelerated expansion of the Universe, and the Higgs
C O n C e Pt boson. Current opportunities will exploit these and other dis- Pursue the physics associated with neutrino mass
coveries to push the frontiers of science into new territory at « Identifv th hvsics of dark matt
the highest energies and earliest times imaginable. For all these entily the new physics ot dark matter
M reasons, research in particle physics inspires young peopleto  « Understand cosmic acceleration: dark energy and inflation
® Prototypes underway will demonstrate engge withsience e
th e fu I I range Of Capab i I iti es Particle physics is global. The United States and major players and physical principles.
[

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

» Host a large water Cherenkov neutrino detector to comple-
ment the LBNF large liquid argon detector, unifying the global
long-baseline neutrino community to take full advantage of
the world’s highest intensity neutrino beam at Fermilab.

® Timely to pursue serious engineering
design studies to evolve the concept

® Depends on an open process for
determining the future of Module 4
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(WDb)LS development

Primary
development at
BNL (Yeh et al)

CHESS detector, LBNL

Upper

Cosmic Tag \

Target PMT Holder

/Tag Support

Propagation

Medium 30.cm

PMT Array

Lower
Cosmic Tag

1 ~ @20 e e
() = L
a o L
0.8 : LI>J L 4 Outer PMTs - Data — MC
T‘g 1001~ © Mid PMTs-Data ~ MC
0.6 g r Inner PMTs - Data MC
5] 80
04 ¢ [
© [
02 E 60~ ,
= r 04
" [
0 E 40 =N lil]I
r [ I
02 of 4 T
-0.4 [ |
i ! 3h
oL lacly |11 L AA o L e L)
-0.6 2 -1 0 1 2 3 4 5
Hit Time Residuals (ns)
10*
WbLS 10%
3
10 —— Data

I:I MC Cherenkov
= MC Scintillation

—_
o

Number of events/bin
=

i

—

50 100
Time Residuals [ns]
Phys. Rev.C 95 055801 (2017)
Eur. Phys. Jour. C 77 811 (2017)
Eur. Phys. Jour. C 80 867 (2020)

Engineering WbLS properties, LBNL

Example:

2ns

New carbazole
15ns

N
slowing down decay time [ -
Standard PPO ——

Mat.Adv. I 71 (2020)

1 . . . .
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

1 top and 1 bottom PMT
pled to i
spheres

9! 9

5 side facing

Light yield relative to 477 keV electron

100-

Proton LY, LBNL
Bay Area Neutron Group

WbLS T
)
LABPPO ==
von Krosigk et al. —gl
| |

+++

o Preliminary
e
Kinetic energy [MeV]

Nanofiltration, UC Davis

Feed
(water +

Preliminary design for a two-staged
nanofiltration concept for large scale
WDLS purification.
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(WDb)LS development

Primary
development at
BNL (Yeh et al)

Upper

Cosmic Tag \

Target

CHESS detector, LBNL
Microphysical extraction
of intrinsic light yield
and time profile;
demonstration of C/S
separation via timing
and topology

Phys. Rev. C 95 055801 (2017)
Eur. Phys. Jour.C 77 811 (201 7)
Eur. Phys. Jour.C 80 867 (2020)

PMT Holder

/Tag Support

Propagation

Medium 0™

PMT Array

Lower
Cosmic Tag

4 Outer PMTs - Data — MC

© Mid PMTs - Data MC

Inner PMTs - Data MC

801

601

"
it
k
t

12
1l A*

% Y YIS TRV
2 3 4 5
Hit Time Residuals (ns)

Hit Time Residuals (ns)
S
T

-02

WbLS 10%

+ Data
D MC Cherenkov
=1 MC Scintillation

Number of events/bin
>

Time Re51duals [ns]

Scattering & attenuation, UC Davis,
UC Berkeley+LLNL
Long-arm (7.5m) scattering and attenuation

measurement device; attenuation measured as a
function of wavelength; side ports for scattering

Proton LY, LBNL
Bay Area Neutron Group

Double time-of-flight method,
pulsed deuteron beam on Be

measurement

1 top and 1 bottom PMT

breakup target; PID-capable

pled to i
spheres

9

5 side facing

Extensive
international effort in
Germany (Mainz,

post-scatter detector array

c

g

% + wbLs i::*
> <+ LABPPO =
[ -
<10 -+ von Krosigk et al. Th

™~

3

H ,;f:'

= g

: ¥

o 10°4 - ..

210 =" Preliminary

=

o

-

10!
Kinetic energy [MeV]

Nanofiltration, UC Davis

Membrane filtration process to separate water & ionic
compounds from LS before deionisation. Critical to
maintain optical transparency. Flow rate determined

Enei . Example: . ) by detector size.
NgINeering ,wing down decay time Munich), UK, China
WbLS e Standard PPO ——
properties, 2ns g Additional work on: s+ o)
LBNL * New carbazole .
15ns Q O slow LS, alternative T
+ optical & x-ray excitation for pure scintillation fluors,falternatwe =
characterisation; independent check of CHESS SRR
. Preliminary design for a two-staged
Mev—scale PhyS'CS events nanofiltration concept for large scale
Mat.Adv. 1 71 (2020) WbLS purification.
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LAPPDs

* Layered micro
channel plates —>

Substantial work by U.
Chicago, lowa, LAPPD

team, ANNIE
collaboration & others

* Deployment at CHESS with LS and WbLS
demonstrate clear Cherenkov peak even in
high LY scintillators

10% WbLS

70ps time resolution | _ som.
= zl}:erenkov 3: _+_ e
l —- 4000 1
for SPE G ‘ Scintillation ¢ o’%“ + MC
£ 3000 N -——- Dark hits 2 3000 1 i o, ~+ MC, Cherenkov
g N { Data 3 v Ny MC, Scintillation
2000 1 - Gl P K,
. incoming photon e ""v',, s 380 ‘M"A._‘_‘x
top window - | T -
20x20 om? \ S s e
A photocathode (pc) 2 250
- E iy ! % F b, g
2 of P RO 8 ottt T, _— ' Bt B ot i
meplof §—250- *% ++ j W i‘m* b '§ . wmﬂﬂﬁw;*m #
. : . : : o —500 |
~15 mm inter-mcp gap —38 -36 -3 —32 —30 —28 _38 —36 —34 -3 -30 —28
meo 2 [T o i
anode gap
v anode readout- Pure LS (LAB+PPO)
0.61 g/L 1.1g/L
} b LTI VT
800 1 it 4 800+ VANK' t
N AEARE o N AR +,+++
LAPPD . . ‘2600. - ¥ . ,’H +’ . gsoo- A ROV o
° N { 4 !\ —— Fit
O Pe ratl ng I n é 4001 _— gllterenkov ! 49 3 E 400 “‘ s Clherenkov T
. H Scintillation ‘| Scintillation
ANNIE: world-first First neutrinos detected B e o] | /Y o
° Data
d . . with an LAPPD! . , L 0
: : o 120 g o '+*++Y+*+"++ *me it ‘fv e I ot HL+ i Tt MF e 1*1**’?”:“*”%”5 ity
running neutrino 3 o ‘ S e e
4 = 80 FWHM = 1.6 ps -38 —36 -34 -3 —30 —28 -38 -36 34 - ]32 —30 -28
. ~ | At [ns] ns
experiment (+ £ o
[0
s 405
Planned for next 20f Eur. PhYS. jOUI". C 82 169 (2022)

2 4 6 8 10 12 14 16 18 20
time (us)

beam year)
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Concept developed by

Dichroicons i Lo

T. Kaptanoglu, Nucl. Instrum. Meth. A889 (2018) 69-77

Dichroicons sort incident photons b)’ Wavelength T. Kaptanoglu, M. Luo, J. Klein, JINST 14 no. 05 T05001 (2019)
Achieves spectral separation of Cherenkov and scintillation.
o o oo, o (X3 bl .
Dichroicon deployment at CHESS demonstrates capabilities Standard” design
Red-focusing
Example full-scale design
Short-Pass
Dichroic '
Filter Scintillation light

Cherenkov light

Acrylic
] Light
/Guide
4 Long-Pass \
Dichroic
Filterl
A ¥
I | ]
Red-Sensitive PMT  ercii e
PMT
Atmospheric Muons Incident on LABPPO Target Atmospheric Muons Incident on All Targets
Aperture PMT ____Standard Dichroicon
E 0.35¢ [ No chhr01con ] N 0. 016{ ﬁl — Wzter
@ [ With Dichroicon 3] : [ WbLS
= i ] 0 J
5 0.30 50014 1 LABPPO
- |

o - |
2 0.25 g 0-012] i
o o 7l
= n
2.0.20 z
5 3
§ 0.15 ;
20.10 o
N =
E 3
£ 0.05 o
(@]
Z _ . P, e : P R T Y 0 000 ~

0.00=75 ~10 5 0 5 10 A ~10 =5 0 5

At [ns] At [ns]
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WDbLS @ ANNIE

Show feasibility of WbLS in a neutrino-beam
WDbLS data taking:

Understanding neutrino-nucleus interactions, Planned for summer/fall 2022
focusing on production and multiplicity of Location: Booster Neutring
final-state neutrons Beam @ Fermilab (USA)
Interest to Theia: Water-volume: 26t
- First deployment of LAPPDs WbLS volume: 0.5t
- Deployment of 365 kg WbLS Interests: neutrino-nucleus

- C/S separation in a large-scale experiment interactions
- High- and low-energy event reconstruction
- Use of sub-Chr t/h scintillation for recoil p &

hadron detection , , ,
First neutrinos detected with an LAPPD!

- Neutron detection 140
, 120F ANNIE, preliminary
c -
electronics WbLS vessel L‘N7 100 E_
racks ~— 80 FWHM = 1.6 us
/ Scintillation light | rront veto @ s0E-
Cherenkov light 5] -
/ vlig ﬁ 3 40
woLS vessel | o @ @ Muon Range 20
0 0 Detector B e Jlon e b oo s Mbononon 0t oseonon Lo b nonn 0l neon Ml nonon I
) f 1 (MRD) 2 4 6 8 10 12 14 16 18 20
0 . time (us)
photosensors i
¥ * E
l . . .
* .. Lappp  Rough visualization of vessel A.R.Back et al JINST 15 PO30I1 (2020)

(NOT final design)
M.J.Minot et al NIM A 787,78 (2015)
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Ay
[
[s)
2l
Z

Eos: performance demonstrator for next- @3

generation neutrino experiments  INJS&

Demonstrate event reconstruction using hybrid
Cherenkov + scintillation signatures

= O ER O ERN  ER O =N =R =N

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

M
B
=
T
s
ks
=
B
=
T
s
i

A
o

Cherenkov Photon Trajectories

4-ton target mass

water, WbLS, LS
200 8-” PMTs
R14688-100, 900ps FWHM [Germany]  [Portugall
Sidljl
CAEN V1730 readout L) e S|
&Penn |4 fau s SLECN

Dichroicon deployment for
spectral sorting

@ g E TECHNISCHE
mmm UNIVERSITAT

] MUNCHEN
BROOKHRUEN - 2 Fermilab Turkey] %
Range of deployable sources G e 1DWA
for studies of vertex, energy, BARTOSZEK M
direction resolution and PID @j’ (%)

Rutgers, 2022 Boulder
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BNL 1- & 30-ton demonstrators

* 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
nonproliferation and fundamental physics
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Signal Separation in Theia

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

B: Cherenkov, R: Scintillation B: Cherenkov, R: Scintillation
100K M/‘f{_ ( Al/lll/n
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£ ///
— 500 |/‘— e G
// /
7 e
8 o
//(
57
00~
//
7

1% Ys h 4
e 1 GeV B, 5% ..,bLS 50kt, 90% ~_ 100% Yys

>y
e

~—
4.

> ‘\-.‘\»
X 20000 L




90

80t
70}
601
50}
407
30}
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 VWbLS

: : : 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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Long-Baseline Program

® |arge-scale detector at Homestake,
in the LBNF beam

FI’OHUCtIOﬂ at FNKE pomrm—

o>

s =
e N\
P A 'I‘*(_\_

® Complementary program to
LArTPC (DUNE)

® Build on WCD studies
(arXiv:1204.2295)

¢ Ring-imaging of a water Cherenkov detector
o Particle ID from Cher/scint separation

¢ n and low-E hadron detection (low threshold)

> reduce wrong-sigh component (V vs anti-V)

> reduce NC background by detecting TTV—YYy

o Large size = sensitivity to 2nd oscn max
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Long-Baseline Sensitivity

CP Violation Sensitivity Mass Ordering Sensitivity
7 30
CP Violation Sensitivity —— Theia-100 (70kt FV) - Mass Ordering Sensitivity —— Theia-100 (70kt FV)
Normal Ordering - Theia-25 (17kt FV) - Normal Ordering - Theia-25 (17kt FV)
6f 7years = ... DUNE 10 kt (CDR) 25 [ 7years e DUNE 10 kt (CDR)

Synergy with LAr TPC

Independent systematics

High-energy events

---------
.. -t
------

-----

Study using same GLOBES package
used for DUNE

-1 -08-06-04-02 0 0.2 04 06 0.8 1 1 -0.8-06-0.4-02 0 0.2 0.4 0.6 0.8 1
Oop/ T Ocp/ Tt

arXiv: 1606.09550

Performance of small (25kt) Theia module
competitive with 10kt LAr TPC
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Solar Neutrinos with Theia

107
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Theia offers unique low-threshold,
directional detection

o1

—— PMT, no pep constraint
PMT, pep constraint = 1.4%
—— FastPMT, no pep constraint
—— FastPMT, pep constraint = 1.4%
—— FasterPMT, no pep constraint
—— FasterPMT, pep constraint = 1.4%
LAPPD, no pep constraint
—i— LAPPD, pep constraint = 1.4%

50 kton | Sensitivity based

| on MC study of
detector response,
| including full

! vertex and
direction

| reconstruction
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Supernova




Supernova Detection

® ~90% events are IBD
Highly complementary to Ve LAr signal

® ES = pointing accuracy < I°

© CC & monoEY from NC = burstT

& subsequent mixing

® Flavour-resolved neutrino spectra

® High-stats, low-threshold signal with

good resolution

® Pre-supernova neutrino sensitivity

Event rate in | 00-kt WbLS, SN at 10 kpc

Reaction Rate
(IBD) Ve+p—>n+et 19,800
(ES) v+e—>e+v 960
(v.0) 160(v,, e7)16F 340
(¥.0) 160(9,, eT) 1N 440
(NCO) 160 (v, v)160* 1100

38

I SK (22.5kt)
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[ 22.5kt
| 10% BG
| | 22.5kt |
, \

o\ )/ |[THEIA
F\ | | /1 100kt
- . no BG |
a ) ) 100kt |

S 10% BG
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Anti-v Detection

DSNB

Diffuse V “glow” from past core-collapse supernovae

Cherenkov/scintillation ratio gives a powerful handle
to discriminate atmospheric NC background

50 in 125 kton-yrs
Astrophysics of SNe

visible scintillation energy (MeV)
10 20 30 40 50 60 70

Geo- and reactor

® Current geo-V exposure < |0Okt-yr (KL + Borexino) -

® THEIA: large statistics in a complementary %;25""
geographical location: 26.5 ev/kt-yr g 200

® Could offer first evidence for surface variation 1500

® ~ 20 reactor ev/kt-yr o0

Demonstrate techniques for remote
reactor monitoring
Range & direction at > 1000-km standoff

Eur. Phys. J. C 80,416 (2020); Phys. Rev.D 103, 023021 39

500

8000 10000
scintillation p.e.

2000 4000 6000

mmm Reactors
wes Geo-nu
— U
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' I Ll I l Ll 1 1 I L1l ' l P -
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4 5 6 7 g
Antineutrino Energy (MeV)
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NLDBD with Theia

25-100 kton hybrid optical neutrino detector
8-m radius balloon with high-LY LS and isotope SNO+ Collaboration

Cosmogenic

7-m fiducial, 3% natTe (or eXe), |10 years 2B

(o, m)

8B v ES

70m Balloon for Owvf} isotope Extornal y
loaded liquid scintillator

Internal U chain
Internal Th chain

THEIA25

20m

Directionality, PID and
multi-site discrimination
reduces backgrounds

THEA 100

v

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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NLDBD with Theia

Dependence on detector response
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Nucleon Decay

Log(t/1033) years

Testing the existence of GUTs with THEIA:

® |arge size (statistics), deep location, very clean

Figs from arXiv:1409.5864, assume

[ 00t FV; studies based on Phys. Rev. D
72,075014 (2005); LAr from JHEP
0704:041,2007

® n tagging (low threshold plus potential isotope loading)

® Sub-Cherenkov threshold detection

Heavy X boson exchange
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2nd order processes

Extra dimensions

Sub-Chr t/h detection
= Directly visible K*
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Sterile Neutrinos Nucleon Decay

® Deploy 8Li decay-at-rest (IsoDAR) ® |arge, deep, very clean
® |[3MeV endpoint (above r/a) ® Enhanced n tag
® Required detector response: ® Sub-Cherenkov threshold
15% (E) & 50cm (R) detection

® 5 yrs, Ikt (black) / 20kT fid. (blue) ® Sensitive to several modes
h S5 =i
B == i o oew -

E <E=g=i %

Lo

Year

Sub-Chr t/h detection
= Directly visible K*

Figs from arXiv:1409.5864

® Heavy-water based LS: 2n tag
(reduce bkg in IBD searches)
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Photon propagation

Figs from Ben Land 5-MeV electron, 7-m (radius/half-height) detector
Water WbLS LS

Photons from 5MeV e~ at 1.0x10™! m

Photons from 5MeV e~ at 1.0x10~! m

Photons from 5MeV e~ at 1.0x10™! m
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