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Bird’s-Eye View
|. The Advanced Scintillation Detector Concept

2. Physics Program
® | ow-energy physics
® Rare-event searches
® | ong-baseline physics
3. THEIA Development
® R&D Program
® Site selection

® Path forwards
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Powerful Target Medium

— Tune to specific physics goals
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The Precision of a Cherenkov Detector
’
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THEIA.

A realisation of the Advanced
Scintillation Detector Concept (ASDC)

® |large-scale detector (50-100 kton)
® WhHLS target

® Fast, high-efficiency photon detection
with high coverage

® Deep u/ground (Pyhasalmi, Homestake)
® |[sotope loading (Gd,Te, Li...)

® Flexible! Target, loading, configuration

=) Broad physics program!

Concept paper - arXiv:1409.5864 ? aDetector image product of RAT-PAC
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Ring Imaging

| GeV B, 5% WbLS, 50kt, 90%
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Ring Imaging
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Physics Program

. Neutrinoless double beta decay

Solar neutrinos (solar metallicity, luminosity)
Geo-neutrinos

Supernova burst neutrinos & DSNB
Source-based sterile searches

Nucleon decay

Long-baseline physics (mass hierarchy, CP violation)
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Low threshold Directionality Isotope loading

Neutron tag Cher/scint ratio



Low-Energy Program

Neutrinoless Double Beta Decay

Reject (dominant!) 3B backgroy ‘Y'I'e or 13¢Xe

Low threshold Directionality Isotope loading

Neutron tag Cher/scint ratio



Low-Energy Program

Neutrinoless Double Beta Decay

Reject (dominant!) 3B backgroy ‘Y'I'e or 13¢Xe

Low threshold Directionality Isotope loading

Signal / ’Li for CC spectral
CNO and background medsurement
pep sensitivity separation (low energy °B)

Solar Neutrinos

Neutron tag Cher/scint ratio



Low-Energy Program

Neutrinoless Double Beta Decay

Reject (dominant!) 3B backgroy ‘Y'I'e or 13¢Xe

Low threshold Directionality Isotope loading

Signal / ’Li for CC spectral
CNO and background measurement
pep sensitivity separation (low energy °B)

Solar Neutrinos

Neutron tag Cher/scint ratio

High efficiency
IBD tag

Supernova neutrinos



Low-Energy Program

Neutrinoless Double Beta Decay

Reject (dominant!) 3B backgroy ‘Y'I'e or 13¢Xe

Low threshold Directionality Isotope loading

Signal / ’Li for CC spectral
CNO and background measurement
pep sensitivity separation (low energy °B)

Solar Neutrinos

Neutron tag Cher/scint ratio
High efficiency High efficiency Discriminate positron vs
IBD tag IBD tag nuclear recoil (NC bkg)

Supernova neutrinos Antineutrinos



Phys.Rev.Lett.110 : 062502 (2013); Builds on critical developments
SNO+ white paper (in progress);

Phys. Rev. D 87 no. 7 :071301 (2013) N l DBD by KLZ & SNO+ collaborations
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Solar Neutrinos

Successful history for both Cherenkov and scintillation detection
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Successful history for both Cherenkov and scintillation detection
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THEIA Flux Sensitivity
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See geoneutrino talk, Steve Dye

Antineutrino Detection

Detect via IBD

High light yield allows enhanced n tag : 2.2 MeV Y from 'H

p Suppress single-event background that limits water Cherenkov

Higher detection efficiency than Gd-H;O due to high scint. yield

Reduce NC background that limits LS detectors
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p Suppress single-event background that limits water Cherenkov
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® Current total geo-V exposure:
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® 'THEIA: |large statistics in a
complementary geographical
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See geoneutrino talk, Steve Dye

Antineutrino Detection

® Detect via IBD

® High light yield allows enhanced n tag : 2.2 MeV Y from 'H

p Suppress single-event background that limits water Cherenkov
® Higher detection efficiency than Gd-H>O due to high scint. yield

® Reduce NC background that limits LS detectors

=

(eo Neutrinos DSNB

® Current total geo-V exposure: ® Enhanced n tag

< |0kt-yr (KL + Borexino) e Reduced NC background

® 'THEIA: |large statistics in a
complementary geographical
location ® Plus NaCl for Vv signal

® Most sensitive search to-date

22
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Supernova Burst in

See supernova talk, Zhe Wang

THEIA

Ve + € —Ve+ €
Vet+€ —Ve+e
Uy +€ — Uyt e
ve +1°0 5 e 415F
v, +160—>e+ _|_16N
vy +1°0 = vy + O*/N* +

Neutrino Percentage of Type of
Reaction Total Events Interaction
Ve+p—n+er 88% Inverse Beta

1.5% Elastic Scattering
<1% Elastic Scattering
1% Elastic Scattering
2.5% Charged Current
1.5% Charged Current
5% Neutral Current
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Supernova Burst in THEIA

~| 5k events for SN at
10 kpc (50 kt volume)
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Supernova Burst in THEIA

~| 5k events for SN at
10 kpc (50 kt volume)

~90% events are IBD
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Supernova Burst in THEIA

® ~|5k events for SN at
10 kpc (50 kt volume)

® ~90% events are IBD

Highly complementary to

Ve-dominated LAr signal
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Supernova Burst in

See supernova talk, Zhe Wang

THEIA

Neutrino Percentage of Type of
~| 5k events for SN at Reaction Total Events Interaction
Ve+p—n+et 88% Inverse Beta

10 kpc (50 kt volume)

Ve + € — Ve + €
Ve+e€e —Ve+e
~90% events are IBD Up+ e~ —vp+ e
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1.5% Elastic Scattering
<1% Elastic Scattering
1% Elastic Scattering
2.5% Charged Current
1.5% Charged Current
5% Neutral Current

Enhanced n tag via low threshold scintillation
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® (d reduces n-cap time delay (200us — 20 ps) = reduce pile up
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THEIA
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Supernova Burst in

See supernova talk, Zhe Wang

THEIA

Neutrino Percentage of Type of
® ~|5k events for SN at Reaction Total Events Interaction
10 |(PC (50 kt volume) Ve+p—n+et 88% Inverse Beta
Ve + € — Ve +e 1.5% Elastic Scattering
Ve+e€e —U.+e <1% Elastic Scattering
® ~90% events are IBD Ve t+e —uvy+e 1% Elastic Scattering
: ve +1°0 5 e 415F 2.5% Charged Current
nghly Complementary to v, +1%0 = et +16N 1.5% Charged Current
Ve_dominated LAr Signal Uy +160 - Vy + O*/N* + 7y 5% Neutral Current
® Enhanced n tag via low threshold scintillation
® (d reduces n-cap time delay (200us — 20 ps) = reduce pile up
® |BD tag allows extraction of additional signals
® Bkg reduction for ES, doubling pointing accuracy

24



See supernova talk, Zhe Wang

Supernova Burst in THEIA

Neutrino Percentage of Type of
® ~|5k events for SN at Reaction Total Events Interaction
10 |(PC (50 kt volume) Vet+tp—n+er 88% In\.rerse Beta:

Ve+ € —Ve+e” 1.5% Elastic Scattering
Vet+e —Ue+e <1% Elastic Scattering
® ~90% events are IBD vy +e~ — vz +e” 1% Elastic Scattering
ve +10 5 e~ +1°F 2.5% Charged Current

Highly complementary to U, +160 e+ +16N 1.5% | Charged Current
Ve-dominated LAr signal ve +1°0 2 vy + O*/N* +v| 5% Neutral Current

® Enhanced n tag via low threshold scintillation

® (d reduces n-cap time delay (200us — 20 ps) = reduce pile up

® |BD tag allows extraction of additional signals
® Bkg reduction for ES, doubling pointing accuracy

® |D CC & monoE Y from NC = sensitive to burst T & subsequent V mixing
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Supernova Burst in THEIA
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High-Energy Program

Sterile Neutrinos Nucleon Decay
Deployed o -
source igh stats, article
low bkg Event ID discrimination
Big, Deep, Clean Neutron tag Sub-Cher t/h detection

Wrong sign
Sensitivity to reduction Low-threshold
2nd oscnh max (nu / antinu) hadron detection

Long baseline

Particle ID, NC
- 0
Particle ID (mu, e) reduction (TI°=>YY)

Ring imaging (high E) Cher/scint ratio



Sterile Neutrinos

26 Figs from arXiv:1409.5864



Sterile Neutrinos

® Deploy 8Li decay-at-rest (IsoDAR)
® |[3MeV endpoint (above r/a)

® Required detector response:
15% (E) & 50cm (R)

® 5 yrs, Ikt (black) / 20kT fid. (blue)
CT T T T e 1

Am? (ev?)

0.01
0.001 0.01 0.1

sin’20,, or sin?26,,

® Heavy-water based LS: 2n tag

(reduce bkg in IBD searches)
26 Figs from arXiv:1409.5864



Sterile Neutrinos

® Deploy 8Li decay-at-rest (IsoDAR) o
® |[3MeV endpoint (above r/a) °
® Required detector response: °
15% (E) & 50cm (R)
® S5yr

s, Ikt (black) / 20kT fid. (blue) °

100

{

Am? (eV?)

0.01
0.001

0.;)1 0.1 1
sin?28,, or sin?26,,

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

26

Nucleon Decay

Large, deep, very clean
Enhanced n tag

Sub-Cherenkov threshold
detection

Sensitive to several modes

Figs from arXiv:1409.5864



Sterile Neutrinos

® Deploy 8Li decay-at-rest (IsoDAR)
® |[3MeV endpoint (above r/a)

® Required detector response:
15% (E) & 50cm (R)

® 5 yrs, Ikt (black) / 20kT fid. (blue)

100
 ——— I

Am? (eV?)

0.01 T
0.001 0.01 0.1 1

sin?28,, or sin?26,,

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

26

Nucleon Decay

Log(t/10%) years

Large, deep, very clean

Enhanced n tag

Sub-Cherenkov threshold
detection

Sensitive to several modes

p—>vK* wtll

Year

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

Figs from arXiv:1409.5864



See long baseline talk, Mike Wilking

Long Baseline Program

® |arge-scale detector at Homestake,
in the LBNF beam ) =~ N 1
® Complementary program to
LArTPC (DUNE) P
® Build on WCD studies
(arXiv:1204.2295) P

> Fiducial Volume
59.3m Dia. x 72.6m

Images from arXiv:1204.2295 27



See long baseline talk, Mike Wilking

Long Baseline Program
® | arge-scale detector at Homestake,

in the LBNF beam ) S i
4/ u
® Complementary program to
LArTPC (DUNE) e
® Build on WCD studies
(arXiv:1204.2295) ) Q¥
P i \

© 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 (nu vs anti-nu)

> Fiducial Volume
59.3m Dia. x 72.6m

> reduce NC background by detecting TT—2Yyy

© Large size — sensitivity to 2nd oscn max

Images from arXiv:1204.2295 27



See long baseline talk, Mike Wilking

Long-baseline Sensitivity

Mass Hierarchy Sensitivity

= 40 kt LArTPC
Normal Hierarchy

— —— 100 kt WCD
3.5+3.5 v+7 years
25} sin20,,=0085 50 kt WCD
sin’0,, = 0.45

Q1 -08-06-04-02 0 02 04 06 0.8 1

bc'/.'t

CP Violation Sensitivity

s 40 kt LArTPC

Normal Hierarchy

= 100 kt WCD
3.5+3.5 v+7 years
sin20,,=0085 77 50 kt WCD
8'“202,3 =045

-0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 1

Synergy with LAr TPC

Independent
systematics

High-energy events

~300 kt-MW-yr

se/n  exposure (40kt LAr)

Performance competitive with 40kt LAr TPC !!

All figs from E.Worcester

28

Study by E.T.Worcester using same
GLOBES package used for ELBNF




See long baseline talk, Mike Wilking

Long-baseline Sensitivity

Mass Hierarchy Sensitivity CP Violation Sensitivity
30 ,8 :
~ e 40 kt LAFTPC >~ w40 Kkt LAITPC S)’n (S rg)’ Wlth LAI" TPC
ﬁ Normal Hierarchy — 100 kt WCD - /"‘ Normal Hlsrarchy — 100 kt WCD
3.5+3.5 v47 years I 7F 3.5+3.5 v+7 years
25| sin20. =0085 T 50 kt WCD o Feint2o,=0085 50 kt WCD Independent

sin’0,, = 0.45 8in’0,, = 0.45

systematics

High-energy events

- ~300 kt-MW-yr
-1 -08-06-04-02 0 0.2 04 06 0.8 1 -1 -08-06-04-02 0 0.2 04 06 0.8 1

el se/n  exposure (40kt LAr)

Performance competitive with 40kt LAr TPC !!

Study by E.T.Worcester using same
All figs from E.Worcester 28 GLOBES package used for ELBNF



Physics Requirements

ACEEILHET Direction /
Size (kt) Loading (light yield Cleanliness Depth

rings
* coverage) 9
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Solar Li
Geo Gd

DSNB Gd

Supernova Gd

Nucleon
decay

Sterile

Long
baseline

-Critical - Importazl;nt - Nice to have / not important




Physics Requirements

ACEEILHET Direction /
Size (kt) Loading (light yield Cleanliness Depth

rings
* coverage) 9

Te,

NLDBD Nd...

Solar Li
Geo Gd

DSNB Gd

Supernova Gd

Nucleon
decay

Sterile

Long
baseline

-Cr'itica‘ See next talk / discussion, Ed Blucher $ have / not important
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R&D Program -1

® WhbLS cocktail development

LS fraction
Fluor choice & fraction

Isotope loading

® WhbLS deployment questions

Nanofiltration
Purification
Recirculation
Background levels

Materials compatibility

31

® WObLS cocktail properties

Light yield
Attenuation
Absorption
Scattering
Quenching
Emission spectrum

WVbLS timing

Cherenkov/scintillation
separation



R&D Program -1

® WObLS cocktail development

® |S fraction ® WObLS cocktail properties
® Fluor choice & fraction ® L|ightyield
® |sotope loading ® Attenuation

® Absorption

® Scattering

® WhbLS deployment questions ® Quenching
® Nanofiltration |}Talk by Bob Svoboda ® Emission spectrum
® Purification ® VbLS timing
® Recirculation ® Cherenkov/scintillation
® Background levels iTalk by Timo Engqvist separation Talk by G. D. Orebi Gann

® Materials compatibility

31



R&D Program - 11

® Photon sensor development

® |arge-area PMTs

® High efficiency (QE)
® Ultra-fast detectors
® Hybrid scheme

® (Characterization

32

® THEIA physics program

Monte Carlo model
Detector design

Reconstruction techniques

Particle ID
Background rejection

Physics sensitivity studies



R&D Program - 11

® Photon sensor development ® THEIA physics program
Talks by Elagin, Qian ® Monte Carlo model
® |arge-area PMTs ® Detector design
® High efficiency (QE) ® Reconstruction techniques
® Ultra-fast detectors Talks by Learned, Lorenz
® Hybrid scheme ® Particle ID
® Characterization ® Background rejection

® Physics sensitivity studies

Talks by Wilking, Wang, Dye

32



R&D Program - 11

® Photon sensor development ® THEIA physics program
Talks by Elagin, Qian ® Monte Carlo model
® |arge-area PMTs ® Detector design
® High efficiency (QE) ® Reconstruction techniques
® Ultra-fast detectors Talks by Learned, Lorenz
® Hybrid scheme ® Particle ID
® Characterization ® Background rejection

® Physics sensitivity studies

Talks by Wilking, Wang, Dye




Community Interest

Scale  Target = Measurements  Timescale

UChicago bench top fast photodetectors Exists
H20 electronics, readout,
CHIPS 10 kton mechanical infrastructure 2019
EGADS 200 ton Exists
ANNIE 30ton | H2O+Gd | Isotope loading, fast Exists
photodetectors
WATCHMAN | kton 2020
NuDot | ton LS directionality 2017
Penn 30 L Exists
(Wb)LS | light yield, timing, loading
SNO+ 780 ton 2017
CHESS (LBNL) | bench top signal separation, tracking, Exists
WhHLS reconstruction /
BNL | ton Ilght )’leld, IOadlng, F|||Ing
33 attenuation
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Gd leading and
purification

i Talks by Dazeley, Tzanov,
Ludhova, Krennrich

4 4 bLS,
Infrastructure,

U ’
QE PMT, full
‘water . .
. . integration prototype
integratio
QU

W R G i ) BB 2

Neutron yield,
LAPPD deployment

e
R N

I\S L [ﬂ'
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Gd leading and
purification

i Talks by Dazeley, Tzanov,
Ludhova, Krennrich

QE PMT, full
gration prototype

Neutron yield,
LAPPD deployment

...........

Note: not an exhaustive list!{ 34




Site Selection

® Factors to consider —

® Depth —  potential for low energy program

® Beam —  potential for long-baseline program

® Current status

® (Cost

® Potential sites
e SURF
® Pyhasalmi
e Korea
® Other!

35
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11-\ To Date

THEIA “Interest Group” formed with concept paper:

Advanced Scintillator Detector Concept (ASDC): arXiv:1409.5864
A Concept Paper on the Physics Potential of Water-Based Liquid Scintillator

J. R. Alonso,’ N. Barros,” M. Bergevin,® A. Bernstein,* L. Bignell,” E. Blucher,® F. Calaprice,” J. M. Conrad,’
F. B. Descamps,® M. V. Diwan,® D. A. Dwyer,®* S. T. Dye,” A. Elagin,® P. Feng,' C. Grant,* S. Grullon,?
S. Hans,” D. E. Jaffe,” S. H. Kettell,” J. R. Klein,? K. Lande,”? J. G. Learned,'' K. B. Luk,™'* J. Maricic,"’

P. Marleau,'” A. Mastbaum,? W. F. McDonough,'* L. Oberauer,'* G. D. Orebi Gann*,*'?!' R. Rosero,”
S. D. Rountree,'® M. C. Sanchez,'® M. H. Shaevitz,'” T. M. Shokair,’® M. B. Smy,'” A. Stahl?
M. Strait,® R. Svoboda,® N. Tolich,?' M. R. Vagins,'® K. A. van Bibber,'* B. Viren,® R. B. Vogelaar,'®
M. J. Wetstein,” L. Winslow,! B. Wonsak,*® E. T. Worcester,” M. Wurm,* M. Yeh,” and C. Zhang”

50 authors, 23 institutions, lots of experience: Borexino, DUNE, KamLAND, SNO,

Double CHOOZ, SNO+, Daya Bay, LENA, KamLAND-Zen, MiniBOONE, Super-
SICUNCI SRR RIIEICIE K2miokande, WATCHMAN, ANNIE, T2K....
Technology

March 18-20th 2016

First US meeting at LBNL (May '14)
International workshop at FNAL (Mar ' 6)
Technical Workshop, Mainz (Oct ’16)

Cluster of Excellence
P R S SMA Precision Physics, Fundamental Interactions
I and Structure of Matter

FroST - Topical Workshop for THEIA



New participation welcome

contact G. D. Orebi Gann, B. Svoboda, E. Blucher, J. R. Klein,
M.Wurm, L. Oberauer

Brookhaven National Hawaii Pacific University
Laboratory lowa State University
Brunel University Johannes Gutenberg-
University of California, University Mainz

Berkeley Lawrence Berkeley National
University of California, Davis Laboratory

University of California, Irvine Lawrence Livermore National
University of Chicago Laboratory

Columbia University Los Alamos National
University of Hawaii at Manoa Laboratory

University of Hamburg University of Maryland

MIT

University of Pennsylvania
Princeton University

RWTH Aachen University
Sandia National Laboratories
TUM, Physik-Department
Virginia Polytechnic Inst. &
State University

University of Washington

Concept paper - arXiv:1409.5864




THEIA Moving Forwards

® (Coordinated R&D program

® Coordinated physics studies (working groups)

® Develop white paper

® C(Coordinated R&D proposals —> develop full (preliminary) CDR

® Discuss international organization (form a collaboration?)

38



THEIA Notional Technically Limited Timeline

Community Form International Workshops and
Development Collaboration Collaboration Meetings
2016-2017 2018 2019-2020

Initial proposals, y | |
Critical R&D, Work on Conceptua CDR Complete

Site studies Design, Scale-up R&D Begin PDR work §
Submission =
to NSB v
Begin THEIA 2024-2028 2022-2023
Operation
Construction Final Design Work

Complete FDR
39



THEIA
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THEIA

® Potentially revolutionary technology

40



THEIA

® Opportunity to combine conventional neutrino physics
with rare-event searches in a single detector

40



THEIA

® Unique flexibility to adapt to new directions in the
scientific program as the field evolves

40



THEIA

® Powerful instrument of discovery
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THEIA

® [et’s make it happen!
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R&D Highlights

WbLS cocktail development [BNL]
Nanofiltration [Davis]
Materials compatibility [Davis, BNL]

WbLS timing [Chicago, Penn, Berkeley]

Cherenkov/scintillation separation [Berkeley]

Monte Carlo, physics reach [Penn, Berkeley, Davis, MIT]

Reconstruction techniques [Chicago, Hawaii, MIT]

Photon sensor development [ANL, Chicago, Hamamatsu, Penn]
Purification, attenuation [Munich]

Hybrid photosensor scheme [Aachen]

Photosensor characterization [Hamburg]

Scattering, light yield, absorption & emission spectra [Mainz]
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Caveat: to best of speaker’s

R&D Hl ghll gh ts (limited) knowledge

WbLS cocktail development [BNL]
Nanofiltration [Davis]

Materials compatibility [Davis, BNL]
WHbLS timing [Chicago, Penn, Berke

ey]

Cherenkov/scintillation separation [

Berkeley] J Talk by G. D. Orebi Gann §

Monte Carlo, physics reach [Penn, Berkeley, Davis, MIT] | |

Reconstruction techniques [Chicago, Hawaii, MIT]

| Talks by Learned, Lorenz §

~_

Photon sensor development [ANL, Chicago, Hamamatsu, Penn]

Purification, attenuation [Munich]

Hybrid photosensor scheme [Aachen]

Photosensor characterization [Hamburg]

Scattering, light yield, absorption & emission spectra [Mainz]
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Solar sensitivity {LBNL]

50 kton detector
50% fiducial (neglect externals)
90% coverage
5 years data
SNO+-|evel backgrounds in LAB
SNO-level backgrounds in water
SNO+-|evel background rejection
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Angular resolution

0.14 0% LAB
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