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UCDA‘"S Overview of Theia Theia

¢ Greek mythology: Theia (©c¢iq) is the Titan
goddess of light, mother of Helios (Sun), Eos
(Dawn), and Selene (Moon)

¢ Theia is a project for a large multi-purpose
water-based liquid scintillator detector

¢ ~50 kilotonnes of water-based liquid scintillator
(WbLS)

¢ Physics goals: CP violation, mass hierarchy,
solar neutrinos, double-beta decay, sterile

neutrinos, geoneutrinos, etc...

¢ Use of fast-timing photosensors known as
LAPPDs

More details: arXiv:1409.5864

aDetector image product of RAT-PAC 1



UCDAVIS The Theia proto-collaboration Thera

~60 proto-collaborators in more than 6 countries

Theia workshop

4 meetings already occurred (2 in the US, 2 in Germany)

Last meeting (April) was at UC Davis with a large
attendance and interests from other collaborations :
(ANNIE, WATCHMAN) 12-14 April 2018

University of California, Davis

US/Pacific timezone




UCpAvis Water-based Liquid Scintillator - Theia
Basics

UNIVERSITY OF CALIFORNIA

¢ Water-based Liquid Scintillator (WbLS) is a mixture of
pure water and oil-based liquid scintillator

¢ While water and oil don't mix, WbLS is made using a
surfactant (soap-like) such as PRS* (hydrophilic head
and hydrophobic tail) to hold the scintillator molecules in
water in a “micelle” structure

¢ Combines the advantages of water (low light Micelle structure in water
attenuation, low cost) and liquid scintillator (high light
yield)

¢ Emission of prompt Cherenkov light and delayed
scintillation light

¢ Tunable LS content for a broad range of physics goals

¢ Low cost and environmentally-friendlier than pure
LS

¢ Strong R&D effort ongoing at Brookhaven and
Berkeley Nat. Labs and UC Davis

Former UCD graduate student Morgan Askins at BNL

*PRS: Linear Alkyl Sulfonate 3



UCpAvis Water-based Liquid Scintillator - Theia
UNIVERSITY OF CALIFORNIA C a a b i I i t i es

¢ Time and charge reconstruction show
separation of Cherenkov (directional) and
scintillation light (isotropic) in simulations

¢ Ongoing tests performed with CHESS (Eur.
Phys. J. C (2017) 77: 811) to separate
both components
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UCDAVIS Large Area Picosecond Theia

UNIVERSITY OF CALIFORNIA P h OtO Dete cto rs - P ri n Ci I :Ies

¢ Large, flat MCP-based photosensors
¢ Time resolution: ~60 picoseconds
¢ Spatial resolution: <1 cm

¢ Design includes an intrinsic PSEC-4 readout system

¢ Manufactured by the Incom company, being tested
extensively at lowa State University and expected to
be deployed in the ANNIE detector

¢ More information: A Brief Technical History of the
Large-Area Picosecond Photodetector (LAPPD)
Collaboration, arXiv:1603.01843

1 incoming photon

top window

photocathode (pc)- | ~peoes 1

o | T

inter-mcp gap

mcp 2

anode gap
anode readout




UCDAVIS Large Area Picosecond Theia

UNIVERSITY OF CALIFORNIA

PhotoDetectors- Caeabilities

SPE-like pulses
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UCDAVIS The Theia detector Theia

UNIVERSITY OF CALIFORNIA

/I ¢ Underground location (>~ 4000 m.w.e)

¢ Outer shielding:
¢ Pure water
¢ |[nstrumented to act as an active veto

¢ Support structure:
¢ Diameter/Height ~ 60 meters

¢ Holds > 100000 PMTs
— 90% coverage

¢ Target volume:

¢ Reference design: Water-based Liquid
Scintillator

¢ Possibility to load metals
¢ Possibility to deploy inner “bag”




UCDAVIS Theia — Physics goals Theia

UNIVERSITY OF CALIFORNIA
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UCDAVIS  Theja - Long baseline oscillations Theia

¢ DUNE: Four 10-kt liquid argon detectors placed at SURF
¢ 4000 m.w.e. overburden
¢ High intensity beam from Fermilab 1300 km away

¢ Another detector using a different detection medium in the DUNE cavern would increase
the sensitivity to CP violation and mass hierarchy (if not already discovered)

¢ Design studies ongoing

Theia|
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senorcnonn Thela — Long baseline oscillations

Theia

¢ The addition of a 50-kt water Cherenkov
detector next to DUNE increases the
sensitivity to the missing neutrino oscillation
parameters:
¢ CP violation: 50 over 50% of the o_,

range
¢ Mass hierarchy: > 50 the whole 6_, range

¢ However, this is a conservative
scenario for Theia+DUNE:
¢ Increased background rejection
¢ Reconstruction of missing energy
(neutrons)
¢ Fast timing sensors

CP Violation Sensitivity
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UCDAVIS

UNIVERSITY OF CALIFORNIA

Theia — Double-Beta Decay Theia

¢ 0v2[3 approaches:
¢ Entire detector filled with WBLS loaded with a
2[3 isotope
- “SNO+-like”
¢ Only inner balloon filled but with a higher
concentration of 2[3 isotope
- “KamLAND-Zen-like”
¢ Fiducialization and tagging techniques (triple
coincidence, directionality, etc..) greatly reduce
backgrounds
¢ Isotopes in consideration: *Xe and 3°Te
¢ Goal: Reach T"? _~10* years

S 107 g
§ 3'0?:3;:';;1{2?% E ---- 90% CL, ZVBBonlyE
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... and start probing the NH part with a
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UCDAVIS Theia — Solar neutrinos Theia

UNIVERSITY OF CALIFORNIA

¢ The addition of scintillation dramatically lowers the o Nature, 512, pp. 383 (2014)
detection threshold 1012
¢ Increases sensitivity to a wider range of solar v's 1"
¢ Keeps directional information with Cherenkov o
E 108
¢ Measuring the CNO and pep components of the ERG
solar flux allows to: s E
¢ Study solar metallicity 100
¢ Study neutrino oscillations and matter effects 10°
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UCDAVIS Theia — Solar neutrinos Theia
¢ The addition of scintillation dramatically lowers the - Nature, 512, pp. 383 (2014)
detection threshold 1012
¢ Increases sensitivity to a wider range of solar v's ™"
¢ Keeps directional information with Cherenkov L H.0
= 13N Ao pep (£1.2%) 2
o 108
¢ Measuring the CNO and pep components of the ERG \
solar flux allows to: s E [
¢ Study solar metallicity 100
¢ Study neutrino oscillations and matter effects 10° WbLS
102
¢ |sotope loading (’Li, "*Ga, *'Cl) allows the detection 107 10

Neutrino energy (MeV)

of charged current interactions and not only
elastic scatterings

Events / 0.05 MeV
Events / 0.05 MeV

Predicted solar neutrino
spectra in 30 kT Theia
loaded with 1% ’Li

More details:
arxiv:1409.5864
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1 10
Detected kinetic energy of recoil electron / MeV

No directionality cut Directionality cut (to cut ES events) 12

1 10
Detected kinetic energy of recoil electron / MeV



UCDAVIS Theia — Geoneutrinos Theia
UNIVERSITY OF CALIFORNIA and supe rnovae

"¢ ~8000 events for a 10 kpc SN
Antineutrinos detected through ¢ Ability to tag IBD neutrons:
,Inverse Beta Decay on H — Selection of ES events and
— Coincidence (e*,n) good angular reconstruction (~3°)
— Crucial input for astronomers
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G, Fiorentini, M. Lissia, F. Mantovani, and . Vanmucei, hep-ph/0401085

¢ Atotal of ~100 geoneutrinos have

been detected by Borexino and ol 7
KamLAND so far Mossured B, TMeV]

¢ Given its size and low tthShOld, ¢ Diffuse Supernova Background:
Theia would detect the same — About 1 event/10kt/year
number in a few months expected

¢ Beneficial isotope loading: Gd, Li, B \ J

\. J 13




Samnerononn - Gonclusion and take-home message Theia

¢ Theia is a large water-based liquid scintillator
detector with a impressively broad range of
physics goals

¢ Water-based Liquid Scintillator combines the
advantages of both water and liquid scintillator:
directionality, light yield, optical properties, cost, etc..

¢ Long baseline program is complementary to
DUNE's and could be happening in parallel

¢ Theia would provide world leading measurements
In a wide range of physics goals

¢ Theia benefits from other existing and/or funded
experiments such as ANNIE and WATCHMAN

THANK YOU FOR YOUR ATTENTION

14
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LUCpAvVIsS Water-based Liquid Scintillator -

UNIVERSITY OF CALIFORNIA

¢ Different applications might require
different levels of scintillation and
Cherenkov light:
¢ Low energy physics (~MeV)
— High LS content (> 20%) and
oil-like WbLS
¢ Beam physics (~GeV)
— Lower LS content (< 20%) and
water-like WbLS

¢ Isotope loading (Li, Gd, Te, etc..) has
been performed on both water and LS

¢ Hydrophilic elements would be the
easiest to load (e.g. Gadolinium
compounds)

¢ Metal-loaded WbLS would help a broad
range of neutrino experiments:
¢ Reactor (neutron sensitivity): Gd, Li, B
¢ Double-beta decay: Te, Nd, Xe

Theia

Tunabilitx

180
160 |
g Cerenkov (e.g. Super-K, SNO)
N’ D
= 140 -
o
=120
Q
= 100
) Water-based Liquid Scintillator
= 80
E" water-like WbLS Qil-like WbLS
g 60 + Cerenkov./Scint. + Metal-loaded LS
el detection
< 40
=
8 20 ___________ : __________________________ | —___O _____
0 . . |
= 0 : Scintillator (e.g. SNO}, Daya Bay)
T T T T T T T T 1 T
100 1000 10000
Photon/MeV
BROOKHEVEN
en Science Associates NATIONAL LABORATORY
o4/13//2018 Minfang Yeh for THEIA, UCDaViS 2
C pee L SEe
H Periodic Table of the Elements ©wwwciemen GBS g [ o
4 B hydrogen ¥ poor metals [ 7 8 9 10
Be alkali metals ¥ nonmetals ( B CIN]|O F | Ne
L“T o W alkali earth metals B noble gases L;; T 3 T T Tl
Mg B transition metals B rare earth metals A Si P S cl | Ar
10 200 21] 22| 23] 24] 28§ 28] 27] 28] 29] 30| 31| 32| 33| 34 35| 38
Ca)Sc|Ti |V |Cr|Mn|Fe |Co|Ni |Cu|Zn|Ga|Ge|As| Se| Br |Kr
37| 38| 39y 40N, 41| 42| 43| 44| 45| 48| a7 a 50| 51F 5N 8|7 &)
sr| vz )Nn Mo | Tc [ Ru[Rh [Pd | Ag Cdut n s ( Te ) ! xe)
N - . \
55| 66| 67| 72| 73| 74 75 76| 74 78] 79| 80| - Bif 83| 84| 85
Ba|la|Hf|Ta|W | Re|Os| Ir [Pt | Au|Hg| TI{ Pt ) Po | At R‘nﬁ
87| 88| 89| 104| 105| 108| 107| 108| 109 110
Ra| Ac|Unq Un;|Unh Uns|Uno|Une Unn|
E| —e _© B 8] o8] 7] o9 T 7
O Reactor | el pr(] Nd)Prf|sm) Eu(lcd ) To | Dy| Ho | Er Tn{Yb iLu1
k/ N
O BB %0| o1 92 o3 o4 95 o7 EE K 01 102 1
Th|Pa| U |Np | Pu|Am|Cm |Bk | Cf |Es | Fm| Md| No Lrlﬁl

i.e. Daya Bay, PROSPECT, SNO+

BROOKHRVE!
n Science Associates NATIONAL I \HUR-\IL.\R4

/2018 Minfang Yeh for THEIA, UeDavis =



UCpAvis Water-based Liquid Scintillator - Theia

Purification and comeatibilitx
¢ Nanofiltration: Filtration process using

membranes to separate water and organic

Nanofiltration principle

Microfiltration Nanofiltration
Ultrafiltration Reverse| Osmosis
components (micelles) B k) 0 g 1558 ) o £t
¢ Widely used in the food industry S e oy il
¢ Allows water to go through the A e
membrane without damaging the o oo
micelles Pafces”
¢ Scalable with reasonable flow rate

Nanofiltration setup at UC Davis

A e e ] |
¢ Water will then be purified using a regular de- g5
ionizing process

i

¢ Work at UC Davis:

¢ Small-scale nanofiltration apparatus
¢ Post-filtration absorbance and light yield

measurements to ensure wbLS hasn't
been damaged

Credit: Leon Pickard and Julie He
(UC Davis)

Sa'rr‘m_)lgfor wbLS compatibility tests

¢ Since surfactant might be aggressive on

some materials, all materials must undergo a
compatibility test beforehand




UCDAVIS Theia — Reactor neutrinos Theia

UNIVERSITY OF CALIFORNIA

-g SURF
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— Coincidence (e*,n) Sl
go
¢ About 22 reactor neutrinos (and 30 geoneutrinos) oo
expected per kt per year at SURF
¢ 30 kt Theia — ~650 IBD reactor events per year "2 3 4 s 6 7 B 3

Antineutrino Energy (MeV)

Phys.Rev. D94 (2016) no.5, 052010
e ey s ;

¢ Possibility to measure Am_,? using reactor
neutrinos
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¢ Comparison with Am_.> measured using solar

. . 14

neutrinos in the same detector 13

¢ Theia could provide an answer to the existing 7

solar/reactor tension (1.50) on Am_? :
10.1 012 DI.S 014 D.‘5 22:- 6 8




UCDAVIS Theia — Sterile neutrinos Theia

UNIVERSITY OF CALIFORNIA

¢ Hypothetical eV-scale sterile neutrino whose
existence is accessible through short baseline
oscillations

¢ Concept from CeSOX/CeLAND (Phys.Rev.Lett. 107 (2011)
201801):
¢ Intense radioactive source in or next to Theia
¢ Observation of a deficit and a spectral distortion as
a function of distance
¢ Requires good energy and position reconstruction

¢ IsoDAR/DAEJALUS: High intensity 8Li decay at rest

Energy spectrum
distortion as a function
of distance in CeSOX

N in [10cm, 100 keV] bin

CeSOX source design:
-100 kCi #4Ce-14Pr
-16 cm tungsten shield

17




~wemorcnons 1 el — Nucleon decay searches Theia

¢ Huge size, deep location and scintillation light make Theia an impressive nucleon
decay detector

¢ Scintillation light allows the observation of K* created upon a proton decay as well as the
gammas emitted upon an invisible neutron or proton decay (-6 MeV)

¢ Neutron tagging enhances Theia's sensitivity for proton decay and can be further
improved by isotope loading

THEIA 225 - Hyper-K 225 [
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ASCD: Theia 100kT WbLS (+neutron tagging)



Cherenkov/Scint with CHESS Theia

CHESS . Berkeley group, PRC 95 055801 (2017)
CHErenkov-Scintillation Separation

Select vertical cosmic muon events

Image Cherenkov ring in Q and T
on fast-PMT array

Allows charge- and time-based separation

\PMT Arra y

12 1-inch H11934 PMTs (300ps FWHM, 42% QE)
CAEN V1742 (5GHz)
675 samples (135ns window)
CAEN V1730 (500MHz)

From Gabriel Orebi-Gann (UC Berkeley/LBNL)



UCDAVIS Cherenkov/Scint with CHESS Theia

Berkeley group, Eur. Phys. . C (2017) 77:81 |

CHESS Results: LAB / PPO
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Cherenkov detection
efficiency

Scintillation 11 +1% 6+3% 36+ 5% 38+4%

83 £3 %

9 +2% 70+£3% 63+ 8 %
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From Gabriel Orebi-Gann (UC Berkeley/LBNL)



UCDAVIS Cherenkov/Scint with CHESS Theia
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