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A Tremendous Opportunity
Evolution of LBNE into DUNE@LBNF is transformational:

US is building a world-class neutrino facility

World is coming to build DUNE

A long-baseline beam aimed at a deep underground lab
is a vision it has taken many decades to realize.

(Pace MINOS+SOUDAN)
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DUNE Physics

* Determination of mass hierarchy

* Search for CP violation

* Precision determination of (2,3) and (1,3) mixing parameters
* Tests of the 3-flavor paradigm

* Atmospheric neutrinos (applied to all of the above)

* Nucleon decay (primarily p->K* +antinu)

* Supernova burst neutrinos

It is an exciting list but---gasp!---it isn’t all of neutrino physics.




Beyond DUNE

Other Ciritical Physics of and with Neutrinos

Majorana vs. Dirac

Solar neutrinos

Mixing angles and mass differences in (1,2) sector
Geoneutrinos

Diffuse supernova (anti)neutrino background

(Clearly this list is not exhaustive either)

The investment in the facility makes
a broad physics program possible!



Majorana vs. Dirac

A simple conceptual model
Antimatter is easy to think about for charged particles:
ot
e <>e’ y
o
But weak interaction distinguishes particles by handedness---it couples to left-handed
electrons and right-handed positrons (for massless particles, this is the same as helicity).
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So there are really 4 kinds of electron in nature:

Nothing fundamentally
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Majorana vs. Dirac

A simple conceptual model

If neutrinos were massless then just two states possible:

VL’VR

(Weak interactions only)

— — +
And since: VL +?9TP+T€L VR +€%F+$R

particle  particle  particle particle  particle antiparticle

we called v the “antineutrino:”

But now we know neutrinos have mass, so 4 states possible:

“Old” “New” (Have no weak interactions)
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Majorana vs. Dirac

A simple conceptual model

“Old” “New” (Have no weak interactions)

7
Vi e aff V&
G\ . 1) a
Dirac neutrinos _ —  do¥ —

So maybe we only have two states after all:

Vi Vk

Which basically means

V = »‘7 “Majorana neutrinos”

So what!?



Majorana vs. Dirac

If neutrinos are Majorana, then:

. We need a new mass-generating mechanism

* Simplest term is dimension-5 and not renormalizable!
2.  We likely have observed low-energy consequences of very high E scale physics

3.  We may have an explanation for the matter/antimatter asymmetry
* “Leptogenesis”
* Requires Majorana CP phases
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If neutrinos are Dirac, then:
|.  Matter and antimatter are fundamentally different things
2. We have states that don’t really do much




Majorana vs. Dirac

Two-neutrino double beta decay Neutrinoless double beta decay
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Large coeffs. Small coeff.

Fortunately, Avogadro’s number is very big, so 10?7 years ~ | tonne of isotope
Unfortunately, we don’t know mgg, or even which m, is biggest.



Majorana vs. Dirac
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If next-generation Ovp3f
experiments see nothing, then:

If Am?,;<0 OR m;>20 meV

> Neutrinos are Dirac

The construction of the new
Standard Model depends
critically on the mass
“hierarchy”

This provides the context
for a long-baseline mass
hierarchy determination.




Solar Neutrinos

* Broadband and mono-energetic, background-free v, beam

* Flux in some cases measured as precisely as ~“3%

* Flux in some cases predicted as precisely as 1%

* Matter effects are crucial and observable

e Source itself is interesting---and beam operations fits within FY2025
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Solar Neutrinos

Measurements

S~ T T T || T T
12 [ .
¥
I T
.§ i l SNO NC + i
Sog L i -
208 | l _
o BOR—pp ]
;06 B . BOR—7Be $B0R—pep ]
Z ?
204 [ Cl S | .
o I ¢ FFSNO CC
‘go ) L * SNO Phase I (D,0) i
A& | o SNO Phase IT (D,0+NaCl)

0 i SNOl Pha$e Ill (1D20|-|-|3He) 1 1 1 R |

1
10 1 EnergyleMeV)

SAGE/GALLEX/GNO Chlorine

Inclusive
measurements

Aren’t we done here?




Solar Neutrinos
Physics

Not really.

Important measurements still to make:

* Look for new physics in vacuum/matter transition region
* Understand solar system formation using...neutrinos!?

* Look for new stellar energy generation/loss mechanisms
* Keep watching



Solar Neutrinos
Vacuum/Matter Transition

10,

Low energy (<IMeV): :
Phase-averaged vacuum o5 . p = 2\/§GF]2V“E" ‘High’ energy (>5MeV):
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Transition region E,

Interferometry on top of interferometry...
Anything that distinguishes flavor or mass states
changes position and width of transition region



Solar Neutrinos
Vacuum/Matter Transition

Non-standard interactions (flavour
changing NC)
Sterile Neutrinos
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Other Models

TABLE III. Comparison of survival probability fits to standard MSW-LMA. If the best fit remains at the MSW-LMA value for a
model, a 90% confidence level upper limit (1 d.o.f.) on the model’s parameters is given instead. A y? is the difference between the
model’s best-fit point and the MSW-LMA best fit. The final column gives the largest confidence level at which MSW-LMA is

excluded.
Model Best fit Ay? Additional d.o.f. C.L.
MSW-LMA Am3; = 7.462 X 1073 eV, 0
Sin 2012 = ().3()1, Sin 2013 = ().0242
MSW-LMA (AGSS09SF2) Am3, = 7.469 X 1075 eV2, 2.8
sin26;, = 0.304, sin?6,3 = 0.0240
NSI (¢, real, €; = 0) € = —0.145 -1.5 | 0.78
NSI (€, = 0) €, = —0.146 + 0.031i -15 2 0.53
NSI (€; real) €; = 0.014, e; = 0.683 —-1.9 2 0.60
MaVaN neutrino density dependence my<0.033 eV 0 1 0.0
MaVaN fermi density dependence a, = 6.30 X 1073, a3 = i2.00 X 1073 -33 2 0.81
Long-range scalar leptonic force kg =673 X107%, A= L.56Ry, m;y =0eV —2.9 3 0.58
Long-range vector leptonic force ky =3.26 X 1073, A = 16.97R, —-1.8 2 0.59
Long-range tensor leptonic force kr <1.3X107% ev! 0 2 0.0
Nonstandard solar model without flux constraint 6y = 0.57 —4.6 1 s
Bonventre, LaTorre, o
et al, Phys. Rev. D 88
0.7f 1
(2013) 053010 Sensitivity non-standard
0.6

effects entirely driven by
lack of precision 8B data in
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CNO and the Sun

The solar * metallicity problem’

the ar. Only neutrinos, with their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify
directly the hypothesis of nuclear energy genera=-

il tion in stars. -_-John Bahcall, PR, (1964)

* Helioseismology convinced " everyone' that SSM was correct
* Modern measurements of surface metallicity are lower than before

* Which makes SSM helioseismologic predictions wrong

But! CNO neutrinos tell us metallicity of solar core
— Flux may differ by factor of 2 between old/new metallicity

(Maybe Jupiter and Saturn " stole' metals from solar photosphere?
---Haxton and Serenelli, Astrophys.J. 687 (2008)



CNO Measurements

BOREXINO has placed limits but no clear signal yet
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pp/pep and the Sun

Are all energy generation/loss mechanisms accounted for?

. . . . Exp. Theory
With luminosity constraint: Uncs.  Uncs.
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Bahcall and Pinsonneault

But without constraint: L, /L known only to 20-40%
— Unitarity’ test that integrates over a lot of new physics
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pp Measurements

BOREXINO spectacularly clean..first exclusive pp measurement!
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Data/Predicted

The (Very) Recent History of the Solar Core

Without mixing correction, this is a history of
the Solar Neutrino Problem
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The (Very) Recent History of the Solar Core

Correcting for mixing angles, this is the stability of
solar energy production over the past 45+ years.
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Diffuse Supernova (Anti)Neutrino Background

“Guaranteed” relic neutrinos from all the supernovas...

Many detailed studies from LENA Collaboration
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Geoneutrinos

Electron antineutrinos from U, Th, K decay in the Earth

Assay the Earth by
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Long Baseline Physics

T2K’s observation of v, appearance was the real
herald of the “3-flavor era”

The goals of future experiments are now very clear:

* Determination of the Mass Hierarchy 123 RS
v, S ) _IAm21z
. v, I
* CPViolation (and 9) (mass)? |A’“ * |Am232
R s e = ] A

* Searches for new physics

* “Octant” of 0,;

1 0 0 cosf, 0 e“rsinf,| (cosB, sinf, O
Upins =|0  cosB,;  sinf,, | x 0 1 0 x| -sinf, cos@, O|xUys
0 -sinf,, cosB,,) |-e“=sinf, 0  cosB, 0 0 1



Broadening the Program

Would like a detector that can access a broad physics program,
leveraging investment in LBNF and enhancing the long-baseline
program as well.

Basic Requirements:

* Size >= 50 ktonne (fiducial)

* Depth (4850 ft would be fine)

* Cleanliness (U, Th, Kr, "“C comparable to BOREXINO)

* Narrow energy resolution even at MeV energies

* Fast timing to detect coincident signal from anti-nus and reject bkds

* Direction determination of secondaries for signal/background ID

* Flexibility to allow different physics to be pursued with same detector
* Upgradability to improve performance as new technologies arrive



Broadening the Program
A large-scale scintillation detector clearly has access to low-E physics:
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Broadening the Program

And big Cherenkov detectors to high-energy physics:
g O
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Broadening the Program

But requirements for various physics goals are in tension:

Ovpp ~few ktonne Medium Very high Very High
Low E Solar vs  ~10 ktonne High Very high Very High
(< IMeV)

High E Solar vs  >50 ktonne High Low High

(> | MeV)

Geo/reactor ~10 ktonne Low High Medium
anti-vs

DSNB anti-ns >50 ktonne Low High Medium
Long-baseline vs > 50 ktonne Very high Low Low
Nucleon decay > 100 ktonne High High Low

(K+ anti-v)

* Low-energy physics wants a clean detector with a lot of light
* High-energy physics wants a big detector with direction reconstruction



Broadening the Program

But requirements for various physics goals are in tension:

Scintillation Detectors:

* Limited in size because scintillator absorbs light

* Have high scattering making direction reconstruction difficult
* Are expensive even if they could be made large

Water Detectors:

* No access to physics below Cherenkov threshold

* Low light yield makes E & vtx resolution poor even at ~10 MeV
* Are hard to make ultra-clean



THEIA

* New materials (water-based liquid scintillator)

+
* New technologies (ultra-fast PMTs, LAPPD:s...)
+

Flexible design

May satisfy conflicting requirements.

Reference Design:

* 50-100 ktonnes WbLS

* Cylindrical geometry

* >80% coverage with photon sensors

* 4800 mwe underground

* Loading of various isotopes (Gd, Li, Te)
* Ability to deploy inner “bag”




Water-based Liquid Scintillator

Developed at Brookhaven National Lab
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Water-based Liquid Scintillator

20 ~40 60 80 100
. Grullon et al., U. Penn Total Charge (pC)

SAMPLE MEASURED P.E. : WBLS/WATER SCINTILLATION LIGHT YIELD
WhLS| 400 + 006 ~300 photons/MeV
WhLS2 271 +007 ~200 photons/MeV
WbLS3 .68 + 009 ~110 photons/MeV
WhLS4 .52 + 008 ~100 photons/MeV
WbLS5 19 + 009 ~125 photons/MeV
%_ [
g 104 - Pure Water
3 — WDbLS 1
= —— wbLS?2
At low energies, intrinsic 10% —— whbLS3
. . . — wbLS 4
light yield scales with 2
10
scintillator fraction. -
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And at high energies, until Cherenkov

Water-based Liquid Scintillator

contribution becomes large.

Not to scale
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Water-based Liquid Scintillator
Optics look good
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Probability (A.U.)

Cherenkov/Scintillation Separation

* Long extinction length means detector can be large
* About 2 of Cherenkov light absorbed or scattered
* But separation of two components still possible

0.08
- —— WbLS
o= Cherenkor Cherenkov ID scales like
0.06 :_ """"" cintillation
00'5— R yc tjitt R /’L
.DE sle ,O(COSOCC) ( )
0.04;— )/S Tsc int
0.03F t;, = transit time spread of PD
- T, — Scintillation time constant
0.02—
= Yc=number of Cherenkov photons
e - vs=number of scintillation photons
0 z = - T ——— s p(cosa,) = angular weighting function
Time residual (0s) R (A\)=spectral response function
A. Mastbaum,
Penn So for a 4% scintillation fraction, standard

PMTs, no use of angular information, and

equal spectral response for C and §,
R,.~ 0.25



PEs per event/0.1 ns

Cherenkov/Scintillation Separation
Separation via Timing

Simulation of 5MeV electrons in KamLAND-like detector

= Cherenkov (prompt, scarce)
— Scintillation (delayed, abundant)

50 |- - ) :
- C  sf
40 f T :
: ! S wf
30 : o
C . > [
i ~ ()] 30 -
20f P : :
5 a
C ] L 10 ;
- ; o. X \
o'wL‘-ﬁ_ll 0‘.1.%\1....1 .........
30 35 40 45 50 30 35 40 45
Time [ns] Time [ns]
1.3 ns timing of standard 0.1 ns time resolution e.g.
PMT LAPPD

C. Aberle et al, JINST 9 P06012 (2014)



Cherenkov/Scintillation Separation

Separation via Timing

Large Area Picosecond Photodetectors (LAPPDs)
* Large, flat-panel MCP-based photosensors

* 50-100 ps time resolution (<lcm spatial)

* working readout system

single photoelectron absolute time resolution differential time resolution between 2 ends of stripline

RMS =48 psec
Ogaus = 4.3 psec

66% of pulses
k with S/N>100

IIIIIIIIIIIIIIlIIlIlIIIIIIIIIIIII

T R
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-7000 -6950 -6900
differential time (picoseconds) top window -.
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'
% incoming photon
H

fitted time (psec)

photocathode (pc)--- |-

mcp 1

mcp 2

M R Wetstei N anode readout.._




Cherenkov/Scintillation Separation
Separation via Wavelength (+timing)

Cherenkov light extends Red-sensitive PMTs exist

I I I I I

Nt 1 icel 0.5} —=— Double Chooz bialkali
beyond scintillation emission ; ~2 KamUAND bikal
L —— 45mm dia. MCP-PMT (R3809-63),
an d abs O r ti On 0.4k extended red GaAsP photocathode
100 P \ : ,..--"--‘y RN
= WhLS Absorption Length (1/mm) 0.3 B /"‘. h
L = Cerenkov Emission Spectrum, 475 MeV Protons m
v s \WWBLS Emission O
. Photomultiplier Quantum Efficiency 0.2 i -
s Cerenkov Emission Spectrum, 2 GeV Protons .
0.1F 0-1 : “‘.L
ool 100 200 300 400 500 6 700 800 900
wavelength [nm
soont. L.Winslow
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Isotopic Loading

Many possible elements can be loaded into LS
Periodic Table of the Elements © www elementscaiavase.com [ 2

-

H He
4 B hydrogen B poor metals
Be alkali metals B nonmetals
1 7 W alkali earth metals B noble gases
Mg B transition metals B rare earth metals

2 21 227 23 24 25 23 27 28 20
CaJSc|Ti |V |Cr [Mn|Fe |[Co|Ni | Cu

37| 38| 3oy 40y, 41| 42| 43| 44| 45 46| 47
Sr Y\Zr b Mo | Tc | Ru|Rh [Pd | Ag

55| 86| &7 73| 74 78] 7] 14 78| 79
Bal|la|Hf | Ta |W | Re|Os| Ir | Pt | Au

— 87| B8] 89| 104| 05| 108| 107] 108 1 110
Ra | Ac |Ung|Unp|Unh{Uns |Uno{Une| Unn
o 6 G5
O Reactor Fulld ) Tb
( ) 7 I a7
PP Am|Cm | Bk

O Solar

O Others BROOKHRVEN

Brookhaven Science Associates NATIONAL LABORATORY




Flexibility

Containment “bag” would allow:

Richer scintillator mixture

Loaded scintillator distinct from rest of volume
Simultaneous all water/all scintillator detector
Deployment depending on physics needs

KamLAND-Zen
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Flexibility
Containment “bag” would allow:
e Richer scintillator mixture
 |Loaded scintillator distinct from rest of volume

 Simultaneous all water/all scintillator detector
* Deployment depending on physics needs

60m




Solar vs at THEIA

Searching for new physics in MSWV transition region

“The statistics of Super-K w:th the light yield of BOREXINQO.”

] © 0.70 0.70

— MSW LMA ] S oest EXINO 1 0.65F SK I [ -
F 1 SNO polynomial fit |3 fo.so- { 0.60} -
0.5F 1 Z o055} 0.55F .
: ] 2os0f —e—+—— 1 050 % : i
: 3 f 0.45} 1 0.4sf i ﬁ ﬁgﬁ‘ ;I: 1
04F h 4 §o4of { 0.40} L
! ] ao03sp 1 0.35}
Yot m— ] °03% %% & 10 12 1% 6 & 10 12 14 16 18 20
T B Q 0.70 ———————————— 0.70 ——————
: 3 L osst _ 1 0.65F .
| { §oe SK-TT { o83t SK-TTT T _
0'25' Yy 1 Zossf % 4 0.55f .
: ] 2os0f 1 o.50} -
. 15 : f 0.45F { o.ast w- ® % .
1 1 2oa4of 1 0.0}
SNO E 0.35} 0.35F 7
3 ] So30——1 30— 1o :

o.of . . : . . . . 308 10 12 14 16 18 20°%4 6 & 10 12 14 16 18 20
o 2 il 6 8 10 12 14 E, (MeV) E, (MeV)
E, (MeV)

“Non-Standard Models, Solar Neutrinos, and Large 0,;,”
Bonventre, LaTorre, et al.

Transition between matter and vacuum oscillations ~1-4 MeV.
Need low threshold, and high statistics!



Solar vs at THEIA
Even better: “Salty water Cherenkov detectors” W.C. Haxton PRL 76 (1996) 10

Loading with (e.g.) ’Li provides CC

, , Makes models easy to distinguish
cross section with narrow do/dE. 4 5

Differential cross section (10*cm?)

> =%
C § B Predicted new physics (FCNC) )
— Electron ES > s ]Gla
B 1 [
== Muon / tau ES §E --- Gl e
10— I 2 F Standard prediction
= - — Li
- == CC I~
i 10 =
10* = C
:-- - 10 =
10 =— -
- Ev =3MeV -
- 1 =3 . I 1|
1 10
) oo b by ey by o g Neutrino Ener gy (MCV)
0 05 1 15 2

2 25 3
Electron Kinetic Energy / MeV / G. D. Orebi Gann (Berkeley)

— 6=0.0+0.0i, £=0.0
=== =0.0+0.0i, £,=0.5
s 6 ==0.5+0.0i, =0.0

€ =—0.5+0.0i, =—0.5
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10° 10"
E, (MeV)



Solar vs at THEIA

Low-energy solar vs also now possible via CC and ES:

107
E % ——_ — Sum CC 7Be
z ok % —CC 8B ES 7Be
. e —— . — CC CNO
S e ————" oy ES8B - _._Escno
é Ty — CCpep
L%) 10* Iy -+ ES pep

L
LI ! e

10»1 ! o Lk

1 10
Detected kinetic energy of recoil electron / MeV

G.D. Orebi Gann

CC+ES also yields total flux
via NC component of ES

Events / 0.05 MeV

Separatlon using direction:

Events per 0.05 wide b

160:—
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Detected kinetic energy of recoil electron / MeV



Solar vs at THEIA

CC spectral sensitivity might also allow shape separation of CNO
components

= 25000

> B

g B — N13

2 20000 — .-'ﬁa — 015

2 - N,

= . : . F17

LE — N
- N % —— Total CNO

15000 |— .
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L . s )
10000 |— .S ','
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L . .-:l: . 'n
- - : -. ..
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O _l L 1 | 1 L L .I‘j-‘.:l ! I i i 1 ! 1 -.l-‘\-l._: L 1 L } i ¢ L | .-I.H"H.__I_ I L 1 L l L 1 L
0 02 0.4 0.6 08 1 12 1.4 16 18 2
. Recoil electron energy / MeV
G.D. Orebi Gann (Berkeley) =
What about pp!?

About 5x10°¢ events/year in 50 ktonne!



Ovpp at THEIA

€¢ o ° 9
Loaded scintillator” Ov3f3 searches 10’ E Gy DS T3 DS2 —— s -
. . . — Total By
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BP limit, without >decade of R&D ;
and many millions of dollars
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Phvs. Rev. Lett. 110. 062502



Ovpp at THEIA
SNO+ Approach

Re-use SNO detector
P 12-m diameter acrylic vessel

>  ~9500 PMTs

Replace D>O with liquid scintillator
(LAB)

New hold-down rope net
7kT H2O buffer

Load LAB with 0.3% "Te



Ovpp at THEIA
SNO+ Approach

Te can be loaded up to
very high fractions.

0.3% 0.5% 1% 3% 5%
z—: E ,48Ca
130Te has highest natural abundance % -
of 3P isotopes. & T
%% g6zr,  4150Nd
And long 2v lifetime (low 2v rate). 3 B25e o 100Mo
- ,116Cd
2.5:_ .136Xe .130Te
B +124Sn
o «76Ge_110Pd
B T S I I

Natural Abundance (%)



Ovpp at THEIA
SNO+ Approach

= 50 120 B 0055 (200 meV)
< £100 B 2088
5B v ES E & 807 B U Chain
S 40 & 60 B Th Chain
; Q 40 - (OA,TL)
L z 20¢ [0 External
£ 30 © 052512628 = SCB vES
osmogenic
External v (a,n) 8 T (MeV) — Residuals
Cosmogenic 20
Internal U chain Internal Th chain

10

0
22 23 24 25 26 27 28 29 3
Tﬁﬁ (MeV)

Current Bound

-
o

E ] Phase 1

Phase | is 0.3% loading
Phase Il is 3% if optics are good enough.

-
o
Y

[mgg| [eV]

107°

" ywr jesibojowsp) |

. Still does not get to “30 discovery at
] mge> 15 meV”

! H
1| =— 1o ||

Mmin [eV]
adapted from Bilenky & Giunti



Probability (A.U.)

— 25 pe/MeV
---- 50 pe/MeV
------- 90 pe/MeV

0'0-8 Cut required to '
o reduce 8B by 50%

0.04

IIIIIIlIIlllllllllllllllllllllll

A. Mastbaum (Penn)

OvBp at THEIA

Directionality will allow
reduction of dominant 8B
background---size eliminates
backgrounds from PMTs and
walls.

cos 0
o . .
A 1% loading of "Te will
achieve |5meV criterion
AE  feo Mo b TYjy  mpp
(%) (%) (tons) (cts/MeV -ton-y) (1026 ¥) (meV)
SNO+4 4.5 0.3 0.16 775 0.85 75
SNO+ 3.6 3.0 2.4 260 6.6 27
CUORE® 0.2 — 0.74 0.01 0.76 78
CUORE 0.2 — 0.74 0.001 2.4 44
WhBLS 5.0 1.0 100 930 19.5 15
WhHLS 5.0 3.0 300 850 35.5 11

t=10y



Ovpp at THEIA

Going further....

With 1000 pe/MeV (green) or more, can get 90% CL at 2.5 meV!

loading fraction for natural Te
30% 20% 15% 10%
v 7 7 ’:'

900

800 -

700 -

600

500

400 -

cost of natural Te in M$)

300

130Te Isotope Mass in tons

(also approx
N
3

0 10 20 30 40
Detector Fiducial Volume in Kilotons

S.D. Biller, PRD 87,071301, (2013)

5%

50

Likely would require a
balloon inside THEIA

to maximize useful
isotope and light yield.



Lot of work on this SUPemova Bursts
already done by LENA

* ~|2k events for |0kpc Supernova in 50 ktonne
* Scintillation light makes n tag easy for IBD

* Gd makes n tag even better (200 us becomes 20us)

Neutrino Percentage of Type of
Reaction Total Events Interaction
Ve+p—n+et 88% Inverse Beta
Ve + €~ —ve+e 1.5% Elastic Scattering
TVet+te —T.+e <1% Elastic Scattering
Vp+e  —uvgp+e 1% Elastic Scattering
ve +1°0 s e 4+1°F 2.5% Charged Current
v, +190 — et +16 N 1.5% Charged Current
vy +1%0 = v, + O*/N* +~ 5% Neutral Current

NC elastic scattering of p may also be visible by scintillation light.

Literally complementary to LAr (anti-v, vs.v,)
Better resolution than Super-K, allows some discrimination of signals



Lot of work on this Diffuse Supernova Antineutrino Background

already done by LENA

* Detect via IBD+neutron tag---very low background
* Scintillation light has higher efficiency than Gd+H,O
* Low NC background

= Atmospheric v+C = n + fragments

" WbLS allow rejection of recoils via Cher/Scint

" “Isotropy” of Cherlight also helps discrimination

Loading with CI or Li would allow v, detection in same detector.
* Unlikely to be as good at v_ as LAr unless single low-E
events are below LAr-TPC threshold.



Nucleon Decay with THEIA

Scintillation light allows observation of K+, as well as de-excitation
vs from “invisible”’decay modes.

5
225 [ ‘ : THEIA
i p—=>vK* THEIA - n—3v (100 ktonne).-——
zr (100 ktonne)
3 4
175 |
£ 5 r
q>{ 1.5 :% s L
— (<)
@ 125 S
a N
E 5
o0 3 KamLAND
8 0.75 : SNO+ _‘___,_,_,——‘——__'_'—<
1 /
0.5 ¥
0.25
0 sl b b by Lo b b e b baw o Lo 1y
L 20016 2018 2020 2022 2024 2026 2028 2030 2032 2034
020 1 5‘ = I2020 2025 2030 2035 2040 204 Ye ar
fear . R.Svoboda (Davis)
Sub-Chr t/h detection

Deep, low threshold

. . . +
= Directly visible K De-excitation ys observaiable via Cher or Scint

A 50 ktonne THEIA+DUNE ~
|00 ktonnes

For p>e*n® mode, not likely to be competitive with Super-K/Hyper-K unless
THEIA can be made > 200 ktonne



Sterile vs with THEIA

If “reactor anomaly” persists....

100

e |SODAR uses 8Li with 13 MeV 1w
endpoint

¢ Could potentially resolve v
oscillation pattern within single “5
detector
* Need 15% o and 50 cm o o1
N\\\
0.01 T
0.001 0.01 0.1 1

sin’26,. or sin’26,,



Long Baseline Program with THEIA@LBNF

“...the U.S. to host a large water Cherenkov neutrino detector, as one of three additional high-
priority activities, to complement the LBNF liquid argon detector, unifying the global long-baseline
neutrino community to take full advantage of the world’s highest intensity neutrino beam.The
placement of the water and liquid argon detectors would be optimized for complementarity. This
approach would be an excellent example of global cooperation and planning” — P5 (Scenario C)

Seriously? What could a water(-based liquid scintillator)
detector possibly add to this!?




Long Baseline Program at THEIA

Challenges for photon-based detectors for long-baseline vs:
* Low-energy secondaries may be invisible (Cherenkov)
* No real tracking (scintillation in particular)

* Precision of vertex reconstruction limited
This leads to scintillation detectors focused only on low-energy vs...

...and Cherenkov detectors using

primarily quasi-elastic events... ...which for L=1300 km is non-optimal.
S v, CC spectrum at 1300 km, AmZ,=24e-03 eV >
8 0-4:_ 1000 ] w‘l M LI B B | T T T LI B B | _0.2

= ‘ [ v, CC spectrum 3
~ 0.35F | | !sir:zgoﬁs i)%, sna 4010
g - < 800k ||| —o-sin20,,=0.1,5,=n2 —0.16
3 0'3:_ : ‘ f\ ——sin"20,, = 0.1, §,,=0 =
=) - 2 ‘ ) ——sin?20,, =0.1, 5 =+n2 —{0-14
1—0 25_ E ﬂ | [ | 13 » Yep 3
:r -23F € 600 —o.12
~ 0.2 ‘3 Fo.1
c = -
20.15F i El
@ 0.15— 8= —0.06
@ s 200 —o.04
gO 055_ . —0.02
> 0— 1 ; SEm— E— EE— ﬁ — 0 :0
10 1 10 10 T E ey 10
E, (GeV)
And rejection of asymmetric 7ys is rel%tively poor---low acceptance even for QE
Y < T —> Y

Boost 3

Appearance Probability



Long Baseline Program at THEIA

Nevertheless...treating scintillation light as just a “nuisance”
that effectively degrades the coverage to SK Il levels:

30 ktpo vs. 10 ke 4,

Events / 250 MeV

Events /250 MeV
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E.Worcester (BNL)



Long Baseline Program at THEIA

Nevertheless...treating scintillation light as just a “nuisance”
that effectively degrades the coverage to SK Il levels:

CP Violation Sensitivity Mass Hierarchy Sensitivity
12 5
r?" “T 34 kt LAT + 30 kt water r?"s‘: 34 kt LAT + 80 kt watsr
<} 34 kt LAY + 80 ki Water, reduce NC BG by 50% < F 34 ki LAT + 80 kt Water, reduce NC BG by 50%
n_r 34 Kkt LAT + 40 ki Water, oliminats NC BG 30— 34 kt LAT + 40 kit Water, oliminate NC BG
o 10— 80 kt waksr only - 80 kt waks only
i 80 kt water only, mduce NC BG by 50% - 80 kt water only, mduce NC BG by 50%
5 40 kt water only, eliminate NC BG 25— 40 kt water only, sliminate NC BG
8 -
20
6 C
SN/ A, (... N/ A - - 15

P =Y
lrlllllllllll

| [ - 10
2 / 5:_
olll'lllIlllllllllll.'('lllIlllllllllll'lll. c:lllllllllllllllllllllllllllllllllllllll
-1 -08-0.6-0.4-0.2 0 0.2 04 06 08 1 -1 -08-0.6-0.4-0.2 0 0.2 04 06 08 1
S/ S/

By itself, such a detector would be an interesting experiment,
though clearly not as powerful kt-per-kt with LAr-TPC.
E.Worcester (BNL)



Long Baseline Program at THEIA
Yet several ways in which THEIA could make a big difference:

* Measurement dominated by quasi-elastics on O and H
Cross sections relatively easy to model
Already well-studied

* Mass could be increased if optics more water-like than scint-like
|50 ktonne roughly equivalent to 40 ktonne LAr

* Fast timing may make higher multiplicity events reconstructable
“Photon TPC” (Wetstein)

Makes WbLS and LAr-TPC more comparable kt-for-kt

* Scintillation light may provide additional particle ID
Asymmetric 1, decays have more “scintlight” than expected
from “Cherlight”
Hadrons also have “anomalous’ Cher/Scint ratio
Neutrons captures allow counting from low E gammas

* If LBNF beam is steerable (under discussion) then second
oscillation maximum will have more flux



Path Forward Toward THEIA

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*,®'2: ! R. Rosero,’
S. D. Rountree,'® M. C. Sanchez,'® M. H. Shaevitz,'” T. M. Shokair,’® M. B. Smy,'* A. Stah],?"
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-
Kamiokande, WATCHMAN, ANNIE, T2K....

Brookhaven National Laboratory Los Alamos National Laboratory RWTH Aachen University

University of California, Berkeley University of Maryland TUM, Physik-Department

University of California, Davis MIT University of Hamburg

University of California, Irvine University of Pennsylvania Johannes Gutenberg-University Mainz

University of Chicago Princeton University

Columbia University Sandia National Laboratories

University of Hawaii at Manoa Virginia Polytechnic Inst. & State University

Hawaii Pacific University University of Washington

lowa State University

Lawrence Berkeley National Laboratory New participation welcome
Contact

G.D. Orebi Gann, R. Svoboda, E. Blucher, JRK



Path Forward Toward THEIA

Critical Near-term Questions:

* What are relevant properties of WbLS!?

* How is physics program optimized by WbLS cocktail?

* What is the biggest detector that can reasonably be built?

* How good is reconstruction!?

* Are there new particle ID methods made possible by Cher+Scint?
* How good does timing need to be to do Cher/Scint separation?

* Are there technologies that can push this method further?

This is a great R&D program which is accessible to everyone from
undergrads to senior scientists.




Path Forward Toward THEIA

Simulation and Analysis Development

Started with “RAT” simulation/analysis package
Plus Additional Code from L-Z development

p— a RAT-PAC

Fully Open Source
Includes complete THEIA geometry
12” HQE PMTs
Simple WbLS properties
Ported reconstruction algorithms from SNO
and Super-K
Adopted also by WATCHMAN
Easily adaptable to test-stands
Lots of development happening!




Path Forward Toward THEIA

Simulation and Analysis Development

B: Cherenkov, R: Scintillation

; PMT Hit Time Residuals

104+

Scint+Cher

PMT reflections

1000

Count

100

AL,

0 200 400 600 800
Hit Residual (ns)

Hit PMT Charge Distribution (10evts 1GeV 5% WbLS 90% Coverage 50kT)

m Total m 8 pe
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150001

10000

Counts

5000+
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Charge/Hit (pC)
B. Land (Berkeley)




Planned Demonstrations

Measurements

Timescale

UChicago bench top fast photodetectors Exists
H20 i
CHIPS 10 kton electronics, readout, 2019
mechanical infrastructure
EGADS 200 ton Exists
ANNIE 30 ton H2O+Gd isotope loading, fast 2016
photodetectors
WATCHMAN | kton 2019
UCLA/MIT | ton LS fast photodetectors 2015
Penn 30L Exists
(Wb)LS | light yield, timing, loading
SNO+ 780 ton 2016
LBNL bench top light yield, timing, cocktail|  Early 2015
BNL | ton wbLs | opumization loading, | g o 2015
attenuation,
WATCHMAN:-II | kton reconstruction 2020




; VbLS, Gd, LAPPD, HQE PM
Neutron yield, LAPPD Infrastructure, underwater |l in egration prototype

deploymen integration

WATCHMAN

" O annus

R. Svoboda



Summary

Great opportunity with LBNF

Can exploit this with a broad physics program that overlaps
with DUNE

New technologies (WbLS, LAPPDs, isotope loading) make a
very broad program possible

Work on THEIA is proceeding surprisingly rapidly
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Long Baseline Physics

Extremely rich phenomenology,:

P(v, — v.) = 40%35%;52; - sin® Ag;
18C%,812513593(C19Ca3 cos § — S12513593) - cos Az - sin Ag; - sin Agy
—801230126723512513523 sin 4 - sin A3s - sin A3q - sin A9y
+45%,C%,(C3,C5, + 87982,5%, — 2C12C53512523513 cos 8) - sin® Agy
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+8013SI3S23A (1 25%3) . Sin2 A31,

AmijL
" 4E,
a = 2vV2Grn.E
Ao(E,) ~ cos (o9 sin 26012 sin

Am2, L
( ;nE?: ) + matter effects.

sin fog sin A3



Long Baseline Physics

Should we bother measuring 9!
* “Models can be built...” and “arguments can be made” that
connect 0 to Majorana CP violation and leptogenesis.

sinf13sind| 2> 0.11 (Pascoli, Petcov, Riotto, Nuc. Phys. B 774, (2007))

e But we should remember that this
, . /_ RN , 9 . ¢
Plv, —v.)— Plv, — ) N Ami, L sin260;s

.r'"\(’}) = Y . Y= — — . .\'ill(s
Plv, —v.)+ Py, — v.) 41F), sinfqa

is a prediction of the 3-flavor model. d can (in principle) be
measured independently of A using just the oscillation patterns.
With such a measurement, we predict the oscillation probabilities
for anti-v s into anti-v s and ask:

; . / RN . 9 . ¢
Py, —v.)— P, — v.) 7 Am{, L sin26y5 ‘S
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