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Introducing THEIA
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Low-Energy Program
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Neutrinoless-3 3 decay

Hybrid Optical
Neutrino detectors
Proven concept,
new technology

Huge physics potential




Introducing THEIA

Cherenkov/Scintillation discrimination
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Introducing THEIA
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Introducing THEIA

Water-based Liquid Scintillators

Composition

Mix of water and LS made possible by Hydmph"'c head

surfactant molecules @a

Hydrophoblc tail(s)

Properties
Depends on relative concentrations = BN
Z 150 |- _Water
» Reduced lightyield & <sf:§§2k§‘éo,
(although not linear with LS fraction) é 100 e ST
» Increased transparency § 507: ai":ﬁsx’.rla‘t?' g [Filazaili:
» Comparable timing § r Costeffece
» Metal loading possibility < 102 - ‘1‘53 0
(Gd,Li,...) Light yield (ph/MeV)
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Introducing THEIA

THEIA25

THEIA Coll
Eur.Phys.).C 80 (2020) 5

Large scale, multipurpose detector
Two options:

» Baseline: 25 kton (17 kton FV)
» Ideal: 100 kton (70 kton FV)

LS fraction tunable depending on
the physics goal
— staged approach
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Introducing THEIA

Physics Program

High-energy program

~ 1% WbLS

» Long baseline neutrino oscillation
\» Proton decay search

Low-Energy Program

~ 5% WbLS

THEIA25

THEIA Coll
Eur.Phys.).C 80 (2020) 5

Large scale, multipurpose detector )
» Solar neutrinos

Two options:
» Baseline: 25 kton (17 kton FV) > Anti-neutrino program
» Ideal: 100 kton (70 kton FV) SN-v, DSNB, reactor, geo—v

» Nuetrinoless-3/3 decay search
Sub-volume of LS loaded with ov-383
candidate

LS fraction tunable depending on
the physics goal
— staged approach \
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Long-baseline

Long-baseline neutrino program

» LBNFbeam: 1300 km baseline, broad band (1-7 GeV)
» 1490 moverburden (4300 mw.e.)

\\\\ / -~
/ e

—

(34)x 17.5 kton LAr TPC Strengthen DUNE program
Primary goal: MO, d¢p Same beam, different syst.
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Long-baseline

Long-baseline neutrino program

» LBNFbeam: 1300 km baseline, broad band (1-7 GeV)
» 1490 moverburden (4300 m.w.e.)

(34)x 17.5 kton LAr TPC Strengthen DUNE program
Primary goal: MO, d¢p Same beam, different syst.

» Significantimprovments in the ev. reco. techniques wrt LBNE studies
>75% reduction in NC bkg > 1,-CCrt 1ring, 1 Michel > High-purity multi-ring
sample accessible v, ev. samples
» Liquid Scintillator fraction
> Measurement of low-energy hadronic products
> Improved n detection (even w/out Cd loading)
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Long-baseline

Sensitivity studies THEIA Coll., Eur.Phys.J.C 80 (2020) 5 30F Mass Ordering Sensitivity ~ —— Theia 70 kt
25 Normal Ordering ... Theia 17 kt
» GLlobeS framework, LBNF beam Tvears — e DUNE 10 kt (CDR)

» Similar systematics budget to DUNE

» Current WCD performance assumed
(no improvement from WbLS and LAPPD considered)
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Analysis

1 1 1 1 1 1 1 1 1
01 0.8"0.6 204 0.2 0 02 04 06 08 1
vV, appearance Scp/m

9 samples of v, /v, with different ev. topologies

7,
F CP Violation Sensitivity — Theia 70 kt
v, Spectrum: 1 ring, 0 decay v, Spectrum: 1 ring, 1 decay 6F Normal Orderlng ...... :)I:jela 17 lf(tt (CDR)
3 *F Normal Ordering Signal +83,0,=0 || 8 F Normal Ordering — Signal+Bg.0,-0 F 7 years
2 1805704t (fiducial) WCD — sgnaeBgi =00 | 5 07041 (iducial WeD —— Signal + Bg, b, = 90" SE
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£ 10F- £ 140 [Jv.ccee |<1 4
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Low-Energy Program

Solar neutrinos

Solar neutrinos in THEIA

B16-GS98 SSM ‘(Vipyc‘)le‘s ‘e‘t ‘a‘l 2017)

» Oscillation probability “upturn” , T ‘ _Water
Search for new physics with low-energy °B v 10 % Cerenkov |
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» Precision measurement of CNO neutrinos '
i i iti 10" |- i AT 1
Importantinformation on solar core composition Borexifo. 1] i 1.

107 10° 10*
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Low-Energy Program

Solar neutrinos

11\ 71 1 THEIA Coll., Eur.Phys.].C 80 (2020) 5
SenSItIVIty to CNO neutrinos Bonventre & Orebi Gann, Eur.Phys.].C 78 (2018) 6
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Low-Energy Program

Solar neutrinos

11\ 71 1 THEIA Coll., Eur.Phys.].C 80 (2020) 5
SenSItIVIty to CNO neutrinos Bonventre & Orebi Gann, Eur.Phys.].C 78 (2018) 6
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Low-Energy Program

Solar neutrinos

11\ 71 1 THEIA Coll., Eur.Phys.].C 80 (2020) 5
SenSItIVIty to CNO neutrinos Bonventre & Orebi Gann, Eur.Phys.].C 78 (2018) 6

. 10°
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0 ] I + Data
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Energy B Reconstructed 3 v :
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Sensitivity driven by angular resolution, ' 5 b
‘ SIS 5T00E st L T
energy threshold and exposure C 0 Uchaih) AR TSI AT T AR AN A TP
‘ ; 5 S -1-08-06-04-02 0 0.2 04 0608 1
Assuming THEIA-100, 5 yr Energy [MeV] cos 6,
© —25d —45d . .
E 10 . dZSZZZ . d:::: » High photocoverage crucial to have low-energy threshold
g8 ° and good angular resolution
c >8
257 » Preliminary full ev. reco. shows that these performances can be reached
Nt T~ .
zge — [B.J. Land et al, arXiv:2007.14999]
= 3 5 I
E 4 \ A measurement of ®(CNO) w/10% accuracy can be used to infer (C+N)
g : . . . : abundance in the Sun core with ~ photosphere accuracy
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Low-Energy Program
@00

Supernova neutrinos

Supernova neutrino burstin THEIA THEIA Coll., EurPhys]C 80 (2020) 5

Multiple detection channels — Flavor-resolved spectroscopy 3L
Expectations assuming a SN at 10 kpc § g
100 kt detector with 10% LS fraction (7% energy resolution) 5
© 10°
» Dominant contribution from IBD [exp. 19800 evts.] E
7, +p — n—+ e — delayed n capture C
» Total flux from NC int. on "0: [exp. 1100 evts.] “F
v + 160 Sy + 160* E
» Cood pointing with clean ES on electrons [exp. 960 evts.] o © 0 o i

visible energy (MeV)

IBD removed thanks to delayed coincidence e™-n capture Complementary to other experiments

v+e —v-—+e

_ ) 6 » @ SURF Large sample of 7, completes v,
» v, &1v,CCint.on °0: collected by DUNE

e +1°0 — et + "N (— delayed tags) [exp. 440 evis] . syme IBD signal as Juno/SK/HK, but on the
Ve + '®0 — e~ + "°F (— delayed tags) [exp. 340 evts.] other side of the globe
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Low-Energy Program
oeo

Supernova neutrinos

Diffuse Supernova Neutrino Background THEIA Coll,, Eur.Phys.)C 80 (2020) 5

Sawatzki, Wurm & Kresse, Phys.Rev.D 103 (2021) 2

. . . . visible energy, scintillation [MeV]
Dhlffusg, isotropic flux of v from all SN explosion in 1 0 10 20 30 40
(05 AN LN UL L I I UL I I |
the Universe. T OoNg
_ _ 3 — Reactor BG
» z-dependent core-collapse SN rate 102 vl
» relative fraction of BH/n-star formation L — AtmNC BG
101 — Li9BG

— FastN BG
Main int. channel: IBD [exp. rate & 1ev/yr/kton]

e
o

Main backgrounds & suppression strategies

e

» Reactor Irreducible

» Cosmogenic °Li Cosmic muon veto
» Fastneutron FV cut, Cher/Scnt ratio
» Atmospheric vCCbkg Irreducible
» Atmospheric vNCbkg

events per 100 kt-yrs and 100 pe

L

2000 4000 6000
number of photoelectrons (scintillation)

D. Guffanti (JGU Mainz) Physics Potential of THEIA Mainz, 22.02.2021 1/15



https://inspirehep.net/literature/1764050
https://inspirehep.net/literature/1809170

Low-Energy Program
ooe

Supernova neutrinos

Atmospheric vNC background

v v

h delayed
n capture

Prompt (quenched)
scnt. signal
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Low-Energy Program
ooe

Supernova neutrinos

Atmospheric vNC background
v

14

h delayed
n capture

Prompt (quenched)
scnt. signal

Cherenkov/Scintillation fraction
Nuclear fragments typically below Cher thrs.

visible scintilation energy (MeV)
40 50 60 70

o
010 L o B AhSamaaamsas
DSNB

* AIMNC

~o 2000 4000 6000 8000 10000
scintillation p.e.
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Supernova neutrinos

Atmospheric vNC background

14

h delayed
n capture

Prompt (quenched)
scnt. signal

Cherenkov/Scintillation fraction

Nuclear fragments typically below Cher thrs.
Delayed coincidences

Exploits O (67, t;), &~ 2 min), produced in
50% of atm vNC interactions on '°0
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Supernova neutrinos

Atmospheric vNC background
v

h delayed
n capture

Prompt (quenched)
scnt. signal

Cherenkov/Scintillation fraction
Nuclear fragments typically below Cher thrs.

Delayed coincidences

Exploits 0 (5%, t/, ~ 2 min), produced in
50% of atm vNC interactions on '°0
Multi-ring rejection

Multiple particles in final states vs single ring
for IBD
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Low-Energy Program
ooe

Supernova neutrinos

Atmospheric vNC background

v visible energy, scintillation [MeV] visible energy, scintillation [MeV]

“““ el 1020 30 40 @ 1042 %0 4
8" — DSNB g = DsNB m
S 102 ILL = Reactor 8 S 102 — Reactor8G | >
n delayed ht — AtmNC BG 9, ko —amccss | G
B qorf — Li9BG & 10F |1 — AtMNCBG | *
n capture § 10 e FastN BG » £
g 1o " 3
Prompt (quenched) = js — SR g 1 s
scnt. signal =] < =
= L @ 10 8
g 100 g S
it H H 2.2 2102 S
Cherenkov/Scintillation fraction 510 § 8
. 2 B 4o oL EREEE T ] =
Nuclear fragments typically below Cher thrs.  ® osi—-Ilpres 2500 0 2000 4000 6000

number of photoelectrons (scintillation)

L. number of photoelectrons (scintillation)
Delayed coincidences

Exploits O (67, t;), &~ 2 min), produced in Expected Sensitivity

50% of atm vNC interactions on '®0 » THEIA-2550 evidence in ~ 8 yr
Multi-ring rejection » THEIA-100 50 evidencein ~ 2yr
Multiple particles in final states vs single ring

» Significant statistics: first steps towards DSNB spectral

forIBD analysis, together with SK-Gd and JUNO data
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Neutrinoless-

Neutrinoless 33 decay search THEIA Coll,, EurPhys].C 80 (2020) 5

Detector Configuration

» 50 kton detector
» 90% photocoverage

» Vessel filled with Ultra-pure LAB+PPO
(0e ~3%/VE)

» Loading

> 5% Te loading (34.1% "°Te)
> 3% Xe loading (89.5% entiched "°Xe)

40m
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Neutrinoless 33 decay search

3 decay

THEIA Coll., Eur.Phys.]).C 80 (2020) 5

Detector Configuration Background levels

» 50 kton detector

» 90% photocoverage

» Vessel filled with Ultra-pure LAB+PPO
(0r ~3%/VE)

» Loading
> 5% Te loading (34.1% "°Te)
> 3% Xe loading (89.5% enriched *Xe)

40m

D. Guffanti (JGU Mainz)

» Double 3 decay £ ET " — Sum. bukgromnds
- s F s Sur

» Cosmogenics 2 r —— OVBB (10 meV)
92.5% removal of 1°C Z g
with Threefold-coincidence z £ m

» Internal contamination & I 0
Target10~ " g/gforU & Th E .
+99.9% removal of 21%Bi 1 — Balloon **TI

» External sources
» Solar neutrinos

1 1 n il
102373324725 26 27 28 29

Ty (MeV)

8B solar neutrinos are the dominant background
< 50% reduction reduction required to cover the 10 region
Directional reconstruction in LS [Land et al, arXiv:2007.14999]
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Neutrinoless-

Expected sensitivity

Countingin (—1/20, 20) around Q-value

A N -g-t-In2
T?;’Zﬁﬂ (a) = targit € |
FC(n = exp. bkg; )

Target mass = 31.4 ton (°Te), 49.5 ton (**Xe)
Livetimet = 10 yr
Efficiency e = 66.9%

3

136 ov agy, CUpp  Noy, Pangy Kemy, MNexy, "xo  Thein, Theis,
> Xe T‘l /266 > 2.0 X% 1028 y.m BB < 5.6 meV ENIJ~1”00’D 4 Wa*-lll~1,,,::4”02.zz"’o © ke arTy

3 o discovery sensitivity on muu [eV]

> e Tf’/yfﬂ > 1.1 %10y, mgp < 6.3 meV
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Neutrinoless-/3

Conclusions

» Progressin LS and photodetector technology has opened the way for
a new generation of hybrid optical neutrino experiment
» THEIA plans to combine the advantages of Water Cerenkov Detectors and
Liquid Scintillator Experiments employing fast photosensors and novel LS compounds
> Low Energy threshold > Directionality
> Good Energy resolution > Exposure
» Versatile detector with huge potential for v physics!
> High Energy Program: Neutrino oscillation (complementary to DUNE)
> Low Energy Program: Solar-v/, SN-v, DSNB, 0v 33 search
> And much more! Nucleon decay, Reactor v, Ceo-v...
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