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Different iSOtOpeS usua”y Exposure Sensitivity Tlo/”,2 mgap Experiment
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It is of great importance to discovedA | process on more than one isotopes
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An active and competitive community (201&220s)
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A Enrichment of the source material
(for abundance <10%)
I 10 kg/100 kg scald ton scale
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e.g., Chin. Phys. C 45, (2021) 025001

A Deep underground location to
shield cosmogenic backgrounds

Several underground labs around the world,
next round of experiments 22 km deep.



A Ultra-low radioactive contamination
during detector construction
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A New Techniques to discrimination
signal from background

Non trivial ffor e~ ViMeV
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A Energy Resolution
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Sensitivity is driven by the combination of/0! isotope mass, energy resolution, background

Simplified model for sensitivity calculation

Plot remade from Chin. Phys. ((2017) 053001
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<——Deeper Physics Reach—

Effective Majorana mag

) is an effective,

albeit imperfect, metric to compare physics reach
between isotopes and experiments.

(117) =

Phase space factor

a [meV],
(median* NME)

90% excl.
sens.

o, discov.
potential

nEXO 8.2 11.1
LEGEND 10.4 11.5
CUPID 12.9 15.0

<m55> GOI/

m2 ‘MOI/‘2

'\ T~ NME

Axial couplingiQ  p& X

*T,), values used [xByr]:

NEXO 1.35 (90%sens), 0.74 (3 discov) [1]
LEGEND: 1.6 (908ns), 1.3 (3 discov) [Z]
CUPID: 0.15 (908&ens), 0.11 (3 discov) [3]

[1] nEXO collaboration, J. PhysNBcl Part.
Phys. 49 015104 (2022), arXiv:2106.1624

[2] LEGENPCDRarXiv 2107.11462

[3] CUPIpCDRarXiv:1907.09376
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Im @ asearch with a liquid Xe TPC

Segmented Anode

-9
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Cathode

LiguidXeTime Projection Chamber (TPC)

A Xeis used both as the source and detection medium.
A LXeis continuously recirculated and purified.

A LXeTPCs are well understools a fully homogeneous
detector, it precisely measures backgrounds in situ.

A No internal materials (other than Xe), making nEXO
uniquely robust against unknown backgrounds

A Multiparameter measurement frorscintillation light and
lonization signal:
1. Energy from combined scintillation/ionization
2. Topology, e.g., singlgte or multtsite event
3. Position distribution from 3D event reconstruction
4. Particle identification from scintillation/ionization ratio

12



Energy Resolutionin  LXe TPC

. . . . 3500 . ; ; — :
Energy meadd Combinelightand lonization L
__ 3000}
*E. Conti et al. Phys. Rev. B 68 (2003) 054201 3
3 2500
‘u’ wireplane ‘v’ wireplane CatIlode % 2000
> 4 % 15004
e " 1000
i . 50800 .-1.()'00 15|00 ZOIOO 25|00 3OIOO 3500
e | 40 cm lonization energy [keV]
eandy | 3500 . . . :
?-11“; — Scintillation: 4.80%
! 3000f — lonization: 2.84% | E .
i 2500 — Rotated: 1.15% <
"‘4(; cm > v z.: (o/E resolution) g
= 2000 g i
Schematio plot OEX©G200 Time DriftChamber % ool ©
5
1000} .
Current EXE00: 1.2% @ 2.615 MeV so0l |
FuturenEXQproject: <1% (low noise electronics)

900 1000 1500 2000 2500 3000
Energy [keV] 13



YV 9 - Im @ asearch with a liquid Xe TPC

EXQ200 at WIPRDecommissioned in Dec. 2018) nEXO:
A EXG200 first 106kg class$ iexperiment
A 175 kg liquiedXe TPC with ~80%-X86

A Discovere®A i in Xel36
A Demonstrated excellent background identification
through multiplicity and location of event in TPC di et 3 C";

A this is essential for nEXO design

A 5-tonne liquid Xe TPC
A Enriched in X436 at ~90%
A SNOLABryopit preferred location by collaboration

-t a ! v
y \' o, - 5
e

https:IIV\ANW -project.slac.stanford.edu/exo/ https://nexo.linl.gov/




The power of a monolithic detector

LXemass (kg) Diameteror length (cm)

5000 130
150 40
<) 13
2.5 MeV gay
attenuation length in_Xe
8.ocm= —

A Monolithic/Homogeneous is key because extraneous material is

external (Gamma backgrounds typically originate from the walls )
A photons Compton scatter on their way into the detector volume.

Among the projects selected and funded by DOE tlmmne-
scale, nEXO is the only Monolithic/Homogeneous detector y



ThenEXQdetector

A 5t liquid xenon TPS&imilar to EXE€00 (~30x the volume).
A SiPMfor 175nm scintillation light detection, ~4.8r8iPMarray inLXe

A Tiles for charge read out InXe

A Cold electronics inside TPC in liquid Xe.

A 3D event reconstruction.

A Combine charge and light readout. Géals/E of <1% at @alue.

A 1.5ktonneswater-Cherenkov detector for muon tagging and shielding.

Picture: 10 x 10 c#tile prototype
JINST 13, PO1006 (2018)

charge
readout pads

Field shaping rings

Cathode

Si PM 6st a
covering the barrel

NEXO pre-CDR, arXiv:1805.11142 NEXOTPC nEXO at the SNOLABYyopit 16



Zoom In on upper corner of TPC:

.Charge Tile
Support

Anode Charge Readout

Copper
TPC

Array of
Charge Tiles

SO OO D S

SiPM

ACharge collection on tiled anode plan

;o: . e Field Shaping
EENEEEENER Rings
W.R. Cen et aBRDTM2019) 3:12
X. M. Wu et al, Electroni@®23,12(4), 1045
L A &

Jiiiiiiiiiii## 4 &

AFull simulation of charge collectioniEXO z F 3
used to optimize design 58
A Crossed strips with no shielding grid f 38
AChannel pltch 6mm QI w2 2o vonsansssossavalodsrassed X-Y Strip crossing
: o Source ca||brat|on2(37B|) with prototype tile:
ATile size: 10 cm x 10 cm o T
Z. Li et al.(EXCCollab), JINST 14 P09020 (2019) g ooy ------------ |+ Data
APrototype tiles have been measuredLiXe - m_m_
to validate simulation & "i"ii;m; e i,
M. Jewell et al. (NEXO Collab), JINSA01006 (2018) S 071

300 500 700 900 1100
Energy [keV]



SiIPMsfor photon detection

A Advantages oSiPMdor photon detection Energy resolution:
A Low intrinsic radioactive backgrounds. i SiPMPDE at 175 nm 8 |
A Improved energy resolutiorS{PMshigh gair). U Photon transport efficiency (PTE) ™ \‘mcm

A Lower bias required foBiPMY~50 V versus 3 Reflectivity of SiPM PTG, \

/ {
s Vacuum

~1.5 kV). 0 Correlated noise of SiPM o el Ringl,

\
,/ Inner Cryostat cathioila \

A Devices from 2 vendors meeting
requirements, demonstrated through R&D.

Front:  Back:

Pigtail cable with

§ | Stave

Wire bonds ; . i
Daughterboard ’ ASIC dies crimp connection
SubsErate - \ / / \ ) /g ! X24
|\ o G e
N

SiPMs

ww 0L21

TestedSiPMs

U FBK: VUV-LF-HD, VUV-
STD-HD

u Hamamatsu: VUV4

S A TR T R R T W e I
k -

Photon detector (PD)

Tile module | X 480 190 m;n




NnEXCSignal & Background

A Likelihood fit allows optimal weighting between signal and background combining energy,
topology, and standoff over full 3D parameter space

A For clarity, we arrange the 3D bins into 1D, ordered by signbhckground ratio.
nEXO signal/background counts (10 yr)

5
Background
— Total 6.2tonne yr
47 Signal exposure with
0.5bgndevents
T,=74x1&yr .
» 2 31nEX0 @) C nEXOis a
= < | - = o
_ 8 a6l O IMNRBRIB/EF
Combine energy, © 24 .
topology, and standoff experiment
(preserving correlations) 14
0

0.94 0.95 0.96 0.97 0.98 0.99 1.00
Combination of Energy, Topology, Standoff (arb. units)

n H .| OJka N® dzy R
19



NnEXOSignal & Background

Segmented Anode
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Cathode

NEXO measures multiple parameters for each event to be able to robustly

ARSYGATFE | nai i &A3AYL f
Energy: °" Standoff: Topology:

Bkg,.w@i“f_> Bkg. like iSignal like

o >
Distance from % %
nearest +—>
P detector i,t;;{ o ~3'mm

It surface

1D projections of simulated nEXO signal and backgrounds:
0.40 0.10 200
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0.35 Ty =7.4Xx10" yr 175 e .
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& ] @ @
E 0.20 E ag 100
i 0.04 i
8 0.15 3 8 75
.10 A 50 A
0.10 0.02 A
0.05 4 25 1
0.00 T T T 0.00 T T T 0 T T T
2350 2400 2450 2500 2550 100 200 300 400 500 0.80 0.85 0.90 0.95 1.00
Energy [keV] Standoff [mm)] BB like topology
n H . | Oikad NE dzy R

Position distribution
from 3D event
reconstruction

Energy from combined
scintillation/ionization

Topology, e.g., single
site or multisite



NEXOSignal & Background

Segmented Anode  NEXO measures multiple parameters for each event to be able to robustly

Signal

Energy: * .. Standoff: Topology:
Bkg. Iike:‘(? Bkg. like iSignal like
|4 « “«——>
Distance from . % %
<) nearest Signal Bkg| it;g i
o S detector like like . ~3mm
C{D‘ B‘J i surface :
.CD g
1D projections of simulated nEXO signal and backgrounds:

0.40 0.10 200
Typ =7.4x10% yr

Signal
o 175 Background

0.35

S} Iprejecuons elpitnderStancingitngST U EHEY,
MISSfagkeardea oniermanen)

’\/\/\-;ﬁ\
uomeuRs
O,
@

.8 0.85 0.90 0.95
Energy [keV] Standoff [mm] BB like topology

Position distribution ™ ¥ I OJika N2 dzy R Si.gnaHikeI‘b M
from 3D event Topology, e.g., single

reconstruction site or multisite

Cathode Energy from combined
scintillation/ionization



Half-life of OvBB in 13¢Xe [yr]

Projected sensitivity based on background levels measured in samples of all detector mai

NEXOProjected Sensitivity

J. Phys. Q\lucl Part. Phys. 49, 015104 (2022)Xiv:2106.16243

=

o
&)
L

1.35 x 1028 yr

—

—

0.74 x 10%8 yr

EXG200 (2019)

5.0 X 10%° yr == Median Sensitivity at 90% C.L.
- Median Discovery Potential at 3o

O EXO-200 Sensitivity at 90% C.L.

2 4 6 8 10
Livetime [yr]

Allowed parameter space and nEXO exclusion
sensitivity (90% CL):

10° 5
"~ 10! {PRL 123, 161802 (2019)
.
=
Q:\ -----------
510_2 }
—= 1
/
N.O. 4
P '
_3_ ~ |
W 5\\) l' . ] . . |
104 10 102 107" 10* 10% 102 107" 100
mn]in [GV] mmjn [GV]

NEXO sensitivity reaches 3 in 6.5yr data taking

68% of NME models
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Searching for Ov3[3 decays in JUNO

NF Topical Groups: (check all that apply C/Hl)
[J(NF1) Neutrino oscillations

[ (NF2) Sterile neutrinos

B (NF3) Beyond the Standard Model

[J(NF4) Neutrinos from natural sources

B (NF5) Neutrino properties

O (NF6) Neutrino cross sections

OO (NF7) Applications

O (TF11) Theory of neutrino physics

[0 (NF9) Artificial neutrino sources

W (NF10) Neutrino detectors

O (Other) [ Please specify frontier/topical group(s)]

Contact Information:

Juan Pedro Ochoa Ricoux (University of California. Irvine) [jpochoa@uci.edu]
Wei Wang (Sun Yat-sen University) [wangw223@mail.sysu.edu.cn]

Liangjian Wen (Institute of High Energy Physics) [wenlj@ihep.ac.cn]

Michael Wurm (University of Mainz) [michael.wurm@uni-mainz.de]
Collaboration: JUNO

Authors: the JUNO collaboration and one external expert. A full author list is included after the references.
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Backgrounds: 2B solar o-e scattering

A 8B solam-e scattering events has special directionality 2 aboNt1603

w.r.t the sun A

A Directional Cerenkov light in JUNO LS detector helps to PN\ [ 42
RAASYUly3tfsS %golae RSOF & | yR @ i

A . ‘\ 0.1 '
Higher energy ROI o . Pr
. . \N
A Higher Cerenkov fraction - &
[ = . @ / .0\.&/
Ongoing work. Expectation: a factor of 2 suppression ¢ ¢ ¥
10" 107 ;
0.18F x107 Y, = -
E — Scintillation 0.6 :; Z 0.09 Scintillation photons 1 0.3 z 2300f —4§— Phase-I data 1™ hits: 19904 events
= 0.16[ Cherenkov 1 = v 0.08 1 v 3 - —— Best fit: 10887 solar-v + background
E 0_14:_ - —0.5 E E 007 Cherenkov photons —=0.25 S § 22()0:— — Solar-v signal MC
= 0125 ] s g _ ] 7 g 9 - —— [ background MC
T E JUNO MC qJoag 2000 Borexino MC  {%2 = 3 2
201 F ] 1 2 = 005 ] ] L = -
s E Cerenkov: 0.7%7,, = g 00 Cerenkov: 0.4% 4, ,; = & 20005H+ i_,_
2 0.08 1 2 S 0.04 ] S T =
= F . = . - - .
z 0.061 —o0.2 E = 003 —o0.1 _é ﬁ 1900f—
3 0.04F Dynode PMT, s~ 1.2ns 1 & = 0.00 . RS - —
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Backgrounds: cosmogenic isotopes

on NatTe/Xe

A Several long -lived, high Q -value isotopes

A To remove short -lived isotopes
A Purification + underground Cooling down

A Full MC study ongoing using
A Rates, spectra

FLUKA (also Geant4)

A In situ measurement & rejection approach
A Te material handling strategy

For reference, the estimatedctivation during storage
at SNOLaldepth: < levt/(ton-"2Te)/yr

Isotope Ty /2 Q-value Decay mode (BR)
d] MeV] (%)

22Na 950.6 2.84 EC.A7T

26A] 2.62E+8 4.00 8t

42K (2Ar) 0.51 (1.20E+4) 3.53 G~

44Gc (4474) 0.17 (2.16E+4) 3.65 EC.3T

465 83.79 2.37 £~

26Co 7.2 4.57 EC,pT

28Co 70.9 2.31 EC.BT

60Co (S0Fe) 1925.27 (5.48E+8)  2.82 8-

BGa (°8Ge) 4.70E-2 (271) 2.92 EC. 5T

82Rhb (529r) 8.75E-4 (25.35) 4.40 EC.3T

¥Rb 32.8 2.69 EC.37 (96.1)

88y (387r) 106.63 (83.4) 3.62 EC,3t

90y (908r) 2.67 (1.05E+4) 2.28 8-

102Rp (102mRp)  207.3 2.32 EC.51 (78)

102mR 1366.77 2.46 EC (99.77)

L06RYy (106Ru) 3.47E-4 (371.8) 3.54 8-

H0m A o 249.83 3.01 87 (98.67)

LI0Ag (110mAg)  285E-4 2.89 3~ (99.70)

12451 60.2 2.90 8-

126mg}, (1265y)) 0.01 (8.40E+7) 3.69 37 (86)

126G}, (126mg) 12.35 (0.01) 3.67 8-

Ref:Astropart Phys61(2015)62-71
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Te-LS development

Identify Te
Compound
 Critical R&D: Te loading i e
] y v v v v
* Desired features for Te molecule 0. e o N
* High Te mass fraction | e
+ Easy and cost effective synthetic method e e e
+ Strategy * Soubity I LAB.

= solution transparency

* Try as many compounds |
» Quick screening criteria i
+ Solubility in LAB ’

» Colorless or white * light absorption
« Light yield measurement |
« |teration and optimization !
» light yield
« stability

28



JUNO recipe of elLS

A promisi:?g ;I'e(OH) Onestep Teorganic Direct dissolve into LA
recipe under synthetic method | [e{e]a]el61tIa[s 5 :
R&D RCH(OHCR(OH)R 4 : + PPODISMSB

APromising onestep synthetic methodcapability of Te loading in LAB: > 30| S f&Eiss
A Good stability, transparency and solubility ofctempounds L
A Quick, convenient and applicable for most diols

0.200 T
0180 1 —LAB
A Current characteristics wl.6% Tdoading ] o140 —0.6%Te-LAB
AGOOd UWis Spectra for TEAB < E:Eg --0.6%Te-LAB, 6 months later
A NO visible differencenf,z<0.002 for<>370 nm) ggig K\
compared to the purified LAB (A.L. >20m) o0 + - *ﬁ“/J\.
A NO degradation after 6 months O e e e e
ALight yield tebe-improved:60%~70% w.riin-loaded LS Finvelenglh/ o

29



Tritium | decays FEKATRIN H

@ _ 3
3H- i -
N, W H: superallowedi -decay

\ (T, ~ 12.3yrs, E ~ 18.56ke\)

Mightest (eV)

ot
(9]
1

1
10 F——— ———y ——
[ Limit before KATRIN 1t Result
3He
10}
KATRIN goal
>
le—4 = 10
R New ideas
L5 1= me=0Ey €
—— mg=2¢eV spectral index is P e ¢ —

. mf; dependent! 10 g
—
|
> 1.0 4
2
5 10 ~ i
= 10 10
=
=

mpg = \/|U€1|Qm% + |U€?|2mg + |U33|2m3

0-0 1 1 T 1
0 5000 10000 15000 20000

energy (eV) 5
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Tritium | decays FEKATRIN H

Electrostatizfgig);h pass filter Anal;(/jsin?r;alane Electron
. r ana £

¢ T
@ >HeTt
Usrc(r, 2) © Rydberg atom
c) ¢ Positive ion

AR ORANNN

!

1y an

-

p
p
p
.
.
y
p
p
p
p
‘
~ \\
.
s

- Transport and \ N AL/ AL SR Segmented
Tritium source - \, S EEE detector
Rear wall and pumping

electron gun

Pitch angle / ______ / / ______ e ‘:

b | Brax =42T
P/.g FEEMAN ... - 3 SR
Magnetic ----------""4 / ------- Z-axis Bana =63 x107" T
adiabatic collimation Cyclotron Field line direction
Bsrc —=2d | motion



Project 8

10°

10

KATRIN will continue delivering

world-leading sensitivity

Project8 will further improve
the sensitivity

§ Inverted Ordering

P8 sensitivity goal

| Normal Ordering

\

T TTTT

|| | | 1 111111 J | | 1111 IJ I 1111
10 107 10° 10*
Mass of lightest mass eigenstate (meV)

—_

Relative probability

N
T

sl Atomic T

Relative Extrapolated Endpoint (eV)

Q. Next generation -decay

Targeted sensitivity20 meV

wMulti m3yr effective exposure
wHigh fluxatomic trititumsource
w~0.1 eVfesolution

w107 field uniformity

LA N

B, 3H_3H

N
TRV ECEY,

Cyclotron Radiation Emission Spectroscopy (CRES) 32



PTOLEMY H

Relic neutrino capture orv-decaying nuclei

Ambitious goal:Detection of Cosmic Neutrino

Background, which can also probe neutrino mass \\N >N +e +7, v,+N — N'+e”
1/3 )
Temperature today 7, — (i) T, ~ 1.945 K g * beta-decay |
11 Y g \background
Mean momentum today (p,) ~ 3.1517, 9 \ neutrino
~ 5.281 x 107* eV < | \ capture _
_ o \ signal
Number density: ~ 112/c# 9 \
\
o 2 : \
NONvelativistic nQ & Hn; 2 8 meV (Z Amsol) > (By) "
m, 7£ 0 \ for either
\ m active or
\u v ‘ sterilev’s

kineticenergy of electrons




dr/dE. [yr-! ev-1]

PTOLEMY H

1010 i

104 -

Miightest = 10 meV
A=10 meV

—200 —100

0

100 200 300

Ee — Eend, 0 [MmeV]

Challenges:

3H amount, low background,
SYSNHeé NBaztdziazyz X

Design: PPNP 106 (2019) 120
Physics: JCAP 07 (2019) 047

A [meV]

120 -
100 -
80-@
60-%

40

20 -

50

10 mg yr

ot
T
ES

107>

10°°

100 150 200
’ﬁlightest [meV]

M Messina @ NEUTRINO2022

U(mlightest)/mlightest



PTOLEMY H

M Messina @ NEUTRINO2022

* A new electromagnetic filter idea based on RF detection and « PTOLEMY has to deal with large instrumented mass. Distribute

dynamic E setting atomic tritium on a solid state substrate (e.g. graphene)

AV known to | ppm precision

)xmemwk ; ],

: ETot=q(VTES'vsource) +ETes

3H C/

i collimate and
i slow down

first measurement of the ener
enter if vvrthm
via cyclotron RF emission i 1B\ S 90% H loading demonstrated in the framework of the PTOLEMY R&D
(~ 10 us) - by Rome group (unprecedented value).
P A EE [see Betti et al. — Nano Lett. 2022]

. 1
RGfJ'NST 17 (2022) 05, P0502 Design Goal (PTOLEMY) AEFWHM= 0.05 eV @ 10 eV

translates to AE < E* (a < 1/3)
AEFwHn=0.022eV @ 0.8 eV
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https://www.iupapneutrinopanel.org/

microwave optical SEMMETEVS neutrinos cosmic rays

terra incognita:
only revealed by
neutrinos
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