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The nEXO Experiment: Neutrinoless Double Beta Decay

e @) ( 'jg

OvBB=new physics
* Lepton number violation

* Explores neutrino nature and mass hierarchy

* Could explain matter-antimatter asymmetry

1.0 A
0.8 -
136Xe decay signature at 2458 keV, requires:
9 0.6 -
* Good energy resolution (< 1% oE/E) §
O 0.4 -
* Large mass of enriched isotope (5 tons of 90% 136Xe)
» Low background (< 0.5 counts/y/2t/ROI) 0.2 1 Not to scale
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The nEXO Experiment: A Large Unexplored Parameter Space

Mean number of Ovf33 events
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The nEXO Experiment: A World Wide Effort
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The nEXO Experiment: Overview

e Underground Lab Wall

Detector's Geometry: Multi-Layer Shielding
| Support Structure

e (@ SNOLAB, 6000 m.w.e (2500 m more than Gran Sasso)

. : ! Outer Vessel
* Bigvolume of water: Active muon veto el

* Dual cryostats: Vacuum insulation barrier £ — Inner Vessel

* 32 tons HFE*: Gamma/neutron shield + cryo stability 13.3m

~ | TPC Vessel
* Radiopure copper Single Phase TPC

* 5 tons 90% Liquid 136Xe at 165K
2

Access Tunnel B

12.3m

*dense HydroFluoroEther liquid 6/19



The nEXO Experiment: Signal Detection

Signals Generation & Detection

e Xenon is both the source and detection medium ,;’.’,’;,.5{’.’,1‘,5’.’,11’, A2 Anode
(P L L DL OSSN PITNSS. Y s J 2 2 2L 4

n "l”””””’ll”” v 2 2 22 2
* lonizing radiation produces: @ "”-’.75115577‘75",77, o A
q') \
e prompt scintillation (51) 175nm UV photons - immediately 2 T T T %)
sy =
detected by SiPMs around the barrel =N | 5 N f
c I IT
5 :
* lonization electrons (S2) - drifted to charge collection tiles at the S | | B | |
= N \y | || #]23m
top 3 — |7 e
N N\ 7"‘*\?VBB
\\ 1
UV scint light
Signals Analysis
= 4 — NI
* Dualsignal enables 3D event reconstruction \ / Cathode
* Multiparameter identification to differentiate withy, u,... background < >

1.3m
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The nEXO Experiment: Background Definition

Selection Criteria

* Energy in the FWHM of the OvBpB ROI  In the inner 2 tons of LXe* * Single Site: Neural Network>0.85
Energy: ° 7 Standoff: Topology:
" N Bkg. likei Signal like
E E Distance from - ;:3 i %
nearest Signal Bkg % >
o detector like like L ~3mm
:A: surface i
1 1 \ /
0.40 0.10 200 S 1
T, =7.4%x10% yr gnha
0.35 4 1/2 175 -
nEXO (30) 0.08 - Background
0.30 A 150 4 = Total
o ]
E 0-257 % 0.06 - £ 125
S P @A 4
% 0.20 + 45 45 100
J 0.04 - ]
3 0.15 3 3 75
.10 A 50 1
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0.05 _|_|—. 25 - —
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*: As a reference. Weighted by spatial probability distribution. No hard fiducial cut applied. 8/19



The nEXO Experiment: Expected Sensitivity

Expected Sensitivity

* Alarge unexplored parameter space

nEXO exclusion sensitivity (90% CL)
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* Reach a half-life of 1028 years in 6.5 years data taking

* %1000 more sensible than the previous generation (EXO-200)
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The nEXO Experiment: Internal Background

Internal Background Sources

* Mainly from to y-rays emitted by decaying nuclides 109
* From: 232Th (mainly 214Bi: 2615 keV")

n

238 (mainly 20TI: 2448 keV) ERTR
o
Qo
g

. . GN') 10—2
Component Background Contribution =
:

B = By + Brp = m X (ayX €y + arp X €rp) o~ 102 0vBB: op/E = 0.8%

238U: o /FE = 0.8%
232Th: o /E = 0.9%

m: component’s mass

a : component’s material activity

1074
£: component’s hit efficiency 2000 2200 2400 2600 2800 3000

Energy [keV]

Hit Efficiency Definition (g): The probability of a decay event becoming a background count

*: then soft Compton in HFE to get in ROI 10719



CFC to Nickel Cryostats: Impact on Background

Why use Nickel instead of CFC (previous plan)? Cryostats Design Values (for now)
* Cryostat Vessels are prominent internal background sources * Inner Vessel (IV) radius: ~1.7 m

e Searched for new ultra radiopure material: low-activity Nickel samples e OQuter Vessel (OV) radius: ~2.2 m

e Background contribution reduction of a Factor ~300 * HFE-7200 mass: 32 tons

* Nickel=new baseline for the cryostat vessels

Component ]
mEmm |nner Cryostat
W Outer Cryostat

= 1072
- Stainless Steel
O
o
~
>
S~
wn
4+
c
>
] 3
21073
=
>
o
_
2 CVMR nickel
U
M
m

10—4,

CFC Nickel
Material
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HFE Shielding

Motivations to Use a HFE-7200 Bath

* Dense liquid at room & cryo. temperatures Outer Vessel

* Efficient y-ray shield
Vessel Support

* Highly radiopure material

* Ensures cryogenic system stability at 165K Inner Vessel
. : : HFE

Baseline Dimensions of the HFE Bath

* Min. Thickness: 76 cm (for 1.7 m IV) TPC

* Centerto TPC corner: 90 cm

Vessel materials less radioactive - Possibility of reducing HFE thickness (while keeping the same
background contribution)

12/19



HFE Shielding: Simulation tools

Testing with Less HFE

* Using Geant4: 1e10 214Bi & 298T| decays
* Decays in cryostat vessels
* Testing multiple IV radii* (from 1.7 - 1 m)
* Reconstruction with Strax

* Neural Network still in development; initial preliminary results only

Simulating (;D;;?:;?rry
Physics =~ 1T~ .
y (IV Radii)
I
I
\
Monte-Carlo Simulating
Geantd __ "1e10  —»,  S™ __ Detector —» BTG
(nexo-offline) : ) (nexo-py-recon) Selection
simulations) Response
l£=BIN
Hit
Efficiency

Geometry in Geant4

*HFE volume adjusted accordingly 13/19



HFE Shielding: Monte Carlo Studies

Vessels Hit Efficiency vs HFE Thickness

* Cross-checked with previous studies

* Exponential evolution (expected with attenuation law)

= =

o o

| |
~ (o]

Hit Efficiency (counts/ROl/2t/decay)
(]
o
|

1000 1100 1200 1300 1400 1500 1600 1700 1000 1100 1200 1300 1400 1500 1600 1700

Hit Efficiency vs. HFE Thickness for IV

= Preliminary Results
| U238 (1o Error)
f  Th232 (1o Error)

Inner Vessel

Preliminary

Hit Efficiency vs. HFE Thickness for OV

Radius (mm)

Preliminary Results
| U238 (1o Error)
f Th232 (1o Error)

Outer Vessel

Preliminary 1

Radius (mm)
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HFE Shielding: Monte Carlo Studies

*  Sum of 232Th & 238U contributions

finalized Neural Network)

e |Vradius1l.7m—>1.125m

New Potential Radius

i
Il Preliminary Results
IV Background Contrib. vs HFE Thickness - I b oo e
o
— k“"‘n.l e
* Activities measurements from Ni. samples N :\‘\H IV Background Budget
®
e Same procedure will be done for OV (after E;-; i e
) |
§ 10'_2__ I 1\‘.““&_“
CANE I
S !
o I S
S -
: | I
CFC to Nickel Background Equivalent o | s
I “H“H"“a
* |V bkgd budget: 0.032/y/FWHM/2t I S
10731 g [ 1
| Preliminary
1000 1100 1200 1300 1400 1500 1600
IV Radius (mm)
15/19

As areminder: B = By + Brp, = m X (ayX €y + arp X €7p)
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Design Implications: HFE quantity

Reducing HFE Shielding

* Assuming IV Radius : 1.125 m

* Less HFE = Less storage needed, more space

available

* Cost reduction

Possible Reductions (Radioactivity Only)
v Mass: 32 > 7.5 tons (price ~/4)
v Volume: 18.5 - 4.4 m3

v Min. thickness: 76 - 25 cm

Background (counts/y/ROI/2t)

New Potential Radius

IV Radius (mm)

1000 1100 ] 1200 1300 1400 1500 1600 1700
| I I | | | | | | I | | I PrelinI'nlinaNf:rkZ;c_l'(s:ullts
. I ® cFcic
1
\\l\\ |
: . IV Background Budget
102+ [ I ~
] I ~ < :
I \‘\\\\\x
. I
I i)
[ R
[ [
1073 I I
;Preliminaryl
5.0 7.5 10.5 22.0 32.0
HFE Mass (tonnes)

HFE Volume (m3)
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Design Implications: External Background

Less HFE = External Background Increased

*  From OV, 222Rn from water, ...

* Can be quantified with the attenuation law

(before MC results)

- Underground Lab Wall

_ | Support Structure

| — Outer Vessel

_|— Inner Vessel

— | TPC Vessel

2

Access Tunnel B

Min. HFE Thickness 76 - 25 cm means

v Shielding efficiency /30 & External radioactivity: 30x greater impact
v Maximal allowable radon concentration decreased*

e 25cm target, to be adjusted based on external background levels

100 2.5 MeV Gamma Transmission Probability in HFE

901 TPC Surface: 100%

80
70+
60
50
40

301 25 cm HFE: 17.79%

76—25cm min. HFE Thickness

Transmission Probability (%)

20

Outer Layer: 0.56%
0 10 20 30 40 50 60 70
Distance from TPC Surface (cm)

10+

*Potential for optimal HFE vessel size balancing radon background vs. HFE quantity 17/19



Design Implications: Cold Mass

HFE Cold Mass Reduction
* LXe needs to stay stable at 165K e Still the largest cold mass: 5x more than LXe

v 4xless HFE = 4x less HFE cold mass

LXe 5 2

HFE (baseline quantity) 32 40
HFE (reduced quantity) 7.5 10 )
Cryostat IV (Ni) 2 1
Total (reduced HFE) 14.5 tons 13 MJ
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Summary

Main Message (using Nickel) Outlook

* Radioactivity: 300x better than CFC * Other components background impact
* |V radius could be reduced: 1.7 - 1.125 m* * Thermal mass inertia study

* HFE is still the main cold mass * Mechanical study necessary

Implications Discussed

_ mpact | Prs Cons

Economic HFE cost reduction (32 - 7.5 tons)

Spatial Reduced storage requirements

Cryostats easier to build

Design Potential thinner IV & OV Redesign requirements
Possibility to increase water shielding More radon from water
Operational Faster cooling time Reduced cold mass

19/19
*i.e. Min. HFE thickness: 76 - 25 cm /
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SNOLAB Geometry

Space Required

Around 5000 m3 total
3500 m3 needed for the
Veto Tank

n EXO Auxiliary Clean Room Platform Gantry Crane

Xenon Recovery System

. h Outer Detector Platf
|nSta”at|OnS R Electrical Panels

Space for Xenon
at S N O LA B System Components Network &
' / Slow Controls

5

Cryostat

Platform Mezzanine
Q

X Outer Detector Water Tank : N L

Refrigerant Storage = \ LN, Plant, Bulk Cooling & Storage

Space for LN, Electrical Motor

o 0““ Controllers and Slow Controls

vwoe

™\ Clean Room Compressor (GN, Generation) E X@
Low-Pressure Chilled Water System n

SNOLAB Conceptual Layout, 2023

On-site

\'0\ﬂ Control

Water Circulation/ Purification

\ UPS & Electrical Equipment July 25,2023  TPCS CoDR
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The nEXO Experiment: Signal Detection

Signals Generation
* lonizing radiation will either ionize or excite Xe atoms

e Xenon is both the source and detection medium

lonization
— Xet + e .
lonization ere Electric Field " Charge
Energy Deposit Recombination
R Scintillation
T Xe, m— .
Excitation Deexcitation Light

Signals Detection & Analysis

* Photons immediately detected by SiPMs around the barrel

* Electrons drifted to charge collection tiles at the top

2 2 L L L L L LT
2 L L L L LU NLLLLLLLY L2 2>

TTTTOTTIITIITIIIE. OO,
EEE L e e e T P e T P P T P T e e

RLEZ 2227727277777 27727777
VOOV ITIIINY. A
< s —

etk k. ek

E11.3m

1.3m




Charge Collection Tiles

Charge Collection Tiles

» Electrons are drifted to charge collection tiles at the top
« 10cm x 10cm charge collection tiles with 3mm pitch strips detect e-

tensioning
spring

sapphire
rods

SiPM
staves

Cu field
rings

—-
- "'f’lli‘..."-

l
l
l
l
I
l
l

anode
backbone

‘tiled’ anode

(charge collection)

gy |
...III||..|.........-—-ll-
| 'f""‘?'

I
I
l
l
l
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The nEXO Experiment: Background Definition

Selection Criteria

* Energy in the FWHM of the OvBpB ROI  In the inner 2 tons of LXe* * Single Site: Neural Network>0.85
Energy: ° 7 Standoff: Topology:

Bkg. M@i‘(i_; *ngg. I;Ifi_slgnal like
E E Distance from - i %
o nearest i :
i i detector S:iiréal Eff % i ~3mm
:A: surface i
1 1 \ /

nEXO signal/background counts (10 yr)

Signal
Background
1 — Total
3D bins ordered by S/Bin 1D: Visualizes signal- @ 31
. . 0 =
background separation while preserving 2
. © 21
correlations
1 -
0

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

0 € Background-like

*: As a reference. Weighted by spatial probability distribution. No hard fiducial cut applied. 24



nEXO Backgrounds

Other Sources of Background

* CFC Cryostat Vessels were a dominant internal background source

e Other backgrounds now play a more prominent role

Support Rods and Spacers
HFE-7000

QOuter Vessel

SiPM Module (Interposer)
Charge Tiles Cables

HV Cables

SiPM Cables

Inner Vessel

LXe

Inner Vessel Liner

Quter Vessel Liner

TPC Vessel

SiPMs

Charge Tiles Backing
Field Rings

SiPM Electronics

Quter Vessel Feedthrough
SiPM Staves

Electrical Connections (SiPM) |—

Inner Vessel Feedthrough

Electrical Connections (Anode) [—

Charge Tiles Epoxy
Charge Tiles Support
Charge Tiles Electronics
SiPM Lead-free Solder

HV Feedthrough Core (Cable) [—

'lll..;_l'

|

s R i

I-

Ihl;"_“

0.01 0.1 1
% of total SS counts/(FWHM-2000kg)

10

100

Total - 2"Bi from ?22Rn .
Cathode [— =
Field Rings [— L
HFE-7000 |— e
TPC LXe — L1
Skin LXe [— =24

Total I Intrinsic Radioactivity

ZEBU I =

232Th |- ———
2par

2u88 - .

Total |- Exposure-based

13]"xe -

Solar v —

0.1 1 10 100
% of total SS counts/(FWHM-2000kg)

Figure 8. SS-like fractional background contributions with
energy within Qgg+FWHM/2 and in the inner 2000 kg. The
contributions are grouped by category, as described in the text.
For each category, the total contribution is shown by the solid
marker, while individual contributions are indicated by open
circles. Negligible contributions are not shown. For 222Rn
backgrounds, the breakdown by 2!4Bi decay location (based on
Table 6) is shown. Breakdown by the individual source terms is
given for the other two background categories.




The nEXO Experiment: Expected Sensitivity

nEXO exclusion sensitivity (90% CL)

10°

Phase-space factor Axial coupling 1
J. Kotila and F. lachello, gA 1 27 :> 10 - BRI, 161002 (2019)
Phys Rev C 85, 034316 (2012) L -

m -
= —2 G'O”g M|

m2

103

1 \
-1 107 1() 2 1()" 1()‘ 1()‘ l()“ 1()‘ 1()0
mllllll mllllll
KamLAND-Zen Katrin

36-156 meV <0.8 eV

Nuclear Matrix Element
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The nEXO Experiment: Expected Sensitivity

Median Sensitivity Median Discovery
[+) H . ege o
at the 90% C.L. il L nEXO exclusion sensitivity (90% CL)
8- : W nEXO | \ W nEXO 100 :
i 1
I 1
i 1
4-
2]
L |
0- 10~ JPRL 12
3 g : LEGEND-1000 | : LEGEND-1000 — 10 1 ;PR' R—
= I g LY
“5 : Inverted Neutrino } Inverted Neutrino —
b 4 - = Mass Ordering - : Mass Ordering %
0 1 ! ~
€ B B o o]y =102
= g- W CUPID | E w= CUPID
i
4- |
10~
Ob 5 2025 0 5 10 15 20 25 101 1073 10- 2 1()— 104 103 1()- 1()- 100
{mgg) [MmeV] {mgg) [MmeV] mllllll mllllll
e >10%8 year sensitivity reach in 10 years
KamLAND-Zen Katrin
e Can provide compelling evidence of OvBp decay discovery 36-156 meV <0.8 eV

 Probes mgg™ 15 meV (model and NME dependent)




S1/S2 Signals

160 s a 10"
—
X 140
A, - 107
"< 120 :
= [
20
3100 - 102
E -
= 80
—
;,;-; 101
S 60
ab]
Dj =
40 e . ] I 109
40 60 80 100 120 140 160

Reconstructed Charge ﬁQ (x103]

Figure 5. Reconstructed light and charge signals of all events
in the FV from simulated 232Th decays in the TPC vessel. The
dashed lines indicate the location of the diagonal cut, described
in the text. The rotated axis indicates the scale of the rotated
energy.
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HFE Characteristics

HFE 2.5 MeV y Attenuation Outer Vessel

 “3M™ Novec™ 7200 Engineered Fluid is a liquid composed of Ethoxy- Vessel Support

nonafluorobutane (C,F4OC,Hs), 99% minimum.”

Inner Vessel
* Dense liquid at room & cryo. Temperatures - Efficient y-ray shield
HFE
* Highly radiopure material
Typical Physical Properties The
Table 1
e TR0 Wt 1
Formulation C4Fs0C,Hs C,Fs0CH, CsHaF 1o CsCl,HFs o ]
Molecular Wt. 264 250 252 203
Boiling Point (°C) 76 61 54 54
Freeze Point (°C) 138 135 -80 -131 .
Liquid Density (g/ml) 1.43 152 1.58 1.55 s
Surface Tension (dynes/cm) 13.6 136 141 16.2
Solubility of Solvent in Water (ppmw) <20 12 140 330
Solubility of Water in Solvent (ppmw) 92 95 490 310
Vapor Pressure (mmHg) 109 202 226 290
Viscosity (cps) 0.61 0.61 0.67 059 q |
Heat of Vaporization (cal/g @ boiling point 30 30 3 346 g 10’ 10’
Specific Heat (cal/g°C ) 0.29 0.28 0.27 0.24 — e

29

All values at 25°C unless otherwise specified



HFE Shielding: Software Used

Simulation Geant4

* Code version: commit 9e001b0 (G4 10.7.2)

* Generated %Bi and 29Tl as primaries in vessels liners (to be conservative)
* Launched 8 Slurm jobs: 1026, 1226, 1510, 1690 mm IV

* HFE volume is parameterized, no TPC Support

* 1e10 primaries

Reconstruction Strax

e Code version: commit b325f0e »s ] . g

Count
¥
o

e Using new DNN (June 2024)

* Defined BackgroundAlg plugin: 10 ]

(2481 < evt["energy"] > 2435) & (evt["standoff"] > 100) & (dnn_value > 0.85) 51

* Did reconstruction and background selection in Slurm jobs R 1000 1500 2000 2500

Reconstructed Event Energy [keV]



Design Implications: Radon from water

Maximum Allowable 222Rn Concentration in OD Water vs. HFE Thickness

Less HFE = External Background E
S Reference Point
2 (76 cm, 9e-09
Increased =
% 1078
* QV, 222Rn from water, ... i ]
Q
* Can be quantified with the §
O
attenuation law =
* Geant4 simulations will be done i
2 1071 25 cm: 3e-10 Bg/kg
=
9
<
-
-}
E
*
(0]
= 10—10__

10 20 30 4 50 60 70 80 90 100
Minimum HFE Thickness (cm)
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