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Outline of topics covered

The nEXO experiment as a technically viable multi tonne-scale Ov3(3
decay experiment

— Overview and target sensitivity

— Design drivers and technology solutions (novel and established)

— EXO-200 roots
— Inner detector and calibration

— Cryogenic design and infrastructure

— Lessons learned and outlook
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Low background liquid xenon (LXe) TPCs

e LXe TPCs hold technological promise in rare event searches

e Over the past 20 years, demonstrated scalable technology

e Today, several tonne-scale LXe TPCs are operational

(XENONNT, LZ, PandaX-4T)
e Dark Matter (WIMP-like) searches

e Opportunistic searches: 2n, On DBD, 2EC, On QBD

e Larger ones are in the construction/design/proposal stage
e Dark matter searches (PandaX-20T/40T, XLZD) 0.0

e NEXO: optimized for the search of
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The nEXO detector design

Person for scale

e

— Single-phase liquid xenon TPC

l _W it — 5 tonne capacity
I ' ) — 90% enriched in 136Xe (Qgp = 2.457 MeV)
fﬁ Ui = Rl = N — 2000 m overburden
Ultra-low-bkg S ‘ | ‘ (@SNOLAB N Sudbury, ON)

liquid xenon TPC )
Q || m | _ Designed for sensitivity to
‘T

Water Cherenkov outer T1/2 (OVBB) > 1028 years

~ Qetector/ shield
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NEXO sensitivity
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— Designed (and optimized) for
sensitivity to T1/2 > 1028 years

— Goalpost: complete coverage of
inverted neutrino mass ordering
(with assumptions on NMEs)

— There is nothing particularly special
about 5 tonnes

J. Phys. G 49 015104 (2022)
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NEXO design drivers

Detector highly optimized for OvBp decay
— Meticulous care on mitigating detector radioactivity
— Particular focus on suppressing y-ray background
— Such an optimization forces specific choices and compromises

— Environmental selection (depth, activation)
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Simultaneous OvpBB/WIMP optimization in non-trivial

I I
{ Data = Caverngammas = “'Co g

I I I I I I 1 1 I ]
LZ b g P R D 20 2 3 o Fit s [nternals e M2Thecarly B9)-early

150Xe 2033 e 23Tt e 238 |ate

WIMP-like DM searches optimize against

e Neutrons SV Wi 2t o

e Low-energy X-rays, some [3s

Higher energy searches come with b
deep fiducial selection OK herel b o o+ . . . . |

0 500 1000 1500
Reconstructed Energy [keV ]

|

Andrea Pocar — UMass Amherst 2nd Xe DBD workshop 2026 — Manchester, UK— 15-17 September 2026 7
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Suppressing MeV-scale gamma rays

Total Attenuation

Compton Scattering 5 1 3

Photoelectric Effect 1 5 O 40
Pair Production in Nuclear Field SOOO 130

Pair Production in Electron Field

Typical Ov(33
Q values
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e Shielding from external ~MeV E&M background is
harder(?) than what needed for dark matter detectors

e Detector sizes now greatly exceed gamma-ray
Interaction lengths
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The nEXO roots: EXO-200

Thin, radiopure
LXe vessel
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cold liquid buffer
(HFE 7000, few tons)
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EXO-200 low background cryogenic design

(Use xenon wisely — inspired by large neutrino detectors)

1) Largest Xe volume with the lowest background

» Thin single vessel, low-radioactivity copper

» Bulky double-vessel cryostat pushed far away,
shielded by low-background, high density fluid

iI) HFE fluid is cleaner than any structural solid material

» Balance background contributions from cryostat, HFE
» Cryostat mass/background/cost/feasibility vs. size

» Cost, handling/storage of HFE

I1) HFE provides desirable thermal stability and inertia

Water/Lead

» Efficient cooling relies on convection
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EXO-200 @ WIPP (2011-2018)

A surprisingly sensitive experiment for its size

e 200 kg enriched LXe (80% 136Xe) TPC

e Single phase

e Light readout with VUV-sensitive silicon LAAPDs
e Flat kapton cables

e Ultra-low bg design with HFE heat transfer fluid
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Science & Legacy

— First measurement of 136Xe 2vf33 decay (2011)
(signal dominates)

— Best bound on 136Xe OvBp decay (2012)
— First sub-3% measurement of any 2vp3 decay

(2015) i S AT
— Very strong OvBpB decay measurement (2019) EIE meis e o 5 5| £

(matched design sensitivity) 5 P ettt Wy |
~ Best bound on 134Xe OvBR decay (2026) T L e P .
— Lowest 222Rn concentration in LXe (for a while) 1000 P9 Energy Tkev) #200 |

— Measurement of Wit = 11.5 eV @MeV energy

Trades:
— Not a single photon/electron detector
— ~100 keV threshold
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Science & Legacy

— First measurement of 136Xe 2vf33 decay (2011)
(signal dominates)

— Best bound on 136Xe OvBp decay (2012)
— First sub-3% measurement of any 2vp3 decay

(2015) wEITCER  pbn e .

c10% - xe € Xe 203 3 _“1*1 a1 J _?E,

— Very strong OvBB decay measurement (2019) g;gi LS AT N :
(matched design sensitivity) M T T g M T

— Best bound on 134Xe Ovpf decay (2026) : | TSR P

— Lowest 222Rn concentration in LXe (for a while) o 00 eray kev] 2500

'say ‘foid

— Measurement of Wit = 11.5 eV @MeV energy
Take-homes:

- E&M background precisely predicted and
controlled from radio assay + modeling
(PRC 92, 015503, 2015)

— Precise metasurement of background

Trades:
— Not a single photon/electron detector
— ~100 keV threshold
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The nEXO design

NEXO designed to explore T1/2 beyond 1028 years

e 5000 kg enriched LXe (90% 13¢6Xe) TPC + light readout
e EXO-200 design, with novel solutions

e Deeper underground: WIPP —> SNOLAB

e Light readout with VUV-sensitive silicon SiPMs

Xe ha”d“”g e Single drift TPC (no central cathode)
equipment

Xe storage

e Thin electro-formed Cu vessel of the LXe

S e— e Outer shielding: Pb —> water

M—#.v.i-*-%ggr i
L ﬁuve‘s‘?el'u ,
,W/ LXE&; HFE storage and Scaled up shielding and cryogenic concept
@ = pumping e 32 tons of HFE (7200 or 7000)

A b e 75 cm minimum thickness
Cryosta‘\tew- I e
* o Ability to recirculate HFE through external HEX

i\ (enhanced cooling power and fewer bg worries)

| N, | !
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NEXO detector systems [Adapted from Brian Lenardo, XeSat 2026] nEX

Dual scintillation and ionization |

detector systems with cryogenic _A - ~N
ASIC readout
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NEXO detector systems [Adapted from Brian Lenardo, XeSat 2026] nEX

Dual scintillation and ionization
detector systems with cryogenic
ASIC readout

*CRYO ASIC
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v

,—-—.'—.

-~ -~
S~

= b d —r
- — s
= S -~
-~
e

,, ;»
ssNa¥iasasnas .
T -~ ™~
SR
el -

ngu.;.pu.;.hj;rﬁ.r{g.};;zf'!.y.p.r.l__— %

;2-'—}\“ 1 “ .o n; ' ’;n

=] ‘éj}!
N —————

- L

I

o

:

J 3
i ===

-

T AR e qum»

e L

ik

:—?!iii}

=

Andrea Pocar — UMass Amherst 2nd Xe DBD workshop 2026 — Manchester, UK— 15-17 September 2026 14



NEXO detector systems [Adapted from Brian Lenardo, XeSat 2026] nEX

Dual scintillation and ionization
detector systems with cryogenic
ASIC readout

-
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Tiled SiPM scintillation >4 m2, high-density coverage with
readout around barrel VUV-sensitive, 1cm x 1cm SiPMs
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b 9

Daughterboard ASIQ chip
Interposer e N :
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NEXO detector systems

|[Adapted from Brian Lenardo, XeSat 2026]

nEX®

Dual scintillation and ionization

Tiled SiPM scinti

detector systems with cryogenic
ASIC readout

, high-density coverage with
ensitive, 1cm x 1cm SiPMs

itile #28 8P2S LN2Z mn
6V, 4.2V
LED photon flash triggered
overlay of 3 runs

high reproducibility

A JL o) el o P
7

photoelectron #
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Multlple calibration systems [courtesy of Brian Lenardo, XeSat 2026] nEX

radioactive
/

SOUrces
Xenon handling
and purification

.
External radioactive sources | | Xenonflow | Internal
k.

Radio-
active
source

| 3

«

\/T;ﬁ R E: Anode (charge tiles)
;*@ Field
uv ~
fiber »
o LXe volume
e Non-radioactive- \
source calibrations oo
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Multlple calibration systems [courtesy of Brian Lenardo, XeSat 2026] nEX

L
External radioactive sources | | Xenon flow Internal
radioactive
e k sources
Radio- . Xenon he_mdl_ing
active = and purification
source
>/} T° Anode (charge tiles)
TPC <o
e fiber i [Xe volume
ce . .
Cryostat __ onriched SO Non-radioactive- :
source calibrations g o
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I " « 220 127 [Adapted from Brian Lenardo XeSat 2026]
Internal radioactive sources: 220Rn and 127Xe nkEXG

1al 228 A :
Commercial 228Th '] 22Rn source @ Sample cylinder with natXe gas

source (LZ design) 127Xe EC source provides

gamma lines at 236 keV and
408 keV with 36-day half-life

Regular injections for
uniformly distributed,
continuous source for
detector response mapping

60000 - : 220 ] Measurement of electron lifetime in
- R e LT Rn emanation impurity-doped LXe TPC @ Stanford
£ 50000 - SRR E ' 10001
- - | | source deployed J\L
O : ' . § 1 — 1200 T=44.4 +/- 0.9 us
g 40000 E . . EEm 212Bi-212Po In EXO'ZOO, 0 , ' ﬂ T | REEEESRASIRST LU emeee T=45.3 +/- 0.9 us
-g ™ -__ﬁ‘;f{,;'_:' ) BN 212Bi a!pha | . . % § 1000 - .
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c ’ dark tt t 2 00001 | = 236 & keV
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2 20000 - _ ngOOO- | \ I3 - AR VS
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100001 " BN . S . Z 10000 \\ 4 ‘." S pey o i
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Y - DNV ORI R T e S 5000 O ;
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charge energy (keV) " MC Truth ionization [electrons emitted]  Counts DI e [US]
E. Hansen, PhD thesis, Drexel University (2019) B.G. Lenardo et al., JINST (2022)
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Platform Gantry Crane

/
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installations

Space for Xenon
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Cryostat
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e

Outer Detector Water Tank
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X \ Space for LN, Electrical Motor
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nEX®

SNOLAB Conceptual Layout, 2023
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™
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Xenon pre-purification and storage

17 Heated
] ] o ) AI-\I l > Zr > [
e Enriched xenon will be pre-purified with X gotte X |
heated Zr getters and transferred in

Assay Assay
underground storage system G @@

Input Xe storage
. . cylinder’~ system
e Process xenon stockpile in <1 year y = "
e Xe high pressure storage system inspired ==l
by ReStoX infrastructure at LNGS (XENON Bl s
collaboration) e | = 3.2m
e LN>-driven LXe condenser and SXe crystallizer iw\
e Two tank system gives operational flexibility '
and eases certification (units built on surface) L

FRONT VIEW

Sized for SNOLAB
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HFE fluid handling

EXO-200
e Transferred HFE 7000 using N>

e Cooled inside the cryostat

)

!

e Refrigerators

|
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wOnes
o

OO
AN

nEXO

e Cryogenics envisioned with
recirculating HFE 7200 through
an external HEX (cut cooldown

time)

e Volumetric (gear) pump

CRYOCONTROL PX20
e LNy refrigeration

Andrea Pocar — UMass Amherst 2nd Xe DBD workshop 2026 — Manchester, UK— 15-17 September 2026 20



Hydrofluoroethers (HFEs)

e HFEs are perfluorinated, engineered fluids (molecular masses in the 100s amul)
e HFE-7000 and -7200 are liquid at room temperature, all the way down to -100C

e Shown to be ultra-low radioactivity: ppg-level U, Th (see nEXO arXiv 2026)
(quite refractory to impurities, purifiable)

e High density: 1.4+ 1.8 g/cm3
—> excellent y-ray shield

HFE 7000 Seeton fit
e HFE 7000 measured
HFE 7200 Seeton fit
o = HFE 7200 measured

p—
2
e

e Protonated —> neutron moderation

N
=,
&
2 N\,
8 101
Property Value >
Molecular Weight 200 g/mol '% L L
Freezing point 150.65K = !
Boiling point @ 1 atm 307K _g . '\_\
00 Heat of Vaporization 142]/g 100 Secton it .\-\. '\-\_\
?E 1 0 Solubility of N, 55 vol % nlinty + sz‘ +e 2?4“} 124401 = A~ Bin(T) \.\.\. -\
\'\ Density vs T (2.26 — T/347.2) g/cm? kv T T T \‘\:
Specificheatvs T | (382+3.08:-7)J/kg-K _125 100 =75  —50 -5 o 25
Thermal conductivity vs T | (0.13 —=7/5102) W/m - K Temperature [ ° C]
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| (work by Graeme Sullivan and Antoine Amy,
The AFE tests (at UMaSS) continued by Sophia Ruggeri and Jonah Hebda)
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Improvements to the nEXO design

e The nEXO 2022 sensitivity calculation
(T1/2>1.35%1028 y) assumed cryostats
made with carbon fiber composite
(with a thin Ti liner)

e 75 cm HFE buffer required (32 t)

e The 2024 nEXO Conceptual Desigh Report
(CDR) featured a CVD Nickel cryostat

e still, 75 cm thick HFE buffer (overkill)

L=
-

Cryostat
supports

/7‘

Outer
Cryostat

B \“\\\-\. i '/

Inner
Cryostat
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Improvements to the nEXO design

[work by Antoine Amy]

nEX®

e The nEXO 2022 sensitivity calculation
(T1/2>1.35%1028 y) assumed cryostats
made with carbon fiber composite
(with a thin Ti liner)

e 75 cm HFE buffer required (32 t)

e The 2024 nEXO Conceptual Desigh Report
(CDR) featured a CVD Nickel cryostat

e still, 75 cm thick HFE buffer (overkill)

e The Inner Cryostat multi-layer insulation
assumes EXO-200 values (no nEXO R&D
performed —> room for improvement!)
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CRE ASIC board substrate
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HV Feedthrough Core (Cable)

»» (Nickel) Inner Cryostat
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»» (Nickel) Outer Cryostat
CRE wire bonds
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PRE DB: Tile to daughterboard wirebonds
TPC Vessel Clamp

PRE DB: LArASIC wirebonds
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Ultra-pu re nickel [Adapted from Richard Saldanha, Montreal 2025]

'Material | 238U [uBq/kg] |232Th [uBq/kg] | 40K [uBq/kg] | Yield Strength [MPa] [V ASNNESIN———"

ICP-MS (top of the chain)

SS (XENONNT) 300 +/-100 600 +/- 200 1600 +/- 600 200-240
) ) ** Unwelded, Property
Titanium (LZ2) <90 230 +/- 20 <540 170-310 Characterization of CVD Nickel,
Masters Thesis, Patrice Bansa,
CVD Nickel <1.2% ~0.3* ~30 ~400** University of Toronto

e CVD Nickel produced by CVMR was used for the
SNO 3He proportional counter tubes

e Produced through the MOND process with nickel
carbonyl (extremely hazardous)

R il WS S N T

y ‘
»
5 {/"N

e Recently explored by nEXO for cryostat vessel
NIM A 1087, 171402 (2026) - arXiv:2508.08230
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e Deposition rates can be as fast as 0.75 mm/hr,
with achievable thickness over 5 cm

bor | SO e N

Yo v > o7, p e SN e SR

L iae CR N ame T 1 Z 4 jM' P e N P & R "
,‘\f ;’. \‘:«:‘4 ‘:.4\’}‘ e W:,Lér’ u’wfy‘\‘ (..iﬁﬁt- ;.”7%'\:"1 > 74\ AR SS—

AN =
o .J-'-\“'-‘ffe/',‘-i’\,-wm-.\_%,,_.,__ % =
ki 2 e o Tl ) = B e e

Andrea Pocar — UMass Amherst 2nd Xe DBD workshop 2026 — Manchester, UK— 15-17 September 2026 24



Ultra-pu re nickel [Adapted from Richard Saldanha, Montreal 2025]

'Material | 238U [uBq/kg] |232Th [uBq/kg] | 40K [uBq/kg] | Yield Strength [MPa] [V ASNNESIN———"

ICP-MS (top of the chain)

SS (XENONNT) 300 +/-100 600 +/- 200 1600 +/- 600 200-240
) ) ** Unwelded, Property
Titanium (LZ2) <90 230 +/- 20 <540 170-310 Characterization of CVD Nickel,
Masters Thesis, Patrice Bansa,
CVD Nickel <1.2% ~0.3* ~30 ~400** University of Toronto

Produced through the MOND process with nickel
carbonyl (extremely hazardous)

Recently explored by nEXO for cryostat vessel
NIM A 1087, 171402 (2026) - arXiv:2508.08230

Deposition rates can be as fast as 0.75 mm/hr,
= - eyt with achievable thickness over 5 cm
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HFE can be more than halved with Ni cryostat

(work by Antoine Amy)

The ultra-pure CVD nickel offers
the opportunity of reducing the
required amount of HFE

Main Components

e Cost savings,

reduced safety concerns

e Less underground real estate for storage

e Thermal benefit only moderately affected

Background Budget (HFE mass = 13.0 1)
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Summary

The keys of the nEXO design:

- Single phase, enrLXe TPC
- “Minimalistic”

- Material purity (low y-ray, low Rn)

- Silicon-based light readout
- ASIC FE electronics

- HFE-based cryogenics and shielding

- Ultra-pure nickel
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ummary

The keys of the nEXO design:

- Single phase, enrLXe TPC

- “Minimalistic”

- Material purity (low y-ray, low Rn)

- Silicon-based light readout
- ASIC FE electronics

In_hindsight (personal view):

Project structure did not allow “creative”
solutions (Xe procurement, site
selection, staged funding)

- HFE-based cryogenics and shielding

- Ultra-pure nickel

Andrea

Pocar — UMass Amherst

2nd Xe DBD workshop 2026 — Manchester, UK— 15-17 September 2026

26



Summary

The keys of the nEXO design: In hindsight (personal view):
- Single phase, enrLXe TPC Project structure did not allow “creative”

solutions (Xe procurement, site
selection, staged funding)

- “Minimalistic”
- Material purity (low y-ray, low Rn)
- Silicon-based light readout

- ASIC FE electronics Possible trades?

- HFE-based cryogenics and shielding - enrXe

- Ultra-pure nickel - Single <—> dual phase
- Scintillating cryogenic buffer (a la PandaX)
- SiPM <—> PMT

- More

Andrea Pocar — UMass Amherst 2nd Xe DBD workshop 2026 — Manchester, UK— 15-17 September 2026 26



Outlook

— nEXO was specifically designed to search for OvpBp decay at sensitivity set as
a top priority (coverage of inverted v mass ordering)

— The detector desigh was geared at suppressing the leading backgrounds for
OvBB decay (y-rays, including from Rn)

— The slippage of schedule, cost range and paucity of funding for next-
generation large LXe TPCs (in the US and elsewhere) suggests setting new
ambitious targets for scale and sensitivity, beyond “tonne scale”.

— This, in turn, may offer the opportunity for an ambitious simultaneously
leading instrument for OvBPB decay + dark matter

— Solutions developed for nEXO could greatly contribute to realize this goal
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nEX® A world wide effort involving 10 countries, 40 institutions, ~200 collaborators
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