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Neutrinoless double beta decay (OvBp)

Key to unlocking new physics beyond the Standard Model
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Implications for
3 @ matter-antimatter
asymmetry

Image: APS/ Alan Stonebraker

Double beta decay Neutrinoless double

Matter &
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beta decay

Only matter!
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Insight into
4. neutrino mass
T1/2 - neutrino mass
relationship
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See-saw mechanism
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Single phase TPC with
5000 kg of liquid xenon
(LXe), 90% enriched in
136Xe
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nEXO Vessel

e Builds off success of EXO-
200

Scintillation Lig

-2

« (Collect ionization +
scintillation signals &
perform a multiparameter
analysis using:

Energy, position, topology

« Sensitivity: T,,=1.35 x 1028 years

Requirement: < 1.1%

Energy resolution: Design value: < 0.8%
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Energy resolution nEX‘

EXO-200 Th-228 calibration source data Energy spectra of Th-228 events

| d fractional lution (°Z
3500 ; — . 3500 mproved fractional resolution (E)
228Th source calibration dat 'EXQ—ZOO ' — Scmtlllatlon 50%

— 30001 . lonization: 3.0% ] / using rotated energy basis

2500}" 7

3 — Rotated: 1.2% V
= _. 2500} ]
> 3
3 & 2000} ]
2 20001 2 1500l Need to optimize both light and charge
£ 1500l; 8. channels
3 B « ~100% charge collection efficiency
' 9 \ |+ Only < 10% photon collection efficiency
" 1000

1500 2000 2500 3000 3500 800 1000 1500 2000 2500 3000
lonization energy [keV] Energy [keV]

Rotated energy resolution is dominated by light collection efficiency

Light collection efficiency (€) / Photon detection efficiency

£ = @x DAP = PTE x.
\ \

Photon transport Device avalanche Reflection at normal
efficiency probability incidence in vacuum
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PD system conceptual deslgn

Silicon Phsto-Multipliers
(SiPMs)
x ~46,000

Individual VUV-sensitive
SiPMs

Readout channels: SiPMs
grouped in 6 cm? sub-arrays

Tile Modules
x 480

16 sub-arrays (96 SiPMs)
attached to interposer w/

daughterboard & integrated
front end (FE) ASIC

20 tile modules arrayed on
stave

.,
.
.
.
.
‘e
.

x 24

Digital ASICs (ADCTX) and
board at top of stave

24 staves cylindrically
surround barrel, behind field
shaping rings

Full Photon Detection
System

~4.6 m2 photosensitive area
with 7,680 readout channels

Full design guided by
radiopurity, thermal, and
mechanical considerations



SiPMs: Photon detection efficiency nEX®

Light collection efficiency (€):
€ — PTE * 175 nm PDE as function of over voltage

1-R Requirement: = 15% for ~175 nm photons
o FBK s Hamamatsy ___
X % IHEP VUVHD3(173 £ 0.8 [nm]) S - IHEP VUV4-50 (174.6 + 0.8 [nm]) ]
" - % TRVUVHD3 (174 + 1.7 [nm)]) W gsf —#— IHEP VUV4-Q-50 (173 + 0.8 [nm)) ]
Q 35F & STVUVHD1 #1 | & - % TR VUV4-Q-50 (174 + 1.7 [nm]) :
o % ST VUVHD1 #2 ] - . o ]
30 F nEXO Requirement - 30t nEXO Requirement -
FBK VUVHD3 : v : : :
25 | - ° 15 S T— = 25 [ _ —
Hamamatsu f ? 4 # S S : : poab e b 4+ 47
20 - { I\ | —— E 20 | ' G R SR G- - ¢ .
15 | o+ . : ] 15 + ]
E + NEXO PDE requirement ] : NEXO PDE requirement ]
10 :— B 10 :— —:
HPK VUV4-50 I N S S S S T .
0 1 2 3 4 5 6 7 8 5 PO T S TR (NN T SN ST SR ST T ST SR SR N SN SN TR T SN ST ST SHNNT S NN SR ST TN T SN SR ST SN S S S S W'
G. Gallina, nEXO collaboration. over voltage [V] 0 1 2 3 4 > gver voﬁage [Vi3
Eur. Phys. J. C 82, 1125
(2022)
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Contribution of light channel to total energy

1.3

nEXO energy resolution with candidate SiPMs

Estimated energy resolution as a function of applied over voltage

resolution neglecting recombination fluctuations

Over voltage [V]
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nEX®

Energy resolution
NEXO requirement <1.1%
NEXO goal < 0.8%

Devices meet our requirements!

Hamamatsu

|

FBK

FBKVUVHD3 HPKVUV4-50

» Energy resolution accounts for PDE,
correlated avalanches, and dark count rates

G. Gallina, nEXO collaboration, Eur. Phys. J.
C 82, 1125 (2022)

* External crosstalk measurements from
TRUMF and IHEP to be incorporated soon
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Read-out channel size optimization nEX®

read-out channel
« Channel sizes from readout of a single ~1 cm? device to

readout of a full tile ~100 cm?2 were considered

Hit pattern

« (Conceptual design uses largest channel size that meets :
noise spec (3 x 2 cm?2) = capacitance grows with channel | & lOdOK at
- " read out
Slze : :
SiPM Interposer  Elecironics _ I channels
* SiPM subarray One of 16 9 Example collection for fiducial volume edge event
itance ( C ) can subarrays One of 16 channels shown —
Ccapacl d) >t e F =" FE | 500 1
be further reduced by | 2x3subarray | | 535 °C, :H:i T Asic) 100 50
. b p—e—}— -
using 3P2S parallel- \° m i X o | 300 {0
series configuration P IR |~ asiedy | : ” &
~5 nF mb_ 1K E Common 5' 0 50%
: | _ 40
3 bonds per i EERQ \? HV (pos.) —100 30£
subarray | = ¢I % HV (pos.) —200
(oump or wire) "/'—IEQT R: are large value resistors —300 20
48 per tile O_n,eof sixteen sets of R1, R2, Cb is shown —400 10
3P2S readout channel e —1500 —1000 —500 O 500 1000 1500 0

Arc Length [mm]
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Photon readout ASICs . nEX@

Stave = 20 tile modules

Close up of ASICs on top of
stave

) ADCTX ASIC

EE ASIC Radiopure Kapton - \no1x Asic |
= [PATSHA vi=z [ [ Cable IXSCTX nEXOconf master/slave  Ofwy, BEPE AR o= =—r=—=—=
) — o a0 || 40 E’
] rorerermm | o () [ — 2l 12-b = waveforms [[S2 [l
= [EASHA | PEVER = i 8140 MSps | | processing | |25 PLL RXw
S[ER e pevee 2 Apc || DSP T||8% EOr o E
e v g| 12-p o (W. Snippets 5% o 2
e ] 40 wsps @-stampmg) : et &

« Photon signals collected by * Analog signals from tiles FE ASIC
SiPMs amplified and digitized by ADC ASIC
shaped by FE ASIC on
daughterboard  Digitized signals multiplexed and
transmitted to DAQ Daughterboard
« 20 tiles with FE ASIC x 16 "
channels = 320 channels « 8 xADCTX ASIC x 40 channels Posmonhof ??C(?tt totp of ?t%\:/%
per stave 320 channels per stave moves heat load to 1op ©

s | 24 staves: 7,680 channels
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nEXO HPK minitile board

RNOOKHAVEN

B0 1801-1 RV ®
nEXO MiNi
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16 channel ASIC based on
successful LArASIC board used in

"
(2]
=
b
(=]
o
N
@O
~
)
o
N
o

ProtoDUNE
Signal
700
#28 CHI1 92/46V 8P2S
] 42V LED
11-pe = 189.6 ADC

16 x (0.6 X 0.6) cm? SiPMs ]
Active area: 5.76 cm?

ADC unit

C (16P) SIPM tile ~ 20 nF :
C (8P2S) SiPM tile = 4.8 nF L B S B

5 10 15
time tick (0.5 ps/tick)
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FE ASIC proof-of-concept demonstration
ppet LT

nEX®

HPK minitile #28 8P2S LN2 run
TLED, 92/46V, 4.2V

400

- LED photon flash triggered;
high reproducibility

photoelectron #

Signal to Noise Ratio (SNR): >30
Avalanche charge at 4V OV: 0.4 pC

Single p.e. resolution (6E): 3-3.5% RMS
Coincidence timing (s.p.e. coincidence
resolution between two subarrays): < 20 ns

PD24




Integration in nEXO design [Deck

: \Q\’\Q Backend readout:

W@ Process C :
| - o ontroller/Receiver boards
/&‘- Equipment a/-/-i : : :
C— . PSR Data reception, slow controls, trigger processing, DAQ

= —= A | Water Tank

support ——>| | _‘_ = — Upper conduit with power and data lines

1
structure I

Warm transition boards and enclosures for PRE

Radiopure high-speed kapton cables

Refrigerant —/ = " h\ Cl')’OSi'Cﬂ'/ TPC Tile Module Stave

I . - Y \
SiPMs — FE Daughterboard ADCTX Board

Outer cryostat
Readout
channels I — I

sc
\_ ASIC VAN ASIC )

Water shield
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« Have identified devices from two vendors that meet our design specifications to
reach energy resolution goal. FBK

* Mature conceptual design of full photon detection system.

Hamamatsu

Developed FE ASIC technology with
SNR>30.

Signal FBK VUVHD3 HPK VUV4-50
700
#2 2/46V
1 Gt 4 i‘,GV\ il;ZS Estimated energy resolution as a function of
11-pe = 189.6 ADC - applied over voltage

= ] g 4 e ' "8 HPK VUVA-Q-50VUV4-50

¥ S s = i —%— FBK VUVHD3 E

é % 1.2 ‘} nEXO Requirement E

. <° 8 11'; EY8 " WEXO eneroy resoltion requrement ]
“ g; i E
Photon detection system = g o9}
400 N 08 F
AERESNRRNEEREERAS NS EE R 0 5 10 15 0.72
LArAS|C time tick (0.5 ps/tick) g:
0.4 E

« ADC ASIC development underway
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Back-up slides



Photodetector location . nEX@

Considered several locations for photodetector location:

Photon transport efficiency, &, versus position:

Endcap only (g = 10%): Barrel only (& = 29%): Barrel + endcap (¢ = 31%):

400 400

200 200

Z [mm]
Z [mm]

-200 -200

-400

-400

Photon transport efficiency [%]
Photon transport efficiency [%]
Z [mm]

Photon transport efficiency [%]

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

Radius [mm] Radius [mm] Radius [mm]
Detectors behind cathode Detectors behind cathode Detectors behind cathode
only w/ a PTFE reflector only w/ a PTFE reflector only w/ a PTFE reflector

* Opaque charge collection tiles employed at anode
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Photodetector location . nEX@

Considered several locations for photodetector location:

Endcap only (g = 10%):

Barrel + endcap (¢ = 31%):

400 400

200 200

Z [mm]
Z [mm]

-200 -200

-400 -400

Photon transport efficiency [%]
Photon transport efficiency [%]

0 100 200 300 400 : . 0 100 200 300 400
Radius [mm] Radius [mm] : Radius [mm]

Conceptual design selection
« Background reduction from endcap light detectors not significant (~percent level)

» Detectors below cathode carry risk of boiling
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Correlated avalanche fluctuations (CAF) nEX@

CAF 0/ RMS error of CA charge
= er photoelectron (PE o
1 + (A) Perp (PE) Internal crosstalk
"~ Mean charge in CA per
primary PE
= 1.0 e ey D N U R P S S Image: |. Rech (2008)
H, - — — HPK VUV4-Q-50/VUV4-50 :
i 0.9 F —— FBKVUVHD3 il Afterpulsin
< - nEXO Requirement PR - P g
© 08F AR
§ o7k LT 3 —
.§ 0.6 E_ // < . Avalanche :;‘OpticallyinducedAP
8 L oo E
= C otototetets cototetety ]
T 0.5 - irpststenitst conntetetild B
© : HEESETEREXO CAF requirement 3 _
£ 0.4 : Py oot = Image: C. Piemonte & A. Gola (2019)
= C e ccsesterrisesce N oY e i e .
s 03 Qo i RSP ERD = Devices meet nEXO
< 02F B e : requirement at optima
5 o01p 4 over voltage
0.0:./.. e 1 o ¢ ou I 3 u o o 0o oyl on o3l 095 p i G. Gallina, nEXO collaboration.
0 1 2 3 4 5 6 Eur. Phys. J. C 82, 1125 (2022)

over voltage [V]
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SiPMs

Combined o/0: Light contributions to resolution:

n EY@

|, R | B, GRS \— Requirement Design

— 1.0 value

X

'S 0.8 -

G B .
0.8% """ 06" « Set requirements on photodetectors and system

3 « Electronics noise must be < 0.1 PE

g 0.4 1

E' Light map (0.5%

0.2
=, A ]
- Elec. noise =/0.1 PE—— Dark cts (10 Hz/mmg)
0.0 SR X x 2 o Key technical performance parameters to meet energy requirements
B Light collection efficiency, £ [%]
g, = 1130 e —/event PARAMETER: REQUIREMENT: DESIGN VALUE:

TOTAL INSTRUMENTED AREA 4,6 m? 4.6 m?
OVERALL LIGHT COLLECTION EFFICIENCY, £ > 2% 6%
SIPM PDE, £pp (175 NM, NORMAL INCIDENCE) = 15% 20%
DARK COUNT RATE, DCR < 10 Hz/mm? 5 Hz/mm?
FLUCTUATION IN CORRELATED AVALANCHES, 04 /(1 + A) =304 0.2
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