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OvBp decay — motivation

roq ¥ 3 e observation of Ovf3f3 decay:
1:; """" = e massive, Majorana neutrinos
_ “£ e lepton number violation (AL=2)
&
- . . .

= d e new mass creation mechanism (non Higgs)

= BLACK BOX . . . .

‘f e matter dominance in the universe, A(B-L) leptogenesis

= = e smallness of neutrino mass -> new BSM physics mass scale
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nEX

: A world wide effort involving 9 countries, 33 institutions, ~200 collaborators
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The history of Ov[33 decay experiments in one slide

... we are kind of a stubborn bunch
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Slide courtesy of G. Gratta

Data courtesy of S.Elliott and the PDG.
Not all results are necessarily shown.
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NEXO in the OvBP decay landscape

e The global Ov3f3 decay program is gearing up for the so-called “tonne-scale” phase
(as communicated by the European and North American funding agencies at the 10/2021
International Forum at LNGS)

e Three major experiments with different isotopes:
e NEXO (136Xe), Legend-1000 (76Ge), CUPID (100Mo)
e Vvery different experimental techniques, healthy program

e NEXO plans a 5-tonne, single phase, LXe TPC (90% enriched in 136 isotope)
100-fold increase in sensitivity wrt current experiments

e NEXO builds on the successful EXO-200 program which has demonstrated the key technical
features of this technology at scale, such as:
o Effectiveness of self-shielding and low intrinsic background
e Energy resolution via collection of ionization and scintillation
e Event topology (B vs. y) and particle ID (B/y vs. a)

e Continuous purification of the source
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EXO milestones (2001- ): R&D -> EXO-200 -> nEXO nEXG

2001 “EXO” started as an R&D towards a 136Xe BB decay experiment.

2002 Improved energy resolution in LXe using the correlation between scintillation and ionization is discovered.
Ca. 2005 Settled on a LXe TPC design for a “prototype” 200 kg detector.

2007-2010 The EXO-200 detector is designed and built, with major contributions from Canada, Russia and Switzerland.
2012-2016 After EXO-200 started taking data, showing excellent performance, the idea of a 5000 kg was further developed.
2014. The “nEXO collaboration” was formed.

2014-2016 Five US Nat’'l Labs join the collaboration.

May 2018 nEXO pre-CDR posted on the arXiv

Nov 2018 CD-0 for tonne-scale BB decay

Dec 2018 End of EXO-200 run

2019-now nEXO project developed; substantial nEXO engineering at SNOLAB

Feb 2020 nEXO MAC review

Feb 2021. nEXO budget review

Jul 2021 DoE portfolio review

Sept 2021  Europe - North America Summit at LNGS
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the EXO-200 TPC

tar iChe”
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acrylic supports
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Precision measurement of 2vpp

EXO-200 (2011) . : Discovery of 2vBp decay of 13¢Xe
[PRL 107, 212501 (2011)]

| | Confirmation by KamLAND-Zen
RETHLANEICON S0 1S T [PRC 85, 045504 (2012)]

Precision measurement (~3%)

EXO-200 (2014) A [PRC 89, 015502 (2014)]
gm 0 KamLAND-Zen (2016) —e— [PRL 117, 082503 (2016)]
§:20 100 | I | | | | | | 1 | | | | | | | I | | | | |
- w ! 1.5 S BT ity
60 1/2 y
0
. o T340 — (2.165 + 0.016(stat) + 0.059(syst)) x 102 yr
0 5 1/2 — o i o . o y y

Time

(longest, first to be precisely* (directly) measured 2vBp decay of all ‘practical’ isotopes)
(* Ge-76 and Te-130 have similarly precise measurements)
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EXO-200 Ovpf decay results

Phase I+ll: 234.1 kg-yr 136Xe exposure
Limit T,,0vff > 3.5 x 1025 yr (90% C.L.)

(mgg) < (93 —286) meV
Sensitivity 5.0x1025 yr

No statistically significant signal observed
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Key requirement: shielding from MeV y-rays

(b) Lead (£ = 82)
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Shielding Bp decay detectors from external
electromagnetic background is harder/different
than shielding Dark Matter detectors

We are entering the “golden era” of B3 decay
experiments as detector sizes exceed gamma-ray
Interaction lengths

E.g: the y-ray interaction length in Ge is 4.6 cm,
comparable to the size of a germanium detector
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Power of self-shielding, monolithic, homogeneous detector

100 -
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Advantages of LXe technology for Ovf3f3 decay:

e Scalable, re-purifiable, transferable between detectors

e Low intrinsic background (fully exploited at the tonne scale)
e Particle ID (B/a), event topology (B/y)

e Possibility of no-source control experiment

S —— e
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Graded shielding: low background and detector stability nEX®

e Double-walled, vacuum-insulated carbon

Xenon y NEXO in the ,
Storage ‘/ ~ SNOLAB Cryopl ¢ composite cryostat
S " ”i — e Refrigeration via 32 tonnes of Hydro-fluoro ether
Room _ alE. (HFE) 3M Novec-7000
|
e Design proven with EXO-200
Equipment \ \
Deck | N i e HFE-7000 intrinsically ultra radio-pure
— e Excellent temperature stability (~165K)
' 13.3m e Thermal storage in case of power loss
vosta! i e Lightweight, ultra-low background Xe vessel
\ (pressure set at the Inner Cryostat)
Water | g
Tank S ’ e Active water-Cherenkov muon veto
- 12.3m

nEXO pre-conceptual Design Report: arXiv:1805.11142
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NEXO conceptual layout at SNOLAB (preferred site)
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The nEXO detector is an evolution from EXO-200

nEX®

HFE 7000 |

L Xe —

\_‘—

SiPMs——

4
l‘/'

/ 4
CryostatOV |

/’

Vacuum |

| Fiel'd Rings
!
Cathode

Cryostat IV

5000 kg of 90%-enriched LXe
Single 120 cm drift volume; 130 cm diameter
Drift E-field ~400 V/cm

lonization electrons collected on charge tile detectors
at the anode (no gain), ~6,000 channels

VUV (178 nm) scintillation light is detected by a large
array of SiPMs (~45,000 devices, ~4.5 m2)

EXO-200: nEXO: Improvements:
Vessel and Thin-walled Thin-walled
fat commercia Cu w/HFE electroformed Cu Lower background
AnALE w/HFE
. Max voltage: 25 kV Operating Full scale parts tested in LXe prior to installation
High voltage (end-of-run) voltage: 50 kV to minimize risk
. . Same cable/feedthrough technology, R&D
Cables cu lefnz?;yl)mlde Cu Cl?ji piczg;;m:de identified 10x lower bkg substrate and
8 3 demonstrated digital signal transmission
5 ms (req.) Minimal plastics (no PTFE reflector), lower
e- lifetime 3-5ms q-/ surface to volume ratio, detailed materials
10 ms (goal) )
screening program
Charge : Gridless modular |R&D performed to demonstrate charge collection
. Crossed wires . e . . :
collection tiles with tiles in LXe, detailed simulation developed
g . APDs + PTFE reflector SiPMs around TPC| SiPMs avoid readout noise, R&D demonstrated
collection barrel prototypes from two vendors
Energy 19% 1.2% (req.) Improved resolution due to SiPMs (negligible
resolution e 0.8% (goal) readout noise in light channels)
: Minimi ise for ligh h
. Conventional room | In LXe ASIC-based inimize readout noise for light and c a.arge
Electronics tem desian channels, nEXO prototypes demonstrated in R&D
P- 3 and follow from LAr TPC lineage
Background | Measurement of all | Measurement of RBC program follows successful strategy
control materials all materials demonstrated in EXO-200
. >2 atten. length at |>7 atten. length at| Exponential attenuation of external gammas and
Larger size :
center center more fully contained Comptons
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NEXO TPC performance: robust, multidimensional information

nEX®

Event topology
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» Event-by-event anti-correlation # H
between ionization and scintillation 1 & ﬁ
(known since the early EXO R&D) 3

» Improved energy resolution

Y — Bkg Ovpp Ovpp + Brems.

» expect a/Qpp = 0.8%
(1.2% with EXO-200)

» Optically open TPC field cage

» Single- vs. multi- site energy depositions

Standoff distance

Enclosed mass (kg)

0 O O
AT TS (O

m—— Total Sum
_ QBB T FWHM/2 ¢ Toy Data Sample
100- Signal: 0.7 x 1028y 137xe, #24r. solar »

m— [ntrinsic and 222Rn

136X e 20BB
136X e 0vBB

Counts / mm
p— —_

= o

o R

o
3
w

p—
<
B

0 200 400 600
Standoff (mm)

» BB events are uniformly
distributed in the LXe volume

» Most backgrounds originate from
outside of the TPC
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Charge and light readout nEX

W LXe-compatible

24-device array

anode
backbone
tensioning

. ‘tiled’ anode
spring

(charge collection)

sapphire
rods

SiPM
staves

Cu field
rings

» SIPMs instead of PMTs
» no reflector panels

) 1) - 1 (R R ES - T
: 3 e m = 3 9. ML 117 ! N
5 T L L 0 O B8 B oL NGt
=i e o 1 W 1 NG
!__lT_____.__ : T S | 9 t : N /
~@! = =3 { i .

» Field rings and cathode coated with reflective
aluminum deposition (capped by fluoride)

Andrea Pocar — UMass Amherst XeSat 2022 — Coimbra — 23/26 May, 2022 16



Light Detection in nEXO

Single Sipm SiIPM Stave

SiPM Array Full light detection system

Andrea Pocar — UMass Amherst XeSat 2022 — Coimbra — 23/26 May, 2022 17



Light transport simulations

- Crucial to optimize Photon Transport Efficiency for
increased light collection

e = PDE - Pl'E

CAD Model of

nEXO
- Highly dependent on reflectivity of TPC

components

Wl

i

|

(

- Developed new light simulation of nEXO with GPU-

based Chroma software

. > 300x faster

- More detailed geometry

VRV I R Y A O
S A VAN [ P VA VO I N

Light Simulation for nEXO

Andrea Pocar — UMass Amherst
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https://github.com/nEXO-collaboration/chroma

Lightmap optical simulation

1200 56

1000
- Varied optical parameters and evaluated 0
systematic error =,
300 c;f
. . . ~ 10! photons 20 5
. Estimated PTE combined with measured - conlciEe o
PDE results in g in this ightmap 5
2
N -
400 20 &
e = PDE - PTE =~ 6.7 % g
J
A

200 0

0
0

0 200 400 600
Radius [mm)]
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Characterization of SIPM Performance

- nEXO is running an extensive characterization

. ° : 0.25 i : | .
campaign with several setups measuring : :

At
ol Mjﬁﬁﬁifmﬁﬁ

Absolute PDE in vacuum
Ostrovskiy et al. (nEXO) IEEE TNS 62 (2015)

photon detetcion efficiency

A. Jamil et al. (nEXO) IEEE TNS 65 (2018) . 2 —4&— Hamamatsu VUV4 #1
G. Gallina et al. (nEXO) NIMA 940 (2019) . —#— Hamamatsu VUv4 #2 | <
0.05 up f FBK-LF #1 [7] 5 =
i —+— FBK-LF #2[7] 5
e 8 % mElES ] 3
. Have identified devices from two Y 33 ' N g
j O
manufacturers (FBK and HPK) that meet our M
: 18} e 233[K oM g
requirements 2 fw 2K o -
= [ 193[K] -]
@ 14 VBN =
o . . 6 it - 4 163 [K] @
. = 1.2 4 FBK-LF #1[7] -
Working together with vendors to increase L e L e
° o B 3
operational range £ osf . L
-
C 06F ¥ +‘v:."f‘ -
04 - "_0 +-V,."$" -
- More results soon 02| v p— -
00 Eaacel uﬂ*‘* ......................... ]
0 1 2 3 4 5 6 7 8
over voltage [V]

Andrea Pocar — UMass Amherst XeSat 2022 — Coimbra — 23/26 May, 2022 20



Characterization of SiPM Performance nEX@

B Asine e = (@) e N e ISR 2626

— 100
. . . . . § B Wavelength =175 nm
- nEXO is running an extensive characterization 8 gL < HPKVUVA#I = HPKVUV4#2 ~FBKLF
. . o 8 B = == arer
campaign with several setups at various o E . <
Cer L BTN Q0
Institutions . B O
= B -
é 40 B 3
. Reflectivity in vacuum and LXe .
P. Nakarmi et al. (nEXO) JINST 15 (2020) e
P. Lv et al. (nEXO) IEEE TNS 99 (2020) A B | | | | |
M. Wagenpfeil et al. (hEXO) In prep. (2021 0 10 20 30 40 50 60
30 P I\Iakar’mi et al. (DEXO) JII\IST 15 (2020) A0l ['degree]
- Photons reflected from SiPM surface can be 2 =
detected by other SIPMs _ 26| | | —
2.24- . ] | E
. o . ¥ o)
= 22
. Reflectivity of passive TPC components (e.g. § ] x
field shaping rings, cathode, ...) crucial for z 20| ) E
. . o e 18}
good light collection efficiency -
16t
10 20 30 40 50 60 70

Angle of Incidence (degree)
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Robust and validated background model

e Materials screening
e Bottom-up background model

e Optimized: no detector
component dominates the bg

e Electro-formed copper for
TPC components

e R&D to further reduce radon

e 137Xe con be vetoed with
£>70% at ~no exposure |oss

Extrapolated from EXO-200
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Xe procurement and enrichment

Xenon enrichment is well understood and cost effective:

» EXO-200 used 200 kg of Xe enriched to 80% in 136, at the time
a pioneering production.

N

—

M‘“i‘\

\\!“.
R

» KamLAND-ZEN more recently purchased ~800 kg of xenon
enriched to 90% in mass 136 isotope.

STTLETYY :{

S aiaastan®

e VNS B
P s

A LCLUCANNROOE -

"\-r-

» The nEXO need is only 5x of what already available.

LSTRIILLLTUULTLANTS -« o
PALL L AL N L N
’
x [ m——————sawY
AR LT

1
LA L

1

O"‘...

2 2T

< IO -

- I —

LT

'...-‘.-...

4 b -

~\
-

» NEXO has identified at least two western suppliers each with
enough enrichment capacity for the entire production at
competitive price.

f

And then I thought, What better

hedge than a uranium centrifuge?

Xxenon o o o
» We also have two backup options (neither in eastern Europe)
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NEXO sensitivity and discovery potential nEX

Mean number of 0v(303 events EXO-200: PRL 123, 161802 (2019)
103 102 101 KL-Z: arXiv:2203.02139 (2022)
ey 1.35 x 1028 yr 0
2 — s 5
g 107 —_— o5 - o
© 0.74 x 10%8yr S A |
< = s O .
27 .a /\E &OE ~ ! — -
& 10 203 7 = R ~100x S W AL
> e O: e R :
o o S =
o 5o = S N
O 2 S¥ A 20 &
L 1026 Z 2 Z T
o { @ 5.0x10%°yr —— Median Sensitivity at 90% C.L. A 17 A = a1 ol
© ~ - Median Discovery Potential at 30 Eé ok Al
L [ O EXO0-200 Sensitivity at 90% C.L. 0 — - ————y ——ry
1025 ' ' ' ' ' 1025 1026 1027 1028
0 2 4 6 8 10 | a6
Livetime [yr] Halt-life of Ov50 in Ae [yr] Mean number of Ov (33 events
10t 10
6 1 Ly 3 3 3 1 1 1 Lot g
Ty 5 =0.38 x 10*® yr
SN ITTTTTreres
e >1028 year sensitivity reach in 10 years L
S 4
. . o . ‘é T1/2 = 0.74 X 10%® yr
e Can provide compelling evidence of Ov3[3 decay discovery 53—t N—
b -—————————l:'————1—
@ )~ : |
> ' |
e Probes mpg~ 15 meV (model and NME dependent) (N
Q 1 B I : === Half-life at 3o
: : === Significance at 1028 yr
01027 . ””1'0'28 . ””1'0'29

Half-life of 0v33 in %Xe [yr]
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Robust against background and energy resolution scaling

—®— Sensitivity, 90% C.L.

=@ Discovery Potential, 3o

0.01

0.1 1
222Rn scaling

10  0.01

-@— Sensitivity, 90% C.L.

=@ Discovery Potential, 3o

0.1 1 10
137X e scaling

—— Sen81t1v1ty 90% C.L.

(c)

\ - Discovery Potential, 30 |

100 0.01 0.1 1

~v background scaling

90% CL upper limit

0.8 0.9 1.0 i 1.2

o/E energy resolution at Qgg [%]

1.3

e NEXO sensitivity Is robust against background mis-estimations

e Good data/MC agreement was demonstrated with EXO-200
e Point design (=1):

e 600 steady state radon atoms (EXO-200 had ~200)

e 137Xe: 0.85x103 atoms/kg/year
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A robust discovery signal

nEX®

Enclosed mass (kg)

Background-only === Background + Signal ¢ Toy Data Sample
A (e ®
0.6 250 , 0.10 T . ‘
DNN>0.85 (SS events) (a) Energy in Qgg+FWHM/2 (b) (c)
0.5 Central 2000 kg LXe Central 2000 kg LXe
' 200+ 0.08+ DNN=>0.85 (SS events) Region of Interest:
0.4 . Energy in Qgg+FWHM/2 . Qg+ FWHM/2
2 .‘3150- ¢ E0.0G- (FWHM = 46 keV)
EO 3 E E *DNN > 0.85
= = = signal-like events
3 3100+ 30.04 - (Sig )
0.2 O O * Innermost 2 tonnes of
: L Xe (standoff > 20mm)
0.1+ 50+ ’ 0.02 - e ¢
0.0 - 0 ' . , 0.00 alaa [ i |
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Ty /o = 0.74 x 10°° years

e A positive signal unlikely to be mistaken for an
unforeseen background

e A control run with depleted xenon could be run to
confirm a discovery signal
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Neutrino mass sensitivity nEX@

Phase-space factor Axial coupling
nEXO exclusion sensitivity (90% CL) J. Kotila and F. lachelo, ga=1.27

Phys Rev C 85, 034316 (2012)
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nEXO is the best option for a very large detector  beyond nExo nEXG

If NnEXO discovers Ov3f3 decay:

The enriched xenon is NOT “frozen” in a particular detector. Should Ov3f3 decay be discovered
by nEXO, the xenon could be re-used in a different experimental configuration to investigate the
underlying physics.

This is particularly important at the tonne scale, given the cost of the material.

10° -

If NnEXO does not discover OvBp decay:

The advantages of the homogeneous detector keep
Improving with size. Should Ov33 decay not be discovered
by nEXO, larger detectors using the same technology are
plausible. There is enrichment capacity for this, although
the feed stock will need to be directly extracted from air.
Again, this is plausible, with proper planning. Lo-3 |

0.1 0j2 0j3 0j4 0j5 0j6 0j7 ofs of9 1.0
A clear avenue for the future. Eraction of total mass
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summary and Outlook

* nEXO will explore beyond the current Ov33 decay sensitivity 100-fold > URL: nexo.linl.gov

* Are neutrinos their own antiparticles? - Twitter:
. : @nEXOexperiment
* Origin of neutrino mass
» Code of Conduct:

* Matter/antimatter asymmetry https://nexo.lInl.gov/
diversity-equity-and-

inclusion

* 5 tonnes, enriched LXe TPC
* Low background design rooted in EXO-200 experience

* Robust bg model, powerful bg discrimination
* Benefits from and contributes to rapid evolution of LXe technology

BerdraCrent
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http://nexo.llnl.gov

Energy resolution
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Event topology and background discrimination in EXO-200
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nEXO: multidimensional information for ~Qgg events nEXG

136 —— 137y 42 —_—
Xe 200 Xe, *“Ar, Solar v Total Sum Enclosed mass (kg)

136Xe OppB = Intrinsic and ***Rn ¢ Toy Data Sample
SUMOUIRRANSRN QO
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Figure 11. Event distributions for an example of toy dataset (black points) and combined

groups of the fitted PDFs projected onto the three axes used in the sensitivity analysis. !

fn (aI; the event energy digtrijbution 1s shown for SS-like events (DNN >().};§5) inythe Slgnal: 07 X 1 028 y
central 2000 kg LXe and in the 2000-2800 keV region; (b) the DNN Ovr 3/ discrim-

inator distribution is shown for events with energy within Q33+ FWHM/2 and in the

same central volume; and (c) the standoff distance distribution is shown for SS-like

events within Qz3 FWHM/2. The O35 decay signal corresponds to a half-life of

0.74 x 10?8 yr.
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NEXO: multidimensional information

136Xe 2vpp —— 238U TPC Vessel : 232Th Internals —— Solar v
wmm 136Xe Oppp —— 232Th TPC Vessel —— Internal ?*Rn —— '37Xe and *?Ar
—— Far components —— 2°°U Internals — 40K (all) —— Total Sum
106 (a) 107- (b)

10°

10% 1071
T 10° g :
g 10 3 S

: : . . . . 0 200 400 600
Energy (keV) DNN Standoff (mm)

Figure 10. Nominal model of event distributions in nEXO, projected onto each of the S| nal: 0.7 x 1028
three axes used in the sensitivity analysis: (a) event energy, (b) DNN Ovr/3/3 discriminator, g S y
and (c) standoff distance. The Ov 33 decay signal corresponds to a half-life of 0.74 x

10?8 yr.
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NMEs and other experiments References for the NMEs used nEX

Method | Year | Citation
Median Senos.itivity Median D_iscovery IBM 2015 | PRC 91 034304 (2015)
at the 90% C.L. Potential at 30 NSM | 2008 | PRL 100, 052503 (2008)
3 | B NEXO | | m NEXO ‘[1BM | 2020 | PRD 102. 095016 (2020}
I
l | QRPA | 2014 | PRC 89, 064308 (2014)
[ I
4 _L:. - NSM 2016 | PRC 93, 024308 (2016)
0 l QRPA | 2015 | PRC 91, 024613 (2015)
O, m i ] m C M
S0 L, L, QRPA | 2018 | PRC 98, 024608 (2018)
I
S 8 LEGEND-1000 | B LEGEND-1000 NSM | 2018 | JPS Conf. Proc. 23. 012036 (2018)
— iy QRPA | 2013 | J. High Energ. Phys. 2013, 25 (2013)
S 4 - Inverted Neutrino | : Inverted Neutrino QRPA 2013 | PRC 87, 064302 (2013)
Q | Mass Ordering | Mass Ordering
S l l QRPA | 2013 | PRC 87. 045501 (2013)
| | ‘_l_
£ 0 | [ o QRPA | 2018 | PRC 97, 034315 (2018)
I |
Z 8- | . CUPID B S S CUPID QRPA | 2010 | Nucl.Phys.A 847 (2010) 207
I |
| l EDF 2013 | PRL 111, 142501 (2013)
|
4 - ! EDF 2015 | PRC 91, 024316 (2015)
| _I_I QRPA | 2018 | PRC 97, 045503 (2018)
0 . —1 , . : : ! o — EDF 2017 | PRC 96, 054310 (2017)
0O 5 10 15 20 25 O 5 10 15 20 25 QRPA | 2015 | PRC 91. 024613 (2015)
(mgg) [MmeV] (mgg) [meV] EDF 2010 | Prog.Part.Nucl.Phys. 66 (2011) 436

[meV] (median NME)
*T4,2 values used [x1028 yr]:

90% excl. | discov. nEXO: 1.35 (90% sens.), 0.74 (3o discov.) [1]
sens. potential i
=0 T 11.1 LEGEND: 1.4 (90% sens.), 1.2 (30 discov.) [2]
' ' CUPID: 0.15 (90% sens.), 0.11 (30 discov.) [3]
LEGEND 1.1 12.0
CUPID 12.9 15.0
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https://arxiv.org/abs/2106.16243
https://legend-exp.org/science/legend-pathway/legend-1000
https://arxiv.org/abs/1907.09376

