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Neutrino mass generation

. . . . The Standard Model fermion masses
* Neutrino oscillations require

that neutrinos have non-zero | Ist 2nd 3rd
mass. BT b

* Neutrino mass is significantly, | p b
smaller than the other ’ 1
fermions.

* |f neutrinos are Majorana
particles, see-saw
mechanism provides a v T
natural explanation of small mev |- Neutrinos l

neutrino mass.
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Double beta decay

Examples with Q>2MeV

Observable if single beta
decay is forbidden

Candidate Q (MeV) Abundance
4.271 |0.187
2.040 |7.8
2995 |9.2
3.350 |2.8
3.034 |9.6
2.013 |11.8
2.802 (7.5
2.228 |5.64
2.533 |34.5
2.458 |8.9
3.367 |5.6
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Neutrinoless Double Beta Decay
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The neutrinoless mode (0vf[) can only

happen if neutrinos are Majorana particles.

The observation of this hypothetical decay
would prove violation of lepton number and
constrain the absolute neutrino mass scale.
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Neutrinoless double beta decay

experiments

/ Scintillation

KamLAND-Zen
SNO+
CANDLES

This is not an exhaustive list of neutrinoless double beta decay experiments.
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The EXO-200 detector
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FRONT END
ELECTRONKCS

N ey

Located at the Waste Isolation Pilot Plant, Carlsbad NM

1585 m.w.e. overburden
Low levels of U/Th (compared to rock) and Rn

~150 kg of liquid Xenon enriched to 80.6% in *3¢Xe

High Q-value above most y backgrounds

.
Provides self shielding , ,1 Ra o ;
Time projection chamber inside Cu cryostat 0400 ,jf;f’ o i
Split in two equal halves with common cathode \ e‘_';T_ g |
U- and V-wires for charge readout, APDs for light collection a I
All materials have been screen for radio-purity Collection ‘;ﬂelding Cathode
plane plane

U-wire V-wire
| (b).

r‘ \ (@
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Time (us)
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ADC (arb. units)
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Teflon reflector



Energy Reconstruction

o Using anti-correlation between charge and scintillation response
Rotated energy provides optimal resolution in the energy of interest
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New front end readout electronics
Reduce APD readout excess noise

Phase I: 1.35 + 0.09% Proper modeling of mixed collection/induction
Phase II: 1.15 + 0.02% wire signals

Spatial-time average resolutions:



Position Discrimination

Single Site Events (SS) Multiple Site Events (MS)

o [ deposits energy at single location * *
— % Vs
o TPC allows the rejection of gamma =5 - L*
backgrounds because Compton
scattering results in multiple energy 1 B Y T
deposits. | |
u t > u >
SS fraction ~ 12% in the
energy region of interest
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EXO-200 Best-fit Result
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1500 2000 2500 " 1600 2000 2400 2800
Energy [keV] Energy [keV]
Background contribution to Q + 20
(counts) | 2*¥U 232Th ¥"Xe Total |Data
Phase I |12.6 10.0 8.7 32.3+2.3| 39
Phase I1|112.0 8.2 9.3 30.9+2.4| 26




EXO-200 Full Dataset Results

Phase I+ll: 234.1 kg-yr 136Xe exposure
Limit T,/,°Ff > 3.5 x 102> yr (90% C.L.)
(mgg) < (93 — 286) meV

Sensitivity 5.0x102% yr

No statistical significant signal observed

10>
100~ e  sensitivity 2019
- 68% C.1I. of limits
so ® data limit
L - \M-T projection 2018
60 2012: Phys.Rev.Lett. 109 (2012) 032505
- 2014: Nature 510 (2014) 229-234
B s 2018: Phys. Rev. Lett. 120, 072701 (2018)
40— 2014 . i 2019: arXiv 1906.02723
20 :_ 2012 s B o o
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NEXO experiment

* nEXO is a proposed experiment to
search for OvBB decay of 13¢Xe.
Design based on the success of
EXO-200.

* It will utilize ~5 tons of enriched
LXe ina TPC.

* Alarge monolithic TPC will be
used in nEXO. The chamber has a

dimension of 1.25 mH x 1.16 m @.

2.5MeV vy
attenuation length
8.5cm= —

@ _

150kg 5000kg
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Segmented charge readout with
tiles in NEXO

A charge tile is designed for
charge readout in nEXO. The tile
does not need Frisch grid or wire
tensioning support structure.
The anode is composed of _
modularized tiles that reduces

the ambiguity of hits.

10 cm$

tensioning

Built-on electronics on back g
. . . sapphire 7 7
using cold electronics technique. rods i
1 i \|§
Test of prototype charge tile seu ,
shows good performance. Cutierd

rings

Schematic drawing of tiles mounting
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VUV SiPM arrays for photon
d ete Ct| on Prototype VU_V SiPM array

* ~4.5 m?of VUV SiPMs on the
barrel for photon detection.

e ASIC electronics in LXe.

* Simultaneous readout of
ionization and scintillation. |“wms s /& gt

anode
backbone
\ (charge collection)
sapphire |
L= ‘

| —
\

SiPM |
staves

|
' |
' |

|
Cu field | :
rings | :
; ;
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NEXO compared to EXO-200
. Optimimton W

~30x volume/mass To give sensitivity to the inverted hierarchy
No cathode in the middle Larger low background volume/no 214Bi in the middle
6x HV for the same field Larger detector and one drift cell
>3x electron lifetime Larger detector and one drift cell
Better photodetector coverage Energy resolution
SiPM instead of APDs Higher gain, lower bias, lower mass, E resolution
In LXe electronics Lower noise, more stable, fewer cables/feedthroughs,
E resolution, lower threshold for Compton ID
Lower outgassing materials Longer electron lifetime
Different calibration methods Very “deep” detector (by design)
Deeper site Less cosmogenic activation

Larger vessels 5 ton detector and more shielding 14



NEXO sensitivity

Sensitivity as a function of time for the best-case NME (GCM)
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Barium tagging to confirm a
double beta decay

 R&D work has demonstrated the Wrodeycup | Fiter— Somm Camers
feasibility of barium tagging. 5o o N\ _mg:‘““
e Batagging could become a long %ﬁ
term nEXO upgrade, significantly /
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NEXO compared to EXO-200
. Optimimon Wy

~30x volume/mass To give sensitivity to the inverted hierarchy
No cathode in the middle Larger low background volume/no 21Bi in the middle
6x HV for the same field Larger detector and one drift cell
>3x electron lifetime Larger detector and one drift cell
Better photodetector coverage Energy resolution
SiPM instead of APDs Higher gain, lower bias, lower mass, E resolution
In LXe electronics Lower noise, more stable, fewer cables/feedthroughs,
E resolution, lower threshold for Compton ID
Lower outgassing materials Longer electron lifetime
Different calibration methods Very “deep” detector (by design)
Deeper site Less cosmogenic activation

Larger vessels 5 ton detector and more shielding 17



Charge sighal readout in LXe TPC

N
Collection Shielding
plane plane

Electron lifetime in EXO-200 Phase-l|

0.0

Phase 2 Purity and Flow
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* Jonization electrons drift towards anode in the electric field.
* Electrons could be attached to electronegative impurities.
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Ultrapure liguid xenon to achieve
ong electron lifetime
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Lab measurement of electron
ifetime and |mpur|t|es

recirculation

recovery



15 cm drift length
Plan to install a
30 cm long TPC
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Lab mesurement of electron
ifetime and impurities

ot v e et v i JOR T S T 9 WY SO S K G S S IR 3 TR R0 cOR I8 SO0 ARG A B B G R

AR

I T " T S T T T 5 T G S S S S G S S O S . . . .

Drift Fi 111 i}

1()(2 1



Lab measurement of material
outgassing

 Throughput method to measure the rate
* Conductance of pumping pipe calibrated
 Use RGA measure partial pressures 22



Lab measurement of material
outgassing

.,J ',. Oxygen Partial Pressure Vs. Time at Mean Temperature 318 K
v -  ©®©
- i o -g 4x1077-
(C
S — (o
S £3.8x1077
O wn
> 0n
3 23.6x1077
a. %
@® Oxygen Partial Pressure
3.4x10774 ¢ =f .
0 1 2 3 4
Time Relative to Valve Opening (hours)
b b
p(t,T) = A-exp(~r) - exp(—c-t-exp(—))

We can measure the activation energy of material that characterize its
outgassing rate in the lab, and screen the materials to be used in nEXO. .



Charge sighal readout in LXe TPC

Measured diffusion coefficient versus electric field in EXO-
200 and measurement from T. Doke and collaborators
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Transverse diffusion constant, D, [cm? /s]
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Electric field [V/cm]
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Charge sighal readout in LXe TPC

Electron longitudinal diffusion coefficient versus drift field in LXe

200 ® D, -2.0 cm drift
. ® D; -20cm, Hogenbirk 2018
L1175 ¥ D.-15cm, Sorensen 2011
E 150 ® » D, -30.6cm, Mei 2011
c A D, - Shibamura (unpublished)
g 12571 $ Dr-19.2 cm, Albert 2017
§ 100 | + O Dr-1.2 cm, Doke 1982
v (m]
.5 7 i - % * e
0 0O 0o
. é’ 50 : l % I ¢ 0
E field £ b 14 5
25 =t ppe @
5 < &AMk
S : 101 102 103 104
scintillation .
\ 4
2 2 2
n(x,t) = exp e i et o exp i N
N (= 2)" = (y= ¥o) ([z = z0] — valt — to0])
8D VD [n(t — t9)]3/? 4D7(t — 1o) 4D (t - 1o)
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Charge signal readout in LXe TPC

Prototype charge tile for charge readout

scintillation

lonization electrons produce induced signal on
the charge tile and get collected on it at the end.
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* 3.3 cm of drift length,
operating at up to
1kV/cm field

* Charge tile anode with 30
X strips + 30 Y strips

 PMT for light detection

Test stand at Stanford
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Simultaneous readout of charge
and photon in a prototype
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Charge tile and SiPM staves are being tested.
Plan to finish assemble and take data early

next year.
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Simulation of charge readout in
NEXO

2000

? - * Electron drift, transverse and longitudinal
é 1500 diffusion are modeled in the simulation
T 1000l based on measurements in LXe.
R * Electron lifetime is assumed to be 10 ms
e to model the electron attenuation.
S OWWWWWWWWWWMNW WMWMM * Each channel is added a noise that has a

AT T DI RMS of 200 e.

0 50 100 150 200 250 300 350 400

Drift Time (us) * A current waveform with 2 MHz sampling

_ rate is saved for a simulated channel.
An example current waveform with 2 MHz

sampling rate produced in the simulation.



Event number

Event number
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ication with BDT

Background (training)

—— Signal (training)

Background (testing) N\
Signal (testing)

(1/N) dN/dx

i

2
S

N -

1

0 RN «.Z&S‘S&&‘S‘S«%&-_‘hﬂr _‘:‘—‘.-;;A:.“;Qw;\\'iw‘:\b\‘iu}i\\\tﬁ RN
-08 -0.6 -04 -0.2 0 02 04 06 08

BDT output
—

Six variables: event size in x/y, max fraction
of energy on single channel, rising time,
drift length, number of hit channels.
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Construct a deep neural network
for signal/background ID in nEXO

o Network Architecture
 Nvidia GPUs on Yale cluster are S—

used. PyTorch 1.0 installed with D OULDUL nodes

conda. Fully connected layer:
512 nodes

* ResNet18 architecture is used.

e Simulated charge readout as
input, output one score for each
event between 0 (background)
and 1 (signal).

ResNet blocks*4

BTN NI



Amplitude + offset [a.u.]

Input to neural network

X strips

S —
Amplitude + offset [a.u.]

The position of X/Y strip is one index, and the time
stamp of the waveform on that strip is the second index.

\WWMMWWWWW
0 50 100 150 200 250 0 50 100 150 200 250
Array index Array index
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Events

Sighal and background events for
training

Event Energy Event Position
250 40
—-600
200 - Mhﬂmhwwwmmww
—-800
150 A
N —-1000
100 A
—-1200
50 A
—-1400
0 T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 0 50000 100000 150000 200000 250000 300000
Energy Deposition in LXe (MeV) R”™2

Signal and background events are generated with uniform energy and postion.
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Training the network

0.5
94 -
0.4 1
92 -
X
0.3 ; 90 -
7 @)
9 o
=3
0.2 1 O 881
O
(]
86 -
0.1 A
84 -
0-0 T 1 1 T 1 I T 1
0 10 20 30 0 10 20 30
epoch epoch

Cross entropy loss is used and accuracy is defined as ratio of correct identification.
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Visualization of c

narge simulation

events correlatec

SS-like, DNN score 0.93

r
8(=1 D of vessel Collection strips Noise strips
ID of field cage Induction-only strips X Position of NEST Lineages
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to DNN score

MS-like, DNN score 0.017

r
8(= D of vessel Collection strips Noise strips
ID of field cage Induction-only strips X Position of NEST Lineages
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Events

Event classification using DNN

rejection efficiency

< . at Q value
background signal
1.0
40000 - 1
0.8 -
30000 A >
S
ko)
20000 - N ©
S 0.4
2
10000 - 0.2 -
0+ . . . JH_LL 0.0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.02 0.04 0.06 0.08 0.10
DNN output Background misidentification

With 80% signal efficiency, the background misidentification ratio is about 8% over
the energy range of 0.9-3.6 MeV.
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Events

Event classification using DNN

< » i
background signal
1.0
40000 -
0.8 -
30000 -
>
=
| @
20000 - T
5 0.4 -
S
10000 02 —— 1500-2000 keV
2500-3000 keV
—— 2000-2500 keV
0 b= T —— 1000-1500 keV
T T T T 00 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 000 002 004 006 008 010 012 0.4
DNN output Background misidentification

With 80% signal efficiency, the background misidentification ratio is about 5% at Q value.
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Renalysis nEXO sensitivity

* We are working to reanalysis nEXO sensitivity to
neutrinoless double beta decay.

* The new analysis will use the DNN event
classification.



summary

» Search for neutrinoless double beta decay is a
probe to Majoron nature of neutrinos.

e EXO-200 was the first 100 kg-class experiment to
run and demonstrated the power of a large and
homegeneous LXe TPC.

* NEXO experiment is a tonne-scale experiment that
will provide a world-leading sensitivity to
neutrinoless double beta decay.
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Sighal and background events for
training
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The signal and background events are uniform in the active region.
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Event tagging with trained
network .
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506 The network works properly in the energy
: range between 1000 keV and 300 keV.
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Background rejection efficiency
with DNN

bbOn vs Bi214 bbOn vs TI1208
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SS/MS separation for events within ROl is better for Bi214 events than TI208 because
TI1208 events within ROl are compton scatterings with escaping particles that has
possibility to be single site.

With 80% signal efficiency, we can get a background misidentification ratio of 4-6%.



Dataset building/loading
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DNN-based vertex reconstruction
N JUNO
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DNN event classifier for DSNB
neutrino search
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