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Neutrinoless Solar neutrinos

double-beta Geo.and reactor bep, CNO, low Rare decays SuperrTovae
anti-neutrinos neutrinos
decay of 130Te energy 8B
In this talk:
* The SNO+ detector * Prospects
* Structure * Sensitivity for neutrinoless double-beta
* Calibration decay

* Results for the water phase:
* Invisible nucleon decay
* B8 solar neutrino flux measurement
* External background measurements
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Main characteristics:

* Located 2 km underground at SNOLAB,
Sudbury (Canada)
e Muon flux is reduced to ~3 p/hr, low

cosmogenic radiation

* Suspended in a cavern of 30.5 m height,
full of ultra-pure water
e Shield against the radioactivity in the rock

* The 6 m radius acrylic vessel is kept in place
by a high-purity hold-up and hold-down
ropes system

% 9300 PMTs, placed on a 8 m support
structure, provide 54% coverage of the
detector area.
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Acryllc Vessel (AV)
12 m diam., 5 cm thick

Light water (H2O) shielding




Upgraded DAQ

Upgraded
Electronics

Cover gas system
Limit Rn ingress

New
Calibration
system
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New hold-down

ropes system
LS lighter than water

Repaired
PMTs
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End of first water
May phase:
Start of official e Solar 8B-v flux
data taking in e Nucleon decay to
water invisible modes
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End of first water scintillator
May phase: filling
Start of official e Solar 8B-v flux
data taking in e Nucleon decay to
water invisible modes
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Detector water phase | July
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End of first water scintillator
May phase: filling
Start of official e Solar 8B-v flux
data taking in e Nucleon decay to
water invisible modes
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e Nucleon decay to
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Analysis Group:
Software, calibrations and low- and high-level
Org Chart Physics Analysis Coordinator physics analysis
G. D. Orebi Gann, J. R.Wilson
Rev 4.0 Analysis
| 4th Mar 2019 Coordination
Committee
Water-Phase Partial LS-Phase
Coordinator Coordinator
N. Barros V.Lozza
Offline Software Nearline Software
I ] . |
RAT Code Integrity Reconstruction Data Processing DQ & RS
J-P. Yanez Committee - K. Gilie, . Tsen E. Falk & E. Caden

Deputy: |. Tseng |.Tseng E. Leming Je.J &

. I . I

Calibrations Backgrlounds
I . Backg d Instru:nental
Detector Calibratio Optics PMT Calibration ackgrounds

S.J. M. Peeters J. Maneira, V.Lozza _ Backgrounds
Deputy R. Bayes Deputy: N. Barros J. Caravaca Deputy: . Manecki C. Grant

Physics
I

Double Beta Decay

J.R.Klein

Solar Neutrinos
J. Caravaca,
A.Wright

Antineutrinos
S.Andringa,

L. Lebanowski

Supernovae + Members of many
C.Virtue, .
J. Rumleskie committees
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HARDWARE

+ Delivered the systems for source
deployment in SNO+
+  Develop gamma calibration
sources
+ Develop the system for the optical
calibration using fibers
+ Installation of the optical fibers

DETECTOR CHARACTERIZATION

+ Key role in the determination of
the purity/cleanliness
requirements for the various

phases
+ Delivered the optical calibration
of the detector in water

KX
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ANALYSIS
Background analysis and daily

background identification in
water and scintillator
Neutron analysis in water
Anti-neutrino analysis in water
and scintillator

High contribution to the
development of the SNO+ code
Important contribution to the
reconstruction algorithms
Responsible for the code
documentation
Delivered the data quality for
SNO+
Important contribution for data
processing



PSUP Cables
%

AV Ropes

//
Manipulator

Ropes

Umbilscal
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- > 100 opt. fibers (most PMMA, some quartz)
- light injection with full coverage
- 92 LED channels, 3 lasers

- Major contribution from |
Portugal QA —

- all PMMA fibers

- mechanical parts
done at LIP-Coimbra



w
Search ID: cgan2953=4

Don't call the Nobel Committee just yet:
We forgot to calibrate the instruments
before the experiment...
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Main calibration sources used:

* Diffused isotropic laser

— Calibrate PMT gain, timing
and water optics

* 16N gamma source

— Calibrate energy scale and
resolution

Valentina Lozza, LIP Lisboa 25
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Main calibration sources used:

* Diffused isotropic laser

— Calibrate PMT gain, timing
and water optics

* 16N gamma source

— Calibrate energy scale and
resolution

* AmBe neutron source
— Calibrate the neutron &

response, energy scale
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* Analysis entirely
done by Ana
Sofia

* Current status:
use external
scans to separate
the acrylic and
water optics



e R LRl Fxternal LED/Laser system — Further calibrate PMT
calibrations . . . .
SR and optics. Reduce risk of contamination due to source
deployment

Cherenkov source = Decouple optical
microphysical parameters in scintillator and
Te phase
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* Systematic uncertainties of energy

. = 6.1 MeV gammas 4,
scale and resolution are extracted = 7000 — MC * fitted ¢ response
o [
from comparisons of fit values 2 6000 F + Data
= :
between data and MC S som0 b 2% energy scale unc.
5 1.8 x \/T,/MeV%.
4000 F energy resolution unc. at
A.llowgd 3 centre
Directions 3000 F :
2000 | - -
Cherenkov 1000 | s .
Cone Event position NS o
0 2 4 6 8 10
T, [MeV]
The fit is characterized in terms of:
* scale = a linear correction to the energy
N16 Source * resolution = relating to the width of the
spectrum.

Valentina Lozza, LIP Lisboa 29



Fit with a distribution function
representing the position of the first
Compton electron, estimated from the
Monte Carlo model, convolved with a
Gaussian function and an exponential tail

Parameter Uncertainty, §;
x offset (mm) fllg:g
y offset (mm) BT
z offset (mm) hEry-
x scale (%) 1‘?;31‘
y scale (%) R
z scale (%) by
x resolution (mm) 104
y resolution (mm) 98

z resolution (mm) 106
Angular resolution hhy
Pra +0.004
Valentina Lozza, LIP Lisboa
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PHYS.REV. D 99, 032008 (2019)

NUCLEON DECAY
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Phys. Rev. C 48, 1442

neutron - invisible
(e.g. n - 3v)

De-excitation gammas:
¢ 6.32 MeV (41%)
¢ 7.01 MeV (4%)

Valentina Lozza, LIP Lisboa
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proton - invisible

De-excitation gammas:
¢ 6.18 MeV (44%)
¢ 7.03 MeV (2%)

V. Fisher, CIPANP 2018
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ONLY ~55 BACKGROUND EVENTS/YEAR
AFTER SELECTION (ABOVE ~6MEV)
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Analy5|s of the flrst dataset May December 201 7

* 235 days of data
+ detector live time = 95%
% calibration or maintenance time = 16.9%
+ not pass data quality checks = 29.3%
+ instrumental effects, muon events, dead time = 2.4%

Overall 114.7 days = 0.04 %

Valentina Lozza, LIP Lisboa 34



* During the SNO+ water phase, significant work was done on commissioning the

water processing and recirculation systems.

+ variation in Rn related background

+ data period has been divided in timebins with background levels were relatively
stable
+ Background estimate for each + specific set of analysis cuts.
+ run-by-run MC production to account for variations in live channels

Valentina Lozza, LIP Lisboa 35
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* Background characterisation

+ Study the time evolution of the event’s density
in order to identify hot regions and the
potential cause of the localized increase

+ Divide the detector in 2 major regions: inner
AV water (light blue) and outer AV water (dark
blue)

+ Divide each region into 4 Z-zones

+ Correlated the effect of a variation in the
background rate (Rn) to the water circulation
route

+ Correlated the effect of a variation in the
background rate to the various detector states
(change in trigger thresholds, channels offline,

)

+ Define the cuts for the nucleon decay analysis

36
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Data set|T.(MeV) R (mm) z (m) cosfg

1
2 (z>0)
2 (z<0)

Sy Ot = W

5.75-9
5.95-9
5.45-9
5.85-9
5.95-9
5.85—9
6.35-9

<5450
<4750
<5050
<5300
<5350
<5550
<5550

<4.0
>0.0
<0.0
> —4.0
<0.0

<0.80
<0.75
<0.75
<0.65
<0.70
<0.80
<0.70

<« Cutin radius and z

neutrino background

+ FV cut to reduce external backgrounds
<« Cut on solar direction reduces the solar

+ other backgrounds are flat in cosfo
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Two mdependent blind analyses (remove [5-15]MeV):

Counting analysis ‘ Spectral Analysis

+ Cut and count approach
+ Background analyses provides the
expected counts in the ROI
+ Upper limit on the number of signal decays:

S
N HA(sektk by ") C_(se""+b" ds/m! =09

observed events
tlmebln

expected background events
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Two mdependent blind analyses (remove [5-15]MeV):

Counting analysis ‘ Spectral Analysis
Data set Observed events Expected events
1 1 1.174589 7933
2 2 2.35554 o8t
3 4 347575 1596
4 8 3372517 Zoos
5 1 1462513 o0
6 6 5.84773) 56
Total 22 17.651)58% 024

22 EVENTS SELECTED
[17.65+14.25 3 o EXPECTED]

Valentina Lozza, LIP Lisboa 39
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Two mdependent blind analyses (remove [5-15]MeV):

Counting analysis ‘ Spectral Analysis
%+ Multi-dimensional LH fit
Data set Observed events Expected events |
YT * Observables:
1 1 L1705 133 « Ener
2 2 2351462 +344 .8)’ N
3 4 3.47+460 4311 + Radial event position
+4.60 +2.70 . .
4 S 3-372017 -098 + Sun direction
5 1 1461597 1547 L
¢ ¢ 5847740 1268 *+ Light isotropy
S Event direction
+ Even
Total 22 17.651)58% 024

22 EVENTS SELECTED
[17.65+14.25 3 o EXPECTED]
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ve time of data set k. Fits were

Two mdependent blind analyses (remove [5- 15]MeV)

Counting analysis Spectral AnaIyS|s
10°
Data set Observed events Expected events _ + Data B Solar v
1460 —039 £ , — Likelihood Fit Reactor v
1 1 1 17_005 +133 8 10 E- — Internal 214Bi/208T1 o Atmospheric\) _.
2 2 2.35_‘%23 fg_'gf - b External 2'“Bi / ?®®T] — Neutron Decay ]
3 4 34T ool
: 10 § _
4 ‘ 337345 210 5 n-decay
. 1 1467573 560 E
: 6 84780 38 -
© :
Total 22 17.65+1268 +631 e
9 .10
T, [MeV]
22 EVENTS SELECTED + Background included in the analysis:
[17.65+14.25 5 oo EXPECTED] + solar neutrinos

* reactor anti-neutrinos
+ atmospheric neutrinos
+ U & Th chain radioactivity

Valentina Lozza, LIP Lisboa 41
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Spectral analysis Counting analysis  Existing limits

2.5 x 10% 2.6 x 10%° 5.8 x 10> v [KamLAND]
' 2.1 x 107 yJISNO]

5.0 x 10® y|[Borexino]
2.1 x 107 yJ[*]

y . Cy y [KamLAND]

% V. Tretyak, V. Yu. Denisov, and Yu. G. Zdesenko,
[ ] — JETP Lett. 79, 106 (2004), [Pisma Zh. Eksp. Teor.
Fiz.79,136(2004)], arXiv:nucl-ex/0401022 [nucl-ex].

Work in progress: Use the second part of
low background water data to improve

the limit on n!!!
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SOLAR NEUTRINOS
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Measure of 8B solar neutrino flux

— 10"
n . Solar luminosity Phys. Rev. D 89, 112007
=~ 102 pp [ 0.6@
11
; 10 Solar metallicity - SNO
wno 10" Be [ 7 %]

SNO+

2

g 10/ N : +1.2 %
§ e b, P | 1D
v = | N Test osc. models
2 10 ), %]
""""""" N O i o
10° -
10° hep £30.50....,
102 E é.‘ . ..".‘-"‘ '0'.'
] ] al ao\'i‘.:.“é | L | Lol -
10" 1 10
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Measure of 8B solar neutrino flux
* Region of interest [5-15] MeV

+ Extremely low background measurement

+ the deep UG location of SNOLAB highly reduces the muon and the muon
induced background
+ Elastic scattering of electron by neutrinos (NC and CC)
+ Directional measurement (electrons keep the neutrino direction)

Valentina Lozza, LIP Lisboa 45



* Selection cuts to remove instrumental backgrounds

<« FV cut of 5.3 m in radius to reduce the externals.

1.00E+00 1.00E+02 1.00E+04 1.00E+06 1.00E+08 1.00E+10 1.00E+12

Total

Low-level cuts
Trigger Effivcency
Fit Valid

Fiducial Volume
Hit Timing

Isotropy

Energy

Valentina Lozza, LIP Lisboa 46
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Solar rate = 1.30 + 0.18 events/kt-day Solar rate = 1.03 +0-139 1 events/kt-day
Background rate = 10.23 + 0.38 events/kt-day Background rate = 0.25 +0-09 4 o7 events/kt-day

ln _lll|lll|lll|lll|lll|lll|lll|lll|lll|lll_ 'n =---l-vvlvvulvv-'--ulvvvlv--'vvvluu-lvvv=
2 80r ¢ Data _ g 45 ¢ Data
= 70} Sig. + Bkg. Fit S/B ~ 0.1 ; ~ 4ol — Sig.+Bkg. Fit S/B >4
560-_ ? TSyst-1 ggc&rtillnty § 35| [ Syst. Uncertainty
U< < . c

= | e = Tt 60<T,<150MeV
< 50} - 30[ B
> 40} g 25 8
N 20_ -
S 30 * § I
O | * * 15

TN “

of T Ty -

9008 <06 04 02 00 02 04 06 05 10 Qbbb bbb e L]

COSGsun COSOsun
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Solar rate = 1 30 + 0.18 events/kt day

Background rate = 10.23 + 0.38 events/kt-day Background rate = 0.25 +0-09 4 o7 events/kt-day

% s‘£"'l""I""l”"l""l'"'l""l:"'l"_"':"'_
= V- 1 —4— Bin-by-Bin Fit
= F — MC (Fitted Flux)-
§-4°'_‘_._ £ MC (SNO Flux) -
S 30 3
= ;
: :
S 10 :
§ 2W
Euls—l— ;l —I— - . N
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SNO+ (2019)

Dsp = 595707 (stat. )+8 gg(syst ) x 10%m™?s~1
SNO

Psp =(5.25 £ 0.16(stat.) 13 (syst.)) x 105 cm =25
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Solar rate = 1.03 +0-139 4, events/kt day

Counts/ 114.7 Days / 0.05
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Systematic Effect
Energy Scale 3.9%
Fiducial Volume 2.8%
Angular Resolution 1.7%
Mixing Parameters 1.4%
Energy Resolution 0.4%
Total 5.0%
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I.
y

vessel, ropes system.

Measure the external background sources: purity level of PMTS external water acrylic

* Measure the internal water purity for the nucleon-decay, solar and anti-neutrino study

In water.
Event Selection:
* Box Analysis

—— AV+Ropes — External Water

SNO+ Preliminary Water
£ g ) T "
k= S 08
o
2 :
© 0.4
-] 0.2}

o

o0

- -0.2
=

k= -04
o

— -0.6
ge

—

2

g Vv

02 04 06 08 1 12 14 16 18 2
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All Background

-0.12 < B14 < 0.95
ITR > 0.55
3.0< T, <6.35

AV + Ropes

0.69 < R°/R%, <0.90
U-R>1.0-12x (R3/R3;, — 0.69)?

External Water

145 < R*/R%y, < 1.95
U-R>02

PMT

1.6 < R°/R%y, < 2.0
U-R<-038

Internal Water

R*/R3, < 0.37
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Likelihood Analysis

e External radioactive sources:

e Single region with a 2D fit in energy and isotropy
e 1.1 < (R/Rav)3 < 1.7 or 0.8 < (R/Ray)3 < 0.9

o U . R > O . 5 Fit vertex Fit vertex
x10° 5
= 18k _ . ' o 3 L
- 1. L& - P ———————r———r———————— :
O’ [ —— Data WA . E . . *he S 45F —=— Data -
~ 16  —— MCfit iy s " . * ' . ; — MC fit SNO-l— ' ]
%. [ | Syst. Uncertainty - shape only ' -1 . . P ' .""-.' g 4F | Syst. Uncertainty - shape only Pr ehmlnary E
A 14F e o oSf ety b ~ 35E Timebin 6 (23.2 Days), z<0 ]
o : Timebin 6 (23.2 Days), z<0 : . . J 5 Q j E
o [ ' - ]
12F ~ 3r ]
S i SNO+ ] é Fit region: 0.8 < R*/R},, < 0.9 or :
2 Preliminary _' 5 25 11<RYR}, <17 ;
[ ) @) : ]
S ; —— - 2 F :
O 08F ’ : :
i i 15F -
06 . | _ _
[ | —— ] : :
02 -_ 7 —— _- M N P B BRI BRI PP B RPN
- 7 0.8 09 1 1.1 1.2 1.3 1.4 1.5 1.63 31.7
- = R/Ry
0 " i 1 " " " 1 1 1 " " 1 "
0 0.2 04 0.6 0.8 o
[314 * Te = reconstructed kinetic energy
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e ITR = In Time Ratio used to reject

o

events with broad timing distributions
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o Internal radloactlve sources:

2l _
. 208T1
—— Combined fit ]
—a— Data ]
Time bin 3 ]
(30.68 days)

e Single region with fit in isotropy
(R/Rav)? < 0.37

Bands show shape

systematics only ]

AV water Water shielding AV Ropes
U Th U Th U Th Th
Period  [x107"* gU/gp,0] [x107" gTh/gy,0) [x107" gU/gn,0] [x107"* gTh/gy,0] [x107"% gU/gav] [x107'2 gTh/gay] [x1077 gTh/geope]
1 19.0 +1.832 59 +5240 224037 9.9+ 1.6%2%° 55+ 1583 0.0139 +3s 0.0109 *93
2(z>0) 4853117  345+£1371F 869+ 115N  207.7+644730 33.0+£1641095 125424107 28+054]
2(z<0) 3.6+09%7 2752 113 16.3 +£0412%* 39.8 £2.853%% 7.7+£5513% 3.7+ 12150 09 +0.3%23
3 8.7+0.7'73 8.3 +3.1139 1.7 £0.11 73 93+05%%" 12+09']7 0.0%55 *oo 0.010, *o3
4 19.4 £ 1.01% 94 £4.1%52 0.6 +0.1%,7 10.6 £0.61 3% 03993 *53 0.0 *oa 0.0139 *22
5 535 +£3.7593 29.0+17.14%] 2.3+£0.24)7 8.6+ 1349  524+09'¢] 0.1 0 0.0135 o3
6 67.5 £2.1103  67.1 £10073] 1.2 40133 100+ 07188 1740948 0.0135 +od 0.0100 +o2




UPCOMING
RESULTS
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e Since October 2018 the top of the acrylic vessel is covered by a cover gas volume =
volume filled with boiled-off nitrogen that reduces the Rn ingress of a factor larger than
104
e Highly reduced U-chain background level allows a better identification and

discrimination among background sources
* In preparation = Measurement of external background source paper
e Extremely important for all the follow-up phases.

e The data taking period is nearly twice the initial one
e Increase the statistics for the nucleon decay search
* Increase the statistics for the solar neutrino measurement at lower (<5 MeV) energy
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Deployment of AmBe source

* Neutron detection efficiency

* Neutron capture time

.E rrri I rrri I rrri I rrri I rrri I rrri I rrri I rrri I rrri I rrri
Na) ..
2 10 F SNO+ Preliminary E
Z ]
3 >'Am’Be calibration data
= with normal trigger settings
2
O N 7
Ii T=208.2=+2.Tus
10° F .
10° | r
L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time between events [ us]

Simple coincidence analysis.
2-exponential fit: signal + random backg.
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 Efficiency for triggering on a

neutron: 47 %

05

[us’T]
o
N

Event rate

—
Q
[¢)]

107®

1077

SNO+ Preliminary

total event rate in the run
I:l 4.4 MeVys (fit to data)
- 2.2 MeVys (fit to data)

LI IIIIIII_

prompt selection window—>

0 10 20 30 40 50

Nhit
Signals extracted from the statistical analysis of
coincidences (prompt 4.4 MeV Ys and delayed

2.2 MeV Ys) are compared to the total rate in
this central AmBe run.
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PETRESA CANADA

Linear Alkylbenzene * Chemical compatibility with acrylic

= s *High light yield (~10,000 optical photons/MeV)
*High purity available

*Low scattering

* Good optical transparency

—+ * Fast decay (different for betas and alphas)
N 2 g/L PPO
/
C
R T * High natural abundance (34.08%)

* 20BB T1/2 = 8.2x1020 yr

H'  0.5% b¥ mass: * Q-value = 2.53 MeV
= :g,T:e‘ y | naf © *Good alpha/beta discrimination
Oh | . * Long attenuation length
. GE 3900 kg % High light yield
Lo” j\ * No inherent optical absorption lines

+6 HZO
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External vy

B v ES

Internal Th chain

Internal U chain

Events in the Region Of Interest
+ Fiducial Volume

9.47 events/yr

5th International Solar Neutrino Conference, 2018
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‘Cosmogenic:

% 60Co, 110mAg, 88Y, 22Na

- mitigation: purification + “cool-down” UG
* aimed: less than 1 ev/yr in ROI/FV

Two neutrino mode 2VISL:

3] * asymmetric ROl around the OvRf signal
“ * limited by energy resolution

Cosmogenic 58 v ES

(an): 2vBp
* alpha-capture on 13C/180
* production of neutrons

* thermal neutron capture

* delayed coincidence tagging (o, n)

8B solar neutrinos:

Lk flat spectrum
* constrained by SNO/SK data
* limited by resolution

External vy

External gammas: |
- % from AV, ropes, water, PMTs
] * fiducial volume (17%) cut

Internal U chain
Internal Th chain

“Internal U/Th chain:
- % 214BjPo, 212BiPo
* [5 — o« delayed coincidence
tagging + in-window rejection

T1/2 [yr] | mowg [meV]

0.5% Te, 5 yr | 2.1x1026| 37 -89
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Projected 2024
OvBp Sensitivities
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New Physics Sensitivity: Phase-Space Weighted Half-Life
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To improve the sensitivity by a factor
of 2, it is necessary an experimental
improvement of 16

Requirements:
¢ Large masses (volumes)
¢ High radio-purity

V' The loaded liquid scintillator technique is easily scalable

v/ 1309Te has a large natural abundance that doesn’t require loadings

v/ Among the DBD isotopes is relative cheap (20 times cheaper than Xe)
v/ Annual production is ~150 t (Xe resources are very limited)
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SNO+ completed its water phase:
% Two main physics papers published up to now:
+ invisible nucleon decay
+ 8B solar neutrinos
* Measured external backgrounds
+ Paper In preparation
* More analyses to come:
+ neutron capture
+ anti-nu In water
* SNO+ started pure scintillator phase:
+ Low energy solar neutrinos
+ Reactor nd geo antineutrinos
* In 2020 we expect to deploy Te
+ Search for the neutrinoless double-beta decay
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