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Prologue - SNO+



SNO+ // SNOLAB, Craigton Mine, Canada
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SNO+ // 2 km underground
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SNOLAB // Deepest cleanest underground laboratory
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SNO+ // Detector & physics goals

Brief description

> 12 m diameter

acrylic vessel

> diff. det. media

> 9300 PMTs

> water outside

Main goal
0νββ

(Majorana νs)
t1/2 ≥ 1.96 · 1026 yr (90% C.L.)

for 130Te after 5 years

Additional physics

> reactor ν̄ osc.

> low-energy solar νs

> geo-neutrinos

> supernova νs

3 phases

1. ultra-pure water - ∼1 kt - up to ”now”
2. pure liq. scintillator - 780 tonnes - end of 2019
3. Te-loaded scintillator - .5% nat. Te - 1300 kg 130Te start of 2020
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SNO+ // Collaboration

121 members
27 institutes
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SNO+ // Status & publications [1, 2]

Water data-taking started May 2017.
Scintillator fill transition now.
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Long-term stay // 5 months at SNOLAB and Queen’s University

SNOLAB 70%

• 55% Diol plant
> Construction

• 25% Scintillator
> Transfer
& PPO
> Repackaging

• 19% Scintillator URM
> Commissioning

Queen’s University 30%

• 80% Run Selection
> Automation

• 10% Geoneutrino generator
> Implementation

• 9% Reactor refuelling
> Info
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Long-term stay // URM commissioning

Figure 1: Umbilical retrieval mechanism (URM) built by LIP.

11



Antineutrino analysis



Run selection // Water phase data

First water-phase dataset - May 2017 / October 2018

• 72 days, 3 hours - data with high trigger thresholds
• 191 days, 9 hours - data with low trigger thresholds

Flagged by the Run Selection group as good for analyses

Second water-phase dataset - October 2018 / Now

• 203 days, 17 hours - data with lower backgrounds

NOT YET flagged by the Run Selection group as good for analyses
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Run Selection // Water RS workflow
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Run Selection // Water RS reloaded

Updated workflow

» run this code

$ python run_selection.py -m do -d 2019/3/10 -c water
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Antineutrino analysis

PhD analysis goal

Reactor antineutrino detection by neutron tagging in an unloaded-
water Cherenkov detector without a dedicated (hardware or software)
coincidence trigger.
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Antineutrino analysis // SNO+ reactor configuration

Figure 2: The reactors closest to SNO+,
Bruce NPP at 250 km, and Darlington and
Pickering NPPs at 340 km.
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Figure 3: Expected fluxes from commercial
reactors in Canada and the US based on
IAEA loading factors [3].
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Antineutrino analysis // Physics

Signal // Inverse beta decay
ν̄e + p→ e+ + n (1)

Alpha-n background // 222Rn acrylic vessel contamination

// 210Po alpha decay

α+13 C→16O*+ n ∼ 10% (2)
16O*→16 O+ e+e− (90%)
16O*→16 O+ γ6.1 MeV (10%)

α+13 C→16O+ n ∼ 90%

Calibration // AmBe source
α+9 Be→12C*+ n ∼ 60% (3)

12C*→12 C+ γ4.4 MeV

α+9 Be→12C+ n ∼ 40%
18



Antineutrino analysis // The scale of the problem

Expected rates given cuts for a subset of the first dataset (higher
backgrounds)

• Signals
1. 2.1e-6 Hz - reactor antineutrinos
2. 1.9e-6 Hz - alpha-n
3. 16.e+0 Hz - AmBe

• Background - 1.04e+0 Hz
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Antineutrino analysis // Strategy

Binary classification using tree-based ensemble methods
• random forest (RF)
• boosted decision tree (BDT)
• gradient BDT (GBDT)

Data
• Signal - separate Monte Carlo simulations for reactor
antineutrinos, alpha-n, and AmBe source events

• Background - Detector data

Recipe
1. add synthetic features
2. apply cuts
3. select features
4. train
5. search 20



AmBe calibration // Coincidence analysis

AmBe events
α+9 Be→12C*+ n ∼ 60%

12C*→12 C+ γ4.4 MeV

α+9 Be→12C+ n ∼ 40%
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AmBe calibration // Neutron tagging in unloaded water

F(t) = N · R1[P · E · (λ+ R2)e−(λ+R2)t + (1− P · E) · R2e−R2t] (4)

Figure 4: Histogram of time differences between consecutive events in a
central AmBe run and the result of a fit with Eq. 4 giving a time constant
τ = 208.2± 2.1µs and PE > 46% [4].
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Antineutrino analysis // Strategy cont.

Recipe details
1. add synthetic features

• 20ver100 = inTimeHits20 / inTimeHits100
• r_norm = (posr / R_AV) ̂3
• dt = inter-event time between prompt and delayed candidates

2. apply cuts
• data cleaning - analysis bit mask 0xFB0000017FFE
• overall selection: 7 <= nhitsCleaned <= 100
• prompt validity: posr > 0, thetaij >= 0, beta14 > -10, dt > 0
• prompt selection: dt <= 2000 µs, posr <= 7500 mm, nhitsCleaned >= 15, udotR >= -0.8

3. select features for events in coincidence
• prompt [’nhitsCleaned’, ’r_norm’, ’udotR’, ’thetaij’, ’beta14’, ’itr’, ’20over100’]
• delayed [’dt’, ’nNhitsCleaned’, ’n20over100’]

4. train & tree optimization (with parametric searches) on
balanced dataset

• 10000 MC events for signal (label ’a’)
• 10000 data events for background (label ’b’)
• .25 kept for validation/testing

5. search
23



AmBe calibration // BDT classification

Central run training

• taking advantage of the close to the
center distribution

• similar accuracy with the other
methods
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AmBe calibration // BDT classification

Central run data search

• corresponds to extracting true-true pairs as signal
• using data classified as signal in training results in extracting all
the fake-fake pairs as background
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Alpha-n analysis // BDT classification

• taking advantage of the close to the
acrylic vessel distribution and a high
prompt energy well above the
background

• similar accuracy with the other
methods 26



Reactor antineutrinos // BDT classification

• same main features: r, dt
• increased importance for event
topology encoding features for both
prompt and delayed

• similar accuracy with the other
methods 27



Epilogue



Epilogue // Inverse beta decay signal extraction

Analysis result perspective

Reactor antineutrino search or detection by neutron tagging in an
unloaded-water Cherenkov detector without a coincidence trigger.

Timeline

• submit the thesis by the end of the year
• continue validating the MC with off-center AmBe runs
• add systematics
• optimize for the second water-phase dataset

Realizations

Antineutrino analysis // Reactor data // Geoneutrino generator // Run
selection // Long-term stay // URM commissioning
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to be continued
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Backups



Reactor data // More minute info? Things to consider ...

CANDU reactors
(The Essential CANDU)

• 380 fuel channels with 12
bundles per channel

• 8 bundle-shift refuelling
scheme - most common

• weekly
(continuous)/online
refuelling - what fraction?

• 19 cores from Canadian
nuclear power plants
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Figure 5: IESO 2017 data
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Reactor data // Monthly data ... IAEA, IESO, NRC
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Figure 6: Loading factors from IAEA (red
dots) and derived from electrical power
from IESO (blue squares).
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Figure 7: Conversion efficiency for CANDU
791, 750A and 750B in Bruce, 500A and 500B
in Pickering, and 850 in Darlington.
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Reactor data // Core modelling

Inputs (transient in bold)

• distance
• core type
• design thermal capacity
• loading factors -> flux
• fission fractions -> energy
spectra

• isotopic antinu energy spectra Figure 8: Darlington nuclear power plant.
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Reactor data // Core modelling - Transient information

Fission fractions

235U 238U 239Pu 241Pu
E [MeV] 202 205 210 213
PHWR 0.52 0.05 0.42 0.01
BWR 0.568 0.078 0.297 0.057

Table 1: Isotopic composition & energy
released per fission.
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Reactor data // Core modelling - Transient information

Loading factors - fraction of maximum theoretical flux

Reactor Thermal Capacity 3000 MW

• 1.9×1022 MeV per s
• ∼200 MeV per fission and ∼6 antineutrinos
• 5.5×1020 ν̄/s isotropically
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Reactor antineutrinos // Loading factors

IAEA yearly averages update

• 2015 - 428 cores (from secondary source fe.infn.it/antineutrino)
• 2016 - 435 cores
• 2017 - 441 cores (from primary source iaea.org)
• 2018 - report to be publish in the next two months

The code for parsing the data is at reactor-data-tools.
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Reactor antineutrinos // Official scintillator-phase plots

NOTE: Expect 120 reactor antineutrino events per year without folding in
detector effects.
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Figure 9: Energy spectrum with reactor
neutrino oscillation parameters.
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Figure 10: Energy spectrum with solar
neutrino oscillation parameters.

NOTE: A geoneutrino generator was developed for the corresponding
contribution to the energy spectrum expected in the scintillator phase. 41



Long-term stay // URM commissioning

List of tasks (non-exhaustive)

• redid the motor supply connectors
• replaced the universal connector for the umbilical load cell with
a Molex one

• put both load plates in place
• attached the regulator to the compressed air connection
• added the o-rings for the outside view ports and the gas
manifold

• mounted the Swagelok flange adapters
• enlarged threaded hole to M4 on the fixed pulley support of
piston mechanism for adding an eye-bolt for adjusting the rope
connecting to the movable umbilical retrieval block to the piston

• successfully simultaneously ran the rope and the umbilical
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