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The SNO+ Detector

2 km overburden

6 m radius acrylic
vessel (AV) filled
with liquid
scintillator

Over 9000 PMTs
+ outward
looking PMTs

Surrounded by
ultra-pure water




SNO+ Timeline

Water Phase “Partial-fill” Phase Scintillator Phase

2017-2019 | 2019-2022 2022-ongoing

Tellurium Phase
Search for Ovpf

905 t ultra-pure water Half replaced with liquid Completed loading of 780 t liquid

scintillator (COVID19 scintillator
Detector calibration pause)
External background Initial: LAB + 2.2g/L PPO
measurements LAB + 0.6 g/L PPO Enhanced (2023-onwards): LAB

+ 2.2g/L PPO + 2.2 mg/L bis-MSB 3



Neutrino Publications

Water phase: Partial-fill: Scintillator phase:
= Measurement of the 8B solar = Fvent-by-event direction = First evidence of solar neutrino

neutrino flux using the full reconstruction of solar neutrinos interactions on 13C

SNO+ water phase dataset in a high light-vield liquid

scintillator = Measurement of reactor antineutrino

= Fviden f Antineutrin oscillation at SNO+ (0.29 ktonne-years)

from distant reactor in = |pnitial measurement of reactor

re water NO+ ntineutrin ILLation NO+ = Preprint: Measurement of reactor
ntin In iLllations with 1.4

ktonne-years of data at SNO+
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Neutrino Oscillation

= Neutrino flavour and mass states mis-matched (PMNS matrix):

Ve V1 1 0 0 C13 0 Slge‘i‘SCP C12 S12 0 Cij = COS Hij
V# =U*lV, U=1|0 Cy3 So3 0 . 1 0 —S12 Cq12 0 = sing
vy V3 0 —Sp3 €23/ \—s5eidcP 0 0 0 1 Sij = SN

C13

= For ultra-relativistic plane waves, the transition probability:

. , Ami;L AmZ = m2 — m?
Pva—n/g — Z Uar Uk UajUp; €Xp (_l ZE] ) Mij =M =Ty
k,j




Neutrino Oscillation

Example: (anti)neutrino survival probability

| Oscillation effectively decouples into two ranges:
1 ARk
1-5in%(2613) VAR ” | i 2
" = Short baseline (Am%4, 813).
0.75 A
—— 3-flavour
3 7~ long baseline = | ong baseline (Am54, 81,).
= 0.5 -
[=
0.25 A U
: 4m
1-sin*(201) 1 an B/ B N >~ 1km-MeV~! >~ 33km - MeV~!
0 : Am3, _Am3, Ams, Ama1
10I_1 10° 1('31 l(II)2

L/E [km MeV~1] Sin2(2913) ~ (0.08 Sin2(2912) ~ (0.85



Neutrino Oscillation

Example: (anti)neutrino survival probability

PDG 2025:
14 - ﬁ 2 _ .10-5 V2 s, =0.307 + 0.012
A | Amiy=(750£0.19) 107 eV &
Short baseline :
0.75 reactor
g
& 051 KamLAND [1] (reactor): SuperK & SNO [2] (solar):
* example: :
. BEVERIEEL ; j Am3,= (7.541513) - 107> eV? s, =0.306+ 0.013
1—5in2(2912) 1
1071 10° 10! 107
L/E [km MeV~1] KamLAND
[1] Phys. Rev. D 88, 033001 (2013), 1303.4667 g

[2] Phys. Rev. D 109, 092001 (2024), 2312.12907



Neutrino Oscillation

Example: (anti)neutrino survival probability

Juno  SNO+ PDG 2025:
1 Am2,= (7.50 + 0.19) - 1075 eV? st = 0.307 £ 0.012
1-sin2(2613) 1
Short baseline
0.75 reactor
%
.sv 051 KamLAND [1] (reactor): SuperK & SNO [2] (solar):
= P
B example:
s ] BEVERIEEL Am3,= (7.541513) - 107> eV? s, =0.306+ 0.013
1—5in2(2912) 1
0" 1071 10° 10! 107
L/E [km MeV~1] KamLAND
[1] Phys. Rev. D 88, 033001 (2013), 1303.4667 g

[2] Phys. Rev. D 109, 092001 (2024), 2312.12907



SN(Q JamesPage @ Queens
Reactor Antineutrinos

= SNO+ v, flux dominated by the 3 Ontario reactor complexes:
= Bruce, at 240 km —  40%
= Pickering & Darlington, at ~345 km — 20%

= Example Antineutrino spectra, via inverse beta decays (IBD):

0.14 4
—— not oscillated

—— Am3,=7.53x 107> eV?
—— Am3; =6.10 x 107> eV?

0.12 A

o o
o =
(o] o

I I

0.06 -

0.04 -

IBD rate [day~! MeV~1]

0.02 A

0.00 A

E, [MeV] 10



SN(Q JamesPage @ Queens
Geo-Neutrinos

v, flux map & geo-v measurement locations

= Radiogenic heat from inside the Earth due primarily to
radioactive decays

= Emission of v, allows measurement of inner Earth
composition

= Detected via IBDs

2.00 4
2327

— 238y
—==- IBD threshold

=
~
w

= Large uncertainty in the flux

=
u
o

= Multiple measurement locations allows better constraints

=

N

w
L

= For example, measuring the mantle’s contribution

=

~

w
A

o

w

(=]
|

= Measured at 4 locations so far, including SNO+

IBD rate [10~12 cm? MeV~! decay~!]
=
o
o

o

N

w
)

o
o
IS)

0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
E, [MeV]

o
o
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The Signal: IBDs

= Prompt energy highly correlated to v, energy (E = E,, — 0.8 MeV)

Capture on H

_______________

_____________________________ 1
1
1
1

7y (0511 MeV)
+@ <1 ' Prompt event
e * vy (0.511 MeV) |

_______________________________

12



The Signal: IBDs

= Prompt energy highly correlated to v, energy (E = E,, — 0.8 MeV)
= Coincidence tagging eliminates most backgrounds:

o® Cuts | Prompt | Delayed_
W‘J" Delayed

N Energy [MeV] 09-80 185-25
T~ 200 s *Y(ZZMGV)J Delayed event |A7] [m] <25
Ve@+
Ny @sti ve) | At [us] <2000
| ++‘_<‘\A  Prompt event Radial position [m] <57
et e v (0.511 MeV) |

_______________________________

= Accidental coincidences further reduced by likelihood classifier (At, |A7|, delayed E)
= Reduced to negligible level.

13



Background: (a, n) Events

Triggered by a particles from #%Po decays Prompt + neutron capture mimics IBD!
capturing on 13C inside the detector:

13C(a-n)0 prompt events

Proton recoil
a@+ » 12C scattering

160 deexcitation

14



Arbitrary

Background: (a, n) Events

13C(a-n)1€0 prompt events
( ) P P Capture on H
15¢ A Proton recoil ‘/W‘+‘
o+ » .* ------------ T

12C scattering 13c /n | Y (2.2MeV) | Delayed event
160 L o
ES 160 { B 160 deexcitation Lofr._:*
7000 - an Events i 16*0 _—__NL_Y_(_é_:M?\_/)_: Prompt event

___________________________

6000 -

5000 1

4000 1

1000, = Oxygen produced in excited state(s).
l = Releasesyore-e’ pair ~6 MeV.

2000

1000 1 Jﬂ

Energy (MeV)

15



Background: (a, n) Events

13C(a-n)10 prompt events

Proton recoil

ik GS 140
ox @+ » ~ 12C scattering
16
0 ES 160 { B 160 deexcitation

gm0 = Oxygen produced in ground state.
£ 3000 l = Neutron takes away most of the energy.

2000- = |nelastically scatters off 12C in medium.

1000 & = Releases 4.4 MeVy.

1 2 3 4 5 6 7 16



Background: (a, n) Events

Proton recoils

———————————————

______________

13C(a-n)1¢0 prompt events

' Capture on H

N .
\
N

L n GS 160 Proton recoil :_OZL._:+ +Y(ZZMGV) Delayed event
o @+ » — 12C scattering 1B
16
\ ES %0 { — '°0 deexcitation 0
1000 4 a-n Events
o < = Elastically scatter off protons (for a few ns).
] = Reconstructed events in 0.4-3.8 MeV range.

3000 - l

2000

- ;l_r!\"'_r(l_l_tl_'\

Energy (MeV)
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Background: (a, n) Events

a-n Events

Proton recoils

———————————————

e | Capture on H
13C(a-n)160 prompt events O

SR, . .
. v (2.2MeV) | Delayed event

_______________

— Proton recoil i

_______________

— !2C scattering

B 160 deexcitation 0

7000 1
6000 -
5000

§‘4ooo~

Z

Z 3000 4
2000 4

1000 4

= Proton quenching is measured using a deployed ?“1Am-“Be

neutron source.

» See talk by Anthony Allega on AmBe calibration at SNO+!

18



SN(QQ James Page @ Queens

Background: a-p Events

E 700 é{ SN(;;:;E;:;W * 24B; By Data | 2*Po-« Data '
600 ,{ R<4m —*"Bi-pyMC - *Po-aMC 7
500 F { { } -
21iBjpg 4w} : i Delayed ' .
| |
a3 ‘; :
. {1 Prompt ! :
Internal 2*4BiPo background: 2W0F {4 P i ;
100 -.j % ¥ -
= 214Bj — B-decay to ?*Po — a-decay to 21%Pb NES \_ T .
1.0 15 20 2.5 3.0
Reconstructed Energy [MeV]
_ 214D A [ifati
= At = 237us (44Po lifetime) . \ | , , , , —
18f| —+— Daw n-capture

Fit

= o can scatter off protons, which have less quenching

""""" Fit (Excluding Neutron Capture)

Counts per bin
>
T

._
=
ARERER
]

— high energy tail enters delayed energy window ;
= |dentified as a background by SNO+ ~ “’;:

1.8 2 22 24

12 - Y3 :
19
*Phys. Rev. Lett. 135, 121801 a-p tail / Delayed Reconstructed Energy (MeV)



IBD Candidates

Predictions in 685 days of live-time
(systematic uncertainties)

Reactor IBD 140 = 6
Geo *°°U IBD 29
Geo ***Th IBD 8
(a,n) p-scatters 80+ 24
(a,m) other 124+ 10
Q-p 76
Atmospheric v 4+3
Sum 281

20



IBD Candidates

Predictions in 685 days of live-time 246 events tagged
(systematic uncertainties)

«  Prompt

Reactor IBD 140 + 6 T e e Delayed -

-

-

Geo 238U IBD 29 Stne TR S, j
Geo ?ThIBD 8 e | |
(a,n) p-scatters 80+ 24
(a,m) other 12+ 10 2

-

a-p TE6 -4 . & s Acrylic Vessel
AtIIlOSpheI'iC 1% 4+ 3 e Fiducial Volume |
Sum | 281 0o 5 10 15 20 25 30 35

x% +y? [m?]

21



Events per 0.3 MeV

]
-

p—
o

Reactor-v IBD: World |

1
[ (a¢,n) [ Reactor-vIBD:P+D |
1 ap Bl Rcactor-v IBD: Bruce
1 Geo-v*3UIBD
B Geo-v *Th IBD ]
[ Atmospheric-v

SNO+ Preliminary _

4 5 6 7 8

Prompt Reconstructed Energy [MeV]
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Oscillation Results

> 50 - L A | — 1 T 1 L ]
ﬁ ! 4 Data [ Reactor-v IBD: World |
“ 40 [ (a,n) MM Reactor-vIBD:P+D |
S
. 1 ap B Recactor-v IBD: Bruce | 9 ¢ _5 <72 4+0.21
2 1 Geo-v 28U IBD | A7221 x107°eVT]  7.93T5%,
g B Geow?®Th1BD || sin® 61 0.50540.134
520 [ Atmospheric-v Geo-v TNU] 601_33

ol SNO+ Preliminary _

0 1 2 3 4 5 6 7 8

Prompt Reconstructed Energy [MeV]

TNU = Terrestrial Neutrino Units: 23

Number of IBD events per 1032 protons per year, for a 100% efficient detector.



Oscillation Results

> 50 T T T 1 L — T =
ﬁ ! 4 Data [ Reactor-v IBD: World |
“ 40 [ (a,n) MM Reactor-vIBD:P+D |
?‘3‘ 1 ap Bl Rcactor-v IBD: Bruce
%30 1 Geo-v U IBD
BT B Geo-v 22Th IBD
i 1 Atmospheric-v
201 Without Reactor-v Osc. |
ol SNO+ Preliminary _
0 1 2 3 4 5 6 7 8

Prompt Reconstructed Energy [MeV]

TNU = Terrestrial Neutrino Units:
Number of IBD events per 1032 protons per year, for a 100% efficient detector.

2
Am21

SiIl2 912

X107 °eV?]

Geo-v

TNU]

7.93702)

0.505+0.134
60155
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Oscillation Pattern

Ratio of reactor IBD spectrum with / without neutrino oscillation:

8 1_2 [ ' [ ' ' ' | ' ' ' | ' I i i i I
2 | == Fit —— FitP+D
S1.0F —— FitBruce Fit World
§ 4 Data (background-subtracted)
© 0.8
A SNO+ Preliminary
o
S
- 0.6
3
(D]
0.4} -
A T
0.2 JJ |
_,_I'Fll:‘_‘_hi_'}::l_‘—._ﬂn

S
o

l(I)O léO
Lo/E, [km/MeV]

L = 269 km 25



Oscillation Results

3 F T T ]
% | ~—— KamLAND 1
L 5 B Solar |
fﬂ ; —— JUNO j
: — SNO+ '
0 -. | | " _.__.--ﬂ}"":
4."\]_| N | ] | ] L
>
) o 85 F
Flt IE i r*'
— —80fF
Afn;,%l [x10~%eV?] 7.93102) F
sin” 019 0.505+0.134 75
Geo-7 [TNU] 60" 55 ok
65 SNO+ Preliminary | [
T F +  Best Fit | :
6.0 | : lo 1F :
i - g i ]
5.5 F 1 F -
T F R 3o
L B | ST R T R R R A i A T
0.2 0.3 0.4 0.5 0.6 0 5

sin’é,, -2Alog(L)

26



Oscillation Results

Fit

Geo-v [TNU]

60755

Can improve this measurement

-2Alog(L)

Am2, [105eV?]
- e
= Lh = L =

=
wn

Lh

L B
—— KamLAND 1
Solar |
— JUNO
— SNO+

6.0 |

551

SNO+ Preliminary | [
+  Best Fit {{

0.3 0.4 0.5 0.6

Sil‘l2912

-2Alog(L)
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Recall: (a, n) Proton Recoils

Proton recoils

———————————————

. Capture on H
0@

Mooy
. v (22MeV) | Delayed event

___________
___________________

Prompt event

160

7000 A
6000

5000 -

2000 +
) ’r&_"—r'J_LI_IL

Energy (MeV)

Arbitrary
w IN
o o
o <}
o S




Recall: (a, n) Proton Recoils

r

Proton recoils

k 1

_______________

160

Prompt event

Capture on H

|\" ____________
1

______________

7000 A

6000 -

5000 -

Arbitrary
w IN
o o
o <}
o S

2000 A

1000 -

3

4
Energy (MeV)

T

-

SN(QQ James Page @ Queens

Multiple recoils — longer pulse shape:

y (22MeV) | Delayed event

. I‘)rc?m'pt ‘Pullsej Shapes, Slummeq over Eyer;tsl in the Ra9g¢ E € [99 3.5] Mle\{
§ - reactor-vV IBD
goo4r (@)
=
<
. _ .

oozl | &T-eTann ihilation SNO+ Preliminary

0.02F

0.01 | .

Proton recoils
0.00 I Il Il L 1 1 -_~__l-- L l _ T
0 20 40 60 80 100 120 140
tres [ns]
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(a, n)-IBC

Classifier

Event-by-event classifier based on the Fisher discriminant

n
(e}

Events per 1.2
I~
o

10

(I8
-

o
o

TTIIE

Data
Reactor-v IBD
(a, n)

Geo-v 2¥U IBD
Geo-v 2’Th IBD
a-p
Atmospherics

Cut

Only events below |

3.9 MeV are shown | |

0

10
Prompt Classifier Values

Selection efficiency below 3.5 MeV:

(o, n) 11%
IBD 90%
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Classifier Cut

(o, n)-1BD cut below 3.5 MeV

ESO- + Data [ Reactor-v IBD: World | |
a0l [ (a,n) [ Reactor-vIBD:P+D |
= | 1 ap Bl Recactor-v IBD: Bruce
%30 [ Geo-v >*UIBD ]
i B Geo-v ¥Th IBD

s [ Atmospheric-v

)
-]

Without Reactor-v Osc. |

p—
-
T

SNO+ Preliminary _

Prompt Reconstructed Energy [MeV]
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Classifier Cut

(o, n)-1BD cut below 3.5 MeV

> 50 - I A | T T T T _

g - + Data [ Reactor-v IBD: World | |

a0l [ (a,n) [ Reactor-vIBD:P+D |

?‘j _ 1 a-p Bl Rcactor-v IBD: Bruce

%30 i i [ Geo-v >*UIBD

£ | B Geo-v ¥Th IBD

A | [ Atmospheric-v ,
20¢ —— Without Reactor-v Osc. | |
10 i SNO+ Preliminary _

0

Prompt Reconstructed Energy [MeV]
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Classifier Cut

(o, n)-1BD cut below 3.5 MeV

Events per 0.3 MeV
= = =

o
-]
—

49+13 TNU — 0 i

Reactor-v IBD: World | |

Reactor-v IBD: P+ D |
Reactor-v IBD: Bruce
Geo-v 28U IBD

Geo-v >**Th IBD

Atmospheric-v

Without Reactor-v Osc. |

4
Prompt Reconstructed Energy [MeV]

5

SNO+ Preliminary _
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SN(Q JamesPage @ Queens
Geo-v Rate

SNO+: 4913 TNU

Increasing geo-v Borexino: 47+82(stat) 745 (syst) TNU
flux expected : |

KamLAND: 28.6731 TNU

Borexino - PHYS. REV. D 101, 012009 (2020) 34

KamLAND - Neutrino Geoscience 2025 Kingston: Geoneutrino Observation with KamLAND (https://indico.global/event/14476/contributions/136079/)


https://indico.global/event/14476/contributions/136079/

SNQ James Page @ Queens
Geo-v Interpretation

Geo-v rate vs Radiogenic Heat at SNO+

150

o] — UNIF:ay/ag = 4.0
—— Sunken-layer: amp/ay = 4.0 : :
1301 mms Cosmochemical Prellmlnary
120{ ™ Geochemical
W Geodynamical

L Fully Radiogenic
? 100 1 Measurement: 49*13 TNU
=
3
]
&
®
c
o
Z
g
2

2 . Uncertainty of

10 lithosphere signal rate

°0 5 10 15 20 25 30 35 40 45 50

Radiogenic Power (U + Th) [TW]
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SNQ James Page @ Queens
Upcoming: Solar + Reactor

First solar + reactor oscillation fit in a single detector

—9.0 1 — 9.0 - ; - -
Z ) e m% e B e LS
l? 8 5 ------- 26_"'"‘-— ' ] ‘O 8'5 ".'. ".. ;;;; _— 26---: ______ =~ ]
2 “\\ — & j-}”’ -~ I \\\
% : . Y
X80} ° ) ] 580 b ° j } ‘} ]
NSN A0 zi § ‘\:". :"?:‘} 10 . fi
< 7.5 __z/ 1 7.5 "._ \\:\6‘;\\\ ’,’ ,/I 5
_________ - [ .'-_ ‘Q:'}f’:'--:::.-r—-———--':—:—“"”’
708 ) 1 Tl 35 e 1 7.0 St T PUSUPRS, POTTIEIE- PRI 1
6.5f ] 6.5} ]
w 4 4
2 ] :
6.0f ! 2 ~. 6.0} ) -_
1 = Reactor v 1
5.5k SNO+ 551 Combined
Preliminary r ] NuFit 6.1 SNO+ Preliminary]
5.0 L L 1 1 1 1 5.0 P T T S T T T S
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Solar v = NuFit 6.1 sin’6;, sin%6;,
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NuFit 6.1: Global Fit
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Oscillation Results
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JUNO Contours

SNO+ (Nov 18th)
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Solar Fit
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Event Reconstruction

Charged particles excite the liquid scintillator

Liquid scintillator emits light isotropically

Only use number of PMT hits (N,,;) and relative timing/position of these:

—T T T T T

_ Example Pulse Shape PDF:
— Reconstruction: T
* Ny < E (roughly).

« Eventtandr are fitted.

arbitrary
<
[e=]
=
T

0.03

0.02 |

— Pulse shape (time residual plot): 0_017
tres = tpmrhit = t = tror(r)

0.00 L

m) Use these to identify physical processes!
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Geo-Neutrinos
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Solar Neutrinos

= 8BvESone-:

= 8B v, CC interaction
on 13C:
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Solar Neutrinos

v, CC and v, NC elastic scattering

102 L B R LR T T T T T 08—y ———ry R
101 B16 high-Z + ecCNO i r ]
il /pp[_ig%] , Solar Neutrino Spectra (+10) C .
100 Be[:6%] pepl£1%] & 0.7~ pp 7
9 "Be[+6%) ! . - -
i i i i i C Be ]
3 9T | b f 061 pep Vacuum-LMA 3
E 107%7&*\ | <SS SO 0
— 1 1 - g
= NI+159 8
= ok i i 1| eNp15%] o a® 0.5 -
T 1 i 1 - B
‘Tm il 150(+17%) 1 /—r—\:\ eIO+eF[i17% | - ]
] — C ]
? 10* ME‘ /E/ ,i/ - 04— —
[ 103 1 1 - C 4
/ | |4 03f- =
102 i P 4 = .
ok ! neka | C MSW-LMAT
C L 1 1 1 1 1 11 I 1 1 L 1 1 T I
100 1 L !1 1 0l ! 1 0-2 1 1 0
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0 .
MeV Neutrino energy (MeV)

45



SNQ James Page @le

— > 50 j| T T T T 7]
— ata eactor-v > Wor
Geo-v Results 5 o R o
“ 40 [ (a,n) W Reactor-vIBD:P+D |
E ’ 1 ap Bl Rcactor-v IBD: Bruce
%30 0 Geo-v?¥UIBD
S B Geo-v 22Th IBD
o [ Atmospheric-v
201 —— Without Reactor-v Osc. |
ol SNO+ Preliminary |
0 R 4
L. | 2 3 4 5 6 7 8
Cut & re-fit: Prompt Reconstructed Energy [MeV]
13 L (@n-BDcutbelow3sMev |
DPgeo = 49153 TNU S + Data = Reac ' ]
s ata [ Reactor-v IBD World |
a0l [ (a,n) M Reactor-vIBD:P+D |
?6 1 ap Bl Recactor-v IBD: Bruce
%30 | 1 Geo-v**®U IBD
E | B Geo-v %2Th IBD
& | [ Atmospheric-v _
201 —— Without Reactor-v Osc. |
10 SNO+ Preliminary _
0% : 4_ :
1 2 3 4 5 6 7 8 46

Prompt Reconstructed Energy [MeV]



	Slide 1: Measurement of Reactor Antineutrino Oscillation at SNO+
	Slide 2: The SNO+ Detector
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37: Thank you to the SNO+ collaboration!
	Slide 38: Backups
	Slide 39
	Slide 40: JUNO Contours
	Slide 41: Solar Fit
	Slide 42: Event Reconstruction
	Slide 43: Geo-Neutrinos
	Slide 44: Solar Neutrinos
	Slide 45: Solar Neutrinos
	Slide 46

