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2 0 9 2  m  t o  S u r f a c e  ( 6 0 1 0  m  w . e . )

1 7 . 8  m  D i a m e t e r  S u p p o r t  S t r u c t u r e  f o r  
9 4 5 6  2 0  c m  P M T s
~ 5 5 %  c o v e r a g e  w i t h i n  7  m

1 0 0 0  T o n n e s  D 2 O

1 2  m  D i a m e t e r  A c r y l i c  V e s s e l

1 7 0 0  T o n n e s  I n n e r  
S h i e l d i n g  H 2 O

5 3 0 0  T o n n e s  O u t e r  S h i e l d  H 2 O

U r y l o n  L i n e r  a n d  R a d o n  S e a l
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N e u t r i n o  D e t e c t i o n  i n  S N O

N e u t r i n o  I n t e r a c t i o n s  i n  D 2 O  a n d  H 2 O  a n d  t h e i r  F l a v o r  S e n s i t i v i t y  

C h a r g e d - C u r r e n t  ( C C ) νe o n l y
νe + d→ e - + p + p M e a s u r e m e n t  o f  e n e r g y  s p e c t r u m
E t h r e s h =  1 . 4 M e V

E l a s t i c  S c a t t e r i n g  ( E S ) νx ,  b u t  e n h a n c e d  f o r  νe

νx + e -→νx + e - S t r o n g  d i r e c t i o n a l  s e n s i t i v i t y

N e u t r a l - C u r r e n t  ( N C )  νx

νx + d→ νx + n + p  M e a s u r e s  t o t a l  8 B  f l u x  f r o m  S u n
E t h r e s h =  2 . 2 M e V
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S N O  P h y s i c s  P r o g r a m

S o l a r  N e u t r i n o s • S e a r c h  f o r  ν f l a v o r  c h a n g e
C C / E S ,  C C / N C

• 8 B  T o t a l  F l u x  ( t e s t  o f  s o l a r  m o d e l s )
• S p e c t r a l  d i s t o r t i o n s
• T i m e  D e p e n d e n c e s

d i u r n a l
a n n u a l
s o l a r  c y c l e

• M e a s u r e m e n t  o f  h e p  f l u x

S u p e r n o v a  w a t c h , relic S N  n e u t r i n o s

A n t i n e u t r i n o s

A t m o s p h e r i c  N e u t r i n o s
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S N O  R u n  S e q u e n c e

I .  P u r e  D 2 O C C ,  E S
s o m e  N C
n + d  Ò t +  γ . . .  ( Eγ =  6 . 2 5 M e V ,  εn ~ 2 4 % )

I I .  D 2 O + N a C l C C ,  E S  
( a d d e d  s a l t ) e n h a n c e d  N C  

n + 3 5 C l  Ò 3 6 C l +  � γ
( E  � γ =  8 . 6 M e V ,  εn ~ 4 5 %  a b o v e  t h r e s h o l d )

I I I .  D 2 O + N C D s C o n c u r r e n t  C C ,  N C ,  E S
( 3 H e  p r o p o r t i o n a l  c o u n t e r s ) n + 3 H e  Ò p + t

Ò e v e n t  b y  e v e n t  s e p a r a t i o n (εn ~ 3 7 % )
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S N O  P h a s e  I I - A d d i t i o n  o f  S a l t

S N O  P h a s e  I I :  D 2 O + N a C L

•  R u n t i m e  a b o u t  8  m o n t h s
•  E n h a n c e s  n e u t r o n  c a p t u r e  e f f i c i e n c y :

εn ~ 8 3 %  ( ~ 4 5 %  a b o v e  t h r e s h o l d )

M a y  2 8  - J u n e  5 ,  2 0 0 1

•  S a l t  i n t r o d u c e d  a t  b o t t o m  o f  d e t e c t o r
•  A d d i t i o n  o f N a C L c o m p l e t e d

E v e n t  �R a t e  v s z  P o s i t i o n  D u r i n g  

A d d i t i o n  o f  S a l t
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SNO Phase II - Physics with Salt

NC Salt 
(BP98)

• Enhanced  NC s e ns itivity
εn~45% above threshold

•  Systematic check of 
energy  s caleenergy  s cale
E � γ= 8.6 MeV

• NC and CC s e paration by 
event  i s o t r o p yevent  i s o t r o p y
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Preparations for Phase III - Neutral Current Detectors

NCD  A r rayNCD  A r ray
NC Detection: n+3He Òp+t
Total Length: 775 m
Counters: 292 (300)
Vertical Strings: 96
n capture efficiency: εn~45%

Neutron Background Estimates Neutron Background Estimates 
from  from  RadioassayRadioassay
uniform+near vessel: <4.4% SSM

Status  o f  NCD ProjectStatus  o f  NCD Project
First deployment of NCD into D2O  Sep 2000
Counter construction complete April 2001
Electronics Commissioning Summer 2001
DAQ partially complete
Analysis of cooldown data
Development of pulse shape analysis techniques

ScheduleSchedule
Pre-deployment welding: Winter 2001
Deployment of NCD array: Summer 2002
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Calibration and Detector Response

Calibration  T echniquesCalibration  T echniques
Electronics electronic pulsers, pulsed light sources

Optical Response pulsed laser at λ=337, 365, 386, 420, 
500, and 620 nm, ~2 ns resolution

Energy response 16N 6.13 MeV γ, tagged
p,t 19.8 MeV γ
neutrons 6.25 MeV γ
8Li β spectrum 13 MeV endpoint
8B β spectrum 15 MeV endpoint

Calibration IssuesCalibration Issues
• Photon Genera tion, transport, and detection

• diffe rent media : D2O, acrylic, H2O, PMT

• a ttenuation, reflection, scatte ring

• Detector geometry
• Detector s ta tus  and conditions
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Calibration Systems

Source DeploymentSource Deployment
• In two planes in D2O
• One  line in H2O (so far)
• Positioning accuracy: ± 2-5 cm

H2O

D2O
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Optical Response - Timing Residuals

Source at Center

Source at z=500 cm

Timing ResidualsTiming Residuals
Difference in time between hit and 
direct flight time from vertex 

Event  E nergy EstimatorsEvent  E nergy Estimators

I.  Prompt  l i g h tPrompt  l i g h t

with position and direction correction

II. Total  l i g h t  (Total  l i g h t  (NhitNhit))
without position and direction correction
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Time Since Last Hit Dependence

EffectEffect
• Varia tion in ADC pedesta l with time 
since last hit (TSLH)
• Varia tion in ADC s lope with time 
since last hit (TSLH)

Observation  Observation  
Timing residuals depend on data rate

Software SolutionSoftware Solution
Calibrated out in reconstruction of 
neutrino data

Effect  o n  ReconstructionEffect  o n  Reconstruction
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Event Reconstruction

Calibration Sources  Calibration Sources  i n  Di n  D 22OO 16N γ’s  and 8Li β’s
i n  Hi n  H 22OO 16N γ’s

A
V

 
N

e
c

k

Vertex resolution: ~ 16 cm
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Angular Resolution

Error in reconstructed event direction: 

Resolution function: true angular  r esolution  true angular  r esolution  
+ multiple scattering  o f  e+ multiple scattering  o f  e --

Angular resolution: 26.7 º ÒÒ small effect  o n  f l u x  determinationsmall effect  o n  f l u x  determination

  
θ e =

r 
u fit •

r 
u e
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Optical Response: D2O and H2O Attenuation

DD22O  A t tenuation Length:  ~  100  mO  A t tenuation Length:  ~  100  m
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SNO Energy Response - Absolute Energy Scale

• es tablished with triggered 16N (Eγ= 6.13 MeV)
• te s ted against 8Li,252Cf, and (p,t) source

Sources at Center

88LiLi
13 MeV endpoint
(n,α) on 11B

(p,t)(p,t)
Eγ=19.8 MeV
from 3H(p,γ)4He

252252CfCf
Eγ= 6.25 MeV
from n capture
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SNO Energy Response - Spatial Dependence 

• various  16N positions inside D2O 
• Monte -Carlo prediction tested against extended distribution 
of 6.25-MeV γ from 252Cf neutrons

Òmore difficult to 
analyze passive 
neutron source

Ò tagged neutron 
source under 
development
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Temporal Dependence of Energy Scale

• use  center 16N high voltage runs and compare data and Monte-Carlo
• actua l detector configura tions  a re  s imula ted: noise rate, working tubes

Ò energy drift: 2.2 ± 0.2% year

ÒÒ cause  o f  d r i f t  i s  cause  o f  d r i f t  i s  
under  i n vestigationunder  i n vestigation
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Data Taking and Live Time

Nov 2, 1999Nov 2, 1999 Jan 15, 2001Jan 15, 2001 240.9  l i ve days240.9  l i ve days
neutrino  r u n t i m eneutrino  r u n t i m e
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Detector Performance

Trigger  T y peTrigger  T y pe Hardware  T h reshold  Hardware  T h reshold  Rate (Hz)Rate (Hz)
Pulsed Trigger Zero Bias 5
100 ns Coincidence 16 PMTs 8
20ns Coincidence 16 PMTS 0.02
Energy sum ~150 p.e. 4
Prescaled (1:1000) 11 PMTs 0.1

Trigger Rates and Thresholds in 2001

Instantaneous Trigger Rate ~ 15-18 Hz
Data Trigger Rate ~ 6-8 Hz
Hardware Threshold ~ 2 MeV

Channel threshold: ~ 0.25 photo-electrons
Multiplicity trigger: 18 Nhit within 93 ns
Trigger efficiency: 100% efficiency by 25 Nhit (~3 MeV)
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Solar Neutrino Data Analysis

Run Selection
Data Division

Calibration
Monte-Carlo Simulations

Instrumental Background Removal
Reconstruction I

Instrumental Background Removal
Reconstruction II

High Level Cuts

Energy Estimator (prompt light)
Small Fiducial Volume

High Threshold
Background Estimates

Signal Extraction Technique

Energy Estimator (total light)
Variable Fiducial Volume

LowerThreshold
Fit to the Backgrounds

Signal Extraction Technique
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Data Flow & Instrumental Background Cuts

Data FlowData Flow

Analysis  S tepAnalysis  S tep EventsEvents

Total Event Triggers 355,320,964
Neutrino Data Triggers 143,756,178
Nhit≥30 6,372,899
Instrumental Background 1,842,491
Muon Followers 1,809,979
High Level Cuts 956,535
Fiducial Volume Cut 18,783
Threshold Cut,Teff≥6.75 MeV 1169

Total  E ventsTotal  E vents
In Final Data SetIn Final Data Set 11691169

High Level Cuts: Reconstruction figures of merit
In-time light
Event isotropy (θij)
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Removal of Instrumental Background

Instrumental  removal:Instrumental  removal: Two  i n dependent methodsTwo  i n dependent methods
Signal  l o s s :Signal  l o s s : 0.4±0.3%within Rfit�550 cm from 16N, 8Li, and the laser ball
ContaminationContamination: limits from bifurcated analyses and hand-scanning

Overlay of Cleaned Nhit spectra
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Instrumental Backgrounds Neck Tubes Fired

Electronic Pickup
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High Level Data Cuts

• Recons truction  Figure s  o f Me rit

• In--Time  L i g h t FractionTime  L i g h t Fraction
Ò uses detailed PMT time distributions

• Event Is o tropy
ÒÒ Average angle between hit PMTs

Event IsotropyEvent Isotropy
• Tes ts hypothes is of s ingle -particle 
origin for each event
•  Discriminates  between simple  
Cerenkov electron and multiple vertices

From triggered 16N, 8Li, and bifurcated analyses

VolumeVolume--weighted  s i g nal  l o s s :  weighted  s i g nal  l o s s :  1.4  1.4  +0.7/+0.7/--0.60.6%%
Residual  i n s t r u mental  c o n tamination:  Residual  i n s t r u mental  c o n tamination:  < 0.2%< 0.2%
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Reconstructed Neutrino Candidate Events

Characteristic R3 Distribution
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 Cleaned Neutrino Data
R<=550 cm + High Level Cuts 

 Signal Monte-Carlo
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x1/2=1.007 ± 0.002

 Signal PDF
 Fit
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1.51.00.5
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 Cleaned Neutrino Data
R<=550 cm + High Level Cuts 

 Fit

x1/2=0.981 ± 0.010

Fiducial  Fiducial  Volume  R�550  cm chos e n
t o  m i n i m ize backgroundst o  m i n i m ize backgrounds

Variable FV analysis fits backgrounds
outside the AV

Fit to the AV Position
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Reconstructed Neutrino Candidate Events

Characteristic Solar Angle Distribution

50

40

30

20

10

0

-0.5 0.0 0.5                cos(θ
Sun

)

  Cleaned Neutrino Data
R<=550 cm + High Level Cuts 

 Fit
 

Neutrino Candidate EventsNeutrino Candidate Events
Rfit≤550cm
Nhit�65
High Level Cuts

FitFit based on Monte-Carlo 
distributions

Note:Note: Can already extract with larger uncertainty CC and ES rate from fits to cos(θSun) 
distribution alone 
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Reconstructed Neutrino Candidate Events

Characteristic Energy Spectrum

60
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130120110100908070

Nhit

1 bin

180

 Cleaned Neutrino Data
R<=550 cm + High Level Cuts

Event  E nergy EstimatorsEvent  E nergy Estimators

TTeffeff or NhitNhit

Ò both are calibrated with 16N

Ò volume weighted mean 
response: ~  9~  9 NhitNhit//MeVMeV

Effective  K i netic  E nergy  Effective  K i netic  E nergy  TTeffeff
• e ffective  kinetic energy, Teff, determined for each event in D2O
• Teff corrected for time variable phenomena + position + direction
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Principal Physics Backgrounds

Internal  DInternal  D22O  B ackgroundO  B ackground 238U, 232Th

Acrylic VesselAcrylic Vessel 238U, 232Th

HH22OO 238U, 232Th

PMTPMT β-γ

High  E nergyHigh  E nergy γ

6000

4000
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0
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                (R/AV)^3 
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 208Tl in AV
 214Bi in H2O 

NHITS > 45

6000

4000

2000

0

3.02.52.01.51.00.50.0
                (R/AV)^3

AV PSUP CC
 ES
 Neutrons

 
 208Tl in AV
 214Bi in H2O 

NHITS > 65

Analysis  o f  BackgroundsAnalysis  o f  Backgrounds

I. Estimate limitsEstimate limits in background free 
region Rfit�550 cm

II. Fit  t o backgroundsFit  t o backgrounds in variable 
fiducial volumes
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D2O Backgrounds

Target LevelTarget Level
• Equivalent of 7% SSM 
neutrons

Measurement TechniquesMeasurement Techniques
• Radiochemical assays
• In-situ Cerenkov measures

StatusStatus
⇒ at or below target level
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H2O Backgrounds

TargetTarget
• Equivalent of 7% SSM 
neutrons

Measurement TechniqueMeasurement Technique
• Radiochemical assay
• Encapsula ted sources
• High radon runs

StatusStatus
⇒ near or below target levels
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Acrylic Vessel Backgrounds

Calibration  T echniquesCalibration  T echniques
• direct counting and NAA
• encapsula ted U, Th sources
• direct observa tion: 

Cerenkov light

AV ActivityAV Activity
• Activities  assayed to be  < 10% 
of target level ~ 0.2 ppt U/Th

AV ConstructionAV Construction
• Every piece sampled and tes ted • 
Sample bonds tested

⇒ AV Blob: ~ 9 +20/-5 ± 3 µg ‘Th’
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PMT β-γ

MonteMonte--CarloCarlo 1616N DataN Data

CharacteristicsCharacteristics • Strong Nhit dependence but small tails into Cerenkov signals

Determination  Determination  ÒDirect counting of materials, Monte-Carlo simulations
ÒHot encapsulated U and Th Sources ((bkgdbkgd < 0.1% within D< 0.1% within D22O)O)
Ò 16N γ’s from calibration source

AVAV

FV
FV
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External γ-Ray Background

Outward  g o i n gOutward  g o i n g

Inward  g o i n gInward  g o i n g

u.ru.r

Determination  Determination  Ò empirical estimates from cavity measures
Ò direct observation
Ò 16N calibration γ’s ((bkgdbkgd < 0.8% i n  data set)< 0.8% i n  data set)

RR33
OutwardOutward OutwardOutwardInwardInward

OriginOrigin • from PMT’s , rock wall

AV
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Experimental Systematic Errors on Fluxes

Vertex Shift ±3.1 ±3.3
Vertex Resolution ±0.7 ±0.4
Angular Resolution ±0.5 ±2.2

Live Time ±0.1 ±0.1
Trigger Efficiency 0.0 0.0
Cut Acceptance +0.7/-0.6 +0.7/-0.6

Experimental UncertaintyExperimental Uncertainty +7.0/+7.0/--6.26.2 +6.8/+6.8/--5.75.7

Cross SectionCross Section 3.03.0 0.50.5

Error  S o u r c e  Error  S o u r c e  CC ErrorCC Error (%) ES Error  ES Error  (%) 

Energy �Scale +6.1/-5.2 +5.4/-3.5
Energy Resolution ±0.5 ±0.3
Energy Scale Non-Linearity ±0.5 ±0.4

Residual Backgrounds ( Rfit�550 cm )
Instrumental Background ±0.1 -0.6/+0.0
High Energy γ’s -0.8/+0.0 -1.9/+0.0
Low Energy Background -0.2/+0.0 -0.2/+0.0
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Signal Extraction

MaximumMaximum--Likelihood  F i t  t o  Likelihood  F i t  t o  
Characteristic DistributionsCharacteristic Distributions

RR33

c o sc o s((θθSunSun))
Neutron Energy ResponseNeutron Energy Response

Energy EstimatorsEnergy Estimators
TTeffeff
or Nhit

FiducialFiducial VolumeVolume
RR fitfit�550  cm 
or variable  FV R �650 cm

� 550cm

Variable FVVariable FV

Data
MC
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First Solar Neutrino Results From SNO 

Energy  S pectrumEnergy  S pectrum
Teff�6.75 MeV and Rfit�550 cm
derived from fit without constraint on 8B shape

Solar  A n g le DistributionSolar  A n g le Distribution
Teff�6.75 MeV and Rfit�550 cm

CC Spectrum  N o r malized  t o  CC Spectrum  N o r malized  t o  
Predicted  Predicted  88 B SpectrumB Spectrum
Teff�6.75 MeV and Rfit�550 cm
With correlated systematic errors



Karsten M. Heeger Les Houches, June 19, 2001

Neutrino Fluxes

Total  Total  88 B  F l u x  f rom  t he SunB  F l u x  f rom  t he Sun

φφSNOSNO((88B)  =  B)  =  5.44 5.44 ± 0.99  0.99  x106 cm-2 s-1

φφSSMSSM((88B)  =  B)  =  5.01 5.01 ++1.01/1.01/--0.820.82 x106 cm-2 s-1 (BP2001)

⇒ Total flux in good agreement, CC is only component of total 8B flux

241241-- � d a y Data  f r o m SNO� d a y Data  f r o m SNO

ΦΦ CCCC
SNOSNO((88B)  =  1.75B)  =  1.75 ± 0.07 (stat.) +0.12/-0.11 (sys.) x106 cm-2 s-1

ΦΦ ESES
SNOSNO((88B)  =  2.39B)  =  2.39 ± 0.34 (stat.) +0.16/-0.14 (sys.) x106 cm-2 s-1

Ò assuming 8B spectral shape, Teff < 6.75 MeV
Ò radiative corrections are not applied yet, will only decrease CC flux

CC Flux Relative to BP2001CC Flux Relative to BP2001

RCC(8B) = 0.347 ± 0.029
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CC/ES Ratio

CC

ES
=

ν e

ν e + 0.15(ν µ + ντ )

ESESSNO  SNO  and  E Sand  E SSKSK

ΦΦ ESES
SNO  SNO  ((

88B)  =  2.39B)  =  2.39 ± 0.34 (stat.) +0.16/-0.14 (sys.) x106 cm-2 s-1

ΦΦ E S  E S  
S K    S K    ((

88B) = 2.32B) = 2.32 ± 0.03 (stat.) +0.08/-0.07 (sys.) x106 cm-2 s-1

ÒÒ g o o d agreementg o o d agreement

CCCCSNOSNO/ES/ESSKSK

ΦΦ CCCC
SNO  SNO  ((

88B) = 1.75B) = 1.75 ± 0.07 (stat.) +0.12/-0.11 (sys .) ± 0.05 (theor.) x106 cm-2 s-1

ΦΦ E S  E S  
S K    S K    ((

88B) = 2.32B) = 2.32 ± 0.03 (stat.) +0.08/-0.07 (sys.) x106 cm-2 s-1

Ò ΦES
SK(8B) - Φ CC

SNO(8B) = 0.57  0.57  ± 0.17  0.17  ⇒⇒ 3.3  3.3  σσ
Ò Probability of not being a downward fluctuation: 99.96%

*S. Fukuda, et al., hep-ex/0103032
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Neutrino Flavor Composition of 8B Flux

Flavor content analysis of 8B solar neutrino flux from: φSK
ES , φSNO

CC

φCC = φe

φES = φe +ε φµ,τ

φSNO
CC = 1.75 ± 0.13

φSK
ES = 2.32 ± 0.09

Total active neutrino  f l u x :Total active neutrino  f l u x :

φx = φe + φµ,τ

= φCC + (φES-φCC )/ε

⇒ Evidence for oscillations: νe → νµτ

φe = 1.75 ± 0.13

φ µ,τ = 3.69 ± 1.13
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What About Sterile Neutrinos? 

Comparing  t h e  Response  Comparing  t h e  Response  
of SNO and SKof SNO and SK

Ref: Fogli, Lisi, et al,  hep-ph/0102288,
Villante et al., hep-ph/9807360

Ò normalized rates over paired 
spectral regions are linearly 
related

SK Flux                 SNO  F l u x  SK Flux                 SNO  F l u x  
> 8.5> 8.5 MeV              MeV              > 6.75 > 6.75 MeVMeV

SKSK8B8B(ES, >8.5) (ES, >8.5) -- SNOSNO8B8B (CC, >6.75)(CC, >6.75)
= 0.54 ± 0.17

⇒⇒ o s c i l lations  t o  o s c i l lations  t o  sterile sterile νν
excluded  a t  3.1  excluded  a t  3.1  σσ
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Neutrino Oscillation Scenarios

To Sterile NeutrinosTo Sterile NeutrinosTo Active NeutrinosTo Active Neutrinos

• da ta  exclude  s terile neutrinos  and “Just So2” parameter space
• oscilla tions  to active  species
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Cosmological Implications

• These results plus previous  analyses  sugges t:

(∆meµ)2 < 10-3 eV2   or   (∆meτ)2 < 10-3 eV2

• Limits on νe mass give: 

mνe <  2.8 eV

• Assuming the hypothesis of  νµn ντ oscillations in atmospheric neutrinos: 

(∆mµτ)2 ≈ 3 × 10-3 eV2

⇒ Σ neutrino masses: 0.05 < Σm < 8.4 eV

⇒ mass fraction of neutrinos in the universe: 0.001 < Ων < 0.18

eµτ
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Conclusions

• CC rate is low compared to the SSM prediction, and to the ES rates as 
measured by SNO and SK

• First direct indication of solar neutrinos of type other than νe

• Firs t measurement of the tota l flux of 8B neutrinos. It agrees well
with SSM predictions: φtotal(8B) = 5.44 ± 0.99 x106 cm-2 s-1

• Data  exclude the “Just-So2” and sterile neutrino parameter spaces

• �m2 (νe →νµ,τ
) < 10-3 eV2 ⇒ 0.05 < Σm < 8.4 eV

• Cosmological limit on  neutrino mass: 0.001 < Ων < 0.18

• Phase I of SNO experiment comple te

eµτ
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First Results

http://www.http://www.snosno..phyphy..queensuqueensu.ca.ca
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Additional Slides
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Muon Analysis
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Neutrino Event
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Oscillation Scenarios and SNO

SNOSNO

Ratio  o f  measured  Ratio  o f  measured  88 B flux relative to BP2000:B flux relative to BP2000:

RCC
SNO=0.346 ±0.014 (stat.) ±0.020 (sys.) ±0.010 (theor.)

RES
SNO= 0.529 ±0.073 (stat.) ±0.035 (sys.) ±0.014 (theor.)

From Bahcall, Krastev, and Smirnov
hep-ph/0103179

ÒNeutrino oscillation models with 
maximal mixing are not compatible

ÒData  exclude  “Just So2” parameters  
a t �m2=6x10-12 eV2


