from Zthe Pure-D 0 Ph
SNO-

SNO Cﬂllabd_;'atin |

* _
Aksel Hallin;
Queen’s Universily
Neutrino 2002




@ The SNO Collaboration E= I+l ==

. Milton, B. Sur
Atomic Energy of Canada Ltd., Chal k River Laboratories

5. Gil, . Heise, R.J. Komar, T. Kutter, S, Mally, H.S5. Hg,
Y.l Tsedwwnyak, C.E. Waltham
Umiwersity of British Columbiz

J. Boger, E.L Hahn, J.K. Rowdey, b, “¥eh
Brookh=wen Mational Laborstory

R.C. Allen, &. Bihlar, H.H. Chen’
Uriwersity of California, Irvine

|. Blewis, F. Dralnoki-Weress, [.R. Grant, C.K. Hargrowe,
I. Lewvine, K. McFarlane, C. Mifflin, W Movikow, b, O'Meill,
hl. Shaticay, [ Sinclair, M. Stainsor
Carleton University

T.C.Andersen, P. Jagam, J. Law, |.T. Lawzon, B, Ollerhead,

J.J. Simpson, M. Tagg, J-x. Wang
Uriwersity of Gualph

J. Bigu, J.H.M. Cowean, J. Farine, E.L'. Hallman, RB.U. Haqg,
J. Hewett, 1., Hybawny, & Jonkmans, 5. Luoma, A Roberge,
E. Saettler, M.H. Schwendener, H. Seifert, B. T afirout,
C.J. Wirtue
Laurentizn Uniwversity

.0 Chan, *. Chen, M.C.P. Izaac, K.T. Lesko, A.D. Marino,
E.B. Morman, CE. Okada, &WU.P. Foon, 5.5 E Rosendahl,
A, Schiilke, AR. Smith, R.G. Stokstad
Larwrence Berkeley Natioral Laboratory

hil.%. Boulay, T.J. Bowdes, 5.0 Bice, M.E. Dragowsy,
MM Fonder, A05. Hamer, A, Hime, .G Miller,
R.%. Wan de Water, J.B. Wiilhelmy, J.0. Wosters
Los Alamos Nationa Laboratory

J.D. Angling b, Barcowitch, WF. Davidsan, R.S. Storey’
Mational Research Council of Canada

J.C. Baron, 5. Biller, B.A. Bladi, R.J. Boardman, bl 3. Bowdear,
J. Cameron, B.T. Clewveland, X, Dai, 3. Doucas, J.A Dunmore,

H. Fergani, A P. Ferraris, K. Frame, M. Gagnon, H. Heran, N2 delley,

AB. Know, M. Lay, W, Lodke, J. Lyon, 5. Majerus, &, MeGregar,
fl. boorhead, bl Omon, C.J. Sims, N, Tanner, B Taplin,
M. Thorman, P.M. Thornewell, P.T. Trent, N. West, LR, Wilzon

Uriwersity of Dxford

E.W. Beiar, [ .F. Cowen, M. Dunford, E.D. Frank, Wi, Frati,

Wi.J. Heintzelman, P.T. Keener, LR. Klein, C.C.M. Kyba, N. McCaul ey,
.5, MeDonald, k.S, Neubauer, F.. Mewcomer, S bl Oser, WL Rusu,

S. Spreitzer, B. Wan Berg, P. Witlich
Uriwersity of Pennsylvaria

F. Kouzes
Princeton University

E. Bonwin, M. Chen, E.T.H. Cliffard, F 4. Duncan, E.D. Eade,
H.C. Ewvans, &.T. Ewan, R.J. Fard, K Graham, A L Hallin,
W.B. Handler, P.J. Harwey, .0 Hepburn, C. Jillings, HAV. Lee,
J.R. Leslie, H.B. Mak, J. Maneira, 4.8 Mchonald, B A Woffat,
T.J. Raddiffe, B.C. Robertzon, P. Skensved
Queen's University

DL wrark
Rutherford Appleton Laboratory, University of Sussex

E.L. Helmer, A.J. Hoble
TRIUMF

Q.R. Ahmad, M.C. Brovne, T Bullad, &4, Cox, P, Doe,
C.A. Duba, 5.R. Elliott, J.A. Farmaggie, J.V. Gemani,
AA. Hamian, B. Hazama, K.hl. Heeger, K Kazkaz, J. Wlanar,
R. Meijer Drees, J.L. Omrell, RG.H. Roberzon, KK, Schaffer,
fl WU.E. Smith, T.[. Steiger, L.C. Stonehill, J.F. Wilkerson
Uniwersity of 'Washington



Neutrino Flux

Solar Neutrinos
Solar Neutrinos Experimental Results

BuperK, 5ND
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The SNO Detector

17.8m dia. PMT Support Structure
9456 PMTs, 56% coverage

12.01m dia. acrylic vessel

1700 tonnes of inner shielding Hiﬂ' DSL INCO Ltd., Creighton #9 mine

Coordinates: 46 28'30"N 81 12'04"W
Depth: 2092 m (~6010 m.w.e., =70 u day™)

Nucl. Inst. and Meth. A449, p172 (2000)

5300 tonnes of outer shielding H,0



v Reactions in SNO

o RYErTIN

-Good measurement of v, energy spectrum
-Weak directional sensitivity « 1-1/3cos(9)

- v, only.

- Equal cross section for all v types
- Measure total B v flux from the
sun.

E) vre = te

-Low Statistics
-Mainly sensitive to v, , some sensitivity tov, and v,
-Strong directional sensitivity



Neutrino Physics From SNO

June 2001

Perform a Hypothesis Test for Flavor Change by assuming
pure B Spectral shape and testing if flux ratios equal 1.

() ()

night ?

day

Test If interaction with electrons in the Earth changes
Mu and Tau neutrinos back to Electron neutrinos



Solar Neutrino Flux From SNO Data

Total B Solar Neutrino Flux Originating in the Sun

iYLl P, = O, + (D, -D.) x(1/€)

April 2002 D,




Event Information

PMT Information
Positions, Charges, Times

o

Event Reconstruction
Vertex, Direction
Energy, Isotropy

8Li Electron



Signal Information

~Hits and Energy

»Direction from Sun

»Radial Response

n+d->t+y...>e (E =6.25 MeV)

MNC Monte Cada (E>5 MeV)
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Backgrounds

m Consequences

High Energy Rock Gammas  Low Energy Threshold
Uranium Chain
Thorium Chain

Muon spallation products Photo Disintegration

Instrumental Backgrounds
NC Bkg

Fiducial Volume Cut



Understanding Detector Response

Hide Hope Moior Woonis
Pl

Monte Carlo f-f] _;fri

Cherenkov production (e~ 7, f—7) E"J—|
Photon propagation and detection ——

Neutron transport and capture
Reconstruction
(position. direction. energy)

Calibration

Pulsers |
Pulsed Laser 337nm to 620 nm | |

“N 6.13 MeV 7's O)
*H(p.7)'He 19.8 MeV 7's

5L <13.0 MeV p’'s Y e i
22Cf neutrons N M P

U/Th 214Bj & 20871 p—7's



Energy

Calibration
PMT & Optics

16N Normalization

:

Response Uncertainties

Scale, Resolution, Linearity
AE=1.21%

1

Ac=4.5%

Flux Uncertainties (%)

AE
AG

ACCICC ANC/NC
42443 | -6.246.1
-0.9,+0.0 | -0.0,+4.4

i

) &0 B0 100 120 140 180 180 0 220
Humber of PMT Hits



Reconstruction

8Li at different positions 1N events far from source
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Neutron Capture Efficiency & Uncertainties

Capture Efficiency
Total 29.90 +/-1.10 %

With threshold

- 0
8 fiducialioyf "hee 0.8 %

Flux ANC/NC
Uncertainty | 4043.6%

Response vs Radius




Data Reduction Cuts

Event Cuts

Instrumental

Fitter inefficiency
Cherenkov

!

Signal Loss

Mean augle between PMT hita

CC: 1.43 021 %
ES: 1.46°021 %

Neutrons: 2.28%3: %
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Measuring U/Th Content

Ex-situ | D e . ol

:Hr"_- L=
» lon exchange (22!Ra, 25Ra) ol
» Membrane Degassing (?2?Rn) §

1 1&‘: <3700 g Tugmn
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count daughter product decays
In-situ

# Low energy data analysis
» Separate 298T| & 21Bj

Using Event isotropy
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Everds /0.5 MeV

SHO 0,0 Cerankeov bockgrounda above T,

Cherenkov Tails
Energy & Misreconstruction
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The Pure D,O Phase Dataset

¥ Livetime: 306.4 days (November 2, 1999 = May 27, 2001)
Day: 128.5 days Night: 177.9 days

# Energy Threshold: 5 MeV Kinetic
# Fiducial Volume Cut: 550 cm

# Total Number of Events after cuts: 2928

Neutron Bkg 78 "f,'f Cherenkov Bkg 45 1;?



Signal Extraction Method

» Use Signal PDFs: R? cosfg,., Energy <

Monte Carlo
Analytic Functions

& CC s

E NC lorl ~¢© Amplitudes | Perturb Observables
7] = (I)m Free X, U, E

E Photodisintegration| Amplitudes Shift Amplitudes
2 [Cherenkov Fixed Obkg

o

¥

.

Maximum Likelihood Fit

B CC Shape Constraint
No CC Shape Constraint

Aot = 0 Day = Night

&

4

# Signal Events Systematic Error



Shape Constrained Signal
Extraction Results

CC 1967.7:%3
ES 263.6:%%
NC 576.515%

#EVENTS

515?!910111213—*1“
T (MeV)

uunﬂ



Shape Constrained Neutrino Fluxes
signal Extraction in @c¢, Ppey Pes. Eropog™ 5 MeV

D..(v,) = 1.76 ‘00 (stat.) 009 (Syst.) x105 cm2s-1

D, (v,) = 2.39%07s (stat.) ‘01 (syst.) X106 cm2s"1

®__(v,) = 5.097043 (stat.) 043 (syst.) x108 cm2s-1

Signal Extraction in @, @,..

D, = 1.76 005 (stat.) 0.0 (Syst.) X106 cm2s"

+0.48

@ . = 3.41%25 (stat.) ‘045 (syst.) x10° cm2s-1

High threshold results agrees with first publication.



Physics Implication Flavor Content

_ +1.01 _ $0.44+0.46
Qe = 9.05 531 Do =9.09 443 043

b, (10° cm? sY)

= = bk} W B oh S =] B

Strong evidence of flavor change



Solar Neutrino Flux
% B SSM Flux

BPO1

D(v,) = 5.05 ;31 X105 cm-2s"1
# °B SSM Flux: First SNO Result
SNO + SK

D(v,) = 5.44 590 x10° cm-2s-1
» Energy Constraint in ®B Energy shape
Signal extraction in R3, cosfg,, Energy

D(v,) = 5.09 %43 (stat.) *0:43 (syst.) x10° cm2s-!

# No Energy Constraint
Signal extraction in R3 cosfg,,
+1.57

+1.01

+0.99

D(v,) = 6.42 157(stat.) *038 (Syst.) X108 cm2s-!



MSW and Day-Night Fluxes

Certain MSW oscillation
solutions predict vs can
change flavor while
passing through the
arth. ... o

ﬁ (a)
I.:-:t: 1 Might -
E :#::t lll—i-
B 3 .
z A
5 0.5 ==t 3
o Rl ot =

D- FHet P, T I I B, = = — B

3 6 7 H 0 o 11 2 1

3. 2
Kinetic energy (MaV')

Define Asymmetry

A =2%(Dyy —Dpx)
(P x + Ppx)

iy i
= =
| %]
'_+_.

<H>I Ll‘—+:+_++ ; 1

-

Counts/'davi.s MeV
& &
[
'?‘:- ik
g T

_+_f

FTT

FEPEFES BPIVRTIFGS EPEFETEri APATRTEr AT
11 12 13 20
Kinetic energy (MaV')

= | T
Saf
= i :
10 - l { *
0 ' | : f :
-10 | Calibrations i Neutrino Flux
L and Checks : Asymmetries
220 F ;
i
= a = = =
¥ & F8 & § @&
= = gL L] _ﬁ -
-
i E 8




A, versus A ;.

Signal Extraction in ..., ©c. Pge.
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Inputs to Global Solar v Analysis

Cl, latest Gallex’GNO, new SAGE, SK 1258-day
dataset day spectrum and night spectrum

SNO day spectrum (total: CC+NC+ES+bkgnd)
SNO night spectrum (total: CC+NC+ES+bkgnd)
8B floats free in fit, hep 1 SSM

Pp, pep, 'Be, CNO SSM: solar model correlated
uncertainties based upon Fogli, Lisi prescription

MSW (Petcov) and QVO analytic approximation
(Lisi et al.)

numerical Earth MSW calculation (PREM)
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Physics Interpretation
Neutrino Oscillations

SNO Day and Night

Combining All Experimental

Energy Spectra Alone and Solar Model information
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log(Am YeV?)

Global Fit with total SNO

spectrum
[ | | - {  without separate day
4 @ | LmMa 1 and night spectra
5 | i .
; most of the
& MSW model
LOW .
7 N | constraints
8 1 comes from
Qs CL
9 95% CL - SNO’ CCINC'
998 CL ]
10 — 99.T3%CL .
11
N A N B WY

log(tan” 8)



Global Analysis Fit Results

region |x2/dof |¢g/SSM A. |AmZ(eV?) |tanZg |CL

LMA  [57.0/72 1.16 [6.4% |5.0x10™ | 0.34 -

LOW |67.7/72 0.98 |[59% |1.3x10°7 | 0.55 | 99.5%

« SNO CC/NC measurement directly constrains
the survival probability at high energy

* The LOW solution cannot accommodate the
combined SNO and Ga experimental results



LMA versus LOW

T aaf SNO NC:586 x 105cm2 s
T LMA SNO CC day: 166 x 105 ¢m2 s™1
= SNO A, : 6.4%
M SKES: 230 % 105¢m2 s
ol o - | BKAL35%
oz Garate: 72.8 SNU
R S s Clrate: 3.0 SNU
BT, S EIi-
- ; SNO NC: 4.95 x 10 cm2 s
o LOW SNO CC day: 1.83 x 10°cm=2 5!
el SNO A_: 5.9%
M e SKES: 230 105cm2s™
g = —— = K Age: 4.4%
o2 Ga rate: 61.2 SNU
pi PEDEPUSS TIPSO ETET DO R 1l
e K

experimental: SK ES 2.32 x 10° cmn2s-1; Ga 72.0 £ 4.5 SNU: Cl 2.56 + 0.23 SNU



Many Reactions, One Experiment

+ SNO reports three rate measurements
— CC, NC, ES

— statistically correlated since the rates are extracted
from the same parent data distribution (e.g. energy
spectrum, radial distribution, cos 8¢ )

— detector-related systematics also introduce
correlated uncertainties when comparing SNO rates
(e.g. CC to NC)

— theoretical uncertainties also have correlations

« comparing CC to NC, cross section uncertainties partially
cancel

« this Is new In the global solar neutrino analysis
(previously each experiment reported just one
rate)



SNO CC and NC Correlations

for illustration
NC only...not an
accurate plot of the

I .
n correlation
tlo Q
S

—— 20 ellipse

Details of SNO data and
systematics available at

http.//sho.phy.queenst.ca



The Vacuum Region
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Present and Future of SNO

The Salt Phase Neutral Current Detectors
n+*Cl—>*Cl+Zy... > e (Ey =8.6 MeV) n+He > p+t
#Higher n-capture efficiency #»Event by event separation

»Higher event light output

»Event isotropy differs from e-

#»Running since June 2001




Nucl-ex/0204008. Nucl-ex/0204009

Conclusions

« First NC Flux measurements yield clear evidence that the majority
of v, produced in the Sun are transformed to v, and/or v,

* Null hypothesis - “No Weak Flavor Mixing” ruled out at 5.3 ¢

+ Lowest Detection threshold yet for a real-time solar v detector
- Total ®B flux measurement agrees well with Solar Models

+ Data in good agreement with previous SNO - SK CC/ES result

 First SNO measurements of the Day-Night Asymmetries

« SNO Data is consistent with MSW oscillation interpretation
« combined with global solar neutrino data favors LMA solution

- “Dark side” solutions not allowed, indicating mv, > m#,

Enhanced NC measurement. with NaCl underway since June 2001



