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The Beginning: The Solar Neutrino Problem

1967: Ray Davis begins solar neutrino experiment, the
flux measurement is less than expected

1970’s-1980’s: Experiments utilizing chlorine, gallium,

water continue to report flux below the Standard Solar
Model

Where did the solar neutrinos go!?
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The Beginning: The Solar Neutrino Problem
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The Beginning: The Solar Neutrino Problem
1967: Ray Davis detects solar neutrinos, flux is less than
expected

1970’s-1980’s: Experiments utilizing chlorine, gallium,

water continue to report flux below the Standard Solar
Model

Where did the solar neutrinos go! Do they oscillate
between mass eigenstates as they pass through matter?

1984: Herb Chen proposes the use of heavy water in a
solar neutrino detector to check for all active ‘flavors’

The Sudbury Neutrino Observatory (SNO) is born!
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Why SNO is Unique!? Intro

Neutrino interactions in heavy water:
o Elastic Scattering:e+v e +V, Elastic Scattering (ES) _»

— Mostly sensitive to v, o« — O o
— Strong directional sensitivity W

e Charged Current:td+v_, 2 p+p+e
Charged Current (CC)
— Sensitive to Vv, only ‘/&
° /: O
— Can measure V, energy spectrum o_.

e Neutral Current:d+Vv_—p+n+v

Neutral Current (NC) e

— Equally sensitive to all three flavors
_—r
— SNO is the only experiment that can | /': ®-

measure this reaction

e CC/NC ratio < | — definitive evidence
of neutrino flavor change
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Why SNO is Unique!

Key physics signatures
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SNO - Three Neutron Detection Methods

Phase I (D,0) Phase II (salt) Phase 111 (3He)

Nov. 99 - May 01 July 01 - Sep. 03 Nov. 04 - Nov. 06
n captures on 2 t NaCl. n captures on 40 proportional counters
2H(n, v)3H 35ClI(n, y)36Cl SHe(n, p)3H
o =0.0005b o=44b 0=5330b
Observe 6.25 MeV vy Observe multiple y’s Observe p and 3H
PMT array readout PMT array readout PC independent readout
Good CC Enhanced NC Event by Event Det.
35Cl+n 5
8.6 < cm —>
2H+n
6.25 MeV | Mev

3H

- - n+3He — p+3H
36C|
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Sudbury Neutrino Observatory
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Timeline for SNO

1990: Funding begins from US, Canada, UK



Timeline for SNO %

1 990-93: Excavation of largest underground cavity this deep




Timeline for SNO

1995-98: Acrylic Vessel and PMTs installed




Timeline for SNO

1998-99: Filled with light and heavy water




Timeline for SNO

Data taking begins

1999




SNO Measurement Phases =
1998 1999 2000 2001 2002 2003 2004 2005 2006
| | | | | | ] ] ]
Comm
D,0
306 days

- 3He Counters

391 days

PRL 87, 071301, 2001
PRL 89, 011301, 2002 | |
PRL 89, 011302, 2002 | [ PRL 92, 181301, 2004
nucl-ex/0610020 PRC 72, 055502, 2005

396 days

Total of ~1100 live days
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Latest Flux Measurements %

SNO Collaboration, PRC 72,055502 (2005)
391 Days of Dissolved Salt Data
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CC Spectrum & Day-Night Asymmetry

SNO CC-Spectrum
Unconstrained Fit

¢ Data

- Systematic uncertainties
——— SSM B model shape

= LMA °B model shape
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Periodicity Analysis of SNO Data o

A periodicity analysis on the D,O

and salt data sets was performed ¢ 2 :

using both a Lomb-Scargle o

periodogram and an unbinned X 3 ;MW” 1 m mmm i-ﬂ

maximum likelihood fit (PRD 72 ' 02

052010, 2005) 10 Flequemy s

For the combined data sets, the ?: ﬂlt :

largest peak occurs at a period of 25 ;

2.4 days, with a statistical significance ! 02 6

of S=8.8 Flequem.y (d'iu
wvog T ™1 — T L i

Monte Carlo shows that 35% of o . O f

simulated data sets give a peak at 2 ik ARl A Dl

least this large 0 02 04 06 08 !
Frequency (da}-':i']‘l

No statistically significant periodicity
was found
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hep Solar Neutrinos
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hep and Diffuse Supernova Neutrinos 2

—
o
3%

T 13 -Both signals lie in the region between B
<= D20 Data ] solar neutrinos and atmospheric neutrinos

—>Search by counting number of events
within a predefined energy window or

.. q .
<—— 8B Signal atmospheric  sjgnal box ...
neutrinos
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ek
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. . 8 .
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Events / 1.425 MeV

hep and Diffuse Supernova Neutrinos
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hep neutrinos

* 2 events in signal box

* consistent with expected
backgrounds

SN
0]

Dpep < 2.3 x 10* cm2 s

- 90% confidence level upper limit
- 2.9 times SSM prediction

DSNB neutrinos

* Zero events in signal box
* 0.18 background events
expected

®psng,ve < 70 ecm2 s7! for

22.9 MeV < Ey < 36.9 MeV
- 90% confidence level upper limit
- average of 5 models
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The SNO Neutral Current Detector Array

e First two phases of SNO relied on statistical separation of
NC, CC, and ES signals using energy, radial distribution,
angle with respect to the sun, and isotropy (salt phase

only)

e Third phase has separate system to detect neutrons from
NC interactions, so no statistical separation necessary

e NCD Phase - Nov. 2004 through Nov. 2006:
— Salt removed.

— Array of 3He proportional counters (Neutral Current
Detector Array) deployed into heavy water.
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The SNO Neutral Current Detector 2

Readout Cable ———— =

* Proportional counters detect
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Keith Rielage on behalf of the SNO Collaboration April 15,2007 April APS Meeting



The SNO Neutral Current Detector Array

e
-

Keith Rielage on behalf of the SNO Collaboration April 15,2007 April APS Meeting



Neutron Capture in the NCDs

~ 1200 n captures per year in NCDs from solar v

<573 keV

L ]
anode wire

\ NCD wall

191 keV -

End view of an NCD with
representative ionization tracks
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Counts

n+3He =2 p+3H (Q=764keV)

p-3H track fully
contained in gas

3H hits wall

Vo

April 15,2007

191 573 /64 Energy keV)

|dealized energy spectrum in a
3He proportional counter
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Blind Data from NCDs

160
Blind NCD Data Set Improve Separation
140 — _4_ Data from PUISe'ShaPe'DiSC. =
3He NCD-Strings String-by-String
. . Ring-by-Ring
Fit ——— 7 Symmetry
Alpha Pulse-Evolution &
100 Background MC Model o
% 80 — o
Q
60 {J{ % { ¥¥ ] ﬁi }ﬁ#{ %
40 ;}ﬁi%} | J%Iﬁ | %ﬁﬁ Fjﬁi
207 Characterlstlc 3He(n,p)t
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Correlation Coefficients

:: Light H N Energy
Recall £ wi Isotropy WH Spectra
Salt phase 3
analysis 3
i

-0.520

-0.208 -0.162 -0.156 ~-0.2
-0.297 -0.105 -0.064 ~0
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Calibrations for NCD Phase

In this phase need to improve
NC systematics - increased

calibration time (10% of time in
D,0O phase, 30% in NCD phase)

Neutron capture efficiency
determined by adding ?*Na spike
to D20 and mixing to uniform
distribution

Neutron source scans every
month with 2°2Cf and AmBe

Continued monthly optical and
energy calibrations along with a
number of special calibrations
(thorium, 8Li, radon)
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* Reprocessing data from entire data set (Nov.
2004 to Nov. 2006) with reconstruction and
energy estimation - takes into account shadows

of NCDs
* Analysts finalizing evaluation of systematics
* Results will include NC and CC flux
* Plan for publication in summer

* Also technical paper covering NCD
construction, deployment, and operations

* Day-Night Asymmetry and CC spectrum will be
next
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Decommissioning

* Completed removal of the NCDs for possible future use
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Decommissioning

e Return of D,0O has begun
o Boatlng expedltlons to examine state of detector continue
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Future Plans for Detector

* Half of D20 has been removed and return, completion
expected in July

* SNO+ plans to replace the D,O with liquid scintillator and
examine pep solar neutrinos, geoneutrinos and '>°Nd
neutrinoless double-beta decay

e Current plans are to “mothball” the detector with light water
until SNO+ funding is complete and work begins

e Operations and staff are moving to SNOLab - an expansion of

the underground lab for use by other experiments starting in
2008

* SNO will continue to analyze data and evaluate systematics,
including:
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Low Energy Threshold Analysis

Simulation of Bin-by-Bin Energy Spectrum Extraction in SNO
Position A 4 MeV Threshold
f — COSesun .
5 L Analysis Appears Very
- Isotropy Promisins!
E 50 s 3 omising.
‘;’! B Including Background Distributions
G 4000 — = Monte-carlo data
"E u — Fit including backgrounds
3000 :_ :_Ii'_.":-zl_-_
2000 EI
B NC
—
ol
1000 — cC
— I_I |
- -
| - %
4 5 6 7 8 9 10 11 12 13 14

T (MeV)
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Low Energy Threshold Analysis
* Analysts currently working on combination of
D,0O and Salt Phases with lower energy threshold

 Many improvements included -- things learned
over the past 8 years

e Systematics have been improved
* Plans for Fall 2007 publication

e Start combined 3-phase low energy threshold
analysis after that
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Atmospheric Neutrinos fi
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' Can Oscillate

SN

* Provide a measurement of the
neutrino-induced atmospheric flux
as a function of zenith angle

* Analysis of through-going;
expand into stopping vs. through-
going muons

Cosmic
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Atmospheric Neutrinos Ee

4 A

* Summer 2006 -- added an
external muon detection system
* 4 wire proportional counters
and trigger scintillators

* Goal is one degree accuracy of
muon fitter in SNO

* Analysis of D,O phase datais 1 Potential with all 3 phases

complete (335 days) 13

* Working on Salt and NCD data "12:
will increase statistics |

1.15

* Total of >1200 days 1.1
e Statistical and systematic 1.05
uncertainty equivalent 0002 0-004 0,006 0,006 001 0,072 0.074 0076 'ti,i:'d.'t?.ﬂ r||'.;|..;:-2
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Other Analyses o

* hep neutrino analysis for all 3 phases

* Periodicity of flavor content and burst search for
all 3 phases

* Low energy threshold analysis for all 3 phases
e Day-Night analysis for all 3 phases

* Atmospheric neutrino analysis with through-going
and stopping muons for all 3 phases

e Spallation neutrons and cosmic-ray flux at depth

e Other topics as time and manpower allow
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