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Sudbury Neutrino Observatory
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Solar I Interactions in SNO

SNO measures primarily
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Three Phases of the SNO Experiment

D-0O Phase
(pure D20)
Nov 1999 - May 2001

Salt Phase
(D20 + 0.2% NaCl)
July 2001 - Sept 2003

NCD Phase
(3He counters)
Dec 2004 - Dec 2006

n+d—t+-~
(o0 = 0.0005 b)

Detect a Compton-
scattered electron from a
6.25 MeV =y

PRL 87, 071301 (2001)
PRL 89, 011301 (2002)
PRL 89, 011302 (2002)
PRD 70, 093014 (2004)

n+3°cl —3%cl +'s
(0 = 44Db)

Detect Compton-scattered
electrons from multiple «y’s
totalling 8.6 MeV

PRL 92, 181301 (2004)
PRL 92, 102004 (2004)
nucl-ex/0502021 — PRC
hep-ex/0507079 — PRD

n+3He —» p + t
(0 = 5330b)

Detect 764 keV of
lonization from the

charged particles in 3He

proportional counters

TODAY: fluxes, spectra, and day-night results for the full salt data set,

and a periodicity analysis



Separating NC from CC/ES Events With Isotropy

Best CC/NC separation from

B1a = B1 + 404
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s [
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T 04
.
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Expand hit pattern in Legendre 0 02 04 06 08
| sotropy parameter 314
polynominals using angle 6;; between hit
. : _ 35
PMTs i and j relative to event vertex: Because neutron captures on ““Cl
N_1 N produce multiple «’s, CC events have
2 : : :
0 = E E Py(cos 9@') very different isotropies from NC events.

NN —1) i=1 j=i+1



‘Signal Probability Distributions I
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Fit the PDFs to the data to determine fluxes. Leave out the energy

PDFs to fit for the spectral shapes.



Events/(0.0107)

Events/(0.02)

Results for the full 391-day Salt Phase
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Full Salt Phase Data Set;: Measured SNO Fluxes

e O . Shape-Unconstrained Fluxes (x10% cm™2 sec™1)
Phase Il (391 days) —
constrained fit O . 08
dcc = 1.6840.06 (stat.) ) oq (sys.)
Phase |1 (391 days) —
- 0.38
e One = 4.94+0.21 (Stat.)J_rO_34 (sys.)
e Lo b b b 1w ) 0.15
Sl A S ¢ps = 2.34+0.22 (Stat.)J_rO.15 (sys.)
P! 06y e
ety e Excellent agreement between:
et o1 e shape-constrained and

unconstrained fit

shape-unconstrained results

35 4 45 O (><5]5_05 - 5_1)6
e D-0O phase and salt phase fluxes
Phase | (306 days) —
constrained fit
Phase I1 (391 days) —
constrained fit
Phase 11 (391 days) —

unconstrained fit

..............................
2.4 Og.e 28
Qg (x10°cm2sY)
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Full Salt Phase Data Set: Day-Night Asymmetries
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A non-zero day-night asymmetry would
be direct evidence for matter effects:
2(N — D)
N-+D

Acc  —0.056 £0.074 £ 0.053
Anc  +0.042 £+ 0.086 4+ 0.072
Agps +0.146 £ 0.198 £ 0.033

Combined day-night asymmetry from

D>O + salt phase data:

A, =0.037 4+ 0.040

All results consistent with no day-night
asymmetries, but also consistent with

predictions for best-fit LMA parameters.



Full Salt Phase Data Set: CC Energy Spectrum

Events/(0.5 MeV)
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Y2 for best-fit LMA: 27.2 / 16 d.o.f. (P=0.039)

Generally consistent with LMA expectation
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Full Salt Phase Data Set: Mixing Parameters

- (a) Z

:— — Best-fit-oscillation parameters (global
[ | solar + 766 ton-year KamLAND data):
N N (1o limits of 2-D parameter region)

------------------- Am? = 8.010% x 1075 eV?

[ (b)) —eswcL ] 10.09

i —95%CL ] tanZ6 = 0.457 5~

B — 99.73% CL ]

o(®B) = 4.93 x 106 neutrinos/cm” /s
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Searching for Periodicities in SNO’s Data

There are controversial claims that solar neutrino fluxes exhibit periodic variations at
solar rotation or r-mode frequencies (eg. Sturrock et al. hep-ph/0409064,
hep-ph/0501205).

Such periodicities could be caused by coupling of a neutrino magnetic moment to
rotating solar magnetic field structures—resonant spin flavor precession mechanism.

Any true variation is evidence for new physics!

SNO has searched for sinusoidal variations at periods between 10 years and 1 day by
two methods (hep-ex/0507079):

e Unbinned maximum likelihood search: fit the data to
o(t) = N[1+ Acos(2mft + )]

e Lomb-Scargle periodogram



13

General Periodicity Search

Do a maximum likelihood fit of the event

arrival times to: » 8T ‘ —
6 D,0 3
4 -
¢(t) = N |1+ Acos(2m ft + )] 2f
0 0z 04 06 08 I11
Frequency (days™)

At each frequency calculate m7lg S
S =log Limar — 10g Lipas (A = 0). 5
. . 0 ; P T TR T TRt N AN SO TR NN S SR I T S é
For the combined data sets, the biggest 0 02 04 06 _ 08 1,
Frequency (days™)
value of S occurs at 1/ f = 2.4 days, 0 g T
6E combined E
with S = 8.8. 4f ;
2 F =
- 0 - PR T S I T T SO IS SO TR NN SO S SR E T S _:
Monte Carlo shows that 35% of simulated 0o 02 04 06_ 08 1
Frequency (days ™)

data sets give a peak at least as large as
this. No evidence for sinusoidal variations

between 10 years and 1 day in the D20,

salt, or combined data sets.
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Periodicities at Frequencies of Interest

Can SNO see the annual flux modulation

from the Earth’s orbital eccentricity?

Relative rate

0-9_....I.. | | | | n

e ey by by b by
0 50 100 150 200 250 300 350
Days since perihelion

Best-fit eccentricity:
e = 0.0143 4 0.0086
Actual orbital eccentricity:

e = 0.0167

Modulation of Super-K’s ES flux

Sturrock et al. claim to find evidence for a
7% modulation of the ES flux in
Super-Kamiokande’s published data at
the 99%+ C.L., at a frequency of
f=9434+0.05y"!
(hep-ph/0501205).

Super-Kamiokande’s own analysis claims
no evidence for such variation (PRD 68,
092002, 2003).

At this frequency SNO'’s best-fit amplitude
is (1.3 £ 1.6) Y%o—inconsistent with the
hypothesis that there is a 7% modulation

of the B flux itself.
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Neutron Capture Detectors (NCDs)

In 2004 SNO installed an array of 3He
proportional counters to provide an
independent means of measuring

neutrons—breaks CC/NC covariance.

Main background is from a’s in the
counters—reject with pulse shape

discrimination.

E.D_IIII |;||.|||| IEEEEEE NN EE S W SN EE S

Pulze Width (ns)

0.0 =

o 200 400 BOO = Julul 1000
Energy (kel)

Production data-taking began in January

2005—first results next summer.
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The Future of SNO

The SNO experiment will end on December 31, 2006. DO will be returned to AECL.

Three options for the SNO cavity itself:
1. Sandfill — not favored!

2. SNO+: fill the acrylic vessel with liquid scintillator
e Primary scientific objective: pep neutrinos
e Also: geo-neutrinos, supernova, 240 km baseline for reactor neutrinos

e More information:
http://www.int.washington.edu/talks/WorkShops/dusel _wkshp/People/
Chen_M/Chen_DUL.pdf

3. Empty the cavity and convert it to lab space for SNOLAB.
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Conclusions]

e SNO salt data confi rms solar neutrinos change favour,
measures fuxes with no assumptions about oscillation

mechanism

e Results in agreement with solar model and MSW

mechanism
e Maximal mixing in solar sector ruled out.

e No positive evidence for day-night effects or spectral

distortions
e Search for periodic variations in ®B flux shows no effect

® Lots more to come ... NCD results in 2006



‘Backup slides foIIowl

18



The pp Chalin
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Neutrino Flux

RATIO TO SSM PREDICTION

i SuperK, SNO
l ,
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1012 . R
Bahcall
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"Be 7Be
107k
106k
105 &
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10 10.1 L 0.'3 d : . .
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\ Radiochemical Results |

Chlorine (Homestake) Experiment:
Ve + 37l — e + 37Ar

Reyp = 2.06 =0.16 = 0.16 SNU
Rgegnr = 761_}? SNU

(Ap.J. 496, p. 505)

Gallium Experiments:
v, + "Ga—e  + "Ge

1 .
ENERGY (MeV)

Experiment Rate

SAGE = 70.8723 37 SNU
GNO/Gallex = 74.1 T%ZfsNu
SSM = 12872 sNU

(astro-ph/0204245, hep-ex/0006034)
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Super-Kamiokande

vV, + e —U, + €
Rate o ¢(v.) + §6(Vur)
Rexp —

0.465 % 0.0051 5013 X SSM

oiData/SSM

)

Elastic Scattering Day-Night
Asymmetry:

N—=D 1.3%

T ) +
0.45 4 JFA% 777777777 *@”%{» %(N—I—D) = 2.1%:&2.0%_12%

(hep-ex/0106064, hep-ex/0206075)

0.5

0.4~

No evidence for day-night effect or spectral distortions
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Event Display—Neutrino Event

=1 DR EVENL LISPIAY [2HU UUUUUUDILY UUULAAAD:I#8s 1] || =7 LGS LRI LG e e
File Move Display Data Windows Projection Move View Hits |
- =| ] T=119.7° &

AR Wi
GTID: 375971 . Event Histogram

2 Evt Num: 376633 Tac (ns)
Run Mum: 3566
Date: 10/16/1999
Time: 14:31:22.8212386
PreviMext: 8.8 msf4.7 ms
Trigger:  20LB,20,100H,100M,100
PkiintiDif: 18718710




EventS/(N corrected)
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Energy Calibration

10000~ S 51

- (6] -

- . Daa S 5.00F o + Data

i o MC
8000__ —— MC simulation |_q55085 EI]

i % 5.07-
60001— = 506 +

- 505 E}j %
4000 5.04F- ﬁ ++ +

- 5.03F
2000}— -

- 5.02

- 5.01F

OI L-? 1 1 1 1 I 1 1 1 1 I 1 1 1 i I 1 1 1 1 I 1 1 1 1 b0 :

10 20 30 40 50 60 70 o T R S N S S B
N corrected 7/01 10/01 01/02 04/02 07/02 10/02 01/03 04/03 07/03 10/03

Run date (month/year)

Primary energy calibration done with 16N

source—6.1 MeV ~y-rays

Time-varying attenuation lengths in the
water are modelled in the Monte Carlo

simulation.
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Neutron Response in SNO’s D,O and Salt Phases
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: : Large increase in neutron capture
Neutron signal in salt produces larger

energy deposit. efficiency with salt.
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External Neutr

on Background
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efficiency of salt makes these a

large background
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so include as additional PDF and

fit for amplitude from the data
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Day-Night Systematics

_ I I I I I I I I = 40
X S B
=< 20 | : = L A, floatin
< 20 I* Muon-induced neutron : Background rate <EZO - NC g
- properties  asymmetries - A, constrained to zero
10 i 201
0 i { i \ + : 101
Ok
-10 - = B
-101
_20 | | | | | | | | ~
E 38 £ & & 8 > Qo 0Q k -
g g 8 8 £ & < &8 £ 2 20
5 S § ¢ B :
§ %—BI _IIII|IIII|IIII|IIII|IIII|IIII
& & 30 20 -10 0 10 20 30
= O O 0
Acc (%)
Diurnal stability of detector verified with Correlations between asymmetries on the
muon-induced neutrons and radioactive CC and NC rates

background rates.



