


Solar Neutrino Physics

* Neutrino Physics (the sun is a very intense and
quite well understood source of neutrinos)

— Neutrino Oscillations

— Non standard neutrino interactions

e Solar Physics (understanding the details of the
neutrino flux)
— Do we understand fusion inside the sun?
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Status of the Field

Radiochemical : Cl, Ga
Ga rate: 66.1 +3.1 SNU SAGE+GNO/GALLEX [PRC80, 015807(2009)]
Cl rate: 2.56 +0.23 SNU [Astrophys. J. 496 (1998) 505]

SK

SK-1 1496 days, with the zenith spectrum E > 5.0 MeV

There is in total 5 day bins and 6 night bins (mantle 1,2,3,4,5 and core) + SNO (thiS
8B flux: 2.35 +- 0.02(stat) +- 0.08(syst) [x 106 /cm2/sec] tal k)
A(day/night) = -0.021 +- 0.020(stat) +0.013 -0.012(syst)

SK-11 791 days, spectrum + D/N E > 7.5 MeV It corresponds to:

8B flux 2.38 +- 0.05(stat.) +0.16 -0.15(syst) [x 106 /cm2/sec]

A(day/night) 0.063 +- 0.042(stat) +- 0.037(syst)

Borexino
7Be rate: 49 + 5 cpd/100tons [PRL101, 091302(2008)]

KamLAND reactor experiment: 2008 results [PRL100, 221803 (2008)]
8B spectrum: W. T. Winter et al., PRC 73, 025503 (2006).
SSM for the contours: BSO5(OP).

New Borexino result PRD 82,033006(2010): 4> =2.4+0.4+0.1x10°cm™*s™
B
3MeV threshold!



Solar v Measurements

» Global Summary
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Status of the Field (continued)

e Solar Experiments (and Kamland) are all consistent with SSM+
2 flavour MSW oscillations, no short term solar variability and
with parameters

. 2 - Theoretical Uncertainty
¢, =5.013"21° x10°cm s
8B -0.148 ~159%
2 +0.040
tan® 6, = 0.457"

Am;, =7.59"07) x10°eV?
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Results of fit: 2 flavour oscillation

analysis
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FIG. 38: (Color) Two-flavor oscillation parameter analysis for a) global

solar data and b) global solar + KamLAND data. The solar data

includes: SNO’s LETA survival probability day/night curves; SNO Phase

Il integral rates; Cl; SAGE; Gallex/GNO; Borexino; SK-1 zenith and SK-I|

day/night spectra.
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Neutrino Oscillations

Flavour Eigenstates: v,,v,
Mass Eigenstates: v,,v,

ve) (cos@ sind\(v, y
v.) (—sin@ cosd )\ v, e

The time evolution is written in terms of the mass matrix, the neutrino energy E and
the mass difference Am? = ‘mzz - mlz‘

Am? Am?

— cos260 sin26
dvel_ 1) 2E 2E Ve
dt vV, 2 Am2 Amz Vy

sin26 cos20
2E E

The survival probability of an electron neutrino in terms of the distance travelled, x, and
vacuum oscillation length L is:

E eV?
> m
1 MeV Am

P, :1—sin22¢95in2”—LX L=2.48



Matter Enhanced Flavour Oscillations
(the MSW effect)

Within matter, the electron neutrino interact
interaction. All neutrinos can interact with 1

additional interaction contributes an additior X
m
AM? A
— co0s260 ++2G.n
id[‘/ej_l 2E V2Gen,
dtlv. | 2 AM® . AM'
" sin20 T -~ =
E 2E ~ K
The resonance condition occurs when :
A
> >
P P

In that case, neutrinos can undergo complete conversion trom one flavour to another.

ian



Survival Probability

= 10 MeV electron neutrino
MSW Oscillations

Vacuum Qscillations
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Matter Oscillations in the Earth
(The Day-Night Effect)

[ Ekctron Density of Earth |

® The same effect seen in the Sun can be seen in the

Earth.

pelN/om 9)

e Average over day-night for Cl and Ga measure-

ments.
e Extract seperate signals for direct counting exper- 1_
iments (SuperK and SNO). EII:IE I 1[||l:|l] I 2[I|Jl] I 3[I|Jl] I 4[I|Jl] I 5[||III I ﬂJllIl I F000
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Day-Night Effect

e Event rate from ®B neutrinos averaged over 1 year.

Day Yield Night Yield
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New Physics/Measurements

* Precision measurements of 8B (SNO 3 phase),
pep (Borexino, SNO+), hep (SNO- part of 3
phase analysis), CNO (SNO+), pp fluxes

* sin%B,; <0.057 from 3 neutrino fits to
Solar+Kamland



2 vs 3 flavour oscillations

Float Boron-8 flux, and ©13
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3 Phase analysis
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Low Energy Solar Neutrinos

 complete our understanding
of neutrinos from the Sun

pep,|CNO, "Be, pp

p-p Solar Fusion Chain
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pep expectation

—— MSW-LMA prediction
0.8 e e S —— ® SNO data

® Borexino data
pp solar neutrinos from all experiments

Compare with
(previously shown)
NSI expectations:

SNO+ expectation for 3 years ¢f data

0.6 - | -

Friedland, Lunardini, Pena-Garay

Survival Probability
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Counts/ (10 keV x day x 100 tons)

107!

1072

pep neutrinos

Friedland, Lunafdini, Pefia-Garay
Phys Lett B 594 347-354 (2004)
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Solar opacity problem

Incompatible with helioseismology
measurements

0.015

BPS08(GS)
BPSOB(AGS)

0.010F

0.005

(ca_cmd)/cmd

0.000

-0.005[ N S N T
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: : . R/R,

Possible solution:

(see Haxton and Serenelli, Ap. J. 687, 678 (2008))

core is different than the
convective zone (opacity).

However, this does not fit well with

helioseismology either.
(Castor et. al. astro-ph/0611619)

Improved 3D hydrodynamic modeling
(Asplund, Grevesse and Sauval, 2005)
of result in lower Z by a factor of almost 2!

Source  BPSO08(GS) BPSO8(AGS) Difference
pp 5.97(1 £ 0.006) 6.04(1 +0.005)  1.2%
pep  1.41(14+0.011) 1.45(1 4+ 0.010) 2.8% g
hep 7.90(1 £ 0.15) 8.22(1 &£ 0.15 ) 4.1% §
:Be 5._0-?(1 + 0_.06) 4.55(1 + céﬁ‘e 2
°B 5.94((14+0.11) 4.72(1 + 0. 11) =
N 2.88(1+£0.15)  1.89(1 )13 34% \ X
o 2501 f90) 134 f0E) [ 31w )R
1 5.82(1 10 10)  3.25(1 9 19) 14%

4 0.87 (

Cl 8.46 10 5% 6.565 probe solar
Ga 1279752 120.572"

“rare with

High Z Low Z
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Faint young sun “paradox”

Bahcall, Pinsonneault, Basu,
THE ASTROPHYSICAL JOURNAL,
555:990E1012, 2001 July 10
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Fis. 2—MNormalized solar luminesity, La(t)/Ls(teday), vs. solar age
for the standard sclar model (solid curve) and for three “deficient™ solar
models: the No Diffusion model (dotted curve), the §,, = Omodel (short-
dashed curve), and the Mixed model (lfong-dashed curve). The luminosity
evolution of the Sun is essentially the same in all solar models we have
investigated, including deficient solar medels. The rms deviation of the
deviant models from the standard solar model luminosity is only 1% over
the history of the Sun from the zero-age main sequence to the current
epoch (see text for more details). The product L ()R (¢} %% varies by
+ 4% over the entire period from the zero-age main sequence to a solar age
of 8 x 107 yr, while the solar luminosity itself varies by slightly more than a
factor of 2 during this period. In the period between 4 x 10° and 8 x 107
yr, the relation L(t) o RG{r}’ is satisfied to +0.5%. The solar luminosity
has increased by 48% from the zero-age main sequence to the present
epoch. The present age of the Sun is indicated by an arrow at 4.59 x 107 yr.
[See the electronic edition of the Journal for a color version af this figure.]
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LETTERS

No climate paradox under the faint early Sun

Minik T. Rosing"**, Dennis K. Bird"?, Norman H. Sleep® & Christian J. Bjerrum'*

Environmental niches in which life first emerged and later evolved
Earth have undergone dramatic changes in response to
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tectonic/geochemical cycles and to biologic interventions'™,

isotope composition of Archaean sea water was the same as at
present***'. Such high temperatures and required greenhouse gas con-
centrations, as well as the consistency of the oxygen isotope composi-

OUR SUN. V. A BRIGHT YOUNG SUN CONSISTENT WITH HELIOSEISMOLOGY AND
WARM TEMPERATURES ON ANCIENT EARTH AND MARS

L-JuLtAN A SACKMANN' AND ArNoLD I BooTHROYD?
W. K. Kellogg Radiation Laboratory, MS 106-38, California Institute of Technology, Pasadena, CA 91125;
ijsi@caltech. edu, boothroy@cita utoronto.ca
Received 2002 March 5. accepted 2002 October 4

ABSTRACT

The relatively warm temperatures required on early Earth and Mars have been difficult to account for via
warming from greenhouse gases. We tested whether this problem can be resolved for both Earth and Mars by
a young Sun that 1s brighter than predicted by the standard solar model (SSM). We computed high-precision
solar evolutionary models with slightly increased initial masses of M; = 1.01=1.07 M -; for each mass, we
considered three different mass-loss scenarios. We then tested whether these models were consistent with the
current high-precision hehioseismic observations. The relatively modest mass-loss rates in these models are
consistent with observational limits from young stars and estimates of the past solar wind obtained from
lunar rocks and do not significantly affect the solar lithium depletion. For appropriate initial masses, all three
mass-loss scenarios are capable of yielding a solar flux 3.8 Gyr ago high enough to be consistent with water
on ancient Mars. The higher flux at the planets is due partly to the fact that a more massive young Sun would
be intrinsically more luminous and partly to the fact that the planets would be closer to the more massive
young Sun. At birth on the main sequence, our preferred initial mass M; = 1.07 M, would produce a solar
flux at the planets 50% higher than that of the SSM, namely, a flux 5% higher than the present value (rather
than 30% lower, which the SSM predicts). At first (for 1-2 Gyr), the solar lux would decrease; subsequently,
it would behave more like the flux in the SSM, increasing until the present. We find that all of our mass-losing
solar models are consistent with the helioseismic observations; in fact, our preferred mass-losing case with
M; =1.07 M is in marginally (although insignificantly) better agreement with the helioseismology than is
the SSM. The early solar mass loss of a few percent does indeed leave a small fingerprint on the Sun’s internal
structure. However, for helioseismology to significantly constrain early solar mass loss would require higher
accuracy in the observed solar parameters and input physics, namely, by a factor of ~3 for the observed solar
surface composition and a factor of ~2 for the solar interior opacities, the p-p nuclear reaction rate, and the
diffusion constants for gravitational settling.
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Neutrino-Electron Scattering (ES). 3/day SSM;
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Observables
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Three Phases of SNO: 3 NC reactions

v Phase I: Just D,O: neutron capture on deuteriui
v Simple detector configuration, clean me:
e Low neutron sensitivity

e Poor discrimination between neutrons a
v'Phase II: D,0 + NaCl: neutron capture on Chlorine
e Very good neutron sensitivity

June 2001-%ept 2003  © Better neutron electron separation

n+d ->t+y;E =6.3
Nov. 1999-May/2001

n+*Cl>* Cl+) y;E, =86 M

® Phase Ill: D,O + 3He Proportional Counters
n+" He/— pit  Good neutron sensitivity ~_
e Great neutron/electron separation

Neutral Current -- Capture in D or C1

Jan 2004-Nov. 2006
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Backgrounds drive Design

¢ {em™s)

Neuwtron Flux
=
[

(=]
[

10

f

10"

[
-

FIG. 14: The total muon-induced neutron flux deduced for
the various underground sites displayed. Uncertainties on
each point reflect those added in quadrature from uncertain-
ties in knowledge of the absolute muon fluxes and neutron
production rates based upon our simulations constrained by
the available experimental data.
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Analysis

Data cleaning to remove instrumental backgrounds
(cuts developed on subset of data; tested with MC and
sources)

Calibrations: wide array of sources. Laserball was used
for primary calibration (determining optical parameters
for MC). N16 was used to determine absolute QE of
pmt’s. 25% of our running time spent calibrating

Large number of parameters in MC. Use the difference
between calibration sources and MC to quantify
systematic uncertainties.

Blind and multiple analyses



The best analysis to date is the so-called LETA
(low energy threshold) analysis
(PRC 81 055504, 2010)

Joint Phase I+ll down to T_>3.5 MeV
Significantly reduced systematics
Direct v, survival probability fit

SNO trigger threshold <~2.0 MeV for all phases

Previous SNO analysis thresholds:
T>5.0 MeV/5.5 MeV/6.0 MeV Phase I/11/11



Advantages of Low Threshold Analysis

> v, Statistics

Charged Current Electrons
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Advantages of Low Threshold Analysis

» v, (NC) Statistics
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Advantages of (2-Phase) Low Threshold Analysis

Events/0.25 MeV/SSM

Events/0.25 MeV/SSM

> Breaking NC/CC Covariance
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Challenges of a Low Threshold Measurement

> Low Energy Backgrounds
Cosmic rays < 3/hour

T.>3.5 MeV

400

200

Supported
Th, Ra

D
-200

-400

-600

-800

-800 -600 —400

All events
(before background reduction);
~5000 vs

Rn e H 0
———=="1 circulation




Challenges of a Low Threshold Measurement
> Low Energy Backgrounds

Kinetic Energy Spectrum

external (AV + H,0)

E y PMT BLys 3 neutrino signals MC
] fe + 17 backgrounds
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How Do We Make a Low Threshold
Measurement?

To make a meaningful measurement, we:
Reduced backgrounds
Reduced systematic uncertainties
Fit for all signals and remaining backgrounds

Entire analysis chain re-done, from charge pedestals to simulation upgrades to final
“signal extraction’ fits

Primary reasons for improvement in precision:
1. Increased statistics
2. Breaking of NC/CC covariance
3. Reduction in systematic uncertainties




»Signal Extraction Fit (Signal PDFs)
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»Signal Extraction Fit (3 Background PDFs)
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Low Energy Threshold Analysis

»Signal Extraction Fit

(3 signals+17 backgrounds)x2, and pdfs are multidimensional:

P(B14, R?,cosfg) B
P(Teﬂ',ﬁl.ﬁl, RS) X P(COS 9@) NC, backgrounds

Two distinct methods:

1. Maximum likelihood with binned pdfs:
* Manual scan of likelihood space (|‘rera’r|ve)
* Locate best fit and +/- 1o uncertainty

> data helps constrain systematics | w_

" human intensive'
2 Kernel es’rlma’rlon---ML with unbmned pdfs

*Allows full “floating’
of systematics, incl.
resolutions




» Background Reduction

New energy estimator includes both ‘prompt’ and ‘late’ light

Rayleigh S.ga\tte.r.

"""" B s 12% more hits=6% narrowing of resolution
" ~60% reduction of internal backgrounds

**.'3:5 Degree
PMT Reflect)

New Cuts help reduce external backgrounds by ~80%

Charge Probability vs, Time Residual for MC PMY B-vs

1 r T R E S P 3

Example:
High charge early in time

Charge Probability

Fiducial
Volume

10k 4

NPT R R A S B B D B
-150 -100 -30 0 50 100 150 200 250 300 350
Time Residual (ns)



» Systematic Uncertainties

* Nearly all systematic uncertainties from calibration data-MC
* Upgrades to MC simulation yielded many reductions

* Residual offsets used as corrections w/ add’| uncertainties

* All uncertainties verified with multiple calibration sources
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Laserball Calibration

Insert laserball in typically 30 positions, at each of 6 wavelengths
(337,365,386,420,500,620) nm; measure the number of prompt photons in each
run i for pmt j; typically about 250,000 measurements per scan. Fit an optical
model to determine parameters in MC.
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Improved low level response of PMTs
in MC
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»Systematic Uncertainties—Energy Scale
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Volume-weighted uncertainties:
Old: Phasel=%1.2% Phase ll =+1.1%
New: Phasel=2%0.6% Phase Il = +0.5% (about half Phase-correlated)

—>Tested with: Independent '8N data, n capture events, Rn “spike’ events...



»Systematic Uncertainties—Position
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»Systematic Uncertainties—Isotropy (14)
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MC simulation upgrades provide biggest source of improvement

Tests with muon “followers’, Am-Be source, Rn spike
B4 Scale uncertainties:
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»PMT B—y PDFs

Not enough CPUs to simulate sample of events—> Use data instead
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» Analysis Summary

- Fits are maximum likelihood in multiple dimensions (two methods)
* Most PDFs generated with simulation

 Systematics from data-MC comparisons

* In some cases, corrections applied to MC PDFS based on comps.

* Tested on multiple independent data sets

Energy Spectra Beta14 Distributions Radial Distributions

...................

. PMT pdf generated from blfurcated anaIyS|s of data

* Tested on MC and with independent analysis using direction vs. R3
* Dominant systematics (6/20) allowed to vary in fit

* Constrained by calib.

* Note: many backgrounds look alike! But very few look like signal

* Some backgrounds have ex-situ constraints from radiochm. assays




Results of Fit: NC

5.171721% (stat) 1% (syst) x10°cm s~ cf BP2005: 5.69x10°cm™s™
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Results of Fit: CC and ES spectra
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Results of fit: 1D projections
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2 and 3 flavour fits

Oscillation analysis  tan” f12 Ami (eV?)

SNO (LOW) {}_437133323:; L15 T8 x 1077
SNO (LMA) {}_457tﬂ;33§ 550 32 x 1075
Solar 0457 1000 58073 < 107°

Solar+KamLAND 0457 f0030 750702 « 10 =5
kEuin.-"l"df i [><].ﬂﬁ E"i_zﬁ_lj

SNO (LOW) 6.80,/9 5.013 )10
SNO (LMA) 8.20/9 4.084 19388
Solar 67.5/80 5.104 #0192
Solar+KamLAND  82.8/106 501310118

TABLE XX: Best-fit neutrino cscillation parameters and ex-
tracted "B flux from a two-flavor oscillation analysis. The
‘SN0 results are from the combined LETA + Phase 111 oscil-
lation analysis. Uncertainties listed are +1c after the y* was
minimized with respect to all other parameters,

Oscillation analysis  tan® 12 Ami; (eV?)

Solar 0.468 1052 631738 x 10"

Solar+KamLAND 0468 f0082 750 1031 x 10 %
Yomin/ndf  $sp (2108 em™2s71)

Solar 67.4/80 5.115 T1-188
Solar+KamLAND  81.4/106 5.087 T1%h
sin” fra(x 10 %)
Solar < 8.10(95% C.L.)
Solar4+ KamLAND 2.00 ‘ff :gg

TABLE XXI: Best-fit neutrino oscillation parameters and ex-
tracted *B flux from a three-flavor oscillation analysis. Un-
certainties listed are 1o after the x* was minimized with
respect to all other parameters.



Future SNO Publications

- High frequency periodicity studies (solar g-modes)

* Burst searches

* Exotics (e.g., n-nbar oscillation)

* 3-Phase analysis including NCD pulse shape analysis and hep
analysis



SNOLAB Construction: Started 2005; now complete

MINING FOR KNOWLEDGE
CREUSER POUR TROUVER... L"EXCELLENCE



Conclusion:

e Solar Experiments (and Kamland) are all consistent with SSM+
2 flavour MSW oscillations, no short term solar variability and
with parameters

. 2 - Theoretical Uncertainty
¢, =5.013"21° x10°cm s
8B -0.148 ~159%
2 +0.040
tan® 6, = 0.457"

Am;, =7.59"07) x10°eV?

But the story is not over for solar and neutrino physics...






SNO S

m Ended data taking 28 Nov 2006
m  Most heavy water returned June 2007
m  Finish decommissioning end of 2007




Sudbury
Neutrino

S N O+ iS ., , Observatory

we plan to fill SNO with liquid scintillator

we also plan to dope the scintillator with neodymium to conduct a
double beta decay experiment (first run is with Nd)
to do this we need-to:

— install hold down ropes for the acrylic vessel

— buy the liquid scintillator

— build a liquid scintillator purification system

— minor upgrades to the cover gas

— minor upgrades to the DAQ /electronics

— change the calibration system and sources

SNO+ is fully funded with a major CFl and some advanced funding
from NSERC




SNO+ Physics Program

e search for neutrinoless double beta decay

* neutrino physics ¢ -
— solar neutrinos
— geo antineutrinos

— reactor antineutrinos
— supernova neutrinos

SNO+ Physics Goals



SNO+ Liquid Scintillator

P ¢ PETRESA CANADA

Linear Alkylbenzene
[ ST

* “new” liquid scintillator developed %

— linear alkylbenzene (LAB)
e compatible with acrylic, undiluted
* high light yield
* pure (light attenuation length in excess of 20 m at 420 nm)
* low cost
* high flash point 130°C safe
* low toxicity safe
» smallest scattering of all scintillating solvents investigated
* density p =0.86 g/cm3
* metal-loading compatible
— SNO+ light output (photoelectrons/MeV) will be approximately 3-4
that of KamLAND
* ~900 p.e./MeV for 54% PMT area coverage

Daya Bay and Hanohano plan to use LAB; others LENS, Double CHOOZ, LENA, NOvVA considering 58
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Rope Configuration

* Analytic study of rope tensions and geometrical
placement for PSUP penetrations

X| SNO Event Display | % SNO Event Display
File Move Display Data Windows

File Display Data Windows
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