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Abstract: By creating a location that is essentially free from radioactive background, sensitive measurements can be performed to test fundamental
laws of physics with neutrinos from the Sun, Dark Matter particles left over from the Big Bang and rare forms of radioactivity. The Sudbury
Neutrino Observatory (SNO) is a neutrino detector containing 1,000 tonnes of heavy water and situated 2,000 meters underground in INCO's
Creighton Mine near Sudbury, Ontario. SNO has observed neutrinos from the core of Sun and has found clear evidence for neutrino flavor change.
This requires modification of the Standard Model for elementary particles and confirms solar model calculations with great accuracy. The
underground facility is now being expanded to create along-term international facility for underground science (SNOLAB), where measurements of
Dark Matter, Double Beta Decay and Solar Neutrinos will be performed with the lowest radioactive background available anywhere. The results for
SNO and the future scientific program for SNO and SNOLAB will be described.
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With the Sudbury Neutrino Observatory (SNO) and the new SNOLAB we have

great new scientific opportunities in Neutrino Physics, Dark Matter detection,

Double Beta Decay at the lowest background underground site in the world




Outline of Talk

* Neutrino Physics - Status
* Latest Results from SNO
* Future Objectives for SNO
* Prospects with the New SNOLAB
* Many Letters of intent
* Examples
* Solar Neutrinos, Supernova Neutrinos
* SNO +
* Double Beta Decay
* Majorana (Ge)
« SNO ++ (Nd)
* Dark Matter
* Picasso (Fluorine)
* DEAP (Argon)
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‘ Neutrino propertiesl

What have we learned? \
1) Evidence for neutrino flavor change:

- Atmospheric: Super-K

- Solar: SNO (Solar model independent test, supported by other measurements).
- Reactor: KamLAND observes neutrino disappearance with solar parameters.

- LSND?: To be addressed soon by MiniBoone

- Neutrino parameter limits set by many experiments: Reactor, Accelerator

2) Neutrino Mass:

- Mass differences from oscillations

- Mass Limit < 2.2 eV from tritium beta decay

- Double Beta Decay: Limits so far: Mass limit <~ 0.4 eV if Majorana particles.
- Limits from Astrophysics: CMB, Large Scale structure <~ 1 eV.

3) Number of light neutrinos:

- Z width: 2.981 +- 0.008 active types

- Limits on sterile neufrinos from solar, atmospheric measurements. e

- Big Bang Nucleosynthesis: 3 active neutrino types |ﬁ




‘ Neutrino properties I

-The most favored explanation for the flavor change data
- to date is Neutrino Oscillations.

-Others are ruled out as dominant, but could be small sub-dominant
- Flavor Changing Neutral Currents,

- Resonant Spin Flavor Precession for solar neutrinos ...

- Violation of Equivalence Principle ......

- Mass Varying Neutrinos...

In the discussion to follow, we will concentrate on the
favored basis of Neutrino Oscillations and consider
the further information to be obtained on this basis.
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Using the oscillation framework:

- - e E . T
[f neutrinos have mass: |V ] > — L i

v,)

For three neutrinos:

caddl | S | Maki-Nakagawa-Sakata-Pontecorvo matrix \
U, u., U. (Double B decav onlv)
= %, @ 1 () () 1 0@ () C D = 1 () ()
— C {) {) C S {) 1 i) {) 1 () {) L:-_:‘—‘ {)
() () 1 0 —s. 0 0 & 1o v O c. 0 0 - 24:4

Solar.Reactor I I Atmospheric | I CP Violating Phase I I Reactor.LBL " Majorana Phases

wherec, =cost..and s, =sm@6. S S ————————

3

For twa neutrino oscillation in a vacuum: (valid approximation ip#/hany cases)

P(v, —>v,)=sin® 20sin> (127220~

) e
E =N
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| Matter Effects — the MSW effectl

- — C0S20 + E("}P_\:e s sin26
H= 4E 4E
Am <in20 ! Am o528
i 4E 4E i

In the oscillation formula: <3
iy & e
sin” 26 =

(® —cos260) +smm 26
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What have we learned? Solar Neutrinos

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Using the oscillation framewaork:

- . o Bl r
If neutrinos have mass: |]« ] > = E l/ Ii

Vi)

For three neutrinos:

/R | R |
e L I*-H = ‘ Maki-Nakagawa-Sakata-Pontecorvo matrix \
U, u., U (Double B decav onlv)
C.. . 0 | () () 1 @ () C 0 =. 1 () )
— B C () {) C S 0 1 i) i) 1 () {) L’"_:‘_ ()
- - v, L - —ice i 24i8
() () | o T s 0 0D e e | [ = () () e
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| Solar.Reactor I I Atmospheric | | CP Violating Phase I I Reactor.LBL " Majorana Phases
wherec, =cost..and s, =smG6. S S ——
Far two neutrino oscillation in a vacuum: (valid approximation ip#hany cases)

Am~L

e P(v, > Vv )=sin"20sin” (127

y i)
E =N
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Using the oscillation framework:

If neutrinos have mass: !V ] > = E U i

v,)

For three neutrinos:

s | s ‘ Maki-Nakagawa-Sakata-Pontecorvo matrix \
u, u, u_ (Double  decav only)
C v [ 1 () OV (1 @ () C.- 0 s. 1 () ()
— C () {) C S i) | i) () 1 () {) r:--_"F‘—‘ { )
l e f{i ' I A - — i 248 |
() () 17U —x C-.. D 0 ¢ | S 0 & )U{ () 2
V V 23 23 ‘) 13 "’. 15 ?
| Solar.Reactor I I Atmospheric | | CP Violating Phase I I Reactor.LBL II Majorana Phases
wherec, =cost..and s, =sm6. S ———

For twao neutrino oscillation in a vacuum: (valid approximation ig#/hany cases)

P . Am~L
P(v, >v, )=sm" 20sm" (127 vy
| E =N
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What have we learned? Solar Neutrinos

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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v Reactions in SNO

@ P .-
- Both SK., SNO

- Mainly sensitive to v_, lessto v
- Strong directional sensitivity

neutrino

p and v

o,

" neutrino
cc +pte

- Good measurement of v, energy spectrum
- Weak directional sensitivity oc 1-1/3cos(0)
I - v only. |

- Measure total 5B v flux from the sun.
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v Reactions in SNO

- Both SK, SNO
- Mainly sensitive to v_, lesstov, and v_
- Strong directional sensitivity

glectron Nneutrino

D‘-.

- Good measurement of v_ energy spectrum
- Weak directional sensitivity oc 1-1/3cos(0)

- v_only. |

- Measure total 5B v flux from the sun.
pirsa: biopidsl | cross section for all v tvpes
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v Reactions in SNO

@V = e
- Both SK, SNO

- Mainly sensitive to v_, lesstov, and v_

- Strong directional sensitivity

' .\ neutrino

®
- Good measurement of v, energy spectrum I/"\
- Weak directional sensitivity oc 1-1/3¢cos(0) T s T
- v_only. | = -/ SN
Deuteron

- Measure total °B v flux from the sun.
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Solar Neutrino Physics From SNO

Flavor change + active neutrino appearance

(DCC

Total 2B Solar Neutrino Flux

D, = Dcc + (Pes - D) x(1/0.15)
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Solar Neutrino Physics From SNO

Flavor change + active neutrino appearance

June 2001 RL/T I 33 6]
(with SK) e AIeTes, |

Total 2B Solar Neutrino Flux

D, = Dgc + (Pes - D) x(1/0.15)
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Solar Neutrino Physics From SNO

Flavor change + active neutrino appearance

June 2001 (Dcc
(with SK)

April 2002

Sept. 2003

Mar. 2005
(With salt)

Total 2B Solar Neutrino Flux

D, = Dgc + (Pes - Dcc) x (100.15)
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Solar Neutrino Physics From SNO

Flavor change + active neutrino appearance

June 2001 LTSN 33 6]

(with SK) |
April 2002 >3c
Sept. 2003 >70
Mar. 2005

(With salt)
Total 2B Solar Neutrino Flux

AINERIIEE D, = Dy + (Opg - D) x (1/0.15)

April 2002

Sept. 2003 = 100
i OSOMER' - 2005 (DX ®nc PaQIéQB{ o

AN+l eal#)




Sudbury Neutrino
Observatory

T '
i i

'l.
P

1000 tonnes D,O

Support Strcture
for 9500 PMTs.

60%s coverage
12 m Diameter
Acrvlic Vessel
1700 tonnes Inmer
Shieldmg H.O
5300 tonnes Outer
Shield H.O

Urvlon Liner and
Radon Seal
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SNO Run Sequence

The Three Phases Neutron Detection Method

Pure Dgo Nov. 1999- May 2001 Capture on D
Good CC sensitivity n+d—>t+y..—>e (E =6.3MeV)

\dded Salt in D,0 /mn¢2W0l  Capture on CI

Enhanced NC To

. n+3Cl > *Cl+ XIy... > e (E; =8.6 MeV)
sensitivity Sept 2003

leutral Current

Capture on *He

Detectors :
*He proportional counters e it
in the D.O Event by event separation of CC

and NC events
Nov. 2004 to Dec. 2006
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SNO Salt Phase:
Advantages of NaCl for Neutron Detection

» Higher capture cross section [( ne
* Higher energyv release
* Manv gammas (Isotropv) 35‘;
N
Bkl M. e =44b
E ; : . ® Neutrons in D,0 35C]+n
B /e ¢=0.0005b — 8.6 MeV
'i n : ZH+n |
[ - —— G M€\ i

-lr v L' x Y
\\_ \\2; 34 36C)
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The latest SNO data: 361 live days with salt hep-ex/0502021 (46 pages)
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ISOTROPY COUNTS VERSUS VOLUME
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The latest SNO data: 361 live days with salt
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ISOTROPY COUNTS VERSUS VOLUME
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Day-Night Asymmetry

v Regeneration in the Earth through MSW
Interactlons with elecctrons in the core, mantle? |

Neutrino Trajectories at Night

Certain oscillation scenarios
predict a zenith angle dependence
for the solar neutrino flux

Day Flux # Night Flux ?

Measure the Asymmetry

2AN—-D)

e

N+D

-nea ssssonineNith Angle is the
angle relative to the horizon




N+D

; osf .| Ag=-0.056 +0.074 (stat.) + 0.051 (syst)

i | : -
= rlelel > Night > A= 0042 £ 0.086(stat.) £ 0.067 (syst.)
Eerrlige "1 LA Ac.= 0.146 + 0.198(stat.) + 0.032 (syst.)
: : y
'k g S Constraining A, to be zero:
E ® ¥ ".
TEETE TS A= -0037 £ 0.063(stat) £0.032(syst)

E Ac<= 0.153 £ 0.198(stat.) +0.030(syst)
3 J: ! Bl Combine this with the analogous
3 | 41 b 8 ACC from the salt phase:
= -..‘ a L] 1 . o 17
: _E | [ A . .po =007 1000
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Neutrino Flux (< 10" em’™™ sec’')

NC flux is in agreement with,
And more accurate than

Solar models for B flux.
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< 201 e o 1 [ Large mixing The 1-2 neutrino oscillation
U - / \
> : x\l 1| Angle (LMA) parameters are now
= I \ o : becoming well defined.
= i W - region
i I |/ \ » Note that the solar
o | | ! B results define the
i | SOLAR )
- 11 . : mass hierarchy
sL i ONLY
: \\\—”_/// : (m, > m,) through the
Matter interactions (MSW).
— N
- | b)) —eswmcCL
?:: | —95% CL | £ 2
= n 1 P § SOLAR Also,tan26 <1
B : . PLUS (Maximal mixing)
10 2l by More than 5
I 1 | KAMLAND
“ @ ' standard deviations.
sk i
i LMA prediction is for very small spectral

Prezosoa@s 02 04 06 08 1| distortion, small (~ 3 %) day-night asymmétry
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SNO Phase III (NCD Phase)- Began Nov '04

» “He Proportional Counters (“"NC Detectors™)

40 Strings on 1-m grid

440 m total active length

Detection Principle

'H+v_—>p+tn+v_-222NMeV  (NC)

N
4

‘He +n —p +°H+0.76 NeV
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SNO Phase III (NCD Phase)- Began Nov '04

» “He Proportional Counters (“"NC Detectors™)

40 Strings on 1-m grid

440 m total active length

Detection Principle

"H + L e g (LT < 2.22 MeV (NC)

N
4

‘He +n—p +°H +0.76 MeV

Physics Motivation

Event-by-event separation. Measure NC
and CC in separate data streams. Better
Flux accuracy (NC/CC).

Different systematic uncertainties
than neutron capture on NacCl.

NCD array removes neutrons from CC,
Pirsacoppiitdrates remainder. Better CC
spectral shape at the lowest enerqgy.
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SNO Physics Program

e Solar Neutrinos
-2 Electron Neutrino Flux
-2 Total Neutrmo Flux
-2 Electron Neutrino Energy Spectrum Distortion (Predicted ~10 %)
—> Day/Night effects (Predicted —~ 4 %)
—> Seasonal variations
e Atmospheric Neutrinos & Muons

= Downward gomg cosmic muon flux

- Upward gomg muons and angular dependence
e Supernova Watch
e Antineutrinos
¢ Nucleon decay (“Invisible” Modes: N vvv)
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SNO Muon & Atmospheric
Neutrino Analvsis

Through-Going Muon Zenith Angle Distribution (PRELIMINARY)

ab
o

Intensity (u/cm?/s/sr)
=

14
10
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LR

Atmospheric Muons

v, Induced Flux (No oscillation

v, Induced Flux (SKv, — v.))

All Sky Data, 149 days
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Supernovae and SNO:
For an event at the
Center of the Galaxy
SNO would observe
1000 events evenly
Distributed among
FElectron, mu, tau

Neutrinos.
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Using the oscillation framewaork:
If neutrinos have mass: 1V ] > = E U i ‘l’f >

For three neutrinos:

(. o, u.)
7l I*-H — ‘ Maki-Nakagawa-Sakata-Pontecorvo matrix |

. U U (Double B decav only)
&, s O | 1 0 () N 1 @ () [ Gz 0 = u 1 () () |
Il . I, e ,- o ] E |
:‘ LTS G ‘l ) [ S I D 1 () .| () 1 0OHO ™ 0 |
B e ‘ | 23 23 | 51 | |
E | - ] — | - —3 43
L0 o 1)lo s cjJlooe™®) s 0 c.)la 0 ot
&l s’ 13 | b

I Solar.Reactor I I Atmospheric | | CP Violating Phase I I Reactor.LBL " Majorana Phases I

Range defined for Am,,. Am,,

wherec, =cosd,, and s, =sm &,

For twa neutrino oscillation in a vacuum: (valid approximation ig#/hany cases)
s h Am™L
P(v, > v, )=sm” 20sm~ (127 )

E UER
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| What can we learn? | ‘ Neutrino Properties |

- Detailed Study of LSND: (MiniBoone) 3 Neutrino types or more?

- Improvement in (or confirmation of ) parameters to date:
Amy,?, Amys%, 645, 65

- Determination of unknown parameters:
- B13

- CP Violating Phase &

- Mass hierarchy

- Dirac or Majorana (Majorana Phases)

- Mass scale

Pirsa: 05030145
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What can we learn?

*Amy,%, 04y
- Reactor neutrinos: Kamland (Confirm LMA, improve parameters).

- Solar Neutrinos: SNO+ , Borexino, Kamland.

- Low Energy Solar neutrino measurements (pp): CLEAN, LENS

cAm. 2 0. :
- Long baseline Accelerator: K2K, MINOS, CNGS
- Confirm atmospheric (K2K near 99% confidence)
- Observe oscillation pattern (dip)
- Observe tau appearance
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| What can we learn? | ‘ Neutrino Properties |
\ - Determination of unknown parameters: |

- Reactor Neutrino Disappearance for 6, :
Double Chooz, Braidwood, Daya Bay, KASKA

- Long Baseline accelerator: T2K, NOVA...Neutrino Factories
- 913

- m, , m; Mass Hierarchy:
- Study Matter Effects

- CP Violating Phase &:

- Must have large 6,, - b
-Compare v, >V, and v, —>v.
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v, = Vv, oscillation experiment

A. Cervera et al., Nuclear Physics B 379 (2000) 17 — 33, expansion

A, A
to second orderin 4., f —2 AL
3
Pv,—»>v)=F+F+FE+F
B.L e ion: 6,
P =sm’@,_sin’ 6, ‘ sin’ - > SRR
i o Matt
2 L= atter
f A} AL ¥
P,=cos" @,;sin" 6,| —2 | sin® — -k, Effects:
N = 4=-G Mass
; G, n_.
(A NXMAN AL AL BI « | Hierarchy
fg:Jco:scS" f H B” ‘CDS lj SIn——sin—= B. _|1 A13|

— g . - - - - -3

H' A,). ALL AL _ B.I

[ A
P =Jsin 5‘ L sin sin sin —=
\‘ iy W —»m -
yri e

| ®,; must be finite to enable CP violation measurements |

CP: Compare v, —>v, and v, > v,
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- Dirac or Majorana (Majorana Phases)

- Double Beta Decay

- Observation implies Majorana neutrinas if CPT is good.
- Effective Mass inferred depends on Majorana phases

‘(m)‘:”(f 7 | I7 | &= |
~ el . S 3

.3 € M
- Next generation experiments could getto ~0.05eVie. ~ /am

I - Mass scale l

- Tritium Beta Decay
‘(m)‘ — [T : U,

- Next generation experiment (KATRIN) could get to ~ 0.3 eV: (Overall mass scale 77?)

ic
3
€ “mm

2
m, + 2

S 2
(_/ >

[ AN

2
m, |

2
ITII—I—

I'I'Iz—i—
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- Dirac or Majorana (Majorana Phases)

- Double Beta Decay

- Observation implies Majorana neutrinas if CPT is good.
- Effective Mass inferred depends on Majorana phases

r 2 T 2 T ’
'<m>|=||(_, a| m U, U,,| e”m, |
- Next generation experiments could getto ~0.05 &V i.e. ~1umitm

I - Mass scale |

= Tritium Beta Decay
Z
l(m)[ - ‘L ﬂ[ m + U, 1A

- Next generation experiment (KATRIN) could get to ~ 0.3 eV: (Overall mass scale 77?)

ict
3
e m, +

HI’_.;

£)

2
m, |

2
I'I'Iz—l—
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New International Underground Science Facility
At the Sudbury site: SNOLAB

Proposal ($ 38M) funded by Canada Foundation for Innovation, 2002
Further Support: ($ 10 M)

Northern Ontario Heritage Foundation, Ontario Innovation Trust, FEDNOR

To pursue:
» Future observations from a possible SNO+ detector
» Solar Neutrinos
» Geo - neutrinos
» Supernova Neutrinos
» Reactor Neutrinos

« Dark Matter (WIMPS)
« Measurements of nuclear recoils with ultra-low background

* Double Beta Decay:

« More accuracy for neutrino masses.

» Are Neutrinos Majorana particles? i

» Leptogenesis... @
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The New SNOLAB




Surtace facility as of March 11, 2005
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Letters of Interest for SNOLAB

Solar Neutrinos:
Liquid Ne: CLEAN (also Dark Matter)

Liquid Scintillator: SNO+ (also Double Beta Decay, Reactor Neutrinos, Geoneutrinos,
Supernovae)

Liquid Helium (also Dark Matter)

Dark Matter:

Silicon Bolometers: CDMIS

Liquid Xe: ZEPLIN, XENON

Gaseous Xe: DRIFT

Freon Super-saturated Gel: PICASSO

Timing of Liquid Argon Scintillation: (DEAP)

Neutrinoless Double Beta Decay:

Ge Crystals: Individual crvostats (Majorana) or Large Liquid Nitrogen bath

Liquid Xe: EXO

CaTE"COBRA s i




2

SNO+ | (Fill with Liquid Scintillator)

Principal Investigator: Mark Chen, Queen’s

|

(TTTTITIT
[

« SNO plus liquid scintillator — physics program
— pep and CNO low energy solar neutrinos

» tests the neutrino-matter interaction. sensitive to
new physics

— geo-neutrinos

— 240 km baseline reactor oscillation confirmation
— supernova neutrinos

— double beta decay?
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Low Energy Solar Neutrinos

« precision survival probability :L’/ﬁ T e——
measurement: pep o 1 Neutrine Spectrees (s16) |

- observe rise in survival ._.:::E e !
probability at lower energies: =" | L.l i
lower energy °B, 'Be, pep ;g ==l | il 3

+ testing the vacuum-matter ' i
transition is sensitive to new . ; :
ad ]

physics o3 —

Am= .90 L O N Am >
—JF—CUH_H \ _(r}. .\‘ >y on in 2¢
= sin 26 S0 cos 26
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Low Energy Solar Neutrinos

« precision survival probability e —
measurement: pep om Nestrine Spactrum (s10) |
* observe rise in survival - ::l P | s }
S - i 5 oot :
probability at lower energies: - i i
SR 7 o S| A\ i
Iowm_ar energy °B, ‘Be, pep e :
+ testing the vacuum-matter ! = !
transition is sensitive to new . 1l :
- = il ]
thSICS - H‘gutr:::m Energy in MeV
>*Vacuum Oscillation from Bahcall, Pefia-Garay
2 &5 P = cos20,,
m__:u-_‘ I - — .s'r'rf_‘.:’ﬂr.: \ s
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Low Energy Solar Neutrinos

« precision survival probability Ml
measurement: pep o Neutrino Spectrum (+10) |
- observe rise in survival N (e = . !
probability at lower energies: EE" ot ] i
lower energy °B, 'Be, pep ‘E = L :
+ testing the vacuum-matter £/ = i
transition is sensitive to new :'[r :
physics i <t :

%‘_ in 2¢ %F-—(IHJH
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Low Energy Solar Neutrinos

« precision survival probability iy il
measurement: pep o et Syt €120}

* observe rise in survival
probability at lower energies:
lower energy °B, 'Be, pep

+ testing the vacuum-matter
transition is sensitive to new
physics

Flux (em™ ')

B T e T e R B e e R R T T e R

Neutrino Energy mn Me¥

F N

“*Vacuum Oscillation from Bahcall, Pefia-Garay

5 !5 - c'r).\'._?{—-’f_..

- F .
= W I - — =miry 29,
i B = 7

\r}z_H{ ¥

o.2
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Low Energy Solar Neutrinos

« precision survival probability BT i
measurement: pep “"h Neutrine Spectrum (+10)

* observe rise in survival
probability at lower energies:
lower energy °B, ‘Be, pep

+ testing the vacuum-matter
transition Is sensitive to new

physics

Flux {em™ ')

B e T e T L R B e e R R e R

Am* .90 L O N Am* - o
TﬁCUH-H - _(r’. .\‘. T?’*lll 26
%— sin 2¢/ L COSs 2
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Low Energy Solar Neutrinos

« precision survival probability
measurement: pep

* observe rise in survival
probability at lower energies:
lower energy °B, ‘Be, pep

+ testing the vacuum-matter
transition is sensitive to new
physics

F N

“<Vacuum Oscillation

e d =
5 |5 -{r.l.'\._.HJ_.__..

- F -
= W I - =miry 29,
) <K

Flux {em™ 8°')
&

B = 7

! .
[-,//_\ Bahcall-Sereneili 2005
- =lX

Neutrino Spectrum (=1a)

-

B T e T e T B e e R R R

Neutrino Energy mn Me¥

from Bahcall, Pefia-Garay

o.2

\r}z_H_, ¥
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Survival Probability Rise

__Solar Neutrine Survival Probability | LMA Solution
SSM pep flux: s
uncertainty £1.5% 055> Am2=8.0 x 1079 eV2
. 1 TN —
allows precision test  *¢ 1 tan<g = 0.45
045—
04—
fransition from matter to vacuum =
Jominance. . test the extrapolation © E R e |
of the “simplest neutrino oscillation """g_ SNO CC/NC
model” coupled with solar models *®t
o R 7 Y VNN TSNE THW TNW YRR TIN IR 3E
sensitive to new physics: setiar 10 124000 it
» nan-standard interactions

* mass-varying neutrinos
« CPT violation

Pi%a:lﬁ)ﬁ@le H1 3 Page 60/81
» sterile neutrino admixture

pep v




DISTORTIONS FROM:

Non-Standard Interactions?

i

e

|

Miranda, Tortola, Valle

R 1_1_1_1.:'.J_
1

E (MeV)

Mass-Varying Neutrinos? Fardon et al astro-phm309300
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Also, distortion
Effects from sterile
Neutrinos:
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Survival Probability Rise

|_Solar Neutrino Survival Probability | LMA Solution
SSM pep flux: s
uncertainty £1.5% 055> Am2=8.0 x 1079 eV2
ot - ., P
allows precision test  *¢ 1 tan<0 = 0.45
0.45—
04—
fransition from matter to vacuum i
Jominance. . test the extrapolation " E T k|
of the “simplest neutrino oscillation """g_ SNO CC/NC
model” coupled with solar models *®t
e N 7 R VRSN TSEN THE  TSW RN I TN RN
sensitive to new physics: setvar 10 124000 i
* non-standard interactions

* mass-varying neutrinos
« CPT vialation

Pi%a:lﬁ)ﬁ'@e *313 Page 62/81
» sterile neutrino admixture
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Event Rates (Oscillated)

‘Be, pep and CNO Recoil Electron Spectrum

=
240*L_"Be solar neutrinos
-
___:b =
c i
2 L
“x‘ —
4] I
£10° =
1] =
>
b n
10"
10 1
1 1 1 1 | 1 1 ] 1 1 1 1 | 1 1 1 1 1 1 ]

1 | | 1 1 1 L L 1 ]. | . -
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pep Solar v Backgrounds

« 1C cosmogenic production

— 1, = 20 min makes this difficult to veto at shallower depths
— positron decay guarantees >1 MeV energy deposited, right in the

pep v—e~

recoil window

— but at SNO depths, muon rate is small enough to allow easy
tagging (or even tolerate this background without veto)

« CNO neutrinos are a “background”

— good energy resolution desired to see clear “recoil edge” for
monoenergetic pep v

— clearly interesting, for astrophysics, first observation of CNO v ?
» radiopurity requirements challenging

S 4DK 21ﬂBi

(Rn daughter)

— 3KTr, 21%0 (seen in KamLAND) not a problem since pep signal is
at higher energy than 'Be

rrzosoxes ) Th not a problem if can achieve KamLAND-level purity s




Antineutrino Geophysics

- can we detect antineutrinos
from B~ decay of U and Th In
the Earth’'s mantle and crust?

- knowing Earth’s total
radioactivity would be very
iImportant for geophysics
— understanding thermal history

of the Earth

— thought to account for ~40% to
100% of Earth’s total heat flux
(i.e. poorly constrained)

— dominant heat source driving
mantle convection

- how much Iin the mantle and
_the crust?

vo.tp—e"+n
delayed coincidence
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Geo-Neutrino Signal

rerrestrial antineutrino event rates:
» Borexino: 10 events per year (280 tons of CgH,,) / 29 events reactor
« KamLAND: 29 events per year (1000 tons CH,)
» Sudbury: 64 events per year (1000 tons CH,) / 87 events reactor

X fl:- — AT MECiTIIEN
: @ geo acurimcs
'qf' = accidentals
-~ 25 = : -
S Rothschild. Chen. Calaprice Ty
2 0 (1998) =
; Pa (U chain). “Ac +*"8i (Th chain) 5 of :
- S =k 16 MV Kard AND daza
L 15 i .‘: _‘."_ A sis B ol : ~ey 5 =31k +3
3 = 2M4g; {U chain) E :u?— "h t T {‘:5 :r:'fﬂ;ﬁ.‘” =
8 sk - Aw=6T 10" eV
o Nuclear Reactor Background B m: |5
m ST + nif
G LLLL I.I.!.l.l.l.l.l.l.l!.l.l..l.l.l.l.]‘.!.l.l.l.l.l.l.L!..l. | 5é . + E na
o PRES SR SRA TEEN SR SN SRR TS B 3 :
1] i o o e e e - . 2 L
: ) : 0 2 4 H s
Positron Deposited Energy (MeV) Poommps Encagy (MeV)
~akaye plot for Borexino... geo/reactor ratio KamLAND: e

at Sudbury would be twice as high 13C(a,n) a problem?



Supernova Neutrinos

« 1 kton organic liquid scintillator would
maintain excellent supernova neutrino
capability
—v.tp [large rate]
— v, + 12C (CC)

— v+ 12C (CC)
— v, NC excitation of 2C (NC)

— v, + p elastic scattering (NC) [large rate]
see Beacom et al., PRD 66, 033001(2002)

Overall 400 events for a supernova at galactic center
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SNO+... An Extension of SNO Science

* new physics in a timely way.
* lower energy °B and pep are a great opportunity to test
the neutrino-matter interaction

» SNO+ is well positioned to make these measurements
(depth, geology, appropriate distance to reactors, low
backgrounds)

* requirements
— liquid scintillator procurement (interaction with acrylic)
— mechanics of new configuration (density of LS)
— Acrylic Vessel certification
— fluid handling and safety systems
— scintillator purification
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.\ PP
> L‘*‘, Decay

— Two Neutrino Spectrum ) ; ) .
— Zero Neutrino Spectrum Requrres Massive Majorana Neutrmo
1% resaolution AL=?

M2w=100" T e

o

00 05 10 15 20
Sum Energy for the Two Electrons (MeV)

Endpoint
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Measuring Effective Mass
Mgg = |25 Ugi® my|

- 2 2 2ic 0820 sin2 2if gin2
Mg, = |mM, cos?8,,c0s?8,, + m, e cos?8,,sin*0,, + m, e<¥ sin?0, |

— -
V3 Ve ¢ 90% CL (1 dof)
i | b > :h (Klapd )
- apdor et a
Am‘atm } \ﬁmz solar K [
= 107 |
£ |
- 2
— 3 Am atm
o
gl 3 A e 0.05eV
{/ - Y L 1072 :

3

normal hierarchy inverted hierarchy g go2ev |

ey requirements: Mass, > ~ 200 kg

Very low backgrounds, Good resolution

— — ———

R
Many Candidate Nuclei: 10 10 107 10

- Lightest neutrino (m,) in eV

""G&;'Ke, Te, Ca, Se, Mo, Cd, Nd




» 200 kg enriched 86% "°Ge

« many crystals, each segmented

+ advanced signal processing

» require special low background
materials

+ need deep underground location

- effective low background shielding

(active?...Liquid Ar?) S—
12-SEGMENTS
SEGMENTED DETECTOR
Few keV resolution at Qg = 2039 keV O

known technology = should be few surprises
sensitivity to few 10¢7 years SONEE
m,6~0.05eV S

4 SIDE CHANNELS
I CENTER CHANNELS
TOTAL =3 PREAMPLIFIERS Page 71/81
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Majorana
Use pulse shape discrimination

site electroformed copper

e Smoothed Current Puise (SG 9 order 4
i : - multi-site
) - background

E
SONrce B B after bke. rej. B after add. det. seem.
10— 3cts 10— 3¢cts 10 3cts
ext. v from 2°T]_“& 1 0.4 0.2
ext. neutrons < 0.05 < 0.03 < 0.02
ext. muons < 0.1 < 0.05 < 0.03
internal **Ge 12 11 0.3
imternal “"Co 25 0.8 0.2
““Rn in LN/LAr 0.2 < 0.1 < 0.1
pirsa: 05030145~ L1. = U in holder mat. <1 < 0.1 < 0.1 Page 72/81

surface contamination < 0.6 < 0.1 < 0.1



» 200 kg enriched 86% °Ge

* many crystals, each segmented

+ advanced signal processing

* require special low background
materials

+ need deep underground location

- effective low background shielding

(active?...Liquid Ar?) e
12-SEGMENTS
SEGMENTED DETECTOR
Few keV resolution at Q,; = 2039 keV e

known technology = should be few surprises

sensitivity to few 1047 years Jen) orme
m, ~ 0.05 eV ST

6 SIDE CHANNELS
1 CENTER CHANNELS
TOTAL =3 PREAMPLIFERS Page 73/81
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i o Soufle deta decay
- g

» 10 ton gas or liquid TPC filled with enriched 3¢Xe (80%)
- BB decay produces *°*Ba**

*‘measure electrons with TPC

-tag Ba to eliminate backgrounds (optical spectroscopy)
-purify gas/liquid in-situ

*in principle easily scalable

Isotope Detmass Enrich. Eff. Measur.  Background Tp™8  <m> (eV)
(kg) (%) (%) tme(yr) (yr} QRPA NSM

138Xe” 1000 8 M 5 O+18events 83"10% 0051 014
138Xe™ 10000 80 70 10 0+55events 1.3"10%# 0013 0.037
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SNO++ (Nd Double Beta Decay)

Ov: 1057 events per
year with 1% natural
Nd-loaded liquid
scintillator in SNO++.

Simulation
assuming light
output similar to
Kamland.

Very preliminary
simulation:

one year of data
m,=0.15 eV

irsa: 05030145

| The Simulated Spectrum of Double Beta Decay Events

r

w
=
[=

N
(2

S
I]FII’[IIII]II!EIIII]I!][]I[II

%

Events per 15 keV per Yea
S
=]

100 I 4 +
ZJ-I-Bi = I )
50 / 0 b I' .
v L :
\:;F ;#}J ______/___
0 '_'”“"@'“;{_7__-_ Lol T{-L Susial .
2.6 2.8 3 3.2 3.4 3.6 3.8 4

Energy (MeV)

Page 75/81




Direct Measurements of Dark Matter

Figure: Angel Morales

Incident WIMP
Scattered WIMP

-— — -

Detector-Target

Nuclear recoil

risz: oozl @trons can be a major problem, but at SNOLAB, this background-ise::




The Superheated Droplet

Detector
= droplets superheated at ambient T & P

= 50 to 100um droplets of carbofluorides
dispersed in polvmerised gel
= active liquids:
CF, (T,=1.7°C), C;Fg (T,=36.7 °C)
= ...used for n-dosimetry (BTI-Chalk River)
= Recoil energy threshold E___ = O( keV)

= insensitive to B. ¥ and cosmic U radiation

Montreal, Queen’s
Indiana. Pisa, BTl

ﬁmmi o



WIMP-proton axaal couplmg mmts
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Spin Independent Interaction

~107
S ZEPLIN-I
=107 - > ‘ } Where we Are
104 T /
Eidelweiss - CDMS
102 .\
= \\ i - 2 kg Ar
10
N\ -- XENON (1 ton) 100 kg Ar v
i RO N Yy, PORESORENE o SR 1 } Some Future
---------------------------- Expts.
107 v
1000 kg Ar
CLEAN (10 tons)
109 '
10° 10°
m_(GeV)

g s Liquid Ar scintillation M.G. Boulay & A. Hime, astro-ph/0411358, .,




CONCLUSIONS

* Cleanliness is next to deepliness...

* Many basic neutrino properties have been defined

and we have now entered the precision phase.

* Particle Astrophysics is a great way to study both
astro, and particle physics.

* Canada will have some wonderful opportunities
in the near future with SNOLAB.
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