Title: SNO and the New SNOLAB Underground Facility
Date: Jun 06, 2008 02:30 PM

URL.: http://pirsa.org/08060047
Abstract:

Pirsa: 08060047 Page 1/65



SNO and the New SNOLAB

Art McDonald
Queen’s University, Kingston, Ontario, Canada

Pirsa: 08060047 Page 2/65



SNO: Flavour Change for Solar Neutrinos

Solar Model Flux Calculations
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SNO was designed to observe separately v_ and all
neutrino types to determine if low v_ fluxes
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come from flavor change or solar models
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Unique Signatures in SNO (D,0)
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SNO: Flavour Change for Solar Neutrinos

Solar Model Flux Calculations

—a (zallium — Chlorine —= SuperK A STNO

Previous Experiments Sensitive
Mainly to Electron Neutrinos

) menn : Z Z
5 ot Bahcall et al. I Z'°
; 1? - : '‘He B P~P. Pep  Experiments
= 0.1 0.2 0.5 1 2 2 10 20 R "3 W CNO LUncertaintics
Neutnno energy ( MeV)
SNO was designed to observe separately v_ and all
neutrino types to determine if low v_ fluxes

come from flavor change or solar models =




Unique Signatures in SNO (D,0)
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Unique Signatures in SNO (D,0)
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Unique Signatures in SNO (D,0)
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Unique Signatures in SNO (D,0)

Charged-Current (CC)
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SNO: 3 neutron (NC) detection
methods (systematically different)

Phase | (D,0)
Nov. 99 - May 01

Phase |l (salt)
July 01 - Sep. 03

Phase lll (*He)
Nov. 04-Dec. 06

n captures on
2H(n. ~)°H
Effc. ~14.4%

NC and CC separation
by energy. radial. and
directional
distributions

2 t NaCl. n captures
on
35CI(n, v)?5Cl
Effc. ~40%
NC and CC separation
by event isotropy
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The Sudbury Neutrino Observatory: SNO
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SNO: 3 neutron (NC) detection
methods (systematically different)

Phase | (D,0)
Nov. 99 - May 01
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Unique Signatures in SNO (D,0)
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The Sudbury Neutrino Observatory: SNO
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SNO Results for
Salt Phase

Flavor change
/ determined by >7 . |
The Total Flux of Active

Neutrinos is measured

independently (NC) and agree
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Using the oscillation framewaork:

!

[f neutrinos have mass: ‘1 £> Sy '§ . ‘1 ;>

' For 3 Active neutrinos. (MiniBoone has recently ruled out LSND resul
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Pirsa: 08060047 [)(1‘_. H. -‘L‘-_' ) = Sl_l] # :H Sl_[l s ( 1:7 E ) Page 16/65
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Using the oscillation framework:
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the ascillation framewaork:
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Matter Effects the MSW effect

; - (Mikheyev. Smirnov, Walfenste
T L)
dr | ¥, |
Am° = 1 Am" i
= c0s20+K2G N, sin2 6
H= 41E ﬁ 41E
Am- Am-
sin2b c0s26
L 4E y

The extra term arises because solar v_ have an extra interaction
via W exchange with electrons in the Sun or Earth.

In the oscillation forp*nﬁulg: Sﬂlz 6
SIN™ 20, = :
(® —c0s26) +sin~ 26
- 26r, N B/ Am-
MSW effect can produce an energy spectrum distortion
Pirsa: 08060047 and flavor regeneration in Earth giving a Day-hight effect. P2

¥ ~hearnrad matvkar infaracrtione datfina fha mace hairarchyv



;\lnxililﬁchfd

IIIII

= - SOLARONLY | -The solar
_ AFTER ! results _deflne the
+ |4 ' mass hierarchy
~~ SNOSALT ' ' (m,>m,)through the
" ] DATA Matter interaction (MSW)

MSW: Large | | - SNO: CCINC fiux
. | | o |def|nes tan?6,,<1
~  Mixing Angle I (ie Non - Maximal mixing

: 08060047

- (LMA) Region by s theie s

02 04 06 08 1 standard deviations
tan~ 8

Page 21/65



20, — 1 SOLAR ONLY - The solar
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-
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LMA for solar v predicts very small
spectral distortion. small (~ 3 %) day-night
asymmetry, as observed by SK, SNO
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Final Phase: SNO Phase 111

Neutral-Current Detectors (NCD):
An array of *He proportional counters
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 Improve solar neutrino flux by breaking the

CC and NC correlation (p =-0.33 in Phase II):
CC: Cherenkov Signal = PMT Array

NC: n+*He — NCD Array

* Improvement in &,,. as

——— = SIN G194 +cos” Fyqs1In” ¢/
Correlations D:U T ONSITImed D:{:" construned S alt meonsiramed NCD
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Chemical Vapor Deposition:

Ni +4C0O <> Ni(CO),

Strong. ultrapure Ni shapes.

Background alpha rate < ﬁbest previous.

gTh/gNCD = 3.437 119 x 10712
gU/gNCD = 1.817%93 x 10712
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Final Phase: SNO Phase 111

Neutral-Current Detectors (NCD):
An array of *He proportional counters

- =1 — ey -4
10) =trinas o

gs on 1-m gria
~440 m total active length
Search for spectral distortion

» Improve solar neutrino flux by breaking the
CC and NC correlation |

(p=-0.931In Phase II):
CC: Cherenkov Signal — PMT Array
NC: n+*He — NCD Array
* Improvement in &,,. as
o = sIn J .. ax f ““.'.].J._ i

Correlations

DO mconsorumed
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NC.CC -0.959 -0.520 -0.521 -0.19
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Chemical Vapor Deposition:

Ni +4C0O <> Ni(CO),

Strong. ultrapure Ni shapels. G .

Background alpha rate < ;;best previous. Guzn i
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SNO NCD Signals

n+-°He—>p+-°H (g=768 keV)

Blind Data: Include hidden fraction of neutrons that follow
muons and omit an unknown fraction of candidate events

—_

_f‘ Fit to data
f
Tal

F. &

o oeBEY low Background. About one count per 2 hours in region of intgrgst.
Can be reduced by a factor of more than 20 by pulse shape discrimination.



Neutrons from solar neutrino interactions
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NEW SNO PAPER: (Yesterday)
arXiv:0806.0989v1 [nucl-ex]

] 4 (0.4t0 1.4 MeV)
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SNO NCD Signals

n+-°He >p+°H (g=768 keV)

Blind Data: Include hidden fraction of neutrons that follow
muons and omit an unknown fraction of candidate events

—_

% Fit to data

o oeBEY low Background. About one count per 2 hours in region of intgrgst.
Can be reduced by a factor of more than 20 by puilse shape discrimination.



Neutrons from solar neutrino interactions
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NCD Phase

- PMT Distributions
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Neutrons from solar neutrino interactions
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NCD Phase
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NCD Phase

- PMT Diustributions
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SNO Fluxes: 3 Phases == stat = stat+sy:s

MC Flux (corrected to Winter B spectrum) CC Flux
0,0 - 306 days ——— 0 Constraned - 306 days
e St o 127 days mmsea———— it - 97 davs
—— T 5 cays

el LD - 385 days

ES Flux
-,,':-"\”‘ Superk-l - 14%6 days| e
L LT ALK ik
— = () 301 =0.033 (total)
AN
“NC

0.0 Constramed - 206 days s ——

p-value for consistency of Sait - 391 cays| e——
NC/CC/ES in the salt &
NCD phases + D20 - e

risa-osocooa7 | NC(UNconstr) is 32.8%
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SNO Fluxes: 3 Phases — ool — shabtop

MC Flux (corrected to Winter B spectrum) CC Flux
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2-Neutrino Oscillation Contours
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Solar + KamLAND fit
results

i~ = T_“)-l_'f’ f; <107 eV2
gé_'fj _087 gb\:, BSBO>S—OFP)
=338

—1 - degrees

8 =339 deg (previous)

2-neutrino mixing model.
Marginalized 1-c uncertainties.

The accuracy on 9. will improve with new

data: Kamland. Borexmo SNO LETA

Neutrino phenaomenaclogy examples:
(Smirnov summary at Neutrino 2008)
Tri-Bi-Maximal Mixing: 35.2 deg

Quark-Lepton Complementarity: 32.2 deg |
Pirsa: 08060047 =

(0 + 0 — 40 deg)

F. —r L

This work:
« NCD results agree
well with previous SNO
phases. Minimal
correlation with CC.
Different systematics.
» New precision on 6

Future solar analysis:
« LETA (Low Energy
Threshold Analysis)
« 3-neutrino analysis
* hep flux
» Day-night, other
variations

* Muons, atmosph&ric v




SNO Physics Program

¢ Solar Neutrinos (6 papers to date)

= Electron Neutrino Flux

— Total Neutrine Flux

— Electron Neutrino Energy Spectrum Distortion

— Dav/Night effects

= hep neutrinos hep-ex 060010

=> Periodic variations: [Variations <8% (1 dy to 10 yrs)] hep-ex 0307079
¢ Atmospheric Neutrinos & Muons

— Downward going cosmic muon flux

— Atmospheric neutrinos: wide angular dependence [Look above horizon]

¢ Supemova Watch (SNEWS)
e Limit for Solar Electron Antineutrinos
hep-ex 0407029
¢ Nucleon decay (“invisible” Modes: N ~vv)
Phyvs Rev Lett 92 (2004 [Improves limit by 1000]
¢ Supernova Relic Electron Neutrinos licp-ex 0607010
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New International Underground Facility: SNOLAB

Phase 1 Experimental area: Available 2008
Cryopit addition: Excavation completed. Available early 2009.
Total additional excavated volume in new lab: 2 times SNO volume.

For Experiments that benefit from a very deep and clean lab:
*v = less Double Beta Decay

= — wWiPp
» Dark Matter o7 B e Flat-overburdan sites

;:; —  Soudan ™ Kamioka
- Solar Neutrinos 3107 Gran Sasso

] S v Frejus
» Geo — neutrinos = - Homestake
- Supernovav's =107
1073 -

Pirsa: 08060047 :




Letters of Intent/Interest for SNOLAB

Dark Matter:

Timing of Liquid Argon Neon Scintillation: DEAP-1 (7 kg), MINI-CLEAN (360 kg),

DEAP CLEAN (3.6 Tonne) 6 th Workshop and

Freon Super-saturated Gel: PICASSO | Experiment Review Committe
Silicon Bolometers: SUPER-CDMS (25 kg) Aug 22, 23, 2007

| -

RED IMPLIES APPROVED
150Nd: Organo-metallic in liquid scintillator in SNO~+ | FOR SITING

Neutrino-less Double Beta Decay:

136 e: EXO (Gas or Liquid) (Longer Term)

CdTe: COBRA (Longer Term)

Solar Neutrinos:

Liguid Scintllator: SNO— (also Reactor Neutrinos. Geo-neutrinos)

Liquid Ne: CLEAN (also Dark Matter) (Longer Term)

SuperNovae:
Pirsa: 08060047 Page 43/65

SNO-: Liquid scintillator: HALO: Pb plus SNO *He detectors.



SNOLAB

, ¥~ Phase IT
Cryopit

70 to 800 times lower
i fluxes than
Gran Sasso. Kamioka. Cube Hall

p—" - Utility |
—_ Area
SNQO Cavern Personnel | N \
facilities )
All Lab Air: Class < 2000 \




SNOLAB

70 to 800 times lower
i fluxes than
Gran Sasso. Kamioka. Cube Hall

§3: ~— Phase IT
- Cryopit

Ea F p Ladder Labs
-. - - == “x. . - w“i_ry .
\ -y Area
SNO Cavern Personnel N \
facilities i
All Lab Air: Class < 2000 \




SNOLAB

% ™~ Phase IT
Cryopit

70 to 800 times lower
i fluxes than
Gran Sasso. Kamioka.

Cube Hall

Personnel
facilities
All Lab Air: Class < 2000

Area \

Y




SNOLAB

70 to 800 times lower ] e, Phase II
p fluxes than | — o e Cryopit
Gran Sasso. Kamioka. '

Personnel
facilities
All Lab Air: Class < 2000




SNOLAB \E A M EAN 2400 New large scale

project

70 to 800 times lower
i fluxes than
Gran Sasso. Kamioka.

¥~ Phase IT

Utility

Personnel B \

facilities
N

All Lab Air: Class < 2000




Excavation Status SNey

Crvopit Rock Removal
Complete

Bolting. Shotcrete and
Concrete will be completed
in several weeks.

L . g | Ladder Lab §

Cryopit

Cube Hall and Ladder Lab
Excavation complete. walls
painted. services being
installed.
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DEAP/CLEAN: 1 Tonne
Fiducial Liquid Argon Dark
Matter (WIMP) detector

\\,__ —--- nuclear recoils

q

:

- Scintillation time spectrum for Ar
enables nuclear recoils from WIMP
collisions to be separated from

betas and gammas from > Ar R T A TR L
background using only scintillation 10 i o W

light.

A Reletive probability
% -
(! ||||II|';" [ I||II||'_ I IIIII[I|_ I ] Irrrm

HLA

3

%

3 o 10° simulated e-'s  [10keV events
- DEAP and CLEAN collaborations 3 : :_cff““'ﬂfecm | "
haVE come thEther tD build new : 1.51'%_ .......... ‘ .:.D:-.:r. ...................... =5 PRt ot I
detectors with a simple and easily E ﬂl%__ .......................................... e
scaled technology at SNOLAB. ‘“ ,",4;_ .......................................... s S L
1{‘1;__ .................................................... e S Sl e S

EUE«E“!‘E, Al t;ilrtnggﬂi-EEMF -mlgu From SII'I'I'I.I‘E[TIOI"L , 1ﬂ?2&:}r’2u|ﬂ'f’€d

aurentian, . ; 1007 rejection > 108 o . T
LANL. Yale, Boston. South Dakota, E @10kev = S 4
New Mexico, North Carolina, Texas, 5 AE a8 ’uﬂ.s*' n.'?P;gebIg; %-g
NIST Boulder, MIT . : : _ e




DEAP-1 (7 kg Ar) discrimination tests using 511 keV gammas

Ran DEAP-1 on surface to background limit ( 6 x 10 PSD) , moved to SNOLAB
Now running underground for Pulse Shape Discrimination studies and DM sear:

all

Plﬂ ok

e
=

|IIII||] HIIJI1 L

b

=]
L] ¥
Lad Ik

ARV T RN

; wh  wkh b wlh wh o
0O © © © © & o
B8 ©w & = & O bk

1071
1072
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PSD already OK for 1 tonne fiducial Ar if depleted x 20 in >’ Ar.

—i— (EAF-1 tal3 —=Na s

B Siansacal mode

Moded with "o pe norse

expected background limit on surface at Queen's

< R e

0.1 0.2 0.3 0.4 0.5 06 ﬁ,? 0.8

PSD agrees with
statistical model
over seven
orders of
magnitude.

Projection:
Light alone is
sufficient for 1(°
background
reduction needec
for 1 tonne DM
experiment with
natural Ar.
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Cube Hall SNes”

MiniCLEAN N
360 kg :
2009 N N Assembly

DEAP/CLEAN
Process Systems

DEAP/CLEAN
3.6 tonne
2010
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WIMP Sensitivity with liquid argon

10

[ —
o)

[—
=

P . 1

—
-

F—*
=
I=

WIMP-nucleon cross section lunmt (¢m

|—=
|

E
L. —_— — 7 years o arpon hducial mass
K o 2 years g argon fiducial mass
- — 2 years o areon fiducial mas Ardepletion
- -
—= i
= - =
— - -—
. ¥ -
" "fd—ﬂ- .
= g o
S 100 kg =
[ — Nl -
s S —— 1000 k
P - "o —— ’// Q
_‘_\_‘_-_'_.___,_...--'

10° 10°

WINP Mass (GeV)

Schedule: Mini-CLEAN (360 kg): 100 kg Fiducial: 2009,

Pirsa: 08060047

DEAP/CLEAN (3600 kg): 1000 kg Fiducial: starting 2010

Present
Experimental
Limits

==X 10
CDMS, XENOI

(However, als
DAMA periodi
signal

at ~ 1042)
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& " Neutrinoless
Z / i \;E
= 'Double g Decay

ki o v ' Requires:
Emission e . | |
e » Neutrino = Anti-neutrino
\ Z‘-‘:Z (Majorana particles)
» Finite v mass

= Two Neutrine Spectrum » Lifetimes > ~102¢ years
— 7ero Meutrine Spectrum

1% resolution
M2v=100" TIOW Imply v mass < 0.1 eV

Neutrinoless

Sum Energy for the Two Electrons (MeV)

Summed Electron Enerev oy 9
Pirsa: 08060047 - Sl = Tlf:: F( QBB_Z] |M{h |' <1T1e$5§5[3:"




Measuring Effective v Mass

m*LL

= B U™ ]

— 20 2L 2da 20 o 21 -2
M g, = |, 058,059, ¥ M, e’ cos0,.sin"0,, + M, e P sinl,,|

VB

Vass Hierarchies

1= -
A - A
- \
R | \'T
ma—_| 1 m,-
IEEEE—— | g
e

= = 3
solar->x<107"eV-

4 1
atmospheric .
~3x10%eV?2

atmospheric

g T TS “3x10%eV?
> T solar-3x<10eV?2 >
my=_1_ : v L
0 - x 0
Normal nverted

Want sensitivity <~ 0.04 eV
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large mass/low background

1:
= [0 LTI doN
W Present Expts.
%“)—l L InVEFtEd
E -
0.04 eV ;
* g
107~ ; :
i
. g
1073 Normal “g
| £
- (d) &
1 g — o . ____
1o 10~ 1072 10" :

Lightest neutrino (m,) in eV

aaaaaaaaa

' INTERESTING FOR LEPTOGENES




Pirsa:

SNO+: Neutrino-less Double Beta Decay: 1°°Nd

Nd is one of the most favorable double beta decay candidates
with large phase space due to high endpoint: 3.37 MeV.

|deal scintillator (Linear Alkyl Benzene) has been identified.
More light output than Kamland. Borexino. no effect on acrylic.

Nd metallic-organic compound has been demonstrated to have
long attenuation lengths. stable for more than a year.

1 tonne of Nd will cause very little degradation of light output.

Isotopic abundance 5.6% (in SNO+ 1 tonne Nd =56 kg °°Nd)

Collaboration to enrich °°Nd using French laser isotope facility
Possibility of hundreds of kg of isotope production.

SNO+ Capital proposal to be submitted Oct. 2008.
Plan to start with natural Nd in 2010.

Other physics: CNO solar neutrinos. pep solar neutrinos to
study neutrino properties, geo-neutrinos. supernova search.

(No "'C background at this depth.)

Qld)een s, Alberta, Laurentian, SNOLAB, BNL, Washington, Penn, Texa';/‘; LIP
“isbon, Idaho State, Idaho Nat Lab, Oxford, Sussex, TU Dresden -




Main Engineering Changes for SNO+ : Scint. Purification, AV Hold Dowi

The organic

liquid is lighter
than water so

the Acrylic Vessel
must be held down.

AV Hold Down
Ropes

Otherwise. the existing detector. electronics etc. are unchanaqed.



SNO+ (I°Nd v - less Double Beta Decay)

Ov: 1057 events per
vear with S kg
FONd-loaded liquid
scintillator in SNO+.

Simulation
assuming licht
output and
background

similar to Kamland.

The Simulated Spectrum of Double Beta Decay Events

r

w
=
o

h
tn
(=]

Events per 15 keV per Yea
a o
o o

'-]1[TTIIT-'

-

-

One year of data

3 1 m,=0.15 eV
= Lt Chan 2y - Th Chain
= ~“Bi « | RLT
! -l W ]
= Ov - '
a a s 1 _ &
: N __—_. B = :.?":.*.—L_ e
2.8 3 3.2 3.4 36 3.8 4

Energy (MeV)

Sensitivity Limits (3 yrs): Natural Nd (56 kg isotope): m ,, ~ 0.1 eV

Pirsa: 08060047

500 kg enriched "Nd: m_,, ~ 0.04 eV
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r'."‘-. ™ | b, ¥ afy . E e r--,._ - P L ' —
— v Ly g3 : . [ [ b

N eW P h yS I CS ” - 7 NC non- staﬁda;rd I;agrlalﬁgmnl I'

Friedland, Lunardini. Pefa-Garay, he-p ph/0402266
30T F . T T T
; ) - Eo— LMA—C pep| -—— LMA—| pep 1
» non-standard interactions 06 b LMA-0'8 | — LMA-I"B 3
+ mass-varying neutrinos 0.4
Barger. Huber. Marfatia. hep-ph/0202196 3 T ;Beé :
— 0.2 E b gl L -
MSW e 107 1 1Q
>4 _ e E,/ MeV
—I——Aluz-l'l s 20 4+ ff,'! _\-. —I_—Al'“: -.'1“ Rz,
%f—-miujﬂ 3*1”_1-----3 26

Sterile Neutrinos: de Holanda al
Smirnov hep-ph/0307266

pep. 'Be solar neutrinos are at
aeexcellent energy to test for new physics



Pb: Most sensitivity ta electron neutring
~ 20 events for SN at center of Galaxy.

L aurentian, TRIUMF,
SNOLAB, LANL, Washington, e~ —afll ! 1 ail B
Cuke, Minnesota, Digipen IT HALO-1: 80 tons of existing Pb

A~ O ] e I |




R&D in Canada: EXO-gas double beta counte

Anode Pads

Micro-megas

Electrode— Xe Gas 26Xe decay

- |sobutane
= |CA *

WLS Bar

L asers

PMT
For 200 kg. 10 bar. box is 1.5 m on a side — Electrons
ST%EOGj)&O-gas Canada: Carleton, Laurentian > Bafon




WIMP-Nucleus Spin-Dependent Interaction

The Superheated Droplet
Detector

= droplets superheated at ambient T & P

S0 to 100um droplets of carbofluorides

dispersed in polvmerised gel

active liquids:

(:4F1 j ';T'._IZ‘I-— l(] - {:tFi {Th:‘..:f).- .(:.b'

Recoil energy threshold E___ = O( keV)

* insensitive to B. ¥ and cosmic U radiation

...used for n-dosimetry (BTI-Chalk River)

Fluorine is very sensitive for the spin-dependent interaction ﬁ

Montreal. Queen’s
Indiana. Pisa. BTI

AR>S &

L
Acoustic >

signal U i=—dd)
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SUMMARY

Scientific:
« SNO is complete, further papers to come over next year.

+ SNOLAB excavation is complete, final room outfitting being
completed.

+ Several experiments are running in existing clean space.

+ A number of other experiments have been approved for siting in
the near future for neutrinos, double beta decay, Dark Matter.
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The SNO Collaboration
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