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Neutrino Flux

The Solar Neutrino Pré&\glem
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SNO CC vs NC implies flavor change, which can then
explain other experimental results.

‘ Precision phase (still need direct evidence of “oscillation”+*)



Sudbury Neutrino Observatory (SNO)

Main goal:

‘ Direct observation of solar neutrino
flavor change via inclusive appearance with

high precision
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SNO Detector
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What We Measure

PMT Measurements

—position
—charge ﬁ‘““iH
—time -y “11
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—event vertex
—event direction
—energy
—isotropy
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Neutrino Reactions in SNO

‘ mp-l—p+e

= 1.445 MeV

E good measurement of v, energy spectrum

- some directional info oc (1 — 1/3 cos0)
- v, only

® TS,

-Q=2.22MeV
- measures total 8B v flux from the Sun
- equal cross section for all v types

© MFEsT

- low statistics

- mainly sensitive to v,, some v, and v,

- strong directional sensitivity
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L4
SNO s response to neutron events

(solar NC signal)
1998, 1999, 2000, 2001, 2002, 2003, 2004 , 2005 , 2006

Comm,
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Phase | Phase II Phase Il

(pure D,0): (dissolved salt): (3He n counters):
Neutron capture on D Neutron capture on CI

n+3He > p +t

n+t?H — SH+y n+3°Cl — 3Cl+ 2y
Single 6.25 MeV vy Multiple y s, 8.6 MeV
Statistical separation Statistical separation Independent
(Energy, radius) (Isotropy) channel

High CC-NC correlation [ Better CC-NC separation|| NC uncorrelated to CC

Nov. 1999~ Jul. 2001” (Jan. 2004")



Neutron Event Separation



Detecting Neutrons

Pure D,0: neutron capture on deuterons

Voo Oe<<0 fi:ghhetre”kov /ZHLes.zs I\/Ie)
n :>'(7(:3.25 MeV) 0 =00005b
* ‘ t

d t v

N H o/
e Salt D,O: neutron capture on 3°Cl 350
° [ g6 Mev

‘s (8.6 MeV c=44b
n xR 7! ) ‘

*CI O%c:l ! l

Y,

35C|




Advantages of NaCl for Neutron Detection

} Statistics

- Higher energy release
Many gammas o) Neutron — electron separation

Distribution of no. vy’ s

e Higher capture cross section

Eventz /day

Energy distribution (MC)
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Simulated Neutron Event

Pure D,O Salt

==t8 Event Info
MHIT: 40

look like electron events more isotropic than electrons



Cherenkov light and 8,

Reconstructed
vertex position

Charged particle light cone

|

. J Define Harmonic Beta Parameters
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Harmonic Beta Parameters

— B4 gives better
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|sotropy Calibration

Calibration sources show excellent agreement between
data and Monte Carlo.

Events/bin (arbitrary units)

B4 to distinguish neutrons and e~
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Uncertainty of isotropy mean on fluxes = —3.4+3.1%(NC), —3.4+2 6% (CC)
anti—correlated




Uncertainty on Neutrino Fluxes

Source NC uncert. CC uncert. ES uncert.
(%) (%) (%)

Energy scale -3.7,43.6 -1.0,+1.1 +1.8
Energy resolution +1.2 +0. 1 +0.3
Energy non-linearity +0.0 -0.0,+0.1 +0.0
Radial accuracy_ -3.0,43.5 -2.6,+2.5 -2.6,42.9
Vertex resolution +0.2 +0.0 +0.2
Angular resolution +0.2 +0.2 +2.4
[sotropy mean ¥ -3.4,+3.1 -3.4,+2.6 -0.9,+1.1
[sotropy resolution +0.6 +0.4 +0.2
Radial energy bias -2.4,+1.9 +0.7 -1.3,+1.2
Vertex Z accuracy ¥ -0.2,+0.3 +0. 1 +0.1
Internal background neutrons -1.9,+1.8 +0.0 +0.0
Internal background y’s +0.1 +0. 1 +0.0
Neutron capture -2.5,+2.7 +0.0 +0.0
Cherenkov backgrounds -1.1,+0.0 -1.1,+0.0 +0.0
“AV events” -0.4,+0.0 -0.4,+0.0 +0.0
Total experimental uncertainty -7.3,+7.2 -4.6,+3.8 -4.3,+4.5
Cross section [13] +1.1 +1.2 +0.5




Calibration
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Calibration

Use detailed Monte Carlo to
simulate events

Umbilical Retrieval
Mechanism

Check simulation with large
number of calibrations:

Calibration Simulates...

Pulsed Laser 337-620 nm optics

16N 6.13 MeV vy (+4MeVp)

252Cf neutrons

8L <13 MeV f3 decay source
AmBe 4.4 MeV (y ,n) source

U & Th Sources 214Bj & 208TI (B,y)

Radon Spike Rn backgrounds




Tools for calibration

Manipulator demonstration
@Queen’ s Univ. glove box in DCR




Optical Calibration

The PMT angular response and

attenuation Iengths of the media D20y Inverse Attenuation vs. Wavelength
are measured directly using -~ go0All ;
laser+diffuser (“/aserball”) i —
iﬂ.[l[us: I
Attenuation for D,O and H,0, as E u.rm::— | | ey zo0n
well as PMT angular response, i i | e
also measured in—situ using ;;:'3'-"'”5:—
radial scans of the laserball. _ u[mlE
Exhibit a change as a function of 0.0005—
time after salt was added to the -
detector. u: |
0005 J.lﬂn' - '4|Iml - 4.Iilll T '5;:: . IﬁllHll -
Wavelength (nm)




Vertex resolution ~15 cm Ez Lol
Radial accuracy on neutrino flux E s
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oo Decay

-2.6+2.5%(CC) N, gas T Chamber
-2.6+2.9%(ES) activated by T TR

A I__ DT n source o | | |

i UNTAGGED

i
mmmnmmngu__upn

plastic
| /scintillater

oeod || 4 l | I || 1} boa -I el i bbb
[T — . mﬁm {0 uﬂ} B ] EIU 400 &0 00
Fit X [em]




Energy Response from **N Calibration Source:1

Energy response of the
detector determined from 6N
decay.

Mono—energetic y at 6.13 MeV,
accompanied by tagged [3
decay.

Provides check on the optical
properties of the detector.

Energy scale is changing

Mean RSP Energy vs Julian Datda
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Energy Response from **N Calibration Source:2

Energy scale drift

- HV drift

- Gain drift

 Threshold drift

- Attenuation changes

- Concentrator degradation

‘Corrected Nhit Mean vs Julian Date
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Radial, temporal, and rate dependencies well modeled by Monte Carlo.




Energy Response

In addition to '8N (y), additional
calibration sources are
employed to understand energy
response of the detector.

 Muon followers (neutron)
« 292Gf (neutron)

- 8Li (B)

Excellent agreement!
Systematics dominated by
source uncertainties, optical
models, and radial/asymmetry
distributions

>

Events [ MeV

Data (8Li)

12

Maonte Carla

14
Energy (MeV)

Energy Scale =+ 1.1%

Energy Resolution = + 3.5%




Neutron Response

Use neutron calibration sources acrylic cylinder
(252Cf and AmBe) to determine
capture profile for neutrons.

252Gf decays by a emission or

spontaneous fission.
(3.768 + 0.005 neutrons/fission)

1800 ;
Observe resulting y cascade from 1wn=§ S
neutron capture on 3°Cl. 1400f

1200
v’ s accompanying the fission and mﬂi— ----- TR
B ' s emitted by daughter products 80
are removed using a timing cut. 600 ;

400
Monte Carlo agrees well with 200

observed distributions. 0=




Neutron Capture Efficiency in SNO

(%)

-
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]
o0t -
U= —=— Salt phase
70E (no energy cut)
---#--- [0 phase
60 (no energy cut)
KL | S
; R "-1,, >
4{}: .
30F .
20F
10
G-I- | 1 | I | | | | | | | | I | | 1
0 100 200 300 400 500 600
Radial Position of 2°2Cf Source, cm

Uncertainty of neutron capture efficiency on flux (Salt) = —2.5+2.7%(NC)




Backgrounds




Backgrounds

Highly sensitive to any
vy above neutral current

(22 MeV) threshold. EEBHa_.IEESAC_.IEEBTh

Thorium 232Th

224Fr _.l 224Rg

3.27 MeV B 220Rn
‘ 2.445 MeV y |+ —u
<

‘ 2.615 MeV y 216Pg

212Ppp L{212Bj —D|E1EPG

2087 208Ph




Measuring U/Th

In—situ:

Low energy data

/

» Bottom of vessel

Ex—situ: * 2/3 way up

» Top of vessel

Ion exchange (22*Rgz,
226R3)

Membrane degassing

Count daughter
product decays

e MNOX
e HTIO

e MNOXx
e HTIO
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gTh'g
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Radioactivity in D,O from Water Assays
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Old Backgrounds, New Technique:

Controlled radon spike

added to D,O to

measure behavior of

low—energy
backgrounds.

80 Bqg of Rn slowly

Radon Spikes’

mixed in heavy water.

§
H"'I'-f *ﬂ! ¥ fr

i "

#

N

N

Normalized Events/s/0.5 MeV

MC Fit to Rn Spike

SNO Energy Threshold

MC Fit Tail+neutrons

MC Fit Tail
............... MC Fit Mautron

® Radon Spike Data




New Backgrounds

Salt and heightened neutron

sensitivity introduces

pew/lncreased backgrounds D,O | H,0

In salt phase. T L B BN TN B B
|

Fiducial volume P
+++ * } *++lr-
(il Rl
15{}' . ! +
|
|

Acrylic Vessel

— 24Na from neck of vessel.
— Cosmic rays

— Atmospheric neutrinos, Fission

—  “External” (a,n) reactions on NC+Internal neutrons

carbon and oxygen in acrylic ' 5 v

vessel 100
- T

[ C(

Events per 0.05 wide bin
[
E

. . 5{}_]“k Il‘w" Ce ne OIS
Use radial profile to pg T nouTeR IO
L ] n ] .‘
explicitly fit for external N e o ,

source. (Reconstructed radius, cm/ 600)3



Summary of Backgrounds

Source No. Events
Deuteron photodisintegration 73.1 +24.0,-25.5
2H(o,a)pn 28 +/- 0.7
1718 O(aL,n) 14 +/-09
Fission, atmospheric v’ s 23.0 +/-17.2
Terrestrial and reactor v’ s 2.3 +/-0.8
Neutrons from rock <1

24Na activation 84 +/-23
Neutrons from CNO v’ s 0.3 +/-0.3
Total internal neutrons 111.3 +/- 25
Internal y (fission, atm. v) 52 +/-1.3
16N decays <25 (68% CL)
External-source neutrons (from fit) 845 +/- 34

Cherenkov events from [3—y decays

<14.7 (68% CL)

“AV events”

< 5.4 (68% CL)

>




Results from Salt Phase




Signal Extraction for Salt

Data from July 26,
2001 to Oct. 10, 2002

254.2 live days

Blind analysis
performed

Events per 500 keV
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Flux Measurements

@, =1.70 + 0.07 (stat) """ (syst)

Dps = 2.1372 (stat) "> (syst)

@y = 4.90 + 0.24 (stat) "2 (syst)

" in units of 106 cm=2 st



Total Active B Fluxes

B BPB01 SSM

5.05 (1+0.20-0.16)x 108 cm™2 s~

NC Pure D,0

Constrained

5.09 (1£0.13)x 106 cm™2 s~

NC Salt
Unconstrained

5.21 (1£0.09)x 106 cm™2 s~

‘Consistent with pure D,0.
‘Experimental error on 8B flux was reduced.
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Oscillation Analysis: Solar Global

=X =3
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Oscillation Analysis: Solar + KamLAND

10°

10 - . . ——
' Solar global+KamLAND,
after Salt

Solar global, after Salt

A e (eV?)

—-90% LMA 2 = — >
10° --95% - 10" N
- --99% - ;

SNO pure D,O day & night spectra i

| SNO pure D,O d/n spectra : _ + SNO salt CC & NC & ES fluxes |
+ SNO salt CC & NC & ES ﬂUKEEE + SK-I zenith spectra + Cl + Ga
s| + SK-l zenith spectra+Cl + Ga "B free .| +KamLAND °B free
1D - 10 - 1 | | | 1 | I
L 1 1o 1
2
tan® tan’0

LMA 2 only at > 99% CL
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Results from SNO -- Salt Phase

Oscillation Parameters,

ey 2 _ 7 +1 -5 .-'?2
2-D joint 1-c boundary Am® = 71758 x 1077 e\
< 1% probability of LMA 2 = 325755 deg
Marginalized 1-D 1-c
erro?s Am?* = 7 lJrl ‘; x 1077 eV?
Maximal mixing rejected d —= 392 HLi ° deg

atb.4 o

Analyses of energy spectrum & day/night with full Salt
data set is on going.




Future Plan




Salt Removal (Sept. ~ Oct., 2003)

Salt was removed using
a reverse osmosis unit,
which produces a
concentrated brine.

The target is for ~1ppm
salt in the D,0O after
multiple (3—4) passes
through the unit.

SNO will move to the

third phase of the
experiment. Salt removal has been completed.
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SNO Phase Il (NCD Phase)

> 3He Proportional Counters (“NC Detectors”)
40 Strings on 1-m grid

440 m total active length

Detection Principle

H+v, > p+n+v,-222MeV (NC)
X
3He+n— p+3H +0.76 MeV

Physics Motivation

Event-by-event separation. Measure NC
and CC in separate data streams.

Different systematic uncertainties
than neutron capture on NacCl.

NCD array removes neutrons from CC,
calibrates remainder. CC spectral shape.




Why Event-by-Event?

Phase IlI
Projected

Source ACC/CC (%) ANC/NC (%) ANC/NC (%)

Phase |

Energy Scale -4.2, +4.3 -6.2, +6.1 0.0
Energy Resolution -0.9,+0.0 -0.0, +4.4 0.0
Energy Non-linearity § | 0.1 +0.4 0.0
Vertex Resolution +0.0 +0.1 0.0
Vertex Accuracy 2.8,+2.9 +1.8 0.0
Angular Resolution -0.2, +0.2 -0.3, +0.3 0.0
Internal Source p-d +0.0 -1.5, +1.6 3.0
External Source p-d +0.1 -1.0, +1.0 1.0
D20 Cherenkov -0.1, +0.2 -2.6, +1.2 0.0
H20O Cherenkov +0.0 -0.2,+0.4 0.0
AV Cherenkov +0.0 -0.2, +0.2 0.0
PMT Cherenkov +0.1 -2.1, +1.6 0.0
Neutron Capture +0.0 -4.0, +3.6 3.0
> Systematic 2 4.5

2. Statistical

(@))

2. Uncertainties

f CC NC anti-correlation




Current Status of the NCD Project

Milestones

Counter construction complete Done

Radio assays complete April 2001
NCD in—situ background test Sep 2000

Neutron Background Estimates
From radio assay: < 4.0% SSM

Schedule

Routine data takingtanalysis  Ongoing
Training for NCD installation Complete
Salt removal Complete %

Deployment of NCD array Ongoing

NCD Phase Begins ‘04




Summary

SNO has measured total active 2B flux precisely, then
apply tight constraints on the oscillation parameters.

Total active 8B flux = 5.21 (1+0.09)x 106 cm™2 s™!
Am? = 71700 %1077 eV?

f = 325117 deg (D)

Some new analyses with full Salt data set are on going.

Neutral Current Detectors are now under deployment.

SNO Phase-III (NCD) will start in January 2004.



Supplements



Uncertainties in Fluxes (%)
o 1t 2 3 4 5 6 7 8 9 10

| l l l | | ] ] ] |

Energy scale

-—
Resolution ﬁ
Radial accuracy B CC uncert.

Angular res. h .
Isotropy mean

Isotropy width B NC uncert.
Radial E bias
Internal neutrons B ES uncert.
Cher. bkds
“AV” events

Neutron capture
Total

-




(a,n) Reactions

‘H+a n4+TH —2.223 MeV.,

BCota — n+1%0 42215 MeV,
"O+a — n+2"Ne+ 05871 MeV.
BOot+ta — n+?Ne —0.680 MeV.

I pg U7 1 pg Th  per decay per decay

/v /v 222Rpe 210pa (5.30)
“H(ev.am)* H 0.80 1.9 205 x 107° 0
nat Oy n)t%0 10x107®
70(a.n)?"Ne 0.021 ().00% 32x107%  0.6x 1078
nat() ()21 Ne 32x107%  6.0x 107"
() (v, )22 Ne 51 x 10— 0.6 x 1077
Acrylic 6.6 x 1077
Water (D2O) 34 x 107% 6.4 x 107°
Water (HoO) 21 x 107% 1.0 x 1073

©(5.49 + 6.00 + 7.69) alphas.



Backgrounds

Source Events
D, O photodisintegration 73.1%53¢
H(a, @) pn 2.8+ 0.7
B0 (a,n) 1.4+ 0.9
Fission, atmospheric v (NC +

sub-Cherenkov threshold CC) 23.0+7.2
Terrestrial and reactor v’s 2.3 +0.8
Neutrons from rock <1
*4Na activation 84 +2.3
n from CNO v’s 0.3+0.3
Total internal neutron background [11.3%53
Internal y (fission, atmospheric v) 52+1.3
"N decays < 2.5(68% CL)
External-source neutrons (from fit) 84.53%7

Cherenkov events from 8 — y decays
“AV events”

< 14.7 (68% CL)
< 5.4 (68% CL)




For the unconstrained fits...

Correlation coefficients:

pcence = —0.521
PCC.ES — —(.156
pesne =  —0.064
@S‘:\'FJ
Ratio: ngm = 0.306 £ 0.026 (stat) £ 0.024 (syst)
“NC



>

CC, ES, and NC fluxes from Pure DzO Phase

Shape of 8B spectrum in CC and ES not constrained:

SNO __ +1.57 +0.55 T
Ne = 0427 5;(stat) gglsyst) et

Standard (Ortiz et al.) shape of 8B spectrum in CC and ES.:

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

SNO 0.06 0.09 l |

SN0 = 2397022 (stat) 915 (syst) |

ZE10

A
(=4 | %

SNO __ 0.44 0.46 N
SO = 509 0 (stat) § i (syst) . e

W, (MeV)

=



==mmp Can use derived observables (R3, cos6
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SNO Phase Il (Salt Phase)
» Advantages of NaCl: Signal Extraction

CC NC
0.08 [ > 015 |~
Energy  °° o o b
EERHRHKKKK ’ C .
Distribution '~ Bl | ° oo | <+ | NC Shifted |
002 BRI 0.0
I . . -
5 10 15 5 10 15 5 10 15
C 0.03 0,06 —
Radlal oot 0.02 0.04
Distribution 4—‘ NC Changed
(R3, R,v=1) | |
AV
0 L 0 0
0 1 2 0 1 2 0 1 2
Solar 003§ " E F
0.3 ; 0.02
Direction ™~ 02 | om 4—‘ Unchanged
. . . 0.01 i '
Distribution > E |
O O C 1 | | | O
—1 0 1 —1 0 1 —1 0 1
0.08 | 0.08 L
C C 0,06 —
I 0.06 [ 0.06 | -
s =0 A5 AT A [Aie]
Distribution oe: - 000 £ 00 £
0 \: ‘ | | | ‘ | | 0 \: [ i | ‘ | 1 0 [ ‘ | I | 1 ‘ i |
@] 0.5 0 0.5 0 0.5

s Covariances between | sotropy and Energy actually require 2D PDFs



Statistical Signal Separation (D20

phase analysis)
*Signal PDFs used for statistical separation

Foe (Fr,E,cos 0, )
Fos (r,E,cos 0, )
Fuwe (r,E,cos 6, )

i AE 70—% L ;jlﬁlii--—jj',’.,»-’_f-"' S s
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SNO response 1n event s,
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radius, energy and direction T a0 ——
to solar neutrinos through YN o
CC, ES, and NC reactions pE 2200



Shape Constrained Signal Extraction Results
(Pure D20 phase)
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External 24Na

Salt Injected on

May 28, 2001

The NaCl brine in the
underground buffer
tank was activated

by neutrons from the
rock wall. We
observed the decay of
24Na after the brine is
injected in the SNO
detector.

, Counts

100 —

ol . A
50— E:‘:.'_::h:ll:_lijr:l.': i

Level Switches Changed

Injection

Ended
Injection 24Na Background

began

|
-100

I
0 100 200
Time Since Salt Injection (hrs)



Background Measurements in Salt Phase

24Na \

l 2.715 MeV

1.37 MeV

24Mg

t,,=14.95h

* A hot Th source is used to
photodisintegrate the deuteron.
The resulting neutrons activate the
23Na nuclei in the salt

« Used to test the low energy
response of the detector, and to
calibrate the light isotropy
parameters used in the low energy
background in-situ analysis

» Used to trace the water flow
pattern in the ex-situ assay of
radioactive backgrounds



Neutral Currentsin the First Phase
» Making the NC Measurement

MC Prediction for 240 Days of Signal+Internal Background
E w3 — Backgrounds+All Signals
= 8§ — 033CCHIASES+LONC
* Flavor Change OCCUFS, s E‘ — It‘ijttll*li.ill rndinat‘th'itf' I |
— Z 4 — Photodisintegration backgr
CC flux 1/3 as Iarge E 1otodisintegration DaAacKEround
o 107
» Detector is clean enough,
backgrounds are tolerable
10 =
Still hard because:
» Need good measurement of e
low energy radioactivity : oL

10 11 12 13 14

Total energy (MeV
* Need to understand all sources 8 )

of neutrons other than v s




SNO Phase Il (Salt Phase)

allenges of NaCl: Backgrounds New (and Old)
Instrumental Bac ground

L

it . Instrumentals
w s " Neutrine Canidates

=
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F o

=y Narrow timing
=p Ccrenkov hit pattern

¢

Even with looser isotropy cut for salt
phase, preliminary upper limit on
residual contamination still
lower than a few events.
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