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Neutrino Flux

The Solar Neutrino Prablem

_swerk. svo  EXperiment Exp/SSM

(Gallium _jChiorine

iﬁﬁ*"‘ *SAGE+GALLEX/GNO 0.58
ol - - *Homestake 0.33
r////_ -Kamiokande/SuperK 0.46

*SNO pure D,0 CC @une2001) 0.35

r SNO pure D,0O NC (april 2002) ~1

SNO CC vs NC implies flavor change, which can then
explain other experimental results.

Neutrino Energy (MeV)

- 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




- sudbury Neutrino
T e Observatory
- Ve i 13 i 2 km
Sl — under ground ===

1000 tonnes D,O

Support Structure for 9500
PMTs (8-inch), 60% coverage

12 m Diameter Acrylic Vessel

1700 tonnes Inner
Shielding H,0

5300 tonnes Outer
Shield H,0O
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\What We Measure

PMT Measurements

-position

-charge oY

-time‘ = f IH
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-event vertex
-event direction

-energy
-iIsotropy
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Neutrino Reactions in SNO

’” —>p+pte

= 1.445 MeV

: good measurement of v, energy spectrum

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

‘ Hx H—)p-l—n-l—l/x

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

® VST

- low statistics
- mainly sensitive to v,, some v, and v
- strong directional sensitivity

T
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SNQO’s response to neutron events

(solar NC signal)

1999, 2000, 2001, 2002, 2003, 2004 , 2005 , 2006

1998,

C .
:|_°'“"‘ NOW
added 2ton of NaCl I

Pure D,O

i
| e Counters 10 (1]

A

Phase |

(pure D,0O):
Neutron capture on D
n+2H — SH+y
Single 6.25 MeV vy

Statistical separation
(Energy, radius)

High CC-NC correlation

Phase |l
(dissolved salt):
Neutron capture on CI

n+3°Cl —» 3Cl+ 2y
Multiple y s, 8.6 MeV

Statistical separation
(Isotropy)

Better CC-NC separation

Phase Il
(SHe n counters):

n+3He > p+t

Independent
channel

NC uncorrelated to CC

Nov. 1999~

Jul. 2001~

(Jan. 2004~)




Neutron Event Separation




Detecting Neutrons

* Pure D,O: neutron capture on deuterons

......... 0<0 herenkov /ZHL6 25 MQ
light _
. :>'45 25 MoV} c =0.0005 b
* t

d t !
N o

« Salt D,O: neutron capture on 3°Cl 0|+
° (50 g6 Mev

e
c=44Db
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Events/day

Advantages of NaCl for Neutron Detection™®

* High t fi | |
igher capture cross section Statistics

* Higher energy release

* Many gammas ) Neutron — electron separation

Energy distribution (MC)

1.8
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& :
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Simulated Neutron Event

Pure D,0O

g8 Event Info - B X

MHIT: 40

look like electron events

Salt

— =4 Event Info
MHIT: 67

more isotropic than electrons



Hit PMTs

Cherenkov light and §,,

.:: J Define Harmonic Beta Parameters

Reconstructed
vertex position

Charged particle light cone

|

2 N=—1 N
h= e X 3 sty
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Harmonic Beta Parameters
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|sotropy Calibration

» Calibration sources show excellent agreement

between data and Monte Carlo.

mm) Use B, to distinguish neutrons and e
] T T 1
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Isotropy Parameter [3,,

Uncertainty of isotropy mean on fluxes = -3.4+3.1%(NC), -3.4+2.6%(CC)
anti-correlated
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Uncertainty on Neutrino Fluxes

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

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,+3.5 -2.6,+2.5 -2.6,+2.9
Vertex resolution +0.2 +0.0 +0.2
Angular resolution +0.2 +0.2 +2.4
[sotropy mean -3.4,+3.1 -3.4,+42.6 -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 -1.3,+7.2 -4.6,+3.8 -4.3,+4.5
Cross section [13] +1.1 +1.2 +0.5




Calibration




 Use detailed Monte Carlo to
simulate events

« Check simulation with large
number of calibrations:

Calibration

Calibration

!

Deck Clean

Simulates...

Pulsed Laser
16N

252Cf

8Li

AmBe

U & Th Sources
Radon Spike

337-620 nm optics
6.13MeV y (+4MeV )
neutrons

<13 MeV 3 decay

4.4 MeV (y ,n) source
214Bj & 208T| (B,y)

Rn backgrounds
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Optical Calibration

 The PMT angular response

and attenuation lengths of the |

D20 Inverse Attenuation vs. 1'r"rl;l‘l.'l.."|1."t1:|_'||'l |

media are measured directly o003 KL
using laser+diffuser - -
(“/aserba//,y' ﬂ 002> - Sap 2001 {fruns)
I:H . ]: ] ' B Bay 2002 (frurs)
* Attenuation for D,O and H,0, i\ i | SR

——

Inverse Attenuation Leneth (em )

as well as PMT angular 0.0015—
response, also measured in- 5
. . . 0.001 —
situ using radial scans of the | ; i
laserball. 0.0005 == B 3
0

« Exhibit a change as a function ;

of time after salt was added to RPN, L PUPUNEY; ITTIUING (YRS, L. PR N
byl 150 400 450 500 550) @i
the detector. Wavelength (nm)




g

Vertex resolution ~15 cm

Radial accuracy on neutrino flux
-3.0+3.5%(NC)
-2.6+2.5%(CC) N, gas
-2.6+2.9%(ES) activated by ™
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Energy Response from '®*N Calibration Source:1

« Energy response of the
detector determined from N
decay.

« Almost 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 Date
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Energy Response from '°N Calibration Source:2

Energy scale drift

« HV drift

 Gain drift

 Threshold drift
 Attenuation changes

« Concentrator degradation

« Radial, temporal, and rate dependencies well modeled by Monte Carlo.

[Corrected Nhit Mean vs Julian Date

- 3 f,‘ nei 30.4927 # 1 el 2503 127
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Energy Response

« In addition to "N (v),
additional calibration sources
are employed to understand
energy response of the
detector.

Data (8Li)
Maonte Carlo

Events /| MeV

8Li
« Muon followers (neutron)
« 292Cf (neutron)

- SLi(B)

Excellent agreement!

« Systematics dominated by /

source uncertainties, optical //////////Mﬁwﬂ,

models, and radial/asymmetry 56 3 10 12 14
distributions Energy (MeV)

Energy Scale = + 1.1% Energy Resolution = + 3.5%




Use neutron calibration sources
(?°2Cf and AmBe) to determine
capture profile for neutrons.

252Cf decays by an emission or
spontaneous fission.
(3.768 + 0.005 neutrons/fission)

Observe resulting y cascade
from neutron capture on 3°Cl.

v's accompanying the fission
and B 's emitted by daughter
products are removed using a
timing cut.

Monte Carlo agrees well with
observed distributions.

acrylic cylinder
(height 2.5cm, radius2.5cm)

T
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AmBa Enar;gy
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Energy (MeV)




Neutron Capture Efficiency in SNO

E fficiency (%)

S
=
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Gl
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= (no energy cut)

---#-— [3,0 phase

. (nO energy cut)
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Radial Position of 2°2Cf Source, cm

T, 25.5 MeV and
R, <550 cm

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




Backgrounds




Backgrounds

* Highly sensitive to
any y above neutral
current (2.2 MeV)
threshold.

3.27 MeV B
2.445MeV y | T—u_
<

2.615 MeV y

\

Thorium 232Th
228Rg —DlEEE'AC _.|225Th
924Fr—p|294ﬁa
220RN
216Pq
212Pp b|212|3i —>|212PD
208T] 208Ph




Measuring U/Th

e |n-situ:

Low energy data *

/

Radioactivity in D,0 frn_l_!] Water As#lys
f lil-u ‘i;"ﬁ]F’n:Illnllhu"y Eesults k:::JRn[l']
* Bottom of vessel || . sf . .
 Ex-situ: * 2/3 way up EI 3 v warea e
» Top of vessel TR ey -ﬂ""# A TR
lon exchange 0 i L -
(224Ra 226Ra) w L % § Ra [Th]
, =y 4t & _,-%
Membrane "MnOXx 18 w™ ) 2 8 Gesax
. + HTIO B T e S B
degassing i 1ottt |
10 % .
Count daughter Rl L o 510
product decays * MnOx |\ 20
® HT'O mqﬁ I L ] o
" il 1 “ ! L4 L |
201 .5 2002 225 20003 20035
Time (year)




OIld Backgrounds, New Technique:

Radon Spikes’

Controlled radon
spike added to D,0 to
measure behavior of
low-energy
backgrounds.

80 Bg of Rn slowly
mixed in heavy water.

Normalized Events/s /0.5 MeV

MC Fit to Rn Spike

SNO Energy Thrasheld

® Radon Spike Data

7 8 9

MC Fit Toil+neutrons

MC Fit Tail

MC Fit Neutron

10 1

12 13
Ter (MeV)
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New Backgrounds

» Salt and helg_h_te_ned Acrylic Vessel
neutron sensitivity |
introduces new/increased D,O 1 H,0
T JLA BUNEUN BURBMU T T i
backgrounds in salt phase.z I — : B
~§ + Fiducial volume «{J
24 5 200 ++ Eor LT+ -
— 2*Na from neck of vessel. = gtipas ++ - e §
— Cosmic rays 2 T , + :
— Atmospheric neutrinos’ Fission "% 150 NCH ]{I[QJ‘IMI neutrons I JiE
— ‘“External”(a,n) reactionson = L xfir I
carbon and oxygen in acrylic 10{}%
vessel FCC
50— External-source I]_t__i.l.llll*r'lﬂ
« Use radial profile to o e o i
0 02 04 06 08 | 12 14 16

explicitly fit for external
neutron, regardless of
source.

(Reconstructed radius, cm/ 600)3



Summary of Backgrounds

Source No. Events
Deuteron photodisintegration 73.1 +24.0,-25.5
°H(o,0.)pn 2.8 +/- 0.7
1718 O(a,n) 1.4 +/-0.9
Fission, atmospheric v’'s 23.0 +/-7.2
Terrestrial and reactor v's 2.3 +/-0.8
Neutrons from rock <1

24Na activation 8.4 +/-2.3
Neutrons from CNO v’s 0.3 +/-0.3
Total internal neutrons 111.3 +/- 25
Internal y (fission, atm. v) 9.2 +/-1.3
N decays <2.5 (68% CL)
External-source neutrons (from fit) 84.5 +/- 34

Cherenkov events from -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

3055 candidate

Events per 500 keV

(nucl-ex/0309004)

:
e =l
&

S
|

na:;,jtt,{nns Kinetic Energy

't

2
=
|

2000—

1uu;+- cc _ ::!::E

(c)

13
T (MeV)
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Flux Measurements

®,, = 1.70 +0.07 (stat) ", (syst)

Dps = 2.13702° (stat) * 27 (syst)

Dye = 4.90 + 0.24 (stat) 7% (syst)

*in units of 106 cm2 s



Total Active B Fluxes

B BPB01 SSM

5.05 (1+0.20-0.16)x 106 cm2 !

NC Pure D,O
Constrained

5.09 (1£0.13)x 10% cm2 s™1

NC Salt
Unconstrained

5.21 (1£0.09)x 105 cm2 s

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

-3 -3

N""‘1D g T IIIIII| I IIIIIII| T IIIIII| [ IIIIII| [ IIIII'.E N"‘*1D g T IIIIII| I IIIIIII| T IIIIII| [ IIIIII| T IIIII'.E
-] = ] - = =]
2 0 1 2 T i
E1’L Before Salt 3 Ew’'p  After Salt .
o : o ' 2
we 7 WF E
-6: : _6: i

10 & = 10 -
It . e -

10 3 Q E 10 3 E
10°L  —90% 4 10°t .

- -95% : ; :

5L --99% 7 5L 7

= --99.73% i E E

10| ] ol 2

B ] - SNO pure D,O d/n spectra :

10" SNO pure D,0 d/n spectra ~  10"'=+ SNO salt CC & NC & ES fluxes :

- + SK-l zenith spectra + Cl + Ga B free - - + SK-l zenith spectra + Cl + Ga B free -

10'12 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L 1L ELlti 10'12 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L 1L ELlti
107 10° 10° 10" 1 10 107 10° 107 10" 1 10

tan®o tan®o



A m? (eV?)

10

10"
10

Oscillation Analysis: Solar + KamLAND

Solar global, after Salt

--90%

. ..95%

- .-99%
--99.73%

. SNO pure D,O d/n spectra
+ SNO salt CC & NC & ES fluxes

+ SK-I zenith spectra + Cl + Ga °B free

-1

1
tan®0

10

10

10°
10

- Solar global+KamLAND, °
| after Salt ]
LMA2 = — 5 _

_|_|v|A1—>

- SNO pure D,O day & night spectra i
|+ SNO salt CC & NC & ES fluxes
+ SK-I zenith spectra + Cl + Ga

+ KamLAND °B free

-1

LMA 2 only at > 99% CL



1-D Plots
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Results from SNO -- Salt Phase

Oscillation Parameters,

2 _ +1 -9 _ .-'?E
2-D joint 1-c boundary Am* = 71555 x 1077 el
< 1% probability of LMA 2 g = 392. r+2 5 deg
Marginalized 1-D 1-c
errogr;s &THE — 7 ]__I_l L; w 107 5 1\.-?3
Maximal mixing rejected g = 32. r+i % deg

atb54 o

-
Analyses of energy spectrum & day/night with full Salt

data set is on going.
. y




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,O after =
multiple (3-4) passes
through the unit.

« SNO will move to the
third phase of the Salt removal has been completed.

experiment.



SNO Phase Ill (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)

N\
SHe +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 NaCl.

NCD array removes neutrons from CC,

calibrates remainder. CC spectral shape.




Why Event-by-Event?

Phase Il
Projected

ANC/NC (%)

Phase |

ACCICC (%) ANCINC (%)

Source

Energy Scale -42,+43  -6.2,+6.1 0.0
Energy Resolution -0.9,+0.0 -0.0,+44 0.0
Energy Non-linearity 1 | =£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
H20 Cherenkov +0.0 -0.2,+04 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 +

(o))

2. Uncertainties

Y CC NC anti-correlation




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 taking+analysis Ongoing

Training for NCD installation = Complete ﬁh““““_-.-

Salt removal Complete | l

Deployment of NCD array Ongoing
NCD Phase Begins ‘04




Summary

SNO has measured total active 8B flux precisely, then
apply tight constraints on the oscillation parameters.

Total active 8B flux = 5.21 (1£0.09)x 10° cm2 s
Am? = 71710 %1075 eV?

0 = 325116 deg (1D)

Additional analyses with full Salt data set are on going.

Neutral Current Detectors are now under deployment.

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



