of SNO Data

S. Biller, Oxford University
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Ghostl

particle mystery *solved’

"We now

—
The underground neutrine detectar viewed from above physics”
By BB C News Online science editor Dr D avid

Whitehouse

Ap inemational team of physiciste claims 1o have
solved a 30-year-old mystecy: the puzzle of the
missing solar neutrinos.

BEE AR detested oply abont o thim of the

coofidence that the
discrepancy is not caused
by problems with the
models of the Sun but by
changes in the neutrinas
themselves as they tavel
from the core of the Sunto |
the Earth," says Dr At
McDonald, SNO poject
director and professoc of
physicsat Queen’s
University in Kingston,
Ountario, Canada.

Fundamental particles
MNeurrinos are fundamental par
are often called *ghostly” beca

weakly with other forms of mal

They come in three types: the 4
: S

(B NEWWS

"High confidence”

The cesearch was carried out at the Sudbucy MNeutring
Observatocy (SNQ), Ootacio, in collaboration with
Oxford Univewity, UK.

have high

"1t s taken longer than we thought, butit’sall been
well worthwhile," says Dr Steve Biller, of Oxford
University. "We've pushed the limits of engineenng,
chemistry... and paticnce, (o ocder to push the limits of

Light detectors arund the
water tank detect the neutinos

June 19, 2001

Sight

By KENNETH CHANG

sabatomic perticles that

1nstalling the giantundergeound tank
Butdespite its large size the SNO only detects about
10 peutrines aday.

*Mind-boggling”

"The engineering requirements alooe ae
mind-boggling. We were breaking new ground in
cvery sensc and ther were times that we weren't s
we were going 1 make it," says Professoc Nick Jelle:
of Oxford University.

the researchers hav
about neatii
the univarse.

o belay

"It is inzredibly exciting, after all the years spemt by o
many people building SNO, to see such intiguing
results coming out of our ficst data analysis - with so

Che New York Eimes

frer three decades of seaching,
physicing have tacked down

them for ¥ years, The particles, it ums
out, weve tight theve all the while but
had hidden themselves as if by magic.

"We've solved a 30-year-cld pazzle of
the missing neutrinos of the Sun,” said
Dr. Arthar B. McDonald, direcror of the
Sudbury Neaine Observaiory, near
Sudbury, Omario. In doing so, though,
nawernd guestions
v and the fate of

Meutrinos are ghostly particles, one of
the fundamenzal bailding blocks of the
universe, like quarks, elecrons end
phetons. Billions of them, produced by
fusion ceactions within the Sun, fly

e difforens msal:.” The dam mn commey to bis hopes of findinga
w kind of neatrine.

ill, he tid, the Sudbury resuha lock "guite 2olid ®

Neulrinos co:ne'lmhma'.}pes i

yslcms call them flavocs): alectron
i e

ae heavier particles that cthecwise act like elections. The neadines
produced by the Sun are all electon neurinee.

Spoting the rare oceasione when a rentring collides wih anoher paricl
veguies lar mateial for the e with.

Sudbury Nesniine Obsesvarory consists of 2 40
5 L0 tons of heavy water, in which
culet havs boon inslaced with
i gan, The #phe:
x wae carvad cut of 8 rickel mine
0,000 ons of codinary water.

heve eluded

L 1A miles Lludulu euined and filld wi

Or.:au'mnlly an alﬂ:n-m netring II il glam inm one of the deaseram
a proton and a nevtron.

sciateises have soen 1,1
1959,

such collisiont sines the npunmam bagan in

- newring coants from
n, which primari
eirons. B macn
and tau reatrines can also occasiorally boance off electrons,

The researchecs compared their temaks with

A drawing of the nevtrine detector,
buslt L-creles unelengeaud sodd
immersed in wates within s cavity 110

rines - u.c pmdu_ ion
highe: clngr wvehts, liks mane: fal

LA NACION

Buence miérentes 20 o jinn da 01

En un observatorio canadicnse

\/\Wl\ll\ (Tho Naw oric T
wesy - Tespu 2

Detectan una particula fantasmal

Permire emlimr latransformocionde los neuirinos, ladrilios elementales del universd

ephane 01902 31 31 31

Solved:

A 30-year-old mystery sur-
a tiny elementary parti-
cen solved using a £34
million monster machine buried
two kilomelres underground.

roundin
cle has

§

Dz
ey
o

? v
153 (CASIOBST 1 U et

trinos.

itish physicists were among
those celebrating after unravel-
ling the riddle of the missin}g
Neutrinos are g

elementary particles
: ot i cr

Physicists solve weighty
neutrino mystery
June 19,2001 Posted: 11:33 AM EDT (1533 GMT)

(AP) -- Solving a 30-year-old
scientific mystery, physicists
have found the most
convineing evidence yet that
neutrinos -- elusive subatomic
particles that were thought to
have no mass whatsoever --
have a tiny wisp of heft after

[GIGEEEELCE

WOWERHJ\MPTOH
The Millenniim

i
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www.westmidlands.com

Tuesday, June 18, 2001

riddle of missing neutrino| .,

little mass. Scientists have caleu-  The buanuats said they had d.ua
the

lated that huge numbers of solar covered “missing” elecf &
electron-neutrinos  should be tron- neutrmos were there al keley
showering the Earth - but only 2 along, but in disguize. On theiy
fraction of the cxpected amount way to Earth, they changed int
are ever detected. So how are the other kinds of ne itrino called

muon and tau neutrinos. : the

missing neutrinos explained?

It took a gigantic engineerin,

project, massive investment, an:

an international team of 100 sci-
nd the answer.

This was revealed by t
Sudbury Neutrino Obgervatoryl] 808
2,000 metres below ground ne:
Sudbury, Ontario, Canada.

neu-
wstly
of matter

P feerdecp. holer or an enploding star - that means some of shem st changs it
bt o
elect
unncticed. In fivm divmet ovidenes for the chan s

" eleciron type w ancebes type,” Dr, Kiein ssid. Most pysiciss had

[resiced. in sldelud n o mocphing 1o be the mos likely explanaion for the
Hetactable.
"f ) Dr. Caldwall s thaory wae that the slactron neatrinos wees shanging isto
W ';'u "mecile” neatrinos that did net imtecact whh codinacy mamer. "It looks like

o

bk one they"ve done a very thorough job,” he said. "h then is a ceal question if
e ot 30 these it any room foc a secile nemcine. 1 don't see much hope for it dght
now.”

e 1970°s .

i le ol octhil oA
1008 Than Lawrmrce Tieciriey Hamions] Laborasny 1 P 1 , fouthis of
- Tre botem of e pewsine deceos o ocour, at leag one of the neutrino types mus possessa
edictions, smidgeon of mass. Coupled with eacliec expetimemal cesubs, the

-

hers conchide that each of the thise neutcine flavors wei
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How Do You Do Better?
‘ Do It Again!

D,0 and Salt phases had the lowest analysis energy
thresholds, best spectral information and simplest

detector configurations (good place to start):

* Do a more careful combined signal extraction from these phases

* Lower analysis energy threshold as much as possible

* Take more time to understand and reduce systematic uncertainties

* Put more effort into modeling low energy backgrounds

* Take advantage of recent improvements in algorithms and simulations
* Pay closer attention to propagation of correlated uncertainties




Advantages of Low Threshold Analysis

> v, Statistics

Chargad Curant Electrons

EEAGMeV S




Getting There:




Event Separation: D,O
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Event Separation: Salt

) A H N
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ES |
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Energy Isotropy  Position Direction

Tess Bia  RP=Rp’/Ry> cos(Bg)



Improved Energy Estimator

Uses all hits: 127 more

= 67 improvement in resolution

= 607 reduction of internal backgrounds

Rayleighsc.a\tte.r IIIIIIEIEIIIIIIIII |||||||| LA I Y LB

ok iy . - -
PSUP Reflection ./ o = 'l i I Prompt Timing Late Timing 3
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v e 'I'I' 'I'I .I... "-. h" :. L ——— AT Z - - I
AV Reflection 10t | =

f. +*35 Degree
PMT Reflect]
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5) Reduce Systematic Uncertainties

otor Moun
ST

Manipulator system allows il b
flexible source placement .




5) Reduce Systematic Uncertainties

Manipulator system allows
VP Y —
flexible source placement

=800 600 —400 200 Q 200 400 80D a0c
X Source Position {cm)




5) Reduce Systematic Uncertainties

Motor Mounts

T
@ @ {]))egll; )Clean Room
/

Manipulator system allows |
flexible source placement R ]

JEme L me
Better use of diverse T T ﬁ
calibration sources :

Iy — 6.13MeV ys

pT — 19.8MeV ys

8i  — PBs<15MeV

Cf, AmBe ns, — n captures
Muon-spallation neutrons
Encapsulated U, Th; Rn spikes

Diffusing laser source EoaE

PRI TR TR N SN SR T [ N
—200 0 200

Pl I Py O
400 80D a0c
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5) Reduce Systematic Uncertainties

Energy

B14

R3

CcOS Bsun

“Contamination”

Normalization (neutrons,
others)

PMT B-y distributions

Old (D20,salt)
Scale: 1.2%

Resn: 4.5, 3.4%
Electron: 0.85%
Fid Vol: 3%

Ang Resn: 16%

Ncap: >2%

1.2%



3) Radioactive Backgrounds

Cosmic rays < 3/hour
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10°

3 neutrino signals MC
+ 17 backgrounds

internal (D,0)

external (AV + H,0)

PMT B—ys
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Ideal (and correct!) Way
To Propagate Uncertainties:

"Float" uncertainties as variable parameters
in Likelihood fit, appropriately constrained

by any independently determined bounds.

In 4 dimensions with >50 parameters o7+
and limited MC statistics for PDFs 2! 7§

Two Approaches:




1) Float Dominant Systematics via a
"Brute Force" Iterative Scan of the
Likelihood Space (shift & smear the rest)

== | @ uncertainty

dl. from unshafved i




Kernel

p_ N [ ]
v

) Cetorel” Estimated PDFs




1-D toy model
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1-D toy model




1-D toy model

Kernel estimator =
a sum of n kernels
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Approach is very (prohibitively) CPU intensive

.. So don't use CPU

Load Bandwidth Table

Load Chunk
of PDF Events

Apply Systematics

Compute Exponentials

Write Partial Sums
To Device Memory

l

MECTD S
Combine Partial Sums ¥ / r
For Each Event ’ /

4
‘:I

Next Chunk




»
Blindness Strategy:

\\

1) Test both methods on many, independent MC sets

2) Test both methods on 1/3 of data (statistical blindness)

3) Freeze and apply to full data set.



Results!




Fit Result

10~

=

—*— Data
— Total fit result
— CC
— ES
— NC
Internal bkg
--- External bkg
hep
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Flux (10°cm2 s

=
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=
=
T T
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3B Flux Result
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Flux (10°cm2 s

- >
n o

-~
=

6.0

3.5

5.0

4.5

3B Flux Result

—o— Previous SNO results + total uncert

Systematic uncertainties

—#— LETA results + total uncert

LETA systematic uncertainties

D\ =5.140 +4.0-3.8 %
(x106cms7)
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3B Flux Result

=
n

~—o—= Theoretical Prediction

Flux (10° cm2 57
=
=

N
L

5.0

4.5

4.0

BS05({0OP) BS05(AGS.,0P) LETAI LETA II
J. N. Bahcall, A. M. Serenelli, and S. Basu, AstroPhys. J. 621, L85 (2005)



Fraction of 1 SSM

S & o
o

S
Ll

[Pty

CC Recoil-Electron Spectrum
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-+ Binned-histogram
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T . . s

Lpnr s

Systematic Phase
Angular resn (+) 1
Angular resn (—) 1
Angular resn (+) 11
Angular resn (—) 1II
Axial scale (+) I
Axial scale (—) I
Axial scale (+) I1
Axial scale (—) I1
Z scale (+) [
Z scale (=) I
Z scale (+) I1
Z scale (—) I1
X offset (+) [
X offset (—) I
X offset (+) IT
X offset (—) IT
Y offset (+) [
Y offset (—) I
Y offset (+) IT
Y offset (—) IT
7 offset (+) [
7 offset (—) I
Z offeet (+) IT
Z offset (—) IT
X resn I
X resn I1
Y resn [
Y resn I1
Z resn [
£ resn I1

Systematic Phase Effect on rate /%

NC CC1 CCi12 ESD
T scale (+) LI —0.293 —2.037 —2.144 —0.156
Tom scale {—) LI 0137 0475 0913 0.035
T scale (+) I 0.030 —0.956 —0.337 —0.148
Tem sealo (—) | —0.084  1.650 0652 0238
T scale (+) I —-0307 0317 -1.094 0.105
T scale (—) II 0.177 —0.493 0.584 —0.133
Tor Tesn (elec) (+) | 0.008 —3.999 —0.013 —0.439
T.g resn (elec) (—) [ 0030 766 0017 1.399
Tom resn (elec) (+) 11 0.653 —5.005 —0.006 —0.531
Tog resn (elec) (—) I —0.716 6.597 0.027 0.480
Tog tesn (neut) (+) L IT  0.065 —0.054 —0.023 —0.006
Tom tesn (neut) (—) I, 11 —0.041 —0.058 0.046 0.013
T linearity (+) LII 0130 -0.160 0379 —0.125
Tom linearity (—) ILLII —0.132 0287 -0372 030
Bha elec scale (+) L IT  0.634 —5.064 —0.082 —0.648
314 elec seale (=) L IT —0.622 5559 0.086 0.607
B1a neut scale (+) L II 0.719 —1.962 —0.040 —0.068
314 neut scale (—) L II —0.411 1.204 0020 0.048
Bha elec width (+) L II 0306 —1.263 —-0.079 —0.027
B4 elec width {(—) L II —0.286 2342 0058 0.009
B1a neut wideth (+) L II  0.067 —0.240 —0.002 —0.014
B4 neut wideth (—) L II —0.054 0217 0012 0.017
814 E—dep (+) LI 0227 1.661 —0.054 0.299
Bha E—dep (—) LI —0.246 —0.999 0.068 —0.228

0.115 —1.354 0.023 0418

LNE L BALG WY ANELLE

* !
PMT 14 width (

Phase

Effect on rate /%
NC  CC1

CC12  ESD

()
()
(=)
(+)

(+)
(=)

)
)
)
)
)
)
0)
-)

I
I
i
11

I 11

I, 11

I 11

I, 11

11

0.397
—0.230
—(.698

0.525
—0.357

1.039
—0.180

0.183
—(0.048

0.044
—1.306

1.338
—(.759

0.770

0.028

0.067

0.009

0.002

0.046

0.011
—0.048

0.035

0.023

0.004

0.053
—0.016
—0.005

0.001
—0.042

0.062
—0.516

0.524

0.075
—0.070

0.357
—0.365

—0.277
0.119
0.794

—0.994

—0.519
1.299
0.134

—0.100

—0.797
0.820
0.616

—0.612
0.040

—0.053

—0.751

—0.463

—G.452
3.217

—0.814

—0.328

—2.875
1.746

-2.371
0.870
5.674

—2.113
0.735

—-1.014

—2.971
0.559
4.456

—4.102

—1.388
0.192

—1.054
1.394

—1.735 0378
1.027 —0.233
—-1.144 0322
1.376 —0.339
—0.434 —0.451
1136 L1171
—0.002 0.026
0.004 —0.023
0.003 —-0.074
—0.001 0.084
—0.001 0.062
0.003 —0.060
—0.000 —0.001
0.001 -0.011
0.008 —0.056
0.003 —0.182
—0.003 —1.469
0.004 0.821
0.001 —0.194
0.003 0.010
0.003 —0.402
0.000 0.238
0.002 —-0.185
—0.000 0.440
—0.004 0.774
0.003 —0.203
—0.000  0.370
0.003 —-0.111
0.002 —0.714
0.000  0.509
0.020  0.396
—0.027 —0.802
—0.001 —-0.008
0.005  0.060
—0.006 0257
0.009 —0.459




Fraction of 1 SSM

CC Recoil-Electron Spectrum
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Fraction of 1 SSM

CC Recoil-Electron Spectrum
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b
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—e— Fit result + total uncert

== Statistical uncert
mmmm Systematic uncert

== Undistorted spectrum
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CC Recoil-Electron Spectrum

Z b
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Fraction of 1 SSM

CC Recoil-Electron Spectrum

=
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.
4

=
b

0.1

| Flat: y2=21.52/15 d.oA.

Previous global best-fit —*— Fitresult + total uncert

LMA point: = Statistical uncert
tan20,, = 0.468 mmmm Systematic uncert

AmZ2 = 7.59x10°5 eV2 == Undistorted spectrum
—— — LMA prediction
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Fraction of 1 SSM

CC Recoil-Electron Spectrum
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DIreCt Flt for Neutrino signal directly described by 6
Energy_Dependent Fl).arzg;::tfgiél 8B neutrino flux

cO, c1, c2: quadratic expansion of the

0§ urV|VaI PrOba bl I Ity > v, daytime P_, around E, = 10 MeV

" Day 3. a0, al: linear expansion of a
- Night day/night asymmetry around E, = 10
MeV

y

Survival Probabilit

P..>Y(E,) =c0+cl(E,-10 MeV)
+¢2 (E, - 10 MeV)2
P.AYM(E,) =a0+al(E,- 10 MeV)

y

PeeNIGHT(Ev) - PeeDAY(Ev) X [1 + (1/2)*PeeASYM(Ev)]
[1-(1/2)*P™(E,)]

-1
10 ! Neutrino Energ;lfO(MeV)




DIreCt Flt for Neutrino signal directly described by 6
Energy_Dependent Fl).arig;::tfgiél 8B neutrino flux

cO, c1, c2: quadratic expansion of the

0§ urVIVaI PrOba bl I lty > v, daytime P_, around E, = 10 MeV

" Day 3. a0, al: linear expansion of a
- Night day/night asymmetry around E, = 10
MeV

y

Survival Probabilit

P..>Y(E,) =c0+cl(E,-10 MeV)
+¢2 (E, - 10 MeV)2
P.AYM(E,) =a0+al(E,- 10 MeV)

g, =5.046 @

+3.8-3.9% P.MGHT(E ) = P_PAY(E,) x [1+ (1/2)*P, AS™M(E, )]

Assuming unitarity [1-(1/2)*P_ASYM(E )]

-1
10 ! Neutrino Energ;lfO(MeV)
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No distortion, no a/s:

Direct Fit for
Energy-Dependent £,
Survival Probability o
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Oscillation Analyses: LETA

LETA paper 2009: ¢
LETA joint-phase fit =,
+ Phase Il Z

Best-fit point:
tan?0,, = 0.437,
Am? =1.15x107 eV?

10

10

o
(]

*  Minimum

— 68.30% CL
— 95.00% CL
— 99.73% CL

10

[

2
tan 912



Oscillation Analyses: LETA

LETA paper 2009:
LETA joint-phase fit
+ Phase Il

Best-fit LMA point:

tan?0,, = 0.457
(+0.038 -0.042)

Am? = 5.50x10° eV/2
(+2.21 -1.62)

r("]-"\

(eV

il

Am
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Solar + KamLAND 2-flavor Overlay
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Solar + KamLAND 3-flavor Overlay
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Solar + KamLAND 3-flavor Overlay
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Solar + KamLAND 3-flavor Overlay
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Solar + KamLAND 3-flavor Overlay

LETA paper 2009: =025
LETA joint-phase fit £

+ Phase Il

+ all solar expts

+ KamLAND

0.2

0.15

3-flavor analysis: o

Best-fit: 0.05

sin20,, = 2.00 +2.09 -1.63 x10-1

—

sin20,, < 0.057 (95% C.L.)
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Summary

1. Model-independent measure of the 8B flux:
Dy =5.140 +4.0-3.8 %
2. Measure of the 8B flux assuming unitarity:
Dy = 5.046 +3.8-3.9 %
3. Best fit global MSW parameters (2-flavor):
tan*6,, = 0.457 (+0.040 -0.029)
Am? = 7.59x10 eV? (+0.20 -0.21)

@, uncert = +2.38 -2.95 %

4. 3-flavor oscillation analysis:
sin?0,; = 2.00 +2.09 -1.63 X 10> => sin%0,; < 0.057 (95% C.L.)
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