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Getting There:Getting There



Event Separation: D2Op 2

CCCC

ESES

NC

i i i iEnergy           Isotropy       Position        Direction
Teff β14 R3 = Rfit3/RAV3 cos(θΘ)



Event Separation: Saltp

CCCC

ESES

NC

i i i iEnergy           Isotropy       Position        Direction
Teff β14 R3 = Rfit3/RAV3 cos(θΘ)



Improved Energy Estimator
Uses all hits: 12% moreUses all hits  12% more
⇒ 6% improvement in resolution
⇒ 60% reduction of internal backgrounds 

Rayleigh Scatter
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5) Reduce Systematic Uncertainties
Manipulator system allows
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5) Reduce Systematic Uncertainties
Manipulator system allows
fl ibl l t

) y

flexible source placement

Better use of diverse 
calibration sources

16N → 6 13MeV γs16N → 6.13MeV γs
pT → 19.8MeV γs
8Li →βs <15MeVβ
Cf, AmBe ns, → n captures
Muon‐spallation neutrons
Encapsulated U, Th; Rn spikes
Diffusing laser source



5) Reduce Systematic Uncertainties
Old (D2O,salt)
Scale: 1 2%
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PMT β di t ib ti
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PMT β-γ distributions



3) Radioactive Backgrounds
Cosmic rays < 3/hour
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MC3 neutrino signals MC

O
ld thr

g
+ 17 backgrounds

internal (D2O)eshold

internal (D2O)
external (AV + H2O)
PMT β γs

NC+CC+ES (Phase II)

PMT β−γs

Threshold = 3.5 MeV



Ideal (and correct!) Way 
T  P t  U t i tiTo Propagate Uncertainties:

“Float” uncertainties as variable parameters Float  uncertainties as variable parameters 
in Likelihood fit, appropriately constrained 
b   i d d tl  d t i d b dby any independently determined bounds.

In 4 dimensions with >50 parameters
and limited MC statistics for PDFs ?!and limited MC statistics for PDFs ?!

T  App h s:Two Approaches:



1) Float Dominant Systematics via a 
“B  F ” I i  S  f h“Brute Force” Iterative Scan of the
Likelihood Space (shift & smear the rest)

Binned histogram PDFs

L el hood Space (sh ft & smear the rest)

Binned histogram PDFs
Manual scan of likelihood space

Vs
Kernel estimated PDFs

Directly float systematics as parameters 
in the fitin the fit



2)  C l l  E ti t d PDF
Kernel

2)  Colonel  Estimated PDFs



1-D toy model

Binned histogram PDFs
VsVs

Kernel estimated PDFs

X



1-D toy model

Binned histogram PDFs
VsVs

Kernel estimated PDFs

X



1-D toy model

Binned histogram PDFs
VsKernel estimator =Vs

Kernel estimated PDFsa sum of n kernels

X



Approach is very (prohibitively) CPU intensive
 so don’t use CPUs!!… so don t use CPUs!!



Blindness Strategy:Bl ndness Strategy

1) Test both methods on many, independent MC sets

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

3) Freeze and apply to full data set.



Results!Results!



Fit Resultχ2 = 13.6 / 16



8B Flux Result



8B Flux Result

ΦNC = 5.140 +4.0 ‐3.8 %
( 6 )(x106cm‐2s‐1)



8B Flux Result

ΦNC = 5.140 +4.0 ‐3.8 %
(x106cm‐2s‐1)(x10 cm s )

J. N. Bahcall, A. M. Serenelli, and S. Basu, AstroPhys. J. 621, L85 (2005)



CC Recoil‐Electron Spectrump



CC Recoil‐Electron Spectrump
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CC Recoil‐Electron Spectrump



CC Recoil‐Electron Spectrump

Flat: χ2 = 21.52 / 15 d.o.f.χ



CC Recoil‐Electron Spectrump

Flat: χ2 = 21.52 / 15 d.o.f.χ

Previous global best‐fit 
LMA point: 
tan2θ 0 468tan2θ12 = 0.468, 
Δm2 = 7.59x10‐5 eV2



CC Recoil‐Electron Spectrump

Flat: χ2 = 21.52 / 15 d.o.f.χ
LMA:χ2 = 22.56 / 15 d.o.f.

Previous global best‐fit 
LMA point: 
tan2θ 0 468tan2θ12 = 0.468, 
Δm2 = 7.59x10‐5 eV2



Neutrino signal directly described by 6 
Direct Fit for 

E D d   parameters:
1. Φ8B: total 8B neutrino flux
2. c0, c1, c2: quadratic expansion of the 

d i d 10 V

Energy‐Dependent 
Survival Probability νe daytime Pee around Eν = 10 MeV

3. a0, a1: linear expansion of a 
day/night asymmetry around Eν = 10 
MeV

Survival Probability

MeV

PeeDAY(Eν)    = c0 + c1 (Eν ‐ 10 MeV) 

+ c2 (Eν ‐ 10 MeV)2

PeeASYM(Eν)   = a0 + a1 (Eν ‐ 10 MeV)

PeeNIGHT(Eν)  = PeeDAY(Eν) x [1 + (1/2)*PeeASYM(Eν)]ee ν ee ν ee ν

[1 – (1/2)*PeeASYM(Eν)]



Neutrino signal directly described by 6 
Direct Fit for 

E D d   parameters:
1. Φ8B: total 8B neutrino flux
2. c0, c1, c2: quadratic expansion of the 

d i d 10 V

Energy‐Dependent 
Survival Probability νe daytime Pee around Eν = 10 MeV

3. a0, a1: linear expansion of a 
day/night asymmetry around Eν = 10 
MeV

Survival Probability

MeV

PeeDAY(Eν)    = c0 + c1 (Eν ‐ 10 MeV) 

+ c2 (Eν ‐ 10 MeV)2

PeeASYM(Eν)   = a0 + a1 (Eν ‐ 10 MeV)

PeeNIGHT(Eν)  = PeeDAY(Eν) x [1 + (1/2)*PeeASYM(Eν)]

Φ8B = 5.046 
+3.8 ‐3.9 %

ee ν ee ν ee ν

[1 – (1/2)*PeeASYM(Eν)]Assuming unitarity



Direct Fit for 
E D d  Energy‐Dependent 
Survival ProbabilitySurvival Probability
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Direct Fit for 
E D d  Energy‐Dependent 
Survival ProbabilitySurvival Probability
No distortion, no a/s:

Δχ2 = 1.94 / 4 d.o.f. DAYΔχ  1.94 / 4 d.o.f. D

NIGHT
ASYMASYM



Direct Fit for 
E D d  

Previous global best‐fit LMA point: 
tan2θ12 = 0 468 Δm2 = 7 59x10‐5 eV2

Energy‐Dependent 
Survival Probability

tan θ12 = 0.468,   Δm = 7.59x10 eV

Survival Probability
No distortion, no a/s:

Δχ2 = 1.94 / 4 d.o.f. DAYΔχ  1.94 / 4 d.o.f.
LMA‐prediction:

Δχ2 = 3.90 / 4 d.o.f.

D

NIGHT
ASYMASYM



Oscillation Analyses: old SNO resultOscillation Analyses: LETAy y
SNO PRL 2008:
Phase I  

LETA paper 2009:
LETA joint‐phase fitPhase I  
+ Phase II
+ Phase III

LETA joint phase fit
+ Phase III

Best‐fit point: 
t 2θ 0 447
Best‐fit point: 
t 2θ 0 437tan2θ12 = 0.447,
Δm2 = 4.57x10‐5 eV2
tan2θ12 = 0.437,
Δm2 = 1.15x10‐7 eV2



Oscillation Analyses: LETAy
LETA paper 2009:
LETA joint‐phase fitLETA joint phase fit
+ Phase III

Best‐fit LMA point: 

tan2θ12 = 0.457   12
(+0.038 ‐0.042)

Δm2 = 5.50x10‐5 eV2

(+2.21 ‐1.62)



Solar + KamLAND 2‐flavor Overlay
LETA paper 2009:
LETA joint‐phase fit

y

LETA joint phase fit
+ Phase III
+ all solar exptsp
+ KamLAND

2‐flavor overlay:

2νmodel



Solar + KamLAND 3‐flavor Overlay
LETA paper 2009:
LETA joint‐phase fit

3 y

LETA joint phase fit
+ Phase III
+ all solar exptsp
+ KamLAND

3‐flavor overlay:

3νmodel



Solar + KamLAND 3‐flavor Overlay
LETA paper 2009:
LETA joint‐phase fit

3 y

LETA joint phase fit
+ Phase III
+ all solar exptsp
+ KamLAND

3‐flavor overlay:

Best‐fit LMA point: 

t 2θ 0 468tan2θ12 = 0.468   
(+0.042 ‐0.033)

Δm2 = 7 59x10‐5 eV2

3νmodel

Δm2 = 7.59x10 5 eV2

(+0.21 ‐0.21)



Solar + KamLAND 3‐flavor Overlay
LETA paper 2009:
LETA joint‐phase fit

3 y

LETA joint phase fit
+ Phase III
+ all solar exptsp
+ KamLAND

3‐flavor analysis:

3νmodel



Solar + KamLAND 3‐flavor Overlay
LETA paper 2009:
LETA joint‐phase fit

3 y

LETA joint phase fit
+ Phase III
+ all solar exptsp
+ KamLAND

3‐flavor analysis:

Best‐fit:Best‐fit: 

sin2θ13 = 2.00 +2.09 ‐1.63 x10‐2

⇒
3νmodel

⇒
sin2θ13 < 0.057 (95% C.L.)



Summary
1 M d l ind p nd nt m su  f th  8B flux:

ΦNC = 5.140 +4.0 ‐3.8 %

1. Model-independent measure of the 8B flux:

Φ = 5 046 +3 8  3 9 %

2. Measure of the 8B flux assuming unitarity:
Φ8B = 5.046 +3.8 ‐3.9 %

3. Best fit global MSW parameters (2-flavor):
tan2θ12 = 0.457   (+0.040 ‐0.029)

Δm2 = 7.59x10‐5 eV2 (+0.20 ‐0.21)Δm  7.59x10 eV ( 0.20  0.21)

Φ8B uncert = +2.38 ‐2.95 %

sin2θ13 = 2.00 +2.09 ‐1.63 x 10‐2 ⇒ sin2θ13 < 0.057 (95% C.L.)
4. 3-flavor oscillation analysis:

arXiv:0910.2984 [nucl‐ex]


