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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Yy Neutrino Oscillations

&.'

& ¢ If neutrinos have mass, then there are two
distinct types of neutrino state we must
consider — the elgenstates of théweak

Hamiltonian vi'= v} V& Sand the

eigenstates of the free particle Hamiltonian
V. SN LYV RS

* There 1s absolutely no reason to believe that
these are the same thing.

* In general:
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;:';"52“’ 2v Vacuum Oscillations

s > For two neutrino flavours this-leads to the
= appearance of a new neutrino flavour

2
P(v, = v,) =sin’ 280sin"(1.27 %)

E

2 2 2 . ) - .
Am” =m, —m, eV’ L 1n meters, E in MeV

> With the corresponding disappearance of
the original neutrino™flavour

> These oscillations-€anbe significantly
modified by the MSW effect when the
neutrinos pass through-matter...
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In vacuum:
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Matter Eftects — the MSW eftfect
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e Matter Effects —the MSW effect
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e Matter Effects —the MSW effect

5 Day — Night Effect

=
>

DIN asymmetry
at KamLAND
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Which left us where?

21 active oscillations
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But no smoking gun for oscillations....
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\Solar I Interactions in SNO|

Elastic Scattering (ES) v, +e —uv,+ e

e Directional sensitivity (¢ forward peaked)

e Cross-section for 1, is 6.5 X larger than for v/,

Charged Current (CC) Vo +d —p+p+e”

e Some directional information (1 — % COS 98;,)

e good F, sensitivity (/. spectrum)

Neutral Current (NC) Ve +d— n+ p+ vy,

e Total flux of active neutrinos above 2.2 MeV

e Detect neutrons by n -+ d — t + 6.25 MeV Y
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y The enemy.....

38

238(J Decay Scheme

S Bs and ys from decays in these

a4.27

Ji% i o chains 1nterfere with our

1.18m

A-221
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‘ Measured SNO Fluxesl

Assuming 5B energy spectrum ...

SSM Prediction (BPB 2000

=

—2

Fluxes (x 10% cm—2 sec™!)

Fraction of SSM

doc = L7678 (stat.) £ 0.09 (sys.)
dps = 2.3970733 (stat.) & 0.12 (sys.)

One = Oq+8 j‘é (stat.)fgijg (svs.)

Neutrino Flux (x 10° cm’” sec’l}

0.5

S

0.0

cC ES NC

Pcc < Qs < Pnc

NC flux in agreement with SSM prediction!
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2 tons of NaCl added to D,O on June 1, 2001
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June 29, 2 tons of NaCl added to D,O on June 1, 2001
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Figure 21: #14 for NC and electron MC.

[T T T [ T T T [T T T [T T T [T T T [T 11
o
o
1~

)
S
S

=
s
=

T T F T IF
. ]

...|...M.

=3 e’

.

Dave Wark
Imperial College/RAL




loP . Day

June 25, Blind Analysis Technique Used
2005
:  Unknown fraction of muon followers

5 included in data set for analysis

* NC cross-section “spoiled?mMonte Carlo
» Data pre-scaléd by uaknown 80:£10%

o NC D,0 PDF
# 0,0 Muon Followers

i

Q.08 %_(

Capture time
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;::;29’ Comparison of pure D,O and Salt results
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;::;29’ Comparison of pure D,O and Salt results
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;::;29’ Comparison of pure D,O and Salt results
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Global Solar Analysis with 391-day salt data
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June 29, Systematic Error Bands
2005
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June 29, LMA Shape Distortion
2005
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June 24, Expected Day/Night Shape Distortion
2005
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New Salt Day-Night Analysis

‘L\‘\

f‘\\\\‘\\\\‘\\#d

e Day

O Night

CEPS

@

PR
13 20

Ty (MeV)

\ (b)

® Night minus day \\

11 I 11
13 20

Ty (MeV)

e raw event rate:

Events Rate (day™')
Day 2134 12.09 £0.26
Night 2588 12.04 +0.24

day and nightfluxes:

Signal Day flux Night flux A

cC 320,09+ 0.10 1.64 £ 0.08 £ (.09 —0.056 + 0.074 + 0.053
NC 481 +£031+0.39 5.02+029+041 0.042+0.086 + 0.072
ES 2172034 +£0.14 252+032+0.16 0.146+0.198 + 0.033

» Ay = 0 applied:

Signal Day flux Night flux A

cC 3+£0.09+£0.10 1.64 £ 0.08 £0.09 —-0.056 £ 0.074 £ 0.053
NC 4.81 +0.31+0.39 5.02+£0.29+ 041 0.042 £ 0.086 £ 0.072
ES 2172034+ 0.14 252+£0.32+0.16 0.146 £ 0.198 + 0.033

above in units 106 cm=2 s
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June 223, . Power Plant Reactors and Event Rate

Nuclear Power Stations in Japan
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;ll;:l]l;i 29, ISt KamLLAND Results ...

—— reactor neutrinos
@ geo neutrinos
I accidentals

3
S
&

1—IIII|IIII|IIII|IIII|III

:_}
o
Wy
[ |
=
—
o
L
=
aa

Prompt Energy (MeV)

K. Eguchi et al., hep-ex/0212021 i




loP . Day

;ll;:l]l; 29, ISt KamLLAND Results ...

—— reactor neutrinos
@ geo neutrinos
I accidentals

3
S
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2.6 MeV ® KamLAND data
(analysis) —— no oscillation
—— best-fit oscillation
sin“20 = 1.0
Am’=6.9 x 107 eV?
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K. Eguchi et al., hep-ex/0212021 i




loP /; Day
June 29,
2005

3
S
&

What does this mean.about solar v?

Savannah River
Bugey

Rovno

Goesgen
Krasnoyarsk
Palo Verde
Chooz

KamLAND
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Observed/Expected = 0.611 + 0.085(stat.) + 0.041(syst.)
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What does this mean.about solar v?
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Observed/Expected = 0.611 + 0.085(stat.) + 0.041(syst.)
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;ll;IlI]l; 29, Newer KamLLAND Results ...

| | | A AP T | |
no-oscillation
. accidentals

[ spallation
best-fit oscillation + BG Best-fit oscillation:

—y ¥ taniloiibigela tan” 8 = 0.46
— Am? = 7,9f8:g x 10 %eV 2
==
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Eprcsmpt ( MEV)

A fit to a simple rescaled reactor spectrum

is excluded at 99.6% CL

Kam[L AND Collab, Phys. Rev. Lett 94 081802 (2005) Dave Wark
Imperial College/RAL
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;ll;IlI]l; 29, Newer KamLLAND Results ...

g
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2.6 MeV prompt o KamLAND data

ahalysistreshold. best-fit oscillation

Best-fit oscillation

= accounting for energy
spectrum and

reactor distribution

rdoerJemxxmm

3 + : s Oscillation pattern for
N ® 7| av,of4 MeV energy

N

—III'li

30 40 50 60 70 80

I~

Ly/E, (km/MeV)

Kam[L AND Collab, Phys. Rev. Lett 94 081802 (2005) Dave Wark
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Jine 29,

ombined solar v - KamLAND 2-flavor analysis

+0.6

2 -5 2
Am:-, =8.2 x10 "eV
12 ~0.5
29 — +0.09
: —0.07
B 1.2x10%
I 1x107 |-
Solar KamLAND L
E -------- 95% C.L B ss5% L. ;
| ---99% CLL [99%CcL (:3 3x10° [
- —99.73%C.L. B 2o.73% C.L. =
"~ a solar best fit » KamLAND best fit < i
Ll ] L 11 1 Ll
10" 1 10
2 6x10° |— KamLAND+Solar
tan” 0 B o5%CL.
[ 9% CL.
i Bl sy 3% CL
Includes (small) matter effects P T T Y
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Neutrino 2004

New Results from KamLAND
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Now taking solar neutrino
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Data taking ends
next year.
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June 23, T
KamLAND Future Sensitivity

1.2x107

_—

ST e KamLAND projected
sensitivity estimate

capability to

KamLAND reject full mixing

I ss%cL. [ 3% rate error
Bl 5% CL. | 1% scale error
[l 99.73% C.L 3kt-yr data accumulation

«  KamLAMND best fit

] R s A | A A | [ S 00909y9990gge s Jeg i Jdoeoyg g doog gl
10" 1 10 SO0GT02 03 04 05 06 07 08

tan” O tan” 0

Mixing angle determination
comparable with current solar data

Patrick Decousiic / UC Benkley
Dave Wark
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Borexino Detector Design

Stainless Steel Water Tank Steel Shielding Plates
8m*8m*10cm and 4m*4m*4cm

i 1

» Tonk for BOREXTND' DETECTOR
» Bailding for elecironics equipmenly
» Coumler Test Fecilily

Tena-Room for CIF

* Clipe ] R

» Storoge Area or Prevdocumese Scinfil fnler
» Twanel | Seclion (Mol i)

» Crane

Dave Wark
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Current background level

daughter of 210pp

EIUBi

o Kr
11
e v C
33M

Events/MeV/sec

< 7522 a i R i, ¥ 4 PR NP TP
04 06 08 1 12 14
Visible Energy (MeV)

Background Goal

238U (by Bi-Po) 3.5 x 10~ '%g/g OK Purification level:
238U(by 234Pa) 0(10—15g/g) 10—18g/g 1

232Th (by Bi-Po) 5.2 x 10~ 17g/g OK

40K 2.7 x 10~ 16g /g < 10~ 18g/g / ].04N5
210pp ~ 10=20g/g 5x 10~%°g/g ~ 1uBq/m3

85Kr,3%9Ar 85Kr =0.7Bq/m? 1uBq/m3 \ 1

222Rp #8U =3.5 x 107'%g/g | OK (1uBq/m3) T~6
- _ ep /8 10

(after purification) =33 x10 Bq/m

222Rn 1mBq/m?

(during purification) 210pp, — 0.5uBq/ m? after decay

Patick Decowshi / UC Benkeley
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| ow-E solar neutrinos

Now that we have those annoying neutrino
oscillations sorted out, we can get back to using
neutrinos to study the core of the sun.

Total neutrino flux measured by SNO already
constrains non- standard solar phyS|cs

Producing high- statlstlcs reaktime measurements of
the lower energy solar v would allow:

— Verification of the transition from vacuum — MSW
oscillations

Better constraint on oscillations parameters, in particular, é,,

Solar neutrino spectroscopy allows strong tests of solar
models

Observation of CNO neutrinos would produce first direct
experimental test of the'main nucleosynthesis reaction in the
Universe

Many experiments proposed — LENS, HERON,

CLEAN, SNO++,.... Dave Wark
Imperial College/RAL




loP /; Day
June 29,
2005

3
S
&

P <easl0,,

I-— sin’20,,

Dave Wark
Imperial College/RAL




| ow-E solar neutrinos

Now that we have those annoying neutrino
oscillations sorted out, we can get back to using
neutrinos to study the core of the sun.

Total neutrino flux measured by SNO already
constrains non- standard solar phyS|cs

Producing high- statlstlcs reaktime measurements of
the lower energy solar v would allow:

— Verification of the transition from vacuum — MSW
oscillations

Better constraint on oscillations parameters, in particular, é,,

Solar neutrino spectroscopy allows strong tests of solar
models

Observation of CNO neutrinos would produce first direct
experimental test of the'main nucleosynthesis reaction in the
Universe

Many experiments proposed — LENS, HERON,

CLEAN, SNO++,.... Dave Wark
Imperial College/RAL




loP /. Day
RAL

Conclusions

Solar neutrinos provided the first evidence for
what was subsequently confirmed as physics
beyond the Standard Model.

Arguably after the gallium experiments the
default model Was neutfigoioscillations.

(Super-K then confirmed that neutrinos have

mass)
SNO confirmed that neutrinos change flavour.
KamLAND confirmed that neutrinos oscillate.

~uture solar-neutrino experiments may
provide further tests of MSW oscillations and
valuable insights into stellar physics.

Dave Wark
imperial College/RAL
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“This could be the discovery of the century. Depending,

of course, on how far down it goes.” Dave Wark

Imperial College/RAL




