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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Which left us where?

2v active oscillations

— ®D0% C.L (2 0OF)
-------- - 95%

Cl+Ga+ 5K rates + CHOOS

+ 5K D=N energy spectra

But no smokin n for oscillations.... Dave Wark
utNo Smoxing GHIT ING0Seai ons Imperial College/RAL
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2" Smoking Gun — SNO
+ D 'pc

V. td-pinty,

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

© AIEIAN

low statistics
- mainly sensitive'to v, some v -and v,

- strong directional sensitivity
Dave Wark
Imperial College/RAL
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The enemy.....

2381J Decay Scheme

4.47 x 10%
a4.27

24.10d
B~ 0.26 763,92

1.18m
B~ 221

2.45 x 105y
a 4.86

8.0 x 10%y
a4.77

1599y
a 4.87

3.82d
a 5.59
3.05m
a6.11

26.8m
B~ 1.02 4352

>99% B~ 3.21

7609,~ 1% b.r. to v > 2200

B 0.57 4239

212Bi
60.6m 64% B~ 2.25 4727
36% a6.21
QOBTI 212 0
3.05m —\ -
B~ 4.99 583,860 - 2Ous

a 8.95

|
208ph

72614 (100%)

Bs and ys from decays in these

chains interfere with our
signals at low energies

And worse, ys over 2.2 MeV

caused+y - n+p

Design called for:

D20

<

101> gm/gm U/Th

H20

Acrylic < 102 gm/gm U/Th

=5

10-'* gm/gm U/Th

Dave Wark
Imperial Gollege/RAL
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SNO Backgrounds

SNO external backgrounds at 4.5MeV
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Neutrino Flux (x 10° em’” sec")

6O

Measured SNO Fluxes

Assuming B energy spectrum ...

E
I Prediction (BPB 20 \i =
\ \ £ Fluxes (x 10° cm ™2 sec™ 1)
1.0 2
[
1 doc = L7670 0s (stat.) £ 0.09 (sys.)
_- A on-t0.2
- 1 Ops = 2.39773, (stat.) £ 0.12 (sys.)
— 0.5 )
I N J -~ na—+0.44 +0.46 ,
e Onc = 5.09T 73 (stat. )" 0.43 (8Y8.)

(.0
cC ES NC "

dcc < PEs < Pnc

NC flux in agreement with SSM prediction!
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2 tons of NaCl added to D,O on June 1, 2001

Events/day

® CC Electrons
# Neutrons in pure D0

o =0.0005 b

*H+n

0=44Db

3Cl+n

8.6 MeV
6.0 MeV l

Blind analysis technique

used. ..

Dave Wark
Imperial Gollege/RAL
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Comparison of pure D,O and Salt results

Z
O
I—
O
o
m
o
o
=
0
0
O
I—
o
I—
<
o

SNOSKE/ID20

R ¥

ENO-NC/D20O

SMO-ES/D20
o
x
ENO-CCID20
E 2

1
ENERGY (MeV)

Dave Wark
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2" Smoking Gun — SNO

Latest SNO numbers, full salt data

Flavour content of solar flux.

B0
lh&i-'l:l

68% C.L.

T [ T T

bL'" 689, 95%, 99% C.L.

-
L
-
Ma

o, (X 10°cm?2 sY
(¥,

SHOD

b 68% CL.

B i 6% CL.

SHO

1= bon” 68% CL.
- I v s%CL.

1 1 L I 1 1 1 L I 1 L 1 1 1 1 I L 1 1 L

0 0.5 ] L5 2 25 3 35
¢, (x10°cm™s)

This demonstrates that neutrinos change flavour.. Dave Wark
Imperial College/RAL
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Global Solar Analysis with SNO 391-day salt data

Best fit implies L,~ 100km

0O 02 04 06 08 1
tan’0

S 111CO1
)

SNO finds: e = 0340+ 0.023 (stat) Z537 (syst)
PNC

« SNO suppression factor > 2 for L >> L [1 MSW effect

* Possible to observe on Earth? Dave Wark

Imperial College/RAL
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KamLAND

> ete — 27(0.51MeV)
V. p—€EM  Ey>18MeV) | (=E,,~0.77MeV)

180us
~—»Np—dY(2.2MeV)

Focks

Stainless Sieel

[soparaffine Based
Liguid Scintillator

| 200m™3

Foocks

Sum over all Japanese power reactors...

Dave Wark
Imperial College/RAL
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KamLAND

(0.84,1.4e-4)
(0.84, 7e-5)
(0.84, 3e-5)

—

© o
o 0o

Survival Eis>2.6MeV

— Distance (km

80% of total contribution comes from 130~220km distance

Dave Wark
Imperial Gollege/RAL
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Events / 0.425 MeV

KamLAND

I = A R NN R S Y N I T O III|III|IIIIII
no-oscillation
accidentals
BC(a,n) 0
spallation

— best-fit oscillation + BG Best-fit oscillation:
—e— KamLAND data E_mz 6' e [-- 46

i + Am® = 78752 % 10 elV?

e

-

iy

et

o
4 5 6
(MeV)

prompt

A fit to a simple rescaled reactor spectrum
is excluded at 99.6% CL

Dave Wark
Imperial Gollege/RAL
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KamLAND

2.6MeV ® Kaml[ AND data
analysis threshold best-fit oscillation
best-fit decay

——— best-fit decoherence

with real
reactor

/distrib utio

ideal
oscillation
— pattern

#
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Proved (with other results) that neutrinos oscillate...

...or at least do a damned fine impression.

Dave Wark
Imperial Gollege/RAL
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Solar+KamLAND QOscillation Fit

KamLAND+Solar

B 95% C.L.

99% C.L.
99 73% CL.
B global best fit

Solar + KamLAND

Dave Wark
Imperial Gollege/RAL



Borexino Detector Design

Stainless Steel Sphere| | 2240 8" Thom EMI PMTs
@=13Tm _J e

e Lol
Z=85m
[ Nylon film Rn barrier |

Stainless Steel Water Tank Steel Shielding Plates
D=18m 8m*8m*10cm and 4m*4m*4cm

> Tonk for BOREXINO DETECTOR

> Building for electronics equipments
CIF > Counter Tes! Facility

R > Clean-Room for CIF

S > Storage Area for Pseudocumene Scintillotor
H > Tunneli Section (Hall-C)

¥ > Crane
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Borexino Physics Target — "Be neutrinos

" no oscillation point

10

100x(N-D)/(N+D)

And the big news 1s...

Dave Wark
Imperial Gollege/RAL
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Now filled and
taking data!
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The Near Future — Solar and Reactor

Other future solar neutrino
Experiments —
KamLAND, SNO+, CLEAN,
XMASS, etc.- no time

to discuss.

SNO 3He detectors — different systematics — better determine 8,, Dave Wark

Imperial College/RAL
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The Near Future — Solar and Reactor

rate+shape = shape only

best fit

0.98, 8.0 x 10
g8,

sin” 26

(rough estimation)

3% rate error
1% scale error
3kt-yr data accumulation

Jave Wark
Imperial College/RAL

Improvements of KamLAND also improve 8,, sensitivity
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1t Smoking Gun — SK Atmospheric

ATMOSPHERIC NEUTRINOS

Zenith

Ratio of V/ Ve ~ 2 Up-Down Symmetric Flux
(for Ev < few GeV) (for Ev > few GeV)

Observed ratio ~1, Look at zenith angle distributions. ..

Dave Wark
Imperial College/RAL
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----+-Honda et ol,

8 g *‘—[B{IFI‘ et al. {<3GeV)
Volkova (>10GeV) J

(vp+vp )/ (ve+ve)

4 .
5 i <5% )
i : A accuracy
O 11l gy gep gyl i1 ag
U 10 100
\ eivuve EU (GEV)

25 f— vV, -I—l/_ —f Honda
- e m EETTETTY Bartol
20 [ ., —
15 & v, +v, =
10 —
5 P S

E, =3 GeV

O | | | | | | | |
-1 0
cos®

=

up-down symmetric for both v .
and v e (above a few GeV).

Plots from Y. Suzuki

Dave Wark
Imperial Gollege/RAL
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Background to Proton Decay Experiments

Dave Wark
iperial Collage/RAL
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1986 - The beginning of the
“Too few nu mu” problem

IMB-1

YOLUME 37, NUMBER 16 PHYSICAL REVIEW LETTERS

1.|:'|:J| not only g_lahaiizr hut_a]m in small regions. The decay. Also, thers
5|muL:1um-_| prec_hcls that 34% + 1% of the events should observed intan}' c
!']u.:e an idemtified muon decay while our data has nucleon-decay sign;
i v 8 ;
;&."n. *3%. This d:srfepancy could be a statistical flue-  lifetime range from l 98 (}
tuation or a systematic error due to (i} an incorrect as-  der of 1072 vears. % -
5|un”-::mn ai[n_ the ratio nii_muanl ¥'s o electron »'s in is now limited by , i FHWEICAL W E ;
the atmospheric fluxes, (i) an incorrect estimate of mospheric o Mux a T B _“}
the efficiency for our observing a muon decay, or {iii) tions. To reduce th g o foe B st B e e ﬁ""hf
some other as-yel-unaccounted-for ohysics. Any ef- quire specific cxPEJ: W o e, 5 o, - e T . . Keors, W K
: s , r 0. W R, W, Gaesshi, K. 5 Gaserer, M. Goidhwber, T W, Jores, [, Eelaewsks, W, K
o ulhl'.rl:ﬂﬁﬂc_'f’ has not hﬂﬁn Cﬂnﬁlderﬂd in Eﬂ.l' Undﬁlﬁtandi“g ﬂr Il: Frapg, I. G Lewrnad, E |?.- a, J. M. LaSaipa, | "ll:L'd-. H. &. Parii, L. R. Friez. F. B
. ) 1 Scholir, 5. Seidel, £ Shomard, D Siadeir, W, Sobel, J. L Sase, L Sulsk, E. Svobods
i
3
E ]
3
-

colating the nucleon-decay results. n 1 vn e ¥ W

v, n —Up; v p —Un; p—evy decay

v.n —p; V. p —e n; no decay

May 26, 2002
Maurny Goodman, Neutring 2002
“Other Atmospheric v Experiments”

Dave Wark
Imperial Gollege/RAL
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Kam.(sub-GeV)
Kam.(multi-GeV)
IMB-3(sub-GeV)
IMB-3(multi-GeV)
Frejus

Nusex

Soudan-2
Super-K(sub-GeV)

Super-K(multi-GeV)

Also seen by Kamiokande

u /e ratio

Y.Fukuda et al., Phys. Lett. B 335 (1984) 237.
M.Shiozawa, for the SK collab., talk at Neutrin
Munich, May 2002

e’ |
-
e ;
0 ST TR T

( /€)gard( /€)yc

(/€)ata/(p/@MC

cose

Fig. 4. Zenith-angle distribution of (/e) g/ (4 ) me. where
both the fully-contained and the partially-contained events are in-
cluded. The circles with error bars show the data, Also shown
are the expectations from the MC simulations with newtrino og-
cillations for parameter sets (Am?, sin?28) comesponding to the
best-fit values to the multi-GeV data for vy « #p ({1.8x1077
eV2 1.0), dashes) and vy + 1 ((L6210=2 eV2, 1.0), dots)
oscillations.

Dave Wark
Imperial Gollege/RAL
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vV, produces a |,

which produces a
sharp ring

V. produces

an electron,
which produces

a “fuzzy” ring e
Imperial Gollege/RAL
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SK data as a function of zenith angle

Super —kamiokande 545 days Freliminary
| ' | ' | ' | ' ] ' | ' | ' | ' |

| multi-GeV e-like | multi-GeV mu-like (FC+PC)|

# Data

[7] Predicted

—  Numu-nutau osc.

06 -0z 0z 06 06 -0z 0z 06
cos{zenith angle) cos{zenith angle)

Dave Wark
Imperial Gollege/RAL
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1t Smoking Gun — SK Atmospheric

Complete Atmospheric Sample from SKI+lI
with result of best fit

Sub-GeV e-like Sub-GeV p-like 300 multi-ring p-ﬁca Upward stopping u
P < 400 MeVic P < 400 MeVic [

200

100

{:I-llll. il el el i

Sub-GeV e-like | Sub-Gely ||-ﬁh{=! L L Upward through-going
P = 400 MaVic - P = 400 MeVic i [ non-shawaring u

Multi-GeV e-like E F F Upward thraugh-going
- r showearing p

i

2
E]
g
L
—
o
=
o
0
E
= |
=

SK-I: 1489 days } 23,000 V's
SK-1I: 804 days 100 MeV - 10 TeV

Latest analysis from Chris Walter, ICHEPOG6.

Dave Wark
Imperial Gollege/RAL
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SK Contours Compared

The new analysis combines the best features of previous analyses.
Atmospheric neutrinos still provide the best constraint on sin*(6__).

D.5 I | I

0.3

p——
|
-
a
@
[ ]
r—
2
(|
=
=

o
ho

90% C.L. contours

SK I+l Fine-binned zenith angle analysis
super-K | L/E analysis

Super-K | Zenith angle analysis

D | ] |

0.5 0.6 0.7 0.8 0.9

sinZ(20)

. Dave Wark
From Chris Walter’s talk at ICHEP Imperial College/RAL
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Super Kamiokande Rebuild

% - -, - & - e 4 " PR B T
| nor o et "o ot rope i & 1 vy b Nt v& o e TR o <
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Dave Wark
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The first long baseline experiment — K2K

o <E,>~1.3GeV
*Near detector
@300m
Far detector:
Super Kamiokande(SK)
@250Kkm
*Sensitive for

Am? >2x10- eV?

Dave Wark
Imperial College/RAL
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Front (Near) Detector direction (v) .
spectrum rate o L

: ":" S ection
(M—=PVu)
200m

12 GeV PS o E ,éfm a4

fast extraction
every 2.2sec Double Horn(250kA) ~20 x flux

beam spill  1.1us o ///7) Pion monitor
29 . -'*"' ‘"3 (P, , 6_ after Horn)
~6x10'2 protons/spill

R?*W

gl Near to Far flux ratio Ren



GCracow School

2, K2K exzbgm./%g;g[ ~1 event/2days

~101 v, /2.2sec ~10%v,/2.2sec
12GeV protons (/IOmXIOm) Vp (/40mx40m)

] oo
—hE H
Target+Horn <
200m 100m
. decay pipe

T monitor
Near v detectors

KL monitor (ND)

(monitor the beam center)

Signal of v oscillation at K2K
e Reduction of v, events
o Distortion of v, energy spectrum

" ik
Imperial College/RAL
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Final K2K Statistics

1R-p Energy spectrum

58

All

1 ring

U-like
e-like

=

by % 1 multi-ring

-"“\

0 05 1 15 2 25 3 35 4 45 5
Evree MGeVN

Oscillation — disappearance — two flavors analysis
sin?20=1.19+£0.23 Am? =(2.55 £ 0.40)x10-3eV?

1.88%10° < Am? < 3.48%x10° eV? (30%CL) for sin?26=1

) Wark
pliege/RAL
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NuMI - MINOS

Souikun

Duluth "ok

MN

Madison

4% FERMILAB #98-765D

Dave Wark
Imperial Gollege/RAL
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MINOS Detectors

" ol Il

. 7 Ty S N
4m octagonal tracking calorimeter MINO ear Detector

486 layers of 2.54 cm Fe

280 “squashed octagon” plates
Two Supermodules (15m each) Same plate thickness,

scintillator thickness and 980 tons
1000 km of scintillator, 2000 km of WLS and clear width as far detector
Target/calorimeter Coil hole
section: 120 planes Q

e 4/5 partial area
instrumented

e 1/5 full area instrumented
Muon spectrometer
section: 160 planes

muon momentum : =£22 12% (by curvature) e 4/5 uninstrumented
£ e 1/5 full area instrumented

fiber readout (25,800 m- of active detector planes)

Toroidal <<B™>>=2 1.3T. Total mass 5.4 kT

hadron energy : %ﬂ;
y L

Instrumented area
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MINOS Event

Date : 20 Mar 2005 Time :11:56:32 Run: 29470_55 Snarl : 63498 EventType : Upward Muon Cand

a \ \

"E XY view
ME Lew Wy

-

I My, 4

)

3

i
i
a®
:: FarEEEE S =ty ur. 2
a ‘o i ®
. . 1

i

[y - g > §

% L . .

E . ,,;3-3’*"'* Beam direction 4
. o

\4
(=]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

-, ;:-:‘ -
R 2
. * -+ =+ = 3
;; y
“ -4
st x, MINOS preliminary,

Dave Wark
Imperial College/RAL
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MINOS best-fi1t spectrum for

1.27x10%°

POT

MOFt Unosaillatad
Bearn Matroe Best Fit
MC Background
—4— MINOS Data

Events/GeV
Data/MC Ratio

I_{,_-.

LT

I

Beam Matnix Best Fit
MOFit Best Fit
—+— MINOS Data

|
I

no

PR T T SR [ S N T
5 10 15 18 30
Reconstructed E (GeV)

i 1 i i M
10

|15| i i i

[
[ ]

Reconstructed E (GeV)

49% deficit below 10GeV : 6.2c significance

Fit made to oscillation hypothesis yields:

Slide from Geoff Pearce’s talk at ICHEPO6

sin’28,, =1.00 _, ;;(stat +syst)

Normalization = 0.98

“mniz = 2-74__%_4;,5(5tat +syst) x107eV?

Dave Wark
Imperial Gollege/RAL
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Allowed Regions from MINOS, K2K

*  MINOS Best Fit
MINOS 90% C.L
=== MINOS 68% C.L.

P
- .20

‘ﬁm S| =2.74703¢ (stat + syst) 107 eV>

sin” 28,; =1.00 ;5 (stat +syst)

Constrained to sin?(28.,) = 1 Dave Wark
] Imperial College/RAL




GCracow School

Projected sensitivity of MINOS

MINOS Sensitivity as a function of Integrated POT

“E0-004"'|""|""|""|""|'lllllll T T T
g

£0.0035

=7

Input parameters

Am3,[=2.74x10"eV?
0.003 |

sin”20,, =1.00
0.0025 -

1.27x10” POT
— 2.5x10*" POT
— T.4x10°" POT
— 16x10” POT

0.002

90% contours

0.0015

Statistical errors only

- Super-K (zenith angle)
1 |

065 0.7 0.75 0.8 0.85 0.9 095 1
sin®20

0.001

Dave Wark
Imperial Gollege/RAL




