"The year 2002 is likely to be remembered as the

annus mirabilis of solar neutrino physics'
G. Fogli, et al., Phys. Rev. D 67, 073002 (2003)
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summary of new neutrino results

1. Neutrino Physics parameters

2. The pre-(SNO-KamLAND) experimental
situation

3. The new results : SNO, KamLAND, K2K,
WMAP

4. A quick look to the next experimental steps






Neutrino Physics Parameters

Flavor neutrino states Mass eigenstates

°00 200

r 1 11 M,

* 3 masses : m;, m,, m,
* 3 mixing angles : 0,5, ©,;, O,
* 1 Dirac CP Phase : 6
* Dirac or Majorana ?
2 Majorana CP Phases : a,,0,



Pontecorvo-Maki-Nakagawa-Sakata
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2 Neutrino Oscillation

Disappearance
P(v, - v,) =1- sin?20 sin?®

Appearance
P(v, — vg) = sin?26 sin?d®
L(km)

& = 127Am%(eV?)

E(GeV)
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Solar v, : the SSM (J. Bahcall)
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Solar v : before SNO & KamLAND
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Solar v : Pre-SNO Experiments

Homestake Gallex+Sage (S)-Kamiokande
vo+37Cl - 37Art+e v +''Ga - "Ge+e- v te - v te
E, > 0.814MeV E, > 0.233MeV E,6 > 5MeV

(U H+0.15(v,+v.)






#9 Shart

Sudbury Neutrino
6000 mwe || Observato

1158 m (3800 ft) H 2 km

level H

Granite —
Gabbro

1646 m (5400 Tt}

\\

I

level H
t =)
191 i
CN Tower I }

553 m (1615 1) 2073 m (6800 ft.) ) @=no Site
level

Cerenkov detector
1000 tonnes D,0

12 m Diameter
Acrylic Vessel

Inner Shielding
1700 tonnes H,0

Support Structure
9500 20cm-PMTs
60% coverage

Outer Shield
5300 tonnes H,0

Urylon Liner &
Radon Seal







v Reactions n SNO
® Ve, e -

- Both SK, SNO
* Vg 10.15(v, +V))
« Strong directional sensitivity

- Good measurement of E(v,)
* Vg only
 Weak directional sensitivity
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Signal Extraction
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SNO an appearance experiment

Flux (105 cm—2s-1)
@y, =1.76£0.05+0.09
Dps =239 9% 112

-0.12
. +0.44
CI)NC o 509 -0.43

SNO 2B flux
agrees with SSM!

5.3c above zero
flavor transformation

v, . from the Sun!
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SNO Impact

on Am2-sin¢20

Large Mixing Angle

2.10°<Am?(eV?)<2.10-4

0.2<tan?0<0.7
(95%CL)

LOW
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KamLAND Experiment

Testing LMA with

man made (anti-)neutrinos

v detector

Maximum Oscillation

Am? =5107eV?
L~74km

1.27Am*(eV?) M) __ 7
E(MeV) 2
E. ~3MeV




Nuclear Reactors in Japan

20 % of world nuclear power
~80GW Nuclear Power Stations in Japan
Electric Power Development Go.-noma (COmmercial plant. Aug. 1999)
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KamLAND Detector

V +p->e*+n, e*+ e - 2y (prompt)

n+p->d+7y (2.2 MeV) (delayed)
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Prompt and Delayed Energies
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Observed Event Rates

Mar. 4 — Oct. 6, 2002
162 toneyr (145.1 days)

Final sample 54
Background 0.95+0.99
accidental 0.0086 = 0.0005

°Li/®He (B,n)  0.94 + 0.85

fast neutron 0+£0.5
Expected 86.8£5.6

Nobs'NBG

Nexp
P(no disappearance)<0.05% (4.1c)

=0.611+0.085+0.041




Energy Spectrum

Events/0.425 MeV

| —— reactor neutrinos
- E Qeo neutrinos
O accidentals

S e KamLAND data
2.6 MeV — no oscillation
1 —— best-fit oscillation
' sin?20 = 1.0
Am?=6.9x 10°eV?

Consistent with :

» distorted shape
@ 93 % C.L.

&
* no oscillation shape
@ 53% C.L.

Prompt Energy (MeV)




KamLand Impac’r on Am2-sin%26

- 68%C.L.
 95%C.L.

L. __ Chooz excluded
| | | | | | |

Rate+Shape allowed (=2.6MeV)

- I LMA
| "% Palo Verde excluded

0

0.2 04 06
sin?20

0.8 1

LMA-II
1.3 10 <Am? (eV2)<2 10~
@95%CL

LMA-I
5.8 10-5 <Am?2 (eV2)<9.1 105
@95%CL

Best fit
Am2=6.9 105 eV?2
sin220=1.01




SNO & Kamland have demonstrated that
neutrino oscillation with LMA is likely to be
the solution to the solar neutrino problem.

We are entering the precision era in the
determination of the parameters governing the

neutrino flavor evolution, more data to come
from SNO, KamLAND and SK-II.







K2K Experiment

Testing SK atmospheric results
with .. man made neutrinos

Maximum Oscillation

1.27Am2(eV2)EL((£:\3) =§ — (L = 535km|

E ~1.36GeV, Am? = 310%eV?




Near neutrino detectors
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Observed Event Rates

June '99 to July 'O1
4.8 x 1019 POT

Final sample 56 &D
accidental <10-3 =
Expected 80.1:¢2 ﬁ:

Ni5s-N
= $6.0.70+0.0972 2%
Nexp )

P(no disappearance)=1% (2.80)
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Energy Spectrum

Without

“/ Oscillation
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K2K Impact on Am?-sin26

6. Fogli, et al., hep-ph/0303064
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K2K is confirming the atmospheric neutrinos
oscillation with man made neutrinos. They
should reach the 3.5c level in 2005
(10 101° POT).

The atmospheric
precision era will
start with the
launching of
MINOS (2005).
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Cosmoloqgy and v masses
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Neutrino Parameters to be measured

Am?,, @ =Solar+KamLAND 0., ®=Solar+tKamLAND
6.10-°<Am?2,,(eV?)<2.104 0.2<sin?%0,,<0.5
Am2,. @ =SK+K2K 0,; ®=SK
Am?2,.=(2.6 = 0.7)10-3eV? 0.9<sin220,,<1
sin?%20,,;<0.1 (CHOOZ)
Mass Hierarchy OZ Majorana/Dirac OZX
Im, OZF

¥m, <6.6 eV (Mainz)




Opening the road to CP violation

Sub-leading appearance v, — v,

P(Vu_’ Ve)zpatm"' Psol"' PCPC"' PCVP
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JHF-Kamioka Neutrino Experiment

&L |50 Gev PS

{C} EII.'I[I,E@I'II s - 4200 i A6TEE km uroDa

2008 ~ K2K x 140
Super-K2K




v, Apparearance @ JHF

90 C.L. sensitivity
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SNO Run Sequence

The Three Phases Neutron Detection Method
Pure D,O  [Nov. 1999- May 2001 Capture on D

— Good CC sensitivity n+d—>t+y..—>e (E =6.3MeV)
Added Salt in D,O Capture on Cl

— Enhanced NC sensitivity

n+3Cl —»38Cl + Zy ... > e~ (Ey, = 8.6 MeV)

Counting Since June 2001

Neutral Current Detectors

— 3He proportional counters in  Capture on *He
the D,O n+3He > p+t

Event by event separation of CC and NC
events




v, Event Selection in KamLAND

Inverse B - decay selection
Erompt > 2.6 MeV
no OD signals
0.5 <AT<660 u sec

Fiducial Cut
R<5m: 408 tons

Rejection of u-induced

spallation 3,n emmitter
ATlLl < 2sec, AE]Ll >3 GeV
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Measured/Expected Flux from
Reactor Neutrino Experiments
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KamLAND after 5 years

LMA-I

@95%CL

6.4 10-5 <Am?2 (eV2)<7.2 105

I- LR II-IIl
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Super-K accident and rebuild

12th of November, 2001




up

-
D
9D
&
o
@
=
(©
X

Super-




Super-Kamiokande

Run 20941 Event 2717
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Event selection @ SK

June '99 to JyC01 (4.8 x 1012 POT)
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Super-Kamiokande (Far detector)

50kt H,O Cerenkov
tiducial volume 22 .5kt
under the ground
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Accidentals ~ 10-° evt/day




Spatial
Resolution

u@1GeV
30 cm

3°(®,)

Energy
Resolution

u@1GeV
3% (E,)




SK : Discrimination p,e,n®

Réjection Réjection

Background for v, appearance :
* Intrinsic beam v, du faisceau
» v, CN inélastiques : 2 anneaux n° confondus



SK : Ev < 16eV region

Soudan 2 Monte Carlo Cross Sections
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JAERI @ Tokai-mura
Machine/fubded 12/2000

—Construction 2006
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v, Appearance : sin?20,; measurement

OAB2° v, v, V, Ve
5ans 22.5kT | (CC) | (NC) | (Beam) | (Osc.)
Générés 10713 4080 292 301
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OAB2° v v, Ve Ve
5 ans 22.5kT | (CC) | (NC) |(Beam)| (Osc.)

Géneérés 10713 | 4080 292 0
0.4<E<1.2 1.8 9.3 11.1 0

Obs fond
N, =N, =
16{'V V. 81 =0.006 @ 90%CL

'20,.<
Sln 913 < ¢23

613 <2.2° @ 900/0 CL (Stat-)
0,5 <2.3° @ 90% CL (stat.+syst 10%BG)




JHF-IT : 4MW +

Liner

Plat form

Opaque Sheet

Quter Detector

Inner Detector

|

Height 58m

SEC

Plat form

]

Access Drift
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Lower Access Drift

Dia.#43m
Width 48m
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800 MeV protons

1 mA

6% duty ratio

/e

Cu Beam Dump

L = 30 meters

1220 PMT
Cerenkov

e’ u

Ny

ut decay at rest
prompt e* track, 20<E_<60 MeV
n capture: np — dy (2.2MeV)

v correlated in position and in time with e*







LSND & KARMEN Results
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MiniBooNE

8GeV
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First neutrino events .
September, 2002. MlnIBOON E

RN R E E E E E EE R R R 0T
inlegrat
1150

Number of Neutrino Events
To date: 101119
Largest week: 7182
Latest week: 2143

a20

v,C »pwN* 500 000 .
v,C -v, n'N* 50 000 ] .
v,.e-v.e 100
v,C -e'N* 1-2 years
LSND Oscillated 1000 ='
Intrinsic 1500
n’mis-Id 500 .
u- mis-Id 500




MiniBooNE
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ossible MINOS result in 200

Expected event spectrum

Possible observed
event spectrum
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MINOS Limits on vp to v,

MINOS 10 kt-yr v, -V, sensitivity

10 kton-yr exposure,

Am2=0.003 eV?, |U,;|%=0.01:
Signal (¢=25%)- 85ev
v, background - 5.6 ev
Other (NC,CCv.) - 34.1ev

M. Diwan,M. Mesier, B. Viren, L. Wai, NUMI-L-714
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NuMI Beam: on and of f-axis
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Off-Axis NuMI and JHF

Syrs @ 4x1020 p/yr 5yrs @ 4x1020 p/yr

20 kton detector SuperK detector
. NuMI . JHF — 295 km
107 - 107 -
W > )
d : [ [
5 B
1072 : 10~ :
103 1072 1ot 10~ 10~ 10t
sin” 2613 sin 26,
v, CC [ NC | Beam v, | Signal v, v, CC | NC | Beam v, | Signal v,
all 12104 | 5696 295.4 293 all 10714 | 4080 292 302
after cuts 10.2 10.2 85.5 after cuts 1.8 9.3 11 123

Above event samples assume sin?260,,=0.1 and Am? = 3x103eV?




Moving off-axis in NuMI beam
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SuperK results indicate want ~ 2 GeV v at NuMI baseline of 735 km
» Off-axis doubles 2 GeV v rate compared to on-axis
» Gets rid of higher energy v which produce NC, v_ backgrounds




Possible off-axis detector sites
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AGS Power Upgrade to 1 MW

Px10 To RHIC

. v To Target Station
High Intensity Source

plus RFQ
200 MeV Drift Tube Linac
BOOSTER

AGS
1.2 GeV — 28 GeV
0.4 s cycle time (2.5 Hz)

200 MeV

400 MeV

Superconducting Linacs
800 MeV

e the AGS Upgrade to provide a source for the 1.0 MW Super Neutrino Beam
will cost $265M FY03 (TEC) dollars



v, Appearance Measurements

Events/bin
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v, APPEARANCE

e v B
e e e e B vt e LI ’."kw;#**

BNL-HS 2540 km
sin®29,,(12,23,13) = 0.8/1.0/0.04
Am,2 (21,32) = 6.0e-5/2.5e-3 eV
1 MW, 0.5 MT, 5e7 sec
— CP135°: 528 evis
.. CP45°: 414 evts
.. CP-45°: 294 evts

. Tot Backg.: 146 evis

.. v, Backg.: 70 evts

+++

5 &4 4 & ® T B O 410

Reconstructed v Energy (GeV)

[ sin226,,<0.01 (2.9%)

“for most of the possible range of
sin?20,5, a good measurement of
0,3 and the CP-violation parameter
dcp can be made by the VLB
experimental method”




v, Appearance Measurements

Events/bin

v, APPEARANCE FROM Am,,2 ONLY
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Am, 2 = 1.8e-4 eV’ 677 evts

BNL-HS 2540 km
sin’26_, =0.86
a2
sin“20,, =0.0
1 MW, 0.5 MT, 5e7 sec

LMA-I
Am,2 = 7.3e-5 eV? 236 evts

LMA-I

Total Backg: 146
-V, Backg: 70

3 4 5 6 7 8 9 10

Reconstructed v Energy (GeV)

e even if sin?20,; = 0, the current
best-fit value of Am,,?=7.3x10"°

induces a v, appearance signal



Tritium




3H B decay : Troisk & Mainz

entire spectrum

o 1.0} - region close to 8 end point
E
£ AB |
E 0.8 : :
© _
T e = m(ve) =0 eV
o 0.6 ©
o = _
0 3 04|
E 04 ly 2 x 1073 of all
@ 0.2 B gggaysxin Iast? :V
0.2 m(ve)=1 eV
U -
o L | | | " -3 -2 -1 0
2 6 10 14 18 3 3
“\, E-E;[eV
electron energy E [keV] H — He"'e "'Ve o [eV]
3 2
2 2 o
mé =Y |U,| m m, < 2.2 eV (95%CL)
F=1




SH B decay Troisk

e )




3H B decay Katrin

Improve m; by one order of magnitude: 3eV to .3 eV
Improve m,? by two order of magnitude: 9eV? to .09eV?

molecular tritium source pumping pre-filter energy analysis [3-electron counting

MAC-E-(TOF) spectrometer detector
pre spectrometer

— ; g N i o

solid T, source %‘g

wl

26 m 10 m 4 m 22 m 6m

x40 from 100 to 1000 days | [DE=1eV (/4)




3H B decay Katrin

Improve m; by one order of magnitude: 3eV to .3 eV
Improve m,? by two order of magnitude: 9eV? to .09eV?

air coil

B=2x102T

B=5x104T

solencid

solenoid
B=5T

B=5T air coil

pre-spectrometer :
_ _ _ main spectrometer

fixed retarding potential 18.4 kV variable retarding potential 18.5-18.6 kV
@=17m/L=40m e

AE=80eV
AE=1eV




3H B decay Katrin

count rate [1/s]

0.022

0.02

0.018 F
0.016 F
0.014 F

0012}

massive neutrino: m,,=0.5 eV

measuring time 3 a
m,=0eV
m, =0.5eV

Mg

< 0.35 eV
(90%CL)
3 years

0.01

retarding energy - E; [eV]







BB(0v) decay

BR(Ov) :

2n — 2p+2e-

AL=2 Process




Heidelberg-Moscow & IGEX

(86% 7Ge, Q;,=2038,5 keV)

Heidelberg-Moscow
1990-2000 Gran Sasso Underground Lab.

f; B z5 5 kg y (S5E)
b 05 _ 1539 kg y
5 detec.‘.or‘s Ge (total mass = 10,9 kg) 'Ej expected Dugf line
FWHM = 3,85 keV g 0 |
Ny, = 0,06 counts y-! kg-! keV-! (SSE) . . ﬂ\
v "k g i
T Y 519105y (90% C.L)||
< 'T\ee:> < ().23 - 1 .() (a\/ ol

o0 o o 0 men X0 a0 b s e 0E0

IGEX (International Ge EXperiment) energy [keV]
12

1994-2000 Baksan - Canfranc Underground Lab.

-
o
T

- 3 detectors Ge (total mass = 6 kg)
2038.5 keV ] FWHM = 4 keV
Y - Ngy, = 0,07 counts y~! kgt keV-! (SSE)

w
r—TT

Counts / 2 keV

T 1> 1,57 1025 y (90% C.L.)

2

<m,>< 0,36 -1.07 eV

0
2020 2030 2040 2050 2060
Energy (keV)




Past, Present and Future...

Calorimeters: PRESENT FUTURE
, M=13 kg *'Te (40 kg) M= 760 kg TeO,
Mibeta S g CUORICINO [> 3-7 1024 y ey CUORE > 2.1026 y
<0.1-0.3¢eV <0.03-0.1
K
M=6-11 kg 75Ge __F}?‘_t?ff‘f".‘-‘-;-—%--* GENIUS
Ge| > 1.910%y
____________ M=500 kg enr. Ge
<03-1eV Cormogenic g "MATJORANA | o J
<0.02-0.07 eV
Tracking: 100 M=100 ke 1°0M
M=7 kg 1Mo (10 k | M=100 kg 1Mo
NEMO-1-2 -----»  NEMO-3 [> 3 lozgy (W0ke) » "a la NEMO" | - 1026 y
<0.1-0.3¢eV <0.03-0.07 eV
Neuchatel M=1 (10) tons 136Xe
TPC Moe T * EXO|>8.102%y (1.3 10%)
< 0.05 — 0.14 (0.013-0.037) eV

L 0 €A » MOON



CUORICINO : “little” Cryogenic Underground Observatory for Rare Events

Italy, Spain, United-States, Nederland
Gran Sasso Underground Laboratory

Begin operation : 2003

Bolometers : 1 tower with - 11 modules of 4 crystals "2Te0, de 750 g } =13 kg B3Te

- 2 modules of 9 crystals "'Te0, de 340 g
T~10mK=>C~2nJ/K=>1 MeV/0,1 mK

(40 kg TeO,)
Q2528 keV

15t hypothesis :

With performances of the 20 crystals (MI-BETA):

FWHM = 8 keV
NBDF . 0,5 event year'1 keV-! kg'l

T . >3,310% years (90% C.L.)
< mv> < 0,2 — 0,3 eV (in1 year)

Un module de 4 cristaux TeO, de 760 g

2"d hypothesis :
FWHM =4 keV Best value with 750 g crystal

Ngpr : 0,1 event year! keV-! kgl
if bkg dominated by a surface pollution

T .. >7,210%ans (90% C.L.)
<m,><0,1-0,2 eV Gn1year




NEMOS3 : Neutrino Ettore Majorana Observatory

France, United-States, England, Japan, Tcheck Rep., R

Laboratoire Souterrain de Modane (4800 m.w.e) 1 Begiﬂ opera tion : 2003

Tracking detector (6180 Geiger cells in He+alcohol): Vertex 6,=5 mm, 5,=1 cm
Calorimeter (1940 plastic scintillators — PMTs low radioactivity) FWHM=14% (1 MeV)
Bkg: gamma + neutrons shield, magnetic field, materials low radioactivity

B Mo (6.9 kg)

Sources B (thickness ~ 60 mg/cm?)

B oca 040k \
-|.:|r|‘c{(}_-_15 kg)
150Nd (36,5 g) >BB(2V)

*7r(943 g)
8Ca (6,99¢)

ot ” }BDF
B Cu (0,62 kg)

B #Se (0,93 kg)

Qgp = 2995 keV

v

Npy=0,2 evts y! kg!

T?/; >8. 10y
<m ><0,1-0,3 eV

(90% C.L.)

v

Npig=0,02 evts y! kg!

T, >1,510%y

<m ><045-1,2 eV
(90% C.L.)
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