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ISSUES

« Solar neutrinos
- Atmospheric neutrinos

- Accelerator neutrinos

* Future longbaseline experiments

* Neutrino properties: mass, Majorana vs.
Dirac, magnetic moments

* neutrino in astrophysics and cosmology
* Dark matter and WIMPS

» Cosmic Rays and Neutrino telescopes



Solar Neutrinos
Solar Neutrinos Experimental Results
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REACTION TERM. ¥ ENERGY

(%) (MeV)
p+p—2H+ et + 1, (99.96) < 0.423
oar
pte +p—2H+wp, (0.44) 1.445
2H + p — ®He + ~ (100)
%He + *He — a + 2p (85)
ar
iHe + 4He — "Be + ~ (15)
TBe + o= — TLI + v (15) {g-g’gg fggz
Wi+ p — 2«
or
"Be +p — B + ~ (0.02)
8B — 8Be* + et + v, < 15
8Be* — 2a
or
He + p — *He + et + v,  (0.00003) <18.8

Neutrino terminations from BP2000 solar model.
Neutrino energies include solar corrections:
J. Bahcall, Phys. Rev. C, 56, 3391(1997).
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Highlights: 1988-19

*1988: helioseismology + v’s: 0.5%
*1990-1994:Radiative opacity, E.O.S.

*1990-1995: Element Diffusion

B flux: + 35% [RMP 67 (1995)]

J. Bahcall
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J. Bahcall
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J. Bahcall

BP00 % Uncertainties

Source B "Be
p-p 0.04 0.02
3_He --3H6 0.02 0.02
SHe +*He 0.08 0.08
p'Be | T | o
Composition 0.08 0.03
Opacity 0.05 0.03
Diffusion 0.04 0.02
Luminosity 0.03 0.01
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Super-K Solar Neutrinos

1496 Live Days between
May 31%t 1996 and July 15%,
2001

« High Statistics

» Measures ®*B. limits /ep tlux
» 3B flux tume variations

» Studies energy spectrum

» Some sensitivity to other
than e-type neutrinos

Ilichael Sroy, UC Irvine



Solar Peak above S MeV

SK-| 1496day 5.0-20MeV 22.5kt
(Preliminary)

Event/day/kton/bin
o
N

|3—1 -0.5 0 0.5

Mlichael Sray, UC Irvine COSGSUH
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Super-K Solar Neutrino Rate

flux is

1496 Day Final Sample: 235+ 0.02(stat)0.08(sys.)x 10°/cm’s
) or 0.465 = 0.005(stat.) )16 (sys.) x SSM

22 400 solar neutrino events
18-21 MeV: 4 9£2 7 events

» Expect ~1 hep neutrino (SSM)
» Expect ~2 hep neutrinos
(oscillation best fit: ~4x SSM)
90% C.L. upper limit of /iep
flux: 73x10°/cm*s (7.9xSSM)

Ilichael Sroy, UC Irvine



v Oscillations

Ve ~
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The Large Mixing Angle MNS matrix:

g vy

a

L = KRR, | v,
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The Maki-Nakagawa-Sakata matrix

Majorana matrix

m 0 0 = 0 0
VEmeRVERT =10 m, O Viem Vs =1 0 m, O
0 0 m 0 0 m

RO = L — VE‘EVV’:T Three physical phases

give CP violation

PARMEIISING  |—) U, s = BB AR5

I

1 0 0 Cs U 8 ¢, &, 0

R;=10 ¢y 55 R.=| 0 1 0 Ra=|—8§; ¢, 0
27/05/2002

= F . Emng, Meutrino 2002, MMumch



Lepton mixing and neutrino oscillations in vacuum
Vg = Uai i

v, — flavour eigenstates, »; — mass eigenstates

Transition probability:
P(I}a — Ifb;t) = Z ks " e U
i

Can be obtained from the evolution equation

Vg El Vy
4| » Ea Vb

tdt . 5 ¥

2-flavour case:

cosf! sinf

o= ( —sin ODEQ)

AmZ;
P(vs —+ vy t) = 5in” 20 - sin® ( 4E$J L)

- E Akhmedov 2002 —



Neutrino oscillations in matter (3f)

iz |w|=|U[0 B O Ur+| 0 0
E\ 0 0 Fs 0 0

Ei=y/pP+mizp+ 2, toer
Zp
1 0 0 C13 0 syge®1 c1z sz 0
U = U Cag Sag U . 1 U —&13 Cig U
0 —sg3 cg3 —aigel 13 0 0 1

V(1) = V(ve)lce = V2GrN.(1)

[V (ve)lve = V(vu)lnve = [V (v )lve — do not contribute

— E. Akhmedow 2002 —



3t effects in oscillations of solar neutrinos
e What do the solar . oscillate to7?
From |Us| €11 w3 >~ s3v, +coais
= From unitarity of U': Solar v oscillations bebaeen
ve and v =coav, — 333

= Solar v, osdillate into a superposition of v, and 2. with
almost equal weights



Yearh Variation of SK Rate

Seasonal Dependence of v Flux

Flux in 10%cm s
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Dallw Varlatmn of SK Rate
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Ilichael Sray, UC Irvine



17.8m dia. PMT Support Structure
9456 PMTs, 56% coverage

12.01m dia. acrylic vessel
1700 tonnes of inner shielding H,0

5300 tonnes of outer shielding H,0

A. Hallin

The SNO Detector

Haost: INCO Ltd., Creighton #2 mine
Coordinates: 46 28°'30"N 81 12'04"W
Depth: 2092 m (-6010 m.w.e., ~70 u day’)

Nucl. Inst. and Meth. A449, p172 (2000)



v Reactions in SNO

o (RYEIN

-Good measurement of v, energy spectrum
-Weak directional sensitivity « 1-1/3cos(6})

- v, only.

- Equal cross section for all v types
- Measure total B v flux from the
sun.

@ v.te = e

-Low Statistics
-Mainly sensitive to v, . some sensitivity tov, and v,
-Strong directional sensitivity

A. Hallin



Signal Information

~Hits and Energy

»Direction from Sun

~Radial Response

n+d—->t+y...>e (E =6.25 MeV)

HNC Monte Cardo (E>5 MeV)
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Neutrino Physics From SNO

June 2001

Perform a Hypothesis Test for Flavor Change by assuming
pure B Spectral shape and testing if flux ratios equal 1.

) D

night ?

day

Test if interaction with electrons in the Earth changes
Mu and Tau nheutrinos back to Electron neutrinos
A. Hallin



Solar Neutrino Flux From SNO Data

Total B Solar Neutrino Flux Originating in the Sun

Myl ©, = @ + (D, -D.) x(1/€)

X

April 2002

A. Hallin



The Pure D,O Phase Dataset

#» Livetime: 306.4 days (November 2, 1999 = May 27, 2001)
Day: 128.5 days Night: 177.9 days

#» Energy Threshold: 5 MeV Kinetic
# Fiducial Volume Cut: 550 cm

#» Total Number of Events after cuts: 2928

Neutron Bkg 78 ﬂlf Cherenkov Bkg 45 f;'za

A. Hallin



Shape Constrained Signal
Extraction Results

4l CC 1967.7:%:
Z +26.4
g ES 263.6+25:5
-l NC 576.57%¢
|
gl
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A. Hallin
Shape Constrained Neutrino Fluxes
signal Extraction in @¢e, Opey Pese Erpocpog> 5 MeV

®D,.(v,) = 1.76 ‘a5 (stat.) ‘0.0s (Syst.) X108 cm-2s!

D . (v,) =2.39 *023 (stat.) ‘012 (syst.) X105 cm-2s-!

®_.(v,) = 5.09%343 (stat.) ‘043 (syst.) X106 cm2s-1

Signal Extraction in @, (Dm.

D, =1.76"00;s (stat.) ‘.09 (Syst.) X108 cm-2s""

@ . = 3.41%345(stat.) 045 (syst.) x106 cm2s"

High threshold results agrees with first publication.



Physics Implication Flavor Content

- +1.01 _ £0.44+0.46
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A. Hallin ¢, (10 cm™ s

Strong evidence of flavor change



A_versus A, .

Signal Extraction in @, ©yc. Pge.
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Global fit



LMA: large mixing angle

SMA: small mixing angle

LOW: small squared mass
difference

VAC: vacuum oscillations
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Deviation, ¢

F. de Holanda, A=
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Nu s and solar neutrinos

m Pure osallations v, — v, are excluded m Matter potential 15 modified:
at about 50 level

B Oscllations », -,  where

M= BOST) 3 o + smny ¥,
B Fluxes detected by different reactions
charged cwmrents:

¢ = [ P,

B Transitions

PEE
v -

neutral currents:

neutnino-electron scatterme

fE‘n [Pee il (1 = Pee) CGSETJ’]

¢

Degeneracy of parameters: where fy 15 the boron neutrmo flux
r : . . 2 - = !
two combmations P, f5 (1 -P_Jcos? 7 1 o v, €/ olv, e)
Barger et al,

LY Smarmose
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Kamioka Liquid Scintillator Anti-Neutrino Detector

Junpei Shirai
Research Center for Neutrino Science, Tohoku University
for KamLAND Collaboration
Neutrino2002, May25-30, Munich, Germany

1.KamLAND Overview
2.Reactor V experiment by KamLAND

3.Detector Performance
Energy, Vertex, Background

4.Summary




[' Reactor V, experiment I

® Pure Ve flux Front detector is not necess
> ary.
@ Flux is well known (~1%)

® Low energy (<several MeV) —» Disappearance exp., Large L/E

reactors

Nev - Z 1—sin228 sin? 0(?1)—)&*11)@
1 \4 \ / /
Powerful (70GW) reactors @L ~ 175+35km 1000ton LS (CH,)

4 | 3 100V, /sfem2,, . ‘V@A 10
(@sin?0~1) free protons
—+550 /yr (No oscill., F

No oscill., Fid. vol. 600 ton, |
Reactor eff. 80%) Covers LMA !!



[V; Detection]

/-—{c_—» 2’}/(@ "Prompt"

V. poen & >18Mev) "By T077MeV)

80LLs
' 'ﬂm "Delayed"
@) Ve only (CC)

@ Reject BG (delayed signal«— timing, distance, energy)
@ oislarge (~1006(ve—ve) ) and well known.
@® E, is measured by prompt energy.

@® KamLAND Liquid Scintillator
Large light yield, High purity, Pulse shape discrimination (n/y, oY)
Fast response, cheap, safe



L
i
'
—
[

3 month 95%

3 years 99.999%
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L. KamLAND sensitivity
f 600 ton, 3 years

80% reactor power

rate/shape analysis above 2.6 MaV
5% systematic error

parameter determination (68%)

s5inZ20




Borexino Detector Design

Stainless Steel Sphere
@=13.Tm

Nylon Sphere
@=85m
[ Nylon film Rn barrier |

| 2240 8* Thom EMI PMTs |——

Light collectors

[100 ton fiducial volume |

Stainless Steel Water Tank
D=18m

Steel Shielding Plates
Bm*8m"10cm and 4m*4m*4cm

"Be neutrinos
line at 863 keV

ml.mmdmmmo.mmm(m}m.qmmdhm
diffszentially by means of a liquid buffer (1040t), & steel sphere on which the tubes are mounted, and
ahs msdee wmeiss hullle whisk i sontainad in an eviernal steel tank with dimensions of sbout 18m. A




& * "
Main interaction:
v,+e=D Vv, +e

Measurement of the v from 'Be
250-800 KeV
® Rates expected (ev/day):

S.S.M. MSW-SMA | MSW-LMA | MSW-LOW VO
(B.P.) 30 130 30
With SK 55 1245 24 26 38*1>
total rates
Before SNO 36+ 324] 324
After SNO 35:5 3243 32:5‘

Expected background: ~15 ev/day



Atmospheric neutrinos

Evidence for muon neutrino

disappearance
(SK, MACRO, SOUDANZ2)




M. Shiozawa
May-2002  Meulrino2002 @ Munich

1489 days of contained event data

Contained event

{suh-GeW sample)

et Fully Contained (FC) Partially Contained (PC})

%
104 &
-_._______________,.-r BER
I v e/ Kn = multi-ring
e b -1|:|=3 | B = EUEI‘TL’S
\-...._ﬁ it 1-rin —E|
avents
10% § : ; : b =
T @ B All are assumed to be p—like
MNurnber of rings
— Bemsiieesierels Profiesry iR cegs
p-like
0.4 I 1 I 1IIII I1I:IIII oA I 1 I 1I:II I1III

IePTON MOMEeNTUm (10g{Gev/c))



M. Shiozawa May-2002  Neutrino2002 @ Murich

Another technique of atmospheric v observation

1m LILLLI 1Tl LI LILLLI TTrn LI LILLLI
pward throuch-soinge T o el ™ ™ | m

750 |

.E....g...

2o

Events / 1000 days

2

=l

® different energy scale | [ It
| @ differvent detection technique | 10
— bz -

Up through-going p. 1678days, Obs. 1.7+ 0.04 + 0.02 (x10-Ban?s sl
Fxp. L.97+-0.44

Up stopping ., 1657 days, Obs. 0.41+-0.02+-0.02 (x10-Ben2sla-l)
Exp. 0.75+-0.10




Zenith angle distribution

Am= 008 V2

~ Detector N

10
Neutrino Energy (GeV)

. L 2Iam E
P(v# — vﬁ) =1-sin”26 smz(%‘m)



M. Shiozawa

Zenith angle distributions May-2002  NeUrino2002 @ Murich
(FC+PC+up-p)

L
-'I.EL. e ﬁ"’i

| 2-flavor oscillations

Best fit { Am?=2.5x10-3eV?, sin?26=1.0
Ymin=163.2/1170 d.o.f)

Mull oscillation

' (¥2=456.5/172 d.o.f)

Nomber of Evenis

enERERENERR

IIIIIIIIIIIIIIIIIII
-1 4.8 06 42 @

0] 4=
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M. Shiozawa

May-2002  Meulrino2002 @ Munich

Combined allowed regions

) v,V
‘;W SERESEARES T RS R T T T
T
]
16 3
1L N e 1'“‘=
— FC+PCHUPMU comblned
— FGHPC
Upgoing through p 1
M - Upaeing stop wUpgolng through p
1 001 02 03 04 05 08 07 03 08 1

v, © v 0scillations

Best fit(Am?=2.5x10-.s5in?26=1.0
Lmin=163.2/170 d.o.f)

No oscillation
(x2 =456.5/172 d.o.f)

Am2= (1.6~3.9)x103e V2
sin220 > 0.92 @ 90%CL



limit on v, © vg admixture

A (5V)
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May-2002  Meltring2002 @ Munich

M. Shiozawa



MACRO L/E USiIlg multiple scattering

X 13.6-107%*GeV
1,3 p_.'ﬂr::

X/ X0 (14 0.038In(X/XY))

TMos =

% E estimate from
Multiple Scattering

\ ' o I
. 5 "“*J H
% 3 E bins (streamer Eos | l |.|1?H| iy

e HILFr'L.uH WWWW
tubes in digital mode) ” .
% 4 E bins (streamer = '_ + ¢
tubes in drift mode + dEa g . .
Neural Net) | (06w —{4m]/CiGeV!

Maury Goodman, Mewimro 2002
‘Other Afmosphenc v Expenments”



Am?, sin?(20) Comparison

Soudan
Macro HE
Macro LE
Super-
Kamiokande

d
ool dox d...-l 4 l doal I . I o [ PSR P I i J ol il
0 0.1 L‘IE G-.i- I:H- L‘-Ib 0.6 l:'? D-& -:ZIEJ' 1

sin®(28)




T. Tabarelli de Fatis

Forthcoming experiments

Neutrino it f

Munich
+ Check of Super-K
* Not for precision measurements (with atmospheric v's!)
i 1B
Eg ' Am?= 3, 5.1: 1=[]'3'ﬂ"uH
1.2 ':;’1.4 Wme= 2.5
2 .lmL“1DH1D E"J
104 eV Ea 12 AmZ=0.5x 107 g\2
08 10% eV :‘ 1 W*J[‘%
102e\2 oa | %
06 3
10 eV?2 it SRE B
: ATRETARE
0.4 |- ~ s b_‘____.,;
MINOS 5.4 ktx4y I ICARUS 50 kty (17 y)
L-.DE 1 L = e - = < i} E_ ....nr-:l:.!.. heke ..;.;.. i ..I_:I it ..;._.....z.ﬂa .._..!_ .....3_!.!. .....4
of,|LE) logi L E (kmiGe))

+ Low mass and limited acceptance at high energies



ICARUS (20 kty)

________ B

. T4
: =
aaills :
a8 :
i—| g- i ‘E‘—.}—
...?._
T lnar g, e= 2 fe e
B, =i Ay 2m 30 f07 o1
= H, =" H, =15
T

cond_

“ | Battistoni&Vissani
preliminary

| AF B4 AP 8] & B3 BF 84 &r 4
EHB,I.

Neutrino i, §

Munich
Improved reconstruction of the neutrino
direction at low energies

(resolution limited by Fermi motion and
nuclear effects)

With some luck a zenith angle
dependence might be detectable

(Some model dependence in the correction for the
up/down asymmetry of low energy neutrino events)

Key to ®,, or non maximal ®,,, if LMA
parameters fixed elsewhere

Precision measurement in
SuperlCARUS?



Accelerator
experiments

Laboratory tests of v, disappearance
(K2K, MINOS)




K. Nishikawa

KEK to Kamioka Neutrino Oscillation Experiment

lua




K. Nishikawa

Super-K Event selection

~0.2<AT =Ty ~T,,,—~ TOF<1.3usec e ﬁ
<> >
%_‘ o3[ £500use NTLETE T Tox
>
1020777 [ spi: Abs. time of spill start
/ 1 Fsx: Abs. time of SK event
10 |}

TOF: 0.83ms (KEK to Kamioka)

FC: fully contained

(No activity in Outer Detector)
FV: 22.5kt Fiducial Volume

] _ _
':':Iz E +Spsec \
%15 - L
56 events ™~

10 ;0 IRU event Expected Atm. v BG

I S s K10 within 1.5ps.

0 »

- 01.5us 5 .

AT (usec) _|



K. Nishikawa

Is best fit point also for 1Rl shape & Nsk ?

E

- Normalized by area

Best

NS e | A FEEEE T i I T
o D5 1 18 2 25 3 35 4 45 &5
E_ =

Best fit point (sin’20 , Am?)
method 1

KS test prob.(shape)=79%
N prediction =54 (obs 56)

method 2 K S-test

Nk 82%
shape 93%
N tshape  50%



K. Nishikawa

Comparison with SK atm v observation

Allowed Region - Total Number + Shape

L ..
( — -
=2 —— _ :'\
10 - ' _—
- ——— .
NE \
! Super-K
E @ i ey
S, . prelim,
-3 T— i
10 ——— o
—  68%
et K2K Preliminary
. 1999-2001 Data
1 1 . TR T vl |
10 0O 01 02 03 04 05 06 07 08 09 1 33

sin“20



D. Michael

The MINOS Exeriment

e Precigion measurements ot

* Energy distribution of ozcillations

Soudan gy

s \ * Measurement of ogcillation parameters
A « Participation of neutrino tlavors

* Direct measurement of v v ¥V ogcillation
» Magnetized far detector: atm. v's.
* Likely eventual measurement with beam

a
Duluth A2

Linkist
Micfrigam

Near Detector: 980 tons
Far Detector: 5400 tons

et. 2

Soudan

FEFmV—j 10 km
Det. 1 735km = | [
12 km




D. Michael

=000 o

Eveee (GeV)

aa Q200058

5
e (

GeV)

Weasurement of Oseillations in MIKOS

CC energy distributions — Ph2le, 10 kt.yr., sin’(29)=0.9
Am=0.005 eV”

Ph2le, 10 kt, yr., 90% C.L.

Super-K, Heutfiam 2002

| Super-K, 1144 doys

FAll P I I B N B B A
0.4 0.4 0.8 0,85 0.7 0.78 0.8 0L85 0.9 0.98 1
sin'2¢

Note: MINOS beam results are presented for only 2 vears of running! Longer-term
running 18 certaimnly possible, even probable. Results are statistics limited



Searches for tau
heutrino appearance

with atmospheric (SK)

and accelerator experiments (CNGS)




. Shiozawa
May-2002  Meulrino2002 @ Munich

T detection in atmospheric v

Multi-rirg

Selection Criteria
« Multi-GeV, multi-ring
« most energetic ring is e-like
« log|likelihood) > 1 {single-ring)
> 0 {multi-ring)

5
-

—h
=]
B

t likelihood is defined using:
» total ener?y

« NumMber of rings R 0 -
« number of decay electrons

« max(Ei)/ZEi Single-ring Ing{likelihqud]

« distance between v interaction i S
point and decay-e point ' |1 -like
. max{Fu;. ” :
« Pt/Evisi4 B.G. |
‘_TI_,_I—LEU_

number of events
- =
LLLT_/j
B |
|

-
=
B

= PID likelihood of most energetic ring

1—like selection: efft=44%. S/N=8%

observed slike events: 506 ,
MC expectation; CC v, 37 events, -2 0 2
BG 461 events (CCv. 43.1%. CCv, 24.5%. NC 32.4%) log(likelihood)

number of events
—
= |

—




M. Shiozawa
Mary-2002

zenith angle dist. of t-like events

Meltrino 2002 @ Munich

- e T T |
casl = u N ’_-f-if}' M | qﬁ. 'I:I'—I--'f-l-]'

2
,15”2 - %[Ndm_'ﬂwﬁ}ﬁ ﬁN:}?rg ']

180 =1 -I-::*'l'--i--:l-‘ stat, )
* +11/-16(sys.)
140 " i} '
I I\“‘! EX[ = :.:.I' i:
2 r+BG +

g

number of events
3 =

&

o

B.C

A [

1

B consistent with ¢, < v,

B another analysis gives
similar results:
"analysis-2(neural network)

&=1.69, §=0.96 NFC,=99+-39(stat.)
o 22, =006/3, 22 4=11/4 +-13(Am?)
o e sl ve b L E R Sl sl b R IRI=1B S Hiaver)

cosd



CNGS beam optimized for appearance

Shared SPS operation

3 200 days/year

ks 4.5x10" pot / year
E _— M "IEZ"E

- = E

=2 g 0.4

A= =

2B £ 0.35

S =

g = =2

o 0 =

v o ® .25

= s

8 < 6=

:-.:F:] =

= 0.15

e v flue
Ln n
< 0.1

=

®

005

10 15

S. Katsanevas

nce

20 25

<E=, (GeV) 17
RATEA 0.87 %
?u J"'Vu 2.1 %
v, prompt negligible
osc Ot cc

N e

(arbitrary units)

AmMZ2= 3 10 3aV 2

35 40 45

# interactions v
for S years :

© » 18300 NCH+HCC / kt

* 67 vi/ kt
*Am>=2.4x10-3 eV?
*max. mixing

50
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_, om0
Proton -'_'
beam

Target . Reflector ' sefiieg " 1 —— L8 EC A

I EPLHC tir |:I-.'|

14T

FAREITIIN S0
"

I CiCs Works v first muion dete
Excavated

Corand msion delecto

gineering on schedule
neutrings ' of works MH}I’ 2003

Lo Cran Sasio

-




Civil engineering

1chen

- Install hadron stop,

= QEI’]EI’&' services

N 2002

Commissioning

CNGS Program Smm.c and Pa’:ﬁ sics Potential
7

3 decay tube sleeves, e

Eqmpment installation

CNGS : schedule

@ 9 B9

First beam to Gran Sasso:

Reevalution:

S. Katsanevas

Cost 71 -> 77.6 MCHF
Manpower 60-> 80 manyears

2000 2001 2002 2003 2004 2005

re-scheduling
presently
under way

June 2006 (?)



2 ways of detecting T appearance

cawed > T+ X ”
V“u Vi BV Vy BR 18 %
oscillation CC 3 .
interaction h* v: nx 50 %
e Vi Ve 18 %
T T V. nx° 14%
OPERA: Observation of the decay Decay “kink” P

topology of T (a la CHORUS)
In photographic emulsion

(~ pwm granularity )
A digital Cloud chamber

ICARUS: detailed TPC image
in liquid argon and kinematic

criteria ( a la NOMAD )

(~ mm granularity)
A digital Bubble chamber

CNGS Program Status and Physics Poty
Nu2002 Munchen

S. Katsanevas



LNGS Laboratory and the 2 detectors ‘

UNGS Prooram Status and Phvsics Potential

11 Ty 7 il
(Y P - .

SOERA

S. Katsanevas



CNGS1: OPERA a hybrid detector |

Target
+ Trackers '

|EI |
H|||I|
Electronic detector

Pbh/Em. brick
HIH| '

—F—— LR

Emulsion analvsis

CNGS Program Status and Physics Potential
Nu2002 Munchen

. — vertex
' — finds the brique of v )
interaction — decay Kink
— efyID,

- — uID, charge et p
S. Katsanevas

multiple scattering, kinématics




The smallest OPERA element

Plastic hase

Emulsion lavers

002 Munchen

56 emulsion films / brick

4

Nu

* To the full detector:
2 supermodules
31 walls / supermodule
52 x 64 bricks /wall
200 000 bricks

CNGS Program Status and Physics Potential

S. Katsanevas



S. Katsanevas

Sensitivity vy—V;

Decav mode Signal Signal Sigiral Bkend.

1.2#10-3  2.4*10-3  5.4%10-3
5x1.8=9 Kt years

0 T—=e¢ luny 0.8 £ | 15.4 .15

2.25 10* p.ot. T fong 07 2.9 14.5 0.29

T—h long L[] 5.4 16.8 0.24

*Prob ot 3 significance T2 e short 0.2 0.9 4.5 0.03

for Am? =25 102 eV2 : ~ 99% T—=U short 0.1 0.5 2.3 0.04

Totul 2.7 10.8 £35  0.75

5 ‘ ' 90 % CL for Am?~2.5 102 V2 ~19%
Hg OPERA e
A |II A
. 4

L3R OPERA ]
90 % CL i
YEdAI'S

N

CNGS Program Status and Physics Potential
Nu2002 Munchen

) T T ——— et
=4 - L]
la H‘& STTER K 3001, /,
: G ] e
. g v 20L0 SUPHR [ #r0 ---]
pe Pyl g
llr- —_ '\Jt ""\-..\_‘_\_h;-. ds L : v 2UEHE
5 "'-\.\__\_ P 1 1 i 1 1 1 1 1
0% C L. R m7 LA 12 e
g 2
1 : ~ win” 26
g e ; ol I
i o I
S XU
TR

Uncertainties on background (£33%) and on efficiencies (£15%) accounted for



T3000 Detector in Hall B of LNGS (cloning of T600)

First Unit T600 + T1200 Unit 71200 Unit
Auxiliary (two T60O (two T600
Equipment superimposed) superimposed)

Future extension "

Improved statistics for: ~ 70 Metres to additional modules
Solar neutrinos T600: installed in LNGS in 2003
Atmospheric neutrinos

Supernova neutrinos T3000: operational by summer 2006
CERN-NGS neutrinos

Proton decay

g B N = Program Status and Physics Potential

S. Katsanevas



Cryostat (half -module) = IICARUS 1300 pIOtOtype

/ View of the inner det Ectd;r', /

Wire Chamber e

L S - R a
s -
B e '
by .‘-';.-"1':'5" _"-'.: A
e : o A
ppivmifyig L ?:‘. = - = - -
i e b
o L,
5 e s i i = k
Drift Length (15 m) r
T [ e
4 ) jE==
i | L
i lﬂlrlﬂlr‘l | | | = |
et | Cathode
¥ 1 r.
] |
LT L : ‘
s I
ISR TERT
— 3

S U2 i

Field Mﬁ"ﬂdes

(durihg iRstallation)

S. Katsanevas




> {1
L

Eti’r-

CNGS Program .E'rcng:rmd Physics Potential
Nu2002-Munchen

e B
L . o

el

=

,_
=

uon decay

Y

Run 960, Event 4 Collection Left

S. Katsanevas

Electronic bubble chamber (I) J

————-—..-,._

Shnwent

v
>
434 cm
< 265 cim >
| 1A
: 142 cm
e
' Hadronic interaction
v

Run 308, Event 160 Colleciion Lefi

176 cm



T—e search: 3D likelihood

* Analysis based on 3

.qij 1600 modules, 5 vears CNGS (4.5 x Hljup_n_uj\':*frrl

S. Katsanevas

InA =L([Evisible, Py™iss, p])= L_/ Ly

dimensional likelihood £ -y

& -] ]

i E‘\-‘iii!}leﬂ %‘ = B . CC E

4 - P_t_ml.is, ‘E - :
Plzprk'}” p_rlep+ FTI'“'LE- PTmiss.} “ 2 — v.CC,1— e -

i  — Exploit correlation between 20 e .
variables aiian Z
b8 applie _

16 =

— Two functions built: ]

* L. ([Evisible, P ™%, p ) (signal) e '

« Ly ([Evisible, P,miss, p.1) 1 ]

: (v, CC background) s r_*_
" — Discrimination given by WES 0 2 g e g
€ InA



V,— V, appearance search summary

ICARUS T3000 detector
(2.35 kton active LAT)

5 year CNGS “shared” running

(2.25 x 10?0 p.o.t.)

CNGS Program Status and Physics Potential
Nu2002 Munchen

mwnal bLanl bignal ”igj:al
rdlecay mode Am® = Ame = Kme= Kt DG
LA 107" Vo | 25w 1073 eV [ 30 = 07 V2 | 20w 07 oW?
A 3.7 9 |3 23 0.7
g 1.5 1.5 2.3 LRk < 1,1
oy tle 0.5 1.4 2.0 3.6 < .1
Total 4,9 11.9 17.2 30.5 0.7

Super-Kamiokande: 1.6 < Am’ < 4.0 at 90% C.L.
SAME SENSITIVITY AS OPERA
S. Katsanevas



Electron neutrino

appearance
(LSND & KARMEN, MINIBOONE)




v, - Ve Oscillation Searches at Beam Stop Sources

short baseline geometry

<L,>=15-30 m from target
<E,> =35 MeV
<L,/E,>~1m/MeV

Am? scale ~ 1 eV?

CH,, detector
~50-100 ton fid. mass

~10% free protons

v, M,
. Dd(v) ~ 112
- L
“.  beam-stop Jﬂ
800 MeV
protons ' 1
linac, synchrotron "{"’"get "“u,_‘_hn r
; \ s of
v' v % 4:
't
0 10 20 2 & %
' v-energy [MeV]
decay | tt - pt + vy ]
at rest !
DAR + - flavour
( ) e’ + Ve i Vi oscillation
\ =

Vet P et +n J

analytical v-spectra 0-53 MeV

m and U~ captured by nuclei

—» small intrinsic v, contamination (few x 10%)

G. Drexlin

inverse B-decay off free protons:
delayed coincidence signature



Ve - Appearance Searches

Oscillation Signal

Vo+p —>n+e’

60

events

20

clear signature (del. coincidence)

point-like v-target: excl. L/E resolution

s ~10*'cm?: expect small signal (<100evts)
extr. small contamination, small v-bg

G. Drexlin

40F

" L{J =-1.8 MeV
o p(n,y) Gd(n,y)

2.2MeV 7.8 MeV

100 eV?

‘Illltllllllllllll'

20 30 40 50
e* - energy [MeV]

CR Background Source

p-induced deep inelastic scattering
in Fe-shielding of experiment
HE- neutrons : recoil proton & n-capture y

5 10° 4
%’ g p-DIS
2 ; hard component :
2 8N slope ~ 39.5 MeV
R
10 ti soft component
sl?pe‘ -‘2.1 MJEU. o oS e
10 © 20 30 40 50
Visible Energy [MeV]
LSND: KARMEN2:
PID for active veto of p-DIS

e’ and proton duty cycle



G. Drexlin

1220 PMT (8-inch)
167 t diluted scintillator

number of events

LSND ,, - Ve

scintillation sphere of positron

scintillation of 2.2 MeV y

positron energy [MeV]

appearance search

Vy = Ve p—->et+n
L 1=186 ps
p(n,y)d @2Mev

e* identification:

a) check veto activity
discriminate cosmic rays

b) PID: relativistic particle (Cerenk.+scint.)
discriminate neutrons, muons

c) positron energy 20(36)-60 MeV
discriminate v-nucleus interactions

( Y identification:

a) low detector threshold 1 ms after et

b) R-parameter distribution
Likelihood Ratio correlated/uncorrelated
use : enerqgy /time / position correl.
discriminate accidentals




G. Drexlin .

LSND event based maximum likelihood analysis
A. Aguilar et al. (LSND Collab.), Phys. Rev. D64 (2001) 112007

LSND favoured regions (90%CL)
; ' ' 5697 candidate events

g ]
% f— Feldman-Cousins . _ )
oy # — Bayes with 4 fit variables (3600 bins) :
g [ Constant Slice
10 ¢ L-2.3 (90%CL) 1 electron energy Ee
scattering angle cos Ov
distance along axis z
1} likelihood ratio Ry
'‘combined' LSND likelihood
0" contour for DAR and DIF data
electron energy range : 20-200 MeV
“ besz}_ﬁt:BQ.g e:vtzs B
o i [global Vy - Ve and vy - ve analysis ]
10° 107 10" 1

sin?20



G. Drexlin

KARMEN liquid scintillation calorimeter
56 to. scintillator (5.6x3.2x3.5)m3 AE/E = 11.5%4 E(MeV)

3™ yeto counter
system to
suppress
p-induced DIS




G. Drexlin

Vv, = Ve oscillation signature

10 g 10 ;
100 eV? E
BF 10eVv? § 3
2 3
oF 626V g 3
4 4
2 2 3
20 30 40 50 0 25 5 75 10
e* - energy [MeV] e* - time [us]
10 prr—rrrrrr 113 10 ——————
5E [} ey :
6F 6 1~120 ps
o 4
2k Gdinyy ,
.E_ PR | [T O T (N W W T N T PN SRR T | gt
0 2 4 6 8 0 200 400

(n,y) - energy [MeV]

(n,y) - time [us]

e+

i 4

Vo+p >n+e’
Q=-1.8 MeV

— Gd(n,y)
ZEY= 8 MeV

— p(n,7y)
E,=2.2MeV

therm. + capt.

spatially correlated
delayed coincidence

<o>=0.93 x 1040 cm?



G. Drexlin
Comparison of LSND and KARMEN2

LSND (93-98) KARMEN2Z2 (97-01)
proton charge 28.896 C 9.425C
beam current / pulse 1 mA /600 ps 200 pA /0.5 ps
neutrino flux 1.2x 1022y, 2.71x1021y,,
intrinsic v, contam. ~8x104 6.4x 104
detector distance 30 m 17.6 m
fid. detector mass 85 to. 50 to.
bg-suppression PID (Ry -likelihood) duty cycle, veto y-DIS
osc. detect. efficiency 0.42+0.03 0.192+0.015
max. mixing signal 16.650 evts 2.913 evts
bg-expectation 5.474 evts 15.8 evts

beam-on signal 5.697 evts 15 evts



G. Drexlin

4
10 F

Conclusions

final oscillation results from LSND and KARMEN2 published
and compatibility analysis submitted for publication

=TT

.
e
-

10

LSND (1993-98)

combined DAR & DIF analysis (new reconstr.)
87.9+22.4 + 6.0 beam excess events
P = (0.264 + 0.067 + 0.045)%

KARMEN2 (1997-01)

final DAR oscillation analysis 4y of data
15 evts.—(15.8 £ 0.5) bg expect. no excess
sin? 20 < 1.7x103 , most stringent limit so far

LSND & KARMEN2

detailed statistical analysis using full inform.
incompatibility at individual 60% Confid. Levels
areas of stat. compatibility only at Am? < 1 eV?
[F-number violating p-decays excluded



LSND vs.
KARMEN
(waiting for
MiniBooNE)

4f neutrino oscillations
If LSND is right = 3 different Am® necessary:
&m?g 1 &mgt.m ’ &miSND

= 4 light neutrino species: Ve, by, Uy, U

(An alternative: strong CPT violation in neutrino sector, (Am?),, #
(Am?)op — Murayama & Yanagida, 2000; Barenboim, Barissov, Lykken &
Smirngv, 2001; Barenboim, Beacom, Borissov & Kayser, 2002 }

4 flavours = 6 mixing angles #;;, 3 Dirac-type GP phases

A simplification: Only 2 classes of 4f schemes can fit the data,
(3+1}) and (242)

Class I Class I
A B
& A.mzsm ﬂmz
mzLEND "ﬁmzl.sn:n
A’ Am’ oo
2 L ]
I Am ATM ﬁmzm

- E Akhmedov 202 -



The miniBooNE v Beam:

Magnetic Decay Aol 450 m
focusing horn region dirt

- 8 GeV protons from the FNAL booster...
- on a Be target, produce n* ...

- n" are focused via the neutrino "horn"...
-n" decay (n+ — uvu) in 50m pipe...
- yielding intense source of v,

R. Tayloe



R. Tayloe

The miniBooNE v Detector:

-12 meter (40’) diameter spherical tank

- 807 tons (250kgal, 445 tons fiducial)
of mineral oil

- Optically isolated inner region lined
with 1280 8" PMTs (10% coverage)

~ Veto region with 240 PMTs

- Extensive calibration system:
laser flasks, muon tracker,
stopping muon cubes




R. Tayloe

miniBooNE Expected Sign

In 2 years
(10*' protons on target):

— miniBooNE will confirm or

refute the LSND signal

and then...
-Antineutrino running...

and then if a signal is confirmed..

-2nd detector

10

10

al:

TP

90% Conf
Sensitivity

-' Dark shading is final LSND]

90% Conf.
Pale shading, 99%

' NU BEAM, 10" PROTONS ON TARGET
2|___ NUBAR BEAM, 10™ PROTONS ON TARGET




Searches for
subleading electron

heutrino appearance

Precision measurements of

3v-oscillations



Normal hierarchy:

Ve I B v
I
vT 4lm
B N v
2
ﬂmm]’/
HE B v

Inverted hierarchy:

Ve ) H B v
Am /
30l
v [
B N v
v"l:
Am*



May-2002  Meulrino2002 @ Munich
Allowed region for active 3-flavor oscillations

-1 8|
10 R 10 o T T T T =
-1 y— 1]
o ek
"E |
. £ - o 1“- . ] & = o _--I Y
—  SK#%CL
: B % GL
I CHOOZ 9004 CL mocduds
4| —— PALOVERDE 30% CL exclude i
L DL T N PR
- " ¢ 02 04 06 08 1
i sin'e,, 1 :In’Bm ’b
FLre 1-._;!3{--3-1_"-._5_. E:'=,i_5'1“';' 1’*"-?&-"“""1 F'E.','i & 1‘-’:1.-'-'-}‘1";:.

getting close to CHOOZ's limit on 04

consistent with CHOOZ's excluded region



3f effects in atmospheric neutrino oscillations

(1)} Dominant channel v, & v,

In 2f case — no matter effects {neglecting tiny V., caused by
rad. corrections). Independent from the sign of Am3; (direct
vs inverted hierarchy}. In 3f case — weak sensitivity to matter
effects, sign of Am3,

(2} Subdominant channels v, ¢ v,

Contribution to u — like events: subleading, difficult to observe
In 2f limits — suppression of oscillation effects on e-like events:

o AmZ, — 0 (EA. Dighe, Lipari & Smirnov, 1998) :
F.—F
% i P2 (&mglz ﬁl1:5’:: VCG) ; (T 333 = 1)

2

® 513 —> 0 (Peres & Smirnov, 1999):

B -
g0 = Pﬂ(&mgn o2, VCG) d (7' -::33 i 1)

e

At low energies r = FS/F2 ~ 2; also 533 ~ o33 ~ 1/2 - a
conspiracy to hide oscillation effects on e-like events! Resulis
from a peculiar flavour composition of the atmospheric v flux.

— E. Akhmedow 2002 —



CHOOZ = #,3 is small: _

All effects in the v, — v, -transition depend crucially on 6,5 :
e the total transition rate
o matter effects

e the effects due to the sign of Am3,
e CP violating effects

M. Lindner — 12 —



i v,
L 904 allowed
-1
10 -
2
10
-2
10 3
v, —+ v included, D.,=1/4
W 446
iy
4 IIIII L L Ll L L L] L | Illrlll
18 - = 1
10 10 10 1

Note: LOG-scale !

sin 20,

Sensitivity assuming
both v,— v, and v, —
V, at the same Am?
(three family mixing)

®,, limit from 9 to 5°



Precision: N = 2 description insufficient = modifications
e 2 — 3 neutrino framework = more parameters & CP effects
e MSW: parameter mapping in matter

= P(Ir'ﬁ. — L—'Em) =y — 4 Z 1{(:Jr:i;;”£'"JL sin’ &1:_.,' —2 ZImJEE"* ST 2.&1:_.;'
i g

L™ L -

FPep FPor

2
Shorthands: J;/"" := UpUp;Up iUy Ay = ﬂ:lE-L

Neutrinos: P(Ve; = Ve,,) = Pop + Pep
Antineutrinos: P(7., — 7.,,) = Pop — Ppe

P(vey—Vem)—P(Tq—Vam) _ Fere
Plvey— ey )+ PV —Pan)

= e.g. CP Asymmetries: |[a®f =
Fep

M. Lindexr - 6 —



MICE Lol to PSI
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v Oscillations: a personal view

* Neutrinos bring NEW physics:
evidences for neutrino masses and mixing
* Broad experimental programme planned to
» cross-check the results
* measure the oscillation parameters
» Very promising future for LBL experiments
* precise masses and mixings
» CP violation
- NSI, FCNC, CPT, ...



Neutrino masses



See-saw mechanism

(rell-Mann, Eamond, Slansky and Yanagida ; Mohapatra and Senjanowic, Schechter and Valle,

Diracmatrix

ri
Heavy Majorana matrix

Light Majorana matrix

— —lmT

m it i R

LL

Diagonalise | —> m,, FL VE

L 1g violated by night-handed Majorana mass. L. may be global or a part
of gauged B-L which 1s spontaneously broken.
The goal 18 to reproduce a successful light Majorana matrix

27052002 = F . Emng, Meutrino 2002, MMumch g



Successful leading order Majorana matrices

Barbieri,Hall, Smith, Strumia, Weiner; Altarelli, Feruglio;many others. ..

Type A I(.zem imn 11)

Type B (non-zero 11)

Hierarchy

2 2 4
! B
H‘ll:,l”l‘l2 H‘l3

Large neutrinoless
double beta decay

Inverted
hierarchy

2 2

bl 2 L4
u
1Tll mz}r 1’1‘13

Degenerate

2 2 2

u u
e R el

27052002

1 |

Pzeudo-Dirac

= F . Emng, Meutrino 2002, MMumch



Which Majorana matrix do we shoot for?

Ultimately an experimental question:
INeutrinoless double beta decay resolves type A from B.
INeutrino factory can resolve “normal™ from “mmverted”.
JGalaxy structure can constrain “degenerate” mass scale.

In the meantime we have two guiding theoretical principles:

[. Naturalness — want to avoid fine-tuming and produce a light
Majorana matrix that 1 stable under quantum corrections

[I. Symmetry - SUSY, GUTs and Family Symmetry are elements of
realistic models of quark and lepton masses and mixing angles

27052002 = F . Emng, Meutrino 2002, MMumch 10



Tritium p decay: 3H—3He" @H'ET

caoloat mate Lo

Lh

I~

w

[

Direct measurement of m(v,)

super-allowed

—

s
1=

orergy By

IIII II
S

—

f]

e

. |2
’ #
! conal. offact -mivy ]
r F
¢ st (Pt
) =i |
Iy =
r — Lar]
i =
I..' S E ~ I =1 D Ev
! o el
' o
. o 13
T e
L [ =18y o
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_______ = Pl 2 | & = A
E =, [ov]

Need

very high energy resolution &

very high signal rate &
very low backgruund

C. Weinheimer




C. Weinheime

Results of 1998/1999, 2001 data

: 1998/1999 data
“Or 2001 data
lower limlit af fit -
ol — [ 5 E
. , i :
¢~ 2 - i
i g |
o, L ; .
ety . i
= [ -
i 5 ’
— OF
(see poster E2) .
' ' ' ' ' I ' ' e
12.3 e84 15 13,6
leweer liernil of il rlervel E,, ket
1998/1999: m3(v)=-16+25+2.1eV? = m(v)<22eV (252 C.L)
2001 : m3(v) =+0.1 +42 + 2.0 eV?

1998/1999/2001: m(v)=-12+22+21eV? = m(v)<22 eV (e5%C.L)
— Mainz sensitivity limit reached, final analysis of all Mainz data soon




Cryogenic Bolometer Rhenium Experlments

- = | awzlc=ll e emndl ik

Multi—-purpose, scalable new detector technology
Basic idea: P emitting crystal = cryodetector

= single final state: excitation by excited electronic states

and inelastic scattering is collected
free choice of p emitter: '*'Re: E, = 2.5keV (t,, =5 10"%)

"7 Thermeomrser

T PaItic e 2ozarbe

Current experiments: -
MANUZ2 (F. Gatti et al., Genova)

2,
- oy " .
- Risetime = 100us (goal 10us)

aaedy ="

— Re metallic crystal (1.5 mg) Fall-time % 750us

_ BEFS measured (F.Gatti et al, Nature 397 (1999) 137) - goal a fely midjs

— Sensitivity: w it detecttys ~15 ms.
current: m(v) < 26 eV : S
near future: sensitivity of 10 eV expected e K:‘““h R

future: eV resolution by s.c. sensors

MiBeta (E. Fiorini et al., Milano,Como)
— AgReO, (250 -350 ug}

— Sensitivity: similar to MANUZ2
(see poster E4)
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Which way to sub—-eV neutrino masses?

Neutrinos of galactic supernova (s. talk by J. Beacom)

e galactic SN only every 40 years

e ot sensitive below 1eV (uncertainty in time spectrum of neutrino emission)
Large scale structure (s. talk by S. Hannestad)

¢ model depedent
e neutrino mass from lab can serve as input for astrophysics

—# Search for Ovfp (s. talk by O. Cremonesi)

——@» Direct neutrino mass determination

— '87Re [ decay with cryogenic bolometers

— Tritium [ decay with electrostatic deflector (UT A-exp.)
— Tritium  decay with MAC-E-Filter

e first MAC-E-Filters (Mainz/Troitsk) are very successful

complementary

e nomatenal in beam line, no tails of resolution function

* quasi,single final state® experiment
e also; not—integrating MAC—-E-TOF mode C. Weinheimer
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Estimation of sensitivity

| statistical uncertainty, 1(3) yvear(s)

| total uncertainty

data /fit range E,—E,, [eV]

erargy resclutian. 1ey

source areal 29 cm®

gosaous Sourca column deneity: 5 107 foerf
muax accepted slarting angle! 51°
bockground ratel 11 mHz
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First simulations with
conservative assumptions

m,. 0% C.L. upper limit [e¥,/<%]

C. Weinheimer

= Sensitivity on m(v,)
= 0.35eV/c?




Double Beta Decay

a) DBDZ2v: (A Z) — (A, Z+2) + 2e + 2V
b) DBDOv : (A,Z) — (A,Z+2) + 2e
c) DBDy: (AZ) — (A Z+2) + 2e +ny

Three main
decay modes
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2 electrons sum energy spectra: .
Main experimental signature ... 0.0+ . : S
(single electron E and angular distributions) R
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DBD & Neutrino Properties

\ Theoretical description ...

e Nuclear matrix element:
(A.Z) Phase space: high Q

Felevant uncertainty source (h)
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Physical mechanism
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O. Cremonesi

0128 Experimental Situation

2 main experimental approaches:

* Active Source / ﬁ j
* Passive Source i

Best 0225 results involve active source experiments

Experiment Isotope T,." (V) \\\ <m,> (eV)
YouKe et al. 1998 i8Ca > 9.5 x 1021 (76 }\ ,<8.3
Klapdor-Kleingrothaus 2001 Ge > 1.9 x 1025 < (.35

Aalseth et al 2002 > 1.57 x 102° <0.33-1.35
Elliott et al. 1992 825 > 2.7 x 1022 (68% <5

Ejiri et al. 2001 100Mo > 5.5 1022 < 2.1
Danevich et al. 2000 1MeCd > 7 x 1022 < 2.6
Bernatowicz et al. 1993 1H301Z%Te* (3.52 +0.11) x 10+ <11-1.5
Bernatowicz et al. 1993 128Te* > 7.7 x 1024 <1.1-1.5
Mi DBD - v 2002 130Te > 2.1 x 1023 < 0.85 - 2.1
Luescher et al. 1998 136X e > 4.4 % 1023 <1.8-5.2
Belli et al. 2001 L) () =7 x 1023 <14-4.1
De Silva et al. 1997 150Nd > 1.2 x 1021 <3

Danevich et al. 2001 160G d > 1.3 x 1021 < 26




O. Cremonesi

Evidence for Ov2p: KDHK

EVIDENCE FOR NEUTRINOLESS DOUBLE BETA DECAY

Klapdor-Kleingrothaus HY et al. hep-phO201231
Klapdor-Kleingrothaus HY and Sarkar U, hep-ph 0201224
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*Peak Detection Procedure
+Bayesian approach
Matural radicactivity lines recognized!
Select a small Energy interval
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O. Cremonesi
Future projects

Experiment  Author Isotope Detector description T y) <m>"

Arnaholdi et al.

CUORE 2001 130Tea 760 kg of TeO, bolometers 7 x 102 0.027
EXO Danevich et al 2000  13%%e  1tenriched Xe TPC 8 x 10=F 0.052
Zdesenko et al 16 1t enriched Ge diodes in lquid nitrogen + 7
GEM 2001 Ge  ater shield Tx10¢  0.018
Klapdor-
GENIUS Kleingrothaus et al 5Ge 1t enriched Ge diodes in liquid nitrogen 1 x 102 0.015
2001
MAJORANA  Aalseth et al 2002 6Ge 0.5t enriched Ge segmented diodes 4 x 107  0.025
DCBA Ishiharaetal2000  150Ng 20 kg enriched Nd layers with tracking 2x10%  0.035
CAMEOQ Bellini et al 2001 M6Cd 1t Cdwo, crystals in liquid scintillator > 10 0.069
- 48 several tons of CaF, crystal in liquid 26
CANDLES Kishimoto et al Ca sctiliator 1x10
& 21 Gl 5010 . : Ce cristal scintillator in liguid
160 i 3 25
GsSO Danevich 2001 Gd scintiltator 2x10 0.085
m 34 t natural Mo sheets between plastic
100 27
MOON Ejiri et al 2000 Mo scintillator 1x10 0.036
Xe CaseinnanoLE) 136Xe 1561 of enriched Xe in liquid scintillator 5x10%  0.066
XMASS ot el 136)Xe 10t of liquid Xe 3x10%  0.086

* Staudt, Muto, Klapdor-Kleingrothaus Europh. Lett 13 {1990} 31



