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Dirac or Majorana particle
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Neutrino basics
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Neutrino oscillations - one page summary

1998 - 2002 - romantic era of great discoveries

1998 SuperKamiokande - atmospheric anomaly explained
by the v, -> v_oscillations
2002 confirmed by the long base accelerator experiment K2K
2001-2002 SNO solves the 35 years old solar neutrino puzzle
by the v, -> v, transmissions
Dec 2002 KamLAND shows that reactor anti-v,'s oscillate like solar v,'s

from 2003 onwards - realistic era of precise measurements
- precise determination of the oscillation parameters and
neutrino mixing matrix elements
- solving mass hierarchy problem

LBL accelerator (on-, off-axis) and reactor expts, superbeams, niu-factories,
B-beams, bigger and improved detectors for all kinds of neutrino experiments
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Neutrino oscillations primer

In the two-neutrino oscillation scheme with two flavour eigenstates
o and § and two mass eigenstates 1 and 2, the probability that
neutrino of flavour o transforms into neutrino of flavour p:

- 2 ; 2( 2 L
P(v, - vﬂ): sin 26s1n \1.27Am E)
Appearance experiment:
P (va —>V ﬂ) > ()
Disappearance experiment:

P(v, »>v,)<1

Matter effects: the same formulae for probabilities like for
vacuum oscillations but effective masses and effective mixing angles
Neutrinos are born in weak interactions as flavour eigenstates but

propagate in vacuum or matter as mass eigenstates
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Heros of the period 1998-2002

> Solid experimental evidence for neutrino oscillations
coming from the SuperKamiokande, K2K, SNO and KamLAND
experiments

on ZO

SuperKamiokande
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Atmospheric neutrinos primer

primary cosmic rays ( rE, i;g" /fg"c‘,’wﬁegomg) 0~ 1

Zenith

________________________________________________________________ Isotropic flux of :
cosSmic rays |
atmosphere \ g

production height
10~30km 4

o(v.+Vv.) | ~2(for E <1GeV) [Can't measure Evoor l.'V' but can
¢(VeA._7r_aliysja P ALﬁ(ﬂ: elu__ng> 1GeV) look at cos6,,,., in bins of E,e%,mn



SuperKamiokande golden channels

V) An o p (@) +p V)P uT(@)+n

Energies and directions of n and e are measured, f(::1
about 20000 atmospheric neutrino interactions e
collected in 1996-2005 (SKTI - till the accident in

2001, SKIT - since December 2002) | S |
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SuperK - multi-ring event
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»>Zenith angle distributions showing v, disappearance
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SuperKamiokande - L/E dependence

L/E dependence - direct test for oscillations

- Kearns
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SuperK measurements point to the v, <> v_ oscillations
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K2K - first LongBaseline accelerator experiment

Toyama

<E, >~13GeV
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» K2K Long Baseline Accelerator (KEK to Kamioka)
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Solar neutrinos primer

I Superk, SNO

[ ]

Most of the solar neutrinos in pp

cycle
4p — He + 2 + 21, + 27

10% ¢
1ou |-
10w |

100

Experiments (since 1969) measure

the reactions:
Ve+n—p+e All

In particular:
Ve +3Cl - 3Ar + e

v+ 1Ga— "Ge+e”
jor1 L Vg + e — Vg + e SUP@I"K, SNO

0.1 BT R 3 10
. Ve+n—vi+n SNO
Neutrine Energy (MeV)

-- Solar v, are produced in the Sun center

-- A lack of the solar neutrinos w.r.t. to the Solar Model was
observed for more than 30 years

-- It has been partially explained by the SuperKamiokande
experiment and fully by the SNO experiment in terms of the

oscillations v, <> v,
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SuperKamiokande - solar neutrinos flux
modulation in time
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Days since Analysis Start
The annual flux changes are in agreement with the expectations

based on the annual changes of the distance Sun-Earth

> the matter effects insde Sun are responsible for the neutrino
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Processes measured in the SNO experiment

© YEDIrT

&) vte =y te

o)

glaciron

Only v,, good measurement of
v, energy, weak dependence on the
neutrino direction 1-1/3cos6

E,=1.4MeV

All three flavours with the same
cross section, measurement of the
total neutrino flux £, =2.2MeV

Mostly sensitive to v, very
sensitive to the neutrino direction,
relatively small cross section

Reaction measured also in SuperK

Three phases of the experiment (now the third one) - goals: high
efficiency and low background measurement of the neutron capture
redefioh: (S predise measurement of the total neutrino flux);



SNO - results
2002 Dyom = 5.05°031 Deno = 5.0970723 023
2005

Flavor content of solar flux.
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The total neutrino flux is in agreement with the Solar Model, a lack
of v,'s is due to their transfer into v__ inside Sun, matter effects

play the essential role in it
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Reactor antineutrinos

The Palo Verde reactor
experiment

V.+p—oe +n

——

In Bt i N:.I:Fh.i’ﬂ'l.'l-' Cenkerst ANL, Dex 19

Long tradition, started
by the first observation
of neutrino interactions
by Reines and Cowan

Typical power station
gives 6x10%° anty-v/s
and 36W of power




KamLAND - energies of anti-v,'s and bases L

Reoctor v, spectrum (a.u.)

7 Observed spectrum  The observed neutrino energy
spectrum in KamLAND is a
convolution of the energy spectrum
of neutrinos produced in reactors
and the cross section for their
interactions in the detector
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» KamLAND: Testing the Model with L/E Behavior
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» KamLAND+SNO: Testing the Model
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Nobs/MNexp

Three neutrino mixing

Oscillation parameters: 3 mixing angles,

2 differences of mass squares, 1 phase
If neutrino is the Majorana particle, 2 additional

phases

CP phase solar neutrinos

connects solar and atmospheric regions

If 8#0,n,2%...then CP is violated for
leptons (like for quarks), 6,5 isa
gateway to a measurent of & 21




Oscillation parameters

The most probable values:

0,5 = 459 (maximal mixing), 6,, = 339 (large), 6,5 < 109 (small),
Am?,5 ~ 2.5 x 10-3 eV?, Am?;, ~ 8 x 102 eV?,

| Am?y3 |=] AmZy3 - Am?y,|

Why this scheme of mixing angles is so much different
from the scheme for quark mixing?

Is CP violated for neutrinos?

A.Zalewska, FCAL Coll. Meeting 22



Neutrino oscillations

Two oscillation regions with a very
solid experimental evidence:
atmospheric region
solar region
Third region:
LSND
being checked by the dedicated
MiniBooNE experiment

Note: three differences of
mass squares cannot be built

Solar +KamLAND |

up with three neutrino masses: 4 LUA
the fourth neutrino is needed hal O v,—u
if LSND effect is confirmed | ol

1 D_El M.C. Conzalez—Carcia 12{2002 1
10 107%10%107 1 10 107 1'0321'4:‘*
tan“(4)
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LSND effect

above background
interpreted as anty-v,
appearance due to
oscillations
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» MiniBooNE - checking the LSND effect

target and horn decay region absorber dirt (~450 m) detector

4

primary beam - secondary beam - tertiary beam

-l' i ] y |_| i T :' T
(protons) (mesons) (neutrinos) '[ W“ﬂ Dietector 2 Pl
|

U 8 GeV protons from the Fermilab booster e
neutrino beam of energy about 1 GeV

U detektor at a distance of 500 m from the target
U 102! p.o.t. to confirm/exclude the LNSD effect

2
P(v, —>v,)=sin’ 295in(1'27ém L

Results expected around summer 2006
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If LSND confirmed ... revolution !
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Future oscillation experiments

Assuming three neutrinos, future oscillation
experiments should answer the following important
questions:

Is 0,3 really maximal?

How small is 6,5?

Is CP violated for neutrinos?

Mass hierarchy - normal or inverted?
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Neutrino mass hierarchies for three neutrinos

N1 Va2 lZZZNN } m?
vizpNI sel
Am?,,
(Mass)? of Am?,.
& }ﬁm:‘-‘
¥
v, vtetttr sol 8 SN [/
Normal Inverted

1|I'“n.'e-[ll-]eilil 1"r'hlllLI!.'liIE] I]I]]l]]“‘[IUT.'IE]

Two important questions:
How far from zero the whole picture is?

Normal or inverted hierarchy of neutrino masses?
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Three phases of experiments

Phase I (years 2005-2010):

* MINOS experiment on the NuMi beam

- OPERA (ICARUS) experiment on the CNGS beam
* Double-CHOOZ reactor experiment

Phase IT (approved experiments - years 2010-2015):
+ T2K off-axis experiment (Tokai to Kamioka) on the Japonese
superbeam

* NOvA off-axis experiment on the superbeam NuMi

* More sophisticated reactor experiments?

Phase IITI (now only R&D programs) ~ 2020 ?

* New neutrino sources: neutrino factories, B beams, ???
* Huge detectors: 1 Mton water Cherenkov, large scintillator detector,
100 ktons Liquid Argon, ???
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PhaseIl - Long Baseline accelerator projects

¢ NuMi - neutrino beam USA: NUMI
from FNAL to the MINOS (732km)
detector in the Soudan

mine, started in January

2005, near and far Europe: NGS

detector, v, disappearance  "*%g™

¢ CNGS - neutrino beam
from CERN to Gran Sasso,
far detector OPERA
(ICARUS), start in 2006,

v, appearance

A.Zalewska, FCAL Coll. Meeting
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MINOS experiment
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MINOS experiment
5 years of data taking - 25 x 1029 p.o.t

oscillation pattern improved Am?,,
1.5 sn.oon
g - 25x10% p.o.t ;-g - 26x10% p.o.t
g 1 T T 15 & 0.003 L .:
et S ¢
0.5 L, 0.002 |-
_a - M
- .-:-H- .
s a1 5 o o 1 5 5 31 5 3 515 35 3 a1 5 5 5 1 5 5 1 5 3 3
O 24" T 0 s o7 o8 08
Neutrino energy (GeV) sin"29

Will improve the CHOOZ limit on 6,;by a factor 2
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CNGS - the OPERA experiment

High energy neutrino beam, optimized for v_ appearance
The OPERA experiment: emulsions + magnetic spectrometer, small
signal with no backaround

\ i L= -/i
Target hpis ::..-*'.
» Trackers M spectrometer ::i:::“ﬁ
Ph/Em. Mibiiiea
target
|
| A “hybrid”
Y. Pb/Em. brick experiment
g
| u;; | Basic “cell” VT
Y Extract selected
brick 8 cm Pb Emulsion 1mm
Electronic detectors Emulsion scanning

et v interaction brick — vertex search
— select v interaction bric — decay search

— u ID, charge and p — ¢/yID, kinematics




Reactor experiments for 03 measur'emen’rs

‘Long Baseline (~1 km from source)
—+Disappearance v,—v,

.Use near detector to measure
reactor flux, spectrum and
detector efficiency to
cancel "all systematics”

‘Look for small deviation from 1/r?

\WITh plenty of reactor signal

|\

Survival Probability

P(7a—>Ve), 4 MeV
1/r€

1000

Am; L ,. * Very clean 8,; measurement (no
|- Py =sin”20,;sin [ AE ]J“O(a ) ambiguities, no matter effects)
Detector 1 Detecior 2
> >

~100m

~1000m

- Several sites proposed: Brasil, China,

A.Zalewska, FCAL Coll. Meeting

France, Japan, Russia, Taiwan, USA



Phase II - off-Axis principle

Two body decay kinematics

©
(@)
>

Medium energy setting

©
@)
=~

©
O
N

p,(transverse) (GeV)

O

—0.02}

—0.04]

At an angle of 15
mrad, the energy of
produced neutrinos is
1.5-2 GeV for all pion
energies = very
intense, narrow band
beam

‘On axis": E,=0.43E,

_0’067\\\\\\\\\\\\\\\\\\\\\\\\\\\\
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T2K (Tokai to Kamioka) experiment

From Kajita-son presentation

(40 @t—O) '-* W
! .ﬂr




T2K (T2KJ) - further future

0.77 - 4 MW 10° przypadkéow

(vu and anti-vyy)

detector 1 Mton

(Hyper—Kamiokande)

L ACNCRN  Plat form




NOvA experiment

- 30 ktons in total, 80%
of mass in a form of
liquid scintillator i.e.
active medium (5% for
MINOS), individual cells
are 3.9 cm wide, 6 cm
deep and 15.7 m long

* Design optimized for
the identification of v,-
type events, longitudinal
SClmp“ng of 0.15% (1.50/0
for MINOS)

* Detector will be placed at a shallow depth at a distance ~900 km
from the NuMi target, 12 km of f-axis
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Phase III - new sources of neutrinos

Superbeams

Source Oscillation Detection

Yu
"'u<:
PF

K

<1% Ve
¥

i

Meutrino Factories

SOurce Oscillation Detection

B beams
very fresh idea

A.Zalewska, FCAL Coll. Meeting

Conventional beams
of v, from n decays.
but of very high intensity

New type of accelerator:
neutrinos from decays of
accelerated muons

New type of accelerator:
heutrinos (antineutrinos)
from accelerated 8Ne (°He)
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ERN concept of the neutrino factor
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B beam concept

* B beoms haove been intraduced in 2001 by P Zuchedli.

» the irde is tu generate.a pure v { v ). precisely known E
specinen. with occelerated rodinact e ions [1™Me, *He)

» Shabes with severol ¥ foctors ond baselines.

= Design shxdy in relation to the ELRLSOL Todlity at CEM

LRSS
__________ EammgmcTHA i
- ' . l_..-" '-___

(I
Kl

I Sdecher (UAG/IFAE), EPS Couforence, Liskou Taly 2008



Future detectors ?

What about 1 Mton
of water?

Fmwrr | v
o M | R
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A 100 kton liquid Argon TPC detector

Electronic crates

1 =200 m|

|
M drifi I||!'I ef Eg.'h

v Passive perlite insulation
Technodyne baseline design

LARCE UMDERGROUND LIHAD ARGOM BTORAGE TANK

From A.Rubbia
presentation at the
TPC conf., Paris 2004
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Absolute mass determination

Direct measurements based on the end-point of electron

energy spectra in beta decays
The best measurement from the end-point of the tritium beta decay

Cosmological limits

Resent cosmic microwave background measurements by the Wilkinson
Microwave Anisotropy Probe (WMAP) together with different survey
experiments give low upper limits for a sum of masses of different
neutrino species but they are model dependent

Based on the lifetime measurements for the neutrinoless

double beta decays
Potentially the most sensitive method but neutrino must be the
Majorana particle
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Measurement based on the tritium [ decay

: e E,=M{H)-M{*He)-m,

N, =12.6 kel
\ .., =12.3 years
*He

o 1.0 enfire spectrum : region close fo & end point

E 08

= o1
0.8 —

E a a6

& el mve) = 0 eV

o 06 ® [

-c L S

v = 04

= 04 - I ol -13

== y 2 x 10" of all

v 02 decaysin last 1 e
0.2 / 0 _
a E— .3 2 1 0

> 6 10 14 18
electron energy E [KeV]

Present limit m(v_)<2.2 eV - from the Mainz i Troitsk experiments
The future eksperiment KATRIN (will start up w 2008) should
achieve the limit of 0.2 eV 2> 1000 times less events in the tail

- experiment sensitivity must increase 1000 times
A.Zalewska, FCAL Coll. Meeting
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Neutrino mass hierarchies

bl

L

Mormal Hierarchy
Am* =56 x 107° eV
Am, = 2.5 %107 eV?

{Beacom & Bell PRD 113009)

- I.I.III.I..I

=
-

Present

Lood IIJIJ.I.

Mass of Lightest state (m,), eV

oot Lab Limit
} HE'I."'." 22 'Ev
T m, KATRIN
0.001 _|//"" LI B B B T T TTrT T T 17T T T
Ny 0L 0.1 1
H. Robertson Mass of Eigenstate, e\

Effective neutrino mass in fritium beta decay as a function of the
lightest neutrino mass
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Cosmological limitations for a sum of v masses

2.00) /e\/

AUIENES — Dztizl / Priors
. (Jsnit 95%CL) .

Spergel et al. (WMAP) 200

[astro-ph/0302209] ‘ 0.69 ! WMAP, CMB, 2dF, cg, HST
Hannestad 2003

[astro-ph/0303076] H 1.01 FWMAP, CMB, 2dF, HST
Tegmark et al. 2003

[astro-ph/0310723] 1.8 WMAR, SBoS

Barger et al. 2003

[hep-ph/0312065] 0.75 WMAP, CMB, 2dF, SDSS, HST
Crotty et al. 2004 1.0 WMAP, CMB, 2dF, SDSS
[hep-ph/0402049] 0.6 & HST, SN

Hannestad 2004 0.65 WMAP, SDSS, SN la gold sampIeJ
[hep-ph/0409108] ' Ly-a data from Keck sample
Seljak et al. 2004 0.42 WMAP, SDSS, Bias,
[astro-ph/0407372] ' Ly-a data from SDSS sample

Halzen, 2005



Double beta decay primer

For some even-even nuclei the decay chain (AZ+1)
(A, Z)— (A Z+1)+e +7, (A.Z)
— (A, Z+2)+e +7,
is forbidden by energy conservation

(A,Z+2)
and one could have
(A, Z) — (A, Z +2) +2e + 27, .
(A, Z) — (A, Z +2) + 2e” .
: v faw[ 2P ovBp
d u Eumq;—
w—":? 0012
C - e oo £
Ty 0.008 ?
0.006
{:) ) 0004
w‘{; oo
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Double beta decay
[Tr] 7 = G | MOV (m,)®

[M°|* The nuclear matrix element :
(m,)? effective neutrino mass (M) = Y ¢xmiUZ,

Isotope TY7%; (¥) References (m,) (eV)
I—GB—LLM =107 lrwdl <72_447
B Ge > 1.9-10% [[40]] < (.35
nucl-ex/0410029 28e > 2.7-10% (68%) [[43]] <5.0
Mo > 5.5-10% [[83]] < 2.1
Ultimate goal of 16Cq > 1.7.10% [[89]] <17
ox er'imeng'rS' 128Tg > 7.7-10% [[58]] <10-44
periments: 10T > 5.5.10% [[85] <0.37— 1.9
sensitivity ~10 meV 1, 5 538.102 [[61] <17.0— 27.0
136Xe > 1.2-10% [[61]] <08-24
Many sophisticated _Nd >1.2.10% [[51] <3.0
experiments in ®Ge  (0.60 _4.18). 10 [[78]] 0.24 —0.58
rebaration ®Ge  1.19.10% ([78]] 0.44
prep 28 > 14-10% ([82]] <15-31
100Mo > 3.1-10% ([82]] <08-12
A.Zalewska, FCAL Coll. Mec 130, > 7.5. 1028 [[86]] <03_ 16



Ovpp signal in the Moskow-Heidelberg experiment?

First announcement in 2002, new publication in 2004, based on the
data collected between 1990 and 2003

Klapdor-Kleingrothaus Phys. Lett. B586 (2004) 198
Maximum at 2039 keV

'Evidence ? |
- l | | Ti,=0.6-84x10%lat

> m, =0.17-0.63 eV

This result must be verified by
another experiment, e.qg.

: NEMO3 should achieve the
. Mo required sensitivity in a few
years
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Extremely High Energy neutrinos

Do they exists?
Where do they come from?

10°°

Boosted by the observation of EHE L
cosmic rays in the AGASA experiment

It is a part of the experimental
program realized with big volume
detectors (up to 1 km3)
based on a detection of Cherenkov
radiation in ice

Amanda, Icecube
or deeply in a sea or lake water 1023

Antares, Nestor, (pioneered by
Baikal)

24

JE) E® [m ?sec™
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AMANDA/ICECUBE - Antarctic experiments

South Pole
Dark sector - 80 Strings
/ Skiway - 4800 PMTs
| AMANDA - ety
~ 2004 - 2010
Dome
| e - i &F'""."‘ L S

< IceCube
Planned Location 1 km east

-



Neutrino Telescope in the Ice

AMANDA-B10

1 1150m -

———

T . _r“_-j _.-_-::_,,'r ) Optical 1 997 :
‘ -7 ¥ | Module
p Z

| 1500m gjﬁ% 7 AMANDA-BI10
: A . o .
i H 1 maincable e 302 OMs on 10 Strings
J \ 1 S pmss.ure
o : - “— housing
e i\‘,\ g LH_PM ! silicon gel
‘wﬂ" - :é b light diffuser ball
w4l . 2000:

AMANDA-II

—— 2330 m

AMANDA as of 2000 zoomed in on 677 OMS on 19 StI'iflgS

Eiffel Tower as comparison AMANDA-A (top) Zoomed in on one
(true scaling) AMANDA-B10 (bottom) optical module (ON)
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First results from AMANDA

Atmospheric neutrino

spec.rr'um e __:___!_ - 1555 evant=
g T Rt A N :
IEE f‘l bR
- . a FREJUS 1)
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Search for extraterestial
point sources
1 10 1% 100 1ot 10”

E, in GeV
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Deep water neutrino telescopes

Close to Toulon, at a death of 2400 m., successful first tests,
problems with bioluminescence

ANTARES

-
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Geoneutrinos in KamLAND
* Antineutrinos from 238U, 232Th and 4°K allow to study the
mechanism of heat generation inside Earth

* KamLAND is the first experiment sensible enough to measure
neutrinos from U and Th decays

The present limit

from KamLAND-u

on a heat from
radioactive decays

ff Uand TH < 60 TW
(as compared to the
estimate of 31+-1 TW)

B T T T.Araki et al.,
eeemm Mev]  Nature 436 (2005) 467
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Instead of conclusions

The modern electronics, informatics and
telecommunication are based on 1 eV of the energy
gap in Si

Does the tiny neutrino mass (probably much smaller
than 1 eV) reflect the existance of particles with
masses unaccessible to studies at accelerators and
of the yet undiscovered laws of Nature?

A.Zalewska, FCAL Coll. Meeting 57



Tonization electrons drift (msec) over large distances (meters) in a volume of highly
purified liquid Argon (0.1 ppb of O,) under the action of an E field. With a set of wire
grids (traversed by the electrons in ~ 2-3 ps) one can realize a massive, continuously
sensitive electronic "bubble chamber”.

Single "bubble” 3x3x0.6 mm3
no signal multiplication, about
8000 e -ion pairs per mm

58
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T600 - data quality
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