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Neutrino Physics iti

Part 1: Caren Hagner, Universitdt Hamburg

« What are neutrinos?
* Neutrino interactions, sources and detectors
* Majorana neutrinos
- Neutrino mass and mixing
* Neutrino oscillations

* Oscillations of atmospheric neutrinos (SuperkK)

Part 2:
* Neutrino beams:
Oscillation of accelerator neutrinos (OPERA)
» Solar neutrinos:
Oscillation of solar neutrinos
(Homestake, SNO)
- KamLAND reactor neutrino experiment
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Wolfgang Pauli postulates the Neutrino (1930)

Energy spectrum of electrons from B-decay

n—p+e
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E =m,C"—mcC

electron

One expected this

»

Solution:
The Neutrino

Number of Electrons

Electron energ;/

But this was observed!
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1922 ASS|stant at UnlverS|tat Hamburg
1924 Habilitation in Hamburg (Discovery of the Exclusion Principle)




Decay of the Neutron - Birth of a Neutrino

Transformation d-Quark — u-Quark:
Electroweak Interaction!




First De’rec’rlon of a Neu‘rr'mo 1956
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Neutrino source: Nuclear reactor

Detection Method:

Detector: Scintillator, PMT's




Neutrino History

1930: neutrino postulated by Pauli
(massless, neutral)

1956: neutrino v, detected by
Reines and Cowan (Nobel prize 1995)

1962: Discovery of v, at AGS in Brookhaven by
Ledermann, Schwartz and Steinberger
(Nobel prize 1988)

1975: neutrino v, postulated after 1 lepton was discovered
by M. Perl et al.

2000: First direct detectionof v, by the DONUT experiment
(Fermilab)

~ 1995: LEP measurement of Z° decay width:
— 3 active neutrino flavors (m, < 80 GeV):
N, = 3.00+0.06
Ve, Vi, Vs




Fundamental Particles

Interactions by exchange of bosons: @ @ @ @




Neutrino Properties

Neutral
Fermions with Spin 3

In the Standard Model:
massless, stable, always left handed!

BUT: Today we know that neutrinos have mass
0.05 meV < m, < 2 eV
Standard Model must be extended!

Are Neutrinos and Anti-Neutrinos identical?

many other properties are still unknown:
sterile neutrinos?, CP-violation?, neutrino decay?,
magnetic moment?...




How Neutrinos interact

= The weak interaction

a). ), )




Charged Current

= Exchange of a W Boson:




Neutral Current

= Exchange of a Z° Boson:




What do we know about neutrino masses?

4 Am?_ .= 810°eV?, Am?, = 2:-103eV? 4
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Tritium B-Decay: Mainz/Troitsk

‘H > °He + ¢ +V, Eo=186keV

dN/dE =K x F(E,Z) x p % E,, * (E4-E,) % [ (E4-E.)2 — m 2 ]2

1.2

~
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nt rate [a.u.l

\ <m2>ﬁ - Z‘Uei‘zmiz

’ ; B | m,=0eV
." = 4L \/ Y

(m),

Mainz Data (1998,1999,2001)

~124£22+2.1 eV? = (m) <2.2eV (95%CL)
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KATRIN: delivery of vacuum vessel (2008)




Are Neutrinos Majorana Particles?

Because neutrinos carry no electric charge
(and no color charge), there is the possibility:
particle = anti-particle

Majorana particle

particle ¥
anti-particle (charge conjugate field): w°=Ci'
for a Majorana particle: ,, = 1/,

But what about experiments?
37 37 -
Neutrinos (solar): Vo T Cl>°"Ar+e¢  observed!

37 37 -
Anti-neutrinos(reactor): V g + Cl>""Ar+e not observed!

There are two different states per flavor
but the difference could be due to left-handed and right-handed states!

DESY Summer School 2009 Caren Hagner, Universitat Hamburg



2v and Ov double beta - decay

_ (987 & fbmnals _
2v PB decay beoboons tod Ov - BB decay
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Ov Doppel-Beta experiments: results

(m),, <0.35eV (90% CL)

Heidelberg-Moskau Collaboration, Eur.Phys.J. A12 (2001) 147
IGEX Collaboration, hep-ex/0202026, Phys. Rev. C59 (1999) 2108

Isotope T(l)f/’2 (v) (m,) (eV)
18Ca > 9.5 x 1021(76%) < 8.3
6Ge > 1.9 x 1025 HM-K < 0.35

> 1.6 x 102 IGEX <0.33-1.35
32Ge > 2.7 x 10%2(68%) <5
100Mo > 5.5 x 102 < 2.1
Hécq >7x10%2 < 2.6
128 e > 7.7 x 10% <11-15
130T >2.1 %1023 <0.85-2.1
136 e > 4.4 x 1023 <18-5.2
150Nq > 1.2 x 102 <3

all 90%CL

DESY Summer School 2009
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2v double beta with 130Te (Q=2529 keV)

18 crystals 3x3x6 cm3 + 44 crystals 5x5x5 cm3
40.7 kg of TeO, —> 750kq 720,

from 2003-2008 (> 703 kﬁ /207,

search for Ov double beta:
T,,%("0Te)>7.5x108y
<m,> < 0.3-1.6 eV

2 modules, 9 detector each, 11 modules, 4 detector each,
crystal dimension 3x3x6 cm3 crystal dimension 5x5x5 cm3
crystal mass 330 g crystal mass 790 g
9x2x0.33=5.94 kg of TeO, 4 x 11 x 0.79 = 34.76 kg of TeO,



Neutrino mass and mixing

3 massive neutrinos: vy, v,, v3 with masses: m;,m,,m;

Flavor-Eigenstates v, v, v, # Mass-Eigenstates

Neutrino mixing!

‘Ve> — Uel‘vl>+ue2‘vz>+ue3‘v3>




Neutrino Mixing for 2 Flavors

cost,, sinb,; | v,
—sind,, cost;, \ v,

‘Vﬂ> = COS (923‘V2> +sin (923‘V3>

The probability that v, has mass m; is c0s26,;
mixing angle — probability to have a certain mass

Today we know that 6,;%45¢:
‘Vﬂ> - %QV2> t ‘V3>)

e.g. probability that v, has mass m,: 50%




Parameftrisation of Neutrino Mixing

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:
« 3 mixing angles: 6,,, 0,3, 6,3
* 1 Dirac-phase (CP violating): 6

vy o o)

v, =10 Cﬁﬁ
\Vz ) KO 93 U3

T

L0 0 1hv;)

O, 340- 580 0,,<13°, 5 ? 0,,: 29° - 39°
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Leptons vs Quarks
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source creates
flavor-eigenstates

Neutrino Oscillations

cost,, sinb, \v,

—sin6,, cosO,;, \ v,
Mass eigenstates v,,v;
with m,, m,

propagation determined by detector sees
mass-eigenstates flavor-eigenstates

_ [ 2
W, ; = E2,3 = \/p +M, ;

p.n hadrons
slightly different frequencies

— phase difference changes




2 Flavor Neutrino Oscillations

Oscillation probability

P(v, > v,)=sin’(26,,)- sinz(ﬂ

2.48- E(in GeV)
Am?*(ineV?)

Losz, Am? sin2(29)

LY | -y <
&% S LY :‘A‘
* Y 7 “
] Y v .

L (in km) =

Probability to find v,

A 4

5

Distance x in L,




Neutrino Oscillations were observed
— Neutrinos have mass!

CANADA

Oscillation
Am2 ~ 2 10 -3 eV2

BOREXINO @
LNGS (Italy)

atmospherlc neutrinos solar neutrinos reactor neutrinos
accelerator neutrinos




Let us first look how muon neutrinos oscillate

= Sources of muon neutrinos are:
The atmosphere (comic rays)
Neutrino beams at particle accelerators

= These neutrinos have energies of a few GeV

= Detection with methods of high energy particle
physics
(Water Cherenkov)
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Oscillation of atmospheric neutrinos (1998)

Oscillation probability
varies with zenith angle ©

atmospheric 3
neutrinos: e———/

E, in GeV range

P(yv —v.)=sin’26. _sin*
( u X) atm [ EV[GCV]

1.27Am§tm[eV2]L[km]j
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electron event
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SuperK - atmospheric neutrinos

e-like events p-like events

Multi-GeV e-like ' | |Multi-GeV |l-like + PC |
I

+

2z
=
=¥
=
=
2200
R
=)
i
=
s
yd

b v by v by PRI I I IR I T T R I
> coﬂse 0.5 1-1 -05 00089 0.5 1

—— without oscillation
oscillation (best fit)

® data

Full SK-I data set, 90% CL (PRD71 (2005) 112005):

sin220 > 0.92
1.5103 eV2< Am?2< 3.4-10°3 eV?2




How to make Neutrino beams (E, = 16eV-100GeV)

Decay Pipe

Proton Tarqet Devices ( \ few GeV
Beam ) )
f N/ vV
few 100 GeV )

Beam Dump

Beam composition (typical example):
* dominantly v,

e contamination from
Vu (=6%), v, (=0.7%), v, (=0.2%)

ev. < 10°

DESY Summer School 2009 Caren Hagner, Universitat Hamburg
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Neutnino beam (v,)ifrom CERN 1o Gran Sasso Underground Lab (Italy)

a
sca

—
a

v. Appearance!

Alessandria
Emilic
Montt

S
=
:
&
&




OPERA: CNGS beam

Am2= 3 10-3eV?

3 Poc” O oo (arbitrary units) <Ev> —17GeV

\Tﬂ/vﬂ:4%

o (4, /v, = 0.87%

025
0.15 _ . _

v fluence | “400GeV p 0[‘ j‘Qrapl ’Farc{:jet
01-

0.05-

il . Ll : . o :
0 0 5 10 15 20 25 30 3|5 40 45 5”0
E (GeV)
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Querschnitt des Neutrinostrahls

£ CNGS beam at 732km
5| (FLUKA 2005)
5 0.6 ﬁ
2 E
5 L
S 05 |
8 05
@)
L il
0.4 -
0.3 ;

l l l 1 1 1 1
5000 6000

0 1000 2000 3000 4000

Distance from beam axis (m)
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OPERA: Detection of v,

T > U V4V, 18%
T"—>e +V, +V, 18%
> (nz’)+v, 48%

o> atna’)+v. 15%

I
T T-decay:
e VYt
W
p.n hadrons

Typical topology of 1-decay:
“Kink” within 1mm from vertex

| mm | V .
\Tu
O w
Hadrons
Lead
(\V\ .
Emulsions

DESY Summer School 2009
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Lead/Emulsion Brick

| 125mm |

(total = 200000) . l
| |

) ","-

K
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Scanning

Field of vieu 2d image: 16 tom.ographlc mages

g-ﬁ.?l_%l._u_m_emu!_s_ip_n sheet —

Vertex reconstruction &
_kinematical analysis—




OPERA - Detector

Supermodule 1

u

i ||.l—

N I” ' ['
gt :

"""" :::i:::::j-ff b
ai ,
1

%
v

Target Region:
- Target Tracker (Scintillator)
- Lead/Emulsion Bricks (100.000 per Supermodule)
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OPERA - Detector

Supermodule 1
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Magnet-Region: Precision Tracker:
Iron & 6 Planes of Drifttubes
RPC Planes
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OPERA - Brick Manipulating System

Nl ’ J /| ™ suction cup vehicle
Lo B 1 /T

=y 4 g
= ;:; Loading Station
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OPERA Sensitivity

OPERA: 6200 v, CC+NC /year
19 v, CC/year (for Am2=2-10-3 eV?)

Am2=1.9x10-3%eV? | Am?=2.4x10-3%V? | Am?=3.0x10%V2 | BkaD

v, in OPERA 6.6 10.5 16.4 0.7

exposure: 5 years @ 4.5 x10% pot / year

DESY Summer School 2009 Caren Hagner, Universitat Hamburg



OPERA Event (v, CC)

TOP VIEW (horizontal projection)

120054: Event 173520760
UTC: Tue Oct 2 15:04 25 2007
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Event 180718369
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Charm-Candidate

Secondary Vertex:

= daughter momentum = 3.9*17 ; , GeV
= kink angle = 0.204 rad

= flight length = 3247 pm

= PT =796 MeV

= PT,, = 606 MeV (90% C.L.) Kink'-topology

elektromagnetic

Kink probably from
decaying D-Meson
(contains c-quark).

DESY Summer School 2008 Caren Hagner, Universitat Hamburg



OPERA summary

e EXperiment running since June 2008

e Detector is working fine (Charm candidates identified)
e Brick analysis is ongoing

e |In total ~10 identified tau-neutrino events expected

e So far no tau-neutrino has been found (0.6 expected)

OPERA is awaiting its first tau-neutrino!

DESY Summer School 2008 Caren Hagner, Universitat Hamburg



Now we look at electron neutrinos

= Electron neutrino sources are:
The Sun (neutrinos)
Nuclear reactors (anti-neutrinos)

* These neutrinos have energies of a few MeV

= completely different detection techniques necessary!

DESY Summer School 2008 Caren Hagner, Universitat Hamburg



Solar Neutrinos (E, ® MeV)

4p — He* +2e" +2v, +26.7MeV

Solar Neutrino Spectrum
Bahcall-Pinsonneault SSM

N 'l.IU: 10.0
energy of the neutrinos in MeV
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Energy Production in Stars®

H. A. BETHE
Cornell University, Ithaca, New York
{Received September 7, 1938)

It is shown that the moest smportanl source of emergy in
ordinary stars is the reactions of carbon and milrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, iz, CH4H=N3, N@=C34 ",
CrrpH=N4, Nu+H=05 Ou=Nif, NeEfH=C2
+He!. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons {and two electrons)
into an e-particle (§7).

The carbon-nitrogen reactions are unigque in their
cyclical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
e-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production.

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for gianes,

For fainter stars, with lower central temperatures, the
reaction H+H =D+ ¢* and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10)

It is shown further (§5—6) that no elements heavier than
He* casn be built up in ordinary stars. This is due to the fact,
mentioned abowve, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture), The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
hawve existed already when the star was formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions about astrophysical problems,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution
(§12).

§1. INTRODUCTION

HE progress of nuclear physics in the last
few years makes it possible to decide rather
definitely which processes can and which cannot
occur in the interior of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primarily to main sequence
stars. The results will be at variance with some
current hypotheses.

The first main result is that, under present
conditions, no elements heavier than helium can
be built up to any appreciable extent. Therefore
we must assume that the heavier elements were
built up before the stars reached their present
state of temperature and density. No attempt
will be made at speculations about this previous
state of stellar matter.

The energy production of stars is then due
entirely to the combination of four protons and
two electrons into an a-particle. This simplifies
the discussion of stellar evolution inasmuch as

* Awarded an A, Cressy Morrison Prize in 1938, by the
New York Academy of Sciences.

the amount of heavy matter, and therefore thi

The combination of four protons and tw
electrons can occur essentially only in two ways
The first mechanism starts with the combinatio
of two protons to form a deuteron with positro
emission, vis.

H+H=D-+ ¢t (1

The deutercn is then transformed into He* b
further capture of protons; these captures occuy
very rapidly compared with process (1). Th
second mechanism uses carbon and nitrogen aj
catalysts, according to the chain reaction

C'L!_'_H - NI’_'..‘,, Nz = CII+ et

Clrp H =N+,
015 = N154 ¢+ {1

N H =004,

N154H = Cl24He¢.
The catalyst C" is reproduced in all cases excep!
about one in 10,000, therefore the abundance of
carbon and nitrogen remains practically un-
changed (in comparison with the change of the
number of protons). The two reactions (1) and

434

pPRIGHAIN
ENO@GyEE

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, viz.

H4+H=D+ ¢t. (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

C24+H =N+ +, N133=C134 ¢+
CB4+H=N"+4~,
N¥4+H =044,
N5 4 H = C24 He*.

O15 = N15 4 ¢+ (2)




Solar Neutrinos

Bahcall, Davis 1964

Vorumk 12, Numser 11

PHYSICAL REVIEW LETTERS

16 Marcu 1964

SOLAR NEUTRINOS.

John N. Baheall
California Institute of Technology, Pasadena, California
(Received 6 January 1964)

The principal energy source for main-seguence
stars like the sun is believed to be the fusion, in
the deep interior of the star, of four protons to
form an alpha particle.' The fusion reactions
are thought to be initiated by the sequence *H(p,
e*v)*H(p,y) He and terminated by the following
sequences: (i) *He(*He, 2p)*He; (ii) *He(a, v)"Be-
(e”v)"Li(p, @)*He; and (iii) *Hela,y)"Be(p,v)*B-
(¢*v)"Be*(a)'He. No direct evidence for the
existence of nuclear reactions in the interiors of
stars has yet been obtained because the mean
free path for photons emitted in the center of a

I. THEORETICAL*

star is typically less than 10719 g y
the star. Only neutrinos, with their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify
directly the hypothesis of nuclear energy genera-
tion in stars.
e most promising method® for detecting solar
n&ytrinos is based upon the endothermie reaction
(Q=N0. 81 MeV) TCLuy ., ., e")¥Ar, which was
first d\gcussed as a possible mceans of detecting
neutrino®by Pontecorvu® and Alvarez.* In this
note, we pRgdict the number of absorptions of

SOLAR NEUTRINOS. I. EXPERIME

Raymond Davis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton,
(Received 6 January 1964)

The prospect of observing selar neutrinos by
means of the inverse beta process CL{e, e~ PTAr
induced us to place the apparatus previously de-
scribed! in a mine and make a preliminary search.
This experiment served to place an upper limit
on the flux of extraterrestrial neutrinos. These
results will be reported, and a discussion will be
given of the possibility of extending the sensitivity
of the method to a degree capable of measuring
the solar neutrino flux caleulated by Bahoeall in
the preceding paper.®

The apparatus consists of two 500-gallon tanks
of perchlorethylene, C,Cl,, equipped with agita-
tors and an auxiliary system for purging with he-
lium. It is located in & limestone mine 2300 feet
below the surface? (1800 meters of water equiv-
alent shielding, m.w.e.}. Initially the tanks were
swept completely free of air argon by purging the
tanks with a stream of helium gas. 3%Ar carrier
(0. 10 em?®) was introduced and the tanks exposed
for periods of four months or more to allow the
35-d ¥Ar activity to reach nearly the saturation
value. Carrier argon along with any ¥"Ar pro-

AT >

ew York

2 counts in 18 days is proRgbly entirely due to the
background activity. HoweWgr, if one assumes
that this rate corresponds to Ngal events and uses
the efficiencies mentioned, the 8gper limit of the
neutrino capture rate in 1000 galldys of C,Cl, is
< 0.5 per day or o= 3x107% sec™"§'Cl atom)™*.
From thig value, Baheall® hag set an Wgper limit
on the central temperature of the sun angther
relevant information.
On the other hand, if one Wants 1o measur&the
solar neutrino flux by this method one must us
a much larger amount of C,Cl,, so that the ex-
pected *"Ar production rate is well abave the back
ground of the counter, 0.2 count per day. Using
Dahcall's expression,

sal
I (solar)a

=(4+2)x107% gec

the star. Only neutrinos, with their extremely
small interaction cross sections, can enable us
to see into the interlor of a star and thus verify

directly the hypothesis of nuclear energy genera-
tion in stars.

“' (*"C1 atom)~*,

then the expected solar neutrino captures in
100000 gallons of C,Cl, will be 4 to 11 per day,
which is an order of magnitude larger than the
counter background. On the basis of experience
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Figure 15. A summary of all of the runs made at Homestake after implementation of rise-time
counting. Background has been subtracted. Over a period of 25 years, 2200 atoms of *"Ar were
detected, corresponding to an average solar neutrino flux of 2.56 SNU. The gap in 1986
occurred when both perchloroethylene circulation pumps failed. Based on data from Cleveland

et al. (1908).
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Neutrino detection in SNO




é%ih SNO Result (salt-phase)

—— (PRL 92, 181301, 2004)

G(°B)meas = (0.88 £ 0.04 (exp) £ 0.23 (th) ) $(°B)ssm

= 1/3 of solar v, arrive as v, on Earth
= 2/3 of solar v, arrive as v, or v;.

= Measured total flux = Predicted flux
(Standard Solar Model)



New Generation of Solar Neutrino Experiments
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10" ;,//fﬁ\ﬁ Solar Neutrino Spectrum
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DESY Summer School 2009 Caren Hagner, Universitat Hamburg



BOREXINO

Expected (electron) energy distribution:
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BOREXINO @ LNGS

External water tank —

Ropes

2200 Internal
PMTs

Steel plates

for extra
shielding

——

Borexino Detector

Stainless Steel Sphere (14m)

Nylon Outer Vessel
W ylon Inner Vessel
X
W
e
TR
&
300t

Fiducial volume
I Scintillator |

A

v

DESY Summer School 2009

Caren Hagner, Universitat Hamburg



CTF (Borexmo)




...___ |l~...mru1......h.. .___i q.....
_ _m_u. .r__.u,..m,.,. i

g ..w..__._,. i




@)
S
X
()
| .
O
m
£
7))
(.
O
-
(©
—
e
-
D
@)
-
O
@)
-
-
D
©
-
©
n
—
0
=
ed
-
=
@)
-
O
L
al




X7

Borexino during filling (on top scintillator, lower part water)




e lipration |

Scintillator filling completed May 15, 2007




Expected with neutrino

oscillations:
48+4 cpd/100 tons
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“New results on solar neutrino fluxes from 192 days of Borexino data”

DESY Summer School 2009

Caren Hagner, Universitat Hamburg
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Average distance cite Dist |Rate noosc’
of reactors from KamLAND: — (;‘:;} (‘r”“;s:“;]

iwazaki ]
175km Ohi 179 114 3
_aqr S — Tﬂ:kﬂhﬂm& 191 743
Tsuruga 138 62.5
Hamaoka 214 62.0
Mihama 146 62.0
Sika 88 55.2
&' [Fukushimal [ 349 311
2 |Fukushima2 | 345 29.5
Tokaid 295 10.1
Onagawa 431 9.3
Simane 401 6.3
estsis Tkata 561 5.1
Genkai 755 48
South [korez Sendai 830 2.1
Tomari 783 14
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Test of solar Neutrino-Oscillations with Reactor Neutrinos

Average distance of japanese nuclear reactors
from KamLAND detector:

175km
248 -E [MeV
e m) = 220 SV
Am~[eV~]
E (Reactor v) = 4MeV 25.4
An(12 (:grarrv))z 8-10-%eV? Hﬂﬂ LOSZ ~ : 5 m = 125km
8.10°

Test possiblel!

DESY Summer School 2009 Caren Hagner, Universitat Hamburg



KamLAND result (2008)

prompt event energy spectrum of anti-v, candidates

- . , —s— KamLAND data
S <nE I T no oscillation
250 - | IR I best-fit osci.
- ! accidental
= - ! 13 16
= 200 C{o,n) O
- - v best-fit Geo V,
& - best-fit osci. + BG
= 150 - + best-fit Geo V.
2 n
= 100 =z e
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U_I (- Ii-l.-l.-.l (| | 1 11 1 | ol || | I [ | | I I | | 1 1 1 I_ He
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E, (MeV)

bestfit:t Am3, =7.58T0 15 (stat) 1o 12 (syst) x 1077 eV?

tan” 012 =0.56 5 o (stat) 70 5o (syst)

»Precision Measurement of Neutrino Oscillation Parameters with KamLAND*, Phys.Rev.Lett.100:221803,2008

DESY Summer School 2009 Caren Hagner, Universitat Hamburg



KamLAND result (2008)

,Precision Measurement of Neutrino Oscillation Parameters with KamLAND®, Phys.Rev.Lett.100:221803,2008

|« Data-BG-GeoV,
1'_ — Expectation based on osci. parameters
- determined by KamLAND
2 i
= 0.8
] e
S i
T.j — »
2 :
Z 04 8
N +
0.2
UH_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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LyE, (km/MeV)

L, is the ,effective” baseline = flux-weighted average of distance = 180km

DESY Summer School 2009 Caren Hagner, Universitat Hamburg



KamLAND result (2008)

,Precision Measurement of Neutrino Oscillation Parameters with KamLAND®, Phys.Rev.Lett.100:221803,2008

) KamLAND
) ooswcL
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e i nio, G
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""" 009, C.L.
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*  best fit
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Summary

Neutrino Oscillations have been observed with
solar, atmospheric, reactor and accelerator neutrinos.

Neutrinos have mass!
The absolute neutrino mass has not yet been measured,
allowed range: 0.05 eV <m, <2 eV

Neutrino mixing exists and is very different from quark
mixing. Why?

The third mixing angle must be measured

Is there CP-violation for neutrinos?

Is the neutrino a Majorana particle?
Search for neutrinoless Double-Beta Decay (Evidence?)

Many interesting results expected in next years
Many questions still waiting to be solved by some of youl




