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* What are neutrinos?

- Neutrino mass and mixing

* Neutrino oscillations

* Oscillations of atmospheric neutrinos (SuperkK)

- Neutrino beams:

Oscillation of accelerator neutrinos (OPERA)
» Solar neutrinos:

Oscillation of solar neutrinos

(Homestake, SNO, Borexino)
* KamLAND reactor neutrino experiment

* Summary
» Outlook: Majorana neutrinos
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Fundamental Particles

Interactions by exchange of bosons: @ @ @ @




Wolfgang Pauli postulates the Neutrino (1930)

Energy spectrum of electrons from B-decay

n—p+e

2 2
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!




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!




How Neutrinos interact

= The weak interaction

a). ), )




Charged Current

= Exchange of a W Boson:




Neutral Current

= Exchange of a Z° Boson:




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>




Parameftrisation of Neutrino Mixing

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




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%




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 methods:
Water Cherenkov, Plastic Scintillators,
Drift Tubes, Fotographic emulsions
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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

DESY Summer School 2010 Caren Hagner, Universitat Hamburg



per Kamlokande
-f e

EATA
ol Yodad fgml
-1‘-; ?xﬁ;ﬁﬁﬁﬁ‘ 3 e
S A
%
Rt el r*mmﬁ

»l ol
» »

ol wl
o s
o
AR
LI
18
[ ]

L LI X X X A E X RN ;
"ZTTTrz—r:rr:-r:z¢ AERAETEREEART SR
X EEXET D A TR R B

e Bl
1 -9

N .:I\.

ol
.
|

PP LR S W

\ » \ \ \ \ -

B I| \ I'._ il \ P\ >
\ ‘ I| "\* I. \ \ . 1 X
.. R

5

FEEE R '-i-.'.'-‘b'._l-"i'a_-

P L EE R E R E F B

o oel
o
»

on
|ew].

2 Ll

.l
bW
11F

LEEEE L E R E B N

eolenlonl, ol 0l of ol ul.ok o\ 9\

9
TN

s s STFEYYE

-
-
.
»
-
-
-

- %
-
.

-
-
-
-

-

.

L]

sl anlanl nlynl, nl, ol 0l o

eolanlenlool ol e

TR m— |

ol
|
|
fe ol .
|
- '.af

EERRERR QAN
..null“’""“

] papunE
R R i Wi

-
-
-
-

-], olanl, bi,ol.-
L]

-
P —
- —

-

et
T

PR e ————— | |
"""-“--"-‘ |
———————— e |
"""‘_"'"'-l--—.-... |

TR - |

-




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
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=
=
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 2010 Caren Hagner, Universitat Hamburg
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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 :
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E (GeV)
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Querschnitt des Neutrinostrahls

£ CNGS beam at 732km
5| (FLUKA 2005)
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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 2010
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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
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Target Region:
- Target Tracker (Scintillator)
- Lead/Emulsion Bricks (100.000 per Supermodule)
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OPERA - Detector

Supermodule 1
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OPERA - Brick Manipulating System

Nl ’ J /| ™ suction cup vehicle
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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 2010 Caren Hagner, Universitat Hamburg



OPERA Event (v, CC)

TOP VIEW (horizontal projection) 120054: Event 173520769
UTC: Tue Oct 2 15:04 25 2007
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May 2010: OPERA finds 1st v, Event!

200 um

DESY Summer School 2010 Caren Hagner, Universitat Hamburg



OPERA 1st v_ Event

OPERA

Track 4: Kink after 1335uym
daughter track 8

4Ti-ent -"
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"Observation of a first vr candidate event in the OPERA experiment in the CNGS beam"
(Phys. Lett. B 691 (2010), 138-145).
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Now we look at electron neutrinos

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

These neutrinos have energies of a few MeV

completely different detection techniques necessary!




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




"pioneering expegis

Sincex1970

Ve +37C1_>37Ar e

E > 814 kev

Rex = 0.34 x SSM

Raymond
Homestake Experiment




S Cronvins (ke
. Sudbury, Ganada =

| Depth 2070m




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)



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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What do we know about neutrino masses?

v Am2 .~ 8:10%V?, Am?, = 2-10-3eV?,

Vi Vp V3
P
S2eV [ e——
| T ]
2 0.05 eV | —, [ DV,
wAmsoIar V
| Y 1
Amatm
Amatm
%_Vz
! Amsolar
— I .\ —
normal hierarchy inverted hierarchy quasi - degenerate

DESY Summer School 2010 Caren Hagner, Universitat Hamburg



Summary of Neutrino Oscillations

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?

Measurements of third mixing angle have been started
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




