Neutrino Physics

Caren Hagner, Universitdt Hamburg

- What are neutrinos?

* Neutrino mass and mixing

* Neutrino oscillations

- Neutrino beams: OPERA

Oscillation of accelerator neutrinos

- Solar Neutrinos: BOREXINO

* (KamLAND reactor neutrino experiment)
- Summary
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Fundamental Particles

Interactions by exchange of bosons: @ @ @ G




Wolfgang Pauli postulates the Neutrino (1930)

Energy spectrum of electrons from p-decay
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One expected this
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Solution:
The Neutrino

Electron energ;/

But this was observed!
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1922 Assistant at Universitat Hamburg
1924 Habilitation in Hamburg (Discovery of the Exclusion Principle)
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Decay of the Neutron - Birth of a Neutrino

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




Tritium p-Decay: Mainz/Troitsk

H 3He+e'+|7e E, = 18.6 keV.
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Mainz Data (1998,1999,2001)
(m*) =-12+22+21eV? = (m), <22eV (95%CL)
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KATRIN: delivery of vacuum vessel (2008)




Neutrino Properties

Neutral
Fermions with Spin 3

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

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




How Neutrinos interact

= The weak interaction
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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,,ms;

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

Neutrino mixing!




Parametrisation of Neutrino Mixing

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:
« 3 mixing angles: 6,,, 0,3, 6,3
1 Dirac-phase (CP violating): 6
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Neutrino Mixing for 2 Flavors

cosf,, Sng,; \V,
—-sind,, cosé, \ v,

‘v > = C0OSB,|V, ) +SINGyy|V;)

U

The probability that v, has mass m; is c0s?6,;
mixing angle — probability o have a certain mass

Today we know that 6,3;%45¢:

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




source creates
flavor-eigenstates

Neutrino Oscillations

_(cosl,, sSng;\V,
—-sing,, cosb,; \V,
Mass eigenstates v,,v;

with m,, My

propagation determined by detector sees
mass-eigenstates flavor-eigenstates

3= E2,3 = \/p2 + mg,s

slightly different frequencies
— phase difference changes




2 Flavor Neutrino Oscillations

Oscillation probability

P(v, - v,) =SM(26,) Sin| T2
(v, - V,)=9n(26,,) n(ﬂl—o]

SZ

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

L (inkm) =

Probability to find v,

v




What do we know about neutrino masses?

v Am? % 810%eV?, Am?, =~ 2:103eV?,

<2eV
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quasi - degenerate
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Neutrino Oscillations were observed
— Neutrinos have mass!

CANADA

I.'r

Oscillation
Am2~ 2. 103 ev2

= ' + Gallex/GNO, Sage,
+ K2K, MINOS, 8 Super-K, Homestake,
, OPERA, T2K B BOREXINO

atmospheric neutrinos solar neutrinos reactor neutrinos
accelerator neutrinos




Solar Neutrinos

4p - He* +2e" +2v_+2
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Neutrino Production in the Sun: The pp Cycle

pp-v
p+p—> ‘H+e'+v, ptrp+e o> ‘H+v,
99.8% 0.2%

A
p+°’H— °He +vy
85% 10°

A

‘He + 'He —» ‘He +2p |’He+°He —» '‘Be+y  |"He+p— ‘He+e'+v,

15% .
‘ lo.016/0
‘Be+e — 'Li+v, ‘Be+p— B+y
i | l °B-v
‘Li+p— 2'He ‘B > 'Be +e'+v,
pp- 1 pp- 11 pp- 111
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Solar Neutrinos (E, # MeV)

Solar Neutnno Spectrum
Bahcall-Pinsonneault SSM
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The Sun in Neutrino Light (Super-Kamiokande)




BOREXINO @ LNGS

Measurement of Flux of ’'Be Neutrinos
Borexino Detector

External water tank —, tainless Steel Sphere
Nylon Outer Vessel

ylon Inner Vessel
Fiducial volume

(14m)

Ropes

2200

Internal
PMTs

Steel plates
for extra
shielding
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Detection of solar neutrinos in BOREXINO:

Elastic neutrino — electron scattering

v, te -V te (dominated by v,)

(Kinematics like Compton effect)

Is CC  + NC

V, can interact via v, and v, can only interact
CC + NC via NC!

DESY Summer School 2011 Caren Hagner, Universitat Hambﬁg




BOREXINO

Expected (electron) energy distribution:
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Borexino during filling (on top scintillator, lower part water)




BORPCING

_ N uEatibration _

Scintillator filling completed May 15, 2007




Borexino Result:

- 10°E Fit: y’/NDF = 141/138
g - 'Be: 45.5 + 1.5 cpd/100 tons
R *Kr: 34.8 + 1.7 cpd/100 tons
S = °8i: 41.5 + 1.5 cpd/100 tons
~ - “'c: 28.9 t 0.2 cpd/100 tons
ey *%5: 488.8 + 7.3 cpd/100 tons
‘:? = External: 4.5 + 0.7 cpd/100 tons
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Borexino Coll. ,precision measurement of the 7Be solar neutrino interaction rate in Borexino®, arxiv:1104.1816
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What can we learn from this?

46 £ 1.5stat £ 1.6sys cpd/100t

Prediction of standard solar model:

No oscillation 74+5 cpd/100t

Oscillation (with 8,, = 33°):
,high metalicity Solar Model* 47 £ 3 c¢pd/100t
,low metalicity Solar Model* 44 £ 4 cpd/100t

,No-Oscillation” is excluded from BOREXINO alone with more than 4.9 sigma.
@('Be) = (4.87+0.24)x10°cm %™
f('Be) = A’Be)/ @, = 0.97 + 0.05(stat) + 0.07(syst)
f (pp) =1.0137 ;¢
fo <1.79%(95%CL) -
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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,
hints that sin?(26,3) = 0.02 (?).

Is there CP-violation for neutrinos?

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




