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Nuclear reactions in the Sun

Energy production in the Sun:
pPp chain=> 99% of energy production
CNO cycle—> minor contribution
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Solar neutrinos

Solar-v flux and spectrum computed by Standard Solar Model
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Detection of Solar neutrinos

The sun produces only v,
Detection possible via 3 fundamental processes

Inverse B decay on proton or nucleus
. Charged Current (CC) interaction (A.Z+1)
.E~MeV > v, only N(AZ |

Elastic scattering on nucleus
. Neutral Current (NC) interaction
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Short history of solar-v (I)

70's-80's: Homestake (R. Davies)

radiochemical experiment: v+ 3'Cl-> 3’Ar + e (E, >1.4 MeV)

Deficit in v rate = new physics or Solar Model unaccurate?
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Short history of solar-v (ll)

90's:

Gallex (GNO),

Sage

Radiochemical experiment: v, + "1Ga - 7'Ge + e (E, > 200 keV)
Observed deficit on pp v (low energy)
Calibration with neutrino source - real effect
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Short history of solar-v (lll)

80's-90's: (Super) KamioKande
Confirm deficit on 8B v (E> ~5MeV)
Direction of solar neutrinos
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Solar-v oscillation in vacuum

flavor transition in flight

if only v, detected - deficit

2V approximation
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P, =sin® (20 )fsin’ [1-273}”? L“ 5 Averaged out Lin
E, J for solar-v E. in MeV
Solar-v oscillation B But propagation
in vacuum E..= Esm (25) NOT in vacuum:

Sun matter



Solar-v oscillation in matter - MSW

Pee becomes energy dependent because of MSW effect

10 |

Low energy ~ ZﬁGFNEEv

('C I MEV)I 08 i ‘6 MI
Phase-averaged i
vacuum oscillations I ‘High’ energy

06 | B <cos20,

Pe . (>5MeV):
| 1_1511112 ([ Matter—domlnateé
04 | 2 _ B>1 resonant conversion

Probe transition i sin” 26,
region to i
confirm MSW |

i JHEP 031 1:004 (2003)

E,
pp Vv Be B v

pep v




Discovery of solar- v oscillations

Inclusive appearance at the
Sudbury Neutrino Observatory

ES: Ve:+e —e +vu;
CC: ve+°H— e +2p

NC: v, +°H—=n+p+ v,
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Oscillations at
KamLAND

Disappearance at >99.99%
Clear oscillation pattern
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MSW-LMA
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What may we still learn from solar-v?

Non standard physics can alter Pee shape — position of MSW rise
Precision measurements to probe Pee
Constrain non-standard neutrino and solar physics

Non-standard interactions

(flavour changing NC)
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Principles of solar-v detection

S detected via
W + elastic scattering
on electrons
o
o o
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Borexino and KamLAND

Borexino Detector KamLand Detector

tainless Steel Sphere Chimney
Nylon Outer Vessel

Ropes ylon Inner VessLiquid Scintillator
) ' Fiducial volum (1 kton) '

Calibration Device
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External water tank —,
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Liquid scintillator detectors

Low energy threshold (200 keV, limited by 14C, not by signal)
No directionality, superbe purity required to reject radioactivity



Super-Kamiokande

Water and air
e uri lcatlon system
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village entrance

Water Cherenkov detector
Directionality
High energy threshold: 8B neutrinos only (E>4 MeV)



3B solar neutrino measurements

Super Kamiokande
Energy analysis down to 3.5-4.5 MeV
Day-night asymmetry

SNO Leta energy analysis down to 3.5 MeV

KamLAND E > 5 MeV

Borexino E > 3 MeV but smaller statistics w.r.t. SK and SNO
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3B solar neutrino measurements

Super Kamiokande
Energy analysis down to 3.5-4.5 MeV
Day-night asymmetry

SNO Leta energy analysis down to 3.5 MeV
KamLAND E > 5 MeVv

Borexino E > 3 MeV but smaller statistics w.r.t. SK and SNO
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KamLAND PRC 84, 035804 (2011)

3B-v recoil spectra

Events par 0.50 MeV

Super-K Y. Koshio@Neutrino 2014
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3B-v day-night asymmetry (Super-K)
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CNO-v limit (Borexino)

Ay’ Profile for CNO v Rate
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pep- v detection (Borexino)

Ay’ Profile for pep v Rate
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Counts / (10 keV x day x 100 tons)

’Be-v precise flux measurement (BX)
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Be-v first KamLAND measurement

Events/kton-days/10keV
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’Be-v day night asymmetry (BX)
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pp - v observation in Borexino

Observation of the neutrinos from

Primary proton-proton fusion in the Sun
Imminent ...




Current status of Pee probe

Pee measurment before BOREXINO

v, survival probability
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Conclusions and Outlook

Solar neutrinos have been pivotal to the discovery of v oscillations
* Now entering the precision era

Next goals: precision low energy neutrino physics and stellar physics
* Direct measurement of pp neutrinos (imminent): test Sun luminosity

* 8B up-turn: reduce the threshold, search for new physics in solar neutrino interactions
by means of high precision measurements (SK, KL, BX)

* High precision pep v : Non Standard Interactions, precision test of Pee transition
e Detection of CNO v : test solar and stellar models
* Improve ’Be measurement (useful if SSM models and calculations improve as well)

* Solar v detectors are ideal sterile v hunters (see M. Wurm’s talk)



