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Observation of the neutrinos from
Primary proton-proton fusion in the Sun

Nature 512, 383-386 (28 August 2014)




Nuclear reactions in the Sun

Energy production in the Sun:
pp 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
. E~MeV - v, only

Elastic scattering on nucleus

. Neutral Current (NC) interaction
. neutrino not assorbed

. sSame cross section forv_, v

e’ Yyt

(A,Z+1)

/Elastic scattering on electron
. Charged Current + Neutral Current
. different cross section forv,ev,

o ~1044cm?
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Solar-v oscillation — MSW effect

Pee becomes energy dependent because of MSW effect
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Solar-v searches: motivations

Test of neutrino oscillations and solar models
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Borexino at LNGS

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel

Ropes ylon Inner Vessel
' Fiducial volume

External water tank —,.

Internal
PMTs

Steel plates
for extra
shielding

Ultra-pure Liquid scintillator calorimeter

Low energy threshold
No directionality, superbe purity required to reject radioactivity



Principles of solar-v detection

/e' detected via
W + elastic scattering
on electrons
.
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Counts / (10 keV x day x 100 tonmns)

Other Borexino results (phase |)
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Borexino Phase-ll Radiopurity

Isotope Typical abundance Borexino Borexino-l Borexino-ll
(source) goals




pp-v detection challenges

Spectruml simulation

pp endpoint 420 keV
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14C decay: rate and shape

14C activity is 5 orders of magnitude bigger than pp rate in BX
Needs to be constrained
Spectral shape needed

First clusters 14C activity estimated independently
- : from the main analysis

Arbitrary units

Look at samples of data where
event causing the trigger

is followed by a second event

ol o within same acquisition window

0y profev - ad%) These second events not subject
to trigger threshold in energy

14C activity in BX: 40 £ 1 Bg / 100 ton



14C pileup

Two scintillation events so close in time
that is impossible to resolve them.
14C pileup comparable to pp-v rate
Spectral shape similar to pp-v recoil spectrum.

Pile-up may come from '*C but also from other detector events

Synthetic pile-up: overlap uncorrelated data with regular events

230 ns
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Trigger gate start Trigger gate end

Result used to constrain rate of pile-up in final fit



pp-Vv analysis recipe

Calculate energy estimator, position, etc, for all events
Apply muon, consmogenic, noise, radon, cuts
Introduce dark noise
Constrain 14C
Constrain pile-up

Fit the energy spectrum
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pp neutrino measurement

pp = 144 + 13 (stat) £ 10 (syst) cpd/100t
compared to expected (MSW/LMA ,HM)
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. (5.98+0.04)-1010 cm2s-"

| pp neutrino flux:

nature

VS

“Neutrinos from the primary proton-
proton fusion process in the Sun”
Nature, Vol. 512 (2014) pp.383-386



Interpretation: Neutrino Oscillations

Solar neutrino (v,) survival probability vs energy
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Nature 512, 383-386 (28 August 2014)



Interpretation: Solar Neutrino Flux

From neutrino interaction rate to Solar Neutrino Flux
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Combining Borexino
with Gallex/GNO and SAGE

Radiochemical + ‘Be Borexino:
®(pp) = (6.14 £ 0.61)10'° cm?s?

Borexino only:
®(pp) = (6.6 £ 0.7)101° cm2s1

Combined
D(pp) = (6.37 £ 0.46)10'° cm2s-1 (7%)

Nature 512, 383-386 (28 August 2014)



Conclusions and Outlook

Borexino set new records in radiopurity of liquid organic scintillator, these
allowed to challenge the measurements beyond the original physical program

Completed first set of solar neutrino measurments related to the pp cycle
Direct measurement of pp neutrinos: test Sun luminosity

Borexino is continuing to take data, update of results on the Solar neutrino flux
are envisaged in Phase Il: ’Be, pep, B

New detector calibrations in late 2015

the CNO neutrino flux measurement (or setting the stronger limits)
is another challenging task

Data taking ongoing also for non-solar physics: geoneutrinos, ...

Borexino will become the sterile v hunter SOX in 2016
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Backups



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?

Nobel prize 2002
; [ Solar Model

It L Final Result
Tl } el e e L
o ,Tjﬂ [

1%70 1974 1978 1582 19E&




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

1 T o

PRI T "
2000 2002

I

Gacl,

+
HCI




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

2 Am ineV
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



Discovery of solar- v oscillations

Inclusive appearance at the
Sudbury Neutrino Observatory
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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)

Friedland, Lunardim, Pefia-Garay,
PLB 594, (2004)

Sterile Neutrinos

s ey = ik
N4 __h L S ==l
E - = el nn Zo=2x10 " H
2 ra=3m10”
e T e e T ! P 2
L B R R 1 -
.:|.|: - Ema 1
u ¥ e e s - e
naf : :
[ B =(
Eet |
o, e
(B e B
E P{";-;l".llli.'—'.-. T — i)
|_|_':_
R =0
ks
1]

Holanda & Smirnov
PRD 83 (2011) 113011

Mass varying
neutrinos (MaVaNs)

8 1F
‘:"u-.ﬂ-;—
08 F

ot b _}
06 F .

...... orgmf}

o E T

o4 |

03 Tl
1

Ay =0.0001 74 6V
oo gl E

o2 E
o1 |

S 10
E, (Mev}

M.C. Gonzalez-Garcia, M.
Maltoni
Phys Rept 460:1-129 (2008)



Counts / (10 keV x day x 100 tons)

’Be-v precise flux measurement (BX)
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’Be-v day night asymmetry (BX)
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pep- v detection (Borexino)

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

Ay’ Profile for CNO v Rate
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KamLAND PRC 84, 035804 (2011)

3B-v recoil spectra
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Current status of Pee probe

Pee measurment before BOREXINO Today
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