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Solar neutrinos

Study the Sun with neutrinos <+ Study neutrinos with the Sun

Flux on Earth ~10" cm™2 s!
Interaction cross section ~10* cm? @ 1 MeV

Photons:10° years to reach Earth

Trending: The metallicity puzzle
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Low metallicity (LZ)  High metallicity (HZ)
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¢ v Fraction of elements heavier than “‘He in the
Sun
v New sound wave profiles:
— consistent with old HZ (1D) model
— 1% discrepancy with new LZ (3D) model
v Can be inferred through direct measurement |
of solar neutrinos
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Neutrinos: 8 min to reach Earth

v Produced in the nuclear fusion
reactions in the Sun’s core
Direct information without any
loss in energy or direction
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Homestake experiment 1960s:
First detection of solar neutrinos
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Solar neutrinos

pp chain ~99%
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N. Vinyoles, et. al. Astrophys. J., vol. 835, no. 2, p. 202, 2017

‘ solar v ‘ HZ SSM ‘ LZ SSM | difference HZ-LZ (%) ‘
pp 5.98 (1 4 0.006)- 10 | 6.03 (1 £ 0.005)- 10*° -0.84
pep 1.44 (1 £ 0.01)- 10® | 1.46 (1 £ 0.009)- 10® -1.39
hep 7.98 (1 +0.030)- 10° | 8.25 (1 + 0.30)- 10° -3.38
Be 4.93 (1 £ 0.06)- 10° 4.50 (1 + 0.06)- 10° +8.72
°B 5.46 (1 £ 0.12)- 10° | 4.50 (1 &+ 0.12)- 10° +17.58
CNO 4.88 (1 +0.11)- 108 3.51 (1 4 0.11)- 108 +28.07

CNO-cycle ~1%
Reaction rate [x 10%* s]
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CNO
sub-cycle I
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v Proposed by C. F. Weizséacker

and H. Bethe, 1938-39
v Main energy production
mechanism in heavier stars

(T = 2x107 K)
v Most sensitive to solar

metallicity (28%)
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The B()I‘eXiI]_() experiment @ Laboratori Nazionali del Gran Sasso (LNGS), Italy
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Muon PMTs

muon flux = (3.43240.003)-10*m2s~*

v Most radio-pure liquid in the world
280 < 9.5 - 102 g/g (95% C.L.)
22Th< 7.2 - 10 g/g (95% C.L.)

v Energy resolution: 6%/VE(MeV)

i v Position resolution: ~11 cm@1 MeV
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Thermal insulation +

Calibration Purification new trigger
Oct’08-Jul’09 Jul’10-Nov’11 May’15-Jan’16
e -
May May Dec May Jul Feb
20,07 20|10 20|11 20|16 20|16 zolzo
Phase-I Phase-II Phase-III
Nature 512 (2014) 383-386 Nature 562 (2018) 505-510  Nature 587 (2020) 577-582

CNO detection
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Physics milestones

v First evidence of CNO solar neutrinos

v Complete spectroscopy of pp-chain solar neutrinos

v > 5o evidence of geoneutrinos, first 9% C.L. rejection of no
mantle signal

v Stringent limits on non-standard interactions and neutrino

magnetic moment
v Evidence for seasonal and long-term modulation of muons,
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Solar neutrinos with Borexino
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Main backgrounds for low energy

v “C (B): natural component of liquid scintillator

v ¥Kr (§): in air, due to nuclear explosions

v 20Bj () and 210Pg (o): from **U chain
v 1C (BT): cosmogenic

v External background: ~s from *“Bi, *°T1, “K
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CNO detection: Challenges and strategy
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Absolutely necessary to constrain pep and %'°Bi
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The pep constraint

v pp/pep ratio + solar luminosity
constraints + solar neutrino
experimental data w/o Borexino

v 2.74 4+ 0.04 cpd/100t (1.4% precision)

The ?'"Bi constraint (nexs stides)

v Estimated through *°Po (a-tagging)
v 21Po in Borexino = supported %°Po +
convective 2’Po
v min ?Po — ?“Bi upper limit
— CNO lower limit
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Thermal insulation and stabilisation Thermal insulation

Until 2016:
20Po in Borexino: Supported %'°’Po + Convective ?'°Po
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The Low Polonium Field/The ?'°Bi constraint
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{ v ~20 tons ';

v Blind alignment of data:

fit previous month — get center — align current month
v 210Po selected using energy and pulse-shape cuts :
v Systematic sources:

210Bi homogeneity in whole F'V ~70 tons

Fit: mass and binning

B-leakage estimation
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corrected Po-210 rate [cpd/100t]

R(**Po_. )=(or)R(*'Bi) < 11.5 + 1.3 cpd/100t

p? = x* + y*m?]
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Complementary counting analysis
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CNO presence confirmed at 3.50 level
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Counting
y analysis
40 . ; i
800+ : ! A - Fit w/o Systematics | g
35+ : | | —— Fit w/ Systematics '
i : i HZ-SSM 68% C.l.
30 : : : 1z-ssmes% c..  10:05
600 E i i l wmm Borexino 68% C.I. a
9 25§ | ! : [ Counting Analysis 10.04 a
£ l | | o
K I I I
400} = Tl i 10.03 2
15 N i 1900 &
: : : .." ] 002 O
200 = . | ;
5t . I D 10.01
O O 1 : 1 : IPTTTTSI S ] O.OO
0 2 4 §) 8 10 12 14
Events in the ROI CNO-v Rate [cpd/100t]

> 50 rejection of no-CNO hypothesis at 99% C.L.

v(CNO) = 7.2"3% cpd /100t
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Conclusions & Outlook

v Borexino has prov1ded the first direct evidence of the

CNO-fusion cycle in the Sun after its first proposal in 1938—39 R
i 5.5 x10%F SSM-HZ
L Nat 562 (2018) 505-510
v Utmost significance for Astrophysics in understanding the aure 562 (2015)
main energy production in our Universe and the stars. ~ corrol
v Borexino has fully unraveled the two fusion processes c'dg Borexino
powering the Sun, bringing us a step closer in understanding 2 451000
our star. = -
. . . E y "
v Previous Borexino results on ®B and "Be solar neutrinos 40x10°F  SSM-LZ :
— LZ disfavoured at 96.6% C.L. L -
~ Future CNO measurement can solve the metallicity puzzle! ./ 3x10° 4x10° 5x100  6x10° Faclos
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