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Why solar neutrinos?

e Solar neutrinos: one of the success stories of 20th century physics
e Direct messengers of the nuclear thermo-fusion machinery in its core

® Probes of its chemical composition and thermal profile

e Vehicles for the discovery of lepton flavor conversion (‘neutrino oscillations’)
® -> neufrino mass

® Probe for more new physics
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Solar neutrinos from two nuclear fusion processes

dp — “He = 2e" 4 2v. + (24.7 + 2m.c?) MeV | (72% of the total energy) (E,)) ~ 0.53MeV
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Meanwhile, in heavier stars ...

oS T ' ........... ——— Lo = (384:6 + 0015) x 1053 epg/s
e o CN cycle -
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) 78 9 o dominant energy producing

process in many stars
in heavier stars the gravitational
pressure favors CNO fusion of protons
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oolar neutrino spectrum (Bahcall et al.)

e Exquisite understanding of
fusion processes in the Sun

1011_ | | eSS R A | | B i et ek ) 228
e Experimental precision in
= some cases better than

theoretical uncertainties

e Solar metallicity (for
ec’™N = elements with Z>2) not yet
e fully pinpointed

150,17 \ :
kel s \ — e Current models disagree:

e High Z vs. Low Z
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The stage — the Gran Sasso massif, Italy
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Hall C @ LNGS

......

3800 m.w.e.
ca. 1 muons/m2/h
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the Borexino detector

neutrino - electron

Scintillator: : .
-G elastic scatterin
Inner nylon vessel (R=4.25m) ST I N Wi B three flayvors. with

T ST TR EEEr

verrcchieiv A% W uneven cross
b ' section)
d

Buffer reqgion:
PC+DMP quencher (5g/l) 4.25m<R<6.75m

Outer nylon vessel:
R=5.50m (222Rn Barrier)

Fiducial
volume

Stainless Steel Sphere:
R=6.75m,

2212 8" PMTs with light guides. 1350m3

Water tank:
vy and n shield, u water cherenkov detector
208 PMTs in water, 2100m3
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The Physics: solar neutrino spectrum

solar neutrino-induced electron

lar neutrin trum : ; °
solar neutrino spectru scattering spectrum in Borexino
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Little directional information —> minimizing radioactivity is essential
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The Borexino deteotr ﬁlleq \wi‘th liquid scintillator

F G NN e

detector filled on
May 15, 2007

At 1 MeV:
AE

E
Ox.y.2~ 11 cm

~ 6%

1238 active
channels for the
> CNO neutrino

. measurement

photo: BOREXINO calibration



Borexino data and basic selection cuts

Borexino energy spectrum (Phase I)

Counts

= All data

Fiducial volume

...... . Muons and fast
~~~~~ . llc -
- coincidences
107 - '
10 &= C11 cut

------

......

— (three-fold coincidence)

A

200 400 600 800 1000 1200
Energy Estimator [PE]
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Borexino timeline

Detector thermal insulation
Active temperature control

Purification II (detector and hall C)
2007 2010 2012 2015 : 2017 2021
—
Phase I (2007-2010) l Phase II (2012-2016) Phase III

l l

6 cycles LS water
extraction purification

« R("Be) — first

«D/N R("Be) — none * R(CNO) — first

* R(pep) — first
* R(8B) — first in LS

e sub-MeV

« 85Kr: reduced by ~4.6 directional

* R(pp) — first spectral
e seasonal R("Be)
e Comprehensive pp chain

e R10Bi: reduced by ~ 2.3
e Th and U negligible:
*238J: < 9.4x10<0g/g
¢ 232Th: < B.7x10-1° g/g

* R(CNO) — limit

e Seo-neutrinos

* 1 flux, cosmogenics
e search for exotics

(PP, Pep, "Be)
 Improved R(8B)
e Seo-neutrinos — 50
* v magnetic moment
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Decomposing the spectrum

External backgrounds_

Counts / (day x 100 ton x keV)

1074

-

500 2000 2500

Energy [keV]

pep and CNO neutrinos
most visible here

Sy CNO, pep, 298Bi highly correlated
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. Nature 562, 505 (2018)
Borexino Phase 2 results (2010-2016) PRD 101, 062001 (2020)

5252 ton-yr| Phase II BX results Bx flux SSM (HZ/LZ)
xposure (cpd/100t) (cm=s1) (em™s™) \
e
5.98(1+0.006)x 1010
+6 + +0.3 x]1010
PP 134 + 1076 1 10% (6.120.05%%05) <10 | & 53(110.005)x1010

solar metallicity

4.93(1+0.06)*10° controversy
4.50(1+0.06)x%10° (HZ and LZ

7Be 48.3+1.1704 ., | 3.7% | (4.99%0.11+0.06 . )x109

(HZ) 2.43 + 0.36*015 5 (187 +0.19:008 ; )x108 | 1.44(10.01)x108 | mModels differ

S0
PP | (12)2.65+0.36%0.15,,, (1.39 +0.19%008 4 ,:)x108 | 1.46(10.01)x108 | by almost 30%
for the CNO
5.46(1+0.12)x 108 .
B 0.223%0.0158 , 4,-.+0.06 (5.68%0:39 ,,4;+0.03)x108 45 OE 120 1 ng 106 neutrino flux)
7.89(1+0.30)x 103
3
hep <0.002 (90% C.L.) <2.2x10 8.RB(10,50) 107
X 8
CNO | <8.1(95%C.L) <7.0x108 4.85(1£0.12)x10

3.51(1+0.12)x108

precision and reach beyond design goals of the experiment
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The solar metallicity puzzle

® The solar metallicity is important:
e Catalysts to CNO process

o Affects plasma opacity, indirectly affecting the core T and modifying the
density profile and evolution

e Discrepancy between solar properties predicted by HZ and LZ input values:

e LZ favored by spectroscopy

e HZ favored by helioseismology
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pep and £10Bi constraints

e pp/pep ratio (from nuclear physics)

e Solar luminosity constraint (0.4%)

Pep
— ¢ Oscillation parameters from global fit
e Relatively independent on CNO neutrinos
210p, B~ , 21035 B~ , 210p,, @, 206py,
22.3 years 5 days 138.4 days
2108

e Assume equilibrium in the A=210 decay sequence

D——

o Affected by convective mixing of 21°Po from
periphery -> requires thermal stabilization

e 210Po minimum or plateau at the center
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Thermal stabilization of the detector

V) ’ \ ‘
= = W G s
\N\\\\\\‘g 5 ﬁ\ »
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e gt

2014 — Installation of T probes
2015-2016 — Thermal insulation of the water tank BX

2017 — active T control system atop water tank AT ca. 10 °C
2019-2020 — Hall C air T control system

Hall C floor rock 6 °C
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Temperature stabilization timeline

1 - Beginning of the Insulation 4 - Start of ATCS
2 - Water Loop turning OFF 5 - Change of ATCS set-points
WT probes 3 - Completion of the Insulation 6 - Start of Hall C TCS

17 -
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Z,
2z £
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-
W

Temperature (°C)

-
N

11 -

i

10 -

Jan-2015 Jan-2016 Jan-2017 Jan-2018 Jan-2019 Jan-2020
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<10Po trend vs time

[o)
Q_' 0
3 % . 140
2 50
® 120
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/ / T Date\day]
thermal
insulation  water upper . T control of
begins recirculation  detector T  Setpoint Hall C aip
loop off controlon  adjustment

21%po Rate [cpd/100t]

210Po activity (in
cpd/100t) within
the inner 3-meter
radius sphere of
scintillator, binned
in 3 tonne cubes

"Low Polonium Field region,
20 tonnes, just above the

equator (observed layering
successfully modeled with
fluid simulations)
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The Low Polonium Field analysis

e The 29Po minimum found with 20 tonnes 7| ’ 20
of scintillator >l Data
50t
® Exfrapolation of the 219Bi upper limit to 70 =, osvs(ang)
tonnes requires 210Bi spatial uniformity and =30} 0.59 cpd/100t
time stability 20 - T
o . . . 10} Angular
® This is done by selecting 3-like events in . uniformity
an energy range where 2l0Bj (pep, CNO) 0 > 2 6 é 0 12 14 16
events dominate = a2
(i.e. in the 'valley' between 7Be and C) %wi—
¢ radial and angular uniformity gz: : Lt
a 27 osys(rad)
e time stability (no leaching from vessel) 34 e — 0.51 cpd/100t
32 1o C.L. band Radial o
R(219Bi) < 11.5+1.3 cpd/100t o uniformity

2 paad e by s e bt e by g by tya g s by g o ey oy
80 01 02 03 04 05 06 0.7 08 09 1
Volume fraction
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Multi-variate fit

Tg%séfg ;’_f:'f)d (Eggg?iiesd) Radial distribution
R LR F— Tom o -
: ; o ¥ l t
Dl £ Sl ik 5 T e+ b b
F,h W 'h' L “Wm!“’,”hwm NW,W W 0 i U Ww’n’ il | *,’»Wﬁ W A A

1000 1500 200 25 50 1000 1500
Energy [keV] Energy [keV]

e The 2I0Bi background constraint is an upper limift,

R(CNO) = 7.2+3.0 ; » cpd/100t reflected in the asymmetric uncertainty

e CNO ftfo be considered an experimental lower limit
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CNO neutrino measurement 2o

—2AINL

40 : -
i i i ----- Fit without syster.natics 10.06
35t | : : —— Fit with systematics
| i i HZ-SSM 68% CiI
30t i i i LZ-SSM 68% Cl 0.05
| i | . Borexino 68% Cl . .
25§ *, , i | 3 Counting analysis 0.04 No CNO neutrino hypothesis
20| .y i o p rejected with a significance of
i i =
15| i i € 5.00 at 99% C.L.
| i i 0.02 S —
10} | l | ”
5| Sl 001
0 > : g 0.00
0 2 4 6 8 10 12 14

CNO-v rate (cpd per 100 t)

R(CNO) = 7.8+8.9 q1nt06 4g de/ 100¢t

Result confirmed at 3.56 by counting analysis (R = 5.6+/-1.6 cpd/100t)
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. Nature 562, 505 (2018)
Current summary of Borexino results (2020) PRD 101, 062001 (2020)
Nature 587, 577 (2020)

BX results Bx flux SSM (HZ/LZ)
(cpd/100t) (cm?s1) (cm?s1)
L » 5.98(1+0.006)x1010
pp 134+12 10% 6.1(1+0.10)x10 6.03(1+0.006)x1010
4.93(1+0.06)x10°
7Be 48342 .  |2.7% 5.0(1+0.027)x10° 4.50(1+0.06)x10°
bep 2.43+039_ 6% 1.27(1+0.17)x108 1.44(1+0.01)x108
2.65+039_, . 1.39(1+0.16)x108 1.46(1+0.01)x108
8% 5.46(1+0.12)x10¢
8B 0.223+0.016 _ 5.68(1+0.076)x108 4 501401210
7.89(1+0.30)x103
hep <0.002 (90% C.L.) <2.2x105 8. 25(1+0.30)x10°
"""""""""""""""""""""" 50 N 8 4.88(1+0.12)x108
CNO 72439 7 1.0%%% 2,0 X10 3.51(1+0.12)x108
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Directionality signature for sub-MeV neutrinos arXiv:2112.1186, 2109.04770

S e Correlate individual photon arrival time of events to the
- known position of the Sun (Correlated and Integrated
Directionality (CID) technique)

e Extract the (feeble, <0.5%) Cherenkov signal using their
faster hit time pattern (after TOF correction)

® Cherenkov light emitted for events >160 keV

e Include group velocity correction for Cherenkov photons

%107 %107

NP —0.3
Scintillation photons =

S
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[e—

I

Scintillation photons

<
2
n

® Cherenkov photons that
are absorbed and re-
emitted are included in
scintillation population
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-
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O
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above 370 nm
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Directional measurement of sub-MeV neutrinos arXiv:2112.1186, 2109.04770

107

—— Fit: ¥NDF = 141/138
—— "Be: 455+ 1.5
—— PKr:348+1.7
— B 415415
Cosmogenic ''C: 28.9 +0.2
— 219Pg: 488.8 £ 7.3

External y: 4.5 £0.7

pp. pep, CNO (Fixed)

e Verify method with gamma calibration sources

I

-

| llll]ll

¢ Select Phase-I data in the Be-7 Compton
shoulder energy range: E = 0.54 - 0.74 MeV

[w—

- Counts / (1000 keV - ton - day)

=N\ -
N — 1088712335 (stat) + 94 % C.L 0'p
solar—v — 0887_ Stat 9 7 S St 68 0) . . t
2103 -
- 4£13.9 ] '\\ VTN
* -2 P TR S llllllllLi‘]lllllll
R( Be)CID — 51°6—12.5 de/lOOt 10 400 600 800 1000 1200 1400 1600
Energy [keV]
- - E S
2300} —¢— Phase-I data 1" hits: 19904 events 45; — Stat. + Syst.
- 3 E —— Best fit: 10887 solar-v + background 40 f—‘ B Result 68% C.1.
@ NO—SOIG]" neu1'r|no § 2200:_ —— Solar-v signal MC N ~ Expectation 68% C.I.
excluded >50 S |~ Bbackground MC 30f-
~ 2100 2 -
:';) - g B S0
= —
e Rate of solar v S 2000 E
interactions 2 190 1of-
. . S5
consistent with SSM w0 L jE N —
1 08 -06 -04 —02 0 02 04 06 08 1 0 5000 10000 15000
cos Ol Number of solar neutrinos N_
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October 4, 2021 — end of data-taking
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Chiara Ghiano and Massimo Orsini

turn off the DAQ and the PMT
high voltage one last time
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The swan’s song: is the solar metallicity within reach?

R(CNO) = 7.8%2.9 1% +0.6 0.5 de/ 100t

e HZ/LZ compatible at 0.56 / 1.30

e LZ disfavored at 2.16 when including pp-chain neutrino fluxes (Borexino only)

® Measured 219Bi background is an upper limit, obtained from the minimum of
the low-219P¢g field distribution

e Borexino has another year of data with an ever more stable detector

e Looking for the onset of a minimum ‘plateau’ in the low-polonium field that
would indicate the true 219P¢o contamination of the scintillator

e Combined with higher statistics it could yield a CNO measurement sufficient
to determine the metallicity of the Suns core
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The Borexino collaboration
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IN memoriam

with thanks and recognition to many historical collaborators and friends

Cristina Arpesella
Martin Deutsch
Burkhard Freudiger
Andrei Martemianov
Sandro Vitale

Raju Raghavan
Steve Kidner
Herve de Kerret
Corrado Salvo

Oleg Zaimidoroga
Simone Marcocci

and John Bahcall
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summary and Outlook

* Solar neutrinos essential to prove solar fusion and discover neutrino oscillations

* Borexino has precisely mapped the pp solar chain and measured CNO neutrinos,
unraveling all solar energy-producing mechanisms and a key process in heavier stars
(as predicted by Bethe and Weizsacker in the 1930s) -> one last result to come ...

* Borexino has recently demonstrated that it is possible to extract directional information e
from sub-MeV neutrino interactions in scintillator (foundational for future experiments) Gl

* Borexino has pioneered low-radioactivity techniques which have defined a new standard 2
for rare-event physics, shaping the career of many young scientists in the process TOP 10
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