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3800 m.w.e

4300 muons/day y
¢ crossmg the inner detector ¥ £

* the world’s radlo-puresi LS detector:

* ~500 p.e. /| MeV

\ * energy reconstruction: 5% @ 1 MeV
* position reconstruction: 10 cm @ 1 MeV

* pulse shape identification (a /B, e+/e-)

<5.7%10-19 g(Th) /g LS,<9.5%10-20 g(U)/g LS at 95% C.L.
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FADC system

0

For higher energies, up to

developed consisting of 96 fast waveform digitizers

(CAEN v896, 8 bit, FADC - Flash ADC), each of
them reading-in the signal summed from up to 24
PMTs, with the sampling rate of 400 MHz.
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0.511 MeV 0.511 MeV 2.22 MeV

‘Idence — prompt delayed
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ean signature!

Cross section, cm’

CULLURLCA  Op af few MeV: ~1042 ecm? (~100 x more than scattering)
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_»COOLING

Mantle cooling
(18 TW)

Crust R*
(LA LW

(Rudnickand Gao '03
- Huangetal 13

Mantle R*
(13£4 TW)

B 23 - 45 75 -85 "R radiogenic heat (0.4 TW) Tidal dissipation
mW m-1 45 - 55 85 ) 95 (after McDonough & Sun "95) Chemicaldifferentiation
el 55 - 65 95 - 150 RADIOACTIVE DECAYS

65-75 -150-450




232Th = 208ph + o+ 4 e + 4V, + 42.8 MeV
238) > 206Php + 8 o+ 8e + 6V, + 51.7 MeV
23’5y > 207pp+ 7 oo+ 4e + 4 ;e + 46.4 MeV
WK - 4Ca+e +1v,+ 1.32 MeV (89.3%)
0K +e 2 4OAr+et+1v,+ 1.505 MeV (10.7%)

Geochemical BSE
w Hawaii A&McD DM

I T % surf.ave.

) 88 92 90 100 104 108 112 116 120 124
Geochemical BSEA ———— = cm2 5™
&McD DM 08 090 095 100 105 110 115 120

Fluxes not

homogeneous
=> needs for
multi-site
measurements!!



\EXPECTED SIGNAL AT GRAN SASSO o/

Ingredients: Expected signal at Gran Sasso
1) Geo-neutrino energy spectra 1 TNU (Terrestrial Neutrino Unit) = 1 event/ 1032 target protons (~1kton LS)/ year (100%._ eff.)
/] ' S (U+Th) TNU | S(U)/S(Th)
O Local Crust ( R~500 km) 9.2+1.2 0.24

Far Field Lithosphere 16.7 38 4, 0.29

Mantle (from Bulk silicate 25-19.6 0.26
Earth model — lithosphere)

Total 28.4 - 45.5 0.27 (chondritic)

Signal [TNUJ/10 keV
o o
-, - -]

e
F'S

40K signal
below
threshold

@ U & Th abundances and distribution®

3) Propagation effects (oscillations..): P..~ 0.5 P 3 35
° ° ° Energy[MeV]
+interaction cross sections




Charge of prompt Charge of delayed Time correlation Space correlation

Q,, > 408 pe Qq4> 700 (860) — 3000 pe dt = (2.5-12.5) pus + (20-1280) ps

«  Prompt spectrum Neutron captures on proton Neutron capture t =(254.5 £ 1.8) pus
starts at 1 MeV (2.2 MeV) and in about 1% of i ; IBD SELECTION CUTS .
« 5% energy resolution cases on 12C (4.95 MeV) 2 cluster event in 16 ps DAQ gate | y : 2
@ 1 MeV Spill out effect at the nylon inner . ! “:
» 154 GOLDEN

Radon correlated 2'*Po(a + y)

decays from 2'4Bi and 2'“Po fast 1
e T CANDIDATES

M. Agostini et al PRD 101(2020) 012009

Muon veto Dynamic Fiducial Volume Multiplicity

2s || 1.6 s : SLi(B + n) >10 cm from IV (prompt) No event with Q >400 pe MLP gejayeq > 0.8 ) December 9, 2007 to Apl‘"

2 ms: neutrons « Exposure vs accidental bgr +2 ms around promt/delayed Radoniconslated 4Poin

e IV has a leak: shape reco from - 28, 20" 9 . 326274 dCI)’S Of

» Several veto categories

e Strict and special muon tags the dg‘:ta weekly . Suppressing undetected

T cosmogenic background, mostly ;i
o Whole detector @ | s multiple neutrons dCI‘I'CI ‘I'Clklng

IS Ve { 1 . Negligible exposure loss

oWz e Y * Average FV = (245.8 +
8.7) ton , Exposure = (1.29 *
0.05) x 1032 proton x year

® Including systematics on

Events/ 400 p.e.
Events/ 100 p.e.

position reconstruction and
muon veto loss, for 100%
detection eff

Exposure : a factor 2 increase

respect to 2015 analysis 5




Backgrounds mimickir
beta decay reaction:

(a)Cosmogenic nuclides
(b)(o,n) reactions

/Pc) Accidental coincidences

Spectrum [1/10keV]

Prompt signal in
lSc(a,n)léo

Electron+Positron

1 I
5

! M | I Il
6 8 9
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Visible Energy [Me
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Mueller et al With “5 MeV bump”
2011

Signal [TNU] 84515, , 79.6*14 4,
# Events 97.6 *17 45 91.9*16 , 5

0.35

0.301 — without excess

— with excess at 5 MeV
0.25}
0.20f
0.15}

0.10f

Normalised dN/dE; / keV

0.051

E; [MeV]

Atmospheric neutrinos

Events 9.2+ 4.6

Atmospheric neutrino fluxes from HKKM2014 (>100 MeV) and
FLUKA (<100 MeV)

Matter effects included, Simulation of detector response + selection
cuts as for real data

Background type

?Li background
Untagged muons

Fast n’s (from rock)
Fast n’s (from WT)
Accidental coincidences

(a, n) in scintillator
(a, n) in buffer

(Y, n)

Fission in PMTs
214Bj-214Pg

" TOTAL

* Accidental coincidences;

No. of events
3.6+1.0
0.023 £ 0.007
<0.013

<1.43

3.846 £ 0.01
0.81+0.13
<2.6

<0.34

<0.057

0.003 £ 0.001
8.28 +1.01

Estimated from OFF-time coincidences: IBD-like events in At =2 -20 «

s  (o,n) reactions: *C(a, n)!'0

Prompt: scattered proton, '?C(4.4 MeV) & '°0 (6.1 MeV) .
Estimated from ?'°’Po(a) and *C contaminations, cross section.

*  Cosmogenic background

- °Li and 3He (t,, = 119/178 ms)
decay: B(prompt) + n (delayed);

- fast neutrons

Prompt :unscattered protons (prompt)
Estimated by studying coincidences detected AFTER muons.

12



\

GEO-NEUTRINO SIGNAL : SPECTRAL FIT OF Eppepipr

- Total
[ Geoneutrinos
Reactor antineutrinos
I Cosmogenic °Li
I Accidental coincidences
[ (o, n) background

1nnN 180N NN

Source

Atmospheric neutrinos
Shape of reactor spectrum
Vessel shape

Efficiency
Position reconstruction

Total

2annn

Unbinned likelihood fit of charge spectrum of 154 prompts

* Fixed: S(Th)/S(U) = 0.27 corresponding to chondritic Th/U
mass ratio of 3.9

* °Li, accidentals, and (o, n) bgr constrained according to
expectations

* Reactor signal unconstrained and result compatible with
expectations

52.672 ¢ (stat)?y ] (sys)events || 1133

" 17, % total precision

47052 (stat)'>5 (sys)TNU

N =

80 100 120 140 160 180 200 220

Neea

Reactor antineutrino expectation with excess at 5 MeV

—— Reactor antineutrino expectation without excess at 5 MeV

® Measured reactor antineutrinos - Th/U ratio fixed

* Measured reactor antineutrinos - Th & U as free parameters

13
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B Geoneutrinos from **U
Geoneutrinos from “*Th
Reactor antineutrinos

B Cosmogenic "Li

I Random coincidences

e (o, n) background

—+— Data

# 232Th events

U
# 238 events

Prompt charge [photoelectrons]: 1 MeV ~500 photoelectrons

SPECTRAL FIT with Th and U fit independently :
50.4 events *468 ,, 150, total precision

In agreement with the fit with Th/U fixed

From MC studies: no sensitivity to measure the Th/U ratio with the present statistics
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Events/ 200 p.e.

- Total
Geoneutrinos - Mantle
I Geoneutrinos - Bulk Lithosphere
B Cosmogenic °Li
I Accidental coincidences
(0, n) background

(3
<

N
W

W

[y
<

I....I........I.TM_l

500 1000 1500 2000 2500 3000 3506 )

i
_,
&-—

0

Constraining the contribution from the
(28.8 = 5.6 events with
S(Th)/S(U) =0.29 ), the

Swmantie (U+Th) =21.2 %95 4, (Stat) 11 4 (Sys) TNU

Sensitivity study using log-likelihood ratio method:
Null mantle signal hypothesis rejected with 99.0%
C.L.

Smantle(U+Th) [TNU]

Cosmochemical (CC)

based on the enstatine
chondrites

Geochemical (GC)

based on mantle samples
compared with

carbonaceous chondrites

Geodinamical (GD)

based on balancing mantle

HRante(U+Th) [TW]

Mantle radiogenic heat from U+Th:

viscosity and heat

dissipation

Compatible with predictions, in tension at 2.4c
with the CosmoChemical models (CC)



EARTH RADIOGENIC HEAT

J =M. Javoy et al., EPSL
293, (2010).

L&K = T. Lyubetskaya and J.
Korenaga, J. Geoph. Res.
Sol. Earth, 112 (2007)

T = S. Taylor, Proc. Lunar
Planet. Sci. Conf. 11, 333
(1980)

M&S = W. F. McDonough
and S. Sun, Chem. Geol.
120, (1995)

A =D. L. Anderson,
Cambridge University Press,
(2007)

W =H. S. Wang et al., Icarus
299, (2018)

P&O = H. Palme and H.
O’'Neill, Treatise of
Geochemistry, (2003)

T&S =D. L. Turcotte and G.
Schubert, Cambridge
University Press, (2002)

Lsp CC = continental crust

tl
g (U+Th+K) mmmm  H,,

rad

(U+Th+K) s

J L&K T A M&S W P&O T&S BX J L&K T M&S A W P&O T&S

Convective Urey ratio:

URCV= 078 i —0.28

13.6
38.2-:12_7 W At 90% C.L., mantle characteristics:
a(Th) >48 ppb & a(U) >13ppb URcv >0.13

assuming 18% “°K mantle contribution + contribution of lithosphere

Borexino estimates a high probability that the radioactive decays produce more than half of the total Earth’s heat.
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*M. Agostini et al., Astroparticle Physics 125 (2021) 102509

**M. Agostini et al. Astroparticle Physics 86, (2017) 1-17
***M. Agostini et al, The Astrophysical Journal (ApJ), 850-21, Nov. 2017

SN remnant by HST
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dE, ~ H,

.,_‘Fnsng_.

Small flux — Lqrg"é‘
underground detectors

Expected flux [ cm 2 s MeV!]

particularly suited !
(/;o Derecrion chamel - inverse bero decay (150 e s

e
@0

e
=

c fzmax dN, (E)) Rsn(2)dz
o 4B, /Qn(1+2)3+ Q4

Hudepohl

Nakazato

8 10

Energy [MeV]

Sy "rhe
)

ge 0-V analysis, but:
ole : Dec 2007-Oct2017

IV >0.25m

ogenic cut :

after ID muon
s veto after OD muon

" Conservative limits on DSNB:

the minimal expected number of events
considered: -

 Minimal Radiogenic Earth model for géo-v;
only radioactivity from the crust

reactor-v since it gives the lower signal 18



Noprotons=(1.32 + 0.06) 10%!
Efficiency =85.0 +0.15 %

\ Data sample : Nov 2007- Oct 2017
Statistics : 2485 days (6.8 years)

DSN B: UPPER LIMITS Exposure : 1494 + 6 tons year

\] Model independent limits

—— Geo-antineutrinos (Minimal Radiogenic Earth Model)

Geo-antineutrinos (Fully Radiogenic Earth Model)

O Reactor antineutrinos (normalized)

Atmospheric neutrinos

— Borexino new limit

— Borexino 2011
— Super-Kamiokande, 2003
— Super-Kamiokande, 2015

- Measured events — KamLand

w
=
H

%
=
—
~
z
g
=3
=

e
S
Flux upper limits [cm™ s~ MeV™]

10
Energy [MeV]

8 10
Energy [MeV]

Model dependent limits

Nakazato 909% C.L. Hiidepohl

= | —2¢-1
Reactor 7, 611 + 1.7 E[Mev]  &®[cm™s~'] ®[em=*s7]

Geo 7, 179 + 21 PY Bes.r Iimits below 8 Mev 2.8-16.8 < 24 (1.7) X 103 < 2.6 (1.8) X 103
78-168 < 106.0 (38.2) < 112.3 (40.5)

Background source Expected events

Atmospheric neutrinos 6.5 + 3.2
Accidental coincidences 0.418 + 0.006

.3-31. V): @ < 25 (A
Total: 859 + 42 KamLAND (8.3-31.8 MeV): @ < 139 cm™s™' (A. Gando 2012)

Super-K ( > 17.3 MeV): D < 2.9 cm?s! (K. Bays 2012)
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er 2009
25% data

pre

C 'Stem data => 1-
e & whole IV for FADC,
1d FV=145 tons for main DAQ

b )

Studied by Strategy: search for excess of single events

~ over background at a time of the flare

A BX analysis: search for excess of single events from v, and v, (x = e, U, 7) over background at he time of the flare O
by looking for their elastic scattering on electrons in the Borexino scintillator




M. Agostini et al., Astroparticle Physics 125 (2021) 102509

\\; SOLAR FLARES : LIMITS ON NEUTRINO FLUENCES

Ngo (Ey)

q)v (Ev) =

@) Neoest(Ey)
N, =9.2x10% for the whole IV and N, =4.8X103! for the 145 tons FV CL;-) 10° q":_ 10™
N o
E EADC Energy [MeV] % 3
§ Main DAQ 810
(0]
~ 6]
Ll . Ll Ll S :
\ * Limits obtained from the primary DAQ (E, 40 $ 10"
» Events in coincidence =
MeV). o 3
Z
] 1010
b ' 10
* Strongest limits on fluences of all neutrino .
10
flavors from the solar flares below 3—7
MeV 12 14
* Borexino’s data excludes an intense solar Energy [MeV]

flare occurred during run 117 of the Cl-Ar
Homestake experiment as a possible

source of the observed excess of events. 3



° Si In agr w\__vn;for models predicting high
U and Th abundance

. Qi
i s S

* Borexino has achieved the best upper limits on DSNB anti-v, flux for E, < 8 MeV;
* No excess of events was observed in coincidence with solar flares, GRB’s and GW events;

All results will be updated at the end of data taking (Sep. 21)
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for your

attentionlll!






No sensitivity to

Signal 10°[TNUJ/1 keV

oscillation pattern

8 9 1
Energy [MeV]

Upper limit (95% CL): 18.7 TNU

* 2.4 TW in the Earth’s center

* 0.5 TW near CMB at 2900 km
e 5.7 TW far CMB at 9842 km

Fit with reactor spectrum constrained )



