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novae neutrino background

related signals with

= Fast Radio Bursts;
= GW (new! Eur.Phys.J.C (2023) 83:538 )

Conclusions




Laboratori Nazionali del Gran Sasso (ltaly)
: § Non-scintillating
buffer

3800 m.w.e

4300 muons/day 7
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« Scintillation detector :
threshold and good energy resol
directional ! B
*The quest for the radiopurity grail : > 15 years of work
*Detector design: concentric shells to shield from

: T
T 'YY "’ T |

NIM AB00 (2009) 568 [

Muon PMTs

\ external background * L.Y. ~500 p.e. / MeV, energy threshold: 50 keV
*Purification of the scintillation (distillation, vacuum * energy resolution: 5% @ 1 MeV
stripping with low Ar/Kr N,); * position reconstruction: 10 cm @ 1 MeV
)@terial selection and surface treatment, clean e pulse shape identification (a/B, e+ /e-) .
/ construction and handling.




\K‘ BOREXINO DATA TAKING : PHASE 1 (2007-2010)
\

Radiopurity even exceeded design goals
(factor 20! ) : 238U =(5.3 £ 0.5) x 10~'8 g/g and
232Th = (3.8 £ 0.8)x 10~18 g/g

« Some background out of specifications ( &K,
21OBi )

—— Fit: x*/NDF = 141/138
—— "Be: 455+ 1.5
85Kr: 348+ 1.7
—— 219B4: 415+ 1.5
— 1C:28.9+0.2
—— 2po: 656.0+ 9.8
External: 4.5+ 0.7
~—— pp, pep, CNO (Fixed)

2010
Water extraction With simple cuts (L and FV ) possible to see “at

Nitrogen stripping eye” the "Be-v shoulder !
2012
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Main achievements: % 800 1000 1200 1400 1600
Energy[keVl

Solar neutrinos

*geo-v evidence > 4.50
Limit on rare processes, best limits on v,

magnetic moment

'Study on Cosmogenics 1000 1500 2000 2500 3000
Light yield of prompt positron event [p.e.]

2015 » 7Be v : precise measurement (5%); Day/Night . :txfnt data
Thermal ASyTEES : % —
. . *pep v: 1st observation; 2 conteibution from geocs.
insulation - 8B v with low threshold; g B oo

2017 (0]{,1-1y é

PRL 107 (2011) 141302

Physics Létters B 687 (2010) 299-304



\

2010

Water extraction
' Nitrogen stripping

2012

2015

Thermal

insulation

2017

BOREXINO DATA TAKING: PHASE 2 (2012-2015)

« After WE and nitrogen stripping :
238 chain <9.4x10%° g/g (95% C.L.)
232Th chain <5.7%x10-19 g/g;

* Nitrogen stripping => strong reduction
of 8Kr

« 210Bj decreased by a 2.5 factor

Comprehensive test of MSW-LMA oscillations

Among main achievements:

1 Energy [MeV]

P,.(pp)=0.57+0.10; P, ("Be)=0.53+0.05

PP NEUrNOSHIN P,(pep)=0.43:0.11 P, (*B)=0.37+0.08
*Seasonal "‘Be- v modulation (2017)

First simultaneous precision

spectroscopy of pp, ’‘Be and pep solar
v’ (Nature 2018)

.. but contaminants leaking from vessel
into the innermost part of the detector
because of convective liquid motion,
were still preventing weakest

components studies (CNO-n) R % =

4

[Nature 562, 505 (2018)]

[Nature-562,-505 (2018)]



https://www.nature.com/articles/s41586-018-0624-y
https://www.nature.com/articles/s41586-018-0624-y

, is, disentagli
al => capability to
rino direction

Phase I+II+1II Rol,,, N*-Hit = 1 to 4 80

20] O [ —+ Best MC fit 700, | fzzss.;r ;:// cc||
’ 3 32500 \ Boverxmo cl .
Wdfel‘ extraction § F — Pure background MC o ;g:xa;gg :z;o;::::l:c;)
. . . 1 r +CID data RL 2022 BX results
Nitrogen stripping S sao00f t .
2012 E 31500}
= :
Eg 31000}
?_‘ 305005— | 1 1 1 !_|_\ 1 | | . ’ ! y : *
-1 08 06 04 02 0 02 04 06 08 1 o 2 4 6 8 10 12 14 16 18
CNO-v rate [cpd/100 tonnes]
2015 e .
Thermal Low “!°Po field region => B ot incti S
. c . Ux dererminarion
insulation R (>Bi) < 10.8+/- 1.0 cpd/100t /o 2108 eint ond
W /O O constraint an
2017 https: / /arxiv.org/abs/2307.14636

CNO-null hypothesis Phys.Rev.Lett. 129 (2022) 25, 252701 all BX data (2007-2021)

Phys.Rev.D 105 (2022) 5, 052002
excluded at > 7o p = .

Energy production mechanism For details: D. Basilico Talk at 17:001!!
in massive stars probed!



https://arxiv.org/abs/2307.14636

2010

Water extraction
Nitrogen stripping

2012

2015

Thermal
insulation

2017

2021

1* to 4" N™_Hits / 0.2 cos o

-"disentagli

34

capability to
direction

th yy:0 _ T
Phase I+II+III Rol,, . N"-Hit =1 to 4 ! T
[ = Best MC fit ! P
32500 orexing a .
r + Pure background MC 2D fit w/CID (w/o systematics)
= —— 2D fit w/CID (w/ systematics)
r + CID data PRL 2022 BX results
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https://arxiv.org/abs/2307.14636

\MEV (ANTI) NEUTRINO DETECTION WITH LIQUID
SCINTILLATORS

/\l vte—> vte V,+p—>n+te'
Single events, no threshold, all Charge current, electron flavour only
O g9 g
flavours Delayed coincidence — clean signature!

O;p at few MeV: ~10-42

cm? (~100 x more than
scattering)

Signal rate dominated Signal rate dominated by geo and
by solar neutrinos reactors antineutrinos for E,<10 MeV

(

8



__»COOLING

Mantle cooling
(18 TW)

Crust R*
(7+£1TW)

(Rudnick and Gao '03
Huangetal ‘13

Core
(~9TW)
(:‘gant"‘e_ls;) (4-15 TW)
+

total R*
20+ 4

*R radiogenic hea

(after McDonough & Sun 95

t (0.4 TW) Tidal dissipation
! Chemical differentiation

RADIOACTIVE DECAYS

Heat
“roducing
“lements

HPE's
T

Ve 46.4 MeV
.+ 1.32 MeV  (89.3%)
et + 1 v, + 1.505 MeV (10.7%)

Radiogenic heat from the lithosphere know from direct rock studies
+ 3D models: HU+Th+K) = 8*1-9-1.4 TW

Amount of mantle radiogenic heat very uncertain!

ossible range : 3 -25 TW according to Bulk Silicate Earth
models



\__—>COOLING
Mantle cooling
(18 TW)

Crust R*
(7+£1TW)

(Rudnick and Gao '03
Huangetal ‘13

Core
(~9TW)
(4-15 TW)

Mantle R*
(13+4 TW)

total R*
20+ 4

*R radiogenic hea

t (0.4 TW) Tidal dissipation
(after McDonough & Sun '95)

Chemical differentiation

RADIOACTIVE DECAYS

Above the IBD
threshold
MeV (1.8 MeV)

- 4 MeV
2 MeV  (89.3%)

Q

Radiogenic heat from the lithosphere know from direct rock studies
+ 3D models: HU+Th+K) = 8*1-9-1.4 TW

Amount of mantle radiogenic heat very uncertain!

Possible range : 3 -25 TW according to Bulk Silicate Earth
models



35 - Total
C Geoneutrinos - Mantle
30 = [ Geoneutrinos - Bulk Lithosphere
- B Cosmogenic Li
< 25 - Il Accidental coincidences
=% = (0, n) background
= - —— Data
Q20
A C
N -
5 15—
I
10 — +
5H +
_II
. . 0&¢ ‘k.|....1....—l—....|..—lfl—.£
lithosphere (28.8 X 5.6 events with 500 1000 1500 2000 2500 3000 3500

Q, [p-e.]

Prompt charge [p.e.]: 1 MeV ~500 photoelectrons

S(Th)/S(U) = 0.29 )

Eprompt ~ Ev — 0.8 MeV

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

Swmante (U+Th) =21.2 %954, (Stat) *1-1 4 (Sys) TNU

1 TNU = 1 event / 1032 target protons (~1kton LS) / year with 100% detection efficiency



2P L R ] BOREXINO
L + 0] g
K| ettt el o Lyt S 7/
hemical 2 |
Cosmochemical (CC) € [ meiin
based on the enstatine z 20 GD Huantle (U+Th) = 24.6 *111 45, TW
chondrites e
-~ : R L -
| Geochemical (GC) 210 g
o 10 cc
based on mantle samples F cc 74 : .
compared with : ! - KamLAND
A carbonaceous chondrites 00 """"" 0 20 3'0 """"
- antle
Geodinamical (GD) || BOREXINO Hed™(U+Th) [TW] | Huonie (U+Th) = 4.8 %25 TW

based on balancing mantle
viscosity and heat
( dissipation

20 U

Some tension between the two experiments...
mantle laterally not homogeneous??

Need for further studies (JUNO, singnal from “°K..)
/o =>source of uncertainty for cosmic antineutrino fluxes < 3.2 MeV

(geo-v endpoint)



DIFFUSE SUPERNOVAE NEUTRINO BACKGROUND (DSNB)

The Diffuse Supernova Neutrino Background is formed by the

Detection channel : inverse beta decay (IBD)

| whole of the star collapsing during the evolution of the Universe
O and consists of neutrinos and antineutrinos of all flavors. Analysis cuts : similar to geo-v analysis, but:
: - Smaller statistics sample : Dec 2007-Oct2017
* RSN : supernova rate at a distance z ;
: o - Smaller FV : D oo from IV > 0.25 m
e Q. and Q, : relative densities of matter and dark energy i :
; - Stronger cosmogenic cut :
* No unique model.
= 2 s veto after ID muon
dpy ¢ /‘ Zmax N, (E}) Rsn(2)dz = 2 ms veto after OD muon
dE,  Hp Jo

dE|, Qm(14+2)3 +Q, 101 candidates

—— Geo-antineutrinos (Minimal Radiogenic Earth Model)
----- Geo-antineutrinos (Fully Radiogenic Earth Model)
Reactor antineutrinos (normalized)
Atmospheric neutrinos

- Measured events

Data sample : Nov 2007- Oct 2017
Statistics : 2485 days (6.8 years)
Exposure : 1494 + 6 tons year

Small flux — Large Hudepohl

[

underground
detectors particularly

e
2]

Nakazato

Events /1 MeV

suited !l

Expected flux [ cm™ s~ MeV™]

Nprotons=(1-32 x 0.06) 1031
Efficiency =85.0 + 0.15 %

0.1

10
Energy [MeV]

8 10
Energy [MeV]
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Backgrounds
expected events

u in water pinLS Hilnbufics W in rock

10k Prompt signal in
lSc(a,n)léo

Alpha

(a) Cosmogenic nuclides

(b) (oun) reactions negligible: 0.418 + 0.006
(c) Accidental coincidences

| Electron+Positron

Spectrum [1/10keV]

7 8 9
Visible Energy [MeV]
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DSNB: UPPER LIMITS

P0%C.L. limits without (with) atmospheric v background

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

Npig

22.4 (23.0)
21.5 (22.2)
16.7 (17.2)
10.9 (11.5)
5.55 (6.10)
2.04 (2.52)
0.28 (0.72)
0.01 (0.44)
0.00 (0.41)
0.00 (0.39)
0.00 (0.35)
0.00 (0.32)
0.00 (0.31)
0.00 (0.27)
0.00 (0.24)

(=Nl o NoRNo R R0 )

®[cm2s571]

1.40 (1.37)
1.07 (1.00)
8.39 (8.13)
6.92 (7.07)
8.08 (7.21)
8.29 (7.68)
2.02 (1.65)
1.75 (1.44)
1.40 (1.17)
11.4 (9.59)
9.50 (8.12)
8.05 (7.01)
6.91 (6.03)
6.00 (5.34)
5.27 (4.74)

3% diff

20% diff

X X X X X X X X X X X X X X X

BX Model independent limits [~ Borexino new limit

Flux upper limits [cm™ 5! MeV™!

10
Energy [MeV]

— Borexino 2011

— Super-Kamiokande, 2003
— Super-Kamiokande, 2015
— KamLand

Comparison with literature results

——a— KamLAND (This work)
——— Borexino(2020)
—=— Super-K LI1,111(2012)
—sas— Super-K 1V(2015)
———— Super-K 1V(2021)
——— SRN (Kaplinghat+00)

SRN (Horiuchi+09, 6MeV)
—— - SRN (Nakazato+15, maxIH)
- - - - SRN (Nakazato+15, minNH)

2 & 2

—_

=
[
=
(7]
o
E
s
=
=
=
@
Q
a
=
x
=
S
DO

Neutrino Energy (MeV)

From : KamLAND Coll., Astrophys. J. 925, no.1, 14 (2022)
+ new SK: APJ Letters 951,L27(2023)

* Borexino : best limits below 8 MeV

+ 4 years of data available, with improved

cosmogenic and FV cuts developed geo-v
analysis=> possible 50 % increase of statistics

15




Galactic Longitude

Galactic Latitude

(mCIgn (o] ey U ° Non—Repeatng
e A Repeating

stars..) T B x

North Celestial Pole

Coia i 10
Exposure (Hours)

® Possible emission of neutrinos and axions

which could be detected by large-volume BX search :
* Time correlated events with intense FRB (fluence>40 Jy ms,

42 FRB) => 20% excess expected (AT=+ 1000 s)
Databases : http://chime-frb.ca Search for specific shapes in the energy spectrum of v

Cherenkov or scintillation detectors.

http://frbcat.or scattering event or IBD events (=>more stringent)

1Jy=102W m-2Hz1 16


http://chime-frb.ca/
http://frbcat.org/

10" 4

Counts / 2485d 1 MeV

Fluence per 2485 d, cm?

8 12

E,, MeV

Upper limits on the fluences
of monoenergetic anti-v,

10" 4

Fluence per 2485 d, cm™
°
IU)

-
o
5
N
l

0] 10 20 30 40

Limits for SN neutrino spectra-like of
mean energy <E> and a=3 (from

no events observed in 7.8-16.8 MeV
interval)

For the closest

FRB 200428

(400 Mpc):

Radiated energy<
4.8x10°! erg

(for isotropic 10 MeV
anti-v,)

ARaSa s san] ICeCube: Aartsen et al
<E>, MeV APJ 890:111 2020
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* The search w
inverse beta decay

Binary Neutron Star Range (Mpc)

detection (covering p055| e earl s and delay of sub Y

neutrinos propagating at the subllgh'r speed)
Background evaluated in two adiacent intervals [-5000,-1000 ]s and
[1000,5000]s

LIGO Livingston LIGO Hanford



NS-NS GW events NS-BH GW events

¥ Gw170817
1 Gw190425

GW190426
GWwW191219 \J

K\)SEARCH FOR CORRELATED SINGLE EVENTS e

O

* Visible energy window :
0.25-16.8 MeV;
Cosmogenic cut: 0.3 s veto
after internal U ;

* Fiducial volume: 145 tons
(75 cm from inner vessel)

T—Tow, [103 s] T—Tew, [103 s]

* In the following table are shown the number of BX single events in + 1000 s interval around GW
detection with energy above 0.25 MeV in comparison with the reduced backgrounds defined for P(n=9, n=4.3)=3%

intervals [-5000... -1000,1000...5000] s: Some excess but

———ee————— compatible with

170817 191219
SKS NSBH background

3 19




Mono-energetic neutrino fluences limits (90% C.L.) obtained through the analysis of (v,e) elastic scattering

events correlated with all 74 GW
Neutrino energy => recoiled electron spectrum => correlated events and background betweek (E;,Enax)

O threshold on visible energy tuned accordingly (0.25, 0.8 or 3 MeV)
(v,e) scattering events visible energy

K UPPER LIMITS FOR ALL 74 GW EVENTS

Limits for monocromatic neutrinos

Borexino

1- (ve,e)
2-(v,e)

3- (vm,e)

4 - (Vu‘t,e)
S-Kamiokande
5-(v,.e)

r =efficiency

& — Noo(Ev,Nobs, Nbkg)
Vg Vg TNeU(Eth, Eema.x)

—F— Event window
—f— BG window

_/
Counts / 148 x 103 5/ 0.15 MeV

10
Energy, MeV

1 —219Pg a- peak, 2 — recoiled electrons Background BOREXINO 29

from the solar "Be-neutrino, 3 — ''C B+- . Best limits below 5 MeV
decay, 4 — external background (?°3T1) Time correlated events
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1 1 - Borexino (all events)
108 4 2 - Borexino (GW170817)
3 3 - Super-Kamiokande

] 4 - KamLand

1 5 - Daya-Bay

1 6 - XMASS-I

é ' ‘ 5 o '110 2'0 ‘ ' 5'0
Energy, MeV
1. 2. Eur. Phys. J. C (2023) 83:538

3. Astrophys. J. 857, L4 (2018)

4. Astrophys. J. 909, 116 (2021)
5. Chin. Phys. C 45, 055001 (2021)
6. Astropart. Phys. 129, 102568 (2021)



ytional waves ()

E vl agean LS
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*Asfroparﬁcle Physics 125 (2021) 102509

**Astroparticle Physics 86, (2017) 1-17
***Eur. Phys. J. C 82, 278 (2022)

weesEyr Phys. J. C 83 (2023) 538 (older: Apl, 850-21,(2017)

SN remnant by HST



e g

In previous oinc dence with solar flares and GRB’s

P

b

=

S

Pointing capability with liquid scintillator-based detectors : fundamental importance
for neutrino astronomy with future large detectorsl!




Thanks
for your

attentionlll!
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K UPPER LIMITS FOR GW 170817

/ 90% C.L. upper limits obtained through the study of (v, e) elastic scattering of monoenergetic neutrinos and IBD
S reaction. E, is given in MeV units, ® in in 10'> cm=2 units
1-v,
2-v_, mono
3-v,. mono
4 -v,. mono
N\ 10% 5-v_, SN
i 6 E Ve SN . . .
% 7-v,.SN Improved limits in
5 8-V, SN case of SN - v
g spectrum
(5]
E30%
26

10
Energy, MeV




K%P IMIZED IBD SELECTION CUTS

Q, > 408 pe dt = (2.5-12.5) ps + (20-1280) s dR<1.3m

Neutron capture T =(254.5 £ 1.8) us

Prompt spectrum starts
at 1 MeV . 2 cluster event in 16 us DAQ gate
5% energy resolution @
1 MeV

20 ns

delayed

s
Events/ cm
Efficiency/ cm

Decoded hits/

O
ID hit time [ns]

2s || 1.6s: °Li(B +n) > 10 cm from IV (prompt) No event with Q >400 pe MLP4¢jqyeq > 0.8

: +
2 ms: neutrons Exposure vs accidental bgr £2 ms around promt/delayed

. IV has a leak: shape reco from the
* Several veto categories

*  Strict and special muon tags

e \Q/eekl);' | *  Suppressing undetected cosmogenic
o Cylinder P e &

Only 2.2%

exposure loss RN X Lk 1 -
E E 0 MLP 0o/ discrimination parameter




FAST RADIO BURSTS: TIME CORRELATED EVENTS

Search for an excess of events in coincidence with intensive FRBs (fluence > 40 Gy ms) in a time window of At = + 1000 s
Background evaluated in two adiacent windows [-5000,-1000 ]s and [1000,5000]s

Expected excess r ~20% (if v fluence proportional to FRB fluence) since weaker FRBs are also present in background windows
Statistics : Dev 2007 — Jun 2021 => 42 intense FRB selected

Energy window : 0.25-15 MeV; Cosmogenic cut: 0.3 s veto after internal i ; Fiducial volume: 145 tons (75 cm from inner vessel)

o — Noo(Ev, nobs, Nbikg)
Vg, Vg 'rNeO'(Eth,Ee

max )

o
w

| @, | P5. | Dy, . | @ | IBD |

4620 | 12750 | 24250 | 29000 | 2475
157 890 890 1280 | 40.7
125 475 770 970 12.2
77.5 255 474 590 5.88
157 367 900 1070 | 11.6

Yp,r

»
o
S
j=}
N
3
=
=
o
-~

(2]
L

=

=

o
(&)

Background

Time correlated events

(1 further event at 6.8 MeV)

V scattering events energy Limits for monocromatic neutrinos
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FAST RADIO BURSTS: FIT OF BOREXINO o/

SCATTERING EVENTS SPECTRUM

e Statistics Jan 2013-Nov 2020: 2058 days (exp. 298.39 kt day)
Negg ~ 4 x10° in the data period

Selected events with energy : 0.5-14 MeV

Fiducial volume : 145 tons ( 75 cm from vessel)

Advanced cosmogenic veto system + ''C cuts> 15.8% dead time
External background stat. subtracted through events radial fit

Spectral fit repeated
by adding a «FRB»
A component

il

] / k

! a\‘llﬁ _ Nu(B)
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From the %2 increase
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Energy, MeV

/

Limits from no
events in the range

13.9-16.8 MeV

Monoenergetic
neutrinos
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1013

Fluence per 2058 days, cm®




SCATTERING EVENTS SPECTRUM /

e Statistics Jan 2013-Nov 2020: 2058 days (exp. 298.39 kt day)

*  Nggg ~ 4 x10° in the data period

* Selected events with energy : 0.5-14 MeV

* Fiducial volume : 145 tons ( 75 cm from vessel)

* Advanced cosmogenic veto system + ''C cuts> 15.8% dead time
External background stat. subtracted through events radial fit

K FAST RADIO BURSTS: FIT OF BOREXINO o/
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