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BOREXINO (in operation from May,2007)
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Solar neutrino spectra

pp [+ 0.6%)]

Be [+ 6%)]

pep [ 1%)]

°B [+ 12%]

Solar neutrino flux [em™® s7]
o
),

hep [+ 30%)]

10
Neutrino energy [MeV] 10 ~1B g

50 events/d/100t expected (v, and v,,, elastic scattering on e’) or 5-10° Bg/kg . 4@} ~
(typically: drinking water ~10 Bq/kg; human body in 4°K: 5 kBq) % ‘2
Low energy->no Cherenkov light->No directionality,
no other tags-> extremely pure scintillator is needed



Data selection for solar neutrino analysis

£10°
S E . .
2oL Events are collected in real time
g = time stamp, muons are tagged
£ 408 ]' vertex is reconstructed off-line
= |
10°
|
10%
T
10°
ii
10° §
|
10IIIIIIIII|IIII|IIII|IIII|IIII|IIII| IIlIII
0 100 200 300 400 500 600 700 800 900 1000

Npmts_dt1

Muon cuts: muon
induced events

/ are removed

FV cut: Events
in the outermost
part of the
scintillator
volume are
removed



(Expected) contributions to
the observed spectrum (MC)
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) — './ LR » Solar neutrino > electron recoil spectra
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Borexino since the start of the data taking

External Tank insulation
PHASE-I PHASE-II

2007 2010 2012 A

2017 |2018

A
| \ '
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CNO campaign

— LS repurification campaign
filling 6 cycles of water extraction \@\
« R(’Be) + DIN * R(pp)
* R(pep) — first observation  Seasonal variations of R(7Be)
« R(®B)—first with LS  Simultaneous spectroscopy of
« R(CNO) — limit pp, ‘Be and pep v
* R(®B)-improved
geo- v — first robust observation e Qgeo-v
cosmic muons flux studies e v magnetic moment
rare processes e NSI (under study)
* rare processes




pp-chain
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Number of events

Phase I/Phase Il

Phase II: lower 8°Kr and 219Bj,
reduced 219Po

100 Phase | data : devoted analysis for each
\ of the neutrino species with restricted
102 | Phase | energy region
10°g / Phase Il data : analysis in the extended
10-4 A energy range, including pp, ‘Be and pep
species (also limits on CNO are obtained
1075 w H In the same energy range)
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Multivariate approach

Originally developed for pep-neutrino analysis (2012) to separate electron spectra
from overhelming contribution of 1C

Technique consists in including in the likelinood:
e Energy spectrum split into complementary TFC-tagged (*C enriched) and TFC-
subtracted (*1C depleted) spectra > next slide for details.

e Pulse-shape discriminator (PS-Lpz) of e*/e :
(*!1C decays emiting B* ) based on the
difference of the scintillation time profile for e
and e* due to:

Events

'_Bl ||
JJ.C .

» 50% of e* annihilation is delayed by ortho-

I
positronium formation (t~3 ns); Wﬁh m
W

» e* energy deposit is not point-like because of 'E | '
the two annihilation gammas; s a8 a8 5

4
PS‘L norm likelihood
PR

« Radial distribution (allows to separate external backgrounds from uniformly
distributed signals);



Three-fold Coincidence
technique (TFC) for 1C tagging

Muon 11C production in muon interactions is
accompanied by neutron:
Spherical cut
around 2.2y 7 + 12C -> n +11C + n
YSAO us
Cylindrical ~30 min
cut
ot - +p—2>d+y(2.2 MeV)
track
11
B+e*+v,

The likelihood for 11C tagging is using:

« distance in space and time from the p-track;

« distance from the neutron;

* neutron multiplicity;

« muon dE/dx and number of muon clusters in an event

The TFC algorithm has (92+4)% LC-tagging eciency, while preserving
(64.28x£0.01)% of the total exposure in the TFC-subtracted spectrum.



Events /(day x 100t x40 cm )
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Multivariate fit example
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Multivariate fit Is sensitive to
pp, ‘Be and pep contributions.

Note: CNO-neutrino energies are in the ROI and are included in the
fit, but the sensitivity is limited because of the similarity to %10Bi
spectrum - pp/pep rates ratio constrained in the fit to the predictions

of HZ/LZ models
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Zoom into low-energy part of the spectrum

CNO (MSW/LMA):
HZ: (4.92+0.55) cpd/100t
LZ: (3.52+0.37) cpd/100t

N,

400 500 600 700 800 900
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00013250
In this plot pep-neutrino
characteristic shoulder is made
visible by applying more stringent
cuts (R<2.8 m and L,4<4.8)



Results .

« Data-set: Dec 14" 2011- May 215t 2016
Total exposure: 1291.51 days x 71.3 tons

arxiv : 1707.09279 *  Fit range: (0.19-2.93) MeV
Borexino experimental results B16(GS98)-HZ B16(AGSS09)-LZ
Solar v Rate Flux Rate Flux Rate Flux
[cpd/100t] [em ™25 1] [cpd/100t] [em ™25 1] [cpd /100 t] [em—2s71]

134 +10 79,

(6.1 +£0.5T52) x 10"

131.0 4+ 2.4

5.98 (1 4+ 0.006) x 10"

132.1 £ 2.3

6.03 (1 4 0.005) x 10*°

pp
"Be 4834+ 1.1 107 [(4.99+0.13 T097) x 107 47.8 £ 2.9 | 4.93(1 +0.06) x 10” | 43.74+ 2.6 | 4.50 (1 4 0.06) x 10°
pep (HZ)[2.43 4+ 0.36 1035 [(1.27 £ 0.19 T5-05) x 10%]2.74 4+ 0.05| 1.44 (1 4 0.009) x 10® [2.78 £ 0.05| 1.46 (1 £ 0.009) x 10°
pep (LZ)|2.6540.36 70557 [(1.39 4 0.19 T505) x 10%|2.74 £ 0.05] 1.44 (1 £ 0.009) x 10% {2.78 + 0.05| 1.46 (1 4 0.009) x 10®
CNO < 8.1 (95%C.L.)| <7.9x10° (95% C.L.) [4.91 £0.56| 4.88 (1 £0.11) x 10® |3.52 £0.37| 3.51 (1 £0.10) x 10°
Backgrounds Systematics
Background Rate pp "Be pep
[epd /100 t] Source of uncertainty % +%| % +%|-% +%
IEYS Bq/100 t] 100 =+20 Fit method (analytical/MC)|-1.2 1.2 ]-0.2 0.2 |-4.0 4.0
35 ~ ~ Choice of energy estimator |-2.5 25(-0.1 0.1 ]-2.4 2.4
85 . > 8)
QM])KI_ 6.8 £1.8 Pile-up modeling 25 05 0 0 0 0
Bi 17.5+1.9 Fit range and binning -3.0 3.0(-0.1 0.1 10 1.0
110 26.8 £0.2 Fit models -4.5 05]-1.0 0.2|-6.8 2.8 210Bj, E-scale, response
210pg 260.0 + 3.0 [nclusion of ®Kr constraint | -2.2 22| 0 04[-32 0 R(®3Kr)<7.5 @ 95%
9- cintillator density -0.05 0.05[-0.05 0.05(-0.05 0.05 mass
Ext. *''Bi 1.940.3 e 106l a1 06l o
QOSTI 3 3 :|: O 1 duclial volume -1. FLOT B BN 00 -1 Ao
Xt (D R . T+ - T atica (O A K E A
IT. Sy sLe LLICE o . . . - b= .
E [otal systematics (%) 7.1 4.7(-1.5 081-90 5.6




>5¢ evidence of pep signal

What I1s new

(including systematics)

AL

501
40F

30F

CNO: 95% C.L. limit on CNO rate : R(CNO)<8.1 cpd/100 t
flux : @(CNO)<7.9-108 cm=2st

601

201

10F

T T ‘ L ‘ T 1 17
CNO fixed to LZ solar model
— CNO fixed to HZ solar modéi

3 4.IIII5\III6
pep rate (cpd/100 t)

Earlier result | Actual result Precision
(cpd/100t) (cpd/100t)
pp 144+13+10 134+10% 11%
‘Be( | 46.0+1.5*16 46.3+1.1704 4.752.7%
(HZ2)
2.43+0.3610-15
pep 3.1+0.6+0.3 e 22->16%
(L2)
2.65+0.36*015

*Result for ‘Be 862 keV line is quoted
Precision improved by 10,43, and 39% correspondingly in
simultaneous fit of all 3 components
Solar luminosity: L Borexino = (3.9 + 0.4) x 103 erg/s,
Is in agreement with measured photon luminosity

L, = (3.846 £ 0.015) x 10% erg/s

Expected (HZ) 4.92+0.55 (LZ) 3.52+0.37 cpd/100t (20 apart)

Less stringent constraints on
pep in the CNO contribution
analysis compared to Phase |




Improved measurement of 8B solar
neutrinos with 1.5 kt y of Borexino exposure

Expected rate in the LE+HE range:
0.211% 0.025 cpd/100 t

Assuming B16(G98) SSM and MSW+LMA
| I

;15()(; 5000 5500 6000 (p(hep)<2'2 2 105 Cm-z S-l (90% C'L')
Enery [pe] vs 7.98/8.25 x 103 in HZ/LZ SSM.

arXiv:1709.00756
101 4 1o Bahcall-Serenelli 2005 1 What is improved In anaIySiS:
Neutrina Spectrum (+10) | « Better understanding of backgrounds
B T S b | pererien (external ys, cosmogenic)
I ety (e L ———J wmae o NoFV cut : 1.5 ktons-yr exposure
ol TN LT € i between 2008 and 2016 (x11.5 of the
okl A — St Phase | analysis)
=] \ » Lowest energy threshold among RT
104 F x
: 4\‘_) S-Kamiokande y
103 / E L i : detectors
b : 1 wenoance — © - ldentified new source of background due
N Neutrilno Energy in MeV " to n Capture On C and Fe .
3.2 MeV « New estimate of the cosmodenic 'Be
'O10)5"I""I""""""I""I""""""E . . .
3k - Rrp = 0.133%0013 (stat) 70003 (syst) cpd/100t,
% m:;_ (no nat.radioactivity above) _g Ruyp = 0.087 %10 (stat) To:003 (syst) cpd/100t,
g o i Rrpene = 022078812 (stat) T0:008 (syst) ecpd/100t.
o 0 =

LE

I R
2000

1y [
4000

2500 3000 3500




MSW/LMA : electron neutrino
survival probabilities

High metallicity SSM _ow metallicity SSM
I AL E I AL E
? 0.9E SSM: B16(G98) 3 ; 09E SSM: B16(AGSS09met) =
o 08F 3 o 0.82— =

> - PP E = PP 7Be

o 07 7Be = o 0.7 o =
0.6F- l pep = 0.6F- l } pep =
3 . 8B 3 = 3
0.5F { = 0.5F- ’ 3
0.4F ' = 0.4F =
03F | S 0.3F =
oaE p-values: 3 E p-values: =
“E Bxonly: 0.998 E O2E Bx only: 0.362 E
O-IE All exp: 0.956 o 0.1 All exp: 0.465 E
0‘ L . 11l 1 P T T T B - 0'- . . t 1+ s a3l ) N Lol -

1 10 1 10
Energy [MeV] Energy [MeV]

MSW errors (1o) are shown by rose band
Total error on Pg:

for pp and pep neutrinos, contribution of experimental errors dominates (easy to predict, difficult to
measure)

for ‘Be and 8B theoretical predictions of the Solar model are worse than measurements



Solar metaII|C|ty problem

6.0x10° ——mmmm—™—m———————7—+—+—++7r+——r—++7—
SSM:
[ ® HZ
55x10°} @ LZ
« - BX
o 50x10°F Q
= [ P
k&) [
& of
4.5x10° °
© [ Allowed regions: |
()68.27%C.L. :
40x10°F (J)95.45% C.L. ]
1 [ 99.73% C.L. 1

3x10° 4x10° 5x10° 6x10° 7x10°
¢plecm? s
« Global fit to all solar + Kamland data
(including the new "Be result from BX)

=269 1014003
O(Be),,,

=20 _ 934002
O(B),,

e ahint towards the HM :

LZ is excluded by BX data at 1.80 level
» theoretical errors are dominating

pep

p+p—“H +e*+v, 2I8% 02¢% pie +p —H+v,
83.30% (21 4 b SHe 4y HIEZ0%
*He +°He - *He +2p 4o | *He +*He = "Be+y
Be+p ="B+y . 99.88%

B

‘B —="Be +e' +v,

"Li+p — *He +*He .

fBe’ — “He +'He

<3 He +1 He > 2¢("Be)

R = _ i T
<3 He +* He > o(pp) — o[ Be)

R(HZ)=0.180+0.011
R(LZ)=0.161+0.010

From the pp and "Be fluxes measurement

R(BRX)=0.178*0-027 ...



Key to the Solar metallicity :

CNO flux

nhits2
30 31 32 33 34 35 36 37 38 39 40
2 _IIII|III|IIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII
S 140 — — Total spectrum
38 pep + CNO + *'%Bi
120 — — Background
- pep
100 -‘l-| —CNO
— —_ 2'1UBi
80 1
L L
60—y
40;|T e ——————~ ~
25 e
0LE— | I_'I=—|=—r—=-1-=—|‘_| _| R T e —— ——
800 900 1000 1100 1200 1300
Energy (keV)

Expected spectrum assuming v(CNO) HZ flux and

other rates from last solar analysis

Main background from 21B; :

~20 cpd/100 t

If we will be able to extract “1°Bi with few
counts precision, we will be able to
constraint it in the spectral fit and extract

the CNO flux.

Predictions: HZ ~5 cpd/100 t
LZ ~3 cpd/100t

Another background in the region of
sensitivity is pep-neutrino flux. Can be
constrained through pp/pep ratio, using
theoretical prediction for pp (luminosity
constraint) or pp measured value.



Strategy towards CNO measurement

Main route: using %1°Bi-
210pg temporal evolution to 210
measure “support term” for
210pg (secular equilibrium

562 1922

20
210 T [fsae2[210 Ppleas [210 Bilus 210 Po

1.30m

100

22.3yr 5.01 d 1384 d
30— 1
//

206 T|=32]206 Ph

in 210Ph sub-chain) 206 | fuzom [ e
Option: further purification 5
of the LS by water 81 8 83 84
extraction to reduce 21°Bi
21%pg Top/Bottom Top

— Bottom

L
—

cpd/100/ton
=
o
o

Instabilities observed in the
temporal evolution of the 21%Po
(making impossible precision
evaluation of the 20Bi) were
found to be the result of the
temperature instabilities of the
surrounding



Hardware solution for

thermal stabilization

thermal insulation of
the external tank

2109pg in std FV

cpd/100/ton

iy 0 l” ) ll'

1||||}

|
I
| ]

¥

t

S N S S S S '

. I I P
2015/02/27 2015/10/09 2016/05/19 2016/12/29 2017/08/10 [%018503/22
t [days;

Hemishell Analysis

rate [cpd/1001]

Hemi-shell #27

2000

day 1300: insulation
(summer 2015)




CNO sensitivity

Depends on both 219Bj and pep-neutrino rates. We assume that 210Bi
will be measured (10-20%) and pep-rate can be constrained by
constraining pp/pep ratio in the fit.

v(CNO) median p-value (LZ/HZ hypothesis)

o) 1
= = Bi + 20% + 10% (LZ CNO Bi + 20% + 10% (HZ CNO
© - ¥ Bi o - pept o ( ) * Bit o - pept o ( )
> — 1o
Q- L fETEEEEEEEEEEEEEEEES
- 107 | |
© = % 5 0 Bi + 20% - pept 1% (LZCNO)  m Bi £ 20% - pept 1% (HZ CNO)
L — 0 G
®] A
Q) —a I BN EN BN BN BN BN BN BN BN B .
E 102 # , ,
— O FAN X 0 - an ] 1 X 0 - . ]
10° E . A Bi +14% - pept 10% (LZ CNO) 4 Bi + 14% - pep+ 10% (HZ CNO)
— ? 30| ‘
10_3 ;_' """"""""" Bi £ 14% - pept 1% (LZ CNO) Bi = 14% - pep* 1% (HZ CNO)
— 0 Bi + 10% - pep+ 10% (LZ CNO) m Bi = 10% - pept 10% (HZ CNO)
10_4 | ®
= 46
FrEEEEEEEEEEEEEESE ™= =|| o Bi +10% - pept 1% (LZCNO) e Bi+ 10% - pep+ 1% (HZ CNO)

107



Seasonal modulations of ‘Be
neutrino flux

M. Agostini et al. / Astroparticle Physics 92 (2017) 21-29

= 48

Fit to the evolution

of the rate in time ::>

(bin of 30 days)

Time [days]

£=(1.74 £ 0.45)%
T = (367 £ 10)days
® = (-18 £ 24) days

September

The duration of the astronomical year is measured from
underground using neutrino!



Effective magnetic moment of Solar neutrino

M.Agostini et al.,” Limiting neutrino magnetic moments with Borexino Phase-Il solar neutrino data”,
Phys. Rev D 96, 091103(R) (2017)

Borexino is spectroscopical detector.
Solar neutrino analysis (spectral fit) is performed assuming SM cross sections

The shapes can be adjusted to take into account any non-standard interactions (NSI), including
neutrino EM interactions

Events / (day x 100 tons x NJ')

200

—
QU

LT \H‘ I \HI\H‘ 1 HHIH‘ |11
.
.
B
.
.
. 1

10°

10?

_
o

-

300

400

Energy [keV]
500 600 700 1000

ks i
oo Ml
a1
mll\‘\. 1 I, . “\' I I I 1 I
90 100 200 300 400 500 600 700 800{“

Eﬁxlema\ background

— ¥Kres5
ZII]PO
—— v('Be)

= v("Be) magnetic moment

1
P

Radiochemical (Ga) constraints

Rl'Brx Ga <GGi)new

(UQi)old

2.

l

Without Ga constraint: p,<4.0-10-% g, 90% C.L.

—Fapeczea Ri = 66.1+3.11 6 £ 5py
l

With Ga constraint: p,<2.6-10% pg, 90% C.L.

+ systematics: p,<2.8-101 g, 90% C.L.



Limits on mm of neutrino
flavours and mass eigenstates

In Solar neutrino experiments we measure: (uv)effz = 2 Py (i) g
a

In frames of the MSW/LMA solution:

,uzeff = P32, + (1 — P3V)(cos? 63 ,uzﬂ + sin® O,3u% )
n,,<3.9 CEMMAL T, <29 All @90% C.L.
My, <58  LSND: v, < 68 units of 10~ up
Hy, <5.8 DONUT: 1y, < 39000
Mass 11l < 3.4 |pz2l 5.1 |uz3] <18.7
eigenstates
basis: |Il12| <28 |Il13| <34 |Il23| <50

Astropysics: 1, ? = Za’ﬁ|#vaﬁ|2 <3.10-12

More information : poster by Alina Vishneva (JINR) “Limit on the effective magnetic
moment of solar neutrinos from Borexino Phase-Il data”



Search f
[ the four extrasolar messengers are electromagnetic radiation, gravitational waves,

. neutrinos, and cosmic rays. They are created by different astrophysical processes,
F and thus reveal dlfferent information about their sources.
Ll L

pSMic events

o

- -t W .-
Search for neutrino/antineutrino in g
coincidence with 2350 GRB -
observed during 8 years of the B Borminorang
; : 1
Borexino data taking SuperKamiokande

Fluence upper limit [cm™]

Astropart. Phys. 86, p.11 (2017) ' 0z

Electron antineutrino energy [MeV]



o S ] .

Maltimessengers: GW

™ with GW events (GW150914, GW151226,
GW170104) Astrophys. J., 850:21 (2017)

No statistically significant event count
above expected background |s observed

\ \ \f\,\ > S =
For more deta|I$ see poster by Drachnev llia (PNPI NRC KI) “A search fOrs S

low energy neutrinosiin correlation with gravitational wave events. e,
GW150914, GW151226 and \GV\Al?QlOﬁ V\(Ith the Borezgan deteﬁeto?”




| > CNO neutrlno flux measurement (or reasonable constraints). ¥
The thermal stabilization of the detector and unprecedented §

T need more data in (proved) stable conditions, calibrations, and
| T (optional) additional cycle of water extraction

» Joint analysis of Phase | and Phase Il data aiming to improve g
pp-neutrino flux measurement (till now only the Phase Il data
has been analyzed)

» Update of the geo-neutrino analysis with full statistics,
improved selections and extended FV

» Neutrino non-standard interactions analysis

¥ 4 > Rare physics study (limits on unknown antineutrino fluxes,
diffuse SN flux, some DM candidates etc.)

'l mm“" i
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