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Solar fusion and neutrino emission: CNO cycle @Kﬁm\%

13C (p;Y).,14N M17O best limit on CNO

solar neutrinos
B* I (2012, 2017-18)

N Very sensitive probe of
p l (P.7) [ the solar metallicity,

12C M15N (P,Y) 16() an open issue in solar/

stellar physics

protons fused
into He-4

(E,) ~ 0.53 MeV

477, — oot :
dp — "He = 2e™ + 2v. + (24.7 + 2mcc”) MeV ‘ (~2% of the total energy)
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Solar neutrino spectrum

Aldo Serenelli et al, Astrophys. J. 835 (2017) no.2, 202
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Borexino: low-threshold, real time
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Borexino
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u water cherenkov detector
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Borexino energy spectrum

with “irreducible” backgrounds
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Extreme radio-purity

internal radioactivity
traces of radioisotopes in the
scintillator (U, Th,40K)

external y rays

from fluid buffer, steel sphere,
PMT glass and light
concentrators (40K,208T] 214Bj)

radon emanation
from the PMTs and steel

sphere

cosmic muons
and their secondaries

cosmogenics

neutrons and radionuclides
from p spallation and hadronic
showers

fast neutrons
from external muons
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Borexino energy spectrum (data,)
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pep and CNO neutrinos

buried under background fiducial volume selection
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Borexino timeline

External tank
Purification I Purification II insulation
(filling) :
Phase I (2007-2010) : Phase II (2012-2016)
2007 l 2010 l 2012 2017 l

CNO campaign

* v ("Be) flux,
D/N
e v (8B) flux

Improved radiopurity:
(6 cycles LS purification)
 88Kr: reduced by ~4.6 e v (pp) flux

« 210Bi: reduced by ~ 2.3 * v ("Be) day-night

* v (pep) flux
e v (CNO) limit
* geo-neutrinos

 Th and U negligible: e geo-neutrinos
¢ R38[J.<9.4*10R0 g/g * v magnetic moment
¢ B3%RTh: < B5.7*10-19 g/g e Correlations with
GWs and GRBs
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U track

neutron
capture

92% C-11 suppression
64% exposure

Andrea Poca

three-fold
coincidence

le
B+

~29 min
1-2 MeV

[Phys. Rev. C 71 (2005) 055805]
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Spectral fit: multivariate approach

Hit Emission Times (Run 8622, Event 272752)

5 : 50% of B+ decays produce ortho-
E [ Annihilation Ys positronium (t1/2 ~ 3 ns) —> pulse
CE e B* prompt shape discriminator based on:
20:_ 'I»|j E Scintillation - time shift
Al l(_ls et light decay - multi-site (gammas)
C ~1U NS
oL B L SED el - jONization density profile

PMT hit times [ns]

2158 W
uC m Likelihood built combining:

- simultaneous fit of TFC-tagged and
TFC-subtracted energy spectra

ﬁ‘ - pulse-shape parameter
S.EHHJ] |

- radial distribution

narm likelihood
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Multi-variate fits sampler

TEC subtracted energy spectrum
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Simultaneous fit for all v’s

Astroparticle Physics 97 (2018) 136-15

Fits performed with analytical and Monte Carlo pdf’s are consistent

350

100 150 200 N 250 300
102:—' T T T T T T T T T
<. [ pp
Z 10
X
- A
S 1k
9 S
% |
T 107 W
= AN
2! [
c —2
¢ 107 N
Cocf N\
3L
10 = l | . l L L

500 600 700

Energy (keV)

lowest energy detail

N

400 500 600 " 700 800 900
,}0-16IIIIIIIIIIIIIIIII||I|I|2I1°II3iH L
o 014 +TBQ ;StBk
sowat I/l | o Bl
8 0.1f—+ 3 +

1500 1750
Energy (keV)

R <2.8 MeV and Lps <4.8
visible pep-shoulder

CNO v’s are included in the fit, but they are ~degenerate with Bi-210

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

>80 evidence of pep neutrinos
R(CNO)<8.1¢cpd/100t (95% CL)

+
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Results — arXiv:1707.09279

Dec 14 2011 — May 21 2016
Fit range: (0.19-2.93) MeV

Exposure:
1291.51 days x 71.3 tons

Borexino experimental results B16(GS98)-HZ B16(AGSS09)-LZ

Solar v Rate Flux Rate Flux Rate Flux
cpd/1001] [ecm =257 1] [cpd/100 [cm =257 1] ‘cpd /100 t] [cm =257 1]

pp 1341055, | (6.1£0.5752) % 10" [131.0 +2.4]5.98 (1 £+ 0.006) x 10'°132.1 + 2.3]6.03 (1 4 0.005) x 10'°
"Be 183+ 1.1 132 1(4.994+0.13 T597) x 107 47.8 £2.9 | 1.93(1 £0.06) x 10 | 413.7+£2.6 | 4.50 (1 £0.06) x 10°
pep (HZ)|2.43 £0.36 T35 [ (1.27 £0.19 T51%5) x 10%|2.74 £ 0.05| 1.44 (1 £ 0.009) x 10% [2.78 & 0.05| 1.46 (1 £ 0.009) x 10°
pep (LZ)|2.65+0.36 T01%1(1.39 £ 0.19 T298) 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°
CNO <81 (95% C.L.)| < 7.9x10° (95% C.L.) |4.91 £ 0.56| 4.88(14+0.11) x 10° |3.52+0.37| 3.51(1£0.10) x 10°

Background Rate pp Be pep
[cpd/ 100 t] Source of uncertainty % +% | =% +%| =% +%
T [Bq/lOO t] 100+ 2.0 Fit l;nothr.)c] (zmalytifa]/I\”'l(?) —1.‘? [.2 —O.? 0.? -1.0 i"I.O
8‘5K ‘ Choice of cnergy estimator | -2.5 2.5 | -0.1 0.1 [ -2.4 2.4
10 I 6.8+ 1.8 Pile-up modeling 25 051 0 0 0 0
Bi 175+ 1.9 Fit range and binning 3.0 30|-0.1 01|10 1.0
e 26.8 + 0.2 Fit models (see text) -4.5 05-1.0 0.2]-6.8 2.8 210Bi, E-scale, response
210 Po 260.0 &+ 3.0 Inclusion of **Kr constraint | -2.2 22| 0 04]-32 0 R(85Kr)<7.5 @ 95%
40 ; S Live Time -0.05 0.05]-0.05 0.05]-0.05 0.05 ~
Foxt. , 15 _ L0=0.6 Scintillator density -0.05 0.05]-0.05 0.05(-0.05 0.05 5
bxt. = "Bi 1.9 0.3 Fiducial volume 11 06|11 06|11 06 B
Ext. 28T 3.3x0.1 Total systematics (%) 71 4.7 1-1.5 0.8[-9.0 5.6

Andrea Pocar — UMass Amherst

15th International Workshop on Tau Lepton Physics 2018

Amsterdam, 24 - 28 September, 2018

17



Improved measurement of ]

B-8 neutrinos

arXiv:1709.00756
no FV cut, 3.2-17 MeV
1.5 kton-yr exposure (x11 from phase-1) -
8 L .
better understanding of backgrounds S E
(cosmogenice Be-11, n-captures, surface) oo E
> 3 MeV visible energy 02 E
i) l(f)"E"|""|""I""I""I""I""I""I""g o_ ]
% E Electron Energy [Mevi‘
:.;_ m_g_ _g EZ:; T T T T T T T
: | :
o T eneray el B e ey
Rrg = 0.13359:912 (stat) 10992 (syst) ¢pd/100t
Rpyrp = 0.087 55% (stat) 70602 (syst) cpd /100t
Rrp+me = 0.2207051¢ (stat) To:008 (syst) epd/100t
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Borexino Phase 2 (2010-2016): 1707.09279

All rates are fully compatible with and improve the
uncertainty of the previously published Borexino results

252 ton-y* Previous BX results This work Uncertainty
| exposure (cpd/100t) (cpd/ 100t) reduction |
. pp 144 £ 15 £ 10 134+10%6 org
E | E
E : re¢ision :
: 7Be 48.3+ 2.0+ 0.9 48.3+1.1404 ,,12.7% P BY ;
i (HZ) 2.43£0.36+015  ,,
. pep 3.1+0.6+0.3 (LZ) 2.65£0.36:015 . [5:@ 0.61 i
. 8B 0.217 +0.038 +0.008 | 0.220+0015 | .+ 0.006 0.42
. CNoO <12 (95% C.L.) <8.1 (95% C.L.) §

also: improved measurement of "Be seasonal modulation
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survival probability, Pee

High Metallicity Low Metallicity
O o Tl 3 o 1:' o o =
> - - - = -
r 09 SSM: B16(G98) = r O9F SSM: B16(AGSS09met) =
o 0.8F = o 0.8F =
& 07E pp 7Be E T 07 PP 739 B
0.6;— ’ { pep —; 0.6;— l pep —g
0.5F 8B 0.5F ’ E
0.4F- I = 0.4F- =
03F E 0.3F =
02 E 02F 3
0.1F- = 0.1F- E
0:. e s s sl sl = ()E' o L -

10 : 1 10
Energy [MeV] Energy [MeV
p-values: p-values: 20
Bx only: 0.998 Bx only: 0.362
All exp: 0.956 All exp: 0.465
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Ppelcms™]

Tests of the SSM
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Global fit to all solar + Kamland data
(including the new 7Be result from BX)

7=2B9 514003
O(Be),,

7. =28 5934002
D(B)y,

a hint towards the HM :
LZ is excluded by BX data at 1.8c level
theoretical errors are dominating

b pep
p+p —°H +e' +v, [2276% 0-249""p+e‘+p _’EH*‘"e'

83.30% 2H + p s GHe ” y 16.70%

*He +’He — ‘He +2p

"Be+e — Li+v, |

"Li+p — ‘He +‘He |

Be" — “He +'He

20('Be)
o(pp) — o("Be)

<* He +1 He >
R = — : +, : — =
<* He +* He >

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

from pp and Be-7 measurements:

R( B RX)=0. 1 78+0'027_0_023
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Borexino outlook

» extract best CNO sensitivity from

current data
(1.e. complete the anatomy of the Sun)

« Other physics:
* geo-neutrinos with full data set
* neutrino magnetic moment
* SuperNovae neutrinos

« Detector calibration  Scintillator purification
* Improve all solar fluxes * ultimate CNO measurement
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Towards a CNO solar neutrino measurement

CNO solar neutrinos: the direct measurement of their rate could help
solve the solar metallicity controversy surrounding the Standard Solar
Model (“Be (12% difference) and CNO (50-60% difference))

Bi-210 spectrum is quasi-degenerate

219 Top/Bottom

S . \\ Top
5 ‘\.\‘ — Bottom
2 oo Y, * supported Po-210
8 ool o | determines constrains
1000 ‘\H Hf’}’}( ‘mk‘.__;'}““‘\,i /Y I‘eSIdua| B|'21 O
TIAH ’,z“,';‘ 1. [ ] -‘-\{;“xﬁl

800

o L' w+  attempts plagued by
fluid convection causing
Po-210 mixing

N S B B Sl niniivevsis frdwas v T
0 200 400 600 \800 1000 1200t[days]
supported
Po-210
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CNO sensitivity

requires known and stable Bi-210, measured at 10-20%

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

o) 1E
- —
S = % Bi + 20% - pep+ 10% (LZ CNO)  * Bi + 20% - pep+ 10% (HZ CNO)
> — 1'e)
Q —1 --------------------
10 E
5 = % O Bi + 20% - pept 1% (LZ CNO)  m Bi + 20% - pep+ 1% (HZ CNO)
io) — o 20
m -_ ------- ﬂ -----------
_2 |
= 10 ¥ i o A Bi +14% - pep+ 10% (LZ CNO) 4 Bi + 14% - pep+ 10% (HZ CNO)
= i
. ?3c||
1 0_3 :_' """"""""" Bi £ 14% - pepx 1% (LZ CNO) Bi £ 14% - pepx 1% (HZ CNO)
— 0 Bi +£10% - pept 10% (LZ CNO) m Bi = 10% - pept 10% (HZ CNQ)
1074 = I
= 40
[o===============F==10Bi+10%-pept 1% (LZCNO) e Bi+10% - pep+ 1% (HZ CNO)
_5 [} 1 1 1 1
10
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Detector thermal stabilization

Hemishell Analysis

hemishell no.
rate [cpd/100t]

1200 1400 1600 1800 2000 2200

t [days]
21%g in std FV
g : — Top
vl =
¥ b |
R it |
AN ) 'ﬂuﬁ'“"
. RN iy

t [days]
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A very sensitive thermometer

Head Tank Level Measurement

70-liter Head Tank ’_'

2014
_| Refill at peaks

1346 m?3 SSS

{ in wintgr Overflows at 850 mm
4 4 in summer

300 mm |-

Jan 2015

=1t-1502

@]Euﬁnj ACTIVE CONTROL | & e e e eeceoscoocsoccsoscscsse
:g}f@nij Fluid SYSTEM START-UP|* * *°*°***°°®®®eseoe* oot orees
% height Overflow level
i\! |71;[ T >
55U " /\//
i-“nn% \ ]/I WWM 0.01 C¢
550 \ r\/\/\r “\\\\M/\ " "“\WA/\/"
\\4 N Ny
Jan 2017 \ Feb Ma Apr May Jun Jul Aug

{Very Stable for ~2.5 months, helped by warm summer
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summary

« Solar neutrinos essential in proving how the
Sun burns and in discovering and studying
the physics of neutrino oscillations

« Borexino has mapped out the entire pp solar
fusion chain with high precision

« A measurement of CNO neutrinos would give
us key knowledge of the Sun’s metallicity

* Low-background techniques developed by
Borexino have defined the standard for rare-
event physics

hemishell no.

1000 1200 1400 1600 1800 2000 2200
t [days]
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the Borexino collaboration

UNIVERSITA

DEGLI STUDI I N FN

DI MILANO

-8 PRINCETON
UNIVERSITY

Istituto Nazionale di Fisica Nucleare

UNIVERSITA DEGLI STUDI

DI GENOVA
NATIONAL RESEARCH CENTER St. Petersbu g m
"KURCHATOV INSTITUTE" Nuclear Physics Inst. - .
Technische Universitit University of
Miinchen Houston

Vir

oinia
Tech JG|u
Ll 15y

5 ’ [ ] ]
o JAGIELLONIAN J JU LICH Universitat
UNIVERSITY FORSCHUNGSZENTRUM
X IN KRAKOW sonannes GUTENBERG Hamburg

UNIVERSITAT MAINZ

Joint Institute

for G S GRAN SASSO
Nuclear SCIENCE INSTITUTE

CENTER FOR ADVANCED STUDIES
Research |

A
TECHNISCHE | “!"}\
@ UNIVERSITAT p C
DRESDEN \V_“

Andrea Pocar — UMass Amherst 15th International Workshop on Tau Lepton Physics 2018 Amsterdam, 24 - 28 September, 2018 28

SKOBELTSYN INSTITUTE OF
NUCLEAR PHYSICS
LOMONOSOV MOSCOW
STATE UNIVERSITY

LA &N ..
& s
T lagoe pruct

POLITECNICO
MILANO 1863



http://www.sinp.msu.ru/en
http://www.sinp.msu.ru/en
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two almost block diagonal 2-flavor v mixings

neutrino oscillations firmly established

solar, atmospheric, reactor, beam |
neutrinos build a picture of the the MSW-LMA solution for solar neutrinos

oscillation of three active flavours predicts an energy-dependent survival
probability for electron neutrinos

4 ) 1.0
_ 2 P_ | |

0.8 | BahCéII&
. Tt Pena-Gar .
Slﬂ2912 ~ 0.3 ; ; Y :
5 2 5 . 61 - §Si112 2019 : |
Sln26’23 ~ 04 5 : i
: | . 7

. ; . sin” fq9
Slﬂ2913 ~ (.02 0 | ;
N ) : | i
0.0L ' .
P=cos (260, ) E
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Solar metallicity

Andrea Pocar — UMass Amherst 15th International Workshop on Tau Lepton Physics 2018 Amsterdam, 24 - 28 September, 2018 31



Be-7 seasonal modulation

cpd/100 ton

M. Agostini et al., Astropart.Physics 92 (2017) 21-29
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Geo-neutrinos (2056 days)

Anti-neutrinos from beta decays in the Earth

Detected via IBD, characteristic coincidence
232Th and 238U chains
40K (below IBD threshold)

Observed by two experiments:

Borexino published in ’10, ’13, '15

—4— Data
-~ Reactor neutrino

----- Best-fit U+Th with fixed chondritic ratio
Bl U free parameter
Th free parameter

First reported by KamLAND (’05), then ’11,
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Usman, Jocher, Dye, McDonough, Learned
Scientific Reports, Sept. 2015

extremely low background allows for a
measurement even with low statistics
(null hypothesis excluded at 5.90)

12
10

<1 bg event!
(~900 ton-yr)

Events / 233 p.e. / 907 ton x year
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[PRD 92 031101R (2015)]

Sgeo = 23.7137(stat) L4 (sys)

(assuming Th:U chondritic ratio = 3.9)
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Cosmic ray flux
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