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What is the CNO-cycle and Why

Two mechanisms how Sun convert hydrogen to helium
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« CNO-cycle: one of two 4H=>4He processes. No exp. proof until this work.

o« SSM-HZ (helioseismology) vs LZ (spectroscopy): controversy about solar metallicity

e CNO neutrinos: can be used to mesuare C&N abundances
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Borexino detector

|
Muon PMTs | Stainless Steel Sphere
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* Detect solar neutrinos via elastic scattering off electrons of
the scintillator, threshold at 60 keV
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Sensitivity of Borexino to CNO neutrinos

Shape of CNO and 210B;

N, Fit results of CNO and 210Bj of toy Compgrison between expec?teq pregision frqm
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« ROI 0.8—1 MeV: 90% 210Bi+pep + CNO; pep constrained according to global fit results (~1.4%)

o 210Bj and CNO shapes very similar; 210B; fit results strongly correlated with CNO v

* Major sensitivity comes from counting analysis in RO
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Strategy to measure 210B;
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R(21OBi) — “R(21OPO)”
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Challenge: migrated 210Po

Distribution of 210Po events

* Extra 210Po brought into FV by
convection & migration

R(21°Bi) < R(219P0) +
migrated 210Po

0 100 200 300 400 500 600

Extended DataFig.5| Thelow polonium field in the Borexino scintillator. Three-dimensional view of the ?°Po activity inside the entire nylon vessel (see colour
code). Theinnermostblueregion contains the LPoF (black grid). The white grid is the software-defined fiducial volume. a.u., arbitrary units.
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First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115

1 - Beginning of the Insulation
2 - Water Loop turning OFF
3 - Completion of the Insulation

4 - Start of ATCS
5 - Change of ATCS set-points
6 - Start of Hall C TCS
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" Nuclear Instruments and Methods in Physics
e Research Section A: Accelerators,
ELSEVIER  Spectrometers, Detectors and Associated
Equipment

Volume 964, 1 June 2020, 163801

Fluid-dynamics and transport of 2'°Po in the
scintillator Borexino detector: A numerical
analysis

V. Di Marcello & &, D. Bravo-Bergufio b,1 R. Mereu ¢, F. Calaprice d A. Di Giacinto 2, A. Di Ludovico 9,

Aldo lanni 3, Andrea lanni 9 N. Rossi 2, L. Pietrofaccia ¢

Double layer of mineral wool for insulation &
Active Temperature Control System (ATCS)
(2014—2016)

Temperature Probes (2014—2016)

Fluid dynamical simulations

Hall C Temperature stabilization (2019)
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corrected Po-210 rate [cpd/100t]

corrected Po-210 rate [cpd/100t]

1. Aligh minimum vertical position
2. Merge aligned dataset

3. Fit merged data with parabolic func.
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Result of LPoF analysis

recent_align recent_align
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11.5 0.88 0.36 0.31 See next slides 0.30 See next slides
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210BI homogenelty systematics

= 42r
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* R(210Bi) constraint based on LPoF (20t)
* Extrapolate to “pep FV” (70t)

* QOverall systematics: 0.78 cpd/100t
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210Pp / 210BI homogeneity: mixing arguments

1 month

Initial conditions 12 days

| e Before insulation, convection is
' l strong.

o H e 210Pp / 210Bj should be totally mixed
‘ according to simulation.
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The Multivariate fit analysis
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 Maximize likelihood built on distributions of event energy and position
* pep-v constrained; 21981 upper limit Imposed

e CNO v: 7.2.17%29 (stat.) cpd/100t
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Evaluation of systematic uncertainty

Monte Carlo - simulate distorted datasets, Loolk at the widi:b;
fit with un-distorted PDFs -» Get 5:2“"_“2&{? ‘
ana sigma,

v(pp)

! v(i’Be)

R vipp) DLSE()T‘&L()V\ ‘ Upp) P.LES
fik wikh Fdf
! Background ! Background sstblisub disbewktasn

* Fit condition (negligible)

* Energy response function (energy scale, non-linearity, non-uniformity)
o 11C and 210Bj spectrum shapes

» CNO: 7.2 .17%30 (stat.+sys.) cpd/100t
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Test against no-CNO hypothesis

Fraction

Expected @ 7.2 cpd/100t
stat+sys

stat

data

Experimental Evidence of neutrinos produced in the CNO fusion cycle in the Sun with Borex

ino, Xuefeng Ding

distri
D-va

e Profile likelihood as the test statistic

* Use toy-MC method to get the

bution of test statistic. Evaluated
ue has statistical uncertainty.

e Simulated & Fitted 14million dataset

p-value <50 @ 99% C. L.

15
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Cross-check with counting analysis

_ 20|0 | 3(|)0 | 40|0 | 5(70 Nlh 6?0 | 7c|)0 | 80|O | 9c|)0
; = CNO-v "Be-v and éBe-v
......... - 11
10° N e gﬁ)ﬁ;iv E)gernal backgrounds
= Other backgrounds
- 102‘_ — Total fit: P value of 0.3
0 =
gz P .
:oL  Count events in ROI (Yellow band)
1;_ e "-.___':. ” . |
Tmo e e awwe* SUbtract all backgrounds, rest is CNO
nergy (ke
800 +
Rc())ONrrC])for Species (S;) Events Fraction ¢ R(CNO) — 5.6i1 .6 (Stat._l_sys.) de/1 OOt (~3.5 G)
N 823 + 28.7
600 +
210B;j 261.5 + 29.6 0.31
* Consistent with Full MV fit analysis
400 v("Be) 86.8 + 2.6 0.10
210B; 'C 579+58  0.07
200 t Others 156 + 1.6 0.02
.S, 593.5 + 30.4  0.71
Others
0 N—-S.S  229.5+41.8 0.29

Events in the ROI
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Discrimination against SSM-LZ

Expected CNO neutrino rate in Borexino

Solar v B16(GS98)-HZ B16(AGSS09)-LZ

cpd /100 ton cpd /100 ton
- 1114 599+ 14  Compare pp, 'Be, CNO, 8B fluxes measured by
"Be 47.9 + 2.8 43.7 £ 2.5 Borexino with SSM-LZ in X2
pep 2.74 = 0.04 2.78 = 0.04
e SSM-LZ rejected @ 2.1 ©
CNO 4.92 + 0.78 3.02 +0.52
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Conclusions

Theinternational journal of science /26 November 2020

* No-CNO hypothesis rejected at 5 o
significance.

 CNO neutrino flux:
7.0.20%30 (stat.+sys.) x 108 cm-2s-

* Rejection to SSM-LZ: 2.1 ©.

Neutrino detector secures evidence * j
of the Sun’s secondary fusion cycle

Coronavirus Family planning Environment
Howlceland Research and invest The effect of noise
subdued COVID-19 in contraceptivesthat - and light pollution on
with science meetwomen’sneeds  USbird populations

9 "770028"083

Vol. 587, No. 7835
£10.00 nature.com
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q(CNO).

Scan the test statistic over the CNO rate

Convert g(CNO) to the P.D.F. of CNO rate

according to p = C*exp(LL).

¢ Get 68% quantile as the 1 sigma

Confidence Interval (C.1.)

Smear the P.D.F. of CNO with systematic

uncertainty (-.0.5+9-6 cpd/100t)

« Get 68% quanti

1 sigma C.I. Inc
uncertainty.

20

e of the smeared P.D.F. as
uding systematic
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The Statistical analysis

* [he statistical analysis has two objectives

* Evaluate the confidence interval (counting

MV fit)

* Evaluate the discovery significance (hypothesis test)

Confidence interval

40
----- Fit w/o Systematics | 0.06
35} —— Fit w/ Systematics
HZ-SSM 68% C.I.
30 LZ-SSM 68% C.I. 0.05
Borexino 68% C.I.
1 Counting Analysis 10.04
0.03
0.02

10.01

.
.
.
.
.
-
“'
»
“
.
.
. ®

—

! ! ‘ 0.00
0 2 4 6 8 10 12 14

CNO-v Rate [cpd/100t]
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Counting PDF

21

Fraction

Discovery significance

10

Expected @ 7.2 cpd/100t
stat+sys

1

stat
data
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Ihe systematic uncertainty

Monte Carlo & simulate distorted datasets, Look ab the width

fit with un-distorted PDFs -» Greb sigmajfae
an SLSMO\st

! v("ae) ! v(Be)
k VVVVV Distortion k %5 Eiks
: "y L N ' Sy V("Be)
fit with p.df. ®
Gacicground Background without distortion

* Using the Cousins & Highland, or hybrid frequentist-Bayesian method.

* Define list of known inaccuracy type and magnitude (energy function, LY 0.23%,
non-uniformity 0.28% and NL 0.4%; 11C deformation 2.3%:; 219Bi shape 18%)

e Simulate distorted datasets and fit with un-distorted PD

e Subtract quadratically width of distribution of results with O-systemics.
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Use CNO to measure C & N abundances

(Expected, MC only)
* pp-chain solar neutrino tluxes depend on solar

vvvvvvvvvvvvvvvvvvvv

Rono €Xperimental

uncertainty core temperature
1.5 cpd/100 ton| C ¢ a4 -
0.5 cpd100 tonl B * CNO cycle solar neutrino fluxes depend on
2 o temperature + C & N abundances.
. 2 ....... 8 ....... x107°
0.3 0.4 0.5 0.6 :
(N + NN, * Combine two to measurement C & N

abundances directly

Sensitivity to neutrinos from the solar CNO cycle in Borexino, arXiv 2005.12829
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Use CNO to do hypothesis test

(Expected, MC only)

Solar v B16(GS98)-HZ B16(AGSS09)-LZ Borexino Results

7 troe 7 e cpd /100 ton cpd /100 ton cpd/100 ton
______ e e oNoets) | o e cNots PP 131.1 + 1.4 132.2 + 1.4 134 + 1019
------- ~om'siononan | eerroiokos "Be 4790428 B7L25 183 £ 11701
pep 2.74 + 0.04 2.78 + 0.04 2.43 + 0.3619-13 (HZ)
2.65 +0.3617015 (LZ)
g E CNO 4.92 + 0.78 3.52 + 0.52 < 8.1 (95% C.L.)

S
¢
’
’
‘ 2 y
9 ]

20 -10 0 10 20 30

NP 1

-30

1 1
X2 _ As2
HZ XLZ
Sensitivity to neutrinos from the solar CNO cycle in Borexino, arXiv 2005.12829

e Standard hypothesis test
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Future experiments

Jingping Neutrino Experiment
' . « SNO+: existing, deep

 JPNE: directionality

* LAr/LXe: no 1C, high
energy resolution

3 High-voltage Connection to cryogenics, ) j \
Two basic detector concepts . S b, SN
R " g /' /. /
Single Double phase: .
No drift (E=0) lonization e drift (E#0) p
Top N ol =
photosensor..«4* = B
array ..
'''' Anode
Double wall
Cryostat ........... .
‘ X - TPC with
PTFE ! central dark
reflector | matter target

- Cathode

- Bottom

photosensor
DARWIN
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210Bj homogeneity systematics based on Obi-wan

Radial shells Spherical harmonics decomposition

Z

1)C,

12+

3 Events

0.51 cpd/100t 0.59 cpd/100t

Overall 219Bij spatial uniformity systematics: 0.78 cpd/100t
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