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Introduction



Neutrino Flux (cm-2/sec/MeV)
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Solar neutrino

Standard scenario
Standard Solar Model (SSM)
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Solar neutrino

Recent results

m-2/sec/MeV)

Neutrino Flux (c

New observations were
reported one after another.
lts measurement precision

becomes better and better.
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Uncertainties (SSM / experiments)
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Solar neutrino
Metallicity problem

Heavy element abundance:
Z/X=0.02292 (GS98) -> HZ model
Z/X=0.01780 (AGSS09) -> LZ model

Corresponding abundances by mass of H, He, more than He
are traditionally denoted by X, Y, Z, respectively.
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Vinyoles et.al., ApJ 835: 202, 2017

Ratio of LZ mmm to HZ mmm (=1)
In each solar neutrino flux

0 pp  pep hep Be 13N 1509 17F/
CNO cycle

Solar neutrino measurements
might solve the problem.
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Solar neutrino

Uncertainties (SSM / experiments)

In this talk 1012

Vinyoles et.al., ApJ 835: 202, 2017
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Super-Kamiokande

Poster presentation (ZEP location : 3F. Majorana)
MT10-097 Alejandro Yankelevich
MT10-380 Hiroshi Ito
MT10-583 Yuuki Nakano

Many thanks to Super-K collaboration!
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Super-Kamiokande

As a solar neutrino detector
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50000 tons of

_414m

Water Cherenkov detector !
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_ # of Fiducial volume for | Energy
Phase Feree PMTs solar neutrino thr.(MeV)
1996.4 11146
SK-] 2001.7 (40%) 4.5
2002.10 5182 22.5 kton
SK-l 2005.10 (20%) 6.5
2006.7 22.5 (>5.5MeV)
SKAI 2008.8 13.3 (<5.5MeV) 4.0
22.5 (>5.5MeV)
2 )
SK-IV 28(1)2 g 11129 | 16.5 (4.5<E<5.5) 3.5
' (40%) 8.9 (<4.5MeV)
SK-V | 2019.1 ~ 2020.8 Analysis is on going
SKVI | 20208 - 20220 | \yith Gadolinium -> Mark’s talk
SK-VII 2022.6 ~
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Solar neutrino observation in Super-K

Detection principle

Super-Kamiokande

Run 61943 Sub 93 Event 18122603K
08-10-25:20:46:32

Inner 148 hits, 180 pe

Outer: O hits, O pe

Trigger: 0x10000007

D wall: 421.7 cm

Evis 0.0 MeV

Solar: E= 13.86 MeV cos(sun)= 0.986
Solar: gdn= 0.69 dirks= 0.16

Resid(ns)
e 182

* 4522
® 6845
e 9168
® 114--91
® 137114
e <137

Ec = 13.86 MeV
c0SOsun = 0.986
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neutrino-electron elastic scattering
vV+e —vU +

v Large volume

v Find solar direction

v Realtime measurements

v Precise energy determination

-

Verify neutrino oscillation scenario
-Oscillation parameter determination
-Day/Night and seasonal flux variation,
spectrum distortion.

-Investigate exotic senario

Precise 8B flux measurement is

important for solar metallicity problem
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Solar neutrino observation in Super-K
Huge statistics and precise measurement
vV+e —v +

- 1.0
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DATA/SNO(NC flux

0.6
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0.4
0.3
0.2
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0.0

—t— SK-IV (preliminary)
| Borexino (HER)
E SNO+ (pure water 2019)
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v Large volume

v Find solar direction

v Realtime measurements

v Precise energy determination

-

Verify neutrino oscillation scenario
-Oscillation parameter determination
-Day/Night and seasonal flux variation,
spectrum distortion.

-Investigate exotic senario

Precise 8B flux measurement is

important for solar metallicity problem
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Solar neutrino observation in Super-K
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Can “see” the sun from underground B
vV+e —U +‘

Event/bin
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e Background
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Extracted solar neutrino signal is

103,219 +jg? events
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v Large volume

v Find solar direction

v Realtime measurements

v Precise energy determination

-

Verify neutrino oscillation scenario
-Oscillation parameter determination
-Day/Night and seasonal flux variation,
spectrum distortion.

-Investigate exotic senario

Precise 8B flux measurement is

important for solar metallicity problem
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Solar neutrino observation in Super-K
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Time variation of flux measurement
vV+e —v +‘
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Sun spot number

v Large volume

v Find solar direction

v Realtime measurements

v Precise energy determination

-

Verify neutrino oscillation scenario
-Oscillation parameter determination
-Day/Night and seasonal flux variation,
spectrum distortion.

-Investigate exotic senario

Precise 8B flux measurement is

important for solar metallicity problem
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Seasonal variation

Earth’s orbital eccentricity, and more?

Seasonal variation of solar neutrino flux Seasonal variation of solar neutrino flux
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Day-Night flux difference

Direct MSW effect

Neutrino oscillation (MSW-LMA)

z I L e . ORIl SKAll - SKAIT - SK-IV.
=0.9E —Pay = e -
Q C : - P - .
So.8; Night 3 g -
50.7 EVacuum dominated = g | l =
oo 1 Iv —
0.5 = = | E
n0.4 E s 1 E
0.3 Solar+KamLAND best E of E
0.2E sin*(6),) = 0.305 Matter dominated s E
0.1  Amj, =749 X 107%eV? = - N
oF——— Lol L] B s ... b [(Solar Best fit)

1 0—1 1 1 O 1 02 1 1.5 2 2.5 3 3.5 Sé Phase

Neutrino energy (MeV)
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Day-Night flux difference

Direct MSW effect

sin?0,,=0.304 sin®, .=0.025 Significance of D/N asymmetry:
3.2 0 for Solar Best fit
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Energy spectrum -
Upturn toward the lower energy?
SK-1/11/111/1V Recoil Electron Spectrum
Neutl’inO OSCi"ation (MSW'LMA) 0 62-_| rrrprrrrrrrrp e T T T4
1 _ o £ Data (statistically merged) .
=2k " Dbay 3 O8E" SK+SNO best fit expectation E
%0'9 = Night E 058~ KamLAND best fit expectation _]| =
0.8 g = ul o =
o) = 3 0.56— Quadratic fit i
c0.7FVacuum dominated — 054 Exponential fit . i =
T0.61 = os2h. Cubic fit Preliminary E
20.5F ‘ = 05 E
(’3)0-42_ \_g-//_; 0.48 =
0.3E Solar+KamLAND best E 0.46 | = E
0.2 = sin*(),) = 0.305 Matter dominated 0.44 e =
0.1  Amj, =749 X 107%eV? 3 oanl T E
= L L L - E ]
100—1 1 10 102 ~ ; R TR 7 i6 IE':"‘{B M \;
K"'in Me
Neutrino energy (MeV) Slightly favors up-turn,

though need more data
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Energy spectrum

Upturn toward the lower energy?

0.62

0.6
0.58
0.56
0.54
0.52

0.5
0.48
0.46
0.44

0.42

Slightly favors up-turn, though need more data

SK-1/11/111/1IV Recoil Electron Spectrum

| T T T | T T T | T T T | T T T | T T T | T T T | T T T | T
Data (statistically merged)
SK+SNO best fit expectation
KamLAND best fit expectation

Tl

Quadratic flt a(j === Aggregate Background Shape
. . K 36090 === Signal MC + Background Shape
Exponential fit \'\((\\(\
Cubic fit (© 55300 g gl
] BDT
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o . 5450;
| T 7 5400:
C | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 : 5350;
4 6 8 10 12 14 16 18 5300
EX" in MeV =
SR N R A S A B B
1 0.8 0.6 0.4 0.2 0 0.2

17/
&w‘:m Z

—

N

2.49 MeV < Ekin < 3.49 MeV

Solar Analysis Cuts

_I,
Jp Data

0.4

R
0.6 0.8 1
cos(8,,,)

See also the poster MT10-097 by A.Yankelevich
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Oscillation analysis E
Best fit oscillation parameters
(aV 8730““‘““““““““‘\“'-.‘"‘“‘_,‘!‘“““}“““ .
T 6 sin%(6,,) = 0.31670.93
S SR O —
2:1(6{TTTTTTTTTTTTTT]’TITTTTTITTT] ”””””””” ol ‘na(q Am221 — 7541_8%2 X 10_58V2
W laeomems amosiyoon siegammoner LSO |
D 18aoa e PIET 1 sin%(@)) = 0305+ 0.014
© L
~ 16 NN 2 _ +1.04 ~5 12
N§N12 combined sin’(6;,) = O-3O5J—r8:8£
10- ol -
, 2 _ +0.19 —5 1,2
. KamLAND || /2an/\ Am2, = 7491019 % 105V
N Tension® @ o
4 U There is ~1.50 tension between
o SK+SNO SK+SNO and KamLAND in AmZ22;
7“ ‘Hw‘HHHH\HHHH‘\HHHH‘\HHHH‘“[GE‘ZCIE‘“3(;
0.1 0.2 0.3 0.4 ) 05 246 82 See also the poster MT10-583
sin“(6.,) Ay by Y.Nakano



Borexino

Poster presentation (ZEP location : 3F. Majorana)
MT10-083 Riccardo Biondi
MT10-142 Apeksha Singhal
MT10-612 Davide Basilico
MT10-659 Daniele Guffanti

Many suggestions by Borexino friends, Thanks!
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BoreXI no Multiple efforts for thermal stabilization
Ultimate low radioactive background external/tak insulation

Nature, 496 (2018) 505

LS re-purification
\. u Calibration
2007 2010 2012 2016
Phase-ll Phase-lll
Be, pep, 8B PP CNO

- Active volume 280 tons of liquid scintillator
(PC+PPO, 1.5g/l in a nylon vessel R=4.25m)
.+ 232Th < b.7x10-19 g/g, 238U < 9.4x1020 g/g

- R(210Bi) < 11.5x1.3 cpd/100ton(upper limit)!
which is the background of CNO neutrino
search (3~b cpd/100ton is expected).
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Borexino

As a solar neutrino detector

neutrino-electron elastic scattering
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Possible to access multiple solar neutrino
sources by single detector thanks to its
high light yield and low background.

et

a
100 200 300 400 500 600 700 800 900
L I L I L I L I L I L I L I L I T T
1oL Nature, 496 (2018) 505 1 _ g
- pp 210pg  ----Pile-up
= 210B; ---- External background
Jol Be — 85Ky
8 —Total fit: P =0.7
X
>101 & CNO pep B
© —
o) ~
8 |
_,‘Q 10_2 = |I II I |
c = ¥
o ! up ‘
0 i W ol J
Sl ' Y i
1 0_3 ‘l:‘::’mu l::: E : R ) ' ' [ Ty ot 4
1 -,".ng‘,'t."ﬂ, A\ ::' ) f‘.'\ (G4 T
I :I f W]\l " ““—h‘,‘-‘“, \
500 1,000 1,500 2,000 2,500

Energy (keV)

-First direct measurements of 7Be, pep, pp,
CNO, also first measurement of 8B by LS.
-Verify neutrino oscillation scenario.
Possible to simultaneously test neutrino
flavor conversion both in the vacuum and
the matter dominated region.
-Astrophysical point of view:

-Solar luminosity confirmation.

-Solar metallicity problem investigation.
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@v Energy Region (LER)
Dec. 2011 - May 2016
1291.51days x 71.3 tons
(0.19-2.93) MeV

High Energy Region (HER)
Jan. 2008 - Dec. 2016

2062.4 days x 227.8 tons (HER-I)
x 266.0 tons (HER-II)

Flux observed by Flux SSM prediction
Borexino (cm-—2s-1) (cm-2s-1)

5.98(1.0 = 0.006) x 10! (H2)

+ () 5+0.3 10
PP (6.1 0‘5—0.5) x 10 6.03(1.0 £ 0.005) x 10'° (L2)
, 4.93(1.0 £0.06) x 10° (H2)

+0.06 9

Be | (4.99+0.11709%)x 10 .

4.50(1.0 £ 0.06) x 10° (L2)
1.44(1.0 £0.01) x 108 (HZ)

ep (HZ)  (1.27 +£0.191098y % 108
pep (H2) | ( Z0.12) 1.46(1.0 = 0.009) x 108 (L2)
1.44(1.0 £0.01) x 108  (HZ)

ep (LZ) | (1.39 +0.1970-08y s« 108
PEp ( “0.13) 1.46(1.0 £ 0.009) x 108 (L2)
5.46(1.0+0.12) x 10° (HZ)

8BHER-| 5.77+O.56+0.15 106
( —0.56—0.15) X 4.50(1.0 £ 0.12) x 10° (L2
5.46(1.0 +0.12) x 10° (HZ)

8BHER. +0.52+0.33 6
HERIE (5.567 547033 X 10° 4 50002012 x 10° (2
5.46(1.0 £0.12) x 106 (HZ)

8 +0.39+0.03 6
Brer | (5.687 71" 3) X 10 4.50(1.0 £ 0.12) x 105 (L.2)

(3.2-16) MeV
(b.7MeV is the boundary of I/Il)

Calculate the solar luminosity
(3.89 1225) x 1033 erg/s
(3.846 = 0.015) x 1033
by photon output




Time variation of 7"Be flux

Earth’s orbital eccentricity, and more?
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See the poster Z/I\\

MT10-083 by R.Biondi

arXiv : 2204.07029

S s | |
T ,# I I uto 4 ok AT b g gann t ol Mo
= 0Pt ST 1l } T T T 11 - LT : ot 1 Tt
3 4 { T Ljr N A
§- J .
0 500 1000 1500 2000 2500 3000 3500
20.0 Tial
- -]
"8 0> o [cyclléglyear] 20 23 30 -0.04 -0.02 0.00 . 0.02 0.04 0.06
Clear annual periodicity can be seen. Precise measurements of eccentricity!



1% hits of events / 0.2 cos @,

 Find the solar direction in LS

Flrst directional measurement of Sub-MeV solar neutrinos
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PRL, 128 (2022) 091803

—¢— Phase-I data 1" hits: 19904 events
— Best fit: 10887 solar-v + background
— Solar-v signal MC

— B background MC

-1 -08 06 -04 -02 O 02 04
Ccos o

Best fit for the number of solar neutrino events:

10887 15355 +947 (0.54-0.74MeV, phase |)

No-neutrino hypothesis can be excluded with > 50!

See the poster MT10-142 A.Singhal
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Neutrino oscillation

CRAN'SAS

Pee
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Electron neutrino survival probability

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Nature, 496 (2018) 505

pp

Be
pep

B

]
Neutrino energy (MeV)

10

v Most precise observation of Pee
in the LER.

v Simultaneously test the neutrino
flavor conversion both in the
vacuum and in the matter
dominated region.

v Agreement with the expectations
from MSW-LMA scenario.
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HZ or LZ, that is the question

p+e-+p—>2H+m

(p+p—>2H+e++ Ve

H+p->3He + r

I

SHe + 3He -> 4He + 2p

1
SHe + p > 4He + et + Ve

3He + 4He -> 'Be + r

I

Be +e ->7Li+ ve
Li+p-> 2 4He

‘Be+p->8B + 7

8B -> 8Be* + et + Ve
8Be*+ p > 2 4HeJ

<3 He +* He >
<3 He +3 He >

=
Il

= 20('Be)/[®(pp) — ©('Be)]

+0.027

RBorexino=O.] 78 - 0.023
0.180 £ 0.011 (HZ) and 0.161 £ 0.010 (LZ)

Solar metallicity problem

Py, (cm=2s7)

5.0x 10°F

NS

2\

\26
N
ZUN
Nature, 496 (2018) 505
GLOBAL :
Borexino
o SSM-LZ

v Hint in favor of HZ from Borexino results,
while it weakens from global fit.
v Theoretical uncertainties are dominated.

See the poster MT10-659 D.Guffanti

CNO measurement will be the key of the solution

~5 (HZ) / ~3 (LZ) [cpd/100 tons] expected in Borexino
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First observation presented in NEUTRINO 2020

Systematic sources and final CNO-v result

Gioacchino Ranucci

Monte Carlo = simulate distorted datasets, Look at the width Slgnlflcance Of CNO'V detectlon
fit with un-distorted PDFs -» Greb sigmagfee — -
and sigma,,, | Likelihood ratio test |

! Y ! e viop) Determination of the g, discovery test statistic from G. Cowanetal., Eur.
——— S —— o . . : Phys. J. C, 71:1554,2011
k w RS & ‘‘‘‘‘ Fiks the likelihood with and without the CNO signal ys. 2. & 110908,

5 -y 3 V'Be) 13.8 millions pseudo-datasets

o — I ] e N s F ] Eepeend @ 72 cpaiionn with deformed PDFs and no
E___W L,,,, ‘ | blg I [ statesys CNO to determine the q,
— i ) reference distribution

1) Fit conditions ‘ . 4)29Bi spectral

go(data) from the real dataset
From the MC distributions p-value of q, (grey

- negligible shape (difft~18%)
curve) with respect to q, (data) (black line) —»
2) 1C spectrum 3) Energy response function: energy scale (~0.23%), correspondingly significance greater than 5o at
deformation by noise cuts non-uniform_ity (f0.28%), non-linearity (~0.4%) from 99% CL
detector calibration shpdobon buntbonbondusboodond | Consistent with 5.10 through the log-likelihood
H . qp . . . e
Final syst: :>| Final CNO result 7.2 (-1.7 +3.0) de/lOOt stat + sys | fror.n th.e fit folded with uncertainties
-0.5 +0.6 : : No CNO hypothesis disfavored at 5 ¢
cpd/100t corresponding to a flux of neutrinos on ) )
Earth of 7.0 (-1.9 +2.9)x108cm2s1 _With these results Borexino marks the
5020 Jun 23 first detection ever of CNO solar neutrinos
G. Ranucci - First detection of solar neutrinos from CNO cycle with Borexino 19

Pay attention to Barbara’s next presentation!



SNO+

Poster presentation (ZEP location : 3F. Majorana)
MT10-060 Max Smiley
MT10-078 Josephine Paton
MT10-353 Lorna Nolan

Materials were provided by M. Chen, Thanks!
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SNO+ -
Deep underground multi-purpose detector

Neutrinoless double beta decay, Geo- and Reactor

Ay

E;vﬁk | antineutrinos, supernova, as well as solar neutrinos
™

PR
SO

Al

N '_ -Deep underground location, 6010 m.w.e.,

| greatly suppresses cosmogenic backgrounds.
(Kamioka: 2700m.w.e., GranSasso: 3800 m.w.e.)
-Pure water phase is May 2017 to July 2019 as
a water Cherenkov detector filled with 905
tonnes of ultra pure water.

-Scintillator phase, which uses 780 tonnes of
newly developed organic LS, is just started.

- Tellurium phase will use tellurium-loaded liquid
scintillator for experiment

—
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Pure water phase

8B solar neutrinos: solar peak
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atest results with ~1/10 Radon level (new SNO+ cover gas system)
make apparent lower backgrounds in solar neutrino measurement!



SNQ

Pure water phase

8B solar neutrinos: solar peak
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Also 3.5 MeV threshold
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atest results with ~1/10 Radon level (new SNO+ cover gas system)
make lower energy threshold possible in solar neutrino measurements!
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Pure water phase

8B solar neutrinos: Energy spectrum
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SNQ

Scintillator phase
Partial fill
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-Filling operations were paused in 2020 by

COVID pandemic.

-Partial fill: quiet period of low background data:

After Radon decayed, before filling resumed

-Measured liquid Scintillator backgrounds:

214Bj-Po decayed coincidences

for U chain: (4.7+1.2)x10-17 gu/gLaB

for Th chain: (5.3+x1.5)x10-17 gth/gLaB
reaches SNO+ target for double beta decay.

-Optical properties of liquid scintillator is Good!
-Also physics from SNO+ partial fill period.



SNQ 134/
Scintillator phase

N
- - Reconstructed by fitting using
Partlal fl" Cherenkov+Scintillation light combined pdf.
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This is the first event-by-event direction reconstruction
of MeV events in liquid scintillator!



SNQ

Scintillator phase
Fill completed

Completely filled with 2.2 g/L PPO in LAB
Truly a monumental effort to complete this

during the pandemic!
-receiving shipments of LAB
-transport from surface to underground through the mine, coordinating
with mine operations logistics (during COVID)
- distillation of LAB
-water extraction and distillation of PPO
- nitrogen stripping
-nearly 5,000 QA shifts to verify optical properties of purified LS before
sending it to the Acrylic Vessel

Rn backgrounds in the detecter are decaying; quiet physics
data taking is underway in SNO+ scintillator phase

Looking forward to seeing next results!




Summary
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Conclusion and outlook

. The standard solar model and the MSW neutrino oscillation scenario has
been established in solar neutrinos.

- Lots of precise solar neutrino observation results are appeared from
Super-K and Borexino. Recently, SNO+ has also started.

. Still have several issues to be solved in future;
. AmZ2 tension between solar and KamLAND?
. Solar metallicity problem, High-Z or Low-Z7

- Next generation experiments are constructed and planed. | future, hope
to understand more about solar neutrino both from neutrino physics and
astrophysics



Thank you for your attention!



