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Solar neutrino

How does the Sun shine? _ |
, Nuclear fusion reactions can

occur deep inside the Sun.
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Particle physics : Neutrino oscillations
. |Astrophysics : Still open issues on our Sun

FOX—=KJ

Temp. ~15.5 mill
Density ~ 146 g

E _ ABOAEISE This reaction is actually realized

Photon-measured luminosity - via pp-chain and CNO cycle.

— ~107years radiated from the center to the surface.
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Solar neutrino

pp-chain

A Dominant process
& & inthe Sun (~99%

of the energy)

W.Fowler

CNO cycle

Small ratio (<1%)
in the Sun,
poorly know yet

H.A.Bethe
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Standard Solar Model
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Solar neutrino in PMNS picture
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Spectrum predicted by non-standard models
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Astrophysics : Metallicity puzzle

GS98 AGSsO9met diff.
(HZ) (W4 (Q VWAV V4

6.03(1+0.005)

Flux (cm-2 s-1)

pp (1010) 5.98(1+0.006)

pep (108) 1.44(1£0.01) | 1.46(1+0.009) -1.4%

7Be (109) 4.94(1+0.06) | 4.50(1+0.06) 8.9%

8B (106) 5.46(1+0.12) | 4.50(1£0.12) 17.6%

13N (108) 2.78(1+0.15) | 2.04(1+0.14) 26.6%

150 (108) 2.05(1+0.17) | 1.44(1+0.16) 29.7%

17F (106) 5.29(1+0.20) | 3.261+0.18) 38.3%

Metallicity determines the opacity of the solar plasma,
which affects the central temperature of the sun.
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Super-Kamiokande (1996~)

neutrino-electron elastic scattering

50000 tons of
Water Cherenkov detector |-
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V+ e — vtie

Vv Find solar direction

v Realtime measurements
- day-night flux differences
- seasonal variation

v Energy spectrum
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Super-Kamiokande (1996~)

neutrino-electron elastic scattering

Typical event

Super-Kamlokande
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103 hits, 123 pE
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Trigger ID: 0x03
= §.086 GIN=0.77 COSSUN= 0.945%
Solar Neutrino

Time(ns)
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Ee = 8.6 MeV (kin.)
Cosesun =0.95
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Times (ns)

paS—

V+ e — vtie

Vv Find solar direction

v Realtime measurements
- day-night flux differences
- seasonal variation

v Energy spectrum

Detector performance

resolution (10 MeV) information

vertex 55cm hit timing

direction| 23deg. | hit pattern

energy 14% # of hits.

~ 6 hits/MeV
well calibrated by LINAC and DT
within 0.5% precision
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Motivation of the measurement

See the neutrino oscillation MSW effect directly|

Spectrum distortion

PP

“Vacuum oscillation

~-dominant

10

-1

Super-K can search for the spectrum “upturn”
expected by neutrino oscillation MSW effect
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Neutrino oscillation

~20 tension between solar global

2 )
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expected tlme var|at|on as a functlon of cosez
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Recoll electron spectrum

AOG_ | | | | | | T'.I‘ I" .l.'-l..i. I' |_.I'-I -Ivl!vr' | | | I — | | | | I | | _
B —  Solar+KamLAND parameter ~
%0-58 —— Solar global parameter ]
N — . . -
% 0.56 Quadratic spectrum best-fit -
E)/ [ Exponential spectrum best-fit _
(2\00-54 — SK spectrum data is consistent within 1o —
go - - for the Solar best fit parameters, while B

— marginally consistent within 2o for the | ——
0.5 Solar+KamLAND best fit parameters.

|

0.48

0.46

0.44 SK-I~IV combined—

042 - '|' (statistic error only)_:

04 : d | | | | | | | I | | | | | | | I | | | | | | | | | | | | | | :
' 4 6 8 10 12 14 16

18
E . in MeV

Ki



BOREXINO (2007~)

Liquid scintillator:
270 t PC+PPO (1.5g/)
in a 150um thick

Inner nylon vessel (R=4.25m)

Buffer region:

PC+DMP quencher (5g/)

4.25m<R<6.75m

Outer nylon vessel:
R=5.50m

(?22Rn Barrier)

Stainless Steel Sphere:

R=6.75m
2212 8" PMTs with

light guide cone. 1350m?3

@perimental \

target :
e Solar Neutrinos

The wide energy
range in real time
are measurable.

* Geo Neutrinos

» SuperNova
neutrinos

« Long/Short base
line neutrinos
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Solar neutrinos in BOREXINO

_ L Elastic scattering (ES)
Detection principle

Ss——~~

V+ e — vtie

Energy spectrum simulation
Total spectrum

b el SRS | [ High light yield (~500p.e./MeV)
" v(CNOT'Z 5.36 cpd/100 tons :
 vipep) -2 cpd/I00 tons - lowering energy threshold
g X — vipp) = 133 cpd/100 tons .
o 10 - good energy resolution
P v Realtime measurements
3 v No neutrino directional inf.
~ 10° - background reduction and
§ understanding are critical
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Recent results in BOREXINO

B. Caccianiga, DOI : 10.5281/zenodo.2672266
Energy spectrum (TFC subtracted)
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Recent results in BOREXINO

B. Caccianiga, DOI : 10.5281/zenodo.2672266

Solar v Borexino results
Rate [cpd /100 t]

pp 134410 15,

"Be 483+ 1.1 157 total uncertainties 2.7%

pep (HZ) 2.43 4 0.36 1913 :

AL 50 evidence
pep (LZ) 2.65 £ 0.36 T3]
Solar v Borexino results Expected-HZ Expected-LZ
Flux [em—2s™1] Flux [cm™2s71] Flux [em =25~ 1]

pp (6.14+0.5103) x 10" 5.98 (14 0.006) x 10*° 6.03 (1 £ 0.005) x 10*°
"Be (4.99 £0.13 79-97) x 107 4.93 (14 0.06) x 10” 4.50 (1 £ 0.06) x 10°
pep (HZ) (1.27£0.19 Tg93) x 10° 1.44 (1 £0.009) x 10° 1.46 (1 £ 0.009) x 10®
pep (LZ) (1.39+£0.19 TgV3) x 108 1.44 (1 £0.009) x 10® 1.46 (1 £ 0.009) x 10®
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Survival probability
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7 Aug., 2019 Rencontres du Vietham 19



Metallicity puzzle

B. Caccianiga, DOI : 10.5281/zenodo.2672266

55x10° F SSM-HZ A
T, 5.0x10%F o .
A .
= BX
S, .
@ 45x10°F i
S I

40x10°F  SSM-LZ 7

3x10° 4x10° 5x10° 6x10° 7x10°

¢slem™ s7]
BX results seem to give a hint towards the HZ hypothesis

in spite of the large theoretical error
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Hyper-Kamiokande

(See also “Hyper-Kamiokande Design Report”, arXiv : 1805.04163 )

Next generation of large water Cherenkov detector
(~2027 -)

- 190kton Fiducial volume :
~10 x Super-K
- 40% photo coverage with
high-efficicency PMTs :
~2 x Super-K
(~40000 for inner detector)
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Sensitivity (sigma)

Solar neutrinos in Hyper-K
Sensitivity of Day/Night flux asymmetry

—p/wizero D/N and Solar of Am221 | Systematic error
10_—b/WSOlarandKamLAND """"""" """ 0.3 %

0.1 %

0.3 %
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Solar neutrinos in Hyper-K

Sensitivity (sigma)
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Sensitivity of spectrum upturn
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Summary

« Solar neutrino experiments are important for both particle
physics and astrophysics.

. Current running detectors of solar neutrino experiment
are Super-Kamiokande and Borexino.

. Indication of Day-Night asymmetry has been found in
Super-K at 3o level.

. Precise measurements of pp, ’Be, pep has succeeded
In Borexino. Metallicity puzzle is still remaining.

. 20 tension between solar and KamLAND Amz2i12 is
seen. Future experiments, Hyper-K, JUNO, DUNE etc.,
are possible to solve this problem.
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