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LECTURE |

Neutrino Sources
Discovery of neutrinos at reactor

Solar Neutrino Puzzle
Neutrino oscillations: solar neutrinos and experiments

LECTURE I

Reactor neutrino oscillations in KamLAND experiment

Measuring the last unknown neutrino mixing angle 6,5 with the Double
Chooz, Daya Bay and RENO reactor neutrino experiment

Open guestions in neutrino oscillations:

CP-violation effect in leptons;

Neutrino mass ordering
JUNO reactor experiment and neutrino mass ordering
Conclusion






Neutrinos from
supernova SN198A:

Big Bang neutrinos:
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Solar neutrinos:

b air nucleus Geoneutrinos:

B
N

Atmospheric neutrinos




Neutrinos from accelerators
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up to GeV (109 eV) Extra-Galactic

Atmospheric
neutrinos ~ GeV

Galactic
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Atmospheric
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Neutrinos from the Sun
<20 MeV

Antineutrinos from nuclear
< 10.0 MeV

Big Bang

Big-Bang neutrinos ~
0.0004 eV
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Neutrino Energy (eV)



Neutrino Interaction Cross-Sect'ko\n‘/
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Neutrino can easily pass through 200 Earths
beforeinteracting at all! BT L AT T
3 L'{s '
For typical neutrinos produced in the Sun (with energies of a few MeV), it would
take approximately one light year (~10'm) of lead to block half of them.
Probability of interaction is 20 orders of magnitude smaller than for proton.

o Detection of neutrinos is therefore challenging, requiring large detection
volumes or high intensity artificial neutrino beams or sources.



/
Neutrino Dis / with
Reactor _\e;\::‘f__



2 Observed Expected . COntanOUS

£ spectrum of | £eCTon beta spectrum was
3 e the first hint that

2 there is

0 . .

E an extra particle in
= beta decay reaction:
E S\ 5 e
191 Endpoint of f e 0 es o s

spectrum

Single beta decay energy spectrum. The observed spectrum
is continuous and not at a constant energy as was initially

expected. [D. Stewart]

Bohr: At the present stage of atomic theory, however, we may say that we have
no argument, either empirical or theoretical, for upholding the energy
principle in the case of p-ray disintegrations. 8



- Pauti"s Desperate
Remedy

4th December 1930
Tiibingen

Dear Radioactive Ladies and Gentlemen,

- + Caltech Archives

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

and Li6 nuclei and the continuous beta spectrum, I have hit upon.a.desperate
remedy to save the "exchange theorem" of statistics and the law of

conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have

_quanta in that they do not travel with the velocity of light. The mass of the
neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than O0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta
decay a neutron is emitted in addition to the electron such that the sum of
the energies of the neutron and the electron is constant...




And the Originat={i)

| | { |
¥ 3 12 " 20 ai0®
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During the next few
years, scientists
elaborated farther
Pauli's theory and

F16. 5. Energy distribution curve of the beta-rays.

birinar . PR S ot Sen o
: Absohrift/15.12.58 ™

Offaner Briaf an dis Jrunpe dear Hadicaktiven bol der
CGauveraina-Tagung 3u Tabingen.

Abmohyi ft
g o B S Airah, Ue Dogs 2930 conclude that the
rioh Cloriastzranse

new particle must be
very weakly

interacting and
extremely light.

Liebe Radicaktive Damen umd Herrem;

Wie dar Usbarbringsr dissar Zeilan, den ich Iuldvollst
ansuhbren bitte, Ihnan des nEheren sussinsndersetssn wird, bin ioh
angesichts der "felschen"™ Statlatik dor He und Li-6 Kerne, sowle
des kontilmierlichen betw-Spektrums auf oloen vargweifelten Auneweg
varfallen um den "Weohselsate® (1) der Statistik upd den Energiesats
s retisn. Mhmlich dis MGglichkeilt, es khmten elektrimch nsutrale
Tellohen, e ioh Neutronen nennan will, in den Iernon existieren,
welohe dem Spia 1/2 taban und das Ansschlisssungaprinsip befolgen und
‘wheh von Idchtquanten musserdam noch dadirch nnterscheiden, dass vie
ﬁnit— Liohtgesawindtgkeit laufen. Die Hamse der Neutrenen

von derzelben (Xosmendrdmung wis dis Elektroneomesse sdn wad

s nioht grosser als 0,01 Protooamamse.~ Dam kontimuierliiche

Spektrum wires dann warstindlich unter der Atmalme, dass bein
boba~Zarfall mit dem Elektron jeweils noch ein Heutron ewittiert
wied, dewrard, dass die Summe der Eneorglen von Neutron und klektron
konstant 1lst.

Unfortunately, | cannot appear in Tubingen personally since | am
indispensable here in Zurich because of a ball on the night of 6/7
December. 10



VR werful
Neutrino sources

Reactor neutrinos are
byproducts of fission in

Large power reactor produces nuclear reactors.
about 6+102° antineutrinos/s i Wy

J neutron
fission
@ product
neutron ) — g » J neutron

target
nucleus

fission
product

J neutron




yde Cowan and Frederick Reines set up an ex ent to directly
detect anti-neutrinos at (Hanford in 1953) and conclusively Savannah
river nuclear reactor (Georgia) in 1955

« At Savannabh river detector placed underground (12 m overburden),
11 m from reactor

« Use water as a target, scintillator and dissolved CdCl, // neutrino

Photomultiplier
A
Id X
() Delayed coincident
AN [ detection of 7 from ""Cd v

Portfrom -\ @ wuth pair of ¥'s from
vuuxw ¢'— ¢~ annihilation.
nuclear ~v|/\\= . ~
reactor % =
W @

Neutrino

flux

10%/em?®-s 7
Water target with
scintillator plus

CdCl,

* Inverse beta decay (IBD) reaction
with double coincidence signature

v Epoec tn

Anti-Neutrino Detection rate 3/hour




\) Discovery of (electron anti
nounced by Reines an

", - v
Aepart 415,123,598 ~

Offwner Tirlef sn @la Dwwpe der Redioaktives bal der

Goavereire-Tamug w0 Tbdogw. \

= Freduccok PEMNET avut O(r?(a. COVAN

Poe Lrm
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Lebe Sadisakiive Damen wnd Yacvem, Lo
Wie dar Ustertringsr dleses Zelles, dem 1ok huldvollet nmka & ILag g}% -

satle bitte, Thom des niberen susetzsndaseetesn vind, bia ich / ryé‘? Cowed 5‘

angeichts der *falschen® Stetlstih Ger B und 186 Swcme, eowie 4 * W lé

Gue kot A er) L0hen tete dpektoums eul clom verwelfalten Jusseg e %‘4& /' W,(

verfullen tm den "Weolwoleats® (1) der Statistle wd den Barglessts efX

sy rovten, Mnlich 49s Mogitshkell, w Mimten slektoiec: amirele
Tellcharn, dhe Lo Neutronss pecnen will, L= dm Kersen scistliers,

Sy .
Dol lerfull wit dem Alektren Jewwils noch els Meubeon sedtsiert
whad, Owrert, Gass dle Scame der Enervien vom Meutrom wnd leteon

konatant Le%,
Wun handalt em sich welter darwe, walshe Erifts suf dias
Setroom virowm. s sinlichate Modell f¥r dus Sewtren sobed

wir see wellemmeshanisches Lo ares wolss dar

dlaser Zellen) dissss ¥ aein, Gass das rudecds Peutrvo #in
mamaiischer (lpel vou elsem powissen Nonet u Lot. Die Rperinente
warloin witl, fass @l fonislsrecde elime solohen Seutrens
nlahh gromser sein Maso, ol s sines wnd durt dasn
M oWl plant groeser saln als e QY wm).

Tk Sewan wiah weelUufis sber nioht, stwas dber @lese Ides
w ptiisteren und vends wich eret veriresesvell an Mash, Lisde
Sedticektive, mit der Ms. vis o0 S eperinectellen Sachwels
.

Aureh winen bsmprear nclizes veTstzien i deta,
Marrn Detye, belmachiet, der sir Mirslish tn pesagt hate
"0, dures #ol) sen e besten gar nicld denicsn, sowie en #le necen

L
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Following the direct detection of the anti-neutrino at Los Alamos by
Reines and Cowan, Pauli sent this message

13



F/irst Detection-of-
Neutrinos Led to First
Nobel Prlze for Neutrmo

 In 1995, Fred Reines
received Nobel Prize in
Physics for discovery of
neutrino.
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CNO and pp-chain fusion cycles
that power stars, discovered by

pp-chain Hans Bethe in 1938
(Nobel prize in 1967) g
ptpo?Hte+v, | |ptetp— 2H+V, \ N
0975% L5 14 b i 4y <222 Solar neutrino energy spectrum
6% 14% _ @
3Het+ 3 3 7 4 o 1012 ———rry ———————rr —
He+ °He —a+ 2p He +a — Be'l"y 3He+p — ‘He +e +\e 1011 3 Serene“i, Haxton, Pena-GaraYE
99.85% L 015% L — ) E
Be+e~ — TLi+v, Be+p—>3B+y = 1010 = pp +0.6% ApJ, 743, 24 (201) :
¢ ' T | 7Be | +7% f
TLi+p — 2a 5B — 3Be* +et+v, S 10°L ON +14% [ . .
! C BT N S RN 3
8Be* — 2a g 10° e i |e— pep 3
CNO | £ 107F 50 #15%|| L *11% 3
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120 130 3 10 / 3
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I +.2 150 He 10 ! 1 10
e v Y Neutrino energy (MeV)
/’Sow\ L Solar neutrino flux on Earth:
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and Solar Neutrinos

John Bachall calculated neutrino fluxes and spectra
expected from the Sun known as Standard Solar Model (SSM)

Solar neutrino energy spectrum

102, —— ———r —
:I 0™ m ' Serenelli, Haxton, Péna-Garayé
< 1010; op |40 6% ApJ, 743, 24 (2011)
o f L 'Be | £7%
% 107 F N +14%  L.f. 1
§ 10° é'.jjii.'.f::-' """"" . |+—]| pep "
§ 107 50 £15% || o #11% 3
X 0% T ' :
L B[ 17 P ]
1080 F #17% 17 ]
g 1°4§ ,/ E. : 3
3 s . — | ’Be lines and pep line
Z 107 : : -
of Be — e are products of
107¢ // ep| +30% [ 2 body decays:
! L 1 ! rEE ' ! L 1 P BT R | L
10~ 1 10 - 0.863 MeV (90%)
Neutrino energy (MeV) - 0.385 MeV (10%)

7
J. Maricic, University of Hawaii



“Neutrinos

e In mid 1960’s, Ray Davis and John
Bahcall set up a radiochemical
experiment in the Homestake mine in
South Dakota to study neutrinos from
the Sun and check SSM.

o HomestakeExperiment

o Study of neutrinos goes underground

(¢

(¢

VVYVVYYY
< < < <
®

(¢

J. Maricic, University of Hawaii


https://vimeo.com/125707443

e 400,000 liters of cleaning fluid C2Cl4 placed in a giant underground tank.
o Neutrino flux measured by detection of 814 keV gamma line emitted

L[] 37 L[] L[]
in °’Ar radioactive decay. SSM
101 —rrr —
101 ﬂ Ener above th
1010 b
Mar Mar (35 days) 100 |
o 10
3 10% i - 1 e
CZ Cl4 electron = - .
“f“frim’ EC,Q =814 KeV . F L]
eleciron 1 -
37 37 Lo r |
cl1 cl - /
10t r
1p L

1
041

ve + 37Cl > 37Ar + e, 37Ar — 37C| (EC)  E,>0.814 MeV

()

< < < <
® o

()

yyYyYyvwYvyYy

J. Maricic, University of Hawaii
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03

1 3
Neutrino Energy (MeV}

10
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» 615t of C,Cl, (perchloroethilene) = 2.2x1030 atoms of 37Cl
» Bubble He, and use 36Ar and 38Ar to carry-out the few atoms of 3’Ar (~ 1 atom/day)

» Count radioactive 3’Ar decays

« Every month, Davis carefully collected argon gas. The experiment carried on for 30
years (1994) and collected 2,000 37Ar atoms total!

+37Cl > 37Ar + e, 37A 37CI (EC E,>0.8 MeV -
Ve —> AL =0 £ (EC) £ SSM prediction

(1 FWHM Results) I

¥ » f)
. lJ I "MH‘HHIJ M“ r“ +H‘. | ;
i e L e = 50

J. Ma 7 Year
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-Solar Neutrino Puzzt -

e Only 1/3 of the expected
number of solar neutrinos
detected!

» > Solar Neutrino Puzzle _\_f,a |

'

=7.
= |
Tk

ve
=
> Ve
v v,
> [V, .
=

J. Maricic, University of Hawaii



Possible xXplanations

Is the Standard Solar Model wrong (Bachall’s
calculation)?

Does the Homestake experiment suffer from
some large systematic error (measurement of
Davis)?

Does something happen to neutrinos while
traveling from the Sun to the Earth?

Do neutrinos oscillate among different
neutrino flavors along their flight?

o Partof v/’s turninto v,‘s

e Important consequence — this is only
possible if neutrinos are massive!

J. Maricic, University of Hawaii
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\/Probabilit vor Conversion={£."
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Oscillation probabilities for an initial electron neutrino

1.0

0.8

0.6

Probability

=
'

—
)

0.0

XampieC e .n PrOb

\\;:N‘NWW‘MM\f\,

5000 10000 15000 20000 25000 30000 35000
L/E (km /GeV)

<

AmP,,=(7.49+0.19)x10 eV?2

l" An?,,=(2.41+0.13)x103 eV?2
A\

« Oscillations between electron and muon oscillations, strongly decouple from muon

to tau neutrino oscillations.
—> justifies simplification for two neutrino flavor oscillation.

P(v, — v,) = sin® 20 sin* 1.27

J. Maricic, University of Hawaii

Am%l [eVQ]

E[MeV]

L|m]

25



et

two neutrino oscillation

With units included, the probability of flavor change becomes:

Am%l e 12]
E[MeV]

-2« - 21 o~
P(v. = v,) = sin” 20sin” 1.27

While the survival probability of the same flavor is:

Pue—n/e =1- Pl/e—)l/“

Assumption made: neutrinos have non zero mass, but still very
close to zero, since speed is ~c.

Angle 0 is called neutrino mixing angle, while An? is called
neutrino mixing mass.

Mixing angle controls the level of mixing, while mixing mass
governs oscillation length.

J. Maricic, University of Hawaii

26



\/ Oscillationlength of
= two neutrino oscillation

Oscillation length is defined as:

2F

L, ..=2m
osc ‘m? — m%‘

With units included:

E[MeV] 5 48 E[MeV]
C = Z.
Am?[eV?] Am?[eV?]
Oscillation length therefore depends on the energy of neutrino in

addition to mixing mass: higher energy neutrinos change flavor
less frequently (i.e. require longer distances).

Lyse = 21h

J. Maricic, University of Hawaii 27
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\/ Neutrino Mass»
~—In a Larger Prospective

Proving neutrino oscillations effectively proves that
neutrinos are massive.

Standard Model assumed zero neutrino mass.

Therefore neutrino oscillations provide window in the
physics Beyond Standard Model.

Leads to a very different picture of neutrinos where each
flavor is a specific mix (linear combination) of three
neutrino masses!

J. Maricic, University of Hawaii 29



Ale [eV ]

P(v, — v,) = sin® 20 sin* 1.27

distance:

Pv, = v,) =

Lm]
o If we average probability over energy spectrum and large

Iy P(E)p(E)dE

P(v, — v,) = sin?(20) /2

= 10000 km

1000 100

Pve = V. L)

S o o O
SN

Survival probability

= B

N
Averaged over the "B spectrum

Average survival over 8B spectrum
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Resonant flavor transition in matter ¥

—

* Neutrinos in matter are subject to a potential due to
elastic scattering with the medium (electrons and
nucleons), equivalent to an index of refraction

1
Voo = V2GrN, Ve = ——ﬁGFNn
\ // - Ve=Voc+Vne X /
V,=V:=Vnc

Ves Vo Vr

e LT R

¢ ,pn e ,p,n

Feymann diagrams for the elastic scattering processes that generate the CC
4 g gP g
potential (V, left) and the NC potential (V, right). G; Fermi coupling

constant and N_ (N ) number density of electrons (neutrons)



1

Propagation in matter

* In the presence of matter the Hamiltonian changes
H, = H=H_+V (H, Hamiltonian in vacuum)

* The Schroedinger equation can be written in terms of
matter mixing angle and effective squared-mass difference

zi Vee\ _ 1 (—Amfcos20y Amy,sin20y ) (Ve
dz \ Y., AE Amjy, sin20y  Amj cos20y )\ T,
Am3, = \/(Am2 sin 26)2 + (Am?2 cos 20 F 2V2Gp N . E)?
Am? sin 20
Am?2 cos 20 F 24/2Gr N .FE

* The eigenstates and the eigenvalues (and therefore the
mixing angle) depend on the matter density and on the
neutrino energy

tan 20y, =



1960’s - 1990’

After the original indication of the solar neutrino puzzle
from Homestake a whole range of experiments probed
neutrino properties and searched for neutrino oscillations.

Different neutrino sources used in different experiments:
e Solar neutrinos

e Reactor neutrinos
e Atmospheric neutrinos

J. Maricic, Drexel U o



adiochemical Experlmen S

Homestake experiment was followed by two more radiochemical
experiments GALLEX (ltaly) and SAGE (Soviet Union/Russia):
Cl, detectors v, + 3’Cl —» 37Ar + e, 3’Ar —» 3'CI (EC) E,>0.8 MeV

Ga detectors v, + "'Ga — "'Ge + € E.>0.2 MeV

(Chlorine pouperk, SNO

| Gallium

lol!

- T e v - —r -
101 L Bahcall-Pinsonneault 2004
.E//m +1%

» Lower energy threshold w O e
means sensitivity to additional = T £12% \o%
fusion processes in the Sun: o otr Be|| Be pep

« pp neutrinos g T
- - 10¢ g‘
- ’Be lower energy. 2 o}

ad sl P T | sl | P PRI T | aand s

10% |

10"[
3
1

t L " L %.l
1
A 0.1 0.3

Neutrino Energy (MeV) 34
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B ar Neutrino

Experimental Results

e Deficit observed in
Homestake experiment
confirmed by gallium
experiments:

- GALLEX (1991 — 1997)
- SAGE (1989 — 2013)

e Measure the total rate of
neutrinos above
threshold,

but not the spectrum,
nor in real time

o

Theory

i 2.0610.22

Homestake

GALEX
SAGE

W Be W v » per paperiment g
‘B MW CNO

35
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1980’s: S

~— Kamiokande and IMB experiments =&
For the first time neutrino detections detected and measured in real

time on event by event bases using Cherenkov light: Kamiokande

(Japan) and IMB (USA). Excellent sensitivity to atmospheric neutrinos
(GeV) and some sensitivity to solar neutrinos (< 15 MeV).

Neutrino N Neutrino - o 'ulo Giant Water
\ \ . detectors:
Nucieus Sl @ Electron @0 water is target for

\ \ neutrino to interact.

Muon or Electron

Originally designed
Cherenkov light Cherenkov light tO SearCh fOf prOtOn
The generated charged particle emits the Cherenkov light. decay

Light is de.teCted with sensitive Kamiokande, IMB and BNO are the only
photo devices called experiments that detected neutrinos from
photomultiplier tube or PMT. Supernova burst 1987A.

J. Maricic, University of Hawaii



Cherenkov radiation is coherent
electromagnetic radiation emitted when
charged particle passes through dielectric
medium at a speed greater than phase
velocity of light in that medium.

Cherenkov radiation can be seen as blue
glow in cooling water tanks around nuclear
reactors.




V How Water Cherenkov Detector
= orks?

Cheap target materia_l 0000 Y L1
Surface instrumentation CHERENKOVEFFECT . aga®fsa® "Y I L.

. p=vic n(water)=-133 @BBHE TITIIONE R
Vertex from PMT timing L 0 0000000

B-1 0=22degrees TRARBON000S » o

Direction from ring edge wadl I

Energy from pulse height,
range and opening angle

Particle ID from hit pattern
and delayed muon decay
signature

Cherenkov threshold in water: 1
B > 1/n ~0.75 cos 0 = B

38



Extraor ] trino Years
1998
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Water and air

purification system
.f‘;}‘ ..1_‘;, “,:
ol room | Atotsu

- Ikeno-yama

8 Kamioka-cho, Gifu 1km

i [2700mwe

>4 < 2km

" Mozumi SK Atots

-

50 kton total Inner detector: Outer detector: (veto)
22 5 ki fidueial (40% coverage) 1885 8 PMTs

1 136 20 BN



photoelectron

dynodes

AN
SN
Radiation SN A AN secondary
hy e NN "1%["":,:*"-'";f-"—._ " electrons
T Vel dER" ":4 O A
/ ~
Photoemissive cathode R
anode
: : to
high voltage (-) \/\/\f\—:\/\/\f\-\/\/\f‘:’—\/\/\ﬁ-— curr Ie,'th-tO-VO'tage
500-2000V amplirier
e
50 cm diameter
photosensor
Gain ~ 107

Low dark noise
Require HV (~1,700 V)
Ability to detect
single visible photon!

T




Superkamiokande (H

o

“harge (pe)
>26.7

Super-Kamiokande |

Electron neutrino

1

500 1000

r-Kamiokande Collaboration Times (

1500

ns)

Muon neutrino

ity of

Super-Kamiokande |

Charge (pe)
. >26.7

5ulu w:m 1530 4@

Times (ns)




Neutrino

Super-Kamiokande
Run 61943 Sub 93 Event 18122603KX

08-10-25:20:46:32

Solar: gdn= 0.69 dirks=

Resid(ns)
* 182

-91--68
-114--91
-137--114

<-137

E. = 13.86 MeV
c0SBsun = 0.986

1000 ||Ml
Erog o

0 500 1000 1500 2000

Times (ns) 44




V Su ' de

~ Solar v, Measurement

o SuperKamiokande is sensitive to 8B
neutrinos > 3.5 MeV

o Neutrinos are observed through neutrino
electron elastic scattering

o Reconstruction of Cherenkov rings gives
neutrino direction, energy and particle 1D
o Detects 45 % of expected v.’s

® = 2.3554+0.033 x 10° [cm?/sec]

| : t 2 5 ) . = i 2 I

g vie > v+e

SuperK, SNO

| Gallium } Chlorine " jpouperXs, SN

T

+12%
+12% +2%

o
-
o bt Bobio Bobii

Neutrino Flux

I
l
|
108 sB 12&
I
|

314

T T .
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---------- Background
50000
40000~
30000~ L
20000} . .
F Extracted solar neutrino signal is 3
10000} =
E 103219 *jg? events :
0 I

O 08060402 0 02 04 08 08

coso

1

Sun



us Of 50

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

o049
12049

)+0.20
# 1.05575

758 ¢
s 0 54+0.08

Superk Kamioka SAGE GALLEX + GNO
Cl Ga
Theory 'fBe m P~P. PEpP Experiments mm

"8 W CNO

J. Maricic, University of Hawaii 46



e Located 2 km underground
e Sudbary mine in Canada

o Sensitivity to all neutrino
flavors through different
iInteraction channels

R #9 Shaft
701 m (2300 ft.) Norite
level Rock
1158 m (3800 11) I X 2 km
leval N
Granite
Gabbro T :
1646 m {5400 713 :
level - i
ol
1 \
CN Tower | I b
SS3m (1815 1L.) 2073 m (6800 1) i VY QSND Site
level 'aii

Je Lva

e R




6 m radius transparent acrylic vessel

1000 t of heavy water (D,0)

9456 inward looking photo multipliers
Add 2 tons of NaCl to detect neutrons

~—SNO Detector




Vo j
~ in SNO

» Sensitive to ALL neutrino flavors via NC

« Sensitive to vevia CC and ES
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01, SNO solar neutrino experiment observed all three neutrino flavarss?”
coming from the Sun implying that

neutrino oscillations are the solution of solar neutrino puzzle
characterized by (8,,, A m,,).

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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SN0 = 1767008 (stat) T 99 (syst) , ;’ 6F-..
£80 = 239703 (stat) 0 B (syst) . = s
SO = 5001944 (stat) L (syst). © 4E N
Phys. Rev.Lett. 89 (2002) 011301 3;‘ ....
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Total flux of neutrinos is correct. - Interpreted as
Ve <> v, 0r v oscillation
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Latest results from
SK + SNO solar experiments:
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2002

Ray Davis (detection of solar
neutrinos)

Masatoshi Koshiba (detection of
supernova burst neutrinos

2015

Art McDonald (discovery of
neutrino oscillations in solar
neutrinos)

Takaaki Kajita (discovery of
neutrino oscillations in
atmospheric neutrinos






orexino Solar Neutri

Z/I\§

BoreXI nO Multiple efforts for thermal stgbilization
Ultimate low radioactive background SxtelnE R Iation

7 -~
Nature, 496 (2018) 505

. W LS re-purification
I 4 . w’r nesls Calibration
, O 417 » 2007 2010 |2012
S g Phase-lIl Phase-lll
Be, pep, 8B pp CNO

R R Y - Active volume 280 tons of liquid scintillator
[watr Tan IEREREEE. S &5 (PC+PPO, 1.5g/I in a nylon vessel R=4.25m)
""" = R - 232Th < 5.7x101° g/g, 238U < 9.4x10-20 g/g

v
-

_Nscintillating Buffer ’ R(Z]OBi) < -I ]5i] 3 de/] OOton(Upper Ilmlt)l
- which is the background of CNO neutrino
search (3~5 cpd/100ton is expected).
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Events per day x 100 t x N,

Borexmo

As a solar neutrino detector Possible to access multiple solar neutrino

neutrino-electron elastic scattering
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-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.

First observation of neutrinos from CNO fusion cycle. -






