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Matter Generation
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—a—bMY/IREE  (1930)

Total energy does not conserved in beta
decay:

n(FE+) — p(Bv) + e (BT)

Hypothesis of existing neutral particle was
proposed by Pauli:

n—p+e —+1,

0.02 +
0.018 -+
0.016 -+
0.014 -+
0.012 -

0.01 -
0.008 +
0.006 -
0.004 -+
0.002 -+

o oo oo om e o1 om om o W. Pauli (1900-1958)

electron kinetic energy (MeV)




REeH S FHEE N (1950%)

- Detect signal of reactor neutrino by inverse beta reaction

- two-fold coincidence of prompt positron and delayed neutron

F. Reines & C. Cowen

i ETe -
K ‘ - *u‘ )

Scintillator
HQO + CdCl2

Scintillator
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4p > 4He +2e*+ 2v,_ (net)
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First estimation of solar nu. flux

In main reaction, four protons are fused into one Helium. As a result, two positrons
and two electron neutrinos are produced:

4p — ‘He + 2e™ + 20,

Energy of 26.73 MeV is produced during this process. (i.e. ~13MeV per one
neutrino)

4p+2e~ — *He + 2v, + 26.73 MeV
Q =2me +4my — mpye = 26.73 MeV

This energy is used for radiation of Sun. Considering solar constant
(S ~ 8.5x1011 MeV/cm?/sec), solar neutrino flux on Earth is estimated:

S

~ = 6.5 x 1019 /cm?
13 MeVperv, 8 [ om”/sec

e,




P-P chain

p+p—-‘H+e' p+e +p—~o-‘H@

E.<0.42MeV E.=1.44MeV

(pp neutrino)  gg S oo/ 0.24% (Pep neutrino)

‘H+p—="He+y

84.6% 15.4% 2.5x10°%

He + 'He — “He + 2p He + ‘He — "Be +y E'He’Lp_“HejLe*
99.89% 0.11% (hep neutrino)
F,=0.862, 0384 Mey Bete =L Betp Bty
(‘Be neutrino) i i
‘Li+p—2"He °B — “Be* + ¢’
Ev~15MeV

ppl ppll pplll (8B neutrino)
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Neutrino Flux

Superk, SNO
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108
1014
108
10¢

Neutrino Energy (MeV)



=¥ DEEE (Chlorine experiment)

Radiochemical

Experiment
Homestake mine, South Dakota (4100 m.w.e.)
615ton C2Cl4 target
natural abundance of 37Cl: 24%

Reaction:

STCl+ v, =5 3TAr + e

threshold energy: 814 keV
collect Ar by He bubbling and charcoal

trapping
Decay:
STAr 5 37Cl+ e 4+ 1,

half-time 35 days
emit 2.82 keV Xray or Auger electron




37Ar production rate (Atoms/day)

Chlorine Result

(1 FWHM Results)
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Super-Kamiokande (1996-)

- 50 kton Water Cheernkov Detector

w,.,,f _ iducial Volume 22.5 kton
= mn.e‘ "'2;-'4;; 8 _\ | ™ Om underground
t =
.
¥ ~11000 20" PMTs
er detector ~1800 8" PMTs
‘ _ RESFONEDK 4 0 %hH

TEImTCEDLNTWS,



Neutrino-Electron Scattering

ES process occurs via both CC and NC
large cross section, but cannot distinguish CC and NC

Electron direction keeps neutrino’s direction

Super-K’s Threshold energy: 5MeV
due to smaller Cherenokov photons
sensitive to 8B and hep neutrino



SKCOXKEZ=—2— btV /HIZE

Image of Sun by neutrino

1496 days

Electron total energy: 5.0-20MeV

Event/day/bin
N
|

¢

1
22400 + 230
i SK-| solar v events
o L L L 1 l 1 L L ' l 1 L L 1 l 1 1 L 1
-1. 0. . . 1.0
1.0 0.5 0.0 0.5 coS O

sun

46.5 _
5(B)ssu & AR ICEREL DB AL

M




BT E2IRF (SuperNova) Za2— MU/

Most spectacular events in astronomy
Explosion of massive stars

Estimated 1~2 SN / 100 year in a galaxy

Extremely huge amount of neutrinos are
emitted in ~10 seconds

Nucleosynthesis of heavy elements
during SN burst
r-process by neutron-rich environment
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BMHEENEAIRILF—DARS—)L

¢ MHTIXRILF—: E_~10% erg
- JEEE: 10* ~ 10*2 erg/s

s RBREIXINF— E.. ~10°! erg
- YEBEOESHIRILF—

¢ Za—hJ/IXRIVF—:E~103erg
- SN1987A=—a—BMI/t&iT—%

Kbz BASEFERABMEICHE T AT RIVF—: ~105 erg
- KEBDBMEIEE:: 4103 erg/s

RFHREFRDEBREE: ~102 erg
- BRFIF1EOHEA: ~100kW =10° J/s =106 erg/s

Neutrino has 99% of SN energy
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“20M._ BB EHERRE

Bwoa7 B % s v-BTiA D
p. ~10™ g/em’ : p. ~10'2 g/cm?
Tc ~1 MeV Tc ~2 MeV

Y, ~042

Y, ~0.34

BF 1
R
1000 km

A

'l ar7/V02 X JARE Yy / ,'ﬁ&%
p. ~3x10™ g/em’ “s, y v pc ~4x10' g/cm?
T, ~5 MeV T, ~10 MeV
Y, ~0.31 / Y_ ~031

II ,//
/”” ‘
| —
1
TEEHK

EY ~10 km htF 2

T~0 MeV, Y,<0.1



SN1987A

- Brightest SN since Kepler’s
SN1604

- Observed in all wavelength

- First detected by neutrino

- Explosion: Feb. 23rd, 1987
150k ly (~50kpc) in LMC
Type-ll SN

- Progenitor
Sanduleak -69 202
blue B3I supergiant (~20Msun)
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Water Cherenkov:

Scintillator:
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Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN
Cosmogenic
Vv
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Neutrino energy

Active Galactic Nuclei (AGN)

External Shock

The Flow decelerating into
the surrounding medium

Gamma-ray Burst (GRB)
Internal Shock

Collisions betw. diff.
parts of theflow

collapse
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Cosmic-ray Accelerators

(ex. UHECR candidate sources)

Active galactic nuclei

__ y-ray burst

A-resonance; ] #
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Cosmic-ray Reservoirs
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Observable distance of photon / proton
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lceCube

The IceCube Neutrino Telescope

South Pﬁle Dome (old station
IceCube Array - =T ©
86 strings including 8 DeepCore strings I— } ‘:\\ .,
1.5km 60 optical sensors on each string " IJ-U J} \ax
2004: Project Start 1 stang  [EEEE——

2011: Project completion 86 strings
Amundsen-Scott

5160 optical sensors South Pole station

Digital Optical Module (DOM)



i3 (2012)
Two events passed the final criteria

2 events / 615.9 days (excluding the test-sample livetime)

The Expected Backgrounds

- -3
including prompt 0.082 *3-027 p-value 2.9x10" (2.80)

conventional only 0.050 :"88%3 p-value 9.0x1 04 (3.10)

~ Super-nicely contained
i Bk :E cascades!

Runi118545-Event63733662 Runi119316-Event36556705
August 9t 2011 (“Bert”) Jan 3" 2012 (“Ernie”)

Number of Optical Sensors 354 Number of Optical Sensors 312



Events per 988 Days
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PDG2014 (Normal hierarchy) :
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sin® a3 = 0.43770 055

x 107 3eV?
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Consistent with three flavor oscillation framework

However CP violating term (0) still unknown
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Baryon asymmetry in Universe
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