HenTpuHO — HA IIepeHEM Kpae MAPO3TaHMSA.
Ilo momusam Hobenesckou npemuu no uszuxe 2015 2ooa

The Royal Swedish Academy of Sciences has decided to award

the Nobel Prize in Physics for 2015 to
Takaaki Kajita, born 1959, former head of Super-Kamiokande Collaboration,
University of Tokyo, Kashiwa, Japan
and
Arthur B. McDonald, born 1943, former head of Sudbury Neutrino Observatory

Collaboration, Queen’s University, Kingston, Canada

“for the discovery of neutrino oscillations,
which shows that neutrinos have mass”.



Jlaypearsl HoOenesckout npemuu no ¢pusuke 2015 roga:
Aptyp bproc Maknonaiabja (Arthur Bruce McDonald) u
Taxkaaku Kag3ura (Takaaki Kajita). ®oto © Lars Hagberg
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OTKpBITHE HEUTPUHO B OeTa-pacnaje saep: Yansuk, 1914, u
[laymu, 1930: p—n+e’ +v n—p+e +v



IIpeBpamnieHus Ha JieTy HEUTPUHO MIOOHHOI'0 COPTAa
B 3JIEKTPOHHOE HEUTPUHO, a 3aTeM 00PATHO B MIOOHHOE

e Pucynok c caiita physicsworld.com
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Current understanding of neutrino mixing

Ve. Uy, V> MIX to form
three mass eigenstates vy, s, 113

Ve Ue1 UeQ UeB A
Vi = Up,.1 U,u.2 U,u.3 2
Vr U U Uss 3
Best fit 30 range
mz — m? [10~%eV?] 7.65 7.05 - 8.34
im2 — m?| [10~3eV?] 2.40 2.07 - 2.75
sin 01, 0.304 0.25 - 0.37
sin? fas 0.50 0.36 - 0.67
sin 013 0.01 < 0.056




OCHOBBI TECOPUH HEUTPUHHBIX OCIMUIIISALIUN
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Kitaccnueckni aHanor HEUTPUHHBIX OCLIAJUISIIAM
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IIpo0JjieMa HEMTPUHO OT KOCMUYECKHX JIydeun

PoxieHue MIOOHHBIX M 3JIEKTPOHHBIX HEMTPUHO B aTMochepe 3emuin.
Pucynok u3 crareu T. Kajita, 2006.



Jlerexktop Super-Kamiokande

IpeJICTaBIsIeT COOOM pe3epByap U3

HEPXKABEIOIIEH CTAIU BbICOTOU

42 m u nuametpom 40 M,

3aI0JIHeHHBIN S0 ThIC. TOHH

CIICLIMAJIbHO OYUIIICHHOM BOJIBI.

Ha crenax pesepByapa pa3sMelieHbl

11146 poroymHOKUTENEH.
[IpennasnayeH ajis moucka

TUIIOTETAYECKOTO pacmnajia mpoToHa,

U3YYCHUS] HEUTPUHO, a TAKKE

perucTpany HEUNTPUHHBIX

BCIIBIIIIEK CBEPXHOBBIX.

J1eTeKTop pasMeELlEH B ATTOHCKOMN

naboparopuu Ha ryOuHe B 1 KM B

nuHKoBoM maxrte Kamuoxka,

B 290 kM K ceBepy OoT TOKHO.



NEUTRINOS FROM
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KAMIOKANDE
KAMIOKA, JAPAN

Muon-neutrinos
arriving directly
from the
atmosphere

Light detectors
measuring Cherenkov
radiation
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Muon-neutrinos
that have travelled
through the Earth

Super-Kamiokande detects atmospheric neutrinos. When a neutrino collides with a water molecule in the tank, a rapid, electrically
charged particle is created. This generates Cherenkov radiation that is measured by the light sensors. The shape and intensity of the

Cherenkov radiation reveals the type of neutrino that caused it and from where it came. The muon-neutrinos that arrived at Super-
Kamiokande from above were more numerous than those that travelled through the entire globe. This indicated that the muon-
neutrinos that travelled longer had time to change into another identity on theirway.
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[ToToxmu
3JICKTPOHHBIX U
MIOOHHBIX
HEUTPUHO

B 3aBUCUMOCTH OT
UMITYJIbCA,
N3MEPECHHBIC
SKCHEPUMEHTOM
Kamiokande

B 1991 rony.
Yepnas nunus —
HUCXOHBIC
TEOPETUYECKHE
OKHUJaHUS,

cepast IUHUS —
BapHaHT OIMCAHUS
C y4E€TOM
OCLIAJISALIHH.

['paduku U3 cratbu
K. S. Hirata et al., 1992
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IIpodJieMa COJTHEYHBIX HEUTPUHO

10 —
Z
- ] I SR o 0 | (R ——————
& " ) " B
- ¢ & o
4 - * "L 1 I
& - ° T »|l|& IP
fes a1 | i oy
o || -.' ¢ |t - L
-.‘ *-" = ﬂ'+ + +
i L £ o h l l* l l
(. < 4+ 1l
1970 1974 1978 1982 1986 1990 "I"El:lr] o4

[TOTOK COJTHEYHBIX HEUTPUHO, BEIPAKEHHBIN B COJTHEUHBIX HEUTPUHHBIX SIAUHULIAX,
no pesysbraram sxkcrnepuMenta Homestake. Kpacuwiii nynkmup noxka3piBaeTt
MPEACKA3aHUA COTHEUHOU CTAHAAPTHOU MOJIENU. 306paxkenue ¢ caifra
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Sudbury
Neutrino
Observatory

Herextop SNO cocTout
13 1000 TOHH TsDKEIOM
BOJIbI, COZIEPIKAILICHCS B
aKpUIJIOBOM cepe C
TOJIIIUHON CTEHOK

5,5 ¢cM 1 quameTpom 12
MeTpoB. Chepa
okpy-xeHa 9600
(bOTORIEKTPOHHBIMU
YMHOXKHUTEJISIMH,
KOTOPbIC MMOKPHIBAIOT
64 % e€ momany.



NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO])
THE SUN ONTARIO, CANADA

PROTECTING ROCK
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2100 m

Electron-neutrinos
are produced in the
solar core.

Both electron neutrinos
alone and all three types of
necutrinos tegether give sig
nals in the heavy water tank.

SNO { _ CHERENKOV
RADIATION

HEAVY
WATER

Sudbury Neutrino Observatory detects neutrinos from the Sun, where only electron-neutrinos are produced. The reactions between
neutrinos and the heavywater in the tank yielded the possibility to measure both electron-neutrinos and all three types of neutrinos
combined. It was discovered that the electron-neutrinos were fewer than expected, while the total number of all three types of neutrinos
combined still corresponded to expectations. The conclusion was that some of the electron-neutrinos had changed into another identity.
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Figure 1: Neutrino fluxes (with percentage uncertainties) as predicted by the Bahcall-Serenelli
solar model (BS05) [38], incm™ s MeV™ (cm™s™ for the lines). The arrows above the
diagram indicate the energy ranges accessible to experiments. [From J.N. Bahcall’s web site
http://www .sns.1as.edu/~jnb/ with arrows added above the graph.]
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[ToTokH 3JIEKTPOHHBIX
(no eopuzonmanu) u
MIOOHHBIX TUTIOC Tay-
HEUTPUHO (10
8epmuKaiu), AIymux
ot ConHia.

Cepas nonoca —
pe3yabTar Super-
Kamiokande,
Y8emHble NON0CHl —
PE3YJIBTaThI
skcniepumenTa SNO,
MOJIyYEHHBIE pa3HBIMU
crocooamu.

Ilonoca, oepanuuennas
NYHKMUpamu, —
peacKa3aHus

COJIHEUHOM MOJCIIHN.
O06o3HauecHus:

CC — 3apskeHHas 4yacThb
c71a0BIX B3aMMOJICHCTBUH,
NC — ne#TpanpHas
yactb, ES — ynpyroe
paccestHue Ha dJIEKTPOHAX.

p=p(v,)+o(v, )+¢(v,)=5.25x0.16(stat)’;}; (sys)x10°cm™s™



The would-be supernova before the collapse

Stellar Collapse

Onion structure Collapse (implosion)

H
He
0-Si

Degenerate iron core:
p ~10° gcm3
T =100 K

Mee = 1.5 Mg,
Ree ~ 8000 km




Trapped neutrinos before the collapse

@ Neutrinos trapped inside “neutrinospheres” around
p ~ 10'%g/cc

@ Free-streaming when p < 10'%g/cc

Neutrino Sphere

ven < pe”

Free streaming Ve, Ve

vep © ne’

Energy Sphere Transport Sphere
NN < NNvv '

) N o
VgVe <FVV I/P"?

Vs, Vry Ur

e'e vy

Number Sphere




Core collapse, shock wave, and explosion

Gravitational core collapse = Shock Wave )

Neutronization burst: v, emitted for ~ 10 ms ]

Cooling through neutrino emission: ~ 10°® neutrinos

Ve, Ve, Vy, Uy, Vr, s Duration: About 10 sec
Emission of 99% of the SN collapse energy in neutrinos

i¢¢ EXplosion 22?2 |




Role of neutrinos in explosion

Neutrino

\ heating
Neutrino \

cooling
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@ Neutrino heating needed for pushing the shock wave
@ Large scale convection also needed for explosion




The star after explosion

(Crab nebula, supernova seen in 1054)



Propagation through matter of varying density

SUPERNOVA
EARTH
VACUUM
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Inside the SN: flavor conversion
Collective effects and MSW matter effects

Between the SN and Earth: no flavor conversion
Mass eigenstates travel independently

Inside the Earth: flavor oscillations
MSW matter effects (if detector is shadowed by the Earth)




lceCube Lab
lceTop

81 Stations
324 optical sensor

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensor
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JHerexrop NOVA (ot anmmuiickoro NuMI Off-Axis Neutrino Appearance)
B CIIIA BnepBbie HAOMIOA)T OCHWUISALIMA HEUTPHUHO (M3MEHEHMS UX THUIIA)
MOCJIE MPOXOKICHUS STUMU YacTUIIaMU paccTossHUs 800 KMIIOMETPOB.



Borexino DGSIgn 2200 8" Thom EMI FMTs

{1800 with light collectors
400 without light cones)

Stainless Steel
Sphere 13./m &

Nylon Sphere
8.5m &

Muon veto:
200 outwamd-

poirting PMTs

100 ton
fiducial volume

Nylon film
Rn barrier

Scantillator
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‘L Holding Strings :
Stainless Steel Water Tank Steel Shielding Plates

18m & Emx Bmx 10cmand dm x dm x dcm



