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1. MIJESANJE U SUSTAVU
NEUTRALNIH MEZONA

1956, K- KV: discovery of K, (proposal of C' non-c
1987, B" - B": discovery of mixing (= large m;)
2006, BY - B": measurement of Am,

S

2007, D" - D": growing evidence for AT' = O(0.01)
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SUSTAV NEUTRALNIH KAONA
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NARUSENJE CP SIMETRIJE
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USPOREDBA MIJESANJA
NEUTRALNIH K- i B-MEZONA

= USPOREDBA PRODUKCIJE NA
REZONANCAMA

= USPOREDBA “"OZNACAVANJTA"

m USPOREDBA DULJINE RASPADA
(asimetricne B-tvornice)



DIJAGRAMI MIJESANJA NA
KVARKOVSKOJ RAZINI
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“NOBELOVA NAGRADA IZ FIZIKE

2015

Takaaki Kajita Arthur B. McDonald

Super-Kamiokande Collaboration SNO Collaboration
University of Tokyo, Kashiwa, Japan Queen’s University, Kingston, Canada

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

Raymond Davis Jr. - Facts

Raymond Davis Jr.

Born: 14 October 1914, Washington,
DC, USA

Died: 31 May 2006, Blue Point, NY,
USA

Affiliation at the time of the
award: University of Pennsylvania,
Philadelphia, PA, USA

Prize motivation: “for pioneering
contributions to astrophysics, in
particular for the detection of
cosmic neutrinos”

Field: neutrino astrophysics

Prize share: 1/4




PROBLEM SOLARNIH NEUTRINA

37C1-37Ar (SNU) "1Ga—T71Ge (SNU)

Homestake [6]
GALLEX [10]
GALLEX-

Reanalysis [109]
GNO [11]
GNO+GALLEX [11]
GNO+GALLEX-

Reanalysis [109]
SAGE [8]

2.56 +0.16 = 0.16
v e S Ay

+6 +3"
73.47F 604 :
ez.gfs_g +25

69.3+4.1+3.6

4.0+43.
67.6+4:0+3.
+J 14+2.
g5:4+3 112

2
2
6
3.0-2.8

SSM [BPS08(GS)] [104]

1a+0.87 = q+3.1
8.46+0.87 127.9+81
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MASE NEUTRINA
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MIJESANJE NEUTRINA
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OSCILACIJE NEUTRINA
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PRAG DETEKCIJE NEUTRINA

v+A—=B+C
U

s = 2Ema + ma > (ms + mc)2

by - G — TGE e
ve+3Cl = ¥ Ar 4 e~
Ve +p—n+e’
Vg +N— p+p

Vy +€ —Vvet p

E:n = 0.233 MeV
Eth = 0.81 MeV
E:n = 1.8 MeV
Ewn = 110 MeV

Ewn ~ 22,,% = 10.9 GeV
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OSCILACIJE NEUTRINA
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OSCILACIJE NEUTRINA
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VALNI PAKETI
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OSCILACIJE NEUTRINA

Am2.L
Pas(L Zuak Upk Uaj Up; exp [_, 2Ej ]
k.j
AmﬁjL : 2 Amﬁjax <
X exp | —
4+/2E%0, 4E
Oscillation N Coherence | cop _ 4+/2E?
BALE k e i ) L O'X
Lengths J Amgj Lengths |Am£j|




" T
OSCILACIJE NEUTRINA
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PROBLEM SOLARNIH NEUTRINA

Reaction 8B v flux
(105em—2s—1)
Kamiokande (7] ve 2.80 £0.19+0.33
Super-K 1 [114,116] ve 2.38 +0.02 + 0.08
Super-K II [115,116] ve 241 +0.05+0-18
Super-K 111 [116] ve 2.32 +0.04 £ 0.05
SNO Phase I [14] et 1.76 7008 +£0.09
(pure D20) ve 9391028 4642
NC 5.0970:457 048
SNO Phase II [118] G 1.68 + 0.0670 05
(NaCl in D20) ve 2.35+0.22 +0.15
NC 4.94+ 0214038
SNO Phase III [119] ce e e oo
(3He counters) ve 1.771’8:3‘}1‘8:?8
NC 551003
SNO Phase I+1T [120] NC 5. 14gH0-1801H0. 152
®p from fit to all reactions 5.0464_'8: iggfgigg

SNO Phase I+II+1I11 [121] &g from fit to all reactions 5.25 + 0.167) 13

Borexino [126] ve

24+04+0.1

SSM [BPS08(GS)] [104] =
SSM [SHP11(GS)] [106] -

5.94(1 4 0.11)
5.58(1 £ 0.14)



OSCILACIJE NEUTRINA

Source Type of v E[MeV]  L[km] 111in(A-n'22)[eV2]
Reactor Ve ~ 1 1 ~ 1073
Reactor Ve ~ 1 100 ~ 10~°
Accelerator Vi,V ~ 103 1 ~ 1
Accelerator Vi,V ~ 103 1000 ~ 1073
Atmospheric v’s  vye,Vpe ~ 103 104 s 1074
Sun Vs ~ 1 1.5 x 108 ~ 10~



OSCILACIJE NEUTRINA

SNO, BOREXino
Solar
I/e _> Vu ] V‘r

Super-Kamiokande
GALLEX/GNO, SAGE
Homestake, Kamiokande
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e disappearance
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MACRO, Soudan-2

Atmospheric
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LBL Accelerator
v, disappearance

LBL Accelerator
Vy —» Vr
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I/IJ, — e

LBL Reactor
. disappearance
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Daya Bay, RENO
Double Chooz
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Am3 ~7.6 x 107> eV?

sinZ 95 ~ 0.30

Ami ~ 2.4 x 1073 eV?

sinZ29a ~ 0.50

Am3

sin® 913 ~ 0.023
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OSCILACIJE NEUTRINA
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GLOBALNA PRILAGODBA

Normal Ordering (Ax* = 0.97)

Inverted Ordering (best fit)

Any Ordering

bfp £lo

3o range

bip +£leo 3o range
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‘ +0.013
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0.452%5:033
10 9+3.0
42.3+3-0
0y e+=0.0010
0.0218Z5 010
. ()
8.501531
30672
- +0.19
7.5075 17

g 4=~+0.047

0.270 — 0.344
31.29 — 35.91

(0.382 — 0.643

38.2 — 53.3

0.0186 — 0.0250

7.85 = 9.10

0 — 360

7.02 — 8.09

+2.317 — +2.607

0.30419-013 0.270 — 0.344

33.48107% 31.20 — 35.01
0.57910-:0%% 0.380 — 0.644
49.5%13 38.6 — 53.3
0.0210+29011 5 0188 — 0.0251

8.51%0-23 7.87 — 0.11

254183 0 — 360
{513 7.02 — 8.09
—2.44970-04% 2500 — —2.307

0.270 — 0.344
31.29 — 35.91

0.385 — 0.644
38.3 — 53.3

0.0188 — 0.0251
787 — 9.11

0 — 360

7.02 — 8.09

+2.325 — +2.599
—2.590 — —2.307

Gonzalez-Garcia, Maltoni, Schwetz arXiv:1409.5439
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OSCILACIJE NEUTRINA
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0.3 — Normal Hierarchy
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OSCILACIJE U MATERIJI
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MASE NEUTRINA
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F1G. 5. Energy distribution curve of the beta-rays.
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Fig. 1,2, Graph from Feriui's famons paper on the theory of beta decay. showing
wow the shape of the emitted electron’s enesgy spECITILT Vanes W ith nentrino mass
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KATRIN — MASE NEUTRINA

B-spectrum for tritium:

§ 1.0 entire spectrum| S region close to end point
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SAZETAK

Promjene okusa neutrina prilikom
propagacije (oscilacije neutrina) potvrdene
U nizu eksperimenata

Oscilacije neutrina vode na masivne
neutrine

P(ve->v, )= sin%(20) sin“(Am? L / 4E)

Zasto su mase neutrina tako male?



