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The Nobel Prize in Physics 2015
Takaaki Kajita and Arthur B. McDonald

"for the discovery of neutrino oscillations,
which shows that neutrinos have mass"
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B-pacnan:
A(Z,N)—> A(Z+1,N)+e +v, (B-)
A(Z,N)—> A(Z-1,N)+e" +v, (B+)
e +A(Z,N)—> A(Z-1,N)+v, (K) L L
Q=M(Z,N)-M(Z-1,N)-m, BT

Tak kak Mpo HEMTPUHO He ObLJIO U3BECTHO,
Ka3aJ10Ch, YTO JHEPIrus He coXpaHsiercs!

00— —

NUMBER or TRACKS

©

EH_IG OJHa 3araJika — HCCOXpaHCHHUC ITOJIHOI'O MOMCHTA

4C, (0+) = N7 (1+) + e + ...
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[Iepexon HE B OJHO KOHEYHOE
COCTOSIHHE, a B MHOT'HE?

[ToTeps sHEPrUU NpU B3aMMOJIEHUCTBUA
C DJIEKTPOHAMH 000JIOUKH, C
COCEJIHUMHY aTOMaMH M T.IL.?7

[IpOMEKYTOUHBIE COCTOSHUSA C
HCITYCKaHUEM IaMMa-KBAaHTOB?

Kanopumerprueckuii S5KCIEPUMEHT IJIvca U
Bycrepa B 1927 1. moarBepaui, 4To CpeaHsis
SHEPrus, BeIACIAIONIAsICA B B-pacmajie
COOTBETCTBYET CPEHEN IHEPTUU BIIEKTPOHOB
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B 1930 rony B.Ilaynu BeIIBUHYII
TUIIOTE3Y HEUTPUHO B CBOEM
3HAMEHUTOM NMUCbME TIOOMHTEHCKOMY
KOHIrpeccy. HeuTpuHo — HenTpaibHas
yacTuila co CmuHoM 1/2 m Maccoit MHOTO
MEHBIIIEN MaCChI AJIEKTPOHA.

CeueHue B3aUMOJICHCTBHUS C siApaMu
o~10-40 cm2.

Cam Ilaynm kak-T0 3aMETHII:

“I have done a terrible thing. I have
postulated a particle that cannot be
detected.” No wonder that Bethe and
Peierls concluded in 1934 “there is no
practically possible way of observing
the neutrino.”

The Desperate Remedy

4 Decembsr 1930
Gloriastr.
Zirich
Fhysical Institute of the
Federal Institute of Technolegy (ETH)
Zirich
Dear radicactive ladies and gentlemen,
2=z the hearer of these linea, to whom I ask you te listen
gracicusly, will explain more exactly, considering the
‘false’ statistics of MN-14 and Li-é& nuclei, as well as the
centimious B-spectran, I have hit wpon a desperate remedy
to save the “exchange theorem”” of statistics and the ensrgy
theosrem. Wamely [there i=] the possibkility that there could
exist in the mueclei electrically neutral particles that I
wish te call neutrens, "™ which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the wveleocity of light:

But I don't feel secure enough to publish anything
about this idea, so I first turn confidently to you, dear
radicactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a ¥ ray.

B 1934 roay ®epmu co3ail TEOPHUIO CIa0bIX B3auUMOIeHCTBUM (4-X
bepMHOHHOE B3aUMOJEHCTBUE), KOTOpOas IIpuodpesia 3aKOHYEHHYI0 (hopMy
IIOCJIE OTKPBITUSL HECOXPAHEHUs 4eTHOCTU B 1957 rony.
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HeuTpuHO — 0CHOBHBIC CBOMCTBA

Cnaboe B3aUMOJIeIiCTBUE — | “Dirac” neutrinos
3apsSKEHHBIE U HEUTPAJIbHBIE TOKU Lorent= boost
(or B field)
G o oo
_ YF .o+ - -ch __ r_ L
L_ﬁ] Jor Ja =V V1=V, V., Va V, Vg
CcPT CcPT

G, =10"/m;

(1 H b 1 I
HeiTpanbHble TOKH COAEpKAT KaK Majorana™ neutrinos!

JICBBIC, TAK M IIPAaBbIC KOMIIOHCHTEI NO Iepton number Conservatlonl

Lorentz boost

Hevitpuno upaxa - V £ ]7 Vi Vg
CPT
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B nouckax HEUTPUHO

K - 3axBar

LIQUID AIR

James.S.Allen,
Phys.Rev. 61 (1942) 692

RETARDING
FIELD

B "Be +ey— Lit+v
ssiezn® "Be — tonbko K-3axBar u
COUNTER

okoJio 10% ramma ¢ sHeprueu
0.48 M»B. DHEeproBoIeiieHAE
—0.87 M»3B.

- 5000 VOLTS

Schematic diagram of the apparatus used by
Leipunski.

1200
T

1C — 1B (B+)
Jlennynckuu, 1936 Fic. 1. Experimental arrangement of G-M and

[IepBoe uzmepenue sjep
OTJ]a4M — TAKKE€ HEPEPBIBHOE
pacrupeneneHue no YHEPTrun

COUNTS IN 5 MINUTES
800
T

400
T

T, ~57 9B

0 10 20 30 40 50 60
RETARDING VOLTAGE
Fi1c. 1. The experimental curves obtained by Allen. The
upper solid curve gives the counts from a freshly prepared
source, the lower solid curve those obtained after allowing
22.12.2015 the source to age. The dotted curve represents the data
corrected back to zero age for the source.



IIpsimoe Ha0/MI01eHHEe HEMTPHHO
(Peurnec — KoyaH, 1956 )

IKCIEPUMEHT
Savannah River

V.+p—on+e’

12 m 10 peakTopa,

1.2x1013/(cm?c¢)

Incident
antineutrino

Gamma rays

Cxema ycranoBku B Savannah River. Tanku,
. ”{2/ S o0o3Hauennsle 1, I, u 1l conepxanu 1400 n
y ]\m ) KUJIKOTO CHMHTWLIATOpa. CBET
inerse PETUCTPUPOBAJICA C KaKI0ro Topua 55 @IV,
deosy ToHKME MOTUATUIICHOBBIE KOHTEHHEPHI, A U B,
Liquid scinttator Obun 3anonHeHsl 200 11 BOABI, ABIAIOMIEHCS
e MULIEHBIO, ¢ pacTBOpeHHbIMU B Hel 40 kr CdC1,

AJIA 3aXBaTa IIPOTOHOB.

Gamma rays

Positron
annihilation
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Habmroganuch COOBITHS ¢ YaCTOTOM
npumepHo 3.0+0.2 B yac npu
OTHOIIIEHUHU curHai/¢oH 4:1.

ITO COOTBETCTBOBAJIO CEUECHUIO
B3aMMO/JICMCTBUS HEMTPUHO:

Cexp = (12%7_)x10-*cm? mpu
TCOPETHUYECKOM 3HAUCHUU:

o4 = (5£1)x10-*cem? .

bbun caenaHbl IPOBEPKU:
yJIaJICHUE KaJIMusl,
YMEHBIICHUE YnCiia
IIPOTOHOB,
JIOTIOJIHUTEIIbHAS 3aIUTa

A ~ 1/(nc) ~ 10! cm = 1000 cB. et

Faedveok PEINES avat oy e COVAN

The Nobel Prize in

Boc 1463 Cos 41armer

/V'du /?ﬁ":& &

Physics 1995 Thawhs fu memsge . Eoeryhivy o X
K Vo RBrowy Aov Xeo valt.
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OnpeaenieHue CIMpalbHOCTH HEUTPUHO
['onpaxabep u ap., 1958

- 152 152*
e + "Eu—"Sm+v, #tEu
152%* 152 1 7
Sm — "Sm+y g g
7
J=0 Stey J ° :f//// é J’/
- — / /
K-3axbam - TR % /
J=1 525, %, 0 ; _piszs".,* - ! 4,‘ /
Y, 960k 3B -~ O ¢
J=0 Tszsm
a) g) [eV Z
7 P —_—5=1 ﬁ' —— = y
y_,,_ . — W), "‘\vi), Ph
I VaVala oo Wa W Wey
L - R 7 - -5
152G # -G, <=0,
Bneped Hasad N’
6€3 nepebopoma € nepebopomom
d} cnuva 8) cnuna
M SM203
5 Ny
Y+ 152Sm — 152*Sm — y + 152Sm Nal(Tl) | 4 |poy

1%
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OTKpBITHE ABYX TUIIOB HEUTPUHO 1962-1963
The Nobel Prize in Physics 1988

Leon M. Lederman, Melvin Schwartz and Jack Steinberger

22.12.2015

OTtkpsiTHE Tay-yenToHa 1975 r. —
The Nobel Prize in Physics 1995, Martin L. Perl

DHEPreTUYECKUE CIIEKTPHI B JIENTOHHBIX pacraaax
YKa3bIBAJIM HA HAJIMYKE €1€ OJHOTO HEUTPUHO - TAY
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Iloncku Maccbl HEMTPUHO

OCHOBHOM MCHOJIB3YyEMBIM METOJ] — U3YUECHUE
YHEPreTUYECKOr0 CIIEKTPa AJIEKTPOHOB,
oOpa3yromuxcs B 3-pacnaje.

SH > 3He+e+v,

Temax = 1857003B, T, =12.4 rona

N(E,) ~ - _T)2\/1_ m?
pe e 0 e (En—l)2

A

Y

|

o .
' myl £

recoil energy and excitation neglected
N(E)= const*‘ M

22.12.2015

nuclear matrix Fermi
element function

TETES,

NN
el

—> peTe(EO'Te)2

*F(Z,E)p(E +m.c*)(E, — E)(E, — E)’
~—

Tretyakov et al,
7976
mv <355B
my=0
1
0 50 700 150 /\
2.4
m’c
12



JKCIEPUMEHTHI ¢ MATHUTHBLIM aIHA0ATHYECKUM
KoJLUIMMUpOBaHUeM B MockBe u MaiHue

Pe3yabTaThl 110 NOUCKY
MAaCChI JJIEKTPOHHOI 0
( SOLENOID FLECTRODES DETECTOR HEHTPHHO

2 m| R
r é — it e 2001 data for m =0
B

PR Y Es
T —— —— o 0.03 C I "_k.‘ | ;
R o L N Ho
= [ - B! R
Bmax f Bmax D = L \ c o
o 0.072r D.ett :
Bmin ~ r e 3 i

i [ U P
NEW GUIDING MAGNETS NEW HIGH FIELD ELECTRODES 0.01p .

\\

[

X

cunt rat

L L | L
8.56 18.57 18.58
retarding energy [keVl

LOBASHEYV 99 PL B460 227 V.M. Lobashev et al. m, < 2.5 B (95% C.L.)

KRAUS 05 EPJ C40 447 Ch. Kraus et al. m, < 2.3 5B (95% C.L.)
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counts per HV bin

OxcniepumeHT KATRIN (Karlsruhe, Germany)

L ) Ea F .i.
45“}__ a g o R o
} Zaf |
i3 2t "
4000 — F. S =
_4: 1E e .
- m(v)=0eV 0 Erolironl I PR
ssoo[ F b
| 1 4
r o+ : i
000- + o |
C + 5 feres==+1.5 res>=0.05
L :I:-I- T R T R : |- [
2500 +m|{\=)=0.5av 18560 18570 18580
H, [eV]
[ + -
2000 +
C ¢1‘+
1500 ﬁ";i-:*:
+
-10mHzbad ___ T4 %#%ﬂ%wﬁ%#
mm-T....|...'..
18570 18571 18572 T BT 18575

retarding potential in main spectrometer [eV]

,<0.23B (90% C.L.)

Ha4vauo sxcnepumentoB — 2012 r.
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Yucno tunos aerkux (m, < 40 I'3B)
HEUTPUHO
N, =2.92 £ 0.06 (pactiaasi Z)

e U T m, < 23B (95% C.L.)
m,, <0.17 MsB (90% C.L.)
m,, <182 M»3B (95% C.L.)

B cnabbix B3auMoAeHCTBUSIX
YYaCTBYIOT TOJBKO JIEBBIE
HEUTPUHO U NIPABbIE
AHTUHEUTPUHO
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Photosphere
(5778 K)

The Solar Interior

Core
(157 Million K) g

Radiative Zone
(/ Million K to
2 Million K)

Convective Zone
(< 2 Million K)
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CoJiHeYHbIE HEUTPUHO

Reaction Abbr. Flux (cm™2 s71h)
PP — LUK pp —deT v pp 5.99(1.00 +0.01) x 10!
ptp— d+ et + Ve pe"p—dv pep 1.42(1.00 £ 0.02) x 10%
d+ pP— 3He + v 3He p — He etw hep 7.93(1.00 £ 0.16) x 103
3He + 3He — 4He + 2p Bee™ — Liv+ (v) "Be 4.84(1.00 £ 0.11) x 10 )Y
°B — "Be* etv °B 5.69(1.00 4+ 0.16) x 10°
4p — 4He +2e¢" +2v, +26.73 M>B BN - B ety BN 3.07(1.0050 3L x 108
E, <042 M5B 50 — BN ety 50 2.33(1.001033) x 108
"p S 1TQ ety ITF 5.84(1.00 £ 0.52) x 105
SHe + “He — "Be +y a: - -
-+ TBe —> 7Lj + Ve 101 /—pg 1o Bahcall-Serenelli 2005 1
109 | Neutrino Spectrum {(x1s)
100 _ "Be | +10.5% ]
CNO — mukn S R onn ]
2C+p— BN +7y =l | I —;
3N — 13C + et + v, g, ool P N . IToJHbII TTOTOK
BC+p— UN+y 2 oo " ff;ﬁ%/ HEUTPUHO ~
4N +p — 150 +y 104/’ ] 6.5x1010 1/(cex-cm?)
150 » 15N+e++ve 1"“?‘ 3
I5N +p — 12C + “He N
0.1

Neutrino Energy in MeV
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Caaiin u3 HooesieBckoi JJeknuu McDonald

Understanding How the Sun Burns

Hans Bethe Willy Fowler

Basic Theory 1939 Theory, Experiments 1950s, 60s
Nobel Laureate 1967 Nobel Laureate 1983

We stand on the Shoulders of Giants

22.12.2015 18



IIouCK COTHCYHBIX HEUTPUHO

Cl-Ar metoa, npeanoxeH b.ITontekopro B 1946 1.

v.+3Cl - 37Ar+e-, E4=0.814 MaB

37Ar: Ty, = 34.8 nHs.

N3BrneueHue 37Ar — ¢ TOMOIIBIO PAAHOXUMUYECKUX METOOB

[Tonzemusblii axciepuMeHT Homestake (USA)

O6bem 380 M3 ObuT ycTaHOBJIEH B maxTe Ha riayoune 1.5 kv u 3anonuen 610 T C,Cl,.
[IpuMepHO pa3 B 2 Mecsia BbIACISUICS HAKOMUBILIUKCS aprOH U MOMEIIAJICS B
MaJIeHbKUM (4.5 MM x20 MM) TpONTOPUMOHANIBHBIN cueTuuK. JleTektupyrorcs Oxe-
anekTponsl (Ee = 2.82 k3B), oopazyronuecs nocie K-3axpara.

®doH (kocmuka 1 HelTpoHbI) Topsaka 0.1 37Ar B gcHb.

Pabotsl Hauasuck B 1965 T., sKxcnepuMeHThI TPOAOKAIUCE ¢ 1967 o 1995 1.

22.12.2015 19



Count Rate (Events per Live Day)

lﬂ'I:

107

PesyabTarsl Homestake
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0.0

d(v,) =2.56 £0.16 £ 0.16 SNU,

teopusas ~8 SNU
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The Nobel Prize in Physics 1995
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Perucrpanusi costHeuHbIX HeuTpuHO Ga/Ge MeToa0M

v.+1Ga—>"'Ge+e”, E,=0.233M»1B ,
T, (71Ge ) = 11.43 nus, peructpupyrorcs OxKe-3IeKTPOHEI

u poTonsl ¢ 3Heprueii 10.4 u 1.2 koB

OxcnepumeHT GALLEX (Gran Sasso)

30 T Ga B Buge 101 T BogHoro pactsopa GaCl,, nepseie pe3. — 1992 .

(Gallex+*GNO) ¢(v,)=69.3 £4.1 £3.6 SNU  (Teopus ~ 125 SNU)

140 —

OxcnepumeHT SAGE e I 1 -
(bakcan), 55T Ga z w0 Lt + .. . F

_ +53 437 SR i e s o R o i B GRS <
O(ve) =70.8 -5, 32 £ 4] v + .

SNU

20
{}_

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year
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=Y prippte Tlonmescopdo—
1968: Gribov and Pontecorvo

suggest flavor change
(oscillation) of electron
neutrinos to muon neutrinos as a

possible reason.

For v beam with energy E

I'unore3a oCcuMIJISANMA HEUTPUHO

B ciiydae 1ByX COCTOSHUN HEUTPUHO C
MaCCOBBIMU BOJIHOBBIMU (DYHKLIHMAMHU V| U V,

Vv, = cosf v, +smnbv,
v, =-sinfdv, +cosbv,
Via~ exp [- 1 (Et-px)]
2 2
P... =1—sin’20sin”(1.27 Am(eV )R(km))
E(Gel)

Probability

e AL=nE/(1.275m7)

]:*.-“Jin2 ?151

" = | AL, ~3:10*E (GeV/km)
ALut = 10° E (GeV/km)

Distance from v source (L)

22.12.2015

5% 1071
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Kamioka Nucleon Decay Experiment (Kamiokande)

Kamiokande (1000 ton water fiducial volume)
[ 1aBHAad 11€71b — MOMCKHU pacnaga npoToHa

K. Hirata et al, Phys.Lett.B 205 (1988) 416.

Detector Data Prediction

I v, events 93 88.9

v, events 85 144.0

Paper conclusion: “We are unable to
explain the data as the result of systematic
detector effects or uncertainties in the
atmospheric neutrino fluxes. Some as-yet-
unaccounted-for physics such as neutrino
oscillations might explain the data.”

22.12.2015 23



Kakue yacTubl Mbl BUJMM Y 3¢MHOM NOBEPXHOCTH?

Atmocdepa — 1000
F/CNI2 ~ 27X0 ~ 117\‘HI{ Altitude (km)

5010 : 1 2
10000 gyt : b2 1

-

L1 =

Vs

1000

'

AlIR

\ ! - -';j A’ m + \’I{

) NUCLEUS ~ 100 W+ u g
- -
=10 -
E J."J‘ + I §
= \

2 muon- —_
- S 1 —
Neutrinos 4 olactron- £ e 3
- q_' p—
neutrino > .

0.1

()_Ul"'l"'l"'l"'l"'|
0 200 400 600 800 1000
Atmospheric depth [g cm 2]

IToTOK KOCMHYECKHX YACTHI Y HOBEPXHOCTH
3emuin npumepno 10-2 ecm2¢ 1~ 70%
3apSIPKeHHBIX YACTHII - MIOOHBI
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JKCIIEPUMEHT

Super-
Kamiokande

~120 collaborators
from:

e (Dased on the
2015 papers)

00 ton water Cherenkov detector

ton fiducial volume)

1000m underground

22.12.2015

Particle i_herenkov threshold in total Energy
o* 0768 (1)
ut 1587
Tt 209.7

25



Not long en ug.h-i;__..--r'f \
fto ostillate /

-

-

Down-going ~N ; I”
Il

*ong enough .
“to oscillate V4
4 i § ”id'

Probability
(v, remainv,)

Up-going

Iin

100 1000 10%
L(km) for 1GeV neutrinos

We should observe a deficit of upward going v 's!
We needed much larger detector. = Super-Kamiokande

AL, =~ 3-10* E (GeV/km)
AL, ~ 10° E (GeV/km)
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OxcrepuMeHT SuperKamiokaNDE

This event occurred at 1998-04-04 08:35:22. It was
reconstructed as a muon with momentum of 603
MeV. The time scale width 1s 162 ns. This event
was followed by another event (not shown) 4 us
later which was caused by an electron produced by
the decay of the stopped muon. This gives us an
additional confirmation that this is a muon.

22.12.2015

This event occurred at 1998-04-04

21:26:08. It was reconstructed as an
electron with momentum of 492 MeV. The
time scale width 1s 130 ns.

28



Atmospheric neutrino events observed in Super-K (1)

Single Cherenkov (S Multi Cherenkov
ring event - ring event

T owell; 57,3 om
Fully—Oon talned

Tina(oe]

* 103L-10i6
* 1076=1031

“ Size = pulse height
.. Color = time

Atmospheric Neutrino Oscillations
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Y. Fukuda et al., PRL 81 (1998) 1562

i . Super-K (2015)
Zenith ang(e dependence
i (Multi-GeV) No oscillation
-gomn oin
e p:mm 3 1000
% ao:r (a) FC e-like J a /XZ(S,M. e)
Sl amm | 28/t |
2 i TF@% /@ﬁ U |
a8 v EE 0 P =pgq3to13 |
g 20 i +MC stat Down —0.12 500
@ 422003_ (b) FC p-like + PC Wz(shape) . I()EC]}-I%EO |
e B = uiti-Gev Li-lIKe
Giol T | 90/ 4dof 5485
g100 'ﬁm__+_ ﬂ Uf = ().54- +0-06 0
E ofit— 256 [Down ~7 —0.05 | .
=z | B3 (5.20.!, | cos zenith
-1 (0] COS@ 1 3 0 ,
531 events 5485 events
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£450

£400 550{'
=350 :'"1'4l]{l
300 e e S
2250 £300 P T
£200 = N
Z 150 7200 -
100 100 =
30 E C
D:Illllllllllllllllll [I_Illllllllllllllllll
1 05 0 05 1 1 05 0 05 1
cosh cosB
Z1a0 F =GeV/ e-li 350
fun 3 2300
== r -
5100 | * + 5250
B - [ =
Zaf £2%
E o -iljn*' E150
- o 2P
40 - 100 So-
20 & 50 &
:IIII|IIII|IIIIIIIII :IIII|IIII|IIIIIIIII
0705 0 s 1 YaTts o s
cosB cosB

Event rates observed in Super K as a function of
zenith angle for two energy ranges. Candidate e
events are on the left, u are on the right. The red line
indicates the predicted rate. The green line 1s the best
t including oscillations.
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DxcnepuMeHnT SNO :
Sudbury Neutrino Observatory

Sudbury Neutrino Observatory (Kanana)
1000 T D,O (6ak 12 M nuametpom),
9600 ®BY En ~5 MaB

( Cerenkov Ligh:\ V + d 9 e_ + p + p (CC)
electron neutrino \.,‘ ©
,,,\ ‘o vytd>vitptn (NC)
=
e v,te = v, +e (ES)
® @
Deuteron protons
. 2 7
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Hiﬂﬂ netrinn. r— Cerenkov L'-ght-\
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© SR e s _neutrino ’IS
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3 neutron (NC) detection
methods (systematically different)

Phase | (D,0)
Nov. 99 - May 01

Phase |l (salt)
July 01 - Sep. 03

Phase Il (*He)
Nov. 04-Dec. 06

n captures on
2H(n, y)*H
Effc. ~14.4%

NC and CC separation
by energy, radial, and
directional
distributions

2 tonnes of NaCl
n captures on
35Cl(n, y)3&ClI
Effc. ~40%
NC and CC separation
by event isotropy

°H

35Cl+n

400 m of proportional
counters
*He(n, p)°H
Effc. ~ 30% capture
Measure NC rate with
entirely seperate
detection system.

8.6 MeV

n+3He - p+°H




Phase 3: 400 m of Ultra Low Background Neutron Counters
installed 1n the heavy water by a remotely controlled submarine

Light

Sensors

Neutron

Detectors
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File Move Display Data Windows
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GTID:
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Run Mum:
Date:
Time:
Previiext:
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As measured 1999-2003

Z 400 H D,0

5 6 7 8 9 10 11 12 13>
Tcl’F{MEw

:1+. NaCl

500 ?_—‘—,

T g (MaV)
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SNO Results for
Salt Phase

Flavor change

/-* determined by > 7 &.

New physics beyond
The Standard Model of
Elementary Particles!

S T
n e e NN - P 68% C.L
g
o ' e, 95 %
e s ’
X B
&
3
: S0
Vll r un 68% CL.
| F I b 88% CL.
v. | i esmCL.
Tt - q:;” 68% C.L.
0

=

2.5

(.5 L = ILS
Electron neutrinos

G =1.68 1 oo(stat.) s (syst)
B =4.94 T2 (stat) 07 (syst.)
iy =235 2 2(stat) " 2 (syst)
(In units of 10°cm s ")

L 3 L L
¢, (x 10°

35 The Total Flux of Active

cm™ 5'1]

Neutrinos is measured
independently (NC) and agrees
well with solar model
Calculations:

~~ 5.82 +- 1.3 (Bahcall et al),
5.31 +- 0.6 (Turck-Chieze et al)

Pec _ 034+0.023(stat. ) 001

Electron Neutrinos are only 1/3 of Total

NC

22.12.2015
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Solar Neutrino ProblemResolved

§1.2 B B
i I allvx Theory

\E’ 1 T &
5 0 l SNO NC ]
46 i 'l. .
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06 I BOR—7Be @BOR—pep —
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= ]
&P = < e |
004 | Cl i i
o | $ EFSNO CC -
= 0o L * SNO Phase I (D,0) ]
A" L o SNO Phase I (D,0+NaCl) veonly -
o [ SNO Phase Il (D,0+'He) T

1

10 1 Energy (MeV)

22.12.2015 39



NEUTRINO OSCILLATIONS AND NEUTRINO MASS

Neutrino Flavors (Electron, Muon, Tau) can be
expressed as combinations of Masses (1,2,3)

Tau ‘

Neutrino

Muon
Neutrino

Quantum
mechanics
states

W Mass 1
o Mass 2
W Mazs 3

Electron
Neutrino

108 20%

0%

405 50% 60% T0% 804

0%

100%

I,%

Created in a unique
Flavor State

The mass fractions
change as the
neutrino travels

After traveling there is a
finite probability to be
detected as a different
flavor type

1073

107°

10~

(‘"\]_|
>
o,
N§ 1076

12

r All limits are at 90%CL
unless otherwise noted

< -~

A
~ X CHORUS =4 |

NOMAD

~
Ts—L -

1074

1072

The analysis concludes that the electron neutrinos are converted to a pure Mass 2 state by interaction
with the dense electrons in the sun via the Mikheyev-Smirnov-Wolfenstein (MSW) effect. This
interaction determines that Mass 2 is greater than Mass 1 as well as determining Am,,? and the mixing

parameter 0,

22.12.2015
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Neutrino oscillation experiments. Past, Present and Future

“Atmospheric v deficit” “Long-baseline neutrino oscillation
(around 1590) experiments” (~2000’s)
O ¥ N Tl ,w,',c{

DERACaIRE | EENY of
Our understanding on neutrino oscillations “future oscillation
have been improving tremendously! experiments”

We still have to understand neutrinos more! (2020's 7)

iokande

“Discovery of neutrino
oscillations” (1990's)

“3 flavor oscillations”
_(2010%
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. solar
atmospheric
'Vg NS 0 x‘k 0 sinb.e " ) cosf, sinb, 1/ 0\ v,
v, =0 cuaﬁé v 0 -smé,, cos@, 0| v,
link between atmospheric and solar
4
U parameterization: three mixing "y s
angles 6., 6,; 6,; and CP violating ; m
phase 0 o
two independent Om?2 o ;
n; _¢ [ T | m3

3 families

2 2

2 _
Am; =m; —m;,

0

72 "Normal" hierarchy €———— "Inverted" hierarchy

Which one?

2 2 2
Am;, + Amy; +Am;; =0

Amf2 =Am’, =7.5-10"eV’; Am3, = Am;, ~2.4-107eV°

= (34+1)% 0

22.12.2015

, =45° 0

=(9.0£0.6)°
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