PymeH LleHoB, 30.07.2014 .

PymeH LleHos
Kateapa ,ATomMHa ¢pusuka”,
Couiicku yHusepcutet ,C. Kn. Oxpuacku™

7 th Bulgarian High School Physics Teachers Programme, CERN, 2014



CrekTbp Ha eJIEKTPOHUTE 110
eHepruu npu pf-pasnagase

3K
120 ] T T

A
90

number of events
[=>]
o

PaxdaHemo Ha udesima 3a HeympuHa @

NMucmo Ha Bondoranr Maynu ot 4.12.1930

Dear Radioactive Ladies and Gentlemen,
1930

As the bearer of these lines, to whom | 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, | 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 | wish to call neutrons, which have spin 1/2 and obey the
exclusion principle and which further differ from light 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 0.01
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...

| agree that my remedy could seem incredible because one should have seen
those neutrons very earlier if they really exist. But only the one who dare can win
and the difficult situation, due to the continuous structure of the beta spectrum,
is lighted by a remark of my honoured predecessor, Mr Debye, who told me
recently in Bruxelles: "Oh, It's well better not to think to this at all, like new
taxes". From now on, every solution to the issue must be discussed. Thus, dear
radioactive people, look and judge.

Unfortunately, | cannot appear in Tubingen personally since | am indispensable
here in Zurich because of a ball on the night of 6/7 December. With my best
regards to you, and also to Mr. Back.

Your humble servant

W. Pauli translation: L.M. Brown, Phys. Today,
Sept.1978, 23
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Neutrinos are Interesting

Am? ~2.4x10-3 eV? E. Lisi, talk at ICHEP 2010
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According to the inSPIRE database, 2,900 neutrino papers were produced
in 2012, compared to about 2,400 papers concerning the Higgs boson
Joseph Lykken Neutrino 2014 Conference, Boston, June 7, 2014
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AOpeHnaT peakTop KaTo M3TOYHUK Ha
(aHTM)HeyTpUHa
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Reines and Cowan s~

[1psako pernctpupaHe Ha v

MunieHara ce
cecrou ot 400 |
BOJIa, B KOSTO €
pasrBopen CdCl,

N3TOYHUK Ha (aHTN)HEYTPUHA
— SAAPEH peakTop

‘Ve+p—»eﬁ+q

1953
LR
- [103UTPOHBT aHMXUNUPA C ENEKTPOH OT cpeaaTa ﬂ. Y
1 ce reHepvparT [jBa eqHOBPEMEHHM rama-kBaHTa:
et +e —yy. '
- HeyTpoH®bT ce 3abaBs B cpenarta 3a okono 15 us
N C rofigMa BeposiTHOCT ce nornbla ot Cd sapo,
KOETO OCTaBa BbB Bb30yAeHO CbCTOSHME.
B1b36yxgoaHeTo ce cHeMa 4vpes 2 rama-npexoaa.
PernctpupaHeto Ha BcnYkute 4 poToHa ypes 4-
KpaTHW 3aabpXXaHu cbBNageHust naeHTuduumpa
eOHO3Ha4YHO peakymaTa.
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[1BYKOMMOHEHTHUAT MOE]

1956 He3zama3zBaHe Ha IpOCTpPaHCTBEHATa YETHOCT B -pa3najaHeTo Ha
%0C0: usnpuenusT enekrpon nma sissa crmpansoct (C.S. Wu et al.)

1957 N3meppane Ha cnupanHoctTa Ha HeyTpuHoTto (M. Goldhaber,
L. Grodzins, A.W. Sunyar):

HCYTPpHHATa uMar JisiBa CIIMPAJIHOCT.

IoJsipru3anusaTa Ha Y-KBAHTUTC CC U3MCPBA 4PE3 KoMnTpHOBOTO UM

a3CCMBaHE OT HAMArHUTCHO KEJIS30 : : .
P Science and Jazz in the NY Daily News
Sunday September 21, 1958

*

e +Gd —r.+ Sm

1
Sm + Y

1959 Ray Davis ycraHoBsiBa, 4e (aHTH)
HEyTpUHATAa OT SJIPEH PEaKTop He
B3aumoyerictar ¢ Cl, 3a ma reaepupar Ar:
n—->pe v,ory?
N3npueHnTe npu pas3nagaHeTo HEYTPUHA HE
OCBHIICCTBABAT pCAKIUATA
v + 3Cl > %Ar +e,

T.€. T€ Ca aHTHUHEYTPHUHA.
7 th Bulgarian High School Physics Teachers Programme, CERN, 2014
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1960 Lee u Yang npegnonarar, 4e
OTCBHCTBMETO Ha pasnagaHe oT TUna

W — € + v (BR<5x10%3, 2013)

€ yKa3aHue 3a Hann4meTo Ha 2 Tuna
HeyTpuHa: v, N Vg .

oo e v+,

Chen Ning Lee and Tsung-Dao Yang

Pymen LieHos, 30.07.2014 r. 7 th Bulgarian High School Physics Teachers Programme, CERN, 2014



[1psika npoBepka 3a
HanMyMeTo Ha ABa Tuna
HeyTpUHa

NMPOTOHEH CHOIM OT
AGS (33 GeV)
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NAOHNTE. VH\/ H
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paxgaT camMO MIOOHM, W
HO HE N ENEKTPOHMU,
KoraTto B3aMmMmoden- N hadrons Vi

cTBaT C BeELWEeCTBOTO.
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TpeToTo NOKONEHNE NENTOHN
Donut — NpPAKO M. Perl n cb1p., SLAC-
LBL, 1974-77, Hobenosa
perucrpupane after the fau lepton Harpaga 1995 r.
HA T-HEYTPUHOTO discovery tau lepton
zyzr/oniz a3z 1776.84£0.17 MeV/c?
YO the existence of the I
L €UUU - 9x10713s
e Tau neutrino

Detecting a Tau Neutrino

v LAY \I‘
Evidence for Anomalous Lepton Production

In e+ - e- Annihilation; Physical Review Letters,
\ol. 35, Issue 22, 1489-1492; 1975

et+e —er+ Ll+ + at least 2 undetected particles
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Pyme LieHos, 30.07.2014 . 7 th Bulgarian High School Physics Teachers Programme, CERN, 2014 Vorviru 10



3 r1OKO/T
gpe3 00M«

Heyrpaauu
JICTITOHH
(HeyTpuHa)

3apenenn
JIETITOHH

my

KBapku

PymeH LleHoB, 30.07.2014 .

Bottom . -1/3
Strange . -1/3

UYL AL

Elactric

Chargs
Tau . -1

Elactric
Chamge

Down e -1/3

Leptons

Tau
Neutrino

Muon
Neutrino

Electron
Neutrino

Electric

. Charge

» o

-

0

Quarks

- @
Charm e
- @

each quark: ®F, @B, ® G 3 colors

Iyl wVIIvvI

The particle drawings are simple artistic representations

TIyvIvy 1TvavIIvI v I

1vyr

i

Electric
Charge

2/3

2/3

2/3

IV N i\

Ny =T

'CTBAIIM CU
YHA).

8 GeV

11



Mopen Ha Glashow-Weinberg-Salam
3a cnaboTo B3anmoaencTeme

HeyTpuHHUTEe nonera

(v.) (v.) (v.) (uj (cj (t] ca nesu u besmacosu

o) ) (=) \d > b mv,)s 2.3 e/

enToHu KBCIPKM m(v,) < 0.19 MeV/c?,
m(v,) < 18.2 MelV/c?

6, G 6 et

UR dg SR CR br IR eR TR TR.

cnabo B3aumopencTeume
SU.(3)xSU(2)xU (1)

Pymen LleHos, 30.07.2014r. 7 ! Bulgarian High School Physics Teachers Programme, CERN, 2014 12



B3anmogencrene Ha HEYTPUHOTO C
BELLEeCTBOTO

3apepneH Tok (CC) -
_ v, +N—>u +X
Vi n H

N/\X

HeytpaneH tok (NC)

v, +N—>u" +X

v,+N—-o>v, +X

Ve,u,t Ve, u,t

Z N v,+N—>v, +X
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[1bnHo ceveHne Ha CC - B3aumopencTene k
Ha HEYTPUHOTO C BELLECTBOTO oy
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FRIDAY, JUNE 5, 1998

Ducovcry on Neutrino
Rattles Basic Theory
About All Matter

v RIS A iy 0 bav
L ke v $x A
By vnu:ot.u W. BROWNE
TAKAYAMA, Japan, June 5 — In
wha!

Maﬁrﬁ‘(‘md in Elu.;ib; Plczrlicle;
Universe May Never Be the Same

Detecting Neutrinos
Neutrinos pass through
the Earth’s

surface 10

a tank fNiled
with 12.5 mi-
lion galions *
of ultra-pure

institutions in Japan and the L
United States that o, <+
they had four existence of mass
ina elustve particles
particle called the neutrino.

The neutrino, a particle that car-
ries no electric charge, is so light produc-
that it was assumed for many years Ing a cone-
to have no mass at all. After today's shaped

will =) flash of ight

have to confront the possibility that |
much of the mass of the universe is |
in the form of neutrinos. The discov-
ery will also compel scientists to |L'"'"“°'"‘s
revise a highly successful theory of ’51‘:200“ u'amb"
the compasition of matter known as J ¢
the Standard Model. inchlight |

Word of the discovery had drawn amplfiers
some 300 physicists here to discuss hat cover
neutrino research. Among other the inside of
things, they said, the finding of neu- LIGHT AMPLIFIER e tank
trino mass might affect theories
about the formation and of And Detecting Thelr Mass
galaxies and the ultimate fate of the By analyzing the cones of Ignt,
universe. If neutrinos have sufficlent . wicis1s determine that some
mass, their presence throughout the g, rinos have changed form on
universe would Increase the overall air journey. i thay can change
mass of the universe, possibly slow- 4., 4.0 must have mass
ing its present expansion. y

Others sald the newly detected but  Sowoe Unvansty of Mawss

as yet unmeasured mass of the neu-
trino must be too small to cause
cosmological effects. But whatever
the case, there was general agree-
ment here that the discovery will

L Y

ed by the detector except the exist-
ence of neutrino mass had been es-
lly ruled out

have far-r 8 for
the investigation of the nature of
matter

Speaking for the collaboration of
scientists who discovered the exist.
ence of neutrind mass using a huge
underground detector called Super-
Kamiokande, Dr. Takaaki Kajita of
the Institute for Cosmic Ray Re-
search of Tokyo University said that
all explanations for the data collect-

Dr. Yoji Totsuka, leader of the
coalition and director of the Ka-
mioka Neutrino Observatory where
the underground detector is situated, |
30 miles north of here in the Japan
Alps, acknowledged that his group's |
announcement was “very stromg,'” |
but said, “We have investigated all ‘

Continued on Page A4
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Atmospheric neutrine results

from SuPer-Kamio/mnde % /Gmio/(and«
—Evidence {or % OSCiHGﬁons—

T kajita
Kamioka observatory, Univ. of Tokye

Kamiokande

for the {Svrér.lém:okanle} Gllabortions

http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/
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(pp-I: 86%)

(HeP: 0.00002%)

:

(Be) |"Be+e —~Li+ v,

Li+p —=2

(pp-II: 14%)

B 8
B—~ Be+e +V ()

"Bé— 2

(pp-Ill: 0.02%)

+ 2et +2v, + 25MeV

4He

<E,,>~ 0.5 MeV
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2L, 1
" 26MeV 47 (1AU)?

=6.5x10"scm™

NN
Oedununt Ha enNieKTPOHHN HeyTpuHa?

CnvH4Yyesu
HeyTpuHa

Total Rates: Standard Model vs. Experiment

Bahcall—-Pinsonneault 2000

MbpBUTE
eKCnepumMmeHTalniHun
YKa3aHUA:
Ray Davis, Homestake: %76%
BCUYKO 3ano4yBa oKoso 1968 r. / | - 1.0:543
0.55+0.08
7
0.48+0.02 /é
2.56+0.23
SuperK Kamioka
Cl H,0
Theory ™ “Be mm P—P. pep
8B Il CNO
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EkcnepumeHT SNO
(Sudbury Neutrino Observatory)

Llen: aetexkTUpaHe Ha MHOOHHU U Tay-HeyTpuHa B
NOTOKA CNbHYEBU HeyTpUHQ
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= e
v,+d-p+p+e (CC)

4 n+7Cl-5*Cl+ 7+ 8.6 MeV
L n+ He )+ £ +0. 76 MeV:__',

(ES)

v (NC)

- n+d—>t+7+625 MeV |
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B +1.01 _ +0.4440.46 o :
Diom =9.05 531 Dono = 5.09 543 043

$,, (10" cm 2 57)

[ e o L R O A S -
NEERES RERE

|2002 |

Strong evidence of flavor change

CrangapTHusaT Moaea Ha CIIbHIETO € PaBUJICH.
HeyrpuHara M3MeHAT TUNA (ApoMaTa) CU NpHu
IbTYBAHETO 10 3eMsATA.
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Kak ToBa MmoXe ga ce cny4sa?
‘ ‘ ‘ Q V3
e M T

GJ J%BM(@

apoMaTHu # CbCTOAHNA C onpenerieHa
CbCTOAHUA MacCa
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1€TEKTOP

pa3npocTpaHeHHe BbB BAKYYM
WJIM BellecTBO
- >
L

AJKIAT Ce ChCTOSTHHS .
pantiL caa00 B3anmogeiictue (CC)

C ompejieJieH apoMar =
V> = |v;>+ )

| l3:IV2>+ v(t)>=0a lv,> exp(iE,t) Ve II\\II_)e—;(
| +B 'v,> exp(iE, 1) YueNTH

Y V3> B 1V2 p( 2 ) VIN—)'C—X

+ v vo> exp(iE;t)

P(e—p)=i<v, v()>?
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eBOoJIioUNA Ha CbCTOAHNATA BbB BPEMETO ’%;

vi)= |v,)cos@+|v,)sin 6= eigenvalue  m;

v,) =—|v,)sin 6+|v,)cosd = eigenvalue  m;
vice versa:
v,)=|v,)cos@—|v,)sin 8

v, )= |v)sin6+|v,)coso

Cbcrosinmne, poreHo B MoMeHT t=0 kaTo v, , 11e eBOJIINpPa BbB BPEeMeTo:

: ] : m°c®
v(t)) =], )cosd e —|v,)sing e E=perT
Li(peeMC J_gmé—gf)otl

vit)=e h(‘vl>cost9—\v2>8iy

IMosiBsiBa ce (paza Mexay ABETE MACOBH CHCTOSIHMA,
NMPONOPUMOHATHA HA PA3JIMKATA B KBAIPATUTE HA MAaCHUTe.
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BepoAaTHOCT 3a ocuunaumnu

cosf sinéb
_ A2 = N ®
’ (—sin@ cos@> " mi — my|

(x=L1)
2
Peonv(z) = sin? 26 sin? (A47En :c)

2
Porvl) = 1= sin? 26 sin? (AA;; 3;)

1=Pex / \

1272V L k) | 2 L e /(127 ) S
E(GeV) 2

Am? ~10 ev? Pos in® /

Xmax ~ 1.2 km L (distance)

PymeH LieHos, 30.07.2014 r. 7 th Bulgarian High School Physics Teachers Programme, CERN, 2014 25



ek n

Pl [ i

|I/£> == ZUea IVa> |l/e(t)> = Z e—iEatUea |Va>

(8
Py, (t) = [(ve | ve(®)I’
= 3" |VeaUsaUisUes| cos [(Ba ~ Ep)t — prva]

a,
* B m?x
perap = arg(UeaaUpUgUp ) o~ Pl 3 p|

o ok 2Ty
Pulyl, (lL') = Z IUeaUK'aUeﬂUK'ﬂl COS (L—QIB —_ (’Oeelaﬁ>
i 47 F

Log =
U~ PMINS warputa wa cviecparero ¥ Aml,
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QuYSics b,

AR Y
MaTtpuua Ha Pontecorvo-Maki-Nakagawa-Sakata

— S 2 ').7A2L ]7,7 »)(AEL(A")
P[v‘(,(v!‘)evf,(ve)] = [sin" 20, '2'351n‘( 21; )—Esgsmﬂf)”lv;g %)Sln m;,

(Am2L)\ . o Am?L)
+ 2 ]cos 6(AmﬂL) (@F A Jsing A';;;L)sin- Am2 L
\

a(x) =\2G, N, (x) 22 \ 4E
h ( 2
./,_ = (15550 353C»3553 i COSZHH sinz 26]4?31 4ECI(X) %
‘ == |Am;, 4E
L ) -l s A '~2 L 2 .2 A ;ZL
T LIl e 20, {c0s20, fs,.|sin S0 | 4 o2 sin? 20, Tl
‘ 2 ‘ Lo 2E - \ 4FE
—i5 "\
Ci5C13 512613 S
io io
U pmns — | T 912023 7 C125755 € C12Co3 = 5125,354 Sy3C3
io i
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ChCTOSIHUSA . ‘Va>:ZUai‘Vi> KBICTO O =€, 1, T n 1=123
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neutrino oscillation
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Reactor Neutrino Source

Site Distance| #of flux ‘Signal
Japan (km) |cores v em2s™") | (viyr)
Kashiwazaki | 1600 | 7 4.25x10° | 348.1
Ohi 1795 | 4 188X10° | 154.0
Takahama 1906 | 4 1.24x10° | 101.8
Hamaoka 214.0 4 1.03x10° | 84.1
Tsuruga 1386 | 2 1.03x105 | 847
Shiga 806 | 1 1.08x10° | 8838
Mihama 145.4 3 1.03x10° | 845
Fukushima-1 | 3400 | 6 5ax10' | 435
Fukushima-2 | 3440 4 49x10° | 403
Tokai-ll 2046 | 1 1 7x1o‘ 127
Shimane 414.0 2 9. 9x10 8.1
Onagawa 430.2 2 9.8x10° 8.1
Ikata 561.2 3 8.4x10° 6.9
Genkai 755.4 4 5.3x103 43
Sendai 8241 | 2 35x10° | 28
Tomari 7835 2 2.4x10° 20
Korea '

Ulchin 750 | 4 88x10° | 72
Wolsong 5% | 4 75103 | 52
Kori 700 4 q 8.0x10° | 66
Total 69 | 175.71.34x10%/1102

PymeH LeHoB, 30.07.2014 .

Total expected signal
from reactors:
(~80% duty factor)
= 2 events/day

Baseline is limited:
85.3% of signal has
140 km < L < 344 km

Average baseline
distance <L>~ 190 km

68 GWe power
4% world’'s manmade power
20% world'’s nuclear power
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YJacTHIA

PymeH LeHoB, 30.07.2014 .

E¢exT Ha YUepeHnkosn

CKOpOCT Ha CBETJIMHATA BbB BoJdaTa. C/n

N koepuunent na npeuynBane =1,33

CBeTNUHHMU (pOTOHM Ce U3NbUBaAT No
obpas3yBaluTe Ha KOHYC C bIbJ NPU Bbpxa

cos 0 =1/(Bn)

= [lpu gocTuraHeTo A0 CTEHUTE Ha AeTeKTopa ce nonyyasaTt
CBETJ/IMHHU NPBbCTEHU

MIOOHU — NMPBCTEHU C PE3KU rPaHNLMU
EnNeKTpoHU/NO3NTPOHN — MPBCTEHU C Pa3MUTH
rpaHuum nopagu Bb3HUKBaHeTo Ha EM kackap

7 th Bulgarian High School Physics Teachers Programme, CERN, 2014 32



u - like event e-like event
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wysics p
A\ s,

PesynTtaTn OT eKCnepumMeHTUTe, pernctpmpalum @
cnbHYeBn HeyTpuHa (Neutrino 2014)
Data set for global solar analysis

The most up-to-date data are used

v~ SK:
- SK-l 1496 days, spectrum 4.5-19.5 MeV(kin.)+D/N:Exin>4.5 MeV
- SK-Il 791 days, spectrum 6.5-19.5 MeV(Kin.)+D/N: Exin>7.0 MeV
- SK-Ill 548 days, spectrum 4.0-19.5 MeV(kin.)+D/N: Ekin>4.5 MeV
- SK-IV 1669 days, spectrum 3.5-19.5 MeV(Kin.)+D/N: Exin>4.5 MeV
v~ SNO:

- Parameterized analysis (co, c1, C2, a0, a1) of all SNO phased. (PRCS88,
035501 (2013)) ysis (o, €1, €2, a0, a1) P (

(Note: the same method is applied to both SK and SNO with aoc and a1 to LMA expectation.)
v Radiochemical: Cl, Ga
- Ga rate: 66.1%3.1 SNU (All Ga global) (PRC80, 015807 (2009))
- Cl rate: 2.56%0.23 SNU(Astrophys. J.496, 505 (1998) )
v~ Borexino: Latest 'Be flux (PRL 107, 141302 (2011))
v~ KamLAND reactor : Latest (3-flavor) analysis (PRD88, 3, 033001 (2013))
v~ &B spectrum: Winter 2006 (PRC73, 73, 025503 (2006))
v~ B and hep flux free, if not mentioned.
3rd June, 2014 Neutrino 2014

M2 EEARSAEAERAEAALEEELEAE S RS A (.« Ny ).033)
L. sin? @15 = 0. 31 20033
4t - A 2 _ +0.19
5L Amzy = 7.5475 7%
B S ‘ a2 10.014
%’;180 ~/Same ~20 tenS|on with sin” 12 = 0.311 L0014
c e
17 ‘KamLAND in Am221 Am«u 4.8575 59
< ¢
ie ono-+0.013
14 P ‘\]]l (7)| o = %()()iiz ;;:Jl
13 - n+0.19
/ ) 2 _ = F
13 / /,,,.,\\\ . A‘IN.‘QJ_ = 7.50"5 1 )
18 P “The unit of Am2z
s L is 10-° eV2
7 i
6
5
4
3
2
1 H[o L2a ,Sf;
0.1 0.2 0.3 0.4 05 2468
3rd June, 2014 Neutrino 2014 sin (9) 372 30
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AtMocdepHU HEYTPUHA

M Kolkdrster (1914) /

F0C0 = //'

—_ Very wide neutrino flight length

D~

=>» Wide neutrino energy

=> Mixture of v,, anti-v,, v, and anti-v,
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______________________ Predicted ratio of muon to
""" electron neutrinos
almost isotropic source
(geomagnetic effects) L1 L1 L1
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Survival probability P(ve, = var)

e
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lNMpeneTHO pa3cTtosiHMe oT ~20km
A0 ~12700 km
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Am? =3x1073eV?
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L/E (km/GeV)
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Super-K Atmospheric v Analysis Samples Neutrino 2014

Fully Contained (FC) . : .
. S 1000 |SoanFEdiGﬂ3ﬂ _ 300 1
B -+ o -
lnoo.-—_-‘-:sl‘...ﬁé-_-.- 200 ;_._‘—l_l_'_'_l_—

—

- ﬂ
) c 500 T SK Data
()] 500f V. — Vs 1 100k
> Sub-GeV e-like Sub-GeV p-like UESlrIJg: 1!
Ll 8994 Events 9359 Events 1286 Events
b ' 0 ... o3 0 1 0 05 0
5 ; - -0.
|5
o 600 1 1000
-g 1000}
= 400} .
< 500} -
500}
200 .
' gnqlggi-gev F—Iike gndgg-éaev -like + PC ISJ ?TshEougltm u
H venits venis venis
Upwa_rd-gomg Muons (Up-i) ok " I ol . I ol - !

g - H\\ cos zehith

“ In total 19 analysis samples: multi-GeV e-like samples are
divided into v-like and v-like subsamples

® Dominated by v,V oscillations

“ Interested in subdominant contributions to this picture
* |e three-flavor effects, Sterile Neutrinos, LIV, etc.
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813 Fixed Analysis (NH+IH)

20— :

SK Only

Neutrino 2014

15

Ayl

10—

20

15—

20 T |

- =mmm SK Inverted Hierarchy:

1 L SK Normal Hierarchy

10

S _sw. IIII- / ""; | 5 95%
_m. \/ -}/-‘ I a0% i
Q001 0.002 \J;::;oé ~ 0004 0005 92 . o8 0 R ;
[AmZ,|,]AmZ | MeV? Bep
Fit (517 dof) X 0, 5, . Am_(x107)
SK (NH) 559.8 0.025 3.84 0.57 2.6
SK (IH) 560.7 0.025 3.84 0.57 2.5

] 813 fixed to PDG average, but its uncertainty is included as a systematic error

W Offset in these curves shows the difference in the hierarchies

PymeH LeHoB, 30.07.2014 .
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V“"Sics D,

HeytpuHa ot CERN kbm Gran Sasso

. TbpceHa Ha v, — v, ocunnauuu
. 732 km npenetHo pascTosHue

—  brbn Ha cHona cnpamo xupu3oHTa 5.9°
—  [Hetextop: OPERA 146000 ,.emuncuoHHu" Tyxnuukm (1.21 kton), Icarus 600 tons

. Habwpa aaHHM 2007-2012 r.

CNGS — npoTOHEH CHOII

lonte-Emilius
Piemonte
Alessandria
Emilia-Romagna

Monte-Maggiorasca
Monte-Prato
Monte-Giovo

ry of Gran Sasso

" neutrino ‘beam e

Pointer 44°52:03 56 NSJB 633 E
-
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dopmmpaHe Ha cHona Ha CNGS ‘o

Hellum bags Decay tube Hadron stop Muon deteCtors

Access shaft
PGCN




[TbpBOTO CLOUTUE C paXXgaHe Ha
T-NEenToH

-

PL1Y PL18 PL19 PL20 PL2’1//
% ./7' Side view
~ /. - //. I.-" _.'
- H

Event topological features (side view)

careful visual inspection of the
films behind/in front the
secondary vertex:

no “black” or “evaporation”

tracks. Support topological
hypothesis of a particle decay

>
1mm lead

By considering the 1-prong hadron channel only, the probability to observe 1 event
due to a background fluctuation is 1.8%, for a statistical significance of 2.36 ¢ on the
measurement of a first v, candidate event in OPERA.

If one considers all Tt decay modes which were included in the search, the probability
to observe 1 event for a background fluctuation is 4.5%.
This corresponds to a significance of 2.01 o.
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UPMNS

= UssUy3Ui2 =

SK-atm+MINOS+T2K
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KakBo 3Haem cera”?

[mobaneH ur:

bfp £1o

30 range

511‘12 912
B12/°
sin? @3
B2z /°

sin® 013
B1a/°
dep /°
ﬂmgl
10-5 eV?
Ami,
10-3 eV2
_'\mgg
10— 3% e (

(N)

119+0.037
0.4137 425

40,0531 @ 50,4713

5+0.013
0.302Zg 012

33.3675 7

4+0.021
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~+40.0023
0.0227% 5024

8.667012
300175,

= =018
D075 19

o 4me40.070
+2.473 75 nar

~—+0.042
—2.427 { _n.065
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Ot ocimanoHHuTe U3MepBanus m,> 50 meV

":—; 0.05F ¢ © Mainz 94 dato
4 [ = Mainz 98/99 dato L )
s — fit for m,’=0 tritium B-decay and the neutrino rest mass
S 0.04F o Moinz 2001 data
0.03} . ¥ 5 i ¢ ¢ 8 end point energy : E,= 18.57 keV
¢ ¢ supemaliowed
0.02} Eise
t,';%;' T R entire spectrum - region close to & end poin
0.01F #
08 |
0'.,.1AL.1..‘1A .;l [
18.55 18.56 18.57 18.58 S 06 _
retarding energy [keV] . | % m(ve) =0 eV
S = B
ﬁ 04 B onl -3
=3 y 2w 10 of all
= 02 decaysin last 1 e
a2 0 _
-t
0 L | | | -3 -2 -1 0
2 B 10 14 18
E-E;[e
electron energy E [keV] o [eV]

2004 . — Mainz - mg < 2.3 eV (95% CL)
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KATRIN - Karlsruhe Tritium Neutrino Experiment

air coils

6 -r(m)

lsN=—470 A |sN=470 A |sN=670A IsN=470A [#N=—470A

Pre-spectrometer
diameter: 1.68m, length: 3.38m

Main spectrometer
inner diameter of the cylindrical section: 9 '
23.28m:; inner surface: 650m2, volume: 14 (@&
< 10" mbar

2 - | 'ﬁ ’
CERN, 2014
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v-less Double-/3 decay: (A,7) — (A, Z42) + e~ + e @

mgg = | Ujjmﬂ < 0.35 eV
+theor. uncert. <. 1.05 eV (90% CL)

[

s I It
<M >gp= ZmiUfi i ! 1 0
i=1 )2 0
= ’ M1ClaCls + MysiaCrae™™ +mysize” 1) |
0 1
0 ()
dividing point mgg ~ 10meV’ o
o0
| | 1 ()
Signal below ~ 10 meV would imply mey2 g
Majorana and Normal Hierarchy! 10° 107 10
lightest neutrino mass in eV (mey2 = (1eV y2 _ qg-18
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Ss" ’,
OrpaHn4eHnss OT KOCMOSOrMYHN OaHHU , Q

Planck results
0

Limits on }_ m,

Results on > m,

[Planck 2013 results.XVI.]

- Planck+WP+highl
° Z ?.}?'V < 066 e\! Ho — = Planck+lensing+ WP +highl
(95%CL; Planck+WP+High-¢) 08 — PlakWP gL (4)
@ +lensing 206
- r Q— ’
> m, < 0.85 ¢V =

@ removing lensing information

we go back to ~WMAP 0.2

090 02 08 12 16 20

+BAO: | > m, < 0.23 eV

Boston, 6th June 2014

Cosmological constraints on neutrinos with Planck data
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Atmanenherin pions,

neutrino oscillations:

neul  Astrophysical

neutrinos at Earth

astrophysical
& ~a.E29

many model predictions
-key feature is harder
energy spectrum
a.E2%ys p.E27 + c.E37
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50 m

1450 m | |
2450 m \

2820 m
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eTektnpaHe — lceCube (km?

F—— T

B
=

IceTop

== = _— 81 Stations

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324m
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[leTekTpaHe OT KOCMOCaHa KOCMUYHUN TbYN C - @
MHOIO BUCOKW EHEpPruun, BKi. HEyTpMHa oy

International Space Station (ISS)
. AGASA("100km?)

Auger ("3000km?)

UV photon

3000 Gton — for HE neutrinos

Extensive Air Shower (EAS
Image © 2009 TerraMetrics
Data © 2009 MIRC/JHA

© 2009 Cnes/Spot Imag

E*¢(E) (eV em?® s sr')

7" Bulgarian " * * 2" ®  PERN, 2014 52
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3.
4.

o

HeyTpuHHKM 3aragku &2,

HeyTpuHata umaTt pasnuyHu OoT Hyna macu Ha nokou (3Haem
TOBA CbC CUTYPHOCT, 3ALIOTO Te OCLMNUPpAT);

Macute Um ca MHOro NO-Masnku OT Tesn Ha OcTaHanuTte
pyHAameHTanHU noneta (< ~1 eV/c?). Konko manku ca u
3al0 TOBA e Taka?

Kakea e npupoaara um: Qupakosu unu MairopaHosu?

Hanu HeyTpuHaTa ce nosBsBAT CAMO C OnpeaersieHa
cnupanHoct? Wma nu “ctepunHu” HeyTpuHa?

Tpu nokoneHua NpaeaT Bb3MOXHO HapyleHueto Ha CP-
cumeTpuata. Ho 3awo umame camo Tpu nNoKosneHus?

Kak ce nopaxaar kocmuuveckute HeyTpuHA U OT KbAe uAaBaTt?

KOMUTO YakaT 6baeLinTe cu uscnengosarenu...
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