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Newlrinos are everywhere ...
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Neilrinos, they are very Small.

77zey Aave no c/zarge and Aave no mass,
And do not interact a all.

The earth is just a silly ball

7o hers, Chrough which they simply pass
Like dird maids down a dratty Aall,

Or photons 2hrough a sheet of glass.
They snué the most exguisite gas,

ZIgnore Che »ost s wbstantial eall,

Cold showlder stee/ and \SOA(nd/ng brass,

Inswult the stallion in fus stall,
And y S cOrn/ng barriers of class )
Infildrate you and e Like Zall
And painless guillctines, they fal/
Doeon CArough our Aeads into Che
3ra5 S.

A n{g/’lz‘ y Lhey enter From Nepa/
And pierce the lover and Ans /ass
Fron wnderneath the bed. You call
IZ wonderful; I call it crass.
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Offaner Briaf an dis Jrunpe dear Hadicaktiven bol der
Gauveraina~Tegung zu Tabingan,

Abmobzd ft

Physikelisches Institnt
dar Eidg, Techniachen Hochacmla
Zrioh Olorisatranse

Liebe Radicaktive Damen imd Herrem,

Wie dar Usbarbringer dissar Zeilan, den ich Inldvollast
ansuhbren bitte, Ihnan des nEheren sussinsndersetsen wird, bin ioh
angesichts der "faelschen®™ Statlatik deor Ne und Li-6 Eerne, sowle
des kontimuierliche bete-Spektrums auf olnen varsgweifelten Aueweg
varfallen um den "Weohselsate® (1) der Statfstik und den Energienats
s retten. Mimlich die MOglichkeit, es ktimtsn elaktrisch nsutrale
Tellohen, e ioh Neutronen nenman will, in den Kernen sxistieremn,
wglehe den Spin 1/2 haban und das Aupschlisesungaprinsip befolgen und
‘whalh von ldchtquanten musserdam noch dadirch onterscheiden, dass vie
g‘dt Lichtgescwindigkeit laufen. Die Hasse deor Neutronen

vor derselben fosnenoramng wis die Elektronessmsse sxdn und

s nioht grosser als 0,0] Protonamamse:~ Dam kontimuieriiche

Spektrum wire denn warstindlich unter der Atmalme, dass bein
boba~Zarfal)l mit dem Elektron jeweils noch ein ¥evtron ewitiiert
wipd, dewward, dass die Sumne der Fnorglen voa Neutron und klektron
konastant lst.

"Tt is difficult to find a case where the

word 'intuition' characterizes a human

achievement better than in the case of

the neutrino invention by Pauli *

| Wolfng
Pauli

g, z. (j 3-.}3
Absohrift/15.12.56 WM

‘mr!.oh, !lo Des. 1930

(Bruno Pontecorvo, 1980)

Dear radioactive ladies and gentlemen,

As the bearer of these lines [...] will explain more exactly,
considering the 'false' statistics of N-14 and Li-6 nuclei, as well as
the continuous B-spectrum, | have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the
energy theorem. Namely [there is] 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 additionally differ from light quanta in that
they do not travel with the velocity of light: The mass of the
neutron must be of the same order of magnitude as the electron
mass and, in any case, not larger than 0.01 proton mass. The
continuous B-spectrum would then become understandable
by the assumption that in g decay a neutron is emitted
together with the electron, in such a way that the sum of the
energies of neutron and electron is constant. [...]

But | don't feel secure enough to publish anything about this idea,
so | first turn confidently to you, dear radioactives, 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 y ray.

| admit that my remedy may appear to have a small a priori
probability because neutrons, if they exist, would probably have
long ago been seen. However, only those who wager can win,
and the seriousness of the situation of the continuous -spectrum
can be made clear by the saying of my honored predecessor in
office, Mr. Debye, [...] "One does best not to think about that at
all, like the new taxes." [...] So, dear radioactives, put it to test
and set it right. [...]

Unfortunately, | cannot personally appear in Ttbingen since | am
indispensable here in Zurich because of a ball on the night from
December 6 to 7. With many greetings to you, also to Mr. Back,
your devoted servant,

W. Pauli
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http://en.wikipedia.org/wiki/Peter_Debye
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1932 — discovery of the newtron by Chadeoick
1934 — dlSCO\/ery oF BT a/ecay éy Jolict-Curie
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Dis CO\/ery of the First

M ea z(,‘ /‘no Che electron newdrino
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: Fred Reines & Clyde Cowan

C.L. Cowan Jr, et al. Science 124, 103 (1956)
F. Reines and C.L. Cowan Jr, Nature 178, 446 (1956)

“We are happy to inform you that we have definitely detected neutrinos ...”
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Dis CO\/ery of ZAhe

Second Necdrino

1962 : Steinberger, Lederman &
Schwartz

Che ricton neddlrino
ptp—m+X
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Dis CLO\/ery oF N ecttra/

Cetrren?s

1973 : Gargamelle Bubble Chamber (CERN)

v, + N — v, + hadrons
v, + N — v, + hadrons
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Section efficace [ nb ]

DELPHI

20 [mvisiéble decay cidt/

el Nv=2.984 +0.008

1 1 I Ll 1 I Ll
89 90 91 92 93

1 I 1 1
94 95 26

Energie de collision [ GeV']

3/ /:9/72‘ neulrinos Chat couple eith Che Z° in

lhe ws wa/ /,uay



Dis Covery o Zhe T Hird

M ea Zr /‘no Che Cawt nectdrino
2000 : DONUT Collaboration

DONUT Detector

Idermdm
MUONS COMINgG
Imdocry

Calonmeter determines
Imyddoaymm

IMWM

DONUT Detector for
direct observation of
tau neutrinos (V)

v+ N —-17+X

Kink
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Two Types of Oscillation

dIs appearanc.e eXper/MenZ‘S

qppearanC’/e eXper/MenZ‘5




From Theory to
Experiment

[Experiment]
. [Theory]
# of neutrines \, g\ survival probability




P*°< 0,05

sin*"2913< 0.15
sin:613< 0.04



Atmospheric Neutrinos

Super-Kamiokande, Soudan2, IMB,...

, Cosmic Rays
| (P, He,..)
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Saper - Kd/)?/aé ande Delector

Super-Kamiokande

Kamioka-Mozumi zinc mine

1 km (2700 meters-water-equiv.) rock overburden
Water Cerenkov detector '(
50 ktons (22.5 ktons fiducial)

Instrumented with
50-cm PMTs in Inner Detector (ID)
20-cm PMTs in Outer Detector (OD)
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Super-Kamiokande

Fun 4268 Bwvent 7899421
37-06=-23: 031 15157
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Super-Kamiokande
(Kamioka, Japan)



Atmospheric Vv’s

Event Categories

Fully-Contained Partially-Contained Upward
Stopping Muon Through-going

SK-III run period: July 29, 2006 - present Muon

Event Rate (events/day)
Event Category S _— SK-II|
(Preliminary)

Fully Contained (FC) 8.18 + 0.07 8.22+0.10 831022

Upward-stopping p (Upstop)  0.25 + 0.01 0.28 £0.02 0.24 £ 0.03




Atmospheric Neutrinos
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Atmospheric Neutrings

Sub-GeV e-like Sub-GeV u-like

z 450
S 400 f
= 350 E
S 300
_§ 250
g 200
Z 150
100

0.5 0
cos® cos®

Multi-GeV e-like Multi-GeV u-like + PC

Super-Kamiokande up going down going



Zenith Angle Analysis: SK-| + SK-II

SK-1 Sub-GeV 1-ring e-like Omue

O 0B 060400 0 02 040608 1
16°SK-1 Multi-Gev 1-ring e-like

1-08-06-04-0.2 0 0.2 0.4 06 08 1
SK-1 Multi-Gev Multi-ring mu-like

-1 -08-06-04-02 0 0.2 0.4 0608 1

zoSK'.' Upmu stopping

,go=1 Sub-GeV 1-ring mu-like Omue

1 08-06-04-02 0 0204 0608 1
SK-1 Multi-Gev 1-ring mu-like

e e
1 -08-06-0.4-0.2 0 0.204 0608 1
SK-1 PC stop

O 0B 0604 020 02040608

100
80

60
40|

0- 2 L A A st A e
-1 -0.8-06-04-0.2 0 02 04 06 08

SK-1 Sub-GeV 1-ring mu-like 1mue

E—

SK-1 Multi-Gev Multi-ring e-like

SK-1 PC through

* SK-l data
== Monte Carlo (no oscillations)
Monte Carlo (best fit oscillations)

3
\ "\ ‘,\/ .



Accelerator Neutrinos
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K2K : Japan

disappearance L = 220 Km
experiments Va7 o

Target Hall Deca Pipe Absorber

Protons from
Main Injector

Hadron Monitor

MINOS : USA
L =735 km




Accelerator Neutrinos

7T_|_—>,LL_|_—|—VILL bl it

K2K: MINOS :

Expected: 80.1127 events Observed: 56 events Probability < 1%

! | ! ' ' | ! ! ! | ' o
MINOS Far Detector -

>300: —4— Far detector data _:

- N0 oscillations

i Best oscillation fit |
200 NC background ~ —

10g rhoehyd
% 2 4 6 8 10
Reconstructed neutrino energy (GeV)




On/ (Vi electron necudrinos are proa/L(Cea/ in The Swun



y2)Zea CVC/ e

0 o
99,77 % 0,23 % p+_|_e_+p+_)2H_|_\'e

05 %
“H+p'—°Hety  [=PHetp" —*He +e'+v,

l 15,08 % neP

‘He+*He— 'Be+ v

l 99.9 % J 0.1 %
‘Bete— 'Litv,

84,92 % l
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l

"Be*—>4He+*He




C/\/O—- cyc/e

15N+p+_>12C+42He 150_)15N+e++\.e L 15N+p+_>16o.|.y

12C+p+_)13N+n;/ 160+p+_)17F+y

BN 13C+et+v, TE>10+et+v,
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Bahcall -Serenelli 2005

Neutrino Spectrum (+10)

+10.57%
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Neutrino Production
Neutrino Energy
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E_=814 keV

Charged Current

615 ton

+ 1 neutrinos every 2
days




C7a//i et EXper/‘MenZ‘S

E =233 keV
th

Charged Current

30 ton Ga
100 ton GaCI3

10”° Ga nuclei

Gran Sasso, ltaly
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Saper-—-K Experiment
Solar Peak above S MeV

SK-I 1496day 5.0-20MeV 22 .5kt
(Preliminary)

Event/day/kton/bin
o
N

Michzel Srow, T Irvine




0.3

Number of Neutrinos/cm?2/s

Callium

Solar Neutrinos

S

: :

Neutrino Energy (MeV)

Chlorine uperK, bl

Reaction Abbr. Flux (cm™2 s71)

pp —det v 5.97(1 = 0.006) x 1010
pe p—dv 1.41(1 £0.011) x 10%
SHep — 4Heetv 7.90(1 £0.15) x 103
Bee™ — "Liv+(v) 5.07(1 £ 0.06) x 10°
8B — 8Be* etw 5.94(1+0.11) x 108
BN - BCety 2.88(1+0.15) x 108
150 — N etw 2.15(17018) x 108
I7p 5170 ety 5.82(170-19) x 108

Standard Solar Model
BPS 08 (GS)




Solar Neutrinos

Homestake (1968-1994)

Chlorine SuperK, bl

GCallium
Reaction Abbr. Flux (cm™2 s71)

pp —det v 5.97(1 = 0.006) x 1010
pe p—dv 1.41(1 £0.011) x 10%
SHep — 4Heetv 7.90(1 £0.15) x 103
Bee™ — "Liv+(v) 5.07(1 £ 0.06) x 10°
8B — 8Be* etw 5.94(1+0.11) x 108
BN - BCety 2.88(1+0.15) x 108
150 — N etw 2.15(17018) x 108
I7p 5170 ety 5.82(170-19) x 108

Standard Solar Model
BPS 08 (GS)

0.3 N 3

Neutrino Energy (MeV)

Number of Neutrinos/cm?2/s



Solar Neutrinos

Homestake (1968-1994)

Chlorine SuperK, bl

GCallium
Reaction Abbr. Flux (cm™2 s71)

pp —det v 5.97(1 = 0.006) x 1010
pe p—dv 1.41(1 £0.011) x 10%
SHep — 4Heetv 7.90(1 £0.15) x 103
Bee™ — "Liv+(v) 5.07(1 £ 0.06) x 10°
8B — 8Be* etw 5.94(1+0.11) x 108
BN - BCety 2.88(1+0.15) x 108
150 — N etw 2.15(17018) x 108
I7p 5170 ety 5.82(170-19) x 108

Standard Solar Model
BPS 08 (GS)

0.3 R 3

Neutrino Energy (MeV)
233 keV

Ve -1 Ga -5 T REEEEE
SAGE/GALLEX/GNO

Number of Neutrinos/cm?2/s




Solar Neutrinos

Homestake (1968-1994)

Chlorine SuperK, bl

GCallium
Reaction Abbr. Flux (cm™2 s71)

pp —det v 5.97(1 = 0.006) x 1010
pe p—dv 1.41(1 £0.011) x 10%
SHep — 4Heetv 7.90(1 £0.15) x 103
Bee™ — "Liv+(v) 5.07(1 £ 0.06) x 10°
8B — 8Be* etw 5.94(1+0.11) x 108
BN - BCety 2.88(1+0.15) x 108
150 — N etw 2.15(17018) x 108
I7p 5170 ety 5.82(170-19) x 108

Standard Solar Model
BPS 08 (GS)

0.3 R 3

Neutrino Energy (Me
233 keV

Ve -1 Ga -5 T REEEEE
SAGE/GALLEX/GNO

Number of Neutrinos/cm?2/s




Solar Neutrinos

Homestake (1968-1994)

Chlorine SuperK, bl

GCallium
Reaction Abbr. Flux (cm™2 s71)

pp —det v 5.97(1 = 0.006) x 1010
pe p—dv 1.41(1 £0.011) x 10%
SHep — 4Heetv 7.90(1 £0.15) x 103
Bee™ — "Liv+(v) 5.07(1 £ 0.06) x 10°
8B — 8Be* etw 5.94(1+0.11) x 108
BN - BCety 2.88(1+0.15) x 108
150 — N etw 2.15(17018) x 108
I7p 5170 ety 5.82(170-19) x 108

Standard Solar Model
BPS 08 (GS)

0.3 R 3

Number of Neutrinos/cm?2/s

Neutrino Energy (Mé€ Ve + g e L P+DP
233 keV e o+
71 71 —
Ve +' " Ga —"" Ge + e SNO

SAGE/GALLEX/GNO



Solar Neutrinos

Homestake (1968-1994)

Chlorine SuperK, bl

GCallium
Reaction Abbr. Flux (cm ™2 s 1)

pp — det v 5.97(1 £ 0.006) x 100
pe p—dv 1.41(1 £0.011) x 10%
SHep — 4Heetv 7.90(1 £0.15) x 103
Bee™ — "Liv+ (v) 5.07(1 £ 0.06) x 10°
8B — 8Be* ety 5.94(1+0.11) x 108
BN - BCety 2.88(1+0.15) x 108
150 — N etw 2.15(17018) x 108
7P 5170 ety 5.82(170-19) x 108

Standard Solar Model
BPS 08 (GS)

0.3 R 3

Number of Neutrinos/cm?2/s

Neutrino Energy (Mé€ Ve + g e L P+DP
233keV VX__d%VX—I_p—I_n
71 71 —
ve +'" Ga —""Ge + € SNO

SAGE/GALLEX/GNO



Solar Neutrinos

37C1—37Ar (SNU) 71Ga—71Ge (SNU) Reaction 8B v flux
(105cm 25~ 1)

Homestake [4] 2.56 £0.16 = 0.16 -

— +4.3
- & 7562247 Kamiokande [5] 2.80 = 0.19 + 0.33
- o pioiiar  Super-K I[109,111] 2.38 = 0.02 + 0.08

Reanalysis [104] +e. 1+t -9
GNO [9] 629755 +95  Super-KII[110,111] 2.41 +0.057918

GNO+GALLEX [9] 69.3+4.1+3.6 Super-K III [111] 2.32+0.04 £0.05
GNO+GALLEX- SNO Phase I [12] 1.7610-08 + 0.09

Reanalysis [104] 67.6+40+ (pure D20) 2.3910-22 +0.12
SAGE (6] 654131+

2
2
6 +0.44+0.46
8 .09 43-0.43

+0.08

SSM [BPS08(GS)] [100] 127.9181 SNO Phase II [112] 1.68 = 0.061°0 06
(NaCl in D20) 2.35+0.22+0.15

4.94 +£0.2179-38

1 SNU (Standard Solar Unit) SNO Phase III [113] 1675009 0.08

(3He counters) L7751 0 0

+0.33+0.36
5'54—0.31—0.34

# interactions/103¢ atoms/s SNO Phase I+1I [114] 514018158 0:137

®p from fit to all reactions 5.046“:8:{231’8:{85

SNO Phase I+II+I1I [115] ~ ®p from fit to all reactions  5.25+0.167 013

Borexino [118] Ve 24+04+0.1

3.
3.
2.
2.

SSM [BPS08(GS)] [100] 5.94(1 = 0.11)

Reaction Be
(10%m~2s~1)

Borexino [117] 3.10£0.15

SSM [BPS08(GS)] [100] 5.07(1 = 0.06)
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reactor newutrinos @ 150 k1 Fror detector

0 2 4 6 8 10
I Neutrino Energy [MeV]

|.8MeV threshold in Inverse Beta Decay




Inverse beta decay

ﬁe—l—p—>e+—l—n
lzows
n+p—d-+vy

Scintillator is both target and detector

® Distinct two step process:

® prompt event: positron

B, 88 Byvonass 4+ 0 BMeV

® delayed event: neutron capture after ~207s
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® 1 kton Scintillation Detector P i
Zih Il
e 6.5m radius balloon filled with: ‘wi HI

e 20% Pseudocumene (scintillator)
e 80% Dodecane (oil)

e PPO

® 34% PMT coverage

e ~1300 17" fast PMTs

e ~550 20" large PMTs

o _ 1800 m3
e Multi-hit electronics Buffer Oil

® \Vater Cherenkov veto counter

Water Cherenko
Outer Detector
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From Mar 9, 2002 to May 12, 2007
1491 live days, 2881 ton-year exposure (3.8x KL2004)
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June 2011
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% iﬁ:* I_| — ) Off-axis angle (2.5 ° ) —=—Data
p target 't ) = — Background
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& horns _ Near detectors Far detector ] signal

—+— Data
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v, +Vv, CC
. v,CC
B NC
(MC w/ sin°28,,=0.1)

T2K

6 events obs.
1.5 expected bc

0.7<LEM<0.8

Best Fit: sin®(20,,) = 0.041

2 T
Am32> 0, ch - 0, 923 =Z

LEM>0.8
Bins Merged for Fit

[P. Adamson et al., Phys. Rev. Lett. 107, 181802 (2011)]

>
<5
=
o
0
QA
=
w
‘—
-
(<5
>
()
——
o
| —
()
LD
-
-
P

0
0 1000 2000 3000
Reconstructed v energy (MeV)

2 4 6
Reconstructed Energy (GeV)

K. Abe et al., Phys. Rev. Lett. 107, 041801 (2011)]



Y. Abe et al., arXiv:1112.6353

Double Chooz

wtp—  Double Chooz Data

No Oscillation

Best Fit: sin’(20,,) = 0.086

for Am}, = 2.4x107 eV?

I Summed Backgrounds (see inset)
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----- No oscillation
— Best Fit
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Energy [MeV] Prompt energy (MeV)

Z,

ODS NO S
PS — 0.944 + 0.016 + 0.040 PS — 0.940 + 0.011 + 0.004

exp exXp

Z,

sin® 2613 = 0.086 + 0.041 + 0.030 sin® 20,3 = 0.092 + 0.016 + 0.005



Gallium Anomaly LSND/MiniBooNE Anomaly
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Gallium Anomaly LSND/MiniBooNE Anomaly
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Z./‘M/‘Z‘S on Ne elrino MasSes




T rdicen Bela —Decay

H —° He+e™ + 1, Q = My — Myge — m. = 18.58 keV

al
dT

< [MF(E)pE(Q = T)\/(Q = T) = m,
Ketrie p/ ot

k() = J@-T)@-T7 - m

m,, < 2.2eV
Troiitsk & Manz (2002)

18,2 »
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T Q — mj
Ferditre K47’? IN Seh\S/‘Z‘/‘V/‘fy 0.2 e\/




Kelic Necwldrinos
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Hre necttrinos = antinecwtrinos 7

s 3
. A
o /_.f 2 . ™ N CE——
o N
W -

quorana Nectrino

vV F£ U

Dirac. Nedtdrino

Ettore Dirac
Majorana

Newtrinoless Dowble

u
Nn.d

Beta Decay

€

Up o

1934

| Nuclear Physics (== A(Z+2,N-2)

-
=W
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Second order ceak interaction process




/\/eaZ‘h noless Doaé/e—- ,8 Decay

AL = 2

= GOV|MOV‘2|m55‘2

NA,Z) - NA, Z+2)4+e +e”

effective Mgorana mass Mpa = Z U mi
k




/\/ el rinoless Doaé/ e ,3 Decay
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0 normal hierarchy
© inverted hierarchy
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TPy = (2.38£0.02 £ 0.14) x 10° yr @ 90% CL

T}, > 3.4 x 10% yr @ 90% CL
'mgs| < (120 — 250) meV




