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Dear Radioactive Ladies and Gentlemen,

...I have hit upon a desperate remedy to save the
law of conservation of energy...there could exist...
electrically neutral particles, that | wish to call neutrons,
which have spin 1/2 and obey the exclusion principle ...

| agree that my remedy could seem incredible...

...dear radioactive people, look and judge.

Wolfeane Pauli Your humble servant
§ang W. Pauli

Austrian (American/Swiss) Physicist
1900-1958
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“« In order to save conservation of energy Pauli proposed ‘ |
‘that there is a third particle sharing the energy

6% \
Caobalt 60 Nickel 60 .-
27 protons 28 protons
33 neutrons 32 ncutrons

<.N'e_,u_t'rinos help In restoring the energy'conSérva’tion.f



Enrico Fermi gave the name
neutrino and a theory of Beta decay

Neutrino : Little Neutral One in Italian



The phantowm of the Opera

Properties of neutrinos

Massless

Chargeless Makes lt dlfflCU.lt to deteCt them

Weakly interacting




\ In 1956, 25 years after neutrinos were proposed

S Using antineutrinos produced in nuclear reactors
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® Clyde Cowan (1919-1974)
® Fred Reines (1918 - 1998)
® Nobel Prize to F. Reines in 1995
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Pauli’s neutrino

electron antineutrno
® 9D -

Parent Daughter
2X s A + B~ + 7,
Electron type (anti) neutrino
Always emitted with an accompanying electron

Two other type of neutrinos have also been discovered
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Extra-Galactic

Galactic

Accelerator
Average kinetic

energy of air
molecules
1S 0.04 eV

Atmospheric
SuperNova

l';'.,[:f I
Reactor

Terrestrial
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- Many sour_c:es, span_s wide range of en'erg)"




lenty of neutrinos

FACT: about 65 million neutnnos pass
through your thumbnail every second.



~ Why can't we see them ?

——

They interact very weakly

To stop a neutrino one needs lead
shielding 100 light years thick
(For X-rays 0.24mm)

VAL

The invisible particle

One needs special eyes => Neutrino Detectors



Huge Detectors

The waiting game: neutrino interactions in matter.

/ ~100 trillion v/ second ~ linteraction / 100 years - ~ 300 interactions / dcm

" Need to go deep underground |
Need observatlons over Iarge period of tlme



“ESNaET

- SuperKamiokande : Worlds
largest nevtrino detector

Superkamiokande: 50 kiloton

50 kiloton water = 50 000 000 litres !

LINAC - =aigel e Water and alr
- gy A purification system
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& Control room | Atotsu

entrancs
o \ oy S —

5
—
- 15
¥ e
e ,
Sy R N A0
v M | 3 2
f
3 "l
’ )
n Yl
, »
i o
\
J

M Ikenn Tk
Kamicka, Gifu.- <P rUUmwe) !
Japan 3k

P —
S -

. MoZumi alv Atoisu .
village - enadnce

The world’s largest underground
detector since 1996 Observes about 30 neutrinos per day
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~ Why should we try to cateh
fhem

* They are everywhere
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e They pose inte;*éjsting puzzles




It is found that neutrinos can change flavour
after passing through a distance

.‘-.------' ‘Ll vy
— — —
\'.Lt Vo Vo e

S ource Detg ctor

‘This 1S possible neutrinos have Mass and mixing

> The conversion probability is oscﬂlatory— ,
= Neutrlno Oscillation | .
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When neutrinos have mass then v, Uy are not artices of finite mass but
are mixtures of these

Vr = -SIN0 Viight + cOS 6 Vheavy 6 — mixing angle
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How does superposition of mass states evolve in vacuum ?

As the neutrino travels with energy E its heavier part falls behind

L
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n

As a result the neutrino is not a , anymore but a mixture of v, and v
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If neutrinos have mass

cosf sinéf 121

—sinf cos#f Vo

Neutrinos acquire different phases as they propagate

vj(t)) = exp(—iE;t)|v;(0)) E; =p*+mi/2p

A phase difference develop between the terms since m; # m,

At some later time
|Ve(t)) = cos @ exp(—iE1t)|v1(0)) + sin @ exp(—iEst)|v2(0)) # |ve)

Survival Probability (in vacuum)
| We(t)|ve) |° = Py, = 1 —sin?20sin2(1.27Am2L/E);

2 _ _
Ain® = iy — g

Oscillation Probability (in vacuum) 0 — mixing angle

1 — cin 290 <in 2 2 L — Distance travelled (in miKm)
Py, =1—-PF,,,, =sin“20sin*(1.27TAm"L/FE) Sl A
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P,.u, = sin?20sin2(Am’L/AE) = sin?20sin%(wL /)

Probability :e >V,

‘sﬁ@m

—
Oscillation 4xE _ (
g it Amz 2.5m

® Neutrino Oscillation requires
Non-zero neurino mass
Non-zero mixing angles
Oscillation effect Am?* ~ E/L

¢ Oscillation Wavelength

A= 4nE |/ Am?

A= 2.5m(E/MeV)(eV?/Am?)
e A >> L,sin*(wL/)\) — 0

e A\ << L,sin?(wL/\) — 1/2 |
e A ~ 2L,sin*(wLfX) ~ 1 =

MeV

Ievz] Am? ~ E/L
am? ) | ,

Not sensitive to the absolute mass
Not sensitive to the sign of A7
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For neutrinos passing through matter the
probability changes due to interaction of the
neutrinos with matter

P,.,, = sin’20,,sin’(Am;,L/AFE)

| Ampy® = \/ A — Am?cos20)? +sin*20 | Mass squared difference in matter

__Am3,sin26 Mixing angle in matter
tan 20 = Am3, cos20—A 5 a5

 Am?cos20 = A =2V2Grn., Maximal mixing at resonance
- Oy — m™/4 MSW Resonance - - =

L. Wolfenstéin, PRD 17, 1978
S.P. Mikheyev, A.Yu. Smirnov, SJNP 42, 1985



ln meiiers
‘ H=H, +V I V= V,-V,

=z W

B Effective
Hamiltonean

inWvacuums:
=
B Eigenstates - -
e

m Eigenvalues

Courtsey: A. Smirnov

Mixing angle in matter defined with
respect to eigenstates in matter
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Neutrinos needed for the sun to shine

Fusion ol Proton-Proton Cycle in Stars
/Z

ENE;;.%M,,, .\
| z + e+ Y + V

ENERGY

#Fee Neubons
o . Two protons collide to form

a deuterium nucleus, a positron, a3
gamma-ray and a neutrino

- Solar fusion reactions that produce heat and light also produce neutrinos

= Hans Bethe proposed to study solar neutrlnos
to test the hypothe5|s of energy generatlon in Sun



First detection of solar
nevtrinos

At Homestake mine in USA
First result in 1968

600 tons of cleaning fluid

Only one-third of the predicted

Less than one event/day neutrinos were found



—ceem

* Where are the wmissing solar
neutrinos ?

The experiment is wrong —
difficult to detect a handful of
Argon atoms

Solar Model calculations wrong

WELCeME TO
|HOMESTALE

CBSERYATRY Solar electron neutrinos getting

A

- (ad o 1 R Y ”
The 'n‘c emouns Neutrino - bu cq \or
-

converted to muon or tau heutrinos

New Experiments were planned to check these results



Totel Rates: Standard Model va. Experiment
Bahcall-Pinsoaneault 2000

_ Many new experiments
& oy = confirmed the shortfall
274

047302 . Y v

e Observed flux of electron
- i+ o neutrinos less than

- theoretical predictions

Theory ™ gge : fbl- Fep Zxperiments mm | & 5 ‘

The mystery of the missing solar neutrlnos
Remalned unsolved for 30 years



Can detect separately: The electron type neutrino
All three types of neutrino

Observed: 1/3" electron type neutrinos
2/3" mu and tau neutrino

- Solar electron neutrinos getting

converted to other neutrinos e | . ;
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Data: 2002 - 2007

Almost two complete oscillationZ

are observed
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1 kton liquid scintillator neutrino detector at
Kamioka, Japan

detects antineutrinos coming from
Japaneese nuclear reactors through:
U.4+p—amn+et
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Solar Neutrinos
Am3, effects are averaged out
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baseline = 180 K

p_=1-sin20sin” (am“L4E)E  KamLAND
can probe the L/E dependence

of the oscillations in the LMA re-
gion — unprecedented sensitiv-
ity to Am?

10 16
E in MeV
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Atmospheric Neutrinos

——

\ 2 £'ecion and muon type of

neutrinos are produced
when cosmic rays hit the air

LA nucleus
molecule
FPions
Tr{-

» Energy: 100 MeV - TeV
$» Pathlength: 15-13,000 km
$» Provides broad L/E band

U Ll Sdé‘:’é’été One of the first detections
in Kolar Gold Mine,
India in 1965
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— 1 (observed)
What is happening to
the muon neutrinos ?

1 (expected)
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Zenith Observes atmospheric neutrinos
e e of j through neutrino-nucleon interactions

Has enough statistics to study
events in Zenith angle bins
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Down going neutrinos do not oscillate
Up going neutrinos oscillate

# Oscillation can cause up-down assymmetry ‘
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First results were presented by T. Kajita in §

soe [ L T eroastng ot o everts wit reutns cscimen | Neutrino 1898 conference g

‘ —+—1"a poser v nun e of avants in Super-<asrmiocs v == g

i - SK found evidence for up-down asymmetry ‘é
~ in the muti-GeV muon events. g ;

- This established vV, =V, oscillation 7

as solution to the atmospheric anomaly
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- “Around the turn of the millennium, Takaki
- Kajita presented that neutrinos from the
atmosphere switch between two identities
~ on their way to the Super-Kamiokande

~ detector in Japan.”

|
§2M
%

TR T A 1

Sy e

He-izo2al goi

Flght
0,8, 8 Continent wmwe
- rumber (bue i"w] was 0oseved. nuMbe was observec. sczected rumoe

B S e R R S AT A R N £

nnm#&mwu
| -

1§

4

4

A

S S NS S S A SO R S S S N R S R S S Rl S o o

Akl d g LA d A
ST SR EEN 2 W L an

R D L b DU L TP (P D ULB R i o g SO (o (o g o g g i v aw o SO G Lo g i L gl i S0 M S v SO NP VDo r [ E R o eGP S R g g g |
o O e e e R S I B o e o S T R T Sl o O o S S R SR iy P S s s AL YT TR mmmx-mm S T T D O TR T L S ST RS SR T AT T AR AR



» Beam with well known properties

Focusing Decay Pipe \
Proton get :Q-Q M)

Beam ~— r—

FermiLab to Minnesota : 739km
MINOS

Man Injecior Neurino Oscilavon Search

Near Dalactor Wiatonain Far Detector &
Fermilab. Winois e Soudan, Minnesota £ 2 -
b+
e
o i O )\
|
- a ——
S > +
= :
g 1 Be m——
[ .. ¢ |
¢ i !
! . _
Ny =
'
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0 14 20
Recoasirucied heutino Ena-gy (G&V)

Confirmed oscillation of atmospheric
neutrinos using man made sources

Also K2K@Japan, T2K@Japan,
NoVA@US
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® Two generation v, — v, oscillation
» Matter Effect does not play role
» Relevant probabaility
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2015 Nobel Prize in Neurino |
Oscillation

J e’ Nobelpriset | fysik 2015 The Nobel Prize Iin Physics 2015
’

\Z 1 . S KUNGL.
Nobelpriset i fysik 2015 \;Eg,fggm;‘;

Wl WONAL T D A7 AT WY T W

Takaaki Kajita Arthur B. McDonald
Super-Kamiokande Collaboration Sudbury Neutrino Observatory Collaboration
University of Tokyo, Kashiwa, Japan Queen’'s University, Kingston, Canada

'for upptackten av neutrinooscillationer, som visar att neutriner har massa”
‘for the discovery of neutrino oscillations, which shows that neutrinos have mass”




. Three Neutrino Oscillation
Parameters

3 masses, 3 mixing angles, 1 phase
Atm +LBL Sol+KL

Cz3 523
S
Sp3 Cz3 )| €513 <13
Cip — cos0Oypetc., 8 CP-violating phase

Oscillation experiments — sensitive
to mass squared differences

®» Solar: Am3, = m35 — m5, 612 Amosphere
» Atmospheric: Am3, = m35 — mf7, O3
» Reactor Neutrinos : 6,5




v, -
¢+ Isotropic flux of electron antineutrinos |Ile +p— et + nl
5

Oscillations observad as a deficit o Inverse Beta Decay

Ve [ Y Unoscillated flux the electron antineutrinos (IBD)
V.
1.0l Near Det. ~ Far Del. P i
o _ I,)ﬂ *Governs

12 s | 7 the deficit Measured

= non-zero value of
= Ag? 1 : ,
c"..?' P(v —a-v)-sl—cm"ﬂ em‘2H qm(ﬂ—Aml—)-qm 24 Ql"'ll “Li 913 :

Diastance 1200 to 1800 meters

@ Yonggwang, Korea
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® The best-fit values and 30 ranges forNHare:

Oscillation parameter | Best-fit Value

o, | 3382 [ 3L61° > 3621
6 | 8BI° | 8.22°58.00°
T 6n | 483 | 4085513

Am3, (x10-5\2) 6.79 — 8.01
IAmZ,| (x10—3eV?) 2.432 — 2.618
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Outstanding issues

* The hierarchy of neutrino masses Norml Inverfed

2

* The octant of the 2-3 mixing angle

Sun

 The precise value of the CP phase

Atmosphere

* The nature of the neutrinos

* Whether three or more neutrinos ?

Atmosphere

* The mechanism of neutrino mass

and mixing Su
n

» Whether neutrinos can explain the
baryon asymmetry of the universe ?

Many planned and proposed experiments



Daya-bay JUNO

ORCA




14.4m

| 1ém L 1w o |
e | SR S
— : om
Bodi West Hills, Pottipuram, 50 kton magnetized iron detector
Theni district, Tamil Nadu
9°58° N and 77°16’ E . D
110 km from Madurai city Will observe oscillation of

atmospheric neutrinos

Can discover unknown neutrino properties
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3 Neutrino Event Generation Output: ¥
i vAN-> ¢+ X i) Reaction Channel ;
i PROAIRCE Generates particles that resull from a random B W) Vestex informakion §
;E inlerzachion of a neulnino with maller using  heorelical i) Energy & Mmm of 3 ?%
,}3 models for both neutrino fluxes and cross-sections. fnal state partices ;:4
1]
3 Event Simulation , ; ofow‘:p“t_ "
: ¢+ X through simulated ICAL ) xyz - "’°"5 as they
' : Simulate propagation ot particles through the PrOpapEase twnug r

ICAL detector with RPCs and magnetic held. ) Energy ' : )
i) Momentum information

» prd
%t Lee
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Event Digitization Output:

4 DIGITIZATION x,y, ) of final state particles including noise and i) Digitised w"’_“ qu'e previous

g detector efficiency stage (simulation)

3 Add detector efficency and noise to the hits -

i #

§ s

; Event Reconstruction . Output:

d ANALYSIS (E,p) of ¢ + X (total hadrons) i} Energy & Momentum of muons

g Fit the muon tracks using kalman filter techmiques and hadrons, for use in physics :

3 to reconstiuct muon energy and momenham, use hils analysis. §

i in hadron shower 1o reconstruct hadron mformation g
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@Fermilab, US

Sanford Underground
Research Facility

Fermilab

Accelerator neutrinos traveling 1300 km

Long-Baseline
Aiming for ground breaking discoveries Fxepriment

regarding properties of neutrinos
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Sumwmary

Neutrinos are all around us

They interact very weakly and one needs huge
detectors to study them

Neutrino oscillations have been observed by several
experiments and provided information on neutrinos
mass differences and mixing angles

Story is not yet over, hew experiments .....

May hold the key to deeper understanding of nature
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i > |In 1960 Bruno Pontecorvo suggested that the neutrinos produced in

Tty MAY be different from the neutrino produced in B-decay.

> In 1962 this experiment was carried out using a beam of 15 GeV protons
in the AGS accelerator in Brookhaven
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Number
Reaction observed

Sy+po>pt+n 29

10'? antineutrinos
from T decay. Vp+p >et+n 0

proton
target

“ The first high energy neutrino experiment “
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& Nobel Prize in 1988 to Leon Lederman, Melvin Schwartz and Jack Steinberger

The known lepton families after the neutrino experim ent;
the alactron (@) and tha alectron neutrino (Ve), tha muon (1)
and the muon neutrino (v.).

=« for the neutrino beam method and the demonstration of the doublet
structure of the leptons through the discovery of the muon neutrino.”

> «_..was a crucial step to the current world view of particle physics which
we call Standard Model "

> Between 1962 to 1988 “high energy neutrino beams found intensive
and varied applications in particle physics experimentation “
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Three types of neutrinos have been observed
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