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* This lecture 1s intended to give intuitive
understanding of neutrino physics for
students and young physicists of other field.

* 1 will try to make this lecture to be a bridge
between general text books and scientific
papers.

* 3 lectures are very short to mention about

all the varieties of neutrino physics and only
limited but important topics are mentioned.
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‘ Contents

* History

* Neutrinos in the Standard Model [~ Day-1
* Neutrino Oscillations (Main) «=— Day-2
* Double Beta decays - Day-3

* Prospects
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What 1s known for neutrinos

Only a few things are
known about neutrinos.

.... There 1s much room
to study.

111018
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I Neutrino Properties I

See the note on “Neutrino properties listings™ in the Particle Listings.
Mass m < 2eV  (tritium decay)
Mean life/mass, 7/m > 300s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 107 s/eV (solar)
Mean life/mass, 7/m > 154 s/eV, CL = 90% (accelerator)
Magnetic moment g < 0.54 x 10719 pg, CL = 90% (solar)

| Number of Neutrino Types |

Number N = 2.984 + 0.008 (Standard Model fits to LEP data)
Number N = 292 £ 0.05 (S5 =1.2) (Direct measurement of
invisible Z width)

I Neutrino Mixing I

The following values are obtained through data analyses based on
the 3 neutrino mixing scheme described in the review “Neutrino
Mass, Mixing, and Oscillations™ by K. Nakamura and S.T. Petcov
in this Review.
sin?(26y,) = 0.87 + 0.03
Am3, = (7.59 £ 0.20) x 107>
sin?(26) > 0.92 [
Am3, = (2.43 £0.13) x 102 ev2 Ul
sin?(26,,) < 0.15, CL = 90%

J

<

44
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Basic Fermion

Strong Interaction

YES NO
Quark Lepton
ud,s,c.bt EM Interaction
YES NO
Charged Lepton Neutrino
V.,V ,V
6, M) T e u T

We call Fermions which do not perform strong nor EM interaction,
Neutrinos

111018 suekane @FAPPS 5
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v Timeline (years are approximate)

1899 Discovery of S-decay [Rutherford]
1914 B-ray has continuous energy spectrum [Chadwick]
1930 Neutrino hypothesis [Pauli]
1956 1%t Evidence of neutrino @ reactor [Reines & Cowan]
1961 Discovery of v, [Shwartz, Ledermann, Steinberger]
1969~ Deficit of solar neutrino [Davis]
1977 Discovery of 7 lepton ( indirect evidence of v, ) [Perl]
1985 Proposal of MSW effect [Mikheyev, Smirnov, Wolfenstein]
1987 Detection of neutrinos from SN1987A [Koshiba]
1989 N, =3 by Z° shape [LEP]
1995 Nobel prize to Reines
(1996, 1997Claim of v,->v, oscillation [LSND])
1998 15t evidence of neutrino oscillation by atmospheric v [SuperKamiokande]
2000 Direct evidence of v, [DONUT]
(2001 Claim of neutrinoless 3 decay [Klapdor])
2002 Nobel prize to Davis & Koshiba
2002 Flavor transition [SNO]
Reactor Neutrino Deficit [KamLLAND]
2004 v, disappearance @ Accelerator [K2K]
2010 v, 2 v, [OPERA]

2011 Indication of v, appearance @ Accelerator [T2K]




‘I 1% Indication of Neutrino ‘

(The 1st anomaly in neutrino

~1914, ly found . -
an anomaly foun which lead great discovery.)

y & a decays =» The energy of the decay particle is unique
n A

“ 2M Ta/y

J.Chadwick, 1914
However, for 3-decays,

. . n
it is continuous. /\

29
Why?" T,
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Neutrino Hypothesis

* Energy conservation low is broken (N.Bohr, 1932)

E,=E,-E,

* B-decay 1s a 3 body reaction (W.Pauli, 1930)

*
*
*
.
*
*
“
*

@__@_.@ E,=E,-E,-E,<E,-E,

7 Neutrino Hypothesis
111018 suekane @FAPPS 9




4/Dec./1930
Letter from Pauli
to participants of
a conference.

111018

Dear Radioactive Ladies and Gentlemen,

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 Li® nuclei and the continuous beta spectrum, | have hit upon a
deseperate 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

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

sueckane @ FAPPS %




Expected properties of v from 3-decays

(1) Q=0 € charge conservation
(2) s=1/2 € spin conservation
(3) mass is small if exists € maximum energy of [-rays.

(4) Interact very weakly <€ lifetime of S-decays.

111018 suekane @ FAPPS
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How v-N cross section was estimated in early days.
Fermi's model
Fermi P
GF___A v
\ e-

M x G,

Various fB*decays & Electron caputure = G ~10"''/MeV?

2
Then, G(V +p—e+ n) = %péM ~107[b]!

"I did something a physicist should never do. I predicted something
which will never be observed experimentally..". (W.Pauli)

"There is no practically possible way of observing the neutrino"
(Bethe & Peierls, 1934) suckane@FAPPS "




Then 30 years had passed .... Discovery of v

111018

Very strong v sources are necessary,

€ Chain reactions of nuclear fissions.

Energy release: p-decays:
200MeV/fission ~ 6 Vv/fission

| J
i

1.9x10v/]

4

Reactor or Nuclear Explosion

suekane @ FAPPS
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An early 1dea to detect v (not realized)

by Reines & Cowan

Reines & Cowan /

Nuclear Explosion

Nudkear

plose
robal
Bured n
m g ke
I 40m —s
Back 4! wm
purmp

Yaowun

] Ine
Vacuum shaft ﬂ -

Neutrino Detector —— |

Free fall to prevent
the shock wave.

Figure 1. Detecting Neutrinos from a Nuclear Explosion

Antincutrinos fron the firetall of a nuclear device would Impinge on a liquid scintila-
tion cktector suspanded In the hok dug below ground at a dstance of about

4 maters fron the 30meter-high tower. I the original schame of Reines and Cowan,
the antinautrinos would nduce Inverse bota decay, and the dekcior would record

the positrons procuced Inthat procoss. Ths Nges wes sechews cosreny of Sottsonis
mftsor

=> Physicists make use of everything available
While preparing the experiment, they realized nuclear

reactor 1s more relevant to perform experiment.
suekane @FAPPS
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Then they moved to a Savannah River Reactor

200L Cd loaded water tanks \

1400L liquid scintillator tanks <

111018

Figure 4. The Savannah River Neutrino Detector—A New Design

The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors

(I, 1l, and lll). Each detector contained 1,400 liters of liquid scintillator that was viewed
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed
about 10 tons.

suekane @ FAPPS
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Principle of v detection

* v flux:

@ 15m from Savannah Liver P reactor core. (P=700MW)

flux~5x10'2v/cm?/s

* Detection Principle:
Ve+p—>e +n =

{e+ +e” —=2y(0.5MeV)

" , Reutrine

2

i n ;
BN

¥

4
i
L

ol

o Eau cadmiee

n+Cd — Cd*— Cd+ny(9MeV)
et n
. ~10us §

111018

Delayed Coincidence Technique
Still used in modern experiments
suekane @ FAPPS
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2 examples of delayed coincidence

LS tank ID I

Neutron scope

(b) Positron scope

http://library.lanl.gov/cgi-bin/getfile 700326606 .pdf#search='delayed %20coincidence %20cadmium%?20neutrino'

111018 suekane @ FAPPS 17



At the same time of Reines& Cowan, R.Davis and L. Alvarez
performed neutrino experiment at a Savannah river reactor, too.
Their detection principle was,

v+Cl— e + Ar

However, they failed to detect positive result.
But this actually means the reactor neutrino (anti neutrino) dose not
cause the reaction
v+Cl+e +Ar

and neutrino and anti-neutrino are different particles
(concept of that time)
Later on, Davis also won Novel prize by detecting solar neutrinos
with the same technique.

Lessons : Negative result can be an important signature.

: Hanging on 1s important for success.
111018 suekane @FAPPS
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‘ Discovery of pu-neutrino \

Lederman, Schwarts, Steinberger

* Neutrino Source:
@ Brookhaven AGS p(15GeV)+Be = w+X

T—> U+V

7t decays with 21m decay space.

99.99% of neutrinos are associated with muon production

111018 suekane @FAPPS 19



Detection of neutrino

* Target: 90 x 2.5cmt Al slab

u+X spark chambers

blindage de fer
e+ X &

Looked for v+ Al — {

w signal => a single track civi § B M _
e signal => EM shower v T SN
le i s'améte
I"- détecteur
They ObserVGd | 50 m ) (10 tonnes)
34 single track p events " o
22 H+X du neutrilno j: o

6 backgrounds (not like ¢ )
=» The neutrinos from S-decay and m decay are different particle

111018 suekane @FAPPS 20



T neutrino
(2000 DONUT group)

* Production of T neutrino FNAL TEVATRON
p(E = SOOGeV) +W — D§(m = 1.97GeV) + X
Then

D; = t*(m=1.78GeV)+v_ (Br~4%)
C T - mDs >Nt
D, COS@W Cabibbo favor
s " E, ~70GeV, P _0.0s

111018 suekane @FAPPS 21



Detection principle

v +A—=17+X

T decays after ct~87um,

Look for the "kink"

85% for 1 prong mode v,

15% for 3 prongs mode.

111018 suekqne @ FAPPS




the Detector

Steel Shielding Target Area  Analysis Magnet  Drift Chambers  Calorimeter
with
Emulsion

: Hﬂﬂﬂﬂ

g 111

| 1 | 1 |
10m

FIG. 4. Schematic plan view of fhe spectrometer. The neutrinos are incident from the left, emerging from the passive shield. The
design is relatively compact to offtimize identification of electrons and muons.

£1 £2
| I
|
FIG. 3. Schematic planview of the target region. The emulsion
modules are indicated with E labels, the trigger hodoscopes with

T labels. The lighter gray areas are occupied by scintillating fiber
lanes, 44 in total. Th s of charged icles in ical
111018 [ Bimesits i e puys of chuped puticles 2 vpical | 11 ekane @ FAPPS 23
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Results (2000)
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3 prongs

Iprong

4 +0.44 v_was observed in 1000 neutrino events. (90 significance)

"We did R&D for T-neutrino detection around 1980 but once
gave up because it seemed too difficult to success". K.Niwa
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Search for neutrino mass

4 B-decay: absolute v-mass \ /" Ovpp-decay: eff. Majorana mass
model independent, kinematics model-dependent (CP-phases)
status: m <23eV status: mg, < 0.35 eV (evidence?)
potential: m, =200 meV potential: Mg, = 20-50 meV
, eg KATRIN, MARE-II y e.g.: GERDA, CUORE, EXO, SNO+, Majorana,
\____ Nemo 3, COBRA, KamLAND-Zen

neutrino mass
measurements

cosmology: v hot dark matter Q

model dependent, analysis of LSS data

status:  2m < 0.44 eV (Hannestad et al.,
JCAP08(2010)001)
potential: 2m_ = 20-350 meV

e.g.: WMAP, SDSS, LSST, Planck

N o,
Volker Hannen, TAUP 2011 conference, 7.9.2011




relative decay amplitude

Direct neutrino mass detection

electron neutrino

0.6

0.4

0.2

Principle

A—B+e +V,

N(p,)dp, = p}(E,—E,)";/1-

e

Ey,—E,—-m,

tritium B-decay and the neutrino rest mass

3H —3He+ e + 7V,

superalioved

enhtire spectrum

| | | |

rel. rate [a.u.]

2 6 10 14 18
electron energy E [keV]
111018

o

=2 B O
R @

o

haif life : t,,,= 1232 a
B end point energy : E,= 18.57 keV

mve)=1eV

region close to 8 end point

mi{vg) =0 eV

uhnly 2 x 10 of all
decays pflast 1 eV

-3 2

-1 0]

E - E, [eV]

suekane @ FAPPS
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spectrum at the end point
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‘H—"He+e +V,

Source: Tritium
(0=18.6KeV, T, =123y)

E,=small =2 good m, sensitivity
Lifetime =@ reasonably short & long - ideal isotope to seek for m,
Z=small =» small correction

Uy
R, R, R, 9 R R,

R:J
M e = Hi-
‘ I B FIELD
/ * Strong Source
S = * Large Acceptance

* Energy measurement
by Electric potential

ELECTRODES SOLENCID DETECTOR

V %\ 27
o Electric potential i detector




K. Eitel (Neutrino04)

m,,. Results

ITEP my
T, in complex molecule .
magn. spectrometer (Tret'yakov) 17-40 eV experimental results
Los Alamos 100
gaseous T» - source <93eV 50 F
magn. spectrometer (Tret'yakov) &;‘ i
Tokio 2 O F|—— — —|7T1— ¢ ¢ -
<13.1eV N | 1 & [ —{
T - source =
. ! 50 |
magn. spectrometer (Tret'yakov) [ A . ¥ Livermore
Livermore 100 L | A Los Alamos
gaseous T, - source <7.0eV ) i = Mainz
magn. spectrometer (Tret'yakov) 150 )\ m Tokio
Zurich i ® Troitsk
B Troitsk (st
T» - source impl. on carrier <11.7eV 200 [ * ;I Sk (step)
magn. spectrometer (Tret'yakov) A Zincn
Troitsk (1994-today) 250 |—oectrostalic
- ) ! spectrometers
gaseous T, - source <22eV magnetic I
electrostat. spectrometer -300 1 spectrometers
Mainz (1994-today) B350 b
frozen T» - source <22eV 1986 1988 1990 1992 1994 1996 1998 2000
electrostat. spectrometer year
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K. Eitel (Neutrino04)

Mainz: Troitsk:
m2=-1.2(-07)t22+21eV? mz2=-23+25+20eV?
m, < 2.2(2.3) eV (95%CL) m, < 2.1 eV (95%CL)
C. Weinheimer, Nucl. Phys. B (Proc. Suppl.) 118 (2003) 279 V. Lobashev, private communication

C. Kraus, EPS HEP2003 (neighbour excitations self-consistent)  (allowing for a step function near endpoint)

aim: improvement of m, by one order of magnitude (2eV - 0.2eV)
- improvement of uncertainty on m 2 by 100 (4eV?-> 0.04eV?)

statistics:
stronger Tritium source (>>1070 f’s/sec) i )
longer measurement B = | HV elecrodes
(~100 days - ~1000 days) v el e sorcd
sgjrc-:e | detector
energy resolution: —
AE/E=B /B max k
—> spectrometer with AE=1eV
Bs Brax Brmin B
1110189 @ 10m UHV vessel suekane @FAPPS 29D



Magnetic Adiabatic Collimation with Electrostatic Filter

electrode structure
for retarding potential

A. Picard et al., NIM B 63 (1992)

superconducting
solenoid

Q*:\
superconducting \'
solenoid .

~—

N
minimum magnetic field —

maximum electric potential

= magnetic field lines

Tff//zzmz///fff

momentum of an electron relative to the magnetic field direction without retarding potential

adiabatic transport — p = E /B = const.

B drops by 2-10* from solenoid to analyzing plane — E|, — E,

only electrons with E,, > eU, can pass the retardation potential

 Energy resolution AE = E | .y stat " B / B < 1 €V

Volker Hannen, TAUP 2011 conference, 7.9.2011
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KATRIN experiment at KIT — e

Munnire

Transport section Pre-Spectrometer | Spectrometer Detector
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Volker Hannen, TAUP 2011 conference, 7.9.2011




A famous picture




Some KATRIN highlights

Main spectr. inner wire electrode

» Purpose: - electrostatic shielding of background electrons
- shaping of eletric fields
- removal of trapped particles

e 224 of 248 double layer wire modules installed

* last 24 modules to be installed after preparation
of the pump port region in fall 2011

* main spectrometer commissioning spring 2012

Wes R
Winrim
Munnire

ISCHL
ERLLUTIVIERN

AY




KATRIN sensitivity/discovery potential [c]

-
H

-
N

-
o

4]

o)}

N

K. Eitel (Neutrino04)

KATRIN sensitivity & discovery potential

. NN SRR RN TR &

SRR SRR SRR IR SRR S f——

U RN SRR SRR (5 SRR SRR S (.

expectation:

after 3 full beam years
Osyst ~ Ogtat

1

m, = 0.35eV (50)

m, = 0.3eV (30)
discovery potential

111018

m. < 0.2eV (90%CL)
0 0.1 0.2 03 0.4 05 06
neutrino mass m [eV] sensitivity
suekane @ FAPPS 34



v. mass limit

PHYSICAL REVIEW D VOLUME 53, NUMBER 11 1 JUNE 1996

Upper limit of the muon-neutrino mass and charged-pion mass from momentum analysis
of a surface muon beam

K. Assamagan,""* Ch. Brénnjmann,lf' M. Daum.! H. Forrer.'”" R. Frosch.! P. Gheno.! R. Horisberger,1
M. Jzu‘lousch,lz'+ P-R.Kettle,! Th. Spirig.'**% and C. Wigger!'”?

n(stop) = u+v,

< O >

m, =034m._ 1=

2 2 2 2
mﬂ=\/mu+pu+\/mv+pu AN po
u

111018 suekane @FAPPS 35




K.Assamagan et al. PRD53,6065(1996)

A precise spectrometer

7

L

(2)
(80)
@
= _,_@
@ //‘ @
@117 :
@9 :
® N >
@ ™ &
10cm \“° //j

FIG. 3. The muon spectrometer: (1) magnet yoke: (2) magnet
coils; (3) central muon trajectory: (4)-(6) copper collimators

FIG. 1. Experimental setup. (1) Central trajectory of 590 MeV o . .
P p- (1) g A.B.C: (7) titanium support; (8a) and (8b) cooling water pipes: (9)

proton beam; (2) graphite target; (3) central trajectory of muon

beam; (4) half-quadrupole magnets; (5) dipole magnets; (6) quad- and (10) NMR probes; (11) lead shielding: (12) vacuum chamber:
rupole magnets; (7) collimator defining the beam momentum accep- (13) port for vacuum pump.

tance; (8) concrete shielding of proton channel: (9) crossed-field

particle separator: (10) lead collimator: (11) remotely movable col- @ PSI

limator system (normally open): (12) magnetic spectrometer: (13)
pole of spectrometer: (14) muon detectors (silicon microstrip and
singld JuH@de&arrier detectors); A,B,C: copper collimators. suekane @ FAPPS 36



K.Assamagan et al. PRD53,6065(1996)

eooé_a gyttt 273 mT
4005
200 |~
oi... |....1.1-.4....1....:.,Ln. N .
5 100 150 20 20 30 %0 energy loss in the target

AT R .

5 | | \ P =(29.79200+0.00011)MeV /¢
= sof 0.1MeV/c .

% o: 1 1 PN PRPRTSrS Re b

3

50 100 150 200 250 300 350

- m, <0.19MeV(90%CL)

1000k © 276 mT
_ DOWNSTREAM (PDG average)
500

011.4[..111..‘.L4 aaaal
50 100 150 200 250 300 350
MICROSTRIP NUMBER

FIG. 6. Distribution of muons in the microstrip detector for
three typical runs. (a) Central muon-beam momentum 29.45 MeV/
¢, spectrometer field 273.0 mT: (b) and (c) central muon-beam
momentum 29.75 MeV/e. spectrometer field 276.0 mT. One mi-
crostrip width (0.05 mm) corresponds to Ap,,+~0.0021MeV/c.
The muon momentum increases to the left. For details, see Sec.

#1018 suekane @FAPPS 37
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v, mass limit

m, =034m, [1-n
Py
2
- 5
5mv N\/mn_mi 6m:r + (mu/mﬂ)z Py
" m, 1+(mu/mﬂ) P,
5
~0.15MeV @ 49MeV _| 0
Py
om_
~0.1MeV

om__ limits the precision

suekane @ FAPPS
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T neutrino mass limit

ete” =11
t—v_+X (LEP,CLEO)

1 L
[

) s s
suekane @ FAPPS
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ESﬂ’E Beam
3
'\
o

t—>v_+X (LEP,CLEO)

09 -
distribution of my & E,,

08 - -

- f(mX X mv) “ + OPAL event
dm,dE - . :
0.7 — N l‘llv =0 MeV j

. S S J— ‘=40 MeV
=>» obtain most likely m,, a |
06 m, =100 MeV -

| 1 1 1 | 1 | 1 l 1 1 1 l 1 1 1 [ 1 | 1 l | 1 1 l 1 1 |
12 13 14 15 16 17 18 1 2
m_ ((%eV)

Better precision for smaller Q-value, but low statistics,

T — Sm+v,_ are used.

PDG average ; m, <18.2MeV(95%CL)

111018 suekane @FAPPS 40




1.E+07

Quark-Lepton

1.E+06
1.E+05

% —

masses

o

1.E+04 c
1.E+03 /x////
V mass 18 very 1.E+02 S — T

a« ", —

small = 1.E+01
% 1.E+00 4w1///
= 1.E-01 e T
o 1.E-02 Ve
[ p! v
® 1.E-03 .
= 1.E-04 B
L 1.E-05 Ve{(Bireet)
Lower limit | E-06
of heaviest E-07 o~ NE
neutrino mass 1.E-08 —
. 1 E-09 (m1<<m2<m3 assumed)
1S ~S0meV '
. . 1.E-10
€ v oscillation : , 5

generation
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Neutrinos in the Standard Model

* Q=0,
* No color
* m=0,
*8=1/2

T yzy

* only v, exists
(or v, may exist
but 1t does not

interact at all)

111018

L W+
e
. — = ~ 14
_lgW[eRyMVL ]WM S J2sin Oy )
VL
e
= ~1.2e
527 §in28,

sin’6y,~0.23 (Weinberg angle)
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e; VL VeL luR v
g g g
W+ W W
Flavor
Lepton Flavor violation
number  viplation
violation
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H 'Helicity' Suppression of ;t-decay H

I

” T—>evV -4
Experimental fact: r =1.2x10
T—uv
How it is explained?
+ €+ VL
€R v, 2 R € ‘ <
J-c+

You may say W couple only LH vand RH e.
So that J(ev)=1, while pion spin=0

Wt .
=> violates spin conservation
However, this decay exists if very small.
u d And for & — u+v decay, the spin
Tt conservation seems to strongly violated.

111018
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Helicity and Chirality

Sometimes Helicity and Chirality are used in confuse.
Here they are defined and their relations are discussed.

Dirac equation in free space 1is,

(i)/“&M - m)w(x) =0

General solution 1s,

1_75

wll
Ry
I
+
<
!
(\9)
+
S
(\ 9]
<
Il
-
=
\T/
<
Il
—
<
N~N—
I —

Now we take initial condition as positive energy and p = (0,0, p)

(0) = (n ju)
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Helicity 1s the spin component to the direction of the movement.

|

If the movement is along the z-direction, helicity components are,

r 1 A 1 u Xi
= (1+p- =—(1 =
| TIUR 2( + p (7)?./) 2( t OZ )(T]l/l) ul ("Xl)

1 A 1 u X2
= (1-%-6)p=—(1- _
i (1= 0)w= GZ)(—WM) uz(—nxz)

These helicity states show actual spin direction.

Here after we call Right(Left) handed Helicity =RH (LH)
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What W couples to: Chirarity

W couples to negative Chirality (NC) particle and positive Chirality
(PC) state anti-particle.

i

W Chirality components of y 1s defined by,
1 1({1 =1\ u l=no._ ([ u
=—(1= = — = 4
na v 2 (=7:)y 2 (il 1 )(nazu) 2 (tu)

For m = 0,n—->1 and

W _lxno_(u - >li(7Z u 1
i} 2 \xu 2 \zu RIL

For high energy, the helicity and chirality are same and
sometimes they are confused.
For low energy, NC has RH component.
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In m = evdecay, e is NC state and v is PC state.
Then the The RH component of electron in the it decay is,

r = 1450y - (1;n)(1+az)( u )

—u
So that the probability which is RH is,

1-n) 1- N
WJR_‘Z =( 877) [MT(1+O'Z)M]= )/1/-1( Zﬁ)‘ul‘z foed >( )Lh
This means the electron has right handed component with probability

o< (m]/4E})~13%107°

ez < =3 VR
€——@——> This conserve spin
-

For muon case, m /E ~1 and the suppression is not strong
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. . 2 2
Taking into account the phase ~ I%._,, _[m, | [m;—m, | _ 198 %10
. R ; 5 .

space the theoretical prediction is rﬂ_}w m, | \m;, —m,

=+ DECAY MODES Fraction (I;/T) Confidence
while observation is | * " 14 (99.98770:0.00004) % ->1.23x10%

el 7 ] (200 025 )x107?
e’ vV, (5 (1230 +0.004 ) x10—9
2

2 2
Likewise for K decay, Ly S m,2< — m‘; =24x%x107
u

Uy \m, ) \mg—m

u
K+ DECAY MODES Fraction [r,-,:r) Confidel

while observationis | . . Leptonic and semileptonic modes > 2.5x10°
KT — e, ( 1.584£0.020) x 10—
KT — KTy (63.55 £0.11 )%
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neutrino flavor counting using Z°

Resonance
[ | |
o If M=1,T=0.1
S 4E+02
-
g2g2 ()'\ 3 E402 / \
O « 2l > 2B —
2 2 _ 2 m / |
4MZ((«/q M,) +T; /4) 8 5o / T\
> / \

1.E+00

07 08 09 1 1.1
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The width of the Z°: T is inverse of the lifetime of Z°: t

The lifetime 1s proportional to inverse sum of decay width.

1 1

— =T =
I, I, +IL +--+ 1

Z—>uu Z—dd Z—v,v,

If the number of neutrino flavors is n,,
I, =0I,+91,+3I', +n I,

[Locl, T, xl-4x +8x, onc1-§xw+¥xj, rDocl—fxw+§x2
3 9 37" 9

v w

x,=sin6, ~0.23

measurement

\
] *(T,)- 6T, 9T, - 3T,
v T

\4

known
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‘ 70 data ‘

| ALEPH 2v
. DELPHI
- L3

- OPAL

CERNIs aerial view in 1994. (Copyright CERN)
Vue aerienne du CERN avec le trac du tunnel LEP et du futur LHC (1994). (Copyright CERN)

| $ average measurements,
error bars increased
by factor 10 /

"8 88 90 92 94
Ecm(GeV]

4 experiments at LEP (ALEPH, DELPHI, OPAL, L3) showed
n, =2.984+0.008

If 4™ neutrino exists m, > 45GeV or

it does not couple to Z, called sterile neutrino.
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v Oscillation: An Introduction

Neutrino oscillation 1s phenomena in which flavor of neutrino
oscillatory changes as time passed by.

If we start from v, the probability to find v, at time 7 is expressed as:
) My =1y

P (1) =sin® 26sin

VeV,

Where m, and m, are masses of energy-eigenstate neutrinos,
0 1s called mixing angle.

v oscillation 1s the 15 firm evidence beyond the standard model and

its studies are important to understand the nature.
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Phenomena of spin-1/2 for v Oscillation

The formalism of the v oscillation 1s very similar to
that of spin-1/2 under magnetic field.
So let's review the spin motion as introduction.

The spin motion under magnetic field 1s described by the
Pauli equation:

iYy = uB - v

Where B = (Bx B, sz) is the magnetic field and
u 1s magnetic dipole moment of the particle.

This equation was 1stly introduced empirically by Pauli,
and later on obtained by taking non relativistic limit

of the Dirac equation with electro-magnetic interaction.
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Phenomena of spin-1/2 for v Oscillation

iYy = uBGY

The wave function is a mixture of spin up and down states

p(t) = o) )+ A1)

o)

Here, we think the case that magnetic field is along the x axis.

111111

B=(B,0,0)

Then the Pauli equation becomes
Q (0 T\«
. |=-1uB
p I ONB
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Phenomena of spin-1/2 for v Oscillation

{d =—iuBp

p=-iuBa

by taking the delivertive of the 1% equation,
and replacing 3 by the 2" equation,

& =-(uB) o
This 1s the harmonic oscillator and we know the general solution;

a(t) _ pe—iuBt + qeiuBt
/J)(t) _ pe—iuBt _ qeiuBt

Where p & g are integral constants to be determined by initial condition.
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Phenomena of spin-1/2 for v Oscillation

Then the general spin state is,
UJ(I) _ (pe—iuBt n qei,uBt )‘ﬂ> n (pe—iuBt _ qeiuBt)‘U>

e spin pointed upward.

rmine p and ¢ for this case,
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Phenomena of spin-1/2 for v Oscillation

Then we get specific wave function;

(1) = cos(uBrt) ) —isin(uBt)||})

This means at later time,

|) state is generated with oscillating probability

A (1) =sin® (uBr)

7 .
1~ B

A P ® If we recall that the wave function of the spin,
/ / N y which is in z-y plane and polar angle is 0 is
\ / > Y(0) =cosO|})—isin6)||)

\\\ /," Physically it corresponds to the precession

“““ of the spin, caused by the torque by B and u.

(0 = uBt,p =0)
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Phenomena of spin-1/2 for v Oscillation
Q CiuB 0 1)\«
s ol

Quantum Mechanically, this 1s understood as the effect
that magnetic field causes transition between |f}) <= ||})
with amplitude uB.

We will draw this kind of effect schematically as follows.

The neutrino oscillation can be understood as exactly same manner.
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A simple case of v Oscillation

We assume 2 neutrino system; v, & v,

The general state 1s;

P, (1) =) v.)+ B(t) v,
We assume something makes transition: v, v,
v, 2 v,
A

Then there are correspondences to the spin case

v.) <[t
Rl
\Auec}‘uB

J\L

1116019
111910

If the 1nitial state 1s pure v, state, like beta decay,
then
)
P,_, (t)=sin" At

vV, =V,

This 1s the very basic of neutrino oscillation.
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A simple case of v Oscillation

However, we often see the neutrino oscillation probability as

2 2

P, (t)=sin’2¢sin
. \ 4E

Where does this come from?

What is the analogy of spin motion?

111018 suekane @ FAPPS
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Still spin-1/2 for v Oscillation

In actual case, mass term has to be included in the Pauli equation
= (m + MBG’)I/J

and the most general equation with arbitrary magnetic field 1s,

a m+ ub, uB_ \(a
|=-i . B.=B_=iB
p uB, m-uB \B) ° ’

Spin transition amplitudes are

+ B

. / y v W 2 % )
— ub, UD_

/ I I R NN

/"“(Z) X m+ubB, m- b,
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Still spin-1/2 for v Oscillation

(0’5) (m + uB, uB )(a)
| =—i
p uB,  m-uB \p

This equation has the general form

bllo %l
== , P,REReal
p Q RM\P

Relation between Polar angle 6 of the magnetic field and transition

amplitudes is, N B
tan0 = 5, 1 20
B | R-P 0
N\
X,y
>
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Still spin-1/2 for v Oscillation

(a) = —i(P Q*)(a), P,REReal
p QO R)\P

Then the general solution can be
expressed using 6 as,

Ot(t) = Cl COS(H/z)e—iE+t _ C2 COS(Q/Z)e_iE‘t
B(1) = C,sin(6/2)e ™" +C, cos(6/2)e*

where, | 1

E - 5((P+ R)++/(P-R) + 4\Q\2)

E = %((P+ R)-+/(P-R) + 4\Q\2)

(Note: by definition, £, >E)
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Still spin-1/2 for v Oscillation

The general wave function is,
(t) =(C, cos(6/2)e”™ - C,sin(6/2)e™™ )|})
+(C,sin(6/2)e™™ +C, cos(6/2)e™' )|

Again we start with
p(0) =1}
Then, the integral constants are determined. tand =
C,cos(0/2)-C,sin(6/2) =1 C, =cos(6/2)
—
C,sin(6/2)+C,cos(6/2)=0 C, =-sin(6/2)

2l0

R-P
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Still spin-1/2 for v Oscillation

In this case, the specific wave function 1s

(1) = (0032(8/2)(”5” +sin’(0/2)e ™" )\ )+ %Sin H(e'iE+t - e'iE-t)\ )

This state corresponds to spin precession within
the plane perpendicular to the magnetic field.

y  The time dependent probability of spin-down state 1s
= sin” Osin” uBt

9{/ R0 e

w(,)=(a(f)) X corresponds to the angle between
the precession plane and z axis.

sin6 ~iE,t  -iE_t
—\ € —€

Difference of the energies in the
energy eigenstate
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Still spin-1/2 for v Oscillation

Look for Energy eigenstate,

= —iEt . 9) —iE_t
Remember the v (1) (Cl cos(8/ 2)6' C,sin(6)2)e | )W
general state + (C1 sin(6/2)e"™" + C, cos(6/ 2)e"E-t)\ )

If we choose, C,=1, C,=0,
¥, (t) = (cos(6/2) 1) +sin(6/2)|{))e”"

This means
+)=cos(6/2)1)+sin(6/2)|)

1S energy eigenstate with energy £, .

Similarly, if we choose, C,=0, C,=1,

y_(t) = (=sin(6/2) 1)+ cos(6/2)| 1) )e = =|)e =
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Still spin-1/2 for v Oscillation

The spin states \ﬂ>, \U> itselvs are NOT energy eigenstate
and do not have definite energy.

(If you try to measure the energy of |f}) state, you will see 2 energies.)

But the mixed state,

R )

ARE energy eigenstate and have definite energy.

6/2 1s called mixing angle between energy eigenstate and spin state.
=The mixing angle corresponds to 1/2 of the polar angle of B.
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