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Beta Decay

Prior to 1930, beta decay was assumed to be a 2-body decay:
QN — ZﬁN + /3
For two-body decay:

2, .2 2
.‘—.—’. M +my —m

2 2
E =\/m + =
m M m, 27N TE oM

But observed continuous energy spectra for {3 particles :

Energy spectrum of beta
decay electrons from 210g;

Intensity

0 0.2 04 0.6 08 10 12
Kinetic energy, MeV

Pauli's solution : there exists a neutral particle - neutrino.
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Discovery of Antineutrino

Reines-Cowan Experiment with reactor vV, at Savannah River (1953-1956)

1995 Nobel prize

Incident
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Neutron capture
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Positron decay
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Each with 1000 T of ¢ 1 ith 2001 ' m
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Not Just One, But Two types !

proton B Wy
beam target proton accelerator . .3 —

AR @ 2R B

SE—
i

detector -

pi-meson ——— steel shield spark chamber
beam e '
J‘ e
\;" ..... Ny
The accelerator, the neutrino R T —
beam and the detector I P

Part of the circular accelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
collisions with the target, deca;hinto concrete
muons (j1) and neutrinos (2.). e 13 <
m thick steel shicld stops all the T
particles except the penetratina

neutrinos. A very small fraction of the

neutrinos react in the detector and

give rise to muons, which are then

observed in the spark chamber.

Hased an a drawing In Sclentific American,
March 1963

1988 Nobel prize




Wait, History Repeats Itself !

gy D Donut at Fermilab (2000):
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Three and No More
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Lepton Numbers

T

1 0 -1

0 1 0
Total lepton number: L =L, +L, +L,

Conservation of lepton numbers can explain why

(@) n—p+e+v,

(b) u'7e'+56+vpt
(€) v Fe +y (< 2.6 x 106, 90% CL)
(d) w—oe+e+e (<1x1012,90% CL)




Neutrinos Are Left-handed

Helicity of Neutrinos*

M. GOLDHABER, L. GropnziNs, AND A. W. SUNYAR

Brookhaven National Laboratory, Upton, New York
(Received December 11, 1957)

COMBINED analysis of circular polarization and

resonant scattering of + rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu'5?™,
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find
that the neutrino is ‘“left-handed,” ie., ¢, -p,=—1
(negative helicity).

> p

|

Neutrino (with spin)

Initial source, europium-152m
(no spin)

Recoiling excited nucleus
of samarium-152
(with spin)

Gamma-ray
emitted by
recoiling nucleus
(with spin)

Magnetized iron to allow
through gamma-rays
polarised (spinning)

e

in only one direction

Samarium :
reflector to ———t— — Detector
pick off the

highest energy
gamma-rays
only




CP Transformation

@® pre— P,‘<-OP

Left-handed state

v

C

Right-handed state

P
C

v
‘ _zp — '<_0p

Left-handed state

Right-handed state

Left-handed neutrino implies right-handed antineutrino
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CP Transformation

5 F

@ @@=’ 7, @ e~
Left-handed state Right-handed state
P

C

C
AN i
P
® = =
Left-handed state Right-handed state

Right-handed neutrino and left-handed antineutrino do
hot exist.

1




Neutrinos Believed To Be Massless

» All neutrinos are left-handed = massless
» If they have mass, can't go at speed of light:

14




Neutrinos Believed To Be Massless

» All neutrinos are left-handed = massless
» If they have mass, can't go at speed of light:
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Neutrinos Believed To Be Massless

» All neutrinos are left-handed = massless
» If they have mass, can't go at speed of light:

— BB

you >

you e
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Neutrinos Believed To Be Massless

* All neutrinos are left-handed = massless
* If they have mass, can't go at speed of light:

556

yOu e

* Now the neutrino becomes right-handed??
= contradicts experimental findings
= neutrino can't be massive




Standard Model of Particle Physics

Fermions are grouped into weak-isospin doublets or singlets:

d Cp S t, b
uarks : ! Up AR / R R ' R YR
. d L S /1 b L
v, _ v\ -
Leptons : _| Cr | M
€ )L wj

Gauge bosons: W7, Z,7, g,

Coupling constants : «ag, g, g' such that g = |q,|/sin8,,, g =g tanod,,

where sin®6,, = 0.231

+ 0
h' | expectation value 2




Some Remarks About Standard Model

» All fermions are Dirac particles

- vand v are not identical
* Mass of a Dirac particle arises from its interaction
with the Higgs field in the vacuum:

- mClSS Oper'a.l-or', m - xf(H)()ch = me - 7\‘e<l—'>0

Yukawa nihilates f /
coupling creates fy

annihilates f /
creates f,

- No v, (nho v©).
- heutrinos are massless
* W and Z only couple to the left-handed states.




Quark Mixing

 The weak eigenstates of quarks are related to the mass eigenstates
via the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

_is
Vi Vi Valld CoCr3 $12€C 13 $13€

us

V., V.,
Ve V

IAY

i6 i6
= =812C 23 = C1253513€ C1oCo3 = §12523813€ $23C13

S
i6 i6
V, \b 812873 = €1,C»38)5€ —C158,3 = 8§1,C355€ Cr3C 3

where Cj=costy , s;= sineiJ- withi,j=1,2,3

- Measured: 6,, = 13°, 6,5 = 2.4°, 6,5 = 0.21°, § = 60° + 14°, This yields
09742 0.2257 0.00359

V=[02256 09733 0.0415
0.00874 0.0407 0.9991

« Transition between quar'kS'

h Most likely
Least likely
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Neutrino Mixing

» If neutrinos are massive, it is possible that the weak
eigenstates are not the same as the mass eigenstates:

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix

/ve\

Vi

1

\\V: )

L~

Weak eigenstates
.flavor eigenstates”

W o W

] Uel Ue2 Ue3
Uul Uﬂ2 Uu3
\UTI Ur2 Ur3

2
Amlj =

\

v

Vs

y

\V3\

Mass eigenstates

>0 g

m, m, ms

m,z—m?‘ g A’”Z[Q, Am~’23
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More On Neutrino Mixing

» Parametrize the mixing matrix as:

cosd, sinf, O) cosf, O sinf.e )1 0 0
—-sinf,, cos6, O 0 1 0 0 cosf, sinb,
0 0  1)-sin6,e® 0 cosf, \O -sinb,, cosb,

- The surviva

P(v, =v,)=(v,

Source

—

e

|

P(v,—v )+P(v,—V,)

!

probability of v, — v, is:

Am: L

A%

v, (1))’ ~1-sin>26,, sin’

. . o Amy L
—cos* 6., sin>26,, sin?| —2=
4E

e

Distance, x = ct

20




Current Status of Mixing Parameters

AN
w>1 0
Q

Karmen excluded

L{WIHIBOONE

Vv —>ve
Atmospheric

Am32- (2.389%9) x 107 eV* AR
= (42.3 51)
Solar LMA

— v e ; X ‘

I I I I | I

10° 107 10" 1
sin%(26)

0.82 0.56 0.09
Uy,=[037-047 0.58-0.65 0.67
032-043 0.52-0.59 0.74

Unknowns:
o 613, 6,

¢ SIgn Of Am232
(mass hiergrchy)

sin*f
IIIII||I|||I||I|| v\ }

vz I

Am223 I

Am?

23
v - I
Nl 12 v NI

$in’0) 5

Normal Inverted

PAv.['U."l N[0, v, [1Uy12




Implications of Neutrino Oscillation
» Lepton number is not conserved:
= AL =0, i=e,u,-

= AL =0
= u — e +vy could exist

* Neutrinos possess small but finite mass:

= From the measured Am? values and assume
normal mass hierarchy:
taking m; = 0, then
m, =~ 9 meV
m; = 50 meV

22




Fixing Standard Model: Majorana Mass

* Introduce a new effective interaction:

L(hove ~h*e)
M,
yields a Majorana mass operator

2 . —
——(H),v,v, with v, = v,

that, in general, generates a neutrino mass

2

Remarks:

(1) the Majorana operator violates lepton-number
conservation.

(2) M4 must be large to make m, small

- Seesaw mechanism
23




Fixing Standard Model: Sterile Neutrinos

» Introduce right-handed neutrino fields v¢ such that
)»ij(veho —eh*)
which yields, in general, a Dirac mass for each neutrino:

m_)uvv
Y2

Remarks:
(1) why m <« m,?
(2) the field v¢ and its states v, and v, are weak
isospin singlets with
- zero weak hypercharge
- no coupling to W, Z, and v.
They are called sterile neutrinos.
(3) If the v, has mass, it may oscillate into a

24




What Lie Ahead in Neutrino Physics?

* What is the nature of a neutrino?
- a Dirac particle?
V=V
- a Majorana particle?
ERY
* What is the absolute mass of the neutrinos?
* How do the neutrinos get their mass?
* What is the magnetic moment a neutrino?

- What is the size of the neutrino mixing angle 6,3?

- What is the order of the neutrino masses?
- Is there CP violation in the neutrino sector?

* Are there heavy active neutrinos?



Charge Conjugation and Bar

Bar operator :
Y= ),

Charge cojugation:
Yo =Cy =iy, Y
We)" = @),

26




Dirac Neutrino

Dirac equation for electrons:

(iy" == m)y =0

u

1 .
L= E(W(i)/“au)w —mpyyyP)+he.

it is convinient to work with R and L projections:

Ui = 5 (% 70 = Py Py = (1 7)
Y=Yty
YWy =Yt =0
Ly = —%mi W%+ Pith,)
electron is charged, thus no other mass terms allowed.

Applying the same for neutrino, one comes to Dirac

neutrino description. In SM v, doesn't exist, hence

m, =0!



Majorana neutrino

vis neutral = Yy and ¢ “y terms are allowed (1 = CyC™)

@+ @) + M G ), + @)

2
introduce: v, =v, + (V") ;v, =v,. +(v"),

1
M 2 = 2 =
Ly = _E[mMLvlvl + mMRV2V2]

C . . .
V., =V,,=> particle = anti - particle
Majorana description assumes 2 - component neutrino.

In case of m, =0, second one 1s sterile in SM, thus

Dirac and Majorana descriptions are identical.



See-Saw Mechanism

In the general case :

m,, +m
m, , = MR ML

2

itm,, >m,m,, :

2
. mp

m, & myg, M, €
Mg

This can explain smallness of m, .




