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Parity non-conservation in beta decay
Parity was introduced first by E. Wigner in 1927, for describing
symmetry of atomic quantum states against r — —r transformation.
Electromagnetic interaction conserves the parity
Strong interaction conserves the parity
It was assumed that the weak interaction also conserves the parity.
However, in 1956 T.D.Lee and C.N.Yang showed, that there was no
experimental evidence for parity conservation in weak interaction.
They explained the so called ,,tau-theta puzzle” assuming that
parity is not conserved — Nobel-prize in 1957!

VOLUME 104, NUMBER 1

PHYSICAL REVIEW OCTOBER 1, 19

Question of Parity Conservation in Weak Interactions®
T. D. L, Columbia Unisersity, New York, New York
AxD
C. N. Yaxo,t Brookhaven National Laboratory, Upton, New York
(Received June 22, 1956)
The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

If parity is not conserved in weak interaction, this should be seen
also in nuclear B—decay! el
Experimental proof: C.S.Wu et al. (1957) i '
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Why does this mean parity violation?
+ Direction of electrons: p (momentum): vector — —1 if mirrored
+ Direction of angular

momentum J = [r X p] : axial vector — +1 if mirrored
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observed mirrored if parity was conserved
Mirroring the coordinate axis is
not a good symmetry! .




Angular momenta Explanation of the parity violation
in Wu experiment (complete violation)
5K . ‘Tf* v, @
| el = e
7, ©

Only right-handed antineutrinos (p11s), and
left handed neutrinos (p1/s) exist!

LI So electrons have to fly in opposite direction (Zp ~0)

Consequence for the Hg operator: .
Fermi, G.T.
Hp = (B{s +Hpy) + (Hpat %T) | |
| Finally, the interaction operator: Hg = IZ|B’V i IZ|B’A |

W. Pauli: ,,Cannot believe that God is left-handed!”

Antineutrinos have to fly in the direction of the J=5#x!

The story of the neutrino

Early history:

1914: Chadwick discovered the continuous energy spectrum of
214pp (RaB) using a magnetic spectrometer
Interpretation (Rutherford): monoenergetic electrons come
out of the nucleus, but they loose energy in the matter

1927: Ellis and Wooster experiment: total energy released by
210Bj (RaE) B—decays, measured by a differential

calorimeter, that could stop all electrons inside.
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Not only energy was ,.missing”

UC N ye _
30> 1+% (22) Angular momentum non-conservation?

*He—Li+e”
Cloud chamber photo
S. Szalay & Gy. Csikai (Hungary)
Momentum non-conservation?

Ideas for the solution of the puzzle:

N. Bohr, J.C. Slater, L.D.Landau: conservation laws are not
valid in microscopic scale, only statistically! (Hmm...)

1930: W. Pauli: hypothesis of the ,,neutron”.

M<<M410n » NEULFAL, SPiN=1/2

,» We will never detect it directly” (Pauli)

1933: E. Fermi renamed it ,,neutrino”, after the discovery of
Chadwick of the ,,massive” neutron (M~M,,)

Double beta decay

92Mo cannot beta-decay, since %2Nb is
,»higher” in energy. However, the energy
Y7 of 92Zr is lower, so if the nucleus could
7/ Hjump” AZ=2, then it was energetically

1wn2ia N2 favorable!
A=92

1 - odd-odd curve
2 - even-even curve

The ordinary double beta decay: X, 5Y +2e @
It may occur in certain even-even nuclei.
It has been observed at 35 isotopes, with T,,~10'°-10% years

The neutrinoless double beta decay X, 5Y +2e”
It may occur only if the neutrino is its own antiparticle:

AX =, JK+v+e The neutrino emitted in the first, will
ijK +v—>z+’§Y +e  induce the second reaction
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It has not been observed yet. T,,, >10%° years 8




By that time it was known (Dirac) that fermions should have
antiparticles. neutrino = antineutrino?

If no then we call them Dirac neutrino

If yes, we call them Majorana neutrino

Three ,.family” of the leptons

1936: C. D. Anderson: discovery of the muon (u-) (m,~200 m,)
1962: Lederman, Schwartz, Steinberger:
discovery of the p-neutrino (Nobel-prize 1988)
1975: M. L. Perl (SLAC, USA):
discovery of tau meson (m,~3500 m,) (Nobel-prize: 1995)
2000: DONUT experiment (Fermilab, USA)
discovery of tau neutrino

The lepton families (flavours)

Charged lepton m Neutral lepton m

electron (e”) 1m, electron neutrino (v,)

muon (u) ~200 m; muon neutrino (v,)

tau meson (z°) ~3500 m, tau neutrino (v.) ?
. + their antiparticles! 9

Leptonic charge
The lack of neutrinoless double beta decay (and many other
processes) led to the discovery of leptonic charge conservation law

It was discovered by 3 physicists in the same year (1953)
independently:

G. Marx (Hungarian) - 1953 January (published in German)
J. B. Zeldovich (Soviet) - 1953 July (published in Russian)
H.M. Mahmoud and

E.J. Konopinsky (USA) - 1953 November (published in English)

L=L.+L,+L,

The ,,family” leptonic charge = 1 for the particles,
-1 for the antiparticles, and
0 for the non-leptons.
A conservation law exists for the total leptonic charge!
(And for most reactions also for the family leptonic charge)

10

A few examples:

A X4 AY ye  +vp Negative p—decay
O - 0+1+(-1) L
X0 et +v Positive p—decay

0— 0+(-1)+1 L,

X +e o, AY +v Electron capture
0+1—> 0+1 L

TSV, Pion decay

0 — 1+(-1 L,

H eV Y, Muon decay

0 — 1+(-1) L,

1 > 0+ 0+1 L, u

Anti-neutrino detection (Reines-Cowan experiment)

big amount of interacting particles
easy detection of the reaction products
low background

Very small interaction -
probability

v+p—on+e’

water (~400 1) Detecting e* — annihilation gammas

N ~ 6,6-1022[(:—13 (2 x 511 keV)
nuclear reactor Detecting n — high energy gammas
(Savannah River) following n-capture in CdCl,
Many B- decays Cd(n,y) reactions
from the fission
products

RS 1013[ 1 :l
cm’s
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Scintillator coupled to photomultipliers

Flux of v Neutron nf p
8 Ve 5 ot

from nuclear cd .‘\/ ,'r ay photons
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power plant . I . from

IENRAS e* annihilation

from
n’ capture

Water with CdCI,

Scintillator coupled to photomultipliers

http://www.scienceinschool.org/repository/images/issuel9neutrinos10_l.jpg

511 keV delay
scintillator e
high E-,

scintillator

discriminators coincidence circuits

Results:

1953: 24 +12 counts/h Gy =12405:10% cm?
1956: 2,88 + 0,22 counts/h

1958: 36,4 + 4 counts/h Oipeory =10£0,17-107 cm?

Nice agreement!! ©

Neutrino detection (Davis experiment)
The Reines-Cowan method does not work!
v+n—o>p+e

T \ Detecting e~ — not possible, electrons

No target h
can be are everywhere

prepared! Detecting p — not possible, protons
are everywhere

B. Pontecorvo: use nuclei as target: V-+2X —>, Y +e”

Problem: big amount of X needed «—> few atoms of Y created
How to separate and detect?

X and Y must be \Y should be radioactive
very different chemically
v+ICI3 Ar+e

SAr+e »3Cl+v (T, =235days, e capture, EC)

Source: Sun 4;H—;He+2e" +2v + 26,22 MeV

1 1
: L =4810 2
Production rate: 1311MeV L}

Solar constant: 1361 kW/m?=136,1 J/(cm?s)

The neutrino flux then: ¢=4,8-10"-1361=6,53-10"° %
cm®s 15

No source!
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R. Davis, J. Bahcall _
»Homestake” experiment ! PRocesswe RooM !
1957 - 1994 | (o = Bt e !
(Nobel-prize 2002) ! |
|
1 (g, s
1478 m underground! I :
|
________ s (KW WG (Y
: ::';ooc[’;‘ﬁvc: aTeR TANK CHAMBER CONDENSER
| ol
Al i s

|
: ){ )
| it
| I"“"";ﬁ‘}““ 7 A
W

| B : EXCHANGER NEUTRON
| g ! ——— SOURCE =
| A TUBE

| SUCTION  -EDUCTORS
| LINE
|
| pomes |

1700 LITERS/min ¥: by T
L

Figure 2.3. Schematic nvurlng of the argon recovery system.

The pump-eductor system forces helium gas through the tetrachloroethylene
liquid and provides the helium gas flow throuch the argon coilection system.

http://www.bnl.gov/bnlweb/raydavis/images/hires/recovery_schematic.gif




R. Davis, J. Bahcall ,,Homestake” experiment
Results: ol
Expected value ~9 SNU Solar neutrino puzzle
Measured value ~ 3 SNU ‘ P

1SNU= 10

Attempts to solve the puzzle:

« Experimental error? NO! Several other neutrino experiments
confirmed the results

* Error in the Sun model? (Pulsating Sun?)

+ Neutrino oscillations? (Yeah!) ©
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Neutrino oscillation

Main idea: neutrinos have masses,

Ve Vy,, v, @re NOT mass-eigenstates! (B. Pontecorvo 1957)
The weak interaction selects according to the ,,flavours”
Creation according to flavours — mixed mass state
Propagation — according to masses — mixing changes
Detection (Davis) — according to flavours again

Ve U, U, Ug;|n

Vi |= Uy, Uy, Upsfyg
Ve Ug, Us, Ugg (v
flavour mass

eigenstates eigenstates
MNS matrix (1962)
(Maki, Nakagawa, Sakata)
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Neutrino oscillation (contd.)
Simple example: 2 neutrinos ["e]:{ cosd  sin ‘9}("1]

v, —-sing cosd |\ v,

The v, neutrino was created
with p momentum at t=0.

Since E, =,/p°c? +mic*

. —iEt —iE,t) .
at t time we have: M:exp[ 'hl )cose\vl>+exp( 'hz ]sme\v2>
The probability to detect a v, again after L ~ ¢-¢ distance:

P(t zkj =1-sin? 26-sin2[(E22_7E1)L}
c

hc

mixing ,,angle”

Can be shown that: %zlﬁ% , where am® =m} —m? [eV]?
L [m], pc [MeV]
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For 3 neutrinos obviously Am2 +AmZ,+AmZ =0

m?

m?
A -V, A
Vi

Normal [== V. Inverted
m?1 | — — |1,
solar~7x10-3eV2 .
s e _'_I"]-

atmospheric

~2x1073eV2 .
atmospheric
my2 ~2x1073eV?

=
. solar~7x105eV2
m>L

0
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Neutrino oscillation (contd.)

Several experiments confirmed

Super Kamiokande (Japan) Sun picture
’ il taken with v

Kamland (Japan)

Nobel-prize in Physics 2015

.. for the discovery of neutrino oscillations, which shows that
neutrinos have mass”

Nobelpriset | fysik 2015 The Nobel Prize

Nobelpriset i fysik 2015

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

for upptédckten av neutrinooscillationer, som visar att neutriner har massa”
'he discovery of neutrino oscillations, which shows that neutrinos have mas§
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Nobel-prize in Physics 2015
NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO)

THE SUN ONTARIO, CANADA

PROTECTING ROCK l

Electron-neutrinos
are produced in the
Sun center.

Both electron neutrinos

alone and all three types of
neutrinos together give sig-
nals in the heavy water tank

HEAVY

Arthur B. McDonald VATER

llustration: © Johan Jarnestad/The Royal Swedish Acadomy of Scionces
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Nobel-prize in Physics 2015

NEUTRINER FRAN SUPER-

KOSMISK STRALNING KAMIOKANDE
KAMIOKA, JAPAN

KOSMISK \ | /
STRALNING ATMOSE Y

N o R

. 1000m SKYDDANDE
. BERG
i R Myonneutriner

ger signaler
i vattentanken.

SUPER-
KAMIOKANDE
Myonneutrino
direkt frin
atmosfaren.

MYON- Ljusdetektorer
NEUTRINO som ser Tjerankov-
strélning. *

Myonneutrina
so0m passerat
genom jorden.

TJERENKOV-
STRALNING

Illustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

Takaaki Kajita o




