
Les surprises de la désintégration β
(et donc de l’interaction faible) 

• 1930: découverte “théorique” (postulation) du neutrino
• 1956: découverte expérimentale du neutrino 
• 1957: découverte de la non-conservation de la parité,

 c’est-à-dire de la violation de la symétrie gauche-droite
• 1958: découverte que le neutrino a toujours une hélicité de –1,

 c’est-à-dire qu’il est toujours gauche 
 (et que l’anti-neutrino a toujours une hélicité +1, 
 c’est-à-dire qu’il est toujours droit)

• …
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Radioactivité β et neutrino
1898: Rutherford distingue les radioactivités α et β

 ~ 1900: rayons β = électrons
 1914: Chadwick et Rutherford constatent que la
  désintégration β viole la conservation de l’énergie
 1930: W. Pauli postule l’existence d’une 
  nouvelle particule pour rétablir 
  les lois de conservation de
  l’énergie et du moment cinétique
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Z
AX→ Z+1

AY+ e−+ νe n→ p+ e−+ νe
Neutrino: masse nulle
 insensible à l’interaction é.m. (charge électrique nulle)
 insensible à l’interaction forte
 spin 1/2

“I have done a terrible thing today, 

something which no theoretical 

physicist should ever do. I have 

suggested something that can never 

be verified experimentally” (W. Pauli)



Découverte du neutrino
1956: Reines & Cowan observent directement des 
 anti-neutrinos au réacteur de Savannah River (USA)

– interactions dans un cuve de 200 l d’eau avec scintillareur 
liquide et chlorure de cadmium
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Une symétrie discrète: la parité P
• Opération de parité P = « inversion d’espace »

– Réflexion (par un miroir) 
= inversion d’une seule des 3 coordonnées de l’espace 
= opération P suivie d’une rotation de 180 degrés autour 

d’un axe perpendiculaire au miroir
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On dit que « la parité est conservée » 
si les lois de la physique sont invariantes par rapport à 
une inversion d’espace (ou une réflexion dans un miroir), 
c’est-à-dire si l’image dans un miroir d’un phénomène physique 
correspond à un phénomène physique de même probabilité

CONSERVATION DE LA PARITE: E. Wigner, 1927

 rr          – rr
P



parité = –1

parité = +1

(–1) × (–1) = +1

(–1) × (+1) = –1

(+1) × (+1) = +1

Vecteurs polaires et axiaux
• Un vecteur peut se transformer de deux façons différentes 

sous une inversion spatiale P:
– vecteur polaire

• direction avec une signification physique
• exemple: vitesse v, force F, champ électrique E

– vecteur axial (ou pseudo-vecteur)
• direction conventionnelle (règle du « tire-bouchon »)
• exemple: champ magnétique B

• Produit vectoriel:
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rxp ∧  ryp =
rza par ex.   rr ∧  rp =

r
L

rxp ∧  rya =
rzp          par ex.   qrv ∧  

r
B=

r
F

rxa ∧  rya =
rza

  
 
 

 rxp          – rxp

P

 rxa             
rxa

P

Parité des 

→ la parité est conservée



• Un scalaire peut se transformer de deux façons différentes 
sous une inversion spatiale P:
– (vrai) scalaire

• signe avec une signification physique
• exemple: masse m, charge électrique q

– pseudo-scalaire
• signe conventionnel
• exemple: hélicité H (voir plus loin)

• Produit scalaire:

(–1) × (–1) = +1

(–1) × (+1) = –1

(+1) × (+1) = +1

parité = +1

parité = –1

Scalaires et pseudo-scalaires
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rxp  ⋅   
ryp = s par ex.   

r
F ⋅

r
l = W

rxp  ⋅   
rya = sps          par ex.   rp ⋅

r
S∝H

rxa  ⋅   
rya = s par ex.   –rµ ⋅

r
B= E

  
 
 

 s              s
P

 sps         – sps

P

Parité des 

→ la parité est conservée



Parité des quantités physiques
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Quantité physique P
position rr –
temps t +
vitesse rv = drr/dt –
masse m +
quantité de mouvement rp = mγrv   –
moment cinétique 

r
L = rr ∧ rp +

spin 
r
S +

force 
r
F = drp/dt –

énergie E = 
r
F ⋅drr∫ +

charge électrique q +

champ électrique 
r
E –

champ magnétique 
r
B +

la quantité 
physique est 
multipliée par 
ce signe sous 
une inversion 
d’espace



Hélicité (pseudo-scalaire)

• Hélicité d’une 
particule de spin S:
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H =
rv
c
⋅
r
Br
B

P
inversion
d’espace

H > 0 
hélice droite

H < 0 
hélice gauche

H =
rv
c
⋅
r
Sr
S
=
r
S ⋅ rpcr
S E H > 0 

hélicité droite
H < 0 

hélicité gauche

P
inversion
d’espace

• Hélicité de l’orbite 
d’une particule dans un 
champ magnétique B:



Parité en mécanique quantique
• Inversion d’espace: opérateur P

• Conservation de la parité
• Cas d’une particule dans un potentiel central:

– conservation du moment cinétique
– Les états propres simultanés de H, L2 et Lz, de moment cinétique ℓ

sont aussi états propres de P, pour la valeur propre (–1)ℓ:  
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ψ(rr) →  ψ(−rr) fonction d'onde
ψ  →  P ψ "ket"
P2 ψ = ψ      ⇒  valeurs propres = ±1

⇔   P,H[ ] = 0 (H = Hamiltonien)

ψnlm(rr) = Rnl(r)Yl
m(θ,ϕ)      où  (r,θ,ϕ) = coordonnées sphériques

⇔   Lx,H[ ] = Ly,H"# $%= Lz,H[ ] = 0

P ψnlm(rr) = ψnlm(−rr) = Rnl(r)Yl
m(π−θ,ϕ+π)

= Rnl(r) (−1)lYl
m(θ,ϕ) = (−1)l ψnlm(rr) P = –1( )l



Parité et moment cinétique intrinsèques

• Chaque hadron (et donc chaque noyau) possède, comme les 
vecteurs ou les scalaires, une parité intrinsèque P (= ±1) 
qui décrit la manière dont son état quantique se transforme 
sous une inversion d’espace

• Chaque particule (et donc chaque 
noyau) a un moment cinétique 
intrinsèque ou spin J 
(= 0, 1/2, 1, 3/2, 2, …)

• Spin et parité intrinsèque sont 
souvent noté JP
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P J JP

Proton (p) +1 1/2 1/2+

Neutron (n) +1 1/2 1/2+

Pion (π) –1 0 0–

Deuton (d) +1 1 1+

Helium 4 (!"He= α) +1 0 0+

Lithium 6 (#$Li) +1 1 1+

Lithium 7 (#%Li) –1 3/2 3/2–

Bore 10 ( &
'(B) +1 3 3+

Oxygène 17 ( )
'%O) +1 5/2 5/2+

Exemples:



Conservation du moment cinétique et de 
la parité dans un processus 1+2 → 3+4

• Conservation du (vecteur !) moment cinétique total

– Ji = spin de la particule i
– Lij = moment cinétique orbital relatif entre les particules i et j

• Conservation de la parité (par les interactions fortes et é.m.)

– Pi = parité intrinsèque de la particule i
– Lij = moment cinétique orbital relatif entre les particules i et j

• Exemple (voir exercice):
– capture pionique par le deuton:   π– + d → n + n
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r
J1+

r
J2 +

r
L12 =

r
J3+

r
J4 +

r
L34

P1 ⋅P2 ⋅ −1( )L12 =P3 ⋅P4 ⋅ −1( )L34

Attention: composition 
des moments cinétiques

Attention: les parités 
sont multiplicatives



Le « problème τ–θ » en 1956

• Observation de nouvelles particules étranges τ et θ, se 
désintégrant pas interaction faible:

• Parités opposées, mais toutes les autres propriétés identiques:
– masse
– durée de vie moyenne
– charge électrique (+1)
– section efficace de production par interaction forte
– etc.

Comment deux particules différentes peuvent-elles
se ressembler autant ?
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τ+ →  π+π–π+         P = (−1)3 = −1
θ+ →  π+π0 P = (−1)2 = +1
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Question of Parity Conservation in Weak Interactions*
T. D. LEE, Columbia University, %em York, Xenr York

AND

C. N. YANG, 'f Brookhaven Natiortal Laboratory, Upton, 1Vem Fork
(Received June 22, 1956)

The question of parity conservation in P decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

PRESENT EXPERIMENTAL LIMIT ON
PARITY NONCONSERVATION

ECENT experimental data indicate closely iden-
tical masses' and lifetimes' of the W(=E,s+)—and~

~

~ ~

~ ~ ~

the r+(=E s+) mesons. On the other hand, analyses'
of the decay products of r+ strongly suggest on the
grounds of angular momentum and parity conservation
that the ~+ and 8 are not the same particle. This poses
a rather puzzling situation that has been extensively
discussed. '
One way out of the difhculty is to assume that

parity is not strictly conserved, so that 0+ and v-+ are
two diGerent decay modes of the same particle, which
necessarily has a single mass value and a single lifetime.
We wish to analyze this possibility in the present paper
against the background of the existing experimental
evidence of parity conservation. It will become clear
that existing experiments do indicate parity conserva-
tion in strong and electromagnetic interactions to a
high degree of accuracy, but that for the weak inter-
actions (i.e., decay interactions for the mesons and
hyperons, and various Fermi interactions) parity con-
servation is so far only an extrapolated hypothesis
unsupported by experimental evidence. (One might
even say that the present 8—v puzzle may be taken as
an indication that parity conservation is violated in
weak interactions. This argument is, however, not to
be taken seriously because of the paucity of our present
knowledge concerning the nature of the strange par-
ticles. It supplies rather an incentive for an examination
of the question of parity conservation. ) To decide
unequivocally whether parity is conserved in weak
interactions, one must perform an experiment to deter-
mine whether weak interactions differentiate the right
from the left. Some such possible experiments will be
discussed.

If parity is not strictly conserved, all atomic and
nuclear states become mixtures consisting mainly of
the state they are usually assigned, together with small
percentages of states possessing the opposite parity. The
fractional weight of the latter will be called F'. It is a
quantity that characterizes the degree of violation of
parity conservation.
The existence of parity selection rules which work

well in atomic and nuclear physics is a clear indication
that the degree of mixing, 5', cannot be large. From
such considerations one can impose the limit S'& (r/X)',
which for atomic spectroscopy is, in most cases, 10 '.
In general a less accurate limit obtains for nuclear
spectroscopy.
Parity nonconservation implies the existence of inter-

actions which mix parities. The strength of such inter-
actions compared to the usual interactions will in
general be characterized by 8, so that the mixing will
be of the order 5'. The presence of such interactions
would affect angular distributions in nuclear reactions.
As we shall see, however, the accuracy of these experi-
ments is not good. The limit on 5' obtained is not better
than p' &10—4.
To give an illustration, let us examine the polarization

experiments, since they are closely analogous to some
experiments to be discussed later. A proton beam
polarized in a direction s perpendicular to its momentum
was scattered by nuclei. The scattered intensities were
compared' in two directions A and 8 related to each
other by a reAection in the x—y plane, and were found
to be identical to within 1%. If the scattering origi-
nates from an ordinary parity-conserving interaction
plus a parity-nonconserving interaction (e.g., tr r), then
the scattering amplitudes in the directions A and 8
are in the proportion (1+5)/(1—F), where P represents
the ratio of the strengths of the two kinds of interactions
in the scattering. The experimental result therefore
requires 5 &10 ', or $'&10 '.
The violation of parity conservation would lead to

an electric dipole moment for all systems. The mag-
nitude of the moment is

*Work supported in part by the U. S. Atomic Energy Com-
mission.
f Permanent address: Institute for Advanced Study, Princeton,

New Jersey.
'Whitehead, Stork, Perkins, Peterson, and Birge, Bull. Am.

Phys. Soc. Ser. II, 1, 184 (1956); Barkas, Heckman, and Smith
Bull. Am. Phys. Soc. Ser. II, 1, 184 (1956).
'Harris, Orear, and Taylor, Phys. Rev. 100, 932 (1955);

V. Fitch and K. Motley, Phys. Rev. 101, 496 (1956). Alvarez,
Crawford, Good, and Stevenson, Phys. Rev. 101, 503 1956).' R. Dalitz, Phil. Mag. 44, 1068 (1953);E.Fabri, Nuovo cimento
ll, 479 (1954). See Orear, Harris, and Taylor LPhys. Rev. 102,
1676 (1956)7 for recent experimental results.

4 See, e.g., Report of the Sixth Annual Rochester Conference on
High Energy Physics (Interscience Publishers, Inc., New York
to be published).

moment ePX (dimension of system). (1)
5 See, e.g., Chamberlain, Segre, Tripp, and Ypsilantis, Phys.

Rev. 93, 1430 (1954).
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The presence of such electric dipole moments would
have interesting consequences. For example, if the
proton has an electric dipole moment —eX (10 "cm),
the perturbation caused by the presence of the neigh-
boring 2p state of the hydrogen atom would shift the
energy of the 2s state by about 1 Mc/sec. This would
be inconsistent with the present theoretical interpre-
tations of the Lamb shift. Another example is found
in the electron-neutron interaction. An electric dipole
moment for the neutron —eX (10 "cm) is the upper
limit allowable by the present experiments.
By far the most accurate measurement of the electric

dipole moment was made by Purcell, Ramsey, and
Smith. They gave' an upper limit for the electric dipole
moment of the neutron of eX(5X10 "cm). This value
sets the upper limit for 5 as 5 (3)&10 which is
also the most accurate verification of the conservation
of parity in strong and electromagnetic interactions.
We shall see, however, that even this high degree of
accuracy is not. sufhcient to supply an experimental
proof of parity conservation in the weak interactions.
For such a proof an accuracy of 52&10—"is necessary.
QUESTION OF PARITY CONSERVATION IN II DECAY

At first sight it might appear that the numerous
experiments related to p decay would provide a veri-
fication that the weak p interaction does conserve
parity. We have examined this question in detail and
found this to be not so. (See Appendix. ) We start by
writing down the five usual types of couplings. In
addition to these we introduce the 6ve types of
couplings that conserve angular momentum but do not
conserve parity. It is then apparent that the classi-
fication of p decays into allowed transitions, first for-
bidden, etc., proceeds exactly as usual. (The mixing of
parity of the elclear sta/es would not measurably affect
these selection rules. This phenomenon belongs to the
discussions of the last section. ) The following phe-
nomena are then examined: allowed spectra, unique
forbidden spectra, forbidden spectra with allowed
shape, p-neutrino correlation, and p—y correlation. It
is found that these experiments have no bearing on the
question of parity conservation of the p-decay inter-
actions. This comes about because in all of these
phenomena no interference terms exist between the
parity-conserving and parity-nonconserving interac-
tions. In other words, the calculations always result in
terms proportional to ~C~' plus terms proportional to
~C'~'. Here C and C' are, respectively, the coupling
constants for the usual parity-conserving interactions
(a sum of five terms) and the parity-nonconserving
interactions (also a sum of five terms. ) Furthermore, it
is well known' that without measuring the spin of the

e E. M. Purcell and N. F. Ramsey, Phys. Rev. 78, 807 (1950);
Smith el al. as quoted in N. F.Ramsey, Molecular Beams (Oxford
University Press, London, 1956).
r C. N. Yang and J. Tiomno, Phys. Rev. 79, 495 (1950).

neutrino we cannot distinguish the couplings C from
the couplings C' (provided the mass of the neutrino is
zero). The experimental results concerning the above-
named phenomena, which constitute the bulk of our
present knowledge about p decay, therefore cannot
decide the degree of mixing of the C' type interactions
with the usual type.
The reason for the absence of interference terms CC'

is actually quite obvious. Such terms can only occur
as a pseudoscalar formed out of the experimentally
measured quantities. For example, if three momenta
pi, ps, ps are measured, the term CC'pi (psXps) may
occur. Or if a momentum p and a spin e are measured,
the term CC'p n may occur. In all the p-decay phe-
nomena mentioned above, no such pseudoscalars can
be formed out of the measured quantities.

POSSIBLE EXPERIMENTAL TESTS OF PARITY
CONSERVATION IN g DECAYS

I

The above discussion also suggests the kind of
experiments that could detect the possible interference
between C and C' and consequently could establish
whether parity conservation is violated in p decay. A
relatively simple possibility is to measure the angular
distribution of the electrons coming from p decays of
oriented nuclei. If 8 is the angle between the orientation
of the parent nucleus and the momentum of the
electron, an asymmetry of distribution between 0 and
180'—0 constitutes an unequivocal proof that parity
is not conserved in p decay.
To be more specific, let us consider the allowed P

transition of any oriented nucleus, say Co". The
angular distribution of the P radiation is of the form
(see Appendix):

I(8)d8= (constant) (1+n cos8) sin8d8,
where o. is proportional to the interference term CC'.
If 0.QO, one would then have a positive proof of parity
nonconservation in p decay. The quantity n can be
obtained by measuring the fractional asymmetry
between 0 &90' and 0&90'; i.e.,

~ ~/2 p 1l

n= 2 I(8)d8 I(8)d8—p1! I(8)d8.
-"0 7r/2

It is noteworthy that in this case the presence of the
magnetic field used for orienting the nuclei would
automatically cause a spatial separation between the
electrons emitted with 0&90' and those with 0&90'.
Thus, this experiment may prove to be quite feasible.
It appears at first sight that in the study of 7-radia-

tion distribution from p-decay products of oriented
nuclei one can form a pseudoscalar from the spin of the
oriented nucleus and the y-ray momentum y~. Thus it
may seem to oGer another possible experimental test
of parity conservation. Unfortunately, the nuclear
levels have definite parities, and electromagnetic inter-

[...]

→  il faut mesurer un pseudo-scalaire 
dans un processus d’interaction faible !



Idée de Lee et Yang
• Désintégration β du cobalt 60 

(par interaction faible):

① aligner les spins S de tous les noyaux 60Co par un champ magnétique B
② mesurer N(θ) = nombre d’électrons émis à un angle θ par rapport à B
③ comparer N(θ) et N(π–θ)
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27
60Co  →   28

60Ni*+ e– + νe

cosθ = rpe ⋅
r
B( ) peB( )

conservation de P  ⇔   N(θ) =N(π−θ)

P
inversion
d’espace

P
cosθ –cosθ Pseudo-

scalaire !

Lee & Yang, Phys. 
Rev. 104, 254 (1956)



Expérience de Mme Wu
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Wu et al., Phys. Rev. 
105, 1413 (1957)

bobine
Bext ~0.05 T

60Co

scintillateur pour
détection électrons

sel paramagnétique
Blocal ~ 10–100 T 
(dû à l’alignement des 

moments électroniques)

guide de lumière

scintillateur pour
détection photons

cryostat, T < 0.03 K

scintillateur pour
détection photons



Expérience de Mme Wu (comptage γ)

• La polarisation des noyaux de 60Co
est démontrée par l’anisotropie des 
γ émis par le 60Ni*
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t = 0
spins alignés

émission γ anisotrope 

t = 15 minutes
spins désalignés

émission γ isotrope 

réchauffement



Découverte de la violation de la parité
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Wu et al., Phys. Rev. 
105, 1413 (1957)

t = 0
spins alignés 

t = 15 minutes
spins désalignés

réchauffement

θ =0

θ = π

co
m

pt
ag

e 
β



Deux conséquences
• Lee et Yang reçoivent 

le prix Nobel (en 1957 !)
– à l’âge de 31 et 35 ans

• Nous pouvons définir 
« GAUCHE » et « DROITE » 
à partir d’un phénomène physique
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C.N. Yang

T. D Lee


