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Parity and Charge conjugation

Parity

Till 1956, physicists believed that the laws of physics are ambidextrous; that is, the mirror
image of any physical process also represents a perfectly possible physical process. But in
1956, Lee and Yang were led to wonder whether there had been any experimental test of
this assumption (Phys. Rev. 104, 254 (1956). This is only 5 pages and I encourage all of
you to read through). They found there was no experimental confirmation in the case of
weak interactions and proposed a test, which was carried out later that year by C.S. Wu
(Phys. Rev. 105, 1413 (1957). This has 3 pages and again and easy to follow, although
this experiment was somewhat a tricky one.). In this experiment, radiactive Co60 nuclei
were carefully aligned (polarized) in the degamnetization cryostat. Co60 undergoes beta
decay, and Wu recorded the direction of the emitted electrons. What she found was the
most of them came out in the particular direction as shown in 1. Under the parity inversion
operation, the spin changes its direction but the direction of the electron emitted remains
unchanged ‘refmirror. However, this new parity inverted configuration does not occur in
nature and this firmly indicates the parity violation in the weak interaction. The violation
of the parity is not a small effect but in fact it is the maximal violation.

We call a particle is right handed (helicity=+1) if the spin is in parallel with the direction
of the motion and left handed (helicity = -1) if the spin is antiparallel with the direction
of the motion. In general the helicity is not Lorentz invariant as a right-handed particle
can be converted to a left-handed particle by a Lorentz transformation. But in the case of
the neutrino, since it is assumed to be massless, the helicity becomes a Lorentz invariant as
it travels at the speed of light. All of us assumed that half of all neutrinos would be left-
handed and half right-handed till mid-fifties. What in fact was discovered since then was: all
neutrinos are left-handed and all antineutrinos are right-handed. This was experimentally
confirmed by studying the decay π− → µ− + ν̄µ (Phys. Rev. Lett. 6, 415 (1961). The
helicity of the muon was measured to be h = + 1.17 ± 0.32 in this paper). If the pion is at
rest, the muon and the antineutrino come out back to back. Moreover, since the pion has
spin 0, the muon and the antineutrino spins must be oppositely aligned. Therefore, if the
antineutrino is right-handed, the muon must be right-handed in order to preserve the total
spin.
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Figure 1: Beta anisotropy from Co60 as a function of time. Phys. Rev. 105, 1413 (1957). The asymmetry
is most evident when the system is cooled (maximum polarization) and disappears as it gets warm.

Figure 2: Parity inversion relations of polarized Co60 spin and emitted electrions.
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Scalar : P (s) = s
Pseudoscalar : P (p) = −p
Vector : P (v) = v
Pseudovector : P (a) = −a

Table 1: Behavior of scalars and vectors under the parity transformation P .

In spite of its violation in weak processes, parity invariance remains a valid symmetry of
the strong and electromagnetic interactions.

Under the parity inversion, if a scalar changes its sign, it is called a pseudoscalar (the
ordinary scalars do not change sign). For vectors we also classify them based on their prop-
erties under the parity inversion operation. Table 1 shows the list of scalars and vectors with
different transformation properties under the parity transformation. Pseudoscalar mesons
have parity of −1 and excited states of them have the parity of (−1)l+1 and this dependency
is originated from the angular part of the spatial wave function Y l

m(θ, φ).
tau-theta puzzle: Two strange mesons, called at the time of early 1950’s τ and θ,

appeared to be identical in every respect-same mass, same spin, same charge, and so on -
except that one of them decayed into two pions and the other into three pions, states of
opposite parity:

θ+ → π+π0 (P = +1)

τ+ → π+π0 + π0 (P = −1)

→ π+π+ + π−

It was a puzzle as two otherwise identical particles carry different parity. The alternative
suggested by Lee and Yang in 1956 was that τ and θ are the same particle (called K+ now),
and parity is simply not conserved.

Charge Conjugation

There is another discrete operation called charge conjugation, C, and it converts each
particle into its antiparticle:

C|p >= |p̄ >

C can be applied to a neutral particle such as the neutron (yielding an antineutron) and
it changes the sign of all the ”internal” quantum numbers - charge, baryon number, lepton
number, strangeness, charm, beauty,truth - while leaving mass, energy, momentum and spin
untouched. Just like the case of P , application of C twice brings us back to the original state

C2 = I

and hence the eigenvalues of C are ± 1. One different aspect of C operation is as follows.
Unlike P , most of the particles in nature are clearly not eigenstates of C. For example, elec-
trons and positrons are different, protons and antiprotons are obviously different. However,
photons and composite particles can be eigenstates of C operator. Because the photon is the
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quantum of the electromagnetic field, which changes sign uncer C, it makes sense that the
photon’s charge congugation number is −1. We assume that a system consisting of a spin
1
2

particle and its antiparticle in a configuration with orbital angular momentum l and the

total spin s constitutes an eigenstate of C, with eigenvalue (−1)l+s. According to the quark
model, the mesons are of this form. Therefore, C of π and K are +1.

C is a multiplicative quantum number, and like parity, it is conserved in the strong and
electromagnetic interactions. Thus, for example, the π0 decays into two photons

π0 → γ + γ

is allowed as both initial and final state have C = +1. However it cannot decay into three
photon final state due to the charge congugation symmetry in the electromagnetic processes.
In the strong interactions, charge conjugation invariance requires, for example, that the
energy distribution of the charged pions in the reaction

p + p̄ = π+ + π− + π0

should on the average be identical (Phys. Rev. Lett. 15, 591 (1965)). However, the charge
conjugation is not a symmetry of the weak interaction, because formally we may write the
charge conjugation of the left-handed neutrino as

C(νL) = ν̄L

but ν̄L does not exist in nature.

CP Violation

As we have seen, the weak interactions are not invariant under the parity transformation
P . For example, in the decay

π+ → µ+ + νµ,

the antimuon emitted always comes out left-handed. The charge conjugated interaction of
the above would be

π− → µ− + ν̄µ

where the muon is still left-handed. Since there is no left-handed muon in the π− decay,
C is also violated in the weak interaction. Then what about the combination of C and P
operation? CP turns the left-handed antimuon into a right-handed muon, which is exactly
what we observe in nature. In order to prove that the CP is conserved in above two decays,
we really need to check that the decay rates of both decays indentical or not by experiments.

For the moment, let us assume that the CP is conserved in the weak interactions. We
start with discussing the system of the neutral K mesons. The neutral K0, with strangeness
+1, can turn into its antiparticle K̄0, strangeness −1

K0 ⇀↽ K̄0

through a second-order weak interaction described in Fig. 3. As a result, the particles we
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Figure 3: Feynman diagrams contributing to K0 - K̄0 oscillation. There are others, including those with
one or both u quarks replaced by c or t.

normally observe in the laboratory are not K0 and K̄0, but rather some linear combination
of the two. Since the K’s are pseudoscalars we can write the followings.

P |K0 >= −|K0 >, P |K̄0 >= −|K̄0 > .

For the charge conjugation, we have

C|K0 >= |K̄0 >, C|K̄0 >= |K0 > .

Accordingly,

CP |K0 >= −|K̄0 >, CP |K̄0 >= −|K0 > .

and the normalized eigenstates of CP are then

|K1 > =
1√
2
(|K0 > −|K̄0 >)

|K2 > =
1√
2
(|K0 > +|K̄0 >)

as one can easily verify the followings.

CP |K1 >= |K1 >, CP |K2 >= −|K2 >

Assuming CP is conserved in the weak interactions, K1 can only decay into a state with CP
= +1, whereas K2 must go to a state with CP = −1. We know that neutral kaons decay
into two or three pions and since two-pion system carries a parity of +1, and the three-pion
system has P = −1 (both have C = +1), we can argue that the following decays are allowed.

K1 → 2π,

K2 → 3π.

Since the 2π decay is faster, even if we start with a beam of K0’s

|K0 > =
1√
2
(|K1 > +|K2 >)

the K1 component will quickly decay away, and down the line we shall have a beam of pure
K2’s. Therefore, if we see a 2π decay with this pure K2 beam, it would indicate CP violation.
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Such an experiment was reported by Cronin and Fitch in 1964 (Phys. Rev. Lett. 13, 138
(1964)). They found 45 2π events in a total of 22,700 decays indicating CP violation in the
kaon system. The long-lived neutral kaon is not a perfect eigenstate of CP but contains a
small admixture of K1 as

|KL >=
1√

1 + |ε|2
(|K2 > +ε|K1 >)

The coefficient ε is a measure of nature’s departure from CP invariance and initially measured
to be 2.3 × 10−3.

The Fitch-Cronin experiment proved the violation of CP symmetry in nature. And
subsequent study of the semileptonic decays of KL has revealed even more dramatic evidence
for CP violation. Following two decay modes are

π+ + e− + ν̄e

π− + e+ + νe

CP transformed state of each other. So, if CP is to be preserved, the two modes would be
equally probable. But experiments show that KL decays more often into a positron than into
an electron, by a fractional amount 3.3 × 10−3. (Phys. Rev. Lett. 19, 993 (1967), Phys.
Rev. Lett. 19, 987 (1967)) This is the first time we see a process that makes an absolute
distinction between matter and antimatter.
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