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To the memory of René Turlay (1932–2002)

Codiscoverer of CP violation





Preface
This world, with all its events, even the most
minute, has before been produced and destroyed,
and will again be produced and destroyed, without
any bounds and limitations.

David Hume, Dialogues Concerning Natural
Religion (1779), Part VIII

The discovery of CP violation in decays of neutral K mesons by Jim Chris-
tenson, Jim Cronin, Val Fitch and René Turlay in 1964 came as a complete
surprise to us. At that time, the structure of the weak interaction had be-
come clear, as a V–A interaction with built-in parity violation; the second
neutrino, with muon flavor, had been found; and the eightfold way had been
formulated as a flavor SU(3) symmetry of the three known quarks. However,
this phenomenon of CP violation did not fit into the picture and was a small
O(10−3) effect, completely different from the 100% parity violation as seen
in the neutrino helicity.

Forty years later, we have a rather clear picture of how this observed
CP violation in K meson decays fits into the framework of weak interactions
between six quarks. In addition, CP violation has now been observed in a
second neutral meson system, the B0 system. This book describes how, over
this long period of time, experimenters invented and built ingenious detectors
in order to clarify the question, of whether CP violation was a completely
new phenomenon outside the known interactions or an integral part of the
weak interaction. This endeavor required the detection of decay amplitudes
which are 105 times weaker than those of normal weak decays.

I was introduced to the field of K mesons by Jack Steinberger when he
had just come to CERN from Columbia University in 1965. At that time, our
first experiment on the interference between CP-violating and CP-conserving
amplitudes took one year. Today, experiments at B factories will go on for
another 10 years in order to elucidate further this intriguing phenomenon.

I thank my colleagues over many years in the CERN–Aachen–Torino,
CERN–Heidelberg, NA31 and NA48 collaborations for the good spirit in
which we did these experiments.

I also thank Mrs. Silvia Müller and Dr. Andreas Hirstius for their help
with the manuscript and the figures.

Mainz, August 2003 Konrad Kleinknecht

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, VII–IX (2003)
c© Springer-Verlag Berlin Heidelberg 2003
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1 Introduction

1.1 Matter–Antimatter Asymmetry in the Universe

One of the surprising facts in our present understanding of the development
of the Universe is the complete absence of “primordial” antimatter from the
Big Bang about 13.7 billion years ago. The detection of charged cosmic-
ray particles by magnetic spectrometers borne by balloons, satellites, and
the space shuttle has shown no evidence for such primordial (high-energy)
antibaryons; nor has the search for gamma rays from antimatter–matter an-
nihilation yielded any such observation. In the early phases of the expanding
Universe, a hot (1032 K) and dense plasma of quarks, antiquarks, leptons,
antileptons and photons coexisted in equilibrium. This plasma expanded and
cooled down, and matter and antimatter could recombine and annihilate into
photons. If all interactions were symmetric with respect to matter and anti-
matter, and if baryon and lepton numbers were conserved, then all particles
would finally convert to photons, and the expansion of the Universe would
shift the wavelength of these photons to the far infrared region.

This cosmic microwave background radiation was indeed observed by Pen-
zias and Wilson in 1965 [1], and its wavelength distribution corresponds ex-
actly to Planck black-body radiation at a temperature of 2.73 K (see Fig. 1.1).
The density of this radiation is about 5 × 102 photons/cm3.

However, this radiation is not the only remnant of the Big Bang; there
is also a small amount of baryonic matter left over, at a density of 6 × 10−8

nucleons/cm3, about 10−10 of the photon density. This phenomenon can only
be explained if the three conditions of Sakharov [2] are fulfilled:

– there must be an interaction violating CP invariance, where C is the
particle–antiparticle transformation and P the space inversion operation;

– there must be an interaction violating the conservation of baryon number;
– there must be phases of the expansion without thermodynamic equilibrium.

The first condition was shown to be fulfilled when, in 1964, J. Christenson,
J. Cronin, V. Fitch and R. Turlay discovered CP violation [3] in decays of
neutral K mesons. The second criterion would imply that protons are not
stable; searches for such a decay have been unsuccessful, showing that the
lifetime of the proton is longer then 1031 years. The third condition can be

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 1–2 (2003)
c© Springer-Verlag Berlin Heidelberg 2003



2 1 Introduction

Fig. 1.1. Frequency distribution of the cosmic microwave background variation, as
measured by the COBE satellite and earth-based experiments.

met in cosmological models by inflationary fast expansion or by a first-order
phase transition in the electroweak interaction of the Standard Model.

In the following, we shall concentrate on the observed CP violation, which
could in principle lead to a small surplus of matter, the observed baryon
asymmetry of 10−10 in the Universe.

References

1. A. A. Penzias, R. Wilson, Astrophys. J. 142, 419 (1965) 1
2. A. D. Sakharov, JETP Lett. 5, 24 (1967) 1
3. J. H. Christenson, J. W. Cronin, V. L. Fitch, R. Turlay, Phys. Rev. Lett. 13,

138 (1964) 1



2 Symmetries

Symmetries and conservation laws have long played an important role in
physics. The simplest examples of macroscopic relevance are the laws of con-
servation of energy and momentum, which are due to the invariance of forces
under translation in time and space, respectively. Both are continuous trans-
formations. In the domain of quantum phenomena, there are also conserva-
tion laws corresponding to discrete transformations. One of these is reflection
in space (the “parity operation”) P [1]. The second discrete transformation
is particle–antiparticle conjugation C [2]. This transforms each particle into
its antiparticle, whereby all additive quantum numbers change their sign. A
third transformation of this kind is time reversal T , which reverses momenta
and angular momenta [3]. This corresponds formally to an inversion of the
direction of time. According to the CPT theorem of Lüders and Pauli [4, 5],
there is a connection between these three transformations such that, under
rather weak, assumptions in a local field theory all processes are invariant
under the combined operation C · P · T .

2.1 Discrete Symmetries in Classical Physics

2.1.1 Parity P

The parity operation consists in reversing the direction of the position vec-
tor r = (X,Y, Z) in Cartesian coordinates. This corresponds to reflection
in a plane mirror, followed by a rotation by 180◦. Symmetry under parity
operation is therefore also called mirror symmetry.

The parity operation reverses the direction of all polar vectors derived
from the position vector; in particular, this is the case for the momentum p
= mv = mdr/dt and the acceleration a = d2r/dt2. Therefore, the Newtonian
force F = dp/dt is also reversed under the parity operation.

This must be also the case for the Lorentz and Coulomb forces on a
particle with charge q moving with velocity v:

F = q(E + v × B) . (2.1)

Since the charge q is invariant under P , and the force F and the velocity v
change sign, the electric field strength E must change sign and the magnetic
field strength B must remain unchanged.

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 3–12 (2003)
c© Springer-Verlag Berlin Heidelberg 2003



4 2 Symmetries

For the electric potential A,we obtain, from the relations

E = −gradV − ∂A/∂t, (2.2)
B = rotA, (2.3)

the result that A changes sign and V remains invariant, since the spatial
differential operator changes sign under the parity operation.

We therefore have four classes of quantities with different transformation
behavior under P : axial vectors or pseudovectors such as B and the angular
momentum J = r × p, and scalars such as V , which remain invariant under
P ; and polar vectors such as r, p, F , E and A, and pseudoscalars such as
E · B, which change sign under P .

2.1.2 Time Reversal T

This operation consists in reversing the sign of the time axis t. Under this
operation t→ −t, the velocity v, the momentum p and the angular momen-
tum J change sign, while the force F remains unchanged under T . From the
fact that the Coulomb and Lorentz forces are invariant, we derive the result
that E → E and B → B under T ; for the potentials, V → V but A → −A.

2.1.3 Dipole Moments

Elementary particles with spin may have electric or magnetic dipole moments.
The spin s has the dimensions of an angular momentum, and therefore re-
mains unchanged under parity and changes sign under time reversal.

The potential energy of an electric or magnetic dipole in an external field
is proportional to the scalar product of the electric or magnetic moment with
the strenght of the external electromagnetic field. Since the moments must
be parallel to the spin, the potential energy is given by

−des · E for the electric case (2.4)

and
−dms · B for the magnetic case (2.5)

Here de and dm are the electric and magnetic dipole moments. If we onsider
the transformation properties of s, E and B under P and T , it turns out that
for both operations dm → dm and de → −de. This means that observation of
a nonvanishing electric dipole moment would violate any invariance under
parity and time-reversal transformations.

In classical physics, all processes are invariant under parity and under
time reversal. In the case of mirror symmetry, this means that a physical
experiment will lead to the same result as a mirror-imaged experiment, since
the equations of classical physics are left-right symmetric. In a similar way,
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the classical motion of one particle can be reversed, e.g. by playing a film
backwards, and this inversion of the motion corresponds formally to time
reversal. Again, the laws of motion are invariant under T , and the reversed
motion follows the same path backwards as forwards.

Of course, this is no longer the case if many particles move and interact
with each other; in this case the second law of thermodynamics ensures that
entropy is increasing, thus defining an arrow of time.

2.2 Discrete Symmetries in Quantum Systems

2.2.1 Particle–Antiparticle Conjugation

In relativistic quantum mechanics, the Dirac equation requires that for each
solution describing a particle, there is a second solution with opposite charge,
describing the antiparticle. The antiparticle of the electron, the positron, was
found in 1933 [7], and the antiproton was found in 1955 [8]. The particle–
antiparticle conjugation C transforms the field φ of the particle into a related
field φ† which has opposite quantum numbers: the charge, lepton number,
baryon number, strangeness, beauty, etc. for the antiparticle are opposite in
sign to the values for the particle.

Invariance under the C transformation is always valid in the strong and
electromagnetic interactions. This means, in particular, that the visible spec-
tral lines from atoms and their antiatom partners are identical, and we cannot
use these lines to identify antimatter in the Universe.

This would be especially important in the science-fiction scenario in which
a man-made spacecraft sets out to meet a distant civilization, where it would
be advisable to know whether the other planet was made of matter or anti-
matter. In this case another means of differentiation would have to be found.

2.2.2 Violation of Mirror Symmetry – Parity Violation
in Weak Interactions

Lee and Yang [10] suggested that of the four interactions – strong, electro-
magnetic, weak and gravitational – the weak interaction might violate mirror
symmetry when it was described by a combination of vector and axial-vector
currents in the Lagrangian (V–A theory). The interference of these two cur-
rents could lead to pseudoscalar observables which would change sign under
the parity operation. One such observable is the scalar product of an axial
vector (such as the spin of a particle) with a polar vector (such as the mo-
mentum of another particle in the final state). If the expectation value of this
pseudoscalar is measured to be nonvanishing, then parity is violated.

An experiment on the beta decay of cobalt-60 [11] measured exactly such
an observable, the scalar product of the spin 5� of the 60Co nucleus and the
direction of the electron from its beta decay into an excited state of 60Ni
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with nuclear spin 4�. The 60Co nuclei were polarized by embedding them
in a cerium–magnesium crystal, where the magnetic moments were aligned
by a weak external magnetic field of about 0.05 T. In the strong magnetic
field inside this paramagnet, the 60Co nuclei are polarized through hyper-
fine interactions if the temperature is low enough (0.01 K) to avoid thermal
demagnetization. The polarization was measured through the asymmetry of
γ rays from the cascade decay of the 60Ni state. The measurement then re-
quired the detection of the electron direction relative to the polarization of
the Co nuclei. The experimenters found that the electron was emitted pref-
erentially in a direction opposite to the external magnetic field, and that this
effect disappeared when the crystal was warmed and the nuclear polarization
disappeared. Thus, at low temperature, a nonzero pseudoscalar is observed,
demonstrating parity violation.

Other experiments lead to similar results. The helicity h = s · p/|s · p| of
the neutrino emitted in the weak electron capture by 152Eu was measured in
an experiment by Goldhaber and Grodzins [15] to be negative; the neutrino
is “left-handed”, i.e. the spin is aligned antiparallel to the momentum. Simi-
larly, measurements of the polarization of electrons from β− decay showed a
negative value, with a modulus increasing with the velocity of the electron,
v/c. Positrons from β+ decay were found to have a positive polarization that
increases with v/c.

2.2.3 Violation of C Symmetry, and CP Invariance

In the realm of weak decays of particles, supporting evidence for the viola-
tion of mirror symmetry came from the observation that parity is violated
in the decay π+ → µ+νµ, and that the muon neutrino from this decay is
left-handed [12, 13]. The P-conjugate process, i.e. π+ → νµµ

+, with a right-
handed neutrino, does not occur. The same is true for the C-conjugate pro-
cess, π− → µ−νµ, with a left-handed antineutrino. However, if we combine
the C and P operations, we arrive at a process π− → µ−νµ with a right-
handed antineutrino, which proceeds at the same rate as the original π+

decay, with a left-handed muon neutrino. Evidently, in weak interactions,
P and C are violated, while it seemed at the time of those experiments that
the process was invariant under the combined operation C · P . This argument
can be visualized as in Fig. 2.1. Here the P mirror and the C mirror act on a
left-handed neutrino, both leading to unphysical states, a right-handed neu-
trino and a left-handed antineutrino. Only the combined CP mirror leads to
a physical particle, the right-handed antineutrino. This argument was made
by Landau [14], suggesting that the real symmetry was CP invariance.

2.2.4 CP Invariance and Neutral K Mesons

One consequence of this postulated CP invariance was predicted by Gell-
Mann and Pais [9] for the neutral K mesons: there should be a long-lived
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Fig. 2.1. The mirror image of a left-handed neutrino under P , C and CP mirror
operations

partner to the known V0
(
K0

1

)
particle of short lifetime (10−10s). According

to this proposal, these two particles are mixtures of the two strangeness eigen-
states K0(S = +1) and K0(S = −1) produced in strong interactions. Weak in-
teractions do not conserve strangeness, and the physical particles should be
eigenstates of CP if the weak interactions are CP-invariant. These eigenstates
are described as follows (where we choose the phases such that K0 = CPK0):

CPK1 = CP
[

1√
2

(
K0 + K0

)]
=

1√
2

(
K0 + K0

)
= K1 , (2.6)

CPK2 = CP
[

1√
2

(
K0 − K0

)]
=

1√
2

(
K0 − K0

)
= −K2 . (2.7)

Because CP |π+π−〉 = |π+π−〉 for π mesons in a state with angular momen-
tum zero, i.e. the two-pion state has a positive CP eigenvalue, a decay into
π+π− is allowed for the K1 but forbidden for the K2; hence the longer lifetime
of K2, which was indeed confirmed when the K2 was discovered [16, 17].

2.2.5 Discovery of CP Violation

In 1964, however, Christenson, Cronin, Fitch and Turlay [18] discovered that
the long-lived neutral K meson also decays to two charged pions with a
branching ratio of 2× 10−3.

The motivation of this experiment was twofold: the experimenters wanted
to check on an effect found by Adair et al[19]. when the latter observed
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interactions of long-lived kaons (K2) in hydrogen, and they wanted to test
CP invariance by searching for the decay of K2 into two pions. Adair et al. had
found anomalous regeneration of short-lived kaons (K1) above expectation.
“Regeneration” is an effect due to the different strong interactions of the two
components of a long-lived kaon, K0 and K0. This leads to a creation of a
coherent K1 component when a K2 beam traverses matter (see Sect. 5.3).
The anomalous effect above expectation was still observed in the experiment
of Christenson et al. when the (K2) beam hit a hydrogen target.

Therefore, Christenson et al. emptied the target and looked for K2 → π+π−

decays from the vacuum. To their surprise, they found such decays, which
meant that CP invariance was broken in this decay.

The magnetic spectrometer used by Christenson et al. is shown in Fig. 2.2.
On each side of the spectrometer, one charged particle is detected through
spark chambers in front of and behind the magnet. The two vector momenta
pi (i = 1, 2) of the two particles are measured. Assuming the mass of the
particles to be the pion rest mass mπ their energies can be obtained from

E2
i = p2

i +m2
π . (2.8)

The invariant mass of the pair is

mππ =
√

[(E1 + E2)2 − (p1 + p2)2] , (2.9)

and the kaon momentum is

Fig. 2.2. The experimental setup used by Christenson et al. [18] for the discovery
of CP violation
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Fig. 2.3. (a) Experimental distribution of m∗ compared with Monte Carlo calcu-
lation. The calculated distribution is normalized to the total number of observed
events. (b) Angular distribution of those events in the range 490 < m∗ < 510 MeV.
The calculated curve is normalized to the number of events in the total sample.

pK = p1 + p2 . (2.10)

From the reconstructed kaon momentum, the intersection of the kaon flight
path with the target plane gives an indication of whether this was a two-
body decay coming from the target or a three-body decay with an escaping
neutrino.

In the latter case, the direction of pK does not point back to the target
source. The result of the experiment is shown in Fig. 2.3. A significant peak of
K → π+π− decays coming from the target direction (cos θ = 1) is seen, while
the background of three-body decays outside the peak can be extrapolated
under the signal, and represents only ∼20% of the data in the signal region:
there is a signal at the level of 2 × 10−3 of all decays, and CP is violated.

From then on the long-lived K meson state was called KL because it was
no longer identical to the CP eigenstate K2. However, the physical long-lived
state KL was a superposition of a predominant K2 amplitude and a small ad-
mixture of a K1 amplitude, KL = (K2 +εK1)/

√
1 + |ε|2 where the admixture

parameter ε is determined by experiment to satisfy |ε| ∼ 2×10−3 (3.21) . Sim-
ilarly, the short-lived state was called KS, and KS = (K1 + εK2)/

√
1 + |ε|2.

The CP violation that manifested itself by the decay KL → π+π− was con-
firmed subsequently in the decay KL → π0π0 [20, 21], and by a charge asym-
metry in the decays KL → π±e∓ν and KL → π±µ∓ν [22, 23].

2.3 Discrete Symmetries in Quantum Mechanics

The three discrete symmetries P , C and T are described by the operators
P for the parity transformation, C for particle–antiparticle conjugation and
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T for time reversal. Invariance of an interaction described by a Hamiltonian
H under a symmetry operation means that H commutes with the relevant
operator, e.g. [H , P ] = 0. According to experimental evidence, the strong
and electromagnetic interactions are P- and C-invariant. The corresponding
operators are unitary, i.e. the Hermitian conjugate is equal to the inverse:

C† = C−1 , (2.11)
P† = P−1 . (2.12)

For two states |ψ〉 and |ϕ〉, such a unitary transformation does not change
the product:

〈ψ | ϕ〉 = 〈ψ′ | ϕ′〉 , (2.13)

where |ψ′〉 and |ϕ′〉 are the transformed states.

By defining the intrinsic parity of the proton as +1, a phase convention for
the fields can be chosen, such that the parity operator P has only eigenvalues
of +1 or −1, and all particles have intrinsic parities ±1 as quantum numbers.
These conserved quantities, which correspond to discrete symmetries, are
multiplicative quantum numbers.

The third discrete symmetry, time reversal, is a special case. The corre-
sponding operator T is not unitary, but antiunitary. Here the bracket 〈ψ|ϕ〉
is not conserved by the T transformation, but rather

〈ψ′|ϕ′〉 = 〈ψ|ϕ〉∗ . (2.14)

Probability is still conserved, i.e.

|〈ψ′|ϕ′〉| = |〈ψ|ϕ〉| , (2.15)

but the phases are not. The fact that T is antiunitary can be deduced, from
the Schrödinger equation for a free particle, where the time derivative is odd
under T while the Laplace operator ∆ is even. This can be reconciled with
T invariance only if T makes the changes i → −i and ψ → ψ∗.

CPT , the product of all three discrete transformations, being a product
of two unitary and one antiunitary operator, is also antiunitary. According
to the CPT theorem of Lüders (1954) and Pauli (1955), and, Jost (1957)
[4, 5, 6], a field theory with Lorentz invariance, locality and the commutation
relations given by the spin–statistics theorem is CPT -invariant. At present
there is no realistic field theory which violates CPT invariance.

As a consequence of this theorem, violation of one of the three discrete
symmetries implies a violation of a complementary one. If CP is violated,
then T is also violated.

The experimental consequences of CPT invariance are the equality of the
masses, lifetimes and magnetic dipole moments of a particle and its antipar-
ticle. These equalities have been tested with great precision, as shown in
Table 2.1.
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Table 2.1. Comparison of masses m, lifetimes τ , and magnetic g-factors of particle
and antiparticles

Particle |m − m|/m |τ − τ |/τ |g − g|/g

e < 4 × 10−8 (−0.5 ± 2.1) × 10−12

µ (1 ± 8) × 10−5 (−2.6 ± 1.6) × 10−8

π (2 ± 5) × 10−4 (5.5 ± 7.1) × 10−4

p < 10−8

K0 < 5 × 10−18

A very special case in this context is that of the masses of the neutral K
mesons. The mass difference between the long-lived KL and the short-lived
KS can be measured in interference experiments. This difference is due to
second-order weak interactions and, therefore, is very small, about ∆m =
(3.480 ± 0.007) × 10−6 eV, which means that ∆m/mK < 10−14. From this,
one can deduce very stringent limits on the mass difference between the K0

and K0, of order 10−18.
Thus, from experimental evidence, there is no doubt about the validity of

CPT invariance.
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3 Mixing and Decay of Neutral Mesons

3.1 Particle–Antiparticle Mixing

Neutral mesons (represented by N0 in this chapter) with a characteristic
quantum number, such as the strangeness S for K0 mesons, charm C for D0

mesons and beauty B for B0
s and B0

d mesons, have the particular property that
they can mix with their antiparticles, which carry an opposite-sign quantum
number. Weak interactions do not conserve any of these quantum numbers
(S, C, B); consequently N0 and N0 can mix by second-order weak transitions
through intermediate states such as 2π, 3π, πµν, πeν (for K0), or πK (for B0).
The states that obey an exponential decay law are linear superpositions of
N0 and N0,

α |N0〉 + β |N0〉 =
(
α

β

)
. (3.1)

The time-dependent Schrödinger equation then becomes a matrix equation

i
d
dt

(
α

β

)
= X

(
α

β

)
, (3.2)

where Xik = Mik − iΓik/2, and Mik and Γik are Hermitian matrices, called
mass matrix and decay matrix, respectively. Both of the latter two matri-
ces are Hermitian: M = M † and Γ = Γ †. However X is not Hermitian. The
elements of the matrix X are

X11 = 〈N0|H|N0〉 , X22 = 〈N0|H|N0〉 ,
X12 = 〈N0|H|N0〉 , X21 = 〈N0|H|N0〉 (3.3)

where CPT invariance requires the diagonal elements to be equal:X11 = X22.
The matrix has the form

X =

(
m− i

2Γ m12 − i
2Γ12

m∗
12

− i
2Γ

∗
12

m− i
2Γ

)

. (3.4)

The off-diagonal elements of the matrices are given by

Γ21 = 2π
∑

�F 〈N0|HW|F 〉〈F |HW|N0〉 , (3.5)

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 13–20 (2003)
c© Springer-Verlag Berlin Heidelberg 2003
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where the sum runs over all possible physical intermediate states F , which
have a phase space density �

F
. Similarly,

M21 = 〈N0|HW|N0〉 +
∑

n

〈N0|HW|n〉〈n|HW|N0〉
m

N0 −mn
, (3.6)

where the sum extends over all possible virtual intermediate states n.
The eigenvalue equations forX yield two eigenstates, which can be labeled

by their mass: h for the higher mass, l for the lower mass. These eigenstates
are the physical particles with a definite mass and an exponential lifetime
distribution. The eigenvalues Mh and Ml of the matrix X are

Mh = mh − i
2
Γh ,

Ml = ml −
i
2
Γl (3.7)

We denote the differences between the physical quantities by ∆Γ = Γh − Γl

and ∆m = mh −ml > 0 and denote the average values by

Γ =
Γh + Γl

2
, (3.8)

m =
mh +ml

2
. (3.9)

For the B0 – B0 system and the D0 – D0 system, the two decay widths Γh

and Γl are expected to be nearly equal (because the numbers of final states
for the decay are very similar). In these cases it is customary to introduce
the dimensionless quantities

x =
∆m
Γ

(3.10)

and

y =
∆Γ
2Γ

. (3.11)

Here x is positive by definition, and y varies between −1 and +1. For heavy
systems such as B0, |y| is expected to be much less than 1, while for the K0

systemm, y is found experimentally to be close to −1, since here the decay
width of the lighter state is 600 times larger then that of the heavier state.
Therefore, for the K0 system, the lighter state is called KS (“short-lived”)
and the heavier state KL (“long-lived”). Table 3.1 gives a summary of various
parameters of oscillating meson pairs.
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3.2 Decays of Neutral Mesons

3.2.1 Time-Dependent Schrödinger equation

From the time-dependent Schrödinger equation for mixed states given above,
it follows that

d
dt

(
|α|2 + |β|2

)
= − (α∗β∗)Γ

(
α

β

)
. (3.12)

Since both of the neutral mesons N0 and N0 decay, the left-hand side of
this equation is negative for any α or β. Therefore Γ is positive definite, in
particular Γ11, Γ22 and detΓ are positive.

The physical particles, which have a definite mass and lifetime, are mix-
tures of the eigenstates N0 and N0 of the strong interaction, which carry
definite values of their characteristic quantum numbers strangeness S, charm
C, and beauty B.

If the weak interaction through which these particles decay is invariant
under a discrete symmetry, say CP , then the physical particles are eigenstates
of this symmetry because HW commutes with CP.

The effect of discrete symmetries on N0 and N0 is the following: CP is
unitary, and there is an arbitrary phase a:

CP|N0〉 = eia|N0〉 ,
CP|N0〉 = e−ia|N0〉 . (3.13)

CPT , however, is antiunitary, and, with an arbitrary phase b,

CPT |N0〉 = eib|N0〉 ,
CPT |N0〉 = eib|N0〉 . (3.14)

For T , which is also antiunitary, we obtain

Table 3.1. Parameters of the four neutral oscillating meson pairs [1]. (See Sects.
5.6.10, 6.6 and 6.7)

K0/K0 D0/D0 B0/B0 B0
s/B0

s

τ (ps) 89.59 ± 0.04 ;
51 700 ± 400

0.4117±0.0027 1.542 ± 0.016 1.461±0.057

Γ (s−1) 5.61×109 2.4×1012 (6.41±0.16)×1011 (6.7 ± 0.3)×1011

y = ∆Γ/(2Γ ) −0.9966 |y| < 0.06 |y| � 0.01 −(0.01–0.10)

∆m (s−1) (5.286±0.011)×109 < 7×1010 (4.89±0.08)×1011 > 14.4×1012

∆m (eV) (3.480±0.007)×10−6 < 5×10−6 (3.22±0.05)×10−4 > 8.6×10−3

x = ∆m/Γ 0.945±0.002 < 0.03 0.76±0.02 21–40
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T |N0〉 = ei(b−a)|N0〉
T |N0〉 = ei(b+a)|N0〉 (3.15)

We choose the arbitrary phase a to be equal to 0 here, such that the eigen-
states of CP are

|N+〉 =
1√
2

(
|N0〉 + |N0〉

)
,

|N−〉 =
1√
2

(
|N0〉 − |N0〉

)
, (3.16)

with the property that they have CP eigenvalues +1 and −1:
√

2 CP|N+〉 = CP|N0〉 + CP|N0〉 = |N0〉 + |N0〉 =
√

2 |N+〉√
2 CP|N−〉 = CP|N0〉 − CP|N0〉 = |N0〉 − |N0〉 = −

√
2 |N−〉 (3.17)

Historically, in the K0 system, |N+〉 was designated by |K1〉, and |N−〉 by
|K2〉.

Discrete symmetries impose certain conditions on the elements of the
mass and decay matrix. CPT invariance requires the masses and lifetimes of
the particle and antiparticle to be equal, i.e. X11 = X22, or M11 = M22 and
Γ11 = Γ22, for the diagonal elements. CP invariance requires that |X12| = |X21|.
In the following, we assume CPT invariance.

The eigenvalue equation for the matrix X yields

∆µ = ∆m− i

2
∆Γ = 2

√
X12X21 . (3.18)

The corresponding eigenvectors of X are written

|Nh〉 = p|N0〉 − q|N0〉 ,
|Nl〉 = p|N0〉 + q|N0〉 , (3.19)

or in the form of the corresponding relations

|N0〉 =
1
2p

(|Nh〉 + |Nl〉) ,

|N0〉 =
−1
2q

(|Nh〉 − |Nl〉) . (3.20)

Unitarity requires |p|2 + |q2| = 1, and CP invariance would mean p = q = 1/
√

2.
In the case of CP noninvariance, an asymmetry parameter can be defined by

ε =
p− q

p+ q
or

p

q
=

1 + ε

1 − ε
(3.21)

and we obtain
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ε =
1
2 �mΓ12 + i�mM12

∆m− i
2∆Γ

, (3.22)

where �mM12 � �mΓ12 for the K meson system, and therefore

arg ε � arctan
2 ∆m
ΓS

(3.23)

In this case the two physical states are not orthogonal, and we obtain

〈Nl|Nh〉 =
2�e ε

1 + |ε|2 . (3.24)

For the eigenstates of the time-dependent Schrödinger equation, the time
evolution obeys an exponential decay law, as can be shown in the Wigner–
Weisskopf approximation. Here, the time T is measured in the rest frame
given by the common mass defined by the strong and electromagnetic inter-
actions. The time evolution is given by

|Nh(t)〉 = e−imht− 1
2 Γht |Nh(0)〉 ,

|Nl(t)〉 = e−imlt− 1
2 Γlt |Nl(0)〉 . (3.25)

In this way, Nh decays as exp(−Γht) and Nl as exp(−Γlt), while the phases
of the two states evolve with different frequency, and this difference will show
up in any interference effect between the two decaying mesons.

On the other hand, if initially a pure flavor state N0 or N0 is produced, the
decay law is not exponential but shows oscillations. If we define the complex
quantities

iMh = γh = imh +
Γh

2
,

iMl = γl = iml +
Γl

2
, (3.26)

for the heavy (h) and light (l) meson states, then the amplitude for an initially
pure state N0 at time t = 0 is given by (3.19), and at a finite time t the two
components evolve according to (3.25). At this time, the state is

ψN =
1
2

(
N0

(
e−γht + e−γlt

)
− q

p
N0

(
e−γht − eγlt

)
)
. (3.27)

The probability of finding an N0 after a time t, starting from an initially pure
N0 state is

P (N0 → N0) =
1
4

∣
∣
∣∣
q

p

∣
∣
∣∣

2 [
e−Γht + e−Γlt − 2e−Γt cos (∆mt)

]
. (3.28)

If we express this in the unified variables T = Γt, x and y, this reads
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P (N0 → N0) =
1
2

∣
∣
∣
∣
q

p

∣
∣
∣
∣

2

e−T (cosh yT − cosxT ) . (3.29)

Similarly, the probability of finding an N0 in an initially pure N0 state is

P (N0 → N0) =
1
2
e−T (cosh yT + cosxT ) . (3.30)

The difference between these two probabilities is then

P (N0 → N0) − P (N0 → N0)

=
1
2
e−T (cosh yT + cosxT ) − 1

2
e−T

(∣
∣
∣
∣
q

p

∣
∣
∣
∣

2

cosh yT −
∣
∣
∣
∣
q

p

∣
∣
∣
∣

2

cosxT

)

=
1
2
e−T

[

cosh yT

(

1 −
∣
∣∣
∣
q

p

∣
∣∣
∣

2
)

+ cosxT

(

1 +
∣
∣∣
∣
q

p

∣
∣∣
∣

2
)]

. (3.31)

The two states Nh and Nl are not orthogonal, but their overlap δ is

δ = 〈Nh|Nl〉 = |p|2 − |q|2 =
1 −

∣
∣
∣ q
p

∣
∣
∣
2

1 +
∣
∣∣ q
p

∣
∣∣
2 =

2�e ε
1 + |ε|2 . (3.32)

From this result, we obtain

P (N0 → N0) − P (N0 → N0) =
1
2
e−T

(

1 +
∣
∣
∣
∣
q

p

∣
∣
∣
∣

2
)

(δ cosh yT + cosxT ) .

(3.33)
Similarly,

P (N0 → N0) + P (N0 → N0) =
1
2
e−T

(

1 +
∣
∣
∣
∣
q

p

∣
∣
∣
∣

2
)

(cosh yT + δ cosxT ) ,

(3.34)
and the flavor asymmetry at time T in an initially pure flavor state becomes

A(T ) =
P (N0 → N0) − P (N0 → N0)
P (N0 → N0) + P (N0 → N0)

=
cosxT + δ cosh yT
cosh yT + δ cosxT

. (3.35)

This function behaves very differently, for the four different systems.

3.2.2 Decay Asymmetries and CP

We define the decay amplitudes of neutral mesons to a final state f as

Af = 〈f |T |N0〉 ,
Af = 〈f |T |N0〉 . (3.36)
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The decay amplitudes of the mass eigenstates are then

Ah
f = pAf − qAf ,

Al
f = pAf + qAf , (3.37)

and we define the complex quantity

λf =
qAf

pAf
. (3.38)

The moduli for the decay of N0 to f and the decay of N0 to its CP conjugate
state f are equal if CP is conserved, and vice versa:

|Af | = |Af | ,
|Af | = |Af | . (3.39)

(If f is a CP eigenstate, this is simplified to |Af | = |Af |).

Now CP violation may occur in three different ways:

1. CP violation in the mixing, if |q/p| 	= 1, called “indirect CP violation”.

2. CP violation in the decay amplitudes, when (3.39) is not valid, called
“direct CP violation”.

3. CP violation in the interference, when the phase of the expression

AfA∗
fAfA

∗
f
p2/q2 (3.40)

is not zero.

These three types of CP violation are characterized by the following de-
tails:

1. CP violation in the mixing . This type of CP violation will show up if
the mass eigenstates of a neutral meson system are different from the
CP eigenstates, i.e. if |q/p| 	= 1 (or ε 	= 0) and if there is a relative phase
between M12 and Γ12. For the neutral kaon system, this is evident from
the existence of the decay KL → π+π−, where |ε| ∼ 2 × 10−3, and from
the charge asymmetry in semileptonic decays δL which is proportional
to 2�e ε. For the neutral B system, this effect could be seen also in the
charge asymmetry of semileptonic decays

aSL =
Γ (B0(t) → l+νX) − Γ (B0(t) → l−νX)
Γ (B0(t) → l+νX) + Γ (B0(t) → l−νX)

. (3.41)

This asymmetry is expected to be small in the Standard Model, of order
∆Γ/∆m or O(10−3).
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2. CP violation in the decay amplitude. This effect appears if the decay
amplitude Af of the neutral meson N0 to a final state f is different from
the amplitude Af of the antiparticle N0 to the charge-conjugate state
f , i.e. |Af/Af | 	= 1. In the neutral-kaon decay to two π mesons, this is
realized by the interference of two decay amplitudes, one with ∆I = 1/2
to an isospin I = 0 state, and another with ∆I = 3/2 to an isospin
I = 2 state. The amplitude of direct CP violation is denoted by ε′ and
proceeds through penguin diagram processes. The observed magnitude
of this amplitude is |ε′| ∼ 4 × 10−6. In the neutral B meson system, the
required two decay amplitudes with different weak phases and different
strong phases could be a penguin diagram and a tree diagram, e.g. for
the decay to the final state K−π+ or K+π−. The b→ s penguin diagram
has a dominant contribution from a top quark loop, with a weak coupling
V ∗

tbVts and an isospin-1/2 (Kπ) state. The tree diagram for b→ u+ (us)
has a coupling V ∗

ubVus and leads to I = 1/2 or 3/2 states. The observed
quantity is the decay asymmetry:

a =
N(B0 → K−π+) −N(B0 → K+π−)
N(B0 → K−π+) +N(B0 → K+π−)

. (3.42)

However, the asymmetries are of limited magnitude because the penguin
amplitude is much smaller than the tree amplitude, and also the observa-
tion is difficult because of the small branching ratios of the decays. These
ratios are BR(B → Kπ) ∼ 1.5 × 10−5 and BR(B → ππ) ∼ 4 × 10−6.

3. CP violation in the interference. Here the time dependence of the decay
of an initially pure flavor state to a final state f is different for an initial
particle or antiparticle. The final state can be a CP eigenstate such as
π+π− (CP = +) or J/ΨKS (CP = −). In the Kaon system, the observed
effect is �mε ∼ 1.6 × 10−3, while in the B0 system, it is a very large
asymmetry of order O(1).
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4 Models of CP Violation

After the discovery of CP violation in K decay, a host of theoretical models
was proposed to allocate this phenomenon to known interactions. Assuming
CPT invariance of all interactions, the observed CP-violating effects in K
decay imply also T violation (the experimental data of Chap. 5 are even
sufficient to prove T violation without CPT invariance). In general, with
CPT invariance, there are four combinations of violations possible:

(a) T -conserving, C-violating and P-violating;
(b) T -violating, C-conserving and P-violating;
(c) T -violating, C-violating and P-conserving;
(d) T -violating, C-violating and P-violating.

Parity conservation in strong and electromagnetic interactions has been
tested, for example by looking for a circular polarization in γ rays from nu-
clear transitions. The presence of a wrong-parity admixture in one of the
nuclear states involved will cause a small amplitude for a γ transition with
abnormal multipolarity that can interfere with the dominant amplitude and
cause such a circular polarization. In the experiments of Lobashov et al. [18],
polarizations of the order of 10−5 have been measured. These are consis-
tent with being due to the two-nucleon force np → pn induced by the weak
interaction (see [19] for a review).

From many experiments of a similar nature, one can infer that the strong
and electromagnetic interactions are not of type (a), (b) or (d). Therefore,
if the source of the CP-violating phenomena is located in the strong or the
electromagnetic interaction, there must be a part of one of those interactions
that belongs to class (c), i.e. C- and T -violating, but P-conserving.

The proposed models can be grouped into the following four categories:

1. Millistrong CP violation models [1, 2, 3] postulate the existence of C- and
T -violating terms of order 10−3 in the strong interaction. The process
KL → π+π− is supposed to occur by the interference of two amplitudes:
first, the KL decays via the normal CP-conserving weak interaction, with
∆S = 1, into an intermediate state X, and then this state decays into
π+π− by a T -violating strong interaction. The amplitude of the process
is of order GF a, where GF is the Fermi coupling constant and a is the

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 21–26 (2003)
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coupling of this CP-violating strong interaction. From the experimental
value of |η+−|, one can conclude that a ≈ 10−3.

2. Electromagnetic CP violation models [4, 5, 6, 7] require large parts of the
electromagnetic interaction of hadrons to be C- and T -violating, but P-
conserving. A two-step process KL → X → 2π could then occur through
the interference of a weak and an electromagnetic CP-violating ampli-
tude. The product of GF with the fine structure constant α is not too far
from GF × 10−3, as required by the magnitude of |η+−|.

3. Milliweak models assume that a part, of the order of 10−3, of the weak
interaction is CP-violating and is responsible for the observed effects.
The decay KL → 2π is then a one-step process, hence the name “direct
CP violation”, and CP or T violations of the order of 10−3 should show
up in other weak processes [8, 9, 10, 11, 12, 13, 14, 15, 16]. In these models,
based on two doublets of quarks, CP violation is introduced in different
ways. In one example [16], CP violation is due to the Higgs couplings, with
flavor-changing neutral currents allowed; in another one [14], it is due to
right-handed weak currents. A bold alternative was considered in 1973
by Kobayashi and Maskawa [20]: they saw that if there are three doublets
of quarks, there is a possibility of CP violation in the 3 × 3 weak quark
mixing. Today, with six quarks observed, this seems the most natural
model.

4. The superweak model [17] postulates a new ∆S = 2 CP-violating in-
teraction that has a coupling (coupling constant g) smaller than the
second-order weak interaction. This interaction could induce a transi-
tion KL → KS, with a subsequent decay KS → 2π. More precisely, this
interaction would cause a first-order transition matrix element

MSW = 〈K|HSW |K〉 ∼ gGF . (4.1)

The mass difference itself is related to the second-order weak matrix
element

M
KK

=
∑

n

〈K|HW |n〉〈n|HW |K〉
EK − En + iε

. (4.2)

where n is an intermediate state with energy En and HW is the weak
Hamiltonian. In order that the CP-violating amplitude for KL → 2π rela-
tive to the CP-conserving amplitude should be of the observed magnitude,
the ratio MSW/MKK

must be of the order of 10−3. Since MSW ≈ gGF

and M
KK

∼ G2
F
m2

p where the proton mass mp is used as a cutoff in the
integration, this yields g ∼ GFm

2
p ≈ 10−8.

This superweak interaction can be detected only in the KL–KS and B0–
B0 systems because these are the only known pairs of states with such a
small difference in energy that they are sensitive to forces weaker than
the second-order weak interaction. The clear prediction of this model is
that there is no direct CP violation in the decay.
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For models other than the superweak one, violations of CP or T should
manifest themselves in other reactions of particles or nuclei. One observable
is the electric dipole moment (EDM) of the neutron. Most milliweak models
predict this EDM to be of order 10−23 ecm to 10−24 ecm, while the super-
weak model predicts 10−29 ecm. The present experimental upper limit is
0.63 × 10−25 ecm.

One of the milliweak models which is rather clear in its predictions should
be noted: this is the idea of Kobayashi and Maskawa (KM) dating from
1973 [20]. At the time of the discovery of CP violation, only three quarks
were known, and there was no possibility of explaining CP violation as a
genuine phenomenon of weak interactions with left-handed charged currents
and an absence of flavor-changing neutral currents. This situation remained
unchanged with the introduction of a fourth quark because the 2×2 unitary
weak quark mixing matrix has only one free parameter, the Cabibbo angle,
and no nontrivial complex phase. However, as remarked by Kobayashi and
Maskawa, the picture changes if six quarks are present. In this case the 3×3
unitary mixing matrix Vik naturally contains a phase δ, in addition to three
mixing angles (Chap. 7). It is then possible to construct CP-violating weak
amplitudes from “box diagrams” of the form shown in Fig. 4.1.

KW WK0 0

s d

d su,c,t

u,c,t

K Ku,c,tu,c,t0 0

d s

ds W

W

Fig. 4.1. Box diagram for K0–K0 mixing connected with the CP-violating param-
eter ε

In the K0–K0 system, this amplitude is proportional to the product of the
four weak coupling constants G2

F
VtsV

∗
tsVtdV

∗
td. If there is a nontrivial phase δ

in the unitary mixing matrix, then the product is a complex number, with
the imaginary part depending on the phase δ. This leads to time-reversal (T )
violation and to CP violation. The CP-violating mixing parameter for the
kaon system, ε, is given by

ε =
G2

F
f2
KmKm

2
W

G
√

2π2∆m
BK �m(Vtd V

∗
ts)F (m2

t ,m
2
c) . (4.3)

Here GF is the Fermi constant, fK the kaon decay constant, BK the kaon
bag factor (0.80±0.15), and F (M2

t ,m
2
c) the loop function due to interference

of the top and charm graphs, given by
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F (m2
t ,m

2
c) = �e (V ∗

csVcd)
[
η1S0

(
m2

c

)
− η3S0

(
m2

c ,m
2
t

)]

−�e (V ∗
tsVtd) η2S0

(
m2

t

)
, (4.4)

where S0(m2
t ) is a kinematical factor.

For the B0
d–B0

d mixing, a similar box graph applies, with the s quark
replaced by a b quark. Here the amplitude is proportional to G2

F
VtbV

∗
tbVtdV

∗
td.

Analogous diagrams can be calculated for B0
s (bs) mixing and for D0 (cd)

mixing.
All CP-violating amplitudes in the KM model are proportional to the

following product of the three mixing angles and the phase δ, (Chap. 7),

J = |VusVubVcb sin δ| (4.5)

A necessary consequence of this model of CP violation is the non equality
of the relative decay rates for KL → π+π− and KL → π0π0. This “direct
CP violation” is due to “penguin diagrams” of the form given in Fig. 4.2
for kaon decays. The amplitude for this direct CP violation is denoted by ε′.
In kaon decays, it will show up in the interference of two decay amplitudes,
with the final two-pion state having isospin 0 or 2 (A0 and A2 in (5.21)).
With six quarks, the weak quark mixing through flavor change can carry
a nontrivial phase δ in the mixing matrix, and therefore can induce a CP-
violating difference between weak decay amplitudes, such that |Af | 	= |Af |.
This model gives an explicit origin of direct CP violation with a predictable
size. In the kaon system, these asymmetries are very small because of the
small value of |J | ∼ 3 × 10−5, the suppression of ∆I = 3/2 currents, and
the partial cancellation of two penguin graphs, called Q6 and Q8, shown in
Fig. 4.2. However, in the B0 system, the asymmetries of the decay rates to
CP eigenstates can be very large. Examples are the decays B0 → J/ΨKS and
B0 → π+π−.

The main models which could be tested experimentally were the KM
model and the superweak model, and the decisive question was the existence
or non existence of direct CP violation. For the kaon system in the superweak
model ε′ = 0, and the decay rates of KL to π+π− and to π0π0 are equal. The
predicted value of ε′ within the KM model can be estimated if one infers the

K

s d π

π

W

g
K

d π

π

W

γ,Ζ

s

d d

u,c,t
0

0

d d

u,c,t0

Fig. 4.2. Penguin diagrams for K0 → 2π decay with direct CP violation (amplitude
ε′). The graphs correspond to the Wilson operators Q8 and Q6 and give rise to
amplitudes with opposite signs.
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magnitude of the mixing angles from other experiments and if the hadronic
matrix elements for box graphs and penguin graphs are calculated. Typical
values of |ε′/ε| are in the range +(0.2 – 3)×10−3 for three generations of
quarks. A measurement of this quantity to this level of precision therefore
becomes the experimentum crucis for our understanding of CP violation. If
ε′ is orthogonal to ε, then a measurement of the phases of η+− and of η00
can help to detect a finite value of �m(ε′/ε). If, however, the phase of ε′ is
close to that of ε, and since |ε′/ε| 
 1 to a good approximation, we obtain

ε′

ε
� �e

(
ε′

ε

)
=

1
6

(
1 − |η00|2

|η+−|2
)
. (4.6)

Various methods have been used to calculate the value of �e(ε′/ε). Owing
to the difficulties in calculating hadronic matrix elements in the penguin
diagrams, which involve long-distance effects, the task turns out to be very
difficult. In particular, the partial cancellation of the two penguin graphs with
different signs is a severe problem. The following results have been obtained
recently:

1. The Dortmund group has used the 1/NC expansion and chiral perturba-
tion theory (χPT ). This group quotes a range of 1.5 × 10−4 < ε′/ε <
31.6 × 10−4 [21] from scanning the complete range of input parameters.

2. The Munich group has used a phenomenological approach in which as
many parameters as possible are taken from experiment. The result [22]
is 1.5×10−4 < ε′/ε < 28.8×10−4 from a scanning of the input parameters,
and ε′/ε = (7.7+6.0

−3.5) × 10−4 using a Monte Carlo method to determine
the error.

3. The Rome group has used lattice calculation results for the electromag-
netic penguin graph Q8, but the gluonic penguin Q6 cannot be computed.
This group quotes −13 × 10−4 < ε′/ε < 37 × 10−4 [23].

4. The Trieste group has used a phenomenological chiral quark model to
calculate ε′/ε. Their result is ε′/ε = (22 ± 8) × 10−4 [24]. This group’s
results also reproduces the ∆I = 1/2 enhancement rule.

5. The Valencia Group also uses chiral perturbation theory to determine
the final state interactions and isospin violating effects [25]. This group
obtains the value ε′/ε = (17+9.6

−7.3) × 10−4.

It is hoped that reliable hadronic matrix elements will be obtained in the
near future by lattice gauge theory calculations.
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5 The Neutral K Meson System

5.1 Mass Eigenstates and CP Eigenstates

The eigenstates of strangeness are K0 (S = +1) and K0 (S = −1), the CP
eigenstates are K1 (with CP eigenvalue +1) and K2 (CP eigenvalue −1), and
the mass eigenstates are

|KS〉 = p |K0〉 + q|K0〉 (Short-lived) , (5.1)
|KL〉 = p |K0〉 − q|K0〉 (Long-lived) , (5.2)

where KL is the heavier state (h), from experiment. The lifetimes of the two
eigenstates are very different. While the short-lived particle (KS) has a mean
lifetime of (0.8959± 0.0004)× 10−10 s, the long-lived particle KL has a life-
time of (5.17 ± 0.04)× 10−8 s, i.e. 600 times larger. This is due to the fact that
the dominant CP-conserving decays are KS → 2π and KL → 3π, πeν, πµν,
with a much smaller phasespace for the three-body decays. Using the param-
eter ε = (p− q)/(p+ q), (5.1) and (5.2) can also be written

|KS〉 =
1

√
1 + |ε|2

(|K1〉 + ε|K2〉) , (5.3)

|KL〉 =
1

√
1 + |ε|2

(|K2〉 + ε|K1〉) . (5.4)

The long-lived state is therefore mainly a state with CP eigenvalue −1, with
a small (2 × 10−3) admixture of a CP +1 state K1. The two mass eigenstates
are not orthogonal if CP is violated, because 〈KS|KL〉 = 2�e ε.

5.2 Isospin Decomposition

In KS,L → 2π decays, the angular momentum of the pions vanishes. The
spatial part of the wave function is therefore symmetric, and since pions are
bosons, the isospin wave function must be symmetric too. The two symmetric
combinations of two I = 1 states have I = 0 and I = 2, and the four transition
amplitudes that exist are

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 27–93 (2003)
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〈0|T |KS〉 , 〈2|T |KS〉 , 〈0|T |KL〉 , 〈2|T |KL〉 . (5.5)

These can be reduced to three complex numbers by normalizing to the am-
plitude 〈0|T |KS〉:

ε0 =
〈0|T |KL〉
〈0|T |KS〉

, (5.6)

ε2 =
1√
2
〈2|T |KL〉
〈0|T |KS〉

, (5.7)

ω =
〈2|T |KS〉
〈0|T |KS〉

. (5.8)

The experimentally observable quantities are

η+− =
〈π+π−|T |KL〉
〈π+π−|T |KS〉

, (5.9)

η00 =
〈π0π0|T |KL〉
〈π0π0|T |KS〉

, (5.10)

δL =
Γ (KL → π−l+ν) − Γ (KL → π+l−ν)
Γ (KL → π−l+ν) + Γ (KL → π+l−ν)

. (5.11)

Relating the isospin states to the physical 2π states

〈0| =
1√
3
〈π−π+| − 1√

3
〈π0π0| + 1√

3
〈π+π−| , (5.12)

〈2| =
1√
6
〈π−π+| +

√
2
3
〈π0π0| + 1√

6
〈π+π−| . (5.13)

we obtain

η+− =
ε0 + ε2

1 + (1/
√

2)ω
, (5.14)

η00 =
ε0 − 2ε2
1 −

√
2ω
. (5.15)

Because of the validity of the ∆I = 1/2 rule for CP-conserving weak nonlep-
tonic decays, ω � 1 and therefore can be neglected.

A suitable choice for the phase of the K0 → 2π(I = 0) amplitude is ob-
tained by choosing this amplitude to be real except for final-state interactions
between two pions, leading to a phase shift δ0:

〈0|T |K0〉 = eiδ0A0 and A0 real. (5.16)

Similarly,
〈2|T |K0〉 = eiδ2A2 . (5.17)

With these choices, we obtain
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ε0 = ε , (5.18)

ε2 =
i√
2
ei(δ2−δ0)

�mA2

A0
= ε′ . (5.19)

Therefore, representing ε and ε′ in the complex plane, we obtain the triangle
relations

η+− = ε+ ε′ , η00 = ε− 2ε′ . (5.20)

In this way, η+−, η00 and 3ε′ form a triangle in the complex plane, the Wu–
Yang triangle. The CP-violating decay amplitude ε′ is due to interference of
∆I = 1/2(A0) and ∆I = 3/2(A2) amplitudes:

ε′ =
i�mA2

2A0
ei(δ2−δ0) . (5.21)

Its phase is given by the ππ phase shifts in the I = 0 and I = 2 states, δ0
and δ2 (assuming CPT invariance):

arg(ε′) = (δ2 − δ0) +
π

2
. (5.22)

The ππ phase shifts have been measured precisely in pion-scattering exper-
iments. The results obtained are δ2 = (−7.2 ± 1.3)◦ [3] and δ0 = (39 ± 5)◦

[4]. Using dispersion relation calculations or chiral perturbation theory, these
results can be used to extract arg(ε′). The results are (42.3 ± 1.5)◦ [1] and
(46.0 ± 3.6)◦ [2].

The decomposition of the observable decay amplitude into ε and ε′ corre-
sponds to a separation of the CP-violating effects due to the mass and decay
matrices (represented by ε), which are seen also in the impurity of the KL and
KS states, from CP violation in the transition matrix element (represented
by ε′).

The phase of ε is given by (3.22) and (3.23):

arg ε = ΦD + arctan
(

2
∆m
ΓS

)
, (5.23)

where ∆m = mL −mS and

ΦD = − arctan
( �mΓ12

2�mM12

)
. (5.24)

If there is no strong CP violation in the channels K → 2π(I = 2),K → πlν,
and K → 3π, ΦD is very small. This can be deduced from the Bell–Steinberger
unitarity relation. If the final states of the KL and KS decays are designated
by |F 〉, then

ΓS =
∑

F

|〈F |T |KS〉|2 , (5.25)

ΓL =
∑

F

|〈F |T |KL〉|2 . (5.26)
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Unitarity leads to the relation

i (MS −M∗
L) 〈KS|KL〉 =

∑

F

〈F |T |KL〉∗〈F |T |KS〉 . (5.27)

The mass matrix elements are then (with CPT invariance assumed)

X11 = X22 =
MS +ML

2
(5.28)

X12 =
(MS −ML)(1 + ε)

2(1 − ε)
(5.29)

X21 =
(MS −ML)(1 − ε)

2(1 + ε)
. (5.30)

Ignoring all final states but 2π or assuming �mΓ12 = 0, we obtain the
following from the unitarity relation or from (3.22):

arg ε = arctan
(

2
∆m
ΓS

)
= ΦSW (5.31)

where ΦSW designates the phase in the superweak model
When we add other final states of CP-violating decays, the phase is shifted

by ΦD, and an upper limit can be obtained from the unitarity relation:

ΦD ≤ 0.75
ΓS|η+−|

∑

F

√
ΓF,CPV · ΓF,CPC (5.32)

where the sum runs over all states F 	= 2π and the root is taken of the
product of the CP-violating (CPV) and CP-conserving (CPC) decay rates.

Present limits on CP-violating processes in these decays show that con-
tributions from semileptonic decays are negligible. Using the limits on ∆Q =
∆S-violating amplitudes, we obtain

|ΦD(Ke3)| < 0.07◦ , |ΦD(Kµ3)| < 0.05◦ . (5.33)

In the same way, the upper limit on the CP-violating KS → π+π−π0 decay
[5],

Γ (KS → π+π−π0)
ΓS

< 4.1 × 10−7 , (5.34)

allows us to set the limit

|ΦD(π+π−π0)| < 0.2◦ . (5.35)

Similarly, from the limit [7] Γ (KS → 3π0)/ΓS < 1.3 × 10−6 it follows that

|ΦD(3π0)| < 0.4◦ . (5.36)
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New, more sensitive experiments will improve this limit. If we use the experi-
mental values of ∆m and ΓS from Sect. 5.6, then arg ε = (43.4 ± 0.1 ± 0.4)◦,
where the first error comes from the uncertainties of ∆m and ΓS and the
second error from the uncertainty of ΦD.

Another independent observable is the charge asymmetry

δL =
1 − |x|2
|1 − x|2 2�e ε , (5.37)

where x = g/f is the ratio of the ∆Q = −∆S to the ∆Q = ∆S amplitude
(Sects. 5.4.2 and 5.6.9).

5.3 KL–KS Regeneration

The term regeneration was introduced by Pais and Piccioni [8] to designate
the creation of short-lived KS mesons when long-lived KL mesons traverse
matter. It was predicted that this process would happen if the short- and
long-lived K-mesons were two different linear combinations of the K0 and
K0, the eigenstates of strangeness (S = +1 and S = −1). Because strong
interactions conserve strangeness, several reactions that the K0 can undergo
(e.g. K0p→ Λπ+) have no counterpart for the K0. Therefore the total cross
sections of the K0 on the nucleons p and n are both bigger than the corre-
sponding total cross sections of the K0 on the nucleons and as a consequence,
the total cross section of the K0 on any nucleus N also obeys the inequal-
ity στ (K0N) � στ (K0N), which can become an equality in the asymptotic
region. The optical theorem relates the total cross section στ to the forward
scattering amplitude f(0) by �mf(0) = (k/4π)στ , where k = p/h is the
wavenumber of the K meson. Therefore, at any finite momentum we have
|�mf(0)| > |�mf(0)|, where f designates the K0 scattering amplitude.

Assuming for the moment that the real part of f(0) is not correspondingly
bigger than �e f(0), it follows that |f(0)| > |f(0)|. An incident long-lived K is
described by 5.4. By interaction of the KL with matter, the two components
of KL, namely K0 and K0, are altered differently, and the state emerging is

|ψf (θ)〉 =
f(θ)p|K0〉 − f(θ)q|K0〉

√
|p|2 + |q|2

=
f(θ) − f(θ)

2
|KS〉 +

f(θ) + f(θ)
2

|KL〉 . (5.38)

Now, if f(θ) 	= f(θ), then the emerging state contains a KS component; this
component is “regenerated” from the KL beam. In particular, in the forward
direction (θ = 0), the amplitude of KS regenerated by one scattering center
is proportional to f(0) − f(0).

If we now consider two scattering centers, these two scatterers will act
coherently if d(pS cos θ − pL) � 1, where pS and pL are the momenta of the
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KS and KL respectively, d is the distance between the two scattering centers
along the KL direction, and θ is the scattering angle between the incoming KL

and outgoing KS [9, 10]. Using the momentum transfer pS−pL = ∆mmL/pL

(following from energy conservation), we can obtain from this relation the
coherence length, i.e. the distance dmax along the KL direction at which two
scattering centers can still interfere fully coherently for forward regeneration

dmax ≈ 1
pS − pL

=
pL

mL∆m
, (5.39)

and the maximum scattering angle for coherent regeneration,

θ2 � 2
(pS − pL)

pS
≈ 10−14 . (5.40)

The coherence length is of the order of several KS mean decay lengths, and
the momentum transfer is of the order of 10−6 eV/c.

We therefore expect different classes of regeneration:

1. Coherent regeneration , or “transmission regeneration”, in the forward
direction at angles θ � 10−7 rad: coherent addition of amplitudes from
an extended region several centimeters in length.

2. Elastic (“diffraction”) regeneration from nuclei: incoherent addition of
intensities from different nuclei, but coherent action of the nucleons inside
the nucleus: typical recoil momenta of p∗ ∼ 50 MeV/c, and a Gaussian
angular distribution at small momentum transfers.

3. Inelastic regeneration : momentum transfers so big as to break up the
nucleus or to transfer it to an excited state.

In the present context, the interest in the regeneration amplitudes is due to
the fact that in the study of CP-violating effects, regeneration proves to be a
powerful tool: it is possible to generate coherent mixtures of KL and KS waves
and to study interference effects between the CP-conserving decay KS → 2π
from regenerated KS and the CP-violating decay KL → 2π. This method
has been used extensively [11, 12, 13, 14, 15, 16]. Also, the regeneration
amplitudes measured by detecting KS → π+π− have been used to obtain an
absolute normalization for the decay rate of KL → π0π0 [21]. Finally, the
decay time distribution of K → πeν decays from a coherent KL,KS mixture
has been used to measure the phase relation between the outgoing KS and
incoming KL, the “regeneration phase” [16, 18, 19, 20].

The connection between the “elementary” scattering amplitude f(θ) −
f(θ) and the macroscopically observed regeneration probability for coherent
regeneration (class 1 above) can be expressed in the following way: we define
the state emerging from a block of matter of length L placed in a pure KL

beam as
|ψf 〉 = |KL〉 + 
(L)|KS〉 . (5.41)
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Then 
(L) is obtained by summing all contributions from individual scatter-
ing centers. The result is [10]


 = πi
f(0) − f(0)

k
ΛSN

1 − e(i(∆m/ΓS)−(1/2))l

1/2 − i(∆m/ΓS)
, (5.42)

where
f(0) and f(0) are, respectively, the K0 and K0 scattering ampli-

tudes in the forward direction;
k = pK/� is the kaon wave number;
ΛS = βγτS is the mean decay length of the KS;
N is the density of scattering centers;
∆m = mL −mS is the KL–KS mass difference;
ΓS = �/τs is the KS decay rate; and
l = L/ΛS is the length of the regenerator in units of the KS

decay length.

This expression for 
 contains two factors: a nuclear part

πi
f(0) − f(0)

k
ΛSN , (5.43)

and a geometrical part G(L) depending on the length L of the regenerator.
Therefore the phase of 
 is usually split into two parts:

Φ� = arg(
) = Φf + Φ∆m , (5.44)

where
Φf = arg

{
i
[
f(0) − f(0)

]}
(5.45)

is the nuclear regeneration phase and

Φ∆m = arg
1 − e(i(∆m/ΓS)−(1/2))l

1/2 − i(∆m/ΓS)
, (5.46)

is the phase of the geometrical factor.
The nuclear regeneration phase can be calculated from a dispersion in-

tegral over the amplitude f(0) − f(0) as a function of the kaon momentum
pK . If it is assumed that this difference is determined by a single ω meson
exchange process (Regge behavior), then the decrease of f(0) − f(0) follows
a power law (pK)α. In this simplified case, the phase Φf is related to the
exponent α by the relation Φf = −(π/2)(1+α). However, this is only true if
the decrease of the amplitude f(0)−f(0) follows this power law exactly up to
infinite momentum. This is due to the fact that the phase is obtained from a
dispersion relation integral over the amplitude up to infinite momentum [43].
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5.4 Interference Between Decay Amplitudes of KL

and KS

An arbitrary coherent mixture of KL and KS states will show interference
phenomena when decaying into 2π and in other common decay channels.
According to Sect. 3.2.1 the eigentime development of KL is

|KL〉 → |KL〉 e−iMLτ , (5.47)

where ML = mL−(i/2)ΓL, and correspondingly for KS. An arbitrary mixture

|ψ(0)〉 = aS|KS〉 + aL|KL〉 (5.48)

will develop into

|ψ(τ)〉 = aS e−iMSτ |KS〉 + aL e−iMLτ |KL〉 . (5.49)

5.4.1 2π Decay

The 2π decay amplitude is therefore

〈2π|T |ψ(τ)〉 = aS e−iMSτ 〈2π|T |KS〉 + aL e−iMLτ 〈2π|T |KL〉
= 〈2π|T |KS〉aS e−iMSτ + aLη e−iMLτ , (5.50)

where η = η+− for π+π− decay and η = η00 for π0π0 decay. The observed
decay rate is proportional to

R(τ) = |aS|2 e−ΓSτ + |aL η|2 e−ΓLτ

+ 2|aS||aL||η| e−(ΓL+ΓS)(τ/2) cos (∆mτ + Φ) . (5.51)

where Φ = arg(aS)− arg(ηaL). We obtain for various initial conditions of the
mixture:

1. For an initially pure K0 state (aS = 1 = aL),

R1(τ) = e−ΓSτ + |η|2 e−ΓLτ + 2|η| e−(ΓL+ΓS)(τ/2) cos (∆mτ − arg η) .
(5.52)

2. For an initially pure K0 state, the interference term changes sign.
3. For an incoherent mixture of K0 (intensity NK) and K0 (intensity N

K
,

the interference term is multiplied by the “dilution factor”

NK −N
K

NK +N
K

. (5.53)

Measurement of the interference term under these conditions is called the
vacuum interference method.
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4. For the coherent mixture behind a regenerator, aS = 
, aL = 1, and we
obtain

R2(τ) = |
|2 e−ΓSτ+|η|2 e−ΓLτ

+2|
||η| e−(ΓL+ΓS)(τ/2) cos (∆mτ + Φ� − arg η) . (5.54)

If the KL beam passes through two regenerators characterized by regeneration
amplitudes 
1 and 
2 and if the downstream ends of these two slabs of matter
are placed at a separation G along the beam direction, corresponding to
a time in the K rest system of τ

G
= GmK/(cpK), where pK is the kaon

momentum, then the state behind the second regenerator is proportional to

|ψ〉 = |KL〉 e−iML τ
G + 
1 |KS〉 e−iMS τ

G + 
2 |KS〉 e−iML τ
G (5.55)

and the 2π decay amplitude directly behind the second regenerator is

〈2π|T |ψ〉 ∝ 
1 e−iMS τ
G + 
2 e−iML τ

G + η e−iML τ
G . (5.56)

Neglecting for simplicity the CP-violating terms, which is justified if |
1/η| 

1 and |
2/η| 
 1 are chosen, the 2π decay rate becomes

I2π = |〈2π|T |ψ〉|2 ∝ |p1|2 e−ΓS τ
G + |p2|2

+ 2|p1||p2| e−ΓS(τ
G

/2) cos
(
∆mτ

G
+ Φ�1

− Φ�2

)
. (5.57)

5.4.2 Semileptonic Decays

The phenomenological Lagrangian for the semileptonic decay K → πlν is

L∆S=1 = S∗
λ
j

λ
+ S

λ
j∗

λ
, (5.58)

where S
λ

is the hadron current and j
λ

is the lepton current

j
λ

= i
∑

l=e,µ

ψ+
l γ4γλ

(1 + λ5)ψνl (5.59)

in the notation of Lee and Wu [22]. The structure of S is, a priori, unknown.
It may contain any of the five Lorentz-invariant operators for vector, axial-
vector, scalar, tensor or pseudoscalar interactions. Experiments are consistent
with V–A interactions and the absence of the other interactions. The hadron
current S

λ
can then be decomposed unambiguously into a vector part SV

λ

and an axial-vector part SA
λ
:

S
λ

= SV
λ

+ SA
λ
. (5.60)

With the convention that the relative parity of the K and π mesons is +
1, the Kl3 decays are governed by the matrix element of SV

λ
, while the Kπ2
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decays are related to the axial-vector part SA
λ
. For the vector part relevant

to Kl3 decay, Lorentz invariance requires that only two form factors enter;
these are denoted by

f+ and f− for K0 → π−l+νl , (5.61)
g+ and g− for K0 → π−l+νl , (5.62)
f+ and f− for K0 → π+l−νl , (5.63)
g+ and g− for K0 → π+l−νl , (5.64)

where l denotes a lepton (muon or electron). The matrix element for the first
reaction is given by

〈π−|S
λ
(χ)|K0〉

=
1
2

√
EKEπ [(K

λ
+ π

λ
)f+(q2) + (K

λ
− π

λ
)f−(q2)] e(iq·x) , (5.65)

where K
λ

and π
λ

are the four-momenta of the kaon and pion, EK and Eπ

their energies, and q2 the square of the momentum transfer q
λ

= K
λ
− π

λ
.

Corresponding expressions hold for the other three reactions.
As discussed in [22],

1. CPT invariance requires f± = −f∗
± and g± = −g∗±.

2. T invariance allows one to chose all four form factors to be real.
3. The ∆Q = ∆S rule forbids the decays K0 → π−l+νl and K0 → π+l−ν,

i.e. g± = g± = 0; the degree of violation of this rule is measured by the
parameter x = g+/f+.

4. The ∆I = 1/2 rule relates the matrix elements of the two members of an
isospin doublet by a Clebsch–Gordan coefficient:

√
2M(K+ → π0l+ν) = M(K0 → π−l+ν) . (5.66)

From the Gell-Mann–Nishijima relation for hadrons,

Q =
B + S

2
+ I3 , (5.67)

where Q is the charge, B the baryon number, S the strangeness and I3 the
third isospin component, we conclude that for transitions between mesons
(B = 0),

∆Q =
∆S

2
+ ∆I3. (5.68)

If ∆I = 1/2, then for a transition with ∆S = 1, ∆Q = ∆S also holds; in
particular, this means g± = g± = 0. If we take for simplicity the electron
decay, where the form factors f− and g− vanish, the decay amplitudes for
|KS〉 and |KL〉 can be written as follows:



5.4 Interference Between Decay Amplitudes of KL and KS 37

〈π−e+ν|T |KS〉 ∝ (1 + ε)〈π−e+ν|T |K0〉 + (1 − ε)〈π−e+ν|T |K0〉
= (1 + ε)f + (1 − ε)g ,

〈π−e+ν|T |KL〉 ∝ (1 + ε)f − (1 − ε)g,

−〈π−e+ν|T |KS〉 ∝ (1 + ε)g∗ + (1 − ε)f∗ ,

−〈π−e+ν|T |KL〉 ∝ (1 + ε)g∗ − (1 − ε)f∗ .

Taking an arbitrary coherent mixture of KL and KS denoted by |ψ(τ)〉 as
above (5.49), its decay amplitudes

A±(τ) = 〈π±e∓ν|T |ψ(τ)〉 (5.69)

are given by

A+(τ) ∝ aS e−iMSτ [(1 + ε) + (1 − ε)x]
+ aL e−iMLτ [(1 + ε) + (1 − ε)x] , (5.70)

−A−(τ) ∝ aS e−iMSτ [(1 + ε)x∗ + (1 − ε)]
+ aL e−iMLτ

[
(1 + ε)∗ + (1 − ε)

]
. (5.71)

The corresponding decay rates for the two charge states are N±(τ) =
|A±(τ)|2, and if we call the ratio of the initial KS and KL components
R = aS/aL, we obtain the following for the difference between the charge
states:

N+ −N− ≈ 4(1 − |x|2){�e ε
[
e−ΓLτ + |R|2 e−ΓSτ

]

+ |R| e−Γτ (1 + |ε|2) cos (∆mτ + ΦR)} . (5.72)

we also obtain

N+ + N− (5.73)
≈ e−ΓLτ [(1 + |ε|2)(1 + |x|2) − 2�e x (1 − |ε|2) − 4�mx�mε]
+ 2|R|2 e−ΓSτ [(1 + |ε|2)(1 + |x|2) + 2�e x (1 − |ε|2) + 4�mx�mε]

+8|R| e−Γτ {�e ε(1 + |x|2) cos (∆mτ + ΦR)
− [2�mε�e x−

(
1 − |ε|2

)
�mx] sin (∆mτ + ΦR)} , (5.74)

where Γ = (1/2)(ΓS + ΓL).
In the limit where �e ε � 1,�mx� 1 and τ > 3/ΓS, the expression for

the charge asymmetry δ(τ) = (N+ −N−)/(N+ +N−) can be simplified:

δ(τ) = 2
1 − |x|2
|1 − x|2

[
�e ε+ |R| e−(1/2)(ΓS−ΓL)τ cos (∆mτ + ΦR)

]
. (5.75)

For an initially pure KL beam (R = 0), the asymmetry is independent of the
decay time:
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δL = 2�e ε 1 − |x|2
|1 − x|2 . (5.76)

For an initial incoherent mixture of K0 (NK) and K0 (N
K
) the quantity |R|

has to be replaced by (NK −N
K
)/(NK +N

K
), i.e. by the same dilution factor

as for 2π interference in a short-lived beam.
For the coherent mixture created by a regenerator, R is given by the

regeneration amplitude 
, and ΦR by the regeneration phase Φ�.

5.5 Detection of K0 Decays

The main decay modes originating from K0’s in a neutral beam and their
respective branching ratios are [23]

KL → π±e∓ν (38.79 ± 0.27)% Ke3 ;
KL → π±µ∓ν (27.18 ± 0.25)% Kµ3 ;
KL → π+π−π0 (12.58 ± 0.19)% Kπ3 ;
KL → π0π0π0 (21.08 ± 0.27)% Kπ3 ;
KS → π+π− (68.60 ± 0.27)% Kπ2 ;
KS → π0π0 (31.40 ± 0.27)% Kπ2 .

The experimental problem is to detect the rare CP-violating decay modes
KL → π+π− and KL → π0π0, with branching ratios of order 10−3 in this
overwhelming background of other decays and to measure their decay rate
and, by interference, their phase relation to CP-conserving decay amplitudes.
In addition, the CP impurity in the KL state can be obtained by measuring
the charge asymmetry in the semileptonic decay modes.

5.5.1 Charged Decay Modes

The two charged decay products in π+π− and semileptonic decays are usually
recorded in a magnetic spectrometer consisting of a wide-aperture magnet
and at least three layers of position-measuring detectors. The measurement
of the track position was done originally by optical spark chambers [11, 12, 13,
25], and then by wire spark chambers with magnetostrictive readout [14], by
counters only [26, 27], by multiproportional wire chambers [24, 27, 28] and by
drift chambers [67, 68]. As an example, Fig. 5.1 shows a spectrometer [24] used
for the detection of medium-energy kaons from a 24 GeV/c extracted proton
beam at the CERN proton synchrotron. Here the magnet has an aperture
of 240 × 60 cm2. This permits observation of K decays with a K momentum
from 5 to 15 GeV/c over a 9m long decay path upstream of the magnet
with a geometrical acceptance around 25%, depending on the decay mode.
Most important for the measurement of interference phenomena between KS

and KL decays extending over at least 20 KS mean lifetimes in the Kaon
rest frame is the fact that this geometric acceptance varies smoothly and by



5.5 Detection of kn Decays 39

not more than 50% over 10 KS mean lifetimes. The acceptance has to be
computed by Monte Carlo methods, which is one of the ultimate limitations
of the experiment.

In this spectrometer, the vector momenta pi (i = 1, 2) of the charged de-
cay products are measured by three multiwire proportional chambers, each
equipped with a horizontal and a vertical signal wire plane. The wire spacing
is 2 mm, corresponding to a measurement error of ±0.7 mm; the wire diame-
ter is 20 µm. The chambers can be used with a time resolution of 40 ns, thus
permitting operation in regions of charged-particle flux ten times higher than
the fluxes sustainable by spark chambers, with recovery times of ∼ 1 µs. Fur-
thermore, since the chambers are dc operated, they do not require additional
scintillation counters, permitting a reduction of the matter in the path of the
detected particles to 0.3 g/cm2 for the total apparatus. The readout time of
an electronically accepted event is 10 µs, and more than 1000 events can be
recorded during one machine burst of 350 ms duration.

The energies of the particles are obtained from the calculated vector mo-
menta pi, assuming their rest mass to be mπ, as

Ei =
√

p2
i +m2

π . (5.77)

The invariant mass of the pair is obtained as

mππ =
√

(E1 + E2)2 − (p1 + p2)2 , (5.78)

and the kaon momentum to be p
K

= p1 + p2. The lifetime of the kaon from
the target (position along the beam zT) to the decay vertex (zV) in the kaon
rest system is given by τ = (zV − zT)mK/(cpz), where mK is the kaon mass,
c the light velocity and pz the component of pK along the beam line.

Fig. 5.1. Magnetic spectrometer for detecting two charged decay products of neu-
tral K mesons, side view (top) and top view (bottom). The spectrometer, consisting
of a magnet and 3 × 2 planes of proportional chambers, measures the momenta of
the two charged particles; the Cerenkov counter identifies electrons from Ke3 decay
and the muon hodoscopes detect muons from Kµ3 decay [24].
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Two sets of information can be used to separate 2π and leptonic decays.
First the invariant mass mππ is required to be equal to mK within the ex-
perimental resolution for 2π decay (Fig. 5.2), while leptonic decays show a
broad mππ distribution, owing to the wrong assignment of a pion mass to
the lepton and to the missing neutrino energy. Second, all experimenters use
lepton identification in order to identify these decay modes. This can be done
by several methods.

The most frequently used methods for electron identification at inter-
mediate energies, around 10 GeV, are Cerenkov counters, and identification
through comparison of the energy deposition in electromagnetic and hadronic
showers. Threshold gas Cerenkov counters identify electrons by their high ve-
locity, whereas Cerenkov emission by pions is avoided by a suitable choice
of refractive index n; the threshold momentum is pth = mπ/

√
2(n− 1) =

8.4 GeV/c for hydrogen at atmospheric pressure.
At high energies, i.e. for electrons with energies between 10 GeV and 100 GeV,
electron identification in calorimetric detectors works on the principle that
for a particle of momentum p, the energy E deposited in a calorimeter by
an electron (or photon) is much higher than for a hadron of the same mo-
mentum. With a suitable calibration of the calorimeter E/p is near unity for

Fig. 5.2. (a) Invariant-π+π−-mass distribution of two-prong events recorded in
the apparatus of Fig. 5.1 after removing most of the three-body leptonic KL decays
identified through the Cerenkov or muon counters. (b) Distribution as a function of
p2
t , the squared distance of the reprojected K momentum in the target plane from

the target center [28]



5.5 Detection of kn Decays 41

electrons and less than 0.9 for hadrons because part of the hadronic energy
is used for nuclear excitation or nuclear spallation, and therefore remains un-
detected. Also, the width of an electromagnetic shower is much smaller than
that of a hadronic shower produced by pions.

For the identification of muons, on the other hand, one uses their pen-
etration through several (∼ 8) interaction lengths of material in order to
distinguish them from pions interacting in this absorber. For an absorber
of 900 g/cm2 of light concrete, the minimum momentum of a penetrating
muon is 1.5 GeV/c, and the penetration probability of a Pion through a
hadronic cascade is 0.6% at 4 GeV/c momentum. In addition to this kind of
misidentification of a pion, there is the possibility of pion decay in flight.

Once the 2π decay mode has been identified, one has to know, in general,
whether the KS or KL from which the decay products originate has undergone
scattering on its way from its production to the decay point. In the case of
a short-lived beam produced by protons interacting in a target near to the
detector, this can be done by calculating the distance of the intercept of the
reprojected kaon momentum pK in the target plane from the target center,
pt. Unscattered events cluster around pt = 0, as shown in Fig. 5.2. In the case
of a long-lived beam, one uses the component of pK transverse to the beam,
pt, or the angle θ between the kaon direction pK and the beam direction in
order to separate transmitted and coherently regenerated (θ = 0 = pt) kaons
from events due to kaons that have undergone scattering, or diffractive or
inelastic regeneration.

This analysis is straightforward for 2π decays, but substantially more
complicated for semileptonic decays, since the neutrino momentum escapes
detection. Not only is it impossible, in the case of semileptonic events, to
separate coherently regenerated ones from incoherently regenerated kaons,
but there is also a twofold ambiguity in the kaon momentum. These difficulties
can be solved by comparing the experimental distributions in momentum on
a statistical basis with the corresponding distributions calculated by Monte
Carlo methods from hypotheses about the “real” distributions.

5.5.2 Neutral Decay Modes

The detection of the neutral decay mode KL → π0π0 → 4γ is complicated
by the presence of the decay KL → 3π0 → 6γ with a 21% branching ratio.
This decay can simulate 4γ events for kinematic reasons, e.g. if two γ rays are
missed by the detector. Very specific kinematic features of the 2π0 decay were
therefore used in the early medium-energy experiments in order to obtain a
clean KL → 2π0 signal [29, 30, 31, 32, 34].

In the apparatus (Fig. 5.3) of the Princeton group [30] used in the very
early phase of CP experiments, this was achieved by measuring with great
precision the energy and direction of one γ ray of the four γ‘s from 2π0

decay. This photon can have a transverse momentum relative to the KL di-
rection of up to 240 MeV/c, since its parent π0 has a momentum of exactly
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209 MeV/c in the KL rest system. The γ‘s from the background reaction
KL → 3π0 → 6γ, however, are restricted to a transverse momentum below
167 MeV/c. Consequently, the apparatus of the Princeton group included a
pair spectrometer for the precise measurement the of momentum, direction
and transverse momentum of one γ ray converted in a converter one-tenth of a
radiation length thick with standard deviations of 3%, 3 mrad, and 5 MeV/c,
respectively. In the spectrometer, positions of the e+ and e− trajectories bent
by an 18inch × 72inch aperture magnet were recorded by five optical spark
chambers. The remaining three γ rays were converted in a large optical spark
chamber containing six radiation lengths of lead.

Using the energy and direction of the spectrometer γ ray, the conversion
points of the three other γ rays, and the decay vertex of the KL computed
from the spectrometer γ-ray direction and the beam path, the decay can be
reconstructed with two constraints.

As an alternative, the design of the detector (Fig. 5.4) of the Aachen–
CERN–Torino group [29] has been guided by the idea of measuring accurately
the energies of all four γ rays and the direction of at least two γ’s of the four
from KL → π0π0 → 4γ decay. The upstream part of the detector is the
“direction-measuring” region, totaling four spark chamber modules of four
wire planes each. Every module is preceded by a lead converter foil one-

Fig. 5.3. Apparatus of the Princeton group for the detection of KL → 2π0 decays.
The rare KL → 2π0 → 4γ decays are selected by requiring one γ ray converted in the
converter A to have a transverse momentum pt > 170 MeV/c, as measured in the
magnetic pair spectrometer. The other three γ rays are detected in the lead-plate
chamber [30]
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tenth of a radiation length thick, and the directions of the wires in the four
planes are at 0◦, 45◦, 90◦, and 135◦ relative to the vertical inorder to avoid
ambiguities in the track reconstruction from the sparks. The spatial resolution
of the spark chambers is equal to the scattering error in a lead converter one-
tenth of a radiation length thick for a γ energy of 1 GeV, i.e. the average
energy of γ’s from KL → 2π0 decay in the beam. In the downstream part of
the detector the remaining γ rays are converted either in one of the two lead
plates one-quarter of a radiation length thick in front of two further spark
chamber modules or in an array of 61 hexagonal lead-glass prisms 13 radiation
lengths thick. These total absorption counters made of lead glass permit an
energy measurement of the γ rays with a resolution (standard deviation)
of σE/E = 3.3%/

√
Eγ , where Eγ is measured in GeV. A spark chamber

trigger requires at least two channels in each of the vertical and horizontal
counter arrays behind the fourth module; the energy deposited in at least
three of the six outer sectors (see Fig. 5.4) of the lead glass counter array
must exceed 450 MeV. The tracks of the e+e− pair from a γ converted in the
first four modules are used to determine the decay point, and this position
is used together with the conversion points of the other γ rays to determine
their directions. Gamma rays are then paired such that the invariant mass of
the pair is as close as possible to the π0 mass. The π0 mass, the 4γ invariant
mass m, the angle θ between the total visible momentum and the beam path,
and pγ , the largest of the transverse momenta of the γ rays, can be used as
constraints in the kinematical selection of 2π0 decays.

For kaon energies between 40 GeV and 200 GeV, totally absorbing elec-
tromagnetic calorimeters are used. These calorimeters consist of scintillat-
ing crystals, Cerenkov lead glass counters, or liquid-noble-gas detectors with
or without lead radiators. Their longitudinal thickness is around 25 radia-

Fig. 5.4. Apparatus of the Aachen–CERN–Torino group for the measurement of
the KL → 2π0 decay rate. This detector consists of a direction-measuring part (four
chamber modules upstream), where at least two γ rays are required to convert, and
an energy-measuring part (two chamber modules and a lead glass wall), where the
energies of all four γ rays are recorded [29]
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tion lengths, and their transverse segmentation corresponds to the transverse
width of an electromagnetic shower, given by the Molière radius RM of the
material. In this way, the energies Ei and the transverse positions (xi, yi)
of each of the four photon-induced showers are measured in the calorimeter.
This is the only information available for reconstructing all variables describ-
ing the decay. In principle the invariant mass of the four photons can be
calculated using the relation

M2 = E2 − p2 =

(
4∑

i=1

Ei

)2

−
(

4∑

i=1

pi

)2

(5.79)

=
∑

i�=j

(EiEj − EiEj cos θij) (5.80)

= 2
∑

i<j

EiEj

θ2ij
2
. (5.81)

The opening angle θij between two photons can be obtained from the trans-
verse distance rij between the impact points in the calorimeter,

rij =
√

(xi − xj)2 + (yi − yj)2 , (5.82)

and the distance z of the K meson decay point from the calorimeter. Using
these variables, the invariant four-photon mass can be written as

M =
1
z

√∑

i<j

EiEjr2ij . (5.83)

This relation can be used to calculate the distance of the decay point of the
kaon from the calorimeter by using the kaon mass as a constraint:

z =
1
MK

√∑

i<j

EiEjr2ij . (5.84)

With this knowledge about the decay point, the invariant mass of any pair
(i, j) of photons can then be calculated:

Mij =
1
z
rij

√
EiEj . (5.85)

Of the three possible combinations, the one where both masses are closest
to the π0 mass is chosen. A scatter plot of m12 versus m34 shows a signal
at (mπ0 ,mπ0) if the four photons come from the decay KL → π0π0, while
for events from the decay KL → 3π0, with four detected photons, the invari-
ant masses are spread over a large region around this point (Fig. 5.34). It is
possible to extract the amount of background in the signal region by extrap-
olating the observed level of background events into this signal region, with
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the help of Monte Carlo simulations of the KL → 3π0 background. In high-
energy experiments, the background can then be reduced to a level below one
percent.

5.5.3 Detectors Measuring Charged
and Neutral Decay Modes Simultaneously

For the measurement of the parameter ε′ of direct CP violation, the ratio
of the decay rates of KL into charged (π+π−) and neutral (π0π0) two-pion
states has to be measured with great precision. For this purpose, experimen-
talists reduce systematic normalization uncertainties by measuring charged
and neutral decays (from KL and KS mesons) simultaneously.

Four such experiments have been constructed for high-energy K meson
beams, two of them at CERN (NA31 and NA48) and two at Fermilab (E731
and kTeV).

One experiment has been designed to detect K mesons of a few hundred
MeV/c momentum arising from the annihilation of stopping antiprotons in
a hydrogen target at the Low Energy Antiproton Ring (LEAR) at CERN
(CPLEAR).

5.5.4 NA31

This detector [33], situated in a KL or KS beam from the CERN SPS, was
based on calorimetry and was designed for good stability and high efficiency.
The KL beam was produced by a 450 GeV proton beam with a production
angle of 3.6 mrad in the year 1986 and 2.5 mrad in the years 1988 and 1989.
In the year 1986, a KS beam was also produced by a 450 GeV proton beam
with a production angle of 3.6 mrad. In the years 1988 and 1989, the proton
energy for the KS beam was 360 GeV and the production angle 4.5 mrad.

A schematic illustration of the beam layout and the apparatus is shown
in Fig. 5.5. The principal features can be summarized as follows:

– both the KL and the KS beam are in vacuum;
– to adjust the steeply falling vertex distribution of the KS decays to the

almost flat vertex distribution of the KL decays, the KS target is located
on a train, that can be positioned at 41 stations in the decay volume;

– an anticounter with a 7 mm lead converter in the KS beam is used to veto
decays in the collimator, defines the upstream edge of the decay region,
and provides for the relative calibration of the 2π0 and π+π− energy scales
to a precision better than ±10−3;

– four ring-shaped anticounters around the decay region detect photons and
thus reduce unwanted three-body decays;

– two wire chambers spaced 25 m apart, with ±0.5 mm resolution in each
projection, track charged pions;
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Fig. 5.5. Beam layout and detector in the NA31 experiment. The setup contains a
movable target for the production of the KS mesons, and a liquid-argon calorimeter;
it does not contain a magnet

– a hodoscope of scintillation counters triggers on π+π− decays detected by
a coincidence of hits in opposite quadrants;

– a liquid-argon/lead sandwich calorimeter with strip readout detects pho-
tons with ±0.5 mm position resolution and an energy resolution of
σE/E = 10%/E ⊕ 7.5%/

√
E ⊕ 0.6%;

– a plane of scintillation counters, installed in the liquid argon after 13 radi-
ation lengths of material, triggers on 2π0 decays;

– an iron/scintillator sandwich calorimeter measures the energy of charged
pions with ±65%/

√
E energy resolution;

– two planes of scintillator, after a total of 3 m of iron equivalent, reject
K0 → πµν decays.

In order to obtain the maximum solid angle for the decay particles, no
magnetic analysis of charged-pion momenta was done. The energies of the
two pions and their opening angle are used to measure the invariant mass of
the charged pair.

The NA31 experiment collected KL and KS decays in alternating time
periods. In each case the charged and neutral decays were collected simulta-
neously.
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5.5.5 NA48

This experiment (Fig. 5.6 was the successor to the NA31 experiment and
also built at CERN. The experiment was exposed to a simultaneous nearly
collinear KL/KS beam, derived from a 450 GeV/c proton beam from the SPS.

The KS beam was produced by using a fraction of the protons that did
not interact with the KL target.

In the NA48 experiment [68], the charged and neutral decay modes of KL

and KS mesons could be measured simultaneously. Charged particles from
decays were measured by a magnetic spectrometer composed of four drift
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chambers with a dipole magnet (inducing a transverse momentum kick of
265 MeV/c in the horizontal plane) between the second and the third cham-
ber. These chambers and their interconnecting beam tube were aligned along
the bisector between the converging KS and KL beam axes. The volume be-
tween the drift chambers was filled with helium. Each chamber consisted of
eight planes of sense wires, two horizontal, two vertical and two along each
of the 45◦ directions. In the third chamber, only the horizontal and verti-
cal planes were instrumented. The average efficiency per plane was 99.5%,
with a radial uniformity better than ±0.2%. The space point resolution was
≈95 µm. The momentum resolution was σp/p = 0.48% ⊕ 0.009%× p, where
the momentum p is in GeV/c. The ππ invariant mass resolution is 2.5 MeV.

The magnetic spectrometer was followed by a scintillator hodoscope, com-
posed of two planes segmented into horizontal and vertical strips. Fast logic
combine the strip signals (arranged in four quadrants) for use in the first level
of the π+π− trigger, with a time resolution of 200 ps.

A liquid-krypton (LKr) calorimeter was used to reconstruct K → 2π0 de-
cays. This was a quasi-homogeneous detector with an active volume of ∼10 m3

of liquid krypton. Cu–Be–Co ribbon electrodes of size 40 µm × 18 mm × 125 cm
defined 13212 cells (each with a 2 cm × 2 cm cross section) in a structure
of longitudinal projective towers pointing to the center of the decay region.
The calorimeter was ∼27 radiation lengths long and fully contained electro-
magnetic showers with energies up to 100 GeV. The energy resolution of the
calorimeter was σE/E = (3.2 ± 0.2)%/E ⊕ (9 ± 1)%/

√
E ⊕ (0.42 ± 0.05)%

where E is in GeV. The LKr calorimeter was also used, together with an iron-
scintillator calorimeter, to measure the total deposited energy for triggering
purposes.

Finally, at the end of the beam line, three planes of muon counters behind
80 cm of iron were used to identify KL → πµν (Kµ3) decays.

5.5.6 E731

This detector was constructed at Fermilab. A KL beam was produced by
800 GeV/c protons from the Tevatron. The experiment used the regeneration
technique to produce the KS beam (see Sect. 5.3). In this technique, a double-
beam of KL mesons is created at the KL target. Four B4C-blocks were located
in the lower half of the double beam to regenerate KS mesons from the KL

mesons. The layout of the experiment is shown in Fig. 5.7.
The photons from neutral decays were detected with a lead glass calorime-

ter. The calorimeter was composed of ∼800 blocks of lead glass (Schott F-2)
arranged in a circular array with holes for the two beams. The dimensions
of the blocks were 5.82 cm × 5.82 cm × 60.17 cm. The calorimeter had a
length of ∼18.7 radiation lengths. The diameter of the array was ∼1.8 m.
The energy resolution of the calorimeter was σE/E = 5%/

√
E ⊕ 2.5%. The

average position resolution was about 2.8 mm, varying from 1.5 mm for a
particle near the block’s edge to 4 mm for a particle in the center of a block.
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The trajectories of charged particles were measured with a charged-
particle spectrometer. This consisted of four drift chambers with a momentum-
analyzing magnet between the second and the third chamber. Helium bags
were placed between the chambers to reduce the effects of multiple scattering.
There were four planes of sense wires per chamber, two in the horizontal and
two in the vertical direction. The smallest chamber measured 1.26 × 1.26 m2,
with 101 sense wires per plane. The largest chamber measured 1.77 × 1.77 m2,
with 140 sense wires per plane. The momentum resolution of the charged-
particle spectrometer was σp/p = 0.45[1 ⊕ p/(37.5 GeV/c)]%. Charged and
neutral decays were collected separately in alternating time periods, but KL

and KS decays were collected together.
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5.5.7 kTeV

The kTeV experiment at the 800 GeV/c Tevatron was the successor to the
E731 experiment and uses a similar regeneration technique to produce the
KS beam. Like the NA48 experiment, the kTeV detector could simultane-
ously measure the charged and neutral decays of the KL and KS mesons.
Figure 5.8 shows the experimental setup of the kTeV experiment. The KL

“double beam” entered from the left, one half continuing as KL, the other
half producing a KS beam by regeneration. The regenerator in the kTeV ex-
periment was made of blocks of plastic scintillator. These blocks were viewed
by photomultiplier tubes to reject inelastically or quasi-elastically scattered
kaons.

The evacuated decay volume extended over 40 m, or about 7 KS mean
lifetimes at 100 GeV/c, followed by the first drift chamber. All chambers
had two insensitive areas in order to let the two beams pass through. The
analysis magnet was located between the second and the third drift chamber
and provided a horizontal momentum kick of 412 MeV/c. Each of the four
drift chambers had two horizontal and two vertical planes of sense wires.
There were a total of 16 planes and 1972 wires in the drift chambers. As
in the E731 detector, the smallest chamber measured 1.26 × 1.26 m2, with
101 sense wires per plane and the largest chamber measured 1.77 × 1.77 m2,
with 140 sense wires per plane. The typical single-hit position resolution of
the drift chambers was about 110 µm in either direction, which lead to a
mean mass resolution of 2.2 MeV for the reconstructed kaon mass obtained
from the π+π− decay mode. The momentum resolution for a charged particle
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was σp/p = 0.17% ⊕ 0.0071% × p (in GeV/c). The average inefficiency for
reconstructing a hit pair was about 3.7%.

The four photons from the 2π0 were detected in an electromagnetic
calorimeter made of pure cesium iodide. The calorimeter consisted of 3100
blocks arranged in a square array of 1.9 m side length. The blocks had two
sizes: 2.5 × 2.5 cm2 in the central region (2232 blocks) and 5 × 5 cm2

in the outer region (868 blocks). All blocks are 50 cm, or ∼27 radiation
lengths, long. Two 15 cm square holes allowed the passage of the KL and
the KS beam through the calorimeter. The light collection uniformity of
the crystals was within 5%. The calorimeter had an energy resolution of
σE/E = 2%/

√
E ⊕ 0.4%. The average position resolution for electrons was

about 1.2 mm for clusters in the smaller crystals and 2.4 mm for the larger
crystals.

5.5.8 CPLEAR

In contrast to the four detectors described in the previous sections, the
CPLEAR detector measured decays from kaons produced in p̄p annihilations
at rest obtained from the low energy p̄ ring LEAR at CERN. The antipro-
tons were stopped in a 16 bar hydrogen gas target and formed a protonium
before annihilation. In annihilation reactions of the type p̄p→ K0K−π+ and
p̄p → K0K+π−, the charged kaon was identified through the time of flight
and track curvature in a solenoidal magnetic field (“tagging”). This tag was
used as a trigger for detecting the decay products of the neutral K meson
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associated with the K+ or K−. A unique property of this scheme is that the
strangeness of the neutral K meson is known from the charge of the tagged
K+ or K−.

As shown in Fig. 5.9, the CPLEAR experiment had a cylindrical, onion-
type, setup. The target region was followed by two proportional chambers.
The inner proportional chamber had 576 wires and the outer one 768 wires.
Six cylindrical drift chambers, starting at a radius of 25.46 cm and going
out to a radius of 50.95 cm, provided the main tracking information for
charged particles. The number of readout strips of the inner cathode of the
drift chambers varied between 275 (innermost chamber) and 510 (outermost
chamber). For the outer cathode, the number of readout strips varied be-
tween 285 (innermost chamber) and 520 (outermost chamber). All cathode
strips were inclined at different stereo angles with respect to the anode wires.
The strip efficiency was about 90%. The outermost tracking detector was a
streamer tube detector. It consisted of 384 discrete tubes, 2.52 m long and
1.65 × 1.65 cm2 in cross section. The tubes were located at radii between
56.8 cm and 62.0 cm. The offline track-finding efficiency was better than 99%
and the wire positions were determined with an accuracy of about 10 µm.
The mean mass resolution achieved for the invariant kaon mass in the π+π−

final state was 13.6 MeV/c2. The resolution of the (missing mass)2 relative to
the primary Kπ pair was 0.082(GeV/c2)2. By applying kinematically and/or
geometrically constrained fits, the K0 momentum resolution σpt

/pt was im-
proved from 5.5% to 0.25%.

The tracking detectors were followed by the particle identification detec-
tor (PID). This detector was used for charged-kaon identification and e/π
separation. It consisted of 32 trapezoidal sectors and was located at radii
between 62.5 cm and 75.0 cm. Each sector was composed of two layers (in-
ner, 3.0 cm thick; outer, 1.4 cm thick) of plastic scintillators with an 8 cm
thick liquid threshold Cerenkov detector in between. The kaon identifica-
tion efficiency was about 75% for kaon momenta greater than 350 MeV/c.
The probability of faking a kaon signal was smaller than 6×10−3. Using
the dE/dx information from the first scintillator, a good K/π separation
was possible up to 500 MeV/c. The two charged tracks from the decays
K0 → π+π−, π+e−ν, π+µ−ν were reconstructed and the decay vertex was
calculated. Using this vertex and the annihilation point in the hydrogen tar-
get, the proper time for decay of the kaon was obtained.

The electromagnetic calorimeter had the form of a barrel and was an
assembly of 18 lead plates alternating with sampling chambers, which con-
sisted of small-cross-section tubes and pickup strips. It was located at radii
between 75 cm and 100 cm. The calorimeter had a total thickness of ∼6
radiation lengths, an energy resolution of σE/E ≈ 13%/

√
E and a position

resolution of ∼5 mm for the photon conversion points. The photon detection
efficiency was (90 ± 1)% for photon energies above 200 MeV. For photons
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with energies below 200 MeV the efficiency dropped significantly and was
only about 60% for 100 MeV photons.

All subdetectors were embedded in a 3.6 m long, 2 m diameter solenoid
magnet, which provided a 0.44 T uniform field.

5.6 Elucidation of CP Violation in K0 Decays (I):
Search for �m(ε′/ε)

5.6.1 Interference Experiments Behind a Regenerator

Even after the discovery by the Princeton group, some doubts remained about
whether CP invariance really had to be given up. One idea for saving CP was
the hypothesis that together with the two pions emitted in the KL decay, there
was a scalar meson emitted with such a small mass that it was not noticed
in the invariant π+π− mass. Two experiments were set up at CERN in order
to check if the decay amplitude for KL → π+π− showed time-dependent
interference with the amplitude for KS → π+π− from coherently regenerated
KS in the KL beam [12, 13]. Since the KS wave regenerated from the KL

wave has a fixed phase relation to the KL wave, the decay amplitudes for
the decay of KL and regenerated KS to a common final state must interfere
with each other. In both experiments, magnetic spectrometers with spark
chambers were used as tracking devices. Both experiments showed clearly
that the decay amplitude of the regenerated KS interferes with the decay
amplitude of the KL transmitted through the regenerator. The proper time
distribution of decays downstream of the regenerator clearly displayed the
exponential KS decay, the KL decays (nearly constant per time interval), and
an interference term with oscillatory behavior. The beat frequency of this
oscillation term cos(∆mτ − Φ) was found to be about half of the inverse of
the KS lifetime, 10−10 s. These experiments demonstrated that the final state
in the decay KL → π+π− was the same as in the KS → π+π− decay, and
therefore the conclusion that there was CP violation became unavoidable.

Apart from the determination of the mass difference ∆m and the KS life-
time, these measurements also offered the possibility of studying the phase
Φ+− of the amplitude ratio η+−. However, this value was not directly acces-
sible since in the interference term, the phase shift measured is the difference
Φ+− − Φf , where Φf is the nuclear regeneration phase

Φf = i arg(f(0) − f(0)) , (5.86)

where f(0) and f(0) are the forward scattering amplitudes for K0 and K0 on
a nucleus. Attempts were made to calculate the phase Φf from data on K+

and K− scattering by using isospin symmetry but the uncertainties in these
calculations remained substantial.
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5.6.2 The Significance of the Phase Φ+−

The phase of η+−, Φ+− = arg(η+−), was a possible clue that would help to
disentangle the two components of CP violation, since

η+− = ε+ ε′ . (5.87)

If ε′, the parameter of direct CP violation, was comparable in size to ε, and
if its phase was orthogonal to ε, then the phase of η+− would deviate in
a detectable way from the phase of ε, which is mainly determined by the
experimentally measurable values of ∆m and ΓS = 1/τS (see Sect. 5.2):

arg(ε) = arctan
(

2∆
ΓS

)
+ ΦD = ΦSW + ΦD (5.88)

With the present values of ∆m and ΓS (Sect. 5.6.10), ΦSW = (43.4 ± 0.1)◦.
A significant deviation of the measured value of Φ+− from ΦSW would be

evidence for a nonvanishing component �m(ε′/ε) and against the superweak
model of CP violation.

5.6.3 KL–KS Mass Difference

Measurements of the KL–KS mass difference ∆m = mL − mS make use of
the different propagation of the KS and KL waves with time (Sect. 5.4.1).
If τ is the eigentime in the K rest frame, then KL propagates in accordance
with exp(−imLτ) and KS with exp(−imSτ). The interference term of the two
waves is then proportional to exp(i ∆mτ), i.e. to cos(∆mτ). All experiments
measure such an interference term to determine ∆m.

The traditional method is the varying-gap method, first used by the
Princeton group [35]. Here, a KL beam traverses two slabs of matter placed
in series along the beam at a distance G apart, thus regenerating coherent
forward KS amplitudes 
1 and 
2, and the intensity of KS decays behind the
second slab is measured as a function of the distance G between the slabs;
this intensity is given in Sect. 5.4.1. A severe problem in this experiment,
which compares K → 2π decay intensities for different flight times τ

G
, is

the monitoring of the KL beam flux. This monitoring has been done [36, 37]
by recording Ke3 decays or by recording neutrons in the beam or charged
particles from the proton target. However, corrections are needed because
dead-time effects in the chambers vary with gap distance and possibly with
time. The Aachen–CERN–Torino group [38] has avoided these problems by
monitoring the KL flux by recording KS → π+π− decays, i.e. by reserving
a part of the KL beam cross section for measuring the KL flux multiplied
by |
2 |2 and using another part for measuring |
1 |2 exp(−ΓSτG

). This fixed-
triple-gap method has given ∆m = (0.542±0.006)×1010 s−1, and this result
is independent of ΓS.
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A variant of this method has been used by the CERN–Heidelberg–
Dortmund group [39]. Here, a quarter of the beam cross section is sacrificed
for monitoring coherently regenerated KS → π+π− decays. The intensities
R1 and R2 for two distances between the two regenerators relative to the
respective monitor events M1 and M2 are measured. The ratio of exposure
times in the two positions was chosen to be 3:1 to minimize the statistical
error.

The fixed distance in space transforms (via the broad KL momentum
spectrum) to a distribution of gap flight times in the K0 rest system; therefore
the ratio (R1/M1)/(R2/M2) as a function of the KS momentum shows the
typical interference (see Fig. 5.10). The result of this experiment is ∆m =
(0.534 ± 0.003) × 1010 s−1 for ΓS = 1.120 × 1010 s. The error is reduced
to ±0.00255 if the result is used in conjunction with a vacuum interference
experiment done in the same apparatus [28].

A second measurement, using a quite different method has been reported
by the same group [40]. Here, the charge asymmetry in Ke3 and Kµ3 decays
at short distances from a K0 production target was measured. This charge
asymmetry (see Sect. 5.4.2) is given by

δ(τ) = 2
1 − |x|2
|1 − x|2

[
e−Γτ NK −N

K

NK +N
K

cos(∆mτ) + �e ε
]
. (5.89)

Of the total data on semileptonic decays, 6 × 106 Ke3 decays and 2 ×
106 Kµ3 decays at times τ < 12.75×10−10 s were relevant to the measurement
of the mass difference, while the rest of the data was used to determine the
long-term asymmetry due to CP violation (see Sect. 5.6.9). The dilution
factor was obtained from the size of the interference term in the vacuum
interference experiment [28] (see Sect. 5.6.5). The results of the fit to the
data displayed in Figs. 5.11 and 5.12, including a (0.45± 0.10)% shift due to
radiative corrections in Ke3, are in units of 1010s−1 : ∆m = 0.5341 ± 0.0043
and ∆m = 0.529 ± 0.010, respectively. More recently, new results from the
high-energy experiments at Fermilab E731 [41], E773 [44] and kTeV [45]
have been obtained for the interference term behind a regenerator. The most
precise experiment in this series reports a value of 0.5261 ± 0.0015 if the
lifetime τS is 0.8959×10−10 s. The corresponding vertex distribution is shown
in Fig. 5.17. Additional information on the mass differencehas been obtained
from interference experiments (Sects. 5.6.5, 5.6.6 and 5.6.7). However, in those
experiments, the measured value of ∆m is correlated with the value of the
phase difference Φ+−.

5.6.4 Rate of KL → π+π− Decay

This rate has been measured in two different ways. The first was by recording
the number of KL → π+π− decays in a certain decay volume together with
leptonic decays KL → πeν in the same volume. A Monte Carlo calculation of
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Fig. 5.10. Normalized intensity of K → π+π− decays behind a two-regenerator
setup as a function of the kaon momentum, showing destructive interference be-
tween the two coherent KS waves regenerated in the first and second slabs of copper
[39]

the relative detection efficiency of the apparatus for Kπ2 (επ2) and Ke3 (εe3)
decays is of crucial importance here; in particular, one needs to know the
matrix element for Ke3 decay, and the influence of this uncertainty will be
more pronounced if the apparatus selects a small fraction of the Dalitz plot.
Essentially all older measurements were made in this way; here |η+−| was
obtained from the relation
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Fig. 5.11. Eigentime dependence of charge asymmetry in Ke3 decays from initially
pure strangeness states, showing interference of KS and KL decay amplitudes [40]

|η+−|2

=
N(KL → π+π−) εe3

N(KL → πeν) επ2

Γ (KL → πeν)
Γ (KL → all)

Γ (KL → all)
Γ (KS → all)

ΓS

Γ (KS → π+π−)
.

(5.90)

The second method can only be used in a short-lived K0 beam. Strangeness
eigenstates K0 (and K0) are produced by an external proton beam hitting a
nuclear target. The KS and KL components of the K0 state propagate with
time differently, but both decay into π+ and π−. Their two decay amplitudes
interfere in the way described in Sect. 5.4.1. At decay times comparable to
the KS lifetime τS, the resulting intensity of K → π+π− decays is mainly due
to KS → π+π− decay, and at late times (τ > 15τS) it is due to KL → π+π−

decay. The observation of the time distribution will give therefore |η+−|2 as
the ratio of the π+π− rate at long times to the rate extrapolated back to
τ = 0. Here also, a Monte Carlo calculation is needed to allow comparison of
the detection efficiencies for the same two-body decay K → 2π at different
points of the decay volume.

Four experiments have been reported between 1967 and 1974:

1. The experiment on vacuum interference by the CERN–Heidelberg group
[28] has given |η+−| = (2.30 ± 0.035) × 10−3 with ΓS = (1.119 ±
0.006)× 1010 s−1 from the fit.
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Fig. 5.12. Eigentime dependence of charge asymmetry in Kµ3 decays from initially
pure strangeness states, showing interference of KS and KL decay amplitudes [40]

2. The same group reports [28] an independent measurement using Ke3 de-
cays for normalization, with the result |η+−| = (2.30 ± 0.06) × 10−3

using ΓS = 1.119 × 1010 s−1.
3. The Colorado–SLAC–Santa Cruz group [46] reported on a measurement

in a KL beam by normalizing in two ways:
– comparing the KL → π+π− rate with the KL → πeν rate, and
– comparing it with KL → π+π−π0 events.
The results of both normalizations agree well and give together |η+−| =
(2.23± 0.05)× 10−3 for τS = 0.862× 1010 s. Using ΓS = 1.120× 1010 s−1,
the result is |η+−| = (2.27 ± 0.05) × 10−3.

4. A Dubna group [47] finds |η+−| = (2.05 ± 0.11) × 10−3, using Ke3 for
normalization.

The older experiments, before 1967,were designed in general to have
a small detection efficiency for Ke3 decays in order to obtain a small
background-Ke3-to-signal (Kπ2) ratio. There is a discrepancy between the
pre-1967 and the post-1973 experiments that cannot be negated. It is there-
fore not possible to take an average of the old and new data; one must choose
between them. The facts that the vacuum interference experiment depends
less critically on Monte Carlo calculations and that the SLAC experiment has
two independent normalizations that give consistent results favor the newer
group of results. The agreement between the CERN–Heidelberg vacuum in-
terference experiment and the SLAC result using, along with other normal-
izations, the conventional normalization by Ke3 also removes the possibility
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that there might be a deep physical reason for obtaining different results from
the two methods. The average from the group of four experiments, corrected
for the average value of the KS lifetime (τS = 0.89594× 10−10 s),is

|η+−| = (2.279 ± 0.025)× 10−3 . (5.91)

Recently, CPLEAR [48] also reported a value of |η+−| from its data obtained
with strangeness-tagged kaons. The result is (2.287 ± 0.035) × 10−3 for our
best value of the KS lifetime.

Taking all experiments together, we obtain the average value

|η+−| = (2.281 ± 0.020)× 10−3 . (5.92)

5.6.5 Measurements of the Phase Φ+−
in Interference Experiments Behind a Regenerator

The relative phase between the two amplitudes of the decays KL → π+π−

and KS → π+π− has been measured by two distinct methods.
The first consists of measuring the interference of the KL → π+π− ampli-

tude with the coherently regenerated KS → π+π− amplitude behind a slab
of material (the regenerator). The experiments require (a) the measurement
of the π+π− intensity as a function of the K0 eigentime behind the regen-
erator, which is given in Sect. 5.4.1, and (b) the measurement of the charge
asymmetry δ in leptonic K0 decays as a function of the K eigentime τ behind
the regenerator, given in Sect. 5.4.2. Experiment (a) gives the interference
phase Φ+−−Φ�, and experiment (b) the phase of the regeneration amplitude
Φ�.

One of the early experiments in this series was the one by the Columbia
group at Brookhaven [17, 20]. Using a proportional wire spectrometer to de-
tect π+π− and leptonic decays at the same time, this group obtained the time
distribution of π+π− events behind a carbon regenerator shown in Fig. 5.13.
The figure shows also the corresponding time distribution of events from the
K0 momentum interval 5 < p < 6 GeV/c. There is a deep minimum arising
from destructive interference at τ ∼ 6.5 × 10−10. The charge asymmetry of
Ke3 and Kµ3 decays as a function of the K0 eigentime behind the regen-
erator, which follows (5.75), is shown in Fig. 5.14. The regeneration phase
Φ� extracted from this asymmetry can be used together with the combined
phase Φ� − Φ+− obtained from the 2π interference to obtain the value

Φ+− = (45.5 ± 2.8)◦ + 120◦
∆m− 0.5348× 1010 s−1

∆m
. (5.93)

The latest and most precise experiment of this type has been done by the
kTeV collaboration [45] (see also [41]) in an experiment at Fermilab with an
800 GeV/c proton beam. The detector is described in Sect. 5.5.7; 5 × 109

events were recorded in 1996–97.
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Fig. 5.13. Time distribution of K → π+π− decays behind a carbon regenerator
[17]. (A) Detection efficiency for kaon momentum interval 5 < pK < 6 GeV/c.
(B) Efficiency-corrected data summed over pK; the curve shows the fit without
interference. (C) Data for 5 < pK < 6 GeV/c with fit including interference

Using the x and y planes of the four drift chambers, a vertex of the
two charged tracks is reconstructed, with a resolution of about 30 cm in
the z position along the beam. Background from Ke3 semileptonic decays
was reduced by a factor of 1000 by requiring, for each of the two tracks,
the energy E in the CsI calorimeter to be less than 85% of the measured
momentum p. The Kµ3 background eas reduced by the muon veto counters.
The reconstructed ππ invariant mass was required to be in the range 488 – 508
MeV. Figure 5.15b shows the invariant-mass distribution for events behind
the regenerator. The rms resolution of the invariant-mass distribution is 1.6
MeV. Decays originating from a KL transmitted through the regenerator
or from a KS regenerated coherently in the regenerator were selected by
requiring the momentum p of the pion pair to point back to the proton
target. For this purpose, the transverse momentum pt of the pair relative to
the line connecting the target and the impact point of the momentum p at
the regenerator exit face was calculated. The distribution of p2

t is shown in
Fig. 5.16b for the regenerator beam. Events with p2

t < 250 MeV2/c2 have
been selected. There are about 9 × 106 events. Their z decay distribution
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Fig. 5.14. Charge asymmetry of semileptonic decays behind a carbon regener-
ator for Kµ3 (upper graph) and Ke3 (lower graph) displaying interference of the
regenerated KS wave with the transmitted KL wave [20]

in the restricted kaon momentum interval from 40 to 50 GeV/c is shown
in Fig. 5.17. The corresponding decay time distribution was fitted with the
formula (5.54). The nuclear regeneration amplitude F = i(f(0)−f(0))/k was
assumed to decrease with the kaon momentum p according to a power law
F (p) = F (70 GeV/c)(p/70 GeV/c)α. This was motivated by a Regge model,
where the difference between the K and K scattering amplitudes would be
described by one single ω meson exchange trajectory. In this model, the phase
of the regeneration amplitude is given by ΦF = −(π/2)(1 + α). In the fit,
Φ+−, ∆m, ΓS and α were free parameters, and ΦF was assumed to be given
by the Regge model. The results are

Φ+− = 44.12◦ ± 0.72◦ (stat) ± 1.20◦ (syst) (5.94)
= 44.12◦ ± 1.40◦ , (5.95)

∆m = (5288± 23) × 106s−1 , (5.96)
τS = (89.58± 0.08 (stat)) × 10−12 s , (5.97)
χ2 = 223.6 for 197 degrees of freedom . (5.98)
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Fig. 5.15. Invariant-mass distributions for (a) vacuum beam π+π−, (b) regenerator
beam π+π−, (c) vacuum beam π0π0, (d) regenerator beam π0π0. The vertical
arrows indicate the accepted mass range. All other analysis cuts have benn applied.
(kTeV experiment [45])

The systematic error in Φ+− includes a 0.25◦ uncertainty from the fact that
the relation between the regeneration phase and the momentum dependence
of the regeneration amplitude through a dispersion relation integral is incom-
plete. It has been argued [43] that this uncertainty is larger, more than one
degree, because of the limited momentum range in which the regeneration
amplitude was measured (Sect. 5.3).

5.6.6 Measurements of Φ+− in Vacuum Interference Experiments

The other method for measuring Φ+− is the vacuum interference method
mentioned above (Sect. 5.4.1), where one observes the K → π+π− distribu-
tion obtained from an initially pure strangeness state. The information on
Φ+− is contained in the interference term proportional to cos(∆m − Φ+−),
and the time at which the two interfering amplitudes are equal is ∼ 12τS,
so that the correlation of Φ+− with ∆m is rather strong. This method re-
quires high precision in the experiments on the mass difference described in
Sect. 5.6.3. An error of ±0.002 × 1010 s−1 in ∆m induces an uncertainty of
1.2◦ in Φ+−.

Three experiments of this type have been done in the intermediate-energy
domain [28, 49, 50]. An analysis of the latest and most precise of those has
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Fig. 5.16. Data on p2
t distribution after all other K → π+π− selection cuts have

been applied, for (a) the vacuum beam and (b) the regenerator beam. The Monte
Carlo predictions for the background components are overlaid. Events with p2

t < 250
MeV2/c2 (vertical arrow) are included in the final K → π+π− sample. (kTeV
experiment, [45])

been performed by the CERN–Heidelberg group [28]. The apparatus, situated
in a 75 mrad short neutral beam derived from 24 GeV/c protons, has been
described in Sect. 5.5.1. The time distribution of 6×106 KS,L → π+π− decays
is shown in Fig. 5.18; (curve a), together with the fitted time distribution, as
given in Sect. 5.4.1. The result of this fit is

Φ+− = (49.4◦ ± 1.0◦) + 305◦
(∆m− 0.540× 1010 s−1)

∆m
, (5.99)

|η+−| = (2.30 ± 0.035)× 10−3 , (5.100)
ΓS = (1.119 ± 0.006)× 10−10 s−1 , (5.101)
χ2 = 421 for 444 degrees of freedom . (5.102)
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Fig. 5.17. z decay distribution of K → π+π− decays in the regenerator beam,
for the restricted momentum range 40–50 GeV/c. The Monte Carlo prediction
(dashed line) is without the interference term that is proportional to “2|�||η|” (kTeV
experiment [45])

In the high-energy domain, this method has also been used by the NA31
collaboration. In a 3.6 mrad neutral beam derived from 450 GeV protons,
kaons of mean momentum around 100 GeV were allowed to decay. Two dif-
ferent target positions were chosen, at distances of 48 m and 33.6 m from
the defining collimator of the neutral beam, which marked the upstream end
of the decay volume. Kaons that decayed along 50 m in an evacuated tank
were detected further downstream at about 120 m from the final collimator,
by the NA31 detector (Sect. 5.5.4, Fig. 5.5). The measured time distribution
of π+π− decays is shown in Fig. 5.19, with the extracted interference term in
the inset. There are 2.24×106 and 0.57×106 π+π− events in the data for the
target in the near and far positions, respectively; the corresponding numbers
of π0π0 events are 1.81×106 and 0.31×106. The phases were extracted from
a fit to the time distribution of the ratio of the data in the near and far
positions of the target (Fig. 5.20).

The results are

Φ+− = (46.9◦ ± 1.4◦) + 310◦
(∆m− 0.5351× 1010s−1)

∆m

+ 270◦
(τS − 0.8922× 10−10 s)

τS
(5.103)

and

Φ00 = (47.1◦ ± 2.1◦) + 310◦
(∆m− 0.5351× 1010s−1)

∆m

+ 225◦
(τS − 0.8922× 10−10 s)

τS
. (5.104)

The difference between the two phases comes out to be
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Fig. 5.18. Time distribution of K → π+π− events from a coherent mixture of
KL and KS produced in pure strangeness states [28]. Curve a events (histogram)
and fitted distribution (dots). Curve b events corrected for detection efficiency (his-
togram), and fitted distribution with interference term (dots) and without interfer-
ence term (curve). Inset : interference term as extracted from data (dots) and fitted
term (line). (CERN–Heidelberg experiment [28])

Φ00 − Φ+− = 0.2◦ ± 2.6◦ ± 1.2◦ . (5.105)

5.6.7 Measurements of the Phase Difference Φ00 − Φ+−

For small |ε′/ε|, this phase difference is related to ε′/ε by the equation

Φ00 − Φ+− = −3�m
(
ε′

ε

)
. (5.106)

In this way, the component of ε′ orthogonal to the direction of ε can be
measured. In the absence of CPT violation and for small |ε′/ε|, both of the
phases Φ00 and Φ+− are close to the superweak phase ΦSW (5.31).
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Fig. 5.19. The rates of decay of kaons to charged and neutral pions as a function of
the KS lifetime. The fitted lifetime distributions with the interference term removed
are superimposed. The insets show the interference terms extracted from the data.
(NA31 experiment [51])

The measurement of this phase difference by the NA31 experiment (Sect.
5.6.6) was improved by the simultaneous measurement of the time distribu-
tions of π+π− and π0π0 decays behind a regenerator in the kTeV experiment
[45] (Sect. 5.6.5). Here, the uncertainty arising from the phase of coherent
regeneration (which is the determining uncertainty in the Φ+− measurement)
cancels in the comparison of the two decay modes. The authors of [45] con-
clude that

Φ00 − Φ+− = (0.39 ± 0.50)◦ . (5.107)

Together with an earlier measurement by E731/E773 [44] and the NA31
measurement (5.105), this gives

Φ00 − Φ+− = (0.36 ± 0.43)◦ . (5.108)

5.6.8 Measurement of Φ+−
from a Tagged Pure Strangeness State

The CPLEAR experiment (Sect. 5.5.8) offers the unique feature of tagging a
pure neutral strangeness state K0 or K0 produced in a pp annihilation at rest
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Fig. 5.20. Ratio distributions averaged over momenta and scaled to 100 GeV. The
solid line is the result of the fit with interference; the dashed line is the expectation
without interference

by identifying a charged kaon produced in the same reaction. Compared with
the vacuum interference experiments (Sect. 5.6.6), this offers the advantage of
a full-size interference term, whereas, in the vacuum interference experiments,
an incoherent mixture of (predominantly) K0 and K0 forms the initial state,
and the interference term is diluted.

The interference term is visualized by measuring the decay-rate asymme-
try for decays into π+π−,

A+−(τ) =
N(τ) −N(τ)
N(τ) +N(τ)

(5.109)

= 2�e ε− 2 |η+−|e−(1/2)ΓSτ cos(∆mτ − Φ+−) . (5.110)

In the corresponding experimental distribution, the background was sub-
tracted and the events were appropriately weighted taking into account the
tagging efficiencies for K0 and K0. The result is shown in Fig. 5.21 [48].
The result of a fit to these data gives values for Φ+− and |η+−|, which are
correlated with the values chosen for ∆m and τS, respectively.

The correlation parameters are

δΦ+− = 0.30(∆m− 0.5301× 1010 s−1) (5.111)

and
δ|η+−| = 0.09(τS − 0.8934× 10−10 s) . (5.112)

For the values of ∆m and τS chosen by the authors of [48], the results are

Φ+− = 43.19◦ ± 0.53◦ (stat) ± 0.28◦ (syst) ± 0.42◦ (∆m) , (5.113)
|η+−| = [2.264 ± 0.023 (stat) ± 0.026 (syst)] × 10−3 . (5.114)
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Fig. 5.21. (a) The measured decay-rate asymmetry, Aexp
+−(τ ); the data points in-

clude residual background. (b) The decay-rate asymmetry, A+−(τ ); the data points
are background subtracted. In both cases the continuous curve is the result of the
fit (CPLEAR experiment, [52])

A similar asymmetry is obtained for decays to π0π0, although with less
statistical weight. Figure 5.22 shows the decay time distribution (Fig. 5.22a)
and the CP asymmetry as measured (Fig. 5.22b). From the corresponding
fit, the following values of the CP parameters in the neutral mode have been
extracted:

Φ00 = 42.0◦ ± 5.6◦ (stat) ± 1.9◦ (syst) , (5.115)
|η00| = [2.47 ± 0.31 (stat) ± 0.24 (syst)] × 10−3 . (5.116)

5.6.9 Charge Asymmetry in Semileptonic Decays

This asymmetry δL is the third manifestation of CP violation (5.37). This
asymmetry measures the CP impurity of the long-lived kaon state; δL =
2�e ε(1 − |x|2)/(|1 − x|2), where x is the ∆S = ∆Q violation parameter.
Considerable precision was achieved in the first ten years of experimenta-
tion after 1964: for the Ke3 mode, two experiments, by the Princeton group
[53] and by the CERN–Heidelberg group [54], have been reported; for the
Kµ3 mode, results have been obtained from Stanford [56] and one from the
CERN–Heidelberg group [54], and a Brookhaven–Yale group [57] obtained a
result for a mixture of both decay modes. Recently, two new results on this
asymmetry have been reported by the kTeV and NA48 collaborations. Tha
most siugnificant features of these results are:

1. Event numbers of up to 298 million events in the Ke3 mode and 15 million
events in the Kµ3 mode.
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Fig. 5.22. (a) The measured decay time distribution for K0(K0) → π0π0, overlaid
with the result of the simulation of this decay (solid line) and the various back-
ground channels. The background is shown separately for the contributions from
pp annihilations (dashed line) and KL → π0π0π0 decays (dotted line). (b) The
measured asymmetry Aexp

00 (τ ). The solid line shows the result of the fit. (CPLEAR
experiment [52])

2. An apparatus design such that the decay products (π and electron) tra-
verse only minute amounts of matter (about 0.3 – 0.4 g cm−2), thus
diminishing corrections due to secondary interactions of these particles.

3. The precision of the Kµ3 asymmetry measurements is a factor of 4 be-
low the value for Ke3, making a comparison between the two possible.
Table 5.1 gives the results; the average δL = (3.316 ± 0.053)× 10−3.

The charge asymmetries for Ke3 and Kµ3 decays are equal to within 8%:
δe
L/δ

µ
L = 1.04 ± 0.08. Assuming the validity of the ∆Q = ∆S rule, which

is supported by the present experiments, we obtain �e ε = (1.658± 0.026)×
10−3. If we use the most precise tests of the ∆Q = ∆S rule by the CPLEAR
experiment [52], there is a small correction

1 − |x|2
|1 − x|2 = 0.996± 0.012 . (5.117)

5.6.10 Parameters of CP Violation in the K0 System: �m(ε′/ε)

KS lifetime. We take the average of the older measurements from the
Particle Data Group 2002 [23], τS = (0.8941 ± 0.0009) × 10−10 s, and
combine this with the two new measurements by the kTeV collaboration,
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Table 5.1. Charge asymmetry measurements in Kl3 decays. The Kµ3 and Ke3

average value is δL = (3.316 ± 0.053) × 10−3 (a See also [26], b See also [27])

Group and reference Year Decay mode Result (×103) δ (×103)

Columbia [59] 1969 Ke3 2.46 ± 0.59
Columbia–Harvard
CERN [60] 1970 Ke3 3.46 ± 0.33 Ke3 average

San Diego–Berkeley [61] 1972 Ke3 3.6 ± 1.8 3.322 ± 0.055
Princeton [53] 1973 Ke3 3.18 ± 0.38
CERN–Heidelberg [54] 1974 Ke3 3.41 ± 0.18
kTeV [55] 2002 Ke3 3.322 ± 0.058 ± 0.047
NA48 [7] 2003 Ke3 3.317 ± 0.070 ± 0.072

Brookhaven–Yale [57] 1973 Ke3 + Kµ3 3.33 ± 0.50

SLAC–Berkeley [62] 1969 Kµ3 5.8 ± 1.7
Berkeley [63] 1972 Kµ3 6.0 ± 1.4 Kµ3 average
Stanford [56] 1972 Kµ3 2.78 ± 0.51 3.19 ± 0.24
CERN–Heidelberg [54] 1974 Kµ3 3.13 ± 0.29

(0.8965± 0.0007)× 10−10 s [45], and by the NA48 collaboration, (0.89598±
0.0007)× 10−10 s [64]. Our grand average is

τS = (0.8959± 0.0004)× 10−10 s . (5.118)

We use this value in the following sections.

Mass difference ∆m. Combining the values from the CERN–Heidelberg
experiments [38, 39, 40] with those from Fermilab E731 and E773 [41, 44],
from CPLEAR [48, 65, 66] and from the most precise single measurement by
kTeV [45], we obtain

∆m = (0.5286 ± 0.0011)× 1010 s−1 . (5.119)

Superweak phase. From the two parameters given above, we obtain the
phase of ε in the superweak model,

ΦSW = arctan
(

2 ∆m
ΓS

)
= (43.4 ± 0.1)◦ . (5.120)

Moduli of the Amplitudes η+− and η00. From Sect. 5.6.4, we conclude

|η+−| = (2.281 ± 0.020)× 10−3 . (5.121)

Absolute measurements of the amplitude η00 are much less precise. A recent
average including the CPLEAR result is

|η00| = (2.23 ± 0.11)× 10−3 . (5.122)

Phase Φ+−. In all measurements, this phase is extracted from an interference
term with a beat frequency ∆m. The correlation with the value of ∆m varies
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from experiment to experiment. Even after the first round of experiments,
ten years after the discovery of CP violation, it became clear that there was
no evidence for direct CP violation from a comparison of the measured phase
Φ+− with the superweak phase ΦSW . From the two most precise experiments
at that time, the phase, evaluated for the mass difference ∆m = (0.5286 ±
0.0011)× 1010 s−1 and the KS lifetime given above, we have Φ+− = (43.0 ±
1.2)◦ from the CERN–Heidelberg group [28] and Φ+− = (44.1 ± 2.8)◦ from
Carithers et al. [17]. Together these results yield (43.2 ± 1.1)◦, in very good
agreement with ΦSW = (43.4±0.1)◦. From the difference of these two phases,
∆Φ = (0.2 ± 1.1)◦, one can deduce a value for the component of the direct
CP violation ε′ transverse to ε, such that

�m
(
ε′

ε

)
= tan ∆Φ = −(3 ± 19)× 10−3 . (5.123)

This negative result, although supporting CPT invariance, showed at that
time, in 1975, how difficult it would be to find direct CP violation in the
imaginary part of ε′/ε. Experimental activity then shifted to other fields of
particle physics, the discovery of neutral currents in 1973 put the focus of
interest on neutrino physics, and the discovery of charmed quarks opened
the way to explain CP violation as a consequence of weak quark mixing in a
six-quark scheme.

Only in 1983 did a new group of experimenters see the chance of mea-
suring the real part of ε′/ε, because at the higher energies of the Super
Proton Synchrotron (SPS) at CERN (450 GeV protons) and the Tevatron at
Fermilab (800 GeV protons), the detection of photons in the energy range of
20–100 GeV became much easier and a measurement of the decay KL → π0π0

with high precision became feasible. In the course of these new experiments
the measurement of the phase Φ+− was resumed, and results came from NA31
[51], E731 [41], E773 [44] and kTeV [45]. Taking these results together with
the pre-1975 data and the result from CPLEAR [48], we obtain the world
average

Φ+− = (43.3 ± 0.4)◦ (5.124)

using the values for ∆m and τS above. This result is in excellent agreement
with the value of Φ

SW
= (43.4±0.1)◦. Since the interference experiments were

evaluated without assuming CPT invariance, this constitutes a stringent test
of CPT invariance. The difference is Φ+− − ΦSW = −(0.1 ± 0.4)◦. At the
same time, this result can again be used to constrain the component of ε′

orthogonal to ε:

�m
(
ε′

ε

)
= −(1.7 ± 7.0) × 10−3 . (5.125)

Therefore, at this level of 10−2 relative to the amplitude for CP violation
by mixing, ε, there is no evidence for a direct CP violation amplitude ε′

orthogonal to ε. Our interest now shifts to the component of ε′ parallel to ε,
i.e. to �e(ε′/ε).
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5.7 Elucidation of CP Violation in K0 Decays (II):
Discovery of Direct CP Violation in �e(ε′/ε)

5.7.1 Significance of the Double Ratio R

A measurement of decay rates with the required precision of 10−3 is only
possible by measuring the ratio of rates in the same beam in the same time
interval. The real part of ε′/ε is connected with the amplitude ratios of CP-
violating KL decays to CP-conserving KS decays η00 and η+−. From the
Wu–Yang triangle relations (5.20) η00 = ε− 2ε′ and η+− = ε+ ε′, we obtain

�e
(
ε′

ε

)
=

1
6

(

1 −
∣
∣
∣∣
η00
η+−

∣
∣
∣∣

2
)

. (5.126)

A measurement of the double ratio

R =
|η00|2
|η+−|2

=
Γ (KL → 2π0)/Γ (KL → π+π−)
Γ (KS → 2π0)/Γ (KS → π+π−)

(5.127)

to a precision of about 0.3% is therefore required to distinguish between
the two remaining models, the KM milliweak model and the superweak
model. Since the KM model predicts values of �e(ε′/ε) in the range be-
tween 0.2 × 10−3 and 3 × 10−3, the precision required for detecting a signal
of direct CP violation depends on the actual value. If the largest prediction
is realized in nature, a precision of δR = 5 × 10−3 would be sufficient
for a threee-standard-deviation observation. If, however, the lowest value is
realized, a precision of δR = 0.4 × 10−3 would be needed, corresponding
to samples of several million events for each of the four decay modes.

5.7.2 The NA31 Experiment: First Evidence
for Direct CP Violation

The first observation of direct CP violation was made by a collaboration of
physicists at CERN in 1988 [58]. The experiment, called “North Area No. 31”,
or NA31, was based on the concurrent detection of 2π0 and π+π− decays.
Collinear beams of KL and KS were employed alternately. The beam layout
and the apparatus were described in Sect. 5.5.4. Data were taken at a rate
of 1000 events/machine burst in 1986 and 1987. The K0 → 2π0 → 4γ decays
were reconstructed from the measured positions and energies of the photons.
From these positions and energies, the distance z of the kaon decay vertex
from the calorimeter was calculated, as described in Sect. 5.5.2. Using the
vertex position, the invariant masses of two-photon pairs were obtained. Of
the three possible combinations, the one fitting the 2π0 hypothesis best was
chosen. The γγ invariant masses were used to reduce the background, which
was primarily due to KL → 3π0 → 6γ decays with two photons escaping
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Fig. 5.23. Number of accepted 4γ events as a function of χ2, for the KS → π0π0

and KL → π0π0 data, and a Monte Carlo calculation of the background originating
from KL → 3π0 decays (dotted). The signal region was taken as χ2 < 9. (NA31
experiment [58])

detection. This background is uniformly distributed in a two-dimensional
scatter plot of photon-pair masses, while the 2π0 signal peaks at a point S
where both photon pairs have the π0 mass, with a 2 MeV resolution. Signal
and background events were counted in equal-area χ2 contours around S.
Figure 5.23 shows the χ2 distribution of events in the KS beam and in the
KL beam. The signal region was taken as χ2 < 9. Background in the KL data
was subtracted by linear extrapolation into the signal region, and amounts
to about 4%, while it is negligible in the KS data.

The K0 → π+π− decays were reconstructed from the four space points of
the two pion tracks in two wire chambers with four layers each. From these
tracks, the position of the decay vertex along the beam was reconstructed
with a precision of better than 1 m. The energies E1, E2 of the two pions
were obtained from the energies deposited in the liquid-argon electromagnetic
calorimeter and the iron–scintillator hadronic calorimeter. The K0 energy was
then calculated, using the kaon mass and the opening angle θ of the two tracks
as constraints, from the ratio E1/E2:
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Fig. 5.24. Event distribution for charged decays as a function of the distance dT

between the decay plane and the production target, for KS and KL decays and for
various background components. (NA31 experiment [58])

EK =

√
A

θ2
(
m2

K
−Am2

π

)
, (5.128)

where
A =

E1

E2
+
E2

E1
+ 2 . (5.129)

Background from Λ → pπ− decays was suppressed by requiring 0.4 <
E1/E2 < 2.5, and background from K0 → πeν (Ke3) decay was reduced by
comparing, for each track, the energy deposited in the front half of the elec-
tromagnetic calorimeter with the energy deposited in the hadron calorimeter.

After cuts on the invariant π+π− mass and on the transverse location of
the center of energy relative to the center of the neutral beam, a residual
background of three-body decays needed to be subtracted.

Figure 5.24 shows the transverse distance dT between the decay plane,
as reconstructed from the two tracks, and the K0 production target, at the
longitudinal position of the target. For KS decays, this distributions peaks
at dT = 0 with a resolution given by the measurement error and multiple
scattering. For KL decays, in addition to this component of two-body decays
from the target, there is a broader distribution mixed in, due to three-body
decays. The signal region was taken to be dT < 5 cm, and the three-body
background was extrapolated from a control region 7 < dT < 12 cm. This
background amounts to (6.5± 2.0)× 10−3 of the signal, including systematic
uncertainties.
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The remaining event sample contained 109 × 103 of KL → π0π0,
295 × 103 of KL → π+π−, 932 × 103 of KS → π0π0 and 2300 × 103 of
KS → π+π−. In order to equalize the acceptance for KS decays (with an
average decay length of 6 m) to that for the uniformly distributed KL de-
cays, the KS data were taken with the KS target displaced in 1.2 m steps
over 48 m such that the distribution of KS decays became effectively uniform
in the fiducial region. This makes the double ratio essentially insensitive to
acceptance corrections. The double ratio was evaluated in 10 × 32 bins in
energy and vertex position. The weighted average, after all corrections, is

R = 0.980 ± 0.004 (stat) ± 0.005 (syst) . (5.130)

The corresponding result for the direct-CP-violation parameter is [58]

�e
(
ε′

ε

)
= (33.0 ± 11.0) × 10−4 . (5.131)

This, with three-standard-deviation significance, shows that the CP-odd K2

decays to two pions, and was the first evidence of direct CP violation.
In further measurements with the NA31 detector, the event numbers

recorded were considerably increased, by a factor of four, thus decreasing
the statistical error. In addition, the background from Ke3 decays was re-
duced by introducing a two-stage transition radiation detector as an addi-
tional identifier for electrons. With these improved data, the double ratio was
measured with reduced uncertainty. Including the former result, the double
ratio obtained is

R = 0.982 ± 0.0039 , (5.132)

leading to a value

�e
(
ε′

ε

)
= (23.0 ± 6.5) × 10−4 , (5.133)

or 3.5 standard deviations from zero.

5.7.3 The Experiment E731 at Fermilab

The principle of this experiment [42] differs from that of NA31 in two ways:
while in NA31 charged and neutral decays were recorded concurrently, in
E731 they were registered in separate runs with a slightly different detector.
On the other hand, in E731 KL and KS decays were collected simultaneously
using a split beam: in one half of the beam cross section, KL mesons from
the target were allowed to decay over a long decay region of 27 m (charged
decays) or 42 m (neutral decays), while in the other half, the KL beam hit a
block of B4C, whereby a beam of KS mesons was regenerated.

The vertex distribution of the events from regenerated KS was concen-
trated in a small region behind the regenerator, positioned at 123 m from the
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Fig. 5.25. Reconstructed KL event vertex distributions for (a) π+π− (full sample),
(b) Ke3 and (c) 3π0. The π+π− Monte Carlo (MC) distribution is 25 times the data.
The 3π0 and Ke3 distributions have MC samples roughly equal to the data subsets,
of a few million events. The acceptance falloff for upstream decays is due to a
precision photon veto counter at 122 m. The overlays all have acceptable χ2. (E731
experiment [42])

target, owing to the typical KS decay length of 5 m. On the other hand, the
vertex distribution of KL → π0π0 decays extended from 110 to 152 m from
the target (see Fig. 5.25). The detector acceptances for KL and KS decays
therefore were very different, and since the decay volumes for KL → π+π−

and KL → π0π0 were different, this acceptance correction does not cancel in
the double ratio.

The π+π− decays were selected by requiring the invariant ππ mass
to be near the kaon mass and the transverse kaon momentum to sat-
isfy p2

t < 250 MeV2/c2. The background from incoherent kaon regeneration
amounted to (0.155±0.014)%. In the 2π0 sample, the Monte Carlo simulation
of the 3π0 background agrees with the shape of the distribution outside the
K0 mass peak (Fig. 5.26). The extrapolated 3π0 background under the peak
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Fig. 5.26. Distribution as a function of π0π0 mass for KL → 2π0 events upstream
and downstream of the trigger plane. The histogram is the data; the dots are the
3π0 background MC simulation together with a small contribution from beam in-
teractions. (E731 experiment [42])

is 1.78% and 0.049% in the vacuum and regenerator beams, respectively. Neu-
tral background from incoherent scattering in the regenerator was subtracted
by evaluating the distribution of the transverse center of energy of each event
around the center of each beam. The shape of the distribution as a function
of ring number was predicted from the measured π+π− events. Figure 5.27
shows the distribution as a funbction of ring number for 2π0 events after sub-
traction of the 3π0 background. The arrow at ring number 120 indicates the
cut, and the large dots show the extrapolation of the incoherent background
under the signal peak. After this background subtraction, the event numbers
in the vacuum beams were 327 × 103 (π+π−) and 410 × 103 (π0π0). In the
regenerator beams, there were 1.06 × 106 π+π− events and 0.800 × 106 2π0

events. The regeneration amplitude was assumed to fall in accordance with
a power of the kaon momentum, pα. In the fit, the parameter α, the regen-
eration amplitude at 70 GeV/c momentum and �e(ε′/ε) were varied. The
results were

α = −0.6025± 0.0065 (5.134)

and

�e
(
ε′

ε

)
= (7.4 ± 5.2 (stat) ± 2.9 (syst)) × 10−4 , (5.135)

where the systematic uncertainty includes a part from acceptance calculations
(1.19 × 10−4) and from the energy calibration (1.6 × 10−4). The authors
of [42] deduce an upper limit �e(ε′/ε) < 17 × 10−4 (95% C.L.), which is at
variance with the observation of the NA31 experiment.
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Fig. 5.27. Distribution as a function of the ring number for 3π0 background-
subtracted KL → 2π0 events. The histogram is the data; the large dots are the
MC simulation for incoherent processes. Contributions from regenerator incoherent
scattering (dashed line), diffractive scattering (dash–dotted line) and inelastic scat-
tering (small dots) at the trigger plane are shown separately. The arrow shows the
position of the cut. (E731 experiment [42])

5.7.4 The kTeV Experiment at Fermilab

The disagreement between the positive result of NA31 and the null result
of E731 left an unsatisfactory state of affairs. For this reason, new experi-
ments with a tenfold increase in data-taking capacity and reduced systematic
uncertainty were designed, at both Fermilab and CERN.

The Fermilab experiment at the 800 GeV Tevatron, called kTeV, was
described in Sect. 5.5.7. The main improvements compared with E731 are:

– all four decay modes are now measured concurrently;
– the electromagnetic calorimeter is now made of CsI, with much improved

energy resolution;
– the regenerator at 123 m from the target is made of plastic scintillator,

viewed by photomultipliers, such that inelastic regeneration can be de-
tected by the recoiling nucleus;

– the kaon momentum range from 40 to 160 GeV/c and the decay vertex
region from 110 m to 158 m from the target, are the same for all decay
modes.

As in the E731 experiment, a double beam of KL and regenerated KS

enters the decay volume. K0 → π+π− decays are identified by their invariant
mass. Semileptonic Ke3 events are reduced by a factor of 1000 by requiring the
ratio of the calorimetric energy E of a track to its momentum p to be less than
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0.85. Kµ3 events are rejected by registering the muon penetrating the 4 m
iron wall. Λ → pπ events are rejected on the basis of their invariant pπ mass.
The invariant-ππ-mass distribution after background subtraction is shown in
Fig. 5.15. The rms mass resolution is 1.6 MeV, and events in the range 488
to 508 MeV were selected. The low-mass tail is due to π+π−γ events. Back-
ground from KS produced in incoherent regeneration is suppressed mainly
by vetoing events with a signal generated in the active regenerator indicat-
ing the recoil of a nucleus in the scattering process. Further reduction of this
background is achieved by extrapolating the kaon direction back to the regen-
erator exit face and calculating the transverse momentum of the kaon relative
to the line connecting this intercept with the target position. The distribution
as a function of p2

t is shown in Fig. 5.28 for the data and the calculated back-
ground shapes. After a cut against the backgrounds from semileptonic decays
and from collimator scattering, 11.1 million and 19.29 million π+π− events
remain in the vacuum beam and regenerator beam samples, respectively.

The selection of 2π0 events follows the lines described in Sect. 5.5.2. The
best pairing of photons was chosen to reconstruct the K0 → π0π0 decay.
Events with an invariant π0π0 mass between 490 and 505 MeV were se-
lected (Fig. 5.15c), and background from 3π0 was further reduced by vetoing
photons outside the decay region. Events in which a kaon scatters in the col-
limator or the regenerator were reduced by a cut in the ring number (RING),
defined by the maximum deviation ∆xcoe or ∆ycoe (in cm) of the center of
energy of all showers from the center of the corresponding beam spot at the
CsI position, to which the event was assigned by use of the x-position of the
center ofenergy:

RING = 4 × Max(∆x2
coe,∆y

2
coe) . (5.136)

Since beam size at the CsI plane is 9×9 cm2, this corresponds to a RING
value at the edge of 81 cm2. Figure 5.28 shows the RING distribution after
all other K0 → π0π0 selection cuts. The signal was selected by the cut RING
< 110 cm2, while scattered events outside that cut were used to evaluate the
background contribution by extrapolation. The largest background comes
from regenerator scattering in the regenerator beam, 1.13%, adding up to a
total of 1.235% in that beam. Also, in the vacuum beam, the events scattered
in the nearby regenerator make to largest contribution to the background,
0.25%, which is 0.48% in total. After all cuts and background subtraction,
the remaining signal consists of 3.3 million and 5.55 million events in the
vacuum and regenerator beams, respectively. The 3.3 million KL → π0π0 are
the limiting factor in the statistical uncertainty in the double ratio.

Since the vertex distributions of KL decays (flat) and KS decays (concen-
trated behind the regenerator) are very different, the raw double ratio has to
be corrected by the double ratio of acceptances (Fig. 5.29). The quality of the
Monte Carlo simulations for the acceptances was checked by reproducing the
z vertex distributions of the vacuum beam data for different decay modes
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Fig. 5.28. The RING distribution (see text) after all K → π0π0 selection cuts for
(a) the vacuum beam and (b) the regenerator beam. The Monte Carlo predictions
for the background components are overlaid. Events with RING < 110 cm2 (vertical
arrow) were included in the final K → π0π0 sample (see [45])

(Fig. 5.30). In general the agreement is good, except that the π+π− data
show a slope of (−0.70 ± 0.30)× 10−4/m.

The result for �e(ε′/ε) is [45]
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Fig. 5.29. (a) z vertex distribution for reconstructed K → π+π− decays for the vac-
uum beam (thick) and regenerator beam (thin histogram). (b) z vertex distribution
for reconstructed K → π0π0 decays. (c) Kaon momentum distribution for recon-
structed K → π+π− decays. (d) Kaon momentum distribution for reconstructed
K → π0π0 decays. All K → ππ analysis cuts have been applied and background
has been subtracted (see [45])

�e
(
ε′

ε

)
= (20.71 ± 1.48 (stat) ± 2.39 (syst)) × 10−4

= (20.7 ± 2.8) × 10−4 . (5.137)

The systematic uncertainty for the neutral decays is mainly due to back-
ground, CsI energy calibration and acceptance corrections; for the charged
decays, it is mainly due to uncertainties in the acceptance and trigger effi-
ciency.

This result supersedes the earlier result [67] obtained from part of the
same data, (28.0 ± 3.0 ± 2.8) × 10−4; the difference results from changes in
the analysis.
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Fig. 5.30. (a) Comparison of the vacuum beam z distributions for data (dots) and
MC calculations (histograms). The data-to-MC ratios (b) have been fitted to a line,
and the z slopes are shown. The neutral distributions are for the combined 1996 +
1997 samples; the charged distributions are for 1997 only. (kTeV experiment [45])

The acceptance correction that has to be applied is about 5× 10−2 for R
or ∼ 80 × 10−4 for �e(ε′/ε), four times larger than the signal.

5.7.5 The NA48 Experiment

When the NA31 observation of a nonvanishing �e(ε′/ε) was not confirmed by
the result from the E731 experiment, the CERN-based collaboration set out
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to construct a new, improved detector with the goal of achieving a precision
measurement of �e(ε′/ε) with a total uncertainty of 0.2 × 10−4.

The new experiment was designed

– to measure all four decay modes concurrently by using two incident proton
beams;

– to register at least ten times more data than in NA31 by use of an improved
data-acquisition system;

– to improve on neutral-background rejection by developing a liquid-krypton
electromagnetic calorimeter with substantially better energy resolution;

– to improve on charged-background rejection by using a magnetic spectrom-
eter.

The resulting beam and detector have been described in Sect. 5.5.5. Data
were taken in 1997, 1998 and 1999 with 450 GeV protons with a 14.4 s cycle
time and a 2.38 s spill length. The effective spill length including the duty
cycle was 1.7 s. In 2001, a lower intensity run was performed with 400 GeV
protons, 16.8 s cycle time and 5.2 s spill length. The effective spill length
including the duty cycle was 3.6 s. In the design of the NA48 detector, the
cancellation of systematic uncertainties in the double ratio was exploited as
much as possible. Important properties of the experiment are

– two almost collinear beams, which lead to almost identical illumination of
the detector, and

– the KS lifetime weighting of the events defined as KL events.

The KL target was located 126 m upstream of the beginning of the decay
region. As the decay lengths at the average kaon momentum of 110 GeV/c
are λS = 5.9 m and λL = 3400 m, the neutral beam derived from this target
was dominated by KL. The KS target was located only 6 m upstream of the
decay region so that the beam here was dominated by KS. The two beams
were almost collinear: The KS target was situated 7.2 cm above the center of
the KL beam. The relative angle of the beams was 0.6 mrad such that they
converged at the position of the electromagnetic calorimeter.

The beginning of the KS decay region was defined by an anti counter
(known as AKS). This detector was used to veto kaon decays occurring
upstream of the counter. The position of the AKS also defined the global
kaon energy scale, as the energy is directly correlated with the distance scale
(Fig. 5.32). The decay region itself was contained in a 90 m long evacuated
tank.

The identification of KS decays was done by a detector (tagger) consisting
of an array of scintillators situated in the proton beam directed on to the KS

target. If a proton signal was detected within a time window of ±2 ns with
respect to a decay, the event was defined as KS event. The absence of a proton
signal defined a KL event.

To identify events coming from the KS target a coincidence window of
±2 ns between the proton signal in the tagger and the event time was chosen
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Fig. 5.31. (a), (c): Minimal difference between tagger time and event time (∆tmin).
(b) ∆tmin for charged KL and KS events. (d) Comparison between charged and
neutral event times. For this measurement, decays with tracks, selected by the
neutral trigger, were used (γ conversion and Dalitz decays KS → π0π0

D → γγγe+e−)
(NA48 experiment [68])

(see Fig. 5.31). Owing to inefficiencies in the tagger and in the proton re-
construction, a fraction αSL of true KS events are misidentified as KL events.
On the other hand, there is a constant background of protons in the tagger
which have not led to a good KS event. If those protons accidentally coincide
with a true KL event, this event is misidentified as a KS decay. This frac-
tion αLS depends only on the proton rate in the tagger and the width of the
coincidence window.

Both effects, α+−
SL

and α+−
LS

, can be measured (see Fig. 5.31b) in the
charged mode, as KS and KL events can be distinguished by the vertical



5.7 Discovery of Direct CP Violation in �e(ε′/ε) 85

Fig. 5.32. Distribution of the reconstructed z vertex position of the KS → π0π0

candidates at the beginning of the decay volume. The origin of the z vertex axis
has been set to the nominal AKS position. (NA48 experiment [68])

position of the decay vertex. The results are α+−
SL

= (1.63 ± 0.03) × 10−4

for the data from 1998/99 and (1.12 ± 0.03) × 10−4 for the data from 2001.
For the accidental-tagging rate, the value measured was α+−

LS
= (10.649 ±

0.008)% for the 1998/99 data sample and (8.115 ± 0.010)% for the 2001
sample, owing to the lower instantaneous beam intensity. This means that
about 11% or 8% of true KL events are misidentified as KS events; however,
this quantity is precisely measured to the 10−4 level here. What is important
for the measurement of R is the difference between the charged and the
neutral decay modes ∆αLS = α00

LS
− α+−

LS
. Proton rates in the sidebands

of the tagging window were measured in both modes to determine ∆αLS .
The result is ∆αLS = (4.3 ± 1.8) × 10−4 for the 1998/99 event sample and
(3.4 ± 1.4) × 10−4 for the 2001 event sample. Several methods have been
used to measure ∆αSL , leading to the conclusion that there is no measurable
difference between the mistaggings measured by different methods within an
uncertainty of ±0.5 × 10−4.
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Fig. 5.33. Comparison of the p′2
t tail of the KL → π+π− candidates with the sum

of all known components. (NA48 experiment [68])

Another important correction is the background subtraction. Decays of
the types KL → πeν and KL → πµν can be misidentified as K → π+π−

decays, as the ν is undetectable. However, since the ν carries away momentum
and energy, these events can be identified by their high transverse momentum
p′t and their reconstructed invariant mass. The remaining background can be
measured by extrapolating the shape of the background in the p′2t distribution
into the signal region (Fig. 5.33). In this way, the charged background fraction
leads to an overall correction to R of (16.9±3.0)×10−4 for the 1998/99 data
and (14.2 ± 3.0) × 10−4 for the 2001 sample.

The reconstruction of π0π0 decays followed the principles described in
Sect. 5.5.2. From the four shower energies and positions, the longitudinal
distance z of the kaon decay vertex upstream from the calorimeter was cal-
culated. Using z, the invariant masses of pairs of γ rays were obtained. The
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Fig. 5.34. Distribution of the KS → π0π0 candidates in the space of two recon-
structed values of mγγ . The contours correspond to increments of one standard
deviation. (NA48 experiment [68])

best shower pairing was obtained by choosing the one which agreed best with
the 2π0 hypothesis. The two γγ masses are anticorrelated because of the con-
straint of the kaon mass (Fig. 5.34). The ellipses in Fig. 5.34 designate con-
tours with increments of one standard deviation. The background from 3π0

decays with two undetected photons will be distributed with constant prob-
ability over each ellipse. The corresponding distribution of the background
was simulated by Monte Carlo calculations. This leads to a correction to R
of (−5.9 ± 2.0) × 10−4 for the 1998/99 sample and (−5.6 ± 2.0) × 10−4 for
the 2001 sample.

The numbers of signal events after these corrections are summarized in
Table 5.2.

The efficiency of the triggers used to record neutral and charged events has
been determined. Independent triggers which accepted a downscaled fraction
of events were used. In the neutral decay mode the efficiency was measured to
be 0.99920±0.00009, without any measurable difference between KS and KL

decays. The π+π− trigger efficiency was measured to be (98.319 ± 0.038)%
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Table 5.2. Event numbers of the NA48 experiment after tagging correction and
background subtraction [68, 69].

Event statistics (× 106)

1998/99 2001 1998/99 2001

KS → π+π− 22.221 9.605 KL → π+π− 14.453 7.136

KS → π0π0 5.209 2.159 KL → π0π0 3.290 1.546

for KL and (98.353±0.022)% for KS decays. Here, a small difference between
the trigger efficiencies for KS and KL decays was found. This leads to a
correction to the double ratio of (−4.5± 4.7)× 10−4 for the 1998/99 sample
and (5.2 ± 3.6) × 10−4 for the 2001 sample. The error in this measurement
is dominated by the total number of events registered with the independent-
trigger control samples. This error is one of the main contributions to the
systematic error in the measurement of R.

Another systematic uncertainty, arising from limited knowledge of the
energy scale, was estimated by using KS → π0π0 decays beginning at the
anticounter position (Fig. 5.32). This measurement of the energy scale was
checked using two-photon decays of η mesons produced by π− beams in the
decay volume. The uncertainty in the energy scale is ±3×10−4, corresponding
to an uncertainty in R of ±2×10−4. Nonlinearities and other uncertainties in
the calorimeter add up, together with the uncertainty from the energy scale,
to a total of ±5.8 × 10−4 (±5.3 × 10−4 for the 2001 data) for the neutral
decays. For π+π− decays, the agreement of the reconstructed anticounter
position with the actual position is better than 2 cm for the 1998/99 (1 cm
for 2001 the data). The overall uncertainty arising from the reconstruction of
π+π− decays in the double ratio is 2.8 × 10−4.

Another systematic problem is the minimization of acceptance corrections
by weighting of the KL events. The difference in the lifetime between KS and
KL events produces different illumination of the detector: there are more KL

events decaying closer to the detector, and they are therefore also measured at
smaller radii, closer to the beampipe. NA48 weights the KL events according
to the measured KS lifetime such that the distributions of the z position of the
decay vertices of KS and KL events, and therefore the detector acceptances,
become equal. Using this method, the influence of detector inhomogenities
is minimized and the analysis becomes nearly independent of acceptance
calculations by Monte Carlo methods. In fact, the acceptance correction due
to the small detector differences is quite small. The price to pay for the gain
in systematics is a loss in statistics.

Although the acceptances are almost equal, there are nevertheless small
differences in the beam geometry and detector illumination between decays
coming from the KS and the KL targets. These remaining differences have
been corrected for with Monte Carlo methods. Using Monte Carlo methods
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to calculate the double ratio R, the deviation from an input value 1 is (26.7±
5.7)× 10−4 for the 1998/99 data sample and (21.9± 5.3)× 10−4 for the 2001
data sample.

Summing all corrections to and systematic uncertainties in R, we find the
amount to (35.9±12.6)×10−4 for the 1998/99 data and (35.0±11.0)×10−4

for the 2001 data.
The corresponding result for the direct-CP-violation parameter is

�e
(
ε′

ε

)
= (15.3 ± 2.6) × 10−4 (5.138)

for the data from 1997 [70] and 1998/99 [68], and

�e
(
ε′

ε

)
= (13.7 ± 3.1) × 10−4 (5.139)

for the data from 2001 [69].
A comparison of these two values is significant because they were obtained

at different average beam intensities. The combined final result from the
NA48 experiment is

�e
(
ε′

ε

)
= (14.7 ± 1.4 (stat) ± 0.9 (syst) ± 1.5 (MC)) × 10−4

= (14.7 ± 2.2) × 10−4 . (5.140)

5.7.6 Conclusions About Direct CP Violation, �e(ε′/ε)
and the Wu–Yang Triangle

The two experiments kTeV and NA48 have definitively confirmed the orig-
inal observation of the NA31 team that direct CP violation exists. The re-
sults of all published experiments on ε′/ε are shown in Fig. 5.35. Therefore,
CP violation as observed in the K meson system is a part of the weak in-
teraction, due to weak quark mixing. Exotic, new interactions such as the
superweak interaction are not needed. We therefore have a very precise ex-
perimental result for ε′/ε. The theoretical calculations of ε′/ε within the
Standard Model, however, are still not very precise. This does not change
the main conclusion of the experiments, that ε′ is different from zero and
positive, i.e. direct CP violation exists.

If we take into account the four relevant experiments NA31, E731, NA48
and kTeV, the weighted average comes out to be

�e
(
ε′

ε

)
= (16.7 ± 1.6) × 10−4 . (5.141)

The consistency of the result is not completely satisfactory, since χ2/ndf =
6.3/3. If the phase of ε′ as defined in (5.22), arg ε′ = (42.3 ± 1.5)◦ [1], is
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Fig. 5.35. Time sequence of published measurements of the parameter �e(ε′/ε)
of direct CP violation. The experiments at CERN are marked by filled circles and
the experiments at Fermilab are marked by open squares. The kTeV result from
2003 is a reanalysis of the data from the kTeV 1999 result. (See [71] and also
[45, 67, 68, 69, 70])

inferred, then a more precise value for the component of ε′ transverse to ε
can be derived.

We have done a complete fit to the Wu–Yang triangle (5.20), using as
input

�e
(
ε′

ε

)
= (16.7 ± 1.6)× 10−4, �e ε = (1.658 ± 0.0265)× 10−3 ,

Φ+− = 43.3◦ ± 0.4◦, Φ00 − Φ+− = (0.36 ± 0.43)◦ ,
|η+−| = (2.281 ± 0.020)× 10−3, |η00| = (2.23 ± 0.11)× 10−3 ,

arg ε = 43.4 ± 0.1◦, arg ε′ = 42.3◦ ± 1.5◦ .

The result of this fit is, with χ2/ndf = 0.8/4

�m
(
ε′

ε

)
= (−3.3 ± 4.4) × 10−5 (5.142)
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Fig. 5.36. Result of the fit to the Wu–Yang triangle relations between η+−, η00, ε
and ε′. (a) Correlation of �e ε and �m ε ; (b) Correlation of �e(ε′/ε) and �m(ε′/ε).
The boundaries of the black areas correspond to one-standard-deviation uncertain-
ties

and
�mε = (1.564 ± 0.012)× 10−3 . (5.143)

Also, the real part of ε is constrained by the fit:

�e ε = (1.655 ± 0.013)× 10−3

The result of this fit is expressed in correlation plots for �e ε and �mε
and for �e(ε′/ε) and �m(ε′/ε), in Fig. 5.36.

The result for direct CP violation (5.141) can also be quoted as a decay
asymmetry between the K0 and K0 decay rates to a π+π− final state. If the
amplitudes are called a = amp(K0 → π+π−) and a = amp(K0 → π+π−),
then this asymmetry is

A =
Γ (K0 → π+π−) − Γ (K0 → π+π−)
Γ (K0 → π+π−) + Γ (K0 → π+π−)

=
|a|2 − |a|2
|a|2 + |a|2 . (5.144)

Since a/a = 1 − 2ε′, we obtain

∣
∣
∣
∣
a

a

∣
∣
∣
∣

2

= 1 − 4�e ε′ (5.145)

and
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A = 2�e ε′ = 2
(
�e ε �e

(
ε′

ε

)
−�mε �m

(
ε′

ε

))

= (5.6 ± 0.6) × 10−6 . (5.146)

This very small decay rate asymmetry can be compared with the large val-
ues of some similar observables in the B system.
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6 The Neutral B Meson System

After the observation of direct CP violation in the neutral kaon system in
1988, it became clear that the Kobayashi–Maskawa mechanism of weak quark
mixing was the most likely and most natural candidate for explaining this
phenomenon. Although the calculation of hadronic matrix elements for the
relevant penguin diagrams, Q6 and Q8, was difficult, at least the sign of
�e(ε′/ε) and its order of magnitude were predicted correctly, i.e. agreed with
the experimental values.

It seemed natural, therefore, that the same mechanism would also produce
observable CP-violating effects in other neutral meson systems. The discovery
of B0 − −B0 mixing in 1987 made the B0 system the evident candidate for
observing CP violation in another physical system.

6.1 Phenomenology of Mixing
in the Neutral B Meson System

The parameters of mixing in the neutral B system are different from those
in the neutral K system. Mixing in the Bd(bd) system was discovered by the
ARGUS collaboration [1] after some indications had been seen in the UA1
experiment [2]. At that time, such a large mixing effect was not expected
since the box diagrams of the type shown in Fig. 4.1 yield an amplitude
proportional to the mass of the heaviest quark in the loop, and the top-quark
mass was assumed to be around 30 GeV.

We define the complex parameters

γh = imh +
Γh

2
,

γl = iml +
Γl

2
, (6.1)

for the heavy (h) and light (l) meson states.
The time evolution of B states is (see (3.19) and (3.25))

Bh(t) = (pB0 − qB0)e−γht ,

Bl(t) = (pB0 + qB0)e−γlt . (6.2)

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 95–121 (2003)
c© Springer-Verlag Berlin Heidelberg 2003
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The two initial states at t = 0, with a definite quantum number B , are

ψB(0) = B0 and ψ
B
(0) = B0 . (6.3)

Their decay law is not exponential, but given by (6.2), which leads to

2ψ
B
(t) = B0(e−γht + e−γlt) − q

p
B0(e−γht − e−γlt) ,

2ψ
B
(t) = B0(e−γht + e−γlt) − p

q
B0(e−γht − e−γlt) . (6.4)

The probabilities P , for flavor change are contained in these decay laws, and
we obtain

P (B0 → B0) =
1
4

∣
∣
∣
∣
q

p

∣
∣
∣
∣

2 [
e−Γht + e−Γlt − 2e−Γt cos (∆md t)

]
,

P (B0 → B0) =
1
4

∣∣
∣
∣
p

q

∣∣
∣
∣

2 [
e−Γht + e−Γlt − 2e−Γt cos (∆md t)

]
. (6.5)

The lifetimes of the heavy and light states should be nearly equal (to within
a few percent), because the numbers of decay channels are very close:

Γh = Γl = Γ =
Γh + Γl

2
. (6.6)

Therefore, in this case y = ∆Γ/2Γ = 0. Also, in the Standard Model, the
CP violation in BB mixing is expected to be small, such that |q/p| = 1 within
O(10−3). In this case the oscillation probabilities are equal, i.e.

P (B0 → B0) = P (B0 → B0) , (6.7)

and they can be approximated by (3.29)

e−Γt 1 − cos(∆md t)
2

=
1
2
e−T (1 − cosxT ) . (6.8)

The probability for remaining in the original beauty state is, correspondingly,

P (B0 → B0) = P (B0 → B0) = e−Γt 1 + cos(∆md t)
2

(6.9)

If B meson pairs are produced in e+e− annihilations at the Υ(4S) resonance
(with parity −1), then parity conservation requires the BB state to be of the
form

B0(θ)B0(π − θ) − B0(π − θ)B0(θ) , (6.10)

where θ is the production angle relative to the e+ direction of flight.
If the two mesons decay at times t1 and t2 from the moment of production

(t = 0), then the first decay defines the flavor by its decay products. Assume
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Fig. 6.1. Time dependence of unmixed and mixed pairs of neutral B mesons ob-
tained from the Υ(4S) resonance, (a) without and (b) with experimental resolu-
tions. Solid curves = unmixed, dotted curves = mixed

that the decay at t1 corresponds to a B0; at that time the flavor of the second
meson is fixed to be a B0. The time distribution of the second decay is then

ψ2(t2) = B0
(
e−γh(t2−t1) + e−γl(t2−t1)

)
− q

p
B0

(
e−γh(t2−t1) − e−γl(t2−t1)

)
.

(6.11)
This equation describes the time distribution of BB pair decays as a function
of the time difference ∆t = t2 − t1. The number of unmixed pairs is then
(where C is a normalization constant)

N
(
B0B0

)
= Ce−Γ |∆t| [1 + cos (∆md ∆t)] , (6.12)

and the number of mixed pairs is

N
(
B0B0

)
= N

(
B0B0

)
= Ce−Γ |∆t| [1 + cos (∆md ∆t)] . (6.13)

If the flavor is falsely measured in f% of the cases, the relations are
modified (using the abbreviation cos(∆md ∆t) = α)

N
(
B0B0

)
= Ce−Γ |∆t| [(1 − f)(1 + α) + f(1 − α)] ,

N
(
B0B0

)
= Ce−Γ |∆t| [1 − (1 − 2f)α] . (6.14)

This leads to the time-dependent asymmetry

A(∆t) =
N

(
B0B0

)
−N

(
B0B0

)

N (B0B0) +N
(
B0B0

) = (1 − 2f) cos(∆md ∆t) . (6.15)
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Fig. 6.2. Decay topology of B0B0 pairs

This time dependence for mixed and unmixed pairs is shown in Fig. 6.1a for
ideal conditions (f = 0). The corresponding curve for finite f > 0 and finite
detector resolution for ∆t is displayed in Fig. 6.1b.

The probability of mixing through a box diagram of the type shown in
Fig. 4.1 is given by [3, 4, 5]

x ≡ ∆m
Γ

=
G2

F

6π2
BBf

2
B
mBτB |V ∗

tbVtd|2m2
tF

(
m2

t

M2
W

)
ηQCD (6.16)

Here, BB is the “bag factor” parameterizing the probability that d and b
quarks will form a Bd hadron, fB is the B meson decay constant, F is the
calculated loop function, increasing with m2

t , and ηQCD ≈ 0.8 is a QCD
correction.

6.2 Detection of B Meson Decays

Facilities especially designed for the production of B mesons are called B fac-
tories. Two machines with colliding electron and positron beams have been
built for this purpose. Both are designed as asymmetric machines with differ-
ent energies for the electron and positron beams. The center-of-mass energy
of both machines is 10.58 GeV, which corresponds to the Υ(4S) resonance.
This particular resonance was chosen because this bb bound state lies just
above the BB threshold and decays predominately into BB pairs. Owing to
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the asymmetric beam energies, the center-of-mass system moves along the
electron direction and the BB pair is boosted by this motion. This is essen-
tial for the measurement of the difference between the decay times of the two
B mesons, t1 − t2, which is necessary for the observation of a CP-violating
asymmetry. The boost also leads to an asymmetric design of the detectors.
The experiments consist in detecting the decays of the pair of B mesons.
The mass of the Υ(4S) bb state is (10.5800 ± 0.0035) GeV, and the cross
section for its production in e+e− reactions is about 1.1 nb. It decays via
the strong interaction to B0B0 pairs (∼50%) or B+B− pairs (∼50%). The
B meson pairs decay by a flavor-changing weak interaction into hadrons and
leptons, with a mean lifetime around 10−12 s. Since the Υ(4S) is only slightly
above the mass of two B mesons (masses of (5279.4 ± 0.5) MeV each), the
kinetic energy of one B meson is only 11 MeV. The momentum of each B
meson is 340 MeV/c, and its velocity β∗ = 0.064. During their lifetime t,
these B mesons fly over a distance z = βγct. For a lifetime of 1.5 × 10−12 s,
this flight path would be about 30 µm. However, the asymmetric machine
design leads to a moving Υ(4S), which gives the BB system an additional
boost factor of βγ = 0.56 for the BaBar experiment and βγ = 0.425 for
the Belle experiment. The geometrical pattern of such a decay of a pair of
B mesons is shown in Fig. 6.2. It is now essential to measure the vertices
of these two decays. This is done with silicon strip detectors with a typical
resolution between 20 µm and 100 µm. The difference in the z positions of
the two vertices along the beam direction is then measurable, and is typically
∆z ≈ 250 µm in these asymmetric machines. This difference is related to the
decay time difference ∆t:

∆z = z2 − z1 = βγc(t2 − t1) = βγc∆t . (6.17)

The decay distribution for B+B− pairs without oscillation is given by

d2N =
N

τ2
e−(t1/τ)e−(t2/τ)dt1 dt2

=
N

τ2
e−(∆t/τ)e−(2t2/τ)d(∆t) dt2 . (6.18)

Integrating over t2 we obtain

dN =
N

2τ
e−(|∆t|/τ)d(∆t) . (6.19)

There are pairs with positive and negative values of ∆t, as visualized in
Fig. 6.1.

6.3 Belle

One of the B factories is KEK B, located at at KEK, Tsukuba, and is associ-
ated with the detector Belle [24] (Fig. 6.3). The beam energies are 8 GeV for
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Fig. 6.3. The Belle detector with the silicon vertex detector (SVD), the central
drift chamber (CDC), the aerogel Cerenkov counter (ACC), the CsI electromagnetic
calorimeter and the KL/µ detector (KLM). The detector is embedded in a magnetic
field of 1.5 T produced by a solenoid with a length of 4.4 m and a diameter of 3.4 m
[24]

the electrons and 3.5 GeV for the positrons. In order to reduce parasitic colli-
sions the beams collide at a finite crossing angle of 22 mrad. This also makes
the detector design easier and allows a short spacing between the bunches
(0.6 m). The boost of the Υ(4S) in the lab frame is βγ � 0.425.

Like all detectors at colliding-beam machines, the Belle detector has an
onion-like design. The most important subdetector is the silicon vertex de-
tector (SVD), because the decay points of the B’s are reconstructed with
the SVD. The SVD has three layers of 300 µm thick, double-sided silicon
at distances from the beam of 3.0 cm, 4.55 cm and 6.05 cm. The readout
pitch for the strips measuring the z component is 42 µm, and that for the
φ component is 25 µm. This gives a total of 81 920 readout channels. The
resolutions obtained for the impact parameters of tracks are

σxy =

[

19 ⊕ 50

pβ
√

sin3 θ

]

µm and (6.20)

σz =

[

36 ⊕ 42

pβ
√

sin5 θ

]

µm . (6.21)
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The SVD is followed by the central drift chamber (CDC). The inner radius of
the CDC is 8.3 cm and the outer radius is 88 cm. It consists of three cathode
strip layers and 50 sense wire planes. The sense wire planes are organized
in 11 superlayers, where six are axial and five are stereo superlayers. There
are a total of 8400 sense wires (5280 axial and 3120 stereo) in the CDC. The
drift chamber provides a measurement of the transverse momentum with a
resolution of σpt/pt = [(0.201±0.003)pt⊕(0.290±0.006)/β]%. The resolution
for the dE/dx-measurement is about 7.8% for particle momenta between
0.4 GeV/c and 0.6 GeV/c.

Particle identification is provided by the aerogel Cerenkov counter (ACC).
Each module of the ACC is made of five stacked aerogel tiles with a total
size of 12 × 12 × 12 cm3. There are 960 counter modules in 60 cells in the
φ direction in the barrel part (BACC) and 228 modules in five concentric
layers in the forward end cap (EACC). To provide a 3σ K/π separation in
the momentum region 0.7< pK < 2.4 GeV/c different refractive indices are
used. In the BACC, five different refractive indices n, 1.010, 1.013, 1.015,
1.020 and 1.028, depending on the polar angle, are used, while in the EACC,
only one refractive index n = 1.030 is necessary.

The photon or electron energy is measured in the electromagnetic calorime-
ter (ECL). This consists of 8736 thallium-doped CsI crystals (6624 in the
barrel, 1152 in the forward end cap, 960 in the backward end cap). The crys-
tals have the shape of a truncated pyramid a front face of area 5.5 × 5.5 cm2

and a back face of area 6.5 × 6.5 cm2, and a length of 30 cm. The energy
resolution of the ECL is σE/E = 0.81%/ 4

√
E ⊕ 0.066/E%⊕ 1.34%, and the

electron identification efficiency is better than 90%.
All of the above subdetectors are embedded in a superconducting solenoid

magnet of cylindrical shape, 3.4 m in diameter and 4.4 m in length, providing
a magnetic field of 1.5 T.

The muon and KL identification is provided by the KL/µ detector (KLM).
This consists of alternating layers of iron plates and resistive plate counters
(RPCs). The RPCs have two parallel electrodes with a high intrinsic resis-
tivity (≥ 1010 Ω m) with a gas-filled gap in between. For muon momenta
higher than 1.5 GeV/c the detection efficiency is better than 90% and the
fake rate is less than 2%. The position of a KL is measured with an accuracy
of ∆φ = ∆θ = 30 mrad and a timing resolution of a few nanoseconds.

6.4 BABAR

The second B factory is PEP II, located at SLAC, Stanford, and is associated
with the detector BaBar [25] (Figs. 6.4 and 6.5. The beams collide head-
on with an energy of 9 GeV for the electrons and 3.1 GeV for the positrons.
This beam design requires dipole magnets that are close to the collision point
to separate the beams after collision. These dipoles make the design of the
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Fig. 6.4. The BaBar experiment front view [25]

detector more complicated, because they are positioned inside the detector.
The boost of the BB̄ pair in the lab frame is βγ � 0.55.

Like in the Belle detector, the innermost subdetector serves for the iden-
tification of B decays. The silicon vertex tracker (SVT) consists of five layers
of 300 µm thick, double-sided silicon at radii between 3.2 mm and 144 mm.
For the readout strips measuring the z component, the readout pitch is 100
µm for layers 1 – 3 and 210 µm for layers 4 and 5. The readout pitch for
the φ component is 100 µm for layers 1, 4, 5, and 110 µm for layers 2 and
3. With this vertex detector, a vertex resolution of 80 µm or better for fully
reconstructed B mesons is achieved. The SVT has a total of 150 000 readout
channels, an active silicon area of 0.96 m2 and a combined efficiency of ∼97%.

At radii between 23.6 cm and 80.9 cm, the SVT is followed by the drift
chamber (DCH). This consists of 40 layers of 11.9 mm × ∼19 mm hexagonal
cells (total 7104), with 24 of these layers at small angles with respect to
the z axis. The position resolution varies with the distance from the wire
and is about 0.1 mm at 2–7 mm from the wire. This resolution increases
to up to 0.25 mm at < 2 mm from the wire and to up to 0.4 mm at 7–
10 mm from the wire. The momentum resolution achieved is σpt/pt =
[(0.13 ± 0.01)pt ⊕ (0.45± 0.03)]%. The DCH also provides some information
for particle identification by measuring the ionization energy loss with an rms
resolution of the measured dE/dx of ∼ 7.5%.
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Fig. 6.5. The BaBar experiment side view [25]

The subdetector designed to provide a good π/K separation from 0.7 to
4 GeV is the detector of internally reflected Cerenkov light (DIRC). This novel
detector consists of highly polished quartz bars (with a refractive index of
n = 1.473) arranged regularly around the DCH, and a water-filled expansion
volume for the Cerenkov ring covered with photomultiplier tubes (PMTs).
Twelve quartz bars are grouped in hermetically sealed containers (bar boxes).
The 12 bar boxes are arranged in a 12-sided polygonal barrel around the
DCH. Each quartz bar is 17 mm thick, 35 mm wide and 4.9 m long (in
four pieces, each 1.225 m long). At one end of the bar, a mirror reflects the
Cerenkov light. At the other end of the bar, the light is emitted into an
expansion volume (standoff box) filled with 6000 l of purified water (with a
refractive index of n = 1.346). Each standoff box has 12 sectors for the PMTs,
with 896 closely packed PMTs of 20 mm diameter per sector. The average
resolution in the Cerenkov angle for a single track is about 2.5 mrad, resulting
in a separation between kaons and pions of 4.2σ significance at 3 GeV/c and
2.5σ at 4.2 GeV/c.

The measurement of the energy of photons or electrons is done in the
electromagnetic calorimeter (EMC). There is a total of 6580 thallium-doped
(0.1%) CsI crystals, with 5760 crystals in the barrel part. The crystals have
a front face of size 4.9 × 4.9 cm2 and a back face of size 6.1 × 6.0 cm2, with
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Fig. 6.6. mES distributions of the selected neutral (top) and charged (bottom) Brec

candidates.

a length in the forward direction of the detector of 32.4 cm and a length
of 29.6 cm in the backward direction. The energy and position resolutions
achieved with the EMC are

σE

E
=

(2.32 ± 0.30)%
4
√
E

⊕ (1.85 ± 0.04)% , (6.22)

σθ = σφ =
3.67 ± 0.07√

E
⊕ (0.00 ± 0.04) mrad . (6.23)

For π0 mesons from BB events, the mass resolution over the full range of
photon energies is about 6.9 MeV.

All inner subdetectors are embedded in a superconducting magnet with a
length of 3.5 m and a diameter of 3.1 m, providing a magnetic field of 1.5 T.

The instrumented flux return (IFR) detects neutral hadrons (primarily
KL and neutrons) and provides muon identification with high efficiency and
good purity. The IFR consists of iron plates, which serve as the flux return
for the magnet, and single-gap resistive plate chambers (RPCs), which serve
as the active detectors. There are 19 layers with 342 modules in the barrel,
and 18 layers with 432 modules in the two end doors. Between the EMC
and the magnet cryostat, two layers of cylindrical RPCs with 32 modules are
installed to detect particles exiting the EMC. An RPC consists of two 2 mm
thick Bakelite sheets separated by a 2 mm gap, filled with a gas mixture with
∼8 kV across it.
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Fig. 6.7. ∆t distribution for the B0 (top) and B+ (bottom) events within 2.5σ
of the B mass in mES . The results of the fit are superimposed on the data. The
singly hatched areas are the background components B, and the cross-hatched areas
represent the outlier contributions. (See [17])

6.5 Lifetime measurements

For charged B+B− meson pairs, the decay time distribution is exponential
in the difference ∆t = t2 − t1, of the decay times of the two mesons (6.19). A
measurement of the B+ lifetime therefore requires the kinematic reconstruc-
tion of hadronic decay modes. The reconstructed B+ decay modes include
D0π+, D∗0π+, J/ΨK+ and Ψ(2S)K+, and the charge-conjugate modes for
the B−. In the reconstruction, the beam energies are used as a constraint.
For this purpose, the momenta of the decay particles are calculated in the
center-of-mass system of the Υ(4S). Suppose that the B+ decays into two par-
ticles with center-of-mass momenta p∗

1 and p∗
2; the “beam-energy-substituted

mass” is then defined as

mES =

√(mΥ(4S)

2

)2
− (p∗

1 + p∗
2)

2
. (6.24)
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Fig. 6.8. Distributions of ∆t in the data for selected (a) unmixed and (b) mixed
events, with the likelihood fit (solid) and the contribution of the background
(dashed) overlaid. Left, for the BaBar experiment [7], and right for the Belle ex-
periment [9] (SF = same flavor; OF = opposite Flavor (unmixed events))

For a B decay, this mass has to agree with the B meson mass within the
experimental resolution of about ±2.5 MeV. The second quantity defined is
the “energy difference”, which, for the example above, is

∆E = E∗
1 + E∗

2 −
mΥ(4S)

2
, (6.25)

where E∗
1 and E∗

2 are the center-of-mass energies of the two decay particles.
The definitions are modified for three or more decay particles.

Figure 6.6 shows, for samples of B+B− and B0B0 candidate events, the
mES distribution [17]. The corresponding distribution of ∆t for these events
is shown in Fig. 6.7, including a background of 7%. The lifetime is obtained
from a fit of (6.19) to such a distribution for the charged B meson pairs. The
lifetime distributions of neutral B mesons are more complicated, owing to
oscillation phenomena, which have to be taken into account. However, if we
add the time distributions for mixed and unmixed pairs given in (6.14), we
obtain

dN(B0) = 2Ce−Γ |∆t|d(∆t) , (6.26)

which is again simply an exponential decay law. The results of the fits are

τ
B+ = (1.673 ± 0.032 (stat) ± 0.023 (syst)) ps ,
τ
B0
d

= (1.546 ± 0.032 (stat) ± 0.022 (syst)) ps , (6.27)

from the BaBar experiment.
The earlier measurements were averaged by the Particle Data Group

(PDG) [19], and the present world averages are:
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Fig. 6.9. Left : the time-dependent mixing asymmetry Amix(|δt|) observed by the
BaBar experiment. Right : the observed time-dependent flavor asymmetry. The
curve is the result of an unbinned maximum-likelihood fit. From the Belle experi-
ment

τ
B+ = (1.674 ± 0.018) ps ,
τ
B0
d

= (1.542 ± 0.016) ps , (6.28)

τ
B0
s

= (1.461 ± 0.057) ps .

6.6 Measurements of B0
d–B0

d Mixing

The mixing parameter ∆md has been measured in e+e− collisions at LEP,
SLD and the two new B factories. BB pairs are produced in the Υ(4S) state,
and the particle and antiparticle are identified by their decay to hadrons (jets)
or to a final state containing leptons (e.g. B → D∗+Xl−ν). In this way, the
probability of finding a BB or BB pair (“like-sign events”) can be compared
with the total decay probability. The ratio of like-sign to total events, R,
then shows a characteristic increase as the B mesons convert to B and vice
versa. The probabilities for flavor oscillation are given in (6.12) and (6.13)
and Fig. 6.1.

Experimental data on this time dependence are shown in Fig. 6.8, from
the BaBar experiment [7] and from the Belle experiment [9], for fully re-
constructed, tagged B hadron pairs. The time-dependent asymmetry derived
from these data is given in Fig. 6.9, again for both BaBar and Belle.

An alternative method for observing this time dependence is flavor tagging
by observing leptons in the final state. This was also the method by which
the ARGUS collaboration discovered B0

d–B0
d mixing. The beauty quark in

the B meson is able to change its flavor by a weak semileptonic decay. The
favored decay mode is b→ cl+ν, with a coupling strength G

F
|Vcb| ∼ G

F
·0.04

(Chap. 7). The disfavored mode is b → ul+ν, with a coupling strength
G

F
|Vub| ∼ G

F
× 0.004. In both cases, the b flavor is fixed by the sign of

the lepton charge, which is either the muon or the electron charge. The to-
tal branching fraction for leptonic decays is 24%. There is also a cascade
process, b → cX with c → dl+ν, which yields a wrong-sign lepton with a
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Fig. 6.10. Distributions of decay time difference for (a) opposite-sign and (b)
same-sign dilepton events; (c) asymmetry between opposite- and same-sign dilepton
events. The points are data and the lines correspond to the fit result. (BaBar
experiment [8])

20% branching fraction, which reduces the accuracy of the tagging method.
Another competing process, b → (cc)X with subsequent decay (cc) → e+e−

or µ+µ−, is much less frequent, with only a 1% branching fraction. If the
fraction of leptons with the wrong charge from these sources is f , then the
asymmetry is diluted by a factor (1 − 2f), as in (6.15).

Data on the time dependence of opposite-sign and same-sign leptonic B
pair decays from the BaBar experiment [8] are shown in Fig. 6.10. Sim-
ilar data from the Belle experiment [10] display also the small amount of
background (Fig. 6.11).

Alternative flavor-tagging methods use kaon tagging, jet charge tagging
or same jet tags [11].

Kaon tagging is based on the appearance of a charged Kaon in the decay
of a B meson, because the b quark decays predominantly to a c quark and
this in turn decays predominantly to an s quark, which can hadronize as
a K− meson. Also, the direct process b → s is possible through a penguin
graph. Here also, however competing processes dilute the tagging quality by
producing a K+, e.g. via the process b→ XW− and W− → c→ s→ K+.

Jet charge tagging is based on the idea of measuring the charge of the b
quark by statistical methods. For this purpose, a jet charge

QF =
∑

i WiQi∑
Wi

(6.29)



6.7 Search for bs Mixing 109

Fig. 6.11. Left : the ∆t distributions for (a) opposite-flavor and (b) same-flavor
dilepton events. The solid lines are the unbinned maximum-likelihood fits. The
dashed lines show the background distribution. Right : the observed time-dependent
flavor asymmetry. The curve is the result of an unbinned maximum-likelihood fit.
(Belle experiment [10])

is defined by summing over the charges Qi of jet particles weighted, for ex-
ample, by their momentum. A practical example a weighting function is a
power of the momentum component p‖ parallel to the jet axis, p0.6

‖ .
Same-jet tags include the identification of a b flavored excited state which

decays in accordance B∗∗ → Bπ. The π meson flies close to the direction of
the B meson and can be identified. Another possibility is the definition of a
jet charge for the remnant jet without the leading B0 particle.

All these tagging methods can be used for identifying BB meson pairs
and for measuring the oscillatory time behavior of Bd mesons. The fully
reconstructed hadronic decays and the dileptonic events contribute most to
the precision in the oscillation parameter ∆md. The current world average
for this is [20]

∆md = (0.489± 0.008) ps−1 . (6.30)

Since the B0
d lifetime is (1.542 ± 0.016) ps, the value of xd is ∼ 0.76 ± 0.02.

This is of similar magnitude to the value in the neutral kaon system, xK =
0.945±0.002. However, since the mass of the B0

d meson is so large, the number
of final states for decay is very similar for the two CP eigenstates Bh and Bl,
and hence their lifetime is approximately the same, i.e. Γh = Γl, very different
from the kaon system. Therefore, for the B0

d system, |y| ≤ 0.01, while for the
kaon system, y = −0.9966.

6.7 Search for B0
s Mixing

In principle, neutral B0
s = (bs) mesons can mix in a similar way to B0

d = bd
mesons. In the box diagrams for B0

s mixing, the d quark has to be replaced
by an s quark (Fig. 6.12).

The expression for the mixing parameter xs is similar to that in (6.16),
except that all quantities related to the B0

d meson are replaced by those for
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Fig. 6.12. Box diagrams for mixing between B0
s and B0

s mesons

the B0
s meson, and the weak quark-coupling matrix elements are now |V ∗

tbVts|2
(see (7.26)).

The ratio of the mixing parameters xs/xd depends mainly on the ratio of
these couplings, and therefore on |Vts/Vtd|2. From the unitarity of the 3 × 3
CKM matrix and from experimental data on other decays, we deduce (Chap.
7) that this ratio is larger than 9 with a 90% confidence level. This means
that we expect the mass difference ∆ms and the mixing parameter ∆ms/Γs

to be correspondingly larger, i.e. xs > 4.5.
Therefore the B0

s oscillations are much faster than the B0
d oscillations,

and harder to observe. The oscillation pattern obtained from (6.8) and (6.9),
assuming xs = 15, ys = 0.1 and |q/p| = 1, is shown in Fig. 6.13.

After an initial hint from the UA1 collaboration of a time-integrated mix-
ing probability of 0.12 ± 0.05, the LEP experiments ALEPH, DELPHI and
OPAL, the SLD experiment at SLC, and the CDF experiment at Fermilab
set out to measure this oscillation. The values of the B0

s oscillation amplitude
A obtained from these five experiments were combined; the result is shown in
Fig. 6.14. The amplitude A is 1 for true oscillations. A 95% C.L. lower limit
can be calculated from the point where the A = 1 line crosses the 1.645σ line

Fig. 6.13. Left : number of B0
s (solid line) and B0

s (dotted line) mesons as a func-
tion of the unified time variable T = ΓB0

s
t for an initially pure B0

s state. Right :
asymmetry function a(T )
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Fig. 6.14. Amplitude for B0
s–B0

s oscillations as a function of the oscillation fre-
quency ∆ms [12]

from the data. While the most sensitive single experiments obtain a limit
of ∆ms > 6.6 ps−1, the combined fit gives a limit of ∆ms > 14.4 ps−1, at
95% C.L. Using the B0

s lifetime τs = (1.47± 0.06) ps, this present lower limit
corresponds to a limit on the mixing parameter

xs > 21 at 95% C.L. (6.31)

In addition, the lifetime distribution of B0
s decays has been studied in order

to look for evidence for two different lifetimes of the heavy and light mesons.
No evidence has been seen, and an upper limit on y = ∆Γ/2Γ has been
derived [13]:

|ys| < 0.24 at 95% C.L. (6.32)

6.8 Experiments on CP Violation in B0 Decays

The most salient manifestation of CP violation in the B0/B0 system is ex-
pected to be in the interference of mixing and decay, as discussed in Chap. 3.
The largest effect is expected if we choose a CP eigenstate as the final state
for the decay. Examples are the CP (+1) state π+π− (with angular momen-
tum zero) and the CP (−1) state J/ΨKS. Here the CP eigenvalue of the J/Ψ
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Fig. 6.15. Distributions for BCP candidates satisfying the tagging and vertex-
ing requirements: (a) mES for the final states J/ΨKS, Ψ(2S)KS, χc1KS, ηcKS and
J/ΨK∗0 (K∗0 → KSπ0), and (b) ∆E for the final state J/ΨKL. (BaBar experiment
[21])

is +1, CP (ππ) = +1, and the angular momentum between the two systems
(J/Ψ) and ππ must be l = 1 because the spins are J(B) = J(K) = J(ππ) = 0
and J(J/Ψ) = 1.

We introduce as in (3.36) the decay amplitudes

Af = 〈f |T |B0〉 ,
Af = 〈f |T |B0〉 . (6.33)

Using (6.4), we obtain the decay rates of initially pure B0 and B0 states:

dN(t)
dt

=
1
4

∣
∣∣
∣
(
e−γht + e−γlt

)
Af − q

p

(
e−γht − e−γlt

)
Af

∣
∣∣
∣

2

,

dN(t)
dt

=
1
4

∣
∣
∣
∣
(
e−γht + e−γlt

)
Af − p

q

(
e−γht − e−γlt

)
Af

∣
∣
∣
∣

2

. (6.34)

Using the ratio (3.38)

λ =
qAf

pAf
(6.35)
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raw asymmetry (N
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B0
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B0
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curves represent the projection of the fit onto ∆t for B0 and B0 tags, respectively.
The shaded regions represent the background contributions. (c) and (d) contain
the corresponding information for the ηf = +1 mode J/ΨKL. (BaBar experiment
[21])

and the approximate relations Γh = Γl = Γ and |q/p| = 1, and defining
∆T = Γ ∆t and x = ∆mΓ we obtain the following for the decay rates as a
function of the time difference ∆t, for B0 tags and B0 tags:

dN(t)
dt

=
|Af |2

2
e−∆T

[
1 +

1 − |λ|2
1 + |λ|2 cos(x∆T ) − 2
mλ

1 + |λ|2 sin(x∆T )
]
,

dN(t)
dt

=
|Af |2

2
e−∆T

[
1 − 1 − |λ|2

1 + |λ|2 cos(x∆T ) +
2
mλ

1 + |λ|2 sin(x∆T )
]
.

(6.36)
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If f is a CP eigenstate, then |λ| = 1. In particular, for the final state f =
J/ΨKS, this yields [14]

λf = e2iβ , (6.37)

and we obtain:

dN(t)
dt

=
1
2
Γ e−Γ∆t [1 − sin(2β) sin(∆md ∆t)] ,

dN(t)
dt

=
1
2
Γ e−Γ∆t [1 + sin(2β) sin(∆md ∆t)] . (6.38)

The decay asymmetry becomes

af(∆t) =
dN − dN
dN + dN

= sin(2β) sin(∆md ∆t) . (6.39)

The time integral over the asymmetry af vanishes, but a time-dependent
measurement in an asymmetric B factory can reveal the effect. If other final
states with a CP eigenvalue ηf are considered, the expression on the right-
hand side for the asymmetries is multiplied by (−ηf ).

The experiment proceeds in the following way: events of the topology
shown in Fig. 6.2 are selected by identifying lepton pairs (e+e− or µ+µ−)
with the invariant mass of the J/Ψ, 3.1 GeV, and π+π− pairs with the K0

mass. From the J/Ψ and K, the first B0 meson is reconstructed. The second
B meson is flavor-tagged by identifying a lepton charge or a kaon charge.
For both B mesons, the z position of the vertex along the beam direction
is measured. The difference z2 − z1 gives the time difference between the
two decays, ∆t = (z2 − z1)/βγc, and the distributions in the variable ∆t for
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mixed and unmixed events, (6.38), and of their asymmetry (6.39), yield a
measurement of the coefficient sin(2β) in front of the sin(∆md t) function.
Backgrounds and mistagging have to be taken into account.

Such measurements have been presented by the BaBar collaboration.
This collaboration used a sample of 88 million Υ(4S) → BB decays collected
between 1999 and 2002 at the PEP-II asymmetric B factory [21]. Events
with one neutral B meson fully reconstructed in a J/Ψ decay mode and the
other B meson flavor-tagged by its decay products were studied. Five different
decay modes into final states with definite CP eigenvalues are relevant for the
analysis: J/ΨKS,Ψ(2S)KS, χc1KS and ηcKS, with CP eigenvalues ηf = −1
(1506 events), and J/ΨKL with ηf = +1 (988 events).
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Events were selected by two cuts in the “energy-substituted mass” mES

and the “energy difference” ∆E, as defined in Sect. 6.5 ((6.24) and (6.25)).
The distributions of candidates for B decay to CP eigenstates are shown in
Fig. 6.15. Figure 6.15a contains the mES distribution for states with ηf = −1,
and Fig. 6.15b the ∆E distribution for the final state J/ΨKL with ηf = +1.
Also indicated is the amount of background and a simulation of the resolution
for both quantities.

The time distributions of B0-tagged and B0-tagged events are shown in
Fig. 6.16a for the final states with ηf = −1, and the corresponding asymmetry
as a function of ∆t is given in Fig. 6.16b. From these, an unbinned maximum-
likelihood fit yields a value of sin 2β of 0.76±0.07. Figures 6.16c, d display the
analogous distributions for events with ηf = +1. Here the value of sin 2β =
0.72 ± 0.16. Combining all channels, the result is

sin 2β = 0.741± 0.067 (stat) ± 0.034 (syst) . (6.40)

The Belle experiment has collected 85 million BB events [22]. Similarly
to what was done by BaBar , each B meson decay to a CP eigenstate was
reconstructed, and the accompanying B meson was identified from its decay
products. The ηf = −1 states are J/ΨKS,Ψ(2S)KS, χc1KS and ηcKS, and
the ηf = +1 state is J/ΨKL. The beam-energy-constrained mass mES for all
decay modes except J/ΨKL is shown in Fig. 6.17a. For the J/ΨKL candidates,
the B momentum in the Υ(4S) center-of-mass system, pcms

B , is depicted in
Fig. 6.17b. Also indicated is the cut applied and the background simulation.
From this sample, the time difference ∆t was calculated for each event, for
B-tagged and B-tagged pairs. Figure 6.18 shows the asymmetry of the two
distributions for three classes of events: Fig. 6.18b, charmonium–KS events
with ηf = −1; Fig. 6.18c, J/ΨKL events with ηf = +1; and Fig. 6.18d, non-
CP sample as a check. Fig. 6.18a shows the combined sin(x∆T ) distribution.
The J/ΨKS events yield sin 2β = 0.73± 0.10, the J/ΨKL events 0.78± 0.17.
Combining all available information, the authors of [22] obtain

sin 2β = 0.719± 0.074 (stat) ± 0.035 (syst) . (6.41)

The two experiments together give an average experimental value

sin 2β = 0.731± 0.055 . (6.42)

This is a clear observation of CP violation (through interference of oscillation
and decay) in a second meson system. At the same time, this measurement
determines, with little theoretical uncertainty, one of the angles in the unitar-
ity triangle called β by BaBar and φ1 by Belle. There are two solutions for
this angle, β1 = (23.5±2.4)◦ and β2 = (66.5±2.4)◦. The lower solution agrees
perfectly with the CKM unitary triangle, as determined from other sources
(see Chap. 7). Another possibility to measure the angle β/φ1 is the decay
of the B0

d meson to the CP eigenstate φ KS. The corresponding asymmetry
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Fig. 6.19. Tree and penguin diagrams for the decay B0 → π+π−.

has been measured by the Belle and the BaBar collaborations [23]. The two
collaborations obtain for sin 2β the values +0.45 ± 0.43 (stat) ± 0.07 (syst)
(BaBar ) and −0.96 ± 0.50 (stat) ± 0.10 (syst) (Belle). Clearly, the
two results do not agree. The apparent deviation of the Belle value from
the value (6.42) expected from the other measurements in the CKM scheme
(see Chap. 7) remains, at this time, an open problem. The observation of
direct CP violation in the B0 system is much more difficult. It requires a
measurement of the decay asymmetry in the decay B0 → π+π−, equivalent
to a determination of the second angle in the unitarity triangle, called α by
BaBar and φ2 by Belle.

6.9 Search for Direct CP Violation in B0 Decays

This search is performed by a measurement of the decay asymmetry in B0 →
π+π− decays. Unfortunately, the branching ratio is very small.

The decay can proceed through a tree diagram b → uud, with an ampli-
tude AT proportional to V ∗

ubVud and through a penguin diagram b→ d, with
an amplitude AP proportional to V ∗

tbVtd (Fig. 6.19). The parameter λ for this
final state is

λππ =
q

p

AT +AP

AT +AP
. (6.43)

The weak phases in the CP violation arising from the interference of AT and
AP are given by the angle α:

(
VubV

∗
ud

VtbV ∗
td

)
= −eiα

∣∣
∣
∣
VubVud

VtbVtd

∣∣
∣
∣ . (6.44)

In the limit of vanishing penguin contributions, λ would be simply given by

λ = e2iα . (6.45)

However, the “penguin pollution” makes the interpretation of an observed
asymmetry more difficult. There are theoretical calculations described in [15]
which relate the observed effective angle αeff to the true angle α.
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Fig. 6.20. ∆E distributions for (a) B0 → π+π− and (b) B0 → K+π− candidates
(see [16])

An alternative way to measure α is to use the decay channel B0 → �π,
with common final states for B0 and B0 decay, π+π−π0 and π0π0π0.

Experiments on the decay B0 → π+π− have been done at the two B
factories.

The Belle experiment, from data [16] with an integrated luminosity of
78 fb−1, has reconstructed BB pairs that decayed to a π+π− CP eigenstate,
and the other B meson was identified from inclusive properties. The two
vertex positions were constructed from information provided by the silicon
vertex detector about the tracks. From this information, the decay time dif-
ference ∆t was calculated. The decay rates for flavor B = +1 (which tags a
B0) and B = −1 (which tags a B0) are

dN(∆t) =
e
− |∆t|

τB

4τB
[1 + B {Sππ sin(∆md ∆t) +Aππ cos(∆md ∆t)}] , (6.46)

where

Sππ =
2
mλ

|λ|2 + 1
(6.47)

and

Aππ =
|λ|2 − 1
|λ|2 + 1

. (6.48)

B events were selected by a cut in the beam-constrained mass, 5271 < mES <
5287 MeV, and in the energy difference ∆E, −0.3 < ∆E < 0.5 GeV. B0 →
K+π− candidates were collected at the same time, by identifying one track
as a kaon and the other track as a pion in the Cerenkov detector. The ∆E
distributions for ππ and Kπ events are shown in Fig. 6.20. The remaining
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Fig. 6.21. The raw, unweighted ∆t distributions for the 275 tagged B0 → π+π−

candidates: (a) 148 candidates with q = +1, i.e. the tag side was identified as
B0; (b) 127 candidates with q = −1; (c) B0 → π+π− yields after background
subtraction; (d) the CP asymmetry for B0 → π+π− after background subtraction.
In (a)–(d), the curves show the results of the unbinned maximum-likelihood fit
to the ∆t distributions of the 760 B0 → π+π− candidates. In (d), the solid curve
shows the resultant CP asymmetry, while the dashed and dotted curves show the
contributions from the cosine and sine terms, respectively

sample consists of 760 B0 → π+π− candidates. The raw ∆t distributions for
148 B0-tagged and 127 B0-tagged events are shown in Fig. 6.21. The result
of the fit is

Aππ = 0.77 ± 0.27 (stat) ± 0.08 (syst) ,

Sππ = −1.23± 0.41 (stat)+0.08
−0.07 (syst) . (6.49)

The value of Sππ is nonzero by three standard deviations, indicating CP violation.
The corresponding experiment by the BaBar collaboration [26], with similar
sensitivity, finds values which differ from those above,



120 6 The Neutral B Meson System

Fig. 6.22. Determination of the unitarity triangle in the (�̄, η̄) plane by measuring
sin(2β) and sin(2α), For sin(2α), we always find two solutions in the(�̄, η̄) plane,
and for sin(2β) we use only the solution consistent with | Vub/Vcb |≤ 0.1. (See [6])

Aππ = 0.30 ± 0.25 ± 0.04 ,
Sππ = 0.02 ± 0.34 ± 0.05 . (6.50)

At this moment, it is therefore not yet possible to draw a conclusion about
CP violation in this decay mode, or about the angle α or θ2.

Using the constraints on the unitarity triangle from other experimental
measurements (see Chap. 7), one can deduce that sin 2α = −0.25 ± 0.26,
which could give rise to a large decay asymmetry in B0 → π+π−.

How it is possible, then, in the B meson system, to disentangle CP violation
through mixing from the direct CP violation through the “Standard Model”
KM mechanism? The answer is that one needs two precise angle measure-
ments in order to see whether the upper corner of the unitarity triangle falls in
a region allowed by the superweak model. This region, a curve from the point
(0, 0) to the point (1, 0) in the (ρ̄, η̄) plane, is the geometrical location where
sin 2β = −2 sin 2α. If the corner falls in this region, then it is impossible to
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distinguish the superweak CP violation from violation through the KM mech-
anism (“CP conspiracy”). This happens for ρ̄ > 0 and η̄ = (1−ρ̄)[ρ̄/(2−ρ̄)]1/2,
and this corresponds to the curve labeled “superweak” in Fig. 6.22 [6, 27].
Clearly, the measurement of one angle, say β, alone cannot exclude the su-
perweak model.
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7 Weak Quark Mixing and the CKM Matrix

Weak charged-current interactions of hadrons proceed through a Lagrangian
of the current × current form

L =
G√
2
J+α · j−α + h.c. (7.1)

Here j−α is the leptonic charged current

j−α = lγα(1 + γ5)νl , (7.2)

where the lepton spinor is l and the neutrino spinor os νl.
The hadronic charged current J+α connects one up-type (2/3e) quark

U = (u, c, s) with one down-type (−1/3e) quark D = (d, s, b):

J+α = U iγ
α(1 + γ5)Dk · Vik . (7.3)

The coupling strength of quark currents is smaller than that of lepton cur-
rents. This was first observed in strangeness-changing processes, such as the
decay of K mesons and Λ hyperons. The observed coupling Vus was about 5
times smaller than Vud in neutron decay. This led Cabibbo [3] to postulate
that the weak eigenstates of the then known quarks with −1/3 charge were
not the flavor eigenstates d and s but a linear combination, rotated by an
angle θ, the Cabibbo angle:

dc = d cos θ + s sin θ . (7.4)

The GIM mechanism, invented to cancel the KL → µ+µ− amplitude, required
an orthogonal state

sc = −d sin θ + s cos θ . (7.5)

With charm complementing the two quark doublets, the hadronic charged
current is then

J+α = (u, c)
(

cos θ sin θ
− sin θ cos θ

)
γα(1 + γ5)

(
d
s

)
, (7.6)

which contains a unitary (and real) 2 × 2 rotation matrix with one angle θ.

Konrad Kleinknecht: Uncovering CP Violation, STMP 195, 123–137 (2003)
c© Springer-Verlag Berlin Heidelberg 2003
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For six quarks, this was generalized to a 3 × 3 unitary mixing matrix by
Kobayashi and Maskawa [2]. We follow here a line of reasoning adapted from
[1].

By convention, the mixing is often expressed in terms of a 3 × 3 unitary
matrix V operating on mass eigenstates of quarks of charge −1/3e (d, s and
b): 


d ′

s ′

b ′



 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb








d
s
b



 . (7.7)

The values of individual matrix elements can, in principle, all be determined
from weak decays of the relevant quarks, or, in some cases, from deep inelas-
tic neutrino scattering. Using the eight tree-level constraints discussed below
together with unitarity, and assuming only three generations, the 90% con-
fidence limits on the magnitude of the elements of the complete matrix are




0.9741 to 0.9756 0.219 to 0.226 0.0025 to 0.0048
0.219 to 0.226 0.9732 to 0.9748 0.038 to 0.044
0.004 to 0.014 0.037 to 0.044 0.9990 to 0.9993



 . (7.8)

The ranges shown are for the individual matrix elements. The constraints
of unitarity connect different elements, so choosing a specific value for one
element restricts the range of others.

There are several parameterizations of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix. We advocate a “standard” parameterization [4] of V that
utilizes angles θ12, θ23, θ13 and a phase, δ13

V =




c12c13 s12c13 s13e

−iδ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s23s13e

iδ13 s23c13
s12s23 − c12c23s13e

iδ13 −c12s23 − s12c23s13e
iδ13 c23c13



 , (7.9)

where c
ij

= cos θij and sij = sin θij for the “generation” labels i, j = 1, 2, 3.
This has distinct advantages in interpretation, for the rotation angles are
defined and labeled in a way which relates to the mixing of two specific gen-
erations, and if one of these angles vanishes, so does the mixing between those
two generations; in the limit θ23 = θ13 = 0 the third generation decouples,
and the situation reduces to the usual Cabibbo mixing of the first two gener-
ations, with θ12 identified as the Cabibbo angle [3]. The real angles θ12, θ23,
θ13 can all be made to lie in the first quadrant by an appropriate redefinition
of quark field phases.

The matrix elements in the first row and third column, which have been
directly measured in decay processes, are all of a simple form, and, as c13 is
known to deviate from unity only in the sixth decimal place, Vud = c12 , Vus =
s12 , Vub = s13e

−iδ13 , Vcb = s23 and Vtb = c23 to an excellent approximation.
The phase δ13 lies in the range 0 ≤ δ13 < 2π, with nonzero values generally
breaking CP invariance for the weak interactions. The generalization to the
n-generation case contains n(n − 1)/2 angles and (n − 1)(n − 2)/2 phases.
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Using only tree-level processes as constraints, the matrix elements in (7.8)
correspond to values of the sines of the angles s12 = 0.2229 ± 0.0022, s23 =
0.0412± 0.0020 and s13 = 0.0036± 0.0007.

If we use the loop-level processes discussed below as additional constraints,
the sines of the angles remain unaffected, and the CKM phase, sometimes
referred to as the angle γ = φ3 of the unitarity triangle, is restricted to
δ13 = (1.02 ± 0.26) radians = (59 ± 15)◦.
Kobayashi and Maskawa [2] originally chose a parameterization involving the
four angles θ1, θ2, θ3 and δ:




d ′

s ′

b ′



 =




c1 −s1c3 −s1s3

s1c2 c1c2c3−s2s3e
iδ c1c2s3+s2c3e

iδ

s1s2 c1s2c3+c2s3e
iδ c1s2s3−c2c3eiδ








d
s
b



 , (7.10)

where ci = cos θi and si = sin θi for i = 1, 2, 3. In the limit θ2 = θ3 = 0, this
reduces to the usual Cabibbo mixing where θ1 is identified (up to a sign) with
the Cabibbo angle [3]. Note that in this case Vub and Vtd are real and Vcb is
complex, illustrating a different placement of the phase than in the standard
parameterization. Different forms of the Kobayashi–Maskawa parameteriza-
tion are found in the literature and referred to as “the” Kobayashi–Maskawa
form; some care about which one is being used is needed when the quadrant
in which δ lies is under discussion.

The standard parametrization can be approximated in a way that em-
phasizes the hierarchy in the size of the angles, s12 � s23 � s13 [5]. Setting
λ ≡ s12 , the sine of the Cabibbo angle, one expresses the other elements in
terms of powers of λ:

V =




1 − λ2/2 λ Aλ3(ρ− iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1



+ O(λ4) . (7.11)

where A, ρ and η are real numbers that were intended to be of order unity.
This approximate form is widely used, especially for B physics, but care must
be taken, especially for CP-violating effects in K physics, since the phase
enters Vcd and Vcs through terms that are higher order in λ.

Another parameterization has been advocated [6] that arises naturally
where one builds models of quark masses in which initially mu = md = 0.
With no phases in the third row or third column, the connection between
measurements of CP-violating effects for B mesons and individual CKM pa-
rameters is less direct than in the standard parameterization.

No physics can depend on which of the above parameterizations (or any
other) is used, as long as a single one is used consistently and care is taken
to ensure that no other choice of phases is in conflict.

Our present knowledge of the matrix elements comes from the following
sources:
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1. |Vud|. Analyses have been performed comparing nuclear beta decays that
proceed through a vector current with muon decay. Radiative corrections
are essential to extracting the value of the matrix element. These analyses
already include [7] effects of order Zα2, and most of the theoretical ar-
gument centers on the nuclear mismatch and structure-dependent radia-
tive corrections [8, 9]. Further data have been obtained on superallowed
0+ → 0+ beta decays [10].
Taking the complete data set, a value of |Vud| = 0.9740 ± 0.0005 has
been obtained [11]. It has been argued [12] that the change in charge-
symmetry violation for quarks inside nucleons that are in nuclear matter
results in an additional change in the predicted decay rate of 0.075% to
0.2%, leading to a systematic underestimate of |Vud|. This reasoning has
been used [13] to explain quantitatively the binding-energy differences
between the valence protons and neutrons of mirror nuclei. While it can
be argued [11] that including this may involve double counting, we take
this correction as an additional uncertainty to obtain a value of |Vud| =
0.9740± 0.0005± 0.0005 where the first error is assumed to be Gaussian
and the second one to be flat.
The theoretical uncertainties in extracting a value of |Vud| from neutron
decays are significantly smaller than those for decays of mirror nuclei, but
the value depends both on the value of gA/gV and on the neutron lifetime.
Experimental progress has been made on gA/gV using very highly polar-
ized cold neutrons together with improved detectors. The recent experi-
mental result [14], gA/gV = −1.2739±0.0019, by itself has a better preci-
sion than the former world average and results in |Vud| = 0.9713±0.0013
if taken alone. Averaging over all recent experiments using polarizations
of more than 90% [15] gives gA/gV = −1.2720 ± 0.0018 and results in
|Vud| = 0.9725± 0.0013 from neutron decay. Since most of the contribu-
tions to the errors in these two determinations of |Vud| are independent,
we can average them to obtain

|Vud| = 0.9734± 0.0008 . (7.12)

2. |Vus|. The original analysis of Ke3 decays yielded [16]

|Vus| = 0.2196± 0.0023 . (7.13)

With isospin violation in K+ and K0 decays taken into account, the ex-
tracted values of |Vus| are in agreement at the 1% level. Radiative cor-
rections have recently been calculated by chiral perturbation theory [17].
The combined effects of long-distance radiative corrections and nonlinear
terms in the form factor can decrease the value of |Vus| by up to 1% [18],
and we take this into account by applying an additional correction of
(−0.5 ± 0.5)%, which compensates the effect of radiative corrections in
[17], to obtain

|Vus| = 0.2196± 0.0026 , (7.14)



7 Weak Quark Mixing and the CKM Matrix 127

in very good agreement with the former analysis. The analysis [19] of
hyperon decay data has larger theoretical uncertainties because of first-
order SU(3) symmetry-breaking effects in the axial–vector couplings. This
analysis has been redone, incorporating second-order SU(3) symmetry-
breaking corrections, in models [20] applied to the WA2 data [21], to
give a value of |Vus| = 0.2176 ± 0.0026, which is consistent with (7.14),
obtained using the “best-fit”model. Since the values obtained in these
models differ by more than the error estimates and generally do not give
good fits, however, we retain the value of |Vus|, given in (7.14).

3. |Vcd|. The magnitude of |Vcd| may be deduced from neutrino and an-
tineutrino production of charm off valence d quarks. The dimuon produc-
tion cross sections obtained by the CDHS group [22] yield Bc |Vcd|2 =
(0.41 ± 0.07) × 10−2, where Bc is the semileptonic branching fraction of
the charmed hadrons produced. The corresponding value from the more
recent CCFR Tevatron experiment [23], where a next-to-leading-order
QCD analysis has been carried out, is 0.534± 0.021+0.025

−0.051 × 10−2, where
the last error is from the scale uncertainty. Assuming a similar scale er-
ror for the CDHS measurement and averaging these two results gives
(0.49 ± 0.05) × 10−2. Supplementing this with data [24] on the mix of
charmed-particle species produced by neutrinos and with PDG values for
their semileptonic branching fractions (to give [23] Bc = 0.099 ± 0.012)
yields

|Vcd| = 0.224 ± 0.016 . (7.15)

4. |Vcs|. Values for |Vcs| obtained from neutrino production of charm and
from semileptonic D decays have errors due to theoretical uncertainties
that exceed 10%. These values have been superseded by direct mea-
surements [25] of |Vcs| in charm-tagged W decays, which give |Vcs| =
0.97± 0.09 (stat)± 0.07 (syst). A tighter determination follows from the
ratio of hadronic W decays to leptonic decays, which has been measured
at LEP with the result [26] that

∑
i,j |Vij |2 = 2.039±0.025±0.001, where

the sum extends over i = u, c and j = d, s, b and the last error is from the
knowledge of αs. For a three-generation CKM matrix, unitarity requires
that this sum has a value of 2. Since five of the six CKM matrix elements
in the sum are well measured or contribute negligibly to the measured
sum of the squares, the LEP measurement can be converted into a greatly
improved result [26]:

|Vcs| = 0.996 ± 0.013 . (7.16)

5. |Vcb|. The heavy-quark effective theory (HQET) [27] provides a nearly
model-independent treatment of B semileptonic decays to charmed mesons,
assuming that both the b and the c quarks are heavy enough for the the-
ory to apply. Measurements of the exclusive decay B → D̄∗�+ν� have been
used primarily to extract a value of |Vcb| using corrections based on the
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HQET. Exclusive B → D̄�+ν� decays give a consistent, but less precise
result. The analysis of inclusive decays, where the measured semileptonic
bottom-hadron partial width is assumed to be that of a b quark decay-
ing through the usual V − −A interaction, depends on going from the
quark to the hadron level and involves an assumption about the validity
of quark–hadron duality. The results for |Vcb| from exclusive and inclusive
decays are generally in good agreement. A much more detailed discussion
and a list of references can be found in a mini-review in the Review of
Particle Physics [29]. We add an uncertainty due to the assumption of
quark–hadron duality [30] to the results from inclusive decays and average
over the inclusive and exclusive results, with the theoretical uncertainties
combined linearly, to obtain

|Vcb| = (41.2 ± 2.0) × 10−3 . (7.17)

6. |Vub|. The decay b → u�ν̄ and its charge conjugate can be observed in
the semileptonic decay of B mesons produced on the Υ(4S) (bb̄) reso-
nance by measuring the lepton energy spectrum above the endpoint of
the b → c�ν̄� spectrum. There the b → u�ν̄� decay rate can be obtained
by subtracting the background caused by nonresonant e+e− reactions.
This continuum background is determined from auxiliary measurements
off the Υ(4S). The interpretation of this inclusive result in terms of |Vub|
depends fairly strongly on the theoretical model used to generate the lep-
ton energy spectrum, especially that for b → u transitions. At LEP, the
separation between u-like and c-like decays is based on up to 20 differ-
ent event parameters, and while the extraction of |Vub| is less sensitive to
theoretical assumptions, it requires a detailed understanding of the decay
b→ c�ν̄�. The CLEO collaboration [31] has recently employed an impor-
tant technique that uses moments of measured distributions of b → sγ
and B → D∗�ν� to fix the parameters in the inclusive distribution and
thereby reduce the errors.
The value of |Vub| can also be extracted from exclusive decays, such as
B → π�ν� and B → ρ�ν�, but there is an associated theoretical model
dependence in the values of the matrix elements of the weak current
between exclusive states. A detailed discussion of and set of references
for both the inclusive and exclusive the analyses can be found in the mini-
review on |Vub| in the Review of Particle Physics [32]. We average the LEP
and CLEO inclusive results, keeping the theoretical errors separate (and
added linearly), to obtain |Vub| = (4.11 ± 0.25 ± 0.78) × 10−3, which we
combine with the exclusive result from CLEO of |Vub| = (3.25 ± 0.32 ±
0.64)×10−3 to obtain a result dominated by the theoretical uncertainties,

|Vub| = (3.6 ± 0.7) × 10−3 . (7.18)

7. Vtb. The discovery of the top quark by the CDF and D0 collaborations
utilized in part the semileptonic decays of t to b. The CDF collaboration
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has published a limit on the fraction of decays of the form t → b �+ ν�,
as opposed to semileptonic t decays that involve the light s or d quark,
of [33]

|Vtb|2
|Vtd|2 + |Vts|2 + |Vtb|2

= 0.94+0.31
−0.24 . (7.19)

For most of the CKM matrix elements, the principal error is no longer
experimental, but instead theoretical. This arises from explicit model depen-
dence in the interpretation of inclusive data or in the direct use of specific
hadronic matrix elements to relate decay rates for exclusive processes to weak
transitions of quarks. This type of uncertainty is often even larger, at present,
in extracting CKM matrix elements from loop diagrams, as discussed below.
Such theoretical errors are not distributed in a Gaussian manner. We have
judged what is a reasonable range when assigning the theoretical errors.

The issue of how to use appropriate statistical methods to deal with these
errors has been intensively discussed over the last few years by a number of
authors [34]. While we have used the central values with the quoted errors
to make a best overall fit to the CKM matrix (interpreting a “1σ” range
in a theoretical error as corresponding to a 68% confidence level that the
true value lies within a range of “±1σ” of the central value in making those
fits), the result should be used with appropriate care. Our limited knowledge
of some of the theoretical uncertainties makes us cautious about extending
this procedure to results for multi-standard-deviation determinations of the
allowed regions for CKM matrix elements. We have determined the best fit
by searching for the minimum chi-squared, by scanning the parameter spaces
of the four angles. The results for three generations of quarks, from (7.12),
(7.14), (7.15), (7.16), (7.17), (7.18) and (7.19) plus unitarity, are summarized
in the matrix in (7.8). The ranges given there are different from those given
in (7.12)–(7.19) because of the inclusion of unitarity, but are consistent with
the one-standard-deviation errors on the input matrix elements. Note in par-
ticular that the unitarity constraint has pushed |Vud| about one standard
deviation higher than the value given in (7.12). If we had kept the error on
|Vud| quoted in [11], we would have a violation of unitarity in the first row
of the CKM matrix by about 2.7 standard deviations. While this deserves
some attention and encourages another more accurate measurement of |Vus|
as well as more theoretical work, we do not see this yet as a major challenge
to the validity of the three-generation Standard Model.

The data do not preclude there being more than three generations. More-
over, the entries deduced from unitarity might be altered if the CKM matrix
is expanded to accommodate more generations. Conversely, the known en-
tries restrict the possible values of the additional elements if the matrix is
expanded to account for additional generations. For example, unitarity and
the known elements of the first row require that any additional element in the
first row has a magnitude |Vub ′ | < 0.10. When there are more than three gen-
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erations, the allowed ranges (at 90% C.L.) of the matrix elements connecting
the first three generations are







0.9721 to 0.9747 0.215 to 0.224 0.002 to 0.005 . . .
0.209 to 0.227 0.966 to 0.976 0.038 to 0.044 . . .

0 to 0.09 0 to 0.12 0.08 to 0.9993 . . .
...

...
...







, (7.20)

where we have used unitarity (for the expanded matrix) and the measure-
ments of the magnitudes of the CKM matrix elements (including the con-
straint from hadronic W decays), resulting in the weak bound |Vtb| > 0.08.

Direct and indirect information about the smallest matrix elements of the
CKM matrix can be neatly summarized in terms of the “unitarity triangle”,
one of six such triangles that correspond to the unitarity condition applied
to two different rows or columns of the CKM matrix. Unitarity applied to
the first and third columns yields

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 . (7.21)

The unitarity triangle is just a geometrical representation of this equation
in the complex plane [35], as shown in Fig. 7.1a. We can always choose to
orient the triangle so that VcdV

∗
cb lies along the horizontal; in the standard

parameterization, Vcb is real, and Vcd is real to a very good approximation in
any case. Setting cosines of small angles to unity, (7.21) becomes

V ∗
ub + Vtd ≈ s12V

∗
cb , (7.22)

which is shown by the unitarity triangle. The sides of this triangle are of the
order of 1% of the diagonal elements of the CKM matrix, which highlights the
precision we are aiming to achieve in knowing each of these sides, a precision
of a few percent.

The angles α, β and γ of the triangle are also referred to as φ2, φ1, and
φ3, respectively, with β and γ = δ13 being the phases of the CKM elements
Vtd and Vub as per

Vtd = |Vtd|e−iβ , Vub = |Vub|e−iγ . (7.23)

If we rescale the triangle so that the base is of unit length, the coordinates
of the vertices A, B and C become, respectively,

(
�e (VudV

∗
ub)

|VcdV ∗
cb|

,
�m (VudV

∗
ub)

|VcdV ∗
cb|

)
, (1, 0) and (0, 0) . (7.24)

The coordinates of the apex of the rescaled unitarity triangle take the sim-
ple form (ρ̄, η̄), where ρ̄ = ρ(1−λ2/2) and η̄ = η(1−λ2/2) in the Wolfenstein
parameterization [5], as shown in Fig. 7.1b.
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Fig. 7.1. (a) Representation in the complex plane of the triangle formed by the
CKM matrix elements VudV ∗

ub, VtdV
∗

tb, and VcdV ∗
cb. (b) Rescaled triangle with ver-

tices A, B and C at (ρ̄, η̄), (1, 0) and (0, 0), respectively

CP-violating processes involve the phase in the CKM matrix, assuming
that the observed CP violation is related solely to a nonzero value of this
phase. More specifically, a necessary and sufficient condition for CP violation
with three generations can be formulated in a parameterization-independent
manner in terms of the nonvanishing of J , the determinant of the commutator
of the mass matrices for the charge 2e/3 and charge −e/3 quarks [36]. The
CP-violating amplitudes or differences of rates are all proportional to the
product of CKM factors in this quantity, namely s12s13s23c12c

2
13
c23 sin δ13.

This is just twice the area of the unitarity triangle.
Further information, particularly about CKM matrix elements involving

the top quark, can be obtained from flavor-changing processes that occur at
the one-loop level. This is visualized in Fig. 7.2, where the processes relevant
to the various sides and angles of the unitarity triangle are indicated. We have
not used this information up to this point, since the derivation of values for
Vtd and Vts in this manner from, for example, B mixing or b→ sγ, requires an
additional assumption that the top-quark loop, rather than new physics, gives
the dominant contribution to the process in question. Conversely, when we
find agreement between CKM matrix elements extracted from loop diagrams
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Fig. 7.2. CKM unitarity triangle for the B0 system

and the values given above based on direct measurements plus the assumption
of three generations, this can be used to place restrictions on new physics.

We consider first constraints from flavor-changing processes that are not
CP-violating. The measured value [37] of ∆mB0

d
= 0.489 ± 0.008 ps−1 from

B0
d−−B0

d mixing can be turned into information about |V ∗
tbVtd|, assuming that

the dominant contribution to the mass difference arises from the matrix ele-
ment between a B0

d and a B0
d of an operator that corresponds to a box diagram

with W bosons and top quarks as sides. Using the characteristic hadronic
matrix element that then occurs, B̂B0

d
f2
B0

d
= (1.30 ± 0.12)(198 ± 30 MeV)2,

obtained from lattice QCD calculations [38]; next-to-leading-order QCD cor-
rections (ηQCD = 0.55) [39]; and the running top-quark mass, mt(mt) =
(166 ± 5) GeV, as input, we obtain

|V ∗
tbVtd| = 0.0079± 0.0015 , (7.25)

where the uncertainty comes primarily from the uncertainty in the hadronic
matrix elements, whose estimated errors have been combined linearly.

In the ratio of the B0
s and B0

d mass differences, many common factors
(such as the QCD correction and the dependence on the top-quark mass)
cancel, and we have

∆ms

∆md
=

∆mB0
s

∆mB0
d

=
mB0

s

mB0
d

B̂B0
s
f2
B0

s

B̂B0
d
f2
B0

d

|V ∗
tbVts|2

|V ∗
tbVtd|2

. (7.26)

With the experimentally measured masses, B̂B0
s
f2
B0

s
/(B̂B0

d
f2
B0

d
) = (1.15 ±

0.06 +0.07
−0.00)

2, where the last, asymmetric error reflects the effect of the presence
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of chiral logarithms in the unquenched calculations of fB in lattice QCD [38],
and the experimental lower limit [37] at 95% C.L. of ∆mB0

s
> 13.1 ps−1 based

on published data, we obtain

|Vtd|/|Vts| < 0.25 . (7.27)

Since, with three generations, |Vts| ≈ |Vcb|, this result converts to |Vtd| <
0.010, which is a significant constraint by itself, (see Fig. 7.3).

The CLEO observation [40] of b → sγ is in agreement with the Standard
Model prediction. This agreement can be translated into a constraint on |Vts|
that is consistent with the result expected with three generations, but with
a large uncertainty that is dominantly theoretical.

In the K+ → π+νν̄ decay, there are significant contributions from loop di-
agrams involving both charm and top quarks. Experiments are just beginning
to probe the level predicted in the Standard Model [41].

All these additional indirect constraints are consistent with the CKM
elements obtained from the direct measurements plus unitarity, assuming
three generations. Adding the results on B mixing together with theoretical
improvements in lattice calculations reduces the range allowed for |Vtd|.

Now we turn to CP-violating processes. The added constraint from
CP violation in the neutral kaon system, taken together with the restric-
tions above on the magnitudes of the CKM matrix elements, is tight enough
to restrict considerably the range of angles and the phase of the CKM matrix.
For example, the constraint obtained from the CP-violating parameter ε in
the neutral K system corresponds to the vertex A of the unitarity triangle
lying on a hyperbola for fixed values of the (imprecisely known) hadronic
matrix elements. 1.

In addition, following the initial evidence [44], it is now established that
direct CP violation in the weak transition from a neutral K to two pions
exists, i.e. the parameter ε′ is nonzero [48]. While theoretical uncertainties
in hadronic matrix elements whose amplitudes cancel presently preclude this
measurement from giving a significant constraint on the unitarity triangle,
this measurement supports the assumption that the observed CP violation is
related to a nonzero value of the CKM phase.

Ultimately, in the neutral K system, the CP-violating process KL → π0νν̄
offers the possibility of a theoretically clean, high-precision measurement of
the imaginary part of VtdV

∗
ts and the area of the unitarity triangle. Given |Vts|,

this will yield the altitude of the unitarity triangle. However, the experimental
upper limit is presently many orders of magnitude away from the required
sensitivity.
1 The relevant QCD corrections, given to leading order in [42], have been extended

to next-to-leading order in [39, 49]. The limiting curves in Fig. 7.3 arising from
the value of |ε| correspond to values of the hadronic matrix element, expressed
in terms of the invariant parameter B̂K of the renormalization group, from 0.75
to 1.10. See, for example, [43]
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Fig. 7.3. Constraints from the text on the position of the apex, A, of the unitarity
triangle following from |Vub|, B mixing, ε, and sin 2β. A possible unitarity triangle
is shown with A in the preferred region.

Turning to the B meson system, for CP-violating asymmetries of neutral
B mesons decaying to CP eigenstates, the interference between mixing and a
single weak decay amplitude for certain final states directly relates the asym-
metry in a given decay to sin 2φ, where φ = α, β, γ is an angle of the unitarity
triangle [35]. A new generation of experiments has established a nonvanishing
asymmetry in the decays Bd(B̄d) → J/ΨKS and in other Bd decay modes,
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where the asymmetry is given by sin 2β. The present experimental results
from BaBar [45] and Belle [46], when averaged, yield

sin 2β = 0.731 ± 0.055 . (7.28)

While the limits on the leptonic charge asymmetry for B0
d − −B0

d mix-
ing (which measure the analogue of 2 �e ε in the neutral K system) have
been reduced to the 1% level [37], they are still roughly an order of magni-
tude greater than the value expected without new physics. They provide no
significant constraints on the CKM matrix for now [47].

The constraints on the apex of the unitarity triangle that follow from
(7.18), (7.25), (7.27), (7.28) and ε are shown in Fig. 7.3. Both the limit on
∆ms and the value of ∆md indicate that the apex lies in the first rather than
the second quadrant. All constraints overlap nicely in one small area in the
first quadrant, with the sign of ε measured in the K system agreeing with the
sign of sin 2β measured in the B system.

Both the constraints from the lengths of the sides (from |Vub|, |Vcb|, and
|Vtd|) and the contraints obtained independently from CP-violating processes
(ε from the K system and sin 2β from the B system) indicate the same region
for the apex of the triangle.

From a combined fit using the direct measurements, B mixing, ε, and
sin 2β, we obtain:

�e Vtd = 0.0071± 0.0008 (7.29)
�m Vtd = −0.0031± 0.0004 (7.30)

ρ̄ = 0.21 ± 0.10 , (7.31)
η̄ = 0.35 ± 0.05 . (7.32)

All processes can be quantitatively understood by use of one value of
the CKM phase δ13 = γ = (59 ± 15)◦. The value of β = (23.0 ± 2.2)◦

from the overall fit is consistent with the value from the CP asymmetry
measurements of (23.5 ± 2.4)◦. The invariant measure of CP violation is
J = (3.0 ± 0.3) × 10−5.

The limit in (7.27) is not far from the value we would expect from the
other information on the unitarity triangle. This limit is more robust theo-
retically, since it depends on ratios (rather than absolute values) of hadronic
matrix elements and is independent of the top mass andr QCD corrections
(which cancel in the ratio). Thus the significant increase in experimental sen-
sitivity to Bs mixing that should become available in the next few years will
lead either to an observation of mixing as predicted by our knowledge to date
or to an indication of physics beyond the Standard Model. New physics could
also be found in a variety of other measurements involving K and B mixing
and/or decay.
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8 Conclusion

Nearly 40 years after the discovery of CP violation, the nature of the
phenomenon has been clarified experimentally. In the K meson system,
CP violation has been discovered in the mixing (ε), in the decay (ε′/ε, direct
violation) and in the interference between mixing and decay (�mε); in the
B meson system, CP violation in the interference between mixing and decay
has been observed (sin 2β). All observations are consistent with the model of
Kobayashi and Maskawa, where the weak 3 × 3 mixing matrix of six quarks
has one nontrivial complex phase δ = (59±15)◦. This leads to complex weak
coupling constants of quarks, and to T violation and CP violation. The origin
of the phase δ could be due, amongst other things, to the Higgs sector of the
Standard Model or to right-handed currents.

Future experiments in the B sector will observe direct CP violation in B0
d,

mixing in B0
s and possibly CP violation in the B0

s system.
In cosmology, this CP violation in the quark sector, together with a large

departure from thermal equilibrium via a first-order electroweak phase transi-
tion [1] and a baryon number violation by instantaneous processes [2], could
in principle lead to the observed baryon asymmetry. The source would be
the asymmetric interactions of quarks and antiquarks with the Higgs field
[3]. However, the large lower bound of 114 GeV on the mass of the Higgs
boson derived from LEP experiments makes this scenario very unlikely. One
way out of this dilemma is the hypothesis that CP violation in the neutrino
mixing matrix could cause a lepton asymmetry. (B+L)-violating processes
before the electroweak phase transition could then convert this into a baryon
asymmetry. This leptogenesis would proceed through the production of heavy
Majorana neutrinos in the early Universe [4]. The measurement of such a
CP violation in the neutrino sector, however, requires oscillation experiments
over a distance of 3000 km, or, alternatively, at nuclear reactorsover a distance
of about 3 km. In both cases the neutrino sources have to be very intense.
For some time to come, the origin of the cosmological baryon asymmetry will
remain an open question.
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