11 Neutral K Mesons and CP Violation

The neutral K mesons, with their medium-sized masses and their capacity of
interacting both weakly and strongly, seem to be specially selected by nature
to demonstrate through a few typical phenomena the reality of quantum
effects. Even if they did not exist, as L. B. Okun once said, we would have
invented them in order to illustrate the fundamental principles of quantum
physics.

Four of these phenomena will be studied in this chapter. The first to be
considered arises from the existence, in the presence of strong interactions
only, of two degenerate states of opposite strangeness quantum numbers,
called K and K. These states are mixed by the weak interaction, which
does not conserve strangeness, to produce two states quite similar in their
masses (which differ only by Am = 3.49 x 107 %eV = 5.30 x 109s~1) but very
dissimilar in their distinctive decay modes and their lifetimes. One short-
lived, Kg, with lifetime 75 = 8.92x 107! s, and the other long-lived, Ky,, with
lifetime 71, = 5.17 x 1078 5. The existence of these states results in a second
property called strangeness oscillations: a pure strangeness eigenstate, say
K°, produced at a given time becomes at a later time a mixture of K° and
K'. The amplitude of such a meson beam oscillates in time with a period of
T =2n/Am =118 x 1079 s.

The third property to be studied concerns the regeneration of Kg. Con-
sider a beam of K produced at time ¢t = 0 by some strong interaction pro-
cess. After a lapse of time of the order of 7g, every K meson decays into
two pions through its Kg components; but this process ceases to occur after
7g < t < 11, when all the Kg have gone, leaving only the Ky, in the beam. If
a block of matter is now placed on the beam path, the Ky, will interact with
matter and partially transforms itself into Kg.

Last but not least, we will discuss the CP violation by weak interac-
tions, a phenomenon first reported in 1964 and to this day observed only in
the neutral K meson system. It is one of the most fundamental but least
understood properties of particle physics. To explore the physics of heavy
flavors, several B meson factories are being constructed in the U. S. A. and
Japan. Among the first projects to be carried out at these laboratories will
certainly see the investigation of the nature, the origin, and the mechanism
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of the CP violation. The importance of this study may even have a larger
impact if the enormous disproportion of matter (baryons) and antimatter
(antibaryons) existing in the universe is regarded as a direct consequence of
a CP violation that occurred just after the Big Bang.

11.1 The Two Neutral K Mesons

From Dirac’s work (Chap. 3), we know that each particle corresponds to
an antiparticle, both having equal masses, spins, and lifetimes. But their
charges of all types (electric, leptonic, baryonic, flavor, or color) are equal in
magnitudes but opposite in signs. Among the electrically neutral particles,
the neutron is distinct from the antineutron, but certain particles such as the
photon, the mesons 7° and 7 are identical to their respective antiparticles.
In contrast, the neutral K mesons have peculiarly mixed identities.

Recall first that the pseudoscalar mesons K+, K® and their conjugates
K~ and K' are bound states, composed mainly of quarks u, d, and s. In Table
11.1, their quantum numbers (strangeness, isospin) and quark contents are
given.

Table 11.1. Strange pseudoscalar mesons

K Mesons Quark contents I3 Strangeness S
Kt su +3 +1
K° sd -3 +1
K’ ds + % —1
K~ s - % -1

The two mesons K_ and KO are quite distinct in the presence of strong
interactions which conserve strangeness. Consider for example the strong
production process 7~ +p — K°® + A. The initial state has zero strangeness;
therefore, since A = sdu has strangeness S = —1, it is a K with S = 41 that
is produced in the final state, and not a K. If strange particles are produced
in a strong interaction (normally from nonstrange particles), they are always
produced in pairs of particles of opposite strangeness quantum numbers so
as to conserve total strangeness (a phenomenon called the associated produc-
tion). On the other hand, since the baryonic number is equally conserved by
the strong interaction and since the initial state (the proton) has baryonic
number Ng = 1 in the present example, the final state cannot be K’ +Ain
spite of its correct strangeness. Thus, from the point of view of the strong
interaction, KO is as distinct from K’ as the neutron is from the antineutron.

The difference between these two pairs KK’ and n- @ appears in the
presence of the weak interaction. As far as we know, the baryonic number
is conserved in all situations (the proton lifetime is greater than 1039 s), but
strangeness is not, being broken in weak processes. The conservation of Np
forbids transitions between the neutron and the antineutron because there
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exist no common intermediate states connecting those two states. On the
other hand, both K’ and KO can decay into pions via strangeness-violating

weak transitions. Thus, the transmutation of K° into KO, or inversely of K
into K%, can proceed through common intermediates states of pions, as in

K° — (2, 371) — K. (11.1)

On the quark level, the transitions K® « K are represented by the Feynman
box diagrams in Fig. 11.1. Via the weak interaction, the 5 and d quarks of
KO annihilate into a pair WHW— (Fig. 11.1a) or a pair of quark—antiquark

Q:Q; in all possible combinations of the three u,c,t quarks (Fig. 11.1b).
These pairs WTW ™ and Qin then transform by the same weak interaction
into s and d, giving a K’ in the final state. Since these transitions change

strangeness by two units (|JAS| = 2), they must proceed through the weak
interaction.

d W~ S d u, C, t S
—— N OO e = =
=0 o < =0
K° K K° > > K
e AN e < <
S W+ d S T,c,t d

—~
o

~—

—~
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Fig. 11.1 a, b. K* — K’ transition through 5d — ds

As implicitly understood in the above discussion, K° and K are re-
spectively strangeness eigenstates with eigenvalues S = 1 and S = —1, a
meaningful statement only in the absence of weak interactions. Since S is
not conserved by weak interactions, another quantum number has to be used
to classify the neutral K mesons wherever the weak interaction operates. It
turns out that the combined charge conjugation and parity operators, CP,
provide an almost perfect candidate for this role, ‘almost’ because the sym-
metry they represent is in fact only slightly violated (by a factor of 1073),
while parity P and charge conjugation C are each separately violated at the
highest level by weak interactions.

Leaving temporarily aside the question of its violation, we assume in this
and the next three sections that CP is a good symmetry even in the presence

of the weak interaction. As the K mesons are pseudoscalar, P ’KO> =- ’KO>

and P |K°) = — |K?), and as K’ and KO are charge conjugates to each other,

C ’K0> = ’KO> by an appropriate choice of phase, one gets

P K =~ [K") , cP[K") =—[K%). (11.2)
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From this it follows that the orthogonal linear combinations

oy L 0 0 oy _ L 0 0
]K1>:ﬁ(1K>—’K ) ]K2>:ﬁ(1K>+’K )) . a3
are eigenstates of CP :
CPKY) =+ |KY) ., CP|K3)=—|K9). (11.4)

The state K{ is even and K9 is odd under CP.

To determine their decay modes into pions, it suffices to find the cor-
responding CP-parities of the multipion states. It turns out (Problem 11.1)
that neutral two-pion states (7° + 7% and 7+ 4 77) are CP-even and neutral
three-pion states (7° + 7% + 7% and 7% + 77 4+ 77) are CP-odd. Since CP is
assumed to be conserved, the only allowed decay modes are

K} — 27 | Ky — 37. (11.5)
It is noteworthy that these are the only hadronic decay channels open to the
neutral K mesons, a fact attributed to the particular value of their mass,
just slightly over three times the mass of the pion. This fact also implies
that kinematics favors the two-pion mode over the three-pion mode because
the kinetic energy available to the reaction products is larger, and the phase
space is correspondingly larger in the former than in the latter. Therefore,
K9 has a proportionally larger decay width or equivalently a shorter lifetime
than K9.

This was a result predicted by Gell-Mann and Pais and later confirmed
by experiment. What was observed was that the neutral K mesons decayed
in two different hadronic channels at two different time scales. The first type
goes through two-pion channels, with lifetime 7g = 8.92x10~ ! s, and is called
Kgs. The second type, which can decay into three pions with characteristic
time 71, = 5.17 x 1078 s, is called Ky,. Assuming CP conservation, one may
identify Kg with the CP-even state K¢, and K, with the CP-odd state K$.

This double property, mass degeneracy and distinct lifetimes, is unique
to the neutral K mesons. The situation is completely different with the
neutral D mesons and the neutral B mesons, which yet parallel the K mesons
in their quark compositions only with heavier flavors.

11.2 Strangeness Oscillations

We now consider the evolution in time of the amplitudes of states Kg and
Kr. They are of the general form

a(t) = a(0) exp[—i(E — iD)t], (11.6)

here E is the energy of the state and T its total decay width. The term il'/2
is what is needed to yield the familiar exponential decay law

I(t) = a(t)a(t)* = |a(0)[?e ", (11.7)
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which says that the particle decays at the rate given by I'. For a stable
noninteracting particle, I' = 0 and the amplitude a(t) is given by the usual
exp(—ip - z). In the particle rest frame, the particle energy equals its mass
E = m, and its lifetime is given by 7 = h/T.

Thus, the amplitudes that describe the time evolution of Kg and Ky, are
respectively

as(t) = as(0)e~ (T im0y — a0y~ (B FIMLE (118)

There is no reason to expect here that the corresponding masses mg and my,
be equal even though by CPT invariance the masses of K’ and K° must be
identical (Chap. 5). However, as the decay modes and the lifetimes of Kg
and Kj, are bound to differ from effects of the |AS| = 2 effective interactions
mentioned above, it is expected that Am = mp, — mg # 0. We will now
discuss how Am is calculated and measured, and how it gives rise to the
oscillation phenomenon observed in neutral K meson beams.

Suppose at t = 0 a K° beam is produced, e.g. by the strong production
process 7~ +p — K° + A. Its amplitude written in terms of Kg = K¢ and
KL = K is KO = \%(Ks + Kp), or ako(t) = % [as(t) + ar(t)]. The beam
intensity for K°, call it Io(t), is given by

Io(t) = % las(t) + av(t)] [as(t) + an(t)]", (11.9)

or equivalently, making use of (8), the normalized density N(t) = I(t)/I(0)
is given by

t
No(t) = [effst+e*m+2e*<FS+FL>§cos(Amt) . (11.10)

RNy

Similarly, we may write the normalized density for the K’ beam (produced
at t = 0 for example by the reaction 7™ +p — K + K+ + p) as

t
[e*FSt + e*FLt _ 26*(FS+FL)§ Cos(Amt) . (1111)

RNy

No(t) =

Thus, the two beams oscillate with frequency Am/2r (Fig. 11.2). Since
Amtg = 0.47, the oscillation waves will be clearly visible at ¢ of the order of
a few 7g, before all the Kg have died out, leaving only the Ky, in the beam.
As ¢t = 2.67 cm and cr, = 1551 cm, the Ky, will survive long after all the
Ks have gone. In a beam made up entirely of K® at time ¢t = 0, mesons K
will appear far from the production source through their presence in Ky, with
equal probability as K°. Similarly, an initially pure K will progressively
become contaminated with K.
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Fig. 11.2. Plots of No(t) and N5(t), ¢ in units of 107 s

The oscillations can be detected from observing the Kys decay modes.
In fact, from the quark contents of KY(sd) and K’ (sd), it follows that § —

T+01 +vy (s — u+{~ +7;) and therefore the K’ and K° decays are governed
by the AS = AQ rule:

Ko—r + 04y , Kooat+ 0 +5. (11.12)

Indeed from the initial K to the final 7~ hadronic states, there is a change in
strangeness, AS = (+1)—(0) = +1, and in electric charge AQ = (0)—(—1) =
+1, so AS = AQ. The same change AS = AQ = —1 occurs in K -t
Then from this rule, we can identify K by its decay product e, and the

K by its e”. By recording the number of the emitted positrons (NT) and
electrons (N7), one can measure the charge asymmetry

Nt S NT No(t) = No(t)

o(t) = = 11.13
®) N+ + N—  No(t) + Np(t) ( )
whose time evolution as given by (10) and (11) is
t
5(t) ~2 e TstTL) cos(Amt). (11.14)

This asymmetry displays a sinusoidal time oscillation, from which one may
infer the magnitude of the mass difference (Fig. 11.3). Experiment gives the
mass difference |Am| ~ 3.49 x 107%eV ~ 5.30 x 10 ™! (the sign of Am will
be considered in the following section).
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Fig. 11.3. The charge asymmetry §(¢) in the decays K® — 77T et 4+ v, as measured
by Gjesdal, S. et al., Phys. Lett. 52B (1974) 113. Reprinted by permission of
Elsevier Science

11.3 Regeneration of K¢

Let us consider again a K® beam produced at t = 0, and suppose that, long
after the vanishing of all the Kg from the beam so that only the K}, component
remains, we place on the path of the beam a block of matter which may be
regarded for all practical purposes as composed of protons and neutrons. Pais
and Piccioni suggested in 1955 that, as the K and K components present in
Ky interact very differently with matter, the Kg would eventually reappear
in the beam. That this is indeed the case can be seen by examining the
hadronic interactions of K° and K= with the neutron and the proton. While
there are no differences in their elastic scatterings, only K’ can be absorbed
by matter through KO—Fp — A+7T or KO—FH — A+7". Similar processes for
KO are forbidden by the strangeness conservation: thus K +p 4 A+7+ and
K% +n 4 A+ 7% This difference in the absorption properties of K mesons
by matter is essential to understanding the regeneration of Kg as the beam is
traveling through matter. If we call f and f the amplitudes of scattering of
K° and K’ on the atomic nuclei in matter, then, as we have just seen, f # f.
Now, the wave function that enters the block is that of Ky :

KO+ K’
&

Interactions of the mesons with matter will cause the wave function to change,

s = i, = (11.15)
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so that at exit it is given by
1
V2

In other words the Ky, amplitude will become Ky, + rKg, where r = %
parameterizes the regeneration process, a factor which depends on the prop-
erties of the sample of matter that the beam has gone through. Since r # 0,
there must be regeneration, and the phenomenon has been observed.

The Kg regeneration can be exploited to measure the mass difference
Am, a quantity of key importance in the studies of neutral K mesons. For
this purpose, let us place on the path of the beam two blocks of matter
separated by a distance d that may be varied at will. When Ky, and the
regenerated Kg go through the second block, their oscillations interfere in
a manner different than in the vacuum and that depends on d. By letting
d vary, one may determine the sign of Am from the observed interference
effects between the Kp, and Kg. It turns out that Am > 0, that is, my, > mg.
The Kg regeneration phenomenon, which arises from an interplay between
strangeness hadronic eigenstates and weakly interacting CP eigenstates, dis-
plays many similarities with the oscillations of neutrinos in matter, which we
will discuss in the next chapter.

The two pairs (KO,KO) and (K, Kg), which represent respectively the
eigenstates of strangeness S and discrete symmetry CP, are dual from the
quantum physics viewpoint. The neutral K system which decays into 7~ eT v,

Vf (fK°+TK") = %[(f‘FT)KL‘F(f—T)KS]. (11.16)

and 7+ e~ U, are respectively K° and K. These modes involve the strangeness
S operator. The same neutral K system which decays into two-pion and
three-pion modes are respectively Kg and Kp,. These decays concern the CP
operator. The semileptonic and hadronic decay modes are used to select the
eigenstates of S and CP respectively.

In some sense, the pairs (KO,KO) and (Kp,, Kg) are similar to the spin
states o, and o, of the electron. The operators S and CP play the role of
two orthogonal magnetic fields H, and H, which project out the spins o,
and oy. According to the Heisenberg uncertainty principle and demonstrated
by the Stern—Gerlach experiment, it is impossible to quantize simultaneously
the components o, and o, of the electron spin since they do not commute.

Similarly, the two pairs (K°, KO) and (K, Kg) cannot be simultaneously de-
termined, the operators & and CP also do not commute in weak interaction.
We have a simple illustration of the two familiar concepts in quantum physics,
state superposition and quantization.

11.4 Calculation of Am

All three phenomena that we have just described depend on the mass differ-
ence between Kr, and Kg. It would therefore be interesting to see how Am
is viewed in the standard model. Let us write my, and mg as the real part of
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the expectation values of a certain Hamiltonian operator H = H(®) 4+ H®)
the imaginary part is related to their decay widths (the subscripts 0 and 2
correspond to the AS =0 and |AS| = 2 transitions):

1
my = Re[(Ky | H |Kp)] = Re [5 <KO+KO|H|KO+KO>] :

1 _
ms = Re[(Ks | H | Ks)] = Re [5 <K0—K0|H|K0—K°>] . (1117
from which is deduced
Amsz—ms:Re[<K0’H<2>’KO>+<K°’H<2>’KO>}. (11.18)

This relation tells us that Am stems from the effective |AS| = 2 interac-

tion H®) that causes the transitions between K and KO, represented by the
diagrams in Fig. 11.1. To illustrate the calculation of the matrix elements
involved, at first we keep only the contributions from the u quark in the inter-
mediate states and assume that the four-momenta of the external quarks may
be neglected. Applying the Feynman rules for the standard model (Chap. 9),
we obtain for the process represented in Fig. 11.1a the transition amplitude

=g, 1°[—i ratk (K + my
Mg =i [2\/% ud:| [W%Vus]/W“(S)%(l—%)%_im%)%(l—V5)U(d)
i My —ighe —ig®
x 0(s)ya(l — VS)HVUG —75)u(d) %2 —gM\%V %2 _g]\;\%v

(11.19)

The Feynman—"t Hooft (£ = 1) gauge is used for the W-boson propagator.
Of course, the end result [(see (36) below]| should be independent of the
particular gauge used in the calculation, and (19) can be written as

4 * 2
M, = %IWTW . with (11.20)
d*k Kk,
I“"‘/ )i (2 032 — e ©
T = ()17, (1 = 5)0(d)] [8(s)77 777 (1 = 75 )u(d)] . (11.21)

Neglecting mZ /M3, and using the integral formulas in the Appendix, the
integral I, can be easily performed, leading to the result

. g,uu
I, =—-i—E— . (11.22)
. 64m2ME,

With the help of the identity

VY = 9auVp T Gup VA — GrpVu + ie)\,upa”YS”Ya ) (11.23)
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one gets

9T =4 Ju(s)ya (1 —5)0(d)] [0(s)7 (1 = 75)u(d)]
— 4 OIA%I=2 (11.24)

where ©1291=2 =[5y, (1 — v5)d] [57* (1 — 75)d] .

The spinors u and v have been replaced by the corresponding quark fields,
so that an effective operator on the Hilbert space, H LAS|:2, may be obtained
from the transition amplitude. Similarly, one may calculate the effective
operator corresponding to the process represented in Fig. 11.1b. It turns out
to be exactly equal to alAs=2, Putting together (20), (22), and (24), the full
interaction operator with only u quark in the intermediate states is simply
Gt
2

H® = oplasi=2 4_(  Vas )2 MG, ©1451=2 (11.25)
7I

where g% /8M2, = G /V/?2 is used.

The calculation of Am then boils down to the calculation of the matrix
element of O1A51=2 between states KO and K. We will calculate it in the
vacuum insertion approximation, which implies keeping the vacuum as the
only intermediate state. First, using Fierz’s rearrangement (Appendix), the
operator O251=2 can also be written as

SaYu(1 = v5)da 567" (1 = ¥5)dp = 5ayu(1 — v5)dp 557" (1 — v5)da, (11.26)

where a,b = 1,2,3 label the quark colors. The minus sign in the Fierz’s
transformation combined with the anticommutation rules for the fermionic
field operators yields a positive sign in (26). Now we insert |0)(0] between
the two bilinear spinor products in all possible ways and define

Lfk ¢" dap
3

(0] A |K?) = (057" v5da | K°) = (0] 367" 5uq | KT) = ,(11.27)

2m

=

where the decay constant of the K meson, fx =~ 160 MeV, is extracted
from the K* — u* + v, rate, like fr ~ 131 MeV from 7% — u® + v,
(Chap. 10). The denominator y/2mx comes from the K meson one-particle
state normalization. We obtain in the vacuum insertion approximation

2 2,2
<K0’@|A5|=2’K0>:—ff<ﬂ. (11.28)
3 2mK

In (28), the factor 2 = £(1+ 3) comes from the rearrangement of the color

indices by using (26) and (27).
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If the vacuum insertion approximation is relaxed, the result must be
modified, but the necessary changes may be simply parameterized by a mul-
tiplicative B factor, so that (28) may be replaced by

2 2,042
<K0 ’ olasi=2 ’KO> _ 2 fkmic g (11.29)
3 2mK

B =1 corresponds to the vacuum insertion (28). In a wide variety of models
and in lattice gauge calculations, estimates for B differ from 1, within a factor
of two. From (18), (25), and (29) we obtain the expression for Am:

2

Am = Re {?71;( Vs )? ff(mKM\%V} B. (11.30)

The resulting value for Am is larger than the measured value by a factor of
3 x103. Clearly, something is fundamentally wrong, not so much with letting
B =~ 1 as with neglecting the presence of other quarks, and especially of the
¢ quark in the intermediate states. This oversight can be easily amended.

From the unitarity of the CKM matrix (Chap. 9), the matrix elements
that are relevant to our calculation satisfy the relation

ViaVas + ViqVes + VigVis = 0. (11.31)

Neglecting the last term, which is actually very small, being of the order of
10~*, this relation yields

Vi Vas = =V Ves - (11.32)

This equation indicates there is a destructive interference between the u and
¢ quarks in the transitions under consideration, an effect that will drastically
reduce Am to the level actually observed. It is precisely this interference
effect between the u and ¢ quarks in their actions in weak processes that
underlies the GIM mechanism (Chap. 9). With (32), keeping both u and ¢
quarks in the intermediate states has the effect of replacing in (19) the factor

[ : ] 2 [ : : 2

———| by - .

k%2 —m2 k2—m2 k2 —m2

Therefore, the old expression (22) for the integral I,,, is now replaced with

I(?,’C) E/ d*k k#ku(mf - mﬁ)2 . ) (11'33)
N N Ry R VA

3 2 2
: u,c —1Gpy M — My,
With my, < me < My, 10 = —e___u (11.34)
p 6472 My,
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from which we finally get

672 v

2

Am_Re{&( o Ves) 2 famx (m? —m2)} B. (11.35)
It is the GIM mechanism that allows replacing M3, in (30) with m2 —m2
in (35), making possible a correct prediction for Am, with m. ~ 1.5 GeV.
Historically, Gaillard and Lee exploited this mechanism to predict the mass
of the ¢ quark before the discovery of the charmomium J/v¢ in 1974. Let
us also note that if u and ¢ quarks are mass-degenerate, m, = mc, the
suppression effect of the GIM mechanism would be complete, and Am would
vanish and there would be no transitions between K° and K’ at all. This
suppression can be easily understood in the framework of the standard model
of the electroweak interaction. We saw in Chap. 9 that if the @ = 2/3 quarks
(u, ¢, and t), or alternatively the Q@ = —1/3 quarks (d, s, and b), were
mass-degenerate, there would be no need for a CKM mixing matrix, and
there would be no flavor mixing between quarks having the same charge.
More precisely, in that case each up-type quark would couple only to its own
down-type weak-isospin partner by the charged currents, so that cross-family
couplings would be completely absent, i.e. Vs = Vg = 0.

As already mentioned, the GIM mechanism, which was invented primar-
ily in order to suppress the flavor-changing neutral currents at the tree level,
is still potent in higher-order loop diagrams. Processes depicted by the box
diagrams in Fig. 11.1 are examples of its power.

Finally, let us examine the contributions of the top quark to Am. A
rough estimate using (35), with parameters for t replacing those for ¢, shows
that a top quark mass of about 180 GeV, large as it is, cannot compensate for
the smallness of the CKM matrix elements V;};V;s to yield a significant con-
tribution to Am. The exact unitarity of Voky and a more careful calculation
in the R¢ gauge, keeping z. = mZ /M3, zy = mi /M3;, lead to

G2 . . x
Am = Re { 5 fmuem? | (ViyVes)g(w) + (i Vee  Zg(ae)

+2 (Via Vi Ve Vo) e, 20| } B (11.36)
where the functions g(z) and h(x,y) are given by?
(€)= 1+ —— 53 2, |
T)=— - - = r —
g 47302 2022 2(1—xp BY o
logz |1 3 3
h - - _
(9) y{x—y[4+2(1—x) 4(1—3;)2]“3“_)‘”)
3
- 0. 11.37
AT o (11.37)

! Tnami, T. and Lim, C. S., Prog. Theor. Phys. 65 (1981) 297; ibid. 65
(1981) 1772 (E)
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We note that in the Re gauge, besides the contributions of the W* weak
boson (Fig. 11.1), in the box diagrams there are also contributions from the
would-be Goldstone unphysical scalar bosons w® (those absorbed by W+ to
become massive). Since the coupling of these internal w® to the fermions
Qi = u, ¢, t is proportional to the @Q; mass, the role of the top is dominant in
these w® contributions. Nevertheless, the top overall part amounts to only
8% of that of the ¢ quark. Terms proportional to V. Vis, which one expects
to appear in (36), has been eliminated by the unitarity relation (31).

11.5 CP Violation

Discrete symmetries C, P, and T in particle physics have been discussed in
Chap. 5. As explained there, the CPT theorem implies that T invariance in
strong and electromagnetic interactions is equivalent to CP conservation in
these interactions. The simplest test of the CPT theorem is the equality of
the masses of a particle and its antiparticle, and the best test comes from the

mass difference between K° and K which may be related to Am :

MmKo — M=o Am _
K ~ ~9x10719 .
mygo mygo

Any such difference contributes to the CP-violating parameter ¢ which we
will introduce later. After the discovery in 1956 of the maximum P and C
violation in weak interactions, physicists still believed that T (or CP) were
nevertheless invariant in weak interactions, as in the strong and electromag-
netic interactions. Imagine the great surprise when CP violations in weak
decays of the neutral K system was discovered in 1964.

The standard electroweak Lagrangian with three quark families provides
a natural framework for CP violation through the Kobayashi-Maskawa (KM)
nonzero phase in the CKM quark mixing matrix. As remarkably shown
by KM, the two left-handed doublets (u,d”) and (c,s”) that GIM used to
cancel strangeness-changing neutral current are not enough to incorporate
a complex phase in the quark flavor mixing matrix in order to have CP
violation. With N quark families, the number of measurable nonzero phases
is (N —1) x (N —2) according to the discussion after (9.177). Thus N must
be larger than 2 to yield a nonzero phase, i.e. at least a third doublet (t,b”)
is needed. It is noteworthy that this observation was made by KM in 1973
even before charm was discovered. We will call this KM theory the standard
CP-violating mechanism.

11.5.1 General Formalism

As we have seen in the previous sections, K® and K are mixed by the weak
interaction. Thus, in the presence of this type of interaction, the two states
are inseparable; they form a basis for a two-dimensional subspace. Similarly,
Kg and Ky, form another, equivalent basis of the same space.
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We may then write, for example,

KO = (é) . K- (?) . (11.38)

Let t(t) be an arbitrary state of such space,
(1)) = A(t) [K) + B(t) ]KO> - (gg) . (11.39)

The Hamiltonian in (17) may be split into two parts; one, H(®), conserves
strangeness (strong and electromagnetic interactions), and the other, H(?),
violates strangeness by |AS| = 2. Their sum H = H® + H® should be
non-Hermitian and therefore may be decomposed into a Hermitian and an
anti-Hermitian part, responsible respectively for the mass and the width of
unstable particles

. i
(1H k) = Mjx = 5Tj1. (11.40)

In the two-dimensional space under consideration, H has the matrix repre-
sentation

o= (Mll - %Fu Mz — %Fu)
-\ M2y — 5021 Moz — 5T

B <<K0|H<0>|K°> <K0|H(2>IKO>> _ (11.41)

A\ ®EOK) ®HOK)
CPT invariance of H implies that M1 = Mo = My, with My = mgo = M0,
and T'1; = eg = Ty, with Ty identified with the (common) total decay width

of KO or K. Since by construction, both M and I" are Hermitian, My and

T’y are both real numbers, and My = M, and I's; = I'],. Hence
Miy = 5, Mo — 5T

If H® is invariant under time reversal T, or equivalently under CP, one has
M21 = M12 and F21 = F12, from which M1*2 = M12 and FT2 = F12, i.e. these
matrix elements are real. On the other hand, if T (or equivalently CP) is
not a symmetry of H® one may either have Ma; # Mys or I'ay # I'1o, or
both possibilities. This implies either M;5 or I';2, or both, may be complex.

We proceed now to determine the physical eigenstates Ky, and Kg having
respective masses my, and mg and full widths I';, and I's. Diagonalization of
(42) immediately gives

< 1 K0+KO+€K0—KO K9+ eK?
L = = )

V14 €2 V2 V2 V1+ e
1 (KO—KO _K0+KO>_K?+€K3

Kg = + € .
V14 €2 V2 V2 V1+ e

(11.43)
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We have re-expressed Kp, and Kg in terms of K{ and K9, the even- and
0dd-CP states already defined before. The parameter € is given by

\/M12—1F12—\/M* —ir; _
= ° S P (11.44)

€ = = .
\/M12—§F12+\/M1*2—% 12 pta

If CP is conserved, the quantities Mi2 and I'12 are real, as mentioned above,
and therefore € vanishes. Then, Kg = K{ and K;, = K3, and there is no
mixing between K{ and K9. Such a mixing can occur only if CP is a broken
symmetry. In general, the eigenvalues of M —il’/2 corresponding to (43) are

i i i i
my — §FL = My — §Fo + \/<M12 - §F12> (Ml*2 - 5ij2> )
i i i L,
ms — §FS = MO - §F0 - M12 - §F12 M12 - §F12 5 (1145)

from which

i

i i

If CP is conserved, this result becomes
Am = (mL — ms) = 2M12 y A"y = (FS — FL) = —2F12 . (1147)

Let us now turn to the CP violation in neutral K mesons. In 1964,
Christensen, Cronin, Fitch, and Turlay observed that Ki, decays not only
via the three-pion mode, K;, — 3w, which was natural given its CP parity,
but also via the two-pion mode, K;, — 27, which was truly unexpected. To
make sure that it was the Kj, and not the regenerated Kg that provoked
the observed events, they surrounded the Kj, beam with a great quantity of
helium to eliminate any possible regeneration of Kg.

Since the same particle, Ky, can decay through two channels of opposite
CP parities, it is clear that CP symmetry is violated in the pionic decay
modes of Ky,. This experiment is comparable in nature and significance to
another result obtained eight years earlier, when it was realized that another
K meson, the charged KT, could also decay through two different channels,
Kt — 777 and Kt — 7F7 "7~ (or 77 7%7%). Now, a two-pion state in the
s-wave is parity-even, while a three-pion state with zero angular momentum is
parity-odd. Therefore, parity (space inversion) symmetry must be broken in
these decay modes of K*. Of course, the discovery of parity violation in weak
decays was one of the most important events in modern physics (Chap. 5).
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But while parity suffers maximal breakdown in weak processes (for exam-
ple, in KT to 27 and 3, the branching ratios are comparable in magnitudes
after phase-space corrections), CP symmetry is only slightly broken (the Kj,
to 3w mode clearly dominates the 2 mode). In any case, violation of P, C,
and CP symmetries by the weak interaction is a well-established fact.

CP violation manifests itself through the presence of a nonvanishing
complex quantity € which may be estimated from the branching ratios

DKy —»7fr") Br(Kp —7tr) (7’5
p= =

= =) ~51x107° 11.48
I'Kg —ntn=) Br(Kg —7ntn) TL> % o )

which gives €] = \/p = 2.25 x 10~3. To obtain the complex phase of &, we
may proceed through (44) which takes the form

p—q  pPP-¢ -7

p+q 4dpg+(p—q? 4pg

: (11.49)

€ =

where the magnitude |€] ~ 103 justifies dropping the quadratic term (p—q)?,
which yields the approximation

. Im(M12) — %Im(F12)

€~ - 11.50

‘i Am + 5Ay ( )
Again, with |é| ~ 1073, one may deduce

Im(M12) Im(F12)

<1l, ——= K 1. 11.51

Re(M;2) Re(T12) ( )
Hence, to a very good approximation, (46) yields

Am = 2R€(M12>, A"y =-2 RG(F12) . (1152)

On the other hand, as the ratio Am/A~y = 0.477 is experimentally known,
we may write

i 0i(43.37)° oim/4
. = ~ , (11.53)
Am+ 3 Ay V2.098 Am V2 Am
and the approximate expression for €, (50) becomes
en " Thin(Mas) — -1m(r 11.54
Er m — =Im . .
B Am (M1z) = 5Im(T12) ( )

In order to determine the phase of €, or equivalently its real part, we con-
sider again the charge asymmetry 0(¢) as defined in (14). This quantity was
previously obtained assuming exact CP conservation, i.e. with Ky, = K9 and
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Ks = K{. Now, in the presence of CP violation, one should replace Ky, and
Kg by their exact expressions (43). This replacement transforms (14) into

6(t) =2 [Re(e) + e THTF cos(Am))| (11.55)

which includes the CP violation effect. This result tells us that at ¢ ~ 7g the
time oscillation yields a measure of Am, while at ¢ > 79 the amplitude of
o(t) directly yields Re(€). Figure 11.3 clearly shows the nonvanishing value
of Re(€). We may understand the above result as follows: at large ¢ only

Ky, survives; because of CP violation as shown in (43), K and K exist in
unequal proportions in Ky, and their difference is given by 2€.

11.5.2 Model-Independent Analysis of Kp, — 27

Let us now examine in some detail the CP-violating modes Ky, — 7 + 7~
and Ki, — 7%+ 7%, The eigenstates (43) indicate that there are two possible
not mutually exclusive scenarios in which these decays may proceed.

First, it is the K component of Ky, itself that decays into two pions.
As K9 and 77 states have opposite CP parities, this decay mode can occur
only if the transition violates CP symmetry. As this is a direct violation
by the amplitude itself, the effective coupling strength for this interaction
is of the order of 1073 of the strength of the CP-conserving interaction. It
is a |[AS| = 1 transition and is referred to as a milliweak transition. In
Ky — m + m, its effects are parameterized by a quantity called ¢ defined
later.

In the second scenario, the decay Ki, — 7 + 7 is viewed as being due
to the € K{ component, with € # 0. In contrast to the first scenario, in this
case the decay amplitude, which is that of K{ — w7 multiplied by €, exactly
conserves CP. The CP violation actually observed in the Ky, decay stems from
the KO-K mixing through the mass matrix in (41). It is this mass matrix
that violates CP. As the violation occurs through |AS| = 2 transitions, which
are ~ G%, Wolfenstein dubbed it superweak.

Of course, it is quite possible that the CP violation in Ky, — 7 + 7
proceeds via both scenarios. Actually, it is what happens in the standard
CP-violating mechanism defined earlier. The two scenarios are represented
by the diagrams in Fig. 11.4.

Ki, = K9 / Ky . &Y 7T
T U
milliweak : AS =1 superweak : AS = 2
Direct CP violation in amplitude CP violation in mass matrix

Fig. 11.4. Two scenarios of CP violation in Ky, — 27
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In order to show how experiment may bring out these two scenarios, let
us introduce the following complex quantities which give the ratios of the
two-pion decay amplitudes of Ky, and Kg :

=t e ipt™ A(KL—”T )
o T AKs - wtro)
00 _ |, 00 ,i¢p"° :A(L—”TW)
n=n"le = A(Ks = 070 (11.56)

We will discuss how their complex phases and their magnitudes can be deter-
mined. In particular, a very precise measure of their magnitudes will teach
us a great deal about the nature and the mechanism of the CP violation.

A method used in such experiments is based on the interference phe-
nomenon, analogous to the one considered in Sect. 11.2. At time t = 0, a
beam of pure K® mesons is produced. Using (43), its amplitude of transition
into a 27 final state is given by

AK® — 27) = 4 /21|1+7_|_|€€||22 [A(Ks — 27) + A(KL — 27)] . (11.57)

The time evolution of Ky, and Kg are
_ —tISL|  imer)t
KsyL(t) = KsyL(O) exp T e ’ . (1158)
From (56), the t-dependence of the probability for the 747~ or 27° mode is
Lin(t) = Lix (0) [effst + nPe et 4 2nle TsHT)3 cos(Amt — ¢) | .(11.59)

As Am is already known from independent measurements (Sect. 11.2), ob-
servation of the oscillations of I (t) for t of the order of a few 7g yields the
phase ¢, while for ¢t > 75, when the first term in (59) has died down, one can
make a measure of |7|. Data from the two most recent experiments give

ot — (46.9+2.2)° CERN ,
ot = (43.53+0.97)° FNAL
$00 — (47.1+2.8)° CERN ,
Ap=¢" — ¢t = (0.62+1.03)° FNAL |
- = (0.9931 £ 0.002 CERN ,
- = (0.9904 % 0.0084 + 0.0036) FNAL .

In order to show how these results serve to distinguish the two CP-violating
scenarios, we have to make a detailed analysis of the decay amplitudes. The
final products of K® decays, 777~ and 27Y, have only zero orbital angular
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momentum (s-wave). These two pions cannot have isospin 1 (forbidden by
Bose statistics) but may have isospin 0 or 2. The isospin decomposition of the
decay amplitudes may be written down with the help of the Clebsch—Gordan
coefficients as follows:

AK =7t +77) = %[Az +V24]
AK® - 7% +70) = L[\/5/12 — Ao, (11.60)

V3

where Ag and A, are respectively weak decay amplitudes into isospin I = 0
and isospin I = 2 states of the two-pion system:

Ao = (nm, I = 0|Hy|K®) |, Ay = (nm, I = 2|Hy|K) . (11.61)

As KO has isospin 1/», the matrix element As is nonvanishing only if Hy, be-
haves as an isospin I = 3/ or I = 5/> operator. Similarly, for a nontrivial Ay,
H,, must transform as an isospin I = 1/ operator. Now, from the empirical
rule of isospin weak transitions AI = 1/> (Chap. 6), one should expect a3 =
<6 ’ gl=2 ’a> to be substantially larger than as/, = <6 =22 ’ a>. In
fact, it is found in various hadronic decays of strange particles « into non-
strange particles 3 that their ratio, a1 /2/as/2|, varies between 15 and 30. It
follows that |Ag| > |As]. From Ks — 777~ and Kg — 77" experimental
data, one gets |Ag/Az| = 22.

From our previous discussion, it is expected that in the case of exact
CP symmetry, Ao and Az may be taken to be real, or more exactly their
relative phase may be chosen to be zero. But if CP symmetry is broken and
if this symmetry breakdown resides in the decay amplitude, as the case of
the first scenario, the isospin amplitudes A; are in general complex. This
implies necessarily complex matrix elements I'1o, i.e. ImT'15 #£ 0.

Now for the K* case, the corresponding two-pion K decay amplitudes
can be obtained from (60) by assuming exact CPT symmetry. Let us define

Ay = (rm, I = 0|H[K) , Ay = (rm, I =2/H,K). (11.62)

Upon CPT transformations, |[K°) — —<KO|, (rm, I = 0| — |7, I = 0), and
(rm, I = 2| |wm, I = 2), the assumed CPT symmetry of Hy, yields

Ay =4, , Ay= A5 ; (11.63)

then from (60), the K’ decay amplitudes are

AR = ntr) = _%[A; +V247),
AR = 7°7%) = %[—\/5/1; + Ay . (11.64)
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It remains to include the effects of the final-state strong interaction that
acts between the m mesons in the final states, i.e. the decay products of the
Ky,. These effects are parameterized, as usual, by the pion—pion scattering
phase-shifts do(mg) and Ja(my) for isospin I = 0 and I = 2 respectively.
These pion—pion phase-shifts are measured and known. With these strong
interaction effects included, the four relevant amplitudes are

\/gA(KO — 7T+7T7) = —€i62A2 —+ ﬁei‘svo] 5

V3AK® — 7970%) = \/5 €92 Ay — ei‘s“Ao} ,

VBAR® = atr) = — [ei“zA; +v2 ei“OAz;] ,

VAR = %1% = [- 261“2A;+6150A3] . (11.65)

Re-expressing K® and K in terms of Ky, and Kg, one gets

77+7 =ete 7700 =¢—2¢, with (11.66)
_ . Im(A4)

€e=€+i Re(Ay) and (11.67)
1w i, ) [Im(A2)  Im(Ao) .

€ \/56 Ro(4y) ~ Re(Ag) |’ (11.68)

where w = Re Ay /Re Ag =~ |Az/Ap| = 1/22.

From the above results we learn the following. First, observation of CP
violation effects generally involves two interfering transition amplitudes; for
€, it is the interference between Ay and Ay, while for ¢, it is the interference
between the amplitudes K — 27 and K — or through €. Second, the
parameter € stems exclusively from the first scenario through nonzero values
of Im Ag or Im As, or of both of them. With (68), the phase of ¢ as taken from
(i ei(®27%0)) is Z 4 §5 — §y. Since both J» and dy are experimentally known,
the phase of € is 48° + 4°. In fact, the direct CP violation through the first
scenario is completely determined from the knowledge of n*— — 790 = 3¢
and [n°°/n*T=|? = 1 — 6 Re(¢'/¢). Due to an unfortunate circumstance, € is
strongly suppressed by w, reduced by the AI = 1/2 rule (Chap. 6), and also
by a possibly small difference (ImAs/ReAsz) — (ImAg/ReAp). Note that while
As < Ay, the ratios of their imaginary /real parts may be comparable, since
ReAs is in the denominator. From available data on 7~ and 7%, one has

: 0.00074 £ 0.00059 FNAL, E731 ,
|€'/el =
0.0023 £ 0.00065 CERN, NA3L . (11.69)

The question of whether €’ vanishes or not is still inconclusively answered.
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Finally, from the AT = 1/; rule, the isospin scalar amplitude predomi-
nates in K— 27, hence the CP-violating component in I'15, i.e. ImI'15 must
come mainly from Im Ay, so that

Im(Ao) Im(Ay)

Im(I' o) =T = .
ml'iz) *Ts po) " Re(Ay)

(11.70)

Substituting this result for Im I'12 in the expression (54) for €, and using (67),
one gets

. E—i—iIm(AO) - ol /4 [Im(Mu) (m(4g)7 . Im(Ag)
Re(Ao) V2 Am Re(4y) Re(Ao)

/A (M) Tm(Ay)
\/5 |:2 RG(M12) RG(A()):| )

The expressions for € and € given in (68) and (71) have the following impor-
tant property. As a general rule in physics, the absolute phase of an isolated
amplitude has no physical meaning; it is only when it is measured relatively
to the phase of another amplitude that it takes on a meaning. Therefore,
to see whether there are actually CP violation effects or not, it is necessary
to determine the relative phase of two interfering amplitudes in some appro-
priate weak transition. Also the absolute phase of a state function has no
physical meaning, thus one expects that making the changes

(11.71)

K% — K, K —e 9K’ or equivalently,
Im(AOQ) _ Im(AOQ) a : Im(M12) _ Im(M12) — 9% : (1172)
RG(AOQ) RG(AOQ) RG(M12) RG(M12)

would leave € and € unchanged. This is indeed the case, which shows that
these parameters are physically meaningful and truly represent the CP vio-
lation effects in K decays.

The phenomenological model-independent analysis given above is served
to confront experimental data with different CP-violating mechanisms pro-
vided by theoretical models. These theories must give predictions for Im(Mi2)
and Im(T12) (or Im (Ag,2)) from which we obtain € and €.

In the standard model we will show that the gluonic penguin diagram
implies Im Ag # 0, i.e. direct CP violation in the decay amplitude (first
scenario). Thus a measure of ¢ through that of n*= /1% is crucial for the
validity of the standard KM mechanism of CP violation, which predicts a
small but nonvanishing value of ¢’. An exactly vanishing value of ¢’ would be
a fatal blow to this standard KM mechanism.

In the second scenario (superweak) discussed below, CP violation in
Ky, — 27 is only due to an unknown mechanism which has, by assumption,
an effective AS = 2 compler mass matrix element Mio. This complex M,
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put in by hand to fit K;, — 27 data, is translated into an effective € # 0.
In superweak model, except in the neutral K meson system, the discrete
symmetry CP is nowhere violated. This scenario is completely different from
the standard KM nonzero phase of the electroweak theory which predicts
that, outside the K meson system with nonzero €', large CP violations are
expected in many decay channels of B mesons.

11.5.3 The Superweak Scenario

As already mentioned, the decay amplitudes in the second scenario are CP
conserving. It is only because of € # 0 that K;, — 27. In this case, the
amplitudes Ag and As can be taken as real, so € is identically zero. The CP
violation observed in Ky, decay would arise from the K¢-K$ mixing through
a complex mass matrix element Mis. Note that I'y5 is, in contrast, a real
number.

The K{-K3 mixing may be calculated as

(KO, [K9) = (%) (K” — K|, K + K°)
= 5 (K| HW[K) — (K| Hyo[K%)]
3 (Mg — Mfy) = ilm(M;z) . (11.73)

Since Im Ag = 0 and Im I';o = 0, this yields, through (54) and (67),

Im(M12)
V2Am

Since Am is of the order of G%, the superweak mixing matrix Im (M) is
further reduced below this level by e. The effective coupling strength of the
superweak, which is proportional to Im (Mj2), has roughly the magnitude of
le|Gpm? /6m% 2~ 107!° compared to weak interaction strength ~ Gg. Never-
theless, the superweak interaction may still manifest itself through the mixing
factor € because in (74), the denominator Am is also very small.

In this second scenario, all CP violation effects depend on the single
parameter €. It predicts

¢ =0. (11.74)

el = |&l =

T |K +r—1eKY
mrr Ky _ {rtr e 01> =¢, (11.75)
mtr|Kg)  (wtr[K5)

0.0 K 0.0 —KO
mr K)o le 01>:€, (11.76)
P[Ks)  (m0r0KY)

n

00

_{
(
_{
(

- 2A
so nT7 =" and ¢T = ¢* = ¢° = arctan i

Ay = (43.37 4+ 0.2)°. (11.77)

To date, all data on nt=|, [n°°], ¢, and ¢"0 are consistent with the su-
perweak scenario. This mechanism also makes the prediction that Ky, — 27
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and Kg — 37 give rise to quantitatively equal CP violation effects:

proo = T Rs) oo (0 m T Ks) (11.78)
(rra— 70| Ky) (07070 |Ky,)
So nt= = %0 = pt=0 = 000 Unfortunately, the three-pion Kg decay

modes are extremely difficult to detect because they are suppressed by the
smallness of the CP symmetry breakdown (1073) and by the reduction of the
available phase space in the final state.

As shown in the next subsection, the standard model also gives results
for € close to the data, although, as already noted, CP violation operates
through both scenarios and € # 0 is predicted.

11.5.4 Calculations of ¢ and ¢ in the Standard Model

In order to obtain € and €', defined in (68) and (71), we compute the quantities
Mo, Ag and As. Let us first introduce the Wolfenstein parameterization
of the CKM matrix (Voka) which is particularly suitable for CP violation
analyses.

As in any version, Vogn possesses four parameters: three Euler angles
and one phase. Wolfenstein’s version expands the matrix elements in power
of A = sinfc = 0.2205 £ 0.0018 (¢ is the Cabibbo angle). The other three
parameters are A, p, and 7. To order \* for the real parts and order \* for
the imaginary parts, Voxu reads

-2 A AN3[p —in(1— X))
- 1— 2 —ind2xt AN2(1+in)?) . (11.79)
AN (1 —p—in) —AN? 1

The parameter 7 represents the complex phase responsible for CP violation.
A, p, and 7 can be extracted from data on B meson decays (see Chap. 16),
with the results: A = 0.794 £0.054, v/p? + n? = 0.363 £ 0.073.

Calculation of e. Contributions to the matrix element M5 in the standard
model are represented by diagrams in Fig. 11.1. As expressed by (52), its
real part, Am/2, has been calculated in (36), with the final result obtained
by taking the real part of a certain complex expression. Up to a factor of 2,
due to the uncertainty of the parameter B in (35), the imaginary part is

G} . x .
(M) =5 fmicm? { glwe) Tn(Va Ves)? + 25 gar) (Vi o)?
+ 20 (e, @) T (Vs Vs Ve Ves) | B (11.80)

where g(x) and h(z,y) are known from (37). Therefore, the calculation re-
duces to that of the product of four complex matrix elements V4 Vos Vi g Veys.
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Let us start by studying some properties of the CKM matrix related to CP
violation. Define the product

Ak = Vai Vs VE Vi (11.81)

where (o, 8,7) = (1,2,3) = (u,c,t) or any other cyclic permutation, and
similarly, (4,7,k) = (1,2,3) = (d, s, b). These nine complex numbers A,
though very different in magnitudes and in their real parts, have exactly equal
imaginary parts. Their common imaginary parts will be denoted by J, from
Cecilia Jarlskog who was the first to point out this remarkable property. As
will be shown further on,

Im(Ayk) = Im(Vai Vi Vi Vi) = T D €apreiji (11.82)
v,k

The term J is a universal number in the sense that it does not depend on
how the CKM matrix is parameterized. It shares this property with |V,
In addition, J as well as |V,;| are also invariant to the phase redefinition of
the quark fields that define the matrix representation, e.g. ¢ — ge' implies
Vi — V,Ykei((’kfev). J is both invariant to phase redefinition of the quark
fields (called rephasing-invariant) and independent on the parameterization
of the CKM matrix. Since any physical quantity that violates CP symmetry
is proportional to J, that quantity must equally possess these properties.

The reason all nine A, have the same imaginary part can be seen as
follows. First multiply both sides of the unitarity relation

VaiViy ==Y VaiVsy,  withi#j, (11.83)
d#a

by Vj;Vj;, and using the cyclic character of the indices, the A, in (81) is
transformed into

A = =A%, = [Vail |V - (11.84)

From (84) it is evident that the nine A, have equal imaginary parts, and
that there exists just one independent Ay, the other eight being expressible
in terms of it and of the magnitudes of the CKM matrix elements. The
common imaginary part is given by

J = A2)\67’] , Or J = |(013)2 C23 C12 512 513 S23 sin 513| (1185)

in the Wolfenstein’s version or in the version (9.178) of Vekm.

It can also be shown that J is given by twice the area of any one of the
six triangles defined by the following six unitarity relations: three obtained
by fixing any two columns ¢ and j, and three others obtained by fixing any
two rows 3 and 7 :

3 3
S VaiVi =0, > VeV =0.
a=1 k=1

i#j By
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These six relations may be represented by six triangles in the complex plane.
For example, the three complex numbers considered as vectors A; = V1V,
Ay = Vo1 V55, and Az = V3,V35, which sum up to zero, define one such
triangle. They are called unitarity triangles, their significance to heavy flavor
physics will be discussed later in Chap. 16.

Although very dissimilar in their shapes, all those triangles have equal
areas, given by 3 |A1||Az|sin(A; - Ay), which is $ Im[A; - Aj] = 2Im Az, =
% J. Just as the area of a triangle is given by the lengths of its sides, so J is
also given by the various |Vj;|. In particular J vanishes if one of the nine Vj;
does. Hence the necessary condition for CP violation (i.e. J # 0) is that none
of the nine matrix elements V;; is zero. Returning now to (80), we express
the three factors found in it as

Im( cti‘/CS)2 =-2J )
Im (Vi Vie)? = 2420(1 = p).]
Im(VigVisVeaVes) = 4+, (11.86)

where J = A2\%). From (54), (71), (80) and the above equation, one gets

2 £2, 2
GFmec mg

el = 6v2m2Am

J | —g(ze) + A2 N (1 — p) %g(xt)—kh(xc,xt) B .(11.87)

We have approximated |e| = |€| by neglecting Im(Ay), i.e. by neglecting € in
€, [note that |¢//e| = O(107*)]. Since J is small, it is not surprising that e is
in agreement with experiment. With the ¢ measurement alone, the standard
KM mechanism cannot be differentiated from the superweak scenario, hence
the crucial role of €’ for testing different CP-violating mechanisms.

How do we compute ¢ ? Whereas ¢ is related to the AS = 2 mixing
matrix Mio as depicted in Fig. 11.1, the parameter ¢ describes direct CP
violation with the AS = 1 transition s— d shown in Fig. 11.5a. As will
be shown later, for large W boson mass, this diagram is equivalent to the
‘penguin’ diagram of Fig. 11.5b.

The calculation of €’ is more subtle because it involves the amplitudes
Ao and As, the first of which being dominant, according to the AT = 1/
empirical rule. It will be seen later (Chap. 16) that QCD does indeed amplify
the I = 1/ transitions at the expense of the I = 3/ transitions, giving a
qualitative explanation for the AT = 1/ rule. There are several reasons for
the penguin diagram to be the key to the calculation of Ag, and hence to
direct CP violation in the amplitude (first scenario).

First, the transition s—d changes strangeness by one unit, exactly as
required by the first scenario.

Second, we will see later in (94) that the gluonic penguin operator has
the form ag[dy, (1 — v5)N s] [g7* M g]. This is an I = 1/> operator, because
it is the product of an I = 1/, operator, dv,(1 — v5)Ms, with an I = 0
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gluonic current ¢gy* ) q. Thus the matrix element Ag of an I = 1/; transition
is obtained. Let us mention in passing that A; may be obtained from a
diagram similar to that in Fig. 11.5, with the gluon replaced by a photon or
a ZY and is called electroweak penguin. Now there is an electromagnetic or
a weak neutral current of isospins 0 and 1 coupled to the I = 1/; operator to
give, among others, isospin-3/; transition and hence As.

Finally, the penguin diagram involves the matrix elements V34 Vqs for
Q= u, ¢, t; hence the Ay depends in particular on V;Ves and Vi Vi, and
so must be complex. These complex matrix elements give rise to direct CP
violation in the amplitude.

(c)

Fig. 11.5. (a) s+ q — d+ q transition; (b) penguin: same as (a) but the W
propagator is squeezed into the point A; (c) Hgi‘f, [see (93)] is a local operator
because the gluon propagator 1/k* is compensated by k? of the loop integral

11.5.5 The Gluonic Penguin and |¢'/¢|

To lowest order of the Fermi coupling G, the flavor-changing neutral current
s — d is forbidden by the GIM cancelation mechanism (Chap. 9). Induced by
QCD, the s — d transition with one gluon emitted, as shown by Fig. 11.5a,
gives rise to an effective interaction Hggg which yields CP violation in the
decay amplitude Ki, — 27 with a strength ~ Gras /7.

Our purpose is to compute this effective interaction Hgi“n. As can be
shown below, the diagram 11.5a gives the same result as the diagram 11.5b,
once the sum over Q=u, c, t is performed to overcome the divergences in the
loop integrals of the diagrams 11.5a, b.

We first compute the Q quark loop represented by Fig. 11.5b. At the
gluon vertex (shown by B in Fig. 11.5b), there is a QCD quark current
Q7,17 Q which contains the SU(3) color matrix 79 = M. On the other
hand, the weak interaction vertex (shown by A in Fig. 11.5b) is a four-point
vertex of the type [dy,(1 — 75)Q] [@Q7*(1 — 75)s] which of course is a color
singlet. To calculate the effective interaction operator which is under consid-
eration, a trace over the color labels is to be taken in the quark loop integral.
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Since the expression of the transition amplitude contains an explicit color
matrix 77 from the gluon vertex but none from the weak interaction four-
point vertex, it is convenient to make a decomposition of the color content
of the latter. This can be done with the help of the identity (Problem 11.5)

8
1 1 o
Oendys = 30cs0gn + 5 > (M)es (W )gn (11.88)
J

—

where e, f, g, h are color indices running from 1 to 3. Actually, this relation
is very useful in QCD corrections to weak decays, and we will exploit it again
in Chap. 16. Using (88) together with the Fierz rearrangement, we have

(1= 5) QU@ (1= 15)s] = 5 [du(1 = 35)s][@2" (1~ 75)@)
+ %[Jw(l —75) N 8] (@7 (1 = 75)X Q] . (11.89)

The current Qv (1 —~5)M Q of the last term in (89) will couple to the QCD
current Q%Tj @ and leads to a nonvanishing trace in color space.

For each internal quark line Q, one has the following contribution from
the loop where the external momenta of s and d are neglected, as in (19),

Y (k) =i (;\%)2 (Mlv2v> (—igs) % [dyu (1 —75)N 8] V54 Vas

4 i
<O [ G e e ]

Here (—igs) and (—ig/2v/2) are the strong and weak coupling constants;
i/Mg3, is the approximation of the W-boson propagator —i/(p? — Mg,) when
we go from Fig. 11.5a to Fig. 11.5b. Its justification will be given later.
There is a minus sign due to the anticommutation rule of fermions in the
loop, and k is the gluon momentum. Setting g?/8M3, = Gr/+v/2 and using
Tr (MA!) = 287!, the above expression becomes

Gr

() = 2 (g [ (1 = 25) T3] Vg Ve 1570, (11.90)
where
4 i i
1) = (1) [ G [w<1—%>¢_mQ~w¢_k_mQ - (11.91)

Besides the factor (1 —~s) which is irrelevant because of the trace, the above
integral is familiar and will be discussed in Chap. 15, in relation with the
vacuum polarization and the running coupling. The divergent part If of
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(91), coming from p > My and p > mq, turns out to be independent of Q.
It does not contribute to the transition amplitude because of the unitarity of
the CKM matrix, or the GIM cancelation mechanism:

Z VQdVQS d1v = Ig:/ Z V(SdVQs =0.
Q Q

Since the divergences in both diagrams of Fig. 11.5a and Fig. 11.5b vanish by
the GIM mechanism, the upper limit of their p-integrals can be taken at any
value lower than the W mass, and the substitution —i/(p? — Mg,) by i/M3;
is justified. The W mass plays the role of the momentum cutoff, this in turn
explains why the diagram 11.5a gives the same result as the diagram 11.5b.

Ounly the finite part of the integral (91) remains to be evaluated. The
calculation will be done in Chap. 15 and given in (15.6) and (15.30). The
dominant finite term can be directly taken from (15.6) which gives
mQ

I (k%) = =i(k*g" — k'E) ——= log (11.92)

1272
In the course of the computation, a mass scale p is introduced in (15.6) or
(92) for dimensional reason. However pu? will disappear in the final result, as
can be seen below in (94). Once the loop integral is known, we attach (92)
to the external quark current gv,T7¢ (indicated by C in Fig. 11.5b) via the
gluon propagator. Note that the first factor, k2¢"*, when multiplied by the
gluon propagator —i/k?, yields a local operator, i.e. a k%-independent finite
term. The contribution of the second factor, k*k", vanishes when it operates
on the conserved current qvy,T7q.

Finally, summation over internal quarks Q = u, c, t and application of
the unitarity of Voxw lead to the penguin operator

G - . 1 m2
lu __ * Q
Hgi =5 ) (=) T/, 32 Vit gz los 23
. N ! . _ ;
< (ikg) (32) (o) T . (1193
which can also be written as
Gr « m2 m?2
lu . S * e
chn = ﬁm {‘/td‘/ts 10g mc -V qus 10 m% Opcn y
Opcn = [&7#(1 - VS)AJ— S] [q FY#)\J- Q] . (1194)

Using V. Ves = — {ViVis + V5 Vis |, the term inside the curly brackets {} of
(94) is derived from the identity

2 m? m2

Z VQdVQS 10g = ViiVis 10g — V2 Vas log -

Q=u,c,t C

ENON
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As explicitly shown by (94), this effective s — d strangeness-changing neutral
current is a four-fermion operator in the bilinear form with a total isospin
I = 1/5, as explained earlier.

The calculation of the imaginary part of Ag = (w(k)n(p) | HEM | K°(P))
involves the consideration of the matrix element

(w(k)(p) | [du (1 = 36)V 8] [N g] |[KO(P)) . (11.95)

From (88), we write M) in the above equation as a product of the color
singlet currents, then applying a Fierz’s transformation on the latter, and
finally, using the factorization approximation in the calculation of the matrix
element [see Sect. 16.4, and (16.95) as an example], we estimate (95) to be

(m(k) | dvuvsq | 0) (m(p) | gv*s | KO (P))
= frku [(P+p)* f+-(K?) + k" f_ (K?)
= fx [(mik —m2) fr(m2) +m2 f_(m3)]

~ fo(mk —m2) | (11.96)

the last line comes from f (0) ~ 1. All of these calculations lead to the result

Gr ag . m2
Im(Ao) ﬁﬂf”(m%{ — m2)Im(VgVis) log m—;
Gr ag m2
A Emfﬂ(mf( —m2)A%)\%n log m; : (11.97)

The term V4V, is real and does not contribute to Im (Ag). With this result
for Im(Ap) and the experimental value for Re Ay = 3.3 x 10~* MeV taken
from the decay rate of Kg — 27, one gets ¢’ from (68) using w = 1/22 and
Im(Az) = 0. For another estimate of Ag, see Problem 16.1.

Finally, from the measured value of |¢|] = 2.258 x 1073, one obtains
the ratio |¢//e| ~ 1073A?n. Thus the standard model predicts a small but
definitely nonzero ratio |¢’/e| ~ 10~% with a large uncertainty by a factor of 3,
the uncertainty essentially comes from the difficult evaluation of the matrix
element in (95) because of its nonperturbative character. Nevertheless, this
prediction provides an important test of the CP violation in the KM fashion.
A ratio that is either vanishingly small or greater than about 10~3 would
indicate that this mechanism is inadequate and that an explanation beyond
the standard model is called for. Experimental measurements of €' are being
planned at CERN and FNAL. The ultimate accuracy of these experiments
would be better by an order of magnitude than (69), and may resolve this
important issue.
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Problems

11.1 CP-even and -odd eigenvalues of pions in K° decay. We con-
sider the neutral K meson decays into pions. Show that the two-pion system
7970 and 777~ has even eigenvalue CP |n7) = + |77). Also show that the
three-pion system 7%7%7" has odd eigenvalue CP |7’7%70) = — |r07%x0).
How about the CP eigenvalue of 77~ 70 ?

11.2 Al =1/2 rule in the decays of strange particles. Show that
MK - 7t +77) = 2I'(K® — 7% + 7Y), if AT = 1/2 strictly holds. The
deviation is used to measure the ratio w = |A2/Ag| = 1/22 of the amplitudes
Ao and A mentioned in the text. With the AI = 1/2 rule, show that
the amplitudes ay = AXT - n+7"), a. = AXZ™ — n+ ), and
ap = A(XT — p + 7°) satisfy ay ++v/2ag = a_. This relation, represented
by a rectangular triangle, can be translated into I'(X* — n+71) =T(2~ —
n+7")=I[(E" — p+ 7%). Compare this prediction with the data.

11.3 Long and short neutral D and B mesons. FExplain why for the
flavored neutral meson systems : D® = (tic), BY(bd), and BY(bs), the CP-
even and -odd eigenstates cannot appear as the long and short components
to be easily identified, contrary to the neutral K system.

11.4 Mass difference Amp. For the two eigenstates coming from the

Bgfﬁg mixing, while one cannot make a distinction between their lifetimes,
their mass difference Amp can however be measured (Chap. 16). It turns
out that Amp = (34 0.12) x 107* eV &~ 102 x Amg. With such value of
Amgpg, show that one can predict a lower bound of the top quark mass, before
its discovery in 1994. Explain why the mass difference Am$ of the two B
eigenstates is again much larger than Amp. Estimate Amg.

11.5 The relation (11.88). Derive this useful relation.
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