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1 Introduction

Parity violation was discovered in 1957 [1] in nuclear  decays, pion and muon
decays [2]. In the charged current interaction of the standard electroweak theory,
parity and charge conjugation symmetries are maximally violated due to the V — A
structure [3]. All the experimental results up to now are in full agreement with the
theory.

A surprising discovery of the CP violating K;, — n7n~ decays [4] was made
in 1964. The neutral kaon system still remains the only place where CP violation
has been seen. The Standard Model with three fermion families can accommodate
all the observed CP violation phenomena through a complex quark mixing matrix,
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [5]. However, no real precision test
has been made due to the large uncertainties in evaluating the effect of hadronic
interactions.

Interest in CP violation is not limited to elementary particle physics. It is one
of the three necessary ingredients to generate the observed excess of matter over an-
timatter in the universe [6]. The other two conditions are baryon number violation
and being out of thermal equilibrium. It was realised [7] that the Standard Model
could meet those three requirements: baryon number violation through transitions
to different vacuum states above the electroweak energy scale, being out of thermal
equilibrium at the electroweak energy scale through the first order phase transition,
and CP violation through the Kobayashi-Maskawa phase in the CKM matrix. How-
ever, the current lower limit of the Higgs particle mass is already too high [8] to
produce the first order phase transition. Furthermore, CP violation present in the
Standard Model is far too small to explain the observed matter-antimatter asymme-
try in the universe [9]. Baryogenesis at the electroweak energy scale is still possible
in various extensions of the Standard Model, which introduce additional sources of
CP violation. This provides a strong motivation to search for effects of new physics
in CP violation.

For CP violation in some B meson decay channels, the Standard Model can make
precise predictions with little influence from the strong interactions. Those channels
can be used to test the predictions quantitatively to look for a sign of new physics.
In addition, CP violation is expected in many decay modes in the B meson system.
The pattern of CP violation allows us to make a systematic qualitative comparison
with the Standard Model predictions. Therefore, it is now widely accepted that the
B-meson system provides in future an ideal place for testing the Standard Model for
CP violation [10].

In this article, we first derive the formalism [11] describing the particle-antiparticle
system, with and without CP violation. Three different mechanisms which can gener-
ate CP violation are clearly classified, together with experimental observables which



identify contributions from the different mechanisms. Then, CP violation in the
neutral kaon system is analysed in this formalism. After a brief discussion on the
Standard Model description for CP violation in the neutral kaon system, we proceed
to the neutral B meson system. Some Standard Model predictions are described and
it is discussed how the situation could change if new physics existed and contributed
to the B meson system.

2 Description of a Particle-Antiparticle System

2.1 Basic Formalism

CP (charge conjugation and parity transformation) is a unitary transformation. Ar-
bitrary ket-vectors, |a) and |3), and the CP transformed ones,

CPla) =|acp) and CP|B) = |6cp) ,
satisfy
(ace|Bep) = (alB),
[(al(CP)T] CP|B) = (a] [(CP)'CP|B)] = (a]B)

which implies

(CP)ICP =1.

T (time reversal) is an antiunitary operator. The relation between arbitrary
ket-vectors, |a) and |3), and the T transformed ones,

Tlo)=lor) and T|8) = |Br)
is given by
(ar|Br) = ((alT1) T18) = ((a]B))".
It follows that,
((alTh) T18) = [(a] (T'T]3))]

and
7T =1.

Note that an expression must be complex-conjugated when the direction to which T
operator acts is changed.



For an arbitrary complex number ¢, it follows that
clala) = (alda)
= {a| (T'TeI"T|a))
((a|h) (Ter'T|0))]

= *{ala)
thus ¢ = ¢* and
Te=c"T
In a similar way, we can derive
CPc=cCP.

Let |P% and |P% be the states of a neutral pseudoscalar particle P° and its
antiparticle P° at rest, respectively. They have definite flavour quantum numbers
with opposite signs: F = +1 for P? and F' = —1 for P°. Both states are eigenstates
of the strong and electromagnetic interaction Hamiltonian, i.e.

(Hy + Heom) |P°) = mo|P%) and (Hg + Hen) |P?) = m6|P°) (1)

where mg and iy are the rest masses of P? and P?, respectively. The PY and P° states

are related through CP transformations. For stationary states, the T transformation

does not alter them, with the exception of an arbitrary phase. In summary, we
obtain . .

CP |P%) = ¢%P|P% and CP|P°) = e~ i%r|PO) 5

T |P% = ¢0t|P% and T|P°) = e!/t|P) )

where the §’s are arbitrary phases, and by requiring CPT |P%) = TCP |P?) it follows

that
20cp =61 — Op . (3)

If strong and electromagnetic interactions are invariant under the CPT transfor-
mation, which is assumed throughout this paper,

CPT (Hy 4 Hew) (CPT) ™' = Hy + Hepy |
it follows that
mo = (P°|(Hy + Hem)[P°)
= (P°|[(CPT)™ CPT (Hy + Hem) (CPT) ™ CPT|P)]
= {[(P°UCPT)™'| (Hy + Hew) [CPTIPY)]}



Using Equations 1 and 2, we obtain
moy = My ,

i.e. the rest mass of a particle and that of its antiparticle are identical.

Now we switch on the weak interaction, V', through which P can decay into final
states f with different flavours (JAF| = 1 process) and P° and P° can oscillate to
each other (|JAF| = 2 process). Thus, any state |¢(¢)) which is a solution of the
Schrodinger equation

i 2 600) = (Hua+ B V) 00 (@)

can be written as
(1)) = a(t)[P?) + b()[P°) + > cr(t)If)
f
where the sum is taken over all the possible final states f, which are both real and
virtual, and a(t), b(t) and c¢(t) are time dependent functions; |a(t)|?, |b(¢)|* and
|t (t)]? give the fractions of P?, P? and f at time ¢ respectively.
By introducing

&(t) = a(t)ei(Hst+Hem)t (5)
b(t) = b(t)e Mttt 6
6f(t) = Cf(t)ez(HSt“"Hem)t

and

Equation 4 can be written as

0 - -
15 [0() = V)lv() (7)

where V(t) = e(HsttHem)ty e=ilHstHem)t - Note that V does not commute with
Hy + Hen. By operating (P°], (P°| and (f’| from the left side of Equation 7, we
obtain

1 %fb(t) B <PO|V|P0>C~L(75)+<P0|V|FO>(~)(t)—|—¥<P0‘V‘f>éf(t)ei(moEf)t (8)
0= (PVIP)a(t) + (P VIPOR() + 3P IVIDE (D) (9)



and

i Dau(t) = (EVIPOYa(t)eEe oty (v [BO)(t)e B mol

ot
+ Y (| VIE)ep (t)e! P - Fot (10)
f

By applying the Wigner-Weisskopf approximation [12], the last term of Equation
10, which is due to the weak interaction between the final states, can be neglected
and partial integration of Equation 10 leads to

i(Epr—mo)t B

& (1) = lim ﬁ [(FIVIPO)a(t) + (F|VIPOb(H)] + O(V?) (1)
where the choice of ¢ > 0 is made so that the expression remains finite for ¢ —
oco. Since the weak interaction is much weaker than strong and electromagnetic
interactions, perturbation theory can be applied and terms with higher orders in V/
are neglected. By inserting Equation 11 into Equations 8 and 9, a(t) and b(t) are
now decoupled from ¢ (t).

Using the theorem

lim L P <l> —imd(z) ,

e—+0 T + 1€ T

where P stands for the principal part, and Equations 5 and 6, the original Schrodinger
equation 4 is reduced to

alin)-a()-(e) (i) o

where only a(t) and b(t) appear. The elements of the 2 x 2 matrices M (mass matrix)
and I' (decay matrix) are given as

=, V1 + 5o (LLDA0V1D) "
f

mo — B
and

£y = 2w S (IVID V13l — B (14)

respectively where the index i = 1(2) denotes P°(P°). Note that the sum is taken
over all possible intermediate states for the mass matrix, and only real final states
are considered for the decay matrix. In this matrix representation, |P°) and P°) are

given by
|P0>:<(1)> and\p[)):(?) . (15)



If the Hamiltonians are not Hermitian, transition probabilities are not conserved
in decays or oscillations, i.e. the number of initial states is not identical to the
number of final states. This is also referred to as the break down of unitarity. We
assume from now on that all the Hamiltonians are Hermitian. Therefore, we have

la(t)]” + [b(t) \2+Z\Cf|2—1

and
M;; =M, I =17

g tij Ju o

from Equations 13 and 14, noting V1 = V. Clearly |a(t)|* + |b(t)|? decreases as a
function of time, hence A is not Hermitian.
If V is invariant under the T transformation, i.e. TV T~! =V it follows that

PIVIPY) = (P (T TV T TP

— (<PD|V|PO 229(;1))

= (PO|VI[PO)e2ter
<F0|V|PO>6—21‘BCP

and
Y (POVIEEV[PY) = > (P|V|fr) (fr|V|PO)e~*%er |
fr

f

where Equations 2 and 3 are used and |ft) = T|f). Since the sum is taken over all
the final states with all the possible kinematical configurations, it can be shown that

;Iﬂ(ﬂ =D lfr)(Er] -

fp
From Equations 13 and 14, we now obtain Ay = Ay e 20cP: e,
T conservation = |A19| = [A2] .

In a similar way, the following relations can be obtained if V' is invariant under
the CP transformation:

CP conservation = |A15| = |A21| and Ay = Ay .
By combining the two, we obtain for the CPT invariant case:

CPT conservation = A;; = Ay .



It follows that

oif Ay # Agg, ie. My # Moy or Iy # I'ng -
CPT and CP are violated

Olf |/112| 7é |/121| .
T and CP are violated .

Note that CP violation cannot be separated from CPT violation and T violation.
While there is no fundamental reason to respect CP and T symmetries, it can
be shown based on only a few very fundamental assumptions that no self-consistent
quantum field theory can be constructed that does not conserve CPT symmetry [13].
Therefore, we restrict our further discussion to the case where CPT symmetry is

conserved:
MH:MQQEMandFH:FQQEF

so that
/111 = /122 =A.
i.e.
B A Aps
() "
where

A:M_ER /112=M12—5F127 /121:M1*2_§F1*2-

Now Equation 12 can be written as

iaggf) — Aa(t) + A b(t) (17)
ob(t)
o = Agya(t) + Ab(t) . (18)

Equation 17 implies

b(t) = A%z [Z di‘h(f) - Aa(t)] . (19)

By differentiating Equation 17 with respect to ¢, we obtain

,32a(t)_ da(t)
e~

Using Equations 18 and 19, it follows that

ab(t)
ot

+ Ao

02 af(t) _al(t)
0

12 + 21 A + (/112/121 - /12) a(t) =0 s (20)



where a general solution of this differential equation is given by
a(t) = Cre ™Mt 4 C_e ™1 (21)

and C1 are arbitrary constants which can only be defined by the initial condition.
Then, b(t) can be derived from Equation 19. Insertion of Equation 21 into Equation
20 leads to

/\3E - 2/1/\:|: - (/112/121 - /12) - O

from which the eigen-frequencies are obtained as

Ay = A/ A1p49

For an initially pure P state, we have a(t) = 1 and b(t) = 0 at ¢t = 0, i.e.
C, = C_ = 1/2. If we focus our interest only on |P% and |P%), the solution of
Equation 4 becomes

[PP(1)) = a(t)[P") +b(t)[P°)

= [+ @®[P%) +Cf- (1) [P7) (22)
_ \/1"2‘|<|2 (|P+>e_i>‘+t—{—|P_>€_i)\7t) (23)
where fi(t):i(eiw\ﬁ_tieii)\_t)
2
and

/ Aoy
¢ = /1_12 . (24)

The two states |P,) and |P_) are given by

Pa) = ———— (IP%) + ¢[P%) . (25)

y 1+ [C?

and their matrix representation can be derived to be

'P*“ﬁ(ilc)'

from Equation 15. Using this matrix representation and Equation 16, it follows that

AlPy) = A\i|Py) (26)



i.,e. P, and P_ are the eigenstates of A with eigenvales A, and A_ respectively.

It must be noted that A5 and Ay are complex numbers, thus ¢ has a two-fold
ambiguity. We can, however, select any of the two solutions without losing generality
as discussed in Section 2.2.

For an initially pure P state,

) = %f_<t>|P°>+f+<t> ) (27)
1 2 ) )
Vo TR ;C'C' (IPaye et = Ppyeiat) (25)

describes the time evolution of the state.
It is common to introduce

7
/\:I: =My — §F:|:
where

m4 = §R)\:|: =M + §R ( /112 /121 )1/2 (29)

and
[o=—28Ae =1 F 25 (Ap Ay )2 (30)

While P have definite masses, my, and decay widths, I’y (as seen from Equations
23 and 28), PY and P° do not and they oscillate into each other (see Equations 22
and 27).

2.2 CP Conserving Case

If V remains invariant under the CP transformation, from Equations 2, 13 and 14 it
follows that

—i20 * —120,
M12 = Mgle P = M12€ cp

thus
arg M5 = —0cp + n,
and
[112 — ]’12167i290p — F{k2€7i290p
thus

arg Iy = —0cp +n'm,

where n and n’ are arbitrary integer numbers.
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Figure 1: Relative phase relations for My, I5, and CP transformation phase f¢gp
when CP is conserved: 1) C'P = +1 state is heavier and decays faster, 2) CP = +1
state is heavier and decays slower, 3) C'P = +1 state is lighter and decays faster,
4) CP = +1 state is lighter and decays slower.

For ¢, we have

= A2 _
=\, =
where n” is 0 or 1 due to the two-fold ambiguity in the square-root operation of a

complex number mentioned earlier. The two mass eigenstates |P) and |P_) become
CP eigenstates

ei (Qcp—i-nNTr)

CP|PL) =+ (—1)"'|P) .
The masses and decay widths of PL are derived from Equations 26, 29 and 30 as
my = M + (—1)n+n”’M12‘

and
ry=r+(-1)" " ATI

By examining various combinations of n, n’ and n”, we can show that the following
four physical possibilities exist:

10



1. n=even, n’=even: C'P = +1 state is heavier and decays faster,
2. n=even, n'=odd: C'P = +1 state is heavier and decays slower,
3. n=odd, n’=even: C'P = +1 state is lighter and decays faster,
4. n=odd, n’=odd: C'P = +1 state is lighter and decays slower.

Figure 1 illustrates the phase relations in a pictorial way. The choice of n” does not
alter the conclusion and n” = 0 can be adopted without any loss of generality. In
this case, |Py) is the CP = +1 state and |P_) the CP = —1 state. If n” = 1 would
be adopted instead, |P) would be the C'P = —1 state and |P_) the CP = +1 state.
This is equivalent to swapping the notations for P, and P_. We adopt n” =0 from
now on.

2.3 CP Violating Case

Let us consider the time dependent decay rate for the initialPO decaying into a CP
eigenstate f, given by [(f|V|P°(¢)}|?, and that for the initial P° decaying into f, given

by [(fIV[PO(£)) [

R o 1L 0P+ ] 108 + 20 |G 07 0] 1)

Rlt) |% |f+(t)\2+‘% 0 + % [cj—ifi(t)f(t)] (32

where the instantaneous decay amplitudes are denoted by Ar = (f|V|P°) etc. and
Equations 22 and 27 are used.

Since Rg(t) and Rg(t) describe the decay rates of the CP-conjugated processes
to each other, any difference between the two rates is a clear proof of CP violation.
As seen from the first terms of Equations 31 and 32, CP violation is generated if
|A¢| # | A¢|. This is called CP violation in the decay amplitudes.

From the second terms of Rg(t) and Re(t), it can be seen that CP violation is
generated if |(| # 1 even if there is no CP violation in the decay amplitudes. From
Equations 22 and 27, it is clear that the oscillation rate for P — P? is different from
that for P — P if |¢| # 1, thus this is called CP violation in the oscillation.

The third term can be expanded into

2 ()R [m000] -2 () s [ 0-0)

11



for Re(t) and

2 A . 2 oA g [
e (gxf)%[mt)f_(t)ﬁ T (c Af) S0 f- ()]

for R¢(t). If CP violation in P°-P? oscillation is absent, the first terms are identical.

Even in that case, if
A
gL
R (C Af> #0

CP violation is still present. Since the process involves the decays of P° (P%) from
the initial P (PY) and decays of the P? (P?) oscillated from the initial P° (P°) into
a common final state, it is referred to as CP violation due to the interplay
between decay and oscillation.
If CP violation in P%-P° oscillation is small, i.e. (|¢| —1)* < 1, it follows from
Equation 24 that
S (M517) |

<1
4| Mig|* + | T2 ]?

which can be due to
a) |sin(er —em)| <1
b) |F12/M12| < 1

C) |M12/F12| < 1

where pr = arg I'15 and ¢y, = arg M.
As explained in the following section, condition a) applies in the case of the
neutral kaon system. By introducing

er—em=Nm—Army (33)
where |Ap | < 1 and N is an integer number, ¢ can be approximated as
2| Mo | T2 Ar i l N .2!M12|]} i
~ (1— —)NHL T L et 34
‘ { 4| Mio|? + | T2/ - |1 (34)

m4y = M:i:(—l)N|M12|
Fj: == F:i:|F12’

For the Bq and By meson systems, conditions a) and b) apply, and ( can be

approximated as
I )
¢ =~ {1 +$ (—]\41122> } e oM (35)

m4y = Mﬂ:|M12|
Iy = I'+(=1)N|Iyl.

12



3 Neutral Kaon System

3.1 Adaptation of Formalism

Now we adapt the formalism developed above to the neutral kaon system. The two
mass eigenstates are called Kg and Ky, with corresponding masses and decay widths
referred to as mg, my,, I's and [T, respectively. More than 99% of the neutral kaon
decays are into the two-pion final states (777~ and 7%7°), which have CP = +1.
The next largest (but very much smaller) decay modes are 77~ 7% which is mainly
CP = —1, and 7°7%7°, which is totally CP = —1. In the absence of CP violation
only Kg can decay into the two-pion final states and Ky, only into three-pion final
states. This explains the observed pattern of I's > [1. It is also known that
mg < mp,. Furthermore, tiny CP violation effects are well established in the K,
decays. In conclusion, M, and I'2 are almost antiparallel to each other (but
not exactly) and N =1 in Equation 33.
From Equation 34, it follows that

¢ =(1—2¢e)e"r (36)
where the small parameter € is given by
o — M| Tzl sin (pr — ou) <1 4+ 2 M| )
4| Miz|? + [I2]? |2

For Equation 25, Kg corresponds to P, and K, to P_ and we obtain

Ke) = —m—— [IK") + (1 — 20)e " [K") (37)
V2 — 4Re
1

K) = T [IK?) = (1= 2e)e K] . (38)
From the measured lifetimes [14],

1

== (0.8934 4 0.0008) x 1071% s

S

and )
m=-— =(5174£0.04) x 107% s
I,
ie.
Al = I's — I, = (1.1174 4+ 0.0010) x 10*° s7*

and the mass difference [14],

Am = my, —mg = (0.5301 £ 0.0014) x 10" hs™!

13



we obtain,
| M| T

Tl T~ 024966 000004

and
= 0.9488 4 0.0026 .

Since the lifetime of Ky, is much longer than that of Kg, it is possible to produce
a Ky, beam. Therefore, many kaon experiments have been done using K, beams.

3.2 CP Violation in Oscillations

The CPLEAR experiment observed CP violation in K%K oscillation by measuring
the difference in the oscillation rates between K° — K° and K — K°. The initial
neutral kaons were produced in pp annihilations: pp — K°K~7* and K°K*rn~,
where the initial flavour can be identified by the charge sign of the accompanying
kaon. Semileptonic decays were used in order to determine the flavour at the moment
of the decay. Since the K° contains an s-quark (and K° an s-quark), K° (K°) can
decay only into e"7~v (e”nt¥) instantaneously. Therefore, the initial K° (K°) can
produce the final state e"777 (efr~v) only through the K — K° (K* — K°)
oscillation. From the two measured time dependent decay rates, R.-(t) and Re+(t),
an asymmetry .

AT(t) _ §e+ (t) R.- (t)

Re+ (1) + Re- (1)

is constructed as shown in Figure 2. Using Equations 22, 27 and 36, it follows that
1—¢)*
1+ ¢

and from the measurement Ar(t) = (6.6 £ 1.6) x 1073 [15],
|¢| = 0.9967 £ 0.0008 # 1

AT(t) = = 4§R6

is obtained exhibiting a clear sign of CP violation and T violation in K°-K° oscillation.

The parameter |(| can also be measured from the semileptonic branching fractions
of Ky, by the lepton sign asymmetry: using Equations 38 and 36, we obtain [14]

B(KL — (*7 v) — B(Ky, — (" 777D)

o = B(Ky, — 7 v)+ B(Ky, — (~7tD)
= L—|cP = 2Re
1+ [¢?

= (3.274+0.12) x 1073

14
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Figure 2: Measured rate asymmetry between the initial K° decaying into e*7n~v and
the initial K° decaying into e"7t7 as a function of the decay time in units of 75 by
the CPLEAR experiment [15]. The solid line is obtained by fitting a constant value.

where ¢ can be e or y and B stands for a branching fraction.
Using all the measurements, we obtain

Re = (1.64 +0.06) x 1073 (39)

and
1 2|M12‘ — ¢ 1 2Am

= tan
| Iy AT

arge = tan~ = (43.50 £ 0.08)°.

3.3 CP Violation due to Decays and Oscillations

Since the two-pion final state is a CP eigenstate with CP = +1, Ky, decaying into
77w~ is a CP violating decay. This was indeed the first observed sign of CP violation.
A commonly used CP violation parameter 7, _ is defined as

A,

G0 O By, v (%)
= | VIKs) A,
14 CK

where Equations 37, 38 are used and A, _ and A, _ denote the K and K® — 77~
decay amplitudes respectively.

15
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Figure 3: The time dependent rate distributions for the initial K° (solid circles) and
K (open circles) decaying into 777~ as a function of the decay time in units of 7g
obtained by the CPLEAR experiment [16]. The rate asymmetry is also shown.

The parameter 7, _ can be measured from the time dependent decay rates for the
initial K and K into 7+t7~. From Equations 23 and 28, the two rates are given by

1 _
Ry (t) o Qeipu + e 20y e cos(Amit — ¢y )

and

1+ 4%Re

R, (t) i

et [P et = 2fn, e cos(Amt — ¢, )]
where ¢,_ is the phase of 7,_ and I' is the Kg-Kj, average decay width. The
second term is CP violating Ky, decays and the third term is due to the interference
between the Kg decay and CP violating Ky, decay amplitudes. Figure 3 shows [16]
the measured R, _(t) and R, _(t) together with the CP asymmetry defined as

R._(t) = Ro_(1)

A= g T R0

where the interference term is well isolated. At around ¢ = 107g, the Kg decay rate is
reduced to the level of the CP violating K, decay rate, thus the asymmetry becomes
very large.

This direct comparison between the two CP-conjugated processes provides an-
other straightforward demonstration of CP violation in the neutral kaon system.

16



From the asymmetry, the value of 7, _ is measured to be [16]

74| = (2.264 & 0.035) x 1073 (41)
¢p_ = (43.19 £ 0.60)° (42)
which leads to o
A
S ( L) = —(3.099 4+ 0.048) x 1073
Al

exhibiting that CP violation due to the interference between the decay and oscillation
is present.

3.4 CP Violation in Decays

The two-pion final state can be in a total isospin state of I =0 or I =2. The [ =1
state is not allowed due to Bose statistics. Using the isospin decomposition, we can
derive the K® and K° decay amplitudes to 777~ to be

Ao = 2rr =ik + L n(r = 2 vir)
Ao = 2ot =VIRY ¢ Sertr =2y

Using CPT symmetry and the S-matrix, the K° and K° decay amplitudes can be
related and it follows that

A+7 _ \/’@ 6150 + \/ja2e
— 1
A = \/;CLOG (50+90P 9T> _i_\/;a;el(52+9cp 9T)

where ag and ay are the K° decay amplitudes into 27 (I = 0) and 27(I = 2) states
due to the short-range weak interactions and dy and &y are the 7-7 scattering phase
shifts for the I = 0 and I = 2 two-pion configuration at /s = mg respectively.
It is important to note that the two-pion scattering is totally dominated by elastic
scattering at the energy scale of the kaon mass. Similarly for the 77 final state, we

have
Ap = \/7aoe’5o 1/—age
2
* i(0 * i ( 2+
Ay = \/;aoe (0+90P 9T) \/;CLQG ( 2+0cp— 9T) ]

and
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As seen from the amplitudes, B(Ks — 7°7%)/B(Ks — 7*7~) would be 0.5 if

az = 0. Since the measured ratio is ~ 0.46 [16], we can conclude that |as/ag] < 1.
It follows that o

A,

A

where the parameter €' is given by

_ (1 _ 26,) et (2@0+5T—90P) (43)

1
€ =—

V2 la

a2

sin(cpg i 900)6i(7r/2+62_60) (44)

and g o = argay, 2. B
As seen from Equation 43, CP violation in the decay amplitude, |A, | # |[A4_],
is present if e’ # 0. From Equation 44, this is possible only if

sin(ps — @o) # 0 and sin(dy — dp) # 0 .

i.e. both the weak and strong phases have to be different for the I = 0 and I =
2 decay amplitudes. More generally, there must be two processes leading to the
identical final state and both the strong and the weak phases must be different
between the two processes in order to generate CP violation in the decay amplitudes.
It should be noted that from the measured m-7 scattering phase shift values, we
have [17]

arge = (43+6)° .

Using Equations 36 and 43, it follows that
= (1—2e—2€)e™ (¢r+200+61—bcp)

~ 1-2(+€)—i(pr—+2¢0+0r —0cp)

where the approximation is made assuming that the phase difference between I
and AgAg is small, which will be justified later. From Equation 40, n,_ can be
derived to be

N+— 26+i((,0p—|—2g00 +§T—ecp)—|—6/ . (45)

Similarly the CP violation parameter for the 7°7% decay channel, 79, is given by

Noo = €+i(90p +2800+5T — Qcp) —2¢ .

Thus, we expect CP violation parameters to be different between the 777~ and 7%7°

decay modes if ¢ # 0.
Figure 4 shows |ny_/no|*> measured by four recent experiments, NA31 [18],
E731 [19], KTeV [20] and NA48 [21], together with the averaged value. It shows
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Figure 4: Most recent measurements of |1, _ /ng|* together with the averaged value.

a strong indication for |n,_ /nel? # 1, i.e. CP violation in the decay amplitude is
present in the neutral kaon system. As demonstrated in the next section, (¢ +

200 + Op — Ocp) can be neglected and we obtain

, 2
R <€—> - % ( - 1) = (1.92 £ 0.47) x 1073
€

where the error has been scaled by /x2/3 = 1.86, to account for the spread of central

values seen in Figure 4.
From Equations 45, 39 and 46 and using the fact arge ~ arge’, ®n, _ is given by

N+— (46)

Moo

/
6—)] = (1.64 £ 0.06) x 1073
€

Rn,_ = Re + N ~ Re [14—%(
which agrees well with the measured value of (1.651 & 0.030) x 10~% obtained from

Equations 41 and 42.
3.5 Phase of Decay Matrix

As seen from Equation 14, evaluation of I'5 involves the decay final states which are
common to K° and K° which are 27(I = 0), 27(I = 2), 3x(I = 1), 37(I = 2) and
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3r(I = 3) states:

Iy ~ Z A;W([)ZQW(I) + Z A;W(])Z;gﬂ-([) :

1=0,2 1=1,2,3

The contribution from the decay amplitude to the 2w (] = 2) state is suppressed
by the Al = 1/2 rule and the small measured value of €. The contribution from
the three-pion decay amplitudes are suppressed by I7,/Is and the measured upper
limits for the CP violation parameter for the 777~ 7" and 7°7°%7° final states. In
conclusion, the phase of 5 is essentially given by the phase of the Ay amplitude,
and it can be expressed as

Qr ~ arg ASZO = —2(,00 — gT + ch

so that
|QOF + 2g00 + 9’1‘ — ecpl < 0(10_5) .

Thus | + 200 + 01 — Ocp| < |€l, justifying the approximations made before.

3.6 The Standard Model Description

In the framework of the Standard Model [22], the short-range contribution to K%-K°
oscillation is obtained from the box diagrams (Figure 5) to be

_ G} f Bemxmiy
1272

MEOX = {771035(%) + 2100 B (e, 74) + 773035(3%)}

where GF is the Fermi constant, fx, Bk and myg are the decay constant, B-parameter
and mass of the K-meson respectively and myy is the mass of the W-boson. The QCD
correction factors are denoted by 77 = 1.38£0.20, o, = 0.57£0.01 and n3 = 0.47£0.04
and S and E are known functions of the mass ratios, x; = m?/mé; for top (i=t) and
charm (i=c). Note that

S(ze) 2.4 x 1074 S(xy) = 2.6, Bz, 1) ~2.2x107° (47)

for m, = 1.25 GeV/c?, my = 174 GeV/c* and mw = 80 GeV/c?. The parameters
o. and o are the combination of the elements of the Cabibbo-Kobayashi-Maskawa
quark mixing matrix (CKM-matrix),

Vaa Vis Vi
VCKM = V;:d ‘/CS ‘/cb 5
Via Vs Vip
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Figure 5: The box diagrams contributing to K°-K° oscillations.

0. = Vi Veqd™ and oy = Vi Vig*. We adopt the following approximation of the CKM
matrix using the parameters introduced by Wolfenstein [23]:

1—)%/2 A AN (p—in)
Vokum ~ —A— i A%\ 1—)%/2 AN? (48)
AN (1 —p—if) —AN —iANY 1

where p = p(1 — A?/2) and 7 = n(1 — A\?/2). The parameter A is known from light
hadron decays to be 0.221 + 0.002. From B-meson decays, |V.,| = 0.0404 + 0.0034
and |Vip/Vep| = 0.090 £ 0.025 are measured [14], giving A = 0.827 £+ 0.0702 and
vp?+n? =041+ 0.11. The B-parameter takes in account the difference between
(0|V|K*) and (f|V|K®) where (0] is the hadronic vacuum state and { f| is the common
quark states between K° and K°. The theoretical evaluations for this value vary
between 0.5 and 1.

In addition to MP*, there are large contributions from long-range interactions
MR, which are difficult to evaluate. Therefore, theoretical predication for M, =
MP* + MLR cannot be given. The long-range interaction involves only the light
flavours and its contribution to M5 is real in the CKM phase convention; the imag-
inary part of M, is generated only by the box diagram. Therefore we can derive

SMy,  2SMpEx

Sln(gpM) = |M12| = Am

In the CKM phase convention, ;s can be approximated as real. Therefore, it follows
that
S
2Am
Although there are considerable uncertainties to evaluate numerically this expression,
the currently allowed range of the Wolfenstein parameters, A, A, p and 7 gives a value
of Re consistent with the experimentally measured value.

Prediction of ¢ requires an accurate evaluation of the phase difference between
ap and as. For the ag amplitudes, the tree, the gluonic penguin and the electroweak

Re = —
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Figure 6: Gluonic and electromagnetic penguins contributing to the K® — 27 decays.

penguin diagrams contribute. Only the tree and electroweak penguin diagrams make
contributions to the as decay amplitude. All the penguin diagrams are shown in
Figure 6. Not only the short range interactions, but also the hadronic matrix elements
with long range interactions have to be evaluated in the calculations. This makes the
numerical determination of ¢ very difficult. The measured value of R(¢’/€) given in
Equation 46 is well within the range of various theoretical predictions from —1.3 x
1072 to 6.4 x 1072 with the currently allowed range of A\, A, p and . Note the large
uncertainties in the predictions.

3.7 CP Violation in Rare Decays

Experimental detection of K, — 7% is clearly very challenging. The final state is

a CP eigenstate with C'P = +1. Therefore, observation of this decay is a sign of CP
violation. In the Standard Model, the decay is generated by penguin diagrams or
box diagrams as shown in Figure 7.

Since the final state consists of only one hadron, long range strong interactions
do not play a role and the decay amplitudes can be denoted as

(Wouvﬂf\KO) = o,y
(TUB|VIKY) = ak,, e (Porr)
AV
> tcu’( d

Aol X| o
Aol X | o

Figure 7: The box and penguin diagrams generating K® — 7%/7 decays.
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Unlike for the K — 27 decays, ¢r0,5 = arg a,o,5 could be very different from ¢y, so
that we could have the situation

‘Sin (qﬁr + 2 ¢r05 + Ocp — gT)‘ = [sin (2 @roum — 200)| > €| .

The Ky, decay amplitude then becomes

a0, .
(VKL = 2 [1— (1= 2e)e 20n0m200)]
V)

~ \/52 |a7rol,;| Sin(¢w0yﬁ - ¢0) .

Using isospin symmetry, the hadronic matrix element of the K® — 7% decay
amplitude and that of the K — 7m%*v decay amplitude can be related as

(O IVIK?) = (x"|VIKT) .

This allows us to express the branching fraction for Ky, — 7°

fraction for K* — 7%t as [22]

vV using the branching

(v |VIKL)|*
I'y

B(Ky, — 7vp) =

30 [S(VitVia) X (z)])
= B(KT* 0.+ E ts
(KT = metv) Ty |Vis|2272sin? O
= B(K* — ety EMA‘*ABQ — 22/2)%p?

7, 2m2sin Oy

~ 3x1071

where X is a known function of xy = (m;/mw)? and O is the weak mixing angle.
Since the hadronic matrix element is taken from the data, the theoretical uncertain-
ties in this determination is very small. Also the imaginary part of the amplitude is
dominated by the short range interactions which can be reliably calculated. There-
fore, the theoretical prediction can be considered to be clean.

It is interesting to note that the CP violation parameter

~ {mwp|VIKL)

Nrovs = W = i tan(¢Lo5 — ¢o)

as defined in the 27 case, has |1,0,5| > |€|, although both final states have CP = +1.

The current experimental upper limit for this branching fraction is 5.9 x 10~7 with
90% confidence by the KTeV experiment [24], which is still far from the expected
number. However, there are several proposals with sensitivities which should allow
to observe this decay in the near future.
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Figure 8: Three elements of the CKM matrix, Viq, Vi, and Vig and the definitions
of qbl, ¢3 and 5@53

4 Neutral B-meson System

4.1 The Standard Model Description
4.1.1 Some CKM Matrix Elements

Among the nine elements of the CKM matrix, five of them related to the third
generation play important roles in the B meson system: Viq, Vi, Vis, Vep and V.
In the approximation given in Equation 48, the phases of the five elements are given

by
arg Via = —¢1, argViy, = —¢3, argVig =003+, argVy, = arg Vg, =0

where

¢ =tan~! 1%,0’ $3 = tan ! g, S = tan~t \n.

Figure 8 shows the angles in the p-n plane. Note that ¢, and ¢3 are often referred
to as 3 and ~. Clearly d¢3 is very small, ~ 0.02.
4.1.2 Oscillation Amplitude

In the Standard Model, B-B oscillation is totally governed by the short range inter-
actions, i.e. the box diagrams. Furthermore, only the top quark plays a role in the
box diagram due to the large top quark mass (see Equation 47) and the structure of
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the CKM matrix;

éR( ttivtb)

S B (1)~ 1,
RVaVa) ~ 77V

as seen from Equation 48.
Therefore, the off-diagonal element of the mass matrix, M is given by [22]

2 r2 2
GFde BBdede

My = —
12 1272

18y S () (VigVin)*  for By (49)

where fp,, Bp, and mp, are the decay constant, B-parameter and the mass of the
B4 meson.
Similarly for the Bs meson, we obtain

2 £2 2
Gy f5. B.mB,miy

My = —
12 1272

ne.S(2e) (VicVin)?  for B,

where fg,, Bp, and mg_ are the decay constant, B-parameter and the mass of the By
meson.
The phase of M, is then given by

arg(V{thb)Q +m =20+ for By

arg Mo =
i { arg(ViVip)? + 7= —25¢3 + 7 for By.

The parameter [ can also be determined by taking the absorptive part of the
box diagrams with charm and up quarks in the loops. For both By and Bg, we can

derive )
Flg 37rmb

M12 ~ Qm%\;S(ZL‘t)

for my, = 4.25 GeV/c?, myw = 80 GeV/c? and my = 174 GeV />
The phase difference between M5 and [, is given by

~5x107° for By and B (50)

1
8 /o2 B,
arngz—argFu:ﬂ—l—g(:Z) 7 X (L—p)>+n° (51)
b A2 : By

i.e. sin(arg My — arg I'}5) is small for By and very small for Bs. Note that M, and
I'15 are antiparallel.
We can now adopt the approximations given by Equations 35 with N = 1 and

derive ) I
~l1- =g 12 )] —ipnm 2
¢ { 2 > (M12 ¢ (52)
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where @, = arg My, as before. Seen from Equation 50 and 51, the approximation
|C] &~ 1 is accurate to 1072 or better; i.e. CP violation in the oscillation is small for
B4 and very small for Bs.

By referring to the mass eigenstate with larger mass as By, (B-heavy) and the
other B; (B-light) with their masses and decay width, it follows that:

my =M + |Ma|, Iy =T — |I']

and
my =M — [My|, [ =T + |I9]

respectively, and By, (B)) corresponds to P, (P_) defined in Equation 25.
The mass and decay width differences between By, and B;, Am and Al respec-
tively, are defined as positive:

Am:mh—ml, AF:H—Fh

Using the measured values of Am = (0.472 & 0.017) x 10" 7is™! and the average
lifetime 7 = 1/I" = (1.548 £ 0.032) x 107'% s for the B4 mesons [14], where I" is the
averaged decay width, it follows that

AT
- 4 %107 for By

and A’ can be neglected in the decay time distribution for the Bq system. For the
B, mesons, only the lower limit of Am has been measured to be 10.6 x 102 & s~! with
95% confidence level [14]. Using the measured lifetime (1.493 £0.062) x 10712 s [14],

it follows that AT
T > 0.08 for BS.

The effect of AI' can no longer be neglected in the decay time distributions.

The small decay width differences of the By and By systems do not allow to
separate one mass-eigenstate from the other, which can be done for the kaon system
by creating a Ky beam. Therefore, CP violation cannot be established by just
observing the decays as in the case of K;, — 2m. We either have to compare the
decay rates of the initial B and initial B° states or measure the time dependent
decay rates of at least one of the two cases, i.e. either initial B or B°.

Since Am = 2|Ms|, one can extract

Vial? = A2X°[(1 = §)* + 7]

i.e. pand n, from the measured B°-BY oscillation frequency Amg using Equation 49.
However, theoretical uncertainties in calculating the decay constant and B-parameter
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are considerable and limit the accuracy on the extracted value of [Vi4q|?. If the B2-BY
oscillation frequency Amg = 2|M5,| is measured, |Viq|? can be determined with much
smaller uncertainty by using the ratio Amgq/Amy, due to better controlled theoretical
errors in fp,/fp, and Bg,/Bg,. However, the frequency of the BY-B? oscillation is
expected to be > 1/A? = 20 times larger than that of the B%-B? oscillation and we
may still have to wait for some time before it is measured.

Similar to the kaon system, CP violation (and T violation) in the oscillation can be
measured from the time-dependent rate asymmetry between the initial B decaying
into semileptonic final states with e™ or pu*, R, (¢) and the initial B® decaying into
semileptonic final states with e~ or =, R_(t). The asymmetry is given by

R(t)—R(t) 1—[¢|* -
RO TR () g =000 for By and < O(107) for By,

Experimentally, 1 — [¢]|? = 0.004 + 0.014 for By [14].
From now on, we assume

(= e lPM
for both Bg and By and AI' = 0 for By.
In summary, the two mass eigenstates are given by

1 —toM R
By) = W[|B>+e B)]
BY) = — [IB)— e o B)]

V2
and

my = mo + |Mis|, my = mg — |Mis|, Am =my, —my
for Bq and Bg. For the decay width, we have

F]ZFh fOI'Bd
F1:F0+|F12’, Fh:]—’O_’]—’lQ‘a AF:FI—Fh fOI'BS

4.1.3 Time Dependent Decay Rates

Since AT is small in the B meson system, it is more convenient to derive the time
dependent decay rate from the particle-antiparticle base rather than the mass eigen-
state base. Using, Equations 22 and 27 the time dependent decay rates for the final
state f can be derived as

Rit) o om0y 41 (53)
Rt x et 0 - 1) (54)

27



where I is the averaged decay time, I' = (I'y + I'_)/2, and A; is the instantaneous
decay amplitude for the B or B — f decays. The two time dependent functions,
I,(t) and I_(t), are given by
AT AT
I.(t) = (1+4|L*) cosh T t + 2R L¢ sinh Tt
I (t) = (1—|L¢?*) cos Amt+2SL¢ sin Amt .

The parameter L is given by

where A; is the instantaneous decay amplitude for the B® or B! — f decays.
The time dependent decay rate for the CP-conjugated final states f“¥ are derived
to be

‘ZfCP‘Q —Tt

Reer(t) o eI () + 127 (1)] (55)
Reor (t) —|Afc"2| P 1) -1 )] (56)

where Agcr is the instantaneous decay amplitude for the B® or B? — fCF decays.
Two time dependent decay rates, Tip(t) and Tgp(t) are given by

Tip(t) = (1+|LF"?) cosh % t+ 2RLEY sinh %t
TP0) = (1—|L?) cos Amt + 2SLEP sin Am t
where the parameter, L§¥, is given by
LoP — 1 éfcp
¢ Ager

and Agcr is the instantaneous decay amplitude for the B® or B? — fCF decays.

The decay rates Rg(t) and Recr(t) are for processes which are conjugate to each
other and so are R¢(t) and Rgcr(t). If there exists any difference between R¢(t) and
Ryer (t) or Re(t) and Rgor (), this is a clear sign of CP violation.

The final state f can be classified into the following four different cases:

I. Flavour specific final state
II. Flavour non-specific final state

[T-a. CP eigenstate
[1-b. mixed CP eigenstate

[I-c. CP non-eigenstate.
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4.1.4 CP Violation: Clean Case

The contributions to the B® decaying into J /1) Kg are dominated by the tree diagram
with V; Vos. Although there exist some contribution from the penguin diagrams, the
dominant penguin diagram contribution has the CKM phase V;j Vis which is close to
that of the tree diagram (Figure 9). Thus, we can safely assume that there is no CP
violation in the decay amplitude and the ratio of the B® and B° decay amplitudes is
given only by the CKM part. By noting that CP(J/¢ Kg) = —1 we obtain

AB’ = J/YKs) (Vi VesVisVaa)®
ABY — J/YKs) |V VesViVaal®

Using the formulae developed in the previous section, the time dependent rates for
the initial B® decaying into J/¢ Ks, Ry (t), and that for B® decaying into J /1 K,
Ry yxks(t) are given by

RJ/»L/;KS (t) x eirt (1 +$ LJ/¢KS sin Am t)
Ryjoxs(t) o< e (1= 3 Ly kg sin Amt)

which allow us to extract

S Lyjprs = S <§ LAB — J/¢Ks)> N [( “ Vi Cmsmvm)z]

= -9
AB® — J/YKs) VeaVib Ve, Vs Vit Vaa|?
With the Wolfenstein parameterization, it follows that

%LJ/TZJKS = —SiIl2(]51 .

The same argument holds for the By — J/1 ¢ decays and from the time dependent
decay rates

7 AT AT
RJ/wqg(t) x e—Ft <COSh 77’5 + 2R LJ/w(z) sinh 7t + & LJ/¢¢ sin Am t)

_ AT AT
RJ/¢¢(t> 0,8 G_Ft (COSh 715 + 2R LJ/¢¢ sinh Tt — %, LJ/¢¢ sin Am t)

one can extract
ABY — J/¢¢)
ABY — I/ ¢)

Note that we assumed in the calculation above that CP(J/¢ ¢) = +1, i.e. the
J /1 ¢ state is in the lowest orbital angular momentum state of [ = 0. If there exists

%LJ/¢¢:%[CX I—SiHQ(S(bg .
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Figure 9: Tree and penguin diagrams contributing to the B® — J/¢ Kg and B? —
J/v ¢ decays.

the [ = 1 state with CP(J/¢ ¢) = —1, the measured ¥ Ly, will be diluted and
the fraction of the CP = —1 state must be experimentally measured. If there is the
same amount of C'P = +1 state and CP = —1 state, 3 Lj/y ¢ will vanish.

An even cleaner decay channel is B — D*Fx*. There is only one tree diagram,
b — ¢4+ W+ followed by W — u+d, which contributes to the B — D*~ 7+ decays.
The same final state can be produced from the BY decays with another tree diagram,
b — u+ W~ followed by W~ — €+ d (Figure 10). Therefore, the time dependent
rate for the initial B® decaying into D*~ 7+ is given by

1 — |Lps—n+|? 23 L
( Lo +|>cosAmzf—|— SDr At

R« (t oce’rt 1+
p--(!) 0+ Lo [P 0+ Lo P)

sin Amt

where (_0 -
AB” — D*
L *— — .
Drort =6 X A(BY — D*rt)
The weak phase of A(B® — D*~7") is given by V,, V¥ and that of A(B® — D*~n)
by Vi Vua. The phase of Lp«—,+ is then derived to be

arg Lp«—+ = argVy, —arg Mis + pg
= —¢3+ 201 + ps

where g is a possible strong phase difference between the b — u+ W~ and b —
¢t + W™ tree diagrams.

CP-conjugated decay amplitudes of A(B® — D*~7T) and A(B® — D*~771), i.e.
ABY — D**r7) and A(B® — D**77) respectively, are obtained by taking the
complex conjugate of the weak amplitudes while the strong phase remains unchanged.
Thus for D*T7~ we obtain

(1 - |Lgl:_7r+|2) cos Amt — 2%L]CD§_7F+

sin Amt
L+ ILSE,. 1) +LS, . P)

Rpes () oc e T |1 —
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Figure 10: Tree diagrams contributing to the B — D*~7* and B — D*~ 7+ decays.

where

1 " A(BY — D*Fr7)
¢ A(B°— D*tn7)

CP _
LD*— ﬂ.+ —

and the phase of LY, is given by

arg Ly, . = —argVy, + arg My + s
= ¢3— 201+ s .
From the two time-dependent decay rates, we can extract ¢3 — 2¢; and .
Note that
VinVaa 2 [ 5
Lot | = | L5 | = Ve <

i.e. the effect we have to measure is small.
The CP-conjugated time dependent decay rate distributions are given by

- rl L5, 2SLpE
Rp-+(t) oc e 1—|—( Lo )cosAmt—i- =D +2 sin Amt
[ AH L5 ) (1+ L5 s )
and
— 7 [ ]_ - |LD*7 +|2) 2%LD*7 + . 1
Rp--(t refp . Amt — . Amt
p—(t) x e B — cos Am (RS- sin Am |

which can be used to obtain the same information.
A similar method can be used for the BY — DFK®* decays to extract ¢z — 20¢s.
The effect is larger since

Vib Vs
CTD VIIS

=/ +n2=0(1).

|LD;K+| ~
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4.1.5 CP Violation: Not So Clean Case

The penguin contribution to the By — w7~ decay was originally thought to be
small and the decay would be dominated by the b — u+ W tree diagram. However,
the discovery of B(Bq — K*7T) > B(Bq — 7"7~) indicates that the contribution
of the penguin diagrams to the By — 777~ amplitude should be ~ 20% or more.

Due to the penguin contribution, the phase of the B — 7*7~ decay amplitude
deviates from that of Vj. Furthermore, CP violation in the decay amplitude could
be present. Evaluation of those effects involves calculating contributions from dif-
ferent diagrams accurately. Strong interactions may play an important role as well.
Therefore, this decay mode may not be ideal to make precise determinations of p
and 7 from CP violation.

4.2 Case with New Physics

Decay processes where only tree diagrams contribute should be unaffected by the
presence of physics beyond the Standard Model. Therefore, |Vi;| and |Vip| obtained
from the semileptonic decays of B mesons would not be affected by the new physics
and A and p? + n? can be obtained even if physics beyond the Standard Model is
present.

New physics could generate B°-B? and BZ-BY oscillations by new particles gen-
erating new box diagrams. They could also generate a tree level flavour changing
neutral current contributing to the oscillation. Since these contributions are through
“virtual” states, they contribute to M, with little effect on I, i.e.

Mz = Mp" + My, Do = I

where MM and I'SM are due to the Standard Model and MNP is the contribution
from the new physics. The measured Am is given by 2|Mj,| and can no longer used
to extract |Viq|? due to MEF.
Since

F12 . 2 ‘FIS2M

M12 Am
remains small, CP violation in the oscillation remains small as seen from Equation 52.
Therefore,

= e lPM

is still valid. However, note that

oy = arg Mg # aTngs2M‘
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Decay amplitudes from the penguin diagrams can be affected by physics beyond
the Standard Model since new particles can contribute virtually in the loop. There-
fore, the modes such as By decaying into 7t7~, K*¥7F may have some contribution
from the new physics.

Since the decays By — J/¥Kg and By — J/¢ ¢ are tree dominated, they are
little affected by new physics. Therefore we have

ABY = J/YKs)  ABI— J/¢ )

AB = I/uKs)  AB = Ijie)

with the phase convention due to the Wolfenstein parameterization and
LJ/wKS’ I = :Fein (— for Bd — J/’Lﬂ KS and + for BS — J/¢ Q§)

and studies of the time dependent decay rates give arg Mis.
The Bq — D*r and By — DyK decays are generated by only the tree diagrams
and are not affected by new physics. Therefore we have

arg Lps«—r+ = —¢3 — arg M2 + g

and
arg Lp«+.- = ¢3 + arg M1 + g

and studies of the time dependent decay rates provide arg Mis + ¢3. Similar studies
can be made for By — DK.

By combining the measurements of By — J/¢¥ Kg and D*r or By — J/¢ ¢ and
D¢K, the angle ¢3 can be determined even in the presence of physics beyond the
Standard Model. By comparing the result from B4 and that from Bg, consistency of
the method can be tested. Since the phase of Vy, is given by ¢3 and its modulus is
measured from the semileptonic decay, p and 7 can be extracted. Once A\, A, p and
n are known, MSM can be calculated and from the measured Am and arg M,, the
new physics contribution MY is obtained. This can be used to identify the nature
of the new physics contributing to the oscillation.

4.3 Experimental Prospects

A possible experimental programme for the study of CP violation in the B meson
system and search for physics beyond the Standard Model can be summarised in the
following steps:

1. Determination of | V.| and |Vyp| from semileptonic (and some hadronic) decays,

2. Measurement of Am for By and Bg,
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3. Measurement of 3Ly, ks,

4. Measurement of Ljy 4, Lp+#+ and Lprge.

The first step has been made by ARGUS and CLEO at Y (4S5) machines and the
four LEP experiments. BABAR and BELLE at the new asymmetric Y (4S5) machines
and CLEO will improve the precisions on those determinations. Future improvement
of theory is also an important factor. Half of the second step, Am(By) was done
by ARGUS, CLEO, UA1, the four LEP experiments, SLD and CDF. For Am(By),
we may have to wait for the next data taking by CDF, DO and HERA-B. The third
step will be made by BABAR, BELLE, CDF, DO and possibly HERA-B by the year
2005.

After the second step, four parameters of the CKM matrix are all defined within
the framework of the Standard Model, e.g. A, A, p and n. The third step provides an
additional information tan~'7n/(1 — p) within the framework of the Standard Model
and consistency of the CKM picture can now be tested. Table 1 summarises the
current sin 2¢; measurements.

Table 1: The current sin 2¢; measurements.

Experiments sin 2¢; Reference

OPAL 32708 £0.5 [25]
0.41

CDF 0.797 00 [26]
0.82

ALEPH 0.847007 £0.16 [27]

BABAR 0.12 +0.37 £ 0.09 [28]
0.43+-0.07

BELLE 0.45 70 o0e [29]

As demonstrated in the previous chapter, if physics beyond the Standard Model
exists, the fourth step is needed to clearly establish the evidence of new physics and
separate the effect due to the Standard Model and that from new physics. After the
third step, only p*+n? will be known from |V,,| and the information on tan=! 7/(1—p)
is spoiled by new physics. Only after the fourth step, p and n can be determined,
together with isolating the new physics contribution.

For the last step, a new generation of experiments with statistics much higher
than 10'° B mesons are needed. The By meson is an essential ingredient. After
2005, LHC will be the most powerful source of B mesons. Experiments must be
equipped with a trigger efficient for hadronic decay modes to gain high statistics for
the necessary final states. Particle identification is also crucial in order to reduce
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background. LHCDb is a detector at the LHC optimised for CP violation studies with
B mesons. The two general purpose LHC detectors, ATLAS and CMS can contribute
only to a limited aspect of the fourth step. BTeV at Tevatron could also make the
last two steps.

Clearly CP violation is expected in many other decay channels. For many of
them, there are some theoretical problems for making accurate predictions. However,
they can be used to make a systematic study which will provide a global picture of
whether CP violation can fit into the CKM picture. With all those experiments,
we will continue to improve our understanding of CP violation and hope to discover
physics beyond the Standard Model.
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