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Abstract

Time reversal (T) violation is investigated through B physics. We utilize observables in the
process of Y(4S) — BB, which are measurable in B factory experiments. Due to Einstein-

Podolsky-Rosen entanglement, the correlated information about BB is available.

In this thesis, we introduce methodology to gain observables which are sensitive to T vio-
lation. The phenomenon of neutral meson mizring enables us to test discrete symmetries. The
event rates of two processes, B_ — B and B — B_ (— implies a CP eigenvalue), are utilized.
These processes are apparently related with flipping time direction so that the event number
difference of the processes seems to be a T violating quantity. However, it turns out that the
observables are not exact T violating quantities since a genuine time reversed process is unob-

served in the experiments.

We construct time reversal-like asymmetries which consist of the event number difference
for the mixing processes of B meson. One can clarify how the asymmetries behave under T
transformation to demonstrate that the observable is not precisely a T violating quantity. The
overall factors of the time dependent decay rates are taken into account in this thesis. The
effect of mixing-induced CP violation in K meson system is extracted, which yields O(1073)
contribution to an observable. Some combinations of the asymmetry enable us to constrain
parameters for wrong sign decay of B meson, which is suppressed in the standard model. As
a probe of physics beyound the standard model, CPT violation is testable via B® — B? mixing
observables. The constraints on BSM are obtained through the precise measurement in the
experiments. Furthermore, we suggest conditions for the asymmetry to be a T-odd quantity.

One of such conditions arises due to the difference of overall factors which form the asymmetry.
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Chapter 1
Introduction

The standard model (SM), which unifies weak and electromagnetic interactions [1-3], is a
successful model that is consistent with most phenomena observed in experiments. All the
elementary particles contained in the SM have been found after the discovery of Higgs boson
[4-6] at the Large Hadron Collider (LHC) experiment [7,8]. The gauge symmetry based on
invariance under SU(3). x SU(2)r x U(1)y transformation leads to comprehensive description
of fundamental interactions.

However, the SM cannot explain several facts which are observed in experiments. One of
such issues is the origin of neutrino mass. Although neutrinos are massless in the SM, the
experimental results of neutrino oscillation [9,10] demonstrated non-zero mass. Another issue
is the hierarchical structure of fermion mass. The observed mass spectra for quarks imply large
gaps, which require unnatural fine-tuning of theoretical parameters. To resolve these issues, the
SM needs its extension; models of physics beyond the standard model (BSM) are constructed
for certain motivation. In this context, a phenomenological evidence of BSM is worth pursuing
so that the experimental searches for a signal of BSM are extensively conducted.

To check the validity of a theory, discrete symmetries, which represent characteristic prop-
erties of the model, are tested in experiments. Such symmetries are based on the following

discrete transformations:

e Charge conjugation (C), which interchanges particle and its anti-particle.

Parity (P) transformation, which flips the sign of spacial coordinates.

CP transformation, based on a combined operation of C and P transformation.

e Time reversal (T) transformation, interchanging an initial state and a final state.

CPT transformation, based on a combined operation of CP and T transformation.
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Provided that Lorentz invariance and Hermiticity are satisfied in local quantum field theory,
CPT symmetry must be conserved (CPT theorem [11,12]). Consequently, the SM should satisfy
CPT invariance. (CPT violating extension of the SM is suggested in Ref. [13].)

To understand what CPT theorem ensures, let us consider a CP conserving theory. This

case is depicted as follows:

CPT

conserved conserved

In this context, the T symmetric property is fixed in the following way:

CPT

conserved conserved conserved

As shown above, T symmetry is required to conserve. Likewise, if we consider a CP violating

theory, T symmetry is determined:

CPT

violated violated conserved

Hence, T symmetry should be violated in association with CP violation. In this sense, T
symmetry is automatically connected with CP symmetry under the presence of CPT invariance.
No clear evidence of CPT violation has been observed in experiments [14, 15].

As originally suggested in Ref. [16], CP symmetry is violated through weak interaction in
the three-generation standard model. In the quark [17,18] sector, CP violation is caused by an
irreducible phase in Cabibbo-Kobayashi-Maskawa (CKM) [16, 19] mixing matrix, which char-
acterizes the flavor changing interaction in the charged current. In this sense, the measurement
of flavor changing processes are of particular importance to observe CP violation.

It is well-known that quarks are confined [20] inside hadrons so that we cannot directly
observe the interior particles. A bound state for quark and anti-quark is referred to as a
meson, which enables us to study physics in the quark sector. Therefore, phenomenology of
CP violation in the quark sector is discussed in weak decays of hadrons. For typical mesons,

the properties including their quantum numbers are shown in Tab. 1.1.
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Table 1.1: Properties of neutral mesons. In the second row, contained quarks which form a bound
state are exhibited. From the third to fifth row, quantum numbers of strangeness, beauty and spin-
parity are shown, respectively.

meson | K° | K | B | B | B, | B, | ¥ | T(nS)

quark | 5d | sd | bd | bd | bs | b5 | cE bb

S |+1|-1| 0| 0 |—=-1|41] 0| O

JP O 10" 10" |0 |0 |0 |1 1

As an experimental consequence for non-invariance of discrete symmetries, parity violation
[21] in weak interaction was detected through beta decays of nuclei [22]. Afterward, CP violation
in K — 27 decay was first discovered in 1964 [23]. Furthermore, the evidences of CP violation
in K meson decay have been also verified in the experiments [24-27]. Subsequently, the result
[28,29] of the B factory experiments confirmed large CP violation [30] which is predicted
in the SM. The flavor factories have also verified CP violation in B® — K*r~ [31,32] and
BY — pr [33,34] decays. The result of the phenomenological analysis [35] demonstrates that
the measured CP violating phenomena [36] are consistent with the prediction of the theory,
which characterizes one of the most successful aspects of the SM.

Since the presence of CP violation is firmly clarified, T symmetry is expected to be violated
due to the CPT theorem. Crosschecking the CP violation and T violation, one can get infor-
mation about whether CPT symmetry is violated. In this sense, the experimental observation
of T violation provides a method to investigate BSM.

To discuss a phenomenological search for T violation, let us denote a probability of the
transition as P[i — j], where ¢ and j indicate some (multi)particle state. Since time reversal

flips the direction of time, T symmetry is characterized in the following relations:

Pli — jl| = P[j — 1] (T symmetry is conserved.)

Pli — j] # P[j — 1] (T symmetry is violated.)
Consequently, the difference of the probabilities is a probe of T violation, i.e.,
Pli — j] — P[j — 1] o< (T violation). (1.1)

As shown above, one should prepare the transition probabilities for both ¢ — j and 7 — 7 to
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measure the evidence of T violation.

Although the experimental confirmation of CP violation is well-established, the measure-
ment of time reversed processes is still a difficult task. Consider B® — 1 Kg and its time
reversed process K¢ — BY. Since 1) — Kg collision is not available in B factory experiments,
the process for W Kg — BY is an undetectable mode.

For the purpose to measure CP and/or T violation in the quark sector, neutral meson mixing
is a particularly important phenomenon. Neutral meson such as K° = (5d), is changed into
K0 = (sd), due to weak interaction. As a consequence of this phenomenon, the transition from
meson to anti-meson occurs through time evolution, e.g., K° <+ K9 B° <+ B and B? <+ BY,
where Schrodinger equation is applicable to the description of the mixing system.

In the CPLEAR experiment, K meson system is utilized to investigate T violation. The
experiment is conducted by proton-antiproton collision to produce kaons through a process of
strong interaction:

K+tn KO
pp —> (1.2)
K-ntKO°

The kaons produced above are utilized to measure time dependent process rates of K — K0°
and K0 — K° [39]. These processes are related under the discrete transformations in the

following way:

K’ — K° K’ — K°
CPﬂ Tﬂ
Ko — K° K — K°

As shown above, these processes are related with both CP and T transformation. Thus, if the
transition probability of K© — K0 is different from one for K¢ — K°, it implies both T violation
and CP violation. The measurement of the CPLEAR collaboration in Ref. [40] indicates that
non-zero time integrated asymmetry is observed, which results in the first demonstration of
T violation. However, this result was not surprising since CP violation in K meson system
had been already observed; to extract a T violating observable which is distinguished from CP
violation, these processes are irrelevant modes.

To experimentally identify flavor contents of B mesons, the following experimental method
is implemented: If B — [TX decay is measured, where X represents some accompanying
particles, the decaying particle is identified as BY since B® — [t X is suppressed due to the
AB = AQ rule in the SM. In this sense, the state [T X can filter the flavor content of B = (bd).

4
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Likewise, one can identify B® = (bd) if the final state is [~ X. This method is so-called flavor
tagging [37], which is broadly implemented in B factory experiments to observe B® and BO.

As another tagging method, CP tagging [38] enables us to identify CP eigenvalues of B
meson. If a final state is a CP eigenstate, the decaying particle is filtered as a state which has
the same CP value. The final state is taken as ¢/ gz, which is a CP-odd (even) eigenstate in
the limit where Kg(r) is a CP eigenstate. Consequently, if a B — 1 Kg decay is observed, the
decaying particle is identified as B_, where — stands for a CP eigenvalue.

In the B factory experiments such as BaBar and Belle, eTe™ collision is utilized to produce

B mesons in the following process,
ete” — Y(45) — BB, (1.3)

where Y (45) is a spin-1 bottomonium resonance. Imposed by Bose statistics, the created pair
of B mesons should be a coherent state. In this context, Einstein-Podolsky-Rosen (EPR) entan-
glement [41] enables us to extract the correlated information about BB. As a consequence, if
one BY is filtered by the flavor tagging, another one in a pair of BB is determined as B°, which
is a state orthogonal to B°. In this way, a time dependent process B® — B is measurable
in B factories. The same identification method applies to CP eigenstate B mesons. If By is
filtered by the CP tagging, the B meson on the opposite side is identified as B+ state at the
same time. Thus, one can measure the time dependent process for B. — B, and B_ — B,
etc. The implementation of flavor-identification is sketched in Fig. 1.0.1 while the extraction

of CP eigenstate B meson is depicted in Fig. 1.0.2
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Y(45) /
\

Figure 1.0.1: Flavor-identification in entangled system of BB. On the upper side, BY is filtered by
implementing the flavor tagging. B meson on the lower side is determined as BY at the same time.

T(45) /

Figure 1.0.2: Identification of a CP eigenvalue in entangled system of BB. On the upper side, CP
eigenvalue of B meson is filtered through the CP value of the final state. B meson on the lower side
is determined as B_ at the same time.

%
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As an experimental check of T violation in the B factory experiment, the difference of the
event rate for B° — BY and B® — B are measured by the BaBar collaboration [42]. These

mixing processes are related under discrete transformations in the following:

B’ — B° B’ — B°
cr| g
B° — BY B — B

As depicted above, the processes are connected with both CP and T transformation. Therefore,
the difference of the transition probability for B — B9 and one for B® — B signals both CP
violation and T violation. In the BaBar experiment [42], non-zero asymmetry was observed to
demonstrate T violation in B physics. As analogous to the context of the CPLEAR experiment,
the T violating result was not surprising since CP violation had been already measured in the
B factory experiments.

To observe T violation distinguished from CP violation, methodology is suggested in Ref.
[43], further discussed in Refs. [44-48] and reviewed in Ref. [49]. Their idea is based on mixing
processes of B meson for B_ — B° and B9 — B_, where B_ is a CP-odd eigenstate. These

processes are related under discrete transformations in the following:

BY — B_ BY — B_
not CPK Tﬂ
B_ — BO B_ — B

As one can see above, these two processes are not related with CP transformation. If the
transition probability for B9 — B_ is different from one for B_ — B, it apparently implies T
violation which is distinguished from CP violation. Following this idea, the BaBar collaboration
reported [50] that they measured non-zero asymmetry. In this sense, the principle aim to
measure T violation has been accomplished in the processes which are not related with CP
transformation. (See review in the literature [51].)

However, it is suspicious that the measurement of the BaBar collaboration exactly indicates
T violation. In Ref. [52], it is pointed out that there exist subtleties in the BaBar measurement
since an inverse decay, a genuine time reversed process such as [t X — B, is not observed in
the experiment. In their study, the BaBar observables are written in terms of an expression
which includes inverse decay amplitudes to clarify how the asymmetry is deviated from a T-odd

quantity. They demonstrated that BaBar asymmetry is identical to a T-odd quantity if and
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only if the following conditions are satisfied (these conditions are derived by assuming that

W Kg and K, are exact CP eigenstates):
(1) the absence of the wrong sign semi-leptonic B meson decays
(2) the absence of the wrong strangeness B meson decays
(3) the absence of CPT violation in the strangeness changing decays

Under the presence of wrong sign decay amplitudes of B9 — [*X and/or B® — [~ X, which
violate the AB = AQ rule, the final state [T X does not tell us exact information about the
flavor content of B meson. In this sense, the wrong sign semi-leptonic decay amplitude gives
rise to uncertainty to the flavor taggings. Such careful argument of T violation is discussed in
Refs. [53-56] for K meson system.

In this thesis, we analyze the time dependent asymmetry of the processes for B — B_
and B_ — B°. Our investigation is the extension of the work in Ref. [52], incorporating the
difference of overall constants for the rates that form the asymmetry. The contribution from
CP and CPT violation in K meson mixing is taken into account. The asymmetry is written in
terms of parameters which are independent of redefinition of phases of quarks. We specify how
the asymmetries behave under T, CP and CPT transformation. It is shown that T conserving
terms also contribute to the observables although the original idea suggested a way to extract
T violation. Furthermore, in the latter part of this thesis, we show that some combinations of
the observables enable us to extract theoretical parameters of interest, e.g., wrong sign decay
amplitudes of B meson. CPT violating parameters are also extracted from the observables,
as investigated in B meson system in Refs. [57-59]. Our formulation is applicable to the
measurement in a future experiment, such as Belle II, which is expected to collect 50ab™" data
sample. As a final remark in this thesis, we discuss the T conserving parts of the asymmetry.
One can find that the asymmetry is a T violating quantity when several conditions are satisfied.

This thesis is organized as follows: In Chap. 2, the system of neutral meson mixing is
briefly introduced. The time dependence of B? and B° states is derived in the simplified
description governed by the Weisskopf-Wigner approximation [60]. In Chap. 3, we discuss a
time dependent decay rate in entangled B meson system. The time dependent asymmetry is
defined to gain observables which are sensitive to non-invariance of the discrete symmetries. In
Chap. 4, we define theoretical parameters to express the asymmetry. In our notation, one can
argue unambiguous discrete transformation properties of the observables. The relation between
the notation in Ref. [52] and ours is also discussed. It turns out that the defined parameters
are phase convention independent quantities. The contribution from indirect CP violation in

K meson system is extracted. In Chap. 5, the event number asymmetry is analyzed in terms
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of the parameters defined in Chap. 4. We show that the constructed asymmetry consists of not
only the T-odd part but also T-even part. In Secs. 5.1-5.3, some parameters of interest, which
include CPT violation and wrong sign decay amplitude, are extracted from the observables. In
Chap. 6, we suggest the conditions that T-even parts of the asymmetry vanish. As an extension
of the discussion in Ref. [52], we suggest the intuitive reason why these conditions are imposed.
These conditions are categorized as two types: The first one requires the B meson state, which
appears in the diagram of B_ — B°, being equivalent to a state in the genuine time reversed
process. The second condition accounts overall constant which forms the asymmetry. We find
that the second condition is needed when one takes account of the difference of overall constant
of the two rates. Chapter 7 is devoted to summary and future prospects.

This thesis is based on the published paper [61] and proceedings [62].



Chapter 2
Neutral Meson Mixing

In this chapter, the system of neutral meson mixing is introduced. Such mixing phenomenon
occurs through weak interaction. The time evolution of the mixing system is governed by
Schrédinger equation [63]. The formulation of the neutral meson mixing is found in the liter-
ature [64-74]. In the following, the system for the B°B0 is addressed. The states for neutral

meson are transformed under CP as,
CP B = —|B%), CP|BY) = —|BY), 2.1)

where flavor-definite states are denoted as |B°) and |B%). Hereafter, we adopt simplified for-

malism [60, 75] for the system in which the wave function is given as,
(1) = c(t) [B°) + ca(t) | B) (2:2)

The time dependence of wave function for neutral mesons is described by the differential equa-

tion,
d
i ) = HWE), (2.3)
1 1
i My — ;T Myp — ST
H=M- T = 2 2, (2.4)
Mi; — §PT2 My — §F22

where t denotes proper-time for neutral mesons. Hamiltonian in Eq. (2.4) is given as a non-
Hermitian matrix to account decay of B°B° system. In Eq. (2.4), M and I' are Hermitian
matrices which stand for off-shell and on-shell intermediate states, respectively. The diagonal
part in Hamiltonian, i.e., Hy(i = 1,2), expresses the transitions of B — B° and B° — B0

while the off-diagonal part given as H;;(i # j) is associated with the transitions of BY « B,

10
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The discrete symmetries relate the matrix element,
Mll = MQQ, Fll = FQQ. (CPT hmlt) (25)

In the following, the formulation including CPT violation [52] is adopted. Effective Hamiltonian
in Eq. (2.4) is diagonalized as,

14 1—
XOUHX = ding(on,wp), X = [ PYETE pVIZe (2.6)
—qV1—2 ¢J1+2
where wy and wy, denote complex eigenvalues of Hamiltonian,
1
We introduce parameters of the eigenvalues,

Am:MH—ML, AF:FH—FL, (28)

M M r r
_ % r— % (2.9)

The above eigenvalues are written in terms of the matrix elements of effective Hamiltonian. In

particular, the squared difference of the eigenvalues satisfies,

i

(wir —wr)? = | (Mg — M) 5

2 . .
1 ]
(Fll — F22):| +4 <M12 — §F12> <M1*2 - §F>{2) . (210)

The real and imaginary parts in the above equation lead to relations,

1 1
- ZL(AF)2 = 4[Mp? — |Tiaf’ + (Myy — Ma)? — Z(FH —T'n)?, (2.11)
AMAD = 4R6<M12FTQ> + (M11 - M22>(F11 - FQQ). (212)

(AM)?

Furthermore, the mixing parameters are written in terms of the matrix element of effective

Hamiltonian,

2 My — =T'12
G o
1 M, — §F1kz
7
My — My — §(F11 —T'y)
z = — - : (2.14)

11
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As shown in Eq. (2.14), z implies CPT violation in mixing since My; — Moy (or T';p — T'ao)
vanishes in the CPT limit. For B, system, the experimental constraint on z is obtained by the
BaBar collaboration [76]. In the following, we consider the system in which the incoming mass

eigenstates are given as,

B = pV1—2|B% +q¢V/1+2|B%), (2.15)
|BEY = pV1+2z|B% —q¢V1—2|B%. (2.16)

In the above equations, the state of By (By) is associated with a lighter (heavier) mass eigen-

state. As solution of Schrodinger equation, time evolution of the mass eigenstates is,

|Brwy(t)) = e " @ | Byr(0)) - (2.17)

For an initial condition for the system, we take pure eigenstates for strong interaction, setting,

B°(0)) = [B%), |B°(0)) = |B). (2.18)

In this circumstance, the time evolution of the definite flavor states is determined as,

|B°(t)) o iomt —ionty 1 [ 1B
_ = Xdiag(e "H" e X _ 1, 2.19
<|BO<t>>) . | (|B°>> o

or, equivalently,
1B(1)) = (g+(t) +29-(1)) |B°) — §v1 — 22g_(t)|B%), (2.20)
|B(1)) = —%\/1 —22g_(t) [B%) + (g+(t) — 29-(t)) | B®), (2.21)

1 . )
g+(t) = 5(6”“”:&6’“”). (2.22)

The initial condition is accounted in the time dependent factor in Eq. (2.22) since,

(9+(0),9-(0)) = (1,0), (2.23)

is satisfied.
As for outgoing states of neutral mesons, the reciprocal basis is used for the system with

non-Hermitian Hamiltonian, as discussed in the literature [77-81]. The mass eigenstates satisfy

12
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orthogonal conditions,
(By"|By) = 1,(By"|By) = 0,(By"|BY) = 1,(By"|By) = 0. (2.24)
As states which satisfy the conditions in Eq. (2.24), outgoing mass eigenstates are defined,

(B = %w—l T2 (B — VT2 (B), (2.25)

1 _
(B = %(qx/l — 2(B°| + pV1+ 2z (B°)). (2.26)
In K meson system, K ) is associated with a long (short)-lived mass eigenstate. As

discussed in Refs. [82,83], we account CPT non-invariance in K meson mixing. The incoming

mass eigenstates for K mesons are given as,

K1) = prvV1+ 2k |K°) — qiev/T — 2 | K°) (2.27)
|IK®Y = prv/1— 2 |K°) + qev/1 + 25 |K°) . (2.28)

The time dependence of K meson system is obtained with replacement of (z,p, ¢) = (zxk, P, 4K )-
and (wg,wr) — (AL, Ag) in Egs. (2.20-2.22), where A, and Ag stand for the eigenvalues of

Hamiltonian in K meson system. The outgoing mass eigenstates are obtained as,

(Ko™ = ! (a1 + 2k (K°| — prev/1T — 2 (K°)), (2.29)

2pKrqr
1 _
(K" = 2Dk K (ax V1 =z (K°| + prvI+ 2i (K°)). (2.30)

As for estimation of the transition amplitude of neutral mesons, the analysis in the SM is
given in Ref. [84].

13
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Time Dependent Decay Rate for
Entangled System of BB

In this chapter, the wave function for the entangled system of BB is introduced. Subse-
quently, the time dependent asymmetry is constructed to obtain the observable sensitive to

violation of the discrete symmetries.

3.1 Entangled State of BB

As mentioned previously, B factory experiments are based on the process of Y(4S) — BB,
where T(4S5) has spin-1. Bose statistics requires that created pairs of BB should be a CP
symmetric state. In this context, the measurement of B and B is correlated with each other,
which is associated with a coherent state. Due to the angular momentum conservation, the
produced pair of mesons is P-wave so that BB should be a parity-odd state. Combining the
requirements of the P-odd and CP-even property, one should demand that the BB pair is a

C-odd state. Therefore, the structure of the entangled wave function is,

1

V2

where k denotes a momentum carried by the neutral meson at the rest frame of Y(4S5). The

[¥) (1B°(k, 1)) @ |B°(=k, 1)) — [B(k, 1)) @ |B"(~k,1))), (3.1)

relative sign in Eq. (3.1) represents the C-odd property of the wave function. The time depen-
dence of the definite flavor states in Eq. (3.1) results from neutral meson mixing, as shown in
Egs. (2.20, 2.21). The EPR correlation of the flavors are measured for KK [85,86] and BB [87]
system, both of which reported the result consistent with the prediction of quantum mechanics.
Consequently, no clear evidences of decoherence [88] have been observed so far in the flavor

factory experiments. For K meson system, EPR correlation and decoherence are reviewed in

14
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the literature [89]. Under the presence of CPT violation in some quantum gravity model, the
coherence is weakened (w-effect) as discussed in Refs. [90-92].
Since any orthogonal basis is available as an entangled BB state, the wave function is also

written in terms of the CP eigenstates,

1

V2

Hereafter, the momentum of neutral mesons is omitted for simplicity. We set t = 0 at the time

[¥) (1B1(k, 1)) @ |B-(=k, 1)) = [B_(k, 1)) ® | B (=k,1))). (3.2)

when pair-creation of BB occurs. Let us denote f; and f, as final states observed at t; and
ty (t1 < t9). (f1 and fy are referred to as a tagging side and a signal side, respectively.) The

transition amplitude for the correlated observation of the BB pair is,

<f1§f2|T|@/)> (3-3)

The squared quantity of the amplitude in Eq. (3.3) leads to time dependent decay rate, which
is in principle measured in B factory experiments. In Ref. [52], a general formula for the time

dependent decay rate of the entangled BB system is given,

O- .
Ly = efr(tﬁtQ)N(l)Lzﬁ(l)Lz [cosh(yI't) + % inhyTY)
1)L1,2
C S

W2 cos(alt) 4+ SWL2 gin(2T)). (3.4)

K(1)1,2 R(1)1,2

where t is defined as t, — t; and,
myg — My, FH — FL

e B ) — 7 -5 3.5
v r or (35)

ti+t2) which accounts the

As shown in Eq. (3.4), the rate is proportional to the factor of e~
time after BB creation. The time evolution of the signal side is represented as the hyperbolic
and trigonometric functions in Eq. (3.4) with time interval of ¢t — ¢;. Note that z is an O(1)
quantity for B° system while y is suppressed in the SM. The coefficient of the time dependent
functions in Eq. (3.4) are calculated in Ref. [52]. For completeness, we list the expressions of

these parameters in App. A.

3.2 Time Dependent Asymmetry

In this section, we give an asymmetry for the entangled decays of B mesons, including

overall factor N1y 261)1 2 in Eq. (3.4). A generic formula for the event number asymmetry of
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Chapter 3 Time Dependent Decay Rate for Entangled System of BB

the two sets for final states: (f1, f2) versus (fs, f4) is written as,

I - T
A — (fl)J‘7f2 (f3)L7f4 ) (36)
Ly + Uigs)L

In Chap. 5, the time dependent asymmetry in Eq. (3.6) is analyzed with specific final states
which are utilized in the BaBar experiment [50]. Using the master formula in Eq. (3.4), we can

rewrite the asymmetry,

1
— VN h(yI't) + Ao sinh(yl't) + ASsin(zI't) + AC I't
(\/N_R Vi R) cosh(yl't) + Ao sinh(yl't) + AS sin(zI't) + AC cos(x['t)

A , (3.7)
1 N R
+ NR) cosh(yI't) + o sinh(yI't) + Ssin(z't) + C cos(zI't)
(\/NR
where,
N(S)J_ 4K(3)1 4
Np = —OL4fe)L 3.8
f N(1)L,2/€(1)L,2 ( )
I XL X(3)L4
AX = —= — \/Np———, for X =0,C, S 3.9
VNR K(1)L2 : K(3)L,4 ( ) (39)
o _ 1 X X@)La
X = vV Ng . (for X =0,C,S) (3.10)
Npg K(1)L2 R(3)L4

Ng in Eq. (3.8) stands for the ratio of overall normalization factors for a time dependent decay
rate in Eq. (3.4). In Egs. (3.7, 3.9, 3.10), the contribution from overall factors are taken into

account. If one takes the limit,
Np—1, y—0, S—0, and C =0, (3.11)

the asymmetry defined in Eq. (3.7) becomes one used in the BaBar experiment [50]. In Eq.
(3.9, 3.10), AS (ACQ) is identical to AS} (ACY) defined in Ref. [52] if one takes the limit of
Nrp — 1.

In practice, we only need to consider the time difference ¢ within the interval which is shorter

than the life-time of B meson so that the approximation,
sinh(yI't) ~ yI't, cosh(yl't) ~ 1, (3.12)

is valid since y < 1 for B® meson system [93-96]. Thus, the time dependent asymmetry is
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Chapter 3 Time Dependent Decay Rate for Entangled System of BB

expanded,
AN, A A A
_=R _UyFt + as sin(xI't) + ac cos(xI't)
A ~ 2 A2 3 2 5 2 : (3.13)
1+ %yFt + ) sin(zl't) + 3 cos(zI't)

Non-zero value of ANg in the above equation indicates that overall normalization ratio of decay

rates are slightly deviated from unity.
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Chapter 4

Definition of Parameters with

Definite Flavor States

In this chapter, we introduce parameters that appear in the event number asymmetry in
Eq. (3.13). In the time dependent decay rate, final states of B decay are given as the same ones
used for the BaBar experiment [50]. The neutral meson mixing parameters, (p, q, z, D, 4, 2K )
which are defined in the previous chapter, lead to the transformation property for the discrete

symmetry as,

CPorT
CPT CPT
B S s 8L s (4.2)

The transformation properties of the parameters in K meson system (pg, qi, 2k ) are the same
as (p, q, z), respectively.

Following Ref. [52], we introduce B meson decay amplitudes and inverse decay amplitudes,
Ay = (f|T|B%, A;=(f|T|B°, A;D = (B°|T|f"), A}D = (BT |f"), (4.3)

where f7 is the time reversed state of f, i.e., the state with flipped momenta and spins. Note
that Ay (As) and AP (AP) are interchanged under T transformation. Using notation in Eq.

(4.3), one denotes the following parameters,

n ID
)‘wK _ QAIZJKS,L 1+ ewKs,L _ g{les,L 1 - 9¢KS,L (4 4)
o p A%Z)KS,L 1 - 0¢K5,L p AEpDKS,L 1+ 0¢KS,L 7

1D A AID
A"pKS,LAd)KSVL - A"/}KS,LALZ)KS’L (4 5)

0¢KS L = T T :
) 1D 1D
Al/)KS,L AwKS,L + AwKs,L Aq/;KsyL
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Chapter 4 Definition of Parameters with Definite Flavor States

Note that ¥ K and ¥ Kg are not exact CP eigenstates. For the description of time dependent

asymmetries, the notation G, Sy and Cy are introduced with Ay as,

QRG)\f 21m/\f 1 — |)\f|2
Gy=—T1 §=""CL ¢p=_—"2I1 4.6
FETRINE TR e T TP (46)
Gi+S7+C7=1. (4.7)

The parameters in Eqs. (4.5, 4.6) explicitly appear in coefficients of the master formula (A.1-
A5). In Eq. (4.4), Ayks, is written in terms of the decay amplitude whose final state is the
mass eigenstate /K gy. The strangeness changing decay amplitudes can be expanded with
respect to amplitudes of flavor definite states, which are exhibited in App. B.

Note that the wrong strangeness decay amplitudes,

Aw}EOu A}/}D[a)a AwKoa ArILpI}{O; (48)
are numerically smaller than the right strangeness decay in the SM. The model independent
analysis is given in Ref. [97] for the two body B meson decays in which wrong sign kaons are
involved. The experimental constraints on wrong strangeness decay amplitudes are obtained
for BO — ) K** and B® — ¢ K*0 [98]. The right strangeness decay amplitudes are given as,

Apgo,  Ajxo,  Aygo, Afm (4.9)
We treat wrong sign decay amplitudes as perturbation of small number. Using Egs. (B.1-B.8),

one can obtain CP and CPT violating parameters in decays,

kas ZHK—ZK, 0¢KL EQK—FZK, (410)
e = e Avier ~ Auo o (4.11)
K AI:[JKOA}ZJI)I{O —|— A’(/)IEO Arllp]:;%o ? .

where 6 indicates CP and CPT violation in right strangeness decays of B meson, associated
with éwK in Ref [52]. The CPT violating parameter in K meson mixing, zx, is taken into
account in this study. When deriving Eq. (4.10), we treated zy, 0k and wrong strangeness decay
amplitudes as perturbation and ignored higher order contributions. Within this approximation,

)\UJKS’L iS,

)\wKS ~ )\(1 — A)\WSt), )‘¢KL ~ —)\(1 + A)\wst)a (412)
_apx Aue [T+0x  qpi Apro [T— 0k

T pa Apo V1—0k  pax ANV 140k

(4.13)
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Chapter 4 Definition of Parameters with Definite Flavor States

where Ay consists of the wrong strangeness decays,

Adwst = Ao = Alos (4.14)
A = L et [T b 2io 1= bure, (4.15)
qx Ayro \| 1 —0Opro  qx AMEO 14 Oyxo
ywst — 9K AwKO 1+ éwko 4k AngIEO 1- % 70
VT ke Aygo \| 1= Oug0 o AP\ T+ 05007 (4.16)
Oprco = jwoj:%z(o . Awio{l%% = B0 = {lw[iOA%’E(O - {WOA%EKO. (4.17)
KO Ay o + AwKOAwko AwKOAwko + Ayro Al

In Eq. (4.17), non-zero values of 6,0 and 9_1“50 imply CPT violation in wrong strangeness

decays. Parameters including wrong strangeness decay amplitudes are defined as,

Aust = AUty + Ao, (4.18)

Since the wrong sign semi-leptonic decay amplitudes and CPT violation are small, we expand
Egs. (4.15, 4.16) as,

71D i ID
\wst ~ PK Apgo. P Auico A~ i Aureo aic Ao (4.19)
0 = = = ) = = = . .
YK QK AT/JKO qK Af/;DI?O vK Pk Awko Pk AL,DKO

As shown in Eq. (4.12), Ay, is composed of the leading part A and the sub-leading part
suppressed by wrong strangeness decay amplitude. If one takes the CPT conserving limit in
Eq. (4.12), the relation in Ref. [99] is obtained. Note that A has the definitive transformation
property of T, CP and CPT, i.e.,

T

AS ) A ) A (4.20)

We introduce G, S and C' in the notation analogous to Eq.(4.6) by replacing Ay with A,

2Re\ 2Im\ 1 —|A]?
_ _ —- =7 = . 4.21
L+ [N\ T+ [N% 1T+ |A]2 ( )

In Eq. (4.22), || is close to 1 since direct CP violation in strangeness changing decays and

mixing-induced CP violation in K and B system are small. Consequently, we can find that C
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Chapter 4 Definition of Parameters with Definite Flavor States

is a small parameter. The parameters in Eq. (4.21) are transformed under T as,

2Re(1/A) 2Re\*

T
G = TrAE S Eel s e (4.22)
v 2Im(1/)\) 2Im\*
pu— = — 4-2
S VPR e (4.23)
_ 2 2 _
c & LEWAR D=1 (4.24)

TH[1/A2 A2+1

One can verify that the CP transformation property of G, S, C is the same as Eqs. (4.22-4.24).

Thus, the CPT transformation property is also determined as,
¢4 s s o EL 4 (4.25)

One can also derive the transformation property of the parameters for wrong strangeness decays

in Egs. (4.15, 4.16) as,

wst T. Tw wst CP. tw wst CPT_ |
/\w% — Ao, /\1;30 — Ako, )\7/530 R )‘w%' (4.26)
Therefore, the parameters in Eqgs. (4.14, 4.18) are transformed as,
T N
Adgst = —Adyst;  Awst — Awst- (4.27)

The CP transformation property of the parameters (4.14, 4.18) is the same as Eq. (4.27).
Gyrsp>Svis, and Cyrg , are related with the parameters G, S and C as,

Gurs =G+ SAN ., Gyr, ~ —(G—SAN ), (4.28)
S¢KS ~ S — GA/\‘INS“ S1/1KL ~ —(S + GA/\gvSt), (429)
Cyrs = C+ ANE Cyr, = C — ANE (4.30)

where we used notation for a complex number A, A% = ReA, A’ = ImA. When deriving Egs.
(4.28-4.30), we ignored higher order terms of C' and Alyg. One can find that Eqgs. (4.10,
4.28-4.30) lead to the relations given as,

91/,[(3 + 0¢KL = 29[(, 07/)[(3 — Q?PKL = —QZK, (431)
GwKs — G¢KL =2G, Sl/JKs — S¢KL =285, OTZJKS + C¢KL = 2C), (432)
G¢KS + G¢KL = 25AN! S¢KS + SwKL = —2GA)\‘INS,C, C¢KS — Cd,KL = ZA)‘v]gst' (4.33)

wst?

In Eq. (4.13), we have included the contribution of indirect CP violation of K meson system,

21



Chapter 4 Definition of Parameters with Definite Flavor States

as carefully discussed in Refs. [100-103]. The expressions of G,C and S in Eqgs. (4.22-4.24) are

invariant under the arbitrary large rephasing of,
(K% — e7x (K°|, (KO — e (K. (4.34)

Nevertheless, the mixing parameter ratio given as,

p_K_l—l—eK
gk 1 —e€x

~ 1+ 2eg, (lex] < 1) (4.35)

allows only the small rephasing ax < 1. In the following, we show how the correction arises
from ex. Keeping only the terms which are linear with respect to the parameter of mixing-

induced CP violation in K meson system, we expand G, S and C,

= G' - 29,
S = S +2G'e,
= O — 2k, (4.36)

where G, S” and (" are obtained by taking the limit (px /qx) — 1in G, S and C: the parameters
in Eq. (4.36) are defined by replacing A with A" in the expression for G, S and C,

¢Ayeo [T+0x .,  2ReXN  _,  2Im\N  _, 1—|\]?
p AoV 1= Ok L[V L+ [V L+ [NV e

If one takes the limit where ex — 0, (G',S5’,C") is identical to (G*M,SM,C*M) defined in

Ref. [52]. The difference of the notations between ours and one given in Ref. [52] is summarized
in Tab. 4.1. For the CPT violation parameter of strangeness changing decay, one can show that

Oyr1 and Oy ko are identical to 0k in our notation, which leads to the relation of,

Opx = O,  Abyr = 0. (4.38)
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Chapter 4 Definition of Parameters with Definite Flavor States

Table 4.1: Relation of the parameters in this thesis and ones in Ref. [52]. The first column shows
the quantities defined for the K" meson mass eigenstates (K, Kg). From the third row to the eighth
row in the second column, the quantities in the first column are expanded up to the first order of e,
and written in terms of the quantities for the CP eigenstates K, K5 in their notation. In the third
and fourth column, we show how the quantities in their notation are related to ones defined in this

thesis.

Notation in this thesis

Notation in Ref [52]

Notation in Ref. [52]

Notation in this thesis

AgKs Z_;()\M Aok, N1 — Adyst)
Ay, %AMQ ApKs SN (14 Adyst)
Gy G — 25uele || Gy = E¥50 . Gyry o
SyKs Syk, + 2Gyk, €k Syx = Syx 5 Syicy g/
Cyks Cyr, — 2€ei CA’wK = Cor —;C’MQ '
Gurs Gor, ~ 2Surscle || Ay = 2 5 Lo STAN
Sy, Syry + 2CGur,e || ASyx = i ;F Sy, _GIAN,
Cor Core, — 265 Ay = 410 2 - ANE

Ox Oy = GW+9W2 Abyx = Oyr1 . Oyica 0
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If one changes the phase convention of the states, the phase of A’ is transformed as follows,
N — Ne#or, (4.39)
Assuming the phase ay is small, G’, S, and €l are changed as,

G — G —2akS’,
S — S+ 20zKG/,

el — e — ag, (4.40)
while C' and €& are invariant, i.e.,
C'— ', el =l (4.41)

As phase convention independent notation, we use ¢’ and €2 instead of C' in the following
discussion. The numerical significance of €% will be mentioned in the next chapter.

We turn to the definition for parameters including semi-leptonic decay amplitudes. In what
follows, from Eq. (4.42) to Eq. (4.47), we adopt the notations in Ref. [52]. Right sign semi-

leptonic decay amplitudes are denoted as,

Ap = (I"X|T|B%, AR = (BIT|(I"X)"),
A =" X|T|B%, AP =(BYT|(I" X)), (4.42)

while wrong sign semi-leptonic decay amplitudes are given as,

A= (TXITIBY), AR = (BT| X)),
A = (PXITIBY), AR = (BT X)T). (4.43)

For the case of the SM, the wrong sign semi-leptonic decay amplitudes are numerically sup-
pressed compared with the right sign decay amplitudes. Thus, we ignore higher powers of the

wrong sign decay amplitudes. The parameters including semi-leptonic decay amplitudes are

defined as,
A 1+6 AP 19 A AP — A AP
Ne o= dfw [1Eor 45 Lo =L (4.44)
pA+\V1—-60+ p Al* 146+ AHAI, + AHAI,
A~ |1+6,- AD 1 g, A AP — Ao AID
U F S Ek S, i S s L e N Oy
pA-\1-0~- pAZ\ 1+0- A-AL — A- AR
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where 0+ stands for CPT violation in semi-leptonic decays of B meson. By the definition in
Eqgs. (4.44, 4.45), one can find the transformation law of the parameters for the semi-leptonic

decays, i.e.,

A+ L (/\l*)_l, A+ C—P> ()\lf)_l, A+ ﬂ) A+ (4,46)
We assume that CPT violating parameter ;= is small and treat it as perturbation. At linear

order of 6+ and wrong sign semi-leptonic decay amplitudes, we obtain,

qAr _qAP . pA- _pAP

SV e I e NV i O e L 4.47
pAx  pAPT T T g A T g AP (447)

where we can find that the contribution from 6+ is negligible in Eq. (4.47). Following Ref. [52],
we also define G+, S;x and Cj+ analogous to Eq. (4.6) by replacing Ay with A\j=. Equation

(4.47) gives approximate expressions for G+, S;+ and Cj+ as,

QRG)\H 2Re)\l7 _1 1-— |)\l:t|2
G+ = ———— ~2Re\+, G- = ————— ~2Re(\ ), Cjp = ———— ~ +1
I+ 1+|)\H|2 EA+, Gy 1+|)\l*|2 e( 1 )7 = 1+|)\li|2 )
2Im M\ + 2ImA\;,- _1
St = ———— ~2ImM\+, S- = ———— ~ —2Im()\, ). 4.48
It 1+|Al+|2 MmA+, l 1+|>\l—‘2 m( l ) ( )

The parameters of G+, S;+ and Cj+ explicitly appear in the coefficients of the time dependent
asymmetry analyzed in the subsequent chapter. Note that G+ and S;+ are small numbers since

A+ and )\lil are suppressed due to the AB = A(Q rule. We can find the relations,

G+ G- =2\B S — 51— = 2)], (4.49)
G — G- = 2ANE, Si + S = 2AN], (4.50)

where )\, and A\, are defined as,

j\l = >\l+ + )\71 A)\l = >\l+ - )\;_1 (451)

)
The parameters above are transformed definitively under CP, T and CPT,
AN E) T N = AL AN S (40) T = A = —AN (4.52)

The CP transformation property of A, and A), is the same as Eq. (4.52). Hence, the CPT

transformation property of \; and A, is also determined as,

LN, Aan S A (4.53)

25



Chapter 4 Definition of Parameters with Definite Flavor States

Furthermore, one defines,

_ |p\2 - |€I|2 ¢ = fﬁ:llfAﬁD - AH{QP 1- |/\fg|2
TPl YT A AR 4 A A 1+ AP

A ive _ap [1-g
A== = - . 4.55
= \T-e”Ap\Tve (45

In Eq. (4.54), Ry implies mixing-induced CP and T violation in B meson system [52]. This

R Ct,

(4.54)

parameter is extracted from HFAG data [104] for the average of the experimental results,
Ry = (=7+9) x 1074 (4.56)

As shown above, indirect CP violation B® — BY is small enough to treat it as perturbation.
In Eq. (4.54), & stands for CP and T violation in right sign semi-leptonic decays, which is
considered as a small number. We assume direct CP violation in B® — [T X is small so that Cé
in Eq. (4.54) is also treated as perturbation. Equations (4.28-4.30, 4.49, 4.50, 4.54) enable one
to write the asymmetry in Eq. (3.7) in terms of parameters which are exactly T-odd or T-even.

In the following, we address some significant points of the parameters defined in this chapter.

Note that the parameters given as,
S7 Ca G7 QKa RM7 2, 2K, 5‘lv A>‘la §l7 Cé, 5\vvst and A>\Ws‘57 (457)

have the definitive transformation properties exhibited in Tab. 4.2. In the processes which are
discussed in the subsequent chapter, Kg; is included as a final state, and the contribution
of mixing-induced T and CP violation, px/qk, appears in the expressions of G, S, C, Awst and
Alyst. The CP and CPT violation parameter in K meson mixing denoted as zg, also affects
the time dependent asymmetry. In the subsequent chapter, the asymmetry is written in terms
of parameters in Eq. (4.57), and explicitly divided into T-odd and T-even parts.

The parameters defined as,
p/qapK/QKa ewKOJ §¢[€07 elia )‘7 /\Zj:%m 5\32207 >\li7 and >\l§7 (458)

are introduced to keep the definitive transformation property of parameters in Tab. 4.2. The
transformation property of the parameters in Eq. (4.58) is exhibited in Tab. 4.3.

The parameters given as,

Opico, Oy0, 00, C, Oxc, Ry, 2, 21c, My AN, &, Cty Avst and Ay, (4.59)
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are all small numbers, and our analysis is based on linear order approximation with respect to

the quantities given in Eq. (4.59) throughout this thesis.

Table 4.2: Transformation properties of the parameters under T, CP and CPT.

S1C|IG |0k |Ry|z|zc | | AN|&|CEH| Aust | Adust

T |[—|=|+|+]| = |+|+]|+] = |-|+]|+ ]| -
CP | —|—|+|-| - |||+ - |-]-]+] -
CPT |+ [+ |+ | = |+ |=| = |+| + |+ -] + | +

Table 4.3: Transformation properties of the parameters which are introduced to keep the definitive
transformation property of the quantities in Tab. 4.2

p/q | pr/ak | Opko | O+ A N | A g

T || a/p | ax/px | =Opgo | O | ()7 [ A5k | (W) | A
CP | q/p | ax/px | Opio | —0i- | ()7 | Ao | ()7 | (M)

CPT || p/q | rx/ax —Oypro | =0+ A Vst A+ (Alg)_l

YKO
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Chapter 5

Analysis of
Time Dependent Asymmetry

In this chapter, we apply the event number asymmetry defined in Eq. (3.13) to the processes
for B meson decays. The time dependent asymmetry in this thesis includes the effect of different
normalization for the decay rates, i.e., non-zero value of ANg defined in Eq. (3.14). As the
BaBar asymmetry investigated in Ref. [50], the final states f1, f2, f3 and f; are assigned with
YK, Im X, ITX and Ky, respectively. This process is referred to as I, which is associated
with the asymmetry for B_ — B° versus B° — B_. We also consider other three processes
which can be obtained by interchanging =X with [T X and ¢ Kg with ¢ K in the process 1.

To summarize, we analyze the processes given as,

(@) (f1, fos f3, o) = (WKL, "X, "X, 9Kg),
(D) (fis fos f3, f1) = (WEKs, I X, 1T X Ky ),
(D) (fis fos f3, fa) = (WKL, 17X, 17X, ¢ Ks),
(V) (fi, fo fa f1) = (WK, 17X, 17 X, Kp). (5.1)

For all the above processes, we can find that the following parameters are treated as perturba-

tion,
ANg, Ao, yl't, AC, S, C. (5.2)

To analyze the processes in Eq. (5.1), the list for the coefficients of the trigonometric func-

tions in the decay rates is given in App. C. The time dependent asymmetry in Eq. (3.13) are
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expanded,

A =~ Ryp+ Crcos(zT't) + Srsin(zTt)
+Brsin?(2't) + Dy sin(aT't) cos(aTt) + Ep(yT't) sin(2Tt), (5.3)

where the coefficients of the time dependent trigonometric functions are given as,

ANR Ao ANR
= — —yl't ~ — 4
A A
o = 5 &=t 55
AS . AS -
Br = ——85, DT:——SC, (5.6)
4 4
A
Er — _TS(}. (57)

In Egs. (5.4-5.7), we ignored the contribution from Acy. Note that 6 and AS are O(1)
parameters and 6y gives rise to small contribution. The parametrization in Eq. (5.4-5.3) without
the last term can be found in Ref. [52]. In the following, the coefficients in Eqs. (5.4-5.7) are
analyzed for each process. We label suffix I —IV on the quantities associated with the processes
in Eq. (5.1) to distinguish them.

Below, the asymmetry and the coefficients for the process I are shown. The detailed deriva-
tion of the coefficients for the process I is given in App. D. For the other three processes, a
simple rule to obtain the coefficients for the processes II-IV from I is considered in App. E. We
first investigate ANg in Eq. (3.14) for the process I. Through Eq. (D.8), one can obtain,

wst

AN = 2[=S2" + Ry + B, — GAR — ¢l — ¢f1. (58)

Using Egs. (5.8, D.9-D.13), one can derive the coefficients in the time dependent asymmetry,

AN}

Rl = 2= Sz' — Ryr — AE + GAF + CL + €F, (5.9)
1 ACI 1 R 1 ! R 1 R 1

Cr = T:(J—Sz + 05 + SAN, = C" —2e — Sz + 05 + SAN, (5.10)
I AS] R I R

Sp o= —5- =[S0~ G=M) — GO + GSAXNT, (5.11)
I ASI oI 1 I I \R l R

By = —— =81~ S[G(sh — AN) = ' + SRy + SN - SC - 5¢f1, - (5.12)
I AS' AT R R R ¥

Dy = _TC ~ Slzg — Ay — G277 — SN/, (5.13)

I
EL = —ATS&I:GS. (5.14)
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If one imposes the following conditions,
e No CPT violation
e No wrong sign decays
e No CP violation in B® — B? mixing and right sign semi-leptonic decays
e y—0

it is shown that the asymmetry coincides the function adopted in the experiment [50],
Al = Cf cos(aI't) + SLsin(zI't). (5.15)

Under the presence of CPT violation, wrong sign decays, non-zero width difference of B meson
mass eigenstates and CP violation in B meson mixing and semi-leptonic decays, the relevant
function form is one given in Eq. (5.3).

All of the coefficients in Eqgs. (5.9-5.14) are expressed in terms of the phase convention
independent parameters defined in the previous chapter. In Eq. (5.10), the contribution from
mixing-induced CP violation in K meson system explicitly appears. Assuming that all of mixing
induced CP violation of BY system, direct CP violation in B® — ¢ K° and CPT violation in

strangeness changing decay of B meson are small numbers, we expand C’ in Eq. (4.37),

1. /T
— R, ‘g‘ ~1—-Im (i) 5.16
K p 2 M1d2 ( )

A theoretical prediction for the B? system is given in Ref. [105], which enables us to extract,

Im (Fi?) ~ O(107). (5.17)
M,

As for direct CP violation in BY — K, theoretical evaluation is obtained in Refs. [74,106],

which results in,

Aw[&(}

1- ~ O(107%). (5.18)

Az/)KO

Consequently, mixing-induced CP violation in K meson system and direct CP violation in
BY — ¢ K" are dominant in the coefficient in Eq. (5.10), which predicts CL ~ O(1072), if CPT
violations and the wrong sign decay in B — [X in Eq. (5.10) are negligible. This prediction of

order is valid unless the cancellation between the parameters occurs.
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Chapter 5 Analysis of Time Dependent Asymmetry

If the coefficients of the time dependent decay rate in Eqgs. (5.9-5.13) were genuine T-odd
quantities, they would vanish in the limit of T symmetry. In other words, if there remain
non-vanishing contributions in the T symmetric limit, the coefficients are not T-odd quantities.
From Eqs. (5.9-5.14), one can observe the presence of T-even contributions. Some of them
do not vanish in the limit of T symmetry whereas there exist terms quadratic with respect to
T-odd quantities, which vanish in the T symmetric limit.

In what follows, we investigate conditions that require the asymmetry being a T-odd quan-

tity. The following relations are needed for T-even terms in each coefficient to vanish,

ML=0, GAT=0, Ci=0 — RL:T—odd, (5.19)

0 =0, SAN =0 — Cf:T—odd, (5.20)

GO =0, GSAN'=0 — S&:T—odd, (5.21)

SGANL, =0, S*\E =0, S°Ci=0 — BL:T-odd, (5.22)
SANE, =0, S2AI=0 — DL:T—odd. (5.23)

Since both real and imaginary part of A do not vanish, G' and S are non-zero quantities. Thus,
the conditions to obtain T-odd coefficients in Eqs. (5.19)-(5.23) are,

Ok = Mg = AN =N = A, = CL=0. (5.24)

The above relations except C’é = 0 agree with ones obtained in Ref. [52]. The additional

condition is required since we account the overall constants in the time dependent decay rates.

In Tab. 5.1, we show how each coefficient of the asymmetry in Eq. (5.3) depends on a T-odd

combination of the parameters. The dependence on the T-even contributions of the parameters

is also exhibited. Likewise, the T-odd and even contributions for the processes II-IV are listed

in Tabs. 5.2-5.4, respectively.
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Chapter 5 Analysis of Time Dependent Asymmetry

Table 5.1: Coefficients of the asymmetry for the process I and the sources which give rise to the

non-vanishing contribution to the time dependent asymmetry.

The sources of the second column

correspond to T-odd terms and the others are associated with T-even terms. In the third column,
the contribution from CP and CPT violation in right strangeness decays is exhibited. In the fourth
column, the contribution from CP and CPT violation in the right sign semi-leptonic decays is shown.
In the fifth and the sixth column, T-even contribution from the wrong strangeness decays and the
wrong sign semi-leptonic decays are given, respectively.

T-odd terms Ok #0 C’é #0 | Aygo #0, Apgo 0 | Apr #£0,A)- #0
RL Szl — Ry + &F 0 C! —A\B GAR
Ch C— 52 R 0 0 SAN
Sk —S[1 — Gz GoL 0 0 —GSANE
B || S[Gzk — 21 + SRy — S 0 | =S2CL| S2M\E — SGAN. 0
DI, S[zE — G2 0 0 —SANE —S2\!
El GS 0 0 0 0
Table 5.2: The same table as Tab. 5.1 for the process II.
T-odd terms Ok # 0 Cé #0 | Aygo # 0, Apro #0 | A £0,A- #0
RY Szl — Ry + &R 0 Ct AR —GAR
o C+ 82! o 0 0 —SAN
SH S[1+ Gz —GoL, 0 0 —GSANF
BY | —S[Gzk — 2 = SRy + 8¢ | 0| —S2CL | —S2AE |+ SGANL, 0
DI S[zE — QA 0 0 —SANE —S2\
EH GS 0 0 0 0
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Chapter 5 Analysis of Time Dependent Asymmetry

Table 5.3: The same table as Tab. 5.1 for the process III.

T-odd terms Ok # 0 Cé #0 | Ayzo # 0, Apro #0 | Ajr £0,A- #0
R Szl + Ry — & 0 —C! —A\B GAR
CHI —C -5t —0R 0 0 SAN
S S[1+ G2R) —GOL |0 0 —GSANE
BHI || S[Gzk — 21 — SRy + SEF] 0 S2CL | S2AE, — SGAMN,, 0
DT S[zE — G=A] 0 0 —SANE, —S2\!
EHT ~-GS 0 0 0 0

Table 5.4: The same table as Tab. 5.1 for the process IV.

T-odd terms Ok 0 | CEA0 | Aygo # 0, Aygo #0 | Ape # 0, A= #0
RYY —Szl + Ry — &FF 0 —Ct AR —GAP
CcL —C + 87! —0R 0 0 —SAN
A —S[1 — GzR) GOk 0 0 —GSAN
BY | S[-Gzk + 2" — SRy + S¢f | 0 S2CL | —SPAR, + SGAMN,, 0
DLV Sl — G2 0 0 —SANE ~S2\
ELV ~-GS 0 0 0 0

From Tabs. 5.1-5.4, one can find that each coefficient of the asymmetry is related to one

in another process. It is shown that the following relations among the coefficients for four
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Chapter 5 Analysis of Time Dependent Asymmetry

processes are satisfied:

RY = —RL RMI=_RH
cll = _cH ¢olV=_cl,
S = s, st =sh,

B = _pl BIV-_pBL

D% — D%I — DIII D%V,
EI _ EII _EIII EIV
T T — :

As shown above, the ten independent coefficients,
RERE L, cH sl sif BL BH DL and EL, (5.25)

are available to constrain the theoretical parameters. In Tab. 5.5, we show how ten independent
combination of the coefficients can be written in terms of the CPT-even, CPT-odd and wrong
sign decay parameters. Since we have the eighteen parameters for B meson and K meson
decay and mixing, the number of the independent coefficients is not enough to determine all
the theoretical parameters.

The measurement of the coefficients are useful to obtain constraints on S and G as well
as various non-standard interactions, ¢.e., the wrong sign decay and CPT violation while the
asymmetry in Eq. (5.3) is not exactly T-asymmetry; some combinations of the coefficients
enable us to extract the theoretical parameters of interest. In the following sections, we inves-
tigate how to determine S and G' and consider a method to constrain the various non-standard
interactions. In Sec. 5.1, we study the general case without any assumption. In the subsequent
section, we investigate two interesting cases, one of which is associated with the case that CPT
is a good symmetry in Sec. 5.2. For the case without wrong sign decay amplitudes, we also

suggest how to constrain the parameters in Sec. 5.3.
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Table 5.5: List of combinations of the independent coefficients in the asymmetry. In the first column,
the combinations for the experimental observables are shown. In the other columns, we specify how
a coefficient is written in terms of theoretical parameters. The parameters of interest are categorized
as three types given in each column.

CPT even parameters | CPT violating parameters | wrong sign decays

RI RII

% —Ry + & C 0

I I

ftr 5 fir 0 St —AE + GAE

CL+CH

% C oR 0

I _ I
% 0 _Sz SAN
I 1

@ 0 SG:R _SGANF

SI _ SH

ot S’ -9 GOk 0

2

BI BII

% S2(Ryy — £F) e 0

BI - BII "

% 0 S(GzE — 21) S(SAE — GAN )
D}, 0 S(z — G2F) —S(ANE, + SA])
EL GS 0 0

BL + B¥ o 0 0

RL+ RY




Chapter 5 Analysis of Time Dependent Asymmetry

5.1 Extracting Parameters of Interest: General Case

Let us first examine how the theoretical parameters are determined by the measurements of
the coefficients shown in Tab. 5.5. Note that we can constrain the product of GS through the
observation of Ep. Since the coefficient is multiplied by y in Eq. (5.3), one cannot extract Ep
solely from the time dependent asymmetry. Therefore, the value of y should be fixed through
another experiment. As defined in Eq. (3.5), y is proportional to the width difference of the
B meson mass eigenstates. A method to measure the product ycos28 ~ Gy is suggested in
Ref. [107]. Combining the measurement of the product Ely ~ GSy, one can determine S. The

absolute value of G is fixed through the approximate relation,
ST+ G~ 1-0(0%. (5.26)

where the quadratic term with respect to C' is negligible. Consequently, the measurement of
Er determines (£G,S) within two-fold ambiguity. This ambiguity is removed if we assume

that the standard model contribution is dominant for the width difference. (See Fig. 5.1.1.)

S
- RO —

0.51

10 -05 0.5 1,0

-0.51

—1ro- —

Figure 5.1.1: Determination of G and S. These parameters are on the circle of unit length. Once S
is known, G is determined within two-fold ambiguity. This is reproduced from Ref. [61].

As an alternative way, the relation,

BL + BH

L — g2 5.27
Ry RY TS (5.27)

is utilized to fix the absolute value of S. The sign ambiguity for S is removed since at the
leading order 25 is equal to SH — SL. Provided that the sub-leading contribution does not
change the sign of the leading term, the sign of S is fixed through S — S%. Having determined

G and S, we can consider constraining the other theoretical parameters of interest.
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Note that the following relation is satisfied,

RL-R Ch-Cf .,

5 5 B+ GAT+ SAN. (5.28)

Since the right-handed side is independent of CPT violation, non-vanishing combination in
L.h.s. implies the unambiguous evidence of wrong sign decays. Furthermore, once S is fixed,

one can write the imaginary part of CPT violation in B decays,

_ SE—SH+28
N 2G '

(5.29)

However, the real part of 0k cannot be solely extracted due to the small correction of C|

Ch+Cl

o+ o= (5.30)
We stress that the following combination is also convenient,
4W+$+@:5Q§5 (5.31)
To summarize, if any one of the following combinations,
RL—RY cl-cF, SL+sH. BL-BI DL (5.32)

is non-zero, it implies the presence of CPT violation and/or wrong sign decay.
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5.2 Extracting Parameters of Interest:

CPT Symmetric Limit

In this section, we consider the case in the limit of CPT symmetry. In this circumstance,

all the contributions in the third column in Tab. 5.5 vanish. Since the wrong sign decay

parameters are CPT-even, the fourth column in Tab. 5.5 is not eliminated. Therefore, the

following parameters are fixed,

oo CF}+C§17
2
s gt
S T
R+ RY
Ry =& = —%-

Moreover, the T-odd wrong sign semi-leptonic decay amplitude is extracted,

Cv[ - CH
A)\I — T T
: 25
Si 4+ SH
AN — _Zr T
: 2GS

For the other wrong sign decay parameters, one can obtain three constraints,

RL— RY!

92 = _S‘v}gst + GS‘ZR7
BI o B]I .
% = S(SA\IES‘L - GA)‘ivst)’
DL = —S(ANE, 4+ SAD).
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5.3 Extracting Parameters of Interest:

the absence of wrong sign decays

In this section, constraints on parameters in the case with no wrong sign decays are con-
sidered. In this limit, the wrong sign decay amplitudes are eliminated so that the relations in
Egs. (5.29-5.31) are kept while r.h.s. in Eq. (5.28) vanishes. One can fix CP and CPT violation
of the mixing parameters in B meson system through the observables,

RL—REY . SLisU

r_ fip — Ly R M A
Y= % 509 (5.41)

For K meson system, CP and CPT violation in mixing is also determined as,

2Dr + St + 57

B - BY! - (C} — )
25 ’ '

285G
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Chapter 6

Conditions for

Authentic Time Reversal

We have learned from the previous chapter that the coefficients of the asymmetry do not
vanish in the T symmetric limit; although the main goal in the original suggestion in Ref. [43] is
to obtain genuine T violation, it turned out that T-even contribution is allowed. In this chapter,
we clarify why the T-conserving parts are included in the coefficients. One can show that, when
the following conditions are simultaneously satisfied, the coefficients in Egs. (5.9-5.13) become

a T-violating object:
(1) Equivalence of B meson states.
(2) ANE =0.

In the above conditions, we defined,
ANgp = ANy + AN, (6.1)

where ANg, (ANY) stands for the T-even (odd) part. The idea of the condition (1) is originally
addressed in Ref. [52].

In the following sections, the interpretation of the conditions (1) and (2) is addressed.

40



Chapter 6 Conditions for Authentic Time Reversal

6.1 Condition of State Orthogonality of B mesons

In Chap. 5, we analyzed the time dependent asymmetry that indicates event number dif-
ference of the processes which are naively related with T transformation. In Fig. 6.1.1, the
diagram with (f1, fo) = (¢ Kp,1-X), which is associated with B_ — B, is exhibited while its
naively time reversed process given as B® — B_ is shown in Fig. 6.1.2. As remarked previously,
the difference of the rates for these two processes are considered to obtain T violation. However,
rather than Fig. 6.1.2, an inverse decay process which is shown in Fig. 6.1.3 is a genuine time
reversed process for Fig. 6.1.1. It is straightforward to verify that Fig. 6.1.1 and Fig. 6.1.3
are related with the reverse of time direction. In the processes considered in this thesis, we
substituted Fig. 6.1.2 for Fig. 6.1.3 since signal sides of Fig. 6.1.1 and Fig. 6.1.2 are apparently
a time reversed process to each other. Since Fig. 6.1.2 is not a genuine time reversed process,
the asymmetry is slightly deviated from a T-violating quantity. The equivalence conditions
indicate that the initial (final) B meson states of the signal side in Figs. 6.1.2-6.1.3 are the

same as each other up to an overall phase factor.
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Bk

Figure 6.1.1: Process with (f1, fo) = (¢ Kr,l” X). This is reproduced from Ref. [61].

Figure 6.1.2: Process with (f3, f1) = (ITX,¢Kg). This is reproduced from Ref. [61].
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Y

Figure 6.1.3: Inverse process of Fig. 6.1.1. This is reproduced from Ref. [61].

| 4

Figure 6.1.4: Inverse process of Fig. 6.1.2. This is reproduced from Ref. [61].
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Chapter 6 Conditions for Authentic Time Reversal

The condition is given as,

B._ B-x_,
{| ( l+X)J_>O<| I-X > (6.2)

|Bsyrs) o [ Bk, —)L)

The above relations show that B meson states in Fig. 6.1.2-6.1.3 are equivalent. Likewise, Fig.
6.1.4 is a genuine time reversed process of one given in Fig. 6.1.2. We apply state conditions

to B meson states in Figs. 6.1.1-6.1.4,

{ |Boi-x)1) < |Ba+x—)) (6.3)

|Bopry)) < |Byks—)L)

In the following, we discuss how the conditions are violated, as originally analyzed in Ref. [52].
Up to the normalization factors, violation of the state equivalences in Eqs. (6.2-6.3) is written

as,

(Ba-x-)1|Birxy1) # 0, (6
(Burx—)1|Boi-x)1) # 0, (6
(Bosyis) L Busr,—)1) # 0, (6.

(6

(Brs—)L|Bosyr,)L) # 0.

The conditions in Egs. (6.4, 6.5) indicate that one cannot exactly conduct the flavor tagging
under the presence of the wrong sign semi-leptonic decays. Similarly, the relations in Eqs. (6.6,
6.7) imply that the CP tagging is contaminated by the presence of CPT violation in B® — ¢ K°
decays and wrong strangeness decays. Including overall factors and using our notation, violation
of the conditions in Eqgs. (6.4-6.7) is shown as,
(Buyic, )L Bowks) 1) = Nisprs)t N, —) 1 (Apro Ao + fhpm%&ﬂw, (65)
(Bi-x—L| B x)L) = 2N(l%)LNHH)LAHA}D%))\H, '

_ _ O — Adys
(Bpis )L Bowrp)r) = Nwrp) L N —) L (Apro Ao + AMOALDKO)%, 69)

— q _
(Batx—)1|Bi-x)1) = 2N(“—>)LN(—>I*)LAI*A}Ez_,)‘rla

where we used the expression for the states defined in App. F. In Eqgs. (6.8, 6.9), the effect
of mixing-induced CP violation in K meson system is included in terms of our notation of
Adyst in Eq. (4.14). Therefore, Egs. (6.8, 6.9) show that the wrong sign semi-leptonic decays,

the wrong strangeness decays and CPT violation in strangeness changing decays cause tagging
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ambiguities, which are formulated in terms of the state non-orthogonality.
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6.2 Condition of Ratio for Overall Normalization Factor

In this section, we address why the condition (2) is needed to obtain T violating observables.
For simplicity, consider the case that the condition (1) is satisfied to demonstrate that violation
of AN = 0 gives rise to T-even contribution to the asymmetry.

The following quantities are introduced for convenience,

X X(-
, Xe — (wKL)J-zl+X _|_ (l X)J—,iﬂKs’ (6].0)
RypKp)LitX Ki-X)LyKs RpKp)Li+X Ra-x)LyKs

o - XwK)Lrx X x)LeKs

where X = 0,C and §. Note that X°(X°¢) defined in Eq. (6.10) is T-odd (even) due to the

explicit forms,

Se=-29(1 - GzR), C°=2[C-SZ], (¢°)=0, (6.11)
S =2[Gzk 4+ (S2 —1)21], C°=2[zk —G2B], (0°) =20, (6.12)

where for 0 and ¢¢, only the leading part is written since small parts of Ao and ¢ are neglected
when multiplied by y in the time dependent asymmetry in Eq. (3.13). In this notation, the
observables defined in Egs. (3.9-3.10) are,

AN AN? ANE
AX ~ X0 — = Lfxe = (XO - = RXe) - R Xxe, (6.13)
. AN AN? ANE
XXt == Exo = (Xe - TRX> — TRXO. (6.14)

For the case of AN = 0, it is straightforward to find that AX(X) is a T-odd (even) object.
As shown in Eq. (6.13), one finds that the T-even part of ANy leads to T-even contribution
to the observable. The same applies to X so that AX (X) deviates from T-odd (even) when
AN}, has a non-zero value. Therefore, we can demonstrate that T-even part of ANp yields

T-even contribution to the coefficients of time dependent asymmetry in Egs. (5.4-5.7).
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Chapter 7
Summary

In this thesis, we have investigated the precise meaning of the observables in B factory
experiments. The processes of BB mixing give the methodology to get the information about
non-invariance of T violation, as originally suggested in Ref. [43]. The EPR correlation of flavors
in Y(4S) — BB decays enables us to extract the time dependent processes of B meson. For
the purpose to obtain a probe of T violation discriminated from CP violation, we utilized the
time dependent decay rates for B_ — B° and B — B_, motivated by the BaBar measurement
[50]. Associated with these two processes, the time dependent asymmetry is constructed to
investigate violation of the discrete symmetries.

As description of the systems for B and K meson, neutral meson mixing is briefly intro-
duced to obtain the time evolution of wave function. The Weisskopf-Wigner approximation [60]
provides drastically simplified formalism to deal with the time dependence of neutral meson
states. Incoming and outgoing mass eigenstates in the system with non-Hermitian Hamilto-
nian are constructed through the orthogonality of the states. To examine the experimental
constraints, the CPT violating formulation is adopted for the mixing system.

We attempted to write the time dependent asymmetry in terms of the parameters in the
flavor based states. In our notation, the transformation properties for the theoretical parameters
are exact so that one can disentangle the transformation laws for the constructed asymmetry. It
is well-known that the mass eigenstate of K 1, is deviated from the CP eigenstates. We properly
treated these mass eigenstates in the analysis to calculate the contribution from indirect CP
violation. CP and CPT violation in K meson mixing is also accounted in the analysis to
examine the contribution. Moreover, it is shown that the introduced parameters are invariant
under rephasing of quarks.

In the analysis of BaBar [50] and the theoretical study [52], the difference of the overall
constants for the rates is eliminated. In general, the ratio of the overall constants for the two

decay rates is deviated from unity. Such slight deviation is taken into account in our analysis.
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It is shown that the proper function form of the asymmetry is obtained as an extension of
one utilized in the experiment [50] if one accounts CPT violation, wrong sign decays, non-
zero width difference between By and By and CP violation in B meson mixing and right
sign semi-leptonic decay. We also found that the asymmetry is expressed in terms of the
phase convention independent quantities. The effect of mixing-induced CP violation in K
meson system is extracted and it gives rise to O(1073) contribution to the observable, which
is comparable to direct CP violation in the B — ) K° decay. Assuming that no cancellation
between the parameters occurs, the coefficient of the cosine term in the asymmetry is O(1073),
if the wrong sign semi-leptonic decays and CPT violation are negligible.

The theoretical parametrization for the coefficients of the time dependent trigonometric
functions in the asymmetries is explicitly formulated. With our notation, it turned out that
the coefficients are slightly deviated from T-odd quantities; there remain contributions which do
not vanish in the T symmetric limit. In this sense, we have redemonstrated that the observation
of T violation requires the measurement of genuine time reversed processes which include an
inverse decay process of B meson.

We have obtained the coefficients of the asymmetry for the processes I-IV, which are ap-
parently considered as T-odd quantities. The proper combinations of the coefficients enable us
to extract the theoretical parameters of interest. Provided that the width difference between
By and By, is known, the three cases to constrain the parameters are discussed. For the most
general case, we can extract the parameters which are associated with sine and cosine of 23
in the SM. We also found that non-zero value of some combination of the coefficient signals
CPT violation and/or the presence of the wrong sign decays. For the case of CPT-conserving
limit, the observables constrain the parameters for wrong sign semi-leptonic decays and wrong
sign strangeness decays of B meson, both of which are extremely suppressed in the SM. As
for the case of the absence of wrong sign decays, CPT violation for B and K meson mixing is
constrained.

Furthermore, we discussed why the T-conserving contributions appear in the coefficients.
It is shown that T-even terms in the asymmetry vanish when several conditions are satisfied.
These derived conditions are categorized as two types. The first one is referred to as equivalence
conditions which are associated with B meson states for a time reversal-like process and a
genuine time reversed process. As suggested in Ref. [52], B mesons for the two processes are
not equivalent to each other. We showed violation of the equivalence conditions in our notation
including the effects of mixing in K meson system. Since the difference of the overall factors
of rates is accounted in this study, one should consider an additional condition to obtain T-
odd observables. In particular, it is shown that T-even part of the ratio of the overall factors

can be the origin of T-even contribution. One can clarify that if these two conditions are
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simultaneously satisfied, the coefficients become T-odd quantities.

Through this study, we have learned that the subtle points are involved in the observation
of microscopic T violation whereas CP violation is firmly measured in the flavor factory ex-
periments. Obviously, the further check of the discrete symmetries gives us an unique tool to
investigate the validity of the theory. Since the ingredients in this study are applicable to future
B factory experiments, it is expected that the discrete symmetries will be well-understood by
the precise measurement with the principal aim for obtaining a signal of physics beyond the

standard model.
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Appendix A
Coefficients of Master Formula

In this appendix, the coefficients of the master formula for the time dependent decay rate

are shown. As originally given in Ref. [52], the coefficients are,

1

Nari = ;l/\/z‘f\/j{lJr(Cﬂer)(RM—ZR)}? Ni = AP + A% (A1)
KoLy = (1—GiGj)

H(Cs+ C)(1 = GiGy) + CyGs + CiGL)2" — (S, + 5) 2!

+GiG (R + C,0%) — G801 — G50 (A.2)

owry = Gj—Gi

+Ci(1+ G5 — Gy) — C(1 — G + G2 + (GiS; — G;5) 2"

~C,G0% + 8,01 + C,G.0F — 50!, (A.3)
Ciyrs = —CGiC; =55,

—[(Cs + CH(CiCy + SiS;) + CiGy + C;Gilz" + (S; + S)) 2"

+G,8,0 — [Ci(1 — C?) — C;5,5,]07

G800 — [C5(1 — C2) — C;5:5;]6F, (A.4)
Swr; = CiS; =055

+[CiC5(S; — Si) — (CF + G)Si + (CF + Gi) ;]2 + (C; — Cy) 2"

—CiGi0! + [(C? —1)8; — CiC;S,)6%

OG0! — [(C2 = 1)S; — C,C, 8,07, (A.5)

where A; and A; in Eq. (A.1) are the decay amplitude defined in Eq. (4.3). The indices i and
j represent the final state of tagging side (f;) and signal side(f;), respectively.
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Appendix B

Strangeness Changing

Decay Amplitudes

In this appendix, B meson decay amplitudes are explicitly given. Here, the amplitudes
with the mass eigenstates of K meson are decomposed into definite strangeness amplitudes.

For strangeness changing processes with an initial B meson, the decay amplitudes are,

Ao = WHSMIBE) = o (v T= 2o + oy TH acdy). (B
Au, = WKPIBE) = o/ T oo — VT 2. (B2)
Ayks = (WKG|B) = 2p;q;< (g VT = zx Aygo + P VT + 2K Ay o), (B.3)
Aok, = (WKPIED) = 5oV T scdo e/ T= 2 Ay) (B

while the inverse decay amplitudes are,

Afs = (BPWEKE) = (pxvT = 2k Allko + axVT + 2 A, (B.5)
Ak, = (BEUWKT) = (0r VT + 25 Aygo — aevV/1 = 2 A o), (B.6)
Ay = (BWEKS) = (pxvT = 2k Ao + ax VT + 26 AL, (B.7)
Afe, = (BOMUKTE) = (ox VT + 2k Ao — ax VT — 2k Az, (B-8)

Plugging Eqs. (B.1-B.8) into Eq.(4.4), we can obtain Eqgs. (4.13, 4.28-4.30).
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Appendix C

List of Coefficients for

Time Dependent Decay Rate

In this appendix, we give expressions for the coefficients of the time dependent trigonomet-

ric functions in Eq. (3.4). For the processes associated with the final states in Eq.(5.1), the

coefficients are,

S(pky)LI-X
S+ X) LK
Clyprp)Li-x

Curx)L ks
RypKp)Li-X
R+X)LyKs
O(pKp)Li-X

T+ X)LyKs
Sk LI-X
RypKp)Li-X
S+X)LpKs
K(+ X)L pKs
Cok)Li-x
RypKrp)Li-X
Curx)Lyks

Ratx)LypKs
O(WKL)LI-X
RypKp)Lil-X

O+ X)LpKg

R+ X)LypKs

12

12

12

12

Sy, = Syr, 2" = 2 = Gy, O,

Syprs + Syrs?™ — 21 — Gyrsliy,

Cyr, — Spr,S- + Gyr, 2" + Syk, 2" + 05k, ,
—Cyrs — SprsSir — Gursz™ + Syrsz — Oy,
1= Gyr, G- — (Gyx, +1)2" = Syx, 2",

1 — GyrsGrr + (Gyrg + 1)2 — Sy’

G- — Gy, + (1 + Gy, )2" — Syx, Ohk,
Gyrs — G + (14 Gyrg) 2" + Syrslyrcys

Sury, + Sy, Gur, Gi- + Sy, Gy, 2 + (), — 1)2" = Gy, Oy,
Suprs + SursGursGre — SyrsGurs?™ + (Sjry — 1)2" = Gursyx,,
Cok)Li-x>

Curx)L ks
_GwKLv

G'LL}K57

o4

(C.12)
(C.13)

(C.14)



Chapter C List of Coefficients for Time Dependent Decay Rate

where we keep only the leading term in Eqs. (C.13-C.14) since it is multiplied by y in the
formulae of the decay rate in Eq. (3.4). The relation between the coefficients in I and ones in

[I-1V is addressed in App. E.
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Appendix D
Coefficient for Process 1

In this appendix, formulae are given for the quantities which appear in Egs. (5.4-5.7). For
process I, AS,AC, Ao, 5,8 and C are explicitly written. In the derivation of these formulae,
Egs. (C.1-C.14) are utilized. We denote,

kL2 = Hl(l)L,2+A“(1)L,2; (D.1)
K@)La = ’fl(s)L,4+Af€(3)¢,47 (D.2)

where the superscript [ implies the leading part and A denotes the small part which is treated
as perturbation.

The ratio of normalizations for rates is,
A"<6(3)¢,4 AK(I)L 2

N3N K|
VA [ (ot Ca= Oy = o) (B — 1)+ —2% = =022 (D.3)
N2 Kipy | o R(3yL4 Fayslz

Ng

Note that for the processes given in Eq. (5.1),

“l(l)l,z = KI(S)J_A =1, (D.4)

is satisfied. For the process I, the ratio of overall normalization is given as,

N, ¢KSM+X

IN
NL ~

The ratios of N+ x/Ni-x and Ny, /Nyk, are slightly deviated from one,

Ni+x
Ni-x

=1-2(Ct+¢&f), = =1+2\E . (D.6)
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Chapter D Coefficient for Process I

Thus, one can obtain,

Nl = 14 AN, (D.7)
ANp = 2[=S2'+ Ry + AE, — GAF — ¢l — ¢, (D.8)

wst

where AN}, is a small number so that we treat it as perturbation. The expressions of AST and

ACT in Egs. (5.5-5.7) are,

AST — (S(M(L)LJX B S(HX)LJ#KS) _ANg (&wmwx N S(HX)L¢K3>

KKL)LI-X  K(+X)LKs 2 \K@KpLI-x  K@+X)LyKs
~ —2[S(1 — G2T) — GOL + GSANE, (D.9)
C x C
AC!T ~ ZWRDILEX ZUEOLORs o0~ §2 4 68 + SAM]. (D.10)

RypKp)Li-Xx  RI+X)LyKg

Note that the sub-leading parts of Ao’ and &7 are suppressed when multiplied with yI't in
Eq. (5.3). We give the expression of the leading parts for Ao’ and 67,

(Ach =0, (6" =2G. (D.11)

The expressions for 8” and €’ in Eq. (5.6) are written as follows,

g (&wmn,zx N S(HXu,wKs) _ANE (S(wKL)L,lX B 5(HX)¢,¢KS)

KK LI-X K+ X)L yKs 2 \R@KpLI-X  K@tX)LgKs
~ 2(G(zf — ANL,) — 2! + SRy + SAE, — SCE — S, (D.12)
. C x C -
¢!~ ZWEDLEX | PR _ 9l R ANR — G2R — SAT). (D.13)

RypKp)Ll-X Ri+Xx)1L yKg
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Appendix E

Relation among Coeflicients

for Processes I-1V

In this appendix, the relation among the coefficients for the processes I-IV in Eq. (5.1) is
shown.

First, the method to obtain the coefficient in process II (IV) from ones in I (III) is ad-
dressed. Process I and II (IIT and IV) are related with interchange of ¥ K <+ ¥ Kg. Hence, the
coefficients of the process II (IV) are obtained by flipping the sign of the mixing parameter qx
and zg in the process I (III). The replacement of ¢ — —qx leads to the change of the sign of
S, G and Ay so that one can get the relation between II (IV) and I (III).

In the following, we present a simple rule which enables one to obtain the coefficients in

process IV from ones in II. The coefficients of the process IV are explicitly given as,

RY = -S'+ %(Cﬁ — Ci- )Ry — &' = CE+ A — G, (1)
= %(Cz —C)C + 82" + %(C’leﬁ — Ciz,) — SAN, (E2)
SNV = %(c,_ — Cp)S + SG2" + g(cﬁegs — C-0,)

—GS(CrRe[M+] + C-Re[A]), (E-3)
BY = S[-Gzi+:+ %SRM + 8¢ + S°CEL - SPAL, + SGAN,,,  (EA4)
DI = slef - e - sma + T Dy (55)
EY Cr- ; Cir g (E.6)

The processes IT and IV are related with [TX < X in Eq.(5.1). If one interchanges [™ and
I~ in Eq. (D.6), the sign of C¢ and &/ is reversed. Owing to Egs. (4.49-4.50), the sign of A
and AN is also flipped. Moreover, one needs to interchange Cy+ and Cj- in Egs. (E.1-E.6) to
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Chapter E Relation among Coefficients for Processes I-IV

get the coefficients of the asymmetry for the process II.
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Appendix F

Deviation from Orthogonality of

B Meson States

In this appendix, the derivation of Egs. (6.8, 6.9) for orthogonality of B meson states is
given. Due to EPR correlation, if a B meson decays into 1 K¢ at time t;, another B meson on
the opposite side does not decay into ¢ K¢ at the same time. The signal side at time ¢; in Fig.

6.1.1 indicates the B meson state which is orthogonal to the tagging side, i.e.,
|Bowrir) = Nswry)L(Avr, |B%) = Ay, | BY)). (F.1)

It is straightforward to verify that the state in Eq. (F.1) is orthogonal to (¢ K |. Likewise, we

define B meson states which are orthogonal to the state on the opposite side,

(Buwk,-Ll = Nwr,—L(Afk, (B°] — Ajk, (B°)), (F.2)
(Byrs—)1] = Nurs—)1(Aix, (B = A, (B°)), (F.3)
|Bsyks)r) = Nowrs)L(Apks |B%) — Ayks | BY)). (F.4)

The inner product of Eqs. (F.4, F.2) is calculated with our notation including overall normal-

ization,

N, N _ _
<B(wKL*>)J-’B(%1/1KS)J_> — (—HPKS)LQ (YKp—)L (AlpKOA}l)DKO + A@MEOAL*DKO)WK + AAwst]a (F5)

where Egs. (B.1-B.8) are used. We treated 2, 0 ko, éw 505 jstt and Al as perturbation and
ignored the second order contribution of the small quantities. The deviation from zero in Eq.
(F.5) was confirmed previously in Ref. [52]. As for orthogonality of B meson states for semi-

leptonic decay, the inner products in the first line of Eq. (6.8) and in the second line of Eq. (6.9)
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Chapter F' Deviation from Orthogonality of B Meson States

are obtained. The B meson states orthogonal to semi-leptonic (inverse) decaying B meson are,

(Bi-x-nil = N (A2 (B = A (B°]), (F.6)
[Borxyn) = Nesinyu (A |B%) = A |BO)), (F.7)
(Barx—)1| = Ngroy (AP (B° — AP (BY)), (F.8)
|Bi-x)1) = i) L (A= |BY) — A | BY). (F.9)
Thus, the inner product of the state in Eqgs. (F.6-F.7) is,
0 P
(Bu-x—)L|Birx)yl) = 2N(l——>)LN(—>z+)lAz+A}Pg)w- (F.10)

As shown above, orthogonality of the B meson states is violated up to the wrong sign semi-

leptonic decay amplitude as addressed in Ref. [52].
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