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Abstract

In this work we present a measurement of the CP-violation parameter sin 2φ1 de-

termined through the difference between the time-dependent decay rates for the

B0 → J/ψ KL and B̄0 → J/ψ KL transitions.

We also show improved selection criteria, which allow us to increase the recon-

struction efficiency by 40% and decrease the statistical error in sin 2φ1 by 25%. In

addition, we will present a detailed overview of the KL and J/ψ detection and recon-

struction.

Using 78 fb−1 of e+e− collision data, collected with the Belle detector at the

KEKB accelerator, we reconstruct 2054 J/ψ KL candidates, with an estimated signal

purity of 57 ± 3% . Using 1714 of these candidates, we measure sin 2φ1 = 0.51 ±
0.12(statistical)± 0.07(systematic)

The measurements presented take advantage of the excellent design of the Belle

KLM detector. They are in good agreement with the results from other experiments.
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Chapter 1

Motivation

This work describes the measurement of CP violating parameters in B0 (bd̄) meson

decays into J/ψ (13S1 cc̄) and KL (KL ≈ 1/
√

2(sd̄ + s̄d)). This decay lies in the

shadow of the “gold-plated mode”(GPM) (B0 → J/ψ KS), which is believed to be

the reaction that provides the most powerful tool to probe CP symmetry within the

Standard Model (SM). Theoretical contributions are identical for both decays, but

experimental complications in B0 → J/ψ KL measurements were to blame for lower

precision. In this thesis we will show that despite these problems, the KL mode can

provide a precision comparable to the B0 → J/ψ KS decay. Adding results from

both channels improves the overall statistical sensitivity, and the asymmetry in the

B0 → J/ψ KL decay should have the sign opposite to the B0 → J/ψ KS decay, thus

giving an another test of the theoretical approach.

CP violation is one of the greatest physics mysteries of the 20th century. Even

though it is a well established phenomenon and the SM describes it in great detail,

there is no satisfactory explanation of the origin of CP violation. At least five Nobel

prizes have been awarded for work related to C, P and T transformations1, showing

how rich and counterintuitive discrete symmetries are. Despite major advances in the

11933 Dirac, prediction of antimatter (C); 1933 C.Anderson discovery of positron (C);
1955 O.Chamberlain and E.Segre discovery of antiproton (C); 1956 T.D. Lee and C.N.Yang, parity
test in a weak process (P); 1964 J.Christensen, J.Cronin, V.Fitch and R.Turlay, CP violation

1



understanding of symmetries, many physicists still believe that discoveries related to

discrete symmetries are not over.

Another great puzzle possibly related to CP violation comes from cosmology. We

still do not understand the prevalence of matter over anti-matter in the Universe. If

the Big Bang scenario is true, the early stages of the universe’s evolution would have

equal numbers of baryons and anti-baryons. However, current observations show that

we live in a matter-dominated universe and experiments do not reveal any baryon-

number violation. This could indicate that the evolution of the universe is neither

T nor CP invariant, given that combined CPT invariance holds. Moreover, the large

observed baryon-number-to-photon ratio (η = 6.1+0.3
−0.2 × 10−10[1]) hints at sizeable

asymmetries in matter-antimatter behavior. This is one of the reasons that studying

CP violation may be a good place to observe physics beyond the Standard Model.

Before the 20th century, physics mainly described how matter interacts and prop-

agates, but failed to address questions like: what the matter is and why it has the

properties we observe. Even though over the past century, there has been significant

progress toward addressing these issues, many questions remain. For example, in

the SM, we do not know why we have three generations of quarks or leptons. Even

though we understand better what mesons are made of and how they interact, we do

not know how to calculate the KM parameters and what type of physics is hidden

behind them.

Most experimental evidence helps us in the how questions, while logic is used to

fill in the rest. On the other hand, our improved knowledge of what and why can

dramatically alter our understanding of how. In other words, to figure out why quarks

and leptons are the way they are, we might have to revisit the laws of motion in exactly

the same way as progress in electrodynamics, rather than Newtonian mechanics, gave

birth to Lorentz transformations.

With that in mind, we move forward and describe a measurement of CP violation

in the neutral B meson system, adding one more piece of the puzzle.
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Chapter 2

CP violation

2.1 Standard model.

Weak interactions in the hadron sector are successfully described by the so-called

Standard Model (SM). At this point, we know that there are six leptons and six quarks

plus their corresponding antiparticles. Leptons and quarks, despite their differences,

can be arranged into three families (table 2.1) with transitions within the families

being preferred (e.g. t → b or e → νe). Transitions between adjacent hadron families

give birth to a mixing matrix in the quark sector.

In the SM, the weak interaction is carried by the weak bosons: the W± and the Z0.

These bosons couple to both leptons and quarks. Given that the charge of W bosons

is ±1, weak transitions are only allowed for ∆Q = −1, 0, +1, thus disallowing any

non-integer lepton-hadron weak current. The result of this rule is an entirely detached

mixing matrix for quarks and leptons. Another interesting consequence is that only

quark-quark transitions are allowed, because quark-antiquark as well as lepton-quark

transition will require transfer of non integer charge (like 1/3, 2/3, etc . . . ).

The charged-current weak interaction responsible for flavor changes is often writ-

ten in the form gW µJ cc
µ . The structure of the weak current J cc

µ encompasses all prior

experimental knowledge. The allowed transitions are governed by detached lepton
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Charge 1 2 3

−1 ē µ̄ τ̄

−2
3

ū c̄ t̄

−1
3

d s b

0 νe, ν̄e νµ, ν̄µ ντ , ν̄τ

1
3

d̄ s̄ b̄

2
3

u c t

1 e µ τ

Table 2.1: Three generations of leptons and quarks

and hadron contributions with unitary mixing matrixes Vl in the lepton sector and

a Vq in the hadron sector. C and P violation are incorporated through the algebra

of γ matrixes. CP violation is introduced via a complex phase in the mixing matrix.

The summation in the hadron sector comes from the color structure of the hadron

interaction. In short, the W boson is coupled to the following current

J cc
µ =




ν̄e

ν̄µ

ν̄τ


 γµ

1− γ5

2
Vl




e

µ

τ


 +

∑

r,g,b




ū

c̄

t̄


 γµ

1− γ5

2
Vq




d

s

b


 (2.1)

The essence of the SM is that the quark mass eigenstates are not the same as weak

eigenstates, thus allowing transitions between different families of the quarks or flavor

violation (weak interaction does not conserve strangeness, charm, etc . . . ). For

example, in the decay K → ππ, the strange quark originally present in the kaon

evaporates without a trace. By convention, the mixing is often expressed in terms of

a 3× 3 unitary matrix V operating on the charge −e/3 quark mass eigenstates (d, s
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V   V cd    cb
*

V   V td    tb
*

V   V cd    cb
*

V   V ud    ub
*

(0,0) (1,0)

ϕ3

ϕ2

ϕ1

Figure 2.1: Sketch of the unitarity triangle

and b): 


d′

s′

b′


 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







d

s

b


 (2.2)

This mixing matrix is called the Cabbibo-Kobayashi-Maskawa (CKM) [2, 3] matrix.

The CKM matrix should be unitary, because the transition probability of, say, a

u quark to decay into all possible final states—c, s and d—should be unity. This

requirement can be visualized through the so called unitary triangles, where three

complex phases ϕ1, ϕ2 and ϕ3 sum to zero. Fig. 2.1 shows an example of the b − d

unitary triangle with respect to the first and the third column of the mixing matrix.

That triangle has all sides with comparable length, while the other two unitary tri-

angles are flat. That property makes the b− d triangle the most attractive for phase

measurement.

Let us start by determining the number of independent parameters needed to

describe an N × N mixing matrix. Before imposing any constraints, this matrix

can have 2N2 independent real parameters, which is enough to specify N2 complex

numbers. The unitarity requirement gives rise to N constraints. Another consequence

of unitarity is the requirement that all columns be orthogonal. This introduces N(N−
1)/2 additional equations for both the imaginary and real parts, so the number of

independent parameters goes down to 2N2 − N − N(N − 1) = N2. But this is not

the end, since not all phases contained in the CKM matrix will be meaningful. For
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example, each element of the matrix is an amplitude for the corresponding transition

between the quark states Vαβ = 〈α|HW |β〉. A simple quark-phase transformation

〈α| → eiθ〈α| will lead to a redefinition of Vαβ, but should not change the physical

outcome. As a result, by redefining quark states, we can remove the relative phases

from the CKM matrix. In the case of N quark families, we will have 2N quarks

and 2N − 1 relative phases. Thus we can freely redefine the relative phases and

get the final number of independent parameters N2 − (2N − 1) = (N − 1)2. The

number of independent orthogonal rotations in an N dimensional space is given by

the number of Euler angles: N(N − 1)/2, which result in the (N − 1)(N − 2)/2

complex phases for N × N matrix. Note that for two generations, we will have a

real CKM matrix, while for three generations of quarks, we will get one imaginary

phase. The existence of a non-trivial phase in the 3 × 3 scheme was Kobayashi and

Maskawa’s (K-M’s) main insight in the explanation of the CP violation [3]. That

was remarkable prediction, given that the charm, top and bottom quarks had not

been discovered yet. This complex phase is a cornerstone, which allows CP violation

in the SM. Later we will show in detail how this complex parameter gives rise to

CP violating asymmetries. The decays of neutral kaons are dominated by transitions

involving only two generations of quarks, which makes the mixing matrix close to

real, resulting in small CP violating effects [4, 5, 6]. It is widely expected that only

decays with comparable contribution from all three generations of quarks will exhibit

large CP violation in the standard model framework.

There are several parametrizations for the above matrix. A standard parametriza-

tion of V utilizes angles θ12, θ23, θ13, and a phase, δ13

V =




c12c13 s12c13 c13e
−iδ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s23s13e

iδ13 s23c13

s12s23 − c12c23s13e
iδ13 −c12s23 − s12c23s13e

iδ13 c23c13


 (2.3)

with cij = cos θij and sij = sin θij for the generation labels i, j = 1, 2, 3. This has a

distinct advantage of interpretation, for the rotation angles are defined and labelled
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in a way that relates to the mixing of two specific generations and if one of those

angles vanishes, so does the mixing between the two generations.

A popular approximation that emphasizes the hierarchy in the size of the angles,

s12 À s23 À s13, is due to Wolfenstein [7], where one sets λ ≡ s12, the sine of the

Cabbibo angle, and then writes the other elements in terms of powers of λ:

V ≈




1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2/2 1


 (2.4)

With A, ρ and η real numbers that turned out to be of order unity. This parametriza-

tion gives an intuitive grasp of the quark transition strengths and provides a simple

tool for dominant decay estimation. The triangle presented on Fig. 2.1 is the only

unitary triangle with all sides having comparable length. This makes it especially

attractive for determining the weak phase in the SM.

2.2 Discrete symmetries.

Symmetries play an important role in modern physics. Not long ago, people re-

alized that any symmetry in a system leads to a conserved quantity. The most

prominent and well known example is a connection between continuous symmetries—

translational, rotational and time invariance—and conserved quantities—momentum,

angular momentum and energy.

Classical physics does not provide a reason for introducing discrete symmetries,

mostly because it only deals with continuous variables. The advent of quantum me-

chanics changed this situation dramatically. Continuous variables have been replaced

by variables allowed to have only a discrete set of values. As a result, new areas

of physics, dealing with this type of symmetry emerged. Incomprehensible from a

classical point of view, the understanding of fields like atomic spectroscopy, crystal-

lography and solid state physics were boosted immeasurably. Simple rules for allowed
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transitions followed from the application of symmetry principles. Oddly enough, this

revolution did not touch the state of the vacuum nor “space as a whole,” which has

preserved a continuous spectrum and therefore did not yield any globally conserved

quantity.

The introduction of Lorentz-invariant field theory changed this peaceful landscape.

We will not go into the derivation of C,P and T operator properties in either relativis-

tic or non-relativistic quantum mechanics, but rather will provide some rationale why

these transformations are favored by relativistic dynamics (for an excellent review of

C, P and T operators see [8]).

The Lorentz transformation is a simple rotation in 4-space, but with one distinct

feature. Any physical rotation should leave the time axis within the light cone. This

innocent property has far reaching consequences. It creates three distinct regions,

which can not be connected by any physical process (one unavailable region and

two separated physical regions). The existence of two separate, otherwise, identical

regions gave birth to a new quantum number which happened to be the same as

electromagnetic charge. But while applying charge conjugation (C) we are supposed

to end up in the second cone, which effectively means that time will flip the sign

t → −t (T). However, the T transformation will change the state of the system—i.e.,

moments will also change sign. In order to get the same state of motion, we have

to apply space inversion: x → −x (P). Thus, combined CPT transformations should

return the system back into an identical kinematic state. This is a rather crude proof

of the CPT theorem, but it does illustrate the reasoning behind it. The combined

PT transformation can also be viewed as a Lorentz rotation (with det = 1), thus any

Lorentz invariant quantity should stay invariant under this transformation as well.

In other words, CPT formalism was born only after Lorentz transformations were

well digested by the physics community. Let us define these transformations. In the

late 1920’s, Paul Dirac predicted that every particle has a corresponding antiparticle

[9, 10, 11]. The fundamental difference between particles and antiparticles is the
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opposite sign of all internal quantum numbers. For example, an electron with charge

−e will have an antiparticle positron with opposite charge +e and the same mass

and spin. Some particles, like the photon, are their own antiparticle. Others, like

the neutral B mesons, have a distinct antiparticle (B0
d = b̄d, B̄0

d = bd̄). In the case

of the B meson, particle and antiparticle are distinguished by a quantum number

called “beauty”, which is equal to the number of beauty quarks in the system. This

quantum number is conserved in all interactions except for the weak. In order to

make concepts more readable we give definitions from the point of view of classical

physics.

• C stands for charge conjugation, but it means more than that. This operator is

designed to change particle into antiparticle, thus flipping the sign of all internal

quantum numbers (electric charge among them).

• P stands for parity transformation, or simply flipping the sign of all space

coordinates.

• T stands for time inversion, or simply flipping the sign of time. It can be viewed

as reversal of motion. Quantum mechanics adds complex conjugation for matrix

elements.

Modern physics deals with four major forces: strong, electromagnetic, weak and

gravity. At our mass and energy scale, gravity forces are negligibly small, so we

will omit gravity, which is C, P and T invariant, from further discussion. The elec-

tromagnetic and strong forces play an important role in the formation and decay of

elementary particles, but despite that we will not pay much attention to the structure

of these forces in consequent discussions. The main reason behind this is an assump-

tion of their C, P and T invariance, with all the experimental evidence standing firmly

for it.

In the hadron sector, strong and weak forces were originally separated, as their

names suggest, by the strength or typical time of interaction. But as time progressed,
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it was noted that weak interaction in addition to being weak also violates most quan-

tum number conservation laws (strangeness, bottomness etc . . . ), while strong and

electromagnetic interactions seem to preserve them. The same can be said about C,

P and CP invariance. As a result, when we talk about weak and strong interactions,

we imply CP-invariant and non-invariant forces and the fact that conserving forces

have stronger couplings can be seen as a mere coincidence.

When we write transition amplitudes for two charge conjugate processes i → f

and ī → f̄ , governed by weak and strong decay amplitudes, we can state that

Vif =
∑

j Aje
+iδj

Weakeiδj
Strong

Vīf̄ =
∑

j Āje
−iδj

Weakeiδj
Strong

(2.5)

Interference between the amplitudes which differ in both strong and weak phase can

result in different rates for i → f and ī → f̄ reaction and herald so called “direct”

CP violation. Although there are some hints, experiments to date have not provided

strong evidence for the existence of direct CP violation. A second large class of CP

violating effects is exploring possible interference between two competing weak phases

and is called “indirect” or “mixing induced” CP violation.

Strong forces are invariant under C conjugation and dominant in the formation of

mesons, leading to the identical “strong” mass for both neutral particle and antipar-

ticle. This, in turn, opens a possibility for “weak” forces to split the mass eigenstate

and to arrange transitions between them. Transitions between neutral particles and

their antiparticle counterparts are called “mixing”. Mixing plays a crucial role in

modern experiments for probing CP, because it provides a transition that does not

affect the strong phase. Indirect CP violation is closely associated with mixing and

often divided further into violation in mixing (different rates for (i → ī) → f̄ and

(̄i → i) → f) and violation in the phase mismatch between the mixing and the de-

cay amplitude to the CP eigenstate (different rates for [(i → ī) → f ] + [(i → f ] and

[(̄i → i) → f ] + [̄i → f ]). The former will signal either direct CP violation in i → ī

transition or indirect interference between more than one contributing process. The
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Figure 2.2: Tree level diagram for b → cc̄s transition.

later will not be able to establish whether the CP violation happens in the mixing

part or in the interference between mixing and decay, but nevertheless will establish

the phenomena.

CP violation induced by a complex phase can be observed and quantitatively

measured in the cases where neutral mesons decay into CP eigenstates. B0
d mesons

are particularly attractive since the characteristic times for decay and oscillation are

of the same order and since b-quark decays can involve all three quark generations.

2.3 Feynman rules for B meson decay.

Decays of the B meson are governed by weak interactions with flavor changing cur-

rents standing behind its short lifetime. In the spectator approximation, the simplest

diagram for b-quark decay involves one W± boson (see Fig. 2.2).1 The CKM matrix

is such that the b → c transition dominates b-quark decay (the Cabibbo favored b → t

transition is forbidden by energy conservation). That transition involves emission of

a W boson, which in turn decays into a lν, a ud, or a cs pair. The two possible

hadronization schemes will result in the following possible final states.

1Most of the examples in this short review are based on the B0 → J/ψ KS decay, however
presented arguments can be used for a variety of other transitions.
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B̄0
d → (cc̄) +

(
sd̄

)
B̄0

d → (sc̄) +
(
cd̄

)
,

B̄0
d → (cū) +

(
dd̄

)
B̄0

d → (dū) +
(
cd̄

)
,

B̄0
d → (lν̄) +

(
cd̄

)
,

where two quark combinations can be replaced with any of the stable mesons.

(cc̄) : J/ψ, χc, ηc, . . . (sc̄) : D−
s , D∗−

s , . . .

(cū) : D0, D∗0, . . .
(
cd̄

)
: D+, D∗+, . . .

(
sd̄

)
: K0, K∗0, . . .

(
ud̄

)
: π+, ρ+, . . .

All of the favored transitions listed above will have a charm quark among the

decay products. Among the c based mesons, only the cc̄ family and the D0 system

are invariant under C. Of the various possibilities Bd → J/ψ K0 decays prove to be

highly attractive both theoretically and experimentally. All detectable variations of

the K0 system are eigenstates of CP (KS: CP = +1, KL: CP = −1). J/ψ being the

cc̄ state in the 1S spherical configuration has negative intrinsic charge conjugation

number and parity (C = (−1)L+S = −1, P = (−1)L+1 = −1, CP = +1). The

parity assignment for the J/ψKL system is less straightforward due to the J/ψ’s

vector nature. However, both Bd and K0 are spinless particles. The conservation of

angular momentum will force the J/ψKL to be produced in a p-wave thus forcing

it to be in CP = +1 state. Other transitions of the bd̄ → cc̄ + sd̄ type either

face considerable difficulties in the reconstruction stage or represent CP = −1 and

CP = +1 addmixtures, thus requiring a nontrivial angular analysis.

The final state produced in the tree B meson decay will consist of four quarks,

which can hadronize in two fundamentally different ways. The quarks coming from

the W decay have the same color and as a result can form a separate colorless meson

without any color restrictions (Fig. 2.2(b)), while in the process depicted in Fig. 2.2(a)

quarks from the W decay must match the color of the spectator quark. Given that

there are three color states and any stable particle must be colorless, one would

naively expect the latter channel to be three times less likely than the former one.
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Figure 2.3: Gluonic penguin contamination

More detailed calculations [12] predict an even higher suppression factor of five. This

is rather unfortunate, because it leads to suppression of the neutral-B-meson decays

into pairs of neutral particles. Recent experimental results show an even greater

asymmetry, Br(Bd → J/ψ K0) = (8.9 ± 1.2) × 10−4 is almost ten times less likely

than Br(Bd → D− D+
S ) = (8± 3)× 10−3 [13]. To be more accurate, one has to sum

the branching ratios for all cc̄, sd̄, sc̄, cd̄ states, and indeed, the total sum for all

known decays gives a similar result. The example above shows how profoundly the

strong interaction can affect otherwise identical weak processes.

If two or more weak transitions of comparable amplitude contribute, the overall

phase for the decay will depend on both strong and weak phases. Given that our

knowledge of strong phases is far from perfect, we will have to focus on decays in-

volving one dominant diagram, for which the CP violating phase will be well defined
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by SM predictions. In order to make sure that we will have no contamination in the

B0 → J/ψ KS decay, we have to look into the second-order corrections—the diagrams

with two weak interaction vertexes (see Fig. 2.3). The number of gluon lines for such

diagrams is arbitrary, with the only limitation coming from the right side diagrams,

where one-gluon transitions are forbidden because a single gluon cannot turn into a

colorless meson. These sorts of two-gluon penguin diagrams have been nicknamed

“vacuum-cleaner diagrams”[14]. The lowest order penguin diagram involves one W±

and one gluon (as the name gluonic penguin suggests). The penguin amplitude for

such a process can be written in the form:

P = VtbV
∗
tsPt + VcbV

∗
csPc + VubV

∗
usPu (2.6)

The Pi values describes the gluon amplitude for the corresponding quark i. The values

for the Pi diverge, however, and the standard solution is to use the SM unitarity

condition VtbV
∗
ts + VcbV

∗
cs + VubV

∗
us = 0 to regroup them in the following way

P = VcbV
∗
cs(Pc − Pt) + VubV

∗
us(Pu − Pt) (2.7)

The B0 → J/ψ KS decay weak coupling for the first type of penguin is of order

λ2, while the second is of order λ4. The leading penguin has the same weak phase

as the main tree diagram and, as such, will not affect the total phase. The second

term is second order (in λ) with respect to the leading tree diagram. It is usually

assumed that the gluonic penguin diagrams are further suppressed [15, 16, 12]. The

reason behind this suppression is the smallness of the B-meson wavefunction at the

origin and the fact that gluon exchange at larger distances requires a rather energetic

gluon. Rough estimates of the ratio between the gluonic penguin and the tree diagram

(independent of the hadronic matrix elements and the CKM factors) can be found in

[17]. It equals

αs(mb)

6π
ln

mt

mb

≈ 0.04 (2.8)

The estimate above might be a bit optimistic because the experimental evidence hints

at larger-than-expected branching ratios for decays dominated by gluonic penguins.
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However, the combination of the λ2 suppression with the gluonic amplitude guarantees

that the weak phase in the B0 → J/ψ KS decay will be dominated by the tree-

transition phase.

Fortunately, contributions arising from both electroweak penguins and decays in-

volving spectator quarks are small and can safely be neglected when calculating the

B0 → J/ψ KS decay phase.

In summary, the B0 → J/ψ KS decay is believed to be extremely clean, since the

leading penguin contamination has the same phase as the main tree diagram, and

the second-order penguin contribution is small (see estimate in Eq. 2.8). As a result,

possible contamination is believed not to exceed 1%.

2.4 B mixing and B0 → J/ψ KS decay.

Despite its clean quark transition signature, the B0 → J/ψ KS decay is affected by

quark-antiquark interference. The detectable kaon states are not the flavor eigen-

states. As a result, observation of B0 → J/ψKS(L) decay corresponds to the super-

position of the following four decays:

B̄0
d → J/ψK̄0, B̄0

d → B0
d → J/ψK̄0,

B̄0
d → J/ψK0, B̄0

d → B0
d → J/ψK0,

The time evolution of both B0 and K0 systems can be described by the two component

Schrödinger equation and will result in B0-B̄0 and K0-K̄0 oscillations. The observable

mass eigenstates BL, BH , KS, KL can be written:

|BL〉 = pB|Bd〉+ qB|B̄d〉, |KL〉 = pK |K0〉+ qK |K̄0〉,
|BH〉 = pB|Bd〉 − qB|B̄d〉, |KS〉 = pK |K0〉 − qK |K̄0〉

(2.9)

The decay amplitudes for any final state common to both B0 and B̄0 will be a super-

position of direct transition and the transition through oscillations. The calculations

presented in Appendix A result in the following asymmetry for the decays of the Bd
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Figure 2.4: Neutral B meson mixing

meson into the CP eigenstate f .

Γ(Bd(t) → f)− Γ(B̄d(t) → f)

Γ(Bd(t) → f) + Γ(B̄d(t) → f)
=

−2e0.5∆Γt sin 2φ sin ∆Mt

1 + e∆Γt + [1− e∆Γt] cos 2φ
(2.10)

where 2φ is the total weak phase corresponding to both mixing and final state decay,

where the factor of two comes in because one sees the difference between particle and

antiparticle. ∆M and ∆Γ are respectively the mass splitting and the width difference

between the heavy and light mass eigenstates. The full weak phase 2φB0→J/ψ KS
for

the B0 → J/ψ KS decay can be described as a product for B0, K0 mixing and

B0 → J/ψK0 transition.

ei2φB0 → J/ψ KS decay =
qB

pB

ρ̄(f)
qK

pK

=
qB

pB

Ā

A

qK

pK

(2.11)

The factor q/p is defined by the transition amplitudes for the corresponding particle-

antiparticle mixing in B and K mesons and Ā/A is the ratio of the particle and

antiparticle decay amplitudes for the B → J/ψ + K0 transition. Below we present

estimates for these three factors.

Mixing between the B0 meson and its antiparticle occurs through box diagrams,

where two W bosons are exchanged between a pair of quark lines. The mixing am-

plitude is proportional to

〈B̄0
d|H|B0

d〉 ∼
∑
i,j

VidVibV
∗
jdV

∗
jbS(ri, rj), (2.12)
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where S(ri, rj) is a loop function which depends on the masses (ri ≡ m2
i /M

2
W ) of the

up type quarks running along the internal fermionic lines.

Owing to the unitarity of the CKM matrix, the mixing amplitude vanishes for

equal (up-type) quark masses (GIM mechanism [18]); thus the effect is proportional

to the fourth power of the mass splitting between the u, c and t quarks. Since the

different CKM factors are of similar size, VudV
∗
ub ∼ VcdV

∗
cb ∼ VtdV

∗
tb ∼ Aλ3, the final

amplitude is dominated by the top-quark contribution:

〈B̄0
d|H|B0

d〉 ∼ VtdVtbV
∗
tdV

∗
tbS(rt, rt), (2.13)

Similar arguments are applicable for neutral K mixing and give rise to the following

equation:

〈K̄0|H|K0〉 ∼
∑
i,j

VidVisV
∗
jdV

∗
jsS(ri, rj), (2.14)

Unlike the B meson system, mixing in the kaon sector is dominated by the c-quark

contribution. The top-quark contribution is suppressed by the smallness of the CKM

matrix element (VstVtd ∼ λ5, VscVcd ∼ λ, VsuVud ∼ λ), while the up-quark contribution

is suppressed by the loop function S(ri, rj), which depends on the quark masses

(ri ≡ m2
i /M

2
W ).

Taking both B and K mixing phases into account, the final phase shift for the

B0 → J/ψ KS decay can be written:

ei2φ =
qB

pB

ρ̄(f)
qK

pK

=
qB

pB

Ā

A

qK

pK

=
VtdV

∗
tb

V ∗
tdVtb

VcbV
∗
cs

V ∗
cbVcs

VcsV
∗
cd

V ∗
csVcd

=
VtdV

∗
tb

V ∗
tdVtb

VcbV
∗
cd

V ∗
cbVcd

(2.15)

The phase φ from Eq. 2.15 is equal to φ1 from the b-d unitarity triangle 2 (see Fig. 2.1).

This allows estimation of the CP violating phase in the SM from the observed time-

dependent asymmetry in decays of neutral B mesons.

2φ1 is the angle between VcdV
∗
cb and VtdV

∗
tb, φ2 is the angle between VtdV

∗
tb and VudV

∗
ub and φ3

is the angle between VudV
∗
ub and VcdV

∗
cb). An alternative naming convention is α = φ2, β = φ1 and

γ = φ3
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2.5 Experimental procedure.

In order to measure sin 2φ1, one must observe the time-dependent asymmetry between

B0 → J/ψ KS(KL) and B̄0 → J/ψ KS(KL) decays. The proper use of Eq. 2.10

requires knowledge of the B0 meson production time when it is in a pure flavor

eigenstate, Bd or B̄d, and the decay time to the CP eigenstate. While the charged-

track decay products of the B0 can be used to determine the decay vertex of the CP

eigenstate B, there is no simple way to determine its production point in an e+e−-

collider experiment, where B0-B̄0 pairs are produced via the reaction e+e− → γ∗ →
Υ(4S) → BdB̄d.

However, the decay vertex of the second B meson produced in the e+e− collision

can provide us with the missing information. To a good approximation, all products

of the e+e− collision will be created through one-photon exchange, and as such will

have the quantum numbers of the photon, namely JPC = 1−− 3. Since the B0 has

J = 0, it follows that the BB̄ pair will have to be in a p-wave. The B mesons,

which are bosons, must form only symmetric configurations. Even though B mesons

can mix (B0 ↔ B̄0), they can never instantaneously be the same. This imposes an

interesting restriction on how the B pair can evolve, namely if we detect that one of

the mesons decayed as Bd, it means that the other meson will, at the same time, be

pure B̄d.

Once we have established that one of the B mesons has decayed into a CP eigen-

state, the rest of the event is used to determine the flavor and decay time of the

second B meson, thus providing us with information needed to estimate the asym-

metry. The determination of the flavor of a neutral meson is called “tagging.” Flavor

tagging exploits the correlation between the beauty flavor of the parent b-hadron and

the charge of the its decay products. However, low efficiency for full reconstruction of

B meson forces us to use partial reconstruction to increase tagging efficiency. Certain

3Υ(4S) has the same quantum numbers

18



reconstructed particles from B meson decay, like high momentum lepton have high

degree of correlation with the beauty flavor of the parent B meson. Such particles

we denote as a “tagging particles” and use to assign flavor probability for parent B

meson.
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Chapter 3

Experiment overview

3.1 Physics requirements

The need to measure the time evolution of the B mesons puts some major constraints

on the accelerator and detector parameters. The short B meson lifetime favors a

large boost for the measurement of B meson evolution, which can be achieved by

building an asymmetric e+e− collider. Increased boost values will, however, decrease

the detection efficiency, because more decay products will be thrown forward along

the beam line, where the detector acceptance is low. Even for a large boost, one

still needs a high-precision silicon vertex detector to extract the position of the B

meson decay. The desire to produce as many Bd mesons as possible forces us to

operate at the Υ(4S) resonance, which lies right above the BdB̄d decay threshold

and predominantly decays into BB̄. The relatively high mass of the b quark ensures

an abundance of possible final states and, as a result, any given decay will have a

relatively low branching ratio, thus requiring a high luminosity collider. In the next

several sections, we will discuss how these goals are met at the KEK laboratory.
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Figure 3.1: The hadron cross section for e+e− annihilation around 10 GeV/c2. The
picture represents the measurements by the CLEO collaboration [19].

3.2 Accelerator

3.2.1 Overview

The KEKB accelerator is an advanced electron-positron collider. It has two features

separating it from earlier designs — very high luminosity and asymmetric beam en-

ergies. The accelerator operates with electron and positron beam energies of 7.996

and 3.500 GeV/c2, respectively, and a luminosity exceeding 1× 1034 cm−2 s−1. This

luminosity is large enough to allow KEKB to claim the highest luminosity achieved

by any colliding-beam machine. The required energy asymmetry led to a double-ring

collider design. The layout of KEKB is depicted in Fig. 3.2. KEKB has only one

interaction point (IP), located in the Tsukuba experimental hall, where the electron

and positron beams are collided at a finite (horizontal) angle of ±11 mrad.

A detailed overview of the design and accelerator properties can be found in

[20]. Here we will present a short description of the main parameters and their
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Figure 3.2: KEKB schematic view. Plot is taken from [21].

corresponding effect on the physics we are studying. KEKB was designed to replace

the TRISTAN accelerator, and as a result some of the parameters were chosen to

reuse the previous equipment so as to minimize cost.

3.2.2 Parameters

Luminosity

One of the most important characteristics of an accelerator is the event rate R. The

event rate is proportional to the interaction cross section σint and a factor called the

luminosity.

R = σintL
If two bunches containing n1 and n2 particles collide with frequency f , the luminosity
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will be

L = f n1n2

4πσxσy

where σx and σy characterize the gaussian transverse beam profile in the horizontal

and vertical directions.

Crossing angle

Near the IP a rapid two-beam separation is necessary in order to maintain optimized

focusing of both the low energy ring (LER) and high-energy-ring (HER) beams and to

avoid parasitic collisions. After examining several beam separating options based on

bending schemes, finite beam-crossing-angle schemes, and their combination, KEKB

settled on a moderately large crossing angle. The absence of separation bend magnets

for this solution offers the advantage of reduced synchrotron radiation and simplified

IR design. That scheme also allows final focusing with superconducting quadrupole

magnets with reasonable inner aperture sizes and offers a flexible configuration that

permits a wide range of bunch intensity vs. bunch spacing for various center-of-mass

energies.

A crossing angle of 22 mrad is close to the minimum that allows elimination of the

IP separation bend magnets. It is also nearly the maximum crossing angle that still

permits the final focusing of both beams at the IP with common quadrupole magnets.

Bunch parameters

The electron and positron currents in the accelerator are not a continuous, but rather

consist of “bunches,” which are packs of electrons (positrons) separated by empty

space. The bunch spacing is determined by the RF frequency of f = 508 MHz.

The choice of this frequency was dictated by the desire to reuse RF resources from

TRISTAN (a previous accelerator at the KEKB site), so as to reduce cost. Therefore,

the allowed bunch spacing is an integer multiple of c/f = 0.59 m. The high total

luminosity is achieved by using a multibunch operation mode. This reduces the
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requirements on single bunch current and the single bunch luminosity, making them

easier to realize with established technology.

One of the factors limiting beam stability arises from ions generated in beam-gas

collisions. These ions can later be trapped by the negative electric field of the electron

beam over multiple beam passes. The standard procedure for reducing this effect is

to leave a gap in the bunch train, which causes the trapped ions be driven away by

mutual repulsion. This does not remove the ions completely, but it does spread them

enough to create the desired beam stability.

Synchrotron radiation from positron bunches creates photoelectrons at the beam

walls. These photoelectrons are pulled toward the positively charged positron bunch.

When they hit the opposite wall, they generate secondary electrons which can in turn

be accelerated by the next bunch. Depending on surface reflectivity, photoelectron

and secondary electron yield, this mechanism can lead to the fast build up of an

electron cloud and adversely affect the beam stability .

Original design of KEKB underestimated electron-cloud instability and main con-

sideration was given to beam-gas interaction. The LER has higher current and as

such will create more ionization. In order to reduce the ion trapping positrons were

chosen for the LER. In the HER at least 100 RF buckets have to be left vacant in

order to reduce ion trapping.

Energy asymmetry

KEKB was designed to measure CP violation in the decay of neutral B mesons. Doing

so requires measuring the decay vertices of the B’s. In a symmetric machine, electrons

and positrons having equal and opposite momenta are brought into collision at an

energy that is tuned to the Υ(4S) resonance. The Υ(4S) subsequently decays to a

B-B̄ pair. The B mesons from the decays of Υ(4S) have momenta below 0.45 GeV/c,

thus the mean flight distance for the B meson in the Υ(4S) rest frame will be βγ ·cτ ∼
0.06·480 µm = 30 µm. Such a short travel distance is smaller than the typical detector

24



resolution (∼ 100 µm), making a meaningful measurement a practical impossibility.

For the B’s to have a measurable decay length, they must be boosted in the lab.

An e+e− collider with an asymmetric energy collision will do the job. The larger

the energy asymmetry, the better the precision of the time-evolution measurement

will be. Unfortunately, high values of the asymmetry result in lower reconstruction ef-

ficiency, because of the decreased detector acceptance (more products will be boosted

in the direction of the beam pipeline). MC simulations have shown that for βγ > 0.4

the sensitivity to the CP violating parameters reaches a broad plateau, and thus the

value of 0.42 was chosen. PEP-II uses 0.55, which gives about the same performance.

Energy range

KEKB was designed for B meson production around the Υ(4S) resonance. However,

some data has to be collected at other center-of-mass energies. An energy scan is re-

quired to identify the peak position of the Υ(4S) resonance. In addition, knowledge

of the background composition from non bb̄ final states is crucial for many measure-

ments. At 10.5 GeV/c2 the cross section for BB̄ production is negligibly small so

this energy was chosen to be a lower bound for the accelerator design. Decays of

Bs mesons can provide additional information on b-quark decays. The desire to pre-

serve this option forces the upper limit of the accessible energy range to be above the

Υ(5S)(10.87 GeV/c2) resonance, which lies above the BsB̄s pair production thresh-

old. It was decided that KEKB should be able to cover the energy between 10.4 and

11.0 GeV/c2, while keeping the energy asymmetry equal to βγ = 0.425.
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Description Notation Ring Units
LER HER

Energy E 3.5 8.0 GeV /c2

Energy spread σε 7.1× 10−4 6.7× 10−4

Circumference C 3016.26 m
Luminosity (Belle CsI) L 7.25× 1033 cm−2s−1

Crossing angle θx ±11 mrad
Beam-beam parameters ξx/ξy 0.078/0.049 0.074/0.043
Beta function at IP β∗x/β

∗
y 59/0.62 63/0.7 cm

Emittance εx/εy 1.8× 10−8/3.6× 10−10 m
Beam Current I 1.393 0.869 A
Beam Lifetime 98@1393 276@869 min.@mA
Natural bunch length σz 0.4 cm
Number of bunches 1223
Bunch spacing sb 2.4 m
Time between collisions τcoll 0.008 µs
Particle/Bunch N 3.3× 1010 1.4× 1010

Synchrotron tune νs -0.0225 -0.0199
Betatron tune νx/νy 45.513/43.556 45.514/41.580
Momentum compaction factor αp 1× 10−4 ∼ 2× 10−4

Energy loss/turn U0 0.81/1.5 3.5 MeV/c2

RF voltage Vc 6.6 12 MV
RF frequency fRF 508.887 MHz
Harmonic number h 5120
Longitudinal dumping time τε 43/23 23 ms
Total beam power Pb 2.7/4.5 4.0 MW
Radiation power PSR 2.1/4.0 3.8 MW
HOM power PHOM 0.57 0.15 MW
Bending radius ρ 16.3 104.5 m
Length of bending magnet lB 0.915 5.86 m

Table 3.1: Current parameters of KEKB
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Figure 3.3: Detector view. Plot is taken from [21].

3.3 Detector description

The Belle detector is designed to measure CP violation parameters in neutral B meson

decays. That goal requires an accurate determination of the B decay vertex position,

and a precision measurement of the momenta and energies of the final state particles.

In many cases, particle identification information is also important. The detector is

designed to have a large acceptance so as to facilitate reconstruction of modes with

many particles in the final state. The decay products have an approximately isotropic

angular distribution in the CM frame. The CM boost tends to pitch particles forward

in the lab. As a result, the detector has to be asymmetric. The detector tracks

charged particles in the range 60 MeV/c < pt < 4 GeV/c, and provides a positive
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identification of e, µ, π,K and p’s over a wide kinematic range. The detector (see

Fig. 3.3) has an onion like composition with the following major parts:

• Silicon Vertex Detector (SVD) The vertex detector is designed for precision

decay vertex position measurement.

• Central Drift Chamber (CDC) The drift chamber is used for charged particle

momentum measurements and contributes to the particle identification through

dE/dx measurements.

• Aerogel Cherenkov Counter (ACC) The main purpose of the ACC is K − π

separation in the 1.2 GeV/c < p < 3.5 GeV/c momentum range.

• Time of Flight Counters (TOF) This subdetector is designed to improve K − π

separation in the p < 1.5 GeV/c momentum range.

• Electromagnetic Calorimeter (ECL) The calorimeter is used for photon energy

measurement as well as for electron particle identification.

• Superconducting Solenoid (SS) Produces an approximately uniform magnetic

field of 1.5 T in the drift-chamber tracking volume.

• KL − µ system (KLM) An iron structure surrounding the solenoid is used to

return the flux of the superconducting solenoid and to identify muons and KL

mesons.

The beam pipe is the innermost part of the Belle detector. Its primary purpose is

maintaining the vacuum around IP. The beam pipe must dissipate the heat induced

by the beam in the form of higher-order-mode losses. The beam pipe must thus

satisfy several conflicting criteria. On one hand, it should be strong enough to with-

stand the pressure difference and the high heat load, while on the other, the amount

of material should be kept to a minimum in order to reduce the scattering of the B

decay products, since multiple scattering degrades the performance of the innermost
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Figure 3.4: PID momentum coverage. Plot is taken from [21].

tracking devices, thus decreasing the vertex resolution. The amount of multiple scat-

tering is proportional to the atomic number Z and square root of the thickness, so it

was decided to use a low Z-very strong double-wall 0.5 mm thick beryllium (Z = 4)

pipe with cooling provided by flow of helium through a 2 mm gap. The total material

thickness corresponds to 2.8× 10−3 radiation lengths.

Particle identification

On average the B decay produces 3.5 charged pions, 0.79 charged kaons, 0.1 pro-

tons and 0.1 leptons. In order to distinguish these final states we need a particle

identification system.

Electron identification relies on the information from the CDC, ECL and ACC [22].

The threshold for Cherenkov light in the ACC is several MeV/c2 for electrons and 0.5-

1 GeV/c for pions, thus providing good identification for electrons with momentum

below 1 GeV/c. The ionizing energy loss in the drift chamber, which exhibits the

well known β−2 behavior, provides another tool for electron identification. However,

the most significant discriminants are provided by the ECL system, which exploits

the major differences in the properties of showers induced by hadrons, muons and

electrons. Electrons with momentum p deposit all of their energy, E ≈ p, in the

calorimeter, while other particles have higher penetration power and are not fully
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contained by the ECL. The energy loss from the CDC, the light yield in the ACC,

the shower shape, the value of E/p and the distance between the shower center and the

track projection from the drift chamber to the calorimeter are combined to form an

electron likelihood, which allows us to select electrons with an efficiency of 92.4±0.4%

with a π fake rate 0.25± 0.02%.

Muon identification is based on the high penetration power of muons and relies on

the CDC, the ECL, and the KLM [23]. Good muon identification is possible in the

momentum range above 1 GeV/c. The penetration depth in the KLM detector in

combination with the energy deposition in the CsI and the goodness of fit for tracks

both in both the CDC and the KLM allows us to select muons with 93% efficiency

and with less than 3% K/π contamination.

Information from the CDC, the ECL, and the KLM is sufficient to identify most

particles. However, information from these systems can not distinguish kaons from

pions with momenta greater than 0.7 GeV/c. Time of flight and Cherenkov counters

are used to cover this region (Fig. 3.4).

The identification of kaons is based on information coming from the ACC, TOF

and the dE/dx measurement from the CDC. These measurements are nearly inde-

pendent, with good separation over a wide range of momenta. Energy loss in the

central drift chamber provides > 3σ π/K separation for tracks with momentum less

than 0.8 GeV/c and 2σ separation for momenta greater than 2.0 GeV/c. Time of

flight measurements provide π/K separation of better than 3σ for momentum less

than 1.2 GeV/c.

3.3.1 Magnet

A magnetic field of 1.5 T is created by the main superconducting solenoid. This

field covers the volume of the drift chamber and can affect the beam dynamics and

result in the reduced beam lifetime (see [21]). To avoid this, the integrated field along
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Plot is taken from [21].

the beam path is locally cancelled by a pair of additional superconducting solenoids

(S-R and S-L) with a smaller radius placed right outside the silicon vertex detector.

Another two quadrupole superconducting magnets (QS-L and QS-R) are used for the

final vertical beam focusing.

3.3.2 SVD

The silicon vertex detector (SVD) plays an essential role in the Belle experiment.

The primary physics goal of Belle is to observe CP violation in the proper-time

distributions, ∆t, of neutral B-meson decays. The proper time is reconstructed from

the distance between decay vertices of the two B mesons. Because the two B’s move

slowly in the Υ(4S) center-of-mass (CM) frame (βγ = 0.06), their lab velocities

are defined by the beam boost and are nearly equal. As a result, the displacement

between their decay vertices in the z direction is proportional to ∆t. The KEKB
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Figure 3.6: Silicon Vertex detector, side view. Plot is taken from [21].

Lorentz factor, βγ, is 0.425, corresponding to an average B meason travel distance of

≈ 200 µm. This value determines the resolution requirement for the vertex detector.

[24, 25].

The SVD consists of three concentric approximately cylindrical layers of double

sided silicon strip detectors (DSSD). Fig. 3.6 shows the configuration of the SVD.

Each layer consists of DSSD ladders that are made of two half ladders and boron-

nitride support ribs that reinforce the structure. The radii of the three layers are 30,

45.5 and 60.5 mm. The angular coverage is 23◦ < θ < 140◦ which corresponds to

86% of the full solid angle in the CM frame, where θ is the angle from the beam axis.

The total material of the SVD at θ = 90◦ corresponds to 2.6% of a radiation length,

including the beryllium beampipe.

3.3.3 CDC

The efficient reconstruction of charged particle tracks and the precise determination of

their momenta is essential to virtually all of the measurements planned for the Belle
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Figure 3.7: Central Drift Chamber. Pictures are taken from [21].

experiment. Specifically, the physics goals of the experiment require a momentum

resolution of σpt/pt ∼ 0.5%
√

1 + p2
t (pt in GeV/c) for all charged particles with

pt > 100 MeV/c in the wide polar angle region. In addition, the charged particle

tracking system is expected to provide important information for the trigger system

and particle identification information in the form of rates of ionization energy loss,

dE/dx [21, 26, 27].

The structure of the drift chamber is shown in Fig. 3.7. It has an asymmetric

shape, reflecting the CM boost. The angular acceptance is 17◦ ≤ θ ≤ 150◦. The

inner radius is 103.5 mm and the outer radius is 874 mm. The small inner radius of

the drift chamber allows good tracking efficiency for low pt tracks, which is important

for reconstruction of slow pions in D∗ → Dπ transitions.

The low-Z gas is chosen to reduce multiple coulomb scattering contribution to the

momentum resolution. Low-Z gases also have smaller photo-electric cross section,

which results in reduced background from synchrotron radiation and spent particles.

CDC uses 50% He-50%C2H6 mixture. That mixture has a long radiation length

(∼ 640 m ), its drift velocity saturates at ∼ 4cm/µsec with ∼ 2kV/cmelectric field.

That makes drift time less sensitive to the HV and simplify calibration. Good dE/dx

resolution provided by large ethane component.

33



Expected resolution is determined by two components, one due to the measure-

ment error and a second due to multiple coulomb scattering [27].

σPt

Pt

=

√(
σPt

Pt

)2

meas

+

(
σPt

Pt

)2

MS

(3.1)

where Pt is transverse momentum in GeV/c with respect to the direction of magnetic

field. With components presented below

(
σPt

Pt

)
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=
Ptσrφ

0.3L2B

√
720

N + 4
(3.2)

(
σPt
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)
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LBβ

√
1.43

L
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[
1 + 0.038 ln

L

X0

]
(3.3)

where β is velocity of the charged particle, B is the magnetic field in Tesla, L is CDC

radius in meters, σrφ is the spatial resolution in meters for each measured point, X0

is the radiation length in meters and N is the number of measurement points. The

Belle CDC Pt resolution for muons is expected to be

√
(0.17%Pt)

2 +

(
0.22%

β

)2

(3.4)

Energy loss in the drift chamber is used for charged particle identification and is given

by Bethe-Bloch formula[28, 29, 30, 31]

−dE

dx
= 4πNAr2

emcz
2 Z

Aβ2

[
1

2
ln

(
2meγ

2β2Tmax

I

)
− β2 − δ

2

]
(3.5)

where NA is Avogadro’s number, re classical electron radius e2/4πε0c
2, M is incident

particles mass, me is electron mass, ze is charge of incident particle, I is mean ex-

citation energy and δ is density effect correction to ionization energy loss. Tmax is

maximum kinetic energy which can be imparted to a free electron in a single collision.

For a point like charged particle with mass M and momentum Mβγ, Tmax is given

by
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Figure 3.8: ECL dimensions. Plot is taken from [21].

Tmax =
2meβ

2γ2

1 + 2γ me

M
+

(
me

M

)2 (3.6)

3.3.4 ECL

The main purpose of the electromagnetic calorimeter is the detection of photons from

B-meson decays. This must be done with high efficiency and good resolution in en-

ergy and position. Since most photons are the end products of cascade decays, they

have relatively low energies, making good performance below 500 MeV/c2 especially

important. On average, Υ(4S) decays yield 10 photons, roughly half having ener-

gies below 200 MeV/c2. High-momentum π0 detection requires the separation of two

nearby photons and a precise determination of their opening angle. This requires a

fine-grained segmentation in the calorimeter. In order to satisfy the above require-

ments, the Belle collaboration has decided to use a highly segmented array of CsI(Tl)

crystals with silicon photodiode readout installed in a magnetic field of 1.5 T inside
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a superconducting solenoid magnet [32, 33, 21, 34, 35]. Low-energy π0’s reconstruc-

tion is especially challenging, as reconstruction efficiency falls fast with minimum

detectable energy for photons. Thus a 15 MeV/c2 threshold for photons cuts around

10% of the π0. Important two-body decay modes such as B → K∗γ and B → π0π0

produce photon energies up to 4 GeV/c2 and good resolution at high energy is needed

to reduce backgrounds for these modes.

Electron identification in Belle relies primarily on a comparison of the charged

particle momentum and the energy deposits in the electromagnetic calorimeter. The

good electromagnetic energy resolution results in better hadron rejection. Proper

cluster position is also important to electron identification as it is crucial for good

track-cluster matching efficiency.

The overall layout of the calorimeter is shown in Fig. 3.8. The calorimeter is

comprised of three parts, a barrel and two endcaps, covering azimuthal angles from

17◦ to 150◦. The barrel has an inner radius of 1.25 m and a length of 3 m. The

endcaps are placed at z = +2m and z = −1m from the interaction point. A total

of 8,736 crystals is assembled in the structure, each pointing towards the IP with a

small nonprojective tilt (∼ 1◦) to prevent photons from escaping through the gaps

between them. The ECL detector covers 91% of 4π in the laboratory frame.

3.3.5 EFC

In order to improve the experiment’s sensitivity to two-photon physics processes, we

need to further extend the polar angle coverage of the ECL. The extreme forward

calorimeter, EFC, covers the angular range from 6.2◦ to 11.6◦ in the forward direc-

tion and 163.1◦ to 171.5◦ in the backward direction. Each side consists of 160 crystals

arranged in 5 rows in θ and 32 segments in the φ direction. The typical crystal size

is 2 cm × 2 cm in cross section and 12.0 X0 (10.5 X0) in length (X0 refers to radia-

tion length) in the forward (backward) direction. The choice of Bismuth Germanate
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(Bi4Ge3O12) crystal was dictated by the harsh radiation conditions around the IP.

In addition to radiation hardness BGO crystals have excellent e/γ energy resolution,

high density and fast decay of scintillation light (∼ 300 ns).

The EFC detector is attached to the front faces of the cryostats of the compensa-

tion solenoid magnets of the KEKB accelerator. The location of the extreme forward

calorimeter makes it usable as a beam mask to reduce backgrounds for the CDC

In addition, the EFC serves as a beam monitor for KEKB and a luminosity monitor

for the Belle experiment. It can also be used as a tagging device for two-photon

physics.

Radiation tests of the crystal at Inst. of Inorganic Chemistry (Novosibirsk, Russia)

showed high yields even after a 10 MRad radiation dose.

3.3.6 ACC

Particle identification, specifically the ability to distinguish charged kaons from pions,

plays a key role in the elucidation of CP violation. An array of silica aerogel threshold

Cherenkov counters has been selected as part of the Belle particle identification (PID)

system to extend the PID momentum coverage beyond the reach of CDC energy loss

measurements (dE/dx) and time-of-flight measurements. The ACC, being a threshold

device, generates Cherenkov light for pions, while kaons and protons pass through

undetected [36].

Cherenkov light is generated when a charged particle traverses a medium at speed

higher than the speed of light in that medium (i.e., v > c/n). In analogy with a

supersonic shock wave, the Cherenkov light is emitted in a cone around the particle’s

flight direction having angle θc given by

cos θc =
1

nβ
(3.7)

The threshold momentum is given by

pthr =
m√

n2 − 1
(3.8)
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Figure 3.9: ACC and TOF. Plot is taken from [21].

The refractive index of the aerogel was selected to achieve the best K-π separation

in the 1.2-3.5 GeV/c momentum range. Five different refraction indices were used,

n=1.01, 1.013, 1.015, 1.020 and 1.028, in order to correct for the higher momentum

of B meson products in the lab frame for smaller polar angles θ that arises as a

consequence of the CM boost.

N = 2παL

∫ λ2

λ1

sin2 θc

λ2
dλ (3.9)

Integration over the range from 7.3 eV to 1.5 eV results in the following photon

density [37]

dN

dEdx
= 370L sin2 θc eV−1 cm−1 (3.10)

Photon yield is is proportional to ∼ sin2 θc ∼ 1− 1/n2 ∼ 0.04 and results in only

tens of photons per cm for BELLE configuration. At such small yields we have to

pay special attention to the transparency of the aerogel. Transmission length (Λ) is

defined by the following equation
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Figure 3.10: Time of flight counters. Plot is taken from [21].

T = T0exp

(
− d

Λ

)
(3.11)

where T and d are the light transmission and the thickness of aerogel respectively.

Transmission length of aerogel used in ACC is monotonously increasing function of

wavelength with T ≈ 0.6cm for λ = 300 nm, T ≈ 3.0cm for λ = 440 nm and

T ≈ 7.5cm for λ = 550 nm. Aerogel blocks have side dimensions of 12 cm and provide

enough material to detect between 10 and 30 photons per particle above threshold,

which is enough for desirable K/π separation in required momentum range.

3.3.7 TOF

The time-of-flight (TOF) system is based on plastic scintillation counters located

behind the aerogel system [38]. Precise time-of-flight measurement allows particle-

mass estimation from the following equation

M2 =

(
1

β2
− 1

)
p2 =

[(
cT

L

)2

− 1

]
p2 (3.12)

where T is the measured time of flight, p particle momentum measured in the drift

chamber and L is the path length of the particle determined from the CDC track fit.

For a 1.2 m flight path, a TOF system with 100 ps time resolution has 2σ separation
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for p − K − π particles with momenta up to 1.25 GeV/c, which covers 90% of the

particles produced in the Υ(4S) decays.

In addition to particle identification, the TOF counters generate fast timing signals

for the trigger system.

3.3.8 KLM

The KL/µ system was designed to identify KL’s and muons with high efficiency

over a broad momentum range, 0.6-5 GeV/c. The barrel-shaped region around the

interaction point covers an angular range from 45◦ to 125◦ in polar angle and the

endcaps in the forward and backward directions extend this range to 20◦ and 155◦.

The KL/µ subdetector consists of alternating layers of 3.7-cm thick glass-electrode

resistive plate chamber (RPC) modules and 4.7-cm-thick iron plates. There are 15

detector layers and 14 iron layers in the octagonal barrel region and 14 detector

layers and 14 iron layers in each of the endcaps. The iron plates provide a total of 3.9

interaction lengths of material for a particle travelling normal to the detector planes.

In addition the electromagnetic calorimeter (CsI) provides another 0.8 interaction

length of material to convert KL’s.

Each RPC module consists of two independent RPCs arranged back to back,

sandwiched between orthogonal readout strip panels. This redundant superlayer de-

sign provides a three-dimensional measurement of the coordinates of a thoroughgoing

charged track with better than 98% efficiency, since a streamer that develops in either

RPC will induce an image charge on both readout strip planes.

Each RPC is composed of two glass plates separated by 1.9 mm thick, 1.9 mm

wide Noryl spacers, which are epoxied to the glass plates and positioned so as to form

a 12-cm-wide gas channel that guides the gas through the chambers in a “mouse-

maze” pattern. The high voltage is supplied and distributed on the outer surface

of the glass plates which have being coated with Kohi-noor 3080 F india ink (or
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graphite impregnated plastic film for endcap). The surface resistance of the carbon

coating is 0.5 − 5MΩ/m2 (0.2 − 0.7MΩ/m2). RPCs are operated in the streamer

mode. Applied high voltage is fixed to +4.7(+4.5) kV for the anode plane of the

barrel (endcap) and -3.5 kV for the cathode planes for barrel and endcap RPCs. The

gas mixture is chosen to be a 30% argon, 62% HFC134a and 8% isobutane, which

is environmentally friendly, nonflammable and provides high detection efficiency and

stable RPC operation. System parameters were chosen to achieve time resolution in

the order of a few nanoseconds with operation rate of ∼ 100Hz
m2 . The KLM system

has hit spatial resolution of 1.2 cm.

For more information on the KLM system see [39, 40] and [41].

History of RPCs

Resistive plate chambers (counters) were first developed in the early 1970s, with the

primary design goals of good spatial and time resolution. Work of a group from

Novosibirsk [42] showed the possibility of creating detectors with spatial resolution

0.2 mm and time resolution of 30 ps. But this was not the cheap option. Pestov’s

chambers were operated at a high pressure of 12 atm, had a small gap of 0.1 mm and

used a semiconducting glass with low resistivity (109 ∼ 1010 Ω · cm).

At the time, science in the Soviet Union was well funded, so price was not an issue.

But still, technological difficulties of producing large surfaces for long operation under

high pressure and stringent mechanical requirements associated with 100µm uniform

gaps limited the chamber size to be 30× 30 cm2.

In the 1980s the desire to build bigger detectors and less favorable funding prompted

an Italian group to scale down the ambitions in terms of resolution. At first, they

opted for RPCs made of bakelite (ρ ∼= 1011 Ω · cm) operated under atmospheric pres-

sure and with a gap about 2 mm. They have reported [43] time resolutions of order

of 1 ns, pulses of about 100 ns duration and rise times of about 5 ns. Later the same
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group reported the possibility of using RPCs made of glass for low-energy electro-

magnetic calorimetry [44] and for charged-particle counting in high rate environments

(10Hz/cm2) [45].

In the 1990s the B-factories were born, with need of good muon detection in a low

background and event-rate environment. In order to achieve these goals large-area

detectors were needed with time accuracy of the order of 10 ns and spatial resolution

around 1 cm. Although initial expectations were that satisfying these requirements

would be straightforward (“a piece of cake”), unanticipated technological problems

were encountered along the way. The biggest obstacle encountered in both Belle and

BaBar experiment was surface erosion caused by the water vapor and subsequent ef-

ficiency degradation. Another problem was caused by ”avalanche” discharge of entire

chamber. Fast discharge ∼ 10 ns of entire chamber created huge currents flowing into

readout electronics, with rather devastating effects. The latest problem encountered

by Belle is efficiency loss of the outer endcap layers, due to the unexpected high rate

background caused by the neutrons coming from the beam. After overcoming all

these obstacles Belle KLM system grew into stable and reliable detector, that met all

the design goals.
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Chapter 4

Event selection.

4.1 Introduction

This chapter describes the selection of B → J/ψ KL decays. We use a reconstruction

approach similar to previous work [46, 47, 48, 49, 50, 51]: we start from inclusive J/ψ

selection, continue with identification of the J/ψ and KL pair and finish by vetoing the

most prominent backgrounds. The decay modes considered as background are listed in

Table 4.1 (Hereafter the inclusion of the charge conjugate states is implied). The main

difference from previously reported results lies in the extensive use of a probabilistic

(likelihood) approach for signal quality assessment. That allows us to either increase

the reconstruction efficiency or to improve the signal-to-background ratio. We have

developed special reconstruction techniques for all particles based on the likelihood

approach and must therefore describe in detail the likelihood construction for all basic

particles. In order to maintain consistency, likelihood functions for all the particles

mentioned in Table 4.1 were normalized to the signal over background ratio S/B,

predicted by MC.

Assigning a likelihood to every process under consideration also allows us to create

an efficient structure for background suppression. For events with multiple candidates,

we can simply select the one with the highest likelihood value. In addition, for all
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particles participating in complex cascade decays we store the value for the highest

parent likelihood (HPL). As an example of HPL construction, we assume the hypo-

thetical situation where particle C is reconstructed to be a part of two overlapping

decay chains A1 → X1B1 with B1 → Y1C and A2 → X2B2 with B2 → Y2C. The

HPL for particle C will be the highest likelihood among L(A1), L(B1), L(A2), L(B2).

In order to illustrate the usage of the HPL we describe the possible veto of photons

coming from the π0 → γγ transition in χc → J/ψ γ selection. The simplest filter

rejects photons with an HPL greater than the χc likelihood. In the subsequent anal-

ysis we include the HPL in the χc likelihood calculation for better efficiency. We also

use HPL in selecting the B → J/ψ KL sample, which has rather high background

contamination from various decay channels. This forces us to pay special attention to

the selection of the inclusive J/ψ sample and to veto as many J/ψ exclusive modes

as possible. The full list of exclusive modes is presented in Table 4.1.

In order to manage combinatorial backgrounds, we perform event reconstruction

in two steps. In the first, we estimate the probability of all fully and partially recon-

structed modes and store the highest likelihood of the B meson decay through any

daughter particles. For example, in some events we might have three decay candi-

dates D1, D2 and D3, where D1 = B → J/ψ K+, D2 = B → J/ψ K∗0(K+π−)

and D3 = B → J/ψ π− with estimated likelihoods L(D1) > L(D2) > L(D3).

In this configuration we store the following numbers as a HPL LP : LP
J/ψ = L(D1),

LP
K+ = L(D1), LP

π− = L(D2). The HPL approach allows us to suppress backgrounds

caused by “clean” decay channels and to manage multiple decay channels in a uniform

way. In our analysis, we use the HPL as an additional parameter in the likelihood

function for the B → J/ψ KL decay.

Previously reported results [46, 47] and estimates presented later in this text show

that backgrounds related to non J/ψ modes are small for J/ψ exclusive decays and

can be ignored at the event selection stage. Special treatment is, however, reserved

for such contamination at the final stages of analysis. The small branching fraction
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Primary mode Secondary mode(s) type
B → ψ(2S)X ψ(2S) → J/ψ π+π, ψ(2S) → l+l− inclusive
B → χc1, c2(1P )X χc1, c2(1P ) → J/ψ γ inclusive
B− → J/ψ π− full
B0 → J/ψ π0 full
B− → J/ψ K− full
B0 → J/ψ KS KS → π+π−, KS → π0π0 full
B0 → J/ψ K∗0 K∗0 → K+π−, K∗0 → KLπ0, K∗0 → KSπ0 full
B− → J/ψ K∗− K∗− → K−π0, K∗− → KLπ−, K∗0 → KSπ0 full
B0 → J/ψ KS J/ψ π−, J/ψ π0 partial
B → J/ψ K∗ J/ψ K−, J/ψ KS, J/ψ π−, J/ψ π0 partial

Table 4.1: Decay chains used as veto in B0 → J/ψ KL selection. Type describes the type
of the veto decay. It could be inclusive or exclusive with a partially or fully reconstructed
B meson. For partially reconstructed modes, the secondary mode column provides a list of
particles used in partial reconstruction. Unless otherwise noted all the decays in the primary
and secondary modes proceed through the following transitions J/ψ → l+l−, KS → π+ π−

and π0 → γ γ

for J/ψ production from BB̄ pairs (BR(B → J/ψ(l+l−) X) = (1.357± 0.009)× 10−3)

makes the use of generic MC prohibitively expensive. However, the reasonably small

contamination from non J/ψ modes allows us to tune selection criteria on the inclusive

J/ψ MC sample (B → J/ψ(l+l−) X). In order to create a robust test bed for J/ψ

backgrounds, the J/ψ likelihood function is tuned on the data sample. That makes the

construction of the J/ψ likelihood quite different from that for the rest of the particles

involved. We therefore describe it right after the introduction to the likelihood. The

likelihoods for all the other particles are based on the J/ψ inclusive MC and are

described right after the cc̄ section.

4.2 Monte Carlo generation.

The bulk of this analysis is tuned on the J/ψ inclusive MC sample. Particles are

generated using the EvtGen software package developed by the BaBar collaboration

[52], while the detector response is simulated via the GEANT3 software package
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from CERN [53]. The decay tables were modified to match the up-to-date branch-

ing fractions for B meson decays. We did, however, carry out the generation with

BR(Υ(4S) → B0B̄0) = BR(Υ(4S) → B+B−). This creates an excess of neutral

B meson decays, but does not affect the presented results, since we estimate signal

and background yields from the corresponding shapes and do not rely on branching

fractions provided by MC.

In order to create inclusive J/ψ sample, we generate generic e+e− → Υ(4S) → BB̄

decays, but only decays containing J/ψ mesons are saved. Furthermore, we force the

J/ψ to decay into two leptons. In order to facilitate the CP analysis we have generated

six independent samples with sin 2φ1 values {0.1, 0.3, 0.5, 0.7, 0.9, 1.0}. The number

of events in the entire sample is 5.5 million.

4.3 Likelihood

In cases where there are many parameters, each providing some information, an ef-

ficient selection requires a probability-based approach. The probability or likelihood

approach can be viewed as a step forward in the evolution of signal-background sepa-

ration techniques. In a conventional cut-based analysis “cut values” or simply “cuts,”

which provide only a binary answer, are used to separate signal from background. A

cut is defined as an allowed range for a certain parameter of a physical process. A

common example is the mass cut, Mmin < M < Mmax, which is routinely used for

resonance selection.

This technique will work well if there is a complete or nearly complete separation

between signal and background for the parameters to which the cuts are applied. In

many cases, however, the distributions for signal and background events, although

significantly different, will have a substantial overlap. As a result the binary answers

provided by hard cuts will cost both efficiency and overall performance. In a likeli-

hood approach, the signal is assigned a probability with respect to each underlying
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parameter, so that an event falling in the tail of one distribution can be saved if it

falls in the preferred region for signal in the other parameters.

We will use the following nomenclature in the subsequent text.

• The likelihood is a function of the event parameters, which is designed to sep-

arate the signal from the background and to provide a robust estimate of the

signal quality.

• A likelihood parameter is any variable used in the likelihood construction. In

the case of correlated parameters, we will try to create likelihood discriminants

based on several likelihood parameters.

• A likelihood discriminant is a likelihood related to any number of likelihood pa-

rameters that is used as an atom for the construction of the next level likelihood.

We treat the discriminants as uncorrelated variables.

For multi-parameter likelihood constructions, special care must be taken to ac-

count for possible parameter correlations. The conventional solution uses Fisher’s

linear discriminant, which is a classification method that projects multi-dimensional

data onto a line and performs classification in a one-dimensional space [54, 55, 56].

Here, however, we implement a different technique. We identify the most closely cor-

related variables and pair them into two-dimensional likelihood discriminants. Proper

pair selection is crucial, because leaving correlated variables unpaired reduces the final

performance.

In order to illustrate the above definitions and to describe the idea behind the like-

lihood construction, we will consider a likelihood based on five parameters: P1, P2, P3, P4, P5.

Furthermore, we assume that four parameters form two pairs of correlated values (P1,

P2) and (P3, P4). For the correlated parameters we fill two-dimensional frequency

distributions for both signal, S(Pi, Pj), and background, B(Pi, Pj), for P5 we fill a

one-dimensional distribution. Here we assume that the original sample can be divided
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into signal and background parts. In what follows we refer to S(Pi), S(Pi, Pj), . . . /

B(Pi), B(Pi, Pj), . . . as the signal/background probability density functions (PDF).

The likelihood discriminants corresponding to the five parameters above can be writ-

ten in the form:

L1 = S(P1, P2)/(S(P1, P2) + B(P1, P2))

L2 = S(P3, P4)/(S(P3, P4) + B(P3, P4))

L3 = S(P5)/(S(P5) + B(P5))

(4.1)

In principle, one could employ likelihoods of even higher dimensionality, n, but the

likelihood functions are based on table lookups and the number of entries scales like

Nn, thus increasing n quickly becomes impractical.

In order to combine two likelihood discriminants into the next level likelihood we

use the standard formula for probability multiplication.

L = LA ⊗ LB =
LALB

LALB + (1− LA)(1− LB)
(4.2)

The formula above can be extended to any number of discriminants. In the three-

discriminant case one obtains.

L = L1 ⊗ L2 ⊗ L3 =
L1L2L3

L1L2L3 + (1− L1)(1− L2)(1− L3)
(4.3)

Both equations above are valid for uncorrelated discriminants and should be used

with caution for real-world applications.

4.3.1 Likelihood performance estimation

The cuts or allowed bands for parameters are often tuned to maximize the figure of

merit function, FOM = S/
√

S + B. The FOM can be viewed as a measure of the

statistical significance, i.e. the ratio of the signal, S, over the possible fluctuation in

the background, ∼ √
S + B. We use the same function for finding the boundary be-

tween meaningful signal and the background. At each step, after creating a likelihood
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discriminant, we search for the maximum of the FOM as a function of the likelihood

discriminant. For each value of the likelihood discriminant, L, S(L) is a sum of all

the signal events with likelihoods greater than L. Using an analogous definitions for

the background, we can rewrite the formula for FOM:

FOM(L) =
S(L)√

S(L) + B(L)
=

√
S(L)√

1 + B(L)/S(L)
(4.4)

That definition has one unfortunate property: it scales with the size of the data

set. It makes it difficult to compare the FOM performance on different data sets. In

order to make this function standard for a variety of data sets we will scale the FOM

function with the total signal available and express it as percentage.

FOM(L)% =
1√

1 + B(L)/S(L)
·
√

S(L)

Stot

· 100% (4.5)

Thus the defined function has all the analytical properties of the FOM function,

but is bound between 100% and 0%. The 100% value corresponds to ideal signal-

background separation.

4.3.2 Likelihood construction

The construction of the likelihood discriminant is done in several steps. First we

settle on the number of parameters going into the discriminant. In the second step,

we ensure that the discriminant covers most of the signal region, while some of the

background can spill into the overflow bins. In the third step, we define the number

of the bins for histogram creation. In the current analysis we aim at 10% precision

for each bin, thus the required mean occupancy should be above 100 entries per bin.

The likelihood corresponding to each bin is defined as a simple ratio of the number of

signal events to the sum of the signal and the background events. This ratio can be

changed either by changing the signal or background distributions, here we will adopt

the strategy of modifying the background distribution. The bin size for the histograms
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in each likelihood discriminant affects the overall normalization as well. There are

several ways to compensate for it. The first is by applying the constructed likelihood

to the event sample and mapping the likelihood values to the S/(S + B) value for

each subregion of the sample. An alternative approach is to control the amount of

background going into the discriminant creation so that the likelihood always behaves

the same way as S/(S + B). In this work we adhere to the latter approach. Thus for

each likelihood discriminant, the signal distribution will always be filled by the entire

signal sample, while the bin size and the background distribution will be chosen to

ensure proper likelihood normalization and to minimize correlations.

During likelihood construction an overall normalization is performed to make the

likelihood function as close as possible to the true “signal probability”. That allows us

to treat multiple decay channels in the same way. For example, if we have properly

normalized likelihood functions for both J/ψ → e+e− and J/ψ → µ+µ−, in B →
J/ψ X we do not need separate treatments for the J/ψ sub-decay channels.

The background distribution for the signal-free areas is of no interest to us. There-

fore, we do not treat properly regions with high background levels and negligible signal

fractions. Neglecting these areas results in distortions for low likelihood values, where

the lack of attention to the background distributions is most prominent.

Extracting the PDF distributions for the signal and background from the data

presents additional challenges. Unlike the MC case, we can not select signal with

100% probability, thus the distributions that are created will always have background

contamination in the signal and signal contamination in the background. The inabil-

ity to remove background events that closely mimic signal events results in an offset

for the final likelihood. If we define the true likelihood as Ltrue = S/(S + B), the

one extracted from the data sample will be as follows: Ldata = (S + Bmimic)/(S + B).

Another fundamental challenge arises because a proper PDF estimation requires sepa-

ration of our sample into signal and background using the most powerful discriminant,
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thus making it unavailable for further inclusion in the likelihood. In addition, spe-

cial care must be taken with respect to variables that might be correlated with the

discriminant used for signal-background separation. Despite these challenges, we will

demonstrate that proper likelihood for J/ψ selection can be constructed from the

data.
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Process bb qq̄ (non bb) τ τ̄ QED γγ̄ Beam Gas

σ(nb) 1.1 3.3 0.93 37.8 11.1 -
ε HadronA (%) 0.994 0.838 0.240 0.002 0.008 -
σ HadronA (nb) 1.09 2.77 0.22 0.06 0.09 0.34

Table 4.2: e+e− cross section. We did not include cross sections for e+e− scattering and
µ+µ− production, because the clean signature for these reactions allows their heavy sup-
pression. QED includes radiative electron interactions, integrated for detector configuration.
This table was taken from [57].

4.4 J/ψ selection

4.4.1 HadronA selection criteria.

B mesons are not the only possible products of an e+e− collision. In fact non bb̄

final states, from continuum, are by far more likely at the 10 GeV/c2 collision energy

(see Table 4.2). The first step selection, named HadronA ([58]), rejects most of

the background induced by e+e− scattering, µ+µ− production and radiative electron

interactions. Its performance is summarized in last two lines of the Table 4.2. The

second step is a selection of a pure J/ψ sample. This is a crucial point for the

B → J/ψ KL study, because a large combinatorial contamination and the difficulty

of KL identification makes this channel prone to the numerous backgrounds. It will

be shown later that requiring the presence of both a J/ψ and a KL in an event will

effectively remove all backgrounds but J/ψ inclusive ones. This allows us to use the

J/ψ inclusive MC sample for tuning the KL selection criteria. The final step is the

B → J/ψ KL selection and suppression of relevant backgrounds.

Throughout this chapter, we will make extensive use of the beam center of mass

frame (CM). In this frame, both B mesons have relatively small momentum, ≈
330 MeV/c, and this frame can be used as a good approximation to the B meson rest

frame.
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Hadronic events are selected based on charged track information and energy de-

posited in the electromagnetic calorimeter. We require at least three tracks that

satisfy
√

x2 + y2 < 2.0 cm, |z| < 4.0 cm, and pt > 0.1 Gev/c, where x, y and z

represent the distance of closest approach of the track to the beam axis, and pt is the

momentum of the track projected onto the x-y plane. We also require that more than

one neutral cluster is observed in the barrel region of the detector and has energy

greater than 0.1 GeV/c2. This cluster need not be matched with any charged track.

The sum of all cluster energies, boosted back to the CM assuming each cluster is

generated by a massless particle, is required to be between 10% and 80% of the total

CM energy. The total visible energy in the CM, which is an energy sum of good

charged and unmatched neutral tracks Ecms
vis , is greater than 20% of the total CM

energy. The absolute value of the z component of the CM momentum is required to

be less than 50% of the CM energy. The event vertex reconstructed from the selected

tracks must be within 1.5 cm and 3.5 cm of the interaction region in the directions

perpendicular and parallel to the z axis, respectively. MC simulation shows that

the selection criteria described above retain more than 99% of BB̄ events and J/ψ

inclusive events.

4.4.2 Preselection for the inclusive charmonium skimming.

In the present analysis, J/ψ event candidates are reconstructed from lepton pairs only.

The lepton modes constitute only 11.8% of all possible J/ψ decays, but they are the

only ones sufficiently free of background for inclusive selection. The mass distributions

for dilepton pairs in the inclusive charmonium sample are presented in Fig. 4.1, while

the CM momentum is shown in Fig. 4.2. The momentum distribution sheds some

light on the background composition for the inclusive sample. The sharp signal cut

off around 2 GeV/c2 corresponds to the kinematic end point for J/ψ’s produced

in B-meson decay. The difference between the solid and the shaded histograms is
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Figure 4.1: The dilepton mass distributions for the inclusive charmonium skim. The plot
is based on a 78.13 fb−1 data sample.

due to the contribution from inclusive B meson decays. The background for the di-

electron decays is dominated by beam-gas-interaction and QED backgrounds, while

the di-muon channel is prone to misidentified pions and kaons from the qq̄ continuum.

The inclusive J/ψ sample serves as a pool for testing and reconstructing dilepton

decays of J/ψ and ψ(2S) mesons. Candidates from it satisfy the requirements of

the HadronA filter, and should have positive identification for one lepton, that is

electron probability should be greater than 0.01. The second lepton should either

have positive identification or energy deposited in the electromagnetic calorimeter

that is consistent with a lepton hypothesis. The showers associated with electrons

should have energy greater than half of the associated track momentum, while for

muons we require the deposited energy to be in the 100− 300 MeV/c range. In order

to account partially for final-state radiation and bremsstrahlung we add photons

found within 50 mrad of the e+ or e− direction. The mass of the dilepton pair should

satisfy 2.5 GeV/c2 < Ml+l− < 4.0 GeV/c2 and the CM momentum should lie in the

range 0 GeV/c < pcms < 5 GeV/c.

54



0

5000

10000

15000

20000

25000

0 1 2 3 4 5
0

2000

4000

6000

8000

10000

x 10

0 1 2 3 4 5

0

5000

10000

15000

20000

25000

30000

0 1 2 3 4 5
0

500

1000

1500

2000

2500

x 10 2

0 1 2 3 4 5

J/ψ momentum in the beam center of mass

Signal, e+e- channelSignal, e+e- channel
GeV/c2

Background, e+e- channelBackground, e+e- channel
GeV/c2

Signal, µ+µ- channelSignal, µ+µ- channel
GeV/c2

Background, µ+µ- channelBackground, µ+µ- channel
GeV/c2

Background, µ+µ- channel

E
ve

nt
s 

/ (
50

0.
00

 M
eV

/c
2 )

Figure 4.2: The solid histogram represents the on-resonance data, while the hatched area
corresponds to the continuum data scaled to the on-resonance luminosity. The momentum
spectra were obtained by fitting the dilepton mass distributions for each bin of the momen-
tum spectrum. The number of events for both signal and background were estimated in the
2.9 < Mll < 3.15 GeV/c2 mass window. The plot is based on a 78.13 fb−1 on-resonance and
a 8.83 fb−1 continuum data sample. Continuum was taken at an energy 60 MeV/c2 below
the center value for the Υ(4S) resonance.
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As can be seen from Fig. 4.2, the inclusive J/ψ skim has a large amount of

background in the pure continuum region, p∗J/ψ > 2 GeV/c. This region is of no

interest for our study and we will select only J/ψ candidates produced in BB̄ decays:

p∗J/ψ < 2 GeV/c (Eq. B.13).

4.4.3 Likelihood construction

The final J/ψ likelihood is based on three discriminants. LE
J/ψ depends on the event

shape variables, LC
J/ψ takes into account track properties, and LM

J/ψ is based on the

shape of the mass spectrum, . The final analysis uses a combined likelihood,LJ/ψ =

LE
J/ψ ⊗ LC

J/ψ ⊗ LM
J/ψ. In certain circumstances, however, it is advantageous to use a

single discriminant.

The lepton and muon channels have quite different sources of background. Elec-

trons are so well identified that the J/ψ sample consists of virtually only dielectrons,

with most of the background coming from beam-gas interactions and QED processes.

By contrast, muon identification has a higher fake rate resulting in larger contam-

ination from fast pions and kaons in the dimuon channel. The abundance of pions

among the qq̄ and B meson decay products make them the largest background. As a

result, the event shape likelihood is more efficient for suppressing background in the

electron-positron channel, while the muon related backgrounds are more heavily sup-

pressed by the candidate likelihood. The combined event plus candidate likelihood,

LE
J/ψ ⊗ LC

J/ψ, exhibits similar performance for both channels.

Event shape Likelihood, LE
J/ψ

Inspired by the work of Steve Olsen [59] on using the event shape variables for inclusive

J/ψ skimming we decided to go a bit further and include all the variables he discussed

in [59] into one likelihood function. Before proceeding we remind the reader of the

definitions for the standard event classification variables used in Belle experiment.
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PMM Missing momentum value. Calculated as the difference between the net beam

three-momentum and the sum of all charged tracks and identified photons.

Clusters with EFC energy deposition greater than 100 MeV/c2 are also added

as photons.

Evis This is the total energy of all charged tracks and unmatched neutral showers

calculated in the CM frame. Evis =
∑

tracks

√
p2

cm + m2
π +

∑
γ′s Ecm

Pz This is the z component of the total three-momentum of all charged and un-

matched neutral tracks in the CM frame.

Ntracks This is the number of charged tracks in the event.

Nclusters This is the number of clusters in the electromagnetic calorimeter.

Esum This is the sum of the energy deposited in the calorimeter. All clusters are

treated as a massless particles, the combined four-momentum is then boosted to

CM frame and the resulting energy is called the energy sum, Esum =
∑

clusters Ecm

Mheavy jet In the CM frame, the event is divided into two hemispheres by a plane

perpendicular to the thrust axis. The invariant mass of all particles in each

hemisphere is calculated. The heavy jet mass is the larger of the two mass

values.

R2 This is the ratio of the second- and zeroth-order Fox-Wolfram moments of the

events H2/H0 [60]. Hl =
∑

i,j |−→p i||−→p j|Pl(cos θi,j), where the indices i and j run

over all final state particles. p is the particle momentum, Pl is the l-th Legendre

polynomial, and θi,j is the angle between particle directions.

There are many sources of background, among them QED dominated processes,

continuum quark production, beam-gas interactions and particle misidentification.

Each of these backgrounds has a different signature in the event shape variables.
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For example, the visible energy of generic B decays sits around 8 GeV with a mean

transverse momentum around zero. Bhabba events, on the other hand, will tend to

have an energy not far from either beam energy or half the beam energy. Moreover,

this energy will be correlated with the value of the transverse momenta. A high value

of pz can also be attributed to high-energy particles escaping detection because of the

poor detector coverage along the beam line. In the case of QED background or light

jets from the continuum, these particles will have a total energy comparable to half

of the beam energy in the CM frame.

In addition to continuum suppression, it is possible to use the event-shape variables

to discriminate against other B meson decays. The inclusive charmonium sample

will differ from the rest of the B decays because of the high mass of the J/ψ meson

(MJ/ψ = 3.096 GeV/c2). This will limit the amount of energy available for the

kinematic motion for the rest of the decay, and thus result in a shift for most event

classification variables.

Another distinct feature is due to the leptonic nature of J/ψ decay. Muons are

characterized by high penetration power, and, as a result will deposit only a small

energy in the calorimeter. Electrons on the other hand lose all of their energy in the

calorimeter, thus prompting a calorimeter energy deposition shift between the muon

and electron channels of approximately 3 GeV.

The event shape variables are not fully independent. In order to exploit the

correlation between them, we arrange the variables into pairs and construct a set

of two-dimensional probability density functions for likelihood construction. After

careful consideration, we decided to use the following pairs of variables for likelihood

estimation:

• Visible energy vs. pz.

• Ntrk vs. Ncls

• Thrust vs. Esum.
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• Heavy jet mass vs. R2.

• Psum vs. missing momentum (PMM).

• Missing momentum θ vs. missing momentum φ.

Candidate likelihood, LC
J/ψ

The candidate likelihood deals with the properties of the tracks forming J/ψ’s as

well as the kinematic parameters of the J/ψ meson. Let us introduce the following

definitions:

LID Lepton ID.

P IP Probability of track coming from the Interaction Point (IP). Calculated using

the gaussian overlap in projections of the IP profile and track errors into dr and

dz track helix parameters. It is used for vetoing beam-gas backgrounds.

PBhabba Momentum of the Bhabba partner. Using the direction of one lepton we

can calculate the momentum of the second lepton under the assumption that

both leptons come from Bhabbas.

The candidate likelihood is based on the following two-dimensional discriminants:

• Azimuthal angle of the J/ψ candidate in the CM frame versus the J/ψ decay

angle(angle between J/ψ flight direction and direction of one of the daughter

leptons in the J/ψ rest frame).

• LID
1 vs. LID

2 .

• P IP
1 vs. P IP

2 .

• PBhabba
1 vs. PBhabba

2 .
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Mass likelihood, LM
J/ψ (J/ψ mass line shape).

The natural width of the J/ψ is rather narrow, 87±5 keV, and is not observable with

the current detector resolution of ∼ 10 MeV/c2. Thus the observable line shape will

be dominated by the detector response function. In addition to the detector resolution

we have to take into account final state radiation (FSR, [61, 62]) and bremsstrahlung.

These contributions are equally large for electrons, and the former is dominant for

muons (more detailed discussion can be found in Ph.D. thesis of A.Esrhov [63]).

The combination of bremsstrahlung, final state radiation, and detector resolution

creates a nontrivial line shape. There are many ways to approximate it, but we use

a double-sided Crystal Ball function [64].

x− µ 6 −σαL :
A exp (−0.5α2

L)(
1− αL

NL

x−µ
σ
− α2

L

NL

)NL

−σαL < x− µ < σαR : A exp

(
(x− µ)2

2σ2

)
(4.6)

x− µ > σαR :
A exp (−0.5α2

R)(
1− αR

NR

x−µ
σ
− α2

R

NR

)NR

This function behaves as a gaussian near its mean, but has tails that decay not

exponentially, but according to a power-law function. The coefficients are chosen to

make the function smooth. The primary reason for the left tail is FSR in the muon

channel and the combination of FSR and bremsstrahlung for di-electron decay. The

right-side tail is due to non-gaussian tails in the detector response. In the case of

electrons, there is contamination from good J/ψ’s, fake photons, or photons from

another decay channel. The mean (µ) and standard deviation (σ) serve as estimates

for the J/ψ peak position and line width, although one should not use them as the

true ones. The central part is approximated with a symmetric function while FSR
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Figure 4.3: The mass spectra for dilepton pairs. The plots are based on a sample satisfying
LE

J/ψ ⊗ LC
J/ψ > 0.2 and p∗J/ψ < 2 GeV/c. The number of events for both J/ψ and ψ(2S) is

an integral of the corresponding shapes (Eq. 4.6). In the fit we have fixed the position of
the ψ(2S) peak and all the parameters of the ψ(2S) shape are equal to those of the J/ψ.
The amplitude is the only floating parameter for the ψ(2S). Plot is based on a 78.13 fb−1

on-resonance data sample.
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and bremsstrahlung skew the line shape to the left. Nevertheless, this is good enough

for signal yield estimation and likelihood construction. The line shape parameters can

be estimated either from the signal MC or from the data. Here we present parameter

estimation from data sample corresponding to 78.13 fb−1. In order to use the line

shape in a likelihood framework we will select a sample based on the maximum value

of the FOM as a function of combined likelihood, LE
J/ψ ⊗ LC

J/ψ.

4.4.4 Likelihood tuning

A two-dimensional PDF construction requires higher statistics than does the one-

dimensional case. As a result, the amount of the available data becomes a crucial

factor. With 79 fb−1 we have collected approximately 70,000 J/ψ candidates in each

lepton decay channel. To have a meaningful distribution, we need at least 20 bins for

each parameter, thus each 2-D PDF will have at least 400 bins. Given that we are

using ten different likelihood discriminators, we will get ∼ 4000 bins and the average

occupancy will be ∼ 20. Such a fine segmentation raises a major concern regarding

possible bias for the data used in the likelihood construction.

In order to test the effect of self bias, we have divided the data sample into two

equal sub samples, “A” and “B”. We have used sample “A” for likelihood construction,

while “B” was used for a likelihood performance estimation. In a second approach,

we have used the entire data sample for both the likelihood construction and a per-

formance check. After thorough comparison, we have not observed any bias related

to the use of the same sample for both construction and performance measurement,

and, as a result, we decided to use the full data sample for likelihood construction.

This result is not surprising, since for most distributions, 80% of the signal typically

occupies no more than 30% of the corresponding PDF, and as a result, even a partial

sample will have enough statistics to cover the full phase space.
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In our quest for a J/ψ likelihood, we have used an iterative approach. In the begin-

ning we have selected the mass of the lepton pair as the main discriminator between

signal and background. We have used wide mass region for J/ψ likelihood construc-

tion (2.5 < Ml+l− < 5.0 GeV/c2), with subregions 3.06 < Ml+l− < 3.12 GeV/c2 and

3.66 < Ml+l− < 3.71 GeV/c2, declared to be signal while the complementary region

is taken as background. In order to improve the separation of signal and background,

we have performed a mass fit for each of the regions and subtracted sidebands scaled

according to the fit. In the case of the heavy-jet mass variable, this approach does

not work because it is correlated with the dilepton pair mass.

At the later stages, however, we have used the “full”, LJ/ψ = LE
J/ψ ⊗LC

J/ψ ⊗LM
J/ψ,

likelihood from the previous iteration to select the signal. In other words, we declare

any candidate to be a signal if its likelihood is greater than a certain cut off value.

4.4.5 Likelihood performance, data check.

After creating the likelihood, we constructed several tests in order to verify its per-

formance and consistency. The bottom left plots of Fig. 4.4 and Fig. 4.5 show a

linear correlation between likelihood and S/(S +B). Signal and background fractions

were estimated by mass fits in each bin of the likelihood distribution. The top left

plots show that most of the J/ψ mesons produced in B meson decays occupy bins

with large likelihood values and bottom right plot tells us that for L > 0.44(0.42)

we select 87.4(90.1)% of all available J/ψ candidates with purity 82.4(81.9)% in di-

electron(di-muon) channel, thus allowing us to select a high statistics J/ψ sample

with high purity. The bottom right plots shows the FOM(L), for the events with

likelihood greater than parameter L. Both dilepton channels have FOM maximum

around likelihood value of 0.4. This value is good for the inclusive J/ψ study, however

it corresponds to a 10% signal loss, which is unacceptable for exclusive-mode selec-

tion. In order to limit the effect on the inclusive mode selection, we have decided to
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use a likelihood cut value which would guarantee a signal loss below 5%. The dilep-

ton mass distributions presented in Fig. 4.6 and Fig. 4.7 shows the performance of

the event likelihood discriminant alone (top plots) and combined with the candidate

discriminant (bottom plots).

In order to understand the background composition of the events passing the

likelihood cut, we have replicated Fig. 4.2 for the events with L > 0.2. The result

is presented in Fig. 4.8, which clearly shows that continuum contamination is still

present in our sample, however significantly reduced. These plots also show that our

likelihood does not suppress backgrounds with CM momentum above 2 GeV/c, which

is a direct consequence of our selection criteria in the likelihood construction.

4.4.6 Likelihood performance, MC check.

Several simple tests were performed on an 0.5-M-event inclusive J/ψ MC sample.

These tests estimate the efficiency for decays relevant to our study. For the J/ψ K

decay study, we are interested in J/ψ’s with CM momentum in the range 1.3 GeV/c <

p∗J/ψ < 2.0 GeV/c. This J/ψ momentum range covers the tails induced by the detector

resolution for J/ψ K decays and is predominantly filled with J/ψ K and J/ψ K∗

modes.

One possible drawback of a likelihood tuned on the inclusive data sample is the

possibility of losing some exotic final states, despite keeping good overall efficiency.

In order to make sure that this is not the case for the decays of interest, we have

checked the detection efficiency for J/ψ detection in all J/ψ K and J/ψ K∗ modes.

These decay channels encompass a variety of decay topologies and present a good

test of the constructed likelihood. As can be seen from Table 4.3, the efficiencies for

different decay topologies vary, but not by much more than statistical fluctuations,

which are of order 1% for this MC sample. The largest contribution to the efficiency

loss for J/ψ KL decay are the large missing momentum and the smaller track and
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Figure 4.4: The S/(S+B) is obtained using a mass fit for the signal and the background
in each bin. The FOM = S/

√
S + B is an integral value for all events with a likelihood

greater than some value. The plot is based on a 78.13 fb−1 on-resonance data sample.
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Figure 4.5: The S/(S+B) is obtained using a mass fit for the signal and the background
in each bin. The FOM = S/

√
S + B is an integral value for all events with a likelihood

greater than some value. The plot is based on a 78.13 fb−1 on-resonance data sample.
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Figure 4.6: The mass spectrum for the di-muon pairs. The number of events for both the
J/ψ signal and the background are estimated in the 2.9 < M < 3.2 GeV/c2 mass window.
We assume the signal shape from Fig. 4.3. The signal-background separation is based on a
likelihood cut, which maximize FOM. The plot is based on a 78.13 fb−1 on-resonance data
sample.
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Figure 4.7: The mass spectrum for the di-electron pairs. The number of events for both the
J/ψ signal and the background are estimated in the 2.9 < M < 3.2 GeV/c2 mass window.
We assume the signal shape from Fig. 4.3. The signal-background separation is based on
the likelihood cut, which maximize FOM. The plot is based on a 78.13 fb−1 on-resonance
data sample.
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Figure 4.8: The plots are based on a sample satisfying LE
J/ψ⊗LC

J/ψ > 0.2. The solid his-
togram represents the on-resonance data, while the shaded one corresponds to the continuum
data scaled to the on-resonance luminosity. The momentum spectra were obtained by fitting
the dilepton mass distributions for each bin of the momentum spectrum. Both the number
of signal events and the background events were estimated in the 2.9 < Mll < 3.15 GeV/c2

mass window. The plot is based on a 78.13 fb−1 on-resonance and a 8.83 fb−1 continuum
data sample. Continuum was taken at an energy 60 MeV below the peak of the Υ(4S)
resonance.
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mode X, J/ψ J/ψ efficiency
B → J/ψ + X generated detected ε, % εee, % εµµ, %

KL 10148 6709 66.1± 0.8 62.1± 1.1 70.1± 1.2
K∗+((KS(π+π−)π+) 7706 5208 67.6± 0.9 62.3± 1.3 72.9± 1.4

KS(π+π−) 6942 4725 68.1± 1.0 64.2± 1.4 71.9± 1.4
K∗0(K+π−) 22208 15245 68.6± 0.6 66.2± 0.8 71.1± 0.8
K∗0(KLπ0) 5471 3752 68.6± 1.1 63.6± 1.5 73.6± 1.6
K∗+(K+π0) 11124 7630 68.6± 0.8 63.7± 1.1 73.5± 1.1

K+ 19854 13648 68.7± 0.6 65.1± 0.8 72.4± 0.8
K∗+(KLπ+) 11182 7727 69.1± 0.8 65.6± 1.1 72.6± 1.1

K∗0((KS(π+π−)π0) 3818 2653 69.5± 1.3 64.9± 1.8 74± 2.0
K∗0((KS(π0π0)π0) 1712 1203 70± 2 65± 3 76± 3
K∗+((KS(π0π0)π+) 3521 2467 70.1± 1.4 65.4± 1.9 75± 2

KS(π0π0) 3041 2150 70.7± 1.5 67± 2 74± 2

Table 4.3: J/ψ efficiency for B → J/ψ K(∗) modes. Event selection is based on the 0.5-
M-event inclusive J/ψ MC sample. We consider a J/ψ as a detected particle if we observe
it through dilepton decay with 2.8 < Ml+l− < 3.2 GeV/c2, 1.2 < p∗l+l− < 2.0 GeV/c and
LJ/ψ > 0.03. Modes are arranged in order of increased J/ψ efficiency.

neutral cluster multiplicity. Events with a large number of tracks or large energy

deposition have the highest efficiency. The difference in efficiency between kaon and

pion modes is probably due to the larger energy deposition in the calorimeter for the

particles with an s quark (K− and K̄0).

Another test comes from the strictly selected J/ψ K± and J/ψ KS events, for

which we can obtain clean samples (background contamination less than 3%). We

have applied the same tight selection criteria for both data and MC samples and

plotted the likelihood distributions for the surviving candidates, results are shown

in Fig. 4.9. The J/ψ inclusive MC has a slightly higher mean value than the one

obtained from data. The difference is probably due to a higher number of fake J/ψ’s

in the data. Otherwise agreement between MC and data is pretty good.
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Figure 4.9: The full J/ψ likelihood for the data and the MC. The MC is scaled with
respect to the number of entries in the data sample. The plot is based on a 78.13 fb−1

on-resonance data sample.
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4.5 cc̄ resonances decaying through J/ψ.

4.5.1 Introduction.

B0 can decay to several unstable “charmonium” states, with subsequent transitions

resulting in J/ψ produced via radiative or hadronic decays. The most prominent

examples are the ψ(2S) and χc resonances, which have branching ratios comparable

to direct J/ψ or ψ(1S) production. According to recent measurements [65] about 30%

of J/ψ produced in inclusive B meson decays are results of the cascade transitions

B → XY , with X → J/ψ Z. Exclusive selection and subsequent veto of such decays

can improve the selection of B meson decays that are plagued by large backgrounds.

It also provides an independent quality test for the J/ψ selection and the validity

of the likelihood approach for signal-yield estimates of the states decaying through

the J/ψ resonance. The dominant decays ending in the production of J/ψ’s include

the following cc̄ resonances χc1(1P ) (M = 3510.51 ± 0.12 GeV/c2), χc2(1P ) (M =

3556.18 ± 0.13 GeV/c2) and ψ(2S) (M = 3685.96 ± 0.09 GeV/c2). The inclusive

branching fraction for J/ψ production through B → χc1,c2, ψ(2S) transitions is given

by the following expressions:

BR(B → J/ψ){total} = (11.5± 0.6)× 10−3

BR(B → J/ψ){direct} = (8.0± 0.8)× 10−3

BR(B → J/ψ){χc1} = BR(B → χc1)BR(χc1 → J/ψ) = (1.14± 0.27)× 10−3

BR(B → J/ψ){χc2} = BR(B → χc2)BR(χc2 → J/ψ) = (1.3± 0.7)× 10−4

BR(B → J/ψ){ψ(2S)} = BR(B → ψ(2S))BR(ψ(2S) → J/ψ) = (1.92± 0.37)× 10−3

(4.7)

4.5.2 χc1 and χc2 selection.

Both χc1 and χc2 decays into J/ψ predominantly through the radiative process χc →
γJ/ψ. The almost identical decay signatures allows us to treat both decay channels

in the same way and disregard effects of overlapping mass spectrums for χc1 and χc2
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resonances. In what follows χc reconstruction will mean reconstruction through both

χc1 and χc2 channels.

In order to suppress the most obvious backgrounds we set the likelihood threshold

for J/ψ LJ/ψ > 0.03 and for photons Lγ > 0.03. The kinematic end-point for χc

production in B meson decays (Section B.3) allows us to require the momentum of the

J/ψ γ pair to be less than 1.75 GeV/c and to impose a mass window 3.42 GeV/c2 <

M(J/ψ γ) − M(J/ψ) + 3.096 GeV/c2 < 3.60 GeV/c2. The likelihood function for

the χc candidates (Lχc) is constructed in a regular way, using the following two-

dimensional discriminants:

• Photon likelihood vs. photon HPL (to suppress π0 → γγ) .

• χc decay angle vs. χc momentum.

• χc mass vs. χc momentum in the CM frame.

• J/ψ helicity vs. J/ψ decay angle.

The performance of the likelihood based on a 2.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. 4.10. The overall separation power is not great, with only

58% of the signal coming in the signal region. This is mostly due to the high level of

the photon combinatorial background.

This decay chain also serves as a nice introduction to the challenges we face with

KL selection and yield estimates. The inclusive χc selection criteria are tuned on

inclusive J/ψ MC, and therefore require a robust estimate for non-inclusive J/ψ

component (combinatorial background). In addition, we do not have full confidence

in the photon (or the KL) background representation in the MC. Despite this lack

of confidence, we assume that the overall signal/background shape is valid and only

the true/fake photon fractions have to be corrected. That forces us to estimate the

fake/true photon ratio as well as the combinatorial contamination from the data.
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Figure 4.10: The χc likelihood performance (J/ψ γ). The plots are based on a 2.5-M-
event J/ψ inclusive MC sample. The left plot shows the distribution for the signal and
the background events on a logarithmic scale. The right plot shows the FOM for events
with likelihood greater than the abscissa value. The values presented on the plot show the
maximum value for the FOM, the likelihood at which it was achieved Lmax, the number of
signal events for L > Lmax and the percentages of signal and background events satisfying
L > Lmax.
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For inclusive decays we have only one free parameter to estimate the signal yield,

and mass is the variable of choice. Our approach is based on likelihood, which incor-

porates mass in its construction, as a more powerful variable for signal/background

yield estimates. While switching to an analysis solely based on likelihood, we are

presenting yield estimates based on the mass variable alongside a number based on

likelihood. All subsequent signal/background yield estimates will be presented in a

form similar to that of Fig. 4.11, which represents the estimates of the signal and

background fractions yield in both mass and likelihood variables for the inclusive χc

sample from the data. The top left picture shows shapes and estimates for the mass

variable, while the top right utilizes the likelihood. The bottom left picture uses si-

multaneous approximation in both mass and likelihood variables. The bottom right

picture uses yield results from the bottom left picture and shapes corresponding to

the full likelihood L = Lχc ⊗ LJ/ψ.

We have to discuss this plot in detail because it will be a cornerstone for the

signal/background estimation in the B → J/ψ KL decay reconstruction. We start

from combinatorial background.

Estimating the shape of the spectrum for combinatorial J/ψ events is a multi-step

process. As a first step, we extract two sub-samples from the χc candidate sample.

The first sample represents the combinatorial background and has LJ/ψ < 0.20, while

the second one corresponds to the inclusive J/ψ sample with LJ/ψ > 0.90. For

both sub-samples and the overall sample we fill the histograms with the number of

bins, Nbins, and with respect to the variable of interest X. We refer to normalized

histograms as shapes. The shapes for overall, inclusive and combinatorial samples are

denoted by Stot, Sincl, Scomb. The corresponding yields are Ntot, Nincl, Ncomb. Fraction

size can be estimated by finding the solution for the following equation.

NtotStot(X) = NinclSincl(X) + NcombScomb(X) (4.8)

Eq. 4.8 is effectively a set of Nbins independent linear equations with two unknown
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Figure 4.11: Estimates for the χc → J/ψ γ signal, inclusive J/ψ background and com-
binatorial J/ψ background yield. All plots are based on a 78.13 fb−1 on-resonance data
sample with LJ/ψ > 0.03 and Lγ > 0.03. The shape of the combinatorial background is
based on a sample with LJ/ψ < 0.25 and inclusive J/ψ shape from LJ/ψ > 0.90. Top left
plot shows yield estimates using mass variable, while top right gives estimates using like-
lihood. Results on the bottom left plot are based on both mass and likelihood variables.
Bottom right plot shows shapes for full likelihood along with likelihood cutoff value and
yields, which maximize the FOM.
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parameters Nincl and Ncomb, which can be estimated by minimizing either χ2 or the

likelihood. Such a procedure can be performed in any variable, but in the subsequent

analysis we use both mass (the traditional approach) and likelihood variables. How-

ever, such an estimate for Ncomb includes contamination from the inclusive sample

with LJ/ψ < 0.20. In order to account for it we also fill MC shapes corresponding to

the inclusive and combinatorial shape criteria SMC
incl , SMC

comb with yield NMC
incl and NMC

comb.

The corrected combinatorial shape then takes the form of:

S ′comb(X) = Scomb(X)− NMC
comb

Ncomb

Nincl

NMC
incl

SMC
comb(X) (4.9)

After obtaining the shape for the combinatorial background we are ready for the yield

estimate of all background and signal components. The shapes for the signal and the

backgrounds with fake and true photons are based on MC samples. We denote shapes

for the signal and the inclusive backgrounds with fake and true photons as Ss, Sbif,

and Sbit, respectively. The corresponding yields are denoted as Ns, Nbif, and Nbit. In

order to enforce the proper combinatorial yield, we minimize simultaneously the two

equations presented in Eq. 4.10.

NtotStot(X) = NinclSincl(X) + NcombS
′
comb(X)

NtotStot(X) = NsSs(X) + NbifSbif(X) + NbitSbit(X) + NcombS
′
comb(X)

(4.10)

The results of the minimization for both mass and likelihood variables are presented in

the top two plots in Fig. 4.11. However, one can see that shapes for the combinatorial

and for the inclusive background with true and fake photons all have similar shapes in

the mass variable. The combinatorial background is restricted by the first equation

in Eq. 4.10, but inclusive backgrounds are free to float, and as a result produce

large errors in the corresponding yields. On the other hand, the χc likelihood has the

photon likelihood incorporated in it. That makes the shapes for fake and true photons

quite distinct and as a result the overall errors are much smaller for the likelihood

based yields. The agreement between the signal and combinatorial yield for both

mass and likelihood variables is excellent. Despite all the advantages of the likelihood
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Sample true γ fake γ inclusive combinatorial total

MC 8.85 7.88 16.73 - -
Data 10.21± 0.24 6.08± 0.15 16.29± 0.28 26.5± 0.7 42.8± 0.7

Table 4.4: Ratio B/S for different χc background fractions. The inclusive background
comprises true J/ψ with both true and fake γ’s, while the total background is a sum of
inclusive and combinatorial backgrounds.

approach, we decided to be conservative in the yield estimate and base our final

numbers on simultaneous minimization for both likelihood and mass variables. That

combines the better likelihood-based estimate for fake/true photon backgrounds while

retaining the dependability of the mass based approach to signal and combinatorial

background yield. The results of mass-likelihood minimization are presented in the

bottom left plot of Fig. 4.11. In this analysis we use the full likelihood L = Lχc⊗LJ/ψ

for final event selection. In order to estimate final performance we are using the

shapes predicted by MC and yields produced by mass-likelihood optimization. The

combinatorial shape is obtained by subtracting yield normalized MC shapes from the

overall data.

The results of signal and background yield estimates are presented in Fig. 4.11.

The corresponding background to signal ratio is shown in Table 4.4. Despite the

large amount of background in the original sample (97.5%), the likelihood treatment

makes it possible to select 45% of the inclusive χc sample with a purity of 37.8%.

The differences between MC and data for background composition are in the range

of 20%. This number, though large, does not affect the signal yield estimates.

4.5.3 ψ(2S) selection.

ψ(2S) decays into J/ψ predominantly through a two-pion transition ψ(2S) → π π J/ψ.

In the current analysis we do not consider the neutral pion transition, because

ψ(2S) → J/ψ π0 π0 has a smaller branching fraction, a low reconstruction efficiency
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Sample true π+π− fake π+π− inclusive combinatorial total

MC 2.62 7.99 10.51 - -
Data 4.25± 0.15 11.09± 0.21 15.34± 0.26 20.9± 0.5 36.3± 0.6

Table 4.5: Ratio B/S for different ψ(2S) background fractions. Inclusive backgrounds
comprise true J/ψ with both true and fake π+π− pairs, while the total background is a sum
of inclusive and combinatorial backgrounds.

(≈ 30%) and high backgrounds.

Here, ψ(2S) candidates are reconstructed by combining a J/ψ meson with a pair

of charged tracks with opposite charge. In order to suppress the most obvious back-

ground, we set the likelihood threshold for J/ψ LJ/ψ > 0.03. The kinematic end-point

for ψ(2S) production in B meson decays (Section B.3) allows us to require the momen-

tum of the J/ψ γ pair to be less than 1.50 GeV/c. The reconstructed mass is required

to be in the mass window 3.665 GeV/c2 < M(J/ψ π+π−)−M(J/ψ)+3.096 GeV/c2 <

3.700 GeV/c2. The likelihood function for ψ(2S) candidates (Lψ(2S)) is constructed

in the standard way and is based on the following two dimensional discriminants:

• Di-pion mass vs. ψ(2S) momentum.

• π+ likelihood vs. π− likelihood.

• IP probability for π+ vs. IP probability for π−.

• ψ(2S) decay angle with respect to J/ψ vs. ψ(2S) decay angle with respect to

high momentum π

• ψ(2S) mass vs. ψ(2S) momentum in the CM frame.

The performance of the likelihood on a 5.5-M-event inclusive J/ψ MC sample is

summarized in Fig. 4.12. The overall separation power is good, with 76% of the signal

coming in the signal region.

The results of signal and background yield estimates are presented in Fig. 4.13 with

the corresponding background to signal ratio shown in Table 4.5. Despite the large
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Figure 4.12: The ψ(2S) likelihood performance (J/ψ π+π−). The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. The left plot shows the distribution for signal
and background events on a logarithmic scale. The right plot shows the FOM for events
with likelihood greater than the abscissa value. The values presented on the plot show the
maximum value for the FOM, the likelihood at which it was achieved Lmax, the number of
signal events for L > Lmax and the percentages of signal and background events satisfying
L > Lmax.
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Figure 4.13: The ψ(2S) yield estimates (J/ψ π+π−). Estimates for the signal, inclu-
sive J/ψ background and combinatorial J/ψ background yield. All plots are based on
a 78.13 fb−1 on-resonance data sample with LJ/ψ > 0.03. The combinatorial background
shape is based on a sample with LJ/ψ < 0.25 and the inclusive J/ψ shape from LJ/ψ > 0.90.
Top left plot shows yield estimates using mass variable, while top right gives estimates using
likelihood. Results on the bottom left plot are based on both mass and likelihood variables.
Bottom right plot shows shapes for full likelihood along with likelihood cutoff value and
yields, which maximize the FOM.
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amount of background in the original sample (97%), the likelihood treatment makes it

possible to select 62.8% of the inclusive ψ(2S) sample with a purity of 58%. The ψ(2S)

sample, like the one for χc, exhibits a discrepancy between the background fraction

predicted by the MC and the one measured in the data. However, the fake/true ratio

in the ψ(2S) sample is much closer to the value predicted by MC. This could be

attributed to better representation of charged tracks compared to neutral tracks in

the MC. The larger-than-expected true inclusive backgrounds for both χc and ψ(2S)

are consistent with a lack of knowledge of higher level-resonances in Bd → (cc̄)(sd̄)

transitions. Our MC sample has a known deficit of low momentum J/ψ mesons,

which should have higher multiplicity for pions and photons.

4.6 Charged particle identification

In this analysis we use standard Belle particle identification software for assessing the

signal probability for π, K, µ and e. However, we scale the kaon and pion probability

functions to account for the large number of leptons in the J/ψ inclusive sample. An

overall normalization is performed to match the signal-to-background ratio for the

inclusive J/ψ MC sample. Hadron identification for charged tracks is based on the

response from the ACC, the TOF and ionization measurements in the CDC. Electron

identification relies heavily on the energy resolution of the ECL and the momentum

measurements from the CDC with information from the TOF, the ACC and specific

ionization also taken into account. The major device for muon identification is the

KLM. Charged particle identification is described in detail elsewhere [22, 23, 66].
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4.7 Photon selection

4.7.1 Introduction

Reliable identification of particles interacting within the electromagnetic calorimeter

is crucial to the KL analysis, because more than 50% of KL’s coming from B meson

decays interact in the calorimeter. The largest contamination is caused by photons

and charged tracks. MC simulation shows that the average BB̄ → J/ψ + X decay

produces ∼ 7 detectable photons and ∼ 8 charged tracks with an energy deposition

in the calorimeter. Over 90% of the photons come from π0 decays, thus forcing us to

pay special attention to π0 selection. In the following section we start by selecting

clusters induced by charged tracks and follow with an overview of photon and π0

selection. We will also discuss the selection criteria for the conversion photons that

produce an e+e− pair. But we first describe the clustering algorithm and introduce

cluster properties.

4.7.2 Cluster properties.

For every event the ECL subdetector provides an energy measurement in each hit

crystal. The low-level reconstruction software combines crystal hits into clusters and

these clusters are available for further study. The shower (cluster) is a group of N

crystal hits. The reconstruction software treats each hit crystal as a photon, i.e. the

shower is formed by combining the four vectors of photons with energy defined by

the energy deposited in each corresponding crystal and direction constrained by the

position of the corresponding crystal center and the beam interaction point. Crystal

hits with low energy depositions (below 0.1 MeV) are rejected in order to minimize

electronic noise, the seed crystal for the shower required to exceed 5 MeV. The large

amount of low-energy background forces us to reject all clusters with an energy below

20 MeV. That cuts away the crystal hits with low energy deposition at the cluster
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edge and results in lower energy resolution for the photons. That effect is called

shower leakage and also affects hadronic clusters. On average, hadronic showers are

bigger and for the same momentum are less energetic, thus increasing losses from

rejected crystal hits with low energy deposition.

In order to quantify cluster properties we must introduce several definitions. Many

cluster properties coincide or correlate with definitions for standard properties of dis-

tributions, like mean and variance. The cluster energy is defined as the first moment

of the energy distribution for all ECL crystal hits combined into a cluster.

E =
N∑

i=1

Ei (4.11)

where Ei represents the energy deposited in each of the crystals. The cluster position

is the energy weighted first moment:

〈
~X

〉
E

=

NP
i=1

Ei
~Xi

NP
i=1

Ei

=
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where ~Xi is the position vector for each crystal hit (xi, yi, zi). Throughout this doc-

ument we use < · · · > for simple averaging and < · · · >E for averaging using the

measured E. The cluster width is the second moment of the energy distribution.
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The shower mass is the invariant mass, assuming that the N hit crystals represents

N photons. That variable includes both simple geometrical effects of the shower

development in the calorimeter as well as a physics behind the shower formation.

m2 = E2 − p2 =

(
N∑

i=1

Ei

)2

−
(

N∑
i=1

Ei
~Xi

ri

)2

= E2 − E2
〈

~X
r

〉2

E
(4.14)
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where ri =
√

x2
i + y2

i + z2
i . Noting that

(
~X
r

)2

= 1, we can rewrite the above equation

in the following form
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Most of the good ECL clusters are well localized and as a result ri does not vary

much. In this approximation one can replace it with
〈

~X
〉

E
and pull it outside of the

averaging brackets:
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The shower width (w2
E) and the shower mass (m2) are strongly correlated, but for

historic reasons we use the shower mass for selection of the fast neutral pions. Decay

products of ultra-relativistic pions often form one cluster. However, such clusters still

tend to have a mass approximately equal to the mass of the π0, thus allowing good

particle identification.

4.7.3 Selection criteria for the clusters induced by charged

tracks.

Charged tracks always deposit energy in the calorimeter while traversing CsI crystals.

This energy deposition forms three types of clusters: minimum ionizing (µ, π, K),

hadronic shower (π, K) and electromagnetic shower (e). The strong correlation be-

tween charged-track momentum and cluster energy in combination with the abun-

dance of leptons in our sample forces us to dedicate special treatment to the electron-

induced clusters. The minimum ionizing and hadronic clusters are treated together,

because they share the same set of discriminating variables.

In order to find ECL clusters associated with charged tracks we extrapolate the

trajectory for each charged track from the central drift chamber boundary to the
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electromagnetic calorimeter. This extrapolation takes into account the highly non-

uniform magnetic field in the vicinity of the main super-conducting magnet and the

flux return structure and interactions with the inner detector and the calorimeter.

In the track extrapolation algorithm we use a π hypothesis and assume minimum-

ionizing energy losses. We also assume that the cluster induced by a minimum ionizing

particle will have a center position corresponding to the half distance between its entry

and exit point from electromagnetic calorimeter.

In the first step, we create a likelihood for showers induced by either the µ, π or

K. This likelihood (LECL
µ,π,K) is based on the following two-dimensional discriminants:

• Distance between cluster position and extrapolation versus track momentum.

• Cluster energy versus E9/E25.

• Number of crystal hits versus the width of the cluster.

• Angle to closest KLM cluster versus azimuthal angle.

• Cluster width versus difference between the cluster energy deposition and energy

loss predicted by the track extrapolation.

The good tracking precision of the CDC allows us to extrapolate the charged-

particle trajectory into the calorimeter and test it against the ECL cluster position.

In addition, minimum ionizing particles tend to deposit between 100 and 200 MeV/c2

of energy in well contained compact clusters. Minimum ionizing particles have a high

probability of penetrating into the KLM detector and forming traces there, thus ECL

cluster alignment with KLM hits can provide additional separation power. The large

beam background, however, tends to populate the regions of the KLM with low polar

angle. All of the above allows us to select clusters induced by minimum ionizing

particles with good purity. The performance of LECL
µ,π,K is summarized in Fig. 4.14.
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Figure 4.14: The charged track likelihood performance (ECL). The plots are based on a
0.5-M-event J/ψ inclusive MC sample. The left plot shows the distribution for signal and
background events on a the logarithmic scale. The right plot shows the FOM for events
with likelihood greater than the abscissa value. The values presented on the plot show the
maximum value for the FOM, the likelihood at which it was achieved Lmax, the number of
signal events for L > Lmax and the percentage of the ECL signal and background events
satisfying L > Lmax.

The performance of the likelihood algorithm based on a 0.5-M-event sample of

J/ψ MC events is summarized in Fig. 4.14. The overall separation power is good,

with 74% of the signal coming in the signal region.

For electromagnetic showers we select electron-induced clusters that have LECL
µ,π,K <

0.95 and create a likelihood function (LECL
e ) based on the following two-dimensional

discriminants:

• Distance between cluster position and extrapolation versus azimuthal angle.

• Cluster energy versus track momentum.

• Number of crystal hit versus width of the cluster.

• Angle with closest KLM cluster versus E9/E25.
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Figure 4.15: The likelihood performance for electron-induced showers (ECL). The plots
are based on a 0.5-M-event J/ψ inclusive MC sample. The left plot shows the distribution
for signal and background events on a logarithmic scale. The right plot shows the FOM
for events with likelihood greater than the abscissa value. The values presented on the plot
show the maximum value for the FOM, the likelihood at which it was achieved Lmax, the
number of signal events for L > Lmax and the percentage of the ECL signal and background
events satisfying L > Lmax.

• Cluster width versus difference between the cluster energy deposition and energy

loss predicted by the track extrapolation.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. 4.15. The overall separation power is satisfactory, with 50%

of the signal coming in the signal region. The reason for the low separation power

lies in the large background from low-momentum pions, which tend to deposit all of

their energy in the calorimeter.

4.7.4 Selection criteria for the clusters induced by photons.

For the photon-induced showers we select clusters that have LECL
µ,π,K,e < 0.95 and create

a likelihood function (LECL
γ ) based on the following two-dimensional discriminants:
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• Distance between cluster position and closest charged track extrapolation vs.

track momentum.

• Cluster energy vs. E9/E25.

• Number of crystals hit vs. width of the cluster.

• Angle with closest KLM cluster vs. cluster azimuthal angle.

Despite vetoing clusters with close association to charged tracks, we still need to

include information about the closest track momentum and extrapolated position.

This allows us to suppress split-off clusters from hadronic interactions and back-

grounds related to misreconstructed tracks. The angle with respect to the closest

KLM cluster is used to suppress neutral-hadron backgrounds. The cluster properties

work to distinguish photon clusters from all types of backgrounds.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. 4.16. The overall separation power is excellent, with 85%

of the signal coming in the signal region.

4.7.5 Selection criteria for photons producing electron pairs.

Conversion photons contribute less than 1% of all photons produced in B meson

decays. Nevertheless even this small increase in the photon reconstruction efficiency

pays well in multi-photon final states, such as KS → π0π0 with π0 → γγ. It also

adds another testing facility for electron identification and vertex resolution. The

γ → e+e− identification takes advantage of the excellent vertex resolution of the

Belle detector. Photon conversion requires the presence of material and this moves

the decay vertex for a large number of γ’s away from the beam-interaction point.

The vertex displacement is determined by the SVD detector geometry and could be

as large as 15 cm. Such a distance is enough to cleanly separate tracks belonging
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Figure 4.16: The photon likelihood performance (ECL). The plots are based on a 0.5-
M-event J/ψ inclusive MC sample. The left plot shows the distribution for signal and
background events on a logarithmic scale. The right plot shows the FOM for events with
likelihood greater than the abscissa value. The values presented on the plot show the
maximum value for the FOM, the likelihood at which it was achieved Lmax, the number of
signal events for L > Lmax and the percentage of the ECL signal and background events
satisfying L > Lmax.
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conversion particles from the majority of tracks coming from the IP. The γ likelihood

is based on the following two dimensional discriminants:

• χ2 of the vertex fit vs. z distance of the vertex from the IP.

• IP probability of the first track vs. IP probability of the second track.

• γ decay angle vs. decay time, assuming that the γ was produced at the beam-

interaction point.

• γ mass vs. γ CM momentum.

• e probability of the first track vs. e probability of the second track.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. 4.17. The overall separation power is excellent with 91% of

the signal coming in the signal region.

4.7.6 Selection criteria for the π0.

The π0 decays into a two-photon final state with 98.8% probability, the remaining

1.2% is represented by three-body decay π0 → e+e−γ. That three body decay was

overlooked during reconstruction stage and as a result is not included in this analysis.

This omission results in a lower reconstruction efficiency for particle with π0 among

the decay products but does not affect the asymmetry measurements. The selection

performance for the π0 is heavily dependent on the photon-selection performance. All

of the photon properties are embedded in the photon-likelihood function. The most

common kinematic parameters for two-body decays are the mass of the particle, its

momentum and decay angle. The abundance of low-momentum photons and the high

background levels associated with them makes low momentum π0 reconstruction quite

difficult. In addition, the average BB̄ decay produces about 5 π0s which introduce
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Figure 4.17: The photon likelihood performance (e+e−). The plots are based on a 0.5-
M-event J/ψ inclusive MC sample. The left plot shows the distribution for signal and
background events on a logarithmic scale. The right plot shows the FOM for events with
likelihood greater than the abscissa value. The values presented on the plot show the
maximum value for the FOM, the likelihood at which it was achieved Lmax, the number of
signal events for L > Lmax and the percentage of the ECL signal and background events
satisfying L > Lmax.
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Figure 4.18: The π0 likelihood performance. The plots are based on a 0.5-M-event J/ψ
inclusive MC sample. The left plot shows the distribution for signal and background events
in the logarithmic scale. The right plot shows the FOM for events with likelihood greater
than the abscissa value. The values presented on the plot show the maximum value for
the FOM, the likelihood at which it was achieved Lmax, the number of signal events for
L > Lmax and the percentage of ECL signal and background events satisfying L > Lmax.

high levels of combinatorial background. Despite these challenges it is possible to

select 57% of the inclusive π0 sample with 45% purity.

The π0 likelihood is based on the following two dimensional discriminants:

• π0 decay angle vs. π0 momentum.

• π0 mass vs. π0 CM momentum.

• γ likelihood of the first photon vs. γ likelihood of the second photon.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. 4.18. The overall separation power is satisfactory with 57%

of the signal coming in the signal region.
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4.8 KS selection.

In identifying KS’s we take advantage of the excellent vertex resolution of the Belle

detector. The relatively large KS lifetime moves the decay vertex for the KS away

from the beam interaction point. The vertex displacement corresponding to the life-

time of a 1 GeV/c KS is βγcτ = 5.3 cm. Such a distance is enough to cleanly separate

tracks belonging to long-lived particles from the majority of tracks coming from the

IP. The KS likelihood is based on the following two-dimensional discriminants:

• χ2 of the vertex fit versus z distance of the vertex from the interaction point.

• Closest radial distance between track and interaction point versus distance in

the z direction.

• KS decay angle (angle between the pion and the KS flight direction in the KS

rest frame) versus proper decay time, assuming that KS was produced at the

beam interaction point.

• KS mass versus KS CM momentum.

• π probability of one track versus π probability of the second track.

The overall performance for the KS likelihood is summarized in Fig. 4.19.
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Figure 4.19: The KS → π+π− likelihood performance. The plots are based on a 0.5-
M-event J/ψ inclusive MC sample. The left plot shows the distribution for both signal
and background events on a logarithmic scale. The right plot shows the FOM for events
with likelihood greater than the abscissa value. The values presented on the plot show the
maximum value for the FOM, the likelihood at which it was achieved Lmax, the number of
signal events for L > Lmax and the percentage of the ECL signal and background events
satisfying L > Lmax.
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4.9 KL selection.

4.9.1 Introduction

This study concentrates on the B → J/ψ KL decay chain. The kinematics of the

Belle experiment will force KL’s from the decay above to have CM momenta greater

than 1.5 GeV/c which corresponds to a lab momentum greater than 1 GeV/c. Thus

we optimize KL detection for the momentum range greater than 1 GeV/c.

KL’s can be detected through either their hadronic interactions with the material

of the detector or through their decay products. A 1 GeV/c threshold limits number of

KL decays within detector boundaries to 2%. Such a small fraction of in-flight decays

renders KL reconstruction from decay products irrelevant to our study. The energy

released in hadronic interactions of the KL allows us to determine the point along

the KL trajectory. This information with the assumption that all KL’s are produced

at the beam interaction point defines the KL trajectory, but does not provide any

direct information regarding the KL’s energy. The lack of energy information creates

a major challenge when it comes to event reconstruction and background suppression.

There are two sub detectors capable of seeing products of KL interactions with de-

tector material: the electromagnetic calorimeter and the KLM. Depending on where

the interaction occurs, we classify all KL candidates into three distinct groups: ECL,

ECL-KLM and KLM (Fig. 4.20). ECL candidates have products of KL interactions

with traces in only the electromagnetic calorimeter. For the ECL-KLM events the KL

starts interacting in the ECL with energy spilling into the KLM detector. And finally

the KLM group embraces the KLs which interact only in the KLM detector. The

above classifications stresses not only the separate decay signatures, but also the vast

differences in the background composition. The ECL candidates are overwhelmed by

photon backgrounds, while the KLM candidates are subject to a large contamina-

tion from neutrons produced along the beam line. The typical hadronic interaction

produces a number of neutral and charged particles, resulting in large clusters with
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Figure 4.20: Interaction based KL classification. Depending on where the interaction
occurs, we classify all KL candidates into three distinct groups: ECL, ECL-KLM and KLM.

irregular shape. The current analysis is based on the Belle standard cluster finding

algorithm in both the ECL and KLM detectors. We have tried to compensate for

the known limitations of the Belle standard codes without changes in the underlying

algorithms.

4.9.2 KL detection.

We will start with a description of the detector material, since it is there where the

interactions necessary for the detection of neutral kaons take place. The central part

of the detector is carefully designed to minimize the amount of material. This is a

major requirement for high precision momentum measurements in the drift chamber

and accurate energy measurements in the calorimeter. The total amount of material

in front of the electromagnetic calorimeter is equivalent to less than 5 cm of Al. Most

of it comes from the drift chamber structure, the cables and the photomultiplier tubes

in the aerogel Cherenkov counters. The first significant absorption takes place in the
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calorimeter, which consist of 30 cm of CsI crystals. The coil of superconducting

solenoid provides less material than one layer of KLM system, and can be viewed as

a first absorption layer outside ECL detector. Most neutral-kaon interactions take

place in the iron of the magnetic flux return, which consists of 15 layers of 4.7 cm

iron plates interleaved with 14 resistive plate chambers (RPCs). The main material

inside the RPC is four glass plates with a total thickness of 1 cm per layer. Thus in

total we will have 5 cm of Al followed by 30 cm of CsI, and 65.8 cm of Fe interlaced

with 14 cm of glass. Neutral hadrons do not interact electromagnetically so the main

contribution to their total cross section comes from nuclear interaction.

An exact description of the hadronic interaction between kaons and nuclei is rather

complex and well beyond the scope of this document, so we will try to concentrate

on the qualitative features of the main processes that are involved.

The total hadronic cross section is often divided into three components: elastic,

quasi-elastic and absorption. As its name suggests the elastic cross section is respon-

sible for scattering off the entire nucleus without exciting either the nucleus or the

incident particle. The quasi-elastic part corresponds to the scattering from individual

nucleons in the nucleus. This type of scattering does not leave the nucleus intact but

preserves the incident particle. The last type of interaction is absorption, wherein

the incident particle is lost and new particles are created.

Both the mean free path of a particle, λ, in a medium and its cross section, σ, can

be seen as a probability measure for the particle to interact with the medium. The

relation between them can be expressed in the following way: σλ = V/N = A/(NAρ),

where V is an interaction volume with N particles. A medium is characterized by its

atomic weight, A, its density, ρ, and Avogadro’s number, NA.

The (nuclear) interaction length is the mean free path of a particle in a given

medium for undergoing an interaction that is neither elastic nor quasi-elastic (diffrac-

tive) and is designated by λa with relevant cross-section — σa . The collision length

98



(also known as the nuclear collision length ), λ, follows from the total nuclear cross-

section, σ.

This division is important for the KL detector, because for our momentum range

the energy transfer to the nucleus due to the elastic scattering is rather small and will

not be observable. Quasi-elastic scattering could possibly contribute to the visible

energy in the calorimeter, but will not be a factor in the KLM. As a result, the

estimate of the detection efficiency uses only absorption contributions. However, we

should not forget about KS regeneration. Regeneration phenomena arise because the

different total cross sections for s and s̄ quarks destroy coherence of the KL system,

thus giving birth to the KS component. All regenerated KS will decay without

regeneration within several cm because their flight length is much smaller than the

mean free path of K0 in media. Most of the KS decay products will have either

photons or charged tracks, thus making them visible in both the calorimeter and the

KLM sub-detector.

There are no comprehensive measurements of neutral kaon interactions with ma-

terial. However, well measured cross sections for charged kaons provide a good ap-

proximation to those for neutral ones. Charged kaon interactions with material were

studied extensively for a Kp, Kn and Kd. The most precise data, however, are avail-

able for the high momentum range. Cross sections in the momentum accessible in

the Belle experiment, pKL
< 5 GeV/c, suffer from limited statistics, and also exhibit

a complicated energy dependence due to the large contributions from resonance pro-

duction (see Fig. 4.21 and Fig. 4.22). In addition, the mass eigenstates of the neutral

kaon system are linear superpositions of the flavor eigenstates and the KL cross sec-

tion is approximately as an average of the cross sections for K+ and K−. Another

complication arises from regeneration phenomena and the absence of Coulomb scat-

tering for the neutral kaons. All of these phenomena makes straightforward estimates

difficult and contribute to the discrepancies between MC and data. The KL selection

criteria have been tuned on the J/ψ inclusive MC sample with detector simulation
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Figure 4.21: Total and elastic cross sections for K−p and total cross sections for K−d
(total only), and K−n collisions as a function of laboratory beam momentum and total
center-of-mass energy. Plots are taken from [65]. Corresponding computer-readable data
files may be found at http://pdg.lbl.gov/xsect/contents.html (Courtesy of the COMPAS
Group, IHEP, Protvino, Russia, August) 1999
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Figure 4.22: Total and elastic cross sections for K+p and total cross sections for K+d
and K+n collisions as a function of laboratory beam momentum and total center-of-mass
energy. Plots are taken from [65]. Corresponding computer-readable data files may be
found at http://pdg.lbl.gov/xsect/contents.html (Courtesy of the COMPAS Group, IHEP,
Protvino, Russia, August) 1999
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performed by the GEANT3 software from CERN, which is the only available option

for the detector simulation at Belle. It is known that GEANT3 does not accurately

predict interactions of strange particles with the detector material, with discrepancies

in interaction cross section for the charged kaons of order of 10% for our energy range.

This deficiency does not impact the asymmetry measurements, but it does affect the

fractional weight for KL interacting in the ECL, ECL-KLM and KLM. The fractional

weight correction is extracted from the data using MC shapes with floating weights

assigned to each class of events. This procedure will be described in detail in the

Section 5.4.

4.9.3 Missing momentum

The large momentum of the KL (p > 1 GeV/c) in the lab frame allows us to use

missing momentum for event selection. The large solid angle coverage and excellent

performance of the Belle detector facilitates the momentum measurement for most

of the charged and neutral particles produced in the e+e− collision. This knowledge,

combined with predefined beam momentum, allows us to estimate the momentum

for the particles with undetectable momentum, like neutrinos and KLs. In order to

improve the sensitivity for the KL modes we also test the correlation between the

directions of the KL clusters and the missing momentum.

4.9.4 ECL candidates

The Belle software for the electromagnetic calorimeter is optimized for photon detec-

tion. As a result, the larger hadronic showers often split into several clusters with

photon like signatures. In order to correct for this deficiency, we attempt to recon-

struct proper hadron showers by combining close showers into larger hadronic ones.

This process we call reclustering. In the first step, any two or more neutral clusters

within a predefined distance are grouped together. For the group with the highest
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number of clusters we calculate the center of gravity and use it as a seed direction.

After finding the seed we move to the second step in which we loop through all the

clusters and choose only those which have distance from the seed less than a prede-

fined value. That group is declared to be a new super-cluster and clusters from the

super-cluster get removed from the original list. After that we return to the first step

and continue iteration until reclustering is finished.

The electromagnetic calorimeter sees the products of KL decay in flight, the energy

deposition from the hadronic interaction of the KL with the CsI material, and the

energy deposition from decay products of the regenerated KS’s. The energy deposition

could be anything from 0 to
√

p2
K + M2

K . However, the average hadronic collision

results in pionic final states, where 33% of the energy appears in the form of π0’s,

which immediately decay to photon pairs. This crude estimate hints at an average

energy deposition greater than 0.33
√

p2
K + M2

K ∼ 400 MeV/c2 (for a 1 GeV/c kaon).

The large low-energy photon contamination and the relatively large energy depositions

for hadronic events lead us to consider only clusters with total energy deposition

greater than 75 MeV/c2 for the ECL-KLM candidates and 300 MeV/c2 for ECL

candidates.

The major backgrounds for neutral hadrons are charged tracks and photons. The

clusters produced by charged particles are removed by requiring a minimum distance

between the clusters and the projected impact position on the ECL to be less than

15 cm. The photon background is much harder to suppress, but the cluster proper-

ties for the photons are somewhat different from hadronic ones. On average photon

clusters are more compact and exhibit no correlation with missing momentum.

The likelihood construction for the ECL candidates follows the same procedure as

the J/ψ likelihood. The following parameters are used to form the two-dimensional

likelihood discriminants:

• Missing momentum (PMM) vs. transverse missing momentum (PMM
t ).
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Figure 4.23: The KL likelihood performance (ECL). The plots are based on a 2.0-M-event
J/ψ inclusive MC sample. The signal is defined as any true KL reconstructed as an ECL
candidate. The background is any non-KL candidate satisfying the selection criteria. The
left plot shows the distribution for both signal and background events on a logarithmic scale
as a function of the likelihood. The right plot shows the FOM as a function of likelihood for
the events with likelihood greater than the abscissa value. The values presented on the plot
show the maximum value for the FOM, the likelihood at which it was achieved Lmax, the
number of signal events for L > Lmax and the percentage of the ECL signal events satisfying
L > Lmax.
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• Missing momentum φ vs. KL φ.

• Missing momentum θ vs. KL θ.

• Angle with closest charged track vs. charged track momentum.

• Cluster energy vs. missing momentum (PMM).

• Cluster width vs. E9/E25.

The performance of the likelihood based on the above parameters is summarized

in Fig. 4.23

4.9.5 KLM candidates

The original cluster finder software was optimized for well defined clusters with low

background. KLM hits were assigned to the same cluster only if they fell within a

5◦ cone with respect to each other. This constraint is rather tight and quite often

results in splitting the original cluster into two sub-clusters. In order to test the

cluster properties we perform reclustering for the KLM candidates the same way

as we did for the ECL. Unfortunately, the stored base KLM cluster information is

rather limited, and did not allow for thorough testing of the cluster properties. The

only possible reclustering is based on the angular distance and does not have the

information about the number of RPC hits which should be used as a weight. The

optimized clustering angle was found to be 14◦. This value was tuned to maximize

the number of detected KL within a 5◦ cone of the actual KL direction. The increased

angle not only improves the angular resolution, but also decreases the number of the

single-layer-hit candidates, which are background prone.

Clusters that lie within a 15◦ cone of the charged-track projection into the KLM

are vetoed to suppress backgrounds. No other restrictions are imposed on the KLM

clusters.
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Figure 4.24: The KL likelihood performance (KLM). The plots are based on a 2.0-M-event
J/ψ inclusive MC sample. The signal is defined as any true KL reconstructed as a KLM
candidate. The background is any non-KL candidate satisfying the selection criteria. The
left plot shows the distribution for both signal and background events on a logarithmic scale
as a function of the likelihood. The right plot shows the FOM as a function of likelihood
for the events with likelihood greater than the abscissa value. The values presented on the
plot show the maximum value for the FOM, the likelihood at which it was achieved Lmax,
the number of signal events for L > Lmax and the percentage of the KLM signal events
satisfying L > Lmax.
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The likelihood construction for the KLM candidates follows the standard likeli-

hood procedure with the following parameters forming the two dimensional likelihood

discriminants:

• Missing momentum (PMM) vs. transverse missing momentum (PMM
t ).

• Missing momentum φ vs. KL φ.

• Missing momentum θ vs. KL θ.

• Angle with closest charged track vs. charged track momentum.

• Number of KLM layers hit vs. first layer hit.

• Number of KLM layers hit vs. missing momentum (PMM).

The performance of the likelihood based on the above parameters is summarized

in Fig. 4.24. The large number of events with low likelihood is due to the background-

prone single-layer KLM clusters.

4.9.6 ECL-KLM candidates

The ECL-KLM candidates are the result of hadronic interactions in the ECL with

secondary particles penetrating into the KLM. The secondary particles are much less

energetic than the original KL and thus have low penetration power. In addition,

the high efficiency of the RPCs for charged particle detection will ensure that the

first layer of the KLM cluster will be close to the ECL. Taking into account that

long-lived secondary particles also will not be able to travel far, we can conclude that

ECL-KLM candidates will have a well contained KLM cluster with a first layer close

to the ECL cluster. The ECL-KLM clusters are selected from preselected ECL and

KLM clusters. We select only KLM clusters that have hits in the first 5 layers of

the KLM. This significantly reduces the combinatorial background from randomly
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Figure 4.25: The KL likelihood performance (ECL-KLM). The plots are based on a 2.0-
M-event J/ψ inclusive MC sample. The signal is defined as any true KL reconstructed as
an ECL-KLM candidate. The background is any non-KL candidate satisfying the selection
criteria. The left plot shows the distribution for both signal and background events on
a logarithmic scale as a function of the likelihood. The right plot shows the FOM as a
function of likelihood for the events with likelihood greater than the abscissa value. The
values presented on the plot show the maximum value for the FOM, the likelihood at which
it was achieved Lmax, the number of signal events for L > Lmax and the percentage of the
ECL-KLM signal events satisfying L > Lmax.

matched KLM and ECL clusters. We combine ECL and KLM clusters if the angle

between them is less than 10◦.

The likelihood construction for the ECL-KLM candidates follows the standard

likelihood procedure with the following parameters forming the two dimensional like-

lihood discriminants:

• Missing momentum (PMM) vs. transverse missing momentum (PMM
t ).

• Missing momentum φ vs. KL φ.

• Missing momentum θ vs. KL θ.

• Angle with closest charged track vs. charged track. momentum.

• Number of KLM layers hit vs. first layer hit.
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• Number of KLM layers hit vs. missing momentum (PMM).

• Cluster energy vs. missing momentum (PMM).

• Cluster width vs. E9/E25.

The performance of the likelihood based on the parameters above is summarized

in Fig. 4.25
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4.10 K∗(892) selection.

The K∗(892) decays predominantly into Kπ pairs. The large width (∼ 50 MeV/c2)

of the K∗(892) makes it difficult to select a completely pure inclusive sample, but

it is nonetheless advantageous to create a likelihood function that can be used to

discriminate against B decay backgrounds containing K∗(892)’s. Due to the large

combinatorial backgrounds involved, we will concentrate only on decays involving

K± and KS → ππ−. The decays of K∗(892) that produces KL’s can not be selected

in inclusive mode, due to the lack of the discriminating parameters and reconstructed

separately through the exclusive B meson decays (Section 4.14). Despite these omis-

sion K∗ likelihood along likelihoods for other inclusive particles helps in reducing

backgrounds in B → J/ψ KL decay.

The selection procedure for this mode starts from choosing any K and π combi-

nation satisfying the following criteria.

• LK ⊗ Lπ > 0.03

• p∗K∗ < 3.0 GeV/c

• 0.75 GeV/c2< M(K∗) < 1.05 GeV/c2

The performance of this discriminant derived from a 0.5-M-event inclusive J/ψ

MC sample is summarized in Figs. E.1, E.2, E.3, E.4.
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4.11 Kinematic parameters for exclusive B decays

The B mesons studied by Belle are produced in the reaction e+e− → Υ(4S) → BB̄.

To achieve the maximum event rate, the collision energy of the e+e− beams is set to

the mass of the Υ(4S), which lies just above the threshold for BB̄ production. Since

both the collision energy and the masses of the final state B mesons are known, both

the energies of the outgoing B mesons are determined (Appendix D). Thus the recon-

structed mass and momentum of the B mesons are excellent tools for the separation

of signal and background and also for the assessment of signal-to-background levels

and yields. For various practical reasons, the mass and momentum variables are often

replaced by related variables, called ∆E = EB−Ebeam/2 and Mbc =
√

E2
beam/4− p2

B,

but the general idea is the same. Here we use CM momentum of the B meson, p∗B,

and the mass of the B meson, MB =
√

E2
B − p2

B. This choice of variables is a relic of

the original B → J/ψKL event selection and now stays for backward compatibility.

Another series of kinematic parameters exploits angular correlations between de-

cay products. The B → J/ψ K and B → J/ψ π families of decays have three

common helicity angles, which we define below using the convention presented in

Appendix B.4.

Υ(4S) helicity Defining transition is e+e− → Υ(4S) → B B̄. The Υ(4S) helicity

is the cosine of the angle between the B meson and the beam momentum in

the Υ(4S) rest frame. This is the same as the θ angle of the B meson flight

direction in the CM frame.

B helicity Defining transitions are Υ(4S) → B B̄ and B → J/ψ K. The B helicity

is the cosine of the angle between the J/ψ and the Υ(4S) in the B meson rest

frame.

J/ψ helicity Defining transitions are B → J/ψ K and J/ψ → l+ l−. The J/ψ

helicity is the cosine of the angle between between the lepton and the B in the
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J/ψ rest frame.

In the B → J/ψ KL decay reconstruction we have to use the B mass in order to

calculate the KL 4-momentum. As a result we lose one of the two main discriminants

against the background and the two-dimensional MB vs. p∗B plane gets reduced to

a one-dimensional distribution for the CM momentum of the B. This reduction

results in increased background contamination. In the KL analysis, all candidates

are assigned momenta consistent with the decay mode, thus moving the kinematic

parameters of the background into the physical region.

4.12 B± → J/ψ K±.

Charged B meson decays into J/ψ K± final states have both high branching fractions

and clean signatures. Even though they are of little interest for CP-violation studies,

these modes exhibit the same kinematics as B0 → J/ψ KL making them an excellent

demonstration tool for signal properties. Here we will not only describe the selection

criteria, but also illustrate the parameters used in B0 → J/ψ KL selection. For

illustration we select J/ψ with LJ/ψ > 0.03, 2.5 GeV/c2 < MJ/ψ < 3.2 GeV/c2 and

charged tracks coming from the IP region. We require the invariant mass and the CM

momentum of the J/ψK pair to be correspondingly 4.9 GeV/c2 < MB < 5.6 GeV/c2

and 0.0 GeV/c < p∗B < 2.0 GeV/c. Despite such loose selection criteria, the selected

sample has a rather high signal-to-background ratio. Its performance is summarized

in Fig. 4.26. There are two well defined regions with a high density of events, denoted

“A” and “B”. Events falling into the “A” box with J/ψK mass 5.2 GeV/c2 < MB <

5.37 GeV/c2 and CM momentum 0.15 GeV/c < p∗B < 0.6 GeV/c have more than

95% B → J/ψ K signal purity and can be used to illustrate signal properties. The

“B” box is dominated by events coming from B → J/ψ K∗(K±π) decays, where the

slow pion has been omitted. The relatively high density of events in the “B” box will

allow us to do partial reconstruction of B → J/ψ K∗ decays.
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Figure 4.26: The kinematic variables related to B± → J/ψ K± decay. The upper left
plot shows the distribution of B-meson mass versus CM momentum. The box “A” defines
the signal region for B± → J/ψ K± decay, while box “B” outlines the region for B± →
J/ψ K±X decays. All remaining plots are for events from the signal region “A” only. The
upper right plot shows the J/ψ mass distribution. The bottom left plot depicts the CM
momentum distributions for both J/ψ and K±. The bottom right plot shows the helicity
distributions for three helicity angles. The plot is based on a 78.13 fb−1 data sample.
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Signal region
decay SR S B S/SR,% S/(S + B) FOM, %

J/ψK± 123927 121325 3101 97.9 97.5 97.7

Table 4.6: Summary for the B → J/ψK± likelihood performance based on a a 5.5-M-event
J/ψ inclusive MC sample. SR denotes the total number of reconstructed signal events, while
S(B) is the number of signal(background) events within the signal region.

Using events from the “A” box we plot the distribution for the CM momentum of

both J/ψ and K. The bottom left plot from Fig. 4.26 shows that the decay products

of the B meson also occupy a well defined region in the CM momentum space. The

momentum for the both J/ψ and K are determined by the masses of all the particles

involved and the beam CM momentum spread. The top right plot from Fig. 4.26

shows the mass distribution for J/ψ mesons and confirms the high purity of that

sample.

The helicity behavior of two body B meson decays involving the J/ψ is illustrated

in the bottom right plot of Fig. 4.26. The helicity angle distribution for both Υ(4S)

and J/ψ exhibits the expected sin2 θh dependence and the B helicity angle distribution

remains flat.

For B± → J/ψ K± decay we select any J/ψ and K combination satisfying the

following criteria.

• LJ/ψ > 0.03

• 5.00 GeV/c2 < MB < 5.40 GeV/c2

• p∗B < 1.0 GeV/c

• 1.20 GeV/c < p∗J/ψ < 2.00 GeV/c

• 1.25 GeV/c < p∗K < 1.90 GeV/c

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Figs. E.5 with the main results presented in Table 4.6.
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4.13 B0 → J/ψ KS.

The decay B → J/ψ KS is the CP -mirror of the B → J/ψ KL transition. As a result,

B → J/ψ KS represents not just a potential background to B → J/ψ KL, but one

that can directly affect the observed CP asymmetry. Keeping that in mind, we pay

special attention to the reconstruction efficiency for veto modes. In order to further

increase the efficiency, B → J/ψ KS events are selected based on the B → J/ψ π X

decay topology. Despite missing one of the pions from the KS decay, we can still

select a high purity sample, because events from B → J/ψ KS decays occupy a well

defined region in the mass-momentum plane. Here we present the selection criteria

for four types of KS decays, decays into charged and neutral pions and corresponding

partial reconstruction for single-pion final states.

For B± → J/ψ KS decay, we select J/ψ (LJ/ψ > 0.03) and KS combinations

satisfying the following criteria.

• 5.0 GeV/c2 < MB < 5.4 GeV/c2

• p∗B < 1.0 GeV/c

• 1.20 GeV/c < p∗J/ψ < 2.00 GeV/c

• 1.25 GeV/c < p∗KS
< 1.90 GeV/c

For partially reconstructed B± → J/ψ KS decays we select J/ψ (LJ/ψ > 0.03)

and π combinations with following selection criteria.

• 4.35 GeV/c2 < MB < 5.20 GeV/c2

• p∗B < 1.30 GeV/c

• 1.35 GeV/c < p∗J/ψ < 1.90 GeV/c

• 0.75 GeV/c < p∗π < 1.80 GeV/c
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Signal region
decay SR S B S/SR,% S/(S + B) FOM, %

J/ψKS(π+π−) 37929 35843 1423 94.5 96.2 95.3
J/ψKS(π0π0) 9477 7165 1654 75.6 81.2 78.4
J/ψKS(Xπ±) 37174 29851 32316 80.3 48.0 62.1
J/ψKS(Xπ0) 27408 15897 40296 58.0 28.3 40.5

Table 4.7: Summary of the B → J/ψKS likelihood performance based on a 5.5-M-event
J/ψ inclusive MC sample. SR denotes the total number of reconstructed signal events, while
S(B) is the number of signal(background) events within the signal region.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Figs. E.6, E.7, E.8 and E.9 with the main results presented in

Table 4.7. Note that there is a significant overlap between the J/ψKS(π+π−) and the

J/ψKS(Xπ±) samples. Moreover, for some events we might have J/ψKS(π+π−) and

two candidates for J/ψKS(Xπ±), corresponding to both pions. Despite the overlap,

partially reconstructed decays increase the efficiency by more than 30% for J/ψKS

decays.

4.14 B0 → J/ψ K∗.

The B → J/ψ K∗(892) decay sequence is identical to B → J/ψ K decay with respect

to quark transitions. The only differences are the higher mass (∼ 890 MeV/c2) and

spin-1 value for the K∗ meson. This similarity along with the wide mass width (∼
50 MeV/c2) and abundance of kaons among the K∗ decay products (BR(K∗(892) →
Kπ) ≈ 100%) make B → J/ψ K∗(892) transitions a major source of background to

B → J/ψ KL. The kinematic variables related to B → J/ψ K∗(892) decay are shown

in Fig. 4.27. The spin value of the K∗ results in a flat distribution for the J/ψ helicity,

while the lower efficiency for low-momentum charged tracks suppresses particles with

low CM momentum. Charged particle production in B → J/ψ K∗(892) decay exhibits

a momentum cutoff around 300 MeV/c for kaons and around 60 MeV/c for pions.
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partial decay actual decays
B → J/ψKS(π+π−) B± → J/ψK∗±(KSπ±), B0 → J/ψK∗0(KSπ0)
B → J/ψK± B± → J/ψK∗±(K±π0), B0 → J/ψK∗0(K±π±)
B → J/ψπ± B± → J/ψK∗±(K0π±), B0 → J/ψK∗0(K∓π±)
B → J/ψπ0(γγ) B± → J/ψK∗±(K±π0), B0 → J/ψK∗0(K0π0)

Table 4.8: Decay chains used for partial reconstruction in B0 → J/ψ K∗(892) selection.

Low-momentum charged pions are suppressed because their high curvature in the

magnetic field prevents them from reaching the drift chamber, while low-momentum

kaons tend to decay in flight inside the drift chamber. A similar situation is present

for neutral pions, where large combinatorial backgrounds from low-energy photons

limit the sensitivity to low-momentum pions. Unfortunately, the signature of B →
J/ψ K∗(892) decay with low-momentum pion production is similar to that for B →
J/ψ K decay. This is particulary worrisome for decays involving the KL, where the

lack of a KL energy measurement makes separation of B → J/ψ K∗(KL π) from B →
J/ψ KL especially hard. The aforementioned problems forced us to attempt partial

reconstruction of B → J/ψ K∗(892)(Kπ) decays based only on the B → J/ψ K or

the B → J/ψ π topology. This method is analogous to the partial reconstruction of

B → J/ψ KS(Xπ) decays discussed in the previous section.

The family of partially reconstructed decays consists of the four channels pre-

sented in Table 4.8. In all such channels we calculate the kinematic parameters of the

B meson assuming the corresponding two-body decay B → J/ψ K or B → J/ψ π.

Partially reconstructed decays have good purity because of the good particle identi-

fication and the low energy loss for the missing particle. This is especially useful for

the suppression of decays with a missing low-momentum particle, since they tend to

populate the low-background area, as can be seen from the higher density of events

in the top part of region “B” in the top left part of Fig. 4.26. This is welcome news,

because it allows us to offset detector limitations for low-momentum particle detec-

tion and to effectively recover most B → J/ψ K∗ decays with either a kaon or a pion
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Figure 4.27: The kinematic variables related to B± → J/ψ K∗(892)(K±π∓) decay. The
upper left plot shows the distribution of B-meson mass versus CM momentum. The box
on the top left plot outlines the signal region for B± → J/ψ K∗ decay. All remaining
plots are for events from the signal region only. The upper right plot shows the J/ψ mass
distribution. The bottom left plot depicts the CM momentum distributions for J/ψ and
products of K∗ decay: K and π. The bottom right plot shows the helicity distributions for
three helicity angles. The plot is based on a 78.13 fb−1 data sample.
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detected.

For B± → J/ψ K∗ decay, we select J/ψ (LJ/ψ > 0.03) and K-π combinations

satisfying the following criteria.

• 5.00 GeV/c2 < MB < 5.40 GeV/c2

• p∗B < 1.00 GeV/c

• 1.20 GeV/c < p∗J/ψ < 1.90 GeV/c

For partially reconstructed B± → J/ψ K∗(XK) decays, we select J/ψ (LJ/ψ >

0.03) and K combinations with the following selection criteria.

• 4.35 GeV/c2 < MB < 5.20 GeV/c2

• p∗B < 1.30 GeV/c

• 1.20 GeV/c < p∗J/ψ < 1.90 GeV/c

• 0.70 GeV/c < p∗π < 1.75 GeV/c

For partially reconstructed B± → J/ψ K∗(Xπ) decays we select J/ψ (LJ/ψ >

0.03) and π combinations with the following selection criteria.

• 4.30 GeV/c2 < MB < 4.85 GeV/c2

• p∗B < 1.15 GeV/c

• 1.30 GeV/c < p∗J/ψ < 1.90 GeV/c

• 0.75 GeV/c < p∗π < 1.30 GeV/c

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Figs. E.10, E.11, E.12, E.13, E.14, E.15, E.16, E.17, E.18 and

E.19 with the main results presented in Table 4.9.
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Signal region
decay SR S B S/SR,% S/(S + B) FOM, %

J/ψK∗(K±π∓) 102023 91107 9336 89.3 90.7 90.0
J/ψK∗(K±π0 60955 42973 23520 70.5 64.6 67.5
J/ψK∗(KSπ±) 26171 22376 3856 85.5 85.3 85.4
J/ψK∗(KSπ0) 20039 13827 7113 69.0 66.0 67.5
J/ψK∗(KLπ±) 38508 22181 25523 57.6 46.5 51.7
J/ψK∗(KLπ0) 33186 14967 33643 45.1 30.8 37.3
J/ψK∗(XK±) 130900 98758 85552 75.0 53.6 63.4
J/ψK∗(Xπ±) 99754 78706 61085 78.9 56.3 66.7
J/ψK∗(XKS) 45410 33922 18771 74.7 64.4 69.3
J/ψK∗(Xπ0) 67110 57178 123207 85.2 31.7 52.0

Table 4.9: Summary of the B → J/ψK∗ likelihood performance based on a 5.5-M-event
J/ψ inclusive MC sample. SR denotes the total number of reconstructed signal events, while
S(B) is the number of signal(background) events within the signal region.

4.15 B → J/ψ π.

Although the branching fraction for B → J/ψ π decay is small (≈ 0.05 BR(B →
J/ψ K), it nonetheless represents a potentially important background to B → J/ψ KL,

since contamination from π0 decay products can mimic a KL in the ECL.

For B± → J/ψ π decay we select J/ψ (LJ/ψ > 0.03) and π combinations satisfying

the following criteria.

• 5.00 GeV/c2 < MB < 5.40 GeV/c2

• p∗B < 1.00 GeV/c

• 1.40 GeV/c < p∗J/ψ < 2.00 GeV/c

• 1.50 GeV/c < p∗π < 1.90 GeV/c

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.21 and Fig. E.20 with the main results presented in

Table 4.10.
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Signal region
decay SR S B S/SR,% S/(S + B) FOM, %
J/ψπ± 4341 3551 459 81.8 81.6 85.1
J/ψπ0 16563 3277 938 76.4 77.7 77.1

Table 4.10: Summary of the B → J/ψπ likelihood performance based on a 5.5-M-event
J/ψ inclusive MC sample. SR denotes the total number of reconstructed signal events, while
S(B) is the number of signal(background) events within the signal region.

4.16 B0 → J/ψ KL.

The selection procedure for this mode starts from choosing any J/ψ and KL combi-

nation satisfying the following criteria.

• LJ/ψ > 0.03

• 1.2 GeV/c < p∗J/ψ < 2.0 GeV/c

• LKL
> 0.01

• LJ/ψ ⊗ LKL
> 0.01

• p∗B < 2 GeV/c

J/ψ mesons from B → J/ψ K decay have CM momenta in the range 1.4 GeV/c <

p∗J/ψ < 2.0 GeV/c. To achieve better stability of the likelihood construction and yield

estimate, however, we decrease the low boundary of the momentum cut. This will

not affect the final selection criteria because likelihood values for low CM momenta

will be below the likelihood cutoff.

The likelihood construction for this mode differs from the previously discussed

decays. In L(B → J/ψ KL) we are using “parent likelihoods” (for definition see Sec-

tion 4.11). This makes it conditional on likelihoods for other exclusive and inclusive

decays, which must be created first. The same order is preserved on the reconstruc-

tion stage, where all of the previously discussed inclusive and exclusive modes have
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Signal region
decay SR S B S/SR,% S/(S + B) FOM, %

J/ψKL(KLM) 23400 18977 10638 81.1 64.1 72.1
J/ψKL(ECL-KLM) 16563 11992 9001 72.4 57.1 64.3

J/ψKL(ECL) 14986 12109 5730 80.8 67.9 74.1

Table 4.11: Summary of the B → J/ψKL likelihood performance based on a 5.5-M-event
J/ψ inclusive MC sample. SR denotes the total number of reconstructed signal events, while
S(B) is the number of signal (background) events within the signal region.

to be reconstructed first. Effectively we need to veto any J/ψ related decay. This is

achieved by including LP (J/ψ)—which stores the highest likelihood among possible

J/ψ parents: B, ψ(2S) andχc— in the B → J/ψ KL likelihood. The other major

source of background comes from B → J/ψ K∗0(KL π) related decays, which can be

suppressed by using LP (KL).

The momentum assignment for the reconstructed KL distorts the distributions for

the helicity angles. The B helicity is fully defined by p∗B and p∗J/ψ, thus making only

two out of the three commonly used helicity angles suitable for likelihood construction.

The other two parameters are also affected by the momentum assignment and as a

result differ from the related signal-background distribution for B → J/ψ K± decay.

However, they show no strong correlation with other major kinematic variables and

can be used for signal selection.

The dramatically different background compositions for KL’s interacting in only

the ECL, in both the ECL and the KLM, and the KLM only, force us to create three

separate likelihood functions. The performance of the likelihood based on a 5.5-M-

event inclusive J/ψ MC sample is summarized in Figs. (E.22, E.23, and E.24) with

the main results tabulated in Table 4.11.

A separate treatment for the ECL, ECL-KLM and KLM components allows a yield

estimation for each component, which is important for our goal. Previous analyses [46,

47, 48, 49, 50, 51] use the shape of the B meson CM momentum (p∗B) for signal yield

estimates. In this work, however, we switch to an approach based on likelihood. The
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Background types
S J/ψT KT

L J/ψT KF
L J/ψF

KLM p∗B 758± 60 82± 150 1679± 110 713± 60
KLM L 683± 50 991± 260 815± 190 788± 220
KLM L&p∗B 684± 40 1019± 190 984± 160 580± 80

ECL-KLM p∗B 278± 35 116± 90 638± 75 313± 30
ECL-KLM L 221± 30 500± 130 302± 100 352± 110
ECL-KLM L&p∗B 224± 22 423± 100 341± 90 383± 50

ECL p∗B 720± 60 1227± 180 2551± 160 1981± 110
ECL L 756± 60 1913± 536 2182± 500 1678± 500
ECL L&p∗B 740± 40 1353± 390 2375± 360 2045± 190

Table 4.12: Signal and background yields for the B → J/ψKL sample with p∗B <
0.8 GeV/c.

limited experience in using a yield estimation based on the likelihood leads us to be

cautious and we present the signal and background yield estimates for both methods.

All of the likelihood functions for B-meson decays were based on an inclusive J/ψ

MC sample. As a result, the MC can provide only shapes for signal, background with

true KL’s, and background with fake KL’s. We will account for fake J/ψ components

using the approach discussed in Section 4.5.2. The results of this procedure for KLM,

ECL-KLM, and KLM candidates are presented in the top part of Figs. (4.28, 4.30,

and 4.29).

The top left plot shows the results for the fit in the conventional p∗B space, while

the top right plot presents the result for likelihood space. Note that the p∗B space

provides a robust estimate for the fake J/ψ component with low sensitivity to the

true/fake KL ratio, while likelihood space estimates the true/fake KL ratio well. In

order to exploit these complementary properties we present simultaneous fits in both

spaces in the bottom left plot. Having obtained yield estimates we are ready for the

final step, which is finding the criteria for selecting the J/ψ KL sample. At this stage

we start using the LF = L(J/ψ KL)⊗ L(J/ψ) likelihood. In LF space we do not know

the fake J/ψ distribution. However, we can find it by subtracting the MC-predicted
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shape from the data, using the result from the previous step. The result is presented

in the bottom right plot. Now that we know all the distributions we can find the

likelihood cut value that maximizes the FOM. Overall yield estimates are presented

in Table 4.12. The yield estimates are consistent between different fit procedures and

confirm that the fractions of KL interacting in the KLM, the KLM-ECL, and the

ECL are different between MC and data. The MC estimates the fractions among

detectable KL from B → J/ψKL decay as 42.5%, 30.2%, and 27.3% for KLM, KLM-

ECL, and ECL respectively, while an estimate based on data yields 41.5%, 13.6% and

44.9%. This indicates that KL cross section for ECL detection is low in the MC.

The final selection criteria for the B → J/ψKL decay are the following

• L(J/ψ) > 0.03

• 1.2 GeV/c < p∗J/ψ < 2.0 GeV/c

• LKL
> 0.01

• L(J/ψ)⊗ L(KL) > 0.01

• p∗B < 0.8 GeV/c

• L(J/ψ)⊗ L(B → J/ψKL) >

0.32(KLM)

0.25(ECL-KLM)

0.38(KLM)

This selection provides a sample with 489 signal and 267 background events de-

tected in the KLM, 522 signal and 480 background events in the ECL, and 163

signal and 133 background events of the ECL-KLM type. Overall we select 2054

events (1174 signal events and 880 events from background) with sample purity of

S/(S + B) = 57% and FOM=25.9. For comparison, the official release of the Belle

CP selection [51] for the same data set provides sample of 1330 events with a purity

of 63% and a FOM of 22.9.
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Figure 4.28: Estimates for the B0 → J/ψ KL(KLM) signal, inclusive J/ψ background and
combinatorial J/ψ background yield. All plots are based on a 78.13 fb−1 on-resonance data
sample with LJ/ψ > 0.03 and LKL

> 0.03. The combinatorial background shape is based
on a sample with LJ/ψ < 0.25 and inclusive J/ψ shape from a sample with LJ/ψ > 0.90.
Top left plot shows yield estimates using mass variable, while top right gives estimates using
likelihood. Results on the bottom left plot are based on both mass and likelihood variables.
Bottom right plot shows shapes for full likelihood along with likelihood cutoff value and
yields, which maximize the FOM.
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Figure 4.29: Estimates for the B0 → J/ψ KL(ECL) signal, inclusive J/ψ background and
combinatorial J/ψ background yield. All plots are based on a 78.13 fb−1 on-resonance data
sample with LJ/ψ > 0.03 and LKL

> 0.03. The combinatorial background shape is based
on a sample with LJ/ψ < 0.25 and inclusive J/ψ shape from a sample with LJ/ψ > 0.90.
Top left plot shows yield estimates using mass variable, while top right gives estimates using
likelihood. Results on the bottom left plot are based on both mass and likelihood variables.
Bottom right plot shows shapes for full likelihood along with likelihood cutoff value and
yields, which maximize the FOM.

126



pB* (GeV/c2)

N
um

be
r 

of
 e

ve
nt

s 
/ (

.0
50

0 
G

eV
/c

2 )

J/ψKL 278 ± 35

true J/ψ, true KL 116 ± 90

true J/ψ, fake KL 638 ± 74

fake J/ψ 313 ± 31

χ2/N.D.F :   0.74 C.L. :  0.96

J/ψKL Likelihood

N
um

ber of events / (.0250)

J/ψKL 221 ± 28

true J/ψ, true KL 500 ± 127

true J/ψ, fake KL 302 ± 95

fake J/ψ 352 ± 113

χ2/N.D.F :   0.86 C.L. :  0.79

pB* (GeV/c2)

N
um

be
r 

of
 e

ve
nt

s 
/ (

.0
35

0 
G

eV
/c

2 )

J/ψKL 224 ± 22

true J/ψ, true KL 423 ± 102

true J/ψ, fake KL 341 ± 90

fake J/ψ 383 ± 52

χ2/N.D.F :   0.65 C.L. :  0.98

L(J/ψ)⊗L(J/ψKL)

N
um

ber of events / (.0250)

Lik   >   0.38

Sgnl    163

Bckg    133

FOM    9.5

Sgnl%   72.5

Pur%   55.1

FOM%   63.2

Figure 4.30: Estimates for the B0 → J/ψ KL(ECL-KLM) signal, inclusive J/ψ back-
ground and combinatorial J/ψ background yield. All plots are based on a 78.13 fb−1 on-
resonance data sample with LJ/ψ > 0.03 and LKL

> 0.03. The combinatorial background
shape is based on a sample with LJ/ψ < 0.25 and inclusive J/ψ shape from a sample with
LJ/ψ > 0.90. Top left plot shows yield estimates using mass variable, while top right gives
estimates using likelihood. Results on the bottom left plot are based on both mass and
likelihood variables. Bottom right plot shows shapes for full likelihood along with likelihood
cutoff value and yields, which maximize the FOM.
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Chapter 5

Measurement of the CP

Asymmetry.

This chapter outlines the procedure for the sin 2φ1 measurement based on the sample

we have selected in Chapter 4. In order to measure the CP violating asymmetry, we

must know the flavor of the other B meson in the event. The procedure for assigning

a specific flavor to the accompanying B meson is called flavor tagging and is described

in Section 5.1. After flavor tagging, we must determine the vertex position of both

B mesons. That information allows us to calculate the proper time difference,∆t,

between the B meson decays (Section 5.2). The final step is performing an unbinned

likelihood estimate for the sin 2φ1 parameter (referred to as the CP fit) based on the

∆t distribution (Section 5.4).

5.1 Flavor Tagging: B0
d or B0

d meson?

Time-dependent CP violation measurements at Belle rely heavily on the ability to

determine the flavor of a Bd meson. A full description of flavor tagging is beyond this

document, but can be found elsewhere [67]. Here we present short overview. In Belle,

flavor tagging is implemented in a software package called “Hamlet”. Once one of the
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Figure 5.1: Schematic overview of the flavor tagging algorithm [67].

B mesons in the event has been reconstructed as a CP eigenstate, we can assume that

all other particles in the event belong to the second B meson. In principle, we could

fully reconstruct the second B, which would yield unambiguous information regarding

its flavor, but the low reconstruction efficiency for full reconstruction renders this

impractical. Instead, we rely on partial reconstruction. Among the prominent flavor-

identifying features of B meson decays are slow pions coming from D∗ → D transition,

energetic leptons from semileptonic b quark decays and well identified Λ’s or kaons

from b → c → s cascade transitions. Flavor determination is based on a likelihood

approach, similar to the one-dimensional likelihood described in Section 4.3. The

resulting likelihood functions are constructed using generic BB̄ MC. Hamlet returns

two values: “q” and “r”. The value of q is the most likely flavor for the tag particle,

q = 1 corresponds to B0
d, while q = −1 corresponds to B̄0

d . The parameter r is the

likelihood value and characterizes the reliability of the q assignment. If r is properly
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Figure 5.2: Measured time-dependent asymmetries A(∆t) (Eq. 5.2) between same-flavor
and opposite-flavor events. For each of the six tagging categories (“r-bins”). B → D∗± l∓ ν
decays are used to determine the flavor of one B meson, while the flavor tagging algorithm
is used to determine that of the other [67].

normalized, we can write r = 1− 2w, where w is the “wrong-tag fraction.” In reality,

we obtain r from MC, while w is determined from data. If our MC were perfect,

then the r value from the tagging algorithm would equal 1 − 2w. Any error in the

assumed wrong-tag fraction will bias the measured sin 2φ1 value. To avoid this bias,

the mapping of r into w space is done by reconstructing B0
d and B̄0

d decays into

self-tagged final states D∗±l∓ν, D∗±π∓ and D∗±ρ∓, where the charge of the decay

products defines the flavor of the decaying B meson. After that, we use the flavor-

tagging algorithm to assign the tag value for the second B meson. The probabilities

of observing same flavor (SF) and opposite flavor (OF) mesons are governed by the

following equations:

POF ∼ 1 + (1− 2w) cos(∆md∆t)

PSF ∼ 1− (1− 2w) cos(∆md∆t)
(5.1)
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l r wl

1 0.000-0.250 0.458± 0.006
2 0.250-0.500 0.336± 0.009
3 0.500-0.625 0.228± 0.010
4 0.625-0.750 0.160± 0.009
5 0.750-0.875 0.112± 0.009
6 0.875-1.000 0.020± 0.006

Table 5.1: Wrong-tag fractions (wl) for the different tagging categories (r bins). The
quoted errors on w include both statistical and systematic uncertainties.

which would result in the following time dependent asymmetry.

A(∆t) =
POF − PSF

POF + PSF

= (1− 2w) cos(∆md∆t) (5.2)

Measurement of the amplitude of this asymmetry in each bin provides the (1 − 2w)

mapping and is presented in Fig. 5.2 and Table 5.1. The errors on the six wrong tag

fractions are used when estimating the systematic error on sin 2φ1.

5.2 Vertexing.

The time-dependent asymmetry estimation requires precise knowledge of the decay

positions for both B mesons. On the CP side, the B → J/ψ KL vertex position is

provided by the two leptons from J/ψ decay. The J/ψ lifetime (about 8× 10−21 s) is

so short that it is effectively zero. The vertex on the tagging side is estimated from

a fit to the remaining charged tracks in the event. Tracks from long lived particles,

like KS and Λ, are excluded to prevent a bias in the vertex position. A more detailed

discussion of the method is presented in [50].

The RMS resolutions obtained from MC simulation for the B meson vertices are

roughly 75 µm for BCP and 140 µm for Btag [50]. The finite resolution for both the

CP and tag side, as well as smearing due to the B meson motion in the CM frame can

be described by the resolution function Rsig(∆t). This function provides resolution an

event-by-event basis from the z errors given by the two B vertex fits. The resolution
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Figure 5.3: Distribution of the proper-time interval ∆t, from a B-meson lifetime fit, using
78.1 fb−1 of data. One B is fully reconstructed from hadronic decays, while the other
B’s vertex is determined from the remaining charged tracks in the event. The points with
error bars show the experimental data, while the solid line is the fitted PDF. The PDF
was obtained by smearing the theoretical expectation with the event-dependent resolution
function, R(∆t). The yellow line shows a small component of broad outliers, while the blue
line shows the sum of all background, including outliers. Excellent agreement between the
PDF and experimental data is seen out to ten times the Bd lifetime.

function is measured in fully reconstructed hadronic decays of neutral and charged

B decays. A detailed discussion of the function’s construction and properties can

be found in [68]. A lifetime fit for B meson decays (see Fig.5.3) shows the excellent

performance of the resolution function.

5.3 Systematic Uncertainties.

There are a number of parameters that are used as an input to the CP fit without

corresponding errors. The uncertainties introduced as a result are taken as part of

the systematic error. In order to estimate these errors we vary each experimentally

measured parameter by one standard deviation, perform a sin 2φ1 estimation, and

record the resulting deviation from the fit result. Parameters estimated from MC are
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class of parameters systematic error
signal purity 0.050
BG composition 0.034
vertex reconstruction 0.024
resolution function 0.023
fit bias 0.011
wrong-tag fractions 0.009
physics parameters 0.008
BG shape in fit 0.005
total 0.07

Table 5.2: Contributions to the systematic error on sin 2φ1. Each entry shows the cumu-
lative uncertainty arising from a class of cuts and parameters used toward the CP fit

varied by two standard deviations. For cuts, the procedure differs from case to case.

We assume no correlations between error distribution. The systematic error estimate

is taken from the official release of the B → J/ψKL analysis[48]. That approach is

justified, because the CP fit procedure implemented in this analysis is identical to

the official release and is based exactly on the same data and MC sample. On top

of that signal and background fraction estimates were made with similar techniques,

even though in different variable spaces. A detailed discussion of all systematic errors

and estimates can be found in [48], here we present only results.

Table 5.2 gives a summary of the observed largest deviations in sin 2φ1. By adding

these in quadrature, we obtain the total systematic error: σsyst = 0.07.

The signal purity component incorporates errors from the normalization of four

components: signal, background with true KL’s, background with fake KL’s, and

background with fake J/ψ’s. Background composition errors are due to the uncer-

tainties in the normalization and p∗B shape of individual background modes, in the

particular CP eigenstates, which were determined from the MC. Vertex reconstruc-

tion errors describes the presence of the outliers (events with large δt), vertex quality,

track-quality and tag-side vertex construction. The fit bias contribution is due to
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the possible omission of rare CP eigenstates in the background treatment and ef-

fect of a difference between the wrong-tag fractions in B0 → J/ψKL decays and in

the flavor-specific B decays used to measure the wrong tag fractions. The “physics

parameters” error are due to the errors in the neutral B meson lifetime, mass, and

mixing parameter.

5.4 CP fit

We determine sin 2φ1 from an unbinned maximum-likelihood fit to the observed ∆t

distributions. The probability density function (PDF) expected for the signal is given

by

Psig(∆t, q, wi) =
e−|∆t|/τB0

4τB0

[1− q(1− 2w) sin 2φ1 sin(∆md∆t)] (5.3)

where we fix the B0 lifetime τB0 and mass difference at their world average values [13].

Each PDF is convolved with the appropriate Rsig(∆t) to determine the likelihood value

for each event as a function of sin 2φ1:

Pi = (1− fol)
∫

[fsigPsig(∆t′, q, wi)Rsig(∆t−∆t′)

+(1− fsig)Pbkg(∆t′)Rbkg(∆t−∆t′)]d(∆t′) + folPol(∆t)
(5.4)

where fsig is the signal fraction calculated as a function of L(J/ψ)⊗L(B → J/ψKL).

Pbkg(∆t) is the PDF for combinatorial background events, which is modeled as a sum

of exponential and prompt components. The PDF is convolved with Rbkg, which

is regarded as a resolution function for the background. To account for the small

number of events that give large ∆t in both signal and background, we introduce a

PDF for the outlier component, Pol, and its fraction fol. The only free parameter

in the final fit is sin 2φ1, which is determined by maximizing the likelihood function

L =
∏

i Pi, where the product is over all events. A test of the event selection and the

CP fit procedure on the MC sample is presented in Fig. 5.4. The overall agreement

is good. The result of the fit for the data sample is
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Figure 5.4: MC based test of CP fit.
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sin 2φ1 = 0.51± 0.12 (statistical) ±0.07 (systematic)

This result is based on the 1714 events passed through flavor tagging and vertexing

(KLM 635, ECL 815, ECL-KLM 264). The results of the CP fit on a different samples

are presented in the Table 5.3. Overall the results are consistent. However, they are

on the lower side of the sin 2φ1 results from both Belle and BaBar [68, 69]1. The

difference is less then 2σ.

In order to check the consistency of the fit we perform a sin 2φ1 estimate for

different likelihood ranges (Table 5.4). All of the results are consistent with each

other, indicating no evidence of problems with the likelihood method.

5.4.1 Conclusion

The most important result of this thesis is a significant improvement in the statistical

sensitivity of the sin 2φ1 measurement in B → J/ψKL decay. The statistical error

for our method is 25% lower than the official number from Belle, which is to be

expected from the larger number of events and lower background level. When I

started my Ph.D., people were skeptical about the possibility of measuring sin 2φ1

value in the B → J/ψKL decay, however this thesis not only proves them wrong

but shows that precision of this measurement approaches the one provided by B →
J/ψKS(π+π−)(sin 2φ1 = 0.73± 0.10 (statistical)[68])2.

The second result is a successful use of the likelihood approach, which allowed

us to build a lean but powerful particle identification and signal quality assessment

mechanism. The developed method allows analysis of complex decay channels with

large cross channel contamination and partial loss of information.

1Belle: 0.719± 0.074(statistical)± 0.035(systematic),
BaBar: 0.741± 0.067(statistical)± 0.034(systematic)
2For its distinct signature and low background contamination B → J/ψKS(π+π−) decay even

received nickname “gold-plated mode” and until now was providing the bulk of the precision for CP
violation measurements in B0 decays.
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mode sin 2φ1

KLM 0.569 +0.177 -0.184
ECL-KLM 0.763 +0.304 -0.267
ECL 0.365 +0.183 -0.186
total 0.512 +0.118 -0.120

official 0.781 +0.164 -0.171

Table 5.3: sin 2φ1 measurement in B → J/ψKL sample with statistical errors only.
Belle/BaBar average value for all modes[68, 69] is sin 2φ1 = 0.730± 0.050(stat)

sin 2φ1

L > 0.4 0.573 +0.126 -0.129
L > 0.5 0.570 +0.136 -0.140
L > 0.6 0.561 +0.151 -0.156
L > 0.7 0.545 +0.173 -0.181
L > 0.8 0.677 +0.214 -0.225
0.25 < L < 0.50 0.356 +0.228 -0.229
0.50 < L < 0.75 0.623 +0.189 -0.199
0.75 < L < 1.00 0.518 +0.191 -0.199

Table 5.4: sin 2φ1 measurement in B → J/ψKL sample with statistical errors only.
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Appendix A

B meson oscillations

The time evolution of the B0 system can be written in the following way [8].

|Ψ(t)〉 = a(t)|Bd〉+ b(t)|B̄d〉+ decay related part (A.1)

Here we will be interested only in the simple case of pure particle-antiparticle oscil-

lations, where we will discard oscillations that occur through “decay related states.”

In addition, we will deal with times much greater than the typical strong interaction

scale. Given the above, time evolution of the oscillating system, can be described by

the two component Schrödinger equation

ı~
∂

∂t
Ψ(t) = H Ψ(t) (A.2)

the matrix H is given by

H = M− ı

2
Γ =


 M11 − ı

2
Γ11 M12 − ı

2
Γ12

M21 − ı
2
Γ21 M22 − ı

2
Γ22


 (A.3)

CPT invariance implies that particles and their antiparticles have the same masses

and decay widths [70, 71]. Constraints imposed by CPT invariance on the mass

matrix in Eq. A.3 require

M11 = M22, Γ11 = Γ22 (A.4)
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The mass and decay rate eigenvalues are given by:

M1 − ı
2
Γ1 = M11 − ı

2
Γ11 + q

p

(
M12 − ı

2
Γ12

)

M2 − ı
2
Γ2 = M11 − ı

2
Γ11 − q

p

(
M12 − ı

2
Γ12

) (A.5)

with

q

p
=

√
M∗

12 − i
2
Γ∗12

M12 − i
2
Γ12

(A.6)

The mass and decay width differences (∆M = M1 −M2, ∆Γ = Γ1 − Γ2) imply that

observable mass states for oscillating systems (like KShort−KLong or BHeavy−BLight),

are not the particle-antiparticle combinations. For the case of the B0 system the

observable states can be written as:

|BL〉 = p|Bd〉+ q|B̄d〉,
|BH〉 = p|Bd〉 − q|B̄d〉

(A.7)

Where Bd and B̄d are flavor eigenstates containing the b̄ and b quarks respectively.

The time evolution of a system starting from either a pure Bd or B̄d state is described

by

|Bd(t)〉 = f+(t)|Bd〉+ q
p
f−(t)|B̄d〉,

|B̄d(t)〉 = f+(t)|B̄d〉+ p
q
f−(t)|Bd〉

(A.8)

with

f±(t) =
1

2
e−ıM1te−

1
2
Γ1t

[
1± e−ı∆Mte

1
2
∆Γt

]
(A.9)

Denoting the amplitudes for the decay of Bd and B̄d by A(f) and Ā(f), respectively,

into the same final CP eigensstate f , and their ratios by ρ(f) and ρ̄(f), one can write

the time evolution for this simplest case, where A(f) = Ā(f) in the form

Γ(Bd(t) → f) ∝ e−Γ1t|A(f)|2×
×

(
1 + e∆Γt + Re

(
q
p
ρ̄(f)

) [
1− e∆Γt

]− 2Im
(

q
p
ρ̄(f)

)
e0.5∆Γt sin ∆Mt

)

Γ(B̄d(t) → f) ∝ e−Γ1t|A(f)|2×
×

(
1 + e∆Γt + Re

(
q
p
ρ̄(f)

) [
1− e∆Γt

]
+ 2Im

(
q
p
ρ̄(f)

)
e0.5∆Γt sin ∆Mt

)
(A.10)

In the above equations we have used q
p
ρ̄(f) =

(
p
q
ρ(f)

)∗
. A close look at Eq. A.10

shows that a CP asymmetry arises if there is a mixing-induced mass splitting (∆M 6=
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0) and if there is a nonzero phase between the transitions involved (Im
(

q
p
ρ̄(f)

)
6= 0).

Denoting q
p
ρ̄(f) = ei2φ, Eq. A.10 becomes

Γ(Bd(t) → f)− Γ(B̄d(t) → f)

Γ(Bd(t) → f) + Γ(B̄d(t) → f)
=

−2e0.5∆Γt sin 2φ sin ∆Mt

1 + e∆Γt + [1− e∆Γt] cos 2φ
(A.11)

The mixing parameters, ∆Γ and ∆M , are well measured in semileptonic decays of B

mesons, thus allowing a precise determinatioin of sin 2φ.

The time-dependant analysis of the oscillating system presented above shows that

the asymmetry will be present at any given time, but the integral over time will be

zero. In the Section 2.2 we defined the strong interaction as CP conserving, while the

weak interaction had a CP violating phase. Following the definitions of Eq. 2.5 we

can write:

Vif = Ae+iδW eiδS

Vīi = A′e+iδ′W eiδ′S

V ′
if = VīiVīf̄ = AA′e−iδW +iδ′W eiδS+iδ′S

Vīf̄ = Ae−iδW eiδS

Vīi = A′e−iδ′W eiδ′S

V ′̄
if̄

= VīiVif = AA′e+iδW−iδ′W eiδS+iδ′S

Γ(i → f) ∝ A2 + A2A′2 + 2A2A′ cos ((2δW − δ′W )− (δ′S))

Γ(̄i → f̄) ∝ A2 + A2A′2 + 2A2A′ cos (−(2δW − δ′W )− (δ′S))

(A.12)

The corresponding asymmetry can be written in the following way.

Γ(i → f)− Γ(̄i → f̄)

Γ(i → f) + Γ(̄i → f̄)
=

2A′ sin(δ′S) sin(2δW − δ′W )

1 + A′2 + 2A′ cos(δ′S) cos(2δW − δ′W )
(A.13)

As one would expect, Eq. A.13 has a structure similar to Eq. A.11, with the only

difference arising from oscillations. Note that the difference in the decay rates, ∆Γ,

plays exactly the same role as a nonzero CP conserving phase. The total asymmetry

in Eq. A.13 is zero when δ′S = 0, showing that even though weak forces can mimic

a CP non-conserving phase at any given moment, they can not introduce it for the

processes averaged over time.
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Appendix B

Kinematics

B.1 Notation

We will use bold font, u, to denote four-vectors, while a roman font, “p”, will be

reserved for the magnitude of the three-vector ~p. We will use the following definition

of four-coordinates:

x =




x0

x1

x2

x3




=




ct

x

y

z




and ui = dxi

ds
=




1q
1− v2

c2

~vq
1− v2

c2


 (B.1)

where ds2 = xixi = c2dt2−dx2−dy2−dz2 and ~v = (dx
dt

, dy
dt

, dz
dt

). ~v is the usual velocity

three-vector, and ui is a velocity four-vector. In this notation the energy-momentum

vector will look like:

p =




p0

p1

p3

p4




=




E/c

px

py

pz




= mcu = mc




u0

u1

u2

u3




(B.2)

and the scalar product of two four-vectors can be written in the following way.
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p1 p2 =
E1E2

c2
− ~p1 · ~p2 (B.3)

In most of the subsequent formulas we will use a system of units where c = 1.

B.2 Particle decay into the massive final states

KL reconstruction relies only on the measurement of the KL direction. As a result,

any decay channel involving a KL in the final state requires one extra constraint in

order to define the momentum of the KL. In the case of B meson decays we will use

the B meson mass as the constraint. The corresponding kinematics are presented

below.

We will describe the decay of a massive initial state, X, with mass MX into the

massive final state Z (mass MZ) plus a collection of other particles, which are fully

reconstructed and thus have a defined four-momentum. For the massive state Z we

require only the direction to be known. The equations governing energy-momentum

conservation for a such system can be summarized as follows

pX = pY + pZ

(pX)2 = m2
X

(pZ)2 = m2
Z

(B.4)

Squaring the equation for pX and taking into account the rest yields

m2
X −

(
E2

Y − (~pY )2 + m2
Z

)
= 2 pY pZ (B.5)

which can be rewritten in the following way

m2
X −

(
E2

Y − (~pY )2 + m2
Z

)
= 2EY

√
m2

Z + p2
Z − 2pY pZ cos θ (B.6)

In order to simplify the subsequent equations let us introduce an additional coeffi-

cients.
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A =
m2

X−(E2
Y −(~pY )2+m2

Z)
2EY

B = pY cos θ
EY

(B.7)

Solving Eq. B.6 and using the definitions of Eq. B.7 leads to the following result

pZ =
AB ±

√
A2B2 + (1−B2)(A2 −m2

Z)

1−B2
(B.8)

Eq. B.8 provides two possible solutions. In order to understand which one is mean-

ingful we note that B < 1 follows from p2
Y + m2

Y = E2
Y . The second step relies on

the masses of the particles involved in B → J/ψ K decay. Given that the mass of

the B meson is much larger than the mass of the kaon, it follows that A2 −m2
Z > 0

which implies that the square-root is larger than AB. Since a negative value for pZ

is meaningless, there is no ambiguity for B → J/ψ K decay and the last formula can

be written in the compact form with minus sign omitted, i.e.,

pZ =
AB +

√
A2 −m2

Z(1−B2)

1−B2
(B.9)

B.3 Kinematic end point in the two body decays

For the inclusive decays A → B X, where A and B are particles with well defined

mass.

pA = pB + pX

(pA)2 = m2
A

(pB)2 = m2
B

(B.10)

In the A rest frame, the momentum of B and X will have the same magnitude and

opposite directions, so the above system of equations can be rewritten as

m2
A = m2

B + m2
X + 2

√
m2

B + |~p|2
√

m2
X + |~p|2 + 2|~p|2 (B.11)
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particle ψ(2S) J/ψ D K γ
endpoint, GeV/c 1.35 1.73 2.31 2.62 2.64

Table B.1: Momentum endpoint values for inclusive B meson decays in the B rest frame.

which has the following solution.

p =

√
(m2

A − (mB + mX)2)(m2
A − (mB −mX)2)

2mA

(B.12)

The highest possible momentum for the decay products is achieved in decays where

X is massless and is given by the following expression.

pmax =
m2

A −m2
B

2mA

(B.13)

Endpoint values for selected inclusive B meson decays are summarized in Table B.1.

In our experiment, the beam center of mass frame serves as a good approximation to

the B-meson rest frame. However, one must take into account the smearing induced

by the B momentum in the CM. MC simulation shows that CM-frame end-point values

should be increased by approximately 400 MeV/c. Fig. 4.2 shows an example of an

inclusive momentum spectrum. One can clearly see the endpoint of the inclusive

B → J/ψ X transition around 2 GeV/c. The events at the higher values of CM

momentum can not come from B decays and are due to other processes. The endpoint

momentum can be used as a continuum veto, especially for abundant final states with

clean particle ID signatures, such as π0, ω, KS, D∗.

B.4 Angular correlations

The decays of particles with non-zero spin often exhibit a non-uniform angular distri-

bution of their decay daughters. These distributions can be used either for assigning
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the right spin values for newly discovered particles or for suppressing unwanted back-

grounds.

The conventional quantum mechanical treatment of an angular momentum works

well in non-relativistic cases, but runs into problems when dealing with highly ener-

getic particles, because the angular projection eigenstates (Jz or ~J · ~n) are mixed by

the boosts.

There are two main approaches to tackle this problem, named the tensor and

helicity formalism. The covariant tensor formalism, which is often referred to as the

Rarita-Schwinger formalism [72], was actually first fully explored by Zemach [73, 74].

For an overview of tensor properties and a history of the subject, the reader can

consult the recent work of V. Filippini [75, 76, 77]. Here we will be using the more

conventional helicity approach, which was first developed by Jackob and Wick [78] For

later examples see [79]. A proper treatment of the helicity amplitudes can be found

in [80]. Both formalisms are often used in noncovariant form, because for the most

trivial cases good fits can be obtained without requiring Lorentz invariance. This

work is not an exception, because the decays under study have a simple topology. A

description of the covariant helicity-coupling amplitudes can be found in the work of

Chung [81, 82, 83].

The helicity formalism is more general than the tensor one, because it is valid

for any mass and spin of the particles involved in the decay [76]. However, we will

not use a covariant formalism here. The complications brought by the Lorentz trans-

formations can be circumvented by using the helicity operator h = ~J · ~p/|~p|, which

commutes with both the total angular momentum J2 and boosts along the helicity

axis p̂. The helicity operator mimics a good quantum number for certain configura-

tions. The helicity is best used for two-body decays A → B C, where in the rest frame

of either A, B or C, the remaining two particles are collinear, and their direction is

a natural choice for the quantization axis.

The naming convention for the helicity angles comes from the CLEO collaboration
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and its definition is presented below together with another common angular variable

— the decay angle.

• The helicity angle is defined for two-generation transitions, such as A → B C

and B → D F . The B helicity angle is the cosine of the angle between the

direction of D and A in the rest frame of B.

• The decay angle is defined for one-generation transitions, such as A → B C.

The B decay angle is the cosine of the angle between the boost direction of A

and the direction of B in the rest frame of A.

A well-known case for the helicity angle application is the decay of a spin-zero

particle into a spin-zero and a spin-one particle, followed by the decay of the spin

one particle into spinless states: Aσ(0) → Bσ(1) Cσ(0) where B → Dσ(0) F σ(0). The

classic example is Ds → φ π decay, where φ → KK. For that decay the helicity

angle is called the “φ helicity” and the best frame for writing the angular amplitudes

is the φ rest frame, because there we will have both the spinless particles Ds and π

aligned. This ensures that the total spin-angular momentum projection of the pair is

0. Another pair of spinless particles KK̄ will form another spin-zero projection axis.

The angle between these two axes is called the φ helicity angle.

The production reaction e+e− → Υ(4S) → B B̄ with subsequent decay B →
J/ψ K also presents non-uniform helicity distributions. The Υ(4S) helicity originates

from the electron-positron interaction and exploits the spinless nature of the B meson

for the reaction e+e− → γ∗ → Υ(4S) → BB̄. For both vector and pseudo-vector cou-

plings, the result of the e+e− interaction must be in the helicity states (+1/2,−1/2)

or (−1/2, +1/2). The relativistic electron can only have a ±1/2 helicity projection on

its direction, while the virtual photon must be longitudinally polarized. The spin one

Υ(4S) intermediate state can be viewed as a spectator, which allows one to access all

possible helicity states of the photon. Thus the Υ(4S) system will decay from the ±1

helicity states with respect to the beam direction. But for the decay Υ(4S) → BB̄
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both B mesons are spinless and therefore must have zero total helicity along the BB̄

flight direction in the Υ(4S) rest frame. The angular distribution is then given by an

incoherent sum over the squares of d-functions for rotating m = ±1 onto m′ = 0, for

l = 1. Both of these, squared, give sin2(θh).

The angular distribution for the B helicity angle is trivial. Because the B meson

is a spinless particle we do not expect any correlations between its decay products

and those of its parent particles.

The situation for the J/ψ helicity angle is a carbon copy of the Υ(4S) helicity,

with the dilepton decay through m = ±1 helicity states being the final state instead

of the initial state.

147



Appendix C

The cc̄ system.

The charmonium system is a series of heavy-meson states formed from cc̄ quark pairs.

Charmonium states follow the standard naming convention for qq̄ mesons, for which

the four possible PC combinations (−+, +−,−− and ++) are denoted as ηc, ψ, hc

and χc, respectively.

The resemblance between the quarkonium energy-level structure and the electron-

positron system prompted the use of spectroscopic notation for charmonium states.

The main energy levels are characterized by the “principle quantum number.” The

angular momentum is denoted L and the total angular momentum, which takes into

account spin, is given by J = L + S. Energy levels are denoted as n 2S+1LJ , where

L = S, P, D, F, G, H, I, K, ... for L = 0, 1, , 2, , .... Charge and parity can

be calculated using the following expressions P = (−1)L+1, C = (−1)L+S, and for

G parity = (−1)L+S+I (the C quantum number is only relevant to neutral mesons).

Exotic mesons with JPC quantum numbers that a qq̄ system can not have, namely

JPC = 0−−, 0+−, 1−+, 2+−, 3−+, . . . will be omitted from further discussion.

In the most favorable decay a “hidden charm” cc̄ meson will produce two “open

charm” D mesons (cū or cd̄) through gluon emission. But charmonium levels cor-

responding to n = 1 and n = 2 are located below the DD production threshold,

thus making DD production energetically forbidden. In addition, a color-neutral cc̄
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Figure C.1: Charmonium spectra with dominant electromagnetic transitions. Hadronic
transitions not shown.
P = (−1)L+1, C = (−1)L+S , and G parity = (−1)L+S+I .
Selection rules for dipole radiation: ∆J = 0, ± 1 and ∆L = 1.
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meson cannot decay through only one gluon because the gluon carries color. Two-

gluon decays are dominant for C = +1 states (ηc, χc), but for C = −1 states (ψ, h)

two-gluon processes are forbidden due to charge-symmetry violation, thus moving

this process into the 3-gluon realm. This suppression is often called the Zweig rule

for unconnected quark lines. The most interesting consequence of this suppression is

that the probability of electromagnetic annihilation becomes comparable with that

for a hadronic transition. Given that lepton signatures are much more prominent in

most modern detectors, it is not surprising that the first cc̄ meson was discovered

through leptonic decay (J/ψ → l+l− or J/ψ → γ∗ → l+l−).
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Appendix D

B meson momentum in the beam

center of mass frame.

The energies of both beams of the electron-positron collider are known with a high

precision. Indeed they are so well defined that for an experiment running on the

Υ(4S) resonance, the energies of the Υ(4S) decay products are constrained not only

by the natural width of the resonance but rather by the beam energy spread. The

Υ(4S) predominantly decays into a BB̄ pair and one naively expects a rather sharp

CM momentum spectrum of the resulting B mesons. Unfortunately, the kinematics

are such that a small uncertainty in the beam energy translates into a large error in

the B meson CM momentum, p∗B. The shape of the detected B meson momentum is

affected by the beam energy spread, Υ(4S) mass shape and the detector resolution.

In the next several sections we will estimate the contributions from each of the above

factors.

We will start with the assumption that the central values for both beam energies

are the same as those specified in the technical design report. Later we will discuss

the effects of the mean value drift, but for now we will concentrate on the spread due

to the beam itself.
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Value e− e+ Units
〈E〉 7.9965 3.500 GeV
δE 5.4 2.5 MeV

Table D.1: Technical design report values for the beam energy and its spread.

Beam Energy spread

The KEKB technical design report specifies that the beam energy spread should not

exceed the fractional values listed below. For the electron and positron beams, these

are δE+ = 7.1× 10−4 〈E+〉 and δE− = 6.7× 10−4 〈E−〉, as presented in Table D.1.

The values for the beam energies were chosen to be on the Υ(4S) resonance

(MΥ(4S) = 10.580 GeV/c2). The central values for both the CM beam energy and

momentum are given by the following expression.

〈E∗
beam〉 =

√
2

√
〈E+〉 〈E−〉+

√
〈E+〉2 −m2

e

√
〈E−〉2 −m2

e ∗ cosδ + m2
e = 10.580 GeV

〈p∗beam〉 = 0

(D.1)

γ = 1.09 β = 0.391 γβ = 0.425 (D.2)

The effect of the electron mass is unobservable and we keep it in the formulas above

only for completeness. The correction corresponding to the finite crossing angle,

δ = 22 mrad, is of order 0.99994, which translates into a 0.7 MeV energy shift, large

enough to be observable in the experiment.

The beam energy spread can be estimated with approximate formulas, which

neglect the electron mass and the crossing angle.

〈E∗
beam〉 = 2

√
〈E−〉 〈E+〉

〈p∗beam〉 = 0
(D.3)
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The energy spread can be obtained from Eq. D.3, assuming an uncorrelated gaussian

energy distribution for both beams.

δE∗
beam =

√
〈E−〉
〈E+〉 (δE+)2 + 〈E+〉

〈E−〉 (δE−)2 ≈ 5.2 MeV (D.4)

In the same approximation, the momentum for both beams can be written as vectors

aligned with the z axis and a momentum equal in magnitude to the corresponding

energy. We define the boost parameters to be constant, because we cannot predict

the exact energy value for any given event. As such, the beam center of mass frame is

defined as a frame with the parameters corresponding to the technical design report

boost. 〈
p∗−

〉
= γ 〈p−〉 − βγ 〈E−〉 ≈ γ (1− β) 〈E−〉

〈
p∗+

〉
= γ 〈p+〉+ βγ 〈E+〉 ≈ γ (1 + β) 〈E+〉

(D.5)

The beam momentum spread will be limited in the CM frame as well.

δp∗beam = γ
√

((1− β) δE−)2 + ((1 + β) δE+)2 ≈ 4.8 MeV/c (D.6)

That can be used as a powerful constraint for partial reconstruction of the second B

meson in cases where the first one is already fully reconstructed.

The energy distribution for the produced Υ(4S) resonances is affected by both the

beam energy spread and the shape of the Υ(4S) cross section. In the extreme case

of the narrow Υ(4S) resonance the energy of the products will be fully defined by

Υ(4S) width. In the other extreme, where the machine energy is much smaller than

the natural width of the Υ(4S), the machine setting determines the final state energy.

At KEKB, we have comparable contribution from both components. The natural

width of the Υ(4S) resonance is 14 ± 5 MeV ([65, 19, 84]) and a naive comparison

with the result of the Eq. D.4 would suggest disregarding the effects induced by the

Υ(4S) shape. However, the resonance width is always quoted for the Breit-Wigner

distribution, for which the variance and higher moments are infinite. The Breit-

Wigner distribution is defined by the position of its maximum (about which the

distribution is symmetric), and by the full width at half maximum (FWHM). Thus
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when we compare errors generated by the Breit-Wigner shape with Gaussian ones, it

is better to use FWHM instead of variance (for gaussian FWHM = 2.355σ = 12.2

from Eq. D.4). The comparable FWHM for both contributions make the energy

distribution of the produced Υ(4S) dependent on both beam energy spread and Υ(4S)

cross section. In the current experiment we can not disentangle the effects caused

by the energy spread from effects induced by the Υ(4S)1, and can only measure the

convolution of the above parameters. That results in reduced energy spread and can

be approximated with inverse quadrature:

(
1

δE∗

)2

≈
(

1

δE∗
beam

)2

+

(
2.35

δΓ∗Υ(4S)

)2

⇒ δE∗ ≈ 3.9 MeV (D.7)

Υ(4S) decay into B meson pair.

The main goal of our experiment is to study B meson pairs produced in Υ(4S) decays.

Knowledge of the p∗B spectrum shape is essential to our selection process and as a

result we have to understand how the beam energy spread affects it.

p∗B =

√
E2

tot

4
−m2

B ≈
√

2mB(Etot

2
−mB)

δp∗B = δEtot

2

√
mB

Etot−2mB

(D.8)

The above formulas are dependent on the total energy and the mass of the B meson,

thus producing different peak positions for charged and neutral B’s. In the assump-

tion that we are running on the top of the resonanse, we can use PDG values for the

masses [65].

MB± = (5279.4± 0.5) MeV/c2

MB0 = (5279.0± 0.5) MeV/c2

MΥ(4S) = (10580.0± 3.5) MeV/c2

(D.9)

1It is possible to measure both of this values, but such measurement will require a precise energy
scan for the Υ(4s) resonance [85].
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Figure D.1: The B meson momentum distribution in the beam center of mass frame. The
solid line corresponds to the events reconstructed from the inclusive J/ψ MC, while crosses
represent the data. MC histograms were scaled to the data.
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which will result in the following average CM momentum values with corresponding

spreads:

p∗B± = (334.6± 41) MeV/c

p∗B0 = (340.8± 40) MeV/c
(D.10)

The large p∗B spread is a consequence of the small difference between the CM collision

energy and the mass of the B-meson pairs. In the center of mass frame we have

only Etot − 2mB ≈ 20 MeV available for the kinematic motion of the B meson. The

momentum spread will equal the available energy spread magnified by the factor

1
2

√
mB

Etot−2mB
≈ 8.0. This dependence could be a useful tool for an estimation of

the accelerator performance. The momentum resolution, pertinent to the B meson

reconstruction, will not significantly affect the width of the p∗B spectrum, because

its contribution is small. The typical resolution is on the order of 10 MeV/c for the

decays involving only charged tracks and 20 MeV/c for neutral-particle modes, thus

contributing only 1 ∼ 2 MeV to the energy resolution. However, in decays involving

multiple neutral (or unmeasured) particles in the final state the detector resolution

should be taken into account.

Beam energy drift.

In the experiment, the mean of the beam energy changes with time. The drift is

slow enough to leave δp∗B unaffected over short time intervals. Over the long term,

however, the drift is sufficiently large to produce noticeable effects, which require

correction.

Fortunately, the accelerator design implementation guarantees that the energy

drifts for the electron and positron rings stay highly correlated. As a result, the

combined beam momentum will stay constant and we do not have to worry about

the changes in the boost vector. The only observable effect of the energy drift will be

a shift in the mean value of p∗B. At the Belle experiment we use fully reconstructed

B meson decays in order to extract the run dependant beam energy value. The
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relatively abundant decays B → DX provide enough statistics to calculate energy

corrections for the less likely decays. Fig. D.1 shows the spectrum for the energy

corrected B → J/ψ K decays. The MC was generated assuming PDG [65] values for

the masses involved and the beam parameters stipulated in the accelerator design,

but no effort was made to account for the shape of the Υ(4S) resonance. In the MC

the Υ(4S) energy shape was defined by the convolution of the gaussian beam spreads

for both beams. The shape of the p∗B spectrum for the data agrees well with MC

prediction.
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Appendix E

Likelihood Plots.

Here we collect the standard likelihood plots. Each page in this appendix is dedi-

cated to some decay channel and consist of two parts: on top one can find a plot

describing the likelihood performance, while the bottom part presents the likelihood

discriminants.
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Figure E.1: The K∗0(892) → K± π∓ likelihood performance. The plots are based on
a 0.5 M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The K∗0(892) → K± π∓ likelihood function is based on the following two dimen-

sional discriminants:

• K∗ decay angle vs. K∗ momentum.

• K∗ mass vs. K∗ CM momentum.

• K likelihood vs. π likelihood.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.1.
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Figure E.2: The K∗±(892) → K± π0 likelihood performance. The plots are based on
a 0.5 M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The K∗±(892) → K± π0 likelihood function is based on the following two dimen-

sional discriminants:

• K∗ decay angle vs. K∗ momentum.

• K∗ mass vs. K∗ CM momentum.

• K likelihood vs. π likelihood.

The performance of the likelihood based on the 0.5-M-event inclusive J/ψ MC

sample is summarized in Fig. E.2.
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Figure E.3: The K∗±(892) → KS π∓ likelihood performance. The plots are based on
a 0.5 M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The K∗±(892) → KS π∓ likelihood function is based on the following two dimen-

sional discriminants:

• K∗ decay angle vs. K∗ momentum.

• K∗ mass vs. K∗ CM momentum.

• K likelihood vs. π likelihood.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.3.
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Figure E.4: The K∗0(892) → KS π0 likelihood performance. The plots are based on a
0.5 M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The K∗0(892) → KS π0 likelihood function is based on the following two dimen-

sional discriminants:

• K∗ decay angle vs. K∗ momentum.

• K∗ mass vs. K∗ CM momentum.

• K likelihood vs. π likelihood.

The performance of the likelihood based on a 0.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.4.
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Figure E.5: The B± → J/ψ K± likelihood performance. The plots are based on a 5.5-M-
event J/ψ inclusive MC sample. For a description of the plot parameters see the discussion
of Fig. 4.10.

The B± → J/ψ K± likelihood function is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• K likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.5. The overall separation power is excellent with 97% of

the signal coming in the signal region. The largest sources of background are due to

B± → J/ψ π± and combinatorial background with true J/ψ and a random kaon.
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Figure E.6: The B0 → J/ψ KS(π+π−) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

We will start from charged two pion final state. This is rather clean channel, with

B0 → J/ψ Ks(π
+π−) likelihood based on the following two dimensional discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• K likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.6. The overall separation power is excellent with 94% of

the signal coming in the signal region.
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Figure E.7: The B0 → J/ψ KS(π0π0) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

B0 → J/ψ KS(π0π0) likelihood is based on the following two dimensional discrim-

inants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. K CM momentum.

• K likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.7. The overall separation power is satisfactory with 75%

of the signal coming in the signal region.

165



1

10

10 2

10 3

10 4

10 5

10 6

0 0.2 0.4 0.6 0.8 1

B (J/Ψ KS(π+-X)) likelihood performance (5.5M J/Ψ inclusive MC)

signal and background, log scalesignal and background, log scalesignal and background, log scale
Likelihood

Signal

Background

FOM %
Likelihood

LIK 0.19

Sgnl = 29851.

Sgnl % = 80.3

Bckg = 32316.

Pur % = 48.0

FOM % =  62.1
0

10

20

30

40

50

60

0 0.2 0.4 0.6 0.8 1

Figure E.8: The likelihood performance for partially reconstructed B0 → J/ψ KS(Xπ±)
decay. The plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description
of the plot parameters see the discussion of Fig. 4.10.

Partially reconstructed decays B0 → J/ψ KS(Xπ±) have likelihood based on the

following two dimensional discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. π CM momentum.

• π likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

• IP probability of the pion track vs. pion momentum in the lab frame.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.8. The overall separation power is good with 80% of the

signal coming in the signal region.
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Figure E.9: The likelihood performance for partially reconstructed B0 → J/ψ KS(Xπ0)
decay. The plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description
of the plot parameters see the discussion of Fig. 4.10.

Partially reconstructed decays B0 → J/ψ Ks(Xπ0) have likelihood based on the

following two dimensional discriminants:

• M(B)−M(J/ψ)+3.096 GeV/c2 vs. B CM momentum (for B → J/ψ π decay).

• J/ψ vs. π CM momentum.

• π likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.9. The overall separation power is satisfactory with 58%

of the signal coming in the signal region.
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Figure E.10: The B0 → J/ψ K∗(K+π−) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

We will start with selection criteria for neutral K∗ decaying into charged kaon and

charged pion final state. This is rather clean channel, with B0 → J/ψ K0(K±π∓)

likelihood based on the following two dimensional discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• K∗ likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

• π vs. sum of K and π CM momentum.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.10.
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Figure E.11: The B± → J/ψ K∗(K±π0) likelihood performance. The plots are based on
a 0.5 M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The B± → J/ψ K±(K±π0) likelihood is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• K∗ likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

• π vs. sum of K and π CM momentum.

• M(K∗) vs. K∗ CM momentum.

The performance of the likelihood based on the 0.5-M-event inclusive J/ψ MC

sample is summarized in Fig. E.11.
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Figure E.12: The B± → J/ψ K∗(KSπ±) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

Decays of charged K∗ involving KS and charged pions enjoy excellent particle

identification for KS. The B± → J/ψ K±(KSπ±) likelihood is based on the following

two dimensional discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• K∗ likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

• π vs. sum of K and π CM momentum.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.12.
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B (J/Ψ K*0(KSπ0)) likelihood performance (5.5M J/Ψ inclusive MC)

signal and background, log scalesignal and background, log scalesignal and background, log scale
Likelihood

Signal

Background

FOM %
Likelihood

LIK : 0.34

Sgnl : 13827.

Sgnl % : 69.0

Bckg % :  3.6

FOM % :  67.5

0

10

20

30

40

50

60

70

0 0.2 0.4 0.6 0.8 1

Figure E.13: The B0 → J/ψ K∗0(KS π0) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The B0 → J/ψ K∗0(KSπ0) likelihood is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• K∗ likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

• π vs. sum of K and π CM momentum.

• M(K∗) vs. K∗ CM momentum.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.13.
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B (J/Ψ K*-+(KLπ-+)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.14: The B± → J/ψ K∗(KLπ±) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The B± → J/ψ K±(KLπ±) likelihood is based on the following two dimensional

discriminants:

• Υ(4S) vs. J/ψ helicity.

• L(K)⊗ L(π) vs. K∗ decay angle.

• J/ψ vs. B CM momentum.

• M(K∗) vs. LP (J/ψ).

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.14.

172



1

10

10 2

10 3

10 4

10 5

10 6

0 0.2 0.4 0.6 0.8 1

B (J/Ψ K*0(KLπ0)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.15: The B0 → J/ψ K∗(KLπ0) likelihood performance. The plots are based on
a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see the
discussion of Fig. 4.10.

The B0 → J/ψ K0(KLπ0) likelihood is based on the following two dimensional

discriminants:

• Υ(4S) vs. J/ψ helicity.

• L(K)⊗ L(π) vs. K∗ decay angle.

• J/ψ vs. B CM momentum.

• M(K∗) vs. LP (J/ψ).

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.15.
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B (J/Ψ K*(K-+X)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.16: The likelihood performance for partially reconstructed B → J/ψ K∗(K±X)
decay. The plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description
of the plot parameters see the discussion of Fig. 4.10.

The B → J/ψ K∗(K± X) likelihood is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. K CM momentum.

• K likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.16.
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B (J/Ψ K*(π-+X)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.17: The likelihood performance for partially reconstructed B → J/ψ K∗(Xπ±)
decay. The plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description
of the plot parameters see the discussion of Fig. 4.10.

The B → J/ψ K∗(π± X) likelihood is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. π CM momentum.

• π likelihood vs. B decay angle.

• B helicity vs. J/ψ decay angle.

• Υ(4S) helicity vs. J/ψ helicity.

• IP probability of the pion track vs. pion momentum in the lab frame.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.17.
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B (J/Ψ K*(KSX)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.18: The likelihood performance for partially reconstructed B → J/ψ K∗(KSX)
decay. The plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description
of the plot parameters see the discussion of Fig. 4.10.

The B → J/ψ K∗(KS X) likelihood is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. K CM momentum.

• K likelihood vs. B decay angle.

• B helicity vs. J/ψ decay angle.

• Υ(4S) helicity vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.18.
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B (J/Ψ K*(π0X)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.19: The likelihood performance for partially reconstructed B → J/ψ K∗(Xπ0)
decay. The plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description
of the plot parameters see the discussion of Fig. 4.10.

The B → J/ψ K∗(π0 X) likelihood is based on the following two dimensional

discriminants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. π CM momentum.

• π likelihood vs. B decay angle.

• B helicity vs. J/ψ decay angle.

• Υ(4S) helicity vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.19.
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B (J/Ψ π0) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.20: The likelihood performance for the B0 → J/ψ π0 decay. The plots are based
on a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters see
the discussion of Fig. 4.10.

The B± → J/ψ π0 likelihood is based on the following two dimensional discrimi-

nants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. π CM momentum.

• π likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on the 0.5-M-event inclusive J/ψ MC

sample is summarized in Fig. E.20. The overall separation power is good with 76%

of the signal coming in the signal region.
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B (J/Ψ π-+) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.21: The likelihood performance for the B± → J/ψ π± decay. The plots are
based on a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters
see the discussion of Fig. 4.10.

The B± → J/ψ π± likelihood is based on the following two dimensional discrimi-

nants:

• M(B)−M(J/ψ) + 3.096 GeV/c2 vs. B CM momentum.

• J/ψ vs. π CM momentum.

• π likelihood vs. B decay angle.

• B vs. J/ψ decay angle.

• Υ(4S) vs. J/ψ helicity.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.21. The overall separation power is good with 81% of the

signal coming in the signal region.
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B (J/Ψ KL(KLM)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.22: The likelihood performance for the B0 → J/ψ KL(KLM) decay. The
plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot
parameters see the discussion of Fig. 4.10.

The B0 → J/ψ KL(KLM) likelihood based on the following two dimensional

discriminants:

• Υ(4S) vs. J/ψ helicity.

• KL likelihood vs. B decay angle.

• LP (KL) vs. LP (J/ψ).

• J/ψ vs. B CM momentum.

• B vs. J/ψ decay angle.

• (pKL
− pMM)/pKL

vs. (pT
KL
− pT

MM)/pT
KL

1.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.22.

1PT means transverse momentum and PMM denotes projection of the missing momentum on
the KL flight direction
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B (J/Ψ KL(ECL-KLM)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.23: The likelihood performance for the B0 → J/ψ KL(ECL-KLM) decay. The
plots are based on a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot
parameters see the discussion of Fig. 4.10.

The B0 → J/ψ KL(ECL-KLM) likelihood based on the following two dimensional

discriminants:

• Υ(4S) vs. J/ψ helicity.

• KL likelihood vs. B decay angle.

• LP (KL) vs. LP (J/ψ).

• J/ψ vs. B CM momentum.

• B vs. J/ψ decay angle.

• (pKL
− pMM)/pKL

vs. (pT
KL
− pT

MM)/pT
KL

.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.23.
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B (J/Ψ KL(ECL)) likelihood performance (5.5M J/Ψ inclusive MC)
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Figure E.24: The likelihood performance for the B0 → J/ψ KL(ECL) decay. The plots are
based on a 5.5-M-event J/ψ inclusive MC sample. For a description of the plot parameters
see the discussion of Fig. 4.10.

The B0 → J/ψ KL(ECL) likelihood based on the following two dimensional dis-

criminants:

• Υ(4S) vs. J/ψ helicity.

• KL likelihood vs. B decay angle.

• LP (KL) vs. LP (J/ψ).

• J/ψ vs. B CM momentum.

• B vs. J/ψ decay angle.

• (pKL
− pMM)/pKL

vs. (pT
KL
− pT

MM)/pT
KL

.

The performance of the likelihood based on a 5.5-M-event inclusive J/ψ MC sam-

ple is summarized in Fig. E.24.
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