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In this dissertation, a measurement ofCP -violating effects in decays of neutralB

meson is presented. The data sample for this measurement consists of about 88 mil-

lion Υ (4S) → BB̄ decays collected between 1999 and 2002 with theBABAR detector

at the PEP-II asymmetric-energye+e− collider, located at the Stanford Linear Acceler-

ator Center. One neutralB meson is fully reconstructed in theCP eigenstatesJ/ψK0
S
,

ψ(2S)K0
S
, χc1K0

S
, andηcK0

S
, or in the flavor eigenstatesD(∗)−π+/ρ+/a+

1 and J/ψK∗0

(K∗0 → K+π−). The otherB meson is determined to be either aB0 or aB0, at the time

of its decay, from the properties of its decay products. The proper time∆t elapsed be-

tween the decay of the two mesons is determined by reconstructing their decay vertices,

and by measuring the distance between them. TheCP asymmetry amplitudesin2β is

determined by the distributions of∆t in events with a reconstructedB meson inCP eigen-

states. The detector resolution and theb-flavor–tagging parameters are constrained by the

∆t distributions of events with a fully reconstructed flavor eigenstate. From a simultane-

ous maximum-likelihood fit to the∆t distributions of all selected events inCP and flavor

eigenstates, the value ofsin2β is measured to be0.755± 0.074 (stat)± 0.030 (syst). This

value is in agreement with the Standard Model prediction, and represents a successful test

of the Kobayashi-Maskawa mechanism ofCP violation.
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Chapter 1

Introduction

Symmetries and conservation laws are an important aspect of physical theories. Search for

symmetries and symmetry violations in nature has been one of the major goals of particle physics

in the last fifty years.

Transformations that leave the laws of a theory unchanged are called symmetries of that theory.

For example, equations of motion in classical mechanics are invariant under spatial translations and

rotations as well as time translations. Laws of nature are valid in all regions of space and time.

For each symmetry of a theory, there is a conserved quantity as implied by N¨other’s theorem [1].

In classical mechanics, invariance under spatial translations and rotations result in conservation of

three-momentum~p = m d~x/dt and angular momentum~L = ~x× ~p, wherem is the mass and~x are

the coordinates of a particle. Similarly, conservation of energyE is a consequence of the invariance

of physical laws under time translations. In particle physics three discrete symmetries,time reversal

T , parity P , andcharge conjugationC, are of particular interest [2]. The effect of these transfor-

mations on momentum~p and spin~s of particles is illustrated in Figure 1.1.T changes the sign

of the time coordinate (t → −t) while P inverts the space coordinates (~x → −~x) of a particle.C

transforms a particle in its antiparticle by changing its electrical charge and otherquantum numbers,

but leaves its space-time coordinates unchanged. Maxwell equations of electrodynamics are a good

example of invariance of classical physics laws under these transformation.

Invariance of classical mechanics and electrodynamics suggested the invariance of all inter-

actions under discrete transformations. This assumption was not supported, nor contradicted, by

experimental evidence. In 1956, T. D. Lee and C. N. Yang [3] suggested the possibility of invari-

ance underP being violated in weak interactions. They also discussed experimental methods to

observe the effects ofP violation. Soon after in 1957, violation ofP was observed in the nuclear
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Figure 1.1: Transformation of momentum~p and spin~s, under discrete transformationsP ,

T , andC.

β-decays of60Co nuclei [4] by C. Wuet al..

Measurement of neutrino helicity in 1958 by M. Goldhaberet al. provided evidence ofC

violation in weak interactions [5]. They observed that electron neutrinosνe are left-handed (~s anti-

parallel to~p), while antineutrinos are right-handed (~s parallel to~p). This result was later confirmed

with the measurement of the helicity of muon neutrinosνµ [6–8]. Transformation of neutrinos under

P andC is shown schematically in Figure 1.2. Left-handed neutrinosν` are transformed byC into

left-handed antineutrinosν` which do not exist in nature. Therefore, theC invariance is maximally

violated.

Measurement of helicity also provided another evidence ofP violation. Since neutrinos are

left-handed, and antineutrinos right-handed, violation ofC occurs simultaneously with violation of

P . Hence, the combined transformationCP was believed to be a symmetry of the weak interac-

tions. This assumption was certainly valid for neutrinos (see Figure 1.2), and was supported by

measurements of other physical observables such as cross sections and decay rates mediated by

weak interactions.

Violation of theCP symmetry was discovered in 1964 by J. Christenson, J. Cronin, V. Fitch,

and R. Turlay in the decays ofstrangeparticles, known as kaons [9]. Existence ofCP violation is

particularly important, because it allows to distinguish unequivocally matter from antimatter.

Following the discovery ofCP violation, M. Kobayashi and T. Maskawa proposed an elegant

explanation of this phenomenon [10] within the framework of what is now known as the Standard

Model of interactions in particle physics [11]. The Standard Model describes the hundreds of ob-

served elementary particles in terms of three generations of quarks and leptons, as well as the weak,

electromagnetic, and strong interactions between them. At the time of discovery, only two genera-
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Figure 1.2: Discrete transformationsC, P , andCP for neutrinosν` and antineutrinosν`.

Right-handedν` and left-handedν` (shaded areas) do not exist in nature and imply the

maximal violation ofC andP in weak interactions.

tions of quarks were known: up quark (u) and down quark (d) in the first generation, and strange

quark (s) in the second. The theory of weak interactions with these two generations could not ex-

plain the presence ofCP violation. The model proposed by Kobayashi and Maskawa pointed out,

that existence of a third generation of quarks could accommodate, in an elegant and natural fashion,

the presence ofCP violation in weak interactions. The first member of the third generation, beauty

quark (b), was discovered in 1977 [12, 13] while the discovery of the top quark (t) did not occur

until 1995 [14,15].

The strength of the weak interactions between quarks is regulated by the complex coupling

constants that are parameterized as a function of three real parameters and one irreducible complex

phase. The magnitude ofCP violating effects in the Standard Model is proportional to this complex

phase. Processes involving particles containing ans quark (kaons) or ab quark (B mesons) can

exhibitCP violating effects. However, while the magnitude ofCP violation in kaons is of the order

O(10−3), the predicted asymmetry in theB meson system is expected to be of the order of unity.

Violation ofCP is also of great interest for modern theories of cosmology [16, 17]. According

to these theories, an equal amount of matter and antimatter was present in the early universe after

the Big Bang. Today, our universe exhibits a very large asymmetry between matter and antimatter.

There is basically no antimatter, and very little matter compared to photons:

N << N << Nγ

N ∼ 10−19 Nγ
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with N , N , andNγ , respectively, the number of baryons, antibaryons, and photons in the universe

[18].

In our galaxy, the heavy primary cosmic-ray nuclei are invariably nuclei rather than antinuclei.

The existence of big masses of antimatter could be detected through intense emission ofγ rays,

following the annihilation of such masses with the galactic matter. No such phenomenon has been

observed yet. The abundance of matter and the absence of antimatter is therefore one of the most

puzzling questions in modern cosmology. In 1967, Sakharov emphasized that three elements are

essential in any theory that attempts to explain the present cosmic matter-antimatter asymmetry [19]:

• processes that change the baryon number must occur;

• CP can not be conserved in these processes; and

• they must proceed outside thermal equilibrium.

ThereforeCP violation is a key element in the understanding of our universe. Study ofCP violation

at the microscopic level of particle interactions could shed light on the abundance of matter over

antimatter. The predictedCP violation in the Standard Model can not account for the absence

of antimatter, and is a hint that sources ofCP violation beyond the Standard Model are worth

probing [20,21].

In this dissertation, a measurement of theCP asymmetry amplitudesin2β in the decays ofB

mesons is presented. As mentioned earlier, the expected magnitude ofCP violation for kaons and

B mesons differ by three orders of magnitude. Therefore, this measurement is an important test of

the Standard Model, and represents the first observation ofCP violation beyond the kaon system.

This dissertation is organized as the following:

• The theory ofCP violation and theCP violating observables in the time evolution ofB

mesons are discussed in Chapter 2.

• The experimental ingredients required for a time-dependent measurement ofCP violation

with B mesons are discussed in Chapter 3. The key elements are 1) reconstruction ofB

meson inCP and flavor eigenstates, 2) determination of the quark composition ofB mesons

from their decay products, and 3) reconstruction of their decay vertices.

• The large data sample used in this analysis was produced at the PEP-II collider and recorded

with the BABAR detector. The main characteristics of PEP-II andBABAR are described in

Chapter 4.
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• Event selection and exclusive reconstruction ofB mesons inCP and flavor eigenstates are

described in Chapter 5.

• The flavor (quark composition) ofB mesons can be determined by identifying leptons and

kaons in the final state. The flavor-tagging algorithm used in this analysis is described in

Chapter 6.

• Reconstruction ofB decay vertices and the measurement of decay-time intervals are de-

scribed in Chapter 7.

• Value ofsin2β is measured with a likelihood fit to the decay-time distributions ofB mesons.

The fit procedure is described in Chapter 8.

• The results of this analysis and the evaluation of the systematic uncertainty are discussed in

Chapter 9.

• The discussion of the impact of this measurement, in terms of the Standard Model parameters,

and prospects for future measurements conclude this dissertation in Chapter 10.



Chapter 2

CP violation

In this chapter a brief outline ofCP violation in the Standard Model of weak interactions is

presented. The discussion is mainly focused onCP -violating effects in decays of theB mesons,

relevant for the analysis presented in this dissertation. An excellent discussion of all aspects ofCP

violation can be found in References [22,23].

Section 2.1 begins by discussing the wayCP violation appears in the Lagrangian of a quantum

field theory. Violation ofCP symmetry occurs in field theories with complex coupling constants

in the Lagrangian, which cannot be removed by an arbitrary phase redefinition of the fields. A

complete discussion of this subject can be found in References [24–26].

The inclusion ofCP violation in the Standard Model through the quark-mixing matrix, com-

monly known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix, follows in Section 2.2. The

unitarity of this matrix is expressed as constraints among its elements and displayed graphically as

triangles in the complex plane, which are discussed in Section 2.3.

An excellent testing ground for the study ofCP violation and measurement of the CKM-matrix

elements is provided by neutralB mesons, described in Section 2.4. The phenomenon of flavor

oscillation, that occurs in systems of neutralB mesons, is described in Section 2.4.1 and represents

an important ingredient for the analysis ofCP -violating effects.

As explained in Section 2.4.3, pairs ofB0 B0 mesons are produced in a coherent state, in decays

of theΥ (4S) resonance. The time evolution of this coherent state is described in Section 2.4.4.

Three types ofCP -violating effects are discussed in Section 2.4.5. One type is due to the

quantum mechanical interference between the decay amplitude ofB mesons toCP eigenstates, and

the amplitude ofB0 B0 oscillation. This type ofCP violation is discussed in Section 2.4.6 and is

investigated in this thesis.

6
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Finally, Section 2.5 concludes this Chapter with an overview of theB decay modes that can be

utilized to measure the complex parameter of the CKM matrix. In Section 2.5.2, it is shown how the

time-evolution ofB mesons, decaying to theCP -eigenstateB0 → J/ψK0
S , offers a theoretically

clean measurement of theCP asymmetrysin2β.

2.1 CP violation in field theories

Three discrete operations are potential symmetries of a field theory Lagrangian. Two of them,

parity and time reversalare space-time transformations. ParityP changes the sign of the space

coordinates,(t,x) → (t,−x), while time reversalT inverts the sign of the time coordinate,

(t,x) → (−t,x). A third discrete transformation, calledcharge conjugationC is not related to

spacetime coordinates. This transformation interchanges particles and antiparticles. The combined

transformationCP replaces a particle with its antiparticles, and reverses its momentum and spin

(see Figure 1.1 and 1.2).

So far there is no experimental evidence for violation ofP, C, or T symmetries in electromag-

netic and strong interactions. On the contrary, violation of all these symmetries have been observed

in the weak interactions (Chapter 1).

A theory is invariant underCP if its LagrangianL satisfies the condition

CP L(t, ~x) CP† = L(t,−~x) . (2.1)

In order to determine whether this requirement is met in a theory, one needs to know the transfor-

mation properties of the fields whichL depends upon [27]. Table 2.1 summarizes these properties

for the scalar, pseudoscalar, vector, and axial boson fields. SinceL is a Lorentz scalar, it can only

depend on bilinear functions of fermion fieldψ. The properties of the bilinear terms are similar to

those for bosons, and are listed in Table 2.1 as well. Now, consider a simple interaction Lagrangian

Fermion bilinear Boson fieldF P F P† C F C† CP F CP†

ψψ ScalarS+(t, ~x) S+(t,−~x) S−(t, ~x) S−(t,−~x)
ψγ5ψ PseudoscalarP+(t, ~x) −P+(t,−~x) P−(t, ~x) −P−(t,−~x)
ψγµψ VectorV +

µ (t, ~x) V +
µ (t,−~x) −V −

µ (t, ~x) −V −
µ (t,−~x)

ψγµγ
5ψ Axial A+

µ (t, ~x) −A+
µ (t,−~x) A−

µ (t, ~x) −A−
µ (t,−~x)

Table 2.1: Properties of charged boson fields and corresponding fermion bilinear terms underP, C,
andCP. γ5 andγµ are the Dirac matrices.
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L = a V +
µ (t, ~x)V µ−(t, ~x) + b A+

µ (t, ~x)Aµ−(t, ~x) +

c V +
µ (t, ~x)Aµ−(t, ~x) + c∗ A+

µ (t, ~x)V µ−(t, ~x)

where the coupling constantsa andb are real, whilec is complex. UnderCP, L transforms as

CPLCP† = a V −
µ (t,−~x)V µ+(t,−~x) + b A−

µ (t,−~x)Aµ+(t,−~x) +

c V −
µ (t,−~x)Aµ+(t,−~x) + c∗ A−

µ (t,−~x)V µ+(t,−~x) .

One observes thatL is invariant underCP only if c = c∗, that is if all coupling constants are real.

Therefore, theories with complex coupling constants accommodate can accommodateCP violation.

It must be said thatCP can be conserved in a theory with complex coupling constants. The

physical observables are invariant under global phase redefinitions of the fields, e.g.

V +
µ (t, ~x) → eiφV +

µ (t, ~x) .

These transformations can be used to absorb the phase of the complex coupling constants. A theory

is not invariant under theCP if after an arbitrary number of phase redefinitions of the fields, there

is still a complex coupling constant. This is shown explicitly in the next Section for the Lagrangian

of the Standard Model.

2.2 Kobayashi-Maskawa mechanism ofCP violation

The Standard Model of particle physics [11] is a field theory, with local gauge symmetry

SU(3)C × SU(2)L × U(1)Y , and describes the strong, weak, and electromagnetic interactions

between the known elementary particles. The electromagnetic and weak interactions are discussed

in detail in References [25, 26], while a very good introduction to the strong interaction can be

found in Reference [28]. So far, there is no experimental evidence forCP violation in strong and

electromagnetic interactions. Hence, the discussion here will focus on the weak interactions within

the Standard Model.

The fundamental ingredients of the Standard Model are six leptons and six quarks divided in

three generations. Each of these particles has an antiparticle, with the same mass but opposite elec-

trical charge andquantum numbers, e.g. strangeness and beauty. Each quark generation, commonly

called a quark flavor, consists of three multiplets:

QIL =


U IL

DI
L


 = (3, 2)+1/6, uIR = (3, 1)+2/3, dIR = (3, 1)−1/3, (2.2)
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where(3, 2)+1/6 denotes a triplet ofSU(3)C , doublet ofSU(2)L with hyperchargeY = Q−T3 =

+1/6, and similarly for the other representations.

The interactions of quarks with theSU(2)L gauge bosons are described by the Lagrangian

LW = −1
2
gQILiγ

µτa1ijQILjW
a
µ + Hermitian conjugate , (2.3)

whereg is the weak coupling constant,γµ operates in Lorentz space,τa operates inSU(2)L space,

and1 is the unit matrix operating in generation (flavor) space. This unit matrix is written explicitly

to make the transformation to mass eigenbasis clearer.

The Standard Model includes also a single Higgs scalar doublet fieldφ(1, 2)+1/2. The inter-

actions between the quarks and this field generate the fermion masses through the spontaneous

symmetry breaking mechanism [29]. The Lagrangian for these interactions is given by

LY = −GijQILiφd
I
Rj − FijQILiφ̃u

I
Rj + H.c., (2.4)

whereG andF are generalcomplex3 × 3 matrices. Their complex nature is the source ofCP

violation in the Standard Model. Due to the non-zero expectation value of the Higgs field in the

vacuum,〈φ〉 = 1/
√

2(v, 0), the spontaneous symmetry breaking transformsSU(2)L ⊗ U(1)Y in

U(1)EM, and the two components of the quark doublet become distinguishable, as are the three

members of theW µ triplet. The charged current interaction in (2.3) is given by

LW = −
√

1
2
guILiγ

µ1ijdILjW
+
µ + h.c.. (2.5)

The mass terms for the quarks arise from the replacementRe(φ0) →
√

1
2 (v +H0) in (2.4) of the

φ field near its minimum〈φ〉, and are given by

LM = −
√

1
2
vGijd

I
Lid

I
Rj −

√
1
2
vFijuILiu

I
Rj + H.c. , (2.6)

with

Md = Gv/
√

2, Mu = Fv/
√

2. (2.7)

The quark fields in (2.2) are eigenstates of the weak interaction but do not correspond to the quark

states in nature with definite mass. This is commonly referred to as the mass eigenstates being

rotatedwith respect to the eigenstates of the weak interactions [30].

Since the two eigenbases are not identical, the mass matricesMd andMu do not correspond

to the physical masses of the quarks. These matrices can be transformed to the mass eigenbasis by

defining four unitary matrices such that

VdLMdV
†
dR = Mdiag

d , VuLMuV
†
uR = Mdiag

u , (2.8)
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whereMdiag
q are diagonal and real, whileVqL andVqR are complex. In the mass basis the charged

current interactions (2.5) can be rewritten as

LW = −
√

1
2
guLiγ

µVijdLjW
+
µ + h.c.. (2.9)

Here the quark fields are in the mass eigenbasis. The matrixV = VuLV
†
dL is the unitary mixing

matrix for three quark generations.

A unitaryn×n complex matrix generally depends on2n2 parameters. The condition of unitarity

reduces this number to a total ofn2 independent parameter. Using the properties of orthogonal

matrices, these parameters can be divided in

• 1
2n(n− 1) real angles, and

• n2 − 1
2n(n− 1) = 1

2n(n+ 1) complex phases

For n families of quarks, there are2n quark fields. As stated earlier, physical observables are

invariant under phase redefinitions of the fields. One can remove2n − 1 of the complex phases by

redefining the quark fields. Therefore, there are

• 1
2n(n+ 1) − (2n− 1 = 1

2(n− 1)(n − 2) irreducible complex phases

in the unitaryn× n complex matrix.

In case of the mass matrices, there are three real angles and six total complex phases. The

number of phases in̄V is reduced by a transformation

V =⇒ V = PuVP∗
d, (2.10)

wherePu andPd are diagonal matrices of pure complex phases. This is a legitimate transformation

and, as described in Section 2.1, corresponds to redefining the phases of the quark fields in the mass

eigenbasis:

qLi → (Pq)ijqLj, qRi → (Pq)ijqRj, (2.11)

which does not change the real diagonal mass matrixMdiag
q . The five phase differences among the

elements ofPu andPd can be chosen so that the transformation (2.10) eliminates five of the six

independent phases fromV. The new matrixV is left with three real angles and one irreducible

complex phase. This phase is called the Kobayashi-Maskawa phase [10],δKM, and the mixing

matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10,32].

It is important to note that the existence of the third generation of quarks is a necessary ingre-

dient for the presence of the complex phase, and thereforeCP violation in the Standard Model. In
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a Standard Model with only two generations of quarks, the procedure described above removes all

the complex phases and the2× 2 mixing matrixV is left with only one real parameter which is the

Cabibbo angle. It was this observation that led Kobayashi and Maskawa to suggest a third quark

generation in 1973 long before the discovery of the beauty quarkb in 1977 [12, 13] and of the top

quarkt in 1995 [14,15].

The presence of only one complex phase in the CKM model implies that allCP -violating effects

are closely related. Therefore different physical processes, such as decays of Kaons andB mesons,

can be used to probe the same source ofCP violation.

The CKM matrixV can be symbolically written as

V ≡



Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 , (2.12)

which explicitly shows the flavor-changing aspect of the weak interactions. Each elementVqiqj

determines the amplitude of interactions between quarksqi andqj. The magnitude of all nine ele-

ments of this matrix have now been measured in the weak decays of hadrons containing the relevant

quarks, and in some cases in the deep inelastic neutrino–nucleon scattering [33]. The precision on

these elements reflects both the experimental limitations and the theoretical uncertainties associ-

ated with the imprecise knowledge of the hadronic quantities required to analyze the experimental

data [30]. Present knowledge of the magnitude|Vij | of the matrix elements can be summarized

as [33]

|V| ≡




0.9741 − 0.9756 0.219 − 0.226 0.0025 − 0.0048

0.219 − 0.226 0.9732 − 0.9748 0.038 − 0.044

0.004 − 0.014 0.037 − 0.044 0.9990 − 0.9993


 . (2.13)

where the values are the90% confidence limits on|Vij |.

2.3 Unitarity of the CKM matrix

There are several parameterizations of the CKM matrixV that exhibit its unitarity explicitly. A

clear and complete discussion of the parameterizations of the CKM matrix can be found in Refer-

ence [34].

One of these is considered commonly the “standard” parameterization [35] and utilizes three
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anglesθ12, θ23, θ13, and a complex phaseδ ≡ δKM

V =




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


 , (2.14)

with cij ≡ cos θij andsij ≡ sin θij , and indicesi, j = 1, 2, 3 corresponding to the three quark

generations. In this parameterization, the anglesθij are related to the amount of “mixing” between

two generationsi andj. For exampleθ12 corresponds to the Cabibbo angle [32]. It can be shown

that eight conditions on the angles and the complex phase

θij 6= 0,
π

2
, δ 6= 0, π , j = 1, 2, 3 , (2.15)

are necessary for havingCP violation, in the Standard Model, with three quark generations [34].

The unitarity ofV implies nine constraint between its elements. Three of these constraints are

relative to the elements of each row

|Vud|2 + |Vus|2 + |Vub|2 = 1 ,

|Vcd|2 + |Vcs|2 + |Vcb|2 = 1 ,

|Vtd|2 + |Vts|2 + |Vtb|2 = 1 ,

(2.16)

while the other six express the condition of orthogonality between any pair of rows or any pair

of columns of the matrix. A review of all these constraints is given in Reference [36]. The six

orthogonality conditions require the sum of three complex terms to vanish and can be represented

graphically as triangles in the complex plane [35, 37, 38]. All these triangles have the same area

|J |/2, withJ = c12c23c
2
13s12s23s13 sin δ. One observes that all eight conditions in (2.15) are unified

in the single requirement thatJ 6= 0.

Three of these triangles, defined by

VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = 0, (2.17)

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0, (2.18)

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 , (2.19)

are very useful in understanding the Standard Model predictions forCP violation, and are shown in

Figure 2.1.

The length of the sides of these triangles can be measured from the decay rates of, respectively,

K ≡ (s̄d), Bs ≡ (b̄s), andBd ≡ (b̄d) mesons.
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(c)

(b)

(a)

7204A47–92

Figure 2.1: The unitarity triangles defined by (2.17) in a), (2.18) in b), and (2.19) in c). The

same scale has been used for all triangles.

The size of the angles are proportional to the magnitude ofCP -violating effects in the decays of,

respectively,K, Bs, andBd mesons. In case of theK andBs mesons, the experimental precision

needs to be high in order to be able to resolve the structure of the flat triangles.

On the contrary, the third triangle, related to theBd mesons, is expected to have large angles,

which result in largeCP -violating effects, discussed later in Section 2.5.2. The remainder of the

discussion is devoted toCP violation inBd mesons, which, unless specified, are simply referred to

asB mesons. Similarly, Equation (2.19), illustrated in Figure 2.1c, is referred to as the “Unitarity

Triangle”.

It is customary to study the Unitarity Triangle with the Wolfenstein parametrization [39] of the

CKM matrix. In this parameterization, matrixV is written as [35]

V =




1 − λ2

2 λ Aλ3(ρ− iη)

−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1


 + O(λ4) , (2.20)

with λ = |Vus| = 0.22 playing the role of the expansion parameter, andA, ρ, andη real numbers

of the order of unity. The parameters of the standard parameterization (2.14) are related to the

Wolfenstein parameters in (2.20) by

s12 ≡ λ, s23 ≡ Aλ2, s13e
−iδ ≡ Aλ3(ρ− iη) . (2.21)

The CKM elements can be written in terms of the Wolfenstein parametersA, ρ, andη, by using

relation (2.21), as

Vus = λ, Vcb = Aλ2, Vub = Aλ3(ρ− iη), (2.22)
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Vtd = Aλ3(1 − ρ̄− iη̄), (2.23)

ImVcd = −A2λ5η, ImVts = −Aλ4η, (2.24)

with

ρ̄ = ρ(1 − λ2/2), η̄ = η(1 − λ2/2) . (2.25)

These expressions are valid up toO(λ6) corrections and turn out to be excellent approximations to

their exact expressions [40].

The rescaled Unitarity Triangle in Figure 2.2b is derived from (2.19) by dividing the lengths of

all sides byVcdV ∗
cb, which, in the Wolfenstein parameterization, is a real number. Two vertices of the

rescaled Unitarity Triangle are thus fixed at (0,0) and (1,0), while the coordinates of the remaining

vertex are denoted by(ρ̄, η̄). In the(ρ̄, η̄) plane, the lengths of the sides of the triangle are given by

V Vud tb
*

V Vcd cb
*

V Vtd tb
*

γ

βα

a)

V Vtd tb
*

V Vcd cb
*V Vud tb

*

V Vcd cb
*

η

ρ
γ β

α

b)

0 1

Figure 2.2: (a) The Unitarity triangle as defined in relation (2.19), and (b) the rescaled

triangle, where all sides are divided byV ∗
cbVcd.

Rb ≡
√
ρ̄2 + η̄2 =

1 − λ2/2
λ

∣∣∣∣VubVcb

∣∣∣∣ , Rt ≡
√

(1 − ρ̄)2 + η̄2 =
1
λ

∣∣∣∣VtdVcb
∣∣∣∣ , (2.26)

and can be measured experimentally. Similarly, the three anglesα, β, andγ are defined by

α ≡ arg
[
− VtdV

∗
tb

VudV
∗
ub

]
, β ≡ arg

[
−VcdV

∗
cb

VtdV
∗
tb

]
, γ ≡ arg

[
−VudV

∗
ub

VcdV
∗
cb

]
≡ π − α− β . (2.27)

Knowledge of the sides of the triangles allows to measure the angles. On the other hand, these

angles can be measured directly through observation ofCP violation in several decays of theB

mesons. The consistency of the independent measurements provides an important test of the Stan-

dard Model.

Figure 2.3 shows the current indirect constraints on the position of the apex of the Unitarity

Triangle, from the measurements ofCP violation in kaons (εK ), oscillation frequencies inB0 and
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Bs mesons (∆md and∆ms), and the ratio|Vub/Vcb|. The measurement ofsin2β provides a direct

constraint on the position of the apex and is discussed in Section 10.2.

-1

0

1

-1 0 1 2

∆md

∆ms
 &  ∆md

εK

εK

|Vub/Vcb|

ρ

η

CK M
f i t t e r

γ
α

β

Figure 2.3: Existing constraints on the position of the apex of the Unitarity Triangle.

2.4 CP violation in B decays

The interest in the physics of theB mesons lies in that several of their decays can be used to test

the paradigm ofCP violation in the Standard Model. In particular some decays modes of neutralB

mesons provide theoretically clean information about the angles of the Unitarity Triangle.

TheB0 mesons1 are made out of ab quark and an antiquark̄d and were first discovered in the

decays of the bound stateΥ (4S) ≡ (bb̄) in 1977 [12,13]. TheB0 meson has also an isospin partner

1Charge conjugation is implied through out this discussion unless explicitly specified.
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B− which contains ab quark and āu antiquark. The masses and the lifetimes of theB mesons are

summarized in Table 2.2.

Meson Mass( MeV/c2) Lifetime ( ps)

B0
d ≡ b̄d 5279.4 ± 0.5 1.542 ± 0.016

B+ ≡ b̄u 5279.0 ± 0.5 1.674 ± 0.018

B0
s ≡ b̄s 5369.6 ± 2.4 1.461 ± 0.057

Table 2.2: Properties ofB mesons.

Two aspects of theB0 mesons are important for the study ofCP violation

1. Presence of finalCP eigenstates accessible to bothB0 andB0.

2. Phenomenon ofB0 B0 oscillation that allows a|B0〉 state at timet1 to become|B0〉 at a later

time t2 > t1.

2.4.1 Phenomenology ofB0-B0 oscillations

B0 B0 oscillations were first observed in 1987 by the ARGUS [42] and UA1 [41] collaborations.

TheB0 andB0 mesons have a definite quark composition and are therefore commonly called flavor

eigenstates. They, however, are not eigenstates of the weak interactions. Figure 2.4 shows the

diagram of the second-order weak interaction that allows aB0 meson to change its flavor, and

become aB0 meson. This process is commonly called theB0 B0 oscillation. The probability of

oscillation depends on the decay-time of theB meson and is discussed in Section 2.4.4.

b d

bd

W- W-

u,c,t

u,c,t

Figure 2.4: Feynman diagram of the second-order weak interaction responsible for the

flavor oscillationB0 → B0.
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The phenomenology of theB0-B0 oscillation [43] is discussed in the framework of a two-state

quantum-mechanical system. In such a system, an arbitrary pair of linearly-independent states is

used to form a basis. For the self-conjugate system formed by aB0 and aB0, there are three bases

of interest:

• Flavor eigenstates|B0〉 and |B0〉: physical states with definite quark structure and are pro-

duced as a consequence of the quark-level strong interactions.

• CP eigenstates|BCP=1〉 and|BCP=−1〉: eigenstates of the theCP operation

CP |BCP=1〉 = +|BCP=1〉
CP |BCP=−1〉 = −|BCP=−1〉

• Mass eigenstates|BL〉 and|BH〉: eigenstates of the full Hamiltonian and, hence, with definite

massM and decay widthΓ ≡ 1/τ . These states evolve in time in a definite fashion according

to

|BL, t〉 = e−ΓLte−iMLt|BL, t = 0〉 (2.28)

|BH , t〉 = e−ΓH te−iMH t|BH , t = 0〉 . (2.29)

TheB0-B0 oscillation represents an example of the superposition principle in this two-state system.

The oscillation occurs because the flavor and mass eigenstates are not identical, as discussed below.

SinceCP is not a good symmetry of the Hamiltonian, that is[CP,H] 6= 0, theCP eigenstates could

be different from the mass eigenstates and, therefore, from the flavor eigenstates.

In order to see the relation between the mass and flavor eigenstates, consider an arbitrary linear

combination of the flavor eigenstates,

|ψ〉 ≡ a|B0〉 + b|B0〉, (2.30)

which is governed by a time-dependent Schr¨odinger equation

i
d

dt


a
b


 = H


a
b


 ≡ (M − i

2
Γ)


a
b


 (2.31)

whereH is the Hamiltonian, andM andΓ are2× 2 complex matrices. Conservation of probability

requiresH to be a unitary matrix. This implies thatM andΓ be Hermitian, that isM = M† and

Γ = Γ†. Under the assumption ofCPT invariance,CPT invariance, assumed throughout this

discussion, guarantees thatH11 = H22.
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The expression of matricesM andΓ, in second-order perturbation theory, is given by

Mij = mBδij + 〈i|H∆B=2
W |j〉 + P

∑
n

1
mB − En

〈i|H∆B=1
W |n〉〈n|H∆B=1

W |j〉

Γij = 2π
∑
n

δ(En −mB)〈i|H∆B=1
W |n〉〈n|H∆B=1

W |j〉 .

The virtual (off-shell) intermediate states contribute toM, while those contributing toΓ are physical

states (on-shell) to which bothB0 andB0 can decay. The off-diagonal termsMij andΓij are called,

respectively, the dispersive and the absorptive transition amplitude betweenB0 andB0 states, and

play an important role inCP -violating effects.

SinceH is not Hermitian solving the eigenvalue equationH|ψ〉 = λ|ψ〉 yields two complex

solutions

λ± = M − i

2
Γ −

√
(M12 − i

2
Γ12)(M∗

12 −
i

2
Γ12) (2.32)

with Γ ≡ Γ11 ≡ Γ22 andM ≡M11 ≡M22. It is customary to define the mass difference∆md and

decay width difference∆Γ (Γ ≡ 1/τ ) as

∆md ≡ mH −mL ≡ Re(λ+ − λ−) (2.33)

∆Γ ≡ ΓH − ΓL ≡ 2Im(λ+ − λ−) (2.34)

to deduce the following relations from (2.32)

(∆md)2 − 1
4
(∆Γ)2 = 4(|M12|2 − 1

4
|Γ12|2), (2.35)

∆md∆Γ = 4Re(M12Γ∗
12). (2.36)

The mass eigenstates can then be expressed as

|BL〉 = p|B0〉 + q|B̄0〉, (2.37)

|BH〉 = p|B0〉 − q|B̄0〉 , (2.38)

with the complex coefficientsq andp defined as

p =

√
(M12 − i

2
Γ12)(M∗

12 −
i

2
Γ12) (2.39)

q = (M∗
12 −

i

2
Γ12) , (2.40)

obeying the normalization condition

|q|2 + |p|2 = 1. (2.41)
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Although bothq andp are complex, the phase of eigenstates|BL〉 and|BH〉 can be redefined

in order to make one betweenq andp real. Only the phase difference between them is physically

meaningful. This can be stated explicitly by defining the ratio

q

p
=

√
M∗

12 − i
2Γ∗

12√
M12 − i

2Γ12

= − ∆md − i
2∆Γ

2(M12 − i
2Γ12)

= −2(M∗
12 − i

2Γ∗
12)

∆md − i
2∆Γ

. (2.42)

Its magnitude|q/p|, and the complex phasearg(q/p) have physical significance, as discussed later

in Section 2.4.5.

Relations (2.35), (2.36), and (2.42) can be further simplified by the following considerations.

The difference∆Γ is produced by decay channels common toB0 andB0, e.g. B0, B0 → DD̄.

Typically, these decay modes are at least CKM suppressed, and their branching fractions are of the

orderO(10−3) or below. Although not measured yet,∆Γ is expected to be negligible [44]

∆Γ/Γ . O(10−2). (2.43)

Hence,∆ΓBd � ΓBd is a rather safe and model independent assumption [45].

The value of∆md, on the other hand, is known with high precision [33]. It’s common to give

the result in terms of

xd ≡ ∆md/Γ = 0.73 ± 0.05. (2.44)

From (2.43) and (2.44) one concludes that

∆Γ � ∆md , (2.45)

that is, the two eigenstates of the Hamiltonian have very similar lifetimes but different masses. By

using relations (2.43) and (2.45), one can simplify relations (2.35),(2.36), and (2.42) as

∆md = 2|M12|, ∆Γ2Re(M12Γ∗
12)/|M12|, (2.46)

q/p = −|M12|/M12. (2.47)

The time evolution of the generic state|Ψ〉 in (2.30) can now be derived from relations (2.37)

and (2.38), by expressingB0 andB0 states as

|B0〉 =
1
2p

(|BL〉 + |BH〉) (2.48)

|B0〉 =
1
2q

(|BL〉 − |BH〉) (2.49)
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with the time evolution of mass eigenstates given by (2.28) and (2.29). In particular, one is interested

in states that att = 0 are a pureB0 orB0 state, denoted by|B0
phys〉 and|B0

phys〉, respectively. The

time evolution of these states is given by

|B0
phys(t)〉 = g+(t)|B0〉 + (q/p)g−(t)|B0〉, (2.50)

|B̄0
phys(t)〉 = (p/q)g−(t)|B0〉 + g+(t)|B0〉, (2.51)

where

g+(t) = e−iMte−Γt/2 cos(∆md t/2), (2.52)

g−(t) = e−iMte−Γt/2i sin(∆md t/2), (2.53)

with Γ = 1/τB0 , M = 1
2(MH +ML), and∆md = MH −ML. Relations (2.50) and (2.51) show

explicitly that the probability of aB0 to become aB0 oscillates as a function of time.

2.4.2 Significance ofarg(q/p) and |q/p|

B
0

B
0

B L

B H
arg(q/p)

b)
B

0

B
0

B L

B H

a)

B
0

B
0

B
0

B
0

B L

B H

B H

B L

arg(q/p)

c) d)

Figure 2.5: Graphical representation of the ratioq/p in the basis of flavor eigenstates.

The magnitude|q/p| is better understood by defining

δ ≡ 〈BL|BH〉 ≡ |p|2 − |q|2 =
2Im(M∗

12Γ12)
(∆md)2 + |Γ12|2 . (2.54)
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The values ofδ indicates the amount ofB0 andB0 in the mass eigenstates. Forδ = 0, the mass

eigenstates|BL〉 and |BH〉 are also eigenstates ofCP , with opposite eigenvalues, and there is no

CP violation. However, whether|BH〉 = |BCP=1〉 or |BH〉 = |BCP=−1〉 should be determined

experimentally.

The meaning ofδ andarg(q/p) can be further clarified if one considers the graphical represen-

tation of a two-state system in the complex plane. The flavor eigenstatesB0 andB0 are shown as

an orthonormal basis in Figure 2.5. The possible scenarios can be summarized as

• δ = 0 andarg(q/p) = 0: BL andBH are simply another orthonormal basis as shown in

Figure 2.5a. They coincide with theCP eigenstate, meaning thatCP is a symmetry of the

Hamiltonian and therefore is conserved.

• δ = 0 andarg(q/p) 6= 0: BL andBH are still a normal basis but they are not orthogonal.

Figure 2.5b shows an example witharg(q/p) = 20o. In this caseCP is violated.

• δ 6= 0: there isCP violation regardless of the phasearg(q/p) (Figures 2.5c and 2.5d). This

is generally referred to as “CP violation in mixing”. The magnitude of this effect is expected

to be small in the Standard Model.

2.4.3 Decay of theΥ (4S) resonance

In BABAR,B mesons are produced in decays of theΥ (4S), which is abb̄ bound state similar to

the positronium state. Its mass of 10.58GeV/c2 is slightly above the energy threshold for production

of two B mesons. About equal amounts ofB+ B− andB0 B0 pair are produced in theΥ (4S)

decay. The time evolution of theB0 B0 pair represents an example of the quantum coherence.

u,d

b

��������
��������
��������
��������

u,d
e−

e+ b

Figure 2.6: Production ofBB̄ pairs in the decay of theΥ (4S).

The initial state|Υ (4S)〉 has spinS = 1, and therefore total angular momentumJ = S+L = 1,

andCP eigenvalueηCP = +1. The decay proceeds through strong interactions and therefore the
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angular momentum, the beauty quantum number (b + b̄ = 1 − 1 = 0), andCP must be conserved.

The final state is given by the pair of pseudoscalarB mesons

|B0
physB

0
phys〉 =

a√
2
|BLBH〉 +

b√
2
|BHBL〉 . (2.55)

with the usual normalization condition|a|2 + |b|2 = 1. Since the time evolution of the mass

eigenstatesBL andBH proceeds according to relations (2.28) and (2.29), The time evolution of

|B0
physB

0
phys〉 is given by

|B0
physB

0
phys; t1, t2〉 = a eiλ+t1eiλ−t2 |BLBH〉 + b eiλ−t1eiλ+t2 |BHBL〉 , (2.56)

wheret1 andt2 are the “proper” times of theB mesons. sentence here).

The Bose–Einstein statistics requires the total wave function|Ψ〉 = |Ψflavor〉|Ψspace〉 for this

state to be symmetric at all times. Since theB mesons are spin–0 particles, the total spinS is zero,

and the total angular momentumJ is given by the orbital angular momentumL of the two mesons.

Conservation ofJ requiresL = 1, and therefore theB mesons are produced in aP -wave, and

|Ψspace〉 is antisymmetric. For the total wave function|Ψ〉 to be symmetric, it is then necessary to

havea = −b = 1.

In a thought experiment, and if the lifetimeτB0 was long enough, one could separate the two

B mesons and place them at two space-time points separated by a space-like distance so that events

in one point could not influence those in the other. Nevertheless, due to the quantum coherence the

decay of one of the two mesons as aB0 would force the other meson to be necessarily aB0. This

represents an example of the Einstein-Podolsky-Rosen paradox.

2.4.4 Time evolution ofB mesons at theΥ (4S)

The time evolution (2.56) of theBB̄ state produced in theΥ (4S) decay is derived from relations

(2.50) and (2.51), by taking into account the coherence discussed in the previous Section. Figure 2.7

shows a schematic view of theΥ (4S) decay in aB0 B0 pair. Two types of events are useful for the

time-dependent studies inB decays.

1. OneB meson is fully reconstructed in a flavor eigenstate (Brec) and the flavor of the other

meson (Btag) is determined inclusively from its decay products. These events can be used to

measure the frequency ofB0 B0 oscillation.

2. OneB meson is fully reconstructed in aCP eigenstate accessible to bothB0 andB0 mesons.

The flavor ofBrec is determined by the flavor of the other meson (Btag). These events are

used to measureCP violating effects.
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Figure 2.7: Topology of a typicalΥ (4S) → BB̄ decay, when theΥ (4S) is boosted in the

laboratory frame.

The derivation of the rates for these two kinds of events is explained in detail in Section 1.2.4 of

Reference [46] or in Chapter 7 of Reference [22].

Decays to flavor eigenstates

Events in whichBrec decays to flavor eigenstates, and the flavor ofBtag is determined from its

decays products, can be divided in two categories:

• Mixed events: Brec andBtag mesons have the same flavor, that is aB0 B0 or aB0 B0 pair.

• Unmixed events: the two mesons have different flavors, that is oneB0 and oneB0.

The number of events in each category depends on the time interval∆t ≡ trec − ttag between the

decay ofBrec to a flavor eigenstate at timetrec, and the decay ofBtag at timettag, as explained in

Section 7.1. The time-dependent rates for mixed and unmixed events are given by

funmix(∆t) ∝ e−Γ|∆t| (1 + cos ∆md∆t) (2.57)

fmix(∆t) ∝ e−Γ|∆t| (1 − cos ∆md∆t) (2.58)

and are illustrated in Figure 2.8. The oscillation frequency∆md is the difference between the

massesMH andML of mass eigenstates and was introduced in relations (2.50) and (2.51).

As explained earlier, at∆t = 0 all events are unmixed. The value of∆md = 0.489 ±
0.008 ps−1 [33] and is small compared to theB0 lifetime τB0 = 1.542 ± 0.016, and allows the
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Figure 2.8: Rates of mixed and unmixed events as a function of∆t ≡ trec − ttag.

experimental observation of the oscillation. The period of oscillationT = 2π/∆md = 13ps to be

measured accurately.

The probability ofB0 B0 oscillation is given by the asymmetry

Amix(∆t) =
funmix − fmix

funmix + fmix
(2.59)

illustrated in Figure 2.9.

∆t(ps)

N
U
-N

M
/N

U
+

N
M

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-8 -6 -4 -2 0 2 4 6 8

Figure 2.9: Asymmetry between numbers of mixed and unmixed events as a function of

∆t.

As a comparison, the lifetime of theB0
s meson is1.461 ± 0.057 ps while the oscillation fre-

quencyδms for B0
s → B0

s oscillation is greater than13.1 ps−1 at 95% CL [33]. The oscillation

period isT = 2π/δms = 0.5 ps. Measurement of such a small time interval, with good preci-
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sion, is difficult from an experimental point of view, and represents one of the main obstacles in the

measurement of theB0
sB

0
s oscillation frequency.

Decays toCP eigenstates

Events whereBrec decays to aCP eigenstatefCP can be used to studyCP violating effects

that occur in theB decays. StatefCP is accessible to bothB0 andB0 mesons. One can not know

the flavor ofBrec at its decay timetrec. This is why the quantum coherence of theBrecBtag pair

is necessary. IfBtag is aB0 (B0) at timettag, the quantum coherence implies thatBrec must be a

B0 (B0) at that same time. WhenBtag decays, the flavor of both mesons is known andBrec evolve

according to (2.50) if aB0 (or (2.51) if aB0) until its decay attrec. Note that this argument is valid

regardless of the order ofttag andtrec. In events whereBrec decays beforeBtag, that istrec < ttag,

its flavor is not determined until the decay ofBtag at a later time! This is the beauty of quantum

mechanics.

The probability of observing the final state|fCP ftag〉 depends on

• decay timestrec andttag,

• decay amplitudes

AfCP = 〈fCP |H|B0〉, ĀfCP = 〈fCP |H|B0〉, (2.60)

• oscillation parameterq/p defined in 2.42, and

• flavor ofBtag whetherBtag = B0 orBtag = B0.

The time-dependent probabilities are given by

fBtag=B0(ttag, tfCP ) ∝ e−Γ(tfCP −ttag)
{
1 +

1 − |λfCP |2
1 + |λfCP |2

cos[∆md(tfCP − ttag)]

− 2ImλfCP
1 + |λfCP |2

sin[∆md(tfCP − ttag)]
}

(2.61)

fBtag=B0(ttag, tfCP ) ∝ e−Γ(tfCP −ttag)
{
1 − 1 − |λfCP |2

1 + |λfCP |2
cos[∆md(tfCP − ttag)]

+
2ImλfCP

1 + |λfCP |2
sin[∆md(tfCP − ttag)]

}
(2.62)

where

λfCP ≡ q

p

ĀfCP
AfCP

= ηfCP
q

p

Āf̄CP
AfCP

. (2.63)
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The second form forλfCP uses the property

ĀfCP = ηfCP Āf̄CP , (2.64)

whereηfCP is theCP eigenvalue of the statefCP andĀf̄CP = 〈f̄CP |H|B0〉. As for the oscillation

rates (2.57) and (2.58), these rates depend only on the difference∆t = trec − ttag. Measurement of

∆t from the distance between theB mesons decay vertices is discussed in Chapter 7.

Relations (2.61) and (2.62) are illustrated in Figure 2.10 and are visibly different for events in

whichBtag is aB0 and those whereBtag is aB0.
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Figure 2.10: Time-dependent ratesfBtag=B0 andfBtag=B0 .

An observable time-dependentCP asymmetry [47] can be defined as

afCP (∆t) =
fBtag=B0 − fBtag=B0

fBtag=B0 + fBtag=B0

=
1 − |λfCP |2
1 + |λfCP |2

cos ∆md∆t− 2ImλfCP
1 + |λfCP |2

sin∆md∆t,

(2.65)

and is illustrated in Figure 2.11.

The amplitudes of the sine and cosine terms can be measured experimentally, and are related to

different types ofCP violation, discussed in Section 2.4.5. In the Standard Model,|λ| is expected

to be very close to 1, leaving only the sine term inafCP . Since sine is an odd function of∆t,∫ +∞
−∞ afCP d∆t = 0. Therefore, its amplitude2Imλ/(1 + |λ|2) can only be determined with a

time-dependent analysis of the∆t distributions. This is the reason why the measurement of this

amplitude could not be performed in previous experiments at symmetrice+e−, such as DORIS II

at DESY and CESR at Cornell.
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Figure 2.11: Time-dependentCP asymmetryaCP with |λ| = 1 andImλ/|λ| = 0.6.

2.4.5 Types ofCP violation

The manifestation ofCP violation can be classified in three categories.

1. CP violation in decay

2. CP violation in mixing

3. CP violation in the interference between decay and mixing

A general discussion of all types ofCP violation is beyond the scope of this thesis. The reader is

referred to excellent discussions of the subject in References [22,23]. The first two types are briefly

introduced here, while the third type is the subject of the next Section.

ParameterλfCP , defined in (2.63), is particularly useful for the study ofCP violation and to

classify the different types of it. Its relevant property is the invariance under arbitrary phase redefi-

nition. This is shown easily with an explicit example [48].

TheB0 andB0 states are related through theCP operation

CP |B0〉 = e2iξB |B0〉, CP |B0〉 = e−2iξB |B0〉 , (2.66)

where the phaseξB is arbitrary and does not have physical significance. This is because flavor is

conserved in the strong interactions, and therefore a phase transformation of states (2.66) has no

physical effect. Consider now the following phase redefinition

|B0
ζ 〉 = e−iζ |B0〉, |B0

ζ〉 = e+iζ |B0〉, (2.67)

which results in a newCP phase

(CP )ζ |B0
ζ 〉 = e2i(ξB−ζ)|B0ζ〉, (CP )ζ |B0ζ〉 = e−2i(ξB−ζ)|B0

ζ 〉 . (2.68)
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As a consequence of (2.68), the phase ofq/p,Af , andĀf change according to

(q/p)ζ = e−2iζ(q/p), (Af )ζ = e−iζAf , (Āf )ζ = e+iζĀf . (2.69)

The combinations of these transformations, however, leavesλfCP invariant. Therefore, the mea-

surement ofImλCP is physically meaningful.

CP violation in decay

This first type ofCP violation can occur in both neutral and chargedB mesons as illustrated

in Figure 2.12. The violation is in the difference between decay rates of two self-conjugate pro-
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Figure 2.12:CP violation in decay in a) neutralB mesons when|AfCP | 6= |ĀfCP |, and b)

chargedB mesons when|A(B+ → f)| 6= |Ā(B− → f̄)|.

cesses. In terms of parameterλfCP (2.63), this type ofCP violation requires|λCP | 6= 1. Therefore

asymmetry (2.65) is non-vanishing and is a good observable to measureCP violation.

Any CP violation in chargedB mesons is due to violation in decay. The observable asymmetry

is given by

af =
Γ(B+ → f) − Γ(B− → f̄)
Γ(B+ → f) + Γ(B− → f̄)

=
1 − |Ā/A|2
1 + |Ā/A|2 (2.70)

In neutralB mesons,CP violation occurs when the decays ofB0 andB0 mesons to a common

statefCP have different rates. However, this type of violation competes with the other two possible

sources of violation in neutralB mesons.

The interpretation of the experimental results in terms of CKM matrix elements is not straight-

forward. The calculation of the decay amplitudes involves strong interactions and is dominated by

theoretical uncertainties.
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CP violation in mixing

TheCP violation in mixing was discussed in Section 2.4.2. It occurs when|q/p| 6= 1 implying

that the eigenstates of the Hamiltonian (mass eigenstates) are not eigenstates ofCP . In other words,

CP is not a symmetry of the theory. In terms ofλfCP , CP violation in mixing implies|λCP | 6= 1

and therefore the cosine term in Equation (2.65) is non-vanishing.

Violation in mixing can be studied in the semileptonic decays of neutralB mesons by measuring

the asymmetry

aSL =
Γ(B0

phys(t) → `+ν`X) − Γ(B0
phys(t) → `−ν`X)

Γ(B0
phys(t) → `+ν`X) − Γ(B0

phys(t) → `−ν`X)
=

1 − |q/p|4
1 + |q/p|4 (2.71)

TheCP violating effects are expected to be small, at the order ofO(10−2). The interpretation of

the experimental results is complicated by the theoretical uncertainties involved in the calculation

of |q/p| [44].

2.4.6 CP violation in interference between decay and mixing

A third type ofCP violation occurs due to quantum-mechanical interference between two pos-

sible amplitudes for a same physical process.

B0

B0

Af CP

Af CP
Af CP

Af CP

B0

B0 arg(q/p)arg(q/p)

a) c)

d)b)

CPf

Figure 2.13: TheB0 meson can decay a) directly toCP eigenstatefCP , or b) first oscillate

to aB0 which then decays to the same final statefCP . The analog amplitudes for theB0

mesons are shown in c) and d).

Consider aCP eigenstatefCP , accessible to bothB0 andB0 mesons. AB0 meson can decay

to fCP via two different amplitudes (or quantum-mechanical paths):

• decay directly tofCP [49–51] (Figure 2.13a), or
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• undergo oscillation to aB0 state which then decays to the same final statefCP (Figure 2.13b).

Similar paths are possible for aB0 mesons and are shown in Figures 2.13c and 2.13d. In absence

of violation in decay and in mixing

|Af/Āf | = 1, |q/p| = 1, (2.72)

andλfCP can be written as a pure phase

λfCP = ηfCP e−2iΦ . (2.73)

In this case, the asymmetryafCP (2.65) is reduced to

afCP (∆t) = −ImλfCP sin ∆md∆t = ηfCP sin 2Φ sin ∆md∆t . (2.74)

Relation (2.74) implies thatCP violation is observed simply as the consequence of a difference in

phase between the two complex quantitiesq/p andAf/Āf .

This can be shown explicitly by writing amplitudesAf andĀf as

Af = Aei(ΦW+δ) (2.75)

Āf = ηfCPAei(−ΦW+δ) , (2.76)

where amplitudeA is real, the phaseΦw is due to weak interactions and therefore changes sign

underCP , andδ is the strong phase, invariant underCP . This can be done, for example, in the

B0 → J/ψK0
S decays (Section 2.5.2). Also, since|q/p| = 1, one can writeq/p = e−2iΦM . These

definitions satisfy the conditions (2.72), andλfCP is now given by

λfCP = ηfCP e−2i(ΦW−ΦM ) , (2.77)

demonstrating that the phaseΦ in (2.74) is from the differenceΦW − ΦM . As explained in Sec-

tions 2.5.2, 2.5.3, and 2.5.4.

In general,CP violation is established whenλfCP 6= 1, which can happen if|λfCP | 6= 1,

or ImλCP 6= 0, or both simultaneously. The condition|λfCP | 6= 1 corresponds to a difference

betweenNobs
B0 , the number of observedB0 mesons, andNobs

B0 , the number of observedB0 mesons.

These numbers can be computed by integrating the decay rates (2.61) and (2.62) for all values of

∆t

Nobs
B0 =

∫ +∞

−∞
d∆t fBtag=B0 (2.78)

Nobs
B0 =

∫ +∞

−∞
d∆t fBtag=B0 (2.79)
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with an integrated asymmetry∫ +∞

−∞
d∆t afCP =

1 − |λfCP |2
1 + |λfCP |2

1
1 + (τB0∆md)2

. (2.80)

Deviation of|λfCP | from 1 is commonly called “directCP violation”. In the Standard Model such

a deviation is expected to be small, considering that|λfCP | = |q/p||Af/Āf | and|q/p is of the order

of O(10−2).

2.5 Measurement of the Unitarity-Triangle parameters in

B decays

The rich variety of decay modes forB mesons allows the determination of anglesα, β, andγ of

the Unitarity Triangle defined in (2.27), through the measurementCP asymmetries.Each angle can

be measured with different classes of decays, and the consistency of the results thus obtained offers

an important test of the Kobayashi-Maskawa mechanism ofCP violation in the Standard Model.

The ultimate goal is to provide independent measurements of angles and sides of the Unitarity

Triangle.

A general discussion of the determination of these quantities and their related decay modes,

although interesting, is beyond the realm of this discussion. A systematic and complete discussion

of this subject is given in Chapter 28 of Reference [22]. This Section covers mainly the decay modes

used in this analysis for the measurement ofsin2β. Measurements ofα andγ are more challenging,

and are briefly discussed in Sections 2.5.3 and 2.5.4.

2.5.1 ParameterλfCP
and anglesα, β, and γ

TheCP violating parameterλfCP is related to the anglesα, β, andγ through the ratioq/p, and

the decay amplitudesAf andĀf . In Section 2.4.6 it was shown that if

Af = Aei(ΦW+δ) , Āf = ηfCPAei(−ΦW+δ) ,

|q/p| = 1 , q/p = e−2iΦM ,

the time-dependent asymmetry (2.65) can be rewritten as

afCP (∆t) = −ImλfCP sin∆md∆t = ηfCP sin 2(ΦW − ΦM ) sin (∆md∆t) .

Relation (2.76) is valid, for example, when the decay amplitude is dominated by a tree-level di-

agram. Figure 2.14a shows the tree-level diagram for theb quark, involving two CKM matrix
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dk
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iub

b

Vib
*

b

u

d

W
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Vjk

d ddd

b) c)

a)

Figure 2.14: a) Quark-level tree diagram, b) color-favored meson diagram, and c) color-

suppressed meson diagram for decays ofB0.

elements. This corresponds to two tree diagrams for theB0 meson, Figures 2.14b and 2.14c, which

have the same phase. In these Figures,ūi anduj indicate either ac or au quark, whiledk can be

either ans or ad quark. The phaseΦW − ΦM is directly related to the phase ofV ∗
ibVjk.

Unfortunately, there are at least two diagrams contributing to the total amplitude in most of the

B decay channels [52]. Before getting in the details of these additional contributions, it is useful to

see their effect on the asymmetryafCP . In presence of a second diagram, the decay amplitudes can

be written as

Af = A1ei(ΦW1+δ1) +A2ei(ΦW2+δ2), (2.81)

Āf = ηfCP

[
A1 ei(−ΦW1+δ1) +A2 ei(−ΦW2+δ2)

]
, (2.82)

ParameterλfCP is now given by

λfCP = −ηfCP e−2iφ1
1 + rei(∆−φ2+φ1)

1 + rei(∆+φ2−φ1)
(2.83)

where∆ = δ2−δ1,φ1 = ΦW1−ΦM andφ2 = ΦW2−ΦM are the new observable phase differences,

andr = A2/A1 is the ratio between the magnitude of the two diagrams. The coefficientsS and

C of the sine and cosine terms, respectively, in the time-dependent asymmetryafCP (2.74) are no

longer related to any single weak phaseφ1 or φ2. Therefore, the experimental results can not be

interpreted cleanly in terms of CKM angles and require additional theoretical assumptions.

In general, the additional contributions to decay amplitudes come from one-loop flavor-changing

neutral-current diagrams, commonly referred to as “penguin” diagrams [53]. The three types of pen-

guins, gluonic and electroweak [54] with a photon or aZ0 boson are shown in Figure 2.15. Using



33

Figure 2.15: Quark-level diagrams for gluonic penguin in a) and electro-weak penguins

with a photon or aZ0 boson in b) and c).

the notationb → q[q̄q′] (Figure 2.14) with[q̄q′] from the emittedW , the decay amplitudeA(qq̄q′)

in presence of tree and penguin diagrams can be written as

A(qq̄q′) = VtbV
∗
tq′P

t
q′ + VcbV

∗
cq′(Tcc̄q′δqc + P cq′) + VubV

∗
uq′(Tuūq′δqu + P uq′) . (2.84)

In this expressionTqq̄q′ is the contribution of the tree diagrams (Figure 2.14) excluding the CKM

elements. Similarly,PQq′ are the penguin contributions, excluding the CKM elements, when the

intermediate quark in the loop is aQ quark. The gluonic and electroweak penguins have the same

phase structure. In addition, the electroweak penguin contribution is typically small of the order of

10 % of the gluonic contributions [54].

One problem with this expression is that the contributionsPQq′ are divergent. However,A(qq̄q′)

can be rewritten by using the unitarity conditions (2.17), (2.18), and (2.19)

VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = 0,

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0,

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0,
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to remove one of the CKM factors and derive the following expressions forqq̄ andqq̄d decays

A(cc̄s) = VcbV
∗
cs(Tcc̄s + P cs − P ts) + VubV

∗
us(P

u
s − P ts), (2.85)

A(ss̄s) = VcbV
∗
cs(P

c
s − P ts) + VubV

∗
us(P

u
s − P ts), (2.86)

A(uūs) = VcbV
∗
cs(P

c
s − P ts) + VubV

∗
us(Tuūs + P us − P ts), (2.87)

A(cc̄d) = VtbV
∗
td(P

t
d − P ud ) + VcbV

∗
cd(Tcc̄d + P cd − P ud ), (2.88)

A(uūd) = VtbV
∗
td(P

t
d − P cd ) + VubV

∗
ud(Tuūd + P ud − P cd ), (2.89)

A(ss̄d) = VtbV
∗
td(P

t
d − P ud ) + VcbV

∗
cd(P

c
d − P ud ), (2.90)

where the convention is to retainVtbV ∗
td, which appears in the expression ofq/p. One notices that

the penguin contributions appear always in the formPQ1
q − PQ2

q , which is finite and hence the

amplitudes are well defined.

These quark-level amplitudes can not be used directly to compute amplitudes ofB decays in-

volving hadrons, due hadronic interactions between quarks resulting in physical final states (final

state interactions and rescattering). However, they are useful to classify groups of decays that allow

the measurement of one particular CKM angle.

All amplitudes in (2.85)–(2.90) exhibit the common pattern

A = f1(T + ∆P1) + f2∆P2 (2.91)

wheref1 andf2 are CKM elements andT and∆Pi ≡ PQ1
qi − PQ2

qi are contributions from tree and

penguin diagrams. The best modes are those in which one contribution dominates, and thus has a

simple relation with a CKM angle. The dominant contribution is determined by two factors

• ratiof1/f2 between the CKM elements: the best decay modes are those in which|f1/f2| ≈ 0

or |f1/f2| ≈ 1

• ratio ∆Pq/T : the differenceP cq − P uq is suppressed compared toT by the GIM mecha-

nism [55], while the combinationP tq − P c,uq is evaluated to be

rT ≡
∣∣∣P tq − P c,uq

T

∣∣∣ ∼ αs(mb)
12π

ln
m2
t

m2
b

∼ 0.04 ∼ λ2 (2.92)

whereαs(mb) = 0.2 is the strong running-coupling constant at theb-mass scale,λ is one of

the Wolfenstein parameters in (2.20), and the ratio of hadronic matrix elements are assumed

to be close to unity [56].
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2.5.2 Measurement ofsin2β

Decay amplitudes (2.85), (2.86), and (2.88) of modesb → cc̄s, b → ss̄s, andb → cc̄d are

related to angleβ. Table 2.3 summarizes the contributions to these decay amplitudes.

b→ cc̄s decays

(a)
b

c

W-

c

s,d

d, u

B0, B-

J/ψ, ψ(2S), χc1

K, K*, π0

(b)

b
c

W-

c

s,d

d, u
B0, B-

J/ψ, ψ(2S), χc1

K, K*, π0

u,c,t
g

Figure 2.16: a) Tree and b) penguin diagrams in the leading term of decay amplitude

A(cc̄s).

These decays provide the cleanest measurement of angleβ and are commonly called golden

modes. The secondary term inA(cc̄s) is suppressed by a factorr2Tλ
2 ≈ 10−3 with respect to the

leading term (Table 2.3). The leading term has contributions from tree and penguin diagrams shown

in Figure 2.16, which happen to have the same weak phase. Hence,A(cc̄s) has only one weak

phase up to the orderO(10−3). This is the ideal case discussed in Section (2.4.6), when theCP

asymmetry amplitude measures the weak phase of the decay amplitudes. For decay modesJ/ψ K0
S ,

ψ(2S) K0
S , χc1 K0

S , ηc K0
S , andJ/ψ K0

L parameterλfCP is given by

λ =
q

p

Ā(cc̄s)
A(c̄cs̄)

(q
p

)
K
. (2.93)

Here, the ratio

(q
p

)
K

=
VcsV

∗
cd

V ∗
csVcd

e−2iζK (2.94)

is due to flavor oscillation in kaons. The ratioq/p defined in (2.42), to good approximation, is given

by [44]

q

p
= − M∗

12

|M12| =
V ∗
tbVtd
VtbV

∗
td

e2iξB . (2.95)

By using the expression ofA(cc̄s) in (2.85)

ĀψK0

AψK0

= ηψK0

(
VcbV

∗
cs

V ∗
cbVcs

)(
VcsV

∗
cd

V ∗
csVcd

)
e−2iξB , (2.96)
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with ηf = +1 for J/ψ K0
L andηf = −1 for the other modes with aK0

S . ξK is the arbitrary phase

for the neutral kaons and has no physical significance. The phaseξB of q/p andĀ/A cancel each

other as already shown in (2.69). Finally, using the expression of CKM matrix elements in the

Wolfenstein parameterization ( 2.20), one obtains

λfCP = ηf e−2iβ ⇒ |λfCP | = 1, ImλfCP = −ηf sin2β (2.97)

and the time-dependent asymmetry

aCP = −ηf sin2β sin ∆md∆t (2.98)

Relation (2.97) holds up to the orderO(10−3) and represents the cleanest measurement of a CKM

parameter. It also implies that there is almost no directCP violation in these modes. As explained

earlier, directCP violation requires at least two contributions to the decay amplitudeA. Any exper-

imental evidence of directCP violation is a hint of New Physics beyond the Standard Model.

The measurement ofsin2β with a large sample ofJ/ψ K0
S , ψ(2S) K0

S , χc1 K0
S , andηc K0

S is

discussed in this dissertation and the results are presented in Chapter 9. These modes have a cleaner

experimental signature compared to theJ/ψ K0
L mode and dominate the experimental sensitivity

on sin2β. The decay modeB0 → J/ψK∗0 is a pseudoscalar to vector-vector decay and can also

be used to measuresin2β. However, this final state is a mixture ofCP eigenstates with angular

momentaL = 0, 1, 2, and an angular analysis is required to separate the contribution of each com-

ponent. The results of the measurement withJ/ψ K0
L andJ/ψ K∗0 are discussed in Sections 9.5.1

and 9.5.2.

b→ ss̄s decays

The phenomenology of these decays, for example in theBz → φK0
S mode, is the same as for

the cc̄s decays, and provides a very clean measurement ofsin2β. The difference consists in the

absence of tree-level contributions. As shown in Table 2.3, the leading order has only a penguin

contribution and is therefore suppressed, in the Standard Model, compared to theJ/ψ K0
S mode.

An independent measurement ofsin2β with this mode represent a very important and significant

test of the Standard Model. A preliminary measurement has been recently performed by theBABAR

collaboration [57].

b→ cc̄d decays

The decay modesb → cc̄d suffer from the presence of a secondary term, that has a different

weak phase from the leading term, and is not suppressed (Table 2.3). Theoretical assumptions are
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required to estimate the penguin contribution [58] and interpret the experimental results. In absence

of the secondary term, theD+ D− mode could provide a measurement ofsin2β similar to thecc̄s

modes.

TheD∗+ D∗− is another decay mode of interest but angular analysis is necessary (as forJ/ψ

K∗0) to separate the mixture ofCP eigenstates in the final state. A preliminary measurement of

time-dependent asymmetries in this mode can be found in Reference [59].

2.5.3 Measurement ofα

Measurement of angleα is more problematic compared tosin2β. The difficulties are twofold:

theoretical and experimental. Table 2.4 shows the contributions to decay amplitudes related toα.

The penguin contribution in the secondary term has the same magnitude, but a different weak phase

from the leading tree contribution. Measurements of branching fractions forB → Kπ andB → ππ

decay modes byBABAR [60] and BELLE [61] collaborations suggest that the penguin contribution

can be large and non-negligible.

The time-dependentCP asymmetries in these modes, although related tosin2α, require theo-

retical assumptions for their interpretation. A promising technique is the so-called “isospin anal-

ysis” that using the branching fractions forB0 → π+π−, π0π0 andB+ → π0π+, can measured

α [63]. The branching fraction forB0 → π0π0 is expected to be of the order ofO(10−7) and its

measurement challenging. A preliminary results is available from theBABAR collaboration [64].

Time-dependentCP asymmetries have recently been measured byBABAR [60] and BELLE [62]

collaborations.

2.5.4 Measurement ofγ

Two examples of decay modes for the measurement ofγ are listed in Table 2.5.

The good news with the decay modesD0K0
S andD0π0 is the absence of secondary, or penguin

contributions. The value ofγ can be measured through the interference of two tree-level contri-

butions. This means that experimental results offer clean theoretical interpretation. However, the

decay amplitudes for these decay modes are color suppressed and/or CKM suppressed. Therefore

the branching fractions of these decays are very small.

TheD0 π0 mode has very large backgrounds from otherB decay modes. For example, a

B+ → D0π0π+ candidate, when theπ+ is not included, can be mis-reconstructed as aD0 π0

final state. Therefore, the selection of the small number of candidates on top of the large amount
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of background can be a problem. Another potential problem is the large difference, order ofλ2,

between the two decay amplitudes.

TheD0 K0
S mode is experimentally very clean, and the difference between the two contributions

is smaller, order ofλ. This decay mode has not been observed yet but has the potential of providing

a very clean measurement ofγ.

2.6 Effects of New Physics

A general discussion of sources ofCP violation beyond the Standard Model is beyond the scope

of this thesis. An extensive treatment of this topic is given in Reference [65]. However, one can

intuitively see how new theories can modify the CKM picture ofCP violation.

As explained in Section 2.5.2,sin2β is the phase ofCP -violating parameterλfCP defined in

(2.63) as

λfCP ≡ q

p

ĀfCP
AfCP

= ηfCP
q

p

Āf̄CP
AfCP

(2.99)

in the limit of |λ|=1 in the Standard Model. In terms of diagrams,sin2β is the phase difference

between the two diagrams in Figure 2.17. New Physics can modify the predictedCP asymmetry in

(a)
b

c

W-

c

s,d

d, u

B0, B-

J/ψ, ψ(2S), χc1

K, K*, π0

b d

bd

W- W-

u,c,t

u,c,t

Figure 2.17:B0 B0 oscillation diagram in a), and the decay diagram in b).

the Standard Model with new contributions to either diagram.

Contributions to amplitudeA (Figure 2.17a) are unlikely in decay modes whereA is domi-

nated by a tree-level diagram in the Standard Model, e.g.J/ψ K0
S . In this case, New Physics can

contribute in two ways [66]:

1. with significant contribution to the box diagram (Figure 2.17a); or when

2. unitarity of the CKM matrix does not hold, for example when there are four or more genera-

tions of quarks.



39

The current level of agreement between the Standard Model prediction and the measuredsin2β,

excludes theories with contributions to the box diagram larger by 20% or more [146].

In theories with four quark generations, the measured amplitudesin2β does not correspond to

a simple phase of the CKM matrix. The quark-mass matrix, in this case, is a4 × 4 unitary matrix

of SU(4), with 6 real angles and 3 complex phases [31]. The corresponding unitarity conditions

are represented byquadranglesin the complex plane (Figure 2.18), and the relation between the

observedCP asymmetry and the complex phases is not trivial.

4 quark generations3 quark generations

Figure 2.18: The unitarity conditions for theories with 3 and 4 quark generations.
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Quark process Leading term Secondary term B0 decay modes

b→ cc̄s VcbV
∗
cs = Aλ2 VubV

∗
us = Aλ4(ρ− iη) J/ψ K0

S , ψ(2S) K0
S , χc1 K0

S ,

T + (P c − P t) P u − P t ηc K
0
S , J/ψ K0

L, J/ψ K∗0

b→ ss̄s VcbV
∗
cs = Aλ2 VubV

∗
us = Aλ4(ρ− iη) φK0

S

P c − P t P u − P t

b→ cc̄d VcbV
∗
cd = −λ3 VtbV

∗
td = Aλ3(1 − ρ+ iη) D∗+D∗−

T + (P c − P u) P t − P u D∗+ D−,D+ D−

Table 2.3: Contributions to decay amplitudes related to angleβ.
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Quark process Leading term Secondary term B0 decay modes

b→ uūd VubV
∗
ud = Aλ3(ρ− iη) VtbV

∗
td = Aλ3(1 − ρ+ iη) π+ π−, π0 π0, πρ

b→ dd̄d T + (P u − P c) P t − P c πa1

Table 2.4: Contributions to decay amplitudes related to angleα.
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Quark process Leading term Secondary termB0 decay modes

b→ cūs VcbV
∗
us = Aλ3 — D0K,D0K

b→ uc̄s VubV
∗
cs = −Aλ4(ρ− iη) — common modes

b → cūd VcbV
∗
ud = Aλ2 — D0π0,D0π0

b → uc̄d VubV
∗
cd = −Aλ4(ρ− iη) — common modes

Table 2.5: The decay modes, and their amplitudes, that can be used to measure the angleγ.



Chapter 3

Overview of analysis technique

Measurement ofsin2β requires several experimental ingredients that are described in Chap-

ters 4–8. This Chapter provides a concise description of the analysis strategy, aimed at facilitating

then reader through the more detailed discussion that follows.

B

Btag

rec

ttag

J/ψ

KS
0

t rec

trec ttag∆ t = −

e− +e
z

l

K

+

+

Figure 3.1: The decayΥ (4S) → B0B0 where oneB decays to aCP eigenstate,BCP, and

the otherB in a flavor eigenstate,Btag.

The theoretical framework ofCP violation was discussed in Chapter 2 and it was pointed out

that the decays of theB mesons provide an excellent experimental tool to studyCP -violating ef-

fects. In particular the amplitudesin2β of the time-dependentCP asymmetry (2.98)

aCP (∆t) = −ηf sin2β sin ∆md∆t

43
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can be measured with good precision in the decaysB0 → J/ψK0
S , ψ(2S)K0

S , χc1K
0
S , andηcK0

S ,

with almost no theoretical assumption. Unfortunately, these decays occur in about10−4 of all

B decays and therefore it is necessary to produce a large number ofB mesons, in order to have

sufficient statistics for theCP analysis.

B mesons are, for example, produced in the decays of theΥ (4S) meson, which decays ex-

clusively to aB0 B0 or aB+ B− pair. The PEP-II collider is a high luminositye+e− storage

ring operating at theΥ (4S) resonance energy, and has produced about 200 millionB mesons

between 1999 and 2002. About 2000 of these mesons have been reconstructed in theB0 →
J/ψK0

S , ψ(2S)K0
S , χc1K

0
S , andηcK0

S decay modes.

Measurement ofsin2β requires knowledge of the time difference∆t that appears inaCP . This

is the time interval between the decays of the twoB mesons, and provides theclock for the time-

dependent measurements in theΥ (4S) decays. The value of∆t can be computed from the spatial

separation between the decay vertices of theB mesons.

In the Υ (4S) rest frame, theB mesons are separated in average by 30µm. Measurement of

such a small distance with good precision is technologically challenging. This problem is solved at

PEP-II by using asymmetric beam energies. TheΥ (4S) is produced by colliding a 9GeV electron

beam with a 3.1GeV positron beam, and has a Lorentz boostβγ = 0.55. As a consequence,

the average separation between the twoB mesons is about 250µm along the collision axis in the

laboratory frame and can be measured with a precision sufficient for a time-dependent analysis.

Figure 3.1 illustrates schematically the topology of aΥ (4S) decay at PEP-II used for the time-

dependentCP analysis. OneB meson (Brec) is fully reconstructed inCP eigenstates, e.g.J/ψK0
S .

The decay vertex of this meson is computed from its decay products and is known with a precision

of about 50µm.

The remaining particles in the event belong to the otherB meson (Btag), and are utilized to

determine its decay vertex. Since the efficiency for fully reconstructingB mesons is of the or-

derO(10−3), an inclusive method is used to compute the second decay vertex, with a precision of

about 110µm. The distance between the two vertices is then computed with a resolution of about

190µm.

The next step toward the measurement of asymmetryaCP (∆t) is to determine whetherBrec is

aB0 or aB0. Clearly this can not be deduced from aCP eigenstates, such asJ/ψ K0
S , accessible

to bothB0 andB0 mesons. Instead, the quantum coherence in the decay of theΥ (4S), described in

Section 2.4.3, requiresBrec to be aB0 (B0) if Btag is aB0 (B0) at the time of its decay.

The flavor ofBtag is correlated with the charge of leptons and kaons produced in its decay chain.

It can be determined by analyzing the kinematic properties and particle identification information
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of reconstructed particles in the final state. The procedure of separatingB0 andB0 mesons, on

the basis of their decay products, is commonly calledb-flavor tagging, or simply flavor tagging. If

determined, the flavor ofBtag allows to separateB0 andB0 mesons that decay toCP eigenstates.

In a fractionw of events, the flavor-tagging procedure, being an inclusive method, assigns the

wrong flavor tag toBtag. This fraction can be estimated with simulated events. However, it is

always better not to rely on Monte Carlo and use data, if possible. Fortunately, decays ofB mesons

to flavor eigenstates can be used to measurew in data.

WhenBrec is reconstructed in a flavor eigenstate, for exampleD∗− π+, its flavor is known:

D∗− π+ indicates aB0, andD∗+ π− a B0. The flavor ofBtag is also known, from the flavor-

tagging method. Therefore, events in whichBrec is fully reconstructed in flavor eigenstates can be

divided inmixed, when there is aB0 B0 or aB0 B0 pair, andunmixed when there is oneB0 and

oneB0.

The number of mixed and unmixed events can be computed as a function of∆t from Equa-

tions (2.57) and (2.58). WhenBtag is assigned the wrong flavor, a mixed event is wrongly classified

as unmixed, and vice versa. The comparison between the estimated and observed numbers of mixed

and unmixed events allows the measurement ofw in data.

The branching fractions of flavor eigenstates are about an order of magnitude larger than those

for theCP eigenstates. The large sample of events with one fully reconstructed flavor eigenstate

allows a good measurement of the performance of the flavor-tagging algorithm. Furthermore, it is

used to measure the detector resolution on∆t.

TheCP asymmetry amplitudesin2β is measured with a simultaneous maximum-likelihood

fit to the ∆t distributions of selected events inCP and flavor eigenstates. The value ofsin2β

is constrained by theCP eigenstates, while the flavor eigenstates dominate the measurement of

detector resolution and flavor-tagging parameters.

The ingredients of thesin2β measurement, briefly summarized in this Chapter, are described

in more detail in the remainder of this thesis. Particular attention is paid to those areas where the

author has actively participated.

The main characteristics of the PEP-II collider are described in Chapter 4 followed by a brief

description of theBABAR detector.

At theΥ (4S) energy, about 1/4 of produced events areΥ (4S) decays while the rest are contin-

uumqq̄ and QED events. Selection ofBB̄ events based on characteristic properties of each category

of events is described in Section 5.1.

The variety of flavor andCP eigenstates utilized in this analysis are summarized in Section 5.2,

followed by the selection of their decay products in Section 5.3, and the exclusiveB reconstruction
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technique in Section 5.4.

TheB-flavor tagging algorithm is described in Chapter 6, where the characteristic signatures in

B decays that allow the separation betweenB0 andB0 mesons are discussed.

Reconstruction ofB decay vertices, measurement of∆t and the∆t resolution function used to

model the detector response are described in Chapter 7.

Finally, Chapter 8 describes the maximum-likelihood fit to the∆t distributions and the model-

ing of signal and background.



Chapter 4

The BABAR experiment

The primary goal in the design of theBABAR experiment is the study ofCP violation in the

decays of neutralB mesons. Decays of theΥ (4S) resonance exclusively toB0 B0 andB+ B−

pairs provide a clean source ofB mesons [67].

Measurement of time-dependentCP asymmetries requires the knowledge of the difference∆t

between the times of decay of the twoB mesons, which can be computed from the distance between

their decay vertices.

Due to theΥ (4S) mass of10.58GeV/c2, these decays result in the production of twoB mesons

almost at rest in theΥ (4S) rest frame, illustrated schematically in Figure 4.1. Ate+e− colliders

with symmetric energies, such as CESR and DORIS II, theΥ (4S) rest frame coincides with the

laboratory frame. The small momentum of theB mesons results in a small separation between

them, which can not be measured with the necessary precision. This prevented experiments at these

colliders from performing time-dependent measurements.

This problem is solved at PEP-II by collidinge− ande+ beams with unequal energies, so as to

produce theΥ (4S) meson, and therefore theB mesons, with significant momenta in the laboratory

frame, as shown in Figure 4.2. The Lorentz boost of theB mesons results in a displacement between

their decay vertices, and thus allows the measurement of the distance between them.

The small branching fractions ofB0 decays to finalCP eigenstates, of the order of10−4 or

smaller, require ane+e− collider with very high luminosity, and a detector with high efficiency of

reconstructing these final states.

The main characteristics of the PEP-II collider that impact the study of theCP asymmetries are

summarized in Section 4.1. A detailed description of the PEP-II collider can be found in Refer-

ences [68,69]. A brief overview of the components of theBABAR detector and their performance is

47
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+ee− z

Figure 4.1: TheΥ (4S) → BB̄ decay in theΥ (4S) rest frame.

+ee−
z

Figure 4.2: TheΥ (4S) → BB̄ decay in the laboratory frame.

given in Section 4.3, while a detailed description ofBABAR can be found in Reference [70].

4.1 The asymmetrice+e− collider PEP-II

PEP-II is an asymmetrice+e− storage ring located at the Stanford Linear Accelerator Center

(SLAC) and operating at a center-of-mass energy of10.580 GeV, the mass of theΥ (4S) resonance.

The structure of theΥ resonances are shown in Figure 4.3 [71].Υ (4S) mesons are produced boosted

in the laboratory frame, withβγ = 0.55, by colliding an electron beam of9.0GeV with a positron

beam of3.1GeV.

Most of the data are recorded near the peak of theΥ (4S) resonance (on-resonancedata). Fig-

ure 4.4 shows the production cross section near theΥ (4S) resonance. The cross section for the main

physics processes at theΥ (4S) energy are listed in Table 4.1 [46].

Events with production ofBB̄ pairs are of interest for the study ofCP violation. Events with

the production of aqq̄ pair, withq = u, d, s, c, are commonly referred to ascontinuumevents, and
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BB̄ production.
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Figure 4.4: Cross section ofBB̄ production near theΥ (4S) energy.

represent the majority of combinatorial background for the charmless two-body decays of theB

meson, such asB0 → π+π−. In order to study the properties of these events almost12% of data

are taken at a center-of-mass energy40MeV below theΥ (4S) peak (off-resonancedata), below the

energy threshold ofBB̄ production.

The QED processese+e− → e+e−, µ+µ−, τ+τ− are mostly used to study and calibrate the

detector subsystems. Therefore only a small fraction of these events is selected by the trigger

system, designed to maximize the number of hadronic events (BB̄ and continuumqq̄).
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e+e− → X Cross-section (nb)

bb̄ 1.05

cc̄ 1.30

ss̄ 0.35

uū 1.39

dd̄ 0.35

τ+τ− 0.94

µ+µ− 1.16

e+e− ∼ 40

Table 4.1: Production cross-sections at
√
s = 10.58 GeV. The e+e− cross section includes the

detector acceptance.

The parameters of the storage rings, including the energy and the current, the number of bunches

and their separation, the vertical and horizontal RMS size of the luminous region, and the luminosity

are listed in Table 4.2 [70]. PEP-II has surpassed its design goals in terms of both the instantaneous

and integrated daily luminosity, with significantly fewer bunches than anticipated.

At PEP-II, the bunches collide head-on and are separated magnetically in the horizontal plane

by a pair of dipole magnets (B1), followed by a series of offset quadrupoles. The collision axis is

offset from thez-axis of theBABAR detector by about20mrad in the horizontal plane to minimize

the perturbation of the beams by the solenoid field [72].

The PEP-II beam parameters directly impact the physics performance ofBABAR. The high

luminosity of PEP-II is necessary to compensate the small branching fractions of the decay modes

used in the analysis ofCP violation. The relative luminosity is monitored by PEP-II through the

measurement of the radiative Bhabha scattering. The absolute luminosity is measured byBABAR,

offline, from other QED processes, primarilye+e− andµ+µ− production. For a data sample of

1 fb, the relative luminosity is known with a statistical uncertainty of less than1 % and a systematic

uncertainty of0.5 %. The absolute luminosity has an estimated systematic error of about1.5 %.

Knowledge of the beam energies is necessary to compute two important kinematic variables,

used to selectB meson candidates and reject combinatorial background. The mean energies of the

two beams are computed from the total magnetic bending strength, and the average deviations of the

accelerating frequencies from their central values. While the systematic uncertainty in the PEP-II

calculation of the absolute beam energies is estimated to be 5–10MeV, the relative energy setting
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Parameters Design Typical

Energy HER/LER (GeV) 9.0/3.1 9.0/3.1

Current HER/LER (A) 0.75/2.15 0.7/1.3

# of bunches 1658 553–829

Bunch spacing (ns) 4.2 6.3–10.5

σLx (µm) 110 120

σLy (µm) 3.3 5.6

σLz (mm) 9 9

Luminosity (1033 cm−2s−1) 3 2.5

Luminosity ( pb−1/d) 135 120

Table 4.2: The design and typical values of the PEP-II beam parameters, during the period of 1999–
2000. HER and LER refer to the high energye− and low energye+ ring, respectively.σLx, σLy,
andσLz are the horizontal, vertical, and longitudinal RMS size of the luminous region.

for each beam is accurate and stable to about 1MeV. The RMS energy spreads of the LER and HER

beams are 2.3MeV and 5.5MeV, respectively.

Finally, the parameters of the luminous region impact the measurement of the distance between

theB-meson decay vertices. Events with two tracks such ase+e− → µ+µ− are used to determine

these parameters relative to theBABAR coordinate system.

The transverse position, size, and angles of the luminous region are determined from the distri-

bution of the distance of closest approach to thez-axis of the two tracks in these events.

The longitudinal parameters are derived from the longitudinal distribution of the the common

vertex of the two tracks. The uncertainties in the average beam position are of the order of a fewµm

in the transverse plane and 100µm along the collision axis. Since the vertical size is too small to

be measured directly, it is inferred from the measured luminosity, the horizontal size, and the beam

currents an is typically around 1–2µm.

4.2 Total integrated luminosity

The integrated luminosity delivered by PEP-II and recorded withBABAR between October 1999

and June 2002 is shown in Figure 4.5. The total luminosity recorded byBABAR is about99 fb−1,

including9.93 fb−1 of off-peak data [73]. About 82 fb−1 of on-resonance data, corresponding to 88

million BB̄ pairs, are used in the analysis presented in this thesis.
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4.3 TheBABAR detector

The time-dependent study ofCP violation in theB decays places stringent requirements on

the BABAR detector. High reconstruction efficiency and good momentum resolution for charged

particles, together with reconstruction of the neutral particles, are important ingredients to fully

reconstruct the finalCP eigenstates, and to separate signal events from background.

The measurement of the decay-time distributions relies on good vertex reconstruction along the

collision axis and in the transverse plane.

The determination of the flavor of theB mesons requires efficient particle identification for

muons, electrons, and kaons with low misidentification probability. Kaon identification also pro-

vides an additional tool to further reduce the amount of backgrounds in the decays of theB to

hadronic final states.

A detailed description of theBABAR detector is given in Reference [70]. In this section the main

characteristics of each subsystem are briefly described, with special attention for the subsystems

relevant for this analysis.

Figure 4.6 shows a longitudinal section ofBABAR through the detector center. The detector
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Figure 4.6: Longitudinal section of theBABAR detector.

surrounds the PEP-II interaction region and is offset relative to the interaction point by0.37m to
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maximize the geometric acceptance of particles in the final states, which, due to theΥ (4S) boost,

are mostly in the forward region.

The inner detector consists of a silicon vertex tracker, a drift chamber, a ring-imaging Cerenkov

detector, and a CsI calorimeter. These detector systems are surrounded by a superconducting

solenoid that is designed for a field of 1.5 T. The steel flux return is instrumented for muon and

neutral hadron detection. The polar angle coverage extends to 350mrad in the forward direction

and 400mrad in the backward direction, defined relative to the high energy beam.

The right handed coordinate system is anchored on the main tracking system, the drift chamber,

with thez-axis coinciding with its principal axis [74]. This axis is offset relative to the beam axis

by about 20mrad. The positivey-axis points upward and the positivex-axis points away from the

center of the PEP-II storage rings.

4.3.1 Silicon vertex tracker (SVT)

Beam Pipe 27.8mm radius

Layer 5a

Layer 5b

Layer 4b

Layer 4a

Layer 3

Layer 2

Layer 1

Figure 4.7: Schematic view of the transverse section of the silicon vertex tracker.

The silicon vertex tracker (SVT) has been designed to measure angles and positions of charged

particles just outside the beam pipe. The SVT is composed of five layers of double-sided silicon

strip detectors (Figure 4.7) that are assembled from modules with readout at each end, thus reducing

the inactive material in the acceptance volume.

The inner three layers primarily provide position and angle information for the measurement

of the vertex position. They are mounted as close to the water-cooled beryllium beam pipe as

practical (radius of3.2 cm), thus minimizing the impact of multiple scattering in the beam pipe on

the extrapolation to the vertex.
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The outer two layers are at much larger radii (9.1 cm), providing the coordinate and angle

measurements needed for linking tracks reconstructed in the SVT with those in the drift chamber.

4.3.2 Drift chamber (DCH)

The principal purpose of the drift chamber (DCH) is the momentum measurement for charged

particles. It also provides information for the charged-particle trigger, and a measurement of energy

lossdE/dx for particle identification.

The DCH is of compact design. It consists of7104 small and approximately hexagonal cells

(Figure 4.8) arranged in 40 cylindrical layers.
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Figure 4.8: Schematic layout of drift cells for the four innermost superlayers. Lines have

been added between field wires to aid in visualization of the cell boundaries. The numbers

on the right side give the stereo angles (mrad) of sense wires in each layer. The 1mm-thick

beryllium inner wall is shown inside of the first layer.

Each cell consists of one tungsten-rhenium sense wire, surrounded by six aluminum field wires.

The field wires are at ground potential, while a positive high voltage (1960V and 1900V in the

period 1999–2002, and1930V in year 2002) is applied to the sense wires.
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The sense wires parallel to the principal axis (axial layers) provide curvature information which

is used to determine the momentum of the particles.

Longitudinal information about the trajectory of the charged particles is derived from layers in

which the sense wires are placed at a smallstereoangle relative to the principal axis (stereolayers).

The DCH is filled with a 80:20 mixture of helium and isobutane. The choice of gas mixture and

wire material holds the multiple scattering in the chamber to a minimum, less than0.2% of material

radiation lengthX0 [75].

The readout electronics are mounted on the backward endplate of the chamber, minimizing the

amount of material in front of the calorimeter endcap.

4.3.3 Detector of internally reflected Cerenkov light (DIRC)

The DIRC, the detector of internally reflected Cerenkov light, is a novel device providing sep-

aration of pions and kaons from about 500MeV/c to the kinematic limit of 4.5GeV/c. Cerenkov

light is produced in 4.9m long bars of synthetic fused silica of rectangular cross section, 1.7cm

× 3.5cm. It is transported by total internal reflection, preserving the angle of emission, to an ar-

ray of photomultiplier tubes (Figure 4.9). This array forms the backward wall of a toroidal water

Mirror
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{ {
1.17 m

8-2000
8524A6

Figure 4.9: Schematics of the DIRC fused silica radiator bar and imaging region.

tank that is located beyond the backward end of the magnet. Images of the Cerenkov rings are

reconstructed from the position and time of arrival of the signals in the photomultiplier tubes.
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4.3.4 Electromagnetic calorimeter (EMC)

The electromagnetic calorimeter (EMC) is designed to detect electromagnetic showers with

excellent energy and angular resolution, for energies between 20MeV to 4GeV.

This coverage allows the detection of low energyπ0s andη0s fromB decays, and higher energy

photons and electrons from electromagnetic, weak, and radiative processes.

The EMC is a finely segmented array of projective geometry, made of thallium doped cesium

iodide (CsI(Tl)) crystals. The crystals are arranged in modules that are supported individually from

an external support structure. This structure is built in two sections, a barrel and a forward endcap.

To obtain the desired resolution, the amount of material in front of and in-between the crystals is

held to a minimum.

The individual crystals are read out by pairs of silicon PIN diodes. Low noise analog circuits,

and frequent precise calibration of the electronics and energy response over the full dynamic range,

are crucial for maintaining the desired performance.

4.3.5 Instrumented flux return (IFR)

The instrumented flux return (IFR) is designed to identify muons and to detect neutral hadrons.

For this purpose, the magnet flux return steel in the barrel and the two end doors is segmented

into layers, increasing in thickness from 2cm on the inside to 10cm at the outside. Between these

steel absorbers, single gap resistive plate chambers (RPCs) are inserted which detect streamers from

ionizing particles via external capacitive readout strips.

There are 19 layers of RPCs in the barrel sectors and 18 layers in the end doors. Two additional

cylindrical layers of RPCs with four readout planes are placed just in front of the magnet cryostat

to detect particles exiting the EMC.

4.3.6 Trigger

The trigger system is designed to select events of interest with a high, stable, and well-understood

efficiency, while rejecting background events and keeping the total event rate under 120 Hz. Inter-

esting events includeBB̄ and otherqq̄ events, as well as QED events needed for diagnostic and

calibration purposes.

The production rates of these events for a luminosity of3 × 1033 cm−2 s−1 at theΥ (4S)

resonance are shown in Table 4.3. Background events are due to interactions of beams with the

residual gas or the beam pipe with typical rates up to 20 kHz.
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Event Cross Production Level 1

type section Rate (Hz) Trigger

(nb) Rate (Hz)

BB̄ 1.1 3.2 3.2

uu +dd +cc +ss 3.4 10.2 10.1

e+e− ∼53 159 156

µ+µ− 1.2 3.5 3.1

τ+τ− 0.9 2.8 2.4

Table 4.3: Cross sections, production and trigger rates for the principal physics processes at
10.58GeV for a luminosity of3 × 1033 cm−2s−1. The e+e− cross section refers to events with
either thee+, e−, or both inside the EMC detection volume.

The trigger is implemented as a two-level hierarchy, theLevel 1(L1) in hardware, followed

by theLevel 3(L3) in software. It is designed to accommodate up to ten times the expected PEP-

II background rates at design luminosity, and to degrade slowly for backgrounds above that level.

Provision is made for an intermediateLevel 2trigger should severe conditions require additional

sophistication.

The L1 trigger is responsible for interpreting incoming detector signals, recognizing and re-

moving beam-induced background to a level acceptable for the L3 software trigger, which runs on

a farm of commercial processors. The L1 trigger decision is based on charged tracks in the DCH

above a preset transverse momentum, showers in the EMC, and tracks detected in the IFR. During

normal operation, the L1 is configured to have an output rate of typically 1 kHz.

The L3 receives the output from L1, performs a second stage rate reduction for the main physics

sources, and identifies and flags the special categories of events needed for luminosity determina-

tion, diagnostic, and calibration purposes. At design luminosity, the L3 filter acceptance for physics

is ∼ 90Hz, while∼ 30Hz contain the other special event categories, with an average event size of

∼ 28 kbytes. Events selected by the L3 trigger are then stored for online processing.

Both L1 and L3 trigger systems have met the design requirement of99% selection efficiency

for BB̄ events at a luminosity of3 × 1033 cm−2 s−1. They also provide solid foundation for an

upgrade path to luminosities of1034 cm−2 s−1.



59

4.4 Data acquisition system

The data acquisition system (DAQ) is responsible for the transport of the event data from the

front-end electronics (FEE) of the detector, to the online event processing, through the trigger sys-

tem. The components of the DAQ are schematically shown in Figure 4.10.
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Figure 4.10: Schematic diagram of the data acquisition system.

All BABAR subsystems share a common electronics architecture. Event data flows through

the FEE chain, which consists of signal processing, digitization, readout electronics, and a trigger

latency buffer to store data during L1 trigger processing.

The FEE systems are mounted on the detector to optimize performance, and to minimize the

cable plan, thereby avoiding noise pickup and ground loops in long signal cables.

At PEP-II, bunch crossings are nearly continuous at a 4.2 ns spacing. Dedicated L1 processors

receive data continuously from the DCH, EMC, and IFR subsystems. These processors produce

clocked outputs to thefast control and timing system(FCTS) [79] at a rate of 30 MHz, which is the

granularity of theL1 Acceptsignal.

Upon the arrival of anL1 Acceptsignal, a portion of each system L1 latency buffer is read

out, ranging from about500 ns or the SVT, to4 − 6µs for the EMC. The processed digital signal is

transfered via optical fiber links [76] from the FEE to a set of 133 specialized VMEreadout modules

(ROMs).

These ROMs are grouped by detector subsystem and housed in 23 data acquisition VME crates,

which contain between one and ten such ROMs. Each ROM consists of a processor [77] running

the VxWorks [78] realtime operating system, and event buffers.

The online data flow (ODF) [80] connects, controls, and manages the flow of data in the acqui-

sition hardware with little dead time, and is also in charge of building complete events from data

transfered to the ROMs. Part of the ODF code is embedded in the processor of each ROM and is
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used to process the data transfered from the FEE. ODF builds complete events by first collecting

the data in each crate into an additional dedicated ROM, and then collecting the data from the 23 of

these, and transferring them to the online farm, across an Ethernet network.

The online farm consists of 32 Sun workstations running the Solaris operating system. Each

node runs the the online event processing (OEP) software [81], which provides a real-time frame-

work within which complete events delivered from the ODF event builder are processed by the L3

trigger algorithms.

OEP performs also fast monitoring algorithms to provide real-time quality assurance of the data.

Events selected by the L3 trigger algorithms in OEP are retained for subsequent full reconstruction,

after merging the output of all OEP nodes, which is written to an intermediate storage.

The last step in the collection and processing of data is represented by the online prompt recon-

struction (OPR), which bridges the online and offline systems [82,83].

This system reads the raw data recorded on disk by OEP and, operating on a farm of 150 Unix

processors, selects physics events and collects extensive monitoring data for quality assurance, and

writes the output of theBABAR reconstruction program into an object orientedevent store[84].

One important feature of OPR is therolling calibration. This consists in the generation of recon-

struction constants during event processing, which are then applied to the processing of subsequent

data.

These constants are stored in a conditions database [85], also an object oriented database, and

accessed by the analysis programs when reading the processed events from the event store.

4.4.1 Online detector control and run control

The online detector control (ODC) system controls and extensively monitors the electronics, the

environment, and assures the safety of the detector. Its implementation is based on EPICS [86], pro-

viding detector-wide standardization for control and monitoring, diagnostics, and alarm handling.

ODC also provides communication with PEP-II and the magnet control system.

The operator interacts with this part of the control system trough screens controlled by the

EPICS display manager. Dedicated control and display panels are developed for each subsystem

using common color codes to show the status of devices. A top-level panel summarizes the status

of all subsystems. The operator is also provided with audible and color-coded alarms, and warnings

for all detector components.

The online run control (ORC) system ties together the various components of the online sys-

tem, and provides the user with a single graphical interface [88] to control the DAQ operations,
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implemented as an application of SMI++ [87].

The DAQ system is modeled as a collection of objects behaving as a finite state machine. These

objects represent both real entities, such as the ODF subsystem or the drift chamber, and abstract

components, such as thecalibrator, a supervisor program used during the detector calibration.

4.5 Reconstruction of charged particles

The charged particle tracking system is made of two components, the silicon vertex tracker and

the drift chamber , and provides efficient detection of charged particles, and the measurement of

their momentum with high precision.

Since the average momentum of charged particles produced inB decays is less than 1GeV/c,

multiple scattering is a significant limitation on the track parameter resolution. Therefore, special

care has been taken to reduce the volume and the amount of material in the tracking system as

described in Section 4.3.2.

The SVT, with a typical single-hit resolution of 10µm, provides precise reconstruction of

charged particle trajectory and decay vertices ofB andD mesons near the interaction region. It

also provides standalone tracking capability for charged particles with a transverse momentumpt

between 60MeV/c and 120MeV/c. The lower limit is due to the multiple scattering in the beam-

pipe material, while the higher limit is the minimum that can be reconstructed reliably in the DCH

alone.

The DCH contributes primarily to thept measurement and is also used to reconstruct decay and

interaction vertices outside the SVT volume, for instanceK0
S decay.

The trajectory of charged particles is defined by five parameters [74] listed in Table 4.4.

Parameter Description

ω Curvature of the track defined asω = 1/pt

d0 Distance in thex–y plane between POCA and the origin

z0 Distance along thez axis between POCA and the origin

φ0 Azimuth angle of POCA

tanλ Dip angle of the track relative to the transverse plane

Table 4.4: Parameters defining the trajectory of a charged track.POCA is the point of closest
approach of the trajectory from thez axis.
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Charged track finding starts with pattern recognition in the DCH, based on three different al-

gorithms [89]. The first uses the same fast algorithm employed by the L3 trigger, for finding and

linking superlayer-based track segments from moderate-to-highpT tracks, originating from the in-

teraction point.

Two subsequent track finders then work on superlayer segments not already attached to a recon-

structed track. They are designed to find tracks with lowerpT , passing through fewer than the full

ten superlayers of the chamber, or originating away from the interaction point.

At the end of this process, all tracks are refit with a Kalman-filter fitter [90] that takes into

account the detailed distribution of material in the detector, and the non-uniformities in the detector

magnetic field.

These tracks are then projected into the SVT, and silicon-strip hits are added, if they are con-

sistent within the extrapolation errors, through the intervening material and field. A search is per-

formed for tracks that are reconstructed with the remaining unused silicon clusters, again with two

different algorithms.

At the end of the SVT-only track finding, an attempt is made to match SVT- and DCH-only

track segments, which may result when a hard scatter occurs in the support tube material between

the two devices.

The resolution on the track parameters are determined with two different methods from cosmic

rays and hadronic events [91, 92]. The two methods give similar results and are in agreement with

the expectations. The measured resolutions depend on the transverse momentumpt of the tracks.

Using cosmic ray tracks withpt = 3GeV/c, the resolutions ond0 andz0 are measured to be

σd0 = 23µm σφ0 = 0.43mrad

σz0 = 29µm σtanλ = 0.53 · 10−3.

Figure 4.11 shows the the dependence ofd0 andz0 resolutions on the transverse momentumpt,

measured with tracks from hadronic events.

Figure 4.12 shows the resolution on the transverse momentumpt measured with cosmic muons.

The data are well represented by a linear function,

σpt/pt = (0.13 ± 0.01)% · pt + (0.45 ± 0.03)%,

with pt is measured inGeV/c.

For a track withpt of 1 GeV/c the resolution is about 5MeV/c. These values for the resolution

parameters are very close to the design expectations.
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Figure 4.11: Resolution on impact parametersd0 andz0 for tracks in hadronic events, as a

function of the transverse momentumpt.

4.5.1 Selection of charged tracks

Several quality requirements are applied to the charged tracks reconstructed in the tracking

system to definelists of tracks for analysis purposes [93]. The lists are hierarchical: starting from

a list including all reconstructed charged tracks, tighter requirements are applied to define good

quality tracks.

1. ChargedTracks : All tracks reconstructed in the drift chamber and/or the silicon vertex

tracker with the pion hypothesis.

2. GoodTracksVeryLoose : Subset ofChargedTracks with additional requirements:

• center-of-mass momentump∗ less than 10GeV/c, and

• distance from the nominal beamspot less than 1.5cm in the transversex-y plane, and

less than 10cm along thez axis.

3. GoodTracksLoose : Subset ofGoodTracksVeryLoose that satisfy the following re-

quirements:

• transverse momentumpt greater than 100MeV/c, and

• at least 12 hits in the drift chamber.
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Figure 4.12: Resolution on the transverse momentumpT , measured with cosmic muons

traversing the DCH and the SVT.

4. GoodTracksAccLoose : Subset ofGoodTrackLoose tracks within thefiducial volume

of the tracking system defined as0.41 < θLAB < 2.54 rad, whereθLAB is the polar angle in

the laboratory frame.

5. GoodTracksTight : Subset ofGoodTracksLoose with:

• at least 20 hits in the drift chamber, and

• distance from the nominal beamspot less than 1cm in the transversex-y plane, and less

than 3cm along thez axis.

4.6 Reconstruction of neutral particles

The electromagnetic calorimeter (EMC) is used to measure electromagnetic showers produced

from π0 andη decays, and from electrons and photons in QED and radiative processes.

A typical electromagnetic shower spreads over many adjacent crystals, forming acluster of

energy deposits. Pattern recognition algorithms have been developed to efficiently identify these

clusters, and to differentiate single clusters, with one energy maximum, from merged clusters, with

more than one local energy maximum, referred to asbumps. Local maxima occur, for example,

when photons from high-energyπ0 decays are unresolved, resulting in several showers are in close
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Figure 4.13: Invariant mass of two photons inBB̄ events. The energies of the photons and

theπ0 are required to exceed 30MeV and 300MeV, respectively. The solid line is a fit to

the data. The signal Gaussian component has a width of 7MeV.

proximity. Furthermore, the algorithms determine whether a bump is generated by a charged or a

neutral particle.

Clusters are formed around initial seed crystals, containing at least 10MeV of deposited en-

ergy. Neighboring crystals are added to the cluster, if their energy exceeds 1MeV. If the newly

added crystal has energy greater than 3MeV, its contiguous neighbors (including corners) are also

considered for inclusion in the cluster.

Local maxima within a cluster are defined as candidate crystals that have an energy exceeding

each of its neighbors, by a fraction that depends on the number of crystals in the local neighborhood.

Clusters are then divided into as many bumps as there are local maxima.

The division is based on a two-dimensional weighting scheme that assumes electromagnetic

shower shapes to divide up the cluster energy. The position of each bump is calculated with a

center-of-gravity method, with logarithmic weighting of crystal energies [94].

A bump is associated with a charged particle by projecting a track to the inner face of the

calorimeter. The distance between the track impact point and the bump centroid is calculated, and

compared to the Monte Carlo expectation for different particle species, based on the measured track

parameters. If the distance is consistent with the expectation, the bump is associated with this

charged particle. Otherwise, it is assumed to originate from a photon.

The energy resolution of the calorimeter is measured at low energies directly with a radioactive
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source under ideal low-background conditions, while at high energies, it is derived from Bhabha

scattering.

For energies below 2GeV, the mass resolution ofπ0 andη mesons (Figure 4.13), decaying into

two photons of approximately equal energies, is used to determine the energy resolution [95].

A fit to the energy dependence yields

σE
E

=
(2.32 ± 0.30)%

4
√
E(GeV)

⊕ (1.85 ± 0.12)%. (4.1)

The energy-dependent term arises primarily from the fluctuations in photon statistics. The constant

term, dominant at energy greater than 1GeV, is due to non-uniformity in light collection, leakage or

absorption in the material between and in front of the crystals, and uncertainties in the calibrations.

4.6.1 Selection of neutral particles

The neutral particles reconstructed in the electromagnetic calorimeter are organized in hierar-

chical lists, similar to charged tracks, on the basis of the following quality requirements:

1. CalorNeutral : All energy bumps in the electromagnetic calorimeter not associated with

any charged track.

2. GoodNeutralLooseAcc : Subset ofCalorNeutral with additional requirements:

• energyE greater than 30MeV/c,

• lateral shaper parameterλLAT [96] less than 1.1, and

• within the fiducial volumeof the EMC defined as0.41 < θLAB < 2.409 rad, where

θLAB is the polar angle in the laboratory frame.

3. GoodPhotonLoose : Subset ofCalorNeutral with additional requirements:

• energyE greater than 30MeV/c, and

• lateral shaper parameterλLAT [96] less than 0.8.

4. GoodPhotonDefault : Subset ofGoodPhotonDefault with minimum energy of 100MeV/c.

4.7 Particle identification

Identification of electrons, muons and kaons is an essential ingredient in the determination of

the flavor ofB mesons as described in Chapter 6.



67

The charge of energetic leptons from semileptonic decays is correlated to the quark content of

the decayingB meson.

The number and charge of kaons in the final state are used to determine theB flavor, through

the decay chainb→ c→ s.

Kaon identification is also used to reduce combinatorial background in the reconstruction ofB

meson candidates, that decay to final states with many charged particles.

4.7.1 Kaon identification

Kaons are distinguished from pions and protons on the basis of specific energy-loss measure-

mentsdE/dx in SVT and DCH, and the number of Cerenkov photons and the Cerenkov angle in

the DIRC [97,98].

The momenta of the kaons used for flavor tagging extend up to about 2GeV/c, with most of

them below 1GeV/c, since they are produced in the secondary decays of charm mesons. Kaons and

pions originated in the rare two-body decays of theB have momenta between 1.7 and 4.2GeV/c.

The difference between the measured truncated-meandE/dx in the DCH, and the expected

mean for the pion, kaon, and proton hypotheses, with typical resolution of 7.5%, is used to com-

pute likelihoodsLπ, LK andLp, assuming Gaussian distributions. The distribution of the measured

dE/dx in the DCH for selected control samples, as a function of momentum, is shown in Fig-

ure 4.14.

The difference between the measured60% truncated-meandE/dx in the SVT and the expected

dE/dx is described by an asymmetric Gaussian distribution. For minimum-ionizing particles, the

resolution on the SVT truncated mean is about14% which allows a2σ separation between pions

and kaons up to momentum of 500GeV/c, and between kaons and protons beyond 1GeV/c.

The DIRC providesπ/K separation of∼ 4σ or greater, for all tracks fromB-meson decays,

with momenta from the pion Cerenkov threshold, up to4.2GeV/c.

In the DIRC, a likelihood is obtained for each particle hypothesis from the product of two

components: the expected numberNγ of Cerenkov photons, with a Poisson distribution, and the

difference between the measured average Cerenkov angleθc (Figure 4.15) and the expected angle

θ0
c , for a given mass hypothesis, assuming a Gaussian distribution.

Loose kaon identification is used in exclusiveB reconstruction, while theb-flavor tagging is

based on tighter criteria.

TheNotAPion kaon selection is defined by combining individual likelihoods from SVT and

DCH for momenta below 0.5GeV/c, from DCH only for momenta between 0.5 and 0.6GeV/c,
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Figure 4.14: Measurement ofdE/dx in the DCH as a function of track momenta. The data

include large samples of beam background triggers, evident from the high rate of protons.

The curves show the Bethe-Bloch predictions derived from selected control samples of

particles of different masses.

and from DIRC only for momenta above 0.6GeV/c. Kaon candidates are rejected if the likelihood

ratios satisfyLK/Lπ < r andLK/Lp < r, wherer = 0.1 for p < 0.5GeV/c andr = 1 for

p ≥ 0.5GeV/c. Tracks with no particle information are assumed to be kaons.

TheNotAPion kaon requirement has a nearly constant kaon-identification efficiency of about

96%, and a pion-misidentification probability of not larger than30%, for tracks in the transverse

momentum between 1 and2.5GeV/c.

Tighter kaon selections requireLK/Lπ > r, with r typically greater than one. For loose pion

selection, candidates are rejected if they satisfy tighter kaon or lepton criteria.

4.7.2 Electron identification

The most important variable for the discrimination of hadrons is the ratio of the shower energy

to the track momentum(E/p). Electrons are separated from charged hadrons primarily on the basis

of their deposited energy, lateral and azimuthal shape of the shower in the EMC [96, 99], and track
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Figure 4.15: Distribution of the measured Cerenkov angleθc in a control sample ofD0 →
K−π+ decays.

momentum. In addition, thedE/dx energy loss in the DCH, and the Cerenkov angle in the DIRC,

are required to be consistent with the electron hypothesis [100].

Four different categories of electron candidates (VeryLoose , Loose , Tight , andVery-

Tight ) are defined with the criteria listed in Table 4.5. For each category the difference between

the measured meandE/dx and the expectation for an electron must lie within an interval defined

in terms of the expecteddE/dx resolutionσ. Candidates that are not matched to an EMC bump are

retained asnoCal electron candidates if their measureddE/dx satisfies the same requirements as

theVeryTight selection.

Electron identification efficiencies in the momentum range0.5 < p < 3.0GeV/c vary between

88% and98% for the criteria in Table 4.5. The pion misidentification rates are below0.3% for the

VeryTight selection.

4.7.3 Muon Identification

Muon candidates are primarily identified by the measured number of hadronic interaction lengths

nλ, traversed from the outside radius of the DCH through the IFR iron, and the difference∆nλ, be-
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Category dE/dx Interval E/p Additional requirements

VeryLoose [−3σ, 7σ] > 0.50 –

Loose [−3σ, 7σ] > 0.65 –

Tight [−3σ, 7σ] [0.75, 1.3] Lateral shower shape

VeryTight [−2.2σ, 4σ] [0.89, 1.2] Azimuthal shower shape; consistency

of DIRC Cerenkov angle (3σ)

Table 4.5: Electron identification criteria.

tweennλ and the predicted penetration depth for a muon of the same momentum and angle [101].

Contamination from hadronic showers is rejected by a combination of the average numbernhits

and the varianceσnhits of hits per RPC layer, theχ2 for the geometric match between the track

extrapolation into the IFR and the RPC hits,χ2
trk, and theχ2 of a polynomial fit to the RPC hits,

χ2
fit. In addition, for those muons within the acceptance of the EMC, the the energyE of the bump

in the calorimeter must be consistent with a minimum ionizing particle.

In the forward region, which suffers from some machine background, additional requirements

are made on the fraction of RPC layers with hits.

Four different categories of muon candidates (VeryLoose , Loose , Tight , and Very-

Tight ) are selected with the criteria listed in Table 4.6.

Muon identification efficiencies in the momentum range1.1 < p < 3.0GeV/c vary between

60% to 92% for the criteria in Table 4.6, while pion-misidentification rates are about3% for the

Tight selection.
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Category nλ ∆nλ nhits σnhits χ2
trk/nlayers χ2

fit/nlayers EEMC [GeV]

VeryLoose > 2.0 < 2.5 < 10 < 6 – – < 0.5

Loose > 2.0 < 2.0 < 10 < 6 < 7 < 4 < 0.5

Tight > 2.2 < 1.0 < 8 < 4 < 5 < 3 [0.05, 0.4]

VeryTight > 2.2 < 0.8 < 8 < 4 < 5 < 3 [0.05, 0.4]

Table 4.6: Muon identification criteria. The variables are defined in the text.
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Exclusive reconstruction ofB mesons

The measurement ofCP violation requires a large sample of fully reconstructedB mesons

in CP and flavor eigenstates. Due to their heavy mass,B mesons decay to many channels with

branching fractions of the orderO(10−2) or smaller. It is, therefore, necessary to reconstructB

mesons in a relatively large number of final states containing charmed, light, and charmonium

mesons.

The first step in the reconstruction process is the selection ofBB̄ events, which is described in

Section 5.1. TheCP and flavor eigenstates utilized in this analysis are summarized in Section 5.2.

The selection criteria for the intermediate states in the decay chains are described in Section 5.3.

Exclusive reconstruction ofB mesons is described in Section 5.4, where the two important

kinematic variables, energy difference∆t and the energy-constrained massmES are introduced.

The selection criteria for theCP and flavor eigenstates are summarized in Sections 5.5 and 5.6,

respectively.

ReconstructedB+ mesons represent a large and valuable control sample for time-dependent

studies, as well for flavor-tagging validation. The selection criteria for this control sample are

discussed in Section 5.7.

5.1 Event Selection

Production cross sections for the physics processes at theΥ (4S) energy were listed in Table 4.1.

In addition to theΥ (4S) → BB̄ decay, these processes include continuumqq̄ and QED events such

ase+e− → e+e−, µ+µ−, τ+τ−, andγγ.

The event topology is significantly different for each type of processes. Table 5.1 summarizes

72
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the main characteristics of each process.

Event type Main characteristics

e+e− → e+e− Two high-momentum back-to-back

tracks, and associated energy deposit

in the EMC

e+e− → µ+µ− Two high-momentum back-to-back

tracks

e+e− → τ+τ− Back-to-back topology with large

missing energy, due neutrinos from

semileptonicτ decays

e+e− → γγ Large missing energy, and small num-

ber of tracks due to preferential pro-

duction of particles along the beam di-

rection

e+e− → qq̄ with q = u, d, s, c Large number of hadrons and jet-like

topology, due to the hadronization of

the quarks which are produced back-

to-back.

e+e− → Υ (4S) → BB̄ Large number of hadrons and

isotropic topology due to theB

decays.

Table 5.1: Main characteristics of the physics processes at theΥ (4S) energy, in the center-of-mass
frame.

The QED events are discriminated by selecting events with threeGoodTracksAccLoose

tracks (see Section 4.5.1) and a total visible energy greater than 4.5GeV.

The visible energyW is defined as the sum over the energy of allGoodTracksAccLoose

tracks andGoodNeutralLooseAcc neutral particles (see Section 4.6.1)

W =
GoodTracksAccLoose∑

i

√
m2
π + p2

i +
GoodNeutralLooseAcc∑

j

Ej (5.1)

The distribution of the number ofGoodTracksAccLoose tracks and the visible energyW
are shown in Figures 5.1 and 5.2, respectively. The distributions are normalized to the same area,
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hence only the shapes are meaningful. The above requirements remove, almost entirely, the QED

events and select the hadronicBB̄ and continuumqq̄ events.
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Figure 5.1: Distribution of the number ofGoodTracksAccLoose tracks in the main

physics processes at theΥ (4S) energy. The distributions are normalized to the same area.

For the the time-dependentCP analysis, only theBB̄ events are needed. The normalized second

Fox-Wolfram moment [102]R2 is used to reduce background from continuumuū, dd̄, ss̄, andcc̄

events.

The`th Fox-Wolfram momentH` is the momentum-weighted sum of Legendre polynomial of

`th order, computed from the cosine of the angle between all pairs of tracks. EachH` is basically

a multipole moment of the momentum distribution in an event. TheH0 moment is the analog of

the electric charge distribution. The first momentH1 is zero because the momentum is not a signed

quantity (unlike the electric charge) and therefore can not have a dipole moment. The quadrupole

momentH2 can instead discriminate events with a jet-like structure of momentum (qq̄ events) from

those with a more spherically symmetric topology (BB̄ events).

The normalized ratioR2 = H2/H0 is therefore very close to unity for events with back-to-back

tracks such as QED events, and approaches 0 for isotropic events likeBB̄ events. The distribution

of R2 for the physics processes at theΥ (4S) energy is shown in Figure 5.3. The value ofR2 is

computed with theGoodTracksAccLoose charged tracks and theGoodNeutralLooseAcc

neutral particles.
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Figure 5.2: Distribution of the visible energyW in the main physics processes at theΥ (4S)

energy. The distributions are normalized to the same area.
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5.2 ReconstructedB decay modes

TheCP and flavor eigenstates of theB meson which are fully reconstructed for this analysis

are summarized in Table 5.2. The branching fractions for these modes [33] are also included in the

same Table.

Decay mode Branching fraction (%)

CP eigenstates (BCP sample)

B0 → J/ψ K0 (8.7 ± 0.05) × 10−2

B0 → ψ(2S) K0 (5.7 ± 1.0) × 10−2

B0 → χc1 K
0 (4.0+1.2

−1.0) × 10−2

B0 → ηc K
0 0.11+0.06

−0.05

Flavor eigenstates (Bflav sample)

B0 → D∗− π+ 0.28 ± 0.02

B0 → D∗− ρ+ 0.73 ± 0.15

B0 → D∗− a+
1 1.30 ± 0.27

B0 → D− π+ 0.30 ± 0.04

B0 → D− ρ+ 0.78 ± 0.14

B0 → D− a+
1 0.60 ± 0.33

B0 → J/ψ K∗0 0.13 ± 0.01

B+ control sample

B+ → D∗0 π+ 0.46 ± 0.04

B+ → D0 π+ 0.53 ± 0.05

Table 5.2: Fully reconstructedCP and flavor eigenstates, and their branching fractions. TheCP
eigenstates are color suppressed, hence their branching fractions are smaller by at least an order of
magnitude.

Figure 5.4 shows the full decay chain for theB0 → D∗−π+ mode. TheB reconstruction

proceeds in the reverse order: first, charged tracks are combined to selectD0 candidates; these

candidates are then combined with the remaining charged tracks to identify theD∗− candidates;

finally, B candidates are formed from combinations ofD∗− candidates and remaining charged

particles in the event. The next Section describes the selection criteria for the intermediate states.

Charge conjugation is implied throughout this Section unless explicitly specified.
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Figure 5.4: The full decay chainB0 → D∗−a+
1 , followed byD∗− → D0π−, D0 →

K0
S
π+π− anda+

1 → π+π−π+.

5.3 Reconstruction of decay daughters

Intermediate states in the decays ofB mesons are selected from combinations of charged tracks

and neutral particles, which are selected according to the criteria described in Sections 4.5.1 and

4.6.1.

Vertex and kinematic fitting techniques are applied to improve the resolution on the measured

momentum of reconstructed mesons and further reduce contributions from combinatorial back-

ground. A general description of these techniques and their benefits is beyond the scope of this

thesis. A comprehensive discussion of the kinematic- and vertex-fitting techniques can be found in

a series of lectures by Paul Avery [103].

5.3.1 π0 → γγ

Theπ0 meson decays to a pair of photons in 98.8% of the time. TwoGoodPhotonLoose

photon candidates (see Section 4.6.1) are combined to formπ0 candidates.

Photon pairs with invariant mass within±20MeV/c2 of the nominalπ0 mass (135MeV/c2 [33]),

and a minimum energy of 200MeV are selected. The invariant massm(γγ) for these candidates is

shown in Figure 5.5.

Selected candidates are subjected to a kinematic fit, with the theγγ invariant mass constrained

to be the nominalπ0 mass (mass constraint). The mass constraint improves the energy resolution of

the selectedπ0 candidates.
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Figure 5.5: Invariant massm(γγ) for selectedπ0 candidates withEπ0 > 200 MeV.

5.3.2 K0
S
→ π+π−, π0π0

TheK0
S candidates are reconstructed in decay modesπ+ π− andπ0 π0, which have a branching

fraction of, respectively,68.6% and31.4% [33].

Candidates in theπ0 π0 mode are only used in the selection ofCP eigenstates (BCP sample)

while the candidates in theπ+ π− mode are used for bothCP and flavor eigenstates (Bflav sample).

The selection criteria are slightly different forBCP andBflav samples.

In theπ+π− mode, a pair of oppositely-chargedGoodTracksLoose tracks (see Section 4.5.1)

are required to originate from a common point (vertex fit). The invariant massm(π+π−) for these

candidates is shown in Figure 5.6. Candidates with invariant massm(π+π−) between462 and

534MeV/c2 are selected. In addition, the probability for the tracks to have a common vertex (vertex

χ2 probability) must be greater than0.1%. The distribution of the probabilityP (χ2) for the selected

candidates is shown in Figure 5.7. Candidates satisfying these requirements are used to reconstruct

flavor eigenstates.

Additional requirements aimed at increasing the precision onsin2β are applied for those can-

didates used in theBCP sample [104]:

• angleα between the flight direction and the momentum vector of theK0
S candidate (see

Figure 5.8) is required to be smaller than 200mrad;

• the transverse flight distance`xy from the primary vertex in the event must be greater than
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Figure 5.6: Invariant massm(π+π−) for selectedK0
S
→ π+π− candidates.

2mm, while the three-dimensional distancer3D from the vertex of the charmonium meson

is required to be greater than 1mm; and

• the invariant mass must lie between489 and507MeV/c2.

Pairs ofπ0 candidates, each in the mass range 100–155MeV/c2, corresponding to−5σ and

+3σ of π0 mass resolution, are combined to constructK0
S → π0π0 candidates. Theπ0 candidates

are assumed to originate at the interaction point. TheK0
S candidate must have energy greater than

800MeV and invariant mass between 300 and 700MeV/c2.

The most probableK0
S decay point is determined along the path defined by the initialK0

S mo-

mentum vector and the charmonium meson vertex by maximizing the product of probabilities for

the daughterπ0 mass-constrained fits (see Figure 5.9). TheK0
S invariant mass is re-evaluated at the

measured decay point and must lie between 470 and 536MeV/c2.

5.3.3 ρ+, a+
1 , andK∗ mesons

Theρ+ meson has a mass of 767MeV/c2 and a Breit-Wigner width of 150MeV/c2 [33]. The

ρ+ candidates are formed from combinations of oneGoodTrackLoose track and aπ0 candidate

with energyEπ0 greater than 300MeV/c2. Candidates with invariant mass within±150MeV/c2 of

the nominalρ+ mass are selected.
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Figure 5.7: Distribution of the vertex probabilityP (χ2) for selectedK0
S
→ π+π− candi-

dates.

Candidates in thea+
1 → π+π−π+ decay are selected from combinations of threeGoodTrack-

sLoose tracks with invariant mass in the range of 1.0 to 1.6GeV/c2. The mass of thea+
1 meson is

1230MeV/c2 and the Breit-Wigner width is between 250 and 600MeV/c2 [33]. The combinatorial

background for combinations of three charged tracks is relatively high. The random combinations

are reduced by requiring the three tracks to have a common decay vertex with a probability greater

than0.1%.

K∗0 mesons have a mass of 892MeV/c2 and a width of about 50MeV/c2, and decay almost

entirely to final statesK+ π− andK0
S π

0 [33]. TheK∗+ has similar properties and is selected in

the final statesK0
S π

+ andK+ π0.

TheGoodTracksLoose tracks are used as pion and kaon candidates in decay modesK+ π−

andK+ π0. Only theK0
S candidates in theπ+ π− mode are used in the final statesK0

S π
0 andK0

S

π+. Combinations with invariant mass within 10MeV/c2 from the nominalK∗ mass are selected.

Since theK∗ is a vector meson withJ=1, the conservation of angular momentum requires the

particles in the final state to have orbital angular momentumL=1 andLz=±1. As a consequence,

angleθK , measured in theK∗ rest frame, between the kaon momentum and theK∗ direction, mea-

sured in theB frame, has asin2 θ distribution, while the background is distributed uniformly. The

distribution ofθK is therefore used to suppress combinatorial background in final states containing

aπ0. The requirement| cos θK | < 0.95 rejects5% of the random combinations.
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→ π0π0 candidates is constrained to be along the path

defined by theK0
S

momentumP and the charmonium decay vertex.

5.3.4 Charmed mesons

D0 andD−

The decay modes of the charmedD0 andD− mesons, reconstructed in this analysis, are listed

in Table 5.3. Candidates in these modes are formed by combiningGoodTracksLoose tracks

with π0 andK0
S candidates (only in theπ+ π− mode). For each combination, the normalized mass

variablez ≡ (minv − m0)/σm must be less than 3. Here,m0 is the nominalD mass,minv is

the invariant mass of the candidate, andσm is its uncertainty computed from the measured error



82

Meson Mass( MeV/c2) Decay mode Branching fraction (%)

D0 1865 K+ π− 3.80 ± 0.09

K+ ρ− 10.2 ± 0.9

K+ π− π+ π− 7.5 ± 0.3

K0
S
π+ π− 3.0 ± 0.2

D− 1869 K+ π− π+ 9.1 ± 0.6

K0
S
π− 1.4 ± 0.1

Table 5.3: Selected decay modes ofD0 andD− mesons and their branching fractions.

matrices of the charged tracks. Kaon identification and the vertex probability are also used to

reduce the combinatorial background. The required criteria vary for the different decay modes and

are summarized later in Section 5.6. Figures 5.10 and 5.11 show the distributions of the invariant

mass for theD0 → K+π− andD− → K+π−π− candidates, respectively, and the impact of kaon

identification and vertex probability requirements. The distribution of the probabilityP (χ2) for the

vertex of theD0 → K+π− candidates is shown in Figure 5.12.

In theD0 → K+ρ− mode, the angular distribution of theρ− decay products is used to reduce

combinatorial background. Conservation of angular momentum requires theρ− daughters to have

L=1 andLz=0. Therefore, angleθDπ in Figure 5.13, between the directions of theπ− and the

D0, computed in theρ− rest frame, has acos2 θ distribution, while the background is distributed

uniformly. The requirement| cos θ∗Dπ| > 0.4 rejects 40% of the random combinations.

Finally, momentump∗ of all D0 andD− candidates in theΥ (4S) rest frame must lie between

1.3 and 2.5GeV/c. The lower limit corresponds to the minimum momentum ofD mesons produced

in B decays, and reduces the combinatorial background. The higher limit is needed to reject high-

momentumD mesons produced in continuumcc̄ events.

D∗− → D0π−

TheD∗− candidates are selected in theD∗− → D0π− decay which has a branching fraction of

68% [33]. Theπ− is commonly called thesoft pionbecause of its low momentum. The origin

of the low momentum is the small energy release in the decay, given by the differenceEπ =

mD∗− −mD0 = 146MeV.

A GoodTracksVeryLoose track (see Section 4.5.1) with a momentum greater than 70MeV/c
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Figure 5.10: Distribution of the invariant massm(K+π−) for theD0 → K+π− candidates,

and the impact of kaon identification and vertex probability requirements.

and less than 450MeV/c is combined with aD0, to formD∗− candidates. The lower limit is the

threshold for track reconstruction in the silicon vertex tracker, while the higher limit is the maximum

possible momentum, in the laboratory frame, for the soft pion in this decay.

The mass differenceδm = m(D0π−) −m(D0) between theD0π− invariant mass and theD0

mass is commonly used to selectD∗− candidates. The resolution onδm is improved by constraining

theD0 candidate mass to its nominal value, and by using the beamspot as an additional geometric

constraint for the soft pion, when theD∗− decay vertex is computed (see Figure 5.14). The effective

vertical size of the beamspot is increased to 40µm (from a few microns) to account for the transverse

flight of theB mesons, which have a transverse momentum of about 340MeV/c.

The distribution ofδm of selected candidates is shown in Figure 5.15. TheD∗− candidates

with a mass differenceδm within 2.5 standard deviationsσδm of the expected valueδm0 =

145.4MeV/c2 [33] are selected. The value ofσδm varies within theD0 decay modes due to the

multiplicity of the final state.

D∗0 → D0π0

TheD∗0 → D0π0 candidates are selected from combinations of aD0 and aπ0 with center-of-

mass momentump∗ less than 450MeV/c in theΥ (4S) frame.

Since allπ0 mesons are subject to mass-constrained kinematic fits (see Section 5.3.1), the mass
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Figure 5.11: Distribution of the invariant massm(K+π−π−) for theD− → K+π−π−

candidates, and the impact of kaon identification and vertex probability requirements.

differenceδm is computed from the reconstructed massesm(D0π0) andm(D0), which in this case

is not fixed to the nominalD0 mass.

Due to the worse energy resolution forπ0 s, compared to the momentum resolution for the

charged tracks, the resolutionσδm is worse than forD∗−. The distributions ofδm for the selected

D∗0 candidates are shown in Figure 5.16. TheD∗0 candidates withδm within 4MeV/c2 of the

nominal mass differenceδm0 = 142.2MeV/c2 [33] are selected.

5.3.5 Charmonium states

J/ψ , ψ(2S), andχc1

The decay modes of theJ/ψ , ψ(2S), andχc1 mesons reconstructed in this analysis, and their

branching fractions, are listed in Table 5.4 [33].

The J/ψ andψ(2S) candidates are selected from pairs of oppositely-chargedGoodTrack-

sLoose tracks (see Section 4.5.1), on the basis of their invariant massm(`+`−) and particle iden-

tification criteria.

These criteria are different for eachB decay mode, due to differing levels of background en-

countered, and have been optimized to provide the best sensitivity tosin2β. Tables 5.5 and 5.6

summarize the criteria for thee+e− andµ+µ− modes, respectively. The particle-identification
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Figure 5.13: Definition of the helicity angleθDπ in theD0 → K+ρ− decay.

criteria are described in Sections 4.7.2 for the electrons and in Section 4.7.3 for the muons.

The distributions of the invariant massm(`+`−) are shown in Figures 5.17 and 5.18 forJ/ψ and

ψ(2S), respectively. The asymmetric tail to the left in thee+e− final state is due to Bremsstrahlung

photons radiated by the electrons. The energy of these photons is recovered by identifyingGood-

PhotonLoose 4.6.1 photons within 35mrad in polar angle and 50mrad in azimuth, of the pro-

jected direction of the electrons.

For theψ(2S) → J/ψπ+π− mode,`+`− candidates are constrained to the nominalJ/ψ mass

and then combined with pairs of oppositely-chargedGoodTracksLoose tracks. Candidates with

0.574 < m(`+`−π+π−) −m(J/ψ ) < 0.604GeV/c2 are selected. Distributions of the difference
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the trajectory of the soft pionπs.

Meson Mass( MeV/c2) Decay mode Branching fraction (%)

J/ψ 3097 e+e− 5.9 ± 0.1

µ+µ− 5.9 ± 0.1

ψ(2S) 3686 J/ψ π+ π− 30.5 ± 1.6

e+e− 0.73 ± 0.04

µ+µ− 0.70 ± 0.09

χc1 3511 J/ψγ 31.6 ± 3.2

Table 5.4: Reconstructed decay modes of theJ/ψ , ψ(2S), andχc1 mesons and their branching
fractions.

m(`+`−π+π−) −m(J/ψ ) are shown in Figure 5.19.

Theχc1 candidates are formed from an`+`− candidate constrained to the nominalJ/ψ mass,

and aGoodNeutralLooseAcc photon (see Section 4.6.1) with energyEγ > 150MeV. The

photon candidate should not form, in combination with any other photon in the event having at

least 70MeV of energy, aπ0 candidate with mass between 120 and 150MeV/c2. Distributions of

m(J/ψγ) for theχc1 candidates are shown in Figure 5.20. The small bump on the right is from

χc2 → J/ψγ decays. Theχc2 has a mass of 3556MeV/c2 [33]. The current energy resolution in

BABAR is not sufficient to resolve the two peaks. Candidates with invariant massm(J/ψγ) between

3.476 and 3.546GeV/c2 are selected asχc1 candidates.
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Figure 5.15: Distribution of the mass differenceδm = m(D0π−) − m(D0) for selected

D∗− candidates.

B channel Particle ID m(e+e−) ( MeV/c2)

J/ψK0
S

None 2950–3140

ψ(2S)K0
S

(e+e−) VeryLoose 3436–3736

ψ(2S)K0
S

(J/ψπ+π−) VeryLoose 2950–3140

χc1K
0
S

(J/ψγ) Loose 2950–3140

Table 5.5: Particle identification and invariant mass requirements forJ/ψ andψ(2S) → e+e−

candidates. The minimal particle identification criteria are applied to both daughters, while only
one daughter must pass the restrictive requirement.
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Figure 5.16: Distribution of the mass differenceδm = m(D0π−) − m(D0) for selected

D∗0 candidates.

B channel Particle ID m(µ+µ−) ( MeV/c2)

J/ψK0
S MIP 3060–3140

ψ(2S)K0
S (µ+µ−) VeryLoose 3636–3736

ψ(2S)K0
S (J/ψπ+π−) VeryLoose 3060–3140

χc1K
0
S

(J/ψγ) VeryLoose 3060–3140

Table 5.6: Particle identification and invariant mass requirements forJ/ψ andψ(2S) → µ+µ−

candidates. The minimal particle identification criteria are applied to both daughters, while only one
daughter must pass the restrictive requirement. Muon selection criteria are defined in Section 4.7.3.
MIP refers to a minimum-ionizing particle.
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Figure 5.17: Distribution of the invariant massm(`+`−) for a)J/ψ → e+e− and b)J/ψ →
µ+µ− final states.
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Figure 5.18: Distribution of the invariant massm(`+`−) for a) ψ(2S) → e+e− and b)

ψ(2S) → µ+µ− final states.
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Figure 5.19: Distribution ofm(`+`−π+π−)−m(J/ψ ), with a)J/ψ → e+e− and b)J/ψ →
µ+µ−.
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Figure 5.20: Distribution ofm(`+`−π+π−)−m(J/ψ ), with a)J/ψ → e+e− and b)J/ψ →
µ+µ−.
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ηc → K0
SK

±π∓, K+K−π0

Theηc meson is reconstructed in the hadronic final states listed in Table 5.7 [33].

Meson Mass (MeV/c2) Decay mode Branching fraction (%)

ηc 2979.7 ± 1.5 KK̄π 5.5 ± 1.7

Table 5.7: Reconstructed decay modes of theηc meson and their branching fractions.

The discrimination of combinatorial background is an important issue in the selection ofηc

candidates. The high multiplicity of the final state and the hadronic decays of theJ/ψ represent

the main contributions to the background. A dedicated selection aimed at maximizing the number

of B0 → ηcK
0
S candidates for the time-dependentCP violation studies is described in References

[105–107].

Charged kaon candidates areGoodTracksVeryLoose tracks (see Section 4.5.1) with mo-

mentum greater than 250MeV/c and polar angleθ between 0.35rad and 2.54rad, and must have

particle identification information in the DIRC or in the drift chamber.

TheK0
S → π+π− candidates with reconstructed mass within 12.5MeV/c2 of their nominal

mass are used in theK0
SK

±π∓ final state. For theseK0
S candidates, the cosine of the angle between

their flight direction and momentum (angleα in Figure 5.8) is required to be greater than 0.99.

In theK+K−π0 mode, theπ0 → γγ candidates are required to have a mass within 15MeV/c

the nominalπ0 mass. The energy of the lower energy photon must be greater than 130MeV

while the minimum value for the higher energy photon is 270MeV. In addition, the opening angle

between the two photons in theπ0 rest frame must be less than 0.82, in order to remove random

combinations.

TheKK̄π candidates with invariant massm(KK̄π) between 2.90 and 3.15GeV/c2 are retained

asηc candidates. The distribution ofm(KKπ) for theK0
SK

±π∓ final state is shown Figure 5.21.

This region include a14.5 ± 2.0% contribution from hadronic decays of theJ/ψ . Since theηc

andJ/ψ mesons have the sameCP eigenvalueηCP = −1 it is not necessary to separate theJ/ψ

contribution in the time-dependentCP analysis.
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Figure 5.21: Distribution of the invariant massm(K0
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3.15 GeV/c2.
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5.4 B reconstruction technique

Two kinematic variables are used to selectB meson candidates [108]:

1. The difference∆E, defined as

∆E = E∗ − E∗
b , (5.2)

is the difference between the energyE∗ of theB candidate and the beam energyE∗
b in the

Υ (4S) rest frame. In this frame,E∗
b is simply half theΥ (4S) energy and represents the best

estimate for the true energy of theB meson. Hence,∆E has an expected value of zero for

signal candidates. The RMS spreadσ(∆E) is given by the uncertaintyσE on the measured

energy and by the spreadσB of the trueB meson energy

σ2(∆E) = σ2
B + σ2

E . (5.3)

The uncertaintyσE depends on the specific final state and varies between 7 and 40MeV.

The measured spread in the beam energies result in variations of theΥ (4S) energy and are

the main contribution toσB . The beam-energy spread is of the order of a fewMeV (see

Section 4.1) and thereforeσ(∆E) is dominated byσE .

2. The beam-energy–substituted massmES is defined as

mES =
√
E∗
b
2 − p∗2 (5.4)

whereE∗
b is again the beam energy andp∗ is the measured momentum of theB candidate in

theΥ (4S) center-of-mass frame. The RMS spread ofmES is given by [108]

σ2(mES) ≈ σ2
B +

(
p

MB

)2

σ2
p (5.5)

whereσp is the uncertainty on the measured momentum. Unlikeσ(∆E), sincep/MB ≈
[325MeV/c]/[5279MeV/c2] ≈ 0.06c, the uncertaintyσ(mES) is dominated by the beam-

energy spreadσB .

These two variables are nearly uncorrelated. Figure 5.22 shows the distribution ofmES versus∆E

for the decay modeB+ → D0π+. Signal candidates accumulate aroundmES = mB GeV/c2 and

∆E = 0MeV. The signal region is defined below. There is a second satellite accumulation around

mES = mB and∆E < −0.130GeV. This is due to final states with an additional low energy

pion that has not been included. For example, aB+ → D0ρ+ decay followed byρ+ → π+π0, is

selected in theD0π+ final state when theπ0 is not included in theB candidate. Such a candidate

can have the correct mass but shifted∆E because of the missing energy of theπ0.
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Figure 5.22: Distribution ofmES and∆E for selectedB+ → D0π+ candidates.

For the purpose of determining event yields and purities, four regions are defined in the (mES,

∆E) plane. These regions are illustrated in Figure 5.23 and listed in Table 5.8. The composition

of the candidates in the signal andmES-sideband regions is illustrated in Figure 5.24. The sig-

nal component is parameterized with a Gaussian centered at theB meson mass. The background

contribution is separated incombinatorialandpeakingcomponents.

The combinatorial background arises from random combinations of charged and neutral parti-

cles. The∆E of these combinations is within the required window, while themES is smoothly

distributed and does not peak near theB mass. ThemES distribution for these combinations is

parameterized with a threshold function

A(mES;m0, ξ) = NBmES

√
1 − (mES/m0)2 eξ

(
1 − (mES/m0)2

)
, (5.6)

commonly called the ARGUS function [109], wherem0 is the upper kinematic limit fixed at the

beam energyEb,NB is the normalization factor, andξ controls the slope of the function. The effect

of variations inξ is illustrated in Figure 5.25.
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Figure 5.23: Definition of signal and sideband regions in the (mES,∆E) plane. The beam

energyEb is fixed at 5.291GeV/c2.

Region mES window (GeV/c2) ∆E window (GeV)

Signal 5.27 < mES < Eb |∆E| < 3σE

mES sideband 5.20 < mES < 5.27 |∆E| < 3σE

∆E sideband 5.27 < mES < Eb |∆E| > 3σE

Grand sideband 5.20 < mES < 5.27 |∆E| > 3σE

Table 5.8: Definition of signal and sideband regions in the (mES,∆E) plane. The beam energyEb
is fixed at 5.291GeV/c2. The energy resolutionσE varies for different final states.

The peaking background is due to mis-reconstructedB candidates which havemES near theB

mass. Figure 5.26 shows a trueB+ → D∗0a+
1 candidate mis-reconstructed as aB0 → D∗−a+

1

candidate. The soft pion from theD∗0 candidate is replaced by a random charged track which has

similar energy. The energy difference∆E for this fakeB candidate is close to zero. ThemES of

this candidate is near theB mass and is not accounted for by the ARGUS shape.

Signal yields and sample purities are determined from fits to themES distributions of theNtot

candidates contained in the signal andmES-sideband regions, with a sum of a GaussianG for the

signal and an ARGUS functionA for the background

f(mES) = Nsig G(mES) + (Ntot −Nsig)A(mES) . (5.7)
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Figure 5.24: The composition of themES distribution in the signal region.

ξ < 0

ξ = 0

ξ > 0

mES (GeV)

A
rb

itr
ar

y 
un

its

0

50

100

150

200

250

300

350

400

450

5.2 5.22 5.24 5.26 5.28 5.3

Figure 5.25: The shape of the ARGUS function forξ > 0, ξ = 0, andξ < 0.

The purityP for a selected sample candidates is defined as

P =

∫ Eb
5.27 dmES G(mES)∫ Eb

5.27 dmES (G(mES) + A(mES))
. (5.8)

Each candidate is assigned a per-event signal probabilityp, on the basis of the measuredmES,

defined as

p(mES) =
G(mES)

G(mES) + A(mES)
. (5.9)
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Figure 5.26: A trueB+ → D∗0a+
1 mis-reconstructed as aB0 → D∗−a+

1 candidate.

A fraction fpk of theNsig signal events is due to the peaking-background contribution. The

determination of this fraction with simulated events is discussed separately forCP and flavor eigen-

states in Sections 5.5 and 5.6.

In general, the fraction of peaking-background candidates is larger for final states with higher

multiplicities. The∆t distribution of events with a fakeB0 is different from that of the signal, and

therefore directly affects the measurement of theCP asymmetrysin2β. The impact of the peaking

background on the measuredCP asymmetry is taken into account in the systematic uncertainty, and

is discussed in Section 9.4.8.

5.4.1 TheB thrust axis and continuum suppression

The discrimination of continuumqq̄ events on the basis of the normalized Fox-Wolfram variable

R2 was discussed in Section 5.1. Additional rejection of these events is provided by thethrust axis

~AB of selectedB candidates. Vector~AB for aB candidate is found by maximizing the ratioRT

RT =
∑1,N

i | ~AB · ~p∗i |∑1,N
i

√
~p∗i · ~p∗i

, (5.10)

where the sum is over the charged and neutral particles in the event, not utilized to reconstruct theB

candidate, and~p∗i is their three-momentum vector in theΥ (4S) rest frame. The cosine of the thrust

angleθT between the three-momentum~p∗B of theB candidate and the thrust axis~AB

cos θT =
~pB · ~AB
|~pB|| ~AB |

(5.11)

peaks at±1 in the jet-likeqq̄ continuum events, but is uniformly distributed in the isotropicBB̄

events. The requirements oncos θT vary for different final states and are described in the next

Sections.
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5.5 B0 decays toCP eigenstates

5.5.1 B0 → J/ψK0
S
, ψ(2S)K0

S
, χc1K0

S

Candidates in the in theJ/ψ K0
S , ψ(2S) K0

S , andχc1 K0
S decay modes are formed by combin-

ing mass-constrainedK0
S candidates withJ/ψ , ψ(2S) or χc1 candidates, also constrained to their

nominal masses [110,111].

These modes have generally high purities and do not require additional selection criteria. The

background is reduced whenψ(2S) → J/ψπ+π− andχc1 candidates are used in the final state, by

requiring|cosθT | < 0.9 for the thrust angle.

Signal yieldNsig and purityP, and the resolution onmES and∆E for all decays modes are

summarized in Table 5.9. Figure 5.27 shows themES distribution forB candidates in the signal and

mES-sideband regions.
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Figure 5.27: Distribution ofmES for selectedB0 candidates inCP eigenstates in the signal

andmES-sideband regions.

Contribution of peaking background

The main source of peaking background for these modes are the decaysB0 → ψK0
S nπ

(ψ=J/ψ ,ψ(2S),χc1) with n additional pion(s) in the final state.Fakecandidates are selected when
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Mode Nsig P(%) σ∆E( MeV) σmES( MeV/c2)

B0 → J/ψK0
S

e+ e− 683 ± 28 93 14.0 ± 0.3 2.69 ± 0.10

(π+ π−) µ+ µ− 746 ± 28 98 11.0 ± 0.3 2.62 ± 0.08

B0 → J/ψK0
S

e+ e− 112 ± 12 85 51.7 ± 2.3 3.44 ± 0.70

(π0 π0) µ+ µ− 142 ± 13 91 49.3 ± 2.3 3.30 ± 0.26

B0 → ψ(2S)K0
S e+ e− 106 ± 15 83 11.8 ± 0.7 2.88 ± 0.43

µ+ µ− 106 ± 11 93 9.2 ± 0.6 2.55 ± 0.22

B0 → χc1K
0
S e+ e− 56 ± 8 96 11.1 ± 0.9 3.15 ± 0.39

µ+ µ− 55 ± 8 94 7.7 ± 0.6 2.61 ± 0.35

Table 5.9: Signal yieldNsig, purity P, ∆E resolutionσ(∆E), andmES resolutionσ(mES) for
reconstructedCP eigenstates.

the pion(s) have low energy and are not identified.

The fractionfpk of mis-reconstructed candidates is estimated with a large sample of simulated

B → J/ψX events. In this sample, oneB meson always decays to a final state containing aJ/ψ ,

and the otherB is free to decay to any channel. Hence, the sample also includes signal candidates

in the decay modes under study.

For each decay mode,fpk is determined from two fits to themES distribution of selected can-

didates. In the first fit, the entire sample is used and the signal yieldN1 includes contributions from

both signal and background. In the second fit, using the true Monte Carlo information, events with

a B in the signal mode are removed, and themES fit is performed to selected candidates in the

remaining events. In this fit the shape of the combinatorial background is fixed to that from the

first fit (same ARGUS function parameters). The yieldN2 from this fit has only contribution from

background events andfpk is given by the ratiofpk = N2/N1. The measured fractions are listed in

Table 5.10.

5.5.2 B0 → ηcK
0
S

The selection ofηc K0
S candidates is described in Reference [105]. TheK0

S candidate is subject

to tighter requirements compared to the other modes: its mass must be within 10MeV/c2 of the

nominalK0
S mass, and the angle between its flight direction and momentum (angleα in Figure 5.8)

must be greater than 0.9995. In addition, the distance` between theK0
S and theB decay vertices

must be greater than 3σ`, whereσ` is the uncertainty oǹ.
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Mode fpk (%)

J/ψK0
S
(π+π−) 0.28 ± 0.11%

J/ψK0
S
(π0π0) 1.76 ± 0.57%

ψ(2S)K0
S

1.17 ± 3.10%

χc1K
0
S

3.54 ± 1.44%

Table 5.10: Fraction of peaking backgroundfpk for reconstructedCP eigenstates. The uncertainties
are statistical only, and are determined from the fits to themES distributions.
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Figure 5.28: Fits tomES distributions of selected candidates for the in simulatedB →
J/ψX events, after removing the signal events.

The∆E distribution of these decay modes is not centered around zero and presents small shifts

reported in Table 5.11. Instead of the usual 3σ requirement a∆E window around the observed∆E

shift is used.

Signal yieldNsig and purityP, themES resolution, and the∆E shift and window are summa-

rized in Table 5.11. Figure 5.29 shows themES distribution for theηc K0
S candidates within the∆E

window.
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Mode Nsig P(%) δ∆E ( MeV) ∆E window(MeV) σmES( MeV/c2)

K0
S
K±π∓ 577 ± 29 74.3 −4.6 ±40 2.62 ± 0.13

K+K−π0 174 ± 17 69.7 −10.6 ±70 2.58 ± 0.25

Table 5.11: Signal yieldNsig, purity P, ∆E shift δ∆E, ∆E window, andmES resolutionσ(mES)
for selectedB0 → ηcK

0
S candidates.

)
2

 (GeV/cESm
5.2 5.22 5.24 5.26 5.28 5.3

2
E

ve
nt

s 
/ 2

.5
 M

eV
/c

0

10

20

30

40

50

60

70

ηcK
0
S

BABAR

Figure 5.29: Distribution ofmES for selectedηc K0
S candidates within the required∆E

window.

Contribution of peaking background

The main source of peaking background for theηc K0
S mode are theB decays with the same

particles in the final state, as for the signal candidate. For example the decayB0 → K0
SK

+π−K0
S

can fake the decay chainB0 → ηcK
0
S followed byηc → K0

SK
+π−.

Studies with large samples of simulated events show that the invariant massm(KKπ) in these

events has a uniform distribution, while peaks at theηc mass for the signal. However, due to the poor

precision on the measured branching fractions of suchB decays, the determination of the fraction

fpk of peaking background can not rely only on Monte Carlo.

A method has been developed to estimate this fraction in data from the distributions of themES

andm(KKπ). This method is described in detail in Reference [105] and yieldsfpk = (13.1 ±
5.9)% for theB0 → ηcK

0
S decays.
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5.6 B0 decays to flavor eigenstates

Flavor eigenstatesD∗−π+/ρ+/a+
1 ,D−π+/ρ+/a+

1 , andJ/ψK∗0(K+π−) are reconstructed in

this analysis. The branching fractions for these modes were summarized in Table 5.2.

TheJ/ψ K∗0 mode has very high purity (Table 5.14) and does not require additional selection

requirements. For the remaining modes with a charmed meson, the background contribution is

higher and additional requirements are applied.

Momentum requirements for charged tracks reduce combinatorial background, while the thrust-

axis angle is used to reject continuumqq̄ background, as described in Section 5.4.1. These additional

requirements are listed in Table 5.12 for the modes with aD∗− → D0π− in the final states, and in

Table 5.13 for the modes with aD− meson.

In general, the requirements are tighter for modes with higher multiplicity in the final state. The

loose kaon identificationNotAPion (see Section 4.7.1), with very high kaon selection efficiency

and about70% pion rejection, is applied toK± candidates in all decay modes, to further reduce the

combinatorial background. Theπ0 → γγ candidates must have reconstructed mass between 120

and 150GeV/c2 and center-of-mass momentump∗π0 greater than 400MeV/c2. TheB candidates

are formed from combinations of a charmedD(∗) meson and a lightπ+/ρ+/a+
1 meson constrained

to their nominal mass (exceptπ+), and are used to compute the decay vertex of theB meson.

Signal yields and purities, andmES and∆E resolutions for the selected candidates are listed in

Table 5.14. ThemES distribution of events with|∆E| < 3σ∆E is shown in Figure 5.30.
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signal andmES-sideband regions.
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B Mode D0 mode | cos θT | Other

D∗− π+ K+ π− — pπ, pK > 200 MeV/c

K+ π− π0 — pπ, pK > 200 MeV/c

K+ π− π+ π− — pπ, pK > 200 MeV/c

K0
S
π− π+ — pπ, pK0

S
> 200 MeV/c

D∗− ρ+ K+ π− < 0.9 pπ, pK > 200 MeV/c

K+ π− π0 < 0.9 pπ, pK > 200 MeV/c

K+ π− π+ π− < 0.8 pπ, pK > 200 MeV/c

K0
S
π− π+ < 0.8 pπ, pK0

S
> 200 MeV/c

D∗− a+
1 K+ π− < 0.8 pπ, pK > 150 MeV/c

K+ π− π0 < 0.8 pπ, pK > 150 MeV/c

K+ π− π+ π− < 0.7 pπ, pK > 150 MeV/c

K0
S
π− π+ < 0.7 pπ > 150 MeV/c

pK0
S
> 200 MeV/c

Table 5.12: Selection criteria forB0 → D∗−π+/ρ+/a+
1 decays.

Contribution of peaking background

Mis-reconstructedB0 andB+ decay modes contribute to the peaking background in flavor

eigenstates. For theJ/ψ K∗0 mode theB decay modes those discussed in Section 5.5.1 with aJ/ψ

in the final state.

In the modes withD− orD∗0 mesons, theB decaysB → D(∗)− nπ, with n pions in the final

state represent the main source of peaking background. Fake candidates are selected when a low

momentum pion is not included in the reconstructed candidate, or is replaced with a random low

momentum particle in the event.

Mis-reconstructedB0 andB+ candidates affect the number of signal candidates and are sources

of background for measurements of branching fractions. However, for the time-dependent analysis,

only mis-reconstructedB+ candidates are cause of concern. The reason is that mis-reconstructed

B0 candidates undergoB0 B0 oscillation and have the same lifetime as signal. Therefore, as far as

their time evolution is concerned, mis-reconstructedB0 candidates behave exactly like signal. On

the contrary,B+ mesons do not oscillate and have a different lifetime. Hence, the time distribution
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B Mode D− mode | cos θT | Other requirements

D− π+ K0
S
π− < 0.9 pπ, pK > 200 MeV/c

K+ π− π+ < 0.9 pπ, pK0
S
> 200 MeV/c

D− ρ+ K0
S
π− < 0.8 pπ, pK > 200 MeV/c

K+ π− π+ < 0.8 pπ, pK0
S
> 200 MeV/c

D− a+
1 K0

S π
− < 0.7 pπ, pK > 150 MeV/c

K+ π− π+ < 0.7 pπ > 150 MeV/c

pK0
S
> 200 MeV/c

Table 5.13: Selection criteria forB0 → D−π+/ρ+/a+
1 decays.

Mode Nsig P(%) σmES( MeV/c2) σ∆E( MeV)

B0 → D∗−π+ 7333 ± 143 92 2.69 ± 0.06 19.2 ± 0.3

B0 → D∗−ρ+ 4668 ± 199 85 3.11 ± 0.13 31.4 ± 1.2

B0 → D∗−a+
1 3471 ± 150 79 2.69 ± 0.10 13.1 ± 0.4

B0 → D−π+ 8222 ± 205 82 2.62 ± 0.06 18.2 ± 0.3

B0 → D−ρ+ 4669 ± 201 77 3.00 ± 0.12 31.8 ± 1.1

B0 → D−a+
1 2634 ± 156 66 2.58 ± 0.14 12.6 ± 0.4

B0 → J/ψK∗0(K+π−) 800 ± 54 96 2.61 ± 0.08 10.2 ± 0.4

Table 5.14: Signal yieldNsig, purity P, ∆E resolutionσ∆E, andmES resolutionσmES for all
reconstructedB0 flavor eigenstates.

of mis-reconstructedB+ candidates is different from the signal distribution and must be modeled

correctly in the time-dependent analysis.

Studies with large samples of simulated events [112] show that peaking background, in the

flavor eigenstates, arises mainly from the decaysB+ → D(∗)0π+/ρ+/a+
1 . The fractionfpk of

peaking background in the selected signal sample is estimated to be(1.3 ± 0.3+0.2
−0.5)%.
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5.7 B+ control samples

A large sample ofB+ candidates is used as a control sample for the time-dependentCP analy-

sis, and for validation studies of theb-flavor tagging algorithm. The selected decay modes and their

branching fractions [33] are summarized in Table 5.15. The selection ofB+ candidates is similar

Decay mode Branching fraction (%)

B+ → D0 π+ 0.53 ± 0.05

B+ → D∗0 π+ 0.46 ± 0.04

B0 → J/ψ K+ (1.01 ± 0.05) × 10−1

B0 → J/ψ K∗+ (1.39 ± 0.13) × 10−1

B0 → ψ(2S) K+ (6.6 ± 0.6) × 10−2

B0 → χc1 K
+ (6.5 ± 1.1) × 10−2

Table 5.15: ReconstructedB+ decays and their branching fractions.

to theB0 candidates, discussed in Sections 5.5 and 5.6.

In the decay modes with a charmonium meson, theK+ candidate is aGoodTrackLoose

track with polar angleθ within 0.35 and 2.5rad and is combined with a mass-constrainedJ/ψ ,

ψ(2S), χc1, or ηc meson.

The requirements forD∗0π+ andD0 π+ decay modes are listed in Table 5.16. TheD∗0 is se-

lected in theD0π0 channel as described in Section 5.3.4. For bothB+ decay modes, kaon identifi-

cation on theK+ from theD0 and the thrust angleθT are used to reduce combinatorial background.

TheK+ candidate isGoodTrackLoose track with momentum greater than 200MeV/c. Theπ+

candidate, from theB+, is also aGoodTrackLoose track but is required to have momentum

greater than 150MeV/c.

Signal yield and purity, as well asmES and∆E resolutions for reconstructedB+ decay modes

are summarized in Table 5.17. Figure 5.31 shows themES distribution for modes with a charmo-

nium meson or a charmed meson separately.
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B+ mode D0 mode | cos θT | kaon identification Other

D0 π+ K+ π− < 0.9 NotAPion

K+ π− π0 < 0.8 NotAPion

K+ π− π+ π− < 0.8 NotAPion

K0
S π

+ π− < 0.8 —

D∗0 π+ K+ π− < 0.8 NotAPion

K+ π− π0 < 0.7 Tight

K+ π− π+ π− < 0.7 Tight

K0
S π

+ π− < 0.7 —

Table 5.16: Selection criteria forB+ → D
(∗)0

π+ decay modes. The kaon identification is applied
to theK+ from theD0 decay.
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Figure 5.31: Distribution ofmES for selectedB+ candidates in decay modes a)D∗0 π+ and

D0 π+ (left plot), and b)J/ψ K+/K∗+, ψ(2S) K+, andχc1 K+ (right plot).
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Mode Nsig P(%) σmES( MeV/c2) σ∆E( MeV)

B+ → D0π+ 15647 ± 282 83 2.69 ± 0.05 17.4 ± 0.2

B+ → D∗0π+ 6198 ± 183 89 3.10 ± 0.09 18.8 ± 0.4

B+ → J/ψK+ 5666 ± 78 95 2.52 ± 0.04 15.1 ± 0.3

B+ → J/ψK∗+ 1942 ± 60 86 3.0 ± 0.3 18.5 ± 0.8

B+ → ψ(2S)K+ 865 ± 31 94 2.65 ± 0.16 10.2 ± 0.4

B+ → χc1K
+ 553 ± 25 95 2.81 ± 0.21 11.0 ± 0.7

Table 5.17: Signal yieldNsig and purityP, mES resolutionσmES , and∆E resolutionσ∆E for all
reconstructedB+ decays.



Chapter 6

Determination of the flavor of neutral B

mesons

The second ingredient of the time-dependentCP analysis is the separation betweenB0 andB0

meson, by analyzing their decay products. This is referred to asb-flavor tagging.

As explained in Chapter 3,b-flavor tagging is necessary in order to distinguishB0 andB0,

mesons fully reconstructed inCP eigenstates (BCP). In fact, the flavor of the otherB meson (Btag)

determines the flavor ofBCP, thanks to the coherence of theBB̄ state in theΥ (4S) decay.

In principle, one could fully reconstructBtag in one of the flavor eigenstates discussed in Sec-

tion 5.6, where the charge of decay products in the final state distinguish aB0 from aB0 me-

son. This method could provide the cleanest sample of events with both neutralB mesons fully

reconstructed. Unfortunately, this is a very inefficient approach, since the efficiency of fully recon-

structingB mesons in flavor eigenstates is of the order ofO(10−4), from the yields presented in

Section 5.6.

The efficiency can be significantly improved by using an inclusive technique, that determines

the flavor of neutralB mesons from the charge and kinematic properties of their decay products.

The rich variety ofB decays offers characteristic processes that can be recognized by an inclusive

algorithm. Obviously such an algorithm has a non-zero probability of choosing the wrong flavor. In

general, two quantities characterize a flavor-tagging algorithm

1. efficiencyε of providing a flavor tag, and

2. fractionw of candidates with the wrong flavor.

It is customary to define an “effective tagging power”Q ≡ ε(1 − w)2 which takes into account

108
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efficiency and mistag fraction, and affects directly the uncertainty onsin2β.

CharacteristicB decays providing information about the flavor of the neutralB mesons are

discussed in Section 6.1. InBABAR, B0 andB0 are separated by an algorithm based on neural

networks, which is described briefly in Section 6.2.

6.1 Sources of flavor-tag information

The flavor-tagging algorithm used inBABAR, is mainly based on the correlations between the

flavor of neutralB mesons and the charge of leptons, kaons, and soft pions in the final state. These

correlations are discussed in the following sections.

6.1.1 Leptons from semileptonicB decays
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Figure 6.1: Primary leptons fromB decays in a), and secondary leptons with the opposite

charge in the cascade decaysb→ c→ s.

The semileptonic decaysB → X`ν` constitute20% of all decay modes of theB mesons and

represent the main source of leptons for flavor tagging. Figure 6.1a shows the quark-level tree

diagram in the semileptonicB decays, where the lepton is generated from theW boson emitted by

theb quark. A positive leptoǹ+ indicates āb quark, while a negative leptoǹ− is produced by a

b quark. This charge correlation provides a clean distinction betweenB0 andB0 mesons with low

probabilityw of assigning the wrong flavor.

There are two sources of wrong flavor assignment

• hadrons mis-identified as leptons (fake leptons);

• leptons with opposite charge not originated from theb quark (wrong-sign leptons).

Tight requirements in the lepton-identification algorithm can reduce significantly contributions from

fake leptons.



110

Figure 6.1b shows the origin of the wrong-sign leptons, at quark level, in theb→ c→ s decays.

The charmed mesonsD− andD0 produced inB decays, decay semileptonically in about25% and

14% of the time [33], respectively, and produce wrong-sign leptons.

These leptons are calledsecondary, to distinguish them from theprimary leptons produced byB

mesons. Secondary leptons are discriminated on the basis of their kinematic properties. Figure 6.2

shows the center-of-mass momentum spectrum of leptons in data. Overlaid to data points are the

expected contributions from primary leptons (open histogram), secondary leptons (cross-hatched

histogram), and mis-identified leptons (diagonally-hatched histogram), all from simulated events.

One observes that secondary leptons have a much softer spectrum. For example, leptons with a

momentump∗ > 1.4GeV/c are almost entirely primary leptons.
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Figure 6.2: Center-of-mass momentum distribution for a) electrons and b) muons in data.

Data are shown as points. The open histogram shows primary leptons, the cross-hatched

histogram cascade leptons, and the diagonally-hatched histogram fake leptons, all from

simulation.
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6.1.2 Kaons from cascadeb→ c→ s decays
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Figure 6.3: Sources of charged kaons in the decay of aB0 meson.

The dominant source of kaons inB decays is the decay chainb→ c→ s. A maximum of three

charged kaons can be produced in the decays ofB0 mesons, as shown in Figure 6.3.

1. The primary source is the hadronization of thes̄ quark in the chain̄b→ c̄→ s̄. TheK+ thus

produced is called aright-sign kaon, and associated to an initialB0 state.

2. TheW+ can hadronize to aK+ ≡ us̄ meson and provide useful flavor tag information,

although this process is Cabibbo-suppressed (|Vus|2 ∼ 0.04). It can also hadronized to a

D+
s ≡ cs̄ meson. An inclusive reconstruction of this meson could be used for flavor tagging.

However, the production of aud̄ pair in the form of a light meson (π+, ρ+ etc) is Cabibbo-

favored compared tous̄ pair and bears no flavor-tag information.

3. TheW− in the decay of thēc quark can hadronize in awrong-signK−. This process in-

volves a|Vus|2 factor and is Cabibbo-suppressed compared to the production of aπ+ meson,

proportional to|Vud|2.

All these sources can also produceK0
S andK0

L mesons which are not helpful for flavor tagging

through charge correlation, and contribute to the mistag probability.

The multiplicities forK+ andK− in B decays have been measured by the ARGUS [113] and

CLEO collaborations:

n(B0 → K+X) = 0.58 ± 0.01 ± 0.08 (6.1)

n(B0 → K−X) = 0.13 ± 0.01 ± 0.05

The majority of kaons in theB decays have the right sign. Hence, the presence of an identified

charged kaon provides a powerful flavor-tagging tool.

The main sources of wrong flavor tag using kaons is the presence of wrong-sign kaons and

probability of mis-identifying pions as kaons.
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6.1.3 Soft and hard pions fromD∗± decays
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Figure 6.4: TheB0 → D∗−π+, ρ+, a+
1 decay. The charge of the soft pionπs and that of the

direct pionπh are correlated with the flavor of the neutralB meson.

The decayB0 → D∗−π+, ρ+, a+
1 in Figure 6.4 can be used to determine the flavor of neutralB

mesons, from the charge of theπs pion. Theπs meson has a very low momentum due to the small

energy release∆E ∼M(D∗−) −M(D0) ∼ 146MeV in theD∗− → D0π−s decay, and is called a

soft pion. Therefore, its direction is very close to that of theD0 meson in the center of mass of the

B meson (Figure 6.5). Soft pions can be identified with an inclusive algorithm based on the angular

π
_
s

π
B D+

h

0 0

Figure 6.5: TheB0 → D∗−π+ decay in theB0 center of mass.

correlation between low-momentum tracks and reconstructedD0 mesons.

Additional tagging information is available when the emittedW+ hadronizes as a pion. The

pionπh has significant momentum in the decayB0 → D∗−π+. The charge ofπh is opposite to that

of the soft pionπs and can be used to determine theB flavor.

6.2 Theb-flavor–tagging algorithm

Several algorithms have been studied, inBABAR, to distinguishB0 andB0 mesons in events

with one fully reconstructedB meson (Brec in Figure 6.6) inCP and flavor eigenstates.



113

B

B

rec

tag

ttag trec

e− +e
z

Figure 6.6: Topology of aBB̄ event in whichBrec is fully reconstructed and the remaining

particles are analyzed to determine the flavor ofBtag.

Charged particles and neutral energy deposits utilized to reconstruct theBrec candidate are re-

moved, and the remaining particles are assigned to the otherB meson,Btag. All algorithms attempt

to determine the flavor ofBtag from its decay products by recognizing the processes described in the

previous Section. Two algorithms use neural networks, whose inputs are the kinematic and angular

properties of theBtag decay products [114, 115]. These algorithms provide a probability forBtag

to be aB0 or aB0 meson.

Another cut-basedalgorithm mainly selects clean samples of leptons and kaons, in order to

determine the flavor ofBtag [116].

A fourth hybrid algorithm determines the flavor ofBtag with the cut-based algorithm, if leptons

and kaons are positively identified, and utilizes neural networks otherwise [117].

The time-dependent analysis presented in this analysis is based on a new algorithm [118]. The

structure of this algorithm is shown in Figure 6.7 and can be divided in two layers.

The first layer consists of several neural networks called subnets (blue rectangles). Each subnet

is specialized in recognizing one of the characteristic signatures discussed in the previous Sec-

tion. The input of subnets consists of kinematic properties of theBtag decay products and particle-

identification information. Each subnet provides a continuous outputri1 between−1 and+1. Can-

didates withr1 close to+1(−1) are more likely to be aB0 (B0).

A large sample of simulated events has been used to train the subnets. The training procedure

also estimates the mistag probabilitypiw for each subnet. This is the probability of assigning the
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Figure 6.7: Structure of theb-flavor–tagging algorithm. The outputsri1 of each subnet are

used by a neural network to produce a combined outputr2. Four tagging categories (red

ellipses) are then defined based on the values ofri1 andr2.

wrong flavor tag toBtag, on the basis of the subnet outputri1. The mistag probability depends on

the physics processes used for flavor tagging, and varies within the subnets: an identified lepton,

most likely, gives the correct flavor and has a low mistag probability. On the other hand, the selection

of soft pions suffers from high background and has a largepw.

The second layer is a neural network (green rectangle) that combines the output of the subnets.

In the following discussion, this network is referred to as thedispatch network. The output of this

network is another continuous variabler2, similar tor1, with values between−1 and+1.

The subnets with similar estimated mistag probabilities are grouped together, andBtag candi-

dates are assigned to four hierarchical mutually-exclusive categoriesLepton , Kaon I , Kaon II ,

andInclusive , on the basis of the values ofri1 andr2. The selection criteria forri1 andr2 that

define the tagging categories are discussed in detail in Reference [118], while a brief qualitative

description is given in the next four subsections.

The motivation for having four categories is partly historical, and derives from the fact that



115

the hybrid tagging algorithm, previously used in this analysis, had four categories. However, the

nature of the processes currently used for flavor tagging, the estimated mistag probabilitiespw for

the subnets, and practical bookkeeping issues in the fit suggest that four categories are sufficient.

Studies have been done with larger number of categories, including the limit of one category for

each subnet, but no significant improvements in the precision ofsin2β have been observed.

The tagging efficiencyε and mistag fractionw of the four categories are measured in data, and

are discussed in Section 9.2.2. The performance in simulated events is discussed in Section 6.3.

6.2.1 Lepton category

Electron and muons are treated separately because in general they have different detection ef-

ficiency and mis-identification probability.Electron andMuon subnets provide a flavor tag for

events with an identified electron or muon. These subnets have the lowest mistag probability.

In absence of particle identification information, theKinematic Lepton subnet selects can-

didate leptons on the basis of their kinematic variables, e.g. the center-of-mass momentum. This

subnet suffers from higher backgrounds due to pions and kaons mis-identified as leptons.

Events are assigned to theLepton category based on the values ofrelectron1 , rmuon
1 , andr2. In

presence of identified kaons, the value ofrkaon1 is also taken into account.

If the requirement criteria onr1 andr2 are not met, or the kaon and lepton outputs indicate

opposite flavors, the events are retained for further analysis.

6.2.2 Kaon I and Kaon II categories

In events with only one identified kaon, the value ofrkaon1 is determined on the basis of the

charge correlation between the sign of the kaon candidate and theB flavor. This approach suffers

from the production of wrong-sign kaons which can not be discriminated from the right-sign, kaon

based on their kinematic properties. For example, the the center-of-mass momentum of identified

kaons in data is shown in Figure 6.8a, with overlaid the expected contributions from right-sign,

wrong-sign, and mis-identified kaons. A large fraction ofB decays have more than one charged

kaon in the final state as shown in Figure 6.8b. In events with three identified kaon candidates, each

candidate is analyzed under the hypothesis of being the only kaon in the event and is assigned a

weight. The weighted-average of the charge of all three kaon candidates determines the value of

rkaon1 .

The Soft pion subnet is, obviously, dedicated to the identification of slow pions, and al-

though with a large mistag probability, contributes to flavor tagging.
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Figure 6.8: a) Center-of-mass momentum distribution for identified kaons in data (points),

and contributions from right-sign (open histogram), wrong-sign (cross-hatched), and mis-

identified (diagonally-hatched) kaons determined from simulation. b) kaon multiplicity in

data.

Events are selected and assigned to theKaon I andKaon II categories by usingrkaon1 , rslowpion
1

(if available), andr2. When no soft pion is found, events are selected based onrkaon1 , and divided

in Kaon I andKaon II depending onr2. TheKaon I category contains the events with higher

|r2|. When the output of theSoft pion subnet is available, it can either support the decision

taken based onrkaon1 , or be in conflict with it, in which case events are retained for further analysis.

Finally, in absence of kaons, events are assigned to theKaon II category if the output ofrslowpion
1

is above a required threshold. All other events are retained for further analysis.

6.2.3 Inclusive category

The last attempt to determine the flavor tag is through theMaximum p∗ subnet, which uses

the center-of-mass momentum of the charged tracks with an impact parameter smaller than1mm,

as its only discriminating variable. The purpose of this subnet is to identify fast tracks, e.g. fast

pions fromB0 → D∗−π+ decays, and recover those primary leptons not assigned to theLepton

category. The output of this subnet determines whether events are assigned to theInclusive

category or discarded.



117

6.3 Performance of theb-flavor–tagging algorithm

The performance of theb-flavor–tagging algorithm in simulated events is reported in Table 6.1.

These results are measured in a large sample of simulatedΥ (4S) → BB̄ events, with oneB

decaying to flavor eigenstates.

Category Nsig ε(%) 〈w〉(%) ∆w(%) Q(%)

Lepton 11607 ± 108 10.3 ± 0.1 3.5 ± 0.3 −0.9 ± 0.5 8.9 ± 0.1

Kaon I 19759 ± 141 17.5 ± 0.1 9.0 ± 0.3 −0.2 ± 0.5 11.8 ± 0.2

Kaon II 22557 ± 150 20.0 ± 0.1 21.2 ± 0.4 −2.7 ± 0.6 6.6 ± 0.2

Inclusive 22330 ± 149 19.8 ± 0.1 30.9 ± 0.4 −3.2 ± 0.6 2.9 ± 0.1

Total 113050 ± 336 67.5 ± 0.2 30.2 ± 0.3

Table 6.1: The efficiencyεi, average mistag fraction〈wi〉, mistag difference∆wi, and tagging
powerQi = εi ∗ (1 − 2〈wi〉) for each tagging category.Nsig is the number of simulated signal
events.

The fractionw of wrongly taggedB0 mesons can be different from the fractionw of mistagged

B0 mesons. In order to account for such a difference the average mistag fraction〈w〉 = (w + w)/2

and the difference∆w = w − w are measured.

One observes that:

• About 2/3 of all selectedB candidate are assigned a flavor tag;

• TheLepton category has the smallest mistag fraction, as expected;

• The Kaon I and Kaon II categories have the highest tagging efficiencies. As a conse-

quence, although the mistag fractions are larger for these categories, compared toLepton ,

they have a better effective tagging powerQ;

• CategoriesKaon II andInclusive show a significant difference in the mistag fractions

for B0 andB0 mesons. This is for example due to the different interaction cross sections of

K+ andK− mesons with the i detector material, or different reconstruction efficiencies for

negative and positive soft pions; and

• the total effective tagging powerQ for all categories is about30%. Intuitively, this is equiva-

lent to a tagging efficiency with no mistag probability (perfect tagging).
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Rather than using the above values in this analysis, the performance of the algorithm is measured

directly in data with the sample of fully reconstructed flavor eigenstates. Two important reasons for

not relying on Monte Carlo simulation are:

1. the reconstruction efficiency and pion mis-identification for both kaons and leptons are better

in simulation than in data. Such a different can be caused by a non-completely realistic

simulation of the detector response. The difference in particle identification can result in

better tagging performance in simulation than in data;

2. only a small fraction of allB decays are today measured exclusively. The Monte Carlo gener-

ation of events uses the measured branching fractions for currently knownB decay channels,

and makes use of theoretical models to generate the remaining decay modes. This can re-

sult in different multiplicities of leptons and kaons in data and Monte Carlo, and therefore

different mistag fractions.

In Chapter 8, the measurement of mistag fractions with the maximum-likelihood fit to∆t dis-

tributions in data is explained, and the results are discussed in Section 9.2.2.
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Time measurement at theΥ (4S)
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Figure 7.1: Schematic view of aBB̄ events with oneB meson fully reconstructed,Brec,

and the other meson,Btag, used for flavor tagging.

The third ingredient of the time-dependent analysis ofCP violation is the measurement of the

time interval∆t between the decay of the fully reconstructedB meson,Brec, and the decay of the

taggingB meson,Btag (Figure 7.1). The value of∆t is computed from the spatial distance between

the decay vertices of the twoB mesons and the Lorentz boost factorβγ of theΥ (4S).

The definition of∆t in BABAR is very different from previous experiments at the Tevatron,

SLC, or LEP, due to the coherent production ofBB̄ pairs in theΥ (4S) decay, and is discussed in

Section 7.1.
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The vertex reconstruction techniques forBrec andBtag are described in Sections 7.2 and 7.3.

A detailed discussion of their implementation can be found in Reference [119].

Due to the boost along thez axis, the measurement of∆t relies only on the∆z separation

and is described in Section 7.4. However, the small momentum of theB mesons in the transverse

plane results in small corrections when computing∆t from ∆z. These corrections are discussed in

Section 7.5.

Section 7.6 describes the resolution function model used to parameterize the detector resolution

on ∆t. This is dominated by the resolution on theBtag vertex, and therefore a common resolution

function is used for the samples of fully reconstructedB mesons inCP and flavor eigenstates. The

comparison between the two samples is discussed in Section 7.7.

Finally, correlations between parameters of the resolution function and the flavor-tag mistag

probabilities are discussed in in Section 7.8.

7.1 Definition of time difference∆t

The coherence of theBB̄ state is a unique aspect of the PEP-II asymmetrice+e− collider at the

Υ (4S) energy, and has important implications on the measurement of theB meson decay times.

As discussed in Section 2.4.3, the two neutralB mesons produced in theΥ (4S) decay are in a

coherent state. Ift0 is the time when theΥ (4S) decays in twoB mesons, there must be always one

B0 and oneB0 for timest > t0. This conditions holds until the decay of one of the two mesons,

Btag, in a flavor eigenstate at timettag > t0. The flavor of the otherB meson,Brec which is fully

reconstructed, must be opposite to the flavor ofBtag, in order to satisfy the coherence condition.

Let’s assumeBtag = B0, and thereforeBrec = B0 at t = ttag. Two scenarios are possible for

the decay ofBrec:

1. Brec decays afterBtag, at time trec > ttag (Figure 7.2a). The time evolution ofBrec is

described by Equation (2.50)

|B0
rec(t− ttag)〉 = g+(t− ttag)|B0〉 + (q/p)g−(t− ttag)|B0〉, (7.1)

with |B0
rec(0)〉 = |B0〉. At time trec, Brec decays to the final statef as aB0 or aB0,

depending on the time difference∆t ≡ trec − ttag, which in this case is positive. The flavor

of Brec is known attrec, if f is a flavor eigenstate. IfBrec = B0 at ttag, then oscillation

has occurred (B0 → B0) and the event is calledmixed, otherwiseBrec is still aB0, and the

event is calledunmixed.
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When f is aCP eigenstate, the flavor ofBrec is not known attrec. The event is called

B0-tagged, sinceBtag=B0.

2. Brec decays to the final statef at timetrec, with ttag > trec > t0 (Figure 7.2b), and∆t < 0.

If f is aCP eigenstate, the flavor ofBrec is not known attrec, but its time evolution is still

described by Equation (7.1) with the constraint that whenBtag decays atttag, it must be a

B0. In other words, the boundary condition is not specified at the initial timetrec but atttag.

Whenf is a flavor eigenstate, the flavor ofBrec is known attrec from reconstructing the final

state, and atttag from the flavor ofBtag. On the other hand, onceBrec decays, its flavor

can not change. Therefore, ifBrec = B0, Btag should be aB0 at that same time and must

undergo oscillation in order to decay as aB0 at ttag. Alternatively, when the flavor ofBrec is

found to be the same at both times, one concludes thatBtag has not oscillated.

B tag

B CPB

B

CP

tag

ttag tCP

tCP
ttag

e− +e
z e− +e

z

a) b)

Figure 7.2: The sign of∆t ≡ trec − ttag can be a) positive or b) negative, depending on the

decay order.

From the above scenarios for the decays ofBrec andBtag, one concludes that:

• the decay ofBtag in flavor eigenstates defines the start of the clock for time measurements;

and

• the evolution of theB mesons is a function of the interval∆t ≡ trec − ttag, and does not

depend on theΥ (4S) decay timet0.

The value of∆t can be measured by reconstructing the decay vertices of theB mesons, and by

measuring the spatial separation between them, without reconstructing theΥ (4S) decay point.

The distance is then converted in∆t by using the boost factorβγ that is known from the beam

energies. The∆t distribution in theΥ (4S) decays is shown in Figure 7.3, and is described by a
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two-sided exponentiale−|∆t|τB0/τB0 , reflecting the fact that the decay ofBtag can occur before

(∆t > 0) or after (∆t < 0) the decay ofBrec.

At other colliders, operating at theZ0 energy or in hadron colliders,B mesons are produced

without any correlation between them (incoherent production) at the interaction point, which is

known with good precision and provides the reference timet0. The time interval is defined as

∆t ≡ tdecay − t0 and is measured from the distance between the decay and interaction points. Since

the decay happens after the production,∆t is always positive. The distribution of∆t in this case is

a one-sided exponential described bye−∆t/τB0/τB0 , and is shown in Figure 7.3.
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Figure 7.3: Distribution of∆t with for coherent and incoherent production ofB mesons.

7.2 TheBrec vertex

The decay vertex of theBrec candidate is reconstructed by using all its decay daughters in

the final state. However, since neutral particles, likeπ0 s and photons, do not carry any spatial

information, in practice only the charged daughter particles contribute.
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As mentioned in Section 5.4, charged tracks originating from intermediate states, e.g. aD0 or a

K0
S are replaced byvirtual composite candidates and appropriate spatial and kinematic constraints

are used in the fit to theBrec vertex.

The typical resolutions on the position of the vertex along thez axis and in the transverse plane

are≈ 45µm and≈ 65µm, for theBCP andBflav samples, respectively.

7.3 TheBtag vertex

The decay vertex of theBtag candidate is reconstructed with an inclusive technique, using those

charged tracks not utilized in the reconstruction ofBrec.

Pairs of oppositely-charged tracks consistent with photon conversions (γ → e+e−) are ex-

cluded. Charged tracks originating from long-lived particles,K0
Ss andΛ0s, are removed and re-

placed by the reconstructed composite candidates in order to reduce potential biases. These com-

posite candidates and the remaining charged tracks are used as input in a geometrical fit to determine

a common decay vertex.

The estimated production point of theB0 B0 pair and the three-momentum of theBtag can-

didate are incorporated in the fit as kinematic and geometric constraints. This is illustrated in Fig-

ure 7.4. The three-momentum~prec and the decay vertex of theBrec candidate are measured with

good precision and the average interaction point (beamspot) is known as well. The intersection of

~prec with the beamspot provides a good estimate of the production point of theB0 B0 pair. The

three-momentum~pΥ (4S) of theΥ (4S) is measured from the beam energies. Momentum conserva-

tion yields~ptag = ~pΥ (4S) − ~prec.

The common vertex is determined with an iterative procedure. After each iteration, tracks with

a large contribution to the fitχ2 (∆χ2 > 6) are removed, and the vertex is recomputed until no

track fails theχ2 requirement, or only two tracks are left. This procedure is aimed at reducing

contributions from decay daughters of charmed mesons, which have a long decay length.

For example, theD0 andD+ mesons have a decay lengthscτ of about,130µm and300µm,

respectively, which result in a decay vertex detached from theB decay point. Figure 7.5a shows the

correctBtag vertex when the decay daughters of the charmed meson are excluded. The inclusion

of aD0 daughter in Figure 7.5b results in a biased position of the vertex. In fact, since all particles

are boosted forward,zmeas
tag = z0

tag + δz, whereδz is the bias and is positive. Since∆z is defined

aszrec − ztag, the measured distance is∆zmeas = ∆z0 − δz, and the induced bias−δz is always

negative.
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Figure 7.4: Schematic view of theΥ (4S) → BB decay in they-z plane. Note that the

scale in they direction is substantially magnified compared to that in thez direction for

illustration purposes.

7.4 Measurement of∆z between theB decay vertices

The spatial separation between theBrec andBtag decay points is computed from the recon-

structed decay vertices. Although the decay points are known in three dimensions, because of the

boost along thez axis, only∆z is significant.

In theΥ (4S) rest frame,B mesons are produced with an average momentum of 340MeV/c,

which corresponds to a Lorentz boost ofβγ ∼ 0.06, and an average decay lengthβγ cτ ∼ 17µm

along each axis. Since the two mesons are produced back-to-back in this frame, the average separa-

tion between them is about 30µm along thez axis, and about 50µm in the transversex-y plane.

In the laboratory frame, theΥ (4S) meson is boosted along thez axis withβγ = 0.55. This

results in an average separation|∆z| of 260µm while the separation|∆`| in the transverse plane

is unchanged. A precise measurement of∆` is beyond the reach of theBABAR tracking system,

while ∆z can be measured with good precision. The value of∆z is determined directly in theBtag

vertex fit. The fit also provides a correct estimate of the uncertaintyσ∆z by taking into account the

correlation between theBtag andBrec vertices. The origin of this correlation is in the use of kine-

matic properties ofBrec, as constraints in theBtag vertex fit. The direction ofBtag is estimated by

using theBrec vertex and its measured three-momentum. Therefore, variations in theBrec direction

and decay vertex affect directly the position of theBtag vertex.
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Figure 7.5: a) The correctBtag vertex and b) the biased vertex position when theD0 decay

daughter is included. The ellipse represents the estimated uncertainty. The dash-dotted

lines are the tracks used to compute the position of the vertex.

The resolution on∆z is measured in data and is discussed in Section 7.6. In simulated events,

the distribution of the residualδz ≡ ∆zmeas−∆ztrue is fit with a sum of three Gaussian distributions.

The RMS of the two narrow components (core and tail) is about 190µm. The core component alone

has an RMS of 100µm and contains about70% of the events, while the wide component (outliers)

contains only1% of the events.

7.5 Measurement of∆t

A naive estimate of the difference∆t is given by the relation

∆z = βγc∆t , (7.2)

whereβγ = 0.55 is theΥ (4S) Lorentz boost factor, and is known with a precision of0.1%. Its

value is calculated from the beam energies which are monitored every 5 seconds. The spread of

the beam energies results in an RMS spread of 6MeV/c in theΥ (4S) momentum, but this has a

negligible effect onβγ.
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Relation (7.2) is an exact expression in the limit ofB mesons being at rest in theΥ (4S) frame,

and the boost being exactly along thez axis. In practice, the detector symmetry axis is rotated

with respect to the beams, and therefore the boost axis, by 20mrad as discussed in Section 4.1.

Furthermore, theB mesons have a momentum of about 340MeV/c in theΥ (4S) frame.

The rotation is incorporated through the Lorentz transformations, and the measured momentum

of theBrec candidate can be used to correct (7.2) and account for theB momentum. The relation

between∆t and∆z, including these corrections, is given by [120]

∆z = βγγ∗recc∆t+ γβ∗recγ
∗
rec cos θ∗rec c 〈trec + ttag〉 (7.3)

whereθ∗rec, β∗rec, andγ∗rec are the polar angle with respect to the beam direction, the velocity, and

the boost factor ofBrec in theΥ (4S) frame, and〈trec + ttag〉 is the expected value for the sum of

the decay times.

In order to computetrec + ttag, one should know theΥ (4S) decay time, and hence its decay

point. The precision of this point can not be better than theBtag vertex since an inclusive method

must be used in order to have reasonably high efficiencies. Instead of measuring the sumtrec + ttag,

its expected value can be estimated by

〈trec + ttag〉 = τB + |∆t| (7.4)

The variation in∆t when using (7.3) in place of (7.2) is small becauseγ∗rec = 1.002, andβ∗rec =

0.064. This difference is computed for each event and has an RMS spread of 0.20ps which is small

compared to theB0 lifetime of 1.542± 0.016 ps [33]. Relation (7.3) improves the resolution on∆t

by about5%.

7.6 ∆t resolution function

The measured and true values of∆t differ due to the finite resolution of the detector in the

measurement of decay vertices. The detector response for∆t, called the∆t resolution function, is

parameterized with a sum of three Gaussian distributions (core, tail, and outliers components) as a

function of the residualδt ≡ ∆tmeas − ∆ttrue as

R(δt; â) =
core,tail∑

k

fk

Skσ∆t

√
2π

exp
(
−(δt − bkσ∆t)2

2(Skσ∆t)2

)
+

foutl

σoutl

√
2π

exp
(
− δ2t

2σoutl
2

)
(7.5)

wherefk is the fraction of events in each component, and the other parameters are described below.

All parameters of the∆t resolution function are measured in data with a maximum-likelihood fit

described in Chapter 8.
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The widthσ of the core and tail components can be written as

σcore = Score σ∆t , σtail = Stail σ∆t

whereσ∆t is the measured uncertainty on∆t, andScore andStail are scale factor parameters. These

factors account for an overall underestimate (Sk > 1) or overestimate (Sk < 1) of the uncertainty

σ∆t for all events. Figure 7.6a shows the correlation between the RMS spread of∆t andσ∆t in

simulated events.
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Figure 7.6: Correlation betweenσ∆t and a) the RMS spread and b) the mean of the residual

δt = ∆tmeas − ∆ttrue, in simulated events.

The core and tail Gaussians are allowed to have a non-zero mean offsetδ0 to account for residual

charm decay products included in theBtag vertex. These offsets are proportional to the uncertainty

σ∆t as shown in Figure 7.6b and are therefore parameterized as

δ0core = bcore σ∆t , δ0tail = btail σ∆t .

The origin of this correlation is illustrated in Figure 7.7, where the ellipse represents the un-

certainty on the position of theBtag vertex. The main contribution of theD0 decay daughters to

the vertex uncertainty is along theD0 flight direction. TheD0 flight length along thez axis also is

correlated to theD0 flight direction, and contributes to the bias on theBtag vertex. Therefore the

bias and the uncertainty of theBtag vertex are correlated, due to their correlation with theD0 flight

direction.

TheD mesons with flight direction perpendicular to thez axis in the laboratory frame have the

bestz resolution, and introduce the smallest bias in the measuredz position of theBtag vertex. On

the contrary,D mesons that travel forward in the laboratory have poorerz resolution, and introduce

a larger bias in the position of theBtag vertex.

The outliers component has a fixed width of 8ps and no offset and accounts for0.3% of selected

events, which have mis-reconstructed vertices.
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Figure 7.7: Correlation between the bias of theBtag vertex and its uncertaintyσtag when a)

theD0 flies in the direction ofBtag, or b) theD0 is perpendicular to the direction ofBtag.

7.7 Comparison of∆t in CP and flavor eigenstates

There are two important assumptions in this analysis:

• the event-by-event uncertainty from the vertex fit provides a good measure ofσ∆t; and

• a common∆t resolution function can be used for events with fully reconstructedB mesons

in CP and flavor eigenstates.

Several studies with data and simulated events are performed to validate these assumptions and are

described in detail in Reference [121].

In Section 7.2, it was reported that the uncertainty on the reconstructedBrec vertex varies be-

tween 45 and 65µm for theBCP andBflav samples. However, since the resolution on theBtag

vertex is around 190µm (Section 7.3), the two samples are expected to have similar∆z resolutions,

and therefore a common∆t resolution function is used for both samples.

Note that, this assumption does not require the distribution ofσ∆t to be identical for the two

samples. In fact, the topology of theBrec vertex is different forCP and flavor eigenstates. For ex-
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ample, the flavor eigenstates have generally higher multiplicities. Figure 7.8 shows the distribution

of the uncertaintyσ∆t, separately forCP and flavor eigenstates. The expected distributions from

simulated events are also shown (open histogram) and the agreement with data is satisfactory for

both samples.

Events in theBCP sample have a slightly better∆t resolution. In simulated events the most

probable value forσ∆t is about3% worse for theBflav sample. The effect of this difference in

the time-dependentCP analysis is negligible and is accounted for in the systematic uncertainty

(Section 9.4.2).
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Figure 7.8: Distribution ofσ∆t for a) theBflav sample excluding theJ/ψK∗0(K+π−) mode

and b) theBCP sample together with theJ/ψK∗0 mode. Points are from data and the open

histogram is the expected distribution from Monte Carlo simulation.

7.8 Correlations between mistag fractionw and σ∆t

A correlation is observed between the measuredσ∆t and the mistag fractionswi of the tagging

categories [122, 123], as shown in Figure 7.9. The correlation is stronger for the categories using

kaons for flavor tagging, and is, almost entirely, due to the dependence of bothw andσ∆t on the

transverse momentumpt of the particles used for flavor tagging, and in theBtag vertex [124].

The value ofσ∆t is computed fromσ∆z, which is dominated by the uncertaintyσztag on the

position of theBtag vertex. The contributionσzi of each charged track toσztag is of the form

σ2
zi ∝

1
p2
ti

(7.6)

and therefore

1
σ2
ztag

=
∑
i

1
σ2
zi

∝
∑
i

p2
ti . (7.7)
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Figure 7.9: Correlation between the mistag fractionswi and the measuredσ∆t.

In other words, the position of the vertices composed of high-momentum tracks is known with

smaller uncertainty. Figure 7.10 shows the correlation betweenσ∆t andα ≡ 1/
∑

i

√
p2
ti

in simu-

lated events.

The mistag fractionswi depend onα as well, as illustrated in Figure 7.11. A study of theB

decays in Monte Carlo simulation [123] shows that, the momentum spectrum of the particles in

the final state is softer in events with a wrong flavor tag. This is illustrated in Figure 7.12, where

the distribution of1/α is shown separately for the correctly- and wrongly-tagged events in the four

categories.

The correlation is stronger for theKaon I andKaon II categories, which rely mainly on iden-

tified kaons in the final state for flavor tagging. In Section 6.1.2, it was shown that aK+ (correct

sign), or a total positive charge of all kaons, is associated to aB0 meson, while aK− (wrong-sign),

or a total negative charge for all kaons, indicates aB0. The probability of assigning the wrong

flavor tag, based on the charge of the kaons, is higher because of the presence of wrong-sign kaons

in manyB decays. It is found that usually the wrong-sign kaons are present in events with higher

multiplicity of particles in the final state, which results in a softer momentum spectrum.
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Figure 7.10: Correlation betweenσ∆t andα in simulated events.

For example the decaysB → DDK can produce many kaons, and have a higher probability of

being mistagged. Since the charmedD mesons are heavy, the presence of two of them in the final

state results in a softer momentum for all their decay products.

Events with only oneD0 or oneD− can be mistagged if theD meson produces a wrong-sign

kaon. TheD mesons mostly produce correct-sign kaons, e.g.D−,D0 → K+ X, but can also

produce a wrong-sign kaonK−, at the cost of additional particles, in order to conserve the total

charge. For example, the decayD− → K+π−π− has only three tracks and one correct-sign kaon,

while D− → K−K+π−π0 has two oppositely charged kaons and four particles. The latter decay

produces lower momentum particles, and increases the probability of the event being assigned the

wrong flavor tag. The branching fractions for such decays are different forD0 andD− and are

studied in Reference [123].

The effect of the correlation betweenwi andσ∆t on the measuredCP asymmetry is small, and

is discussed in Section 8.4.4.
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Chapter 8

Likelihood fit method

The CP asymmetry amplitudesin2β is measured with a maximum-likelihood fit to the∆t

distributions of events with one fully reconstructedB meson inCP eigenstates (BCP sample)

discussed in Section 5.5. TheB flavor of these mesons is determined with the inclusive flavor-

tagging algorithm described in Section 6.2. The theoretical∆t distributions for these events were

introduced in Section 2.4.4. Those expressions are valid for a perfect detector and do not take into

account the finite detector resolution on∆t (Section 7.6) and the probability of assigning the wrong

flavor tag (mistag fractions) to a reconstructedB meson. Mistag fractions can not be determined

with theBCP sample and must be provided as input to the fit. The fully reconstructedB mesons in

flavor eigenstates (Bflav sample) can be used to measure the mistag fractions in data.

In principle, one can measure the detector parameters with theBflav sample and fix them in the

analysis of theBCP sample. But this approach has the disadvantage that correlations betweensin2β

and the detector parameters can result in complicated systematic uncertainties. A better approach,

which is used in this analysis, is to perform a maximum-likelihood fit to the∆t distributions of

theBflav andBCP samples. The former are used to measure the detector parameters, while the

latter constrain the value ofsin2β. The advantage of this approach is that correlations among all

parameters are properly taken into account and are part of the statistical uncertainty, which does not

increase significantly, because of the weak correlation betweensin2β and the other parameters.

The maximum-likelihood fit used to measuresin2β is described in this Chapter. Section 8.1

starts with the description of the likelihood functions for the events in theBCP sample. The sig-

nal likelihood functions are derived from the theoretical distributions by incorporating the mistag

fractions and the∆t resolution function. TheBCP sample includes a small fraction of background

events for which an empirical approach is used to model the likelihood functions. Likelihood func-
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tions for the signal and background components of theBflav sample are described in Section 8.2. In

the fit to the data, some of the parameters are fixed due to the limited statistics. The free parameters

in the fit are summarized in Section 8.3.

Section 8.4 gives a summary of studies performed with simulated events to validate the fitting

method. A small but significant bias on the value ofsin2β is observed and is discussed in Sec-

tion 8.4.3. The expected statistical uncertainty onsin2β, and its dependence on the performance of

theb-flavor–tagging algorithm and on the∆t resolution, are discussed in Section 8.5.

8.1 Likelihood function for CP eigenstates

The likelihood function for the events in theBCP sample can be written as

lnLCP =
Nc∑
i


 ∑
B0 tag

lnF+,i +
∑
B0 tag

lnF−,i


 , (8.1)

whereNc = 4 is the number of tagging categories, andF+,i(F−,i) is the likelihood function for

events in theith tagging category withBtag ≡ B0 andB0 → fCP (Btag ≡ B0 andB0 → fCP ).

It is customary to refer to the events based on the flavor ofBtag. Therefore in the following, a

B0-taggedevent is an event withBtag ≡ B0 andB0 → fCP , while aB0-taggedhasBtag ≡ B0

andB0 → fCP . The four tagging categories are mutually exclusive which means that each event

can only belong to one category, and can be tagged as either aB0 or aB0. Therefore the two sums

in Equation (8.1) are equivalent to a sum over all taggedBCP events. Events without a flavor tag

can not be used to measuresin2β, as explained below, and are excluded from the fit.

The likelihood functionsF±,i can be expressed as a sum of three contributions

F±,i = fCPi,sigF± + fCPi,pkBCP±,i,pk + fCPi,combBCP±,i,comb , (8.2)

whereF± are the signal components,BCP±,i,pk are the contributions of the peaking background, and

BCP±,i,comb are the combinatorial-background components. Sources of the peaking background for

theCP eigenstates were discussed in Section 5.5.

The probabilitiesfCPi,sig, fCPi,pk, andfCPi,comb for an event to be signal or background are estimated

from fits tomES distributions as described in Section 5.4. Fits are performed separately for each

tagging category and the probabilities must satisfy the constraintfCPi,sig + fCPi,pk + fCPi,comb = 1.
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8.1.1 Probability density function of signal events

The∆t distributions for tagged events in theBCP sample with perfect flavor-tagging and∆t

resolution were introduced in Equations (2.61) and (2.62). Assuming|λfCP | = 1, those relations

can be written as

f
(
Btag ≡ B0,∆t

)
=

Γ
4
e−Γ∆t

(
1 − ηCP sin2β sin ∆md∆t

)
(8.3)

f
(
Btag ≡ B0,∆t

)
=

Γ
4
e−Γ∆t

(
1 + ηCP sin2β sin ∆md∆t

)
(8.4)

whereηCP is theCP eigenvalue of the final statefCP , τB0 = 1/Γ is theB0 lifetime, and∆md is

theB0 B0 oscillation frequency. These distributions are shown in Figure 8.1a.
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Figure 8.1: Expected∆t distribution forB0- andB0-taggedCP events with a) perfect

tagging and∆t resolution, and b) typical mistag fractions and finite∆t resolution. The

scale is arbitrary but is the same for the two plots.

The mistag fractions for each category are defined separately forB0 andB0 as

wi : Fraction of trueB0s tagged asB0s

wi : Fraction of trueB0s tagged asB0s . (8.5)

The fractionswi andwi are expected to be very nearly, but not exactly, equal. For example, the

response of the detector to positive pions and kaons differs from its response to negative pions

and kaons, due to differences in the total and charge-exchange cross sections. Such a difference is

accounted for by using two separate mistag fractions.
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The observed∆t distributions forB0-tagged andB0-tagged events are derived from distribu-

tions (8.3) and (8.4) by including for the fractionswi andwi, and are given by

f ′+ (∆t; Γ,∆md, wi, wi) = (1 − w) f
(
Btag ≡ B0,∆t

)
+w f

(
Btag ≡ B0,∆t

)
(8.6)

f ′− (∆t; Γ,∆md, wi, wi) = w f
(
Btag ≡ B0,∆t

)
+ (1 − w) f

(
Btag ≡ B0,∆t

)
(8.7)

In order to keep the expression of these distributions simple, it is convenient to use two new param-

eters in place ofw andw. The average dilution〈D〉 and the difference∆D between the dilutions

for B0 andB0 are linear functions ofw andw and are defined as

〈w〉 =
1
2
(w + w), ∆w = (w − w)

D = 1 − 2w, D = 1 − 2w

〈D〉 =
1
2
(D + D), ∆D = (D −D) .

After some algebra, the distributions (8.6) and (8.7) can be written as

f ′+ (∆t; Γ,∆md, 〈D〉i,∆Di) =
Γ
4
e−Γ|∆t|(1 +

∆Di

2
− 〈D〉iηCP sin2β sin ∆md∆t

)
(8.9)

f ′− (∆t; Γ,∆md, 〈D〉i,∆Di) =
Γ
4
e−Γ|∆t|(1 − ∆Di

2
+ 〈D〉iηCP sin2β sin ∆md∆t

)
(8.10)

These expressions clarify why untagged events do not can not be used for the measurement of

sin2β. Untagged events can be regarded as events with equal probability of being tagged asB0 or

B0, that isw = w = 0.5 and therefore〈D〉 = ∆D = 0. The∆t distribution of these events is not

sensitive tosin2β and contains only the exponential lifetime decay. Hence, untagged events can be

used to measure theB0 lifetime, but notsin2β.

The finite∆t resolution is incorporated by convolving (8.9) and (8.10) with the∆t resolution

functionR(δt; â)

F+ (∆t; Γ,∆md, 〈D〉i,∆Di, âi) = f ′+ (∆ttrue; Γ,∆md, 〈D〉i,∆Di) ⊗R(δt; âi) (8.11)

F− (∆t; Γ,∆md, 〈D〉i,∆Di, âi) = f ′− (∆ttrue; Γ,∆md, 〈D〉i,∆Di) ⊗R(δt; âi) , (8.12)

whereδt = ∆t−∆ttrue is the difference between the measured and the true values of∆t, andâi are

the parameters of the resolution function. The∆t resolution function was described in Section 7.6

and is modeled with a sum of three Gaussian distributions. Figure 8.1b illustrates distributions (8.11)

and (8.12) for realistic choice of mistag fractions and∆t resolution function. These distributions

are used as the probability density functions (PDFs) for the signal component and are normalized

such that ∫ +∞

−∞
(F+ + F−) d∆t = 1 (8.13)
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8.1.2 ∆t spectrum of background events

TheBCP sample although very pure, includes a small fraction of combinatorial and peaking

background events as discussed in Section 5.5.

Each event is assigned a probability to be signal on the basis of its measured energy-constrained

massmES, as described in Section 5.4. ThemES distribution is described with a single Gaussian

distributionG(mES) for the signal and an ARGUS parameterizationA(mES) for the background.

The fit is performed separately for each tagging category and the probabilities that appear in Equa-

tion (8.2) are defined as

fi,sig(mES) =
(1 − δpeak)G(mES)
G(mES) + A(mES)

fi,peak(mES) =
δpeakG(mES)

G(mES) + A(mES)

fi,comb(mES) =
A(mES)

G(mES) + A(mES)
(8.14)

The fractionδpeak accounts for the peaking-background contribution and is evaluated in simulated

events as described in Section 5.5.

Backgrounds arise from many different sources. Rather than describing the∆t distribution of

each physics process that contributes, an empirical description is used in the fit which allows for

different time dependencies.

The PDF for the peaking background is parameterized as

BCP±,i,peak =
ΓCPpeak

4
e−ΓCPpeak|∆ttrue|(1 ± 〈D〉iηpk sin ∆md∆ttrue) ⊗R(δt; âi) , (8.15)

where dilutions〈D〉i and resolution function parametersâi are those used for the signal,1/ΓCPpeak is

an empirical lifetime, andηpk is an effectiveCP eigenvalue.

The∆t spectrum of the combinatorial background is modeled with a sum of three distributions

BCP±,i,comb = fCPi,1 B±,i,1(∆t; b̂i)

+ (1 − fCPi,1 )
(
(1 − fCPi,3 )B±,i,2(∆t; b̂i) + fCPi,3 B±,i,3(∆t; b̂i) ,

)
(8.16)

where the three components are defined as

BCP±,i,1 =
1
2
δ(∆ttrue) ⊗R(δt; b̂i) , (8.17)

BCP±,i,2 =
1
4
ΓCP2 e−ΓCP2 |∆ttrue| ⊗R(δt; b̂i) , (8.18)

BCP±,i,3 =
1
4
ΓCP3 e−ΓCP3 |∆ttrue|(1 ± ηcomb

i sin ∆md∆ttrue

) ⊗R(δt; b̂i) . (8.19)
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Here,ΓCP2 andΓCP3 are empirical lifetimes,fCPi,1 is the fraction of events in the prompt component,

fCPi,3 is the fraction of events in the non-prompt components,ηcomb
i are effectiveCP asymmetry

amplitudes, and̂bi are the resolution function parameters for the background events.

Note that distributions (8.17) and (8.18) forB0-tagged andB0-tagged events are even functions

of ∆t and do not includeCP -violating effects, which are instead allowed in the third component

(8.19). The background PDFs are normalized similarly to signal by requiring∫ +∞

−∞
(B+,i,j + B−,i,j) d∆t = 1 (8.20)

8.2 Likelihood function for flavor eigenstates

Events with a fully reconstructedB meson in flavor eigenstates can be used to measure theB0

B0 oscillation. The flavor of the fully reconstructedB meson (Brec) is known from the reconstructed

final state, and the flavor of the otherB meson (Btag) is measured with an inclusive method. Since

the flavor of bothB mesons is known, events can be divided in two categories:

• Unmixed events: theB mesons have different flavors, that is|Brec, Btag〉 is either|B0, B0〉
or |B0, B0〉;

• Mixed events: the twoB mesons have the same flavor, that is|Brec, Btag〉 is either|B0, B0〉
or |B0, B0〉.

The likelihood function for events in theBflav sample is written, in analogy with (8.1) for theBCP

sample, as

lnLflav =
Nc∑
i

[ ∑
unmixed

lnH+,i +
∑

mixed

lnH−,i

]
, (8.21)

whereH+,i andH−,i are, respectively, the probability density functions for unmixed and mixed

events inith tagging category. Since each event can be classified as either mixed or unmixed, and

can only belong to one tagging category, the two sums in Equation (8.21) are equivalent to a sum

over all tagged events in theBflav sample. Events in which the flavor ofBtag is not determined can

not be classified as mixed or unmixed and are therefore excluded from further analysis.

The likelihood functionsH±,i are defined as a sum of signal, peaking background, and combi-

natorial background components

H±,i = fflav
i,sigH± + fflav

i,pkBflav
±,i,pk + fflav

i,combBflav
±,i,comb . (8.22)

As for theBCP sample, the probabilitiesfflav
i,sig, fflav

i,pk, andfflav
i,comb are estimated from themES dis-

tributions of the selected events and satisfy the constraintfflav
i,sig + fflav

i,pk + fflav
i,comb = 1.
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8.2.1 Probability density function of signal events

The∆t distributions of mixed and unmixed events with perfect flavor tagging and∆t resolution

were discussed in Section 2.4.4 and are given by

hunmix(∆t) ≡ Prob(BrecBtag → B0B0 or B0B0) =
Γ
4

e−Γ|∆t|(1 + cos ∆md∆t
)

(8.23)

hmix(∆t) ≡ Prob(BrecBtag → B0B0 or B0B0) =
Γ
4

e−Γ|∆t|(1 − cos ∆md∆t
)

(8.24)

where∆md is the oscillation frequency and1/Γ = τB0 is theB0 lifetime. These distributions are

shown in Figure 8.2a. In practice, since the flavor-tagging algorithm is not perfect, aB0 (B0) can

Unmixed

Mixed

ar
bi

tr
ar

y 
sc

al
e

a)

Unmixed

Mixed

b)

∆t (ps)
-5 0 5

Figure 8.2: The∆t distribution for mixed and unmixed events with a) perfect tagging and

∆t resolution, and b) typical mistag fractions and∆t resolution. The scale is arbitrary but

is the same for the two plots.

be tagged as aB0 (B0) due to mistag fractionw (w) defined in (8.5). As a consequence, atrue

unmixed (mixed) event can beobservedas mixed (unmixed).

The observed∆t distributions are computed from (8.23) and (8.24) by including the effect ofw

andw as

h′+(BrecBtag ≡ B0B0) = (1 − w) hunmix(Btag ≡ B0) + w hmix(Btag ≡ B0)

h′+(BrecBtag ≡ B0B0) = (1 − w) hunmix(Btag ≡ B0) + w hmix(Btag ≡ B0)

h′−(BrecBtag ≡ B0B0) = (1 − w) hmix(Btag ≡ B0) + w hunmix(Btag ≡ B0)

h′−(BrecBtag ≡ B0B0) = (1 − w) hmix(Btag ≡ B0) + w hunmix(Btag ≡ B0) .
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There are now four distinct distributions although the underlying physics distributions were only

two. This is different from the situation for theCP distributions discussed in Section 8.1.1. The

reason is that in theBflav sample events tagged with aB0 or aB0 can be distinguished by the

flavor of the fully reconstructed candidate. This is not possible when the fully reconstructedB is in

aCP eigenstate. These distributions can be rearranged by using the average dilution〈D〉 and the

difference∆D defined in (8.8)

h′+
(
∆t; Γ,∆md, 〈D〉i,∆Di, B

0
tag

)
=

1
4
Γ e−Γ|∆t|(1 +

∆Di

2
+ 〈D〉i cos ∆md∆t

)
(8.25)

h′+
(
∆t; Γ,∆md, 〈D〉i,∆Di, B

0
tag

)
=

1
4
Γ e−Γ|∆t|(1 − ∆Di

2
+ 〈D〉i cos ∆md∆t

)
(8.26)

h′−
(
∆t; Γ,∆md, 〈D〉i,∆Di, B

0
tag

)
=

1
4
Γ e−Γ|∆t|(1 +

∆Di

2
− 〈D〉i cos ∆md∆t

)
(8.27)

h′−
(
∆t; Γ,∆md, 〈D〉i,∆Di, B

0
tag

)
=

1
4
Γ e−Γ|∆t|(1 − ∆Di

2
− 〈D〉i cos ∆md∆t

)
(8.28)

The probability density functions (PDFs) for the signal component are given by the convolution

of (8.25)-(8.28) with the resolution functionR(δt; âi) (Section 7.6)

H+

(
∆t; Γ,∆md, 〈D〉i,∆Di, âi, B

0
tag

)
= h′+

(
∆ttrue;B0

tag

) ⊗R(δt; âi) (8.29)

H+

(
∆t; Γ,∆md, 〈D〉i,∆Di, âi, B

0
tag

)
= h′+

(
∆ttrue;B0

tag

) ⊗R(δt; âi) (8.30)

H−
(
∆t; Γ,∆md, 〈D〉i,∆Di, âi, B

0
tag

)
= h′−

(
∆ttrue;B0

tag

) ⊗R(δt; âi) (8.31)

H−
(
∆t; Γ,∆md, 〈D〉i,∆Di, âi, B

0
tag

)
= h′−

(
∆ttrue;B0

tag

) ⊗R(δt; âi) (8.32)

These∆t distributions are illustrated in Figure 8.2b. The normalization of these distributions is

defined by the constraint∫ +∞

−∞

(H+(B0
tag) + H+(B0

tag) + H−(B0
tag) + H−(B0

tag)
)
d∆t = 1 .

8.2.2 ∆t spectrum of background events

The treatment of the∆t distribution of background events in theBflav sample is similar to the

method described in Section 8.1.2 for theBCP sample. Empirical description is used to model the

∆t distributions of the background events. The event-by-event signal and background probabili-

ties fflav
i,sig, fflav

i,peak, andfflav
i,comb were defined in Section 5.4 and are measured with fits to themES

distributions of events in each tagging category as described in Section 8.1.2.

Peaking background in theBflav sample is mainly due to mis-reconstructedB+ andB0 decays,

as discussed in Section 5.6. Mis-reconstructedB0 decays have a∆t distribution similar to the
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signal: they have the correct lifetime and are also subject toB0 B0 oscillation. Therefore they do

not require a specific∆t distribution and are accounted for by the signal PDF. On the other hand,

theB+ mesons have a different lifetime and do not oscillate. Therefore their∆t distribution is very

different from the signal and must be correctly modeled. Assuming that the peaking background

contribution in theBflav sample is only due to mis-reconstructedB+ decays, its∆t distribution

can be described as

B±,i,peak =
1
4
ΓB+e−ΓB+ |∆ttrue|(1 ±DB+

i

) ⊗R(δt; âi), (8.33)

where1/ΓB+ = τB+ is theB+ lifetime and âi are the parameters of the signal∆t resolution

function. Dilution factorsDB+

i are measured with the large sample of fully reconstructedB±

mesons (Section 5.7). The charge of the fully reconstructedB± determines its flavor, therefore

DB+

i can be simply computed by counting the number of events with the wrong flavor tag.

For the combinatorial background, the∆t distribution is modeled with a sum of three compo-

nents

Bflav
±,i,comb = fflav

i,1 B±,i,1(∆t; b̂i)

+ (1 − fflav
i,1 )

(
(1 − fflav

i,3 )B±,i,2(∆t; b̂i) + fflav
i,3 B±,i,3(∆t; b̂i) ,

)
(8.34)

where the components are defined as

Bflav
±,i,1 =

1
2
(
1 ±Dflav

i,1

)
δ(∆ttrue) ⊗R(δt; b̂i) , (8.35)

Bflav
±,i,2 =

1
4
Γflav

2

(
1 ±Dflav

i,2

)
e−Γflav

2 |∆ttrue| ⊗R(δt; b̂i) , (8.36)

Bflav
±,i,3 =

1
4
Γflav

3

(
1 ±Dflav

i,2

)
e−Γflav

3 |∆ttrue|(1 ±Di cos ∆md∆ttrue

) ⊗R(δt; b̂i) . (8.37)

The empirical dilutionsDflav
i,1 , Dflav

i,2 , andDflav
i,3 as well as the empirical lifetimes1/Γflav

i,2 and1/Γflav
i,3

are measured in data. A common resolution function is used for the background events in theBCP

and theBflav samples, and hencêbi are the same parameters introduced in Section 8.1.2

8.3 Simultaneous fit to samples of flavor andCP eigen-

states

The value ofsin2β is measured with an unbinned likelihood fit to the∆t distributions of events

with a fully reconstructedB meson in flavor andCP eigenstates by maximizing

lnLtot = lnLCP + lnLflav , (8.38)
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with lnLCP andlnLflav defined in (8.1) and (8.21). There are a total of 35 free parameters, listed in

Table 8.1, includingsin2β, ∆t resolution function parameters, mistag fractions, and the parameters

of the empirical∆t spectrum of the background events. A number of other parameters, e.g. oscil-

Description Number of parameters

CP asymmetrysin2β 1

Signal∆t resolution function 8

Signal dilutions 8

Background∆t resolution function 3

Bflav background composition 13

BCP background composition 2

Total 35

Table 8.1: Summary of the free parameters in the maximum-likelihood fit.

lation frequency∆md and peaking background fractions, are used as input to the fit and their value

is fixed. The signal and peaking-background parameters are determined from the∆t distribution of

the events in the signal region, while the parameters of the background components are measured

with the events in themES sideband.

The determination of each parameter is dominated by a subset of events and is discussed in the

following.

8.3.1 CP asymmetry amplitude sin2β

The amplitudesin2β of the time-dependent asymmetry appears in∆t distributions (8.11) and

(8.12) for the signal component. Events with a fully reconstructedB meson inCP eigenstates in

themES signal region (Section 5.4) dominate the measurement ofsin2β.

8.3.2 Signal∆t resolution function

A common∆t resolution function is used for signal components of the theBflav andBCP

samples. The value of these parameters is mainly dominated by events in theBflav sample due to

its larger number of events compared to theBCP sample. The∆t resolution function model was
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described in Section 7.6 as a sum of three Gaussians

Rsig(δt, â) = (1 − f sig
tail − f sig

outl) Gsig
core + f sig

tail Gsig
tail + f sig

outl Gsig
outl . (8.39)

whereftail andfoutl are, respectively, the fraction of events in the tail and outliers components. In

addition to these two fractions, there are five parameters to describe the core Gaussian and one for

the tail, for a total of eight free parametersâ.

The core Gaussian has one scale factor for the width and four bias scale factors. The widthσc

of the core is given by the product of a scale factorSsig
core and the event-by-event uncertaintyσ∆t

σc = Ssig
coreσ∆t .

Studies with simulated events show that the mean offsetδ0c of the core Gaussian is different for the

four tagging categories. For each category, the mean offsetδ0c,i is given by the product of a bias

scale factorbsigi,core and the uncertaintyσ∆t

δ0c,i = bsigi,coreσ∆t .

For the tail component the widthσt and the mean offsetδ0t are given by the products

σt = Ssig
tail σ∆t

δ0t = bsigtail σ∆t

Note that unlike the core component, one common mean offset is used for all tagging categories.

Monte Carlo studies indicate thatSsig
tail is highly correlated withbsigtail and the fractionf sig

tail of events

in the tail component which is left free in the fit. When left floating, the measured value ofSsig
tail has

a large uncertainty. Moreover, the results of the fit are not sensitive to the value ofSsig
tail, and hence

its value is fixed to 3 in the fit to data as indicated in simulated events. The systematic uncertainty

due to this assumption is evaluated in Section 9.4.1 by varying the fixed value ofSsig
tail.

The outliers component accounts for a very small fraction of events, typically less then 0.5%

of all events, with mis-reconstructed vertices. The width and the mean offset of this component

are fixed, respectively, to 8ps and 0ps, while the fractionf sig
outl is allowed to vary. The systematic

uncertainty onsin2β due to this choice of parameters is evaluated in Section 9.4.2.

As explained in Section 8.1.2 and 8.2.2, the peaking-background component utilizes the signal

∆t resolution function and does not require any additional parameter.
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8.3.3 Signal dilutions

Four average dilutions〈D〉i and four dilution differences∆Di (one for each category) are used

to describe the signal components of events inBflav andBCP samples. These parameters are deter-

mined by theBflav sample where the flavor of the fully reconstructedB meson is known.

8.3.4 Background∆t resolution function

A common∆t resolution function with five free parameters is used for the combinatorial-

background components in theBflav andBCP samples. The background∆t resolution function

is modeled as a sum of a core Gaussian and a wide outliers component

Rbkg(δt, â) = (1 − fbkg
outl) Gbkg

core + fbkg
outl Gbkg

outl . (8.40)

by fixing the fractionfbkg
tail of events in the tail to zero. The fractionfbkg

outl is left floating in the

fit. Similarly to the signal resolution function, theBflav sample dominates the determination of

parameterŝb.

All four tagging categories use the same width and mean offset given by the products

σc = Sbkg
tail σ∆t

δ0c = bbkg
tail σ∆t

with the scale factorSbkg
tail andbbkg

tail left free to vary in the fit.

The width and the offset of the outliers component are fixed, respectively, to 8ps and 0ps

similar to the signal resolution function.

8.3.5 ∆t spectrum ofBflav background

The∆t distribution of the peaking background is described by (8.33). Following the discussion

in Section 8.2.2, the lifetime for this component is fixed to theB+ lifetime τB+ = 1.674 ps [33].

The fractionδflav
peak of signal events due to the peaking background is estimated with simulated events

to beδflav
peak = (1.3±0.3+0.2

−0.5)% (Section 5.6). DilutionsDB+

i are measured with the sample of fully

reconstructedB+ mesons (Section 5.7) and are listed in Table 8.3.5.

Several assumptions are made to simplify the parameterization of the∆t spectrum of combi-

natorial background in (8.34). The mixing componentBflav
±,i,3 is removed by settingfflav

i,3 = 0. A

systematic uncertainty is assigned to this assumption and is evaluated in Section 9.4.12.

The effective dilutionsDflav
i,1 andDflav

i,2 for the prompt and non-prompt components (B±,i,1 and

B±,i,2) in each tagging category are allowed to vary, and are determined by the events in themES
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Category Nsignal ε(%) wB
+
(%) Q(%)

Lepton 2060 ± 48 9.9 ± 0.2 1.1 ± 0.3 9.5 ± 0.2

Kaon I 3710 ± 68 17.9 ± 0.3 7.7 ± 0.5 12.8 ± 0.4

Kaon II 4083 ± 73 19.7 ± 0.3 17.4 ± 0.6 8.3 ± 0.4

Inclusive 3870 ± 70 18.6 ± 0.3 27.7 ± 0.8 3.7 ± 0.3

Total 20771 ± 164 66.1 ± 0.6 34.3 ± 0.6

Table 8.2: Efficiencyε, mistag fractionwB
+

, and effective tagging efficiencyQ in the sample of
fully reconstructedB+ candidates for each tagging category. DilutionDB+

is defined asDB+
=

1 − 2w.

sideband of the selectedBflav candidates. The relative amount of these two componentsfflav
i,1 is

allowed to vary independently for each tagging category, whileΓflav
i,2 is assumed to be the same for

all categories, giving one more free parameter.

8.3.6 BCP background composition

The number of events in themES-sideband region of theBCP is relatively small due to the high

purity of the sample. Since these events are used to measure the parameters of the empirical∆t

spectrum of the background, it is necessary to reduce the number of free parameters.

The parameterization of the combinatorial background (8.16) is simplified by settingfCPi,3 = 0.

This means that noCP asymmetry is allowed in the background events. In addition, a common

fractionfCPi,1 of the prompt component, and a common empirical lifetime1/ΓCP2 of the non-prompt

component are used for all tagging categories. The fraction is left floating in the fit, while1/ΓCP2 is

fixed to theB0 lifetime τB0 . The systematic uncertainties due to the these assumptions are evaluated

in Sections 9.4.9 and 9.4.10.

The fractionδCPpeak of peaking-background in the signal events is evaluated separately for each

decay mode (Section 5.5). The values ofδCPpeak for all decay modes are listed in Table 5.10. Signal

dilutions and resolution function are used for the peaking-background component and no additional

parameter is needed. Finally, the effectiveCP eigenvalueηpk for the peaking background is fixed

to zero. A systematic uncertainty is assigned to this assumption and is evaluated in Section 9.4.9.
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External Parameters

TheB0 lifetime τB0 and the oscillation frequency∆md are fixed to the world average val-

ues [33]

τB0 = 1.548 ± 0.016 ps

∆md = 0.489 ± 0.008 ps−1

The systematic uncertainty onsin2β due to these fixed values is evaluated in Section 9.4.13.

8.4 Validation studies with simulated events

Very large samples of simulated events are used to validate the fit procedure. The size of the

BCP sample is about 130 times the observed number of signal in data, while theBflav sample is

about 10 times larger than in data. Due to the large number of events, fits to all events require

typically a factor of 8 more CPU time than the fits to the data. In the following studies, unless

otherwise specified, the∆t resolution function parameters and the dilution factors are measured in

theBflav sample, and are fixed in the fits to theBCP sample. This assumption has no impact on the

measured value ofsin2β.

8.4.1 Fits to signal events

Signal events in all reconstructed decay modes are generated with a true value ofsin2β =

0.7033. Fits are performed by using the true∆t resolution function parameters and dilutions, and

by using the values measured in theBflav sample. In these fits, events withmES > 5.27GeV/c2 are

assigned a signal probability of 1, while all other events are discarded.

The fit results are listed in Table 8.3. It is observed that measured values are always larger than

the generated value which indicates a bias in the measurement ofsin2β. The magnitude of this bias

is evaluated below, in Section 8.4.3. The table includes also the fit result when using theBflav as a

control sample. The fitted asymmetry is consistent with zero, as expected.

8.4.2 Fits to inclusiveB → J/ψ X events

The effect of background is studied with samples of events where oneB always decays to a

final state including a the charmonium meson. In addition to the signal decay modes, these samples

include sources of combinatorial and peaking backgrounds.
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Mode sin2β

Bflav parameters True parameters

J/ψK0
S

(π+π−) 0.716 ± 0.007 0.719 ± 0.007

J/ψK0
S

(π0π0) 0.718 ± 0.014 0.722 ± 0.014

ψ(2S)K0
S

(π+π−) 0.724 ± 0.015 0.727 ± 0.015

χc1K
0
S

(π+π−) 0.729 ± 0.021 0.734 ± 0.021

Bflav −0.009 ± 0.011 −0.006 ± 0.011

Table 8.3: Results of fits to simulated signal events, with dilutions and resolution function parame-
ters either from theBflav sample, or from the true∆t and flavor tag.

The fit results are summarized in Table 8.4, and are in agreement with the generated value,

although the statistical uncertainty is large.

Mode sin2β

J/ψK0
S

(π+π−) 0.685 ± 0.034

J/ψK0
S

(π0π0) 0.778 ± 0.074

ψ(2S)K0
S

(π+π−) 0.406 ± 0.258

χc1K
0
S (π+π−) 0.320 ± 0.193

Table 8.4: Fit results in Samples of simulated eventsB → J/ψ X. All events are generated with
sin2β = 0.703.

8.4.3 Evaluation of the bias insin2β

The fit results in the Table 8.3 indicate the presence of a positive bias in the measured value of

sin2β. In order to estimate the size of this bias, simulated signal events are divided in 130 samples

equivalent to the full data sample. Each sample is fit twice: first using the true dilutions and∆t

resolutions function parameters, and then using the parameters measured in theBflav sample.

The mean of the distribution of the residualδ sin2β = sin2β−0.7033 for the two configurations

is reported in Table 8.5. Figure 8.3 shows the distribution of residualδ sin2β when true dilutions and

resolution function parameters are used. Since the bias is significantly different from zero, the fitted

sin2β in data is corrected by subtracting0.014 from the measured value. A systematic uncertainty

is assigned to this correction and is discussed in Section 9.4.17.
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true parametersBflav parameters

〈δ sin2β〉 0.0124 ± 0.005 0.0138 ± 0.005

RMS δ sin2β
σsin2β

1.04 ± 0.07 1.05 ± 0.07

Table 8.5: Mean ofδ sin2β distribution and the RMS spread of the pullδ sin2β/σsin2β.

Figure 8.3: Distribution of the residualδ sin2β in fits with the true dilutions and resolution

function parameters.

8.4.4 Correlation between dilution〈D〉 and σ∆t

The origin of the correlation between the mistag fractionw andσ∆t was discussed in Sec-

tion 7.8. Average dilution〈D〉 is a related tow by Equation (8.8), and hence exhibits the same

correlation. In order to study the effect of this correlation onsin2β, the average dilution〈D〉i for

each tagging category is parameterized as

〈D〉i = 〈D〉0i + Si σ∆t (8.41)

in fits to data-sizeBCP andBflav samples of simulated events. The value ofsin2βslope measured

in these fits is compared tosin2β0, measured withSi = 0. Distribution of the differenceδ =
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sin2βslope − sin2β0 is shown in Figure 8.4, and has a mean of 0.004 and an RMS spread of 0.004.

Similar study has been performed with fast parameterized simulated events (toy Monte Carlo) and

has a larger mean of 0.006 and an RMS spread of 0.006. The distribution ofδ for these fits is also

shown in Figure 8.4.

Therefore, neglecting the correlation between mistag fractions andσ∆t results in a bias of

+0.004 insin2β. This bias is taken into account in the evaluation of the systematic uncertainty

on sin2β due to the total Monte Carlo bias, discussed in Section 9.4.17

Figure 8.4: Variation insin2β due to the correlation between mistag fractions andσ∆t.

8.5 Expected uncertainty onsin2β

The uncertainty onsin2β, including the∆t resolution, can be computed analytically from the

likelihood functionL to be [125]

σsin2β =
Σ(sin2β, τB0 ∆md, σt)√
Nsig

√∑4
i=1 εi(1 − 2wi)2

√
1 +Nbkg/Nsig

1 + (Asig/Abkg)(Nbkg/Nsig)
(8.42)

where

• Nsig is the number of fully reconstructedCP eigenstates with asymmetry amplitudeAsig,

• Nbkg is the number of background events in theCP sample, with asymmetry amplitudeAbkg,
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• σt is the∆t resolution, and

• εi andwi are, respectively, the efficiency and the mistag fraction of theith tagging category.

In order to understand this expression, one can consider the limit of perfect flavor tagging with

w = 0, and no background events,Nbkg = 0. In this case,Σ is the estimate of the per-event

uncertainty and depends on the∆t resolution, and1/
√
Nsig is from the Poisson statistics.

Since only the flavor-tagged events can be used to measuresin2β, the statistical power of the

sample is reduced by the tagging efficiencyε.

The dependence on the mistag fractionw can be understood, if one recalls that the amplitude

of the sine term in the likelihood function is given by the product(1 − 2w) sin2β. Since the fit is

sensitive to the total amplitude, variations inw directly affectsin2β.

The value ofΣ depends on the exact expression of the∆t resolution function. Tabulated values

of Σ in the simple case of a single Gaussian resolution function, and no scale factors, can be found

in Reference [125].

A better approach to estimate thesin2β uncertainty with realistic resolution functions is to use

toy Monte Carlo events. This approach is used in Section 9.2.1 to estimate the agreement between

the measured and expected uncertainties.



Chapter 9

Measurement ofsin2β

Results of the maximum-likelihood fit, described in Chapter 8, to the∆t distributions of events

inCP eigenstatesJ/ψ K0
S ,ψ(2S)K0

S ,χc1 K0
S , andηcK0

S are presented in this Chapter. The sample

of events used in the fit, after some loose vertex quality requirements, is described in Section 9.1.

The results and the estimate of the goodness of fit are discussed in Section 9.2. The large sample of

reconstructedB mesons allows various cross checks, including fits to subsamples of events, which

are described in Section 9.3. Sources of systematic uncertainty on the measured value ofsin2β, and

the evaluation of their size are discussed in Section 9.4. In Section 2.5.2, it was pointed out that the

decay modesB → J/ψK0
L andJ/ψK∗0(K0

Sπ
0) can also be used to measuresin2β. Measurement

of sin2β with those modes are discussed in Section 9.5. Finally, the combined result from a fit all

decay modes, includingJ/ψ K0
L andJ/ψ K∗0 (K0

S π
0) is discussed in Section 9.6.

9.1 Event Sample

Signal yields for the sample of selectedCP eigenstates (BCP) and flavor eigenstates (Bflav)

were presented in Sections 5.5 and 5.6, and summarized in Tables 5.9 and 5.14. Additional vertex

quality requirements are applied to select events with a well-measured interval∆t:

• the fits performed to compute the decay vertices of the fully reconstructed and the taggingB

mesons must converge;

• the measured∆t must be in the interval[−20, 20] ps. This is a very loose requirement con-

sidering theB0 lifetime of 1.542ps; and

• the measured uncertaintyσ∆t must be less than 2.5ps.
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These requirements reject almost entirely all events with mis-reconstructed vertices, and are satisfied

by about 95% of the events in data and simulation. Numbers of selected events in themES signal

region (Section 5.4) after these requirements are summarized in Table 9.1.

CP eigenstates Flavor eigenstates

Tagging category B0 tag B0 tag All B0 tag B0 tag All

Lepton 80 83 163 1782 1688 3470

Kaon I 132 145 277 5135 5059 10194

Kaon II 141 175 316 7436 6730 14166

Inclusive 159 149 308 7332 6801 14133

No tag 550 29843

Total 1614 71806

Table 9.1: Number of selected events withmES > 5.27GeV/c2 after vertex quality requirements.

Distributions ofmES for events in each tagging category are shown in Figure 9.1 for theBCP

sample, and in Figure 9.2 for theBflav sample. Overlaid is the result of the fit used to determine

the event-by-event signal probability as well as the signal purity in the signal region, defined in

Section 5.4. The amount of the background varies within the four tagging categories, and also

slightly for each decay mode, therefore separatemES fits provide a better estimate of the signal

probability.

Fits for theBCP sample are performed in two steps. First, all selected events after vertex re-

quirements, including untagged events, are fit to determine the meanmB and the widthσm of the

Gaussian component for signal, as well as parameterξ of the ARGUS component for background.

These values are fixed in fits tomES distributions of each tagging category and only the normaliza-

tions of the signal and background components are left floating. Fixing the parameters is necessary

because the amount of background and the number of events in each category are different. For

example, theLepton category has a very high purity, but also the smallest number of events which

are not sufficient to determine correctly the shape of the ARGUS function. The results of allmES

fits are summarized in Tables 9.2 through 9.6.

TheBflav sample is about ten times bigger than theBCP sample and has large number of events

in all tagging categories. Hence, all parameters are left floating in fits to themES distribution of

individual tagging categories. Results of these fits are summarized in Table 9.7.
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Figure 9.1: Distribution ofmES for reconstructedCP eigenstates, after vertex quality re-

quirements, in the four tagging categories.

Parameter Lepton Kaon I Kaon II Inclusive

Signal Yield 140 ± 12 251 ± 16 271 ± 17 275 ± 17

mB( MeV/c2) 5280.2 ± 0.1 (fixed)

σm( MeV/c2) 2.73 ± 0.06 (fixed)

Background Events 5 ± 3 56 ± 16 54 ± 8 79 ± 10

P(%) 99.3 ± 0.3 96.4 ± 0.6 96.7 ± 0.5 95.3 ± 0.6

ARGUS parameterξ −29 ± 6 (fixed)

Table 9.2: Results of themES fits to reconstructedJ/ψ K0
S (π+π−) candidates.
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Figure 9.2: Distribution ofmES for reconstructed flavor eigenstates, after vertex quality

requirements, in the four tagging categories.

Parameter Lepton Kaon I Kaon II Inclusive

Signal Yield 23 ± 5 40 ± 7 47 ± 7 39 ± 7

mB( MeV/c2) 5280.2 ± 0.1 (fixed)

σm( MeV/c2) 2.73 ± 0.06 (fixed)

Background Events 3 ± 5 31 ± 6 43 ± 7 34 ± 6

P(%) 98 ± 1 88 ± 3 87 ± 3 87 ± 3

ARGUS parameterξ −29 ± 6 (fixed)

Table 9.3: Results of themES fits to reconstructedJ/ψ K0
S (π0 π0) candidates.
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Parameter Lepton Kaon I Kaon II Inclusive

Signal Yield 30 ± 6 32 ± 6 46 ± 7 35 ± 6

mB( MeV/c2) 5280.2 ± 0.1 (fixed)

σm( MeV/c2) 2.73 ± 0.06 (fixed)

Background Events 2 ± 6 4 ± 6 8 ± 3 16 ± 4

P(%) 99 ± 1 98 ± 1 97 ± 1 93 ± 2

ARGUS parameterξ −29 ± 6 (fixed)

Table 9.4: Results of themES fits to reconstructedψ(2S) K0
S candidates.

Parameter Lepton Kaon I Kaon II Inclusive

Signal Yield 9 ± 3 19 ± 5 20 ± 5 27 ± 5

mB( MeV/c2) 5280.2 ± 0.1 (fixed)

σm( MeV/c2) 2.73 ± 0.06 (fixed)

Background Events 1 ± 1 8 ± 3 7 ± 3 6 ± 5

P(%) 98 ± 2 94 ± 3 94 ± 3 96 ± 2

ARGUS parameterξ −29 ± 6 (fixed)

Table 9.5: Results of themES fits to reconstructedχc1 K0
S candidates.

Parameter Lepton Kaon I Kaon II Inclusive

Signal Yield 14 ± 4 28 ± 6 23 ± 6 29 ± 6

mB( MeV/c2) 5280.2 ± 0.1 (fixed)

σm( MeV/c2) 2.73 ± 0.06 (fixed)

Background Events 7 ± 3 56 ± 8 68 ± 9 54 ± 8

P(%) 92 ± 4 72 ± 6 64 ± 7 74 ± 5

ARGUS parameterξ −36 (fixed)

Table 9.6: Results of themES fits to reconstructedηc K0
S candidates.
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Parameter Lepton Kaon I Kaon II Inclusive

Signal Yield 2979 ± 57 5450 ± 83 6489 ± 92 6535 ± 94

mB( MeV/c2) 5280.30 ± 0.05 5280.20 ± 0.04 5280.20 ± 0.04 5280.20 ± 0.04

σm ( MeV/c2) 2.60 ± 0.04 2.64 ± 0.04 2.62 ± 0.03 2.60 ± 0.04

Background Yield 491 ± 28 4745 ± 78 7677 ± 99 7599 ± 99

P(%) 95.6 ± 0.5 86.2 ± 0.5 82.6 ± 0.5 82.3 ± 0.5

ARGUS parameterξ −72 ± 7 −35 ± 2 −32 ± 2 −35 ± 2

Table 9.7: Results of themES fits to theBflav sample.
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9.2 Fit results

The fit to the∆t distributions of events in theBCP andBflav samples yields

sin2β = 0.755 ± 0.074 . (9.1)

This value includes the –0.014 correction to account for the bias observed in simulated events and

discussed in Section 8.4.3. Table 9.8 summarizes the measured value of all free parameters in the fit

and their correlation withsin2β. The largest correlation betweensin2β and any linear combination

of the other free parameters is 13%.

The∆t distributions of events in theBCP sample are shown in Figure 9.3a, where the asym-

metry between events with aB0 tag and those with aB0 tag is apparent. Figure 9.3b illustrates the

raw asymmetry defined by

ACP (∆t) =
N(∆t;B0

tag) −N(∆t;B0
tag)

N(∆t;B0
tag) +N(∆t;B0

tag)
, (9.2)

whereN(∆t;B0
tag) andN(∆t;B0

tag) are, respectively, the observed number ofB0-tagged andB0-

tagged events in intervals of∆t.

9.2.1 Goodness of fit and expected statistical uncertainty

The goodness of fit is evaluated with 1000 samples of fast parameterized simulated events (toy

Monte Carlo). In each sample, the number of generated events is equal to the observed number of

events in data for each tagging category, and for bothBCP andBflav samples. The total number of

signal and background is equal to those in Tables 9.2–9.6 and 9.7.

The value ofmES for each event is generated from a distribution that has the parameters mea-

sured in data and listed in the above tables. Each event is then assigned a signal probability from a

fit to the generated distribution ofmES for all events.

The value of∆t for each event is also generated by taking into account the measured resolution

function in data. For signal events, the true value of∆t (∆t0) is extracted from the∆t distributions

(8.3) forB0-tagged, (8.4) forB0-tagged, (8.23) for unmixed, and (8.24) for mixed events in absence

of detector effects. The measured∆t is computed as∆tmeas = ∆t0 + δt, whereδt is drawn from

a distribution corresponding to a sum of three Gaussians, whose parameters are fixed to the values

measured in data (Table 9.8) for the signal resolution function.

Finally, the measured dilutions〈D〉 and dilution differences∆D in Table 9.8 are used to assign

the wrong flavor-tag to a fraction of events and simulate the effect of mistag fraction.
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Figure 9.3: a) The∆t distributions of flavor-tagged events after vertex requirements in the

BCP sample, and b) the raw asymmetryACP . The lines are the result of the likelihood fit

and the shaded area is the contribution of the background.
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The goodness of fit is estimated by comparing the value of the likelihood functionlnL from

the fit to data, to values from the fits to simulated samples. Figure 9.4 shows the distributions of

lnLMC in the simulated samples with the arrow indicating the value in data. The value in data is in

good agreement with the expected values. The fraction of samples withlnLMC < lnLdata is given

in Table 9.9.

Figure 9.5 shows the comparison between the measured uncertaintyσsin2β (indicated with the

arrow) and the distributions ofσsin2βMC
in simulated samples. The expected uncertainty and the

value measured in data are listed in in Table 9.9 and are in good agreement.

Figure 9.4: Distribution oflnL in 1000 samples of toy Monte Carlo events. The arrow

indicates the value from the fit to data.
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Figure 9.5: Distribution of measuredσsin2β in 1000 samples of toy Monte Carlo events.

The arrow indicates the value measured in data.
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Parameter Result Correlation withsin2β
sin2β 0.755 ± 0.074 1.000

Signal Resolution Function
Score 1.094 ± 0.048 0.020
Stail 3.0 (fixed)
bcore Lepton 0.039 ± 0.061 0.010
bcore Kaon I −0.234 ± 0.050 0.011
bcore Kaon II −0.232 ± 0.044 0.012
bcore Inclusive −0.219 ± 0.045 0.007
btail −1.020 ± 0.293 −0.007
ftail 0.106 ± 0.020 0.017
foutl 0.003 ± 0.001 −0.010

Signal dilutions
〈D〉, Lepton 0.934 ± 0.013 −0.046
〈D〉, Kaon I 0.801 ± 0.014 −0.066
〈D〉, Kaon II 0.582 ± 0.016 −0.056
〈D〉, Inclusive 0.367 ± 0.017 −0.048
∆D, Lepton 0.029 ± 0.022 0.003
∆D, Kaon I 0.021 ± 0.022 0.004
∆D, Kaon II 0.078 ± 0.023 −0.007
∆D, Inclusive 0.051 ± 0.025 0.006

Background properties
1/Γflav

2 (ps) 1.325 ± 0.062 -0.001
fCP2 0.639 ± 0.050 -0.024
fflav

2 , Lepton 0.289 ± 0.163 0.000
fflav

2 , Kaon I 0.630 ± 0.026 0.000
fflav

2 , Kaon II 0.657 ± 0.024 0.000
fflav

2 , Inclusive 0.683 ± 0.022 0.000
Background resolution function

Score 1.398 ± 0.019 −0.003
bcore −0.045 ± 0.013 0.000
foutl 0.016 ± 0.002 −0.001

Background dilutions
Dflav

1 , Lepton 1.372 ± 0.630 0.002
Dflav

1 , Kaon I 0.649 ± 0.030 0.006
Dflav

1 , Kaon II 0.393 ± 0.024 0.006
Dflav

1 , Inclusive 0.158 ± 0.024 0.005
Dflav

2 , Lepton 0.170 ± 0.104 0.000
Dflav

2 , Kaon I 0.251 ± 0.048 0.000
Dflav

2 , Kaon II 0.279 ± 0.042 0.000
Dflav

2 , Inclusive 0.032 ± 0.046 0.000

Table 9.8: Results of the likelihood fit. The parameters are defined in Chapter 8.
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Sample 〈σMC
sin2β〉 RMSσMC

sin2β σdata
sin2β lnLMC lnLdata f

J/ψ K0
S

(π+ π−) 0.082 0.005 0.084 −1513.0 ± 1.7 −1494.9 0.623

J/ψ K0
S (π0 π0) 0.235 0.018 0.240 −495.1 ± 0.8 −511.5 0.263

ψ(2S) K0
S 0.211 0.025 0.235 −227.6 ± 0.7 −222.9 0.576

χc1 K
0
S

0.314 0.060 0.396 −151.0 ± 0.6 −152.2 0.472

ηc K
0
S

0.340 0.038 0.320 −579.4 ± 0.7 −601.5 0.151

Table 9.9: Comparison between the expected uncertaintyσMC
sin2β and lnLMC, and the values mea-

sured in the fit to data, withf the fraction of samples withlnLMC < lnLdata.
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9.2.2 Performance of theb-flavor–tagging algorithm

Average mistag fraction〈w〉i and difference∆wi for B0 andB0 tags in tagging categoryi are

related to the measured〈D〉i and∆Di in Table 9.8 through Equation (8.8). Values of〈w〉i and∆wi

are listed in Table 9.10 for the four tagging categories. Included in the same Table is the tagging

efficiencyεi for theith category, defined as

εi =
N sig
i

N sig
untag +

∑Nc
i=1N

sig
i

, (9.3)

whereN sig
i is the number of signal events in categoryi,Nc = 4 is the number of tagging categories,

andN sig
untag is the number of untagged events. The number of eventsN sig

i andN sig
untag are measured

in theBflav sample and are listed in Table 9.7. The tagging algorithm assigns a flavor tag to about

2/3 of all events. The effective tagging powerQi = εi (1 − 〈w〉i)2 was defined in Chapter 6 and

impacts directly the uncertainty onsin2β, as discussed in Section 8.5. The total tagging power

Q =
∑Nc

i=1Qi is smaller than the value obtained in simulated events in Section 6.3. As pointed out

earlier, it is important to evaluate the performance of the tagging algorithm in data and not to rely

on simulated events.

Category Nsig ε(%) 〈w〉(%) ∆w(%) Q(%)

Lepton 2979 ± 57 9.1 ± 0.2 3.3 ± 0.6 −1.4 ± 1.1 7.9 ± 0.3

Kaon I 5450 ± 83 16.7 ± 0.2 9.9 ± 0.7 −1.1 ± 1.1 10.7 ± 0.4

Kaon II 6489 ± 92 19.8 ± 0.3 20.9 ± 0.8 −4.2 ± 1.1 6.7 ± 0.4

Inclusive 6535 ± 94 20.0 ± 0.3 31.6 ± 0.9 −2.9 ± 1.2 2.7 ± 0.3

Total 32700 ± 208 65.6 ± 0.5 28.1 ± 0.7

Table 9.10: The efficiencyεi, average mistag fraction〈wi〉, mistag difference∆wi, and tagging
powerQi = εi ∗ (1 − 2〈wi〉) for each tagging category measured with the maximum-likelihood fit.
Signal yieldsNsig are those in Table 9.7.
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9.3 Cross checks

The largeBCP sample allows a number of cross checks by measuringsin2β in subsets of events.

Data is divided on the basis of reconstructedB decay mode, tagging category,J/ψ decay mode,

flavor tag, and data taking period. Unless specified, the fits are performed to the fullBflav sample

and subsets of theBCP sample.

9.3.1 B decay modes

Table 9.11 and Figure 9.6 summarize the results of the fits to exclusiveCP eigenstates. In

Section 5.5 it was shown that the amount of peaking background in signal events varies for the

decay modes (Table 5.10) and could potentially impact the value ofsin2β. Results in Table 9.11,

however, are in good agreement with the value measured in the full sample. The value of theχ2,

computed as

χ2 =
CP modes∑

i

(
sin2βi − sin2βAll

σi

)2

, (9.4)

is 3.7 with 4 degrees of freedom. The∆t distributions and raw asymmetriesACP for each decay

mode are shown, respectively, in Figure 9.7 and Figure 9.8.

Sample Nsig P sin2β

CP sample 1399 ± 39 93.5 0.755 ± 0.074

J/ψK0
S

(K0
S
→ π+π−) 937 ± 31 96.5 0.820 ± 0.084

J/ψK0
S

(K0
S
→ π0π0) 150 ± 13 88.5 0.394 ± 0.241

ψ(2S)K0
S

(K0
S
→ π+π−) 143 ± 12 96.9 0.691 ± 0.235

χc1K
0
S

75 ± 9 94.5 1.014 ± 0.397

ηcK
0
S 95 ± 11 73.3 0.586 ± 0.320

Table 9.11: Measurement ofsin2β in exclusiveB decay modes.Nsig is the signal yield andP the
purity.
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sin2β

All modes 0.755±0.074

ηc Ks 0.586±0.320

χc1 Ks 1.014±0.397

ψ(2S)Ks 0.691±0.235

J/ψ Ks (π
0π0) 0.391±0.241

J/ψ Ks (π
+π−) 0.820±0.084

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 9.6: Measurement ofsin2β in exclusiveB decay modes. The value ofχ2, defined

in Equation 9.4, for the agreement between the decay modes is is 3.7 with 4 degrees of

freedom.

9.3.2 Data subsamples

Fits to subsamples of data are discussed in the following. All results are summarized in Ta-

ble 9.13 and compared to the value ofsin2β in the full sample in Figure 9.11.

Data-taking periods

The data sample used for this analysis was collected between October 1999 and June 2002.

Fits are performed in subsets of data collected in four different periods of data taking defined in

Table 9.12. Fit results are summarized in Table 9.13 and no significant variation insin2β is observed

for different subsets of data.
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Figure 9.7: Distribution of∆t for J/ψKs, ψ(2s)Ks, χc1Ks, andJ/ψKs(π
0π0) decay

modes. The solid line is the result of the fit. The shaded area is the contribution of back-

ground.

Tagging categories

Another useful cross check is fitting the events in individual tagging categories. The physics

processes utilized to determine the flavor tag ofB mesons in each tagging category are different,

as discussed in Chapter 6, and result in different mistag fractions and sample purities. Hence, it is

important to check that the value ofsin2β does not vary within the categories. Results of the fits are

listed in Table 9.13 and do not show any significant variation. The∆t distributions for the events in

each category, and the raw asymmetry are shown in Figures 9.9 and 9.10, respectively. The effect

of the difference in the mistag fractions for the four categories is evident. The amplitude of the

raw asymmetry in theLepton category is the closest to the measured value ofsin2β, while it is

reduced significantly in theInclusive category.
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Subset Period Luminosity ( fb−1)

Run1 October 1999 — December 2000 20.78

Run2a January 2001 — June 2001 9.07

Run2b July 2001 — December 2001 26.58

Run2c+d January 2002 — June 2002 24.72

Table 9.12: Periods of data taking used for cross checks.

B0 vs.B0 flavor tags

Measurement ofsin2β can be performed separately in events withB0 flavor tags and those

with B0 flavor tags. In fact, the∆t distributions (8.3) and (8.4) for these events are individually

asymmetric with respect to∆t = 0, if sin2β 6= 0. Therefore, in absence ofB0 (B0) tags,sin2β

can still be measured with a fit to the∆t distribution of events withB0 (B0) tags. In these fits the

value of∆D for all tagging categories must be fixed to zero since there is only one flavor tag. The

parameters of the resolution function are fixed to values obtained in the full fit. The results of the fits

are summarized in Table 9.13 and Figure 9.13 and are in very good agreement with the combined

fit as well as with each other.

J/ψ → e+e− and J/ψ → µ+µ− decay modes

One additional cross check is to separate events withJ/ψ reconstructed ine+e− or µ+µ− final

states. These decay modes differ due to the Bremsstrahlung photons in thee+e− mode, which could

affect the decay-vertex reconstruction. The fit results are shown in Table 9.13 and Figure 9.13, and

no discrepancy is found.

9.3.3 Control samples

The sample of events with fully reconstructedB+ mesons described in Section 5.7, and the

Bflav sample ofB0 mesons in flavor eigenstates represent a large and valuable control sample for

the measurement ofsin2β. TheB+ mesons do not oscillate and their∆t distribution is simply an

exponential decay with theB+ lifetime. The∆t distribution of theBflav sample has acos ∆md∆t
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Sample Nsig P(%) sin2β

BCP sample 1399 ± 39 93.5 0.755 ± 0.074

Lepton 217 ± 15 98.0 0.789 ± 0.113

Kaon I 370 ± 20 93.2 0.778 ± 0.119

Kaon II 407 ± 21 92.7 0.732 ± 0.171

Inclusive 406 ± 21 92.4 0.452 ± 0.282

B0-Tag 688 ± 27 94.1 0.754 ± 0.105

B̄0-Tag 712 ± 28 93.3 0.739 ± 0.105

J/ψ → e+e− 623 ± 26 93.7 0.799 ± 0.099

J/ψ → µ+µ− 681 ± 26 97.1 0.696 ± 0.104

Run 1 357 ± 19 93.3 0.628 ± 0.149

Run 2a 190 ± 14 94.4 0.866 ± 0.206

Run 2b 445 ± 22 94.2 0.761 ± 0.135

Run 2c+d 408 ± 21 93.9 0.824 ± 0.127

Table 9.13: Results of the fits in subsets of theBCP samples.

term but noCP -violating term. Therefore, no asymmetry is expected in these control samples and

fits to their∆t distributions should yield a value ofsin2β consistent with zero. The results of the

fits are summarized in Table 9.14 and Figure 9.12, and are consistent with no asymmetry. These

results indicate that the fit procedure does not create a fake asymmetry where there is none.
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Control sample Nsig P (%) sin2β

B+ → D(∗)0π+ 19764 ± 160 84.2 0.021 ± 0.022

B+ → (cc̄)K+ 6736 ± 87 93.8 0.021 ± 0.037

B+ → J/ψK+ 5836 ± 81 93.8 0.047 ± 0.046

B+ → ψ(2S)K+ 555 ± 25 94.4 0.258 ± 0.121

B+ → χc1K
+ 345 ± 20 93.2 −0.194 ± 0.144

Bflav sample 21453 ± 166 85.0 0.017 ± 0.021

B0 → D(∗)−π+/ρ+/a+
1 19612 ± 154 88.9 0.022 ± 0.021

B0 → J/ψK∗0(K+π−) 1678 ± 43 95.8 −0.009 ± 0.073

Table 9.14: Fit results in control samples of fully reconstructedB+ andB0 mesons in flavor eigen-
states.
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Figure 9.8: Raw asymmetryACP for decay modesJ/ψKs, ψ(2s)Ks, χc1Ks, and

J/ψKs(π
0π0). The solid line is obtained from the result of the likelihood fit to∆t in

Figure 9.7.
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Figure 9.10: Raw asymmetryACP in the four tagging categories. The solid line is obtained

from the result of the likelihood fit to∆t in Figure 9.9.
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Inclusive 0.452±0.282
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Kaon I 0.778±0.119

Lepton 0.789±0.113

Run 2c+d 0.824±0.127

 Run 2b 0.761±0.135
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Figure 9.11: Measurement ofsin2β in subsamples of data.
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Figure 9.12: Fit results in control samples of fully reconstructedB+ mesons and in the

Bflav sample.
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9.4 Evaluation of systematic uncertainty

Systematic uncertainties onsin2β arise from systematic effects in the measurement of the time-

difference∆t, assumptions in the analysis technique, and the parameterization of the∆t distribu-

tions for signal and background. These uncertainties are evaluated in data, where possible, or in

samples of simulated events.

The value of∆t is computed from the spatial distance∆z between the decay vertices of the two

B mesons in the event, and by using the measured boost factor for theΥ (4S). Hence, systematic

effects in the reconstruction of decay vertices and measurement of the boost result in systematic

uncertainties on∆t. Sources of systematic effects on∆t include:

• knowledge of thez-scale of the detector,

• knowledge of theΥ (4S) boost factorβγ,

• local alignment of the SVT that provides high precision reconstruction of decay vertices, and

• position of the beamspot used in the measurement of∆z.

The uncertainty onsin2β due to these sources is evaluated in data. For example, the value of

βγ is varied within its measured uncertainty and the variation insin2β is taken as the systematic

uncertainty.

Two assumptions in the analysis technique can cause systematic effects in the measurement of

sin2β:

• common∆t resolution function forBCP andBflav samples, and

• similar performance for the flavor-tagging algorithm inBCP andBflav samples.

The impact of these assumptions is evaluated in simulated events, where the true values of∆t and

the flavor tag are known and allow the comparison of the parameters of the∆t resolution functions

and the mistag fractions between the the two samples.

The parameterization of the∆t distributions for signal and background in the fit, was discussed

in Chapter 8. It was pointed out that assumptions in the empirical description of the background is

a source of systematic effects. These effects are estimated in data from the change insin2β when

the assumptions are varied.

In the remainder of this Section, individual sources of systematic uncertainty onsin2β are

described, and their contribution is evaluated. For simplicity, the fit to data is referred to as the

nominal fit.
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The order in which the various sources are discussed does not correspond to the size of their

contribution. Given the relatively large number of effects considered, contributions of those sources

with similar nature are discussed together. All contributions are summarized in Section 9.4.19 where

the total systematic uncertainty is computed.

9.4.1 Common∆t resolution function

The assumption of a common∆t resolution function for theBCP andBflav samples is tested in

simulated events. In these events, the resolution function parametersâCP ± δaCP andâflav ± δaflav,

respectively for theBCP and theBflavsamples, are measured from fits to the residualδt = ∆tmeas−
∆ttrue (see Section 7.6). The parametersâ were described in Section 8.3.2 and consist of one width

scale factor and four bias scale factors for the core component, one bias scale factor for the tail,

the fraction of events in the tail, and the fraction of events in the outliers component. The other

parameters are fixed and their contributions to the systematic uncertainty are estimated as described

in the next section.

For the measured parametersâCP ±δaCP , sin2β is measured in sixteen different configurations:

each parameteraiCP is varied separately by+δaiCP and−δaiCP while keeping the other parameters

fixed. The mistag fractions are fixed to zero and the true flavor tag for each event is used.

The mean〈sin2β〉CP and the RMS spreadδsin2βCP of measured values ofsin2β are reported

in Table 9.15. Similar fits are performed by using the parametersâflav ± δaflav of theBflav sample,

and their results are also reported in Table 9.15.

〈sin2β〉 δ sin2β

âCP ± δaCP 0.70872 0.00021

âflav ± δaflav 0.70697 0.00040

Table 9.15: Mean and RMS spread of measuredsin2β with resolution function parameterŝaCP ±
δaCP andâflav ± δaflav in simulated events. TheBCP sample is generated withsin2β =0.7033.

The difference between the means is0.00175 ± 0.00045. A systematic uncertainty of 0.002 is

assigned to the assumption of a common∆t resolution function for theBCP and theBflav samples.
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9.4.2 Signal∆t resolution function

Tail component

In the nominal fit the width scale factorSsig
tail is fixed to3, as discussed in Section 8.3.2. The

systematic uncertainty due to this assumption is estimated as the biggest variation insin2β when

Ssig
tail is instead fixed at 2 and 5. A systematic uncertainty of 0.002 is assigned.

Outlier Component

The mean offset and the width of the outlier component are fixed, respectively, to 0ps and 8ps

in the nominal fit (see Section 8.3.2). The systematic uncertainty due to this assumption is evaluated

by varying these parameters separately and repeating the fit. The width of the outlier Gaussian is

varied between 4ps and 12ps and its mean offset is varied by±2 ps around the nominal value.

Table 9.16 shows the variations insin2β for the four different sets of parameters for the outlier

Gaussian.

The variations due to the mean offset and due to the width are assumed to be uncorrelated. The

largest variations are added in quadrature to evaluate a total contribution of 0.005 to the systematic

uncertainty.

width/bias (ps) δ sin2β

8/0 –

4/0 −0.004

12/0 −0.002

8/–2 −0.001

8/+2 −0.003

Total 0.005

Table 9.16: Systematic uncertainty onsin2β due to fixed width and mean offset of the outliers com-
ponent. The variations due to the width and due to the mean offset are assumed to be uncorrelated.
The total uncertainty is computed as the sum in quadrature of the two largest contributions.
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9.4.3 Signal∆t resolution function model

In this analysis the∆t resolution function is parameterized with a sum of three Gaussians (Sec-

tion 7.6). The mean offsets of the core and tail components are allowed to vary in the fit. These

offsets account for the negative bias in∆t due to charm-decay daughters included in the decay ver-

tex of the taggingB meson (Section 7.4). The sensitivity ofsin2β to the resolution function model

is estimated by using an alternative model, calledGExp for brevity, and defined as

GExp(δt;σ, τ, ft, fo) ≡ G(µ ≡ 0, σ) ⊗
(
(1 − ft − fo)δ(δt) + ft eδt/τ

)
+ foG(0 ps, 8 ps) (9.5)

= (1 − ft − fo)G(µ ≡ 0, σ) + ftG(µ ≡ 0, σ) ⊗ eδt/τ + foG(0 ps, 8 ps)

whereδt ≡ ∆tmeas − ∆ttrue, andG(µ, σ) is a Gaussian with meanµ and widthσ.

The first term corresponds to the core component with no mean offset and the third component

is the same as the outliers component. The bias from the charm decays is accounted for with the

one-sided exponential in the second term. One common effective lifetimeτ is used but each tagging

category has a differentft to allow for different biases. The fitted value ofsin2β changes by 0.007

when theGExpmodel is used. This variation is taken as the systematic uncertainty.

9.4.4 ∆t resolution function in events with wrong flavor tag

In this analysis, a common∆t resolution function is used for all signal events. In principle,

events which are assigned a correct flavor tag and those with a wrong flavor tag could have different

resolution functions. For example, if tracks from the taggingB meson (Btag) are included in the

fully reconstructedB meson (Brec), the measured∆t can be smaller than its true value.

The effect of possible differences between the two subsets of events is estimated with simulated

BCP events. The method is similar to that used in in Section 9.4.1. The true flavor tag is used to

separate events with the correct tag (sampleA) and those with the wrong tag (sampleB). Parameters

â ± δa of the resolution function are measured from fits to the residualδt ≡ ∆tmeas − ∆ttrue for

all events (̂aall), for sampleA (âA), and for sampleB (âB).

The value ofsin2β is measured separately for samplesA andB with fits in which the resolution

function parameters are fixed tôaall, and the true flavor tag is used. The mistag fractions are fixed

to 0 in the fits to sampleA (all events have the correct tag), and to 1 in the fits to sampleB. The

value ofsin2βall for the entire sample is computed as the weighted average ofsin2βA andsin2βB .

The fits are then repeated after changing each of the parametersai by ±δai while keeping all other

parameters fixed (sixteen configurations). The mean and the RMS spread of the distribution of

sin2βall are reported in Table 9.17.
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〈sin2βall〉 δ sin2βall

âall 0.69909 0.00031

âA andâB 0.69926 0.00073

Table 9.17: Mean and RMS spread of measuredsin2βall with common resolution functions param-
etersâall and separate parametersâA andâB.

A second set of fits are performed where each sample uses its own set of parameters:âA for fits

to sampleA andâB in fits to sampleB. The value ofsin2βall is then computed for the full sample

as the weighted average of the two fitted values. The mean and the RMS spread ofsin2βall for these

fits are also reported in Table 9.17.

The observed variation in〈sin2βall〉 is 0.0002± 0.0008, and a systematic uncertainty of 0.0008

is assigned.

9.4.5 Common dilutions and dilutions differences

The systematic uncertainty due to possible differences in dilutions〈D〉 and dilution differences

∆D between theBCP and theBflav samples is estimated with simulated events.

Resolution function parameterŝaCP for theBCP samples are measured with fits to the distri-

bution of the∆t residualδt ≡ ∆tmeas − ∆ttrue. Dilutions 〈D〉 ± δ〈D〉 and dilution differences

∆D±δ∆D for theBCP andBflav samples are measured by using the true flavor tag and by counting

the number of wrongly tagged events.

Two sets of fits are performed to theBCP sample, first using〈D〉CP and∆DCP measured in

theBCP sample, and then using〈D〉flav and∆Dflav measured in theBflav sample. In all fits, the

resolution function parameters fixed toâCP . In the first sixteen fits,〈D〉CP are varied by±δ〈D〉CP
and∆DCP by ±δ∆DCP , separately for each tagging category. The mean and the RMS spread of

sin2β measured in these fits are reported in Table 9.18. In the second set of fits〈D〉flav and∆Dflav

are varied. The mean and RMS spread ofsin2β from these fits are also reported in Table 9.18. A

systematic uncertainty of 0.012 is assigned to the difference in flavor tagging between theBflav and

theBCP sample.
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〈sin2β〉 δ sin2β

〈D〉CP ,∆DCP 0.7109 0.0006

〈D〉flav,∆Dflav 0.7232 0.0010

Table 9.18: Mean and RMS spread of measuredsin2β using〈D〉CP ,∆DCP and〈D〉flav,∆Dflav.

9.4.6 Signal probability

Each event in theBCP sample is assigned a signal probabilityfsig on the basis of the measured

value ofmES for the fully reconstructedB meson in the event. The amplitude of the sine term

in the∆t distributions issin2β for the signal, but is fixed to zero for the background. Therefore,

variations infsig can result in variations in the measured amplitude and therefore the fitted value of

sin2β. The evaluation of the systematic uncertainty due to the uncertainty on the measured value of

fsig consists of two steps.

First, sin2β is measured with fits in whichfsig is fixed to the sample purityP for events with

mES > 5.27GeV/c2, and to zero for events withmES < 5.270GeV/c2. PurityP ± δP is measured

from fits to themES distributions for each tagging category as described in Section 5.4.

Then, the fits are repeated after varyingfsig by ±δP simultaneously for all tagging categories

but independently for theBCP andBflav samples.

Variations insin2β are listed in Table 9.19. The largest variations of0.007 and0.001 are taken

as systematic uncertainties for theBCP and theBflav samples, respectively.

Variation δ sin2β

∆(up)fCPSig +0.007

∆(down)fCPSig −0.006

∆(up)fflav
Sig −0.001

∆(down)fflav
Sig +0.001

Table 9.19: Systematic uncertainty onsin2β due to statistical uncertainty on the signal probability
fsig.
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9.4.7 Beam energyEb in the mES fits

The beam energyEb is fixed to5.291GeV/c2 in themES fits performed to determine the signal

probability fsig. Variations inEb can change the signal probability and therefore change the value

of sin2β.

The value ofEb is known with an uncertainty of 0.002GeV/c2. The systematic uncertainty

on sin2β is estimated by repeating themES fits with Eb varied by±0.002GeV/c2. The largest

variation of 0.001 is assigned as the systematic uncertainty onsin2β.

9.4.8 Fraction of peaking background

Fractionsfpk of peaking background for theBCP and theBflav samples are measured in sim-

ulated events (Sections 5.5 and 5.6). Variations infpk, and therefore the signal probability, can

change the value ofsin2β, as explained in Section 9.4.6.

The systematic uncertainty due to the uncertainty onfpk is evaluated by performing fits in which

this fraction is varied by its uncertainties. The value ofsin2β does not change whenfflav
pk for the

Bflav sample is varied. For theBCP sample, a conservative approach is used. The fractions for all

decay modes are increased and decreased simultaneously in the fit, and result in a variation of 0.006

in sin2β. This variation is taken as the systematic uncertainty onsin2β.

9.4.9 Background composition in theBCP sample

The empirical description of the∆t distribution for the background in theBCP sample was

discussed in Section 8.1.2. In the nominal fit, this description includes only a prompt and a non-

prompt components, and noCP -violating term. Similarly, the peaking background is assigned an

effectiveCP eigenvalueηpk = 0, and therefore does not includeCP violation.

A conservative approach is used to evaluate the presence of potential asymmetries in the∆t

distribution of the background. For the peaking background, the value ofηpk is varied between−1

and+1, corresponding to maximalCP violation in these events. For the combinatorial background,

the fit is repeated by including theCP -violating term in Equation (8.19): fractionfCPi,3 = 0 and

effectiveCP amplitudesηcomb
i are left floating, while the effective lifetime1/ΓCP3 is fixed to the

B0 lifetime.

The largest variation insin2β with respect to the nominal fit is 0.012, and is assigned as the

systematic uncertainty.
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9.4.10 Background effective lifetime in theBCP sample

The effective lifetime1/ΓCP2 of the non-promptBCP background in (8.18) is fixed to theB0

lifetime in the nominal fit. The variation of1/ΓCP2 between 0.7ps and 2ps changes the value of

sin2β by 0.002, which is taken as the systematic uncertainty.

9.4.11 Background∆t resolution function

The background∆t resolution function in the fit was discussed in Section 8.3.4 and is modeled

with a sum of a core and an outliers component, by fixing the fractionfbkg
tail of the tail to zero. The

systematic uncertainty onsin2β due to this assumption is estimated by floating the tail fractionfbkg
tail

and the mean offset of the background resolution function. The width scale factor is fixed to 3 (as

for signal). The variation insin2β with this configuration is 0.006, and is assigned as the systematic

uncertainty.

9.4.12 Background composition in theBflav sample

In the nominal fit, the∆t distribution (8.34) for the combinatorial background in theBflav sam-

ple does not include any oscillatory term (Section 8.3.5), by fixingfflav
i,3 to zero in Equation (8.34).

The fit is repeated withfflav
i,3 free to vary, andfflav

i,2 fixed to zero instead. Thus, the background

is described by a prompt term and a purely oscillatory term. The value ofsin2β from this fits differs

by 0.003 with respect to the nominal fit. This variation is assigned as the systematic uncertainty.

9.4.13 FixedB0 lifetime and oscillation frequency∆md

In the nominal fit, theB0 lifetime and the oscillation frequency∆md are fixed to the world

average values1.542 ± 0.016 ps and0.489 ± 0.008 ps−1 [33], respectively.

The dependency ofsin2β on τB0 and∆md is determined from fits where the fixed values

of these parameters are varied. Figure 9.13 shows the measuredsin2β as a function of∆md and

τB0 . The correlation coefficients (i.e. the slopes of the linear dependency) are listed in Table 9.20.

The systematic uncertainty is estimated by the product of the correlation coefficient and the known

uncertainty for each parameter.
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Figure 9.13: Correlation betweensin2β andτB0 in a) and betweensin2β and∆md in b).

δ sin2β/δτ(B0) −0.24 ps−1

σsyst(τ(B
0)) 0.004

δ sin2β/δ∆md –0.40 ps

σsyst(∆md) 0.003

Table 9.20: Variations insin2β due to uncertainties onτB0 and∆md.

9.4.14 Boost andz-scale uncertainty

In first approximation, the value of∆t and the measured∆z are related by∆z = βγ∆t. Hence,

variations inβγ or thez scale directly impact the value of∆t, which can result in variations of the

fitted sin2β.

Thez scale is measured by reconstructing interactions of electrons and positrons from the beam

with the material of the beam pipe [126]. The measured relative uncertainty is 0.2% at the radius

of the beampipe. Since the distance∆z is measured near the interaction region, and not at the

beampipe radius, an uncertainty of 0.6% is used for the evaluation of the systematic uncertainty.

The measuredsin2β varies by 0.001, when the measured∆t andσ∆t are scaled by±0.6%.

The boost factorβγ is measured from the knowledge of the PEP-II beam energies with a relative
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uncertainty of 0.1% [70]. Since this uncertainty is smaller than the uncertainty on thez scale, a

conservative systematic uncertainty of 0.001 is assigned.

9.4.15 Beamspot position

The position of the beamspot is used as a constraint in the measurement of the distance∆z

between the decay vertices of the twoB mesons (Section 7.4). This position is computed for each

run of data taking frome+e− → e+e− andµ+µ− events (Section 4.1). The strongest constraint

comes from they position of the beamspot which is known with a precision of about 10µm.

Two types of systematic effects are studied to evaluate the sensitivity ofsin2β to the beamspot

position: they position of the beamspot is either shifted by a known amount, or convoluted with a

Gaussian of fixed width. The value ofsin2β is measured after applying shifts of 20µm and 40µm,

and convolutions with Gaussians with a width of 30µm and 60µm. The largest variation insin2β

is 0.010 and occurs when they position is shifted by 40µm. This variation is assigned as the

systematic uncertainty.

9.4.16 SVT alignment

Reconstruction of decay vertices ofB mesons relies on the high precision reconstruction of

charged-particle trajectories. For particles originating from the interaction point, the measurement

of the trajectory parameters is dominated by the silicon vertex tracker. The measured parameters

are very sensitive to the relative positions of the silicon wafers and strips that are used to detect the

interactions of the charged particles. The knowledge of actual positions of the wafers and strips

with respect to their nominal positions is referred to as the SVTlocal alignment.

The local alignment of the SVT is measured withe+e− → µ+µ− events by studying the impact

parametersd0 andz0 in thexy plane and along thez axis (see Table 4.4) as a function of azimuthal

angleφ0 [127]. The position of the wafers is expressed in terms of rotationsR and translationsT

with respect to theperfect alignment, where all wafers are at their nominal positions.

The effect of systematic uncertainties associated to the alignment procedure is estimated with

simulated events. The reconstruction of these events utilizes the correct position of the SVT wafers,

and corresponds to the perfect alignment scenario. Hence, fits to simulatedBCP andBflav samples

provide the nominal value forsin2β with perfect alignment. Possible misalignment scenarios in data

are expressed in terms of transformations(Ri,Ti), and are used to introduce aknownmisalignment

in the reconstruction of simulated events. Variations insin2β in fits to misalignedBCP andBflav
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samples provides an estimate of the systematic uncertainty due to the SVT alignment.

Variation δ sin2β for three different misalignment scenarios [128] with respect to the perfect

alignment are summarized in Table 9.21. The uncertainty onδ sin2β takes into account the cor-

relationρ between the perfect and the misaligned samples, computed with theKin variable [129].

The average of the three contributions is0.004±0.006 and the systematic uncertainty is taken to be

0.010. Note that the uncertainties in Table 9.21 are highly correlated and can not be used to compute

a simple weighted average. The above value for the average variation has been computed by taking

into account the correlations.

Alignment set δ sin2β

Nov2001 −0.003 ± 0.005

OverlapRun2 −0.004 ± 0.006

DiffBlend 0.004 ± 0.007

Table 9.21: Variations insin2β for three SVT-misalignment scenarios.

9.4.17 Monte Carlo bias

The measured value ofsin2β in data is corrected to account for an observed bias of +0.014,

discussed in Section 8.4.3. In Section 8.4.4, it was shown that the correlation between〈D〉 andσ∆t

accounts for +0.004 of this bias.

The difference of 0.010 between the total bias and the understood fraction is taken as the sys-

tematic uncertainty.

9.4.18 Doubly-CKM-suppressed decays

The flavor-tagging algorithm relies primarily on the correlation between the charge of the parti-

cles in the final state and the flavor of the parentB meson. The main sources of flavor-tag informa-

tion were discussed in Section 6.1. It is usually assumed that theD(∗)−X+ final states are produced

in decays ofB0 while the conjugate modesD(∗)+X− are final states ofB0. The diagram for the

B0 → D(∗)−X+ decay is shown in Figure 9.14a.
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However, theB0 meson also contributes to this same final state as illustrated in Figure 9.14b,

but the amplitude for this contribution is suppressed by

R ≡ |A(B0 → D∗−X+)|
|A(B0 → D∗−X+)| =

|V ∗
ubVcd|

|V ∗
cbVud|

= λ2 ≈ 0.04 [33]. (9.6)

The decay ofB0 is CKM-favored, while the decay ofB0 is referred to as doubly-CKM-suppressed

(DCS), since both CKM factors are suppressed by a factorλ.
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Figure 9.14: a) The CKM-favored decayB0 → D∗−X+, and b) the doubly-CKM-

suppressed decayB0 → D∗−X+.

The DCS decays affect the taggingB meson in theBCP and theBflav samples, and also the

fully reconstructedB meson in theBflav sample. Although the branching fractions for these decays

are suppressed by aboutO(10−4), neglecting these decays can impact both the flavor tagging and

the∆t distributions.

In terms of flavor tagging, these decays, to first order, increase the mistag fractions when kaons

and pions are used to determine the flavor of theB meson, because the charge correlation has the

opposite sign. Flavor tags using leptons are not affected because the semileptonic decaysB0 →
X−`+ν` do not have a DCS-related decay.
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The∆t distributions for the events in theBCP and theBflav samples are modified due to the

interference between amplitudesA andA in (9.6). The complete derivation of these distributions

can be found in Reference [130]. The distributions (8.3) and (8.4) for theBCP sample, including

the DCS decays can be written as

fBtag=B0(∆t) ∝ e−Γ|∆t| {(1 + R2) − 2R cos(2β) cos(2β + γ′ + δ′)

− cos ∆m∆t
[
2R sin(2β) sin(2β + γ′ + δ′)

]
+ sin ∆m∆t

[
(1 −R2) sin(2β)

]}
(9.7)

fBtag=B0(∆t) ∝ e−Γ|∆t| {(1 + R2) − 2R cos(2β) cos(2β + γ′ − δ′)

− cos ∆m∆t
[
2R sin(2β) sin(2β + γ′ − δ′)

]
− sin ∆m∆t

[
(1 −R2) sin(2β)

]}
(9.8)

where1/Γ = τB0 and

A(Btag = B0 → D(∗)−X+) = A
A(Btag = B0 → D(∗)−X+) = AR e−iγ

′
eiδ

′

A(Btag = B0 → D(∗)+X−) = AR e+iγ
′
eiδ

′

A(Btag = B0 → D(∗)+X−) = A .

Here,γ′ andδ′ are, respectively, the weak and the strong phase difference between the DCS and the

CKM-favored diagrams, and vary for different final statesD(∗)±X∓. The effect of the DCS decays

is twofold: the amplitude of the sine term is reduced by a factor(1−R2), and there is an additional

cosine terms. As mentioned earlier, the reduced amplitude of the sine term is taken into account by

the dilution factors. On the contrary, the new cosine term is out of phase with respect to the sine

term byπ/2 and modifies the oscillation amplitude. The effect of the cosine term is not accounted

for by the dilution factors.

The variation insin2β, to good approximation, is given by [131,132]

δ sin2β = −R sin (γ′ − 1.0) cos δ′ , (9.9)

with γ′ expressed in radians. Studies with toy Monte Carlo events have been performed for several

values ofγ′ andδ′ [133], and the systematic uncertainty onsin2β is estimated to be 0.008.

9.4.19 Summary of systematic uncertainties

The dominant contributions to the systematic uncertainty are from differences in the mistag

fractions for theBCP and theBflav samples (0.012), and the composition of the background in
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theBCP sample (0.010). The latter, and all other contributions evaluated in data, are expected to

decrease with enlarged data samples.

The second largest contribution is from the uncertainty on the bias insin2β observed in simu-

lated events (0.010). Validation studies in the limit of infinite statistics and perfect detector do not

show any bias. Hence, the origin of the bias is expected to be in detector effects such as the∆t

resolution function, or other correlations similar to that betweenσ∆t and the mistag fractions.

The total systematic uncertaintyσsys is computed to be 0.030, by adding in quadrature all con-

tributions in Table 9.22, which are assumed to be uncorrelated. This uncertainty is more than a

factor of two smaller than the statistical uncertaintyσstat = 0.074.
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Source Contribution
Signal parameters

Common∆t resolution function [9.4.2] ±0.002
Parameters of the Outliers component [9.4.2] ±0.005
Tail scale factor [9.4.2] ±0.002
∆t signal resolution model [9.4.3] ±0.006
Wrong tag resolution function [9.4.4] ±0.001
Signal dilutions [9.4.5] ±0.012

Background parameters
Signal probability:BCP sample [9.4.6] ±0.007
Signal probability:Bflav sample [9.4.6] ±0.001
mES endpoint [9.4.7] ±0.001
BCP fraction of peaking background [9.4.8] ±0.006
BCP backgroundCP content (combinatorial) [9.4.9] ±0.012
BCP backgroundCP content (peaking) [9.4.9] ±0.005
BCP background lifetime [9.4.10] ±0.002
Background∆t resolution function [9.4.11] ±0.006
Bflav background model [9.4.12] ±0.003
Bflav fraction of peaking background [9.4.8] 0

external parameters
B0 lifetime [9.4.13] ±0.004
∆md [9.4.13] ±0.003

detector effects
z scale + boost [9.4.14] ±0.001
Beam spot [9.4.15] ±0.010
SVT alignment [9.4.16] ±0.010
Monte Carlo correction [9.4.17] −0.014 ± 0.010
Doubly-CKM-suppressed decays [9.4.18] ±0.008
Total systematic error ±0.030
Statistical error ±0.074

Table 9.22: Summary of contributions to the systematic uncertainty onsin2β. The number in square
brackets on each line is the subsection where the evaluation of the contribution is discussed.
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9.5 Measurement ofsin2β in J/ψ K0
L and J/ψ K∗0 (K0

S π
0)

decay modes

In addition to the decay modesJ/ψ K0
S , ψ(2S) K0

S , χc1 K0
S , andηc K0

S , theBABAR collabora-

tion has also measuredsin2β in the decay modesJ/ψ K0
L andJ/ψ K∗0 (K0

S π
0). These results are

briefly described in this section.

9.5.1 B → J/ψK0
L

TheJ/ψ K0
L final state has oppositeCP eigenvalueηCP = +1 compared toηCP = −1 modes

used in this analysis. Although theoretically clean, this mode suffers from significantly higher

backgrounds due to poorK0
L reconstruction inBABAR.

The J/ψ K0
L selection is described in Reference [134]. Due to their long lifetime ofτK0

L
=

(5.17 ± 0.04) × 10−8 s (compared toτK0
S

= (893.5 ± 0.8) × 10−13 for theK0
S), K0

L mesons

are identified from their hadronic interactions in the electromagnetic calorimeter and in the muon

chambers, but their energyEK0
L

is not completely measured. TheK0
L momentumpK0

L
is computed

from the measured direction~dK0
L

and by using the relation

m2
B = (E2

J/ψ +
√
m2
K0
L

+ p2
K0
L
)2 − (~pJ/ψ + pK0

L

~dK0
L
)2 , (9.10)

The energy difference∆E (see Section 5.4) is computed frompK0
L

and the reconstructedJ/ψ .

Figure 9.15 shows the∆E distribution in data. The signal region is defined by|∆E| < 10MeV

and contains 988 events with purityP = 55%. The non-J/ψ background is due to random combi-

nations of particles. The properties of this background are studied from the sidebands of theJ/ψ

mass distribution in data. TheB → J/ψ X background is from events with a realJ/ψ and a

fake or incompleteK0
L candidate. Simulated events are used to study the composition of this back-

ground. The likelihood fit to the∆t distributions of theJ/ψ K0
L sample requires dedicated proba-

bility density functions to model the contribution of individual backgrounds, which are described in

Reference [134].

In the selected sample ofJ/ψ K0
L events,sin2β is measured to be

sin2β = 0.723 ± 0.158 (stat) ± 0.086 (syst) . (9.11)

The dominant contribution to the systematic uncertainty is from the composition of the background

(0.081). The remaining contributions are estimated with the same procedure described in Sec-

tion 9.4.
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Figure 9.15: Distribution of∆E for B → J/ψK0
L

candidates in data. There are 988 events

with |∆E| < 10 MeV and purityP = 55%.

9.5.2 B → J/ψK∗0(K0
S
π0)

The measurement ofsin2β in theJ/ψ K∗0 decay mode is complicated by the presence of both

CP -odd andCP -even eigenstates in the final state. TheB meson is a spin-0 particle, whileJ/ψ

andK∗0 mesons haveS = 1. The conservation of total angular momentumJ = L + S implies

that orbital angular momentumL in the final state can be 0, 1, or 2. The states withL = 0, 2 have

ηCP = +1 while those withL = 1 haveηCP = −1. The fractionR⊥ of theL=1 component is

measured to be(16.0 ± 3.5)% [135].

The value ofsin2β can be measured by separating the threeCP components with an angular

analysis of the particles in the final state [136, 137]. When the angular information in the decay

is ignored, the measuredCP asymmetry is given by(1 − 2R⊥) sin2β, which corresponds to an

effectiveCP eigenvalueηeff = 0.65 ± 0.07 for all J/ψ K∗0 candidates.

Figure 9.16 shows themES distribution ofJ/ψ K∗0 events in data. There are 147 events in the

signal region (mES > 5.27GeV/c2) with purity P = 81%. The lower purity of this sample with

respect to theηCP = −1 modes is mainly due to the combinatorial background in the selection of

π0 candidates in the final state. From a fit to the∆t distributions of the selected events, and by using

the effectiveCP eigenvalueηeff , sin2β is measured to be

sin2β = 0.224 ± 0.516 (stat) ± 0.068 (syst) . (9.12)

The dominant sources of systematic uncertainty are the uncertainty on the fraction of peaking back-

ground (0.031), and the uncertainty onηeff (0.030) [133]. The other contributions are estimated

according to the procedure described in Section 9.4.
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tagging and vertex quality requirements.

9.6 sin2β with all CP eigenstates

A simultaneous fit to all reconstructedCP eigenstates is performed to combine the measure-

ments from individualCP decay modes. The results of all fits are summarized in Table 9.23 and

compared in Figure 9.17. The value ofχ2, defined in Equation 9.4, for these three measurements is

1.0 with 2 degrees of freedom.

The systematic uncertainty for the combined result is evaluated according to the procedure

discussed in Section 9.4 for the full data sample, with the addition of contributions specific toJ/ψ

K0
L andJ/ψ K∗0 modes.

Sample Nsig P sin2β

J/ψ K0
S, ψ(2S) K0

S, χc1 K0
S , ηc K0

S 1506 94 0.755 ± 0.074 ± 0.030

J/ψ K0
L 988 55 0.723 ± 0.158 ± 0.086

J/ψ K∗0 (K0
S
π0) 147 81 0.224 ± 0.516 ± 0.068

All 2641 78 0.741 ± 0.067 ± 0.034

Table 9.23: Number of events in the signal regionNsig, purity P, and the value ofsin2β for the
individual samples ofCP eigenstates, and the full sample. The first uncertainty is statistical, the
second one is systematic.
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sin2β

All modes 0.741±0.067

J/ψ K*0(Ksπ
0) 0.224±0.516

J/ψ KL 0.723±0.158

ηCP=−1 0.755±0.074

-0.4-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 9.17: Measuredsin2β with samples ofCP eigenstates and with the full sample. The

value ofχ2 for the agreement between the measurements is 1.0 with 2 degrees of freedom.

The combined result is dominated by the measurement with the clean decay modesJ/ψ K0
S ,

ψ(2S) K0
S , χc1 K0

S , andηc K0
S , and more precisely byJ/ψ K0

S (see Table 9.11).

TheJ/ψ K0
L mode has a large statistical uncertainty due to the high amount of backgrounds.

The understanding of the composition of these backgrounds represents the largest contribution to

the systematic uncertainty for this decay mode.

The uncertainty in theJ/ψ K∗0 mode is expected to decrease by performing a full angular

analysis. However, the statistical power of this sample is significantly smaller compared to the

modes withηCP = −1.



Chapter 10

Conclusions and outlook

About 88 millionΥ (4S) → BB̄ decays were collected between 1999 and 2002 with theBABAR

detector at the PEP-II asymmetric-energye+e− collider. In a sample of 1506 events, oneB meson

is fully reconstructed inCP eigenstatesJ/ψ K0
S , ψ(2S) K0

S , χc1 K0
S , andηc K0

S , and the otherB

meson is determined to be aB0 orB0 from its decay products. From a fit to the distributions of the

decay-time difference∆t in these events, the amplitude of theCP asymmetry is measured to be

sin2β = 0.755 ± 0.074 (stat) ± 0.030 (syst) . (10.1)

In addition, 988 events in theJ/ψ K0
L, and 147 events in theJ/ψ K∗0 (K0

S π
0) decay modes have

also been reconstructed in the same data sample by theBABAR collaboration. A simultaneous fit to

the∆t distributions of all selected decay modes yields

sin2β = 0.741 ± 0.067 (stat) ± 0.034 (syst) . (10.2)

This result has appeared in the Physical Review Letters [138].

This measurement represents the first experimental observation ofCP violation outside the

kaon system [9]. Contrary toCP violation in kaons, which was of orderO(10−3), the observed

asymmetry inB mesons is of the order of unity. This is in agreement with the Standard Model

predictions and represents a successful test of the Kobayashi-Maskawa mechanism ofCP violation.

The significance of this result and the comparison with the existing measurements are discussed

in Section 10.1. The measurement ofsin2β provides important constraints on the position of the

apex of the Unitarity Triangle in the(ρ̄, η̄) plane (see Section 2.2). The agreement of this measure-

ment with the Standard Model predictions and its impact on the Unitarity Triangle are discussed in

Section 10.2. The PEP-II collider is expected to increase its luminosity in the near future. Prospects

194
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for repeating this analysis with an enlarged data sample are summarized in Section 10.3. Consis-

tency between independent measurements ofsin2β with different decay modes provides yet another

important test of the Standard Model. This is briefly discussed in Section 10.4.

10.1 Significance of the result

The result presented here represents the most precise measurement ofsin2β available today.

Measurements ofsin2β were previously reported by OPAL [139], ALEPH [140], CDF [141] and

more recently BELLE [142] collaborations. The BELLE detector, similar toBABAR in design, is

located in Japan, and collects data produced by the KEK asymmetric collider operating at theΥ (4S)

energy. Figure 10.1 shows the comparison between all measurements and the current average value.

The remarkable improvement in the precision in the last few years has been made possible by the

e+e− colliders PEP-II and KEK operating at theΥ (4S) energy.

10.2 Constraint on the Unitarity Triangle

In Section 2.3 it was shown thatsin2β is related to the Wolfenstein parametersρ, η, andλ by

sin2β =
2η̄(1 − ρ̄)

η̄2 + (1 − ρ̄)2
,

where

ρ̄ = ρ (1 − λ2

2
) η̄ = η (1 − λ2

2 ) .

Since the value ofλ is known with high precision [33], measurement ofsin2β provides a direct

constraint on the position(ρ̄, η̄) of the apex of the Unitarity Triangle (see Figure 2.2), although

there is a fourfold ambiguity on the value of angleβ.

Figure 10.2 [143] shows the allowed region for the apex of the Unitarity Triangle in the(ρ̄, η̄)

plane from measurements of

• CP -violating parameterεK in the kaon system,

• B0 B0 oscillation frequency∆md,

• ratio of the CKM parameters|Vub/Vcb|,

and limits on



196

sin2β

World Average 0.734±0.055

BaBar (2002) 0.741±0.067±0.034

Belle (2002) 0.719±0.074±0.035

Aleph (2000)  0.84+0.82 ±0.16 0.84−1.04

CDF (1999)  0.79+0.41 0.79−0.44

Opal (1998)  3.20+1.8 ±0.5 3.20−2.0

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Figure 10.1: Current measurements ofsin2β and the new world average value.

• Bs Bs oscillation frequency∆ms.

The four values ofβ corresponding to the measured value ofsin2β are also shown, and one of them

overlaps with the existing indirect constraints.

The agreement between with the Standard Model prediction and the measuredsin2β implies

that the complex phaseδKM of the CKM matrix is, most likely, the dominant source ofCP viola-

tion in flavor-changing processes in weak interactions [146]. It excludes the proposed superweak

model [144, 145] as a mechanism responsible forCP violation inB mesons. The expected mag-

nitude ofCP violation in this model is much smaller than the Standard Model prediction, and not

consistent with the measured value ofsin2β.

This measurement sharply constraints the position of the apex of the Unitarity Triangle in the

(ρ̄, η̄) plane. Figure 10.3 shows the allowed region for the apex when the direct constraint from the

value ofsin2β is combined with the indirect constraints from the other measurements.
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Figure 10.2: Comparison between the indirect constraints on the apex of the Unitarity Tri-

angle from measurements of∆md, εk, |Vub/Vcb|, and limits on∆ms, and the region allowed

by this measurement ofsin2β. The cross-hatched (single-hatched) area corresponds to±1σ

(±2σ) uncertainty on the value ofsin2β.

The allowed region for the apex corresponds toβ = 24o ± 4o and is consistent with a value of

59o ± 13o [33] for the angleγ of the Unitarity Triangle. In the Wolfenstein parameterization, the

magnitude ofγ is equal to the size ofδKM. The large values of anglesβ andγ exclude models with

approximateCP violation, where the size ofδKM is expected to be small.
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sin2β, and from measurements of∆md, εk, |Vub/Vcb|, and limits on∆ms. The cross-

hatched (single-hatched) area corresponds to±1σ (±2σ) uncertainty on the value ofsin2β.
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10.3 Prospects for enlarged data sample

Current luminosity models for the PEP-II collider predict an accumulated data sample of about

500 fb−1 by the year 2005, five times larger than the sample used for this measurement. As the data

sample increases, it is expected that improvements to the analysis technique will be necessary. For

example, improvements in the flavor-tagging powerQ increase the statistical power of the sample

(see Section 8.5). In addition, detector upgrades can increase the overall reconstruction efficiency, or

allow a more precise measurement of∆t, which directly affects the precision of the measurement.

New decay modes can be added, although the measurement is, already, mainly dominated by the

cleanJ/ψ K0
S mode.

A realistic estimate of the prospects of this measurement requires a detailed study of the above

elements. However, under the assumptions that

• the analysis technique is unchanged,

• the event selection efficiency does not improve, and

• no other decay modes are added,

a statistical uncertainty of< 0.030 is expected, which is comparable to the current systematic

uncertainty.

In this analysis, a very conservative approach has been used in the evaluation of the systematic

effects, partly due to the larger statistical uncertainty. Moreover, many of the contributions described

in Section 9.4 depend on the size of the data and simulated samples, and will decrease in the future.

The following considerations can be made for the largest contributions at this time.

• Common mistag fractions: This contribution is evaluated with simulated events and will

benefit from increased statistics. In addition, an improvedb-flavor–tagging algorithm and

understanding of sources of wrong-tag information will help reducing this contribution.

• Monte Carlo correction: The study of the correlations between mistag fractions andσ∆t

explains about 1/4 of the observed bias. More detailed studies with simulated events are

required to identify possible other sources of similar correlations, and reduce the current

systematic uncertainty.

• Composition of combinatorial CP background: Due to the high purity of the sample, the

properties of the background can not be measured with the small number of background
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events in data. Very conservative assumptions are made to evaluate their systematic contri-

bution. Hence, the evaluation of this contribution will certainly benefit from an enlarged data

sample.

• Contamination of CP modes (peaking background): Currently the effect of the mis-

reconstructed decay modes inCP eigenstates is evaluated by allowing for maximalCP asym-

metry. A better understanding of theB decays to charmonium final states with an enlarged

data sample will reduce this contribution. Similarly, the evaluation of the fraction of these

events will benefit from a more detailed Monte Carlo simulation ofB decays, and from the

increase in the size of simulated events.

• SVT alignment: The current understanding of the alignment is considered very reliable. It

is reasonable to assume that due to external factors, such as access to the detector, the SVT

must be realigned a number of times during the same data-taking period. Given the stability

of this estimate in the last year of data taking, the current 0.010 can be regarded as a realistic

estimate for the coming years.

On the basis of these considerations, it is not unrealistic to assume that this measurement could still

be statistically dominated by the year 2005.

10.4 Independent measurements ofsin2β

The leading contribution to amplitudes forB → φ0K0
S andη′K0

S decays is the penguin diagram

illustrated in Figure 10.4 (see Table 2.3). The absence of a second contribution at the orderO(10−2)

allows another theoretically clean measurement ofsin2β (Section 2.5.2). However, the absence of

d
−

d
−

b

u,c,t

s
−

s

s

ϕ,η,

K
− 0

B
− 0

d

(a)

Figure 10.4: Penguin diagram for theB → φ0K0
S , η

′K0
S decays.

the tree diagram, results in smaller branching fractions for these decay modes, compared to the
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B → J/ψK0
S decay.

Since the leading penguin diagram is suppressed in the Standard Model, these modes provide an

important tool to probe the existence of additional sources ofCP violation. Potential contributions

from physics beyond the Standard Model could be comparable to the the penguin contribution, and

result in discrepancies between the value ofsin2β in these modes and the measurement presented

in this dissertation.

A preliminary measurement has been performed by theBABAR collaboration [57] and shows a

discrepancy at the level of 2.7σ, but the statistical uncertainties are still large. Should the discrep-

ancy persist, this could be a hint of New Physics.

Another independent measurement ofsin2β can be performed with theBs → φK0
S decays.

TheBs mesons can not be produced at PEP-II and will be the subject of studies at CDF and D0

experiments at the Tevatron collider, located at Fermilab.



Appendix A

B-reconstruction software:

BRecoUser , CharmUser , and

DstarlnuUser

The fully reconstructedB mesons in hadronic, semileptonic, andCP final states constitute the

primary ingredients of many of the analyses inBABAR.

The hadronic decay modes, discussed in Section 5.6, have been used for precise measurement

of theB0-B0 oscillation frequency∆md and theB0 lifetime, and arerequired for all the time-

dependentCP -violation studies. In fact, it was pointed out that the large sample of reconstructedB

mesons in these decay modes are used to measure the∆t resolution function and the performance

of the flavor-tagging algorithm in data. The large sample of fully reconstructedB+ mesons is used

for the lifetime measurement, as well as a control sample for theCP -violation studies.

Figure A.1 shows the distribution of the energy-constrained massmES for the fully recon-

structedB0 andB+ mesons in hadronic final states, described in Section 5.6. There are about

The decays toCP eigenstates with a Charmonium meson were discussed in Section 5.5 and have

been used for measurements of branching fractions, as well as the measurement ofsin2β presented

in this dissertation. The fully reconstructedB+ candidates are used as a control sample and for the

branching fraction measurement.

The distribution ofmES for theB0 → J/ψK0
S , ψ(2S) K0

S , χc1 K0
S andηc K0

S candidates is

202
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Figure A.1: Distribution of energy-constrained massmES for fully reconstructedB0 →
D(∗)−π+/ρ+/a+

1 candidates in a), and forB+ → D(∗)0π+ decay modes in b).

shown in Figure A.2a. A total of about 30 candidates are reconstructed in these modes in each fb−1

of data. Figure A.2b shows the distribution ofmES for the fully reconstructedB+ candidates in

theJ/ψ K+, ψ(2S) K+, χc1 K+, andJ/ψ K∗+ decay modes, which have a yield of about 120

candidates perfb−1 of data.
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Figure A.2: Distribution of energy-constrained massmES for fully reconstructedB0 →
J/ψK0

S
, ψ(2S)K0

S
, χc1 K0

S
, andηc K0

S
candidates in a), and for theB+ → J/ψK+, ψ(2S)

K+, χc1 K+, andJ/ψ K∗+ decay modes in b).

The semileptonic decaysB → D∗−`+ν` provide a sample of almost fully reconstructedB

mesons, since the neutrino is not reconstructed, and have been used to measure the oscillation

frequency and theB0 lifetime. Currently about 820B → D∗−`+ν` candidates are reconstructed

for each fb−1 of data. Figure A.3 shows the distribution of the mass differencem(D∗+) −m(D0)
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for reconstructed sample in about38 fb−1 of data. The distributions are shown separately for the

B → D∗−e+νe and theB → D∗−µ+νµ modes, because the particle-identification performance,

and hence the sample purity are different.
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Figure A.3: Distribution of the mass differencem(D∗+) − m(D0) for the reconstructed

B → D∗−e+νe candidates in a), and for theB → D∗−µ+νµ candidates in b).

The selection criteria for all the above modes were mainly studied in the period between 1999

and 2001. Given the need and the interest in reconstructedB mesons, a number of analysis appli-

cations are developed to provide standard lists of selectedB candidates within theBABAR analysis

frameworkBeta . The basic requirements for these applications are:

1. implementation of well-established selection criteria in order to provide all customers with

the same sample of reconstructedB mesons;

2. addition of new decay modes must be easy;

3. a common ntuple structure; and

4. skimming capabilities to create collections of events with a fully reconstructedB meson.

Three distinct applications are available for reconstruction of different types ofB decays:

1. BRecoUser : for the hadronicB decays. Initially, only the decaysB0 → D(∗)−π+/ρ+/a+
1

andB+ → D
(∗)0

π+ were reconstructed for the time-dependent analyses. CurrentlyBRe-

coUser is used for a number of analyses, including:

• branching fractions andCP violation measurements inB0 → D∗+D(∗)− decays;

• measurement of the branching fractions of the color-suppressed decays

B0 → D
(∗)0

π0/ρ/ω/η/η′;
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• measurement of the branching fractions ofB0 → D(∗)D(∗)K decays;

• measurement of the branching fractions ofB0 → D
(∗)
s π/K decays;

• measurement ofsin 2β + γ with B0 → D∗−π+ decays; and

• search for the modesB → D(∗)K0
S/K

∗0 andB → DKπ, which could be used to

measure the CKM angleγ.

2. CharmUser : for theCP eigenstates with a Charmonium meson, such asB0 → J/ψK0
S ,

ψ(2S) K0
S , χc1 K0

S , J/ψ K∗0, andJ/ψ K0
L.

3. DstarlnuUser : for the semileptonicB0 → D∗−`+ν` decays.

The structure and the organization of all three applications are similar and are described in this

appendix. Since theBABAR software evolves quite rapidly, the reader is referred to the online

documentation in References [147–149] for the technical details that are kept up to date with the

latestBABAR software releases.

TheBABAR analysis applicationBeta provides a common framework to access the event stores

for data and Monte Carlo, and to utilize the reconstructed charged tracks and neutral particles.

It also provides the interface to analysis tools such as particle-identification selectors [150] and

vertex-reconstruction algorithms [151]. The coreBeta code is organized in several packages, with

BetaUser package representing the user front-end as described in Reference [152]. Users can

implement their analysis within this package. The analysis code is organized inmodulesthat must

be appended to the executable of the package,BetaApp . The configuration of the modules is

performed by using theTCL command line language.

In this picture,BRecoUser , CharmUser , andDstarlnuUser can be regarded asclones

of BetaUser , specialized inB reconstruction. In the following,BRecoUser is used to illustrate

the structure of these packages.

Figure A.4 illustrates the role of these packages in the offline software. The Online Prompt

Reconstruction (OPR) processes the data collected with the data acquisition system (Section 4.4)

and provides the collections in the Objectivity [84] database. These collections are also available as

root-basedK ind ANd GentleAnalysis (kanga) files [153].

Three types of output are currently used for these packages:

• ntuples or rootuples: this is probably the most common use of any analysis program. After a

preliminary selection of events of interest, the output is saved in hbook-based ntuples, or root-

based rootuples, for further analysis. This type of output is for example used when starting a

new analysis where new selection criteria must be studied with very loose selection.
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Reconstruction

Prompt

Online

DstarlnuUser

CharmUser

BRecoUser

Event Store
Collections in Objectivity

Kanga files

ntuples/rootuplesReduced collections

Reduced kanga files common structure
Additional analysis

modules

Figure A.4: The three packagesBRecoUser , CharmUser , andDstarlnuUser im-

plement theB reconstruction for hadronic, semileptonic, andCP final states.

A common structure and naming convention is used for all three packages as described in

Reference [154] and discussed in the following.

• reduced collections:given the very large size of the data sample collected with theBABAR

detector, it is preferable to create new collections containing only events of interest. These

reducedcollections present multiple advantages over the ntuples. While ntuples are static set

of variables, the collections can be analyzed multiple times, taking advantage of allBABAR

analysis tools. The size of these collections are at least 2 orders of magnitude smaller than

the original collections produced by OPR, and therefore result in highly reduced use of CPU

power for the analysis.

These collections are particularly suitable for analyses with well established selection criteria,

such as the selection of final states used in thesin2β analysis. Since these criteria do not

change often, if at all, the production of the collections can be ultimately integrated in OPR.

• ASCII files for time-dependent fits: the input to the fitting program used in the measure-

ment ofsin2β are ASCII files, containing the∆t information of selected events, as described

in the next chapter.
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• serialized analysis modules:additional analysis modules can be appended to perform fur-

ther analysis in events with a fully reconstructedB meson. An examples of such an analysis

are the flavor-tagging studies. However, given the CPU constraints, it is better to perform this

kind of analysis off the reduced collections, with significantly smaller number of events.

A.1 Structure of BRecoUser

The structure ofBRecoUser is shown schematically in Figure A.5:

Tag database access

Filter on tag information

Micro database access

Charged track selectors Neutral particle selectors

Particle identification

General database access

Composite particle selectors

Output streams

list of B candidates

Figure A.5: Structure ofBRecoUser . Each block corresponds to a set of sequences with

specific tasks.
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1. first, the connection with the event store is established. This allows to access the conditions

database that contains the detector geometry constants, and the data taking conditions.

2. next, the content of the tag database is loaded and can be used to quickly filter the events.

The tag database contains a number of float and boolean variables, mostly event variables,

that can be used to discriminate different types of events.

In particular, the tag database contains thetagbitsfor the various decay channels, set by OPR,

and stored in the event store. These are boolean variables set to true in events which satisfy

very loose selection requirements.

3. for the events passing the tag filter, the content of the micro database is loaded into memory

and made available for analysis. The micro database contains the kinematic properties of the

reconstructed charged and neutral particles at the interaction point and some of the detector

variables, such as the number of hits in the tracking system and the deposited energy in the

drift chamber or in the electromagnetic calorimeter. Using these information, the charged

tracks and the neutral energy deposits are organized in hierarchical lists, as described in

Sections 4.5.1 and 4.6.1.

4. the particle identification algorithms are used to identify electrons, muons, kaons, and protons

among the reconstructed particles. For each species, several criteria, from very loose to very

tight, are applied, which were described in Section 4.7.

5. the reconstruction ofB mesons requires the selection of a number of intermediate states, in-

cluding charmed mesons, charmonium states, and other resonances described in Section 5.3.

The selectors used to reconstruct the large number of intermediate states are described in the

next section.

6. a list ofB candidates is created as a result of all composite particle selectors. This list is

passed to the output streams to fill ntuples, create reduced collections, or produce ASCII files

for fitting.
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A.2 CompositionTools and the reconstruction of com-

posite particles

The selection of all composite particles although differing in the specific species and the daugh-

ters in the final state, are characterized by a number of common features, shown schematically in

Figure A.6:

pion hypothesis
2 lists of charged tracks

Ks list

invariant mass, flight length
quality of decay vertex

Ks selector

mES ∆Ε

B0 D*

charged tracks with pion hypothesis
D* list

B0 list

quality of decay vertex
,

π

Composite Selector

Lists of daughters: 1..5

Mass hypotheses of the daughters

Output list

Selection criteria

Figure A.6: The selectors of composite particles are characterized by up to 5 lists of daugh-

ters and their mass hypothesis, an output lists, and a set of selection criteria.

• lists of daughters in the final states;

• mass hypothesis for the daughter particles;

• output list containing the selected composite candidates; and

• selection criteria that vary for different types of composite particles.

The CompositionTools package provides general tools to perform the selection of any com-

posite particle with a maximum of five daughters. In addition, it also provides selectors specialized
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in the reconstruction ofB0, π0, andD∗− candidates. A complete description ofComposition-

Tools is given in Reference [155].

Furthermore, often it is necessary to apply slightly different selection criteria for the same com-

posite particle. For example, in Section 5.3.2 it was explained that theK0
S → π+π− candidates used

to reconstructCP and flavor eigenstates satisfy different requirements. This is easily achieved in the

design ofCompositionTools , by implementing each level of selection as a separate selector,

as illustrated in Figure A.7.

The parameters of all selectors can be configured easily at runtime through the TCL language

that provides the interface between the user and the analysis code.

Selector

VeryLoose

Loose Tight

VeryTight

Figure A.7: The different selection criteria are implemented as independent copies of the

same selector.

Figure A.8 shows schematically how the selectors are organized. Each block corresponds to all

the selectors used to reconstruct each type of composite particles with different levels of require-

ments, and in all the final states described in Section 5.3.

A.3 Output streams

The output streams available inBRecoUser are illustrated in Figure A.9:
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D0 sequence

D* sequence

D  sequence
+

Charged tracks

a1
,  sequenceρ

Ks sequence

B0 sequence

B  sequence
+

π0  sequence

Figure A.8: The output of the sequences composed of the selectors are combined to recon-

struct theB meson candidates.

• in the simplest scenario, the information about the reconstructedB candidates are stored in

ntuples, using a common format that is described in the next section;

• for thesin2β analysis, eachB candidate is passed to the flavor-tagging algorithm (see Chap-

ter 6), in order to determine its flavor content. The tagging information is then stored along

with the information about the fully reconstructedB meson in the ntuples;

• in alternative to the ntuple, the information can be written into an ASCII file that is used by

theCP -fitting programs. The format of the ASCII files and the variables stored in them are

discussed in Appendix B.

• when processing the data for the first time, it is convenient to create reduced collections of

events with at least one fully reconstructedB meson. Once such collections are available, one

can quickly iterate over the selected events and save the output in one of the above formats.
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Flavor Tagging AlgorithmBRecoNtupleMaker

B candidates

Tagging Ntuple Maker AsciiFileWriter BdbEventOutput

Reduced
collectionsAscii files

Ntuples

Figure A.9: The output streams available inBRecoUser .

A.4 Structure of the common ntuples

Kinematic and vertex fitting, as well as particle identification algorithms are applied within the

Beta framework. None of these tools are available at ntuple level. Therefore it is important to store

sufficient information from all the analysis tools in the ntuples.

Given the large number of decay channels reconstructed, it is helpful to define a common nam-

ing convention and a set of variables that are commonly used for charged tracks, neutral particles,

and composite particles. These variables are extensively documented in Reference [154].

Due to the large data sample and the variety of the reconstructed final states, two requirements

must be satisfied:

1. the genealogy of the particles, that is the relation between the reconstructed charged and

neutral particles, and the selected composite particles must be stored in the ntuples; and

2. the storage must be efficient but with no redundancy in order to reduce the total size of the

ntuples.

In order to meet the above conditions, column-wise ntuples are used, with one block of infor-

mation for each type of particle. For example, there is aTRK block for the charged tracks, aD0

block for selectedD0 candidates, and aBCH block for theB+ candidates. The relation between

the particles is stored through integer indices and Lund codes for each daughter of the composite

candidates. This is shown in Figure A.10 for theB+ → D0π+ candidates withD0 → K+π−. The

D0 block has pointers only to the block of the tracks. TheB+ block on the other hand has pointers
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d3Lund

d3Index

d2Lund
d2Index

d1Lund
d1Index

vertex coordinates

momentum

mass

D0

BCH

TRK

Figure A.10: Structure of the common ntuples. Each block of the column-wise ntuples

corresponds to one type of particles. The genealogy of the particles is stored through

integer pointers from the composite block to its daughters block. The Lund code, stored in

the ntuple as well, removes any ambiguity.

toD0 and to the track blocks.

This approach allows to save each reconstructed particle only once. The pointers are the key

to account for the overlaps between several composite candidates. In addition, only those particles

used to reconstruct aB candidate are saved in the ntuple. This is done by saving first all theB

candidates, then theD∗− candidates, followed byD0 all the way down to the charged tracks.

The combination of the integer indices and the Lund codes allows the users to quickly navigate

the ntuples without any ambiguity. Moreover, this structure can be used for any arbitrary decay

mode of theB mesons.



Appendix B

tFit : a fitting package for

time-dependent studies

A dedicated fitting package,tFit , which uses Minuit [156] for minimization, is developed to

perform the unbinned maximum likelihood fit described in detail in Chapter 8.

Although the primary goal oftFit was the the measurement ofsin2β described in this disser-

tation,tFit has been used for other time-dependent analyses, including:

• measurement of the directCP violating parameter|λ| (see Section 2.4.4) [133,138];

• precise measurement of theB0-B0 oscillation frequency∆md with hadronic flavor eigen-

states [157,158], described in Section 5.6;

• preliminary results on the oscillation frequency∆md with semileptonic decays

B0 → D∗−`+ν` [159,160];

• measurement of the decay-width difference∆Γ (see Section 2.4.1) with fully reconstructed

flavor eigenstates [161];

• measurement ofsin (2β + γ) in B0 → D∗π decays [162];

• measurement ofCP -violating effects inB → J/ψK∗ decays [163];

All these analysis require the knowledge of the measured decay-time difference∆t and its

uncertaintyσ∆t, as well as the flavor-tag information, but differ in the probability density function

for the signal. ThereforetFit can be easily modified to implement new time-dependent analyses,

214
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while taking advantage of the existing infrastructure, such as the toy Monte Carlo generators and

convolution functions for different∆t resolution functions.

The user interface oftFit is implemented with the Kuip command processor, which is known

to the users since it is used also in PAW. The fitting methods are therefore available as kuip com-

mands. Users can configure the fitter at runtime via kumac files containing the required kuip com-

mands. These commands are documented in Reference [164]. In the remainder of this chapter the

available features oftFit are briefly described.

B.1 Format of the fitting ASCII files

A common format is used to store the information required by the various fitting programs in

BABAR in ASCII files. This format is documented in detail in Reference [165].

The number of the measured quantities needed in the fit varies depending on the specific analysis

that is considered. For example, the mixing analysis with semileptonic decays has many types of

background whose fractions must be provided to the fitter, while thesin2β analysis is relatively

simpler due to the clean sample ofCP final states with charmonium mesons.

The adopted format has sufficient redundancies to allow all the above measurement to use the

same common format. The input variables to the fitter include:

• measured∆t and its uncertaintyσ∆t;

• measured flavor tag and the tagging category, e.g. lepton category;

• decay channel of the fully reconstructedB meson;

• flavor of the fully reconstructed hadronic flavor eigenstates;

• kinematic variables of the fully reconstructedB mesons, such as the energy-constrained mass

mES and the energy difference∆E; and

• the true values of the above variables in the simulated Monte Carlo samples.

B.2 Structure of tFit

The typical structure of a kumac to perform a fit is schematically shown in Figure B.1. The flow

chart from the top to the bottom corresponds to the order of kuip commands, represented by blocks,

in the kumac.
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Selection Criteria

Toy Monte Carlo
Generator

ASCII files

Create Physics Classes

Define Tagging categoriesDefine Reco mode

Declare Minuit Parameters

Assign Parameters to

Physics Classes

Fix/Float Parameters

Perform Fit

Full Simulation

Data

Read Events Toy MC

Figure B.1: Structure of a typical fit withtFit . The kuip commands are represented by

the blocks, while the flow chart corresponds to their order in the kumac.

B.2.1 Sources of input

There are two types of input for the fit: the ASCII files or the realtime generation of fast param-

eterized Monte Carlo (toy MC) events.

ASCII files

The ASCII files are usually produced for the selected events in data or in full-simulation sam-

ples, but can also contain toy MC events generated at an earlier time.
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Toy Monte Carlo generator

A toy Monte Carlo generator is available withintFit for all the analyses mentioned at the

beginning of this Chapter. The generator can be invoked to generate events right before performing

the fit. Alternatively, the generated events can be stored in ASCII files with the common format

used in data and full simulation.

The properties of the generated events are specified by the user as illustrated in Figure B.2. It is

t∆ Resolution Function

Decay Mode

Physics Model

Mixing

Toy Monte Carlo

Generator

Flavor Tagging:

Mistag Fraction

Tagging Category

GExpTriple Gaussian

CP Violation

J/psi K sD* π

mES Distribution:

Signal/Background Shape

Signal to background ratio

Figure B.2: The toy Monte Carlo generator is configured by users via kuip commands.

possible to specify:

• the theoretical∆t distribution (physics model) for each type of analysis, e.g. mixing orCP

violation;

• the∆t resolution function model. Currently one can choose between the triple-Gaussian and

theGExpmodels (see Section 9.4.3);

• a flavor-tagging category and its mistag fraction. This allows to simulate events with the

same properties measured in data;

• the shape of themES distribution and the signal to background ratio; and

• the decay mode of the fully reconstructedB.



218

It is possible to generate samples of events with the exact same properties of the events selected in

data, by configuring the generator. This is important for example to determine the goodness of fit to

the data, by generating a large number of data-like samples.

B.2.2 Input selection criteria

There are a total of 32 fields in the ASCII files that are read in for each event. It is possible

to define selection criteria to filter on any of these variables when reading these files, as illustrated

in Figure B.3. For example the vertex quality requirements of|∆t| < 20 ps andσ∆t < 2.5 ps are

applied at this stage.

mES > 5.2 GeV

 < 2.5 psσt

t| < 20 ps|∆

Selection Criteria

Figure B.3: It is possible to filter the events in input by defining selection criteria for any

of the 32 fields in the ASCII files.

B.2.3 Reco modes, tagging categories, and physics classes

The decay mode of the fully reconstructedB meson and the flavor-tagging category of each

event are stored in the ASCII files as integer variables. The values of these variables are defined in

BetaCoreTools/BtaExclusiveDecayList.hh and inAbsBTagging/AbsBTagger.hh

files, available in allBABAR offline software releases.

Since the assigned values can potentially change,tFit provides the possibility of defining

internally decay modes and tagging categories. Using the stored information in the ASCII files,

users can group the selected events regardless of the external definitions of categories and decay

modes.
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Events with similar theoretical∆t distributions can be grouped to form a physics class. For

example, allCP eigenstate with aK0
S in the final state are usually assigned to theCharmKshort

class. Although theJ/ψ K0
L events have the same∆t distribution, they are assigned to a separate

physics class,CharmKlong , because of the special care required for the modeling of the back-

ground events.

Similarly the hadronic and semileptonic flavor eigenstates are divided inExclB andDstarlnu

classes, since they differ significantly in the amount and the composition of background events.

Figure B.4 shows how a physics class is defined by a group of decay modes and tagging cate-

gories.

c Ks
χ

c Ksη

J/psi KsDecay Mode

Physics Class

Tagging Category

J/psi KL

CharmKshort

CharmKlong

Lepton

Inclusive

KaonIIKaonI

Figure B.4: A physics class is defined by assigning a group of decay modes and tagging

categories.

B.2.4 Categories of Minuit parameters

All potential Minuit parameters in the fit are divided in several categories of parameters, such as

dilution factors, lifetimes, resolution function scale factors, etc. In order to perform a simultaneous
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fit to both theCP and to the flavor eigenstates it is necessary to build the probability density func-

tions for the two different physics classes so that they share some of the parameters as illustrated in

Figure B.5.

Users can define the maximum number of parameters of each type, and then assign them to the

various physics classes. When the fit is performed, the events in each physics class constrain the

value of the free parameters for that class.

Minuit Parameter

sin2β

J/psi KL background

parameters∆m

Dilution factors

Empirical mixing
background

Empirical J/psi Ks
background

CharmKlong
CharmKshort

ExclB

Figure B.5: The Minuit parameters can be shared between the physics classes and be de-

termined in the simultaneous fit to all selected events.

B.2.5 Fixing and floating fit parameters

The fit parameters can be fixed or left floating at run time via kuip commands. In addition their

initial values can also be changed prior to performing the fit.

B.2.6 Results and output

The results of the fit, including the correlation matrix elements are stored in an ntuple, while the

likelihood curves are saved as histograms together with the data points.
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