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and tell old tales, and laugh At gilded butteries, and hear poor rogues Talk of

court news; and we’ll talk with them too."
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Abstract

We present measurements of partial branching fractions for the inclusive semileptonic decay

of B ! Xu‘�� (‘ = e or �) leading to the determination of the CKM matrix element jVubj.
This analysis is based on a sample of 460 million BB events recorded at the � (4S) resonance

at the BABAR detector.

We select B ! Xu‘�� events using the energy spectrum of the lepton (E‘) in an event

where one of the B-mesons is fully reconstructed. We measure partial branching fractions

in restricted regions of the E‘ spectrum, which are translated into values of jVubj using four

theoretical approaches. We calculate the arithmetic mean, using the results from the four

theoretical approaches at E‘ > 1:5 GeV resulting in: jVubj = (4:68+0:31
�0:32)�10�3. The analysis

presented in this thesis is the �rst time a measurement of jVubj has been performed using the

E‘ spectrum in events tagged with a fully reconstructed B meson.

xviii



Introduction

The Standard Model (SM) of particle physics is a theory which describes three of the four

fundamental interactions (the strong, weak and electromagnetic) along with all the elemen-

tary particles that take part in these interactions. Within the framework of the SM, one

�nds the concept of symmetries. Symmetries are a feature of a physical system whereby

the laws of motion, described by a Lagrangian, remain preserved under a transformation.

Among the many symmetries a physical system may exhibit, the most signi�cant within the

scope of this thesis are:

� Charge conjugation transformations (C), which transform a particle into its antiparti-

cle;

� Parity transformations (P ), which invert the particles momentum and helicity;

� Time transformations (T ), which reverse the direction of time.

Each of the above can also be combined to give a product of transformations. Among these

transformations, it was previously thought that a violation of P did not exist in nature.

However, in 1957 a violation of P was discovered in the � decay of 60Co [1], where symmetry is

restored if one adds a charge conjugation transformation (CP symmetry). A violation of CP

symmetry was then thought to be impossible. However, in 1964 a violation of CP symmetry

was discovered in the decay of neutral kaons [2]. Symmetry is once again restored if one adds a

time transformation (CPT symmetry). This we believe to be a symmetry of the universe [3],

with no experimental evidence found to the contrary. There is also no experimental evidence

so far demonstrating C, P , or T violation in the strong, or electromagnetic interactions.

After the discovery of CP violation within neutral kaons, physicists proposed the same

e�ect to be present in B-mesons. This led to the emergence of experiments such as BABAR [4],

Belle [5], along with CLEO [6], which sought to identify and understand this proposition.

This subsequently led to the discovery of CP violation in the B-meson in 2001 [7], and having

1



Abstract 2

now collected around a decades worth of data, these B-factories have since measured a large

number of CP violating processes in the B sector.

CP violation is incorporated in the SM through the inclusion of a complex phase in

the Cabibbo-Kobayashi-Maskawa (CKM) matrix [8], which requires the existence of at least

three generations of quarks. This matrix is 3 � 3, orthogonal, and requires unitarity from

construction. It also contains information on the strength of avour-changing weak decays.

This thesis outlines the measurement of one of the nine elements of the CKM matrix, namely

jVubj. The determination of jVubj remains an important scienti�c goal in the pursuit of a

consistent and accurate description of CP violation within the SM since it is one of only two

elements which contain the CP violating phase (the other being jVtdj).
Experimentally, one would measure the branching ratio for semileptonic B ! Xu‘��

decays to determine jVubj. Traditionally, these measurements fall into two classes: inclusive,

where we reconstruct all possible B ! Xu‘�� modes, and exclusive, where we reconstruct

only one particular B ! Xu‘�� mode. In the case of inclusive measurements, which is used

in this thesis, there is the presence of a large charm B ! Xc‘��
1 background whose rate is

around �fty times larger. This background cannot be reduced from kinematic cuts, as its

kinematic topology bears a great deal of similarity to the signal B ! Xu‘�� and has to be

subtracted using Monte Carlo simulation. Since jVubj is of the order 10�3, its measurement

is particularly di�cult compared to the other CKM elements.

There is approximately a 2� discrepancy between results of jVubj from an exclusive treat-

ment, and inclusive treatment, with the reason for this unclear. Moreover, values of jVubj
from an exclusive approach are seen to show more of an agreement with predicted values

(using measurements of sin2�), than results from the inclusive approach. The exclusive ap-

proach, however, is limited by theoretical and statistical uncertainties, whereas the precision

from inclusive measurements has been steadily improving in recent years.

1X
u(c) indicates the states arising from the fragmentation of the u(c) quark.



Chapter 1

CP violation in the Standard Model

The SM is a renormalizeable relativistic quantum �eld theory, constructed under the principle

of local gauge invariance using the SU(3)C 
 SU(2)I 
 U(1)Y symmetry group. This refers

to the combination of the SU(3)C color rotation, the SU(2)I weak isospin and U(1)Y

hypercharge symmetry groups.

A multitude of experiments performed in the last half-century have yielded �ndings con-

sistent with the SM. But despite its many successes, the SM falls short due to its inability

to explain the gravitational force, explain the fermion mass hierarchy, account for neutrino

oscillations, account for the presence of dark matter, or account for the observed asymmetry

between matter and antimatter. With the latter being a focal point for this thesis. Fur-

thermore, the SM contains eighteen input parameters which are determinable only through

experiment (this includes jVubj). For a more complete understanding, these issues need to

be resolved and the values of the parameters measured as precisely as possible.

1.1 Elementary constituents

Within the SM framework we �nd the fermions listed in Tab. 1.1.

We also �nd:

� The W+, W� and Z0, three gauge bosons which mediate the weak interaction;

� Eight gluons, which are the gauge bosons that mediate the strong interaction;

� The Higgs boson (H), a gauge boson, thought to explain the origin of mass in the

universe;

� The photon (), a gauge boson, which mediates the electromagnetic interaction.

3
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Family Quantum Numbers

1 2 3 I I3 Y Q = Y=2 + I3

0

@

�e

e

1

A
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��

�

1

A

L

0
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��

�

1

A

L

1=2

1=2

+1=2

�1=2

�1

�1

0

�1

eR �R �R 0 0 �2 �1

0

@

u

d

1

A

L

0

@

c

s

1

A

L

0

@

t

b

1

A

L

1=2

1=2

+1=2

�1=2

+1=3

+1=3

+2=3

�1=3

uR cR tR 0 0 4=3 +2=3

dR sR bR 0 0 �2=3 �1=3

Table 1.1: The SM fermions, where I denotes the isospin, I3 denotes the third component

of isospin, Y denotes the hypercharge and Q denotes the electric charge.

1.2 CP violation and the CKM Matrix

We can organize the multiplets as follows:

Qint:
L =

0

@

U int:
L

Dint:
L

1

A = (3; 2)+1=6

uint:
R = (3; 1)+2=3 dint:

R = (3; 1)�1=3

and a similar setup for the leptons where:

	int:
L =

0

@

�int:
L

lint:
L

1

A = (3; 2)�1=2

lint:
R = (3; 1)�1 �int:

R = (3; 1)0

where, (3; 1)�1 denotes a triplet in SU(3), a singlet of SU(2) and a weak hypercharge of

Y = 2(Q� I3) = �1. �L=R(x) = (1 � 5)�(x) are the left handed (1 � 5) and right handed

(1 + 5) helicity components of the �eld �. We can de�ne the electroweak term of the La-

grangian using this terminology.
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The electroweak Lagrangian can be written as the sum of three contributions,

LEW = Lkinetic + LHiggs + LY ukawa (1.1)

substituting in relevant terms, we get

LEW = ifQint:

L (x)�D�Qint:
L (x) + uint:

R (x)�D�uint:
R (x) + d

int:

R (x)�D�dint:
R (x) +

	
int:
L (x)�D�	int:

L (x) + � int:
R (x)�D��int:

R (x) + l
int:

R (x)�D�lint:
R (x) g:

The covariant derivative D� is de�ned as

D� = @� + i
g

2
�jW

�
j + 2ig0Y B� (1.2)

and g and g0 are coupling constants associated to the gauge �elds Wj (j = 1; 2; 3) and B1.

Also, �j are the Pauli matrices in SU(2)L space. The W1;2 components of the Wj gauge �eld

relate to the W� bosons, whilst the W3 component is related to the photon and the Z0 with

the B �eld through the weak angle �W [9]). One can de�ne the �eld for a charged boson as:

W �+(x) =
W �

1 � iW �
2p

2

and its hermitian conjugate, related to W+ and W� respectively. The �eld for the neutral

bosons can be de�ned as

W �
3 = cos �WZ

� � sin �WA
�

B� = � sin �WZ
� + cos �WA

�

where sin2 �W = 0:2326 � 0:0008 (PDG [10]), Z� is the �eld associated to the Z0 and A� is

the �eld associated with the photon. The weak angle can also be parameterized with the

electric charge e and the gauge coupling constants g and g 0 as follows

g

sin �W
=

g0

cos �W
= e

1This is the �eld related to the isospin SU(2) and hypercharge U(1) symmetry groups
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It is possible to split the electroweak Lagrangian into a free theory (L0) and an interaction

part (LI) where

LEW = L0 + LI

The interaction Lagrangian can be split further into a charged (LCC) and a neutral current

term (LNC), where we have the relation:

LI = LCC + LNC

and the charged current term can be written in terms of the observable boson �elds:

LCC =
gW

2
p

2

�

J+
� (x)W �(x) + J�

� (x)W y�(x)
�

with

J+
� = �uint:�(1 � 5)d

int: + �cint:�(1 � 5)s
int: + �tint:�(1 � 5)b

int: +

��int:
e �(1 � 5)e

int: + ��int:
� �(1 � 5)�

int: + ��int:
� �(1 � 5)�

int:

and the neutral current term can be written as

LNC = eJem
� (x)A�(x) +

gW

2 cos �W

J0
�(x)Z0�(x)

with

Jem
� =

X

f

Qf
�f�f

J0
� =

X

f

�f�(vf � af5)f

vf = � f
3 � 2Qf sin2 �W af = � f

3

where the index f runs over all the avors.
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Experiments have shown that the W+, W� and Z0 have non-zero mass. These masses are

explained in the SM through the spontaneous symmetry breaking mechanism of the Higgs

�eld. The Higgs �eld is an isospin doublet of complex scalar �elds:

� =

0

@

�+

�0

1

A ~� = i � �2 � � =

0

@

��
0

��

1

A

We de�ne the Lagrangian for the Higgs �eld as:

D��yD�� � �2�y� � �(�y�)2:

The Higgs �eld potential (V (�)), de�ned as

�2�y� � �(�y�)2;

has a relative maximum at �(x) = 0 and an absolute minimum when �(x) =
q

��2

2�
(all the

points belonging to the circle). So the state of minimum energy is not unique but degenerate.

Spontaneous symmetry breaking occurs when �(x) equals one of these degenerate values

and the Lagrangian loses some of its symmetries. It is also the method where some of the

massless particles acquire a non zero-mass. After spontaneous breaking, the symmetry group

SU(2)I 
 U(1)Y is reduced to U(1)Q (Q being the electric charge). In addition, the gauge

bosons W+, W� and Z0 acquire a non zero mass, with the photon remaining massless. The

minimum energy state can be achieved by assigning a non zero expectation value for the

Higgs �eld in the vacuum state. So

h0j�j0i =

0

@

0
vp
2

1

A

with v =
q

��2

2�
. The W� and Z0 masses arise after spontaneous symmetry breaking via the

kinetic term, and fermion masses arise from the Yukawa coupling terms of the fermions with

the Higgs �eld. The Lagrangian from the Yukawa coupling can be de�ned as follows:

LM = Y d
ij Q

int:
Li

� dint:
Rj

+ Y u
ij Q

int:
Li

~� uint:
Rj

+

Y l
ij L

int:
Li

� lint:
Rj

+ h:c:

After symmetry breaking the Lagrangian becomes
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LM = Md
ij d

int:

Lj
dint:

Rj
+Mu

ij u
int:
j uint:

Rj
+ h:c:

where we de�ne the quark mass matrix as

Mu;d
ij =

Y u;d
ij � vp

2

From the properties of the electroweak Lagrangian we know that CP symmetry is conserved

if Mu;d
ij is real. The addition of a complex term would give rise to CP violation through a

transformation into its complex conjugate, thus breaking the symmetry. The M u;d
ij matrix is

not diagonal in the weak interaction eigenstates basis since the weak interaction eigenstates

are not also mass eigenstates. We diagonalize the Mu;d
ij matrix using the unitary matrices

VL and VR. So,

Mu;d = V u;d
L Mu;dV u;d

R

where Mf is diagonal (f = u; d). The unitary matrices transform the interaction eigenstates

into mass eigenstates, so we have:

dLi
= (V d

L )ijd
int:
Lj

; dRi
= (V d

R)ijd
int:
Rj

uLi
= (V u

L )iju
int:
Lj

; uRi
= (V u

R )iju
int:
Rj

Inputing these values into the charged current Lagrangian we get

LCC = i
g

2
uLi

�(V u
Lik
V dy

Lkj
)dLj

�aW
a
� :

We now arrive at V , a complex N � N matrix (where N is the number of quark gener-

ations). This matrix can be parametrized with N(N � 1)=2 Euler rotation angles, leaving

(N � 1)(N � 2)=2 independent phases (complex parameters). Since we know that there are

3 quark generations, V = V u
Lik
V dy

Lkj
is a 3 � 3 matrix with 3 rotation angles and 1 complex

phase. The presence of this phase accounts for all CP violation in the SM. The matrix is

de�ned as:

VCKM = V u
Lik
V dy

Lkj
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where CKM denotes its founders: Nicola Cabibbo, Makoto Kobayashi and Toshihide Maskawa.

This matrix is a generalization by Kobayashi and Maskawa of the two-generation Cabibbo

mechanism to include 3 generations of quarks. The subsequent discovery of the b quark in

1977 [11], and of the top quark almost two-decades later [12] further validated these ideas. In

2008, Kobayashi and Maskawa were awarded the Nobel Prize in physics for their predictions.

1.3 The CKM Matrix

The CKM Matrix describes the coupling of the weak interaction among quarks in the SM

and also speci�es the mismatch of quantum states of quarks when they take part in the

weak interactions. The quarks that participate in the weak interactions can be thought of

as a linear combination of the mass eigenstates. Since the CKM matrix is the only place in

the minimal SM where CP Violation appears, a precise determination of its elements is of

utmost importance if we require a fuller understanding of CP Violation. The CKM matrix

can be written as follows:

VCKM =

0

B

B

B

@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb:

1

C

C

C

A

The coupling strength for a q2 ! q1 transition is given by Vq1q2
. The values of the matrix

elements as given by the PDG and noted in Eqn. 1.3. The matrix can be parameterized in

many di�erent ways and the most commonly used in literature are the Standard parametriza-

tion [13] and the Wolfenstein parametrization [14].

VCKM =

0

B

B

@

0:97419 � 0:00022 0:2257 � 0:0010 0:0035 � 0:0016

0:2256 � 0:0010 0:97334 � 0:00023 0:0415+0:0010
�0:0011

0:00874+0:00026
�0:00037 0:0407 � 0:0010 0:999133+0:000044

�0:000043

1

C

C

A

(1.3)

1.3.1 The Standard Parameterization

In the Standard parametrization outlined by Chau-Keung the CKM matrix is written as:

VCKM =

0

B

B

B

@

c12c13 s12c13 s13e
�i�

�s12c23 � c12s23s13e
i� c12c23 � s12s23s13e

i� s23c13

s12s23 � c12c23s13e
i� �s23c12 � s12c23s13e

i� c23c13

1

C

C

C

A

where cij = cos �ij, sij = sin �ij. �ij represents the mixing angles between di�erent families

and � is the CP violating phase.



1.4. THE UNITARITY TRIANGLE 10

1.3.2 The Wolfenstein Parameterization

Wolfenstein used the hierarchy in the magnitudes of the VCKM elements to propose an

expansion in terms of the parameter �, where

� s12 = jVusj(� 0:22);

� s23 � jVcbj(� 0:04);

� s13 � jVubj(� 0:003).

Therefore, s12 � s23 �s13. This parameterization uses four independent parameters,

namely: �, A, �, and � (the CP violating phase). With this in mind the matrix is pa-

rameterized as:

VCKM =

0

B

B

B

@

1 � �2

2
� A�3(�� i�)

�� 1 � �2

2
A�2

A�3(1 � �� i�) �A�2 1

1

C

C

C

A

+ O(�4) (1.4)

where s12 = �, s23 = A�2 and s13e
i� = A�3(�� i�). Also, � = s13

s12s23

cos � and � = s13

s12s23

sin �.

1.4 The Unitarity Triangle

The only condition on the matrix required by the SM is unitarity and can be written:

VCKMV
y
CKM = V y

CKMVCKM = 1;

which implies the following relations:
3
X

i=1

VijV
�
ik = �jk and

3
X

j=1

VijV
�
kj = �ik;

this can be expanded to give relations for a combination of all rows and columns:

V �
udVus + V �

cdVcs + V �
tdVts = 0

V �
ubVud + V �

cbVcd + V �
tbVtd = 0

V �
usVub + V �

csVcb + V �
tsVtb = 0

VudV
�
cd + VusV

�
cs + VubV

�
cb = 0

VtdV
�
ud + VtsV

�
us + VtbV

�
ub = 0

VcdV
�
td + VcsV

�
ts + VcbV

�
tb = 0
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The relation V �
ubVud +V �

cbVcd +V �
tbVtd = 0 is the most important within the scope of this thesis

as its elements are determinable via B physics measurements. Substituting in values using

the Wolfenstein parameterisation we can re-write this relation (to lowest approximation) as:

A�3(� + i�) � A�3 + A�3(1 � �� i�) = 0: (1.5)

Dividing through by A�3 we arrive at:

(� + i�) � 1 + (1 � �� i�) = 0 (1.6)

This equation represents a closed path of the vectors in the complex plane forming a triangle.

It also leads us to one of the six unitarity triangles, referred to as the Unitarity Triangle

(UT), which can be seen in Fig.1.1. All six unitarity conditions form triangles with di�erent

shapes, but the same area (1=2A2�6�). However, the angles of the UT are the largest and

therefore the easiest to measure. We use � and � instead of � and � to improve the theoretical

precision [15]. They are related to � and � by the following equations:

r+ih 1-r-ih

bg

a

C=(0,0) B=(1,0)

A=(r,h)

Figure 1.1: The UT represented in the (��; ��) plane.

� =
�

1 � �2

2

�

�; � =
�

1 � �2

2

�

�: (1.7)

The sides of the triangle are expressed in terms of � and � as well as the CKM elements,

with the relations:

AC =
VudV

�
ub

VcdV �
cb

=
q

�2 + �2; and AB =
VtdV

�
tb

VcdV �
cb

=
q

(1 � �)2 + �2 (1.8)

and the three angles �, � and  are expressed using the following relations:
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� = arg
h

� VtdV
�
tb

VudV
�
ub

i

; � = arg
h

� VcdV
�
cb

VtdV
�
tb

i

;  = arg
h

� VudV
�
ub

VcdV
�
cb

i

: (1.9)

The parameters jVubj and jVtdj are the only two elements of the CKM Matrix which contain

the CP violating phase. Due to their magnitude they are inherently di�cult to measure.

1.5 Constraining the Unitarity Triangle

The sides of the UT can be inferred from measurements of various B-meson decay rates and

from the frequency of the B0B0 mixing oscillations. The side AC (opposite to the angle �) is

measured through charmless B decays, which is the topic of this thesis and will be discussed

in Chap. 2. The side AB (opposite to the angle ) is measured in Bd
0 mixing, and the side

CB is unity by de�nition.

The angle � is complimentary to the side AC and is measured through B0 !J/ K0
S

decays. The angles � (measured for example through B0 ! �+�� decays) and  (measured

for example through B� ! DK� decays) are the least well known of the parameters in the

UT. Precision measurements of the angle  remains one of the goals for future experiments

such as LHCb over the next few years. Determining the sides of the triangle accurately tests

the Standard Model explanation of CP violation and may well lead to the discovery of new

physics. Since the only condition required by the SM is unitarity, a triangle which did not

close could be viewed as indirect evidence for new physics. Fig. 1.2 shows the current status

of the UT constraints from di�erent measurements. The highlighted region at the apex of

the triangle shows the allowed region for new physics e�ects. As one can see from Fig. 1.2,

the SM description of the CP violation via the CKM mechanism seems to be consistent with

what we observe with no signi�cant evidence for new physics e�ects.



1.5. CONSTRAINING THE UNITARITY TRIANGLE 13

r
-1 -0.5 0 0.5 1

h

-1

-0.5

0

0.5

1
g

b

a

)g+bsin(2

r
-1 -0.5 0 0.5 1

h

-1

-0.5

0

0.5

1

Figure 1.2: Unitarity Triangle constrains from di�erent measurements of the Standard Model

parameters in the (��; ��) plane, updated to Ref. [16]. Allowed regions for (��; ��), using all

available measurements are shown with closed contours at 68% and 95% probability. The

full lines correspond to 95% probability, given by measurements of jVubj=jVcbj, �K (a measure

of CP violation within the Kaon system), �md=�ms (the ratio of the B0
d-B

0
d and B0

s -B
0
s

oscillation frequencies), and CKM angles �, �, and .



Chapter 2

Semileptonic B decays and the

measurement of jVubj

Precise determinations of jVubj and jVcbj are central to testing the CKM sector of the SM,

and also complement measurements of CP asymmetries in B decays. The length of the side

AC in the Unitarity Triangle (see Fig. 1.1) is proportional to the ratio jVubj/jVcbj, making

its determination a high priority for the heavy-avor physics program.

Tree-level semileptonic B ! Xu‘�� and B ! Xc‘�� decays are used for the determination

of these two parameters, and a Feynmann diagram for the free quark decay of b ! u‘��

is shown in Fig. 2.1 (where jVubj describes the strength of the b ! u transition at the

vertex). Since we deal with hadron level physics instead of free quarks, we have to take into

account Quantum Chromodynamics (QCD) processes occurring within the B meson, which

are theoretically di�cult to describe. Fortunately, some progress has been made in this �eld

and we explain the tool we use in this Section.

Figure 2.1: Feynman diagram describing the charmless b ! u‘��� semileptonic decay.

14
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2.1 jVubj from exclusive B ! Xu‘�� decays

This refers to measuring B(B ! Xu‘��) from one particular decay channel, where Xu is a

charmless hadronic �nal state (typically �, �, �0, � etc.). Measurements of this kind have

a high signal purity but are statistically limited. The B ! �‘� mode is the only exclusive

mode used so far to measure jVubj. This is due to the fact that theoretical predictions which

translate the branching fraction into values of jVubj (to date) only exist for B ! �‘�.

2.1.1 Theoretical calculations for exclusive measurements

Typically, one would use methods such as light-cone sum rules, or lattice QCD to obtain

form factors which are used to describe the hadronization process. Theoretically, the QCD

processes inside the B meson prove di�cult to describe when dealing with exclusive mea-

surements. A problem not encountered by inclusive measurements as a summation is made

over all possible �nal states.

In the case of exclusive B ! Xc‘�� decays, where Xc denotes a charm hadronic �nal state

(typically D, D�, D��), we are able to make reliable predictions using Heavy-Quark E�ective

Theory (HQET). At the heavy-quark symmetry limit, where mb ! 1 and mc ! 1, we leave

the hadronic system undisturbed by replacing the c quark with the u quark. Corrections

then have to be made to account for the fact that the b and c quarks masses are not truly

in�nite, but these corrections are relatively small.

This heavy-quark symmetry enables us to relate the form factors to each other, reducing

the number of independent parameters [17]. It also gives the normalization when the daugh-

ter c meson has zero momentum with respect to the parent B meson. However, for the case

of B ! Xu‘�� decays this does not provide a solid normalization point because of the small

u quark mass.

2.1.2 Recent results

The HFAG average: B(B0 ! ��‘+�) = (1:34 � 0:06 � 0:05) � 10�4 (ICHEP 2008 [18]),

where the errors are statistical and systematic respectively, is used alongside the di�erent

theoretical calculations available to determine jVubj exclusively. The results can be seen in

Fig. 2.2.
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]-3 10·|  [ub|V
0 2 4

]-3 10·|  [ub|V
0 2 4

 < 162Ball-Zwicky q

 0.12 + 0.55 - 0.37–3.34 

 > 162HPQCD q

 0.20 + 0.59 - 0.39–3.40 

 > 162FNAL q

 0.22 + 0.63 - 0.41–3.62 

HFAG
ICHEP08

Figure 2.2: Various exclusive jVubj determinations using di�erent theoretical calculations.

The FNAL04 [19] and HPQCD [20] use unquenched Lattice QCD calculations. The Ball-

Zwicky calculation [21] (which is used at generation level at BABAR) is based on light-cone

sum rules. The errors quoted on jVubj are experimental and theoretical respectively, and q2

is in units of GeV2=c4.

2.2 jVubj from inclusive B ! Xu‘�� decays

This Section refers to measuring B(B ! Xu‘��) from a sum over all charmless semileptonic

decay modes. The �nal state hadron, Xu, is not explicitly reconstructed and can be any of

the resonant charmless states mentioned in the previous subsection (along with all of the

non-resonant states). Measurements of this kind are rich in statistics, and easier to describe

theoretically than exclusive measurements. However, large systematic uncertainties arise

from the irreducible semileptonic B ! Xc‘�� background.

Measurements of this type typically exploit suitable kinematic variables to help distin-

guish B ! Xu‘�� decays from the B ! Xc‘�� background. With restrictions imposed on

the phase space of the kinematic variable to suppress the B ! Xc‘�� background. This

restriction leaves a narrower window of the measurable quantity and to extract jVubj requires

a theoretical extrapolation back to the full phase space. As a result, this method leaves itself

sensitive to model dependent uncertainties.
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Various kinematical variables have been used to measure B(B ! Xu‘��), they include:

the hadronic invariant mass (MX), the invariant mass squared of the lepton neutrino pair

(q2), P+ = EX � j~PX j (where EX and ~PX are the energy and momentum of the hadronic

system Xu in the B meson rest frame), and also a combination of MX and q2. The method

adopted for this thesis uses the energy spectrum of the lepton (E‘) in the B ! Xu‘�� decay.

More speci�cally, we use the E‘ endpoint (the high end of the spectrum) to measure the

partial branching fraction. Hadronic �nal states in B ! Xc‘�� decays tend to be more

massive compared to �nal states from B ! Xu‘�� decays, leaving less energy available for

the lepton. Therefore, leptons from B ! Xu‘�� tend to be more energetic and populate the

higher regions in the E‘ spectrum.

2.2.1 Theoretical calculations for inclusive measurements

Typically, one would use the Operator Product Expansion, the Heavy Quark Expansion,

and the QCD perturbation theories, which are all outlined below.

The Operator Product Expansion

Within the theoretical study of B-mesons, a wide variety of physics at di�erent distance

scales may be relevant for a given process. Therefore, it is crucial that one identi�es these

processes and separates them out explicitly. The operator product expansion (OPE) [22] is

one such tool, which is used to factor out relevant physical processes over di�erent distances.

For instance, physical processes occurring over distances much less than 1=�QCD (�1 GeV)

can be described perturbatively by the exchange of quarks and gluons. Whereas with pro-

cesses above distances of 1=�QCD, one �nds that the quarks and gluons hadronize and QCD

becomes non-perturbative.

Heavy Quark Expansion

This section discusses physics characterized by virtualities of � � mb and below, which are

relevant to studies of B ! Xu‘��. The Heavy Quark Expansion (HQE) calculates the total

decay rate �B ! Xu‘�� as an expansion in powers of �QCD=mb, and �s, where

�u =
G2

Fm
5
b

192�3
jVubj2

"

1 � O
 

�s

�

!

� O
��2

QCD

m2
b

!

+ :::

#

(2.1)

where �s is the strong coupling constant, and mb is the mass of the b quark. The total decay

rate is proportional to jVubj2, with the main source of error arising from the uncertainty on
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mb. The term at leading order describes the free decay of the b-quark. With the perturbative

and non-perturbative corrections appearing as co-e�cients to �s and �QCD=mb respectively.

This technique works well for the case of B ! Xc‘��, however, the main problem in

the case of B ! Xu‘�� is that we are not able to measure the total inclusive decay rate

due to the large irreducible B ! Xc‘�� background. As mentioned before we are only able

to calculate partial rates, leading to the subsequent breakdown of the HQE convergence.

Fortunately, there are several theoretical approaches which attempt to by-pass this situation

and are all outlined below. It is worth noting that there is no agreed theoretical approach

when extracting jVubj from the B ! Xu‘�� rate, so each of these approaches will be used to

determine jVubj and an average over each of the results will be made (Chap. 9).

Shape-function based approach (BLNP)

The approach given by Bosch, Lange, Neubert and Paz [23] uses a modi�ed expansion in

inverse powers of mb. Dynamical e�ects associated with soft gluons are summed at each

order into non-perturbative shape functions. At leading power there is one such function

and beyond this order there are several di�erent functions. The leading order shape function

can be thought of as a distribution function used to describe the Fermi motion of the b quark

inside the B meson.

The form of the leading order shape function cannot be calculated directly, so we use

various other techniques as constraints. One can study the photon energy spectrum, E , in

B ! Xs decays to approximate the shape function. Or alternatively one can use moments

relations from B ! Xcl�� and B ! Xs. These moments relate weighted integrals over the

shape function to the heavy-quark parameters mb (b quark mass), �2
� (kinetic energy of the

b quark in the B meson) and other higher order non-perturbative parameters. This analysis

uses the moments relations to parameterize the shape function. The largest uncertainty is

due to the uncertainty on mb.

HQE-based structure-function parameterization approach (GGOU)

Gambino, Giordano, Ossola and Uraltsev [24] use the HQE to compute selected observables

(the �rst few moments of the HQE structure functions). These observables are then used

to constrain the parameterization of the total rate. All peturbative and non-perturbative

corrections are accounted for up to the order O(�2
s�0) (where �0 is a QCD term related to the

number of light quark avours) and O(1=m3
b). Soft gluon emission is inhibited through the

infrared cuto�, and the spectrum only has collinear singularities whose resummation is not
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needed. However, the general formalism used for this model is not valid at high values of q2

due to Fermi e�ects. Therefore a di�erent formalism is adopted in this region (the so-called

q2 tail), beginning at the point q2�. A range of functional forms are explored, and the leading

theoretical uncertainties are due to the perturbative and non-perturbative parameters, and

the modeling of the q2 tail and choice of the scale q2�

Dressed Gluon Exponentiation (DGE)

The Dressed Gluon Exponentiation [25] uses resummed perturbation theory in moment-

space to compute the on-shell decay spectrum for the entire phase space. Non-perturbative

contributions are taken into account through power corrections. Resummation is applied

to the ‘jet’ and the ‘soft’ (quark distribution or SF) subprocesses at NNLL, however ‘soft’

logarithms are not resummed. The shape of the spectrum in the kinematic region where the

�nal state is jet-like is determined mainly by calculation using a resummation method.

Resummation-based approach (ADFR)

Aglietti, Di Lodovico, Ferrera and Ricciardi [26] use a model based on perturbative re-

summation. The integral in the Sudakov exponent is regulated by the use of the analytic

coupling [27], which accounts for all non-perturbative e�ects. The soft-gluon resummation is

performed at NNLL, whereas the non-logarithmic part of the spectra is computed at O(�S)

in the on-shell scheme. This sets the pole b mass numerically equal to MB.

2.2.2 Fitted comparisons of the models

The normalized E‘ spectrum for each of the four approaches described above is computed

and shown in Fig. 2.3. This analysis models the inclusive B ! Xu‘�� spectrum in MC using

the BLNP approach, which will be discussed in more detail in Chap. 5. Progress was also

made in implementing the ADFR description into the BABAR MC architecture, which will

hopefully be used in the future.

We also present results for jVubj using an inclusive approach in Tab. 2.1. This documents

the current status from all the available measurements (using di�erent kinematic variables

and di�erent techniques) along with the extractions from the models outlined above. The

upper half of Tab. 2.1 documents values of mb, �
2
� (the kinetic energy of the b quark)

used as input parameters for the models. They extracted from moments measurement of

semileptonic decays, translated using di�erent schemes (SF, kinetic and MS). The values for
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these input parameters di�er for each model, as each model requires a di�erent theoretical

determination (scheme) for their extraction. GGOU for example, require values of mb and

�2
� via the kinetic scheme.

Figure 2.3: Comparison of the E‘ spectrum for inclusive B ! Xu‘�� events using the four

theoretical treatments outlined previously. Brown, blue, red and magenta refer to the BLNP,

GGOU, DGE, ADFR models respectively. The authors for BLNP and DGE do not provide

values above 2.5 GeV due to the fact that the uncertainty is too large at these values to be

reliable.
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BLNP GGOU DGE ADFR

Input parameters

Scheme SF kinetic MS MS

mb (GeV) 4:631+0:041
�0:035 4:601 � 0:034 4:243 � 0:042 4:243 � 0:042

�2
� (GeV2) 0:272+0:056

�0:076 0.440 �0:040 - -

Ref. fu (jVubj � 10�3)

El > 2:1[28] 0.20 3:94 � 0:46+0:37
�0:33 3:77 � 0:44+0:26

�0:39 3:58 � 0:42+0:26
�0:20 3:49 � 0:20+0:23

�0:23

El-q
2[29] 0.20 4:41 � 0:30+0:42

�0:37 not available 4:01 � 0:27+0:28
�0:22 3:87 � 0:26+0:23

�0:24

mX -q2[30] 0.35 4:33 � 0:46+0:35
�0:30 4:23 � 0:45+0:34

�0:35 4:16 � 0:44+0:24
�0:14 3:95 � 0:42+0:22

�0:22

El > 1:9[31] 0.36 4:74 � 0:44+0:35
�0:30 4:61 � 0:43+0:23

�0:31 4:56 � 0:42+0:22
�0:19 3:25 � 0:17+0:22

�0:21

El > 2:0[32] 0.28 4:29 � 0:24+0:35
�0:30 4:13 � 0:23+0:23

�0:34 4:04 � 0:27+0:24
�0:21 3:46 � 0:14+0:23

�0:23

mX < 1:7[33] 0.69 3:99 � 0:26+0:30
�0:25 3:93 � 0:26+0:19

�0:22 4:07 � 0:27+0:22
�0:19 3:93 � 0:26+0:23

�0:23

mX < 1:55[34] 0.61 4:13 � 0:20+0:32
�0:27 4:07 � 0:20+0:27

�0:29 4:25 � 0:20+0:20
�0:14 4:04 � 0:19+0:24

�0:24

mX -q2[34] 0.35 4:41 � 0:29+0:36
�0:31 4:29 � 0:28+0:34

�0:36 4:24 � 0:28+0:23
�0:16 4:14 � 0:26+0:23

�0:23

P+ < 0:66[34] 0.60 3:76 � 0:24+0:31
�0:25 3:52 � 0:23+0:30

�0:31 4:73 � 0:24+0:28
�0:22 3:45 � 0:22+0:21

�0:37

Average 4:32 � 0:16+0:32
�0:27 3:96 � 0:15+0:20

�0:23 4:26 � 0:14+0:19
�0:13 3:76 � 0:13+0:22

�0:22

Table 2.1: Top: Summary of input parameters used by the di�erent theory calculations, corresponding inclusive determinations

of jVubj and their average. Bottom: Current measurements of jVubj from inclusive B ! Xu‘�� decays. The values are determined

using the BLNP, GGOU, DGE, and ADFR theoretical calculations. The errors quoted are experimental and theoretical

respectively. All endpoint measurements using ADFR use E‘ > 2:3 GeV, and the fu values denote the percentage of the

kinematic phase space used.
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2.3 Comparison of exclusive and inclusive measure-

ments

Fig. 2.4 [35] shows the agreement of jVubj for the exclusive and inclusive determinations with

predicted values from sin2�. We see that the present value of sin2� favours a value of jVubj
more compatible with the exclusive determination than with the inclusive one. However, the

exclusive determination is still limited by the precision of the determination of the B ! �‘�

form factor.
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Figure 2.4: Compatibility plot for exclusive and inclusive determinations of jVubj, plotted as

a function of the measured value against the uncertainty. The cross and the star indicate

the exclusive and inclusive values respectively.



Chapter 3

The BABAR Experiment

The BABAR experiment is an international collaboration of over 500 physicists dedicated to

the systematic study of CP asymmetries within the decay of neutral B mesons. The detector

lies at the interaction point of PEP-II [36], an asymmetric e+e� particle collider located at

the Stanford Linear Accelerator Center (SLAC) in California. This Chapter describes the

main features of the PEP-II collider and the BABAR detector.

3.1 The PEP-II accelerator

The PEP-II collider is designed to accelerate and collide electrons and positrons at the loca-

tion of the BABAR detector at a center of mass energy ECM = 10:58 GeV. This corresponds

to the center-of-mass energy for the � (4S) resonance, whose mass is slightly above the BB

production threshold. The � (4S) then decays almost exclusively into BB pairs. The layout

of the PEP-II B factory can be seen in Fig. 3.1.

The electrons and positrons are accelerated initially along a 3.2 km linear accelerator

(LINAC), and stored in two 2.2 km long storage rings. A high-energy ring (HER) for

electrons, and a low-energy ring (LER) for positrons. Positrons are produced in the LINAC

by colliding 30 GeV electrons into a �xed target.

After su�cient numbers of electrons and positrons have been stored, they are made to

collide at the interaction point, which corresponds to the location of the BABAR detector. The

energies of the electrons and positrons are asymmetric, with the electrons having an energy

of 9.0 GeV and the positrons an energy of 3.1 GeV. This setup leads to the � (4S) being

boosted in the forward direction by � = 0:56. This leads to an increased separation between

the decay points of the two B mesons, which lends itself to a more precise measurement of

23
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the decay vertices.

To highlight this point, consider that the average separation of B mesons from an � (4S)

produced at rest would be approximately ��B � 30�m. After the boost, the separation

increases to � 250 �m, which is greater than the resolution of the vertex tracker (see Sec-

tion 3.2.1). The boost leads to an optimization of the detector in the forward region, therefore

an asymmetric detector;

Figure 3.1: Overview of the PEP-II B-Factory.

Data taking at BABAR began at the end of 1999 and ended in April 2008. The total integrated

luminosity recorded corresponds to 531 fb�1, consisting of 433 fb�1 recorded at the � (4S)

resonance, 54 fb�1 of o�-peak data, and 45 fb�1 at other resonances. The total intergrated

luminosity plot and be seen in Fig. 3.2, where data taking is sub-divided into run periods.

At the beginning of the experiment in 1999, PEP-II injected electrons and positrons in

bunches of 109 particles with a frequency in the range 1-30Hz. This resulted in injections

every 40-50 minutes during which the colliding beams coasted. The 3-5 minute periods

of injection generated very high backgrounds, and high dead time as the data acquisition

system had to be turned o� due to the ramping down of the high voltages for safety.

The period between December 2003 and March 2004 saw the implementation of a contin-

uous mode of operation called trickle injection. In this system injections are made when the

instantaneous luminosity drops below a threshold. This ensures that they are made at a lower

rate and more continually. The BABAR detector is then able to record data uninterrupted

during which the LINAC continuously injects electron and positron bunches (at a rate up to

10Hz in the HER and 20Hz in the LER) into the storage rings. This resulted in an increase



3.2. THE BABAR DETECTOR 25

]
-1

In
te

gr
at

ed
 L

um
in

os
ity

 [f
b

0

100

200

300

400

500

Delivered Luminosity
Recorded Luminosity
Recorded Luminosity Y(4s)
Recorded Luminosity Y(3s)
Recorded Luminosity Y(2s)
Off Peak

BaBar
Run 1-7

PEP II Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/fb

BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

BaBar
Run 1-7

PEP II Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/fb

BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

As of 2008/04/11 00:00

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

Figure 3.2: PEP-II delivered and BABAR recorded integrated luminosity from Run 1-7

(October 1999 to April 2008).

of 20{30% of the integrated luminosity. Additionally, the storage of particles within the rings

using trickly injection was more stable, leading to beam losses becoming more infrequent.

This culminated in PEP-II reaching an instantaneous luminosity of 1:2 � 1034 cm�2 s�1

during Run 6.

3.2 The BABAR detector

The BABAR detector is designed to study decays from the asymmetric colliding beams pro-

duced by the PEP-II storage ring at SLAC. The detector consists of several major sub-

detectors which are shown in Fig 3.3 and described in the following subsections. In brief,

the BABAR detector is optimized for:

� The maximum possible acceptance in the center-of-mass frame even down to small

polar angles relative to the boost direction (avoiding particle losses).

� Good vertex resolution lowering uncertainties on time-dependent CP asymmetries, and
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also minimizing e�ects from multiple scattering;

� Good precision on momentum measurements for charged particles with transverse mo-

mentum (pT ) ranging between 60 MeV=c and 4 GeV=c;

� Good energy and angular resolution for photons and �0 from energies of 20 MeV{

5 GeV, and capability to distinguish between neutral hadrons;

� Good discrimination between e, �, �, K, and momentum over a wide kinematic range.

In particular, the analysis in this thesis uses avour tagging for one of the B mesons,

which is only reliable if e, � and K are well identi�ed.

The e+e� beams are focused into collision at the interaction region by a series of quadrupoles

magnets (QD and QF). The beams are then separated by a pair of dipole magnets (B1) lo-

cated � 21 cm either side of the interaction point, followed by a series of quadrupole magnets

(Q1). The Q1 quadrupoles are located inside the BABAR solenoid, and the quadrupoles Q2,

Q4, and Q5 are located outside the solenoid. The beryllium water-cooled beam pipe and

the permanent magnets are assembled in such a way as to maximize the solid angle coverage

from the Vertex Tracker (see Section 3.2.1). A schematic view of the interaction region is

shown in Fig. 3.4.

3.2.1 The Silicon Vertex Tracker

The silicon vertex tracker (SVT) is designed for precision measurements of the decay vertices

and charged particle trajectories near the interaction point. As shown in Fig. 3.5 the SVT

is made up of �ve layers of 340 double-sided silicon wafers corresponding to an active area

of 0.96 m2. The design has been optimized in order to reduce multiple scattering. This is

achieved by minimizing the amount of material used, which would a�ect the performance

of the outer sub-systems. The material traversed by particles corresponds to � 4% of a

radiation length (X0).

Strip sensors are placed on either side of the wafer, which measure the z and � coordinate

of the tracks. The inner side sees the sensors running orthogonal to the beam direction,

thus measures the z coordinate. Whilst the outer side sees the sensors running parallel

and therefore measuring �. The wafers are grouped into modules and split into electrically

separated forward and backward sections with each half-module read out separately at its

respective end. The charge deposited by a particle is determined by the time over threshold

of the signal on each strip.
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Figure 3.3: the BABAR detector front view (top) and sideview (bottom).


