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Abstract

We use a global fit to determine the form factor slopes and branching fractions
of the decays B — Dflv and B — D*fv. We reconstruct D{¢ pairs and con-
struct a 3-dimensional distribution binned in lepton momentum, D momentum and
cos ©p_pe. These kinematic variables provide good separation between the signal
and background. We fit electron and muon samples separately and combine them
after calculating systematic uncertainties. The form factor slopes, p?, for B — D/{v
and p? for B — D*{v decays, are measured to be p%, = 1.23 + 0.04 & 0.07 and
p? =1.21 £ 0.02 £ 0.07, where the errors are statistical and systematic, respectively.
Branching fractions are fitted to be B(B* — D%*v) = (2.38 4 0.03 £ 0.12) % and
B(BT — D**v) = (5.32 4 0.02 £ 0.21) %. We use these results to determine the
products, G(1)|Ve| = (44.140.842.2) x 1073 and F(1)|V,| = (35.6+£0.24+1.2) x 1073
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of the form factors at zero recoil and the CKM matrix element |V|, from which |V

can be extracted using theoretical input.
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Chapter 1

Introduction

The Standard Model of particle physics describes the properties and the interactions
of fundamental particles. Although it is very successful, it is incomplete. It fails to
account for most of the mass in the universe called the dark matter, which is inferred
from observations in astrophysics. It also fails to account for non-zero neutrino
masses, which are implied by neutrino oscillation experiments. Even within the
domains of its applicability, it has about two dozen free parameters to be determined
by experiment. Quantitative tests of the standard model, as well as the searches for
physics beyond the standard model, require precise knowledge of these parameters.
This thesis address the determination of one of these parameters and lays a ground
work of improved determination of another parameter.

In the Standard Model, there are three families of fundamental particles. The
second and the third families behave as more massive partners of the first. The
families are classified by a quantity called “flavor”. Among the fundamental inter-
actions of the Standard Model, only the charged weak interaction can change flavor.
This interaction is responsible for the radioactive decay of nuclei, which is the result
of a transition between two different quark flavors. The flavor changing interaction
produces many fascinating phenomena : particle-antiparticle oscillations, neutrino

oscillations and particle-antiparticle (CP) symmetry violation. These phenomena
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in the quark sector are related to the complex 3x3 CKM matrix in the Standard
Model. This matrix mixes different flavors of quarks and the non-vanishing phase of
the matrix is responsible for the violation of CP (particle-antiparticle) symmetry.

Particle-antiparticle oscillations and CP violation have been observed in K mesons,
and similar observations in B mesons were expected. A B meson is composed of an
anti-bottom quark and either an up or down quark. Two experimental facilities were
built in 1990s to investigate the properties of B mesons. One is the BaBar experi-
ment at SLAC (Stanford Linear Acceleration Center, California, USA) and the other
is the BELLE experiment at KEK (High Energy Accelerator Research Organization,
Tsukuba, Japan). They have tuned their accelerators, PEP-IT at SLAC and KEKB
at KEK, to produce B meson pairs for more than 9 years. These machines are called
B-factories because they produce B mesons with a higher rate than other experiments
have ever done. The primary targets of B-factories are to quantitatively determine
the mechanism of CP-violation in B mesons and to measure the fundamental param-
eters of the Standard Model related to B physics with high precision.

In this dissertation, we are interested in semileptonic decays of the type B —
X lv. Here, £ is an electron or a muon, v is a neutrino and X, is a hadronic system
including a charm quark. Details of these particles and semileptonic decays are

explained in chapter 2. The main features of these decays are
e They are experimentally accessible and theoretically clean.

e We can measure one of the fundamental parameters of the Standard Model,

|V.p|, through these decays.
There remain problems in our understanding of these decays :

e BY — D*/*v decay ! branching fraction measurements disagree.

Existing measurements are summarized in Table 1.1. The results vary from

!Charge conjugate modes are implied throughout this text



Branching Fraction | Experiment (year)

0.0459 & 0.0023 £ 0.0040 [ BELLE (2002) [1]
0.0470 + 0.0013%5502% | DELPHI (2001) [2]
0.0490 + 0.0007 5 00as | BABAR (2005) [3]

0.0526 + 0.0020 + 0.0046 | OPAL (2000) [4]

0.0553 + 0.0026 + 0.0052 | ALEPH (1997) [5]

0.0590 & 0.0022 + 0.0050 | DELPHI (2004) [6]

0.0609 + 0.0019 +0.0040 | CLEO (2003) [7]

Table 1.1: [B° — D*/v BF] B — D*~/Tv branching fractions from different experi-
ments. The first uncertainty is statistical and the second one is systematic.

05 ‘ Experiment (year) ‘ Decay mode
0.97 +£0.98 £0.38 | ALEPH (1997) [5] B — D (v
1.124+0.22+0.14 | BELLE (2002) [§] B — D (v B
1.27+0.25+0.14 | CLEO (1999) [9] | B® — D ¢*v and Bt — D *v

Table 1.2: [B — D{v FF slope] Form factor slope p2, from different experiments. The
first uncertainty is statistic and the second one is systematic.

0.0459 (BELLE) to 0.0609 (CLEO), and those measurements are not consistent

with each other.

e B — D/lv decay form factor slope is not well measured.
Existing measurements are listed in Table 1.2. The best measurement from

BELLE has a 23 % uncertainty.

e There is a discrepancy between the inclusive and the sum of exclusive branching
fractions. In principle, the sum of the branching fractions of exclusive modes
is equal to the inclusive branching fraction. The inclusive branching fraction
as well as the two major exclusive modes B — Dfv and B — D*{v have
been measured by many experiments. In addition, recently the B — D™ (v
mode was measured [10,11] with good precision. However, these three exclusive
modes do not add up to inclusive branching fraction. It is evident something is

missing. The most probable candidates are decays of the type of B — D®rrly



and B — Dg*)K )¢y, which have never been measured.

The B — D*{v decay mode has the largest branching fraction of any B decay. Thus,
it is important to solve the above problems.

In existing measurements, each decay mode is reconstructed exclusively to mea-
sure branching fractions or form factor parameters. However, the above problems
are related with each other and cannot be easily solved by looking at a single decay
mode. For example, to reconstruct D*, we need to reconstruct its decay product 7.
However the m moves very slowly and is difficult to detect. All existing measure-
ments of B — D*/v decays have uncertainties related to this issue. Moreover, the
B — D/v measurements suffer from large background from mis-reconstructed D*/v
decays. We use a global fit to pairs of D mesons and leptons to measure simultane-
ously the branching fractions and form factor parameters of the principal semileptonic
decay modes B — Dfv and B — D*{v. The two decay modes are distinguished from
each other and from backgrounds via their different kinematic signatures in a 3-
dimensional space. As a result, the measurements have no uncertainty related to
slow pion reconstruction.

The measurement described in Ref. [11] takes similar approach. It simultaneously
determines the B — Dlv, B — D*{v and B — D™ z/lv branching fractions. In that
analysis, they fully reconstruct one B meson and look at semileptonic decays of the
other B. They reconstruct all particles except the neutrino. Thus, they can use
the conservation of 4-momentum to separate signal, where the only missing particle
is the massless neutrino, from background. The measurement is complementary to
ours because it uses explicit D* reconstruction and does not measure form factor
parameters due to the limited statistics of the fully reconstructed samples.

In order to measure another parameter, |V,,|, of the Standard Model, semileptonic
decays of the type B — X, fv is used. Here X, is a hadronic system including a up

quark. The dominant background in the measurements is B — X /v decays and
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uncertainties related to this background is one of the dominant systematic errors in
|Vip|. Thus, a better understanding and precise measurements of B — X (v decays

is a major factor to further improve the determination of |V,,|.



Chapter 2

Theory

2.1 The standard model of particle physics

The Standard Model (SM) of particle physics [12-14] is a very successful theory.
It has survived many experimental tests in the past three decades. In this theory
matter consists of three families of quarks and leptons and forces or interactions
between them are mediated by gauge bosons. There are four types of fundamental
interactions : gravity, electromagnetic, weak and strong. Gravity is too small and
usually plays no role in particle physics at currently accessible energies. Strong
interactions are mediated by gluons, weak interactions by weak bosons (W and Z)
and electromagnetic interactions by photons. These are listed in Table 2.1.

Each particle has an associated anti-particle. Anti-particles have opposite quan-

tum numbers. For example, anti-muons have positive charge. The mass, charge and

Family First Second Third
Leptons electron e~ muon /- tau 7~
neutrino v, Vy v,
Quarks up (u) charm (c) top (t)
down (d) strange (s) bottom (beauty b)
Interactions | Electromagnetic Weak Strong
Gauge bosons photon ~ weak bosons W+, Z9 gluon g

Table 2.1: Fundamental constituents in the Standard Model.



mass ‘ charge ‘ spin
e 0.511 MeV -1 1/2
1 106 MeV -1 1/2
T 1777 MeV -1 1/2
Ve 0 0 1/2
v, 0 0 1/2
v, 0 0 1/2
u | (1.5—3.0) x 1072 GeV | +2/3 | 1/2
c 1.25 £ 0.09 GeV +2/3 | 1/2
t 172.5 + 2.7 GeV +2/3 | 1/2
d (3—17)x 1073 GeV -1/3 | 1/2
S 0.95 + 0.25 GeV -1/3 | 1/2
b 4.20 £ 0.07 GeV -1/3 | 1/2
¥ 0 0 1
W 80.4 GeV +1 1
Z 91.2 GeV 0 1
g 0 0 1

Table 2.2: Mass, charge and spin of fundamental constituents in the Standard Model.
Charges are given in the unit of proton charge. Neutrino mass is not zero. However, massive
neutrinos have not yet been integrated into the Standard Model.

spin of the fundamental constituents are listed in Table 2.2. It has recently been
established through measurements that at least two of the neutrino species have non-
zero mass [15], but we did not include the new discovery in the Table. Note that we
use natural units (A = 1 and ¢ = 1); thus, energy, momentum and mass have the

same unit.
2.1.1 Strong Interactions

Strong interactions are the interactions between quarks and gluons and are governed
by Quantum Chromo-Dynamics (QCD), which is a part of the Standard Model. No
single quark has ever been isolated. This is called confinement, which is a feature
of QCD. In QCD, quarks and gluons have a charge called color. There are three
fundamental color charges, red, green and blue, and QCD has a group structure
SU.(3); the ¢ stands for color. If you could isolate a bare quark, you would see its

color charge. However, QCD allows only color-less combinations of quarks to exist



meson ‘ quark contents

Y ut or dd
wt ud
K° ds
KT us
DO cu
Dt cd
B db
Bt ub

Table 2.3: Quark contents of mesons.

in isolation. If we combine red and anti-red quarks, the pair is color-less, as is the
combination of red, green and blue quarks. Thus, quarks always appear as a quark
- anti-quark pair or a combination of three quarks. Quark - anti-quark pairs form
mesons, and combinations of three quarks form baryons. For example, a B° meson
consists of d and b (anti-b) quarks, and a B™ meson of u and b quarks. Other mesons
are listed in Table 2.3. A proton is a baryon and is made of two u quarks and one
d quark. Baryons and mesons are both called hadrons. As quarks are confined in
hadrons, all fundamental particles we can isolate are divided into two categories :

leptons and hadrons.
2.1.2 Electroweak interactions

Electromagnetic and weak interactions are unified into electroweak interactions, whose
group structure is SU(2) x Uy (1). This Y represents the weak hypercharge and the
charge of SU(2) is called weak isospin. Weak hypercharge and weak isospin are not
conserved because the SU(2) x Uy (1) symmetry is broken. The only conserved charge
is the electric charge. However, the properties of SU(2) can be seen, for example, in
the interactions between weak bosons and photons. The mechanism to break elec-
troweak symmetry has not yet known. Among many theoretical predictions, the most
popular one is so called Higgs mechanism.

There are two types of weak interactions : neutral weak interactions, which are
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mediated by Z° and charged weak interactions, which are mediated by W=*. The
charged weak interaction is the only fundamental interaction which violates flavor
conservation and CP symmetry. This is done by coupling up-type and down-type
quarks as explained in the following section. The neutral weak interaction couples
up-type quarks with up-type quarks and down-type with down-type, thus, does not

change flavor and conserves CP symmetry.

2.2 Charged weak interactions and CKM matrix

An interesting property of the charged weak interactions is that the weak eigenstates
of quarks and leptons differ from their mass eigenstates. When a quark couples
to a weak boson, the quark is not in its mass eigenstate. Instead, the quark is a
superposition of the three families of quark mass eigenstates. This is expressed by

the following equation [16,17]:

d, Vud Vus Vub d
s =1 Vea Ves Va S (2.1)
v Via Vis Vi b

The primed states of the left hand side are the weak eigenstates of down-type quarks
and those on the right hand side are the mass eigenstates. This matrix which mixes
the different flavors of down-type quarks is called the Cabibbo-Kobayashi-Maskawa
(CKM) Matrix. The matrix elements of the CKM matrix are free parameters of the
Standard Model to be determined by experiments. Determination of the magnitude
of the CKM matrix elements |V,,| and |V,;| is one of the principal goals of the BaBar
experiment.

Figure 2.1 is an example of the charged current weak interaction which is mediated
by a charged weak boson W™. In this case, a bottom quark changes into a charm

quark and produces a electron-neutrino pair. When W interacts with ¢, the W
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Figure 2.1: [Quark level weak interaction] Weak interaction via W boson.

couples with the weak eigenstate of the quark in the same family, namely s’

8/ = ‘/;dd + VCSS + Vcbb (2.2)

Since initial quark is b, the interaction picks up only b component of s’. Thus, the
amplitude of this interaction is proportional to V.

CP-transformation changes a charged weak decay of a particle into the decay of its
anti-particle. The amplitude of the decay remains unchanged, by CP-transformation,
if the elements of the CKM matrix are all real numbers. Thus the imaginary phase
of the CKM matrix is responsible for CP violation [18]. In case of decays or mixing
of mesons, their charge asymmetry is strongly suppressed [19]. In order for charge
asymmetry to be observable, for example in B decays, interference between two

different decay processes is necessary.

2.3 Semileptonic decays of B mesons

Hadrons including u, d, s and ¢ quarks have been measured with good precision
because they can be produced at lower center-of-mass energy. In order to get a
complete picture of the three families of the Standard Model, the properties of quarks

b and ¢ need to be understood. This is one of the reasons B-factories were built. B-
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u u
B* °
b T
w -
A%

Figure 2.2: [Weak decay of B meson| Weak decay of a B meson.

factories copiously produce pairs of B mesons and we can investigate the properties
of B mesons (or b quarks) through their decays. Decay modes are categorized into

hadronic, leptonic and semileptonic decays.

e Hadronic decays : decays into only hadrons. For example, B — D~ 7™
e Leptonic decays : decays into only leptons. For example, Bt — e*u,

e Semileptonic decays : decays into a combination of hadrons and leptons. For

example, B® — D~ et

Among these three modes, semileptonic decays are the best for measuring CKM
matrix elements |Vy| and |V,,].

As described in the previous section, the amplitude of the decay b — clv is
proportional to V,, which means the decay rate is proportional to |V,|?. Since bare
quarks do not exist in nature, the process given in Figure 2.1 is possible only with
hadrons. One example is shown in Figure 2.2. This time, a BT meson decays into a
D° meson and a ¢*-neutrino pair. Here ¢ denotes a charged lepton, which is either
electron or muon throughout this document unless otherwise stated.

In the case of semileptonic B — X./v decays (X. denotes a meson or a me-

son system including one ¢ quark), there are the following decay modes (see also

Appendix A):

e For BT
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— Bt — D%ty

— BT — D%ty
— BT — DWnity
This includes
* Excited charm mesons : BT — D%y, Bt — DV*v, Bt — Dty
and BT — D%ty
« Non-resonant decays : Bt — D-nt(ty, Bt — D'z%*y, Bt —
D*~nt{*v and B* — D*7%*y
— Bt — DWgnnity

— Bt — DWT KM+t

e For BY
— B = Drtv
— B = D¢ty

— B* — DWqntty
This includes
* Excited charm mesons : B — D;~(*v, B — Dy (*v, B — D (*v
and B — D} (Tv
« Non-resonant decays : B’ — D~ nt(ty, B® — D%ty B —
D*~nt(*v and B — Dz *y
— B - DWganlty
— B — DY K000ty
The D§, Dy, D} and D; are called D** as a whole. These D* and D** are excited

charm mesons. The D meson is spin zero whereas the the spin of D* meson is 1. The

D** have 1 unit of orbital angular momentum (see Appendix B). The D* and D**
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decay into either DY or DT plus some pions (see Appendix A). Since D* and D**
are exited states, they have the same quark content as D. Thus, for example, the
BT — D%*v decay diagram is just like Figure 2.2. The D} meson consists of ¢ and 5
quarks and does not decay into D° or D*. The B — D®rnly and B — DS"K(*)&/

modes have never been measured.

2.4 Heavy Quark Effective Theory (HQET) and decay rates

For a free quark, as shown in Figure 2.1, it is possible to calculate decay rates [12].
The amplitude is given by

M= —iG—\/gVCbL“HH (2.3)

where G is the Fermi constant. The amplitude is proportional to V,,. Here, L* is
called the leptonic current because it expresses the flow of weak hypercharge from v,
to e”. H, is the quark current in this example because it represents the flow from b
to c. These currents have Lorentz index p because the amplitude is expressed in a
Lorentz invariant form. Since we are dealing with relativistic velocities, the Lorentz
invariant form is more convenient than other forms.

The leptonic current can be written in terms of Dirac spinors of the charged lepton

u; and the neutrino v,

LF = ay" (1 — y5)v, (2.4)

where v# and 75 are the 4-dimensional Dirac gamma matrices. The quark current

H,, can be written in terms of quark spinors b and ¢
H" =y (1 —5)b (2.5)

There is no complication and we can calculate the decay rates.
However in reality, there are no bare quarks, and b and ¢ quarks are confined

inside of hadrons B and D as shown in Figure 2.2. This complicates the decay
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process because it is possible to have interactions between u and b quarks and so
on. These interactions are strong interactions and cannot be calculated from first
principles in the Standard Model. In reactions involving momentum transfers that
are large compared to the QCD scale, A ~ 0.5 GeV, the strong forces between quarks
are not so strong and their cross sections can be calculated perturbatively, but this
does not apply in the present case. Now, H* is not a simple quark current but a

complicated hadronic current. It is written in the following form

H" =< D|ev*(1 — 75)b|B >=< D|V*|B > — < D|A*|B > (2.6)

where

V# = ¢éy*b  (vector current) @)

AF = éyFysh  (axial-vector current)

These < D| and |B > include the complication. Since we cannot easily calculate
the matrix elements < D|V#|B > and < D|A*|B >, we express them in terms of
unknown functions called form factors. For example, for B — D/{v decays, the matrix

elements are given by

< D(P"|V¥B(p) >= felp+p)"+ f-(p— D) (2.8)

< D(p")|A"|B(p) >=0 (2.9)

where f, and f_ are form factors. This means that we push complications into form
factors and express decay rates using form factors. Then we can concentrate on how
to calculate form factors.

Since we cannot calculate form factors from first principles, we need models or
extra symmetries to calculate them. One successful method is to use Heavy Quark

Effective Theory (HQET) [20,21]. This theory can be applied to mesons consisting
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of a heavy quark, @, and a light quark, ¢q. Since the mass of ¢ and b quarks are much
heavier than u and d quarks (Table 2.2), the decays involving D and B mesons are
ideal places to apply this theory. This theory uses extra symmetries [20] that are

exact in the limit of infinitely heavy quark mass :

e Heavy quark flavor symmetry

The dynamics is unchanged under the exchange of heavy quark flavors.

e Heavy quark spin symmetry
The dynamics is unchanged under arbitrary transformations on the spin of the

heavy quark.

The exchange of heavy quark flavors means, for example, an exchange of a b quark
by a ¢ quark. One important consequence of the Heavy Quark Symmetry on decay
amplitudes is the prediction of the existence of a single and universal form factor,
which is called the Isgur-Wise Function [21,22]. Since mg < oo, these are only
approximate symmetries. HQET provides us with corrections to the heavy quark
limit in a systematic way.

In the following sections, we give the decay rate formulae of the two major decay
modes B — Dlv and B — D*(v based on HQET [21,22]. B — D**{v decay rates

are given in Appendix G.
241 B — Dlv

The differential decay rate is given by

dU(B — Dlv)  G2|V,|*m?®
( - ) — F|48;)r|3 Byd(w? — 1)3/2jD(w) (2.10)

where

Ip(w) = [(1+r)hy — (1 —7)h_]* (2.11)
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w is the velocity transfer defined by

w=wvg-Up (2.12)

where vp and vp are 4-velocities of B and D mesons. w can be understood as the
relativistic boost of the D in the B rest frame. w is Lorentz invariant and linearly
related to the momentum transfer ¢? :

mi +mp — ¢

w = (2.13)
QmBmD

More details are in Appendix E. r is the mass ratio

mp
= — 2.14
r=2 (2.14)

In heavy quark limit, the form factors h, (w) and h_(w) are

hoo(w) = €(w), h_(w) =0 (2.15)

where &(w) is the Isgur-Wise Function and can be expanded in the powers of (w — 1)

because 0 < (w —1) < 0.6

§(w) =EM)[1 - pp(w—1) + .. (2.16)

where p% is the form factor slope. This form factor slope is one of the parameters
we try to determine in our analysis. hy (1) = £(1) can be calculated by the Lattice
QCD [23].

Caprini, Lellouch and Neubert proposed a better way to parametrize the Isgur-
Wise Function [24]. They include higher order in the (w — 1) expansion and relate

the curvature and slope using unitarity bounds of the decay amplitude. Thus, h, (w)
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Figure 2.3: [B — D*{v decay geometry| Geometry of B — D*{v decays.

can be expressed by one parameter p?% that includes higher order terms :
hy(2) = hy (1)1 — 8p%z + (51pF — 10)2% — (252p7, — 84)2° + ..] (2.17)

where

Z_W—x/i
Vw1442

We call this the CLN parametrization. In the CLN parametrization, hy(w) is ex-

(2.18)

panded in powers of z instead of (w — 1). Since 0 < z < 0.06, higher order terms are

more suppressed.
2.4.2 B — D*v

The kinematic variables in B — D*{v decays are shown in Figure 2.3.

e 0, : Angle between the directions of “the ¢ in the W rest frame” and “the W

in the B rest frame”.

e Oy : Angle between the directions of “the D in the D* rest frame” and “the D*

in the B rest frame”.

e Y : Azimuthal angle between the planes formed by “W-¢ system” and “D* — D

system”.
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The differential decay rate is given by

dwﬁgﬁ;ﬁ;ﬁgjdx = 4?534 [Vo|*mpm®b.v/w? — 1(1 — 2wr + r?) x
[(1 — costy)?sin0y | H, (w)|?
+(1 + costy)?sin®0y | H_(w)|?
+4sin®0,cos20y | Ho(w)|?
—4sinf,(1 — cosby)siny cosby cosy H (w) Hy(w)
+4sinf,(1 + cosby)sinby cosbycosy H_(w) Hy(w)

—2sin?0,sin0y cos2y H, (w) H_(w)]

where H;(w) are called the helicity form factors. These form factors are related to

another set of form factors, hy (w), ha, (w), ha,(w) and ha,(w), as follows.

R(1—r*)(w+1) ~
mp T —er ha, (w)H;(w) (2.19)

Hi = —
where H;(w) are given by

1—r w—+1

Ao (w) = Y2urtr? (1 ¥ “"lRl(w)>

_ (2.20)
Ho(w) =1+ 1= (1 — Ro(w))
where R;(w) and Rp(w) are the form factor ratios.
Rifu) = ey Ratw) = MR 220

and

* 2\/mpm?
Db p=NTETD (2.22)

r= ,
mpg mp + mp,
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In the first approximation, R;(w) and Ry(w) has no w dependence

R1 (w) = Rl
(2.23)
Rg(w) = RQ
and ha, (w) is given by
ha,(w) = ha (1) [1 = p*(w — 1) + ...] (2.24)

where p? is the form factor slope. These p?, R, and R are the parameters we try to
determine in the fit.

With the CLN parametrization [24]

Ri(w) = Ry — 0.12(w — 1) + 0.05(w — 1)?
Ry(w) = Ry + 0.11(w — 1) — 0.06(w — 1)? (2.25)
ha, (w) = ha (1) [1 = 8p*z + (53p* — 15)2* — (231p* — 91)27]

It is convenient to use integrated form of the differential decay rate in some calcu-

lations (see section 5.5). If we integrate the differential decay rate over angles, we

get
dl'(B ;UDW/) _ G%%;Ijm% r(w? = )2 Fwp(Ry, Ra, p°) (2.26)
where
Two (R, By, p%) = (w+ 1)%[ha, (B3 + W2+ B (2.27)
and

he(w) = (1 —r)He(w) = VI~ 2wr + 12 (1 + g—;}Rl(w))
ho(w) = (1 = r)Hy(w) = (1= 7) + (w — 1) (1 = Ry(w)) (2.28)
=(w—r)—(w—1)Ry(w)
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2.5 Isospin symmetry

[sospin symmetry is an approximate symmetry due to the similar mass of v and d
quarks. The strong interaction couples only to the color charge and is independent
of the electric charge or flavor of the quarks. Thus, the quarks with the same mass
and color have strong interactions of identical strength. This is the basis of isospin
symmetry. Isospin has the same mathematical structure as spin or angular momen-
tum. For example, when its magnitude is 1 its z-component can be either -1, 0, or

+1. The u and d quarks are treated as a doublet and isospin is assigned such that

we|1/2,41/2 >, d:|1/2,-1/2 > (2.29)

where numbers are |magnitude, z-component>. The isospin of s, ¢, b and t quarks
are all zero.

The isospin conservation of semileptonic B decays is not obvious because those
decays are weak decays. Weak interactions are flavor-dependent and isospin is not
necessarily conserved. We take BY — D* ¢ty and B° — D* (*v decays as an
example to consider isospin symmetry. In Figure 2.2, if u is replaced by d, the
diagram represents the B — D*~(*v decay. From heavy quark symmetry, the weak
decay part b — ¢ occurs independently. Thus, the weak decay does not distinguish
between the two decay amplitudes. Since the remainder of the process involves strong
interactions, the corrections to the picture of the weak decay of a free heavy quark
conserve isospin.

We can determine the isospin of hadrons from their constituent quarks, for exam-

ple,

Bt (ub):|1/2,+1/2 >, D°wue):|1/2,+1/2 > (2.30)
BO(db) : [1/2,~1/2 >, D(de):|1/2,—1/2 > |

Thus, from isospin symmetry, the partial decay rates of the two decays B* — D%*v
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and B — D~ /*v are the same :

(BT — D) =T(B* — D (") (2.31)

However, since total decay rates of BT and B are different [10], branching fractions

of the above two decay modes are different because

Partial rate

2.32
Total rate ( )

Branching fraction =

As total decay rates are inverse of lifetimes, the ratio of the branching fractions is

given by
B(B* — D*%*v)  T(B* — D*v)rg+  Tp+

B(BO — D*ngrV) - F(BO — D*gy)7'30 - TBo (233)

where 75+ and 7o are the lifetimes of BT and BY. More calculations of isospin are

given in Appendix C.
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Chapter 3

BaBar data and Event selection

3.1 BaBar data

We use a data sample of approximately 230 million BB-pairs, collected by the BaBar
detector. This corresponds to an integrated luminosity of 207 fb~!. The BB-pairs
are produced from the decay of the T (45) resonance created by the asymmetric ete™
collider, PEP-II [25], at the Stanford Linear Accelerator Center (SLAC). We also use
21.5 fb~! of off-resonance data collected 40 MeV below the Y(4S) resonance. The
off-resonance data are used to subtract the background from the process ete™ — ff,
where f is a lighter quark (u, d, s or ¢) or a charged lepton (e, p or 7). We also use
Monte Carlo (MC) simulated events. In BaBar, the package EvtGen [26] is used to
generate MC events. The GEANT4 software [31] is used to simulate the response
of the BaBar detector. The generated particles are tracked through the detector
material where they lose energy, interact with detector materials and leave signals in
the active detector elements. To reconstruct particles from the detector signals, the
same program is used for both BaBar data and simulated events.

The ISGW2 model [27,28] is used to generate B — D{v and B — D**{v events.
These are re-weighted to HQET-inspired models as described in section 5.5. The
Goity-Roberts model [29,30] is used to simulate non-resonant B — D™ 7/v decays.

For B — D*{v events, the HQET-based model, as described in chapter 2, is employed.
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3.2 BaBar detector

A detailed description of the BaBar detector can be found elsewhere [32]. Here, we
give a brief summary relevant to our analysis. In the following a cylindrical coordinate
system is used. The z-axis coincides with beam axis and the origin with the beam
collision point.

The BaBar detector consists of different components. From inside to outside :

e Silicon Vertex Tracker (SVT)
SVT is composed of five layers of double-sided silicon strip detectors. Each
layer has two sides : one with strips parallel to the beam axis (to measure ¢
coordinate) and one with strips perpendicular to the beam axis (to measure the

z coordinate).

e Drift Chamber (DCH)
DCH is composed of 40 layers of small hexagonal cells providing position and
ionization loss (dE/dx) measurements for charged particles. The charged par-
ticles, moving through the helium-isobtane (He, C4Hjy) gas in the DCH, ionize
the gas. The electrons produced by the ionization drift to the anode wires be-
cause of the high voltage (usually 1930 V) between the wires. The drift time

determines the distance from the anode and the total charge gives dE/dzx.

SVT and DCH are both charged particle tracking systems which can measure
the z coordinate and azimuthal angle #. They are in a 1.5 T axial magnetic
field. We can determine the momentum of charged particles from the curvature

of their tracks.

e Cerenkov Detector (Detector of Internally Reflected Cerenkov light, DIRC)
The silica bars of DIRC produce Cerenkov light from charged particles. DIRC

can measure the angle of the Cerenkov cone (Cerenkov angle). The Cerenkov
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light is produced when the speed of the charged particle v is larger than the
speed of the light in the silica bar ¢/n, where n is the index of refraction of the
silica. We can determine the speed of the charged particle from the Cerenkov

angle ©¢ using the following relation :
c
veosOp = — (3.1)
n

This speed combined with the momentum from the tracking systems gives the

mass of the charged particle.

e Electromagnetic Calorimeter (EMC)
EMC is a finely segmented array of thallium-doped cesium iodide (CsI(T1)) crys-
tals. EMC can measure the energy of electrons and photons (7). An electron
or a photon, which entered a crystal in the EMC, produces an electromagnetic
shower in the crystal. The scintillation light produced by the shower is collected
by the silicon photo-diode. The number of collected photons is proportional to

the energy deposited in the crystal.

e Instrumented Flux return (IFR)
IFR is designed to identify muons and to detect neutral hadrons such as K°

and neutrons.

With the combination of above components, we can identify particles with relatively
long lifetime such as electrons, muons, photons, pions (), kaons (K), and protons. As
an example, Figure 3.1 shows how dFE/dx can distinguish different types of particles.
We can also measure particle energies and momenta. The resolution in transverse
momentum of charged particles is 0.7 % at 2 GeV. The photon energy resolution is

3% at 1 GeV.
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Figure 3.1: [dE/dr vs momentum] dF/dx vs momentum plot showing the ability of
particle identification.

3.3 Signal and background events

The B — X (v decays are what we are interested in (see section 2.3). We call them
signal. To access these events, we reconstruct a charged lepton and a D meson (D°
or D7) and form a D¢ candidate. Since neutrinos escape undetected, we cannot fully
reconstruct B mesons. Only one true D/f-pair can be produced from one B meson.
We do not explicitly reconstruct D* or D**. However we can access those decay
modes which include D* or D** because D* and D** eventually decay into either D°
or DT (see Appendix A). DY and D" are reconstructed from two and three charged

tracks, respectively, using the decay modes :
o D — Kt

o DT — K—rxtnt
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The masses of reconstructed DY(K~7") and D" (K~ 7" n ") are distributed as shown
in Figure 3.2. The OnPeak data events are the events produced by the colliding beam

at the energy of Y(45) resonance. These events include

e BB events, because Y (4S) decays into a BB-pair with almost 100% probability.

We can simulate these BB events with Monte Carlo (MC) simulation.

e ui, dd, 55, and c¢ events which do not come from Y(4S5) resonance.
These events are called ggq or continuum events as a whole. We can estimate
the amount of gq events from OffPeak data which is taken 40 MeV below the
resonance. OffPeak data does not include BB events since this is below the

energy threshold for BB production.

Typical cross sections at Y(4S) energy are 1.05 nb for BB events and 3.39 nb for ¢
events. In Figure 3.2 (left), black points are OnPeak data, colored histograms are
produced from BB MC and the dark gray histogram at the bottom is OffPeak data.
This shows that OnPeak data consists of BB events and ¢g events. We subtract
continuum events using OffPeak data. The continuum-subtracted plots are shown on

the right hand side.
3.3.1 Signal events
Signal events are categorized into four components :

e B — D/v events (Red histograms in Figure 3.2 and 3.3).
e B — D*/v events (Green histograms in Figure 3.2 and 3.3).

e B — DWrly events (Blue histograms in Figure 3.2 and 3.3).

This includes B — D**/v and non-resonant B — D™ r1fv events

e B — DWrnly events (Magenta histograms in Figure 3.3).
This includes B — X.lv events other than B — D/v, B — D*/v and B —

D@ iy events.
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[D mass distribution] Typical D mass distributions before (left) and

after (right) continuum subtraction. The top is DY and the bottom is D*. Black points
are OnPeak (or OnPeak - OffPeak) data. Red is B — D/v, green is B — D*(v, blue is
B — DWxly, the rest is background. Dark brown is Uncorrelated Direct Lepton, light
brown is Uncorrelated Cascade Lepton, dark red is Correlated Cascade Lepton, blue gray
is Fake Lepton, light gray is Combinatorial, and dark gray is OffPeak data. B — D®rrly
component is not included in these plots.



28

name ‘ mass ‘ width ‘ spin
X 2.61 0.3 0
X* | 261 0.3 1
Y 2.87 0.1 0
Y 2.87 0.1 1

Table 3.1: [X. states] X, states used to generate B — D™y events.

Not much is known about B — D®rmlv events and these events were not included
in our original MC. However it is evident that these events should exist [10,11]. Thus,
we generated events in this category using an ad-hoc model. We assumed four broad

intermediate X, states, namely X, X* Y and Y™ states, as listed in Table 3.1.

e These states are treated as heavier D or D* according to the spin. The mass
and spin of the X, state determine, for example, the lepton momentum and D

momentum spectrum.

e The X and X* states are decayed into D or D* (with equal branching fractions)

and two pions according to phase space.

e The Y and Y* states are decayed as two-body D™ p states, and p subsequently
decays to two pions. The Y*) mass is chosen to be just above the threshold for

this decay.

3.3.2 BB background events
BB events also produce backgrounds. BB background events are categorized into
five different types.

e Uncorrelated Direct Lepton (Dark brown histograms in Figure 3.2 and 3.3.)

Uncorrelated means D and ¢ come from different B. The ¢ comes directly from

a B.
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We have this kind of background because we have two B mesons in one event.
The most typical example of this type of background is
— Bt — D%ty
— B~ — D*D* K" with D*~ — D 7% or D*~ — D™~
These (T from B* and D~ from B~ form a D/ candidate. Note that in order

for a B meson to produce a D meson (in addition to usual D meson), the W

in the Figure 2.2 has to produce cq pair (instead of /v pair).
Another typical example is B°B° mixing.

— B — X1ty

—~ B = B — D~ X't
These (* from B° and D~ from B° form a D/ candidate.

Uncorrelated Cascade Lepton (Light brown histograms in Figure 3.2 and 3.3.)

D and ¢ came from different B, and cascade means ¢ does not directly come
from B. In most of the cases, the ¢ come from a D™ meson which is a decay

product of one B.
The most typical example is
— Bt = DX,
— B~ — DX, with D - K~ (tv
These D° from B* and ¢* from B~(D°) form a D¢ candidate.

Correlated Cascade Lepton (Dark red histograms in Figure 3.2 and 3.3.)

Correlated means D and ¢ come from the same B. But, ¢ does not directly

come from B.

A typical example is
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— BT — DYD*K* with D° — Kt¢~ 7 and D** — D70
These ¢~ and DV form a D/ candidate.

Another typical example is
— Bt - Dty with 7+ — (Aa7N7a
These D° and ¢+ form a D/ candidate.

Fake Lepton (Blue gray histograms in Figure 3.2 and 3.3.)
The lepton in a D¢ candidate is a mis-identified K, 7 or p.

90 % of mis-identification is between p and 7.

Combinatorial (Light gray histograms in Figure 3.2.)
The D in a D/ candidate is not correctly reconstructed.

Typical mis-reconstructions are that the kaon and the pion do not come from
same D or not directly come from D. In our analysis, D" has much less com-
binatorial background than D because D is reconstructed from two particles
(one K and one ) whereas D is reconstructed from three particles (one K and
two 7) as described above. The combinatorial background can be statistically

removed as described in the next section.

3.3.3 D mass sideband subtraction

As can be seen in Figure 3.2, the combinatorial background does not have a peak

in the D mass distribution. Thus we can remove combinatorial BB background by

subtracting the number of candidate with invariant masses in the D mass sidebands.

We define the D mass peak region and sidebands as follows :

e DY mass

peak : 1.840 - 1.888 GeV
side bands : 1.816 - 1.840 and 1.888 - 1.912 GeV
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e DT mass
peak : 1.845 - 1.893 GeV
side bands : 1.821 - 1.845 and 1.893 - 1.917 GeV

We count the number of D¢ candidates in both peak, Ny, and sidebands, Ng;ge.
Then subtract Nyige from Npeq, to remove the combinatorial background. Figure 3.3
shows a typical lepton momentum and D momentum distribution after event selec-
tion and D mass sideband subtraction. The correlated cascade lepton, the fake lepton
and the combinatorial background are too small to be visible. Based on MC stud-
ies, approximately 4.6 % of true D/ candidates enter the sidebands. The sideband

subtraction, therefore, slightly lowers the signal efficiency.
3.4 Event selection
To reduce backgrounds, we apply a few selection criteria. We consider the statistical

uncertainty on the signal

os  Statistical uncertainty on S

— = 2
S Signal yield (32)

to optimize our cuts. This analysis is systematics limited; thus, obtaining minimum
0g/S is not always the optimum choice. In many cases we chose a looser cut than

would be obtained from the minimum og/S point.
3.4.1 BToDlInu skim

First, the collected data is precessed to select only events with D¢ candidates. This
process is done centrally within the BaBar collaboration and the produced data set
is called the BToDInu skim. In this section, we summarize the selection criteria of
the BToDInu skim.

Good quality charged tracks are used to reconstruct D and ¢. The good quality

charged tracks must satisfy the following conditions :
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Figure 3.3: [p; and pp spectrum] Lepton momentum (left) and D momentum (right)

spectrum after D mass sideband subtraction.

The top is D° and the bottom is D¥.

Black points are OnPeak - OffPeak data. Red is B — D/{v, green is B — D*{v, blue
is B — D®nly, magenta is B — D®xrly, and the rest is background. Dark brown
is Uncorrelated Direct Lepton, light brown is Uncorrelated Cascade Lepton, dark red is
Correlated Cascade Lepton, blue gray is Fake Lepton, and light gray is Combinatorial.
Correlated Cascade Lepton, Fake Lepton and Combinatorial are tiny after event selection

and D mass sideband subtraction.
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Momentum < 10 GeV

Distance from beam line < 1.5 cm

Distance from the collision point along the beam line < 10 cm

Number of hits in DCH > 12

D° candidates are reconstructed in 4 modes: D° — K—n*, DY — K—ntntn—,
DY — K 7nt7% and D° — K% *7n~, and D* candidates are reconstructed in 2
modes: DT — K~-ntnt and Dt — K°r*. Since statistical errors are not a limiting
uncertainty in our analysis, we select the cleanest modes only; we use only D° —
K 7t and D™ — K~ 77" modes.

For K~ tracks in the skim,

e The KLHNotPion selector is used to identify K~ to reconstruct DT
This LH stands for likelihood. A selection cut is applied based on the likelihood
calculated by comparing measured dF/dx with expected values assuming the

particle is a kaon. A very loose cut is chosen.

We apply the same KLHNotPion selector to identify the K~ to reconstruct DY as
described in section 3.4.2.
Electrons and muons are selected using the following Particle Identification (PID)

selectors :

e The PidLHElectron selector for electrons
A selection cut is applied based on a likelihood. First, a likelihood function is
constructed using the deposited energy and the shower shape in the EMC and
the Cerenkov angle in the DIRC. Then the final likelihood is computed from
the likelihood function and a likelihood of the measured dE/dz. A tight cut is

adopted.
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e The muNNTight selector for muons
This NN stands for Neural Network. Instead of making simple cuts on variables,
a neural network is used as a multi-variable discriminator. Input variables are
the energy deposited in the EMC, the number of hit layers, the track y* and
the multiplicity of hit strips per layer in the IFR and the interaction length

traversed in the BaBar detector. A tight cut is also adopted for muon.

The efficiency (fake rate) of the PidLHElectron selector is 94 % (1 %), and the effi-
ciency (fake rate) of the muNNTight selector is 70 % (2 %) for tracks with momentum
greater than 1.4 GeV.

The following cuts are also applied

e Lepton momentum cut

0.8 < p; < 3.0 GeV, where p; is the lepton momentum in the Y (45) rest frame.

e Lepton and kaon charge correlation cut

The kaon and lepton must have the same sign of charge. See Appendix A.

3.4.2 Kaon Selection

As described above, in the BToDInu skim, the KLHNotPion selector is used only
in D* reconstruction. We apply the KLHNotPion selector to D° reconstruction as
well to reduce kaon mis-identification. The uncertainties on the signal yields before
and after the KLHNotPion requirement are given in Table 3.2. The uncertainty on
the signal yield is reduced by 41 %. There is no change in D™ mode because the

KLHNotPion selector was already applied in the BToDInu skim.
3.4.3 Vertexing

A vertex is the decay point of a particle. For example, in the decay D° — K 7", the
K~ and 7" originate from the DY decay point. Thus, the reconstructed trajectories

of the K~ and 7+ are expected to intersect at a point corresponding to the D° decay



35
vertex. We calculate a x? based on the assumption. No vertexing cut is made in the
BToDInu skim. We apply the TreeFitter algorithm [33] to calculate the x? of the
D and B decay vertices. By B vertex, we mean the vertex of the D¢ combination.
We cut on the probability value, P(x?, ndf), calculated by the x* and the number of

degrees of freedom (ndf) of the fitting. We chose :

PP(x* ndf) > 0.001, PZ(x* ndf) > 0.01, (3.3)

These cuts reduce the uncertainties on the signal yields by 19 % for DY mode and by
22 % for DT mode, as listed in Table 3.2.

3.4.4 Thrust cut

BB events are isotropic, since they are produced just above threshold and are spin-
less, while other ¢g events, which are produced far above threshold, tend to result
in back to back jets of particles in the center-of-mass (CM) frame. Thus, we can
separate g events from BB events using the event topology. A thrust axis is the
axis that maximizes the sum of the momentum components of particles along the
axis. We calculate two thrust axes : one for the Df candidate and the other for
the “non-D/” particles in each event. Here, “non-Df¢” particles means all charged
tracks and calorimeter energy deposits other than the ones used to reconstruct the
D¢ candidate. For signal events, the D/ is presumed to come from one B in the
event; thus, the non-D/¢ particles should correspond to the other B in the event.
However, since we do not reconstruct D* or D**, pions from D* or D** on D/ side
are included in non-D/ particles. Nevertheless we can achieve a good separation
between BB events and ¢g events. We calculate | cos Opi_nonpi|, which is the cosine
of the angle between thrust axes of the Df candidate and the non-D/¢ particles. The
distribution is shown in Figure 3.4. It is almost flat for signal events but peaked at

| cos Opi_nonpi| = 1 for qq events, as expected.
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Figure 3.4: [|cos0p;_nonpi| distribution] |cosfp;_nonpi| plot for DO (left) and D+
(right). In the top plot, red is B — Dfv, green is B — D*(v and yellow is B — D"y
signals, and brown is BB backgrounds. In the bottom plot, magenta is cc, light blue is qg
(¢ = u,d or s) and gray is 777~. These plots are before event selection cuts and D mass
sideband subtraction.

To optimize the cut, we calculate the uncertainty on signal. Our choice is

| cos Opy—nonpt| < 0.92 (3.4)

With this cut, we can reduce the uncertainties on the signal yields by 18 % for D°
and by 15 % for DT, as shown in Table 3.2.

3.4.5 Kinematic cuts to further reduce background.

Monte Carlo simulation did not describe the background distribution well. Trial

fits were performed but they resulted in producing a poor fit quality. Further kine-
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matic cuts were found to be necessary to reduce the uncertainties from backgrounds.
Since most backgrounds are in the low lepton momentum and D momentum regions

(Figure 3.3), we apply momentum cuts :
o p; > 1.2 GeV
e p), > 0.8 GeV

where pj is the lepton momentum and pj, is the D momentum in the CM frame. We

also looked at cos@p_p;, which is defined by

QEBEDZ — mQB — mQDl
2‘pBHle’

COS @BfDl = (35)

where Fg, mp and pg (Ep;, mp; and pp,;) are the energy, mass and momentum of B
(D? pair), respectively. The B energy and momentum are calculated from the CM

energy /s, as follows

Ep=+/s/2, |p|=/s/4—mj (3.6)

where B? mass is used for mp (see Appendix D for more details). cosfp_p; is plotted

in Figure 3.5. As can be seen from the plot, we cut on
e —2 < cosfp_p<1.1

to reduce backgrounds. The upper bound is set to 1.1 to avoid the sharp edge at
cosfg_p; =1 for B — D/{v decays, which is smeared by the resolution. These three
kinematic cuts are chosen to select a region dominated by signal decays and to reduce

our sensitivity to uncertainties in the modeling of the background processes.
3.4.6 Summary of event selection cuts

Table 3.2 summarizes the cuts we applied, the uncertainty on signal, og/S, and the

number of selected signal candidates in the D mass peak region, Nigfk. The selection
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Figure 3.5: [cos0p_p; spectrum]| cos Op_p; after D mass sideband subtraction. The top
is D% and the bottom is Dt. Black points are OnPeak - OffPeak data. Red is B — D/v,
green is B — D*fv, blue is B — DWnlv, magenta is B — D®xrly, and the rest
is background. Dark brown is Uncorrelated Direct Lepton, light brown is Uncorrelated
Cascade Lepton, dark red is Correlated Cascade Lepton, blue gray is Fake Lepton, and
light gray is Combinatorial. Correlated Cascade Lepton, Fake Lepton and Combinatorial
are tiny after event selection and D mass sideband subtraction.
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DY Dt

os Stg os Stg
cuts & NoCak & NoCak

BToDlnu skim 0.01152 | 1.0639 x 10° | 0.01538 | 628185
KLHNotPion selector | 0.00657 | 1.0349 x 10° | 0.01538 | 628170
PP(x?,ndf) > 0.001

PB(x?,ndf) > 0.01 | 0.00525 974632 0.01174 | 568799
| cos Opi—nonpi| < 0.92 | 0.00428 882038 0.00992 | 515792
Kinematic cuts 0.00264 492955 0.00660 | 279686

Table 3.2: [Event selection cuts] Summary of event selection cuts.

reduces the uncertainties on the signal yields by 77 % for D° and by 57 % for D*.
We also lose 54 % and 55 % of signal candidates with these selection cuts. Tables 3.3
and 3.4 are cut-flow tables for D® and D respectively. (OnPeak - OffPeak) data and
BB MC are compared in these tables. The relative efficiencies show good agreement
between data and MC. The efficiency corrections described in section 6.3.3 are not
applied.

Figure 3.6 compares the D mass distributions before and after selection cuts. We
can see significant improvement in data-MC agreement. After all selection cuts, there
is still a small disagreement. However, since the data-MC difference for combinatorial
background is flat throughout the D mass region, this difference disappears after D
mass sideband subtraction. We also took wide enough peak regions to cover peak

position differences.
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OnPeak - OffPeak ‘ Yield ‘ Efficiency ‘ Cumulative efficiency
BToDInu skim 1.3388 x 10°
KLHNotPion selector | 1.3410 x 108 1.00 1.00
PP (x? ndf) > 0.001
PB(x% ndf) > 0.01 | 1.1961 x 105 0.89 0.89
| o8 Opi_nonpit| < 0.92 | 1.0651 x 10° 0.89 0.78
Kinematic cuts 479296 0.45 0.36
BB MC ‘ Yield ‘ Efficiency ‘ Cumulative efficiency
BToDInu skim 1.4679 x 10°
KLHNotPion selector | 1.4449 x 106 0.99 0.99
PP(x*, ndf) > 0.001
PB(x% ndf) > 0.01 | 1.3204 x 10° 0.92 0.90
| coSOp1—nonpt] < 0.92 | 1.1789 x 105 0.89 0.80
Kinematic cuts 502995 0.43 0.34

Table 3.3:

[Cut-flow Table, D°] The cut-flow table for D°. The yield is the number
of candidates after D mass sideband subtraction. The efficiency corrections described in
section 6.3.3 are not applied.

OnPeak - Off Peak ‘ Yield ‘ Efficiency ‘ Cumulative efficiency
BToDInu skim 825616
KLHNotPion selector 825625 1.00 1.00
PP (x? ndf) > 0.001
PB(x% ndf) > 0.01 700745 0.85 0.85
| cos Opy—nonpt| < 0.92 621453 0.89 0.75
Kinematic cuts 266127 0.43 0.32
BB MC ‘ Yield ‘ Efficiency ‘ Cumulative efficiency
BToDInu skim 1.0061 x 10°
KLHNotPion selector | 1.0061 x 108 1.00 1.00
PP(x*,ndf) > 0.001
PB(x%, ndf) > 0.01 870188 0.85 0.85
| cos Opi—nonpi| < 0.92 766995 0.88 0.76
Kinematic cuts 294623 0.38 0.29

Table 3.4:

[Cut-flow Table, D] The cut-flow table for D. The yield is the number
of candidates after D mass sideband subtraction. The efficiency corrections described in
section 6.3.3 are not applied.
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Figure 3.6: [D mass distributions before and after event selection| D mass
distributions before (left) and after (right) applying selection cuts. The top two rows are
for D° and the bottom two are for D*. The colors of the histograms are same as others.
Data - MC difference is also plotted at the bottom of each plot.
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Chapter 4

Outline of the analysis method

Before going into the actual fitting procedure (section 6), we give a simplified example
to illustrate the fundamentals of the fitting method. For the sake of the example we
will suppose that semileptonic B — X v decays have only two signal decay modes
S1 and S2 with branching fractions BF; and BF,, and there is only one type of BB

background B1.

4.1 3-dimensional (3D) binned histogram making

First we make 3-dimensional (3D) binned histograms of OnPeak data, OffPeak data,
S1, S2 and B1. The histograms of S1, S2 and B1 are made from BB MC using MC
truth information. We denote the number of candidates in the i-th bin for OnPeak
data by NO"Peak for OffPeak data by N2/ for the two signals by N5' and N2,

and for the one background by NP!. These numbers are
e After event selection cuts.
e After D mass sideband subtraction.

e The OffPeak data and BB MC are scaled to the luminosity of the OnPeak

data.

We then perform continuum (OffPeak) subtraction to get
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° szlata — NiOnPeak _ Nioffpeak

By 3D we mean that we use three kinematic variables to characterize each decay

mode. We use the following three variables :
e lepton momentum in the CM frame pj
e D momentum in the CM frame pj,
e cosfp_p; (see section 3.4.5 and Appendix D)

The reason for this choice is the following. In the B — D/{v decays, there are only
three independent kinematic variables. For example, in Figure 2.3, supposing D* is
D and does not decay, the independent variables can be the magnitude of lepton
momentum, the magnitude of D momentum and 6, because y and 6y are irrelevant.
The same is true in other decay modes when we reconstruct only D¢ pairs. We chose
three variables, p;, p}, and cos p_p;, because this combination is simple, well known
and useful to discriminate among signal decay modes and backgrounds. The shapes
of the histograms for each MC mode are quite different. The projected plots of 3D
histograms onto each variable axis are shown in Figures 3.3 and 3.5. Figure 4.1 shows
the difference in the 3D distribution for each signal and background component in

one bin of cosfp_p;. We can clearly see the difference.

4.2 MC re-weighting

The input values used to create our fully-simulated MC samples differ from the most
recent values available. There have been new measurements of, for example, the
branching fractions (BF) for certain decays and some form factor parameters. Where
new measurements are available, we updated the MC samples to the new values.
This is done by assigning to each MC event a weight such that the weighted sample

reflects the updated input parameter values. We call this MC re-weighting. Details
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Figure 4.1: [2D projection plots| Projections onto pj, versus p; for D¢ candidates
that satisfy 0 < cosf0p_p; < 1.1, after sideband subtraction. The shaded boxes have area
proportional to the number of entries. The plots show, (a) B — D{v, (b) B — D*{v,
(¢) sum of B — DWnly, B — D®nrly and background, and (d) data after OffPeak
subtraction.
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of MC re-weighting are explained in chapter 5. Several aspects of the MC simulation

are modified by re-weighting.

e Background BF

Branching fractions of background processes are updated to new values.

e D) decay BF

D®*) decay BFs are updated to new values.

e Form factor (FF)
Form factor parameters are updated to new values and the FF models are

replaced where necessary.

We also correct tracking and PID efficiencies as described in section 6.3.3. Most of
the re-weighting is done during the 3D histogram making process because weights
vary from candidate to candidate. However, some of these weights can be applied in

the fitting process by splitting histograms as described below.

4.3 Fitting

Using the above histograms we form a y?

(Nidata . Nle . NZS2 o NiBl)Q
= ( (4.1)

R N D R G e G

i

where o are the statistical uncertainties of i-th bin. If BB MC provides a perfect
description of the data, we should have y? ~ (number of bins) because the fluctuation
in a bin is the same size as the statistical uncertainty of the bin and each bin gives
1 as an average.

However, the MC is not perfect. The BF of S1 and S2 in the MC, BFM¢ and

BFMC are different from the true values. This difference makes the x? larger than
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1. We can adjust the BF difference using coefficients

BF, &  BFE

Ot = — -
BFMC¢ BFMC¢

(4.2)

to NPt and N2 The BFMC and BFJC are fixed values, but BF, and BF; can be

variables. Then x? becomes

(Nidata o CSINZSI o CSQNZ$2 o NZBI)Q
i Z ( (4.3)

X = glata)2 (OS82 1 (C52052)2 + (P12

If we minimize this x? by floating BF; and BF},, we can determine the branching
fractions BF} and BF, which the data favor.

This is how we determine branching fractions in the fit. Next, we explain how to
access form factor (FF) parameters. One way is to remake MC histograms with a
new set of FF parameters. This is what we call FF re-weighting. Suppose the decay
rate of S1 is given by

I' = a(w) + b(w)c (4.4)

where a and b are functions of the velocity transfer w and c is the FF parameter we

would like to measure. The weight is given by

+ b(w)e
b

O (4.5)

)
a(w) +

where ¢M¢ is the value used in existing MC. This weight differs candidate by can-
didate because the velocity transfer w varies candidate by candidate. So, we apply
this weight candidate by candidate and count the weighted number of candidates to

make a new histogram. This means, for example, new Nt is given by

NV =)W (4.6)
k
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where £ is the k-th candidate in ¢-th bin. But this is computationally expensive when
c is a free parameter because the fit code needs to remake the histogram for each
iteration in the minimization of x?. There is a better way to do the fitting. Instead

of making one histogram for S1 with one weight, we can separate the weight into two

a(w) b(w)
a(w) + b(w)eMC * a(w) + b(w)eMC

W = c=We4+Whe (4.7)

to separate out the ¢, which is what we fit for. Then we make two histograms :

N =3 "Wh, NI =W (4.8)
k k

We can recover full histogram of S1 by
NPt = NP + NS (4.9)

with a different value of ¢. With this approach, the x? is given by

) Z (Nidata o CSl(NZ-Sla + CNZ-Slb) o OSQNZSQ o NiBl)Q

X = (gdata)2 4 (CS1gS1)2 4 (C52052)2 + (0B1)2 (4.10)

i

where 07! can be determined by the similar method as shown in section 6.8. Now, we
can fit for the FF parameter ¢ by minimizing this x* without remaking histograms
N5 and NP1 at each iteration of the minimization. The actual x? we use is a more

complex version of this and is fully described in chapter 6.

4.4 Calculation of G(1)|V,| and F(1)|Vy|

After determining the branching fractions B(B — D{v) and B(B — D*(v), and
form factor parameters p?%, p?, Ry, and Ry from the fit, we can calculate G(1)|V,| and

F(1)|V|. Here we show an outline of the calculation; details are given in Appendix F.
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4.4.1  G(1)|Vy|

The differential decay rate for B — D/v decays is given in Equation (2.10). Combined
with the CLN parametrization given in Equation (2.17), the differential decay rate
is given by
dl'(B — Dtv)
dw
_ GEmy 5

g T = (L)1 = 8pz + (51p], — 10)2” — (25297, — 84)2°)°

X (G(1)|Vaa])? (4.11)

Note that G(1) = h4(1). By integrating over w, we get

B(B — Dtv)
B

GZm3
— 41;7T33 (1 +7)? /(w2 —1)32[1 = 8p% 2 + (51p% — 10)2% — (252p% — 84)2°*dw

X (G(1)| Ve ])* (4.12)

where 75 is the lifetime of the B meson. Note that z is a function of w (Equation
(2.18)) and is going to be integrated out. Thus, using fit results, B(B — D/lv) and

p%, we can calculate G(1)|Ve)|.
4.4.2 F(1)|Vy|?

The differential decay rate for B — D*{v decays is given in Equation (2.26). Com-
bined with the CLN parametrization given in Equation (2.25), the differential decay

rate is given by

dT(B — D*(v)
dw
GQ ‘/c 2,,5
B F|48;|—3m37“3(w2 =) w+1)?

X[FDP[1 - 802 + (53p* — 15)2% — (231p% — 91)2°)2(h2 + h* + h2) (4.13)
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Note that F(1) = hg,(1). By integrating over w, we get

B(B — D*lv) Gimjy 4 2
"D G (v

/(w2 — 1)1/2(w + 1)2(5%r + 12+ ﬁg)

x[1 —8p%z + (53p* — 15)2% — (231p? — 91)2*Pdw  (4.14)

Thus, using fit results B(B — D*(v), Ry, Ry and p?, we can calculate F(1)|V,|.

4.5 Extraction of |V

To extract |V|, we use theoretical calculations of G(1) and F(1). For G(1), we
use [23]
G(1) =1.0744+0.018 £ 0.016 (4.15)

and for F(1) [34],
F(1)=0.924 +0.012 £+ 0.019 (4.16)

These need to be multiplied by the QED radiative correction factor of 1.007 [35].
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Chapter 5

Details of MC re-weighting

Because of theoretical and experimental improvements, some numbers and formulas
used in existing MC are obsolete. In order to take new results into account, we re-
wight existing MC. In our analysis, we re-weight decay branching fractions and form

factors. In this chapter, the details of MC re-weighting are presented.

5.1 Background BF re-weighting

We need to update some of decay branching fractions in background processes to get

a better description of data.
5.1.1 Semileptonic D(D;) decay branching fractions

For uncorrelated and correlated cascade lepton backgrounds, we correct the branching
fractions of semileptonic D(D,) decays. The decay modes updated in our analysis

are listed in Table 9.3.
5.1.2 Inclusive B — X/v decay branching fractions

For uncorrelated direct lepton and combinatorial backgrounds, we correct the branch-
ing fraction of inclusive B — X /v decays. Weights are given by the ratios of new and
old branching fractions as summarized in the table below. New branching fractions
are taken from Refs. [10,36] and averaged assuming isospin symmetry. These weights

are only applied to the B decay that produces the lepton in the D¢ candidate.
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Decay mode MC New BF [10, 36] Weight

BT — X%y | 0.106088 | 0.1112 £ 0.0019 | 1.048 £ 0.018

BY — X~¢Tr | 0.106100 | 0.1038 4 0.0018 | 0.979 4 0.017

5.1.3 Inclusive B — D(D,) decay branching fractions

For uncorrelated direct lepton, uncorrelated cascade lepton, correlated cascade lepton
and fake lepton backgrounds, we correct the branching fraction of inclusive B —
D(Dy) decays using measured branching fractions from Refs. [37,38]. The D(Dy)
momentum dependent weights are given in Figures 5.1 - 5.3. These weights fluctuate
due to poor statistics of the measurements. Thus, we fit the weight distributions
with a 4-th (3-rd) order polynomial, and use the fit function to apply weights. If we
apply these weights to, for example, uncorrelated direct lepton background, we get

the D momentum distribution shown in Figure 5.4.
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[B — D° weights] 4th order polynomial fit for B — D° weight. Top-left :
B~ — D%, top-right : B® — D, bottom-left : BT — D° and bottom-right : BY — D°
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Figure 5.2: [B — DT weights] 4th order polynomial fit for B — D™ weight. Top-left :
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Figure 5.4: [Effect of B — D BF correction| Effect of B — D BF correction
on uncorrelated direct lepton background. The black points with error bars are after
correction, red histogram is before correction.
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5.2 Charm decay BF re-weighting

For charm decay BFs, we adopt the following new values in our fit. These are not
applied at the candidate level in order to allow them, if desired, to be determined in
the fit. Thus, these values go into the coefficients in the fit. See details in section 6.4.

Subsequently, it was decided to hold these BFs fixed.
5.2.1 D* decay branching fractions

For Dj, Dy and D7, based on isospin symmetry, we use

B(Dy" — D°n*) = B(Dy® — D*n~) = B(Dy — D*°z*) = B(DY — D*"77)

= B(D}" — D*xt) = B(DP — D* 1) = 0.6667
(5.1)

and
B(Dit — D™r% = B(D}®* — D) = B(D} — D**r%) = B(DY — D*'7?) (5.2)
= B(Dyt — D**7% = B(D} — D*°z%) = 0.3333
Here we assume that D** decays 100 % into D®)zr. However there is an observation
of Dy — Drtr~ decays [39]. We consider this in the systematic study in chapter 9.
For Dj, from two measurements in Ref. [10],

B(D;* — Dxt)

=19+1.14+£0.3 5.3
B(D;" — D*0x+) (5.3)

B(D3® — D*r™)
B(D3® — D*t7)

=23+056 (5.4)
BaBar measure [49]

B(Dy* — D)+ B(D3® — D~xt)
B(D5t — DWogt) + B(D3? — D+7—)

= 0.62 %+ 0.03 £ 0.06 (5.5)
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Assuming isospin symmetry, we take an average over these three results to get

[)’(DSJr — D07r+) B(D;O — D7)
= = =1.74+04 5.6
Io; B(Dit — D*xt)  B(D3® — D7) (5.6)

Individual branching fractions are given by following formulae

B(D;" — D) = B(Dy® — Dtn) = #Df])) (5.7)
B(D;t — D% = B(D;" — DY) = 3(%% (5.8)
B(D;" — D7) = B(D3* — D*"n7) = ﬁ (5.9)
B(Dyt — D**7%) = B(D3? — D*'7°) = 3(1+ng) (5.10)

5.2.2 B(D" — K-7t)

Particle Data Group (PDG) uses five measurements to make an average [10]. One of
them is from the CLEO-c experiment. We replace the CLEO-c result by an updated
CLEO-c result [40]. We also add new BaBar measurement [41], and take an average

of these six values to get

B(D® — K~7*) = 0.03912 + 0.00048 (5.11)

We use this value in our fit.
52.3 B(Dt— K rntrnt)

The PDG uses three measurements to make an average [10]. One of them is again
from the CLEO-c experiment. We replace the CLEO-c result by an updated CLEO-c

result [40] and take an average of these measurements to get

B(Dt — K- xtat) = 0.0915 £ 0.0020 (5.12)
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We use this value in our fit.
5.2.4 D*' decay BF

We use PDG values [10]

B(D*F — DOt) = 0.677 4 0.005
B(D** — D7) = 0.307 = 0.005 (5.13)
B(D*+ — D*~) = 0.016 = 0.004

For D** decay BF, we keep existing MC values because there are no new results.

5.3 An example of BF re-weighting

Here we give a specific example to illustrate BF re-weighting. In the case of a corre-

lated cascade lepton background :

e BT - D' DTKT
with D*= — D%~ and DT — K%*tv

and these DY and et form a DI candidate as if BT — D%t

The number of this background is given by

N = (number of produced BB~ pairs)x
(5.14)

B(BT — D*"D*K*)B(D*~ — D7 )B(D* — K% *v)B(D° — K*7™)
Thus, it is proportional to a product of branching fractions. This means that the
weight is given by the ratio of new and old branching fractions. This also means
that if we know, for example, DT — K%"v is included in the chain, we can apply
a weight only for the known part. We do not have to know the details of the entire
decay chain to apply a weight.

In the above example, for the lepton side, we apply

e Inclusive Bt — DT BF weight (section 5.1.3)
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e Semileptonic D* — K%y BF weight (section 5.1.1)
and for the D side, we apply

e D*~ — D%~ decay BF weight (section 5.2.4)

e D’ — K~7" decay BF weight (section 5.2.2)

Total weight is given by the product of these 4 weights. The former two weights are
applied in the histogram making process and the latter two weights are applied in

the fitting process.

5.4 Beam energy re-weighting

The beam energy distribution in data is not well simulated in the MC. There is a
dedicated study of data beam energy using fully reconstructed B decays. We use the
result to make the MC beam energy distribution match that of the data. Table 5.1
shows the mean and width of the beam energy distributions of data and MC averaged
over each run period of data taking.

Beam energies of data and MC, as a function of energy FE, are parametrized by

Gaussians. We take ratios of these two Gaussians to get a weight

WP () = ¢ exp l—(E‘“—_Eq / exp l—M] (5.15)

2 2
2Odata 2O-MC

where ¢ is the normalization factor to make the integrals of original and weighted
distributions equal.

The weight WP*™(E) can be read as the ratio of numbers of data and MC events
at beam energy E. Thus, for example, if the weight is larger than 1, it means we need
to increase the number of MC events by the factor WPem(E). This is exactly what
we did in above BF re-weighting. This W™ (E) needs to be multiplied by other

weights to be integrated into total weight. WP (E) depends on the event because
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data MC Normalization
Run | mean (Fgaa) width (0gata) | mean (Eye)  width (ome) factor (&)
Runl 10.577618 0.00499 10.5778 0.00481 0.963934
Run2 10.578668 0.00501 10.5778 0.00481 0.960076
Run3 10.578393 0.00487 10.5778 0.00481 0.987636
Run4 10.577699 0.00492 10.5778 0.00481 0.977638

Table 5.1: [Beam energy| Average beam energy and width of each Run. Normalization
factor ¢ is also shown.

the beam energy FE differs event by event. Thus, this weight goes into the histogram

making process.
5.4.1 OffPeak data beam energy re-weighting

OffPeak data is taken at the energy 39 MeV below the OnPeak data energy. Thus,
we need to scale lepton energy and D energy by a factor to match OnPeak data. The

factor rpeam is given by

o — E%Téfeakz — Edata (5 ]_6)
cam T pOffPeak T g (.039 GeV '

data

where Fq.. is given in Table 5.1.
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5.5 FF re-weighting

There have been some improvements to form factors (FF) parameterization since
our MC were generated. To take those improvements into account, form factor re-
weighting is necessary. Moreover, as described in chapter 4, FF re-weighting is also

required to fit for FF parameters.
5.5.1 Normalization

When we change parameters in form factor (FF) parameterizations, we need to make
sure that total decay rates stay the same. Thus, we need a normalization factor, Ry,

such that

dT'(old FF dT (new FF
r— / UNCIES DI / dl(new FE) (5.17)
dw dw

In the actual integration we use a numerical integration method : Gaussian quadra-

ture.
5.5.2 B — D/v decays

In this mode, the ISGW2 model [27,28] was used in existing MC. ISGW2 is a con-
stituent quark model. We need to replace it by the HQET (Heavy Quark Effective
Theory) model [21,22]. The ISGW2 model gives form factors f,(¢*) and f_(¢?),
where ¢? is the momentum transfer from the hadronic system (B and D mesons) to
lepton pairs (¢ and v). The HQET model gives form factors h (w) and h_(w), where
w is the velocity transfer (see section 2.4.1 and Appendix E). These form factors are

related by

1 1—r 1 (1—7r
hJF:E (f++ 1+Tf)7 h,:E (1+rf++f) (5.18)
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The differential decay rate is proportional to Jp(w) (Equation (2.11)). Here

(I14+r)hy — (1 —r)h_

:(1+r)% (f++1_rf)—(1—r)% (1_Tf++f)

1+7r" 1+7r
_1+T(1+7’)2—(1—7’)2 14 4r 1+
R (1+7)? f+="% (1+r)2f*_ L
=(1+r)Rf: (5.19)
Thus
ISOW2 _[(1 4 r)R, ) (5.20)

In the HQET model, from Equations (2.15) and (2.17)
THET = (14 r)?[hp(1)]*[1 — 8p% 2 + (51p% — 10)2% — (252p% — 84)2°]*  (5.21)

We can express f, as a function of w. Then, the weight is given by

ngET By = [h+(1)]2[1 _ 8P2DZ + (51p2D — 10)22 — (252p% - 84)23]2

= gy RFT

Ry

(5.22)

where, the normalization factor, Ry, is given by

1.590
[ dw w02 ey
’ 1.590
= RN/ dw (w* —1)*?[h,(1)]* x
1

[1—8p3z + (51p% — 10)2% — (25202 — 84)2°]° (5.23)

Figure 5.5 shows the distribution of the weight in the case of p%, = 1.17 [36], cor-
responding to the normalization factor Ry = 1.686. The change in the spectra of
lepton momentum and D momentum are given in Figure 5.6.

In the decay rate formula (Equation (2.10)), lepton mass is set to zero; however,



63
muon mass may not be neglected [42-44]. If we include lepton mass terms, an

additional phase space factor

foo= (1 m (oL my (5.24)
be m% +m? — 2mpmpw ) 1472 = 2rwms '

needs to be inserted in the decay rate formula. Moreover, the form factor contribution

to the differential decay rate is given by [43]

m2
TIp(w) = (1 +7)*|hy(w)]? [1 + /CD(w)m—f} (5.25)
B
where
Kp(w) = |1+3 (1=~ NS ! (5.26)
DA = 1+ w—1)12(1+7r2—-2rw) '
Hence, we need an additional weight for muons :
1 m? 2 m?
=(1l- ———— 1 — 2
Wo ( 1+7’2—27“wm23) l +ICD(w)mQB} (5.27)

5.5.3 B — D*(v decays

The differential decay rate is given in Equation (2.19). To make the notation simple,
we define

cp, =cosby, cy =cosby, ¢, =cosy (5.28)

These definitions along with the notations in Equation (2.28) simplify the differential

decay rate to

dl'(B — D*(v) _ G2F|Vcb|2m%r3(w2 EEPULRY
dwdcydepdy 4873

(w4 1)2 Ter (5.29)

™
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Figure 5.5: [B — D{v FF weight| The distribution of weights for B — D/v decays.
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Figure 5.6: [p, and pp after B — D{v re-weighting] Lepton momentum (left) and
D momentum (right) spectrum of BT — D% decays (top) and B® — D~ /v decays
(bottom). Black points are ISGW2 model and red histogram is HQET model with CLN

slope p2D =1.17
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where

Trr(Ri, R, p?) = [ha, (w)] x
[(1—c)?(1 — 2)h2 + (1 +cp)?(1 — ¢ )h?
HA(1 - ) hE —2(1 - 3)(1 - &) (2 — Dhyho (5.30)
—4y/1 =2 (1 — cL)MCchﬁJﬁo
HYT= (0 + e)yT= Feveghil

In existing MC, the values of parameters are
RMC =118  RMC =072, (M =092 (5.31)

with the parametrization

Ri(w) = RY'©
Ry(w) = RYC (5.32)

P (w) = hay (1) [1 = ()Y (w = 1)

We use the CLN parametrization given in Equation (2.25). Thus, the weight is given

by
_ JTrr(Ry, Ra, p?)
Trr(RYC, RYC, pil©)

W (w) (5.33)

To calculate the normalization factor Ry, we need to integrate over cy, ¢, and .
Thus, it is easier to use dI'/dw form given in Equation (2.26) which is proportional

to Jwp(R1, Ra, p*) (Equation(2.27)). Thus, the normalization factor is given by

1.504
/ d’LU (’LU2 - 1)1/2jWD(R(1]7 R(Q]a p(Q))
1

1.504
:RN/ dw (w? = 1) Fwp(Ry, Ry, p?) (5.34)
1
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Figure 5.7 shows the distribution of the weight in the case of the CLN parametrization
with [45, 46]

p>=1.179, R, =1417, R, =0.836 (5.35)

corresponding to the normalization factor Ry = 1.033. The change in the spectra
of lepton momentum and D momentum, which is different from D* momentum, are
given in Figure 5.8.

If we include muon mass terms, Jywp(Ry, Re, p?) needs to be replaced by [43]

~ ~ ~ 2
Jwp(Ri, Ra, p*) = (w + 1)%[ha, > (R% + h2 + k) [1 + ICD*(w)%] (5.36)

2
B

where

3 h? 1
Kp-(w) = [H?hiﬂéﬂﬁ 202 —2rw) (5.37)
Hence, we need an additional weight for muons :
1 m? ? m?
Wpe = (1 — mm—%) ll + Kp~ (w)m—QB} (5.38)
The hy(w) in the above equations is defined by
he(w) = (1 — ) Hy(w) (5.39)

Here, H,(w) is related to H, by a relation similar to Equation (2.19). If we define a

new form factor ratio R3 similar to the ones given in Equation (2.21)

ha, — rh
Ry(w) = AT“‘ (5.40)
1
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then,

N — 1—2 2
he(w) = Vi — 1 (1 LT VR —w+R) (5.41)

w+1 r(w+1)
Since the contribution of the Kp-(w) term is small, we approximate Rs(w) ~ 1. This
approximation has a negligible effect on our final results.

5.5.4 B — D*(v decays

In our MC, the ISGW2 model was used. We would like to use the HQET-based
LLSW model [47,48]. Details of the LLSW model are given in Appendix G. We use
the Approximation B; with FF slope 7/ = —1.5 to calculate the form factors and the
Approximation B, to estimate systematic uncertainties. The differential decay rates
are given as functions of w and #. This 6 is the angle between the charged lepton
and the charmed meson in the rest frame of the virtual W boson. Thus 6 = © — 6,
e.g.,

cosf = cos(m — 6;) = — cos b, (5.42)

B — Djlv
The ISGW2 form factors uy (¢?) and u_(g?) are related to the LLSW form factors

g4 (w) and g_(w)

1 11— 1 /1—7r
9+ =, U++1+TU— P 9-=5 Uy + U (5.43)

where

2. /mgmp= .
p— oVvBEDs D (5.44)

Y
mB—i-mDS mpg

The differential decay rate is given by

d2FD* G2 “/Cb’2m5
Judeosd F647T3 B3 (w? — 1)¥2 T (w, 0) (5.45)
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Figure 5.7: [B — D*{v FF weight] The distribution of weights for B — D*/v decays.
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Figure 5.8: [p;, and pp after B — D*/v re-weighting| Lepton momentum (left) and
D momentum (right) spectrum of B — D*fv decays. The top is D° and the bottom is
D*. Black points are with old FF parameters and histogram is with new FF parameters.
Green is the contribution from BT and blue is from B°.
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where

Ips(w,0) = (1 —cos®O)[(1+7)gs — (1 —r)g_]? (5.46)

The weight is given by the ratio of the Zp: terms :
R (5.47)
Integrated over 6, the differential decay rate is

dU(B — Dilv)  G2|Vy|*m?
( dw 0 ) — F|487T|3 BTS(@UQ o 1)3/2 ng(w) (548)

where
Tpg(w) = [(1 +7)g4 — (1 —7)g-]" (5.49)
Thus, the normalization factor, Ry, is given by
1.327 1.327
/ (w® = 1)*2Tp2 "2 dw = Ry / (w® = 1)*2 TG dw (5.50)
0 1

Figure 5.9 shows the distribution of the weight in the case of the Approximation By,

corresponding to the normalization factor Ry = 0.1624.
B — Dilv

The ISGW2 form factors ¢, [ and c, are related to the LLSW form factors ga, gy,

gy, and gy;.

ga = Rmp(1+r)q (5.51)
2

=] 5.52

I Rmp(1+7) (5.52)

gvs +rgv, = Rmp(l +7)cy (5.53)
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where

)
mp + mp; mp

2. /memp /
p= VTP T (5.54)

The differential decay rate is given by

d*T G2 |Vi |2
dwdcolsﬁ - F647r3 2w’ - 1)1/2 Ipy(w,0) (5.55)

where

Ip (w,0) = (1 = cos™ 0)[(w = r)gv; + (w* = 1)(gv; +7g15)]"

+(1 = 2rw +r%)[(1 + cos® 0) (g7, + (w* — 1)g73) — 4cos OV w? — 1gy, ga] (5.56)

The weight is given by the ratio of the Zp, terms :

I (5.57)

Integrated over 6, the differential decay rate is

dU(B — Dytv)  G%|Vy|*m3
- = F487T3 Bpd(w? — )2 Tpy (w) (5.58)

where

Ty (w) = [(w = 1)gv, + (W = 1)(gv, +79v,)]”

+2(1 — 2rw + r?)[gy, + (w* — 1)g7] (5.59)

Thus, the normalization factor, Ry, is given by

1

1.316 1.316
/ dw(w® — 1) 2FHY? = Ry / dw(w? — 1)1/2 gEESW (5.60)
0 1
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Figure 5.9 shows the distribution of the weight in the case of the Approximation By,

corresponding to the normalization factor Ry = 0.5488.
B — Dilv

The ISGW2 form factors v, r and s are related to the LLSW form factor fa, fv,,

fv, and fy,.

fa=Rmp(l+r)v (5.61)
2
fvi = mr (5.62)
fvs +7fv, = Rmp(1 +7)sy (5.63)

where

2./
R:M 7«_% (5.64)

Y
mB+mD1 mp

The differential decay rate is given by

@Tp, _ GilVal'm}
dwdcolsQZ F647T3 Erd(w?® = 1)V? Ip, (w, 0) (5.65)

where

IDl (w70) = (1 - COSQ 9)[(11} - T)fVl + (w2 - 1)(fV3 + Tsz)]2

+(1 = 2rw +r?)[(1 + cos® O) (fy, + (w® — 1) f3) — 4cosOvVw? — 1fy, fa] (5.66)

The weight is given by the ratio of the Zp, terms :

LLSW
IDl
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Integrated over 6, the differential decay rate is

dT(B — Dylv)  GZ|V|2m®

where

Ty (w) = [(w —7) fiy + (@? = 1)(fry + 7 )]

+2(1 = 2rw + r?)[f7, + (w?* — 1) f3] (5.69)
Thus, the normalization factor, Ry, is given by
1.320 1.320
/ dw(w? — 1) P JISWV2 _ R / dw(w? — 1) PTESY (5.70)
0 1

Figure 5.9 shows the distribution of the weight in the case of the Approximation By,

corresponding to the normalization factor Ry = 0.7330.
B — Dilv

The ISGW2 form factors h, k and b, are related to the LLSW form factor ky, ka,,

kAQ and ]{JA3.

ky = Rm%(1 —1r)h (5.71)
2
kg = ———Fk 5.72
T R(1—7) (5:72)
ka, +1rka, = RmE(1 —r)by (5.73)

where

2. /MBMp= .
= B0 = s (5.74)

Y
mB—i-mD; mpg
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The differential decay rate is given by

Tp; _ GhlVal'm} 4

1
dwd cos 0 64m3 (w ) 5“5 (w,0) (5.75)

where

Tog(1,0) = 5(1 — cos? B)[(w — )k, + (w? — 1)(ka, + 7k, )P

+(1 = 2rw +r?)[(1 + cos® 0) (k3, + (w? — 1)ki) — 4cos 0V w? — 1ka, kv] (5.76)

The weight is given by the ratio of the Zp; terms :

LLSW
ID*

2

Integrated over 6, decay rate is

dl'(B — Dilv)  GZ|V|?m?®
( - 2 )Z F’48i3 BT3(w2_1)3/2 jD;(w) (5_78)

where

Ty (w) = = [(w = r)ka, + (w? = 1)(ka, +rka;)]?

2

W N

+2(1 = 2rw + r?)[k5, + (w? — 1)k} (5.79)
Thus, the normalization factor, Ry, is given by
1.306 1.306
/ dw(w® — 1) FTLENW? = Ry / dw(w® — 1)*2 g5 (5.80)
0 1

Figure 5.9 shows the distribution of the weight in the case of the Approximation By,

corresponding to the normalization factor Ry = 0.7490.
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Figure 5.9: [B — D**/v FF weight] The distribution of weights for B — Dglv decays
(top-left), B — D7lv decays (top-right), B — Dilv decays (bottom-left) and B — Djlv
decays (bottom-right).

Effect on kinematic variables

The changes in the spectra of lepton momentum, D momentum, which is different

from D** momentum, and cosfp_p; are given in Figures 5.10 and 5.11.
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Figure 5.10: [p; and pp after B — D**{v re-weighting| Lepton momentum (left) and
D momentum (right) spectrum of B — D**{v decays. Black points are ISGW2 model and
colored histogram is LLSW model. Red is D, green is Dy, blue is D} and yellow is Dj.

Figure 5.11:
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Chapter 6

Details of the fitting method

6.1 The y?

Since we reconstruct D% and DT/, the x? consists of two parts as given in the
following equation

DO Ndata Z OMC NMc)z Dte ( Ndata . Z‘CMC N%C)Q

Z data + Z (CMC MC) +Z( data) +Z (O]{V[COZ]]V[C)Q (61)

where
e | represents each bin
e j represents each MC mode.

MC modes are listed in section 6.4 separately for the D° and D* samples. See also
Appendix A.

uantities in the y? are:
Q X

e Nfa@ = The number of continuum subtracted data candidates in the i-th bin.

(see section 6.3.2)

° NZJJV[C = The number of candidates in the i-th bin in MC mode j, luminosity

normalized to OnPeak data. Details are in section 6.3.1. The effect of data
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MC differences from tracking and PID are corrected (see section 6.3.3). MC

re-weighting is also done.

o (MY = The coefficient of each MC mode (j). These include branching fractions

to be determined in the fit. Details are in section 6.4.

o o4 = The statistical uncertainty of N, Details are in section 6.3.4.

MC _

e 0,;° = The statistical uncertainty of NZJJWC, Details are in section 6.3.4.

We use bins which have more than 10 expected candidates (3, CM “N}'¢ > 10) and
neglect other bins to avoid non-Gaussian effects. The number 10 is changed for cross

checks.

6.2 Binning (i)
We use the following binning to accommodate the kinematic cuts described in sec-
tion 3.4.5

e lepton momentum in the CM frame pj

(10 bins (GeV)) : 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.35

e D momentum in the CM frame pj,

(9 bins (GeV)) : 0.8, 1.1, 1.35, 1.5, 1.65, 1.8, 1.95, 2.1, 2.25, 2.45

e cosfp_p;
(3 bins) : -2, -1, 0, 1.1

The binning is decided by balancing two opposing requirements :

e [t needs to be as fine as possible to preserve the sensitivity to the fitted param-
eters.

e [t needs to be as coarse as necessary to have adequate statistics per bin to allow
the use of a y? fit.

The projection plots with this binning are given in chapter 8.
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6.3 Histogram making

6.3.1 Number of MC Candidates Nij}/fc

We calculate the number of candidates from BB MC. The number of MC candidates

NMC is given by
Nizyc _ TLumzZ Trk, K PID LPIDW (6.2)

where

e [ represents the k-th candidate in the i-th bin.

The sum of k is taken only over the candidate in the i-th bin.
and

o riumi is the luminosity normalization factor (= section 6.3.2)

e "% is the tracking efficiency correction factor (= section 6.3.3)

o rXPID s the kaon PID correction factor (= section 6.3.3)

e r-PIP s the lepton PID correction factor (= section 6.3.3)

o Wi is the MC weight (= chapter 5)

6.3.2 Luminosity normalization 7%

All MC and OffPeak data are normalized to OnPeak data by luminosity. Supposing

OnPeak luminosity is £9"7¢?* and MC luminosity is £M¢, the normalization factor

rlumi s given by
/V‘OnPeak

e = e (6.3)

The £MC can be determined as follows. First the number of BB events is counted

by applying hadronic event selection to OffPeak subtracted data. Then the number
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is compared with the number of simulated events to determine £M¢. The relative
numbers of BT B~ and BB events are explained in section 6.4.

To normalize the OffPeak data, since OffPeak data is taken at 39 MeV lower
energy than OnPeak data, we need to correct for 1/s dependence of e*e™ — ff cross

section, where s is the square of CM beam energy :

SOnPeak — 10582 G6V2

(6.4)
soffrear = (10.58 — 0.039)% GeV?
Thus, correction factor is given by
TLumi _ ’ConpeaksOffPeak (6 5)
OffPeak — LOffPeakg, o )
The Nfate is calculated with this luminosity factor
Nidata _ NZQnPeak o Nioffpeak — NZQnPeak . Téz}r}t]l’geakNiO (66)

where N? is the number of OffPeak candidates in i-th bin before normalization.

Statistical uncertainties are explained in section 6.3.4
6.3.3 PID and Tracking efficiency correction

Tracking efficiency and PID efficiency are not completely equal in both data and MC.
There is always a difference no matter how sophisticated the codes to reconstruct
charged tracks and to identify particles are. Tracking efficiency and PID corrections
are to account for the residual differences between data and MC. Correction factors
or weights are determined by comparing data and MC on specific control samples.

Tracking efficiency correction : r}™*

Tracking efficiency correction factors are given for each charged track, depending on

its transverse momentum, direction in the laboratory frame and the multiplicity of
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the event. These correction factors are determined by comparing data and MC on
multi-hadron events.

Three charged tracks are used to reconstruct a D°( K )l candidate, and 4 charged
tracks to reconstruct a DT (Knrr)l candidate. The correction factor ri™ is given by

the product of the correction factors for each charged track in the k-th candidate.

KPID

and 7}

PID correction : rif1P

PID correction factors (called weights) are given one for each PID selector. Thus,
we have one factor r£77P for lepton (PidLHElectron for electrons and muNNTight
for muons) and another factor rX /P for kaon (KLHNotPion) for each candidate (k).
These weights are determined by comparing data and MC on specific control samples
such as efe™ — eTe ™, eTe™ — pTp~y and D*t — D7t — (K—nF)r ™.

When the particles are correctly identified, r£"/? and rX PP are the factors to cor-
rect for the identification efficiency differences. When the particles are mis-identified,

rEPIP and rEPIP give the factors to correct fake rate differences.

6.3.4 Statistical uncertainty o;

After the D mass sideband subtraction, the number and statistical uncertainty of

OnPeak data are given by

NOnPeak )

OnPeak __ OnPeak __ . .
N; = Npcak i TsideVside g

pea

(6.7)

i peak side” " side i

O.OnPeak: — \/NOnPeaki +7"2 NOnPeakA

where 74 is the scale factor to account for the differences between peak and side-
band mass ranges. Statistical uncertainties of OffPeak data and MC are a bit more
complicated because they are luminosity normalized and re-weighted. In this section,

we explain how the statistical uncertainty of OffPeak data and MCs are calculated.
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Luminosity normalization and statistical uncertainty

OffPeak and MC are luminosity normalized to OnPeak data. We take OffPeak data

as an example. If the number of OffPeak candidates in the i-th bin is N} Nz?eak

0
TsideN

side;» the number of luminosity normalized candidates in the bin is given by

Of fPeak L 0 L 0 0
N fiPea Tol;?éeakN = TO??}’eak <Npeaki - TSideNsidei) (68)

and the statistical uncertainty of the bin is given by

OffP k L
g; JJPea Oz;?lgeak\/ peak; +TszdeN£zdez (69)

MC re-weighting and statistical uncertainty

Supposing the total weight of the k-th candidate of MC mode j is

wh = rg P PP PP e (6.10)
The number of candidates in the ¢-th bin is given by

peak side
MC _ Lumz T T
Nij mc Z Wi, — Tside Z Wiy, (6.11)
k k

We add the statistical uncertainties quadratically. Thus,

peak ) side )
oM =riEt Y (wh) 2> (wh) (6.12)
k k

6.4 Coefficients in the fitting CJMC

Coefficients consist of branching fractions, some of which are to be determined by

the fit. Coefficients are given by taking ratios between new branching fractions and
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the ones used in MC (the ones with superscript MC' in the following subsections).
The decays contributing to each MC mode are shown in Appendix A and B.

The luminosity of BB MC is calculated by the generated number of events and
the counted number of B in OnPeak data as described in section 6.3.2. The luminos-
ity calculation was done based on the assumption that produced number of B*B~
and B°B pairs are equal. The difference in Y(4S) — B*B~ and T(4S) — B°B°

branching fractions is taken into account in the coefficients.
6.4.1 Number of produced B

Branching fractions of BT B~ and B°B° of T(45) resonance are denoted by

foo = B(T(4S) — B*B")

- (6.13)
foo = B(Y(4S) — B°B")
We define the ratio of these two branching fractions
=1 (6.14)
Joo

In existing MC, f%c = 1. We also assume that Y(45) decays only BB pairs, i.e.

Je—+ foo=1 (6.15)

The number of produced B is related to the ratio f,y. Supposing the number of

BB-pairs produced is given by Nz, the number of produced neutral B is

NPt — 9 f00N g (6.16)

neut

and the number of produced charged B is

NPt — 9f  Npp = froNPEo (6.17)

chrg neut
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Thus,
2
Nl = — = Npg, Ny =
neut 1+f+0 BB chrg 1+f+0

Ngs (6.18)

6.4.2 BB luminosity correction

As explained above, we assumed f,y = 1 in the luminosity normalization. We need

to correct these. The correction factors are given by

2f+0 _
Cp+ = for BTB~ MC
POy J+o o
2 _
Cro = for B°B° MC 6.19
P f+o o (6.19)

The coefficients C’]MC include the factor Cg+ if those are of BTB~ MC and Cpo if

those are of B°B° MC.
6.4.3 Examples of coefficients

Coefficients are given by taking a ratio between new values and the values used in

our MC. We give a few examples to illustrate how coefficients are calculated.

1. B — D* ¢ty with D*~ — DOz~

The number of produced events is given by
N = NpCpoB(B" — D* (*v)B(D*" — D’7")B(D* — K~7%)  (6.20)

Thus, the coefficient is given by

oM _ CpoB(B® — D*{*v)B(D** — D7 ")B(D — K~7)

3 T BMC(BY —, D (1) BMC (D — DOpt)BMC(DO 5 K-nt) (6.21)

2. Uncorrelated direct lepton background (BTB~ — D% case)

C +B(DO — K77T+)
MC B
cMe — BV 5 ) (6.22)
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3. Correlated cascade lepton background (B°B® — D%/ case)
CpoB(Dt — K—rnrrt)

MC __
cMe = Ly e (6.23)

6.5 MC modes for D°
The following MC modes eventually produce D°¢ candidates.
6.5.1 Signals: j=1-15

e j=1:B"— DUty

o j=2: Bt — Dy with D** — D° + ~/n°

e j=3: B — D*(*v with D*~ — D7~

e j=4: Bt — D%y with D — D%°

e j=5: B — Dy ¢ty with Dj~ — D+

j=6: BT — DYty
The decays contribute to this mode are
Bt — DYty with DY — D*~7F and D*~ — D%~

Bt — DYty with D — D*97° and D** — D° + ~/7°

e j=7: B D (Tv
The decays contribute to this mode are
B® — D (*v with D] — D* 7% and D*~ — D7~

B — Dy (v with D] — D*%7~ and D** — D® + ~/=°

e j=8: Bt — Dty
The decays contribute to this mode are
BY — Dty with D) — D*~n* and D*~ — D1~

BT — D0ty with D — D*7% and D** — D + ~/=°
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e j=9: B D (v
The decays contribute to this mode are
B® — D (*v with D} — D* 7% and D*~ — D°x~

B — D (*v with D] — D7~ and D*® — D° + ~/x°

e j=10: B — D3% v
The decays contribute to this mode are
Bt — D3%*v with D} — D*~7* and D*~ — D°x~
Bt — D3%*v with D3° — D*°7% and D*® — D° + ~ /7"

Bt — D3ty with D — D70

e j=11: B - Dy (tv
The decays contribute to this mode are
BY — D3 (v with D}~ — D* 7% and D*~ — D7~
B® — Dj ¢*v with D}~ — D**7~ and D** — D° + ~/=°

B — Dy (*v with D}~ — Dx~
e j=12: BT — D'7%ty
e j=13: B = D¢ty

e j=14: B" — D*nltv
The decays contribute to this mode are
Bt — D* nt¢ty with D*~ — D%+ 71—

BT — D*7%*y with D** — D® + ~/=°

e j=15: B — D*nlty
The decays contribute to this mode are
B® — D* 71%*y with D*~ — D% + 7~

B — D7 (*v with D** — D® + ~/=°



6.5.2 Backgrounds : j =16 — 27

e j = 16, Uncorrelated Direct Lepton from BT B~

j = 17, Uncorrelated Direct Lepton from B°B°

j = 18, Uncorrelated Cascade Lepton from BT B~

j =19, Uncorrelated Cascade Lepton from B°B°

j = 20, Correlated Cascade Lepton from BT B~

j = 21, Correlated Cascade Lepton from B°BY

j = 22, Fake Lepton from BT B~

j = 23, Fake Lepton from B°B°

j = 24, Combinatorial with True Lepton from BT B~

j = 25, Combinatorial with True Lepton from B°B°

j = 26, Combinatorial with Fake Lepton from BT B~

j = 27, Combinatorial with Fake Lepton from B°3°

6.6 MC modes for DT

The following MC modes eventually produce D"/ candidates.

6.6.1 Signals: j=1-14
e j=1:B"—= D (v
e j=2: B — D* (v with D> — D~ +~/x°
e j=3: BT — D%y with D;° - D~ + 7+

e j=4: B — D (Tv with Dj~ — D"
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e j=5: B — Dty with DY — D*~ + 7% and D*~ — D~ + 7/~
e j=6: B — Dy (Tv with D — D* 7% and D*~ — D~ +7"/y
e j=7:B" — DYy with DY — D*~ +n* and D*~ — D~ +7%/y
e j=8: B"— D (v with D" — D* 7% and D*~ — D~ +7°/y

j=9: B — D%y

The decays contribute to this mode are
Bt — D3%*v with D3 — D*~ + 7t and D*~ — D~ +7%/y

Bt — D3%*v with D} — D™+«

j=10: B* — D} (tv

The decays contribute to this mode are
BY — Dy ¢ty with Dy~ — D* 7% and D*~ — D~ + 7%/

B — D (v with D}~ — D~ n°

e j=11: B - D ntity

e j=12: B - D 7n*v

e j=13: B" = D* "ty with D*~ — D~ +~/x°

e j=14: B —» D* 7%*v with D*~ — D~ +~/x°
6.6.2 Backgrounds : j =15—26

e j = 15, Uncorrelated Direct Lepton from BT B~

e j = 16, Uncorrelated Direct Lepton from B°B°

e j =17, Uncorrelated Cascade Lepton from BT B~

e j =18, Uncorrelated Cascade Lepton from B°B°
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j =19, Correlated Cascade Lepton from BT B~

j = 20, Correlated Cascade Lepton from B°B°

j = 21, Fake Lepton from BT B~

j = 22, Fake Lepton from B°B°

j = 23, Combinatorial with True Lepton from BT B~

j = 24, Combinatorial with True Lepton from B°53°

j = 25, Combinatorial with Fake Lepton from BT B~

j = 26, Combinatorial with Fake Lepton from B°B°

6.7 Parametrization of B — D®r/v decay branching
fractions

We parameterize B — D®)nfv decay branching fractions with one total branching

fraction and five branching fraction ratios. First, we define a total branching fraction

B(B* — DWx(v)
= B(BT — D%*v) + B(BT — D3%*v)
+B(B* — D0tv) + B(BT — DPtv) (6.24)
+BNE(Bt — D=ntity) + BNE(BY — D#%*v)

+BNE(BY — D*~nt(*tv) + BYNE(BT — D970t y)
and five branching fraction ratios

f _ B(B* — D30ty
PP B(BY — DY)

(6.25)

BNE(BT — D=nt(Tv)
BB~ = Dl )

fDT(/DS =

(6.26)
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o 2 BYBY = D)
DL = T B(B — DPity)

(6.27)

B(BT — Di%*v) + BNE(BY — D=ntety) + BNE(BY — D#%*v)
B(B* — DY) + B(B+ — Dytv)

ngDw/DlD; =

(6.28)
B(B* — D*v) + BNE(B* — D*~nt(tv) + BNR(BT — DOx%*v)

Tipem/io; = B(B+ — DYt+v) + B(B+ — D;’(*v)

(6.29)
The quantity fps/p, is the ratio between two narrow states (see Appendix B), fpr/p:
(fD*=/p;) is between two broad states decaying to D7 (D*r) and the other two ratios

are between broad and narrow states. Individual branching fractions are given by

these six parameters as follows

B(B* — DWr(v)

B(BT — D{*v) = 6.30
( ) (1+ fps/p,) (1 + fpsDr/DiDs + fD)D*7/D1D3) (6.30)
B(B+ — D;O€+V) = ng/DIB(BJr — D?€+V) (631)
B 2f D% D B(Bt — DWrly
B(B* — Di’t*v) = fospe pus P 2 D) (6.32)
(2 + 3fpx/ps) (1 + fprDryDi D5 + fDi D*7 /Dy D)
_ 21D Der B(Bt — DWWy
B(Bt — DPrty) = Joipes/i0;BIBT — ) (6.33)
(2 + 3fp+r/p;) (1 + fDsDr/D1D; + D) Don /D1 D3)
B(BY — D™ n"l"v) = fpx/p;B(BT — Drtv) (6.34)
B(B" — D* 7t l*v) = fper/p B(BY — D) (6.35)

The corresponding B(BT — D%7%*v), B(B* — D**7%*v) and B° branching frac-
tions can be obtained by isospin symmetry. For example
B(B* — D*97%*v) = B(B* — D* 7t (*v)/2 (6.36)
B(B° — Dy t*v) = B(B* — DY*v) /[t
where t o = Tp+/Tpo is the lifetime ratio of BT and B°.
This parameterization allows us to fit for B(B* — D®xfv). However, this

branching fraction is eventually held fixed due to large systematic uncertainties from
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Bt — D®rnly and backgrounds.

6.8 FF parameter fitting technique

6.8.1 B — D/v slope fitting

As explained in section 4.3, we create additional histograms to fit for B — D/{v slope.

We may rewrite the weight (Equation (5.22))

WHMC (w) = | (1 —102* + 842 )[h +(D]"

[Rf]?
S 2(1 - 1022 + 842%) (82 — 5122 + 2522%)[hy (1))
RILP v
(82 — 5122 + 25223)%[h (1)]?

S i

Hence, if we define three weights W°(w), W' (w) and W?(w) by
W (w) = [WO(w) = W(w)ph, + WHw) (5)°| R (6.38)

then, the number of events is given by

MC _ Lumi Trk, KPID,.LPID11/0
Nij = [E <rl E T T T ij>

l k

o E ( Lumsi E grk,r]ﬁ(PID LPIDW )

k

Z ( LumzZrTrk KPID LPIDW ) ( )2

Ry (6.39)

Here the sum of £ is taken over peak and sideband separately and sideband is sub-

tracted. This can be expressed by

2
NMC = [NO NLp% + N2 (p3) ] Ry (6.40)

?
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Instead of using B — D/v histogram N%C, we can use these three histograms, Nz-oj,

Nl-lj and N?

;7> inour fit. Then we do not have to re-create histograms during the fitting
process. We can create the B — D/{v histogram with a new slope p% from the three

existing histograms N, Z‘Oj7

1 2
6.8.2 Statistical uncertainty

Since our events are weighted, the variance is given by the sum of the squares of the

weights.

S WM w)]? (6.41)

Hence, by taking a square of Equation (6.38), we need 5 histograms to calculate the

variance

0% = [Ny = Nop? + Ny (p3)° = Na (03)” + Ns (pg)ﬂ R (6.42)

6.8.3 B — D*(v parameter fitting

A similar method can be adopted for B — D*{v decay FF parameter fitting. Since
we have three parameters p?, R; and Ry, we need 18 histograms for the B — D*(v

distribution and 75 histograms to calculate its statistical uncertainty.
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Chapter 7

Validation of the fitting method

We validate our fit as described in the following sections. BB MC was used for the
validation. We fit electron and muon samples separately because they have different
systematic uncertainties (see chapter 9). Since the electron sample has higher statis-
tics and smaller PID uncertainties, we use only electrons for this validation study.

As can be seen in chapter 10, the two samples give compatible results.

7.1 Fit configuration for validation study

Before starting the full validation study using MC, we performed a variety of test
fits to data to determine the fit configurations which give us an acceptable y? and
good stability against changes of input parameters. We tried to determine which
parameters should be held fixed, what constraints needed to be imposed and so on.
Based on test fits, we picked up the following configuration to do full validation study

: we fit four form factor parameters
e B — D/(v decay FF slope : p?
e B — D*{v decay FF slope : p?
e B — D*lv decay FF ratio: Ry

e B — D*lv decay FF ratio : Ry
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and two branching fractions
e B(BT — D%*v)
e B(B* — D**y)

with isospin constraints on B decays. Input parameters are

B(Bt — DWritr) = 0.0158

Jpy/p, = 0.66

Jpzpr/Dy D5 = 0.87

JpiD*n/Dy Dy = 0.67

for/py = 0.19 (7.1)
Frenspr = 0.06

B(B* — DWrrity) =0.011

fio = 1.065

tio=107T1

7.2 Toy MC study

7.2.1 Method of toy MC study

To validate our fitting method, we perform a toy MC study. The following procedure

is used :

1. Construct fake OnPeak - OffPeak data using fully simulated BB MC, with

input values as shown in Table 7.1.

2. Fluctuate the population of each bin of the fake data using Gaussian random

numbers based on the statistical uncertainty of the bin.

3. Fit the fluctuated fake data.
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Parameters ‘ Set a ‘ Set b ‘ Set ¢
i 117 | 13 | 117

p2 1.191 1.3 1.191

R, 1.429 1.6 1.429

Ry 0.827 0.6 0.827

B(BT — D%*v) | 0.0233 | 0.0233 | 0.025
B(BT — D*%¢*v) | 0.0583 | 0.0583 | 0.056

Table 7.1: [Parameters of fake data] The parameter values used to create fake data.
Set b has different FF parameters than set a and set ¢ has different BF values.

4. Tterate steps 2 and 3 approximately 1,000 times.

5. Plot the pull distributions of the 1,000 fits and record the mean and standard

deviation of each distribution.

In Table 7.1, three sets of input parameters are listed; set b has different FF param-
eters than set a, and set ¢ has different B decay BF values. We perform 1,000 toy

fits each for each parameter set.
7.2.2 Pull results

Pulls are calculated by

pull = fitted value — tru.e value (7.2)
fitted uncertainty

The mean and standard deviation (r.m.s.) for each pull distribution are listed in
Table 7.2. At the bottom line of the Table the statistical uncertainty on the mean

and standard deviation are listed. The uncertainty on the mean is given by

o 1
= = 0.0316 7.3
vN /1000 (7.3)
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Set a Set b Set ¢

Parameters Mean r.m.s. Mean r.m.s. Mean r.m.s.
0% +0.0253 1.014 | -0.0112 1.017 | +0.0329 1.016

P -0.0755  1.028 | -0.0195 1.017 | -0.0671 1.023

R, +0.0303 0.993 | -0.1166  0.996 | +0.0366 0.995

R, +0.1079  1.005 | +0.0234 0.997 | +0.0998 1.004

B(BT — D%*v) | +0.1477 1.000 | +0.1378 1.000 | +0.1608 1.006
B(BT — D*Oﬁy) -0.0940 0.977 | -0.0263 1.012 | -0.1030 1.017
Uncertainty 0.0316  0.0224 | 0.0316 0.0224 | 0.0316 0.0224

Table 7.2: [Toy MC pulls : Mean and Standard Deviation] Mean and standard
deviation (r.m.s.) of pull distributions of toy MC. The uncertainty on mean and standard
deviation are also listed in the bottom line. Pulls are calculated from the difference to input
values.

and the uncertainty on the standard deviation is calculated by

o 1

= = 0.0224 7.4
V2N /2 x 1000 (7.4)

The x? and the pull distributions are shown in Figures 7.1 and 7.2 only for the
parameter Set a. Results show very small biases. We do not correct for these because

they are negligible in comparison with the total uncertainties on these quantities.

7.3 Validation fits using fully simulated MC

7.3.1 Validation fit method

For another validation of our fitting method, we split the MC into two halves. We
use one half to construct fake data. We then create component histograms from the
other half, and fit the fake data using the component histograms. Again, we use the
three different parameter sets given in Table 7.1 to create fake data. We split the

MC four different ways

e Split A : Separate even number events and odd number events.
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Figure 7.1: [Toy MC x? (Set a)] Toy MC x? for parameter set a. The number of

degrees of freedom is 468.

e Splits B, C and D : Separate events using three independent sets of random

numbers.

7.3.2 Validation fit results

Fit results are given in Tables 7.3 - 7.5. For each fit, we calculate pulls as defined

in Equation (7.2). We also calculate an overall x? between the input and fitted

parameter values, namely

X%/al = (Ab AQa seey Ak)

Inverse

covariance

matrix

Ay
Ay

Ay

(7.5)
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D slope Pull tOyHist2 D* slope Pull ToyHISTS
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Figure 7.2: [Toy MC Pulls (Set a)] Toy MC pull distributions for parameter Set a.
Pulls are plotted from top left to bottom right for p%, p?, Ry, Re, B(BT — D% *v) and
B(Bt — D*¢tv).



where A; is the difference between fitted and input values of i-th parameter :

A,; = fitted value — true value

The results do not show any significant bias.

98

(7.6)
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parameter ‘ fit result
o 1.240 =+ 0.049
0> 1.300 £ 0.052
Ry 1.530 £+ 0.084
Ry 0.730 + 0.067

BT )(%) | 2.399 £ 0.037
B(D6+1)(%) | 5.444 % 0.049
x?/ndof (P-value) | 422/468 (0.94)

Table 7.6: [Test fit results] Test fit results on the electron sample.

7.4 Cross Checks

We fit data with the configuration given in section 7.1. The results are given in
Table 7.6. Based on these fit results we perform the following cross check fits to data
as a further validation of the fit. In cross check fits, as an indication of agreement to

test fit results, we calculate normalized residuals (NR) for each variable

(Cross check fit value) — (Test fit value)

O CrossCheck

NR =

7.4.1 Binning

We change the binning and see how the fit results change. The nominal binning is
given in section 6.2.

For alternative lepton momentum binning :

e p; Binning 1
(10 bins (GeV)) : 1.2, 1.35, 1.45, 1.55, 1.65, 1.75, 1.85, 1.95, 2.05, 2.15, 2.35)

e p; Binning 2
(5 bins (GeV)) : 1.2, 1.4, 1.6, 1.8, 2.0, 2.35

D momentum binning :
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e p} Binning 1

(9 bins (GeV)) : 0.8, 1.05, 1.3, 1.45, 1.6, 1.75, 1.9, 2.05, 2.2, 2.45

e p};, Binning 2

(4 bins (GeV)) : 0.8, 1.2, 1.6, 2.0, 2.45
and cosfp_p; binning :
e cosfp_p; Binning 1 (3 bins) : -2, -0.5, 0.5, 1.1
e cosfp_p; Binning 2 (2 bins) : -2, 0, 1.1

Results are given in Tables 7.7-7.9. The results are consistent with the test fit.
7.4.2 Minimum entries per bin

We change the requirement on the minimum entries per bin to 25, 50, 75 and 100.
In nominal fit it is set to 10. Results are shown in Tables 7.10 and 7.11. The results
show good agreement with the test fit. When we change the requirement, the number

of bins going into x? changes as follows
e Minimum entry per bin > 10 : number of bins going into y* = 475
e Minimum entry per bin > 25 : number of bins going into y? = 464
e Minimum entry per bin > 50 : number of bins going into y? = 449
e Minimum entry per bin > 75 : number of bins going into y? = 446
e Minimum entry per bin > 100 : number of bins going into x? = 439

7.4.3 D mass peak region

We take a wider or narrower D mass peak region by adding or subtracting 2 MeV
at both ends of the region. The results in Table 7.12 show good agreement with the

test fit.
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py binning binning 1 binning 2
Fit result NR Fit result NR
05 1.230 £ 0.049 -0.20 1.241 +0.049 +0.02
p* 1.307 £ 0.052 +0.14 1.318 £ 0.054 +0.34
R, 1.526 £ 0.082 -0.05 1.539 £ 0.086 +0.11
Ry 0.693 £ 0.067 -0.16 0.678 £0.070 -0.36
B(BT — D%Tv) | 0.02396 4+ 0.00037 -0.09 | 0.02397 + 0.00037 -0.04
B(B* — D*%¢*v) | 0.05465 & 0.00049 +0.41 | 0.05462 4 0.00049 +0.36

x%/ndof (P-value)

469/453 (0.29)

237/241 (0.57)

Table 7.7:

1 (left) and binning 2 (right).

[Effect of p; binning] Fit results with NR (Normalized Residual) for binning

p}, binning binning 1 binning 2
Fit result NR Fit result NR
0% 1.224 £ 0.049 -0.33 1.246 £ 0.051 +0.12
0 1.326 £ 0.051 +0.52 1.288 £ 0.057 -0.21
Ry 1.548 £ 0.083 +0.22 1.499 £ 0.088 -0.35
Ry 0.679 4+ 0.066 -0.37 0.732 +£0.073 +0.39
B(BT — D% "v) | 0.02399 4+ 0.00037 +0.01 | 0.02410 + 0.00037 +0.30
B(B* — D*%¢*v) | 0.05457 4 0.00049 +0.27 | 0.05434 £ 0.00050 -0.22

x?/ndof (P-value)

467/433 (0.69)

252/220 (0.07)

Table 7.8:

1 (left) and binning 2 (right).

[Effect of p}, binning] Fit results with NR (Normalized Residual) for binning

cos 0p_p; binning binning 1 binning 2
Fit result NR Fit result NR
pQD 1.207 £ 0.051 -0.65 1.214 4+ 0.052 -0.50
p2 1.290 £+ 0.051 -0.20 1.316 £+ 0.053 +0.32
Ry 1.516 +0.077 -0.18 1.574 4+ 0.087 +0.50
Ry 0.707 £ 0.063 +0.06 0.674 £0.070 -0.42
B(BT — D%"v) | 0.02367 4 0.00037 -0.85 | 0.02381 4+ 0.00039 -0.46
B(B* — D*%¢*v) | 0.05482 & 0.00047 +0.79 | 0.05453 4 0.00050 +0.18

x?%/ndof (P-value)

500,498 (0.47)

314/336 (0.81)

Table 7.9:

binning 1 (left) and binning 2 (right).

[Effect of cos 0p_p; binning] Fit results with NR (Normalized Residual) for
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> 25 > 50
Fit result NR Fit result NR
0% 1.240 + 0.049 +0.01 1.238 +£0.049 -0.04
0> 1.299 + 0.052 -0.01 1.292 £+ 0.052 -0.14
Ry 1.529 4+ 0.084 -0.01 1.519 £ 0.083 -0.14
Ry 0.704 £ 0.067 +0.01 0.712 + 0.067 +0.13
B(BT — D% "v) | 0.02399 4+ 0.00037 -0.01 | 0.02398 + 0.00037 -0.04
B(B* — D*%¢*v) | 0.05444 4 0.00049  40.00 | 0.05445 4+ 0.00049 +0.01

x?/ndof (P-value)

A415/457 (0.92)

402/442 (0.92)

Table 7.10:

NR (Normalized Residual).

[Effect of minimum candidates per bin > 25 and 50] Fit results with

> 75 > 100
Fit result NR Fit result NR
05 1.238 £ 0.049 -0.05 1.243 +£0.049 +0.06
0> 1.294 + 0.0520 -0.11 1.287 £ 0.053 -0.24
Ry 1.520 £ 0.083 -0.12 1.515 £+ 0.083 -0.18
R, 0.710 £ 0.067 +0.10 0.716 £ 0.066 +0.19
B(BT — D%"v) | 0.02398 4+ 0.00037 -0.03 | 0.02396 + 0.00037  -0.07
B(BT — D*0€+u) 0.05446 £ 0.00049 +0.04 | 0.05444 +0.00049 -0.02

x?%/ndof (P-value)

401/439 (0.90)

395,/432 (0.90)

Table 7.11:

NR (Normalized Residual).

[Effect of minimum candidates per bin > 75 and 100] Fit results with

wider narrower
Fit result NR Fit result NR
05 1.201 £ 0.055 -0.71 1.230 £ 0.048 -0.20
0> 1.320 4 0.055 +0.37 1.310 £ 0.052 +0.20
Ry 1.562 £ 0.091 +0.35 1.553 £ 0.084 +0.28
R, 0.664 £ 0.073 -0.54 0.670 £ 0.068 -0.49
B(BT — D%"v) | 0.02392 4 0.00040 -0.17 | 0.02389 + 0.00035 -0.29
B(BT — D*0€+1/) 0.05465 £ 0.00052 +0.40 | 0.05448 £+ 0.00048 +0.07
x?/ndof (P-value) | 446/468 (0.76) 1.01 462/468 (0.57) 1.21

Table 7.12:

[D mass peak region] Fit results with NR (Normalized Residual).
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Parameters ‘ Runl-3 result ‘ Run4 result ‘ NR
0% 1.174 £ 0.073 1.286 + 0.066 +1.14
0> 1.264 + 0.070 1.328 £ 0.075 +0.62
Ry 1.488 £ 0.108 1.558 +£0.123 +0.43
R, 0.741 + 0.087 0.676 £ 0.099 -0.50
B(B — Dtv) 0.02364 £ 0.00051 | 0.02441 £+ 0.00052 +1.05
B(B — D*lv) 0.05495 £ 0.00068 | 0.05380 + 0.00070 -1.18
x?/ndof (P-value) 427/457 (0.84) 487/458 (0.17) 4.6/6 (0.59)

Table 7.13: [Runl-3 and Run4 fits] Fit results with NR (Normalized Residual).

7.4.4 Runl-3 vs Run4

Our data were taken in 4 different running periods over the years 2000 to 2004 : Runl,

Run2, Run3 and Run4. We compare the results with the data taken in earlier time

(Runl1-3) and later time (Run4). These two data sets have comparable statistics.

The results are give in Table 7.13. The normalized residual (NR) in the Table is

defined by
NR =

(Run4 fitted value) — (Runl-3 fitted value)

2 2
\/JRun4 + ORun1-3

x? for NR is defined by the sum of NR2. Runl-3 and Run4 agree well.

(7.8)
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Chapter 8

Fit results

We perform separate fits to the electron and muon samples. This allows the two sam-
ples to be combined in an optimal way when including both statistical and systematic
errors. This is of the practical importance due to the differences in some systematic
uncertainties such as PID efficiency and radiative corrections. We also fix R; and R».
One reason is the precision of these parameters, including systematic uncertainties,
is significantly poorer than the previous BaBar measurement [46]. Another reason is
to facilitate the combination of results on branching fractions and form factor slopes

with previous measurements, all of which are scaled to common values of Ry and Rs.

8.1 Nominal fit configuration

In the nominal fit, we determine two form factor slopes
e B — D(v decay FF slope : p?%
e B — D*{v decay FF slope : p?
and two branching fractions

o B(B* — D"*+v)

o B(B* — D¢+y)
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Isospin symmetry is imposed on semileptonic B decays in the fit.

The input parameters are

Ry = 1.429 4+ 0.061 4 0.044

Ry = 0.827 +0.038 4 0.022

B(B* — DWx(*y) =0.0151 4 0.0015
fps/py = 0.74 £ 0.20

fogpe/pip; = 0.87 £0.43

fpip+n/pip; = 0.68 £0.25 (8.1)
fprypz =021 +£0.21

fpemypy = 0.07 £0.07

B(B* — D®garity) = 0.011 £0.011
fio = 1.065 4 0.026

tyo = 1.07140.009

The R; and R values are taken from a previous BaBar measurement [46]. fio and
to values are adopted from the PDG [10]. B(B* — D™ nr/*v) is given by an average
of [10] and [11] with isospin constraints. Calculations of other input parameters are

explained in the following sub-section.
8.1.1 Calculation of input parameters

In this sub-section, we explain the calculation of some of the input parameters listed

above.
B — D**/v decay branching fractions

From HFAG [36]

B(B+ — DY%+1)B(D? — D**7~) = 0.0024 = 0.0004 )
B(B+ — D:°0+1)B(D:° — D*7x~) = 0.0009 = 0.00025
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BaBar measures [49]

B(B* — DY*v)B(DY — D*t7~) = 0.00297 4 0.00017 = 0.00018

B(Bt — D0+v)B(D® — D®+r=) = 0.00229 4 0.00023 = 0.00020 5.3)
B(B® — Dy (*v)B(Dy — D*7~) = 0.00278 + 0.00024 4 0.00026

B(B° — D3 ¢+tv)B(D;~ — D®°7~) = 0.00177 & 0.00026 £ 0.00011

We take the isospin average of these results assuming maximum correlation between

total errors. BaBar also measures [50]

B(B* — DY+ 1)B(DY — D* x~) = 0.0029 + 0.0003 = 0.0003

(B* — D0+1)B(D® — D*7~) = 0.0012 + 0.0002 + 0.0001 8.4
(B* — D0+v)B(D? — D**+x~) = 0.0030 = 0.0003 = 0.0004

(

B+ — D¢t 1)B(D® — D+r~) = 0.0032 + 0.0004 + 0.0004

Using fp; given in Equation (5.6), we combine the results given in the previous three

equations to obtain

B(BT — D%*v) = 0.0042 4 0.00044
(B* — D3%*v) = 0.0031 + 0.0005 (s5)
(B — D¢*v) = 0.0045 £ 0.00075
B(B* — Di0*v) = 0.0048 + 0.00085

The sum of these 4 branching fractions is

B(B* — D*¢*y) = 0.0166 + 0.0022 (8.6)
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Non-resonant B — D" 7ly decay branching fractions

The comparison of Equation (8.6) with the B — D®nrfv BF quoted in Equation

(8.1) provides an estimate of the non-resonant BN®(B* — D®7x(*v) component :
B(BT — DWnltv) — B(BT — D*°¢*v) = —0.0020 + 0.0043 (8.7)

The non-resonant branching fractions have never been measured. The values usually

assumed in BaBar are

BYE(Bt — D=wt0ty) = 0.0040 = 0.0024

(8.8)

(
BNE(Bt — D7%*v) = 0.0020 £ 0.0012
BNE(Bt — D*~nt{*v) = 0.0012 + 0.0008
(

BNE(Bt — D*7%*v) = 0.0006 + 0.0004

However these sum to 0.0078. Thus we shrink them keeping the same D*/D ratio

BNE(B+ — D=rt¢+v) = 0.0010 = 0.0010

BNE(B+ — DO7%¢*1) = 0.0005 + 0.0005 9)
(B* — D*~*+(*v) = 0.0003 + 0.0003

(B* — D*7%*1) = 0.00015 + 0.00015

We assign 100 % uncertainties since these branching fractions have never been mea-

sured. We vary the D*/D ratio when evaluating systematic errors.
Branching fraction ratios

We calculate the branching fraction ratios, discussed in section 6.7, by assuming the
errors on the branching fractions given above are 100 % correlated. Results are given

in Equation (8.1)
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B — DWgrnly decay branching fraction

From the PDG [10], the inclusive semileptonic BF is

B(Bt — X *v) = 0.108 % 0.004 (8.10)

BaBar measure [11]

B(B* — D%*v) = 0.0233 £ 0.0009 + 0.0009
B(B* — D*f*v) = 0.0583 + 0.0015 + 0.0030 (8.11)
B(B* — DWxaltv) = 0.0152 4 0.0012 4 0.0010

Thus 0.108 - 0.0233 - 0.0583 - 0.0152 = 0.0112 is missing. We set

B(B* — DWrrity) = 0.011 4 0.011 (8.12)

As we assign 100 % uncertainty, this covers systematic uncertainty from this unmea-

sured decay BF.

8.2 Fit results

The fit results are shown in Table 8.1. The fits to the electron and muon samples both
give good y? probabilities. The comparison of the parameter values from the two fits
is made in chapter 10 after systematic uncertainties are considered. Correlations are
given in Table 8.2. There are no dangerously large correlations. Projection plots
onto the lepton momentum, D momentum and cosfp_p; after fitting are given in
Figures 8.1 - 8.3. The ratio plots show good agreement between data and fit results.

Figure 8.4 shows all bins for the electron sample. The binning is given in section 6.2.



111

Parameters ‘ Electron fit ‘ Muon fit
0% 1.268 0.033 | 1.165 4 0.062
p%* 1.221 £ 0.025 1.231 £+ 0.029
B(D°*v) (%) 2.426 £0.033 | 2.298 £ 0.038
B(D*0+v)(%) 5.373£0.033 | 5.184 +0.037
x?/ndof (P-value) | 424/470 (0.94) | 496/466 (0.16)

Table 8.1: [Nominal fit results] Fit results on the electron and muon samples.
Electron sample Muon sample
P pp-  BD) BD*) | rp pp-  B(D) B(D)
P 1 1
phe | —0.305 1 —0.310 1
B(D) | 4+0.301 +0.177 1 +0.272  +0.195 1
B(D*) | —0.386 +0.077 —0.528 1 —-0.394 +0.073 —0.521 1

Table 8.2:

[Statistical correlation coefficients| Correlations between parameters.
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Figure 8.1: [p; (Nominal fit)] Data and fit results onto the lepton momentum. The
left column is for the electron sample and the right column is for the muon sample. The
top row is D% and the bottom row is DT/. Black points are OnPeak - OffPeak data.
The red histogram is B — D{v, green is B — D*(v, blue is B — D" /v, magenta is
B — D®xrly, and brown is background.
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[pp (Nominal fit)] Data and fit results onto the D momentum. The
left column is for the electron sample and the right column is for the muon sample. The
top row is D% and the bottom row is DT/. Black points are OnPeak - OffPeak data.
The red histogram is B — D{v, green is B — D*(v, blue is B — D" /v, magenta is
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[cosfp_p; (Nominal fit)] Data and fit results onto the cosfp_p;. The

left column is for the electron sample and the right column is for the muon sample. The
top row is D% and the bottom row is DT/. Black points are OnPeak - OffPeak data.
The red histogram is B — D{v, green is B — D*(v, blue is B — D" /v, magenta is

B — D®xrly, and brown is background.
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Figure 8.4: [All bin plots (Nominal fit)] Data and fit results showing all bins for the
electron sample. The left three columns are for the D% sample and the right three columns
are for the D*e sample. The tree columns correspond to the three bins of cos0p_p;. The
ten rows correspond to the ten bins of py. The eight bins in each plot correspond to the
eight bins of pp. The binning is given in section 6.2. Black points are OnPeak - OffPeak
data. The red histogram is B — D/{v, green is B — D*{v, blue is B — D®xfy and
B — D® gy, and brown is background. Note that the y-axis range varies plot by plot.
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Chapter 9

Systematic Uncertainties

Systematic uncertainties are evaluated by varying assumptions, such as form factor
models and detector modeling, and input values in the fit. We keep track of the sign
of the deviations caused by varying inputs; systematic errors are negative when the
corresponding fitted values decrease as an assumption is changed or a input parameter
increases. When we vary input parameters by +10, we take the larger deviation as
a systematic error. There are a few exceptions and details are given in the following

sections. The resulting systematic uncertainties are shown in Tables 9.1 and 9.2.

9.1 Form factors

9.1.1 R; and R,

We use R; and Ry as input

Ry =1.429, o, =+/0.0612 + 0.0442 = 0.075

R, =0.827, 0, =+/0.038%2 + 0.0222 = 0.044 (9.1)

correlation : p;o = —0.84



The associated error matrix is given by

2
07 0102 P12

2
0102 P12 )
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(9.2)

We transform variables (Ry, R2) to (y1,y2) to diagonalize the error matrix. Then we

vary y; and y» independently to estimate the systematic uncertainty due to R; and

R,. The variation of y; gives (R1,Ry) set A :

0R; = £0.075, Ry = F0.040

and the variation of y, gives (Ry,Rz) set B :

0R; = +0.010, Ry = F0.019

9.1.2 B — D**{v decay form factors

There are two sources of systematic uncertainty from D** form factors :

e FF slope : 7/ =—-1.5+0.5

e Approximation By; we take Approximation B, as an alternative.

The slope range is what recommended in the LLSW paper [47].

9.2 Effect of B — DWrlv decays
9.2.1 B(BY — DWr)
As described in section 8, we use

e B(B* — DWriv) =0.0151 £ 0.0015
9.2.2 BF ratios

We have five BF ratios as input (see section 8):

(9.3)

(9.4)
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o fpy/p, = 0.74 4 0.20

® [p:px/pypy = 0.87+0.43
L ngD*Tr/Dlpg =0.68 +£0.25
® fpr/p; =021+0.21

o fperpy =0.07£0.07

We vary these ratios independently in evaluating systematic uncertainties.
9.2.3 Non-resonant B — D®r(v decay BF

Non-resonant B — D®wlv decay BFs are not well measured. Thus we assign 100 %

uncertainty on these BF, which is covered by above BF ratios. We also need to change
the ratio fp«r/pr = B¥(B* — D* 70 tv)/BY(BY — D 7w *(*v). In nominal fit

this ratio is set to 0.3.

e We change the ratio fp«r,pr to 0.1 and 1.0

9.3 Effect of B — D"arlv decays
9.3.1 B — DWgnnly decay BF
As described in section 8, we assign 100 % uncertainty on this BF

e B(BT — DWgriv) =0.011 £ 0.011

9.3.2 Modeling

In nominal fit we combine X, X*, Y and Y* with equal rates. To evaluate systematic

uncertainty, we vary these ratios

e Vector - scalar ratio

We change X*/X and Y*/Y to 2 and 0.5
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e X - Y ratio
We change X/Y and X*/Y™* to 2 and 0.5

B — DWgarnly decays may include B — Dyfv (a mix of D; — D®zr and
Dy — D™np) decays. Thus,

e We replace the half of nominal X, X*, Y and Y* by D,

9.4 Input parameters

As described in section 5.2.1, we have one parameter to calculate the D} decay

branching fractions :
o fp;=17+04
Other input parameters are
e B(D*" — D%*) = 0.677 £ 0.005
e B(D® — K%)= 0.03912 + 0.00048
e B(DT — K 7tn™) =0.0915 £ 0.0020

o 1= 5 = 1.071+0.009

BO

fro= 4= =1.065+0.026

9.4.1 Luminosity normalization

For BB MC
e There is 1.1 % uncertainty (statistical + systematic).
For OffPeak data

e There is 0.25 % uncertainty.
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9.5 Various corrections

9.5.1 Beam energy re-weighting
The measured OnPeak beam energy (mean) has an uncertainty of 0.2 MeV.
9.5.2 Electron PID efficiency

The following weight, w¢, approximates the correction to the PID weights due to the

presence of other tracks and photons in the event.

e wy=0.966 (for p, < 1.0 GeV)
e w; =0.921+ 0.056p, — 0.011p? (for 1.0 < py < 2.5 GeV)

o wy=0.993 (for p, > 2.5 GeV)

where py is the electron momentum. We take 50 % of the difference between applying

these additional weights and not applying them as systematic error.
9.5.3 Muon PID efficiency
We evaluate muon PID efficiency systematic uncertainty from two sources :

e Effect on the shape of the histograms entering the fit
We evaluate this by fitting without the PID correction but keeping the same

average PID efficiency.

e Overall efficiency scale

We take 4 % uncertainty on muon PID efficiency.
9.5.4 Lepton PID fake rate
We increase and decrease the fake rate correction factors by 15 %.
9.5.5 Kaon PID correction

We take the difference between the fit results with and without kaon PID correction

as a systematic error.



121
9.5.6 Tracking efficiency correction

We take the difference between the fit results with and without tracking efficiency

correction as a systematic error.
9.5.7 Radiative corrections : PHOTOS

We study the effect of radiative corrections at the event generator level by comparing
MC generated with and without PHOTOS. PHOTOS [51] is the software used to

calculate QED radiative corrections in our MC.
1. We generate B — X (v events with and without PHOTOS.

2. We produce 3D histograms as we do in our analysis with the above generated

MC.
3. We divide the above histograms, bin by bin, to produce the ratio histograms.

4. We multiply the corresponding histograms used in the nominal fit by the off/on
ratio histograms to get histograms without radiative corrections, which we use

to fit the data.

We take 25 % of the differences in the fit results as systematic uncertainties. Us-
ing 25 % is consistent with the procedure used in previous BaBar analysis, and is
based roughly on a comparison of PHOTOS with a dedicated matrix element calcu-

lation [52].
9.5.8 Bremsstrahlung

Due to emission of bremsstrahlung photons, the electron loses energy when traveling
through the detector material. Since the amount of detector material is not known
exactly, the effect due to Bremsstrahlung also has uncertainty. This was studied in
detail in [53]. We apply this method in our fitting. First, we create 3D histograms

corresponding to more and less detector material. Then, we compare fit results.
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9.5.9 Vertexing

The vertexing cut is described in the event selection in chapter 3. Nominal cuts are

D 2
PP (x2, dof) > 0.001 .5)

PB(x2,dof) > 0.01
To evaluate the systematic uncertainty of these cuts, we change them to one step

looser cuts

PP(\2,dof) > 0.0001
( ) (9.6)

PB(x?,dof) > 0.001

The differences between fit results are smaller than the statistical uncertainties. Thus,
the differences could be just statistical fluctuation. However, we take a conservative

approach and quote the differences as systematic uncertainties.
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item ‘ 0% ‘ 0 ‘ B(D°0v) ‘ B(D* )
(R1,Ry) set A 0.41 | 2.62 0.64 -0.37
(R1,Ry) set B -0.37 | 1.04 -0.18 0.30
D** slope -1.08 | -2.66 -0.10 -0.10
D™ By -0.83 | 0.99 -0.11 0.20
FF total 1.47 | 3.92 0.68 0.53
B(BT — D¥r(v) 0.42 | -0.37 | -0.10 -0.88
Ip3/D1 -0.31 | 0.14 -0.33 0.14
JDyDr/Dy D; -2.11 | 1.17 -1.51 0.98
fD D /Dy Ds 1.08 | -0.70 0.82 -0.45
JDr/Dg -0.73 | -1.14 0.30 0.15
I/ -0.18 | -0.05 -0.12 0.19
NR D*/D ratio 0.68 | -0.14 0.26 -0.16
D iy total 2.63 | 1.83 | 1.80 1.43
B(B* — D®rrlv) 1.14 | -2.04 | 025 -1.30
X*/X and Y*/Y ratio | 0.58 | -1.18 0.09 -0.28
X/Y and X*/Y* ratio | 0.72 | -0.85 0.21 -0.66
Dy — Dnr 2.09 | -1.60 0.74 -1.09
D¥rrly total 2.56 | 2.97 | 0.82 1.84
Ip; -0.11 | -0.01 -0.08 0.06
D*t BF 0.67 | -0.01 0.42 -0.34
D+ BF -1.27 | -0.40 -2.03 0.30
D' BF 0.62 | 0.01 -0.21 -1.57
tio 0.22 | 0.17 0.61 0.27
fro 0.81 | 0.43 0.63 -0.54
MC Luminosity 0.00 | -0.00 -1.11 -1.111
OffPeak Luminosity 0.05 | 0.01 -0.02 -0.00
Input parms total 1.78 | 0.61 2.52 2.07
Beam energy -0.87 | 0.63 1.28 -0.55
Lepton PID eft 0.47 | 0.17 1.20 0.83
Lepton PID Fake 0.03 | 0.01 -0.01 -0.01
Kaon PID 0.07 | 0.83 0.27 0.24
Tracking eff -0.89 | -0.46 -3.29 -2.02
PHOTOS -2.94 | -1.08 -2.89 -0.71
Bremsstrahlung 0.07 | -0.00 -0.13 -0.29
Vertexing 0.79 | -0.67 0.63 0.60
Corrections total 3.33 | 1.72 4.77 2.46
Background total 1.32 | 1.12 0.63 0.34
Total | 5.62 | 5.67 | 5.82 4.02
Table 9.1: [Systematics : Electron fit] Systematic uncertainties for the electron

sample. Numbers are given in %.
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item ‘ 0% ‘ 0 ‘ B(D°0v) ‘ B(D* )
(Ry,Rs) set A 0.45 | 2.70 0.73 -0.40
(R1,R) set B -0.42 | 0.97 -0.19 0.30
D** slope -1.00 | -2.75 -0.12 -0.12
D By -0.98 | 0.62 -0.13 0.22
FF total 1.53 | 4.02 0.77 0.56
B(BT — DWnv) 0.77 | -0.44 | -0.01 -0.96
Ip3/D1 -0.40 | 0.15 -0.36 0.16
JDgDr/D1 D; -2.85 | 1.28 -1.52 1.04
fDsD* /Dy Ds 1.42 | -0.72 0.85 -0.50
JDr/Dg -0.70 | -1.10 0.27 0.17
fDen/D: -0.26 | -0.04 -0.14 0.21
D*/D ratio 0.82 | -0.13 0.27 -0.17
D®rly total 3.48 | 1.90 | 1.82 1.54
B(B* — D®nrlv) 1.85 | -1.78 | 0.40 -1.22
X*/X and Y*/Y ratio | 0.69 | -1.04 0.08 -0.25
X/Y and X*/Y* ratio | 1.02 | -0.79 0.25 -0.64
D, — Drm 2.57 | -1.54 0.75 -1.08
D®rrly total 3.40 | 2.69 | 0.89 1.77
Ip; -0.13 | -0.01 -0.09 0.06
D*t BF 0.73 | -0.01 0.40 -0.34
Dt BF -1.22 | -0.41 -1.96 0.27
D' BF 0.82 | 0.10 -0.27 -1.61
tio 0.19 | 0.17 0.57 0.28
fro 0.82 | 0.49 0.54 -0.53
MC Luminosity 0.01 | -0.00 -1.11 -1.11
OffPeak Luminosity 0.07 | 0.01 -0.02 -0.00
Input parms total 1.84 | 0.67 2.43 2.10
Beam energy 1.19 | -0.09 1.25 -0.66
Lepton PID shape -3.13 | 0.05 2.99 4.12
Lepton PID scale 0.09 | -0.07 -4.11 -4.17
Lepton PID Fake 248 | 0.72 -0.58 -0.51
Kaon PID 0.96 | 0.72 0.34 0.29
Tracking eff -0.50 | -0.31 -3.31 -2.11
PHOTOS -0.71 | -0.62 -0.82 -0.24
Bremsstrahlung 0.00 | 0.00 0.00 0.00
Vertexing 1.66 | -0.78 0.95 0.54
Corrections total 4.67 | 1.47 6.35 6.32
Background total 1.54 | 1.10 0.68 0.38
Total | 7.32 | 555 | 7.17 7.09

Table 9.2: [Systematics : Muon fit] Systematic uncertainties for the muon sample.
Numbers are given in %.
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9.6 Background

As described in chapter 5, we re-weight branching fractions of background compo-
nents. We change those BF by 4 one standard deviation and take larger deviations
as systematic uncertainties. Results are listed in Tables 9.3 and 9.4. We use dif-
ferent methods for inclusive B — D decay BFs and correlated cascade B — D)7y

background as explained in the following subsection.
9.6.1 D momentum dependent inclusive B — D(D;) BF re-weighting

As described in section 5.1.3, we fit the D (D;) momentum dependent weights with
a 4-th (3-rd) order polynomial, and we use the fitted function to re-weight the MC.
To estimate the systematic uncertainty due to the uncertainty on weights, we use the

following procedure :
1. We fluctuate each weight using Gaussian random numbers.
2. We fit the distribution of weights using a 4-th (3-rd) order polynomial.
3. We re-weight the MC using the fitted function to create 3D histograms.
4. Using the histograms, we perform fitting.
5. We iterate steps 1 to 4 100 times.
6. We record the standard deviation of the set of fits as a systematic uncertainty.

To estimate the systematic uncertainty due to the choice of fit functions, we re-weight

the MC with following two alternatives :

e Use a 7-th (4-th) order polynomial for fitting the D (D;) momentum dependent

weights.

e Use the binned weights without fitting.
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item | 5 | P | B(Dw) | B(D"v)
B — D weight error | 1.25 | 0.93 0.45 0.27
B — D different fit | -0.15 | -0.07 | -0.09 -0.05
B — D no fit -0.35 | -0.60 | -0.42 -0.14
B — D BF total | 1.31 | 1.11 | 0.63 0.31
DY — K* (v -0.01 | -0.01 | -0.01 -0.00
D — Kty -0.05 | -0.02 | -0.02 -0.00
D — 7= (v -0.02 | -0.00 | -0.01 -0.00
DY — ptv -0.01 | -0.00 | -0.00 -0.00
Dt — K* -0.01 | -0.01 | -0.01 -0.00
Dt — K%y -0.10 | -0.03 | -0.05 -0.00
Dt — 7%y -0.02 | -0.01 | -0.01 -0.00
Dt — %y -0.00 | -0.00 | -0.00 -0.00
Dt — wlv -0.00 | -0.00 | -0.00 -0.00
Df — ¢l -0.00 | 0.00 | -0.00 -0.00
D} — nly -0.03 | 0.06 | -0.00 -0.01
Df — 'ty -0.00 | 0.00 | -0.00 -0.00
BT — X%ty -0.05 | -0.10 | -0.04 -0.01
BY — X~ (ty -0.09 | -0.09 | -0.05 -0.02
CascL Tau -0.03 | -0.02 | 0.01 -0.15
Other bkg total | 0.16 | 0.15 0.09 0.15
Background total [ 1.32 [ 1.12| 0.63 | 0.34

Table 9.3: [Systematics : Backgrounds (Electron fit)] Background systematic
uncertainties for the electron sample. Numbers are given in %.

9.6.2 Correlated cascade B — D™ 7y background

Measurements of B — D7y decay branching fractions have uncertainties up to
30 % [54,55]. Thus we vary the total amount of correlated cascade B — D®7v
background by 30 %. The contribution of these decays to other backgrounds is small

and the effect on fit results is negligible.

9.7 Systematic Covariance Matrix

We construct a covariance matrix to keep track of correlations between systematic
uncertainties. When we estimate systematic uncertainty, we vary the value of a

quantity (k-th source of systematic uncertainty) and take differences, A*¥* between



item | v | PP | B(D) | B(D* W)
B — D weight error | 1.40 | 0.93 0.44 0.27
B — D different fit | -0.39 | -0.07 -0.20 -0.00
B — D no fit -0.34 | -0.52 | -0.42 -0.11
B — D BF total | 1.49 | 1.07 0.64 0.29
D — K* (v -0.06 | -0.05 | -0.04 -0.04
DY — K~ (v -0.11 { -0.06 | -0.06 -0.05
D — 7 v -0.06 | -0.05 | -0.04 -0.04
D — p=lv -0.04 | -0.04 | -0.03 -0.04
Dt — K*y -0.05 | -0.04 | -0.04 -0.04
Dt — K%y -0.24 | -0.08 | -0.11 -0.05
Dt — 7%y -0.06 | -0.05 | -0.04 -0.04
Dt — o -0.04 | -0.04 | -0.03 0.04
Dt — wlv -0.04 | -0.04 | -0.03 0.04
D — ¢ty -0.18 | 0.12 -0.07 -0.09
Df — ntv -0.05 | 0.10 0.04 -0.06
Df — 'ty -0.03 | 0.04 0.03 -0.04
Bt — X%ty -0.08 | -0.12 | -0.05 -0.06
B — X~ (ty -0.14 | -0.13 | -0.08 -0.06
CascLL Tau 0.05 | -0.00 0.05 -0.16
Other bkg total | 0.39 | 0.28 0.21 0.25
Background total [ 1.54 | 1.10 | 0.68 | 0.38
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Table 9.4: [Systematics : Backgrounds (Muon fit)] Background systematic uncer-

tainties for the muon sample. Numbers are given in %.
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Electron sample Muon sample
pp  pPp-  BD) BDY)| ph  ph.  B(D) B(D)
b 1
0% —0.03 1
B(D) | 40.74 +0.11 1
B(D*) | —0.21 +0.37 +0.33 1
5 | +0.73 —0.19 +0.44 —0.35 1
p5. | —0.07 +0.98 —0.04 +0.31 | —0.15 1
B(D) | 40.44 +0.02 +0.62 +0.18 | 4+0.12 —0.01 1
B(D*) | —0.17 +0.19 +0.13 +0.53 | —=0.49 +0.17 +0.69 1

Table 9.5: [Systematic correlation coefficients] Correlations between parameters.

fitted values and nominal values of parameters. For ¢-th parameter
A} = (fitted value - nominal value) of i-th parameter (9.7)

Then, the 77 element of a systematic error matrix is given by
cov;/” = Z A A;ZS (9.8)
k

In cases where we do two fits (one with a + variation and the other with a - variation),

we take larger deviation. Systematic correlation coefficients are given in Table 9.5.
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Chapter 10

Electron and Muon Combined Results

10.1 Method to combine electron and muon results

We combine electron and muon results by minimizing a x2. We put fit results given
in Table 8.1 into a vector z; (i = 0 — 3 for electron and ¢ = 4 — 7 for muon). We sum
statistical and systematic covariance matrices to get a full 8 x 8 covariance (error)
matrix, M (err);;. The corresponding correlation matrices are shown in Tables 8.2
and 9.5. Setting yo = ys = ph, y1 = ys = p°, Y2 = Yy = B(Dlv) and y3 = y; =
B(D*(v), x? is given by

X = (i — wi) M(err) ;) (y; — ;) (10.1)

where M (err)i_j1 is the inverse error matrix. The x? is minimized to solve for the four

parameters : p%,, p?, B(Dlv) and B(D*(v).
10.1.1 Determination of statistical uncertainty

The combined fit described above produces only total uncertainties of the fit parame-

ters. In order to determine the purely statistical uncertainties, we fit to the combined
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lepton sample. The results are

2 =1.23440.037, p?=1236+0.019
PD P (10.2)

B(Dtv) = (2.359 + 0.025)%,  B(D*fv) = (5.271 + 0.025)%

We take these statistical errors as the ones for the combined fit. This is also a geed

cross-check for the combined results given in Table 10.1.

10.2 Electron and Muon combined fit results

The fit results are given in Table 10.1 along with electron and muon separated results.

Correlations are shown in Table 10.2. We calculate G(1)|V,| and F(1)|V| from the

fit results

1)|Vip| = (441 £0.8 £2.2) x 1073
G(1)|Varl = ( ) x o)

F)|Viy| = (35.6 £02+1.2) x 1073

with correlations

G(1)[Vep| and F(1)[Vep| = —0.05
G(1)|V| and p2, : +0.63 (10.4)

F(1)|Vy| and p* : +0.56

Using these results and values in Equations (4.15) and (4.16), we extract |V

G(1) = |Viy| = (40.8 0.8 2.1 +0.9) x 1073
(10.5)

F(1) = V| = (383+£02+1.34+0.9) x 1073
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Parameters

Electron fit

Muon fit

‘ combined result

rh
p2
B(D°*v) (%)

B(D0+1)(%)

1.27+£0.05 £ 0.07
1.22 £0.02 £ 0.07
2.43+£0.03£0.14
5.37+0.03 £0.21

1.16 = 0.06 = 0.09
1.23 £0.03 £ 0.07
2.30 £0.04 £0.16
5.18 £ 0.04 £0.36

1.23 £ 0.04 £0.07
1.21 £0.02 £ 0.07
238 £0.03 £0.12
5.32+0.02£0.21

x?/ndof (P-value)

4247470 (0.94)

496,/466 (0.16)

2.1/4 (0.71)

Table 10.1: [Combined fit results] Fit results on the electron and muon samples and
the combined results.

0% 0 B(D°v) B(D*tv)
2
Pp 1
p? 0.141 1
B(Dv) | +0.594 +0.051 1
B(D*¢w) | -0.286 +0.322 +0.307 1

Table 10.2: [Combined fit correlation coefficients| Correlations between parameters
of combined fit.

where the third errors correspond to the theory errors on G(1) and F(1). We also

calculate the ratio G(1)/F(1) to compare directly with theory (lattice QCD)

Measured : G(1)/F(1) =1.24+0.09 (10.6)

Theory : G(1)/F(1) =1.164+0.04 (10.7)

where we assumed the theory errors on G(1) and F(1) are independent. The measured

ratio is consistent with the predicted ratio.
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Chapter 11

Discussion

The form factor slopes and branching fractions agree with the world average [36],

which is
p2D =1.174+0.18
p? =1.1740.05
B (11.1)
ZS’(B+ — DOEV) = (5.53+0.31)%

B(B+ — D*fv) = (2.32 £ 0.13)%

We added one more contribution to B(B* — D**fv). The value of this branching
fraction seems to be converging. We give an average of recent BaBar measurements
below. The precision of our D slope, p?, is twice as good as the world average.
As our fit gives good x? by adding B — D®xrlv component, this suggests that
there is a missing component other than B — Dfv, B — D*(v and B — D" n/lv.
This also suggests that the missing component has similar kinematic properties to

B — D®rnly decays.
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11.1 Combined BaBar results

There are three recent BaBar measurements of B — D®){v decays. Ref. [46] recon-

structs BY — D* (*v, decays and measures

F(1)|Vy| = (344403 +1.1) x 1073
p? = 1.191 + 0.048 + 0.028 (11.2)
B(B® — D*(*1;) = (4.69 + 0.04 % 0.34)%

Ref. [56] reconstructs B~ — D*%e~ i, decays and obtains

F(1)|Va| = (35.9+ 0.6 + 1.4) x 1073
p* =1.16 + 0.06 = 0.08 (11.3)
B(B~ — D¢ 1) = (5.56 + 0.08 & 0.41)%

Ref. [11] fully reconstructs one B and looks at the other B decaying semileptonically.

It quotes

B(B~ — D%p) = (2.33 4 0.09 + 0.09)%
B(B~ — D*p) = (5.83 £ 0.15 + 0.30)%
(11.4)

(
(
B(B® — D*/p) = (2.21 £0.11 £ 0.12)%
B(

B® — D**ip) = (5.49 4 0.16 £ 0.25)%

The global fit results are consistent with these results. The F(1)|V,| versus p? are
plotted in Figure 11.1 to show the good agreement between BaBar results.

We combine results from the three previous BaBar analysis with the global fit
results. We impose isospin symmetry to previous results, and rescale previous results
using new values for f,o and charm decay branching fractions if applicable. Ref. [46]
and Ref. [56] are statistically independent. Ref. [11] use one B fully reconstruct
sample and statistical overlap with others are expected to be small. The global fit

is a large superset of others and have very small statistical errors. Thus, statistical
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Figure 11.1: [F(1)|V,| vs p?] Comparison of BaBar measurements of F(1)|V,| and p2.
The red is global fit, green is Ref. [46] and blue is Ref. [56].

correlations between 4 analysis is negligible. We categorize systematic uncertainties
into detector effects, background, Ry and Ry, D° decay BF and so on, and assume

maximum correlation in each category between 4 analysis. The combined results are

B(B~ — D7) = (2.36 4 0.09)%
B(B~ — D*(p) = (5.46 + 0.20)%

(11.5)
p? =1.20 +0.04

F(1)|Viy) = (34.8£0.8) x 1073

with x? probabilities 0.96, 0.16, 0.90 and 0.53, respectively. The y? probabilities

show that four BaBar measurements agree well.
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Parameters

Electron fit

Muon fit

‘ combined result

1.25£0.05 £ 0.09
1.32 £0.05 £ 0.09
1.57£0.09 £ 0.14
0.68 £0.07 £0.10

1.14 £0.07 £ 0.09
1.32 £0.06 £0.09
1.52£0.10£0.16
0.69 = 0.08 £ 0.10

1.19 £0.04 £ 0.07
1.32 £0.04 £ 0.09
1.55 £0.07£0.14
0.67 £0.05+£0.09

B(BT = D00 (%)
B(B+ — D01 (%)

2.424+0.04 £0.15
5.43 £0.05+£0.23

2284+ 0.04 £0.17
5.27£0.06 £ 0.36

2.35+0.03£0.13
5.41£0.04 £0.22

x?/ndof (P-value)

418,/468 (0.95)

491/464 (0.18)

2.0/6 (0.92)

Table 11.1: [R; and R: floated fit results] Fit results on the electron and muon
samples and the combined results.

09 0? Ry Ry  B(Dftv) B(D*v)
D 1
0 -0.439 1
R, -0.227  +0.733 1
Ry +0.519 -0.771  -0.710 1
B(Dlv) | +0.593 -0.044 +40.127 +0.113 1
B(D*lv) | -0.318 +40.428 +40.145 -0.315 +0.222 1
Table 11.2: [R; and Ry floated fit correlation coefficients] Correlations between

parameters.

11.2 Results when floating Ry and R»

In addition to the nominal fit, we also performed a fit with R, and R, as free pa-
rameters. The results are summarized in Table 11.1. The correlations corresponding
to combined result are given in Table 11.2. We compare our results with previous

BaBar measurement [46] :

p? = 1.191 £ 0.048 £ 0.028
Ry, = 1.429 + 0.061 & 0.044 (11.6)

Ry = 0.827 £ 0.038 £ 0.022

The two results, compared in the space of the three form factor parameters, are

consistent at 36 % CL (Confidence Level).
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Chapter 12

Conclusion

We reconstruct D°/ and DT/ pairs to access exclusive decays of the type B —
D®) (m)lv. Instead of explicitly reconstruct D* and D**, kinematic variables, p;, p},
and cos ©p_py are used to distinguish each exclusive mode and background. We use

a global fit to measure two form factor slopes

p% = 1.23 +0.04(stat.) £+ 0.07(syst.)

(12.1)
p* = 1.21 4 0.02(stat.) + 0.07(syst.)
and two branching fractions
B(BT — D%%*v) = (2.38 + 0.03(stat.) + 0.12(syst.)) % (12.2)
B(BT — D*%*v) = (5.32 £ 0.02(stat.) £ 0.21(syst.))%
These results have good agreement with world average. We also determine
G(1)|Vp| = (44.1 £ 0.8(stat.) + 2.2(syst.)) x 1073 (12.3)

F(1)|Vi| = (35.6 + 0.2(stat.) + 1.2(syst.)) x 1073

The G(1)|Vg| is twice as precise as world average and the precision of F(1)|Vy|
is similar to the best single measurement. This analysis method is different from

and complementary to previous BaBar measurements [11,46, 56]; the results are
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consistent.

From these results, we extract |Vy|. From G(1)|Vy|

|Vop| = (40.8 £ 0.8(stat.) & 2.1(syst.) £ 0.9(theo.)) x 1073 (12.4)

and from F(1)|Ve|

|Vop| = (38.3 £0.2(stat.) &+ 1.3(syst.) £ 0.9(theo.)) x 1073 (12.5)

These are consistent with each other. We also take a ratio

g _ 1.24 4+ 0.09 (12.6)

F(1)

which agrees with theoretical prediction.
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Appendix A

Decay modes to consider

A.1 Semileptonic B — D"*)(y decays
A.1.1 Semileptonic B decays
There are three types of decay modes (Figure A.1).
o Bt — D0ty
e Bt — DWOL0pt+y,
e Bt — DW—gtyty,
A.1.2 Semileptonic B" decays
There are three types of decay modes (Figure A.1).
o BY — D)=ty
e B — DHW=—70pty,

e B — DWOg—pty,

A.2 D* and D** decays

A.2.1 D*»** decays

There are three types of decay modes (Figure A.2).
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o Dt s DO+

o Dt _y D+ ,0

o D=t Dty
Note that

e D™t — D*t~ is negligible because it is an electromagnetic process and small

compared to strong processes.

e D*t — D*t~is allowed because strong processes are suppressed by phase space,

the EM process amplitude has comparable size to strong processes.

A.2.2 D**0 decays

There are three types of decay modes (Figure A.2).
o D0 _y D+~
o D0 _y D00
o D" D)0y
Note that
o D*0 — D*0v ig negligible

e D' — DTr~ is not allowed because mp« < mp+ + M-

A.3 D" and D' decays

A.3.1 D° decays

There are four decay modes used in the reconstruction of D° (Figure A.3).

o DV — K—xt



D™

o o|
| c

Figure A.2: Feynman diagrams of D*** decays

e DV — K—rntntn~
e D' — K—ntnd
o D' — Krfg~

A.3.2 DT decays

cl

D

There are two decay modes used in the reconstruction of Dt (Figure A.3).

e DT — K—rntnt

o DF — Kot
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Figure A.3: Feynman diagrams of D decays



A.4 Decay chain

A.4.1 B™" decay chain
1. BJr — D0£+Vg
2. BJr — D*OKJFVZ
D7t
DO7Y
DO
3. Bt — D04ty
—> D_7T+
— DO’]TO
— Dof}/
— D**ﬂ-‘i’

Doﬂ'_

D™y
— D*OTFO

D~ rt

D70

D%

L, D*O,.Y

4. Bt — D%y,

5. Bt - D ntlty,

(D%

(not possible)
(D%

(D°)

(D7)
(D%

(negligible)

(not possible)
(D°)

(D°)
(negligible)
(D°)

(DF)
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6. BT — D*0x0%¢*y,

D—n®

D™~

A.4.2 B° decay chain

1. B — D7£+l/g

2. B — D* Ty,
DOr~
D—7°

D™~

(not possible)
(D°)

(D%
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3. B — D*(*y,

. D*iﬂ'o
DOx~

D—7°

L D*Oﬂ'_

4. BY - D= n%*y,
5. BY — D7~ ¢ty
6. B® — D* 7%+,
D7~
D"
D™y
7. B — D¢ty
D—n*t

(D)
(D7)

(negligible)

(D%
(D7)

(D7)

(not possible)
(D°)

(D°)
(negligible)
(DF)

(D°)

(not possible)
(D°)

(D)
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Appendix B

Classification of D**

B.1 Angular momentum of a meson

In atomic spectroscopy, there are two useful schemes to add angular momentum:

LS-coupling and jj-coupling.

e [ S-coupling

5281+82 (B 1)
J=L+S

e jj-coupling
J:j1+32

where s, [ and j are the spin, orbital angular momentum and total angular momentum
of individual particles, and S, L and J are the spin, orbital angular momentum and

total angular momentum of the system.

B.2 Parity of a meson (Qg-system) : P = (—1)L+!

The parity of
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e Quark ' : Py =+1
o Anti-quark : P; = —1
L

e Orbital angular momentum L : (—1)

Thus, the parity of a (Qg-system is given by

P = (Po)(P)(—1)" = (+1)(-1)(-1)" = (-1)**" (B.3)

Hence, P = (=) for L=0and P = (+) for L = 1.

B.3 Standard classification of mesons

For equal-mass meson system, it is traditional to couple the orbital angular momen-

tum, L, with the total spin of the quark and anti-quark, S (LS-coupling scheme).

S = S1+ 82
(B.4)

J=L+S

This is the standard practice for light mesons and heavy quarkonium (c¢ and bb).
The good quantum numbers are then S, L and J.

There are spin-singlet and spin-triplet levels because S is always S =0 or S = 1.
eForL=0and S=0,J=0:15,
efor L=0and S=1,J=1:35
efForL=1land S=0,J=1:1P

efForL=1land S=1,J=0,1,2: 3P, 3P, or *P,

1One could define the parity of quark to be (-1). Then its of anti-quark is (+1). But, as far as
P(quark) = - P(anti-quark), the final result won’t change.
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Particle J¥
150 D 0~
35, D* 1~
1p D, 1+
3P, D 0t
3P Dy 1"
3P, D 2t

Table B.1: Traditional spectroscopic notation of D, D* and D** mesons.

In general, for S =0 and S =1

1LL and 3LL*1,L,L+1 (B5)

We may apply this classification to D, D* and D** mesons. It is summarized in
Table B.1. In this classification D** consists of one singlet (D;) and a triplet (D,

D7 and Dy).

B.4 Heavy Quark Effective Theory (HQET) and D, D* and
D* mesons

In HQET, the spin symmetry suggests that the spin of heavy quark is conserved.
Thus, for the mesons consist of heavy and light quarks, we can apply jj coupling
scheme. First, we can add the angular momentum (L) and the spin of the light quark
(s1) to get the angular momentum of light constituent (j;). Then we can add the spin

of the heavy quark (s;) to j.
Ji=L+s
: (B.6)
J:jl+3h
For L =0 and s, = 1/2, j; = 1/2 only, and for L = 1 and s, = 1/2, j, = 1/2 or

Ji = 3/2. Hence,

e L=0,5=1/2—J=0(D)orl (D"
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g Particles JI  mass (GeV)
DD 0,1 1.971
1t proDpoot 1t 2.40

2
ST Dy, Dy 1t 2% 2.445

Table B.2: Spin parity of charmed meson doublets

> 3 \ \ \ \ \ \
> i ]
O . . ]
L 1/2 1/2° 3/27 ]
28 —
S o0 10 o0t 1t 1t 2t ]
26 —
- D, D P2
24 =
22 ; Q7 ;
5 L ]
18 L | | | | ]

Figure B.1: Charmed meson levels and transitions. j, = j; in the text. The yellow bands
show the width of each D** state

e L=1j=1/2—J=0 (D) or1 (D)
o L=1j=3/2—J=1(Dy) or2(D})

These are summarized in Table B.2. In this classification, D** consists of two doublets

: (D§, DY) and (Dy, D3).

B.5 Decay modes of D**

The HQET based classification implies that the j = 3/2 states will decay only through
the d-wave (D; — D* and D} — D) and so will be narrow. The j = 1/2 states can

decay through the s-wave (Dj — D and D} — D*) and, in general, will be broad.
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Initial state Final state AL description
Dyg Dn 0 broad S-wave transition
D 1 parity violation
D; D 1 parity violation
D*r 0 broad S-wave transition
2 heavy quark spin symmetry violation
Dy Dr 1 parity violation
D 0  heavy quark spin symmetry violation
2 narrow D-wave transition
D3 Dr 2 narrow D-wave transition
D*rm 2 narrow D-wave transition

Table B.3: D™ decay modes.

This is shown in Figure B.1 and summarized in Table B.3. We consider this in detail.

Spin-parity of D7 system is
e Since D:S=0,P=(—)and7:5=0,P=(—)
e if L=0,J=0and P=(—)(—)(—)" = (+), then J” =07
eif L=1,J=1and P=(—)(—)(—)' = (—), then J' =1~
e if L=2 J=2and P=(-)(—)(—)? = (+), then J" =27

Note that P = (—)* for a orbital angular momentum L system. Spin-parity of D*r

system is
e Since D*: S=1,P=(—)and7n:5=0,P=(—)
e if L=0,J=1and P=(—)(—)(—)° = (+), then J" =17
eif L=1,J=21,0and P = (—)(—)(—)' = (-), then J' =07,17,2"
o if L=2 J=321and P=(-)(—)(—)* = (+), then J© =17 27 3F

Thus,
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o JI =0T state (D}) can decay only to Dr and AL =0

e JI =17 state (D; and D)) can decay only to D*r and AL = 0,2

o JU = 2T state (Dj) can decay both to Dm and to D*m and AL = 2
Next, we consider angular momentum of Dy and D) decays.

o Di(L=+1,85=41/2,5i = 4+3/2; s, = —1/2,J = +1)
— D*(sy =+1/2,sp, =+1/2,jp = +1) + 7(j= =0) + (L =0); J = +1

This violates heavy quark spin symmetry (s, = —1/2 — s, = +1/2)

o Di(L=+1,5=+1/2ji=+3/2 s, = —1/2,J = +1)
— D*(s;=—1/2, 5, = —=1/2,jp = —=1) + 7(jr = 0) + (L = +2); J = +1

This conserves heavy quark spin symmetry (s, = —1/2 — s;, = —1/2)

o DI(L=+1,85,=—1/2,5; = +1/2;5, = +1/2,J = +1)
— D*(s; =41/2,8, = +1/2,jp = +1) + 7(j= = 0) + (L = 0); J = +1

This conserves heavy quark spin symmetry (s, = +1/2 — s, = +1/2)

o Di(L=+1,5,=—1/2,5,=+1/2;s, =+1/2,J = +1)
— D*(s; = —1/2,8, = —1/2,jp=—1)+7(jr =0) + (L = +2); J = +1

This violates heavy quark spin symmetry (s, = +1/2 — s, = —1/2)



158

Appendix C

Isospin Symmetry

[sospin symmetry is an approximate symmetry due to the similar mass of v and d

quarks. These two quarks are treated as a doublet and isospin is assigned such that

w:|1/2,41/2 >, d:|1/2,—-1/2 > (C.1)
Isospin of other quarks are all zero. Isospin can be treated in the same way as ordinaly
spin. Thus, we can use Clebsh-Gordon coefficients to add or subtract two isospins.
C.1 Semileptonic B decays

From isospin symmetry, these B decay rates are identical

(Bt — D0€+l/) = F(BO — D ()
(Bt — D*%*y) = T(B° — D* (tv) (C.2)
(Bt — D**0€+V) = F(BO — D™ ()

Isospin symmetry may be applied to non-resonant B — D" xly decays.

I'NE(BT — D=atlty) = TVE(BY — DO (*v) (©.3)
I'NR(BT — D*~rtity) = TVE(BY — D= (+v)
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The origin of the factor 2 is, for example,

Bt (ub) : 1/2,1/2 >

D=(de) : |1/2,-1/2 >

7 (ud) : 1,1 >

D=nt 1,1 > x|1/2,-1/2 >= \/§|3/2, 1/2> +\/§|1/2, 1/2 > (C.5)
D°(ue) : |1/2,1/2 >

7%(uw or dd) : |1,0 >
DOR0 1 (1,0 > x|[1/2,1/2 >= \/§|3/2,1/2 > —\/§|1/2, 12 >

hence

[(B" — D n"¢ty) : T(BT — D7 *v) = =2:1 (C.6)

1
3

Wl N

Branching fractions are not same because of the difference in total rate (I') or life
time (7) of BT and B?. We define
T+ FBO

tig = = (C.7)

TRo FB+

So, branching fractions are, for example,

B(B* — D*%¢*v) TI'(B* — D"v) o , (C.8)
B(B® = D*(+ty) T(B"— D*v) g '
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Thus, due to isospin symmetry, we have the following relations between branching

fractions of semileptonic B decays.

B(BT — D%*v) =t,(B(B° — D~ (*v)

B(B* — D*%*v) = t,oB(B° — D* (*v)

B(BT — D*%*v) =t (B(B° — D* (*v)

BNE(BY — D=atity) = 2BNE(BY — DOx00tv) (C.9)
=t oBVE(BY — D7 (tv) = 2t (BYE(B® — D~ n%*v)

BNE(BY — D*~ntity) = 2BNE(BY — D*0r%+y)

=t,oBYE(B® — D*r(tv) = 2t, o BVNE(B? — D 7%%*v)

C.2 D* decays

[sospin symmetry may be applied to D** decays as well.

And also

(D" — Dtr™) =T(D*" — D07r+)

(C.10)

r

(

F(D**O — DOﬂ.O) _ F(D**+ N D+7T0)
(D**O N D*Jrﬂ.f) — F(D**Jr N D*Oﬂ.Jr)
(

r D**O — D*Oﬂ'o) — F(D**+ N D*+7T0)

(D" — Dfr™) = QF(D**O — DOWO)

(
D(D*+ — DOrt) = 20(D*+ — D*x0) ©.11)
(
(

—

D**O N D*+7T_) _ QF(D**O N D*O’ﬂ'o)
[(D** — D*x+) = 2T(D*+ — D*+70)
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This factor 2 has the same origin as B decay case. For example,

D [1/2,1/2 >

D°:|1/2,—1/2 >

at 1,1 >

DOt 1,1 > x[1/2,-1/2 >= \[1]3/2,1/2 > +/3]1/2,1/2 > (C.12)
D*¥:[1/2,1/2 >

01,0 >

D0 1,0 > x[1/2,1/2 >= \/§|3/2, 12 > —\/g|1/2, 1/2 >

hence

(D"t — D°7%) : T(D** — D*n°) = =2:1 (C.13)

(VR N)
Wl

Supposing total rates or lifetimes of D**9 and D*** are same, branching fractions for

D** decays are

B(D*° — D*r~) = 2B(D*" — D% = B(D*** — D) = 2B(D** — D*x0)

B(D**O — D*tr7) = QB(D**O — D*OTFO) = B(D** — D*07T+) = 2B(D** — D*+7T0)
(C.14)
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Appendix D

cos Opy

Since we are interested in semileptonic B decays and we reconstruct D pairs, we

consider the case Y = D/.

D.1 B — D/{v decays

In the decay of B — DI + v, 4-momentum conservation gives

PB =DPpl + Do (Dl)

As the mass of neutrino is equal to zero

0=p. = (pg—pm)° =Dg + D — 2P P = Mm% + M, — 205 P (D.2)
Here,
pB P = EgEp —pp-Pp; = EpEp — ’pBHle‘ cos Op_p; (D-3)
Hence
0 =m% +mp; — 2(EpEpi — |pg|lpp| cos Op_pi) (D.A)
= m% +m%, =2E5Ep; — 2|pg||pp| cos Op_pi
Therefore
2FEsEp — m% — m?
COS @B—Dl = BZDL My b1 (D5)

2‘173‘ ‘le’
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Note that cos ©p_p; is given by the energy, mass and momentum of B and D/.

In practice, Ep is given by the half of the beam energy in the CM frame and |pp|

is given by

pp| = E%% - m2B

D.2 B — D*/v decays

If the B decay involves additional particles, cos©Opg_p; < —1 is possible.

(D.6)

As an

example, let us consider B — D*{v decays. In this case, the pion from D* — Dn

decay is not included in the D/. Conservation of 4-momentum gives

Then,

Since m, < mp,

and also

Pv: Pr =

PB =DPpl+Pr+Dv

(py + px)* = (p5 — PD1)?
= p2 4+ D2+ 2p, - Dr = PE + P — 208 - P

= 0+m2+2p, - pr =m% +mb, — 2pp - poi

2D, - Pr =M% + M7y — 205 - P

E,E.—p, p,=E,E:— |p,||p,| cos©O,_
E,E,— E,E,cos0, ,=FE,E, (1—cos©,_,) >0

Let the angle between B and DI be ©’;_,,. Then,

pB - Ppi = EpEpi — Py - Py = EsEpi — |Ppl|Ppi| cos Op_p,

(D.7)

(D.10)

(D.11)
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Hence,
2EpEp — m% —m? 2D, - Dx
cos O _p = BEDL T My — i Pv Pr_ _ cos Op_pi + « (D.12)
2|psllPpil 2|psllpoil
where
2 v Pm
a=_PriPr g (D.13)
2|psllppil
Considering
—1<cosOf_p <1 (D.14)
cosOp_p; = cosO_p, — ais
—l1—-—a<cosOp_p<1—a (D.15)

Since a > 0, the lower end of cos ©p_p; can be smaller than -1.

D.3 If D and | come from different B

In the case that D and [ came from different B, cos ©p_p; > 1 is possible.

Epi = Ep + Ey = \/m} + Ipp* + /mi + [p[* = \/m} + Ipp* + Ipi|

(D.16)
poil* = lpp + 2i* = [Pp|* + |P|> + 2|Pp|P)| COS O
and
m2Dl = El%l - ‘le‘Q

= mh +|ppl* + | + 2lpil/m + [ppl? — [Ppl* — |Pif* — 2|Pp|IPy| cOs b

= mj +2|p|/mb + [ppl* — 2|pplIpy| cos O

= mp +2|p|(v/m} + [ppl* — [Pplcosh)
(D.17)

If D and [ come from different B, pp and p; are not restricted by energy momentum

conservation. The |pp| and |p,| can be any value. For example, if |p,| ~ |pp| and



cosf ~ —1, |pp,| can be very small. However,

2 2

~2Ep(y/m} + [ppl* + [pp|) — mh —m}, = 2lppl(vm, + Ipol” + |Ppl)

=2(v/'m} + |ppl* + Ipp|)(Es — [Ppl) — mp — mi,

is not necessarily small. For example, if |p,| < mp

2 2

2 2 2
2EpEp —my —mpy, ~ 2mpEg —my —mj ~ —(mp —mp)

Hence
QEBEDZ — mQB — mQDl
2|pBHle|

cosOp_p; =

can be large negative number. And, if |p,| ~ 1.2 mp

2 2 2 2
2EgEp —my —mp; ~5.4mp(mp —mp) —mp —mi, >0

Hence
QEBEDZ — mQB — mQDl
2|pBHle|

cosOp_p; =

can be larger than 1.
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(D.18)

(D.19)

(D.20)

(D.21)

(D.22)
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Velocity transfer w

E.1 w and ¢
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In the framework of Heavy Quark Effective Theory (HQET) it is convenient to use

the velocity transfer w instead of momentum transfer ¢2. In semileptonic B — D™ (v

decays, w is defined as the product of 4-velocities of B and D™

PB " Ppt)
mpMmp()

W =Vpg - VUpx =

(E.1)

The momentum transfer ¢ from B to D®) (or the invariant mass of the virtual 1)

is given by

q=Dp¢+DP,=DPB— DPpx

Thus

¢ = (pB —Pp=)* = Db+ Doy — 208 - Pp = ME + M3 ) — 2Dp - Pp)

2 2 2
mBerD(*) q

= PB - Pp = 9

Hence

2 2 2
_ mp +my. — ¢
w =

2mBmD(*)

w is a Lorentz invariant and linearly related to ¢2.

(E.2)

(E.3)

(E4)



w corresponds to the relativistic boost 7 of the D™ in the B rest frame.

E2 1<w<1.6

167

(E.5)

The range of w and ¢ are restricted by kinematics of the decay. When ¢? = 0, w is

maximum

_— my +m2.
max
2mBmD(*)

Using mp = 5279, mp = 1867 and mp- = 2008 MeV,

m% + m3, 1500 my + mi.

2mpmp 2mpmp«

= 1.504

Using mp; = 2400, mp; = 2430, mp, = 2420 and mp; = 2460 MeV,

2 2 2 2

mp + Mmps mp -+ mp,
B _y397, P 316,
QmBmDS 2mBmD3
m2 +m2 m2 +m2*
B~ D1 1320, —B TP 1306
QmBle QmBmD;

The minimum of the w is

which corresponds to

G = (M — mp)”

where

(mp —mp)? =11.64, (mp —mp-)? =10.69 (GeV/c?)?

and

(mp —mp:)? =829, (mp—mp;)* =812 (GeV/c*)?,

(E.6)

(E.7)

(E.8)

(E.9)

(E.10)

(E.11)

(E.12)
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(mp —mp,)> =817, (mp—mp;)® =795 (GeV/c?)’ (E.13)

E.3 Practical calculation of w

We can calculate w by the following formula

mpmp() mpmp()

In practice, Ep is the beam energy in the CM frame, and |Pp| is given by

|Pp| =\ EE —mi (E.15)
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Appendix F

Calculation of G(1)|V,,| and F(1)|V,|

F.1 G(1)[Vy

The differential decay rate for B — D/{v decays is given in Equation (2.10). Combined
with CLN parametrization given in Equation (2.17), the differential decay rate is
given by

dF(B — Dﬁl/)
dw

GQ 5
- 4@2@%3@2 — 12 (1 4+ 1)2[1 — 8p% 2 + (51p% — 10)22 — (25202 — 84)2°]

X (G(1)|Vaa])? (F.1)

Note that G(1) = h,(1). By integrating over w, we get

B(B — Dtv)
B

GQ 5
- fT”?r?’(l 4 )2 /(w2 1)1 — 8p2 2 + (513 — 10)2 — (25242 — 84)232dw
T

< (G()Val)’ (F.2)
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where 75 is the lifetime of the B meson. If we define

P = \/ A8 (F.3)

GZm5yTer3(1+r)?

P = /(w2 —1)%2(1 — 1022 + 842%)2dw (F.4)
P =2 /(w2 — 1)32(1 — 1022 + 8423) (82 — 5122 + 2522%)dw (F.5)
P = /(w2 — 1)%%(82 — 512% 4 2522°)%dw (F.6)
then
G()|Va| = CPB(B — D) *[IY — pp Iy + (pp)*15)~*/* (F.7)

Thus, using fit results B(B — D/{v) and p?%, we can calculate G(1)|V,|. We use the

following numerical values

T+ = 1.638 x 10712/6.58211915 x 1025 GeV ™!
mps = 52790 GeV

(F.8)
mpo = 1.8645 GeV

Gr =1.166371 x 1075 GeV 2

F.2  F(1)|Vy

The differential decay rate for B — D*{v decays is given in Equation (2.26). Com-
bined with CLN parametrization given in Equation (2.25), the differential decay rate
is given by
dl'(B — D*(v)
dw
_ GhlVal'ml s

yra— (w? — 1)V (w + 1)?

X [F(DP[L - 8p%2 + (53p% — 15)2% — (231p° — 91)2°2(h2 + k2 + h2) (F.9)
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Note that F(1) = hya,(1). By integrating over w, we get

B(B — D*lv) Gimjy 4 5
"D G (v

/(w2 — 1)1/2(w + 1)2(5%r + 12+ ﬁg)

x[1 —8p%z + (53p* — 15)2% — (231p* — 91)2**dw  (F.10)
Let us simplify this equation. By defining

k1= —0.12(w — 1) + 0.05(w — 1)
' ( ) ( ) (F.11)
ky = 0.11(w — 1) — 0.06(w — 1)2

we get

h% +h? + ke

+(w—r)* —2(w — )( — 1)(Ry + ko) + (w—l) (Ry + ko)®

= (1 —2wr+1?)

+(1 — 2wr + 7’2)

= (24 w? — 6wr + 3r?) + 2(1 — 2wr +r? )w—i— (R2+2k1R1+k‘)

—2(w —7)(w —1)(Ry + k) + (w — 1)*(R3 + 2k Ry + k3)  (F.12)



Thus, if we define

—1
A= (2+w2—6wr+3r2)+2(1—2wr+r2)w—kf
w41

—2(w —7r)(w — ks + (w — 1)%k;

w—1
By =4(1 -2 2
1 ( w7“+7“)w+1

w—1
D, =2(1-2 £ pu—
! ( wr+r)w+1

By = —2(w —r)(w — 1) + 2ky(w — 1)?

ki

Dy = (w— 1)

then

;Li + h% + iLg = A+ BiR; + D1R% + ByRsy + DQR%

If we further define

By = (w? — DY2(w + 1)2(1 — 1522 + 912%)?

By = 2(w? — 1)Y2(w + 1)%(1 — 1522 4 9123) (82 — 5322 4 2312%)

B3 = (w? — 1)Y2(w + 1)%(82 — 5322 + 23123)?
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(F.13)

(F.14)

(F.15)
(F.16)

(F.17)

(F.18)

(F.19)



and

and also

I, = /AEldw
I, = /AEde
I = /AE3dw
I, = | BiEjdw

I5 BlEde

&
Il
—_— T

BlE3dU}

~

7 ClEldU}

Ig ClEde

/ C’1E3dw

]10 E/BgEldU}

Iy

I, = /BQEde
Iy = /BgEgdw
= /C'QEldw
Iy = /CQEde

[15 = /CQEgdw

[ 4873
C= 2 57T 3
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(F.20)
(F.21)
(F.22)
(F.23)
(F.24)
(F.25)
(F.26)
(F.27)
(F.28)
(F.29)
(F.30)
(F.31)
(F.32)
(F.33)

(F.34)

(F.35)
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F(1)|V| = CB(B — D*w)'2[I, — Lp? + I3(p?)?
+14Ry — IsRyp” + Is Ry (p*)?
+I: R — IsR}p* + Iy R3(p°)? (F.36)
+19Ry — L1 Rop® + Lo Ry(p?)?

+[13R§ - [14R§P2 + [15R§(P2>2]_1/2

Thus, using fit results B(B — D*(v), Ry, Ry and p?, we can calculate F(1)|V,|. We

use the following numerical value in addition to the ones given in Equation (F.8)

mp«o = 2.0067 GeV (F.37)

F.3 Uncertainties

To calculate uncertainties and correlations, for simplicity, we define

y1 = G(1)[Ve|

y2 = F(1)[ Ve

ys = p?

Ya = Pp

ys = Ry

vo =1 (F.38)
T = p3

Ty = p°

r3 = Ry

T4 = Ry

rs = B(B — Dlv)
¢ = B(B — D*{v)



then, Equation (F.7) becomes
y = CPa (1P — 1Py + IPa}) ™
and Equation (F.36) becomes

Yo = C’xéﬂ[[l — Ly + 373
+1yxs — Isxswy + Igxszs
+1723 — Igriey + Igx3xd
+ 10wy — Inyzywy + Lpwans

2 2 2,.21-1/2
+[13.1'4 — [1417433'2 + [1533'4172] /

The error matrix M(y) of y; - ys is determined by

o= (55) ) (3,
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(F.39)

(F.40)

(F.41)
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where M (zx) the error matrix of x; - x4, which can be extracted from fit, and

O - C 1

9, 28 (I = 2L ) (1P = Iy + 127) ™2 (F.42)
g—z; = %x;m([? — Py + [Pa?) 2 (F.43)
g—iz = —%xé/Q(—IQ + 2Ly — I5x3 + 2161379 — Igxs + 2I9x310

— Iy w6 + 21px610 — T14x? + 2052225 F~3/2 (F.44)
g—z = —%xé/ 2(Iy — Ismy + Ioa? + 2Ly — 2Igwymy + 2gusal) F—32 (F.45)
[ 1/2

C
= —51'6 (110 — IHZEQ + Ilgl'% + 2]131[’4 — 2[141‘43[’2 + 2[15$4$%)F_3/2 (F46)

0y
g—ﬁ N %%“QFW (F-47)
g—:‘lﬁ » (F.48)
g—ﬁ B (F.49)
g_z B (F.50)
g_zz B (F.51)
where
F =1, — Ly + Isz3 + Lixs — Iywswy + Igwsad + Lol — Isades + lyrda (F.52)

2 2 2 2,..2
+Ilo$4 — 1111'41'2 + 1121'41‘2 + 1131'4 — 1141'41'2 + 1151‘41'2

and all other partial derivatives are zero.

The correlation coefficient, for example, between G(1)|Vy| and F(1)|V,| can be

calculated by

cov(y1, ya)
Oyy Oy,

(F.53)
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Appendix G

Leibovich Ligeti Stewart Wise (LLSW)

model

The LLSW model is described in [47,48]. We will summarize the part which is related
to our analysis.

The relevant kinematic variables are w and 6. This 6 is the angle between the
charged lepton and the charmed meson in the rest frame of the virtual W boson.
Thus 0 =7 — 0,,

cos = cos(m — 0y) = —cos by (G.1)

In the paper [48], they use different approximations : Approximation A and B. In
Approximation A, they treat w — 1 as order Aqcp/mg and expand decay rates in
these parameters. Thus, Approximation A is useful only when w ~ 1. This is
not appropriate to our analysis. In Approximation B, they keep the known order
Aqep/mg contributions to form factors as well as the full w-dependence of decay
rates. Thus, we consider only Approximation B.

In the paper two parameters are defined as follows

& =5 &= (G.2)




with numerical values

my = 4.8GeV, m. = 1.4GeV
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(G.3)

The difference between a hadron mass and a heavy quark mass in the first order :

A for ground state doublet (D and D*)
A’ for exited %Jr doublet (D; and Dj)
A* for exited %Jr doublet (D§ and D7)

with numerical values

A =0.4GeV

N — A =0.39GeV

A — A =0.35GeV
G.1 B — Dlgl/
The matrix elements are

< Dy (v, e)|[V*|B(v) >
A /lemB

= fv1€*“ + (fVQUN + fV3UIH)(€* . U)

< Dy (v, e)|A*|B(v) >
I(U 7€)| | (U) — ifAEuaﬁ’ygzvlgU/

Y
VM p,MpB

The differential decay rate is

d2F 1 .
2 = 3TorvVa? = L{sin®(w — 1) fy + (w0 = 1) (frs + 1 fia)P
+(1 = 2rw 4 r)[(1 + cos® ) (f7, + (w? —1)f3)
—4 cos OV w? — 1fy, fal}
where
_ GplVal'mi ry = D1

19273 7 mp

(G.5)

(G.8)
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In approximation B, the form factors are given by

V6fa = —(w+ D1 —ep{(w =X+ A)7 — Quw+ 1)1 — n] + (w + L)y}
—ec[4(wA = A)7 = 3(w — 1)(11 — 72) + (w + 1) (me — 2 — 3n3)]
V6fy, = (1 —w?)71—ep(w? — DA + A7 — Q2w+ 1)1 — 75 + 1)
—c[A(w+ 1) (wA — A)7 — (w? — 1)(37 — 370 — Nhee + 271 + 313)]
V6fy, = =37 —=3&[(N+A)7 — 2w+ 1)1 — 72 +m)
—e[(4w — )71 + 579 + 31pe + 107 + 4(w — 1)y — 5n3))]
Vofu, = (w=2)7+e{2+w)[(A+ A7 = 2w+ 1)r — 1] — (2 — w)m}
ted(wA — A7+ (2+w) + (2 + 3w)m

+(w = 2)Ne — 2(6 + w)m — 4(w — 1)ny — (3w — 2)n;3]
(G.10)

where 7 is the leading m¢g — oo Isgur-Wise function, which is assumed to be a linear

form:
T(w) =7(1)[1 + 7' (w — 1)] (G.11)
where
, dr o, T
7= T e =y (G.12)

The uncertainty in the Agcp/mg corrections is parametrized by 7, and 7o.
In Approximation By,

T — O, Ty = 0 (G].?))

In Approximation Bs,

n=Ar, m=—A7 (G.14)

These are the two end values of 71 and 7. True 7, and 7 reside somewhere in

between.
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7; comes from the correction to the HQET Lagrangian. In Approximation B,
m="n2=13= (G.15)
Also, in this Approximation, n%b) = néb) = néb) = 0. Thus
(®)

b b b b
=0+ 6n — 2w — )ny + " = n? (G.16)

Hence, the form factors are

VBfa = —(w+1)(7+ e + eon?)) — ep(w — D[N + A7 — (2w + 1)1 — 7]
—50[4(11)1_\’ — /_\)7' —3(w—1)(r1 — )]
VBfu, = (1= w?) (7 +eampe +eme) —ap(w? = DA + A7 — (2w + 1)1y — 7]

—ecd(w + 1) (wA — A)7 — 3(w? — 1) (1 — 7)]
V6fy, = —3(1+ e + £on)) — 3e[(N + A7 — (2w + 1)1, — 7]
—66[(4111 — 1)7'1 =+ 57'2]
VBfy, = (w—2)(T + ceipe + 1) + 65(2 + 0)[(A + A7 — (2w + 1)1y — 7]

tefd(wN — AT+ (2 + w) + (2 + 3w) 7
(G.17)

e and 771(<Z) can be absorbed into 7 by the replacement of 7 by

T=T4 €Mk + 6(,7]1({? (G.18)
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Thus, the form factors are

V6fa

\/ng1

\/éf Va

\/éf V3

—(w+1)7 —gy(w — D[N + A)7 — Qw + 1)1y — 7]

—ec[4(wA = N7 = 3(w = 1)(11 — )]

(1 = w7 —ep(w? = DA+ A)7 — (2w + 1)1y — 7

—e [4(w + 12(w/_\i— A1 = 3(w? = 1) (11 — 72)] (G19)
37 — 3 [(M + A7 — (2w + 1)1 — 7]

—e.[(4w — 1)1 + 579

(w = 2)7 + (2 + w)[(N + A)7 — 2w + 1)1y — 7]

+gc[4(wl_\’ — 1_\)7 + (2 4+ w)m + (2 + 3w) 7]

The other 7 can also be replaced by 7 in the same order of approximation. For

simplicity, we omit the tilde, then

V6fa

\/ng1

\/éf Va

\/éf V3

—(w+ D7 —ey(w = DA+ A)7 = (2w + )7y — 7]

—ec[4(wA = N7 = 3(w = 1)(11 — )]

(1 = w1 —ep(w? = DA+ A)7 — (2w + 1)1y — 7

—e.[4(w + 12(w/_\i— M) =3(w? = 1)(r1 — 72)] (G.20)
=37 = 3[(N + A)7 — 2w + 1)1 — 73]

—e.[(4w — 1)1 + 579

(w—2)7 + (2 + w)[(N 4+ A)7 — (2w + 1)1y — 7]

te[d(wA — N7 4 (2 +w)r + (2 + 3w) 7

The numerical value for the slope is

#=-15+05 (G.21)
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G.2 B — Dilv

The matrix elements are

< Di(v',e)|VH*|B(v) >

= iky e’ _vTugn! G.22
TG iky e ey ,v7vg0 ( )
D3 (v, e)|A*|B
< D3(v',e)|A*|B(v) > = ka, e vy + (ka,v" + kASU/u)gzﬂvavﬂ (G.23)
N
The differential decay rate is
d?T px .
dwdiia = 3Lor3(w® — 1)3/2{% sin? 0(w — ra)ka, + (w? — 1) (kag + raka,)]”
+(1 = 2row + 73)[(1 + cos? 0) (K4, + (w? — 1)k{,) — 4 cosOvw? — 1ky, ky]}
(G.24)
where
ry = 03 (G.25)
mpg

In Approximation B, the form factors are given by

ky = —7 —e[(N + A7 — Qw4 1)1y — 7 + ) — €71 — T2 + T — 2001 + 13)

ka, = —(1+w)T — e {(w — D[N + N7 — 2w+ 1)1 — 7] + (1 +w)m}
—ec[(w = 1)(11 = 72) + (w + 1) (e — 21 + 13)]

ka, = —2¢e.(11 + 12)

ka, =T+ &[N+ A7 — Q2w+ 1)1 — 7o + 1)

—ee(T1 + T2 — Ne + 21 — 212 — 13)
(G.26)



We use the same tricks for ns, then

ky = -1 — &[N+ M7 — Qw+ 1)1 — 7] — ee(m1 — T2)

ka, = —(1+w)T —ep(w — D[(A +A)7 — 2w+ 1)11 — 7]
—eo(w —1)(1 — 72)

kAQ = —2607'1

kAg =7+ 65[(/_\/ + /_\)T — (2w + 1)7'1 - 72] - 66(7_1 + 7_2)

G.3 B — Dilv

The matrix elements are

< D§(v',e)|VH|B(v) >
N

=0

< Dj(v' )| A¥| B(v) >
N

The differential decay rate is

— gu (v + ") + g_ (¥ — ")

d*T' ps

S = 3y (w? = 1) sin?0[(1 + r5) gy — (1= rg)g-
where
« MDDy

In Approximation B, the form factors are given by

g = e |2w = 1)G - 3R] - gy KON o — )¢ |

g- = (+eclXre +6x1 —2(w+ 1)xa] + oXxp
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(G.27)

(G.28)

(G.29)

(G.30)

(G.31)

(G.32)



We can use the same tricks for ys as ns, then
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g = e [0 =D -3 - [KeRRREc 2w G|
g- = ¢
where
w—+1
() = “ () (G.31)
Thus,
CL 4w = 1)] = =D ()1 4 #/(w — 1)
~ S (1)[2 427 (w — 1) + (w — 1)] (G.35)
= Zr(1) [1+ (' +3) (w—1)]
Hence
"
€(1) = (G.36)
(=14+#=-1£05
In Approximation By,
=0, (=0 (G.37)
In Approximation Bs,
G =AC, G =—A% (G.39)

These are the two end values of (; and (s.

between.

G.4 B — Dilv

The matrix elements are

< Di(v',e)|VH*|B(v) >
R /mDImB

< Di(V',e)|A*|B(v) >
N

= ngg*M + (gV2UM + gV3vlu)(8

True ¢; and (5 reside somewhere in

) (G.39)

(G.40)

L ehaBy o* !
1gA€ €a?)g’l),y
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The differential decay rate is

d2T p* ‘ . )
dwdcié@ = BFOT?m{SHP 9[(w - 7’1)9V1 + (U}2 - 1)(gV3 + 7'19%)]2 (G 41)
(1= 2rfw + 1) [(1+ cos” 0) (g8, + (w? = 1)g3) — dcosOv/w? = Tgv,ga]}
where
mDT
1= G .42
1 mpg ( )

In Approximation B, the form factors are given by

ga=C(+e [“’ﬁ‘f@ + Xiee — 2X1} — & [A*(Qwﬁiﬁ(w”k —2(w —1)¢; — Xb]
gv = (w = 1)¢ + e [(wA* = A)¢ + (w — 1) (xxe — 2x1)]
—ep [(A*(2w + 1) = AMw +2))¢ = 2(w® = 1)¢1 — (w — 1)xp]
gva = 2e.(C1 — X2)
g, = —C — e [wﬁl’lﬁé +201 + Xie — 2X1 + 2Xz]
te, [A*(Qw?ﬁﬂ(wu)c —ow —1)¢1 — Xb]

(G.43)
We use the same tricks for ys, then
ga=C—te, [w:‘;:l/‘\ } . [[\*(Qw-i-ul}:_—l/_\(w-‘r@( — 2w — 1)@}
g = (w = 1)+ ec(wA* — A)
—ep [(A*2w + 1) — A(w +2))¢ — 2(w? — 1
b [(A%( ) = A( )¢ —2( )i (@.44)

v, = 2.1
gy = —C — e [+ 20

te, [A*(thi)—;lA(erQ)C 2w — 1)(1]
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