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CHAPTER 1

Introduction

The term “semileptonic decay” may sound exotic to persons not be-
longing to the small group of particle physicists. In fact, semileptonic
decays are a very common phenomenon in nature. For example, the β
decay

14
6C→ 14

7N + e− + ν̄e . (1.1)

is a semileptonic decay. At the scale of the constituents of the atomic
nucleus, the process is described as a neutron (n) decaying to a proton
(p),

n→ p + e− + ν̄e . (1.2)

In particle physics, the proton and the neutron are not elementary, but
composed of so-called up (u) quarks and down (d) quarks with p = uud
and n = udd. In this picture, the process is expressed as a d quark
decaying into a u quark,

d→ u + e− + ν̄e . (1.3)

Since no substructure of the quarks has been found yet, the described
process changes an intrinsic property of matter. This property is called
“flavour”. The particles u, d, e− and νe suffice to describe ordinary mat-
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Figure 1.1: The elementary particles of the standard model. Figure taken from
Ref. [1].

ter on earth. In the last century, however, heavier copies of these ele-
mentary particles (and their anti-particles) were discovered (see Fig. 1.1).
These heavy relatives are produced in collisions of high-energy particles
from extraterrestrial sources with particles in the Earth’s atmosphere or
they are produced at dedicated particle collider experiments. In this
thesis, semileptonic decays of Bs mesons produced at KEK1 in Tsukuba,
Japan, are investigated. The Bs meson is composed of a b̄s quark pair2.
In semileptonic decays, or more generally, in charged weak decays,
quarks prefer to decay to the partner quark from the same generation.
The mass of the b quark is, however, two orders of magnitude smaller
than the mass of its partner, the t quark. A decay within the same gen-
eration is thus energetically not allowed and the b quark can only decay
into a quark of the first or second generation. Among these, the decay

b̄→ c̄ + e+ + νe , (1.4)

is the most likely. This transition has been studied already in great
detail by analysing the decays of B0 = b̄d and B+ = b̄u mesons (for

1 KEK = kō-enerugī kasokuki kenkyū kikō = High Energy Accelerator Research Organ-
ization

2 A horizontal line above a particle name denotes the corresponding anti-particle, b̄ is for
example the anti-beauty quark.
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a review see Ref. [2]). What is the motivation to additionally study
semileptonic Bs decays? The simple answer is: because they have not
been studied yet in detail. Table 1.1 reviews the state of the art of
semileptonic Bs decays before this thesis was started.

In this thesis, the decays Bs → DsX`ν and Bs → D∗sX`ν are invest-
igated, where the symbol X stands for an arbitrary number (including
zero) of additional hadrons and photons in the final state. The meas-
urement of the yield of Bs → DsX`ν decays also allows for a precise de-
termination of the number of Bs mesons contained in the Belle data set.
Moreover, the Bs → X`ν branching fraction is measured. This quantity
has been measured before, but its precision has to be improved to be
comparable to their equivalent in B3 decays.

The fact that one can measure “something new” does not justify for
a physicist the effort to carry out a measurement; there has to be some
deeper connection to the understanding of the physical laws govern-
ing the world. In general, semileptonic B(s) decays allow for an extrac-
tion of the transition probability of a b̄ to a c̄ quark in processes of the
charged weak interaction. This transition probability is expressed in
the standard model of particle physics by the complex element Vcb of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Being a fundamental
physical constant, Vcb cannot be derived from first principles; it has to
be determined experimentally and semileptonic B(s) decays are partic-
ularly suited for this purpose. There is however an obstacle in the way:
the b̄ quark cannot be investigated as a free particle because it is con-
tained in a bound state of a B0 = b̄d, B+ = b̄u or Bs = b̄s meson held
together by the strong interaction. These strong forces are described
by the theory of Quantum Chromodynamics (QCD). A good under-
standing of the impact of QCD processes on semileptonic B(s) decays
is crucial for the determination of Vcb. This is exactly where studies of
semileptonic Bs decays become important. QCD itself is insensitive to
the quark flavour, i.e. it does not matter if the decaying b̄ quark is con-
tained in a B or a Bs quark. This behaviour is described by SU(3)flavour
symmetry. However, while the masses of the u and d quarks are com-
parable, the s quark is significantly heavier. QCD predicts that the dif-
ferences between semileptonic B and Bs decays caused by this breaking

3 The notation “B” denotes in this thesis the non-strange b-flavoured mesons B0 and B+.
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1 Introduction

Mode Branching fraction [%] Experiment
B(s) → Xeν 10.0 ± 1.0 CUSB [3]
Bs → X`ν 10.2 ± 1.2 Belle [4]
Bs → X`ν 9.5 ± 2.7 BaBar [5]
Bs → Ds1(2536)Xµν;
Ds1 → D∗K

0.25± 0.07 D0 [6]

Bs → Ds1(2536)Xµν;
Ds1 → D∗K

0.43± 0.17 LHCb [7]

Bs → Ds2(2573)Xµν;
Ds2 → D0K

0.26± 0.12 LHCb [7]

Table 1.1: Measurements of semileptonic Bs decays before the research carried
out in this thesis.

of SU(3)flavour symmetry are small. The experimental test of this pre-
diction can provide a confirmation and is an additional cross-check of
QCD.

The thesis is organised as follows: It starts with a brief review of the
theoretical background of semileptonic Bs decays in Chapter 2. This is
followed by a description of the Belle detector (Chapter 3) and the col-
lected data samples (Chapter 4). In Chapter 5, it will be explained how
semileptonic Bs decays are reconstructed. The measurements of the
“semi-inclusive” Bs → D(∗)

s X`ν and the “inclusive” Bs → X`ν branching
fractions are documented in Chapters 6 and 7, respectively. The results
are discussed in Chapter 8 and a brief outlook on future possible meas-
urements of semileptonic Bs decays is given. Finally, the conclusions of
this thesis are presented in Chapter 9.
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CHAPTER 2

Theoretical framework

The standard model of particle physics describes processes at very small
scales, at the size of the proton (≈ 1 fm) and below. It provides the cur-
rently best description of the interactions between the building bricks of
matter which are the fermions (spin 1

2 particles) shown in Fig. 1.1. Spin-
1 Bosons exchanged between the fermions describe the electromagnetic,
weak and strong interactions observed in nature. An additional spin-0
boson, the Higgs particle, generates the particle masses. The standard
model is a quantum field theory with a gauge symmetry described by
the gauge group

SU(3)colour × SU(2)weak ×U(1)Y . (2.1)

The group describes transformations in the space of the associated char-
ges: colour, weak isospin and weak hypercharge, respectively. In the
following, the relevant concepts for measurements of semileptonic Bs
decays are briefly introduced.
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2 Theoretical framework

Process Participating fermions Gauge bosons (Mass)
Electromagnetic Electrically charged γ (massless)
Charged weak Left-handed W+, W− (80 GeV)
Neutral weak All Z0 (91 GeV)

Table 2.1: Processes of the elektroweak interaction.

2.1 Electroweak interaction

The group SU(2)weak ×U(1)Y represents the electroweak interaction and
unites the following processes: the electromagnetic interaction respons-
ible for example for the binding of the electrons to the atomic nucleus,
the charged weak interaction modifying the particle flavour and the
neutral weak interaction describing for example elastic neutrino scat-
tering. The processes differ in the kind of fermions that participate in
them and in the masses of the exchanged gauge bosons, as summarised
in Table 2.1.

The gauge bosons A, W+, W− and Z0 observed in nature are not
identical to the gauge bosons W1, W2, W3 and B of the symmetry group
SU(2)weak ×U(1)Y, but they are a superposition of these states:

W± = 1/
√

2
(
W1
±W2

)
, (2.2)

Z = − sinθWB + cosθWW3 , (2.3)

A = cosθWB + sinθWW3 . (2.4)

Here, θW denotes the Weinberg angle defined by

tanθW =
g′

g
(2.5)

6



2.1 Electroweak interaction

with the coupling constants g and g′ of the weak isospin and the weak
hypercharge, respectively. The coupling constant g is usually expressed
in the literature by the Fermi constant [8]:

GF =

√
2

8

( g
MW

)2
= 1.1663787(6) × 10−5 GeV−2 . (2.6)

The problem of relating electromagnetic and weak processes via Equa-
tions 2.2, 2.3 and 2.4 is that the mediator of the weak interaction, the
photon A, is massless, but the gauge bosons of the weak interaction, W±

and Z0, are very massive. This “unnaturalness” can maybe be accepted,
but the presence of mass terms for the W± and Z0 bosons in the standard
model Lagrangian breaks the gauge invariance under SU(2)weak×U(1)Y
transformations. This problem can be solved using the concept of a
spontaneously broken symmetry. For this, the additional Higgs field,
Φ, is introduced which is invariant under SU(2)weak ×U(1)Y transform-
ations. The symmetry is spontaneously broken if one requires that the
vacuum expectation value of the field is different from zero:

〈|Φ|〉 =
1
√

2
v . (2.7)

To generate the masses of the W± and Z0 bosons, a minimum of two
complex scalar fields is necessary,

Φ =

(
Φ+

Φ0

)
. (2.8)

The W± and Z0 masses are related to the vacuum expectation value, v,
via

MW± =
g
2

v , MZ0 =

√
g2 + g′2

2
v . (2.9)

The introduction of the Higgs field implies the existence of an addi-
tional particle, the Higgs boson. The Large Hadron Collider (LHC) ex-
periments recently found a boson at a mass of MH = [125.9 ± 0.4] GeV,
which has properties compatible with the long sought-for Higgs bo-
son [8–10].

7
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b
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-

-
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Vcb

ν

Figure 2.1: Example of quark flavour change through the weak interaction.

The discussion in the following focuses on the charged weak inter-
action. Processes of the charged weak interaction have the property
to maximally violate parity, i.e. only left-handed1 fermions and right-
handed anti-fermions participate in the interaction [11]. This is a strong
statement because it refutes the intuitive expectation that the mirror
picture of a physical process is always a valid physical process. An ex-
ample for a charged weak process, a semileptonic decay, is depicted in
Fig. 2.1. An anti-beauty quark decays into an anti-charm quark under
the emission of a W+ boson which subsequently decays into a lepton-
anti-lepton pair. The transition amplitude of the process is proportional
to the W± propagator

− i
gµν − qµqν/M2

W±

q2 −M2
W±

, (2.10)

where q is the four-momentum transferred by the W+ boson. For values
of |q2

| much smaller than M2
W± , the propagator can be approximated

very well by
gµν

M2
W±

. (2.11)

1 The term “left-handed” refers to an intrinsic property of a particle. For massless
particles, left-handedness is equivalent to an anti-parallel orientation of the spin and
the flight direction.
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2.1 Electroweak interaction

The fermion vertices contribute each a factor

−ig
√

2
v̄Lγ

µuL (2.12)

to the transition amplitude, where γµ are the Dirac matrices and v̄L, uL
are the left-handed spinors which form doublets of the weak isospin.
In the the case of leptons, the doublets are composed of pairs of the
charged and neutral leptons from the same generation,(

e
νe

)
L

,
(
µ
νµ

)
L

,
(
τ
ντ

)
L

. (2.13)

The “L” signifies that the fermions of the doublet are left-handed. The
assignment of same-generation quark pairs to weak isospin doublets,(

u
d

)
L

,
(
c
s

)
L

,
(
t
b

)
L

, (2.14)

is not correct; for example, the b̄ → c̄ transition depicted in Fig. 2.1
would be forbidden as the b̄ and c̄ quarks stem from different gen-
erations — the process, however, takes place at a relatively high rate.
The reason for this is that the quark mass eigenstates, q, and the quark
flavour eigenstates, q′, are not identical: a mass eigenstate cannot be
identified with one single flavour eigenstate, but contains a mixture of
multiple flavours. The relation between mass and flavour eigenstates is
given by the CKM matrix, Vi j:d′

s′

b′

 =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


d
s
b

 . (2.15)

The weak isospin quark doublets are in this formalism given by(
u
d′

)
L

,
(

c
s′

)
L

,
(

t
b′

)
L

. (2.16)

9



2 Theoretical framework

The CKM parameters cannot be derived from first principles, but they
are fundamental parameters of the standard model and have to be de-
termined experimentally. The absolute values of the complex CKM
matrix elements obtained from a fit to the available measurements are [8]:

|Vi j| =

0.974 0.225 0.004
0.225 0.986 0.041
0.008 0.040 0.999

 . (2.17)

The magnitudes of the CKM matrix elements describe the coupling
strength of the W boson to a particular quark pair, i.e. they modify
the weak coupling constant by a factor |Vi j| for quarks as compared to
leptons. The change of quark flavour evoked by the charged weak in-
teraction happens most likely within the same quark generation, less
likely between the first and second, or the second and third generations
and very unlikely between the first and the third generations. In the
example of Fig. 2.1, the decomposition of the mass eigenstate b̄ into fla-
vour eigenstates reads

b̄ = V∗ubd̄′ + V∗cbs̄′ + V∗tbb̄′ . (2.18)

It is the small admixture of size |Vcb| of anti-strange flavour, s̄′, in the b̄
state that makes the observed decay of the b̄ quark to a c̄ quark possible.

The CKM matrix is unitary which reflects the conservation of probab-
ility in weak processes. A complex 3 × 3 matrix is in general described
by 2× 3× 3 = 18 real numbers. The unitarity conditions,∑

k=d,s,b

VikV∗jk = δi j , (2.19)

constrain the number of parameters of the CKM matrix to 32 = 9 real
numbers. Each of the 6 external quark fields can absorb one complex
phase. However, one global phase remains, so the total number of in-
dependent parameters is reduced by 6− 1 = 5. In conclusion, the CKM

10



2.1 Electroweak interaction

1

2

3

Figure 2.2: The unitarity triangle defined by Eq. 2.22. There are two naming
conventions for the angles introduced by the experiments Belle (φ1, φ2, φ3) and
BaBar (α, β, γ). Figure taken from Ref. [8].

matrix is described by 9 − 5 = 4 real numbers. A common representa-
tion uses three “rotation angles” θ12, θ23, θ13 and one phase factor δ:

c12c13 s12c13 s13e−iδ13

−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13

 , (2.20)

where ci j and si j stand for cosθi j and sinθi j, respectively. The phase
factor δ determines the amount of CP violation in the standard model.
One of the unitarity conditions from Eq. 2.19 is:

VudV∗ub + VcdV∗cb + VtdV∗tb = 0 . (2.21)

This condition can be represented as the triangle depicted in Fig. 2.2,
where the point (ρ̄, η̄) is given by

ρ̄+ iη̄ = −
VudV∗ub
VcdV∗cb

. (2.22)

The sides and the angles of the triangle can be constrained experi-

11
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Figure 2.3: Constraints on the unitarity triangle from different measurements
and the fit result obtained by the UTfit collaboration [12]. A similar fit is per-
formed by the CKMfitter collaboration [13].

mentally, for example by measurements of the semileptonic B decays
(|Vub/Vcb|), measurements of B(s) meson mixing (∆md, ∆ms) or the meas-
urement of the direct CP violation of the kaon system (εK). Figure 2.3
shows the result of a fit to the available measurements and demon-
strates that they are compatible with the unitarity of the CKM matrix.

One implication of the CKM mechanism is that Bs = b̄s and B0 = b̄d
mesons can “oscillate” into their anti-particles, B̄s = bs̄ and B̄0 = bd̄,
respectively, via the box diagrams depicted in Fig. 2.4. In the following,
the mixing of Bs mesons is discussed; the reasoning is analogous for

12



2.1 Electroweak interaction

b̄
W+

W−
q

q̄

b

Wt t W

b̄

q b

q̄

t

t̄

Figure 2.4: The leading order diagrams for Bq (q = d, s) mixing.

B mesons. The heavy and light mass eigenstates, Bs,H and Bs,L, are a
mixture of the flavour eigenstates Bs and B̄s:

|Bs,L/H〉 = p|Bs〉 ± q|B̄s〉 , (2.23)

where p and q are complex numbers. The time evolution of a flavour
eigenstate |Bs〉 can be written as [8]:

|Bs(t)〉 = g+(t)|Bs〉+
q
p

g−(t)|B̄s〉 . (2.24)

The time-dependent oscillation probability is given by2

|g±(t)|2 = e−Γt/2
[
1± cos

(∆m
Γ

Γt
)]

, (2.25)

where Γ is the average width of the heavy and light mass eigenstates
and ∆m is the mass difference between the two states. The small differ-
ence of the width, ∆Γ = ΓL − ΓH between the heavy and the light state
can be neglected. At Belle, Bs mesons are produced in B(∗)

s B̄(∗)
s pairs

which are coherent C = ±1 states, where C are the eigenvalues of the
charge conjugation operator. Therefore the expression for the B(∗)

s B̄(∗)
s

state needs to be symmetrised:

|Bs(t1)B̄s(t2)〉 =
1
√

2
(|Bs(t1)〉 ⊗ |B̄s(t2)〉+ C|B̄s(t1)〉 ⊗ |Bs(t2)〉) . (2.26)

2 This assumes |q/p| = 1, i.e. the absence of CP violation in mixing, which is confirmed
by measurements (within the experimental uncertainties) [8].
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2 Theoretical framework

From this, one can derive the time integrated mixing probability, i.e. the
probability that the two Bs mesons decay with the same flavour [14]:

χ
(C)
s =

x2
s (x2

s + 2 + C)
2(1 + x2

s )
2

, (2.27)

which depends only on the quantity xs = ∆m/Γ = 26.85± 0.13 [8]. The
mixing parameter is different for B0 mesons: xd = 0.774± 0.008 [8]. For
Bs mesons, the parameter x is so large that χ(−) ≈ χ(+)

≈ 50 %. For B0

mesons, different mixing probabilities are obtained depending on the C
eigenstate of the B0B̄0 pair: χ(−)d = 18.7 % and χ(+)

d = 42.2 %.

2.2 Strong interaction

Quarks and anti-quarks are held together in mesons (qq̄) and baryons
(qqq) by the strong interaction. The theory of the strong interaction is
QCD with the (non-abelian) symmetry group SU(3)colour. The quarks
carry a colour charge, “red”, “green” or “blue”; the anti-quarks one of
the respective anti-colours. The exchange particles of the strong inter-
action, the massless gluons, carry themselves colour charges and thus
couple to each other. The self-coupling of the gluons induces an anti-
screening effect making the coupling at large distances, i.e. small mo-
mentum transfers, q2, very large. This leads to the “confinement” of
the quarks in hadrons. The confinement provides an explanation why
so far no coloured objects have been observed in nature. At small dis-
tances, i.e. high momentum transfers, q2, the effective coupling con-
stant becomes negligible and the quarks can be described as free partic-
les, a phenomenon which is referred to as “asymptotic freedom”. The
effective strong coupling constant is given by:

αs(q2) =
12π

(33− 2n f ) ln
(

q2

Λ2
QCD

) , (2.28)
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2.2 Strong interaction

where n f is the number of quark flavours, q is the momentum trans-
ferred in the interaction and ΛQCD is defined by the typical length scale
of a hadron,

1
ΛQCD

≈
1

200 MeV
≈ 1 fm . (2.29)

The condition q2
� ΛQCD defines the regime, where the strong coup-

ling constant is small enough that the quark dynamics can be calculated
perturbatively, i.e. as an expansion in powers of αs.

The strong interaction is insensitive to the flavour of the quarks. There-
fore, processes of the strong interaction are in principle invariant under
the exchange of the quark flavour. This symmetry is, however, not as
fundamental as the gauge symmetries and in fact it is broken due to the
different masses of the quarks. The scale ΛQCD divides the six quark
species into light quarks (q = u, d, s) and heavy quarks (Q = c, b, t):

mq < ΛQCD < mQ . (2.30)

The symmetry of the light quarks is described by the group SU(3)flavour.
Therefore, the pseudo-scalar mesons can be arranged graphically in an
octet and a singlet according to the value of the third component of the
strong isospin, Iz, and the strangeness quantum number, S, as depicted
in Fig. 2.5 (a). The breaking of SU(3)flavour symmetry manifests itself in
the different meson masses due to the different masses of the constitu-
ent quarks. Neglecting the categorisation into light and heavy quarks,
the diagram can be extended by adding additional dimensions for the
charm and beauty quantum numbers, C and B. Figure 2.5 (b) illustrates
this for the quantum number B. Although this extension does not make
sense along the B axis, the SU(3)flavour symmetry within the B = ±1
planes is a good approximation and this will become important later in
the discussion of semileptonic B(s) decays.

The B(s) mesons as well as the D(s) = c̄q (q = u, d, s) mesons are
so-called heavy-light states because they are composed of a heavy and
a light quark. The large masses of the heavy quark, mQ, implies that
the associated Compton wavelength, λQ ∼ 1/mQ, is small compared to
1/ΛQCD and therefore, relativistic effects such as colour magnetism in
bound states become small [15]. Such relativistic effects are solely re-
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2 Theoretical framework

sponsible for the coupling of the heavy quark spin to the rest of the
strongly interacting system. In the approximation of infinite heavy
quark mass, the spins entirely decouple [15] and therefore the meson
wave function can be factorised:

|Ds, sc, ss〉 ≈ |c, sc〉|s, ss〉 , (2.31)

where sc and ss are the spins of the c and s quark, respectively. An
experimental hint of the decoupling of the heavy-quark spin is the small
mass splitting between the cs̄ states Ds (spin 0) and D∗s (spin 1) [15],

mD∗s −mDs = 144 MeV , (2.32)

compared to the large mass splitting of the ud̄ states π (spin 0) and ρ
(spin 1),

mρ −mπ = 635 MeV . (2.33)

The decoupling of the quark spins corresponds to a new symmetry, the
heavy quark symmetry.

In addition to the D∗s excitation, there are also higher excitations of the
Ds meson. The most important are: D∗s0(2317), Ds1(2536), D′s1(2460) and
D∗s2(2573). In this thesis, they are denoted by “D∗∗s ”. Figure 2.6 shows
an overview of the Ds mass spectrum.

2.3 Semileptonic decays

The process depicted in Fig. 2.1 where the virtual W boson decays to a
lepton pair, `+ν, are ideal to extract the magnitude of the CKM matrix
element Vcb, because the decay matrix element factorises into a leptonic
and a hadronic component (neglecting higher-order electroweak cor-
rections). The replacement of the `+ν pair in the final state with an
anti-quark-quark pair, q̄q, would, in contrast, involve additional QCD
effects causing unnecessary complications in the |Vcb| extraction. How-
ever, even the process b̄ → c̄`ν cannot be observed in a “QCD-free”
environment because the b̄ and c̄ quarks are bound in hadrons due to
the confinement. In the decays investigated in this thesis, the b quark
is contained in a Bs = b̄s meson and consequently in most cases there
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Figure 2.5: Arrangement of pseudoscalar mesons in geometrical structures. (a)
Two-dimensional representation of the light spin 0 mesons (“eightfold way”).
The blue axes are the z-component of the isospin, Iz and the strangeness, S. (b):
Extended version with “beauty”, B, as third dimension. Figures adapted from
material available in the public domain.
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2 Theoretical framework

is a Ds = c̄s meson in the final state. Figure 2.7 shows the Feynman
diagram of this process. Although the light s quark is only a spectator
of the weak process, the heavy b and c quarks “feel” their light partner
via the strong interaction.

There are two ways of studying semileptonic B(s) decays and determ-
ining |Vcb|. The first way is the exclusive approach, where a specific
hadron in the final state is reconstructed. The second way is the in-
clusive approach, where the hadron in the final state is not explicitly
reconstructed and rather the sum of all possible hadrons in the final
state is studied. The two approaches are complementary in the sense
that different experimental techniques and theoretical descriptions are
used.

2.4 Exclusive semileptonic decays

The extraction of |Vcb| from exclusive measurements of semileptonic
B(s) decays requires the knowledge of form factors describing the influ-
ence of QCD effects in the transition matrix elements. The form factors
also are necessary ingredients for the modelling of the signal kinematic
distributions in the measurement. The form factors, hi, depend on the
“recoil” energy, ẼD(s)

3, of the final state hadron with mass mD(s) . Usu-
ally, they are expressed as a function of

w = v · v′ =
ẼD(s)

mD(s)

, (2.34)

where v and v′ are the Bs and D(∗)
s four-velocities. The parameter w can

also be expressed in terms of the four-momentum, q, transferred to the
lepton-neutrino pair in the semileptonic decay:

w =
mBs + m

D(∗)
s
− q2

2 ·mBs ·mD(∗)
s

. (2.35)

3 The “˜” symbol signifies that the quantity is calculated in the rest frame of the B(s)
meson.
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2.4 Exclusive semileptonic decays

In the following, the Bs → D(∗)
s `ν form factors are given in a notation

especially tailored to facilitate their interpretation. For this, the weak
current jµ = ūγµ(1−γ5)u is introduced in Eq. 2.12 with the vector com-
ponent jµV = ūγµu and the axial component jµA = ūγµγ5u. For the decay
mode with the pseudoscalar Ds meson in the final state, only the vector
component contributes,

〈Ds(v′)|c̄γµb|Bs(v)〉
√

mDsmBs

= h+(w)(v + v′) + h−(w)(v− v′)µ , (2.36)

while for the mode with the vector D∗s meson, both the vector and the
axial components contribute [16]:

〈D∗s(v′, ε)|c̄γµb|Bs(v)〉
√mD∗s mBs

= ihVε
µαβγε∗αv′βvγ , (2.37)

〈D∗s(v′, ε)|c̄γµγ5b|Bs(v)〉
√mD∗s mBs

= hA1(w)(w + 1)ε∗µ −
[
hA2(w)vµ+ (2.38)

hA3(w)v′µ)(ε∗ · v
]

, (2.39)

where εµ is the polarisation vector of the D∗s meson and εµαβγ is the
Levi-Civita symbol. Defining r(∗) = m

D(∗)
s

/mBs , the differential decay

rates read

dΓ
dw

(Bs → Ds`ν) =
G2

F|Vcb|
2m5

Bs

48π3 (w2
− 1)3/2r3(1 + r)2

|ηEWV1(w)|2 ,

(2.40)
with

V1(w) = h+ +
( 1− r

1 + r

)
h− , (2.41)
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and

dΓ
dw

(Bs → D∗s`ν) =
G2

F|Vcb|
2m5

Bs

48π3 (w2
− 1)1/2(w + 1)2r∗3(1− r∗)2

×[
1 +

4w
w + 1

1− 2wr∗ + r∗2

(1− r∗)2

]
|ηEWF (w)|2 , (2.42)

with

F (w)2 =
[
2(1− 2wr∗ + r∗2)

(
h2

A1
+

( w− 1
w + 1

)
h2

V

)
+

(
(1− r∗)hA1+

(w− 1)(hA1 − hA3 − r∗hA2)
)2

]
×

[
(1− r∗)2+

4w
w + 1

(1− 2wr∗ + r∗2)
]−1

. (2.43)

The factor
ηEW = 1.007 (2.44)

corrects for small effects of the electroweak interaction, e.g. photons ra-
diated of the charged lepton. Equation 2.40 describes the full kinematics
of Bs → Ds`ν decays, while the differential decay width of Bs → D∗s`ν
decays also has a non-trivial dependence on the angles between the de-
cay products which have been integrated out in Eq. 2.42. These angles
which are also shown in Fig. 2.8 are defined as follows:

• θ` — the angle defined between the direction of the lepton in
the virtual W rest frame and the direction of the W in the Bs
rest frame. This angle is of particular importance, because it is
directly linked to the final state lepton momentum distribution,
which will be used in the analyses for the signal extraction.

• θV — the polar angle in the rest frame of the D∗s meson between
the momentum of the Ds meson from the D∗s decay and the direc-
tion opposite to the W boson.

• χ — the angle between the plane defined by the decay of the D∗s
meson and the plane defined by the decay of the W boson.
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Figure 2.7: Feynman diagram of the decay Bs → Ds`ν. The curly lines illustrate
the gluon exchange between the heavy (b, c) and the light (s) quark. The gluon
lines are only an example how the interaction between the quarks could look
like.
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Figure 2.8: Angles defined between the decay products of the Bs → D∗s`ν decays.
Adapted from Ref. [17].
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2.4.1 Interpretation of the form factors in the limit of
infinite heavy quark masses

The differential decay rates and form factors presented above are given
in a generic, model-independent way. In order to extract |Vcb| from the
measured decay rates it is necessary to determine the numeric values
of the form factors and their dependence on the recoil w. For this, one
starts with the approximation that the mass of the heavy b and c quarks
is infinite. The remaining content of the meson, consisting of the light
anti-quark, the gluons and light qq̄ pairs, is subsumed under the term
“light degrees of freedom”. The approximation of infinite heavy quark
masses, mb and mc, makes only sense if the momentum transfer to the
light degrees of freedom, q2

light, is small in comparison. This is the case
because the light degrees of freedom move with the velocities of the
mesons, v and v′, from which the order of magnitude of q2

light can be
estimated by [16]:

q2
light = (plight − p′light)

2 = (ΛQCDv−ΛQCDv′)2 = 2Λ2
QCD(1−w) ≤ mb,c .

(2.45)
In the heavy-quark limit, mQ → ∞, the meson wave functions factorise
(cf. Eq. 2.31) and the transition matrix of a semileptonic Bs decay can be
written as

〈Ds, s′c, s′s, v′|c̄Γb|Bs, sb, ss, v〉 ≈ 〈cs′cv
′
|c̄Γb|b, sbv〉〈s, s′s, v′|s, ss, v〉 (2.46)

≈ 〈cs′cv
′
|c̄Γb|b, sbv〉ξs′sss(w) , (2.47)

where the notation jµ = c̄Γb was introduced for the weak current [15].
The transition matrices are all proportional to one identical function,
ξ(w), the so-called Isgur-Wise function describing the nonperturbative
dynamics of the light degrees of freedom. Applying this result to the
form factors defined in Eq. 2.36 to 2.39 one obtains

〈Ds(v′)|c̄γµb|Bs(v)〉 = ξ(w)(vµ + v′µ) , (2.48)

〈D∗s(v
′, ε)|c̄γµb|Bs(v)〉 = ξ(w)εµαβγε∗αv′βvγ , (2.49)

〈D∗s(v
′, ε)|c̄γµγ5b|Bs(v)〉 = −iξ(w)((w + 1)ε∗µ − (ε∗ · v)v′µ) , (2.50)
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2.4 Exclusive semileptonic decays

from which follows

h+(w) = hV(w) = hA1(w) = hA3(w) = ξ(w) ,
h−(w) = hA2(w) = 0 . (2.51)

At the zero recoil point, w = 1, the velocity of the meson does not
change (v = v′) and therefore the overlap is maximal between the wave
functions describing the light degrees of freedom in the initial and final
state. From the normalisation condition of the wave function follows

ξ(1) = 1 . (2.52)

This point represents the ideal conditions for the determination of |Vcb|

because the influence of QCD effects becomes minimal. A precise |Vcb|

extraction from a measured decay rate in this region requires, however,
a more realistic estimation of the form factors taking into account the
finite heavy-quark masses and the impact of hard gluon radiation [2].
Moreover, it is experimentally not feasible to measure the decay rate
exactly at zero recoil. The differential decay rate has to be measured
for multiple intervals w > 1 and then the value at w = 1 has to be ex-
trapolated. The theoretical precision of the |Vcb|measurement depends
thus also on the accuracy of the functional shape of the dΓ/dw distribu-
tion used for the extrapolation. Currently, the most precise predictions
are obtained numerically from Lattice QCD where the nonperturbat-
ive QCD processes are calculated on a discrete Euclidean space-time
grid [18]. Recently, first Lattice QCD calculations were published for
Bs → Ds`ν decays [19, 20]. The drawback of the Lattice QCD technique
is that it can predict the form factors only in the region near w = 1.
Many measurements require the knowledge of the full w dependence of
the form factors in order to correctly model the kinematic distributions
that allow to estimate the rates of signal and background processes. In
the following, two approaches to obtain this information are discussed:
QCD sum rules and quark models. The calculations by Fan et. al per-
formed in the framework of “perturbative QCD” [21, 22] are omitted,
since their model is already disproved by measurements of B→ D(∗)`ν
decays [23].
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2.4.2 QCD sum rules

In the QCD sum rules approach, perturbation theory is applied in the
allowed kinematic range and subsequently, an extrapolation to the non-
perturbative region via cleverly chosen correlation functions is perfor-
med. This extrapolation is based on the unitarity and analyticity condi-
tion [2]. Dedicated calculations for semileptonic Bs decays were carried
out in this technique by Li et al. [24], Azizi et al. [25, 26] and Blasi et
al. [27]. In the latter reference, SU(3)flavour symmetry breaking effects
between the form factors for B and Bs decays are estimated to be at the
order of 10 %.

A nowadays widely used form factor parametrisation for B decays
was introduced by Caprini, Lellouch and Neubert (CLN) [28]. It is in-
spired by QCD sum-rules and uses the variable transformation,

z(w) =

√
w + 1−

√
2

√
w + 1 +

√
2

, (2.53)

that maps each point w to a point inside the unit disc |z| < 1. The fol-
lowing expansion of the B→ D`ν form factor is derived:

V1(w) = V1(1)[1− 8ρ2
Dz + (51ρ2

D − 10)z2
− (252ρ2

D − 84)z3] . (2.54)

The B→ D∗`ν form factor,

hA1(w) =
2r∗

w + 1
A1(w) , (2.55)

is described in the CLN parametrisation by the function

A1(w) = A1(1)[1− 8ρ2z + (53ρ2
− 15)z2

− (231ρ2
− 91)z3] . (2.56)

The w dependence of the other B → D∗`ν form factors is given relative
to hA1 by the two ratios:

R1(w) =
hV(w)

hA1(w)
= R1(1) − 0.12(w− 1) + 0.05(w− 1)2 , (2.57)
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2.4 Exclusive semileptonic decays

R2(w) =
hA3(w) + r∗hA2(w)

hA1(w)
= R2(1) + 0.11(w− 1) − 0.06(w− 1)2 .

(2.58)
The parameters ρD, ρ, R1(1) and R2(1) were determined from meas-
urements of semileptonic B decays (see below). Motivated by the small
amount of SU(3)flavour symmetry breaking predicted by Blasi et al. [27],
the CLN parametrisation with the parameters from B decays is used in
this thesis to model semileptonic Bs decays.

2.4.3 Quark models

In quark models, an assumption is made about the quark anti-quark
potential in the Bs and Ds mesons. An ansatz for the meson wave func-
tions is then inserted in the Schrödinger equation which is solved nu-
merically. The parameters of the model are tuned in such a way that the
measured meson mass spectra are reproduced. The weak point of quark
models is that the assumed quark potentials are arbitrary in the sense
that they cannot be obtained from first principles. Due to the unclear
connection to QCD, the systematic uncertainties of the model cannot
be reliably estimated [2]. Nevertheless, a large number of quark model
predictions for semileptonic Bs decays have been published. They com-
prise calculations in the relativistic constituent quark model [29], the
non-relativistic constituent quark model [30–32], Bethe-Salpeter tech-
niques[33] and the light front quark model [34]. Widely used for the
simulation of semileptonic decays in particle physics experiments, is
also the ISGW2 quark model. It is based on the “mock-mesons” method
by Isgur and Wise [35] which makes the unphysical assumption that
the masses of the light u, d, s quarks are larger than ΛQCD, so that Bs
and Ds mesons can be treated similar to the quarkonium-states bb̄ and
cc̄, respectively. The results obtained with this assumption are extra-
polated to the physical region of interest. Later, Scora and Isgur incor-
porated constraints from heavy-quark symmetry and relativistic correc-
tions into the model [36].

Figure 2.9 shows a comparison of Bs → D(∗)
s `ν branching fractions

predicted by quark models and QCD sum rules. They do not only differ
in the central values, but also in the size of the assigned uncertainties.
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Figure 2.9: Theory predictions for the Bs → D(∗)
s `ν branching fractions. Pre-

dictions with QCD sum rules are shown in red. Albertus [30] does not quote
uncertainties. The range predicted by Azizi et al. [26] for Bs → D∗s`ν includes
also the case ` = τ. NB: The value of |Vcb| used in the individual predictions is
not always identical.
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2.4 Exclusive semileptonic decays

In Fig. 2.10, the q2 spectra of Bs → D(∗)
s `ν decays predicted by some

of the quark models and the sum rule prediction by Li et al. [24] are
compared to each other. They all describe a similiar functional shape
which is of course not a validation of the calculations, but an import-
ant consistency check. The model by Fan et al. [21], which is already
ruled out by studies of B → D∗`ν decays, is plotted for reference and
diverges significantly. The q2 spectra from the dedicated calculations
for semileptonic Bs decays are also compared to the prediction of the
CLN parametrisation using the parameters ρD and ρ, R1, R2 obtained
from measurements of B→ D(∗)`ν decays (see below). Each parameter
is varied by ±10 % which corresponds to the level of SU(3)flavour sym-
metry breaking estimated in Ref. [27]. The resulting uncertainty band is
in agreement with the other predictions which justifies the choice of the
CLN parametrisation with the assigned 10 % uncertainty for the mod-
elling of Bs → D(∗)

s `ν decays.

Modes with D∗∗s mesons in the final state are less attractive for the de-
termination of |Vcb| for several reasons. As the spectrum and the nature
of the D∗∗s mesons is theoretically not yet understood, it is challenging
to provide a sensible description of the QCD effects in the Bs → D∗∗s
transition. Recent predictions for the D∗∗s decay modes can be found in
Refs. [24, 29–32, 37]. A summary of the predicted branching fraction is
presented in Table 2.2. The fact that the expected branching fractions
are one order of magnitude lower than in the case of Bs → D(∗)

s `ν also
represents a disadvantage on the experimental side because this means
smaller signal yields. The Bs → D∗∗s `ν decays are, however, a non-
negligible contribution in the semi-inclusive Bs → D(∗)

s X`ν and inclus-
ive Bs → X`ν measurements presented later. In the semi-inclusive ana-
lysis the model from Leibovich-Ligeti-Stewart-Wise (LLSW) [38] origin-
ally developed for B→ D∗∗`ν decays is used. For the inclusive measure-
ments, the ISGW2 model is used. These choices are somewhat arbitrary
and reflect the current ignorance of semileptonic B(s) decays to the or-
bitally excited D∗∗s mesons.
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(a) Bs → Ds`ν

]2 [GeV2q
0 5 10

A
rb

itr
ar

y 
un

its

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Caprini 1998
ISGW2
Fan 2014
Faustov 2013
Albertus 2014

(b) Bs → D∗s`ν

Figure 2.10: Comparison of the q2 spectra of Bs → D(∗)
s `ν decays predicted by

the ISGW2 model [35, 36] and other quark models (Faustov [29], Albertus [30])
as well as QCD sum rules (Li [24]). The normalisation is chosen such that the
integral under the curve equals unity in order to be independent of the |Vcb|

value chosen in the individual calculations. The yellow band represents the
prediction from the CLN parametrisation [28] using the model parameters de-
termined from measurements of B → D(∗)`ν decays and assigning a 10% un-
certainty due to SU(3)flavour breaking effects. The spectrum obtained by Fan et
al. [21] with perturbative QCD is plotted as reference to demonstrate the dis-
agreement with the other models.
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Ref. Branching fraction [%]
D∗s0`ν Ds1(2536)`ν Ds1(2460)′`ν D∗s2`ν

[24] 0.23 — — —
[29] 0.36± 0.04 0.84± 0.09 0.19± 0.02 0.67± 0.07
[30] 0.39 0.32 0.47 0.44
[31] 0.443 0.477 0.174 . . . 0.570 0.376
[32] 0.490 . . . 0.571 — 0.752 . . . 0.869 —
[37] 0.20 — 0.10 —

Table 2.2: Branching fraction predictions for Bs → D∗∗s `ν decays.

2.4.4 Determination of |Vcb| from exclusive semileptonic
B decays

Measurements of B → D`ν and B → D∗`ν decays were performed at
different experiments to extract the CKM matrix element |Vcb| [2].

In the B → D`ν analyses, the theoretical prediction for the differen-
tial decay rate, dΓ/dw, using the CLN form factor parametrisation was
fitted to the measured data distribution. The floating parameters in the
fit were the CLN parameter ρ2

D and the product ηEW ·V1(1) · |Vcb|. The
limiting factor for the precision of the measurements is the suppression
of the decay rate at small w which goes with the third power of the D
momentum. The world average for ρ2

D is [39]:

ρ2
D = 1.19 ± 0.06 . (2.59)

The analyses of the B → D∗`ν decay investigated besides the w dis-
tribution also the cosθ`, cosθV and χ distributions. The value of the
product ηEW · F (1) · |Vcb| and the CLN parameters ρ2, R1(1) and R2(1)
were extracted from a fit to the measured spectra. An example of such
fit is depicted in Fig. 2.11. The current world averages of the extracted
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2 Theoretical framework

Figure 2.11: Extraction of the CLN parameters from a sample of reconstructed
B0
→ D∗`ν decays in Υ(4S) data [40]. The black points show the distributions

measured in data. The superimposed histograms are the MC predictions of the
signal and background contributions, where the shape of the signal was varied
based on the parameters ρ, R1(1) and R2(1). Additionally to the shown w and
cosθ` distribution also the cosθV and χ distributions were considered in the
fit.
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2.5 Inclusive semileptonic decays

CLN parameters are [39],

ρ2 = 1.21 ± 0.03 , (2.60)
R1(1) = 1.41 ± 0.03 , (2.61)
R2(1) = 0.85 ± 0.02 . (2.62)

The CKM matrix element |Vcb| can be extracted from the measured
products ηEW ·V1(1) · |Vcb| and ηEW · F (1) · |Vcb| using the electroweak
correction (see Eq. 2.44) and the form factors, V1(1) and F (1) at zero
recoil, w = 1. The form factors are usually determined by lattice QCD
calculations. The world average of the exclusive measurements is [8]:

|Vcb| = (39.5 ± 0.8) × 10−3 . (2.63)

2.5 Inclusive semileptonic decays

The theory description of the inclusive semileptonic B(s) decay width
relies on the principle of heavy quark symmetry introduced above. To
take into account the interaction of the heavy b quark with the sur-
rounding cloud of gluons and quark-antiquark pairs (cf. Fig. 2.7), an ex-
pansion in powers of 1/mb is performed based on the Operator Product
Expansion (OPE) technique, providing the correct treatment of perturb-
ative and non-perturbative contributions. The explanations below fol-
low mainly the papers from Benson, Bigi, Mannel and Uraltsev [2, 41–
43]. In the OPE, an auxiliary scale, µ, is introduced to separate short-
and long-distance dynamics:

ΛQCD � µ� mb . (2.64)

The expansion of the semileptonic B(s) width reads

Γsl

(
B(s)

)
=

G2
F

192π3 |Vcb|
2m5

bz0(r)

1 + 1
2m2

b

(
cGµ

2
G + cπµ2

π

)
+

1
m3

b

cDρ
3
D + . . .

 ,

(2.65)
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2 Theoretical framework

where the tree-level phase space factor is given by

z0(r) = 1− 8r + 8r3
− r4
− 12r2 ln r with r = m2

c /m2
b . (2.66)

The leading term of the decay width is proportional to the fifths power
of the b-quark mass, mb. Therefore, the use of a suitable definition of
the heavy-quark mass is crucial. The short-distance dynamics are con-
tained in the coefficients cG, cπ and cD in Eq. 2.65, which can be cal-
culated perturbatively in QCD. The approximate values of the coef-
ficients are cG ≈ 1, cπ ≈ −1 and cD ≈ −16. The long-distance dy-
namics are nonperturbative QCD effects and are absorbed in the effect-
ive operators µi. The leading operators are the chromomagnetic operator
µ2

G ≈ 0.35 GeV2, the kinetic operator µ2
π ≈ 0.45 GeV2 and the Darwin op-

erator ρ3
D ≈ 0.2 GeV3. The predictive power of the theory arises from

the fact that the expectation values of these operators can be extracted
from measurements of the hadron masses and from measurements of
inclusive semileptonic decays.

2.5.1 Determination of |Vcb| with inclusive semileptonic
B decays

In order to determine |Vcb| from inclusive semileptonic B decays, sev-
eral observables are measured as a function of the lower lepton energy
threshold, Ecut, with values between 0.6 GeV and 2.0 GeV. Typical ob-
servables are the partial branching fraction, BE`>Ecut(B(s) → Xc`ν), the
shapes of the lepton energy spectra, E`, and the hadronic mass spec-
tra, m2

X. The moments of the measured distributions are studied rather
than the differential spectra, since the precision of the QCD calculations
is better for inclusive rates. The latest global fit of the heavy-quark ex-
pansion to the measurements of B→ Xc`ν decays from the experiments
BaBar, Belle, CLEO, CDF and DELPHI gives [8]:

|Vcb| = (42.2 ± 0.7) × 10−3 , (2.67)

where the uncertainty is the combination of the experimental and theor-
etical uncertainties of the fit. The b-quark mass, mb was a free parameter
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2.5 Inclusive semileptonic decays

in the fit. This result for |Vcb| is slightly inconsistent with the result from
the exclusive analyses (cf. Eq. 2.63).

2.5.2 Ratio of the semileptonic widths of the Bs and B0

mesons
In the following, the SU(3)flavour symmetry breaking effects of the oper-
ators µi are evaluated to obtain an estimate for the ratio

Γsl(Bs)

Γsl(B0)
. (2.68)

The discussion below is a summary of the arguments given in Ref. [42].
At zeroth order in 1/mb, the expression in Eq. 2.65 corresponds to the
decay of a free b quark and thus does not depend on the light quark
in the B(s) meson: the inclusive semileptonic decay widths of the Bs

and the B0 meson are thus expected to be identical. In other words,
SU(3)flavour symmetry is expected to be conserved. However, the terms
of higher order in 1/mb may introduce sizeable SU(3)flavour symmetry
breaking effects. The vanishing term linear in 1/mb implies that the B(s)
mass has no impact on the width. The masses of the final state hadrons,
however, affect the semileptonic width indirectly by constraining the
nonperturbative QCD expectation values, µi, in the B(s) meson. The
expectation value of the chromomagnetic operator,

µ2
G(µ) =

1
2MB(s)

〈B(s)|b̄(
i
2
σ jkG jk)b|B(s)〉µ , (2.69)

can be extracted from the hyperfine splitting of the masses,

∆MB(s) = MB∗
(s)
−MB(s) '

4
3

µ2
G

2mb
. (2.70)

With ∆MB0 = [45.78 ± 0.35] MeV and ∆MBs = [49.0 ± 1.5] MeV, one
obtains

µ2
G(Bs)

µ2
G(B

0)
' 1.07 ± 0.03 (2.71)
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This relatively small breaking of the SU(3)flavour symmetry leads to a
small −0.25 % shift of Γsl(Bs) with respect to Γsl(B0). The kinetic operator
is defined by

µ2
π(µ) =

1
2MB(s)

〈B(s)|b̄(i~D)2b|B(s)〉µ . (2.72)

From the difference of the Bs and B0 meson masses, one can estimate

Λ̄s − Λ̄ ≈MBs −MB ≈ 85 MeV , (2.73)

and using mb = 4.6 GeV and mc = 1.25 GeV one obtains

µ2
π(Bs) − µ

2
π(B

0) ' 0.041 GeV2 . (2.74)

However, 1/m2
c corrections in the charm meson masses of the order of

30 to 50 MeV need to be taken into account, which doubles the expected
SU(3)flavour symmetry breaking

µ2
π(Bs) − µ

2
π(B

0) ' 0.08 GeV2 . . . 0.1 GeV2 , (2.75)

and leads to a −0.15 % change of Γsl(Bs) as compared to Γsl(B0). The
SU(3)flavour symmetry breaking of the Darwin operator,

ρ3
D =

1
2MB(s)

〈B(s)|b̄(−
1
2
~D~E)b|B(s)〉µ , (2.76)

can be evaluated by two approaches. In the first approach, the relation

ρ3
D(B

0) '
2
3
(µ2
π(B0))2

Λ̄
(2.77)

from exact sum rules in the heavy quark limit is used to obtain

ρ3
D(Bs)

ρ3
D(B

0)
'

(
µ2
π(Bs)

µ2
π(B0)

)2
Λ̄
Λ̄s
' 1.27 . (2.78)
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2.5 Inclusive semileptonic decays

In the second approach based on the vacuum factorisation estimate for
the four-fermion heavy quark operator, the relation

ρ3
D(Bs)

ρ3
D(B

0)
'

f 2
Bs

f 2
B

&
f 2
K

f 2
π

= 1.43 (2.79)

is obtained, where fi are the axial decay constants of the mesons i =
Bs, B, K,π. In both approaches, the SU(3)flavour symmetry breaking of
ρ3

D is estimated to be of the order of 20 %, which corresponds to a −0.8 %
relative change of Γsl(Bs). The spin-orbit operator, ρ3

LS(µ), also appear-
ing at the order 1/m3

b is expected to make no significant contribution
to SU(3)flavour symmetry breaking. Other higher order operators cause a
total enhancement of Γsl(Bs) with respect to Γsl(B0) of about 0.5 %.

In conclusion, the Darwin operator, ρ3
D, is the dominant SU(3)flavour

breaking contribution and leads to a −0.8 % change of Γsl(Bs) with re-
spect to Γsl(B0). The chromomagnetic and the kinetic operator add a−0.25 %
and −0.15 % change in the same direction. Only the higher order operators
lead to a small relative increase of Γsl(Bs) of about 0.5 %. On the whole,
SU(3)flavour symmetry is only slightly broken in semileptonic B(s) de-
cays and the ratio of the Bs to the B0 width is predicted to be

Γsl(Bs)

Γsl(B0)
= 0.99 ± 0.01 . (2.80)

This estimate goes in the opposite direction compared to the one ob-
tained by Gronau and Rosner [44]:

Γsl(Bs)

Γsl(B0)
= 1.01 . (2.81)

Their estimate is based only on a simple phase-space model, i.e. the fact
that the mass ratio MBs /M

D(∗)
s

is larger than MB/MD(∗) .

35





CHAPTER 3

The Belle experiment at KEKB

The data analysed in this thesis were collected by the Belle experiment
at the KEKB e+e− collider in Tsukuba, Japan [45]. The KEKB facility
depicted in Fig. 3.1 is a so-called “B-factory” designed to produce pairs
of b-flavoured mesons, B(s)B̄(s), at high rates. For this, centre-of-mass
energies of

√
s = 10.58 GeV and

√
s = 10.87 GeV corresponding to

the Υ(4S) and Υ(5S) resonances, respectively, are particularly suitable.
More information on the collected datasets can be found in the next
chapter. High collision rates are achieved by using high beam currents
(1.1 A for e− and 2.6 A for e+) and small beam sizes at the interaction
point (90 µm in the horizontal direction and 1.9 µm in the vertical direc-
tion) [46]. A further increase of the collision rate was achieved with the
installation of so-called “crab cavities” which compensate the crossing
angle of 22 mrad at the interaction point [47]. The 8 GeV electron beam
and the 3.5 GeV positron beam are injected from a linear accelerator
complex at full energies into two rings of 3016 m circumference. The e+

and e− beam energies are chosen to be asymmetric for time-dependent
measurements, so that the produced B mesons have a boost in the lab
frame and the decay time of the B mesons can be related to the flight
length between the e+e− collision point and the B decay vertex. This is
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3 The Belle experiment at KEKB

Figure 3.1: Schematic view of the KEKB facility. Figure taken from Ref. [45].
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Figure 3.2: The Belle detector with the subdetectors from inside to outside: sil-
icon vertex detector (SVD), extreme-forward calorimeter (EFC), central drift
chamber (CDC), aerogel Cherenkov counters (PID), time-of-flight detectors
(TOF), electromagnetic calorimeter (CsI), KL and muon detector (KLM) [48].

particularly beneficial for studies of time-dependent CP violation in the
decay of neutral B mesons. The Belle detector depicted in Fig. 3.2 is a
system of subdetectors arranged in spherical layers around the nominal
interaction point. Combining the information from the different subde-
tectors, the four-momenta of the traversing particles originating from
the region close to the interaction point can be reconstructed. The nom-
inal interaction point defines the origin of the coordinate system of the
Belle detector. The z-axis of the coordinate system points in the direc-
tion of the electron beam, the y-axis points upwards and the x-axis is
defined such that the system is right-handed. The Belle detector oper-
ated between 1 June 1999 and 30 June 2010 and collected a large data set
which made it possible not only to discover CP violation in B0 meson
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3 The Belle experiment at KEKB

decays [49], but also to carry out many other interesting measurements
such as the observation of direct and indirect CP-violation, the determ-
ination of CKM matrix elements, branching fraction measurements of
rare decays and discoveries in the field fo hadron spectroscopy [50].
In the following, the functioning of the subdetectors will be briefly de-
scribed – a detailed description of the Belle detector is given in Ref. [48].

3.1 Momentum measurement of charged
particles

The tracks of charged particles are measured in the Central Drift Cham-
ber (CDC) – a gas-filled cylindrical aluminium chamber with an inner
radius of 8.3 cm, an outer radius of 88.0 cm and a length of 220.4 cm. A
charged particle passing through the CDC creates a track of ionised gas
atoms. A low-Z gas mixture (50 % helium and 50 % ethane) is chosen to
minimise multiple scattering and to maintain a sufficient resolution for
track momenta typically below 1 GeV. A high electrical potential is set
at field wires to make the electrons from the ionisation of gas atoms drift
towards sense wires where they trigger an electric signal which is then
further processed. The Belle CDC comprises 50 cylindrical layers of
sense and field wires with a total of 8400 drift cells. A super-conducting
solenoid surrounding the detector creates a nearly homogeneous mag-
netic field, ~B, with a field strength of about 1.5 T. Non-uniformities of
the field are mapped by measuring the field strength at 100 000 points
in the detector. The trajectories of charged particles are bent in the mag-
netic field due to the Lorentz force. The momentum of the particles, p,
can be determined from the track radius, R, using the equation

R =
p

Q · B
, (3.1)

where Q is the particle charge. The transverse momentum resolution
for tracks with a transverse momentum of 1 GeV is 0.35 % [51]. The op-
timal track parameters near the interaction point are determined with
the most precise tracking detector, the silicon vertex detector (SVD). The
analyses contained in this thesis use only the data taken with the second
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3.2 Photon detection

version of this detector [52] consisting of 4 layers of silicon strip detect-
ors of which the innermost layer is located 2 cm from the beam line. The
SVD firstly improves the track reconstruction precision and secondly
allows for the determination of secondary vertices in time-dependent
measurements. The latter feature of the SVD is not used for the ana-
lyses in this thesis, which are time-independent measurements.

3.2 Photon detection

The energy and direction of photons are measured with the electromag-
netic calorimeter (ECL). The calorimeter is also important for the iden-
tification of electrons (see Sec. 5.3). The ECL is composed of a barrel
section located at an inner radius of 1.25 m and two end caps located at
z = −1.0 m and z = 2.0 m. The acceptance region covers the polar angle
range 17° . . . 150°. The ECL has a total mass of 43 tons and is constructed
as a highly segmented array of 8736 CsI(TI) crystals. The fine segment-
ation allows for the resolution of two neighbouring photons from a π0

decay. The tower-shaped crystals point to the interaction point with
a small tilt of a few degrees to avoid photons escaping undetected in
the gap between two crystals. The scintillation light signal is read out
with a pair of silicon photodiodes and charge-sensitive preamplifiers at
the end of each crystal, and is then transmitted for further processing.
The energy resolution is measured to be σE/E = 1.3 %/

√
E/GeV and

the position resolution σpos = 0.5 cm/
√

E/GeV. The Belle detector is
also equipped with an extreme forward calorimeter (EFC), which is for
example used to trigger events for the luminosity measurement.

3.3 Particle identification

At a B factory experiment, the separation of charged kaon and pion
tracks is of particular importance for the reconstruction of charm and
beauty mesons. The Belle detector contains several particle identific-
ation devices, each dedicated to specific particle types and a specific
momentum range.
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3 The Belle experiment at KEKB

3.3.1 Specific ionisation in the CDC

The CDC does not only measure particle tracks, but also provides in-
formation about the energy loss of the particles due to ionisation per
unit length, −dE/dx. This specific ionisation has a characteristic mo-
mentum dependence for every particle type and can be used for particle
identification, in particular for the separation of kaons and pions (see
Fig. 3.3). The energy loss for hadrons with electric charge Q = e is
given by the Bethe-Bloch formula [53, 54]:

−
dE
dx

= 2πNar2
e mec2ρ

Z
A

1
β2

[
ln

(
2meγ2v2Wmax

I2

)
− 2β2

]
. (3.2)

The parameters in the Bethe-Bloch formula are:

re Classical electron radius,
me Electron mass,
Na Avogadro constant,
ρ Density of the gas,
Z Average atomic number of the gas,
A Average atomic weight of the gas,
β Particle velocity in units of c,
γ 1/

√
1− β2,

I Mean excitation potential of the gas,
Wmax Maximum energy transfer in a single collision:

≈ 2mec2β2γ2.

This is the most basic version of the Bethe-Bloch formula. There are sev-
eral small effects that have to be taken into account by extra terms [55]:
the density effect reduces the specific ionisation at higher particle mo-
menta because polarised gas atoms along the particle trajectory lead to
a shielding of the more distant gas atoms; the shell correction is neces-
sary if the approximation that the particle velocity is much larger than
the orbital velocity of the electrons bound in the gas atoms is not valid.
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Figure 3.3: Truncated mean of dE/dx as a function of the momentum. The
track momentum is given in units of GeV. The black and blue points are data
recorded from e+e− collisions. The red lines represent the expected energy loss
for pions, kaons, protons and electrons. Figure taken from Ref. [48].

43



3 The Belle experiment at KEKB

3.3.2 Time-of-flight counters

The time-of-flight system (TOF) measures the flight time of a particle to
determine its velocity. Combining this information with the measured
particle momentum, the particle mass, and thus the particle species can
be deduced. The TOF is equipped with 128 scintillator modules which
are located at a radius of 1.2 m from the interaction point and covers
polar angles between 34° and 120°. Charged particles with a minimum
momentum of 0.28 GeV reach the system and particles with momenta
up to approximately 1.2 GeV can be identified. A time resolution of
100 ps is achieved by

• choosing fast scintillators that have a long attenuation length of
3.9 m in average,

• avoiding long light guides,

• using large-area photocathodes directly mounted on the scintil-
lators.

Besides particle identification, the TOF system provides fast timing sig-
nals for the trigger system. To keep the trigger rate below the design
value of 70 kHz, the system is complemented by a second layer of 64
thin trigger scintillation counters to veto background from converted
photons by requiring coinciding signals between the two layers [56].

3.3.3 Aerogel Cherenkov counters

To extend the coverage of the CDC and the TOF detectors for kaon/-
pion separation to particles with momenta above 1.5 GeV, a system of
silica Aerogel Cherenkov counters (ACC) is installed [57]. Cherenkov
radiation is generated if a particle travels inside a medium with refract-
ive index n(ω) faster than the speed of light in that medium:

v >
c
n

. (3.3)
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3.3 Particle identification

The Cherenkov light yield depends on the velocity, v, of the particles
and therefore allows for a separation of kaon and pion tracks with known
momentum [58]:

−
dE
dx

=
4πe2

c2

∫
ω dω

1−
1(

v
c

)2
n(ω)2

 , (3.4)

where the integral is over the frequencies with n(ω)v/c > 1. The Cher-
enkov light yield is measured in the ACC with 960 modules in the bar-
rel region and 228 modules in the end cap region. The refractive index
of the aerogel is chosen between 1.01 and 1.03 depending on the polar
angle region to ensure a good kaon/pion separation. A special treat-
ment is applied to the silica gel making the surface hydrophobic in or-
der to maintain a long-term transparency. The Cherenkov light yield
is converted into electric charge by 1 or 2 mesh-type photomultiplier
tubes per module. This kind of photomultipliers can be operated under
the conditions of the strong magnetic field of 1.5 T in the Belle detector.

3.3.4 KL and muon detection system

The KL and muon detection system (KLM) consists in the barrel (end-
cap) region of 15 (14) layers of glass-electrode-resistive plate counters
(RPC) alternating with 4.7 cm-thick iron layers. The RPCs consist of a
gas-filled volume (62 % CH2FCF3, 30 % Ar, 8 % C4H10) between two
parallel glass-plate electrodes to which a high voltage of about ≈ 8 kV
is applied. Charged particles passing through theses devices cause ion-
isation of the gas leading to a local discharge of the plates which is re-
gistered by external pickup strips. The measured penetration depth
and transverse scattering are used to discriminate muon tracks from
charged kaons and pions. KL can be detected after they are converted
by nuclear interactions into charged particles. The probability that a KL
is converted is given in units of the interaction length defined by the
distance after which the number of impinging KL is reduced by a factor
of 1/e. The iron layers correspond to 3.9 interaction lengths and the
ECL corresponds to 0.8 interaction lengths.
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3 The Belle experiment at KEKB

3.4 Luminosity measurement

The rate of produced B(s)B̄(s) pairs, dN/dt is determined by the cross-
section, σ, and the instantaneous luminosity, L, depending on the beam
currents and the transversal overlap of the beams at the interaction
point:

dN
dt

= L · σ . (3.5)

The KEKB accelerator achieved the current world record with a peak
luminosity of L = 2.1× 1034 cm−2s−1 [59]. The time-integrated lumin-
osity, L, determines the total number of collected B(s)B̄(s) pair events,
N:

N =

∫
L · dt · σ = L · σ . (3.6)

The measurement ofL is performed by studying two theoretically well
understood reference processes: Bhabha scattering, e+e− → e+e−, and
two photon production, e+e− → γγ. The systematic uncertainty of this
approach is about 1.5 % and it is dominated by the accuracy of radiat-
ive corrections. The Belle detector recorded in total L = 1040 fb−1 of
data1 comprising a 711 fb−1 sample of Υ(4S) data, a 121 fb−1 sample of
Υ(5S) data and further samples collected at other Υ resonances, energy
scans and off-resonance sidebands for the estimation of backgrounds
(see Sec. 4.1).

3.5 Trigger

Table 3.1 lists the cross sections for B(s) meson production and for the
expected backgrounds at the Υ(5S) and Υ(4S) centre-of-mass energies.
The objective of the trigger logic is to select the hadronic events with
high efficiency, to retain some of the BhaBha and γγ events for lumin-
osity measurements and calibration purposes, but to reject the other
beam-induced backgrounds. The trigger system is composed of a hard-
ware trigger and several software triggers. The hardware trigger de-
cision is based on redundant information from track and energy trig-
1 1 b = 1 barn = 1× 10−24 cm2.
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Physics process Cross section [nb]
Υ(5S) Υ(4S)

BB̄ 0.2 1.2
BsB̄s 0.1 —
Hadron production from continuum 2.7 2.8
µ+µ− and τ+τ− 1.5 1.6
BhaBha scattering (θlab > 17°) 42 44
γγ (θlab > 17°) 2.3 2.4
2γ process (θlab > 17°, pt ≥ 0.1 GeV) 14 15

Table 3.1: Cross sections of e+e− collisions at beam energies near the Υ(5S) and
Υ(4S) resonance. Adapted from Ref. [48].

gers to guarantee high efficiencies under varying experimental condi-
tions (see Fig. 3.4). The CDC makes a main contribution to the track trig-
ger by providing information on the number of tracks, the maximum
opening angle between tracks and the track topologies. It is comple-
mented by the TOF for timing information and the KLM for muon iden-
tification. The energy trigger uses the total energy and the number of
isolated clusters measured in the ECL. The EFC serves to select BhaBha
and γγ events. The combined efficiency for the selection of hadronic
events with the hardware trigger system is higher than 99.5 %. Software
triggers are applied to the preselected events both online and during the
offline processing of the data. They are based on more advanced but
still simple track reconstruction algorithms. Before the final processing
of the data for the analysis, further reduction of non-hadronic events
is achieved with the so-called “HadronB” [60] algorithm, which selects
events according to the track multiplicity, the visible energy of tracks
and photons, the total reconstructed ECL energy, the average energy
per ECL cluster, the momentum balance in the event, the reconstructed
primary vertex and a variable sensitive to τ-pair events.
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Figure 3.4: Overview of the Belle hardware trigger logic [48].
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CHAPTER 4

The Υ(5S) data set

The Belle experiment was originally designed to study decays of B me-
sons produced in the process

e+e− → Υ(4S)→ BB̄ . (4.1)

The Υ(4S) resonance has a mass of [10 579.4 ± 1.2] MeV [8] and is a
“bottomonium” state, a bound bb̄ system. It decays nearly exclusively
to BB̄ pairs.1 The operation of the experiment at a centre-of-mass energy
of the e+e− collision corresponding to the mass of the Υ(4S) resonance
has several advantages. Firstly, the bb̄ cross section and hence the BB̄
production is enhanced due to the resonant process. Secondly, the dif-
ference between the Υ(4S) mass and twice the B mass is very small, only
about 20 MeV [8]. Therefore B mesons decay almost at rest in the rest
frame of the e+e− collision. This can be used as an additional constraint
to deduce the presence of unreconstructed particles such as neutrinos.

Figure 4.1 shows the rate of produced hadronic events as a func-
tion of the centre-of-mass energy,

√
s. The increase in the cross sec-

tion at the Υ(4S) resonance is clearly visible. At a higher energy of

1
B(Υ(4S)→ non BB̄) < 4 % at the 95 % confidence level [61].
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4 The Υ(5S) data set

[10 876 ± 11] MeV [8], another, less pronounced peak can be identified:
the Υ(5S) resonance. The Υ(5S) resonance is also interpreted as a bot-
tomonium state and was already observed in 1985 by the CLEO and
CUSB collaborations in 0.1 fb−1 of data collected at the Cornell Electron
Storage Ring [62, 63]. As the Υ(5S) mass of [5366.77 ± 0.24] MeV [8] is
larger than twice the Bs mass it was expected that it can decay to BsB̄s
pairs. It took nearly two decades to verify this assumption; in 2003, the
analysis of a larger Υ(5S) sample of 0.42 fb−1 collected by the CLEO III
detector led to the first evidence for Bs production at the Υ(5S) colli-
sion energy [64, 65]. This aroused interest in the Belle collaboration to
study Bs decays and a large sample of Υ(5S) data with a total integrated
luminosity of 121.4 fb−1 was collected between 2005 and 2009.

In contrast to the Υ(4S) resonance, which nearly exclusively decays
into B pairs, the production of b-flavoured particles in Υ(5S) decays is
much more diverse. Figure 4.2 illustrates the classification of hadronic
events at the Υ(5S) beam energy. First of all, hadronic events can be
categorised in the two cases: the production of either bb̄ pairs or pairs
of the lighter quarks (“u, d, s, c continuum”). In the former case, three
different types of events can be distinguished: events with Bs produc-
tion, events with B production and events with bottomonium produc-
tion (“non-B(s)”). The production of B(s) pairs includes also the excited
states B∗

(s). The production of B pairs can be even accompanied by an
additional pion. A thorough understanding of the various event types
in Υ(5S) decays is indispensable for any kind of Bs measurement with
these data. This chapter is dedicated to the discussion of the Υ(5S) data
set and the modelling of the processes in Υ(5S) decays.

4.1 Light quark continuum

When electrons and positrons are brought to collision at the Υ(5S) centre-
of-mass energy, the majority of the produced hadronic events are not bb̄
pairs, but form the “continuum” processes

e+e− → qq̄ (q = u, d, s, c) . (4.2)
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4.1 Light quark continuum

Figure 4.1: Ratio R = σ(e+e− → hadrons)/σ(e+e− → µ+µ−) as a function of
the centre-of-mass energy. The ratio is plotted before the subtraction of back-
grounds. The vertical lines illustrate the thresholds for B B̄ and Bs B̄s produc-
tion. Adapted from Ref. [62].
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Figure 4.2: Classification of Υ(5S) decays. The category “ΥX” summarises decays to bottomonium states with
lower masses (e.g. Υ(5S)→ Υ(1S)ππ) and the initial state radiation processes e+e− → Υ(4S)γISR.
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4.2 Measurement of the bb̄ cross section

Since this background is large (cf. Table 3.1), its efficient suppression
is crucial for analyses of B(s) decays. For this purpose, an elaborate set
of variables based on the kinematics of the reconstructed particles and
the event topology was developed at the B-factories [50]. In the ana-
lyses presented in this thesis, rather simple selection criteria are applied
for continuum suppression, discussed later in Sec. 5.4. Applying these
criteria, a large fraction of continuum events can be suppressed, but
they cannot be eliminated completely. The remaining number of con-
tinuum events has to be estimated and subtracted. One possibility to
obtain an estimate for the continuum is to simulate the production pro-
cess with MC techniques. However, the modelling of the qq̄ hadronisa-
tion is challenging and still far from being fully understood. Therefore,
a data-driven approach is preferred, using so-called “off-resonance”
samples collected at a beam energy of

√
s = 10.52 GeV, below the pro-

duction threshold of BB̄ pairs. These samples exclusively contain con-
tinuum events which are produced in very similar conditions as the
Υ(5S) data. The total integrated luminosity of the off-resonance data
is Loff = 62.8 fb−1. To estimate the continuum contribution in Υ(5S)
data, the event yields obtained from the off-resonance samples need to
be corrected with a scale factor for the difference in integrated luminos-
ities, L, and the 1/s dependence of the e+e− → qq̄ cross section

Scont. =
LΥ(5S)

Loff
·

soff

sΥ(5S)
= 1.81 . (4.3)

4.2 Measurement of the bb̄ cross section

The more interesting part of the hadronic events – at least for the ana-
lyses in this thesis – are, of course, the ones where bb̄ pairs are produced.
The bb̄ production via Υ(5S) production interferes with non-resonant
production analogous to the continuum of the lighter quarks discussed
above. In the literature the convention became established to use the
notations “Υ(5S)” and bb̄ equivalently for any kind of bb̄ event.

The cross section σ(e+e− → bb̄) at the Υ(5S) centre-of-mass energy
was determined by measuring the yield of hadronic events in on-reso-
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4 The Υ(5S) data set

nance data and subtracting the continuum contribution estimated from
off-resonance data [66]:

Nbb̄
Υ(5S) =

1

εbb̄
Υ(5S)

Nhad
Υ(5S) −Nhad

off · Scont. ·
ε

qq̄
Υ(5S)

ε
qq̄
off

 , (4.4)

where Nhad
Υ(5S) and Nhad

off are the yields of hadronic events measured in

Υ(5S) and off-resonance data, respectively, εbb̄
Υ(5S) is the selection effi-

ciency for bb̄ events, εqq̄
Υ(5S)

/εqq̄
off the efficiency ratio for liqht quark con-

tinuum events in Υ(5S) and off-resonance data, and Scont. is the scale
factor defined in Eq. 4.3. CLEO measured σ(e+e− → bb̄) = [301 ± 39] pb
in 0.42 fb−1 of Υ(5S) data [67], Belle measured [302 ± 15] pb in 1.86 fb−1

of Υ(5S) data [66]. The method documented in Ref. [66] was later ap-
plied to the full 121.4 fb−1 data set with the result [68]:

σΥ(5S)(e
+e− → bb̄) = [340 ± 16] pb . (4.5)

The dominating uncertainty of the measurement is due to the lumin-
osity ratio LΥ(5S)/Loff in the continuum scale factor, Scont.. Since the
continuum background subtracted in Eq. 4.4 is large compared to the
remaining number of bb̄ events, Nbb̄

Υ(5S) (cf. Table 3.1), this uncertainty
has a large impact on the final result and cannot easily be reduced.

4.3 Determination of Bs production at Υ(5S)

The bb̄ events produced at the Υ(5S) resonance can be divided into three
categories: Bs events, B events and events without B(s) production. The
production fractions are [8]:

fs = [19.9 ± 3.0] % , fu,d =
[
75.9 +2.7

−4.0

]
% , fnonB =

[
4.2 +5.0
−0.6

]
% . (4.6)

By definition, the three production fractions sum up to unity,

fs + fu,d + fnonB = 1 . (4.7)
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4.3 Determination of Bs production at Υ(5S)

The Bs production, fs, can for instance be determined from a meas-
urement of inclusive Ds production in Υ(5S) decays. The measured
branching fraction B(Υ(5S)→ DsX) is related to fs by the equation

B(Υ(5S)→ DsX)/2 = fu,dB(B→ D±s X) + fsB(Bs → D±s X) , (4.8)

where the factor 1/2 on the left side takes into account that B(s) mesons
are produced in pairs in Υ(5S) decays. The sensitivity to Bs produc-
tion is due to the fact that the branching fraction B(B → D±s X) =
[8.3 ± 0.8] % is significantly smaller than the branching fraction,B(Bs →

D±s X) = [92 ± 11] %. Events with more than one Ds meson in the final
state, for example the decays Bs → D+(∗)

s D−(∗)s , are double-counted in
these branching fractions, i.e. they may take values larger than 100 %.
The value of B(B→ D±s X) is determined from a measurement in Υ(4S)
data [64, 69, 70]; the branching fraction B(Bs → D±s X) is estimated in
a model-dependent way [64]. Using the approximation fnonB ≈ 0, the
parameter fu,d in Eq. 4.8 can be replaced by 1 − fs (cf. Eq. 4.7) and the
parameter fs remains the only unknown. The Belle collaboration ap-
plied the described technique [66] to the full 121.4 fb−1 data set and ob-
tained the value

fs = [17.2 ± 3.0] % , (4.9)

which is now the official value used for Belle analyses.2 Together with
the cross section from Eq. 4.5 the total number of Bs pairs contained in
the L = 121.4 fb−1 sample collected at the Υ(5S) resonance is:

NBsB̄s
= L σ(e+e− → bb̄) fs = (7.1± 1.3) × 106 . (4.10)

The dominating uncertainty in this fs extraction is due to the estimate of
the branching fractionB(Bs → D±s X). The measurement of the inclusive
Ds yield together with Eq. 4.8 could also be used to extract the value of
B(Bs → D±s X) if fs was known from other measurements.

The parameter fs can be also determined from the measurement of
other inclusive yields in Υ(5S) decays, for example the inclusive φ yield

2 There is a difference between Ref. [66] and the analysis using the full 121.4 fb−1 data
set: The former reconstructs Ds → φπ; φ→ K+K− while the latter does not require an
intermediate φ meson and reconstructs Ds → K+K−π.

55



4 The Υ(5S) data set

(enhanced in Bs decays) [67] or the inclusive D0 production (enhanced
in B decays) [66]. An alternative method to determine fs was proposed
by Sia and Stone [71]. It is based on the reconstruction of same-sign and
opposite-sign lepton pairs and exploits the different mixing probabilit-
ies of Bs and B0 mesons. A first attempt to implement this method [72]
was not successful because of modelling problems in the lepton mo-
mentum spectra of signal and background processes [73]. LHCb and
the LEP experiments used Bs → DsX`ν decays for the estimation of the
Bs production at their facilities [7, 74–76]. It will be shown later that this
approach also provides a competitive estimate at Belle (see Sec. 8.1).

The B production, fu,d, was determined by fully reconstructing B me-
sons in hadronic decay modes. The total production of B0 and B+

mesons in Υ(5S) decays was measured separately [67, 77, 78]:

fd = B(Υ(5S)→ B0X)/2 = [36.1 ± 3.2] % ,
fu = B(Υ(5S)→ B+X)/2 = [38.5 ± 4.2] % . (4.11)

The measurements are compatible with B+ and B0 being produced with
equal probability in Υ(5S) decays. The precision of fu,d achieved with
these measurements is approximately 10 %. If one wants to convert this
result into a statement on fs using Eq. 4.7, the fact that fs is approx-
imately a factor of four smaller than fu,d leads to a four times higher
relative uncertainty of fs. The attempt to determine fs with satisfactory
precision from the measurement of the B production fraction is thus
hopeless.

The production fraction of lower-mass bottomonium states, fnonB, is
relatively small compared to fu,d and fs. So far, branching fractions of
the following decays have been measured:

• Υ(5S)→ Υ(nS)ππ (n = 1, 2, 3) [79],

• Υ(5S)→ Υ(1S)K+K− [79],

• Υ(5S)→ Υ(nS)π0π0 (n = 1, 2, 3) [80],

• Υ(5S)→ hb(nP) (n = 1, 2) [81, 82].

Summing up these branching fractions, one obtainsB(Υ(5S)→ non B) =
[4.1 ± 0.6] % which provides a lower limit for fnonB [72].
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4.4 Characterisation of Υ(5S) events in the ∆E-Mbc plane

By analogy to Υ(4S) decays, the bottomonium production in Υ(5S)
decays is expected to be much lower [83, 84]. The branching fractions
of the processes Υ(5S) → Υ(nS)ππ (n = 1, 2, 3) are, however, meas-
ured to be a factor of about 100 higher than the expectation [79]. Closer
investigations of these unnaturally large branching fractions led to the
discovery of the exotic Zb tetraquark states [82, 85]. These states are
produced via Υ(5S)→ Zbπ and can decay into Υ(nS)π, while the dom-
inant decay mode is into B(∗)B∗ pairs [86]. A recent analysis of Belle
data comes to the conclusion that the Υ(5S) resonance decays exclus-
ively to the exotic Zb states [87]. This also implies that Bs mesons stem
only from non-resonant bb̄ production.

4.4 Characterisation of Υ(5S) events in the
∆E-Mbc plane

So far, only the follwoing three categories of Υ(5S) decays were dis-
cussed: Bs, B and non-B(s). The categorisation of events can be further
refined by investigating, if the B(s) mesons are produced in the ground
state or an excited state and whether an additional pion is produced
or not. This determines the CP eigenstate in which a pair of neutral
B(s) mesons is produced and has an impact on the mixing probability
(cf. Eq. 2.27). The following variables are calculated to characterise the
Υ(5S) events:

Missing energy: ∆E = E∗B(s)
−
√

s/2 ,

Beam-constrained mass: Mbc =
√

s/4− p∗B(s)
.

(4.12)

The energy, E∗B(s)
, and the momentum, p∗B(s)

, of the reconstructed B(s)

meson are calculated in the centre-of-mass frame of the e+e− collision,
which is indicated by the “∗” symbol. In case of B(s)B̄(s) pair produc-
tion, ∆E is equal to zero and Mbc is at the nominal B(s) mass. The more
additional particles are produced in the event (including photons from
B∗
(s) decays), the more the associated ∆E value is shifted to negative val-

ues and the higher is Mbc. This allows the relative rates of the different
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4 The Υ(5S) data set

decay modes to be measured by investigating the event yields in the
different regions of the two-dimensional ∆E-Mbc plane, as illustrated in
Fig. 4.3 (left).

Figure 4.3 (right) shows as an example the ∆E-Mbc plane for Bs →

D−s π+ events reconstructed in Υ(5S) data. The current world averages
of the Bs production branching fractions are [8]

F′
B∗sB̄∗s

= B(Υ(5S)→ B∗sB̄∗s)/ fs = [87.8 ± 1.5] % ,

F′
B∗sB̄s

= B(Υ(5S)→ B∗sB̄s)/ fs = [6.7 ± 1.2] % ,

F′
BsB̄s

= B(Υ(5S)→ BsB̄s)/ fs = [2.6 ± 2.6] % .
(4.13)

The measured Mbc distribution of reconstructed Bs mesons is also used
to determine the B∗s mass because a direct reconstruction of the photon
from the B∗s → Bsγ decay is not feasible due to the low photon energy of[
48.7 +2.3

−2.1

]
MeV in the B∗s rest system, which results in the experiment to

photon energies near the detection threshold. The B∗s mass was meas-
ured by CLEO [78] and Belle [88]; the results of the two experiments are
inconsistent:

CLEO: [5411.7 ± 1.6 (stat.) ± 0.6 (syst.)] MeV ,
Belle: [5416.4 ± 0.4 (stat.) ± 0.5 (syst.)] MeV . (4.14)

Therefore, the Particle Data Group [8] scales the uncertainty of their
average up to reach a value of χ2/ndf = 1 for the combination:

MB∗s =
[
5415.4 +2.4

−2.1

]
MeV . (4.15)

The distribution of events with a reconstructed B meson in the ∆E-
Mbc plane reveals two classes of events: events with small Mbc values
can be attributed to two-body decays, Υ(5S) → B(∗)B̄(∗); events with
large Mbc values originate from three-body decays, Υ(5S) → B(∗)B̄(∗)π
or the initial state radiation (ISR) process Υ(5S) → γISRΥ(4S); Υ(4S) →
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4.5 Monte Carlo simulation

BB̄. The current world averages of the B two-body decay branching
fractions are [8]:

FBB̄ = B(Υ(5S)→ BB̄) = [5.5 ± 1.0] % ,
FB∗B̄ = B(Υ(5S)→ B∗B̄) = [13.7 ± 1.6] % ,
FB∗B̄∗ = B(Υ(5S)→ B∗B̄∗) = [38.1 ± 3.4] % ,
F2 = FBB̄ + FB∗B̄ + FB∗B̄∗ .

(4.16)

The fractions of the large Mbc contributions are [77]:

F′
BB̄π

= B(Υ(5S)→ BB̄π)/( fu,d − F2) = [0.2 ± 6.8] % ,
F′

B∗B̄π
= B(Υ(5S)→ B∗B̄π)/( fu,d − F2) = [41.6 ± 12.1] % ,

F′
B∗B̄∗π

= B(Υ(5S)→ B∗B̄∗π)/( fu,d − F2) = [5.9 ± 7.8] % ,
F′ISR = 1− F′

BB̄π
− F′

B∗B̄π
− F′

B∗B̄∗π
.

(4.17)
It is assumed for B two-body decays and the ISR process that the B+

and B0 fractions are equal: f (2)u = f (2)d = 1
2 . In the case of three-body

decays, the additional pion allows for either the production of B pairs
of the same type, B+B− and B0B̄0, or the mixed combinations B+B̄0 and
B−B0. From isospin considerations follows that the fraction of same-
type combinations is f (3)d = f (3)u = 1

6 and the mixed-type fraction is

f (3)u,d = 2
3 [72].

4.5 Monte Carlo simulation

Decays at the Υ(5S) and off-resonance beam energies are simulated
with Monte Carlo (MC) techniques to study the kinematic distributions
and the efficiencies of the various signal and background contributions.
The size of the generated MC samples corresponds to six times the in-
tegrated luminosity of the data in order to keep the uncertainty due
to the MC statistics small in measurements. Particle decays are gener-
ated with the EvtGen program, which was originally developed for the
experiments CLEO and BaBar and then adapted for Belle [89]. The sim-
ulation uses as input two lists. The first one contains the properties of
the simulated particles, for example:
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Figure 4.3: The different Υ(5S) decay modes in the ∆E-Mbc plane: (left) pre-
ferred regions for events with one fully reconstructed B(s) meson; (right)
Sample of reconstructed Bs → D−s π+ decays from a 23.6 fb−1 sample of Υ(5S)
data collected at Belle [88]. The corresponding B∗sB̄∗s, B∗sB̄s and BsB̄s regions are
indicated by boxes.

Meson D_s+ 431 1.96849 0 3 0 0.1470
Meson D_s*+ 433 2.1123 0 3 2 0

The meaning of the columns is from left to right: the particle type, the
identifying string, the identifying integer number, the mass in GeV, the
width in GeV, the charge multiplied by 3, the spin multiplied by 2, and
the lifetime multiplied by c ·mm−1. The second list contains the decay
modes with the branching fractions and the decay models used for the
generation. For Bs → D(∗)

s e+νe decays, this reads for example as follows:

Decay B_s0
0.0210 D_s- e+ nu_e PHOTOS ISGW2;
0.0490 D_s*- e+ nu_e PHOTOS ISGW2;

The first entry in a row is the branching fraction of the decay mode fol-
lowed by the daughter particles of the decay. The last entry in each row
is the decay model (here: ISGW2) that is used for the event generation.
The additional parameter PHOTOS describes the simulation of final state
photon radiation with the PHOTOS package [90].

The Bs branching fractions and the Bs decay parameters are mostly
unknown. Therefore the simulation parameters are chosen in analogy
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4.5 Monte Carlo simulation

to B decays. The simulation considers 223 different decay modes of
the Bs meson. For about 43% of the total Bs decay width, no explicit
final state is specified and the PYTHIA package [91] takes care of the
final state hadronisation. Semileptonic Bs decays are simulated with
different models depending on the decay channel. The CLN model is
used for Bs → D(∗)

s `ν decays with the model parameters determined
in B measurements assuming SU(3)flavour symmetry. For Bs → D∗∗s `ν
decays, the LLSW model is used in the Bs → D(∗)

s X`ν analyses and
the ISGW2 model is used in the Bs → X`ν analysis. The technical de-
tails, how the model predictions are considered in the simulation, are
given in Appendix A. A challenge in the MC modelling is also the poor
knowledge of the D∗∗s decay modes. Except for a few branching frac-
tion measurements the statements by the Particle Data Group on the
D∗∗s decay modes range from “not seen” over “possibly seen” to “seen”
[8]. Table 4.1 summarises the assumptions made in the MC simulation.
Besides Bs events, also events with B mesons and bottomonium states
are simulated as well as the process e+e− → qq̄ (q = u, d, s, c).

The interaction of the simulated particles with the detector is sim-
ulated with the GEANT [92] software. In GEANT, a virtual model of
the full detector geometry including the arrangement and the materi-
als of the detector components, is implemented. The interaction of a
particle with the detector materials is estimated by dividing the particle
trajectory into small steps and calculating for each step the probability
and outcome of an interaction. The simulated energy deposit is conver-
ted into the detector response (“digitisation”) and the signal processing
as well as the trigger behaviour are emulated. Imperfections of the de-
tector simulation caused by the necessary simplifications of the detector
geometry and material budget are studied by comparing data distribu-
tions of well-known decays to the corresponding MC prediction. Based
on these studies, correction factors are calculated and applied to the MC
sample. Details on these calibration factors can be found in Chapter 5.
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4 The Υ(5S) data set

Branching fraction
Mode Belle MC Particle Data Group
Decays to Ds mesons
Ds1(2536) → DsX 0 % seen
D∗s0 → DsX 100 % seen
D′s1(2460) → DsX 100 %

∑
> 75%

D∗s2 → DsX 0 % —
Decays to D∗s mesons
Ds1(2536) → D∗sX 0 % possibly seen
D∗s0 → D∗sγ 3 % < 6 %
D∗s0 → D∗sπ0 0 % < 11 %
D′s1(2460) → D∗sX 63 %

∑
≈ 52%

D∗s2 → D∗sX 0 % —

Decays to non D(∗)
s mesons

Ds1(2536) → D∗K 100 % [85 ± 12] %
Ds1(2536) → DKX 0 % 3 . . . 24 %
D∗s2 → DK 90 % seen
D∗s2 → D∗K 10 % not seen

Table 4.1: Branching fractions of D∗∗s mesons in the Belle MC simulation and
the information available from the Particle Data Group [8]. The decays to Ds
mesons contain also the cases where the Ds meson does not stem directly from
a D∗∗s meson, but from the decay of an intermediate D∗s meson.
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CHAPTER 5

Event reconstruction

Figure 5.1 gives an impression of the topology of an Υ(5S)→ BsB̄s event
with a semileptonic Bs decay. In this thesis, semileptonic Bs decays are
studied, where the lepton, `+, is either an electron or an muon. The de-
cays are analysed in both a semi-inclusive and an inclusive approach.
In the semi-inclusive Bs → D(∗)

s X`ν analysis [93], semileptonic Bs de-
cays with a D(∗)

s meson in the final state are studied. The final state may
contain additional hadrons and photons, X, which are not reconstruc-
ted. The reconstructed particles are D(∗)−

s `+ pairs1 with opposite-sign
electric charges. Only one of the two Bs mesons in the event is used as il-
lustrated in Fig. 5.2 (a). In the inclusive Bs → X`ν analysis [94], the had-
ronic part, X, of the final state is not specified and the lepton, `+, is the
only reconstructed particle of the signal decay. To suppress the back-
ground from B production in Υ(5S) decays, a D+

s meson from the decay
of the second Bs meson in the event is additionally reconstructed (see
Fig. 5.2 (b)). The selection of D+

s `
+ pairs with same-sign electric charges

ensures that both particles stem from decays of different Bs mesons.

1 Throughout this thesis, the inclusion of the charge conjugate mode is implied unless
otherwise stated.
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5 Event reconstruction

Figure 5.1: Event display of a simulated semileptonic Bs decay in the Belle II
detector. For technical reasons, the Belle II software was used to generate this
event display, but the event topology looks similar in the Belle detector. The
thin, curved lines represent the generated particle trajectories. The inner region
shows the vertex detector and the CDC hits. The inner blue ring represents the
TOF counters. The energy deposited in the ECL is shown as red histograms.
The outer blue ring is the KLM.
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5.1 Reconstruction of charged kaons and pions

Reconstructed samples Measured decay mode
D−s e+, D−s µ+ Bs → DsX`ν (semi-inclusive)
D∗−s e+, D∗−s µ+ Bs → D∗sX`ν (semi-inclusive)
D+

s e+, D+
s µ

+ and Ds Bs → X`ν (inclusive)

Table 5.1: Overview of the reconstructed samples for the semi-inclusive and
inclusive measurements of semileptonic Bs decays.

In addition to the D+
s `

+ sample, a sample of D+
s mesons without the

lepton is reconstructed to determine the number of Bs mesons in the
sample.

The reconstructed samples and the measured decay modes are sum-
marised in Table 5.1. The semi-inclusive and inclusive analyses have in
common that Ds mesons and D(∗)

s ` pairs are reconstructed and therefore
the reconstruction procedures are very similar. The selection procedure
of the semi-inclusive analysis is described in the following and the dif-
ferences for the inclusive analysis differs are discussed at the end of this
chapter. The event reconstruction is performed in several steps. First of
all, the final state particles (K±, π±, e±, µ±, γ) are reconstructed from the
information of the different subdetectors. In a second step, intermedi-
ate decay products (φ, Ds, D∗s) are reconstructed by combining the final
state particles. Eventually, signal candidates are formed.

5.1 Reconstruction of charged kaons and pions

Kaons and pions are reconstructed from charged tracks. Only tracks
originating from the interaction point are selected by requiring at least
one associated hit in the SVD and the impact parameters in rφ and z to
be |dr| < 0.5 cm and |dz| < 2.0 cm. Low momentum tracks are bent in the
magnetic field of the solenoid so much that their trajectory describes a
spiral in the detector. Such spiral track can easily be misreconstructed
as two separate tracks. To remove such duplicate tracks, the follow-
ing algorithm is applied: The pion hypothesis is applied to each of two
tracks with a transverse momentum of less than 275 MeV. If the differ-
ence between the absolute values of the measured momenta is less than
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Figure 5.2: Approaches to study semileptonic Bs decays.

66



5.1 Reconstruction of charged kaons and pions

100 MeV, and the angle between the two tracks is less than 15° (same-
sign charges) or larger than 165° (opposite-sign charges), the track with
the smaller impact parameters, |dr| and |dz|, is chosen for the analysis.

Kaons and pions are identified from the Cherenkov light yield in the
ACC, the timing information from the TOF and the specific ionisation
measured in the CDC. The response of theses detectors is combined into
a likelihood, LK,π, that distinguishes between the kaon and pion hypo-
thesis [95]. The likelihood LK,π can take values between 0 and 1, where
0 stands for a high probability that the reconstructed track is a pion and
1 that it is a kaon (see Fig. 5.3). The Belle default requirements for ka-
ons, LK,π > 0.6, and pions, LK,π < 0.8, are applied. For a kaon (pion)
track with a typical momentum of pK,π = 0.75 GeV, the identification
efficiency is about 96 % (92 %), while the probability for pions (kaons)
to be misidentified as kaons (pions) is 7 % (2 %).

The kaon and pion identification efficiencies were studied [96] with
a sample of reconstructed D+∗

→ D0π+slow; D0
→ K−π+ decays. The

charged pionπ+slow from the D+∗ decay typically has a small momentum
because it is produced near threshold. Correctly reconstructed events
can be easily recognised because they produce a sharp peak in the dis-
tribution of the difference of the reconstructed masses, mKππslow −mKπ.
The charge of the slow pion πslow determines the particle species of the
other charged tracks. It can then be tested if a kaon or pion track iden-
tified via the D+∗ reconstruction passes the requirement based on the
likelihood LK,π. This test is performed with the data sample divided
into bins j = (p,θlab) of the kaon (pion) momentum in the lab frame
and the kaon (pion) polar angle, respectively. By comparing the event
yields obtained from collision data and the MC sample, D j and M j, re-
spectively, one derives correction factors for the kaon (pion) efficiencies
in the MC simulation:

R j =
D j

M j
. (5.1)

The difference in kaon and pion identification between the real data
and the MC samples is corrected by multiplying each MC event with a
weight depending on the number of reconstructed kaons and pions and
the detector region where they are detected. For the reconstruction of
the decay D+

s → K+K−π+, the sample is divided in (p,θlab) bins j, k, l
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Figure 5.3: Kaon likelihood for kaon (red) and pion (blue) tracks from D∗ →
D0π+slow; D0

→ K−π+ decays reconstructed in Belle Υ(4S) data. The charge
of the slow pion, π+slow, determines the particle species of the reconstructed
tracks. A likelihood LK,π = PID(K) = 1 stands for a high probability that
the reconstructed track is a kaon, and 0 corresponds to a high pion probability.
Figure taken from Ref. [48].
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corresponding to the K+, K−, π+ tracks, respectively, and the corrected
MC expectation N′ is calculated from the number of generated events
N jkl via

N′ =
∑

j

∑
k

∑
l

R jRkRlN jkl . (5.2)

The uncertainty of the efficiency correction, ∆R j, is composed of the
statistical uncertainty, ∆ R j,stat, of the D∗+ data and MC samples, and
a systematic uncertainty, ∆R j,syst, due to the determination of the D∗+

yields and the fact that a potential dependence on the data-taking period
is neglected. In the calculation of the total uncertainty of the MC predic-
tion, ∆N′, the statistical uncertainties are treated as uncorrelated between
the individual ph,θlab

h bins while the systematic uncertainties are treated
as fully correlated:

∆N′ =

√√√√∑
i

Ñ2
i · ∆R2

i,stat +

∑
i

Ñi · ∆Ri,syst

2

(5.3)

with
Ñi =

∑
i

∑
j,k,l

δi jδikδilN jklRi , (5.4)

where δab is the Kronecker delta.

5.2 Reconstruction of Ds and D∗s mesons

The Ds mesons are reconstructed in the decay mode D+
s → φπ+; φ →

K+K−, which has a branching fraction of [2.24 ± 0.10] % [8].2 The recon-
struction of the intermediate φ resonance is an effective tool to reduce
the large combinatorial background from random K+K−π+ combina-
tions and increase the signal purity of the selected sample because the
φ resonance is very narrow. The reconstructed di-kaon mass is required

2 The Ds decay modes into KSK and K∗K were taken into consideration as well, but the
corresponding signal-to-background ratios are a factor of 2 to 3 worse than for the φπ
mode. Therefore, these modes were discarded.
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Figure 5.4: Reconstructed K+K− mass (black points) for data (left) and MC
(right). The blue curve is the result of a fit of the sum of a Breit-Wigner function
for the signal and a threshold function for the combinatorial background. The
dotted green curve shows the fitted background contribution.

to be within a ± 15 MeV mass window around the nominal φ mass of
[1019.455 ± 0.020] MeV [8]. To ensure that the selection efficiency of this
mass window is the same for the data and the MC samples, the mass,
mφ, and the width, σφ, of the φ mass peak are determined by fitting
the sum of a Breit-Wigner and a threshold function3 to the K+K− mass
distributions reconstructed in both samples (see Fig. 5.4). The fit results
for data and MC are in agreement within the uncertainties:

Data: mφ = [1019.51 ± 0.07] MeV , σφ = [5.33 ± 0.18] MeV ,(5.5)
MC: mφ = [1019.57 ± 0.06] MeV , σφ = [5.04 ± 0.16] MeV .(5.6)

For further background reduction, the helicity angle, θhel, is used.
It is defined in the rest frame of the φ meson as the angle between
the incoming momentum of the Ds and the negatively charged kaon.
Since the decay chain D+

s → φπ+; φ → K+K− is a scalar-to-vector-
scalar transition with the vector meson decaying to two scalars, cor-
rectly reconstructed decays preferentially have large | cosθhel| values,
while combinatorial background is uniformly distributed (see Fig. 5.5).
Events with | cosθhel| > 0.3 are selected. The selection criteria are op-

3 The function RooDstD0BG was originally designed for D∗ → D0π decays. For details
see the documentation of the RooFit package [97].
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Figure 5.5: The helicity angle distribution of reconstructed D−s `+; D−s →

φ(K+K−)π− candidates. The black points are the 121.4 fb−1 Υ(5S) data. The
stacked histograms are the MC distributions normalised to the number of data
events: misreconstructed Ds (brown), correctly reconstructed Ds (red), correctly
reconstructed Ds from D∗s → Dsγ decays (green). The vertical line represents the

threshold set in the Bs → D(∗)
s X`ν analysis.

timised with a figure-of-merit optimisation. As figure-of-merit, FOM =

S/
√

S + B is chosen. Ds candidates with a reconstructed mass within
±65 MeV around the nominal Ds mass, mDs = [1968.50 ± 0.32] MeV [8],
are retained for analysis to have large enough side bands for the estima-
tion of the combinatorial background. The reconstructed K+K−π+ mass
distribution is shown in Fig. 5.6 for collision data and the MC sample.
The small differences in the shapes and positions of the Ds mass peaks
are not relevant for the analyses because the shape of the MC distribu-
tion is not used.

The D∗s candidates are reconstructed in the dominant decay channel
D∗s → Dsγ, which has a branching fraction of [94.2 ± 0.7] % [8]. Only
the Ds candidates within a mass window of ±15 MeV around MDs cor-
responding to three times the RMS of the Ds mass peak are considered
for the D∗s reconstruction, which removes a large fraction of the com-
binatorial background from the Ds reconstruction. The chosen mass
window is large enough to be insensitive to the small shape differences
between the collision data and the MC sample to be seen in Fig. 5.6.
The photon candidate is reconstructed from ECL clusters that have not
been assigned to a track candidate. It must have a minimum energy of
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Figure 5.6: Reconstructed Ds mass of D−s `+; D−s → φ(K+K−)π− candidates. The
colour code is explained in Fig. 5.5.

125 MeV in the lab frame. The photon selection is refined using the vari-
able E9/E25, defined as the ratio of the energy deposited in the central
3× 3 cells of the ECL cluster to the energy contained in the central 5× 5
cells. Photon candidates with E9/E25 > 90 % are considered for the D∗s
reconstruction. Photons originating from π0 decays are vetoed by com-
bining each photon candidate with any other photon candidate in the
event and excluding both candidates from the analysis if the invariant
mass of the di-photon system differs by less than 5 MeV from the nom-
inal π0 mass, mπ0 = [134.9766 ± 0.0006] MeV. The distributions used to
select the photon for the D∗s reconstruction are depicted in Fig. 5.7. For
correctly reconstructed D∗s mesons, the angle between the Ds meson and
the photon, ](Ds,γ), is typically below 90° (see Fig. 5.8) which is used as
additional requirement. The mass difference between the reconstructed
D∗s → Dsγ and the Ds candidate,

∆m = mDsγ −mDs , (5.7)

is calculated and candidates with a mass within a ±65 MeV mass win-
dow around the nominal value of ∆m = [143.8 ± 0.4] MeV are retained
for the analysis. The ∆m distributions of reconstructed data events and
simulated events are shown in Fig. 5.9 (a). The width and the position of
the signal peak of the collision data and the simulated data are different
with respect to each other. These parameters are, therefore, determined
from a fit to the data distribution in the analysis.
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Figure 5.7: Data-MC comparison of the variables used in the photon selection.
The selection criteria are represented by vertical lines. For every distribution,
each other selection criterion is applied. The distributions are from top to bot-
tom: photon energy, Eγ, in the lab frame; E9/E25 (for the definition see text);
difference between the reconstructed di-photon mass and the nominal π0 mass.
The left column shows the sum of the MC expectation scaled to the number of
data events. The right column shows the shapes of the variables normalised to
unity. The colour code is explained in Fig. 5.5. Additionally, events are distin-
guished where the D∗s (dark green) was correctly reconstructed and where the
Ds was correctly reconstructed, but not the D∗s (light green).
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Figure 5.9: Mass difference, ∆m = mD∗s − mDs , between the reconstructed D∗s
and Ds candidates. Left: Data-MC comparison. Right: Shape comparison of the
different components of the ∆m distribution. The colour code is explained in
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5.3 Lepton reconstruction

Electron and muon candidates are reconstructed from charged tracks
selected by the same procedure as kaon and pion tracks (see Sec. 5.1).
Only the tracks that are not used for the Ds reconstruction are con-
sidered. The lepton momentum measured in the laboratory frame is
required to be larger than 0.9 GeV in order to suppress backgrounds
from secondary decays and misidentified hadrons, which have typ-
ically lower momenta than leptons from semileptonic B(s) decays (cf.
Sec. 7.1). Electrons are selected based on a likelihood, Le, derived from
five measured quantities [98]:

1. Position matching between track and ECL cluster: The posi-
tion resolution for electron showers is smaller than for hadronic
showers. By taking the difference between the position of the
track extrapolated to the ECL and the measured position of the
ECL cluster, a discriminating variable is formed.

2. Ratio of the energy measured in the ECL and the charged-track
momentum: The small electron mass leads to a ratio EECL/ptrack ≈

1 while for hadrons this ratio is significantly smaller.

3. Transverse ECL shower shape: For electrons, the variable E9/E25
peaks at E9/E25 = 0.95. For hadrons, there are two possibilities:
either E9/E25 equals to 1 because the full energy is deposited in
a single ECL cell or the E9/E25 value is below 0.95.

4. Specific ionisation in the CDC: The measured specific ionisation
dE/dx and its resolution are compared to the expected values.

5. ACC light yield: The measured ACC light yield allows for a sep-
aration of electrons and pions with track momenta below 1 GeV,
as the Cherenkov threshold for electrons is only a few MeV, while
it is between 0.5 GeV and 1.0 GeV for pions.

The acceptance region for electrons is 18 . . . 150 °. Tracks are considered
as electrons if they have a likelihood of Le > 0.5. The electron efficiency
for track momenta above 0.9 GeV is better than 89 %. The misidentific-
ation probabilities for kaons and pions are below 1 %.
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The identification of muons relies exclusively on the information from
the KLM [99]. Adopting the muon hypothesis, each track is extrapol-
ated from the CDC to the KLM and associated hits are looked for. If hits
are found in at least two superlayers of the KLM the expected penetra-
tion depth defined as the outermost layer with an RPC hit is calculated.
If the discrepancy between the measured and the expected penetration
depth is not more than five layers, the track is accepted as muon candid-
ate. These vetoes already reject 90 % of the pion tracks, but retain 95.5 %
of the muons. After that, a layer-by-layer extrapolation is performed
with GEANT [92]. The goodness of fit of the transverse deviations and
the difference between the measured and expected penetration depth is
used to assign a muon likelihood Lµ. The KLM has an acceptance region
of 25 . . . 145 °. Muon tracks with momenta above 0.9 GeV are identified
with an efficiency of more than 82 % for Lµ > 0.9. The probability for
kaons and pions to be misidentified as muon is below 2 %.

The lepton efficiencies in the MC simulation are calibrated with events
from two photon processes e+e− → e+e−`+`− [100]. Similar to the calib-
ration of the kaon and pion efficiencies, data-MC ratios R j are determ-
ined in bins j = pell,θlab

` . The MC efficiency of the reconstructed lepton
is corrected according to the formula

N′ =
∑

j

R j ·N j , (5.8)

where N j is the number of generated events found in bin j. There are
different sources of uncertainty to the ratios R j: the statistical uncer-
tainty, ∆R j,stat, of the collision data and the simulated data in the in-
dividual bins j, and the systematic uncertainty, ∆R j,syst 1, due to the
run-period dependence. Moreover, the impact of the particle multi-
plicity in a hadronic environment on the lepton efficiencies is stud-
ied with a J/ψ → `+`− sample and the difference, ∆R j,syst 2, to the
e+e− → e+e−`+`− sample is considered as additional systematic un-
certainty. In the calculation of the total lepton identification uncertainty,

76



5.4 Continuum suppression

∆N′, the statistical uncertainties are treated as uncorrelated and the sys-
tematic uncertainties as correlated:

∆N′ =

√√√√√∑
j

N2
j · ∆R2

j,stat +

∑
j

N j · ∆R j,syst 1


2

+

∑
j

N j · ∆R j,syst 2


2

.

(5.9)
The misidentification probabilities for a kaon (pion) track to be ac-

cepted as lepton candidate are studied with the D+∗ sample mentioned
in Sec. 5.1 [101]. The sample is divided into bins of equal size in j =
p`,θlab

` , as for the lepton efficiency studies, and the probabilities that a
kaon (pion) passes the chosen Le or Lµ criterion are determined. The
statistical uncertainties of this study are evaluated and considered later
in the measurements.

To veto leptons from J/ψ decays, each lepton candidate, `+, is com-
bined with any other track of the opposite charge, h−, and excluded
from the analysis if |m`+h− −mJ/ψ| < 5 MeV. Moreover, electron can-
didates are rejected if they are likely to stem from a photon conversion,
me+h− < 100 MeV, or a Dalitz π0 decay, |me+h−γ −mπ0 | < 32 MeV, where
γ is any accepted photon candidate.

5.4 Continuum suppression

The reconstruction of Ds mesons leads to a strong suppression of back-
ground from continuum processes, e+e− → qq̄ with q = u, d, s. How-
ever, in the case q = c, one of the c-quark can hadronise into a Ds meson.
This background represents a sizeable contribution to the sample of se-
lected D(∗)

s ` candidates. The Ds mesons from this background stems
directly from the hadronisation of a c quark produced in the e+e− colli-
sion, whereas the Ds from B(s) decays are produced via an intermediate
step:

e+e− → cc̄ → DsX
e+e− → bb̄ → BsX → DsX′X . (5.10)

Therefore, the Ds from cc̄-continuum have significantly higher momenta
than the ones from B(s) decays. For an easier comparison of the Ds
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momenta in Υ(5S) data and off-resonance data, the reconstructed Ds
momentum is divided by the maximum achievable Ds momentum in
direct production:

x(Ds) =
p∗Ds√

s/4−M2
Ds

. (5.11)

The obtained variable is independent of the centre-of-mass energy. As
the B(s) meson carries away at most half of the available centre-of-mass
energy, the criterion x(Ds) < 0.5 retains practically all B(s) decays, but
removes a large fraction of the cc̄-continuum background. Figure 5.10
illustrates the separation power of x(Ds).

To further suppress continuum background, the topology of the event
is analysed. While the continuum events have a di-jet-like topology, B(s)
pairs decay nearly at rest in the rest frame of the Υ(5S) resonance, lead-
ing to an isotropic event topology. The event topology is characterised
by the angle θthrust between the two thrust axes defined as follows: the
signal thrust axis ~Tsig, points in the direction that maximises the longit-
udinal momentum of the signal tracks∑

i

~Tsig · ~p∗sig,i , (5.12)

where ~p∗sig,i is the momentum in the Υ(5S) rest frame of the i-th signal

track; the thrust axis of the rest of the event, ~Trest, is calculated in the
same way from the remaining tracks and clusters in the event. The “jet-
like” topology of continuum events leads to a peak of the | cosθthrust| at
1, whereas the spherical topology of B(s) pair events produces a uniform
| cosθthrust| distribution (see Fig. 5.10). For the analysis, the requirement
| cosθthrust| < 0.8 is applied.

5.5 Best-candidate selection

After the selection of D−s `+ pairs, 7.9 % (0.4 %) of the selected events
contain more than one (two) D−s `+ candidates. If there are multiple Ds
candidates, a vertex fit of the K+K−π+ tracks is performed for each can-
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Figure 5.10: Continuum suppression variables in the MC simulation: (a) x(Ds)
and (b) | cosθthrust| after applying the x(Ds) < 0.5 requirement. The stacked
histograms represent the following MC contributions from bottom to top: con-
tinuum (light blue), leptons from secondary processes and misidentified had-
rons (dark blue) and prompt leptons (red). The darker colour is for the B events,
and the lighter for the Bs events.

didate and the one with the best χ2 value of the fit is chosen for the
analysis. This procedure selects in 80 % of the cases a correct Ds candid-
ate. The selected best Ds candidate is considered in the following for
D∗s reconstruction. In 36.2 % (9.7 %) of the events, more than one (two)
photon candidate(s) form together with a Ds candidate a D∗s candid-
ate. In this case, the photon candidate with the highest E9/E25 value
is chosen. Sometimes it happens, that two different photon candidates
deposit all of their energy in the central 3× 3 cells of an ECL cluster, i.e.
E9/E25 = 1 for both candidates. For those events, the photon candid-
ate with the higher energy in the lab frame is selected. The described
approach to select the photon candidate is marginally better than a ran-
dom selection. The fraction of events with more than one lepton can-
didate after selecting the best D(∗)

s candidate is relatively small (2.1 %)
and a random lepton candidate is selected.
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5.6 Event reconstruction in the Bs → X`ν
analysis

As mentioned before, the reconstruction procedure of the inclusive Bs →

X`ν analysis differs only in few points from the one of the semi-inclusive
Bs → D(∗)

s X`ν analysis. Since in the combinatorial background in the Ds
sample is larger than in the Ds` samples, the mass window for the re-
construction of the intermediateφ resonance in the decay D+

s → φπ+;φ→

K+K− is chosen as ± 8 MeV, i.e. tighter than in the Bs → D(∗)
s X`ν ana-

lysis. Moreover, a stricter requirement on the helicity angle is used:
| cosθhel| > 0.5. The lepton momentum threshold is lowered to p` >
0.6 GeV in order to include a larger fraction of the inclusive lepton mo-
mentum spectrum in the analysis. The thrust angle, | cosθthrust|, cannot
be used for continuum suppression because the signal lepton and the
“tag” Ds meson stem from the decay of different Bs mesons and the re-
maining tracks and ECL cluster cannot be unambiguously assigned to
the signal or tag Bs decay. Other event-topology-based continuum sup-
pression variables which do not rely on the reconstruction of the signal
Bs, such as the normalised second Fox-Wolfram momentum [102], are
not used in order to avoid model dependencies due to differences in
the topology of signal events between the data and the MC simulation.
No best-candidate selection is performed – the small fraction of events
with multiple Ds → φπ decays is taken into account by the efficiencies.

The differences between the selection criteria of the Bs → D(∗)
s X`ν and

the Bs → X`ν analyses are summarised in Table 5.2.
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Semi-inclusive Inclusive
φ mass window ± 15 MeV ± 8 MeV
| cosθhel| > 0.3 > 0.5
p` > 0.9 GeV > 0.6 GeV
| cosθthrust| < 0.8 —
Best candidate selection yes no

Table 5.2: Differences in the selection between the inclusive and the exclusive
analysis.
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CHAPTER 6

Semi-inclusive studies:
Bs → D(∗)

s X`ν

One of the main goals of studying semileptonic Bs decays is the de-
termination of the CKM matrix element |Vcb|, based on the study of
exclusive Bs → D(∗)

s `ν decays, similar to the studies performed with B
decays (cf. 2.4.4). However, there are currently still systematic limita-
tions that prohibit such exclusive Bs measurements at Belle — the de-
tails will be explained later in this chapter. Therefore, “semi-inclusive”
analyses are performed instead of exclusive ones: the decay modes
Bs → DsX`ν and Bs → D∗sX`ν are studied, where the X stands for ad-
ditional particles that can contribute to the final state. These studies
already constrain the sum of the different exclusive branching fractions
and thus provide implicitly a first test of the predicted exclusive branch-
ing fractions. Moreover, they help to identify the challenges of exclus-
ive measurements. Semi-inclusive measurements of B → D(∗)X`ν de-
cays were recently performed at Belle to gain a deeper understanding of
B→ D∗∗`ν cross-feed in exclusive B→ D(∗)`ν measurements [103]. The
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measurements of semi-inclusive Bs decays can provide similar insight
once the exclusive decays are measured.

The expected Bs → DsX`ν branching fraction can be estimated as the
difference between the inclusive charmed semileptonic branching frac-
tion,B(Bs → Xc`ν), and the branching fraction of charmed semileptonic
Bs decays to final state not containing a Ds meson, B(Bs →��DsX`ν).

Using the theory prediction of small SU(3)flavour symmetry breaking
effects (cf. Eq. 2.80) and the measured lifetimes of the Bs and B0 mesons,
τBs and τB0 , one obtains [8]:

Best(Bs → Xc`ν) =
Γsl(Bs)

Γsl(B0)
·
τBs

τB0
B(B0

→ Xc`ν) = [10.0 ± 0.4] % . (6.1)

To estimate B(Bs → ��DsX`ν), the two modes with a Ds1(2536) or a
Ds2(2573) meson in the final state are considered. Both of these states
are above the D(∗)K threshold and therefore it can be assumed that
they decay with high probability to D(∗)K: B(Ds1(2536) → D(∗)K) =

B(Ds2(2573)→ D(∗)K) = [90 ± 10] %. The corresponding semileptonic
branching fractions are taken from the prediction by Faustov and Gal-
kin [29]. This leads to the estimate

B(Bs →��Ds`νX) = [1.4 ± 0.2] % , (6.2)

from which follows

Best(Bs → DsX`ν) = Best(Bs → Xc`ν)−B(Bs →��DsX`ν) = (8.6±0.5)% .
(6.3)

The LHCb and D0 experiments have measured the branching fractions
with a Ds1(2536) or a Ds2(2573) meson in the final state (cf. Table 1.1).
These measurements, reconstruct the decay Bs → DsX`ν and then use
an estimate of B(Bs → DsX`ν) to determine number of Bs mesons in
their data. Therefore, they cannot be considered for the calculation of
Best(Bs → DsX`ν).
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6.1 Analysis overview

6.1 Analysis overview

The semi-inclusive measurements are based on samples of D−s `+ and
D∗−s `+ pairs, where the D−s meson is reconstructed in the channel D−s →
φπ−; φ → K+K− and the D∗−s meson in the channel D∗−s → D−s γ as de-
scribed in the preceding chapter. The yields of correctly reconstructed
D−s and D∗−s decays are determined from fits to the mKKπ and ∆m =

mDsγ −mDs distributions, respectively. The D(∗)−
s `+ samples where the

D(∗)
s is correctly reconstructed contain miscellaneous signal and back-

ground contributions:

1. Continuum background from the process e+e− → cc̄;

2. B→ D(∗)
s K`ν decays;

3. Wrong-side combinatorial background where the lepton candid-
ate is paired with a D(∗)

s from the other B(s) in the event. The
lepton candidate can be either a primary lepton coming directly
from a B(s) decay, a secondary leptons stemming from the decay
of a B(s) decay product, or a hadron misidentified as a lepton;

4. Other backgrounds where a D(∗)
s meson is combined with either

a secondary lepton or a misidentified hadron from the decay of
the same B(s) meson;

5. Signal decays. The D−s `+ sample contains Bs → Ds`ν and Bs →

D∗s`ν as well as Bs → D∗∗s `ν decays where the D∗∗s meson decays
to a Ds meson. The D∗−s `+ sample comprises Bs → D∗s`ν decays
as well as Bs → D∗∗s `ν decays where the D∗∗s meson decays to a D∗s
meson.

The expected yields of each component at the different steps of the
selection are listed in Tables 6.1 and 6.2 for the D−s `+ samples, and
in Table 6.3 and 6.4 for the D∗−s `+ samples. The continuum background
(1) is estimated from the off-resonance data sample and subtracted from
the selected data sample. The small amount of B → D(∗)

s K`ν decays (2)
is estimated from a dedicated MC sample. The yields of the remaining
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Fake Ds Continuum WS primary WS other Other B→ DsK`ν Bs → Ds`ν Bs → D∗s`ν Bs → D∗∗s `ν
Generated 6602 16542 1733

Reconstructed 117986 16688 5714 4200 3517 154 1786 4379 449
x(Ds) < 0.5 110143 5579 5707 4193 3515 153 1769 4378 449

| cosθthrust | < 0.8 68813 3270 4735 3432 2844 125 1415 3481 357
| cosθhel | > 0.3 48520 3158 4574 3312 2745 121 1365 3362 345

p` > 0.9 19877 1080 3964 775 788 70 1158 3041 281
Best Ds` 18115 1046 3688 711 727 66 1094 2848 267

x(Ds) < 0.5 93% 33% 100% 100% 100% 100% 99% 100% 100%
| cosθthrust | < 0.8 58% 20% 83% 82% 81% 82% 79% 79% 80%
| cosθhel | > 0.3 41% 19% 80% 79% 78% 79% 76% 77% 77%

p` > 0.9 17% 6% 69% 18% 22% 46% 65% 69% 63%
Best Ds` 15% 6% 65% 17% 21% 43% 61% 65% 59%

Table 6.1: Impact of the selection criteria on the different contributions in the D−s e+ sample (see Sec. 6.1 for an
explanation of the contributions). The numbers are the expectation from the MC simulation after applying all
calibration factors. The lower part of the Table lists the fraction of the reconstructed events retained after each
selection step.
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Fake Ds Continuum WS Primary WS other Other B→ DsK`ν Bs → Ds`ν Bs → D∗s`ν Bs → D∗∗s `ν
Generated 6595 16534 1754

Reconstructed 103265 12974 5021 2600 2313 108 1618 3905 398
x(Ds) < 0.5 95198 4152 5016 2596 2309 108 1603 3904 398

| cosθthrust | < 0.8 55527 2258 4177 2116 1882 89 1296 3124 318
| cosθhel | > 0.3 39086 2177 4035 2043 1828 86 1255 3024 307

p` > 0.9 26756 1412 3766 1186 1106 66 1157 2876 278
Best Ds` 24530 1363 3505 1072 1018 63 1088 2711 262

x(Ds) < 0.5 92% 32% 100% 100% 100% 100% 99% 100% 100%
| cosθthrust | < 0.8 54% 17% 83% 81% 81% 82% 80% 80% 80%
| cosθhel | > 0.3 38% 17% 80% 79% 79% 79% 78% 77% 77%

p` > 0.9 26% 11% 75% 46% 48% 62% 72% 74% 70%
Best Ds` 24% 11% 70% 41% 44% 58% 67% 69% 66%

Table 6.2: Impact of the selection criteria on the different contributions in the D−s µ+ sample (see Sec. 6.1 for an
explanation of the contributions). The numbers are the expectation from the MC simulation after applying all
calibration factors. The lower part of the Table lists the fraction of the reconstructed events retained after each
selection step.
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Fake Ds Fake D∗s Continuum WS primary WS other Other B→ DsK`ν Bs → D∗s`ν Bs → D∗∗s `ν
Generated 15589 385

Reconstructed 427120 102746 7852 2382 1738 1392 50 2937 71
x(Ds) < 0.5 409593 83560 2660 2382 1737 1391 50 2936 71

| cosθthrust | < 0.8 264604 64871 1561 1971 1414 1127 40 2332 56
| cosθhel | > 0.3 186688 62633 1509 1913 1368 1093 39 2255 55

p` > 0.9 74047 35657 518 1664 315 306 22 2035 46
Best Ds` 67669 33688 501 1545 288 281 20 1907 44

Photon selection 3541 6494 292 805 137 136 10 976 19
Best photon 2358 4201 231 617 99 102 7 711 14

x(Ds) < 0.5 96% 81% 34% 100% 100% 100% 100% 100% 71 100%
| cosθthrust | < 0.8 62% 63% 20% 83% 81% 81% 81% 79% 79%
| cosθhel | > 0.3 44% 61% 19% 80% 79% 79% 79% 77% 77%

p` > 0.9 17% 35% 7% 70% 18% 22% 44% 69% 66%
Best Ds` 16% 33% 6% 65% 17% 20% 42% 65% 62%

Photon selection 1% 6% 4% 34% 8% 10% 20% 33% 28%
Best photon 1% 4% 3% 26% 6% 7% 15% 24% 20%

Table 6.3: Impact of the selection criteria on the different contributions in the D∗−s e+ samples (see Sec. 6.1 for an
explanation of the contributions). The numbers are the expectation from the MC simulation after applying all
calibration factors. The lower part of the Table lists the fraction of the reconstructed events retained after each
selection step.
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Fake Ds Fake D∗s Continuum Prompt WS Other WS Other CS B→ DsK`ν Bs → D∗s`ν Bs → D∗∗s `ν
Generated 15565 387

Reconstructed 352864 78481 6141 2101 1094 925 36 2674 61
x(Ds) < 0.5 335836 63587 1995 2100 1094 923 36 2673 61

| cosθthrust | < 0.8 203609 49112 1062 1742 888 751 29 2142 49
| cosθhel | > 0.3 143520 47469 1026 1689 862 730 28 2080 47

p` > 0.9 97471 37709 667 1568 502 445 21 1981 43
Best Ds` 89500 35578 643 1454 455 414 20 1867 41

Photon selection 4591 6844 384 731 227 209 9 955 19
Best photon 3095 4425 298 553 167 151 6 698 14

x(Ds) < 0.5 95% 81% 32% 100% 100% 100% 100% 100% 100%
| cosθthrust | < 0.8 58% 63% 17% 83% 81% 81% 81% 80% 81%
| cosθhel | > 0.3 41% 60% 17% 80% 79% 79% 77% 78% 78%

p` > 0.9 28% 48% 11% 75% 46% 48% 59% 74% 71%
Best Ds` 25% 45% 10% 69% 42% 45% 55% 70% 68%

Photon selection 1% 9% 6% 35% 21% 23% 25% 36% 32%
Best photon 1% 6% 5% 26% 15% 16% 17% 26% 24%

Table 6.4: Impact of the selection criteria on the different contributions in the D∗−s µ+ sample (see Sec. 6.1 for an
explanation of the contributions). The numbers are the expectation from the MC simulation after applying all
calibration factors. The lower part of the Table lists the fraction of the reconstructed events retained after each
selection step.
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Channel Bs → Ds`ν Bs → D∗s`ν Bs → D∗∗s `ν
DsXeν (16.6± 0.2)% (17.2± 0.1)% (15.4± 0.4)%
DsXµν (16.5± 0.2)% (16.4± 0.1)% (14.9± 0.4)%
D∗sXeν — (4.6± 0.1)% (3.6± 0.4)%
D∗sXµν — (4.5± 0.1)% (3.7± 0.4)%

Table 6.5: Signal efficiencies of the different semileptonic decay modes for the
studied semi-inclusive decay channels.

three components (3-5) are estimated from kinematic distributions. The
kinematic variables are calculated in the centre-of-mass frame of the
e+e− collision. In this reference system, the Bs meson is approximately
at rest as its typical momentum is only p∗Bs

≈ 0.43 GeV1. The analysis
uses two variables: the lepton momentum, p∗`, and the variable

Xmis =

√
s/4− (E∗vis + p∗vis)√

s/4−m2
Bs

, (6.4)

where p∗vis = |~p
∗

` + ~p
∗

D(∗)
s

| is the sum of the lepton and D(∗)
s momenta, and

E∗vis = |E∗` + E∗
D(∗)

s

| is sum of the lepton and D(∗)
s energies. Figure 6.1

shows the Xmis and the p∗` distributions for simulated D−s e+ events. The

samples of reconstructed D(∗)−
s `+ candidates are divided according to

these variables into three “counting regions”, which are each enhanced
in one of the three components (3-5):

Region Selection Remark
A Xmis < −1 Exclusively wrong-side combinations
B Xmis ≥ −1 p∗` < 1.4 GeV Other background enhanced
C Xmis ≥ −1 p∗` ≥ 1.4 GeV Signal enhanced

1 The “∗” will denote in the following that a variable is calculated in the e+e− centre-of-
mass frame.
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Figure 6.1: Illustration of the three counting regions with simulated D−s e+ events. From left to right: Xmis distri-
bution of the full sample; p∗e distribution of the subsample with Xmis ≥ −1; expected event yields for the three
counting regions. The vertical lines represent the boundaries of the counting regions. The small B → DsK`ν
component is omitted in the distributions shown in this Figure.
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As the region A is exclusively populated with events from the wrong-
side component, the normalisation of this background can be extracted
by measuring the event yield in this region. The regions B and C con-
tain all three contributions (3-5). Since the the primary leptons from
semileptonic Bs decays have significantly higher momenta compared to
secondary leptons and misidentified hadrons, region C is enhanced in
signal decays while region B is enhanced in the other background. The
boundary p∗` = 1.4 GeV between regions B and C is chosen such that
the expected event yields are equal in both regions. The measurement
of the D(∗)

s yields in the three differently populated counting regions
allows to determine the Bs → D(∗)

s X`ν signal yields, Nsig, in the data.
The semi-inclusive branching fractions can be then extracted using the
relation

B(Bs → D(∗)
s X`ν) =

Nsig

ε
D(∗)

s
· B

D(∗)
s
· 2 ·NBsB̄s

, (6.5)

where ε
D(∗)

s
are the efficiencies, NBsB̄s

is the number of Bs pairs contained

in the Υ(5S) sample (cf. Eq. 4.10) and B
D(∗)

s
are the branching fractions

of the reconstructed D(∗)
s decay modes [8].

6.2 The variable Xmis

In the following, the variable Xmis defined in Eq. 6.4 is discussed in
more detail, since it plays a key role in the extraction of the signal yield.
The core piece of Xmis is the sum E∗vis + p∗vis. In the approximation that
the centre-of-mass frame of the e+e− collision is identical to the rest
frame of the decaying Bs meson, the momentum of the unreconstruc-
ted neutrino is given by

|p∗ν| ≡ p∗ν = p∗vis ≡ |~p
∗

` + ~p∗
D(∗)

s
| . (6.6)

Neglecting the tiny neutrino mass, the neutrino momentum equals the
neutrino energy:

E∗ν = p∗ν = p∗vis . (6.7)
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6.2 The variable Xmis

The sum of the visible energy and the visible momentum gives thus for
correctly reconstructed events the Bs mass:

E∗vis + p∗vis = E∗` + E∗
D(∗)

s
+ E∗ν = E∗Bs

= mBs . (6.8)

The other terms in the definition of Xmis correct for small, run-depended
variations of the centre-of-mass energy,

√
s. They also shift the Bs mass

peak to zero and normalise the width of the peak. The width of the
peak is determined by the non-zero momentum of the Bs meson in the
e+e− centre-of-mass frame.

In some events, the final state hadron is only partially reconstructed.
For example, in the Bs → DsX`ν channel, the decay Bs → D∗s`ν; D∗s →
Dsγ contributes to the signal yield; the photon from the D∗s decays is,
however, not reconstructed, i.e. X = γ. In such cases, the signal peak
is shifted to positive values in Xmis depending on the mass difference
between the final state hadron of the semileptonic decay (in the ex-
ample: D∗s) and the reconstructed part (in the example: Ds). There-
fore, the peaks of individual signal contributions (Ds`ν, D∗s`ν and D∗∗s `ν)
are shifted with respect to each other. This could in principle be used
to extract the normalisation of the individual contributions from a fit
to the measured Xmis distribution. Currently, the feasibility of such
measurements is limited by the precision of the input parameters de-
fining the exact shape of each signal component. Figure 6.2 (a) shows
the data-MC comparison of the Xmis distribution. A clear disagree-
ment can be observed: the χ2 probability is ≈ 10−9. This disagreement
can be of course due to a wrong modelling of the signal composition
(Ds`ν, D∗s`ν and D∗∗s `ν) in the simulation. Therefore, a fit of normal-
isations of the individual signal contributions is performed. This im-
proves the agreement, but the χ2 probability of the result is still below
10−3. This means that other parameters than the signal composition
have to be responsible for the observed disagreement. On closer in-
spection, one sees that the width of the signal peak in data is smal-
ler with respect to the MC distribution. One parameter determining
the width of the signal peak is the Bs momentum, p∗Bs

, which found
to be strongly influenced by the B∗s mass. In the simulation, the value
mB∗s = 5412.0 MeV is used, which is slightly smaller than the world av-
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erage, mB∗s = (5415.4+2.4
−2.1 )MeV. This has a large impact on p∗B∗s because

the mass difference mB∗s −mBs =
[
48.7 +2.3

−2.1

]
MeV [8] is small. The rela-

tion between the B∗s mass and the Bs momentum is illustrated in Fig. 6.3.
Considering only the dominant Bs production mode at the Υ(5S) reson-
ance, B∗sB̄∗s (cf. Eq. 4.13), one can calculate

p∗Bs
≈ p∗B∗s =

√
s/4−m2

B∗s
. (6.9)

If one compares the value of p∗B∗s calculated with the world average of
mB∗s [8], to the B∗s momentum in the MC simulation one observes a large
difference

p∗B∗s,w.a.

p∗B∗s,MC
= 0.92 . (6.10)

As the momentum p∗Bs
determines the width of the signal peak in the

Xmis distribution, the Xmis modelling is very sensitive to the B∗s mass.
The overestimated B∗s momentum in the MC simulation is corrected by
multiplying the calculated Xmis value in the signal MC with the ratio
calculated in Eq. 6.10. This procedure considerably improves the data-
MC agreement in the signal region, as illustrated in Fig. 6.2 (b). How-
ever, with a χ2 probability of 10−2 the agreement is still not satisfying.
This is not surprising because in addition to the poor precision on the
B∗s mass, the exclusive Bs → D(∗)

s `ν branching fractions and form factor
parameters have not been measured yet. The semi-inclusive measure-
ment based on the approach with the three counting regions is less sens-
itive to the B∗s mass and the signal modelling.

6.3 Fit results

6.3.1 Determination of the Ds yields by mKKπ fits

The Ds yields in the three counting regions are determined by binned
extended maximum likelihood fits to the Ds peak in the K+K−π+ mass
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(a) MB∗s = 5411.7 MeV (b) MB∗s = 5415.4 MeV

Figure 6.2: Xmis distribution of reconstructed D−s `+ pairs, ` = e and µ, obtained
by K+K−π+ mass fits to the Υ(5S) data sample (black data points). The stacked
histograms represent the MC expectations after applying the scale factors es-
timated from the event yields in the three counting regions (see text). Figure
(a) shows the generated distribution and Figure (b) shows the MC distribution
after applying the B∗s mass correction (cf. Eq. 6.10). The legend explaining the
colour code can be found in Fig. 6.1.
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Figure 6.3: Simulated momentum distribution in the centre-of-mass frame of
the e+e− collision for B∗s mesons (red) and Bs mesons (black). The three peaks
correspond from left to right to the three production modes B∗sB̄∗s, BsB̄∗s and BsB̄s.
Orange line: expected B∗s momentum for the B∗sB̄∗s production mode using the
nominal MC B∗s mass, mB∗s = 5412.0 MeV. Blue line with green uncertainty
band: Expected B∗s momentum for the B∗sB̄∗s production mode using the B∗s mass
from the PDG [8], mB∗s = (5415.4+2.4

−2.1 )MeV.

96



6.3 Fit results

Parameter Initialisation Limits
µ / GeV 1.96845 1.96545 . . . 1.97145
σ1 / GeV 0.003 0.002 . . . 0.0075
rσ = σ2/σ1 2.2 1.5 . . . 5.0
rN = N2/N1 0.3 0.0 . . . 1.0
b -0.15 -1.0 . . . +1.0
Nsig 1/2 of data events 0 . . . 108

Nbkg 1/2 of data events 0 . . . 108

Table 6.6: Initialisation values and ranges of the fit parameters for the fits to the
mKKπ distributions. The shape parameters of the fit are explained in the text.
The signal and background yields are given by Nsig and Nbkg, respectively.

distribution [97, 104]. The shape of the Ds mass peak is modelled as the
sum of two Gaussian functions with common mean, µ:

Psig(mKKπ) ∝ exp

−(mKKπ − µ)2

2σ2
1

+ rN · exp
(
−
(mKKπ − µ)2

2(rσ · σ1)2

)
. (6.11)

The parameter σ1 is the width of the first Gaussian, the parameter rσ =
σ2/σ1 defines the width of the second Gaussian, and the parameter rN
corresponds to the ratio of the normalisation of the second Gaussian
to the normalisation of the first Gaussian. The distribution of random
K+K−π+ combinations is modelled as a first order Chebychev polyno-
mial,

Pbkg(mKKπ) ∝ 1 + b ·mKKπ . (6.12)

The parameters σ1, rσ and rN are fitted simultaneously in all three count-
ing regions, while the mean of the Ds mass peak, µ, and the slope of
the background, b, are fitted independently in each counting region.
The initialisation values and limits of the fit parameters are listed in
Table 6.6. The fit results in the individual counting regions together
with the goodness of fit are given in Table 6.7. The fitted mKKπ distribu-
tions are presented in Fig. 6.4. The fit results of the shape parameters
are listed in Table B.1 in the Appendix.
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(a) Bs → DsXeν channel.

) [GeV]πm(KK
1.95 2

E
ve

nt
s 

/ 2
.6

 M
eV

0

100

200

300

400

500 A

) [GeV]πm(KK
1.95 2

E
ve

nt
s 

/ 2
.6

 M
eV

0

0.2

0.4

0.6

0.8

1

1.2

310×

B

) [GeV]πm(KK
1.95 2

E
ve

nt
s 

/ 2
.6

 M
eV

0

0.2

0.4

0.6

0.8

1

1.2

310×

C

(b) Bs → DsXµν channel.
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Figure 6.4: Fits to the mKKπ distributions from Υ(5S) data divided into the three counting regions A, B and C
defined in Sec. 6.1. The black points are the data, the green line is the fitted background distribution and the red
line is the sum of the fitted signal and background distributions.
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6.3 Fit results

A B C χ2 probability
D−s e+ 1807 ± 53 4274 ± 87 4215 ± 82 55 %
D−s µ+ 1902 ± 54 4544 ± 89 4375 ± 81 15 %
D∗−s e+ 336 ± 33 656 ± 48 662 ± 46 89 %
D∗−s µ+ 370 ± 35 739 ± 52 741 ± 50 12 %

Table 6.7: Results of the mKKπ fits and the ∆m fits to the Υ(5S) data. The D−s and
D∗−s yields obtained in the three counting regions are quoted with the statistical
uncertainties. The goodness of fit is tested using the χ2 probability of the fit
result.

6.3.2 Determination of the D∗s yields by ∆m fits

The D∗s yields are determined by fits to the mass difference ∆m = mDsγ−

mDs . This distribution provides a sharper signal peak compared to
mDsγ, because the detector resolution of the Ds reconstruction cancels.
The current world average of the measurement of the mass difference
∆m is [8]:

∆m = [143.8 ± 0.4] MeV . (6.13)

In contrast to the signal peak in the mKKπ distribution, the signal peak
in the ∆m distribution is asymmetric (see Fig. 6.5). The tail towards
lower ∆m values originates from events where the reconstructed ECL
cluster does not contain the full photon energy deposit. To model this
feature in the fit, the sum of a Gaussian function and a Crystal Ball
function [105] with a common mean, µ, is chosen as PDF for the fit:

Psig(∆m) ∝ rN exp
(
−
(∆m− µ)2

2(rσ · σ1)2

)
+

p>(∆m) for ∆m−µ
σ1

> −α

p≤(∆m) for ∆m−µ
σ1
≤ −α .

,

(6.14)
where

p>(∆m) = exp

− (∆m− µ)2

2σ2
1

 , (6.15)

and

p≤(∆m) =
(n
α

)n
· exp

(
−
α2

2

) (
n
α
− α−

∆m− µ
σ1

)−n

. (6.16)
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s X`ν

The parameters rN, rσ, α and n are determined from a fit to the signal
peak distribution from the MC simulation (see Fig. 6.5). In the fits to
data, these parameters are constrained to the obtained values within
the uncertainties. The width, σ1, and the position, µ, of the signal peak
are free parameters to accommodate the differences between the MC
simulation and the data (see Fig. 5.9 (a)). The shape of the combinatorial
background is described by a third order Chebychev polynomial,

Pbkg,i(∆m) ∝ 1 + ai · ∆m + bi · (2∆m2
− 1) + ci · (4∆m3

− 3∆m) . (6.17)

The background shapes are different in each counting region, i = A, B, C,
and therefore the parameters ai, bi, and ci are estimated separately for
each region from fits to the shapes predicted by the MC simulation (see
Fig. B.2). In the fits to data, the parameters are constrained to the ob-
tained values and their uncertainties are taken into account.

The fitted yields in the three counting regions together with the good-
ness of fit are listed in Table 6.7. The ∆m distributions in data compared
with the fit results are shown in Fig. 6.6. Table B.2 in the Appendix
summarises the fitted shape parameters. The obtained values for the
peak position, µ, are in good agreement with the world average from
Eq. 6.13. For comparison, the results in the signal enhanced region C
are:

e mode : µ = [144.0 ± 0.4] MeV ,
µ mode : µ = [144.3 ± 0.4] MeV . (6.18)

6.4 Background subtraction

In order to estimate the contribution of cc̄ continuum in the three count-
ing regions, the fitting procedure described above is also applied to
D(∗)−

s `+ samples reconstructed in off-resonance data. The off-resonance
samples are considerably smaller and therefore all shape parameters of
the fit functions are fixed to the values obtained from the fits to Υ(5S)
data. A constant centre-of-mass energy,

√
s = 10.876 GeV is inserted

in the expression for Xmis in Eq. 6.4 because the denominator would
otherwise not be defined for the off-resonance energy. The obtained
event yields are multiplied with the scale factor from Eq. 4.3 to take
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6.4 Background subtraction

(a) Electron mode
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(b) Muon mode
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Figure 6.5: Fits to the ∆m distribution of correctly reconstructed D∗s candidates
in the MC simulation. The black points represent the simulated decays and the
red curve is the fitted signal distribution (Crystal ball + Gaussian function). The
orange curve shows the contribution of the Gaussian function.
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(a) Bs → D∗sXeν channel.
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(b) Bs → D∗sXµν channel.
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Figure 6.6: Fits to the ∆m distributions from Υ(5S) data divided into the three counting regions A, B and C
defined in Sec. 6.1. The black points are the data, the green line is the fitted background distribution and the red
line is the sum of the fitted signal and background distributions.
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6.5 Signal extraction

into account the difference in luminosities and e+e− → qq̄ cross sections
between the Υ(5S) and off-resonance data. Additionally, to this global
scale factor, the event yields are adjusted in each counting region indi-
vidually using correction factors determined from the MC simulation
of Υ(5S) and off-resonance events. The estimated continuum yields are
subtracted in each counting region from the yields obtained in Υ(5S)
data.

The background from B0
→ D(∗)

s K`ν and B+
→ D(∗)

s K`ν decays, is es-
timated from a dedicated MC sample containing 7 938 decays for each
of the four modes. The decays are simulated with a simple phase space
model. Assuming a B production fraction of fu,d = 78 % [8], and using
the measured branching fractions B(B → DsK`ν) ≈ B(B → D∗sK`ν) ≈
0.03 % [106, 107], the simulated yields have to be scaled down by a
factor of 0.0476 to reflect the expectation in data. The B → D(∗)

s K`ν
backgrounds are subtracted from the measured Υ(5S) data yields in the
individual counting regions.

6.5 Signal extraction

Tables 6.8, 6.9, 6.10 and 6.11 summarise the fitted D(∗)
s yields in the three

counting regions and the subtracted continuum and B→ D(∗)
s K`ν back-

grounds. The remainder of the events is composed of the three com-
ponents mentioned in the analysis overview: wrong-side combinations,
other backgrounds and signal. For each MC component j a scale factor
a j is introduced. If Ni, j are the predicted MC yields of the components
j in the counting regions i = A, B, C, the scale factors a j can be chosen
such that the sum of the MC prediction in each counting region i equals
the signal yield in data, Di:

Di =
∑

j

a jNi, j . (6.19)
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A B C
Υ(5S) data 1807 ± 53 4274 ± 87 4215 ± 82
(1) Continuum (scaled off-resonance data) 130 ± 34 278 ± 37 137 ± 22
(2) B→ DsK`ν 0 48 ± 7 18 ± 4
(3) Wrong-side, secondary leptons, misid. hadrons 110 ± 4 555 ± 10 61 ± 3
(3) Wrong-side, primary leptons 1565 ± 16 1165 ± 14 1032 ± 13
(4) Other 0 638 ± 10 89 ± 4
(5) Signal (Ds`ν) 0 492 ± 9 669 ± 11
(5) Signal (D∗s`ν) 1 951 ± 13 2072 ± 19
(5) Signal (D∗∗s `ν; D∗∗s → D∗s) 0 28 ± 2 41 ± 3
(5) Signal (D∗∗s `ν; D∗∗s 9 D∗s) 0 117 ± 5 98 ± 4

Table 6.8: D−s e+ yields obtained from the mKKπ fits to Υ(5S) data in the three counting regions and the corres-
ponding signal and background expectations. The MC components (3) – (5) are scaled with the factors obtained
from the minimisation of Eq. 6.20 (see Table 6.12). The uncertainties are statistical. Uncertainties are omitted if
they are smaller than 0.5.
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6.5
Signalextraction

A B C
Υ(5S) data 1902 ± 54 4544 ± 89 4375 ± 81
(1) Continuum (scaled off-resonance data) 102 ± 32 298 ± 40 134 ± 25
(2) B→ DsK`ν 0 46 ± 7 18 ± 4
(3) Wrong-side, secondary leptons, misid. hadrons 205 ± 6 826 ± 12 107 ± 4
(3) Wrong-side, primary leptons 1594 ± 17 1081 ± 14 1043 ± 14
(4) Other 1 798 ± 11 158 ± 5
(5) Signal (Ds`ν) 0 489 ± 9 693 ± 11
(5) Signal (D∗s`ν) 0 872 ± 13 2072 ± 19
(5) Signal (D∗∗s `ν; D∗∗s → D∗s) 0 26 ± 2 40 ± 3
(5) Signal (D∗∗s `ν; D∗∗s 9 D∗s) 0 109 ± 4 110 ± 4

Table 6.9: D−s µ+ yields obtained from the mKKπ fits to Υ(5S) data in the three counting regions and the corres-
ponding signal and background expectations. The MC components (3) – (5) are scaled with the factors obtained
from the minimisation of Eq. 6.20 (see Table 6.12). The uncertainties are statistical. Uncertainties are omitted if
they are smaller than 0.5.
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A B C
Measured yields
Υ(5S) data 336 ± 33 656 ± 48 662 ± 46
(1) Scaled off-resonance data 32 ± 22 61 ± 17 24 ± 11
(2) B→ DsK`ν 0 6 ± 2 2 ± 1
(3) Wrong-side, secondary leptons, misid. hadrons 24 ± 2 60 ± 3 4 ± 1
(3) Wrong-side, primary leptons 279 ± 6 147 ± 5 120 ± 4
(4) Other 0 151 ± 6 20 ± 2
(5) Signal (D∗s`ν) 0 227 ± 6 483 ± 9
(5) Signal (D∗∗s `ν; D∗∗s → D∗s) 0 6 ± 1 8 ± 1

Table 6.10: D−∗s e+ yields obtained from the ∆m fits to Υ(5S) data in the three counting regions and the corres-
ponding signal and background expectations. The MC components (3) – (5) are scaled with the factors obtained
from the minimisation of Eq. 6.20 (see Table 6.12). The uncertainties are statistical.
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6.5
Signalextraction

A B C
Measured yields
Υ(5S) data 370 ± 35 739 ± 52 741 ± 50
(1) Scaled off-resonance data 49 ± 19 54 ± 18 20 ± 11
(2) B→ DsK`ν 0 4 ± 2 2 ± 1
(3) Wrong-side, secondary leptons, misid. hadrons 48 ± 3 99 ± 4 13 ± 1
(3) Wrong-side, primary leptons 273 ± 7 147 ± 5 109 ± 4
(4) Other 0 188 ± 7 39 ± 3
(5) Signal (D∗s`ν) 0 241 ± 7 547 ± 10
(5) Signal (D∗∗s `ν; D∗∗s → D∗s) 0 6 ± 1 11 ± 1

Table 6.11: D−∗s µ
+ yields obtained from the ∆m fits to Υ(5S) data in the three counting regions and the corres-

ponding signal and background expectations. The MC components (3) – (5) are scaled with the factors obtained
from the minimisation of Eq. 6.20 (see Table 6.12). The uncertainties are statistical.
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This problem corresponds to solving a system of three equations with
three unknowns. To find the scale factors a j that solve the system and
to evaluate their uncertainties, the expression

χ2 =
∑

regions i

(
Di −

∑
j a jNi, j

)2

(∆Di)2 +
∑

j(a j∆Ni, j)2 (6.20)

is minimised, where ∆Di and ∆Ni, j are the statistical uncertainties of the
data and the MC samples, respectively. The obtained scale factors, a j,
and the signal yields,

Nsig =
∑

i

asigNi,sig , (6.21)

are listed in Table 6.12. Figures 6.7 and 6.8 illustrate the good data-
MC agreement of the Xmis and p∗` distributions after applying the scale
factors.

The generic formula to calculate the semi-inclusive semileptonic branch-
ing fractions was already introduced in Eq. 6.5. The efficiencies, ε

D(∗)
s

,

are calculated as the weighted average of the efficiencies εk of the indi-
vidual signal contribution k = Ds`ν, D∗s`ν, D∗∗s `ν:

ε
D(∗)

s
=

∑
k wkεk∑

k wk
. (6.22)

The efficiencies εk are taken from Table 6.5. The branching fractions of
the reconstructed decay modes are [8]:

BDs = B(Ds → φπ+;φ→ K+K−) = [2.24 ± 0.10] % ,
BD∗s = B(D∗s → Dsγ) · B(Ds → φπ+;φ→ K+K−) = [2.11 ± 0.09] % ,

(6.23)
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6.5 Signal extraction

(a) D−s e+
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(b) D−s µ+
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Figure 6.7: Distributions of Xmis and p∗` for D−s `+ events reconstructed from the
Υ(5S) data. The MC components are scaled with the scale factors obtained from
the minimisation of Eq. 6.20.
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(b) D∗−s µ+
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Figure 6.8: Distributions of Xmis and p∗` for D∗−s `+ events reconstructed from
the Υ(5S) data. The MC components are scaled with the scale factors obtained
from the minimisation of Eq. 6.20.
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6.5 Signal extraction

where the branching fraction B(Ds → φπ+;φ → K+K−) is obtained
from the relation

B(Ds → φπ+;φ→ K+K−) =

B(Ds → K+K−π+) ·
B(Ds → φπ+;φ→ K+K−)
B(Ds → K+K−π+)

. (6.24)

It has to be taken into account that the parameter fs used to calcu-
late NBsB̄s

is determined from a measurement of the branching fraction
B(Υ(5S) → DsX), where the Ds meson is reconstructed in the channel
D+

s → K+K−π+ (cf. Sec. 4.3). This measurement used the branching
fraction B(Ds → K+K−π+) = [5.49 ± 0.27] % [68]. One obtains

B(Ds → K+K−π+) ·NBsB̄s
= (0.88± 0.16) × 106 . (6.25)

The branching fractionB(Ds → K+K−π+) cancels out in Eq. 6.5, leading
to

B(Bs → D(∗)
s X`ν) =

Nsig

ε · B′
D(∗)

s

· B(Ds → K+K−π+) ·NBsB̄s
· 2

, (6.26)

where [8, 108, 109]

B
′

Ds
= B(Ds → φπ+; φ→ K+K−)/B(Ds → K+K−π−)

= [41.6 ± 0.8] % , (6.27)

B
′

D∗s
= B(Ds → φπ+; φ→ K+K−)/B(Ds → K+K−π−) · B(D∗s → Dsγ)

= [39.2 ± 0.8] % . (6.28)

The semi-inclusive semileptonic branching fractions obtained from
Eq. 6.26 are:

B(Bs → Dseν X) = [8.1± 0.3(stat) ± 1.4(ext)]% , (6.29)
B(Bs → Dsµν X) = [8.3± 0.3(stat) ± 1.5(ext)]% , (6.30)
B(Bs → D∗seν X) = [5.2± 0.6(stat) ± 0.9(ext)]% , (6.31)
B(Bs → D∗sµν X) = [5.7± 0.6(stat) ± 1.0(ext)]% , (6.32)
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Wrong-side Other Signal Signal yield
Dse 1.020 ± 0.039 1.000 ± 0.199 1.062 ± 0.038 4470 ± 161
Dsµ 1.061 ± 0.038 0.939 ± 0.158 1.086 ± 0.040 4411 ± 161
D∗se 0.89 ± 0.12 1.66 ± 0.71 1.00 ± 0.11 724 ± 79
D∗sµ 0.96 ± 0.12 1.50 ± 0.58 1.13 ± 0.12 804 ± 86

Table 6.12: Scale factor for the MC components extracted by minimising the χ2

defined in Eq. 6.20. The quoted errors are the statistical uncertainties of the data
and the MC sample. The signal yields are determined by integrating over all
three counting regions. The backgrounds yields are given in Tables 6.8, 6.9, 6.10
and 6.11.

ε
D(∗)

s
[%] Nsigε−1 Nsigε−1

B
−1
recoN−1

BsB̄s
[%]

Dse 16.9± 0.1 26403± 951 8.14± 0.29
Dsµ 16.3± 0.1 27012± 986 8.33± 0.30
D∗se 4.6± 0.1 15805± 1725 5.18± 0.56
D∗sµ 4.6± 0.1 17537± 1876 5.74± 0.61

Table 6.13: Efficiencies, efficiency-corrected yields and measured branching
fractions. The quoted uncertainties are purely statistical.

where the first uncertainty is the statistical uncertainty of the measure-
ment and the second uncertainty is due to the external inputs NBsB̄s

and
B
′

D(∗)
s

, where the cancellation of the B(Ds → K+K−π+) branching frac-

tion in Eq. 6.26 is taken into account.

6.6 Systematic uncertainties

Below, the systematic uncertainties due to detector effects and the mod-
elling of signal and background distributions are described. An over-
view of all systematic uncertainties can be found in Table 6.14.
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6.6 Systematic uncertainties

DsXeν DsXµν D∗sXeν D∗sXµν
Detector
Tracking efficiency 1.4 1.4 1.4 1.4
Photon efficiency — — 2.0 2.0
Kaon and pion ID 1.4 1.4 1.4 1.4
Lepton efficiency 1.0 1.6 1.0 1.6
Rate of misidentified hadrons 0.1 1.3 0.1 1.9
Signal and background modeling
PDF for mKKπ and ∆m fits 3.0 3.0 5.0 5.0
Continuum shape 1.2 0.3 1.2 0.3
B→ D(∗)

s K`ν modelling 0.3 0.3 0.1 0.1
Signal

Composition 4.8 4.8 0.3 < 0.1
Form factors 0.9 1.0 1.0 1.0
Efficiency 3.1 3.1 3.0 3.0

Wrong-side
Composition 1.6 2.2 1.0 2.5
Bs fraction 0.2 0.2 < 0.1 < 0.1
Shape 1.0 1.0 1.0 1.0

Other
Composition and shape 0.3 0.3 0.4 0.7

Bs production mode 0.1 0.1 0.3 0.3
Beam energy 1.0 1.0 0.5 0.5
Total 7.3 7.6 6.9 7.6

Table 6.14: Overview of the relative systematic uncertainties in %.
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6.6.1 Detector effects

The signal is reconstructed from four charged tracks and the track re-
construction efficiency uncertainty per track is 0.35 %. The resulting
uncertainty is thus 4 · 0.35 % = 1.4 %. The K/π identification uncer-
tainties are evaluated by varying the MC expectations up and down by
their uncertainties (cf. Sec. 5.1). This is done simultaneously in all three
counting regions. The measured D(∗)

s signal yields change by 1.4 %. The
misidentification rates of kaons and pions do not affect the uncertainty
of the measurement because only the correctly reconstructed Ds can-
didates are used from MC simulation. The uncertainties on the lepton
identification are evaluated by a simultaneous variation of the MC ex-
pectation of true lepton candidates in all three counting regions by the
uncertainties calculated from Eq. 5.9. The resulting change of the signal
yield is 1.0 % for electrons and 1.6 % for muons. The same procedure
is used to determine the uncertainties due to the hadron misidentific-
ation probability in the lepton selection. The observed changes of the
signal yields are 0.1 % (DsXeν), 1.3 % (DsXµν), 0.1 % (D∗sXeν) and 1.9 %
(D∗sXµν). The uncertainty on the photon detection efficiency is investig-
ated with radiative Bhabha events (e+e− → e+e−γ) and is estimated to
be 2 % [110].

6.6.2 Signal and background modelling

There are two different types of uncertainties concerning the signal and
background modelling. The first type is related to uncertainties in the
determination of the D(∗)

s yields. The second type is related to uncer-
tainties in the MC modelling of the signal and background processes.
The modelling is tested with various control samples and the uncer-
tainties are estimated with data-driven methods where possible.

Determination of the D(∗)
s yields from B(s) decays

The modelling of the PDF shapes describing the signal peak and the
combinatorial background in the Ds mass fits is studied with the MC
samples from the full detector simulation. The Ds yields obtained from
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6.6 Systematic uncertainties

the fits to the simulated mKKπ distributions are compared to the num-
ber of generated Ds mesons. An average deviation of −3 % is observed
which is assigned as PDF uncertainty in the measurement. The uncer-
tainty due to the PDFs used in the ∆m fits to the D∗s samples is tested in
an analogous way and the uncertainty is estimated to be 5 %. The com-
binatorial background in the ∆m distribution contains contributions from
misreconstructed Ds mesons, correctly reconstructed Ds mesons from
D∗s decays paired with the wrong photon and correctly reconstructed
Ds mesons which do not stem from D∗s decays. Figure 5.9 (b) shows
a shape comparison of the different components. No significant dif-
ference can be observed. Therefore, no uncertainty is assigned on the
composition of the combinatorial background.

A variation of the normalisation of the continuum background within
the uncertainties of the global scale factor for the off-resonance data (cf.
Eq. 4.3) has no significant effect on the signal yield. To estimate the
uncertainty due to the continuum correction for the individual count-
ing regions, the measurement is repeated without this correction. The
observed change of the signal yield is 1.2 % for the electron modes and
0.3 % for the muon modes. This change is assigned as systematic uncer-
tainty.

The influence of the B → D(∗)
s K`ν modelling on the measured signal

yield is estimated by replacing the simple phase space model with the
ISGW2 model assuming that the decay proceeds via B → D∗0`ν; D∗0 →

D(∗)
s K. The use of this alternative model changes the signal yields by

0.3% (DsX`ν channels) and 0.1% (D∗sX`ν channels).

A variation of the B→ D(∗)
s K`ν branching fraction by the 20% uncer-

tainty of the current world average changes the signal yields only by a
negligible amount.

Signal modelling

The signal MC is a cocktail of the Ds`ν, D∗s`ν and D∗∗s `νmodes, and each
mode has a characteristic p∗` spectrum determined by the form factors.
Therefore, the predicted signal yields in the counting regions B and C
depend on the form factor parametrisations and the mixing ratio of the
signal components.
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Most of the branching fraction predictions for Bs → D∗s`ν decays are
covered by a ±30 % variation of the nominal value in the simulation,
B(Bs → Ds`ν) = 5.3 % (cf. Fig. 2.9). To evaluate the uncertainty due the
signal composition, the D∗s`ν signal contribution is therefore varied by
30 % and the Ds`ν component is scaled such that the total number of sig-
nal events is conserved. The range of the predicted Bs → D∗∗s `ν branch-
ing fractions is even larger (cf. Table 2.2) and therefore, this contribution
is varied by 100 %. The observed changes of the signal yields for both
variations are added quadratically. The resulting uncertainty is 4.8 %
for the Bs → DsX`ν measurements and below 0.3 % for the Bs → D∗sX`ν
measurements. The smaller uncertainty for the latter mode is expected,
as it is dominated by the D∗s`ν contribution.

The uncertainty on the Bs → Ds`ν and Bs → D∗s`ν CLN form factor
parameters due to SU(3)flavour symmetry breaking is estimated to be
10 % (cf. Sec. 2.4.2). The impact on the measurement is evaluated by
varying each form factor parameter individually by ±10 %. The uncer-
tainty on the modelling of the D∗∗s `ν modes is determined by testing
different options of the LLSW model as specified in Ref. [38]. The av-
erage deviation from the nominal signal yield is assigned as systematic
uncertainty. The uncertainties are added linearly for each mode. The
total uncertainty is calculated by adding the uncertainties of the indi-
vidual modes quadratically; it is about 1 %. A summary of the form
factor uncertainties can be found in Table 6.15.

The signal modelling also affects the efficiencies listed in Table 6.13.
The efficiencies are defined as the ratios of the measured signal yields
to the true number of signal decays in the detector. They account for
the influence of the detector acceptance, the particle reconstruction al-
gorithms and the selection criteria. The signal model used in the MC
simulation, i.e. the composition of the signal and the simulated kin-
ematic distributions, influences how much of the signal is expected in-
side and outside of the acceptance region. The modelling of the signal
efficiency is studied with the D−s `+ samples – the statistical power of
the D∗−s `+ samples is too low to draw conclusions. Three variables are
chosen for this study: p∗`, Xmis and the angle between the lepton and the
Ds meson, α(Ds`). Figures 6.9 and 6.10 show the efficiencies in bins of
these variables. The efficiency increases with the lepton momentum,
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Figure 6.9: Top: Signal efficiencies in bins of the electron momentum, the Ds momentum and the angle between
Ds and electron momentum for reconstructed D−s e+ events. All variables are calculated in the centre-of-mass
frame of the Υ(5S) resonance. Bottom: Corresponding data-MC agreement in the signal region Xmis > −1 after
applying the scale factors from Table 6.12.117
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Figure 6.10: Top: Signal efficiencies in bins of the muon momentum, the Ds momentum and the angle between
Ds and muon momentum for reconstructed D−s µ+ events. All variables are calculated in the centre-of-mass
frame of the Υ(5S) resonance. Bottom: Corresponding data-MC agreement in the signal region Xmis > −1 after
applying the scale factors from Table 6.12.
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6.6 Systematic uncertainties

Ds`ν D∗s`ν D∗∗s `ν
ρD ρ R1 R2 LLSW

∑
DsXeν 0.21 0.50 0.11 0.24 0.19 0.9
DsXmuν 0.08 0.50 0.15 0.22 0.43 1.0
D∗sXeν — 0.59 0.08 0.26 0.46 1.0
D∗sXµν — 0.37 0.26 0.33 0.26 1.0

Table 6.15: Change of the signal yield in % for variations of the different sig-
nal model parameters. The HQET2 parameters (ρD, ρ, R1, R2) are varied indi-
vidually by ±10%. The LLSW model is evaluated for different model options
as specified in Ref. [38]. The uncertainties are added linearly for each mode.
The total uncertainty is obtained by adding the uncertainties of the individual
modes quadratically.

p∗`, until it saturates above 1.4 GeV. In x(Ds), it is is more or less uniform
over the full range. For α(Ds`), the efficiency increases towards larger
values. The p∗`, Xmis and α(Ds`) data distributions are in good agree-
ment with the MC simulation as shown in Figs. 6.9 and 6.10. Although
this is not a proof for the correct description of the signal efficiencies in
the MC simulation, it adds some confidence in the modelling.

In order to test the MC description also in the low lepton momentum
region, the lepton momentum threshold is lowered to 0.3 GeV for elec-
trons and 0.6 GeV for muons. The scale obtained scale factors from the
χ2 minimisation are in agreement with the nominal scale factors (see
Table 6.16). This is a further indication that the p∗` spectrum is well
modelled in the simulation. The data-MC agreement is also tested for
subsamples with high lepton momentum (p∗` > 1.4 GeV) and low lepton
momentum (p∗` < 1.4 GeV) separately. The agreement is good except for
the α(Ds`) distribution in low lepton momentum sample (see Fig. 6.11).
This discrepancy could be due to either the signal modelling or the
modelling of the backgrounds from secondary leptons and misidenti-
fied hadrons. It is assumed that the signal model causes this effect and
an uncertainty is assigned. For this, the α(Ds`) distribution is divided
in two regions, below and above 120°. The average efficiencies estim-
ated from the MC simulation, the observed data-MC differences, and
the fractions of the signal are:
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Dse 1.02 ± 0.04 1.04 ± 0.04 1.00 ± 0.20 0.87 ± 0.10 1.06 ± 0.04 1.07 ± 0.04
Dsµ 1.06 ± 0.04 1.05 ± 0.04 0.94 ± 0.16 0.87 ± 0.12 1.09 ± 0.04 1.10 ± 0.04
D∗se 0.89 ± 0.12 0.93 ± 0.12 1.66 ± 0.71 1.17 ± 0.34 1.00 ± 0.11 1.02 ± 0.11
D∗sµ 0.96 ± 0.12 0.91 ± 0.12 1.50 ± 0.58 1.42 ± 0.46 1.13 ± 0.12 1.18 ± 0.12

Table 6.16: Extracted scale factors for (I) the analysis selection with a lepton momentum threshold of p` > 0.9 GeV
and (II) a selection with lowered thresholds pe > 0.3 GeV and pµ > 0.6 GeV.
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6.6 Systematic uncertainties

Bs branching fraction [%] Change of efficiency [%]
Ds`ν D∗s`ν D∗∗s `ν D−s e+ D−s µ+ D∗−s e+ D∗−s µ+

2.1 5.3 0.6 Nominal values
1.1 6.3 0.6 +0.5 −0.1 0.0 0.0
3.1 4.3 0.6 −0.4 +0.1 0.0 0.2
1.8 4.9 1.3 −0.6 −0.6 −0.4 −0.4
Relative uncertainty [%] 0.6 0.6 0.4 0.4

Table 6.17: Efficiencies for the semi-inclusive decays for different sets of signal
branching fractions.

α(Ds, `) Avg. efficiency Data-MC difference Signal fraction
< 120° ≈ 10 % −25 % 44 %
> 120° ≈ 15 % 25 % 56 %

If the average efficiency is corrected for the observed data-MC discrep-
ancy, it increases by 8 % in this region. Taking into account that the sub-
sample with p∗` < 1.4 GeV contains only one third of all reconstructed
signal events, the average efficiency changes by only 3 %. Following
again the argument that the D∗s`ν component dominates in the D−s `+

sample, the same uncertainty is attributed to the efficiency estimation
in the Bs → D∗sX`ν measurements.

Modelling of the wrong-side combinations

Two categories of events contribute to the wrong-side component. The
first one contains events with a primary lepton from a semileptonic Bs
or B decay. The second category contains the events with lepton candid-
ates from secondary decays or misidentified hadrons. The leptons from
the first category have a significantly harder momentum spectrum than
those from the second category. The two categories are merged into the
wrong-side component for the signal extraction, because the normalisa-
tion of both is determined by the inclusive Bs → D(∗)

s X decay rates. Suit-
able control samples for these wrong-side decays are same-sign samples,
D+

s `
+, because the same-sign requirement ensures that they are signal-

free (cf. Ch. 5). There is one caveat: The relative amount of Bs mesons
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with respect to B mesons (NBsB̄s
: NBB̄) is higher in the D+

s `
+ samples

(85 : 15) compared to the D−s `+ samples (50 : 50). Since the model-
ling of B decays has been already tested in detail by other analyses with
Υ(4S) data, the higher amount of Bs mesons in the control sample is
not a problem, but rather an advantage as it increases the sensitivity to
the Bs modelling. Figure 6.12 shows the lepton momentum and Xmis
distributions for the same-sign electron and muon control samples and
the fitted MC predictions for the primary leptons and the other lepton
candidates. The obtained scale factors of the two fit components listed
in Table 6.18 are in agreement within their uncertainties, which justifies
the approach of treating the two components as single component in
the measurement. The fits are also repeated with lowered lepton mo-
mentum thresholds, pe = 0.3 GeV and pµ = 0.6 GeV. Consistent results
are obtained. Based on the (statistical) fit uncertainties in Table 6.18 and
considering the different NBsB̄s

: NBB̄ composition of the control sample,
the uncertainty of the amount of primary leptons in the D−s `+ wrong-side
component is estimated conservatively with 10 %. A variation of the
amount of primary leptons in the wrong-side component by 10 % causes
a change of the signal yield between 1.0 % and 2.5 % depending on the
reconstructed decay channel.

The wrong-side component contains events from Bs and B decays. The
uncertainty on the composition given by fs/ fud is 20 %. A variation of
the Bs contribution by this amount, changes the extracted signal yield
by only 0.2 %.

The number of processes contributing to the wrong-side component is
so large that a variation of individual model parameters is not practical.
Instead, a data-driven approach is pursued based on the D+

s `
+ control

samples. The samples are divided into the three counting regions and
the event yields are determined by mKKπ fits. The Ds yields are then
compared to the MC predictions of the corresponding counting regions
and the data-MC ratios are calculated. These ratios range from 0.861 to
0.907 and from 0.956 to 0.971 for the electron and muon modes, respect-
ively. The analysis procedure is repeated with the ratios applied as scale
factors to the MC predictions for the wrong-side component of the D−s `+

samples. The signal yields change by less than 0.4 %. Based on this
result, the systematic uncertainty is estimated to be 1 %, which should
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p` threshold [GeV] Scale factor “primary” Scale factor “other” χ2 probability
Analysis selection
D+

s e+ 0.9 0.90± 0.04 0.87± 0.09 5%
D+

s µ
+ 0.9 0.97± 0.04 0.99± 0.07 63%

Low momentum selection
D+

s e+ 0.3 0.87± 0.03 0.89± 0.03 37%
D+

s µ
+ 0.6 0.97± 0.03 0.99± 0.05 58%

Table 6.18: Scale factors and χ2 probability obtained from fits of the primary and other lepton MC components
to the measured lepton momentum spectra in same-sign D+

s `
+ samples with different lower p` thresholds.
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cover potential differences between the D+
s `

+ control samples and the
D−s `+ signal samples. The described method to estimate the modelling
uncertainty of the wrong-side component cannot be transferred to the
D∗sX`ν channels because the event yields in the D∗+s `+ control samples
are too low. It can, however, be assumed that the uncertainties are sim-
ilar because Bs → D∗sX`ν decays are expected to be the dominant con-
tribution in the D−s `+ samples.

Modelling of the other background

The estimation of a systematic uncertainty due to the modelling of the
other component is challenging because there is no dedicated control
sample, and selections based on discriminating variables such as Xmis
lead to samples with too low event yields. In the discussion of the sig-
nal efficiency modelling, it was pointed out that lowering the lepton
momentum threshold leads to results consistent with the analysis se-
lection (cf. Table 6.16). As the other background is enhanced by the low
momentum threshold selection, this can also be taken as an indication
that the other component is well modelled in the simulation. The plots
shown in Fig. B.4 in the Appendix demonstrate the decent modelling
of the Xmis and p∗` shapes. The processes contributing to the other back-
ground are categorised in the four classes listed in Table 6.19. The dif-
ferences between the composition of the D−s `+ and D∗−s `+ samples are
negligible. Since many decay modes contribute to the other compon-
ent, a variation of the individual parameters is not practical. The mo-
mentum distributions of secondary leptons from charmed meson (Xc)
decays are similar regardless of whether the parent particle is a Bs or a B
meson. Leptons from τ decays have higher momenta and also the mo-
mentum distribution of misidentified hadrons has a different shape. In
the light of the complete absence of measurements for most Bs branch-
ing fractions, the fraction of leptons from τ decays and the fraction of
misidentified hadrons are varied up and down by as much as 50 % and
the measurement is repeated. The average deviation from the nominal
signal yields is found to be less than 1 %. The large variation of the com-
position of the other component is expected to cover also the uncertainty
due to the modelling of the subcomponents.
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Figure 6.11: Distribution of the angle between the reconstructed momentum of
the Ds meson and the lepton candidate in the D−s `+ subsamples for Xmis > −1
and p∗` < 1.4 GeV.

D(∗)
s e D(∗)

s µ

B→ D(∗)
s Xc 45 29

Bs → D(∗)
s Xc 26 18

τ decays 21 16
Misidentified leptons 9 34

Table 6.19: Main sources of other leptons with their fractions in %.
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Figure 6.12: Lepton momentum and Xmis distributions of the D+
s `

+ control
samples. The black points with error bars are the data yields obtained from
mKKπ fits. The staked histograms represent from bottom to top: continuum
estimated with off-resonance data (white), primary leptons (solid blue), sec-
ondary leptons and misidentified hadrons (white). The normalisations of 1.
primary leptons and 2. secondary leptons and misidentified hadrons are de-
termined by a fit to data after subtraction of the continuum background. The
green numbers indicate the χ2 probability of the fit.
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6.7 Results

Bs production mode and beam energy

The different Bs production modes (B∗sB̄∗s, B∗sB̄s, BsB̄s) discussed in Sec. 4
result in slightly different kinematics. This effect is evaluated by vary-
ing the fraction of BsB̄∗s by 30 % motivated by the uncertainty of F′

B∗sB̄s
(cf.

Eq. 4.13). This variation changes the measured branching fraction by
only 0.1 % for the D−s `+ modes and by 0.3 % for the D∗−s `+ modes. The
beam energy is conservatively varied by 3 MeV (cf. Ref. [80]), which
changes the signal yields by 1 % (D−s `+) and 0.5 % (D∗−s `+).

6.7 Results

The semi-inclusive semileptonic branching fractions with the statistical
uncertainties, the systematic uncertainties and the uncertainties due to
the external inputs are:

B(Bs → Dseν X) = [8.1± 0.3(stat) ± 0.6(syst) ± 1.4(ext)]% ,(6.33)
B(Bs → Dsµν X) = [8.3± 0.3(stat) ± 0.6(syst) ± 1.5(ext)]% ,(6.34)
B(Bs → D∗seν X) = [5.2± 0.6(stat) ± 0.4(syst) ± 0.9(ext)]% ,(6.35)
B(Bs → D∗sµν X) = [5.7± 0.6(stat) ± 0.4(syst) ± 1.0(ext)]% .(6.36)

The electron and muon measurements are statistically independent be-
cause only one D(∗)−

s `+ candidate is selected per event. The systematic
uncertainties are all correlated except for the one due to the lepton iden-
tification. Taking into account the correlations, the following weighted
averages are calculated:

B(Bs → DsX`ν) = [8.2± 0.2(stat) ± 0.6(syst) ± 1.4(ext)]% ,
B(Bs → D∗sX`ν) = [5.4± 0.4(stat) ± 0.4(syst) ± 0.9(ext)]% .

(6.37)

The measurement of the Bs → DsX`ν yield can alternatively be used
to determine the value of NBsB̄s

. For this, Eq. 6.5 is solved for NBsB̄s
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and the branching fraction estimate from Eq. 6.3 is inserted for B(Bs →

DsX`ν):

NBsB̄s
=

Nsig/[εB(Ds → φ(K+K−)π+)]

2Best(Bs → DsX`ν
) . (6.38)

Using for Nsig/ε the weighted average between the electron and muon
mode,

Nsig/ε = [26.7 ± 0.7 (stat) ± 2.0 (syst)] × 103 , (6.39)

one obtains

NBsB̄s
= [6.93± 0.18(stat) ± 0.52(syst) ± 0.51(ext)] × 106 . (6.40)

Here, the first two uncertainties are the statistical and systematic uncer-
tainties on the measurement of the signal yield and the last uncertainty
is due to the branching fraction B(Ds → φ(K+K−)π+) and the estimate

for Best(Bs → DsX`ν). The B(∗)
s B̄(∗)

s production cross-section at a centre-
of-mass energy

√
s = 10.86 GeV is calculated by dividing NBsB̄s

by the
integrated luminosity:

σΥ(5S)(e
+e− → B(∗)

s B̄(∗)
s ) =

NBsB̄s

L

= [57.1 ± 1.5 (stat) ± 4.3 (syst) ± 4.2 (ext)]pb .
(6.41)
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CHAPTER 7

Inclusive studies: Bs → X`ν

The measurement of the Bs → X`ν branching fraction, where X stands
for an unspecified hadronic final state, tests the SU(3)flavour symmetry
prediction (cf. Eq. 2.80) and can give additional confidence in the cor-
rectness of the QCD calculations necessary for the determination of
the CKM matrix element |Vcb|. In the measurement presented in this
chapter, the signal decay is reconstructed as a single high momentum
track identified as electron or muon. The hadronic final state remains
entirely unreconstructed. Such measurement is impossible at a hadron
collider experiment like LHCb, which relies on the reconstruction of the
Bs vertex from multiple tracks. The simplicity of the signal is on the one
hand advantageous for the measurement, but comes also along with a
difficulty. The advantage is that a single high-momentum track can be
reconstructed with a high efficiency. Together with a Bs → X`ν branch-
ing fraction of about 10 % (cf. Tab. 1.1), this leads to a high signal yield.
On the other hand, it is very hard to say if a correctly identified lepton
stems from a Bs → X`ν decay or rather a B → X`ν decay. Figure 7.1 il-
lustrates that the lepton momentum spectra in the lab frame of the two
decays look practically identical. Hence, one has to find a way how to
distinguish events with Bs decays from events with B decays by other

129



7 Inclusive studies: Bs → X`ν

p(e) [GeV]
1 1.5 2 2.5 3

A
rb

itr
ar

y 
un

its

0

0.02

0.04

0.06

0.08

0.1

0.12

ν X l → sB
ν X l →  B

Other

Figure 7.1: Simulated distributions of the momentum in the lab frame of dif-
ferent categories of lepton candidates. The “other” category contains lepton
candidates from secondary decays and misidentified hadrons.

means. Here, the pair production of Bs mesons in Υ(5S) decays comes
into play. One of the Bs mesons can be fully or partially reconstructed to
identify an event with Bs mesons, while the Bs → X`ν signal decay can
be then studied with the second Bs meson in the event. This technique
is referred to as “tagging”.

The Bs → X`ν branching fraction was measured before at the exper-
iments Belle and BaBar. The Belle measurement is based on the first
23.6 fb−1 of the Υ(5S) data set. A Ds meson from the Cabibbo-favoured
Bs → D±s X transition is reconstructed to tag Bs pair events. This leads
to a considerable enhancement of the Bs fraction in the tagged sample
since the branching fraction B(Bs → D±s X) = [93 ± 25] % is much lar-
ger than B(B → DsX) = [8.3 ± 0.8] % [8]. Only the lepton, `, is re-
constructed from the decay Bs → X`ν. This lepton can stem either
from the decay of the same Bs meson as the Ds meson or the decay
of the second Bs meson event. The former case corresponds to the semi-
inclusive analysis described in the previous chapter; the latter case is
what one wants for the inclusive analysis. In order to select the events
where the Ds meson and the lepton come from decays of different Bs
mesons, one chooses solely the combinations with same-sign electric
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Figure 7.2: Illustration of the “same-sign” Ds tag and the signal loss due to Bs
mixing.

charge: “D+
s `

+”. In the calculation of the Bs → X`ν branching fraction,
it has to be taken into account that due to Bs mixing, the same-sign cri-
terion selects only a fraction of (1 − χs) ≈ 50 % of the signal events as
illustrated in Fig. 7.2. In the measurement by BaBar, φ mesons are re-
constructed to identify Bs pair events [5]. A φ tag has the advantage of
a higher reconstruction efficiency compared to a Ds tag, but the severe
drawback that it does not guarantee that the signal lepton and the tag
φ stem from different Bs mesons. This means that BaBar’s approach is
not purely inclusive.

7.1 Analysis overview

The analysis uses the Ds tagging method of the previous Belle analysis
described above. Two quantities are measured to extract the Bs → X`ν
branching fraction: the yield of Ds-tagged events, NDs , and the D+

s `
+

yield, ND+
s `

+ . For this, Ds mesons are reconstructed in the channel
D+

s → φπ+; φ → K+K−. The yields of correctly reconstructed Ds
mesons are determined in fits to the reconstructed K+K−π+ mass dis-
tribution. The obtained yields, NDs and ND+

s `
+ contain various contri-

butions:
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• e+e− → cc̄ continuum events, where a Ds meson is produced in
the hadronisation;

• B pair events;

• Bs pair events.

The expected yields are estimated from the MC simulation and sum-
marised in Tables 7.1, 7.2 and 7.3. The continuum background is estim-
ated from off-resonance data and subtracted from the yields. The lepton
candidates in the selected D+

s `
+ pairs are not only primary leptons from

semileptonic Bs and B decays, but also leptons from secondary decays
and misidentified hadrons summarised in the following under the term
“’other” lepton candidates. The primary leptons are characterised by
their higher momentum with respect to the other lepton candidates (see
Fig. 7.1). The yield of primary leptons can therefore be extracted from a
fit to the reconstructed lepton momentum distribution.

If there was no contribution from B decays, the ratio of the yields,

R =
ND+

s `
+

NDs

, (7.1)

would be directly proportional to the Bs → X`ν branching fraction.
However, also B decays contribute to the final states D+

s `
+ and Ds. Us-

ing the notation N(Bs) and N(B) for the corresponding contribution
from Bs and B decays, respectively, the measured ratio can be written as

R =
ND+

s `
+

NDs

=
ND+

s `
+(Bs) +ND+

s `
+(B)

NDs(Bs) +NDs(B)
. (7.2)

To extract the Bs → X`ν branching fraction from R, the contamination
with B decays in the numerator and denominator needs to be estim-
ated. In the preliminary Belle measurement, the B background was es-
timated using Υ(4S) data. This is, however, problematic as there is no
one-to-one correspondence between the B production at the Υ(4S) and
Υ(5S) resonance (cf. Ch. 4). In this thesis, the B background is there-
fore estimated from existing measurements of B(s) branching fractions
and B(s) production fractions at the Υ(5S) resonance. The estimation of
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7.2 Measurement of the inclusive Ds yield

the B background from external measurements has the advantage, that
if the accuracy of these measurements improves in the future, the de-
termination of the ND+

s `
+ and NDs yields will not have to be repeated

and only the calculation of the Bs → X`ν branching fraction has to be
updated.

7.2 Measurement of the inclusive Ds yield

The inclusive Ds yields are measured in 20 equal bins of the normalised

Ds momentum, x(Ds) = p∗Ds
/
√

s/4−M2
Ds

, in the interval 0.0 . . . 1.0. The

Ds yields are determined from binned extended maximum likelihood
fits to the reconstructed K+K−π+ mass distributions. The fit PDFs are
the same as for the semi-inclusive analysis: the signal PDF is modelled
as the sum of two Gaussian functions and the PDF for the combinator-
ial background is a first order Chebychev polynomial (cf. Sec. 6.3.1). In
the measurement, only the part of the distribution with x(Ds) < 0.5 is
considered as signal region. The part with x(Ds) > 0.5 contains prac-
tically only continuum events and serves as control region for the con-
tinuum modelling. The results of the fit to the sample of Ds mesons re-
constructed in Υ(5S) data in the signal region x(Ds) < 0.5 are depicted
in Fig. 7.3. The corresponding x(Ds) distribution is shown in Fig. 7.4.
The K+K−π+ mass fits are performed independently in each x(Ds) bin
to allow for differences in the PDF parameters. Figures 7.5 and 7.5 show
the fit results for the PDF parameters in the individual x(Ds) bins.

To estimate the yield of Ds mesons coming from the continuum back-
ground in the Υ(5S) data, the identical fitting procedure is applied to
a sample of reconstructed Ds mesons in off-resonance data. The yields
obtained from this off-resonance sample are multiplied with the scale
factor from Eq. 4.3 to estimate the corresponding yields in Υ(5S) data.
Figure 7.4 includes, as orange histogram, the x(Ds) spectrum from sca-
led off-resonance data. The good agreement between the distributions
from Υ(5S) and off-resonance data in the control region, x(Ds) > 0.5,
justifies the use of the off-resonance sample for the estimation of the
continuum background. The Ds yields in the Υ(5S) and off-resonance
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Bs decays B decays e+e− → cc̄
Eff. [%] Nevts. Eff. [%] Nevts. Eff. [%] Nevts.

Generated 100.00± 0.08 1495948 100.00± 0.12 677539 100.00± 0.05 4458688
Reconstructed 32.46± 0.05 485575 32.68± 0.07 221419 35.00± 0.03 1560646
| cosθhel| > 0.5 28.18± 0.04 421499 28.42± 0.06 192545 30.42± 0.03 1356328
x(Ds) < 0.5 28.13± 0.04 420756 28.36± 0.06 192183 10.45± 0.02 466088

Table 7.1: Ds reconstruction efficiencies for the D+
s sample.
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7.2 Measurement of the inclusive Ds yield

Bs decays B decays
Eff. [%] Nevts. Eff. [%] Nevts.

Generated 100.00± 0.38 69402 100.00± 0.84 14309
Reconstructed 33.20± 0.22 23041 32.66± 0.48 4673
| cosθhel| > 0.5 28.86± 0.20 20026 28.21± 0.44 4036
x(Ds) < 0.5 28.80± 0.20 19987 28.17± 0.44 4031

Table 7.2: Ds reconstruction efficiencies for the D+
s e+ sample. The reconstruc-

tion efficiency of the electron is not included.

Bs decays B decays
Eff. [%] Nevts. Eff. [%] Nevts.

Generated 100.00± 0.38 69191 100.00± 0.84 14255
Reconstructed 33.43± 0.22 23128 34.08± 0.49 4858
| cosθhel| > 0.5 29.11± 0.21 20139 29.68± 0.46 4231
x(Ds) < 0.5 29.06± 0.20 20107 29.60± 0.46 4219

Table 7.3: Ds reconstruction efficiencies for the D+
s µ

+ sample. The reconstruc-
tion efficiency of the muon is not included.
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Figure 7.3: K+K−π+ mass fits in bins of x(Ds). The solid red curve represents
the result of the fit, and the dashed green line corresponds to the fitted back-
ground distribution.
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Figure 7.4: x(Ds) spectra obtained from the K+K−π+ mass fits.

sample are listed in Table 7.4 for the signal and control regions. The
continuum subtracted yield of Ds mesons from B(s) decays is

NDs = 97665 ± 1309 . (7.3)

The continuum subtracted yield in the control region is consistent with
the expectation of zero.

NDs x(Ds) < 0.5 x(Ds) > 0.5
Υ(5S) 124249± 770 107497± 424
Off-resonance 14708± 542 59959± 322
Scaled off-resonance 26583± 1058 108369± 1727
Continuum subtracted 97665± 1309 −872± 1778

Table 7.4: Yields of the K+K−π+ mass fits.
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the K+K−π+ mass fits to the Ds sample reconstructed in Υ(5S) data.
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s `

+ yields

7.3 Measurement of the D+
s `

+ yields

The measurement of the D+
s `

+ yields is performed for electrons and
muons separately because they are identified with different subdetect-
ors (cf. Sec. 5.3). The yield of correctly reconstructed Ds mesons within
the sample of selected D+

s `
+ pair events is determined with the K+K−π+

mass fit procedure that is used for the measurement of the inclusive D+
s

yield. The mass fits are performed in 9 bins of the lepton momentum
measured in the laboratory frame in the range p` = 0.6 . . . 0.9 GeV. The
D+

s `
+ samples contain a factor of 20 less events than the Ds sample. The

statistical power is thus not sufficient to determine all PDF parameters
in the K+K−π+ mass fits. Therefore, the parameters rσ and rN are fixed
to the values rσ = 2.15 ± 0.07 and rN = 0.29 ± 0.02 determined by fit-
ting a constant function to the distributions in Fig. 7.5. The other PDF
parameters, µ, σ1 and b, are determined from fits to the K+K−π+ mass
distribution of the full D+

s `
+ samples without the binning in p` and

then fixed to the obtained values. The results of the fits to the full D+
s `

+

samples are shown in Fig. 7.6. In the fits in bins of p`, only the norm-
alisations of the signal and the background are varied. The mass fits in
the individual p` bins are shown in Figs. B.6 and B.7 in the Appendix.

The Ds yields from continuum events are estimated from the off-
resonance samples analogous to the measurement of the inclusive Ds
yields. The small difference in the lepton momentum spectrum between
the Υ(5S) and the off-resonance data is estimated from the MC simu-
lation and corrected by a bin-by-bin re-weighting. The resulting con-
tinuum p` spectrum is subtracted from the spectrum obtained from
Υ(5S) data. The continuum-subtracted p` distributions are shown in
Fig. 7.7 and the integrated yields are listed in Table 7.5.

The continuum-subtracted D+
s `

+ yields contain two categories of lep-
ton candidates: 1. primary leptons from semileptonic B(s) decays, and
2. other lepton candidates. Since the shapes of the lepton momentum
spectra of the two components are different, their normalisations can be
extracted by a fit to the measured spectrum. Histograms describing the
shapes of the lepton momentum distribution of the primary and other
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Figure 7.6: K+K−π+ mass fits of the full D+
s e+ and the D+

s µ
+ samples without

the binning in p`.

Electrons Muons
Υ(5S) data 5079± 91 5617± 98
Off-resonance data 120± 25 181± 44
Scaled off resonance data 230± 53 337± 82
Continuum subtracted 4848± 106 5280± 128

Table 7.5: Results of the K+K−π+ mass fits to the D+
s `

+ samples. The uncertain-
ties are statistical and systematic.
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Figure 7.7: Lepton momentum spectra of reconstructed D+
s `

+ events after the
continuum background subtraction. The stacked histograms represent the res-
ult of the two-component fit of 1. primary leptons and 2. other lepton candidates
(misidentified hadrons and secondary leptons).

components are derived from the MC simulation. The normalisations
of the two components are determined by minimising

χ2 =
∑

bins i

(
Di −D ·

[
aprimary ·Ni,primary/Nprimary + aother ·Ni,other/Nother

])2

(∆Di)
2 + D2 ·

[(
∆Ni,primary/Nprimary

)2
+

(
∆Ni,other/Nother

)2
] ,

(7.4)
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7 Inclusive studies: Bs → X`ν

where the following nomenclature is used:
i: Lepton momentum bin,

Di: Measured Ds yield in bin i,
D: Total measured Ds yield (sum over all bins i),

∆Di: Statistical uncertainty of the fit to the K+K−π+ mass dis-
tribution of bin i,

j: MC component (primary or other))
a j: Fraction of data events that belongs to component j

Ni, j: MC prediction for the component j in bin i,
N j: Total Ds yield predicted from the component j,

∆Ni, j: Quadratic sum of the statistical and systematic uncertain-
ties of the MC prediction for the component j in bin i.

The fit takes the statistical uncertainties from the K+K−π+ mass fits into
account. The Poissonian errors due to the MC statistics are approxim-
ated as Gaussian errors. The systematic uncertainties of the MC simula-
tion comprising the lepton efficiency, the lepton misidentification rate,
the continuum corrections and the composition of the fit components
are also considered in the fit. The only floating parameters in the fit are
the fractions a j. The signal yield, Nprimary, is obtained from the fitted
fraction, aprimary, via

Nprimary =
aprimary ·D

Amom
`
·Ageo

`
· ε`

. (7.5)

The signal acceptance, A`, for the lepton momentum selection p` >
0.6 GeV is 93 % and 94 % for electrons and muons respectively. The
product of the lepton identification and reconstruction efficiency, and
the geometrical acceptance of the detector, Ageo

`
· ε`, is 77 % for electrons

and 71 % for muons. The fit results and the signal yields are summar-
ised in Table 7.6.
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7.4 Calculation of the ratio R

Electrons Muons
p` = 0.6 GeV . . . 3.1 GeV
Primary leptons (fit) 2802± 143 2922± 161
Other leptons (fit) 2111± 162 2306± 201
χ2/ndf 3.6/7 5.7/7
p` = 0.0 GeV . . .∞GeV
Primary leptons, Nprimary 3914± 201 4371± 240

Table 7.6: Results of the two-component χ2 fit to the p` distribution obtained
from K+K−π+ mass fits.

7.4 Calculation of the ratio R

The ratio of the D+
s `

+ yield to the Ds yield is calculated from the ob-
tained fit results using the relation

R` =
ND+

s `
+

NDs

=
Nprimary

NDs

·
εK+K−π+(Ds)

εK+K−π+(D
+
s `+)

. (7.6)

The small differences in the K+K−π+ reconstruction efficiencies, εK+K−π+ ,
between the Ds and D+

s `
+ samples are taken into account. The efficien-

cies are calculated as weighted averages of the efficiencies for Bs and B
events given in Tables 7.1, 7.2 and 7.3:

εK+K−π+(Ds) = 28.2 % ,
εK+K−π+(D

+
s e+) = 28.7 % ,

εK+K−π+(D
+
s µ

+) = 29.2 % .
(7.7)

The Ds signal peak does not contain only contributions from Dsφπ;φ→
K+K− decays, but also a small amount of cross-feed from other Ds de-
cay modes such as S-wave Ds → f0(980)π decays and non-resonant
D+

s → K+K−π+ decays [108, 109, 111]. In the determination of the ef-
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7 Inclusive studies: Bs → X`ν

ficiencies, εK+K−π+ , this cross-feed is interpreted as signal. One obtains
the following ratios:

Re = [394± 18(stat.uncorr.)± 5(stat.corr.)

± 4(syst.uncorr.)± 12(syst.corr.)] × 104 , (7.8)

Rµ = [432± 21(stat.uncorr.)± 6(stat.corr.)

± 9(syst.uncorr.)± 15(syst.corr.)] × 104 . (7.9)

The correlated and uncorrelated parts of the statistical and systematic
uncertainties are quoted separately. The evaluation of the systematic
uncertainties is discussed in Sec. 7.5. Considering the uncorrelated un-
certainties only, the two measurements are in agreement within 1.3 σ.
The combination of the two measurements, taking into account the cor-
relations, gives

Rmeas. = [409± 15(stat.)± 14(syst.)] × 104 . (7.10)

7.5 Evaluation of uncertainties

In the following, the uncertainties of the measurement of the ratio R are
discussed. Table 7.7 summarises the systematic uncertainties, which
comprise the detector simulation, the fitting procedure, and the signal
and background MC modelling.

7.5.1 Statistical uncertainty

The uncertainties of the primary lepton yields, Nprimary, contain both
the statistical uncertainty of the data sample and the MC uncertainties.
In order to estimate the pure statistical uncertainty, the fits are repeated
with the MC uncertainties, ∆Ni, j, in Eq. 7.4 set to zero. The obtained
relative statistical uncertainties are

∆statN(D+
s e+)

N(D+
s e+)

=
179

3910
= 4.6 % , (7.11)
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∆R/R [%]
e µ

Detector
4 Tracking efficiency 0.4 0.4
2 Lepton identification 0.7 1.4
2 Hadron→ lepton mis-identification probability 0.0 0.1

K+K−π+ mass fits
4 Signal and background shapes 2.0 2.2

Background
4 Scale factor for continuum subtraction 0.4 0.4
4 Lepton momentum correction for off-resonance

data
1.0 1.0

4 Variation of the fraction of secondary leptons from
Xc and τ

0.9 0.6

2 Variation of the fraction of secondary leptons from
other sources

0.2 0.2

2 Variation of the fraction of fake leptons 0.4 1.4
Signal modelling

4 Form factor model 1.0 1.0
4 Variation of the contributions from B(s) → X`ν

modes
1.6 2.1

2 Ds reconstruction efficiency (statistical error of
MC simulation)

0.8 0.8

Correlated (4) 3.1 3.6
Uncorrelated (2) 1.1 2.1
Total 3.3 4.0

Table 7.7: Overview of the systematic uncertainties. Correlations between the
electron and muon measurements are marked with “4”.
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∆statN(D+
s µ

+)

N(D+
s µ+)

=
209

4328
= 4.8 % . (7.12)

7.5.2 Detector simulation

Uncertainties related to the Ds reconstruction cancel in the ratio R. This
cancellation applies to the track reconstruction uncertainties for kaons
and pions as well as the uncertainties due to the kaon and pion effi-
ciency calibration described in Sec. 5.2. The track reconstruction un-
certainty for the remaining lepton track is 0.35 %. The uncertainty on
the calibration of the lepton identification is determined as explained in
Sec. 5.3 and evaluated for each p` bin. The simultaneous variation of the
MC predictions in all p` bins by their uncertainties results in a change of
the ratio R of 0.7 % and 1.4 % for the electron and muon mode, respect-
ively. The uncertainty due to the “hadron⇒ lepton” misidentification
probabilities is also determined by a simultaneously varying the MC
predictions in all bins by their uncertainties. The impact on the ratio R
is found to be negligible.

7.5.3 Fitting procedure

Imperfections in the modelling of the Ds peak in the K+K−π+ mass fits
cancel in the ratio R. However, the effect of fixing the PDF parameters
in the fits to the D+

s `
+ samples needs to be evaluated. For this, the

fixed parameters are varied within their uncertainties and the observed
change of the ratio R is assigned as systematic uncertainty. The sum of
the uncertainties due to the fixing of the individual PDF parameters in
the fits is 2.0 % for the electron mode and 2.2 % for the muon mode.

7.5.4 Background-related uncertainties

The uncertainty on the continuum scale factor from Eq. 4.3 due to the
measurements of the Υ(5S) and off-resonance luminosities leads to a
systematic uncertainty of the ratio R of 0.4 %. The statistical uncer-
tainty of the MC sample to determine the lepton momentum correction
between off-resonance and Υ(5S) data for the continuum background
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7.5 Evaluation of uncertainties

in the measurement of the D+
s `

+ yield adds a further 1.0 % uncertainty
to the ratio R.

The other lepton component is composed of several subcomponents
with similar but not completely identical shapes, as illustrated in Fig. 7.8.
The subcomponents are grouped into misidentified hadrons (“fake lep-
ton candidates”), and secondary leptons from Xc decays, from τ de-
cays and from other sources. The fractions of these subcomponents in
the MC simulation are given in Table 7.8. It is clear that the shape of
the other lepton component depends on the chosen fractions in the MC
simulation. The systematic uncertainty on the composition of the other
component is conservatively evaluated by testing the effect of a 30 %
variation of the normalisation of each subcomponent, which reflects the
current level of knowledge of the Bs branching fractions. The results of
these variations are given in Table 7.8. The quadratic sums of all vari-
ations are 1.0 % and 1.6 % for the electron and muon mode, respectively.

An interesting particularity of Bs decays is the higher tau production
rate compared to B decays. While the Bs → τν and Bs → Xτν branching
fractions are expected to be analogous to the ones in B decays, addi-
tional tau leptons are produced in decays of Ds mesons from Bs → DsX.
The D+

s → τ+ν branching fraction is with [5.43 ± 0.31] % [8] much
higher than the corresponding D+

→ τ+ν branching fraction, which
has an upper limit of 1.2× 10−3 at the 90 % confidence level [112]. Many
of the secondary leptons from τ decays are in fact “tertiary” leptons
from the decay chain Bs → Ds → τ → `. Because of the large τ mass,
the momentum spectrum of these tertiary leptons is very similar to the
one of the secondary leptons from the decay chain Bs → τ→ `.

7.5.5 Signal modelling

The shape of the primary lepton momentum spectrum in the simulation
is determined by the composition of the semileptonic width and the
form factor model used for the MC generation. The shape has of course
a direct influence on the result of the χ2 fit to the p` spectrum. It also
determines the signal acceptance, Amom

`
, in Eq. 7.5. Figure 7.9 illustrates

the dependence of A` on the p` threshold for different contributions to
the semileptonic width. The threshold in the analysis selection is set to
p` > 0.6 GeV, where the acceptance differences are small.
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Figure 7.8: Shapes of the p` spectra of the different contributions to the other
lepton component: misidentified hadrons and secondary leptons from Xc de-
cays, from τ decays and from other sources.

Fraction [%] ∆R/R [%]
e µ e µ

Secondary leptons from Xc 58 36 0.6 0.5
Secondary leptons from τ 7 5 0.7 0.4
Secondary leptons from other sources 10 5 0.2 0.2
Hadrons misidentified as leptons 25 53 0.4 1.4

Table 7.8: Composition of the other lepton momentum spectrum in the fit region,
p` = 0.6 GeV . . . 3.1 GeV, and the impact of a 30 % variation of the individual
fractions on the ratio R.
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Figure 7.9: Signal acceptance, A`, as a function of the lower lepton momentum
threshold for the individual contributions to the inclusive semileptonic width.

The following contributions are distinguished for the evaluation of
the uncertainty due to the signal MC composition: Bs → Ds`ν, Bs →

D∗s`ν, Bs → D∗∗s `ν and B → D(∗,∗∗)`ν. The fraction of Bs → Xu`ν de-
cays is expected to be at the order of a few percent from SU(3)flavour
symmetry [113] and is thus neglected. Each contribution is varied by
30 % and the resulting deviation of the ratio R from its nominal value
is assigned as systematic uncertainty. Table 7.9 summarises the uncer-
tainties arising from the individual variations. The summed systematic
uncertainties due to the signal composition are 1.6 % and 2.1 % for elec-
trons and muons, respectively.

The systematic uncertainty due to the Ds`ν and D∗s`ν form factors is
evaluated in the same way as in the Bs → DsX`ν analysis (cf. Sec. 6.6.2);
it is 1.0 % for both electron and muon mode. No form factor uncertainty
is assigned to the D∗∗s `ν contributions.
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Mode ∆Re/Re [%] ∆Rµ/Rµ [%]
Bs → Ds`ν 0.2 0.3
Bs → D∗s`ν 1.1 1.8
Bs → D∗∗s `ν 1.2 1.1
B→ D(∗,∗∗)`ν 0.1 0.2

Table 7.9: Systematic uncertainties on the ratio R due to a 30 % variation of the
individual contributions.

7.6 Branching fraction calculation and results

In order to extract the inclusive semileptonic branching fraction from
the measured ratio R, the expressions for NDs(Bs), NDs(B), ND+

s `
+(Bs)

and ND+
s `

+(B) in Eq. 7.2 have to be written down explicitly involving
the results from external measurements. These measurements include
the Bs and B production fractions introduced in Sec. 4 and severalf Bs
and B branching fractions. An overview of the external parameters is
presented in Table 7.10. The branching fraction B(Bs → X`ν) in the
formula forND+

s `
+(Bs) is the only unknown in Eq. 7.2. The total number

of bb̄ pairs produced in Υ(5S) decays, Nbb̄, appears in each contribution
N and therefore cancels in the ratio R. The inclusive Ds production
rates from Bs and B decays are given by

NDs(Bs)/Nbb̄ = 2 · fs · B(Bs → DsX) , (7.13)

NDs(B)/Nbb̄ = 2 · fd · B(B0
→ DsX) + 2 · fu · B(B+

→ DsX) .(7.14)

The factor of 2 takes into account that B(s) mesons are produced in pairs,
i.e. the Ds meson can stem from the decay of either B(s) meson. The
expression for ND+

s `
+(Bs) is also straightforward, because the mixing

probability χs is 50 % independent of the CP eigenstate in which the Bs
meson pair is produced (cf. Sec. 2.1). One can make the replacement
χs = (1− χs) and obtains

ND+
s `

+(Bs)/Nbb̄ = B(Bs → X`ν) · χs · 2 · fs · B(Bs → DsX)

= B(Bs → X`ν) · χs · NDs(Bs)/Nbb̄ .
(7.15)
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7.6 Branching fraction calculation and results

Parameter Value |∆B/B| [%]
fu = B(Υ(5S)→ B+X)/2 [36.1 ± 3.2] % [77] 0.8
fd = B(B)Υ(5S)→ B0X/2 [38.5 ± 4.2] % [77] 0.6
fs [19.9 ± 3.0] % 2.4
B(Bs → D±s X) [93 ± 25] % 4.4
B(B+

→ D+
s X) [7.9 ± 1.4] % 2.2

B(B0
→ D+

s X) [10.3 ± 2.1] % 1.7
B(B0

→ D−s X) [1.5 ± 0.8] % [114] 1.1
B(B+

→ D−s X) [1.1 ± 0.4] % 0.9
B(B0

→ X`+ν`) [10.33 ± 0.28] % 0.4
B(B+

→ X`+ν`) [10.99 ± 0.28] % 0.1
FB∗B̄∗ [38.1 ± 3.4] % 0.1
FB∗B̄ [13.7 ± 1.6] % 0.1
FBB̄ [5.5 ± 1.6] % 0.0
F′

B∗B̄∗π
[5.9 ± 7.8] % [77] 0.1

F′
B∗B̄π

[41.6 ± 12.1] % [77] 0.2
F′

BB̄π
[0.2 ± 6.8] % [77] 0.0

xd 0.771± 0.008 0.1
χs 0.500± 0.001 0.2

Table 7.10: Central values of the external parameters used to extract the Bs →

X`ν branching fraction, B, from the measured ratio R. The relative systematic
uncertainties |∆B/B| are given for the combined measurement. The parameters
are all taken from Ref. [8] unless otherwise stated.

151



7 Inclusive studies: Bs → X`ν

For the prediction of ND+
s `

+(B) the individual production modes need
to be taken into account for B+ mesons (no mixing) and B0 mesons
(mixing depending on production mode1). The different background
processes from B decays leading to the D+

s `
+ final state are illustrated

in Fig. 7.10. The expression for the B background in the D+
s `

+ sample is
given by Eq. 7.19 (see end of this chapter) using the notation introduced
in Sec. 4.4.

Having defined all terms in Eq. 7.2, the inclusive semileptonic branch-
ing fractions can be calculated from the measured ratios R`:

B(Bs → X`ν) =
[NDs(Bs) +NDs(B)] · R` −ND+

s `
+(B)

χs · NDs(Bs)
. (7.16)

With the measured ratios R` one obtains

B(Bs → Xe+νe) = [ 9.1± 0.5 (stat.) ± 0.4 (meas.) ± 0.5 (ext.)]% ,
B(Bs → Xµ+νµ) = [10.2± 0.6 (stat.) ± 0.5 (meas.) ± 0.6 (ext.)]% .
B(Bs → X`+ν`) = [ 9.6± 0.4 (stat.) ± 0.4 (meas.) ± 0.6 (ext.)]% .

(7.17)
The first and the second uncertainties are the statistical and the system-
atic uncertainties of the R measurement, respectively. Since B(Bs →

X`ν) is linear in R (see Eq. 7.16), the branching fraction uncertainty,
∆B(Bs → X`ν), is related to the corresponding uncertainty of the ratio,
∆R, via:

∆B(Bs → X`ν) =
NDs(Bs) +NDs(B)

χs · NDs(Bs)
· ∆R . (7.18)

The last uncertainty in Eq. 7.17 is due to the external measurements
used to estimate the contributions N . It is estimated in the following
way: Each parameter is varied up and down in turn, the branching
fraction is recalculated and the larger of the two deviations from the
nominal result is assigned as systematic uncertainty. The uncertainties
determined from the individual variations are listed in Table 7.10. The
combination of these uncertainties is ab initio not trivial, since many of

1 The production modes and B0B̄0, B0∗B̄0∗ are C = −1 states, the mode B0∗B̄0 is a C = +1
state, and the B+B̄0 and B−B0 combinations are not C eigenstates. In the latter case, the
mixing probability of the B0 is identical to χ(−) defined in Eq. 2.27 [14].
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Branching

fraction
calculation

and
resultsFigure 7.10: Overview of the background processes from B meson decays.
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7 Inclusive studies: Bs → X`ν

the external measurements were performed at Belle and some of them
use the same Υ(5S) sample. Since most measurements are based on dis-
joint sub-samples, they are treated as they would be fully uncorrelated.
Also the correlation of the measurement of the ratio R and the external
parameters measured at Belle is negligible, because for most of them
only the first 23.6 fb−1 of Υ(5S) data were used. Table 7.11 summar-
ises the contributions of the different systematic uncertainties on the
Bs → X`ν branching fraction measurement.
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ND+
s `

+(B)/Nbb̄ =

2 · fd
fu,d
·

[
FBB̄ + FB∗B̄∗ +

1
3 ( fu,d − F2) · (F′BB̄π

+ F′
B∗B̄∗π

) + ( fu,d − F2) · (1− F′3)
]
·{

χ
(−)

d · B(B0
→ D+

s X) +
(
1− χ(−)d

)
· B(B0

→ D−s X)
}
· B(B0

→ X`+ν`)

B0(∗)B̄0(∗) pairs, C even

+ 2 · fd
fu,d
·

[
FB∗B̄ + 1

3 ( fu,d − F2) · F′B∗B̄π)
]
·{

χ
(+)

d · B(B0
→ D+

s X) +
(
1− χ(+)

d

)
· B(B0

→ D−s X)
}
· B(B0

→ X`+ν`)

B0B̄0∗ pairs, C odd

+ 2 · fu
fu,d
·

[
F2 +

1
3
( fu,d − F2) · F′3 + ( fu,d − F2) · (1− F′3))

]
· B(B+

→ D−s X) · B(B+
→ X`+ν`)

B+(∗)B−(∗) pairs

+
[

2
3 · ( fu,d − F2) · F′3

]
·({

χ
(−)

d · B(B0
→ D+

s X) +
(
1− χ(−)d

)
· B(B0

→ D−s X)
}
· B(B+

→ X`+ν`)+{
χ
(−)

d · B(B+
→ D+

s X) +
(
1− χ(−)d

)
· B(B+

→ D−s X)
}
· B(B0

→ X`+ν`)
)

B+(∗)B̄0(∗) and B−(∗)B0(∗) pairs

.

(7.19)
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7 Inclusive studies: Bs → X`ν

Uncertainty [%] e µ e,µ
Detector effects 1.3 1.9 1.2
Fitting procedure 2.4 2.6 2.4
Background modelling 1.8 2.2 1.8
Signal modelling 2.1 2.8 2.4
External parameters (see Tab. 7.10) 5.6 5.9 5.6
Total systematic 6.8 7.5 6.9
Statistical 5.7 6.0 4.2

Table 7.11: Relative uncertainties on the branching fraction B(B0
s → X`+ν`) in

percent, for the electron and muon mode, and their combination.
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CHAPTER 8

Discussion of the results and
Outlook

The presented studies of semileptonic Bs decays using the full Belle
Υ(5S) data set are a further step towards a more fundamental under-
standing of semileptonic decays of b-flavoured mesons and fill some
of the gaps in the knowledge of semileptonic Bs decays. They rep-
resent not only measurements of branching fractions, but also explore
the possibilities of further studies of semileptonic Bs decays with the
Belle Υ(5S) data set and lay the foundations for future measurements
of semileptonic Bs decays with Υ(5S) data.

8.1 Semi-inclusive measurements Bs → D(∗)
s X`ν

The branching fraction measurements of the semi-inlcusive semileptonic
Bs decays,

B(Bs → DsX`ν) = [8.2± 0.2(stat) ± 0.6(syst) ± 1.4(ext)]% , (8.1)

B(Bs → D∗sX`ν) = [5.4± 0.4(stat) ± 0.4(syst) ± 0.9(ext)]% , (8.2)
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8 Discussion of the results and Outlook

are the first of their kind. The uncertainties are largely dominated by
the yet poor knowledge of the number of Bs mesons contained in the
sample, NBsB̄s

. The measured Bs → DsX`ν branching fraction is in
agreement with the expectation from Eq. 6.3 and shows that the semi-
leptonic Bs width is dominated by final states containing a Ds meson.
The Bs → D∗sX`ν branching fraction can be compared to the different
theory predictions for the Bs → D∗s`ν branching fraction (see Fig. 2.9).
From this, constraints can be deduced on the Bs → D∗∗s `ν branching frac-
tion with the D∗∗s decaying further to D∗s. A direct comparison with the
theory predictions necessitate, however, fully exclusive measurements
which require further auxiliary measurements.

The measurement of the Bs → DsX`ν yield also provides an estimate
for the B(∗)

s B̄(∗)
s production cross-section at a centre-of-mass energy of

√
s = 10.86 GeV,

σΥ(5S)(e
+e− → B(∗)

s B̄(∗)
s ) = [57.1 ± 1.5 (stat) ± 4.3 (syst) ± 4.2 (ext)]pb ,

(8.3)
and the number of B(∗)

s B̄(∗)
s pairs in the Belle Υ(5S) data set:

NBsB̄s
= [6.93± 0.18(stat) ± 0.52(syst) ± 0.51(ext)] × 106 (8.4)

This result is in agreement with the previous Belle measurement, NBsB̄s
=

(7.1 ± 1.3) × 106 (cf. Sec. 4.3), but has a significantly smaller uncer-
tainty, namely only 11% compared to 18%. This improvement is a mile-
stone for all existing and future Bs measurements at Belle where the
dominating systematic uncertainty is due to NBsB̄s

. Unfortunately, the
estimate for NBsB̄s

from Eq. 8.4 cannot be used in the inclusive Bs → X`ν
analysis because it relies on an assumption for the Bs → X`ν branching
fraction (cf. Eq. 6.3). To obtain the Bs production fraction, the B(∗)

s B̄(∗)
s

cross-section needs to be divided by the e+e− → bb̄ cross section:

fs =
σΥ(5S)(e+e− → B(∗)

s B̄(∗)
s )

σΥ(5S)(e+e− → bb̄)
=

[57 ± 6] pb
[340 ± 16] pb

= [16.8 ± 2.0] % . (8.5)
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8.2 Inclusive branching fraction Bs → X`ν

The result is in agreement with the world average, fs = [19.9 ± 3.0] % [8],
and the Belle measurement (cf. Sec. 4.3), fs = [17.2 ± 3.0] %.

8.2 Inclusive branching fraction Bs → X`ν

The measurement of the inclusive branching fraction,

B(Bs → X`ν) = [9.6 ± 0.4 (stat.) ± 0.7 (syst.)] % , (8.6)

is the most precise to date and the most precise of any absolute Bs
branching fraction. Similar to most other Bs analyses with Υ(5S) data,
the dominant systematic uncertainty is due to the estimation of the Bs
production [115]. This uncertainty is 6 %, which is much lower than
in other measurements because the parameters fs and B(Bs → D±s X)
appear in the numerator and the denominator of the measured ratio
R, (see Eq. 7.2) and cancel partially. In other words, the measurement
is less affected by the uncertainties of the Bs production parameters
because the Ds tag enhances the fraction of Bs events in the selected
sample. The measurement is fully inclusive as the same-sign charge
requirement on the signal lepton `+ and the tag D+

s ensures that both
stem from different Bs decays.

The measurement is consistent with the preliminary Belle result ob-
tained from the first 23.6 fb−1 of Υ(5S) data [4],

B(Bs → X`ν) = [10.2 ± 0.8 (stat.) ± 0.9 (syst.)] % , (8.7)

and the BaBar measurement using 4.25 fb−1 of data from an energy scan
above the Υ(4S) resonance [5],

B(Bs → X`ν) =
[
9.5 +2.5
−2.0 (stat.) +1.1

−1.9 (syst.)
]

% . (8.8)

It represents a significant improvement of both the statistical and sys-
tematic precision. In order to compare the measured branching fraction
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8 Discussion of the results and Outlook

to theory predictions of the semileptonic width, Γsl(Bs), one divides by
the world average of the Bs life time, τBs = [1.516 ± 0.011] 10−12s [8]:

Γsl(Bs) =
B(Bs → X`ν)

τBs

= [63.6 ± 5.4] ns−1 . (8.9)

Figure 8.1 shows the semileptonic width obtained from the combination
of the branching fraction measurements and from the individual meas-
urements separately, and a comparison with the BaBar measurement
and the expectation from SU(3)flavour symmetry. To test SU(3)flavour
symmetry, the ratio of the Bs to the B0 width is calculated:

Γsl(Bs)

Γsl(B0)
= (0.94± 0.08) . (8.10)

The obtained ratio is consistent with the theory expectations from Eq. 2.80
and Eq. 2.81 within uncertainties. Values outside of the interval (0.79; 1.08)
are excluded at the 90 % confidence level. This result is an important
test of SU(3)flavour symmetry.

8.3 Perspectives for future measurements of
semileptonic Bs decays at Belle and Belle II

The preparation work for Belle’s successor, Belle II, is currently being
completed and the data taking will start in 2016. Hence, the question
shall be discussed which studies of semileptonic Bs decays can still be
done with the existing 121.4 fb−1 Υ(5S) data set and what possibilities
will a larger data set offer in the future. To collect a BsB̄s data sample
of comparable size as the current Belle BB̄ sample containing NBB̄ =
772× 106 BB̄ pairs, one needs an integrated luminosity of

L =
NBB̄

fs · σΥ(5S)(e+e− → bb̄)
=

772× 106

0.2 · 340 pb
≈ 10 ab−1 . (8.11)

With such a large data set, rare Bs decay modes will become accessible.
Moreover, full reconstruction techniques can be applied, where the de-
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Figure 8.1: Inclusive semileptonic Bs width. From top to bottom: Belle meas-
urements presented in this thesis (electron mode, muon mode and their com-
bination); BaBar measurement [5]; expectation from SU(3)flavour symmetry cal-
culated from the B0

→ X`ν branching fraction, the Bs and B0 lifetimes, and the
prediction by Ref. [42].
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8 Discussion of the results and Outlook

cay of one Bs meson in the event is reconstructed in either a hadronic
or a semileptonic decay mode. The reconstructed Bs meson serves then
as “tag” to determine the flavour and the momentum of the second Bs
meson in the event, which is used to study the signal decay. The re-
construction of a tag Bs also is a efficient tool to suppress background
from continuum processes and B decays. In addition to a full recon-
struction, the tag Bs can also be partially reconstructed as it is done in
the Bs → X`ν analysis. In the following, the expected event yields for
different analyses of semileptonic Bs decays are estimated for untagged
Υ(5S) samples and for different tagging methods applied:

• Semileptonic tag: Reconstruction of one Bs in the event in the decay
mode Bs → DsX`ν, where the Ds is reconstructed in the channels
φπ+, KSK+, K̄∗0K+, φρ+, KSK∗+ and K̄∗0K∗+. The Ds branching
fractions sum up to 11 % in total and the expected Ds reconstruc-
tion efficiency is about 36 % in average [116];

• Hadronic tag: The tag Bs is fully reconstructed in a hadronic mode.
The efficiency of the full hadronic Bs tag is estimated to be 0.3%
in analogy to the performance of the algorithm implemented for
B decays at Υ(4S) [117];

• Same-sign Ds tag: Analogous to the Bs → X`ν analysis described
in this thesis, the fraction of Bs events is enhanced by reconstruct-
ing a Ds meson with the same-sign charge as the signal lepton.
For the Ds reconstruction only the clean decay mode D+

s → φπ+

is considered;

• Same-sign lepton tag: A lepton from a semileptonic decay with the
same-sign charge as the signal lepton is reconstructed. The com-
bination of two primary leptons with same-sign charges occurs
in BsB̄s pair events (Bs mixing probability χs ≈ 50 %), but it is
less likely for B0B̄0 pair events and it is impossible for B+B− pair
events (no mixing). The requirement of the additional same-sign
lepton suppresses thus the background from B decays.

The expected Bs yields for the different tagging methods are listed in
Table 8.1. Based on these yields, the possibilities for studies of some
semileptonic decay modes are evaluated: Bs → X`ν, Bs → Ds`ν, Bs →
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Tagging method Btag [%] εtag [%] Bs yield [×103] N(Bs)/N(B)
121.4 fb−1 10 ab−1

Untagged 200 100 14 000 1 157 000 0.3
Bs → DsX`ν 2 25 70 5800 � 10
Bs → hadrons 80 0.3 28 2314 � 10
Same-sign Ds 2 15 46 3818 6
Same-sign lepton 10 70 980 80 992 1.5

Table 8.1: Expected Bs yields for different tagging methods applied to the 121.4 fb−1 Belle data sample and the
corresponding expectation for a potential 10 ab−1 sample collected at Belle II. The estimations are based on the
branching fraction, of the reconstructed tag mode, Btag, and an assumption about its reconstruction efficiency,
εtag. The ratio of the number of Bs events to the number of B events, N(Bs)/N(B), is also given.
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8 Discussion of the results and Outlook

D∗s`ν, Bs → DKX`ν and Bs → Dsτν. The assumed performances are
based on the results of this thesis and the experiences of the B analyses
with Υ(4S) data. The estimated signal yields are also summarised in
Table 8.2.

A measurement of the Bs → X`ν branching fraction with a fully
reconstructed tag Bs meson, i.e. in an environment with low B back-
ground, is highly desirable. Such a measurement would be independ-
ent of the parameter fs. The yield expectations in Table 8.2 suggest that
a Bs → X`ν measurement with a fully reconstructed tag Bs is already
possible with the Belle 121.4 fb−1 data set. In particular, a measurement
with a semileptonic tag seems interesting as this method is easy to im-
plement using the methods for signal extraction presented in this thesis.
In the future, the determination of the CKM matrix element |Vcb| from
a measurement of the lepton energy and hadronic mass moments in
Bs → Xc`ν decays will become feasible with a larger data set at Belle II.
This will allow for a comparison with the results obtained from the ana-
lysis of semileptonic B decays [39, 118–120].

A measurement of the exclusive Bs → D(∗)
s `ν branching fractions is in

principle possible with a fit to distributions like Xmis, where the norm-
alisations of the different components of the semileptonic width Ds`ν,
D∗s`ν and D∗∗s `ν are varied (cf. Sec. 6.2). There are, however, several
aspects of the simulation which make such measurement challenging:

• The poor precision of the B∗s mass (see Eq. 4.14) adds a large un-
certainty to the width of the Xmis signal peak. A complement-
ary measurement of the B∗s mass with a full B∗s reconstruction
is challenging, because the energy of the photon emitted in the
B∗s → Bsγ decay, Eγ =

[
48.7 +2.3

−2.1

]
MeV [8], is just above the photon

detection threshold at Belle. An independent measurement of the
B∗s mass, for example at Belle II, could eventually improve the
situation.

• The approximation that the Υ(5S) rest frame corresponds to the
Bs rest frame is less accurate than in the case of Υ(4S) and B
meson. This leads to a worse separation between signal and back-
ground in distributions such as Xmis. Moreover, differences in the
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X`ν Ds`ν D∗s`ν DKX`ν K`ν Dsτν
Bsig [%] 20 0.1 0.3 0.03 0.03 0.02
εsig [%] 70 17 4 17 60 15

Untagged 121.4 fb−1
Not feasible 2200 1200 760 2500 Not feasible

10 ab−1 182 000 101 000 63 000 208 000

DsX`ν
121.4 fb−1 9800 11 6 4 13 1

10 ab−1 808 000 900 500 310 1000 70

Hadrons 121.4 fb−1 3900 4 2 2 5 0
10 ab−1 324 000 360 200 130 420 27

Same-sign Ds
121.4 fb−1 6500 7 4 3 8 Not feasible

10 ab−1 536 000 600 340 210 690

Same-sign ` 121.4 fb−1
Not feasible 150 90 50 180 Not feasible

10 ab−1 13 000 7000 4400 15 000

Table 8.2: Expected signal yields for various analyses of semileptonic Bs decays for the different tagging methods
listed in Table 8.1. The yields are based on an assumption on the branching fraction of the reconstructed signal
mode, Bsig, and its reconstruction efficiency, εsig. The values are based on the analyses in this thesis or they are
chosen in analogy to corresponding measurements of semileptonic B decays.
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8 Discussion of the results and Outlook

production modes (B∗sB̄∗s, B∗sB̄s and BsB̄s) have to be taken into ac-
count.

• The form factors of semileptonic Bs decays have not been meas-
ured yet.

• The D∗∗s decay modes have to be measured more precisely in or-
der to better understand the cross-feed from Bs → D∗∗s `ν decays.

The decays Bs → DKX`ν were studied already by the D0 and LHCb
collaborations [6, 7]. They can also be measured in an untagged ana-
lysis based on the present Belle data set. Unfortunately, these measure-
ments will have to use the NBsB̄s

estimate from the measurement of the
inclusive Ds yield and cannot profit from the NBsB̄s

estimate presented
in this thesis (see Eq. 8.4), which it relies on an assumption about the
Bs → D0KX`ν branching fraction.

The Bs → K`ν branching fraction is expected to be around 1.5 % sim-
ilar to the B0

→ π`ν branching fraction [8, 121–123]. These rare decay
modes are of interest for the determination of the CKM matrix element
|Vub|. The CLEO collaboration demonstrated that a measurement of the
B0
→ π`ν branching fraction and an extraction of |Vub| is feasible even

with a small data set of only 5× 106 pairs of B0 mesons [124]. Hence,
a first measurement of Bs → K`ν should be possible with the current
Belle data set. An analysis with fully reconstructed Bs tag, similar to the
studies with B mesons in Υ(4S) data [125], will be within the reach of
Belle II.

Studies of semileptonic decays with τ leptons are within the most
promising fields for discovering “new physics”. Particularly, a meas-
urement recently published by the BaBar collaboration [126], which
claims a 3.4σ disagreement of the observed B → D(∗)τν rates with the
standard model is subject to animated debates. Measurements with τ
leptons are experimentally challenging because two or three neutrinos
escape the detector undetected, depending on the reconstruction chan-
nel of the τ meson. Therefore, full reconstruction techniques have to
be employed making such measurements with Bs mesons only feasible
with the large Υ(5S) data set expected from Belle II.
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CHAPTER 9

Conclusion

Semileptonic Bs decays were studied in a semi-inclusive and an inclus-
ive approach, using the 121.4 fb−1 data set collected by the Belle detector
at the Υ(5S) resonance. The results are summarised in the Table below.

The branching fractions of the semi-inclusive decays Bs → DsX`ν
and Bs → D∗sX`ν were measured for the first time. The measurements
are based on the determination of D(∗)−

s `+ yields in three “counting re-
gions” defined by the kinematics of the D(∗)−

s `+ pairs. This approach
is chosen as it is less sensitive to the modelling of the kinematic dis-
tributions of signal decays. The precision of the measurements is sys-
tematically limited by the uncertainty on the number of Bs mesons in
the data sample. The obtained semi-inclusive Bs → D(∗)

s X`ν branch-
ing fractions are in agreement with the sum of the predicted exclusive
branching fractions. The measured Bs → DsX`ν yield, together with an
estimate for the Bs → DsX`ν branching fraction, is also used to determ-
ine the most precise estimate for the B(∗)

s B̄(∗)
s production cross-section in

e+e− collisions at
√

s = 10.86 GeV.
The Bs → X`ν branching fraction was measured with improved pre-

cision. A same-sign charge Ds tag is used in this measurement to en-
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9 Conclusion

hance the fraction of Bs mesons in the selected sample. Therefore, the
uncertainty due to the Bs production fraction is reduced, compared to
untagged Bs measurements with Υ(5S) data. The Bs → X`ν branching
fraction is extracted from measured Ds and D+

s `
+ yields, where the con-

tribution from the remaining B background is estimated from external
measurements of Bs and B production and branching fractions. The ob-
tained result is in agreement with the theory expectations that predict
only small SU(3)flavour symmetry breaking effects.
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Quantity Value Relative uncertainty
This work Previous

B(Bs → DsX`ν) [8.2± 0.2(stat) ± 0.6(syst) ± 1.4(ext)]% 19 % —
B(Bs → D∗sX`ν) [5.4± 0.4(stat) ± 0.4(syst) ± 0.9(ext)]% 20 % —
σΥ(5S)(e+e− → B(∗)

s B̄(∗)
s ) [57.1 ± 1.5 (stat) ± 4.3 (syst) ± 4.2 (ext)]pb 11 % 18 %

B(Bs → X`ν) [9.6 ± 0.4 (stat.) ± 0.7 (syst.)] % 8 % 12 %
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APPENDIX A

Modelling of semileptonic Bs
decays

It goes without saying that the adequate choice of the event generator
model and its parameters is extremely important for the analysis of al-
most any decay or particle reaction. Advances in theory and recent
measurements of semileptonic B decays call for a reconsideration of
the decisions made at the time, when the Belle MC sample was gen-
erated. Therefore, weighting factors are determined for each MC event
dependent on the type and the kinematic properties of the semileptonic
decay. This approach avoids the repetition of the full detector simula-
tion which is a rather time consuming and computing power intensive
process.

A.1 Branching fraction corrections

In Sec. 2.4, various theory publications with different predictions for the
exclusive semileptonic Bs branching fractions were cited. In the gen-
eration of the MC samples, the branching fractions of semileptonic Bs
decays were chosen in analogy to the corresponding B branching frac-
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A Modelling of semileptonic Bs decays

Mode Borig [%] Bnew [%] Weight Ref.
Ds`ν 2.10 2.1± 0.2 1.00 [29]
D∗s`ν 4.90 5.3± 0.5 1.08 [29]
Ds1(2536)`ν 0.40 0.84± 0.09 2.10 [29]
D∗s0`ν 0.40 0.36± 0.04 0.90 [29]
Ds1(2460)′`ν 0.70 0.19± 0.02 0.27 [29]
D∗s2`ν 0.70 0.67± 0.07 0.96 [29]
K(∗)`ν 0.10 — 1.00 —

Table A.1: Composition of the semileptonic width in the MC simulation. The
event weight is calculated as the ratio of branching fraction used originally in
the simulation, Borig, and the branching fraction predicted by theory, Bnew.

tions, motivated by SU(3)flavour symmetry. In the Bs → X`ν analysis,
the branching fractions set in the MC generation are kept unchanged.
In the Bs → D(∗)

s X`ν analysis, the branching fraction predictions from
Ref. [29] are chosen as nominal values, because this publication predicts
the branching fraction for the Ds, D∗s and D∗∗s decay channels and there-
fore provides a self-consistent picture of the full semileptonic Bs width.
The branching fractions are rescaled by applying weights

wB = Bnew/Borig , (A.1)

where Bnew and Borig are the new branching fraction and the original
one used in the simulation, respectively. Table A.1 lists the calculated
weighting factors.

A.2 Correction of the kinematic distributions

In addition to the branching fractions rescaling, also the modelling of
the kinematic distributions of the decays is adjusted. The models and
the variables used to re-weight semileptonic Bs decays are summarised
in Table A.2. Since the form factor shapes of semileptonic Bs decays
have not yet been measured, the ISGW2 quark model (cf. Sec. 2.4.3)
was chosen as generator for semileptonic Bs decays in the Belle MC
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Mode Original Bs → D(∗)
s X`ν analysis Bs → X`ν analysis

Bs → Ds`ν Belle ISGW2 CLN [q2, p̃`] CLN [q2, p̃`]
Bs → D∗s`ν Belle ISGW2 CLN [q2, p̃`] CLN [q2, p̃`]
Bs → D∗∗s `ν Belle ISGW2 LLSW [w, cosθ`] Belle II ISGW2 [q2, p̃`]

Table A.2: Models for semileptonic decays in the original MC sample and the models used for the re-weighting.
The distributions for which the re-weighting is performed are given in square brackets.
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A Modelling of semileptonic Bs decays

sample. Motivated by the considerations in Sec. 2.4.2 and Sec. 2.4.3, the
ISGW2 model is replaced for the analyses described in this thesis by the
CLN model with the parameters measured in B decays (see Eqs. 2.59
and 2.62). The adjustment of the CLN parameters should involve all
variables describing the differential decay width (cf. Sec. 2.4), i.e. the
momentum transfer, q2, is sufficient for Bs → Ds`ν decays, while Bs →

D∗s`ν decays require a four-dimensional re-weighting of the q2, cosθ`,
cosθV, χ distributions. Until now, the default procedure at Belle was to
correct solely the q2 distribution leaving the other distributions uncor-
rected.

In order to re-weight the generated kinematic distributions of Bs de-
cays from the ISGW2 to the CLN model, 1 million events of semileptonic
Bs decays are generated with the EvtGen event generator [89] for both
models. Figures A.1 and A.2 show the kinematic distributions of the
Bs → Ds`ν and Bs → D∗s`ν decay modes simulated with the Belle
ISGW2 generator module and compare them to the predictions of the
CLN model. Additionally, the predictions of the Belle II ISGW2 gener-
ator are shown. A pronounced disagreement is observed between the
Belle ISGW2 generator and the other generators, which manifests itself
most prominently in the uniform cosθ` distribution. An investigation
of the source code of the generator module revealed that this discrep-
ancy is due to missing definitions for Bs decays in the Belle version of
the ISGW2 module.

Because of the malfunctioning Belle ISGW2 generator module for
Bs → Ds`ν decays, the correction of a second kinematic distribution
is necessary in addition to the q2 distribution. The lepton momentum
in the rest frame of the Bs meson, p̃`, is chosen as second distribution
instead of the angle cosθ`, because the lepton momentum is used for
signal extraction in the analyses. The weight for an event in a bin (q2, p̃`)
is derived using the samples of simulated events by calculating the ra-
tio of the new (correct) predicted yield to the original (wrong) yield in
the bin (q2, p̃`):

weight(q2, p̃`) =
Nnew(q2, p̃`)
Norig(q2, p̃`)

. (A.2)

As a test of the re-weighting procedure, the weights are applied to an
independent sample of events generated with the Belle ISGW2 module.
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A.2 Correction of the kinematic distributions
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Figure A.1: Generated kinematic distributions of Bs → Ds`ν decays. The
“Caprini et al.” (CLN) [28] distributions are generated with the HQET2 EvtGen
module using the parameter from Eq. 2.59. The “Belle ISGW2” distributions are
generated with the nominal Belle EvtGen ISGW2 module. These distributions
are also shown after performing the re-weighting to demonstrate the agreement
with the CLN distribution. Furthermore, distributions generated with the Evt-
Gen ISGW2 module from the Belle II simulation are shown.
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Figure A.2: Generated kinematic distributions of Bs → D∗s`ν decays. The
“Caprini et al.” (CLN) [28] distributions are generated with the HQET2 EvtGen
module using the parameter from Eq. 2.62. The “Belle ISGW2” distributions are
generated with the nominal Belle EvtGen ISGW2 module. These distributions
are also shown after performing the re-weighting to demonstrate the agreement
with the CLN distribution. Furthermore, distributions generated with the Evt-
Gen ISGW2 module from the Belle II simulation are shown.
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A.3 Validation of the re-weighting procedure for semileptonic decays
with B decays

The re-weighted distributions are in good agreement with the CLN dis-
tributions as can be seen in Fig. A.1. It also shows that the correction
of the p̃` distribution effectively corrects the cosθ` distribution. In the
case, of Bs → D∗s`ν decays, an analogous two-dimensional re-weighting
is performed in bins of (q2, p̃`). The cosθV and χ distributions show
sufficient agreement between the ISGW2 and the CLN generator mod-
ules (see Fig. A.2) and do not have to be corrected.

The Bs → D∗∗s `ν events generated with the malfunctioning Belle ISGW2
module are re-weighted in the Bs → D(∗)

s X`ν analysis to the LLSW
model. Since there is no EvtGen module available for the LLSW model,
the formula for the differential decay width is implemented in a C++
function and the event yields are determined by numerical integration.
The differential decay width is expressed in the variables w and cosθ`,
and therefore these variables are used instead of q2 and p̃` to define the
bins for the re-weighting. The LLSW model originally developed for
B → D∗∗`ν decays is adapted by replacing the B and D∗∗ masses by the
corresponding Bs and D∗∗s masses. The model parameters are chosen
to be ηke = 0 and dτ̂/dw = −1.5. The weights are calculated for the
two model options B1 and B2 and the average between the two is used
for the analysis. Details on the different model options can be found in
Ref. [38]. In the Bs → X`ν analysis, the Belle II ISGW2 generator is used
as reference to calculate the weights for Bs → D∗∗s `ν decays.

A.3 Validation of the re-weighting procedure
for semileptonic decays with B decays

To validate the two-dimensional re-weighting procedure for semilepto-
nic Bs decays, the re-weighting is tested on exclusive B0

→ D∗`ν decays.
For this decay mode, the weights do not describe the transition from the
ISGW2 to the CLN model, but an update of the model parameters:

ρ : 1.3→ 1.207 , (A.3)
R1 : 1.18→ 1.403 , (A.4)
R2 : 0.71→ 0.854 . (A.5)
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A Modelling of semileptonic Bs decays

(a) Bs → D∗s0`ν
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(b) Bs → D′s1`ν
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Figure A.3: Kinematic distributions of (a) Bs → D∗s0`ν decays and (b) Bs →

D′s1`ν decays generated with the Belle ISGW2 module (black points) and the
prediction obtained with the LLSW model (blue line). The red lines represent
the maximum deviation from the prediction under a variation of the LLSW
model parameters (option B1 vs. B2, ηke, and dτ̂/dw).
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A.3 Validation of the re-weighting procedure for semileptonic decays
with B decays

(a) Bs → Ds1`ν
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(b) Bs → D∗s2`ν
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Figure A.4: Kinematic distributions of (a) Bs → Ds1`ν decays and (b) Bs →

D∗s2`ν decays generated with the Belle ISGW2 module (black points) and the
prediction obtained with the LLSW model (blue line). The red lines represent
the maximum deviation from the prediction under a variation of the LLSW
model parameters (option B1 vs. B2, ηke, and dτ̂/dw).
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A Modelling of semileptonic Bs decays

Mode PDG / Estimate [%]
D−`ν 2.18± 0.12
D∗−`ν 4.93± 0.11
D1`ν 0.74± 0.11
D2`ν 0.47± 0.17
D′1`ν 0.26± 0.09
D∗0`ν 0.52± 0.22

Table A.3: Branching fractions of semileptonic B0 decays. The estimates for the
D∗∗`ν modes are based on the predictions of the LLSW model [38].

The event weights are derived from two simulated samples based on
the old and the new parameter sets (cf. Eq.A.2).

The B0
→ D∗−`+ν decays are reconstructed in a sample of 540 fb−1 of

Υ(4S) data (experiments 33-71, SVD2). A MC sample of the same size
is generated using EvtGen and the Belle detector simulation. Addition-
ally, a 63.4 fb−1 sample of off-resonance data is used to study the con-
tinuum background. The simulated events are corrected with the pro-
cedures described in Sec. 5 to reflect the lepton efficiencies, the misid-
entification rates from hadrons passing the lepton selection criteria, and
the kaon and pion efficiencies of the real detector. The semileptonic
branching fractions of B0 decays in the simulation are listed in Table A.3.
The selection criteria for kaons, pions and leptons are analogous to the
ones described in Chapter 5. The minimum centre-of-mass frame mo-
mentum of the reconstructed signal lepton candidate is set to 1.4 GeV
to suppress the background from secondary leptons and misidentified
hadrons. The D∗− mesons are reconstructed in the decay channel D∗− →
D̄0π−slow; D̄0

→ K+π−. The same selection criteria are also applied to the
slow pions, π−slow. The following mass windows are applied to D∗− can-
didates: |mKπ −MD0 | < 13.75 MeV and 144 MeV < |mKππslow −mKπ| <
147 MeV. To suppress background from cc̄ continuum, the second nor-
malised Fox-Wolfram momentum [102], R2, is required to be below 0.4,
and for the thrust angle (cf. Sec. 5.4) the criterion | cosθthrust| < 0.8 is
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A.3 Validation of the re-weighting procedure for semileptonic decays
with B decays
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Figure A.5: Distribution of cos(θBD∗`) for reconstructed D∗−`+ events from
Υ(4S) data (black points). The superimposed MC histograms are from bot-
tom to top: continuum background (light blue), misreconstructed D∗− candid-
ates (brown), secondary leptons and misidentified hadrons (hatched blue), D∗+-
electron combinations from different B0 decays (hatched orange), B0

→ D∗−`+ν
decays (hatched red), B0

→ D∗∗`+ν decays (white). The MC uncertainty is rep-
resented by the shaded error band.

applied. A sample which is very pure in signal decays can be obtained
using the variable

cos(θBD∗`) =
2E∗beamE∗D∗` −m2

B −m2
D∗`

2|~p∗B||~p
∗

D∗`|
, (A.6)

which is similar to the variable Xmis defined in Eq. 6.4 and takes for
correctly reconstructed signal decays values between −1 and 1. Fig-
ure A.5 (b) shows that the data-MC agreement of this variable is not
good, but since the signal is concentrated in the region | cos(θBD∗`)| < 1
with only small backgrounds, the criterion | cos(θBD∗`)| < 1.2 is applied
for the data-MC comparison.
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A Modelling of semileptonic Bs decays

The w and p∗` spectra of the reconstructed B0
→ D∗`ν decays are com-

pared to the re-weighetd MC distributions. Fig. A.6 shows the effect of
a re-weighting in bins of q2 alone and in bins of (q2, p̃`). It can be seen
that the correction in q2 alone is insufficient to obtain the correct lepton
momentum spectrum, while the agreement using the two-dimensional
re-weighting in bins of (q2, p̃`) is excellent.
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A.3 Validation of the re-weighting procedure for semileptonic decays
with B decays
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Figure A.6: Data-MC agreement of the w, and lepton momentum distributions
of B0

→ D∗−`+ν decays reconstructed in a 540 fb−1 Υ(4S) sample. The vari-
able w is approximated by E∗D∗/mD∗ , because the B mesons are produced almost
at rest in the Υ(4S) centre-of-mass frame. The black points represent the data
and the stacked histograms the MC samples with the following contributions:
continuum background (light blue), misreconstructed D∗− candidates (brown),
secondary leptons and misidentified hadrons (hatched blue), D∗+-electron com-
binations from different B0 decays (hatched orange), B0

→ D∗−`+ν decays
(hatched red), B0

→ D∗∗`+ν decays (white). The MC uncertainty is represented
by the shaded error band. The MC distributions are corrected with different
re-weighting procedures: (a) the two-dimensional weights in bins of q2

× p∗(`)
and (b) with the conventional one-dimensional weights in bins of q2 only.
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(a) D−s e+ sample
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(b) D−s µ+ sample
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Figure B.1: Fits to the mKKπ distributions from off-resonance data.

186



(a) Electron mode
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(b) Muon mode
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Figure B.2: Fits to the ∆m distributions of mis-reconstructed D∗s candidates in
the MC simulation in the three counting regions. The black points represent
the simulated decays and the green curve is the fitted third order Chebychev
polynomial.
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(a) D∗−s e+ sample
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(b) D∗−s µ+ sample
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Figure B.3: Fits to the ∆m distributions from off-resonance data.

Parameter Electrons Muons
µ / GeV, region A 1.9681± 0.0001 1.9680± 0.0001
µ / GeV, region B 1.9678± 0.0001 1.9678± 0.0001
µ / GeV, region C 1.9676± 0.0001 1.9676± 0.0001
σ1 / GeV 0.0034± 0.0001 0.0033± 0.0001
rσ 2.4± 0.3 2.2± 0.1
rN 0.22± 0.05 0.34± 0.06
b, region A −0.05± 0.03 −0.09± 0.03
b, region B −0.17± 0.02 −0.15± 0.02
b, region C −0.21± 0.02 −0.19± 0.02

Table B.1: Fit results of the Ds mass fits.

188



Parameter Electrons Muons
µ / GeV, region A 0.1442± 0.0005 0.1441± 0.0005
µ / GeV, region B 0.1445± 0.0004 0.1435± 0.0004
µ / GeV, region C 0.1440± 0.0004 0.1443± 0.0004
σ1 / GeV 0.0052± 0.0002 0.0054± 0.0002
α 1.35± 0.03 1.34± 0.03
n 1.89± 0.11 1.92± 0.10
rσ 4.1± 0.2 4.2± 0.2
rN 0.930± 0.007 0.927± 0.007
a, region A 0.14± 0.06 0.06± 0.05
a, region B 0.05± 0.04 0.04± 0.04
a, region C 0.07± 0.04 0.06± 0.04
b, region A −0.30± 0.06 −0.10± 0.06
b, region B −0.32± 0.04 −0.27± 0.04
b, region C −0.27± 0.04 −0.26± 0.04
c, region A 0.00± 0.14 0.00± 0.06
c, region B 0.06± 0.03 0.07± 0.03
c, region C 0.08± 0.04 0.00± 0.06

Table B.2: Fit results of the ∆m fits.
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(b) D−s µ+ sample
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Figure B.4: D−s `+ events reconstructed in Υ(5S) data (low lepton momentum
threshold). Look back plots of the p∗a nd the Xmis distributions. The scale factors
obtained in the measurement are applied to the MC components.
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(b) D∗−s e+ sample
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(b) D∗−s µ+ sample
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Figure B.5: D∗−s `+ events reconstructed in Υ(5S) data (low lepton momentum
threshold). Look back plots of the p∗a nd the Xmis distributions. The scale factors
obtained in the measurement are applied to the MC components.
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Figure B.6: Fits to the K+K−π+ mass distributions of D+
s e+ events reconstructed

in Υ(5S) data in 9 bins of electron momentum, pe. The black points with error
bars are the data. The blue line is the fit result. The green line is the fitted
background function, the thick red line the fitted signal function, which is the
sum of two Gaussian functions (thin red lines).
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Figure B.7: Fits to the K+K−π+ mass distributions of D+
s µ

+ events reconstruc-
ted in Υ(5S) data in 9 bins of electron momentum, pµ. The black points with
error bars are the data. The blue line is the fit result. The green line is the fitted
background function, the thick red line the fitted signal function, which is the
sum of two Gaussian functions (thin red lines).
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Figure B.8: Fits to the K+K−π+ mass distributions of D+
s e+ events reconstructed

in off-resonance data in 9 bins of electron momentum, pe. The black points with
error bars are the data. The blue line is the fit result. The green line is the fitted
background function, the thick red line the fitted signal function, which is the
sum of two Gaussian functions (thin red lines).
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Figure B.9: Fits to the K+K−π+ mass distributions of D+
s µ

+ events reconstruc-
ted in off-resonance data in 9 bins of electron momentum, pµ. The black points
with error bars are the data. The blue line is the fit result. The green line is the
fitted background function, the thick red line the fitted signal function, which
is the sum of two Gaussian functions (thin red lines).
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