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In this paper, the measurement of the fragmentation factor ratio fs/fd
in the LHCb experiment using hadronic decay modes is presented. The
relative yields of the three channels B0 → D−π+, B0 → D−K+, B0

s →
D−s π

+ selected from 35 pb−1 of data collected in 2010 are used for the
analysis. The fragmentation fraction ratio is determined to be fs/fd =
0.245± 0.017stat ± 0.018syst ± 0.018theor.
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1. Introduction

The fragmentation fractions fd, fs, fu, fΛ determine the probability
that the q

¯
uark hadronizes into the specific Bq meson (where q = d, s, u)

or Λb baryon. The measurement of fs/fd is particularly important for
measurements of B0

s branching fractions, as few normalization modes have
precisely measured branching fractions. One of the prime examples is the
measurement of the B(B0

s→ µµ) branching fraction, where the uncertainty
of fs/fd measurement is the main contribution to the systematic uncer-
tainty [1].

Three charm hadronic decays1 are employed for this analysis: B0 →
D−π+, B0→ D−K+ and B0

s→ D−
s π

+. The B0
s→ D−

s π
+ and B0→ D−K+

decay amplitudes are described by colour-allowed tree-diagrams only, thus
they are theoretically well predicted. The B0 → D−π+ amplitude is less
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1 In the following, the decays stand for charge conjugated processes as well.
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clean since it receives a W exchange diagram contribution whose size must
be estimated relative to the three diagrams. One can extract the fs/fd ratio
in two different ways.

The first approach uses the B0
s→ D−

s π
+ and B0→ D−K+ channels. The

advantage of this approach is that signals can be extracted in a theoretically
clean way for both channels. On the other hand, the statistic for the B0→
D−K+ decays is reduced, since it is a Cabibbo suppressed channel. The
ratio of the branching fractions can be calculated as follows [2]

B
(
B0
s → D−

s π
+
)

B (B0 → D−K+)
=
τB0

s

τB0

∣∣∣∣VudVus

∣∣∣∣2( fπfK
)2
[
F

(s)
0

(
m2
π

)
F

(d)
0

(
m2
K

)]2 ∣∣∣∣ a1(D−
s π

+)
a1(D−K+)

∣∣∣∣2 ,
(1)

where τB is the lifetime of the B meson, Vud and Vus are the relevant CKM
elements, fπ,K is the decay constant for the pion or kaon and F0(q2) is the
value of the form factor at the 4-momentum transfer q. The a1(Dqh) factors
take into account the deviation from the factorization assumed. On the
other hand, the yields of the two channels are related as follows

NDsπ

NDK
=
fs
fd

εDsπ

εDK

B
(
B0
s → D−

s π
+
)

B (B0 → D−K+)
, (2)

where ε is the total detector efficiency which includes various effects arising
from trigger, offline selection and reconstruction efficiencies. These efficien-
cies are being calculated separately for each mode using samples of simulated
signal events. Taking the values of various factors from [2,3], the fs/fd ratio
is given by the following expression

fs
fd

= 0.0743× τB0

τB0
s

×
[

1
NaNF

εDK
εDsπ

NDsπ

NDK

]
, (3)

with

Na ≡
∣∣∣∣ a1(D−

s π
+)

a1(D−K+)

∣∣∣∣2 = 1.00± 0.02 [4] ,

NF ≡

[
F

(s)
0

(
m2
π

)
F

(d)
0

(
m2
K

)]2

= 1.24± 0.08 [5] . (4)

The second method employs B0 → D−π+ and B0
s → D−

s π
+ decay

channels. This method profits from the high branching fraction of the
B0→ D−π+ that can significantly reduce the statistical uncertainties. In
analogy to the former method fs/fd can be expressed as [4]

fs
fd

= 0.982× τB0

τB0
s

×
[

1
NaNFNE

εDπ
εDsπ

NDsπ

NDπ

]
, (5)
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where an additional NE factor is the contribution arising from the exchange
diagrams. The value of this term has been calculated to be NE = 0.966 ±
0.075.

The yields are extracted by fitting the three invariant mass distribu-
tions independently for each signal channel by means of unbinned maximum
likelihood method.

2. The LHCb detector and data sample

The LHCb detector [6] is a single arm spectrometer designed to study
the decays of B mesons at the LHC. The sensitive area of the detector
covers the angles between 15mrad and 300mrad. This corresponds to the
pseudorapidity range of 1.8 < η < 4.9. The trigger system consists of the
hardware trigger L0 and the High Level Trigger (HLT) implemented in the
software. The L0 trigger selects events with high pT tracks to reduce the rate
of bunch crossings from about 11MHz down to 1MHz. The partial event
reconstruction takes place in the first step of software trigger (HLT1) while
the more complete reconstruction is performed in the second step (HLT2).
The software trigger reduces the event rate further down to about 2 kHz.

The two subsystems of the whole LHCb detector are crucial for this anal-
ysis. The precise vertex detector (VELO) is able to effectively distinguish
between the primary and secondary vertices. For high multiplicity primary
vertices the resolution is 12µm in the direction transverse to the beam axis
and 50µm along the beam. The two Cherenkov radiation detectors provide
a good distinction between kaons and pions in the range of 2–100GeV.

The data sample used for this analysis consists of 35 pb−1 of data col-
lected by the LHCb experiment in 2010 at the centre-of-mass energy of 7TeV.

3. Selection procedure

The selection of B0→ D−π+, B0→ D−K+, and B0
s→ D−

s π
+ modes is

done in such a way that it minimizes the efficiency difference between the
channels. Since all the modes have a similar decay topology, the selection
is designed to use the topological information only. This is ensured in both
the trigger and off-line selections.

3.1. Trigger

The hardware trigger (L0) requires one cluster with a transverse energy
deposition greater than 3.6GeV in the hadronic calorimeter. HLT1 demands
one high pT track well displaced from the primary interaction point. In the
HLT2 step the topological trigger [7] reconstructs a 2, 3 or 4-prong secondary
vertex with a high sum of pT of the outgoing tracks. The vertex has to be
significantly separated from the primary vertex.
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The difference in efficiencies for signal modes observed in L0 arise mainly
due to higher K efficiency in this level of trigger, thus modes with bachelor
(the light hadronic B child) kaon are ≈ 2% more efficient. The discrepancies
occur also in HLT and the main reason for that is the difference in the D
and D+

s lifetimes. It causes the reconstructed track (in HLT1) and vertex
(in HLT2) to be better separated for B0 than B0

s . The relative correction
factor of 1.081 ± 0.024 for B0

s with respect to B0 has been introduced to
compensate for this effect.

3.2. Offline selection

To optimize the selection while taking into account the correlation be-
tween various variables, a multivariate analysis (MVA) technique is used [8].
The TMVA software package [9] containing a number of MVA methods is
employed. The “gradient” decision tree method was found to have the best
performance (see Fig. 1) and to be the least sensitive to overtraining.
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Fig. 1. Comparison of MVA methods. Receiver Operating Characteristics (ROC)
curve (left), significance (right). BDTG (solid/black), FischerGauss (dotted/red),
rectangular cuts (horizontal grey/green)

A sample of simulated B0→ D−π+ signal events was used for training.
The comparison of distributions of the input variables for the real data
and the simulated sample shows good agreement which justifies the use
of simulated data. The distributions for background are extracted from
the B mass sidebands for the fraction of the total sample corresponding
to 2 pb−1. The selection is optimized to achieve the best significance for
the Cabibbo suppressed mode. Variables related to D(D+

s ) lifetime are
excluded to minimize the difference betweenB0 andB0

s modes. The selection
efficiency for the events accepted by trigger is ≈ 75% for the three modes.

Finally, particle identification (PID) is imposed on the bachelor hadron
to distinguish between the modes. The log-likelihood difference of the kaon
and pion hypothesis is used. We demand DLLKπ < 0 for the bachelor
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pion and DLLKπ > 5 for the bachelor kaon. B0 and B0
s modes are in

addition distinguished by the different mass window to select the D0 and
D+
s candidates, respectively.

3.3. Correction factors

Besides the differences in efficiencies that arise due to trigger and parti-
cle identification cuts used for the specific signal modes, a tracking efficiency
difference for kaons and pions has a significant impact on the final measure-
ment. The ratio of signal yields have to be corrected based on these specific
correction factors. The precise numbers are presented in Table I.

TABLE I

Correction factors for the fs/fd measurements.

Efficiency ratio εDK
εDsπ

εDπ
εDsπ

K∓/ π± tracking eff. 1.014± 0.004 1.039± 0.003
PID cuts 0.959± 0.006 1.135± 0.005
Bach. K∓ P <100GeV/c2 0.993± 0.001 n/a
Trigger eff. 0.925± 0.020 0.925± 0.020
Total 0.893± 0.020 1.091± 0.025

4. Fitting model

The extraction of the event yields requires a precise description of signal
and background components that are visible in the B mass distribution.

4.1. Signal model

To properly describe the signal mass peak, various detector effects have
to be taken into account. Multiple scattering and reconstruction distortion
cause the symmetric, Gaussian like, tail on both sides of the peak. The
radiative tail is present due to final state radiation for B and D meson
decays. Such low energy radiative photons are not taken into account during
the event reconstruction. In effect, an asymmetric tail towards the lower
invariant mass region is observed. The shape of the signal mass peak has
been determined using a sample of simulated events. The combination of
two Crystal Ball (CB) [10, 11] functions has been chosen. The parameters
describing the CB tails are determined on the basis of simulation and then
fixed. We assume the same mean value for both CB functions. The other
parameters are left free in the fitter.
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4.2. Background model

There are three categories of background to be considered. The source
of the first category is combinatorics. It consists of random kaon or pion
associated to a real D. The shape can be determined from data using the
events with incorrect combinations of the D and the bachelor hadron, D+h+

or D−h−. Its non-peaking character can be described using an exponential
shape. Specifically in the case of B0→ D−K+, the combinatoric background
was parametrized by a straight line.

The second type of background comes from partially reconstructed B me-
son decays. The most important are channels with missing π0: B0→ D∗−π+

and B0→ D−ρ+. Under the B0→ D−K+ mass hypothesis those two back-
ground components are present with misidentified bachelor π+. Their shapes
are extracted from the simulation and fixed allowing the normalization to
float during the fitting procedure. These shapes are shown in Fig. 2.
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Fig. 2. The shape of partially reconstructed physical background B0 → D∗−π+

under correct mass hypothesis (left) and with bachelor kaon mass hypothesis (right)

The last type of background is the reflection from real decays with wrong
mass hypothesis assigned due to misidentification of decay products. Particle
identification cuts are introduced on the bachelor hadron and D children to
improve the precision of yield extraction. The contamination from B0

s →
D−
s π

+ in the B0 → D−π+ and B0 → D−K+ samples is estimated to be
negligible. The contamination from Λb is expected to be at the level of 1%
for B0→ D−π+ and 2% for B0→ D−K+. We do not impose any correction
for the reflection from Λb and assign a 2% systematic uncertainty. In the
case of B0

s → D−
s π

+ decay the Λb background is no longer negligible. The
expected shape of Λb contamination is extracted from the simulated events
and included in the fitting model.

To model the reflections due to misidentification of the bachelor particle
we use a method of reweighing already fitted shapes to get the shapes under
new mass hypothesis. We explain the method for the B0→ D−π+ mode
under bachelor kaon mass hypothesis. The number of signal events and



The Measurement of the fs/fd Ratio from Hadronic Modes in the LHCb . . . 1567

misidentified events is roughly the same in that sample since the relatively
small misidentification probability is compensated by the large branching
ratio of B0 → D−π+. Firstly, a sample of clean B0 → D−π+ events is
prepared with the DLLKπ < 0 cut and bachelor kaon hypothesis. Since
the DLLKπ cut efficiency is momentum dependent, the distribution must
be corrected for the distortions introduced by the particle identification cut.
As a result, the distribution of mass under the incorrect particle hypothesis
without any momentum biases can be obtained. As the sample of B0 →
D−K+ is selected using DLLKπ > 5 the performance of this cut must be
evaluated. It is done using D∗ decays. The result can be seen in Fig. 3.
The final step is to reweigh the distribution according to the DLLKπ cut
efficiency. The mass distribution before and after the reweighing procedure
is shown in Fig. 3.
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Fig. 3. Left: Mass shape of B0 → D−π+ events with the bachelor misidentified
as a kaon, for a PID cut of DLLKπ > 5, before (black/blue) and after (grey/red)
reweighing. Right: Probability, as a function of momentum, to correctly identify a
kaon (full black circles) and to wrongly identify a pion as a kaon (open/red circles),
for a PID cut of DLLKπ > 5.

4.3. Fitting model validation

The fitting components are merged into three distinct fitting models,
one for each signal channel. The stability and accuracy of these models
have been checked by series of MC pseudo-experiments. In this way, we
have shown that the fitting results are unbiased and the uncertainties are
estimated correctly.

Various additional cross checks are performed. The values of parameters
that are fixed in the fitter are varied by a few percent and a systematic is
assigned according to the obtained result. Additionally, the number of events
from misidentified backgrounds is estimated from the knowledge of signal
yield under the proper mass hypothesis and misidentification probability. In
all cases, the number of events is compatible with the estimation.
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Finally, the cocktail sample is produced by fully simulated events con-
taining a mixture of B0→ D−π+, B0→ D−K+, B0→ D−ρ+, B0→ D∗−π+,
Λb → Λcπ

− and inclusive bb events for the combinatoric contribution. The
fitter is able to accurately reproduce the initial composition.

5. Fitting results

The results of the fit to the B0→ D−π+ and B0→ D−K+ are shown in
Fig. 4. The extracted number of events for B0→ D−π+ and B0→ D−K+

are 4103 ± 75 and 252 ± 21, respectively. The number of misidentified
B0→ D−π+ events under bachelor kaon mass hypothesis is 131 ± 19. It is
consistent with 145±5 events estimated using the knowledge of the misiden-
tification efficiency extracted from the D∗ sample.
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Fig. 4. Results of the fit to B0→ D−π+ (left) and B0→ D−K+ (right) candidates.

The B0
s→ D−

s π
+ fitting procedure differs in several aspects. The widths

of CB functions in the B0
s fitter were fixed to 83% and 91% of the values

extracted from the B0→ D−π+ fitter. The rescaling is based on the com-
parison between the B0→ D−π+ and B0

s→ D−
s π

+ simulated samples. The
shape of misidentified B0→ D−π+ peak and its yield is fixed due to over-
lap with the B0

s → D−
s π

+ signal having a similar shape. We fix the ratio
of partially reconstructed backgrounds B0

s → D−
s ρ

+ and B0
s → D∗−

s π+ to
further increase the fitter stability. The ratio is taken from the results of the
B0→ D−π+ fit and constrained with the Gaussian probability to account
for differences between B0 and B0

s systems. A Gaussian width of 20% of the
mean value of the ratio is chosen. The number of fitted B0

s→ D−
s π

+ events
is 670± 34 and is shown in Fig. 5.



The Measurement of the fs/fd Ratio from Hadronic Modes in the LHCb . . . 1569

5000 5100 5200 5300 5400 5500 5600 5700 5800
Mass 

(
MeV/c2

)0

20

40

60

80

100

120

140

E
v
e
n
ts

 /
 ( 8

M
e
V
/
c2
)

Ns = 670± 34

LHCb   
√
s  = 7 TeV

Lint ∼ 35 pb-1

B 0
s →D−

s π+

B0 →D−π+

B 0
s →D ∗−

s π+

B 0
s →D−

s π+ π−π+

B 0
s →D−

s ρ+

Λb→Λ+
c π−

Combinatorial

Fig. 5. Results of the fit to B0
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+ candidates.

6. Result

From equations 3 and 5 and the fitted yields of B0 → D−π+, B0 →
D−K+ and B0

s → D−
s π

+ decays, the fs/fd ratio can be extracted in two
different ways: comparing B0 → D−K+ to B0

s → D−
s π

+ or B0 → D−π+

to B0
s → D−

s π
+. For the calculations of fs/fd using the first method, the

current world average is assumed for B0
s to B0 lifetime ratio, τB0

s
/τB0 =

0.973± 0.015. The combined factor accounting for the non-factorizable cor-
rections and form factors is taken from [2]: NaNF = 1.24 ± 0.08. Using
B(D+ → K−π+π+) = (9.14 ± 0.20)% [12] and B(D+

s → K−K+π+) =
(5.50± 0.27)% the fs/fd is found to be

fs
fd

= 0.242± 0.024stat ± 0.018syst ± 0.016theor . (6)

Using the second method an additional uncertainty from the W -exchange
diagrams [4], NE = 0.966± 0.075 needs to be introduced:

fs
fd

= 0.249± 0.013stat ± 0.020syst ± 0.025theor . (7)

The two measurements are consistent.
The systematic uncertainties for these two measurements are listed in

Table II. The systematic uncertainty which originates from the PID cali-
bration has less impact on the first measurement since the final states for
B0→ D−K+ and B0

s→ D−
s π

+ are the same (i.e. K K π π).
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These two values for fs/fd can be combined into one. All the correlation
between the uncertainties needs to be taken into account. The averaged
value of fs/fd is

fs
fd

= 0.245± 0.017stat ± 0.018syst ± 0.018theor . (8)

TABLE II

Systematic uncertainties for the fs/fd measurements.

Source For D−s π+/D−K+ For D−s π+/D−π+

PID calibration 1.5% 2.5%
B0 fit model 2% 2%
B0
s fit model 2% 2%

L0 trigger efficiency 2% 2%
B(D±s → KKπ) 4.9% 4.9%
B(D± → Kππ) 2.2% 2.2%
τB0
s

τB0
1.5% 1.5%

Correction factors 2.2% 2.2%
Total 7.0% 7.4%

7. Summary

On the basis of 35 pb−1 of data collected in 2010 by the LHCb experiment
at 7TeV centre-of-mass energy the measurement of fs/fd ratio has been
conducted using two approaches: by comparing B0 → D−K+ to B0

s →
D−
s π

+ and B0 → D−π+ to B0
s → D−

s π
+. The combined value of fs

fd
has

been calculated to be 0.245± 0.017stat ± 0.018syst ± 0.018theor.
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