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Measurement of the b anti-b cross section in the 
forward region with semileptonic b-decays. 
(published, 15 nb-1)

b-hadron fragmentation fraction with semileptonic 
b-decays (preliminary, 3 pb-1)

Open charm cross sections, D+, D0, Ds, D*+ 
(preliminary, 1.8  nb-1)
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B→ D0µ−νX, D0 →Κ−π+

• BRvis ~ 8 x 10-3

• Prompt D0 is the dominant 
background!
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η=-ln[tan(θ/2)]

• Measure right-sign, vertexed, Dμ− combinations with tracks 
not pointing at primary vertex

• Background from “Prompt” D  separated from Signal using 
impact parameter

• Require minimum pT on D so that IP is well defined
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Figure 1: K−π+ invariant mass for “Prompt” selection criteria in 2.9 nb−1. The curve shows
a fit to a linear background plus double-Gaussian signal function with parameters σ1=7.1±0.6
MeV, σ2/σ1=1.7±0.1, and the fraction of the second Gaussian as 0.40±0.16.
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Figure 2: Natural logarithm of the IP for D0 mesons, with the IP in units of mm (points with
error bars) for the 2.9 nb−1 microbias sample. Background has been subtracted using mass
sidebands. The dashed curve shows the result of the fit to the Prompt component, the dotted
line the Dfb component, and the histogram the sum of the two.

3 Evaluation of the b → D0Xµ−ν yield in microbias267

data268

To enrich our sample of b-hadron decays we use the decay chain b → D0Xµ−ν, D0 →269

K−π+, that has an average efficiency of about 6.5%. We match D0 candidates with tracks270

identified as muons, by ensuring that they penetrate the iron of the MUON system. Right-271
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Fit procedure
• 2D Unbinned log-likelihood fit to 

m(K-π+) & ln(IP). Separate fits for 
RS and WS samples.

• m(K-π+) shape from prompt D 
decays(no muon selection).

• ln(IP) shape for prompt taken from 
data, and DfB decays from MC.
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Fig. 1. K−π+ invariant mass for “Prompt” selection criteria in 2.9 nb−1. The curve
shows a fit to a linear background (dashed) plus double-Gaussian signal function
with parameters σ1 = 7.1 ± 0.6 MeV, σ2/σ1 = 1.7 ± 0.1, and the fraction of the
second Gaussian 0.40 ± 0.16.

2. Analysis of D0 → K−π+

The Prompt and Dfb D0 components can be separated statisti-
cally by examining the impact parameter (IP) with respect to the
closest primary vertex, where IP is defined as the smallest distance
between the D0 reconstructed trajectory and the primary vertex.1

We use the D0 → K−π+ channel which has a branching fraction
of (3.89 ± 0.05)% [4].

The D0 selection criteria are the same regardless of the trigger
conditions. Both the kaon and pion candidates are associated with
Cherenkov photons in the RICH system. The photon angles with re-
spect to the track direction are examined and a likelihood formed
for each particle hypothesis [2]. Candidates are identified as kaons
or pions on the basis of this likelihood. We also require that the
momentum transverse to the beam direction, pT, of both the kaon
and pion be >300 MeV, and that their scalar sum is >1400 MeV.
(We work in units with c = 1.) Since real D0 mesons travel before
decaying, the kaon and pion tracks when followed backwards will
most often not point to the closest primary vertex. We require that
the χ2 formed by using the hypothesis that the impact parameter
is equal to zero, χ2

IP, be > 9 for each track. They also must be con-
sistent with coming from a common origin with vertex fit χ2 < 6.
Finally, the D0 candidate must be detached from the closest pri-
mary vertex. To implement this flight distance significance test we
form a χ2

FS based on the hypothesis that the flight distance be-
tween the primary and D0 vertices is zero, and require χ2

FS > 64.
This set of requirements on the D0 candidate is labeled “generic”.
All of these requirements were selected by comparing sidebands of
the invariant K−π+ mass distribution, representative of the back-
ground, with signal Monte Carlo simulation using PYTHIA 6.4 [5].

In order to ascertain the parameters characterizing the D0 mass
peak, a sample enriched in Prompt D0 mesons is selected. This
is achieved by including two additional requirements: (1) the co-
sine of the angle between the D0 candidate’s momentum direction
and the line from the K−π+ vertex to the primary vertex must
be >0.9999, and (2) the χ2

IP for the D0 must be less than 25.
The K−π+ invariant mass distribution after imposing all of these
requirements is shown in Fig. 1. The data are fit with a double-
Gaussian signal function, with both Gaussians having the same
mean, and a linear background. This signal shape is used in all
subsequent fits.

1 Primary vertices are found using an iterative procedure based on the closest
approach of tracks with each other. The resolutions of the resulting vertex positions
depend on the number of tracks and are of the order of 70 µm along the beam
direction and 10 µm in each transverse coordinate, for 40 tracks.

Fig. 2. Natural logarithm of the IP for D0 mesons, with the IP in units of mm (points
with error bars) for the 2.9 nb−1 microbias sample. Background has been subtracted
using mass sidebands. The dashed curve shows the result of the fit to the Prompt
component, the dotted line the Dfb component, and the histogram the sum of the
two.

Selecting K−π+ candidates within ±20 MeV of the fitted D0

mass peak and subtracting the background using invariant mass
sidebands 35–75 MeV from the peak on both sides, we display the
distribution of the natural logarithm of the D0 candidate’s IP in
Fig. 2. Both Prompt and Dfb components are visible. The IP for the
Prompt signal would be zero without the effects of resolution. The
Prompt shape is described by a bifurcated double-Gaussian func-
tion. The distribution for Dfb is widely spread as the finite b life-
time causes the D0 meson not to point to the primary vertex; we
use a Monte Carlo simulated shape. The histogram in Fig. 2 shows
the results of a fit to the two components, letting the parameters
of the Prompt shape float; this shape is used in systematic studies.

3. Evaluation of the b → D0Xµ−ν yields

3.1. Using microbias data

To select the decay chain b → D0Xµ−ν , D0 → K−π+ and
enrich our b sample, we match D0 candidates with tracks iden-
tified as muons, by ensuring that they penetrate the iron of the
MUON system and have minimum ionization in the calorimeters
[2]. Right-sign (RS) combinations have the sign of the charge of
the muon being the same as the charge of the kaon in the D0 de-
cay. Wrong-sign (WS) combinations have the signs of the charges
of the kaon and the muon being opposite; they are highly sup-
pressed in semileptonic b decay. WS events are useful to estimate
certain backgrounds.

To find b candidates we select D0 candidates using the generic
criteria specified above, and add a track that is identified as a
muon, has pT > 500 MeV, and has χ2

IP > 4. The D0 and muon
candidates are required to form a common vertex with χ2 < 5,
the D0µ− invariant mass must be between 3 and 5 GeV, and the
cosine of the angle of the b pseudo-direction, formed from the
D0 and muon vector momentum sum with respect to the line be-
tween the D0µ− vertex and the primary vertex, must be >0.998.
This angle cut is loose enough to have about 97% efficiency for
b → D0Xµ−ν decays when taking into account the effect of the
missing neutrino momentum. We measure η using the line defined
by connecting the primary event vertex and the vertex formed by
the D0 and the µ− . Bins in η are chosen to be larger than the res-
olution to obviate the need for any cross-feed corrections. Events
are accepted in the interval 2 < η < 6.

!"#$%&'&()'*+(,"*-'../-/0 1#23$/
K- mass spectrum
used to define signal
shape

IP distribution used 
to separate Prompt 
& DfB

456789(8#-'&9(:;$%(<=9(<>?> @

DfB

Prompt
~3 nb-1• m(K-π+) sidebands give background under D0 peak.

• Only free parameters are the yields.
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Data samples

Hlt1
L0

• Two data samples:

• 2.9 nb-1 of minimum bias triggers (>= 1Track).

• p(μ−)> 3 GeV, pT(μ−)>0.5 GeV

• 12.2 nb-1 single muon trigger, pT>1.3 GeV.

6

• For semileptonic 
decays, trigger 
much lower than 
Tevatron.
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Fit projection in IP 12.2 nb-1
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Fig. 3. Natural logarithm of the D0 IP in the 2.9 nb−1 microbias sample for (a) right-sign and (b) wrong-sign D0-muon candidate combinations. The dotted curves show the
D0 sideband backgrounds, the thin solid curves the Prompt yields, the dashed curve the Dfb signal, and the thick solid curves the totals.

Fig. 4. Natural logarithm of the D0 IP in the 12.2 nb−1 triggered sample for (a) right-sign and (b) wrong-sign D0-muon candidate combinations. The dotted curves show the
D0 sideband backgrounds, the thin solid curves the Prompt yields, the dashed curve the Dfb signal, and the thick solid curves the totals.

The IP distributions of both RS and WS candidates, requiring
that the K−π+ invariant mass is within 20 MeV of the D0 mass,
are shown in Fig. 3. We perform an unbinned extended maximum
likelihood fit to the two-dimensional distributions in K−π+ invari-
ant mass over a region extending ±100 MeV from the D0 mass
peak, and ln(IP/mm). This fitting procedure allows us directly to
determine the background shape from false combinations under
the D0 signal mass peak. The parameters of the Prompt IP distri-
bution are found by applying the same criteria as for Fig. 3, but
with the additional track failing the muon identification criteria.
The Monte Carlo simulated shape is used for the Dfb component.

The fit yields in the RS sample are 84.1 ± 10.4 Dfb events,
16.3±5.4 Prompt events, and 14.0±1.9 background. In the WS the
corresponding numbers are 0.0± 1.1 Dfb events, 14.9± 4.2 Prompt
events, and 10.1±1.5 background. The Prompt yields are consistent
between RS and WS as expected.

The contribution of tracks misidentified as muons (fakes) in
both the RS and WS samples is evaluated by counting the number
of tracks that satisfy all our criteria by forming a common vertex
with a D0 signal candidate, but do not satisfy our muon identi-
fication criteria. These tracks are categorized by their identity as
electrons using ECAL, or pions, kaons or protons using the RICH.
These samples are then multiplied by the relevant fake rates that
were estimated from simulation and checked with data. The re-
sulting ln(IP) distributions are examined, resulting in estimates of
2.2 ± 0.4 RS Dfb fakes and 1.1 ± 0.4 WS Dfb fakes. The B(b →
D0Xτ−ν,τ− → µ−νν) of (0.36 ± 0.11)% is (5.3 ± 1.6)% of the
semimuonic decay [3]. However, the relative efficiency to detect
the resulting secondary muon is only 29% leading to a 1.5% sub-
traction. The lower efficiency is due to the lower secondary muon
momentum from τ decay and the finite τ lifetime that causes
some events to fail the vertex χ2 requirement. Other sources of

backgrounds from b-hadron decays as evaluated by Monte Carlo
simulation are small within our selection requirements, and pre-
dicted to be similar in size to the WS yields that are consistent
with zero.

3.2. Using muon triggered data

The trigger imposes a cut of pT > 1.3 GeV on muon candidates.
The IP distributions for both RS and WS combinations are shown in
Fig. 4. We find a total of 195.4± 14.9 RS Dfb, and 8.8± 5.1 WS Dfb
events. The Prompt contributions are determined to be 9.3 ± 4.8
RS with 5.3 ± 3.0 WS.

In order to extract the b cross-section from this data sample we
have to make an additional correction for the overall η-dependent
trigger efficiency. The Monte Carlo simulated efficiency is checked
using data by studying J/ψ → µ+µ− decays in microbias events
or those that triggered independently of the single muon trigger.
The data show a somewhat larger relative efficiency than the sim-
ulation, from 2% at low η rising to 11% at high η. We correct for
this factor and use the 2% error determined on the correction, to
account for its uncertainty, that we add to the statistical error of
this sample.

The IP distributions in each η bin in both trigger samples are
fit independently to the same functions as described above to ex-
tract the η-dependent event yields. The yields are listed in Table 1.
Muon fakes and the τ− contribution are subtracted in the same
manner as in the microbias sample. In the triggered sample the
hadron-to-muon fake rates are smaller as a result of the harder
muon pT cut imposed by the trigger of 1300 MeV rather than the
500 MeV used in analysing the microbias sample. The RS Dfb fakes
total 1.0 ± 0.2 and the WS Dfb fakes total 0.6 ± 0.2 events. A uni-
form 1.5% τ− subtraction is done in each η bin.

RS
WS

Signal:195±15 Signal:9±5

Prompt
Sidebands

Signal

• HLT1 Triggered Sample 

• Fit results integrated over pseudo-rapidity [2,6].
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Fig. 5. σ (pp → Hb X) as a function of η for the microbias (×) and triggered (•)
samples, shown displaced from the bin center and the average (+). The data are
shown as points with error bars, the MCFM prediction as a dashed line, and the
FONLL prediction as a thick solid line. The thin upper and lower lines indicate the
theoretical uncertainties on the FONLL prediction. The systematic uncertainties in
the data are not included.

the MSTW8NL parton distribution function (PDF). The FONLL [8]
prediction uses the CTEQ6.5 PDF, and improves the NLO result
with the resummation of pT logarithms up to next-to-leading or-
der. It also includes the b-quark fragmentation into hadrons. The
measured yields are averaged over b-flavoured and b-flavoured
hadrons, Hb , in η intervals:

σ (pp → Hb X)

= # of detected D0µ− and D0µ+ events
2L × efficiency× B(b → D0Xµ−ν)B(D0 → K−π+)

. (1)

Averaging the cross-sections from both samples, and summing
over η, we measure

σ (pp → Hb X) = (75.3± 5.4± 13.0) µb (2)

in the interval 2 < η < 6. The first error is statistical, the sec-
ond systematic. The LEP fragmentation fractions are used for our
central values [9]. Use of these fractions provides internal consis-
tency to our results as B(b → D0Xµ−ν) was also measured at
LEP. The measured value changes if the b-hadron fractions dif-
fer. Fractions have also been measured at the Tevatron, albeit
with large uncertainties [9]. The largest change with respect to
LEP is that the b-baryon percentage rises from (9.1 ± 1.5)% to
(21.4 ± 6.8)%. If the Tevatron fractions are used, our result changes
to (89.6 ± 6.4 ± 15.5) µb.

6. Conclusions

The cross-section to produce b-flavoured hadrons is measured
to be

σ (pp → Hb X) = (75.3± 5.4± 13.0) µb (3)

in the pseudorapidity interval 2 < η < 6 over the entire range of
pT assuming the LEP fractions for fragmentation into b-flavoured
hadrons. For extrapolation to the full η region, theories predict
factors of 3.73 (MCFM), and 3.61 (FONLL), while PYTHIA 6.4 gives
3.77. Using a factor of 3.77 for our extrapolation, we find a total bb
cross-section of

σ (pp → bbX) = (284± 20± 49) µb (4)

based on the LEP fragmentation results; using the Tevatron frag-
mentation fractions the result increases by 19%. The quoted sys-
tematic uncertainty does not include any contribution relating to
the extrapolation over the η range where LHCb has no sensitivity.

The production of b-flavoured hadrons has been measured in
pp collisions in 1.8 and 1.96 TeV collisions at the Tevatron. The
earlier measurements at 1.8 TeV appeared to be higher than the
NLO theoretical predictions [10]. More recent measurements by
the CDF Collaboration at 1.96 TeV are consistent with the NLO the-
ory [11]. The history has been reviewed by Mangano [12]. Here,
with a large energy increase to 7 TeV, we find that the measured
cross-section is consistent with theoretical predictions, both in nor-
malization and η-dependent shape.
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Fig. 5. σ (pp → Hb X) as a function of η for the microbias (×) and triggered (•)
samples, shown displaced from the bin center and the average (+). The data are
shown as points with error bars, the MCFM prediction as a dashed line, and the
FONLL prediction as a thick solid line. The thin upper and lower lines indicate the
theoretical uncertainties on the FONLL prediction. The systematic uncertainties in
the data are not included.
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Averaging the cross-sections from both samples, and summing
over η, we measure

σ (pp → Hb X) = (75.3± 5.4± 13.0) µb (2)

in the interval 2 < η < 6. The first error is statistical, the sec-
ond systematic. The LEP fragmentation fractions are used for our
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tency to our results as B(b → D0Xµ−ν) was also measured at
LEP. The measured value changes if the b-hadron fractions dif-
fer. Fractions have also been measured at the Tevatron, albeit
with large uncertainties [9]. The largest change with respect to
LEP is that the b-baryon percentage rises from (9.1 ± 1.5)% to
(21.4 ± 6.8)%. If the Tevatron fractions are used, our result changes
to (89.6 ± 6.4 ± 15.5) µb.

6. Conclusions

The cross-section to produce b-flavoured hadrons is measured
to be

σ (pp → Hb X) = (75.3± 5.4± 13.0) µb (3)

in the pseudorapidity interval 2 < η < 6 over the entire range of
pT assuming the LEP fractions for fragmentation into b-flavoured
hadrons. For extrapolation to the full η region, theories predict
factors of 3.73 (MCFM), and 3.61 (FONLL), while PYTHIA 6.4 gives
3.77. Using a factor of 3.77 for our extrapolation, we find a total bb
cross-section of

σ (pp → bbX) = (284± 20± 49) µb (4)

based on the LEP fragmentation results; using the Tevatron frag-
mentation fractions the result increases by 19%. The quoted sys-
tematic uncertainty does not include any contribution relating to
the extrapolation over the η range where LHCb has no sensitivity.

The production of b-flavoured hadrons has been measured in
pp collisions in 1.8 and 1.96 TeV collisions at the Tevatron. The
earlier measurements at 1.8 TeV appeared to be higher than the
NLO theoretical predictions [10]. More recent measurements by
the CDF Collaboration at 1.96 TeV are consistent with the NLO the-
ory [11]. The history has been reviewed by Mangano [12]. Here,
with a large energy increase to 7 TeV, we find that the measured
cross-section is consistent with theoretical predictions, both in nor-
malization and η-dependent shape.
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Fig. 5. σ (pp → Hb X) as a function of η for the microbias (×) and triggered (•)
samples, shown displaced from the bin center and the average (+). The data are
shown as points with error bars, the MCFM prediction as a dashed line, and the
FONLL prediction as a thick solid line. The thin upper and lower lines indicate the
theoretical uncertainties on the FONLL prediction. The systematic uncertainties in
the data are not included.

the MSTW8NL parton distribution function (PDF). The FONLL [8]
prediction uses the CTEQ6.5 PDF, and improves the NLO result
with the resummation of pT logarithms up to next-to-leading or-
der. It also includes the b-quark fragmentation into hadrons. The
measured yields are averaged over b-flavoured and b-flavoured
hadrons, Hb , in η intervals:

σ (pp → Hb X)

= # of detected D0µ− and D0µ+ events
2L × efficiency× B(b → D0Xµ−ν)B(D0 → K−π+)

. (1)

Averaging the cross-sections from both samples, and summing
over η, we measure

σ (pp → Hb X) = (75.3± 5.4± 13.0) µb (2)

in the interval 2 < η < 6. The first error is statistical, the sec-
ond systematic. The LEP fragmentation fractions are used for our
central values [9]. Use of these fractions provides internal consis-
tency to our results as B(b → D0Xµ−ν) was also measured at
LEP. The measured value changes if the b-hadron fractions dif-
fer. Fractions have also been measured at the Tevatron, albeit
with large uncertainties [9]. The largest change with respect to
LEP is that the b-baryon percentage rises from (9.1 ± 1.5)% to
(21.4 ± 6.8)%. If the Tevatron fractions are used, our result changes
to (89.6 ± 6.4 ± 15.5) µb.

6. Conclusions

The cross-section to produce b-flavoured hadrons is measured
to be

σ (pp → Hb X) = (75.3± 5.4± 13.0) µb (3)

in the pseudorapidity interval 2 < η < 6 over the entire range of
pT assuming the LEP fractions for fragmentation into b-flavoured
hadrons. For extrapolation to the full η region, theories predict
factors of 3.73 (MCFM), and 3.61 (FONLL), while PYTHIA 6.4 gives
3.77. Using a factor of 3.77 for our extrapolation, we find a total bb
cross-section of

σ (pp → bbX) = (284± 20± 49) µb (4)

based on the LEP fragmentation results; using the Tevatron frag-
mentation fractions the result increases by 19%. The quoted sys-
tematic uncertainty does not include any contribution relating to
the extrapolation over the η range where LHCb has no sensitivity.

The production of b-flavoured hadrons has been measured in
pp collisions in 1.8 and 1.96 TeV collisions at the Tevatron. The
earlier measurements at 1.8 TeV appeared to be higher than the
NLO theoretical predictions [10]. More recent measurements by
the CDF Collaboration at 1.96 TeV are consistent with the NLO the-
ory [11]. The history has been reviewed by Mangano [12]. Here,
with a large energy increase to 7 TeV, we find that the measured
cross-section is consistent with theoretical predictions, both in nor-
malization and η-dependent shape.
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η MCFM FONLL Average

2, 6 89.0 70.2+39
-44 75.3±5.4±13.0

all 332 253+114
-96 284±20±49

Species LEP Z0 fraction % Tevatron fraction %
B- 40.3±0.9 33.3±3.0
B0 40.3±0.9 33.3±3.0
Bs 10.4±0.9 12.1±1.5
Λb 9.1±1.5 21.4±6.8

Tevatron numbers 
rather than LEP,  raise 
cross-section by 19%!

σ(μb)

Main systematics: 
luminosity 10%, 
tracking 10%
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b-hadron fractions
• Measure using inclusive B semileptonic decays: 

• fs/(fu+fd) & fΛb/(fu+fd) where fq ≡ Fraction(b → BqX)

• With DoX μ- ν, D+X μ- ν, DsX μ- ν, ΛcX μ- ν
• Cross feed between channels must be taken into 

account.

Channel B (%) Error (%)

D0→K−π+ 3.89 ± 0.05 1.3

D+→K−π+π+ 9.14 ± 0.20 2.2

Ds
+→K−K+π+ 5.50 ± 0.27 4.9

Λc
+→pK−π+ 5.0 ± 1.3 26

Limiting factors
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Hadron Fractions

−
n(D0pµ−)

B(D0 → K−π+)

ε(Λb → D+)

ε(Λb → D0p)

]

. (4)

The final equation for the fraction is

fs
fu + fd

=
ncorr(B

0
s → DXµ−ν)

ncorr(B → D0Xµ−ν) + ncorr(B → D+Xµ−ν)

τB− + τ
B

0

2τ
B

0

s

. (5)

The Λb fraction is given in an analogous manner following Eq. 1 as

fΛb

fu + fd
=

ncorr(Λb → DXµ−ν)

ncorr(B → D0Xµ−ν) + ncorr(B → D+Xµ−ν)

τΛb
+ τ

B
0

2τ
B

0

s

, (6)

where

ncorr(Λb → DXµ−ν) =
n(Λ+

c µ
−)

B(Λ+
c → pK−π+)ε(Λb → Λc)

+ 2
n(D0pµ−ν)

B(D0 → K−π+)ε(Λb → D0p)
. (7)

II. COMMON SELECTION CRITERIA

Most charm hadrons are produced directly via pp → ccX interactions, where the X
indicates the sum over all other possible final state particles. We denote these particular
charm decays as “Prompt”. Charm can also be produced in pp → bbX collisions where the
b-flavored hadron decays into charm. We call these charm from b’s or “Dfb” for short.

We use common selection criteria for all the decay modes. They are specified in Table II.
This analysis closely mirrors our previous analysis of b → D0Xµ−ν [2]. The criteria for
the other modes are similar. We specify TOS on the single muon. The additional criteria
imposed when searching for D0K+Xµ−ν or D0pXµ−ν candidates are listed in Table III.

The Prompt and Dfb components can be separated statistically by examining the impact
parameter (IP) with respect to the primary vertex, where IP is defined as the smallest
distance between the charm hadron direction and primary vertex position. Henceforth we
call the generic charm hadron “D”.

To isolate a relatively background free sample of B mesons we will match D candidates
with tracks identified as muons. Right-sign (RS) combinations have the sign of the charge
of the muon being the same as the charge of the kaon in the D decay. Wrong-sign (WS)
combinations have the sign of the charge of the kaon and the muon being the opposite.

The data used here were taken with a maximum number of average interactions per
crossing at the start of the run of 1.5. Nevertheless, there are events with large numbers
of long tracks. Backgrounds do increase with increasing track numbers. In Fig. 1 we plot
the K−π+ mass for events with a RS muon satisfying the criteria in Table II as a function
of the number of long tracks in the crossing. The data are fitted with a double-Gaussian
signal function, with both Gaussians having the same mean, and a linear background. This
signal shape is used in all subsequent fits. We select K−π+ candidates within ±20 MeV of
the fitted D0 mass.; the signal/background ratio is shown in the lower right hand corner. It
decreases by about a factor of ten over the range considered here.

We show the ln(IP/mm) distributions for these events that are within ± 20 MeV of the
D0 mass in Fig. 2. The fake background rise is apparent. We list in Table IV the results of
these fits.

4

contributions of b → u semileptonic decays that constitute approximately 1% of semileptonic
decays [6].

In order to evaluate the efficiencies we need to simulate a proper mix of the semileptonic
decays of all the b-hadron species. The semileptonic decay modes of the light B mesons
were generated according to the tables shown in a separate note [5]. For the Bs and Λb we
generated individual exclusive modes and averaged the efficiencies depending on the mix of
events given by the exclusive reconstruction analysis. The Bs mix is discussed in Appendix
A.

Our goals are to measure two specific production ratios. The first is that of Bs relative to
the sum of B− and B

0
. We denote the individual hadron fractions as fs, fu and fd, where the

subscript reflects the identity of the spectator anti-quark in the meson. For Λb we use fΛb
.

Note that the sum of these f ’s does not equal one as there is other b production, including
a very small rate for Bc mesons and other b-baryons, that do not decay strongly into Λb.
The baryon with the largest rate we are missing is the Ξb. In principle we could search for
these using ΞcXµ−ν final states, but even if we found them we could not infer a rate since
branching fraction measurements of Ξc final states do not exist.

Let us define as N(Bi), the species dependent number of produced b hadrons, nfound(Bi →
DXµ−ν), the number of found events suitably efficiency corrected, n(Dµ−), the total num-
ber of observed DXµ−ν events, and ε(Bi → D) as the efficiency. The relative yields for
semileptonic decay channels is computed by taking the yields in the various charm channels
and correcting for cross-feeds. Since the semileptonic widths of B

0
, B− and B

0
s are equal to

within 1% accuracy (see Appendix B) we can write

fs
fu + fd

=
N(B

0
s)

N(B
0
+ B−)

=
nfound

(

B
0
s → DXµ−ν

)

nfound

(

(B
0
+B−) → DXµ−ν

)

τB− + τ
B

0

2τ
B

0

s

, (1)

where τBi
indicate the various b hadron lifetimes, that are well measured.

While the B
0
s yield is largely due to D+

s Xµ−ν events, we need to add any measured yield
of D0K+Xµ−ν that we observe. We also use this yield to account for the unmeasured rate
of D+K0Xµ−ν events. While, in principle, we would have needed to subtract a very small
rate for B → D+

s KXµ−ν events, in turns out that our efficiencies for detecting such D+
s

decays is negligibly small due to the lack of phase space available for the muon [9]. The

yield of D0Xµ−ν events from B decays needs to have the B
0
s → D0K+Xµ−ν events and any

Λb → D0pXµ−ν subtracted, again used for the isospin conjugate D+n channel.
The corrected yields, ncorr, can be expressed in terms of the measured yields, n, as

ncorr(B
0
s → DXµ−ν) =

n(D+
s µ

−)

B(D+
s → K+K−π+)ε(B

0
s → D+

s )
+2

n(D0K+µ−ν)

B(D0 → K−π+)ε(B
0
s → D0K+)

;

(2)

ncorr(B → D0Xµ−ν) =
n(D0Xµ−ν)− n(D0K+Xµ−ν) ε(B

0

s→D0)

ε(B
0

s→D0K+)
− n(D0pµ−ν) ε(Λb→D0)

ε(Λb→D0p)

B(D0 → K−π+)ε(B → D0)
;

(3)

ncorr(B → D+Xµ−ν) =
1

ε(B → D+)





n(D+µ−)

B(D+ → K−π+π+)
−

n(D0K+µ−)

B(D0 → K−π+)

ε(B
0
s → D+)

ε(B
0
s → D0K+)

3

• Using semileptonic B decays, the fractions are determined as:

• ncorr: efficiency, branching fraction and cross-feed corrected yield.

• Cross feed significant for ncorr(Bs).

• ΓSL(Bs)=ΓSL(Bd) =ΓSL(Bu), known from theory to <0.1%.

Bs→(Ds**→DK)Xμ-ν
B→DsKXμ- ν

cross feed correction e.g.

11
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b→D0Xµν
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FIG. 3. The logarithm of the IP distributions for (a) RS and (b) WS D0 candidate combinations
with a muon. The dotted curves show the sideband backgrounds, the small solid curves the Prompt
yields, the dashed curves the Dfb signal, and the large solid curves the totals. The invariant K−π+

mass spectra for RS combinations (c) and WS combinations (d) are also shown.

generated pt spectra for D0 plus µ− in each η interval. There are a substantial number of
events in the low η region at low pt where we have no efficiency. We use a systematic error
for each bin that is the quadrature of the error on the Monte Carlo simulated efficiency due
to statistics and an extrapolation era due to pt dependence that divides the 5% uncertainty
in each bin by the fraction of the sensitive regions. For 2 < η < 2.75 this factor is 2.5 as we
have essentially no efficiency below pt of 4 GeV, while for 2.75 < η < 3.5 its 1.4 as the no
efficiency region is < 2 GeV, and for 3.5 < η < 6.0 its unity as we are fully sensitive.

The resulting η dependentD0Xµ−ν shape, now with systematic errors, is shown in Fig. 11.
We also have plotted the prediction by FONLL [8]. The theory and data have been normal-
ized to have equal areas in the region of 2 < η < 6. In this note we have not attempted
to extract an absolute cross-section. We note that these data are not particularly well de-
scribed by the central value of the theory. The new shape is consistent with our previous
measurements.

IV. ANALYSIS OF THE OTHER DXµ−ν MODES

Here we extract the numbers of events from the other modes. In Fig. 12 we show the
log(IP) and K−π+π+ invariant mass combinations for events with muon candidates. The
extracted numbers of these D+Xµ−ν for the b direction in 2 < η < 6 are listed in Table VI.
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Signal=422±43 
Prompt=204±19     
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Signal
Prompt D

Fake D0

RS

WS

RS

WS
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FIG. 11. The efficiency corrected yields compared with the FONLL prediction which has been
normalized to the data. The upper and lower curves show the theoretical error. Systematic errors
have been included.

ln(IP/mm)
-6 -4 -2 0 2

E
ve

nt
s 

/ (
 0

.3
 )

0

200

400

600

800

1000

1200

1400

1600

1800

2000

ln(IP/mm)
-6 -4 -2 0 2

E
ve

nt
s 

/ (
 0

.3
 )

0

200

400

600

800

1000

1200

1400

1600

1800

2000

 = 7 TeV Datas
Preliminary
LHCb

)2) (MeV/cm(K
1800 1850 1900

 )2
E

ve
nt

s 
/ (

 4
 M

eV
/c

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

)2) (MeV/cm(Kππ
1800 1850 1900

 )2
E

ve
nt

s 
/ (

 4
 M

eV
/c

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

 = 7 TeV Datas
Preliminary
LHCb

ln(IP/mm)
-6 -4 -2 0 2

E
ve

nt
s 

/ (
 0

.3
 )

0

200

400

600

800

1000

1200

1400

ln(IP/mm)
-6 -4 -2 0 2

E
ve

nt
s 

/ (
 0

.3
 )

0

200

400

600

800

1000

1200

1400

 = 7 TeV Datas
Preliminary
LHCb

(a) (b)

(c)

)2) (MeV/cm(K
1800 1850 1900

 )2
E

ve
nt

s 
/ (

 4
 M

eV
/c

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

)2) (MeV/cm(Kππ
1800 1850 1900

 )2
E

ve
nt

s 
/ (

 4
 M

eV
/c

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

 = 7 TeV Datas
Preliminary
LHCb

(d)

FIG. 12. The logarithm of the IP distributions for (a) RS and (c) WS D+ candidate combinations

with a muon. The grey-dotted curves show the sideband backgrounds, the small red-solid curves
the Prompt yields, the blue-dashed curves the Dfb signal, and the larger green-solid curves the
totals. The invariant K−π+π+ mass spectra for RS combinations (c) and WS combinations (d) are

also shown.
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Reconstruct D+→Kππ inclusive 
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FIG. 15. The logarithm of the IP distributions for (a) RS and (c) WS D+
s candidate combinations

with a muon. The grey-dotted curves show the sideband backgrounds, the small red-solid curves
the Prompt yields, the purple dot-dashed curves the misinterpreted Λc → pK−π+ contribution,
the blue-dashed curves the Dfb signal, and the larger green-solid curves the totals. The invariant

K−K+π+ mass spectra for RS combinations (c) and WS combinations (d) are also shown.
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b→Ds+Xμ−ν
Ds

+→KKπ, Inclusive 

RS 
Signal=2208±61 
Prompt=3±13 
Sideb.=800±62
Λc=504±64  
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Signal=20±32 
Prompt=25±10     
Sideb.=621±45
Λc=520±45  
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b→DsXμ−ν Composition

Moriond QCD 2007                              Grenier Philippe !

"#$%&'()%$*+,'&,(-*(.'/01'()$),('23('4-5*6'()$),(7

Prior to B-factories:

Ds(1968)+  Ds
*(2112)+  Ds1(2536)+ Ds2(2573)+

BABAR/CLEO reported 2 new states:

(e+e- c )

DsJ
*(2317)+ ( Ds

+ 0): m= (2319.6±0.2±1.4) MeV/c2

DsJ
*(2460)+ ( Ds

*+ 0): m= (2460.2±0.2±0.8) MeV/c2

confirmed by BELLE (also in B decay)

…masses below expectations…

 missing levels 0+ 1+ ?

 c  states ?

 exotic states (molecular/tetaquark)?

Intensive studies at the B-factories, search for:

 neutral partner

 doubly charged ( Ds
+ +)

 decay modes: Ds
+ 0 0, Ds

+

Only state to be observed in 
Bs semileptonic decays

Only Bs→Ds1Xμ−ν has been 
measured (D∅, PRL102 051801).

A recent theoretical prediction:                                                 
Γs(sl)~90% Ds+Ds* (Ds*/Ds=2.4) + Ds**
(arXiv: 1003.5576)   

Ds1& Ds2 decays to a mixture of D(*)K 
and DsX.
=>The fraction needs to be measured to 
determine cross feed.

15
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•  D0K+

•  WS Kaon: D0K−

Ds1(2536) → D*(2007)0 K+ 
                  missed π0 or γ

Bs → D0K+Xμ−ν 3 pb-1

Ds2(2573) → D0 K+

D0 observed Bs→Ds1(2536)+μν, Ds1(2536)+→D*+ K0  [PRL 102 051801]
Nobody has seen Bs→Ds2(2536)+μν before. We used more data to confirm it.
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Bs → D0K+Xμ−ν 20 pb-1

8.3 σ significance for 
Bs → Ds2μ−ν mode. 

Discovery!
ΓPDG= 20±5 MeV

CLEO First observation, in    
e+e-  continuum, of the Ds2 
PRL 72 (1994) 1972
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Bs → D0K+Xμ−ν
• Determine branching fraction ratios:

• Ratio of Ds2/Ds1 from the 20pb-1 sample,

• And with the semi-inclusive Bs → DsXμ−ν yield from 
3pb-1 we get:

peaks are fit in the same way as in the 3 pb−1 data sample. The fit to the D+
s1 yields 155±15

signal events. For the D∗+
s2 we again allow the mass, the width and the number of events to

float in the fit. We find a mass of 2569.6±1.5 MeV, a width of 14.0±4.0 MeV, and a yield
of 82±16 events. These errors are purely statistical. Further study will be needed to quote
systematic errors on the mass and width values. A systematic error of 8% is assigned on
the yield, determined by changing the fit interval and background shape. The previously
measured mass and width values from the PDG are 2572.6±0.9 MeV, and 20±5 MeV [1].
The probability of the background fluctuating to form the D∗+

s2 signal corresponds to 8.3
standard deviations. Note that the D0 collaboration could not observe the D∗+

s2 in their
D∗+Ks search since it decays purely into DK final states.
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FIG. 19. The mass difference (K−π+K+)-(K−π+) added to the known D0 mass for events with

K−π+ invariant masses within ±20 MeV of the D0 mass (black points) semileptonic decays in an
in ≈20 pb−1 data sample. The solid line shows data with an additional K− instead of a K+ and

thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.

We measure the branching fractions relative to the B
0
s semileptonic rate as

B(B
0
s → D+

s1Xµ−ν)

B(B
0
s → Xµ−ν)

= (5.0± 1.1± 0.3)%

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → Xµ−ν)

= (3.7± 1.1± 0.4)%, (8)

23

where the systematic error for both includes a 5% error on the detection efficiency and for the
Ds2∗+ an additional 8% due to fitting the number of events in the peak. These numbers are
evaluated by taking the total number of semileptonic B

0
s decays as the efficiency corrected

sums of the B
0
s → D+

s Xµ−ν and twice the B
0
s → D0K+µ−ν events listed in Table VI. We

then compute the D+
s1 fraction using a fit to the data in our 3 pb−1 data sample of 29±6

events. We then turn to the 20 pb−1 sample. The fitted number of D+
s1 and D∗+

s2 events
are 150±15 and 89±17, respectively. We use the D∗+

s2 /D
+
s1 event ratio, correcting for the

lower detection efficiency for D∗+
s2 of (0.418±0.014)%, compared with the Ds1+ efficiency of

(0.484±0.020)%. Our branching ratio for the D+
s1 is consistent with, but smaller than, the

value of (9.8±3.0)% measured by D0 [7]. We also find the relative rate

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → D+

s1Xµ−ν)
= 0.61± 0.14± 0.05. (9)

VII. MEASUREMENT OF D0pXµ−ν

Here we select events in a similar manner as in D0K+ but now insist that the charged
track is identified as a proton. (For specific selection criteria see Table II.) The resulting
D0p invariant mass distribution is shown in Fig. 20. We also show the combinations that
cannot arise from Λb decay, namely those with D0p combinations. There is a clear excess of
RS over WS combinations especially near threshold. Using an estimate of b background in
the RS we find 106±15±27 events that come from Λb decays, where the systematic error is
given by the error on our b background estimate.

VIII. EVALUATION OF fs/(fu + fd), AND SYSTEMATIC CHECKS

We use Eq. 5 to compute the ratio of Bs production to light B meson production. First
we subtract backgrounds in the RS Dfb samples as determined using generic bb Monte
Carlo simulation. The background mainly comes from b → DDX with one of D′s decaying
semimuonically, and from mixing two b′s where one decays into D and the other b decays
semimuonically. The background subtractions are (1.9±0.3)% for D0Xµ−ν , (2.5±0.6)% for

D+Xµ−ν, and (5.1±1.7)% for D+
s Xµ−ν. The B

0
s yield is increased by 12% by adding the

D0K+Xµ−ν contribution to the D+
s Xµ−ν measurements. The corrections to the D0Xµ−ν

rate from D0K+Xµ−ν and D0pXµ−ν amount to a 2.6% subtraction. For D+Xµ−ν the
subtraction is 5.7%. These corrections are applied uniformly in all η bins.

The lifetime ratio (τB− + τ
B

0)/2τ
B

0

s

is equal to 1.07±0.02 [1]. We determine

fs
fu + fd

= 0.136± 0.004± 0.014. (10)

The systematic errors arise from several sources listed in Table VII. The dominant error is
caused by the branching ratio error on B(D+

s → K+K−π+) of 4.9%. We use this decay mode
rather than a combination of the resonant φπ+ and K∗0K+ contributions, because these do
not have well defined branching fractions due to interferences in the 3-particle Dalitz plot.
Adding in the contributions of the D0 and D+ branching fractions we have a systematic

24

D∅, PRL102 051801 
=(9.8±3.0)%

5.3±1.2±0.4%

3.2±1.0±0.4%
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Bs → DsXμ−ν: q2 Fit

APPENDIX A B
0

s
→ D+

s
DETECTION EFFICIENCIES

In B
0
s semileptonic decays to charm the b changes to a c quark, and if a single hadron

is formed it could be a Ds, D∗

s , or D
∗∗

s . We have already discussed and measured the case
where a DK combination is produced either via a D∗∗

s or fragmentation. The cases where
Ds, D∗

s , and D∗∗

s (or non-resonant Dsπ0) are produced lead to somewhat different detection
efficiencies, so we need to model these fractions carefully. The efficiencies are listed in
Table VIII.

TABLE VIII. Monte Carlo simulated efficiencies for the different Ds final states in B
0
s semileptonic

decay

Final State Mass (MeV) Efficiency (%)

Ds 1968 1.17±0.02

D∗

s 2112 1.11±0.02
D∗

s0 2317 0.94±0.02
Ds1 2460 0.86±0.01

D′

s1 2536 0.86±0.01

We ascertain the various components by using an analysis that measures the fractions
by first computing the 4-momentum transfer between the B

0
s and Ds (q2) that uses the

measured direction of the B
0
s candidate and momentum and energy conservation to evaluate

the B
0
s momentum.
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FIG. 24. Fits to the q2 distribution of semileptonic decays including a Ds meson. The D∗

s/Ds

ratio has been fixed to 2.34, and the background contribution obtained using data fixed from the

sidebands in the K+K−π+ mass spectrum. The fitted decay fractions are Sideband (Orange), Ds

(Red), D∗

s (Blue), and D∗∗

s (Green).

30

Ds
Ds*
Ds**
BKG

∆Efficiency(Bs → DsXμ−ν) =3%.

• Use neutrino reconstruction with B-flight 
information to access decay kinematics. 

• Ds*/Ds ratio well predicted, but D** fraction 
highly uncertain. 

peaks are fit in the same way as in the 3 pb−1 data sample. The fit to the D+
s1 yields 155±15

signal events. For the D∗+
s2 we again allow the mass, the width and the number of events to

float in the fit. We find a mass of 2569.6±1.5 MeV, a width of 14.0±4.0 MeV, and a yield
of 82±16 events. These errors are purely statistical. Further study will be needed to quote
systematic errors on the mass and width values. A systematic error of 8% is assigned on
the yield, determined by changing the fit interval and background shape. The previously
measured mass and width values from the PDG are 2572.6±0.9 MeV, and 20±5 MeV [1].
The probability of the background fluctuating to form the D∗+

s2 signal corresponds to 8.3
standard deviations. Note that the D0 collaboration could not observe the D∗+

s2 in their
D∗+Ks search since it decays purely into DK final states.
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FIG. 19. The mass difference (K−π+K+)-(K−π+) added to the known D0 mass for events with

K−π+ invariant masses within ±20 MeV of the D0 mass (black points) semileptonic decays in an
in ≈20 pb−1 data sample. The solid line shows data with an additional K− instead of a K+ and

thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.

We measure the branching fractions relative to the B
0
s semileptonic rate as

B(B
0
s → D+

s1Xµ−ν)

B(B
0
s → Xµ−ν)

= (5.0± 1.1± 0.3)%

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → Xµ−ν)

= (3.7± 1.1± 0.4)%, (8)

23

R

k

p(Xq+μ)

p(ν)p(ν)
pT(ν)

B

Boosted frame

• Must know relative BR of Ds/Ds
*/Ds

** to constrain Ds mode efficiency.

19

B(B0
s → D∗∗

s Xµν)

B(B0
s → D(∗),∗∗

s Xµν)
= (11+22

−11)%
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(a) (b)

(c) (d)

FIG. 16. The logarithm of the IP distributions for (a) RS and (c) WS Λ+
c candidate combinations

with a muon. The grey-dotted curves show the sideband backgrounds, the small red-solid curves
the Prompt yields, the blue-dashed curves the Dfb signal, and the larger green-solid curves the
totals. The invariant p−K−π+ mass spectra for RS combinations (c) and WS combinations (d) are

also shown.

20

Λb
0→Λc

+Xμ−ν 
Reconstruct Λc

+ → p+K-π+ (BR=5.0±1.3%)

RS 
Signal=3250±71 
Prompt=50±13 
Sideb.=446±15

WS 
Signal=12±13 
Prompt=13±6     
Sideb.=238±8

Signal
Prompt D Fake D

RS

WS

RS

WS
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FIG. 20. Invariant mass of D0p candidates that vertex with each other and together with a RS
muon (black closed points) and for an p (red open points) instead of a p.

error of 5.5% just due to the charm hadron branching fractions. Most systematic errors due
to backgrounds, muon fakes etc. cancel in the ratio. The tracking efficiency errors mostly
cancel in the ratio since we are dealing only with combinations of 3 or 4 tracks. The item
“Detection efficiencies, mainly Bs,” reflects the changes to the efficiencies from changes in
the exclusive composition of the various exclusive b semileptonic branching fractions. This is
discussed for the Bs in Appendix A. A small additional error is caused by the uncertainties
in the B

0
and B− exclusive decay fractions as listed in Ref. [5].

At the time of this writing we do not have sufficient Monte Carlo to determine fΛb
. We

leave this for a later date.
We have also performed several internal checks to this analysis. The normalized D0, D+

and Ds spectra are shown in Fig. 21 with statistical errors only. The agreement is quite
good, and the flattening out of the cross-section shape at η near 2 is evident in all.

Next we show the fraction fs
fu+fd

as a function of η in Fig. 22 again with only statistical
errors. The distribution is flat as naively expected.

While the efficiency calculations are done in individual bins of η, we are relying that
the Pythia 6.4 simulation faithfully models the pt distribution of the b′s. Although most
differences will cancel in the ratio of production fractions they may not when considering
the shape of the spectrum or the Ds1 and Ds2 branching fractions. In Fig. 23 we show the
pt distribution for the vector sum of the candidate D0 and µ− transverse momenta. The D0

candidates are required to have ln(IP/mm)> −3 in order to remove any Prompt background
and the sidebands outside of the D0 signal region in the K−π+ mass spectrum have been

25

Λb → D0 p Xµ−ν 

Λc(2880)+ → p D0, mPDG =2881.5 MeV,  ΓPDG = 5.8 ± 1.1 MeV
Λc(2940)+ → p D0, mPDG=2939.3 MeV,   ΓPDG = 17 ± 8 MeV

•  D0p
•  WS proton: D0p

n(D0pXμ−ν) 
= 106±25±27

Similar criteria for D0p mode, to determine Λb cross feed.

3pb-1

c.f. Masses of observed states, though cannot confirm their presence.

peaks are fit in the same way as in the 3 pb−1 data sample. The fit to the D+
s1 yields 155±15

signal events. For the D∗+
s2 we again allow the mass, the width and the number of events to

float in the fit. We find a mass of 2569.6±1.5 MeV, a width of 14.0±4.0 MeV, and a yield
of 82±16 events. These errors are purely statistical. Further study will be needed to quote
systematic errors on the mass and width values. A systematic error of 8% is assigned on
the yield, determined by changing the fit interval and background shape. The previously
measured mass and width values from the PDG are 2572.6±0.9 MeV, and 20±5 MeV [1].
The probability of the background fluctuating to form the D∗+

s2 signal corresponds to 8.3
standard deviations. Note that the D0 collaboration could not observe the D∗+

s2 in their
D∗+Ks search since it decays purely into DK final states.
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FIG. 19. The mass difference (K−π+K+)-(K−π+) added to the known D0 mass for events with

K−π+ invariant masses within ±20 MeV of the D0 mass (black points) semileptonic decays in an
in ≈20 pb−1 data sample. The solid line shows data with an additional K− instead of a K+ and

thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.

We measure the branching fractions relative to the B
0
s semileptonic rate as

B(B
0
s → D+

s1Xµ−ν)

B(B
0
s → Xµ−ν)

= (5.0± 1.1± 0.3)%

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → Xµ−ν)

= (3.7± 1.1± 0.4)%, (8)

23

21



Phillip Urquijo    LPCC December 2010

fs/(fu+fd)
fs/(fu+fd) = 0.130 ± 0.004(stat.) ± 0.013(sys.) [preliminary] 

Bs→D0KXμν most important 
correction.

B backgrounds small.  

Most systematics cancel in the 
ratio.

LEP: 0.129 ± 0.012
Tevatron: 0.18 ± 0.03

Systematic Sources Relative 
Error [%]

Charm hadron BR 5.5
Bs→D0KXμν Yield 6.3
B0/+,Λb→DsKXμν Correction 2.0
Efficiencies, mainly Bs 3.0

Λc reflection 1.0
MC statistics 3.0
Background 2.0
Tracking 2.0
Lifetime ratio 1.8
PID 1.4
Trigger 1.4
Total 10

22

Higher pT threshold 
different cross feed 
treatment.
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b→D0Xμν in η&pT
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peaks are fit in the same way as in the 3 pb−1 data sample. The fit to the D+
s1 yields 155±15

signal events. For the D∗+
s2 we again allow the mass, the width and the number of events to

float in the fit. We find a mass of 2569.6±1.5 MeV, a width of 14.0±4.0 MeV, and a yield
of 82±16 events. These errors are purely statistical. Further study will be needed to quote
systematic errors on the mass and width values. A systematic error of 8% is assigned on
the yield, determined by changing the fit interval and background shape. The previously
measured mass and width values from the PDG are 2572.6±0.9 MeV, and 20±5 MeV [1].
The probability of the background fluctuating to form the D∗+

s2 signal corresponds to 8.3
standard deviations. Note that the D0 collaboration could not observe the D∗+

s2 in their
D∗+Ks search since it decays purely into DK final states.
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thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.
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FIG. 19. The mass difference (K−π+K+)-(K−π+) added to the known D0 mass for events with

K−π+ invariant masses within ±20 MeV of the D0 mass (black points) semileptonic decays in an
in ≈20 pb−1 data sample. The solid line shows data with an additional K− instead of a K+ and

thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.

We measure the branching fractions relative to the B
0
s semileptonic rate as

B(B
0
s → D+

s1Xµ−ν)

B(B
0
s → Xµ−ν)

= (5.0± 1.1± 0.3)%

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → Xµ−ν)

= (3.7± 1.1± 0.4)%, (8)
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b→D0Xμν dN/dη

• Background subtracted.
• Uncorrelated errors shown: stat, and systematics (including 

efficiency extrapolation errors).
• Correlated errors are not negligible.
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Cross check
• Within error, 

fragmentation 
fraction constant in 
η.
• Only stat errors 

shown.

peaks are fit in the same way as in the 3 pb−1 data sample. The fit to the D+
s1 yields 155±15

signal events. For the D∗+
s2 we again allow the mass, the width and the number of events to

float in the fit. We find a mass of 2569.6±1.5 MeV, a width of 14.0±4.0 MeV, and a yield
of 82±16 events. These errors are purely statistical. Further study will be needed to quote
systematic errors on the mass and width values. A systematic error of 8% is assigned on
the yield, determined by changing the fit interval and background shape. The previously
measured mass and width values from the PDG are 2572.6±0.9 MeV, and 20±5 MeV [1].
The probability of the background fluctuating to form the D∗+

s2 signal corresponds to 8.3
standard deviations. Note that the D0 collaboration could not observe the D∗+

s2 in their
D∗+Ks search since it decays purely into DK final states.
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in ≈20 pb−1 data sample. The solid line shows data with an additional K− instead of a K+ and

thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.

We measure the branching fractions relative to the B
0
s semileptonic rate as

B(B
0
s → D+

s1Xµ−ν)

B(B
0
s → Xµ−ν)

= (5.0± 1.1± 0.3)%

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → Xµ−ν)

= (3.7± 1.1± 0.4)%, (8)
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Open Charm Production
•Cross sections of D0, D*(2010)+, D+, Ds

+ in bins of y and pT from 
0<pT<8 GeV and 2<Y<4.5

•Preliminary results on 1.8 nb-1.

•Same approach as b-cross section analysis.

•Mass distributions determine D background fraction and Ln
(IP) for background due to D’s from B decays.
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Charm Cross Section (Preliminary)

• X-sections in pT and Y agree well with predictions.

• Combining D0/D+/D*+/Ds
+(LHCb-CONF-2010-013)

• σ(pp→ccX) = 1234 ± 189 μb (pT< 8 GeV/c, 2<y<4.5)

• σ(pp→ccX) = 6100 ± 934 μb (full pT, Y, Pythia extrap.)

• Final result to come with more data ~ 14 nb-1
.

• Systematic uncertainties mostly constant in pT and Y

• 10% Luminosity, 3% per track for Tracking efficiency

• Channel dependent: Fit systematics, Particle ID, Trigger, 
Selection efficiencies.
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Conclusions
• Cross sections determined, error limited by luminosity measurement.

• σ(pp→bbX) = 284±20±49 μb  PLB 694 (2010) 209–216

• σ(pp→ccX) = 6100 ± 934 μb  Preliminary

• Model independent b-hadron fragmentation fractions determined: 

• fs/(fu+fd) = 0.130 ± 0.004(stat.) ± 0.013(sys.) Preliminary

• Discovered, and measured the BR of a new semileptonic b mode, Ds2, 
and improved understanding of Bs semileptonic width.

• Refined b-production measurements in η show unexpected shape at 
towards central region.

• But must understand pT extrapolation.

• J/ψ results also tell us about b-production: More details in Wenbin's talk.
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FIG. 4. The logarithm of the IP distributions for (a) RS and (b) WS D0 candidate combinations
with a muon. The grey-dotted curves show the sideband backgrounds, the small red-solid curves

the Prompt yields, the blue-dashed curves the Dfb signal, and the larger green-solid curves the
totals. The invariant K−π+ mass spectra for RS combinations (c) and WS combinations (d) are

also shown.
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peaks are fit in the same way as in the 3 pb−1 data sample. The fit to the D+
s1 yields 155±15

signal events. For the D∗+
s2 we again allow the mass, the width and the number of events to

float in the fit. We find a mass of 2569.6±1.5 MeV, a width of 14.0±4.0 MeV, and a yield
of 82±16 events. These errors are purely statistical. Further study will be needed to quote
systematic errors on the mass and width values. A systematic error of 8% is assigned on
the yield, determined by changing the fit interval and background shape. The previously
measured mass and width values from the PDG are 2572.6±0.9 MeV, and 20±5 MeV [1].
The probability of the background fluctuating to form the D∗+

s2 signal corresponds to 8.3
standard deviations. Note that the D0 collaboration could not observe the D∗+

s2 in their
D∗+Ks search since it decays purely into DK final states.
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K−π+ invariant masses within ±20 MeV of the D0 mass (black points) semileptonic decays in an
in ≈20 pb−1 data sample. The solid line shows data with an additional K− instead of a K+ and

thus are of wrong sign of charge to come from a single semileptonic decay. The resonant peaks are
each fit a signal Breit-Wigner and linear background.

We measure the branching fractions relative to the B
0
s semileptonic rate as

B(B
0
s → D+

s1Xµ−ν)

B(B
0
s → Xµ−ν)

= (5.0± 1.1± 0.3)%

B(B
0
s → D∗+

s2 Xµ−ν)

B(B
0
s → Xµ−ν)

= (3.7± 1.1± 0.4)%, (8)
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Fits to D0μ− 2.9 nb-1
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Fig. 3. Natural logarithm of the D0 IP in the 2.9 nb−1 microbias sample for (a) right-sign and (b) wrong-sign D0-muon candidate combinations. The dotted curves show the
D0 sideband backgrounds, the thin solid curves the Prompt yields, the dashed curve the Dfb signal, and the thick solid curves the totals.

Fig. 4. Natural logarithm of the D0 IP in the 12.2 nb−1 triggered sample for (a) right-sign and (b) wrong-sign D0-muon candidate combinations. The dotted curves show the
D0 sideband backgrounds, the thin solid curves the Prompt yields, the dashed curve the Dfb signal, and the thick solid curves the totals.

The IP distributions of both RS and WS candidates, requiring
that the K−π+ invariant mass is within 20 MeV of the D0 mass,
are shown in Fig. 3. We perform an unbinned extended maximum
likelihood fit to the two-dimensional distributions in K−π+ invari-
ant mass over a region extending ±100 MeV from the D0 mass
peak, and ln(IP/mm). This fitting procedure allows us directly to
determine the background shape from false combinations under
the D0 signal mass peak. The parameters of the Prompt IP distri-
bution are found by applying the same criteria as for Fig. 3, but
with the additional track failing the muon identification criteria.
The Monte Carlo simulated shape is used for the Dfb component.

The fit yields in the RS sample are 84.1 ± 10.4 Dfb events,
16.3±5.4 Prompt events, and 14.0±1.9 background. In the WS the
corresponding numbers are 0.0± 1.1 Dfb events, 14.9± 4.2 Prompt
events, and 10.1±1.5 background. The Prompt yields are consistent
between RS and WS as expected.

The contribution of tracks misidentified as muons (fakes) in
both the RS and WS samples is evaluated by counting the number
of tracks that satisfy all our criteria by forming a common vertex
with a D0 signal candidate, but do not satisfy our muon identi-
fication criteria. These tracks are categorized by their identity as
electrons using ECAL, or pions, kaons or protons using the RICH.
These samples are then multiplied by the relevant fake rates that
were estimated from simulation and checked with data. The re-
sulting ln(IP) distributions are examined, resulting in estimates of
2.2 ± 0.4 RS Dfb fakes and 1.1 ± 0.4 WS Dfb fakes. The B(b →
D0Xτ−ν,τ− → µ−νν) of (0.36 ± 0.11)% is (5.3 ± 1.6)% of the
semimuonic decay [3]. However, the relative efficiency to detect
the resulting secondary muon is only 29% leading to a 1.5% sub-
traction. The lower efficiency is due to the lower secondary muon
momentum from τ decay and the finite τ lifetime that causes
some events to fail the vertex χ2 requirement. Other sources of

backgrounds from b-hadron decays as evaluated by Monte Carlo
simulation are small within our selection requirements, and pre-
dicted to be similar in size to the WS yields that are consistent
with zero.

3.2. Using muon triggered data

The trigger imposes a cut of pT > 1.3 GeV on muon candidates.
The IP distributions for both RS and WS combinations are shown in
Fig. 4. We find a total of 195.4± 14.9 RS Dfb, and 8.8± 5.1 WS Dfb
events. The Prompt contributions are determined to be 9.3 ± 4.8
RS with 5.3 ± 3.0 WS.

In order to extract the b cross-section from this data sample we
have to make an additional correction for the overall η-dependent
trigger efficiency. The Monte Carlo simulated efficiency is checked
using data by studying J/ψ → µ+µ− decays in microbias events
or those that triggered independently of the single muon trigger.
The data show a somewhat larger relative efficiency than the sim-
ulation, from 2% at low η rising to 11% at high η. We correct for
this factor and use the 2% error determined on the correction, to
account for its uncertainty, that we add to the statistical error of
this sample.

The IP distributions in each η bin in both trigger samples are
fit independently to the same functions as described above to ex-
tract the η-dependent event yields. The yields are listed in Table 1.
Muon fakes and the τ− contribution are subtracted in the same
manner as in the microbias sample. In the triggered sample the
hadron-to-muon fake rates are smaller as a result of the harder
muon pT cut imposed by the trigger of 1300 MeV rather than the
500 MeV used in analysing the microbias sample. The RS Dfb fakes
total 1.0 ± 0.2 and the WS Dfb fakes total 0.6 ± 0.2 events. A uni-
form 1.5% τ− subtraction is done in each η bin.
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Hadron Fractions

contributions of b → u semileptonic decays that constitute approximately 1% of semileptonic
decays [6].

In order to evaluate the efficiencies we need to simulate a proper mix of the semileptonic
decays of all the b-hadron species. The semileptonic decay modes of the light B mesons
were generated according to the tables shown in a separate note [5]. For the Bs and Λb we
generated individual exclusive modes and averaged the efficiencies depending on the mix of
events given by the exclusive reconstruction analysis. The Bs mix is discussed in Appendix
A.

Our goals are to measure two specific production ratios. The first is that of Bs relative to
the sum of B− and B

0
. We denote the individual hadron fractions as fs, fu and fd, where the

subscript reflects the identity of the spectator anti-quark in the meson. For Λb we use fΛb
.

Note that the sum of these f ’s does not equal one as there is other b production, including
a very small rate for Bc mesons and other b-baryons, that do not decay strongly into Λb.
The baryon with the largest rate we are missing is the Ξb. In principle we could search for
these using ΞcXµ−ν final states, but even if we found them we could not infer a rate since
branching fraction measurements of Ξc final states do not exist.

Let us define as N(Bi), the species dependent number of produced b hadrons, nfound(Bi →
DXµ−ν), the number of found events suitably efficiency corrected, n(Dµ−), the total num-
ber of observed DXµ−ν events, and ε(Bi → D) as the efficiency. The relative yields for
semileptonic decay channels is computed by taking the yields in the various charm channels
and correcting for cross-feeds. Since the semileptonic widths of B

0
, B− and B

0
s are equal to

within 1% accuracy (see Appendix B) we can write

fs
fu + fd

=
N(B

0
s)

N(B
0
+ B−)

=
nfound

(

B
0
s → DXµ−ν

)

nfound

(

(B
0
+B−) → DXµ−ν

)

τB− + τ
B

0

2τ
B

0

s

, (1)

where τBi
indicate the various b hadron lifetimes, that are well measured.

While the B
0
s yield is largely due to D+

s Xµ−ν events, we need to add any measured yield
of D0K+Xµ−ν that we observe. We also use this yield to account for the unmeasured rate
of D+K0Xµ−ν events. While, in principle, we would have needed to subtract a very small
rate for B → D+

s KXµ−ν events, in turns out that our efficiencies for detecting such D+
s

decays is negligibly small due to the lack of phase space available for the muon [9]. The

yield of D0Xµ−ν events from B decays needs to have the B
0
s → D0K+Xµ−ν events and any

Λb → D0pXµ−ν subtracted, again used for the isospin conjugate D+n channel.
The corrected yields, ncorr, can be expressed in terms of the measured yields, n, as

ncorr(B
0
s → DXµ−ν) =

n(D+
s µ

−)

B(D+
s → K+K−π+)ε(B

0
s → D+

s )
+2

n(D0K+µ−ν)

B(D0 → K−π+)ε(B
0
s → D0K+)

;

(2)

ncorr(B → D0Xµ−ν) =
n(D0Xµ−ν)− n(D0K+Xµ−ν) ε(B

0

s→D0)

ε(B
0

s→D0K+)
− n(D0pµ−ν) ε(Λb→D0)

ε(Λb→D0p)

B(D0 → K−π+)ε(B → D0)
;

(3)

ncorr(B → D+Xµ−ν) =
1

ε(B → D+)





n(D+µ−)

B(D+ → K−π+π+)
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The final equation for the fraction is

fs
fu + fd

=
ncorr(B

0
s → DXµ−ν)

ncorr(B → D0Xµ−ν) + ncorr(B → D+Xµ−ν)

τB− + τ
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2τ
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s
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The Λb fraction is given in an analogous manner following Eq. 1 as

fΛb

fu + fd
=

ncorr(Λb → DXµ−ν)

ncorr(B → D0Xµ−ν) + ncorr(B → D+Xµ−ν)

τΛb
+ τ
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2τ
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0
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where

ncorr(Λb → DXµ−ν) =
n(Λ+

c µ
−)

B(Λ+
c → pK−π+)ε(Λb → Λc)

+ 2
n(D0pµ−ν)

B(D0 → K−π+)ε(Λb → D0p)
. (7)

II. COMMON SELECTION CRITERIA

Most charm hadrons are produced directly via pp → ccX interactions, where the X
indicates the sum over all other possible final state particles. We denote these particular
charm decays as “Prompt”. Charm can also be produced in pp → bbX collisions where the
b-flavored hadron decays into charm. We call these charm from b’s or “Dfb” for short.

We use common selection criteria for all the decay modes. They are specified in Table II.
This analysis closely mirrors our previous analysis of b → D0Xµ−ν [2]. The criteria for
the other modes are similar. We specify TOS on the single muon. The additional criteria
imposed when searching for D0K+Xµ−ν or D0pXµ−ν candidates are listed in Table III.

The Prompt and Dfb components can be separated statistically by examining the impact
parameter (IP) with respect to the primary vertex, where IP is defined as the smallest
distance between the charm hadron direction and primary vertex position. Henceforth we
call the generic charm hadron “D”.

To isolate a relatively background free sample of B mesons we will match D candidates
with tracks identified as muons. Right-sign (RS) combinations have the sign of the charge
of the muon being the same as the charge of the kaon in the D decay. Wrong-sign (WS)
combinations have the sign of the charge of the kaon and the muon being the opposite.

The data used here were taken with a maximum number of average interactions per
crossing at the start of the run of 1.5. Nevertheless, there are events with large numbers
of long tracks. Backgrounds do increase with increasing track numbers. In Fig. 1 we plot
the K−π+ mass for events with a RS muon satisfying the criteria in Table II as a function
of the number of long tracks in the crossing. The data are fitted with a double-Gaussian
signal function, with both Gaussians having the same mean, and a linear background. This
signal shape is used in all subsequent fits. We select K−π+ candidates within ±20 MeV of
the fitted D0 mass.; the signal/background ratio is shown in the lower right hand corner. It
decreases by about a factor of ten over the range considered here.

We show the ln(IP/mm) distributions for these events that are within ± 20 MeV of the
D0 mass in Fig. 2. The fake background rise is apparent. We list in Table IV the results of
these fits.

4

• Yields must be corrected for cross feed between Bs, and Bu+Bd.
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