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1)  Recent highlights 
u  Open charm production at √s=13 TeV 

u  Y production ratio (8 TeV / 7 TeV) 
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u  Cross section 

u  Production asymmetries 

3)  Relative production of b-hadron species 
u  fΛ/fd 

u  fs/fd 

u  pT, η dependence 
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Motivation 

1)  Recent highlights 
u  Open charm production at √s=13 TeV       Understanding QCD 

u  Y production ratio (8 TeV / 7 TeV) 

u  Y + D production              Double parton scattering 

2)  B production 
u  Cross section        Understanding QCD 

u  Production asymmetries   Crucial for CPV measurements 

3)  Relative production of b-hadron species 
u  fΛ/fd                           Indispensable for all BR measurements 

u  fs/fd                                             notably Bsàµ+µ- 

u  pT, η dependence                   LHCb vs GPD 

4)  Bc production           Two heayy quarks 

 

3/22 



Non-exhaustive list of LHCb production papers 

ID Title 
PAPER-2015-032 Study of the production of Λb and B¯0 hadrons in pp collisions and first measurement of the Λb→J/ψpK− branching fraction 
PAPER-2015-045 Forward production of Υ mesons in pp collisions at s√=7 and 8 TeV 
PAPER-2015-037 Measurement of forward J/ψ production cross-sections in pp collisions at s√=13 TeV 
PAPER-2014-050 Measurement of B+c production in proton-proton collisions at s√=8 TeV 
PAPER-2014-042 Measurement of the B¯0−B0 and B¯0s−B0s production asymmetries in pp collisions at s√=7 TeV  
PAPER-2014-040 Measurement of the χb(3P) mass and of the relative rate of χb1(1P) and χb2(1P) production 
PAPER-2014-031 Study of χb meson production in pp collisions at s√ =7 and 8 TeV and observation of the decay χb→Υ(3S)γ  
PAPER-2014-029 Measurement of the ηc(1S) production cross-section in proton-proton collisions via the decay ηc(1S)→pp¯  
PAPER-2014-015 Study of Υ production and cold nuclear matter effects in p Pb collisions at sNN√=5 \,TeV. 
PAPER-2013-066 Measurement of Υ production in pp collisions at s√=2.76 ~TeV 
PAPER-2013-052 Study of J/ψ production and cold nuclear matter effects in p Pb collisions at s\tiny{NN} √=5 \tev  
PAPER-2013-028 Measurement of the relative rate of prompt χc0 , χc1 and χc2 production at s√=7 \,TeV 
PAPER-2013-004 Measurements of B meson production cross-sections in proton-proton collisions at s√=7 \,TeV 
PAPER-2012-057 Measurements of the Λb→ΛJ/ψ decay amplitudes and the Λb baryon production polarisation in pp collisions at s√=7 TeV 
PAPER-2012-039 Measurement of J/ψ production in pp collisions at s√=2.76 TeV 
PAPER-2012-028 Measurements of B±c production and mass with the B+c→J/ψπ+ decay 
PAPER-2012-003 Observation of double charm production involving open charm in pp collisions at sqrt(s) = 7 TeV 
PAPER-2011-045 Measurement of ψ(2S) meson production in pp collisions at s√=7 TeV 
PAPER-2011-043 Measurement of the B± production cross-section in pp collisions at s√=7 TeV  
PAPER-2011-036 Measurement of Υ production in pp collisions at s√=7 TeV 
PAPER-2011-034 Observation of X(3872) production in pp collisions at s√=7 TeV 
PAPER-2011-030 Measurement of the ratio of prompt χc to J/ψ production in pp collisions at s√=7 TeV 
PAPER-2011-019 Measurement of the cross-section ratio σ(χc2)/σ(χc1) for prompt χc production at sqrts=7 TeV 
PAPER-2011-013 Observation of double J/ψ production in proton-proton collisions at a centre-of-mass energy of s√=7 TeV 
PAPER-2011-003 Measurement of J/ψ production in pp collisions at (√s)=7 TeV 

•  No time for: production of excited heavy hadrons (χc, Ξb, …), central 
exclusive J/Ψ production, cold nuclear effects in p-Pb, polarization, … 
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Figure 2: Projections from two-dimensional extended unbinned maximum likeli-
hood fits in bands a) 1.844 < m

K

�⇡+ < 1.887MeV/c2, b) 9.332 < mµ+µ� < 9.575GeV/c2,
c) 9.889 < mµ+µ� < 10.145GeV/c2 and d) 10.216 < mµ+µ� < 10.481GeV/c2. The total fit func-
tion is shown by a solid thick (red) curve; three individual ⌥D0 signal components are shown by
solid thin (red) curves; three components describing ⌥ signals and combinatorial background
in K�⇡+ mass are shown with short-dashed (blue) curves; the component modelling the true
D0 signal and combinatorial background in µ+µ� mass is shown with a long-dashed (green) curve
and the component describing combinatorial background is shown with a thin dotted (black) line.

The possible contribution from pile-up events is estimated from data following
the method from Refs. [10, 44] by relaxing the requirement on �2

fit

(⌥C) /ndf. Due to
the requirements �2

fit

(⌥) /ndf < 5 and �2

fit

(C) /ndf < 5, the value of �2

fit

(⌥C) /ndf does
not exceed 5 units for signal events with ⌥ and C hadron from the same pp collision
vertex. The background is subtracted using the sPlot technique [54]. The �2

fit

(⌥C) /ndf
distributions are shown in Fig. 6. The distributions exhibit two components: the peak
at low �2 is attributed to associated ⌥C production, and the broad structure at large
values of �2 corresponds to the contribution from pile-up events. The distributions are fit
with a function that has two components, each described by �-distribution. The shape is
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Table 11: The ratio of production cross-sections for ⌥ mesons at
p
s = 8 to that at

p
s = 7TeV

in the full kinematic range p
T

< 30GeV/c (left) and reduced range p
T

< 15GeV/c (right)
for 2.0 < y < 4.5. The first uncertainties are statistical and the second systematic.

p
T

< 30GeV/c p
T

< 15GeV/c

⌥(1S) 1.307± 0.002± 0.025 1.304± 0.002± 0.024
⌥(2S) 1.319± 0.005± 0.025 1.315± 0.005± 0.024
⌥(3S) 1.258± 0.007± 0.024 1.254± 0.007± 0.023
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Figure 5: Ratios of the di↵erential cross-sections (left) d

dpT
�⌥!µ+µ�

and (right) d

dy

�⌥!µ+µ�

at
p
s = 8 and 7TeV for (red solid circles) ⌥(1S), (blue open squares) ⌥(2S) and (green solid

diamonds) ⌥(3S). On the left hand plot, the results of the fit with a linear function are shown with
straight thin red solid, blue dotted and green dashed lines. In the same plot, the next-to-leading
order NRQCD theory predictions [11] are shown as a thick line. On the right hand plot, the curved
red solid, blue dotted and greed dashed lines show the CO model predictions [62, 63] with
the normalisation fixed from the fits in Fig. 4 for ⌥(1S), ⌥(2S) and ⌥(3S) mesons, respectively.
Some data points are displaced from the bin centres to improve visibility.

as a function of p
T

for di↵erent rapidity bins. The same ratios as a function of p
T

integrated over rapidity, and as a function of y integrated over p
T

, are shown in Fig. 7.
The ratios R

i,j

show little dependence on rapidity and increase as a function of p
T

,
in agreement with previous observations by LHCb [22, 23], ATLAS [25] and CMS [26]
at

p
s = 7TeV. The ratios of integrated cross-sections R

i,j

at
p
s = 7 and 8TeV are

reported in Table 16, for the full and the reduced p
T

kinematic regions. All ratios R
i,j

agree with previous LHCb measurements. The ratio R
2,1

agrees with the estimates of
0.27 from Refs. [63,65], while R

3,1

significantly exceeds the expected value of 0.04 [63,65]
but agrees with the range 0.14� 0.22, expected for the hypothesis of a large admixture of
a hybrid quarkonium state in the ⌥(3S) meson state [65].

17

Recent highlights 

•  σ(ppàcc) at 13 TeV 
–  σLHCb acc = 2.94±0.24 mb 

–  dσ/dpT agreement worsens 
with higher √s 

–  f(càD(s)) fragmentation 
independent of c production 

 

 

•  σ(ppàΥ)8TeV/σ(ppàΥ)7TeV 

–  Increase with √s larger than 
predicted 

–  Colour-Octet model does not 
describe ratio vs η 

 

 

•  σ(ppàΥD) 
–  b and c production 

–  Good agreement with Double 
Parton Scattering 

LHCb-2015-041, arXiv:1510.01707 

LHCb-2015-046, arXiv:1510.05949 

LHCb-2015-045, arXiv:1509.02372 

NLO NRQCD 
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1)  Recent highlights 
u  Open charm production at √s=13 TeV 

u  Y production ratio (8 TeV / 7 TeV) 
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u  Cross section 
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u  pT, η dependence 

4)  Bc production 
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B production 
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Figure 1: Invariant mass (left) and pseudo decay time (right) distributions for the kinematic bin
2 < p

T

< 3GeV/c, 3.0 < y < 3.5, with fit results superimposed. The solid (red) line is the total
fit function, the shaded (green) area corresponds to the background component. The prompt
J/ contribution is shown in cross-hatched area (blue), J/ -from-b in a solid (black) line and
the tail contribution due to the association of J/ with the wrong PV is shown in full filled
(magenta) area. The tail contribution is not visible in the invariant mass plot.

example for one (p
T

, y) bin of the invariant mass and the pseudo decay time distributions
is shown in Fig. 1 with the one-dimensional projections of the fit result superimposed.

5 Systematic uncertainties

Systematic uncertainties, most of which apply to both prompt J/ and J/ -from-b mesons,
are summarised in Table 1 and described below.

The uncertainty related to the modelling of the signal mass shape is studied by
replacing the nominal model with a Hypatia function [56], which takes into account the
mass uncertainty distribution. The relative di↵erence of the signal yield is about 1.0%,
which is taken as a fully correlated systematic uncertainty in each bin.

Due to the presence of bremsstrahlung in the J/ ! µ+µ� decay, a fraction of J/ 
events fall outside the mass window used in this analysis. The e�ciency of the mass
window selection is determined from simulation, and based on a detailed comparison
between the radiative tails in simulation and data, a value of 1.0% of the yield is assigned
as the systematic uncertainty.

To calibrate the muon identification e�ciency determined from simulation, the single-
track muon identification e�ciency is measured with a J/ ! µ+µ� data sample using
a tag-and-probe method. In this method, the J/ candidates are reconstructed with
only one track identified as a muon (“tag”). The single muon identification e�ciency
is measured as the probability of the other track (“probe”) to be identified as a muon,
in bins of momentum, p

µ

, and pseudorapidity, ⌘
µ

of the probe track. The single-track
muon identification e�ciency obtained in data is weighted with the (p

µ

, ⌘
µ

) distribution
of the muons from J/ mesons in simulation. The resulting e�ciency is divided by that

5
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Figure 2: Double di↵erential cross-section for prompt J/ mesons as a function of p
T

in bins of
y. Statistical and systematic uncertainties are added in quadrature.

F
b

is taken as a systematic uncertainty. The impact of the choice of t
z

parametrisation for
the long tail component is studied using an exponential function with equal magnitude
for positive and negative slopes and the relative di↵erence of F

b

is taken as a systematic
uncertainty. The total relative systematic uncertainty on the J/ -from-b cross-section
related to the t

z

fit is 0.1%.

6 Results

The measured double di↵erential cross-sections for prompt J/ and J/ -from-b mesons,
assuming no polarisation, are shown in Figs. 2 and 3, and given in Tables 2 and 3. The
cross-sections for prompt J/ and J/ -from-b mesons in the acceptance p

T

< 14GeV/c
and 2.0 < y < 4.5, integrated over all (p

T

, y) bins, are:

�(prompt J/ , p
T

< 14GeV/c, 2.0 < y < 4.5) = 15.30± 0.03± 0.86µb,

�(J/ -from-b, p
T

< 14GeV/c, 2.0 < y < 4.5) = 2.34± 0.01± 0.13µb,

where the first uncertainties are statistical and the second systematic.

6.1 Fraction of J/ -from-b mesons

The fractions of J/ -from-b mesons in di↵erent kinematic bins are given in Fig. 4 and
Table 6. The fraction increases as a function of p

T

, and tends to decrease with increasing
rapidity. These trends are consistent with the measurements at

p
s = 7TeV and

p
s =

8
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Figure 10: The J/ production cross-section for (left) prompt J/ and (right) J/ -from-b
mesons as a function of pp collision energy in the LHCb fiducial region compared to the FONLL
calculation [27]. In general, the correlated and uncorrelated systematic uncertainties among
di↵erent measurements are of comparable magnitude.

in the range p
T

< 14GeV/c is compared with the FONLL calculation based on Ref. [62]
for J/ -from-b. The ratio of the cross-sections as a function of p

T

integrated over y in the
range 2.0 < y < 4.5 is compared with the NRQCD calculation [63] for prompt J/ mesons,
and with predictions by FONLL based on Ref. [62] for J/ -from-b, shown in Fig. 9. The
uncertainty of the NRQCD prediction, considering only that from LDME, almost cancels
in the cross-section ratio between the 13TeV and 8TeV measurements, so no uncertainty
is given for the calculations in Fig. 9 (left). Besides those due to the b-quark mass and the
scales, the FONLL calculation for the cross-section ratio also takes into account the gluon
PDF uncertainty. The NRQCD prediction agrees reasonably well with the experimental
data for the prompt J/ production cross-section ratio, while the FONLL prediction is
below the J/ -from-b meson measurements.
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6.2 Extrapolation to the total bb cross-section

The total bb production cross-section is calculated using:

�(pp ! bbX) = ↵
4⇡

� (J/ -from-b, p
T

< 14GeV/c, 2.0 < y < 4.5)
2B (b ! J/ X)

, (3)

where ↵
4⇡

is the extrapolation factor to the full kinematic region and B(b ! J/ X) =
1.16± 0.10% [43] is the inclusive b ! J/ X branching fraction. Using the LHCb tuning of
Pythia 6 [46], ↵

4⇡

is found to be 5.2. The extrapolation predictions given by Pythia 8 and
FONLL [27] are ↵

4⇡

= 5.1 and ↵
4⇡

= 5.0 respectively at
p
s = 13TeV. Their predictions atp

s = 7TeV are compatible with the estimate using LHC J/ cross-section measurements
in di↵erent rapidity ranges [17, 30]. Using the extrapolation factor from Pythia 6, the
total bb production cross-section is found to be �(pp ! bbX) = 515± 2 ± 53µb, where
the first uncertainty is statistical and the second systematic. No uncertainty on ↵

4⇡

is
included in this estimate.

6.3 Comparison with lower energy results

The J/ cross-sections measured at
p
s = 13TeV are compared to previous LHCb

measurements [12, 18, 30]. In all previous LHCb measurements of the J/ production
cross-section, the branching fraction from Ref. [61], B(J/ ! µ+µ�) = (5.94 ± 0.06)%,
was used. When the measurements at 13TeV are compared with those at lower en-
ergy, the previous results are updated with the improved branching fraction value,
B(J/ ! µ+µ�) = (5.961 ± 0.033)% [43]. The corresponding systematic uncertainty
is totally correlated among the measurements. The di↵erential cross-section as a function
of p

T

integrated over y is shown in Fig. 5, including all uncertainties, compared to measure-
ments with pp collisions at

p
s = 8TeV, for prompt J/ and J/ -from-b mesons. In Fig. 6,

the di↵erential cross-section as a function of y integrated over p
T

is shown, compared
to measurements with pp collisions at

p
s = 8TeV. Tables 7 and 8 show the di↵erential

cross-sections integrated over y and p
T

for prompt J/ and J/ -from-b mesons.
In Fig. 7, the ratios R

13/8

of the double di↵erential cross-sections in pp collisions
at

p
s = 13TeV and at

p
s = 8TeV are given for prompt J/ and J/ -from-b mesons,

taking into account the correlations of various systematic uncertainties. The ratios of the
cross-sections in bins of y integrated over p

T

are shown in Fig. 8, while those in bins of p
T

integrated over y are in Fig. 9. The cross-section ratios are summarised in Table 9 and 10
for prompt J/ and J/ -from-b respectively.

In the cross-section ratios, many of the systematic uncertainties cancel because of cor-
relations between the two measurements. The uncertainty of the luminosity determination,
which is the dominating systematic uncertainty, is determined to be 50% correlated [54],
yielding a total uncertainty in the ratio of 4.6%. The uncertainties due to the signal mass
shape, vertex fit quality requirement, radiative tail, muon identification, tracking e�ciency,
J/ ! µ+µ� branching fraction and trigger are also totally or partially correlated. The
remaining systematic uncertainties of the cross-section ratio are summarised in Table 4.

12

LHCb-2015-037, arXiv:1509.00771 

Ø  σ(J/ψ(-from-b)) at √s=13 TeV: 

 

Ø  σ(bb) at √s=13 TeV: 
§  No uncertainty from extrapolation to 4π 

§  Agreement with GPD ?  

•  Production cross section from detached J/ψ: BàJ/ψX 
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Figure 8: Ratios of di↵erential cross-sections between measurements at
p
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s = 8TeV as a function of y integrated over p
T

for (left) prompt J/ and (right) J/ -from-b
mesons. The FONLL calculation [62] is compared to the measured J/ -from-b production ratio.
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Figure 9: Ratios of di↵erential cross-sections between measurements at
p
s = 13TeV andp

s = 8TeV as a function of p
T

integrated over y for (left) prompt J/ mesons and (right)
J/ -from-b mesons. Calculations of NRQCD [63] and FONLL [62] are compared to prompt J/ 
mesons and J/ -from-b mesons, respectively.

calculation, only uncertainties associated with LDME are considered since these are the
dominating uncertainties for the absolute production cross-section prediction. The FONLL
calculation [27] is compared to the measurements of the J/ -from-b cross-section as a
function of transverse momentum integrated over y in the range 2.0 < y < 4.5 in Fig. 11
(right). The FONLL calculation includes the uncertainties due to the b-quark mass and
the renormalisation and factorisation scales for the prediction of the absolute production
cross-section. Good agreement is found between the measurements and the theoretical
calculations.

Fig. 8 (right) shows the ratio of the cross-sections as a function of y integrated over p
T

15
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Figure 11: Di↵erential cross-sections as a function of p
T

integrated over y in the range 2.0 <
y < 4.5, (left) compared with the NRQCD calculation [63] for prompt J/ and (right) compared
with the FONLL calculation [27] for J/ -from-b mesons.

Table 6: The fraction of J/ -from-b mesons (in %) in bins of the J/ transverse momentum and
rapidity. The uncertainties are statistical only. The systematic uncertainties are negligible.

p
T

[GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0� 1 9.6± 0.4 9.6± 0.3 9.6± 0.3 9.0± 0.3 7.9± 0.5

1� 2 11.7± 0.3 11.5± 0.2 11.0± 0.2 10.3± 0.2 8.8± 0.3

2� 3 13.9± 0.3 13.1± 0.2 12.5± 0.2 12.0± 0.2 10.7± 0.3

3� 4 16.4± 0.3 15.0± 0.2 14.1± 0.2 13.1± 0.2 11.9± 0.4

4� 5 17.5± 0.4 16.9± 0.3 15.6± 0.3 15.1± 0.3 13.5± 0.5

5� 6 19.8± 0.5 18.3± 0.3 17.0± 0.3 15.7± 0.4 14.2± 0.6

6� 7 22.2± 0.6 21.6± 0.5 19.4± 0.5 18.3± 0.5 16.3± 0.9

7� 8 24.8± 0.8 23.1± 0.6 22.1± 0.6 21.2± 0.7 18.5± 1.2

8� 9 25.0± 0.9 27.3± 0.8 23.9± 0.8 20.2± 0.9 19.8± 1.6

9� 10 28.7± 1.2 26.1± 1.0 27.3± 1.1 27.9± 1.3 23.9± 2.2

10� 11 33.1± 1.5 30.6± 1.3 28.3± 1.4 28.5± 1.8 29.7± 2.8

11� 12 34.6± 1.9 34.7± 1.6 27.9± 1.8 28.4± 2.2 36.1± 3.4

12� 13 35.8± 2.3 37.4± 2.1 33.4± 2.2 29.1± 2.6 24.3± 4.3

13� 14 40.4± 2.6 39.2± 2.4 38.1± 3.0 37.3± 3.7 21.7± 4.3
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B production 

•  Single differential cross section well 
described by FONLL: 

•  Accurate measurement, and 
prediction of ratio 
Ø  R13/8 = σ√s=13TeV / σ√s=8TeV 
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Figure 8: Ratios of di↵erential cross-sections between measurements at
p
s = 13TeV andp

s = 8TeV as a function of y integrated over p
T

for (left) prompt J/ and (right) J/ -from-b
mesons. The FONLL calculation [62] is compared to the measured J/ -from-b production ratio.
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Figure 9: Ratios of di↵erential cross-sections between measurements at
p
s = 13TeV andp

s = 8TeV as a function of p
T

integrated over y for (left) prompt J/ mesons and (right)
J/ -from-b mesons. Calculations of NRQCD [63] and FONLL [62] are compared to prompt J/ 
mesons and J/ -from-b mesons, respectively.

calculation, only uncertainties associated with LDME are considered since these are the
dominating uncertainties for the absolute production cross-section prediction. The FONLL
calculation [27] is compared to the measurements of the J/ -from-b cross-section as a
function of transverse momentum integrated over y in the range 2.0 < y < 4.5 in Fig. 11
(right). The FONLL calculation includes the uncertainties due to the b-quark mass and
the renormalisation and factorisation scales for the prediction of the absolute production
cross-section. Good agreement is found between the measurements and the theoretical
calculations.

Fig. 8 (right) shows the ratio of the cross-sections as a function of y integrated over p
T
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Production asymmetry?  

“Drag effect” 

Valence quarks 

9/22 

•  Crucial ingredient for CP violation measurements 

•  Reasons to believe it’s non-vanishing 
–  Valence quarks in pp scattering 

–  “drag effect” from proton remnant 



B production asymmetry 

Ø  Time-dependent fit, with 3 fb-1: 

 

Ø  Using Bàhh, with 1 fb-1: 

LHCb-2014-042, arXiv:1408.0275 
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Figure 2: Time-dependent raw asymmetries for candidates in the (a) B0 ! J/ K⇤0, (b)
B0 ! D�⇡+ and (c) B0

s

! D�
s

⇡+ signal mass regions with the results of the global fits overlaid.
In (c) the asymmetry is obtained by folding the B0

s

and B0
s

decay time distributions into one
oscillation period, and the o↵set t0 = 0.2 ps corresponds to the selection requirement on the
decay time.

Table 2: Values of signal yields, AP, Af

and of the correlations ⇢(AP, Af

) obtained from global
fits. The smaller value of the correlation in the B0

s

case is due to the much larger mixing frequency
of B0

s

mesons.

Parameter B0! J/ K⇤0 B0 ! D�⇡+ B0
s

! D�
s

⇡+

N sig 93 627± 360 76 682± 308 16 887± 174
AP �0.0116± 0.0063 �0.0058± 0.0070 �0.0032± 0.0166
A

f

�0.0086± 0.0046 �0.0151± 0.0049 �0.0110± 0.0086
⇢(AP, Af

) �0.65 �0.64 �0.01
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Figure 3: Distributions of K±⇡⌥ (a) mass and (b) decay time, with the result of the fit overlaid.
The main components contributing to the fit model are also shown.

To determine the values of A"

k

, !tot
k

and A!

k

, we fit the model described in Sec. 5
to the K±⇡⌥ spectra. In the K±⇡⌥ fit, the amount of B0 ! ⇡+⇡� and B0

s

! K+K�

cross-feed backgrounds below the B0! K+⇡� peak are fixed to the values obtained by
performing a time-integrated simultaneous fit to all two-body invariant mass spectra,
as in Ref. [10]. In Fig. 3 the K±⇡⌥ invariant mass and decay time distributions are
shown. In Fig. 4 the raw mixing asymmetry is shown for each of the five tagging
categories, by considering only candidates with invariant mass in the region dominated by
B0! K+⇡� decays, 5.20 < m < 5.32GeV/c2. The asymmetry projection from the full fit
is superimposed. The B0 ! K+⇡� and B0

s

! K�⇡+ event yields determined from the
fit are N(B0 ! K+⇡�) = 49356 ± 335 (stat) and N(B0

s

! K�⇡+) = 3917 ± 142 (stat),
respectively. The mass di↵erences are determined to be �m

d

= 0.512± 0.014 (stat) ps�1

and �m
s

= 17.84± 0.11 (stat) ps�1. The B0 and B0
s

average lifetimes determined from
the fit are ⌧(B0) = 1.523± 0.007 (stat) ps and ⌧(B0

s

) = 1.51± 0.03 (stat) ps. The signal
tagging e�ciencies and mistag probabilities are summarized in Table 3. With the present
precision, there is no evidence of non-zero asymmetries in the tagging e�ciencies and
mistag probabilities between B0

(s) and B0
(s) mesons. The average e↵ective tagging power

is "e↵ = (2.45 ± 0.25)%. From the fit, the production asymmetries for the B0 and B0
s

mesons are determined to be AP (B0) = (0.6± 0.9)% and AP (B0
s

) = (7± 5)%, where the
uncertainties are statistical only.
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1 Introduction

The production rates of b and b̄ hadrons in pp collisions are not expected to be identical.
This phenomenon, commonly referred to as the production asymmetry, is related to the
fact that there can be coalescence between a perturbatively produced b or b̄ quark and the
u and d valence quarks in the beam remnant. Therefore, one can expect a slight excess in
the production of B+ and B0 mesons with respect to B� and B0 mesons, and e.g. of ⇤0

b

baryons with respect to ⇤0
b

baryons. As b and b̄ quarks are almost entirely produced in
pairs via strong interactions, the existence of B+ and B0 production asymmetries must
be compensated by opposite production asymmetries for other B-meson and b-baryon
species. These asymmetries are roughly estimated to be at the 1% level for pp collisions at
LHC energies, and are expected to be enhanced at forward rapidities and small transverse
momenta. Other subtle e↵ects of quantum chromodynamics, beyond the coalescence
between beauty quarks and light valence quarks, may also contribute [1–3].

The production asymmetry is one of the key ingredients to perform measurements of
CP violation in b-hadron decays at the LHC, since CP asymmetries must be disentangled
from other sources. The production asymmetry for B0 and B0

s

mesons is defined as

AP

�
B0

(s)

�
⌘
�
⇣
B

0

(s)

⌘
� �

⇣
B0

(s)

⌘

�
⇣
B

0

(s)

⌘
+ �

⇣
B0

(s)

⌘ , (1)

where � denotes the production cross-section. Similar asymmetries are also expected when
producing charmed hadrons. LHCb has already performed measurements of D+ �D� and
D+

s

�D�
s

production asymmetries, finding values around the 1% level or less [4, 5].
In this paper, the values of AP (B0) and AP (B0

s

) are constrained by measuring
the oscillations of B0 and B0

s

mesons with a time-dependent analysis of the B0 !
J/ (µ+µ�)K⇤0(K+⇡�), B0 ! D�(K+⇡�⇡�)⇡+ and B0

s

! D�
s

(K+K�⇡�)⇡+ decay rates,
without tagging the initial flavour of the decaying B0

(s) meson. The inclusion of charge-
conjugate decay modes is implied throughout. The measurements are performed as a
function of transverse momentum, pT, and pseudorapidity, ⌘, of the B0

(s) meson within
the LHCb acceptance, and then integrated over the range 4 < pT < 30GeV/c and
2.5 < ⌘ < 4.5.

2 Detector, trigger and simulation

The LHCb detector [6] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet. The tracking system
provides a measurement of momentum with a relative uncertainty that varies from 0.4% at
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Figure 2: Time-dependent raw asymmetries for candidates in the (a) B0 ! J/ K⇤0, (b)
B0 ! D�⇡+ and (c) B0

s

! D�
s

⇡+ signal mass regions with the results of the global fits overlaid.
In (c) the asymmetry is obtained by folding the B0

s

and B0
s

decay time distributions into one
oscillation period, and the o↵set t0 = 0.2 ps corresponds to the selection requirement on the
decay time.

Table 2: Values of signal yields, AP, Af

and of the correlations ⇢(AP, Af

) obtained from global
fits. The smaller value of the correlation in the B0

s

case is due to the much larger mixing frequency
of B0

s

mesons.

Parameter B0! J/ K⇤0 B0 ! D�⇡+ B0
s

! D�
s

⇡+

N sig 93 627± 360 76 682± 308 16 887± 174
AP �0.0116± 0.0063 �0.0058± 0.0070 �0.0032± 0.0166
A

f

�0.0086± 0.0046 �0.0151± 0.0049 �0.0110± 0.0086
⇢(AP, Af

) �0.65 �0.64 �0.01
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Table 6: Absolute values of systematic uncertainties. The total systematic uncertainties are
obtained by summing the individual contributions in quadrature.

Source Uncertainty
AP(B0) AP(B0

s

)
Combined systematic uncertainties from bin studies 0.0004 0.0048

Uncertainty on |q/p| 0.0013 0.0030
Di↵erence between !

i

and !data
i

0.0024 0.0034
Total 0.0028 0.0066

which lead to the average

AP(B
0) = �0.0035± 0.0076 (stat)± 0.0028 (syst).

The integrated value of AP(B0
s

) is

AP(B
0
s

) = 0.0109± 0.0261 (stat)± 0.0066 (syst).

Finally, the dependencies of AP(B0) and AP(B0
s

) on pT, obtained by integrating over
⌘, and on ⌘, obtained by integrating over pT, are shown in Fig. 4. The corresponding
numerical values are reported in Tables 7 and 8.
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13

Table 6: Absolute values of systematic uncertainties. The total systematic uncertainties are
obtained by summing the individual contributions in quadrature.

Source Uncertainty
AP(B0) AP(B0

s

)
Combined systematic uncertainties from bin studies 0.0004 0.0048

Uncertainty on |q/p| 0.0013 0.0030
Di↵erence between !

i

and !data
i

0.0024 0.0034
Total 0.0028 0.0066

which lead to the average

AP(B
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The integrated value of AP(B0
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) is
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) = 0.0109± 0.0261 (stat)± 0.0066 (syst).

Finally, the dependencies of AP(B0) and AP(B0
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) on pT, obtained by integrating over
⌘, and on ⌘, obtained by integrating over pT, are shown in Fig. 4. The corresponding
numerical values are reported in Tables 7 and 8.
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Outline 

1)  Recent highlights 
u  Open charm production at √s=13 TeV 

u  Y production ratio (8 TeV / 7 TeV) 

u  Y + D production  

2)  B production 
u  Cross section 

u  Production asymmetries 

3)  Relative production of b-hadron species 
u  fΛ/fd 

u  fs/fd 

u  pT, η dependence 

4)  Bc production 
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B production: different species 

•  B meson production measured, using BR from B factories: 

•  Integrated cross section 0<pT<40 GeV, 2<y<4.5: 

Ø  Need the branching fraction of Bs
0àJ/ΨX … 

Ø  but for the branching fraction one needs the production rate  

LHCb-2013-004, arXiv:1306.3663 

2 Candidate selection

The selection of B meson candidates starts by forming J/ ! µ+µ� decay candidates.
These are formed from pairs of oppositely-charged particles that are identified as muons
and have p

T

> 0.7GeV/c. Good quality of the reconstructed tracks is ensured by requiring
the �2/ndf of the track fit to be less than 4, where ndf is the number of degrees of freedom
of the fit. The muon candidates are required to originate from a common vertex and the
�2/ndf of the vertex fit is required to be less than 9. The mass of the J/ candidate is
required to be around the known J/ mass [15], between 3.04 and 3.14 GeV/c2.

Kaons used to form B+ ! J/ K+ candidates are required to have p
T

larger than
0.5 GeV/c. Information from the RICH detector system is not used in the selection
since the B+ ! J/ ⇡+ decay is Cabibbo suppressed. Candidates for K⇤0 ! K+⇡� and
�! K+K� decays are formed from pairs of oppositely-charged hadron candidates. Since
the background levels of these two channels are higher than for B+ ! J/ K+decay, the
hadron identification information provided by the RICH detectors is used. Kaons used to
form K⇤0 candidates in the B0 ! J/ K⇤0 channel and � candidates in the B0

s

! J/ �
channel are selected by cutting on the di↵erence between the log-likelihoods of the kaon and
pion hypotheses provided by the RICH detectors (DLL

K⇡

> 0). The pions used to form
K⇤0 candidates are required to be inconsistent with the kaon hypothesis (DLL

⇡K

> �5).
The same track quality cuts used for muons are applied to kaons and pions. The K⇤0 and
� meson candidates are constructed requiring a good vertex quality (�2/ndf < 16) and
p
T

> 1.0 GeV/c. The masses of the K⇤0 and � candidates are required to be consistent with
their known masses [15], in the intervals 0.826� 0.966 GeV/c2 and 1.008� 1.032 GeV/c2,
respectively.

The J/ candidate is combined with a K+, K⇤0 or � candidate to form a B+, B0 or B0

s

meson, respectively. A vertex fit [16] is performed that constrains the daughter particles
to originate from a common point and the mass of the muon pair to match the known J/ 
mass [15]. The �2/ndf returned by this fit is required to be less than 9. To further reduce
the combinatorial background due to particles produced in the primary pp interaction, only
B candidates with a decay time larger than 0.3 ps, which corresponds to about 6 times the
decay time resolution, are kept. In the B0 ! J/ K⇤0 samples, duplicate candidates are
found that share the same J/ particle but have pion tracks that are reconstructed several
times from one track. In these cases only one of the candidates is randomly retained.
Duplicate candidates of other sources in the other decay modes occur at a much lower rate
and are retained. Finally, the fiducial requirements 0 < p

T

< 40 GeV/c and 2.0 < y < 4.5
are applied to the B meson candidates.

3 Cross-section determination

The di↵erential production cross-section for each B meson species is calculated as

d2�(B)

dp
T

dy
=

N
B

(p
T

, y)

✏
tot

(p
T

, y) L
int

B(B ! J/ X) �p
T

�y
,

2

hadron identification e�ciency are estimated using simulated events and comparing the
true e�ciency with that obtained by applying the same procedure as for the data. The
muon identification uncertainty is estimated by comparing the e�ciency in simulation
with that measured, on data, using a tag and probe method. The systematic uncertainties
due to the uncertainties on the angular distributions of B0 and B0

s

decays [15, 31] are
taken into account by simulating the e↵ect of varying the central values of the polarization
amplitudes by ±1 sigma. In the first p

T

bin of the B0 sample, the agreement of the
p
T

distributions between data and simulation is not as good as in the other bins. The
discrepancy is assigned as an additional uncertainty for that bin. The vertex fit quality
cut uncertainty is estimated from the data to simulation comparison. By calculating the
signal yields and e�ciencies separately for data taken with two magnet polarities, the
results are found to be stable.

The systematic uncertainties from the branching fractions are calculated with their
correlations taken into account. Since the B(B0 ! J/ K⇤0) and B(B0

s

! J/ �) have been
measured with sizeable uncertainty, the corresponding uncertainties are listed separately in
the cross-section results. The absolute luminosity scale is measured with 3.5% uncertainty,
which is dominated by the beam current uncertainty [25].

5 Results and conclusion

The measured di↵erential production cross-sections of B mesons in bins of p
T

and y are
shown in Fig. 2. These results are integrated separately over y and p

T

, and compared
with the FONLL predictions [3], as shown in Fig. 3 and Fig. 4, respectively. The
hadronisation fractions f

u

= f
d

= (33.7± 2.2)% and f
s

= (9.0± 0.9)% from Ref. [28] are
used to fix the overall scale of FONLL. The uncertainty of the FONLL computation
includes the uncertainties on the b-quark mass, renormalisation and factorisation scales,
and CTEQ 6.6 [32] parton distribution functions. Good agreement is seen between the
FONLL predictions and measured data.

The integrated cross-sections of the B mesons with 0 < p
T

< 40 GeV/c and 2.0 < y <
4.5 are

�(pp ! B+ X) = 38.9± 0.3 (stat.)± 2.5 (syst.) ± 1.3 (norm.) µb,
�(pp ! B0 X) = 38.1± 0.6 (stat.)± 3.7 (syst.) ± 4.7 (norm.) µb,
�(pp ! B0

s

X) = 10.5± 0.2 (stat.)± 0.8 (syst.) ± 1.0 (norm.) µb,

where the third uncertainties arise from the uncertainties of the branching fractions used
for normalisation. The B+ result is in good agreement with a previous measurement
by LHCb [9]. These represent the first measurements of B0 and B0

s

meson production
cross-sections in pp collisions in the forward region at centre-of-mass energy of 7TeV.
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Relative production of different species 
•  Semileptonic 

Ø  Assume equal inclusive decay width 

•  Hadronic 
Ø  Assume SU(3) symmetry 
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Figure 2: The logarithm of the IP distributions for (a) RS and (c) WS D+ candidate
combinations with a muon. The grey-dotted curves show the false D+ background, the
small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal, and the
larger green-solid curves the total yields. The invariant K�⇡+⇡+ mass spectra for (b) RS
combinations and (d) WS combinations are also shown.
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Figure 3: 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 false D+

s

background, the
small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal, the
purple dash-dotted curves represent the background originating from ⇤+

c

reflection, and
the larger green-solid curves the total yields. The invariant K�K+⇡+ mass spectra for
RS combinations (b) and WS combinations (d) are also shown.
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FIG. 1: Probability, as a function of momentum, to cor-
rectly identify (full symbols) a kaon or a pion when requiring
DLL(K − π) > 5 or DLL(K − π) < 0, respectively. The cor-
respondent probability to wrongly identify (open symbols) a
pion as a kaon, or a kaon as a pion is also shown. The data
are taken from a calibration sample of D∗

→ D(Kπ)π decays;
the statistical uncertainties are too small to display.

D−K+ in the case of a misidentified bachelor pion. In
B0 → D−K+ there is additionally background from
B0 → D∗−K+ decays. The invariant mass distributions
for the partially reconstructed and misidentified back-
grounds are taken from large samples of simulated events,
reweighted according to the mass hypothesis of the signal
being fitted and the DLL cuts.

For B0
s → D−

s π
+ , the B0 → D−π+ background peaks

under the signal with a similar shape. In order to sup-
press this peaking background, PID requirements are
placed on both kaon tracks. The kaon which has the
same sign in the B0

s → D−

s π
+ and B0 → D−π+ decays is

required to satisfy DLL(K−π) > 0, while the other kaon
in the D+

s decay is required to satisfy DLL(K − π) > 5.
Because of the similar shape, a Gaussian constraint is ap-
plied to the yield of this background. The central value
of this constraint is computed from the π → K misiden-
tification rate. The Λb → Λ+

c π
− background shape is

obtained from simulated events, reweighted according to
the PID efficiency, and the yield allowed to float in the
fit. Finally, the relative size of the B0

s → D−

s ρ
+ and

B0
s → D∗−

s π+ backgrounds is constrained to the ratio of
the B0 → D−ρ+ and B0 → D∗−π+ backgrounds in the
B0 → D−π+ fit, with an uncertainty of 20% to account
for potential SU(3) symmetry breaking effects.

The free parameters in the likelihood fits to the mass
distributions are the event yields for the different event
types, i.e. the combinatorial background, partially re-
constructed background, misidentified contributions, the
signal, as well as the peak value of the signal shape. In
addition the combinatoric background shape is left free
in the B0 → D−π+ and B0

s → D−

s π
+ fits, and the sig-

nal width is left free in the B0 → D−π+ fit. In the
B0

s → D−

s π
+ and B0 → D−K+ fits the signal width is

fixed to the value from the B0 → D−π+ fit, corrected by

the ratio of the signal widths for these modes in simulated
events.
The fits to the full B0 → D−π+ , B0 → D−K+ ,

and B0
s → D−

s π
+ data samples are shown in Fig. 2.

The resulting B0 → D−π+ and B0 → D−K+ event
yields are 4103 ± 75 and 252 ± 21, respectively. The
number of misidentified B0 → D−π+ events under the
B0 → D−K+ signal as obtained from the fit is 131± 19.
This agrees with the number expected from the total
number of B0 → D−π+ events, corrected for the misiden-
tification rate determined from the PID calibration sam-
ple, of 145± 5. The B0

s → D−

s π
+ event yield is 670± 34.

FIG. 2: Mass distributions of the B0
→ D−π+ , B0

→

D−K+ , and B0
s → D−

s π+ candidates (top to bottom). The
indicated components are described in the text.

LHCb-2011-018, arXiv:1111.2357 

LHCb-2011-006, arXiv:1106.4435 
LHCb-CONF-2013-011 

Table 3: Uncorrelated uncertainties of the two LHCb measurements of fs/fd [3, 5]. The particle
identification uncertainty present in both measurements is considered fully uncorrelated since the
semileptonic measurement was performed analyzing an integrated luminosity of 3 pb�1 acquired
in 2010, while the hadronic measurement was performed analyzing an integrated luminosity of
1 fb�1 acquired in 2011.

Source Semileptonic (%) Hadronic(%)
Statistical 3.0 1.7
SU(3) breaking and form factors - 8.8
Bin dependent uncertainty 1.0 -
Semileptonic decay model 3.0 -
Backgrounds 2.0 -
Tracking e�ciency 2.0 -
B(B0

s ! D0K+Xµ⌫̄µ)
+4.1
�1.1 -

B((B�/B0) ! D+

s KXµ⌫̄µ) 2.0 -
Detector acceptance

and reconstruction - 0.7
Hardware trigger e�ciency - 2.0
O✏ine selection - 1.1
Boosted decision tree cut - 1.0
Particle identification 1.5 1.5
Combinatorial background - 1.0
Signal shape (tails) - 0.6
Signal shape (core) - 1.0

Total +7.1
�5.9 ±9.6

Table 4: Correlated uncertainties of the two LHCb measurements of fs/fd [3, 5].

Source Uncertainty (%)
B(D� ! K+⇡�⇡�) 2.2
B(D�

s ! K+K�⇡�) 2.5
Lifetime ratio 0.9
Total 3.4

3 Conclusions

The LHCb measurements of the ratio of the B0

s to B0 production cross-sections obtained
using b-hadron semileptonic decays and hadronic decays B0

s ! D�
s ⇡

+ and B0! D�K+,
have been updated with the most recent measurements of B(D�

s ! K+K�⇡�) and the B
meson lifetimes. The combination of these measurements gives, for b hadrons produced
within the LHCb acceptance at 7 TeV pp collisions, fs/fd = 0.259± 0.015.
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Determination of fs/fd for 7 TeV pp collisions and a measurement of the branching
fraction of the decay B0

→ D−K+

R. Aaij et al., (The LHCb Collaboration)

The relative abundance of the three decay modes B0
→ D−K+ , B0

→ D−π+ and B0
s →

D−

s π+ produced in 7 TeV pp collisions at the LHC is determined from data corresponding to
an integrated luminosity of 35 pb−1. The branching fraction of B0

→ D−K+ is found to be
B
(

B0
→ D−K+

)

= (2.01±0.18stat ±0.14syst)×10−4. The ratio of fragmentation fractions fs/fd is
determined through the relative abundance of B0

s → D−

s π+ to B0
→ D−K+ and B0

→ D−π+ ,
leading to fs/fd = 0.253±0.017±0.017±0.020, where the uncertainties are statistical, systematic,
and theoretical respectively.

PACS numbers: 12.38.Qk, 13.60.Le, 13.87.Fh

Knowledge of the production rate of B0
s mesons is re-

quired to determine any B0
s branching fraction. This

rate is determined by the bb̄ production cross-section
and the fragmentation probability fs, which is the frac-
tion of B0

s mesons amongst all weakly-decaying bottom
hadrons. Similarly the production rate of B0 mesons is
driven by the fragmentation probability fd. The mea-
surement of the branching fraction of the rare decay
B0

s → µ+µ− is a prime example where improved knowl-
edge of fs/fd is needed to reach the highest sensitivity
in the search for physics beyond the Standard Model [1].
The ratio fs/fd is in principle dependent on collision en-
ergy and type as well as the acceptance region of the
detector. This is the first measurement of this quantity
at the LHC.
The ratio fs/fd can be extracted if the ratio of branch-

ing fractions of B0 and B0
s mesons decaying to particular

final states X1 and X2, respectively, is known:

fs
fd

=
NX2

NX1

B(B0 → X1)

B(B0
s → X2)

ϵ(B0 → X1)

ϵ(B0
s → X2)

. (1)

The ratio of the branching fraction of the B0
s →

D−

s π
+ and B0 → D−K+ decays is dominated by con-

tributions from colour-allowed tree-diagram amplitudes
and is therefore theoretically well understood. In con-
trast, the ratio of the branching ratios of the two de-
cays B0

s → D−

s π
+ and B0 → D−π+ can be measured

with a smaller statistical uncertainty due to the greater
yield of the B0 mode, but suffers from an additional
theoretical uncertainty due to the contribution from a
W -exchange diagram. Both ratios are exploited here to
measure fs/fd according to the equations [2, 3]

fs
fd

= 0.971 ·

∣

∣

∣

∣

Vus

Vud

∣

∣

∣

∣

2 (fK
fπ

)2 τBd

τBs

1

NaNF

ϵD−K+

ϵD−

s π+

ND−

s π+

ND−K+

,

(2)
and

fs
fd

= 0.982 ·
τBd

τBs

1

NaNFNE

ϵD−π+

ϵD−

s π+

ND−

s π+

ND−π+

. (3)

Here ϵX is the selection efficiency of decay X (including
the branching fraction of the D decay mode used to re-

construct it), NX is the observed number of decays of
this type, the Vij are elements of the CKM matrix, fi
are the meson decay constants and the numerical factors
take into account the phase space difference for the ratio
of the two decay modes. Inclusion of charge conjugate
modes is implied throughout. The term Na parametrizes
non-factorizable SU(3)-breaking effects; NF is the ratio
of the form factors; NE is an additional correction term
to account for the W -exchange diagram in the B0 →
D−π+ decay. Their values [2, 3] are Na = 1.00 ± 0.02,
NF = 1.24 ± 0.08, and NE = 0.966 ± 0.075. The latest
world average [4] is used for the B meson lifetime ratio
τBs

/τBd
= 0.973± 0.015. The numerical values used for

the other factors are: |Vus| = 0.2252, |Vud| = 0.97425,
fπ = 130.41 and fK = 156.1, with negligible associated
uncertainties [5].

The observed yields of these three decay modes in
35 pb−1 of data collected with the LHCb detector in
the 2010 running period are used to measure fs/fd av-
eraged over the LHCb acceptance and to improve the
current measurement of the branching fraction of the
B0 → D−K+ decay mode [6].

The LHCb experiment [7] is a single-arm spectrometer,
designed to study B decays at the LHC, with a pseudo-
rapidity acceptance of 2 < η < 5 for charged tracks. The
first trigger level allows the selection of events with B
hadronic decays using the transverse energy of hadrons
measured in the calorimeter system. The event infor-
mation is subsequently sent to a software trigger, imple-
mented in a dedicated processor farm, which performs a
final online selection of events for later offline analysis.
The tracking system determines the momenta of B de-
cay products with a precision of δp/p = 0.35–0.5%. Two
Ring Imaging Cherenkov (RICH) detectors allow charged
kaons and pions to be distinguished in the momentum
range 2–100 GeV/c [8].

The three decay modes, B0 → D−(K+π−π−)π+,
B0 → D−(K+π−π−)K+ and B0

s → D−

s (K
+K−π−)π+,

are topologically identical and can therefore be selected
using identical geometric and kinematic criteria, thus
minimizing efficiency differences between them. Events

producing a D0 meson. Similarly

n
corr

(B ! D+µ) =
1

✏(B ! D+)


n(D+µ�)

B(D+ ! K�⇡+⇡+)
�

n(D0K+µ�)

B(D0 ! K�⇡+)

✏(B0

s

! D+)

✏(B0

s

! D0K+)

� n(D0pµ�)

B(D0 ! K�⇡+)

✏(⇤
b

! D+)

✏(⇤
b

! D0p)

�
. (2)

Both the D0Xµ�⌫ and the D+Xµ�⌫ final states contain small components of cross-feed
from B0

s

decays to D0K+Xµ�⌫ and to D+K0Xµ�⌫. These components are accounted for
by the two decays B0

s

! D+

s1

Xµ�⌫ and B0

s

! D⇤+
s2

Xµ�⌫ as reported in a recent LHCb
publication [9]. The third terms in Eqs. 1 and 2 are due to a similar small cross-feed from
⇤0

b

decays.
The number of B0

s

resulting in D+

s

Xµ�⌫ in the final state is given by

n
corr

(B0

s

! D+

s

µ) =
1

✏(B0

s

! D+

s

)


n(D+

s

µ)

B(D+

s

! K+K�⇡+)
� (3)

N(B0 +B�)B(B ! D+

s

Kµ)✏(B̄ ! D+

s

Kµ)
⇤
,

where the last term subtracts yields of D+

s

KXµ�⌫ final states originating from B0 or B�

semileptonic decays, and N(B0+B�) indicates the total number of B0 and B� produced.

We derive this correction using the branching fraction B(B ! D(⇤)+
s

Kµ⌫) = (6.1± 1.2)⇥
10�4 [10] measured by the BaBar experiment. In addition, B0

s

decays semileptonically
into DKXµ�⌫, and thus we need to add to Eq. 3

n
corr

(B0

s

! DKµ) = 2
n(D0K+µ)

B(D0 ! K�⇡+)✏(B0

s

! D0K+µ)
, (4)

where, using isospin symmetry, the factor of 2 accounts for B0

s

! DK0Xµ�⌫ semileptonic
decays.

The equation for the ratio f
s

/(f
u

+ f
d

) is

f
s

f
u

+ f
d

=
n
corr

(B0

s

! Dµ)

n
corr

(B ! D0µ) + n
corr

(B ! D+µ)

⌧
B

� + ⌧
B

0

2⌧
B

0
s

. (5)

where B0

s

! Dµ represents B0

s

semileptonic decays to a final charmed hadron, given
by the sum of the contributions shown in Eqs. 3 and 4, and the symbols ⌧

Bi indicate
the B

i

hadron lifetimes, that are all well measured [1]. We use the average B0

s

lifetime,
1.472±0.025 ps [1]. This equation assumes equality of the semileptonic widths of all the b
meson species. This is a reliable assumption, as corrections in HQET arise only to order
1/m2

b

and the SU(3) breaking correction is quite small, of the order of 1% [11, 12, 13].
The ⇤0

b

corrected yield is derived in an analogous manner. We determine

n
corr

(⇤0

b

! Dµ) =
n(⇤+

c

µ�)

B(⇤+

c

! pK�⇡+)✏(⇤0

b

! ⇤+

c

)
+ 2

n(D0pµ�)

B(D0 ! K�⇡+)✏(⇤0

b

! D0p)
, (6)
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Is fs/fd constant? 

•  Measured dependence of fs/fd vs pT, η: 
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Figure 2: Ratio of fragmentation fractions f
s

/f
d

as functions of (a) pT and (b) ⌘. The
errors on the data points are the statistical and uncorrelated systematic uncertainties
added in quadrature. The solid line is the result of a linear fit, and the dashed line
corresponds to the fit for the no-dependence hypothesis. The average value of pT or ⌘
is determined for each bin and used as the center of the bin. The horizontal error bars
indicate the bin size. Note that the scale is zero suppressed.

decays [4]. The two independent results are combined taking into account the various
sources of correlated systematic uncertainties, notably the D�

(s) branching fractions and

B0
(s) lifetimes, to give

f
s

f
d

= 0.256± 0.020, (3)

which supersedes the previous measurement from LHCb.
The value of f

s

/f
d

in bins of pT or ⌘ is determined using the B0
s

! D�
s

⇡+ and
B0! D�⇡+ decay modes and is presented in Fig. 2. A linear �2 fit gives

f
s

/f
d

(pT) = (0.256± 0.020) + (�2.0± 0.6)⇥ 10�3/GeV/c⇥ (pT � hpTi)
f
s

/f
d

(⌘) = (0.256± 0.020) + (0.005± 0.006)⇥ (⌘ � h⌘i),

with hpTi = 10.4 GeV/c and h⌘i = 3.28. The data points are normalised with a scale
factor to match the average value of 0.256. The uncertainty associated to this parameter
is taken from Eq. 3, whilst the error from the fit is 0.003 for both pT and ⌘.

The p-value for this linear fit is found to be 0.16 (0.87) for pT (⌘). The observed slope
for the dependence on the transverse momentum of the B0

(s) meson deviates from zero
with a significance of three standard deviations. No indication of a dependence on ⌘(B) is
found.

9

Ø  Almost constant 
•  Important for BR(Bs

0àµ+µ-) 

•  Extrapolation to full η-range necessary 

derived from simulations with a detailed description of the detector response for CMS
and are calibrated using exclusive two-body hadronic decays in data for LHCb. The
distributions for the backgrounds are obtained from simulation with the exception of
the combinatorial background. The latter is obtained by interpolating from the data
invariant-mass sidebands separately for each category, after the subtraction of the other
background components.

To compute the signal branching fractions, the numbers of B0

s

and B0 mesons that
are produced, as well as the numbers of those that have decayed into a dimuon pair, are
needed. The latter numbers are the raw results of this analysis, whereas the former need
to be determined from measurements of one or more ‘normalisation’ decay channels, which
are abundantly produced, have an absolute branching fraction that is already known with
good precision, and that share characteristics with the signals, so that their trigger and
selection e�ciencies do not di↵er significantly. Both experiments use the B+ ! J/ K+

decay as a normalisation channel with B(B+ ! J/ (µ+µ�)K+) = (6.10 ± 0.19) ⇥ 10�5,
and LHCb also uses the B0 ! K+⇡� channel with B(B0 ! K+⇡�) = (1.96±0.05)⇥10�5.
Both branching fraction values are taken from ref. 14. Hence, the B0

s

! µ+µ� branching
fraction is expressed as a function of the number of signal events (N

B

0
s!µ

+
µ

�) in the data
normalised to the numbers of B+ ! J/ K+ and B0 ! K+⇡� events:

B(B0

s

! µ+µ�) =
N

B

0
s!µ

+
µ

�

N
norm.

⇥ f
d

f
s

⇥ "
norm.

"
B

0
s!µ

+
µ

�
⇥ B

norm.

= ↵
norm.

⇥N
B

0
s!µ

+
µ

� , (1)

where the ‘norm.’ subscript refers to either of the normalisation channels. The values
of the normalisation parameter ↵

norm.

obtained by LHCb from the two normalisation
channels are found in good agreement and their weighted average is used. In this formula
" indicates the total event detection e�ciency including geometrical acceptance, trigger
selection, reconstruction, and analysis selection for the corresponding decay. The f

d

/f
s

factor is the ratio of the probabilities for a b quark to hadronise into a B0 as compared to
a B0

s

meson; the probability to hadronise into a B+ (f
u

) is assumed to be equal to that
into B0 (f

d

) on the basis of theoretical grounds, and this assumption is checked on data.
The value of f

d

/f
s

= 3.86±0.22 measured by LHCb27,28,61 is used in this analysis. As the
value of f

d

/f
s

depends on the kinematic range of the considered particles, which di↵ers
between LHCb and CMS, CMS checked this observable with the decays B0

s

! J/ � and
B+ ! J/ K+ within its acceptance, finding a consistent value. An additional systematic
uncertainty of 5% was assigned to f

d

/f
s

to account for the extrapolation of the LHCb
result to the CMS acceptance. An analogous formula to that in equation (1) holds for the
normalisation of the B0 ! µ+µ� decay, with the notable di↵erence that the f

d

/f
s

factor
is replaced by f

d

/f
u

= 1.
The antiparticle B0 (B0

s

) and the particle B0 (B0

s

) can both decay into two muons and
no attempt is made in this analysis to determine whether the antiparticle or particle was
produced (untagged method). However, the B0 and B0

s

particles are known to oscillate,
that is to transform continuously into their antiparticles and vice versa. Therefore, a
quantum superposition of particle and antiparticle states propagates in the laboratory
before decaying. This superposition can be described by two ‘mass eigenstates’, which
are symmetric and anti-symmetric in the charge-parity (CP) quantum number, and have
slightly di↵erent masses. In the SM, the heavy eigenstate can decay into two muons,

15
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Is fs/fd constant? 

•  Dependence of fs/fd vs centre-of-mass energy? 

•  No hint in Run-I;  

Ø  Absolute measurement of fs/fd planned at √s=13 TeV, 
with semileptonic B decays 

Ø  Relative measurements with B+àJ/ΨK+ and Bs
0àJ/Ψφ 

also pursued 

9

9.2 On the ratio of ⇤0
b and B0 production fractions 133

2011 2012
NB0

s
/NB0 16.95 ± 0.45 16.34 ± 0.42

✏B0/✏B0
s

1.04 ± 0.02 1.08 ± 0.02

Table 9.3 · Ratio of signal yields and efficiencies for the decays B0
s ! D+

s ⇡� and B0 ! D+⇡�, as
obtained in the measurement described in chapter 8 of this thesis. The uncertainties are
statistical only and are related to the limited size of the different datasets.

2012 dataset at
p
s = 8 TeV separately. The efficiency-corrected yield ratio is determined to

be NB0/NB0
s

= 17.63± 0.58 and NB0/NB0
s

= 17.65± 0.56 for the 2011 and 2012 datasets,
respectively, leading to (fs/fd)8 TeV

/(fs/fd)7 TeV

= 1.00 ± 0.05. No dependence of the
ratio of fragmentation fractions fs/fd on the centre-of-mass energy is observed.

9.2 On the ratio of ⇤0
b and B0 production fractions

The kinematic dependencies of ⇤0
b and B0 production are measured in chapter 7 and the

main results are repeated here for convenience. The ratio of fragmentation fractions f⇤0
b
/fd

is observed to be dependent on the b-hadron transverse momentum and pseudorapidity, as
shown in Fig. 9.7. The p

T

dependence is best described by

f⇤0
b
/fd(p

T

) = a0 + exp(b0 + c0 ⇥ p
T

[ GeV/c]), (9.15)

with

a0 = +0.151 ± 0.016 +0.024
�0.025,

b0 = �0.573 ± 0.040 +0.101
�0.097,

c0 = �0.095 ± 0.007 ± 0.014 [ GeV/c]�1,

where the first uncertainty is statistical and the second systematic. The correlations between
the three parameters are given by the correlation matrix

⇢(a0, b0, c0) =

0

B@
1 0.55 �0.73

0.55 1 �0.03
�0.73 �0.03 1

1

CA .

The ⌘ dependence is described by the linear function

f⇤0
b
/fd(⌘) = a0 + b0 ⇥ (⌘ � ⌘) , (9.16)

with

a0 = 0.387 ± 0.013 +0.028
�0.030,

b0 = 0.067 ± 0.005 +0.012
�0.009,

where the first uncertainty is statistical and the second systematic.

(PhD thesis R.Koopman) 

15/22 



]c [GeV/
T

p
10 20 30 40

df / 0 b
Λf

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

 η
2 3 4 5

df / 0 b
Λf

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

(a) LHCb (b) LHCb

Figure 4: Dependence of f
⇤

0
b
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d

on the (a) p
T

and (b) ⌘ of the beauty hadron. To obtain this

figure, the ratio of e�ciency-corrected event yields is scaled to the absolute value of f
⇤

0
b
/f

d

from

the semileptonic analysis [7]. The error bars include the statistical and systematic uncertainties
associated with the hadronic measurement. The dashed red lines indicate the uncertainty on the
scale of f

⇤

0
b
/f

d

from the semileptonic analysis.

The ⌘ dependence is described by the linear function

f

⇤

0
b
/f

d

(⌘) = a

0 + b

0 ⇥ (⌘ � ⌘) , (6)

with

a

0 = 0.387± 0.013 +0.028

�0.030

,

b

0 = 0.067± 0.005 +0.012

�0.009

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The dependences of f

⇤

0
b
/f

d

on the p

T

and ⌘ of the b hadron are shown in Fig. 4.
The absolute value for B(⇤0

b

! ⇤

+

c

⇡

�) is obtained by substituting the results for S and
B(B0 ! D

+

⇡

�) = (2.68± 0.13)⇥ 10�3 [10] into Eq. (2). The value for B(⇤+

c

! pK

�
⇡

+)
is also used in the determination of f

⇤

0
b
/f

d

using semileptonic decays and therefore cancels
in the final result. The branching fraction for ⇤0

b

! ⇤

+

c

⇡

� is measured to be

B(⇤0

b

! ⇤

+

c

⇡

�) =
⇣
4.30± 0.03 +0.12

�0.11

± 0.26± 0.21
⌘
⇥ 10�3

,

where the first uncertainty is statistical, the second is systematic, the third is from
the previous LHCb measurement of f

⇤

0
b
/f

d

, and the fourth is due to the knowledge of

B(B0 ! D

+

⇡

�). This value is in agreement with the current world average [10]. It
also agrees within 2.4 standard deviations with the recent LHCb measurement using
⇤

0

b

! ⇤

+

c

(! pK

0

S )⇡
� decays [29], taking into account the correlated uncertainty from the

10

Relative production fraction of Λb
0 vs B0  

•  Crucial for all BR(Λb
0) measurements 

•  Absolute determination of fΛ/fd with semileptonic decays 

 

•  Relative determination of fΛ/fd with hadronic decays: 
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Figure 12: Fragmentation ratio f
⇤b
/(f

u

+ f
d

) dependence upon p
T

(⇤+

c

µ�). The errors
shown are statistical only.

systematic errors reported in Table 3 include only the bin-dependent terms discussed
above.

Table 4 summarizes all the sources of absolute scale systematic uncertainties, that in-
clude several components. Their definitions mirror closely the corresponding uncertainties
for the f

s

/(f
u

+ f
d

) determination, and are assessed with the same procedures. The term
⇤

b

! D0pXµ�⌫ accounts for the uncertainty in the raw D0pXµ�⌫ yield, and is evalu-
ated by changing the RS/WS background ratio (1.4±0.2) within the quoted uncertainty.
In addition, an uncertainty of 2% is associated with the derivation of the semileptonic
branching fraction ratios from the corresponding lifetimes, labelled �

sl

in Table 4. The
uncertainty is derived assigning conservative errors to the parameters a↵ecting the chro-
momagnetic operator that influences the B meson total decay widths, but not the ⇤0

b

. By
far the largest term is the poorly known B(⇤+

c

! pK�⇡+); thus it is quoted separately.

Table 3: Coe�cients of the linear fit describing the p
T

(⇤+

c

µ�) dependence of f
⇤b
/(f

u

+f
d

).
The systematic uncertainties included are only those associated with the bin-dependent
MC and particle identification errors.

⌘ range a b
2-3 0.434±0.040±0.025 -0.036±0.008±0.004
3-5 0.397±0.020±0.009 -0.028±0.006±0.003

2-5 0.404±0.017±0.009 -0.031±0.004±0.003
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Figure 6: Ratio R
⇤

0
b/B

0 as a function of (left) p
T

and (right) y for the 2011 and 2012 samples,

where the error bars indicate statistical uncertainties and the hatched areas the total uncertainties.
The red solid (blue dashed) line in the left plot represents the fit to the ratio f

⇤

0
b
/f

d

(p
T

) from

Ref. [8] for the 2011 (2012) data sample.

is observed, while the ratio decreases for p
T

> 5GeV/c. No dependence with rapidity is
observed. In Fig. 6 the p

T

dependence of the ratio R

⇤

0
b/B

0 is fitted with the fragmentation

function ratio f

⇤

0
b
/f

d

(p
T

) given in Ref. [8], which is only defined in the range p
T

> 3GeV/c.

The asymmetry a

p+d

between ⇤0

b

and ⇤0

b

is shown in Fig. 7. The values are listed in
Table 7 in the Appendix. The data points are fitted with linear functions. The slope fitted
to the asymmetry as a function of p

T

is consistent with zero, (2.3± 3.0)⇥ 10�3

/(GeV/c)
for 7TeV and (3.5± 2.0)⇥ 10�3

/(GeV/c) for 8TeV. The fit to a

p+d

(y) gives a non-zero
slope, and a combination of the results for 7TeV and 8TeV gives

a

p+d

(y) = (�0.001± 0.007) + (0.058± 0.014)(y � hyi),

where hyi = 3.1 is the average rapidity of ⇤0

b

hadrons in the data sample. The non-zero
slope suggests some baryon number transport from the beam particles to the less centrally
produced ⇤0

b

, which leads to a ⇤0

b

/⇤

0

b

cross-section ratio that increases with rapidity and
which can be interpreted as, for example, a string drag e↵ect or leading quark e↵ect [6,48].

10 Branching fraction results

The ratio R

⇤

0
b/B

0 can be calculated in bins of p
T

as:

R

⇤

0
b/B

0(p
T

) =
N

⇤

0
b

sig

(p
T

) "B
0

tot

(p
T

)

N

B

0

sig

(p
T

) "
⇤

0
b

tot

(p
T

)
B(K⇤0 ! K

�
⇡

+). (7)

It is related to the fragmentation fraction ratio f

⇤

0
b
/f

d

through

R

⇤

0
b/B

0(p
T

) =
B(⇤0

b

! J/ pK

�)

B(B0 ! J/ K

⇤0)
f

⇤

0
b
/f

d

(p
T

) ⌘ S f

⇤

0
b
/f

d

(p
T

), (8)
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Figure 4: Dependence of f
⇤

0
b
/f

d

on the (a) p
T

and (b) ⌘ of the beauty hadron. To obtain this

figure, the ratio of e�ciency-corrected event yields is scaled to the absolute value of f
⇤

0
b
/f

d

from

the semileptonic analysis [7]. The error bars include the statistical and systematic uncertainties
associated with the hadronic measurement. The dashed red lines indicate the uncertainty on the
scale of f

⇤

0
b
/f

d

from the semileptonic analysis.

The ⌘ dependence is described by the linear function

f

⇤

0
b
/f

d

(⌘) = a

0 + b

0 ⇥ (⌘ � ⌘) , (6)

with

a

0 = 0.387± 0.013 +0.028

�0.030

,

b

0 = 0.067± 0.005 +0.012

�0.009

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The dependences of f

⇤

0
b
/f

d

on the p

T

and ⌘ of the b hadron are shown in Fig. 4.
The absolute value for B(⇤0

b

! ⇤

+

c

⇡

�) is obtained by substituting the results for S and
B(B0 ! D

+

⇡

�) = (2.68± 0.13)⇥ 10�3 [10] into Eq. (2). The value for B(⇤+

c

! pK

�
⇡

+)
is also used in the determination of f

⇤

0
b
/f

d

using semileptonic decays and therefore cancels
in the final result. The branching fraction for ⇤0

b

! ⇤

+

c

⇡

� is measured to be

B(⇤0

b

! ⇤

+

c

⇡

�) =
⇣
4.30± 0.03 +0.12

�0.11

± 0.26± 0.21
⌘
⇥ 10�3

,

where the first uncertainty is statistical, the second is systematic, the third is from
the previous LHCb measurement of f

⇤

0
b
/f

d

, and the fourth is due to the knowledge of

B(B0 ! D

+

⇡

�). This value is in agreement with the current world average [10]. It
also agrees within 2.4 standard deviations with the recent LHCb measurement using
⇤

0

b

! ⇤

+

c

(! pK

0

S )⇡
� decays [29], taking into account the correlated uncertainty from the

10

Relative production fraction of Λb
0 vs B0  

•  It flattens of at low pT: 

 

 

•  Relative determination of fΛ/fd with hadronic decays: 
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Intermezzo: Absolute branching fractions 

Ø  The relative production rates lead to accurate BRs 

•  Examples: 

•  (Useful as normalisation modes) 

BR(Λb
0 →Λc

+π − ) = (4.30± 0.36)×10−3
BR(Bs

0 →Ds
+π − ) = (2.95± 0.27)×10−3

LHCb-2014-004, arXiv:1405.6842 
LHCb-2012-037, arXiv:1301.5286 
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Production asymmetry of Λb
0 baryons 

•  Small production(+decay) asymmetry (surprising?) 

 

•  Increase of production cross sections of 20% at √s=8TeV: 
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Figure 2: Products of production cross-sections and branching fractions as functions of p
T

in y
bins for (left) ⇤0

b

! J/ pK� and (right) B0 ! J/ K⇤0. The top (bottom) plots represent the
2011 (2012) sample. The error bars represent the total uncertainties.

The integrated cross-sections of the b hadrons with 0 < p

T

< 20GeV/c and 2.0 < y < 4.5
are measured to be

�(⇤0

b

,

p
s = 7TeV) B(⇤0

b

! J/ pK

�) = 6.12± 0.10 (stat)± 0.25 (syst) nb,

�(⇤0

b

,

p
s = 8TeV) B(⇤0

b

! J/ pK

�) = 7.51± 0.08 (stat)± 0.31 (syst) nb,

�(B0

,

p
s = 7TeV) B(B0 ! J/ K

⇤0) = 55.6± 0.3 (stat)± 2.1 (syst) nb,

�(B0

,

p
s = 8TeV) B(B0 ! J/ K

⇤0) = 66.2± 0.3 (stat)± 2.3 (syst) nb.

Taking the branching fraction B(B0 ! J/ K

⇤0) from Belle [12], the measured B

0 produc-
tion cross-section at 7TeV is consistent with the previous LHCb measurement [35]. The
ratios of the ⇤0

b

and B

0 integrated production cross-sections between 8TeV and 7TeV, in
the kinematic range 0 < p

T

< 20GeV/c and 2.0 < y < 4.5, are

�(
p
s = 8TeV)

�(
p
s = 7TeV)

=

(
1.23± 0.02± 0.07 for ⇤0

b

,

1.19± 0.01± 0.02 for B0

,

where the first uncertainties are statistical and the second systematic. Many systematic
uncertainties cancel totally or partially in these ratios: the ratio of the luminosities is
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Figure 7: Asymmetries a
p+d

between ⇤0

b

and ⇤0

b

as functions of (left) p
T

and (right) y. The
error bars indicate statistical uncertainties, and the hatched areas the total uncertainties.

where S ⌘ B(⇤0

b

! J/ pK

�)/B(B0 ! J/ K

⇤0) is a constant factor, which can be
determined from the fit in Fig. 6. The absolute branching fraction of the decay ⇤0

b

!
J/ pK

� can then be measured as

B(⇤0

b

! J/ pK

�) = S B(B0 ! J/ K

⇤0). (9)

The average of the fit results for the 7 and 8TeV samples gives S = 0.2361± 0.0029, which
results in

B(⇤0

b

! J/ pK

�) = (3.04± 0.04± 0.06± 0.33+0.43

�0.27

)⇥ 10�4

.

The first uncertainty is statistical, the second is systematic, the third is due to the
uncertainty on the branching fraction of the B0 ! J/ K

⇤0 decay, and the fourth is due to
the knowledge of f

⇤

0
b
/f

d

.
In Ref. [11] the ratio B(⇤0

b

! J/ p⇡

�)/B(⇤0

b

! J/ pK

�) was reported. Combining
this with the value of B(⇤0

b

! J/ pK

�) above, the branching fraction of ⇤0

b

! J/ p⇡

� is
determined as

B(⇤0

b

! J/ p⇡

�) = (2.51± 0.08± 0.13+0.45

�0.35

)⇥ 10�5

,

where the first uncertainty is statistical, the second is due to the systematic uncertainty
on B(⇤0

b

! J/ p⇡

�)/B(⇤0

b

! J/ pK

�), and the third is due to systematic uncertainty
on B(⇤0

b

! J/ pK

�).
Two pentaquark-charmonium states, P

c

(4380)+ and P

c

(4450)+, were observed by LHCb
in the amplitude analysis of the ⇤0

b

! J/ pK

� decay [10], and the fractions f(P+

c

) of the
two pentaquark-charmonium states in the ⇤0

b

! J/ pK

� decay were measured. Using
these fractions and the value of B(⇤0
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! J/ pK

�) obtained in this analysis, the branching
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b

! P

+

c

K

�)B(P+
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where the first uncertainty is statistical, the second is due to the systematic uncertainty
on f(P+
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), and the third is due to the systematic uncertainty on B(⇤0
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! J/ pK

�).
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Outline 

1)  Recent highlights 
u  Open charm production at √s=13 TeV 

u  Y production ratio (8 TeV / 7 TeV) 

u  Y + D production  

2)  B production 
u  Cross section 

u  Production asymmetries 

3)  Relative production of b-hadron species 
u  fΛ/fd 

u  fs/fd 

u  pT, η dependence 

4)  Bc production 
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Bc
+ production 

Ø  Bc
+ is a fascinating system, consisting of 2 heavy quarks 

•  Study Bc
+ with Bc

+àJ/ΨK+ decays. BCVEGPY is accurate: 

•  More Bc
+ at higher pT: 
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Figure 1: Invariant mass distribution of (left) B+
c

! J/ ⇡+ and (right) B+ ! J/ K+ candidates
with 2.0 < pT < 3.0GeV/c and 2.0 < y < 2.9. The results of the fit described in the text are
superimposed.
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Figure 2: Distributions of (left) pT and (right) y of the B+
c

signal after event selection. The
points with error bars are background-subtracted data, and the solid histogram is the simulation
based on the complete order-↵4

s

calculation, implemented in the B+
c

generator Bcvegpy [40].
The uncertainties are statistical.

the (pT, y) binning scheme, the shapes of the Cabibbo-suppressed backgrounds, the B+
c

lifetime uncertainty and the uncertainty of tracking e�ciency, are negligible.
Figure 2 shows that simulation provides a good description of pT and y distributions

of B+
c

mesons in data. The values of R(pT, y) in the range 0 < pT < 20GeV/c and
2.0 < y < 4.5 are shown in Fig. 3 and Ref. [49]. Figure 4 shows the ratio R(pT)
integrated over y in the region 2.0 < y < 4.5 and R(y) integrated over pT in the region
0 < pT < 20GeV/c. The ratios are found to vary as a function of pT and y. The results
are compared with the theoretical predictions in Ref. [49].

The resulting integrated value of R in the region 0 < pT < 20GeV/c and 2.0 < y < 4.5
is measured to be

R = (0.683 ± 0.018 ± 0.009)%,

4

N
B
: after event selection 

LHCb-2014-050, arXiv:1411.2943 
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2.9 < y < 3.3, and (bottom) 3.3 < y < 4.5. The error bars on the data show the statistical and
systematic uncertainties added in quadrature.
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where the first uncertainty is statistical and the second systematic. To enable comparison
with the previous LHCb measurement [26], R and its total uncertainty are also reported in
the range 4 < pT < 20GeV/c and 2.5 < ⌘ < 4.5 as (0.698± 0.023)%. The previous LHCb
measurement of R at 7 TeV of Ref. [26] is updated using the recent measurement of the
B+

c

lifetime [45] to be (0.61± 0.12)%.
In summary, we present the first measurement of the B+

c

double di↵erential production
cross-section ratio with respect to that of the B+ meson. The measurement is performed
in three bins of rapidity and ten bins of pT in pp collisions at

p
s = 8TeV on a data

5

N(Bc)/N(B+) 



Conclusions 

1)  Recent highlights 
u  Open charm production at √s=13 TeV   Larger than predicted 

u  Y production ratio (8 TeV / 7 TeV)      Larger than NRQCD, CO poor 

u  Y + D production              Double parton scattering 

2)  B production 
u  Cross section          Ratio 13/8 TeV provides stringent test 

u  Production asymmetries            Accurate to 1(3)% for B0
(s) 

3)  Relative production of b-hadron species 
u  fΛ/fd       

u  fs/fd       Accurate input available (for eg. Bsàµ+µ-) 

u  pT, η dependence      

4)  Bc production           Two heayy quarks 
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