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The measurements of the J/ψ, double J/ψ, Υ(1S) and B+
c production cross-sections performed

at LHCb and based on ∼ 37 pb−1 data collected by the LHCb experiment in the 2010 run at
the LHC are reported.

1 Introduction

The heavy quark production mechanism at high energy hadronic machines is still an unsolved
issue in QCD. Measurements of prompt J/ψ and Υ production cross-sections as a function
of the transverse momentum (pT ) are crucial for understanding the relative contributions of
the colour-singlet (CS) and colour-octet (CO) mechanisms. Further hints can be given by
the measurement of the double J/ψ production cross-section, where higher order corrections
are greatly suppressed. Since the B+

c is the lightest state composed of a heavy quark and
a heavy anti-quark of different flavours (b̄c), other powerful tests of QCD predictions are the
measurements of the B+

c mass, lifetime and production cross-section . These proceedings report
the measurements of J/ψ, double J/ψ, Υ(1S) and B+

c production cross-sections at pp collisions
at the centre of mass energy

√
s = 7 TeV performed by the LHCb experiment 1 with the dataset

collected in the 2010 run at the Large Hadron Collider (LHC) machine.

2 J/ψ production cross-section

The J/ψ differential production cross-section as a function of J/ψ rapidity (y) and pT has
been measured 2 at LHCb in the fiducial region y ∈ [2.0; 4.5] and pT ∈ [0; 14] GeV/c with
an integrated luminosity of about 5.2 pb−1. The J/ψ candidates, reconstructed from their
decay J/ψ → µ+µ−, have been divided into two categories: J/ψ prompt (directly produced
from the pp collision and also feed down from χc and ψ(2S)) and non-prompt J/ψ from b-
hadrons. The fiducial region has been divided into bins of width 1 GeV/c in pT and 1 unit
of rapidity in y. In each bin the number of selected J/ψ candidates has been estimated by
fitting the invariant mass of the dimuon pairs. In order to distinguish between prompt and non-
prompt production, fits to the J/ψ pseudo-proper time (tz) have been performed in each bin:
tz is defined as tz = (zJ/ψ − zPV )MJ/ψ/pz where z is the cartesian axis parallel to the beam,
zJ/ψ is the z coordinate of the J/ψ decay vertex, zPV is the z coordinate of the associated
production vertex, MJ/ψ is the J/ψ invariant mass and pz is the z component of the J/ψ
momentum. The largest source of systematic uncertainty on the prompt J/ψ production cross-
section measurement is due to the unknown J/ψ polarization and the results are therefore quoted



for prompt J/ψ under the fully transverse, fully longitudinal and no polarization hypotheses.
The measured prompt production cross-section as a function of pT (dσ/dpT ) has been compared
to different theoretical predictions based on CS, non-relativistic QCD (NRQCD), and colour
evaporation (CEM) models both at leading order (LO) and at next to leading order (NLO)
(also NNLO for CS). There is good agreement between the theory predictions and the data.
The agreement between the measured non-prompt production cross-section in bins of J/ψ pT
and fixed-order next-to-leading log computations is also excellent. The measured prompt J/ψ
production cross-section integrated over the fiducial region, assuming unpolarized J/ψ, is σJ/ψ =

10.52 ± 0.04 ± 1.40+1.64
−2.20 µb where the first uncertainty is statistical, the second is systematic

and the third is the uncertainty related to the assumption of unpolarized J/ψ. The integrated
non-prompt production cross-section is σJ/ψ = 1.14 ± 0.01 ± 0.16 µb. Extrapolating this to the
full polar angle range, the bb̄ production cross-section is σ(pp → bb̄X) = 288 ± 4 ± 48 µb, in
excellent agreement with a previous independent LHCb measurement 3.

3 Double J/ψ production cross-section

The production of two J/ψ’s in the same pp interaction is expected to be rare and can be affected
by the existence of charm tetraquark states. At LHCb, the double J/ψ production cross-section
has been measured 4 in the fiducial region J/ψ pT ∈ [0; 10] GeV/c and y ∈ [2.0; 4.5]. A dataset
corresponding to an integrated luminosity of 35.2 pb−1 has been used. In selecting the J/ψ
candidates, reconstructed from their decays into two muons, particular care has been used to
minimize the effect of clone tracks (i.e. two almost identical tracks reconstructed from the same
true particle) in order to avoid double counting the same J/ψ. The pile-up effect, which would
lead to assigning the same production vertex to J/ψ’s producted in different pp interactions,
has been found to be negligible. The number of double J/ψ events has been extracted using
a double background subtraction procedure. For every selected (µ+µ−)1, (µ+µ−)2 pair the
invariant mass distribution of 1 is obtained in bins of the invariant mass of 2. The fitted yield
of 1 in bins of 2 is efficiency corrected event by event and then fitted (see Figure 1 (left)). In
order to make the measurement model independent, the per-event efficiency is evaluated in bins
of J/ψ pT , y and the angle between the µ+ momentum in the J/ψ centre-of-mass frame and
the direction of the Lorentz boost from the laboratory frame to the J/ψ centre-of-mass frame.
The number of observed double J/ψ candidates before the efficiency correction is 139.6 ± 17.8,
corresponding to a statistical significance > 6σ. The measured double J/ψ cross-section in the
fiducial region is σJ/ψJ/ψ = 5.6 ± 1.1 ± 1.2 nb where the first uncertainty is statistical and the
second is systematic. This result is in good agreement with a LO QCD calculation 5 which
predicts 4.34 nb (4.15 nb) with (without) initial state gluon radiations included. A comparison
between the measured and predicted double J/ψ invariant mass distributions is shown in Figure
1 (right), where the discrepancy at low invariant mass may be due to non-direct double J/ψ
production which is not accounted for by the theoretical model 5.

4 Υ(1S) production cross-section

The Υ(1S), Υ(2S) and Υ(3S) states have been observed from their decays into two muons
with sufficient resolution to separate fully the Υ(2S) and Υ(3S) invariant mass peaks (see
Figure 2 (left)). The Υ(1S) differential production cross-section as a function of Υ(1S) y and
pT has been measured 6 in the fiducial region pT ∈ [0; 15] GeV/c and y ∈ [2.0; 4.5]. The
fiducial region has been divided into bins of width 1 GeV/c in pT and 1 unit of rapidity in
y and a dataset corresponding to an integrated luminosity of 32.4 pb−1 has been used. The
Υ(1S) yield has been extracted from a fit to the di-muon invariant mass distribution using a
Crystal Ball to model the signal shape and an exponential to model the background shape (see
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Figure 1: Left: The efficiency corrected fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 invariant mass. The
line represents the fit from a double Crystal Ball function for the signal and an exponential function for the
background. Right: The efficiency corrected yields of double J/ψ events as a function of the invariant mass of
the double J/ψ system (points with error bars). The overlaid curve corresponds to the theory prediction 5.
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Figure 2: Left: The invariant mass distribution of the selected Υ → µ+µ− candidates. The three peaks correspond
to the Υ(1S), Υ(2S) and Υ(3S) signals (from left to right). The superimposed curves and the signal yields are the
result of the fit. Right: The measured differential Υ(1S) production cross-section as a function of pT integrated
over y (black dots) compared to the prediction calculated from NRQCD at NLO, including contributions from χb

and Υ(2S) decays, summing the colour-singlet and colour-octet contributions 7 (coloured band).

Figure 2 (left)). The results have been reported under the assumption of unpolarized Υ(1S)
and the biggest systematic uncertainty comes from this assumption. The measured Υ(1S)
production cross-section, integrated over the fiducial region, assuming unpolarized Υ(1S) is
σΥ(1S) = 108.3±0.7+30.9

−25.8 nb where the first uncertainty is statistical and the second is systematic.
The measured Υ(1S) differential production cross-section as a function of Υ(1S) pT (dσ/dpT )
has been compared with LO and NLO NRQCD, and with NLO and NNLO CS theoretical
predictions. The predictions take into account the Υ(1S) feed down from χb and Υ(2S) and are
in good agreement with data (see, for example, Figure 2 (right)). The LHCb results have been
compared with the CMS experimental results 8. Although CMS covers a different rapidity range
(y ∈ [0.0; 2.0]) the results are consistent between the two experiments.

5 B+
c to B+ relative production cross-section

The B+
c at LHCb has been observed in its decay B+

c → J/ψ(µ+µ−) π+. Since the B+
c absolute

branching fraction is unknown, we measure the B+
c production cross-section (σ(B+

c )) times
the B+

c → J/ψ π+ branching ratio (BR). This measurement has been performed relative to
B+ → J/ψ K+ in order to cancel out most of the systematic uncertainties. Hence the quantity
measured at LHCb is 9:

Rc+ =
σ(B+

c ) × BR(B+
c → J/ψ π+)

σ(B+) × BR(B+ → J/ψ K+)
. (1)



)2) (MeV/c±πψM(J/
6100 6200 6300 6400 6500

2
Ev

en
ts

 / 
20

 M
eV

/c

0

10

20

30

40

50
 = 7 TeVs

Preliminary
LHCb

)2) (MeV/c±KψM(J/
5200 5300 5400 5500

2
Ev

en
ts

 / 
10

 M
eV

/c

0

200

400

600

800

1000

1200

 = 7 TeVs

Preliminary
LHCb

 = 7 TeVs

Preliminary
LHCb

Figure 3: The invariant mass distribution for B+
c → J/ψ(µ+µ−) π+ (left) and B+

→ J/ψ K+ (right) candidates,
with the fit results superimposed. The blue solid line represents the total fit function, the red dashed line the
signal contribution, the green dashed line the combinatorial background contribution. For the B+

→ J/ψ K+

mass distribution, the red solid line represents the background from Cabibbo-suppressed B+
→ J/ψ π+ decays.

The analysis has been performed in the fiducial region B pT > 4 GeV/c and B pseudo-rapidity
η ∈ [2.5; 4.5] using 32.5 pb−1 of integrated luminosity. The B+

c and B+ selection criteria have
been chosen to be as similar as possible to reduce the systematic uncertainties on Rc+ . The
number of B+

c and B+ have been extracted from a fit to the J/ψ π and J/ψ K invariant mass
distributions (see Figure 3). In both cases a Gaussian shape has been used for the signal and
an exponential shape has been used for the combinatorial background. The non-combinatorial
background from the Cabibbo suppressed decay B+ → J/ψ π+ has also been taken into account.
Since the B+

c production spectrum and lifetime are poorly known, the efficiency has been evalu-
ated from Monte Carlo simulation in bins of B pT and η to reduce the dependence on theoretical
models. The measured Rc+ in the fiducial region is Rc+ = (2.2 ± 0.8 ± 0.2)% where the first
uncertainty is statistical and the second is systematic. A model dependant approach obtained
with the B+

c generator BCVEGPY 10 (i.e. a complete LO α4
s calculation) and the CTEQ6LL 11

PDF gives Rmodel-dependant

c+ = (1.4 ± 0.4 ± 0.1)%.

6 Conclusions

With the 2010 data the differential production cross-sections of J/ψ and Υ(1S) and the produc-
tion cross-section of double J/ψ and B+

c (relative to B+) have been measured with the LHCb
detector. The results are in good agreement with the theoretical calculations and the observation
of the B+

c looks very promising for future measurements.
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