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During 2010 and 2011 the LHCb experiment [I] has collected a dataset corresponding to
an integrated luminosity of 1 fb~! in p-p collisions at /s = 7 TeV. We present results
of the quarkonium production studies recently performed at LHCb. The experimental
findings are compared with the theoretical predictions and with measurements from other
experiments. A good agreement is found with the theory predictions.

1 Introduction

The mechanism for the production of quarkonia in hadronic collisions is not yet completely
understood. It is well known that the LO Colour Singlet Model (CSM) leads to predictions of
the cross-sections which are in disagreement with the observations at high pr. New theoret-
ical approaches have been proposed in recent years. For example, the Non-Relativistic QCD
factorisation formalism, in which Colour Octet diagrams are introduced. Another approach
consists in extending the computation of the cross-sections in Colour Singlet Model up to the
NNLO. In the Colour Evaporation Model (CEM) instead, the probability of forming a specific
quarkonium state is assumed to be independent of the color of the QQ pair. The debate is still
open and experimental confirmations from the LHC experiments are needed to determine the
reliability of the proposed models.

Open charm can be produced in p-p collisions in association to a J /¢ meson or in association
to another open charm hadron. Predictions for the production cross-sections exist and are given
by the LO perturbative QCD, where calculations are made for the processes gg —J/¥J /v [2],
gg —J/¢ee and gg —céee [3,4]. These predictions are affected by uncertainties that can amount
to a factor of two due to the selection of the a, scale. In p-p collisions contributions from other
mechanisms are possible, such as Double Parton Scattering (DPS) in which the factorisation
of the two PDF is assumed [5] [6], or the intrinsic charm content of the proton (IC) [7]. Since
such theories lead to different predictions for double charm(onium) cross-sections, experimental
results from the LHC can give helpful hints and strong indications.

2 Y(29), x. and YT(nS) production cross-sections

Promptly produced % (2S) mesons have not appreciable feed-down from higher mass charmo-
nium states. This facilitates the comparison between the measured cross-section and the theory
prediction. (2S) cross-section has been measured at LHCb [§] with an integrated luminos-
ity of 36 pb~!, exploiting the decay channels (25) — pu*p~ and ¥(2S) —=J /¢ (utp=)rtr.
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Figure 1: 1(25) cross-section as a function of the transverse momentum for prompt mesons (left)
and for 1(2S) originating from b-hadron decays (right) in the rapidity range 2 < y(1(25)) < 4.5.
Experimental results are compared to theoretical predictions (see text).

Figure [ (left) shows the measured cross-section for prompt ¢ (2S5) as a function of the trans-
verse momentum in the rapidity range 2 < y(¢(25)) < 4.5. Since the polarisation state of the
¥ (25) mesons is not measured yet, a systematic uncertainty is quoted and assigned to the cross-
section. For comparison some theoretical predictions are also plotted: MWC [9] and KB [10]
are NLO calculations including Colour Singlet and Colour Octet contributions. AL [I1], 12] is
a Colour Singlet model including the dominant NNLO terms. (2S5) are also produced from
b-hadron decays. They can be distinguished from promptly produced (2S) exploiting their
finite decay time. Figure [ (right) shows the measured cross-section for (2S) from b-hadrons
as a function of the transverse momentum in the rapidity range 2 < y(¢(2S5)) < 4.5. The
shaded band is the prediction from a FONLL calculation [I3, 14]. Combining these results with
the LHCb J /v measurements given in Ref. [I5] we determined the inclusive branching fraction
B(b — %(25)X) = (2.73 £0.06(stat) £ 0.16(syst) & 0.24(bf)) x 1073, where the last uncertainty
originates from the uncertainties of the branching fractions involved in the measurement.
Feed-down from . states provide a substantial contribution to prompt J/v¢ through the decay
Xe —J/1¢ 7, thus affecting the J/1¢ cross-section and polarisation measurements. x.1,2 have
been selected at LHCb combining J/¢ — puTp~ and v — eTe™ with converted photons in the
tracking system [I16]. Using a data sample corresponding to 370 pb~!, the cross-section ratio
(Xe2)/0(xc1) has been measured as a function of the J/1 transverse momentum and a good
agreement with the NLO NRQCD predictions has been found for pt above 8 GeV /c. Moreover
LHCb has measured the prompt cross-section ratio o(x. —J /% v)/o(J/¥) with a data sample
of 36 pb~! [I7]. In this case, good agreement with the NLO NRQCD predictions is found.
The bottomonium states T(15), T(25) and T(35) are abundantly produced in p-p collisions.
Their production cross-sections have been measured at LHCb [18] with a data sample of 25 pb~!
in the fiducial region 2 < y(T) < 4.5 and pr(T) < 15 GeV/c. The signal yields obtained from
the mass fits are 264104212 for T(1S) — ptp~, 6726+£142 for Y(2S) — ptp~ and 3260+112
for Y(3S) — ptu~. Figure 2 (left) shows the ratios T(2S) — p*p~ and Y(3S) — ptu~ with
respect to T(1S) — ptpu~ as a function of the T pr. Since the polarisation state of the T
mesons is not measured yet, a systematic error is quoted and assigned to the cross-sections.
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Figure 2: (Left) Y(25) — ptu~ and T(3S) — ptp~ to T(1S) — pp~ production ratio as a
function of the YT transverse momentum. (Right) invariant mass difference m(u*p " K+TK~) —
m(ut ™) for selected events at LHCb. The solid red line is the fitted curve while the dotted
blue lines illustrate the expected X(4140) and X (4274) signal yields from the CDF measurement.
The top and bottom plots differ by the background function definition.

3 Double charm production

As mentioned in the introduction, there is large theoretical interest in double charm production
involving open charm. At LHCb, the J/¢C, CC and CC production cross-sections have been
measured [19] in the fiducial region 3 < pp(C) < 12 GeV/e, pr(J/9) < 12 GeV/c and 2 <
y(J/1), y(C)< 4, where C=D°, D+ D} AF. The analysis is based on a data sample of 355
pb~!. Reconstructed and selected charmed hadrons are then required to be consistent with
the same primary vertex. The pile-up has been accurately checked both with simulation and
real data methods and it has been demonstrated to be negligible. Table [I] lists the measured
cross-sections: the first uncertainty is statistical, the second is systematic. The dominant
contribution to the systematic error comes from the hadron track reconstruction, with 2% error

Table 1: Double charm production cross-sections. The first uncertainty is statistical and the
second is systematic.

Mode o [nb] | Mode o [nb]

J/yD%  161.0 £ 3.7 £ 122 | DD} 270 £ 50 + 40
J/YyDT  56.6 £ 1.7 +£5.9 | DDy 1680 + 110 + 240
J/yDf 305426 +34 | DYD 80 + 10 + 10
J/WAT 4324+ 7.0412.0 | DYD™ 780 + 40 £ 130
DD 690 + 40 + 70 D*Df 70 + 15 + 10
DD® 6230 4+ 120 + 630 | D*D; 550 + 60 4 90
DD+ 520 4 80 + 70 DTAF 60 & 30 + 20
DD~ 3990 £ 90 £ 500 | DYA; 530 £ 130 + 170
DCAZ 2010 =+ 280 + 600
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per track. The predictions from gluon-gluon fusion, when available, are significantly smaller
than the measured cross-sections, while better agreement is found with the DPS model.

4 X(3872), X(4140) and X(4274) production studies

X(3872) have been reconstructed at LHCb in the decay channel X(3872)—J/¢(utp~)ntn~
with a data sample corresponding to 35 pb~! [20]. With a signal yield of 570 candidates, the
production cross-section and the mass of the X(3872) have been measured. The obtained values
are respectively O’X(3S72)BJ/71E7T+71'7 = 47 + ll(stat) :l: O7(SySt) nb and MX(3872) = 387195 +
0.48(stat) £ 0.12(syst) MeV/c?. The dominant contributions to the systematic uncertainty on
the mass measurement come from the momentum calibration scale (Am = 0.10 MeV/c?) and
from the energy loss correction (Am = 0.05 MeV /c?). The mass value is a crucial input for the
theory as it can help to understand the nature of the X(3872).

The CDF experiment has observed two narrow resonances in the J/i¢ system of the de-
cay B —J/¢p K* [21]. Such resonances, generally referred to as X(4140) and X(4274),
are very close to the J/¥¢ kinematic threshold and their physical nature is not understood.
LHCb searched for such resonances in the decay Bt —J/1p KT and did not find evidence
for the X(4140) nor for the X(4274) [22]. Figure [ (right) shows the invariant mass difference
m(ptpu~ KTK™)—m(utp™) for selected events at LHCb. The solid red line is the fitted curve
while the dotted blue lines illustrate the expected X(4140) and X(4274) signal yields from the
CDF measurement. The top and bottom plots differ by the background function definition.
The following upper limits for the branching fraction ratios have been determined:

B(B* — X(4140)K*) x B(X (4140) — J /1)

B(BT = JJbpK ") < 0.07

B(B* — X (4274)K+) x B(X (4274) = J /1)

B(BT = JJbpK ) < 0.08

with 90% confidence level.

5 Conclusions

Quarkonia production studies performed at LHCb have been presented. The ¢(25), x. and
T (nS) cross-sections are in good agreement with the theory predictions. Moreover LHCb has
measured for the first time at a hadron collider, the charmed hadron pair production giving
helpful hints to the theoretical models. Finally, the production of the exotic states X(3872),
X(4140) and X(4274) has been studied: while the cross-section and the mass of the X(3872)
have been measured with high precision, LHCb does not confirm the existence of the states
X(4140) and X(4274) previously claimed by the CDF experiment.
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