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NRQCD predictions for the production rates of J/ψ and ψ (2S) at the LHC are presented. We
consider a data-driven approach to reduce the theoretical uncertainties. The predicted cross sections differential in transverse momentum offer the opportunity to further test the color-octet
dominance in J/ψ or ψ (2S) hadroproduction.
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1. Introduction

2. Framework
The differential cross sections are computed at order αs3 (leading order). The relevant partonlevel processes are gg → gcc̄[n], gq → qcc̄[n], gq̄ → q̄cc̄[n] and qq̄ → gcc̄[n]. The color-singlet
[1]
[8]
[8]
channel n = 3 S1 and the color-octet channels n = 3 S1 , 1 S0 are taken into account1 . The curves
are generated with MadOnia [9]. We consider the PDF set cteq6l1 and the running of αs at one
loop accuracy, with αs (MZ ) = 0.13.
In the case of the color-octet 3 S1 channel, the logarithms αs log(mc /pT ) are resummed by
calculating the cross section d σ f r /d pT in the fragmentation approximation and by solving the
DGLAP evolution equation for the fragmentation funtion Dg→cc̄8 (3 S1 ) (µ f r ). For this calculation,
we use the code from [11]. In the evolved cross section, the fragmentation scale µ f r is set equal
to the renormalization and the factorization scales. Following the approach in [12], the rescaling
factor
d σ f r /d pT (µ f r = µr )
(2.1)
R=
d σ f r /d pT (µ f r = 2mc )
[8]

is applied to the spectrum d σ (3 S1 )/d pT calculated at fixed order in αs .
The NRQCD Long-Distance Matrix Elements (LDME) hO8 (3 S1 )i and hO8 (1 S0 )i are extracted
from the Tevatron data as described in the next section. For the mass of the charm quark, we
use the central value mc = 1.5 GeV and allow for variation of 0.1 GeV. The
qrenormalization and

factorization scales are kept equal. We use the central value µr = µ f = µ0 =
for variation of a factor 2.

4m2c + p2T and allow

3. Extraction of the color-octet LDME’s at the Tevatron
The cross section differential in pT for the production of direct J/ψ at the Tevatron (run I)
√
has been measured by the CDF collaboration [13]. The energy of the collisions is s = 1.8 TeV,
1 At

[8]

leading order in αs , the P-wave color-octet channels n = 3 PJ

Long-Distance Matrix Element associated with the

1 S[8]
0

channel.

2

can be effectively described by shifting the
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Since the discovery of the J/ψ , quarkonium states has attracted a vivacious interest. In particular, the production of these states offers a challenging opportunity to test our understanding of
QCD. The production of quarkonia can be studied in the framework of NonRelativitic QCD [1], an
effective field theory that separates the perturbative and non-perturbative energy scales. Recently,
most of the short-distance coefficients appearing in the NRQCD expansion of cross sections for
quarkonium hadroproduction have been extended at NLO accuracy in αs [2, 3, 4, 5, 6, 7, 8]. Despite these recent theoretical advances, we are still lacking a clear picture of the mechanisms at
work in quarkonium hadroproduction. As several quarkonium production rates are currently being
measured at the LHC, it is useful to compare these early data to some benchmark predictions. In
this analysis, we restrict ourself to the direct production of J/ψ and ψ (2S), and use a scheme that
is relevant to test the color-octet 3 S1 dominance at large pT against the measured production rate
differential in pT .

dσ/dpT . Br[ψ(2S) → µ+ µ-] (pb/GeV)
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Figure 1: Left: direct production of J/ψ at the Tevatron, run I. The errorbars are the data collected by the
CDF collaboration. The curves are the NRQCD predictions, with the values of the color-octet LDME’s fitted
to the central values of the CDF data points. Right: same plot for prompt ψ (2S) production at the Tevatron,
run II.
J/ψ

J/ψ

scale/mc
0.5 µ0
µ0
2 µ0

hO8 (3 S1 )i(10−3 × GeV3 )
1.4 GeV 1.5 GeV 1.6 GeV
2.45
2.72
2.95
5.56
6.12
6.71
11.0
12.5
13.9

hO8 (1 S0 )i(10−2 × GeV3 )
1.4 GeV 1.5 GeV 1.6 GeV
3.29
4.12
5.05
4.14
5.41
6.77
5.59
7.30
9.08

µ0 , upper edge
µ0 , lower edge

7.12
4.94

6.57
4.26

Table 1: Upper: values of the color-octet LDME’s for direct J/ψ production extracted from the fit to the
central values of the CDF data points. Lower: values of the color-octet LDME’s extracted from the fit to the
upper and lower edge of the errorbars reported by the CDF collaboration, after setting the mass of the charm
quark and the scales to their central values: mc = 1.5 GeV, µ = µ0 .

and the kinematic region is defined by the cut on pseudo-rapidity |η (J/ψ )| < 0.6. The measured
spectrum is shown in Figure 1 (left).
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dσ/dpT . Br[J/ψ → µ+ µ-] (nb/GeV)
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Considering these kinematic conditions, the short-distance coefficients d σ̂1 (3 S1 )/d pT , d σ̂8 (3 S1 )/d pT ,
d σ̂8 (1 S0 )/d pT as well as the rescaling factor R are calculated for mc = 1.4, 1.5 and 1.6 GeV and
µ f = µr = µ0 /2, µ0 and 2µ0 . A binning of 1 GeV is used to generate each curve through a MonteCarlo integration. To get a continous expression for each curve, the quantities log [d σ̂ /d pT ] were
extrapolated linearly between the central values of each pair of adjacent bins.
J/ψ
We set hO1 (3 S1 )i=1.32 GeV3 which corresponds to the value of the Long-Distance Matrix
Element for J/ψ decay calculated in [10], up to a convention factor 2J + 1 = 3. For each of the 9
sets (mc , µ ) of theoretical inputs, the values of the color-octet LDME’s are extracted by fitting the
theoretical spectrum to the central values of the CDF data points. The fit is illustrated in Figure 1
(left). The values of the extracted LDME’s for each set of theoretical inputs are given in Table 1.
In order to take into account the experimental errors in the fit, the values of the color-octet
LDME’s are also extracted by fitting the theoretical spectrum to the lower/upper edge of the CDF
data points. In that case, the theoretical input parameters are fixed to mc = 1.5 GeV, µ f = µ f = µ0 .
The corresponding values of the color-octet LDME’s are given in the last two lines of Table 1.
3
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ψ (2S)

scale/mc
0.5 µ0
µ0
2 µ0

(3 S1 )i(10−3 × GeV3 )
hO8
1.4 GeV 1.5 GeV 1.6 GeV
1.93
2.26
2.62
4.07
4.79
5.37
7.70
9.04
10.4

hO8
(1 S0 )i(10−3 × GeV3 )
1.4 GeV 1.5 GeV 1.6 GeV
4.72
7.04
9.36
3.41
6.71
10.5
3.73
7.99
12.0

µ0 , upper edge
µ0 , lower edge

5.46
4.12

6.48
6.95

We apply the same procedure to extract the color-octet LDME’s for ψ (2S) production, using
√
the CDF data [14] collected at the Tevatron, run II ( s = 1.96 TeV, |y[ψ (2S)]| < 0.6), and setting
ψ (2S) 3
( S1 )i=0.758 GeV3 . The fit is illustrated in Figure 1 (right), and the values of the colorhO1
octet LDME’s are given in Table 2.

4. Predicted rates at the LHC
√
We now consider the direct J/ψ production rate in proton-proton collisions at the LHC, s =7
TeV. For each set (mc , µ ) of theoretical inputs, we consider the associated color-octet LDME’s
given in Table 1 and compute the differential cross section at the LHC. We consider both the
rapidity region |y| < 2.4 and the pseudo-rapidity region 2 < |η | < 5. The rescaling factor R is
calculated within the same acceptance cuts.
The envelope of the curves corresponding to different theoretical inputs is relatively narrow,
because the effects from varying mc and µ are partly cancelled by the variation of the color-octet
LDME’s. We define the error dyth,+ (resp. dyth,− ) as the gap between the central curve —associated
with mc = 1.5 GeV, µ = µ0 — and the upper bound (resp. lower bound) of the envelope of the 9
curves corresponding to different theoretical inputs for the scales and the mass of the charm quark.
For the central set (mc = 1.5, µ = µ0 ), we also consider the differential cross sections after
setting the color-octet LDME’s to the values given in the last two lines of Table 1. The resulting
curves are used to estimate the errors dyexp,+ and dyexp,− induced by the experimental errors on the
data points of Figure 1. We then combine in quadrature the errors dyth and dyexp . The resulting
errors dy+ and dy− are used to define the uncertainty bands shown in Figure 2 (left).
We consider the same approach to predict the ψ (2S) prompt production rate at the LHC. The
resulting uncertainty bands are shown in Figure 2 (right).
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Table 2: Upper: values of the color-octet LDME’s for ψ (2S) production extracted from the fit to the central
values of the CDF data points. Lower: values of the color-octet LDME’s extracted from the fit to the upper
and lower edge of the errorbars reported by the CDF collaboration, after setting the mass of the charm quark
and the scales to their central values: mc = 1.5 GeV, µ = µ0 .
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Figure 2: Predicted uncertainty bands for the direct production of J/ψ (left), and for the prompt production
√
of ψ (2S) (right) at the LHC, s = 7 TeV.
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