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Abstract An angular analysis of the decay J /ψ → μ+ μ−
is performed to measure the polarization of prompt J /ψ
√
mesons produced in pp collisions at s = 7 TeV. The
dataset corresponds to an integrated luminosity of 0.37 fb−1
collected with the LHCb detector. The measurement is presented as a function of transverse momentum, pT , and rapidity, y, of the J /ψ meson, in the kinematic region 2 < pT <
15 GeV/c and 2.0 < y < 4.5.

the beam axis) and the X-axis is oriented to create a righthanded coordinate system.
Several polarization frame definitions can be found in the
literature. In the helicity frame [3] the polarization axis coincides with the flight direction of the J /ψ in the centre-ofmass frame of the colliding hadrons. In the Collins–Soper
frame [4] the polarization axis is the direction of the relative
velocity of the colliding beams in the J /ψ rest frame.
The angular decay distribution, apart from a normalization factor, is described by

1 Introduction

d 2N
∝ 1 + λθ cos2 θ + λθφ sin 2θ cos φ
d cos θ dφ

Studies of J /ψ production in hadronic collisions provide
powerful tests of QCD. In pp collisions, quarkonium resonances can be produced directly, through feed-down from
higher quarkonium states (such as the ψ(2S) or χc resonances [1]), or via the decay of b hadrons. The first two production mechanisms are generically referred to as prompt
production. The mechanism for prompt production is not
yet fully understood and none of the available models adequately predicts the observed dependence of the J /ψ production cross-section and polarization on its transverse momentum pT [1]. This paper describes the measurement of the
polarization of the prompt J /ψ component in pp collisions
√
at s = 7 TeV, using the dimuon decay mode. The measured polarization is subsequently used to update the LHCb
measurement of the cross-section given in Ref. [2]. This improves the precision of the cross-section measurement significantly as the polarization and overall reconstruction efficiency are highly correlated.
The three polarization states of a J /ψ vector meson are
specified in terms of a chosen coordinate system in the rest
frame of the meson. This coordinate system is called the
polarization frame and is defined with respect to a particular polarization axis. Defining the polarization axis to be
the Z-axis, the Y -axis is chosen to be orthogonal to the production plane (the plane containing the J /ψ momentum and
 e-mail:
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+ λφ sin2 θ cos 2φ,

(1)

where θ is the polar angle between the direction of the positive lepton and the chosen polarization axis, and φ is the
azimuthal angle, measured with respect to the production
plane. In this formalism, the polarization is completely longitudinal if the set of polarization parameters (λθ , λθφ , λφ )
takes the values (−1, 0, 0) and it is completely transverse if
it takes the values (1, 0, 0). In the zero polarization scenario
the parameters are (0, 0, 0). In the general case, the values of
(λθ , λθφ , λφ ) depend on the choice of the spin quantization
frame and different values can be consistent with the same
underlying polarization states. However, the combination of
parameters
λinv =

λθ + 3λφ
1 − λφ

(2)

is invariant under the choice of polarization frame [5, 6].
The natural polarization axis for the measurement is that
where the lepton azimuthal angle distribution is symmetric
(λφ = λθφ = 0) and λθ is maximal [7].
Several theoretical models are used to describe quarkonium production, predicting the values and the kinematic
dependence of the cross-section and polarization. The colorsinglet model (CSM) at leading order [8, 9] underestimates
the J /ψ production cross-section by two orders of magnitude [2, 10] and predicts significant transverse polarization. Subsequent calculations at next-to-leading order and

Page 2 of 16

Eur. Phys. J. C (2013) 73:2631

at next-to-next-to-leading order change these predictions
dramatically. The cross-section prediction comes close to
the observed values and the polarization is expected to
be large and longitudinal [11–14]. Calculations performed
in the framework of non-relativistic quantum chromodynamics (NRQCD), where the cc̄ pair can be produced in
color-octet states (color-octet model, COM [15–17]), can
explain the shape and magnitude of the measured crosssection as a function of pT . COM predicts a dependence of
the J /ψ polarization on the pT of the J /ψ meson. In the
low pT region (pT < M(J /ψ)/c with M(J /ψ) the mass
of the J /ψ meson), where the gluon fusion process dominates, a small longitudinal polarization is expected [18]. For
pT  M(J /ψ), where gluon fragmentation dominates, the
leading order predictions [19, 20] and next-to-leading order
calculations [21] suggest a large transverse component of
the J /ψ polarization.
The polarization for inclusive J /ψ production (including
the feed-down from higher charmonium states) in hadronic
interactions has been measured by several experiments at
Fermilab [22], Brookhaven [23] and DESY [24]. The CDF
√
experiment, in p p̄ collisions at s = 1.96 TeV, measured
a small longitudinal J /ψ polarization, going to zero at
small pT . This measurement is in disagreement with the
COM calculations and does not support the conclusion that
the color-octet terms dominate the J /ψ production in the
high pT region. The PHENIX experiment measured the
√
J /ψ polarization in pp collisions at s = 200 GeV, for
pT < 3 GeV/c. The HERA-B experiment studied J /ψ polarization in 920 GeV/c fixed target proton-nucleus (p-C
and p-W ) collisions. The explored kinematic region is defined for pT < 5.4 GeV/c and Feynman variable xF between −0.34 and 0.14. Also in these cases a small longitudinal polarization is observed. Recently, at the LHC,
ALICE [25] and CMS [26] have measured the J /ψ po√
larization in pp collisions at s = 7 TeV, in the kinematic ranges of 2 < pT < 8 GeV/c, 2.5 < y < 4.0, and
14 < pT < 70 GeV/c, |y| < 1.2, respectively. The ALICE
collaboration finds a small longitudinal polarization vanishing at high values of pT ,1 while the CMS results do not show
evidence of large transverse or longitudinal polarizations.
The analysis presented here is performed by fitting the
efficiency-corrected angular distribution of the data. Given
the forward geometry of the LHCb experiment, the polarization results are presented in the helicity frame and, as a
cross-check, in the Collins–Soper frame. The polarization is
measured by performing a two-dimensional angular analysis considering the distribution given in Eq. (1) and using an
unbinned maximum likelihood fit. To evaluate the detector
acceptance, reconstruction and trigger efficiency, fully simulated events are used. The measurement is performed in six
1 In the ALICE measurement the

J /ψ from b decays are also included.

bins of J /ψ transverse momentum and five rapidity bins.
The edges of the bins in J /ψ pT and y are defined respectively as [2, 3, 4, 5, 7, 10, 15] GeV/c in J /ψ pT and [2.0,
2.5, 3.0, 3.5, 4.0, 4.5] in J /ψ y.
The remainder of the paper is organized as following. In
Sect. 2 a brief description of the LHCb detector and the data
sample used for the analysis is given. In Sect. 3 the signal
selection is defined. In Sects. 4 and 5 respectively, the fit
procedure to the angular distribution and the contributions
to the systematic uncertainties on the measurement are described. The results are presented in Sect. 6 and in Sect. 7
the update of the J /ψ cross-section, including the polarization effect, is described. Finally in Sect. 8 conclusions are
drawn.

2 LHCb detector and data sample
The LHCb detector [27] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed
for the study of hadrons containing b or c quarks. A righthanded Cartesian coordinate system is used, centred on the
nominal pp collision point with z pointing downstream
along the nominal beam axis and y pointing upwards. 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
4 Tm, and three stations of silicon-strip detectors and straw
drift tubes placed downstream. The combined tracking system provides momentum measurement with relative uncertainty that varies from 0.4 % at 5 GeV/c to 0.6 % at
100 GeV/c, and impact parameter resolution of 20 µm for
tracks with high pT . Charged hadrons are identified using two ring-imaging Cherenkov detectors. Photon, electron
and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and pre-shower detectors,
an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers [28].
The trigger [29] consists of a hardware stage, based on
information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. Candidate events are selected by the hardware trigger requiring the pT of one muon to be larger than
1.48 GeV/c, or the products of the pT of the two muons
to be larger than 1.68 (GeV/c)2 . In the subsequent software
trigger [29], two tracks with pT > 0.5 GeV/c and momentum p > 6 GeV/c are required to be identified as muons
and the invariant mass of the two muon tracks is required to
be within ±120 MeV/c2 of the nominal mass of the J /ψ
meson [30]. The data used for this analysis correspond to
an integrated luminosity of 0.37 fb−1 of pp collisions at
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√
a center-of-mass energy of s = 7 TeV, collected by the
LHCb experiment in the first half of 2011. The period of
data taking has been chosen to have uniform trigger conditions.
In the simulation, pp collisions are generated using
P YTHIA 6.4 [31] with a specific LHCb configuration [32].
Decays of hadronic particles are described by E VT G EN [33],
in which final state radiation is generated using P HO TOS [34]. The interaction of the generated particles with
the detector and its response are implemented using the
G EANT 4 toolkit [35, 36] as described in Ref. [37]. The
prompt charmonium production is simulated in P YTHIA according to the leading order color-singlet and color-octet
mechanisms.

3 Signal selection
The selection requires that at least one primary vertex is reconstructed in the event. Candidate J /ψ mesons are formed
from pairs of opposite-sign tracks reconstructed in the tracking system. Each track is required to have pT > 0.75 GeV/c
and to be identified as a muon. The two muons must originate from a common vertex and the χ 2 probability of the
vertex fit must be greater than 0.5 %.
In Fig. 1 (left), the invariant mass distribution of J /ψ
candidates for 5 < pT < 7 GeV/c and 3.0 < y < 3.5 is
shown as an example. A fit to the mass distribution has
been performed using a Crystal Ball function [38] for the
signal and a linear function for the background, whose origin is combinatorial. The Crystal Ball parameter describing
the threshold of the radiative tail is fixed to the value obtained in the simulation. The Crystal Ball peak position and

Fig. 1 (Left) Invariant mass distribution of muon pairs passing the
selection criteria. In the plot, J /ψ candidates are required to have
5 < pT < 7 GeV/c and 3.0 < y < 3.5. The solid (dashed) vertical
lines indicate the signal (sideband) regions. (Right) Pseudo decay-time
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resolution determined in the fit shown in Fig. 1 (left) are respectively μ = 3090.5 MeV/c2 and σ = 14.6 MeV/c2 . The
signal region is defined as [μ − 3σ, μ + 3σ ] and the two
sideband regions as [μ − 7σ, μ − 4σ ] and [μ + 4σ, μ + 7σ ]
in the mass distribution.
Prompt J /ψ mesons and J /ψ mesons from b-hadron
decays can be discriminated by the pseudo-decay-time τ ,
which is defined as:
(zJ /ψ − zPV )M(J /ψ)
,
(3)
τ=
pz
where zJ /ψ and zPV are the positions of the J /ψ decay
vertex and the associated primary vertex along the z-axis,
M(J /ψ) is the nominal J /ψ mass and pz is the measured
z component of the J /ψ momentum in the center-of-mass
frame of the pp collision. For events with several primary
vertices, the one which is closest to the J /ψ vertex is used.
The uncertainty στ is calculated for each candidate using the
measured covariance matrix of zJ /ψ and pz and the uncertainty of zPV . The bias induced by not refitting the primary
vertex removing the two tracks from the reconstructed J /ψ
meson is found to be negligible [2]. The pseudo decay-time
significance Sτ is defined as Sτ = τ/στ . In order to suppress
the component of J /ψ mesons from b-hadron decays, it is
required that |Sτ | < 4. With this requirement, the fraction
of J /ψ from b-hadron decays reduces from about 15 % to
about 3 %. The distribution of the pseudo-decay-time significance in one kinematic bin is shown in Fig. 1 (right).

4 Polarization fit
The polarization parameters are determined from a fit to the
angular distribution (cos θ, φ) of the J /ψ → μ+ μ− decay.

significance (Sτ ) distribution for background subtracted J /ψ candidates in the same kinematic bin. The solid vertical lines indicate the
Sτ selection region. The right tail of the distribution is due to J /ψ
production through the decay of b hadrons
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The knowledge of the efficiency as a function of the angular
variables (cos θ, φ) is crucial for the analysis. The detection
efficiency includes geometrical, detection and trigger efficiencies and is obtained from a sample of simulated unpolarized J /ψ mesons decaying in the J /ψ → μ+ μ− channel,
where the events are divided in bins of pT and y of the J /ψ
meson. The efficiency is studied as a function of four kinematic variables: pT and y of the J /ψ meson, and cos θ and
φ of the positive muon. As an example, Fig. 2 shows the efficiency as a function of cos θ (integrated over φ) and φ (integrated over cos θ ) respectively, for two different bins of pT
and all five bins of y. The efficiency is lower for cos θ ≈ ±1,
as one of the two muons in this case has a small momentum
in the center-of-mass frame of the pp collision and is often bent out of the detector acceptance by the dipole field of
the magnet. The efficiency is also lower for |φ| ≈ 0 or π ,
because one of the two muons often escapes the LHCb detector acceptance.
To fit the angular distribution in Eq. (1), a maximum likelihood (ML) approach is used. The logarithm of the likelihood function, for data in each pT and y bin, is defined as
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log L =

Ntot


wi

i=1



P (cos θi , φi |λθ , λθφ , λφ ) (cos θi , φi )
N (λθ , λθφ , λφ )


Ntot

P (cos θi , φi |λθ , λθφ , λφ )
=
wi × log
N (λθ , λθφ , λφ )
× log


(4)

i=1

+

Ntot




wi × log (cos θi , φi ) ,

(5)

i=1

where
P (cos θi , φi |λθ , λθφ , λφ )
= 1 + λθ cos2 θi + λθφ sin 2θi cos φi + λφ sin2 θi cos 2φi ,
wi are weighting factors and the index i runs over the number of the candidates, Ntot . The second sum in Eq. (5) can
be ignored in the fit as it has no dependence on the polarization parameters. N (λθ , λθφ , λφ ) is a normalization integral,
defined as

Fig. 2 Global efficiency (area normalized to unity) as a function of (top) cos θ and (bottom) φ for (left) 3 < pT < 4 GeV/c and for (right)
7 < pT < 10 GeV/c of J /ψ mesons in the helicity frame. The efficiency is determined from simulation
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Fig. 3 (Left) Distributions of cos θ in the helicity frame for J /ψ mesons from B + → J /ψK + decays in data (open circles) and simulated sample
(open squares) after the weighting based on the B + and J /ψ kinematics and (right) their ratio

N(λθ , λθφ , λφ )

= dΩ P (cos θ, φ|λθ , λθφ , λφ ) × (cos θ, φ).

(6)

In the simulation where J /ψ mesons are generated unpolarized, the (cos θ, φ) two-dimensional distribution of selected candidates is the same as the efficiency (cos θ, φ), so
Eq. (6) can be evaluated by summing P (cos θi , φi |λθ , λθφ ,
λφ ) over the J /ψ candidates in the simulated sample. The
normalization N(λθ , λθφ , λφ ) depends on all three polarization parameters. The weighting factor wi is chosen to be
+1 (−1) if a candidate falls in the signal region (sideband
regions) shown in Fig. 1. In this way the background component in the signal window is subtracted on a statistical basis.2 For this procedure it is assumed that the angular distribution (cos θ, φ) of background events in the signal region is
similar to that of the events in sideband regions, and that the
mass distribution of the background is approximately linear.
The method used for the measurement of the polarization
is tested by measuring the J /ψ polarization in two simulated samples with a fully transverse and fully longitudinal
polarization, respectively. In both cases the results reproduce
the simulation input within the statistical sensitivity.
To evaluate the normalization function N (λθ , λθφ , λφ ) on
the simulated sample of unpolarized J /ψ mesons, we rely
on the correct simulation of the efficiency. In order to cross
check the reliability of the efficiency obtained from the simulation, the control-channel B + → J /ψK + is studied. The
choice of this channel is motivated by the fact that, due to
angular momentum conservation, the J /ψ must be longitudinally polarized and any difference between the angular
2 The signal window and the sum of the sideband regions have the same

width.

distributions measured in data and in the simulation must be
due to inaccuracies in the simulation.
To compare the kinematic variables of the muons in data
and simulation, a first weighting procedure is applied to the
simulated sample to reproduce the B + and J /ψ kinematics
in the data. In Fig. 3, cos θ distributions for B + → J /ψK +
candidates for data and simulation are shown, as well as
their ratio. A small difference between the distributions for
data and simulation is observed, which is attributed to an
overestimation of the efficiency in the simulation for candidates with values of | cos θ | ≈ 1. To correct for the acceptance difference, an additional event weighting is applied where the weighting factors are obtained by comparing the two-dimensional muon pT and y distribution in the
center-of-mass frame of pp collisions in data and simulation. This weighting corrects for the observed disagreement
in the cos θ distribution. The weights as a function of muon
pT and y obtained from the B + → J /ψK + sample are subsequently applied in the same way to the simulated prompt
J /ψ sample, which is used to determine the efficiency for
the polarization measurement.

5 Systematic uncertainties
The largest systematic uncertainty is related to the determination of the efficiency and to the weighting procedure used
to correct the simulation, using the B + → J /ψK + control
channel. The weighting procedure is performed in bins of
pT and y of the two muons and, due to the limited number
of candidates in the control channel, the statistical uncertainties of the correction factors are sizeable (from 1.3 % up
to 25 %, depending on the bin). To propagate these uncertainties to the polarization results, the following procedure
is used. For each muon (pT , y) bin, the weight is changed
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by one standard deviation, leaving all other weights at their
nominal values. This new set of weights is used to redetermine the detector efficiency and then perform a new fit of
the polarization parameters. The difference of the obtained
parameters with respect to the nominal polarization result
is considered as the contribution of this muon (pT , y) bin
to the uncertainty. The total systematic uncertainty is obtained by summing all these independent contributions in
quadrature. In the helicity frame, the average absolute uncertainty over all the J /ψ (pT , y) bins due to this effect is
0.067 on λθ .
Concerning the background subtraction, the choice of the
sidebands and the background model are checked. A systematic uncertainty is evaluated by comparing the nominal results for the polarization parameters, and those obtained using only the left or the right sideband, or changing the background fit function (as alternatives to the linear
function, exponential and polynomial functions are used).
In both cases the maximum variation with respect to the
nominal result is assigned as systematic uncertainty. Typically, the absolute size of this effect is 0.012 on λθ for
pT > 5 GeV/c.
The effect of the (pT , y) binning for the J /ψ meson
could also introduce an uncertainty, due to the difference
of the J /ψ kinematic distributions between data and simulation within the bins. To investigate this effect, each bin
is divided in four sub-bins (2 × 2) and the polarization parameters are calculated in each sub-bin. The weighted average of the results in the four sub-bins is compared with the
nominal result and the difference is quoted as the systematic
uncertainty. As expected, this effect is particularly important
in the rapidity range near the LHCb acceptance boundaries,
where the efficiency has a strong dependence on the kinematic properties of the J /ψ meson. It however depends on
pT only weakly and the average effect on λθ is 0.018 (absolute).
Two systematic uncertainties related to the cut on the
J /ψ decay time significance are evaluated. The first is due
to the residual J /ψ candidates from b-hadron decays, 3 %
on average and up to 5 % in the highest pT bins, that potentially have different polarization. The second is due to
the efficiency difference in the Sτ requirement in data and
simulation. The average size of these effects, over the J /ψ
(pT , y), is 0.012.
Table 1 Main contributions to
the absolute systematic
uncertainty on the parameter λθ
in the helicity and
Collins–Soper frames. While
the systematic uncertainties are
evaluated separately for all pT
and y bins, we give here only
the average, the minimum and
the maximum values of all bins

Source

The limited number of events in the simulation sample,
used to evaluate the normalization integrals of Eq. (6), is a
source of uncertainty. This effect is evaluated by simulating a large number of pseudo-experiments and the average
absolute size is 0.015.
Finally, the procedure used to statistically subtract the
background introduces a statistical uncertainty, not included
in the standard likelihood maximization uncertainty. A detailed investigation shows that it represents a tiny correction
to the nominal statistical uncertainty, reported in Tables 2
and 3.
The main contributions to the systematic uncertainties
on λθ are summarized in Table 1 for the helicity and the
Collins–Soper frames. While all uncertainties are evaluated
for every pT and y bin separately, we quote for the individual contributions only the average, minimum and maximum values. The systematic uncertainties on λθφ and λφ
are similar to each other and a factor two lower than those
for λθ . Apart from the binning and the simulation sample
size effects, the uncertainties of adjacent kinematic bins are
strongly correlated.
To quote the global systematic uncertainty (Tables 2
and 3) in each kinematic bin of the J /ψ meson, the different
contributions for each bin are considered to be uncorrelated
and are added in quadrature.

6 Results
The fit results for the three parameters λθ , λθφ and λφ , with
their uncertainties, are reported in Tables 2 and 3 for the helicity frame and the Collins–Soper frame, respectively. The
parameter λθ is also shown in Fig. 4 as a function of the pT
of the J /ψ meson, for different y bins.
The polarization parameters λφ and λθφ in the helicity
frame are consistent with zero within the uncertainties. Following the discussion in Sect. 1, the helicity frame represents the natural frame for the polarization measurement in
our experiment and the measured λθ parameter is an indicator of the J /ψ polarization, since it is equal to the invariant
parameter defined in Eq. (2).
The measured value of λθ shows a small longitudinal
polarization. A weighted average is calculated over all the

Helicity frame
average (min.–max.)

Collins–Soper frame
average (min.–max.)

Acceptance

0.067 (0.045–0.173)

0.044 (0.025–0.185)

Binning effect

0.018 (0.001–0.165)

0.016 (0.001–0.129)

Simulation sample size

0.015 (0.005–0.127)

0.015 (0.007–0.170)

Sideband subtraction

0.016 (0.001–0.099)

0.029 (0.001–0.183)

b-hadron contamination

0.012 (0.002–0.019)

0.006 (0.002–0.029)
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Fig. 4 Measurements of λθ in bins of pT for five rapidity bins in (left)
the helicity frame and (right) the Collins–Soper frame. The error bars
represent the statistical and systematic uncertainties added in quadra-

ture. The data points are shifted slightly horizontally for different rapidities to improve visibility

(pT , y) bins, where the weights are chosen according to the
number of events in each bin in the data sample. The average
is λθ = −0.145 ± 0.027. The uncertainty is statistical and
systematic uncertainties added in quadrature. Since the correlations of the systematic uncertainties are observed to be
relevant only between adjacent kinematic bins, when quoting the average uncertainty, we assume the different kinematic bins are uncorrelated, apart from the adjacent ones,
which we treat fully correlated.
A cross-check of the results is performed by repeating
the measurement in the Collins–Soper reference frame (see
Sect. 1). As LHCb is a forward detector, the Collins–Soper
and helicity frames are kinematically quite similar, especially in the low pT and y regions. Therefore, the polarization parameters obtained in Collins–Soper frame are expected to be similar to those obtained in the helicity frame,
except at high pT and low y bins. Calculating the frameinvariant variable, according to Eq. (2), the measurements
performed in the two frames are in agreement within the uncertainty.
The results can be compared to those obtained by other
√
experiments at different values of s. Measurements by
CDF [22], PHENIX [23] and HERA-B [24], also favor a
negative value for λθ . The HERA-B experiment has also
published results on λφ and λθφ , which are consistent with
zero. At the LHC, the ALICE [25] and the CMS [26] collaboration studied the J /ψ polarization in pp collisions
√
at s = 7 TeV. The CMS results, determined in a different kinematic range, disfavor large transverse or longitudinal polarizations. The analysis by ALICE is based on the
cos θ and φ projections and thus only determines λθ and λφ .
Furthermore it also includes J /ψ mesons from b-hadron
decays. The measurement has been performed in bins of

J /ψ transverse momentum integrating over the rapidity in
a range very similar to that of LHCb, being 2 < pT <
8 GeV/c and 2.5 < y < 4.0. To compare our results with the
ALICE measurements, averages over the y region are used
for the different pT bins and good agreement is found for
λθ and λφ . The comparison for λθ is shown in Fig. 5 for the
helicity and Collins–Soper frames, respectively.
In Fig. 6 our measurements of λθ are compared with the
NLO CSM [39] and NRQCD predictions of Refs. [39, 40]
and [41, 42]. The comparison is done in the helicity frame
and as a function of the pT of the J /ψ meson (integrating over 2.5 < y < 4.0). The theoretical calculations in
Refs. [39, 40] and [41, 42] use different selections of experimental data to evaluate the non-perturbative matrix elements. Our results are not in agreement with the CSM predictions and the best agreement is found between the measured values and the NRQCD predictions of Refs. [41, 42].
It should be noted that our analysis includes a contribution
from feed-down, while the theoretical computations from
CSM and NRQCD [39] do not include feed-down from excited states. It is known that, among all the feed-down contributions to prompt J /ψ production from higher charmonium states, the contribution from χc mesons can be quite
important (up to 30 %) and that ψ(2S) mesons also can give
a sizable contribution [40–43], depending on the yields and
their polarizations. The NLO NRQCD calculations [40–42]
include the feed-down from χc and ψ(2S) mesons.

7 Update of the J /ψ cross-section measurement
√
The J /ψ cross-section in pp collisions at s = 7 TeV was
previously measured by LHCb in 14 bins of pT and five bins
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Fig. 5 Comparison of LHCb and ALICE results for λθ in different pT bins integrating over the rapidity range 2.5 < y < 4.0 in (left) the helicity
frame and (right) the Collins–Soper frame. Error bars represent the statistical and systematic uncertainties added in quadrature

Fig. 6 Comparison of LHCb prompt J /ψ polarization measurements
of λθ with direct NLO color singlet (magenta diagonal lines [39]) and
three different NLO NRQCD (blue diagonal lines (1) [39], red vertical
lines (2) [40] and green hatched (3) [41, 42]) predictions as a function
of the pT of the J /ψ meson in the rapidity range 2.5 < y < 4.0 in the
helicity frame (Color figure online)

of y of the J /ψ meson [2]. The uncertainty on the prompt
cross-section measurement is dominated by the unknown
J /ψ polarization, resulting in uncertainties of up to 20 %:
σprompt (2 < y < 4.5, pT < 14 GeV/c)
= 10.52 ± 0.04 ± 1.40+1.64
−2.20 µb
where the first uncertainty is statistical, the second is systematic and the third one is due to the unknown polarization.
The previous measurement of the prompt J /ψ crosssection can be updated in the range of the polarization analysis, 2 < pT < 14 GeV/c and 2.0 < y < 4.5, by applying the
measured polarization and its uncertainty to the efficiency
calculation in the cross-section measurement. To re-evaluate
the J /ψ production cross-section, the same data sample,
trigger and selection requirements as in Ref. [2] are used.

Technically the polarization correction is done by reweighting the muon angular distribution of a simulated sample
of unpolarized J /ψ → μ+ μ− events to reproduce the expected distribution, according to Eq. (1), for polarized J /ψ
mesons. The polarization parameters λθ , λθφ and λφ are set
to the measured values, quoted in Table 2 for each bin of pT
and y of the J /ψ meson.
In addition to the polarization update, the uncertainties on
the luminosity determination and on the track reconstruction
efficiency are updated to take into account the improvements
described in Refs. [44, 45]. For the tracking efficiency it is
possible to reduce the systematic uncertainty to 3 %, compared to an 8 % uncertainty assigned in the original measurement [2]. Taking advantage of the improvements described
in [44] the uncertainty due to the luminosity measurement
has been reduced from the 10 %, quoted in [2] to the 3.5 %.
The results obtained for the double-differential cross-section
are shown in Fig. 7 and reported in Table 4. The integrated
cross-section in the kinematic range of the polarization analysis, 2 < pT < 14 GeV/c and 2.0 < y < 4.5, is
σprompt (2 < y < 4.5, 2 < pT < 14 GeV/c)
= 4.88 ± 0.01 ± 0.27 ± 0.12 µb
and for the range pT < 14 GeV/c and 2.0 < y < 4.5, it is
σprompt (2 < y < 4.5, pT < 14 GeV/c)
= 9.46 ± 0.04 ± 0.53+0.86
−1.10 µb.
For the two given cross-section measurements, the first uncertainty is statistical, the second is systematic, while the
third arises from the remaining uncertainty due to the polarization measurement and is evaluated using simulated event
samples. For the pT range pT < 2 GeV/c, where no polarization measurement exists, we assume zero polarization
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Fig. 7 Differential cross-section of prompt J /ψ production as a function of pT and in bins of y. The vertical error bars show the quadratic
sum of the statistical and systematic uncertainties

and assign as systematic uncertainty the difference between
the zero polarization hypothesis and fully transverse (upper
values) or fully longitudinal (lower values) polarization. For
pT > 2 GeV/c the uncertainties on the polarization measurement coming from the various sources are propagated
to the cross-section measurement fluctuating the values of
the polarization parameters in Eq. (1) with a Gaussian width
equal to one standard deviation. The relative uncertainty due
to the polarization effect on the integrated cross-section in
2 < pT < 14 GeV/c and 2.0 < y < 4.5 is 2.4 %. The relative uncertainty on the integrated cross-section in the range
of Ref. [2], pT < 14 GeV/c and 2.0 < y < 4.5, is reduced
to 12 % (lower polarization uncertainty) and to 9 % (upper
polarization uncertainty) with respect to the value published
in Ref. [2].

8 Conclusion
A measurement of the prompt J /ψ polarization obtained
√
with pp collisions at s = 7 TeV, performed using a dataset
corresponding to an integrated luminosity of 0.37 fb−1 , is
presented. The data have been collected by the LHCb experiment in the early 2011. The polarization parameters
(λθ , λθφ , λφ ) are determined by studying the angular distribution of the two muons from the decay J /ψ → μ+ μ− with
respect to the polar and azimuthal angle defined in the helicity frame. The measurement is performed in five bins of J /ψ
rapidity y and six bins of J /ψ transverse momentum pT in
the kinematic range 2 < pT < 15 GeV/c and 2.0 < y < 4.5.
The results for λθ indicate a small longitudinal polarization while the results for λθφ and λφ are consistent with
zero. Although a direct comparison is not possible due to
the different collision energies and analysis ranges, the measurements performed by CDF [22], PHENIX [23], HERA-B
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[24] and CMS [26] show no significant transverse or longitudinal polarization. Good agreement has also been found
with ALICE measurements [25], performed in a pT and rapidity range very similar to that explored by LHCb.
Our results, that are obtained for prompt J /ψ production,
including the feed-down from higher excited states, contradict the CSM predictions for direct J /ψ production, both in
the size of the polarization parameters and the pT dependence. Concerning the NRQCD models, predictions from
Refs. [41, 42] give the best agreement with the LHCb measurement.
This evaluation of the polarization is used to update
the measurement of the integrated J /ψ production crosssection [2] in the range pT < 14 GeV/c and 2.0 < y < 4.5,
resulting in a reduction of the corresponding systematic uncertainty to 9 % and 12 %. The result is
σprompt (2 < y < 4.5, pT < 14 GeV/c)
= 9.46 ± 0.04 ± 0.53+0.86
−1.10 µb.
The integrated cross-section has also been measured in the
polarization analysis range 2 < pT < 14 GeV/c and 2.0 <
y < 4.5:
σprompt (2 < y < 4.5, 2 < pT < 14 GeV/c)
= 4.88 ± 0.01 ± 0.27 ± 0.12 µb
with an uncertainty due to polarization of 2.4 %.
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Table 2 Measured J /ψ polarization parameters in bins of pT and y in the helicity frame. The first uncertainty is statistical (from the fit and the background subtraction) while the second is the
systematic uncertainty
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Table 3 Measured J /ψ polarization parameters in bins of pT and y in Collins–Soper frame. The first uncertainty is statistical (from the fit and the background subtraction) while the second is the
systematic uncertainty
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