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Abstract
Exclusive J/ψ and ψ(2S) vector meson production has been observed in the
dimuon channel using the LHCb detector. The cross-section times branching
fractions to two muons with pseudorapidities between 2.0 and 4.5 are measured
to be

σpp→J/ψ(→μ+μ−)(2.0 < ημ± < 4.5) = 307 ± 21 ± 36 pb,

σpp→ψ(2S)(→μ+μ−)(2.0 < ημ± < 4.5) = 7.8 ± 1.3 ± 1.0 pb,

where the first uncertainties are statistical and the second are systematic.
The measurements are found to be in good agreement with results from
previous experiments and theoretical predictions. The J/ψ photoproduction
cross-section has been measured as a function of the photon-proton centre-of-
mass energy. The results are consistent with measurements obtained at HERA
and confirm a similar power law behaviour for the photoproduction cross-
section.

(Some figures may appear in colour only in the online journal)

1. Introduction

Exclusive vector meson production through photoproduction, γ p → V p, has attracted much
interest both experimentally and theoretically as it provides a rich testing ground for QCD.
At sufficiently high meson masses, perturbative QCD (pQCD) can be used to predict the
production cross-section [1–3], but as the masses decrease this approach ceases to work due to
non-perturbative effects. Light vector meson production is best described by Regge theory [4],
which models the process using soft pomeron exchange. This theory predicts a cross-section
which is almost flat with respect to W , the photon–proton centre-of-mass energy. In contrast,
the cross-section for exclusive J/ψ production has been observed to have a strong power law
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dependence on W [5, 6]. This feature is described in pQCD by a hard pomeron (or two gluon
exchange) and the fact that the gluon density in the proton increases rapidly with decreasing
x, the fractional momentum of the proton carried by the parton [1]. A consistent description
of the transition regime between perturbative and non-perturbative QCD is a challenge.

The cross-section for exclusive J/ψ and ψ(2S) production is calculable within pQCD
though with large uncertainties. The simplest leading-order calculation is proportional to
[αS(m2

V /4)xg(x, m2
V /4)]2, where mV is the vector meson mass, αS(m2

V /4) is the strong coupling
constant and g(x, m2

V /4) is the gluon parton density function (PDF) evaluated at the relevant
scale, m2

V /4. Hence a measurement of these processes at the LHC can constrain the gluon
PDF [1].

More exotic effects can also be searched for in this process. The forward acceptance of
the LHCb detector is sensitive to W values between 10 and 2000 GeV and allows the gluon
density to be probed down to x = 5 × 10−6 [7], lower than any previous experiment at a scale
of a few GeV. At a sufficiently low value of x, the strong growth of the gluon density with
decreasing x is expected to be restrained by gluon recombination [8]. This saturation effect
could be visible as a reduction in the photoproduction cross-section with respect to the power
law behaviour at W values accessible at the LHC [9]. Exclusive vector meson production also
provides a promising channel to investigate the existence of the odderon [10].

The HERA experiments measured J/ψ photoproduction using electron–proton collisions
in the range 20 � W � 305 GeV [5, 6]. The data are consistent with a power law dependence
of the form σ = a(W/1 GeV)δ with a = 3 nb and δ = 0.72 [9]. The CDF experiment
measured exclusive J/ψ production in proton–antiproton collisions in a similar kinematic
range as HERA and found consistent results [11].

This paper presents measurements of the cross-section times branching fractions for
exclusive J/ψ and ψ(2S) mesons to produce two muons in the pseudorapidity range
2.0 < ημ± < 4.5 at a proton–proton centre-of-mass energy of

√
s = 7 TeV. The results

are compared with previous experiments and a number of theoretical models. The SUPERCHIC

[12] and STARLIGHT [13] models use a parameterization of the HERA results to predict the
photoproduction cross-section at the LHC. Motyka and Watt [9] use an equivalent photon
approximation combined with a dipole model, which is found to reproduce the main features
of the HERA data. Gonçalves and Machado [14] use a colour dipole approach and the colour
glass condensate formalism which also agrees with the HERA data. Schäfer and Szczurek
[15] use an explicit dynamical model of the photoproduction amplitude, which is evaluated
in terms of an unintegrated gluon distribution. This model predicts a cross-section which is
higher than that observed at HERA.

2. Detector and data samples

The LHCb detector [16] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 (forward region), 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 (VELO) surrounding the proton–proton 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 has a momentum resolution �p/p that varies from 0.4% at 5 GeV/c to 0.6%
at 100 GeV/c, and an impact parameter resolution of 20 μm for tracks with high transverse
momentum. 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 (SPD) and pre-shower detectors, an electromagnetic calorimeter and a
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hadronic calorimeter. The SPD also provides a measurement of the charged particle multiplicity
in an event. Muons are identified by a muon system composed of alternating layers of iron
and multiwire proportional chambers. The trigger 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. The VELO also has sensitivity to charged particles with
momenta above ∼100 MeV/c in the pseudorapidity range −3.5 < η < −1.5 (backward
region) and extends the sensitivity of the forward region to 1.5 < η < 5.

The J/ψ and ψ(2S) mesons are identified through their decay to two muons. The protons
are only marginally deflected and remain undetected inside the beam pipe. Therefore the
signature for exclusive vector meson production is an event containing two muons and no
other activity. The analysis is performed using 36 pb−1 of proton–proton collision data
collected at LHCb in 2010. In this data taking period, the average number of interactions per
bunch crossing varied up to a maximum of about 2.5, with most luminosity accumulated at
larger values. In order to identify exclusive candidates, the analysis is restricted to events with
a single interaction.

Dedicated Monte Carlo generators have been used to produce signal and background
events which are passed through a GEANT4 [17] based detector simulation, the trigger
emulation and the event reconstruction chain of the LHCb experiment. Two generators have
been used to produce samples of exclusive J/ψ and ψ(2S): STARLIGHT [13] and SUPERCHIC

[12]. A sample of χc production by double pomeron fusion, which forms a background for the
J/ψ analysis, has been produced with SUPERCHIC.

3. Event selection

The hardware trigger used in this analysis requires a single muon track with transverse
momentum pT > 400 MeV/c, or two muon tracks both with pT > 80 MeV/c, in coincidence
with a low SPD multiplicity (<20 hits). The software trigger used requires either a dimuon
with invariant mass greater than 2.9 GeV/c2, or a dimuon with invariant mass greater than 1
GeV/c2 with a distance of closest approach of the two muons to each other less than 150 μm
and a dimuon pT less than 900 MeV/c.

The selection of exclusive events begins with the requirement of two reconstructed muons
in the forward region. It is also required that there are no other tracks and no photons in the
detector. Thus rapidity gaps, regions devoid of reconstructed charged and neutral objects, are
defined. Requiring just two tracks, produced from a single particle decay, ensures two rapidity
gaps which sum to 3.5 units in the forward region. An additional rapidity gap is obtained by
requiring that there are no tracks in the backward region. The VELO is able to exclude tracks
within a certain rapidity gap depending on the z position from which the tracks originate and
the event topology. The mean backward rapidity gap where tracks are excluded is 1.7 with a
root mean square of about 0.5. Figure 1 shows that requiring a backward rapidity gap affects
the distribution of tracks in the forward region; with a backward rapidity gap required, there
is a clear peak at precisely two forward tracks. These are candidates for exclusive production.

Both muons are required to be in the pseudorapidity range 2.0 < ημ± < 4.5. Muon pair
candidates, having invariant masses within 65 MeV/c2 of the known J/ψ and ψ(2S) mass
values [18], are selected.

3.1. Non-resonant background determination

A number of background processes have been considered including a non-resonant
contribution, inclusive prompt charmonium production, inelastic photoproduction and
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Figure 1. Number of tracks in the forward region for dimuon triggered events which in the backward
region have (left) one or more tracks or (right) no tracks.
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Figure 2. Invariant mass distributions in the regions of (left) the J/ψ and (right) ψ(2S) mass
peaks for events with exactly two tracks, no photons and a dimuon with pT below 900 MeV/c. The
overall fits to the data are shown by the full curves while the dashed curves show the background
contributions.

exclusive χc and ψ(2S) → J/ψ + X productions. The non-resonant background is evaluated
by fitting the dimuon invariant-mass distribution, parameterizing the resonances with a crystal
ball function [19] and the continuum with an exponential function. Figure 2 displays the fit
results. The non-resonant background is estimated to account for (0.8 ± 0.1)% and (16 ± 3)%
of the events within 65 MeV/c2 of the known J/ψ and ψ(2S) mass values, respectively.

3.2. Inelastic background determination

The requirement of two tracks and no other visible activity enriches the sample in exclusive
events. However, this does not guarantee that there is no other activity in the regions outside the
LHCb acceptance. The contributions from two non-exclusive processes have been considered:
inclusive prompt charmonium produced through colour strings, which leads to large numbers
of additional particles; and inelastic J/ψ photoproduction (as shown in figure 3), where gluon
radiation or proton dissociation lead to a small number of additional particles. The former has
been evaluated using simulated samples of prompt charmonium, generated using PYTHIA
[20] and normalized using a data sample where the zero backward tracks requirement has
been removed; it is found to be negligible.

The inelastic photoproduction of J/ψ mesons is the dominant background in this analysis.
Most of the additional particles produced in these events escape down the beam pipe and thus
the inelastic production cross-section as a function of track multiplicity is expected to peak

8
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Figure 3. Feynman diagrams displaying (a) exclusive J/ψ photoproduction and (b) inelastic J/ψ
photoproduction where a small number of additional particles are produced due to gluon radiation
and (c,d) proton dissociation.
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Figure 4. Transverse momentum distribution for exclusive J/ψ candidates with exactly two tracks
and no photons. The points represent the data. The fit contains an exclusive signal component
(short-dashed green curve) as estimated by SUPERCHIC and an inelastic background component
(long-dashed red curve) as estimated from data.

at two tracks. An extrapolation of the inelastic production cross-section from higher track
multiplicities is not possible as no reliable simulation is available. Instead, this background
is determined from a fit to the pT spectrum of the exclusive candidates. The signal shape is
taken from simulation while the background distribution is estimated from data as described
below. The result is shown in figure 4 for events selected by the software trigger, which has
no restriction on the dimuon pT. The agreement between the predictions and the data is good.
To reduce the inelastic background contribution the dimuon pT is required to be less than
900 MeV/c. Below this value the fit estimates that (70 ± 4)% of the events are exclusive.

The signal shape is taken from the dimuon pT distribution of the SUPERCHIC simulation
which assumes a pT

2 distribution of the form exp(−bpT
2). Regge theory predicts [4] that the

slope, b, of the pT
2 distribution increases with W according to

b = b0 + 4α′ ln
W

W0
, (1)

where fits to H1 and ZEUS data [5, 6] give values of b0 = 5 GeV−2c2, α′ = 0.2 GeV−2c2 at a
scale W0 = 90 GeV. Producing an object of mass mV at a rapidity y accesses W values of

(W±)2 = mV
√

s exp(±|y|), (2)
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Figure 5. (a) Transverse momentum distribution in J/ψ events with no backward tracks and no
photons when there are three (black squares) and eight (red open circles) forward tracks. The
results of fitting a Novosibirsk function to the three and eight forward track data are represented
by the dashed black and the full red curves respectively. The values for (b) P0, (c) σ and (d) α of
the J/ψ pT distribution are shown as a function of the number of forward tracks.

where the two solutions, W+ and W−, correspond to the photon being either an emitter or a
target. The total cross-section has contributions coming from both W+ and W−, the relative
amounts of which can be determined from the photon energy spectrum of the proton given in
[21]. To determine an appropriate b value to describe the pT spectrum in LHCb, the rapidity
range 2.0 < y < 4.5 is split into ten equally sized bins and W± values are calculated for each
bin using equation (2). Two corresponding b values are found using equation (1) and then
weighted according to the photon energy spectrum. The mean and root mean square of b in
the rapidity bins are 6.1 GeV−2c2 and 0.3 GeV−2c2, respectively. These values are consistent
with the results of the fit described below where b is left as a free parameter.

The shape for the inelastic background is taken from data. Non-exclusive candidates are
selected by requiring events to contain more than two tracks in the forward region. The pT

distributions for events with 3, 4, 5, 6, 7 and 8 forward tracks are each fitted separately with
a Novosibirsk function76, which is a skewed Gaussian function with three parameters for the
peak position (P0), width (σ ) and tail (α).

Figure 5(a) displays two of the fitted pT spectra for the J/ψ meson in events with no
backward tracks and no photons when there are 3 and 8 forward tracks. The values for P0, σ

and α are extracted from each fit and plotted as a function of the number of forward tracks in
figures 5(b)–(d), respectively. A linear extrapolation of each parameter is made to predict the

76 The Novosibirsk function is defined as
N(P; P0, σ, α) = A exp(−0.5(ln2(1 + 
α(P − P0))/α2 + α2))

where 
 = sinh(α
√

ln 4)/(σα
√

ln 4), P0 is the peak position, σ is the width and α is the tail parameter.
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inelastic background shape for events with two forward tracks giving P0 = 0.55±0.09 GeV/c,
σ = 0.56 ± 0.06 GeV/c and α = 0.72 ± 0.11.

Although a full theoretical prediction is not possible [22] a dependence of the pT peak
position on the number of tracks is expected from general kinematic considerations; additional
gluon radiation will impart a greater pT to the J/ψ as well as giving extra tracks inside LHCb,
while proton disintegration, leading to additional tracks, is also more likely to occur at higher
pT. This is found to be the case for a number of related processes using simulated events:
single and central diffractive events in PYTHIA; the diphoton production of muon pairs with
similar masses to the J/ψ in which one or both of the protons disintegrate, as described by
LPAIR [23]; and minimum bias events in PYTHIA. A linear dependence is also observed in
Z → μ+μ− events in data although the average pT is one order of magnitude larger than in
exclusive J/ψ production.

Systematic uncertainties on the inelastic background determination due to both the signal
and background shapes have been assessed. To determine the former, the fit to the data is
repeated leaving b as a free parameter, which returns a value of 5.8 ± 0.8 GeV−2c2. A variation
in the estimated percentage of exclusive events of 4% is observed when b is changed by
±1 GeV−2c2. The uncertainty due to the background shape is found by varying the parameters
of the phenomenological shape within their statistical uncertainties resulting in a change of
4% in the estimated fraction of exclusive events. Therefore, it is estimated that (70 ± 4 ± 6)%
of the J/ψ sample consists of exclusive events, where the first uncertainty is statistical and
the second is systematic due to out understanding of the signal and background shapes. It is
assumed that the ψ(2S) sample has the same proportion of exclusive events.

3.3. Exclusive feed-down background determination

Exclusive χc production can feed down to give a fake exclusive J/ψ , via the χc → J/ψ γ decay,
when the photon is very soft or is outside the detector acceptance. There is no corresponding
resonance above the ψ(2S). Exclusive χc candidate events are identified in the data as those
containing a J/ψ and a single photon. The background from χc feed-down is then estimated by
scaling the number of observed χc candidates by the ratio of fake exclusive J/ψ to exclusive
χc candidates in simulated χc events. The feed-down from χc decay is estimated to account for
(9.0 ± 0.8)% of the exclusive J/ψ candidates, where the uncertainty includes a contribution
due to the uncertainty on the photon reconstruction efficiency in simulation.

Exclusive ψ(2S), in particular ψ(2S) → J/ψ + X , can also feed down to give a
fake exclusive J/ψ if the additional particles are undetected. This is estimated from a
simulated sample of ψ(2S) events which has been normalized using the number of observed
ψ(2S) → μ+μ− events in data. The amount of feed-down to the J/ψ from the ψ(2S) is
estimated to be (1.8 ± 0.3)%.

3.4. Selection summary

The requirements for the selection of exclusive J/ψ and ψ(2S) events are summarized in
table 1. In total, 1492 exclusive J/ψ and 40 exclusive ψ(2S) candidate events pass the
selection requirements. The overall purities (including inelastic, non-resonant, and feed-down
backgrounds where appropriate) are estimated to be (62 ± 4 ± 5)% for the J/ψ sample and
(59 ± 4 ± 5)% for the ψ(2S) sample.

A cross-section times branching fraction, σV→μ+μ− , is calculated for the J/ψ and the
ψ(2S) using the number of selected events, N, and the equation σV→μ+μ− = pN/(εL) where
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Table 1. Summary of selection requirements.

Quantity Requirement

Dimuon mass within 65 MeV/c2 of known value
Dimuon pT pT < 900 MeV/c
Muon η 2.0 < ημ± < 4.5
Number of backward tracks 0
Number of forward tracks 2
Number of photons 0

ε represents the efficiency for selecting the events, p is the purity of the sample, and L is the
luminosity which has been determined with an uncertainty of 3.5% [24].

4. Efficiency determination

The efficiency ε is the product of five components, εtrigger × ε2
track × ε2

muon × εsel × εsingle where:
εtrigger is the efficiency for triggering on events that pass the offline selection; εtrack is the
efficiency for reconstructing a track within the fiducial region of the measurement; εmuon is the
efficiency for identifying a track as a muon; εsel is the efficiency of the selection requirements
in the kinematic range of the measurement; and εsingle is the efficiency for selecting single
interaction events. The first four components have been determined from simulation. The fifth
component accounts for the fact that the selection requirements reject signal events that are
accompanied by a visible proton–proton interaction in the same beam crossing.

The number of visible proton–proton interactions per beam crossing, n, is assumed to
follow a Poisson distribution, P(n) = μn exp(−μ)/n!, where μ is the average number of
visible interactions. The probability that a signal event is not rejected due to the presence of
another visible interaction is given by P(0) and, therefore, εsingle = exp(−μ). This has been
calculated throughout the data-taking period in roughly hour-long intervals. Variations in μ

during this interval have been studied and found to have a negligible effect. The spread in the
value of μ for different crossing bunch-pairs is small and its effect is neglected. The impact of
detector noise has also been investigated using data taken when either one beam or no beam
circulated and a systematic uncertainty of 0.7% is evaluated leading to a determination for
εsingle of (21.1 ± 0.1)%.

A systematic uncertainty of 4% is assigned to εtrigger. This is based on the difference
between the value measured in data and in simulation as determined in [25].

A tag-and-probe technique with J/ψ → μ+μ− decays [26] has been used to study εtrack.
The estimated value from this method is found to agree within 1% with the simulation. This
value is taken as a systematic uncertainty per track.

A systematic uncertainty of 2.5% per muon is assigned to the determination of εmuon. This
is based on the results from [25] using a tag-and-probe technique.

The fraction of exclusive J/ψ mesons below the pT selection threshold of 900 MeV/c
is found to vary by 1% when b, the pT shape parameter, is changed by ±1 GeV−2c2. Thus
a systematic uncertainty of 1%, due to the uncertainty in the pT shape, is assigned to the
determination of εsel. No systematic uncertainty is assigned due to the J/ψ polarization; it is
assumed to be transversely polarized due to s-channel helicity conservation. A summary of
the systematic uncertainties of the analysis is shown in table 2.
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Table 2. Relative systematic uncertainties on the measurement.

Source Uncertainty (%)

Luminosity 3.5
Trigger efficiency 4
Tracking efficiency 2
Identification efficiency 5
Selection efficiency 1
Single interaction efficiency 0.7
ψ(2S) background (J/ψ analysis) 0.3
χc background (J/ψ analysis) 0.8
Signal shape of dimuon pT fit 6
Background shape of dimuon pT fit 6

Table 3. Comparison of cross-section times branching fraction measurements (pb) with theoretical
predictions.

Predictions σpp→J/ψ (→μ+μ− ) σpp→ψ(2S)(→μ+μ− )

Gonçalves and Machado 275
STARLIGHT 292 6.1
Motyka and Watt 334
SUPERCHICa 396
Schäfer and Szczurek 710 17
LHCb measured value 307 ± 21 ± 36 7.8 ± 1.3 ± 1.0
a SUPERCHIC simulation does not include a gap survival factor.

5. Results

The cross-section times branching fraction to two muons with pseudorapidities between 2.0
and 4.5 is measured for exclusive J/ψ and ψ(2S) to be

σpp→J/ψ (→μ+μ−)(2.0 < ημ± < 4.5) = 307 ± 21 ± 36 pb,

σpp→ψ(2S)(→μ+μ−)(2.0 < ημ± < 4.5) = 7.8 ± 1.3 ± 1.0 pb,

where the first uncertainty is statistical and the second is systematic.
These results are compared to a number of predictions for exclusive production in

table 3. The predictions for STARLIGHT and SUPERCHIC have been determined using samples of
generated events with a full LHCb simulation. The other predictions are obtained by scaling
the differential cross-section in rapidity for each model by an acceptance factor corresponding
to the fraction of mesons at a given rapidity that have both muons in the fiducial volume, as
determined using STARLIGHT. For the models of Motyka and Watt, and Gonçalves and Machado,
a rescattering correction of 0.8 has been assumed [15]. The prediction of Schäfer and Szczurek
is significantly higher than the data; good agreement is observed with all other predictions.

Combining the vector meson branching fractions to two muons with acceptance factors
determined from STARLIGHT gives a ratio of ψ(2S) to J/ψ production of 0.19 ± 0.04. This can
be compared to a value of 0.16 according to STARLIGHT and about 0.2 according to Schäfer and
Szczurek. CDF measured this ratio to be 0.14 ± 0.05 [11] and at HERA it was measured to
be 0.166 ± 0.012 [5, 6] although these were at different values of W .

The differential J/ψ cross-section is also measured in ten bins of J/ψ rapidity. The trigger
and selection efficiencies are calculated from the simulation in bins of rapidity. The systematic
uncertainties are dominated by the purity and the statistical uncertainty coming from the size
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Table 4. Cross-section measurements (nb) as a function of J/ψ rapidity.

Rapidity 2.00–2.25 2.25–2.50 2.50–2.75 2.75–3.00
dσ

dy (J/ψ ) 3.2 ± 0.8 ± 0.9 4.5 ± 0.5 ± 0.8 5.3 ± 0.4 ± 0.9 4.4 ± 0.3 ± 0.7

Rapidity 3.00–3.25 3.25–3.50 3.50–3.75 3.75–4.00
dσ

dy (J/ψ ) 5.5 ± 0.3 ± 0.8 4.8 ± 0.3 ± 0.7 5.2 ± 0.3 ± 0.8 4.8 ± 0.4 ± 0.8

Rapidity 4.00–4.25 4.25–4.50
dσ

dy (J/ψ ) 4.7 ± 0.5 ± 0.9 4.1 ± 0.9 ± 1.3

of the simulation sample. The purity within each bin is assumed to be the same as in the
integrated sample. An acceptance factor in each rapidity bin has been calculated using the
STARLIGHT simulation. Table 4 summarizes the differential cross-section result.

The present results can be compared to H1 and ZEUS results [5, 6] for the photoproduction
of J/ψ . This is possible as the underlying production mechanism is the same: at HERA the
photon radiates from an electron, while at the LHC the photon radiates from a proton. The
differential cross-section for proton–proton exclusive photoproduction of a vector meson with
mass mV can be obtained by weighting the photon-proton exclusive production cross-section
by the photon flux, dn/dk, for a photon of energy k [9, 13]

dσ

dy pp→pV p
= r(y)

[
k+

dn

dk+
σγ p→V p(W+) + k−

dn

dk−
σγ p→V p(W−)

]
, (3)

k± ≈ (mV /2) exp(±|y|), (4)

where W± is defined as in equation (2) and r(y) is an absorptive correction which depends on
y [15].

Assuming the validity of a power law dependence of the form aW δ to describe σγ p→V p,
the proton-proton differential cross-section can be written as

dσ

dy pp→pV p
= a(2

√
s)δ/2r(y)

[
dn

dk+
k+1+δ/2 + dn

dk−
k−1+δ/2

]
. (5)

The parameters for the power law dependence of the photoproduction cross-section are
found by fitting the differential cross-section data from table 4 with the functional form given
in equation (5). The uncertainties between bins are taken to be uncorrelated for all sources
except for the purity, which is fully correlated between bins. For the description of dn

dk , the
photon energy spectrum given in [21] is used. The absorptive corrections have been calculated
in [15] for proton–proton collisions and have a value of 0.85 at y = 0 and 0.75 at y = 3 with
a rather flat dependence on y. This analysis assumes a shape r(y) = 0.85 − 0.1|y|/3. The fit
to the data in table 4 gives values of a = 0.8+1.2

−0.5 nb and δ = 0.92 ± 0.15 with a χ2 of 4.3 for
eight degrees of freedom, indicating the results are consistent with the hypothesis of a power
law dependence. The values obtained are also consistent with the results from HERA, albeit
with much larger uncertainties.

5.1. Evaluation of the photon–proton cross-section

The differential cross-sections for the process pp → pJ/ψ p given in table 4 are transformed
into cross-sections for the process γ p → J/ψ p using a re-arrangement of equation (3)

σγ p→V p(W±) =
1/r(y) dσ

dy pp→pV p
− k∓ dn

dk∓
σγ p→V p(W∓)

k± dn
dk±

. (6)
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Figure 6. Dependence of J/ψ photoproduction cross-section on the centre-of-mass energy of the
photon-proton system. The blue (red) triangles represent the data from H1 (ZEUS) [5, 6]. The black
dots and squares are derived from the LHCb differential cross-section as a function of rapidity. The
dashed and full lines are the power law dependences determined from the HERA and LHCb data,
respectively. The uncertainty on the LHCb power law determination is shown by the shaded band.

The photoproduction cross-sections at W+ and W− are determined independently using
equation (6) and substituting into the right-hand side the expected cross-section for the
alternative W solution from the power law determined above.

The LHCb data are plotted together with the H1 and ZEUS data in figure 6. The power
law dependences determined from LHCb data and from HERA data are also indicated. The
uncertainty on the LHCb power law determination is shown by the shaded band. Only
experimental uncertainties are shown on the LHCb data, which have significant bin-to-bin
correlations due to the purity determination. Theoretical uncertainties that account for the
power law assumption and the absorptive correction are not included. Both are smaller than
the current experimental uncertainties; using the HERA power law in place of the LHCb power
law in equation (6) changes the estimated values of σγ p→V p by about half the experimental
uncertainty, while changing the absorptive correction by 5% changes σγ p→V p by about one
quarter of the experimental uncertainty. With the precision of the current data, the LHCb results
are consistent with HERA and confirm a similar power law behaviour for the photoproduction
cross-section.

6. Conclusion

The first observations of exclusive J/ψ and ψ(2S) production in proton–proton collisions have
been made. The cross-sections times branching fraction to two muons with pseudorapidities
between 2.0 and 4.5 are measured to be 307 ± 21 ± 36 pb and 7.8 ± 1.3 ± 1.0 pb for exclusive
J/ψ and ψ(2S), respectively.
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The measured cross-sections are in agreement with the theoretical predictions of
STARLIGHT, SUPERCHIC, Gonçalves and Machado, and Motyka and Watt. The differential cross-
section for J/ψ production as a function of rapidity has also been measured. This has allowed
the J/ψ photoproduction cross-section as a function of the photon-proton centre-of-mass
energy to be determined. The data are consistent with a power law dependence and the
parametric form is in broad agreement with previous results from H1 and ZEUS.
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