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Abstract. The photoproduction of vector mesons in Ultra-Peripheral Collisions (UPC) is a powerful tool to

probe the nuclear gluon distribution (Pb-Pb collisions) and the gluon structure function in the proton (p-Pb

collisions). The first measurements of coherent photoproduced J/ψ and ψ(2S) in Pb-Pb collisions at
√

sNN =

2.76 TeV, performed with the ALICE detector, are described and compared to STARLIGHT and QCD based

models, in order to investigate nuclear gluon shadowing. The results of the measurement of exclusive J/ψ

photoproduction off protons in p-Pb collisions at
√

sNN = 5.02 TeV are also presented.

1 Ultra-peripheral collisions

Ultra-peripheral collisions may occur when two acceler-

ated nuclei are separated by impact parameters larger than

the sum of their radii: hadronic interactions are strongly

suppressed so that both pure electromagnetic and photonu-

clear processes can be studied. These interactions can be

measured in Pb–Pb collisions at the LHC, where the avail-

able centre of mass energy per nucleon pair is 2.76 TeV,

allowing γγ interactions at ≈80 GeV and γp at ≈480 GeV

center of mass energy, to be compared with 10 and 30 GeV

respectively, reached at RHIC. An accelerated charge can

be considered as a source of quasi-real photons with vir-

tuality Q2 depending on the radius of the Pb nucleus and

being ∼30 MeV2, according to Fermi [1] and to relativis-

tic approach by Weizsäcker [2] and Williams [3]. One of

these quasi-real photons may interact either with the op-

posite ion or with one of its quasi-real photons. The cross

section for photon induced reactions is large because the

strong electromagnetic field of the nucleus enhances the

intensity of the virtual photon flux, which grows as Z2,

where Z is the charge of the nucleus. UPCs are character-

ized by the photoproduction of vector mesons (ρ0, J/ψ, ψ’,

Υ,...) and by pure QED processes giving rise to a di-lepton

continuum. The physics of ultra-peripheral collisions is

reviewed in [4, 5].

2 Physics motivations

Exclusive photoproduction of vector mesons, where a vec-

tor meson is produced in an event with no other final state

particles, is of particular interest. In Pb-Pb collisions these

measurements probe nuclear gluon shadowing in the low

Bjorken-x region, where it is poorly known. On the other
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hand, p-Pb collisions allow the study of the evolution with

energy of the gluon distribution in the proton, and provide

a powerful tool to investigate gluon saturation. ALICE can

extend the measurement done at HERA [6, 7] and ZEUS

[8] to higher γp center of mass energy.

2.1 Pb-Pb collisions

Exclusive photoproduction of vector mesons is expected

to probe the nuclear gluon distribution [9], for which there

is considerable uncertainty in the low-x region, as it can be

seen in Fig.1, showing the ratio of their parton distribution

functions for bounded and free protons [10, 11]. Exclusive

photoproduction can be either coherent, if the photon cou-

ples coherently to all nucleons, or incoherent, if the pho-

ton couples to a single nucleon. Coherent production is

characterized by low vector meson transverse momentum

(〈pT 〉∼60 MeV/c) and the target nucleus normally does

not break up. Incoherent production, corresponding to

quasi-elastic scattering off a single nucleon, is character-

ized by a higher transverse momentum (〈pT 〉∼500 MeV/c)

and the target nucleus normally breaks up; except for sin-

gle nucleons or nuclear fragments in the very forward re-

gion no other particles are produced. In what follows, re-

sults on coherent J/ψ production in the forward region,

reconstructed in the dimuon decay channel are presented

in Sec.4.1. The coherent J/ψ production at central rapidi-

ties has been measured in both leptonic decays and it is

described in Sec.4.2.

2.2 p-Pb collisions

In this case, the J/ψ photoproduction is dominated by the

γp process and this gives the possibility to study the gluon

PDF in the proton down to x∼10−5. Considering the differ-

ent rapidity ranges available for the measurement, ALICE
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can provide the cross section as a function of the γp center

of mass energy, ranging from 21 GeV up to 1160 GeV.

3 ALICE detectors

The ALICE experiment [12] consists of a central barrel

placed in a large solenoid magnet (B = 0.5 T), covering

the pseudorapidity region |η|<0.9, and a muon spectrome-

ter at forward rapidity, covering the range -4.0 <η <-2.5.

The analysis at mid-rapidity makes use of the barrel de-

tectors (SPD, TPC and TOF), the VZERO counters and

the ZDC calorimeters. The Silicon Pixel Detector (SPD)

makes up the two innermost layers of the ALICE Inner

Tracking System (ITS). It is a fine granularity detector and

can be used for triggering purposes. The Time Projection

Chamber (TPC) is used for tracking and for particle iden-

tification. Beyond the TPC, the Time Of Flight detector

(TOF) is used in combination with the tracking system for

charged particle identification up to about 2.5 GeV/c (pi-

ons and kaons) and 4 GeV/c (protons). In addition, the

TOF detector can also be used for triggering. The VZERO

counters consist of two arrays (placed on opposite sides,

along the beam direction, of the nominal interaction point)

of 32 scintillator tiles.

Figure 1. Ratio of their parton distribution functions for bounded

and free protons vs Bjorken-x, showing ranges where shadowing,

no shadowing or antishadowing are forseen.

Two sets of hadronic Zero Degree Calorimeters (ZDC)

detect neutrons emitted in the very forward region such as

neutrons produced by electromagnetic dissociation. The

forward rapidity analyses are based on the muon spectrom-

eter. The muon spectrometer consists of an absorber which

stops hadrons but not muons in front of five tracking sta-

tions, with the third station placed inside a dipole magnet.

The muon spectrometer includes a triggering system, used

to select muon candidates with a transverse momentum

larger than a given programmable threshold. One of the

experimental challenges for the measurements presented

here consists in having efficient UPC triggers. The for-

ward UPC trigger is based on (i) the muon spectrometer

trigger system, which requires the presence of an unlike

sign dimuon candidate, where both tracks have pT>0.5

GeV/c; and (ii) the VZERO trigger, which requires a sig-

nal in at least one cell in VZERO-C (muon arm side) and

no signal in any cell of the VZERO-A (opposite side). The

trigger for central rapidity is based on (i) at least two and

less than six hits in TOF, with two of them back-to-back in

azimuth, (ii) a pattern of SPD trigger signals specific for

each collision system and (iii) empty VZERO detectors on

both sides. The luminosity collected by UPC triggers dur-

ing the 2011 Pb-Pb run was 55 μb−1 in the forward sample

and 23 μb−1 in the central rapidity sample. In the p-Pb run,

for the forward trigger we collected 3.9 nb−1 for p-Pb and

4.5 nb−1 for Pb-p sample.

4 J/ψ photoproduction in Pb-Pb collisions

4.1 Forward rapidity region

The dimuon invariant mass and pT distributions for the

forward region are shown in Fig.2 and Fig.3. The peak

at the J/ψ mass is clearly visible and has been fitted with

an exponential function to describe the background plus a

Crystal Ball parameterization for the J/ψ. The clear peak

at low values in the transverse momentum distribution of

the J/ψ candidates is mainly due to coherent photoproduc-

tion. To estimate the fraction of incoherent events in the

selected sample, a fit to the pT distribution was performed,

taking into account contributions from coherent and inco-

herent J/ψ production, as well as from the di-lepton con-

tinuum and the feed-down from ψ′. The shapes for these

fitting functions (Monte Carlo templates) were provided

by STARLIGHT events folded with the detector simula-

tion.

Figure 2. Invariant mass spectrum of forward (-3.6<y<-2.6)

dimuons; the following cuts are applied: pT<300 MeV/c and less

than 6 neutrons in the ZDC.

As expected, at low transverse momentum the co-

herent production dominates. The yield of coherent

J/ψ, obtained by a cut on di-muon momentum be-

low 300 MeV/c and a ZDC cut tuned to select events

with less than 6 emitted neutrons, is estimated to be

Ncoh
J/ψ
=78±10(stat)+7

−11
(syst). The coherent differential

cross section at
√

sNN=2.76 TeV in the rapidity interval

-3.6<y<-2.6 is given by:

dσcoh
J/ψ

dy
=

1

B.R.(J/ψ→ μ+μ−)

Ncoh
J/ψ

Nγγ

(Accxε)γγ

(Accxε)J/ψ

σγγ

Δy
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Figure 3. J/ψ pT distribution fitted to a simulation template as

described in the text.

where B.R. is the branching ratio in the muon channel,

Acc × ε is the correction for efficiency and acceptance of

the coherent and continuum samples, Δy is the width of

the rapidity interval and Nγγ is the number of γγ events

in the two mass regions neighbouring the J/ψ peak; σγγ
is the cross section for the continuum production, derived

from pure QED calculation.

Figure 4. Invariant mass spectrum of mid-rapidity muon pairs

with pT<200 MeV/c, for events with less than 6 neutrons in the

ZDC. The same distribution for the dielectron channel (with a

momentum cut at 300 MeV/c) is not shown here and can be found

in [14].

This cross section is known with a precision of about

20%, representing the largest source of systematic errors.

The resulting cross section is dσcoh
J/ψ
/dy =

1.00±0.18(stat)+0.24
−0.26

(syst) mb.

4.2 Mid-rapidity region

In Fig. 4 the invariant mass distribution for the dimuon

channel measured at mid-rapidity is shown. The data is

fitted with the sum of an exponential function and two

Crystal Ball functions. In the muon channel the coherence

condition is applied by requiring a transverse momentum

lower than 200 MeV/c. Besides the J/ψ peak, the coher-

ent sample shows also a ψ′ peak arising from the dimuon

continuum. A contribution from like-sign pairs (negli-

gible in the dielectron channel) is present in the sample

corresponding to pT>200 MeV/c and therefore enriched

with incoherent events (Fig.5). It is likely to come from

misidentified π+π− pairs and it was taken into account by

using a polynomial function in the corresponding fit. In

the electron channel (not shown in the figure) the effects

of Bremsstrahlung due to detector material are visible in

the width and asymmetry of the signal, and the coherence

conditions is fulfilled with a cut at 300 MeV/c. In both

cases less than 6 neutrons in ZDC are required in order

to suppress hadronic interactions. The transverse momen-

tum distribution of dielectrons and dimuons can be found

in [14].

Figure 5. Invariant mass spectrum of mid-rapidity muon pairs

with pT>200 MeV/c. The same distribution for the dielectron

channel (with a momentum cut at 300 MeV/c) is not shown here

and can be found in [14].

To estimate the fraction of incoherent events in the

selected sample, a fit to the pT distribution was performed,

taking into account the same contributions considered

at forward rapidity, adding a contribution from J/ψ

produced in very peripheral hadronic interactions. As for

the forward rapidity analysis, the shapes for these fitting

functions (Monte Carlo templates) were provided by
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STARLIGHT events folded with the detector simulation.

The measured differential cross section is

dσcoh
J/ψ
/dy=2.38+0.34

−0.24
(stat+syst) mb.

The incoherent cross section has also been measured

dσincoh
J/ψ
/dy=0.98+0.19

−0.17
(stat+syst) and compared with

theoretical calculations in Fig.7.

5 Comparison of the measured cross

section in Pb-Pb collisions with

theoretical calculations

The results at forward and central rapidities are compared

to theoretical predictions in Fig. 6. The predictions can

be divided into three categories: models that include no

nuclear effects (AB-MSTW08), models that use a Glauber

approach for calculating the number of nucleons contribut-

ing to the scattering (STARLIGHT, GM, CSS and LM)

and partonic models, where the cross section is proportion

al to the nuclear gluon distribution squared (AB-EPS08,

AB-EPS09, AB-HKN07, and RSZ-LTA). The J/ψ photo-

production cross sections for different rapidities provide

a powerful tool to constrain the nuclear gluon shadowing

in the region x ∼ 10−3. The coherent J/ψ cross section

is found to be in good agreement with the model which

uses the nuclear gluon shadowing according to the EPS09

parameterization (AB-EPS09). Models which include no

nuclear gluon shadowing are inconsistent with the mea-

sured results, as are those which use the Glauber model

to incorporate nuclear effects. The AB-HKN07 and AB-

EPS08 models contain too little or too much shadowing,

respectively, to match the data.

Figure 6. Comparison of the cross section at forward rapidity,

at central rapidities and several theoretical models. For model

references, see [14].

In Fig.7 the results of the inchoerent J/ψ photoproduc-

tion at central rapidities are compared to theoretical pre-

dictions.

Our results are about 3 sigma higher than the RSZ-

LTA model prediction, although a deviation of just 1.5

sigma is found from the model upper limit. Note that

the above predictions may have large uncertainties com-

ing not only from the parametrization of the nuclear gluon

Figure 7. Comparison of the incoherent cross section at central

rapidity and theoretical calculations. For model references, see

[14].

distribution but also from the selection of the hard scale,

the contributions from the higher-order terms, and the

treatment of the photon fluctuation to a quark–antiquark

pair. The current measurement will contribute to resolve

these uncertainties. While none of the three existing mod-

els predicts the incoherent photoproduction cross section

correctly, STARLIGHT predicts a correct incoherent-to-

coherent ratio.

6 J/ψ photoproduction in p-Pb collisions

At the beginning of 2013, ALICE collected a sample of

8.4 nb−1 p-Pb collisions at
√

sNN = 5.02 TeV.

The lead nucleus acts as a photon emitter. ALICE can

measure the Bjorken-x from 10−2 to 10−5. The LHC beams

were reversed in the p–Pb run; in a first period, the pro-

tons was flying towards muon spectrometer, while in the

following the direction of the beams were exchanged. The

J/ψmeasured in the dimuon decay channel are thus recon-

structed either in the 2.5<y <4.0 (p-Pb) and -3.6<y <-2.6

(Pb-p) rapidity intervals, where y is measured in the lab-

oratory frame with respect to the direction of the proton

beam. The γp center of mass energy Wγp is determined

by the J/ψ rapidity: W2
γp = 2EpMJ/ψe−y, where MJ/ψ is

the J/ψ mass, y is the J/ψ rapidity and Ep is the proton en-

ergy. ALICE covers the ranges 21<Wγp <45 GeV for p-Pb

and 577 <Wγp <952 GeV for Pb-p, extending the earlier

measurements at HERA both to lower and to higher Wγp

energies.

Fig.8 shows the invariant mass spectrum of the se-

lected dimuons for both p-Pb and Pb-p configurations. The

fit is performed by a Crystal Ball function for the signal

and an exponential function for the background. The pa-

rameters of the fit are compatible with simulations of the

response of the detector to this type of events. In order

to extract the number of exclusive J/ψ candidates, the pT

distribution of dimuons within the J/ψ mass peak is de-

scribed by 3 contributing processes, exclusive J/ψ in γp,

γγ→μ+μ− and non-exclusive J/ψ. The fits to the pT distri-

butions are shown in Fig.9, the shapes for exclusive J/ψ
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and γγ→μ+μ− were generated using STARLIGHT and

folded with a GEANT3 detector simulation and the contri-

bution of non-exclusive J/ψ and γγ→μ+μ− was estimated

from data.

Figure 8. Invariant mass distribution for events with two oppo-

sitely charged muons, for both forward (top panel) and backward

(bottom panel) dimuon rapidity samples.

Figure 9. Transverse momentum distribution for events with

two oppositely charged muons, for both forward (top panel) and

backward (bottom panel) dimuon rapidity samples.

Fig.10 shows the ALICE measurements of σ(Wγp),

along with comparisons to previous measurements and to

different theoretical models. In a LO pQCD approxima-

tion σ(Wγp) is proportional to the square of the gluon PDF

of the proton [17]. At HERA energies, the gluon distribu-

tion at low Bjorken-x is well described by a power law in

x [18], which implies that the cross section σ(Wγp) will

also follow a power law. A deviation from such a trend in

the measured cross section as x decreases, or equivalently,

as Wγp increases, could indicate a change in the evolution

of the gluon density function, as expected at the onset of

saturation. Both ZEUS [8] and H1 [6, 7], fitted their data

using a power lawσ≈(
Wγp

)δ
, and obtained δ = 0.69± 0.02

(stat) ± 0.03 (syst) and δ = 0.67 ± 0.03 (stat+syst), respec-

tively. A fit to ALICE data alone gives δ = 0.68 ± 0.06

(stat+syst).

Figure 10. Comparison of the cross section at forward rapidity,

at central rapidities and several theoretical models. For model

references, see [19]. Only uncorrelated systematic errors were

considered here.

No deviation from a power law is observed up to about

700 GeV. A natural explanation is that no change in the

behaviour of the gluon PDF in the proton is observed be-

tween HERA and LHC energies.

7 Conclusions

The ALICE collaboration has made the first measurements

of exclusive J/ψ photoproduction in Pb-Pb UPC. Both, the

cross sections of coherent and of incoherent photoproduc-

tion of J/ψ have been measured [13, 14]. The coherent

J/ψ cross section is found to be in good agreement with a

model that incorporates nuclear gluon shadowing accord-

ing to the EPS09 parameterization (AB-EPS09). The AL-

ICE collaboration measured also exclusive J/ψ photopro-

duction off protons in p–Pb collisions at the LHC. Our data

is compatible with a power law dependence of σ(Wγp)

from 20 and up to about 700 GeV in Wγp, correspond-

ing to a variation of Bjorken-x by three orders of magni-

tude from 10−2 to 10−5. The slope of σ(Wγp) determined

by ALICE is consistent with the slope determined using

HERA data, indicating that no change in the behaviour of
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the gluon PDF in the proton is observed between HERA

and LHC energies.
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