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Abstract

The first measurement of the cross section for incoherent photonuclear production of J/ψ vector
mesons as a function of the Mandelstam |t| variable is presented. The measurement was carried out
with the ALICE detector at midrapidity, |y| < 0.8, using ultra-peripheral collisions of Pb nuclei at a
centre-of-mass energy per nucleon pair of

√
sNN = 5.02 TeV. This rapidity interval corresponds to

a Bjorken-x range (0.3–1.4)×10−3. Cross sections are given in five |t| intervals in the range 0.04 <
|t| < 1 GeV2 and compared to the predictions by different models. Models that ignore quantum
fluctuations of the gluon density in the colliding hadron predict a |t|-dependence of the cross section
much steeper than in data. The inclusion of such fluctuations in the same models provides a better
description of the data.

*See Appendix A for the list of collaboration members
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The fundamental structure of protons, neutrons, and nuclei is described in terms of quarks and gluons by
quantum chromodynamics (QCD). A new phenomenon called gluon saturation—a dynamic equilibrium
between the production and annihilation of gluons—is predicted by QCD [1]. While the high-energy
limit of QCD has been found to be dominated by the gluon contribution in proton targets [2], experimen-
tal work is yet needed to determine the onset of gluon saturation [3]. Besides protons at high energy,
saturation is expected for large nuclei at even lower energies [4], thus the study of the structure of heavy
ions is an attractive area of exploration within the current collider experiments. The search for the onset
of saturation has motivated the construction of dedicated QCD facilities such as the future Electron–Ion
Collider [5].

Photons are ideal probes to study the interior of nuclei. In this context, the diffractive photoproduction
of a vector meson, like the J/ψ , is of particular interest because of its sensitivity to both the average and
the variance of spatial distribution of the gluon field inside nuclei [6]. In this process, a quasi-real photon
emitted by one of the highly Lorentz-contracted nuclei interacts via the exchange of at least two gluons
with the other nucleus, producing the vector meson [7].

This process can be divided in two contributions: coherent and incoherent production. The former refers
to photon interactions with the colour field of the whole nucleus, and the latter to photon interactions with
only one nucleon inside the nucleus. The incoherent production can be further divided in the interaction
with a full nucleon or the interaction with sub-nucleon sized structures inside the nucleon; the latter is
known as the dissociative contribution. The square of the momentum transferred during the interaction,
the Mandelstam variable |t|, is related through a Fourier transform to the distribution of nuclear matter
in the impact-parameter plane. This implies that collisions with a large scattering object, such as the
whole nucleus, occur at small |t|, which for the case of Pb ions means |t| ≲ 0.01 GeV2. In the same
way, collisions with a small object, like a nucleon, lead to larger |t| values of the order of 0.1 GeV2.
If there are collisions with even smaller objects at a sub-nucleon scale, they would have even larger |t|.
In the Good–Walker approach [8], the coherent process is related to the average spatial distribution of
gluons in the transverse plane, and the incoherent case is related to its variance [9]. The applicability
of this approach to LHC data may have some caveats as discussed in [10]. A recent study using this
approach [11] demonstrated the importance of including fluctuations of spatial distributions of gluons to
describe the |t|-dependence of the dissociative cross section off protons measured at HERA [12]. Further
work in this direction [13] revealed that the energy dependence of the dissociative process provides
another signature for saturation. When the gluon saturation regime is reached, all gluon configurations
in the proton appear similar, thus the cross section, which is proportional to the variance of the gluon
field, decreases as the energy increases. Note that larger values of |t| are expected to be more sensitive
to fluctuations, thus it is important to study the energy dependence at different values of |t|, where a
decrease of the cross section with increasing energy would be a signature of saturation.

Although the dissociative production of J/ψ off protons has been measured at HERA [12], until now this
process has not been measured using heavy-ion targets. Most of the experimental effort has been put on
coherent vector meson photoproduction. At high energies, this has been carried out using photon-induced
processes in ultra-peripheral heavy-ion collisions (UPCs) at the Large Hadron Collider (LHC) [6, 14, 15].
The diffractive photoproduction of a J/ψ vector meson at the LHC has a very clean experimental signal
with a sizeable cross section. The coherent photoproduction of a J/ψ off the Pb nuclei has been measured
at the LHC at two different centre-of-mass energies per nucleon pair,

√
sNN = 2.76 TeV and 5.02 TeV,

by the ALICE [16–18], CMS [19], and LHCb [20] Collaborations. Together, these measurements cover
a range in J/ψ rapidity of |y| < 4.5. More recently, the ALICE Collaboration performed the first mea-
surement of the |t|-dependence of the coherent J/ψ photoproduction cross section [21], and the STAR
Collaboration studied the structure of the deuteron through the |t|-dependence of J/ψ diffractive photo-
production in deuteron–gold collisions [22]. The ALICE Collaboration also presented a measurement of
the cross section for incoherent J/ψ production at midrapidity [16].
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In recent years, great theoretical interest has been given to incoherent J/ψ photoproduction [23–26], and
in particular to its |t|-dependence [27–29]. Theoretical approaches that describe correctly the coherent
production process differ widely in their predictions for incoherent production, which is particularly
sensitive to spatial fluctuations of sub-nucleon degrees of freedom. Note that a better assessment of
such quantum fluctuations would significantly improve the determination of the initial stage of nuclear
collisions at high energies [30].

In this Letter, the first measurement of the |t|-dependence of the incoherent photonuclear production of
a J/ψ vector meson is presented. The measurement was carried out in the rapidity range |y|< 0.8 using
UPCs of Pb nuclei at

√
sNN = 5.02 TeV. Cross sections are presented in five |t| intervals in the range

0.04 < |t|< 1 GeV2. The measurement is compared to the predictions of the models discussed later on,
finding that the contribution of fluctuations at a sub-nucleon scale is important to describe the data.

This analysis is based on the data set collected during the 2018 Pb–Pb data-taking period. It utilises
the same trigger and follows the same analysis strategy as in Ref. [21]. The luminosity of the analysed
sample is (232±7) µb−1. The measured J/ψ mesons have a rapidity |y|< 0.8, corresponding to Bjorken-
x values within (0.3–1.4)× 10−3, and transverse momentum 0.2 < pT < 1 GeV/c. Owing to the small
virtuality of the quasi-real photons, in the kinematic region studied here |t| = p2

T. According to the
STARlight Monte Carlo [31], the difference between the mean |t| and p2

T in each interval is less than
0.4%. As pT is conjugate to impact parameter, which in UPC is large, interference effects are important
only at pT below 10 MeV/c and are negligible for the pT range of this measurement [32].

The J/ψ was reconstructed using its decay into a µ+µ− pair. The signature of these events is then
two tracks in an otherwise empty detector. The only other particles that may be present in such an
event are the products from the dissociation of the interacting nucleus; these particles would appear near
beam rapidities. The muons were measured with the central barrel detectors of ALICE [33, 34]: the
ALICE Inner Tracking System (ITS) [35] and the Time Projection Chamber (TPC) [36], both of them
covering the full azimuthal angle and surrounded by a large solenoid magnet producing a magnetic field
of 0.5 T. Any other activity in the event was vetoed by the V0 [37] and the AD [38], which are scintillator
based detectors consisting of two arms each, located at both sides of the nominal interaction point along
the beam axis. They cover the pseudorapidity ranges 2.8 < η < 5.1 and −3.7 < η < −1.7 (V0), and
4.8 < η < 6.3 and −7.0 < η <−4.9 (AD). Each arm of V0 and AD has a time resolution smaller than
1 ns.

The tracks were required to have opposite electric charges and to leave signals in both the ITS and the
TPC. Their pseudorapidity was constrained to |η |< 0.8 in order to have a large reconstruction efficiency.
The muons were identified by requiring an ionisation energy loss, measured in the TPC, compatible
with the muon hypothesis. For the momentum range of the muons in this analysis (0.5 to 3 GeV/c)
this criterion rejects completely the contribution from the electron decay channel. The two tracks were
required to form a common interaction vertex with a coordinate along the nominal beam line |zvtx| <
10 cm to have uniform acceptance.

The J/ψ yield, NJ/ψ , was extracted by fitting the muon-pair invariant-mass (mµµ ) distribution with two
contributions: a double sided Crystal Ball distribution [39] to represent the signal and an exponential
to describe the background. An unbinned extended likelihood fit was performed in each one of the
five |t| intervals. The left panel of Fig. 1 shows the fit to the total sample. The extracted J/ψ yield is
512± 26 (stat.). This yield is dominated by the contribution of incoherent processes, but it still has a
remaining background that has to be subtracted. The amount of background is obtained by analyzing the
transverse momentum distribution.

The J/ψ yield originates from three contributions: coherent and incoherent production, as well as feed-
down from ψ ′ diffractive photoproduction. The background to the yield from incoherent production,
Ninc

J/ψ
, was subtracted in each |t| range using the ratio of the number of J/ψ from coherent (feed-down)
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Figure 1: Left: Invariant mass distribution of muon pairs (full symbols) and fit to a model (solid blue line, see
text). Right: transverse momentum distribution of muon pairs with 3.0 < mµµ < 3.2 GeV/c2 (full symbols) and fit
to a model (solid blue line) along with the different contributions to the fit (other lines, see text).

to incoherent production fC ( fD) such that Ninc
J/ψ

= NJ/ψ/(1+ fC + fD).

The fC and fD ratios were determined from a binned extended likelihood fit to the transverse-momentum
distribution of the J/ψ yield in the range 3.0 < mµµ < 3.2 GeV/c2. The J/ψ yields were obtained by
performing in each bin a fit to the invariant mass distribution, using the model described above. The fit
to the transverse-momentum distribution is shown in the right panel of Fig. 1. The data were fitted to the
sum of five templates. Four of them, describing the contributions of coherent and incoherent production
of both J/ψ and ψ ′, are obtained with the STARlight Monte Carlo. The charmonium states are assumed
to be transversely polarised as expected for photoproduction processes [40]. The shape of the trans-
verse momentum distribution is given by the target form factor which in turn is obtained by the Fourier
transform of the target profile in the impact-parameter space. This presents the physics modelling im-
plemented in STARlight. It is known that STARlight does not describe correctly the shape of coherent
J/ψ production in the range pT < 0.11 GeV/c [21] when using the default value of the parameters for the
nuclear form factor. At the same time, the data can be described using a different value that was found
by reweighting the STARlight templates. The template corresponding to coherent J/ψ production is the
only one affected by such a procedure. Moreover, whereas the effect of the reweighting is important for
pT < 0.2 GeV/c, which is outside the kinematic region of the measurement presented here and contains
about 99% of the coherent cross section, it corresponds to no more than a 2% modification of the final
incoherent J/ψ cross section in the lowest |t| range. Note that the STARlight implementation of the inco-
herent process does not include the dissociative contribution. For this reason a fifth template was added,
which uses the H1 parameterisation of dissociative production off protons [12]. In this parametrisation,
the values corresponding to the H1 high-energy sample were used. Although the parameters were ob-
tained for free protons, they describe well the shape of the distribution, as shown in Fig. 1. The measured
ratio R of the coherent ψ ′ to J/ψ cross sections [18] fixes the normalisation of the ψ ′ templates; here the
acceptance and efficiency of each decay channel is taken into account. This leaves the normalisations of
the templates describing coherent, incoherent and dissociative J/ψ photoproduction as free parameters.
The value of R was assumed to be the same for the ratio of incoherent cross sections, which has not
yet been measured in heavy-ion collisions, but was measured at HERA by the H1 [41] and ZEUS [42]
Collaborations in electron–proton collisions and found in agreement with the value of R measured by
ALICE [18] for coherent J/ψ production in Pb–Pb collisions. The χ2 per degree of freedom of the fit is
1.13. The values for fC and fD are listed in Table 1.
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Table 1: Measured cross sections, shown in the last column, and the numerical values used to compute them
according to Eq. (1). The uncertainties on NJ/ψ and (Acc×ε)MC are statistical; those on fC and fD are each corre-
lated systematic; those on the cross sections are (in this order) statistical, uncorrelated systematic, and correlated
systematic.

|t| (GeV2) NJ/ψ fC (%) fD (%) (Acc× ε)MC (%) dσγPb
d|t| (µb/GeV2)

(0.040,0.080) 128±12 9.4±0.8 81.9±11.7 3.39±0.03 21.8±2.1±0.3±2.1
(0.080,0.152) 127±12 0.024±0.002 36.0±4.9 3.03±0.02 19.1±1.9±0.3±1.5
(0.152,0.258) 85±10 0 9.3±1.0 2.49±0.02 13.1±1.6±0.4±0.9
(0.258,0.477) 86±11 0 4.9±0.4 2.04±0.02 8.1±1.1±0.1±0.6
(0.477,1.000) 86±11 0 2.7±0.2 1.57±0.02 4.6±0.6±0.1±0.3

The photonuclear cross section in each |t| interval was computed as

dσγPb

d|t|
=

1
2nγPb

Ninc
J/ψ

(Acc× ε)inc
J/ψ

×BR(J/ψ → µ+µ−)×L ×∆y×∆|t|
, (1)

where nγPb = 84.9± 1.7 is the photon flux at y = 0, obtained in the semiclassical formalism following
the prescription detailed in Ref. [43]; the branching ratio BR(J/ψ → µ+µ−) = (5.961± 0.033)% is
from Ref. [44]; the luminosity L = (232±7) µb−1 was determined using reference triggers with cross
sections measured in van der Meer scans [45]; and (Acc× ε)inc

J/ψ
is the acceptance times efficiency. This

last term is the product of three contributions. The first one takes into account the response of the detector
to the muon tracks; this contribution was obtained from generated STARlight events which were passed
through a simulation of the ALICE detector using GEANT 3.21 [46] and the full analysis chain. As
shown in column (Acc×ε)MC of Table 1, the correction depends on |t| due to the trigger, which requires
tracks that are back-to-back in azimuth [21]. The second term contributing to (Acc× ε)inc

J/ψ
accounts

for veto inefficiencies due to pile-up of other collisions leaving a signal in AD or V0 and amounts to
0.940± 0.028. The third term corrects the yield for events lost because the dissociation of the nucleus
produces particles leaving a signal in the AD detectors; it amounts to 0.637± 0.024. These last two
factors are |t| independent, with the quoted uncertainty originating from the size of the control data
samples used to determine them.

The following systematic uncertainties were studied and their effect on the cross section is summarised in
Table 2. To study the stability of the background model, the lower and upper limits to the invariant-mass
fits to extract the signal were varied in the range of 2–2.5 and 4–5 GeV/c2, respectively. The values of the
tail parameters of the Crystal Ball distribution were also modified; the central values and the variations
were obtained by fitting STARlight simulated events. The total effect on the cross section varies in the
different |t| ranges between 1% and 2.9%. The detector does not have a uniform acceptance for tracks
from collisions happening far from the nominal interaction point; to study the quality of the detector
description for these extreme cases the selection |zvtx|< 10 cm was extended to |zvtx|< 15 cm, resulting
in uncertainties at the level of up to 2.9%. There are three contributions to the uncertainties on the fC
and fD factors: the uncertainties from the fit (driven by statistical fluctuations), the uncertainty from the
reweighting procedure, and the effect of varying the value of R within the experimental uncertainties. The
uncertainty on fC is driven by the uncertainty from the fit to the pT distribution and leads to uncertainties
in the measured cross section up to 0.4%. The uncertainty on fD is driven by the uncertainty on the
measured value of R and produces an effect from 0.2% to 6.5%. The uncertainty on the luminosity has
two contributions which were added in quadrature: from the measurement of the reference cross sections
in van der Meer scans (2.5% [45]) and from the determination of the live-time of the trigger used in
this analysis (1.5%). The correction for pile-up utilises an independent sample to obtain the dependence
of pile-up on the average rate of inelastic scattering; this dependence is linear and the corresponding
uncertainty comes from a fit to these data. The effect on the cross section is 3%. The probability of
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Table 2: Summary of the identified systematic uncertainties to the cross section. The numbers in parentheses
denote a range of values in the different |t| intervals. Except for the first two uncertainties, all others are correlated
in |t|.

Source Uncertainty (%)
Signal extraction (1.0,2.9)
Selection on |zvtx| (0.0,2.9)

fC (0.0,0.4)
fD (0.2,6.5)

Integrated luminosity 2.9
Veto inefficiency due to pile-up 3.0

Veto inefficiency due to dissociation 3.8
ITS-TPC tracking 2.8
Trigger efficiency 1.3
Branching ratio 0.6

Photon flux 2.0

dissociation products leaving a signal in AD was studied with an independent control sample as a function
of the amount of activity around beam rapidity. The propagation of the statistical uncertainty of the
correction factors when applied to this sample produces a 3.8% effect. The uncertainty of 2% per track
on the matching of ITS and TPC track segments was estimated from the difference between matching
efficiencies in data and MC simulations. Contributions from both tracks were added in quadrature,
giving a total of 2.8%. The trigger efficiency uncertainty was determined using control data samples and
amounts to 1.3%. The uncertainty on the branching ratio was taken from Ref. [44]. The uncertainty on
the photon flux was estimated by varying the nuclear radius parameter of the Woods–Saxon distribution
in Pb, used in the Glauber model, according to neutron-skin measurements [47] and amounts to 2% [21].
All uncertainties except for the signal extraction and the selection on |zvtx| are correlated in |t|.

The cross sections for the incoherent photoproduction of J/ψ vector mesons in ultra-peripheral Pb–Pb
collisions at

√
sNN = 5.02 TeV as a function of |t| measured at midrapidity, |y|< 0.8, are listed in Table 1

and depicted in Fig. 2.

The measurements are compared to the work of three groups. Each of them provides two predictions:
one including only the elastic interaction with single nucleons, and another where a dissociative-like
component is contained. The models are framed in the Good–Walker picture, which naturally consid-
ers all possible configurations of the hadron participating in the interaction. The model by Mäntysaari
and Schenke (MS) [27] includes saturation through the IPSat model [48] and offers two predictions. In
one, sub-nucleon fluctuations are not considered (MS-p), whereas in the other the proton is composed
of three hot spots whose positions in the impact-parameter plane change event-by-event and fluctuations
in the saturation scale are introduced (MS-hs). A similar model, labeled MSS in Fig. 2, was recently
published [49], the main difference in respect of the MS model is that instead of using the IPsat model,
it solves the JIMWLK equation (see Refs. [50, 51]) to incorporate saturation effects. This model also
offers two predictions: with (MSS-fl) and without nucleon substructure fluctuations (MSS). The model
by Guzey, Strikman, and Zhalov (GSZ) [29] expresses the incoherent cross section as the sum of an
elastic and a dissociative part (GSZ-el+diss), both parameterised from HERA data, multiplied by a com-
mon factor representing shadowing—the fact that the gluon distribution in nuclei is not just the sum
of gluon distributions in constituent nucleons, see e.g. Ref. [52]—computed within the leading-twist
approximation [53]. The inclusion of the dissociative component is interpreted by the authors within a
Good–Walker approach as due to quantum fluctuations of the target. When the dissociative part is ex-
cluded (GSZ-el), the differential cross section is suppressed in the region of larger |t|. The uncertainty
bands reflect the uncertainties on the parameters of the leading-twist approximation.
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Figure 2: Cross section for the incoherent photoproduction of J/ψ vector mesons in ultra-peripheral Pb–Pb colli-
sions at

√
sNN = 5.02 TeV measured at midrapidity. The uncorrelated uncertainty (statistical and systematic added

in quadrature) is indicated with the vertical bar, while the correlated uncertainty by the grey band. The width of
each |t| range is given by the horizontal bars. The lines show the predictions of the different models described in
the text. The bottom panel presents the ratio of the integral of the predicted to that of the measured cross section
in each |t| range. The relative uncertainties on the ratios calculated from GSZ are 45%.

When comparing the data with the model predictions, as shown in Fig. 2, two aspects should be con-
sidered: the normalisation, mainly linked to the scaling from proton to nuclear targets, and the |t|-
dependence, driven by the size of the scattering object. None of the models describe both aspects of
data. With regards to the normalisation, it is worth noting that the same models must also describe the
coherent cross section [18], hence a global scaling factor, such as what would be obtained by using a
different prescription for the wave function [54], would not necessarily improve the agreement of the
model with both the coherent and incoherent cross sections. As for the |t|-dependence of the cross sec-
tion, the predictions of the three theory groups substantially improve after the inclusion of sub-nucleon
fluctuations, which modify the |t|-dependence by making it less steep. It is interesting to compare the
MS-p and MSS predictions. The latter shows a flattening of the spectra at larger |t|. It originates from
colour charge fluctuations which change the incoherent cross section to a power-law like behaviour in
this region [49]. This observation reinforces the importance of quantum fluctuations at large |t|.

The cross section integrated over the interval 0.04 < |t| < 1 GeV2, measured in the rapidity region
|y|< 0.8, is σγPb = (7.82±0.39±0.57) µb, where the listed uncertainties are statistical and systematic,
respectively. The corresponding cross sections, in µb, for the models are 7.4, 11.8, 6.6, 9.8, 2.3± 1.0,
and 4.1±1.8 for MS-p, MS-hs, MSS, MSS-fl, GSZ-el, and GSZ-el+diss, respectively.

In summary, the first measurement of the incoherent photonuclear production of J/ψ is presented in this
Letter. The measurement was carried out at midrapidity, in a range corresponding to Bjorken-x within
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(0.3–1.4)× 10−3, in Pb–Pb UPCs at
√

sNN = 5.02 TeV. Cross sections for five ranges in |t| within
0.04 < |t| < 1 GeV2 are reported. None of the models describes both the absolute normalisation and
the |t|-dependence observed in the data. However, a reasonably good description of the measured |t|-
slope is achieved when the predicted dependence is softened by the inclusion of scattering structures
at a sub-nucleon scale. These results confirm the importance of sub-nucleon fluctuations to describe
the measured incoherent J/ψ process at high energies, representing the first experimental step to use
the quantum fluctuations of the gluon field to search for saturation effects in heavy nuclei. In addition,
this measurement, when confronted to models, demonstrates that the contribution of the dissociative
component to the total incoherent cross section depends on |t|. Thus, future analyses shall study the
incoherent production of J/ψ as a function of rapidity and |t| [55]. Finally, this analysis, together with
recent measurements [17, 19], indicate that new or improved theoretical models are needed to describe
simultaneously the energy and |t|-dependence of both the coherent and the incoherent processes of J/ψ

photoproduction, to gain a better understanding of saturation effects at a more fundamental level.
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R.A. Diaz 142,7, T. Dietel 115, Y. Ding 6, R. Divià 33, D.U. Dixit 19, Ø. Djuvsland21, U. Dmitrieva 141,
A. Dobrin 64, B. Dönigus 65, J.M. Dubinski 136, A. Dubla 98, S. Dudi 91, P. Dupieux 127,
M. Durkac107, N. Dzalaiova13, T.M. Eder 126, R.J. Ehlers 75, F. Eisenhut 65, R. Ejima93, D. Elia 51,
B. Erazmus 104, F. Ercolessi 26, F. Erhardt 90, M.R. Ersdal21, B. Espagnon 131, G. Eulisse 33,
D. Evans 101, S. Evdokimov 141, L. Fabbietti 96, M. Faggin 28, J. Faivre 74, F. Fan 6, W. Fan 75,
A. Fantoni 50, M. Fasel 88, P. Fecchio30, A. Feliciello 57, G. Feofilov 141, A. Fernández Téllez 45,
L. Ferrandi 111, M.B. Ferrer 33, A. Ferrero 130, C. Ferrero 57, A. Ferretti 25, V.J.G. Feuillard 95,
V. Filova 36, D. Finogeev 141, F.M. Fionda 53, F. Flor 116, A.N. Flores 109, S. Foertsch 69, I. Fokin 95,
S. Fokin 141, E. Fragiacomo 58, E. Frajna 47, U. Fuchs 33, N. Funicello 29, C. Furget 74, A. Furs 141,
T. Fusayasu 99, J.J. Gaardhøje 84, M. Gagliardi 25, A.M. Gago 102, T. Gahlaut48, C.D. Galvan 110,
D.R. Gangadharan 116, P. Ganoti 79, C. Garabatos 98, A.T. Garcia 131, T. Garcı́a Chávez 45,
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D.M. Krupova 36, E. Kryshen 141, V. Kučera 59, C. Kuhn 129, P.G. Kuijer 85, T. Kumaoka125,
D. Kumar135, L. Kumar 91, N. Kumar91, S. Kumar 32, S. Kundu 33, P. Kurashvili 80, A. Kurepin 141,
A.B. Kurepin 141, A. Kuryakin 141, S. Kushpil 87, M.J. Kweon 59, Y. Kwon 139, S.L. La Pointe 39,
P. La Rocca 27, A. Lakrathok106, M. Lamanna 33, A.R. Landou 74, R. Langoy 121, P. Larionov 33,
E. Laudi 33, L. Lautner 33,96, R. Lavicka 103, R. Lea 134,56, H. Lee 105, I. Legrand 46, G. Legras 126,
J. Lehrbach 39, T.M. Lelek2, R.C. Lemmon 86, I. León Monzón 110, M.M. Lesch 96, E.D. Lesser 19,
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108 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
109 The University of Texas at Austin, Austin, Texas, United States
110 Universidad Autónoma de Sinaloa, Culiacán, Mexico
111 Universidade de São Paulo (USP), São Paulo, Brazil
112 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
113 Universidade Federal do ABC, Santo Andre, Brazil
114 Universitatea Nationala de Stiinta si Tehnologie Politehnica Bucuresti, Bucharest, Romania
115 University of Cape Town, Cape Town, South Africa
116 University of Houston, Houston, Texas, United States
117 University of Jyväskylä, Jyväskylä, Finland
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